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RCsumC : Une synthkse des connaissances actuelles concernant la solvatation des Clectrons en excks (e,,, + e-s,l,) produits par 
photoionisation ou par radiolyse dans les milieux polaires a CtC tentee. Sont successivement envisagees les diverses propriCtCs de 
l'espece alors forrnCe : les rnCcanisrnes proposCs pour sa solvatation, sa structure, ses caractCristiques physico-chimiques. En 
dCpit de certaines analogies entre les anions halogenure solvatCs et e-,,,, celui-ci ne parait pas pouvoir en constituer le prototype. 
Le cornporternent de e;,, dans des systkmes hCtCrogknes modeles, tels que solutions micellaires et agrCgats molCculaires, est 
tgalement abordC et corrC1C aux rCsultats relatifs aux solutions homogenes. 

Mots c l b  : electrons en excks, milieux polaires homogknes et hCtCrogenes, photoionisation, radiolyse, solvatation, transfert de 
charge au solvant, propriCtCs de I'Clectron solvatC, solutions micellaires, agrCgats moleculaires, comparaison avec la solvatation 
des anions. 

Abstract: A review of our present knowledge concerning the solvation of excess electrons (e-,,, + e-,,lv) produced by 
photoionization or radiolysis in polar media has been attempted. Various properties of the solvated electron (proposed solvation 
mechanisms, structure, physicochemical characteristics) are considered. In spite of some similarities, e-,,,, does not seem to be a 
good prototype for solvated halide anions. The behavior of e-,,, in heterogeneous model systems, such as micellar solutions and 
molecular clusters, is described and correlated with that observed in homogeneous media. 

Key words: excess electrons, homogeneous and heterogeneous polar media, photoionization, radiolysis, solvation, charge transfer 
to solvent, properties of the solvated electron, micellar solutions, molecular clusters, comparison with the solvation of anions. 
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I. Introduction 

L'electron solvat6 (e-,olv), c'est-&-dire 1'Clectron ccen excksn 
(e,,,) stabilisC par interaction avec les dipales de molecules 
solvant, presente les caractCristiques d'une vCritable entite 
chimique; ses propriCt6s thermodynamiques et cinktiques peu- 
vent Ctre definies et dCterminCes. 

La couleur bleue stable des solutions de metaux alcalins 
dans l'ammoniac liquide avait CtC observee dks la fin du sikcle 
dernier (I), mais c'est Kraus (2) qui, le premier, a associC 
couleur et conductivite ionique de telles solutions B la presence 
d'electrons surrounded with an envelope of ammonia. C'est 
seulement en 1960 que l'avknement de la radiolyse pulsCe a 
permis B Gilbert et al. (3) et B Keene (4) de mettre en evidence 
une forte absorption transitoire dans l'eau irradike, absorption 
que Hart et Boag ( 5 )  ont confirmCe et attribuCe B l'electron 
hydrate (e-,,). 

Depuis il a CtC bien etabli que e-,,,, constitue un inter- 
mediaire important, notamment en chimie sous rayonnement, 
photochimie et Clectrochimie. Le radical anion e-,, est apparu 
comme un rkducteur efficace. Par ailleurs, e-,,,, et son prC- 
curseur non relaxe peuvent constituer des microsondes de la 
structure du milieu et de la dynamique de sa reorganisation. 

Ces dernikres annCes, un regain d'intCr&t et d'activitC s'est 
manifest6 concernant l'klectron solvat6 (voir, par exemple, 
refs. 6-1 l) ,  et ceci g r k e  B de nouvelles approches tant expCri- 
mentales que theoriques. Entre autres, il faut citer, d'une part, 
l'utilisation de montages de spectroscopie laser femtoseconde 
et, d'autre part, I'avknement des techniques de simulation 
numCrique. L'interaction entre experience et thCorie s'est 
avCree particulikrement bCnCfique pour le dkveloppement de 
nos connaissances. NCanmoins, nous le verrons, beaucoup de 
problkmes subsistent. 

Dans un tel contexte, nous avons tent6 ici une mise au point 
sur l'ensemble de ces questions en prenant en compte les rksul- 
tats les plus marquants obtenus, mais en tdchant autant que 
possible de rendre cet ensemble facilement accessible au non- 
spkcialiste. 

Ce travail, de nature surtout physico-chimique, est organis6 
de la faqon suivante. Nous rappelons d'abord les donnCes les 
plus significatives concernant la caracterisation, la dynamique 
et le mCcanisme de solvatation de e-,,, en solutions liquides 

homogknes. L'accent est mis sur les aspects de ce mecanisme 
qui restent controverses. La specificit6 de e-,, est ensuite dis- 
cutCe. Enfin, 2 partir des propriCtCs de e-,,,, et plus particu- 
likrement de e-,,, nous nous proposons de : (i) comparer les 
caractkristiques de la solvatation des Clectrons en excks B 
celles des ions halogenure X-; (ii) confronter les informations 
relatives h e-,,,, en solutions homogenes, en solutions micel- 
laires ou lie B des agregats de molCcules polaires. 

11. ~lectrons en exces en solutions 
polaires homogenes 

A. Techniques de production et d'analyse de e-,,,, 

1. Techniques de production 
L'energie nkcessaire B la formation de 1'Clectron solvat6 peut 
Ctre apportee par diffkrentes voies : 

(i) Chimique : La formation de e-,,,, par dissolution de mCtaux 
alcalins dans l'ammoniac liquide ou dans l'eau prCsente 
surtout un inter&t historique (2). Notons nCanmoins l'appari- 
tion de e-,, par rkaction acido-basique des atomes H B pH 
eleve (pH > 1 1) (12). 

(ii) ~ l ec t roch imi~ue  : Des electrons solvates peuvent &tre 
produits B la cathode pour des potentiels electriques suffisam- 
ment ClevCs ou &tre photoinjectes dans la solution electroly- 
tique B partir dlClectrodes metalliques ou semiconductrices. 
Les Ctudes photoClectrochimiques, largement dCveloppCes 
depuis une trentaine d'annees (13), ont permis en particulier 
d'estimer les distances de thermalisation de e-,,, et l'energie 
fondamentale de l'klectron quasi-libre (e-q,) dans quelques 
liquides polaires (voir, par exemple, ref. 14). 

(iii) Photochimique : Des processus d'ionisation peuvent aussi 
Ctre engendrks par voie photochimique (photons d'knergie 
supkrieure B quelques eV) (voir, par exemple, ref. 15). 11s con- 
cement soit des molCcules neutres, solvants purs ou solutCs, 
soit des anions, tels que C1-, OH-,. . . Suivant les conditions 
expCrimentales, ces photoionisations peuvent Stre mono- ou 
multiphotoniques. Des avancCes technologiques rkcentes ont 
permis d'obtenir des impulsions laser ultra-courtes (16). Les 
temps de resolution pouvant dorknavant atteindre couram- 
ment la centaine de femtosecondes ont ouvert la voie B de 
nombreux travaux permettant de suivre la dynamique de for- 
mation de e-,,. 

(iv) Radiolytique : Les sources d'irradiation employCes sont, 
soit des faisceaux d'klectrons accClCrCs et le plus souvent 
pulses (de 1 a 10 MeV), soit des rayons y de l'ordre du 
MeV, soit plus rarement des ions lourds accClCr6s. Pour les 
impulsions d'klectrons, les temps de resolution les plus 
courts restent supkrieurs B environ 10 ps, soit de deux B trois 
ordres de grandeur plus ClevCs que ceux mentionnes plus 
haut. En revanche, la radiolyse pulsCe s'est averee particu- 
likrement appropriCe pour analyser quantitativement les 
mkcanismes rkactionnels des espkces transitoires, en particu- 
lier ceux impliquant des Clectrons solvates (voir, par 
exemple, rCf. 17). 
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Fig. 1. Spectres d'absorption du propanol-l irradiC 5 
- 121°C par des impulsions d'Clectrons de 5 ns : (a) 5 la 
fin de l'impulsion, (b) 200 ns aprbs la fin de l'impulsion 
et (c) 1 ps aprbs la fin de l'impulsion (d'aprks Baxendale 
et Wardman (19)). 

2. Me'thodes arznlytiques 
Une interception chimique de e;,,, a CtC souvent utilisee dans 
le cas d'irradiations continues, les principaux capteurs pre- 
conisCs Ctant N,O, SF6, cd2+, NO1- ,... 

Les techniques physiques les adaptCes sont la conduc- 
timCtrie, la rCsonance paramagnktique Clectronique (RPE) et 
surtout la spectroscopie d'absorption optique. La lumines- 
cence associke a la recombinaisondes charges a Cgalement CtC 
analysCe en intensit6 et en composition spectrale. 

B. Dynamique et mkcanisme(s) de  solvatation 
Tous les liquides polaires ne conduisent pas h la formation 
d'klectrons solvatCs. En effet, dans certains cas, la solvatation 
entre en compCtition avec un processus d'attachement Clectro- 
nique. Ce dernier l'emporte, par exemple, pour l'acetonitrile, 
le formamide, la dimCthylcCtone (18). 

Les premikres Ctudes relatives 2 la solvatation de e-,,, ont 
concern6 divers alcools liquides h basses tempkratures, ce qui 
permettait d'ajuster les temps de solvatation alors observCs 
aux temps de rksolution expkrimentalement accessibles. 

1. Dynarnique de solvatatiorl duns les nlcools liquides 
L'irradiation du propanol- 1 h - 12 1°C, c'est-%-dire a 6" au- 
dessus de son point de fusion, par des impulsions d'electrons 
de 5 ns (19) a conduit aux spectres reportCs sur la figure 1. Une 
absorption dans l'infra-rouge, attribuCe h une espece transi- 
toire e-i, et prCsente dks la fin de l'impulsion, disparait en 
m&me temps que croft la bande centrCe vers 550 nm correspon- 
dant h I'tlectron solvatC. A partir de la figure 1, les constata- 
tions suivantes ont CtC soulignCes : (i) environ 50% de 
l'absorption correspondant h 1'Ctat relax6 e-,,,, sont dCja 
prksents a la fin de l'impulsion (spectre a); (ii) le passage du 
spectre b au spectre c montre une diminution d'absorption 
dans le proche infra-rouge sans augmentation corrClative de la 
bande visible, ce qui suggere que le rappel de e-,, vers l'ion 
positif entre en competition avec la solvatation. 

Soulignons qu'une Cvolution similaire du spectre de e-,,, a 
aussi MC enregistree dans le cas du propanol-1 vitreux 2 77 

(20) et 4 K (2 1) pour des Cchelles de temps Cvidemment beau- 
coup plus longues. 

Des etudes dans le domaine picoseconde par radiolyse 
pulsCe (22-24) et impulsions laser (24, 25) ont ensuite Clargi 
le domaine de temperature et port6 sur une skrie d'alcools ali- 
phatiques de C ,  h C,,. Ces expCriences ont pleinement con- 
firm6 l'existence de e-,, precurseur de e-,,,,. Kenney-Wallace 
et Jonah (23, 24) ont observt que 1'Cvolution cinCtique de 
l'absorbance h une longueur d'onde donnCe (entre 450 et 750 
nm) montre en effet un signal rapide qui apparait dans le temps 
de rCsolution de l'appareil (<lo  ps) et un signal lent (10-300 
ps), indkpendant de la longueur d'onde, dCcrit par une expo- 
nentielle (figure 2). 

Les temps de solvatation de e-,,,(T,), pris comme les 
inverses des constantes de vitesse exponentielles, augmentent 
regulierement avec la longueur de la chafne des alcools (voir 
tableau 1). Ceux-ci ont d'autre part CtC comparCs aux dif- 
fCrents temps de relaxation diklectrique T,, T, et T~ qui corres- 
pondent respectivement (26, 27) : (i) au temps requis pour la 
rupture de liaisons hydrogkne suivie de la rkorientation 
molCculaire; (ii) au temps de rotation de molCcules 
monomkres et (ou) de petits multimkres cclibres,, (c'est-h-dire, 
non liCs par des liaisons hydrogene); (iii) au temps de rCorien- 
tation des dipoles OH autour de la liaison C-0. Le tableau 1 
met en Cvidence une bonne correspondance entre les valeurs T, 

et T,. Ceci suggkre que la rotation molCculaire reglerait, pour 
une large part, la dynamique de solvatation de 1'Clectron dans 
les alcools, laquelle procCderait en deux Ctapes successives, a 
savoir, localisation et solvatation. 

La photoionisation de divers solutCs en solutions 
alcooliques par impulsions laser de 6-10 ps a aussi CtC CtudiCe 
(28-30). Examinant 2 diffkrentes longueurs d'onde 1'Cvolu- 
tion des spectres transitoires de e-,,,, Hirata et al. (30) obser- 
vent un deplacement continu vers le bleu de la bande 
d'absorption de 1'Clectron et suggkrent que le processus global 
de solvatation impliquerait l'existence d'un Ctat supplCmen- 
taire entre e-i, et e-,,,, (voir sect. 11-B.3). 

Les expkriences de spectroscopie laser femtoseconde de 
PCpin et al. (32) utilisant des impulsions de -300 fs trks 
intenses 2 620 nm (2 eV), ont par ailleurs mis en Cvidence une 
ionisation du mCthanol liquide a la temperature ambiante par 
un processus d'absorption impliquant au moins trois photons. 
Ces auteurs observent dans le spectre de e-,,, une transition 
discrete entre e-i, et une espkce transitoire apparaissant avec 
un temps caractkristique de 6 , l  2 0,6 ps. SimultanCment, un 
dkplacement spectral continu vers le bleu est observC pour 
l'une et l'autre de ces espkces. Pour l'espkce transitoire, ce 
dkplacement est exponentiel avec un temps caractkristique de 
13,6 ? 0,6 ps, en bon accord avec la valeur de 10,7 ? 1,7 ps 
dCterminCe par Hirata et al. (30). Des rCsultats analogues ont 
CtC obtenus rCcemment par Shi et al. (33) en utilisant des 
impulsions laser de - 150 fs 2 3 12,5 nm (4 evlphoton), pour le 
mCthano1, 1'Cthanol et le butanol- 1 h 21°C (voir tableau 1). De 
plus, une Cvolution continue de l'espkce transitoire vers 1'Ctat 
relaxe e-,,,, a Cgalement CtC mise en Cvidence par Walhout et 
al. (34) pour les quatre alcools lCgers C,  a C, a la temperature 
ambiante, lors d'expkriences de spectroscopie d'absorption 
transitoire pompe-test de e-,,,, (vide infra), mettant en jeu trois 
impulsions laser consCcutives. 

Ces divers rCsultats montrent ainsi l'insuffisance d'un 
modkle de solvatation de 1'Clectron n'impliquant que deux 
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Fig. 2. (a) ~volutions cinktiques de l'absorbance de e-,,,, 6 h = 514 nm pour divers alcools 
aliphatiques de C,  6 C,, liquides 6 295 K, normalisCe 6 temps infini j. l'absorbance maximale 
pour le methanol. (b) Tracks semi-logarithmiques de I'absorbance en fonction du temps, ti partir 
desquels les valeurs des temps de solvatation de e-,,, (T,) sont calculkes (voir texte). i-C, 
correspond j. l'isopropanol ou propanol-2 (d'aprks Kenney-Wallace et Jonah (23)). 

TEMPS (48 psldiv) 
TEMPS (40 psldiv) 

Tableau 1. Temps de solvatation T, de e-,,, et temps de relaxation diklectrique T, pour 
divers alcools 6 -295 K. 

Alcool Ts (PSI T2 (PSI 

Propanol- 1 

Propanol-2 

Butanol- 1 

Pentanol- 1 

Hexanol- 1 

Octanol- 1 

Dkcanol- l 

"D'aprts Barthel et al. (27). 
'Valeur extrapolee, d'aprts Chase et Hunt (22), i partir des donnees de Garg et Srnyth (26) 

concernant les alcools de C, i C,?. 
'D'aprks Garg et Srnyth (26). 

Ctats. Soulignons qu'une telle conclusion n'est pas contredite en Cvidence un point isobeste (voir, par exemple, rCf. 37). Or, 
par les donnCes antCrieures relatives ii la dynamique de solva- l'existence de celui-ci aurait tCmoignC de la seule participation 
tation de 1'Clectron dans les alcools liquides ii basse tempCra- de deux Ctats Clectroniques distincts et de la relaxation exclu- 
ture (19, 35, 36). En effet, celles-ci ne mettent pas clairement sive du premier Ctat vers le deuxikme. 
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Fig. 3. Spectres d'absorption de e-,,, mesurCs 21 diffkrents 
dClais (entre 0 et 2 ps) aprks photoionisation selon un 
processus biphotonique (4 evlphoton) de l'eau liquide i 
21°C (d'aprks Gauduel et al. (38)). 

2. Dynamique de solvatation dans l'eau liquide pure 
L'existence d'un prkcurseur de 1'Clectron solvatC, dCjB ttablie 
dans le cas des alcools, a CtC dCmontrCe directement pour la 
premikre fois par Gauduel et al. (38) par photoionisation B 
deux photons de l'eau pure sous impulsions laser de - 100 fs B 
310 nm (figure 3). Ces auteurs ont ainsi pu dtterminer : un 
temps de montCe de e-,,, T ,  = 1 10 % 30 fs, et un temps de relax- 
ation e-,, + e-,,, T2 = 240 % 40 fs, cette relaxation suivant une 
loi cinCtique du premier ordre. Le dCclin de e-,, et la montCe de 
e-,, apparaissent concomitants, mais on n'observe pas de 
transformation spectrale continue e-,, + e-,,. La transition 
impliquerait donc, pour l'essentiel de la relaxation, deux Ctats 
Clectroniques distincts. 

Utilisant des techniques semblables de spectroscopie laser 
femtoseconde, Long et al. (39) ont conclu B l'existence d'un 
point isobeste B 820 nm. L'identification d'un tel point, qui 
corroborerait ainsi la conclusion que le passage e-,, + e-,, se 
fait selon une ccvraie,, transition entre deux etats distincts, n'a 
cependant pas CtC retrouvCe ni par Gauduel et al. (38,40,41) et 
ni, plus rCcemment, par Barbara et coll. (42). 11 a d'autre part 
CtC not6 que l'observation d'un point isobeste pourrait dCpen- 
dre des conditions exptrimentales, et en particulier de l'inten- 
sit6 du faisceau laser incident (38,43). 

Par ailleurs, Long et al. (39) ont not6 une certaine similitude 
entre le spectre d'absorption trouvC pour e-,, et celui de e-,, 
(figure 4a), et considkrent que e-,, serait un Ctat excitC de 1'Ctat 
relax6 e-,, (voir sect. 11-B.3). D'aprks ces auteurs, le temps de 
formation de e-,, serait de 180 ? 40 fs, alors que la relaxation 
e-,, + e-,, s'effectuerait en 540 % 50 fs, durCe comparable au 
temps de vie moyen des liaisons hydrogkne dans l'eau liquide 
(44). 

Plus rCcemment, les expCriences de spectroscopie laser 
femtoseconde de Houde et collaborateurs (45, 46), utilisant 
des impulsions de - 150 fs B 620 nm (2 evlphoton), ont permis 
d'ioniser l'eau liquide via un processus d'absorption mul- 
tiphotonique resonant mettant en jeu au moins quatre photons. 

Fig. 4. (a )  Spectres d'absorption de e-,, dans l'eau : 
d'aprks Long et al. (39) (0) et d'aprks Kimura et al. 
(42) (a). La courbe en tirets reprksente le spectre 
d'absorption de e-,q i titre de comparaison. 
(b) Coefficients d'extinction molaire, exprimts en 
M-' cm-', de e-aq (courbe en tirets) et de e-,, (courbe 
en trait plein) calculCs par Rossky et al. (81,84; voir 
aussi rkf. 10). A noter que le maximum thkorique du 
spectre de e-,q est dCcalt de -0,7 eV vers les hautes 
Cnergies par rapport au maximum expkrimental. 

Les temps T I  et T2, estimCs par ces auteurs, sont respective- 
ment de 130 ? 40 et 620 ? 60 fs B 1100 nm (46). 

Une autre mCthode originale oh e-,, est form6 non pas B 
partir de 1'Clectron quasi-libre mais h partir de 1'Clectron dCjB 
relax6 e-,,, utilise, ainsi qu'il a CtC cite prCcCdemment, trois 
types d'impulsions laser constcutives (42). La premikre pro- 
duit e-,,; aprks un retard de quelques nanosecondes, la 
deuxikme, centrCe B 780 nm (- 1,6 eV) et d'une durCe de 130 
fs, blanchit e-,,; la troisikme enfin sonde 1'Cvolution tempo- 
relle de e-i, dans la gamme spectrale 540-1060 nm. Le temps 
de relaxation T2 moyennC sur toutes les longueurs d'onde est 
trouvC Cgal 2 3 10 ? 80 fs. I1 faut nCanmoins tenir compte du 
fait que la transition correspondant B T2 n'implique pas ici 
1'Ctat pleinement relax6 de 1'Clectron. En effet, dans ces 
experiences, il a CtC mis en Cvidence, en apparente contradic- 
tion avec les rCsultats de Gauduel et al. (38), un dkplacement 
continu du spectre intermediaire vers le bleu avec un temps 
caractkristique relativement long (1,l 2 0,2 ps). Comme nous 
le verrons plus loin, la dynamique complexe observ~e a amen6 
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ces auteurs a complCter le modkle cinktique n'impliquant que 
deux Ctats Clectroniques. Le spectre de e-i, obtenu en dCvelop- 
pant le modkle precedent est report6 sur la figure 4a. 

Autres espkces formkes parallklemeizt dans l'eau pure ou cer- 
taines solutiorzs aqueuses : I1 s'agit en particulier d'espkces 
formCes par transfert de proton. C'est ainsi qu'en radiolyse, 
comme en photolyse de solvants associCs, l'ionisation pri- 
maire conduisant au cation est accompagnCe du transfert d'un 
proton quasi-instantank vers une molCcule voisine, soit pour 
l'eau : 

H20C + H,O + OH + H,OC (- s (voir, par exemple, ref. 47)) 

Signalons toutefois que 1'Cvolution de l'absorption due a 
l'hydratation de 1'Clectron et mesurCe par spectroscopie laser 
femtoseconde, soit 2 625 nm (39), soit dans la gamme 4 1 0 4 6 0  
nm (48), montre une composante a trks courte durCe de vie 
(-50-100 fs) qui pourrait Etre assignCe au cation H20+. 

Par ailleurs, il a t t t  avanct qu'un transfert de proton pouvait 
s'effectuer trks rapidement a partir de H,O neutre Clectro- 
niquement excitCe (49-52). En effet, en phase gazeuse, un tel 
transfert a CtC infCrt de donntes de spectromCtrie de masse 
(53). De plus, I'affinitC protonique de H 2 0  est ClevCe : de 7,2 
eV pour la molCcule isolCe, elle augmente de faqon continue 
avec la taille des agrCgats pour atteindre environ 10,5 eV pour 
des agrCgats de 40 a 50 molCcules (54). 

Outre H, OH, H20+ et H30+, d'autres espkces intermt- 
diaires peuvent apparaitre trks prCcocement : il s'agirait de 
paires hydratCes [H30+:e-:OH]l,H20, de trks faible durte de vie, 
formtes par couplage transitoire de 1'Clectron non relax6 avec 
la sphkre d'hydratation du proton (40, 41). L'existence de ces 
paires de rencontre a CtC suggCrCe pour expliquer les rCsultats 
concernant la photoionisation de solutions aqueuses concen- 
trCes d'acide chlorhydrique (1 1 M en HCl) oG toutes les molC- 
cules d'eau sont impliquCes dans l'hydratation de H30+ et de 
son contre-ion C1- (55). En effet, une bande d'absorption a CtC 
observCe dans le proche infra-rouge, centrCe B 920 nm, et un 
recours a D 2 0  permet, d'aprks les auteurs, de discriminer entre 
ces Ctats Clectroniques hybrides et e-i,. A l'inverse de la forma- 
tion et de la relaxation de e-,,, l'apparition et la durCe de vie des 
paires mesurCes dans la rC$on infra-rouge sont influencCes de 
faqon importante par la substitution isotopique WD. De plus, 
la relaxation des paires dans H,O et D,O est trouvte plus 
longue que la duke  de vie de e-i, et la probabilitk de former 
e-,, 2 partir de leur neutralisation apparart trks faible a 
temperature ambiante (4 1). 

Dans le cas de solutions aqueuses de chlorure de sodium (1 
ou 6 M), l'existence de paires de contact [e-:C1]l,H,o a Cgale- 
ment CtC postulCe pour expliquer 1'Cvolution de l'ibsorption 
dans le proche infra-rouge (820-1000 nm) (56). La disparition 
de ces paires se produirait, soit par reformation de ~ 1 - , s o i t  par 
formation de e-,,, les temps caracttristiques correspondants 
Ctant respectivement de 330 et 750 fs. Toutefois, signalons que 
Long et al. (57) expliquent le destin du phototlectron dans des 
solutions aqueuses d'halogtnures alcalins ou de NaOH sans 
invoquer la formation de paires de contact. 

3. Mkcanisme(s) de solvatation et dkjinitions 
I1 est clair que, comme les ions solvatCs, e-sol, rCsulte d'un 
Cquilibre entre les puits de potentiel attractifs qui se dCvelop- 

pent quand les molCcules solvant sont polaristes par 1'Clectron 
en excks et 1'Cnergie cinCtique de ce dernier qui, a elle seule, 
conduirait a un Ctat dClocalisC. 

On considkre gCnCralement que la solvatation prockde en 
plusieurs Ctapes, selon la sequence suivante : 

e-,, dCsigne un electron quasi-libre, tel que, par exemple, un 
Clectron de subexcitation (58, 59) dont 1'Cnergie cinCtique est 
typiquement de l'ordre de quelques Clectron-volts; e-,h 
dCsigne un Clectron quasi-libre thermalisC, se trouvant donc, B 
1'Cnergie thermique prks, au bas de la bande de conduction du 
liquide; la fonction d'onde associCe a e-,,, comme a e-qf, 
s'Ctend sur de nombreux diamktres molCculaires; e-i, dtsigne 
un Clectron localisC, incomplktement relaxt, dont la fonction 
d'onde ne s'Ctend que sur quelques diamktres moltculaires; 
e-,,,, dtsigne I'Clectron solvatC, c'est-a-dire un Clectron 
localisC, complktement relaxC, en Cquilibre avec le solvant; 
e-,,, ou Clectron ccen excks,,, recouvre l'ensemble des dC- 
nominations prCcCdentes. 

Les rCsultats de Hirata et al. (30) pour les alcools ont CtC 
mentionnCs plus haut. Dans leur interprktation concernant la 
solvatation de e-,,,, ces auteurs considkrent une espkce inter- 
mCdiaire entre e-,, (denote e-,,, ou e-,) et e-,ol, correspondant B 
un Ctat ccpartiellement solvatC>> (e-,,) : 

[il [ii] - 
e-qf \ e-,h \ e-loc(e-~) \ e-ps \ sol ,  

L'Ctape [i], discrkte, serait corrClCe, nous l'avons vu, au temps 
de relaxation diklectrique T2 de l'alcool, en accord avec les 
interpretations de Chase et Hunt (22) et de Kenney-Wallace et 
Jonah (23,24). La vitesse de 1'Ctape [ii], plus lente et continue, 
serait, elle, assimilable l'inveise du-temps de relaxation 
diClectrique longitudinale T ~ ,  = (E,/&~)T,, ou E, et &, sont les 
constantes ditlectriques statique et a frCquence infinie du sol- 
vant. La solvatation de e,, s'interpriterait donc, d'aprks 
Hirata et al. (30), par la rkorientation initiale d'un petit nombre 
de molCcules d'alcool cclibres,, dans la premikre couche de sol- 
vatation, suivie d'une stabilisation plus poussCe due 2 la rCor- 
ganisation de molCcules de solvant plus CloignCes, nCcessitant 
la rupture de liaisons hydrogkne. I1 est inttressant de noter ici 
que cette succession temporelle est opposte a celle dCcrite par 
Onsager (dans rCf. 60, voir Discussion p. 1819) dans l'ap- 
proximation du continuum diklectrique, qui considere que 
la solvatation de e,,, prockderait d'abord des couches 
CloignCes pour gagner ensuite les couches les plus proches de 
la charge (61). 

Nous avons vu plus haut que, grlce a une rCsolution tempo- 
relle bien inftrieure aux temps caractkristiques des phC- 
nomknes mis en jeu, des expC;ences de spectroscopic laser 
femtoseconde ont permis a PCpin et al. (32) d'Ctudier la solva- 
tation de e-,,, dans le mCthanol liquide pur. Ces auteurs ont 
montrC, en particulier, la coexistence de deux mtcanismes de 
relaxation de l'espkce transitoire e-i,, I'un discret et l'autre 
continu. Le modkle hybride ainsi propose implique deux Ctats 
Clectroniques, l'un et l'autre relaxant via un deplacement con- 
tinu vers le bleu et entre lesauels existe un micanisme discret 
de transfert. Un tel modkle pourrait &tre en mesure de concilier 
certaines donnCes apparemment contradictoires concernant la 
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solvatation de e-,,,, non seulement dans les alcools mais Cgale- 
ment dans l'eau (32). 

En ce qui concerne l'eau pure, nous avons Cvoqut prCcC- 
demment que le recours 2 trois impulsions laser consCcutives a 
permis a Barbara et coll. (42) d'apporter de nouvelles informa- 
tions concernant la transition non radiative de l'ttat prtcurseur 
e-,, considCrC comme un Ctat excite de e-,, (dCnotC e- ,,,,,, ), 
vers 1'Ctat fondamental (e-,,,, ,). Ces auteurs ont ainsi CtC 
amenCs 5 examiner la dynamique de solvatation d'un Ctat 
intermkdiaire e-'ki,,,,7, dynamique qu'ils associent B une ClCva- 
tion locale de tempkrature. Cet Ctat intermediaire se relaxe de 
f a ~ o n  continue vers e-,,. Le schema global peut Etre Ccrit : 

dkplacement 
continu 

Remarquons qu'un tel schema prCsente une grande ressem- 
blance avec les mtcanismes CvoquCs plus haut pour la solva- 
tation de e-,,, dans divers alcools (30, 32-34). Une telle 
analogie est toutefois restreinte par le fait que les Cchelles de 
temps mises en jeu pour dCcrire les phCnomknes sont bien 
supCrieures pour les alcools que pour l'eau. 

Le mtcanisme de solvatation de 1'Clectron dans les alcools 
et l'eau apparait ainsi plus complexe qu'il ne semblait apriori. 
Pour rendre son interprktation plus quantitative, bien des 
points restent 5 Clucider; un certain nombre d'entre eux sont 
CvoquCs ci-dessous. 

La formation de e-,$ est-elle une Ptape obligPe de la solvata- 
tiotz? Cette question concernerait en particulier le domaine 
d'Cnergie des photons proche du seuil d'ionisation du solvant 
et situk au-dessous du bas de la bande de conduction de celui- 
ci. Elle s'appliquerait notamment aux experiences de spec- 
troscopie laser femtoseconde de l'eau liquide pour lesquelles 
1'Cnergie d'excitation est de 8 eV lors d'un processus biphoto- 
nique (A,,, = 310 nm) (38, 39), les energies du seuil d'ionisa- 
tion et du bas de la bande de conduction, dans ce cas, Ctant 
respectivement de 6,5 5 0,5 eV (62) et de -8,9 (63) ou 10-12 
eV (52). 

Des donnCes de photoClectrochimie avaient suggCrC que les 
Clectrons en excks pouvaient &tre directement localisCs dans 
des pieges prkexistants de la solution Clectrolytique (64). 

Nous avons rCcemment proposC une interpretation analogue 
pour la photoionisation de l'eau pure et des solutions aqueuses 
diluCes (63). I1 a ainsi CtC not6 que les courbes exprimant la 
variation du rendement d'ionisation (4,) en fonction de 1'Cner- 
gie (E,,) des photons incidents dans la region du seuil Ctaient 
exponentielles. De telles lois exponentielles sont Cgalement 
caractkristiques des bandes d'Urbach (65), traduisant l'exis- 
tence d'Ctats electroniques localisCs dans la bande d'Cnergie 
interdite de divers solides amorphes ou dCsordonnCs, ces Ctats 
localisCs Ctant corrClCs au dCsordre du milieu. 

Ces remarques suggerent que lors de la photoionisation de 
l'eau liquide, pour Eph voisin du seuil, les Ctats Clectroniques 
finals pourraient se situer, non pas dans la bande de conduc- 
tion. mais dans une bande d'Ctats localises s'ktendant au-des- 
sous de celle-ci; la variation de 4, avec E,,, traduirait alors la 
distribution CnergCtique des Ctats localises dans la bande 
d'urbach. 

L'existence de telles bandes d'Ctats localisCs dans les li- 
quides a CtC utilisCe par HouCe-Levin et Jay-Gerin (66) pour 
interprCter les spectres d'absorption optique des Clectrons e-i, 
dans l'eau h 21°C et dans certains alcools liquides a basse 
tempkrature, et a t t t  confirmCe pour l'eau (67-69) et le 
mCthanol (70) liquides a tempkrature ambiante par des calculs 
de simulation de dynamique molCculaire. 

Une localisation initiale des e-,,, dans la bande d'Urbach a 
conduit Cgalement 2 envisager le dCpiCgeage possible de cer- 
tains d'entre eux, faiblement lies, sous l'action du champ cou- 
lombien du cation parent (71). Les Clectrons ainsi libCrCs 
pourraient soit se recombiner avec l'ion positif gCminC, soit se 
pikger h nouveau. Globalement, les pikges peu profonds se 
videraient au profit des pikges plus profonds, entrainant une 
diminution de la partie infra-rouge du spectre d'absorption de 
e-i,, spectre qui devrait donc prksenter un maximum. Celui-ci 
n'a cependant pas encore CtC dCterminC expkrimentalement 
sans Cquivoque (pour le cas de l'eau, voir figure 40). 

Les pi2ges pre'existatzts dans les liquides sont-ils nPcessaires & 
la localisation de e-,,,? Tlzermalisation et piPgeage sont-ils 
concomitants? Les expCriences de spectroscopie femto- 
seconde ne permettent pas de trancher le dilemme suivant : 
1'Clectron crke-t-il son propre puits de potentiel (autopikgeage 
ou self-trapping) ou se fixe-t-il dans des sites de piCgeage prC- 
existants, sites dus i des fluctuations de densit6 Clectronique 
ou d'orientation des molCcules du solvant? 

Les calculs de simulation de Schnitker et al. (67), mention- 
nCs prCcCdemment, ont conclu 2 l'existence, dans l'eau li- 
quide, de sites prkexistants favorables CnergCtiquement au 
piCgeage de e-,,,, de par leur dimension et leur profondeur. 
D'aprks ces auteurs, la distribution CnergCtique de ces sites 
s7Ctend jusqu'h environ 1,4 eV en-dessous du bas de la bande 
de conduction pour le site de localisation le plus favorable. On 
peut remarquer qu'une telle valeur est voisine de l'enthalpie 
libre d'hydratation de 1'Clectron  AGO^ - - 1,68 eVlmolC- 
cule (voir sect. 11-D), indiquant ainsi f'existence de sites de 
piegeage prCexistants de e-,,, ayant une structure proche de 
celle correspondant h e-,,. Les calculs de simulation les plus 
rCcents de ces m&mes auteurs (69), Cgalement pour l'eau li- 
quide, ont indiquC une concentration relativement ClevCe 
(-0,01 M) de l'ensemble des pieges preexistants, comparable 
aux valeurs minimales estimCes par ailleurs par Mozumder 
(72). ~, 

Cependant, un modkle, pour lequel la paire ccClectron 
(d'tnergie infkrieure h -1 eV) - ion positif)) dans un milieu 
polaire est traitCe comme un atome d'hydrogene plongC dans 
un continuum diklectrique qui se relaxe, conclut a la possibi- 
lit6 d'une localisation instantanCe par auto-piCgeage, localisa- 
tion qui precederait ainsi la thermalisation (73). Les pikges 
prkexistants dans le liquide ne seraient alors pas nkcessaires B 
la localisation de l'tlectron en exces. 

Notons enfin que d'aprks le schCma prCcCdemment dCcrit 
pour la photoionisation de l'eau pure et des solutions aqueuses 
diluees (63), les Clectrons photoCjectCs ne seraient pas initiale- 
ment dans un Ctat quasi-libre, mais se localiseraient directe- 
ment h partir d'Ctats excitoniques, de type Mott-Wannier, du 
liquide (74) : thermalisation e t  piCgeage seraient alors des pro- 
cessus quasi-synchrones. 

La trcu~.sitiorz e-, + e-,,,,, est-elle oil non contitzue? En ce qui 
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concerne l'eau liquide, les premikres Ctudes de spectroscopie 
laser femtoseconde ont abouti B la conclusion que le processus 
prkdominant d'hydratation de e-,,, nlCtait pas asiociC i la 
relaxation progressive des molCcules de solvant entourant la 
charge, mais correspondait plut6t B un processus impliquant 
deux ttats Clectroniques distincts de e-,,, (38, 39). 

En revanche, divers calculs de simulation de dynamique 
ccadiabatique,,,3 utilisant la mCthode des intCgrales de chemin 
et traitant le solvantxau de manikre classique (75, 76), ont 
indiquC un dtplacement continu, allant de l'infra-rouge vers le 
visible, du maximum du spectre d'absorption de e-,,,. De plus, 
selon ces m&mes calculs, la majeure partie du processus 
d'hydratation aurait lieu sur une Cchelle de temps de l'ordre de 
80-100 fs. Ces dCsaccords avec I'expCrience ont amen6 
Rossky et Schnitker (75) B postuler que 1'Ctat responsable de 
l'absorption infra-rouge est un Ctat ccexcitC)) de e-,, et que sa 
relaxation s'effectue de manikre non adiabatique vers 1'Ctat 
fondamental. Selon ces auteurs (75, 77), le spectre de e-,, 
serait ainsi dominC par des transitions Clectroniques 2 partlr 
d'un Ctat fondamental (de types) vFrs trois Ctats excitts, loca- 
lisCs (de type p), non dCgCnCrCs. A ceci s'ajouterait, a plus 
haute Cnergie, une composante spectrale moins intense com- 
prenant des excitations vers un continuum d'ttats dClocalisCs. 
Dans un tel schCma, 1'Ctape limitante dans la dynamique de 
solvatation de e-,,, serait donc dCterminCe par la conversion 
interne de 1'Ctat excitC de e-,,. Le spectre ainsi calculC par 
Rossky et al. (75, 77) a son maximum d'absorption situC B 
-2,4 eV et une largeur mi-hauteur de - 1,l eV, alors que les 
valeurs expCrimentales correspondantes sont respectivement 
de 1,73 et 0,85 eV (voir sect. 11-C.2-a). 

Un tel modkle, consistant B considirer e-ir comme un Ctat 
excite de e-,,, a Cgalement CtC avancC par Long et al. (39) pour 
interprCter leurs rCsultats. Par ailleurs, soulignons que Mess- 
mer et Simon (78) n'ont pu reproduire qualitativement les don- 
nCes expCrimentales de Gauduel et al. (38) qu'en prenant en 
compte une population d'Clectrons subissant une transition 
non adiabatique. Dans ce cas, l'analyse phCnomCnologique 
mknerait B la rtpartition suivante des electrons qui donnent 
lieu B la solvatation : 55% subiraient une transition non adia- 
batique, 20% conduiraient quasi-instantanement B e-,, et 25% 
s'hydrateraient de faqon continue. 

Des calculs de simulation de dynamique ccnon adiabatique)) 
directe ou des simulations de dynamique molCculaire mettant 
en oeuvre diverses variantes de ces calculs, ont tent6 
d'explorer, dans une Ctape ulttrieure, la validit6 du modkle 
d'hydratation en deux Ctapes (79-85), sans toutefois qu'une 
interprktation quantitative puisse &tre Ctablie. Quelques 
remarques mtritent, en particulier, d'&tre CvoquCes ici. I1 est 
apparu, par exemple, que les vibrations des molCcules d'eau 
jouaient un r61e substantiel dans la cinCtique de disparition de 
I'intermCdiaire mis en jeu. En effet, Webster et al. (79) ont 
trouvC une duke  de vie de - 1 ps pour 1'Ctat e-ir en utilisant un 
modkle d'eau rigide. Si, au contraire, la flexibilitt de la molC- 
cule d'eau est prise en compte, la valeur correspondante 
obtenue est -160 fs (81), infkrieure B celles donnCes par 
I'expCrience (240-620 fs, selon les auteurs; voir sect. 11-B.2). 

Dans l'hypothkse d'une Cvolution ccadiabatique*, 1'Clectron est 
astreint i rester dans l ' t t a t  fondamental de la cavitC oij il s'est 
piCgC, Ctat dCtermint par la configuration microscopique 
instantante du solvant. 

Par ailleurs, Neria et al. (80) ont mis en Cvidence un dCsaccord 
entre calcul et experience concernant la durCe de vie de e-ir 
dans H 2 0  et D 2 0  : le calcul B 300 K donne T2 = 220 fs pour 
H 2 0  et 800 fs pour D,O avec une marge d'erreur estimCe B 
-30%; cet effet isotopique est bien supCrieur it celui trouvC 
experimentalement ((T2)D70/(T2)~2~ = 1.04 (86) ou - 1,35 
(87)). Citons enfin un poiit abordC rCcemment par Rossky et 
coll. (81, 84) : des calculs du type de ceux CvoquCs ci-dessus 
font en effet apparaltre un spectre d'absorption qui serait 
caractkristique de 1'Clectron initialement ccquasi-libre),. Le 
maximum en serait situC vers 1400 nm avec un coefficient 
d'extinction molaire de -2,3 x lo4 M-' cm-'. Cette dernikre 
estimation traduit une interaction spectrale importante si I'on 
se refere a la valeur correspondante pour e-,, (1,9 x lo4 M-' 
cm-' a -300 K; voir ref. 88 et sect. 11-(2.24). L'origine d'une 
telle interaction demanderait B &tre examinCe. Ces m&mes cal- 
culs (81, 84; voir aussi rCf. 10) conduisent corrClativement 
pour e-,, au spectre donnt figure 46 B titre de comparaison 
avec les valeurs expkrimentales (figure 4a). 

Les insuffisances des calculs actuels de simulation pour 
interprCter quantitativement l'hydratation de I'Clectron nous 
paraissent provenir de diffkrentes causes, parfois dCjA men- 
tionnCes. La premikre est l'emploi de pseudopotentiels trks 
simplifiCs pour dCcrire l'interaction Clectronxau. I1 nous 
paraitrait souhaitable que ces pseudopotentiels soient prCala- 
blement validCs, par exemple, en calculant a faible Cnergie les 
sections efficaces correspondantes en phase gazeuse et en 
comparant les rCsultats ainsi obtenus avec I'expCrience. La 
deuxikme cause concerne le fait que les pseudopotentiels 
utilisCs sont construits afin de dCcrire 1'Ctat fondamental de 
l'klectron, alors qu'ils sont Cgalement appliquCs a la descrip- 
tion des Ctats ccexcitCs,,. Enfin, troisikme cause, le traitement 
classique du solvant pose problkme. Un traitement quantique 
est clairement souhaitable. Toutefois, la mise en oeuvre pra- 
tique des calculs palliant les insuffisances prCcCdentes 
prCsente, pour le moment, de nombreux dCfis. 

La situation a rebondi rCcemment, ainsi que nous l'avons 
dCjB mentionnC (voir sects. 11-B.2 et 11-B.3), par suite des 
expkriences de Barbara et coll. (42) qui montrent que, pour 
l'eau liquide, 1'Ctat fondamental impliquC dans le processus 
d'hydratation se relaxe de faqon continue vers e-, , le temps 
caracttristique de ce dkplacement spectral Ctant relativement 
long (1,l t 0,2 ps). I1 faut souligner que l'existence, dans ce 
milieu, d'une telle relaxation continue n'avait pas jusqu'alors 
CtC mise en Cvidence. 

Pour les alcools liquides, les premikres Ctudes de 
dynamique de solvatation, exclusivement expirimentales, 
concluaient a un processus en deux Ctapes (localisation et sol- 
vatation), comme pour l'eau. Les travaux ultCrieurs de Lewis 
et Jonah (89), concernant I'Cthanol et le propanol-1, ont per- 
mis de mettre en Cvidence deux voies possibles de solvatation, 
l'une directe et rapide et l'autre, plus lente, impliquant l'elec- 
tron piCgC comme intermkdiaire. D'aprks les Ctudes citCes plus 
haut (30, 32-34), il semble actuellement qu'il faille envisager 
pour les alcools liquides, non seulement un dtplacement con- 
tinu vers le bleu de la bande visible du spectre, mais Cgalement 
la coexistence de deux mCcanismes de relaxation de l'espkce 
transitoire e-ir, l'un discret et l'autre continu (32). 

C. Propriktks physico-chimiques de e;,,, 
On considkrera successivement structure, spectres d'absorp- 
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Fig. 5. Structure de e-,q obtenue par modulation d'kcho de spin 
d'klectrons piCgCs dans des matrices alcalines vitreuses 
irradikes par rayons y i 77 K (d'aprks Kevan (94)). 

tion optique et de RPE, et mobilitC de e-,,,,. Les propriCtCs de 
cette espkce, et surtout de e-,¶, ont CtC abondamment Ctudites 
durant les dernikres dCcennies. En particulier, la structure de 
e-,¶ et les caractCristiques du spectre d'absorption optique ont 
permis la confrontation des modkles thCoriques avec les don- 
nCes expkrimentales. 

Les rCcentes tentatives de modClisation physique d'un Clec- 
tron en excks dans un liquide ont utilisC deux approches prin- 
cipales : l'une est basCe sur llintCgration numCrique de 
1'Cquation de Schrodinger dependante du temps pour une par- 
ticule quantique se dCplaqant dans un fluide classique (90), et 
l'autre sur la formulation de Feynman de la mCcanique statis- 
tique quantique utilisant les inttgrales de chemin (91, 92). En 
fait, la plupart des traitements thCoriques propods pour 
1'Ctude des propriCtCs de e-,,,, font usage de la seconde voie, 
associCe aux techniques de simulation Monte Carlo ou de 
dynamique molCculaire. Ces traitements different cependant, 
soit dans le modkle choisi pour le solvant, soit dans le choix 
des potentiels qui dtcrivent I'interaction e-,,,-solvant (voir, 
par exemple, rCf. 93). 

1. Structure de e-,,,,, 
Peu de donnCes expkrimentales sont disponibles au sujet de la 
structure de e-,,,,. En ce qui concerne les rCsultats se rappor- 
tant h e-,,, ceux-ci ont CtC principalement obtenus B 77 K par 
Kevan et coll. (94) en utilisant la technique de modulation 
d'Ccho de spin d'Clectrons piCgCs dans des matrices alcalines 
vitreuses irradiCes par rayons y. Ces rCsultats ont conduit a 
proposer la structure reprCsentCe figure 5 ou I'Clectron est 
entour6 de six molCcules d'eau. Une liaison 0-H de chacune 
de ces molCcules d'eau Ctant orientCe vers I'Clectron, l'ensem- 
ble prCsente une structure octakdrique. I1 a CtC suggCrC (95) 
qu'une telle gComCtrie pouvait constituer une representation 
rkaliste de e-,, dans l'eau liquide. 

Les recents rCsultats de simulations paraissent en assez bon 
accord avec cette suggestion. Un nombre de coordination voi- 
sin de 6 est en effet obtenu B 300 K pour une distance Clectron- 
oxygkne qui est statistiquement Cgale B 3,7 (96) ou 3,3 A (79 ,  
B comparer B 3, l  A, valeur diterminte expkrimentalement par 
Kevan et coll. (94). Toutefois, un nombre de coordination de 4 
(93,97) ou entre 5 et 6 (98,99) a aussi CtC proposC. En fait, les 
Ccarts trouvCs pour ce nombre sont probablement liCs aux trks 
grandes fluctuations des dimensions de la cage de solvatation 
de e-,¶ (75,77, 100). A titre de comparaison, on peut signaler 
que des calculs analogues conduisent B un nombre de coordi- 
nation d'environ 7-8 pour les ions chlorure hydratCs (Cl-,¶) 
(101-103). 

De plus, une Ctude de 1'Ctat fondamental de e-,¶ dans la 
gamme 77-300 K, basCe sur un modkle de semi-continuum 
prenant en compte, non seulement la structure gComCtrique 
proposCe par Kevan et coll. (94), mais Cgalement l'influence 
de la deuxikme couche d'hydratation, a amen6 Pommeret et 
Gauduel (104) B conclure qu'il n'existe pas de diffkrence 
structurale fondamentale entre 1'Clectron piCgC dans la glace 
ou hydratC dans l'eau liquide. 

Notons, enfin, que la technique de modulation d7Ccho de 
spin a CtC Cgalement appliquCe au cas de 1'Clectron dans 
d'autres solides vitreux et en particulier dans le mCthanol et 
I'Cthanol (94). Les rCsultats obtenus pour ces deux alcools 
indiquent que la premikre couche de solvatation de e-,,,, se 
compose de quatre molCcules approximativement Cquiva- 
lentes et disposCes de faqon tCtraCdrique. A l'inverse de l'eau, 
ce sont les dipoles molCculaires, et non pas les liaisons 0-H, 
qui pointent ve;s 1'Clectron. L'hydrogkne le plus proche de 
1'Clectron (2,3 A pour le mCthanol) est celui du groupement 
hydroxyle. Pour llCthanol, la valeur correspondante est 2,2 A. 

2. Proprie'te's spectroscopiques 

( a )  Spectres optiqltes 

Carncte'ristiques gbze'rales : Le spectre d'absorption optique 
- pierre de touche du mecanisme de solvatation - est pro- 
bablement la plus CtudiCe des propriCtCs de I'tlectron solvatC. 
I1 permet B la fois d'identifier celui-ci et de tester la validit6 
des traitements thCoriques proposts. 

Ce spectre est caractCrisC essentiellement par une bande 
large (la largeur ii mi-hauteur WlI2  = O,85 eV pour e- B 300 K, 
contre environ 0,3 eV pour l'klectron piigt  6 77 2 dans la 
glace cristalline) sans structure, asymktrique avec une traine 
vers le bleu (voir, par exemple, rCfs. 7 et 105). 

Tandis que la longueur d'onde correspondant au maximum 
d'absorption4 (A,,,) est situCe dans le proche infra-rouge pour 
I'electron solvat6 dans les solvants peu polaires tels que les 
Cthers, les amines, etc., elle se situe dans le rouge pour 1'Clec- 
tron hydratC ou solvat6 dans les alcools B la tempkrature am- 
biante (pour e;,, A,,, = 715 nm ou Em,, = 1,73 eV; voir ref. 
88 pour une compilation rCcente des propriCtCs spectrales de 
e-,,,, dans les liquides polaires). 

"n sait que A,,,, est relike ii 1'Cnergie En,,, associCe au maximum 
d'absorption de e- ,,,, par En,,, = 1240/A,,,, oh En,,, est exprimCe 
en eV et A,,, en nm. 
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Le coefficient d'extinction molaire au maximum d'absorp- 
tion (E,,,) se rCvkle &tre une fonction linCaire de lIW,,,; ceci 
dCcoule du fait que la force d'oscillateur (f) correspondant au 
spectre d'absorption de e-,,,, varie peu d'un solvant h l'autre 
(f - 0,6) (106). Les valeurs de E,,,, varient Cgalement de faqon 
exponentielle avec Em,,, relation qui permet, connaissant X,,, 
pour un solvant donne, de calculer E,,,, et donc de dCduire du 
spectre de e-,,,, u"ne estimation du rendement en Clectrons sol- 
vatCs dans ce solvant (106; voir aussi ref. 7). 

Notons enfin qu'une bande d'absorption de e-,,,, a CtC 
observke dans l'ultra-violet, avec un seuil situC vers 200 nm 
pour 1'Clectron hydratC (107) et 240 nm pour 1'Clectron 
ammoniC (18, 108). D'aprks l'interprktation proposCe, il s'agi- 
rait d'un dCplacement vers le rouge de la premikre bande 
d'absorption du solvant, dtplacement induit par la perturba- 
tion due 2 la presence de e-,,,, des transitions Clectroniques des 
molCcules formant les premikres couches de solvatation. 

Effets de ternpe'rature et depression : L'effet de tempkrature 
sur le spectre d'absorption de e-,, a CtC examine par divers 
auteurs (109-1 13). Dans la gamme de -4 h 390°C, les travaux 
de Michael et al. (1 10) et de Christensen et Sehested (1 13) ont 
montrC que l'allure gCnCrale de la bande d'absorption n'est pas 
sensiblement modifiCe. En revanche, de -4 h 175"C, Em,, se 
dCplace de -0,003 eV/deg. Au-dessus de 175"C, le maximum 
d'absorption continue h se dCplacer vers les Cnergies plus fai- 
bles, avec un coefficient de temperature moindre; cette 
variation se poursuit jusqu'h la tempkrature critique de l'eau 
(371°C pour D,O), et m&me au-delh. Ce dCplacement pourrait 
&tre attribuC a la modification des pikges due h la rupture pro- 
gressive des liaisons hydrogkne et au changement de la struc- 
ture associative de l'eau liquide. Miura et Hirata (1 14) ont 
dCveloppe, dans ce cadre, un modkle thCorique de la stabilitC 
de e-,, et ont pu prCvoir le sens de cette influence. Notons, en 
revanche, qu'un tel dkplacement n'a pas CtC retrouvk entre 300 
et 373 K par l'application de mCthodes de simulation Monte 
Carlo et d'intkgrales de chemin (96). Le piCgeage dlClectrons 
des tempkratures supercritiques ou l'eau serait 2 1'Ctat 
monomCrique h plus de 95% indiquerait, d'aprks Michael et al. 
(1 lo), que la prkexistence de pikges n'est pas une condition 
nCcessaire h la solvatation. 

Pour la glace cristalline, comme pour l'eau liquide, la valeur 
de Em,, est dCcalCe vers le bleu quand la tempCrature dCcroit et 
on n'observe pas de discontinuit6 h la temperature de fusion de 
la glace (1 15). 

Par ailleurs, Elliot et Ouellette (1 16) rapportent, pour 1'Clec- 
tron hydratC et pour des temperatures allant jusqu'h 200°C, 
une dCcroissance sensiblement linCaire de E,,,, en fonction de 
la temperature, qui conduit la valeur E,,,,, - 1,6 x lo4 M-' 
cm-I h 200°C. 

L'influence de la pression, comme celle de la tempkrature, 
ne modifie que faiblement l'allure gCnCrale du spectre 
d'absorption de e-,,. Toutefois, quand la pression est aug- 
mentte, le maximum du spectre se dCplace vers le bleu; pour 
des pressions allant jusqu'h 2 kbar et h 27"C, Jou et Freeman 
(1 17) ont ainsi observe pour e-,, une variation linCaire de Em,, 
de +0,065 eVikbar. Le sens d'un tel dkplacement peut &tre 
attribuC a la diminution des dimensions des cavitCs pikges pour 
1'Clectron. 

Type de transitiorl irnplique'e et largeur de bande : La nature 

Fig. 6. (a) Comparaison des spectres d'absorption de 
I'Clectron hydratC expCrimental et sirnu16 (voir aussi 
figure 4). La ligne en tirets est obtenue par deplacement 
du spectre expkrimental de -0,7 eV vers les hautes 
Cnegies. (b) Sous-bandes s-p individuelles contribuant 
au spectre d'absorption simulC (d'aprks Rossky et 
Schnitker (75)). 

des transitions responsables du spectre d'absorption de e-,q a 
fait l'objet de nombreux travaux thCoriques et expCrimentaux 
qui relkvent principalement de deux interprktations (voir, par 
exemple, rCfs. 1 18 et 1 19) : I'une d'entre d'elles considkre que 
les transitions mises en jeu s'effectuent entre un Ctat lie et le 
continuum, et l'autre envisage surtout des transitions entre 
Ctats liCs. C'est ainsi que Jortner et al. (120) ont proposC une 
interprktation basCe sur une transition d'un Ctat fondamental 
de type 1s vers un Ctat excite liC de type 2p du solvant polarisC. 
Cependant, l'invariance de la forme de la bande d'absorption 
quand la tempkrature ou la pression varie a CtC considCrCe 
comme l'indice d'une prCpondCrance de transitions vers les 
Ctats dClocalisCs de la bande de conduction du solvant (121), 
1'Ctat fondamental e-. n'Ctant pas de type s pur (et donc 

''9 s'Ccartant d'une symetrie purement sphkrique) (122). En 
revanche, les recents rCsultats de simulation de dynamique 
molCculaire ou Monte Carlo, utilisant les intCgrales de 
chemin, semblent indiquer que la bande d'absorption de e-,, 
traduirait la transition fortement permise 1s + 2p (75,77, 85, 
96, 100, 123). Ces derniers auteurs estiment ainsi que la bande 
peut &tre reprCsentCe par l'enveloppe de trois sous-bandes cor- 
respondant aux transitions de 1'Ctat 1s vers les trois Ctats 
excitCs liCs p , ,  p2, p3 non dCgCnCres, et que la traine d'absorp- 
tion vers le bleu resulterait, elle, de transitions vers des Ctats 
dClocalisCs (figure 6). La non-dCgCnCrescence des trois etats I> 
serait due h l'anisotropie locale de l'interaction de e-,,, avec le 
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solvant et leur sCparation en Cnergie ~'Clkverait, selon les 
auteurs, 2 0,8 (77, 83) ou 0,3 (85) eV. Notons qu'une rtsolu- 
tion de la bande d'absorption expkrimentale en plusieurs sous- 
bandes de forme gaussienne avait dCj5 conduit B une dCcom- 
position analogue (124). 

La largeur inusitCe de la bande d'absorption de e-solv est 
actuellement interprCtCe thkoriquement comme Ctant due aux 
fluctuations en forme et en dimensions des cavites pikges (75, 
77. 100: voir aussi sect. II-C.1). D'utiles informations 2 ce 
sujet peuvent &tre obtenues expkrimentalement grdce 2 la 
mCthode de dynamique de blanchiment (spectral hole burn- 
ing) qui permet de sonder directement les caractCristiques 
spectrales diffkrentielles de la bande d'absorption (voir, par 
exemple, rCf. 125). En ce qui concerne e-,,, des risultats 
thCoriques (76, 83, 125, 126) et expkrimentaux (42, 127) ont 
CtC obtenus rkcemment par cette mCthode (voir sects. II-B.2 et 
II-B.3). Soulignons, en particulier, les travaux rCalisCs par 
Schwartz et Rossky (126) et par Reid et al. (127) qui utilisent 
la lumikre DolarisCe. 1'Clectron hvdratt Ctant alors une sonde 
de llanisotripie locale de la caviCC solvant. Selon ces derniers 
auteurs, une telle anisotropie slCtablirait de manikre simul- 
tanCe avec l'excitation et dCcroitrait en -3 DS. montrant ainsi . . 
que des fluctuations anisotropes lentes du solvant pourraient 
intervenir dans la dynamique d'hydratation de e-,,,. 

Pour les alcools lCgers, soit vitreux B basse tempbature, soit 
liquides 2 -300 K, une autre mCthode d'Ctude, baste sur le 
couplage entre e,,, et les modes vibrationnels intramolecu- 
laires du solvant, a CtC proposCe par Abramczyk et al. (128; 
voir aussi ref. 9) pour d~teminer  le profil des bandes 
d'absorption infra-rouge et visible de e-,,,. Les rksultats, obte- 
nus dans le cadre d'une thCorie de riponse linCaire, conduisent 
i la conclusion qu'il y aurait deux types d'electrons piCgCs : 
ceux absorbant dans le visible qui seraient associCs aux 
groupements hydroxyle (couplage avec les modes d'Clonga- 
tion C-0 ou de flexion O-H), et ceux absorbant dans l'infra- 
rouge qui seraient piCgCs par les groupes alkyle (couplage avec 
les modes d'Clongation C-H). La situation serait differente 
pour l'eau et les verres aqueux qui n'offriraient a e;,, qu'un 
seul type de pikge. Selon les auteurs, une telle reprtsentation 
pourrait rendre compte de la diffkrence apparente des pro- 
priCtCs spectroscopiques de e-,,, dans l'eau et les alcools. 
Toutefois, vu la valeur extremement ClevCe du champ Clec- 
trique au voisinage de 1'Clectron (jusqu'h lo7 Vlcm), on peut 
s'interroger sur la pertinence de l'emploi de la thCorie de 
reponse linCaire utilisCe par Abramczyk et collaborateurs, 
thCorie qui suppose une perturbation faible du solvant par 
e-,,,; il pourrait, en effet, &tre indispensable de prendre en 
compte l'intervention de phenomknes non linCaires (129). 

(b) Spectres de RPE 
Les spectres de RPE de 1'Clectron piCgC (e-p) sont gCnCrale- 
ment obtenus a partir de matrices vitreuses irradiCes basse 
temperature. Dans le cas de la glace (H20) cristalline aucun 
signal RPE de e-, n'est observe, le signal du radical OH mas- 
quant celui de 17Clectron. Toutefois, pour D,0 cristalline, un 
recuit prCalable B la mesure facilite la disparition du radical 
OD et permet ainsi la mise en evidence d'un signal RPE de 
e-, (130). La raie unique caractkristique de e-p est en revanche 
directement observable dans des glaces vitreuses alcalines a 
77 K, ou le rendement en e-p peut atteindre des valeurs ClevCes 
(1,9 molCcule/100 eV) pour des concentrations suffisantes en 

ions OH- (131). Le facteur g ainsi mesurC est Cgal 5 2,0008 
(132) ou 2,0006 (133), valeurs proches de celle correspondant 
i un Clectron non liC (2,002 32). 

Dans le cas des alcools vitreux, le blanchiment de e-, par la 
lumikre visible substitue quantitativement le signal des radi- 
caux CH,OH, CH~CHOH,. . ., dont la formation est initiCe par 
la recombinaison des charges, 2 la raie unique relative e p  
(131). 

Diverses experiences de RPE de e-solv ont CtC effectuCes 
pour l'eau, le mtthanol ou 1'Cthanol en phase liquide en utili- 
sant soit la radiolyse pulsCe (134-136), soit une photolyse 
continue (137). Cette dernikre mCthode donne pour e-,q une 
valeur du facteur g de 2,000 43 B 23,3"C (137), tandis que la 
radiolyse pulsCe conduit respectivement 2 g = 2,002 05 et 
2,001 97 pour e-solv dans le mCthanol et 1'Cthanola 22°C (136). 

L'interprCtation des rCsultats obtenus par RPE concernant 
e-,,,, reste encore difficile actuellement. 

(c) Spectres d'absorption de e-,,,, et spectres CTTS des ions 
haloge'nure 

De nombreux anions en solution, tout particulikrement les 
ions haloginure, prksentent dans l'ultra-violet un spectre 
d'absorption intense immediatement suivie par une produc- 
tion de e-,olv dans le solvant. Franck et Scheibe (138) ont CtC 
les premiers 2 interprkter cette absorption comme l'indication 
d'un mCcanisme de transfert de charge au solvant (charge 
transfer to solvent ou CTTS). La libCration de l'klectron, dans 
ce cas, n'est pas due une photoionisation au sens classique, 
mais implique un Ctat excitC Clectronique intermkdiaire de 
l'ion parent. L'Clectron concern6 occupe une orbitale qui, 
quoique centrCe sur l'atome d'halogkne, recouvre la premikre 
couche de solvatation de l'anion. L'ensemble de la configura- 
tion de solvatation peut donc &tre considCrC comme l'<<accep- 
teur>> dans une transition de CTTS (139). L'energie Em,, au 
maximum d'absorption des bandes CTTS a CtC ensuite 
exprimCe dans le cadre de divers formalismes (voir, par exem- 
ple, refs. 15 et 140). 

Le dCveloppement des techniques de spectroscopie femto- 
seconde a rendu accessibles les aspects dynamiques relatifs au 
CTTS. Divers rCsultats expkrimentaux concernant principale- 
ment les ions iodure et chlorure (56, 57, 141) en solution 
aqueuse ont CtC publies recemment. 

Pour des solutions 1 M en NaI ou KI, Long et al. (57, 141) 
ont constat6 I'existence d'un Ctat liC CTTS dans lequel I'elec- 
tron ccpiCgC,, serait un prkcurseur de l'espkce intermtdiaire 
e-,,. Les temps caractkristiques de solvatation de l'electron 
dans ces conditions ont pu &tre mesurks. Dans le cas de I-, 
Long et al. (141) ont obtenu T, = 600 -+ 40 fs; ce temps est peu 
diffkrent de celui mesurC par photoionisation de l'eau pure 
(540 t 40 fs; voir sect. II-B.2). En revanche, la formation de 
e-i, a CtC trouvCe sensiblement plus lente (TI = 400 t 40 fs; 
voir ref. 141) que dans le cas de l'eau pure (180 5 40 fs; voir 
sect. II-B.2). L'existence d'un point isobeste 2 850 nm a CtC 
avancCe pour le passage e-,, + e-,, et la transition correspon- 
dante serait discontinue (57, 141). Cependant, dans des 
travaux plus rkcents, Long et al. (141) ont suggtrk que seule 
une faible fraction des electrons hydrates prCsents seraient 
produits selon le mCcanisme CTTS prCcCdemment dCcrit. 
D'aprks les auteurs, en effet, une fraction importante de ces 
e-,q seraient formCs via un processus de photoionisation h trois 
photons (4 evlphoton), plut6t qu'i  partir de l'excitation CTTS 
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Fig. 7. Variation en fonction du temps de l'absorbance des Clectrons hydrates aprks photoionisation de 
I'eau pure B 21°C, pour des photons de 4 eV et un processus suppose biphotonique : (a)  d'aprtts Lu et al. 
(156), pour h,,,, = 700 nm; (h )  d'aprtts Gauduel et al. (157), pour X,,,, = 720 nm. 

700 nrn 

( 1% 7 2 0  nrn 1 

TEMPS (ps) TEMPS (ps) 

Tableau 2. PropriCtCs thermodynamiques de e-,,, B 298 K." 

Jortner et Noyes Hickel et Sehested Han et Bartels Schwarz 
( 162) (164 et 167) (1  65) (166) 

AGOl,,d -157 -161 + 14 
M ' h y d  -159 -142 + 7 -126 + 1 1  -142 
@hy, -7,9 49 + 23 118 + 20 67 

"Valeurs exprimkes en kilojoules par mole pour I'enthalpie libre et I'enthalpie, et en joules par 
mole et par degre pour I'entropie ( 1  kJ/mol = 1,0364 x 10.' eV/moltcule). 

Ces reactions de recombinaison ont CtC rCcemment analysCes 
par simulation; les rCsultats obtenus permettent de conclure 
(159, 160) que l'attraction par H30+ limite la diffusion de e-,,, 
augmentant ainsi 17efficacitC de la reaction de celui-ci avec 
OH : sur 1'Cchelle de temps 0-80 ps, cette dernikre serait -7 
fois plus probable que la recombinaison avec H,O+ (160). 

~ k s  expCriences-de dCclin (8 eV, processus biphotonique) 
ont t t t  Cgalement effectutes sur des solutions aqueuses 1 M en 
OH- (57), C1- (56,57) ou I- (57). Selon Long et al. (57), la dis- 
parition de e-,, est plus lente que dans le cas de l'eau pure. 
Ainsi, aprks 70 ps, ces auteurs obtiennent respectivement pour 
les trois anions citts, 30, 20 et 11% d'klectrons hydratCs dis- 
parus. Les differences observCes avec l'eau pure (50-60%) 
sont attributes au fait que, dans ce dernier cas, e-,q se recom- 
bine avec un cation, alors qu'il se recombine avec une espkce 
neutre dans le cas des solutions anioniques. Par ailleurs, l'tvo- 
lution cinitique complexe intervenant hour de telles solutions 
h des temps trks courts (infkrieurs h quelques picosecondes) a 
CtC CtudiCe, ainsi que son interprttation, par Long et al. (57, 
141) et Gauduel et coll. (56); ces travaux ont CtC mentionnes 
ci-dessus, dans la section II-C.2-c. 

Le declin picoseconde de 1'Clectron relax6 a, de plus, CtC 
rnesurC dans D 2 0  par spectroscopie laser femtoseconde met- 
tant en jeu un processus biphotonique (4 evlphoton). Un effet 
isotopique est constate : 38% des Clectrons hydratts ont dis- 
paru au bout de 165 ps, contre 46% dans le cas de H,O (87); 
d'autres auteurs (86; voir aussi rCf. 11) rapportent les valeurs 
correspondantes suivantes, ii - 100 ps : 49% pour D 2 0  et 55% 
pour H20. L'hypothkse avancte pour expliquer un tel effet 

repose sur le fait que D,O est un liquide plus ordonnC que 
H20, et que par consequent la concentration des pikges d'Clec- 
tron y est plus faible (52). La distance moyenne sCparant 
l'tlectron libtrC de son cation parent est donc plus grande dans 
D 2 0  que dans H,O; dans le premier cas, la recombinaison 
gtminCe de e,, se trouve ainsi dCfavorisCe. 

D. Donnees thermodynamiques 
Baxendale (161) le premier a considCrC h la fois l'equilibre en 
solution aqueuse 

e-,, + H,O W H,, + OH-,,, 

et le cycle therrnodynamique 

ce qui conduit a la valeur de l'enthalpie libre d'hydratation de 
l'tlectron AGohY, = - 167 kJ/mol. 

A partir d'un cycle thermodynamique analogue et en sup- 
posant que les Cquations qui relient AG~,,,, et A ~ , , ~ ,  au rayon 
d'un anion solvatt puissent &tre appliquCes B e-,), les termes 
enthalpique A$,,, et entropique AS',,, ont CtC evaluts pour 
l'electron hydratC (162, 163). 

Des Ctudes plus rtcentes et plus approfondies, s'appuyant 
soit sur 1'Cquilibre e-,, + H 2 0  W H,,, + OH-,, (164, 165), soit 
sur 1'Cquilibre e-,, + (NH,+),q W Ha, + (NH3)aq (166), ont con- 
duit aux valeurs de AGoh,,, A@,,, et Ap,,, rassernbltes dans 
le tableau 2, valeurs exprimees en kilojoules par mole pour 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

l'enthalpie libre et l'enthalpie, et en joules par mole et par 
degrt pour l'entropie. Ce tableau appelle un certain nombre de 
commentaires. 

(i) Au vu des larges marges d'erreurs estimtes par les dif- 
fCrents auteurs, les valeurs prCcCdentes montrent un accord 
raisonnable si l'on excepte celle de Ap,, ,  donnCe par Jortner 
et Noyes (162). 

(ii) La valeur absolue de A@,,, est plus faible pour e-aq que 
pour les anions monoatomiques X-aq. Citons, par exemple : 
pour I-, A@,,, = -257 kJ/mol et pour C1-, A@,,, = -3 18 kJ/ 
mol(168). En d'autres termes, et comme on pouvait s'y atten- 
dre, e- est moins lit que les ions X-aq. 

(iii)at'entropie d'hydratation relative h 1'Clectron est posi- 
tive, alors que tous les anions monoatomiques X- sont 
caractCrisCs par une valeur de Ap,, ,  n t  ative. Citons, par f - exemple : pour I-, A p h y d  = - 11,4 J mol- deg ' et pour C1-, 
Ap,, ,  = -49,4 J mol-I deg-' (169). Les Clectrons hydratCs 
apparaissent ainsi comme d'efficaces structure breakers dans 
l'eau (169, 170). Ce rtsultat serait explicable par le fait que la 
distribution radiale des molCcules d'eau autour de l'tlectron 
est beaucoup plus diffuse qu'autour des anions classiques 
(voir, par exemple, rCfs. 99 et 103). 

Notons enfin que cette disparitt entre les signes de Ap,, ,  
pour e-,q d'une part et les ions X-aq d'autre part ne semble pas 
en faveur de l'interprttatibn de Robinson et coll. (171) qui 
assimilent 1'Clectron hydratt h un complexe (OH-. . .H30)aq en 
s'appuyant sur une certaine similitude entre les r6les jouCs par 
e-,, et les ions OH-,q ou Hfaq vis-a-vis de l'organisation struc- 
turale des molCcules d'eau voisines. 

Ill. ~lectrons en exces en solutions 
micellaires 

Les milieux microhCtCrogknes, dits ccmilieux organidsn, qui 
sont des agrtgats de molCcules amphiphiles, naturelles ou syn- 
thCtiques, neutres ou ioniques, ont fait l'objet de multiples 
Ctudes au cours des dernikres dCcennies (voir, par exemple, 
rtfs. 172-176). Nous ne considCrerons ici que les mi l ieu  
organisks clos (MOC), c'est-h-dire des globules lipidiques en 
solution aqueuse : micelles (Mi) directes et vCsicules (Ve) ou 
des globules aqueux en solution hydrocarbonke (micelles 
inverses). Les caractCristiques sptcifiques de ces systkmes 
dont on peut tirer profit sont principalement : (i) une aire inter- 
faciale considkrable si bien que les rtactions en surface peu- 
vent se substituer h des rtactions en volume; (ii) l'existence 
frCquente d'un potentiel Clectrique interfacial qui peut Ctre 
module expkrimentalement et calculC de faqon approximative; 
(iii) la ~om~artimentation dans deux phases distinctes des 
rkactifs et (ou) des espkces transitoires suivant leur caractkre 
hydrophile ou hydrophobe, situation qui peut augmenter trks 
notablement la durCe de vie de ces dernikres. Comme pour les 
solutions homogknes, les Clectrons en excks peuvent &tre pro- 
duits soit par radiolyse, soit par photoionisation de chro- 
mophores approprits. Dans le cas des Mi directes, les plus 
CtudiCes, les solutions micellaires sont gCnCralement peu con- 
centrkes, de l'ordre de 10"'-10-~ M. Les Clectrons produits par 
voie radiolytique sont ainsi formCs dans la phase aqueuse, sans 
effet direct sur les agrtgats micellaires. Dans ces conditions, 
l'objectif est essentiellement d'examiner le pouvoir cataly- 
tique des Mi ou Ve sur la rCactivitC des e-,qvis-h-vis des molC- 
cules de surfactant ou d'additifs micellisb. Les rkactions 

obtissent B des lois complexes de cinCtique non homogkne 
(177). Cet aspect ne sera pas trait6 ici. En revanche, des 
exptriences de photoionisation de composCs micellisCs peu- 
vent apporter des informations interessantes sur la dynamique 
et 1'CnergCtique de la production de e-,,, (176). 

A. Dynamique de formation de e,, en micelles directes 
ou inverses 

La production de e-,, par ionisation biphotonique (4 eV/pho- 
ton) de phknothiazine a CtC suivie, comme pour l'eau pure, 
sous excitation laser femtoseconde et spectroscopie 
d'absorption rCsolue dans le temps (178-180). Un Ctat prC- 
solvatt absorbant dans l'infra-rouge, prkcurseur de e-,,, a 
CtC mis en evidence dans ce cas Cgalement. Le temps Tl de 
montCe de l'absorption infra-rouge est trouvt tgal h 250 + 
20 fs pour les Mi directes (micelles cationiques Mi+ ou anio- 
niques Mi-) et h 140 + 10 fs pour les Mi inverses. Cette 
dernikre valeur est proche de celle dtterminte pour l'eau 
pure (110 + 30 fs; voir sect. 11-B.2); en revanche, la 
prCsence de micelles ~ i '  parait retarder la formation de  
e-,,. Pour les Mi directes, la dynamique des Ctapes primaires 
de la photoionisation : separation intramicellaire des 
charges et diffusion de e;,, vers la phase aqueuse, est trou- 
vCe la mCme pour Mi' et Mi-. 

Pour les systkmes micellaires citCs ci-dessus, comme dans 
le cas de l'eau pure (T2 = 240 + 40 fs; voir sect. 11-B.2), e-,, 
relaxe vers 1'Ctat hydratt avec une seule constante de temps : 
T, = 270 + 20 fs (179, 180). Ceci suggkre que la localisation 
initiale de e;,, et sa solvatation complkte s'effectuent h une 
distance de l'interface micellaire pour laquelle la constante 
diilectrique et la force ionique sont celles relatives B l'eau en 
masse. 

B. ~ n e r ~ i e s  seuil d'ionisation et rendements en e-,, en 
micelles et vCsicules 

La photoionisation monophotonique du pCrylkne et de la 
tCtramCthylbenzidine (TMB) incorports dans des micelles 
directes anioniques, neutres ( ~ i ' )  ou cationiques a CtC Ctudite 
en fonction de la longueur d'onde d'excitation he,, et du 
potentiel Clectrique interfacial A* (1 8 1, 182). Plusieurs con- 
clusions peuvent &tre dCgagtes : (i) les courbes de rendement 
de photoionisation @c-,q (hex,) sont dCcalCes vers le rouge par 
rapport aux courbes de rendement relatives B des solutions 
organiques homogknes. Cette plus faible valeur de 1'Cnergie 
seuil d'ionisation (E,) rCpercute la variation de l'energie fon- 
damentale Vo de 1'Clectron quasi-libre avec le solvant con- 
sidCrC : eau liquide par comparaison avec un solvant 
organique. (ii) Pour un chromophore donnC, la valeur de Ei 
n'est pas sensible h une variation du potentiel Clectrique inter- 
facial. Ceci traduit le fait que A* est au moins d'un ordre de 
grandeur infkrieur aux autres facteurs qui contr6lent Ei, 
notamment Vo. (iii) les formes diffkrentes des courbes @e-aq 
(X,,,) obtenues pour Mi- d'une part, et pour M ~ O  et des solu- 
tions homogknes d'autre part, peuvent reflCter une plus grande 
probabilitC pour 1'Clectron d'Cchapper h une recombinaison 
gCminCe dans le cas des micelles negatives. 

L'effet du potentiel A* sur le rendement de photoionisation 
a ensuite CtC precis6 en modulant A* par addition de dif- 
fCrents sels h une solution micellaire de Mi- (183, 184). On 
trouve ainsi par photoionisation du pCrylkne et de la TMB en 
Mi- ou Ve- que le rendement est une fonction l inkire de 
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Fig. 8. Rendernents de photoionisation QGq en Mi- de SDS 
(sodium dodecyl sulfnte) et en Ve- de DHP (dihexadecyl 
phosphate) en fonction du potentiel Clectrique interfacial A1V : 
( I )  pirylttne dans Mi- SDS, (2) TMB dans Mi- SDS et (3) TMB 
dans Ve- DHP (d'aprks Bernas et al. (184)). 

I I I 
-100 -120 

- 
AY + cst (mV) 

A* (figure 8). Le potentiel nkgatif, rCpulsif pour e-,,,, ou bien 
facilite I'Cjection de I'Clectron i partir d'Ctats de Rydberg 
s'Ctendant au-deli de l'interface micelle-eau, ou bien (et) 
oppose une barrikre au retour de e-,, vers le cation qui reste 
micellisC. 

C. Micelles inverses : Rendements en zaq et organisation 
de l'eau 

En micelles inverses, e-,q peut rCsulter de la photoionisation de 
chromophores hydrophiles ou hydrophobes, ou de la radiolyse 
du solvant hydrocarbone suivie de la localisation des e-,,, dans 
le coeur aqueux des micelles. Des diverses Ctudes publiCes, il 
est possible de dCgager les conclusions suivantes. 

(i) Dans les expCriences de radiolyse picoseconde de Bakale 
et al. (185), llefficacitC de capture des Clectrons en excks par 
l'eau micelliske dans le systkme ~ , 0 / ~ 0 ~ / i s o o c t a n e ~  aug- 
mente avec le rapport des concentrations molaires w, = [H,O]/ 
[AOT] qui caractCrise le volume du coeur aqueux. Les micro- 
gouttes H,O/AOT n'offriraient pas de pieges suffisamment 
profonds pour qu'il y ait attachement d'Clectron i chaque col- 
lision jusqu'i ce qu'au moins 30 molCcules d'eau soient asso- 
ciCes i chaque molCcule de surfactant (wo 2 30). 

(ii) Excitation et spectroscopie laser femtoseconde ont de 
plus permis la caractkrisation directe des Ctapes primaires du 
piCgeage de e-,,, dans l'eau micellisCe. Ainsi, pour w, = 
[H,O]/[AOT] = 50, Gauduel et al. (180) ont montre que la pho- 
toionisation d'un composC hydrophobe (phknothiazine) loca- 
lisC h la pCriphCrie micellaire donne naissance ?i deux 

AOT disigne le surfactant : di(2-Cthylhexyl)sulfosuccinate de 
sodium. 

Fig. 9. Spectre d'absorption transitoire de e-,, i 2 ps en 
rnicelles inverses de AOT pour trois valeurs du rapport des 
concentrations rnolaires w0 = [HrO]l[AOT] = 5 0 , s  et 0 
(d'aprks Gauduel et al. (180)). 

populations d'klectrons. Les uns se pikgent dans le solvant 
hydrocarbon6 (dans ce cas, le n-heptane) en 90 + 10 fs, les . 
autres s'hydratent en deux Ctapes : les e-,,apparaissant en 140 
fs et relaxant vers 1'Ctat totalement hvdratC en 270 fs. Comme 
mentionnC plus haut, la similitude de ces temps caracteris- 
tiques avec ceux relatifs i l'eau pure suggkre que localisation 
et solvatation s'effectuent alors au coeur de la poche aqueuse 
oh aucune structure particulikre n'est imposCe par l'interface. 

Pour w, = 5, ou l'eau micellisCe prCsente un temps de cor- 
relation rotationnelle nettement plus ClevC que l'eau en masse 
(186), la constante de temps ~ ~ c o r r e s ~ o n d a n t  i la formation 
de e-,, atteint 500 fs, alors que la composante rapide de 
piCgeage de e-,,, dans le n-heptane reste inchangCe (90 fs) 
(180). 

(iii) L'efficacitC d'attachement de e-,,, dans les micelles 
inverses H'OIAOT dCpend par ailleurs du solvant utilisC : elle 
est plus faible pour un solvant oij la mobilitC de e,,, est plus 
ClevCe (1 87). Ainsi, pour des micelles de taille comparable, la 
capture de e;,, a CtC trouvCe, selon la valeur du rayon micel- 
laire, de 5 i 20 fois plus efficace pour l'isooctane (p,, = 6,5 cm2 
V-I s-') que pour le tCtramCthylsilane (p,, = 103 cm' V-I s-'; 
voir, par exemple, ref. 147). 

(iv) Pour w, 2 30, le spectre d'absorption optique de e-,, est 
identique i celui obtenu dans l'eau pure. En abaissant w,, on 
observe un diplacement vers le bleu du maximum d'absorp- 
tion (figure 9), dkplacement qui peut &tre associC i la forte 
concentration locale des contre-ions Na+ i I'intCrieur du coeur 
micellaire (1 80, 188- 19 1); cette concentration atteindrait -6 
M pour w, = 5 et un degrC de dissociation des molCcules AOT 
de 0,5. L'existence d'une interface chargCe se traduit donc par 
un gradient de concentration de e-,,, et de plus, les propriCtCs 
spectroscopiques de ce dernier dependent de 1'Ctat d'organisa- 
tion de l'eau dans la region interfaciale. 

(v) La largeur de la bande d'absorption de e-,, diminue avec 
w, (188, 191, 192) et aussi avec la tempkrature. Ces observa- 
tions ont CtC considCrCes comme l'indice d'un environnement 
plus ordonne, la bande d'absorption de e-,, presentant dans 
ces conditions une certaine analogie avec celle de llClectron 
piCgC dans la glace i -194°C (192). Par ailleurs, Gebicki et al. 
(191) ont indiquC rCcemment que la forme de la bande 
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d'absorption de e-,, dipendrait, non seulement de wo, rnais 
egalement du type de solvant hydrocarbone utilisC. 

( v i )  e-,, n'est pas observC en-dessous d'une certaine taille 
critique de la poche d'eau correspondant ti wo s 5 (180, 188, 
189), ce qui pourrait signifier que toutes les molecules d'eau 
sont alors prkferentiellernent engagCes dans les couches de 
solvatation des contre-ions Na+. Une telle interprktation est 
confortCe par de rCcents rCsultats de spectroscopies Rarnan et 
infra-rouge qui permettent de distinguer les contributions 
respectives de l'eau like, dont la structure serait iinposCe par le 
surfactant, et de l'eau <<libre>>, la contribution de cette derniere 
s'annulant justernent pour wo -4-6 (193, 194). En revanche, 
pour le systerne H20/AOT/isooctane, Jain et al. (195) dis- 
tinguent trois types d'eau coexistant dans le volume du coeur 
micellaire : eau libre, eau like et eau piCgCe B l'interface rnicel- 
laire. Par spectroscopie infra-rouge et dCconvolution en plu- 
sieurs gaussiennes du spectre dans la region d'klongation de 
0-H, ces auteurs estiment que, pour wo = 5, le nornbre de 
rnolCcules d'eau libres rapport6 ti une molCcule de surfactant 
serait de 3. Pour un nombre d'agrkgation moyen de 40 (196), 
correspondant ti un rayon de coeur aqueux micellis6 de - 12 A, 
environ 120 rnolCcules d'eau resteraient B 1'Ctat libre dans 
chaque rnicelle. La solvatation de e-,,, pourrait cependant Ctre 
trop lente pour entrer en cornpCtition avec la diffusion de celui- 
ci. Soulignons enfin que la valeur seuil dlobservabilitC de e-,,, 
peut dependre de la rnobilitC de e,,,, c'est-a-dire de la nature 
du solvant hydrocarbonk utilisC (187). 

En resumC, l'ensemble des rCsultats prCsentCs ci-dessus 
illustrent bien l'effet de 1'Ctat d'organisation des molCcules 
d'eau dans les MOC. 11s soulignent Cgalement l'influence du 
potentiel Clectrique interfacial sur les rendements en Clectrons 
hydratCs et sur leur distribution au voisinage de I'interface. 
Ces conclusions, valables pour des milieux organisCs synthC- 
tiques, devraient pouvoir Ctre Ctendues aux membranes 
naturelles qui irnpliquent une interface chargCe stable, ainsi 
qu'aux poches aqueuses des bioagrkgats. 

IV. Agregats negativement charges 

D'une f a ~ o n  gCnkrale, les expkriences conduites depuis une B 
deux dCcennies sur les agrCgats rnolCculaires ont Cvidemment 
tent6 d'Ctablir une transition entre la phase gazeuse et les 
phases condensCes. Plus particulikrernent, I'ttude du proces- 
sus d'attachement d'un Clectron en excks a CtC largernent 
motivee par la possibilitC d'assimiler les agrCgats gazeux 
(H,O),,- et (NH,),,- B des modkles d'Clectrons solvatCs dans le 
liquide correspondant. 

Apres la suggestion initiale (197) que des agrCgats gazeux 
de dimensions suffisantes seraient susceptibles d'attacher un 
Clectron, on a CtC amen6 i examiner la formation, 1'Ctat et les 
propriCtCs de e-,,, en fonction de n. Les rCsultats, tant expCri- 
rnentaux que thCoriques, ont alors permis de prCciser la nature 
des forces de stabilisation de e,,, en milieu condense. 

Fig. 10. Spectres de masse d'agrkgats d'eau nigativement 
chargis (H,O),,- et (D20),,- : ( a )  d'aprks Haberland et al. (199); 
(b) d'aprks Kondow et al. (202). 

Clectrons Crnis sont rapidernent thermalisks et une analyse par 
spectrornCtrie de masse h temps de vol montre un pic principal 
a la masse 198 (n = 11) avec un seuil ti n = 8. Un montage 
arnCliorC (199, 200), ou des photoClectrons d'Cnergie cinC- 
tique infkrieure ti 0,5-2 eV sont injectes dans un jet superso- 
nique de vapeur d'eau en expansion, a perrnis de minimiser 
l'effet des impuretCs, les seuls pics enregistrCs Ctant alors ceux 
correspondant B (H20),,- (figure 10a). 

L'attachement d'tlectrons a egalement CtC rCalisC sur des 
agrCgats libres, preforrnCs et froids, les electrons incidents 
ayant dans ce cas une Cnergie quasi-nulle (201). La formation 
d'anions (H20),,- est observCe pour n 2 1 1  (ou rz 2 12 pour 
l'eau deutCrCe), en accord avec la distribution des valeurs de n 
trouvCe par Haberland et coll. (198-200). 

Les deux mCcanismes suivants de declin interviennent 

1. Me'tlzodes de production 
Les premieres Cvidences (198) d7agrCgats nkgativement 
charges (H20),,- ont CtC obtenues 8 partir de jets supersoniques 
de vapeur d'eau (100-1000 Ton; 1 TOIT = 133.3 Pa), ti -400 
K, irradiCe par les rayons P- d'une source radioactive. Les 

et c'est le deuxieme qui apparait cornme le plus efficace. La 
probabilitC de celui-ci dCcroit quand n augmente, ce qui atteste 
d'une augmentation parallele de I'affinitC Clectronique adia- 
batique d'un agrCgat d'eau avec ses dimensions. Knapp et al. 
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(201) suggkrent qu'un pikge peu profond pourrait &tre associC 
h un Ctat de surface ne prCsentant pas de barrikre de potentiel h 
1'Clectron. En revanche, ils notent qu'on ne peut trancher sur 
l'origine de la brusque montCe de la section efficace de forma- 
tion de (H20),,- observCe pour n 2 1 l : s'agit-il d'une prClo- 
calisation qui devient plus efficace ou d'une stabilitC accrue de 
l'agrtgat nCgatif relaxt? 

Une toute autre approche a CtC mise en oeuvre par Kondow 
et coll. (202). Ces auteurs forment (H20),,- et (D,O),,- par col- 
lision d'agrCgats neutres avec des atomes de gaz rares excites 
dans des Ctats de Rydberg Clevis : 

1'Clectron transfer6 ayant alors une Cnergie de quelques 
dizaines de meV avec une distribution en Cnergie du m&me 
ordre. Dans ces conditions, il n'y aurait pas d'Cvaporation con- 
comitante de molCcule monomkre aprks l'attachement de 
1'Clectron de Rydberg. Cette technique conduit, de nouveau, 
aux seuils d'attachement n = 11 pour H 2 0  et n = 13 pour D,0 
(figure lob). Si, de plus, les atomes de gaz rares sont excitCs 
par un laser accordable, I'Cnergie des Clectrons de Rydberg 
peut varier - entre environ 5 et 300 meV (203, 204). Ainsi, 
pour des valeurs ClevCes de cette Cnergie ( 2 5 0  meV) et en 
prksence d'hClium comme gaz porteur des agrCgats neutres, 
les anions (H20),-, (H,O),- et (H20),- ont pu Etre observes, 
conformCment aux rCsultats antCrieurs de Haberland et al. 
(200). I1 a CtC montrC aussi que 1'Cnergie seuil d'observabiliti 
de l'anion dimkre dCpend de la nature du gaz porteur utilisC 
(203). Enfin, sous des conditions expCrimentales trks spCci- 
fiques, cette mEme approche mettant en jeu des collisions 
d'atomes excitCs Xe*" avec des agrCgats mixtes eau-ammo- 
niac a donne lieu B la formation d'anions [(H,O),(NH,),]- 
avec les nombres ccmagiquesn n = p  + q = 2 , 5 , 6 , 7 , 9  et au-des- 
sus (205); les auteurs ont soulignC que la production de I'anion 
dimkre mixte (H20..  .NH,)- constitue un test pour la thCorie de 
l'attachement d'un electron un dip6le. 

2. Photode'tachemerzt et photofragmentation 
Les spectres de photoClectrons (photodCtachement) obtenus B 
partir dlagrCgats (H20),,- (n = 2-69) B l'aide de photons visi- 
b l e ~  consistent, pour n 2 1 1, en des bandes uniques, larges et 
asymCtriques (206). Les Cnergies correspondant aux maxima 
de ces spectres reprksentent les Cnergies verticales de dCtache- 
ment de 1'Clectron; celles-ci augmentent rkgulikrement de 0,75 
2 1,92 eV quand r z  passe de 1 1 h 69. Leur variation avec 11-'13 

est linCaire, avec une extrapolation h l'origine ( r z  + m) de 3,3 
eV qui Cquivaudrait, d'aprks ces auteurs, au seuil photoClec- 
trique (-3,2 eV) de e-aq dans la glace. 

Parallklement au photodCtachement, on observe une photo- 
fragmentation; les rendements relatifs de ces deux processus 
compCtitifs ont CtC determines pour 15 5 n 5 40 en dktectant 
simultanCment les intensitCs des ions parents et fragments sous 
excitation par un faisceau laser pulsC d'inergie supCrieure au 
seuil de photodCtachement (0,8 eV) (207). Le rendement 
quantique de photofragmentation (+,,) croit, B partir de zCro, 
pour n variant de 15 B 20, et atteint un palier Cgal h 0,56 -+ 0,10 
pour n > 20. Cette variation de +,, avec la taille de l'agrCgat est 
semblable B la distribution des ions parents (H,O),,- en fonc- 
tion de n,  les parents les plus abondants se fragmentant donc 
plus efficacement. Une telle corrClation indique que la 

Fig. 11. Spectres de photodestruction d'agregats d'eau 
(H,O),,-, pour 11 = 18 (A) et 30 (W), et pour des photons 
variant entre 0,75 et 4,66 eV. La ligne en pointilles represente, 
h titre de cornparaison, le spectre d'absorption de e-,, h 298 K 
(d'aprks Carnpagnola et al. (208)). 

- - 
GNERGIE DU PHOTON (eV) 

dynamique de la rCaction d'attachement de 1'Clectron serait 
analogue B celle de son photodCtachement au voisinage du 
seuil. 

Compte tenu de ces deux processus compCtitifs, c'est la 
photodestruction des ions parents, plut6t que le spectre 
d'action du photofragment, qui permet d'atteindre indirecte- 
ment le spectre d'absorption de I'agrCgat nCgatif. La figure 11 
reproduit les rCsultats obtenus sur la photodestruction de 
(H20),,- pour rz = 18 et 30, et pour des photons variant entre 
0,75 et 4,66 eV (208, 209). La section efficace de photodes- 
truction pour rz  = 30, qui apparait dCcalCe vers le rouge (-0,5 
eV) par rapport au spectre d'absorption de e-,q a 298 K, 
prCsente une certaine analogie avec ce dernier, en ce qui con- 
cerne notamment la force d'oscillateur et la traine vers le bleu. 

Ainsi, il apparait que les paramktres qui contr6lent la forme 
du spectre de e-,q interviendraient aussi dans le cas des micro- 
agrCgats chargCs nkgativement. L'Ctat ccexcitC>> de (H,O),,- 
peut Etre test6 en examinant les consCquences de I'absorption : 
une transition Ctat l i t  -+ continuum se traduirait par I'Cjection 
de 1'Clectron en excks (photodCtachement), tandis qu'une tran- 
sition Ctat liC + Ctat liC aboutirait, aprks conversion interne de 
1'Cnergie Clectronique vers des niveaux vibrationnellement 
excitCs de 1'Ctat fondamental, B une photofragmentation. Cam- 
pagnola et coll. (209) ont ainsi pu dCconvoluer le spectre 
d'absorption obtenu pour (H,O),,- en deux composantes dis- 
tinctes reprksentant respectivement ces deux types de transi- 
tions, la traine d'absorption vers les grandes knergies Ctant 
principalement due 2 la photoCjection. 

3. Re'actiorzs de (HZO),- 
L'Ctude des rtactions de (H,O),- avec diffkrents capteurs 
d'klectrons (O,, CO,, NO, N20, Br, et CH,Br) a montrC qu'il 
ne s'agissait pas de simples transferts de charge (210). La 
reaction globale observee serait du type suivant : 

(H10),,- + X + X-(H20),,, + ( r r  - m) H,O 

X dCsignant le capteur. 
En effet, la perte de molCcules d'eau neutres (n  - m) impli- 

quCe dans de tels processus a CtC mise en Cvidence par un 
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dCplacement de la courbe de distribution en rnasse de l'ion 
parent (H,O),,-. Cette Cvaporation peut, d'autre part, Etre cor- 
rClCe avec 1'exothermicitC CvaluCe pour le transfert de charge 
vers X de 1'Clectron lit ii I'agrCgat, transfert suivi de l'hydra- 
tation de l'ion rCsultant. 

On aurait ainsi provoquC dans un agrCgat gazeux 1'Cquiva- 
lent d'une ccchirnie en rnicrosolutionn (210). 

B. Traitements theoriques 
Des calculs de simulation ernployant la rnCthode Monte Carlo 
et les intCgrales de chernin revdent que deux molCcules d'eau 
peuvent fixer un Clectron; il en est de rnErne pour le trirnkre 
dans une configuration lintaire (93,211). Cependant, les ener- 
gies de liaison de e-,,, ainsi CvaluCes sont trks faibles : 3-6 
meV pour le dirnkre et 4-9 meV pour le trirnkre. ExpCrirnen- 
talernent, (H20),- ou (H,O),- ne sont observCs qu'en prCsence 
d'un gaz rare (He, Ar ou Xe) porteur (199,200, 203,205). 

Des agrCgats plus volurnineux (H20),,- (n = 8-128) ont 
ensuite CtC CtudiCs, pour une large garnme de ternpkrature (79- 
300 K), par Barnett et coll. (212-215), au rnoyen de sirnula- 
tions de dynarnique rnolCculaire utilisant les integrales de 
chernin. Ces auteurs ont ainsi trouvt que l'affinitt tlectronique 
adiabatique6 favorise la formation d'etats de surface pour 8 5 
n < 32. Pour des agrkgats de plus grandes dimensions (32 < n < 
64), une transition graduelle s'effectuerait vers un mode de 
localisation interne, mode qui prkvaudrait ensuite pour n k 64. 
Les calculs de Barnett et al. (123, 217) indiquent par ailleurs 
l'existence d'Ctats excitCs liCs pour l'un et l'autre mode de 
localisation de e-,,,; les Cnergies d'excitation associCes aux 
Ctats de surface seraient, selon ces auteurs, environ rnoitiC de 
celles relatives aux Ctats internes stables pour des agrCgats plus 
grands. De plus, d'aprks ces calculs, le spectre d'excitation 
correspondant au mode de localisation interne de e-,,, ne 
dCpendrait que trks faiblernent de la taille de l'agrCgat, pour n 
cornpris entre 64 et 256 (217). 11 est intCressant de souligner 
que cet Ctat interne de e-,,, pourrait Etre consider6 comrne un 
precurseur de e-,,. Les interactions attractives de polarisation i 
longue distance, dont l'irnportance a par ailleurs CtC soulignCe 
rkcernrnent dans ce contexte (216), joueraient ainsi un r61e prC- 
dominant dans l'hydratation de 1'Clectron dans l'eau liquide. 

Notons toutefois que la zone de transition prCsurnCe (n = 
32-64) entre Ctats de surface et modes internes de localisation 
de e-,,, n'apparalt pas dans les spectres rnesurks de photoelec- 
trons (photodetachernent) de (H,O),-, oh l'energie verticale de 
dCtachement de 1'Clectron varie de f a ~ o n  rkgulikre dans la 
garnrne 1 1 < n < 69 (206). 

Dans le cas de l'arnrnoniac, les calculs de simulation de Bar- 
nett et al. (214) et de Marchi et al. (218) ont indiquC que les 
agrtgats chargCs nkgativernent (NH,),,- n'apparaissaient 
respectivernent que pour n 2 32 ou 36, en bon accord avec 
I'expCrience (199,200, 205,219) et en contraste rnarquC avec 
les rCsultats trouvCs pour (H,O),,- (n r 11). Cette dernikre dif- 
fCrence traduirait, selon les auteurs, une interaction Clectron- 
rnolCcule plus faible pour l'arnrnoniac que pour l'eau. Signa- 
lons toutefois que ces calculs n'ont pas pu s'accorder sur le fait 

- 

Celle-ci, on le sait, prend en compte les tnergies d'interaction de 
e-,,, avec l'agrtgat et de rtorganisation moltculaire de ce dernier 
constcutive B la localisation de I'tlectron (voir, par exemple, ref. 
216). 

Fig. 12. ~ n e r ~ i e s  de liaison, verticale (EVBE) et 
adiabatique (EABE), de I'ttat de localisation interne d'un 
electron en excks dans des agrtgats d'eau (H,O),,- B 79, 
158 et 300 K, en fonction de n-'I3 (d'aprks Bamett et al. 
(213,215)). 

I,O " 128 64 32 18 n 
I )  I I 

( ~ ~ 0 ) ;  ETATS INTERNES 

de savoir si la formation de (NH,),,- irnpliquait des Ctats de 
surface ou des modes internes de localisation de e-,,, (218). 

Pour les agrtgats d'eau (H20),-, Barnett et coll. (212, 214, 
215) ont de plus calculC les Cnergies de liaison, verticales 
(EVBE) ou adiabatiques (EABE), des Ctats internes de e-,,, et 
montrC qu'elles variaient liniairernent avec n-'I3 (figure 12). 
D'autre part, une extrapolation vers tz + m des EABE fournit 
une valeur (- 1,7 eV) en bon accord avec l'enthalpie de solu- 
tion ou d'hydratation (Ap , , , )  de e-,, (voir sect. 11-D et ta- 
bleau 2). La variation avec n des EVBE et des EABE calculCes 
pour les Ctats internes de e,,, perrnet ainsi d'Ctablir ccune tran- 
sition continue entre les effets rnicroscopiques de solvatation 
dans des systkrnes finis et dans des fluides polaires 
rnacroscopiques>> (2 15). 

Enfin, 1'Cvolution de e-,,, en interaction avec un agrCgat 
d'eau a CtC analysCe par simulation adiabatique de la transfor- 
mation dynamique, en temps reel, du systkrne Clectron-agrC- 
gat (220-222). Pour (H20),,- oh n = 256, ii 300 K, les rksultats 
indiquent que 1'Clectron initialement dans un Ctat de surface 
Cvolue en rnoins de 2 ps vers un Ctat interne solvatC. La rnigra- 
tion de e-,,, accornpagnant le passage de 1'Ctat de surface vers 
1'Ctat interne serait caractCrisCe par un mecanisrne de transfert 
de nature polaronique, sans ccsauts>> entre sites de localisation 
successifs, ni entralnernent de rnolCcules d'eau (221). 

En resurnC, les rCsultats tant thCoriques qulexpCrirnentaux 
ont rCvC1C la formation d'agregats gazeux nkgativernent 
chargCs relativernent stables pour (H,O),, oh n r 1 1. De plus, 
les calculs relatifs A (H20),,- rnontrent que, pour tz assez grand, 
un mode de localisation interne supplante la formation d'etats 
de surface, si bien que ces agrCgats charges volumineux 
seraient assimilables ii des prkcurseurs de 1'Clectron hydratC en 
phase liquide. 
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V. Conclusions quCes, tant expkrimentales que thCoriques, devrait pouvoir 
conduire a une comprChension plus affinCe de la formation de 

La solvatation des Clectrons en excks (e-,,,, 2 e-solv) produits 
par radiolyse ou photoionisation a CtC Ctudiee principalement 
dans le cas de l'eau, des alcools liquides purs et de l'ammo- 
niac. 

En ce qui concerne les propriCtCs de e-,ol,, les nombres de 
coordination se sont avCrCs trks voisins pour I'Clectron hydrate 
et l'anion C1-,,, et le dCplacement de la bande d'absorption de 
e-solv avec le solvant est trouvC analogue celui observC pour 
les ions halogknure. En revanche, les donnCes thermody- 
namiques et les traitements thCoriques attestent d'une distribu- 
tion de charge plus CtalCe pour e-,, que pour C1-,q, ainsi que de 
grandes fluctuations dans la configuration de la cage de solva- 
tation de 1'Clectron hydratC. 

Les avancCes rkcentes rCalisCes dans la production d'impul- 
sions laser ultracourtes et dans les calculs de simulation uti- 
lisant les mCthodes de dynamique molCculaire et (ou) Monte 
Carlo associCes aux intCgrales de chemin, ont permis de mieux 
cerner le mCcanisme sCquentie1 et la dynamique du processus 
de solvatation de e-,,,. Pour l'eau liquide notamment, on a pu 
determiner la cinCtique d'apparition (temps caracttristique : T, 
- 110-180 fs) et de relaxation (temps caractkristique : T2 - 
240-620 fs) du prkcurseur de 1'Clectron hydratC. La plupart des 
auteurs privilkgient un modkle de solvatation, simple ou plus 
ClaborC, mettant essentiellement en jeu deux Ctats Clectro- 
niques. Toutefois, la nature et le(s) mode(s) de dCclin du 
prCcurseur de e-, restent l'objet de controverses et l'existence 

9 d'un Ctat intermediaire entre e-,, et e- a CtC suggCrCe. La 
formation et le dCclin ultra-rapides de pares hydraties [H30+: 
e - : o H ] , , ~ , ~  (ou [e-:Cl]nH,o dans le cas de solutions aqueuses 
de chloruie de sodium) o i t  CtC analysCs par spectroscopie fem- 
toseconde. Une fraction des e-,,, produits ne s'hydrate pas, 
mais disparaitrait alors par un mCcanisme de recombinaison 
non diffusionnel. Enfin, le caractkre protique de l'eau et des 
alcools a MC soulignC, et l'intervention de transferts de pro- 
tons, soit au stade de la formation de e,,,, soit au stade des 
recombinaisons gCmintes, a CtC invoquCe. 

Quant au mCthano1, les expCriences rCcentes de photoioni- 
sation multiphotonique du liquide pur ou de solutts en solution 
mkthanolique montrent clairement l'insuffisance d'un modkle 
de solvatation n'impliquant que deux Ctats. 

Les conditions de formation de e-,,,, ont Cgalement MC prC- 
cistes par le recours 2 des systkmes modkles, tels que solutions 
micellaires et agrkgats de moltcules polaires. L'irradiation de 
solutions micellaires a clairement mis en Cvidence l'influence, 
sur les rendements et les propriCtCs spectroscopiques de e-,,, 
des interfaces ou interphases micellaires et de poches aqueuses 
modulables en taille. Pour les agrkgats gazeux (H20),,- ( i t  - 8- 
32), les calculs suggkrent que l'attachement de 1'Clectron en 
excks se ferait dans un Ctat de surface; en revanche, pour des 
agrCgats suffisamment volumineux (n 2 64), e-,,,, initiale- 
ment localis6 en surface, Cvoluerait en quelques picosecondes 
vers un Ctat interne, prkcurseur de 1'Clectron hydrati dans l'eau 
liquide. 

En conclusion, le caractkre collectif, coopiratif non seule- 
ment de la solvatation des Clectrons en excks, mais Cgalement 
des actes primaires d'excitation tlectronique et de sCparation 
des charges, a CtC mis en relief, compliquant la description du 
mCcanisme global de solvatation. En revanche, la coordination 
des rCsultats obtenus suivant les diffkrentes approches Cvo- 

- 
e solv. 

Enfin, il apparaitrait souhaitable que les Ctudes de spec- 
troscopie femtoseconde concernant l'tlectron solvat6 sdient 
Ctendues une plus large gamme de solvants (alcools 
supkrieurs, solvants polaires non protiques, par exemple) et 
Ctendues Cgalement vers l'infra-rouge plus lointain. L'obser- 
vation simultanCe a temps courts de 1'Cvolution des Clectrons 
et des radicaux libres corrClCs pourrait aussi apporter des 
informations prtcieuses et permettre une apprkhension plus 
complkte, et Cventuellement plus gCnCrale, du processus de 
solvatation dans les milieux polaires. 

Remerciements 

Nos remerciements s'adressent a D. Grand et D. Solgadi qui 
ont bien voulu faire une lecture critique de certaines des pages 
de ce mCmoire. C.F. et J.-P. J.-G. sont reconnaissants de l'aide 
financiere que leur a apportCe le Programme de cooptration 
franco-quCbCcoise en recherche medicale, le Programme de 
chercheurs invitCs du Fonds de la Recherche en SantC du 
QuCbec (FRSQ) et le Programme de subventions la recher- 
che en coopCration de 1'OTAN (Subvention no 9110996). J.-P. 
J.-G. remercie Cgalement le Conseil de Recherches MCdicales 
du Canada pour son support financier, ainsi que le Programme 
d'Cchanges INSERM-FRSQ en recherche en santC pour lui 
avoir permis d'effectuer un stage de trois mois au Laboratoire 
de Chimie-Physique de I'UniversitC Paris V. 

Bibliographie 

1. W. Weyl. Ann. Phys. Chem. (Leipzig), 121, 601 (1864). 
2. C.A. Kraus. J. Am. Chem. Soc. 30, 1323 (1908). 
3. C.W. Gilbert, J.P. Keene, P.F. Browne et T.J. Davy. Duns British 

Empire Cancer Campaign, 38th Annual Report, Part 11. 1960. p. 
498; J.P. Keene. Br. J. Radiol. 35, 650 (1962). 

4. J.P. Keene. Nature, 188, 843 (1960); 197,47 (1963). 
5. E.J. Hartet J.W. Boag. J. Am. Chem. Soc. 84,4090 (1962); J.W. 

Boag et E.J. Hart. Nature, 197,45 (1963). 
6. T.R. Tuttle, Jr. et S. Golden, J. Phys. Chem. 95,5725 (1991). 
7. J.-P. Jay-Gerin et C. Ferradini. Dans Excess electrons in dielec- 

tric media. Editeltrs : C. Ferradini et J.-P. Jay-Gerin. CRC Press, 
Boca Raton, Fla. 1991. p. 259. 

8. Y. Hirata et N. Mataga. Prog. React. Kinet. 18, 273 (1993). 
9. H. Abramczyk et J. Kroh. Radiat. Phys. Chem. 43,291 (1994). 

10. P.J. Rossky et J.D. Simon. Nature, 370,263 (1994). 
I I. Y. Gauduel. Dans Ultrafast dynamics of chemical systems. ~ d i -  

teur : J.D. Simon. Kluwer Academic, Dordrecht. 1994. p. 81; J. 
Mol. Liquids, 63, 1 (1995). 

12. J. Jortner et J. Rabani. J. Phys. Chem. 66,2081 (1962). 
13. G.C. Barker, A.W. Gardner et D.C. Sammon. J. Electrochem. 

Soc. 113, 11 82 ( 1  966); A.M. Brodsky et Y.V. Pleskov. Dans 
Progress in surface science. Vol. 2. ~ d i t e u r  : S.G. Davison. Per- 
gamon, Oxford. 1972. p. 1. 

14. A.M. Brodsky. Dans Excess electrons in dielectric media. ~ d i -  
teurs : C. Ferradini et J.-P. Jay-Gerin. CRC Press, Boca Raton, 
Fla. 199 1. p. 349. 

15. J.-C. Mialocq. J. Chim. Phys. 85, 31 (1988). 
16. R.L. Fork, C.V. Shank et R.T. Yen. Appl. Phys. Lett. 41, 223 

(1982); A. Migus, A. Antonetti, J. Etchepare, D. Hulin et A. 
Orszag. J. 0,pt. Soc. Am. B: 2,584 (1985). 

17. Y. Tabata (Editeur). Pulse radiolysis. CRC Press, Boca Raton, 
Fla. 199 1. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chern. Vol. 74.  1996 

18. J. Belloni et J.L. Marignier. Radiat. Phys. Chern. 34, 157 (1989). 
19. J. H. Baxendale et P. Wardman. Nature, 230, 449 (1971); J.H. 

Baxendale et P. Wardrnan. J. Chem. Soc. Faraday Trans. 1, 69, 
584 (1973). 

20. J.H. Baxendale et P.H.G. Sharpe. Int. J. Radiat. Phys. Chern. 8, 
621 (1976). 

21. M. Ogasawara, K. Shirnizu et H. Yoshida. Radiat. Phys. Chern. 
17, 331 (1981). 

22. W.J. Chase et J.W. Hunt. J. Phys. Chern. 79, 2835 (1975); W.J. 
Chase. M.Sc. Thesis, University of Toronto (1976); J.W. Hunt. 
Adv. Radiat. Chern. 5, 185 (1976). 

23. G.A. Kenney-Wallace et C.D. Jonah. Chern. Phys. Lett. 39,596 
(1976). 

24. G.A. Kenney-Wallace et C.D. Jonah. J. Phys. Chein. 86, 2572 
(1982); G.A. Kenney-Wallace. Adv. Chern. Phys. 47, 535 
(1981). 

25. H. Miyasaka, H. Masuhara et N. Mataga. Laser Chern. 7, 119 
(1987). 

26. S.K. Garg et C.P. Srnyth. J. Phys. Chern. 69, 1294 (1965); L. 
Glasser, J. Crossley et C.P. Srnyth. J. Chern. Phys. 57, 3977 
(1972). 

27. J. Barthel, K. Bachhuber, R. Buchner et H. Hetzenauer. Chern. 
Phys. Lett. 165, 369 (1990). 

28. Y. Wang, M.K. Crawford, M.J. McAuliffe et K.B. Eisenthal. 
Chern. Phys. Lett. 74, 160 (1980). 

29. D. Huppert, G.A. Kenney-Wallace et P.M. Rentzepis. J. Chern. 
Phys. 75,2265 (1981). 

30. Y. Hirata, N. Murata, Y. Tanioka et N. Mataga. J. Phys. Chern. 
93, 4527 (1989); Y. Hirata et N. Mataga. J. Phys. Chern. 94, 
8503 (1990); 95,9067 (1991). 

31. M. Sander. Dissertation, Universitat Gottingen (1992); M. 
Sander, U. Brurnrnund, K. Luther et J. Troe. Ber. Bunsen-Ges. 
Phys. Chern. 96, 1486 (1992). 

32. C. PCpin, T. Goulet, D. Houde et J.-P. Jay-Gerin. J. Phys. Chern. 
98,7009 (1994); J. Chirn. Phys. Sous presse. 

33. X. Shi, F.H. Long, H. Lu et K.B. Eisenthal. J. Phys. Chern. 99, 
6917 (1995). 

34. P.K. Walhout, J.C. Alfano. Y. Kirnura, C. Silva, P.J. Reid et P.F. 
Barbara. Chern. Phys. Lett. 232, 135 (1995). 

35. L. Gilles, M.R. Bono et M. Schmidt. Can. J. Chern. 55, 2003 
(1977). 

36. K. Okazaki et G.R. Freeman. Can. J. Chern. 56,2305 (1978). 
37. Y. Lin et C.D. Jonah. J. Phys. Chern. 97, 295 (1993); Darzs 

Ultrafast dynamics of chemical systems. ~ d i t e n r  : J.D. Simon. 
Kluwer Academic, Dordrecht. 1994. p. 137. 

38. Y. Gauduel, J.L. Martin, A. Migus, N. Yarnada et A. Antonetti. 
Darzs Ultrafast phenomena V. Editeurs : G.R. Fleming et A.E. 
Siegrnan. Springer-Verlag, Berlin. 1986. p. 308; A. Migus, Y. 
Gauduel, J.L. Martin et A. Antonetti. Phys. Rev. Lett. 58, 1559 
(1987). 

39. F.H. Long, H. Lu et K.B. Eisenthal. Phys. Rev. Lett. 64, 1469 
(1 990). 

40. S. Pornrneret, A. Antonetti et Y. Gauduel. J. Am. Chern. Soc. 
113,9105 (1991). 

41. Y. Gauduel, S. Pornrneret et A. Antonetti. J. Phys. Chern. 97,134 
(1993); Y. Gauduel. Darzs Ultrafast reaction dynamics and sol- 
vent effects. AIP Conf. Proc. 298, 191 (1994). 

42. Y. Kimura, J.C. Alfano, P.K. Walhout et P.F. Barbara. J. Phys. 
Chern. 98,3450 (1994); J.C. Alfano, P.K. Walhout, Y. Kirnura et 
P.F. Barbara. J. Chern. Phys. 98,5996 (1993). 

43. F.H. Long, H. Lu, X. Shi et K.B. Eisenthal. Chern. Phys. Lett. 
185,47 (1991). 

44. 0 .  Conde et J. Teixeira. J. Phys. (Paris), 44, 525 (1983). 
45. C. PCpin, D. Houde, H. Remita, T. Goulet et J.-P. Jay-Gerin. 

Phys. Rev. Lett. 69,3389 (1992); J. Chirn. Phys. 90,745 (1993). 
46. D. Houde, C. PCpin, T. Goulet et J.-P. Jay-Gerin. Dntzs Mode- 

locked and solid state lasers, amplifiers, and applications. ~ d i -  

teurs : M. PichC et P. W. Pace. Proc. SPIE-Int. Soc. Opt. Eng. 
2041, 139 (1993). 

47. A. Mozurnder et J.L. Magee. Int. J. Radiat. Phys. Chern. 7, 83 
(1975). 

48. Y. Gauduel, S. Pornrneret, A. Migus et A. Antonetti. Chern. 
Phys. 149, 1 (1990). 

49. M. Anbar, G.A. St. John, H.R. Gloria et R.F. Reinisch. Datzs 
Water structure at the water-polymer interface. ~ d i t e u r  : 
H.H.G. Jellinek. Plenum, New York. 1972. p. 85. 

50. P. Han et D.M. Bartels. J. Phys. Chern. 94, 5824 (1990). 
5 I. A. Bernas et D. Grand. J. Phys. Chern. 98, 3440 (1994). 
52. M.U. Sander, K. Luther et J. Troe. J. Phys. Chern. 97, 11489 

(1993); Ber. Bunsen-Ges. Phys. Chern. 97,953 (1993). 
53. A.M. Peers et M. Cottin. J. Chim. Phys. 63, 1346 (1966). 
54. R. Knochenrnuss, 0 .  Cheshnovsky et S. Leutwyler. Chem. 

Phys. Lett. 144, 317 (1988); R. Knochenrnuss et S. Leutwyler. 
J. Chern. Phys. 91, 1268 (1989). 

55. Y. Gauduel, S. Pornrneret, A. Migus, N. Yarnada et A. 
Antonetti. J. Am. Chern. Soc. 112,2925 (1990). 

56. Y. Gauduel, H. Gelabert et M. Ashokkumar. Chem. Phys. 197, 
167 (1995); M. Ashokkurnar, H. Gelabert, A. Antonetti et Y. 
Gauduel. Datzs Ultrafast reaction dynamics and solvent effects. 
AIP Conf. Proc. 298, 107 (1994). 

57. F.H. Long, H. Lu, X. Shi et K.B. Eisenthal. Chern. Phys. Lett. 
169, 165 (1990); F.H. Long, H. Lu et K.B. Eisenthal. J. Chem. 
Phys. 91,4413 (1989). 

58. R.L. Platzrnan. Radiat. Res. 2, 1 (1955). 
59. V. Cobut, Y. Frongillo, J.-P. Jay-Gerin et J.P. Patau. Radiat. 

Phys. Chern. 40,589 (1992). 
60. J. Jortner et A. Gaathon. Can. J. Chern. 55, 1801 (1977). 
61. I. Rips, J. Klafter et J. Jortner. J. Chern. Phys. 89,4288 (1988); 

M. Tachiya. Chern. Phys. Lett. 203, 164 (1993). 
62. D.N. Nikogosyan, A.A. Oraevsky et V.I. Rupasov. Chem. Phys. 

77, 131 (1983); A. Iwata, N. Nakashirna, Y. Izawa et C. 
Yarnanaka. Chern. Lett. 1939 (1993); J. W. Boyle, J.A. Ghorm- 
ley, C.J. Hochanadel et J.F. Riley. J. Phys. Chem. 73, 2886 
(1969). 

63. T. Goulet, A. Bernas, C. Ferradini et J.-P. Jay-Gerin. Chem. 
Phys. Lett. 170, 492 (1990); A. Bernas, T. Goulet, J.-P. Jay- 
Gerin et C. Ferradini. Darzs Proc. Tihany Syrnp. Radiat. Chem. 
7th. 17 (1991). 

64. C.E. Krohn, P.R. Antoniewicz et J.C. Thompson. Surf. Sci. 101, 
241 (1980); J.C. Thompson, P.R. Antoniewicz et C.E. Krohn. 
Comments Solid State Phys. 9, 223 (1980); G.T. Bennett et J.C. 
Thompson. J. Chem. Phys. 84, 1901 (1986). 

65. F. Urbach. Phys. Rev. 92, 1324 (1953); M.V. Kurik. Phys. Sta- 
tus Solidi, A 8 , 9  (1 97 1). 

66. C. HouCe-Levin et J.-P. Jay-Gerin. J. Phys. Chern. 92, 6454 
(1988). 

67. J. Schnitker, P.J. Rossky et G.A. Kenney-Wallace. J. Chem. 
Phys. 85, 2986 (1986). 

68. K.A. Motakabbir et P.J. Rossky. Chern. Phys. 129, 253 (1989). 
69. K.A. Motakabbir, J. Schnitker et P.J. Rossky. J. Chem. Phys. 97, 

2055 ( 1992). 
70. M. Hilczer, W.M. Bartczak et M. Sopek. Radiat. Phys. Chem. 

36, 199 (1990); W.M. Bartczak, J. Kroh et M. Sopek. Radiat. 
Phys. Chem. 45,961 (1995). 

71. J.-P. Jay-Gerin et C. Ferradini. Can. J. Chern. 70, 1869 (1992). 
72. A. Mozurnder. Radiat. Phys. Chern. 32,287 (1988). 
73. R. Schiller. Radiat. Phys. Chern. 34, 61 (1989); J. Chein. Phys. 

92, 5527 (1990); Dnrzs Excess electrons in dielectric media. 
~ d i t e u r s  : C. Ferradini et J.-P. Jay-Gerin. CRC Press, Boca 
Raton, Fla. 1991. p. 105. 

74. E. Keszei et J.-P. Jay-Gerin. Can. J. Chern. 70, 21 (1992). 
75. P.J. Rossky et J. Schnitker. J. Phys. Chern. 92,4277 (1988). 
76. R.N. Barnett, U. Landman et A. Nitzan. J. Chern. Phys. 90, 

4413 (1989). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Review 1 Synthese 

77. J. Schnitker, K. Motakabbir, P.J. Rossky et R.A. Friesner. 
Phys. Rev. Lett. 60,456 (1988). 

78. M.C. Messmeret J.D. Simon. J. Phys. Chem. 94, 1220 (1990). 
79. F.J. Webster, J. Schnitker, M.S. Friedrichs, R.A. Friesner et P.J. 

Rossky. Phys. Rev. Letk 66, 3172 (1991); F. Webster, P.J. 
Rossky et R.A. Friesner. Comput. Phys. Commun. 63, 494 
(1991). 

80. E. Neria, A. Nitzan, R.N. Barnett et U. Landman. Phys. Rev. 
Lett. 67, 101 1 (1991); E. Neria et A. Nitzan. J. Chem. Phys. 
99, 1 109 (1 993). 

81. T.H. Murphrey et P.J. Rossky. J. Chem. Phys. 99,515 (1993). 
82. E. Keszei, S. Nagy, T.H. Murphrey et P.J. Rossky. J. Chem. 

Phys. 99,2004 (1993). 
83. B.J. Schwartz et P.J. Rossky. J. Chem. Phys. 101,6902 (1994); 

101,6917 (1994); J. Phys. Chem. 98,4489 (1994). 
84. P.J. Rossky, T.H. Murphrey et W.-S. Sheu. Dntzs Ultrafast reac- 

tion dynamics and solvent effects. AIP Conf. Proc. 298, 119 
(1994). 

85. A. Staib et D. Bogis. J. Chem. Phys. 103, 2642 (1995); D. 
Borgis et A. Staib. Chem. Phys. Lett. 230,405 (1994). 

86. Y. Gauduel, S. Pommeret, A. Migus et A. Antonetti. J. Phys. 
Chem. 95,533 (1991). 

87. F.H. Long, H. Lu et K.B. Eisenthal. Chem. Phys. Lett. 160, 
464 (1989). 

88. J.-P. Jay-Gerin et C. Ferradini. J. Chim. Phys. 91, 173 (1994). 
89. M.A. Lewis et C.D. Jonah. J. Phys. Chem. 90,5367 (1986). 
90. A. Selloni, P. Carnevali, R. Car et M. Parrinello. Phys. Rev. 

Lett. 59, 823 (1987). 
91. R.P. Feynman et A.R. Hibbs. Quantum mechanics and path 

integrals. McGraw-Hill, New York. 1965. 
92. D. Chandler et P.G. Wolynes. J. Chem. Phys. 74,4078 (1981). 
93. D.F. Coker et B.J. Berne. Duns Excess electrons in dielectric 

media. Editeurs : C. Ferradini et J.-P. Jay-Gerin. CRC Press, 
Boca Raton, Fla. 1991. p. 21 1. 

94. D.-F. Feng et L. Kevan. Chem. Rev. 80, 1 (1980); L. Kevan. 
Radiat. Phys. Chem. 17, 413 (1981); J. Phys. Chem. 85, 1628 
(1981); Acc. Chem. Res. 14, 138 (1981), et rtftrences cittes. 

95. D.P. Lin et L. Kevan. J. Phys. Chem. 81, 1498 (1977). 
96. A. Wallqvist, G. Martyna et B.J. Berne. J. Phys. Chem. 92, 

1721 (1988). 
97. A. Wallqvist, D. Thirumalai et B.J. Berne. J. Chem. Phys. 86, 

6404 (1987). 
98. M. Sprik, R.W. Impey et M.L. Klein. J. Stat. Phys. 4 3  967 

(1986). 
99. J. Schnitker et P.J. Rossky. J. Chem. Phys. 86, 3471 (1987). 

100. C. Romero et C.D. Jonah. J. Chem. Phys. 90, 1877 (1989). 
101. R.W. Impey, P.A. Madden et I.R. McDonald. J. Phys. Chem. 

87, 5071 (1983), et rCfCrences citCes. 
102. J.D. Madura et B.M. Pettitt. Chem. Phys. Lett. 150, 105 

(1988). 
103. C. Romero. J. Chim. Phys. 88,765 (1991). 
104. S. Pommeret et Y. Gauduel. J. Phys. Chem. 95,4126 (1991). 
105. E.J. Hart et M. Anbar. The hydrated electron. Wiley-Inter- 

science, New York. 1970. p. 39. 
106. J.-P. Jay-Gerin et C. Ferradini. Can. J. Chem. 68, 553 (1990). 
107. S.O. Nielsen, P. Pagsberg, E.J. Hart, H. Christensen et G. Nils- 

son. J. Phys. Chem. 73, 3171 (1969); S.O. Nielsen, B.D. 
Michael et E.J. Hart. J. Phys. Chem. 80, 2482 (1976). 

108. J. Belloni, F. Billiau et E. Saito. Nouv. J. Chim. 3, 157 (1979). 
109. W.C. Gottschall et E.J. Hart. J. Phys. Chem. 71,2102 (1967). 
110. B.D. Michael, E.J. Hart et K.H. Schmidt. J. Phys. Chem. 75, 

2798 (1971). 
11  1. R.S. Dixon et V.J. Lopata. Radiat. Phys. Chem. 11, 135 (1978). 
112. F.-Y. Jou et G.R. Freeman. J. Phys. Chem. 83,2383 (1979). 
113. H. Christensen et K. Sehested. J. Phys. Chem. 90, 186 

( 1  986). 
114. S.-I. Miura et F. Hirata. J. Phys. Chem. 98,9649 (1994). 

115. G. Nilsson, H. Christensen, P. Pagsberg et S.O. Nielsen. J. 
Phys. Chem. 76, 1000 (1972), et rtfkrences citCes. 

116. A.J. Elliot et D.C. Ouellette. J. Chem. Soc. Faraday Trans. 90, 
837 (1994). 

117. F.-Y. Jou et G.R. Freeman. J. Phys. Chem. 81,909 (1977). 
118. G.A. Kenney-Wallace et D.C. Walker. J. Chem. Phys. 55, 447 

(1971). 
119. S. Golden et T.R. Tuttle, Jr. J. Chem. Soc. Faraday Trans. 2, 

75,474 (1979). 
120. J. Jortner. Radiat. Res. Suppl. 4, 24 (1964); D.A. Copeland, 

N.R. Kestner et J. Jortner. J. Chem. Phys. 53, 1189 (1970). 
121. S. Golden et T.R. Tuttle, Jr. J. Chem. Soc. Faraday Trans. 2, 

77, 889 (1981). 
122. T.R. Tuttle, Jr., S. Golden et G. Rosenfeld. Radiat. Phys. 

Chem. 32,525 (1988). 
123. R.N. Barnett, U. Landman et A. Nitzan. J. Chem. Phys. 89, 

2242 (1988). 
124. R. Lugo et P. Delahay. J. Chem. Phys. 57,2122 (1972). 
125. K.A. Motakabbir, J. Schnitker et P.J. Rossky. J. Chem. Phys. 

90,69 16 (1989). 
126. B.J. Schwartz et P.J. Rossky. Phys. Rev. Lett. 72, 3282 

(1994). 
127. P.J. Reid, C. Silva, P.K. Walhout et P.F. Barbara. Chem. Phys. 

Lett. 228, 658 (1994). 
128. H. Abramczyk. J. Phys. Chem. 95, 6149 (1991); H. 

Abramczyk et J. Kroh. J. Phys. Chem. 95, 6155 (1991); 
Radiat. Phys. Chem. 39, 99 (1992); J. Phys. Chem. 96, 3653 
(1992); H. Abramczyk, M. Barut et J. Kroh. Bull. Pol. Acad. 
Sci. Chem. 42, 13 1 (1994). 

129. I. Rips, J. Klafter et J. Jortner. J. Chem. Phys. 88, 3246 (1988). 
130. K. Kawabata. J. Chem. Phys. 65, 2235 (1976), et rCfCrences 

citCes. 
13 1. L. Kevan. Dans Actions chimiques et biologiques des radia- 

tions. 13""' SCrie. Editeur : M. Hai'ssinsky. Masson, Paris. 
1969. p. 57; J. Phys. Chem. 69, 108 1 (1965). 

132. J.E. Bennett, B. Mile et A. Thomas. Nature, 201,919 (1964). 
133. P.N. Moorthy et J.J. Weiss. Philos. Mag. 10, 659 (1964). 
134. E.C. Avery, J.R. Remko et B. Smaller. J. Chem. Phys. 49, 951 

(1968). 
135. R.W. Fessenden et N.C. Verma. J. Am. Chem. Soc. 98, 243 

(1976); N.C. Verma et R.W. Fessenden. J. Chem. Phys. 65, 
2139 (1976). 

136. H. Shiraishi, K. Ishigure et K. Morokuma. J. Chem. Phys. 88, 
4637 (1988), et rCfCrences citCes. 

137. A.S. Jeevarajan et R.W. Fessenden. J. Phys. Chem. 93, 3511 
(1989). 

138. J. Franck et G. Scheibe. Z. Phys. Chem. Abt. A: 139, 22 
(1928). 

139. G. Stein., Dnt~s  Actions chimiques et biologiques des radia- 
tions. 13'mYSCrie. Editeur : M. Hai'ssinsky. Masson, Paris. 
1969. p. 119. 

140. M.J. Blandamer et M.F. Fox. Chem. Rev. 70, 59 (1970). 
141. F.H. Long, X. Shi, H. Lu et K.B. Eisenthal. J. Phys. Chem. 98, 

7252 (1 994). 
142. W.-S. Sheu et P.J. Rossky. J. Am. Chem. Soc. 115, 7729 

(1993); Chem. Phys. Lett. 202, 186 (1993). 
143. W . 3 .  Sheu et P.J. Rossky. Chem. Phys. Lett. 213, 233 

(1993). 
144. R. Platzman et J. Franck. Z. Phys. 138,411 (1954). 
145. M.F. Fox et E. Hayon. Chem. Phys. Lett. 25, 511 (1974); J. 

Chem. Soc. Faraday Trans. 1, 72, 1990 (1976), et rCfCrences 
cittes. 

146. G.R. Freeman. Dnns Kinetics of nonhomogeneous processes. 
Editeur : G. R. Freeman. Wiley-Interscience, New York. 
1987. p. 19. 

147. J.-P. Jay-Gerin, T. Goulet et I. Billard. Can. J. Chem. 71, 287 
(1993). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J.  Chem. Vol. 74 ,  1996 

148. J.-P. Dodelet et G.R. Freeman. Can. J. Chern. 53, 1263 (1975); 
J.-P. Dodelet, F.-Y. Jou et G.R. Freeman. J. Phys. Chern. 79, 
2876 (1 975). 

149. J.A. Delaire, M.O. Delcourt et J. Belloni. J. Phys. Chern. 84, 
1186 (1980). 

150. J.-P. Jay-Gerin et C. Ferradini. J. Chern. Phys. 91,3275 (1989). 
151. J.-P. Jay-Gerin et C. Ferradini. Radiat. Phys. Chern. 38, 83 

(199 1); E. Keszei, J.-P. Jay-Gerin et C. Ferradini. Radiat. Phys. 
Chern. 39,257 (1992). 

152. J. Schnitker et P.J. Rossky. J. Phys. Chern. 93,6965 (1989). 
153. R.N. Barnett, U. Landrnan et A. Nitzan. J. Chern. Phys. 93, 

8 187 ( 1  990). 
154. G.S. Del Buono, P.J. Rossky et T.H. Murphrey. J. Phys. Chem. 

96,776 1 ( 1992). 
155. M. Sprik et M.L. Klein. J. Chem. Phys. 91,5665 (1989). 
156. H. Lu, F.H. Long, R.M. Bowman et K.B. Eisenthal. J. Phys. 

Chern. 93,27 (1989). 
157. Y. Gauduel, S. Pommeret, A. Migus et A. Antonetti. J. Phys. 

Chern. 93,3880 (1989). 
158. J.L. McGowen, H.M. Ajo, J.Z. Zhang et B.J. Schwartz. Chem. 

Phys. Lett. 231, 504 (1994). 
159. S.M. Pirnblott. J. Phys. Chem. 95, 6946 (1991). 
160. T. Goulet et J.-P. Jay-Gerin. J. Chem. Phys. 96, 5076 (1992); 

Proc. Tihany Symp. Radiat. Chem. 7th, 9 (1991). 
161. J.H. Baxendale. Radiat. Res. Suppl. 4, 139 (1964). 
162. J. Jortner et R.M. Noyes. J. Phys. Chern. 70,770 (1966). 
163. G. Lepoutre et J. Jortner. J. Phys. Chern. 76, 683 (1972). 
164. B. Hickel et K. Sehested. J. Phys. Chern. 89,5271 (1985). 
165. P. Han et D.M. Bartels. J. Phys. Chern. 94,7294 (1990). 
166. H.A. Schwarz. J. Phys. Chern. 95,6697 (1991). 
167. B. Hickel. Duns Acjions biologique et chirnique des radiations 

ionisantes. Vol. 11. Editeur : B. Tilquin. Academia, Louvain-la- 
Neuve, Belgique. 1992. p. 79. 

168. I. Rips et J. Jortner. J. Chern. Phys. 97, 536 (1992), et 
rkfkrences citkes. 

169. P. Han et D.M. Bartels. J. Phys. Chern. 95,5367 (1991). 
170. K.N. Jha et G.R. Freeman. J. Chern. Phys. 48,5480 (1968). 
171. G.W. Robinson, P.J. Thistlethwaite et J. Lee. J. Phys. Chern. 

90, 4224 (1986); H.F. Harneka, G.W. Robinson et C.J. Mars- 
den. J. Phys. Chern. 91,3150 (1987). 

172. K.L. Mittal et E.J. Fendler. Solution behaviour of surfac- 
tants. Theoretical and applied aspects. Plenum, New York. 
1982. 

173. V. Degorgio et M. Cozti (~diteurs).  Physics of arnphiphiles. 
North-Holland, Amsterdam. 1985. 

174. M. Gratzel. Heterogeneous photochemical electron transfer. 
CRC Press, Boca Raton, Fla. 1989. 

175. M.P. Pileni (Editeur). Structure and reactivity in reverse 
rnicelles. Elsevier, Amsterdam. 1989. 

176. A. Bernas, D. Grand et S. Hautecloque. Dans Excess electrons 
in dielectric media. ~ d i t e u r s  : C. Ferradini et J.-P. Jay-Gerin. 
CRC Press, Boca Raton, Fla. 1991. p. 367. 

177. M. Tachiya. Dans Kinetics of nonhomogeneous processes. 
Editeur : G.R. Freeman. Wiley-Interscience, New York. 1987. 
p. 575. 

178. Y. Gauduel, A. Migus, J.L. Martin et A. Antonetti. Chern. 
Phys. Lett. 108, 319 (1984). 

179. Y. Gauduel, S. Berrod, A. Migus, N. Yamada et A. Antonetti. 
Biochemistry, 27,2509 (1988). 

180. Y. Gauduel, S. Pomrneret, N. Yarnada, A. Migus et A. 
Antonetti. J. Am. Chem. Soc. 111,4974 (1989). 

181. A. Bernas, D. Grand, S. Hautecloque et A. Charnbaudet. J. 
Phys. Chern. 85,3684 (1981). 

182. D. Grand, S. Hautecloque, A. Bernas et A. Petit. J. Phys. 
Chem. 87,5236 (1983). 

183. S. Hautecloque, D. Grand et A. Bernas. J. Phys. Chem. 89, 
2705 (1985). 

184. A. Bernas, D. Grand et S. Hautecloque. Radiat. Phys. Chern. 
32,309 (1988). 

185. G. Bakale, G. Beck et J.K. Thomas, J. Phys. Chem. 85, 1062 
(1981). 

186. M. Wong, J.K. Thomas et T. Nowak. J. Am. Chern. Soc. 99, 
4730 (1977). 

187. G. Bakale, G. Beck et J.K. Thomas. J. Phys. Chern. 96,2328 
(1992). 

188. M. Wong, M. Gratzel et J.K. Thomas. Chern. Phys. Lett. 30, 
329 (1975); M. Wong, J.K. Thomas et M. Gratzel. J. Am. 
Chern. Soc. 98,2391 (1976). 

189. M.P. Pileni, B. Hickel, C. Ferradini et J. Pucheault. Chem. 
Phys. Lett. 92, 308 (1982). 

190. M.H. Abdel-Kader et P. Krebs. J. Chern. Soc. Faraday Trans. 
1,84,2241 (1988). 

191. J.L. Gebicki, L. Gebicka et J. Kroh. J. Chern. Soc. Faraday 
Trans. 90,341 1 (1994). 

192. V. Calvo-Perez, G.S. Beddard et J.H. Fendler. J. Phys. Chem. 
85,2316 (1981). 

193. A. D'Aprano, A. Lizzio, V. Turco Liveri, F. Aliotta, C. Vasi et 
P. Migliardo. J. Phys. Chern. 92,4436 (1988). 

194. G. Onori et A. Santucci. J. Phys. Chern. 97,5430 (1993). 
195. T.K. Jain, M. Varshney et A. Maitra. J. Phys. Chem. 93,7409 

(1989). 
196. A. Maitra. J. Phys. Chern. 88,5122 (1984). 
197. M.D. Newton. J. Phys. Chern. 79,2795 (1975). 
198. M. Arrnbruster, H. Haberland et H.-G. Schindler. Phys. Rev. 

Lett. 47, 323 (1981). 
199. H. Haberland, H. Langosch, H.-G. Schindler et D.R. Worsnop. 

J. Phys. Chern. 88, 3903 (1984); H. Haberland, H.-G. Schin- 
dler et D.R. Worsnop. Ber. Bunsen-Ges. Phys. Chern. 88, 270 
(1984). 

200. H. Haberland, C. Ludewigt, H.-G. Schindler et D.R. Worsnop. 
J. Chem. Phys. 81,3742 (1984); Surf. Sci. 156, 157 (1985). 

201. M. Knapp, 0 .  Echt, D. Kreisle et E. Recknagel. J. Chem. 
Phys. 85,636 (1986); J. Phys. Chem. 91,2601 (1987). 

202. F. Misaizu, T. Kondow et K. Kuchitsu. Chem. Phys. Lett. 178, 
369 (1991); T. Kondow. J. Phys. Chern. 91, 1307 (1987). 

203. C. Desfranqois, N. Khelifa, A. Lisfi, J.P. Schermann, J.G. 
Eaton et K.H. Bowen. J. Chern. Phys. 95, 7760 (1991); C. 
Desfranqois et J.P. Scherrnann. Dans Ultrafast reaction 
dynamics and solvent effects. AIP Conf. Proc. 298, 528 
(1994). 

204. C. Desfranqois, H. Abdoul-Carime, N. Khelifa et J.P. Scher- 
rnann. J. Chirn. Phys. 92,409 (1995). 

205. C. Desfranqois, B. Baillon, J.P. Scherrnann, S.T. Arnold, J.H. 
Hendricks et K.H. Bowen. Phys. Rev. Lett. 72,48 (1994). 

206. J.V. Coe, G.H. Lee, J.G. Eaton, S.T. Arnold, H.W. Sarkas, 
K.H. Bowen, C. Ludewigt, H. Haberland et D.R. Worsnop. J. 
Chern. Phys. 92,3980 (1990). 

207. L.A. Posey et M.A. Johnson. J. Chern. Phys. 89,4807 (1988); 
L.A. Posey, P.J. Carnpagnola, M.A. Johnson, G.H. Lee, J.G. 
Eaton et K.H. Bowen, J. Chem. Phys. 91,6536 (1989). 

208. P.J. Carnpagnola, D.J. Lavrich, M.J. DeLuca et M.A. Johnson. 
J. Chern. Phys. 94,5240 (1991). 

209. P.J. Carnpagnola, D.J. Lavrich et M.A. Johnson. J. Phys. IV 
(Paris), 1, C5-93 (1991); D.J. Lavrich, P.J. Campagnola et 
M.A. Johnson. NATO AS1 Ser. B326, 183 (1994). 

210. L.A. Posey, M.J. DeLuca, P.J. Carnpagnola et M.A. Johnson. 
J. Phys. Chern. 93, 1178 (1989). 

21 1. A. Wallqvist, D. Thirurnalai et B.J. Berne. J. Chem. Phys. 85, 
1583 (1986); D. Thirurnalai, A. Wallqvist et B.J. Berne. J. 
Stat. Phys. 43, 973 (1986). 

212. R.N. Barnett, U. Landrnan, C.L. Cleveland et J. Jortner. J. 
Chern. Phys. 88, 4429 (1988); Phys. Rev. Lett. 59, 8 11 (1987); 
U. Landrnan, R.N. Barnett, C.L. Cleveland, D. Scharf et J. 
Jortner. J. Phys. Chern. 91,4890 (1987). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Review / Synthese 23 

213. R.N. Barnett, U. Landman, C.L. Cleveland et J. Jortner. Chem. 
Phys. Lett. 145,382 (1988). 

214. R.N. Bamett, U. Landman, C.L. Cleveland, N.R. Kestner et J. 
Jortner. J. Chem. Phys. 88, 6670 (1988); Chem. Phys. Lett. 
148,249 (1988). 

215. R.N. Bamett, U. Landman, D. Scharf et J. Jortner. Acc. Chem. 
Res. 22,350 (1989). 

216. P. Stampfli. J. Chem. Phys. 101, 6024 (1994); P. Stampfli et 
K.H. Bennemann. Ber. Bunsen-Ges. Phys. Chem. 96, 1220 
(1992); Comput. Mater. Sci. 2,578 (1994). 

217. R.N. Barnett, U. Landman, G. Makov et A. Nitzan. J. Chem. 
Phys. 93,6226 (1990). 

218. M. Marchi, M. Sprik et M.L. Klein. J. Chem. Phys. 89, 4918 
(1988). 

219. H. Haberland. Dans The chemical physics of atomic and 
molecular clusters. Editeur : G. Scoles. North-Holland, 
Amsterdam. 1990. p. 619, et references citCes. 

220. R.N. Barnett, U. Landman et A. Nitzan. Phys. Rev. Lett. 62, 
106 (1989). 

221. R.N. Barnett, U. Landman et A. Nitzan. J. Chem. Phys. 91, 
5567 (1989). 

222. U. Landman, R.N. Barnett, J. Jortner et A. Nitzan. Dans Radi- 
ation research: a twentieth-century perspective. Vol. 11. ~ d i -  
teurs : W.C. Dewey, M. Edington, R.J.M. Fry, E.J. Hall et G.F. 
Whitmore. Academic, San Diego, Calif. 1992. p. 43. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



24 

Irreversible inhibition of 3-hydroxy-3- 
methylglutaryl-coenzyme A synthase from 
yeast by F-244 and (RS)-P-butyrolactone 

Karen Bell, Endang Saepudin, and Paul Harrison 

Abstract: The inhibition of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) synthase from yeast was compared for both 
F-244 (1) and (RS)-P-butyrolactone (5). F-244 exhibits irreversible inhibition with an IC,, of 8 nM, similar to that reported for 
the rat liver enzyme, while the binding constant (IIK,) and inactivation rate constant (kill,,,) are similar to values reported for the 
human cytoplasmic enzyme. (RS)-P-Butyrolactone (5) also irreversibly inhibits the enzyme, but with much lower efficiency 
(IC,, 2 mM). The values for K, (9 mM) and kill,,, (0.0078 s-I) for 5 were determined. The results show that kin,,, for 5 and 1 differ 
by a factor of only 2.5, while KI for 5 is higher by a factor of 1.8 x 10,. Hence, the p-lactone ring is shown to be the sole essential 
structural feature in 1 for irreversible inactivation of HMG-CoA synthase; however, the remaining functionality enhances the 
binding of 1 to the enzyme relative to 5. 

Key words: HMG-CoA synthase, F-244, butyrolactone, irreversible, inhibitor. 

RCsumC : On a compart l'inhibition de la synthase 3-hydroxy-3-mtthylglutaryl coenzyme A (HMG-CoA) vis-a-vis le compost 
F-244 (1) anisi que de la (RS)-P-butyrolactone (5). Le composk F-244 prtsente une inhibition irrtversible avec un IC5, de 8 nM, 
semblable B celle rapportee pour I'enzyn~e du foie de rat, alors que la constante de fixation (IIK,) et la constante de la vitesse 
d'inactivation (kin,,,) sont toutes les deux semblables aux valeurs rapportkes pour l'enzyme cytoplasmique humain. La(RS)-a- 
butyrolactone (5) inhibe aussi I'enzyme d'une faqon irrtversible, mais son efficacitt est beaucoup plus faible (IC,, de 2 nM). On 
a dktermink les valeurs de K, (9 mM) et de kin,,, (0,0078 s-I) du composk 5. Les rtsultats montrent que les valeurs de kin,,( des 
composts 1 et 5 different par un facteur de 2,5 alors que la valeur de K, du compost 5 est 1.8 x lo5 fois plus tlevke que celle du 
compost 1. On montre donc que le noyau p-lactone est la seule caracttristique structurale essentielle du composk 1 pour 
I'inactivation irrkversible de la synthase HMG-CoA; toutefois, par comparaison avec le compost 5, les autres fonctions 
augmentent la fixation du compost 1 B I'enzyme. 

Mots clis : synthase HMG-CoA, F-244, butyrolactone, irrtversible, inhibiteur. 

[Traduit par la rkdaction] 

Introduction is an irreversible inhibitor of the rat liver HMG-CoA synthase 

The antibiotic F-244 (1) (Fig. 1) is a member of a small but 
growing number of natural products containing the p-lactone 
moiety. F-244 was first isolated from Cephalosporium sp. 
ACC 1233 as antibiotic 1233A (1, 2), and subsequently from 
Scopulariopsis species as F-244 (3-5) and from F~isariuin spe- 
cies as L-659,699 (3, 6). The biological activity of 1, revealed 
through studies on both microorganisms (4) and plants (7), has 
been shown by experiments both in vivo (5, 6, 8-10) and in 
vitro (3-6, 1 I,  12) to  arise from specific and potent inhibition 
of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 
synthase, a key enzyme in the sterol biosynthetic pathway. 
Early reports by Greenspan et  al. (6) describing reversible inhi- 
bition have since been corrected (8); it is now clear that F-244 
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(12). Several syntheses of F-244 and related ana~oguks have 
been reported (13-19), and a number of inhibition studies (17- 
21) have started to reveal structure-activity correlations. 

Due to interest in developing F-244 and analogues as  anti- 
hypercholesterolemic drugs, the structure-activity correla- 
tions have focused on comoounds that are similar to F-244 in 
chemical structure: all have an extended hydrophobic chain at 
C-4, in most cases terminated with carboxylic acid or car- 
boxymethyl groups, and all but one of the analogues reported 
to date have a substituent at C-3, usually either hydroxymethyl 
o r  alkoxymethyl. In the C-3 unsubstituted example of Mayer 
et al. (12), 3-(2'-(ortho-bipheny1)ethyl)oxetanone (2) was 
shown to be a reversible inhibitor of the rat liver enzvme: how- . , 

ever, the analogue 3 is irreversible. Further, due to the high 
affinity of F-244 for HMG-CoA synthase, classical analysis of 
irreversible inhibition by F-244 using double-reciprocal plots 
shows that the enzyme does not saturate, so  that only a lower 
limit could be placed on K, (the equilibrium constant for 
enzyme-inhibitor dissociation) and kin,,, (the inactivation rate 
constant for the second step) (12). Recently, K, (53.7 nM) and 
kin,,, (0.018 s-I) for F-244 were determined using nonlinear 
regression to solve the substrate concentration vs. time pro- 
files of mixtures of enzyme, substrates (acetyl- and ace- 

Can. J .  Chem. 74: 24-27 (1996). Printed in Canada / ImprimC au Canada 
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Fig. 1. 

toacetyl-CoA), and inhibitor at various concentrations (22). 
For 4, Mayer et al. (12) measured K, (120 pM) and kin,,, (0.14 
S-I). In other cases, the data have been presented as ICSO val- 
ues, in order to draw comparisons between the efficacy of F- 
244 and analogues. 

Our interest in the inhibition process led us to investigate 
simple p-lactones as inhibitors of HMG-CoA synthase and to 
evaluate KI and k,,,,,. Herein, we describe the inhibition of 
HMG-CoA synthase by the simple inhibitor (RS)-P-butyrolac- 
tone (5), which forms the basis for further analysis of the 
influence of substituents on the fundamental inactivation 
parameters. 

Experimental section 

General 
(RS)-P-Butyrolactone was purchased from Aldrich Chemical 
Co., and distilled prior to use. F-244 was prepared by incuba- 
tion of Fusarium sp. ATCC 20788 by a modification of the 
procedure of Chabala et al. (23), and extracted and purified by 
column chromatography as described elsewhere (24). Yeast, 
coenzyme A esters, and all other biochemical reagents were 
purchased from Sigma and used as supplied. 

Enzyme assay 
The assay for HMG-CoA synthase was performed as 
described by Miller et al. (25). 

3-Hydroxy-3-methylglutaryl-coenzyme A synthase 
Freeze-dried yeast (Saccharomyces cerevisiae, cat. no. YSC- 1, 
100 g) was autolysed in 0.2 M Tris baseIHC1 buffer (pH 8.2,400 
mL) at 38°C for 4 h. Centrifugation gave a yellow supernatant 
preparation containing a total activity of 16 units of HMG-CoA 
synthase with a specific activity of 3-7 unitslg. The enzyme was 
partially purified by a modification of the ethanol fractionation 
procedure of Middleton and Tubbs (26) (25-30% pellet, 5-fold 
purification), followed by an ammonium sulphate precipitation 
(35-55% pellet, 2-fold purification) and hydroxylapatite chro- 
matography (potassium hydrogen phosphateIHC1 buffer, 0.01 
to 0.2 M, pH 6.8,5-fold purification). The final preparation had 
a specific activity of 0.14 unitslmg protein. 

Fig. 2. Percentage inhibition of HMG-CoA synthase as a 
function of F-244 concentration. HMG-CoA synthase was 
incubated for 5 min with F-244, then assayed for activity 
relative to a control without F-244. 

Inhibition with F-244 

Method A 
Volumes of a solution of F-244 in DMSO (150 pM) and 
DMSO to a total of 150 p L  were added to 50 pL aliquots of 
the partially purified enzyme in 0.2 M Tris (pH 8.2, total vol- 
ume 3 mL) to give final concentrations of 0 ,4 ,6 ,8 ,  10, 15, and 
20 nM in 1. The mixtures were incubated 5 min at 30°C. Ali- 
quots of the resulting solutions were withdrawn and assayed 
for activity. Dilutions of the enzyme-inhibitor complex to test 
for reversibility of inhibition were performed according to the 
method of Greenspan (6). 

Method B 
The partially purified enzyme was added to a mixture of F-244 
(0, 0.1, 0.5, and 1 pM) and substrates acetoacetyl-CoA (7 
pM) and acetyl-CoA (150 pM) in 0.1 M Tris (pH 8.0) con- 
taining MgCI2 (20 mM) and EDTA (0.2 mM), according to the 
procedure of Rokosz et al. (22). The change in absorbance of 
acetoacetyl-CoA at 303 nm was monitored as a function of 
time. The data were solved for KI and kinact according to the 
equations derived by this group. 

Inhibition with (RS)-P-butyrolactone 
Volumes of a solution of 5 in DMSO (100 mM) and DMSO to 
a total of 120 p L  were added to 30 pL aliquots of the partially 
purified enzyme in 0.2 M Tris (pH 8.2, total volume 3 mL) to 
give final concentrations of 0, 1, 2,4 ,  and 8 mM in 5. Each of 
these mixtures was incubated at 30°C for 5 min. Aliquots of 
the resulting solutions were withdrawn after 0, 2 ,4 ,  8, and 10 
min, and assayed for enzyme activity. 

Results and discussion 

Antibiotic F-244 inhibits yeast HMG-CoA synthase in a con- 
centration-dependent manner (Fig. 2) when the time of prein- 
cubation of 1 with the enzyme is kept constant at 5 min. The 
IC,, value is approximately 8 nM under these conditions, 
close to the value reported for the rat liver enzyme (9 nM) (12) 
for identical preincubation times. Time-dependent inhibition 
was established by comparing assays (method A) of enzyme- 
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Table 1. Time-dependent inhibition of yeast HMG-CoA synthase 
by F-244. 

[F-2441 % Inhibition % Inhibition 

(PM) (no preincubation) (5 min preincubation) 

Note: HMG-CoA synthase and F-244 at the specified concentration 
were mixed. Aliquots were removed immediately, or after 5 min, added 
directly into the assay cell, and assayed immediately. 

F-244 mixtures both immediately after, and 5 min after mixing 
(Table 1). The %inhibition observed increased with longer 
preincubation times. The method developed by Rokosz 
(method B) was used to determine K, (50 nM) and kinact (0.02 
s-') for F-244 with yeast enzyme. The results obtained were 
similar to values reported for the human enzyme. 

These observations show that the characteristics of inhibi- 
tion by F-244 are very similar for yeast, rat liver, and human 
cytoplasmic enzymes. Indeed, a cysteine residue at the active 
site, which is involved in covalent thioester formation with the 
substrate acetyl-CoA in the first step of the catalytic cycle, has 
been strongly implicated in the yeast protein (26-28) and dem- 
onstrated to be present in the avian liver (29-31) and human 
cytoplasmic (22) enzymes. While these results are not surpris- 
ing, it is interesting to note that cerulenin has been shown to 
inhibit the yeast enzyme (32), but not that of avian liver (5). 

Inhibition of the same enzyme sample was studied with 5, as 
a function of both concentration and time of preincubation 
(Fig. 3a). A double reciprocal plot of the data (Fig. 36) gives a 
linear correlation (R' = 0.9978) and values of Kt = 9 mM and 
kina,, = 0.0078 s-'. As is the case for 1, dilution of inhibited 
enzyme under a variety of conditions failed to restore activity, 
while significant protection of the enzyme by the substrates 
occurred. 

The data show that the mechanism of inhibition by 5 is qual- 
itatively similar to that for 1, i.e., time dependent and irrevers- 
ible, demonstrating unambiguously that the p-lactone ring is 
the key component for irreversible inhibition. These results are 
in accord with previous studies, which show that hydrolysis of 
the p-lactone moiety results in inactive compounds (5,6,  12). 
However, the results contrast with the observation that inhibi- 
tion by 2 is reversible, but inactivation by 3 is irreversible, 
which had cast doubt on the hypothesis that the p-lactone is 
the only moiety responsible for irreversibility (12). It thus 
appears that the differences between 5 and 2 are attributable to 
structural differences in the enzyme-inhibitor complexes, as is 
also suggested by the 12 to 13-fold increase in kinaCL for 2 rela- 
tive to 1. The value of kina,, for 5 is reduced relative to that for 
1 by a factor of only 2.6, while Kt is increased for 5 by more 
than 10'. Therefore, the substituents on the p-lactone ring play 
an important role in influencing the rate constant of the inacti- 
vation step. 

It should be noted that the findings in the current study refer 
to racemic p-lactone 5; in the absence of other effects, Kt = 4.5 
mM if only one enantiomer is active. We are currently exam- 
ining the individual enantiomers of 5. The nature of the struc- 
tural contributions to both K, and k,,,,, is also being evaluated 

Fig. 3. (a) Plot of % activity remaining as a function of time 
during inhibition of HMG-CoA synthase by various 
concentrations of (RS)-P-butyrolactone; (b) double reciprocal 
re-plot of the data from (a). Concentrations: *, 1 mM; H, 2 mM; 
A, 4 mM; X, 8 mM. 

Time (min) 

through systematic extension of the C-3 and C-4 substituents 
on the p-lactone ring. These results will be communicated in 
due course. 

Conclusion 

Examination of inhibition of yeast HMG-CoA synthase by F- 
244 (1) has shown that the characteristics of the irreversible 
inhibition are essentially the same as for the rat liver and 
human cytoplasmic enzymes. The simple analogue (RS)-p- 
butyrolactone (5) inhibits the yeast enzyme by an apparently 
identical mechanism. The results show that kina,, for 5 is only 
marginally lower than that for 1, while Kt is much higher. 
Hence, the p-lactone ring is shown to be the essential struc- 
tural feature in 1 for irreversible enzyme inactivation; how- 
ever, the remaining functionality plays a role in enhancing the 
binding of 1 to the enzyme relative to 5. 
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Near-infrared and visible luminescence and 
absorption spectroscopy of low-coordinate 
organometallic rhenium compounds 

Carole Savoie and Christian Reber 

Abstract: Low-temperature absorption and luminescence spectra of four organorhenium compounds were measured in the 
visible and near-infrared spectral regions. Effects of the temperature, formal oxidation state, and the 0x0-, bromo-, and organic 
ligands on the metal center are reported. The emission maxima of the four compounds show a large variation between 9000 and 
14 200 cm-I. Stokes shifts show a smaller variation from 3700 to 4200 cm-I. Luminescence intensities are used to qualitatively 
characterize nonradiative relaxation processes. 

Key words: luminescence spectra, absorption spectra, organorhenium compounds. 

RCsumC : Les spectres d'absorption et de luminescence a basse temperature de quatre complexes organometalliques du 
rhCnium(II1) et du rhCnium(V) ont CtC mesurCs dans les regions du visible et du proche infrarouge. Les effets apportes par la 
variation de la temperature, du degrC d'oxydation et du nombre et caractkre des ligands 0x0, bromo et organiques sur le centre 
mCtallique ont ttC CtudiCs. Les Cnergies des maxima d'kmission varient entre 9000 et 14 200 cm-'. Les dCplacements de Stokes 
montrent une variation plus faible de 3700 j. 4200 cm-'. Les rtsultats spectroscopiques nous renseignent sur les processus de 
relaxation impliquCs lors des transitions. 

Mots clis : spectroscopie de luminescence, spectroscopie d'absorption, composCs organomttalliques du rhCnium. 

1. Introduction Scheme 1. 

Rhenium shows a very rich organometallic chemistry with a 0 

wide variety of oxidation states and many different coordina- II * yr 0 -Re ' cH3  
tion geometries that have been explored over the past decade ~r'~',~~f( 
( I  -3). The main emphasis of the work reported in the literature Br Br 

\ 
is on the synthesis, structure determination, and NMR spectro- 

r- 
scopic properties of organorhenium compounds. A B c D 

These systems offer a unique opportunity to examine a 
variety of coordination geometries, oxidation states, and 
ligand environments for the same transition metal center with 
electronic spectroscopic techniques. We present emission 
spectra of a series of organorhenium compounds with 0x0 and 
bromo ligands in the near-infrared and visible regions. 
The molecules studied are ReBr,(C,(CH,),)(CH,C--CCH,) 
(A), ReBr2(C5(CH3)5)(CH2=CH-CH==CX&) (B), ReO(C,- 
(CH3)5)(C6H5C~CC6H5) (C), and Re0,(CH3)(CH3- 
C=CCH3) (D), presented in Scheme 1. They share low coor- 
dination numbers and an approximate C, symmetry and were 
chosen for this study based on their varying ligand environ- 
ments and metal oxidation states: compounds A-C in Scheme 
1 have Re(II1) metal centers ( [~e ]5d4  electron configuration), 
whereas compound D has a Re(V) metal center ([xe]5d2). 

indicate exceptionally large tuning ranges for properties such 
as the emitting state energy, an important quantity for selec- 
tive photochemical and photocatalytical applications. Up to 
now, organometallic compounds of the heavy transition ele- 
ments were only rarely studied from this perspective. 

We present low-temperature absorption and luminescence 
spectra and establish a qualitative correlation between band 
energies and the nature of the ligands of compounds A-D. The 
near-infrared spectral region is of crucial importance for these 
studies, in contrast to traditional coordination compounds of 
the third-row transition metals, where the lowest energy 
excited states are often observed in the visible or ultraviolet 
regions, at significantly higher energies than for the organo- 
rhenium compounds studied in this work (4). 

The large spe~troscopic differences between these molecules 
2. Experimental 

Received June 23, 1995. 

C. Savoie and C. Reber.' Departement de chimie, UniversitC de 
Montreal, C.P. 6128, Succursale Centre-ville, MontrCal, 
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(5 14) 343-7332. Fax: (514) 343-7586. E-mail: 
reber@ere.unmontreal.ca 

The syntheses and crystal structures of compounds A-D are 
described in refs. 5-7. Compounds A (black), B (purple), and 
C (red-brown) were obtained in solid form from Dr. Roland A. 
Fischer. Compound D and its acetylene analogue (both yel- 
low) were synthesized using the methods described in refs. 7 
and 8, using trioxomethylrhenium(VII) as a starting material 
and mild, selective deoxidation with polymer-bound triphe- 
nylphosphine in order to obtain the Re(V) dioxo compound D. 
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Savoie and Reber 

The purity of our samples was checked by comparing 'H NMR 
and IR spectra to the literature data (5-8). Thin crystalline 
samples suitable for spectroscopy were obtained either by 
slow evaporation of saturated solutions in dry methanol on 
quartz plates at room temperature or by cleaving thin samples 
from larger crystals. All solutions must be kept under an inert 
atmosphere to prevent decomposition of the molecules. The 
optical quality of the sample crystals was examined under a 
microscope between crossed polarizers, and extinction direc- 
tions were determined. Only unpolarized spectra are reported 
in the following because the polarization direction had no sig- 
nificant effect on band intensities and positions, most likely 
due to the low crystal symmetries with multiple inequivalent 
sites for the chromophores in the crystal, leading to molecular 
units with different orientations relative to the polarization 
directions (5-8). The crystals, with typical areas of 0.5 mm', 
were mounted in a helium cryostat (Oxford Instruments CF 
1204). All absorption spectra were measured with a Varian 
Cary 5E spectrophotometer. The instrumentation used for 
luminescence measurements is described in detail elsewhere 
(9). Both broadband UV light and the 514.5 nm line from an 
Ar' ion laser were used as excitation sources. Weak lumines- 
cence was found for compounds B-D; no luminescence was 
detectable for compound A. Emission at wavelengths longer 
than 1000 nm was detected with a Ge detector (ADC 403L, 
cooled to 77 K) and a lock-in amplifier. All spectra are cor- 
rected for system response (9, lo), but no smoothing or noise- 
removal routines were applied to experimental data. 

3. Spectroscopic results 

Emission was observed from three of the compounds in 
Scheme 1 between 600 and 1500 nm. The luminescence spec- 
tra of compounds B-D are shown in Fig. I. The energy of the 
emission band maxima varies between 9000 and 14 200 cm-', 
an exceptionally large variation for a series of organometallic 
compounds of the same metal. The acetylene analogue of com- 
pound D shows a luminescence spectrum with a similar band- 
width and a higher energy band maximum (14 500 cm-' at 20 
K) than compound D. This comparison illustrates the small 
influence of the nature of the substituents on the alkyne ligands 
on the energy and properties of the emitting state. No emission 
was observed from compound A at wavelengths shorter than 
2000 nm, most likely due to efficient nonradiative relaxation 
processes from its very low-energy first excited state. The 
luminescence intensities for all compounds decrease rapidly 
with increasing temperature, as illustrated in Fig. 1 with two 
selected temperatures. Figure 2 shows integrated band intensi- 
ties as a function of temperature. Band maxima and band- 
widths at low temperature are summarized in Table 1 for the 
compounds in Scheme 1. 

The solid-state absorption spectra of all four molecules are 
shown in Fig. 3. The dibromo compounds A and B show 
onsets of their first absorption bands in the near-infrared 
region, in contrast to the 0x0 compounds C and D, where these 
onsets are in the visible. The energies of the first absorption 
bands show a variation similar to that of the luminescence 
band maxima. Transition energies were determined from the 
spectra in Figs. 2 and 3 and are summarized for all the com- 
pounds in Table 1. Absorption intensities and band positions 
show no large change with temperature, as expected for low- 

Fig. 1. Low-temperature luminescence spectra of the 
organometallic rhenium compounds B (circle), C (square), and D 
(triangle) in Scheme 1. 

Wavelength (nm) 

6 8 10 12 14 16 18 
Wavenumber (cm") x lom3 

Fig. 2. Integrated luminescence intensities for compounds B, 
C, and D (Scheme 1) as a function of temperature. The symbols 
are defined in Fig. 1. 

symmetry systems and similar to the experimental results for a 
series of organometallic mono-0x0 rhenium compounds (I I). 
The lowest energy absorption bands of compounds B-D in 
dichloromethane solution at room temperature are not as eas- 
ily discernible as the corresponding bands in the low-temper- 
ature, solid-state spectra in Fig. 3. We determine extinction 
coefficients of 5, 33, and <1 M-' cm-' for the first absorption 
bands of compounds B-D, respectively. The higher energy 
visible bands in solution correspond well to the solid state 
spectra. Wavelengths (extinction coefficients) are as follows: 
A: 700 nm (365), 5 10 nm (1 134), 340 nm (47 13); B: 520 nm 
(62), 360 nm (124); C: 500 nm (200), 420 nm (450); D: 360 
nm (193). 

4. Discussion 

The organorhenium compounds investigated in this work 
show a very large variation of their lowest excited state ener- 
gies. This large tuning range is possible because of the unique, 
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Table 1. Absorption and luminescence band maxima and luminescence bandwidths 

Compound 
Absorption Emission Bandwidth, Stokes shift, 
max., cm-' max., cm-' cm- ' cm- ' 

ReBr2(C,(CH3),)(CH,CECCH3) (A) 7 0 0 0  
ReBr,(C,(CH,),)(CH,=CH-CH=CH,) (B) 12 700" 
R~O(CS(CH,),)(C~H~C=CC~H~) (C) 15 100" 
Re0,(CH3)(CH,CsCH3) (D) 18 000" 

"Onset of band, T = 25 K. 
b~ = 80 K. 
'T = 15 K. 

Fig. 3. (a)  Solid-state absorption spectra of compounds A at 80 K 
and B at 20 K. (b) Solid-state absorption spectra of compounds C at 
6 K and D at 6 K. 

. . Wavelength (nm) 

Wavenumber (cm-') x10.~ 

Wavenumber (cm-I) xlw3 

very rich organometallic chemistry of rhenium. We qualita- 
tively examine some spectroscopic trends observed for com- 
pounds A-D and relate the emitting state energies to the nature 
of the ligands. The weak low-energy absorption bands for the 
luminescent compounds B-D are indicative of d-d transitions, 
an assignment supported by the low extinction coefficients 
observed in the solution spectra. This proposed assignment is 
further supported by the molecular orbital calculations for 
mono-0x0 systems reported in ref 2. We notice that the 
absence of luminescence from compound A might not be 
caused exclusively by the low energy of its first excited state, 
but might be caused in part by a qualitatively different nature 
of this state. Large structural distortions are common to occur 
in charge-transfer excited states and would lead to more effi- 
cient nonradiative relaxation processes than for d-d emitting 
states with smaller distortions. 

It was shown for an extended series of cyclopentadienyl 
compounds of nickel(I1) that the d-d absorption band energies 
follow the standard spectrochemical series for common 

anionic ligands such as halides or the oxide ion (12). Based on 
these correlations, established for Ni(II), we expect the bromo 
compounds A and B to have lower energy excited states than 
the 0x0 systems C and D, corresponding to the observations in 
Figs. 1 and 3 and in qualitative agreement with our d-d assign- 
ment. Furthermore, the emitting state for compound C with 
only one 0x0 ligand is observed at lower energy than for com- 
pound D with two 0x0 ligands, again in agreement with the 
spectro~hemical series. The rhenium4xygen bond lengths are 
1.709 A for C and 1.74 A for D, shorter than in trans-Re02 
complexes, but longer than found for the majority of the 
known Re=O organometallic compounds (13). The emitting 
state energy for the dioxo compound D varies by less than 
1000 cm-I from the band maxima obtained for R e E O  systems 
with a shorter rhenium-xygen bond (1 1). This comparison 
illustrates the limited applicability of ligand-field concepts to 
our series of organometallic compounds. Transition energies 
appear to depend less strongly on metal-ligand bond length 
than expected from ligand-field theory. We note that the for- 
mal oxidation state of the metal center does not appear to be 
the main determinant of the emitting state energy, as illus- 
trated by very similar emission band maxima for the Re(V) 
compound D and the Re(II1) compounds in ref. 11. The ener- 
gies of the first excited states obtained from the electronic 
spectra are summarized for compounds A-D in Fig. 4. 

The higher energy absorption bands for compounds C and 
D in Fig. 3b are more intense than the first band, likely corre- 
sponding to the spin-allowed d-d transitions expected at 
higher energy than the spin-forbidden first bands (1 1). Com- 
pound B shows a series of bands with comparable intensities 
throughout the visible region, a different spectrum from those 
for compounds C and D, reflecting the different coordination 
geometries. A possible reason for the sequence of intense 
absorption bands of compound B throughout the visible spec- 
tral region could be low-energy intra- or intermolecular elec- 
tron transfer transitions. Despite these large variations 
between the absorption spectra, the lowest energy excited 
state has some common characteristics for compounds B-D, 
illustrated by the similar luminescence bandwidths and the 
low extinction coefficients in the solution absorption spectra, 
qualitatively supporting our proposed d-d assignment. 

The luminescence intensities decrease with increasing tem- 
perature, similar to those reported in ref. 11, where it was 
shown that luminescence lifetimes decrease in parallel with 
the intensities. The quantum yields of these luminescences are 
low and the lifetimes are expected to be much shorter than 
those expected for purely radiative transitions (1 1). Their use 
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Savoie and Reber 31 

Fig. 4. Energies of the lowest excited states for the series of 
organometallic rhenium compounds in Scheme 1. The energies 
are determined from the luminescence and absorption spectra in 
Figs. 1 and 3, respectively. Solid arrows denote observed 
luminescence transitions; the broken arrow for compound A 
indicates efficient nonradiative relaxation processes. 

for the characterization of the emitting state is limited, and we 
made no attempt to measure them for compounds B-D. The 
decrease in luminescence intensity with temperature can be 
correlated with the number of 0x0 ligands: the most pro- 
nounced decrease is observed for compound D, which con- 
tains two high-frequency rhenium-0x0 oscillators. A 
distinction between compounds B and C is not possible, illus- 
trating that other high-frequency vibrations, most likely C-H 
oscillators, play an important role in the relaxation dynamics. 
This conclusion is in agreement with ref. 11, where a qualita- 
tive correlation between the decrease of both the luminescence 
intensity and lifetime with the number of C-H oscillators was 
established. Such qualitative arguments neglect the impor- 
tance of intermolecular energy transfer processes to impuri- 
ties, shown to be important in some organometallic solids (9, 
lo), and therefore a more quantitative analysis of the temper- 
ature dependence of the luminescence intensities is not possi- 
ble from our data. 

The Stokes shifts for compounds B-D are included in Table 
1. Their large values indicate significant structural changes 
between the ground and lowest energy excited states. In con- 

trast to the emitting state energies, there is no systematic vari- 
ation of the Stokes shift for compounds B-D, and similar 
Stokes shifts between 3400 and 3700 cm-' were obtained for 
the rhenium-0x0 compounds in ref. 11. The lack of vibronic 
structure does not allow us to determine individual bond 
length changes, but the similar luminescence and absorption 
bandwidths of our compounds and those reported in ref. 11 
indicate similar excited state distortions. 

This work illustrates the large variation of the emitting state 
energy of organometallic rhenium compounds, establishing 
these molecules as new near-infrared chromophores with a 
very large tuning range. Excited-state energies and transition 
intensities reflect the nature of the ligands and the coordina- 
tion geometry and indicate a potential for photochemical 
applications of these molecules. 
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Christopher Owen Bender 

Mechanistic variations in the formation of 
benzocyclooctatetraene from 
benzobicyclo[4.2.0]octa-2,4,7=triene 

Introduction 

Abstract: Benzocyclooctatetraene (i.e., COT, 2) is the major product from the thermolysis and direct photolysis of 
2,3-benzobicyclo[4.2.0]octa-2,4,7-triene (i.e., triene 1). It is also a minor product from the sensitized irradiation of 1. The 
mechanism of the reaction 1+2 was investigated using deuterium-labelled triene (i.e., l&), which was prepared in a two-step 
procedure from a known triene mixture ( l a )  containing deuterium at both C-4 (43%) and C-5 (97%): the thermolysis of I n  led to 
labelled COT 20, which upon direct irradiation (A 2 3 10 nm) gave the deuterated triene mixture la/D in good chemical yield 
(61%) but in low quantum efficiency (a = 0.0001). The COT produced from the direct irradiation (Corex filter) of lah 
possessed different deuterium distributions than when generated thermally or from triplet sensitization (p-dimethylamino- 
benzophenone), as determined by 'H NMR integration. The observed deuterium-labelling patterns are in accord with a 
Zimmerman di-n-methane rearrangement being involved in formation of the COT from S ,  of triene 1, while a mechanism 
proceeding by initial cleavage of the cyclobutene C,-C, bond appears to operate during the thermal or sensitized (TI )  
generations of 2. 

Key words: mechanisms, rearrangements, photochemistry, di-n-methane. 

RCsumC : Le benzocyclooctatktrabne (soit, le COT, 2) est le principal produit soit lorsqu'on chauffe des solutions du composk 
2,3-benzobicyclo[4.2.0]octa-2,4,7-tr2ne (I), ou lorsqu'on le photolyse directement. Le composC COT 2 est aussi un produit 
mineur des irradiations sensibilisCes du tribne 1 .  Le mecanisme pour la rkaction 1+2 a Cte CtudiC B I'aide du tribne marquC au 
deutCrium ( l a h ) .  On a prkparC le mClange la/D en deux Ctapes h partir du trikne l a  contenant des atomes de deutkrium h C-4 
(43%) et B C-5 (97%) : la thermolyse du trikne l a  conduit au COT 2a qui ensuite se transforme en la/D par irradiation directe, en 
bon rendement (61%) mais faible efficacitk (a = 0,0001). Les distributions de deutCrium dans le COT obtenu par irradiation 
directe (filtre de Corex), par thermolyse ou par irradiation sensibiliske (p-dimCthylaminobenzophknone), du lrdb sont 
diffkrentes. Des etudes de marquage suggkrent qu'une transposition di-n-methane de Zimmerman est le mecanisme qui produit 
le COT ii partir du S ,  du trikne 1, tandis que la voie suivie pendant la thermolyse ou l'irradiation sensibiliske (TI)  est une 
ouverture de la liaison C,-C6 du composC 1. 

Mots elks : mkcanismes, transpositions, photochimie, di-n-mkthane. 

There is current interest in the synthesis of benzocyclooctenes 
due to their demonstrated potential for conversion, via Birch 
reduction, to derivatives of the anti-cancer drug Tax01 (1). 
Recently, we reported (2) that unsubstituted benzocyclooc- 
tatetraene (2) is the major product from both the thermolysis 
and the direct photolysis of 2,3-benzobicyclo[4.2.0]octa- 
2,4,7-triene (1). It is also a very minor product from sensitized 
irradiations of the triene. Details of the ground and excited- 
state products of triene 1 are summarized in Scheme 1. It was 
noted that a simple 2uS+2.rrs electrocyclic opening (3) of the 
cyclobutene ring of triene 1 could account for the COT forma- 
tion in each case, and experiments using deuterium-labelled 
starting material (1-d,) gave results consistent with this mech- 
anistic view, viz 1-d,-+2-d, (Scheme 1). We now report fur- 

[ Received August 18. 1995. 

C.O. ~ender . '  Department of Chemistry, University of Lethbridge, 
Lethbridge, AB TI  K 3M4, Canada. 

I ' Telephone: (403) 329-2307. Fax: (403) 329-2057 

Scheme 1. Triene thermolysis and photolyses products. 

150°C (86% yield) 

Chemical yields 
a, Direct 39% 23% 8% 
b, Sensitized 2% 54% 4% 

ther results based on a new labelling pattern that indicate that 
the pathways used in the formation of COT 2 from triene 1 
involve different carbon reorganizations when formed from 
the singlet excited state than when generated from sensitiza- 
tion (T,) or from thermolysis. 

Results 

The deuterium-labelled triene used in the present study was 

Can. J. Chem. 74: 32-37 (1996). Printed in Canada 1 ImprimC au Canada 
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Bender 

Table 1. Hydrogen atom distributions of the nonaromatic positions in deuterated 
benzocyclooctatetraenes. 

% Hydrogen atom distributions at: 

Entry 
no. Origin 

Observed for thermolysis of l a  
Calcd. for ln+2a or ln/b+2a 
Observed for thermolysis of l d b  
Calcd. for l r h 3 2 c  
Observed for sensit. hv of 1& 
Observed for direct hv of I& 
Calcd. for ldb+2a/b or +2dd 
Calcd. for ldb+2c/b 

"In each case the aromatic multiplet at 6 6.93-6.99 was set as the normalized integration standard of 2.00H; the 
other aromatic multiplet at 6 7.17-7.24 gave integral values within the range 2.00-2.04H. 

Scheme 2. Preparation of deuterium-labeled triene mixture. 

yield ratio I (la) : 1.2 ( I  b) 

prepared in a two-step procedure from the known (2) triene 
mixture l a ,  which contained deuterium at both C-4 (43%) and 
C-5 (97%) (Scheme 2). Thus, the thermolysis of In led to the 
labelled COT 2a (see Table 1, entry 1, for the 'H NMR inte- 
grations of the aliphatic hydrogens), which upon direct irradi- 
ation (A 2 3 10 nm) gave the deuterated triene mixture l a  and 
1b in good chemical yield (61%, based on 35% conversion), 
but in low quantum efficiency (Q, -- 0.0001). The inefficiency 
of the rearrangement may provide an explanation for a previ- 
ous report that found COT 2 to be unreactive (4). The label 
distributions in the isotopic triene mixture la,b were deter- 
mined by proton NMR analysis (see Experimental); a small 
isotope effect (k1$kl, 5 1.2) in favour of the formation of 1b 
was observed in the 2 n  + 2 n  photoclosure step. 

A solution of the mixture la,b in 12-nonane, when heated to 
reflux (150°C) for 12 h, gave a 75% yield of COT product, 
which showed no deuterium attachment to C-7 and C-8 (i.e., 
the y carbons) and corresponded uniquely to the presence of 
the mixture 2a (note Scheme 3). The observed and calculated 
'H NMR integration values are listed in Table 1 (see entries 3 
and 2, respectively). Although in principle the isotopic mix- 
ture 2c (note structure in Scheme 3) would also lead to the 
same overall proton integrations as 2a, we were able to rule 
out the formation of 2c on the basis of the NMR peak ratios of 

Scheme 3. Observed and possible label locations in COT product 
from triene thermolysis and photolyses. 

( la+ l  b) - 
products 

\ tiv, sensit. 
150°C products 

7 
2a 

the two types of signal (a singlet and a doublet)' observed for 
the COT a hydrogens (i.e., for H-5 and H-lo), and also those 
found for the P hydrogens (i.e., H-6 and H-9). If 2c were 
present, the anticipated ratio of the singlet to doublet peaks 
would then be l(s):0.6(d) for the a hydrogens, and 
0.7(s): l.O(d) for the P hydrogens (see entry 4, Table 1). The 
observed ratios were 1 (s): 1.9(d) and <0.02(s): 1 .O(d), respec- 
tively, which agrees with the ratios required for 2a (see entry 
2, Table 1). 

In the case of the COT product isolated from the direct irra- 
diation of the triene mixture la,b,  the NMR hydrogen distribu- 
tions were distinctly different from those found for the 

There are two types of signal observed for the a hydrogens: 
besides the doublet centred at 66.55 ( J j ( 1 0 ) , 6 ( 9 )  = 12 HZ) there is a 
singlet at 6 6.55 that results from the absence of coupling when a 
p carbon is partially deuterated. The integration ratio of the 
singlet to doublet signals indicates the relative amount of 
deuterium at the p positions. The situation is similar for the P 
hydrogens, which occur as a doublet of triplets centred at 6 6.03 
( J , ( 9 j , 5 ( , ~ ,  = 12 Hz, J6(9),7(8), = J6(9) ,8 (7)  = 2 Hz), and which are 
accompanied by a broad singlet at 66.03 when an a carbon is 
partially deuterated. 
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Scheme 4. Mechanisms that operate in semibullvalene 
photoformation. 

route A 

(1 a+l b) 
tN 

direct (1 7%) 

route B 
hv. direct (83%) 
or sensit. (1 00%) 

thermally generated  COT.^ Importantly, the integrations for 
the p hydrogens were heavy, while those for the y hydrogens 
were light (note entry 6, Table I), and accord well with a com- 
posite of 72.5% 2a and 27.5% 26 (note entry 7, Table 1). 
Although the formation of mixture 2c in place of 2a can be 
discounted, since this would have led to significantly different 
s:d ratios for the a and for the p hydrogen signals (see entry 8, 
Table l), we are not able to eliminate the possibility that iso- 
tope mixture 2d (see structure in Scheme 3) forms part of the 
COT product in place of 26: both 26 and 2d would give the 
same gross proton integrations and also the same s:d ratios for 
the a and for the p signal peaks (see entry 7, Table 1). Similar 
difficulties in interpretation of the proton distributions for 
related deuterated benzocyclooctatetraenes were encountered 
by Zimmerman, Givens, and Pagni (4), and arise from the C,, 
symmetry of the benzo-COT system. 

In contrast to the direct irradiation results, the COT material 
obtained from the sensitized irradiation of the triene mixture 
la ,b  showed NMR spectral details that were the same as those 
observed for the thermally generated COT 2a product (cf. 
Table 1, entries 5 and 3, r e s p e ~ t i v e l ~ ) . ~  

The direct and sensitized photolyses of the deuterated triene 
also gave the labelled semibullvalenes (i.e., SB) 3a-c. The 
observed SB deuterium distributions (see Experimental) 
depend on the mode of excitation and fully confirm conclu- 
sions from a previous report (2) that the semibullvalene prod- 
uct from direct irradiation derives from two reaction pathways 
(note Scheme 4, route A (17%) and route B (83%)), whereas 
that from triplet senistization is provided uniquely by a Zim- 
merman di-r-methane (DPM) rearrangement (5) (Scheme 4, 
route B). 

To minimize complications due to possible kinetic isotope effects 
in the photolyses of triene mixture la,b, the runs were canied out 
to almost complete conversion of the starting material: 297% in 
the direct irradiation. and 96% in the case of sensitization. 

Scheme 5. Mechanisms that account for COT formation from 
triene thermolysis and sensitized irradiation. 

( l a  + lb) route A c la] a 2rrs+2ns+20, 
-0 I 

9a 

route D t 
stepwise (via C1-C, cleavage) 

Discussion 

The thermal rearrangement of the parent aliphatic triene 7 to 
COT 8 (Scheme 5) is a facile reaction (6) that is formally a 
2 r s  + 2 r s  + 2us electrocyclic opening of the six-membered 
ring (3). The concerted process, however, would be expected 
to be more demanding in the case of the benzo derivative 1 
since the initial loss of aromaticity (note route C and struc- 
ture 9a, Scheme 5) is required before bond reorganization 
can occur to give the boat structure of COT 2a. It is therefore 
not surprising that benzo-triene 1 has a half-life of ca. 1 h at 
150°C whereas the parent triene 7 has a t,,, of 14 min at 0°C 
(6). An alternative explanation for the thermal rearrange- 
ment of triene 1 to COT 2 is that the reaction proceeds via a 
stepwise process (route D, Scheme 5) involving the initial 
cleavage of the strained CI-C6 bond of la,b.  The observed 
deuterium labelling in 2a is in accord with operation of 
either route C or route D (Scheme 5). 

The photochemical generation of COT from triene 1 is 
more complex. The previous study (2) of the excited-state 
reactivity of 1 showed that 1 9 8 %  of the COT produced from 
the direct irradiation originates from the S1 state of the triene; 
the COT from sensitized runs is triplet derived (T,). The 
present results now reveal that S ,  and T ,  engage different 
pathways when forming the COT. In the case of T I ,  the 
observed COT deuterium-labelling pattern (entry 5, Table 1) 
is consistent with a process that proceeds with a simple open- 
ing of the cyclobutene ring of triene 1, similar to the stepwise 
thermal pathway to COT 2a (cf. route D, Scheme 5). 

The COT formed from S I ,  on the other hand, must involve 
another mechanism, at least in part, since deuterium occurs 
also at the y carbon(s) (note entry 6, Table 1). One possible 
rationale that does account for the observed label distribution 
involves the formation of the COT products 2a and 2 d  via a 
1:l competition between the pathways depicted in Scheme 6 
(routes E and F): 2a may derive in part (50%) from the 2us + 
2 r s  electrocyclic process (route F) or stepwise, whereas 2d 
(27.5%) and additional 2a (22.5%) may arise from the initial 
C,-C, diagonal bridging shown as route E. However, a point 
of concern with this rationale is that the latter mechanism has 
not been reported in derivatives of bicyclo[4.2.0]octatriene, 

We are unable to differentiate between isomer mixture 2d and 2b 
with the NMR data at hand, vide supra. 
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Scheme 6. Possible mechanism for COT formation from direct 
irradiation of triene. 

route E - 10a I route F 

and diagonal brid ing of this kind is unknown in other di-n- 
methane systems. B 

A more simple explanation of the labelling results, and one 
that has literature precedence, involves the coformation of the 
COTs 2a and 2b from a single mechanistic pathway. This 
pathway proceeds by Zimmerman DPM rearrangement (5) of 
triene 1 and entails the initial formation and subsequent ther- 
mal reorganization of the symmetrical octavalene intermedi- 
ate 12 (note Scheme 7). The final step is assumed to occur with 
equal facility via rupture of alternate pairs of allylic ( b  and 6)  
and benzylic (a and c) bonds of 12, i.e., 50% by cleavage of 
bonds a and b, and 50% by cleavage of bonds c and d. A sim- 
ilar mechanism was previously invoked by us (7) to account 
for the photochemical conversion of the 8-cyano triene 13 to 
equal amounts of the labelled cyano COTs 17 and 18 (see 
route G ,  Scheme 8). Interestingly, and as required by the 
present proposal for 1, in the case of 8-cyano triene 13 the 
2us + 2n, electrocyclic opening (route H, Scheme 8) was 
totally avoided, i.e., COT 19 was not detected. We have not 
obtained physical evidence for the formation of the octavalene 
12 during the direct photolysis of 1, but this may be due to the 
rate of rearrangement of 12-2 being much higher than the 
rate of formation of the octavalene at the photolysis tempera- 
ture employed (ca. 20°C). The 1,4-diradical 5 is thus viewed 
to be a common species on the pathways to the major products 
observed in the photochemistry of triene 1, and rearranges to 
give alternative vinylcyclopropanes, i.e., SB 3b,c (route B, 
Scheme 4) and the thermally unstable octavalene 12 (Scheme 
7). 

A referee has suggested an additional route that might account for 
the label distributions in the COT product obtained from the triene 
direct irradiation, viz. rearrangement of ln,b to benzobarrelene (a 
photochemically allowed 1,3-shift), which then undergoes the 
well-known singlet-mediated transformation to COT (4). 
Evidence against this proposal exists from a previous study (2) 
based on the labelled triene 1-d2 (note structure in Scheme 1). If 
the benzobarrelene 20 (note Fig. 1 below) were formed from 1-d2 
its subsequent photolysis would have led to the COT mixture 2n,b- 
d, through a pathway that involves initial 2-n  TI bridging, 
mainly (94 2 3%) between the benzo-vinyl portions of 20 (4). The 
NMR spectrum of the COT product therefore would have revealed 
a low hydrogen integration for the y hydrogens. The reported (2) 
integration value was 1.97H, which indicates that within 
experimental error no deuterium was attached to the COT C-7 or 
C-8 positions. Hence the COT 2a-d, is not formed, and 

Scheme 7. Suggested mechanism for COT formation from direct 
irradiation of triene. 

A 

(50%) 
h, 
direct 

(1 a+lb) 2,2a 2,2a 

Structures denoted by "a" and 'b" represent compounds labelled with 

deuterium at the positions marked by A and . For structures denoted 

by a number only (e.g..12) A and = H. 

Lastly, we note that the proposed pathway in Scheme 7 is 
attributed to S ,  of 1. Although the occurrence of a DPM 
rearrangement from S ,  is uncommon in rigid molecules ( 3 ,  it 
has precedent in other benzobicyclo[4.2.0]octa-2,4,7-trienes 
(8), e.g., 13 gives 17 and 18 (7). 

Experimental 

Instrumentation and materials 
The 'H spectra were recorded in CDC1, solvent at 250 MHz; 
the chemical shifts are in 8 units and the coupling constants (J) 
in Hz. The abbreviations br, s, d, t, q, and m refer to broad, 
singlet, doublet, triplet, quartet, and multiplet, respectively. 
Cyclohexane solvent for photolyses was prepared by scrub- 

monitoring of the photolysates of the direct irradiation of triene 1 
revealed no trace of benzobarrelene (by NMR and GC analyses). 

Fig. 1. Location of deuterium labels in COT product formed 
from benzobarrelene. 

1 hv. direct kt 

consequently (assuming reasonable isotope effects) the pathway 
depicted in Fig. 1 does not operate. Furthermore, careful 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74. 1996 

Scheme 8. Label locations in COT product from direct irradiation 
of 8-cyano triene. 

: route H 

: t N  

i 20,+2n, cleave 
17 

& 

19 (not observed) 18 16 

bing with 20% fuming sulfuric acid, followed by washing with 
10% aqueous sodium hydroxide, drying (MgSO,), and finally 
distilling from calcium hydride. Column chromatography was 
carried out on Silica Gel 60 (Merck; 230400  mesh), or Lobar 
columns (Merck; size B, LiChroprep Si 60), or on Silica Gel 
60IAgN0, columns (10: I ,  by weight). The GC analyses were 
determined by FID on a DB-23 fused silica capillary column 
(30 m x 0.25 mm; J&W Scientific). 

General procedures for preparative photolyses 
The apparatus consisted of a 450-W Hanovia medium-pres- 
sure mercury arc surrounded by a water-cooled quartz immer- 
sion well. Unless otherwise stated, the light was filtered 
through either a cylindrical sleeve of Pyrex, or Corex, or an 
aqueous lead nitrate solution (1 g of Pb(NO,), and 100 g of 
NaBr in 1 L of water; transmittance was 0% below 318 nm) 
contained in a concentric filter jacket (10 mm path length). 
Three types of sample cell were used. Cell A (200 mL sample 
volume) consisted of a cylindrical collar (Pyrex) that sur- 
rounded the aqueous filter jacket. Cell A was fitted with gas 
inlet and exit ports, and sample solutions were purged with 
argon prior to and during irradiations. Cell B (40 mL sample 
volume) and Cell C (3.5 mL) were a quartz test-tube-like ves- 
sel and a quartz cuvette, respectively; sample solutions con- 
tained therein were deoxygenated by flushing with argon and 
sealed under a positive pressure; the solutions were magneti- 
cally stirred throughout the course of the irradiations. 

Deuterium-labelled triene l a  
Deuterated triene l a  (97%-dl labelled at C-5 and 43%-dl 
labelled at C-4) was obtained as previously described (2); 'H 
NMR: 7.00-7.17 (m, 4.35H, aromatics and residual CHCl,), 
6.26 (br s, 0.57H, H-4), 6.13 (d, 1.02H, H-7, J,,, = 2.7), 6.02 
(dd, 0.98H, H-8, J7,, = 2.7, J7,, = 0.9), 5.88 (dd, 0.03H, H-5, 
J,,, = J,, = 4.5), 4.1 1 (d, 1.02H, H-1, J,,, = 4 .3 ,  and 3.64 (d, 
1 .()OH, H-6, J,., = 4.5). 

Thermolysis of deuterium labelled trietze l a  
A solution of 186.6 mg (1.21 mmol) of triene l a  in 4 mL of tz- 
nonane was refluxed (ca. 150°C) for 10 h. The thermolysis 
product was chromatographed on Silica Gel 60 (0.9 cm x 10 

cm; hexane), to give 162.7 mg (87%) of COT 2a; mp 4749°C 
(lit. (4) mp 48-50°C); 'H NMR: 7.17-7.24 (m, 2.03H, aromat- 
ics), 6.93-6.99 (m, 2.00H, aromatics), 6.55 (d + br s, 1.56H, 
H-10 and H-5, J,,,, = 11.8), 6.03 (dm, 1.04H, H-6 + H-9, J,,,, 
= 1 IS),  and 5.88 (d, 2.01H, H-7 and H-8, J = 1.8); the ratio of 
the s:d at 66.55 is given in entry 1, Table 1. 

Fornzcttiotz of mixture la,bfr-otn direct irradiation of COT 2a 
A solution of 162.0 mg (1.05 mmol) of 2a in 200 mL of cyclo- 
hexane was irradiated at >3 18 nm for 9 1 h in Cell A (ca. 35% 
conversion by GC). The photolysate was concentrated and 
chromatographed on a Silica GelIAgNO, column (1 cm x 11 
cm; 0.1% ethyl acetate - hexane). Two bands were observed. 
The first band contained 34.4 mg (2 1 %) of the triene mixture 
la,b; 'H NMR: 7.00-7.17 (m, 4.15H, aromatics and residual 
CHCl,), 6.26 (d + br s, 0.8 lH, H-4), 6.13 (br s, 1.02H, H-7), 
6.02 (br d, 0.46H, H-8, J8,, = 2.7), 5.88 (dd, 0.55H, H-5, Jg4 = 
J5,, = 4 .3 ,  4.11 (d, 0.76H, H-1, J,., = 4.3,  and 3.64 (b; d, 
1.00H, H-6, J6,] = 4.5); the calculated integrations for a mix- 
ture of 55% l a  and 45% 1b are: 0.81 H-4, 1.00 H-7,0.47 H-8, 
0.56 H-5,0.76 H- 1, and 1.00 H-6. The second band off the col- 
umn gave 105.8 mg (65%) of recovered COT 2a; 'H NMR: 
7.17-7.24 (m, 2.02H, aromatics), 6.93-6.99 (m, 2.00H, aro- 
matics), 6.55 (d + br s, 1.60H, H-10 and H-5, J ,,,, = 1 1.8), 6.03 
(dm, 1.01H, H-6 + H-9, J9,10 = 11.5), and 5.88 (d, 1.98H, H-7 
and H-8, J = 1.8). 

Thertnolysis of deuterium-labelled triene la,b 
A solution of 4.0 mg (0.026 mmol) of triene la,b in 1 mL of n- 
nonane was refluxed (ca. 150°C) for 12 h. The thermolysis 
product was chromatographed on Silica Gel 60 (0.9 cm x 10 
cm; hexane), to give 3.0 mg (75%) of COT 2a; note Table 1, 
entry 3 for details of the 'H NMR spectrum. 

Direct irradiation of labellecl trietze mixture la,b 
A solution of 39.4 mg (0.26 mmol) of ln,b and ca. 40 mg of 
dodecane (GC standard) in 40 mL of cyclohexane was irradi- 
ated (Corex filter) for 30 min in Cell B (97% conversion by 
GC). The photolysate was chromatographed, first on Silica Gel 
60 (0.9 cm x 10 cm; 100 mL hexane) to remove polymeric 
materials, and then on a Lobar column with hexane solvent. 
The first band gave ca. 2 mg (5%) of naphthalene (identified by 
GC comparison with an authentic sample). The last band (i.e., 
third) gave 7.5 mg (19%) of deuterated 3,4-benzotri- 
cyclo[3.3.0.02~8]octa-3,6-diene (i.e., SB mixture 3a-c) as a 
colourless oil (GC purity >98%), which was identified by com- 
parison of the chemical shifts and coupling constants of the 'H 
NMR spectrum with that reported for authentic SB 3 (4); 'H 
NMR: 7.3 1-7.35 (m, 1.00H, aromatic), 7.04-7.18 (m, 3.20H, 
aromatics), 5.60 (dd, 0.47H, H-6, J6, = 5, J6,, = 2.3), 5.21 (m, 
0.99H, H-7), 3.90 (dd, 0.77H, H-5, J',,, = 6.3, J5,, = 2), 3.29 (m, 
0.94H, H-1), 3.04 (t, 0.81H, H-2, J,,' = J2,, = 6.3), and 2.70- 
2.76 (m, 0.67H, H-8); the calculated integrations for a mixture 
of 7.7% 3a,55% 36, and 37.4% 3c (as required by 17% utili- 
zation of route A and 83% of route B, Scheme 4) are 0.47 H-6, 
1 .OO H-7, 0.76 H-5, 0.93 H-l,0.8 1 H-2, and 0.64 H-8. 

The contents of the second band froin the Lobar chromato- 
graphy were rechromatographed on a Silica Gel 60IAgN0, 
column (1 cm x 11 cm; 0.1% ethyl acetate - hexane). Two 
bands were observed. The first band contained 1.0 mg (2.5%) 
of recovered triene mixture l a h ;  'H NMR: 7.00-7.17 (m, 
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4.15H, aromatics and residual CHCl,), 6.26 (d + br s, 0.84H, 
H-4), 6.13 (br s, 1.00H, H-7), 6.02 (br d, 0.38H, H-8, J,,, = 
2.7),5.88(dd,0.63H,H-5,Jj,4=Jj,6=4.5),4.11(d,0.71H,H- 
1, J1,6 = 4.5), and 3.64 (br d, 1.00H, H-6, J6,, = 4.5). The sec- 
ond band off the column gave 1 1.8 mg (30%) of COT 2a,b (or 
perhaps 2a,d); note Table 1, entry 6 for details of the 'H NMR 
spectrum. 

Sensitized irradiation of labelled triene mixture la,b 
A solution containing 12.9 mg (0.058 inmol) of p-dimethyl- 
aminobenzophenone, 43.5 mg (0.28 inmol) of la,b, and 29.3 
mg of dodecane (GC standard) in 40 mL of cyclohexane was 
irradiated for 40 min in Cell B, with light filtered through a 
Pyrex and WG 345 glass (Schott) filter (95% conversion by 
GC). The photolysate was concentrated, chromatographed on 
Silica Gel 60 (0.9 cm x 10 cm; 100 mL hexane) to remove 
polymeric materials and sensitizer, and then rechromato- 
graphed on a Lobar column (hexane). The first band contained 
a trace of naphthalene (identified by GC comparison with an 
authentic sample). The second band gave 1.6 mg (4%) resid- 
ual triene mixture l a b ,  'H NMR: 7.00-7.17 (m, 4.26H, aro- 
matics and residual CHCl,), 6.26 (d + br s, 0.8 lH, H-4), 6.13 
(br s, 1.00H, H-7), 6.02 (br d, 0.43H, H-8, J, , = 2.7), 5.88 (dd, 
0.60H, H-5, Jj,, = JjS6 = 4.5), 4.1 1 (d, 0 . 7 4 ~ ,  H-1, J1,6 = 4 . 3 ,  
and 3.64 (br d, 1.01H, H-6, J6 I = 4.5). The third band gave ca. 
1.0 mg (2%) of COT 2a: note Table 1, entry 5, for details of 
the 'H NMR spectrum. 

The final band gave 24.1 mg (55%) of SB mixture 36,c (GC 
purity >98%); 'H NMR: 7.31-7.35 (m, 1.00H, aromatic), 
7.04-7.18 (m, 3.29H, aromatics), 5.60 (dd, 0.46H, H-6, J6,, = 
5, J6,j = 2.3), 5.2 1 (m, 1.00H, H-7), 3.90 (dd, 0.76H, H-5, Jj,, 
= 6.3, Jj,, = 2), 3.29 (m, 1.01H, H-1), 3.04 (t, 0.80H, H-2, J, 
- - J2,, = 6.3), and 2.70-2.76 (m, 0.59H, H-8); the calculate'd 

integrations for a mixture of 55% 36, and 45% 3c (as required 
by 100% utilization of route B Scheme 4) are 0.47 H-6, 1.00 
H-7, 0.76 H-5, 1 .OO H- 1, 0.8 1 H-2, and 0.56 H-8. 

Quanturn efficiencies 
The quantum yield for the conversion of COT 1+2 was per- 
formed on an apparatus previously described (9), which 
includes an optical bench arranged for beam splitting into a 
potassium ferrioxalate actinometer (10). Cyclohexane solu- 
tions (in Cell C, 3.5 mL) of COT 2 (8 x M) were deoxy- 

genated prior to irradiation by flushing with argon. A positive 
pressure of argon was maintained over the stirred solutions 
throughout the course of the irradiations carried out with light 
of wavelength 313 nm. The quantum yield of 0.0001 was 
obtained from two runs extrapolated to zero conversion. Prod- 
uct analyses were determined by GC (internal dodecane stan- 
dard). 
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Influence of vanadium(V) complexes on the 
catalytic activity of ribonuclease A. The role of 
vanadate complexes as transition state 

I analogues to reactions at phosphate1 

Chui Har Leon-Lai, Michael J. Gresser, and Alan S. Tracey 

Abstract: The interactions of vanadate and its complexes of uridine, 5,6-dihydrouridine, and methyl P-D-ribofuranoside with 
bovine pancreatic ribonuclease A (RNase A) (EC 3.1.27.5) were studied by 5 1 ~  NMR spectroscopy and enzyme kinetics. From 
kinetic studies, it was found that neither inorganic vanadate nor the methyl P-D-ribofuranoside-vanadate complex significantly 
inhibited the RNase A catalyzed hydrolysis of uridine 2',3'-cyclic monophosphate. The NMR binding studies were in full 
agreement with the kinetics studies and showed that neither inorganic vanadate nor the methyl P-D-ribofuranoside-vanadate 
complex was bound tightly by the enzyme. Approximate binding constants were (5.0 + 1.0) x M and (3.0 + 0.6) x M 
for the uridine- and 5.6-dihydrouridine-vanadate complexes, respectively. An induced-fit mechanism is suggested, in which the 
pyrimidine subsite of the active site of RNase A must be fully occupied for the enzyme to be able to tightly bind the transition 
state or transition state analog. Calculation of the binding energies of vanadate complexes in ribonuclease, phosphoglycerate 
mutase, and phosphoglucomutase revealed an excess of binding energy over the analogous phosphate derivative of about 25 
kJ/mol for all enzymes, even though the binding constants themselves varied by about six orders of magnitude. This energy 
represents about 40% of that expected to be available for a trigonal-bipyramidal transition state and requires a reassessment of 
the role of vanadate as a transition state analogue for phosphate transfer. 

Key words: vanadate, ribonuclease, transition state, binding constants, phosphate analogues, kinetics. 

Resum6 : Faisant appel a la spectrscopie RMN du 5 1 ~  et de la cinCtique des enzymes, on a CtudiC les interactions entre le 
vanadate et ses complexes de I'uridine, de la 5,6-dihydrouridine et du P-D-ribofuranoside de mCthyle avec la ribunuclease A du 
pancrCas de boeuf (RNase A) (EC 3.1.27.5). Sur la base des Ctudes cinCtiques, on a trouvC que, vis-a-vis de I'hydrolyse du 
monophosphate 2',3'-cyclique de I'uridine de la RNase A, ni le vanadate inorganique ni le complexe du P-D-ribofuranoside de 
mCthyle-vanadate n'inhibent cette rCaction d'une f a ~ o n  significative. Les Ctudes par RMN ont montrt qu'il ne se produit aucune 
fixation entre ces matCriaux et elles Ctaient en parfait accord avec les ttudes cinCtiques; elles montrent aussi que ni le vanadate 
inorganique ni le complexe du P-D-ribofuranoside de mCthyle-vanadate ne se complexent fortement avec I'enzyme. Les 
constantes apparentes de fixation ont respectivement de (5,O + 1.0) x M et (3,O + 0.6) x M pour les complexes de 
I'uridine et du 5,6-dihydrouridine avec le vanadate. On propose un mCcanisme induit d'ajustement dans lequel il est important 
que tout le sous site de la pyrimidine du site actif de la RNase A soit occupC pour que I'enzyme soit capable de bien fixer 
1'Ctat de transition ou son analogue. Des calculs d'Cnergie de fixation des complexes du vanadate dans la ribonucltase, la 
phosphoglycCratemutase ou la phosphoglucomutase ont rCvC1C que, pour chacun de ces enzymes, ces valeurs sont environs 25 kJ 
mol-I supCrieures h celle du dCrivC analogue du phosphate, m&me si les constantes de fixation elles-m&mes varient par un facteur 
d'environ un million. Cette Cnergie reprksente environ 40% de toute I'Cnergie qui devrait Etre disponible pour un Ctat de 
transition trigonal bipyramidal et elle nCcessite une rCCvaluation du r61e du vanadate comme analogue de 1'Ctat de transition pour 
le transfert du phosphate. 

Mots clPs : vanadate, ribonuclCase, Ctat de transition, constante de fixation, analogue du phosphate, cinCtique. 
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Introduction 

Ribonuclease A (RNase A) (EC 3.1.27.5) is a bovine pancre- 
atic enzyme with a molecular weight of 13 700 (1): It cata- 
lyzes the hydrolysis of ribonucleic acid (RNA), with the 
formation and decomposition of an intermediate cyclic 2',3'- 
nucleotide (2). Inhibition exerted by a vanadate-uridine com- 
plex on the catalytic activity of RNase A was the first reported 
example of the influence of vanadium on an enzyme (3). An 
inhibition constant (K,)  value of 1.2 x lo-' M was reported (3)  
from this early work. 

Vanadate, in the presence of uridine or other nucleosides, 
gives rise to a number of complexes. The predominant prod- 
ucts are dimeric in nature and their formation constants are 
large compared to those of the monomeric precursors. Recent 
work (4, 5) has evaluated the formation constant for the 2:2 
complex and has also provided a value for the formation con- 
stant of the monomeric (1: 1) complex. The nature of this equil- 
ibration process was not appreciated at the time of the original 
inhibition studies. 

Questions concerning the mechanism of action of this 
enzyme have arisen over the past few years with the sugges- 
tion that the reaction proceeds via a triester intermediate 
instead of the generally accepted classical acid-base catalyzed 
mechanism (6, 7). The evidence seems to favour the classical 
mechanism for ribonuclease A (8). However, a steadily 
increasing number of ribonucleases have been discovered so it 
is important to fully understand the mechanism, or mecha- 
nisms, by which these enzymes operate. This problem has, to 
an extent, been recently addressed by extensive theoretical cal- 
culations (9-1 l )  that have included interactions with the uracil 
base (10). Because of the affinity of ribonuclease A for vana- 
date-derived analogues to the cyclic phosphate substrate, addi- 
tional possibilities for investigating the role of the uracil ring 
in the catalytic process have arisen. 

A reevaluation of the binding of uridine-vanadate complex 
by ribonuclease is also of general interest since this provides 
information on the role that the vanadium centre in complexes 
of vanadate plays as an analogue to phosphate in this enzyme. 
It is also necessary if comparisons are to be drawn with other 
enzymic systems. Unfortunately, only a very few other sys- 
tems have been studied in detail. However, a picture of the role 
of vanadate as a phosphate analogue begins to emerge from 
these studies that is inconsistent with the general picture of the 
role of vanadate as a transition state analogue to phosphate. 

In this study, "V NMR spectroscopy has been utilized to 
study the binding of vanadate complexes of uridine, 5,6-dihy- 
drouridine, and methyl (3-D-ribofuranoside to ribonuclease. 
Enzyme kinetics studies have also been carried out in conjunc- 
tion with these NMR studies. The results obtained here have 
been compared with those reported for phosphoglycerate 
mutase (12) and for phosphoglucomutase (13, 14). 

Materials and methods 

Bovine pancreatic ribonuclease A (lyophilized powder) was 
purchased from Boehringer Mannheim. All reagents used 

List of abbreviations: U-2';3'-P =uridine 2 '3-cycl ic  
monophosphate. U-3'-P =uridine 3'-monophosphate. 
RNase A = bovine pancreatic ribonuclease A. Tris = 
tris(hydroxymethyl)aminomethane. 

were of reagent grade. Both enzyme and reagents were used 
without any further purification. Vanadium(V) oxide, 99.99% 
(gold label) was purchased from Aldrich Chemical Co. Uri- 
dine 2',3'-cyclic monophosphate (sodium salt), uridine, 5,6- 
dihydrouridine, and methyl P-D-ribofuranoside (crystalline) 
were purchased from Sigma Chemical Company. Tris buf- 
fer (tris(hydroxymethy1)aminomethane hydrochloride or 
tris(hydroxymethy1)aminomethane) was from either Boe- 
hringer Mannheim or Sigma Chemical Company. KC1 and 
HCl(1 N) were from BDH Chemicals. NaOH (1 N) was from 
Anachemia Chemicals Inc. and Fisher Scientific. Reference 
buffer solutions (pH 4 ,7 ,  and 10) were from Canlab. 

Solutions 

Preparation of the vanadate stock solutions 
For "V  NMR studies: Stock solutions of sodium vanadate 
(NaH2V0,) were prepared by dissolving 0.5 mol equivalent of 
vanadium pentoxide (V,05) in 1 equivalent of 1.0 M NaOH. 
The mixture was stirred until the orange color disappeared, 
generally overnight, to give a colourless solution. It was then 
combined with enough KC1 and diluted with sufficient deion- 
ized distilled water to give a final concentration of 0.1 M 
NaH2V0, and 0.35 M KC1. 

For kinetics studies: Stock solutions of 1.0 mM sodium vana- 
date (0.35 M KC1) were prepared by dilution of the above 100 
mM solution of vanadate. The dilution was made into 5.0 mM 
Trisl0.35 M KC1 to near the desired final volume. The pH was 
adjusted to 7.0 with small aliquots of 0.1 N NaOH before 
diluting to the final volume. 

Preparatiorz of the ligand stock solutions 
Stock solutions of uridine, 5.6-dihydrouridine, and methyl P- 
D-ribofuranoside were prepared by dissolving each of them in 
0.35 M KC115.0 mM Tris buffer at a pH near 7.0. Subse- 
quently, the pH was adjusted to 7.0 by the addition of appro- 
priate quantities of 0.1 N HCl or 0.1 N NaOH. The 
concentration of the Tris buffer was low enough to avoid the 
formation of a significant amount of vanadate-Tris complexes 
(15) during the sample preparation. The concentration of uri- 
dine was determined by UV spectrophotometry ( E ~ ~ ~  = 9.9 
m ~ - '  cm-'). 

Preparation of the substrate 
A solution of uridine-2',3'-cyclic phosphate (U-2',3'-P), in 
0.35 M KC115.0 mM Tris buffer, pH 7.0, was prepared fresh 
on the day of use, prior to the kinetics experiments, and kept 
on ice. The concentration of substrate was determined spectro- 
photometrically = 9.57 m ~ - '  cm-I). 

Preparation of the RNase A satnples 
For "V  NMR spectroscopy: The enzyme samples were pre- 
pared by dissolving the lyophilized powder in a solution of 5.0 
mM Tris buffer and 0.35 M KCl, the pH was adjusted to about 
7 with small aliquots of 0.05 N NaOH, and vanadate was 
added to give a final concentration of 1.0 mM. The pH was 
adjusted again to 7.0 before bringing the solution to the final 
volume. It was done this way to avoid the formation of deca- 
vanadate which is an oligomer that hydrolyzes very slowly at 
neutral pH. 
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Before the addition of vanadate to the enzyme sample, a 
small aliquot was withdrawn from the sample in order to deter- 
mine the concentration of protein by reading the absorbance at 
280 nm ( E ~ % ~ ~ ~  = 7.3, MW = 13 700 (1)). This procedure 
avoided the interference by vanadate, which also has a signif- 
icant absorbance at this wavelength; 2.0 mL samples were 
used for the NMR spectroscopy. 

For kinetics studies: Two enzyme stock solutions were pre- 
pared by dissolving the lyophilized powder in sufficient 5.0 
mM Tris buffer solution to give a volume close to that desired. 
This was followed by adjustment of the pH to 7.0 using 0.05 N 
NaOH, then adding distilled water to give the desired final vol- 
ume. The concentrations were 1.59 and 1.46 mg/mL. 

The uridine-vanadate samples for the kinetics experiments 
were prepared by mixing the appropriate amounts of the ligand 
and vanadate stock solutions to obtain the desired final con- 
centrations of reactants. These solutions were allowed to 
equilibrate approximately 1 h before combining with the ribo- 
nuclease. The assay conditions were 5.0 mM Tris, 0.35 M 
KCI, 14-16 pg/mL RNase A at pH 7.0, and 25°C. 

NMR spectroscopy 
5 1 ~  NMR spectra were obtained at 105 MHz on a Bruker WM- 
400 spectrometer. All spectra were obtained in the unlocked 
mode. Acquisition parameters were 0.05 s acquisition times, 
50 kHz sweep widths, and 50" pulse widths. Each spectrum 
was obtained from 20 000 scans. All the spectra were zero 
filled from 4 K to 8 K and a line-broadening factor of 50 Hz 
was used before transformation to the frequency domain. The 
Fourier transform was done in the absolute intensity mode to 
allow signal intensities from different spectra to be compared. 
VOCl, was used as the external reference standard, and its sig- 
nal was assigned as 0 ppm. When the Fourier transform was 
done in the relative intensity mode, the externallinternal refer- 
ence was a complex of V(V)-H,O, contained in a concentric 
capillary tube within the standard NMR tube. The vanadium- 
51 signals from this solution occur at -765 and -625 ppm. 
This chemical shift reference was chosen because its signals 
do not interfere with the signals of the vanadate species of 
interest. Spectra were obtained at room temperature. A base- 
line correction was carried out before measurement of any sig- 
nal intensities. The instrument manufacturer's software was 
used for all NMR measurements and manipulations. 

UV-visible spectrophotometry 
Reaction rates were obtained by monitoring the change in 
absorbance at 286 nm on a Hewlett Packard 8452A diode array 
spectrophotometer. UV cells (3 mL) with cylindrical stir bars 
were used for all experiments. The signal averaging time was 
10 s, the scanning interval was 35 s, and the reaction rates were 
followed for 10 rnin. The rate of hydrolysis of uridine-2',3'- 
cyclic phosphate was followed at 286 nm, using = 600 
M-' cm-' (1). 

Equilibrium studies of vanadate plus ligands 
Complex formation with uridine, 5,6-dihydrouridine, and 
methyl P-D-ribofuranoside was studied. The equilibrium con- 
stants for formation of the complexes were determined using 
standard techniques (5) under the conditions of 5.0 mM Tris 
buffer, 0.35 M ionic strength with added KC1 and 1.0 mM van- 

adate, pH 7.0. The ligand concentration was varied from 0 to 
21 mM for each of the various studies. 

Binding of vanadate-ligand complexes to RNase A 
Solutions were prepared by successive additions of small vol- 
umes of the stock ligand (uridine, 5,6-dihydrouridine, or P- 
methyl riboside) solution to 2.0 mL of a (1: 1) enzyme-vana- 
date solution. The concentration of the ligand was varied from 
0 to 60 mM and the binding of the vanadium-ligand complex 
to ribonuclease was monitored by 5 1 ~  NMR spectroscopy. 
The ribonuclease concentration for all studies was close to 1.0 
mM. 

Inhibition of RNase A by vanadate-uridine and vanadate- 
dihydrouridine complexes 

Reaction solutions were prepared at 295 K by mixing the 
appropriate quantities of the ligand-vanadate stock solution 
with the uridine 2',3'-cyclic phosphate solution. The reaction 
was then started by addition of 20 pL of enzyme solution to 
2.0 mL of the reaction solutions. For uridine-vanadate the 
concentrations were 1.0 mM uridine or 1.0 mM uridine + 0.1 
mM vanadate with 5.0 mM Tris buffer, 0.35 M KC1, pH 7.0, 
and 14-16 pg/mL of ribonuclease. The conditions were simi- 
lar for the dihydrouridine experiments except that this nucleo- 
side concentration was 39.6 mM. The rate measurements were 
made at 295 K and were started 1.5 min after the addition of 
ribonuclease and followed for 10 min. Except for the higher 
concentrations of substrate, the changes in the absorbance 
were linear with time throughout the entire 10 min, indicating 
that product inhibition was insignificant. The first 3 min of all 
runs were used for the determination of initial rates. In sepa- 
rate experiments it was confirmed that the initial rates were 
proportional to the enzyme concentration. 

Results 

Uridine, 5,6-dihydrouridine, and methyl P-D- 
ribofuranoside plus vanadate 

The interactions of vanadate with nucleosides (4, 16-20) and 
P-methylriboside (5) have been studied by a number of work- 
ers. These studies have clearly shown that, under conditions of 
a few millimolar concentrations of vanadate with equivalent 
amounts of ligand at neutral pH, the major product of the reac- 
tion is a binuclear bisligand product. Early studies proposed 
that the coordination about the vanadium in this type of prod- 
uct was trigonal bipyramidal (21), although there has been 
some controversy over the details of the structure (5, 16, 18). 
A recent X-ray structure of an adenosine-vanadate dimer 
showed a slightly distorted square-pyramidal coordination 
about each of the vanadium nuclei of the dimer in the crystal- 
line material (22). NMR studies strongly suggest that the 
square-pyramidal structure is retained in solution (22). It 
should, however, be noted that a trigonal-bipyramidal coordi- 
nation has been proposed for similar compounds in aqueous 
solution (23). 

The details of determining the formation constants for the 
products in solution have been discussed in detail elsewhere 
(4, 5) and that work has shown that the formation constant for 
the major product of the reaction of vanadate with nucleosides 
is about 5 x lo7 M-, (4). For the conditions of this study, the 
formation constants measured for the compounds of interest 
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here (uridine, ( 5.3 + 0.2) x lo7 M - ~ ;  5,6-dihydrouridine, (4.8 
+ 0.4) x lo7 M"; methyl P-D-ribofuranoside, (2.1 + 0.1) x 
lo7 M - ~ )  are close to the above value. Unfortunately, this for- 
mation constant for the dimer is not the one that is of most 
interest although the value is useful for comparative purposes. 
Signals corresponding to these products occur near -520 
ppm, as can be seen in the relevant spectra of Fig. 1. 

The formation constants of primary interest for this work is 
that of the tetrahedrally coordinated cyclic ester (VL) formed 
between the 2' and 3' hydroxyl groups of the ribose ring. 
Detailed investigation of a number of nucleosides has revealed 
the formation of a complex that is thought to correspond to 
such a product (4). From those studies, a formation constant of 
about 3 M-I was obtained for each of the different nucleoside 
complexes. Such a detailed study has not been carried out here 
but, since the overall formation constants for the various 
dimers are not much different from the values obtained in the 
study mentioned above, a value of 3 M-' has been assumed for 
this work. There is no reason to expect significant changes in 
formation constants since the reaction conditions for the two 
studies are similar. 

NMR binding studies 
Vanadium-51 is a quadrupolar nucleus and the linewidths of 
the V-5 I NMR signal are determined by the efficiency of the 
quadrupole-induced nuclear relaxation. For vanadium 
attached to proteins of the size of ribonuclease, the quadrupo- 
lar induced relaxation is very efficient and the vanadium signal 
from bound vanadium is so broad that it is effectively lost in 
the baseline of the spectrum. As a consequence, the observed 
spectrum corresponds to the various species that are not 
bound. Because of this effect. the incoruoration of vanadium 
into ribonuclease is readily quantitated. 

Initial "V NMR experiments were carried out to determine 
the extent of the binding of vanadate itself to ribonuclease. 
Under the reaction conditions of this study, there was not 
enough vanadate being bound to be observable, that is, less 
than 10% of the vanadate in a 1.0 mM vanadate- 1.0 mM ribo- 
nuclease solution. However, an X-ray study showing a single 
vanadate attached to ribonuclease T has been reported (24), so 
clearly vanadate can be bound. 

Figure l a  shows the result of adding uridine, in a progres- 
sive manner, to a solution of 1.0 mM vanadate in the presence 
of 1.1 mM ribonuclease. There very clearly is a loss of observ- 
able vanadium signal intensity. The more rapid loss of signal 
intensity of the vanadate oligomers, compared to monovana- 
date itself, is expected for a system that is in equilibrium. Fig- 
ure l b  shows similar behaviour for dihydrouridine. Tables 1 
and 2 give the amounts of free and bound vanadium for the two 
studies. A similar procedure using methyl P-D-ribofuranoside 
provided no evidence for other than a possible weak binding of 
the ribofuranoside-vanadate complex. 

To interpret the results of the binding studies it is necessary 
to account for all the equilibrations that vanadate undergoes 
while in the presence of the nucleoside, including self-conden- 
sation reactions. In addition, in the presence of ribonuclease 
there are additional eauilibria that must be considered: the for- 
mation of the vanadate-nucleoside-ribonuclease (E-VL) com- 
plex and a nucleoside-ribonuclease (E-L) complex. It seems 
clear that any binding of vanadate itself or its oligomers to ribo- 
nuclease A is weak because no binding was observed in any of 

Fig. 1. "V NMR spectra showing the loss of vanadium signal 
intensity as uridine (Fig. la) or 5,6-dihydrouridine (Fig. lb) is 
added to a solution of vanadate (1 mM) in the presence of 
ribonuclease A (1.06 mM). The vanadium signals correspond to: 
-560 ppm, monovanadate; -572 ppm, divanadate; -572 ppm, 
tetravanadate; -583 ppm, pentavanadate. Conditions of the 
experiments: 5.0 mmol Tris buffer; pH 7.0; 0.35 M KC1 and, for 
Fig. 1 a, 0,0.3, 1 .O, 4.0, and 11.7 mM added uridine for traces e, 
d, c, b, and a, respectively; Fig. lb, 0,0.3, l.l,4.4, and 12.8 mM 
added dihydrouridine for traces e, d, c, b, and a, respectively. 

the studies camed out here. Assuming a minimum observable 
quantity of vanadate being bound as 10% of the total utilized in 
the binding study (vanadate to ribonuclease, 1: l), a lower limit 
of 0.01  was estimated for a ~oss ib le  dissociation constant. 
The value would have to be m;ch smaller than this before it 
would have a significant effect on the analysis of the binding 
studies. In agreement with the binding studies, kinetics studies 
showed no inhibition by vanadate. The kinetics result allowed 
a lower limit of 3.0 mM to be calculated for the inhibition con- 
stant of vanadate (3). This value is about a factor of 3 from the 
lower limit value estimated from the binding study. 

Kinetics studies have clearly shown that free uridine is a 
reasonably efficient inhibitor of the function of ribonuclease 
A, its Ki being about 2 mM (see Table 3). This value is not 
much different from the lower limit value estimated for the 
dissociation of vanadate. However, nucleoside concentrations 
in this study range up to about two orders of magnitude larger 
than the free monomeric vanadate concentration. and the cor- 
responding dissociation constant therefore influences the 
analysis of the results. 

Equation [ 11 describes the proportion of bound vanadium as 
a function of the concentration of free uridine and free vana- 
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Table 1. Distribution of vanadium between free vanadate species 
and vanadate bound to ribonuclease A, determined in the 
presence of added uridine."," 

[Uridine] [vil [',is] [vbl 

"All concentrations are reported as mmol/L and, for vanadium, represent 
vanadium atom concentrations. V, corresponds to monomeric vanadate 
while V,,, represents all vanadate species, including the monomer, 
oligomers, and uridine-vanadate complexes, that are observed in the NMR 
spectrum. V, represents the enzyme-bound vanadium. 

bConditions for the experiments: total vanadate, 1.0 mM; RNase, 1.06 
mM; Tris buffer, 5.0 mM; pH, 7.0; KCI, 0.35 M; total uridine, as 
indicated in table. 

Table 2. Distribution of vanadium between vanadate bound to 
ribonuclease A and free vanadate species in the presence of 5,6- 
dihy dr0~ridine.O.~ 

[Dihy drouridine] [vil [VvisI [vbl 

"All concentrations are reported as mmol/L and, for vanadium, represent 
vanadium atom concentrations. Vi corresponds to monomeric vanadate 
while V,,, represents all vanadate species, including the monomer, 
oligomers, and dihydrouridine-vanadate complexes, that are observed in 
the NMR spectrum. V, represents the enzyme-bound vanadium. 

"Conditions for the experiments: total vanadate, 1.0 mM; RNase A, 1.06 
mM; Tris buffer, 5.0 mM; pH, 7.0; KCl, 0.35 M; total dihydrouridine, as 
indicated in table. 

date in the equilibrated solution. The derivation of this equa- 
tion is described in the Appendix. The binding curve, as 
described by eq. [ l ] ,  contains terms for binding of the nucleo- 
side, K,, for binding of vanadate, K7 (1/K7 = 0.01 M). and for 
binding of the nucleoside-vanadate complex, Kg. In fact this 
latter value enters as the product KlK6, where KI is the forma- 
tion constant for the nucleoside-vanadate complex. K, has a 
value close to 3 M-' (4). 

Fig. 2. A representation of the proportion of vanadate bound to 
ribonuclease A as a function of the amount of added uridine. The 
points present the experimental data while the curves were 
calculated as described in the Appendix. The best-fit curve was 
obtained using the parameters KlK6 = 6 x lo6 M-', K5 = 125 M-l, 
and K7 = 100 M-I, as required for eq. [I]. Conditions for the 
experiments: 1.06 mM RNase A, 1.0 mM vanadate, 5.0 mM Tris 
buffer, pH 7.0, 0.35 M KC1, and the indicated amounts of added 
uridine. 

Fig. 3. The proportion of vanadate bound to ribonuclease A as a 
function of the amount of added 5.6-dihydrouridine is shown. The 
points present the experimental data while the curves were 
calculated as described in the Appendix. The best-fit curve was 
obtained using the parameters KIK6 = 1 x lo6 M-', Kg = 28 M-l, 
and K7 = 100 M-I, as required for eq. [I]. Conditions for the 
experiments: 1.06 mM RNase A, 1.0 mM vanadate, 5.0 mM Tris 
buffer, pH 7.0, 0.35 M KC1, and the indicated amounts of added 
dihydrouridine. 

Figure 2 shows the proportion of vanadate bound by ribo- 
nuclease as a function of added uridine and also calculated 
curves that bracket the experimental values. The curve that 
best describes the experimental results has the values of (6 + 
1) x lo6 M-' for K1K6 with a value of 1.3 X 10' M-I for K,. If 
the inhibition constant for uridine is a true dissociation con- 
stant, then l/KS = 8 x M should be equal to the inhibition 
constant reported for uridine from kinetics studies (3,25). The 
two values are the same to within the errors of the experi- 
ments. The interaction constant, KIK6, gives a value of (5 * 1) 
x M for the dissociation of VL from E-VL (= l/K6) when 
K, (= 3 M-') is factored out. 
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Table 3. Binding and inhibition of ribonuclease A by nucleosides and nucleoside/vanadate 
complexes." 

Inhibitor Binding constant Inhibition constant ~ e f e r e n c e ~  

Uridine 7.7 mM 

Dihydrouridine 
2'-Deoxyuridine 
Vanadate 

"Binding constants were determined from NMR studies; inhibition constants from kinetics experiments. 
"~eferences correspond to the following: A, this work; B, ref. 3; C, ref. 25; D, recalculated from Fig. 3 of 

ref. 3. 

Dihydrouridine, in the presence of vanadate, also undergoes 
strong binding interactions with ribonuclease A. The results of 
the binding study and the corresponding calculated binding 
curves are shown in Fig. 3. The constants describing the best- 
fit curve are KIK6 = (1.0 ? 0.2) X lo6 M-' and K5 = 28 ? 5 
M-'. These values correspond to (3.0 ? 0.6) x lo4 M and 
(3.6 ? 0.7) x lo-' M for 1/K6 and 1/K5, respectively. 

No binding of the methyl P-D-ribofuranoside-vanadate 
complex to the enzyme was found for any of the concentra- 
tions utilized. An apparent disappearance of less than 5% of 
the total vanadate signal intensities was observed when the 
concentration of the methyl riboside was increased from 15 to 
60 rnM. However, because of the uncertainty in the integra- 
tion of the vanadium(V) signals, it is not clear that this can 
be ascribed to binding of the riboside-vanadate complex to 
the enzyme. However, a lower limit for the dissociation con- 
stant (1/K6 = 2 x lo4 M)) was estimated by assuming that no 
more than-5% of the enzyme was bound when the concentra- 
tion of the ligand was 60 mM. This value is two to three 
orders of magnitude larger than those for the tightly bound 
complexes formed with uridine or 5,6-dihydrouridine (see 
above). From these results, it seems evident that a nonreact- 
ing portion of the substrate, the uracil group, is essential for 
the tight binding of the vanadate-nucleoside complex to ribo- 
nuclease A. 

During the ligand titration experiments, it was found that 
after addition of uridine and 5,6-dihydrouridine, the pH of the 
enzyme-vanadate mixture increased. This observation is simi- 
lar to that reported for phosphate-containing compounds (26) 
and it indicates that protons are required for the binding of 
these complexes to RNase A. 

Kinetics studies 
Independent kinetics experiments were also carried out for the 
two inhibitors. The procedure for analysis of the kinetics 
results was similar to that employed by Lindquist et al. (3) 
except that the inhibiting species was assumed to be only the 
uridine-vanadate monomeric complex, as supported by the 
crystal structure studies (27). It was necessary to use the for- 
mation constants K, and K3 in eqs. [2] and [3] and the conser- 
vation equation, eq. [4], where cV, corresponds to the total 

amount of vanadate in solution. For the analysis, it was not 
necessary to use the full eq. [4] because the concentrations of 
VUr and E.VUr together represent less than 1% of the total 
vanadate concentration. Therefore, using a simplified conser- 
vation equation and eq. [3], eq. [5] is obtained. Because of the 
low relative amount of vanadate used in these studies, at no 
time is the total amount of uridine, cur,, significantly different 
from the true concentration, [Ur], so the conservation equation 
for uridine is not required. Therefore, [V,] was calculated from 
eq. [5] using [Ur] = cur,. This value of [V,] was then used to 
calculate the concentrations of V2Ur, and VUr. For the condi- 
tions used in this study ( 0.1 mM total vanadate and 1.0 mM 
total uridine) with K3 = 5.3 x lo7 M-~ ,  [VUr] = 0.30 k M  and 
[V,Ur2] = 0.52 kM. Similar calculations for dihydrouridine 
(0.1 mM total vanadate and 39.6 rnM total dihydrouridine 
with K3 = 4.8 x lo7 M - ~  ) gave the corresponding concentra- 
tions, [V(H,Ur)] = 2.7 k M  and [V2(H2Ur),] = 37.5 kM. 

K, 
[2] Vi + Ur + VUr, [V,] [UrIK, = [VUr] 

[4] cV, = [Vi] + [VUr] + 2[V2Ur2] + [E-VUr] 

Figure 4 shows the results of a kinetics study of the uridine- 
vanadate-ribonuclease A system. As can be seen from this fig- 
ure and is well known for this system (3, 25), uridine is an 
inhibitor, and this is in keeping with the observation of uridine 
binding in the NMR study. The initial reaction velocity (v) of 
the kinetics equation then requires terms for inhibition by uri- 
dine and by the VUr complex as defined by eq. [6] where V,,, 
is the maximum reaction velocity, [S] is the substrate concen- 
tration, K,, is the Michaelis constant, and the Ki are the inhibi- 
tion constants. 
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Fig. 4. The inverse rate of hydrolysis of cyclic 2',3'-uridine 
monophosphate catalyzed by ribonuclease A is shown as a 
function of the inverse substrate concentration. Ribonuclease 
inhibitors: (0) no inhibitor added; (E) 1 mM uridine; (6) 1 mM 
added uridine plus 0.1 mM vanadate. Conditions of the 
experiments: 1&16 p,g/mL ribonuclease A; 5.0 mM Tris buffer; 
0.35 M KCI; pH 7.0; 298 K. Each experimental point is the 
average of two independent determinations. 

The bottom trace of Fig. 4 shows the results of the rate mea- 
surements in the absence of inhibitor so that the intercept gives 
1/VlnaX and the slope K,IV, ,,,. The values, 0.09 ? 0.02 mg min 
I.Lmol-' and 380 + 30 mg min for the intercept and slope, 
respectively, provided a value of 4.2 + 1.5 mM for the K,, of 
2',3'-uridine monophosphate. This value of the Michaelis con- 
stant is close to that previously reported, about 9 mM (3, 28) 
and almost identical to the value determined here from the 
independent dihydrouridine study, K,, = 3.7 t 1.6 mM. 

The centre trace of Fig. 4 was obtained when the reaction 
solution contained 1.0 mM uridine. The inhibition constant 
obtained was Ki;,, = 1.7 t 0.2 mM, a value close to that pre- 
viously reported, 2.3 mM (25). The corresponding value for 
dihydrouridine was 4 1 + 6 mM. 

The upper trace of Fig. 4 shows the influence of the uridine- 
vanadate complex on the rate measurements. The Ki;yur value 
determined for this complex was (4.5 + 0.6) x M on the 
basis of the concentration of VUr obtained above. This value 
compares very favorably with the dissociation constant mea- 
sured from the NMR binding experiments, (5.0 % 0.4) x l ~ - ~  
M. Reanalysis of the results of Lindquist et al. (Fig. 3 of ref. 3), 
with the correction for the occurrence of V2Ur2 in the reaction 
solution, yielded a value of 4.9 x M for KiiVUr. This value 
is in excellent agreement with that of the present study. The 
inhibition constant determined for dihydrouridine-vanadate 
was (1.1 + 0.2) x M, a value quite close to that of the cor- 
responding uridine complex. Table 3 summarizes the values 
for the binding constants obtained from the NMR measure- 
ments and the inhibition constants obtained from kinetics 
experiments. 

Discussion 

RNase A is potently inhibited by uridine 2',3'-cyclic mono- 
vanadate and 5,6-dihydrouridine 2',3'-cyclic monovanadate. 
The association constant for the binding of these complexes to 
the enzyme at pH 7.0 is lo3 to lo4 times larger than the esti- 

mated association constant for the uridine 2',3'-cyclic mono- 
phosphate. There is little reason to suspect that tetrahedral 
vanadate will be bound much more strongly than tetrahedral 
phosphate in a ground state structure. In fact, tetrahedral van- 
adate esters are thought to be responsible for the activation of 
certain enzymes that normally require a phosphate ester for 
their function (29-3 1). The tight binding therefore suggests 
that, in the present case, the role of the vanadate complexes is 
that of transition state analogs. This is supported by the crys- 
tallographic structure for the complex between ribonuclease 
and uridine 2',3'-cyclic monovanadate (27) that revealed that 
the amine group of Lys-41 and the imidazole rings of His- 12 
and His-1 19 are hydrogen bonded to the oxygens of a penta- 
coordinate vanadium(V). This coordination closely approxi- 
mates the transition state structure originally proposed for the 
hydrolysis of pyrimidine 2',3'-cyclic monophosphates cata- 
lyzed by RNase A (3). A recent crystallographic study of van- 
adate incorporated into rat acid phosphatase also revealed a 
similar coordination about the vanadium centre (32). How- 
ever, recent NMR studies have suggested that there is a struc- 
tural change in the ribonuclease ~ n ~ ~ o i n ~  from the crystalline 
material to its solution counterpart and that this change modi- 
fies the binding interactions of one of the histidines to the 
phosphate group (33). 

From the binding studies and the kinetics results obtained 
here, it appears that there is a synergistic interaction involving 
the pyrimidine and the vanadate groups. The degree of this 
synergism was increased with the replacement of uridine by 
5,6-dihydrouridine while replacement of the pyrimidyl group 
by a P-methoxy group caused a large loss in affinity of the 
enzyme for the riboside-vanadate complex. This suggests 
that, without the pyrimidine group, there can not be tight bind- 
ing of the ribose-vanadate moiety to the enzyme and this 
emphasizes the importance of the amino acid residues, Thr-45, 
Phe-120, and Val-43, which interact with the base. The pres- 
ence of strong interactions with the base is also supported by 
molecular dynamics simulations (10). 

In the induced-fit mechanism of enzyme action (34), the 
catalytic groups at the active site of the free enzyme are not in 
optimal positions to exert effective catalytic activity. A sub- 
strate must have the minimal structural features to force a con- 
formational change of the enzyme to the active form, so that a 
reaction can occur. The "V NMR binding studies and the 
kinetic inhibition studies of this work are consistent with this 
mechanism of action for RNase A but certainly do not require 
it. Other support for this possible mode of action is provided 
from alternate sources. 

Evidence that a conformational change can occur in the 
active site of RNase A is available. X-ray data on the binding 
of cytidylic acid (2'-CMP) (35) and cytidine-N(3)-oxide 2' 
phosphate (O(3)-2'-CMP) (35,36) to RNase A have revealed 
different modes of binding and some significant displace- 
ments of side-chain atoms in the active site (Lys-41 and His- 
119). Also, it was found that Lys-7 and Lys-66 occupied dif- 
ferent positions in the absence and presence of inhibitors at the 
active site (35, 36). Competitive inhibition studies using cyti- 
dine 2'-monophosphate and cytidine 3'-monophosphate have 
shown a conformational change due to the binding process 
(37). It was also concluded from temperature-dependence 
studies of ribonuclease-catalyzed opening of the cytidine 
cyclic 2',3'-phosphate that conformational changes occur dur- 
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Scheme 1. E: ribonuclease in its receptive form. E*: ribonuclease 
in its activated state. R-V: vanadate component of the inhibitor 
complex. R-U: uracil component of the inhibitor complex. R-U,V: 
both components of the uridine-vanadate inhibitor. 

R-V 

ing the catalytic cycle (38). Furthermore, X-ray analysis has 
shown that the free enzyme exists in two different conforma- 
tions for which the imidazole ring of His- l 19 occupies two dif- 
ferent sites (39) and evidence suporting this is available from 
NMR studies (33). Taken together, this evidence provides 
strong support for the existence of at least two different con- 
formations available to RNase A. 

The results obtained here can be explained by suggesting 
there are two interconvertible conformations of RNase A that 
differ in their affinity toward the various inhibitor complexes 
of vanadate. The low-affinity or inactive form of ribonuclease 
A (E) is complementary to the substrate, while the high-affin- 
ity or active form (E*) has a structure complementary to that of 
the transition state. In the absence of either the pyrimidyl 
group or the vanadate group, the low-affinity form of the 
enzyme predominates. The binding of either of these groups, 
in isolation, to their respective RNase subdomains is unfavor- 
able. In the presence of both groups, the equilibrium between 
the two RNase A species is shifted towards the high-affinity 
form. Either subdomain, once it is occupied by its correspond- 
ing group, promotes a change in conformation of the RNase so 
that both groups of the ligand are fully accommodated. This 
leads to an overall energetically favorable interaction with the 
substrate. A reaction sequence that is consistent with the 
observed results is shown in Scheme 1. 

When both the pyrimidyl and ribose-phosphate subsites of 
the active site are occupied, the reactive groups are brought 
together so that the full binding of the unstable five-coordinate 
phosphate can be achieved. The transition state energy 
required for forming the intermediate phosphate is high and 
some of the energy required is provided by binding of the pyri- 
midine group. Protein engineering studies on tyrosyl-tRNA 
synthetase (40) have provided direct evidence of transition 
state stabilization in enzyme catalysis. Taking at face value the 
fact that the P-methylriboside-vanadate complex is only 
weakly bound, it then appears that binding interactions to the 
ribose ring and the attached pentacoordinate vanadate are suf- 
ficient to approximately balance the energy requirements of 
ribonuclease for its active state. To the extent that the pentaco- 
ordinate vanadate in the enzyme complex is a good mimic of 
the phosphate transition state, this means that the additional 
energy required to achieve the transition state of phosphorus is 
matched by that available from the interactions of the uracil 
group of the nucleoside with the active-site threonine, valine, 

and phenylalanine that were identified in the X-ray work (35). 
Unfortunately, such considerations are complicated by 
entropic factors that must be taken into account when compar- 
ing the binding of the nucleoside-vanadate complex to-the 
individual binding of riboside-vanadate and of the free 
nucleoside (41,42). The energy of binding of the nucleoside- 
vanadate complex will be greater than the sum of the energies 
available from the binding of ribose-vanadate and the binding 
of the free nucleoside. 

It is instructive to examine the role of vanadate and its com- 
plexes as transition state analogues a little more closely. If the 
K, for 2',3'-cyclic phosphouridine, as defined by eq. [6], 
is taken to approximately correspond to a true dissociation 
constant, then binding of this substrate occurs with an energy 
of about -14 Wlmol (from AG = -RT In K). This compares 
with -36 kJ1mol for the binding of the cyclic vanadiouridine 
complex. A similar comparison can be drawn for phospho- 
glycerate mutase. In this case, the specific cofactor, 2,3-bis- 
phosphoglycerate, has a K, of 3.3 x lo-' M (43) while 
2-vanadio-3-phosphoglycerate has a dissociation constant of 
1 x lo-" M (12). These two parameters correspond to - 37 
and -62 kllmol, respectively, for the association energy. 
Values close to this are also found for phosphoglucomutase 
where the K, for 1,6-bisphosphoglucose is equal to 4.8 x lo-' 
M while Ki for 6-vanadio-glucose-l-phosphate is 2 x lo-'" 
(13). These constants correspond to AG = -41 and -66 
Wlmol, respectively. 

From these three examples it can be seen that the excess 
binding energy deriving from the replacement of a single 
phosphate by a vanadate in the enzyme complex falls within 
the range of 22 - 25 kJImol, this despite a range of about lo6 in 
the values of the dissociation constants. This excess energy of 
binding might be considered to be dependent on two major 
factors: the~energy required to generate the phosphate transi- 
tion state and that required for the corresponding state with 
vanadate. To the extent that vanadate is a good substitute for 
phosphate, the excess energy of binding the enzyme complex 
is equal to the difference between these two binding energies. 

It is possible to compare the transition and ground state 
energies by obtaining the values of the rate constant for cata- 
lyzed hydrolysis, kc,,, and the rate constant, khyd, for the non- 
catalyzed reaction. The ratio of these two values, kcaJkhyd, 
should roughly correspond to KmIKi;vu, if the vanadate com- 
plex provides a good transition state analogue to the phosphate 
reaction. From the known hydrolysis rates of uridine cyclic 
phosphate, 4 x s-' at 298 K (44) and kc,, = 4 s-', the ratio 
obtained here for kca,lkhyd is 1 x lo9, to be compared to K,l 
Ki,vu, = 1.6 x 10" (In ref. 44 the rate enhancement for the 
enzymic reaction is given as 7 x lo9 for the analogous cytidine 
hydrolysis.) In energy terms, RT ln(KmIKi,vu,) = 22 kJ1mol 
while RT ln(kc,Jkh,,) = 54 kllmol. These values are quite sig- 
nificantly different from each other and suggest that the reac- 
tion with pentacoordinate vanadate goes only about 40% of 
the way to-a transition state structure in the ribonuclease reac- 
tion. 

An approach to this problem that would provide valuable 
information would be to directly compare the activation ener- 
gies for hydrolysis of the cyclic phosphate to the correspond- 
ing cyclic vanadate. Unfortunately, the rate of hydrolysis of 
the appropriate vanadate derivative is not known. However, if 

- - 

it is assumed that the transition state structure about phosphate 
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in the enzyme-catalyzed reaction is similar to that for ester 
hydrolysis, it is possible to estimate in an independent manner 
the excess energy available to vanadate. At 373 K, the energy 
of activation to hydrolysis, AE, for the methyl phosphate, 
glycerol- 1 -phosphate, and glucose- 1 -phosphate monoanions 
is close to 126 kJ1mol for all compounds with corresponding 
preexponential factors, A, (for k = A  exp AEIRT), of 6.5 x lo1* 
s-I, 4.3 x 10" s-I, and 5.0 x lo1* s-' (45). For methyl phos- 
phate the rate constant for hydrolysis is 8.2 x lo4 s-I com- 
pared to 6.1 x lo4 s-' for ethyl phosphate. Other closely 
related esters have similar rate constants. It can. therefore. rea- 
sonably be assumed that the preexponential factor for kthyl 
phosphate is close to 5 x lo1* s-'. This, together with the rate 
of 6.1 x 1 0 ~ s - ' ,  corresponds to a AE of 128 kJlmol. This value 
is not exact but small errors are not significant. This calculated 
value for ethyl phosphate is the same as the value reported for 
methyl phosphate, 128 kJlmol(45). Assuming these values of 
AE and A, a rate constant of 2.0 x lo-' s-' is calculated for the 
hydrolysis of ethyl phosphate at 328 K. 

The rate constant for the hydrolysis of ethyl vanadate at 328 
K is 1.2 x lo3 s-' (46). If the preexponential factors for ethyl 
phosphate and ethyl vanadate are not exceedingly different, 
the difference in activation energies for hydrolysis between 
these two compounds can be estimated from the ratio of the 
two rate constants. On this basis, the energies required to 
obtain the pentacoordinate transition state structures are differ- 
ent by about 68 kJ1mol or AEv = 60 kJ1mol and AEp = 128 
kJImol. 

Since the excess binding energies of the vanadate com- 
plexes in the three enzyme-vanadate systems mentioned pre- 
viously are about 25 kJImol, this analysis suggests there is a 
shortfall of about 40 kJ1mol in the excess binding energy avail- 
able to these three enzymic reactions. Put another way, in all 
three enzymes, the enzyme-vanadate complex goes only 
about 40% of the way towards a transition state structure. This 
agrees with our analysis above for the studies carried out here 
with ribonuclease A. A different set of arguments has been 
advanced for phosphoglucomutase, suggesting that the reac- 
tion with vanadate proceeds about 45% of the way to the tran- 
sition state in that particular system (14). 

Some of this shortfall in energy may arise because the V-0 
bond lengths are slightly longer than P-0 bond lengths, by 
about 0.15 A, or about 10% of the bond length (47). It does not 
seem that this offers a reasonable explanation for other than a 
small proportion of the energy shortfall. However, there are 
some indications that the oxygens of pentacoordinate vanadate 
may not be as good hydrogen bond acceptors as those of the 
corresponding phosphate (47). It also does not seem likely that 
this will account for the large energy shortfall since, at least in 
ribonuclease, hydrogen bonding will still be present (47). 

A plausible explanation for the observations of this work is 
that vanadate does not provide as good a transition state ana- 
logue as might be expected simply because the geometry about 
vanadium in the enzyme complex is not a good representation 
of the transition state actually utilized during the phosphate 
transfer step of either of these three enzymes. Indeed, the com- 
plexities inherent in phosphate ester hydrolysis have been 
examined and no clear answer is available (9, 11). Whatever 
the details of the structures of the transition states for phos- 
phate, it seems that the incremental binding energies arising 
from the presence of the vanadium in these three different 

ligand-vanadium complexes in the different enyme systems 
are almost identical. This suggests that there is a structure 
associated with the phosphate reaction that is not mimicked 
well by vanadate and that costs about 40 kJ1mol of binding 
energy. Since it is reasonable to expect that pentacoordinate 
vanadate can assume a trigonal-bipyramidal structure with 
minimal costs in energy, this suggests that there are significant 
deviations from this structure in the phosphate reactions. Pre- 
sumably, this structure will be similar for RNase A, phospho- 
glycerate mutase, phosphoglucomutase, and, possibly, other 
phosphate-transferring enzymes. 
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Appendix 

Calculation of the binding curve 
The following conservation equations were taken into account: 

[A.l] [E,] = [El + [E-L] + [EwVL1 + [E.Vil 

[A.2] [V,] = [Vi] + 2[V2] + 4[V4] + 2[V,L,1+ [VLl+ [EsVi1+ [E.VLl 

[A.3] [L,] = [L] + [VL] + 2[V,L2] + [E-VL] + [E-L] 

where [EL] = total RNase A concentration; [El = free RNase A concentration; [E-L] = RNase A-ligand complex concentration; 
[EvVL] = RNase A-vanadate-ligand complex concentration; [E-V,] = RNase A-vanadate complex concentration, assuming that 

[A.4] [V,] = [E-VL] + [E-V,] 

and including the following equilibria 

The inhibition constant K,,, is the dissociation constant of VL from E-VL and so is equal to l/K6. 
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By making the appropriate rearrangements and substitutions into eqs. [A.3] ,  [A.2],  and [ A . l ] ,  the following expressions are 
obtained: 

The fraction of total enzyme that is bound by vanadate (as a vanadate-ligand complex and (or) vanadate by itself) is 

By making the appropriate substitutions into eq. [A.15], the final equation is obtained: 

[VbI - [Vil(K7 + K I K ~ [ L I ) ~ I  
[A.16] -- 

[E,] 1 + K5[Ll + [Vi](K7 + K I K ~ [ L I )  

To obtain values of [V,]/[E,] to construct a family of calculated curves, an iterative approach was used. Values for the equilib- 
rium constants used for the iterative calculations were K2 = 470 M-l, K4 = 6.3 x lo9 M - ~ ,  and K, = 0 M-'. A value of 0 was assigned 
for K,. since no binding of vanadate by RNase A was detected in any experiment. Values for K1K6 were assumed in order to cal- 
culate the ratio [V,]/[E,] as a function of total ligand concentration and assumed K,. The values assumed for KIK6  and K5 were then 
varied until the values that best fit the experimental results were obtained. Since K,  is known ( K I  = 3.0 M-I), K6 is explicitly spec- 
ified by this process and l/K6 is the dissociation constant for the dissociation of uridine-vanadate from the enzyme complex. K,K6, 
in conjuncition with Kg,  defines the shape of the binding curve. 

The iterative procedure utilized is described as follows. 
Step 1: Assume a value for KlK6 and for K5. Use the closest experimental value for [V , ]  for the total ligand concentration and 
assume a reasonable value for [ L ] ,  the free ligand concentration. 
Step 2: Calculate [El from eq. [A.14], then calculate [L]  from eq. [A.12]. Use this new value of [ L ]  to recalculate [El. Repeat this 
procedure until [El and [ L ]  are constant. 
Step 3: Use the values of [El and [J2]  obtained above along with the assumed [V i ]  to calculate the left side of eq. [ A .  131. If this value 
is not 0 to within 0.001 mM, adjust [ V i ]  appropriately and repeat step 2. 
Step 4: Repeat steps 2 and 3 until both the left sides of eq. [ A .  121 and [ A .  131 are satisfied to within 0.001 mM. Use these values of 
[V,]  and [ L ]  to calculate [V,]/[E,] from eq. [A.16] for the assumed values of K1K6 and Kg. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



A kinetic study on singlet molecular 
I 

oxygen (&('A g)) generation and 

I quenching by dihydroxynaphthalenes 

Marta Luiz, Arnaldo T. Soltermann, Alicia Biasutti, and Norman A. Garcia 

Abstract: A kinetic study on the aerobic (02('Ag)-mediated) photooxidation of a series of dihydroxynaphthalenes was 
carried out. Members of this family of compounds include important environmental contaminants. The interaction with 
0 2 ( l ~ g ) ,  determined by both time-resolved phosphorescence and static methods, yields a quenching rate constant in the 
range of 10'-lo9 M-I s-l, depending on the solvent polarity, pH, and substitution pattern of the dihydroxynaphthalene. 
According to experimental evidence, the mechanism of the interaction seems to be mediated by an encounter complex 
with a considerable charge transfer component. From a mechanistic point of view this characteristic of DHN indicates 
a behaviour very similar to that of simple substituted phenols and dihydroxybenzenes. Quantum yields for DHN 
photooxidation (@,) indicate that these substrates are excellent candidates for Oz(l~g)-mediated degradation under 
environment conditions. Furthermore, these compounds proved to be good self-sensitizers upon irradiation at 337 nm. 
Quantum yields (QA) for the production of Oz('Ag) were determined to be on the order of 0.25 in benzene. 

Key words: dihydroxynaphthalenes, photooxidation, quenching, sensitization. 

RksumC : On a rCalisi une Ctude cinetique de la photooxydation aCrobique (avec midiation par le OZ('Ag)) d'une sCrie 
de dihydroxynaphtalttnes. Les membres de cette famille sont des contaminants environnementaux importants. L'interaction 
avec le O2('Ag) a CtC diterminie par des mCthodes statiques ainsi que par phosphorescence rCsolue en fonction du temps 
et elle conduit h une constante de vitesse de desactivation de I'ordre de lo5 a lo9 M-I s-I, suivant la polarit6 du solvant, 
le pH et le patron de substitution du dihydroxynaphtalkne. Sur la base des donnCes expCrimentales obtenues, il semble 
que le mecanisme de I'interaction soit I'objet d'une mediation de la part d'un complexe de rencontre qui implique une 
composante importante de transfert de charge. D'un point de vue mecanistique, cette caractbristique du DHN indique un 
comportement trks semblable a celui des phCnols et des dihydroxybenzenes simples, substituks. Les rendements quantiques 
pour la photooxydation du DHN (@,) indiquent que ces substrats sont d'excellents candidats pour des digradations avec 
midiation du Ol(lAg) dans des conditions environnementales naturelles. De plus, lorsqu'on les a irradiCs i 337 nm, ces 
composts ont montrk d'excellentes propriCtCs comme autosensibilisateurs. On a ditermint que les rendements quantiques 
(OA) pour la production du Oz('Ag) sont de l'ordre de 0,25, dans le benzene. 

Mots cle's : dihydroxynaphtalenes, photoxydation, dtsactivation, sensibilisation. 

[Traduit par la ridaction] 

Introduction 
Over the last few years we have focussed our investigation 
of the kinetic and mechanistic aspects of dye-sensitized pho- 
tooxidations of different types of pollutants on those con- 
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taining hydroxy-aromatic groups such as phenols (1-9), hy- 
droxybiphenyls (lo), and polyhydroxybenzenes (11). In the 
present contribution we examine this kind of photorreaction 
and, more specifically, singlet molecular oxygen [02('Ag)]- 
mediated processes, in relation to dihydroxynaphthalenes 
(DHN). This family of polycyclic aromatic hydrocarbons 
constitutes a group of contaminants widespread in the envi- 
ronment. These compounds are released into natural aquatic 
media from diverse sources, industrial wastes and petroleum 
spills providing two massive contributions (12, 13). 

A crucial objective of research in this area is to estab- 
lish possible relationships between substrate and suscepti- 
bility to photooxidative degradation. The fraction of @('Ag)- 
quenching events leading to effective photooxidation of the 
substrate, and the conditions favouring this process, are 

Can. J. Chem. 74: 49-54 (1995). Printed in Canada / Imprim6 au Canada 
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two important points to be elucidated. In this context, the 
characteristics of the reaction medium (solvent polarity and 
pH) frequently play decisive roles from a kinetic point of 
view. These aspects have been carefully examined in the 
present contribution, to establish the feasibility of environ- 
mental degradation of dihydroxynaphthalenes through an aer- 
obic photosensitized process. As well, the potential role of 
DHN as O2('A,) generators, upon direct irradiation, was also 
explored by determination of their quantum yields ( aA)  of 
O2('A,) production. 

Experimental 
Chemicals 
Rubrene (Rub); Rose Bengal (RB); 1,3-dihydroxynaphthalene 
(1,3-DHN); 1,s-dihydroxynaphthalene (1,5-DHN); 2,3-dihy- 
droxynaphthalene (2,3-DHN) and 2,7-dihydroxynaphthalene 
(2,7-DHN); 4,s-dihydroxynaphthalene 2,7-disulfonic acid 
(4,s-DHN-2,7 DS); 3,s-dihydroxynaphthalene 2,7-disulfonic 
acid (3,5-DHN-2,7 DS); 3,6-dihydroxynaphthalene 2,7-disul- 
fonic acid (3,6-DHN-2,7 DS); 2-methoxynaphthalene; 9,lO- 
dimethylanthracene (DMA), furfurylalcohol (FFA), 1,4-di- 
azabicyclo[2.2.2]octane (DABCO), and sodium azide were 
purchased from Aldrich. The naphthalenes and DMA were 
purified by sublimation, except for the sulfonated deriva- 
tives, which were recrystallized from MeOH. The solvents 
benzene (Bz), toluene (Tol), and methanol (MeOH) were of 
the highest available purity. Water was triply distilled. All 
measurements were made on freshly prepared solutions. A 
Na2HPO-NaOH buffer was employed to adjust aqueous so- 
lutions to pH 12. At this pH, only the ionized form of the sub- 
stituted naphthalenes was spectrophotometrically detected. 

Methods 
Ground state absorption spectra were recorded employing a 
Hewlett Packard 8452A diode array spectrophotometer. 

The irradiation setup, including the specific oxygen elec- 
trode (Orion 97-08) was described earlier (14). The temper- 
ature was kept at 22 f 2°C throughout.. 

The kinetic laser spectrophotometer for time-resolved 
phosphorescence detection (TRPD) of O,('A,) was previ- 
ously described (14). In the present case RB was the sensi- 
tizer. Typically, an absorbance of the dye of ca. 0.3 at 337 
nm was employed. The decay kinetics were first order in all 
cases. 

The O2('A,) lifetimes were evaluated in the absence (zO) 
and in the presence (z) of the quencher, and their ratio plotted 
as a function of quencher concentration [DHN], according 
to a simple Stern-Volmer treatment (eq. [ I ] ) ,  as shown in 
Fig. 1 for 1,5-DHN. 

In Bz-MeOH, kt was mainly determined according to 
Carlsson et al. (15) on the basis of self-sensitized photo- 
oxidation of rubrene, provided that the results employing this 
simple methodology were coincident with those obtained by 
TRPD. The ratio of initial rates of rubrene photooxidation in 
the absence (Vo) and in the presence (V) of different con- 
centrations of the DHN was plotted against the DHN con- 
centration, and k, was calculated from eq. [2] 

In the present case krRub[Rub] 370 s-' (assuming krRub = 
4.4 lo7 M-I S-I , see ref. 16). Under these conditions the 
denominator of eq. [2] can be practically taken as equal to 
kd. The value for Ilkd employed in the calculations was 23 
ps obtained from TRPD experiments. 

For aqueous solutions, k, was calculated from eq. [3] 
(graphical method) (16) by using RB as dye sensitizer and 
assuming reaction [9] to be the only source of oxygen uptake. 

[3] rate-' = (I,@A)-' {(ktlk,) + kd/kr[DHN\J1) 

where rate and I, denote the velocity of substrate consump- 
tion and the intensity of light absorbed by the sensitizer, re- 
spectively. For experimental reasons we measured the rate of 
0 2  uptake (employing the selective oxygen electrode) instead 
of rate of substrate consumption (reaction [9]). This replace- 
ment is only valid for cases in which the stoichiometry of 
reaction [9] is 1: 1 (see Results and discussion). A kd value 
of 2.5 x 10' s-I was employed in the calculations (17). 

The k, values obtained for DHN in both aqueous solutions 
and organic solvents were determined by the method of Foote 
and Ching (18), eq. [4], 

which compares the slopes of the first-order plots for sub- 
strate and reference uptake (slopeDHN and slopeR, respec- 
tively) against the irradiation time for the oxidizable sub- 
strate or a reference of known krR. The reference used were 
DMA (in organic media) and FFA (in water). The krR values 
employed for the hydrocarbon and the alcohol were 1.2 x 
lo7 M-' s-I (16) and 1.2 x lo8 M-I s-I (19), respectively. 

The rate of DHN photooxidation in organic media was de- 
termined spectrophotometrically. In water, the oxygen uptake 
was measured instead of the DHN uptake. The accuracy of 
this methodology for substituted phenols has been discussed 
elsewhere (9). 

The modus operandi for obtaining the @A values by means 
of TRPD was as follows: the traces for individual luminis- 
cence decay from DHN and the reference compound 2- 
methoxynaphthalene (for both sample and reference A ~ s ~ ~ ~  
= 0.1, 0.2, and 0.5) were fitted with monoexponential func- 
tions to yield the initial intensity I0 at time t = 0. In all 
cases the linearity between laser pulse energy (typically 1 
mJ per pulse) and lo was ensured. The respective lo values 
were plotted against the fraction of absorbed light, yielding 
linear plots. The slopes of these plots were compared with 
the slope of the reference 2-methoxynaphthalene (QA = 0.34 
in Bz (20)) to obtain the absolute values for DHN. 

Results and discussion 
The TRPD signal of O2(]a,) generated by aerobic irradiation 
of the dye sensitizer (RB) was inhibited by the presence of 
DHN. The interaction can be kinetically depicted as follows: 

191 
k O,('A,) + Q -L Products 
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Fig. 1. Stern-Volmer plots, according to eq. [2], for the 
quenching of or('Ag) by DHN in Tol-MeOH 4:l ( u l u ) .  For 
1,5-DHN the circles represent the TO/T ratio, according to eq. 
[l] ,  obtained through TRPD methodology. 

Fig. 2. Inverse plot, according to eq. [3], for the quenching 
of O?('A,) by 2.7-DHN in pure water and water of pH 12. 

Table 1. Rate constants for the overall (k,, M-' s-') and chemical (k,, M-' s-') quench- 
ing of O,('A,) and upper limits for the photooxidation quantum yields (@,) (see text) in 
several solvents and quantum yields for 02('Ag) generation (@,) in benzene, by a series 
of dihydroxynaphthalenes. 

Compound Solvent k, lo-7 k, x lo-7 @," @A 

1,3-DHN Water 
Water, pH 12 
Tol-MeOH (4: 1) 
Bz 

1,5-DHN Water 
Water, pH 12" 
MeOH' 
Tol-MeOH (4: 1) 
Bz 

2,3-DHN Water 
Water, pH 12 
Tol-MeOH (4: I) 
Bz 

2,7-DHN Water 
Water, pH 12 
MeOH' 
Tol-MeOH (4: 1)  
B z 

4,5-DHN-2,7 DS Water 
Water, pH 12 
MeOH-Bz (10: 1) 

3,5-DHN-2,7 DS Water 
Water, pH 12 

3,6-DHN-2,7 DS Water 
Water pH 12 

"Upper Ilm~t, calculated from eq. [lo] employing [DHN] = 1 mM. 
"Spontaneous dark oxidation. 
'From ref. 22. 
"Calculated In thls work. 
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The sensitizer (S) absorbs convenient light and gener- 
ates electronically excited singlet and triplet states (reaction 
[5]). From the excited triplet state an energy transfer reac- 
tion to ground-state triplet molecular oxygen [ 0 2 ( 3 ~ i ) l  can 
take place, producing the excited oxygen species 02('As) 
(reaction [6]). It can decay by collision with surrounding 
molecules (typically the solvent, reaction [7]) or interact 
physically (reaction [8]) or chemically (reaction [9]) with 
an eventual quencher Q. Reactions [7] and (or) [8] are re- 
sponsible for the already mentioned inhibition of the TRPD 
signal. In kinetic terms the addition k,+k, is known as kt, the 
rate constant for the overall process of o2('A9) quenching. 

Overall rate constants for O?('A,) quenching in Tol-MeOH 
were determined as described in the experimental section. 
Excellent agreement was found between the kt values ob- 
tained using the time-resolved 02('Ag) emission technique 
and the independent technique based on the autoperoxidation 
of rubrene (see Figs. 1 and 2 for typical cases of kt determi- 
nation in organic and aqueous solutions). The respective kt 
values are listed in Table 1. 

The absorption spectra of air-equilibrated solutions of 
DHN were strongly modified upon sensitized irradiation in 
both normal and alkalinized solvents, employing RB as a dye 
sensitizer. In Fig. 3 are shown, as typical examples, the re- 
sults for 1,3-DHN and 4,5-DHN-2,7 DS in water. No spectral 
modifications were observed in the presence of quenchers 
frequently employed as 02(lAg) testers (16) (either 1 mM 
sodium azide, in aqueous solution, or 60 mM DABCO, in 
Tol-MeOH). The same was true when Ar-saturated solutions 
of the DHN-RB mixtures were photolyzed. 

Even when the TRPD experiments unambiguously demon- 
strate the existence of an important 02(lAg) quenching by all 
the DHN assayed, the above-mentioned experiments indicate, 
according to currently accepted criteria (21), that the dye- 
sensitized photooxidation occurs via an O2(lAg)-mediated 
process. 

The ability of DHN to act as 02(lAg) quenchers, as deter- 
mined by the experimental methods employed in this work, 
does not provide any information about the nature of the 
quenching mechanism. Distinction between the chemical and 
physical contributions to the overall rate constant was pos- 
sible by employing an actinometric method, as described in 
the experimental section. The fourth column on Table 1 ex- 
hibits k, values for DHN that were obtained employing FFA 
as a sacrificial reference compond (see Methods). This com- 
pound is a very convenient reference for 02(ld,) reactions 
since its k, value is independent of pH (19). An illustration 
of typical results is given in Fig. 4. 

It should be stressed once more (8, 9) that for an 02(lAg)- 
mediated photooxidation process, neither the reactive rate 
constant nor the overall rate constant ~ rov ide  information in 
themselves about the efficiency of the real photodegradation 
for a given substrate. The knowledge of its actual signifi- 
cance, as extracted from the kinetic data, is only given by 
the photooxidation quantum yield (@,) (eq. [ 101). 

Upper limits of @, values for DHN at concentration 1 mM 
were calculated by means of eq. [ lo] (they are shown in Table 
1). The value @A = 1, corresponding to an ideal photosensi- 
tizer, was employed in the calculations. In these conditions 

Fig. 3. Spectral evolution of DHN in water, upon sensitized 
irradiation. Sensitizer: RB, Abs5,j0 = 0.5. Numbers on the 
spectra indicate irradiation time (min): ( a )  1,3-DHN; (b) 
4,5-DHN-2,7 DS. 

the @, values indicate a moderate to high susceptibility of 
DHN to photosensitized degradation via an 02(lAg)-mediated 
process. 

To evaluate the influence of the ionization of the -OH 
groups of DHN on the kinetics of the photooxidation process, 
both kt and k, were determined, where possible, at different 
pH values. Different solvent polarities were also explored. As 
follows from the data in Table 1, both pH and, expecially, 
solvent polarity affect the kinetics of the DHN-O~('A,) inter- 
action. In extreme cases, differences higher than two orders 
of magnitude can be observed in kt on going from water to a 
Tol-MeOH (4:1, u l v )  mixture as solvent. Due to solubility 
probleins in the 2,7-subsituted disulfonic acid derivatives, 
only the 4,5-DHN was assayed in the organic solvent mix- 
ture MeOH-Bz (10: 1) ( v l u ) .  Also in this case a difference 
of two orders of magnitude between kt in water and organic 
solvent was observed. 

The ionization of the -OH groups in DHN (see Table 1) 
has a variable influence on the photooxidation process: de- 
pending on the particular substitution pattern the oscillations 
in k, varied within a factor of ca. 8 (3,6-DHN-2,7 DS) to 
quasi insensitivity (4,5-DHN-2,7 DS) due to changes in the 
pH of the solution. 
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Luiz et al. 

Fig. 4. First-order plots for oxygen uptake by 1,5-DHN, 
2,7-DHN, and FFA (reference compound) in water. All 
substrates were 0.2 mM. Sensitizer: RB, A ~ s ~ ~ ~  = 0.5. 

time (s) 

Finally, in Table 1 are listed the @A values for the Bz- 
soluble DHN. This solvent was chosen in order to compare 
our results with the @A values reported in the literature, for 
related substituted naphthalene derivatives (20). 

The only published data on the 02(lAZ)-mediated photoox- 
idation of DHN belongs to Croux et al. (22). These authors 
reported kinetic information for a series of DHN substituted 
on both aromatic rings (the DHN derivatives in common with 
our work are 2,7 DHN and 1,5 DHN) employing methanol 
as a solvent. The reported k, values varied between 53 and 2 
x lo6 M-I s-I , a nd the respective k, values between 30 and 
7 x lo6 M-' s-l. The determination of photooxidation prod- 
ucts indicates that DHN subsituted in position 1 yields a 
monohydroxy 1,4-naphthoquinone, whereas other DHN of 
the series (such as 2,6- and 2,7-DHN) react slowly with 
O2(lAg) and do not give the quinone derivative (see Scheme 
1 \ 

The main conclusion is that the kinetic parameters of the re- 
activity of DHN with 02(lAg) depend markedly on the sub- 
stitution pattern given by the relative position of the two 
hydroxyl groups. Similar behaviour can be observed in our 
present results: 2,7-DHN and the disulfonated derivatives 3 3 -  
and 3,6-DHN exhibit markedly lower values for the rate con- 
stants of both the overall and the reactive interactions with 
02('Ag). 

Croux et al. (22) suggest that the photoreaction (Scheme 
l), consisting of a concerted [2 + 41 cycloaddition reaction 
as an initial step, could be influenced by solvent polarity. 
This assumption is largely corroborated by our present re- 
sults. Turning again to the data in Table 1, the strong solvent 
effect on k, immediately suggests the intermediacy of a polar 
encounter complex [02(1~,)-DHN]. The stabilization of the 
transition state by solvation could be explained by the con- 

Scheme 1. 

tribution of an electron transfer component. The mechanism 
is schematically represented in eq. [12]: 

kD 
0 2 ( l A g )  + DHN +==+ [02(IAg)-DHN] % Products 

k-D 1 kISC 

[02(3~~)-DHW] - 02(3~,-) + DHN 

where kD denotes the diffusion-dependent rate constant for 
the encounter pair formation. ~ v e i t s  within the [O2(lAg)- 
DHN] encounter pair would subsequently result either in 
intersystem crossing to yield ground-state triplet oxygen or 
photooxidation products. This mechanism has been postu- 
lated to account for the bimolecular reactions of OZ(lAg) 
with indoles, amines, sulfides, phenols, and dihydroxyben- 
zenes, among other families of compounds (4, 10, 23-26). 
On structural grounds, one can expect a certain similarity 
in the photooxidative kinetic behaviour of DHN to that of 
phenols and dihydroxybenzenes. For the last two families 
of compounds two neat characteristics for the rate constant 
for reaction with O2(lAg) can be observed (9): (a) they are 
highly favoured by increasing the solvent polarity and (b) 
the k, values for the ionized species (ionization of the -OH 
groups) exceed those of the non-ionized forms a t  least by 
one order of magnitude. As already pointed out, the first 
point is a common attribute for all DHN in Table 1. This fact 
constitutes a strong argument in favour of a charge transfer 
mechanism for the 02('A,)-DHN interaction. 

Regarding the ionization of the -OH groups in DHN, only 
for 3,5- and 3,6-DHN (disodium salts) does the pH effect 
on k, parallel that reported for phenols. For the remaining 
DHN derivatives, k, values are either similar or slightly lower 
than those for the non-ionized species. Nevertheless, the @, 
values in aqueous alkaline solution are, without exception, 
much higher than those determined in any other solvent. In 
fact, even when in some cases the overall quenching process 
is more effective for the non-ionized DHN species, its low 
chemical reactivity largely prevails. This means that the frac- 
tion of product-yielding encounter complexes (irreversible 
electron transfer process) increases for the better electron- 
donor naphtholate species. Nevertheless, the characteristic 
parameter for the evaluation of the tendency to photooxi- 
dation of the DHN derivatives would be the oxidation poten- 
tials, unfortunately not available in the literature for any of 
these compounds. 

Dihydroxynaphthalenes are excellent photosensitizers for 
the generation of 02('Ag) by direct irradiation. The @A values 
in Bz are in the range 0.21-0.29. 

The quantum yield for singlet oxygen formation is given 
by the sum of contributions from oxygen quenching of the 
lowest singlet (S) and triplet (T) excited states of DHN. 
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For air-saturated solutions (oxygen concentration in 1.91 mM 
Bz (27)) the contribution from the DHN excited singlet state 
can be neglected. Hence, the expression for the quantum 
yield of 02('Ap) formation is reduced to: 

where SA represents the proportion of triplet DHN-02(3~;) 
that leads to the formation of 02(lAg) and @T is the quantum 
yield for excited triplet state generation. On this basis, al- 
though no data have been reported on DHN excited triplet 
properties, our present determination of QA constitutes an 
upper limit for QT. 

Recently McGarvey et al. (20) determined the QA values 
for a series of monosubstituted naphthalenes. The efficiency 
of 02(lAg) generation ranges from 0.83 for 1-nitronaphthalene 
to 0.34 for 1-methoxynaphthalene, QA being 0.62 for the non- 
substituted hydrocarbon. These authors found an inverse cor- 
relation between the ionization potential of the sensitizer and 
the QA value. Assuming that this dependency holds in the 
case of DHN, the lack of correlation between the estimated 
ionization potential and reactivity towards 02('Ag) could be 
an indication, as above postulated, that the charge transfer 
interaction is not the only component in the photooxidative 
mechanism of DHN. 

Concluding remarks 
The strong solvent effect observed on the overall rate con- 
stant for the interaction of DHN with O2(]A,) resembles the 
photooxidative kinetic behaviour of substituted phenols and 
dihydroxybenzenes. The interaction DHN-02('A,) seems to 
be mainly driven by a charge transfer mediated mechanism, 
but in this case in conjunction with structural factors. Never- 
theless, the rate constants' for overall and reactive interactions 
do not depend on pH in the same manner as those of phenols. 
Even so, DHN are highly reactive towards 02(lAg) when the 
-OH groups are ionized, as indicated by the Q, values. 

Dihydroxynaphthalenes efficiently produce 02('Ag) upon 
direct irradiation in Bz, with quantum yields near 0.25. 

Both Q, and QA values indicate that DHN-like contam- 
inants are good candidates for an environmental 02(lAg)- 
mediated photooxidation. The photodegradative process is 
favoured in the alkaline range of pH and by solvents of high 
polarity. 
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Electrochemically induced chain reactions: 
the addition of fluorene and indene to aromatic 
aldehydes initiated by electrochemical 
reduction 

J.C. Gard, B. Hanquet, L. Roullier, Y. Mugnier, and J. Lessard 

Abstract: The electrochemical reduction at -30°C of 2,6-dichlorobenzaldehyde (la), benzaldehyde (lb), and 
terephthalaldehyde (2) in tetrahydrofuran with tetrabutylammonium perchlorate as supporting electrolyte, under an argon 
atmosphere and in the presence of fluorene or indene, gives carbinols resulting from the addition of fluorene or indene and 
requires only a catalytic amount of electricity. The chain reaction is initiated by proton abstraction from fluorene or indene by a 
base electrogenerated by reduction of the aldehyde and the propagation involves the addition of the carbanion to the aldehyde 
followed by regeneration of the nucleophile by proton transfer from the proton donor to the alkoxide anion (base-catalyzed 
addition). The voltammetric behavior of the aldehydes in the absence and in the presence of fluorene or indene is also presented. 

Key words: electrochemical reduction, aromatic aldehydes, addition of fluorene (indene), base catalysis, chain reaction. 

Resume : La reduction Clectrochimique i -30°C des 2,6-dichlorobenzaldehyde (la), benzaldehyde (lb) et terephtalaldehyde (2) 
dans le tetrahydrofurane contenant du perchlorate de tetrabutylammonium comme Clectrolyte support, sous atmosphkre d'argon 
et en prCsence de fluorkne ou d'indkne, donne des carbinols provenant de I'addition basique du fluorkne ou de I'indkne et ne 
nCcessite qu'une quantitC catalytique d'tlectrons. La reaction en chaine est initiCe par I'arrachement d'un proton du fluorkne ou 
de I'indkne par une base ClectrogCnCrCe par rCduction de I'aldChyde et les Ctapes de propagation sont I'addition du carbanion i 
1'aldChyde suivie de la regCnCration du nuclCophile par transfert de proton du donneur de proton a I'ion alkoxyde. Le 
comportement en voltamttrie des aldChydes, en absence et en prCsence du fluorkne ou d'indkne, est tgalement discutt. 

Mofs elks : reduction Clectrochimique, aldehydes aromatiques, addition du fluorkne (indene), catalyse basique, rtaction en 
chaine. 

Introduction 

Studies on electrochemically induced chain reactions have 
received considerable attention. Some representative exam- 
ples are as follows: S,,1 aromatic substitutions initiated by 
the electroreduction of an aryl halide (I), cis-trans isomeriza- 
tion of functionalized olefins (2), oxidation of alcoholates to 
aldehydes and ketones by aryl halides (3), electrooxidative ini- 
tiation of triphenyltin hydride promoted radical reactions (4), 
ligand substitution of organometallic complexes (5), addition 
of chloroform to aldehydes (6), Michael reactions (7), and 
addition of fluorene and indene to nitrosobenzene (8). In the 
last two examples, the initiation step involves the generation of 
the nucleophile by hydrogen abstraction from a proton donor 
by a base generated by electroreduction of the electrophile or 
acceptor. 
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In this paper, we present a new example of a chain process 
involving the addition of a nucleophile initiated by electro- 
chemical reduction of the electrophile: the reaction between a 
proton donor such as fluorene (FIH,) or indene (InH,) and an 
aromatic aldehyde (ArCHO), induced by the electroreduction 
of the latter in tetrahydrofuran (THF) with n-Bu4NC10, as the 
supporting electrolyte. We describe the results with 2,6- 
dichlorobenzaldehyde (la),, benzaldehyde (lb), and tereph- 
thalaldehyde (2). 

Results and discussion 

Voltammetric reduction 
The cyclic voltammogram of 2,6-dichlorobenzaldehyde ( la )  
at -30°C in THF containing (n-Bu),NC104 as supporting 
electrolyte and on a vitreous carbon electrode (Figs. l a  and 2a) 
shows two reduction peaks A,  (E, = - 1.55 V vs. SCE) and A2 
(E, = - 1.70 V), and several oxidation peaks. In the presence 
of FlH, (Figs. lb-ld) or InH2 (Figs. 2b-2d), the voltammo- 
gram at the same sweep rate is modified: both peaks A, and A2 
decrease, and peak A, more so than peak A,. With two to three 
equivalents of proton donor AH, (Figs. l c  and 2c), peak A, 
has disappeared. For peak A,, the rapid drop of the current 
after the peak potential, resulting in a sharp, narrow, and sym- 
metric peak (Figs. lb-Id and Figs. 2b and 2c), is characteristic 

Preliminary results on the electroreduction of l a  in the presence 
of fluorene have been reported (9). 

Can. J. Chem. 74: 55-62 (1996). Printed in Canada / Imprime au Canada 
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Fig. 1. Cyclic voltammogram of 2,6 dichlorobenzaldehyde ( l a )  
on a vitreous carbon electrode in THF-(n-Bu),NC104 (0.2 M) at 
-30°C: (a) l a  alone; (b), (c), and (d), in the presence of 1,2, and 
10 equivalents of FlH, respectively. Starting potential: +0.3 V. 
Sweep rate: 0.02 V s-'. 

Fig. 2. Cyclic voltammogram of 2,6 dichlorobenzaldehyde ( l a )  
on a vitreous carbon electrode in THF-(n-Bu),NC104 (0.2 M) at 
-30°C: (a) l a  alone; (b), (c), in the presence of 1, and 10 
equivalents of InH,, respectively. Starting potential: +1 V. Sweep 
rate: 0.02 V s-'. 

of a catalytic reaction occurring outside the diffusion layer (8, 
10). This is further confirmed (i) by the fact that when the 
sweep rate is decreased, peak A, becomes smaller, and (ii) by 
the consumption of a catalytic amount of electrons in the con- 
trolled potential electrolysis performed on mercury, at -30°C, 

Fig. 3. Cyclic voltammogram of benzaldehyde ( lb )  on a 
vitreous carbon electrode in THF-(n-Bu),NCIO, (0.2 M) at 
-30°C: (a) l b  alone; (b) in the presence of 10 equivalents of 
FlH,. Starting potential: - 1 V. Sweep rate: 0.02 V s-l. 

at the potential of peak A, and in the presence of 10 equiva- 
lents of AH, (ca. 0.03 and 0.02 mole of electrons per mole of 
l a  for FlH, and InH,, respectively, see below). The voltam- 
metric behavior of benzaldehyde (16) in the presence of pro- 
ton donor AH, is similar to that of l a  as shown by the cyclic 
voltammograms of Fig. 3: a decrease of peak A (E,  = -2.0 V 
vs. SCE) and a change of its morphology in the presence of 10 
equivalents of FlH, (Fig. 3b), characteristic of a catalytic pro- 
cess. And indeed, the electrolysis of 16 at -30°C, on mercury, 
in the presence of 20 equivalents of FlH, and at the potential of 
peak A, also consumed a catalytic amount of electron (ca. 0.25 
and 0.2 mole of electrons per mole of l b  for FlH, and InH,, 
respectively, see below). Peak A,  in the cyclic voltammogram 
of 2,6-dichlorobenzaldehyde (la)  (Figs. l a  and 2a) and peak 
A in the voltammogram of benzaldehyde (16) correspond to 
the reduction of the aromatic aldehyde to the radical anion (eq. 
[l]). This electrogenerated base, in the presence of proton 
donor AH,, abstracts a proton from it to form the anion AH- 
and a neutral radical (eq. [2]). The latter probably disappears 
in subsequent fast reactions. Reactions [I]  and [2] constitute 
the initiation step of a chain reaction involving, as propagation 
steps, the nucleophilic addition of AH- to the carbonyl (eq. 
[3]) followed by protonation of the resulting anions (bases) by 
AH, (eq. [4]) to regenerate the nucleophile AH- and give a 
carbinol that has been isolated from the preparative electroly- 
ses (see below). In the case of l a ,  the radical anion can be con- 
verted to 2-chlorobenzaldehyde (see eqs. [5] and [6]), which is 
most probably responsible for peak A? (eq. [7]) in the voltam- 
mograms of l a  (Figs. 1 and 2). In the presence of AH,, the 
elimination of chloride ion from l a  (eq. [5]) competes with its 
protonation (eq. [2]), leading to the chain process (eqs. [3] and 
[4]) outside the diffusion layer, and the formation of 2-chlo- 
robenzaldehyde is completely suppressed with two (FIH,) to 
three (InH?) equivalents of proton donor (see Figs. l c  and 2c). 

The voltammogram of terephthalaldehyde (2) (Fig. 4), 
recorded under the same conditions as those of l a  and 16, dif- 
fers from the latter in showing two redox systems, giving rise 
to peaks AIA' and BIB' that correspond to the formation of the 
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[I] ArCHO + e- --+ [ArCHO]' 

peak A, (Figs. 1 and 2), peak A (Fig. 3) 

[2] [A~CHO]' + AH2 -+ [ A ~ H O H I  + AH- 

[3] ArCHO + AH- -+ [ArCH(O-)AH] [ArCH(OH)A-] 

[4] [ArCH(OH)A-] + AH, -+ ArCH(0H)AH + AH- 

peak A, (Figs. la and 2a) 

Fig. 4. Cyclic voltammogram of terephthaladehyde (2) on a 
vitreous carbon electrode in THF-(n-Bu),NC10, (0.2 M) at 
-30°C: (a) 2 alone; (b) and (c) in the presence of 5 and 20 
equivalents of InH,, respectively. Starting potential: 0 V. Sweep 
rate: 0.02 V s-'. 

B 

radical anion (eq. [8]) and the dianion (eq. [9]), respectively. 
In the presence of a proton donor (InH,, Figs. 4b and 40 ,  the 
radical anion is protonated, the oxidation peak A' and the sys- 
tem B/B' disappear accordingly, and the reduction peak A 
behaves as peak A,  in the voltammogram of l a  (see Figs. lb- 
Id) and peak A in the voltammogram of 16 (see Figs. l b  and 
2c): its height decreases with the concentration of AH, and its 
shape is characteristic of a catalytic reduction (see eqs. 111- 
[4]). The same behavior was observed with FlH, as proton 
donor. And indeed, the controlled potential electrolysis of 2 at 
-30°C, on mercury, in the presence of 20 equivalents of FlH, 
and at the potential of peak A (- 1.2 V) consumed 0.06-0.12 
mole of electrons per mole of 2 and gave products resulting 
from the addition of FlH, to the carbonyl group (see below). 

Controlled potential electroreductions 
The controlled potential reductions of aldehydes l a ,  16, and 2 
were carried out at -30°C, on a mercury pool electrode, in 

[8] O H C ~ C H O  - + e- # [ OHC a C H O ]  

System AIA' 

System BIB' 

THF-(n-Bu),NClO, (0.2 M), in the presence of an excess (10- 
20 equivalents) of proton donor (AH,), under an atmosphere 
of argon and at a potential corresponding to the formation of 
the radical anion (peak A, in Figs. 1 and 2, peak A in Figs. 3 
and 4). The solution became colored (see Table 1) and, after 
the current had dropped to zero, there was no reduction peak in 
the voltammogram of the electrolyzed solution from 0 to - 1.8 
v . ~  The electrolyzed solution was extracted after the current 
dropped to zero. The results are reported in Table 1. In the case 
of 2,6-dichlorobenzaldehyde ( la)  (Table 1, entries 1 and 2), 
the carbinols 3 (Scheme 1) were isolated in very good to excel- 
lent yields (7493%). As already mentioned, the carbinols 
result from the nucleophilic addition of AH- to the aldehyde 
(eq. [3]) followed by protonation of the resulting anion by 
AH, regenerating AH- (eq. [4]), the chain process being initi- 
ated by the electrochemical generation of AH- (eqs. [ l ]  and 
[2]). In the case of benzaldehyde (16) (entries 3 and 4), the 
yields of isolated carbinols were much lower (1428%)  and 
the number of moles of electrons per mole of aldehyde con- 
sumed was larger (ca. 0.2 for l b  as compared to ca. 0.02 for 
la) .  The yields reflect the higher reactivity of l a  compared to 
that of 16 (fewer side products such as glycols and alcohols 
formed in the case of la) ,  most probably due to the electron- 
withdrawing effect of the two chlorine atoms at the ortho posi- 
tions of the carbonyl group in l a .  

With terephthalaldehyde (2) and fluorene (Table 1, entry 5), 
dehydration of the carbin014 occurred to a small extent during 
the electrolysis and (or) during the work-up to give the alkene 
6 (1%) (Scheme 2). The total yield of isolated addition prod- 
ucts was 33%. The controlled potential electrolysis in the pres- 
ence of InH, was not performed because of the large number 
of isomeric carbinols possible. 

It has long been known that FIH, can be added to aldehydes, 
mainly aromatic aldehydes, in the presence of a basic catalyst 
(e.g., potassium hydroxide) in refluxing ethanol to form 
dibenzofulvenes (1  1). By carrying out the reaction between 
FlH, and benzaldehyde (lb), at room temperature and in 
sodium ethoxide - ethanol, the carbinol 3b1 was isolated in a 
23% yield (12). A dibenzofulvene was obtained in a45% yield 
by reaction of benzaldehyde (16) with InH, in refluxing meth- 
anolic potassium hydroxide (13). Both FIH, and InH- were 
condensed with benzaldehyde (16) using KF-AI,O, as the 
basic catalyst at room temperature (14). With FlH,, a mixture 
of carbinol 3b1 (32%) and a dibenzofulvene (63%) was 
obtained (14). With InH,, a benzofulvene (66%) was isolated 
together with a product (14%) resulting from the addition of 
the 3-(a-hydroxypheny1)-indene to another molecule of ben- 
zaldehyde followed by loss of one molecule of water (14). The 
complex (InH), Ca.NH,.THF was reported to react with ben- 

' There was no reaction between FIH, and InH? and any of the 
aldehydes in the absence of an electron source (no potential 
applied). 
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58 Can. J. Chern. Vol. 7 4 , 1 9 9 6  

Table 1. Controlled potential electroreduction of aromatic aldehydes (ArCHO) in the presence of fluorene (FlH,) or 
indene (InH,) as proton donor (AH,) on a mercury electrode in THF-(n-Bu),C10, (0.2 M) at -30°C followed by 
immediate extraction." 

Mol of 
e-Imol of 

E,b AH,/ArCHO ArCHO Solution Yield' 
Entry ArCHO (V) AH2 (molar ratio) (xi  0') color Carbinol(s) (%) 

1 l a  -1.5 FlH, 10 27 Pink 3a, 93 
2 l a  -1.6 InH, 10 15 Orange-yellow 3a2 74d 
3 l b  -1.9 FlH, 20 250 Red 3b, 28 
4 l b  -2.0 InH, 20 200 Green 3b2 14' 
5 2 -1.2 FlH, 20 80 Orange-yellow 4 1 2/ 

5 2 1 

"The electrolyses were carried out under an argon atmosphere and the electrolyzed solution was extracted immediatedly after the currenl 
dropped to zero. 

working potential vs. SCE. 
'Yield of homogeneous compounds after chromatographic separation and extraction. 
"The two diastereoisomers RR + SS and RS + SR were separated and isolated in 47% and 27% yield, respectively. 
'Only the RS + SR diastereoisomer was isolated. 
'Alkene 6 resulting from dehydration of 4 was isolated in small amounts (yield <I%). 

Scheme 1. zaldehyde (15) in liquid ammonia to give the carbinol 3b2 in a 
50-55% yield (16). The reaction of terephthalaldehyde (2) 

ArCHO b ArCHOH- AH with excess FlH, in ethanol, with sodium ethoxide as the base 
1 3 and at 60-70°C, was reported to afford a di-(dibenzofulvene) 

in an 11% yield (15). Finally, Ghera and Spinsak (11) 
observed that the condensation of FlH, and InH, with aliphatic 

a: Ar = (XI; I a , :  A =  a I =F1 aldehydes in pyridine at O°C, using benzyltrimethylammo- 
nium hydroxide (Triton B) as base, gave the corresponding 
carbinols in substantial yields. At 25"C, in the same medium, 

a,: A =  
the 9-(a-hydroxylalky1)-fluorenes underwent dehydration to 

= In the corresponding bibenzofulvenes, which, in the presence of 

5 

b l :  A = F1 7 
b2: A = In 3 

2 

Scheme 2. 

CHO CHOH- F1H CHOH- F1H 
I I I 

CHO CHO CHOH- F1H 

3a2 (RR + SS) 3a2 (RT + SR) 
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Gard et al. 

Table 2. Mass spectral data. 

Molecular 
ion peak 

t d z  (relative 
Product intensity, %) Other peaks m/z (relative intensity, %) 

3~ I 340 (5.7) 

3a2 (RR + SS) 290 (25) 

3a2 (RS + SR) 290 (34.3) 

3b1 272 (1.3) 

3bz(RS+SR) 222(65.7) 

4 300 (3 1.4) 

5 466 (0.1 1) 

252 (15) 175 (65.7) 165 (100) 
-Cl C6H3C12CHOH FIH 

202 (40) 175 (87.1) 115 (100) 
-HCI C,H,C,,CHOH InH 

Table 3. Eluents for chromatographic separation, solvents for recrystallization, melting points, and microanalytical data. 

Microanalytical data 
Chroma- Recrystal- Melting 
tography lization point Molecular C (%) H (%) Cl(%) 

Product eluent solvent ("c) formula Calcd. Found Calcd. Found Calcd. Found 

3a1 1: Ether, Hexane 110 C,,Hl,C120 70.40 70.42 4.14 4.20 20.78 21.26 
4: hexane 

3% 1: Ether, Oil C,,HI2C1,0 
(RR + SS) 4: hexane 

3% 1: Ether, Pentane 98 Cl6HI2Cl20 66.00 65.44 4.15 4.71 24.35 22.63 
(RS + SR) 4: hexane 

34 1: Ether EtOH 119 (lit. (12) C2,H160 
4: hexane 121-122) 

3b2 1: Ether, Heptane 132 (lit. C16H140 

(RS + SR) 4: hexane (16) 135) 

4 2: Ether, 2: Ether, 126 C,,HI6O2 83.98 83.69 5.37 5.39 
3: pentane 3: hexane 

5 3: Ether CHCI, >266 C3,H2,O2 87.52 84.71 5.62 5.50 
7: hexane 

6 Hexane Hexane Oil CIIHI,O 89.34 87.24 5.00 4.99 

an excess of FlH,, afforded the corresponding 1,l -his-(9-fluo- and had melting points close to those reported in the literature 
reny1)-alkanes (1 1). (Table 3). Microanalytical data were obtained for all new crys- 

talline compounds (Table 3). The structure of alcohol 3a1 was 
Structure of products determined by 'H and 13c NMR spectroscopy and that of alco- 
All compounds were characterized by mass spectrometry hols 3a, by 'H NMR spectroscopy. They are shown below. 
(Table 2). The crystalline compounds 3b1 and 3b, are known The complete attribution of the protons of 30, was made 
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60 

Fig. 5. ('H-'H) COSY spectrum of alcohol 3al.  

using COSY and NOE differential spectroscopy. Alcohol 3a1 
exhibits a ('H-'H) COSY spectrum (Fig. 5) with three sets of 
protons. The first and the second set (four protons each) con- 
cern the fluorene backbone and the third set (three protons), 
the aryl group. Protons H3' and H5' and H4' appear, respec- 
tively, as a broad doublet centered at 7.38 ppm and as a sharp 
triplet (7.27 ppm). This result indicates a restricted motion 
around the C1'-C4' axis. Assignment of proton H8 is given 
by the NOE enhancement observed on this proton by presatu- 
ration of the OH. Consequently the set H8, H7, H6, and H5 
(ring B) is easily deduced. It should be noticed that the chem- 
ical shifts observed for these protons are very similar whereas 
the important chemical shift difference for the second set of 
four protons (H 1-H4) (ring A) indicates a preferred conforma- 
tion of the dichlorophenyl ring almost perpendicular to the flu- 

Can. J. Chem. Vol. 74, 1996 

orene moiety, leaving H1 inside the shielding cone, hence the 
assignments of H1, H2, H3, and H4. The { ' H ] - ' ~ C  NMR 
spectrum displays 18 individual resonances for the 20 carbon 
atoms (C2', C6' and C3' and C5' are broad resonances). The 
final attribution is made using the ( 'H-~~c)  COSY spectrum 
(see Fig. 6). The 'H and I3c NMR data parameters are given in 
the experimental part. 

The stereochemistry of the two diastereoisomeric alcohols 
3a2 (RR + SS) and 3a2 (RS + SR) was proven by NMR spec- 
troscopy experiments, including homonuclear COSY and 
NOE differential spectroscopy. From comparison of the nor- 
mal proton spectra of the two alcohols, it appears that the cou- 
pling constants between Ha and Hb are very similar (9.3 and 
10.5 Hz), indicating an antiperiplanar orientation of the Hz,-C- 
C-Hb system in both alcohols. The NMR spectra of Fig. 7 
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Gard et al. 

Fig. 6. ('H-I3H) COSY spectrum of alcohol 3a,. 

Fig. 7. 'H NMR spectra of 3a, (RR + SS) and 3a2 (RS + SR). 

show clearly that the dichlorophenyl ring has a different posi- 
tion in the diastereoisomeric alcohols, as illustrated in the 
structures. The protons on the benzene ring B of the RR + SS 
diastereoisomer are in a location analogous to those of the pro- 
tons of the ring B of alcohol 3n, and the protons of ring A of 
the RS + SR diastereoisomer are in a similar location to those 
of ring A of alcohol 3n,. ~ndeed, proton H2 of the RR + SS, 
being in the shielding cone of the dichlorophenyl group, is 
strongly shielded with respect to proton H2 of the RS + SR iso- 

mer (Fig. 7) .  For the same reason, protons H7 and H6 of the RS 
+ SR isomer are shielded with respect to these same protons of 
the RR + SS isomer (Fig. 7 )  but the shielding is smaller for pro- 
ton H6 because it is further away from the dichlorophenyl 
group in the RS + SR isomer. Thus, the stereochemistry RR + 
SS and RS + SR was attributed respectively to the major (47%) 
and minor (27%) diastereoisomer of alcohol 3a2. The chemi- 
cal shifts and coupling constants for alcohols 3a2 (RR + SS) 
and 3a2 (RS + SR) are given in the experimental part. Interest- 
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ingly, carbinol 3a2 exists as the a form. No sigmatropic rear- 
rangement (1 7, 18) or base-catalyzed rearrangement (19) to 
the y-form was observed (eq. [lo]). 

3 (a-form) 3 (y-form) 

Experimental part 

Reagents 
Tetrahydrofuran was purified by distillation under argon from 
sodium benzophenone ketyl. The supporting electrolyte was 
tetrabutylammonium perchlorate (0.2 M) in all cases. Fluo- 
rene, indene, 2,6 dichlorobenzaldehyde (la), benzaldehyde 
(lb), and terephthalaldehyde (2) were all commercial prod- 
ucts. 

Apparatus and general procedures 
All experiments were carried out under an argon atmosphere. 
In voltammetry, the working electrode was a vitreous carbon 
disc (diameter 1.2 mm) and, for the controlled potential elec- 
trolyses, a mercury electrode. In all cases, the reference elec- 
trode was a saturated calomel electrode (SCE) separated from 
the solution by a sintered glass disc. The auxiliary electrode 
was a platinum wire. All reagents in solution in THF were 
added, with a syringe previously purged with argon, to the 
THF-(n-Bu),NClO, solution in the cell. The cyclic voltamme- 
try experiments were conducted with a Tacussel PJT 24-1 
potentiostat. The controlled potential electrolyses were carried 
out with an Amel 552 potentiostat equipped with a Tacussel 
IG5 integrator. For the experiments camed out at -30°C the 
cell was placed in a cooling bath (acetone - liquid nitrogen). 
Melting points were determined on a Kofler apparatus and are 
uncorrected. The 'H (400 MHz) and I3c (100 MHz) NMR 
spectra were recorded from CDC1, solutions on a WM400 
Bruker NMR spectrometer at the CSMUB (Centre de spec- 
tromCtrie molCculaire de 1'UniversitC de Bourgogne). The 
chemical shifts (6) are given in ppm (downfield from TMS) 
and the coupling constants (J) in hertz. The multiplicities are 
as follows: s, singlet; d, doublet; t, triplet. Mass spectra were 
taken on Kratos Concepts spectrometer. Silica gel Merck 
(280-400 mesh) was used for flash column chromatography 
and silica gel Merck BOF,,, for thin-layer chromatography. 
Eluents for chromatographic separation, solvents for recrystal- 
lization, melting points, and microanalytical data are recorded 
in Table 3. The mass spectral and microanalytical data are 
given in Tables 2 and 3, respectively. 

Typical electrolysis procedure 
2,6-Dichlorobenzaldehyde ( la)  (152.7 mg, 0.87 mmol) was 
electrolyzed on a mercury electrode at - 1.6 V vs. SCE with 
indene (1 mL, 10 mmol) at -30°C in THF (20 mL) containing 
(n-Bu),NClO, (0.2 M). The electrolysis was stopped when the 
current dropped to zero (0.0015 electron per molecule of la). 
The orange-yellow solution was immediately poured into 
water and extracted with ether. Chromatography on silica gel 
with hexane-ether (4: 1) as eluent gave two diastereoisomeric 
3-[a-hydroxy-(2',6'-dichloro-phenyl)]-indenes (3a2). The less 

polar RR + SS isomer was isolated as an oil (1 19 mg, 47%). 
The more polar RS + SR isomer was recrystallized from pen- 
tane, mp 98°C (68 mg, 27%). 

NMR spectral data 
Carbino13al: 'H NMR 6 (CDCl,): 3.28 (s, lH, OH), 4.87 (d, J 
=9.8 HZ, IH, H9),5.08 (d, J = 9 . 8  HZ, lH, H,),6.19 (ddd, J =  
7.6, 1.8, and 0.8 Hz, lH, HI), 6.96 (ddd, J = 7.6, 7.6, and 1.2 
Hz, lH, H2), 7.27 (t, J =  8.0 Hz, lH, H4'), 7.30 (ddd, J =  1.8, 
7.6, and 7.6 Hz, lH, H3), 7.35 (ddd, J =  1.7, 7.5, and 7.5 Hz, 
IH, H7),7.37 (d, J=8 .0Hz ,  2H, H3'),7.44(ddd, J=7.5,7.5,  
and 1.2 Hz, lH, H6), 7.74 (ddd, J = 0.8, 1.2, and 7.6 Hz, lH, 
H4), 7.79 (ddd, J = 7 . 5 ,  1.7, and0.8 Hz, lH, H5),7.98 (ddd, J 
= 0.8, 1.2, and 7.5 Hz, lH, H8). ',c NMR 6 (CDCl,): 52.14 (d, 
lC, C9), 75.19 (d, IC, C,), 120.34 (d, lC, C4), 120.45 (d, IC, 
C5), 125.71 (d, lC, Cl), 127.12 (d, lC, C2), 127.52 (d, lC, 
C7), 127.59 (d, lC, C8), 128.1 1 (d, lC, C3), 128.33 (d, lC, 
C6), 130.04 (d, 2C, C3' and C5'), 130.12 (d, 1 C, C4'), 136.14 
(s, 2C, C2' and C6'), 137.43 (s, lC, CI'), 14 1.83 (s, lC, C5n), 
142.45 (s, lC, C9a), 142.49 (s, lC, C4a), 146.12 (s, lC, C8n). 
Carbinol 3a2 (RR + SS): 'H NMR 6 (CDCI,): 3.41 (s, lH, 
OH), 4.50 (d, J =  10.4 Hz, lH, Hb), 5.02 (d, J =  10.4 Hz, lH, 
H,), 5.79 (dd, J = 2.0 and 5.6 Hz, lH, H2), 6.85 (dd, J = 2.0 
and 5.6 Hz, IH, H3), 7.20 (t, J =  8.0 Hz, IH, H4'), 7.25 (dt, J =  
1.3and7.4Hz, lH,H6),7.36(dd,J=8.Oand8.0Hz, lH,H5), 
7.36(d, J=8 .0Hz ,2H,  H3'andH5'),7.41 (d, J = 7 . 3  Hz, lH, 
H4), 7.94 (d, J = 7.4 Hz, IH, H7). 
Carbinol 3a2 (RS + SR): 'H NMR 6 (CDCl,): 3.25 (d, J = 9.3 
Hz, lH, OH),4.41 (d, J=9 .3  Hz, lH, Hb),5.17 (dd, J = 9 . 3  and 
9.3 Hz, lH, H,), 6.42 (d, J=7 .5Hz ,  lH, H7);6.85 (dd, J = 5 . 6  
and 1.8 Hz, lH, H2), 6.97 (dd, J = 7.7 and 7.5 Hz, IH, H6), 
6.98 (d, J = 5 . 6 H z ,  lH, H3),7.22(dd, J = 7 . 5  and7.5 Hz, lH, 
H5),7.25(t,J=7.8Hz,lH,H4'),7.36(dd,J=7.5and1.8Hz, 
IH, H4), 7.38 (d, J = 7 . 8  Hz, 2H, H3'andH5'). 
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Novel experimental findings in the B-Z system 
employing mixed substrates 

V. Jayalakshmi and R. Ramaswamy 

Abstract: Certain novel features of the Belousov-Zhabotinsky (B-Z) system employing different mixed substrates and Mn(I1) as 
the catalyst are presented. Malic acid is the common substrate together with one of malonic, citric, cyanoacetic, maleic, acetic, 
oxalic, or tartaric acid as the second substrate. The correlation of the oscillatory behaviour with values of exchange current 
density establishes the oscillatory control by the redox couple, namely, Mn(III)/Mn(II) and (or) Br,/Br-. Each substrate when 
used alone gives rise to an oscillatory behaviour with characteristic features that can be compared with the system containing 
mixed substrate. The combination of substrates provides different modes of oscillatory behaviour such as entrainment, 
independent, partial inhibition, or complete inhibition. These observations are rationalized in terms of relevant steps involved in 
the mechanism of the reaction. 

Key words: mixed substrate, exchange current density, entrainment, independent, inhibition. 

Resume : On prksente certaines caractkristiques nouvelles du systkme de Belousov-Zhabotinsky (B-Z) dans lesquelles on utilise 
des substrats mixtes et du Mn(I1) comme catalyseur. L'acide malique est un substrat courant avec l'un ou l'autre des acides 
malonique, citrique, cyanoacktique, malkique, acktique, oxalique ou tartrique comme deuxikme substrat. La corrklation du 
comportement oscillatoire avec les valeurs de la densitt du courant d'kchange permet d'ktablir que le contrBle oscillatoire dtrive 
du couple redox, Mn(III)/Mn(II) et (ou) Br,/Br-. Lorsqu'on utilise les substrats seuls, ils donnent lieu h un comportement 
oscillatoire dont les caractkristiques particulikres peuvent se comparer h celles d'un systkme contenant un substrat mixte. Les 
combinaisons de substrats conduisent h des modes differents de comportement tels qu'entrainement, independant, inhibition 
partielle ou inhibition complkte. On peut rationaliser ces observations en fonction d'etapes appropriCes impliquCes dans le 
mecanisme de la rkaction. 

Mots cl6s : ssubstrat mixte, densite du courant d'kchange, entrainement, indkpendant, inhibition. 

[Traduitpar la rkdaction] 

Introduction 

Oscillatory reactions in the Belousov-Zhabotinsky (B-Z) and 
Briggs-Rauscher (B-R) systems have been investigated by 
employing a variety of organic substrates in aqueous as well as 
aqueous-organic mixed media (1-3). Oscillatory reactions 
with mixed organic substrates (4-6) have also received con- 
siderable attention. The present paper deals with certain novel 
experimental findings in the B-Z system employing mixed 
substrates with malic acid as the common substrate. 

Experimental 

common substrate. The structures of the substrates employed 
have been tabulated for convenient reference. 

Stlvctures of different substrates employed. 

S.No. Substrate Structure 

1. Malic acid HOOC-CH2-CH(OH)-COOH 

2. Citric acid CH?- COOH 
I - 

C(0H)-COOH 
I 

CH2-COOH 

3. Malonic acid HOOC-CH2-COOH 

The constituents of the experimental solution, with the excep- 4. Cyanoacetic acid NC-CH?-COOH 

tion of potassium bromate, were kept well stirred and thermo- 5. Maleic acid HOOC-CH=CH-COOM 
stated in a polythene beaker. The addition of the last 
constituent (KBr03) triggered off the oscillations. The EMF 6. Acetic acid CH,-COOH 

oscillatory profile between a platinum indicator electrode and 7. Tartaric acid CH(0H)-COOH 
a saturated calomel (SCE) reference electrode was continously I 
recorded. Different substrates were employed for the study, CH(OH)- COOH 

either individually or in combination with malic acid as the 8. Oxalic acid COOH 
I 

COOH ~ ~ 
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Jayalakshrni and Rarnaswamy 

Table 1. Oscillatory characteristics with malic acid and citric acid as substrates." 

Potential (V vs. SCE) 
Time per 

Is] Number of Base Peak Amplitude oscillation Duration 
Substrate M oscillations value value (v)  (min) (mi n) 

Malic acid 0.05 40 0.775 1.050 0.275 1 .OO 40 

Citric acid 0.05 30 0.600 0.825 0.225 0.50 15 

0.05 32 0.475 0.925 0.450 0.56 ' 18 
+ 

Malic acid 0.05 
+ 

citric acid 0.025 1-30 0.590 0.820 0.230 0.50 15 
+ 

0.025 3 1-54 1.66 40 

"[KBrO,] = 0.05 M; [HZSO,] = 2.0 M; [MnSO,] = 0.005 M; temperature = 30 2 O.l°C. 

in Table 1 is presented in Fig. lb. Each substrate when used 
alone in the B-Z reaction gives rise to characteristic features 
that permit identification of its oscillatory behaviour in the 
system with mixed substrates. The oscillatory reactions with 
the individual substrate under the concentration conditions 
indicated in Table 1 are presented in Figs. l a  and 2. The poten- 
tial developed at the platinum indicator electrode is deter- 
mined by the relative values of the exchange current density 
and (or) the relative concentrations of the redox couples 
involved. The values of the exchange current density for Pt/ 
Mn(III), Mn(II), and that of Pt/Br,, Br- are comparable 
~lcrn'). Therefore the potential range of oscillation can be 
decided by the relative concentration of Mn(III)/Mn(II) and 
Br2/Br-. The potential range of oscillation with malic acid as 
the substrate is 0.775-1.05 V (vs. SCE). The peak potential is 
as high as 1.05 V, indicative of the predominant potential con- 
trol by the Mn(III)/Mn(II) redox couple. The standard poten- 
tials (vs. SHE) of the Mn(III)/Mn(II) and Br2/Br- redox 
systems are 1.488 and 1.066 V, respectively. However, the 
prevailing concentrations of the different species are much 
smaller. Thus the malic acid oscillatory profile is predomi- 
nantly controlled by the Mn(III)/Mn(II) redox couple due to 
the nominal reactivity of the substrate towards bromination. 

On the other hand, the potential range of oscillation in the 
citric acid system is 0.60-0.825 V (vs. SCE), which is indica- 
tive of mixed control of potential by both redox couples, 
namely, Mn(III)/Mn(II) and Br,/Br-. This is presumably due 
to the high reactivity of the substrate towards bromination, 
leading to considerable production and consumption of bro- 
mine. 

This can be well understood in terms of the relevant steps 
involved in the FKN mechanism. 

[I] HOBr + Br- + H+ + Br, + H,O 

These steps lead to the formation of bromine and the oxi- 
dized form of metal ion. In addition, the reaction involving the 
substrate would lead to the consumption of bromine as well as 
the oxidized form of the metal ion according to the following 
steps: 

[3] S + Br, + Br.S + Br- + Hi 

[4] S + M("+')+ + M"+ + product 

Steps [3] and [ l ]  are more favoured in the citric acid system 
because of its high reactivity towards bromination. Enhance- 
ment in the production and consumption of bromine in the cit- 
ric acid system is also reflected in the smaller time per 
oscillation (0.5 min) compared to that of malic acid (1.0 min) 
as indicated in Table 1. Thus the high reactivity of the sub- 
strate contributes considerably to the high frequency and 
mixed control of potential by both redox couples, namely, 
Mn(III)/Mn(II) and Br2/Br-. 

The oscillatory profile observed in this mixed substrate sys- 
tem is almost identical to the oscillatory parameters with citric 
acid except for the increase in the amplitude of oscillations. 
The wave form, potential range, and the oscillatory period also 
clearly indicate that the oscillations are of the citric acid type 
and the role of malic acid is just to increase the amplitude of 
oscillations to the extent of 225 mV. Thus the system investi- 
gated here is an example of entrainment oscillations, in which 
citric acid is responsible for oscillations and the presence of 
malic acid increases the amplitude of oscillations. 

The oscillatory behaviour of the system with 0.1 M of the 
individual substrate (malic acid or citric acid) leads to an 
increase in the frequency of oscillations due to an enhance- 
ment in the formation and consumption of bromine as well as 
of Mn(II1). The solution containing a total concentration of 
0.05 M of malic and citric acid (0.025 M each) gives an oscil- 
latory behaviour that is identical with that of citric acid (0.05 
M) for a duration of 15 min followed by an additional 24 oscil- 
lations in 40 min. Such an oscillatory behaviour can be termed 
as independent and persistent. 

(ii) Malic acid and malonic acid 
The oscillatory behaviour of this system under the concentra- 
tion conditions indicated in Table 2 is presented in Fig. 3. The 
oscillatory profile observed with mixed substrate is identical 
to that of malonic acid in almost all aspects of the wave form, 
namely, potential range, frequency, and the alternation 
between a pink and a colourless solution. This clearly indi- 
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Can. J. Chern. Vol. 74, 1996 

Fig. 1. Oscillatory behaviour of bromate-Mn(I1) system at 30 2 0. 1°C. Concentration conditions: 
[H2S04] = 2.0 M; [MnSO,] = 0.005 M; [KBrO,] = 0.05 M. (a) Citric acid (0.05 M); (b) malic acid 
(0.05 M) + citric acid (0.05 M). 

Time (min) 

cates that the oscillations are of malonic acid type. The only 
difference between these two systems is in the number of 
oscillations. The presence of malic acid decreases the number 
of oscillations of the malonic acid system. Here, though the 
oscillations are controlled predominantly by malonic acid as 
the substrate, malic acid also participates in the reaction under 
the concentration conditions employed. This results in a 
decrease in the concentration of bromate, leading to an 
unfavourable concentration ratio of bromate to substrate at 9.5 
min duration and a Dremature termination of oscillations. 
These observations can be substantiated on the basis of the rel- 
evant steps of the overall reaction involving the formation of 
Mn(1II) and bromine (steps [ I ]  and [ 2 ] )  as well as their con- 

sumption (steps [3] and [4]). The unfavourable ratio of bro- 
mate to substrate disfavours steps [ I ]  and [ 2 ] ,  which would 
otherwise have resulted in the up reaction. This is further sup- 
ported by the restart of oscillation by the addition of bromate 
at the 9.5 min mark. Thus this system represents an example of 
interrupted independent oscillations, where malonic acid 
mainly controls the nature of oscillations and the interruption 
is due to an effective decrease in the relative concentration of 
bromate. 

The oscillatory behaviour of the system with 0.1 M malonic 
acid alone is characterized by a smaller time per oscillation 
due to an enhancement in the formation and consumption of 
bromine as well as of Mn(II1). The solution containing 0.05 M 
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Jayalakshmi and Ramaswamy 

Table 2. Oscillatory characteristics with malic acid and malonic acid." 

Potential (V vs. SCE) 
Time per 

us] Number of Base Peak Amplitude oscillation Duration 
Substrate M oscillations value value ( v )  (min) (rnin) 

Malic acid 0.05 40 0.775 1.050 0.275 1 .OO 40.0 

Malonic acid 0.05 39 0.825 1.010 0.185 0.45 17.5 

0.05 22 0.825 1.010 0.185 0.45 9.5 
+ 

Malic acid 0.05 
+ 

malonic acid 0.025 39 0.825 1.020 0.195 0.45 17.5 
+ 

0.025 

"[KBrO,] = 0.05 M; [H,SO,] = 2 M; [MnSO,] = 0.005 M; temperature = 30 + 0.l0C 

Fig. 2. Oscillatory behaviour of bromate-Mn(I1) system at 
30 t- 0.1 OC. Concentration conditions: [Malic acid] = 0.05 M; 
[KBr03] = 0.05 M; [MnSO,] = 0.005 M; [H,SO,] = 2.0 M. 

1 I I I I I I I I I I 
0 5 10 15 20  25 30 35 4 0  45 5 0  

Time (min) 

of the mixed substrate (0.025 M each) leads to an oscillatory 
behaviour identical with that of 0.05 M malonic acid alone. 
This behaviour can be termed as independent. The system 
behaves as if it contains only malonic acid. 

The course of the reaction involves steps [I]-[4] when 
malic acid is a single substrate. The inclusion of any one of the 
second constituents leads to a predominance of step [6] over 
steps [3] and [4]. This leads to a delay in the onset of oscilla- 
tions and is manifest as an increase in the induction time as 
well as a decrease in the number of oscillations and in dura- 
tion, resulting in partial inhibition. The reaction involving the 
second substrate in step [6] leads to a depletion in the bromate 
concentration in a non-oscillatory reaction as a result of which 
there is premature cessation of oscillations with smaller num- 
ber and duration. This is confirmed by the restart of oscillation 
on addition of potassium bromate after the oscillations cease. 

The system employing 0.1 M of the second substrate does 
not show oscillatory behaviour as with 0.05 M. Further, the 
system containing 0.05 M of the mixed substrate (0.025 M 
each) does not exhibit oscillatory behaviour. This is presum- 
ably due to high concentration of potassium bromate leading 
to consumption of substrate in a non-oscillatory reaction. This 
is substantiated by the fact that the system oscillates when the 
concentration of potassium bromate is reduced to 0.025 M. 

(iv) Malic acid and tartaric acidoxalic acid 
The addition of either tartaric or oxalic acid to malic acid 
results in a total inhibition of oscillations. The potential 
remains constant at 1.01 V (vs. SCE) corresponding to the 
peak potential region. In these instances step [6], involving the 
consumption of substrateladded constituent, is totally over- 
whelming. The extent of reactions [3] and [4] is quite insignif- 

(iii) Malic acid and cyanoacetic acidmaleic acidacetic acid icant under these conditions, resulting in complete inhibition 

In this set of experiments the second constituent, unlike malic of oscillations. 
It is interesting to note that the system exhibits oscillatory acid, does not act as a substrate under the concentration condi- 

tions indicated in Table 3 and presented in Fig. 4. In all three behaviour in a solution containing 0.05 IM potassium bromate 

systems the presence of the second substrate introduces an and 0.05 M mixed substrate (0.025 M each). The system 

induction period, and decreases the duration and the number of changes from one of complete inhibition at 0.1 M mixed sub- 
strate to one of partial inhibition at a concentration of 0.05 M oscillations. The second constituent is presumably involved in 
of mixed substrate resulting from a favourable concentration the following steps of the overall reaction. 
ratio of bromate to substrate. 

[5] Br0,- + HBrO, + Hf + 2 B r 0  + H,O 
Conclusion 

[6] B r O  + S + HBrO, + So, A study of the B-Z reaction with mixed substrates provides 
valuable information regarding the key role of the substrate in 

(S = substrate or added constituent; So, = oxidized product) the overall reaction. Different combinations of the substrates, 
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Fig. 3. Oscillatory behaviour of bromate-Mn(I1) system at 30 2 O.I°C. Concentration conditions: 
[H,SO,] = 2.0 M; [MnSO,] = 0.005 M; [KBrO,] = 0.05 M. (a) Malonic acid (0.05 M); (O) rnalic acid 
(0.05 M) + rnalonic acid (0.05 M). 

Table 3. Oscillatory characteristics with rnalic acid, cyanoacetic acid, rnaleic acid, and acetic acid." 

Potential (V vs. SCE) 
Time per Induction . 

[S] Number of Base Peak Amplitude oscillation Duration period 
Substrate M oscillations value value ( v )  (min) (min) (min) 

Malic acid 0.05 40 0.775 1.050 0.275 1 .OO 40 0 

Cyanoacetic acid 0.05 - - - - - - - 

Malic acid + 0.05 18 0.850 1.025 0.175 0.88 24.6 8.6 
cyanoacetic acid + 

0.05 

Malic acid + 0.05 10 0.840 1.050 0.210 1.40 26.5 12.5 
rnaleic acid + 

0.05 

Acetic acid 0.05 - - - - - - - 

Malic acid + 0.05 3 1 0.900 1.050 0.150 1.04 36.5 4.2 
acetic acid + 

0.05 

"[KBrO,] = 0.05 M; [H,SO,] = 2 M; [MnSO,] = 0.005 M; Lemperature = 30 + O.l°C. 
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Jayalakshrni and Rarnaswamy 

Fig. 4. Oscillatory behaviour of brornate-Mn(I1) system at 30 t 0. I°C. Concentration conditions: 
[H,SO,] = 2.0 M; [MnSO,] = 0.005 M; [KBrO,] = 0.05 M. ( a )  Malic acid (0.05 M) + cyano acetic 
acid (0.05 M); ( O )  malic acid (0.05 M) + maleic acid (0.05 M). 

Time (min ) 

malic acid being common, provide different types of oscilla- 
tory behaviour of the system. The resultant pattern of behav- 
iour is mainly governed by the reactivity of the second 
substrate in relation to malic acid. The behaviour of these sys- 
tems can be well understood in the light of the relevant steps 
involved in the overall reaction. 
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SCF-MO computational analysis of the 
geometric conformation and charge 
distribution in picric acid and alkali 
picrate salts 

Zbigniew Zimpel, Barbara R. Nelson, and John A. Weil 

Abstract: SCF-MO computations were employed in a study of picric acid, the -1 picrate ion, and Li, Na, and K picrates. Atomic 
coordinates from crystallographic structural analyses were used as initial parameters in the computation of the minimum-energy 
conformations of each free molecule at the 6-3 IG level. The Mulliken charge numbers for each atom in the optimized model 
molecules were calculated at the 6-3 1 G** level. The induction and resonance effects of the OX group (X = H, Li, Na, K) on the 
trinitrophenyl ring are discussed. It is demonstrated that molecular (electron) isodensity surfaces (MIDCOs) describe charge- 
density results nicely compatible with the point Mulliken charge numbers. 

Key words: picrates, SCF-MO, charge distribution. 

Resume : On a utilisk des calculs d'OM en champ auto-coherent pour etudier l'acide picrique, l'ion picrate et les picrates de Li, 
Na et K. On a utilise des coordonnkes atomiques provenant d'analyses cristallographiques de structures comme paramktres 
initiaux dans les calculs des conformations d'tnergies minimales de chacune des molCcules libres au niveau 6-31G. Operant au 
niveau 6-31G**, on a calcule les nombres de charge de Mulliken des molCcules modkles optimiskes. On discute des effets 
d'induction et de resonance des groupes OX (X = H, Li, Na, K) sur le noyau trinitrophknyle. On a dCmontrC que les surfaces 
d'isodensite Clectronique au niveau molCculaire dkcrivent bien l'adequation entre les resultats de densite de charge et les 
nombres de charge de Mulliken. 

Mots elks : picrates, OM en champ auto-coherent, distribution de charge. 

[Traduit par la redaction] 

Introduction 

1-R substituted 2,4,6-trinitrobenzene derivatives (1-R-TNB) 
undergo nucleophilic aromatic substitution reactions that pro- ['I 

ceed via the two-step SNAr additionelimination mechanism 
shown in eqs. [ l ]  and [2]. In the first step the nucleophile Nu- 
attacks the electron-deficient ring and forms the a-bonded 
species 1 (a  a adduct) in which C(,)  is rehybridized from sp2 to 
sp3. The nucleophile can attack either at C( ,)  to produce a 1 , l -  
bonded anion or at C(3) (C(si) to give a 1 J-bonded anion.3 In 
the second step the aromatic ring is restored by expulsion 
either of R- to yield the substitution product 2 (eq. [2]) o r  of 
Nu- to regenerate the starting material (1). [21 

The presence of the three electron-withdrawing nitro groups 
situated meta to each other on the phenyl ring is believed to 
promote the formation of 1 in two ways. First, replacement of 
hydrogen atoms by such groups enhances the rate of nucleo- 

NO2 

1 
~r adduct 
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Both ions are called a complexes or a adducts. 

philic attack on  the aromatic carbon ring of the molecule by 
withdrawing electron density from the originally electron-rich 
ring, via induction and resonance. Second, it increases the sta- 
bility of 1 by delocalizing the -1 charge initially on the 
attacked aromatic ring into the three nitro groups. The increase 
in stability of 1 decreases the rate of decomposition of the a 
adduct, back to the reactants or to  product 2. The stabilizing 
effect of the nitro groups, coupled with the use of 1-R-TNBs in 
which R-  is a poor leaving group, enables discrete and rela- 
tively stable a adducts to form. 

Figure 1 shows what are believed to be the most significant 

Can. J. Chem. 74: 70-78 (1996). Printed in Canada 1 ImprimC au Canada 
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Zimpel et al. 

Fig. 1. Some of the important resonance structures for the 1-R-2,4,6-trinitrobenzene molecule. 

types of resonance structures in 1-R-TNB for activation of the 
ring toward nucleophilic substitution. Note that the shifted 
electron density is concentrated on the nitro oxygens and that 
electron density is withdrawn primarily from carbons at posi- 
tions 1,3,  and 5. It is evident from resonance structure 2 that, if 
R is electron withdrawing, C( , )  will be further activated to 
nucleophilic attack. 

In our experimental research on the formation and reactions 
of a adducts of 1-R-2,4,6-trinitr~benzenes,~ we were curious 
about the quantitative extent to which the benzene ring is acti- 
vated by the nitro groups and by R, and how the identity of R 
affects this activation. One 1-R-TNB compound in which we 
are specifically interested is picric acid. As is strongly indi- 
cated in both our experimental studies and in the literature (3, 
4), it is the picrate -1 anion,5 and not the picric acid molecule, 
that is attacked by the nucleophile to form the u adduct. One 
commonly asked question regarding this reaction is: why does 
a negatively charged nucleophile attack the negatively charged 
picrate anion? The generally given qualitative answer is that 
the -1 charge on the picrate anion is withdrawn into the three 
nitro groups to such an extent that the ring remains activated 
(T-electron deficient), albeit somewhat less so than in the neu- 
tral picric acid molecule. 

To obtain a more quantitative measure of ring activation in 
the picrate anion and to determine the charge distribution in 
the molecule, we performed self-consistent-field molecular 
orbital (SCF-MO) computations on picric acid, on the isolated 
picrate anion, and on three alkali picrates (Li, Na, and K). The 
three different picrate salts were studied to determine what 
effect(s) the identity of the cation has on the geometric confor- 
mation of and charge distribution in the anion. 

As will be shown quantitatively, the presence of electron- 
withdrawing groups (such as NO2 and OX (X = H, Li, Na, K)) 
results in considerable withdrawal of T-electron density from 

Our experimental research is primarily concerned with: (i) 
identifying the products (usually o adducts but not necessarily so 
(2)) formed in the reaction between I-R-TNBs and the acetone 
enolate and (ii) the reaction of these products with protons in 
acidic peroxide solution (B.R. Nelson and J.A. Weil, to be 
published). We found that the identity of the product(s) formed in 
these two reactions depends on the identity of R. Some of the 
properties of R that appear to determine the reaction path include 
size, electronegativity, hydrogen-bonding ability, and acidity. 
With a pK, of 0.3 ( 5 ) ,  picric acid is assumed to be 100% 
dissociated in the aqueous basic solutions necessary for the 
formation of the o adduct. The picrate ion is the only 
trinitrophenyl species observed in the room-temperature 'H NMR 
(300 MHz) spectrum of the initial reaction mixture. 

Fig. 2. The I-R-2,4,6-trinitrobenzene molecule with atoms 
numbered. 

where: 

the phenyl ring in the molecules studied. Such withdrawal is 
expected to increase the susceptibility of the ring to nucleo- 
philic attack, as is observed experimentally. 

Methods and results 

SCF-MO computations using the Gaussian-92 package (6) 
were employed in the study of picric acid and its derivatives, 
namely the picrate anion and the alkali picrates, respectively, 
represented by C6H20(N02)3- and C6H20(NO2),X with X = 
H, Li, Na, or K. The optimization of nuclear configuration 
(i.e., nuclear geometry defined in terms of internuclear dis- 
tances, angles, and dihedral angles) was generally performed 
using the 6-3 1G split-valence basis set of atomic orbitals. In 
the geometry optimization of potassium picrate, the single- 
valyce  (SV) basis set of contracted AOs (633 1 It536801 of 
the -S ground state of potassium energy, described by Schafer 
et al. (7), was employed. As was pointed out in ref. 7, the 
expansion of the SV basis set to a double-zeta (DZ) basis set 
does not result in a significant improvement of the atom 
energy. A triple-zeta-type basis (which leads to a slightly more 
accurate value of the ground-state potassium atom) is far too 
large for our computational capabilities. 

The atom-numbering scheme for the substituted trini- 
trobenzene molecule is shown in Fig. 2. The crystallographic 
atomic coordinates were used as the initial parameters in cal- 
culating the minimum-energy conformations of model picric 
acid (8) and potassium picrate (9). The coordinates for potas- 
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Table 1. The definition of the symbols representing the structural parameters listed in Tables 
2-5. The symbols r, r', and d are bond lengths, a and a' bond angles, and P, P', PI, ..., P,. 
dihedral angles. Symbols A(:) (i = 1, 2, ...) represent the sequentially bonded atoms. The symbol 
X represents H, Li, Na, or K. 

Atom r a p d r' a' p' P2 PT PJ P4, P6 P6' 

Table 2. Crystallographic structural parameters (defined in 
Table 1) for C6H20(N02),X, where X = H or K (see Fig. 3). All 
distances are given in A and all angles are given in degrees. 

Picric acid Potassium picrate 

Ref. 9 10 
r 1.150 2.738 
a 108 113 

P -16 -67 
d 1.501 2.41 1 
r' 1.312 1.243 
a' 124 124 

P' 180 -179 
Pz -7 29 
Pz. 172 -152 
P4 - 1 -5 
P r  179 175 
P6 -18 24 
Pn. 165 -155 

sium picrate were used as the initial structural data in the opti- 
mization of both lithium and sodium picrate, for which no 
crystallographic diffraction data are reported in the l i t e ra t~ re .~  
The optimized geometry of the picrate anion was derived start- 
ing from the data for the potassium salt. 

The relative position of each atom in the studied molecules 
is reported in standard internal molecular coordinates (bond 
lengths, bond angles, and dihedral angles7). These parameters 
are defined in Table 1 and include the definition of the position 
with respect to the rest of the molecule of X and O(,), as well as 
the rotation angles with respect to the carbon-ring plane of the 
three nitro groups. The relevant initial crystallographic struc- 
tural parameters are given in Table 2. The calculated values for 
the 6-3 1 Gl6-3 1G** optimized structural parameters for picric 
acid, the picrate ion, and the alkali picrates are given in the 
upper part of Table 3. The calculated values for picric acid and 

No references for lithium picrate or sodium picrate were found in 
the Cambridge Structural Database. 
The internuclear dihedral angle A for the atoms A,, Ab, A,, and Ad 
is defined as the angle between the planes defined by atoms A,, 
Ab, A,, and atoms Ab, A,, Ad, with atoms Ab and A, sharing the 
planes (-180" 5 A < 180'). The sign is positive if the movement of 
the vector Ab+A, towards the vector A,+Ad is a right-handed 
screw motion. The various dihedral angles in the molecules 
discussed herein are designated P, P', P I ,  P2, P2' ,...., P6' 

Table 3. The optimized 6-31G structural parameters (defined in 
Table 1) and the 6-31G/6-31G":': charge numbers for picric acid, 
the picrate -1 ion, and the alkali picrates. All distances are given 
in A and all angles are given in degrees. 

Picric Picrate Lithium Sodium Potassium 
acid -1 ion picrate picrate picrate 

r 0.960 - 1.763 2.088 2.463 
a 115.8 - 129.7 136.6 141.9 

P -2.9 - -9.3 -19.1 -32.2 

r' 1.324 1.231 1.266 1.258 1.251 
a' 125.3 123.9 123.8 124.2 124.1 
P' -176.9 -169.1 -175.3 -173.8 -172.0 
d 1.849 - 1.842 2.185 2.600 
P 2  -0.6 29.3 3.7 10.4 16.6 
Pz, 179.3 -152.9 -176.9 -170.6 -164.9 
Pa -0.7 -0.7 -0.8 '-0.7 -0.9 
p 4 ,  179.3 -179.3 179.2 179.3 179.1 
P6 -37.5 -25.5 -34.5 -33.1 -30.8 
PC 139.7 152.3 143.0 144.4 146.8 

X 0.427 - 

Oo, -0.625 -0.599 
C,,, 0.550 0.609 
C(?) 0.077 -0.028 
C,,, 0.006 -0.010 
C,,, 0.084 0.015 
C 0.015 -0.010 
C,,, 0.097 -0.028 
N(ZI 0.510 0.512 
No, 0.492 0.514 
No, 0.469 0.5 12 
Op) -0.5 13 -0.445 
O(?, -0.423 -0.521 
O,,, -0.453 -0.521 
0 -0.449 -0.521 
O,,) -0.449 -0.521 
O,,., -0.402 -0.445 
H,,, 0.298 0.244 
H 0.292 0.244 

lithium picrate from all three levels of optimization are given 
in Tables 4 and 5 ,  respectively. 

Whereas the geometry was optimized at the 6-31G level, 
polarization functions (p and d orbitals) were added to this 
basis to compute the Mulliken charges on individual atoms. 
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Zirnpel et al 

Table 4. The optimized structural parameters (defined in 
Table 1) and the charge numbers for picric acid at the 6-31G**, 
6-3 1G/6-3 lG**, 6-3 lG, and STO-3G levels. All distances are 
given in A and all angles are given in degrees. 

- 

r 
a 
P 
r' 

a' 
P' 
d 

P2 

P? 

P, 
P,, 

P6 

Ph' 

X 

Table 5. The optimized structural parameters (defined in 
Table 1) and the charge numbers for lithium picrate at the 
6-31G**, 6-31G/6-31G:**, 6-31G, and STO-3G levels. All 
distances are given in A and all angles are given in degrees. 

r 
a 
P 
r ' 
a' 
P' 
d 

P 2  

P2. 

P, 
P,, 

P6 

Ph' 

Fig. 3. Chemical structures showing: (a)  hydrogen bonding in This level of computation will be referred to as the 6-3 1G/6- 
picric acid, and (0) ionic bonding in potassium picrate. 31G*:Vevel. The 3p polarization function computed by 

Wachters (10) was also added to the SV set of AOs for potas- + . *K. . . sium (7). It is widely agreed that while the molecular geometry 
/H*. 

0 o>IoiJ- 0 set of AOs, the calculated energy and charges are strongly 
is relatively less sensitive to the choice of an appropriate basis 

0' + +o 0 ++o dependent on this basis. This is demonstrated in Tables 4 and 
5, where the structural data and charge numbers of the picric 
acid and lithium picrate molecules, obtained at the 6-3 IG*", 

H H 6-31G/6-31G**, 6-31G, and STO-3G levels, are shown. One 

N N can see that the structural parameters obtained at the 6-3 lG:':* 
/ \ / \ 

0 0 0 0 and 6-31G levels are very similar. However, the atomic 
charges computed at the 6-31G"* level are significantly dif- 
ferent from those obtained at the 6-31G level. Because the 

(a) (b) computations performed at the 6-3 1G/6-3 lG** level for picric 
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acid and lithium picrate produce results very similar to those 
obtained at the pure 6-31G** level, and because full optimiza- 
tion of the geometry of sodium and potassium picrates at the 6- 
3 1G** level would be extremely time consuming, performing 
the computations at the 6-3 1Gl6-3 1G** level is justified. 

The electrical charge distribution8 for each molecule in the 
optimized configuration is given in the lower part of Tables 3- 
5. Consideration both of structural parameters and of charge 
distribution allows address of such topics as the competition 
between the inductive effects of the nitro groups and of the 
oxygen atom at C(,), the relationship between the molecular 
conformation and the charge distribution on the molecule, the 
correlation between the charge on the carbon ring and the reac- 
tivity of the ring to nucleophilic attack, and the nature of the 
chemical bond between the alkali cation and the picrate anion. 

To better understand how the presence and position of one 
or more nitro groups on the benzene ring affectthe charge dis- 
tribution in the molecule, model benzene, chlorobenzene, 
nitrobenzene, and TNB molecules were also optimized (6- 
31Gl6-31G*'" using typical bond lengths (11) rather than 
crystallographic data as initial input data. Optimization of 
these model molecules yielded planar conformations to within 
computational accuracy, with all bond angles close to 120". 
Semi-empirical MO calculations on nitrobenzene by Matsu- 
naga et al. (12) also indicate that the planar conformation is the 
most stable. The nitrobenzene model molecule with the nitro 
group arbitrarily fixed in an orientation perpendicular to the 
phenyl plane was also optimized to investigate the influence of 
the rotation of a nitro group on the relative magnitudes of the 
inductive and resonance effects. The charge distributions for 
benzene, the two nitrobenzene molecules, and TNB are 
depicted in Fig. 4. 

Another type of analysis of the configuration of nuclei and 
the electron charge-density distribution can be carried out 
using charge-density maps. Such a display utilizes partially 
integrated electron probability densities derived from our SCF 
MO wave functions (13). The maps provide for visual tech- 
niques demonstrating the main features of the molecular 
geometry and its electron charge distribution. In the present 
contribution, we have produced molecular isodensity surfaces 
(MIDCOs) (14, 15) of the electron charge-density maps for 
picric acid (Fig. 5) and potassium picrate (Fig. 6). These maps 
were computed using the RHOCALC computer program (16). 

Discussion 

Part A. Mulliken point charges 
The following discussion of the optimized 1-R-TNB mole- 
cules is primarily concerned with the conformational geome- 
try of, and the charge distribution in, each molecule. As will be 
shown, the two primary structural factors that influence both 
of these properties are: (i) the identity of the atom X, and (ii) 

The electrical charge on each atom is derived using Mulliken 
population analysis. The charge is presented as a "charge 
number," a unitless value calculated by dividing the electrostatic 
charge on the atom by the absolute value of the charge on an 
electron. Although the concept of a point atomic charge never 
exactly represents reality, it provides a quick and computationally 
inexpensive insight into molecular electronic charge-density 
distribution. 

Fig. 4. Charge numbers for benzene, nitrobenzene (with rotation 
angles P I  = 0 and 90°), and 1,3,5-trinitrobenzene. 

the orientation and position of the nitro groups relative to X 
and to each other. There are three interrelated properties of X 
that are important: (i) its size, (ii) its ability to form intramo- 
lecular bonds, and (iii) its electron-withdrawing properties. 

As noted above, the optimized configuration of the TNB 
molecule is planar, i.e., the ring is planar and the three nitro 
groups are coplanar with the ring. A functional group R sub- 
stituted for one of the protons in TNB may interact with the 
two adjacent nitro groups, causing these adjacent nitro groups 
to rotate so that they are no longer coplanar with the ring. The 
degree to which rotation occurs is related to the size of R, the 
charge on R, and possibly other relevant factors such as 
intramolecular hydrogen bonding. 

The presence at C(,) of groups such as OH that can hydro- 
gen-bond with oxygens on the adjacent nitro groups tends to 
restrict rotation of the bonded nitro group. For example, even 
though one would expect rotation of both ortho nitro groups 
due to electrostatic repulsion between 0(1) and the nitro oxy- 
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Fig. 5. Five top views and one side view of MIDCOs for picric Fig. 6. Five top views and one side view of MIDCOs for potassium 

acid at po equal to (a) 0.01, (b) 0.03, (c) 0.05, (d) 0.1, (e) and (f) picrate at po equal to (a) 0.01, (b) 0.03, (c) 0.05, (d) 0.1, (e) and (f) 

0.2. The boundary density po is expressed in k3. 0.2. The boundary density po is expressed in k3. 

gens, the formation of the hydrogen bond between H(]) and 
0(2) in the picric acid molecule (Fig. 3a) forces the N(2) nitro 
group to be coplanar with the ring. Only the N(6) nitro group is 
rotated. Similarly, the picrate salts would be expected to form 
intramolecular ionic bonds between the cation Xf and 0(,, and 
0(2) (Fig. 3b), which would result in similar restricted r%tion 
of the N(2) nitro group. 

The charge distribution in 1-R-TNB compounds is signifi- 
cantly influenced by the inductive and resonance effects of the 
three nitro groups, by the electron-withdrawing (inductive) 
and (or) the electron-donating properties of R, and by the 
extent of nitro group rotation due to steric and electrostatic 
effects and intramolecular hydrogen bonding or ionic bonding. 
The effects on the molecular charge distribution of the number 
of nitro groups attached to the ring, their relative position on 
the ring, and their rotation angle with respect to the ring plane 
are illustrated by comparing the computed charge distributions 
in the benzene, nitrobenzene, and TNB molecules, shown in 
Fig. 4. 

In benzene, which has D6h ground-state symmetry, the 
charge number for each carbon atom is -0.148 and for each 
hydrogen atom tO.148. The ring charge number,  is 
-0.888, as shown in Fig. 4. Replacing one ring hydrogen with 
a nitro group to form nitrobenzene results in the withdrawal of 
electron density from the phenyl ring to the nitro group via 

both induction and resonance. Maximum resonance with- 
drawal occurs when the nitrogen p orbital containing the lone 
pair of electrons is parallel with the T-p orbital of the attached 
ring carbon so that maximum overlap can occur. Resonance 
withdrawal of electron density in nitrobenzene occurs prima- 
rily at the ortho and para positions. 

If the nitro group is coplanar with the ring (the angle P I  of 
rotation of the nitro group equals 0°), charge can be visualized 
to be withdrawn by both induction and resonance. Compari- 
son of the charge (Q = +0.445)1° on the C6H5 group in planar 
nitrobenzene (Fig. 4$ with that (Qm = -0.148) on the phenyl 
group in benzene indicates the extknt of electron withdrawal 
by the nitro group via both induction and resonance (Fig. 4). 
All the ring carbons experience a decrease in electron density, 
with C(]) showing the greatest change (from -0.148 to 
+0.140). The carbons ortho and para to the nitro group expe- 
rience the next largest withdrawal. 

If, however, the plane of the nitro group is perpendicular to 
the plane of the ring (PI  = 90°), one expects electron with- 
drawal primarily via induction, since then there is no effective 

6 
p orbital overlap. Figure 4 gives the charge distribution for the 

9 
Qring = QC(, is the charge number of the carbon ring for 

, = I  l o  Q+ is the sum of the charge numbers for the six carbons plus those 
the I-R-2,4,6-trinitrobenzenes. of the five hydrogens. 
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Table 6. The charge number Q,,,, for the carbon ring in picric acid, the picrate 
-1 ion, the picrate salts, and 2,4,6-trinitrobenzene. 

Picric Picrate Li Na K 
acid -1 ion picrate picrate picrate Trinitrobenzene 

nitrobenzene model molecule in which = 90" and Q+ = 
+0.431. The data show that electron withdrawal is primarily 
from C(,). Also the C(4) carbon atom "attracts" some electron 
density, increasing the electronic charge gradient on the phe- 
nyl ring. From the comparison of the charge distribution on the 
ChH5 portion of each nitrobenzene molecule, one can see that 
rotation of nitro group primarily modulates the inductive 
effect while the resonance effect varies relatively little." Sim- 
ilar results were obtained by Hehre et al. (17) using the STO- 
3G basis set. 

In TNB, where three nitro groups are meta to each other, 
resonance withdrawal of electron density is reinforced at C(2), 
C(4), and C(6), since each of these carbon atoms is o ~ h o  to two 
nitro groups and para to one. The charge number on each of 
these carbons is +O. 103, as compared to -0.100 in nitroben- 
zene (p l  = 0") and -0.148 in benzene. The total charge num- 
ber Q ~ , g  on the carbon ring in TNB is +0.297, as compared to 
-0.51 1 in nitrobenzene and -0.888 in benzene. Thus the 
presence of three nitro groups on the phenyl ring activates the 
ring to nucleophilic substitution by withdrawing electrpn den- 
sity from the carbon ring, giving it a positive charge.lL 

In picric acid the intramolecular hydrogen bond between 
H(1) and 0 ( 2 )  causes the N(2) nitro group to be coplanar with 
the phenyl ring. The N(6) nitro group is twisted -38" out of 
plane.'3 The difference in the calculated charge numbers at 
C(2) (+0.077) and C(6) (+0.097) is the direct result of the dif- 
ference in the rotation of the N(2) and N(6) nitro groups. As was 
shown in Fig. 4, rotation of the nitro group resulted in an 
increase in positive charge on the attached ring carbon. It is 
postulated that this increase is the result of the loss of back- 
bonding of the unshared electron pair on the nitro nitrogen 
when the nitro group is rotated. 

Optimization of the model picrate -1 ion was performed for 
use as a reference structure for com~arison with dicric acid and 
the alkali picrates. It is recognized that the picrate anion with- 
out the presence of the counter-cation does not represent an 
"actual" species. It does, however, provide a starting point for 
discussions regarding the effects of the presence of the proton 

I I The optimized molecular conformation and the intramolecular 
rotational barrier of the nitro group in nitrobenzene have been 
calculated and compared with experimental data by Head-Gordon 
and Pople (18), who compared the results from 1 1 ab irzitio 
Hartree-Fock theoretical models, and also by Matsunaga et al. 
(12), who found that the semi-empirical (AMl) computations give 
good agreement. 

l 2  The =-electron charges for the atoms in TNB were calculated by 

or cation on the conformation of, and the charge distribution 
in, the neutral molecule and the picrate salts. 

In the picrate anion there are two interrelated effects that 
can cause rotation of the ortho nitro groups. These are the 
steric and electrostatic repulsion between 0( ' ) ,  which exhibits 
a negative charge number of -0.599, and 0 ( 2 )  and 0(6), both 
of which are at -0.445 (Table 3). The fact that the magnitudes 
of the charges on 0(2) and on 0(6) are less than those on the 
other four nitro oxygens can be interpreted in terms of a stabi- 
lizing withdrawal of electron density to these other oxygens, 
to minimize the electrostatic repulsion. The combination of 
the steric and electrostatic repulsion results in a 30" twist14 of 
the ortho nitro groups. Both the ortho-nitro groups are twisted 
to the same side of the planar ring (with 0(1) and o(6') above 
the ring plane) and 0 lies 10" out of the ring plane on the 

(II, opposite side ("behind the ring plane). Thus, the picrate 
anion has C, symmetry, with C('), c ( ~ ) .  and 0(1) lying in the 
reflection plane situated perpendicular to the carbon ring. In 
picric acid and the picrate salts this symmetry is absent 
because the proton and alkali cations are not in the symmetry 
plane. 

In the alkali picrates, intramolecular bonding between the 
cation X+ and O(()  and 0(2) influences the rotation angle of the 
N(2) nitro group, with the magnitude of this angle directly 
related to the size of the cation. The lithium ion, the smallest of 
the alkali cations, is the least distant (0.005 A) from the C(,,- 
C(2)-C(3) plane and is approximately equidistant from 0(') i l d  
0(?). The interatomi~~distances r [Li...O(')] and d [Li...0(2)] 
are 1.763 and 1.842 A, respectively. These distan~es are less 
than the sum of the ionic radii of Li(+l) (0.68 A (20)) and 
0(-2) (1.32 A (20)), indicating an intramolecular bonding. 
With the larger Na' and I$', the cations are positioned, respec- 
tively, 0.133 and 0.334 A above the C(O-C(?)-C(~) plane. To 
maintain the proper interatomic distances for ionic bonding of 
each cation to 0(') and 0(2), the N(2) nitro group rotates - 10" 
for Na' and - 17" for K+. As a consequence of this rotation, 
the dihedral angle p (Table 3) also increases, with the angle of 
rotation increasing with the size of the cation. 

The deviations of the optimized molecular coordinates (par- 
ticularly r, d, a, @, P2, and P6') from those of the crystallo- 
graphic data for picric acid and potassium picrate are 
primarily the result of intermolecular interactions that exist 
within the crystal but are absent in the free molecule. For 
example, in the potassium picrate crystal, the K+ cation is 
coordinated with eight oxygen atoms (two 0 (1 ) ,  four 0(*) and 
two O(4)) from four neighboring molecules (9). Similarly, 
intermolecular hydrogen bonding in picric acid results in a 

Wennerstrom and ~ e n n e r s t r o m  (19) using a modified SCF-MO- deviation of the optimized molecular configuration from the 
PPP (Pariser, Parr, Pople) method. x-ray determined configuration. However, this interaction 

l 3  The fact that the differences between dihedral angles P2 and P?. 
P4 and P4', and P6 and P g  are not exactly 180" (Tables 3 and 4) 1s 
the result of the two oxygens in each nitro group being allowed to l 4   he 2 4 "  differences between dihedral angles P2 and P6 and 
rotate independently about their respective C-N bonds during angles P2, and are the result of the small deviations from 
the conformational optimizations. planarity of the carbon ring. 
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does not influence the orientation of the nitro group at C(2), 
which proves that the intramolecular hydrogen bonding 
between the H(!9) and 0 ( 2 )  is much stronger than any intermo- 
lecular interaction. 

As shown by the data in Table 3, - -0.4 of the nominal - 1 
charge on 0(,) of the model picrate anion has been drawn into 
and redistributed over the trinitrophenyl ring. Comparison of 
the charge numbers for picric acid and for the picrate ion show 
that the charge is redistributed primarily to the carbon atoms 
C(2) and C(,), and to the six nitro oxygens. Introduction of the 
lithium, sodium, or potassium cation to form the picrate salt 
shifts the electron density in the isolated picrate anion toward 
0(,) and 0(2), due primarily to the electrostatic attraction of 
the cation. The electron densities on the other five nitro oxy- 
gens in the three picrate salts are less than those on the corre- 
sponding oxygens of the picrate anion. The magnitude of the 
positive charge on the cations confirms the presence of ionic 
bonding between the cation and 0(,) and 0(2), in agreement 
with the interpretation of the crystallographic data reported by 
Maartmann-Moe (9). 

As shown in Table 6, withdrawal of electron density from 
the carbon ring is significantly greater for picric acid and the 
alkali picrates than for trinitrobenzene. This is due primarily to 
the presence of the electronegative oxygen atom 0(,) in the 
former molecules. As expected, as the size of X increases, the 
magnitude of the positive charge on the carbon ring decreases, 
i.e., X withdraws less electron density from the ring. This is 
consistent with the corresponding increase in the magnitude of 
the charge numbers for X, as shown in Table 3. 
Part B. Electron charge densities 
In the second part of this paper we demonstrate that the elec- 
tronic charge densities yield useful information about the char- 
acter and strength of chemical bonds, and the configuration of 
atomic nuclei. Gratifyingly, this information can easily be 
graphically displayed, allowing conclusions to be derived 
from the pictorial representation of the electron charge distri- 
bution. Since the charge density is a function on a 3-dimen- 
sional space, it cannot be shown as a functional (4- 
dimensional) graph. The best way to plot a charge-density map 
is by using the molecular isodensity surfaces (MIDCOs). The 
topological features of these surfaces can then be interpreted 
in terms of the character and strength of chemical bonds. In 
general, there is a strong covalent bond between two atoms if 
they remain inside a connected isodensity surface, even at rel- 
atively high electron density thresholds. Otherwise, if an 
isodensity surface splits into two disconnected pieces each 
containing an atom, the covalent bond between these atoms is 
considered weak. The more electron charge is concentrated on 
a molecular group or individual atom, the larger are the con- 
nected components of isodensity surfaces surrounding this 
atom as compared to other groups or atoms. This powerful and 
very elegant method of analysis, based on the topological fea- 
tures of "Density Domains," was recently proposed and devel- 
oped by Mezey (14, 15). 

In Figs. 5 and 6, sets of six MIDCOs for the picric acid and 
potassium picrate molecule are presented. The electron 
charge-density function p(r) is defined as the fractional num- 
ber of electrons within a small volume element GV at r divided 
by GV (in A ~ ) .  We are concerned with isodensity surfaces for 
given values po of p. At low density (po = 0.01) there is one 
connected surface with no holes for each molecule. However, 

even at this low density threshold one can see that the charac- 
ters of the O(l)TX and the 0(2)-X bonds are very different in 
picric acid while both bonds are more or less equivalent in 
potassium picrate. This can be observed in every picture in 
Figs. 5 and 6. In picric acid the first of these bonds is strongly 
covalent and the second bond is a hydrogen bond. In potas- 
sium picrate both bonds are much less covalent and the surface 
surrounding the potassium atom becomes disconnected below 
po = 0.1. This fact and the spherical shape of the surface sur- 
rounding the potassium atom suggest that the bond type for 
both discussed bonds is ionic. The O(l)-K bond is slightly 
more covalent than the 0(2)-K bond but the difference is only 
quantitative and not very significant. The size of the hydrogen 
atom and the intramolecular hydrogen bond explain why the 
nitro group at C(?) is coplanar with the phenyl ring. The much 
larger potassium ion repulses the two oxygen atoms 0 ( 1 )  and 
0(2) out of the phenyl ring plane. However, it appears quite 
likely that there is some interaction between the potassium 
atom and the oxygen atom 0(,), resulting in a decrease of the 
angle by which the nitro group at C(,) is twisted about the 
C(,)-N(,) bond. 

Conclusions 
It is evident from the data that the presence of electron-with- 
drawing groups such as NO2 and OX (X = H, Li, Na, K) results 
in inductive and resonance withdrawal of the T-electron den- 
sity from the phenyl ring into these electron-withdrawing 
groups. This shift in electron-charge distribution results in 
positive charge numbers QGng on the phenyl ring of TNB, 
picric acid, and the alkali picrate salts (Table 6). This means 
that the phenyl ring becomes more susceptible to nucleophilic 
attack. 

The alkali-metal - picrate-group bonds are shown to be 
highly ionic with the picrate anion exhibiting a negative total 
charge number (< -0.8: Table 3). Therefore, as was suggested 
by the x-ray study of the potassium picrate crystal (9), one can 
treat the picrate group in alkali picrates as an independent spe- 
cies, the picrate anion. The computations carried out for a 
model free picrate anion give results that are reasonably close 
to those obtained for the alkali-metal salts. This fact addition- 
ally supports the conclusion about the ionic character of the 
alkali-metal - picrate-group bond. 

Comparison of the charge numbers on the phenyl ring for 
the alkali picrates and for picric acid shows that the ionic char- 
acter of the 0-X bond in alkali picrates, resulting in more 
electron withdrawal onto the picrate group, does not signifi- 
cantly alter their Qring values as compared to that of picric 
acid. This is attributed to the stabilizing effect of the nitro 
groups, which have enough capacity to withdraw the excess 
electron charge from the phenyl ring. Similarly, the identity of 
the alkali-metal ion in the alkali picrates has only a moderate 
effect on the molecular configuration and charge distribution, 
which thus do not lead to any substantial redistribution of 
charges on the carbons of the phenyl ring (Table 3). Therefore, 
the identity of the atom X should not markedly influence the 
susceptibility of the phenyl rings to nucleophilic attack. 
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In situ preparation of cyclopropanones with 
the bicyclo[3.1 .O]hexan-6-one skeleton 
(substituted examples of the Loftfield 
intermediate). Confirmation of a very facile 
intramolecular alkyl cyclopropanone - dienol 
rearrangement 

T. S. Sorensen and F. Sun 

Abstract: Four substituted bicyclo[3.1 .O]hexan-6-ones (cyclopropanones) were prepared in situ, starting from the corresponding 
2,6-dibromocyclohexanone and reductively removing the bromine atoms with the organometallic salt PPN+Cr(CO),NO-. The 
reaction is essentially instantaneous at -78 or - 100°C, and can be conveniently carried out in an NMR tube for easy 
characterization of the products by low-temperature 'H and "C NMR spectroscopy. The 1,5-di-tert-butyl and 1-tert-butyl 
analogs'were thermally stable to ca. O°C, but the 1-tet-t-butyl-5-methyl and 1-tert-butyl-5-ethyl derivatives were extremely 
labile, rearranging at ca. -80°C into a cross-conjugated enol, where the methyl (or ethyl) substituent was converted into an 
exomethylene group. These enols were also characterized as in situ species using 'H and ',c NMR spectroscopy, and by 
allowing the en01 + a,@-unsaturated ketone rearrangement to take place at about 25°C. The mechanism of the en01 formation 
was investigated using a 1-tert-butyl-5-CD, analog, and the kHlkD ratio for en01 formation was determined to be 6 2 2. From this, 
the rate-determining step in the en01 formation was postulated as a C-H + H-0 transfer of a hydrogen atom in a cyclohexyl 
oxyallyl intermediate. The 1,5-di-tert-butylbicyclohexanone shows dynamic 'H NMR line broadening, the origin of which is 
also proposed to involve a cyclohexyl oxyallyl intermediate. 

Key words: cyclopropanone, oxyallyl, bicyclo[3.1 .O]hexan-6-one, dienol, sigmatropic rearrangement. 

Resume : On a prCparC quatre bicyclo[3.1 .O]hexan-6-ones (cyclopropanones) substitukes in situ ii partir des 2,6- 
dibromocyclohexanones correspondantes, en procCdant ii 1'Climination rCductrice des atomes de brome par le sel 
organomCtallique PPN+Cr(CO),NO-. La reaction est essentiellement instantanCe B -78 ou B - 100°C et on peut facilement 
l'effectuer dans un tube a RMN pour une caractCrisation facile des produits par spectroscopie RMN du 'H et "C i basse 
tempkrature. Les analogues 1,5-di-tert-butyle et 1-tert-butyle sont thermiquement stables jusqu'i environ O°C, mais les dCrivCs 
1-tert-butyl-5-mtthyle et I-tert-butyl-5-Cthyle sont extrgmement labiles qui se rtarrangent j. environ -80°C pour conduire aux 
Cnols ii conjugaison croisCe dans lesquels les groupes mtthyle (ou Cthyle) ont CtC transformts en groupes CxomCthyl&ne. On a 
aussi caracterisC ces Cnols sous la forme d'espkces it1 situ en faisant appel la spectroscopie RMN du 'H et du "C et en 
permettant au rearrangement Cnol + cCtone a,@-insaturte de se produire 5 environ 25°C. On a CtudiC le mecanisme de formation 
de 1'Cnol en utilisant un analogue 1-tert-butyl-5-CD,: on a diterminC que la kHlkD pour le formation de 1'Cnol est de 6 2 2. Sur 
cette base, on en dCduit que I'Ctape qui dCtermine la vitesse de formation de 1'Cnol doit &tre un transfert C-H + H-0 d'un atome 
d'hydrogkne dans un intermidiaire cyclohexyl oxyallyle. Dans le spectre RMN du 'H de la 1,5-di-tert-butylbicyclohexanone, on 
observe un Clargissement dynamique de la raie dont l'origine implique probablement un intermtdiaire cyclohexyl oxyallyle. 

Mots clis : cyclopropanone, oxyallyle, bicyclo[3.1 .O]hexan-6-one, diCnol, rkarrangement sigmatropique. 

[Traduit par la ridaction] 

Introduction 
In a classic study involving the early use of a ''c label in 
studying organic reaction mechanisms, Loftfield (1) discov- 
ered in 1950 that the Favorski rearrangement of 2-chlorocy- 
clohexanone proceeded by way of a symmetrical intermediate, 
postulated to be the cyclopropanone 1 (R=H) (bicyclo- 
[3. l  .O]hexan-6-one). 

Received August 4, 1995. 1 R=H 
T. S.   or ens en' and F. Sun. The Department of Chemistry, 2 R=CH3 
University of Calgary, Calgary, AB T2N 1N4, Canada. 

' Author to whom correspondence may be addressed. To date there has been no direct observation of 1. In a pre- 
Telephone: (403) 220-5361. Fax: (403) 289-9488. vious study (2), we attempted without success to prepare the 
E-mail: sorensen@acs.ucalgary.ca 1,Sdimethyl analog 2 by the debromination of 3 at -78°C 

Can. J. Chem. 74: 79-87 (1996). Printed in Canada 1 ImprimC au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



80 Can. J.  Chem. Vol. 74, 1996 

with the reagent PPN+Cr(C0)4NO-, a reaction type that worked well with larger rings and with various acyclic systems to produce 
near-quantitative in situ yields of the corresponding cyclopropanones. 

In the case of the failed reaction 3* observable 2, it was postulated that the cyclopropanone 2 was being formed, but that it 
was rearranging to a dienol4 faster than it was being formed in the reaction of the organometallic anion with the dibromide 3, as 
shown in eq. [I], where k2> k,. 

Since 4 (acidic hydrogen) would also be expected to readily react with the Cr(CO),NO- reagent, the actual course and stoichi- 
ometry of the reaction was complex. The end result of all this, in terms of reaction products, has been published (2). However, it 

0 

H3:f)Ci3 + c r ( c o ) 4 N o ~ ~ ~ ' H ~  --!% 

should be kept in mind that the evidence for 2 was circumstantial since this species was not directly observed. 
In retrospect, and assuming that the fast rearrangement of 2 + 4 was taking place, it was apparent that the methyl groups in 2 vs. 

1, far from providing "steric protection" for the molecule, were in fact an Achilles heel allowing for the very facile rearrangement 
of 2 into the dienol4 by the C + 0 shift of a methyl hydrogen. This same process has now been observed by us for a number of 
cyclopropanones and, although unexplored until recently, is one of the key reasons why cyclopropanones are such reactive mole- 
cules. 

The obvious solution to the rearrangement problem is to use either tertiary substituents or hydrogen. In this paper, we show that 
this approach allows one to finally prepare and characterize in situ solutions of bicyclo[3.1 .O]hexan-6-ones, butit should be empha- 
sized that we have removed only the most urgent of the rearrangement routes available to these molecules and they remain too 
unstable to isolate in any conventional way. 

/H 

H3c&"2 

Nevertheless, an analysis of the NMR spectra of these cyclopropanones does provide considerable structural information and, in 
addition, dynamic NMR observations with the 2,5-di-tert-butyl analog of 1 show that reversible ring opening to the presumed oxy- 
ally1 valence bond isomer is a very facile process. 

As an added bonus, we have also been able to prepare and characterize in sitic solutions of bicyclo[3.l.O]hexan-6-ones with one 
"reactive" substituent (CH3 or CH3CH2) and one tertiary substituent. As expected, these are very labile, rearranging quite cleanly to 
the corresponding dienol, which can also be completely characterized by NMR spectroscopy as an in s i t~i  solution species. Using 
one of these examples (tBu, CH,) also allowed us to directly measure the large kinetic isotope effect associated with the rearrange- 

- ~ ~ ~ h ~ ~  reactions 

ment of the cyclopropanone to the dienol. 

Results and discussion 

In each case, the cyclopropanones 10-13 were generated in situ at low temperature in NMR tubes and characterized by both 'H 
and I3c NMR, using a procedure previously described (2, 3). The overall reaction is shown in eq. [2]. The starting dibromo 
ketones 5-9 were easily prepared by direct bromination, and the ketones themselves are either known or accessible by alkylation 
of 2-tert-Bu-cyclohexanone. 

All attempts to convert dibromo ketone 9 into a characterizable cyclopropanone were unsuccessful. Some of the cyclopropanone 
may indeed be formed but, unless the product formation is clean, it is difficult to definitively interpret the experimental in sit14 NMR 
spectrum. Previously we had attempted2 to prepare the parent bicyclo[3.1 .O]hexan-6-one from 2,6-dibromocyclohexanone, again 
without success. 

A.P. Masters. Unpublished results. 
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Sorensen and Sun 81 

Qualitative stability comparisons of the bicyclo[3.1.0]hexan-6-ones 10-13 
Cyclopropanone 10 could be prepared at -78°C in methylene chloride (or CD,Cl,) solution. NMR spectra were obtained at inter- 
vals from -80 to - 10°C, where a clean rearrangement to a ,  P-unsaturated ketone 14 (4) became rapid. Cyclopropanone 11 solu- 
tions were slightly more stable than those of 10, but 11 rapidly decomposes at 20°C without forming a characterizable 
rearrangement product, i.e., no single dominant product was formed. 

In contrast to 10 and 11, and as mentioned in the Introduction, cyclopropanones 12 and 13 were very labile. Solutions of 12 in a 
CDC1,F-CD,Cl, mixture could be prepared at ca. - 100 to - 1 10°C, and NMR spectra were collected at -95°C. Even under these 
conditions there was a small amount of the rearrangement dienol formed during a 1 h I3c NMR collection. Cyclopropanone 12 rear- 
ranges rapidly at -80°C to give a new species, identified by NMR spectroscopy as the aforementioned dienol 15 (a cross-conju- 
gated enol). Cyclopropanone 13 is slightly more stable than 12, but also cleanly rearranges to a dienol, in this case the stereoselective 
formation of 16. 

At about 25"C, dienols 15 and 16 are slowly rearranged to the a$-unsaturated ketones 17 and 18, respectively. These stable 
compounds can of course be isolated and characterized in the normal way. The key advantage of the systems 12 and 13 in probing 
the overall mechanism of the cyclopropanone rearrangement is that the intermediate dienols are formed at a much faster rate than 
that of their subsequent ketonization, so that definitive NMR characterization of a "clean" dienol product is possible. 

NMR characterization of the cyclopropanones 
In the iiz situ reactions corresponding to eq. [2], one first sees that the starting material (dibromo ketone) peaks have completely dis- 
appeared and are replaced by those we assign to the cyclopropanone. Since the latter are all alkyl-type hydrogens, the 'H NMR 
spectra are not particularly distinctive, although in all cases the H-3 methylene hydrogens of the cyclopentane ring have distinctly 
different chemical shifts, one appearing at 6 1.78, and the other at 1.05 in 10 ( 6 1.85 and 1.18 in 11; 1.76 and 1.12 in 12). The 
unusually high-field position of one of these signals (ranging from 6 1.05 to 1.18) is indicative of a shielding contribution from the 
carbonyl -rr bond, which in turn implies a boatlike conformation, as shown below: 

Simple bicyclo[3.1 .O]hexanes also have a boat conformation (5). Further evidence for this boat conformation in 10-13 comes from 
a detailed analysis of the vicinal coupling constants in the cyclopentane ring (see Experimental). 
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The I3c NMR results are more diagnostic in that the I3c=0 peak is quite deshielded, ca. 6 225-226 ppm in 11-13. A similar 
result was previously observed with simple methyl-substituted cyclopropanones (2). Compound 10 is unusual in this series in hav- 
ing a more shielded I3c carbonyl peak (6 217.0). 

Comparison of Fe,(CO), and Cr(CO),NO- for the debromination of a, a'-dibromo ketones 
2,6-Dibromo-2,6-di-tert-butylcyclohexanone 5 reactions offer a direct comparison between the Noyori reaction (4) for the debro- 
mination of a,&'-dibromo ketones and that employed in our work. In benzene solvent, the major product of the Fe2(C0)9 reaction 
is compound 19 (SO%), with smaller amounts of 20 (3%) and 14 (15%). With Cr(C0)4NO-, the bicyclohexanone 10 is formed, this 
rearranging below room temperature to 14. The Fe2(CO), reaction clearly induces Wagner-Meerwein shifts, which Noyori has 
attributed to an oxyallyl-O-FeLn' intermediate (ally1 cation character). 

In contrast, we believe that the reactions using Cr(C0)4NO- involve a very transitory "free" oxyallyl (see later discussion), 
which shows no tendency for Wagner-Meerwein rearrangements. 

Rearrangement reaction of bicyclo[3.1.O]hexan-6-ones 12 and 13 into dienols 15 and 16 
As briefly mentioned, bicyclo[3.1.0]hexan-6-ones 12 and 13 rearrange rapid1 at low temperatures to give the dienols 15 and 16, Y3 respectively. The characterization of these dienols involves: (a )  in situ 'H and C NMR spectra that agree well with those expected 
for these structures. In particular, the exocyclic methylene hydrogens in the 'H NMR and the alkene carbons, and absence of car- 
bony1 carbon, in the 13c NMR are diagnostic. The -OH is also located as a broad, temperature-dependent chemical-shift peak. 
These NMR data are given in the experimental section. (b) at 25"C, the in situ dienols are observed by NMR to rearrange to the cor- 
responding a,P-unsaturated ketones 17 and 18, respectively, which can be obtained on work-up. 

Many simple enols and dienols have been previously characterized as in sitci species (6,7). In addition, NMR parameters for our 
dienols can be compared to those obtained from silyl en01 ethers and related silyl dienol ethers (2). 

An alkylcyclopropanone + dienol rearrangement, as far as we are aware, represents a previously unrecognized preparative 
method for obtaining cross-conjugated dienols. 

Mechanism of the rearrangement reaction 
The rearrangements 12 + 15 and of 13 + 16 formally involve a hydrogen transfer from the a-carbon of the alkyl substituent to the 
carbonyl oxygen. As sketched below, this hydrogen is not close in space to the carbonyl oxygen in 12 or 13, and it would therefore 
seem unlikely that 12 or 13 is directly involved in the hydrogen transfer. One also observes that there are hydrogens on the ring car- 
bons 2 and 4, which have a similar orientation to the carbonyl oxygen, but these ring hydrogens are not observed to be involved in 
dienol formation. 

There is considerable indirect evidence that cyclopropanones can interconvert with an oxyallyl by a disrotatory ring opening. In 
general, these oxyallyl valence-bond isomers are energetically less stable than cyclopropanones, but they can certainly serve as 
reactive intermediates. The rearrangement reaction, using solutions tenfold different in initial bicyclohexanone concentration, has 
the same rate within experimental error, showing that the reaction is not bimolecular in either the bicyclohexanone or an oxyallyl 
intermediate. If the latter is indeed present in very low concentrations, then a bimolecular reaction would be very unlikely. Accord- 
ingly, the overall reaction of 12 to 15 can be proposed to proceed as shown in eq. [3], where oxyallyl19 is the intermediate in which 
the direct hydrogen transfer from C to 0 takes place. Note that in the disrotatory formation of the intermediate 19, the alkyl sub- 
stituent must end up syn to the oxyallyl oxygen atom since the opposite disrotatory mode is sterically impossible. This places the 
hydrogen on the a-carbon of the alkyl substituent in reasonably close proximity to the oxygen atom, compared to the situation in 
12. Conversely, the ring hydrogens are moved even further away. 
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Sorensen and Sun 

In the eq. [3] mechanism, either the oxyallyl formation or the H transfer could be rate determining, although the latter possibility 
seemed much more likely since it was believed that the oxyallyl 19 was actually the first-formed species in the eq. [ l ]  reaction 
(which "instantly" cyclizes to the cyclopropanone rather than rearranging to the dienol). In previous work (2), it had also been 
shown that H was preferred over D migration in a system where a competition between these two routes was set up. However, this 
observation would be expected regardless of whether k, or k, were rate-determining. 

To clear up any doubts, we decided to carry out a kHlkD determination, and the rearrangement of 12 to 15 appeared to be ideally 
suited for this measurement, the rate comparison being between compounds 12 and 12a. Since NMR spectroscopy was the tool 
being used to monitor the rearrangement, we prepared solutions in which both 12 and 12a were present in the same NMR tube. 
These experiments involved allowing the rearrangement to proceed for a short time at -60 to -80°C and then quickly carrying out 
a reactant-product analysis at -95"C, where both reaction sets are essentially "quenched." Compounds 12 and 15 were monitored 
using 'H NMR, and *H NMR was used for 12a and 15a (see Experimental for details). The data can be analyzed (8) to give kHlkD 
even though neither k, or kD is directly measured. In practice one obtains multiple values of kHlkD for each run by allowing the reac- 
tion to proceed and stop several times. The average of all these results gives a kHlkD ratio of 6 + 2. 

D 

Shift D 

The product analysis method being used here is actually better suited for determining smaller kHlkD ratios. For example, at the 
point where 50% of 12 has rearranged, only 11 % of 12a has reacted. Nevertheless, it would be even more difficult to attempt to accu- 
rately measure separate k, and kD rates, where the individual errors would be magnified in the kHlkD ratio. 

Isotope effects of the size being observed here can only come from a primary isotope effect where the rate-determining step is the 
transfer of the hydrogen from carbon to oxygen, i.e., k, in eq. [3]. 

This rearrangement reaction can be considered, under the Woodward-Hoffmann rules (9), as an allowed, thermal, suprafacial 
sigmatropic rearrangement; i.e., in the q3 HOMO, both the original carbon terminus and the new oxygen site have in-phase coef- 
ficients, as shown in Fig. 1. 

Approximate rearrangement kinetics were also determined for the first-order 12 + 15 reaction, k ca. 1 x lo4 s-I, AGf = 13.5 + 
1 kcallmol at -95°C. 

We end this discussion with a minor caveat concerning our mechanism studies. The in situ solutions of the bicyclohexanones 
reported here also contain Cr(CO),NOBr (a "'saturated" 18e- species) and the salt PPN'Br-, although some of the latter usually 
forms a precipitate at the bottom of the NMR tube at the low temperatures being used. It is not feasible to separate the very reactive 
bicyclohexaiones (12 and 13) from the by-products, but with other more stable cyclopropanones we have done comparison studies 
between in situ samples containing by-products and solutions without these, and have noted no differences in the reaction rates, for 
example, the reversible ring-opening reaction of cis-di-tert-amylcyclopropanone to the corresponding oxyallyl has the same rate in 
both cases (10). In conclusion, we think it unlikely that either Cr(CO),NOBr or PPN'Br-could somehow act as a catalyst in the 
dienol forming reaction. 

Dynamic NMR observations involving bicyclo[3.l.O]hexan-6-one 10. Independent evidence for a cyclohexyl oxyallyl 
intermediate 

In principle, a bicyclo[3.1.0]hexan-6-one + cyclohexyl oxyallyl equilibrium reaction could be probed by dynamic NMR tech- 
niques. The geminal hydrogen pairs in the cyclopentane ring of our bicyclohexanones are nonequivalent, and this is independent of 
whether the ring is a boat (preferred) or a chair conformer (in practice these nonequivalent hydrogens also mostly show separate 'H 
NMR chemical shifts). However, if the bicyclic ring is opened to a cyclohexyl oxyallyl, then a ring conformer flip in this oxyallyl 
will interconvert geminal CH, pairs and result in a single averaged position for these, as illustrated in eq. [4]. for the C2 geminal 
pair. 
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The reactive bicyclohexanones 12 and 13 do not show any dynamic NMR line-broadening, because they rearrange at quite low 
temperatures. Analogs 10 and 11 are better possibilities, and 10 does indeed show line-broadening coalescence of a type that agrees 
perfectly with that expected for the eq. [4] process. The actual line-broadening results, at temperatures -40 to -20°C, are some- 
what ephemeral since 10 is irreversibly rearranging at -20°C (see earlier section). 

The coalescence temperature for the averaging of the geminal C2-C4 methylene proton peaks in 10 (eq. [4], R = R' = tBu) was 
ca. -20°C, giving k = 250 s-I, AGf = 11.6 kcallmol. 

To provide further verification of this degenerate exchange in 10, spin-inversion transfer experiments were carried out, again 
using the C2-C4 geminal proton peaks (6 2.50 (dt) and 2.25 (dd)). Experiments were conducted by inverting one or the other of 
these peaks and then measuring the response to this inversion using the modified Hoffman-ForsCn procedure (1 1). Rate constants 
of 23 and 8 s-' were obtained at temperatures of -54 and -64"C, A d  = 1 1.4 kcallmol, in good agreement with the line-broaden- 
ing data. 

Cyclopropanone 11 does not show any 'H NMR line broadening up to the decomposition temperature of +20°C (AG#> ca. 15 
kcallmol). The large difference between 10 and 11 in the rate of the degenerate process shown in eq. [4] could arise from two fac- 
tors: ( i )  nonbonded repulsions in 10 between the tert-butyl groups result in a destabilization of the cyclopropanone relative to the 
oxyallyl (at least compared to the situation in 11) and (ii) oxyallyls appear to be stabilized by alkyl substituents (12), there being an 
extra tert-butyl substituent in the oxyallyl from 10. 

Other indirect evidence for a cyclohexyl oxyallyl intermediate 
In a previous study (2) it was found that a bicyclo[4.1 .O]heptan-7-one and a bicyclo[5.1.O]octan-&one were considerably slower in 
undergoing the dienol rearrangement, compared to the (then unseen) bicyclo[3.1.0]hexan-6-one (see Introduction). These obser- 
vations can be rationalized in terms of relative ring-strain effects. In each case, a strained cyclopropanone moiety is present, but the 
other ring is cyclopentyl, cyclohexyl, and cycloheptyl in this series. The corresponding oxyallyl (if indeed involved) would be, 
respectively, cyclohexyl, cycloheptyl, and cyclooctyl. In the bicyclo[3.1 .O] case, a slightly strained cyclopentane ring opens to the 
optimal six-membered oxyallyl while, in comparison, in the bicyclo[4.1.0] situation a stable cyclohexane ring is being opened to a 
strained cycloheptyl oxyallyl. These opposing effects can rather nicely rationalize the observed behavior, and this provides yet fur- 
ther evidence for the oxyallyl intermediate as a key species in rationalizing the mechanism of the rearrangement. 

To conclude this section, we have shown that an alkylcyclopropanone-+cross-conjugated dienol rearrangement is a very facile 
process. The evidence indicates that an oxyallyl is the key reactive intermediate in this reaction and that the hydrogen transfer 
occurs only from a syn-substituent on this oxyallyl (obviously at least one hydrogen must be present on the a-carbon of this sub- 
stituent). The rate-determining step is the hydrogen transfer itself and the kinetic data show that this is an extraordinarily facile 
shift, considering that a C-H bond is being broken. We hope in the future to model this reaction computationally. 

Mechanism of the bicyclohexanone formation 
The elegant 14c labelling studies of Loftfield (1) established that the Favorski rearrangement of 2-chlorocyclohexanone proceeded 
by way of an unseen symmetrical intermediate, postulated by him to be bicyclo[3.1.0]hexan-6-one. However, Loftfield pictured 
this bicyclohexanone formation as a direct displacement of chloride by the enolate carbon. A few years later, Burr and Dewar (13) 
pointed out that the first symmetrical species must in fact be the corresponding zwitterionic structure (subsequently known as an 
oxyallyl) because the cyclohexanone enolate geometry did not permit an internal S,2 displacement. 

In our reactions, we assume that we produce the same initial halo-enolate as is postulated in the Favorski reaction (eq. [5]) 

) 
Favorski 
conditions 

'1 very fast 

6 
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Sorensen and Sun 

Fig. 1. Simple Hiickel MOs for the 2-oxobuta-l,3-dienyl radical 
(occupied orbitals only). For the HOMO q3 orbital, the oxygen and 
C4 carbon have an in-phase relationship, a condition for an allowed 
suprafacial sigmatropic shift of the hydrogen atom from carbon to 
oxygen. 

In situ NMR experiments 
The operating procedure has been described in several earlier 
publications (2, 3). In the present work, cyclopropanones 12, 
12a, and 13 required a preparation temperature of ca. - 100 to 
- 110°C (ethanol-N, slush bath at ca. - 115°C with occa- 
sional short-duration removal of the NMR tube from the bath). 
After coinplete mixing the NMR tube was frozen in liquid N, 
prior to insertion into the precooled magnet. CDFCI, was used 
as the main solvent, with a few drops of CD,Cl, being used to 
help dissolve the bromo ketone prior to addition to the organo- 
metallic salt. 

Dibrotno ketotzes 
Ketones 5 (4), 6 (15), and 9 (16) were previously reported. 

and that this intermediate follows the Dewar proposal to lose 
halide ion and first give the transient cyclohexyl oxyallyl, the 
bicyclohexanone forming from the latter by way of an 
extremely facile ring closure. Thus, in our case, the cyclohexyl 
oxyallyl is both the first-formed dehalogenated intermediate 
and, ultimately, the source of the bicyclohexanone instability 
because of a minute equilibrium concentration of this very 
reactive species. 

Our success in preparing and characterizing observable 
bicyclo[3.1 .O]hexan-6-ones stems from several factors: 

(i) The methodology is very applicable to in sitcl low-tem- 
perature NMR determinations. Part of this success lies in the 
almost instantaneous reaction rate, even at quite low tempera- 
tures. 

(ii) The Cr(CO),NOBr by-product shows no interaction 
with the oxyallyl (or cyclopropanone) oxygen, in contrast to 
the by-products of some reducing metals (e.g., Zn (14)) or 
metal carbonyl (e.g., Fe,(CO), (4)) debrominations. 

(iii) Favorski reaction deprotonation bases (or solvents) are 
generally nucleophilic towards either the carbonyl group of 
the cyclopropanone or a terminal carbon of an oxyallyl. In 
contrast, the anion Cr(CO),NO-appears to be unreactive. 

However, we have not yet been successful in preparing the 
parent ketone 1 using this methodology. 

Experimental 

GC-MS measurements were performed on a Hewlett-Packard 
model 5890 gas chromatograph equipped with a 5971A mass 
selective detector. Split injection was used, employing a 12 m 
x 0.2 mm i.d. OV-101 column. High-resolution mass spectra 
were obtained on a Kratos MS-80. NMR spectroscopy was car- 
ried out on Bruker ACE-200, AMX-300, and AM-400 instru- 
ments ( J  in Hz, s = singlet, d = doublet, t = triplet, q = quartet, 
m = multiplet, b = broad. For 1 3 ~ { ' ~ ]  NMR, multiplicities 
were determined from DEPT 90 and 135 spectra. 2D NOESY 
and COSY spectra employed standard pulse sequences. 

2,6-Dibromo-2-(1,I-ditnethylethy1)-6-methyl- 
cyclohexanone 7 

A solution of bromine (0.86 mL) and the ketone (1.28 g, 7.6 
mmol) in 15 mL CCl, was sealed in a glass tube and heated for 
ca. 16 h at 80°C. The cooled reaction mixture was diluted with 
20 mL CH,Cl,, washed successively with H,O, 10% NaHSO,, 
and brine, dried over anhydrous MgSO,, and the solvent 
removed to give 2.3 g (93%) of the crude dibromo ketone (ca. 
9:l mixture of cis and trarzs isomers, by GLC or NMR). The 
major isomer could be crystallized from CH30H in a freezer, 
mp <30°C; 'H NMR (major): 1.28 (s, 9H); 1.88-2.03 (m, 2H); 
1.95 (s, 3H); 2.35-2.45(m, 2H); 2.60-2.88 (m, 2H). I3c NMR: 
16.6 (CH,); 27.5 (CH,); 29.8 (CH,); 30.0 (CH,); 35.7 (CH,); 
38.9 (Cq); 63.4 (Cq); 75.8 (Cq); 196.4 (Cq). MS: 326 (2), 270 
(9) and 191, 189 (100); HRMS calcd. for C, l ~ 1 8 0 7 9 ~ r 8 1 ~ r :  
325.9705; found: 325.97 10. 

2,6-Dibronzo-2-(l,l-dirnethylethyl)-6-ethylcyclohexanone 8 
2-(1,l-Dimethy1ethyl)cyclohexanone (0.77 g, 5.0 mmol) in 2 
mL dry THF was added to an LDA solution (diisopropy- 
lamine, 0.85 mL, n-butyllithium, 2.2 mL of 2.5 M, in 10 mL of 
dry THF under nitrogen) at -25°C. After 20 min, the reaction 
mixture was cooled to -78°C and iodoethane (0.8 mL, 10 
mmol) in THF (1 mL) was added. The solution was allowed to 
warm to room temperature and kept overnight. The reaction 
mixture was quenched with saturated NH4C1 solution, and 
extracted with diethyl ether (3 x 25 mL). The organic solution 
was washed with water and brine, dried over anhydrous 
MgSO,, and the solvent evaporated to give 0.77 g (93%) of 
crude product that is a mixture of cis and trans (ca. 40:60 by 
GLC and NMR). 'H NMR (200 MHz): 0.88 (t, J = 7, 3H); 
0.99, 1 .OO (s, 9H) individual tBu peaks; 1.10-2.30 (complex 
mult.). GC-MS (very similar for both isomers): 182 (Mf, 15), 
167 (23), 126 (50), 98 (42), 41 (100). This crude compound in 
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CCl, (10 mL) and bromine (0.5 mL) was stirred overnight, 
diluted with 20 mL CH,Cl,, washed with water, 10% 
NaHSO,, and brine, dried with anhydrous MgS04, and the sol- 
vent evaporated to give 1.40 g of an oily liquid, crude yield 
98%. This material is a ca. 10:l mixture of isomers by 'H 
NMR. 'H NMR (major): 1.00 (t, J  = 7, 3H); 1.29 (s, 9H); 1.80- 
2.90 (complex mult.). 13c NMR: 9.8 (CH,); 16.5 (CH,); 27.5 
(CH,); 29.6 (CH,); 31.5 (CH2); 34.1 (CH,); 39.0 (Cq); 69.4 
(Cq); 76.4 (Cq); 195.1 (Cq). GC-MS: 340 (M+, l), 284 (5), 
205, 203 (40), 57 (100); HRMS calcd. for C , , H , , , O ~ ~ B ~ ~ ~ B ~ :  
339.9862; found: 339.9828. The crude product was suffi- 
ciently pure to be used in the next step. 

In situ NMR characterizatiotz of bicyclo[3.1.O]hexan-6-ones 
10-13 

1,5-Bis(1,I -dimethylethyl)bicyclo[3.l.O]hexan-6-one 10: 'H 
NMR (400 MHz): 2.48 (ddd, J  = 13, 13,6,2H) H2 and H4 anti 
to cyclopropanone; 2.21(dd, J =  13,6,2H) H2 and H4 equato- 
rial; 1.74 (dt, J  = 12.5, 7, 1H) H3 equatorial; 1.04 (m, partly 
obscured by tBu) H3 prow; 0.99 (s, 18H). 13c NMR (100 
MHz): 217.0 (CZO), 70.3 (Cl-C5), 35.9 (C2-C4); 32.8 (C of 
tBu), 28.8 (CH, of tBu); 21.2 (C3). 

1-(1,1-Dimethylethyl)bicyc10[3.1.O]hexatz-6-otze 11: 'H NMR 
(400 MHz): 2.18-2.30 (m, 2H) H2 and H4 anti to cyclopro- 
panone; 2.05 and 2.12 (both dd, J = 6.5, 12, 1H) H2 and H4 
equatorial; 1.89 (d t, J = 12.5,7, 1H) H3 equatorial; 1.85 (d, J = 
5, 1H) H5; 1.24 (ttd, J = 12.5,6.5, 12.5, 1H) H3 prow; 0.90 (s, 
9H). ',c NMR (100.MHz): 223.0 (C=O); 47.1 (Cl); 31.4 
(C2); 3 1.2 (C4); 29.9 (C of tBu); 29.8 (C5); 26.2 (CH, of tBu); 
23.7 (C3). 

1 - ( l , l  -Ditnethylethyl)-5-tnethylbicyclo[3.l.O]hexatz-6-one 
12: 'H NMR (400 MHz): 2.26 and 2.41 (both ddd, J  = 6, 12, 
12, IH) H2 and H4 anti to cyclopropanone; 2.01-2.12 (m, 2H) 
H2 and H4 equatorial; 1.76 (dt, J  = ca. 13 and 6) H3 equatorial; 
1.23 (s, 3H); 1.12 (m, partly obscurred by impurity peak) H3 
prow; 0.87 (s, 9H). ',c NMR (100 MHz): 228.8 (C=O); 56.3 
(Cl); 47.1 (C5); 40.1 (C4); 34.4 (C2); 32.2 (C of tBu); 27.3 
(CH, of tBu); 22.1 (C3); 13.1 (CH,). 

1-(I,l-Ditizethylethyl)-5-ethylbicyclo[3.1.0]hexan-6-one 13: 
'H NMR (400 MHz): 2.27 and 2.43 (both ddd, J  = 6, 10, 12, 
1H) H2 and H4 anti to cyclopropanone; 2.08-2.18 (m, 2H) H2 
and H4 equatorial; 1.70-1.90 (m, 2H) CH, of Et; 1.56 (dt, J  = 
13,6, 1H) H3 equatorial; 1.15 (partly obscured, 1H) H3 prow; 
0.93 (t, J  = 7, 3H); 0.90 (s, 9H). I3c NMR (100 MHz): 226.4 
(CEO); 56.1 (Cl); 51.3 (C5); 36.1 (C2); 34.0 (C4); 31.7 (C of 
tBu); 27.3 (CH, of tBu); 21.8,20.7 (C3, CH, of Et); 12.0 (CH, 
of Et). 

Conformation of the bicyclo[3.1.O]hexan-6-one ring 
In addition to the chemical shift discussion in the Results sec- 
tion, a boatlike conformation is also consistent with the 
detailed 'H NMR data: (a) the H5 proton in 11 is a doublet of 5 
Hz, indicating coupling to only one of the H4 hydrogens (one 
dihedral is ca. 90" in a boat structure). In a chair structure, two 
couplings would be expected; (b) in 10 (and in the others), the 
high-field hydrogen on C3 couples to both of the C2-C4 pairs 
of methylene hydrogens, with the largest coupling indicative 

of the expected vicinal diaxial interaction with the pair atzti to 
the cyclopropanone ring. 

In situ NMR characterization of dienols 15 and 1 6  

2-(1,l -Dimethylethyl)-6-methylenecyclohex--en- - 1  15: 
(-50°C) 'H NMR: 4.98 (bs); 4.66 (s); 4.53 (bs, temp. dep. 6) 
OH; 2.26,2.17 (both t, J  = 6, both 2H) C3 and C5 hydrogens; 
1.56 (quin, J  = 6, 2H) C4 hydrogens; 1.15 (s, 9H). 13c NMR: 
142.5, 142.3 (C1 and C6); 124.2 (C2), 104.0 (b, =CH,); 34.0 
(C of tBu); 28.3 (CH, of tBu); 31.6, 26.6, 23.2 (C3,4,5). 

E-2-(1,1-Ditnethylethyl)-6-ethylidenecyclo/zex-l-eiz-l-ol 16: 
The stereochemistry was assigned from the ketone 18 determi- 
nation. (-40°C) 'H NMR: 5.60 (bs, v,,, = 34 Hz, lH) =CH; 
4.62 (bs, lH) OH; 2.17,2.10 (both poorly resolved triplets, 2H 
each) C3 and C5 hydrogens; 1.63 (bs, v,,, = 1 I Hz. 3H) CH,; 
1.5 1 (poorly resolved quint, 2H) C4 hydrogens; 1.12 (s, 9H). 
The alkene H and CH, show a coupling interaction (COSY). 
',c NMR: 142.8, 133.7 (C1 and C6); 121.5 (C2); 113.2 
(b, =CH-); 33.8 (C of tBu); 28.3 (CH, of tBu); 25.8, 24.5, 
22.6 (C3,4,5);12.8 (CH,). 

Kitzetic isotope studies 
A solution of ca. equal concentrations of 12 and 12a was pre- 
pared as described for 12. For 12, the reactant-product ratios 
were obtained in several ways using 'H NMR: (a) the tBu peak 
of 12 and 15 differs by ca. 0.16 ppm and the peak height ratios 
of these can be used, although the H3 (prow) peak of 12 is also 
overlapping in this region; (b) the decrease of the peak at 6 
2.41 in 12 can be compared to a fixed reference peak area (the 
CH, of diethyl ether at 6 3.4). For 12a, 'H NMR was used. The 
conversion of 12a to 15a is still relatively small in those cases 
where the 12-15 conversion is already substantial. The 12a 
+ 15a conversion was monitored using the total 'H area in the 
6 4.25-5 ppm region (two peaks, =c'H,), relative to the area 
of the remaining -c'H, peak at ca. 1.25. When the 12a + 15a 
reaction is allowed to proceed to completion there is a broad 
residual peak remaining in the 6 1-2 region, which we 
attribute to side reactions. Fortunately, at low conversions the 
error resulting from this is not a large factor. Based on the 'H 
NMR results for -0 - 'H  in 15 at low temperatures, the -o-~H 
peak is expected to be broadened into the baseline. 

2-(I, 1 -Dimethylethyl)-6-methylenecyclohexatzotze 17: 'H 
NMR (CDC13): 5.64 and 5.03 (poorly resolved mult, 1H each) 
==CH,; 2.35-2.75 (m, 2H) C5 hydrogens; 1.50-2.30 (mult); 
1.02 (s, 9H). 13c NMR (CD,Cl,): 213.6 (C=O), 148.8 (Cq); 
117.7 (=CH,), 58.5 (C6), 33.2 (C of tBu); 28.0 (CH, of tBu); 
33.0, 26.4, 24.0 (C3,4,5). GC-MS: 166 (M+), 110 (loo), 95 
(55), 82 (20), 81 (20). HRMS calcd. for C I l H l 8 0 :  166.1358; 
found: 166.1343. 

E-2-(1, I-Dimethylethyl)-6-ethylidetzecyclohexanone 18: 'H 
NMR (CDCl,): 6.46 (qt, J  = 7,2,  lH)=CH-; 2.58 (bd, J  = 16, 
IH) H5; 2.33 (complex mult, 1H) H5; 2.15 (dd, J =  l l , 7 ,  lH) 
H2; 2.05 (m, 1H) H3; 1.89 (m, 1H) H4; 1.45-1.65 (m, 2H) H3, 
H4); 1.69 (dt, J  = 7, 2,3H) CH,; 0.99 (s, 9H). Stereochemical 
assignment: a NOESY spectrum shows a weak cross peak 
between the ethylidene CH, peak and the broad doublet at 6 
2.58, which is assigned to the equatorial H5 hydrogen. In addi- 
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Sorensen and Sun 

tion, comparisons with literature data on cisoid a,p-unsatur- 
ated ketones support the present assignment. 13c NNIR: 204.5 
(C=O); 140.4 (C6); 13 1.6 (=CH); 57.2 (C2), 33.8 (C of tBu); 
28.1 (CH, of tBu), 26.6,25.7,22.3 (C3,4,5); 14.1 (CH3). GC- 
MS: 180 (M', 2), 165 (3), 109 (25), 95 (10). HRMS calcd. for 
C,,H,,,O: 180.15 14; found: 180.1485. 
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The asymmetric synthesis of aryltetralin 
lignans: (-)-isolariciresinol dimethyl ether 
and (-)-deoxysikkimotoxin 

Don M. Coltart and James L. Charlton 

Abstract: The total asymmetric syntheses of (-)-isolariciresinol dimethyl ether (6) and (-)-deoxysikkimotoxin (7) have been 
carried out, in an attempt to exploit a synthetic strategy recently developed for the synthesis of (-)-deoxypodophyllotoxin (1, 
R '  = -CH,-, Ar = 3,4,5-trimethoxyphenyl). In so doing, a generalized method for the synthesis of aryltetralin lignans has been 
developed that should be applicable to a variety of substitution patterns and stereochemistries. A one-pot, 100% regio-selective 
reduction-lactonization procedure has been developed for the conversion of the ester 18b to (-)-deoxysikkimotoxin, which gave 
93% isolated yield in that step. 

Key words: ortho-quinodimethanes, lignans, Diels-Alder, asymmetric, mandelate. 

Resume : Dans le but d'exploiter une stratkgie de synthbse dkveloppCe rCcemment pour la synthbse de la (-)-dksoxy- 
podophyllotoxine (1, R' = -CH,-, Ar = 3,4,5-trimCthoxyphCnyle), on a rCalisC la synthkse totale asymCtrique de I'kther 
dimtthylique (6) de (-)-isolaricirCsinol et de la (-)-dCsoxysikkimotoxine (7). On a ainsi dtveloppC une mCthode gtnkralisie de 
synthbse des lignanes aryltttralines que l'on devrait pouvoir appliquer h une variCtC de stCrCochimies et de patrons de 
substitutions. On a dCveloppC une mCthode unipot, 100% rCgiosClective, de rtduction-lactonisation qui permet d'effectuer la 
conversion de l'ester 18b en (-)-dtsoxysikkimotoxine; pour cette Ctape, le rendement en produit isolt est de 93%. 

Mots clis : ortho-quinodimtthanes, lignanes, Diels-Alder, asymCtrique, mandtlate. 

[Traduit par la rCdaction] 

introduction was considered possible that variation of functional groups 

The aryltetralin lignans make up a particular subclass of natu- 
ral products collectively referred to as  lignans. The  occurrence 
of lignans in nature is widespread and they have been shown to 
possess considerable diversity in their biological activity (1). 
As such, there is a substantial interest in these compounds and 
their synthesis. 

In a recent asymmetric synthesis of the aryltetralin lignan 
(-)-deoxypodophyllotoxin (1, R'  = -CH,-, Ar = 3,4,5-tri- 
methoxyphenyl), a synthetic strategy was developed, shown 
retrosynthetically in Scheme 1, which gave the desired com- 
pound optically pure, in 6 %  isolated yield (2). As a key reac- 
tion, the synthesis relied on an asymmetric [4 + 21 
cycloaddition occurring between the fumarate of methyl (S)- 
mandelate (3), and an appropriately substituted ortho-quino- 
dimethane (4), to give the etzdo cycloadduct 2 (Scheme 1). 

The  ortho-quinodimethane in question was obtained via 
thermolysis of its corresponding cw-hydroxy-cw-aryl-benzocy- 
clobutenol 5. The  synthetic route to the benzocyclobutenol, 
and the synthetic route by which the cycloadduct was elabo- 
rated to the target molecule, were sufficiently general that it 
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and stereochemistry of the resulting aryltetralin lignan-might 
be achieved without adversely affecting the synthetic strategy. 
Hence, to broaden the scope of the synthetic strategy in ques- 
tion, and consequently develop a generalized method for the 
synthesis of aryltetralin lignans, an attempt was made to apply 
the method to the total asymmetric syntheses of (-)-isolaricir- 
esinol dimethyl ether (6) and (-)-deoxysikkimotoxin (7) 
(Scheme 2). 

A n  asymmetric synthesis of deoxysikkirnotoxin, the 6,7- 
dimethoxy analogue of deoxypodophyllotoxin, has not previ- 
ously been reported in the literature. T o  date, only two total 
syntheses of optically pure isolariciresinol dimethyl ether 
have appeared in the literature (3,4) .  

Results and discussion 

Benzocyclobutenol 1 5 a  required for the synthesis of (-)-iso- 
lariciresinol dimethyl ether was obtained as outlined in 
Schemes 3 and 4, following, in part, earlier work carried out 
by Aidhen and Narasimhan (5). The  monobromination of 3,4- 
dimethoxybenzaldehyde (80) was carried out using bromine 
and acetic acid, according to a modified literature procedure 
(6). Recrystallization of the crude product gave pure 2-bromo- 
4,5-dimethoxybenzaldehyde (9) in 86% yield. Aldehyde 9 
was protected as  its ethylene glycol acetal, and then subjected 
to halogen exchange by exposing it to n-butyllithium followed 
by iodine. Hydrolysis of the acetal protecting group gave, in 
94% yield, 2-iodo-4,5-diinethoxybenzaldehyde (10) (7, 8). 
Conversion of 1 0  to benzyl alcohol 11 was carried out in 9 6 %  
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Coltart and Charlton 

Scheme 1. Scheme 3. 

Scheme 2. 

yield via sodium borohydride reduction. Exposure of 11 to 
hydrochloric acid afforded 2-iodo-4,5-dimethoxybenzyl chlo- 
ride (12)  in 76% overall yield from 3,4-dimethoxybenzalde- 
hyde. 

a-Aminonitrile 13a (Scheme 4), required for condensation 
with benzyl chloride 12, was obtained using a modified 
Strecker synthesis (9). The reaction was originally carried out 
in methanol, but under these conditions it was found to give a 
mixture of the desired a-aminonitrile and a compound whose 
proton NMR spectrum corresponded to that of 3,4-dimethoxy- 
benzaldehyde dimethyl acetal. The ratio of a-aminonitrile to 
acetal was 1.0 to 2.4. When carried out in ethanol, the analo- 
gous reaction gave a mixture of compound 13a and a com- 
pound that, based on its proton NMR spectrum, was assumed 
to be 3,4-dimethoxybenzaldehyde diethyl acetal, in a 2.0 to 1.1 
ratio. The same reaction, using 2-propanol as the solvent, gave 
almost exclusive formation of the desired a-aminonitrile, with 
a very slight trace (less than 2%) of 3,4-dimethoxybenzalde- 
hyde present. Presumably, the absence of acetal formation in 
the latter case was due to the use of a sterically hindered alco- 
hol, a situation known to be unfavorable for &eta1 formation 
(10). 

The coupling of benzyl chloride 12 and a-aminonitrile 13a 
was initiated by treating 13a with sodium hydride in N,N- 
dimethyl formamide, in order to generate its resonance-stabi- 
lized carbanion, followed by the addition of compound 12. 
After acid-catalyzed hydrolysis, aryliodoketone 14a was 
obtained in 94% yield. Compound 14a was cyclized following 
the procedure of Aidhen and Narasimhan (5) by treating it with 
n-butyllithium, giving the desired benzocyclobutenol 15a in 
74% isolated yield. It appears that metal halogen exchange 
with n-butyllithium is much faster than H abstraction or addi- 
tion of n-butyllithium to the carbonyl group as has been noted 

Scheme 4. 

CN (i) NaH 

KCN H' & i i  17 
ArCHO Ar - 

morphol~ne (iii) H30+Me 
8a 13a 14a 

previously (refs. 5 ,  1 1 ,  and references cited). The bromo com- 
pound analogous to 14a (I = Br) did not give the benzocy- 
clobutenol 15a when treated with n-butyllithium, but gave 
instead material apparently derived from addition of n-butyl- 
lithium to the carbonyl group. This observation also parallels 
that of Aiden and Narasimhan (5). 

Following a procedure used previously (12, 13), ortho- 
quinodimethane 16a was generated in refluxing toluene and 
trapped in situ with the fumarate of methyl (S)-mandelate, 
resulting in a 51% isolated yield of cycloadduct 17a after 
chromatography (Scheme 4). Justification for the geometry of 
the ortho-quinodimethane and the stereochemistry of the 
major cycloadduct has been given in an earlier publications (2, 
13). Reductive removal of the C1 hydroxyl substituent from 
compound 17a was achieved according to the method of 
Bogucki and Charlton (2), and resulted in the formation of 
ester 18a. This gave the absolute stereochemistry at C1 
required for (-)-isolariciresinol dimethyl ether. To establish 
the coiTect stereochemistry at C2 and C3, however, it was nec- 
essary to epimerize both centers. Concurrent epimerization 
and transesterification using sodium methoxide, followed by 
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Scheme 5. 

,.,..C02Me (i)NaOMe Me= 
18a - LiAIH4 

(iil HCI, MeOH Me 0,Me 
Ar 

19 Ar = 3,4-dimethoxyphenyl 

work-up with dilute acid, gave a compound presumed to be 
either the half ester 20 or 21 (Scheme 5), which, when treated 
with 3% hydrochloric acid in methanol, gave the all-trans 
dimethyl ester 19 in 83% isolated yield from 180. (-)-Iso- 
lariciresinol dimethyl ether was obtained from compound 
19 in 96% isolated yield by reduction with lithium aluminum 
hydride (3). 

Given that the aromatic ring A of (-)-deoxysikkimotoxin 
possesses the same substitution pattern as that of (-)-isolar- 
iciresinol dimethyl ether, the benzyl chloride required for the 
a-aminonitrile coupling reaction of the (-)-deoxysikkimo- 
toxin synthesis was the same as that for the synthesis of (-)- 
isolariciresinol dimethyl ether, namely compound 12 (Scheme 
3). The aromatic ring C of (-)-deoxysikkimotoxin, however, 
bears methoxy substituents at the 3', 4', and 5' positions and, as 
such, the a-aminonitrile 13b (Scheme 4) was required for its 
synthesis. Compound 13b was obtained according to a proce- 
dure previously reported (2). The coupling of benzyl chloride 
12 and a-aminonitrile 13b was carried out in a manner analo- 
gous to that used for the coupling of compounds 12 and 130. 
The product of this particular reaction, aryliodoketone 14b, 
was obtained in 91% isolated yield, and was readily cyclized 
to benzocyclobutenol 15b by treatment with tz-butyllithium. 
Benzocyclobutenol 15b was thermolyzed to ortho-quino- 
dimethane 16b in the presence of the fumarate of methyl (S)- 
mandelate. The proton NMR spectrum of the crude reaction 
product showed signals consistent with those expected for 
cycloadduct 176, and did not indicate the presence of any other 
cycloadducts. The cycloadduct was obtained in 57% yield 
after chromatography. Reductive removal of the C1 hydroxyl 
substituent from this compound gave the ester 18b in a manner 
analogous to that used for the formation of compound 180. 

Given that compound 18b possessed the correct absolute 
stereochemistry required for (-)-deoxysikkimotoxin, 7 ,  the 
possibility of obtaining the target molecule directly, via the 
regioselective reduction of the ester substituent at C3 followed 
by lactonization, was explored. The conditions that were 
employed initially involved the use of three equivalents of lith- 
ium triethylborohydride at room temperature. This gave a mix- 
ture consisting of (-)-deoxysikkimotoxin and starting 
compound 18b in a ratio of approximately 1 to 1, as well as a 

trace amount of a compound presumed to be the y-hydroxyes- 
ter 22. When the reaction conditions were altered such that six 
equivalents of lithium triethylborohydride were used, no start- 
ing material could be detected, but the reaction product was 
still a mixture consisting of (-)-deoxysikkimotoxin and the 
presumed y-hydroxyester, in a ratio favoring (-)-deoxysik- 
kimotoxin. In an attempt to increase the regioselectivity of the 
reduction reaction, the temperature of the reaction was low- 
ered to 0°C. Proton NMR analysis of the crude product in this 
case indicated that all of the starting material had been con- 
sumed and showed the exclusive formation of (-)-deoxysik- 
kimotoxin. Chromatography of the crude product afforded 
(-)-deoxysikkimotoxin in 93% isolated yield from compound 
18b. 

Conclusion 

(-)-Isolariciresinol dimethyl ether and (-)-deoxysikkimo- 
toxin were each synthesized in an asymmetric fashion with 
reasonable overall yields. The overall yield of (-)-isolaricir- 
esinol dimethyl ether was 9% from 3,4-dimethoxybenzalde- 
hyde, and the overall yield of (-)-deoxysikkimotoxin was 
11% from 3,4-dimethoxybenzaldehyde. This is the first total 
asymmetric synthesis of deoxysikkimotoxin that has been 
reported. 

By achieving the aforementioned syntheses, the scope of 
the synthetic strategy developed by Bogucki and Charlton has 
been broadened to allow for different substitution patterns, 
functionality, and stereochemistry, thereby providing a gener- 
alized procedure for the synthesis of aryltetralin lignans. In 
particular, it was demonstrated that the methylenedioxy sub- 
stituent of aromatic ring A can be replaced without adversely 
affecting the reaction sequence. It was also shown that 
removal of the 5' methoxy substituent of aromatic ring C does 
not impede the synthetic strategy in any way. As well, it was 
established that the functionality and stereochemistry at car- 
bons two and three of the aryltetralin lignan could be altered 
by epimerization during the final steps of the strategy. 

The conversion of the reduction product 18b to (-)- 
deoxysikkimotoxin was achieved in one step with an overall 
yield of 93%, via a reduction-lactonization reaction that pro- 
ceeded with unexpectedly high regioselectivity. This repre- 
sents a substantial synthetic improvement in comparison to the 
synthesis of (-)-deoxypodophyllotoxin carried out by 
Bogucki and Charlton (2). Given the similarity of these corn- 
pounds to one another, it seems reasonable to conclude that a 
corresponding improvement in the synthesis of (-)-deoxy- 
podophyllotoxin could also be achieved. 

Experimental 

The analytical instruments employed have been described in a 
previous publication (14). 

2-Bromo-3,4-dimethoxybenzaldehyde 9 
Compound 9 was synthesized by adapting a literature 
procedure (6). To a round-bottom flask, equipped with a 
mechanical stirring apparatus, was added 3,4-dimethoxyben- 
zaldehyde (20.09 g, 120.9 mmol) and glacial acetic acid 
(145 mL). The resulting suspension was stirred at room tern- 
perature and, once all of the 3,4-dimethoxybenzaldehyde 
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Coltart and Charlton 

had dissolved, bromine (2 equivalents, 12.5 mL, 243 mmol) 
was added and stirring was continued for an additional 4 h. 
At that point, the mixture was diluted with ice-cold water 
(145 mL) and allowed to stand in a refrigerator at 5°C over- 
night. The mixture was then filtered and the resulting solid 
washed with ice-cold water (100 mL), and then refiltered. 
The solid was then recrystallized from 80120 (vlv) methanol- 
water and dried in an oven overnight at 50°C. The process 
yielded a light beige crystalline compound (25.6 g, 104 
mmol, 86%); mp 148-150°C; IR (CH,Cl,): 1682 (CO) cm-I; 
'H NMR (CDC1,) 6: 3.92 (s, 3H), 3.96 (s, 3H), 7.05 (s, lH), 
7.40 (s, lH), 10.17 (s, IH); ',c NMR (CDCl,) 6: 56.1 
(CH,), 56.4 (CH,), 110.4 (CH), 115.4 (CH), 120.3 (C), 
126.5 (C), 148.8 (C), 154.4 (C), 190.6 (CO); MS mle (rela- 
tive %): 246 (loo), 245 (58), 244 (M', 99), 243 (53), 231 
(17), 229 (16), 94 (45); HRMS calcd. for C~H;~B~O,: 
243.9735; found: 243.9800. 

2-Iodo-3,4-dimethoxybenzaldehyde 10 
To a round-bottom flask was added 6-bromo-3,4-dimethoxy- 
benzaldehyde (20.2 g, 82.3 mrnol), benzene (300 mL), ethyl- 
ene glycol (9.5 mL, 170.4 mmol), and p-toluenesulfonic acid 
hydrate (0.10 g, 0.53 mmol). The flask was attached to a 
Dean-Stark trap and refluxed for 5 h. The benzene was then 
evaporated to give a light yellow viscous liquid, which was 
filtered through silica gel (10 cm) with 50150 (vlv) ethyl ace- 
tatelhexanes. The filtrate was evaporated to give a colorless 
crystalline compound. The crystals were dissolved in THF 
(150 mL) in a round bottom flask that was sealed with a rub- 
ber septum, flushed with nitrogen, and placed in a Dry Ice - 
acetone bath. At that point, n-butyllithium (44 mL of a 2.03 M 
solution in hexanes, 89 rnmol) was added and the resulting 
solution was stirred for 15 min. Iodine (25.0 g, 98.5 mmol), 
dissolved in THF (80 mL), was then added and the mixture 
was stirred for 15 min, removed from the Dry Ice - acetone 
bath, and stirred for an additional 60 min. Saturated aqueous 
sodium bisulphite (10 mL) was added to dissipate the dark 
color caused by the iodine, leaving the solution light yellow. 
The THF portion was removed and the aqueous portion was 
extracted three times with ethyl acetate. The organic portions 
were combined and evaporated to give an oily residue. The 
residue was dissolved in methanol (50 mL) and to this was 
added 10% HCl(, ) (10 mL). The resulting solution was 
allowed to stir for 30 h at room temperature, by which time a 
colourless precipitate had formed. The product was extracted 
into CH2Cl2 and then evaporated to give a light colored oil. 
The oil was taken up in 50150 (vlv) ethyl acetatelhexanes and 
filtered through silica gel (10 cm). Evaporation of the solvent 
gave colorless crystals (22.48 g, 77.0 mmol, 94%); mp 134- 
136°C; IR (CH,Cl,): 1695 (CO) cm-'; 'H NMR (CDCI,) 6: 
3.92 (s, 3H), 3.96 (s, 3H), 7.31 (s, lH), 7.41 (s, lH), 9.86 (s, 
1H); "C NMR (CDCI,) 6: 56.1 (CH,), 56.5 (CH,), 92.7 (C), 
111.1 (CH), 121.8 (CH), 128.4 (C), 149.7 (C), 154.4 (C), 
194.8 (CO); MS mle (relative %): 292 (M', loo), 291 (31), 
277 (5), 164 (lo), 136 (10); HRMS calcd. for C9H910,: 
29 1.9596: found: 29 1.9629. 

2-Iodo-4,s-dimethoxybenzyl alcohol 11 
6-Iodo-3,4-dimethoxybenzaldehyde (1.52 g, 5.20 mmol) was 
dissolved in 2-propanol (40 mL). NaBH, (0.232 g, 6.14 
mmol) was then added and the mixture was refluxed for 12 h. 

The resulting solution was made just acidic by the addition of 
10% HCl(,,, and then evaporated to a minimum volume, after 
which it was taken up in dichloromethane and washed with 
water. The aqueous portion was saturated with NaCl and 
extracted three times with dichloromethane. The organic por- 
tions were combined, dried with MgSO,, and evaporated to 
give off-white crystals (1.47 g, 5.00 mmol, 96%); mp 9 6  
96°C; IR (CH,Cl,): 3605 (OH) cm-'; 'H NMR (CDCI,) 6: 
2.77 (bs, IH), 3.84 (s, 6H), 4.56 (s, 2H), 6.98 (s, lH), 7.19 (s, 
1H); ',c NMR (CDCl,) 6: 55.8 (CH,), 56.1 (CH,), 68.7 
(CH,), 85.1 (C), 1 1 1.3 (CH), 12 1.3 (CH), 135.1 (C), 148.6 (C), 
149.2 (C); MS mle (relative %): 294 (M', 33), 166 (28), 71 
(28), 69 (loo), 57 (59); HRMS calcd. for C,H1,IO,: 293.9753; 
found: 293.9757. 

2-Iodo-4,s-dimethoxybenzyl chloride 12 
2-Iodo-43-dimethoxybenzyl alcohol (0.764 g, 2.60 mmol) 
was dissolved in dichloromethane (20 mL) and to that mixture 
was added glacial acetic acid (20 mL). HC1 gas was passed 
through the resulting solution at a rate of approximately one 
bubble per second for 30 min. At that point, water (40 mL) was 
added to the solution and the organic portion was removed via 
a separatory funnel. The aqueous portion was then extracted 
twice with dichloromethane. The organic portions were com- 
bined and then washed with 10% NaHCO,(,,). The organic 
phase was removed, dried with MgSO,, and evaporated to give 
off-white crystals (0.793 g, 2.55 mmol, 98%); mp 83-85°C; 'H 
NMR (CDCI,) 6: 3.85 (s, 3H), 3.86 (s, 3H), 4.63 (s, 2H), 6.96 
(s, lH), 7.22 (s, .lH); ',c NMR (CDCl,) 6: 51.2 (CH,), 55.8 
(CH,), 56.1 (CH,), 87.8 (C), 112.6 (CH), 121.5 (CH), 132.0 
(C), 149.3 (C), 149.4 (C); MS mle (relative %): 314 (M', 13) 
3 12 (M', 36), 278 (23), 277 (loo), 15 1 (15), 107 (18); HRMS 
calcd. for C ~ H , , ~ ~ C ~ I O , :  3 1 1.94 14; found: 3 1 1.9426. 

l-(3,4-Dimethoxyphenyl)-l-N-morpholinoacetonitrile 13a 
3,4-Dimethoxybenzaldehyde (9.99 g, 60.1 mmol) was dis- 
solved in 2-propanol (100 mL), in a round-bottom flask. In a 
separate flask KCN (3.93 g, 60.3 mmol) was dissolved in 
water (5 mL) and then morpholine (5.27 mL, 5.26 g, 60.4 
mmol) was added with stirring, and the resulting mixture was 
cooled in an ice bath. At that point, concentrated HC1 (4.96 
rnL, ca. 5.24 g, ca. 60 mmol) was added dropwise with stir- 
ring. The resulting suspension was then added all at once to the 
3,4-dimethoxybenzaldehyde solution, and the final mixture 
was allowed to stir at room temperature for 7 days. The sus- 
pension that formed was filtered off and the filtrate was evap- 
orated to a minimum volume, giving a viscous oil. The oil was 
taken up in ethyl acetate and washed with water, and the aque- 
ous portion was subsequently extracted with ethyl acetate. The 
organic portions were combined, dried with MgSO,, and 
evaporated to give a colorless crystalline compound (13.2 g, 
50.3 mmol, 84%); mp 6666°C;  IR (CH,CI,): 2305 (CN) 
cm--'; 'H NMR (CDCl,) 6: 2.57 (m, 4H), 3.72 (m, 4H), 3.89 (s, 
3H), 3.91 (s, 3H), 4.76 (s, lH), 6.87 (d, lH, J = 8.3), 7.01 (d, 
lH,J=2.0),7.10(dd, lH,J=2.0,8.3);  13~NMR(CDCI,)6:  
49.9 (CH,), 56.0, (CH,), 56.02 (CH,), 62.1 (CH), 66.6 (CH,), 
110.8 (CH), 110.9 (CH), 115.3 (C), 120.4 (CH), 124.8 (C), 
149. 2 (C), 149.6 (C); MS mle (relative %): 262 (M', 9), 177 
(23), 176 (loo), 15 1 (27), 11 1 (IS), 97 (34), 83 (44), 69 (73), 
57 (95); HRMS: calcd. for Cl4Hl8N2O3: 262.1317; found: 
262.1361. 
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Aryliodoketone 14a 
An NaWoil mixture (50150, wlw, 0.457 g, 9.53 mmol with 
respect to NaH) was combined with DMF (10 mL) in around- 
bottom flask, which was subsequently sealed with a rubber 
septum and flushed with nitrogen. The a-aminonitrile 13a 
(1.66 g, 6.33 mmol), dissolved in DMF (15 mL), was then 
added dropwise to the suspension over a period of 5 min. Once 
addition was complete, the benzyl chloride 12 (1.98 g, 6.33 
mmol), dissolved in DMF (15 mL), was added dropwise to the 
suspension over a period of 5 min, and the resulting mixture 
was allowed to stir at room temperature for 1 h. At that point, 
10% HCle,, (10 mL) was added to the suspension and the mix- 
ture was allowed to stir for 16 h at 65"C, causing the formation 
of a precipitate. The precipitate was isolated from the solution 
and washed with cold methanol, leaving a colorless crystalline 
compound (2.64 g, 5.96 mmol, 94%); mp 170-172°C; IR 
(CH,Cl,): 1682 (CO) cm-I; 'H NMR (CDCI,) 6: 3.81 (s, 3H), 
3.86 (s, 3H), 3.94 (s, 3H), 3.95 (s, 3H),4.35 (s,2H), 6.76 (s, 
lH), 6.91 (d, lH, J  = 8.4), 7.26 (s, IH), 7.57 (d, IH, J =  2.0), 
7.72 (dd, lH, J  = 2.0, 8.4); 13c NMR (CDCl,) 6: 49.6 (CH,), 
55.9 (CH,), 56.0 (CH,), 56.1, (CH,), 56.1, (CH,), 89.1 (C), 
110.1 (CH), 110.6 (CH), 113.2 (CH), 121.6 (CH), 123.1 (CH), 
129.8 (C), 131.0 (C), 148.5 (C), 149.0 (C), 149.4 (C), 153.4 
(C), 195.4 (CO); MS mle (relative %): 442 (MC, I), 315 (26), 
165 (100); HRMS calcd. for C,8H1905 (M - I): 3 15.1232; 
found: 3 15.1255. 

Benzocyclobutenol15a 
The aryliodoketone (1.64 g, 3.7 1 mmol) was dissolved in THF 
(40 mL) under a nitrogen atmosphere, and cooled in a Dry Ice 
- acetone bath. nBuLi (2.5 M in hexanes, 3.0 mL, 7.5 mmol) 
was then added and the mixture was allowed to stir at low tem- 
perature for 30 min. At that point, 10% NH4Cl(a3'q) (10 mL) was 
added and the mixture was allowed to stir while warming to 
room temperature. The THF portion was removed and the 
aqueous portion was extracted three times with dichlo- 
romethane. The organic portions were combined, dried with 
MgSO,, and evaporated to give a yellow semisolid that, when 
chromatographed on silica gel using 60140 (vlv) ethyl acetate1 
hexanes, gave a colorless crystalline compound (0.869 g, 2.75 
mmol, 74%); mp 136-138°C; IR (CH,Cl,): 3583 (OH) cm-I; 
'H NMR (CDCI,) 6: 2.88 (bs, lH), 3.44 (d, IH, J =  13.4), 3.49 
(d, l H , J =  13.4),3.84(~,3H),3.85(~,3H),3.86(~,3H),3.88 
(s, 3H), 6.78 (d, IH, J  = 8.3), 6.79 (s, IH), 6.81 (s, lH), 6.90 
(dd, lH, J  = 2.0, 8.3), 7.06 (d, lH, J  = 2.0); I3c NMR (CDCl,) 
6: 49.8 (CH,), 55.9, (CH,), 55.9, (CH,), 56.2, (CH,), 56.2, 
(CH,), 80.5 (C), 105.3 (CH), 107.8 (CH), 109.1 (CH), 110.7 
(CH), 117.8 (CH), 133.5 (C), 136.7 (C), 140.3 (C), 148.2 (C), 
148.8 (C), 150.0 (C), 151.4 (C); MS rnle (relative %): 316 (M+, 
35), 315 (41), 301 (19), 286 (19), 285 (loo), 179 (19), 165 
(64), 69 (63), 55 (79); HRMS calcd. for C18H,,0j: 316.131 1; 
found: 3 16.1283. Spectral data were identical to those reported 
for material prepared by an alternate route (12). 

Cycloadduct 17a 
This compound was prepared with slight modifications to a 
previously described method for the enantiomer (13). The 
fumarate of methyl (S)-mandelate (0.453 g, 1.10 mmol) was 
dissolved in toluene (5 mL) and heated to 98°C in an oil bath. 
The benzocyclobutenol 15a (0.140 g, 0.44 mmol), dissolved 
in dichloromethane (4 mL), was then added and the mixture 

was allowed to boil, open to the atmosphere, until the dichlo- 
romethane had evaporated. At that point, a condenser was 
attached to the reaction flask and the mixture was refluxed for 
48 h. The contents of the flask were then evaporated under 
reduced pressure, leaving a reddish-brown oil. Chromatogra- 
phy of the oil on silica gel with 40160 (vlv) ethyl acetatelhex- 
anes gave a colorless solid (0.164 g, 0.22 mmol, 5 1%); [a]:' 
127.4 (c 0.3 1 gl100 mL in CHCl,); IR (CH2C12): 3443 (OH), 
1751 (CO) cm-I; 'H NMR (CDCl,) 6: 3.17 (dd, lH, J =  11.7, 
16.5), 3.44 (dd, lH, J  = 4.6, 16.5), 3.61 (s, 3H), 3.63 (s, 3H), 
3.73 (s, 3H), 3.82 (s, 3H), 3.87 (s, 3H), 3.92 (s, 3H), (H2 and 
H3 under the methoxyl signals), 5.74 (s, lH), 5.90 (s, lH), 
6.45 (s, lH), 6.66 (s, lH), 6.87 (m, 2H), 6.99 (dd, lH, J=2.1,  
8.4), 7.12 (d, lH, J  = 2.1), 7.17-7.27 (m, 3H), 7.36-7.42 (m, 
3H), 7.44-7.47 (m, 2H); I3c NMR (CDCI,) 6: 32.4 (CH,), 
39.7 (CH), 52.6 (CH,), 52.8 (CH,), 54.9 (CH), 55.7 (CH,), 
55.8 (CH,), 55.9 (CH,), 56.0 (CH,), 74.7 (CH), 74.9 (CH), 
76.1 (C), 110.1 (2 x CH), 110.7 (CH), 112.1 (CH), 118.9 
(CH), 125.7 (C), 127.1 (2 x CH), 127.6 (2 x CH), 128.4 (2 x 
CH), 128.7 (2 x CH), 129.0 (CH), 129.2 (CH), 132.4 (C), 
132.8 (C), 133.2 (C), 139.2 (C), 147.9, (C), 147.9, (C), 148.5 
(C), 148.7 (C), 169.3 (CO), 169.6 (CO), 171.5 (CO), 174.2 
(CO); MS rnle (relative %): 710 (M+ - H,O, 29), 351 (64), 
324 (40), 165 (21), 149 (64), 121 (100); HRMS calcd. for 
C40H38012 (M - H20): 710.2363; found: 710.2347. Spectral 
details were consistent with those reported for the enantiomer 
(13). 

Ester 18a 
The cycloadduct 17a (0.0869 g, 0.12 mmol) was dissolved in 
dichloromethane (20 mL) under nitrogen, and cooled to 
-20°C. BF30Et, (0.10 mL, 0.80 mmol) was then added, caus- 
ing the solution to turn dark blue. The mixture was cooled to 
-55°C and LiAlH, (0.37 M in diethyl ether, approximately 
1.0 mL, approximately 0.37 mmol) was added dropwise until 
all of the blue had dissipated, followed by the dropwise addi- 
tion of 50150 (vlv) methanollwater (10 mL). The resulting 
solution was stirred for 20 min at -55°C and was then allowed 
to warm to room temperature. At that point, 10% HCl(;,,, (1 
mL) was added and the organic portion was separated from the 
aqueous portion. The aqueous portion was extracted three 
times with dichloromethane and the original organic portion 
was washed with 10% HCl(,,,. The organic portions were 
combined, dried with MgS04, and evaporated to give an amor- 
phous solid, which was chromatographed on silica gel with 301 
70 (vlv) ethyl acetatelhexanes to give a colorless solid (0.0356 
g, 0.05 mmol, 42%); [a];' -54.3 (c 0.28 gl100 mL in CHCl,); 
IR (CH,Cl,): 1746 (CO) cm-'; 'H NMR (CDCl,) 6: 3.04 (m, 
lH), 3.38 (m, 2H), 3.52 (m, lH), 3.64 (s, 3H), 3.68 (s, 3H), 
3.69 (s, 3H), 3.70 (s, 3H), 3.73 (s, 3H), 3.87 (s, 3H), 4.56 (d, 
lH, J =  5.5, Hl),  5.67 (s, IH), 6.07 (s, lH), 6.32 (dd, lH, J =  
1.9, 8.3), 6.39 (s, lH), 6.43 (d, lH, J  = 8.3), 6.50 (d, lH, J  = 
1.9), 6.69 (s, IH), 6.99 (d, 2H, J  = 7.3), 7.08 (t, 2H, J  = 7.6), 
7.16-7.36 (m, 4H), 7.44-7.47 (m, 2H); 13c NMR (CDCI,) 6: 
3 1.8 (CH,), 37.1 (CH), 45.7 (CH), 48.2 (CH), 52.4 (CH,), 52.5 
(CH,), 55.4 (CH,), 55.8 (3 x CH,), 73.9 (CH), 74.6 (CH), 
110.4 (2 x CH), 112.2 (CH), 112.8 (CH), 121.8 (CH), 125.6 
(C), 127.0 (2 x CH), 127.9 (2 x CH), 128.2 (2 x CH), 128.6 
(C), 128.7 (2 x CH), 129.2 (CH), 133.4 (C), 133.6 (C), 133.9 
(C), 147.8 (C), 147.9 (C), 148.0 (C), 148.1 (C), 168.8 (CO), 
169.5 (CO), 17 1.1 (CO), 174.2 (CO) ; MS inle (relative %): 
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712 (M', 20), 563 (6), 518 (lo), 485 (7), 398 (22), 397 (36), 
351 (47), 325 (53 ,  149 (63), 121 (100); HRMS calcd. for 
C4,H4,OI,: 7 12.2520; found: 7 12.2502. Spectral data were 
consistent with those reported for the enantiomer prepared by 
another method (12). 

Ester 19 
Ester 18a (0.050 g, 7.02 x lo-' mmol) was dissolved in dry 
methanol (10 mL) and sodium metal (0.240 g, 10.4 mmol) was 
added under nitrogen. The solution was stirred at reflux for 23 
h. The mixture was acidified with 10% HC1(,q) and extracted 
three times with dichloromethane. The organic portions were 
combined, dried with MgSO,, and evaporated to give a soft 
crystalline compound. The compound was dissolved in 3% 
HCI-methanol (10 mL) and stirred for 12 h. The resulting 
solution was extracted three times with dichloromethane and 
the organic portions were combined, dried with MgSO,, and 
evaporated to give a soft crystalline compound. The com- 
pound was subsequently chromatographed on silica gel using 
30170 (vlv) ethyl acetatekexanes to give a colourless solid 
(0.026 g, 5.85 x lo-, mmol, 83%); mp 126-127°C; [a]iO 
-23.2 (c 0.21 gl100 mL in CHC1,); ',c NMR (CDCl,) 6: 31.8 
(CH,), 43.3 (CH), 48.8 (CH), 5 1.6, (CH), 5 1.6, (CH,), 52.1 
(CH,), 55.8 (CH,), 55.9, (2 x CH,), 55.9, (CH,), 110.7 (CH), 
110.9 (CH), 11 1.7 (CH), 112.1 (CH), 121.5 (CH), 126.0 (C), 
129.6 (C), 135.4 (C), 147.6 (C), 147.7 (C), 148.0 (C), 148.9 
(C), 174.1 (CO), 174.5 (CO). Compound 19 had 'H NMR, IR, 
and mass spectral properties identical to those previously 
reported (3). 

Isolariciresinol dimethyl ether 6 
The reduction of dimethyl ester 19 was carried out using the 
previously described procedure (3). The dimethyl ester 19 
(0.01 18 g, 0.027 mmol) was dissolved in dry THF (5 mL) 
under nitrogen and added dropwise to a suspension of LiAlH, 
(0.0012 g, 0.032 mmol) in THF (5 mL) under nitrogen. The 
mixture was allowed to reflux for 2 h. At that point, water 
(2 drops) and 10% HCl(,,, (0.5 mL) were added and then the 
mixture was dried with MgS0, and evaporated to give a solid. 
The solid was recrystallized from ethyl acetate - hexanes 
to give colorless crystals (0.0102 g, 0.026 mmol, 96%); mp 
150-152°C; [a];' - 15.3 (c 0.49 gl100 mL in CHCI,); ',c 
NMR (CDCI,), 6: 33.2 (CH,), 39.9 (CH), 48.0 (CH), 48.2 
(CH), 53.4 (CH,), 55.8 (2 x CH,), 56.0 (CH,), 62.8 (CH,), 
66.5 (CH,), 1 10.8 (CH), 1 1 1.1 (CH), 1 12.0 (CH), 113.0 (CH), 
121.9 (CH), 128.2 (C), 131.8 (C), 137.7 (C), 147.1 (2 x C), 
147.6 (C), 149.1 (C). Compound 6 had 'H NMR, IR, and mass 
spectral properties identical to those previously reported (3). 

Aryliodoketone 14b 
An NaWoil mixture (50150, wlw, 0.367 g, 7.65 mmol with 
respect to NaH) was combined with DMF (10 mL) in a round- 
bottom flask, which was subsequently sealed with a rubber 
septum and flushed with nitrogen. The a-aminonitrile 13b 
(1.04 g, 3.57 mmol), dissolved in DMF (15 mL), was then 
added dropwise to the suspension over a period of 5 min. Once 
addition was complete, the benzyl chloride 12 (1.13 g, 3.61 
mmol), dissolved in DMF (15 mL), was added dropwise to the 
suspension over a period of 5 min, and the resulting mixture 
was allowed to stir at room temperature for 1 h. At that point, 
10% HCl(,,, (10 mL) and water (10 mL) were added to the sus- 

pension and the mixture was allowed to stir for 16 h at 65"C, 
causing the formation of a precipitate. The precipitate was iso- 
lated from the solution and washed with cold methanol, leav- 
ing a colorless crystalline compound (1.53 g, 3.25 mmol, 
91%); mp 147-150°C; IR (CH,Cl,): 1684 (CO) cm-'; 'H 
NMR (CDCI,) 6: 3.81 (s, 3H), 3.86 (s, 3H), 3.92 (s, 3H), 3.93 
(s, 6H), 4.35 (s, 2H), 6.76 (s, lH), 7.26 (s, lH), 7.29 (s, 2H); 
',c NMR (CDCI,) 6: 49.8 (CH,), 55.8 (CH,), 56.1 (CH,), 56.3 
(CH,), 60.8 (CH,), 89.0 (C), 106.0 (CH), 112.8 (CH), 121.5 
(CH), 130.7 (C), 131.5 (C), 142.6 (C), 148.5 (C), 149.4 (C), 
152.9 (C), 195.6 (CO); MS tnle (relative %): 472 (M', I), 344 
(73), 329 (64), 195 (100); HRMS calcd. for C19H21106: 
472.0383; found: 472.0366. 

Benzocyclobutenol15b 
The aryliodoketone 14b (2.01 g, 4.25 mmol) was dissolved in 
THF (40 mL) under nitrogen, and cooled in a Dry Ice - ace- 
tone bath. nBuLi (2.5 M in hexanes, 3.6 mL, 9.00 mmol) was 
then added and the mixture was allowed to stir at low temper- 
ature for 30 min. At that point, 10% NH4Clgq, (10 mL) was 
added and the mixture was allowed to stir while warming to 
room temperature. The THF portion was removed and the 
aqueous portion was extracted three times with dichlo- 
romethane. The organic portions were combined, dried with 
MgS04, and evaporated to give a yellow semisolid that, when 
chromatographed on silica gel using 50150 (vlv) ethyl acetate1 
hexanes, gave a colorless crystalline compound (1.06 g, 3.05 
mmol, 72%); mp 12 1-1 23°C; IR (CH,Cl,): 3588 (OH) cm-'; 
'H NMR (CDCI,) 6: 2.66 (s, 1 H), 3.45 (d, 1 H, J = 13.4), 3.52 
(d, lH, J =  13.4), 3.81 (s, 6H), 3.83 (s, 3H), 3.86 (s, 3H), 3.90 
(s, 3H), 6.67 (s, 2H), 6.81 (s, lH), 6.82 (s, 1H); I3c NMR 
(CDCl,) 6: 50.0 (CH,), 56.1 (CH,), 56.2 (CH,), 56.3 (CH,), 
60.8 (CH,), 80.8 (C), 102.8 (CH), 105.1 (CH), 107.8 (CH), 
133.7 (C), 137.2 (C), 139.6 (C), 140.0 (C), 150.1 (C), 151.6 
(C), 153.0 (C); MS mle (relative %): 346 (M', 5), 315 (7), 195 
(3), 88 (lo), 86 (64), 84 (100); HRMS calcd. for CI9H2,O6: 
346.1416; found: 346.143 1. 

Cycloadduct 17b 
The fumarate of methyl (S)-mandelate (1.94 g, 4.70 mmol) 
was dissolved in toluene (10 mL) and heated in an oil bath to 
98°C. The benzocyclobutenol 15b (0.623 g, 1.80 mmol), dis- 
solved in dichloromethane (4 mL), was then added and the 
mixture was allowed to boil, open to the atmosphere, until the 
dichloromethane had evaporated. At that point, a condenser 
was attached to the reaction flask and the mixture was refluxed 
for 48 h. The contents of the flask were then evaporated under 
reduced pressure leaving a reddish-brown oil. Chromatogra- 
phy of the oil on silica gel with 40160 (vlv) ethyl acetatekex- 
anes gave a colorless, crystalline compound (0.779 g, 1.03 
mmol, 57%), mp 82-85°C; [a]:0 +I36 (c 0.30 gl100 mL in 
CHCI,); IR (CH,Cl,): 3475 (OH), 1741 (CO) cm-'; 'H NMR 
(CDCl,) 6: 3.17 (dd, lH, J=  11.4, 16.4), 3.45 (dd, lH, J=4 .3 ,  
16.4), 3.59-3.92 (m, 2H), 3.63 (s, 6H), 3.73 (s, 3H), 3.79 (s, 
6H), 3.87 (s, 3H), 3.90 (s, 3H), 5.75 (s, lH), 5.90 (s, 1 H), 6.46 
(s, IH), 6.66 (s, IH), 6.73 (s, 2H), 6.95 (m, 2H), 7.20-7.28 (m, 
2H), 7.36-7.40 (m, 4H), 7.44-7.48 (m, 2H); ',c NMR 
(CDCI,) 6: 32.3 (CH,), 39.8 (CH), 52.6 (CH,), 52.8 (CH,), 
54.8 (CH), 55.8 (2 x CH,; methoxy substituents on the 1,2,4,5 
substituted aromatic ring), 56.2 (2 x CH,), 60.9 (CH,), 74.7 
(CH), 75.0 (CH), 76.3 (C), 104.1 (2xCH),  110.1 (CH), 112.1 
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(CH), 125.7 (C), 127.1 (CH), 127.6 (CH), 128.5 (CH), 128.7 
(CH), 129.1 (CH), 129.3 (CH), 132.1 (C), 132.8 (C), 133.2 
(C), 137.0 (C), 142.1 (C), 148.0 (C), 148.8 (C), 152.8 (C), 
169.3 (CO), 169.5 (CO), 171.7 (CO), 174.1 (CO); MS tnle 
(relative %): 758 (M', 8), 740 (39), 548 (36), 381 (66), 355 
(72), 107 (100); HRMS calcd. for C41H40013 (M - H,O): 
740.2469; found: 740.2457. 

Ester 18b 
The cycloadduct 17b (0.0767 g, 0.10 mmol) was dissolved in 
dichloromethane (20 mL) under nitrogen, and cooled to 
- 12°C. BF30Et, (0.10 mL, 0.8 1 mmol) was then added, caus- 
ing the solution to turn dark blue. The mixture was cooled to 
-55°C and LiAlH, (0.37 M in diethyl ether, ca. 1.5 mL, ca. 
0.56 mmol) was added dropwise until all of the blue had dissi- 
pated, followed by the addition of 50150 (vlv) methanoVwater 
(10 mL) dropwise. The resulting solution was stirred for 20 
min at -55°C and was then allowed to warm to room temper- 
ature. At that point, 10% HCl(,,, (1 mL) was added and the 
organic portion was separated from the aqueous portion. The 
aqueous portion was extracted three times with dichlo- 
romethane and the original organic portion was washed with 
10% HCl(,,,. The organic portions were combined, dried with 
MgSO,, and evaporated to give an off-white crystalline mass. 
Chromatography using silica gel and 30170 (vlv) ethyl acetate1 
hexanes gave pure 18b (0.0312 g, 0.043 mmol, 40%); [a]:' 
-43.0 (c 0.40 g1100 mL in CHCl,); IR (CH,Cl,): 1744 (CO) 
cm-l; 'H NMR (CDCl,) 6: 3.05 (m, lH), 3.39 (5-line m, 2H), 
3.52 (6 line m, 2H), 3.58 (s, 3H), 3.63 (s, 6H), 3.69 (s, 3H), 
3.73 (s, 3H), 3.74 (s, 3H), 3.87 (s, 3H), 4.57 (d, IH, J =  5 3 ,  
5.70 (s, lH), 6.04 (s, lH), 6.12 (s, 2H), 6.42 (s, lH), 6.70 (s, 
lH), 7.10-7.45 (m, 10H); I3c NMR (CDCI,) 6: 31.8 (CH,), 
37.3 (CH), 46.2 (CH), 48.1 (CH), 52.5, (CH,), 52.5, (CH,), 
55.8 (CH,), 55.9 (CH,), 56.2 (CH,), 60.6 (CH,), 74.1 (CH), 
74.7 (CH), 107.2 (CH), 1 10.4 (CH), 1 12.2 (CH), 125.6 (C), 
126.8, (CH), 127.9 (CH), 128.3 (C), 128.4 (CH), 128.7 (CH), 
128.8 (CH), 129.2 (CH), 133.3 (C), 133.5 (C), 136.9 (C), 
137.2 (C), 147.9 (C), 148.2 (C), 152.6 (C), 168.8 (CO), 169.4 
(CO), 17 1.2 (CO), 174.1 (CO); MS mle (relative %): 742 (M', 
21), 578 (7), 548 (7), 515 (8), 427 (27), 381 (22), 355 (41), 149 
(74), 121 (97), 107 (93 ), 91 (61), 77 (100); HRMS calcd. for 
C4,H4,OI3: 742.2625; found: 742.2575. 

Deoxysikkimotoxin 7 
Ester 18b (0.0236 g, 3.17 x lo-' mol) was dissolved in THF (5 
mL), under nitrogen. Lithium triethylborohydride (191 pL of a 
1 M solution in THF, 1.91 x mol, 6 equivalents) was then 
added at O°C, and the mixture was allowed to stir for 2 h. 10% 

HCl(, (5 mL) was added and the resulting solution was 
stirred overnight. The mixture was diluted with water and 
extracted three times with dichloromethane. The organic por- 
tions were combined, dried with MgSO,, and evaporated to 
give a clear, amorphous solid that was chromatographed on 
silica gel using 40160 (vlv) ethyl acetatelhexanes to give pure 
(-)-deoxysikkimotoxin (0.0122 g, 2.94 x lo-' mol, 93%); 
[a]iO -85.8 (c 3.3 g1100 mL in CHCl,); I3c NMR (CDCl,) 6: 
32.8, (CH,), 32.8, (CH), 43.4 (CH), 47.7 (CH), 55.9 (CH,), 
56.0 (CH,), 56.2 (CH,), 60.8 (CH,), 72.1 (CH,), 77.2 (C), 
108.3 (CH), 11 1.4 (CH), 113.3 (CH), 127.1 (C), 129.4 (C), 
136.4 (C), 148.0 (C), 148.2 (C), 152.5 (C), 175.0 (CO); MS 
mle (relative %): 4 14 (M', loo), 246 (1 3), 18 1 (30); HRMS 
calcd. for C23H2607: 414.1679; found: 414.1649. Compound 
7 had 'H NMR and IR spectral properties identical to those 
previously reported (1 5). 
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Electrochemical investigation of reduction of 
mercury complexes of 2-aminocyclopentene-I - 
dithiocarboxylic acid and some of its 
derivatives at mercury electrodes 

A. Safavi and M.B. Gholivand 

Abstract: Electrochemical techniques of polarography, cyclic voltammetry, and controlled potential electrolysis at mercury 
electrodes have permitted a detailed investigation of the reduction reactions associated with mercury 2-aminocyclopentene 
dithiocarboxylate complexes, Hg(ACD),, in dimethyl sulphoxide (DMSO). As a complementary study, the electrochemistry of 
the ligands themselves was investigated in DMSO solutions and at mercury electrodes. The lability of mercury(I1) complexes 
and their rapid interaction with elemental mercury strongly influence the nature of the redox processes observed at mercury 
electrodes. Reduction of Hg(ACD), at a mercury electrode occurs in an overall two-electron step as: 

although mercury(1) is implicated as an intermediate. 

Key words: reduction, electrochemical techniques, mercury complexes. 

RCsumC : Faisant appel B des techniques Clectrochimiques de polarographie, de voltampCromCtrie cyclique et d'Clectrolyse 2 
potentiel contr61C B des tlectrodes de mercure, on a realist5 une ttude dCtaillCe des reactions de rCduction associCes aux 
complexes du 2-aminocyclopent~nedithiocarboxylate de mercure, Hg(ACD)2, dans le dimCthylsulfoxyde (DMSO). Comme 
ttude compltmentaire, on a aussi CtudiC 1'Clectrochimie des coordinats eux-m&mes en solutions dans la DMSO et i d e s  
Clectrodes de mercure. La labilitC des complexes du mercure(I1) et leur interaction rapide avec le mercure ClCmentaire 
influencent fortement la nature des processus rtdox observCs aux electrodes de mercure. La rCduction du Hg(ACD), B 
I'tlectrode de mercure se produit par un processus global B deux tlectrons de la forme : 

m&me si le mercure(1) est impliquC comme intermtdiaire. 

Mots elks : rrbduction, techniques Clectro'chimiques, complexe du mercure. 

[Traduit par la ridaction] 

Introduction 

Much interest in transition element - sulphur systems has been 
generated by organic, inorganic, and physical chemists over 
the past 10 years (1-3). The redox behaviour of dithiocarbam- 
ates and their metal complexes has been extensively studied 
(4-8) and is noteworthy for the stabilization of unusually high 
oxidation states of transition metals in metal dithiocarbamate 
complexes. In contrast, the electrochemistry of dithiocar- 
boxylates has barely been investigated. 

2-Aminocyclopentene-1-dithiocarboxylic acid, its deriva- 
tives, and their complexes have important applications, espe- 

1 Received April 24, 1995. 

I A. Safavi' and M.B. Gholivand. Department of Chemistry, 
Faculty of Sciences, Shiraz University, Shiraz, Iran. 

I ' Author to whom correspondence may be addressed. Fax: (071) 
20027. 

cially as fungicides (9, 10) and as models of sulphur-metal 
proteins (1 1). The electroanalytical behaviour of some of the 
above ligands at mercury electrodes and in aqueous media has 
recently been studied (12, 13). The anodic waves observed for 
these ligands in aqueous or aqueous-ethanolic media were 
attributed to mercury complex formation (12, 13). Detailed 
electroanalytical studies on the above ligands revealed an EqCi 
mechanism (quasi-revsersible electron transfer process fol- 
lowed by an irreversible chemical reaction), as follows, for 
oxidation of mercury in the presence of these ligands in aque- 
ous or aqueous ethanolic solutions. 

[ l ]  HG + ACD + H~("(AcD) + e- 

where ACD represents the 2-aminocyclopentene-1-dithiocar- 
boxylate anion. 

As part of a continuing study into the electrochemistry of 

Can. J. Chem. 74: 95-102 (1996). Printed in Canada / Imprime au Canada 
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Fig. 1. Polarograms of ACDA at concentration (1)  5.22, (2) 
6.67, (3) 8.00, and (4) 9.23 (x lo-' M). Polarograms were 
recorded from -0.7 V vs. SCE towards more positive 
potentials. 

E(Vo1t) vs. SCE 

transition metal complexes of these ligands in nonaqueous sol- 
vents such as dimethyl sulphoxide (DMSO), it became necessary 
to first examine the electrochemical behaviour of the ligands in 
nonaqueous media, since a knowledge of the electrochemistry of 
the free ligand is a necessary prerequisite for understanding the 
redox behaviour of coordinated dithiochelates. DMSO was cho- 
sen as the most suitable solvent because the mercury complexes 
of ACD- and its derivatives (e.g., Hg(ACD)2) are completely 
insoluble in water and DMSO was found to be the best solvent 
for these complexes. Because the electrochemical behaviour of a 
redox couple can be changed dramatically when water is 
replaced by a nonaqueous solvent (14), and to aid in the interpre- 
tation of the electrochemical behaviour of the complexes, the 
ligands themselves as well as their complexes seemed to warrant 
an electrochemical investigation. 

Experimental 

Instrumentation 
The electrochemical measurements were performed with a 
Princeton Applied Research (PAR) electrochemical system 
(Princeton, N.J.), model 170 polarographic analyzer. A drop- 
ping mercury working electrode (drop time = 2 s), an SCE ref- 
erence electrode, and a platinum wire auxiliary electrode were 
used for all polarographic measurements. All measurements 
were made at 25 5 0.2"C in DMSO containing 0.5 M KCIO,. 
Controlled potential electrolysis experiments were performed 
at a mercury pool electrode. The auxiliary and reference elec- 
trodes were identical with those used for polarographic mea- 
surements. Mercury used as dropping mercury electrode and 
mercury pool was supplied from Merck (Suprapur) and used 
without further purification. 

Cyclic voltammograms were recorded with the PAR elec- 
trochemical system at a Metrohm hanging mercury drop elec- 
trode (HMDE). All solutions were thoroughly degassed with 

Scheme 1 

pure argon and a continuous stream of argon was passed over 
the solutions while measurements were being performed. 

Materials 
ACDA, its ammonium salt, and its derivatives were prepared 
according to the procedure described by Takeshima and 
Yokoyama (15) and Bordas et al. (10). Stock solutions (4 x 

M) of the above ligands were prepared in DMSO (Fluka). 
The mercury(I1) complexes of ACDA and its derivatives 

were prepared by the reaction of methanolic solutions of the 
appropriate ligand with mercury(I1) nitrate in a 2:l molar 
ratio, drying, and then recrystallizing (16). 

Because of its hygroscopic nature and the expense of 
obtaining strictly anhydrous DMSO (17) and because it is well 
known that solution properties can change significantly when 
small amounts of water are added to nonaqueous solvents 
(14), experiments were conducted to determine the effect of 
traces of water in DMSO on our results. The experiments 
undertaken in the presence of alumina and deliberately added 
water (up to 1 %) demonstrated that electrochemical measure- 
ments of ligands are insensitive to the presence of small 
amounts of water in DMSO. 

Results and discussion 

Electrochemistry of acid derivative ligands of ACDA 
The ligands that were studied can be categorized into two 
groups: the acid derivatives of ACDA that differ from each 
other by the substitution on nitrogen (Scheme 1; 1-4) and the 
ester derivatives of ACDA (Scheme 1; 5, 6) in which the 
hydrogen on the dithiocarboxylic acid group is substituted 
with an alkyl group. The electroanalytical behaviour of the 
acid derivatives is discussed first. 

The polarogram of ACDA illustrated in Fig. I is typical of 
all the acid derivatives examined. The two oxidation waves 
are characteristic of ACDA and its acid derivatives. The sec- 
ond anodic wave occurred close to the anodic potential limit 
and is either due to oxidation of the Hg(1) complex or forma- 
tion of mercury-rich cationic forms of the Hg(I1) complex as is 
suggested for other Hg(I1) dithiocarbamate complexes (7). 
Further work on this is in progress to characterize the oxida- 
tion wave 11. However, most of the interest in relation to the 
anodic waves of the acid derivatives lies in the wave near 
-0.35 V (wave I), which we will consider in detail. Table 1 
lists the half-wave potentials of wave I for various derivatives 
of ACDA at a concentration of 9 x lo4 M in DMSO. The 
height of wave I is proportional to the square root of the col- 
umn height (h'12) and concentration, showing the diffusion 
character of this wave. Voltammograms of ACDA at a rotat- 
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Table 1. The polarographic parameters of ACDA and its derivatives. 

Compound 

1 2 3 4 5 6 

"E,,, values are for the first oxidation process (process I). 
 h he slope of plot E vs. log (id - i)li. 
'The slope of the plot E vs. log (id - i)li2. 
 umber of electrons transferred in the anodic process (coulometric analysis). 

Fig. 2. Polarograms of the first oxidation wave of (1) 11.4 x lo1 
M ACDA; (2) solution ( I )  plus 6 x lo4 M Hg2(N0J2; (3) 
solution (1)  plus 10 x lo4 M Hg,(NO,),. Polarograms were 
recorded from -0.6 V vs. SCE towards more positive potentials. 

C 

-0.6 -0.4 -0.2 0 

E(Vo1t) vs. SCE 

ing platinum working electrode showed no anodic wave at a 
potential range of - 1 to zero. This indicates that wave I is due 
to the oxidation of mercury in the presence of the above 
ligands. With increasing concentration, half-wave potentials 
were essentially constant for the acid derivatives, which is an 
indication of a 1: 1 (1igand:metal) mercury complex formation 

(18). Controlled potential coulometry at a potential on the pla- 
teau of wave I showed a one-electron oxidation process. Plots 
of E vs. log (id - i)li and - E3/4 data are also consistent 
with n = 1 (Table 1). 

For further elucidation of the electrode mechanism associ- 
ated with wave I, a solution of mercurous nitrate in DMSO 
was added to the polarographic cell containing ACDA, and its 
polarogram was recorded. A composite cathodic-anodic wave 
was obtained, as is illustrated in Fig. 2. By increasing the con- 
centration of mercurous nitrate, the participation of the 
cathodic part was increased while the anodic current was 
decreased. By addition of a solution of mercuric nitrate in 
DMSO to a DMSO solution of ACDA, a cathodic wave was 
observed at wave I and a composite cathodic-anodic wave 
was observed at wave 11. The height of the cathodic part of 
wave I1 was time dependent and decreased with time, while 
the height of the cathodic wave I increased. All these findings 
illustrate that wave I is due to Hg(1) compound formation and 
oxidation wave I1 is due either to the oxidation of the Hg(1) 
complex or to oxidation of the mercury electrode in the pres- 
ence of the Hg(I1) complex to form a mercury-rich compound. 
Later it was found that the oxidation wave I1 appears also as an 
anodic wave in the polarograms of synthetically prepared 
Hg(I1) complexes and occurs at the same potential. The 
appearance of a composite cathodic-anodic wave upon addi- 
tion of mercurous nitrate can normally be taken as evidence of 
the reversibility of the electrode process. However, other data 
obtained suggest that a quasi-reversible assignment is more 
appropriate. 

Cyclic voltammetry was also used to study the mechanism 
of the electrode process on mercury. The diagnostic criteria 
used to interpret the cyclic voltammograms were those devel- 
oped by Nicholson and Shain (19,20) and Matsuda and Ayabe 
(21) as summarized by Bard and Faulkner (22) and Brown and 
Large (23). Directly measured parameters are (22, 23) the 
anodic and cathodic peak potentials, E,,, and ED,,, peak cur- 
rents i, ,  and i,, ,  half peak potentials (i.e., the potentials at i = 
0.5i ), Ep,d2, and Ep,c12, and the scan rate, v. Derived terms are 
pea! separation Ep, = E - E,,,, the normalized peak currents 
i fvl12 . 

P.C , I,,Jv'~', the pea!current ratio ip,,Iip,,, Ep,c12 - E,,", and 
Ep,d2 - E,,?. Full experimental results are given elsewhere 
(13), but briefly, taking ACDA as an example, in a solution 
containing 1.5 mM of ACDA, an increase in scan rate from 
0.01 to 0.20 V s-I resulted in an increase in Epp from 75 to 125 
mV, with the cathodic and anodic peak potentials both shifting 
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Fig. 3. Cyclic voltammogram of lo4 M ACDA Switching 
potential was held for ( I )  0 s, (2) 15 s; scan rate, 0.2 V s-I. 

E(Volt) vs. SCE 

about 25 mV. EpVcl2 - Epqc increased by 20 mV, and also E,,,, 
- E , ,  increased by 20 mV. The values of ip,,lv'l"ecreased 
from 47.5 to 43.5 and i ~ v ' ' '  decreased from 46 to 43.5 with 
increase in scan rate. A e  ratio of ip,c/ip,, was approximately 
constant at 0.97 + 0.03. An experiment was conducted in 
which the switching potential was held for 15 s. No change in 
cyclic voltammetry parameters was observed by holding the 
switching potential for 15 s (Fig. 3). Although these results are 
consistent with a quasi-reversible electron transfer process 
without any coupled chemical reactions, the possibility of a 
fast disproportionation reaction such as 

cannot be ruled out. 

Reduction of mercury(I1) complexes of ACDA and its acid 
derivatives 

Preliminary polarographic analysis indicated that each mer- 
cury complex of ACDA or its derivatives undergoes reduction 
in one step. The reduction wave appears at about -0.70 V for 
complexes of ACDA and its acid derivatives. In each case, the 
graphical plot of limiting current vs. the square root of the col- 
umn height of mercury (h'l" was linear and passed through the 
origin. This is taken as evidence that the limiting currents are 
diffusion controlled. Figure 4 shows a dc polarogram, differ- 
ential pulse polarogram, and cyclic voltammogram for reduc- 
tion of H~"(AcD), in a DMSO solution. Controlled-potential 
coulometry at the mercury pool electrode at a potential on the 

Fig. 4. Reduction of Hg(ACD), at the mercury electrode in 
DMSO (0.5 M KC10,) at 25OC; (a) dc polarogram; (b) 
differential pulse polarogram; (c) cyclic voltammogram. 

C 

-0.4 -0.6 -0.8 -1.0 

E(Volt) vs. SCE 

plateau of the reduction wave gave 11 values of 2 + 0.1 for all 
the complexes. These data provide convincing evidence that, 
in DMSO, the overall electrode process is as follows. 

If the above direct two-electron reduction step is accurate, the 
plot of E vs. log (id - i)li2 should be linear with a slope of 29 
mV. Experimentally determined slopes are much greater than 
this for all the mercury complexes (Table 2). Table 2 also 
shows that El,, - E,,, values are close to that expected for a 
one-electron process. Therefore, while the overall electrode 
process was previously characterized by eq. [4], the reaction 
pathway in DMSO has yet to be considered. 

The data in Table 2 suggest that a reversible one-electron 
transfer mechanism appears to be more accurate in describing 
the reduction process than a two-electron charge transfer step. 
Since coulometric data gave iz = 2, it appears that the presence 
of a chemical reaction is prevalent in this reduction step. Thus, 
it is assumed that the reduction occurs via species other than 
the mercuric complex. The decomposition of mercuric com- 
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Safavi and Gholivand 

Table 2. Polarographic data for the reduction wave of mercury complexes. 

El12 Slope of plot - E3~4 
Compound (V vs. SCE) E vs. log [(id - i)li] (mv) 

"E,,,  values are related to mercury complexes with the anion of each ligand and not its 
acidic form. 

Fig. 5. Cyclic voltammograms of (1) 6.67 x lo4 M Hg'") 
(ACD),; (2) solution (1) plus 0.5 mL of lo4 M ACD-; (3) 
solution (1) plus 1.5 mL of lo4 M ACD-. Scan rate, 0.05 V s-I 

* I I 1 

0 -0.2 -0.4 -0.6 -0.8 -1.0 

E(Volt) vs. SCE 

plexes seems feasible, as will be described later. This may take 
place via one of the following mechanisms. 

If one of the above prechemical processes is taking place, 
the reduction wave may be due either to the reduction of the 
dimer (L,) or of HglL. If mechanism [5] applies, the product of 
the chemical reaction is the dimer (L2) and thus the reduction 
wave is due to the reduction of this entity. The reduction of the 
,dimer is a two-electron process with the slope of the plot of E 
vs. log (id - i)/i nearly equal to 29 mV (13,24). However, the 
slopes of the plots of E vs. log (id - i)li obtained for reduction 
waves in this study were much higher than this value (Table 2). 
Moreover, it was later proved (13, 24) that the dimer is con- 
verted to HglL in the presence of elemental mercury. There- 
fore, the reaction denoted by eq. [5] is ruled out. 

Further investigation revealed that the polarogram of the 
ammonium salt of ACDA showed an oxidation wave with an 
E,/, value similar to that found for the reduction of the 
Hg(ACD), complex. Also, when a DMSO solution of the 
ammonium salt of ACDA (denoted by ACD-) was added to a 

solution of H~"(AcD), in DMSO, a composite cathodic- 
anodic wave was obtained. In a similar manner the polarogram 
of each anion of the acid derivatives of ACDA showed an oxi- 
dation wave with E,,, value similar to that found for the reduc- 
tion of the corresponding mercury complex in DMSO. 
Moreover, when the cyclic voltammogram of the ammonium 
salt of ACDA (ACD-), in DMSO, was compared with that of 
Hg(ACD), at HMDE, similar cyclic voltammograms were 
obtained (Fig. 5). It was discussed before that the anodic wave 
of ACDA and its acid derivatives in DMSO solutions is due to 
the formation of mercury(1) complex. Therefore, the reduction 
wave obtained in the case of these complexes is due to the 
reduction of HglL. This means that the reduction of each mer- 
curic complex occurs via a mercurous intermediate produced 
according to either eq. [6] or [7]. 

If eq. [6] is responsible for the prechemical step occurring 
before the reduction process, the coulometric analysis at the 
potential of the cathodic wave must yield rz = 1, since each 
mole of Hg(I1) complex yields only one mole of Hg(1) com- 
plex, which can undergo reduction at the electrode surface. 
The actual value of n obtained experimentally was equal to 2. 
Therefore, formation of HglL is most probably taking place 
via eq. [7]. If this reaction is correct, for each mole of HgHL 
complex, two moles of HglL complex are produced that can 
then undergo reduction at the electrode surface. This is consis- 
tent with the coulometric data of n = 2 and also with the slopes 
of the linear plots of E vs. log (id - i)li and E,, - E314 values, 
which show a one-electron cathodic process. Thus, the follow- 
ing mechanism is suggested for reduction of the mercuric 
complexes of ACDA and its acid derivatives on the mercury 
electrodes and in DMSO. 

The mercuric complexes of the ligands 3 and 4 all showed 
exactly the same electroanalytical behaviour and therefore the 
reduction mechanisms for these complexes all obey the above 
pattern. A similar mechanism has been suggested for mer- 
cury(I1) dithiocarbamates (25-27). 

For further elucidation of the electrode process, the cyclic 
voltammograms were analyzed. Full experimental data on 
individual complexes are given elsewhere (13) but, as an 
example, consider the cyclic voltammograms of 1.1 mM 
H~"(AcD). As the scan rate increases from 0.02 to 0.2 V s-', 
the following observations in the cyclic voltammetry parame- 
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Fig. 6. (a) Polarograms of compound 5 at concentration ( I )  0, (2) 1.67, (3) 2.86, and (4) 3.75 (X 10'' M). 
Polarograms were recorded from -0.2 V vs. SCE towards more positive potentials. (b) The dependence 
of anodic wave current of compound 6 on its concentration. 

Concentration (X M) 

ters are obtained. The peak-to-peak separations Epp. E - 

EpSc, and E - E p ,  were approximately constant at {6:80, 
and 75 m$%spectlvely, and the ratio ip,,/ip,, was constant at 
about 0.67. The values of iP,,lv1" = 0.41 t 0.02 and ip,al~ll '  = 
0.62 t 0.03 also remained effectively constant. An experi- 
ment was also conducted in which the switching potential was 
held for some time. No change in CV parameters was observed 
by holding the switching potential for 15 s. According to the 
diagnostic criteria (22, 23), these results are consistent with a 
quasi-reversible electron transfer process without any coupled 
chemical reaction. However, polarographic data show that the 
electrode reduction of the mercuric complex of ACDA and its 
acidic derivatives is accompanied by a prechemical reaction. It 
is reported (22) that the effect of the coupled prechemical reac- 
tion on the electrode reaction depends on the magnitudes of 
both the forward and backward rate constants, Kf and Kb (s-I), 
and the equilibrium constant k. When k is large, the equilib- 
rium lies so far to the right that most of the material is already 
in the form of the electroactive substance. The preceding reac- 
tion then has little effect on the electrochemical response, 
which appears as unperturbed Nernstian behaviour. This situ- 
ation exists for mercuric complexes of ACDA and its acid 
derivatives. 

Electrochemistry of ester derivative ligands of ACDA 
The dc polarographic study of the esters of ACDA (com- 
pounds 5 and 6) showed one anodic wave at about +0.24 V 
(Table 1 and Fig. 6a). The height of the wave was proportional 
to h1l2 and concentration, showing the diffusion behaviour of 

this wave (Fig. 6b). The height of the polarographic wave of a 
solution at a given concentration of ester was about twice the 
height of the polarographic wave obtained in the case of the 
acid derivatives. The log plot analyses of the anodic wave of 
the esters together with El14 - E314 data were consistent with 
n = 2 (Table l) ,  while coulometric analysis at a potential on 
the plateau of the anodic wave of each of the esters gave iz = 1. 
Furthermore, no anodic wave was observed for esters in the 
potential range of - 1 to +0.5 V on a rotating platinum elec- 
trode. It is therefore concluded that the anodic wave obtained 
for esters of ACDA arises from oxidation of mercury and for- 
mation of the mercury(I1) complex. The fact that the half- 
wave potential of the anodic wave of esters is concentration 
dependent shows that the mercury complex is not 1:l 
(1igand:metal) as in the case of the mercury(1) complex of the 
acid derivatives. For further illustration of the anodic wave of 
esters, to a solution of compound 6 in a polarographic cell was 
added a solution of mercurous nitrate in DMSO, and its 
polarogram was recorded; a new cathodic peak was observed 
at about -0.26 V. By increasing the concentration of mercu- 
rous nitrate the height of the cathodic wave at -0.26 V was 
increased, while addition of a DMSO solution of mercuric 
nitrate to a solution of one of the esters resulted in a cathodic 
wave at -0.26 V and a composite cathodic-anodic wave at 
about +0.24 V, as illustrated in Fig. 7. The height of the com- 
posite wave was time dependent. The participation of the 
cathodic part of the composite wave was decreased while the 
height of the cathodic part at -0.26 V was increased by time. 
These findings clearly indicate that the anodic wave obtained 
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Fig. 7. Polarograms of (1) lo-' M of compound 6 plus 5.7 x 
lo4 M Hg(NO,),; (2) solution (1) after 10 min; (3) solution (1) 
after 20 min; (4) solution (1) after 30 min. Polarograms were 
recorded from -0.6 V vs. SCE towards more positive potentials. 

Zero Current 

Zero Current 

Zero Current 

-0.6 -0.4 -0.2 0 +0.2 +0.4 

E(Volt) vs. SCE 

in the case of esters is due to Hg(I1) rather than Hg(1) complex 
formation. 

Cyclic voltammetry of solutions of esters individually at 
HMDE reflects the dc polarographic pattern of each ligand. 
One oxidation peak was obtained in each case and a cathodic 
peak was observed in the reverse scan. The diffusion behav- 
iour of the anodic peak was also confirmed by its linear depen- 
dence on v'l' and on concentration. 

In DMSO containing 5 mM of compound 5, an increase in 
scan rate, v, from 0.02 to 0.2 V s-I resulted in the following 
changes to the usual cyclic voltaminetry parameters (22, 23): 
(i) an increase of the peak-to-peak separation, from 48 to 90 
mV, with the cathodic potential, EPIC, shifting more (27 mV) 
than the anodic peak potential, Ep,a (15 mV); (ii) E - E ,c 
increased by 20 mV whereas E, ,  - E, ,  increased !$only f0  
mV. Similarly, the values of ip,clv'l' and ip,alv'l' were about 
constant with scan rates at 1.57 2 0.05 and 1.66 & 0.06, 
respectively. The ratio ip,c/ip, increases slightly and 
approaches unity with increase in scan rate. 

The above results are consistent with a quasi-reversible 
electron transfer process. The presence of a coupled chemical 
reaction can be deduced from the asymmetry of the cyclic vol- 
tammograms of esters, arising from the increasingly drawn- 
out nature of the cathodic branch with increasing scan rate, 
whereas changes in the anodic wave are smaller. However, 
changes in the cyclic voltammetry parameters with scan rate 
are not so distinct. The most likely reason is that the chemical 
reaction accompanying the electron transfer process is either 
too'slow or too fast (22) with respect to the cyclic voltammetry 
time scale, so that its effect is not easily distinguished from 
cyclic voltammetry parameters. These results are in accor- 
dance with polarographic results that, as mentioned before, 

proved the presence of a chemical reaction coupled with the 
electron transfer process, i.e., conversion of Hg(I1) complex to 
Hg(1) complex (the reverse of the disproportionation reac- 
tion). This conversion was relatively slow with respect to the 
cyclic voltammetry time scale. Thus, it is not surprising that 
the effect of the coupled reaction on the cyclic voltammo- 
grams is not so pronounced. The most probable mechanism 
associated with the oxidation of esters of ACDA on a mercury 
electrode is an EC process as follows. 

[lo] HgL, + Hg + 2 ~ g ( ' ) ~  

This mechanism agrees well with the coulometric data for 
n = 1 and the slope of the plot of E vs. log (id - i)li2, together 
with E,,, - E,,, data that showed a two-electron process. 

Reduction of mercury complexes of the ester derivatives 
Polarographic analysis of the mercuric complexes of the esters 
of ACDA (ligands 5 and 6) indicated that these mercuric com- 
plexes undergo reduction in one step. The reduction wave that 
appears at about -0.25 V is diffusion controlled as its height 
is directly proportional to h'I2 and concentration of the ligand. 
Cyclic voltammograms at mercury electrodes are those 
expected for a chemically reversible electrode process. Con- 
trolled potential coulometry of each of the complexes at a mer- 
cury pool electrode gave n = 2. A plot of E against log (id - i)li 
for each complex gave linear plots (r = 0.998) with slopes of 
76 and 65 mV for mercury complexes of ligands 5 and 6, 
respectively. Ell, - E,,, values from dc polarograms are close 
to that expected for a one-electron charge-transfer step for the 
above complexes (Table 2). 

It was proved before that, while in DMSO solutions 
ACDA and its acid derivatives undergo a one-electron 
anodic process at a mercury electrode, the ester derivatives of 
ACDA react at a mercury electrode via a two-electron oxida- 
tion process, giving the H ~ ( " ) L ~  complex. The wave due to 
the anodic oxidation of mercury in the presence of ester 
derivatives of ACDA occurred at about +0.24 V, which, as 
proved, is due to H~(")L, formation. However, when a solu- 
tion of synthetically prepared H~(")L' is electrolyzed at a 
mercury electrode it is reduced to elemental mercur and L- Y via a H ~ ( ' ) L  intermediate. In fact, in this case the Hg( )L com- 
plex undergoes reduction at about -0.25 V. That is why the 
half-wave potential of the reduction of the Hg(")L2 complex 
(-0.25 V) is different (cf. Tables 1 and 2) from the half-wave 
potential of the anodic wave of the free ligand (+0.24 V). The 
H ~ ( ' ) L  complex can then undergo reduction at about -0.25 
V. All these findings show that although the overall electrode 
process is again 

the data support the idea that, in DMSO solution, reduction of 
mercuric complexes of the ester derivatives occurs via a mer- 
cury(1) intermediate, as was suggested for mercuric com- 
plexes of the acid derivatives of ACDA. 

It seems clear from the above discussion that, at mercury 
electrodes and in DMSO solutions and in the presence of the 
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above ligands, mercury(I1) complexes reduce to elemental 12. A. Safavi and M.B. Cholivand. Anal. Lett. 25, 1309 (1992). 
mercury via a mercury(1) intermediate. 13. M.B. Cholivand. Ph.D. Thesis. Shiraz University, Shiraz, Iran. 
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Radiation-induced dissolution of chromium 
oxide in aqueous solutions 

Luis Garcia Rodenas, Mauricio Chocron, Pedro J. Morando, 
and Miguel A. Blesa 

Abstract: Gamma irradiation of suspensions of a commercial sample of a-Cr,03 in the presence of KBrO, in the concentration 
range 0.1 5 [BrOq] 5 0.4 mol dm-,, at pH 4 and 25OC brings about oxidative dissolution. Release of Cr(V1) to the solution 
proceeds at a constant rate that increases with bromate concentration, even in conditions of quantitative e - scavenging. A 

"Y 
mechanism of reactions is proposed in which OH and BrO, radicals oxidize surface Cr(II1) to Cr(IV), and Ionic release is 
achieved by oxidation of surface Cr(1V) by bromate. The corresponding set of equations was solved by a rigid method for the 
integration of ordinary differential equations, using these two heterogeneous rate constants as adjustable parameters. The 
calculated profiles are in close agreement with the experimental data. 

Key words: chromium oxides, radiation-induced dissolution, oxidation dissolution. 

RCsumC : L'irradiation y d'un Cchantillon commercial d'a-Cr,03, en prCsence de KBrO,, i d e s  concentrations de Br0,- allant de 
0,l  i 0 .4  mol dm-,, a un pH de 4 et a 25"C, provoque une dissolution oxydante. L'apparition de Cr(V1) dans la solution se produit 
i une vitesse constante qui augmente avec la concentration de bromate, meme dans des conditions de piCgeage quantitatif de 
eaq-. On propose un mCcanisme des rkactions dans lequel les radicaux OH et BrO, oxydent la surface du Cr(II1) en Cr(1V) qui est 
par la suite oxydC par le bromate pour provoquer une apparition de chrome ionique. L'ensemble correspondant des Cquations a 
CtC rCsolu par une rude mtthode pour I'inttgration des Cquations diffkrentielles ordinaires qui utilise ces deux constantes de 
vitesse hCtCrogknes comme paramktres ajustables. Les profils calculCs sont en bon accord avec les donnCes expCrimentales. 

Mots c l b  : oxydes de chrome, dissolution induite par les radiations, dissolution oxydante. 

[Traduit par la rCdaction] 

Introduction to aqueous attack is influenced by this contrasting behavior. In 

The interaction of chromium(II1) oxides is governed by the 
chemical inertia of the d3 Cr(II1) ion. Substitution reactions on 
octahedral Cr(II1) complexes in solution are slow, and can be 
accelerated only by severe distortions from the octahedral 
coordination ( I )  or by electron transfer to generate either 
Cr(I1) or Cr(1V). Phase transfer of Cr(II1) as involved in a- 
Cr203 can also be accelerated by oxidation (2,3) or r e d ~ c t i o n , ~  
as accomplished by heterogeneous electron transfer. Acid 
attack (4) is only effective in dissolving hydrous oxides. 

Comparison of the behavior of the chromium(II1) and 
iron(II1) oxides is interesting for both fundamental and applied 
reasons. Iron(II1) oxides are easily dissolved by reductive 
attack (5-9), whereas oxidation to Fe(V1) is only possible in 
strongly alkaline and (or) oxidative media (10). The reverse is 
true for chromium(II1) oxides. As both oxides are present in 
the layers grown on stainless steel by corrosion, the sensitivity 
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- 
particular, whenever it is necessary to remove the oxide lay- 
ers, a two-stage cleaning process is almost mandatory: an 
oxidative step to remove chromium oxides and a reductive 
stage to dissolve iron oxides (1 1). Cleaning of stainless steel 
surfaces is an important problem in nuclear technology, asso- 
ciated with the need to remove the radioactive oxides to 
decrease the radiation fields in the critical components of the 
heat transport circuit (chemical decontamination). 

The dissolution of these oxides is influenced by radiation 
fields in two ways. First, the defect structure of the oxides is 
heavily influenced by the annealing effect of the radiation, and 
eventually by the creation of defects by neutron irradiation 
(for in-core components). Secondly, the radiolysis of the aque- 
ous medium generates both oxidizing and reducing species, 
especially OH and eaq-. 

The first effect has been explored in previous papers (12) .~  
Concerning the influence of solvent radiolysis, Buxton et al. 
(13) have shown that colloidal haematite ( a - ~ e ~ o ~ )  and mag- 
netite (Fe304) dissolve following attack by one-electron 
reducing free radicals generated by the radiolysis aqueous 
solutions of propan-2-01 saturated with nitrous oxide. Also, 
Mulvaney et al. (14) reported the reductive dissolution of sus- 
pensions of manganese oxides (a-, 6-, and y-Mn02 and 
Mn,O,) under steady y-irradiation of aqueous solutions of 
propan-2-01 saturated with nitrous oxide. 

Also, M. dos Santos Afonso, M. Zysmilich, C.D. Di Risio, R.O. 
Marques, and M.A. Blesa. Submitted. 
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Whereas the reductive dissolution of Fe(II1) oxides in media 
containing OH scavengers is well known, the possibility of 
oxidative dissolution of chromium(II1) oxides in media con- 
taining eag- scavengers has not been explored. In neutral aque- 
ous solution, Patnaik et al. (15) reported the homogeneous 
radiolytic oxidation of chromium(111) sulfate in the presence 
of Br03-. 

In the present paper we report a kinetic study of the radio- 
lytic dissolution of suspensions of a-Cr,03 in the presence of 
KBr03 at pH 4 and 25OC. 

Experimental 

a-Cr20, was a commercial sample (Puratronic). It was charac- 
terized by chemical analysis: the assay of Cr was 68.40 wt.% 
measured by atomic absorption spectrometry (AAS) using a 
Varian AAR 5 spectrophotometer. The powder X-ray diffrac- 
togram obtained in a Philips X-ray PW 1 130 demonstrated the 
product to be a-Cr,03; its surface BET area was measured in a 
Micromeritics Accusorb 2 100 E to be 1.73 m2 g-I. 

The dissolution experiments were performed in a cylindri- 
cal beaker, under continuous magnetic stirring. In a typical 
experiment 20 mg a-Cr203 was suspended in 50 cm3 KBr03 
solution of appropriate concentration at pH 4.0 and 25.0 2 
O.l°C. The reaction was started by placing the test tube in a 
standarized position in a 6 0 ~ o  y-irradiation facility (Ezeiza 
Atomic Center); the y-dose rate in the tube position was 10.12 
krad min-'. Previous tests demonstrated that the thermally 
activated dissolution reaction was negligible during the whole 
time span of the irradiation experiments. The reaction progress 
was followed by periodically withdrawing samples with a 
syringe and filtering them through a 0.45-km Nuclepore mem- 
brane; the concentration of Cr(V1) in the filtrate was deter- 
mined spectrophotometrically using diphenylcarbazide (16). 
In some samples, total chromium was measured by AAS. 

Results and discussion 

Figure 1 shows the concentration of Cr(V1) dissolved from a -  
Cr203 as a function of time for different KBrO:, concentra- 
tions. Thermal data (no irradiation) and total chromium con- 
centration data are also shown. The oxide dissolves as Cr(V1) 
at a constant rate that is a function of the oxidant concentra- 
tion. 

The primary processes occurring during the radiolysis of 
water have been studied extensively (17). In particular, in 
aqueous KBrO3 solutions, the hydrated electron reacts with 
BrO,- yielding BrO,, which was postulated to readily oxidize 
dissolved Cr(II1) (15). Therefore we propose the following 
mechanism for the radiation-induced dissolution of a-Cr20, in 
aqueous solutions of KBrO,, reactions 111-[9]: 

[ I  ] H 2 0  4 e,;, OH, H, H202, H2 

[2] Br0,- + e,,- + H 2 0  4 BrOz + 2 OH- 

[3] =cr3+ + Br02  + 3 c r 4 +  + products 

[4] Cr, + =cr4+ + BrO< 4 Cr(VI),,, + =cr3+ + products 

Fig. 1. Concentrations of Cr(V1) and total chromium (Cr,) as a 
function of time from radiation-induced dissolution of Cr20, in 
aqueous solution of KBrO, at 25OC and pH 4.0. Experimental 
values: a ,  0.1 ; A, 0.3, and 0, 0.4 mol dm-, KBrO, as [Cr(VI)] 
and a, 0.4 mol dm-, KBr03 as [Cr total]; H, 0.4 mol dm-3 KBrO,, 
no irradiation. 
Calculated values: (-1. 

u 

[9] Br0,- + OH 4 BrO, + OH- 

In these equations, = ~ r "  and =cr4+ represent surface 
chromium ions. To normalize the kinetic equations, the corre- 
sponding surface concentrations (in mol in-') were trans- 
formed into equivalent bulk concentrations (in mol dm-3) 
using eq. [ 101 

where N,  = number of active sites per unit area, S, = specific 
surface area, w = mass of oxide, and V = volume of solution. 
The N, value was estimated to be 5 sites nm-' (18). The value 
of instantaneous surface (S = Sew) can be considered invari- 
able throughout the experiment because the fraction of dis- 
solved chromium is only about 2%. From eq. [lo], the value 
[=cr3+] = 5.3 x mol dm-' was obtained. 

In eq. [4] [Cr 1 - 1 was introduced as a procedure to keep T+ - [=cr3+] + [=Cr ] constant throughout the reaction. The rate 
is therefore given by 

where k, is given in mol-' dm%-'. 
Most of the rate constants involved in eqs. [2]-[9] are avail- 

able from the literature. Equation [6] represents the heteroge- 
neous attack of OH on =Cr(III). The equivalent homogeneous 
process has been studied, and the reported rate constant is 3.1 
x lo8 M-' s-I (19). In principle, it is possible to calculate the 
ratio of collisional frequencies of the heterogeneous to homo- 
geneous reactions; see, for example, refs. 20 and 21. We 
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Table 1. Rate constants for reactions [2]-[9]. 

Reaction  ons st ant/^-' sf' Reference 

[21 4.1 x lo9 24 
Dl  4.3 lo4 This work 
[41 3.8 x lo-, This work 
[51 1.3 x 10" Upper limit; see text 
i61 3.1 x 10' 19 
[71 1.4 x 10' 24 
[81 5.5 x 10' 17 
PI 1.9 x lo9 24 

found, however, that the rate calculated using the homoge- 
neous rate constant and the equivalent homogeneous concen- 
tration (eq. [lo]) was similar to that calculated from the above- 
mentioned ratio. Furthermore, the values of k, and k, (our most 
important parameters, see below) are highly insensitive to 
large changes in k6. 

Using these literature data, only the heterogeneous rate con- 
stants for reactions, [3], [4], and [5] must be derived from our 
results. In fact, reaction [5]  does not contribute to the dissolu- 
tion behavior; even a diffusion-limited value cannot compete 
with the scavenging of e,,- by Br0,-, reaction [2], at the con- 
centrations used in this work. A value k5 = 1.3 x 10" M-' s-' 
was nominally included in the calculations. 

The set of reactions [I]-[9] implies that dissolution is 
achieved in two heterogeneous stages: (a )  the oxidation of 
=Cr(III) to =Cr(IV) through the action of both BrO, and OH 
(reactions [3] and [6]); (b) the oxidation of =Cr(IV) to even- 
tually yield dissolved Cr(V1) through the action of bromate 
(eq. [4]). Equations [7] and [8] represent the alternative path- 
ways of BrO, and OH consumption through dimerization; the 
contribution of reaction [8] is negligible as compared to reac- 
tion [6] whereas, in the steady state, reaction [7] is the main 
pathway of Br0, disappearance. The buildup of Br0,- through 
eq. [7] in turn triggers the alternative OH consumption path- 
way, eq. PI. 

The scheme of reactions leads to a limiting constant disso- 
lution rate when [=cr4+] achieves a steady state value, given 
by: 

The heterogeneous scheme, eqs. [I]-[9], bears resem- 
blances to and dissimilarities with the scheme proposed by 
Patnaik et al. (15) for the homogeneous radiolytic oxidation of 
Cr(II1) in bromate media. Patnaik et al. proposed homoge- 
neous reactions equivalent to [3] and [6]; due to the higher 
[Cr(III)], the only fate for BrO, in his scheme is the reaction 
with Cr(III), at variance with the heterogeneous case. The sec- 
ond difference is the fate of Cr(1V); in homogeneous media, it 
disproportionates rapidly: 

whereas on the surface of the solid, it survives long enough to 
accumulate. Its removal takes place as a rather slow chemical 
oxidation by bromate (eq. [4]). 

The whole set of rate equations corresponding to the reac- 

Fig. 2. Concentrations of -Cr(IV) as a function of time for 
different concentrations of KBrO,. 

Fig. 3. Calculated steady state concentration of =Cr(IV) as a 
function of KBrO,. 

01 I 
0 0.1 0.2 0.3 0.4 0.5 

[B~o; 1 / rnol dm3 

tion scheme [I]-[9] was solved by a rigid method for the inte- 
gration of ordinary differential equations (22), using standard 
G values for e-,, and OH of 2.8 molecules per 100 eV of 
absorbed energy. Table 1 shows the rate constants used in the 
optimized calculations. The results are in agreement with the 
qualitative analysis given above. 

The calculated shapes of the dissolution profiles, expressed 
as Cr(V1) vs time, are in very good agreement with the exper- 
imental data, as shown in Fig. 1. The reaction scheme predicts 
that steady state concentrations of =Cr(IV) are reached at 
rather short times. These steady state values depend on the 
KBrO, concentration, as seen in Fig. 2. The data from Fig. 2 
indicate a decrease in [ = ~ r ~ + ] , ,  as the Br0,- concentration 
increases, within the explored range ([BrO,-] 2 0.1 mol 
dm-,). This effect is due to the increased rate of removal from 
the surface (eq. [12]). The rate of generation of = ~ r "  accord- 
ing to eq. [3] is insensitive to [BrO,-] because the Br0,- ion 
is a very effective scavenger of e,,- (eq. [2]) and the rate of 
generation of BrO, radicals remains the same for the different 
bromate concentrations studied. Figure 3 shows the expected 
relationship between [ = ~ r ~ + ] , ,  and [BrO,-1; the initial rise is 
completed for [BrO,-] r 0.1 mol dm-3. 

Radiation-induced dissolution is seen to be severely lim- 
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Fig. 4. Calculated effect of bromate concentration on the 
dissolution of a-Cr,O,. 0: experimental points. 

0 0.1 0.2 0.3 0.4 -3 0.5 

[ B r o i l /  mol dm 

ited. In the absence of e,,- o r  O H  scavengers, as  in an operat- 
ing reactor, recombination is much faster than any possible 
attack on iron or chromium oxides, and only the molecular 
products (Hz, H202)  are of importance. Hydrogen influences 
the kinetics and increases the solubility of iron oxides in high 
temperature water, but it exerts little or no influence o n  chro- 
mium oxides, because of the low redox potential of the Cr(III)/ 
Cr(I1) couple. The influence of the other molecular product, 
hydrogen peroxide, is also negligible. Unless a very strongly 
alkaline medium is generated, dissolution does not take place. 
A kinetic study of the dissolution of Cr203 in hydrothermal 
media has shown that oxidation does not enhance the rate of 
basic dissolution that put Cr(OH),- into solution, although in 
this medium this species is readily oxidized in solution (23). 
Thus, water radiolysis per se is not efficient to bring about dis- 
solution. Scavengers for e- are required; in these conditions, 
reaction [6] in principle may lead to dissolution, but the slug- 
gishness of the removal of =cr4' from the surface (reaction 
[4]) severely limits the dissolution rate. When Br03- is the e- 
scavenger, B r 0 2  may also oxidize surface =Cr(III), but in this 
case dimerization (eq. [7]) severely limits the dissolution rate. 
The rate is given by eq. [12]; from the data in Fig. 3, it is pos- 
sible to calculate the rates at any given [Br03-1. The maximum 
value, for [BrO,-] = 0.4 mol dm-3, is R = 4 x lo-' mol dm-3 
s-', which is equivalent to 6 x kmol m-2 s-'. 

The calculated rate vs. [BrO,-] curve is shown in Fig. 4 ,  
together with experimental rate values. The model curve 
includes a sigmoidal behavior at low [Br03-] (< 0.05 mol 
d N 3 ) ,  outside the explored range, and a deviation from linear- 
ity, observed at high [Br03-], that is well accounted for as due 
to the decrease in [=cr4'] (see eq. [ I l l ) .  

The sigmoidal trace at low [Br03-] is due to incomplete 
scavenging of e,,- by BrO,- (eq. [2]), and the operation of 

reaction [5]. In these conditions, other possible reactions, e.g., 
e-,, + O H  + OH-, should also be included; the lack of exper- 
imental data does not warrant a detailed analysis of this 
region. 
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The selective complexation of adamantane 
nitriles by tungsten pentacarbonyl 

Valerie J. Jefford, Melbourne J. Schriver, and Michael J. Zaworotko 

Abstract: Adamantyl-l,3,4-oxathiazol-2-one is usually prepared as a mixture with 1 -adamantanecarbonitrile. To separate these 
two compounds the mixture is reacted with thf.W(CO),, which selectively forms a complex with the nitrile. The resulting 
mixture can then be readily separated into pure compounds by sublimation. Characterization data are presented, including the 
X-ray crystal structure of the nitrile complex, which can be prepared directly from the reaction of the adamantyl nitrile and 
thf.W(CO),. (Crystal data for C16H,,N05W: orthorhombic, space group Prncn, a = 10.5869(19) A, b = 14.0622(22) A, 
c = 23.342(4) A, V =  3475.0(11) A', Z = 8, K = 0.042.) The nitrile can be recovered from the complex by reaction with 
P(C6H,), followed with separation by sublimation. The reaction of the related 1-cyano-3-(1,3,4-oxathiazo1-2-on-5-y1)- 
adamantane with thf.W(CO), yields a complex in which the site of coordination is shown spectroscopically to be the nitrile 
moiety. Semi-empirical calculations at the PM3 level indicate that the oxathiazolone heterocycle may be a poor ligand due to the 
influence of the exo- and endo-cyclic oxygen atoms. 

Key words: oxathiazolone, nitrile, tungsten, complexation, selectivity, adamantane. 

Resume : L'adamantyl-l,3,4-oxathiazol-2-one est gkntralement prkpar6.e sous la forme d'un melange avec l'adamantane-l- 
carbonitrile. Pour stparer ces deux composts, on fait rtagir le mtlange avec du thf.W(CO), qui forme sklectivement un 
complexe avec le nitrile. Le mtlange qui en rksulte peut alors &tre sCpark facilement en composCs purs par sublimation. On 
prCsente des donnCes de caractkrisation, y compris la structure cristalline par diffraction des rayons X du complexe avec le 
nitrile qui peut &tre prCparC directement par rkaction de l'adamantylnitrile avec du thf.W(CO),. Les donnkes cristallines 
pour Cl,Hl,NO,W : orthorhombique, groupe d'espace Pmcn, a = 10,5869(19), b = 14,0622(22) et c = 23,342(4) A, 
V =  3475,0(11) A', Z = 8, R = 0,042. On peut rCcupCrer le nitrile du complexe en faisant rCagir ce dernier avec du P(C6H,), 
et en procCdant ensuite h une sublimation. La rCaction du 1-cyano-3-(1,3,4-oxathiazol-2-on-5-yl)-adamantane apparent6 avec du 
thf.W(CO)5 fournit un complexe dans lequel il a kt6 dCmontrC par spectroscopie que le site de coordination est la portion nitrile. 
Des calculs semi-empiriques au niveau PM3 indiquent que 1'hCttrocycle oxathiazolone est probablement un mauvais coordinat 
i cause de I'influence des atomes d'oxygkne exo- et endo-cycliques. 

Mots clks : oxathiazolone, nitrile, tungstkne, complexation, stlectivitt, adamantane. 

[Traduit par la rtdaction) 

Introduction The nitrile sulphides have been shown to readily decom- 

The 1,3-dipole cycloaddition reaction is an important syn- 
thetic route to a number of heterocyclic systems (1, 2). The 
nitrile sulphides 1 are a family of 1,3-dipoles that contain a sul- 
phur-nitrogen .rr bond and have been the subject of several 
recent reviews (3,4). They are typically generated in situ from 
precursor oxathiazolone heterocycles such as 2 in the presence 
of a dipolarophile to give five-membered ring heterocycles. 
We have reported the first systematic X-ray crystallographic 
analysis of the precursor ring and the cycloadducts from the 
reaction of adamantane - nitrile sulphide with the alkyne and 
thiazyl triple bonds and explored the chemistry of the first 
bis(nitrile sulfide) (5). 

Received October 7, 1994.' 

V.J. Jefford and M.J. Schriver.' Department of Chemistry, 
Memorial University, St. John's, NF A1B 3x7, Canada. 
M.J. Zaworotko. Department of Chemistry, Saint Mary's 
University, Halifax, NS B3H 3C3, Canada. 

I Revision received October 18, 1995. 
Author to whom correspondence may be addressed. 
Telephone: (709) 737-8744. Fax: (709) 737-3702. 
E-mail: mschriver@kean.ucs.mun.ca 

pose to the corresponding nitriles and elemental sulphur. In 
previous reports the preparation of the precursor oxathiaz- 
olone heterocycle has suffered from the premature generation 
of the 1,3-dipole, leading to significant loss of product and the 
generation of mixtures of heterocycles and nitriles. Indeed, we 
reported that the separation of adamantane oxathiazolone 2 
from adamantane nitrile 3 was laborious and gave low yields 
of pure material (5). 

In this work we report the separation of the nitrile 3 from an 
impure sample of 2 by selective complexation with tungsten 
pentacarbonyl. The preparation and the solid state structure of 
the nitrile complex 4 is described and compared with the struc- 
tures of other nitrile.W(CO), complexes. The selectivity of the 
complexation is confirmed b y  rehction with the bifunctional 
molecule 1-cyano-3-(1,3,4-oxathiazol-2-on-5-yl)-adamantane 
5 and the site of complexation is shown spectroscopically to be 
the nitrile moiety, giving 6.  

Experimental 

General procedures 
Reagents used in synthesis (W(CO)6 and P(C6H,),) were pur- 
chased from Aldrich and used as received. The pure com- 

Can. J. Chem. 74: 107-1 13 (1996). Printed in Canada 1 ImprimC au Canada 
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- 
pounds and mixtures of C,,H,,-COC(0)NS and C,,H,,-CN 
were prepared from the literature procedures (5). The 
thf.W(CO), was prepared as described in ref. 6 and was han- 
dled under a nitrogen atmosphere. Solvents were refluxed 
with the appropriate drying agent (C,H,Cl (CaH,), C,H,O 
(Na), CH,Cl, (CaH,)) and distilled under nitrogen prior to use. 
Melting points were determined on a Mel-Temp I1 melting 
point apparatus and are uncorrected. Elemental analyses were 
carried out at Canadian Microanalytical Service Ltd., Delta, 
British Columbia, Canada. IR spectra were recorded from 
Nujol mulls on KBr plates using a Mattson Polaris FT-IR 
instrument or as solutions using a Perkin Elmer 283 instru- 
ment. NMR spectra were recorded on a General Electric 300 
MHz instrument ('H, I3c). Chemical shifts are reported in 
p,pm (high-frequency positive) relative to internal standards 
( H, I3c: TMS). Mass spectra were recorded on a VG Micro- 
mass 7070HS double focusing spectrometer. Molecular 
orbital calculations were made using the HyperChem (version 
111) suite of semi-empirical programs from Autodesk operat- 
ing on a 80486-based IBM compatible computer. Molecules 
were subjected to a full geometry optimization (Polak-Ribiere 
conjugate gradient) prior to single point calculation of the 
molecular orbitals. 

Preparation and characterization data 

C,@,,-CN W(CO), 
Tungsten hexacarbonyl (W(CO)6, 2.6 g, 7.4 mmol) was dis- 
solved in approximately 250 mL of dry THF and irradiated 
(UV) under nitrogen for - 16 h. Adamantane nitrile (0.6 g, 3.7 
mmol) was added, the reaction mixture was stirred for 48 h, 
and a yellow solution was obtained after filtration through 
Celite. A yellow solid (2.4 g) was recoveped by the removal of 
solvent with a rotary evaporator and was transferred to a sub- 
limation apparatus. The sublimation proceeded at room tem- 
perature Torr; 1 Torr = 133.3 Pa) for 24 h and gave large, 
colourless crystals of excess W(CO),. The non-sublimed, yel- 
low powder remaining was shown to be C,,H,,C~N.W(CO), 
(1.1 g, 2.27 mmol, 60%). Crystals suitable for X-ray crystallo- 
graphic analysis were rown from a hot hexanes solution. The 5 relevant infrared and ' C NMR data are given in Tables 1 and 
2, respectively. Characterization data for CIOHI5- 
C=N.W(CO),: mp > 300°C. 'H NMR, 6: 2.08 (9H), 1.76 
(6H). Mass spectrum (IE, 70 eV) tnlz (%, assign.): 483" (8, 
ClOHl5-CN-W(CO),, M'), 455" (2, M+-CO), 329 
(56,M'-2CO), 399 (1 1,M'-3CO), 371 (10, M+-4CO), 161 
(80, C,,H,,-CN'), 134 (100, C,,HI4+) (* indicates that the 
peak is the strongest peak in an isotopic distribution pattern 
consistent with the presence of tungsten). Anal. calcd. (obsd.): 
C 39.6 1 (39.39), H 3.12(3.19), N 2.89(2.76). - 
Reaction of C,@,5-COC(0)SN/Cl@15-~N with 

ti$ w(co), 
Tungsten hexacarbonyl (W(CO)6, 11.9 g, 33.8 mmol) was dis- 
solved in dry THF and irradiated (UV) under nitrogen for - 16 
h. A mixture of adamantane nitrile and adamantane-oxathia- 
zol-Zone (4.0 g) was added and the solution stirred for 48 h to 
give a brown solution from which a clear yellow solution was 
obtained after filtration through Celite. A yellow solid (9.2 g) 
was recovered by the removal of the solvent under vacuum. 
Sublimation of this solid at room temperature for 24 h 
Torr) gave large, colourless crystals of excess W(CO), (5.1 g). 
Pure adamantane-oxathiazol-2-one sublimed at 55°C over a 
period of 24 h (3.4 g, 13.1 mmol) . The non-sublimed, bright 
yellow residue was recrystallized from hot hexanes to give 
clear, yellow, needle-shaped crystals of C,,H,,C=N-W(CO), 
(0.7 g, 1.7 mmol). 

Reaction of N S C ( O ) O C - C ~ @ ~ ~ - F N  with thf W(CO), 
Tungsten hexacarbonyl (W(CO),, 2.15 g, 6.10 mmol) was dis- 
solved in approximately 250 mL of dry THF and irradiated 
(UV) under nitrogen-for -9 h. 1-Cyano-3-(1,3,4-oxathiazol- - 
2-on-5-y1)-adamantane NSC(0)OC-CloH14-C=N (0.75 g, 
3.05 mmol) was added and the reaction mixture was stirred for 
48 h to give a yellow-brown solution from which a yellow 
solution was obtained after filtration through Celite. A sticky 
rust-brown solid was recovered by evaporation over several 
days and was washed with hot hexanes to give a dry khaki- 
coloured powder (1.46 g), which was transferred to a sublima- 
tion apparatus. The sublimation proceeded at 65°C (1 0" Torr) 
for 24 h and gave large, colourless crystals of W(CO),. The 
non-sublimed, khaki powder remaining was shown to be - 
NSC(0)OC-CloH,4-C~N~W(CO)5 (0.54 g, 0.92 mmol, 
30%). The relevant infrared and I3C NMR data are given in 
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Jefford et al. 

Table 1. Infrared spectra of free ligands and W(CO), complexes. 

G N  
2072(m) C=O 
1908(s) 
1769(m) C r O  
1746(m) 
596(m) W-CO 
1587, 1344, 1244, 1036, (Adamantane 
977, 924, 547 and ring 

miscellaneous 
vibrations 
(C-C, C-H, 
C-0, C-N, 
N-S)) 

Table 2. "C NMR spectral data of the free ligands and W(CO), complexes. 

Assignment 

w-C,= 
w-C-a 
c=o 
C-N 
c a  
Caditnianlilne 

"In some samples of this compound additional weak resonances were observed in the alkyl region (for example: 40.5, 39.7, 38.7, 38.3, 37.8, 
32.2, 27.2 ppm). 

Tables 1 and 2, respectively. Characterization data for 

~ sc (o )o~-c ,~H, , - c~N~w(co)~ :  mp 1 15-123°C (dec.). 'H 
NMR, 6: 2.33 (4H), 2.15-1.94 (8H), 1.78 (2H). Mass spectrum 
(IE, 70 eV) rn lz  (%, assign.): 350" (8, W(CO),+ and expected 
peaks for sequential loss of CO), 262 (12, NSC(0)OC-CloHI,- 
C=N+), 186 (20, C,oHl,(CN)2+), 159 (100, CloH,,CN+), 118 
(15). Anal. calcd.(obsd.): C 36.88(35.06), H 2.41(2.77), N 
4.78(4.45). 

Reaction of C l o H l , - F N .  W(CO), with P(C,H,), 
A mixture of Cl0Hl,-CN.W(CO), (0.787 g, 1.62 mmol) and 
P(CbH5)3 (0.426 g, 1.62 mmol) was dissolved in approxi- 
mately 100 mL of thf. The reaction mixture was stirred while 
heating at 50°C for 19 h to give a green-yellow solution over a 
white solid. The solvent and volatile materials were removed 
by evacuation to give a khaki solid (1.26 g). The khaki solid 
was transferred to a sublimation apparatus and was heated to 
50°C Torr) for 24 h to give a sublimed white solid 
(C,,H,,-CN, 0.194 g, 1.20 mmol, 74%) and a non-sublimed 
khaki solid ((C,H,),P-W(CO),, 0.96 g). 

X-ray data collection, solution, and refinement for 
C,oH,S-CEN.W(CO)S 

All pertinent crystallographic data are summarized in Table 3. 
Data were collected at room temperature (17 2 1°C) on an 
Enraf-Nonius CAD-4 diffractometer (MoK,, A = 0.70930 A, 
graphite monochromator) using the o scan mode. Unit cell 
parameters were obtained from 24 reflections with 20 angle in 
the range of 35.00"41.00". The choice of space group was 
based on systematically absent reflections. Data were cor- 
rected for Lorentz and polarization effects. Scattering factors 
were taken from the International tables for X-ray crystallog- 
raphy (7). An empirical absorption correction was made based 
on a series of $ scans that resulted in minimum and maximum 
transmission factors of 0.712 and 0.998, respectively. The 
structure was solved via direct methods that revealed the pres- 
ence of two independent molecules of 4, both of which lie 
around crystallographic mirror planes. Hydrogen atoms were 
treated as follows: methylene hydrogen $toms were placed in 
calculated positions with Dc-, = 1.08 A; methyne hydrogen 
atoms were located via difference Fourier map inspection. 
Hydrogen atoms were given temperature factors-based on the 
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Fig. 1. ORTEP (16) views of the two independent molecules of C,,H,,-CN.W(CO),. (Selected bond 
distances (A) and angles (deg): CI 11-C112 = 1.448(19), C211-C212 = 1.461(22), C11 1-NI 1 = 
1.098 (18), C211-N11 = 1.132(20), Nll-W1 =2.227(12), N21-W2 =2.204(12); C112-C111- 
N11 = 177.7(16),C212-C211-N21 = 178.6(16), Clll-N11-W1 = 174.1(12),C211-N21-W2= 
174.9(12.) 

carbon atoms to which they are bonded and fixed during least- Table 3. Crystallographic data. - 
squares refinement. All crystallographic calculations were 
effected with the PC version of NRCVAX (8) implemented on a C16H15N05W 

80486-based IBM compatible computer. Fractional atomic fW 485.14 

coordinates and isotropic thermal parameters are given in Space group Pmcn (no. 62, non-standard) 

Table 4 and selected bond distances and angles are given in the a ,  A 10.5869(19) 

caption of Fig. 1. Supplementary material (anisotropic thermal b, A 14.0622(22) 

parameters and structure factors) is a ~ a i l a b l e . ~  c, A 23.342(4) 
v, A3 3775.0(11) 

Results and discussion 

Preparation, characterization, and structure of 
adamantane-based nitrile tungsten pentacarbonyl 
complexes 

Nitrile complexes of the Group VIA metal pentacarbonyls 
(M = Cr, Mo, W) are well known (6, 9, 10). In general, 
nitrile.meta1 pentacarbonyl complexes are useful intermedi- 
ates in ligand substitution reactions due to the relative weak- 
ness of the metal-ligand bond. Complexes have been reported 
for a number of R-C=N.W(CO), compounds where the nitrile 
substituent can be alkyl, aromatic, or n-delocalized vinyl or 
acyl groups. However, such compounds have not been 

The supplementary material can be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA OS2. 
Tables of atomic positional parameters, bond distances, and bond 
angles for CI6Hl5NO,W have also been deposited with the 
Cambridge Crystallographic Data Centre, and can be obtained on 
request from 'The Director, Cambridge Crystallographic Data 
Centre, University Chemistry Laboratory, 12 Union Road, 
Cambridge, CB2 lEZ, U.K. 

z 
F(000) 
D,.,,,,, g cm-' 
Size, mm 
p, cm-' 
Max 20, deg 
Reflections: 

Measured 
Unique 
Observed 
Parameters 

R 
R,,, 
GoF 

"R = Z  IIF,I - I'F,IIlZIF<,I; 
R,,. = [Z(w(l F, I - I F,J)'E(w 1 F, I)']"' 

> 30(1,). 

reported for any adamantane-based nitrile. Only one X-ray 
structure has been reported for R-CsN.W(CO), (R = 
CH,COOH (10)). Metal carbonyl complexes with a higher 
order of nitrile substitution (M(CO)c,l(RCN),l n > 1) have also 
been reported (1 1 ). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Jefford et al. 

Table 4. Atomic parameters x, y, z and B,,,, for (I-adamantylnitrile)W(CO),. 

Atom x Y Z BisoL' 

W1 
W2 
C11 
0 1  1 
C12 
012  
C13 
0 1 3  
N11 
C l l l  
C112 
C113 
C114 
C115 
C116 
C117 
C118 
C2 1 
0 2  1 

"B,,, is the mean of the principal axes of the thermal ellipsoid. 

The preparation of R-C=N.W(CO), has been reported 
using a number of synthetic procedures. Photolytic generation 
of a thf.W(CO), intermediate that reacts in sit11 with a nitrile 
has been successfully used to prepare a number of alkyl nitrile 
complexes (6). Thus the preparation of C,oH,,-CEN.W(CO), 

4 and NSC(O)OC-c,,H,,-C-N.W(CO), 6 following this 
procedure gave reasonable yields as described in the literature. 
The elemental analyses for 6 revealed that the isolated com- 
pound was not analytically pure. The near absence of unas- 
signed bands, resonances, or peaks in the spectra of 6 suggest 
that the impurities must be present in small amounts and (or) 
highly related to 6 in structure (i.e., C,oH,,(CN),.nW(CO)5, 
n = 0 ,  1, 2). 

The identity of 2 was established unequivocally by X-ray 
crystallography. The analysis of the spectroscopic data of 2 
provides a framework for the determination of the mode of 
complexation in 6. The infrared spectra of both compounds 2 
and 6 are given in Table 1 and compared with the free ligands. 
Both compounds show bands assignable to the carbonyl and 
metalkarbon bonds expected in W(CO), moieties (12). The 
infrared of 6 additionally indicates that the bands assignable to 

the heterocycle are essentially unaffected by complexation 
while the band assigned to the nitrile bond in the free ligand is 
not found in the spectrum of the complex. These observations 
are consistent with complexation of the free ligand 5 via the 
nitrile group. The mass spectra of 2 and 6 confirm the presence 
of tungsten carbonyls and the expected nitriles in the com- 
pounds. 

The strongest evidence for the mode of complexation in the 
complex 6 is derived from the I3c NMR spectral data. The I3c 
NMR data for the free ligands and the complexes 4 and 6 are 
given in Table 2. The data clearly indicate the presence of 
W(CO), in the compounds 4 and 6 with resonances assignable 
to the trans (4,200.0 ppm; 6, 199.7 ppm) and cis (4,196.5 ppm, 
6, 196.3 ppm) carbonyl carbon atoms as described in the liter- 
ature (9, 10). It has also been reported that the complexation of 
alkyl chalcogenonitriles (R-Ch-CEN; Ch = S, Se (13)) and 
cyanoacetic acid (10) with W(CO), results in a downfield shift 
of the nitrile carbon by 8.1 + 0.9 ppm. Similar complexation 
with Cr(CO), leads to a shift of +10.5 + 0.3 ppm (10). In com- 
pounds 4 and 6 the nitrile carbon atoms resonate 5.8 and 6.0 
ppm downfield from the corresponding carbon atoms in the 
free ligands. The smaller shift observed in the adamantane 
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nitriles may be a reflection of the nature of the substituent 
groups on the nitrile moiety. The resonances assigned to the 
carbon atoms in the adamantane moieties of 4 and 6 and the 
heterocycle in 6 are essentially unchanged by complexation, 
consistent with nitrile coordination in both compounds. 

The crystallographic data relating to the structure of 4 are 
given in Tables 3 and 4 and Fig. 1. The structure of the ada- 
mantane moiety in 4 is not significantly (6D > 3u, D is bond 
distance) different than the distances and angles observed in 
other mono-substituted adamantane compounds (5). The 
nitrile-metal bond gives an essentially linear W-N-C unit with 
bond angles at the carbon (1 77.7(16)"/178.6(16)") and the 
nitrogen (174.1" (12)/174.9 (12)") atoms not significantly dif- 
ferent from the related angles in 7 (10). The W-N distance in 
4 (2.227(12)/2.204(12) A) is longer than that observed in 7 
(2.178(7) A) while the C-N distance is shorter (4 1.098(18)/ 
1.132(20) A; 7 1.15(1)). This would indicate that the metal- 

ligand interaction is weaker in 4 and the nitrile n bond is rela- 
tively stronger. The C-0 bond distance in the trans carbonyl 
in 4 is shorter than in the cis carbonyls, as expected, but the dif- 
ference is not as significant as that observed in other nitrile 
complexes (9, 10). The relative weakness of the metal-ligand 
bond in 4 that was indicated spectroscopically above is consis- 
tent with this observation and suggests that 3 has a relatively 
weak t r a m  effect in metal carbonyl complexes. 

Selective complexation of nitriles from nitrile- 
oxathiazolone mixtures 

As stated above, we were interested in separating adamantyl 
oxathiazolone derivatives from the related nitriles by selec- 
tively changing the properties of one of the molecules. The 
protocols for the formation of metal pentacarbonyl complexes 
from the substitution reactions of thf.M(CO), are well known 
so the mixture of 2 and 3 was reacted with thf.W(CO), in thf at 
room temperature in the hope that a complex would form with 
only one of the molecules. This was indeed found to be true 
and subsequent work-up revealed that the reaction product 
was a mixture of a colourless white solid that sublimed readily 
at room temperature (shown to be excess W(CO)d, a colour- 
less white solid that sublimed at 60°C (shown to be pure 2), 
and a non-sublimed yellow solid (shown to be pure 4). Thus 
we have determined that we can purify samples of 2 that are 
contaminated with 3 by selective complexation of the nitrile 
with W(CO),. It is likely that this technique would be of gen- 
eral utility in the resolution of nitrile-oxathiazolone mixtures 
where the standard techniques of solubility, distillation or 
chromatography fail to give the desired separation. The nitrile 

rn 
Fig. 2. View of the HOMO of H-COC ( 0 )  SN (ChemPlus / 
HyperChem). 

2 itself can be recovered as a pure compound by substitution in 
solution with triphenyl phosphine followed by sublimation. 

If one considers a typical Lewis structure of an oxathiaz- 
olone heterocycle such as 8 it is observed that the ring bears 
multiple lone pairs that would be potential sites for coordina- 
tion. On the other hand, the nitrile group is well known as a 
ligand that forms weak metal-ligand bonds and is easily dis- 
placed in substitution reactions (14). The reaction of 
thf.W(CO), with a mixture of 2 and 3 gives a complex exclu- 
sively to the nitrile. There were no indications at any time that 
coordination to- the heterocycle occurred. Reaction of 
thf.W(CO), with pure 2 yielded only pure 2 and tungsten 
hexacarbonyl. The relative ligand ability of these moieties was 
dramatically demonstrated by the reaction of thf.W(CO), with 
5, which was shown to form a complex exclusively via the 
nitrile moiety. 

The simplest explanation of why coordination selectively 
occurs to the nitrile is that it must be a better ligand than the 
heterocycle for this metal system. The nitrile moiety, while 
recognised as giving weak metal-ligand bonds, is a n acid 
analogue of CO and is therefore a preferred ligand for 
W(CO),. The heterocycle, on the other hand, features lone 
pairs on both a T-bonded nitrogen and a sulfur atom, which 
should be reasonable sites for coordination by a medium soft 
Lewis acid such as W(CO),. It can be argued, however, by 
using simple electronegativity concepts, that the endocyclic 
and exocyclic oxygen atoms in the heterocycle must draw sig- 
nificant electron density away from the nitrogen and sulfur 
atoms. This process renders these atoms such poor Lewis 
bases that they do not form coordinate covalent bonds to the 
metal. These arguments are supported by semiempirical PM3 
molecular orbital calculations on the parent oxathiazolone 
ring."he calculated HOMO of this molecule is shown in Fig. 
2 and the calculated atomic charges are given in 9. A simple 
FMO (Frontier Molecular Orbital) analysis of the interaction 

9 copy of the HyperChem PM3 logfile (matrix, eigenvalues, 
eigenvectors, and atomic charges) has been included with the 
supplementary material. 
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Jefford et al. 113 

of Lewis acids and bases predicts that the atom that makes the 
greatest contribution to the acid L U M O  should preferentially 
form a bond to the atom that makes the greatest contribution to 
the H O M O  of the base (15). From Fig. 2 it is clear that the sul- 
fur and nitrogen atoms d o  make significant contributions to the 
H O M O  but the atom charges indicate that the atoms are elec- 
tron deficient and are coulombically unsuited for coordination 
to the metal. The oxygen atoms are electron rich but are likely 
too hard to form a stable adduct to W(CO),. The complexation 
of this heterocycle could probably be accomplished with 
harder metal centers, such as the lighter, early transition met- 
als. The formation of coordination complexes of oxathiaz- 
olone derivatives may provide information on the generation 
of the 1,3-dipoles from this heterocyclic family and will be the 
object of future investigations. 
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AM1 semiempirical study of benzopyrroles as 
dienes for Diels-Alder reaction 

Branko S. Jursic 

Abstract: A qualitative approach for quick evaluation of the reactivity of dienes such as cyclopentadiene, furan, pyrrole, indole, 
and isoindole for Diels-Alder reactions was applied. As qualitative methods, the frontier molecular orbital (FMO) energy gap 
and the Hammond postulate through bond orders and energy of the reaction were evaluated for such dienophiles as ethylene, 
1,3-dioxa-4-cyclopentene, and maleic anhydride. It was demonstrated that pyrrole and benzopyrroles are poor dienes in 
comparison with cyclopentadiene and furan. Because the reaction is controlled by the HOMO of the diene there are special cases 
when isoindole can react as a diene, while the loss of indole aromaticity in the course of the reaction precludes the cycloaddition. 
Geometries of transition structures and the accompanying activation energies were calculated for pyrrole, indole, and isoindole 
as dienes. The stereoselectivity of the reaction is discussed and compared with experimental results. 

Key words: benzopyrroles as dienes, Diels-Alder cycloaddition, Hammond postulate. 

RCsum6 : On a appliquC une approche qualitative pour effectuer une Cvaluation rapide de la rtactivitC des diknes, comme le 
cyclopentadikne, le furane, le pyrrole I'indole et l'isoindole dans des reactions de Diels-Alder. Les mtthodes qualitative 
examinCes pour des rtactions avec des diknophiles comme l'tthylkne, le 1,3-dioxacyclopent-4-kne et l'anhydride malCique 
comporte les mtthodes qualitatives suivantes : la diffkrence d'tnergie des orbitales moltculaires frontikres (OMF), le postulat de 
Hammond par le biais des ordres de liaison et I'Cnergie de la rtaction. I1 a CtC dtmontre que le pyrrole et les benzopyrroles sont 
de mauvais diknes par comparaison avec le cyclopentadikne et le furane. Compte tenu du fait que la rCaction est contr61Ce par 
I'OM haute occupCe du dikne, il existe certains cas dans lesquels l'isoindole peut rCagir comme un dikne alors que la perte de 
I'aromaticitC de l'indole au cours de la rCaction empsche la cycloaddition de se produire. On a calcult les gComCtries des 
structures de transition et les tnergies d'activation apparentCes pour les cas du pyrrole, de l'indole et de l'isoindole comme 
diknes. On discute de la stCrCosClectivitC de la rCaction et on la compare avec les rtsultats exptrimentaux. 

Mots cl6.y : benzopyrroles comme diknes, cycloaddition Diels-Alder, postulat de Hammond. 

[Traduit par la rtdaction] 

Introduction 

Five-membered heterocyclic aromatic compounds are, from 
the theoretical standpoint, capable of acting like dienes in 
cycloaddition reactions. Nevertheless, there are not very many 
heterocycles that undergo cycloaddition reactions2 Usually, 
for these reactions to succeed, special activation of a heterocy- 
clic compound or a very reactive dienophile is necessary. Most 
of the problems arise from the fact that, in the course of the 
reaction, the aromaticity of the heterocyclic ring is destroyed. 
If the reaction is accomplished, a Diels-Alder adduct can be 
one of the key intermediates on the long road to natural prod- 
uct synthesis (for selected publications, see ref. 2). 

It is generally accepted that Diels-Alder reactions are con- 
certed cycloadditions (3), although other mechanisms have 
also been proposed (4). For the all-carbon Diels-Alder reac- 

Received May 29, 1995. 

B.S. ~urs ic . '  Department of Chemistry, University of New 
Orleans, New Orleans, LA 70148, U.S.A. 

' Telephone: (504) 286-631 1. Fax: (504) 286-6860. 
E-mail: bsjcm@uno.edu 
Oxazole systems are unusually efficient dienes for Diels- 
Alder reactions. For selected examples see refs. In and 1 b. For 
selected publications with furan as diene see refs. Ic-le. 

tions there is an enormous body of theoretical work (for a 
review see ref. 5); however, hetero Diels-Alder reactions are 
considerably under-investigated (6). From a synthetic point of 
view, it is probably the most important method for the prepa- 
ration of heterocyclic and natural product compounds (7). 
This can be highlighted with five-membered heterocyclic 
compounds as dienes for Diels-Alder reactions (8). 

We recently studied theoretically the suitability of pyrrole 
as diene for the Diels-Alder reaction for the cycloaddition 
reaction (9). The predicted activation energies are too high 
even for the Diels-Alder reaction in the case of pyrrole acting 
as diene. This is similar to an observation made for a cycload- 
dition reaction with cyclopentadiene as diene (10). The AM1 
semiempirical method has proven to be very useful in deter- 
mining the reactivity of benzothiophene and thiophenes in 
cycloaddition reactions with different dienophiles (1 1). Here 
we would like to present our theoretical results on dienophile 
addition to indole and isoindole. 

Methodology 

All calculations were performed on a DEC 7620 computer. 
Chem-3D Plus on a Macintosh IIfx was used as a graphical 
interface for drawing and visualizing all structures and for pre- 
paring input files for MOPAC (12). The transition states were 
located, optimized, and verified as explained in our previous 

Can. J. Chem. 74: 114-120 (1996). Printed in Canada 1 ImprimC au Canada 
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Table 1. Frontier orbital energies (eV) for the diene and the dienophiles in the 
cycloaddition reaction. 

Compound 

Ethylene 
3,5-Dioxacyclopentene 
Maleic anhydride 
Cyclopentadiene 
Furan 
Pyrrole 
Indole 
Isoindole 

HOMO 

-10.551 39 
-9.004 68 

-12.022 79 
-9.079 07 
-9.3 16 84 
-8.656 99 
-8.403 08 
-7.796 00 

LUMO 

Cyclopentadiene 
11.032 95 10.516 85 9.486 24 10.034 51 12.504 35 7.460 08 

Pyrrole 
11.929 79 10.094 77 10.383 08 9.612 43 13.401 19 7.038 00 

Isoindole 
10.693 13 9.233 78 9.146 42 8.75144 12.16453 6.17701 

"A: ethylene. B: 3.5-dioxa-4-cyclopentene, C: maleic anhydride. 
I: AE = LUMO, ,,,, - HOMO, ,,,, , ,,,,; 11: AE = LUMO ,,,,, ,,,,, - HOMO ,,,,,. 

~ o r k . ~ , ~  Vibrational and thermal analyses were performed on 
all optimized structures. 

Results and discussion 

Qualitative evaluation of reactivity of cyclopentadiene, 
furan, pyrrole, indole, and isoindole 

Three dienophiles: 1,3-dioxa-4-cyclopentene, ethylene, and 
maleic anhydride, were used for qualitative evaluation of the 
reactivity of pyrrole. Frontier molecular orbital (FMO) theory 
can be used to determine relative reactivity of reactants that 
are engaged in similar reactions (15). This involves the basis 
of the theory of maximal orbital overlap between frontier 
orbitals of reactants. Better molecular orbital overlap will be 
obtained between frontier orbitals that are similar in energies. 
The frontier orbital energy gaps (eV) between ethylene, 3,5- 
dioxa-4-cyclopentene, and maleic anhydride as dienophiles 
and cyclopentadiene, furan, pyrrole, indole, and isoindole as 
dienes are presented in Table 1. All of these compounds have 
been carefully chosen: ethylene as middle, maleic anhydride 

For a detailed explanation of input files and key words for 
transition state computation by mopac see ref. 13. 
The transition state has to have only one imaginary frequency and 
that has become the major criterion for proving the transition 
state. For perspectives of transition state theory see refs. 14a-14c. 

as electron-deficient, and 3,5-dioxa-4-cyclopentene as elec- 
tron-rich dienophiles for Diels-Alder reactions. Two dienes, 
cyclopentadiene and furan, as aromatic dienes are used for 
determining the influence of aromaticity on the Diels-Alder 
reaction. Ethylene and maleic anhydride addition to cyclopen- 
tadiene is predicted to be a LUMO dienophile controlled reac- 
tion while, as expected, addition of electron-rich 3,5-dioxa-4- 
cyclopentene is HOMO dienophile controlled. A low energy 
gap is predicted for maleic anhydride and is in agreement with 
experimental observations (16). Furan as aromatic diene is 
predicted to have lower reactivity than cyclopentadiene, as is 
well documented in the literature (16, 17). Pyrrole is predicted 
to be more reactive then furan and the addition is LUMO 
dienophile controlled with electron-rich dienophiles such as 
3,5-dioxa-4-cyclopentene. This finding is somewhat surpris- 
ing because experimental results favor furan over pyrrole (1 8). 
Both benzopyrroles are predicted to be more reactive than 
cyclopentadiene, furan, and pyrrole as dienes. The most reac- 
tive is isoindole with a predicted FMO energy gap with maleic 
anhydride of only 6.18 eV. 

One can argue that the frontier orbital approach to studying 
the reactivity is not reliable. There are many disadvantages; 
one major problem is that the energies of the frontier orbitals 
are computed separately. Consequently the steric and elec- 
tronic interactions between reactants during the course of the 
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Table 2. Heats of formation for reactants and the cycloadduct 
products." 

Diene Reactants Cycloadduct Difference 

With 1,3-dioxa-4-cyclopentadiene as dienophile 
Cyclopentadiene -18.06 -45.54 
Furan -52.17 -70.12 
Pyrrole -15.24 -2 1.20 
Indole 0.03 13.39 
Isoindole 6.61 -12.80 

With ethylene as dienophile 
Cyclopentadiene 53.53 25.96 
Furan 19.42 1.40 
Pyrrole 56.35 52.24 
Indole 7 1.62 85.93 
Isoindole 78.19 60.7 1 

With maleic anhydride as dienophile 
Cyclopentadiene -38.29 -7 1.88 
Furan -73.40 -94.46 
Pyrrole -36.47 -45.47 
Indole -2 1.20 -10.89 
Isoindole -14.63 -36.82 

"Heat of formations are -55.12 for 1.3-dioxa-4-cyclopentene, 16.47 
kcaUmol for ethylene, and -76.35 kcallmol for maleic anhydride. 

reaction are totally neglected. Although indole is predicted to 
be more reactive than furan, for example, there is not a single 
literature report using indole as diene for a Diels-Alder reac- 
tion. There is an abundance of reports using furan in Diels- 
Alder reactions (17). To explore the energy change caused by 
the transformation of dienes into products, we have deter- 
mined the heat of hydrogenation of two benzopyrroles. The 
hydrogen atoms are put in position where new CC bonds will 
be formed (structures A and B). According to AM1 calcula- 

tions structure A is 9.53 kcaVmol above structure B in energy. 
These results are not surprising and can be explained by con- 
sideration of aromaticity. The heat of formation of isoindole is 
6.57 kcaVmol above that of indole. All of this undoubtedly 
predicts that isoindole should be a much better diene than 
indole for Diels-Alder reactions. 

If we consider only the energies of the reactants and 
products without performing time-consuming calculations 
of transition state structures, the qualitative reactivity can 
be estimated by applying Hammond's postulate (19). It 
seems reasonable that the reactants for an exothermic reac- 
tion will undergo a small change in geometry by reaching 
the transition state. The opposite is true for an endothermic 
reaction, which requires a quite considerable reorganization 
of geometry in the reactants. In other words, the more exo- 
thermic the reaction, the smaller the reaction barrier, con- 
trary to the more endothermic reaction, where a higher 
reaction barrier results. Calculated exothermicity of the 

Table 3. Sum of bond orders of new forming CC bond of dienes 
with ethylene. 

Cyclopentadiene Furan Pyrrole Indole Isoindole 

0.82 1 0.874 0.956 0.933 0.874 

Diels-Alder reaction for ethylene and maleic anhydride is 
presented in Table 2. Although different values are 
obtained with different dienophiles, all calculations agree 
in general reactivity. 

The cycloaddition reaction with cyclopentadiene will be 
the most exothermic and, with indole, the most endothermic. 
If the Hammond principle is applied, indole should have the 
highest activation energy, followed by pyrrole and isoindole. 
The reactivity of isoindole is predicted to be somewhat simi- 
lar to that of furan. This finding is different than that 
obtained with FMO, which predicts increasing reactivity in 
the following order: cyclopentadiene, furan, pyrrole, indole, 
and isoindole (Table 1). The qualitative order of reactivity 
for pyrrole and benzopyrrole agrees with experimental evi- 
dence (8). 

The position of the transition structure with regard to reac- 
tants and products can be determined by the bond orders in its 
structure. The same results can be obtained by following any 
bond distance that undergoes change during the course of the 
reaction. For the sake of simplicity we will consider the sum of 
the bond orders for two CC bonds in formation between the 
dienes and dienophiles (Table 3). The lower bond order deter- 
mines a transition structure closer to the reactants and conse- 
quently a lower activation barrier. The reactivity is predicted 
to be similar in general to that based on the Hammond postu- 
late, except for indole. Again, this diene deviates from the 
other dienes. Further studies were carried out by estimation of 
activation energies for the cycloaddition reaction. 

Transition state structures 
Qualitative results presented here can be obtained in a short 
time period with modest computational power. We have dem- 
onstrated the shortcomings of these methods for reliable pre- 
diction of the reactivity. For example, pyrrole is predicted to 
be more reactive than both cyclopentadiene and furan, and 
isoindole is predicted, according to FMO, to be more reactive 
than all of the dienes studied. Nevertheless, this approach can 
sometimes be applied for very similar systems. To obtain a 
more accurate scale of reactivity of the benzopyrroles, the 
transition structures for ethylene, 1,3-dioxa-4-cyclopentene, 
and maleic acid anhydride addition to pyrrole, indole, and 
isoindole must be determined. 

There are three transition state structures with ethylene as 
dienophile (Fig. 1). Transition state structures 1 and 3 have a 
bisecting plane of symmetry corresponding to a synchronous 
concerted mechanism for the cycloaddition reaction. Indole 
does not have a plane of symmetry separating the two CC dou- 
ble bonds that are considered in the Diels-Alder reaction. 
Consequently, all transition structures for a concerted Diels- 
Alder reaction with indole as dienophile must be asynchro- 
nous. Structure 2 demonstrates this effect. 

For addition of both 1,3-dioxa-4-cyclopentene (Fig. 2) and 
maleic anhydride (Fig. 3) to pyrrole dienes, two stereoisomers 
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Jursic 

Fig. 1. Transition state structure for ethylene addition. 

Fig. 2. Transition state structures for 1,3-dioxane-4-cyclopentene. 

are possible. AM1 calculations of 1,3-dioxa-4-cyclopentene for 1,3-dioxa-4-cyclopentene addition to indole indicate an 
addition to pyrrole and isoindole produce transition structures asynchronous concerted cycloaddition. There should be con- 
(Fig. 2) that point to a synchronous concerted mechanism of siderable repulsion interaction between the oxygen lone pair 
Diels-Alder reactions. The transition state structures 6 and 7 of the dienophiles and the T orbitals of the indole benzene 
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Fig. 3. Transition state structures for rnaleic anhydride addition. 

Table 4. AM1 estimated activation energies (kcallrnol). Similar observations can be noted for the maleic anhy- 
dride addition (Fig. 3). Transition state structures with pyr- 

Transition structure AE AE + ZPVE role and isoindole as diene were generated for a synchronous 
concerted Diels-Alder reaction. Here again, the longer new 
forming bond distance is in endo transition structures and 
again can be explained by repulsion interactions between 
diene and dienophile. There is considerable asynchronicity 
for transition structures 12 and 13 and, in fact, might repre- 
sent the first transition structure in a two-step mechanism. 
Since one of the new forming bonds is longer than 3 A, there 
should be reduced repulsion interaction with benzene .rr 
orbitals on oxygen n orbitals. Therefore, the asynchronicity 
of endo and exo isomers is almost identical (1.547 A for 12 
and 1.555 A for 13). The higher asynchronicity of these tran- 
sition state structures can be explained by the fact that 
maleic anhydride is capable of stabilizing the negative charge 
while at the same time indole, bearing a partially positive 
charge, retains some aromaticity. Our results support this 
explanation. 

ring. We assume that the electronic repulsion might be respon- Estimation of activation energies 
sible for the high (0.581 A) asynchronicity of transition struc- The activation energies for these cycloaddition reactions are 
ture 7. For endo isomer 6 additional steric repulsions make presented in Table 4. As expected on the basis of the Ham- 
this value even higher (0.761 A). mond postulate, indole showed a comparatively high activa- 
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tion barrier. For each dienophile, the order of reactivity is 
predicted to be isoindole, pyrrole, and indole. 

The highest reactivity, as demonstrated by the F M O  energy, 
is obtained for isoindole with maleic anhydride, demonstrat- 
ing the HOMO character of indole for this reaction. Based on 
the values of predicted activation energies, with 18.62 kcaY 
mol for maleic anhydride addition to  isoindole, the reaction 
should be experimentally feasible. The energy difference 
between the exo and endo isomers is 6.48 kcal/mol and favors 
exclusive formation of the exo isomer. On the other hand, for 
the same reaction with indole the predicted activation energy 
is 34.92 kcal/mol, too high to be experimentally achievable. 
Since the reaction is HOMO diene controlled, with electron- 
rich dienophiles the reaction will have a higher barrier. That 
was demonstrated by using 1,3-dioxa-4-cyclopentene as 
dienophile. Now the activation barriers for exo addition to  
indole and isoindole are 41.86 and 25.10 kcal/mol, respec- 
tively. 

There are experimental results that fully support our A M 1  
calculations. Both indoles and pyrroles generally react with 
electron-deficient alkenes to  give Michael addition product 
rather than the expected Diels-Alder cycloadducts (20). Isoin- 
doles react with maleic anhydride to  produce the Diels-Alder 
adduct. The reaction is reversible and, if formed, endo isomers 
can be converted readily into the exo isomers (21). Experimen- 
tal evidence for indole as  the diene for Diels-Alder reactions is 
not available. 

Conclusions 
It is demonstrated that the semiempirical AM1 method is use- 
ful for determining the reactivity of benzopyrroles as  dienes 
for Diels-Alder reactions. The  frontier molecular orbital 
(FMO) energy gap predicts higher reactivity of indole in com- 
parison with pyrrole. This finding is contradictory to  results 
obtained using both the Hammond postulate and the experi- 
mental data. The  reaction is predicted to  be  HOMO diene con- 
trolled based on the frontier orbital correlation. It is suggested 
that the lower reactivity of indole is caused by loss of aroma- 
ticity in the course of the cycloaddition reaction, while with 
isoindole the aromaticity of the benzene ring is preserved. The  
predicted activation energy favors isoindole as diene in  reac- 
tions with strong electron-deficient dienophiles. This finding 
is fully supported by the experimental data. 
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Molar excess volumes of binary liquid 
mixtures: 2-pyrrolidinone with C,-C,, 
n-a1 kanols 

BegoAa Garcia, Francisco J. Hoyuelos, Rafael Alcalde, and Jose M. Leal 

Abstract: The excess volumes vE of the binary mixtures 2-pyrrolidinone - (C6-C,,) 11-alkanols have been calculated from 
density measurements over the whole composition range and the 298.15-3 18.15 K temperature range. The excess volumes were 
independent of temperature, but changed noticeably with the chain length of the alkanol. The vE values were only positive 
starting from heptanol, with the maximum value, 0.239 cm3 mol-', for equimolar decanol. The observed changeover vE <O to 
V ~ O  suggests that the steric effect is primarily responsible for the positive contributions to v E .  The thermal expansion 
coefficients a were evaluated from the variation of densities with temperature. 

Key words: excess volumes, 2-pyrrolidinone, n-alkanols, liquid mixtures, hydrogen bonding. 

RCsumC : Utilisant des mesures de densitks obtenues pour l'ensemble des compositions et B des temperatures allant de 298,15 ii 
318.15 K, on a calculk les volumes en excks, v E ,  de 2-pyrrolidinone - (C6-C,,) n-alcanols. Les volumes en excks sont 
independants de la tempkrature, mais ils varient d'une faqon importante avec la longueur de l'alcanol. Les valeurs de vE ne sont 
positives pour toutes les compositions qu'a partir de I'heptanol, avec la valeur maximale, 0,239 cm3 mol-', pour le dkcanol 
Cquimolaire. La position du changement de vE <O B vE >O suggkre que l'effet sterique est la cause principale des contributions 
positives au vE. On a &value les coefficients d'expansion thermique, a, B partir des variations des densites avec la tempkrature. 

Mofs  elks : volumes en excks, 2-pyrrolidinone, n-alcanols, mklanges liquides, liaison hydrogkne. 

[Traduit par la rkdaction] 

Introduction 

Despite the large number of studies on alcohol liquid mixtures, 
very few data are available for alcohol mixtures with 2-pyrro- 
lidinone, a cyclic amide (lactam) with both basic (-CO) and 
acidic (-NH) groups of the peptide bond -NH-CO-. Owing to 
its high dipole moment (k = 3.55 D), 2-pyrrolidinone is self- 
associated, forming dimers in dilute solutions and higher oli- 
gomers in concentrated solutions, as demonstrated by different 
techniques (1). This compound serves as a model for hydrogen 
bonding of bases of nucleic acids, and is useful in studying the 
interaction between alkanols and the carbonylamide group (2). 

~ - 

The state of aggregation of alkanols varies from the pure 
state to solution, and it depends on the nature of the other 
cosolvent. In the pure state n-alkanols are self-associated, 
forming both open and cyclic aggregates; the probability of the 
latter increases for smaller alkanols (3), but in nonpolar sol- 
vents is independent of the chain length (4). Based upon the 
excess volumes of pyridine-alkanol binary mixtures, Dewan 
et al. (5) reported that C6Clo alkanols in the pure state remain 
as 1: 1 monomer - open dimer mixtures and Cl-C, alkanols as 
dimers, with ethanol as trimer. 

Received May 9, 1995. 

B. Garcia, F.J. Hoyuelos, R. Alcalde, and J.M. ~ e a l . '  
Universidad de Burgos, Departamento de Quimica, Laboratorio de 
Quimica Fisica, 09001 Burgos, Spain. 

I Author to whom correspondence may be addressed. Telephone: 
(3447) 258819. Fax: (3447) 258831. 

In a previous paper on 2-pyrrolidinone - (CI-C,) alkanol 
mixtures (6), we reported negative vE values over the whole 
composition range, and suggested a balance between disper- 
sion forces and the specific interactions responsible for het- 
eroassociations. We report here excess volumes and thermal 
expansion coefficients of 2-pyrrolidinone - (C6-ClO) alkanol 
mixtures, calculated from density values measured at five dif- 
ferent temperatures. 

Experimental 

The pure liquids, commercially available from Fluka and Ald- 
rich (stated purity >99% GC), were used without further puri- 
fication but, prior to measurements, they were degassed for 
several days with ultrasound and stored over freshly activated 
Fluka AG 3A molecular sieves. The binary mixtures were 
fully miscible over the entire composition range; the solutions 
were prepared by weighing the cosolvents with a Mettler AT 
261 Delta Range balance (kO.O1 mg) and syringing them into 
stoppered bottles. The error in the mole fraction of the samples 
was estimated at The purity of the chemicals was 
assessed by measuring their densities, with close agreement 
between the experimental and literature values (Table 1). 

Densities were measured with an Anton Paar DMA 58 
vibrating-tube digital densimeter ( 2  g dm-3), equipped 
with a Peltier element that ensures thermostatization and a 
resistance thermometer for electrical control of temperature 
(kO.O1 K); the apparatus was calibrated at the working tem- 
peratures with n-nonane and doubly distilled and degassed 

Can. I. Chern. 74: 121-127 (1996). Printed in Canada 1 IrnprirnC au Canada 
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Garcia et al 

Fig. 1. Experimental molar excess volumes vE VS. XI at 298.15 
K of (X,) 2-pyrrolidinone + (1-X,) n-alkanols: (0) hexanol, (G) 
heptanol, (+) octanol, (A) nonanol, and(*) decanol. 

0.4 

water as calibration standards. Only a small sample size is 
required for measurements (0.7 mL). To prevent the samples 
from preferential evaporation new solutions were made up at 
each temperature. 

Results and discussion 

Molar excess volumes vE at different temperatures covering 
the whole composition range were calculated from the mea- 
sured densities of the mixtures by means of the equation: 

where subscript 1 refers to 2-pyrrolidinone, Mi and pi stand for 
the molar masses and densities of the pure components, and p 
is the density of the mixtures. The polynomial function [2] 
was fitted to the variation p vs. XI: 

the optimum number of coefficients bk (Table 2)2 was ascer- 
tained for each mixture with standard deviation a and linear 
correlation coefficient r, as a criterion of goodness of fit. The 
Redlich-Kister equation [3] was fitted to the calculated vE 
values as a function of XI (Table 3): 

' Table 2, containing coefficients for the least-squares fitting of eq. 
[2], and Table 4, containing the least-squares fitting of the results 
of eq. [3], have been deposited, and may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada K1A 0R6. 

Fig. 2. Plot of molar excess volumes vE of mixtures: (a )  (0.5) 2- 
pyrrolidinone + (0.5) n-alkanol at 298.15 K (data for methanol to 
pentanol from ref. 6) and (b) pyridine + n-alkanol (data from ref. 5). 

the a, coefficients being ascertained with the standard devia- 
tion and X 2  (Table 4).2 

The excess volumes were independent of temperature, but 
changed with the alcohol size. Figure 1 shows the isothermal 
variation vE VS. XI for all the five systems; the curves were 
sigmoid for hexanol (with positive values at lower XI) and 
heptanol (with negative values at higher XI) and positive for 
octanol to decanol. These results are consistent with those pre- 
viously reported for 2-pyrrolidinone - (CI-C5) alkanol mix- 
tures (6); the excess volumes were negative at all temperatures 
and compositions, and became smaller as the chain length of 
the alcohol increased. Figure 2 shows the equimolar excess 
volumes vE VS. chain length of the alcohol. For comparison 
purposes the results reported by Dewan et al. ( 5 )  for (Cl-Clo) 
alkanol - pyridine (k = 2.37 D) mixtures are also plotted; the 
two excess volume series differ noticeably for the smaller 
alkanols (vE  <O), but they gradually converge with increasing 
chain length and full agreement is reached in the hexanol to 
decanol (positive vE)  range. 

Molar excess volumes of liquid mixtures reflect the result 
of different contributions arising from the structural changes 
undergone by the pure cosolvents. It is expected that positive 
contributions arise from the breakup interactions between like 
molecules, namely, the rupture of the hydrogen-bonded chains 
of alcohols and the loosening of the dipolar interactions 
between 2-p rrolidinone (or pyridine) molecules (21,22). The 

I? transition V <O to vE >O from methanol to decanol suggests a 
steric effect that increases the mixture volume. 

The most important source of negative contributions should 
be the different shape and size of the two components. Given 
that 2-pyrrolidinone is a poor proton acceptor and alkanols are 
relatively poor proton donors (23), it is reasonable to assume 
that heteroassociations (site-site interactions) do not contrib- 
ute sufficiently to override the positive contributions. Steric 
effects and proton-accepting abilities increase as the alkanol 
chain length increases (24), with a net increase in the positive 
contributions to vE. Figure 2 supports such an assumption. 
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Table 3. Molar excess volumes of (x,) 2-pyrrolidinone + (1 -x,) (C6-C[,) n-alkanol at different temperatures. 

2-Py rrolidinone t 
1-hexanol 
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Table 3 (concluded). 

Fig. 3. Thermal expansion coefficients a of pure alkanols vs. n, Fig. 4. Mean thermal expansion coefficients a for binary mixtures 
number of carbon atoms, at 298.15 K, 303.15 K, and 313.15 K (XI) 2-pyrrolidinone + (I-XI) n-alkanols vs. n: (a) XI = 0, (b) X, = 
(data for methanol to pentanol from ref. 9). 0.3, (c)Xl =0.5, and @)XI =0.7. 
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Table 5. Thermal expansion coefficients, a (K-'). Table 5 (concluded). 
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Thermal expansion coefficients, a, for each mixture were 
calculated from the experimental densities at different temper- 
atures as: 

Table 5 lists the a values of the mixtures calculated with eq. 
[4]. Figure 3 shows the plot a of the pure components vs. num- 
ber of carbon atoms; as the variation with temperature is 
small, this permits calculation of an averaged value at each 
temperature. These averaged values are consistent with those 
reported using other types of functions (7). The fact that inter- 
actions between like molecules are stronger than between 
unlike molecules (25) explains why the positive contributions 
to excess volume depend on the alcohol chain length, but not 
on its dipole moment. Figure 4 shows the variation of a with 
the number of alkanol carbon atoms at different compositions 
of the mixtures. These values decrease with increasing X,, and 
the difference in a at different concentrations decreases as the 
number of carbon atoms increases, which reveals that the role 
played by the chain length of the alcohol is even more impor- 
tant than the interactions between donor-acceptor groups of 
unlike molecules. 
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Transannular Diels-Alder cyclization of 
substituted 13-membered trienes. An 
approach to the B.C.D.[6.6.5] rings of the 
14P-hydroxysteroids 

Pascal Langlois, Pierre Soucy, Yves L. Dory, and Pierre Deslongchamps 

Abstract: The transannular Diels-Alder strategy has been applied to three 13-membered macrocyclic trienes whose 
characteristics are: a cis-trans diene and a cis methoxymethyl en01 ether as the dienophile. The successful trials led to three 6.6.5 
tricyles having a trans-syn-cis geometry exactly as in the B.C.D. rings of the 14P-hydroxysteroids. 

Key words: transannular, Diels-Alder, 14P-hydroxysteroids, 13-membered rings. 

Resum6 : La stratkgie de Diels-Alder transannulaire a CtC appliquke sur trois triknes macrocycliques B 15 membres dont les 
caractkristiques sont : un dikne cis-trans et un Cther d'Cnol rnCthoxymCthyle cis comme diknophile. Les essais positifs ont conduit 
ii trois tricycles 6.6.5 ayant une gComCtrie traizs-syn-cis exactement comme les cycles B.C.D. des 14P-hydroxystCro'ides. 

Mots clis : transannulaire, Diels-Alder, 14P-hydroxystkroi'des, cycles B 13 membres. 

Introduction 

We have already demonstrated that 13-membered macrocyclic 
trienes can be nicely used in the synthesis of the A.B.C.[6.6.5] 
ring system of the Veratrum alkaloid family (1). We wish now 
to report on a similar approach towards the B.C.D.[6.6.5] ring 
skeleton of the 14P-hydroxysteroids. This class of com- 
pounds, the 14P-hydroxysteroids, may be divided into 2 sub- 
classes: the 5a, 14P-hydroxysteroids and the 5P, 15P- 
hydroxysteroids, the latter groups being the more numerous as 
well as the most important with regards to therapeutic potency. 
The aglycones of the cardiac glycosides, digitoxin 1 (2), 
digoxin 2 (3), digitalin 3 (4), and diginatin 4 (5) (Scheme I), 
belong to this family of compounds. 

All the reported syntheses (6) of these compounds begin 
with already elaborated starting materials obtained by degra- 
dation of steroids. But the major common snag to the existing 
approaches is the tedious introduction of the 14P-hydroxyl 
group. As a consequence the different syntheses that have so 
far been designed lack versatility and do not allow the design 
of substituted analogues related to these important natural 
products. 

Since we had recognized that the B.C.D.[6.6.5] ring system, 
common to all these compounds, could well be obtained via a 
transannular Diels-Alder reaction (Scheme 2), we carried out 
a preliminary model study aimed ultimately at the synthesis of 
14P-hydroxysteroids. The B.C.D. framework possesses the 
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Scheme 1. 

0 

1 R' = R2 = H = digitoxin (aglycone: digitoxigenin) 
2 R' = OH, R2= H = digoxin (aglycone: digoxigenin) 
3 R' = H, R2 = OH = digitalin (aglycone: gitoxigenin) 
4 R' = R2 = OH = diginatin (aglycone: diginatigenin) 

trans-sytz-cis (TSC) geometry at the ring junctions; therefore 
the corresponding Diels-Alder adduct 6 requires the 13-mem- 
bered TCC (trans-cis-cis) macrocyclic triene 7 as the precur- 
sor. Two models have been devised (Scheme 3) whose goals 
are, firstly, to check the feasibility of such an approach (model 
1) and, secondly, to tackle the introduction of chirality in our 
systems (model 2). The latter concern, of particular impor- 
tance, relies on the synthesis of chiral aldols (7) at the macro- 
cyclic level, which could then transmit their chirality to the 
four stereogenic centres created during the transannular 
Diels-Alder reactions. 

Results and discussion 

Synthesis of the macrocycles 

Model 1 (Schetnes 4 und 6 )  
The monoprotected diol 8 (8) was oxidized using Swern's 

Can. J. Chem. 74: 129-143 (1996). Printed in Canada / Imprime au Canada 
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Scheme 2. 

1 R 

Scheme 3. 

OR' 

E = C02Me E' = C02t-Bu R,R' = protecting groups 

conditions (9) to the aldehyde 9, which was then subsequently 
transformed into the en01 ether 10 by the Horner-Emmons 
approach (10, 11) and in 54% yield from 8; the unwanted geo- 
metrical isomer of 10 (1 1% of the mixture) was easily 
removed by flash chromatography. The alcohol 11 was 
obtained by diisobutyl aluminium hydride reduction (12) of 
the ester 10 in 69% yield. The allylic chloride 12 prepared 
from 11 using Meyer's conditions (13) (yield: 86%) was 
treated with di-tert-butyl sodiomalonate to give the monosub- 
stituted malonate 13 in 72% yield. Deprotection of the silyl 
ether 13 by means of tetrabutylammonium fluoride afforded 
the alcohol 14 in 87% yield that was then protected as its ben- 
zoate ester 15 (14) in 79% yield. 

The alcohol 16 (9) was oxidized to the aldehyde 17 by 
means of pyridinium chlorochromate (15) in 48% yield. The 
dienic ester 18  was then obtained by Horner-Emmons conden- 
sation (16) in 100% yield. The allylic chloride 20 was made 
from 18 by the same two-step procedure used to synthesize 12 
from 10 (59% overall yield). The allylic chloride 20 was cou- 
pled with the malonate anion of 15 to yield the triene 21 in 
88% yield. Mild basic hydrolysis of the benzoate 21 gave the 
corresponding alcohol 22 (83% yield), which was then con- 
verted to the mesylate 23 (100% yield) prior to coupling with 
dimethyl sodiomalonate to afford the tetraester 24 (79% 

yield). The silyl ether 24 was deprotected to the alcohol 25 
(85% yield). Using Meyer's conditions (13) the alcohol 25 
was subsequently transformed into the chloride 26 in 86% 
yield. 

Several attempts to macrocyclize the allylic chloride 26 
with cesium carbonate under high dilution conditions either in 
N,N-dimethylformamide or in acetonitrile proved unsuccess- 
ful, giving mostly the macrocyclic ketone 30 and very little 
cyclic en01 29 (Scheme 6). The alcohol 25 was then trans- 
formed into the corresponding acetate 27 (96% yield) and piv- 
aloate 28 (80% yield). The macrocyclization step was carried 
out on both esters 27 and 28 via their n ally1 palladium com- 
plexes (17) to yield the desired macrocycle 29 in 23 and 79% 
yields, respectively. 

Model 2 (Schemes 5 and 6) 
The allylic chloride 12 was transformed into the monosubsti- 
tuted methyl malonate 31 by the same method used to prepare 
13 from the same starting chloride 12 in 74% yield. The ester 
32 was obtained by decarboxylation of 31 in 67% yield (1 8). 
Subsequent removal of the silyl protecting group (14) afforded 
the alcohol 33 (97% yield), which was transformed into the 
malonate 35 by the same two-step procedure that was fol- 
lowed to prepare 24 from 22 (75% overall yield). The alcohol 
19 was oxidized under Swern's conditions (9) to the aldehyde 
36 in 86% yield. Aldol condensation (19) between the dianion 
of the tetraester 35 and the aldehyde 36 produced the two 
aldols 37 and 38, in 59% total yield (erythro isomer 37: 42% 
of the mixture; threo isomer 38: 58% of the mixture). The 
structures of the two aldols were assigned according to the 
NMR chemical shifts of the methoxy groups of the aldol ester 
moieties (3.53 ppm: etythro isomer; 3.69 ppm: threo isomer); 
it has long been observed in our laboratories (19) that similar 
aldol products displayed NMR spectra where the erythro 
methoxy signals were consistently upfield from their threo 
counterparts by 0.1-0.2 ppm. The silyl ether 37 was cleaved 
(8) to yield the diol39 (80% yield), which was then selectively 
monoprotected as the primary benzoate ester 41 (1 5 )  in 72% 
yield. The remaining alcohol group of the erythro aldol41 was 
protected as its silyl ether 43 (8) in 100% yield. The alcohol 45 
obtained by hydrolysis of the benzoate 43 (76% yield) was 
transformed into the corresponding allylic chloride 47 (13) 
(96% yield), which was subsequently cyclized with cesium 
carbonate under high dilution conditions to give the macrocy- 
cle 49 in 59% yield. The same six-step procedure (37 to 49) 
was applied to the threo aldol38 to synthesize the macrocycle 
50 in 33% overall yield. 

Diels-Alder reactions (Schemes 6,7,  and 8) 
The Diels-Alder cycloaddition reactions were carried out on 
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Scheme 4. 

TBDPSO-OH 
TBDPSO 

&OH 

+ ' a '  
T B D P S O ~ O  

TBDPSO 

l6 Vh)  
-0 

9 

+'"', ( c  I G 10 R = C 0 2 M e  R=C02Et  18 

- r B ~ p s O ~ o M o M  (. ) 
11 R=CH20H R = C H 2 0 H  19 

12 R = CH2CI R = CH2CI 20 

13 R = TBDPS 

RO 
14 R = H  

I OMOM 15 R = B z  

R = B z  21 5(k) 
R = H  

TBDPSO 
22 J ( I )  

R = MS 23 

(a) (COC1)2,DIPEA, DMSO, -60°C; (b) (Me0)2P(0)CH(OMOM)C02Me, n-BuLi, THF, -78°C; (c) DIBAL, CH2C12, -78°C; 
(d) MsCI, LiCI, s-collidine, DMF, 0°C; (e) i: CH2Er2, NaH. DMF, THF, r.t.; ii:12, DMF, THF, r.t.; (f) TBAF, THF, r.t.; 
(g) PhCOCI, Pyr, r.t.; (h) PCC, NaOAc, CH2C12, 0°C; (i) (CF3CH20)2P(0)CH(Me)C02Et, 18-crown-6, KHMDS, THF, 
-78°C; (j) i: 15, NaH, DMF, r.t.; ii: 20, THF, r.t.; (k) K2CO3, MeOH, r.t.; (I) MsCI, NEt3, CH2CI2. 0°C; (m) i: CH2E2, 
NaH, DMF, THF, r.t.; ii: 23, DMF, THC r.t.; (n) Ac20, Pyr, 0°C; (0) t-BuCOCI, Pyr, CH2CI2, r.t.; (p) CsC03; 
(q) (Ph3P),Pd, (Ph2PCH2)2, 0-N,bistrirnethyl silyl acetamide, THF, reflux. 

the macrocyclic trienes 29, 49, and 50 in toluene at 180°C, 
230°C, and 200°C, respectively (Scheme 6). 

Model I 
The tetraester 29 led to the formation of three tricycles 51,52, 
and 53 (78%, 11%, and 11% of the mixture, respectively; total 
yield: 66%). The triesters 52 and 53 were the result of the ther- 
mic decarboxylation of one tert-butyl ester either on the mac- 
rocycle 29 before Diels-Alder reaction or on the tricycle 51. 
The structures of the adducts 51, 52, and 53 were assessed by 
the following chemical path (Scheme 7): the methoxymethyl 

ethers were cleaved by means of hydrochloric acid to give the 
corresponding alcohols 58, 59, and 60 (89%, 89%, and 80% 
yield). The alcohol 58 underwent tert-butyl ester hydrolysis 
and lactonization under acidic conditions; then treatment with 
diazomethane gave the lactone 61 (90% yield) whose structure 
was confirmed by X ray analysis (20). Acidic treatment of the 
alcohol 59 led to the lactone 62 in 8 1% yield. The alcohol 60 
was treated in the same way as 58 to afford the unconjugated 
alkene-ester 63 (78% yield), thus proving the anti geometry of 
the tert-butyl ester with regard to the methoxymethyl ether in 
the Diels-Alder adduct 53. 
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Scheme 5. 

TBDPSO 

3 6  

I 

( 
R = B Z  X = OTBDPS 

H . X = O H  

H. X = OBz 

TBDMS, X = OBz 

TBDMS, X = OH 

TBDMS, X = CI 

ERYTHRO 

37 

THREO 

(a) i: CH2E2, NaH, DMF, THF, r.t.; ii: 12, DMF, THF, r.t.; (b) NaCN, DMSO, H20, 90°C; 
(c) TBAF, THF, 0°C; (d) MsCI, NEt3, CH2CI2, P C ;  (e) MnO,, pentane, CH2C12, r.t.; 
(f) i: 35, LDA, THF, -78°C; ii: 36, THF, -78°C: (g) BzCI, Pyr, CH2CI2. P C ;  
(h) TBDMSTF, NEt,, THF, 0°C; (i) K2C03, MeOH, r.t.. (I) MsCI, LiCI, s-collid~ne, 
DMF, 0°C; (k) Cs2C03. MeCN, 95°C. 

Model 2 
The macrocycle syn 49 (erytlzro series) led to only one Diels- 
Alder adduct 54 (57% yield), the structure of which was 
proved chemically (Scheme 8). The methoxymethyl ether 54 
was cleaved by means of dimethylboron bromide (21) to yield 
quantitatively the alcohol 64, which then lactonized under 
acidic conditions to give the compound 66. When treated 
under similar conditions the macrocycle anti 50 (tlzreo series) 
also gave only one Diels-Alder adduct, 56  (94% yield), which 
did not afford a lactone as above, but rather the diol ester 67, 
proving implicitly the anti geometry of the methoxymethyl 
ether and the ring D ester in the adduct 56. 

Geometry of the transition states (Scheme 9) 
The transition state A en route from the macrocycle 29 to the 

adduct 5 1  is obviously in competition with no other transition 
state; therefore, no other adduct results from the Diels-Alder 
reaction of 29. On the contrary, two transition states B and C 
may be considered to be issued from the tricycle 49; C, how- 
ever, displays a very severe steric interaction between the silyl 
ether and an external dienic proton (E side). As a consequence 
of this effect no corresponding adduct 55 is experimentally 
observed; the tricycle 54, obtained through the steric-interac- 
tion-free transition state B, is the only reaction product. 
Regarding the Diels-Alder reaction from the macrocycle 50, 
the outcome is the same: the only observed adduct 56 is issued 
from the transition state D displaying no major steric-disfavor- 
ing interaction, whereas the other possible isomeric adduct 57 
is not obtained since it would arise from the hindered transi- 
tion state E, which is sterically similar to C. 
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Langlois et al 

Scheme 6. 

E p$ toluene - 180°c E p ~ ,  oMoM + oMoM + E ~ . - l ~  oMoM - 
E E 52 E OMOM 

51 53 29 ( I  I Yo) (1 1 %) 
(78%) 

E OTBDMS toluene, BSA - 
230°C 

49 
(racernic) 

50 
(racernic) 

Scheme 7. 

OTBDMS 

toluene, BSA +p -IIE 

230°C OMOM 
E 

E 

(a) 1.0 M HCI, MeOH, r.t.; (b) PTSA, C6H6, reflux; (c) CH2N2, ether, r.t. 
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Scheme 8. 

OTBDMS 

E PE 64 

t ( b' OTBDMS 

E Po F 

OTBDMS 

..lIE 

E 

- - 
66 67 

E = C02Me 

(a) Me2BBr, CH2CI2, -78°C: (b) PTSA, C6H6, reflux. 

Scheme 9. 

Conclusion means of the transannular Diels-Alder strategy from easily 
built macrocyclic trienes. Furthermore, the racemic Diels- 

We have shown that the B.C.D. rings framework of the 14P- Alder adducts with aldol moieties in the D ring have the same 
steroids could be obtained in a straightforward manner by relative geometry at centres 8, 9, 13, 14, and 17 (steroid 
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nomenclature) thus proving that the silyl ether (position 17) is 
responsible on its own for the stereochemical fate of the Diels- 
Alder reactions, the aldol ester group stereochemistry having 
no effect. Therefore, stereochemical control of the alcohol 
group (position 17) should provide easy access to enantiomer- 
ically pure 14P-steroids. 

We are currently investigating this route, together with the 
introduction of the A ring, which will end the synthesis. 

Experimental section 

Melting points were recorded on a Rinco M-50 apparatus 
and are uncorrected. MS data were determined at 70 eV on a 
VG Micromass ZAB-1F spectrometer. IR absorption spectra 
were measured on a Perkin Elmer 681. Proton ('H) NMR 
spectra were recorded on a Bruker WM-250. Chemical 
shifts are reported relative to TMS (6 0.00) with residual 
CHCl, as internal standard (6 7.26) or residual C6H6 (6 
7.21). 

All reactions were conducted in oven-dried (120°C) or 
flame-dried glassware under an atmosphere of dry argon, 
unless otherwise stated. 

Aldehyde 9 
To a solution of oxalyl chloride (4.46 mL, 51.1 mmol) in 
dichloromethane (1 12 mL) at -55°C was added a solution of 
dimethyl sulfoxide (7.59 mL, 106.9 mmol) in dichlo- 
romethane (23 mL). The mixture was added to a solution of the 
alcohol 8 (8) (14.0 g, 45.0 mmol) in dichloromethane (22 mL) 
over a 5 min period. The mixture was stirred for 45 min, then 
N,N-diisopropylethylamine (38.8 mL, 222.7 mmol) was 
added. The solution was allowed to warm up, then water was 
added at -lO°C. The mixture was extracted with dichlo- 
romethane and washed with brine. Drying (MgSO,) and 
removal of solvent afforded the title compound (14.0 g, 
loo%), which was used in the next step without further purifi- 
cation; ir (film): 3080-3005, 2960-2840, 1730, 1430, 1 1 15 
cm-I; 'H nmr (CDCl,, 6 pprn): 1.06 (9H, s, t-Bu), 2.62 (2H, td, 
J  = 6 Hz, 2 Hz, CH,CHO), 4.04 (2H, t, J  = 6 Hz, CH,OSi), 
7.35-7.45 (6H, m, Ph), 7.65-7.75 (4H, m, Ph), 9.83 (lH, t, J  = 
2 Hz, CHO); 13c nmr (CDCI,, 6 ppm): 19.10, 26.72, 46.33, 
58.25, 127.74, 129.79, 133.21, 135.51, 201.89; ms m/e: 255 
(M+ - t-Bu). 

Ester 1 0  
A solution of 2-methoxymethyloxytrimethylphosphono- 
acetate (21.54 g, 89 mmol) (1 I) in tetrahydrofuran (30 mL) 
was treated at 0°C with n-butyllithium (1.65 M in hexane) 
(5 1.2 mL, 84 mmol) for 10 min. A solution of the aldehyde 9 
(13.89 g, 45 mmol) in tetrahydrofuran (50 mL) was added at 
-78°C and the resulting mixture was stirred for 5 min at 
-78°C; then saturated aqueous ammonium chloride was 
added and the reaction mixture extracted with dichlo- 
romethane. Drying (MgSO,) and removal of solvent afforded 
an oil that was purified by flash chromatography on silica gel 
(ethyl acetate - hexane, 5:95) to give the desire E olefin 10 
(10.34 g, 54%) and its Z isomer (1.37 g, 7%). 

Ester 10 (E isomer): ir (film): 1725, 1640 cm-'; 'H nmr 
(CDCI,, 6 ppm): 1.05 (9H, s, t-BuSi), 2.77 (2H, q, J  = 6.5 Hz, 
SiOCH,CH,), 3.45 (3H, s, CH,OMe), 3.74 (2H, t, J  = 6.5 Hz, 

SiOCH,), 3.78 (3H, s, CO,Me), 4.96 (2H, s, OCH,O), 5.92 
(lH, t, J = 7.5 Hz, HC=C), 7.30-7.45 (6H, m, Ph), 7.65-7.70 
(4H, m, Ph). 

Z isomer: ir (film): 1720, 1640 cm-'; 'H nmr (CDCl,, 6 pprn): 
1.05 (9H, s, t-BuSi), 2.55 (2H, q, J  = 6.5 Hz, SiOCH,CH,), 
3.45 (3H, s, CH,OMe), 3.76 (2H, t, J  = 6.5 Hz, SiOCH,), 3.78 
(3H, s, CO,Me), 4.99 (2H, s, OCH,O), 6.41 ( lH,  t, J =  7.5 Hz, 
HC--L), 7.30-7.45 (6H, m, Ph), 7.65-7.70 (4H, m, Ph); ms 
m/e: 397 (M' - MeO), 37 1 (Mt - t-Bu). HRMS (Mt - t-Bu): 
371.1315; found: 371.1304. 

General procedure :or the preparation of allylic alcohols 
Alcohol 11 
To a solution of the ester 10 (10.34 g, 24.0 mmol) in dichlo- 
romethane (300 mL) at -78°C was slowly added diisobutyl- 
aluminium hydride (1.5 M in toluene, 32.2 mL, 48.0 mmol). 
The mixture was stirred for 60 min at -7g°C, then sodium sul- 
fate decahydrate (28.0 g) was added and the resulting mixture 
was stirred at room temperature for 2 h. Acetone (210 mL) 
was added and the reaction mixture stirred for a further 15 h. 
The mixture was filtered, evaporated, and purified by flash 
chromatography (hexane -ethyl acetate, 6:4) to give the title 
compound (6.65 g, 69%); ir (film): 3600,3440, 1670 cm-'; 'H 
nmr (CDCI,, 6 pprn): 1.05 (9H, s, t-BuSi), 2.25-2.35 (3H, m, 
SiOCH,CH, and OH), 3.43 (3H, s, CH,OMe), 3.63 (2H, t, J  = 
6.5 Hz, SiOCH,), 4.12 (2H, d, J =  6.0 Hz, CH,OH), 4.90 (lH, 
t, J  = 8.0 Hz, CH-C), 4.95 (2H, S, OCH,O), 7.35-7.45 (6H, 
m, Ph), 7.65-7.70 (4H, m, Ph); ',c nmr (CDCI,, 6 pprn): 
19.10, 26.77, 29.68, 55.99, 59.33, 63.82, 93.99, 101.38, 
127.64, 129.64, 133.51, 135.56, 154.04; ms m/e: 31 1 (M+ - t- 
Bu + MeOH). HRMS (M+ - t-Bu + MeOH): 311.1103; 
found: 3 11.1 109. 

Alcohol 19: Yield: 69%; ir (film): 3340 cm-'; 'H nmr (CDCI,, 
6 ppm): 1.08 (9H, s, t-BuSi), 1.33 (lH, br s, OH), 1.89 (3H, s, 
MeC=C), 4.24 (2H, s, CH,OH), 4.27 (2H, d, J  = 5.0 Hz, 
SiOCH,), 5.73 (lH, dt, J =  15.0 Hz, 5.0 Hz, SiOCH,CH=CH), 
5.96 (lH, d, J  = 11.0 Hz, CH=CMe), 6.56 ( lH,  ddt, J  = 15.0 
Hz, 1 1.5 Hz, 1.5 Hz, SiOCH CH=CH), 7.35-7.50 (6H, m, 1 3  Ph), 7.65-7.75 (4H, m, Ph); C nmr (CDCI,, 6 ppm): 19.17, 
21.39, 26.77, 61.58, 64.18, 124.24, 127.61, 129.60, 131.74, 
133.57, 135.48, 136.44; ms m/e: 309 (M+ - t-Bu). HRMS (M+ 
- t-Bu): 309.13 11; found: 309.1306. 

General procedure for the preparation of allylic chlorides 
Chloride 12 
To a solution of the alcohol 11 (900 mg, 22.5 mmol) in N,N- 
dimethylformamide (6 mL) at 0°C were added collidine (0.50 
mL, 4.5 mmol), lithium chloride (381 mg, 9.0 mmol), and 
methane sulfonyl chloride (0.76 mL, 4.5 mmol). The mixture 
was stirred at room temperature for 1.5 h, poured over ice, and 
extracted with ether and hexane (1:4). Drying (MgSO,) and 
removal of solvent gave an oil that was purified by column 
chromatography on Florisil (ethyl acetate - hexane, 1:49), to 
yield the title compound (813 mg, 86%); ir (film): 1670 cm-'; 
'H nmr (CDC13, 6 ppm): 1.06 (9H, s, t-BuSi), 2.33 (2H, dt, J =  
8.0 Hz, 7.0 Hz, SiOCH,CH,), 3.43 (3H, s, CH,OMe), 3.67 
(2H, t, J = 7.0 Hz, SiOCH,), 4.03 (2H, s, CH,Cl), 4.96 (2H, s, 
OCH,O), 5.01 (lH, t, J  = 8.0 Hz, CH=CMe), 7.35-7.50 (6H, 
m, Ph), 7.65-7.70 (4H, m, Ph); "C nmr (CDCl,, 6 ppm): 
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19.14, 26.75, 30.15, 40.46, 55.91, 63.52, 93.95, 103.66, 
127.62, 129.60, 133.67, 135.53, 150.88; ms m/e 361 (M+ - 
t-Bu). HRMS (M+ - t-Bu): 361.1027; found: 361.1021. 

Chloride 20: Crude yield: 86% (used in the next step without 
further purification). 

Chloride 26: Crude yield: 86% (used in the next step without 
further purification). 

Chloride 47: Yield: 96%; ir (film): 1735, 1665 cm-'; 'H nrnr 
(CDCI, 6 pprn): -0.02 (3H, s, SiMe), 0.08 (3H, s, SiMe) 0.89 
(9H, s, t-BuSi), 1.78 (3H, s, MeC=C), 1.97 (4H, m, 
(CH,),CH=C), 2.43 (lH, dd, J  = 13.5 Hz, 11.5 Hz, 
C=C(OMOM)CHH), 2.62 (lH, dd, J  = 3.0 Hz, 13.5 Hz, 
C=C(OMOM)CHH), 2.85 (1 H, ddd, J  = 1 1.5 Hz, 9.5 Hz, 3.0 
Hz, CHCO,Me), 3.36 (lH, t, J =  7.0 Hz, CH(CO,Me),), 3.36 
(3H, s, CH,OMe), 3.49 (3H, s, CHCO,Me), 3.73 (6H, s, 
CH(CO,Me),), 4.13 (2H, d, J  = 7.0 Hz, CH,Cl), 4.64 (lH, d, 
J  = 9.5 Hz, CHOSi), 4.65 (1 H, t, J  = 6.4 Hz, CH=COMOM), 
4.8 1 and 4.84 (2H, AB, J  = 6.5 Hz, OCH,O), 5.68 ( lH,  dt, J  = 
15.0 Hz, 7.0 Hz, CH=CHCH=CMe), 5.83 (lH, d, J  = 11.0 
Hz, CH=CMe), 6.52 (lH, dd, J  = 14.5 Hz, 11.5 Hz, 
CH=CHCH=CMe). 

Clzloride 48: Yield: 99%; ir (film): 1735, 1665 cm-I; 'H nrnr 
(CDCI,, 6 pprn): -0.06 (3H, s, SiMe), -0.01 (3H, s, SiMe), 
0.81 (9H, s, t-BuSi), 1.77 (3H, s, MeC=C), 1.8-2.0 (5H, m, 
(CH,),CH=C and C=C(OMOM)CHH), 2.28 (IH, dd, J  = 
14.0 Hz, 12.0 Hz, C=C(OMOM)CHH), 2.87 (lH, ddd, J  = 
12.0 Hz, lO.OHz, 3.5 Hz,CHCO,Me), 3.34(1H, t, J=7 .0Hz,  
CH(CO,Me),), 3.36 (3H, s, CH,OMe), 3.64 (3H, s, 
CHCO,Me), 3.71 (3H, s, CH(CO,Me),), 3.72 (3H, s, 
CH(CO,Me),), 4.16 (2H, d, J  = 7.5 Hz, CH,CI), 4.63 (IH, t, 
J  = 7.5 HZ, CH----COMOM), 4.78 (lH, d, J  = 10.0 HZ, 
CHOSi), 4.80 and 4.83 (2H, AB, J  = 6.5 Hz, OCH,O), 5.77 
(lH, dt, J =  14.5 Hz, 7.5 Hz, CH=CHCH=CMe), 6.00 (lH, 
d, J =  1 l.OHz, CH=CMe), 6.62 (lH, dd, J =  15.0Hz, 1 l.OHz, 
CH=CHCH=CMe). 

General procedure for the preparation of malonates 
Method A 
Malorlate 13 
To a stirred suspension of sodium hydride (60% in oil, 0.89 g, 
22.4 mmol) in tetrahydrofuran (3 1 mL) and N,N-dimethylfor- 
mamide (31 mL) was added di-tert-butylmalonate (5.0 mL, 
22.4 mmol). The resulting mixture was stirred for 15 min at 
room temperature, then added to a solution of the allylic chlo- 
ride 12 (6.08 g, 14.99 mmol) in tetrahydrofuran (20 mL) and 
N,N-dimethylformamide (20 mL). The mixture was stirred at 
room temperature for 2 h, treated with saturated aqueous 
ammonium chloride, then extracted 3 times with ether and 
hexane (4: 1). Drying (MgS04) and removal of solvent under 
reduced pressure gave an oil that was purified by flash chro- 
matography (ethyl acetate - hexane, 1:40) to give the title 
compound (6.32 g, 72%); ir (CH,CI,): 1730, 1670 cm-I; 'H 
nmr (CDCl,, 6 pprn): 1.03 (9H, s, t-BuSi), 1.44 (18H, s, t- 
BuCO,), 2.29 (2H, q, J = 8.0 Hz, SiOCH,CH,), 2.66 (2H, 
d, J  = 7.5 Hz, CH,CH(t-Bu),CO,), 3.38 (3H, s, CH20Me), 
3.48 (lH, t, J  = 6.0 HZ, CH(t-Bu),CO,), 3.61 (2H, t, J  = 6.5 
Hz, SiOCH,), 4.77 (IH, t, J  = 7.5 Hz, CH=COMOM), 4.85 

(2H, s, OCH,O), 7.35-7.50 (6H, m, Ph), 7.65-7.70 (4H, m, 
Ph). 

Malonate 31: Yield: 74%; ir (film): 1740 cm-'; 'H nrnr 
(CDCI,, 6 ppm): 1.05 (9H, s, t-Bu), 2.28 (2H, q, J  = 7.0 Hz, 
SiOCH2CH2), 2.76 (2H, d, J  = 7.5 Hz, C=C(OMOM)CH,), 
3.38 (3H, s, CH,OMe), 3.61 (2H, t, J =  7.0 Hz, SiOCH,), 3.69 
(lH, t, J  = 7.5 Hz, CH(CO,Me),), 3.70 (6H, s, CO,Me), 4.80 
(lH, t, J  = 7.0 Hz, CHECOMOM), 4.84 (2H, s, OCH,O), 
7.35-7.50 (6H, m, Ph), 7.65-7.70 (4H, m, Ph); I3c nrnr 
(CDCI,, 6 pprn): 19.13, 26.74, 29.21, 29.97, 49.56, 52.44, 
55.85, 64.00, 93.60, 99.82, 127.56, 129.48, 133.85, 135.53, 
150.75, 169.34; ms m/e: 483 (M' - MeO), 469 (M' - MOM), 
457 (M' - t-Bu). HRMS (M' - t-Bu): 457.1682; found: 
457.1680. 

Method B 
Malorzate 24 
To a suspension of sodium hydride (60% in oil, 0.70 g, 17.7 
mmol) in tetrahydrofuran (38.2 mL) and N,N dimethylforma- 
mide (38.2 mL) at 0°C was added dimethyl malonate (2.12 
mL, 18.6 mmol). The mixture was stirred at room temperature 
for 15 min, then added to a solution of the mesylate 23 (2.78 g, 
3.54 mmol) and potassium iodide (0.58 g, 3.54 mmol) in tet- 
rahydrofuran (100 mL). The mixture was heated at 80°C for 
17 h. The reaction mixture was poured over saturated aqueous 
ammonium chloride anh extracted with ether and hexane 
(2: 1). Drying (MgSO,) and removal of solvent gave the crude 
product that was purified by flash chromatography on silica 
gel (ethyl acetate - hexane, 1:9) to give the title compound 
(2.44 g, 79%); ir (CH,Cl,): 1735, 1665 cm-'; 'H nrnr (CDCI,, 
6 pprn): 1.04 (9H, s, t-BuSi), 1.43 (18H, s, t-BuCO,), 1.75 (3H, 
s, MeC=C), 1.80-2.18 (4H, m, (CH,),), 2.78 (4H, d, J  = 10.5 
Hz, CH,C(CO,t-Bu)CH,), 3.29 (3H, s, CH,OMe), 3.34 (lH, t, 
J  = 6.5 Hz, CH(CO,Me),), 3.72 (6H, s, CO,Me), 4.20 (2H, d, 
J  = 5.5 Hz, CH,OSi), 4.65 (lH, t, J  = 6.5 Hz, CH=COMOM), 
4.76 (2H, s, OCH,O), 5.62 (lH, dt, J  = 5.5 Hz, 15.5 Hz, 
CH=CMe), 5.85 (lH, d, J  = 11 .O Hz, SiOCH,CH=CH), 6.39 
(lH, dd, J  = 1 1 .O Hz, 1.0 Hz, SiOCH,CH=CH), 7.35-7.50 
(6H, m, Ph), 7.65-7.70 (4H, m, Ph). 

Malonate 35: Yield: 76%; ir (CH,CI,): 2948, 1731, 1438, 
1222, 1 158 cm-'; 'H nrnr (CDCI,, 6 pprn): 1.85-2.10 (4H, m, 
(CH2)2CH(C02Me)2), 2.35-2.50 (4H, m, (CH,),CO,Me), 
3.36 (lH, J  = 7.0 HZ, CH(CO,Me),), 3.36 (3H, s, CH,OMe), 
3.65 (3H, s, CHCO,Me), 3.72 (6H, s, CH(CO,Me),), 4.61 
(lH, td, J  = 7.5 Hz, 1.5 Hz, CH=COMOM), 4.85 (2H, s, 
OCH,O); ',c nrnr (CDCI,, 6 pprn): 24.17, 25.01, 29.40, 
31.59, 50.65, 51.31, 52.24, 55.63, 93.24, 100.08, 152.92, 
169.57, 173.15; ms m/e: 300 (M' - MeO), 2.87 (M+ - 
MOM). HRMS: (M' - MeO): 300.1209; found: 300.1215. 

General procedure for the cleavage of silyl ethers 
Alcohol 1 4  
To a solution of the diester 13 (4.82 g, 8.22 mmol) in tetrahy- 
drofuran (160 mL) was added tetrabutylammonium fluoride 
(I M in tetrahydrofuran 9.19 mL, 9.19 mmol). The mixture 
was stirred at room temperature for 2 h. The solvent was 
removed and the residue purified by flash chromatography 
(ethyl acetate - hexane, 2:3) to give the title compound (2.59 
g, 87%); ir (CH,CI,): 3600, 3500, 1730, 1670 cm-'; 'H nrnr 
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(CD3C1,, 6 pprn): 1.44 (18H, s, t-BuCO,), 2.70 (2H, d, J = 7.5 
HZ, C=C(OMOM)CH,), 3.39 (3H, s, CH,OMe), 3.55 (lH, t, 
J = 7.5 HZ, CH(C0,t-Bu),), 4.75 (lH, t, J = 7.5 Hz, 
CH=COMOM), 4.90 (2H, s,-OCH,O). 

Alcohol 25: Yield: 85%; ir (CH,Cl,): 3600, 3500, 1735, 1665 
cm-l; 'H nrnr (CDCI,, 6 pprn): 1.44 (18H, s, t-BLICO,), 1.74 
(3H, s, MeC=C), 1.85-2.00 (4H, m, (CH,),CH(CO,Me),), 
2.78 (4H, d, J =  17.5 HZ, CH,C (C0,t-Bu),CH,-), 3.35 (lH, t, 
J =  7.5 Hz, CH(CO,Me),), 3.44 (3H, s, CH,OMe), 3.74 (6H, s, 
CO,Me), 4.15 (2H, br t, J =  5.5 Hz, CH,OH), 4.59 ( lH,  t, J = 
7.5 Hz, CH=COMOM), 4.83 (2H, s, OCH,O), 5.67 ( lH,  dt, 
J = 15.0 Hz, 5.0 Hz, CH=CMe), 5.86 (lH, d, J = 11.0 Hz, 
CHCHCH=CMe), 6.43 (lH, dd, J = 10 Hz, 15 Hz, 
CH=CHCH=CMe). 

Alcohol 33: Yield: 97%; ir (CH,Cl,): 3615, 3510, 2950, 1730, 
1665 cm-'; 'H nrnr (CDC13, 6 pprn): 2.24 (2H, dt, J = 7.5 Hz, 
6.5 Hz, HOCH,CH,), 2.34 (lH, s, OH), 2.45-2.50 (4H, m, 
C=C(OMOM)(CH,),), 3.35 (3H, s, CH,OMe), 3.55 (2H, t, 
J=6.5Hz,CH,0H),3.62(3H,s,C02Me),4.63(lH,t,J=7.5 
Hz, CH=COMOM), 4.86 (2H, s, OCH,O); 13c nrnr (CDC13, 
6ppm): 25.07,30.12,31.45,51.52,55.84,62.58,93.35,97.92, 
153.74, 173.58; ms m/e: 200 (M+ - H,O), 187 (Mf - MeO). 
HRMS (M+ - H,O): 200.1049; found: 200.1047. 

Diol 39: Yield: 80%; ir (CH,Cl,): 3470, 2950, 1735, 1665 
c m - ~ .  , 1 H nmr (CDCI,, 6 ppm): 1.79 (3H, s, MeC=C), 1.90- 

2.05 (4H, m, (CH,),), 2.20 (lH, br, CHOH), 2.54 (IH, dd, J = 
14.0 Hz, 10.5 Hz, C=C(OMOM)CHH), 2.68 (lH, dd, J = 14.0 
Hz, 4.0 Hz, C=C(OMOM)CHH), 2.71 (lH, br, CH,OH), 2.87 
( lH,  ddd, J = 10.5 Hz, 9.0 Hz, 4.0 Hz, CHCO,Me), 3.35 (3H, 
s, CH20Me), 3.37 (lH, t, J =  7.0 Hz, CH(CO,Me),), 3.52 (3H, 
s, CHCO,Me), 3.72 (6H, s, CH(CO,Me),), 4.16 (2H, d, J =  5.5 
Hz, CH,OH), 4.67 ( lH,  t, J = 7.0 Hz, CH=COMOM), 4.75 
(lH,d,J=9.OHz,CHOH),4.82and4.84(2H,AB, J=6.5Hz,  
OCH,O), 5.72 (lH, dt, J = 15.0 Hz, 5.5 Hz, 
C H ~ C H C H = C M ~ ) ,  5.90 (lH, d, J = 11.0 Hz, CH=CMe), 
6.52 (lH, dd, J = 15.0 Hz, 11.0 Hz, CH=CHCH=CMe); ',c 
nrnr (CDCl,, 6 pprn): 17.73,24.29,29.40, 29.52,49.13,50.86, 
51.43, 52.46, 55.75, 62.96, 70.26, 93.47, 101.09, 125.80, 
127.69, 132.20, 136.92, 152.59, 169.85, 173.38; ms m/e: 440 
(Mf - H,O). HRMS (M+ - H,O): 440.2046; found: 
440.2043. 

Diol 40: Yield 88%; ir (CH,Cl,): 3500, 2962-2852, 1734, 
1666, 1435, 1260, 1093, 1019 cm-I; 'H nrnr (CDCl,, 
6 ppm): 1.60 (lH, br, CH20H), 1.78 (3H, s, MeC=C), 1.80- 
2.05 (4H, m, (CH,),), 2.06 (lH, dd, J = 14.0 HZ, 4.5 Hz, 
C=C(OMOM)CHH), 2.28 (IH, br, CHOH), 2.36 (lH, dd, 
J = 14.0 Hz, 10.0 Hz, C=C(OMOM)CHH), 2.90 (lH, ddd, 
J = 10.0 Hz, 9.0 Hz, 4.5 Hz, CHCO,Me), 3.34 (lH, t, J = 7.0 
Hz, CH(CO,Me),), 3,37 (3H, s, CH,OMe), 3.68 (3H, s, 
CHCO,Me), 3.71 (3H, s, CH(CO,Me),), 3.72 (3H, s, 
CH(CO,Me),), 4.19 (2H, d, J = 5.0 Hz, CH,OH), 4.65 (1 H, 
t, J = 7.5 Hz, CH=COMOM), 4.84 and 4.87 (2H, AB, J = 
6.5 Hz, OCH,O), 4.91 ( lH,  dd, J = 9.0 Hz, 4.0 Hz, CHOH), 
5.82 (lH, dt, j = 15.0 Hz, 5.0 Hz, CH=CHCH=CMe), 6.04 
(lH, d, J = 11.0 Hz, CH=CMe), 6.57 (lH, dd, J = 15.0 Hz, 
11.0 Hz, CH=CHCH=CMe); 13c nrnr (CDCI,, 6 ppm): 
17.53, 24.28, 29.34, 29.52, 47.70, 50.91, 51.79, 52.54, 

General procedure for the preparation of benzoates 
Method A 
Benzoate 15 
To a solution of the alcohol 14 (2.46 g, 6.85 mmol) in anhy- 
drous pyridine (12.0 mL) at 0°C was added benzoyl chloride 
(1.75 mL, 14.95 mmol). The mixture was stirred at room tem- 
perature for 3 h. The reaction mixture was extracted with 
dichloromethane and the organic layer was washed with satu- 
rated aqueous sodium bicarbonate. Drying (MgSO,) and 
removal of the solvent gave an oily residue that was purified 
by flash chromatography (hexane - ethyl acetate, 4: 1) to give 
the title compound (2.50 g, 79%); ir (CH,Cl,): 1725, 1670 
cm-I; 'H nrnr (CDC136 ppm): 1.45 (18H, s, t-BuCO,), 2.51 
(2H, q, J = 7.0 Hz, OCH,CH,), 2.73 (2H, d, J = 7.5 Hz, 
CH,CH(CO,t-Bu),), 3.39 (3H, s, CH20Me), 3.52 ( lH,  t, J = 
7.5 HZ, CH(C0,t-Bu),), 4.27 (2H, t, J = 7.0 Hz, BzOCH,), 
4.82 ( lH,  t, J = 7.5 Hz, CH=COMOM), 4.89 (2H, s, 
OCH,O), 7.25-7.55 (3H, m, Ph), 8.03 (2H, m, Ph). 

Method B 
Benzoate 41 
To a solution of the diol39 (101 mg, 0.22 mmol) and pyridine 
(358 kL, 4.42 mmol) in dichloromethane (0.5 mL) at O°C was 
added benzoyl chloride (27 kL, 0.23 mrnol). The mixture was 
stirred at 0°C for 2 h, then treated with saturated aqueous 
sodium bicarbonate and extracted with dichloromethane. The 
organic extract was dried (MgSO,) and the solvent was 
removed under reduced pressure. The crude product was puri- 
fied by chromatography on silica gel (hexane - ethyl acetate, 
4: 1 to pure ethyl acetate) to afford the title compound (90 mg, 
72%); ir (CH,Cl,): 1735, 1665, 1437 cm-I; 'H nrnr (CDCl,, 
S pprn): 1.83 ( 3 ~ ,  s, MeC=C), 1.90-2.10 (4H, m, CH,),), 
2.38 (lH, d, J = 4.5 Hz, OH), 2.57 (lH, dd, J = 14.0 Hz, 10.5 
Hz, C=C(OMOM)CHH), 2.70 (lH, dd, J = 14.0 Hz, 4.0 Hz, 
C=C(OMOM)CHH), 2.88 (lH, ddd, J =  10.0 Hz, 9.0 Hz,4.0 
Hz, CHCO,Me), 3.37 (3H, s, CH,OMe), 3.39 (lH, t, J = 7.0 
Hz, CH(CO,Me),), 3.54 (3H, s, CHCO,Me), 3.74 (6H, s, 
CH(CO,Me),), 4.70 (lH, t, J = 7.0 Hz, CH=COMOM), 4.79 
(lH,dd, J = 9 . 5  Hz,4.0Hz,CHOH),4.84and4.86(2H,d, J =  
6.5 Hz, OCH,O), 4.85 (2H, d, 6.5 Hz, CH,OBz), 5.79 (IH, dt, 
J = 15.0 Hz, 6.5 Hz, CH=CHCH=CMe), 5.95 (lH, d, J = 
11.0 Hz, CH=CMe), 6.68 (IH, dd, J = 15.0 Hz, 11.0 Hz, 
CH=CHCH=CMe), 7.44 (2H, m, Ph), 7.56 (lH, m, Ph), 
8.03 (2H, m, Ph); 13c nrnr (CDCI,, 6 pprn): 17.87, 24.28, 
29.31, 29.50,49.32, 50.82, 51.32, 52.38, 55.73, 65.24, 70.35, 
93.48, 101.14, 126.36, 127.25, 128.22, 129.39, 132.84, 
138.53, 152.54, 166.21, 169.74, 172.85; ms tde: 530 (M' - 
MeOH). HRMS (MC - MeOH): 530.2152; found: 530.2135. 

Beizzoate 42: Yield: 69%; ir (CH,CI,): 1735, 1665 cm-'; 'H 
nrnr (CDCI,, 6 pprn): 1.81 (3H, s, MeC=C), 1.93 (4H, m, 
( C H  2.11 (lH, dd, J = 14.0 Hz, 4.5 Hz, 
C=C(OMOM)CHH), 2.36 ( lH,  br, OH), 2.40 (lH, dd, J = 
14.0 Hz, 10.0 Hz, C=C(OMOM)CHH), 2.9 1 ( IH, ddd, J = 
10.0 Hz, 9.0 Hz, 4.5 Hz, CHCO,Me), 3.34 ( lH,  t, J = 7.0 Hz, 
CH(CO,Me),), 3.37 (3H, s, CH,OMe), 3.70 (3H, s, 
CHCO,Me), 3.7 1 (6H, s, CH(CO,Me),), 4.67 (1 H, t, J = 7.0 
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Hz, CH=COMOM), 4.83 and 4.86 (2H, AB, J = 7.0 Hz, 
OCH,O), 4.854.95 (3H, m, CH,OBz and CHOH), 5.86 (lH, 
dt, J = 15.0 Hz, 6.5 Hz, CH=CHCH=CMe), 6.06 ( IH, d, J = 
11.5 Hz, CH=CMe), 6.69 (lH, dd, J = 15.0 Hz, 11.5 Hz, 
CH=CHCH=CMe), 7.44 (2H, m, Ph), 7.56 (IH, m, Ph), 
8.04 (2H, m, Ph); 13c nrnr (CDCl,, 6 pprn): 17.67, 24.27, 
29.32, 29.45, 47.73, 50.81, 51.73, 52.36, 55.74, 65.24, 70.30, 
93.54, 101.36, 127.15, 128.34, 128.52, 128.94, 129.50, 
132.89, 136.16, 151.50, 166.22, 169.65, 174.95; ms m/e: 530 
(M' - MeOH). HRMS (M' - MeOH): 530.2152; found: 
530.2135. 

Aldehyde 17 
To a solution of the alcohol 16 (12.22 g, 37.46 mmol) in tet- 
rahydrofuran at 0°C was added sodium acetate (9.21 g, 112.4 
mmol) and pyridinium chlorochromate (12.11 g, 56.1 mmol). 
The mixture was stirred at 25°C for 2 h, diluted in ether, and 
filtered on Florisil. Flash chromatography (ethyl acetate -hex- 
ane, 1:4) of the residue after removal of solvent provided the 
title compound (5.80 g, 48%); ir (CH,Cl,): 1685 cm-'; 'H nmr 
(CDCl,, 6 pprn): 1.08 (9H, s, t-BuSi), 4.45 (2H, m, SiOCH,), 
6.58 (lH, ddt, J = 15.0 Hz, 8.0 Hz, 3.0 Hz, CH=CHCH=O), 
6.85 ( lH,  dt, J = 15.0 Hz, 3.0 Hz, CH=CHCH=O), 7.25- 
7.70 (lOH, m, Ph), 9.61 (lH, d, J =  8.0 Hz, CHO). 

Diene 18 
To a solution of trifluoroethylphosphinate (6.2 g, 17.9 mmol) 
(1 lb) and 18-crown-6-ether (4.73 g, 17.9 mmol) in tetrahydro- 
furan (206 mL) at -78°C was added potassium bis-trimethyl- 
silyl amide (0.5 M in toluene; 35.8 mL, 0.0179 mol). The 
mixture was stirred for 10 rnin at -78°C. A solution of the 
aldehyde 17 (5.80 g, 17.9 mmol) in tetrahydrofuran (10 mL) 
was slowly added over 30 min. The mixture was poured onto 
saturated aqueous ammonium chloride, then extracted with 
ether. Drying (MgSO,) and removal of solvent under reduced 
pressure gave a crude product that was purified by flash chro- 
matography (ethyl acetate - hexane, 1:9) to give the title com- 
pound (7.30 g, 100%); ir (film): 17 10 cm-'; 'H nrnr (CDCl,, 6 
pprn): 1.07 (9H, s, t-BuSi), 1.28 (3H, t, J = 7.0 Hz, OCH,Me), 
1.98 (3H, s, MeC*), 4.22 (2H, q, J = 7.0 Hz, CO,CH,Me), 
4.30 (2H, d, J = 4.5 Hz, CH,OSi, CH=C(Me)CO,Et), 5.96 
(lH, dt, J =  15 Hz, 5.0 Hz, SiOCH,CH=CH), 6.45 (lH, d, J =  
11.5 Hz, CH==CMe), 7.25-7.50 (7H, m, SiOCH,CH=CH 
and Ph), 7.65-7.75 (4H, m, Ph); 13c nrnr (CDCI,, 6 pprn): 
14.29, 19.20, 20.81, 26.75, 60.27, 64.03, 126.59, 127.65, 
129.64, 133.43, 134.76, 135.48, 135.77, 138.67, 167.72; ms 
m/e: 408 (M'). HRMS (M'): 408.2121; found: 408.2128. 

Triene 21 
To a suspension of sodium hydride (60% in oil, 0.20 g, 5.1 
mmol) in N,N-dimethylformamide (9.5 mL) was added a solu- 
tion of the benzoate 15 (2.40 g, 5.16 mmol) in tetrahydrofuran 
(18 mL). The mixture was stirred at room temperature for 30 
min and a solution of the allylic chloride 20 (1.99 g, 5.10 
mmol) in tetrahydrofuran (7 mL) was added. The reaction 
mixture was stirred at room temperature for 3 h, poured onto 
saturated aqueous ammonium chloride, and extracted 3 times 
with dichloromethane. Drying (MgS0,) and removal of the 
solvent under reduced pressure afforded an oil that was puri- 
fied by flash chromatography (ethyl acetate - hexane, 1: 19) to 
give the title compound (3.68 g, 88%); ir (CH,Cl,): 1720, 1670 

c m - ~ .  , I H nmr (CDCl,, 6 ppm): 1.04 (9H, s, t-BuSi), 1.44 (18H, 

s, t-BuCO,), 1.78 (3H, s, MeCEC),2.38 (2H,q, J = 7 . 0 H z ,  
BzOCH,CH,), 2.85 (4H, d, J = 8.5 Hz, CH,C(CO,t- 
Bu),CH,), 3.29 (3H, s, CH,OMe), 4.154.30 (4H, m, BzOCH, 
and SiOCH,), 4.78 (IH, t, J = 7.5 Hz, CH=COMOM), 4.78 
(2H, s, OCH,O), 5.63 (IH, dt, J = 15.0 Hz, 5.0 Hz, 
CH=CMe), 5.88 ( lH,  d, J = 10.0 Hz, CH=CHCH=CMe), 
6.44 (lH, dd, J = 15.0 Hz, 10.0 Hz, CH=CHCH=CMe), 
7.30-7.75 12H, m, Ph), 8.00-8.05 (3H, m, Ph). 

General procedure for the cleavage of benzoates 
Alcohol 22 
To a solution of the diester 21 (3.68 g, 4.53 mmol) in methanol 
(20 mL) was added potassium carbonate (59 mg, 0.36 mmol). 
After stirring at room temperature for 24 h, the resulting mix- 
ture was poured over water and extracted 3 times with dichlo- 
romethane. Drying (MgSO,) and removal of solvent under 
reduced pressure yielded an oil that was purified by flash chro- 
matography (ethyl acetate - hexane, 1:9 to 3:7) to give the title 
compound (2.67 g, 83%); ir (CH2C12): 3600, 1730, 1660 cm-'; 
'H nrnr (CDCl,, 6 pprn): 1.05 (9H, s, (t-BuSi), 1.44 (18H, s, t- 
BuCO,), 1.77 (3H, s, M e C x ) ,  2.18 (2H, q, J = 6.5 Hz, 
HOCH,CH,), 2.82 (2H, d, J = 3.0 HZ, CH2C(C0,t-Bu),CH,), 
3.31 (3H, s, CH,OMe), 3.53 (2H, m, CH,OH), 4.20 (2H, d, J =  
5.5 Hz, CH,OSi), 4.69 (lH, t, J = 7.5 Hz, CH=COMOM), 
4.79 (2H, s, OCH,O), 5.63 (lH, dt, J = 15.0 Hz, 5.0 Hz, 
CH=CMe), 5.87 (lH, d, J = 11.0 Hz, CH=CHCH=CMe), 
6.43 (lH, dd, J = 15.0 Hz, 10.0 Hz, CH=CHCH=CMe), 
7.35-7.45 (6H, m, Ph), 7.65-7.75 (4H, m, Ph). 

Alcohol 45: Yield: 76%; ir (film): 3460, 2960-2860, 1735, 
1665 cm-'; 'H nrnr (CDCI,, 6 pprn): -0.02 (3H, s, SiMe), 0.09 
(3H, s, SiMe), 0.89 (9H, s, t-BuSi), 1.69 (IH, br, OH), 1.77 
(3H, s, MeC=C), 1.99 (4H, m, (CH,),), 2.45 (IH, dd, J = 14.0 
Hz, 1 1.5 Hz, C=C(OMOM)CHH), 2.62 (lH, dd, J =  14.0 Hz, 
3.5 Hz, C<(OMOM)CHH), 2.85 (lH, ddd, J = 11.5 Hz, 9.5 
Hz, 3.5 Hz, CHCO,Me), 3.36 (3H, s, CH,OMe), 3.38 (IH, 
t, J = 7.5 Hz, CH(CO,Me),), 3.49 (3H, s, CHCO,Me), 3.74 
(6H, s, CH(CO,Me),), 4.19 (2H, d, J = 5.5 Hz, CH,OH), 4.65 
(lH, t, J = 7.5 Hz, CH=COMOM), 4.67 ( lH,  d, J = 9.5 Hz, 
CHOSi), 4.82 and 4.85 (2H, AB, J = 6.5 Hz, OHCHO), 5.72 
(IH, dt, J = 15.0 Hz, 6.0 Hz, CH=CHCH=CMe), 5.84 (lH, 
d, J = 11.0 Hz, CH=CMe), 6.48 (IH, dd, J = 15.0 Hz, 11.0 
Hz, CH=CHCH=CMe); I3c nrnr (CDCI,, 6 ppm): -4.98, 
-4.76, 17.76, 17.99,24.34,25.66, 29.49,29.85,50.08,51.00, 
51.24, 52.39, 55.73, 63.34, 71.25, 93.48, 101.10, 126.21, 
126.90, 131.94, 138.05, 152.60, 169.76, 172.92; ms me:  515 
(M' - t-Bu). HRMS (M' - t-Bu): 515.2312; found: 
5 15.2297. 

Alcohol 46: Yield: 86%; ir (film): 2930-2850, 1735, 1665 
cm-I; 'H nrnr (CDCl,, 6 pprn): -0.05 (3H, s, SiMe), 0.04 (3H, 
s, SiMe), 0.82 (9H, s, t-BuSi), 1.62 (lH, br, OH), 1.76 (3H, 
s, MeC=C), 1.80-2.15 (5H, m, (CH,) and 
C=C(OMOM)CHH), 2.31 (IH, dd, J = 14.0 Hz, 12.0 Hz, 
C=C(OMOM)CHH), 2.90 ( lH,  ddd, J = 12.0 Hz, 10.0 Hz, 
3.5 Hz, CHCO,Me), 3.34 (IH, t, J = 6.5 Hz, CH(CO,Me),), 
3.37 (3H, s, CH,OMe), 3.64 (3H, s, CHCO,Me), 3.72 (3H, s, 
CH(CO,Me),), 3.74 (3H, s, CH(CO,Me),), 4.23 (2H, d, J = 
5.5 Hz, CH,OH), 4.64 (lH, t, J = 7.0 Hz, CH=COMOM), 
4.80 and 4,83 (2H, AB, J = 6.5 Hz, OCH,O), 4.84 ( lH, d, J = 
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10.0 Hz, CHOSi, 5.83 (lH, dt, J  = 15.0 Hz, 5.5 Hz, 
CH=CHCH=CMe), 6.01 (IH, d, J  = 11.0 Hz, CH=CMe), 
6.60 (lH, dd, J =  15.0 Hz, 11.5 Hz, CH=CHCH=CMe); I3c 
nmr (CDCl,, 6 pprn): -5.48, -4.86, 17.89, 24.24, 25.5 1, 
29.13,29.56,49.13,50.90,51.39, 52.55, 55.74,63.25,71.71, 
93.65, 100.96, 125.59, 133.03, 137.06, 152.25, 169.88, 
170.01, 174.69; ms m/e: 515 (M+ - t-Bu). HRMS (M+ - 
t-Bu): 5 15.23 12; found: 5 15.2297. 

General procedure for the preparation of mesylates 
Mesylnte 23 
To a stirred solution of the alcohol 22 (2.5 1 g, 3.54 mmol) and 
pyridine (2.20 mL, 16.02 mmol) in dichloromethane (60 mL) 
at 0°C was added methanesulfonyl chloride (0.28 mL, 3.70 
mmol). The mixture was stirred for 30 min, then quenched 
with ice and extracted with dichloromethane. Drying (MgSO,) 
and removal of solvent afforded the crude product, which was 
filtered on Florisil (ethyl acetate - hexane, 3:7) to give the title 
compound (2.78 g, loo%), which was used in the next step 
without further purification; ir (CH,Cl,): 1725, 1660 cm-'; 'H 
nmr (CDCl,, 6 ppm): 1.05 (9H, s, t-BuSi), 1.44 (18H, s, t- 
BuCO,), 1.76 (3H, s, MeC=C), 2.34 (2H, q, J  = 7.5 Hz, 
MsOCH,CH,), 2.79 (4H, d, J  = 6.5 Hz, CH,C(CO,t- 
Bu),CH,), 2.94 (3H, s, Ms), 3.29 (3H, s, CH,OMe), 4.09 (2H, 
t, J  = 8.0 Hz, MsOCH,), 4.20 (2H, d, J  = 5.0 Hz, SiOCHJ, 
4.65 (lH, t, J =  7.5 Hz, CH=COMOM), 4.77 (2H, s, OCH,O), 
5.63 (lH,dt, J =  15.0Hz, 5.0Hz,CH=CMe),5.87 ( lH,d,  J =  
11.0 Hz, CH=CHCH=CMe), 6.41 (lH, dd, J =  15.0 Hz, 10.0 
Hz (CH=CHCH=CMe), 7.35-7.45 (6H, m, Ph), 7.65-7.75 
(4H, m, Ph). 

Mesylate 34: Yield 99%; 'H nmr (CDCl,, 6 pprn): 2.48 (6H, rn, 
CH2CH=C(OMOM)(CH,),), 2.99 (3H, s, Ms), 3.36 (3H, s, 
CH20Me), 3.66 (3H, s, CO,Me), 4.16 (2H, t, J  = 7.0 Hz, 
MsOCH,), 4.65 (lH, t, J =  7.5 Hz, CH=COMOM), 4.88 (2H, 
s, OCH,O). 

Acetate 27  
TO a solution of the alcohol 25 (42 mg, 72 pmol) in pyridine 
(20 mL) was added acetic anhydride (1.0 mL). The mixture 
was stirred at 0°C for 24 h. The solvent was evaporated and the 
residue purified by flash chromatography (ethyl acetate - hex- 
ane, 3:17) to give the title compound (43 mg, 96%); ir 
(CH,Cl,): 1735, 1660 cm-l; 'H nmr (CDCl,, 6 pprn): 1.44 
(18H, s, t-BuCO,), 1.75 (3H, s, MeC=C), 1.9-2.0 (4H, m, 
(CH,),CH(CO,Me),), 2.05 (3H, s, Ac), 2.78 (4H, d, J  = 14.0 
HZ, CH2C(C02t-Bu),CH2), 3.36 (lH, t, J = 7.5 Hz, 
CH(CO,Me),), 3.40 (3H, s, CH,OMe), 3.74 (6H, s, CO,Me), 
4.57 (2H, d, J  = 7.0 Hz, AcOCH,), 4.66 (lH, t, J  = 7.5 Hz, 
C H X O M O M ) ,  4.83 (2H, s, OCH,O), 5.58 (lH, dt, J =  15.0 
Hz, 7.0 Hz, CH=CMe), 5.85 <IH, d, J  = 10.0 Hz, 
CH=CHCH=CMe), 6.51 (IH, dd, J  = 15.0 Hz, 11.0 Hz, 
CH=CHCH=CMe). 

Pivaloate 28 
To a solution of the alcohol 25 (0.80 g, 1.40 mmol) in dichlo- 
romethane (5.5 mL) at 0°C were added pyridine (3.31 mL, 
6.87 mmol) and trimethylacetylchloride (25 1 pL, 1.80 mrnol). 
The mixture was stirred at room temperature for 3 h, then 
washed with satured aqueous ammonium chloride. Drying 
(MgSO,) and removal of solvent under reduced pressure gave 

the crude product, which was purified by flash chromatogra- 
phy on silica gel (ethyl acetate - hexane, 3:7) to give the title 
compound (0.74 g, 80%); ir (CH,Cl,): 1735, 1660 cm-'; IH  

nmr (CDCl,, 6 ppm): 1.19 (9H, s, piv),  1.43 (1 8H, s, t-BuCO,), 
1.76 (3H, s, MeC=C), 1.85-2.00 (4H, m, (CH,), 
CH(CO,Me),), 2.79 (4H, d, J  = 14.0 Hz, CH,C(CO,t- 
Bu),CH,), 3.37 (IH, t, J =  6.5 Hz, CH(CO,Me),), 3.39 (3H, s, 
CH,OMe), 3.74 (6H, s, CO,Me), 4.56 (2H, d, J  = 7.0 Hz, 
CH,O piv), 4.68 ( 1 H, t, J  = 6.5 Hz, CH=COMOM), 4.82 (2H, 
s, OCH,O), 5.59 ( lH,  dt, J  = 15.0 Hz, 5.0 Hz, CH=CMe), 
5.86 (IH, d, J  = 11.0 Hz, CH----CHCH=CMe), 6.51 (lH, 
dd, J  = 15.0 Hz, 10.0 Hz, CH=CHCH=CMe). 

Ester 32 
To a solution of the malonate 31 (2.8 g, 5.4 mmol) in dimethyl 
sulfoxide (55 mL) was added sodium cyanide (530 mg, 10.8 
mmol). The mixture was stirred for 64 h at 90°C, then 
extracted with hexane and ether (1:l). The combined organic 
extract was dried (MgSO,), solvent was removed under 
reduced pressure, and the residue was purified by flash col- 
umn chromatography (hexane - ethyl acetate, 19:l) to yield 
the title compound (2.6 g, 67%); ir (film): 3055, 2950-2860, 
1740, 1670 cm-I; 'H nmr (CDCI,, 6 ppm): 1.11 (9H, s, Sit- 
Bu), 2.30 (2H, dt, J =  7.5 Hz, 7.0 Hz, SiOCH,CH,), 2.48 (4H, 
m, J  = 7.5 Hz, (CH,),CO,Me), 3.39 (3H, s, CH20Me), 3.65 
(2H, t, J =  7.0 Hz, SiOCH,), 3.67 (3H, s, CO,Me), 4.72 (lH, t, 
J  = 7.5 Hz, C H K O M O M ) ,  4.87 (2H, s, OCH,O), 7.35-7.50 
(6H, m, Ph), 7.70-7.80 (4H, m, Ph); ',c nmr (CDCl,, 6 ppm): 
18.97, 25.34, 26.53, 30.11, 31.99, 51.52, 55.85, 64.16, 93.42, 
98.13, 127.66, 129.59, 133.89, 135.56, 153.23, 173.54; ms 
m/e: 425 (M+ - MeO), 41 1 (M+ - MOM), 399 (M' - t-Bu). 
HRMS (M' - t-Bu): 399.1628; found: 399.161 8. 

Aldehyde 36 
To a solution of the alcohol 19 (558 mg, 1.52 mmol) in dichlo- 
romethane (4 mL) and pentane (16 mL) at room temperature 
was added manganese dioxide (199 mg, 22.84 mmol). The 
resulting mixture was stirred for 2 h, then more manganese 
dioxide (662 mg, 76.13 mmol) was added. The mixture was 
stirred for another 2 h, then filtered on Celite. Solvent was 
removed under reduced pressure and the residue was purified 
by chromatography on silica gel (hexane - ethyl acetate, 24: 1) 
to give the title compound (478 mg, 86%); 'H nmr (CDCl,, 
6 pprn): 1.09 (9H, s, t-BuSi), 1.86 (3H, s, MeC=C), 4.36 
(2H, d, J  = 5.0 Hz, CH,OSi), 6.06 (lH, dt, J  = 15.0 Hz, 5.0 
Hz, SiOCH,CH=CH), 6.96 (lH, d, J  = 11.0 Hz, 
CH=CMeCHO), 7.25-7.45 (7H, m, Ph, SiOCH,CH=CH), 
7.65-7.70 (4H, m, Ph), 10.28 (lH, s, CHO); ms ride: 307 (M+ 
- t-Bu). 

Aldols 37  and 38 
To a solution of diisopropylamine (0.25 mL, 1.80 mmol) in 
tetrahydrofuran (1.5 mL) at -78°C was added n-butyllithium 
(1.6 M in tetrahydrofuran, 1.1 mL, 1.74 mmol). The solution 
was stirred at 0°C for 20 min, then cooled to -78°C. The tri- 
ester 35 (232 mg, 0.70 mrnol) in tetrahydrofuran (0.5 mL) was 
added, and the reaction mixture stirred for 30 min at -78°C. 
The aldehyde 36 (509 mg, 1.40 mmol) in tetrahydrofuran was 
added and the reaction mixture stirred for another 30 min at 
-78°C. The reaction was quenched with saturated aqueous 
ammonium chloride, and extracted 3 times with dichlo- 
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romethane. The organic extract was dried (MgSO,) and the 
solvent was removed under reduced pressure. The crude prod- 
uct was purified by chromatography on silica gel (hexane - 
ethyl acetate, 17:3 to 3:1) to afford the title compounds (over- 
all yield: 286 mg, 59%; e,ythro isomer 37: 42% of the mixture, 
threo isomer 38: 58% of the mixture). 

Aldol37: ir (film): 3010,2950-2850,1735,1665 cm-I; 'H nrnr 
(CDCI,, 6 ppm): 1.07 (9H, s, t-BuSi), 1.82 (3H, s, MeC=C), 
1.85-2.05 (4H, m, (CH,),), 2.29 (lH, d, J = 4.5 Hz, CHOH), 
2.57 (IH, dd, J=  14.0Hz, 10.5 Hz,C=C(OMOM)CHH), 2.69 
(lH, dd, J = 14.0 Hz, 4.0 Hz, C=C(OMOM)CHH), 2.89 (IH, 
ddd, J = 10.5 Hz, 9.0 Hz, 4.0 Hz, CHCO,Me), 3.37 (3H, s, 
CH,OMe), 3.38 (lH, t, J =  7.0 Hz, CH(CO,Me),), 3.53 (3H, s, 
CHCO,Me), 3.72 (6H, s, CH(CO,Me),), 4.25 (2H, d, J = 5.0 
Hz, SiOCH,), 4.69 (lH, t, J = 7.0 Hz, CHzCOMOM), 4.77 
(lH, dd, J =  9.0 Hz, 4.5 Hz, CHOH), 4.84 and4.86 (2H, AB, 
J = 7.0 HZ, OCH,-0), 5.69 (lH, dt, J = 15.0 HZ, 5.0 HZ, 
CH=CHCH=CMe), 5.93 ( 1 H, d, J = 1 1.3 Hz, CH=CMe), 
6.58 (IH, dd, J = 15.0 Hz, 1 1.5 Hz, CH=CHCH=CMe), 
7.25-7.45 (6H, m, Ph), 7.65-7.70 (4H, m, Ph); I3c nrnr 
(CDCl,, 6 pprn): 17.93, 19.23, 24.42, 26.79, 29.35, 29.65, 
49.56,50.95,51.41,52.50,55.88,64.20,70.64,93.64, 101.22, 
124.69, 127.66, 128.14, 129.63, 132.38, 133.64, 135.51, 
136.01, 152.74, 169.86, 173.04; ms tne: 696 (M'), 639 (M+ - 
t-Bu). HRMS (M' - t-Bu): 639.2625; found: 639.2635. 

Aldol38: ir (film): 3506, 3070,2950-2850, 1755, 1670 cm-I; 
I H nrnr (CDCI,, 6 ppm): 1.08 (9H, s, t-BuSi), 1.79 (3H, s, 
MeC===C), 1 .SO-2.05 (4H, m, (CH,),), 2.06 (IH, dd, J = 14.0 
Hz, 4.0 Hz, C=C(OMOM)CHH), 2.17 (1 H, d, J = 4.5 Hz, 
CHOH), 2.39 (lH, dd, J = 14.0 Hz, 11.0 Hz, 
C=C(OMOM)CHH), 2.87 ( 1 H, ddd, J = 1 1.0 Hz, 9.0 Hz, 4.0 
Hz, CHCO,Me), 3.31 (lH, t, J =  7.0 Hz, CH(CO,Me),), 3.35 
(3H, s, CH,OMe), 3.69 (9H, s, CO,Me), 4.26 (2H, d, J = 5.0 
Hz, SiOCH,), 4.66 (lH, t, J = 7.0 Hz, CH=COMOM), 4.81 
and4.84(2H,AB, J=7 .0Hz ,0CH20) ,4 .86  (lH,dd, J = 9 . 0  
Hz, 4.0 Hz, CHOH), 5.75 (IH, dt, J = 15.0 Hz, 5.0 Hz, 
CH=CHCH=CMe), 6.04 (lH, d, J = 11.3 Hz, CH=CMe), 
6.58 (lH, dd, J = 15.0 Hz, 11.3 Hz, CH=CHCH=CMe), 
7.25-7.45 (6H, m, Ph), 7.65-7.70 (4H, m, Ph); I3c nrnr 
(CDCI,, 6 ppm): 17.47, 19.16, 24.32, 26.75, 29.46, 29.53, 
47.94,50.88,51.71,52.37,55.72,64.15,70.56,93.56, 101.32, 
124.21, 127.63, 129.35, 129.62, 133.02, 133.49, 135.44, 
135.62, 151.65, 169.65, 174.90; ms d e :  696 (M+), 639 (M+ - 
t-Bu). HRMS (M' - t-Bu): 639.2625; found: 639.2635. 

General procedure for the preparation of silyl ether 
Silyl ether 43 
A solution of the alcohol 41 (9 mg, 16 pmol), triethylamine 
(6.9 pL, 48 pmol), and tert-butyldimethylsilyl triflate (8.8 
mL, 38 pmol) was stirred at 0°C for 30 min, then treated with 
saturated aqueous ammonium chloride and extracted with 
dichloromethane. The organic extract was dried (MgSO,) and 
the solvent was removed under reduced pressure. The residue 
was filtered on silica gel (ethyl acetate) to give the title com- 
pound (11 mg, 100%); ir (film): 1735, 1665 cm-I; 'H nrnr 
(CDCI,, 6 pprn): -0.27 (3H, s, SiMe), 0.07 (3H, s, SiMe), 0.88 
(9H, s, t-BuSi), 1.77 (3H, s, MeC=C), 1.90-2.10 (4H, rn, 
( C H ) )  2.43 (lH, dd, J = 14.0 HZ, 11.5 HZ, 
C=C(OMOM)CHH), 2.62 ( IH, dd, J = 13.5 Hz, 3.0 Hz, 

C=C(OMOM)CHH), 2.86 (1 H, ddd, J = 1 1.5 Hz, 9.0 Hz, 3.0 
Hz, CHCO,Me), 3.35 (3H, s, CH,OMe), 3.36 (lH, t, J =  8.0 
Hz, CH(CO,Me),), 3.48 (3H, s, CHCO,Me), 3.72 (6H, s, 
CH(C02Me)2), 4.65 (IH, t, J = 7.5 Hz, CH=COMOM), 4.68 
(lH, d, J = 8.5 Hz, CHOSi), 4.80 and 4.83 (2H, AB, J = 6.5 
Hz, OCH,O), 4.86 (2H, d, J = 6.5 Hz, CH20Bz), 5.77 ( lH, dt, 
J = 15.0 Hz, 6.5 Hz, CH=CHCH=CMe), 5.87 (1 H, d, J = 
11.0 Hz, CH=CMe), 6.62 (lH, dd, J = 15.0 Hz, 11.5 Hz, 
CH=CHCH=CMe), 7.43 (2H, m, Ph), 7.55 (lH, m, Ph), 
8.04 (2H, m, Ph); I3c nmr (CDCl,, 6 pprn): -5.07, -4.84, 
17.83, 18.05, 24.36, 25.70, 29.54, 29.88, 50.31, 50.98, 51.22, 
52.40, 55.76, 65.19, 71.18, 93.52, 101.14, 126.26, 126.51, 
128.30, 129.20, 129.53, 130.21, 132.90, 139.44, 152.58, 
166.22, 169.72, 172.61; ms rde: 619 (M' - t-Bu), 645 (M' - 
MeO), 676 (M+). HRMS (M' - t-Bu): 619.2574; found: 
619.2571. 

Silyl ether 44: Yield: 100%; ir (film): 1735, 1665 cm-I; 
I H nrnr (CDCl,, 6 ppm): -0.06 (3H, s, SiMe), -0.02 (3H, s, 
SiMe), 0.80 (9H, s, t-BuSi), 1.77 (3H, s, MeC=C), 1.85-1.95 
(5H, m, (CH,), and C=C(OMOM)CHH), 2.40 (lH, dd, J = 
14.0 Hz, 12.0 Hz, C=C(OMOM)CHH), 2.89 (lH, ddd, J = 
12.0Hz, lO.OHz, 3.0Hz,CHC02Me), 3.33 (lH, t, J=7 .0Hz ,  
CH(CO,Me),), 3.35 (3H, s, CH,OMe), 3.64 (3H, s, 
CHCO,Me), 3.7 1 (6H, s, CH(CO,Me),), 4.64 (lH, t, J = 7.0 
Hz, CH=COMOM), 4.80 and 4.83 (2H, AB, J = 6.5 Hz, 
0C20),4.83 (lH, d, J =  lO.OHz, CHOSi),4.90(2H, d, J = 7 . 0  
Hz, CHI-Bz), 5.87 (lH, dt, J = 15.0 Hz, 6.5 Hz, 
CH=CHCH=CMe), 6.04 (lH, d, J = 11.0 Hz, CH=CMe), 
6.73 (1 H, dd, J = 15.0 Hz, 1 1.5 Hz, CH=CHCH=CMe), 7.45 
(2H, m, Ph), 7.57 (lH, m, Ph), 8.07 (2H, m, Ph); I3c nrnr 
(CDCI,, 6 ppm): -5.51, -4.91, 17.85, 20.97, 24.30, 25.39, 
29.17,29.54,49.31,50.87,51.39,52.38,55.70,65.14,71.55, 
93.64, 101.15, 127.13, 128.34, 128.52, 128.28, 128.31, 
128.59, 129.56, 132.90, 136.55, 151.96, 166.20, 169.65, 
169.72, 174.51; ms ride: 619 (M' - t-Bu), 645 (M' - MeO), 
676 (M+). HRMS (M+ - t-Bu): 619.2574; found: 619.2571. 

General procedure for the macrocyclizations 
Macrocyclic en01 ether 29 and nzacrocyclic ketone 30 
To a solution of sodium carbonate (303 mg, 0.61 mmol) in 
N,N-dimethylformamide (30 mL) was added a solution of the 
allylic chloride 26 (74 mg, 0.12 mmol) in N,N-dimethylforma- 
mide (10 mL) over a period of 15 h and at 65°C. The reaction 
mixture was stirred at 65°C for a further 18 h, left to cool down 
to room temperature, then filtered. The solvent was removed 
under reduced pressure and the residue was purified by chro- 
matography on Florisil (ether - hexane, 3:7) to yield the mac- 
rocyclic ketone 30 (35 mg, 56%). 

Another attempt run in acetonitrile yielded a mixture of the 
macrocycles 29 and 30 (68% and 32% of the mixture, respec- 
tively) in 28% overall yield. 

En01 ether29: ir (CH,Cl,): 1725, 1650 cm-I; 'H nrnr (CDCl,, 
6 ppm): 1.45 (18H, s, t-Bu), 1.74 (3H, s, MeC=CH), 2.75- 
2.90 (4H, m, (CH,),, 2.75-2.90 (6H, m, CH,C(CO,t-Bu),CH, 
and CH,CH=CH), 3.37 (3H, s, CH,OMe), 3.72 (6H, s, 
CO,Me), 4.80 (IH, m, CH=COMOM), 4.80 (2H, s, 
CH,OMe), 5.22 (lH, dt, J=  15.0 Hz, 7.5 Hz, CH=CMe), 5.97 
( lH,  d, J =  ll.OHz,CH,CH=CH-),6.40(1H,dd,J= ll.OHz, 
16.5 Hz, CH2CHECH); rns nde: 566 (M+). 
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Ketone 30: ir (CH,Cl,): 1730 cm-I; 'H nrnr (CD,Cl,, -80°C, 
6 pprn): 1.10-1.80 (2H, m, CH,), 1.28 (9H, s, t-BLL), 1.37 (9H, 
s, t-Bu), 1.61 (3H, s, CH=CMe), 1.90-2.10 (2H, m, CH,), 
2.30-2.85 (5H, m, CH,), 3.15-3.35 (3H, m, CH,), 3.62 (3H, s, 
CO,Me), 3.64 (3H, s, CO,Me), 5.15 (lH, m, CH=CMe), 
5.75-6.00 (2H, m, CH,CH=CH); ms mn/e: 522 (M'). 

Macrocycle 49: Solvent: acetonitrile. Duration of addition: 15 
h. Duration of additional stirring: 4 h. Temperature: reflux. 
Yield: 50%; ir (film): 1735, 1660, 1439, 1264, 1164, 1087 
cm-~ .  , I H nmr (CDCI,, 6 ppm): 0.02 (3H, s, SiMe), 0.08 

(3H, s, SiMe), 0.90 (9H, s, t-Bu), 1.59 (2H, m, 
CH,CH,CH=COMOM), 1.73 (3H, s, CH=CMe), 1.90-2.15 
(3H, m, CH,CHC(OMOM)CHH), 2.67 (lH, br, 
CH=C(OMOM)CHH), 2.82 (2H, m, CH,CH=CH), 3.13 
(lH, br, CHCO,Me), 3.34 (3H, s, CH,OMe), 3.64 (3H, s, 
CHCO,Me), 3.73 (6H, S, C(CO,Me),), 4.20 (IH, br, CHOSi), 
4.65 ( lH,  m, CH=COMOM), 4.75 and 4.8 1 (2H, AB, J  = 6.0 
Hz, OCH,O), 5.18 ( lH,  br, CH=CH), 5.90 (lH, br, 
CH=CMe), 7.08 (lH, br, CH,CH=CH); ms ni/e: 554 (Mf), 
539 (M' - Me), 523 (M' - OMe), 509 (M' - MOM), 497 
(M' - t-Bu). HRMS (M' - t-Bu): 497.2207; found: 
497.2 199. 

Macrocycle 50: Solvent: acetonitrile. Duration of addition: 15 
h. Duration of additional stirring: 4 h. Temperature: reflux. 
Yield: 64%; ir (film): 1735, 1660 cm-I; 'H nrnr (CDCI,, 
6 ppm): 0.00 (3H, s, SiMe), 0.04 (3H, s, SiMe), 0.86 (9H, s, t- 
Bu), 1.58 (2H, m, CH,CH,CH=COMOM), 1.74 (3H, s, 
CMe), 1.99 (2H, m, CH,CH=COMOM), 2.18 ( lH,  m, 
CH=C(OMOM)CHH), 2.54 (lH, m, CH=C(OMOM)CHH), 
2.76 (2H, m, CH,CH=CH), 2.89 (lH, m, CHCO,Me), 3.33 
(3H, S, CH,OMe), 3.63 (3H, s, CHCO,Me), 3.72 (3H, s, 
C(CO,Me),), 3.73 (3H, s, C(CO,Me),), 4.69 (lH, m, 
CH-COMOM), 4.77 (2H, m, OCH,O), 4.92 (IH, br, 
CHOSi), 5.32 (lH, br, CH,CH=CH), 5.97 (lH, br, 
CH=CMe), 6.49 (lH, br, CH,CH=CH); I3c nrnr (CDCI, 
6 pprn): -5.55, -5.19, 17.85, 20.40, 25.42, 29.41, 32.31, 
35.59, 50.47, 51.03, 52.33, 52.43, 55.55, 56.50, 73.26, 93.35, 
100.43, 124.75, 124.98, 130.85, 140.25, 153.56, 171.05, 
171.59, 172.91; ms m/e: 554 (Mf), 539 (Mf - CH,), 523 
(Mf - OCH,), 509 (Mf - CH,OCH,), 497 (Mf - t-Bu). 
HRMS (Mf - t-Bu): 497.2207; found: 497.2199. 

Alternative method used to prepare the mncrocyclic etzol ether 
29 

0,N-Bis(trimethylsi1yl)acetamide (570 pL, 2.27 mmol) was 
added to a stirred solution of the pivaloate 28 (0.74 g, 1.10 
mmol) in tetrahydrofuran (15 mL) at room temperature. The 
reaction mixture was refluxed for 5 h, cooled down to room 
temperature, then added over 14 h by means of a syringe 
pump to a refluxed solution of palladium(0) tetrakis(triphe- 
nylphosphine) (270 mg, 0.22 mmol) and 1,3 bis(diphe- 
nylphosphino) propane (97 mg, 0.23 mmol) in 
tetrahydrofuran (535 mL). The resulting mixture was refluxed 
for another 20 h. The solvent was removed under reduced 
pressure. The crude product was purified by flash chromatog- 
raphy (hexane - ethyl acetate, 24: 1) to give the title compound 
(0.49 g, 79%). 

The same method applied to the acetate 27 afforded the title 
compound in 23% yield. 

General procedure for the Diels-Alder reactions 
Tricycles 51, 52, and 53 
A solution of the macrocycle 29 (35 1 mg, 0.62 mmol) in tolu- 
ene (600 pL) was heated in a quartz tube (sealed under vac- 
uum) at 185°C for 4 h. The resulting solution was 
concentrated under reduced pressure and the residue was puri- 
fied by flash chromatography (hexane - acetone, 24: 1 ) to give 
the pure tricycle 53 (25 mg) and a mixture of 51 and 52. The 
mixture was purified by preparative thick-layer chromatogra- 
phy (hexane - ethyl acetate, 17:3; four elutions) to yield the 
tricycles 51 (17 1 mg) and 52 (26 mg). The overall yield of the 
reaction was 66% (51: 78% of the mixture, 52: 1 I%, 53: 11%). 

Tricycle 51: mp 104-105°C; ir (CH,Cl,): 1730 cm-I; 'H nrnr 
(C6D6, 6 ppm): 0.90-1.30 (3H, m, HC1, H,,C13, H,,C12), 
1.16 (3H, s, CMe), 1.36 (18H, s, t-Bu), 2.02 (lH, m, HeqC13), 
2.25-2.50 (2H, m, HC9, H,,C5), 2.60-2.90 (5H, m, Ha,C3, 
H,C10, H,,C5, HeqC12), 3.19 (lH, d, J =  15 Hz, HeqC3), 3.22 
(3H, s, OMe), 3.24 (3H, s, OMe), 3.30 (3H, s, OMe), 4.70 (2H, 
s, CH,OMe), 5.14 (2H, dd, J  = 10.5 Hz, 2.5 Hz, H2C7), 5.24 
(2H, dd, J  = 10.5 Hz, and 0.5 Hz, HC8) (see Scheme 2 for 
atom numbers: 6); I3c nrnr (C6D6, 6 pprn): 22.8, 23.9, 27.7, 
32.3, 33.7,35.4, 37.1,44.9,45.3,55.21,55.2,55.6,80.4, 80.6, 
89.0, 92.8, 129.1, 136.2, 170.7, 170.8, 171.3, 172.3; ms mn/e: 
505 (M' - OMOM). HRMS (Mf - OMOM): 505.2861; 
found: 505.279 1. 

Tricycle 52: mp: 68-69°C; ir (CH,Cl,): 1730 cm-'; 'H nmr 
(C6D6, 6 pprn): 1.14 (3H, s, CMe), 1.35 (9H, s, t-Bu), 1.30- 
1.85 (5H, m, HCI, HaXC10, HaxC12, H,C13), 1.95-2.45 (5H, 
m, H,C3, HC9, H,C5), 2.60-2.80 (3H, m, HeqC1O, He C12), 
3.08 (lH, m, HC4), 3.09 (3H, s, CH20Me), 3.25 ( g ~ ,  s, 
C02Me), 3.32 (3H, s, CO,Me), 4.34 and 4.63 (2H, AB, J  = 7.5 
Hz, OCH,OMe), 5.17 (2H, dd, J  = 10.5 Hz, 1.5 Hz, HC7), 
5.29 (2H, dd, J  = 10.5 Hz, 2.5 Hz, HC8) (see Scheme 2 for 
atom numbers: 6); 13c nrnr (C6D6, 6 pprn): 22.7, 24.2, 28.0, 
30.5,32.3,37.6,37.9,41.0,41.6,44.8,50.6,52.06,55.2,55.5, 
79.3, 89.5, 92.7, 127.3, 137.8, 171.3, 172.3, 174.8; ms m/e: 
405 (M' - OMOM); HRMS (Mf - OMOM): 405.2277; 
found: 405.2267. 

Tricycle 53: mp: 89-90°C; ir (CH,CI,): 1730 cm-I; 'H nrnr 
(C6D6, 6 ppm): 1.13 (3H, S, CMe), 1.40 (9H, s, t-Bu), 1.20- 
1.85 (4H, m, HC1, H2C5, Ha,C13), 1.95-2.25 (5H, m, HC9, 
H,,ClO, HaXC12, H,,C3, HeqC13), 2.40-2.80 (4H, m, HC4, 
He,C1O, Heq12, HeqC3), 3.21 (3H, s, OMe), 3.25 (3H, s, OMe), 
3.34 (3H, s, OMe), 4.71 and 4.73 (2H, AB, J  = 7.0 Hz, 
OCH,OMe), 4.99 (2H, dd, J  = 10.0 Hz, 2.5 Hz, HC7), 5.16 
(2H, dd, J  = 10 Hz, 1 .O Hz, HC8) (see Scheme 2 for atom num- 
bers: 6); I3c nrnr (C6D6, 6 pprn): 22.2, 23.7, 28.1, 31.0, 32.2, 
37.0, 37.8, 41.7, 42.1, 45.0, 51.0, 52.06, 55.09, 79.4, 88.4, 
92.8, 128.8, 136.8, 172.25, 174.3; ms tn/e: 405 (Mf - 
(OMOM). HRMS (Mf -0MOM): 405.2277; found: 
405.2267. 

Tricycle 54: Solvent: acetonitrile, additive: N,O-bis(trimethy1- 
sily1)acetamide (7.7 equiv.), reaction time: 3 h. Temperature: 
230°C, yield: 57%; ir: 1735 cm-I; 'H nrnr (CDCI,, 6 pprn): 
-0.01 (3H, s, SiMe), 0.07 (3H, s, SiMe), 0.89 (9H, s, t-Bu), 
0.93 (3H, s, CMe), 1.10-2.60 (8H, m, (CH,),CHCHCH,), 
1.91 ( lH,  dd, J =  15.5 Hz, 9.0Hz,CHHCHC02Me), 2.67 (lH, 
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dd, J  = 15.5 Hz, 12.5 Hz, CHHCHCO,Me), 2.84 (lH, ddd, J  = 
12.5 Hz, 8.5 Hz, 4.0 Hz, CHCO,Me), 3.39 (3H, s, CH,OMe), 
3.65 (3H, s, CO,Me), 3.70 (3H, s, CO,Me), 3.76 ( 3 ~ ,  s, 
COzMe),3.96(1H,d,J=4.0Hz,CHOSi),4.53(1H,d,J=7.5 
Hz, OCHHO), 5.29 (lH, dd, J  = 10.0 Hz, 2.5 Hz, CH=CH), 
5.41 (2H, m, OCHHO, CH=CH); ',c nmr (CDCI,, 8 ppm): 
-4.96, -3.75, 18.16, 19.02,22.76,25.99,28.97,29.70,31.43, 
33.87, 37.23, 46.26, 47.56, 51.54, 52.63, 52.71, 55.07, 55.49, 
55.56, 81.26, 87.98, 92.75, 131.45, 135.00, 171.55, 172.14, 
172.54; ms mfe: 554 (M'), 539 (M+ - Me), 523 (M+ - OMe), 
509 (M+ - MOM), 497 (M+ - t-Bu). HRMS (M+ - t-Bu): 
497.2207: found: 497.2204 ? 0.0014. 

Tricycle 56: Solvent: acetonitrile, additive: N,O-bis(trimethy1- 
sily1)acetamide (7.7 equiv.), reaction time: 3 h. Temperature: 
200°C, yield: 94%; ir: 1735 cm-I; 'H nmr (CDCl,, 8 ppm): 
0.03 (3H, s, SiMe), 0.06 (3H, s, SiMe), 0.88 (9H, s, t-Bu), 0.96 
(3H, s, CMe), 1.10-2.60 (8H, m, (CH,),CHCHCH,), 1.92 (lH, 
dd, J  = 15.0 Hz, 1 1 .O Hz, CHHCHCO,Me), 2.28 (lH, dd, J  = 
15.0 Hz, 9.0 Hz, CHHCHCO,Me), 3.03 (1 H, ddd, J  = 10.5 Hz, 
9.0 Hz, 4.0 Hz, CHC02Me), 3.41 (3H, s, CH,OMe), 3.65 (3H, 
s, CO,Me), 3.69 (3H, s, C02Me), 3.76 (3H, s, CO,Me), 4.14 
(lH, d, J  = 4.0 Hz, CHOSi), 4.73 (IH, d, J  = 7.5 Hz, 
CH=CH), 4.98 (lH, d, J  = 7.5 Hz, CH=CH), 5.24 (2H, s, 
0CH20); I3c NMR (CDCI,, 8 ppm): -4.86, 18.06, 18.33, 
23.35, 25.84, 29.68, 30.69, 31.82, 36.37, 37.03,45.24, 51.65, 
51.72,52.69,54.21,55.08,55.63, 82.65, 8 8 . 9 5 9 2 7 0  127.76, 
136.06, 171.46, 172.48, 175.47; ms m/e: 554 (M+), 539 (M+ - 
Me), 523 (M+ - OMe), 509 (M+ - MOM), 497 (M+ - t-Bu). 
HRMS (M+ - t-Bu): 497.2207; found: 497.2204. 

General procedure for the cleavage of methoxymethyl 
ethers 

Method A 
Alcohol 58 
Hydrochloric acid (1 M, 0.35 mL, 0.35 minol) was added to a 
solution of the ether 51 (0.15 g, 0.27 mmol) in methanol (5 
mL). The mixture was stirred at room temperature for 5 h. 
Dichloromethane was added and the resulting solution was 
washed with saturated aqueous sodium bicarbonate. Drying 
(MgSO,), removal of the solvent, and purification of the resi- 
due by flash chromatography (hexane - ethyl acetate, 4:l) 
gave the title compound (0.12 g, 89%); ir (CH,Cl,): 3600, 
3500, 1725 cm-'; 'H nmr (C6D6, 8 pprn): 1.1 1 (3H, s, CMe), 
1.30 (9H, s, t-Bu), 1.32 (9H, s, t-Bu), 1.25-1.50 (2H, m, HCl, 
HaxC13), 1.50-1.85 (2H, m, HaXC12, HaXC10), 2.10-2.25 
(2H, m, HC9, H,,C13), 2.35-2.90 (6H, m, He C12, HeqC1O, 
H,C3, H,C5), 3.24 (3H, s, CO,Me), 3.28 (3h, s, CO,Me), 
5.23 (2H, dd, J  = 10.0 Hz, 1.5 Hz, HC7), 5.33 (2H, dd, J  = 
10.0 Hz, and 2.5 Hz, HC8) (see Scheme 2 for atom numbers: 
6); I3c nmr (C6D6, 8 ppm): 22.7, 23.3, 27.9, 32.3, 37.4, 37.7, 
41.4, 43.7, 45.6, 52.4, 49.9, 55.6, 58.9, 81.9, 82.6, 127.6, 
137.0, 171.0, 174.4; ms mfe: 466 (M' - t-Bu), 448 (M+ - 
t-Bu - H20). HRMS (M+ - t-Bu - H20): 448.2097; found: 
448.2088. 

Alcohol 59: Yield: 89%; ir (CH,Cl,): 3600, 3440, 1730 cm-'; 
I H nmr (C6D6, 8 pprn): 1.09 (3H, s, CMe), 1.33 (9H, s, t-Bu), 
1.25 (1 H, m, HC 1 ), 1.90-2.25 (9H, m, HC9, HaxC 10, HaxC 12, 
H2C3, H2C5, H2C1 3), 2.45 (1 H, s, OH), 3.26 (3H, s, CO,Me), 
3.36 (3H, s, CO,Me), 2.50-2.80 (3H, m, HC4, He,C1O, 

HeqC12), 5.06 (2H, dd, J  = 10.0 Hz, 2.5 Hz, HC7), 5.13 (2H, 
dd, J  = 10.0 Hz, 1.0 Hz, HC8) (see Scheme 2 for atom num- 
bers: 6). 

Alcohol 60: Yield: 80%; ir (CH,C12): 3600, 3500, 1730 cm-I; 
I H nmr (C6D6, 8 ppm): 0.92 (3H, S, CMe), 1.34 (9H, s, t-Bu), 
1.05-1.25 (lH, m, HCl), 1.55-2.40 (lOH, m, HC9, H,,ClO, 
HaxC12, H,C5, H,C3, H,C13, OH), 2.60-2.85 (2H, m, 
H,,ClO, H,,C12), 2.85-3.10 (lH, m, HC4), 3.26 (3H, s, 
CO,Me), 3.29 (3H, s, CO,Me), 5.1 1 (2H, dd, J  = 10.0 Hz, 1.5 
Hz, HC7), 5.27 (2H, dd, J  = 10.0 Hz, 2.6 Hz, HC8) (see 
Scheme 2 for atom numbers: 6). 

Method B 
Alcohol 64 
Dimethylboron bromide (2 FL, 20 kmol) was added at 
-78°C to a stirred solution of the tricycle 54 (4 mg, 7 kmol) in 
dichloromethane (1 mL). The mixture was stirred for 1 h at 
-7S°C, then added to saturated aqueous sodium bicarbonate 
(5 mL) and tetrahydrofuran (10 mL). The resulting mixture 
was vigorously stirred, then extracted several times with ether. 
The ether extract was washed with brine and aqueous sodium 
bisulfate (10%). Drying (MgS04) and removal of solvent 
under reduced pressure gave an oil that was purified by flash 
chromatography on silica gel (hexane - ethyl acetate, 9: 1) to 
give the title compound (3.7 mg, 100%); ir: 3550, 1735, 1048 
cm-I; 'H nmr (CDCl,, 8 pprn): -0.01 (3H, s, SiMe), 0.10 (3H, 
S, SiMe), 0.89 (9H, s, t-Bu), 1.07 (3H, s, CMe), 1.10-2.60 
(lOH, m, (CH2),CHCHCH, and CH,CHCO,Me), 2.90 (lH, 
td, J  = 10.0 Hz, 3.5 Hz, CHC02Me), 3.22 (lH, s, OH), 3.65 
(3H, s, CO,Me), 3.70 (3H, s, CO,Me), 3.75 (3H, s, C02Me), 
4.09 (lH, d, J=3 .5  Hz, CHOSi), 5.27 (lH, dd, J =  10.0Hz, 2.5 
Hz, CH=CH), 5.38 (lH, dd, J =  10.0 Hz, 1.5 Hz, CH=CH); 
13c nmr (CDCl,, 8 ppm) ): -4.92, -3.97, 17.92, 18.17,21.97, 
25.91, 29.69, 31.50, 35.40, 35.81, 36.89, 42.97, 48.37, 51.62, 
52.60, 53.50, 55.29, 81.36, 82.42, 130.91, 132.90, 171.60, 
172.50; ms mfe: 5 10 (M+), 495 (M+ - Me), 494 (M+ - H,O), 
453 (M+ - t-Bu). HRMS (M+ - t-Bu): 453.1945; found: 
453.1936. 

Alcohol 65: Yield: 75%; ir: 3550, 1735, 1049 cm-I; 'H nmr 
(CDC13, 8 pprn): 0.12 (6H, s, SiMe2), 0.90 (9H, s, t-Bu), 1.04 
(3H, s, CMe), 1.10-3.00 ( I lH,  m, (CH,),CHCHCH, and 
CH2CHC02Me), 3.26 (lH, s, OH), 3.63 (3H, s, CO,M~), 3.70 
(3H, s, CO,Me), 3.78 (3H, s, CO,Me), 4.28 (lH, d, J =  l.OHz, 
CHOSi), 5.15 (IH, dd, J  = 10.0 Hz, 2.5 Hz, CH=CH), 5.27 
(lH, dd, J  = 10.0 Hz, 1.5 Hz, CH=CH); ',c nmr (CDC13, 
8 ppm) ): -5.1 1, -5.00, 17.79, 17.86, 22.30, 25.59, 25.72, 
25.79, 31.82, 35.30, 36.78,43.27, 50.73, 51.93, 52.43, 52.68, 
55.34, 82.47, 83.33, 130.58, 132.43, 171.56, 172.55, 173.71; 
ms m/e: 510 (M'), 495 (M+ - Me), 494 (M+ - H,O), 453 
(M+ - t-Bu). HRMS (M+ - t-Bu): 453.1945; found: 
453.1936. 

Procedure use for the lactonization attempts 
Alcohol 61 
A solution of the alcohol 58 (35 mg, 67 kmol) and paratolu- 
enesulfonic acid monohydrate (1 mg) in benzene (1 mL) was 
refluxed for 4 h. The solvent was removed under reduced pres- 
sure, and the residue dissolved in either (2 mL). Diazomethane 
(ether solution, 1 mL) was added and the resulting mixture 
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was stirred for 1 h at room temperature. Removal of solvent 
under reduced pressure gave a solid residue that was crystal- 
lized from dichloromethane and ether to give the title com- 
pound (24 mg, 90%); mp 156-158°C; ir (CH,CI,): 1790, 1740 
cm-I; 'H nmr (C6D6, s ppm): 0.87 (3H, s, CMe), 0.97 ( IH,  m, 
H,,C13), 1.35-1.65 (4H, m, HCI, H,,C10, H,,C5, H,,C12), 
1.65-1.95 (4H, m, HC9), H,,C13, H,C3), 2.12 (lH, dd, 
H,,C5), 2.40-2.62 (2H, m, H,,C12, H, ClO), 3.27 (3H, s, 
CO,Me), 3.40 (3H. s. CO,Me), 3.78 (3k, s, C0,Me). 4.89 
(2H, dd, J = 10.0 Hz, 1.5 Hz, HC7), 5.05 (2H, dd, J = 10.0 Hz, 
2.5 Hz, HC8) (see Scheme 2 for atom numbers: 6); ',c nrnr 
(C6D6, 8 22.9, 23.3, 30.9, 36.7, 37.3, 37.9, 40.8, 41.3, 
52.1, 45.3, 52.2, 55.2, 57.3, 92.3, 126.6, 135.7, 171.1, 171.8, 
172.7; ms m/e: 406 (M'); HRMS (M'): 406.1628; found: 
406.1641. 

Alcohol 62: The diazomethane treatment was omitted. Yield: 
81%; mp 143-145°C; ir (CH,Cl,): 1780, 1730 cm-'; 'H nrnr 
(C6D6, 8 ppm): 0.93 (3H, s, CMe), 1.00-1.35 (4H, m, HC1, 
H,C3, Ha,C5), 1.40 (IH, m, He,C5), 1.50-1.75 (3H, m, 
H,,C12, H,,C13), 1.80-2.00 (2H, m, H,,C13, HC9), 2.34 (lH, 
m, HC4), 2.50-2.65 (2H, m, H,,ClO, H, C12), 3.25 (3H, s, 
CO,Me), 3.33 (3H, s, CO,Me), 4.90 (2H, ad, J  = 10.0 Hz, 2.5 
Hz, HC7), 5.07 (2H, dd, J  = 10.0 Hz, 3.0 Hz, HC8) (see 
Scheme 2 for atom numbers: 6); ms d e :  348 (M'); HRMS 
(M'): 348.1573; found: 348.1570. 

Ester 63: Yield: 78%; ir (CH,CI,): 1735 cm-'; 'H nrnr (C6D6, 
6 ppm): 0.93 (3H, s, CMe), 1.55-2.20 (8H, m, HC1, HC9, 
Ha,CIO, Ha,C12, H,C5, H,C13), 2.75-2.60 (2H, m, H,,,C10, 
He C12), 3.22 (3H, s, CO,Me), 3.25 (3H, s, CO,Me), 3.30 (3H, 
s , 8 0 , ~ e ) , 3 . 5 5  (lH, t,HC4),5.21 (2H,dd, J =  lO.OHz, 1.5 
Hz, HC7), 5.37 (lH, br, HC3), 5.47 (2H, dd, J  = 10.0 Hz, 2.5 
Hz, HC8) (see Scheme 2 for atom numbers: 6); ms m/e: 362 
(M'). HRMS (M'): 362.1729; found: 362.1720. 

Lactotze 66: The diazomethane treatment was omitted. Yield: 
76%; ir: 1770, 1730 cm-I; 'H nrnr (CDCl,, 6 ppm): 0.07 (3H, 
s, SiMe), 0.1 1 (3H, s, SiMe), 0.90 (9H, s, t-Bu), 0.96 (3H, s, 
CMe), 1.10-2.90 ( l lH ,  m, (CH,),CHCHCH, and 
CH,CHCO,), 3.72 (3H, s, CO,Me), 3.76 (3H, s, CO,M~), 4.07 
(lH, d, J  = 4.0 Hz, CHOSi), 5.27 (lH, d, J  = 10.0 Hz, 
CH=CH), 5.55 (IH, dd, J  = 10.0 Hz, 2.0 Hz, CH=CH); ',c 
nrnr (CDCI,, 6 (ppm): -5.03, -4.80, 17.36, 18.07, 22.06, 
25.64, 30.75, 34.34, 36.38, 38.88, 47.76, 50.18, 52.70, 52.83, 
55.10,92.62, 127.12, 135.45, 171.45, 172.14, 174.68; ms m/e: 
421 (M' - t-Bu). HRMS (M' - t-Bu): 421.1682; found: 
421.1691. 

Alcohol 67: The diazomethane treatment was omitted. Yield: 
88%; ir: 1730 cm-I; 'H nmr (CDCl,, 6 ppm): 1.10 (3H, s, 
CMe), 0.8-2.8 (lOH, m, (CH,),CHCHCH, and 
CH,CHCO,Me), 3.00 (lH, ddd, J  = 10.0 Hz, 7.5 HZ,-2.5 Hz, 
CHCO,Me), 3.66 (3H, s, CO,Me), 3.71 (3H, s, CO,Me), 3.78 
(3H, s, CO,Me), 4.19 (lH, br, CHOH), 5.27 (2H, m, 
CH=CH); I3C nmr (CDCl,, 6 ppm): 16.99, 22.26, 29.69, 
31.72, 34.46, 36.76, 44.09, 50.64, 51.94, 52.01, 52.75, 55.23, 
82.45, 83.12, 129.39, 133.76, 171.44, 172.43, 174.24; ms m/e: 
378 (M' - H20). HRMS (M' - H,O): 378.1678; found: 
378.1674. 
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Synthesis and study of Pt(ll)-nitrile 
complexes. Multinuclear NMR spectra and 
crystal structures of compounds of the types 
[Pt(R=CN)CI,]- and cis and trans-Pt(R-CN),CI, 

Fernande D. Rochon, Robert Melanson, Eryk Thouin, Andre L. Beauchamp, 
and Corinne Bensimon 

Abstract: Complexes of the type [Pt(R-CN)Cl,]- were synthesized and studied by 'H, '", and Ig5pt NMR spectroscopies. The 
" J ( ' ~ ~ P ~ - ' ~ C )  coupling constants are about 240 Hz. The signals due to the cyano carbon atoms of the coordinated ligands were 
observed at higher fields than those of the free ligands. The shielding on the cyano carbon increases as the alkyl chain lengthens 
and also when the branching increases. The lg5pt signals of all the complexes were observed around -2000 ppm. The crystal 
structures of (NMe,)[Pt(C,H,-CN)Cl,] (1) and (NMe4)[Pt(p-HO-C6H,-CN)C13] (2) were determined. Con~pound 1 is 
monoclinic, P2,/c, a = 8.384(5), b = 15.336(19), c = 11.759(9) 8,, P = 99.52(6)", Z =  4, R = 0.054, and IVR = 0.051. Crystal 2 is 
tetragonal with a = 16.222(6), c = 12.052(5) 8,, Z =  8, R = 0.059, and wR = 0.044. The Pt-CI bond trans to the nitrile ligand is 
shorter than normal (2.276(3) 8, for 1 and 2.264(7) A for 2) while the two other bonds are normal (2.293(4), 2.287(3) 8, for 1 and 
2.320(7), 2.275(8) 8, for 2). The Pt-N bonds are 1.97(1) 8, (1) and 1.92(2) 8, (2) and the segments Pt-N=C-C are linear. 
Disubstituted compounds were also synthesized and studied by multinuclear NMR. The ' " ~ t  signals of the cis isomers were 
observed at lower fields than those of the trans isomers (A = 65 ppm), while the 13c signals of the cyano carbons of the trarzs 
isomers were observed at lower fields than those of the cis compounds (A = 0.6 pprn). The cis complexes isomerize to the trans 
compounds upon heating. The crystal structures of cis-(3) and trans-Pt(C2H5-CN),C12 (4) and also of cis-Pt@-HO-C,H,- 
CN),Cl, (5) were determined. Crystal 3 is monoclinic, P2,/c, a = 7.506(5), b = 9.539(5), c = 14.823(7) 8,, P = 92.3 1(4)', Z =  4, 
R = 0.050, and IVR = 0.042. The trans isomer 4 is monoclinic with the Pt atom on an inversion centre, P2,/c, a = 5.149(4), b = 
9.394(8), c = 10.944(10) 8,, P = 97.84(7)", Z  = 4, R = 0.017 and wR = 0.020. Finally, compound 5 is triclinic, P-I, a = 7.464(3), 
b = 10.712(6), c = 12.291(5) 8,, a = 75.63(4)', P = 75.63(4)', y = 80.32(4)', Z =  2, R = 0.045, and wR = 0.056. 'The Pt-CI bond 
distances for the cis isomers are 2.269(5), 2.270(4) 8, for 3 and 2.274(2), 2.279(3) 8, for 5 while they are 2.289(3) 8, for the trans 
isomer (4). 'The Pt-N bonds are 1.962(14), 1.988(11) 8, (3), 1.972(7), 1.976(7) 8, (5) and 1.969(5) 8, for 4. 

Key words: platinum, nitrile, NMR, isomerization, crystal structure. 

Resume : Des complexes de type [Pt(R-CN)CI3]- ont CtC synthCtists et CtudiCs par rksonance magnitique nuclCaire protonique, 
carbon-13 et platine-195. Les constantes de couplage 'J('"P~-'~c) sont environ 240 Hz. La rCsonance des carbones cyano des 
ligands coordints a CtC observCe j. un champ plus fort que celle des ligands libres. Ce blindage augmente lorsque la chaine alkyle 
s'allonge et aussi lorsque le branchement augmente. Les signaux ' " ~ t  de tous les complexes ont Cti: observes autour de -2000 
ppm. Les structures cristallines des composCs (NMe4)[Pt(C,H7-CN)Cl,] (1) et (NMe,)[Pt(p-HO-C,H4-CN)Cl,] (2) ont CtC 
determintes. Le composC 1 est monoclinique, P2,/c, a = 8,384(5), b = 15,336(19), c = 1 1,759(9) A, P = 99,52(6)", Z =  4, 
R= 0,054 et wR= 0,05 1. Le cristal2est tCtragonal avec a = 16,222(6), c =  12,052(5) 8,. Z= 8, R =  0,059 et wR= 0,044. Le lien 
Pt-Cl en position trarzs du ligand nitrile est plus court qu'un lien normal (2,276(3) pour 1 et 2,264(7) 8, pour 2) tandis que les 
deux autres liens sont normaux (2,293(4), 2,287(3) 8, pour 1 et 2,320(7), 2,275(8) 8, pour 2). Les liaisons Pt-N sont 1,97(1) ,& 
(1) et 1.92(2) ,& (2) et le segment Pt-NEC-C est IinCaire. Des complexes disubstituCs ont Cgalement CtC synthttisCs et CtudiCs par 
rtsonance magnttique multinuclCaire. Les signaux ' " ~ t  des isomkres cis ont CtC observCs j. des champs plus faibles que ceux des 
complexes trans (A = 65 ppm), tandis que les rCsonances des carbones cyano des isomkres cis ont it6 observCes B des champs 
plus forts que celles des composts trans (A = 0.6 ppm). Les complexes cis s'isomkrisent en isomkres trarzs sous l'effet de la 
chaleur. Les structures cristallines de cis-(3) et trans-Pt(C2H5-CN),CI2 (4) et de cis-PtQl-HO-C,H4-CN)A (5) ont CtC 
dCterminCes. Le crystal 3 est monoclinique, P2,/c, a = 7,506(5), b = 9,539(5), c = 14,823(7) A, P = 92,31(4)', Z =  4, R = 0,050 
et wR = 0,042. L'isomkre trans (4) est monoclinique avec I'atome de Pt sur un centre d'inversion, P2,/c, a = 5,149(4), b = 
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9,394(8), c = 10,944(10) A, P = 97,84(7)", Z = 4, R = 0,017 et LOR = 0,020. Finalement, le composC 5 est triclinique, P-I ,  a = 
7,464(3), b = 10,712(6), c = 12,291(5) A, ct = 75,63(4)", P = 75,63(4)O, y = 80,32(4)O, Z = 2, R = 0,045 et wR = 0,056. Les 
liens Pt-CI des isomkres cis sont 2,269(5), 2,270(4) A (3) et 2,274(2), 2,279(3) A (5), et 2,289(3) pour I'isomkre trans (4). 
Les liaisons Pt-N sont 1,962(14), 1,988(11) A (3), 1,972(7), 1,976(7) A (5) et 1,969(5) A (4). 

Mots clis : platine, nitrile, RMN, isomtrisation, structure cristalline. 

Introduction 

Although several disubstituted nitrile-Pt(I1) complexes, 
mostly with acetonitrile and benzonitrile, have been reported 
(1-7), few mononitrile complexes have been studied (8-10). 
The synthesis of these compounds is important as starting 
material for the preparation of mixed-ligand complexes. 

The nature of the Pt-nitrile bond is not very well known. IR 
data and X-ray diffraction of a few acetonitrile complexes 
have shown that CH,CN is bonded through its lone pair of 
electrons on the nitrogen atom (2, 8, 10, 11) and the segment 
Pt-N=C-C is linear. Acetonitrile is expected to accept elec- 
tron density from the metal, much like CO, because of its 
empty n *  orbitals. Therefore it was expected that its trans 
effect should be fairly large but this hypothesis has not been 
confirmed. 

Disubstituted nitrile compounds are usually the cis isomers. 
It was expected that the trans isomers would be formed first 
and would then isomerize to the cis compounds, similarly to 
the sulfoxide complexes (12-15). In the latter compounds, the 
(d-d)n bonding is much more efficient in the cis configuration 
than in the trans isomers. But recent studies on disubstituted 
complexes with acetonitrile, and dibenzonitrile seem to indi- 
cate that the cis compound is the first product formed, and 
isomerization then occurs (3, 16). The nature of the back- 
donation in Pt-nitrile compounds (d-n*') is quite different 
from that in Pt-sulfoxide (d-d) complexes. Bond lengths usu- 
ally give information on the presence of multiple bonding but 
this is not always obvious. Multinuclear NMR spectroscopy 
can also give some indication on the strength of the Pt-ligand 
bond. The a bond will cause a deshielding effect on the ligand 
and a shielding effect on the metal, while back-donation from 
the metal to the ligand should produce the opposite effect. We 
have measured the proton, carbon-13, and platinum-195 NMR 
spectra of several complexes of the types [Pt(R-CN)Cl,]- and 
Pt(R-CN),Cl, in order to obtain information about the Pt- 
nitrile bond. To study disubstituted compounds, it is important 
to know exactly the nature of these compounds. A study was 
undertaken to determine the configuration of such compounds, 
which were also studied by IR spectroscopy and a few by X- 
ray diffraction. The potassium mononitrile complexes are not 
very stable and decompose quite readily. To stabilize the com- 
pounds, a larger cation was used. The tetramethylammonium 
salts proved much more stable and several complexes of the 
type N(CH,),[Pt(nitrile)Cl,] were isolated and characterized. 
The compounds with butyronitrile and p-hydroxybenzonitrile 
gave crystals suitable for X-ray diffraction and their structures 
were determined. The crystal structures of the disubstituted 
complexes with propionitrile (cis and trans) and p-hydroxy- 
benzonitrile were also studied. trans-Pt(C,H5CN),C1, is the 
first example of this type of compound to be analyzed by X- 
ray diffraction methods. The results of these studies are 
described below. 

Experimental 

The 1 9 5 ~ t  NMR spectra were measured either on a Bruker 
WH-400 (85.83 MHz) or a Varian-300 (64.507 MHz) spec- 
trometer. The proton and I3c NMR spectra were obtained on 
the same instruments and occasionally (for IH) on a EM-360L 
(60 MHz) equipped with a signal averager (Varian V-2048) in 
order to measure the J ( '~~P~- 'H)  couplings. The monosubsti- 
tuted complexes were measured in D,O, while the disubsti- 
tuted complexes were measured in CDCl,. The comparison 
with the free ligands is made with identical solvents, unless 
another solvent is specified. The external standard for the 1 9 5 ~ t  
spectra was [P~(H,o)~]~+ (S = 0 ppm). The IR spectra were 
measured on either a FTIR Bio-Rad 600 (resolution 1 cm-') or 
a P.E. 783. The decomposition points were measured on a 
Fisher-Johns instrument. The ligands were obtained from 
Aldrich and K2PtC14 from Johnson Matthey and Co. The latter 
was recrystallized from water before use. 

(N(CH,),),[PtCl,] was prepared either by passing an aque- 
ous solution of K,PtC14 through a cation (N(CH3)4+) exchange 
resin or by mixing directly an aqueous solution of K,PtC14 
with tetramethylammonium chloride. The yield is quantita- 
tive; mp 260-262°C (dec.); IR: v(Pt-Cl): 318 and 303 cm-'; 
'H NMR in D,O, 6: 3.2 ppm. 

(N(CH3),)[Pt(R:CN)Cl31 
The nitrile (1 mmol) was added to 5 mL of an aqueous solution 
containing 1 mmol of (N(CH,),),[PtCI,]. 'The solution was 
stirred until it became yellow (about 10 days). The mixture 
was filtered and the filtrate was evaporated to dryness. The 
residue was dissolved in a small quantity of acetone and the 
mixture was filtered to remove KC1 and unreacted K,PtC14. 
The filtrate was evaporated to dryness and dried under 
vacuum. (N(CH,),)[Pt(CH,CN)Cl,]: Yield: quantitative; mp 
150-158°C (dec.); IR (cm-I): 2300 v(C--N), 2333 (S(CH3) 
+ v(C-C)), 345, 332, 310 (v(Pt-Cl)); 'H NMR, S(ppm): 3.19 
((CH,),N+), 2.54s + d (CH,), and 4 ~ ( ' 9 5 ~ t - ' ~ )  = 14.5 Hz. 
(N(CH3)4)[Pt(C,H5CN)C13]: Yield: 40%; dec. mp 167-185°C 
(dec.); IR (cm-I): 2295 v(C=N), 333, 323, 318 (v(Pt-Cl)); I H  

NMR, S( pm): 3.19 ((CH,),N+), 1.41 t(CH,), 2.80q(CH2), 
4 19: and J(  Pt-'H) = 14 Hz. (N(CH3),) [Pt(C,H,CN)Cl,]: 

Yield: 40%; mp 172-180°C (dec.); IR (cm-I): 2290 
v(C=N), 2342 (S(CH,) + v(C-C)), 345, 333, 318 
(v(Pt-Cl)); 'H NMR, G(ppm): 3.20 ((CH N+), 1.03t(CH3), 

4 195 1.78m(CH2), 2.97t(CH2), and J(  Pt- H) = 15 Hz. 
(N(CH,),)[Pt(PhCN)CI,]: Yield: 20%; mp 165-172°C (dec.); 
IR (cm-'): 2285 v(C=N), 345, 339, 321 (v(Pt-Cl)); 'H NMR, 
S(ppm): 3.19 ((CH,),N+), 7.75m (Ph). 

K[Pt(R-CN)C13] 
The CH,CN complex was prepared as already reported (8). 
The other complexes were synthesized in a similar way. The 
reaction time varied from 1 day to 1 week depending on the 
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ligand. The mixture was stirred on a cooling plate and evapo- 
ration was done below 30°C to avoid decomposition. 
K[Pt(CH3CN)C13: 13c NMR, S(ppm): 3.84, 117.39 (ligand: 
1.72, 1 19.81). K[Pt(C2HjCN)C13: IR (cm-I): 23 10 v(C=N) 
(ligand 2250), 342, 338, 333 v(Pt-Cl). NMR, G(ppm): 'H, 
1.27t, 2.90q (ligand: 1.22t, 2.44q); I3c, 9.87, 12.99, 121.16 
(ligand: 10.45, 11.10, 123.83). K[Pt(C3H7CN)C13: IR (cm-I): 
2303 v(C=N) (ligand 2250), 328 (br) v(Pt-Cl). NMR S(ppm): 
'H, 1.02t, 1.72m, 2.90t (ligand: 1.01t, 1.66m, 2.44t); ',c, 
13.38, 19.05, 20.75, 120.21 (ligand: 13.38, 19.08, 19.27, 
122.99). K[Pt(C,H9CN)C13: IR (cm-'): 2310 (ligand 2250) 
v(C--N), 345, 338, 325 v(Pt-Cl). K[Pt(CH,),CHCN)Cl,: I3c 
NMR, S(ppm): 19.21, 22.1 1, 123.65 (ligand: 19.75, 20.29, 
126.68). K[Pt((CH,),CCN)Cl,: IR (cm-I): 2300 v(C=N) 
(ligand 2235), 343,328,3 10 v(Pt-Cl). NMR G(ppm): 'H, 1.43s 
(ligand, neat: 1.39s); ',c, 27.75, 30.77, 125.36 (ligand: 28.1 1, 
28.84, 128.71). K[Pt(PhCN)Cl,: IR (cm-I): 2285 v(C=N) 
(ligand 2230), 355, 348, 335 v(Pt-Cl). NMR S(ppm): 'H, 
7.75m (ligand, 7.69d); I3c, 117.24, 109.85, 134.68, 130.14, 
135.99 (ligand: 119.26, 112.65, 132.48, 129.63, 133.27). 
K[Pt(p-CH,O-C6H4-CN)C1,: IR (cm-I): 2280 v(C=N), 352, 
328, 310 v(Pt-Cl). NMR G(ppm): 'H, 3.98s, 7.29d, 7.95d 
(ligand neat, 3.90s, 7.05d, 7.64d); 13c, 56.73, 1 17.76, 101.12, 
136.66, 116.02, 165.10 (ligand in CDCl,: 55.5, 119.1, 103.9, 
133.9, 114.9, 163.0). K[Pt(p-HO-C6H,-CN)C13: IR (cm-I): 
2290 v(C=N), 340, 335, 320 v(Pt-Cl). NMR S(ppm): 'H, 
7.90, 7.48 (ligand neat, 7.60, 7.00); ',c, 117.96, 100.35, 
136.90, 1 17.33, 162.73 (ligand in CDC1,: 119.6, 101.9, 134.0, 
116.5, 161.4). 

Pt(R-CN)2C12 
These complexes can be prepared from the aqueous reaction 
of K2PtCI, with an excess of the nitrile at room temperature as 
already reported for acetonitrile (1). (N(CH,),),[PtCI,] can 
also be used as starting material and the yields are quantitative. 
Pt(C2H5CN),C1,: Yield: 85%; mp 155-163°C (dec.); IR 
(cm-I): 2315 v(C=N), 35 1,345 (v(Pt-Cl)); 'H NMR, S(ppm): 
1.42t (CH,), 2.92q (CH,), and 4 ~ ( 1 9 j ~ t - ' ~ )  = 14 HZ. 
Pt(C H7CN),C1,: Yield: 85%; mp 215-250°C (dec.); IR 
(cmd): 2304 v(C=N), 2343 S(CH,) + v(C-C), 355,348 (v(Pt- 
Cl)); 'H NMR, S(ppm): 1.12t (CH,), 2.95t (CH,), 1.87m 
(CH,), and 4 ~ ( 1 9 5 ~ t - ' ~ )  = 15 HZ. Pt(C4H9CN),Cl2: Yield: 
80%; IR (cm-I): 2309 v(C=N), 359, 348 (v(Pt-Cl)). 
Pt(CH(CH,),CN),Cl,: Yield: 80%; IR (cm-I): 2303 v(C=N), 
358, 352 (v(Pt-Cl)). Pt(C(CH,),CN),CI,: Yield: 80%; IR 
(cm-'): 2301 v ( k N ) ,  353(br) (v(Pt-Cl)); 'H NMR, S(ppm): 
1.43s. Pt(PhCN),Cl,: Yield: 85%; mp 210-21 8°C (dec.); IR 
(cm-I): 2290 v(C=N), 360,345 (v(Pt-Cl)); 'H NMR, S(ppm): 
7.75m (Ph). Pt(p-OH-C6H,-CN),C12: Yield: 75%; IR (cm-I): 
2290 v(C=N), 353, 340 (v(Pt-C1)). Pt(p-CH30-C6H4- 
CN),CI,: Yield: 75%; IR (cm-'): 2280 v(C=N), 352 (br) 
(v(Pt-C1)); 'H NMR, S(ppm): 3.92s (CH,), 7.65d, 7.06d. 

The data collections (2010) were made at room temperature, 
either on a Syntex P i  diffractometer (1,5) or a Siemens P4 (2, 
3, 4), with graphite-monochromatized MoKa radiation 
(0.71069 A). The cell parameters were calculated from the 
refined angles of 15-30 centered reflections. The experimen- 
tal details of the crystallographic studies are shown in Table I. 
The scan rate varied between 1" and 29" min-I. An absorption 
correction based on the equations of the crystal faces was 
applied and the data were corrected for Lorenz and polariza- 

tion effects. The calculations were done on a Siemens SHELXTL 

system, PC-plus version. 

Results and discussion 

[Pt(R-CN)Cl,]- complexes 
The complexes K[Pt(R-CN)C13] were synthesized from the 
aqueous reaction of K,PtCI, with the nitrile in a mole to mole 
ratio of 1: 1.5. In a 1 :2 proportion, only the disubstituted com- 
pound is formed, while in a 1: 1 ratio the reaction is slow and 
decomposition can occur. The monoacetonitrile compound is 
fairly stable and can be obtained overnight, but the complexes 
with other ligands are more slowly formed (I day to 1 week) 
and are less stable. It is therefore important to cool the reaction 
medium during their synthesis. The crystals were too unstable 
in air for X-ray diffraction studies. Therefore the larger cation 
N(CH3),+ was used. The complexes were prepared from the 
aqueous reaction of (N(CH,),),[PtCl,] with the nitrile (1:l 
ratio) at room temperature. The reaction time was between 
7 and 10 days. The compounds with butyronitrile and p- 
hydroxybenzonitrile were studied by X-ray diffraction. 

The IR spectra of the N(CH,),+ complexes have shown that 
the v(C--N) vibration is observed at higher frequency in the 
coordinated ligand (A = 43-50 cm-'), while A is slightly larger 
(55-65 cm-') for the K+ compounds. This absorption at higher 
energy than in the free ligands is well known and has been dis- 
cussed in detail for cis-Pt(CH,CN),Cl, (1 1). The spectra 
showed three v(Pt-C1) (2A1 and B,) expected for a C,, symme- 
try, between 345 and 310 cm-'. The 'H NMR spectra, mea- 
sured on a low-field instrument, showed 4J('95Pt-'H) coupling 
constants of 14-15 Hz. 

The refined atomic parameters of the two complexes 
N(CH,),+ [Pt(R-CN)Cl,] where R = C,H, and p-OH-C6H4, are 
listed in Table 2. Labelled diagrams of the molecules are 
shown in Figs. 1 and 2. As expected, the coordination around 
Pt(1I) is square planar and the angles around Pt are close to 90 
and 180". The nitrile ligand is bonded through its lone pair of 
electrons on the N atom. 

Some selected bond distances and angles are listed in Table 
3. For each structure, the Pt-C1 bond in truns posit io~ to the 
nitrile ligand is shorter (2.276(3) A for 1 and 2.264(7) A for 2) 
than the other two Pt-Cl bonds, which are normal (2.293(4), 
2.287(3) A for 1 and 2.320(7), 2.275(8) A for 2). Shorter 
Pt- C1 bonds located in tran%position to CH,CN (2.263(3)- 
2.277(5) A) (1 1) and 2.266(2) A (10)) have also been reported. 
The differences are not very large, but they are very consistent. 
The trnns influence of nitriles seems therefore to be smaller 
than that of sulfoxides, halides, and amines. The short bond 
distances might also be due to the multiple nature of the Pt-N 
bonds located in tmns position to the short Pt-Cl bonds. 
These results have shown that Pt-Cl bonds located in trans 
positions to nitrile ligands are definitely shorter than normal, 
and we suggest that the presence of multiple bonding in the 
truns bond is responsible for the bond shortening. 

The Pt-N bonds are 1.97(1) A for 1 and 1.92(2) A for 
2. These values are similar to the reported values (10, 1 I), 
and are shorter than those observed for Pt-amine or Pt-pyri- 
dine bonds. The shortening might be ascribed to the pres- 
ence of electron back-donation from the metal to the 
ligand. The segment Pt-N=C-C is linear with angles Pt-N- 
C = 174(1)", 171(2)" and N-C-C = 178(1)", 176(3)" and 
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Rochon et al. 

Table 1. Experimental details of the X-ray diffraction studies of the five crystals. 

Formula 
fw 
Space group 
fl (A) 
b (A) 
c (A) 
a (") 
P (") 
Y ("1 
Volume (A3) 
z 
F(000) 

Pcalcd (Mg m-3) 
MMoKa) (mm) 
Crystal faces and 

distance from center 
(rnm) 

Transrn. factor range 
20 rnax (") 

h, k ,  1 

Independent reflcns. 
Observed reflcns. 
tv-' 

R 
wR 
S 
(uo),"dx 
(Ap)"vdx (e A3) 

C8H,,N2CI3Pt 
404.24 
P2,lc 
8.384(5) 
15.336(19) 
1 1.759(9) 
90. 
99.52(6) 
90. 
1491(2) 
4 
840 
1.854 
10.025 
12 Faces with dimen- 

sions 0.18 x 0.35 
x 0.7 1 

0.032-0.222 
5 8 
O+ 1 1, 0+20, 

-16+15 
3975 
2246 (F  > 2.50(1)) 
o'(F) 
0.054 
0.05 1 
1.63 
0.08 
I .3 (close to Pt) 

12.052(5) 
90. 
90. 
90. 
3 172(3) 
8 
1872 
2.072 
9.34 
(LOO) (-100) 0.048 
(010) (0-10) 0.029 
(001) (00-1) 0.120 
0.42 1-0.595 
57 
-1+21, -1+21, 

-1-16 
2285 
1034 ( F  > 4o(F)) 
02(F) + O.O0O1(F2) 
0.059 
0.044 
1.14 
0.06 
1.8 (close to Pt) 

C6H,oN,C12Pt 
376.15 
P2,lc 
7.506(5) 
9.539(5) 
14.823(7) 
90. 
92.3 l(4) 
90. 
1061(1) 
4 
688 
2.356 
13.83 
(100) (-100) 0.22 
(010) (0-10) 0.058 
(001) (00-1) 0.01 1 
0.212-0.723 
55 
0-9, 0-12, 

-19-19 
2754 
1447 ( F  > 5.5o(F)) 
02(F) + 0.0001(~') 
0.050 
0.042 
1.88 
0.08 
1.7 (close to Pt) 

C6HlON2Cl2Pt 
376.15 
P2,lc 
5.149(4) 
9.394(8) 
10.944(10) 
90. 
97.84(6) 
90. 
524.3(8) 
2 
344 
2.382 
13.834 
(0-1 1) (01-1) 0.048 
(011) (0-1-1) 0.067 
(-1 14) (I 1-210.15 
0.1 89-0.3 18 
55 
0+6, 0-12, 

-14-14 
1215 
863 (F  > 4.0o(F)) 
02(F) + 0.0001(F2) 
0.0 17 
0.020 
1.3 
0.000 
0.49 (close to Pt) 

Fig. 1. Labelled diagram of N(CH3),[Pt(C3H7-CN)C1,1 (1). 

the N=C bond distances are 1.13(2) and 1.13(4) A for 1 
and 2, respectively. 

The crystal N(CH3),[Pt(p-OH-C6H,-CN)C13] is stabilized 
by intermolecular hydrogen bonding between the hydroxy 
group and C1(3), located in trans position to the nitrile ligand. 
This hydrogen bond does not seem to affect the Pt-Cl(3) 
bond length. The distance O...C1(3) is 3.271 A. A packing dia- 

Fig. 2. Labelled diagram of the ion [Pt(p-OH-C,H4-CN)CI,]- (2). 

gram of the molecules has been prepared and is part of the sup- 
plementary materiaL2 

The following tables and figures have been deposited: anisotropic 
thermal factors (Sl), H coordinates (S2), bond distances and 
angles (S3), weighted best planes (S4), and packing diagrams of 
crystal 2 (Fig. S I) and of crystal 5 (Fig. S2). This material may be 
purchased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada K1 A 0R6. With the exception of Tables S 1 and 54, 
the above have also been deposited with the Cambridge 
Crystallographic Data Centre, and can be obtained on request 
from The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 lEZ, U.K. 
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Table 2. Positional parameters (x104) with their e.s.d.'s and 

Can. J. Chern. Vol. 74, 1996 

Table 2 (concblded). 
temperature factors (lo3). U,, = 113 C i C i U i , ~ ~ ~ ~ , : ~ ~ , . ~ ,  

Atom x Y z u,, (A) 

The I9'pt NMR spectra of the complexes were measured in 
D 2 0  and the results are shown in Table 4. The signals were 
observed between -1997 and -2020 ppm. The chemical 
shifts seem almost independent of the R substituent on the 

Atom x Y z u,, (A) 

ligand. Pregosin (17) had observed a downfield shift when the 
ligand became sterically larger. Due to the linear nature of the 
Pt-NEC-C segment, the binding site in nitriles is far from the 
R substituent, resulting in almost constant chemical shifts. The 
signals are observed at higher fields than those reported for 
[Pt(amine)Cl,]- (- 1822 to - 1865 in DMF, - 1855 to - 1875 
ppm in acetone (18)) and for [Pt(pyridine)Cl,]- complexes 
(- 1763 to - 1897 ppm in D20  (19)). The shielding observed 
for the mononitrile complexes (compared to amine com- 
plexes) might be attributed to the special nature of the Pt- 
nitrile bond. Nitrile ligands might be good T-donors in addi- 
tion to their a-donor ability. 

The 13c NMR spectra of the complexes were also measured 
in D20. The positions of the cyano carbons are listed in Table 
4, along with A (complex-ligand) in order to evaluate the 
influence of the R substituents. The two ligands p-CH30- 
C6H4-CN and p-HO-C6H4-CN are not soluble in water, there- 
fore their spectra were measured in CDCI,. For comparison, 
Ph-CN was also measured in CDCI,. The chemical shifts of 
the cyano carbon atoms are shifted towards higher field upon 
coordination. Most of the other C atoms are deshielded when 
com ared to those of the ligands. The substituent effects on t3 the ' C chemical shifts in free nitriles were studied and it was 
found that the cyano carbon resonance shifts to higher field 
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Rochon et al 

Table 3. Selected bond distances (A) and angles (O). 

Bond Distance Bonds Angle 

Pt-C1( 1) 2.289(3) Cl(1)-Pt-N(l) 89.9( 1) 
Pt-N( 1) 1.969(5) Cl(1)-Pt-N( la) 90.1(1) 
N(l)-C(l) 1.124(7) Pt-N( 1)-C( 1) 179.3(4) 

N(1)-C(1)-C(2) 178.1(5) 

with increasing electronegativity of the substituent R (20). 
The correlation was explained in terms of the n-bond polar- 
ization, which is causedby the electric field of the substkuent. 
The chemical shifts are linearly dependent on the n-electron 
density on the nucleus and a change on the cyano carbon atom 
is caused by the variation of the r-bond polarization (20). The 
complexation of the nitrile ligand to platinum will increase the 
polarization of the bond. It can be observed from Table 4 that, 
upon complexation, the cyano carbon atoms become more 
shielded as the number of methyl groups increase (A(com- 
plex-ligand) = -2.4 for R = CH, to -3.4 ppm for R = 
C(CH,),). There are at least three factors that could affect the 
electron density on the complexed ligand: the r-bond polar- 
ization effect as discussed above, which should increase the 
electron density on the cyano carbons as the number of methyl 
groups in the substituent R increases, the a-bond, which 
should reduce the electron density on the nitrile ligand; and 
finally the T-back-donation, which should increase the elec- 
tronic density of the ligand. Therefore, it is not easy to inter- 
pret the results of such studies. When the alkyl groups on the 
nitriles are replaced by phenyl groups, the shielding on the 
cyano carbon is slightly reduced (Table 4). The formation of 
complexes with these derivatives is favored by the mesomeric 
effect on the ligand, which increases the polarization of the 
C=N T-bond. 

The 2 ~ ( 1 9 5 ~ t - 1 3 ~ )  were difficult to measure for several rea- 
sons: the low intensity of quaternary cyano carbon atoms, the 
high field of the instrument (a 400 MHz was used, since on 
lower field instruments, the compounds decomposed after 
several hours of accumulation) that causes low intensities for 
the satellites' couplings, and finally the close environment of a 
'% atom with a spin I > '/z that increases the relaxation time of 
the cyano carbon atom. The 9 couplings vary from 223 to 257 
Hz, but the values are not very precise. The couplings are quite 
high because of the large s character of the cyano carbon 
atoms. 

Pt(R-CN),CI, complexes 
Some of these complexes are known in the literature, but their 
1 9 5 ~ t  NMR spectra and their crystal structures (except for cis- 
Pt(CH3CN)2C1,) have not been reported. When the reactions 
were done at room temperature, only cis-Pt(RCN),Cl, was 
formed (or >95%), since only one peak was observed in ' " ~ t  
NMR spectroscopy. These results are different from those 
published by Fraccarollo et al. (7), who reported that most of 
their products at room temperature were cis-trans mixtures 
containing between 7 and 15% of trans compounds, except for 
trimethylacetonitrile, which produced 80% of trans isomers 
after 4 days. But their experimental procedures were different. 
They used a much larger excess of nitrile ligands. The mixture 
was treated with dichloromethane and the isomers were sepa- 
rated by crystallization in organic solvents such as hot ben- 
zene, n-hexane, ether, and petroleum ether. We believe that 
the trans isomers were probably formed when dichlo- 
romethane was added to the mixture to extract the complexes. 
The cis-trans isomerization of these complexes in chloroform 
is discussed below. 

The ' " ~ t  signals for all the cis complexes (Table 5) were 
observed at very similar fields (-2276 to -2288 ppm) except 
for cis-Pt(p-CH30-C6H,-CN),C12, which was observed at 
slightly lower field (-2239 ppm). These values are at a 
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150 Can. J. Chern. Vol. 74, 1996 

Fig. 3. Labelled diagram of cis-Pt(C,H,-CN),Cl, (3). 

slightly higher field than those reported for the cis complexes 
of several primary amines (=-2230 ppm), and the corre- 
sponding complexes with secondary amines (=-2180 ppm) 
(18). These observations are in agreement with the results 
observed by Pregosin (17), who reported a I9jpt downfield 
shift when the ligand became more sterically demanding close 
to the binding site. Nitriles are never bulky around the binding 
atom, resulting in slightly more shielded I9jpt signals. As 
already mentioned for mononitrile complexes, nitriles might 
be good r-donors in addition to their a-donor ability. The IR 
spectra of these complexes showed two v(Pt-C1) bands (or a 
large band) around 345 and 355 cm-' as expected for CIv sym- 
metry and as already reported (2, 3 ,7 ,  11). 

The crystal structures of the cis complexes with C,Hj-CN 
(3) and p-HO-C,H4-CN (5) were determined. The refined 

Fig. 4. Labelled diagram of cis-Pt@-OH-C,H,-CN),Cl, (5). 

atomic parameters of the complexes are listed in Table 2. 
Labelled diagrams of the molecules are shown in Figs. 3 and 
4. Some selected bond distances and angles are listed in Table 
3. The Pt-Cl bonds are again shorter than normal (2.269(5), 
2.270(4) A for 3 and 2.274(2), 2.279(3) A for 5) as observed 
for the Pt(I1)-mononitrile complexes discussed above and as 
reported for c i ~ - P t ( c H ~ c N ) ~ C l ~  (1 l), confirming the small 
trans influence of nitriles. Again, we believe that the presence 
of multiple bonding in the trans bond is responsible for these 
bond shortenings. 

The Pt-N bonds are 1.962(14), 1.988(11) A for 3 and 
1.976(7), 1.972(7) A for 5. These values are similar to those 
observed for c i ~ - P t ( c H ~ c N ) ~ C l ~  (1 l), and are shorter than 
those usually reported for Pt-amine or Pt-pyridine bonds. The 
shortening might be due to the presence of electron back- 
donation from the metal to the ligand or (and) to the presence 
of r-donation from the ligand. The segments Pt-N-C-C are 
linear with angles Pt-N-C = 175(1)", 176(1)"; 177.7(7)", 
175.9(7)" and N-C-C = 174(1)", 178(1)"; 175.3(9)", 177(1)" 
for 3 and 5, respectively. The nitrile bonds are 1.09(2), 1.14(2) 
A for 3 and 1.15(1), 1.16(1) A for 5. The crystal cis-Pt(p-OH- 
C,H4-CN),Cl, is stabilized by intermolecular hydrogen bonds 
between the hydroxy groups and the chloro ligands. The dis- 
tances O(1) ... Cl(1) and O(2) ... Cl(2) are 3.417(6) and 
3.161(8) A and the angles C - 0  ... C1 are reasonable, 101.5(6)" 
and 1 1 1.3(6)", respectively. 

When the cis isomers were heated for a few hours at about 
50°C in CHC1 , they partly isomerized to the trans com- 
pounds. The 194t  NMR spectra showed a new signal at lower 
field than that of the cis isomers (A = 65 Hz). The isomeriza- 
tion was not complete. For the complex Pt(C2H,CN)2C12, the 
proportion of each isomer was about 50%. The mixture was 
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Rochon et al 

Table 4. I3C (cyano carbon) and ' 9 5 ~ t  NMR spectra of K[Pt(R-CN)CI,] in D20. 

R &(a), ppm A(complex-ligand) ?J(~"P~-"C), Hz &(Pt), ppm 

"The ligands were measured in CDCI,; n.o., not observed. 

Table 5. I3C (of the cyano C) and '"Pt NMR signals of the Pt(R-CN),CI, 
complexes (in CDCI,). 

&("C) 'J('~~P~-'") (Hz) 6(" '~t) (ppm) 

R cis trans cis trans cis tratzs 

Fig. 5. Labelled diagram of trans-Pt(C,H,-CN),C12 (4). 

chromatographed on a silica gel column using CH2C1,- 
CH30H as eluant. The separation was almost complete. The 
first compound to be eluted was the tratzs isomer, which was 
shown by ' 9 5 ~ t  NMR to contain about 5% of the cis isomer. 
The IR spectrum of the purified trans compound showed a 
single sharp v(Pt-C1) band at 347 cm-'. These results are sim- 
ilar to those reported on cis-Pt(R-CN),C1, (R = CH:, and Ph), 
which were found to isomerize in the solid state, to the trans 
isomers with partial decomposition. In solution, a mixture of 
cis and trans isomers were obtained (4, 16). 

These observations suggest that, at room temperature, the 
first compound formed in these reactions is the cis isomer, 
which then isomerizes to the trans compound upon heating. 
The trans effect of nitriles seems therefore to be smaller than 
that of chlorides. This result might appear surprising because 
of the presence of multiple bonding in the nitrile ligands. But 

the nature of the Pt-nitrile bond is very different from that 
with ligands having a high tratzs effect. Ligands which have a 
high tratzs effect can form n-bonds with the metal either 
through a (d-d)n bond like sulfoxides or phosphines, or 
through the multiple bond of the ligand as observed for 
alkenes or alkynes, where the multiple bond of the ligand is 
perpendicular to the platinum plane. With nitriles, the 
segment Pt-NEC-C is linear and therefore the triple bond of 
the nitrile is in the Pt square plane. 

In I3c NMR spectroscopy, the cyano carbon atoms of the 
cis isomers are more shielded (0.6-1.5 ppm) than those of the 
trans compounds (Table 5) .  The 195Pt NMR spectra have 
shown that the trans isomers are more shielded (=65 ppm), as 
expected from the results of I3c NMR spectroscopy. The 
back-donation of electron density from the metal to the ligand 
is less effective in the trans isomer than in the cis isomer, 
which has very effective ~ ( d - n ' ~ )  bonding. The " ( 1 9 5 ~ t - ' 3 ~ )  
coupling constants for the trans isomers (286 Hz) are larger 
than those for the cis compounds (23 1 Hz), as was observed by 
Fraccarollo et al. (7). 

The crystal structure of trans-Pt(C,H5CN),C1, (4) was 
determined. This is the first crystal structure report on a trans 
compound. The labelled diagram of the molecule is shown in 
Fig. 5. The Pt atom lies on an inversion centre. The Pt-Cl dis- 
tances are 2.289(3) A, very similar to the distances observed 
for the bonds located in cis positions to the nitrile in [Pt(R- 
CN)Cl,]-, in agreement with the hypotheses described above 
regarding short Pt-CI bonds located in tratzs positions to 
nitrile ligands. The Pt-N bonds are 1.969(5) A, identical to 
the values obtained in the crystals described above. The N-C 
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bond is 1.124(7) A, and the Pt-N-C(l) and N-C(1)-C(2) angles 
are 179.3(4)" and 178.1(5)", respectively. 
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Some thermodynamic and transport properties 
of lithium salts in mixed aprotic solvents and 
the effect of water on such properties 

Lorraine Couture, Jacques E. Desnoyers, and Gerald Perron 

Abstract: In a continuing study on the optimization of the electrolyte medium for high-energy lithium batteries, volumes, heat 
capacities, and specific conductivities of LiC10, and LiBr were measured in mixtures of y-butyrolactone (BUTY) and 1,2- 
dimethoxyethane (DME) and of propylene carbonate (PC) and BUTY. These results are compared with those of the electrolytes 
in the pure solvents. Phase diagrams are also reported when appropriate. The effect of addition of water to these binary and 
ternary systems was investigated with the same techniques. The mixtures DME-BUTY, PC-DME, DME-H,O, and BUTY-H,O 
are typical of mixtures oTaprotic solvents and mixtures of aprotic solvents and water. The electrolytes at high concentrations in 
aprotic solvents of low dielectric constants are largely associated. The medium still conducts electrolytically since the ion pairs 
are in a state that resembles to a large extent that of a molten salt. With some systems at high concentration, stable solvates persist 
in the solution medium, as evidenced mostly by heat capacities, and are in equilibrium with either the excess solvent or 
unsolvated molten salts. In mixed solvents, the properties of electrolytes can largely be predicted from the binary systems and by 
the coexistence of these solvates. The properties of water in DME, BUTY, or mixtures of the two solvents are modified 
significantly in the presence of LiBr but only slightly with LiCIO,. These specific interactions, which affect the heat capacities 
much more than the volumes and which are especially large with the system LiBr-DME, could be responsible for the decrease in 
reactivity of water with lithium metal in an aprotic medium in the presence of certain electrolytes. 

Key words: LiCIO,, LiBr, y-butyrolactone, dimethoxyethane, propylene carbonate, lithium battery, aprotic solvent, water, 
association, solvates, solid-liquid phase diagrams, volumes, heat capacities, specific conductivities. 

RCsumC : Dans le cadre d'une Ctude sur I'optimisation du milieu Clectrolytique pour les piles au lithium i haute densite 
d'Cnergie, les volumes, capacitCs calorifiques et conductivitCs spkcifiques du LiCIO, et du LiBr ont CtC mesurks dans des 
mClanges de y-butyrolactone (BUTY) et de 1.2-dimCthoxyCthane (DME) et dans des mClanges de carbonate de propylene (PC) 
et de BUTY. Ces rCsultats ont CtC comparCs aux propriCtCs Cquivalentes des Clectrolytes dans les solvants purs. Les diagrammes 
d'Ctat sont aussi prCsentCs pour plusieurs systkmes. L'effet d'addition d'eau i c e s  systkmes binaires et ternaires a aussi CtC CtudiC 
par les mCmes techniques. Les mklanges DME-BUTY, PC-DME, DME-H,O et BUTY-H,O sont typiques des melanges de 
solvants aprotiques et de solvants aprotiques dans I'eau. Les Clectrolytes i forte concentration dans les solvants aprotiques de 
faible constante diClectrique sont fortement associks. Le milieu est quand mCme conducteur puisque les paires d'ions sont dans 
un Ctat similaire i celui d'un sel fondu. Dans certains systkmes 6 forte concentration, des solvates stables existent en solution, tel 
que mis en Cvidence par les capacitks calorifiques, et sont en Cquilibre avec soit un excks de solvant ou un excks de sel fondu non 
solvatC. Dans les solvants mixtes, les propriCtks peuvent en grande partie Ctre prCdites par les systkmes binaires et par la 
coexistence de tels solvates. Les propriktks de l'eau dans le DME, le BUTY et le mClange des deux solvants sont modifiCes de 
fac;on apprkciable en prksence de LiBr mais ICgkrement en presence de LiCIO,. Ces interactions spCcifiques, qui affectent 
beaucoup plus les capacitCs calorifiques que les volumes, peuvent Ctre responsables de la grande attenuation de la rCactivitC de 
I'eau au lithium en prCsence de LiBr. 

Mots cl6s : LiClO,, LiBr, y-butyrolactone, dimkthoxyCthane, carbonate de propylene, batterie au lithium, solvant aprotique, eau, 
association, solvates, diagrammes de phase solide-liquide, volumes, capacitks calorifiques, conductivitCs spCcifiques. 

Introduction storage and low environmental impact. The relatively low sol- 
ubility and conductivity of lithium salts in aprotic solvents and 

Lithium batteries are often considered future leaders in the bat- the reactivity of the solvents with lithium metal often limits 
tery industry, mainly because of their high capacity for energy the efficiency of such batteries. For these reasons, mixed apro- 

tic solvents are often envisaged in o~timization studies. For - 
example, acetonitrile (AN) reacts slowly with lithium metal 
but mixtures of acetonitrile with propylene carbonate (PC) are 
quite stable (1). It is also interesting to note that the reactivity 

L. Couture, J.E. Desnoyers, and  G.  erro on.' INRS - ~ n e r g i e  & of the solvent with lithium is often altered significantly in the 
matCriaux, 1650, boul. Lionel-Boulet, P.O. Box 1020, Varennes, presence of an electrolyte (2). For example, while both SO, 
QC J3X I S2, Canada. and AN react with lithium, the formation of a complex 
' Author to whom correspondence may be addressed. between LiBr and SO, decreases the reactivity with lithium (3, 

Telephone: (5 14) 449-795 1. Fax: (5 14) 449-7954. 4). 

Can. J Chem. 74: 153- 164 ( 1  996). Primed in Canada / I~nprime au Canada 
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Water is often one of the main impurities of the electrolyte 
medium since the solvents and the lithium salts are hygro- 
scopic. The reaction of water with lithium metal forms a 
hydroxide or oxide that passivates the anode and generates 
hydrogen gas. This makes the battery unsafe for commercial 
use. To reduce the manufacturing cost of lithium batteries, it is 
desirable to reduce the need for highly dried solvents. This can 
be achieved by controlling the reactivity of water with lithium 
rather than trying to eliminate it completely from the electro- 
lyte system. ~ h e i e  are various ways of controlling this reactiv- 
ity. Any physical process that hinders the adsorption of water 
should decrease the extent of reaction with lithium. This can 
be achieved by the formation of a protective film on the sur- 
face of lithium or by complexing or reacting water with addi- 
tives or hygroscopic components in the aprotic solvent 
medium. 

Most recent fundamental studies on the reactivity of water 
with lithium are concerned with the identification of the in situ 
film formed on the surface of the lithium metal exposed to var- 
ious solutions and to the effect of water on the electrochemical 
rechargeability of the battery. Analytical techniques such as 
FTIR in external reflectance mode ( 3 ,  XPS (6, 7), Raman 
spectroscopy (8), and electrochemical corrosion potential (9- 
11) have been used for this purpose. Indirect information on 
films can also be deduced from the investigation of chemical 
reactions involving lithium. In particular, Dey et al. (2) studied 
the reactivity of AN with lithium by differential scanning cal- 
orimetry and Holding and Fletcher (1 l )  used the reaction of 
lithium with bromobenzene to study film formation on lithium 
foil. All these studies show that film formation is fast. even 
when experiments are performed in an argon dry box. A sur- 
face film will be formed with lithium in practically all batteries 
constructed with lithium foil and this will have some effect on 
the initial discharge curve or on the recycling. 

The second approach in the control of the reactivity of water 
is to complex or react it with an additive in the solution. Inves- 
tigations in our laboratory show that the presence of LiBr, and 
to a lesser extent LiC104, in y-butyrolactone (BUTY) and 
1,2-dimethoxyethane (DME) containing water significantly 
hinders the reactivity of the water with lithium metal. For 
example, the total time needed to completely consume a lith- 
ium pellet (0.014 mol) by reaction with 1 mol kg-' of water is 
increased 150-fold in the presence of 1.5 mol kg-' of LiBr in 
BUTY. 

Relatively little is known about the properties of concen- 
trated electrolytes in aprotic solvents. At very low concentra- 
tion, the free ions are highly solvated and the concentration 
dependence will be governed by long-range Coulombic forces 
as predicted by the Debye-Hiickel theory. As the concentra- 
tion increases, association takes place and the ion pairs could 
also interact with the solvent. At still higher concentration, the 
properties of the electrolyte must approach those of a molten 
salt. The nature of the interactions becomes even more com- 
plex if mixed solvents or mixed electrolytes are used or if addi- 
tives or contaminants such as water are present. 

The present investigation is part of a continuing study on the 
characterization of the electrolyte medium for high-energy 
batteries through thermodynamic and transport properties. The 
volumes, heat capacities, and, to a lesser extent, compressibil- 
ities of electrolytes were measured in AN (12), PC (13, 14), 
and BUTY and DME (15). Transport properties were also 

measured with some systems (15). A simple association 
model has been proposed for the interpretation of the thermo- 
dynamic properties of electrolytes in acetonitrile (16) and 
work under way (17) shows that the Bjerrum association 
model can account quantitatively for the low concentration 
dependence of the partial molar volumes of electrolytes in 
aprotic solvents. It was also observed that stable solvates, 
which are identified in the solid-liquid phase diagrams, often 
persist in the solution above the melting point of the solvate 
and seem to affect the thermodynamic and transport properties 
of the solutions (18). 

In this paper we report the properties of lithium salts in 
mixed aprotic solvents. The electrolytes chosen are LiClO, 
and LiBr and the mixed aprotic solvents are BUTY-DME and 
PC-DME. Only LiC104 was investigated in the mixture PC- 
DME. These solvents, which are used in commercial batteries, 
have many of the required characteristics for the electrolyte 
medium of lithium batteries (19) while having vastly different 
structures; BUTY and PC are cyclic molecules while DME is 
a linear one. DME is also an analog of polyethylene oxide, 
which is used in solid electrolyte lithium batteries (20). 

D C = O  cI>C=O CHI-0-CHrCH2-0-CHI 

CH3 
BUTY PC DME 

In a second set of experiments, the effect of the presence of 
water on the thermodynamic and transport properties was 
investigated. The purpose of these investigations was to eval- 
uate the importance of the interactions between water and the 
electrolytes and to understand the impact of such interactions 
on the reactivity of water with the lithium electrode. In partic- 
ular, it is hoped that such investigations will explain the 
effectiveness of electrolytes such as LiBr in reducing the 
reactivity of traces of water in aprotic solvents with lithium 
metal. 

The properties investigated are solid-liquid phase dia- 
grams, volumes, heat capacities, and specific conductivities. 
In the case of the ternary system DME-H20-LiBr, the liquid- 
liquid phase diagram was also determined. 

Experimental 
The techniques for the determination of the thermal analyses, 
densities ( 4 ,  heat capacities per unit volume (a), and specific 
conductivities (k,,) were the same as in previous studies (14). 
The ternary phase diagram LiBr-H20-DME was determined 
with the cloud point technique. The specific heat capacities 
were calculated from a and d by the relation 

where the subscript (0) refers to the pure solvent (binary sys- 
tems) or reference mixed solvent (ternary system). 

The origin and purity of the chemicals are the following. 
LiC10,: Omega Chemical Products, dried at 205°C under vac- 
uum. LiBr: Aldrich, dried under vacuum at 200°C. DME: 
American Chemicals, anhydrous, distilled in glass. BUTY: 
Omega Chemical Products, dried over molecular sieves, redis- 
tilled under vacuum. PC: Aldrich, 99.7% anhydrous, used as 
such. 
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Couture et al 

Fig. 1. Solid-liquid phase diagrams of the systems LiC10,- 
BUTY- DME, LiC104-PC-DME, and LiBr-BUTY-DME. Data 
are taken from Perron et al. (14). 

Results and discussion 

The densities and heat capacities were used to calculate appar- 
ent molar quantities of components 1 or 2, Y,,, and Y,,,, or 
excess thermodynamic quantities, Vex or CeX. 

where M I  and M2 are the molecular mass of the solvent 1 and 
solute 2, respectively, m2 is the molality (moles per kg of sol- 
vent or mixed solvent) of the solute, X2 the mole fraction of the 
solute, and the subscript 0 refers to the reference system (pure 
solvent or mixed solvent). 

where Y is the overall property (volume or heat capacity) per 
total number of moles, the superscript (*) refers to the molar 
properties of the pure liquids, and Xi is the mole fraction of 
component i. The reduced excess properties are directly 
related to the apparent molar quantities (1 8), 

At infinite dilution (XI or X2 + 0), YeX/X,X2 will tend to YZ0 - 
y2* and to Y1O - Y,*, where YZ0 and YIOare the standard infinite 
dilution partial molar quantities of the two components. 

The original data on the mixtures of aprotic solvents and on 
the mixtures of aprotic solvents with water are given in Table 
1. The parameters required to fit the reduced excess quantities 
of mixtures of aprotic solvents are given in Table 2. It is pos- 
sible to measure YI0 - y2' more precisely than the absolute 
YZ0, since it is not always easy to measure precisely YZ0 of the 
solvent. For example, with a flow instrument, a heat capacity 
cannot be measured to better than 0.5% and often the absolute 
error can be of the order of 1-2% (proper references, presence 
of impurities, etc). Also, as noted previously (15, 21), the cal- 
ibration constants of some flow densimeters are slightly dif- 
ferent for aqueous and nonaqueous systems. While this source 
of error hardly affects the reduced excess volumes of aque- 
ous-organic mixtures, it affects systematically the absolute 
values of V2,, by about 0.07 cm3 mol-' with the densimeter 
used. The YZ0 of the binary solvent systems are given in Table 
3 along with the values of Y," used for the calculations. 

The original data for the ternary systems and for the phase 
diagrams are available as supplementary material2 and only 
the trends will be shown graphically. 

Since our aim is to compare the properties of the electro- 
lytes in the solvents with those in the mixed solvents, we have 
chosen, when appropriate, to plot the data in three-dimen- 
sional graphs. Essentially, these graphs combine three two- 
dimensional graphs, e.g., the property of an electrolyte in sol- 
vent 1, in solvent 2, and in the mixed solvent at a fixed elec- 
trolyte concentration. 

Solid-liquid phase diagrams 
The solid-liquid phase diagrams for all the binary systems of 
the components DME, BUTY, PC, LiClO,, and LiBr were 
taken from the literature or determined from thermal analysis 
and are shown in Fig. 1. The system DME-BUTY forms a 
simple eutectic and is close to being ideal since the phase dia- 
gram can be largely accounted for through the enthalpies of 
fusion assuming ideal solubilities. The mixture DME-PC 
forms a glass in the PC-rich zone and only a glass-transition 
temperature Tg is observed. No eutectic temperatures are 
observed. Still, in the DME-rich zone, the trends of the liquid- 
solid equilibria are those predicted from ideal solubilities. The 
phase diagram is possibly of the solid solution type. The 
solid-liquid phase diagram of LiC10,-DME indicates that 
LiC10, forms a 1:2 complex with DME that melts at about 
335 K. In BUTY, only the dilute region could be investigated 
since a Tg is present at higher concentrations. LiBr forms a 1 :3 
solvate in BUTY (mp 30 1 K) and a .1:2 solvate (mp 3 15 K) in 

A complete set of data may be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA OS2. 
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Table 1. Reduced excess volumes and heat capacities of solvent mixtures at 25OC. 

Can. J. Chern. Vol. 74, 1996 

- 

DME-WATER BUTY-WATER 

X DME d-do V x K I X 2  C,,YXlX2 X BUTY d-do Vc"lXIX, Cpe7XIX, 
g cm-"03Aa/ao cm3 mol-' JK-' mol-' g cm-' 10%a/a, cm3 mol-' JK-I mol-I 

"The aprotic solvent is the reference in these mixtures. The densities of the pure liquids are taken as: (H,O) 0.997 047, (DME) 0.860 849, (BUTY) 1.122 701. 
The specific heat capacities are: (H,0) 4.1796; (DME) 2.230; (BUTY) 1.738. 
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Couture et al. 157 

Table 1 (concluded). 

BUTY-DME PC-DME 

X DME a-do V'"/X,X? Cl,cTIXIX? X BUTY d-do Vcx/XIX2 C,,?X,X? 
g c m ~ ~ ~ ~ ~ o / o ,  cm3 mol-' JK-' mol-' g cm" 1 0 3 A ~ / ~ o  cm' mol-' JK-' mol" 

0.045 14 0.010 519 4.34 -4.799 9.88 0.100 20 0.032 053 -5.047 
0.087 788 0.020 464 8.42 -4.631 10.78 0.200 18 0.063 886 -4.537 
0.132 85 0.031 045 11.5 -4.508 9.73 0.300 18 0.095 972 -4.166 
0.176 71 0.041 448 15.0 -4.425 10.14 0.399 37 0.128 256 -3.888 
0.223 34 0.052 537 17.2 -4.298 9.39 0.476 88 0.153 793 -3.678 
0.280 10 0.066 244 20.6 -4.191 9.70 0.600 18 0.195 259 -3.41 1 
0.318 80 0.075 671 21.6 -4.113 9.09 0.699 54 0.229 5 19 -3.238 
0.399 24 0.095 662 24.2 -4.000 9.03 0.796 21 0.263 634 -3.099 
0.421 51 0.101 21 1 24.3 -3.946 8.79 0.899 98 0.301 153 -2.973 
0.454 28 0.109 521 24.8 -3.900 8.7 1 0.029 05 0.009 34 5.11 -5.527 14.54 
0.504 13 0.122 314 25.6 -3.832 8.86 0.051 14 0.016 142 7.87 -4.715 1 1.85 
0.599 92 0.147 494 23.9 -3.721 7.78 0.059 98 0.019 197 9.83 -5.222 13.18 
0.641 14 0.158 568 23.2 -3.676 7.68 0.099 91 0.031 942 15.9 -5.025 13.15 
0.700 03 0.174 655 2 1.8 -3.612 7.69 0.149 61 0.047 745 22.2 -4.748 12.14 
0.749 46 0.188 406 19.7 -3.557 7.29 0.199 94 0.063 885 28.2 -4.589 11.65 
0.800 60 0.202 938 17.7 -3.522 7.44 0.250 09 0.079 866 33.3 -4.345 11.19 
0.849 79 0.217 111 15.2 -3.460 7.55 0.349 85 0.111 875 42.2 -3.93 1 10.44 
0.900 06 0.231 913 12.3 -3.422 7.87 0.399 94 0.128 149 45.1 -3.767 9.88 
0.949 89 0.246 878 8.32 -3.401 7.28 0.499 80 5 1 .O -3.506 9.15 0.161 1 

0.550 39 0.178 129 54.1 -3.419 8.78 
0.749 86 0.246 8 12 60.0 -3.006 6.71 
0.800 05 0.264 852 60.4 -3.019 6.35 
0.828 18 0.274 965 60.2 -2.989 5.21 
0.849 77 0.282 75 1 6 1.7 -2.954 6.98 
0.859 38 0.286 244 61.1 -2.947 5.32 
0.892 51 0.298 32 61.9 -2.903 5.45 
0.928 82 0.3 1 1 703 60.9 -2.886 1.30 
0.929 89 0.3 1 1 484 62.5 -2.192 6.29 
0.959 95 0.323 218 62.0 -2.796 1.14 

The reference solvent in both cases is DME. The densities of the pure liquids are taken as: (DME) 0.861413; (BUTY) 1.123609; (PC) 1.199486. The specific 
heat capacities are: (DME) 2.183; (BUTY) 1.681; (PC) 1.669 

Table 2. Parameters of the mixing function Yx/XIX, = A, + ByX2 + 
CyX2' at 25°C. 

System Property A Y BY CY 

B UTY(2)DME( 1 ) v/cm3 mol-' -4.86 2.63 -1.18 
Cl/J K-' mol-' 10.392 -3.549 

PC(2)DME(l) v/cm3 mol-' -5.543 5.306 -2.685 
C,/J K-I mol-' 13.585 -8.921 

DME. LiClO, forms a glass in PC and the phase diagram 
could not be determined. 

Specific conductivities, volumes and heat capacities of 
binary and ternary systems 

The reduced excess volumes and heat capacities for the binary 
systems BUTY-DME and PC-DME are shown in Fig. 2. This 
representation is more informative than the usual method of 
plotting excess thermodynamic functions, and the near linear- 
ity of these reduced functions shows that the nonideality of 

these mixtures of aprotic solvents can be defined nearly 
entirely by two functions, Y20 - y2* and Y," - Y,* . These 
trends are typical of mixtures of aprotic solvents. The interac- 
tions are stronger for PC and BUTY surrounded by DME 
(more positive excess partial molar heat capacity and more 
negative excess partial molar volume) than for DME sur- 
rounded by the other aprotic solvent. The difference in the sol- 
vation of the two solvents is larger for the system PC-DME 
than for BUTY-DME. These values are comparable to those 
of PC in aromatic liquids (22). 

At very low concentrations, electrolytes in aprotic solvents 
must be completely dissociated and the limiting trends in ther- 
modynamic properties should be those expected from the 
Debye-Hiickel theory. Similarly, the transport properties 
should be those of typical electrolytes The properties should 
thus vary with the square root of the molality or molarity. 
However, they behave as strongly associated electrolytes in 
aprotic solvents of low dielectric constant in the concentration 
range presently studied, which represents the working electro- 
lyte concentrations of lithium batteries. At these concentra- 
tions, the systems resemble mixtures of polar liquids more 
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Table 3. Thermodynamic functions for mixtures at 25OC. 

Can. J. Chern. Vol. 74, 1996 

System v,"/cm3 mol-I v2*/cm3 mol-I CO,,,,/J K-' mol-I C,,,,/J K-' mol-I 

DME(BUTY) 
BUTY(DME) 
PC(DME) 
DME(PC) 
H,O(BUTY) 
B UTY (H,O) 
H,O(DME) 
DME(H,O) 

Fig. 2. Reduced excess volumes and heat capacities of the 
binary systems PC-DME and BUTY-DME at 25OC. 

Fig. 3. Specific conductivities LiC10,-BUTY-DME, LiCI0,- 
PC-DME and LiBr-BUTY-DME. Data for the binary systems 
are from Perron et al. (14) and for the ternary system LiCIO, in 
PC-DME are from Gores and Barthel(23). The open circles are 
for the electrolytes in each solvent and the closed circles are for 
the electrolyte in the mixed solvent. 

0 0 0.2 0.4 0.6 0 8 1 0  

x2 

than electrolyte solutions. We therefore felt that it would be 
preferable to express all concentrations in terms of mole frac- 
tions to compare the trends in the properties. 

The specific conductivities (k ,  ) at 25OC are shown in Fig. 3. 
p 

When the electrolytes are sufficiently soluble in the aprotic 
solvents, kSp of the binary systems generally goes through a 
maximum; with the two present solvents the maximum is at 
about 0.7 mol kg-'. For the ternary systems, the concentrations 
of the electrolyte were kept constant at 0.1 and 0.7 mol kg-' 
and the mole fraction of the mixed solvent was changed from 0 LiCI0,-PC-DME 
to 1. The trends are the same for both electrolyte concentra- 
tions but are more pronounced at the higher concentration. 
Therefore, only the trends of LiClO, and LiBr at 0.7 mol kg-', 
corresponding to approximately 0.06 mole fraction, are shown 
in Fig. 3. As for the binary systems, ksp of the ternary systems 
also goes through a maximum, as observed by many authors 
(1, 23). With both solvent mixtures, there is a gain in conduc- 
tivity when a mixed solvent is used. This gain is particularly 
important with the system LiC10,-PC-DME. 

The trends in V2,q and Cp,2,q of the two electrolytes in the 
mixed solvents are compared with the binary systems in Figs. 
4 and 5. The results for LiBr in DME are for supercooled solu- 
tions. It has been shown (15), however, that these trends are 
quite similar to those at 45°C. For the ternary systems, the 
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Couture et al. 159 

Fig. 4. Apparent molar volumes of the electrolytes in the Fig. 5. Apparent molar heat capacities of the electrolytes in the 
systems LiC10,-BUTY-DME, LiCI0,-PC-DME, and LiBr- systems LiCI0,-BUTY-DME, LiC10,-PC-DME, and LiBr- 
BUTY-DME. Data for the binary systems are from Perron et al. BUTY-DME. Data for the binary systems are from Perron et al. 
(14). The open circles are for the electrolytes in each solvent and (14). The open circles are for the electrolytes in each solvent and 
the closed circles are for the electrolyte in the mixed solvent. the closed circles are for the electrolyte i n  the mixed solvent. 

Cp,2,w(LiC10q) in BUTY-DME 
V,,,(LiCIO,) in BUTY-DME 

CpS2,@(LiBr) in BUTY-DME 

Cp,2,,(L~CI0,) In PC-DME 

electrolyte concentrations were fixed at 0.1 mol kg-', which is 
less than 0.01 for the associated electrolyte on a mole fraction 
scale. It should be recognized that below 0.1 mol kg-' the ther- 
modynamic properties would undergo further changes due to 
the increasing presence of free ions. These trends at low con- 
centration could be predicted if the association constant of the 
electrolyte and the variation of the dielectric constant with 
pressure and temperature are known (17). 

The V , ,  of LiC10, in Fig. 4, in the concentration range 
investigated, are much larger in BUTY and PC than in DME 
and vary nearly linearly with the salt mole fraction in the binary 
systems and also vary linearly with the mole fraction of the 
mixed solvent. It is therefore expected that the V2,, of LiCIOJ 
would also vary nearly linearly with the mole fraction of the 
mixed solvent at other salt concentrations. This of course 
would not be true if measurements could be made at very low 
concentrations where the electrolytes would be dissociated 

(15) .  V,., of LiBr varies nearly linearly in BUTY but decreases 
significantly at low concentration in DME. The trend in the 
mixed solvent BUTY-DME is also linear up to X,,,, = 0.9 and 
then dips to a lower value as for the binary system. 

As shown in Fig. 5 ,  the C,,,,,, of the two electrolytes shows 
important nonlinear concentration dependences in DME. 
LiC10, varies nearly linearly with mole fraction in PC and 
shows only a small deviation from linearity at low concentra- 
tion in BUTY. LiBr has a significant concentration depen- 
dence in BUTY and DME. C,,. , shows also a large deviation 
from linearity when the mole friction of the mixed solvents is 
changed with all systems, expecially in the DME-rich region. 

Electrolytes are largely associated at these concentrations. 
Association in these systems must be understood in the sense 
of Bjerrum; ion pairs are not necessarily in physical contact 
but are under the influence of strong Coulombic forces. This 
state resembles in many aspects that of a molten salt. For 
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example, it was shown (16) that when an associated electro- 
lyte forms a nearly ideal solution with an aprotic solvent up to 
the molten salt (simple eutectic phase diagram), such as the 
system ethylammonium nitrate - acetonitrile, the thermody- 
namic properties of the associated electrolyte are approxi- 
mately those of the molten salt. However, when stable 
complexes are formed in the solid state, as evidenced from the 
solid-liquid phase diagram, such solvates often persist in solu- 
tion and the heat capacities of the associated electrolyte tend to 
those of the molten solvates (18). These heat capacities can be 
significantly different from those of the pure molten salt. 
Investigations under way in our laboratory on lithium bis-tri- 
fluoromethylsulfonylimide (LiTFSI) in DME definitely sup- 
port the presence of stable solvates in s ~ l u t i o n . ~  In such cases, 
the association complex probably has a definite structure 
involving one or more solvent molecules. Therefore, at high 
mole fractions, the properties of such electrolytes are essen- 
tially those of solvated ion pairs in a molten salt. 

The equivalent conductance A of unsolvated molten salts at 
25"C, as in the case of ethylammonium nitrate (16), is quite 
low. However, in systems where stable solvates seem to exist 
in solution, A generally goes through a maximum at high con- 
centrations. The conductance mechanism of such solutions is 
probably much closer to that of molten salts modified by the 
presence of a solvent than to the type of ionic conductance that 
is observed at very low concentrations. Unfortunately, ther- 
modynamics and transport data do not give any insight into the 
structure of such species in solution. Still, the presence of sol- 
vated molten salts may offer an alternative avenue to triple ion 
formation (24, 25) to explain the high-concentration conduc- 
tance. A model for such solvated ion pairs has been proposed 
by Blomgren (1). 

It is important to note that the changes observed in heat 
capacities of electrolytes in aprotic solvents are often less evi- 
dent with volumes. There are many examples of phenomena 
that are evident with heat capacities but not with volumes, e.g., 
post-micellar transitions and critical demixing. Being related 
to the second derivative of the chemical potential, properties 
such as heat capacities are more sensitive to second-order tran- 
sitions than are volumes or enthalpies. This therefore suggests 
that the transitions that seem to be related to the formation of 
stable solvates in solution are probably second order in nature. 

As shown in Fig. 1, LiBr forins stable solvates in both DME 
and BUTY while LiC104 can form such a complex only in 
DME. The solid-liquid phase diagrams of electrolytes in PC 
could not be measured. If the observed maxima in heat capac- 
ity can be attributed to the existence of similar complexes is 
solution, then the maximum in C,,,2,p for the electrolytes in 
BUTY-DME and two breaks for LiC104 in PC-DME (Fig. 5) 
could well be related to changes in the structure of such sol- 
vates. With volumes (Fig. 4), the changes in V2,p, when going 
from one solvent to another, are large and small changes in 
slopes are not evident. 

There is a qualitative similarity between the trends in k,, 
and C,,,, in mixed solvents. At 0.7 mol kg-' in a low dielectric 
constant solvent like DME, the electrolytes are essentially 
fully associated. Yet, k,, is larger in the mixed solvent than in 
pure PC, which has a high dielectic constant (Fig. 3). 

G. Perron, M. Pesant, D. Brouillette, and J. E. Desnoyers. 
Manuscript in preparation. 

Effect of the presence of water 
In the preceding section, it was suggested that the trends in the 
properties of electrolytes at high concentration in aprotic and 
mixed aprotic solvents were related to the presence of stable 
solvates in an excess of solvent or molten salt. Since LiC104 
also forms stable 3: 1 and 1:l hydrates with water (26) and 
LiBr forms many unstable hydrates and one stable 1 : 1 hydrate 
(27), our hypothesis was that the presence of these hydrates 
may account for the large decrease in reactivity of traces of 
water with lithium inetal in the presence of some electrolytes. 
To investigate this possibility, the addition of water to the 
binary and ternary systems of LiC10, or LiBr in BUTY and 
DME was investigated. 

The phase diagrams of the mixtures BUTY-H20 and 
DME-H,O are shown in Fig. 6. With both systems, a simple 
eutectic is formed, but the melting points of BUTY and DME 
nearly coincide with the eutectic concentrations. There is 
therefore no evidence from phase diagrams of strong interac- 
tions in concentrated solutions. 

The reduced excess volumes and heat capacities of the mix- 
tures H,O-BUTY and DME-H,O are shown in Fig. 7. The 
volumes of the mixture H20-BUTY are in excellent agree- 
ment with those (not shown) of Abdullah et al. (28) except in 
the water-rich region. These authors expressed their data in the 
traditional way of excess quantities i n d  missed the small 
changes at low BUTY concentrations. In the mixed solvent, 
the water concentration was kept at 1 mol kg-'. Therefore the 
values of Y2,p - yIC are approximately equivalent to r-'"/XlX2 
at infinite dilution of H,O and are shown in Fig. 7. 

The trends of the binary systems are typical of most aprotic 
solvents with water. In the water-rich region, where the struc- 
tural effects of water are important, the volumes go through a 
minimum (large with DME and small with BUTY) and the 
heat capacities decrease sharply. This is typical of all hydro- 
phobic solutes in water, which show no tendency to autoasso- 
ciate. The minimum in volume simply reflects the complexity 
of the effect of hydrophobic hydration on volumetric proper- 
ties. In the transfer of a hydrophobic solute from the pure liq- 
uid state to infinite dilution in water, there is an increase in the 
"ice-likeness" of water (positive contribution to the volume) 
but at the same time a decrease in volume due to the occupa- 
tion of free space by the solute in the water structure. At low 
concentration, the solute-solute interactions primarily reflect 
the decrease in hydrophobic hydration (negative second virial 
coefficient). At higher concentration, more and more contact 
pairs are formed between two hydrophobic solutes and there is 
a reappearance of free space (positive contribution to volume). 
With heat capacities, interactions between two hydrophobic 
solutes primarily reflect the reduction in hydrophobic hydra- 
tion (negative second virial coefficient) whether or not the sol- 
utes come in contact. 

The changes are much more important with DME than with 
BUTY since DME is inore hydrophobic than BUTY (DME 
has four extra H atoms). On the other hand, in the organic-rich 
region that is of interest here, the reduced excess functions 
have the same sign as in the water-rich region but their inag- 
nitudes are much smaller. The changes for volumes are nearly 
linear with mole fraction. There is a small decrease in the 
reduced excess heat capacities as the mole fraction of the apro- 
tic solvent tends to 1. The interactions are stronger for DME in 
the water-rich region and they are also stronger in the organic- 
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Fig. 6. Solid-liquid phase diagrams of the binary systems H,O- 
BUTY and H20-DME; 0 are freezing points and X are eutectic 
points. 

Fig. 7. Reduced excess volumes and heat capacities of H 2 0  in 
the systems H,O-BUTY-DME at 25°C. The open circles are for 
the electrolytes in each solvent and the closed circles are for the 
electrolyte in the mixed solvent. 

Fig. 8. Effect of the addition of LiBr and LiCIO, on the apparent 
molar volume and heat capacity of H 2 0  in DME at 25°C. 

O.lm H 2 0  in DME + Electrolyte 

V2,v 

LiBr 
/ A - A - A - A - ~ -  A- A-A ,,c-:-- ~ d - A * - - q - - ~ - -  - - -  @ - - - - -  --• 

* *  
LiC104 

I 1 I , I I I I I 

rich region. No anomalies are observed with the reduced 
excess voluines and heat capacities in the mixed solvent in the 
sense that they vary linearly from one solvent to the other. 

Costas and Patterson (29) made a systematic study of the 
heat capacity of water in non-aqueous solvents and showed 
that the interactions in the organic-rich region of water- 
organic mixtures are related to the proton-acceptor nature of 
the solvent. The properties of water resemble to a large extent 
the properties of methanol in a proton acceptor. The high heat 
capacity is related to the formation of hydrogen-bonded com- 
plexes between water molecules and between water and the 
solvent molecules. The thermodynamic and spectroscopy 
studies of DeGrandprC et al. (30) confirm this. 

The effect of addition of an electrolyte on the volume and 
heat capacity of water in DME is shown in Fig. 8. The concen- 
tration of water was kept at 0.1 mol kg-' and the electrolyte 
concentration was varied up to about 0.2 mol kg-'. In the pres- 
ence of LiClO,, both V,,,+ and C,,,2,.2,,+ of water are essentially 
constant in DME. In a previous study (12) it was observed that 
the effect of water was also negligible for LiClO, in AN. 

It is difficult to eliminate water completely from DME. In 
the case of LiBr, experiments were therefore made with DME 
containing different initial quantities of water. The properties 
when H 2 0  is present increase with electrolyte concentration 
but seem to level off when the concentration of the electrolyte 
is equal to or larger than that of H,O. Changes are more impor- 
tant with heat capacities than with volumes and the increase in 
properties is attenuated significantly when there is already 
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Fig. 9. Effect of H,O on the apparent molar volume and heat 
capacity of LiBr in DME at 25°C. 

LiBr in DME 
-A,/ 

50 pprn H20 in DME 

120 
0.0 0.1 0.2 0.3 

moi kg-1 

water in the solvent. It should be mentioned that work under 
way with L~TFSI~  shows that this electrolyte decreases the 
heat capacity of water in DME. It is known that the NMR 
chemical shifts of ~i~ in aprotic solvents are largely affected 
by the presence of water and the effect is larger for LiBr than 
LiC10, (3 1, 32). 

The strong interactions of LiBr with H 2 0  can also be illus- 
trated from the effect of H 2 0  on the heat capacity of LiBr in 
DME. The above data were used to calculate V2,q and Cp,2,q of 
LiBr in DME. The DME used for most of our studies con- 
tained less than 50 ppm of water while the addition of 0.0723 
mol kg-' of H20  corresponds to the presence of 1300 ppm of 
water. New measurements were made with a sample contain- 
ing less than 20 ppm. These data are compared in Fig. 9. While 
the presence of water does not have much effect on volumes, 
its effect on heat capacities is much more important; the heat 
capacities at low concentration can vary by a factor of 2 
depending on the quantity of water present. Similar trends 
were observed for Cp,2,q of LiBr in acetonitrile containing 
small quantities of water (12) and seem to be present in all the 
aprotic solvents we studied. 

The properties of LiBr in aprotic solvents are often anoma- 
lous when water is present. For example, dry LiBr is nearly 
insoluble in PC, while in the presence of a small quantity of 
water it is quite soluble. The reactivity towards lithium metal 
of traces of water in an aprotic solvent is largely decreased in 
the presence of LiBr. DME is completely miscible with water 
and LiBr is reasonably soluble in DME. However, the ternary 

Fig. 10. Ternary phase diagram of the system LiBr-DME-H,O 
at 35°C. The open circles are for the passage of the one-phase to 
the two-phase system and the filled circles are for the passage 
from the two-phase to the one-phase system. 

0.0 
DME 

system H20-DME-LiBr separates into two liquid phases in 
the low-salt region. This phase diagram, determined with the 
cloud point technique, is shown in Fig. 10. The solid-liquid 
equilibrium was determined in the DME region only. The two- 
phase liquid region increases significantly with temperature 
(not shown). The binary solutions H,O-DME and anhydrous 
LiBr-DME are colourless. However, when a small quantity of 
LiBr is added to DME containing water (m(H,O) > m(LiBr)), 
the solution becomes yellowish and a small precipitate is 
formed after a few hours. When the LiBr concentration is 
equal to or larger than that of H20,  the solution remains clear. 
This phenomenon occurs in the right-hand corner of the ter- 
nary phase diagram (Fig. 10). 

There are therefore specific interactions between LiBr and 
H 2 0  in aprotic solvents that have major effects on the proper- 
ties of these solutions. These specific interactions cannot be 
related simply to the hydration of Li' or to the presence of a 
stable hydrated ion pair since they depend significantly on the 
nature of the anion and all these lithium salts form stable 
hydrates. A clue to the role of LiBr may come throngh a com- 
parison with the system LiBr-SO2-AN. There is spectro- 
scopic evidence to show that a complex is formed between 
halide anions and SO, (3) and these interactions lower the 
apparent association constant of LiBr in AN (4). There is pos- 
sibly a similar interaction between H 2 0  and B r  in some apro- 
tic solvents and this influences the properties of H20. 

The effect of adding an equimolar quantity of LiC10, or 
LiBr on the specific conductivities, apparent molar volumes, 
and heat capacities of water in the mixed solvent is shown in 
Fig. 1 1. In these new experiments, the concentrations of both 
H 2 0  and of the electrolytes were kept at 0.1 mol kg-'. The 
addition of equilnolar quantities of water has no effect on the 
specific conductivity of 0.1 mol kg-' of electrolyte. The spe- 
cific conductivity does not seem to be affected by the presence 
of water, presumably because we are not looking at a property 
of water in this case. The influence of electrolytes on the vol- 
umes and heat capacities of water in mixed solvents is consis- 
tent with Fig. 8. The presence of an electrolyte has only a 
small effect on the volumes of H 2 0  but a larger one on heat 
capacities and the changes are much larger with LiBr than 
with LiClO,. 

Conclusions 

Electrolytes in mixed aprotic solvents and water in aprotic 
electrolyte solutions are complex systems. Still, some general 
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Fig. 11. Effect of the addition of an electrolyte on the specific 
conductivity, apparent molar volume, and apparent molar heat 
capacity of H,O in the mixed solvent BUTY-DME at 25OC. For 
conductivities, 0 is for the electrolyte systems (0.1 mol kg-') 
without water in the mixed solvent and + and X are for the same 
systems with 0.1 mol kg-' of water; for volumes and heat 
capacities, 0 is for the properties of 0.1 mol kg-' of H,O in the 
mixed solvent, + and X are for the same properties in the 
presence of 0.1 mol kg-' LiCIOJ and LiBr. 

rules seem to apply to the interactions between the various 
components. 

1. The phase diagrams and reduced excess thermodynamic 
properties of mixed aprotic solvents show no strong nonideal- 
ity. There are no stable new species formed and the interactions 
change nearly linearly over the whole mole fraction range. 

2. The phase diagrams of mixtures of water and aprotic sol- 
vents are also quite simple and the interactions of DME and 
BUTY with water are typical of those of other aprotic solvents. 
In the water-rich end, hydrophobic hydration predominates, 
while in the aprotic-rich end the interactions are typical of 
strong donor-acceptor molecules. 

3. The ternary system DME-BUTY-H,O is also quite sim- 
ple in the organic end and can be predicted from the binary 
systems. 

4. The electrolytes at high concentrations in aprotic solvents 
are largely associated in the Bjerrum sense and the heat capac- 
ity data suggest that these ion pairs exist as stable solvates in 
equilibrium with an excess of solvent or of unsolvated molten 
salt. In mixed solvents, the properties will be affected by the 
coexistence of these solvates. 

5.  The presence of water has only a small effect on the prop- 
erties of LiC10, but a large effect on those of LiBr. In partic- 
ular, the LiBr-DME-H,O system demixes and, when H 2 0  is 
in excess of LiBr, the solution becomes yellowish. The strong 
interactions involving LiBr and H20  in aprotic solvents are 
also evident in the quaternary system electrolyte-H20-DME- 
BUTY. 

6. The specific conductivities, which generally go through a 
maximum when the electrolyte concentration increases and 
also when mixed solvents are used, are similar to those of mol- 
ten salts at high concentration. The presence of traces of water, 
on the other hand, has little effect on this property. 

7. The specific interactions between water and electrolytes 
in aprotic solvents are probably responsible for the large 
reduction in reactivity of water with lithium metal in aprotic 
solvents. 
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Peptaibol metabolites of Tolypocladium 
geodes 

Youla S. Tsantrizos, Sotiria Pischos, Franqoise Sauriol, and Paul Widden 

Abstract: Three antibiotic peptides, LP237-F8 (I), F5 (2), and F7 (3), were isolated from the liquid culture of the fungus 
Toly~>ocladi~imgeorlrs. Chemical shift assignments of the 'H  and "C NMR resonances and sequencing of these metabolites were 
achieved by extensive high-field 2D NMR spectroscopy. The N-terminal of peptides 1 and 2 is protected with an octanoyl (Oc) 
fatty acid unit, whereas that of peptide 3 is protected with a decanoyl (Dec) unit. The C-terminal of all three peptides is protected 
with the amino alcohol leucinol (Lol). All three metabolites contain the common amino acids Ala, Phe or Tyr, Pro, and Gln, as 
well as the unusual amino acid a-aminoisobutyric acid (Aib). In addition, peptides 1 and 2 contain the amino acid a-amino-a- 
ethyl-12-pentanoic acid (a-ethylnorvaline, EtNor), which has not been previously reported as a constituent of a natural product. 
Metabolites 1 , 2 ,  and 3 are new members of the class of natural products known as peptaibols. 

Key rvords: Tolypoclrirlilirn geodes, peptaibols, leucinol, a-amino-a-ethyl-11-pentanoic acid. 

RCsumC : On a isole trois peptides antibiotiques, LP237-F8 (I) ,  F5 (2) et F7 (3) h partir de milieux de culture liquides du 
champignon Tol.yl,oclndirirrl geodes. On a attribuC les deplacements chimiques des spectres RMN du 'H et du "C ainsi que la 
sequence de ces mitabolites en faisant un usage extensif de la spectroscopie RMN 2D ii haut champ. Le groupe N-terminal des 
peptides 1 et 2 est protege par une unite d'acide gras octanoyle (Oc) alors que celui du peptide 3 est protege par une unit6 
dCcanoyle (Dec.) Le groupe C-terminal de chacun de ces trois peptides est protCgC par l'alcool amin6 leucinol (Lol). Les 
trois metabolites contiennent les acides arnines usuels Ala, PhC ou Tyr, Pro et Gin ainsi que I'acide a-aminoisobutyrique 
(Aib), un acide aniinC inhabituel. De plus, les peptides 1 et 2 contiennent l'acide aminC, a-amino-a-Cthyl-n-pentano'ique 
(a-Cthylnorvaline, EtNor), dont on n'a jamais rapport6 la presence comme constituant d'un produit naturel. Les mCtabolites 
1 , 2  et 3 sont de nouveaux membres de la classe des produits naturels connus comme des peptaibols. 

Most clGs : Tolypocladi~irrl geodes, peptai'bols, leucinol, acide a-amino-a-ethyl-12-pentano'ique. 

[Traduit par la redaction] 

Introduction 

The Tolypocladiurn geodes isolate LP237 was originally found 
in soil samples collected at the Pennine mountains of England 
at an altitude of 600 meters.' Fungi of the Tolypocladi~lm 
genus are commonly found in cold climates and include the 
well-known species T. cylindrospor~~rn and T. nive~lnz. Tolypo- 
c l ~ d i ~ r r n  geodes is a much more rare organism and it is the spe- 
cies that is most sensitive to warm temperatures (2). In the 
past, the metabolites of several Tolypocladi~l~rz fungi have 
been investigated (1, 3) and a number of biologically active 
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peptides have been reported. These include the cyclosporins 
(for a review, see ref. 4), which are immunosuppressing cyclic 
undecapeptides of important pharmacological value, and two 
families of antibiotic peptides, the efrapeptins (5) and 
elvapeptins (6). 

In the course of our screening program for novel fungal 
metabolites exhibiting potent antitumor activity, a mixture of 
cytotoxic peptides was isolated from the liquid cultures of T. 
geodes LP237. High levels of cytotoxicity were observed in 
assays using P388D1 murine leukemia cells (IC,, = -0.5 pg/ 
mL) and a number of human carcinoma cell lines (lung A549, 
ovarian OVCAR3, colon SW620, and breast MCF7, ICj, = 
0.2-0.5 pg/mL). The structure of the main component in this 
mixture of peptides, antibiotic LP237-FS (I), was recently 
reported (7). This paper describes the details on the isolation 
of several cytotoxic peptides from the liquid culture of T. 
geodes LP237 and the structure elucidation of two new metab- 
olites, LP237-F5 (2) and F7 (3). The complete 'H and I3c 
chemical shift assignments were achieved by extensive high- 
field 1D and 2D NMR spectroscopy. 

Metabolites 2 and 3 are structurally related to metabolite 1 
(7). All three peptides (1,2, and 3) have both the N- and C-ter- 
minals protected with a short fatty acid unit and the amino 
alcohol leucinol (Lol), respectively. They contain common 
amino acids such as Ala, Phe or Tyr, Pro, and Gln and the 
unusual amino acid cx-aminoisobutyric acid (Aib), commonly 
found in peptaibols. Peptides 1 and 2 also contain the amino 

Can. J. Chem. 74: 165-172 (1996). Printed in Canada 1 IrnprirnC au Canada 
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Fig. 1. Peptaibol metabolites of Tolypocladi~trn geodes. 

LP237-F% ( I ) ,  R' = Et, R2 = nPr (EtNor), R3 = H (Phe), n = 4 (Oc) 

LP237-F5 (2) ,  R' = Et, R2 = nPr (EtNnr), R3 = OH (Tyr), n = 4 (Oc) 

LP237-M (3), R' = R2 = Mc (Aih), R3 = H (Phc), n = 6 (DEc) 

acid a-amino-a-ethyl-11-pentanoic acid (a-ethylnorvaline, 
EtNor), which has not been previously reported as a constitu- 
ent of a natural product. Metabolites LP237-F5 (l) ,  F7 (2), and 
F8 (3) are novel linear peptides belonging to the family of nat- 
ural products known as peptaibols. 

Results and discussion 

Isolation and  purification of peptides 
Liquid culture medium of 2% malt extract was inoculated with 
actively growing mycelium plugs of T. geodes and was incu- 
bated at 20°C on a rotary shaker for a period of 7 days. A bio- 
assay-guided purification scheme was developed for the 
isolation of the extracellular cytotoxic metabolites of T. 
geodes produced under these fermentation conditions. The 
presence of active metabolites in fractions collected from each 
purification step was identified using the SOS Chromotest, a 
bacterial colorimetric assay that is widely used as a reliable 
test for the detection of genotoxic compounds (DNA-damag- 
ing compounds) (reviewed in ref. 8). 

The fermentation broth was initially absorbed onto a col- 
umn of Diaion HP 20 resin, which was eluted with a linear sol- 
vent gradient from H 2 0  to MeOH and then to acetone. The 
cytotoxic metabolites eluted from the column with aqueous 
MeOH (75-100%) and were further partitioned by size exclu- 
sion chromatography (Sephadex LH-20). Reverse-phase flash 
column chromatography (9) led to the isolation of a strongly 
cytotoxic and genotoxic mixture of peptides, exhibiting an 
IC,, value in the range of 5-10 ng/mL with P388D1 murine 
leukemia cells and a positive SOS Chromotest. 

Mass spectral analysis of the cytotoxic mixture of peptides, 
by MALDI and ESI MS, indicated the presence of many dif- 

ferent compounds ranging in molecular weight from m/z 1300 
to 2000. Separation of these metabolites by C18 reverse- 
phase semi-preparative HPLC, using a solvent mixture of 
MeOH:H?O:MeCN (70:20: 10 with 0.1% TFA in all solvents) 
allowed the isolation of five peptides. At a flow rate of 4 mL/ 
min, metabolites LP237-F5 (2), F6, F7 (3), F8 ( l ) ,  and F9 
eluted from the HPLC column with retention times of 16.4, 
17.2, 20.7, 23.6, and 26.0 min, respectively. Each component 
was further purified by HPLC in order to obtain the pure pep- 
tides as white amorphous solids. At the present time, the struc- 
tural assignments of the three main components, metabolites 
1 ,2 ,  and 3, have been completed (Fig. 1) and those of peptides 
LP237-F6 and F9 are in pro, oress. 

Structure determination of metabolite LP237-F5 (2) 
Both MALDI and FAB MS of metabolite 2 suggested a molec- 
ular formula of C6,Hl,,N,,016 (MALDI MS (2,5-dihydroxy 
benzoic acid + NaCl or NaLi matrix) n7/z: 1365.1 (MCH,+Na)+ 
and 1347.8 (M+Li)+, FAB MS (NBA+NaCl matrix)m/z: 1363.5 
(M+Na)+; calculated mass for C,SHlo8NI,016Na = 1363.8). 

The NMR spectral data of metabolite LP237-F5 (2) were 
very similar to those of the previously assigned peptaibol 
LP237-F8 (1) (7). However, metabolite 2 could easily be 
methylated with diazomethane (MALDI MS (2,5-dihydroxy 
benzoic acid + LiCl matrix) m/z: 1362.5 (M+Li)+) whereas 
metabolite 1 was resistant to methylation under the same reac- 
tion conditions. Based on the NMR data, the difference in 
reactivity towards CH2N2 observed between 1 and 2 was 
attributed to the presence of a Tyr unit in 2 as opposed to a Phe 
unit in 1. Complete acid hydrolysis of peptide 2 and amino 
acid analysis comfirmed the presence of the amino acid Tyr, in 
addition to Ala, Pro, and Glx in a ratio of 1:1:1:3 (10). 
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The 'H NMR spectrum (500 MHz in DMSO-d6) of 2 
showed the presence of 2 1 resonances in the downfield region 
(Table 1, Fig. 2). The two doublets at 6 6.60 and 6.96 (J  = 8.3 
Hz, 2 x 2H) and the singlet at 6 9.18 (OH) were assigned to the 
Tyr unit. All of the remaining downfield protons could be 
exchanged in CD30D and they were assigned to 16 NH pro- 
tons. The COSY NMR of 2 showed coupling between the NH 
resonances at 6 6.76, 6.80, 6.82 and those at 7.16, 7.27, 7.27, 
respectively (Fig. 2). Thus, these signals were assigned to 
three E-NH, groups of Gln. From the combined 'H and COSY 
NMR data (Table 1, Fig. 2), the a-H and the backbone NH 
protons could easily be assigned for the Tyr (6 4.22,7.73), Ala 
(6 4.01,7.52), 6 ~ l n  (6 3.92, 7.78), 7 ~ l n  (6 3.89,7.73), 3 ~ l n  (6 
3.81, 7.57), and Lo1 (6 3.76, 6.65) units. 

The remaining chemical shifts of each amino acid were 
assigned based on the combined 'H, COSY, HMQC, HMBC, 
and NOESY NMR data (Tables 1 and 2). For example, cou- 
pling between the NH (6 6.65) of Lol, the a-H resonance (6 
3.76), and the two non-equivalent -CH,OH protons (6 3.23 
and 3.14) was clearly observed in the COSY NMR spectrum 
of metabolite 2. The chemical shifts of the corresponding car- 
bons were assigned from the HMQC spectrum at 6 48.77 (a- 
C) and 64.38 (-cH~oH).~ Furthermore, coupling between the 
a-H resonance and the two P-H (6 - 1.30), as well as between 
the two 6-CH3 groups (6 - 0.78), the P-H (6 - 1.30), and the 
y-H (6 - 1.58), was also observed in the COSY spectrum of 2. 
The I3c chemical shifts of the P-CH, (6 40.15) and the y-CH 
(6 - 25.4) were obtained from the HMQC data, whereas the 
13c shifts for the two 6-CH3 groups (6 23.6 and 21.9) were 
obtained from the HMBC spectrum.3 

The order of the amino acid sequence of peptide 2 was 
based primarily on the NOESY NMR data. Strong NOE 
effects were observed between the backbone amide protons 
and the a-protons of neighboring residues and also between 
amide protons and the side chains of the neighboring amino 
acids. The most relevant NOE data for the sequence assign- 
ment (peptide backbone) are given in Table 2. 

Structure determination of metabolite LP237-F7 (3) 
FAB MS of metabolite 3 suggested a molecular formula of 
C,HlO6N,,Ol5 ((NBA+NaCl matrix) m/z: 1333.8 (M+Na)+; 
calculated mass for C,Hl,,Nl,0,5Na = 1333.7859). Amino 
acid analysis of 3 indicated the presence of the same common 
amino acid units as in metabolite 1, Phe, Ala, Pro, and Glx in a 
ratio of 1: 1: 1:3. Metabolite 3 was also resistant to methylation 
with diazomethane, suggesting the absence of free carboxyl or 
phenolic functionalities. 

The 'H NMR spectrum of LP237-F7 (3) was distinctly dif- 
ferent from that of metabolite 1 in the upfield methyl region; a 
total of three methyl signals was observed at 6 0.7-0.9 in 3 as 
opposed to five in metabolite 1. The two overlapping doublets 
observed (6 0.887 and 0.893) were assigned to the two 6CH3 
of Lol, and a triplet (6 0.863) was assigned to the terminal 
methyl of the fatty acid unit. Thus, it was assumed that metab- 
olite 3 did not contain the unusual amino acid EtNor, which 

Due to the very small amount of available material of metabolite 2 
(-2 mg) a directly observed I3c NMR spectrum was not 
obtained. However, the 'H, COSY, HMQC, HMBC, and NOESY 
NMR data of 2 were similar to those of metabolite 1 and 
consistent with the proposed structure. 

Fig. 2. Partial expansion of the COSY NMR spectrum (NH and 
aH regions) of LP237-F5 (500 MHz, DMSO). 

was found in 1 and 2. This assumption was further supported 
by the absence of the expected correlations in the COSY spec- 
trum of 3 between the methyl region and the methylene region 
for the EtNor unit, as had been observed previously in the 
COSY spectum of metabolite 1. Furthermore, a total of eight 
singlets due to methyls of Aib units (6 2 x 1.409, 1.458, 1.470, 
1.474, 1.535, 1.539, and 1.604) was observed in the 'H spec- 
trum of 3. To account for (a) the similarities in the spectral 
data between 1 and 3, ( b )  the difference in mass of 14 units, (c) 
the loss of the EtNor unit (C7HJ3NO, MW = 127), and (d) the 
addition of a fourth Aib unit (C4H7N0, MW = 85), it was pro- 
posed that peptide 3 contains a decanoyl (Dec) fatty acid 
instead of the Oc unit found in peptides 1 and 2. The overlap- 
ping of many -CH2- resonances in the 'H NMR spectum of 3 
did not permit exact chemical shift assignments for the Dec 
unit to be made; however, the presence of this unit was con- 
firmed from the I3c and HMQC NMR data of this metabolite. 
The remaining amino acid units of peptide 3 were identical to 
those of peptide 1, and their chemical shift assignments (Table 
3) were consistent with the NMR data; the combined NMR 
data from the 'H, 13c, COSY, HMQC, HMBC, TOCSY, 
ROESY, and NOESY spectra were used to confirm the pro- 
posed structural assignment (Fig. 1). 
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Table 1. 'H (500 MHz) a n d  "C (125 MHz) NMR data  of  2 in DMSO-d,. 
- 

Assignment  I3C "(6) 'H (6) Intensity, mult. ,  J (Hz) 

IH, rn 
lH, m 
IH, m 
2H, m 
2H, m 

"[Nor 0: 

P 
Y 
6 
NH 
P' 
I' 

' ~ i b ,  ' ~ i b ,  "Aib 
a 
P 

' ~ y  r 0: 

P 
1 

2,6 
3.5 
4 
NH 

"Pro a 
P 
Y 
6 

l20c 2' 
3' 
4', 5', 6', 7' 
8' 

1 H 

IH, t, J = 7.5 
2H, m 
2H, m 
2H, m 

2H, m 
2H, m 
8H, m 
3H, t 

- - - - 

"Chemical shift assignment was based on the HMQC or HMBC NMR data; carbonyl and 
quaternary carbons could not be observed. 

" ~ x a c t  chemical shifts could not be determined due overlapping resonances in 'H NMR 
spectrum. 
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Table 2. NOESY NMR data from the peptide backbone of 2 in DMSO-[I6. 

Assignment 'H (6) NOES observeda 
- 

'LOI a 3.760 PH (str), yH (med) NH (med), CH,-0 (med) 
NH 6.652 Ala-NH (str), Ala-PCH3 (str), a H  (med) 

'Ala a 4.012 Lol-NH (str), NH (str), PCH, (str) 
NH 7.522 a H  (med), PCH:, (med), 

Lol-NH (v str), 3 ~ l n - a ~  (med), 3 ~ l n - P ~  (med) 

3 ~ l n  a 3.805 NH (str), PH (med), yH (med), Ala-NH (w), Lol-NH (w) 
NH 7.568 a H  (str), PH (v str), yH (med), 

EtNor-NH (str), EtNor-yH (rned) 

' ~ t ~ o r  NH 7.433 PH (med), p H  (med), f H  (med), 
' A ~ ~ - N H  (str), 5 ~ i b - ~ ~ 3  (v str), ' G I ~ - N H  (str) 

'Aib NH 7.918 2CH3 (v str), ' a -E~NO~-NH (str), ' ~ t ~ o r - V H  (med) 
' G l n - a ~  (str), % I ~ - N H  (str) 

'Gln a 3.922 PH (v str), yH (med), ' A ~ ~ - N H  (str), 7 ~ l n - ~ ~  (str) 
NH 7.775 a H  (med), PH (med), yH (med), 8 ~ i b - ~ ~ ,  (med) 

7 ~ l n  ci 3.886 PH (v str), yH (med), NH (str), 'Gin-NH (V str) 
NH 7.73 8 ~ i b - 2 ~ ~ 3  (str), overlapping with Try-NH 

8 ~ i b  NH 7.550 2CH3 (v str), Try-NH (v str), Try-aH(med), Try-PH(med) 

9 ~ y r  a 4.218 PH (v str), NH (str), ' A ~ ~ - N H  (med), 'Gin-PH (med) 
NH 7.73 a H  (str), 'Aib-~CH, (str), overlapping with Try-NH 

" ~ r o  a 4.192 PH (v str), Try-NH (str) 

I 'Aib 8.798 2CH3 (v str), Oc-2'H (v str), Pro-6H (med) 

"Quantification of the NOE's observed is presented as "very strong" (v str), "strong" (str), "medium" 
(med) or "weak" (w) 

Conclusion 

Linear peptides containing a C-terminal amino alcohol, Lo1 
(1 l), Phol (phenylalaninol) (12), or Trpol (tryptophanol) (13), 
and a high proportion of the unusual amino acid Aib (14) 
belong to the class of natural products known as peptaibols. 
The Trichodei-ma metabolites trichorzianine A (13), trichos- 
porin B (12b,c,d), tricholongin BI and BII (1 la), trichogin A 
IV (1 lb), trichodecenins-I and -11 (1 1 4 ,  and the alamethicins 
(128 are among the best known peptaibols. The zervamicins 
(15), emerimicins (12a, 15), and hypelcin A (1 lc,e) represent 
examples of peptaibols produced by a few other fungi. The N- 
terminal amino acid of peptaibols is usually protected by an 
acetyl group; however, in trichogin A IV (1 10) and the tri- 
chodecenins-l and -11 (1 ld) it is protected with an octanoyl and 
a cis-4-decenoyl group, respectively. In peptides 1, 2, and 3, 
the N-terminal amino acid is also protected with an octanoyl or 
decanoyl fatty acid unit, whereas the C-terminal is protected 
with a Lo1 unit. In addition to the common amino acids, Ala, 
Phe or Tyr, Pro, and Gln, these peptides contain several Aib 
units. Metabolites 1 and 2 also contain the novel amino acid a -  
amino-a-ethyl-rz-pentanoic acid (a-ethylnorvaline, EtNor); to 
our knowledge, this amino acid has not been previously 
reported as a component of a natural product. However, EtNor 
has been found in extraterrestrial sediments such as the 
Murchison meteorite (16). EtNor has also been synthesized 
and shown to act as a competitive inhibitor of methionine (17). 

The novel peptides LP237-F8 (I), LP237-F5 (2), and 
LP237-F7 (3) are the first peptaibols to be isolated from the 

Tol~~pocladiui77 genus. Peptaibols are known to exhibit many 
unique biological activities, including the formation of volt- 
age-gated ion channels in lipid bilayer membranes (18, 1 lb), 
induction of catecholamine secretion from adrenal chromaffin 
cells (19), uncoupling of oxidative phosphorylation in mito- 
chondria (20), and the inhibition of cell multiplication in 
amoebae (21). The cytotoxicity of metabolites 1 (IC,, = -30 
pg/mL), 2 (IC,, = - 10 pg/mL), and 3 (IC,, = -40 pg/mL) 
towards P388D1 murine leukemia cells was much lower than 
the mixture of peptides. Therefore, it is reasonable to assume 
that the most potent component of the mixture remains to be 
identified or that there is a synergistic effect associated with 
the antitumor activity of the mixture. The biological activities 
of the T. geodes metabolites are currently under further inves- 
tigation. 

Experimental 

Spectral data 
NMR spectra were obtained at 20-22OC using a Varian 
Unity-500 spectrometer (operating at 499.84 MHz for 'H and 
125.7 MHz for I3c) or a Bruker AMX-600 spectrometer 
(operating at 600.13 MHz for  and 150.9 MHz for I3c). ]H 
and I3c- NMR chemical shifts are quoted in ppm and are ref- 
erenced to the internal deuterated solvent downfield from tet- 
ramethylsilane (TMS). NOESY experiments performed on 
the Varian Unity-500 spectrometer (hypercomplex phase 
mode) were obtained using a mixing time of 400 ms with 
Varian's standard pulse program and 256 increments in t l .  
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Table 3. 'H (600 MHz) and "C (150 MHz) NMR data of 3 in DMSO-4. 

Assignment "C (6) 'H (6) intensity mult., J (Hz) 

CO 
NH-4 
NH-5 
NH-8 
NH- I 1 

'Phe a 
P 
1 
2,6 
3 s  
4 
CO 
NH 

3.79 lH, br. m 
1.32' 2H, m 
1.65' lH, m 
0.80' 2 x 3H, d 
3.171,3.27' 2 H , d d , J = 7 . 8 , J = 1 0 . 8 a n d m  
6.689 IH, d, J = 9.2 Hz 

7.8 1 1 H 
7.732 lH, d, J = 5.5 
7.580 IH, d, J = 4.4 
6.72, 6.76, 6.79 3H, 3s 
7.17, 7.25 1H and 2H, s 

7.505 lH, s 
7.859 IH, s 
7.577 IH, s 
8.77 1 IH, s 
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Table 3 (corzcl~cded). 

Assignment I3c ( 6 )  ' H  ( 6 )  intensity mult., J (Hz)  

" ~ e c  CO- 1' 

"Chemical shift assignment could be interchanged. 
"~ l though  all of the expected carbonyl resonances (a total of 14 signals) were clearly observed in the ''c 

NMR spectrum of metabolite 3, the exact chemical shift of each amino acid unit could not be assigned due 
to extensive overlapping of the correlation signals in the HMBC spectrum. 

"Exact chemical shifts could not be determined due overlapping resonances in 'H NMR spectrum. 
khemical  shift assignment was based on the HMQC NMR spectrum. 

Zero-filling in the evolution domain and linear prediction to 
lengthen the evolution domain were used to obtain the final 
data size of the 2048 x 2048 complex matrix. The HMQC 
experiments with a preceding BIRD nulling period were used 
with hypercomplex phase mode, and 13c broadband waltz 
decoupling was applied during acquisition of the proton spec- 
tra. The HMBC experiment was ac uired using similar condi- 
tions (without the null period andq3C decoupling) and the T 

delay was set to 100 ms for long-range coupling. NOESY 
experiments performed on the Bruker AMX-600 spectrometer 
were obtained using a mixing time of 300 ms and Bruker's 
standard pulse program, 256 increments in t l ,  and a 2048 x 
2048 complex matrix. The HMQC and HMBC NMR spectra 
were acquired using Bruker's standard pulse programs for 
these experiments. 

Mass spectra were obtained using a ZAB-E4F instrument 
for FAB MS, a Finnigan SSQ 700 instrument for the ESI MS, 
and a Kratos Kompact MALDI 3 V 4.0 instrument for MALDI 
MS. Ultraviolet spectra were recorded on a Hewlett Packard 
8452A diode array spectrophotometer. Optical rotations were 
measured using a JASCO DIP- 140 Digital polarimeter. 

Chromatography 
Reverse-phase flash column chromatography was carried out 
on silica gel (Silica Gel 60,70-230 mesh) reacted with n-octa- 
decyltrichlorosilane. C I S  reverse-phase silica gel was prepared 
following literature procedures (9). All chromatographic sol- 
vents were fractionally distilled prior to use with the exception 
of HPLC grade solvents. Doubly distilled H 2 0  was filtered 
through a 0.45 mm filter membrane and HPLC grade MeOH 
and MeCN were filtered through a 0.5 mm filter membrane 
(Millipore Corp., Mississauga, Ont.) before they were used in 
HPLC. Analysis and purification were carried out on a semi- 
preparative reverse-phase C I g  column: Waters NOVA-PAK 
(25 mm x 100 mm, 6 pm, 60 A) using a Waters instrument 

(pump model W600EP), UVNIS detector wavelength set to 
210 nm (model M486P), Rheodyne injector. All retention 
times were automatically recorded from the time of injection. 

General extraction of active metabolites 
Stock cultures of T. geodes were maintained on 2% malt 
extract (Difco) plus 1.5% agar in slant tubes at 4OC. A small 
amount of mycelium was used to inoculate 2% malt extract 
agar plates, which were then incubated in the dark, at room 
temperature, for a period of 14 days. Plugs (- 15 plugslflask) 
of actively growing mycelium were used to inoculate 2% malt 
extract liquid medium (6 x 500 mL culture in 3 L flasks). The 
fermentation flasks were then incubated at 20°C on a rotary 
shaker at 120 rpm for 7 days. The mycelium was removed by 
filtration, and the resulting filtrate was absorbed onto a Diaion 
HP 20 column (60 mm x 25 cm), which was eluted with a lin- 
ear gradient from 100% H20  to 100% MeOH to 100% ace- 
tone, at a flow rate of 10 mL/min. The cytotoxic fractions that 
eluted from -75% aqueous MeOH to 100% MeOH, were 
combined and evaporated to dryness to give - 1.5 g of a brown 
gum. The active crude (IC,, = 0.5 pg/mL on P388D1 murine 
leukemia cells) was subsequently dissolved in 2-5 mL of 
MeOH, loaded on a Sephadex LH-20 column (25 mm x 100 
cm), and partitioned into 90 fractions (-8 mL each) by eluting 
with degassed MeOH at a flow rate of 0.7 mL1min.. Fractions 
22-30 exhibited strong cytotoxic activity (IC,, = 52 ng1mL) 
and gave a strong positive SOS Chromotest. These fractions 
were combined, evaporated to dryness (-230 mg), and further 
purified by flash column chromatography on a CIS reverse- 
phase column (20 mm x 15 cm), using a linear solvent gradi- 
ent from 100% H,O to 100% MeOH to 100% CH,Cl, at a flow 
rate of 2 mL1min. The cytotoxic metabolites eluted in the frac- 
tions collected from -85% aqueous MeOH to -95% aqueous 
MeOH; some of these fractions exhibited IC,, values in the 3- 
5 ng/mL range. However, each fraction contained a very small 
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amount of material that was still a mixture of several compo- 
nents. Therefore, the active fractions were combined and 
evaporated to dryness to obtain -40 mg of cytotoxic crude, 
which was further analyzed by semi-preparative CIB reverse- 
phase HPLC. HPLC purification of the above cytotoxic crude, 
using a solvent mixture of MeOH:H20:MeCN (70:20: 10, with 
0.1 % TFA in all solvents), allowed the isolation of five biolog- 
ically active peptides; two of these metabolites, LP237-F6 and 
F9, are currently under investigation. At a flow rate of 4 mL/ 
min, metabolites 1,2, and 3 had a retention time of 23.6, 16.4, 
and 20.7 min respectively. All three peptides were purified by 
HPLC for a second time, using the same conditions, in order to 
isolate the pure compounds as amorphous white solids (-3.8 
mg of 1, - 1.2 mg of 2, and -6.2 mg of 3). Metabolite 2: UV 
(MeOH, nm): max 226, min 276. [a], +9.50 (c 0.0027, 
MeOH). NMR data given in Table 1. Metabolite 3: UV 
(MeOH, nm): max 226, min 258. [a],, +0.21 (c 0.0102, 
MeOH). NMR data given in Table 2. MS data for both metab- 
olites reported in the discussion. 
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Conformational analysis and 2D NMR 
assignment strategies for lignin model 
compounds. The structure of acetoguaiacyl- 
dehydro-diisoeugenol methyl ether 

Theodore M. Garver, Karen Joy Maa, and Kirk Marat 

Abstract: The resolved 'H and I3c chemical shifts for the lignin model trimer acetoguaiacyl-dehydro-diisoeugenol methyl ether 
have been completely assigned using one- and two-dimensional NMR techniques. Identification of spin families and 
assignments within the spin families were made using routine one-dimensional experiments for chemical shifts and 
multiplicities, and COSY and heteronuclear correlation experiments to determine connectivities. NOESY, HOESY, and long- 
range heteronuclear correlation experiments were then used to determine the juxtaposition of the assigned groups and to provide 
a confirmation of assignments. Steady state NOE difference and time-dependent NOESY and HOESY experiments were then 
used to provide experimental measures of the trimer conformation. Semiempirical molecular orbital methods were used to 
calculate minimum energy structures and energy barriers for bond rotations within the molecule. We have found that for the 
trimer-size molecule the NOE experiments provide a less detailed picture of the molecular conformation than the molecular 
orbital results. A comparison of NOE and M O  results with crystal structures from the literature indicates the extent to which side- 
chain and methoxyl torsion angles may be estimated using each method. The correlation between NOE and MO predictions for 
interatomic distances apparently is related to the narrow minima for P-0-4  torsion angles for which the different results confirm 
each other. Broad minima or low-energy barriers for torsion angle rotations may yield minimized structures by computational 
methods that are not experimentally justified. 

Key words: semiempirical molecular orbital calculation, 2D NMR, conformation, lignin model, nuclear Overhauser effect. 

RCsumC : On a attribut tous les dkplacements chimiques 'H et I3c du modkle de la lignine, le trimkre acktoguai'acyl-dChydro- 
diisoeugCnol-oxyde de mtthyle, en faisant h des techniques de RMN mono- et bi-dimensionnelles. On a fait l'identification et les 
attributions des familles de spin en faisant appel h des experiences de routine en une dimension pour les dkplacements chimiques 
et les multiplicitCs et des expkriences COSY et de corrklation hCttronuclkaires pour dCterminer les connectivitts. On a alors 
utilisC des expkriences de corrClation NOESY, HOESY et de corrklation hCtCronuclkaire B longue distance pour dkterminer la 
juxtaposition des groupes attributs et pour servir de confirmation aux attributions. On a alors utilist des expkriences de 
difftrences d'eOn h 1'Ctat stationnaire et de NOESY et d'HOESY en fonction du temps pour obtenir des mesures expkrimentales 
de la conformation du trimkre. On a utilisk des methodes semiempiriques d'orbitales molCculaires pour calculer les structures 
d'Cnergie minimale et les barrikres d'knergie aux rotations de liaison dans la molCcule. On a trouvk que pour la molkcule de la 
grosseur d'un trimkre, les expkriences d'eOn fournissent une reprksentation moins dCtaillee de la conformation de la molkcule 
que les rksultats d'orbitales molkculaires. Une comparaison des rksultats des e o n  et des calculs d'OM avec les structures 
cristallines obtenues h partir de la IittCrature indiquent que l'on peut kvaluer les angles de torsion entre la chaine latkrale et le 
mkthoxyle. La corrklation entre les prkdictions faites sur la base des e o n  et des calculs d'OM pour les distances interatomiques 
est apparemment relite au fait que les minima pour les angles de torsion du P-0-4 pour lesquels les diffkrents rksultats se 
confirment mutuellement sont Ctroits. Des barri6res aux rotations des angles de torsion qui seraient larges ou faibles peuvent 
conduire h des structures minimiskes par des mCthodes de calculs qui ne sont pas justifiCes exptrimentalement. 

Mots ~ 1 6 . ~  : calculs semiempiriques d'orbitales molkculaires, RMN 3D, conformation, modkle pour la lignine, effet Overhauser 
nucltaire. 

[Traduit par la redaction] 
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Fig. 1. Stmcture of acetoguaiacyl-dehydro-diisoeugenol methyl 
ether or 1 with labels for ring and side-chain carbons and 
rotations about side-chain torsion angles. 

Introduction 

Nuclear magnetic resonance analysis of the structure of lignin 
and lignin model compounds has focused on the identification 
of carbons and the side-chain protons (1). The assignment of 
aromatic protons and the further analysis of conformation nor- 
mally have been excluded from the analysis. The application 
of 2D NMR to the study of macromolecular lignin has been 
limited (2-4) because lignin poses special problems related to 
short T1 and T2 relaxation times. Long correlation times found 
for the lignin macromolecule ( 5 )  lead to broad line widths (> 10 
Hz), which limit the resolution or detection of protons with 
small coupling constants. In NOE-type experiments, spin dif- 
fusion, resulting from long correlation times, will lead to a loss 
of the spatial dependence of the NOE peak intensity (6). 

When all protons in a molecule have been assigned, NOE 
measurements between aromatic protons, side-chain protons, 
and methoxyl groups may assist in quantifying distances 
between protons and providing constraints for analyses of the 
three-dimensional structure. The difficulties in assigning aro- 
matic proton resonances in lignin include the very small differ- 
ences in chemical shift, the high spin multiplicities, and the 
relatively short relaxation times. Furthermore, the side chains, 
methoxyls, and aromatic groups constitute separated spin sys- 
tems, which then must be linked together over three or four 
bonds and one or two quaternary carbons. 

Acetoguaiacyl-dehydro-diisoeugenol methyl ether, or 1, is a 
lignin model compound consisting of three guaiacyl-type units 
joined together by phenylcoumaran and P-0-4 type linkages 
as shown in Fig. 1. There is a vinylic side chain and a carbonyl 
group at the cr carbon on the P-0-4 linked side chain. In addi- 
tion there are three guaiacyl methoxyl groups at the aromatic 3 
position. A fourth methoxyl exists as a methylated phenolic 
group. Overall, there are 19 different proton peaks and 30 dif- 
ferent carbon peaks expected. Of these, seven protons and 
seven carbons are aliphatic, one carbon is carbonyl, four 
groups of 12 protons and four carbons are methoxyl, and eight 
protons and 18 carbons are aromatic. 

Assignment strategies 

The overall assignment scheme is to first identify different 
spin families or the directly coupled spins and then piece 
together the connectivities for the different spin groups. The 

Fig. 2. COSY spectrum of 1 at 200 MHz with cross-peak 
connectivities drawn for two side-chain spin groups. 

proton spin families may be identified using COSY (COrre- 
lated SpectroscopY) spectra to group together aromatic pro- 
tons and side-chain protons. The initial COSY spectra 
normally allow the assignment of the side-chain protons and 
will separate most of the aromatic protons into groups 
attached to the same rings. Single-bond carbon-proton con- 
nectivities are readily identified using standard single- 
quantum heteronuclear correlation type experiments. 
Heteronuclear correlation optimized for long-range couplings 
(7) provides an efficient method for connecting the side chains 
with the adjacent aromatic groups. NOESY (6, 8) HOESY 
(Heteronuclear Overhauser Enhancement SpectroscopY) (9, 
lo), HMQC (Heteronuclear correlation through Multiple 
Quantum Coherence) (8, 1 l), and HMBC (1H detected Multi- 
ple-Bond heteronuclear multiple-quantum Coherence) (8, 12) 
all provide complementary information, which may be used to 
knit the isolated spin groups into a coherent structure. 
Although some long-range couplings may be present in a 
COSY spectra, these normally may be used only for making 
preliminary assignments for aromatic side-chain connectivi- 
ties. Methoxyl groups are assigned using a combination of 
HMBC, HOESY, and NOESY spectra, with confirmation of 
assignments with NOE difference spectra. Chemical shifts, 
spin multiplicities, and coupling patterns are required to make 
the assignments for the side-chain protons within the spin 
family. A comprehensive review of the carbon chemical shifts 
of lignin models by Kringstad and Morck provides a reason- 
able starting point for assigning carbon chemical shifts (13, 
14). 

Identification of spin families 
The three side-chain spin families can be readily identified 
from the COSY spectrum. These groups are illustrated by the 
lines connecting the protons within two side-chain spin fami- 
lies in the COSY spectrum as presented in Fig. 2. The third 
spin group is the singlet at 5.28 ppm. Integration and analysis 
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Garver et al. 

Table 1. Chemical shift assignments and coupling constants measured in CDCl, at 27°C 
on a 500 MHz ('H) Bruker AMX spectrometer. 

Proton Carbon ' J c - ~  3Jt~-H J J t , - ~  

Position (ppm) ( P P ~ )  (Hz) (Hz) (Hz) 

of the chemical shifts, multiplicities, and integrals readily lead 
to the assignments presented in Table 1. The coupling con- 
stants for a and p protons on the vinylic side chain are consis- 
tent with a trans configuration (15). The four methoxyl peaks 
at -3.9 ppm are the only remaining unassigned proton reso- 
nances in the aliphatic region. 

Resolution and assignment of aromatic ring protons 
The eight aromatic protons present additional complications 
due to the difficulty of resolving multiplets from the overlap- 
ping peaks in the aromatic region. Furthermore, the observed 
position of the peaks changes with magnetic field strength 
because of the tight coupling between protons. The 500 MHz 
instrument used with resolution enhancement via a Lorentz to 
Gauss transformation significantly improves the resolution of 
these peaks (16). Peak integrals and a knowledge of the cou- 
pling patterns for substituted aromatic units (17) greatly assist 
in the identification of coupled aromatic protons (18). Protons 
on carbons 5 and 6 are normally AX doublets with about 8 Hz 
splitting. The proton on carbon 6 is normally split again with 
2 Hz coupling to the tneta proton at carbon 2; depending on 
chemical shift differences this coupling results in ABC, AMX, 

or ABX coupling. Examination of Fig. 3 clearly shows these 
coupling patterns in the distinct region between 7.5 and 8.0 
ppm. The doublet at 7.59 and two doublets at 7.67 each belong 
to a single proton. The peaks between 6.75 and 6.95 ppm are 
much more difficult to resolve into the component peaks. As 
shown in Fig. 3b, this region consists of two groups with a 
total of five protons. Moreover, in this region the coupling 
constants (8.2-8.5 Hz) are sufficiently close to the differences 
in chemical shifts (0.9 ppm or 45 Hz at 500 MHz and 18 Hz at 
200 ppm) that the AB character in the 200 MHz experiment 
becomes more an AX character in the 500 MHz experiment 
(19). Comparison of Figs. 3a and 3b shows how the field inde- 
pendence of the spin-spin coupling changes the observed 
chemical shift of these peaks. The single-quantum W C  corre- 
lation of this region, shown in Fig. 4, clearly resolves three 
doublets with couplings of about 8 Hz and two singlets. The 
WC correlation also facilitated the assignment of the carbons 
adjacent to protons. These are reported with coupling con- 
stants in Table 1. 

Protons were assigned to individual rings using a variety of 
long-range and nuclear Overhauser enhancement experi- 
ments. Consider the protons with chemical shifts centered at 
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Table 2. Carbon to proton crosspeaks ('H pprn - "C pprn). 

HMQC HOESY HMBC 

6.10-123.5 PA-PA 

5-28-1 93.1 PC-aC 
5.28-72.0 PC-PC 
5.28-147.6 P C 4 B  
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Garver et al. 

Table 2 (conclrrded). 

HMQC HOESY HMBC 

Fig. 3. Proton NMR of the crowded portion of the aromatic region between 6.75 and 7.05 ppm at 
200 MHz (a) and 500 MHz (13). In this area coupling, which may be described as AB in the 200 
MHz spectrum, has more AX character in the 500 MHz spectra. Furthermore, the separation and 
relative positions of the peaks have changed. 

(a) 
28 

200 MHz n 

7.67, 7.59, and 6.90 ppm that have been identified as a group spectra (Table 3) have peaks between the side-chain proton 
using COSY spectra and coupling constants. Long-range het- Hp, (5.28 ppm) and the protons 7.67 and 7.59 ppm. The car- 
eronuclear correlation data (Table 2) established connections bony1 carbon is adjacent to ring C, therefore 7.67, 7.59, and 
from the a carbonyl carbon (193.1 ppm) to the protons at 7.67 6.90 ppm are most likely on ring C. The positions of the ring 
and 7.59 ppm. NOESY spectra (Table 3) and NOE difference protons were then deduced from coupling constants and con- 
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Fig. 4. Heteronuclear CH correlation (HMQC) experiment of the 
aromatic and viny lic regions of 1 at 500 MHz. 

pprn 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 

firmed by long-range experiments. In the ring C proton group 
there was -8Hz coupling between the ortho protons at 7.67 
and 6.90 ppm, -2 Hz coupling between meta protons at 7.67 
and 7.59 ppm, and the absence of coupling between para pro- 
tons at 7.59 and 6.90 ppm. Hence the proton assignments for 
the ring protons are 7.67 for H6C, 7.59 for HIC, and 6.90 for 
HSc. The long-range heteronuclear correlation between the 
carbonyl carbon at 193.1 pprn and the protons at 7.67 and 7.59 
confirms that these are the protons on carbons 6 and 2. A sim- 
ilar analysis was used to establish the assignments given in 
Table I for the protons in the other rings. Carbon- 13 chemical 
shifts were determined using 2D heteronuclear experiments 
(HOESY and HMBC) and articles by Kringstad and Mijrck 
(13, 14). 

Similarities in chemical shifts for the protons at certain ring 
positions were evident when our results were compared to 
other model compounds with similar side-chain structures and 
ring substitution (20-22). The protons at the 2 and 6 positions 
in rings with an adjacent carbonyl group were normally always 
shifted downfield to the region between 7.5 and 7.85 ppm. 
Given that all other aromatic protons are normally upfield 
from 7.05 ppm, the region between 7.5 and 7.85 may be used 
to obtain an estimate of the quantity of a carbonyl groups. This 
may potentially be applied to the analysis of the spectra of lig- 
nin derivative or lignin model compounds. The consistency of 
the reported chemical shifts in the literature also suggests that 
there is no significant change in the chemical shifts between 
monomer- and trimer-size lignin models. 

Assignment of methoxyl protons 
Peaks on the proton spectrum corresponding to the methoxyl 
protons consisted of four peaks of equal height in a chemical 
shift range of 0.08 ppm. Both NOE and long-range spin-spin 
couplings were used to assign these difficult methoxyl pro- 
tons. Cross peaks between the methoxyl protons and the meth- 
oxyl-substituted ring carbon as shown in Fig. 5a were 
observed in the long-range heteronuclear correlation experi- 
ment. Nuclear Overhauser effects observed using HOESY and 
NOESY spectra established dipolar spin exchange between 
the methoxyl protons and the proton and carbon adjacent to the 
methoxyl-substituted ring carbon (Fig. 5 and Table 2). The 

Fig. 5. Spectra showing spin exchange with the methoxyl 
protons. Long-range heteronuclear correlation (HMBC) at 500 
MHz (a) shows the spin-spin coupling to the methoxyl- 
substituted ring carbons. The heteronuclear NOE experiment 
(HOESY) for the same region (b) shows the incoherent spin 
exchange between the methoxyl protons and the carbons adjacent 
to the methoxyl-substituted carbon. NOESY spectra of the 
aromatic region (c) indicate spin exchange between the methoxyl 
protons and the protons attached to the carbons adjacent to the 
methoxyl-substituted ring carbon; these same peaks were also 
observed on COSY spectra. 

3.96 3.92 3.88 oom 

I I I I I I  I 
I I I I I  

3.96 3.92 3.88 pprn 

HOESY cross peaks for the methoxyl region shown in Fig. 5b  
indicate that the methoxyl protons are spatially closer to the 
carbons at position 2 than they are to any other ring carbon. 
NOESY spectra between C2 protons and methoxyl protons 
shown in Fig. 5c also confirm this spatial proximity. The pro- 
ton NOE difference spectra also show cross relaxation 
between the methoxyl protons and the proton at C2. 

NOE and molecular orbital analysis of conformation 
We have compared semiempirical molecular orbital analysis 
with NOE analysis of the conformation of 1. This molecule 
provides a reasonable model to study the limitations of these 
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Garver et al. 

Table 3. NOE steady state difference results. 

Distance (A) 
Integral (MOPAC) Irradiate (pprn) Observe (pprn) 

methods of conformational analysis for lignin oligomers. the methoxyl bond dihedral rotation. Different conformational 
Among the significant conformational variables that have energies for model compound 1 have been calculated by rota- 
been addressed are the side-chain dihedral bond rotation and tion of the side-chain dihedral angles r,-r6 as shown in Fig. 1. 
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Fig. 6. Heat of formation energies calculated using MNDO-PM3 semiempirical methods for torsion-angle bond rotations 
shown in Fig. 1 (rl-r6) Fisher projections shown on each graph correspond to minima or maxima for the conformational 
energies. For rotation 1, defined by CpA-C,A-OIA-Cz, (a), the projection at the local maximum at 90" is shown. The minimum 
at 90" for the rotation of Cp,-C,B-OIB-C2A (r2) is shown in (b). Global minima at 200" and at 90" are shown for C,,-C,c-Opc- 
Cpc (c) and CC,c-Opc-Cpc-C,c (d). Local maxima at 90" are shown for Opc-Cpc-C,c-Clc ( e )  and Cpc-C,c-C,c-C,c 0. 

0 120 240 360 

Torsion angle 

0 120 240 360 

Torsion angle 
-1 60 

0 120 240 360 
Torsion angle 

120 240 

Torsion angle 

0 120 240 360 0 120 240 360 

Torsion angle Torsion angle 

Our results may be compared to other NMR results (23), other 
molecular orbital or molecular mechanics results (24), and X- 
ray crystal structures (25-28). 

We used the 1D NOE 1H difference and 2D NOESY and 
HOESY experiments for conformational analysis. Steady state 
NOE is obtained from the NOE difference experiment 
whereas NOES from NOESY experiments are measured by 
transient effects (29). Internuclear distances obtained from the 

ID experiment rely on the observation that NOE transfer rates 
are proportional to the inverse sixth power of the distance 
between dipolar nuclei (30). Distances from NOESY and 
HOESY experiments are estimated from the initial buildup 
rates of the NOE (29). Errors involved in estimating distances 
using NOE data include problems with measurement and 
accounting for competing relaxation pathways. In contrast, the 
errors for distance estimation with semiempirical calculations 
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Fig. 7. Steady state NOE difference intensities plotted against 
interatomic distances calculated from a structure (shown in Fig. 8) 
minimized using MNDO-PM3 semiempirical methods. 

Distance (MOPAC, A) 

are due to the accuracy of the computational model, the differ- 
ences between solution state and gas state geometries, and the 
possibility that the minimized structure is a local minima. 

Conformations with the lowest overall energy and side- 
chain bond rotation energies were calculated using semiempir- 
ical molecular orbital methods on the MOPAC 93 program 
(31) installed on a SUN IPX computer. We have used the 
MNDO-PM3 method (Modified Neglect of Diatomic Overlap 
(32), Parametric Method 3 (33)), which neglects diatomic 
overlap in the secular equation. In this method the excessive 
repulsive energy arising from the MNDO method is empiri- 
cally reduced using Gaussian attractive functions in calculat- 
ing the nuclear energies (34). The full atomic parameter set has 
been optimized for calculating the heat of formation from the 
electron+lectron and nuclear-nuclear interactions and the 
heats of formation of the constituent atoms (33). The SYM- 
METRY function was used for methyl proton bond lengths 
and angles, and all parameters except individual rotation bond 
angles were relaxed for these calculations. Bond rotation ener- 
gies shown in Fig. 6 were obtained by calculating the energies 
of minimized structures for the rotamers at lo0 torsion angle 
intervals. Optimization parameters SCFCRT and GNORM 
were set to 1.0 x lo-' and 0.01, respectively. Given the com- 
putational power available on today's computers, this semiem- 
pirical MO approach provides a good compromise between 
computational economy and theoretical accuracy for confor- 
mational studies of molecules of this size. It should be noted 
that these semiempirical results correspond to gas phase heats 
of formation, which do not take into account the sometimes 
substantial effects of solvation. 

Comparison of NOE results with 
molecular orbital minimized structures 

NOE values that serve as experimental measures of the 

approximate distances between atoms may be coinpared to 
interatomic distances calculated using MO methods. In addi- 
tion, the likelihood of a single conformation dominating the 
relationship between any two atoms may be addressed by 
examining bond torsion-angle rotation energy barriers. In the 
first approximation, when one considers dipole-dipole inter- 
action between two nuclei, the rate of spin exchange by the 
nuclear Overhauser effect (cross relaxation) will be propor- 
tional to r-6 (35). In practice, our system with multiple spins 
that have both dipolar interactions and spin-spin coupling 
between many atoms is significantly more complicated (29). 
In Fig. 7 the steady state NOE values are plotted against the 
distances from the minimized structures. The fitted line in Fig. 
7 shows the best fit of the steady state NOE intensity to a r-6 
dependence. 

Rotation at bonds conjugated to ring structures 
At room temperature it appears that there is free rotation about 
the benzylic bond of the vinyl structure (Fig. 1, I - , ) .  NOESY 
and NOE difference intensities between side-chain protons 
HaA and HpA to the ring protons HZA and H 6 ~  are similar in 
magnitude. This indicates that similar populations of these 
two rotamers exist. Indeed, the NOE results conform to results 
from molecular orbital calculations for different rotamer con- 
formations (Fig. 6a) that indicate that the energy difference is 
0.22 kcal mol-' between the two rotamers with the a-p con- 
jugated double bond in plane with the aromatic ring. This 
energy difference corresponds to an equilibrium constant at 
room temperature of about 0.7. In addition, there is a 1.7 kcal 
mol-' activation energy for rotation about the benzylic vinyl 
bond. The torsion-angle bond rotation about the benzylic bond 
at ring A is rapid compared to the chemical shift difference 
that may exist due to the chemical exchange (T < 1/20 Hz). It is 
also fast compared to the NOE buildup (T << 111 Hz). The 
NOE data corresponding to rotation at the benzylic bond on 
ring B (r2 in Fig. 1, (b) in Fig. 6), however, clearly indicate a 
favored conformation in which the single benzylic proton is 
closer to the proton at the 2 ring position than the proton at the 
6 ring position. This is difficult to see in the minimized struc- 
tures shown in Fig. 8, but the calculated distances for the min- 
imized structure are 2.82 A and 3.45 A for Ha to Hc2 and HC6. 
The steady state NOE (Table 3) and the NOESY buildup 
experiments (Table 4) both indicate that Ha,-H6, is farther 
apart than Ha,-H,,. The dominant conformation has Ha, 
and H2, close together as shown in our calculated structure in 
Fig. 7. The calculation for the rotation about this bond showed 
some instabilities (Fig. 6b), but the favored conformation and 
a relatively low barrier to rotation are evident. 

A priori one expects that conjugation of a carbonyl with 
ring C will restrict rotation about the benzylic bond defined 
by the torsion angle CZ-C,-Ca-Cp. Our NOE results corre- 
spond well with this prediction, but the calculated results 
for this bond rotation showed some instabilities and an 
unexpectedly low-energy barrier for rotation. The relative 
intensities for the steady state NOE difference spectra 
between protons Hpc and H6C or H2C are 6.37 and 2.29, 
respectively. This corresponds to distances of about 2.6 for 
the Hpc-H6c interaction and 3.2 A for the Hpc-HZc inter- 
action estimated from the empirical fit between all of the 
NOE difference data and the PM3 minimum structures as 
shown in Fig. 8. 
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Fig. 8. Perspective view of acetoguaiacyl-dehydro-diisoeugenol 
methyl ether minimized structure rotated to show the view with 
each aromatic ring in the plane. 

defined by C3,-C,,-Opc-Cpc (Fig. 6c) the principle con- 
straints appear to be interaction of the P proton with the meth- 
oxyl and H5C protons. The small rotation barrier at angles 
between 120" and 180" corresponds to interaction between the 
p protons and the C5 hydrogen. The larger barriers between 
- 120" (240") and 90" correspond to interaction between the P 
protons and the methoxyl protons. The absence of NOE 
exchange between the P (ring C) protons and the methoxyl 
protons as well as the strong NOE between the P protons and 
the C5 proton indicates that the 200" torsion angle conforma- 
tion is probably dominant in solution. Unfortunately, no 
HOESY peaks were observed between the 3 and 5 aromatic 
carbons and the p protons. The crystal structure for similar 
molecules with a y CH,OH substituent (26) showed a Cp-0-  
C,-C, torsion angle of 172.3" corresponding to nearly the 
same conformation as we have found experimentally and by 
MNDO-PM3 calculations. The substantial energy barrier of 
about 5 kcal mol-' for the rotation about the torsion angle C4- 
0-Cp-C, corresponds to the geometry in which the C, and the 
carbonyl oxygen are in the plane of the aromatic ring B (a tor- 
sion angle of 0" as shown in Fig. 6 4 .  The minimum for rota- 
tion about this axis is at -82" and corresponds to the lowest 
steric interactions energy. This geometry is again similar to 
the 68.5" torsion angle found by Stomberg and Lundquist for a 
similar a-carbonyl P-0-4 structure (26). 

Steric interactions between aromatic rings will restrict rota- 
tion about the a-P bond defined by Opc-Cpc-C,,-C,, as 
shown by the broad barrier to rotation between - 120" and 40". 
The minima for this bond rotation place the P-ether oxygen at 
a 60" angle to the aromatic plane of ring C as shown in Figs. 7 
and 5e. Crystal structures for P-0-4 model compounds indi- 
cate that the minima at about - 160" (- 152.4") is favored for 
a-carbonyl-containing compounds while the a-hydroxylated 
compounds crystallize with torsion angles in the minima 
between 50" and 65". 

Methoxyl rotation 
In our experience the observed NOE values may not be used to 
distinguish the CMco-OM,,-C,-C, dihedral angles precisely 
with respect to the plane of the aromatic ring. However, 
NOESY and HOESY peaks and the NOE values were always 
consistent with a close proximity between the methoxyl pro- 
tons and the aromatic C2 protons. Close examination of 
Tables 3 and 4 reveals that there is general agreement between 
the NOE and MO data with respect to determining the juxta- 
position of the methoxyl protons relative to the ring protons. 
In Table 3 there are several steady state NOE peaks listed 
between methoxyl protons and protons on adja~ent~aromatic 
rings where the MOPAC calculated distance is over 10 A. We did 
not see strong evidence of corresponding peaks in the NOESY 
spectra and we believe these peaks are artifacts of the steady 
state experiment. Also there are negative NOE peaks listed in 
Table 3 that we attribute to multi-spin effects. Crystal struc- 
tures have shown that syringyl-type groups have methoxyl tor- 
sion angles of 220" to the ring for one group and at about 85" 
for the second methoxyl group (27). Molecular mechanics 

Rotation at the P-0-4 bond (36) and molecular orbital studies (37) also have found similar 
The two torsion angles at the P-0-4 bond between rings B and dihedral angles for the methoxyl groups. For the three C3 
C have the greatest rotation barriers as shown by the results methoxyls we have calculated minimum torsion angles (CMe0- 
presented in Figs. 6c and 6d for the rotamers calculated by the OM,,-C,-C,) of 107" (ring A), 85" (ring B), and 167" (ring C). 
MNDO-PM3 method. For rotation about the torsion angle The methoxyl on the C4 position on ring C is in the ring plane 
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Table 4. Initial rates, selected NOESY peak intensities. 

Mixing Time (ms) 

Peak ( P P ~ )  Assignment Intensity 

1.37-3.44 YB-PB 4.79 4.55 4.19 
3.87-7.00 OMe3B-2B 1.98 3.58 6.39 
3.89-6.78 OMe3A-2A 1.72 3.08 5.24 
3.93-7.59 OMe3C-2C 1.84 3.19 5.70 
3.95-6.90 OMe4C-5C 2.22 3.73 6.62 
5.10-3.44 aB-PB 3.06 1.42 1.25 
5.10-6.88 olB-6B 0.8 1 1.62 2.87 
5.10-7.00 olB-2B 0.53 1.03 1.92 
5.28-6.79 PC-SB 1.98 3.40 5.47 
5.28-7.59 PC-2C 0.37 0.70 1.26 
5.28-7.67 PC-6C 1.29 2.47 4.19 
6.10-1.86 P A-YA 3.18 3.99 4.03 
7.67-6.90 6C-5C 8.04 4.70 3.39 

with a 0" angle to C5. Values for the energy barrier for meth- 
oxyl rotation have been estimated to be between 1.6 and 3.4 
kcal mol-I (37). We have calculated rotational energy barriers 
of between 1.3 and 2.0 kcal mol-' for methoxyl rotation for 
this lignin model. 

Experimental section 

Acetoguaiacyl-dehydro-diisoeugenol methyl ether was kindly 
donated by Dr. Jerzy Arct at Lakehead University in Thun- 
der Bay, Ontario. Spectra were obtained on a 200 MHz 
Bruker AC-E spectrometer at Lakehead University and a 500 
MHz Bruker AMX spectrometer at the High-Field NMR 
facilities at the prairie Regional NMR  eni ire, Winnipeg, 
Manitoba. Spectra were obtained at 300 K from samples dis- 
solved in CDC13 (99.8%, Cambridge Isotope Laboratories) 
with TMS as internal standard. Carbon-13 spectra were 
obtained with two-level decoupling. The 200 MHz COSY 
pulse sequence was based on articles by Aue et al. (38) and 
Nagayama et al. (39). The COSY spectrum presented in Fig. 
2 was obtained with 1K data points in F2, a sweep width of 
1600 Hz, 256 F1 increments with 32 acquisitions each, and a 
relaxation delay between acquisitions of 5 s. Standard 
NOESY experiments (29) were performed at 200 MHz with 
32 acquisitions for 256 increments in F1 and 1024 data points 
in F2 (Fig. 5c). The spectral width in both dimensions was 
1602 Hz at 200.14 MHz. Phase-sensitive TPPI NOESY spec- 
tra were obtained at 500 MHz (D,-90-Do-90-D,-90-FID) 
with mixing times of 0.1, 0.2, 0.4, 0.8, and 1.2 s, a 5 s relax- 
ation delay, 16 acquisitions for 512 points with a spectral 
width of 7.63 1 ppm in F1, and 1024 points with a spectral 
width of 3816.79 Hz in F2 (Table 4). Heteronuclear Over- 
hauser experiments using a standard carbon-detected HOESY 
pulse sequence were executed on the 200 and 500 MHz 
instruments (10, 40, 41). At 500 MHz the HOESY spectra 
(Fig. 5) were 4K in F2 with a sweep width of 23 809.52 Hz, 
128 spectra with 64 acquisitions each in F1 at 500.14 MHz, 
and a mixing time of 2 s and the relaxation delay of 3.5 s. A 

5.0 s saturation time was used for the steady state NOE dif- 
ference method (42). Inverse-detected long-range W C  cor- 
relations via zero and double-quantum coherence (HMBC) 
(12) were optimized for long-range couplings of 5-10 Hz 
(1/2JcH delay = 0.070 s) with a low-pass J filter, F1 = 128 
points, 198.776 ppm at 125.7699 MHz; F2 = 4096 points, 
7.24 ppm at 500.136 MHz. Inverse-detected WC correla- 
tions optimized for single bond couplings (HMQC) (1 1) 
(delay = 0.001 78 s for (1/4)J, JcH - 140 Hz) were obtained 
at 500.1376 MHz with 128 points and a spectral width of 
159.029 ppm in F1 (125.7699 MHz), and 4096 points over a 
7.24 ppm (500.136 MHz) spectral width in F2. 
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Properties of atoms in molecules: 
nuclear magnetic shielding 

+.A. Keith and R.F.W. Bader 

Abstract: This paper analyzes the nuclear magnetic shielding tensors underlying the chemical shift in NMR spectroscopy 
in terms of the field generated at the nucleus by the current f l ) ( r )  induced by an external magnetic field. The magnetic 
field at nucleus A/ resulting from an element of the induced current density at a distance r,,, is proportional to 
re,,, x f1)(r)/r2,,, which defines the shielding density o&). The magnetic shielding of a nucleus is fundamentally an 
atomic property, a feature brought to the fore by using the theory of atoms in molecules, and the integration of %,,.(r) 
over the individual atomic basins relates the shielding tensor osv to a sum of atomic contributions. The shielding of 
nucleus A is primarily determined by the flow of current within the basin of atom A, a contribution that varies from 
the approximate diamagnetic limit, given by the atomic Lamb value for the atom in the molecule, to values that are 
greatly reduced by the presence of paramagnetic current flows associated with particular bonding effects. Whether the 
contribution of a neighbouring atom is shielding or deshielding is readily understood by relating the form of the current 
flow within its basin to the magnetization density r , , ,  x f l ) ( r ) .  A study of the currents induced in benzene shows that the 
extent to which a proton, bonded to a ring of atoms, is deshielded by the field exerted by its bonded neighbour provides a 
direct diagnostic test for a ring current and an accurate relative measure of its strength. The theory of atoms in molecules 
isolates transferable atomic properties, and because of this ability one finds, in addition to the anticipated result that a 
given functional group contributes identical amounts to the isotropic shielding 6, , (  of a nucleus external to it through a 
series of n~olecules, the more remarkable result that the whole of the variation in C , , (  can have its origin in the basin of 
atom A( the contribution from external groups remaining constant. For example; the external contribution to CA, for a 
carbon nucleus in a normal hydrocarbon is independent of chain length and position of A within the chain, the methyl 
group in ethane contributing the same shielding to a methyl carbon as does the butyl group in pentane. This constancy in 
external contributions to the shielding is also found for N, 0 ,  and F nuclei in substituted, saturated hydrocarbons. 

Key words: NMR, magnetic shielding, current density, magnetic shielding density. 

RCsumC : Dans ce travail, on analyse les tenseurs du blindage magnCtique nuclCaire sous-jacents au dCplacement chimique 
en spectroscopie RMN en fonction du champ gCnCrC au niveau du noyau par le courant f l ) ( r )  induit par un champ 
magnCtique externe. Le champ magnCtique au niveau du noyau A q u i  rCsulte d'un ClCment de la densit6 du courant induit 
i une distance est proportionnel i r,,, x fJ(')(r)/r;,, qui difinit la densit6 de blindage oL,,,(r). Le blindage magnCtique 
d'un noyau est fondamentalement une propriCtC atomique, une caractkristique mise de I'avant par l'utilisation de la thCorie 
des atomes dans les molCcules, et llintCgration de cs_,.(r) sur les basins atomiques individuels permet d'Ctablir une relation 
entre le tenseur de blindage o, , ,  avec une somme de contributions atomiques. L'Ccoulement du courant dans le basin 
de l'atome dl( une contribution que differe de la limite diamagnitique approximative donnCe par la valeur atomique de 
Lamb pour I'atome de la molCcule, limite le blindage du noyau -f\'i des valeurs qui sont grandement rCduites par la 
prCsence des Ccoulements de courant paramagnetique associCs avec des effets de liaison particuliers. On peut facilement 
comprendre que la contribution d'un atome avoisinant est blindante ou diblindante en Ctablissant une relation entre la 
forme de I'Ccoulement du courant dans son basin et la densiti de magnitisation rZ,, x f l ) ( r ) .  Une Ctude des courants 
induits dans le benzene montre que, pour un proton par ailleurs liC h un cycle d'atomes, le degrC de dCblindage causC 
par le voisin qui lui est liC fournit une mCthode directe de diagnostique pour un courant de cycle et une mesure relative 
correcte de sa force. La thCorie des atomes dans les molCcules permet d'isoler les propriCtCs atomiques transfCrables; i 
cause de cette caractiristique, il est possible d'observer, en plus du rCsultat anticipC selon lequel un groupe fonctionnel 
donnC contribue des quantitCs Cgales au blindage isotrope, c,,, d'un noyau qui lui est externe par une sCrie de molCcules, 
un rCsultat encore plus remarquable, i savoir que l'ensemble de la variation du 6Z,1, trouve son origine dans le basin de 
l'atome d e t  que la contribution des groupes externes reste constante. Par exemple, la contribution externe au 6;4, pour un 
noyau de carbone dans un hydrocarbure normal est indkpendante de la longueur de la chaine et de la position de l'atome 
~ V d a n s  la chaine; le groupe mCthyle de 1'Cthane fait la m&me contribution h un atome de carbone que le groupe butyle du 
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pentane. On a observC la m&me constance des contributions externes au blindage avec les noyaux de N, 0 et F dans les 
hydrocarbures saturCs substituCs. 

Mots clis : RMN, blindage magnCtique, densit6 de courant, densit6 de blindage magnktique. . 

[Traduit par la rCdaction] 

Atomic basis of the chemical shift 
Nuclei of chemically inequivalent atoms of the same element 
give rise to distinct resonance signals in an NMR experi- 
ment, the chemical shift. The ability to distinguish between 
the atoms of a given element in a molecule makes the chem- 
ical shift the most important parameter to be derived from 
an NMR spectrum (1). The shift in signal relative to the bare 
nucleus is called the "nuclear magnetic shielding" and is the 
result of the external magnetic field inducing an electronic 
current within the molecule whose associated magnetic field 
at the nucleus partially shields or deshields it from the ap- 
plied field. The nuclear magnetic shielding, like the magnetic 
susceptibility, is determined by the first-order current distri- 
bution induced by a uniform external magnetic field. The cur- 
rent density is the expectation value of the current operator 
(2), the product of the observables for the electron density 
and velocity, and for a field applied along the P Cartesian 
axis the first-order induced current density, J61)(r), is given 
by 

where y11) is the corresponding first-order correction to the 
wave function and Api = (1/2)Bp x (ri - ro) is the vector 
potential for an applied field B p  with gauge origin ro. The 
magnetic shielding of a given nucleus is basically an atomic 
property. Understanding the dependence of the shielding of 
a nucleus of a given atom on its chemical environment is 
predicated upon understanding the atomic contributions to 
the shielding in terms of the current density distribution, a 
step that is accomplished using the theory of atoms in mole- 
cles (3). This theory identifies an atom with a bounded region 
of real space whose properties, including those induced by 
an external field, are defined by the quantum action principle 
(4). 

In the case of magnetic properties, the theory enables one 
to go beyond the definition of the atomic contributions, by 
leading to a method for their determination, one that takes 
advantage of the knpwn result that the nucleus serves as the 
natural gauge origin for the calculation of the current in an 
isolated atom. The use of a separate nuclear-centred gauge 
origin for each atom in a molecule, termed the method of 
Individual Gauges for Atoms in Molecules (IGAIM) ( 3 ,  en- 
ables one to calculate first-order magnetic response proper- 
ties that are in relatively good agreement with experiment, 
using standard basis sets of moderate size. The properties 
are calculated directly from the wave functions obtained in 

conventional CPHF calculations. IGAIM, by assigning mul- 
tiple gauge origins in real space, thus differs from CIAO (6) 
or IGLO (7, 8), which assign different gauges to individual 
atomic-centred basis functions or to localized molecular or- 
bitals, respectively. 

The theory also leads to a method for the relatively accu- 
rate and continuous determination of the first-order induced 
current density J(')(r), by extending the idea of the set of 
multiple real-space gauge origins used in IGAIM to the limit 
of a continuous set of gauge origins (9). In this method, the 
current is determined through the definition of a continuous 
set of gauge transformations (CSGT), a separate gauge origin 
to calculate the current f "(r) at each point r in real space, 
yielding the following expression for the induced current dis- 
tribution: 

y ~ l ) '  is the additional first-order correction arising from the 
changed vector potential ~b~ = (1/2)Bp x d(r), wherein d(r), 
the shift in gauge origin, is defined to be a continuous func- 
tion of r ,  the position vector in real space. The vector currents 
determined using the form of this method termed CSDGT 
(9) satisfy the local current conservation requirement that 
v-J( ' )(~) = 0 with relatively high numerical accuracy, en- 
abling one to obtain faithful displays of the current and de- 
termine its topology for the first time (2, 9). 

The atomic current theorem obtained from the theory of 
atoms in molcules enables one to define the atomic con- 
tributions to the magnetic susceptibility and relate them to 
the form of the current density (10). The resulting atomic 
contributions have been shown to recover Pascal's group in- 
crements for the magnetic susceptibilities of hydrocarbons, 
thus adding magnetic properties to the list of the measurable 
additive group contributions that are predicted by the theory, 
a list that includes heats of formation, populations, volumes, 
and electric polarizabilities. 

The induced current that generates the field shielding a nu- 
cleus corresponds to a divergence-free flow of electron den- 
sity. The electron density and the current are the expectation 
values of quantum observables that, according to Schrodinger 
( l l ) ,  underlie the elucidation of the electric and magnetic 
properties of matter. The theory of atoms in molecules uses 
these two fields to obtain an atomic partitioning of the space 
of a molecule and of its magnetic properties, to obtain thereby 
a physical understanding of magnetic properties at the atomic 
level. 

Computat ional methods 
The nuclear magnetic shielding results reported here were 
calculated at the CPHF level using IGAIM (5). The CPHF 
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first-order wave functions were obtained from a locally modi- 
fied version of CADPAC 4.0 (12), while the atomic integrations 
were done using AIMPAC.~  The 6-31 1++G(2d,2p) Gaussian 
basis sets of Pople et al. (14) were used in all calculations. 
For consistency, all geometries were fully optimized at the 
HF level using the same basis set. All vector current maps 
were calculated using CSGT (9). Jameson (15) has reviewed 
the theoretical and physical aspects of nuclear shielding, in- 
cluding methods for its calculation and interpretation. 

Magnetic shielding density and its 
relation to the induced current 

Definition of atomic contribution to nuclear magnetic 
shielding 

Jameson and Buckingham (16) have shown how properties 
induced by electric and magnetic fields can be expressed as 
integrals of corresponding property densities defined in real 
space in terms of the flectronic charge and current distribu- 
tions. In particular, the first-order magnetic dipole induced 
in a molecule by an external field B is related to the magne- 
tization density in terms of the first-order induced current, as 
(1/2c)r xJ(')(r). This is the density that determines the mag- 
netic susceptibility of a molecule (10, 16). This same density, 
with origin located specifically at nucleus &and divided by 
I-:,,, determines the local contribution that the induced current 
makes to the magnetic field at the position of nucleus db! 
Specifically, the nuclear magnetic shielding tensor density 
for nucleus A\( o,v(r), is defined in eq. [3] (16, 17): 

The a, P component of the nuclear magnetic shielding tensor 
o3P is obtained by integration of the corresponding compo- 
nent of this density over the space of the molecule, an atom 
Q at a time, 

The magnetic shielding, like all atomic properties, is addi- 
tive. Because of the overall dependence of o,,(r) on the in- 
verse square of I-,,,, the dominant contribution to o ~ ,  is that 
arising from the basin of the atom containing nucleus A! 
that is, o.,,(dv). This quantity is referred to as the internal 
contribution, with the external contribution os,(ext) equaling 
oa,- o,,(~Aq, that is, all atomic contributions other than that 
from atom d\! The nuclear magnetic shielding tensor is di- 
mensionless and is generally reported in parts per million 
(ppm). The isotropic shielding, one-third of the trace of the 
tensor o,,,, is labelled 6,,,. 

The expression for the first-order current calculated from 
perturbation theory, eq. [ I  1, is expressed as a part depending 
on the first-order correction to the wave function, the "para- 
magnetic" part, and a part depending on the unperturbed 
electron density, the "diamagnetic" part (8, 10). Each can be 
considered to make a corresponding contribution to magnetic 

? AIMPAC v is the most recent version of the program, described 
in ref. 13, and is available from R.F.W.B. 

properties (I), as in Van Vleck's expression for magnetic sus- 
ceptibility (18) or in Ramsey's corresponding expression for 
nuclear shielding (19), and references in the older literature 
(1) to such contributions generally refer to this breakdown of 
the current. While the total current is in principle independent 
of the gauge origin chosen for its calculation, this particular 
partitioning into para- and dia-magnetic contributions is not 
unique and is gauge origin dependent. Nonetheless, the total 
current exhibits regions in which the current flow is such as 
to generate a field internal to the region that is either opposed 
to the applied field or acts in concert with it, flows that are 
termed diamagnetic or paramagnetic, respectively. This char- 
acterization of the total current is both useful and valid, as 
is illustrated next. 

Figure 1 displays the current density distribution for acety- 
lene and its mono- and di-substituted fluoro compounds, 
for a field applied perpendicular to the molecular a x k 3  
The regions of clockwise current flow enveloping the entire 
molecule and those confined within the basins of the fluorine 
atoms are termed diamagnetic because the interior magnetic 
field they generate is opposed to the applied field. It is these 
induced currents that are responsible for the diamagnetic 
nature of the susceptibility observed for most closed-shell 
molecules. However, within the basins of the carbon atoms 
one sees regions of current flow in the counterclockwise di- 
rection; the internal fields they generate reinforce the ap- 
plied field and they are termed paramagnetic. The presence 
of paramagnetic currents reduces the value of the diamag- 
netic susceptibility and, in some molecules such as BH that 
possess a low-lying excited state of Il symmetry, can lead 
to a paramagnetic susceptibility for the molecule and to a 
net deshielding of a nucleus relative to the bare nucleus. 
The presence of both diamagnetic and paramagnetic current 

Displays of the total induced current f1) ( r )  have been given 
previously for some diatomic (8) and polyatomic (20) 
molecules. In the former (8), trajectories representing the 
vector field are indicated by a succession of arrows. They are 
incapable of showing complex current patterns, for example 
(2), those in the vincities of linked spiral critical points found 
in ethylene and water and those in the immediate vicinity of 
nuclei. The reader may compare their current map for H F  with 
the trajectory map given here (see Fig. 5). The polyatomic 
maps (20), obtained in single gauge origin calculations, have 
been demonstrated (2, 9) to seriously violate the criterion 
of current conservation, the condition that v.J"'(r) = OVr. 
Because of this, these maps (20) do not display behaviour 
consistent with that demanded of a divergenceless three- 
dimensional vector field (2, 21) and their topology is wrong. 
Only current maps obtained from the CSDGT method have 
been demonstrated to closely satisfy current conservation. The 
interested reader is invited to compare previous maps (8, 20) 
with those obtained using the CSDGT method presented here 
and elsewhere (2, 5, 9, 10). Specific failures in the prediction 
of the form of J"'(r) and in its critical points in previous 
maps (20) have been previously discussed (2, 22). Authors 
(23) of the single gauge origin approach (20) now advocate 
the CSGT method (9) for the determination of the current, 
since its use eliminates the unphysical features obtained in 
their previous maps, features that result from the failure to 
meet the demand of current conservation. 
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Fig. 1. Displays of the vector current density in HCCH, 
FCCH, and FCCF induced by an applied field directed out of 
and perpendicular to the indicated plane. 'The directions of the 
current flow are indicated by mows. The maps in this and 
the remaining figures are overlaid with interatomic surfaces. 
Note the presence of paramagnetic (counterclockwise) flows 
in the basins of the carbon atoms. 

flows is real and is not an artifact of the calculation or depen- 
dent upon the choice of gauge origin (2, 9). While a special 
method using a continuous set of gauge transformations is 
required to obtain such maps in calculations employing a fi- 
nite basis set (9), the obtained currents reflect the property 
of the true current as being an observable, independent of 
gauge origin. 

While the overall effect of diamagnetic and paramagnetic 
currents is to make opposing contributions to the magnetic 
susceptibility of a molecule, the contribution from either type 
of current to the magnetic field exerted at the position of a 
particular nucleus within the molecule can be shielding or 
deshielding. The diamagnetic current flow about the posi- 
tion of a fluorine nucleus in both HCCF and 'FCCF, Fig. 1, 
generates a field at this nucleus strongly shielding it from 
the applied field. This same current flow can, however, as 
illustrated below, contribute to a relatively small shielding or 
deshielding of a neighbouring carbon nucleus. The presence 
of a paramagnetic current flow that is contained within the 
basin of a given atom will generally lead to a deshielding of 
its nucleus. Thus the carbon nuclei in these molecules will be 
relatively less shielded than the fluorine nuclei, because of 
the presence of the paramagnetic currents contained within 
their basins. The current distributions illustrated in Fig. 1 
will be used to illustrate the contributions that the possible 
patterns of current flow make to the shielding of contained 
and distant nuclei. 

A useful reference for determining the extent of shielding 
or deshielding of a nucleus in a molecule is given by the so- 
called Lamb shift (24) a ~ ,  which is the magnetic shielding 
density in eq. [3] integrated over the free atom. In this case, 
the shielding density is proportional to the atomic average of 
1 /rzz/ as given in eq. [5] 

This expression is exact for a free closed-shell atom where 
the current flow consists entirely of diamagnetic circular 
flows centred on the nucleus. Consequently, the Lamb shift 
represents an approximate upper limit to the diamagnetic 
shielding of a given nucleus arising from the flow of current 
within its own basin. In general, the shielding of a nucleus 
in a molecule is observed to be less than 6L,z4, because of the 
disruption of the atomic nature of the current flow and, in 
particular, because of the creation of paramagnetic currents 
that are frequently localized within the basin of a single atom, 
as seen in Fig. 1 for the carbon atoms. The average of l/rdv is 
readily determined for atom &in a molecule and the quantity 

called the atomic Lamb shift, when compared with 6c,l.(&), 
the internal contribution to 6s,,,, provides a useful measure of 
the effectiveness of the currents generated within the atomic 
basin of atom df in shielding its own nucleus. The value of 
the atomic Lamb shift for a fluorine atom in difluoroacety- 
lene, for example, is 481 ppm, very similar to the value of 
485 ppm obtained for eF(  F), while for a carbon atom in 
the same molecule the two corresponding values are very 
different, equalling 256 and 132 ppm, respectively. 
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In the IGAIM method of calculating the atomic contribu- 
tion to a magnetic property, the nucleus of the atom is chosen 
as the gauge origin for calculating the current within the 
atom. This choice uniquely determines the paramagnetic and 
diamagnetic contributions to the current in eq. [I]. Within this 
formalism, the atomic Lamb shift defined in eq. [6] is exactly 
the diamagnetic contrbution to Ooot(dq, the internal magnetic 
shielding of nucleus while the difference &,,(A) - cJL(4 
equals the paramagnetic contribution. For the examples given 
above, this difference equals 4 ppm for F and 124 ppm for 
C in FCCF. The atomic average of llr,, for a bound atom 
is a physically measurable quantity and, thus, so is the dia- 
magnetic contribution to the magnetic shielding of an atom 
in a molecule. 

Essential topological characteristics of the induced 
current flows 

The types of current flows induced in a molecule by an ex- 
ternal magnetic field are described in terms of the seven pos- 
sible critical points exhibited by the vector field J(')(r) (2). 
Only those topological features of J(') essential to the under- 
standing of the diamagnetic and paramagnetic contributions 
to o will be discussed here. The reader wishing a full ac- 
count of the topology of J(') is referred to the earlier work 
(2, 22). The critical points are classified in terms of their rank 
and signature (r ,  s), as determined by the 3 x 3 coefficient 
matrix of VJ('). The current generated in a free closed-shell 
atom for any field direction or for a linear molecule in a 
field applied parallel to the molecular axis is planar and con- 
sists of a set of circular current loops centered on a (2,O) 
critical point whose two roots are imaginary. This pattern of 
flow extends into the third dimension about an axis defined 
by the stagnation path, the line consisting of the continuous 
set of non-isolated (2,O) critical points. Such a critical point 
is called a centre point and its associated set of flow lines 
is ubiquitous in the currents induced in molecules. Chem- 
ical bonding, however, frequently disrupts the centre point 
flows to give patterns associated with other critical points. 
The current distribution in acetylene (21) is described to il- 
lustrate the manner in which paramagnetic currents can be 
generated within a molecule. 

The current distribution induced by a perpendicular field in 
acetylene, Fig. 1 (top), exhibits nine (2,O) critical points lying 
along its internuclear axis and a central critical point that is a 
saddle point, a (2,O) critical point with real eigenvalues. The 
name derives from its phase portrait being of the same form 
as for the gradient vector field derived from a scalar field 
that exhibits a saddle in two dimensions. as observed for a 
two-dimensional display of p(r) in an internuclear region, for 
example. There is a (2,O) centre point on each C-H bond 
path that coincides almost exactly with the position of the 
coiresponding bond critical point. They serve as centres for 
diamagnetic current flows. There are two more centre points 
in each carbon basin, both of which lie relatively close to 
the carbon nucleus, one on either side. That on the hydrogen 
side serves as the locus for a small diamagnetic flow while 
the other serves as the centre of a much larger region of 
paramagnetic flow localized within the carbon basin. These 
two regions of flow are separated by trajectories originat- 
ing and terminating at a saddle point that lies along the 
C-H bond path, close to the diamagnetic centre point. There 

are six off-axis critical points. The two Iying along the C2 
axis serve as centre points for diamagnetic current flows, 
whose corresponding regions are separated by trajectories 
originating and terminating at the central saddle point. The 
remaining four off-axis critical points consist of two linked 
pairs of surface critical points, a pair of (3, f 1)  criticd points, 
one pair for each C-H group. The surface each pair defines 
encompasses the C-H bonded current flow, as well as the 
flow about the two centre points within the carbon basin. 
The surfaces separate these regions from the diamagnetic 
flow about the entire molecule, as well as the diamagnetic 
flows about the C2 symmetry axis. 

Nuclear shielding in acetylenic 
molecules 

The contributions to the shielding of the nuclei in the linear 
acetylenic molecules for a field applied parallel to the inter- 
nuclear axis, 011, arise from simple circular diamagnetic cur- 
rent flows about a (2,O) stagnation path coincident with the 
molecular axis. One can compare the internal contributions 
ollm,(dq with the corresponding diamagnetic atomic Lamb 
shielding and, through a further comparison of the Lamb 
values with those obtained for perpendicular fields, ol, de- 
termine the deshielding resulting from the disruption of the 
atomic flows induced in the atomic basins by the bonding 
effects of neighbouring atoms. 

The atomic contributions to the magnetic shielding of the 
nucleus indicated by a star are listed in Tables 1-3. Where 
known, experimental gas phase values or their shifts 6 rela- 
tive to a standard compound are indicated in the tables. The 
agreement between the calculated and experimental values is 
quite good for the C and H nuclei in the hydrocarbons. In 
all cases the trends predicted in the calculated values are in 
agreement with experiment, agreement that would improve 
if the calculations were carried out at the experimental rather 
than at the optimized geometries (8). In all cases, the re- 
maining error is primarily in the internal contribution od,(do, 
the values listed under the starred atom. 

The first observation concerns the basic atomic nature of 
0G5,, its dominant contribution arising from the current in- 
duced within the atomic basin containing nucleus A< an ob- 
servation true, but to a lesser extent, even for a proton. The 
principal internal contribution is from the atomic-like dia- 
magnetic current induced by a field parallel to the molecular 
axis and this value differs, in general, from the atomic Lamb 
value by less than 1%. Atomic charges determined by the 
atomic populations are also listed in the tables. There is a 
small variation in the value of the atomic Lamb shielding, 
which, in general, parallels the population. Note that in 
HCCF, the largest positive charge is on the carbon once re- 
moved from F, the mobile electron density in the triple bond 
responding to the transfer of density to F from Ca by a shift 
of 0.17 au in the C ( C  interatomic surface towards Cp. 

There are no paramagnetic currents induced in the basins 
of the fluorine atoms by a perpendicular field, the current 
maps in Fig. 1 showing diamagnetic flows about a single 
centre point situated at the position of the nucleus in the 
basin of each of the fluorine atoms in both the mono- and 
di-substituted molecules, the flow in the difluoro molecule 
being more regular than that in the monofluoro molecule. 
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Table 1. Atomic contributions to carbon shielding in acetylene molecules in ppm." 

Acetylene Oc = 1 18.1 (1 17.2)" OL(C) = 266.1 
H- C*- C- H External C Total 

q(n) -0.136 +o. 136 +0.136 -0.136 
01 4.15 2 1.35 10.75 1.11 16.05 37.40 
!I1 1.68 265.64 11.92 0.26 13.86 279.50 
0 3.33 102.78 11.14 0.83 15.31 118.10 

Fluoroacetylene ac = 178.1 (1801 10) OL(C) = 257.7 
H- C*-C- F External C Total 

q(n) +O. 142 +0.566 +0.0438 -0.7522 
01 4.73 107.82 13.58 0.19 18.50 126.32 
'111 1.64 260.10 17.88 2.17 21.69 28 1.79 
0 3.70 158.58 15.01 0.85 19.56 178.14 

Oc = 102.5 (105 1 10) OL(C) = 262.7 
H-C-C*- F External C Total 

9(n) +O. 142 +0.566 +0.0438 -0.7522 
01 1.25 6.76 3.10 -0.65 7.36 10.46 

'111 0.25 7.82 263.28 15.20 23.27 286.65 
0 0.92 7.1 1 89.83 4.63 12.66 102.49 

Difluoroacetylene Oc = 147.4 OL(C) = 255.80 
F- C'-C- F External C Total 

q(n) -0.743 +0.743 +0.743 -0.743 
01 0.43 68.46 7.66 0.33 8.42 76.88 

YII 14.85 259.86 11.62 2.18 28.65 288.55 
0 5.24 132.26 8.98 0.95 15.17 147.44 

'01 and 011 denote the contributions to the shielding tensor from the indicated atom for a 
field applied parallel and perpendicular to the molecular axis, respectively. eL(C) is the atomic 
Lamb contribution, eq. [6] .  

b ~ u m b e r s  in parentheses are experimental values from ref. 27. 

Table 2. Atomic contributions to fluorine shielding in acetylene molecules. 

Fluoroacetylene OF = 439.4 OL(F) = 480.90 
H- C C -  F' 

q(n) +O. 142 +0.566 +0.044 -0.752 
01 0.53 1.85 -1.28 412.91 
Yll 0.08 1.43 6.52 482.14 
0 0.38 1.71 1.32 435.99 

Difluoroacetylene OF = 488.8 OL(F) = 480.75 
F- C-C- F* 

q(n) -0.743 +0.743 +0.743 -0.743 
01 0.89 1.81 -0.77 485.89 
Yll 0.62 1.79 6.02 482.25 
0 0.80 1.80 1.49 484.68 

External C 

External C 

Total 

Total 

Correspondingly, the internal contributions to oF are very 
similar to the atomic Lamb values. 

The presence of paramagnetic flows in the basins of the 
carbon atoms in all of the acetylene molecules greatly de- 
creases the internal contributions to the magnetic shielding 
of the carbon nuclei for fields applied perpendicular to the 
axis, relative to their purely diamagnetic values found for 
the parallel field that are close to the limiting atomic Lamb 
values. This effect is most pronounced for the carbon adja- 
cent to fluorine in HCCF where the internal contribution is 

reduced to 3 ppm. The value of this internal contribution to 
oc increases with the decreasing extent of the paramagnetic 
current flow in the basin of the carbon atom. 

No paramagnetic flows are found with the basins of the 
hydrogen atoms, a general observation. The net charge on the 
hydrogen atom is relatively small in both HCCH and HCCF 
and the basin contributions are similar to the atomic Lamb 
values, being slightly greater for the atom with the larger 
population. The decrease in the perpendicular contribution is 
partly a result of the centre point for its diamagnetic flow 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

46
.2

3.
64

.1
24

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Keith and Bader 

Table 3. Atomic contributions to hydrogen shielding in acetylene molecules. 

Acetylene aH = 30.2 6 = 1.1 (1.4)" aL(H) = 20.62 
H*- C C -  H 

dfi) -0.136 +O. 136 +O. 136 -0.136 
01 17.46 3.42 3.21 0.53 

31 22.01 16.69 2.5 1 0.09 
0 18.98 7.84 2.98 0.38 

Fluoroacetylene oH = 30.2 oL(H) = 20.52 
H *  C--------- C- F 

dfi) +O. 142 +0.566 +0.044 -0.752 
01 17.27 3.25 3.66 0.15 

"I 2 1.77 16.09 3.28 0.74 
0 18.77 7.53 3.53 0.35 

External C 

External C 

Total 

Total 

''6 = E H ( C H ~ )  - aH(C2H2) calculated; experimental value from ref. 8 in p 

being displaced off the proton to the position of the bond 
critical point on the interatomic surface. 

The total external contribution to the shielding is less than 
1% for a fluorine nucleus, around 12% for a carbon nucleus, 
and around 40% for a proton. Contributions from atoms twice 
or thrice removed from the nucleus in question are nearly in- 
dependent of their chemical nature, P hydrogens contributing 
essentially equal amounts to the shielding of a carbon nucleus 
as does a p fluorine. y Hydrogen and fluorine atoms contribute 
nearly equal amounts to the shielding of a proton and oH is 
the same for both HCCH and HCCF. The external contribu- 
tions for a parallel field, which are purely diamagnetic, decay 
rapidly in value with an increase in distance from a. The 
same atom in different molecules, even when neighbouring 
the atom in question, contributes nearly the same shielding 
to a given dV. However, the contributions from neighbouring 
atoms for perpendicular fields are greatly reduced from the 
parallel field result, and are frequently smaller than those 
from the next nearest neighbour. In some cases their con- 
tribution is negative, corresponding to a deshielding of the 
nucleus. Their behaviour is best understood in terms of the 
properties of the shielding density, first displayed by Jameson 
and Buckingham for the hydrogen atom, the fluoride ion, and 
the hydrogen fluoride molecule (16). 

Properties of the shielding density 
Contour maps of the shielding density defined in eq. [3] and 
displayed in Fig. 2 provide a visual understanding of the 
local contribution made by ~ ( ' ) ( r )  to the magnetic shielding 
of a given nucleus. The shielding density for a nucleus 
attains its maximum value in the region of the nucleus and 
decays rapidly away from this point. For a fluorine atom, the 
cuiTent induced by a perpendicular field consists of simple 
diamagnetic loops flowing about a single centre point located 
at the nucleus, Fig. 1. The shielding density displayed in 
Fig. 2a for F in FCCF is correspondingly simple and similar 
in form, resulting in positive contributions to the shielding 
from all points within the atomic basin. However, the same 
fluorine shielding density in Fig. 2a exhibits both positive 
and negative contributions over the basin of the neighbouring 
carbon atom and the net contribution from this atom to the 
shielding of the F nucleus is small and deshielding, Table 2. 

To understand this behaviour, consider first the contribu- 

arentheses. 

tion to the shielding density of a carbon nucleus resulting 
from the simple diamagnetic flow around the nucleus of a 
neighbouring F atom in FCCF, whose contribution to oc 
is again vanishingly small and is actually negative in the 
molecule HCCF. The display of the shielding density for C 
in FCCF, Fig. 2b, shows that the shielding density within 
the basin of the fluorine atom makes both positive and neg- 
ative contributions to the shielding of the C nucleus. This 
behaviour is easily understood in terms of the r x f ' )  compo- 
nent of the shielding density operator: the upwardly directed 
flow of the trajectories on the bonded side of the F nucleus 
makes negative contributions to o(r), while their downwardly 
directed flow in the nonbonded region makes positive con- 
tributions. The resulting near cancellation of the two con- 
tributions to the shielding is more pronounced the less dis- 
torted the current flow in the basin of the neighbouring atom. 
Thus the smallest shielding contributions to C are from neigh- 
bouring fluorines. 

The shielding density for a perpendicular field arising from 
a neighbouring carbon is more complex because of the pres- 
ence of paramagnetic current flows. Thus the shielding of 
a F nucleus from the density that lies within the basin of 
the neighbouring carbon atom, Fig. 2a, shows an inner pair 
of competing contributions arising from the innermost dia- 
magnetic flow about the carbon nucleus (and similar to that 
noted above for the whole of a neighbouring F basin) that 
are encompassed by a pair of outer regions of opposite sign, 
arising from the paramagnetic current flow. The net result is 
once again a near cancellation, leading to a small negative 
contribution to the shielding of a F nucleus from a neigh- 
bouring carbon atom in both FCCF and HCCF.  he same 
inner and outer counter polarizations of the shielding density 
are observed for the basin of the carbon neighbouring the C 
nucleus serving as origin in Fig. 2b. The map also makes 
clear the deshielding effect that the paramagnetic currents 
generated within the carbon basin has on its own nucleus. 
The shielding density for C in FCCF, Fig. 2b, shows a posi- 
tive peak encompassing the nucleus surrounded by a region 
of deshielding density and thus the internal contribution to 
the shielding for a perpendicular field is much reduced from 
the parallel one. 

All of these features of the shielding density are of a gen- 
eral nature as can be seen from the remaining displays of the 
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Can. J .  Chem. Vol. 74,  1996 

Fig. 2. Displays of the shielding density for acetylenic niolecules. The quantity plotted is the 
diagonal element of the shielding tensor corresponding to the direction of the applied field 
for unit field strength and unit nuclear magnetic moment, the quantity {rAt x Jbl)(r)/r:,,,},. 
Solid (dashed) contours denote positive (negative) values. The contour values range from 
0.01 to 800 ppm, as generated by the set +1, +2, +4, +8 x 10" with n beginning at -2 and 
increasing in steps of unity to 2. The shielding densities are for F and C in FCCF, (a) and 
(b), respectively, for C, and Cp in FCCH, (c) and (d), respectively, for F and H in FCCH, (e) 
and (f), respectively and for C and H in HCCH, (g) and (h), respectively. Only the nucleus 
serving as origin for the shielding density is labelled. The density exhibits the highest contour 
value of 800 au in the immediate vicinity of each shielded nucleus. 
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Keith and Bader 

Table 4. Atomic contributions to proton shielding in hydrides in  pprn." 

LiH 
BeH2 
B H3 
CH4 
H2 
NH3 
OH1 
FH 

"The symbol 1 1  denotes a field applied parallel to the principal symmetry axis while the contributions labelled 
with I denote the average value for the two perpendicular fields. 

b ~ h e  values in parentheses are the contributions from just the A atom. 
'6 = oH(CH4) - (JH(AH,,) calculated; experimental gas phase value in parentheses from ref. 8. 
" ~ x ~ e r i m e n t a l  gas phase value from ref. 8. 

shielding densities given in Fig. 2. The differing internal con- 
tributions to the shielding densities, oI(r), for the C, and Cp 
nuclei in FCCH, Figs. 2c and 2d, are noteworthy. While C, 
has a larger electron population than does Cp, as reflected in 
its larger atomic Lamb value and its correspondingly larger 
value for oll(C), its overall shielding is less. Figure 2 shows 
this to be the result of a relative increase in the positive 
over the negative contributions to the shielding density oI(r) 
within the basin of Cp compared to that found in the basin of 
C,, changes that are reflected in the decrease in the value of 
ol(C) from 108 for Cp to 3 ppm for C,. The behaviour of 
the internal shielding density for carbon in acetylene, Fig. 2g, 
is intermediate between that for Cp and C,, as is its value of 
oc and its internal contribution oI(C). The shielding maps 
for a proton, Figs. 2f and 2h, exhibit a small negative re- 
gion on its bonded side, a feature that, as illustrated below, 
is characteristic of the proton shielding density in non-ionic 
bonds. 

Proton shielding 

In hydride molecules AH, 
The variation in the shielding of the proton and its atomic 
contributions through the series H2 to HF are given in Table 
4 and the current and shielding density plots for represen- 
tative members shown in Figs. 3, 4, and 5.  The shielding 
is a one-electron property and can be equated to a sum of 
orbital contributions, and the proton shielding in this set of 
molecules has been so discussed using localized molecular 
orbitals (8). The associated orbital current densities, which 
determine the orbital contributions to o, are, however, not 
divergenceless and they do not meet the requirement of con- 
servation of the current, as demanded of the real, physical 
current flow ~ ( ' ) ( r )  that is used here in the definition of the 
shielding density. 

The currents in LiH, Fig. 3, and in BeH2 given previ- 
ously (2) are typical of ionic systems (see Table 4 for atomic 
charges). The currents for a I field are, like the electron den- 
sity, strongly localized within the individual atomic basins 
with circular diamagnetic currents flowing about a centre 
point in a hydride ion and a paramagnetic flow about a centre 
point localized within the cationic basin. The form of the 

Fig. 3. Displays of the current and proton shielding densities 
in LiH for a field applied perpendicular to the internuclear 
axis. The shielding map is drawn to a slightly larger scale. 
Note the deshielding of the proton resulting from the para- 
magnetic current flow in the basin of the lithium atom. 

shielding density for the proton in LiH, for a perpendicular 
field, is similar to and readily related to the form of the in- 
duced current, Fig. 3. The simple diamagnetic current flow 
in the hydrogen basin gives rise to a corresponding pattern 
of positive contributions to oI(r). Since the current for a 
parallel field is perforce diamagnetic, the two field directions 
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Fig. 4. Displays of the current, on LHS, and proton shielding densities for the BH3 molecule 
for a field applied perpendicular to the plane of the nuclei in (a) and for one parallel to 
this plane in (b). The lower proton serves as origin in the shielding density in (a). Note the 
deshielding contribution arising from the paramagnetic current flow in the basin of the boron 
atom for the parallel field. The B-H interatomic surface is shown only for the current map in 
(b). 

lead to nearly equal internal contributions and, because of 
their atomic nature, to values that closely bracket the atomic 
Lamb values. There is a one-to-one co&es~ondence in the 
form of the paramagnetic and diamagnetic current regions 
with the deshielding and shielding regions of ol(r) within 
the cationic basin, Fig. 3, and the resulting net deshielding 
contribution to ol(r) effectively cancels the external contri- 
bution to oH resulting from the parallel field, a result that 
holds true for BeH2 as well. Thus the oH values for the ionic 
systems LiH and BeH2 are determined by the internal atomic 
contributions and are close to the corresponding atomic Lamb 
values. 

A similar cancellation of the external contribution to (TH 

occurs in BH3, where a large paramagnetic flow for a field 
parallel to the plane of the nuclei and primarily confined to 
the basin of the boron atom, Fig. 4b, contribLtes to a net 
deshielding of the proton in the amount of -0.9 ppm. The 
reduced hydridic nature of BH3, q(H) = -0.7 e, is reflected 
in the movement of the centre point away from the posi- 
tion of the proton in the current induced by a field perpen- 
dicular to the molecular plane, leading to the formation of 
"bonded" current loops that are shared with the boron atom, 
Fig. 4a. Thus the internal shielding contributions are reduced 
by ~5 ppm from the atomic Lamb value, as is the value 
of (TH. A considerable anisotropy in is predicted for this 

molecule, a result of the deshielding effect of the external 
contributions arising from the paramagnetic flow about the 
boron nucleus for a field applied parallel to the plane of the 
nuclei, as evidenced by the deshielding displayed in Fig. 4b. 

The atomic contributions to the magnetic susceptibility % 
for LiH, BeH2, and BH3 mirror the same dominant proper- 
ties of the current distributions. An atomic contribution to % 
is the sum of a basin contribution, determined by the atomic 
average of the magnetization density within the boundaries 
of the atom, and a surface contribution arising from the flux 
in the current through the interatomic surfaces bounding the 
atom (10). The atomic nature of the current in these ionic 
molecules results in near-vanishing contributions to %(R) 
from the interatomic surface fluxes and the susceptibility is 
determined by the basin contributions Tb(R). The value of 
Xb(A) is near zero for Li and positive for Be and B, a result 
of the magnetic dipole moment associated with the para- 
magnetic currents within the basins of these atoms being 
aligned parallel to the applied field, an effect that leads to 
large anisotropies in x and to its relatively small values in 
these molecules. 

In the remaining molecules, hydrogen is bonded to A in 
a covalent or polar manner and thus the external contribu- 
tion to oH increases. The current for a perpendicular field in 
H2 consists of a single set of elliptically shaped diamagnetic 
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Keith and Bader 

Fig. 5. Displays of the current and proton shielding densities 
for the HF molecule for a field applied perpendicular to the 
internuclear axis. 

flow lines about a single centre point situated at the bond 
midpoint (22). This flow is not dissimilar to the diamagnetic 
flow induced by a field parallel to the internuclear axis and 
the anisotropy in OH is less than 10%. Thus the internal con- 
tributions BH(H) for both field directions bracket the atomic 
Lamb value and the external contributions, which contribute 
22%, are nearly isotropic. The general form of the current 
distribution for the parallel field in BH3, Fig. 4, is typical of 
those induced for corresponding fields applied along a three- 
fold axis in CH4 and NH3 and for one applied perpendicular 
to the plane of the nuclei in Hz0  (2). The bonded flows in 
BH3 are replaced by spiral pairs that become increasingly 
contracted towards the A nucleus across the row, reaching a 
limiting form in HF where the whole of the current for a I 
field is dominated by the flow about a centre point located at 
the fluorine nucleus, Fig. 5. The small oval-shaped region of 
negative shielding density found on the bonded side of the 
proton in BH3, Fig. 4a, and in the acetylenic molecules, Fig. 
2, is also found in H2 and is characteristic of the remaining 
molecules in this series. In the hydrides of N, 0 ,  and F it 
is contiguous with a deshielding region in the core of the 
heavy nucleus, as found for the proton in HF, Fig. 5. The 
paramagnetic currents generated by any field direction be- 
come increasingly smaller in methane, ammonia, and water 
and are absent in hydrogen fluoride. Correspondingly, there 
is a decrease in the negative regions of the shielding density 
from methane through to HF, as illustrated in Fig. 5 for HF. 
The result is a sharp increase in the external contributions to 
BH, one that arises primarily from the current flows in the 
basins of the A atoms. The particularly large shielding of 
the proton in HF for a parallel field, Table 4, is primarily a 
result of the shielding density within the basin of the fluo- 
rine atom generated by the circular diamagnetic current flow 
induced about the molecular axis, a neighbouring carbon in 
acetylene having a similar effect in increasing the shielding 
of a proton. Jameson and Buckingham (16) also comment on 

the sizable contributions to the proton shielding arising from 
the shielding density in the region around the F nucleus. 

The decreasing hydrogen population across the row is ac- 
companied by a decrease in the internal shielding contri- 
bution that, with the exception of HF, differs by no more 
than 2 ppm from the atomic Lamb value. This decrease in 
shielding is offset by the accompanying increase in the ex- 
ternal shielding from A, two effects that are almost equally 
balanced in CH4, NH3, and H20,  accounting thereby for the 
near equality in their BH values. 

In hydrocarbon molecules 
The relative degree of shielding of the proton in ethane, 
ethene, benzene, and ethyne was the subject of much early 
speculation in the attempts to relate observed chemical shifts 
to electronic structure (1). The values of BH and its sepa- 
rate contributions for the principal field directions for these 
molecules are given in Table 5, together with their atomic 
contributions. An argument based on changing hybridiza- 
tion would suggest a deshielding of the proton through the 
series corresponding to the transfer of charge from hydrogen 
to carbon that accompanies the change in hybridization on 
carbon from sp3 to sP2 to sp. These charge transfers are in- 
deed borne out by the populations given in the table but the 
shielding does not follow the anticipated trend. The ques- 
tion arises as to why the proton in acetylene is nearly as 
shielded as it is in ethane and why it is more deshielded in 
benzene than it is in ethene. Pople et al. (1) have provided 
qualitative explanations of these apparent exceptions and the 
atomic contributions for the parallel and perpendicular fields 
given in Table 5 bear out their arguments and place them on. 
a quantitative level. 

The internal contributions to the isotropic shielding of the 
proton, BH(H), do parallel the atomic Lamb values oL(H) and 
hence the trend predicted on the basis of the hybridization 
arguments, with the shielding of the proton being largest in 
methane and ethane, nearly identical in ethene and benzene, 
and least for acetylene where the hydrogen bears a net posi- 
tive charge, and is, indeed, acidic. However, when the ex- 
ternal contributions to CH are taken into account, this trend is 
lost - the external contribution is too small for benzene and 
too large for acetylene - and, as discussed below, this is pri- 
marily the result of the contributions from the neighbouring 
carbon atom for a field parallel to the principal symmetry 
axis. 

The largest shielding contribution from a neighbouring 
carbon occurs in acetylene, and its value for a parallel field, 
equal to 16.8 ppm, is five times larger than for a perpendic- 
ular field. The large shielding contribution for a parallel field 
is, as discussed above, a result of the unhindered diamagnetic 
current flow induced about the internuclear axis in this case. 
In ethane and ethene, on the other hand, the contributions 
from Ca for the two field directions are nearly equal and 
both are smaller in magnitude than allH(Ca) by -13 ppm. 

The contributions of C, to the shielding of the proton 
in ethene and benzene differ by only 0.7 ppm for a field 
parallel to the plane containing the nuclei. However, for the 
field perpendicular to this plane, the contribution from Ca in 
benzene, the ipso carbon, is deshielding, equal to -4.2 ppm, 
while in ethene its value is nearly isotropic, decreasing by 
only 0.2 pprn from its value of 2.8 ppm for a parallel field. As 
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Table 5. Atomic contributions to proton shielding in hydrocarbons in ppm. 

CH4 21.4 23.4 -0.04 5.6 1.5 10.1 31.4 0.0 
C ~ H G  21.6 23.8 -0.06 4.9 0.5 1.4 0.4 9.4 3 1 .o 0.4(0.8) 
C2H4 20.2 23.1 -0.02 2.8 1.5 1.1 0.4 6.1 26.3 5.1(5.1) 
CGHG 20.1 23.2 -0.02 0.0 0.7 (or) 0.3 (or) 0.2 (me) 4.1 24.2 7.2(7.9) 
C2H2 19.0 20.6 +0.14 8.0 2.9 0.4 11.3 30.3 l . l(l .4) 

'The contributions for the rrreta and pcrm carbons in benzene are 0.6 and 0.5 ppm, respectively. 
 h he values for ethane and ethene are averages, the individual values differing by no more than 0.1 ppm. The rrretcr and paru hydrogens give the same 

contributions in benzene. 
"6 = EH(CH4) - eH(C,,H,,,) calculated; experimental gas phase value (other than bezene, which is for the liquid phase) in parentheses from ref. 8. 

Fig. 6 .  Displays of shielding density for the proton indicated 
in each diagram in a o, symmetry plane containing the ipso 
and para carbon atoms. The ipso carbon is on the LHS 
and only a portion of the density over the basin of the pcc.ra 
carbon is shown. (a) The applied field is perpendicular to 
the molecular plane. (b) The field is applied parallel to the 
molecular plane. The deshielding of the proton resulting 
from the density in the basin of the ipso carbon atom shown 
in (a) is generated by the ring current characteristic of an 
aromatic system. The bond path linking H to the ipso carbon 
is indicated along with the associated interactomic surface. 
The surface between the ipso and pcc.rcc. carbons is planar 
and nearly coincident with the central positive and negative 
regions of the maps. 

a result. the i ~ s o  carbon in benzene makes a zero contribution 

established by its accurate calculation and display (lo), the 
most direct manner of demonstrating its existence. The nega- 
tive contribution to the shielding density for the proton from 
within the basin of the ipso carbon atom in a perpendicular 
field, Fig. 6a, demonstrates that the magnetic field associ- 
ated with the flow of the ring current through the basin of 
the ips0 carbon atom reinforces the applied field over its 
basin, the effect responsible for the deshielding contribution 
of -4.2 ppm. Its form, with the large negative (deshielding) 
density in the basin of ipso carbon, is to be contrasted with 
that shown in Fig. 6b, the shielding density for a proton ob- 
tained for a field applied parallel to the plane of the ring. 
This latter density contributes +2.1 pprn to the shielding of 
the proton. 

Waugh and Fesenden (25) modeled the effect of a ring 
current in terms of the field generated by a circular current 
of appropriate radius and obtained a value of -6.6 pprn for 
the deshielding, compared to the contribution of -4.2 pprn 
found here from the ipso carbon atom. The contributions to 
the shielding of a proton from the ortho, Ineta, and para 
carbons for an in-plane field exhibit a simple decay with 
increasing distance from the proton. However, for the per- 
pendicular field, the contribution from the ortho carbon is 
zero, as opposed to meta and para contributions of 1.1 ppm. 
Thus there is a net deshielding of the proton resulting from 
the currents in the ipso carbon and a complete cancellation 
of the shielding and deshielding effects from those in the 
ortho carbon atoms. 

Anisotropy in the proton shielding generally arises from 
the external contributions, as noted in the AH,, series, and 
in these molecules is predicted to be significant only in 
acetylene and benzene where A o H  = ~ ~ 1 1 , -   OH^ = 16.5 
and -5.6 ppm, respectively, the negative anisotropy in ben- 
zene being the result of the ring current. The ring current is 
also manifested in the nature of the atomic contributions to 
the magnetic susceptibility for benzene, its large observed 
anisotropy being a result of the anisotropy in the C-C sur- 
face flux contributions, as opposed to an anisotropy in the 
basin contributions (10). Fleischer et al. (26), in studying 
LMO contributions to the proton shielding in benzene, find 
a rc contribution of -3.2 ppm, which they ascribe to a ring 
current effect. 

to the isotropic shielding of the proton compared to a value 
of 2.8 pprn from Ca in ethene. Shielding of nuclei in hydrocarbons and 

This deshielding in benzene is a result of the substantial substituted hydrocarbons 
ring current induced on each side of the ring of carbon atoms Shielding of carbon nuclei 
by a perpendicular field, a current whose presence has been The atomic and group contributions to the isotropic carbon 
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Keith and Bader 

Table 6. Atomic contributions to carbon shielding in normal alkanes in ppm. 

C,,H2,,+2 Oc(C) ec(Hu) Oc(Gu) Oc(Gp) Oc(Gy) oc(Gs) Oc(ext) OCU 

CH4 179.4 4.5 18.0 197.4(195.1) 
C2H6 168.9 4.2 4.8(CH3) 17.4 186.3(180.9) 
C3H8 (Cl) 161.2 4.2 3.8(CH2) 1. 1(CH3) 17.5 178.8(170.8) 
C3H8 (C2) 159.6 4.0 4.9(CH3) 17.7 177.3(169.1) 
C4Hlo (CI) 162.4 4.2 3.7(CH2) 0.7(CHz) 0.5(CH3) 17.5 179.9(173.5) 
C ~ H I O  (C2) 151.8 4.0 4.9(CH3) 1 .1(CH3) 17.7 169.5(160.0) 

3.8(CHz) 
C5H12 (CI) 163.4 4.2 3.7(CH2) 0.6(CH2) 0.3(CH2) 0.2(CH3) 17.6 180.8 
C5H,> (C2) 154.5 4.0 4.9(CH3) 0.7(CH2) 0.5(CH3) 17.8 172.3 

3.7(CH2) 
C5HI2 (C3) 145.1 4.0 3.7(CH2) 0.9(CH3) 17.7 162.8 

"The experimental gas phase value is in parentheses: from ref. 28. 

Table 7. Atomic contributions to carbon shielding in normal alcohols in ppm. 

Molecule ec(C) "(Hu) 

"The experimental gas phase value is in parentheses: from ref. 28. 

shielding constants oc for the first five members of the ho- 
mologous series of normal hydrocarbons are presented in 
Table 6. The calculated shifts in shielding, relative to the 
value in methane, are in good agreement with experimental 
gas phase values. A comparisonof the internal and external 
contributions to 6~ exhibits a remarkable feature: the whole 
of the variation in the shielding of a carbon nucleus arises 
from the basin contribution of the atom containing the nu- 
cleus in question, the external contribution to the shielding 
remaining essentially constant throughout the series, being 
independent of chain length and of the positioning of the 
nucleus within the chain. 

The internal contribution is greatest for a primary carbon 
and increases with chain length. The external contributions 
are remarkably constant for equivalent atoms or functional 
groups, excluding methane. The contribution from a hy- 
drogen bonded directly to the atom containing nucleus C, 
a contribution labelled ac(Ha), exhibits characteristic values 
equal to 4.2 ppm when bonded to a methyl carbon and to 
4.0 ppm when bonded to a methylene carbon. Similarly, con- 
tributions from methyl and methylene groups bonded directly 
to the carbon in question and denoted by oc(Ga) both exhibit 
equally constant values as do the same groups once removed, 
cdntributions denoted by oc(GB). ~ h u s ,  replacing the neigh- 
bouring methyl group in ethane by a succession of three 
methylenes and a methyl group to obtain pentane, yields ex- 
ternal contributions of 3.7, 0.6, and 0.3 from the methylene 

groups and 0.2 pprn from the terminal methyl. These values 
sum to yield 4.8 ppm, identical to the shielding contribution 
from the single methyl group in ethane. 

This behaviour is not unique to the parent hydrocarbons 
but applies equally to their derivatives, as illustrated by the 
corresponding data for the normal alcohols given in Table 
7. If one differentiates between the shielding of a carbon 
nucleus adjacent to the OH group and one once removed, 
one then recovers nearly constant external group contribu- 
tions that sum to the same total value, with the exception of 
methanol. The OH group, for example, contributes 4.7 pprn 
to the shielding of an adjacent carbon nucleus, the same as the 
average shielding provided by a neighbouring methyl group. 
The methyl and methylene group contributions are the same, 
to within a few tenths of a part ppm, as those found in the 
parent hydrocarbons. These results indicate the possibility of 
assigning a set of group contributions to the shielding of a 
given nucleus in homologous series of molecules, the value 
depending upon the group's position relative to the nucleus 
in question. Equally useful is the knowledge that the external 
contribution is fixed for a carbon nucleus in a given homo- 
logous series of molecules, oc(ext) equaling 17.7 pprn for a 
hydrocarbon and 17.4 pprn for a carbon in a normal alcohol 
not bearing the OH group and 15.6 pprn for the carbon that 
does. 

The internal contribution to the shielding of the carbon 
nucleus in both series of alcohols is not constant and, as 
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Table 8. Group contributions to shielding of N, 0, and F nuclei. 

(a)  Nitrogen 

Group contribution to oN in pprn oL(N) = 339.5 & 0.1 pprn 

Molecule 

CH3NH2 
CH3CH2NH2 
CH3CH2CH2NH2 
NH2CH2CH2NH2 
0HCH2CH2NH2 
FCH2CH2NH2 

Group contribution to oo in pprn oL(0) = 410.8 pprn 

Molecule Y CHI CH2 H 

(c) Fluorine 

Group contribution to oF in ppm CL(F) = 480.3 ppm 

Molecule Y CH2 CH2 oF(int) CF(ext) oFb -9F) -ji(F) 

"Y = CH3, NH2, OH, or F. 
'~x~erimental  values from ref. 27 are CH3NH2, 237 f 10; CH3F, 468 & 15; CH3CH2F, 401 & 10. 

found for the hydrocarbons, it is the change in the internal 
contribution that is responsible for the substituent effect on 
the shielding oc. 

Shielding of nitrogen, oxygen, and fluorine nuclei 
The behaviour found for the internal shielding of carbon nu- 
clei is general. Table 8 lists the isotropic shielding tensors for 
nitrogen in the amino group, oxygen in the hydroxyl group, 
and fluorine nuclei in their methyl, ethyl, and propyl deriva- 
tives and in the series obtained by linking these same groups 
to the fragment YCH2CH2- with Y = CH3, NH,, OH, or F. 
We have previously illustrated how the contributions from a 
X = OH or F group to the population energy, volume, and 
magnetic susceptibility in the homologous series CH3(CH2),,- 
X, assume essentially constant values when n = 1 or more. 
With the exception of methyl amine, the net charges on N, 0 ,  
and F, q(Q), and their contributions to the magnetic suscepti- 
bility, x(Q),  are remarkably constant throughout both sets of 

molecules for the N, 0 ,  and F atoms. The same is not true of 
the shielding of their nuclei, however, and nearly the whole of 
the variation has its origin in the current flow within the basin 
of the atom containing the nucleus in question, the quantity 
&,,(A) = 6,,(int), as found above for the carbon nucleus. The 
external contributions throughout the series of molecules for 
all three nuclei exhibit only small variations. The individual 
contributions from chemically equivalent atoms, such as the 
hydrogens bonded to N and 0 or a methylene group bonded 
to N, 0, or F or once removed, also exhibit only small vari- 
ations. An NH,, OH, or F group, bonded to a P carbon, 
makes a nearly constant contribution to the shielding of all 
three nuclei throughout all three series of molecules. 

Thus substituent effects on the shielding of C, N, 0 ,  and F 
nuclei in these saturated systems are the result of small per- 
turbations in the shielding density transmitted to the basin of 
the atom containing nucleus A! What is remarkable is that 
these same substitutions and their accompanying perturba- 
tions leave the shielding contribution from the remainder of 
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Keith and Bader 

the molecule unchanged. Clearly, the division of the magne- 
tization density rd x J(')(r) by r ~ ? ,  as found in the shielding 
density, causes the result that any perturbation of the current 
is most pronounced in the basin of nucleus d/ and, in the 
examples of saturated systems presented here, the effect is 
restricted to just this single contribution to within k0.1 ppm. 
Even for unsaturated systems such as the acetylenes, the ex- 
ternal contributions to the variations in nuclear shielding are 
small relatively and absolutely, contributing 2 or 3% to oc 
and less than 1% to oF. While LMO contributions to o pre- 
dict essentially constant isotropic contributions from atomic 
core orbitals (8), this does not imply that the substituent- 
related perturbations of the shielding density do not occur 
close to nucleus d! the opposite being evident for the car- 
bons in Fig. 2. The result implies only that core orbital's are 
not appreciably mixed in by the angular momentum pertur- 
bation operator. In general, even LMO's removed from atom 
& will have tails that contribute to the shielding density in 
the basin of atom d! 

Conclusions 
This paper provides a theoretical basis for the atomic nature 
of the magnetic shielding of nuclei. It does so by relating the 
shielding to the magnetic field exerted at a nucleus gener- 
ated by the induced current, the primary contribution arising 
from the flow of current within its own atomic basin. An 
electronegative atom such as fluorine in a polar bond, or hy- 
drogen in a hydridic molecule, exhibits an atomic-like dia- 
magnetic current flow within its basin for all field directions 
and the internal contribution to oA approaches the atomic 
Lamb value, oL(d9. There is a correlation of the internal 
contribution to the shielding of a proton with the electron 
population of H that can, in some instances, carry over to 

itself. However, in general, the effect of bonding on other 
atoms is to generate paramagnetic current flows of increasing 
extent within their basins and the internal contribution to 
the shielding is correspondingly reduced relative to oL(d9. 
Because of this effect, there is, in general, no correlation of 
oZr, with the electron population of atom A/. 

A neighbouring atom X shields nucleus d/ from a field 
applied parallel to the X-d\l bond, but its shielding for a 
field perpendicular to the X-&bond is greatly reduced and 
may be deshielding, a direct consequence of the dependence 
of the shielding density on the appropriate components of 
r," x J(')(r). The most important observation concerning the 
contribution of neighbouring groups to the shielding of a nu- 
cleus, however, is its near constancy in many systems. As 
shown here, essentially all of the variations in the shielding 
of C, N, 0 ,  and F nuclei in different series of saturated 
molecules originate within the basin of the atom containing 
A! the nucleus in question, the contribution from the groups 
making up the remainder of the molecule being indepen- 
dent of their number and, if sufficiently removed from d/, 
even of their chemical nature. This constancy in the external 
shielding contribution is obtained whether LA/ is a terminal 
or an interior atom. Thus the external contribution to the 
shielding of a carbon nucleus at any position within a hydro- 
carbon containing two or more carbons is 17.6 & 0.1 ppm. 

The essential observation to be made is that the difference 
in chemical shifts observed for nucleus d/ in different en- 
vironments is primarily determined by changes to the shielding 

density occurring within the basin of the atom d! For ex- 
ample, the external contribution to the shielding of a carbon 
nucleus in a wide variety of bonding situations is found to 
vary by less than 10 ppm for Ec values that range from 
63 to 217 ppm, a value that is reduced to 6 ppm if one 
excludes molecules with two or more fluorines bonded to 
carbon. The averaging of the shielding density over the re- 
gion of the molecule external to atom d/ exhibits a remark- 
able insensitivity to the size of the system and even to the 
chemical nature of groups twice removed from the atom in 
question. In addition, chemically equivalent groups are found 
to contribute characteristic, identical amounts to the external 
shielding. It appears that the external contribution to oA, in- 
creases with a decrease in the electronegativity of &, as ev- 
idenced by the external contributions to the shielding of the 
C, N, 0 ,  and F nuclei decreasing in the order 17.6, 10.6, 5.5, 
and 3.3 ppm, respectively, found here. All of these observa- 
tions, which bring to the fore the essential atomic nature of 
the magnetic shielding of a nucleus in a molecule, are ob- 
tained as a consequence of averaging the shielding density 
over the individual atomic basins defined by the zero-flux 
surface condition of a proper open system (3). 
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Crystal chemistry of tetraradial species. 
Part 8. Mix and match: cation geometry, 
ion packing, hydrogen bonding, and n-n 

interactions in cis-2,2'-bipyridinium(l +) 
and 1 ,I 0-phenanthrolinium(1 +) 
tetraphenylborates - and what about 
proton sponges?" 

Pradip K. Bakshi, T. Stanley Cameron, and Osvald Knop 

Abstract: The crystal structures at -20°C of cis-2,2'-bipyridinium( I+) (BFTB, P2,lrz, a = 9.249(3), O = 14.093(7), c =  20.285(3) 
A, P = 92.86(2)", Z = 4) and I, 10-phenanthrolinium(l+) (FTB, P2,lc. a = 1 1  .I 94(2), b = 13.837(3), c = 18.303(3) A, 
p = 107.82(1)0, Z = 4) tetraphenylborates have been determined. Inasmuch as l ,lo-phenanthroline is an aromatically bridged 
cis-2,2'-bipyridine, monoprotonation results, in both systems, in the formation of an intra-cation N-H ... N' hydrogen bond, the 
geometric and spectroscopic properties of which we have investigated. The cation skeleton in FTB is planar to 0.03(2) A; in 
BFTB the dihedral angle between the two cation ring planes is 5.2". In the pale yellow FTB there are significant n-n stacking 
interactions that persist into solution. The effect of protonation on the geometry of the 2,2'-bipyridine and 1,lO-phenanthroline 
systems is examined in considerable detail and compared with the corresponding effects in the paraquat(2+) and similar cations. 
On both geometric and spectroscopic (infrared spectra between 10 and 295 K) evidence, the N-H ... N' hydrogen-bonding 
interaction is stronger in BFTB; in FTB this interaction is among the weakest reported in crystals, the v(NH) stretching frequency 
at 10 K being as high as 3279 cm-I. A detailed comparison of the geometries of the intra-cation N-H ... N' bonds in BFTB and 
FTB with those in classical and modified proton-sponge cations has led to the formulation of criteria useful in predicting the 
occurrence of proton-sponge-like properties. 

Key words: bipyridinium ions, hydrogen bonding, phenanthrolinium ions, proton sponges, tetraphenylborates. 

RCsum6 : Operant h -20°C, on a dCterminC les structures cristallines des tCtraphCnylborates du cis-2,2'-bipyridinium(l+) 
(BFTB, P2,ln, a = 9,249(3), b = 14,093(7) et c = 20,285(3) A, P = 92,86O, Z =  4) et du I, 10-phCnanthrolinium(l+), (FTB, P2,lc. 
a = 11,194(2), b = 13,837(3) et c = 18,303(3) A, P = 107,82O, Z = 4). Comme la 1,lO-phenanthroline est une cis-2,2'-bipyridine 
aromatiquement pontCe, la monoprotonation de ces deux systkmes conduit B la formation d'une liaison hydrogkne 
intramolCculaire N-H ... N' intra-cation dont on a CtudiC les propriCtCs gComCtriques et spectroscopiques. Le squelette du cation 
du FTB est plan B 0,03(2) A prks; dans le BPTB, I'angle dikdre entre les plans des deux cycles du cation est de $2". Dans le FTB 
qui est jaune pile, il existe des interactions d'empilement n-n importantes qui persistent m&me en solution. On a CtudiC en dCtail 
I'effet de la protonation sur la gComCtrie des systkmes de la 2.2'-bipyridine et de la I, 10-phtnanthroline et on le compare avec les 
effets correspondants dans le paraquat(2+) et dans des cations similaires. Sur la base des donnCes tant gtomCtriques que 
spectroscopiques (spectres IR entre 10 et 295 K), l'interaction de la liaison hydrogkne N-H ... N' est plus forte dans le BPTB; 
dans le FTB, cette interaction est l'une des plus faibles rapportCs dans les cristaux, la frCquence d'tlongation v(NH) h 10 K ayant 
une valeur aussi Clevte que 3279 cm-I. Une comparaison dttaillte des gComCtries des liaisons N-H ... N' intra-cation dans le 
BFTB et le FTB avec celles observCes dans des cations classiques ou modifiCs comme Cponges j. proton a conduit B la 
formulation de critkres utiles pour prCdire ['apparition de propriCtes ressemblant B celles des Cponges a proton. 

Mots clks : ions bipyridinium, liaison hydrogbne, ions phtnanthrolinium, Cponges i proton, tCtraphCnylborates. 

[Traduit par la rCdaction] 
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Fig. 1. Correlated numbering scheme for cation skeletons. 

2.2'- bipyridine 

l,lO- phenanthroline 

As part of our exploration of hydrogen bonding to aromatic n 
systems in crystals (2-5) we set out to investigate the nature of 
secondary bonding interactions in 2,2'-bipyridinium (BP) 
tetraphenylborate. Unaware at the time of the results of a pre- 
parative and ir study of BP salts of other anions (cf. below, 
refs. 6-8), we were not sure what stoichiometry and BP cation 
conformation to expect in a tetraphenylborate crystal, 
although the ionization constant of 2,2'-bipyridine (9) and the 
necessity of using strong acids to stabilize the BP~ '  cation (10) 
pointed to the likelihood of a 1: 1 rather than 1:2 stoichiometry. 
The 1: 1 ratio eventually turned out to be the correct one, giving 
a product of the composition (CloH9N2)BPh, (= BPTB), with 
the BP' cation in a very nearly planar cis c~nformat ion.~ Since 
the near-planarity of the cis rotamer imparts aromatic char- 
acter to the BP system, the BP' ion may be regarded as a 
subsystem of the aromatic, intrinsically planar 1,lO-phenan- 
throlinium(l+) (= phenH') cation (Fig. 1). It therefore seemed 
of interest to see how differences between the two cations 
manifest themselves in the crystal structures of their tetraphe- 
nylborates, in which cation distortions resulting from cation- 
anion interaction could be expected to be small. Secondly, to 
the best of our knowledge no systematic investigation had pre- 
viously been published of the effect of the dihedral angle $ 
between the G o  phenyl ring planes on the C(1)-C(1') and 
other bond lengths and angles in BP'. While in BPTB $ is only 
-5", angles of up to 19" have been reported in other BP' salts 

Hou.rekeeping note: ( I )  All the 2,2'-bipyridinium(l+) cations 
discussed in this paper are cisoid rather than cis (i.e., of C, 
symmetry). However, to avoid clumsiness, they will be referred 
to as cis throughout, with the dihedral angle IJ clearly specified. A 
similar practice will be followed for trans and tralzsoid 
conformations. (2) Crystallographic esd's are quoted in 
parentheses. Standard deviations of means of bond lengths and 
angles etc. are quoted in square brackets. The means were 
computed with unit weights and their standard deviations do not 
take account of the esd's of the individual component values. (3) 
Literature structures: Atom numbering schemes other than those 
in Fig. 1 have been converted to match. Bond lengths and angles 
not quoted in the original papers have been calculated from the 
available information. 

Table 1. Crystal data of 2,2'-bipyridinium(l+) (BPTB) and 1,lO- 
phenanthrolinium(l+) (PTB) tetraphenylborates at -20°C." 

Parameter BPTB PTB 

Formula 
fw 
Colour 
Crystal size, mm3 
8-range, degb 
a,  A 
b, A 
c ,  A 
P> deg 
v, A3 
pc, g/cm3 
Space group 
F(000). e 
Reflections: 

total measured 
unique total 
unique used (I > 30(1) 

1 OOR,,,,,, 
d p  
100R; 1 OOR,,, 
G.O.F. 
Residual e.d.' 

BC,,H,,N, 
476.4 
Colourless 
0.55 x 0.35 x 0.3 
2-23/23 
9.249(3) 
14.093(7) 
20.285(3) 
92.86(2) 
2640(3) 
1.196(1) 
P2,ln (no. 14) 
1008 

BC3JBN2 
500.5 
Pale yellow 
0.1 x 0.35 x 0.5 
2-23/20 
11.194(2) 
13.837(3) 
18.303(3) 
107.82(1) 
2699(2) 
1.229(1) 
P2,lc (no. 14) 
1056 

"Rigaku AFC5 single-crystal diffractometer, h = 0.71069 A (graphite 
monochromator); p,, = 0.65 cm-'; Z = 4; unit weights. 

"O,,,,, < O < Om,,&. The lattice parameters and orientation matrices were 
obtained by least squares from the setting angles 0 of r z  suitable 
reflections. 

'Minimum and maximum residual electron density (e/A3) in final 
difference map. 

(cf. below). The present investigation thus seemed to offer an 
opportunity for assessing the effect of $ from a statistical anal- 
ysis of the observed variations in BP' geometry in crystals. 

Crystals of phenH+ tetraphenylborate (PTB) were, in con- 
trast to the colourless BPTB, pale yellow. The appearance of 
colour was suggestive of charge-transfer interactions arising 
from n-n stacking, possibly of the kind observed in N,Nf-  
Me2-4,4'-bipyridinium(2+) (= paraquat, PQ~') tetraphenylbo- 
rate (PQTB, ref. 1 l), and prompted an 'H nmr investigation of 
PTB in solution. Furthermore, the comparison of the intra-cat- 
ion hydrogen bonding in BPTB and PTB and other relevant 
structures, which was supplemented by a study of the ir spec- 
tra of the two solids at temperatures between 10 K and ambi- 
ent, has led to an extensive comparison of these cations with 
proton sponges (an important class of proton-sequestering 
agents in which a captured proton is strongly held between 
two closely spaced N atoms of a rigid planar cation system, cf. 
below), and to formulation of geometric criteria useful in pre- 
dicting the occurrence of proton-sponge-like properties. 

The crystal data of BPTB and PTB at -20°C appear in 
Table 1. The positional parameters of the nonhydrogen (Table 
A) and hydrogen (Table B) atoms, the anisotropic thermal 
parameters of the nonhydrogen atoms (Table C), interatomic 
distances and bond angles (Table D), deviations from the best 
planes through the ring skeletons (Table E), correlated mean 
bond lengths and angles in cis-BP' and in phen systems (Table 
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Bakshi et al 

Fig. 2. Projection of the unit cell of BPTB on (100). Large circles, N 
atoms; small circles, H(N2') atoms. 

F), and summaries of bond lengths and angles in cis-BPf 
(Table G), phenHf (Table H), B P ~ +  (Table J), and 4 , 4 ' - ~ ~ ~ +  
and PQ'+ Table K) salts have been deposited.6 

Results and discussion 

Crystal structures 
Although the BPTB and PTB structures (Figs. 2 and 3) have 
the same space-group symmetry, they are not similar. How- 
ever, the ion packing in the two must be of comparable effi- 
cacy, !s the difference between the volume per formula unit is 
24.1 A ~ ,  in agreement with the volume increment expected f ~ r  
the insertion of two aromatic ring carbons into BPf, 25.4 
(12). Both structures are completely ordered. 

The BPf cation has a cis conformation. Ring skeleton 1 is 
planar to 0.003[1] A, ring skeleton l 'to 0.002[1] A, and $ is 
only 5.2" (Table E). If the cation is treated as planar, the mean 
deviation of the nonhydrogen atoms from the best plane is 
0.041 [16] A and the angles of the ring planes R l  and R1' with 
the cation plane are -2.6". The bond lengths and angles in the 
cation are listed in Table 2. The thermal motion of the cation is 
satisfactorily described on the rigid-body-motion model (see 

This material can be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA 0S2. Tables A, 
B, D, and G-K have also been deposited with the Cambridge 
Crystallographic Data Centre and can be obtained on request from 
The Director, CCDC, University Chemical Laboratory, 12 Union 
Road, Cambridge CB2 lEZ, U.K. 

Table 2. Correlated bond lengths (A) and angles (deg) in BPTB 
and PTB." 

Atonls BPTB Atoms PTB 

"Not corrected for thermal motion. Estimated RBM model corrections 
did not exceed +0.01 A and 10.31" (cf. Experimental). 

Experimental). 
The bond lengths and angles in the phenH+ cation of PTB 

are listed in Table 2. The cation skeleton is planar to 0.029[17] 
A; the individual rings R l ,  R2, and R3 are planar to 0.010[4], 
0.011[5], and 0.007[4] A, respectively, with the dihedral 
angles R21R1 = 3.7", R3ml  = 1.2", and R31R2 = 2.6" (Table 
E), which indicates a slight departure from the ideal C, confor- 
mation. The cations are confined to slabs ll(100) which are 
cleanly separated by regions formed entirely by anion C-H 
bonds (Fig. 3, left). The PTB structure is unusual in that it con- 
sists of a bc packing of centrosymmetric (anion-cation-cat- 
ion-anion) units arranged in such a way that the phenyl-2 
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Fig. 3. Projections of portions of the PTB structure on (010) (left) and (100) (right). 

Fig. 4. m-m stacking in FTB. ( A )  Projection of the four-stack perpendicular to its pair of cation 
planes to display ring overlap. (B) Projection of the four-stack parallel to its cation planes to display 
spacing between ring planes. The features drawn in broken lines are related by inversion to those in 
solid lines. H(N10) atoms are indicated by black dots. Anion ring numbering as in Table A. 

A B 

rings of the two anions are roughly parallel to the cation 
planes; the angle between the phenyl-2 and the cation planes is 
9.8". These four-stacks are clearly identifiable in Fig. 3 (right). 
Viewed perpendicular to the cation planes (Fig. 4A), adjacent 
phenyl-2 and phenH' rings are seen to overlap, as are the rings 
of the cation pairs. The perpendicular spacing between the cat- 
ion ring planes is 3.32 A (Fig. 4B). The shortest distances, in 
the region of overlap, between the carbons of phenyl-2- and 
the skeleton atoms of cation ring 2 are shown in Fig. 5. The 
perpendicular distances of N(10), C(l  l), and C(12) from the 
phenyl-2 plane are 3.15, 3.38, and 3.33 A, respectively, i.e., 
-3.3 A on the average. As another interesting feature of the 
structure, the cation planes are nearly perpendicular (85") to 
phenyl-4 rings in adjacent four-stacks, at ring-centre sep- 
arations .rr,(cat 1) ....rr,(p henyl-4) and .rr,(cat 2) ...~r,(p henyl 4') 
of 5.35 and 5.32 A, respectively, and at the shortest 

C(cat) ... C(an) distances illustrated in Fig. 5. These T-shaped 
edge-to-face orientations of cat-an pairs are thought to con- 
tribute to lowering of the crystal energy (cf. ref. 11 and 
below). 

The arrangement of phenyl and cation rings in the four- 
stacks is indeed reminiscent of the T-.rr stacking in the red 
(deep yellow in acetone solution) PQTB, in which the cen- 
trosymmetric planar cation is sandwiched between two phenyl 
rings, one from each anion, at $(phenyl/cat) = lo0, and which 
also contains edge-to-face ring contacts (1 1). The PQTB 
structure is compared to PTB in more detail further on. 

TheH(N) atoms in BPTB and PTB were clearly visible in the 
respective differ~nce maps (Fig. 6), at 1.10 A from N(2') in 
BPTB and 1.11 A from N(10) in PTB. The protonation is asso- 
ciated with an increase in the CNC angle, in consequence of the 
strong cr-electron-withdrawing effect of the proton ( l ) ,  and in 
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Fig. 5.  cat)- an) stacking and edge-to-face inter-ion relations 
in PTB. (Bottom) Projection of two cat-an pairs in neighbouring 
four-stacks approximately on (100). A 2, axis relating the two 
pairs is roughly horizontal in the page. Only the relevant phenyl-2 
and phenyl-4 rings are shown. Filled circles, B atoms; circles with 
dots, N atoms. Hydrogen atoms are not shown. (Top) 
Corresponding space-filling representation, slightly rotated for 
better visibility and with the H atoms included. Cations are drawn 
in heavier lines. Shortest cat-an distances in A (broken lines): 
N(10) ... C(2.5), 3.43; N(10) ... C(2.6). 3.23; C(l1) ... C(2.4), 3.44; 
C(3) ... C(4.5), 3.97; C(3) ... C(4.6), 3.85; C(7) ... C(4.6), 3.67; 
C(8) ... C(4.6), 3.60. 

complete agreement with the analogous angle expansion in 
other BPC and phenHC salts (Tables 3 and G-K). The CNC 
angle at the protonated N atom, - 124", can be compared with 
the 123.0" angle in the fully protonated BP~', and that at the 
unprotonated N with the 1 17.7" angle in I, 10-phenanthroline 
(= phenO) (10, 19, 28; Table F). The H(N1O) ... N(l) distances 
and N(10)-H(N10)-N(l) angles in PTB are similar to those in 
the phenH+ salts of the oxyacids (Table 3), in all of which there 
is a well-defined, strongly bent H-bond to an anion acceptor.' 

The anion geometry in BPTB and PTB (Tables D and E) 
closely approximates the mean tetraphenylborate geometry 
described in ref. 3, except that in BPTB the symmetry of the 
BC(a), tetrahedron, though low, is recognizably related to S,, 
whereas that of the distorted tetrahedral BC(a), core in PTB is 
not. 

Recently (21) a similar situation has been reported in the structure 
of 14 where the N-H-N angle corresponding t! N(1O)-H(1O)-N(1) 
is only 97" and the H(N) ... N distance is 2.56 A (Table 3); cf. also 
ref. 23 and ak in Table 4). 

Fig. 6. Difference Fourier maps revealing the positions of the 
H(N) atoms in the N(2)-C(1)-C(1') cation plane of BPTB and the 
N(1)-N(I0)-C(5) cation plane of PTB. Contour interval, 0.05 e/A3 

Cation geometry in BPTB and PTB 
Among the correlated interatomic distances and bond angles in 
Table 2 the only ones that differ by more than 3u are those 
affected by the relationship of ring 1 to ring 1' in BPC and of ring 
1 to ring 2 in phenHC, viz. the bond pairs C(1)-C(I')IC(l 1)- 
C(12), N(2) ... N(2')IN(l) ... N(10), and C(6)-C(6')IC(13)- 
C(14), and the bond-angle pairs C(1)-C(1')-C(6')IC(12)-C(11)- 
C(14), C(1')-C(1)-C(6)IC(ll)-C(12)-C(13), and C(1')-C(1)- 
N(2)IC(11)-C(12)-N(l) (in BPC the angles involved are all exo- 
cyclic). The 3 u  intervals in all the other bond-length and bond- 
angle pairs overlap. This indicates that the main difference 
between BPC and phenHC is in the extent of the in-plane incli- 
nation of the essentially rigid CjN rings to the central C-C 
bond. This in-plane bending is almost certainly a consequence 
of the formation of an intra-cation N-H ... N' bond, the latter of 
course being the reason for the existence of the cis conformation 
to begin with: no tl-a~zs-BP+ cation has been reported to date. In 
BPCthe bending takes placein such a way that the N atoms come 
closer together, while at the same time the C(6) ... C(6') separa- 
tion increases, with attendant changes in the exocyclic C-C-C 
angles at C(1) and C(1') but not in the endocyclic angles. In 
phenH+ the bending is restrained by the presence of ring 3: the 
normalized ratio of the separation (N(1 )...N( 1 O)):(C(l 1 )- 
C(12)):(C(13) ... C(14)) is 1.89(1): 1: 1.99(2) compared to the 
corresponding ratio (N(2) ... N(2')):(C(l)-C(If)):(C(6) ... 
C(6')) of 1.76(1): 1:2.07(1) in BPC. 

Interestingly, a paired t statistic (t,) for matching pairs of 
bond lengths in the CjN rings of BPTB and PTB shows (two- 
tailed t test at the 0.01 and 0.05 significance levels) that the 
bond lengths in the two cations come from the sane popula- 
tion: tp = - 1.62, t, ,, o,o, = 3.11, r, ,,o.oj = 2.20. A corresponding 
test shows this even more strongly for the matching endocy- 
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Table 3. Interatomic distances (A) and bond angles in crystals containing N-H ...( N'" X) bonds." 
-- 

Intra-ion bond' Inter-ion bond' 

Compound (ref.) w" H...N* N-H-N* N...X H...X N-H-X 

1 (phen~)NO,d (13) 2.36 102" 2.833 1.91 158" 
2 (phenH)HSO, (14) 2.39 103" 2.714 1.92 153" 
3 (phenH)C10, (15) 2.40 104" 2.934 2.25 138" 
4 (phenH)C1' (16) 2.41 101" 2.74 1.91 147" 

(phenH)BPh, = PTB 2.33 98" 1 1 I 

BPTB8 5.2" 2.11 105" 3.278 2.55 123" 
3.3 12 2.37 142" 

[(BPt),(NO;)I" (17): 
5 cation A 4.3" 2.26 105" 2.84 1.94 158" 
6 cation B 6.6" 2.26 104" 2.78 1.88 158" 
7 cation C 7.8" 2.27 104" 2.8 1 1.90 160" 
8 BPIi (18) 18.4" 2.27 105" 3.145 2.27 156" 

(BP')2[B,oHlo?-l (19): j j j 

9 cation 1 1.3" 2.09 114" 
10 cation 2 16.4" 2.15 109" 
11 (BP'),[R~cI,~-]' (20) 19.0" 2.33 99" 3.3 10 2.52 147" 
12 (BP+)I;~ I .so 
13 (BP+)CIO, (51) 16.6" 2.97 
14 [A] monopicrate"' (21) 2.56 97" 1.82 155" 

"Typical uncertainty in H...N* and H...X, 0.03 A; in the angles, 3". 
"~ngle between the two ring skeleton planes in BP'. 
'In phenH', N = N(10). H = H(N10), N* = N(1). X = 0 .  
"(phen~) (NO);HNO,. 
'(phenH)CI.H,O, X = 0 .  The ir  spectrum in ref. 22 is reported as that of the hemihydrate. 
'see text. 

BP', N = N(2'), H = H(N2'), N* = N(2); N...X and H...X, shortest N(2') ... C(pheny1-2) and 
H(N2') ... C(pheny1-2) distances; first line, X = C(2.5A); second line, X = C(2.6A) (Table D). 

[(BP+),(No;)I[T~(No~. 
'In (BP')[Fe(BP),](CIO,),, X = 0. 
'Distances to H atoms of the anion. 
'X = CI. 
'S.V. Sereda and 0 .  Knop, to be published. 
"'A = cis-I-(N-Me,N)-2-(N-Me2NH)cyclopentane (I+). 

clic angles: tp  = 0.02 for the same number of degrees of free- 
dom. There is thus no fundamental difference in the geometric 
properties of the respective C,N rings in BPTB and PTB. A 
similar comparison for pairs of bond lengths (but not angles) in 
the left-hand and the right-hand halves of each cation leads to 
the conclusion that in this respect rings 1 and 1' in BP' are sta- 
tistically equivalent, as are rings 1 and 2 in phenH'. 

Cation geometry: statistical treatment 
It may be validly argued that the conclusions for BPTB and PTB 
alone are of limited significance. We have therefore compiled 
the geometric parameters of BP' and phenH+ in a number of 
structures of acceptable quality (Tables 3,  G, and H): eight sets 
for BP' (BPTB, 5-11), four sets for phenH' (PTB, 1-3);8 both 

are of a reasonable size for statistical scrutiny. The results of the 
statistical comparisons are as follows. 

(a )  Bond lengths and angles in BP+ compared to those irl 
phenH+ (Fig. 7 )  

The central C-C bond is significant1 longer in BP+ than in 
phenH', 1.476[9] as against 1.431 [3] d , and the angles flank- 
ing this bond (exocyclic in BP') are significantly different in 
the two cations. The C(S)-C(6)-C(l)lC(4)-C(13)-C(12) and 
C(S')-C(6')-C(l')lC(7)-C(14)-C(6) angles (endocyclic in BP') 
also are significantly affected by the in-plane bending, as is the 
endocyclic N(2')-C(1')-C(6') angle. The angles in the right half 
of the cation are affected more than those in the left, unproto- 
nated half. 

The mean (uncorrected) bond lengths and angles in these two sets 
as well as in phenO (24). (phen,H+)ClO,- (25), and 

(b)  Right halfvs. left half (Figs. 7A, C)  

(phen~,2')(~104)2,H@ (26) are listed in Table F. The bond The matching bond lengths in the two halves of phenH' are 

lengths and angles in BPTB and PTB at -20°C and room statistically equivalent at both the 0.01 and 0.05 significance 
temperature differ only within their stated esd's (results not levels; in BP+ the lengths in the C(1)-N(2)IC(l')-N(2') and 
presented here). The cation geometries in 4 and 12 are not C(4)-C(S)IC(4')-C(S') bond pairs are weakly differenti- 
sufficiently accurate to be combined with the others. ated. Protonation thus introduces little leftlright asymmetry 
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Fig.  7 .  Statistical comparison of matching experimental bond 
lengths and angles in the cis-BP+ and phenH+ systems. (A) Left 
half of the BPC cation compared to the right half. (6) BP' 
compared to phenH+. (C) Left half of the phenH+ cation 
compared to the right half. Orientations as in Fig. 1. Thin lines 
and unfilled angles: sample means of the matched pairs not 
different at the 0.01 (1%) or 0.05 (5%) significance levels. Heavy 
lines and filled angles: sample means different at the 0.01 or 0.05 
significance levels. 

Fig .  8. Effect of protonation on experimental bond lengths and 
angles in the phen system (cf. caption of Fig. 7). (A) phenO 
compared with phenH+. (6) phenH+ compared with phen~2'+. 
(C )  phenO compared with phen~22+.  Dotted lines: sample means 
of N(1) ... N(10) distances, and of C(13) ... C(14) distances, 
different at the 0.01 or 0.05 significance levels (large dots), or not 
different (small dots). 

A B C 

into the bond lengths of the BPC and phenH' ring systems 
(C(1)-C(l'), C(5) ... C(6), and C(11)-C(12) are not testable). 
However, with the exception of C(3)-C(4)-C(5)IC(3')-C(4')- 
C(5'), a l l  the angles in the two halves of BP+ are statistically 
nonequivalent. A similar situation exists in phenH' (the 
peripheral angles in ring 3 are affected only weakly by proto- 
nation). The compensation for the increase in the endocyclic 
ipso angle on protonation is thus much more pervasive than for 
any change in the bond lengths. 

Fig.  9.  Effect of protonation on the geometry of the BP system 
(cf. caption of Fig. 7). (A) ~ ~ ~ I Z S - B P ~  compared with trans-BP'+. 
(6) Protonated ring 1' of cis-BP' compared with one half of the 
tru,zs-BP'+ cation. 

A B 
trans-BP'/ trans-BP2+ c i s - ~ ~ + / t r a n s - ~ ~ ' +  

(c) Effect of successive protonation or1 the geometry of the 
phen a n d  BP systems (Figs. 8A-C, Table F )  

The changes for phen are most simply described by compar- 
ing the [N(l) ... N(lO)]:[C(ll)-C(12)]:[C(13) ... C ( 1  ratios 
normalized to C(l1)-C(12): phenO, 1.87(1): 1: 1.95(2); 
phenH', 1.90(1): 1: 1.99(2); p h e n ~ ~ ~ ' ,  2.02(1): 1: 1.98(1). On 
second protonation the repulsion between the two N-hydro- 
gens considerably lengthens the N(1) ... N(10) distance, by 
-8% from 2.722[9] to 2.873[4] P\, and that in spite of the 
increased positive charge on the ion and the engagement of 
the two H(N) atoms in inter-ion H-bonds to the same anion 
oxygen (26). 

Although protonation of BP' converts the cation conforma- 
tion from cisoid to t r a n ~ o i d , ~  one can still trace its effect on the 
ring geometry by comparing the lengths and angles in the pro- 
tonated ring 1' with those in the B P ~ +  rings (Fig. 9B). From the 
C1- (28), S O , F  (lo), and B , ~ H , , ~ -  (19) salts, for which the 
cation geometry is adequately defined (Table J), one finds that 
the effect of the protonation on the ring bond lengths and 
endocyclic angles in BP' is quite limited and that the lengths 
of the central C-C bond in BP' and B P ~ +  are statistically 
equivalent (t9 = 1.03, t,,o,o, = 3.25, t9, 0.05 = 2.26). 

(d) The effect of $ on  BP geometry 
The effect of the loss of aromatic character attendant on loss of 
cation planarity is difficult to establish. On the one hand, the 
central C-C bond would be expected to lengthen; on the 
other hand, the effect of ortho repulsions will be reduced. 
From the present data there is no evidence of it in cis-BP', 
where the reported $,, angles range from 1.3" to 19.0" (Table 
G), nor is there any indication of a $-dependent trend in trans- 

"he range of @ (in a planar trans conformation, $,,,,, = 0") in the 
BP'+ cation is considerable: (BP2+)c12 (28), 18.9"; (BP2+)Br2 
(29), 21.2"; (BP'+)(sO,F)~ (10). 3 1 S o ;  (BP~+)(s~OCI,) (52), 
35.1" and 35.9"; ( B P ~ + ) ( B , , H ~ ~ )  (19). 44.4"; ( B P ~ + ) I ~  (30). 48.9'. 
No BP" planar by symmetry appears to have been reported to 
date. The distortion of these trunsoid BP'+ cations from planarity 
has been attributed ( 10) to the presence of N-H(N) ... X bonds, X 
= 0 ,  Cl, etc., but see the next section. 
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Bp2+, as shown by analysis of variance for the available three 
sets of bond length and angles (18.9" 5 $,,,,, 5 44.4", Table 
J). This is consistent with a similar finding for the two forms of 
4,4'-bipyridinium(2+) nitrate (3 1, 32), in one of which $,,,,, = 
0" and in the other, $,r,,l, = 39.0"; the mean length of the cen- 
tral C-C bond is 1.484[4] A (Table K). 

(e) Length of the central C-C bond 
This length is in fact codetermined by a number of factors, the 
separate effects of which may be difficult or impossible to 
evaluate from experiment. Examination of the means for this 
bond length (uncorrected, in A; Table F), with the PQ systems 
included,I0 

phenO 1.454[6] phenH+ 1.43 1 [3] p h e n ~ 2 2 +  1.42 1. [7] 
BPO 1.490[3] BP' 1.476[9] BP,+ 1.469[9] 
PQO 1.367[4] phen,H+ 1.434[7] 4,4-Bp2+ 1.484[4] 

PQ'+ 1.422[22] PQ2+ 1.477[2 I]' 

shows that unless obvious chemistry is at work (loss of ring 
aromaticity in PQO and formation of a C=C bond, cf. ref. 36), 
statistically supportable conclusions about differences in this 
bond length in the above biphenyl-like systems cannot be 
made on the crystallographic evidence available at present. 
The overall mean of these means is 1.456[25] A. 

Cation geometry: calculation vs. crystallography 
No ab initio calculations on the uncomplexed phen systems 
appear to be available, but a number of semiempirical and ab 
initio (STO-3G) calculations on the uncomplexed bipyridines 
and their cations have been reported (37-47). The main con- 
clusions are as follows: 
1. The energy minimum found in a semiempirical calculation 
for BP+ (37, 38, 48) was at $,, = 0°, with an indication of a 
small H(N2') ... N(2) interaction. 
2. The ground-state conformation of BP2+ is transoid, $,,,,, = 
41.9", with a higher-energy cisoid conformation, $,, = 54.3" 
(41,43). 
3. The ground-state conformation of BPO is planar trans, with a 
subsidiary energy minimum at $,;, - 50" (38-40,44-49). The 
C(1)-C(I') bond length varies between only 1.5 12 and 1.5 18 
A from planar trans to planar cis and at equilibrium is close to 
the uncorrected experimental value of 1.490(3) A (27). 
4. The ground-state conformation of phenO is not C,,, but C,; 
the barrier for interconversion is only 4.7 kcal/mol (47, 49). 
The CND0/2 calculation for phenH+ (50) points to a situation 
similar to that found for BP+ (37). 

These limited results (i) confirm that the effect of $ on the 
C(1)-C(1') bond length in BP+ can be expected to be small 
and that on the ring bond lengths even smaller and thus likely 
to be masked by fortuitous effects in a crystal. (ii) The conver- 
sion of trans-BPO to cis-BP+ on protonation is coincident with 
the formation of an intra-cation N(2')-H(N2') ... N(2) bond, as 
observed (cf. below). (iii) The optimized $,,,, of free BP2+ 

'O The cation bond lengths and angles in (PQ'+)c~, (33), 
(PQ~+)C~,~~H,O (34), (PQ2+)Br, (33), (PQ2+)I, (33). 
(PQ")[cuc~,] (35), and (PQ2+)(BPh,), (1 1) are compared in 
Table K. This table also contains relevant details for PQ' and 
(PQ'+)PF (36). 

I '  1.468[9] 1 if the 1.521 [7] A value for (PQ2*)(BPh4), (I 1 )  is not 
included. 

Fig. 10. Cation geometry and hydrogen bonding in BPTB. 
Projection on cation planes; distances in A. Putative H-bonds are 
indicated by broken lines. Filled circle, H(N2'). Ring carbons are 
identified by appropriate numbers (Table A). 

being -42", the observed substantial deviations of the cation 
from trans planarity ($,,,,, = 19-49", Table J) cannot be 
claimed (10) as arising from inter-ion H-bonding interactions 
with the anion, though the latter probably are at least in part 
responsible for the observed departures of $,rc,,,,s from the opti- 
mized value. 

Hydrogen bonding: geometry 
In BPTB only three interatomic distances qualify for possible 
H(N2') ... acc bonds: H(N2') ... N(2) = 2.11 A, H(N2') ... C(2.6) = 
2.37 A, and H(N2') ... C(2.5) = 2.55 A (Fig 10). All the other 
H(N2') ... C(an) distances are at least 3.27 A (Table D) and thus 
unlikely to give rise to effective H-bonding interactions (3). 
Although the N(2')-H(N2')-N(2) angle of 105" looks 
unfavourable even for a branched H-bond, the intra-cation 
H(N2') ... N(2) interaction must be significant: not only has the 
cation been forced into a cis conformation, but the N(2') ... N(2) 
separation, 2.6 lO(5) A, is 4% shorter than the corresponding 
mean N(l) ... N(1O) distance in phenH+, 2.722[9] A, and the 
C(6) ... C(6') separation, 3.078(8) A, is 8% longer than the cor- 
responding mean C(13) ... C(14) distance in phenH+, 2.846[24] 
A (Table F). The H(N2') ... N(2) interaction must thus be strong 
enough to bend the cis-BP+ ion in its plane and thus reduce the 
N(2') ... N(2) distance. 

The N(2')-H(N2')-C(2.6) and N(2')-H(N2')-C(2.5) angles 
are 142" and 123", respectively (Table 3). The distances of 
H(N2') and N(2') from the centre ~ ~ ( 2 )  of phenyl-2 of the 
nearest anion, 3.07 and 3.71 A, respectively, and the corre- 
sponding mean distances d [ H ( ~ 2 ' )  ... C] and d [ ~ ( 2 ' )  ... c], 
3.3 1 [67] and 3.93[5 11 A, respectively, are entirely consistent 
with the statistics of the branched H(N) ...p henyl bonds in tet- 
raphenylborates (Fig. 12 of ref. 3). Similarly, points for the 
differences A[H(N2') ... C] = [H(N2') ... C],,, - [H(N2') ... CImi, 
and A[N(2') ... C] = [N(2') ... C],,, - [N(2') ... C],,, for the C 
atoms of phenyl-2 fall within the distributions in Fig. 13 of ref. 
3, where the A for a large number of N-H(N) ...p henyl bonds 
are plotted against d[H(N) ...T,] and d[N ...T,], respectively, 
even though the A[H(N2') ... C] point is at the margin of the ref- 
erence population. The N(2')-H(N2') ... acc bond in Fig. 10 
may thus be regarded as bifurcated, with an intra-cation com- 
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Bakshi et al. 

Fig. 11. Potential H-bonding acceptors X in FTB. 
(A)  N(10)-H(N10) bond and the cation plane are in the page. 
(B) N(I0)-H(N 10) bond and the cation plane are perpendicular 
to the page, with H(N10) on top of N(I0). Black dot, H(N10); 1.2 
stands for C(1.2) in phenyl-I, etc. H(N 10) ... X distances are 
indicated by broken lines; NHX = N(10)-H(Nl0)-X. The fourth 
phenyl ring of the anion has been omitted. 

X H...X NHX 

N(I) 2.33 98" 
C(1.2) 3.26 154" 

ponent engaging the lone pair on N(2) and an inter-ion compo- 
nent pointing at phenyl-2 of the nearest anion at an angle of 
93" between N(2')-H(N2') and the ring plane. 

Support for this interpretation comes from the existence of 
similar bifurcated N(2')-H(N2') ... acc bonds in other BP' cat- 
ions (Table 3). For example, in 11 H(N2') ... Cl(1A) = 2.52(3) 
A, N(2') ... Cl(1A) = 3.3 10 A, and N(2')-H(N2')-Cl(1A) = 
147".12 This clearly corresponds to an N-H(N) ... Cl branch 
of a bifurcated N-H(N) ... Cl, X bond, with characteristics 
very similar to those observed for the stronger component 
of the bifurcated N-H(N) ... 2Cl bond in, for example, 
(Et,NH),SnC16 (53) and (Et2NH& SnC16 (54). 

We now turn to PTB, in which the potential H-bond accep- 
tor environment is represented in Fig. 11. The shortest inter- 
atomic H(Nl0) ... acc approach is H(Nl0) ... N(1) = 2.33 A, 
N(10)-H(N10)-N(1) = 98". This situation looks even less 
favourable for an effective H-bonding interaction than that in 
BPTB. Furthermore, because the N(1) ... N(I0) distances in 
phenO and phenH' are statistically indistinguishable, and ditto 
for C(13) ... C(14) (cf. above and Tables 2 and F), it cannot be 
argued that the phenH' ion in PTB is significantly distorted by 
in-plane bending as a result of an H(Nl0) ... N(l) interaction, in 
contrast to the cis-BP' cation. 

'' [x, y, Z] of CI(IA) = [-x, -y ,  - z ]  of Cl(1) in ref. 20. 

The shortest H(N1O) ... C(an) distances in reasonable direc- 
tions are H(N1O) ... C(3.2) = 3.09 A (N(10)-H(N10)-C(3.2) = 
122") and H(N1O) ... C(1.2) = 3.26 A (N(10)-H(N10)-C(1.2) 
= 154"), the corresponding H(N10)-C vectors being more 
or less in the extended cation plane (Fig. 11). These dis- 
tances are substantially longer than similar distances in 
BPTB. While for phenyl-3 the N(10) ... nc(3) = 4.35 A, 
H(Nl0) ... nc(3) = 3.94 A, 2 [ ~ ( 1 0 )  ... C] = 4.54 A, - 
d[H(NlO) ... C] = 4.12 A, A[N(lO) ... C] = 1.44 A, and 
A[H(NIO) ... C] = 1.95 A distances, though long, still fall 
within the respective plots for the bifurcated N-H(N) ... n 
bonds of ref. 3, the corresponding distances for phenyl-1 are 
all well outside the populations of these plots.13 It is therefore 
reasonable to view the geometry at H(Nl0) as corresponding 
to a very weak bifurcated N(10)-H(N 10) ... N( l),phenyl-3 
bond with the H(NI0) ... N(l) branch as the stronger com o- 
nent. However, if the H(Nl0) ... C(3.2) distance of 3.09 i i s  
admitted as a component of a bifurcated H-bond at an N(10)- 
H(N 10)-C(3.2) angle of 122", then the H(N1O) ... C(2.1) and 
H(N10) ... C(2.2) distances of 3.08 and 3.32 A, respectively, 
cannot be ignored, even though the corresponding N-H(N)-C 
angles are only -95", i.e., with the N(10)-H(N10) bond 
close to parallel to the phenyl-2 plane (Figs. 4B and 11B). So 
little is known about such H-bonding interactions that judg- 
ment must be reserved, for the present, as to the significance 
and importance of the participation of phenyl-2 in the H- 
bonding, but if the latter is claimed to be involved, then 
H(N10) will be described as bonded to N(l), phenyl-3, and 
phenyl-2, i.e., forming a branched H-bond of a type not pro- 
vided for in the classification of ref. 3. 

Hydrogen bonding: infrared spectra 
As a supplement to crystallography we examined FT-ir spec- 
tra of fluorocarbon mulls of BPTB and PTB in the 3700- 
2700 cm-' region between 10 and 295 K. In the 10 K spec- 
trum of PTB a single sharp, unsplit v(NH) peak was observed 
at 3278.7 cm-', well resolved from the v(CH) absorptions, 
and of a height comparable to that of the strongest v(CH) 
peak (Fig. 12). With increasing temperature this peak shifted 
progressively and smoothly to slightly lower frequencies 
(Fig. 13). The frequency lowering between 10 and 295 K 
amounted to 6.5 cm-' (8.2 cm-' when v(NH) is referred to 
the strongest v(CH) absorption, the frequency of which 
increased somewhat with temperature). There was no indica- 
tion of a thermally induced phase transition in this spectral 
region. 

The v(NH) absorption in the 10 K spectrum of BPTB (Fig. 
12) consisted of a prominent peak at 3 147.2 cm-', of approxi- 
mately twice the height of the strongest v(CH) absorption. The 
peak showed incipient splitting, and there was no clean sepa- 
ration between it and the v(CH) absorptions. In addition, it 
was flanked on the high-frequency side by small, well- 
resolved satellite peaks at 3199.3, 3 183.2, and 3 170.3 cm-', 
and on the low-frequency side by a subsidiary peak at 3125.1 
cm-'. The main peak and the subsidiary peak were replicated, 
on weak deuteration, at 2358.0 and 2344 cm-', respectively, 
confirming the correctness of the v(NH) assignment (v(NH)I 

l3 The distance H(N1O) ... C(1.2) = 3.26 A would correspond to an 
edge-on H-bond, i.e., almost an H(N1O) ... H(l .2) bond, unlikely to 
qualify for a IT interaction, cf. Fig. 10 of ref. 3. 
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Fig. 12. The v(NH) and v(CH) region of the FT-ir spectra of BPTB 
and I T B  in fluorocarbon mulls at 10 K. The principal v(NH) 
stretching absorptions are indicated by blacks dots (see text). 

$0.91 BPTB 
m 

v(ND) = 1.333). It was not possible to say with certainty 
whether or not the satellites were present also in the v(ND) 
region; their origin and the origin of the splitting of the main 
peak were not investigated further.'"he frequency of the 
v(NH) absorption remained practically unchanged with tem- 
perature (Fig. 13). 

The high frequency of the v(NH) peak in the PTB spectrum 
is indicative of very weak ~ - b o n d i n ~ , l ~  while the negative dvl 
dT coefficient is consistent with the strengthening of a 
branched or highly bent N-H ... acc bond with increasing tem- 
perature (58). To understand the nature of the H-bonding in 
PTB let us consider the following. The room-temperature 

I' The room-temperature v(NH) absorptions reported in ref. 6 for 
anhydrous BP'BF,, BP+C104, and BP+SbCI6 were also 
composite. Since the cation conformation in those salts is almost 
certainly similar to that in BPTB regardless of the nature of the 
purely itlorganic counter-anion, the complexity of the v(NH) 
absorption appears to arise either from vibrational interactions 
within the cation or from the existence of multiple potential 
energy minima associated with alternative orientations of the N- 
H bond. A detailed spectroscopic study seems indicated. 

l 5  The v(NH) frequency of the solitary, bifurcated N-H ... 2 C1 bond 
in (Et,NH),SnCI, (53) is 3 1 17.8 cm-' at 10 K and 3109.7 cm-I at 
293 K; in (Me3NH),SnCl6 (55) at 10 K it is 3 187 cm-I (mean). In 
contrast to these weak N-H ... C1 bonds the v(NH) frequencies in 
the strongly H-bonded Et,NHX (56) at 10 K are 2740,2685, and 
261 1 cm-' (centroids) for X = I, Br, and C1, respectively. The 
mean frequency of the ir-active v,(NH4+) fundamental in the very 
weakly H-bonded NH4BPh4 (57) at 10 K is 3236[30] cm-I, the 
highest-frequency component being at 3284.5(5) cm-I and thus 
comparable to v(NH) in PTB. 

Fig. 13. Variation of the v(NH) stretching frequency in BPTB and 
PTB with temperature. The quadratic regression of v(NH) on T is 
represented by the solid line. Open circles: v(NH) lowering referred 
to the frequency of the highest v(CH) peak (see text). The broken 
line is to guide the eye only. 

I I 

v(NH) frequencies reported in ref. 22 are in the range 3300- 
3 100 cm-' for the anhydrous CIO,, BF,, and I salts of phenH+, 
but between 2950 and 2600 cm-' for the hydrated C1 and Br 
salts, as confirmed by deuteration and having assigned the 
v(0H) absorptions between 3430 and 3250 cm-I. The crystal 
structure of (phenH+)ClO, contains an H(N 10) ... OC10, = 2.25 
A bond; the H(Nl0) ... OH, distance in the hydrated chloride is 
1.91 A, as are the H(Nl0) ... O(an) distances in the anhydrous 
NO, and HSOl salts (Table 3). It thus seems that in those 
phenH+ salts in which H(N10) is bonded to the oxygen of a 
water molecule or of a strongly H-bonding anion the v(NH) 
frequency is in the 2950-2600 cm-I range, whereas in the salts 
containing the weakly H-bonding C10,-, BF,-, and I- anions it 
is in the 3300-3 100 cm-' range. On this premise, and keeping 
in mind that on geometric evidence the H-bond involving 
H(N10) is bifurcated, we suggest that v(NH) frequencies in 
the 3300-3 100 cm-' range result from N(10)-H(N 10) ... N(l) 
dominated H-bonds, whereas the 2950-2600 cm-' frequencies 
correspond to bonds dominated by inter-ion N(1O)- 
H(N1O) ... X interactions. Consequently the 3279 cm-' absorp- 
tion observed in the 10 K spectrum of PTB originates in a 
bifurcated H-bond dominated by the N(10)-H(10) ... N(l) 
intra-cation interaction and, being well defined and "isolated," 
its frequency can be adopted as a standard for this type of H- 
bond. The effect of the increasing amplitude of thermal 
motion on the H(N10) atom will then be to bring this atom, 
dynamically, closer to the N(l) acceptor, increase the N(10)- 
H(N10)-N(l) angle, and thus strengthen the H-bonding inter- 
action, as manifested in the observed lowering of the v(NH) 
with increasing temperature. 

In BPTB the frequency of the principal v(NH) absorption at 
10 K, 3147 cm-', is about 130 cm-' lower than that in PTB, 
pointing to a stronger H-bonding interaction. The increased 
strength of the bifurcated N(1')-H(N2') ... N(2),phenyl-2 
bond in BPTB is consistent with the shorter intra-cation 
H(N2') ... N(2) distance and with the shortest H(N2') ... C(an) 
distances, H(N2') ... C(2.6) = 2.37 P\ and H(N2') ... C(2.5) = 2.55 
A, both much shorter than similar distances in PTB (Fig. 10). 
The almost zero temperature dependence of v(NH) in BPTB 
can arise from several conceivable causes and no definite sce- 
nario can be offered at present. For comparison, the frequency 

3280 - PTB 

3275 - 
E 
0 

3270 - 
A 

3150 

--.- 9. -. 
0.- 

- r2  = IOOO =O.I cm-1 
v(NH) = 3278.8 -0.0109T - 4.144x10-~~~ 

I I I I I I 
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Bakshi et al 

Fig. 14. Schematic representation of 5- to 8-membered rings 
closed by the formation of an N-H ... N' bond (cf. Table 4). PS, 
cations a-hh; PS', cations pp-ww; PS", cations jj-nn; 1,2-bzH', 
cations ac-ah. Large circles, N atoms; small circles, H(N) atoms. 

phentl' PS' ob 

of the principal v(NH) absorption in anhydrous BP'BF, has 
been reported (6) as 3185 cm-I (2390 cm-I on deuteration), 
and those in anhydrous BP'C104 and BP+SbCI6 can be esti- 
mated from Fig. 3 of ref. 6 as 3190 and 3165 cm-', respec- 
tively. l 6  

Proton sponges: essential geometry 
In classical DMANH' and modified proton-sponge cations 
(Table 4, Fig. 14; refs. 59-99) the local geometry involving the 
N-H ... N' group is constrained by the rigidity of the naphtha- 
lene skeleton in much the same way as that in phenH' is con- 
strained by the rigidity of the phen skeleton, and that in BP' by 
the cisoid conformation of the B P  system. It is thus of interest 
to see what differences there are in the consequences of the 
N-H ... N' bond formation in these and similar systems. 

The d l  = d(N -H) and d, = d(H ... N') distances (d, 2 d l )  in 
the DMANH' proton sponges are related by 

[I]  d, = dl cos a + [dI2(cos2a - 1) + do2] 

where do = d(N ... N') and a = NHN' (Fig. 15). Inspection of 
Table 4 reveals that do and a 0 x e  relatively constant: the means 
for a-hh are 4 = 2.583[21] A and a = 154.2[72Io, i.e., u(a)  is 
of the order of the stated experimental esd of a and a(&) is 
about four times the average experimental esd of do. Most of 
the 32 DMANH' points in the d, vs. d l  plot of Fig. 15 fall 
within the limits calculated from eq. [I]  for the two combina- - 
tions that produce the largest effects in d,,d,, viz. do = do + 
u(do), a = < 3 u(<). With four exceptions, all the points are 
accommodated inside the 2u(4),2u(<) band. 

l 6  References 6-8 and 22, which came to our attention only when 
the present investigation was well under way, contain ir spectra of 
a number of BP' and phenH' salts (not BPTB or PTB). Like the 
present paper, these references aim explicitly at interpreting the 
spectra in terms of the intra-cation bond. However, owing to the 
lack of crystallographic information at the time, their conclusions, 
while generally similar to ours, are supported by spectroscopic 
evidence alone. 

Fig. 15. Variation of d2 = d(H ... N') with d l  = d(N-H) in 
proton-sponge, cis-BP', and phenH' cations (cf, Tables 3 and 4). 
Heavy line, regression of d, on d l .  Thin lines, 2 lu(;io), 3 lu(Z) 
limits; thin broken lines, ?2u(Z0), i 2 u ( Z )  limits (see text). 
Proton sponges: full circles, DMANH' cations; open circles, 
other cations of Table 4; w, gg, [N-H ... N']- bonds; at, ab initio 
value for [N2H7]'. 

With the above values of & and <, eq. [I] closely approxi- 
mates linear variation. Using the above 32 experimental points 
to regress d, on d l  yields d, = 2.656(55) - 1.017(49)dl, 2 = 
0.97, u = 0.03 A, i.e., statistically the slope is not different 
from - 1. Thus within the !xperimental accuracy of the 
present sample, d l  + d, = 2.66 A, which in turn implies that the 
approximate locus of the H(N) position is a segment o! an 
ellipse with N and N' as the foci and a major axis of 1.33 A, d, 
and d, being the focal radius vectors of the proton. 

If Fig. 15 is a reasonable approximation to the actual gross 
behaviour of d l  and d, in DMANH', with d21dl ranging from 1 
to -2, what is responsible for the wide variation in the asym- 
metry of the N-H-N' in the first place? The ab initio calcula- 
tion for free [H3N-H-NH,]' (at, d,ld, - 1.5) indicates that, for 
N...N' separations that are not extremely short, an asymmetric 
N-H-N' bond is the ground-state norm.17 The effect, in crys- 
tals, of a second acceptor X, which would generate a bifur- 
cated N-H ... N',X bond, is not clear. In general, a short H...X 
separation would be expected to correspond to a lengthened 
N-H bond and probably to an increased d l  + d,, and possibly 
to an increased N-H-N' bond symmetry. However, this is not 

l 7  For a recent account of ab initio studies of N-H-N' interactions 
see ref. 99. 
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Table 4. Hydrogen-bonding geometry in proton sponges and their analogs.'' 

Compound N...N' N-H H...N1 NHN' Ref. 

DMANH' salts 

a BPh,--MeCN.H,O 
b Br-ZH,O 
c [C6C1501-[C6C1,0H],. 100 K 
d BF,- 
e [C,F,O]-[C6F,0H],, 100 Kc 
f 
g x-" 
h X-" 
i [CHN,]--H,O ((2,)' 
j X-, 150 Kd 
k [~quarate]~-.4H,O, 100 K' 
m 
n [TeOF,]- ( p i ) ,  167 K 
p [TeOF,]- (Cnzcm), 140 K (C,) 
9 [AIF,l- 
r [~(Ph)C,B,oH,ol- 
s Hydrogen squarate, 150 K 
t x-, 150 K" 
u x-d 
v TFANH-," cation 
w anion 
x [chloranilateI2-.2H@, 150 K 
Y 1 

295 K 
z [hemimellitate H,]--yH2Oc 
aa 
bb Hydrogen maleate 
cc [2,4-(NO,),-imidazolatel- 
dd [D-hydrogen tartratel--3H2OC 
ee 
ff an-:" cation 
gg anion 
hh [3,4-furandicarboxy late]-.HO 

Other naphthalene-type cations 

ii AH,~'B~,.~H,o'  
DMAMNH'NO, , 100 K' 

kk 
mm RT 
nn DMAMNH' [picratel- 
pp AH'Br-I 
rr AH'BF;' 
ss AH'PFCJ 
tt AH'Br-' 
uu 
vv AH'PF;" 
ww AH2+~r2.2H,0"' 

Other condensed-ring systems 

xx AH'C10; (C,)" 
yy AH+BFL~ 
zz AHfBF; 
ab AH'C10,-' 
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Bakshi et al 

Table 4. (Cotzcluded) 

Compound N...N' N-H H...Nr NHN' Ref. 

Benzene and biphenyl-type cations 

ac AH'X-".' 
ad AH'X-".' 
ae AH'X-".' 
af AH'X- ".' 
ag AH'X- "." 
ah AH'X- ".I' 

ai AH,?'Br,.H,ON' 
aj AH'Br-" 

Other cations 

ak AH'I-?' 2.600(3) 1.30(5) 1.30(5) 169(2) 80 
am AH'Cl-' 2.526(3) 96  
an [C,,H,,N,H]+BPh,-"" 2.54 l(5) 0.92(3) 1.78(1) 138 97 
ap AH'CIO;, n.d., 120 K (C,)"" 2.635(2) 1.317(1) 1.317(1) 180 98 
ar [(4-Me-py)H]+BPh; (C,) 2.610(5) 1.31(1) 1.31(1) 180 61 
as [N,H,]+I-"" 2.69(5) 84  

at [N,H,I' (CJ" 2.73 1 1.087 1.644 180 60 

"Interatomic distances in A, bond angles in deg. DMAN = 1.8-(Me,N)?-naphthalene; DMAMN = 1.8- 
(Me$CH,),-naphthalene; TFAN = 1,8-[CF,C(O)NH]?-naphthalene. 

"1, a = 11.226(2) A, b = 18.837(4) A, c = 8.365(2) A, a = 92.64(2)', P = 97.99(2)", y = 97.74(2)', Z = 2, 
V = 1732(1) A3 (P.K. Bakshi, T.S. Cameron, and 0. Knop, unpublished results). 

'Resolved twofold positional disorder of H(N). 
"Anion not specified in ref. 86. 
'Reference 58 in our ref. 86. 
'Tetrazole. 
#Conjugated [N-H-N]', [N-H-N]- system. 
"an = 1,8-bis(4-toluenesulfona1nido)-2,4,5.7-(NO~)~-naphthalene. 
'A = 1,4,5,8-(MelN),-naphthalene. 
'A = I-(Me,N)-8-(Ph,P=N-)-naphthalene. 
% = I,8-(Ph,MeP=N-)-naphthalene. 
"'A = 1,8-(Ph3P=N-)-naphthalene. 
"A = 4,5-(Me,N),-fluorene. 
'A = 1,9-(Me,N),-dibenzothiophene. 
'A = 1.9-(Me2N),-dibenzoselenophene. 
'A = 4,5-(Me2N),-phenanthrene. 
'Reference 37 in our ref. 86. 
'A = 1 ,2-(MezN),-benzene. 
"A = 1-Me2N-2-(Ph,P=N-)-benzene. 
''A = 1,2-(Ph,P=N-),-benzene. 
"A = 1,2,4,5-(Me,N),-benzene. 
"A = 2,2'-(MelN)2-biphenyl, v,,, = 52". 
"A = 1,6-Me,-1,6-diazacyclodecane; intra-annular N-H-N bond. 
'A = 1,6-diazabicyclo[4.4.4]tetradecane; intra-annular N-H-N bond. 
""Vinamidinium type (Fig. 14); H-bond-containing ring planar to 0.073 A. 
""AH' = (quinuclidinone),H'; neutron diffraction. Positional disorder cannot be excluded, but thermal 

parameters of central proton are not unusual. 
'Tn the NH,I.NH3 adduct. 
ddAb initio optimization of the equilibrium geometry of [H3N-H-NH3It. 

borne out unambiguously, if at all, by the present sample. Thus on the probable causes of the observed N-H ... N' asymmetry 
in cc, ee, and hh there appears to be no eligible second acFep- in crystals at this time. It is worth noting (Fig. 16) that in the 
tor, yet d l  in these cations ranges from 0.9 l(5) to 1.18(3) A. In five cations in Table 4 for which resolved twofold disorder of 
x and aa the resolved d, distances are 0.90(6) and 0.94(3) A, the H(N) atom has been reported, the alternative H(N) posi- 
with H...O = 2.58 and 2.50 A, respectively; in r, d l  = 1.22(3) tions in each case conform closely (and certainly within their 
A, but H...O = 2.60(6) A (all N-H ... 0 bonds strongly bent). It stated individual esd's) to the DMANHt regression line of 
would therefore seem imprudent to make definitive statements Fig. 15. 
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Fig. 16. Relationship between the positions of the H(N) atoms in 
resolved positional disorder in proton-sponge crystals (full 
circles; e-f, k-m, z-aa, dd-ee, jj-kk, cf. Table 4), and the effect 
of temperature on the position of H(N) (open circles, x-y). 
Heavy line: d2 on d l  regression for proton sponges in Fig. 15. 

The 2u(do),2uii) band also accommodates the dl,d2 points 
for cations other than DMANHf, even though the local stereo- 
chemistries at their N-H ... N' bonds differ from that in 
DMANHf (the exceptions are nn, pp, uu, vv, ab)." Thus xx, 
yy, and zz are fused-ring variations on DMANHf with proba- 
bly pseudosymmetric N-H-N' bonds, andjj  is a CH2-expanded 
version of DMANHf, with the two N atoms brought into a syn 
relationship by the H-bond. The cations in ab and ar are of 
particular interest in that in ar the centrosymmetric N-H-N' 
group forms spontaneously on crystallization, without appar- 
ent constraint and yet with a do value within lu of the above do 
value for DMANHf. In ak, even more interestingly, the mono- 
protonated saturated 1 ,6-Me2- 1,6-diazacyclodecane ring in the 
crystal spontaneously assumes aconformation that contains an 
intra-annular N-H-N' bond with do = 2.60 A. 

Proton sponges: comparison with BPTB and PTB 
What distinguishes, geometrically, BPf and phenf from the 
proton sponges and their analogs, and where is the dividing 
line between the former and the cations that exhibit proton- 
sponge properties?1g 

The parameters considered here are do, d l ,  d2. and a, any 
one of which can be expressed in terms of the other three. 
Using only dl  and d2 (Figs. 15 and 17A), we see immediately 
that the points for the planar, non-proton-sponge BPf, phenHf, 
and 1,2-bzHf systems fall in a region of the plot with much 
larger d2 distances. They also conform reasonably cksely to 
the lines calculated from eq. [ l ]  using the appropriate do and G 

I s  In the (N-H-N)-containing TFAN- anion (w in Table 4) the do 
distance, 2.608(4) A, is close to the above & mean but the NHN' 
angle, 138(3)", is significantly smaller than 6. 

l 9  Normally as judged by the basicity of the cation, but for our 
present purposes by the v(NH) stretching frequency in the crystal 
(see above), which in true proton sponges is depressed to values 
below 1000 cm-I. 

Fig. 17. (A) Correlation of d l  and d2 (cf. Fig. 14). Full circles, 
cations ac-ah of Table 4. The lines refer to do and 6 in each group 
(see text); the line for PS is the d, on d l  regression line of Fig. 14. 
(B) Variation of NHN' = 6 with N...N' = a0 in the rings of Fig. 14; 
for a b  and a n  only one do,a pair each is available. The broken line 
passes through the points corresponding to (essentially) planar, rigid 
ring systems. 

means for each cation class from Table 5.20 These lines are 
well separated from the regression line for the proton sponges. 
This separation and the importance of the size of the ring 
closed by the N-H ... N' bond are evident in Fig. 17B, in which - 
a is plotted against do for several classes of cations. While this 
may be fortuitous, the points for the planar, rigid phenHf, 1,2- 
bzHf, and DMANHf systems are seen to lie on a straight line. 
This line accommodates even the point for ab, in which cation 
the steric crowding at the N atom is so severe as to produce a 
helical twist of 23" between the outer rings about the central 
C-C bond of the phenanthrene system (77, 78). The Me 
groups on the nitrogens apparently are so locked in place that 
they make the system rigid in spite of its nonplanarity. 

' O  The scatter of the points for BP' may in part be attributed to the 
cisoid rather than cis conformation of the cation (see above), and 
that of the 1.2-bzH+ points may be due to the bulk of the Ph,P 
group(s) on the N atom(s). 
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Table 5. Means of N...NJ distances and NHN' angles (Fig. 17B)." 
- - 

Cation do, 8, a, deg Ring size dJd, range (d2ld, ) 
- 

ab" 2.545(4) 167(1) 7 1.13(4) 1.13(4) 
PS" 2.662[38] 163.71133 8 1.09(5)-2.20(22) 1.40[22]" 
PS' 2.583[21 j 154.2[72] 6 1-2.14(26) 1 .43[26le 
PS' 2.557[29] 148.1 [74] 6 1.15(13)-2.29(20) I .60[39] 
anb 2.541(5) 138 5 1.93(7) 1.93(7) 
1,2-bzH' 2.665[45] 1 19.6[27] 5 1.76(17)-2.39(18) 2.34[3 I] 
B P' 2.635[22] 105.6[41] 5 1.92(1)-2.59(12) 2.32[18] 
phenH' 2.722[9] 102.5[1 I] 5 2.10(1)-2.82 2.52[29] 

"See Table 4 and Fig. 16. Ring size. number of atoms in the ring; (dzld,), mean d,ld, value. The 7- 
membered rings in zz, yy, xx, and aj (do = 2.573(3), 2.587(3), 2.626(2), 2.650(6) A, respectively; a = 
175(2)', 173(1)", 177(7)', 185(2)', respectively, the last-named value corresponding to a re-entrant 
angle) are not included in the table and Fig. 17B. Their N-H ... N' bond lengths are reported as 
symmetric, but the H(N) position may be disordered. 

"Single values. 
'N-H-N' bonds reported as symmetric are not included in the means. 
"Not including jj. 

. .  . 'Not including e and dd. 

- 
Fig. 18. (A) Correlation of the mean d,ld, ratio with the mean a decreases, i.e., the N-H ... N'bond is highly bent. The divid- 
NHN' angle G. Full circles, proton-sponge cations; open circles, ing line between the proton-sponge and non-proton-sponge 
non-proton-sponge cations (cf. caption of Fig. 14). (B) Correlation regimes appears to be at (d21dl) - 2 and & - 130". For (d,ld,) > 
of the mean NHN' angle with the angle A between the N...N' 2 and cr < 130" the N-H ... N' configuration ceases to function 
vector and the idealized direction of the axis of the lone electron as an effective two-centre force field. 
pair on N. Half-filled circle, estimate (from the correlation) of cr TO introduce the N...N1 separation explicitly, eq. [ l ]  can be 
for 1,s-naphthyridinium(l+) cation. recast as 

e, deg 

[2] d21d, = cos a + [cos'a + (dddll2 - 11"~ 

for use with the individual cations. For the class parameters of 
Table 5, 

( 2  = 0.96, a = 0.07). In this form the empirical correlation 
reveals the relative importances of changes in E and 4: the 
range of being -80" and that of 6, -0.2 A, it is.clear that 
changes in 4 produce only a minor effect on (d,ld,) and that ?i 
is the major factor responsible for the proton-sponge proper- 
ties. This is consistent with the smallness of the improvement 
that results when & is included in the regression. 

The 6 values are strongly correlated with the angle A 
formed by the idealized direction of the axis of the lone pair on 
the N atom and the N...N' vector (Fig. 18B). This correlation 
may proved helpful in estimating a in cations the structures of 
which have not yet been determined or in which H(N) is diffi- 
cult to locate. Thus, for example, on monoprotonating 1,8- 
naphthyridine (loo), quino[7,8-hlquinoline (101), and 1,14- 
diaza[5]helicene (102), the idealized A angles in the cations 
are expected to be 90°, 30°, and perhaps -0" respectively. 
From Fig. 18 the corresponding NHN' angles would be esti- 
mated as -66", - 140°, and - 180°, i.e., the 1,8-naphthyridin- 

A comparison that includes the eight cations of Fig. 14 and ium(l+) ion would not have proton-sponge characteristics.zi 
takes account of three of the four Darameters is  resented in 
Fig. 18A. The unmistakable visual iorrelation of ;he mean d,l 
d l  "lues and ' 5, can be a linear 

21 Contrary to ref, 103, where a symmetric N-H-N' bond has been 
regression of (d,ld,) on &: (d,ld,) = 4.582 - 0.0200z ( 2  = 0.96, proposed (cf. also ref. 100). The unprotonated quino[7,8- 
a = 0.09 -6% of range). The proton-sponge character is lost hlquinoline molecule is planar (101) and likely to remain so on 
when simultaneously (i) (d2/dl) is large, i.e., when the N- protonation. The helical twist in the 1 ,I 4-diaza[5]-helicene 
H...N1 bond is highly asymmetric and H(N) is close to N'; (ii) molecule (102) renders estimation of A uncertain. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74, 1996 

a-a stacking in PTB: geometry 
As pointed out earlier, some of the features of the PTB structure 
(face-to-face cat/an ring stacking, edge-to-face cat/an orienta- 
tions) parallel similar features in the structure of PQTB, where 
they have been attributed to a--rr interactions (1 1). Accounting 
for these features in these terms does not seem to contradict the 
set of rules announced in a position paper on the nature of a-T 
interactions (104), to the extent to which the rules are applicable 
to catIan systems as complex as PQTB (cf. also ref. 105). A sim- 
ilar rationalization can therefore be adopted in describing the 
PTB structure." However, PTB contains additional features, the 
quasi-discrete four-stacks (cf. above), which to our knowledge 
have not been reported previously but which, too, it is tempting 
to associate with a-a interactions, even though explicit support 
from current theory may be lacking.'3 

Each four-stack consists of a centrosymmetric pair of planar 
phenH' cations. Their perpendicular separation, 3.32 A (Fig. 
4B), is small enough to suggest attractive interaction, the like 
charges on the cations notwithstanding. Each cation in turn is 
flanked by the phenyl-2 ring of an anion, at a plane-to-plane 
angle of -9", i.e., about the same as the corresponding cat/ 
phenyl angle in PQTB.'~ The shortest C(an) ... N(an) distance, 
d[C(2.4) ... N(10)], is 3.23 A. The two cations in a pair thus con- 
stitute a cofacial [cat212+ dimer. Because of the inversion cen- 
tre their relative orientation is such that the protonated N(10) 
atom of one cation is roughly above the unprotonated N(l) 
atom of the other, and the N(10) atom of the second cation is 
roughly below the N(l)  cation of the first (Fig. 4A). The phe- 
nyl-2-ring and the cation in a pair are offset, roughly parallel to 
the cation plane. The overlap (Fig. 4A) between the cation ring 
2 and the phenyl-2 ring is not substantial, but it brings the 
N(10)-H(N10) bond under (or above) the phenyl-2 ring. 
Thus, while the ion charges on the cations have the same sign, 
the atom charges and the electron densities at the vertically 
related N(l) and N(10)' atoms are not the same. This differ- 
ence may well generate an attractive interaction and thus rein- 
force the cofacial T-a interaction between the cation and the 
phenyl-2 ring in the four-stack. Each four-stack would then 
contain three cofacial interactions (phenyl-2/cat, catlcat', catf/ 
phenyl-2') plus four edge-to-face cat/phenyl-4 interactions. 
The phenyl-4 groups involved in the T-geometry interactions 
mediate between adjacent four-stacks by organizing them into 
slabs parallel to (001) (Fig. 3). 

2' Consistent with the 1:2 stoichiometry of PQTB, the 
centrosymmetric PQ'+ cation is sandwiched between two anions 
to form discrete [an-cat-an] aggregates (1 1). Each cation ring is 
engaged by an anion in a simultaneous face-to-face and edge-to- 
face interaction, whereas in PTB the face-to-face and the edge-to- 
face anion ring partners of a cation are from different anions. In 
PQTB the catlphenyl angle is 10" (9" in PTB), and the shortest 
edge-@-face TT~...TT, distance between the cation and anion rings 
is 5.0 A (5.32 and 5.35 A in PTB). The shortest distances, in t h ~  
region of face-to-face overlap, are C(cat) ...p henyl plane = 3.27 A 
and C(pheny1) ... cation plane = 3.28 A. 

23 On this point we paraphrase the apt comment made in ref. 104: 
where ab initio treatments are available, they reproduce 
experimental results well (106), but they do not explain the basic 
mechanisms of TT-TT interactions in a way that is helpful or 
predictive for the practical chemist (cf. also ref. 107). Besides, in 
situations believed to be governed by TT-T interactions, there may 
be other determining factors at work. 

a-a interactions: PTB in solution 
The presence of charge-transfer interactions in the PTB crystal 
is betrayed by the pale yellow colour. The colour persists in 
solution but only in some solvents. Fresh solutions in acetone, 
MeCN, and DMSO appear colourless, at high concentrations 
slightly yellowish, but solutions in CH,Cl,, THF, and pyridine 
(less so in CHC13 and MeN0,) are yellow. The uv-visible 
spectra of 6 mM solutions of PTB in CH,C1, and acetone are 
quite different. The spectrum of the CH,CI, solution contains 
a broad double absorption (AXll, - 160 nm) extending from 
below 190 to about 480 nm (hence the yellow colour), with the 
maxima at 260 and 330 nm (E - 300). On a hundredfold 
dilution this broad absorption resolves into a narrower band 
(AX,/, - 60 nm), with a maximum at 270 nm, and a small 
shoulder on the long-wavelength side. In contrast, the spec- 
trum of the acetone solution has a single narrow absorption 
(AX - 40 nm) between 280 and 460 nm, with a maximum at 
340 nm (E - 550). The BPh,- anion (NaBPh, in acetone) 
shows no significant absorption between 190 and 800 nm, 
while phenO in acetone has a sharp band at 330 nm (E - 240); 
a sharp maximum at the same wavelength is observed also in 
the spectrum of a saturated solution of phenH'C1- in acetone. 

Room-temperature 'H nmr spectra of PTB solutions depend 
markedly on the solvent. To find out why the CH,C12 solutions 
are yellow but those in acetone and MeCN at comparable con- 
centrations almost colourless, we obtained spectra of PTB, 
phenO, and (n-Bu,N)BPh, (= 4BTB) in the three deuterated 
solvents. The PTB solution in CD,C1, was examined at two 
concentrations, 0.01 and 0.04 M. For comparison, spectra 
were also obtained of NaBPh, (= NaTB) and phenH+BF; in 
(CD3)2C0 and CD3CN; unfortunately, these two salts are not 
sufficiently soluble in CD,CI2, and phenH'BF,- is insoluble 
also in THF, hence the corresponding spectra are not avail- 
able. The results are summarized in Fig. 19 (phen proton 
assignments as in ref. 108). 

The phenO frequencies in the three solvents are quite simi- 
lar. In the colourless PTB solutions in acetone and MeCN 
these frequencies are shifted downfield by more or less similar 
amounts, ranging from A6,> - 0.14 to A6,,, - 0.55 ppm in 
acetone, and from A6,,, - 0 to A6,,? - 0.55 ppm in MeCN, 
i.e., in the direction expected for cation formation. The anion 
proton frequencies in the PTB solutions in acetone and MeCN 
show only very minor shifts relative to NaTB and 4BTB. In 
the yellow PTB solutions in CD2Cl,, however, the spectral 
changes are strikingly different. The H(3,8), H(4, 7), and 
H(5,6) frequencies in the 0.01 M solution again are shifted 
downfield relative to phenO, A6 - 0.06-0.3 1 ppm, but the 
H(2,9) frequency is shifted iipjield by -0.50 ppm. On increas- 
ing the concentration to 0.04 M all the cation H(C) frequencies 
shift upfield by amounts not exceeding 0.1 ppm, making the 
total upfield shift - -0.56 ppm relative to phenO. At the 
same time, the ortho frequency of the anion undergoes a 
downjield shift of -0.2 ppm relative to 4BTB, while the rtietn 
and para proton frequencies are shifted upfield by ca. -0.08 
and ca. -0.15 ppm, respectively; these anion proton shifts are 
practically independent of the concentration. 

The direction and magnitude of the shifts in the PTB solu- 
tion spectra relative to the phenO and BPh,- reference spectra 
demonstrate the persistence of a vestigial, dynamic, short- 
range cation-anion structure in the CD2C1, solution (and prob- 
ably also in the other coloured solutions) and its absence in the 
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Fig. 19. The 'H nmr spectra of PTB and reference compounds in different solvents 
(A-C; centroid frequencies, TMS as reference). The spectra of PQTB and 
PQ(PF& in (CD,),CO (ref. 1 I; (CHD,)?CO in (CD,),CO as reference) are shown 
in D; note that, relative to the N position, H(3) and H(2), respectively, in the PQ 
system correspond to H(2) and H(3) in the phen system. 

10 9 8 7 6 
I I I I I 
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O! +- cq 4BTB 
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N 2 

9 R 
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7 7 NaTB 1 
z 3 0'- r- co a! 
0 u N b m n  

{<I& " ' phenH BF4 
0 

B 
U phenO 

4BTB 
PQTB 

O " ' PQ PF, 

colourless acetone and MeCN solutions. The large upfield 
shift of proton H(2,9) on the carbon adjacent to the N atom and 
the downfield shift of the anion ortlzo protons both support the 
simultaneous existence of cofacial and T-shape interactions in 
the CD,Cl, solutions. In this respect PTB in CD,Cl, resembles 
PQTB in the deep-yellow acetone solution (Fig. 19D), for 
which similar but somewhat smaller shifts have been observed 
(1 1). The additional upfield shifts of all four PTB cation pro- 
tons with increased concentration may arise from an overall 
reduction of dilution and thus from a higher probability of ion- 
ion encounter, but they would not be inconsistent with incipi- 
ent formation of four-stack-like aggregates in the solution, 
especially since the anion proton shifts do not appear to vary 
with concentration. A detailed study of the concentration 
dependence of the shifts (also in the other yellow PTB solu- 
tions) would not be amiss. 

Conclusions 

Monoprotonation of BP' and phenO results in the formation of 
an intra-cation N-H ... N' H-bond that is strong enough to con- 
vert trans-BP' to a cisoid BP+ and bend this cation in its plane 
so as to decrease the N...N1 separation. In BPTB the dihedral 
angle + between the two cation rings is 5.2", but angles up to 
19" are on record for other BP+ salts. In phenH+ an in-plane 
distortion is prevented by the rigidity of the fused ring system: 
N...N1 is 2.61 A in BPTB but 2.71 A in PTB. More generally, 
the N...N1 mean is 2.635[22] A in a sample of eight BP+ salts 
and 2.722[9] A in a sample of four phenH+ salts. The differ- 

ence of -0.09 A is statistically significant, the observed vari- 
ation in + notwithstanding. 

The H-bond in BPTB and PTB is a bifurcated N- 
H...N1,phenyl bond in which the intra-cation H...N1 compo- 
nent dominates the inter-ion H...phenyl component. However, 
in PTB even the former is very weak: v(NH) = 3299 cm-' at 10 
K , H  ... N1=2.33A.InBPTB,H ... N1=2.11 Aandv(NH)at 10 
K is about 130 cm-' lower than in PTB, i.e., the H-bond in 
BPTB is stronger, consistent also with the significantly shorter 
H...C(an) distances. 

The crystal structure of PTB contains features characteristic 
of n-n interactions, the presence of which is manifested in the 
pale yellow colour of the solid and the well-developed yellow 
colour of its solutions in some nonaqueous solvents, e.g., 
CH,Cl,, CHCl,, THF. The structure contains partially offset, 
nearly parallel (-9") cofacial arrangements of phenyl(an)- 
cat-cat-phenyl(an) aggregates, with approximate vertical 
plane separations of 3.2-3.4 A. In addition, it contains T- 
shaped, edge-to-face, cat/phenyl(an) pairs, with the two planes 
almost at right angles. In containing parallel as well as perpen- 
dicular n-n system arrangements, the PTB structure is remi- 
niscent of the structure of paraquat(2+) tetraphenylborate (1 l), 
but the cofacial n-n four-stacks appear to be a novel feature. 

Cation geometry 
The correlated cation bond lengths and angles in a number of 
BP+ and phenH+ salts have been examined in detail, statisti- 
cally, for geometric equivalence of rings 1 and 1' in BP+ and of 
rings 1 and 2 in phenH+, for equivalence of the BP+ and 
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phenHt ring systems, and for differential effects of protona- 
tion on the ring geometry of the phen system (Figs. 7-9). The 
results are highly informative and provide insight into the lim- 
its of usefulness of crystallographic evidence for detecting the 
consequences of N-protonation, the twist angle $, and the BP 
-+ phen ring closure for the geometries of the BP and phen 
ring systems. Among the more conspicuous results the follow- 
ing merit mention. 
1. The mean CNC angle at the unprotonated N atom in trnns- 
BP', cis-BP', phenO, and phenHt is 117.1 [51°. On N-protona- 
tion the mean ipso angle in cis-BP', trnns-BP~', phenHt, and 
phen~,2' is 123.2[31°, i.e., protonation increases the angle 
consistently by -6", regardless of the degree of rigidity of the 
ring system. 
2. The central C-C bond length and the ring geometry in the 
BP systems do not appear to correlate with the twist angle $. 
3. With the exception of the phen~'lphen~,'t pair (Fig. 8B), 
the endocyclic C-C-C angles at carbons 414' in the BP and car- 
bons 318 in the phen systems (i.e., pnrn to the central C-C 
bond) remain undifferentiated on N-protonation or BP -+ phen 
ring closure or both. 
4. The correlated bond lengths in rings 1 and 2 of phenH', sta- 
tistically, are not differentiated but all the endocyclic angles 
are, with the exception of those at carbons 318 (see point 3) and 
the peripheral carbons 516 (Fig. 7C). Similarly, the bond angles 
in ring 1 of BPt, statistically, are all differentiated from the 
corresponding angles in ring l', with the exception of the 
angles at carbons 414' (Fig. 7A). 
5. The endocyclic angles at the peripheral carbons 516 and the 
C(5)-C(6) bond length in the phen system are insensitive to 
N-protonation (Figs. 8A, C). 
6. The leftlright ring symmetry in BPt and phenH', statisti- 
cally, is much more pronounced in the bond angles than in the 
bond lengths (Figs. 7A, C), while the opposite is true of the 
BPtlphenHt pair (Fig. 7B), where the endocyclic angles 
affected are those at carbons 131 14 (involved in the BP -+ phen 
ring closure) and the endocyclic angle at C(11). 
7. The effect of protonating trans-BPO to trnns-BP" on the 
ring bond lengths is remarkably selective, affecting only the 
bond length between the carbons rneta and para to the N atom 
(Fig. 8A). 
8. N-Protonation in one ring leads to a readjustment and differ- 
entiation of the bond angles in both rings except as under point 
3 (Figs. 7A, C). 

Although the available ab initio calculations on the BP and 
phen systems are not sufficiently ?tailed, where they exist 
they confirm the BP', BP', and BP-' conformations observed 
in crystals. They also indicate that variations in the ring geom- 
etry on protonation may be too small to be established with 
confidence by crystallography, and the same may be true of 
the effect of the twist angle $ on ring bond lengths and angles. 

Proton sponges 
A detailed survey of relevant crystal structures (Table 4) 
shows that the difference between the intra-cation N-H ... N' 
bond geometry in the BP' and phenHt cations and that in the 
proton sponges (typically 1 ,8-(Me2N),-naphthalene-H( I+) = 
DMANH') is one of degree, not of kind. In planar or approxi- 
mately planar cations containing intra-ion N-H ... N' bonds 
the parameters do = d(N ... N'), d ,  = d(N-H), rl, = d(H ... N'), 
and cw = NHN' are related by eq. [I]. When such cations are 

grouped by type (Table 5) and the group means do and a are 
computed, the range of the &, values is found to be relatively 
narrow, -0.2 A or -7% of the overall Z(N ... N') mean, while 
the a range is very substantial, -65". The mean ratio (rl,ld,) 
for each cation group can be taken as a geometric indicator of 
proton-sponge behaviour. 1f do is taken as essentially constant, 
the ratio can be appr~ximated by (d,ld,) = 4.582 - 0.0200Z 
(1' = 0.96, o = 0.09 A -6% of range) for BP~', phenHt, and 
the cations of Table 5. The boundary between cations that 
have proton-sponge properties (high pK,, low v(NH) stretch- 
ing frequency) and those that do not appears to fall at (d21d1) - 
2 and - 130" (Fig. 18A). For (d,ld,) > 2 and < 130" the 
N-H ... N' configuration ceases to function as an effective 
two-centre force field and loses its proton-sponge character. 
When zo is introduced explicitly, the ratio can be approxi- 
mated as (cl,lcl,) = 2.667 - 0.0190(a - 90) + 0.577(do - 2.5) 
(2 = 0.96, a = 0.07), i.e., changes in the N...N' distances are 
relatively much less important in determining the proton- 
sponge character than changes in the NHN' angle. The angle A 
between the N...Nf vector and the axis of the lone electron pair 
on the protonated N atom is another important diagnostic 
parameter (Fig. 18B). To the best of our knowledge no clear 
evidence for the existence of statically symmetric ordered 
(i.e., single-well potential) N-H-N bonds has been provided by 
crystallography to date, in agreement with expectation from 
theoretical treatments. 

Experimental 

The free base was dissolved in dilute HC1 and the resulting 
solution was added to an aqueous solution of NaBPh,. The 
precipitate, which formed immediately, was washed with 
water and air-dried. Crystals suitable for X-ray work were 
obtained by recrystallizing the products from aqueous acetone 
by slow evaporation at room temperature. 

Crystallography 
The crystallographic information is summarized in Table 1 .  
We wish to reiterate that, in general, organoammonium tet- 
raphenylborate crystals are weak and fickle scatterers. As 
pointed out previously (3), significant retJections are seldom 
observed above a (sin @)/A limit of 0.48 A-I (0 = 20" for Mo 
radiation). Since in this laboratoryoX-ray data collection rou- 
tinely extends to a limit of 0.55 A-' (0 = 23"), the ratio of 
observed retlections to total measured unique retlections 
never exceeds 50%, as in the present case. 

The TEXSAN package (109) was used in the data reduction, 
structure solution by direct methods, and structure refinement, 
with PLUTO (I 10) for special graphics. The anisotropic temper- 
ature factor is defined as e~~[ -2 . r r ' (~ , ,h ' a :~ '  + ... + 
2U,,klb'+c'l' + ...)I. The H(C) atoms, though seen in the differ- 
ence maps, were placed geometrically (C-H, 1.08 A, Uis,(H) 
= 1 .2Ueq(C) of the attached C atom) and not refined. The posi- 
tions of the H(N) atoms were obtained from the difference 
maps and kept fixed during the final refinement (Uis,(H) = 
1.2Ueq(N) of the attached N). 

A test of the cation in BPTB for conformity to rigid-body- 
motion behaviour (TLS analysis) resulted in R(Uij) = 6.1% and 
rms(Uij) = 0.0030 A' compared to rms[esd(U,)] = 0.0030 A', 
i.e., the U,. (Table C) are satisfactorily accounted for on the 
rigid-body-motion model. 'The largest mean librational ampli- 
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tude, 6.8", is about a principal axis roughly parallel to the long 
cation axis, the mean amplitudes about the other two principal 
axes being 2.9" and 3.3", respectively. The corresponding 
screw pitches do not exceed 0.02 &deg. The thermal correc- 
tions to the lengths of the bonds parallel to the long cation axis 
are -0.004 A; those to the lengths of the bonds inclined to the 
long cation axis are -0.010 A. Corrections to the bond angles 
are all less than 10.31". 

Infrared spectra 
The FT-ir spectra, at 2 cm-' resolution, of fluorocarbon mulls 
supported on CaF2 plates were obtained with a Boumem 
DA3.02 spectrometer fitted with a closed-cycle He refrigerator. 

The 'H nmr spectra 
The room-temperature 'H spectra of PTB solutions were 
obtained with a Bruker AC250F spectrometer operating at 251 
MHz. 
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Acyl cyanides as carbonyl heterodienophiles: 
application to the synthesis of naphthols. 
isoquinolones. and isocoumarins 

Richard Connors, Elisabeth Tran, and Tony Durst 

Abstract: Irradiation of 2-methylbenzoyl cyanide (3a) in acetonitrile solution results in the formation of its dimer, which upon 
loss of HCN gives rise to the cycloadduct 7a.  The dimerization also proceeds efficiently with derivatives of 3a  giving adducts 
7b and 7c. When 2-methylaroyl cyanides are photolyzed in the presence of a more reactive acyl cyanide the mixed adducts 
8a-e are obtained in excellent yields. The cycloadducts 70-c and 80-e react with carbon and nitrogen nucleophiles by a tandem 
addition-cyclization sequence furnishing substituted naphthols (IOU and lob)  and isoquinolones (lla-d), respectively. 
Isocoumarins 12a and 12b were prepared from the adducts 8a and 8e by treatment with potassium tert-butoxide in THF. 

Key words: naphthols, isoquinolones, isocoumarins, synthesis of; acyl cyanides; hetero Diels-Alder. 

Resume : L'irradiation du cyanure de 2-mtthylbenzoyle (3a) en solution dans l'acttonitrile conduit 5 la formation de son dimkre 
qui, par perte de HCN, fournit le cycloadduit 7a. La dimerisation se produit aussi d'une faqon efficace avec les dtrivts du 
compost 30; elle conduit alors aux composts 70 et 7c. Lorsqu'on effectue la photolyse des cyanures de 2-mtthylaroyle en 
prtsence d'un cyanure d'acyle plus rtactif, on obtient alors les produits mixtes 8u-e avec d'excellents rendements. Les 
cycloadduits 7u-c et 8a-e rtagissent avec les nucltophiles carbones et azotts par une sequence de rtactions d'addition- 
cyclisation en tandem qui fournissent respectivement des naphtols (10a et lob)  et des isoquinoltines (lla-d) substituts. Par 
reaction des adduits 8a  et 8e  avec du ferf-butylate de potassium dans le THF, on a prepart les isocoumarines 120 et 120. 

Mors c l b  : naphtols, isoquinoltines, isocoumarines, synthkse; cyanures d'acyle; h t t t ro  Diels-Alder. 

[Traduit par la redaction] 

Introduction 

o-Quinodimethanes (OQDM) have seen extensive application 
in the synthesis of natural products (1). Diels-Alder reactions 
of these intermediates have been studied with both alkene- and 
heterodienophiles. Oppolzer (2) and Kametani et al. (3) have 
demonstrated that imines, nitriles, and aldehydes can serve as 
both inter- and intramolecular dienophiles with o-quino- 
dimethanes generated via ring openings of benzocyclobutenes. 
Sammes and co-workers (4) reported that the dienol generated 
photochemically from 2-methylbenzaldehyde reacted effi- 
ciently with ground state aldehydes in a cycloaddition reac- 
tion. Other carbonyl-containing functional groups have not 
been observed as dienophiles in Diels-Alder reactions with o- 
quinodimethanes. Highly reactive ketones, such as ketoma- 
lonates, have received limited attention as dienophiles (5); 
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there is only one report of the carbonyl group of an ester par- 
ticipating in a Diels-Alder reaction (6). 

Our report (7) of the cycloaddition of both thermally and 
photochemically generated o-quinodimethanes with benzoyl 
and acetyl cyanide (see Scheme 2), represents the first exam- 
ple in which an acyl cyanide acts in such a capacity. The recent 
publication by Kessar et al. which describes the synthesis of 
various 3-aryl-3,4-dihydroisocoumarins and protoberberines 
involving fluorodesilylation of 2-((trimethylsily1)-methyl) 
benzoyl chlorides, 1, in the presence of aromatic aldehydes 
and 3,4-dihydroisoquinolium salts (8), is closely related to our 
work. This group also describes a "dimerization" of the chlo- 
ride 1 to the isocoumarin 2 when the fluoride treatment was 
carried out in the absence of other trapping agents (Scheme 1). 

In this paper we present a more detailed account of our ear- 
lier report including additional reactions involving several 
new dienes and dienophiles. In addition, considerable syn- 
thetic utility of the cycloadducts has also been demonstrated 
by their use as intermediates in the synthesis of highly func- 
tionalized naphthols, isoquinolones, and isocoumarins. 

Discussion and results 

At the outset of this study, we postulated that photoenolization 
of 2-methylbenzoyl cyanide (3n) and, especially, some of the 
more crowded analogs such as 2-methoxy-6-methylbenzoyl 
cyanide 3b might lead to a benzocyclobutenone such as 6, by 
electrocyclization of the intermediate dienol 4 to 5 followed 
by HCN loss (Scheme 3). Sammes and co-workers demon- 
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Scheme 1. 
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Scheme 3. 

Scheme 2. 

strated that photoenolization of 3a, in the presence of maleic 
anhydride, yields the expected cycloaddition product, con- 
firming the intermediacy of 4 (9). Wagner (10) showed that 
substitution of the aldehydic hydrogen of 2-methylbenzalde- 
hyde with either an alkyl or aryl group enhances benzocy- 
clobutenol formation, presumably because of a greater 
propensity for cyclization by the sterically more crowded pho- 
toenol. Based on the possibility of a similar effect, we decided 
to reinvestigate the photochemsitry of 3a. 

As was described in our preliminary communication (8), 
irradiation of 0.1-1 .O M acetonitrile solutions of 3a furnished 
an 80% yield of purified 7a (Scheme 2). Attempts to isolate 
the cyanohydrin 5 or the ketone 6 were unsuccessful, suggest- 
ing that 4 was not sterically crowded enough to facilitate 
benzocyclobutenol formation. The formation of 7a was inter- 
preted as having resulted from the cycloaddition of 3a to pho- 
tochemically generated 4, followed by HCN loss. 

The presence of the methoxy group in 2-methoxy-6-meth- 
ylbenzaldehyde, while increasing steric crowding, is known to 
stabilize its photoenol by intramolecular hydrogen bonding, 
thus inhibiting benzocyclobutenol formation (1 1). Irradiation 
of compounds 3b and 3c in acetonitrile solution afforded the 
cycloadducts 7b  and 7c, respectively, in excellent yields 
(Scheme 3). Photolysis of the p-methoxy analog 3d produced 
an intractable mixture. This was not altogether surprising 
since the similarly substituted aldehyde exhibits little useful 
photoactivity (12). 

Compounds 3b-3d were prepared from the appropriately 
substituted aldehydes (13) via a two-step sequence involving 
conversion to the TMS cyanohydrins (trimethylsilyl cyanide, 
Zn12), followed by oxidation (pyridinium dichromate) to the 
aroyl cyanides. The sequence was amenable to a one-pot pro- 
cedure and afforded the desired compounds in approximately 
60% overall yields from the requisite aldehydes. 

The reaction between mixed aroyl cyanide pairs was also 
investigated. It was anticipated that benzoyl cyanide, being 
less sterically congested, should compete well with 3a as a 

b R'= OMe R2= H 
c R'=OM R2- Me 
d R1= H R9= &Me 

Scheme 4. 

3a R'= R2= H 8a R1= $= H p =  Ph 
b R1=0MeR2= H b R'= OMe $= H p =  Ph 
c R1= OMe R2= Me c R1= 0Me $= Me p =  ~h 

d R'= OMe $= H 
p = 2  eO -MePh , R'= 2 H a= CH, 

dienophile. Indeed, irradiation of an acetonitrile solution of 3a, 
in the presence of two equivalents of benzoyl cyanide, gave 
the cycloadduct 8a in 83% yield (Scheme 4); no trace of 7a 
was detected, even when only one equivalent of benzoyl cya- 
nide was used. The aroyl cyanides 3b and 3c exhibited similar 
behavior when irradiated in the presence of benzoyl cyanide, 
furnishing the adducts 8b and 8c in excellent yield. Finally, the 
highly substituted cycloadduct 8d was prepared in 95% yield 
by irradiation of an acetonitrile solution of the 2,6-disubsti- 
tuted benzoyl cyanide 30 in the presence of one equivalent of 
2-methoxy-4-methylbenzoyl cyanide. 

Cycloaddition between the cyanohydrin OQDMs and 
alkanoyl-substituted acylcyanides was also found to be highly 
efficient. For example, irradiation of 2-methylbenzoyl cyanide 
in the presence of 2 equivalents of acetyl cyanide afforded 
50% of adduct 8e. 

The cycloadducts 7 and 8 contain an interesting combina- 
tion of functional groups, with the internally acylated cyano- 
hydrin representing a masked carbonyl function that would be 
revealed by loss of HCN following ester cleavage (Scheme 5). 
Such a process would generate the intermediate 9, which, 
depending on the nature of the nucleophile, would be able to 
undergo cyclization to a fused ring system. This process has 
been realized with nucleophiles such as methyllithium and 
various amines and resulted in the synthesis of highly func- 
tionalized 3-arylnaphthols and 3-substituted isoquinolones, 
respectively. Finally, treatment of the adducts 7 and 8 with 
strong bases afforded isocoumarins. 

Preparation of  3-aryl-1-naphthols 
Treatment of a THF solution of 7a  with 2 equivalents of meth- 
yllithium at -78°C and slowly warming the reaction mixture 
to room temperature gave the naphthol 1Oa in 60% yield 
(Scheme 6). Compound 7 b  was similarly converted, in 78% 
yield, into the naphthol lob, which was readily characterized 
by its 'H NMR spectrum showing the methyl group at 6 = 
2.30, singlets at 6 = 6.78 and 7.36 ppm due to the C2 and C4 
hydrogens on the naphthol ring, seven additional aromatic 
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Scheme 5. Scheme 7. 

Scheme 6. 

R' 0 R' O H  

8a R1= Ph l l a  R1= ~h p =  ~n 
e R1= Me b R1= Ph @= nBu 

c R1= Me p =  Bn 
d R1= Me p =  nBu 

Scheme 8. 

7 a  R1= R3= H R2= M 1Oa R 1 = R 3 = ~ R 2 =  e 
RI= ~ 2 =  H ~3, M e  b R1= O M e  R2= Ry= H R3= M e  

hydrogens, and a broad exchangeable singlet at 5.53 pm cor- P responding to the phenolic hydrogen. Analysis of the H NMR 
spectrum of the crude product indicated that complex mixtures 
consisting of a methyl ketone (compound 9, NuH=CH3, 
Scheme 5) and permethylated by-products were obtained 
when the same methodology was attempted with 7c and 7d. 
Presumably, the steric crowding in the 2,6-disubstituted biaryl 
adducts is sufficient to inhibit facile cyclization to the naph- 
thols from the intermediate methyl ketones. 

Isoauinolones and isocoumarins 
In aidition to the naphthols, the cycloadducts provided a facile 
route to various isoquinolones. The isoquinolone (1-0x0-1,2- 
dihydroisoquinoline) ring system is of interest owing to its 
presence in numerous alkaloids, in addition to its utility as a 
synthetic intermediate (14). 

Compound 8a (Scheme 7), when refluxed with 1.5 equiva- 
lents of benzylamine in dry cyclohexane, yielded a viscous 
yellow oil that gave a complex proton NMR spectrum and 
exhibited a strong infrared absorbance at 1650 cm-'. This 
material was readily converted to l l a  (86%) upon further 
refluxing in 50% aqueous acetic acid. Compound l l a  exhib- 
ited a strong infrared absorbance at 1652 cm-I, confirming the 
presence of the amide functionality, as well as characteristic 
signals in the proton NMR spectrum at 5.23 and 6.43 ppm due 
to the benzyl and alkene hydrogens, respectively. The same 
methodology was applied to the synthesis of compounds l lb -  
d from 8a or 8e with yields ranging from 60 to 80%. 

Finally, the potential for an isocoumarin synthesis was 
briefly investigated. The cycloadducts 8a-e are essentially 
masked isocoumarins that, it may be envisioned, have under- 
gone addition of HCN across the 3.4 double bond. It follows ., 
that the isocoumarins should be accessible by base-catalyzed 
elimination of HCN. Initial attempts employing DBU or DBN, 
known to catalyze efficient dehydrohalogenation (15), gave 
unsatisfactory results with 8a-e. Potassium tert-butoxide 
proved to be the reagent of choice as treatment of an ice- 
cooled THF solution of compound 8a (Scheme 8) with 1.5 
equivalents of the base yielded the known isocoumarin 12a 
(16) in 50% yield. Similarly, isocoumarin 12b (17) was pre- 
pared from 8e in 66% yield. 

Experimental section 

General 
Melting points were determined by use of a Gallenkamp digi- 
tal melting point apparatus and are uncorrected. IR spectra 
were recorded as chloroform solutions on a Bomem-Michel- 
son MB-100 spectrophotometer. 'H and I3c NMR spectra 
were obtained as CHC l3 solutions on either a Varian XL-300 
or a Gemini-200 spectrometer with the chemical shifts 
reported in ppm relative to TMS. Solvents for the extractions 
and chromatographic purifications (ethyl acetate = EA, and 
hexane = H) were routinely distilled prior to use. Reagent 
grade acetonitrile was used as received. Silica gel, 230-1100 
mesh, was used for flash chromatography. 

2-Methylbenzoyl cyanide (3a) (9) 
A mixture of 20 g (0.13 mol) of 2-methylbenzoyl chloride, 6.3 
g (0.13 mol) sodium cyanide, and 0.1 g (0.36 mmol) of tet- 
rabutylammonium chloride in 140 mL of 5.1 CH2C12-water 
was vigorously stirred at room temperature for 12 h, after 
which time IR analysis indicated complete reaction. After fil- 
tration of the solids the organic phase was separated, dried 
over magnesium sulfate, and concentrated in vacuo, giving 
19.6 g of a yellow oil. Vacuum distillation furnished 11.3 g 
(60%) of a colorless liquid (bp 75-8O0C110 Torr; 1 Torr = 
133.3 Pa) that solidified on standing. IR: 2222, 1680 cm-I; 'H 
NMR 6: 2.61 (s, 3H), 7.35 (d, lH, J=7.5 Hz), 7.44 (dd, lH, 
J =  7.5, 7.8 Hz), 7.60 (t, lH, J = 7.5 Hz), 8.20 (d, lH, J = 7.8 
Hz); MS (EI) mlz: 145 (M'), l l8 ,90 .  

2-Methoxy-6-methylbenzoyl cyanide (3b) 
To an ice-cooled stirred solution of 5.0 g (33.3 mmol) of 2- 
methoxy-6-methylbenzaldehyde and 100 mg of zinc iodide 
(0.3 mmol) in 75 mL CH2C12 was added 3.6 g (4.9 mL, 36.7 
mmol) of trimethylsilyl cyanide via syringe under nitrogen 
atmosphere. The mixture was allowed to warm to room tem- 
perature and TLC analysis (WEA, 3:l)  indicated complete 
conversion after 1 h after warming. The solvent was removed 
on a rotovap at 40°C and the concentrate passed through 20 g 
of 70-230 mesh silica gel with 150 mL of CH,CI,. The 
CHzClz solution of the TMS cyanohydrin was transferred to a 
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250 mL round-bottomed flask, cooled to 0°C under nitrogen 
atmosphere, and 18.8 g (50.0 mmol) of pyridinium dichromate 
was introduced, with efficient stirring, over 5 min. The mix- 
ture was stirred at room temperature for 12 h after which time 
the solvent was removed on a rotovap at 20°C. The residue 
was triturated with ether and the solution was filtered through 
20 g 70-230 mesh silica gel. Concentration of the ether solu- 
tion produced 4.2 g of crude 3b, which furnished 3.5 g (60%) 
of purified 3b as yellow needles after flash chromatography 
(3: 1 WEA); mp 55.3-56.1°C (CH,C 1,-hexane); IR: 2220, 
1670 cm-'; 'H NMR 6: 2.39 (s, 3H), 3.96 (s, 3H), 6.86 (d, 1 H, 
J = 7 . 5  Hz), 6.87 (d, lH, J =  8.3 Hz),7.43 (t, lH, J =  8.4 Hz); 
13c NMR 6: 20.7, 56.1, 109.7, 114.8, 123.2, 124.2, 135.5, 
142.2, 161.1, 167.6; MS (El) mlz: 175 (M+), 160, 148; HRMS 
calcd. for CloHgN02: 175.0633; found: 175.0635. 

2-Methoxy-4,6-dimethylbenzoyl cyanide (3c) 
A solution of 5.0 g (33.3 mmol) of 2-methoxy-4,6-dimethyl- 
benzaldehyde in 75 mL of CH2C12 was treated as described for 
3b. Concentration of the product mixture followed by tritura- 
tion with ether and filtration of the solution through a silica gel 
plug gave 5.6 g of a tan-brown solid. The crude aroyl cyanide 
was readily crystallized from CH2C12-hexane, furnishing 4.6 
g (79%) of pure 3c as yellow crystals, mp 71.8-72.5"C. IR: 
2219, 1608 cm-'; 'H NMR 6: 2.34 (s, 3H), 2.35 (s, 3H), 3.93 (s, 
3H), 6.65 (s, lH), 6.66 (s, 1H); I3c NMR 6: 21.0, 22.2 55.9, 
110.4, 115.0, 120.6, 125.4, 142.6, 147.5, 161.5, 166.8; MS (EI) 
mlz: 189 (M+), 174, 162; HRMS calcd. for ClIH, ,N02:  
189.0790; found: 189.0802. 

2-Methyl-4-methoxybenzoyl cyanide ( 3 4  
A solution of 5.0 g (33.3 mmol) of 2-methyl-4-methoxyben- 
zaldehyde in 75 mL of CH,Cl, was treated as described for 3b. 
Concentration of the product mixture followed by trituration 
with ether and filtration of the solution through a silica gel 
plug gave 5.1 g of a yellow solid. The crude aroyl cyanide 
crystallized from ether-hexane, furnishing 4.5 g (78%) of pure 
3d as colorless needles, mp 62.0-623°C. IR: 2219, 1667 cm-'; 
'H NMR 6: 2.59 (s, 3H), 3.90 (s, 3H), 6.79 (d, lH, J =  2.0 Hz), 
6.88 (dd, lH, J = 2.0, 8.8 Hz), 8.15 (d, lH, J = 8.8 Hz) I3c 
NMR 6: 22.4, 55.7, 11 1.7, 113.6, 118.5, 124.9, 138.15, 146.0, 
165.2, 166.6; MS (El) mlz: 175 (M'), 163, 148; HRMS calcd. 
for CloHgN02: 175.0633; found: 175.0648. 

2-Methoxy-4-methylbenzoyl cyanide (3e) 
A solution of 5.0 g (33.3 mmol) of 2-methoxy-4-methylben- 
zaldehyde in 75 mL of CH2C12 was treated as described for 
3b. Flash chromatography (5:l H/EA) gave 3.8 g (65%) 3e 
as a yellow oil, which solidified on storage at 0°C (mp 68.2- 
69.0°C). IR: 2221, 1608 cm-'; 'H NMR 6: 2.42 (s, 3H), 3.96 
(s, 3H), 6.81 (s, lH), 6.87 (d, lH, J =  8.1 Hz), 7.84 (d, lH, J 
= 8.1 Hz); I3c NMR 6: 22.5, 55.9, 112.9, 114.3, 120.2, 
122.1, 132.9, 150.5, 161.3, 164.7; MS (El) mlz: 175 (M'), 
158, 149; HRMS calcd. for CIoH9NO2: 175.0633; found: 
175.0646. 

3,4-Dihydro-3-cyano-3-(2-methylpheny1)-lH-2- 
benzopyran-1-one (7a) 

A solution of 300 mg (2.1 mmol) of 2-methylbenzoyl cyanide 
in 2.0 mL of acetonitrile (1.0 M), contained in a quartz test 
tube, was suspended 10 cm from a Hanovia medium-pressure 

mercury lamp and irradiated until TLC analysis indicated 
complete conversion of the starting material (5-6 h). Concen- 
tration of the solvent on a rotovap at 40°C followed by flash 
chromatography (5: 1 HEA) of the crude adduct gave 220 mg 
(81%) of 7a as white needles, mp 126.5-127.5"C (CH2C1,- 
hexane); IR: 1747 cm-'; 'H NMR 6: 2.68 (s, 3H), 3.64 (d, lH, 
J =  16.5 Hz), 3.75 (d, lH, J = 16.5 Hz), 7.23-7.40 (m, 4H), 
7.46-7.70 (m, 3H), 8.16 (d, lH, J =  7.7 Hz); I3c NMR 6: 20.9, 
37.4, 77.4, 117.5, 123.7, 125.6, 126.4, 127.9, 129.0, 130.8, 
130.8, 132.4, 133.1, 135.0, 135.6, 136.8, 162.0; MS (El) mlz: 
262 (M- l)+, 245, 218; HRMS calcd. for C1,H13N02: 
263.0946; found: 263.0935. 

3,4-Dihydro-3-cyano-8-methoxy-3-(2-methoxy-6- 
methylpheny1)-1H-2-benzopyran-1-one (7b) 

A solution of 300 mg (1.7 mmol) of 2-methoxy-6-methylben- 
zoyl cyanide in 2.0 mL of acetonitrile, contained in a quartz 
test tube, was irradiated as described for 7a until TLC analysis 
(HEA acetate 2: 1) indicated complete conversion of the start- 
ing material (12 h). Concentration of the solvent on a rotvap at 
40°C followed by flash chromatography (CH2C12) of the crude 
adduct gave 249 mg (90%) of 7b as a white solid. Recrystalli- 
zation from CH2C1,-hexane afforded colorless crystals, mp 
145.3-146.0°C. IR: 1744 cm-'; 'H NMR 6: 2.61 (s, 3H), 3.46 
(d, lH, J = 16.9 Hz), 3.66 (d, lH, J =  16.9 Hz), 3.87 (s, 3H), 
3.94 (s, 3H), 6.85 (m, 3H), 6.98 (d, lH, J = 8.3 Hz), 7.22 (dd, 
lH, J=7.8,5.36Hz),7.53 (dd, lH, J=7 .8 ,  8.3Hz); I3cNMR 
6: 23.2, 38.2, 56.1, 56.2, 77.0 110.5, 11 1.9, 112.2, 118.2, 
119.6, 122.4, 126.4, 130.0, 135.6, 138.2, 138.6, 156.4, 158.6, 
161.4; MS (El) mlz: 322 (M- l)', 278, 263; HRMS calcd. for 
ClgH,,NO,: 323.1 158; found: 323.1 160. 

3,4-Dihydro-3-cyano-8-methoxy-6-methyl-3-(2-methoxy- 
4,6-dimethylpheny1)-1H-2-benzopyran-1-one (7c) 

A solution of 300 mg (1.6 mmol) of 2-methoxy-4,6-dimethyl- 
benzoyl cyanide in 2.0 mL of acetonitrile was irradiated as 
above until TLC analysis indicated complete conversion of the 
starting material (16 h). Concentration of the solvent at 40°C 
followed by flash chromatography (2:l HEA)  gave 140 mg 
(50%) of 7c (colorless crystals from CH2C1,-hexane), mp 
202.5-203.0°C. IR: 1741 cm-I; 'H NMR 6: 2.28 (s, 3H), 2.38 
(s, 3H), 2.56 (s, 3H), 3.40 (d, lH, J =  16.6 Hz), 3.58 (d, lH, 
J = 16.6 Hz), 3.85 (s, 3H), 3.93 (s, 3H), 6.65 (s, 2H), 6.67 (s, 
lH), 6.76 (s, 1H); I3c NMR 6: 21.2, 22.2, 23.0, 38.4, 56.1, 
56.1, 77.4, 109.7, 111.3, 112.6, 118.4, 119.7, 120.5, 127.2, 
137.9, 138.6, 140.1, 147.0, 156.4, 158.9, 161.4; MS (El) mlz: 
351 (M'), 350, 306; HRMS calcd. for C21H2,N0,: 351.147 1; 
found 35 1.1466. 

3,4-dihydro-3-cyano-3-phenyl-1H-2-benzopyran-l-one 

A solution of 300 mg (2.1 mmol) of 2-methylbenzoyl cyanide 
and 550 mg (4.1 mmol) of benzoyl cyanide in 2.0 mL of ace- 
tonitrile was irradiated as described above for 6 h. Concentra- 
tion of the solvent on a rotovap at 40°C followed by flash 
chromatography (5: 1 HEA) of the crude adduct gave 385 mg 
(75%) of 8a, colorless plates, mp 144.6-146.1°C, from ether- 
hexane. IR: 1748 cm-'; 'H NMR 6: 3.48 (d, lH, J = 16.7 Hz), 
3.60 d, lH, J = 16.7 Hz), 7.34 (d, lH, J =  7.5 HZ), 7.45-7.55 
(m, 4H), 7.61-7.71 (m, 3H), 8.19 (d, lH, J = s7.7 Hz); I3c 
NMR 6: 40.8, 78.2, 117.8, 123.6, 125.1, 127.7, 129.0, 129.2, 
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130.1, 130.9, 135.0, 135.5, 135.7, 162.2; MS (EI) tnlz: 249 
(M+), 203, 190; HRMS calcd. for Cl6HlINO,: 249.07900; 
found: 249.0809. 

3,4-Dihydro-3-cyano-8-methoxy-3-phenyl-lH-2- 
benzopyran-1-one (8b) 

A solution of 300 mg (1.7 mmol) of 2-methoxy-6-methylben- 
zoyl cyanide and 450 mg (3.4 mmol) of benzoyl cyanide in 2.0 
mL of acetonitrile was irradiated as above for 6 h. Concentra- 
tion of the solvent followed by flash chromatography (3:l 
WEA) of the crude adduct gave 420 mg (88%) of 86 as a 
white solid, mp 146.0-147.0°C. IR: 1748 cm-'; 'H NMR 
6: 3.40(d, lH, J =  16.4 Hz), 3.46(d, lH, J =  16.4Hz), 3.98 (s, 
3H), 6.87 (d, lH, J = 7.6 Hz), 7.02 (d, lH, J =  8.6 Hz), 7.40- 
7.50 (m, 3H), 7.57 (t, lH, J = 7.6 Hz), 7.65-7.75 (m, 2H); I3c 
NMR 6: 41.2, 56.3, 77.5, 112.0, 112.3, 117.8, 119.6, 125.1, 
129.1, 130.0, 135.7, 135.9, 138.0, 158.8, 161.6; MS (EI) mlz: 
279 (Mf), 249, 220; HRMS calcd. for C17H13N03: 279.0895; 
found: 279.0888. 

3,4-Dihydro-3-cyano-8-methoxy-6-methyl-3-phenyl-1H-2- 
benzopyran-1-one (&) 

A solution of 300 mg (1.6 mmol) of 2-methoxy-4,6-dimethyl- 
benzoyl cyanide and 420 mg (3.2 mmol) of benzoyl cyanide in 
2.0 mL of acetonitrile was irradiated as above for 6 h. Concen- 
tration of the solvent followed by flash chromatography (5: 1 
WEA) gave 363 mg (78%) of 8c, white solid, mp 166.0- 
167.0°C. IR: 1746 cm-'; 'H NMR 6: 2.41 (s, 3H), 3.33 (d, lH, 
J =  16.1 Hz), 3.47 (d, lH, J =  16.1 Hz), 3.97 (s, 3H),6.69(s, 
lH), 6.82 (s, lH), 7.50 (m, 3H), 7.70 (m, 2H); I3c NMR 6: 
22.3,41.2,56.2,77.4, 109.4, 112.9, 117.9, 120.4, 125.1 129.0, 
129.9, 135.8 137.8, 147.6 159.0, 161.8; MS (EI) mlz: 293 
(M+), 263, 247; HRMS calcd. for C,,H,,NO,: 293.1052; 
found: 293.1055. 

3,4-Dihydro-3-cyano-8-methoxy-3-(2-methoxy-4- 
methylpheny1)-1H-2-benzopyran-1-one (&i) 

A solution of 300 mg (1.7 mmol) of 2-methoxy-6-methylben- 
zoyl cyanide and 300 mg (1.7 mmol) of 2-methoxy-4-methyl- 
benzoyl cyanide in 2.0 mL of acetonitrile contained in a quartz 
test tube was irradiated for 6 h after which time TLC analysis 
indicated complete conversion of the starting materials. Con- 
centration of the solvent at 40°C followed by flash chromatog- 
raphy (2:l WEA acetate) of the crude adduct gave 526 mg 
(95 %) of 8d as a yellow solid, mp 176.5-1773°C. IR: 1745 
cm-~ .  , 1 H NMR 6: 2.36 (s, 3H), 3.34 (d, lH, J =  16.3 Hz), 3.78 

(d, 1 H , J =  16.3Hz),3.91 (~,3H),3.96(~,3H),6.84(m,3H), 
6.98 (d, lH, J=  8.5 HZ), 7.53 (dd, lH, J=7.8,7.6), 7.60 (d, lH, 
J =  7.9 Hz); 13c NMR 6: 21.5, 38.2, 55.9, 56.2, 77.4, 11 1.9, 
112.3, 112.9, 117.6, 119.7, 121.0, 121.7, 126.1, 135.7, 138.6, 
141.5, 155.8, 159.1, 161.4; MS (EI) mlz: 323 (M+), 293, 278; 
HRMS calcd. for C19H17N04: 323.1158; found: 323.116 1. 

3,4-Dihydro-3-cyano-3-methyl-1H-2-benzopyran-l-one 
(8e) 

A solution of 300 mg (2.1 mmol) of 2-methylbenzoyl cyanide 
and 285 mg (4.1 mmol) of acetyl cyanide in 2.0 mL of aceto- 
nitrile was irradiated as described above until TLC analysis 
indicated complete conversion of the starting material (12 h). 
Concentration of the solvent followed by flash chromatogra- 
phy (3: 1 WEA) gave 192 mg (50%) of 8e as a white solid, mp 

98.0-100.O°C. IR: 1746 cm-'; I H  NMR 6: 1.94 (s, 3H), 3.26 
(d, lH, J =  16.6 Hz), 3.32 (d, lH, J =  16.6 Hz) 7.29 (d, lH, 
J =  6.8 Hz), 7.48 (t, lH, J =  6.4 HZ), 7.63 (dt, lH, J =  1.4, 7.5 
Hz), 8.12 (dd, lH, J =  14.7.5 Hz); I3c NMR 6: 26.6.38.26 (t), 
77.4, 118.8, 123.34 (s), 127.6, 128.9, 130.89, 134.89, 135.4, 
162.3; MS (EI) tulz: 187 (M+), 172, 144; HRMS calcd. for 
C, ,H9N0,: 187.0633; found: 187.0646 

3-(2-Methylphenyl)-l-naphthol (lOa) 
To a stirred THF solution of 600 mg (2.3 mmol) of 3,4-dihydro- 
3-cyano-3-(2-methylpheny1)- 1 H-2-benzopyran- 1 -one (So), 
cooled to -78°C under nitrogen atmosphere, was added via 
syringe 1.8 mL (2.5 mmol) of MeLi (1.4 M in ether). The mix- 
ture was maintained at -78°C for 30 min before a second 1.8 
mL aliquot of MeLi was administered. The reaction mixture 
was then warmed to room temperature over 30 min and left 
stirring overnight (15 h). The yellow solution was quenched 
by dropwise addition of 10% aqueous HC1 and the resulting 
phases were separated. The aqueous layer was extracted with 
ether and the combined organic phases were washed with 
brine. The resulting ether solution was dried over MgSO, and 
concentrated on a rotvap, giving 412 mg of a brown oil. Flash 
chromatography (1:2 WCH,Cl,) furnished 320 mg (60%) of 
10a as a brown oil. IR: 3577 cm-I; 'H NMR 6: 2.30 (s, 3H), 
5.53 (s, lH), 6.78 (s, lH), 7.28 (s, 4H), 7.36 (s, lH), 7.50 (m, 
2H), 7.82 (m, lH), 8.20 (m, 1H); ',c NMR 6: 20.6, 110.9, 
120.6, 121.5, 123.3, 125.1, 125.7, 126.7, 127.3, 127.7, 129.77 
(d), 130.3, 134.5, 135.5, 139.7, 141.7, 151.0; MS (EI) mlz: 234 
(M+), 215, 202; HRMS calcd. for CI7Hl4O: 234.1045; found: 
234.1043. 

8-Methoxy-3-(2-methoxy-4-methylpheny1)-naphthol (lob) 
3,4-Dihydro-3-cyano-8-methoxy-3-(2-methoxy-4-methylphe- 
ny1)- 1 H-2-benzopyran- 1-one ( 8 4  (100 mg; 0.3 mmol) was 
treated as described above for IOU, giving 108 mg of a brown 
oil. Flash chromatography (3: 1 WEA) furnished 78 mg (86%) 
of 106 as a yellow oil. IR: 3404 cm-I; 'H NMR 6: 2.40 (s, 3H), 
3.80 (s, 3H), 4.04 (s, 3H), 6.73 (d, IH, J=  7.7 Hz), 6.81 (s, lH), 
6.85(d, lH,J=8.4Hz),7.10(d, l H , J =  1.5Hz),7.27(t,2H,J= 
7.6Hz),7.40(d, lH,J=6.2Hz),7.42(d, l H , J =  1.6Hz),9.27(~, 
1H); 13c NMR 6: 21.5, 55.5, 56.1, 103.7, 112.2, 112.4, 113.9, 
119.3, 121.4, 122.1, 125.5, 127.4, 130.7, 136.6, 138.2, 138.9, 
153.6, 156.0, 156.4; MS (EI) mlz: 294 (M+), 267,234; HRMS 
calcd. for Cl,Hl,03: 294.1256; found: 294.1264. 

l-Oxo-3-phenyl-2-phenylmethyl-1,2-dihydroisoquinoline 
( 1 1 ~ )  

A solution of 200 mg (0.8 mmol) of 3,4-dihydro-3-cyano-3- 
phenyl-1H-2-benzopyran-1-one (8a) and 130 mg (1.2 mmol) 
benzylamine in 10 mL cyclohexane was heated to reflux for 15 
h after which time TLC analysis indicated complete conver- 
sion of the starting materials. The solvent was removed on a 
rotovap, the concentrate dissolved in 10 mL 50% aqueous ace- 
tic acid, and the mixture heated to reflux for an additional 3 h. 
After cooling to room temperature, the product mixture was 
diluted with 20 mL water and extracted with three 15 mL por- 
tions of CH,Cl,. The combined organic phases were dried 
over MgSO,, filtered, and concentrated, giving a yellow oil 
that after flash chromatogra hy (3: 1 WEA) furnished 217 mg 
(86%) of l l a .  IR: 1652 cm-q 'H NMR 6: 5.23 (s, 2H), 6.43 (s, 
IH), 6.88 (m, 2H), 7.14-7.70 (m, l lH) ,  8.48 (d, lH, J = 8.0 
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Hz); I3c NMR 6: 48.5, 108.0, 125.2, 125.8, 126.7, 126.8, 
126.9, 128.2, 128.2, 128.3, 128.8, 129.1, 132.5, 135.8, 136.4, 
137.6, 143.8, 163.1; MS (EI) mlz: 310 (M-l)', 232, 205; 
HRMS calcd. for C2,H17NO: 3 11.13 10; found: 3 1 1.1287. 

2-Butyl-1-0x0-3-phenyl-1,2-dihydroisoquinoline ( l lb )  
A solution of 275 rng (1.1 rnrnol) of 3,4-dihydro-3-cyano-3- 
phenyl- 1H-2-benzopyran-1-one (8a) and 120 mg (1.7 rnrnol) 
of n-butylamine in 15 mL cyclohexane was treated as 
described for l l a .  Flash chrornato raphy (3: 1 HEA) gave 236 f rng (77%) of l l b  IR: 1648 cm- , 'H NMR 6: 0.70 (t, 3H. 
J =  7.4 Hz), 1.11 (m, 2H), 1.52 (m, 2H), 3.92 (t, 2H, J = 7 . 7  
Hz), 6.37 (s, lH), 7.40 (m, 7H), 7.60 (t, lH, J = 7.4 Hz); I3c 

NMR 6: 13.4, 19.9, 30.7, 45.3, 107.7, 125.2, 125.6, 126.5, 
127.9, 128.3, 128.8, 129.0, 132.2, 136.2, 136.2, 143.6, 162.7; 
MS (EI) mlz: 277 (M'), 260, 234, 221; HRMS calcd. for 
C,,H,,NO: 277.1426; found: 277.1446. 

l-Oxo-3-methyl-2-phenylmethyl-l,2-dihydroisoquinoline 
( 1 1 ~ )  

A solution of 217 mg (1.2 rnrnol) of 3,4-dihydro-3-cyano-3- 
methyl-lH-2-benzopyran-1-one (8e) and 200 mg (1.8 rnrnol) 
benzylamine in 15 mL cyclohexane was treated as described 
for l l a .  Flash chromatography (4:l WEA) gave 165 mg 
(57%) of l l c :  IR: 1657 cm-I; 'H NMR 6: 2.30 (s, 3H), 5.40 (s, 
2H), 6.34 (s, lH), 7.13 (d, 2H, J =  7.6 Hz), 7.23 (m, 3H), 7.41 
(m, 2H), 7.59 (t, lH, J = 7.5 Hz), 8.41 (d, IH, J = 8.1 Hz); l3c 

NMR 6: 20.6, 47.0, 106.1, 124.4, 125.0, 125.9, 126.3, 127.1, 
128.2, 128.7, 132.3, 136.8, 137.6, 139.5, 163.4; MS (EI) mlz: 
249 (M'), 232, 172, 158; HRMS calcd. for C17Hl,NO: 
249.1 154; found: 249.1 16 1. 

2-Butyl-1-0x0-3-methyl-1.2-dihydroisoquinoline (116) 
A solution of 289 mg (1.5 mrnol) of 3,4-dihydro-3-cyano-3- 
methyl-1H-2-benzopyran-Lone (8e) and 210 mg (2.3 mmol) 
of n-butylamine in 15 rnL cyclohexane was treated as 
described for l l a .  Flash chromato ra hy (4: 1 WEA) gave 28 1 
mg (85%) of l ld:  IR: 1651 cm4; k NMR 6: 0.92 (t. 3H. 
J = 7 . 2  Hz), 1.41 (rn, 2H), 1.64 (m, 2H), 2.35 (s, 3H), 2.35 (s, 
3H),4.01 (t ,2H,J=7.7 Hz),6.25(s, 1H),7.33 (m,2H),7.50(t, 
lH, J = 8.3 Hz), 8.31 (d, lH, J = 8.1 Hz); I3c NMR 6: 13.7, 
20.3, 20.4, 30.9, 44.1, 105.9, 124.5, 124.8, 125.7, 127.8, 
132.0., 136.6, 138.9, 162; MS (EI) mlz: 215 (M'), 198, 186, 
173; HRMS calcd. for C14H17NO: 215.13 10; found: 215.1298. 

3-Phenyl-1H-2-benzopyran-1-one (12a) 
To a stirred solution of 100 mg (0.4 mmol) of 3,4-dihydro-3- 
cyano-3-phenyl-1H-2-benzopyran-1-one (8a) in 15 mL of dry 
THF, cooled to O°C, was added 70 mg (0.6 mmol) of potas- 
sium tert-butoxide under nitrogen atmosphere. The mixture 
was warmed to room temperature and stirred for 15 h after 

which time TLC analysis indicated complete conversion of the 
starting material. The reaction was quenched by dropwise 
addition of 6.0 rnL 10% aqueous HCL followed by extraction 
with three 15 rnL aliquots of CH,Cl,. After drying over 
MgSO, and concentrating the solvent, the crude isocoumarin 
was purified by flash cohrornatography (4: 1 HIEA ) to give 45 
mg (50%) of 12n, mp 89-90°C. The spectral properties agreed 
with the literature values (16). 

3-Methyl-1H-2-benzopyran-1-one (12b) 
A stirred solution of 100 mg (0.5 mrnol) of 3,4-dihydro-3- 
cyano-3-methyl-lH-2-benzopyran-1-one (8e) in 15 mL dry 
THF was treated as described above and gave 57 rng (66%) of 
purified 12b, rnp 74"C, after flash chromatography (CH,Cl,). 
The melting point and spectral characteristics agreed with the 
literature values (17). 
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Decomposition of tosylhydrazones of benzoin, 
benzoin acetate, and benzoin benzoate with 
alkali and metal complex hydrides 

Tsukasa Iwadare, Yoshiyuki Ichinohe, and Kazuhiko Orito 

Abstract: Treatment of tosylhydrazones of benzoin, benzoin acetate, and benzoin benzoate with alkali under protic and aprotic 
conditions yielded diphenyl acetylene together with desoxybenzoin. An increase in leaving aptitude of the adjacent group 
enhanced the formation of diphenyl acetylene. By treatment with LiAIH, and with NaBH,, the tosylhydrazones gave stilbenes in 
good yields. Selective formation of cis- or trnns-stilbene was observed in some cases. 

Key words: tosylhydrazone, benzoin derivatives, decomposition, metal complex hydrides. 

RCsumC : Lie traitement des tosylhydrazones de la benzoi'ne, de l'acCtate de benzoi'ne et du benzoate de benzoi'ne par des alcalis 
dans des conditions tant protiques qu'aprotiques fournit du diphtnylacCtylkne et de la dksoxybenzoi'ne. Une augmentation du 
pouvoir migratoire du groupe adjacent tend i provoquer une formation accrue de diphCnylacCtylkne. Par traitement avec du 
LiAlH, et du NaBH,, les tosylhydrazones conduisent aux stiibknes avec de bons rendements. Dans certains cas, des formation 
sClectives de cis- ou trans- stilbkne ont CtC observkes. 

Mots clis  : tosylhydrazone, derives de la benzoi'ne, dCcomposition, hydrures metalliques complexes. 

[Traduit par la rCdaction] 

Introduction 

Since the report of Bamford and Stevens (I), a number of 
papers have been published (2, 3) on the decomposition of 
tosylhydrazones. The reaction developed by Shapiro and 
Heath (4) was particularly significant for progress in the syn- 
thesis of substituted alkenes. In recent years, there have been 
many studies on photolysis (5-7) and pyrolysis (8-13) of 
metal salts of tosylhydrazones via a carbene intermediate. 
Reductive decomposition of tosylhydrazones with LiAlH, and 
with NaBH, to alkane or alkene was reported by Caglioti and 
Magi (14-16). The reaction has been modified by using 
NaBH,CN (17) to give reduction products in excellent yields. 
However, there have been only a few reports (18-20) on the 
reaction of tosylhydrazones containing a leaving group on the 
adjacent carbon. In this paper, we report the reactions of such a 
tosylhydrazone. 

Bamford and Stevens (1) reported that the tosylhydrazone 
(1) of benzoin gave desoxybenzoin (2) in 65% yield by decom- 
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Scheme 1. 

a : R = H  
N H 6: R = COMe 
I c: R = COPh CTS 

Alkali 

H 1 yR router 

position in a protic solvent (Na, HOCH2CH20H). Although 
they did not refer to the formation of diphenylacetylene (3), 
the reaction is expected to give 3 according to the reaction 
sequence shown (Scheme 1). The study by Hassner and Reuss 
(21) on the reaction of nitrooxazolidines with NaOMe, provid- 
ing 3 through the same intermediate, gives supportive evi- 
dence for the reaction pathway to 3 assumed in Scheme l .  

Results and discussion 

Benzoin, benzoin acetate, and benzoin benzoate were con- 

Can. J. Chem. 74: 227-231 (1996). Printed in Canada / Imprimt au Canada 
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Table 1. Decomposition of tosylhydrazones (la,b,c) with alkali. 

YR 

Ts /NH 
la,b,c 2 

a: R = H, b: R = COMe, c: R = COPh 

Reaction 
Entry Tosylhydrazone conditions 

Yield (%)" 

1 l a  NaOCH2CH20H in (CH20H)2 55.9 10.1 
reflux, 40 rnin 

2 l b  NaOCH2CH20H in (CH20H)2 42.7 52.6 
reflux, 40 min 

3 l c  NaOCH2CH20H in (CH20H)2 41.5 42.2 
reflux, 40 min 

4 l a  CH30Na in (EtOCH2CH2)20 71.8 13.3 
reflux, 40 min 

5 l b  CH30Na in (EtOCH2CH2)20 3.3 94.4 
reflux, 40 min 

6 l c  CH30N a in (EtOCH2CH2)20 0 98.4 
reflux. 40 min 

"GLC yields. 

verted into the respective tosylhydrazones (la,b,c) by the Scheme 2- 

usual method, and treated with alkali under protic and aprotic H- 
OR \ YR H OR 

conditions. The product mixtures were separated by prepara- I LiAlH* I I 
tive TLC and analyzed by GLC. As shown in Table 1, the Ph-C-CH-Ph Ph-C-CH-Ph - Ph-C-CH-Ph 

p 8, I '  anticipated triple bond formation took place under both protic a : R = H  
and aprotic conditions. Also, it was revealed that an increase in NH b: R = COMe wLi* n3 

I I N- 
-rs 1 c:  R = COPh cTs 

the leaving aptitude of the OR group (R = H, COMe, COPh) Li+ 
I 

results in facile formation of 3. Freedman and Schechter (22) 
have proven that decomposition of tosylhydrazones proceeds 
via a carbene intermediate under aprotic conditions. If elimi- 
nation of the adjacent group does not take place a carbene 
intermediate (route a) is formed, and gives 2 via the enolate. 
However, an alternative pathway via protonation (route b) 
must also be considered for entries 1, 2, 3, and 4. The results 
revealed that the elimination (route c) of the acetoxyl and ben- 
zoyloxyl groups of 16 and l c  under aprotic conditions strongly 
predominates over the formation of 2. 

Djerassi and co-workers (23) showed that the reductive 
decomposition of tosylhydrazones with LiAIH, proceeds via a 
carbanion intermediate, which incorporates proton in the 
course of work-up leading to products. However, it seems rea- 
sonable to assume that alkene formation would be strongly 
favored in the presence of a suitable leaving group on the car- 
bon adjacent to the incipient carbanion. Thus l a ,  lb ,  and l c  
would be expected to give stilbenes (cis: 4, trans: 5) by decom- 
position with LiAlH, via the sequence shown in Scheme 2. 
Accordingly, l a ,  lb ,  and l c  were treated with LiAlH, in ethyl 
ether, THF, and dioxane, and the products were analyzed by 
GLC. While 4 and 5 were obtained in good yields in each case, 
stereoselectivity in the formation of stilbene isomers was 
observed only when ethyl ether was employed as a solvent 

t 

y CYR 
Ph-CH=CH-Ph - ph-C-CH-ph 

4: cis ' .L' 
5: trans 

(entries 1, 2, 3), as shown in Table 2. Desoxybenzoin (2) and 
1,2-diphenylethanol, which may form through protonation of 
the carbanion intermediate, were not detected at all. 

Djerassi and co-workers demonstrated (23) that tosylhydra- 
zones are decomposed to alkane or alkene by treatment with 
NaBH, through an alkyl diimide intermediate. In our experi- 
ments, if a similar carbanion intermediate is formed via the 
diimide by treatment of tosylhydrazones (la,b,c) with NaBH,, 
stilbene must be produced. Thus l a ,  lb ,  and l c  were treated 
with NaBH, in dioxane, and the products were analyzed by 
GLC. As shown in Table 3, stilbenes (4, 5) were formed in 
good yields. The results support the above assumption. For- 
mation of 5 was selective only when l b  was the substrate 
(entry 2), and l c  afforded predominantly 4 (entry 3). How- 
ever, a reasonable explanation of these differences in stereose- 
lectivity cannot be given at the present point. 

On the basis of the results, we conclude that (i) decomposi- 
tion with alkali of tosylhydrazones containing a leaving group 
on the adjacent carbon gives rise to triple bond formation 
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Table 2. Decomposition of tosy lhydrazones (la,b,c) with LiA1H4. 

Ts /NH 
la,b,c 4 5 

a: R = H, b: R = COMe, c: R = COPh 

Solvent and 
Yield (%)" 

Entry Tosylhydrazone reaction conditions 4 5 

1 l a  Et20 0 99.9 
r.t. 1 h, reflux lh 

2 l b  Et20 5.7 82.9 
r.t. 1 h, reflux lh 

3 1 c Et20 11.6 88.4 
1.1. 1 h, reflux lh 

4 l a  THF 41.6 53.9 
r.t. 1 h, reflux Ih 

5 l b  THF 67.5 32.5 
r.t. 1 h, reflux Ih 

6 l c  THF 57.8 42.2 
r.t. 1 h, reflux lh 

7 l a  Dioxane 42.6 57.1 
r.t. 1 h, reflux lh 

8 l b  Dioxane 55.6 32.8 
1.1. 1 h, reflux lh 

9 1 c Dioxane 32.6 61.6 
r.t. I h, reflux lh 

"GLC yields. 

Table 3. Decomposition of tosylhydrazones (la,b,c) with NaBH4. 

la,b,c 4 5 
a: R = H, b: R = COMe, c: R = COPh 

Solvent and 
Yield (%)a 

Entry Tosylhydrazone reaction conditions 4 5 

1 1 a Dioxane 49.5 38.8 
r.t. 1 h, reflux lh 

2 l b  Dioxane 3.6 96.4 
r.t. 1 h, reflux lh 

3 1 c Dioxane 72.4 20.0 
r.t. 1 h, reflux lh 

"GLC yields. 
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Scheme 3. 
H' 

\ YR H OR H OR 
NaBH4 I I 

Ph-C-CH-Ph - Ph-C-CH-Ph -- 

I CI 
Ph-C-CH-Ph 

IJ " J 4) ' , :R=H 

Y H  b: R = COMe 
CTs 1 e :  R   COP^ 

H 1 
Ph-CH=CH-Ph 

4: cis 
5 :  1rflrrJ 

through the sequential pathway, as shown in Scheme 1 (route 
c), and (ii) treatment with metal complex hydrides yields alk- 
enes resulting form 1,2-elimination between the incipient car- 
banion and the leaving group (Schemes and 2 and 3). 

Experimental 
Melting points were uncorrected. GLC analysis was carried 
out using a Hitachi 263-50 gas chromatograph and D-7500 
integrator (Quadrex bonded fused silica capillary column 
methyl silicone (0.53 mm i.d. x 10 m x 3.0 mm) at 205°C; 
injector temperature, 180°C; detector temperature, 220°C; car- 
rier gas, N,; flow rate, 13.0 mLImin) for cis-stilbene (4) (reten- 
tion time, 2.54 rnin), diphenylacetylene (3) (retention time, 
3.78 min), trans-stilbene (5) (retention time, 4.34 rnin), des- 
oxybenzoin (2) (retention time 4.51 rnin), and benzoin (reten- 
tion time 5.63 rnin). Preparative TLC was performed on Merck 
silica gel 60 PF,,,, being developed with a 1: 1 mixture of ben- 
zene and hexane for 2 (R, 0.33) and 3 (R, 0.92), and also with 
hexane for 4 (R, 0.53) and 5 (R, 0.42). The products were iden- 
tified by direct comparison with authentic samples prepared 
by the usual methods. 

Preparation of tosylhydrazones (la,b,c) 
A solution of benzoin (2.5 g, 11.80 mmol) and tosylhydrazine 
(2.2 g, 11.81 mmol) in EtOH (30 mL) was refluxed for 4 h. 
EtOH was evaporated under reduced pressure, and the residue 
crystallized after standing overnight. Recrystallization from 
MeOH gave colorless needles of l a ,  mp 145-145.5"C. Tosyl- 
hydrazones of benzoin acetate (lb, mp 127-129°C) and ben- 
zoin benzoate (lc,  mp 153-154.5"C) were prepared in the 
same manner. 

Decomposition of tosylhydrazones (la,b,c) with sodium 
ethylene glycolate in ethylene glycol 

Tosylhydrazone ( la ,  lb ,  or lc ,  2.6 mmol) was added to a solu- 
tion of Na metal (60 mg, 2.61 mmol) in ethylene glycol (10 
mL), and the solution was refluxed for 40 min. The cooled 
reaction mixture was diluted with water (50 mL), extracted 
with ether (50 mL), and the ethereal layer was washed succes- 
sively with saturated brine (10 mL), water (10 mL), and then 
dried over anhydrous Na,SO,. After evaporation of the sol- 
vent, the residue was subjected to GLC analysis and to prepar- 
ative TLC for isolation and identification of the products. 

Decomposition of tosylhydrazones with NaOMe in 
diethyleneglycol diethyl ether 

A solution of NaOMe (141 mg, 2.51 mmol) and tosylhydra- 
zone ( l a ,  lb ,  or l c ,  2.61 mmol) in diethyleneglycol diethyl 
ether (10 mL) was refluxed for 40 min. The reaction mixture 
was cooled, diluted with water (50 mL), and extracted with 
ether (50 mL). The extract was washed with water (5 x 10 

mL), dried over anhydrous Na,SO,, and the solvent was evap- 
orated. The residue was subjected to GLC analysis and to pre- 
parative TLC for isolation and identification of the products. 

Decomposition of tosylhydrazones with LiAIH, 
A suspension of tosylhydrazone ( la ,  lb ,  or lc ,  2.61 mmol) 
and LiAlH, (100 mg, 2.64 mmol) in an appropriate solvent (30 
mL) was stirred at room temperature for 1 h and then refluxed 
for 1 h. The excess LiAlH, was decomposed (24) by the suc- 
cessive addition of water (1 mL), 15% NaOH solution (1 mL), 
and water (3 mL). The precipitate that formed was filtered off, 
and the filtrate was extracted with ether (50 mL). The ethereal 
extract was washed with water (10 mL), dried over anhydrous 
Na,SO,, and the ether was evaporated. The residue was sub- 
jected to GLC analysis and to preparative TLC for isolation 
and identification of the products. 

Samples of 4 and 5.were recovered unchanged after being 
subjected to the above reaction conditions. 

Decomposition of tosylhydrazones with NaBH, 
A solution of tosylhydrazone ( l a ,  lb ,  or l c ,  2.61 mmol) and 
NaBH, (100 mg, 2.65 mmol) in dioxane (30 mL) was stirred at 
room temperature for 1 h and then refluxed for an additional 2 
h. The excess reagent was decomposed with acetic acid. The 
reaction mixture was made alkaline with 5% Na2C03 solution, 
and then extracted with ether (50 mL). The ethereal layer was 
washed with water (10 mL), and then dried over anhydrous 
Na,SO,. The solvent was evaporated and the residue was sub- 
jected to GLC analysis and to preparative TLC. 

Samples of 4 and 5 were recovered unchanged after being 
subjected to the above experimental conditions. 
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Kraft pulp bleaching using dimethyldioxirane: 
stability of the oxidants 

9. Bouchard, C. Maine, R.M. Berry, and D.S. Argyropoulos 

Abstract: Dimethyldioxirane (DMD) is a cyclic peroxide made by oxidizing acetone with peroxymonosulfate (PMS) in water 
buffered at pH 7.5 using sodium bicarbonate. It has been shown that DMD generation can be achieved in situ within a pulp 
suspension allowing very selective TCF bleaching of kraft pulp. This process involves simultaneous generation of DMD, 
reaction of PMS and DMD with residual lignin, and spontaneous decomposition of both oxidants. The first part of this work is a 
kinetics study of the decomposition of PMS and DMD as a function of pH under conditions similar to those for in situ bleaching. 
The effect of chelation as well as the effect of transition metal ions on decomposition rate was also investigated. DMD is very 
sensitive to pH and its half-life is very short under alkaline conditions. The presence of any transition metal ion that can be 
involved in a one-electron transfer is detrimental to DMD stability. However, fast reaction of DMD with pulp almost counteracts 
the effect of metal ions. 

Key rvorrls: bleaching, peroxyn~onosulphate, dimethyldioxirane, metal ions, kinetics, decomposition, kraft pulp. 

RCsumC : Le dimkthyldioxirane (DMD) est un peroxyde cyclique obtenu par oxydation de l'acktone avec le peroxymono- 
sulfate (PMS) en milieu aqueux tamponnC i pH 7,5 i I'aide du bicarbonate de sodium. La synthkse du DMD, lorsque rCalisCe 
in situ dans une suspension de pate kraft, reprCsente un procCdC de blanchiment sans chlore trks selectif. Au cours de ce 
prockdC, la synthkse du DMD, l'attaque de la lignine rksiduelle par le DMD et le PMS ainsi que la dCcomposition naturelle de 
ces deux oxydants se produisent simultanCrnent. Le premikre pnrtie de ce travail consiste en une t tude cinitique de la dCcoin- 
position du DMD et du PMS en fonction du pH dans des conditions similaires i celle du procCdC de blanchiment in situ. L'effet 
de la chelation ainsi que la prCsence d'ions mCtalliques ont Cgalement CtC CtudiCs. La dCcomposition du DMD est trks sensible 
au pH et des demi-vies trks courtes sont observtes en milieu basique. La prCsence de mCtaux de transition pouvant Cchanger un 
Clectron s'avkre ntfaste j. la stabilitk du DMD mais la vitesse de rkaction du DMD diminue grandement cet effet ntgatif. 

Mots clks : blanchiinent, peroxyn~onosulfate, dimkthyldioxirane, ions mCtalliques, cinCtique. dCcoinposition, pite kraft. 

Introduction 

The development of a totally chlorine-free (TCF) sequence for 
kraft pulp bleaching has focused on using molecular oxygen, 
hydrogen peroxide, and ozone. Recently, Lee, Hunt, and Mur- 
ray have shown that dimethyldioxirane (DMD), a member of 
the cyclic peroxide family, can be used as a novel and selective 
non-chlorine bleaching agent ( 1 4 ) .  Effective bleaching of 
kraft pulp using DMD in either an isolated (1) or an in situ gen- 
erated form (2) has been demonstrated. 

Dimethyldioxirane is a stereospecific electrophilic oxygen 
transfer agent that allows epoxidation of unsaturated centres at 
room temperature. It is formed during the acetone-catalyzed 
decomposition of peroxymonosulfuric acid (H2S05) as shown 
by Edwards et al. ( 5 )  and can be isolated as an azeotrope with 
acetone (6). Reviews on DMD chemistry have been published 
(7, 8), and new applications of this chemical routinely appear 
in the literature. 

The specific reactions of DMD with lignin model com- 
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pounds have been studied by Argyropoulos et al. (9) who have 
shown that DMD oxidizes the aromatic ring of both etherified 
and non-etherified (phenolic) lignin model compounds. DMD 
appears to be more reactive toward etherified structures than 
ClO,, 02, and H,02. This higher reactivity partially explains 
the superiority of DMD because the etherified aromatic units 
are the majority in almost all residual lignins. 

It has been assumed in these initial evaluations that DMD 
and the oxidant used in its preparation are relatively stable and 
that any decomposition has limited consequences on the 
progress of the required oxidation reactions. It is this assump- 
tion that is being more fully evaluated in this report. 

Bleaching of kraft pulp by in situ generation of DMD 
To generate DMD in situ, a method was demonstrated by Lee 
et al. (3,4), whereby pulp is mixed with acetone, peroxymono- 
sulphuric acid (PMS), and bicarbonate. This system is com- 
plex in that it involves the simultaneous in situ generation of 
DMD, the decomposition of oxidants, and the delignification 
of the pulp (Fig. 1). 

Both DMD and PMS react with lignin but both oxidants are 
relatively unstable and undergo spontaneous decomposition 
that generates oxygen. As well, DMD is decomposed by react- 
ing with PMS (5). To add to this complexity is the possible 
effect of interaction with water. While the decomposition of 
isolated DMD in nonaqueous media has been discussed previ- 
ously (6), the stability of DMD as a function of the pH in aque- 
ous solutions has not. 

Can. J. Chem. 74: 232-237 (1996). Printed in Canada / Imprim6 au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Bouchard et al. 

Fig. 1. Schematic of the reactions of delignification and 
chemical decomposition during in situ dimethyldioxirane 
bleaching. 

Z 
0 LlGNlN - Oxidized Lignin - LlGNlN 

DMD stability (in a nonaqueous medium) 
Isolated solutions of DMD can be k e ~ t  for months at -20°C 
(10); however, at room temperature they decompose compar- 
atively quickly with reported lifetimes ranging from a few 
hours (1 1) to 24 h (12). While it has been reported that DMD 
decomposition follows a complex rate law (1 1 ,  12), Singh and 
Murray (10) have shown that first-order kinetics can be 
obtained at low DMD concentrations (0.03 M). They also 
showed that autodecomposition of DMD at room temperature 
leads almost stoichiometrically to methyl acetate. No evidence 
was found for the formation of acetone diperoxide, acetol, or 
acetolacetate. 

As previously mentioned, the effects of water and pH on 
DMD stability in aqueous solutions have not yet been 
addressed. Since the in situ DMD bleaching of kraft pulp 
requires a buffered aqueous solution, the effects of water and 
pH are particularly relevant and are addresed in this study. 

Peroxymonosulfuric acid (PMS) stability 
This inorganic peracid (HOS0,OOH) has two ionization con- 
stants. The acidic proton has a pK,, < 0 while the peroxide pro- 
ton is weakly acidic (pK,,--9.4) (13). Ball and Edwards (14) 
studied the kinetics of spontaneous PMS decomposition as a 
function of pH and found that spontaneous decomposition is 
the sole mechanism when trace-metal catalysis is suppressed 
by chelation. 

In the pH range from 6 to 8 where HS05- is the major species, 
Ball and Edwards proposed a rate law (eq. [I]) based on sec- 
ond-order kinetics. 

They also reported that the log of the rate of decomposition, 
as a function of the pH, shows a typical bell-shaped profile 
with the maximum located at pKa,. The slopes of the straight 
lines from both sides of the bell-shaped curve indicate first- 
order kinetics in both the peracid and its anion. 

It should be remembered that in the Ball and Edwards study 
solutions of PMS have an active oxygen (AO) concentration of 

the order of 0.02 M. However, the A 0  concentration Lee et al. 
(3) found necessary for pulp bleaching was about one order of 
magnitude higher. Since commercial preparations of PMS 
have only recently become available in a solid state salt form, 
Ball and Edwards used a solution they prepared themselves 
that was roughly composed of half PMS and half sulphuric 
acid and also contained hydrogen peroxide. In recent work, 
hydrogen peroxide-free commercial preparations of PMS (2 
KHS05.KHS04.K,S04) have been used to generate DMD in 
situ. For this reason and due to differences between the earlier 
work of Ball and Edwards and the more recent work of Lee et 
al. (3), it was considered appropriate to determine whether the 
commercially produced PMS was comparable in terms of sta- 
bility with the preparations tested by Ball and Edwards. 

Stability of oxidants in presence of metal ions 
Recently, Francis et al. (15) have shown that PMS is quite 
insensitive to the presence of transition metal ions (Mn, Fe, 
Cu, Ni, V, Co) except in the case of copper under alkaline con- 
ditions and cobalt at concentrations much higher than nor- 
mally found in pulps. However, no work has been published 
on determining the effect of metal ions on DMD stability. The 
present study evaluates this significant parameter. 

Experimental 

DMD synthesis 
Pure dimethyldioxirane was prepared according to general lit- 
erature procedures (1 1, 16). Solutions in acetone were assayed 
for dioxirane content by iodometric titration, and only those 
solutions with molarity 0.06 M or higher were used. These 
solutions were stored over 5 A molecular sieves at -20°C 
until required. 

Peroxymonosulfate stability experiments 
A series of experiments was done to show the relationship 
between the stability of commercially prepared PMS 
(Oxone, Dupont) and pH. Oxone was dissolved in buffered 
aqueous solution in order to give an active oxygen (AO) con- 
centration of 0.139 mol/L, which corresponds to an A 0  
charge of 2% on oven dried (0.d.) pulp at 10% consistency 
(1 g of oxone contains 0.045 g of active oxygen). The PMS 
solutions were buffered using phosphate (pH 5.0 through 
8.8), bicarbonate (pH 7.1), or carbonate (pH 9.2) buffers 
(0.18-0.5 M). In some experiments, metal ions were che- 
lated with EDTA (0.1%). At fixed intervals, 5 mL samples 
were analyzed iodometrically for residual A 0  concentration. 
The formation of HS0,-from HS05- caused the pH to fluctu- 
ate slightly. As a result, the pH was periodically checked and, 
if necessary, readjusted to its target value. 

A second series of experiments dealing with the effect of 
PMS concentration on its stability was done using PMS con- 
centrations of 0.296, 0.198, and 0.088 mol/L. These values 
correspond to A 0  charges of 3.0, 2.0, and 0.9%, respectively, 
on 0.d. pulp at 13.6% consistency. This work was carried out 
at pH 7.1 using bicarbonate buffer. 

Effect of water o r  buffered aqueous solutions on DMD 
stability 

Solutions of isolated DMD (0.066 M in acetone) or isolated 
DMD diluted in water (0.048 M DMD containing 28% water) 
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Fig. 2. Second-order kinetics of peroxymonosulfate 
decomposition at different pH. (Q) indicates chelating agent 
addition, [PMSIo is the concentration at zero reaction time. 

TIME (min) 

Fig. 3. Log of the PMS decomposition rate constant as a function 
of the pH in the presence of different buffering agents. 

- 

- 

log k = - 6.2 + 0.706 pH 

I I I I I 

were used in these experiments. Decreases in DMD concentra- 
tion as a function of time at room temperature were followed 
using iodometric titration. The solutions were monitored for at 
least three half-lives. 

For monitoring the effect of pH on DMD stability, the pro- 
cedure was the same as that described in the previous para- 
graph, except that 20 mL of a phosphate buffer (0.18 or 0.50 
M) or bicarbonate buffer (0.1 M) was added to 30 mL of iso- 
lated DMD. The pH of the buffers ranged from 5 to 9. 

Effect of metal ions on DMD stability 
DMD-acetone solution (20 mL; 0.03 M) was added to 10 mL 
of 0.18 M phosphate buffer containing different metal ions at 
pH 7.0. The final metal ion concentration was 100 ppm in each 
case. The metal ions used were M~+"M~so~) ,  ~ n + ,  (MnCl,), 
~ e + ,  (FeCl,), and ~ n *  (MnO,). The solutions were monitored 
for at least three half-lives. 

Results and Discussion 

Effect of pH on decomposition rate constants of PMS 
Figure 2 shows that at a fixed pH and temperature, PMS 
decomposition follows second-order kinetics and also that the 

Fig. 4. Second-order kinetics of peroxymonosulfate 
decomposition at various PMS concentrations. 

Time (min) 

decomposition is accelerated as the pH is varied from 6.0 to 
7.7. Adding a chelant to the solution appears to have no effect. 
This conclusion is made because the two curves at pH 6.85, 
obtained with and without EDTA, gave very similar rate con- 
stants of 0.041 and 0.038 (mol/~)- '  min-' respectively. This 
result indicates that decomposition resulting from trace metal 
ions present in the buffer or in the commercial preparation of 
PMS itself is not a concern. Only the mechanism responsible 
for spontaneous decomposition is significant. 

In Fig. 3, log k is plotted as a function of the pH as was done 
by Ball and Edwards (14). The slope of the linear relationship 
indicates that the dependence on the concentration of hydro- 
gen ion is on the order of 0.7 as opposed to the first order mea- 
sured by Ball and Edwards (14). Goodman and Robson (17) 
and, more recently, Francis et al. (15) have also used the solid 
triple potassium salt of PMS to study decomposition. Using 
their data, we calculated a 0.73 (Goodman and Robson) and 
0.62 (Francis et al.) order of reaction with respect to hydrogen . - 

ion concentration. Goodman and Robson didnot mention the 
PMS concentration used in their experiments while Francis et 
al. used 0.033 M. When our results were combined with theirs, 
the rate law of peroxymonosulphate decomposition becomes: 

The reason why the triple potassium salt of PMS has a 
lower order of dependence on the hydrogen ion concentration 
remains unknown. The effect of PMS concentration on 
decomposition is shown in Fig. 4. This second-order plot illus- 
trates the degradation at three concentrations of PMS at pH 
7.1. These concentrations correspond to the range used for in 
situ DMD bleaching of pulp. The rate constant of decomposi- 
tion increases slightly as the PMS concentration is increased. 
The linear relationship between the rate constants of decom- 
position and PMS concentration is shown in Fig. 5 and can be 
described by eq. [3]. 

[3] k, = 0.045 + 0.088 [PMS] 

Greater rates of decomposition of PMS have been reported 
when the ionic strength of the PMS solution is increased with 
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Bouchard et al. 

Fig. 5. Relationship between the rate constants of decomposition 
and PMS concentration. 

0.045 I I I I I 
0.05 0.1 0.15 0.2 0.25 0.3 0.35 

PMS Concentration IrnolIL) 

either potassium sulphate (14) or sodium sulphate (17). Since 
oxonecarries adead loadof about57% potassiumsulphate salts, 
it is not surprising that we also observed higher rates of decom- 
position when we increased the PMS concentration at the same 
pH. 

Effect of PMS decomposition on pulp bleaching 
At present, kraft pulps bleached with PMS and acetone are ini- 
tially buffered to pH 7.4 with sodium bicarbonate. According 
to our kinetic results, the half-life of PMS is 22.5 min at pH 7.4 
while it is 10 times higher at pH 6.0. This suggests that PMS 
bleaching of h a f t  pulp should be done under acidic conditions 
where PMS has a greater stability. However, preliminary work 
has shown that the rate of pulp bleaching increases as the pH of 
the pulp suspension increases. Consequently pulp bleaches 
faster under alkaline conditions while, at the same time, PMS 
decomposes more quickly. 

Another advantage of higher pH has been indicated by Fran- 
cis et al. (15) who demonstrated a detrimental effect on pulp 
viscosity when pulp is bleached at pH below 4. The effect of 
pH on the kinetics of PMS bleaching will be elaborated in a 
future publication. 

Effect of water and buffered aqueous solution on DMD 
stability 

Decomposition of isolated DMD or DMD in an acetone-water 
mixture obeys first-order kinetics. Table I gives the observed 
decomposition rate constants and the half-life of DMD under 
different conditions. These data indicate that DMD decom- 
poses about three to four times faster in the presence of water 
than in pure acetone. The natural pH of the water-acetone- 
DMD solution was 3.8. Bringing this pH close to neutrality 
(6.8) increases the degradation rate by a factor of about 30. 
Consequently, the half-life of the DMD, which is approxi- 
mately 77 h as an acetone solution, drops to 27 h for acetone- 
water solution, and to 50 min when the pH of the acetone- 
water solution is brought to neutrality. 

Pure DMD solutions were diluted using aqueous buffers to 
give an acetonelwater ratio of 60:40. The decrease of DMD 
concentration as a function of time is shown in Fig. 6 over the 
pH range 5-9. The main conclusion from Fig. 6 is that DMD is 
much more stable in acidic conditions than in neutral or alka- 

Fig. 6. First-order kinetics of dimethyldioxirane decomposition at 
different pHs. 

" 
0 10 20 30 40 50 60 

TIME (rnin) 

Table 1. First-order rate constants for DMD decomposition in 
acetone and an acetone-water mixture (70:30). 

DMD conc. Half-life 
DMD solvent (molk) pH k(min-') (min) 

Acetone 0.044 - 0.066 - 1.2 x lo4 5800 
Acetone-H,O 0.048 3.8 4.2 x lo4 1650 
Acetone-H,O 0.040 6.8 1 . 4 ~ 1 0 - ?  50 

Table 2. First-order rate constants for degradation of DMD in 
buffered acetone-water solutions at different pHs (PO,: phosphate 
buffer). 

Buffer pH k ( m i )  Half-life (min) log k,,, 

Water 3.8 4.2 x lo4 
Po4 5.0 1.0 x lo-' 
Po4 6.05 5.0 
Water 6.8 1.4 x lo-' 
Po4 7.0 2.9 x lo-' 
Po4 7.2 4.2 x lo-? 
Bicarb 7.6 5.4 x lo-' 
Po4 8.0 1.6 x lo-' 
PO4 9.0 6.2 x lo-' 

line conditions. All these curves can be described by first- 
order kinetics. The rate constants as well as the half-life of 
DMD are presented in Table 2. 

DMD is relatively stable at room temperature under acidic 
conditions. However, under neutral conditions, the half-life of 
DMD is less than 30 min. Under the conditions used for h a f t  
pulp bleaching (bicarbonate buffer, pH 7-73 ,  the half-life of 
DMD is about 15 min.The last column of Table 2 gives the 
logarithmic values of k,,,. 

The plot of log k,,, as a function of pH is shown in Fig. 7. 
The linear relationship between log k,,, and pH indicates the 
sensitivity of DMD to hydroxyl anion (or the stabilizing effect 
of the hydrogen ion) and is expressed by the following rate 
law: 
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Fig. 7. Log of the DMD decomposition rate constant as a 
function of the pH. 

Fig. 8. Relative rate of decomposition of DMD in the presence of 
different metal ions. 

d [DMD] 
t41 - 

- P M D I  
dt 

- kobs - [H+]O.~ 

Unlike PMS, DMD is not sensitive to the ionic strength or 
nature of the species used for buffering. For example, pure 
water, or buffers with concentrations of phosphate or bicar- 
bonate ranging from 0 to 0.5 M, had no effect on the rate of 
decomposition of DMD. 

Effect of transition metals on DMD decomposition 
The relative rates of decomposition of DMD in buffered aque- 
ous solutions spiked with 100 ppm of metal ions are shown in 
Fig. 8. The control experiment was given a value of 1 and the 
others were normalized accordingly. When the metal ions can 
not be further oxidized by one-electron transfer, e.g., M ~ + ~ ,  
~ n * ,  they do not increase the decomposition rate of DMD. 
Moreover, M ~ + ~  seems to stabilize the cyclic peroxide. When 
this transfer of one electron is possible, e.g., ~ e + ~ ,  ~ n + ~ ,  the 
rate of decomposition of DMD increases by a factor of 10. 
This acceleration of decomposition, however, does not have a 
large impact because of the fast reaction of DMD with pulp. 
The need for a metal management strategy is therefore less 
critical. Lee et al. (2) have shown only a slight improvement in 
selectivity by doing a chelation stage prior to in situ DMD 
bleaching. If necessary, the removal of metal ions can be done 
by an acid treatment (18) or a chelation stage (19) followed by 
a wash step. Further work needs to be done regarding the pos- 
itive role played by magnesium ion. 

Effect of oxidant decomposition on in situ DMD bleaching 
Lee et al. (2) have shown that all the oxidants (PMS and DMD) 
are consumed within 45 min during in situ bleaching of kraft 
pulp. However, they also observed, when mixing pure DMD 
solution with kraft pulp at room temperature, that all the DMD 
is consumed in a very short period of time. They concluded 
that the reaction rate of DMD with lignin is much faster than 
the reaction rate of PMS and acetone to yield DMD. Conse- 
quently, generation of DMD appears to be the rate determining 
step of in situ bleaching and therefore decomposition of PMS 
is likely the main oxidant-loss mechanism. As PMS is insensi- 
tive to metal ions, the omission of the chelation stage prior to 

in situ DMD bleaching has less impact than for a hydrogen 
peroxide bleaching stage. 

Under the conditions used for kraft pulp bleaching (bicar- 
bonate buffer, pH 7-73 ,  the half-life of PMS is 22 rnin and 
this would significantly affect the overall oxidant concentra- 
tion. As a result the effective charge of DMD will not be 
equivalent to the applied charge on pulp. 

Conclusions 

1. As previously shown, the decomposition of peroxymono- 
sulphate is second order in PMS and the rate of decomposi- 
tion increases as the pH is increased from 5 to 9. The depen- 
dence of the reaction on hydrogen ion concentration was 
found to be a lower order (0.7) than that previously pub- 
lished in the literature. 

2. There is a small dependence of the rate constant of decom- 
position on the concentration of PMS. The dependence 
causes an acceleration of decomposition as the PMS con- 
centration is increased. 

3. Dimethyldioxirane is quite stable (half-lifez25 h) at room 
temperature in acetone or acetone-water solution as long as 
the pH is kept below 4. 

4. The decomposition of DMD is first order in DMD and is 
unaffected by the ionic strength of the solution. The depen- 
dence of the reaction on hydrogen ion concentration is the 
same order as that observed in the decomposition of PMS. 

5. Under kraft pulp bleaching conditions where the pH is buff- 
ered between 7 and 8, the half-life of DMD varies between 
24 and 4 minutes while the half-life of PMS varies between 
43 and 8.5 min. 

6. The decomposition of DMD is accelerated by the presence 
of transition metal ions such as ~ e + ~  and ~ n + '  but seems to 
be protected by the presence of M ~ + ~ .  The impact of this 
acceleration is counteracted by the fast reaction of DMD 
with lignin in pulp. 
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Preparation and analysis of some acetosugar 
esters of abscisic acid and derivatives1 

J. Balsevich, G. Bishop, S.L. Jacques, L.R. Hogge, D.J.H. Olson, 
and N. Laganiere 

Abstract: Racemic abscisic acid (ABA), the cis and trans l', 4'-diols (ABA diols) derived from ABA by reduction of the 4' 
ketone, and the corresponding 4'-0-acetates were converted into various acetosugar esters by reaction of their cesium salts with 
the I-chloroacetosugars derived from glucose, galactose, lactose, and maltose. Analytical separations of the acetosugar esters 
using high-performance liquid chromatography (LC) on reverse-phase columns were developed. Continuous flow secondary ion 
mass spectra (CFSIMS) of the various acetosugar esters were obtained and an LCICFSIMS protocol employing multiple reaction 
monitoring was used to detect ABA acetoglucose ester in an acetylated extract obtained from plant cells that had been treated 
with ABA. 

Key words: abscisic acid, acetosugar esters, synthesis, chromatography, mass spectrometry. 

Resume : La rtaction des sels de cCsium de l'acide abscissique (AAB) racCmique, des diols- l', 4' cis et trans (diols de I'AAB) 
obtenus par rkduction de la 4'-cttone ainsi que des 4'-0-acCtates correspondants avec les I-chloroacCto sucres dCrivCs de 
glucose, galactose, lactose et maltose, a permis de les transformer en esters d'acCtosucres. On a dCveloppt une mtthode 
analytique qui permet de sCparer les esters d'acttosucres par chromatographie liquide (CL) B haute performance sur des colonnes 
en phase inverskes. Pour chacun des esters d'acCtosucres, on a obtenu les spectres de masse des ions secondaires en Ccoulement 
continue (SMISEC) et un protocole de CLISMISEC faisant appel 21 un monitoring de rCactions multiples a CtC utilisC pour l'ester 
acCtoglucose ABA dans le produit d'extraction acCtylC obtenu B partir de cellules de plantes traittes par du ABA. 

Mots c lb  : acide abscissique, esters d'acCtosucres, synthkse, chromatographie, spectromttrie de masse. 

[Traduit par la rCdaction] 

(+)-Abscisic acid (ABA, Fig. 1) is a plant growth regulator 
that has also been implicated in a variety of stress-related 
responses (1). Several metabolites of endogenous and exoge- 
nously added ABA have been isolated and identified, includ- 
ing the reduction products, cis and trnrzs ABA l', 4'-diols (2- 
5); the oxidized derivative, phaseic acid (6-8); and the glucose 
esters (P-D-glucose, C-1-linked) of ABA and the aformen- 
tioned compounds (Fig. 1) (9-12). There has also been a report 
of the detection of a maltose ester of ABA (13). 

We were interested in following ABA metabolism, and in 
developing analytical methods to facilitate our studies; in par- 
ticular, we sought to extend the utility of liquid chromatogra- 
phy-continuous flow secondary ion mass spectrometry (LC/ 
CFSIMS), which we had earlier used to detect ABA glucose 
ester in a plant extract (14), to other ABA-derived conjugates, 
which we felt were potential metabolites. To achieve these 
objectives, samples of potential metabolites or suitable deriv- 
atives thereof were required as standards. 

Previously, ABA glucose ester (P anomer) had been pre- 

pared by reaction of ABA (cesium or triethyl ammonium salt) 
with a-bromoacetoglucose followed by deacetylation of the 
intermediate acetoglucose ester with an enzyme preparation 
derived from sunflower seeds (Helianthus arirzus) (15, 16). 
ABA diols had been prepared by sodium borohydride reduc- 
tion of ABA methyl ester, which yielded a mixture rich in both 
the 1', 4'-cis and -trans diols (17). 

To further extend earlier synthetic efforts as well as the use 
of LCICFSIMS in analysis of metabolite mixtures, we report 
here the preparation of various acetosugar derivatives of ABA 
(and deuterated ABA) and the diols, and acetylated diols of 
ABA, and the development of LC and LCICFSIMS protocols 
using these derivatives. The acetosugar derivatives were eas- 
ily prepared and possessed good stability. Some deuterated 
analogs were prepared as an aid in assigning fragments in the 
mass spectrum and for potential use as internal standards. As 
an example of the utility of the developed protocol, a sample 
plant extract was analyzed. 

Results and discussion 
Received August 23, 1995. 

J. Balsevich, G. Bishop, S.L. Jacques, L.R. Hogge, D.J.H. 
Selective reduction of ABA 

Olson, and N. Laganikre. Plant Biotechnology Institute, Previous preparations of ABA diols involved reduction of 
National Research Council of Canada, Saskatoon, SK S7N owg, ABA methyl ester with sodium borohydride (2, 17).   his 
Canada. method was not selective as the ratio of cis/trnrzs l', 4'-diols 

was ca. 2:l (2). Formation of the sodium salt of ABA in THF ' NRCC No. 38932. 
* Author to whom correspondence may be addressed. 

followed by reduction with L-selectride@, however, rapidly 

Telephone: (306) 975-5275. Fax: (306) 975-4839. E-mail: led to a very clean product that consisted predominantly of the 

jbalsevc@pbi.nrc.ca l', 4'-cis-diol (cisltrans 10: 1). Alternatively, reduction of the 

Can. 1. Chem. 74: 238-245 (1996). Printed in Canada / Imprime au Canada 
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Balsevich et a1 

Fig. 1. Preparation and structures of various acetosugar esters of 
ABA, ABA diols, and the 4'-0-acetates. Only the diastereomers 
derived from (+)-ABA are pictured; however, in the actual 
preparations racemic ABA was used. 

ABA, R1 = R2= = 0  

ABA cis-lm,4'-diol, R' = H R2= OH 

ABA trans-1',4'-diol, R' = OH R2= H 
l DMF 

or 

ABA cis-1',4'-diol 4'-OAc 

R' = H R ~ =  OAC k0&3R4 D M s o  

I 
CI 0 AC 

ABA trans-1',4'-d~ol 4'-OAc 
R' = OAC RZ= H 

acetoglucose ester, R3= H R4 = OAC 

acetogalactose ester, R3 = OAC R4 = H 

acetolactose ester , R3= H R4 = 0 -  P-D-tetra-OAc-galactopyranosyl 

acetomaltose ester. R3 = H = 0 -  a-D-tetra-OAC-glucopyranosyl 

preformed sodium salt of ABA in THF with lithium aluminum 
hydride led to a product mixture containing predominantly the 
trans diol (cisltrans <1:20), contaminated with a small amount 
of conjugate reduction products (< 5%). The trans diol could 
be obtained in pure form via crystallization of either the ace- 
tate or methyl ester derivative. Similarly, the cis diol could be 
obtained in pure form via crystallization of the methyl ester. 

Formation of acetosugar esters 
The preparation of ABA acetoglucose ester was previously 
achieved by reaction of a-bromoacetoglucose with the cesium 
salt of ABA in DMF (16). This method had been used for the 
preparation of esters of amino acids by reaction of their cesium 
salts with alkyl halides (18). As an extension of these proce- 
dures, the cesium salts of ABA, hexadeutero ABA, ABA diols, 
and the C-4' 0-acetates of the ABA diols were prepared by 
treatment of the acids with Cs2C03 and found to react effec- 
tively with a-chloroacetoglucose, -chloroacetogalactose, 
-chloroacetolactose, and -chloroacetomaltose in either DMF 
or DMSO (Fig. 1). P-Chloroacetoglucose did not react as well, 
providing ABA a-acetoglucose ester in only 21% yield. 
Attempted reactions with chloroacetomannose and chloroace- 
toglucosamine were unsuccessful. A summary of the aceto- 
sugar esters prepared is outlined in Table 1; the esters were 
obtained as diastereomeric mixtures, as racemic ABA and its 

Table 1. Various acetosugar esters of ABA and derivatives 
prepared by reaction of acetochlorosugars with appropriate cesium 
salt. 

Compound 
prepared 

ester 
d,-(+)-ABA a-D-acetoglucose 
ester 
(+)-ABA cis diol P-D- 
acetoglucose ester 
(+)-ABA cis diol C-4'-0- 
acetate P-D-acetoglucose 
ester 
(+)-ABA trans diol P-D- 
acetoglucose ester 
(f)-ABA trcins diol C-4'-0- 
acetate P-D-acetoglucose 
ester 
(+)-ABA P-acetolactose ester 
d,-(+)-ABA p-D-aceto- 
galactose ester 
(+)-ABA P-acetomaltose ester 
(+)-ABA cis diol p-aceto- 
maltose ester 
(+)-ABA cis diol C-4'-0- 
acetate !?I-acetomaltose ester 

Reaction Isolated 
conditions yield (%) 

DMSO, 60°C, 5 h 53 

DMF, RT, 4 d 2 1 

DMSO, RT, 4 d 59 

DMSO, RT, 4 d 52 

DMF, RT, 4 d 53 

DMF, RT, 4 d 55 
DMF, RT, 4 d 65 

DMF, RT, 4 d 49 
DMF, 60°C, 5 h 6 1 

DMF, 60°C, 5 h 53 

DMSO, RT, 4 d 48 

diols were used in the preparations. Two sets of resonances 
were observed for some of the signals in the 'H NMR spectra, 
but the chemical shifts differed only slightly. 

Deacetylation of acetoglucose esters 
Deacetylation of the acetoglucose esters of ABA and ABA cis 
diol using a crude enzyme preparation derived from sunflower 
seeds (15, 16) was successful in our hands; however, the 
deacetylation of acetolactose and acetomaltose derivatives 
was problematic, being complicated by solubility problems 
and incomplete deacetylation. This result led us to consider 
the use of the acetosugar ester derivatives rather than the sugar 
esters for development of a general analytical protocol. 

LC of acetosugar esters 
The LC trace in Fig. 2 shows the separation achieved on a 
reverse-phase ultrasphere ODs column employing CH3CNl 
H,O (52:48, isocratic) as solvent and 24 (12 pairs of diastere- 
omers) acetosugar derivatives. The disaccharide derivatives, 
e.g., ABA acetomaltose and acetolactose esters, eluted later 
than the corresponding monosacharride derivatives and were 
well separated from each other. Separation of the a and P ano- 
mers of the acetoglucose esters of ABA was not achieved; 
however, separation of ABA P-acetogalactose ester from the 
acetoglucose esters was. The P-acetoglucose esters of the cis 
and trans ABA diols eluted slightly earlier than the ABA 
monosaccharide derivatives and were well separated from 
each other. The corresponding cis and trans acetate deriva- 
tives eluted much later, even later than the disaccharide esters 
of ABA and ABA diols; they were also well separated from 
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Fig. 2. HPLC separation of acetosugar esters of ABA, ABA 
diols, and the 4'-0-acetates, on a reverse-phase ultrasphere ODs 
column using isocratic acetonitrile-HzO (52148). Compounds: I ,  
ABA glucose ester; 2, ABA trans-l', 4'-diol acetoglucose ester; 
3, ABA cis-If, 4'-diol acetoglucose ester; 4, ABA acetoglucose 
ester; 5 ,  d6-ABA a-acetoglucose ester; 6, d,-ABA 
acetogalactose ester; 7, ABA acetolactose ester; 8, ABA cis-1'. 
4'-diol acetomaltose ester; 9, ABA acetomaltose ester; 10, ABA 
trclns-l', 4'-diol4'-OAc acetoglucose ester; 11, ABA cis-l', 4'- 
diol4'-OAc acetoglucose ester; 12, ABA cis l', 4'-diol4'-OAc 
acetomaltose ester. All esters except 5 have P-D- configuration 
and are diastereomeric mixtures as racemic ABA was used in 
their preparation. 

I I I I I I I I 
0 70 

min 
each other. The latest eluting compound was the C-4'-0-ace- 
tate of the cis diol of ABA acetomaltose ester. Diastereomeric 
pairs were not resolvable to any great extent on this column, 
although some separation of diastereomers was noted in the 
cases of the acetomaltose esters of ABA cis diol and the corre- 
sponding 4'-OAc. 

To check on the separation of diastereomeric pairs, an LC 
analysis of some acetosugar esters was also performed on a 
Chiralcel OD column. This column, which contains a chiral 
stationary phase, had previously been used to resolve racemic 
ABA methyl ester (19). The results are summarized in Table 2. 
Overall, the best separation observed was between (+)- and 
(-) ABA-P-D-acetoglucose esters, which, under the condi- 
tions employed, were baseline resolved (R, 1 1.3 and 16.9 min) 
with reasonable peak shapes; other ABA acetosugar esters 
generally eluted later, which resulted in broadened peaks and 
poorer resolution. The diastereomers of acetosugar esters 
derived from ABA diols and C-4'-0-acetates were not well 
separated. By comparison, (+)- and (-)-ABA methyl esters, 
under the same conditions, were also baseline resolved with 
retention times of 5.5 and 7.3 min, respectively. 

MS of acetosugar esters 
The continuous flow secondary ion mass spectra of the aceto- 
sugar esters contained strong ions due to the acetosugar frag- 
ments at m/z 331 for monosaccharides, and 619 and 331 for 

disaccharides (Table 3). ABA acetosugar esters exhibited 
weak but discernible M+l ions as well as an ion at ndz 247 
(253 for d6-ABA) due to the loss of the 0-acetosugar. Aceto- 
sugar esters of the cis and truns l', 4'-ABA-diols and their ace- 
tates unfortunately did not afford significant protonated parent 
(M+l) ions; a significant ion due to the ABA diol portion 
appeared at mn/z 231, arising from loss of the 0-sugar and 
either water (in the case of the diols) or acetic acid (in the case 
of the 4'-0-acetates). 

Identification of d6-ABA acetoglucose ester in an 
acetylated extract obtained from a maize cell suspension 
culture treated with d6-ABA 

To test the ability of LCICFSIMS to detect an acetosugar ester 
in a plant extract, a maize cell suspension culture, which was 
known to metabolize ABA efficiently (20), was treated with 
d6-ABA and the cells were isolated after 4 days and extracted 
with methanol. After acetylation, the extract was analyzed by 
LC/MS/MS. Figure 3 shows the reaction-monitoring chro- 
matogram obtained for the transition n7/z 601-331. The iden- 
tity of the derivatized metabolite as the acetoglucose ester of 
ABA was established from its mass spectrum(~ig.  3) and co- 
chromatography with an authentic sample. No other aceto- 
sugar esters were found in this extract. 

In conclusion, various acetosugar esters of ABA and ABA 
derivatives were made readily available for use as reference 
and (or) internal standards in the analysis of plant extracts. 
The ability of LCICFSIMS to detect these derivatives in acety- 
lated extracts was shown, and should prove useful both quan- 
titatively (via use of deuterated internal standards) and 
qualitatively in the study of ABA metabolism. Finally, the 
ready formation of various acetosugar derivatives by reaction 
of a-chloroacetosugars with the cesium salt of an acid would 
appear to be quite general and may represent a means for the 
resolution of some racemicacids. 

Experimental 

General 
Solvents and reagents were of reagent grade and were used 
without further purification. Preparative layer chromatogra- 
phy was performed with 1 mm thick Merck Silica gel 60 F254 
20 X 20 cm plates. Racemic abscisic acid was purchased from 
Aldrich Chemical Company. Deuterium-labeled abscisic acid 
was prepared by base-catalyzed exchange in D,O/MeOD 
according to the procedure of Balsevich et al. (21). Infrared 
spectra (IR) were recorded using a Perkin-Elmer 257 grating 
infrared specrophotometer (films on NaCl). Ultraviolet spec- 
tra (UV)) were obtained (MeOH) with a Beckman DU-64 
spectrophotometer. Proton nuclear magnetic resonance spec- 
tra ('H NMR) were obtained with a Bruker AM 360 spectrom- 
eter with samples in deuterochloroform unless otherwise 
noted. An asterisk (*) beside a chemical shift listing denotes 
that two sets of signals were distinguishable for that resonance 
due to the two diastereomers. LCICFSIMS and LC/MS/MS 
were peformed using a 0.32 X 150 mm Spherisorb 3 pm ODS- 
2 packed capillary column interfaced with a VG Analytical 
(Manchester, UK) 70-250 SEQ hybrid mass spectrometer 
equipped for continuous flow SIMS analysis according to 
Hogge et al. (14), except for gradient elution using a two-sol- 
vent system consisting of A: 2% glycerol and 0.1% trifluoro- 
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Table 2. Separation of some of the diastereomeric pairs of acetosugar esters of 
(+)-ABA and its diols by LC on a Chiralcel OD column. AcGE = acetoglucose 
ester, AcGalE = acetogalactose ester, AcME = acetomaltose ester, AcLE = 
acetolactose ester. With the exception of the second entry, all acetosugar esters 
were 1-0-P-D-linked. 

Compounds Retention times of diastereomers (min) 

(+)-ABA AcGE 
(+)-ABA a-AcGE 
(*)-ABA AcGalE 
(+)-ABA ACME 
(+)-ABA AcLE 
(*)-cis Diol AcGE 
(+)-cis Diol AcME 
(+)-trans Diol 4'-OAc AcGE 
(+)-cis Diol 4'-OAc AcGE 
(*)-cis Diol 4'-OAc AcME 

1 1.3 [(+)-ABA AcGE]" 
16.3 
17.1 
20.2 
17.7 
10.8 
19.6 
9.5 
9.0 

16.9 

"The diastereomer due to (+)-ABA was found to be the faster eluting component in the case 
of the acetoglucose esters. This was determined by its isolation and saponification to 
(+)-ABA. Identification of other diastereomers was not done. 

Table 3. CFSIMS data for some acetosugar derivatives of ABA and ABA diols. 
AcGE = acetoglucose ester, AcGalE=acetogalactose ester, AcME = acetomaltose ester, 
AcLE = acetolactose ester. With the exception of the fifth entry, all acetosugar esters were 
1 -0-P-D-linked. 

CFSIMS data: IT& (relative intensity) 

[M+l- [M+I- Non-sugar Sugar 
Compound [M+l]+ H?O]+ HOAc]' fragments fragments 

ABA AcGE 595(12) 
ABA AcGalE 595(9) 
d6-ABA AcGE 60 l(8) 
d6-ABA AcGalE 60 l(7) 
d6-ABA a-AcGE 601(13) 
ABA ACME 883(4) 
331(100) 
ABA AcLE 883(5) 
331(100) 
d6-ABA AcLE 889(6) 
331(100) 
trans Diol AcGE 597(1) 
cis Ddiol AcGE 597(1) 
trans Diol-4'-OAc AcGE 639(1) 
cis Diol 4'-OAc AcGE - 
cis Diol ACME - 
331(100) 
cis Diol-4'0Ac AcME 927(1) 

acetic acid in H20, and B: 80% CH3CN, 2% glycerol, and 
0.1% trifluoroacetic acid in H20. The gradient elution used 
was 50% A to 10% A in 10 min, which was held for a further 
25 min. Analytical LC was performed on a Waters system 
equipped with a reverse-phase Ultrasphere 5 pm ODS 4.6 mm 
X 25 cm column using isocratic CH3CN/H,0 (52:48) at a flow 
rate of 0.5 mWmin. UV detection at 262 nm was used. Chiral 
LC was performed with a Chiralcel OD 0.46 X 25 cm coated 
silica column (Daicel, Los Angeles, Calif.) using isocratic 

hexane/isopropanol (7:l) at a flow rate of 1 mL/min. Mass 
spectrometry (MS) was performed with a VG 70-250SEQ 
double focussing hybrid spectrometer. High-resolution mass 
spectrometry (HRMS) was performed using fast ion bombard- 
ment ionization with the sample in a glycerol matrix. 

Reduction of ABA with L-selectride@ - (t-)-ABA cis-1', 
4'-diol 

A solution of ABA (264 mg, 1 mmol) in anhydrous THF (10 
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Fig. 3. Reaction monitoring chromatogram for the transition d z  601-331 (insert), and the 
obtained CFSIMS spectrum from analysis of an acetylated plant extract. 

- loo 

min 

mL) was cooled to O°C, treated with sodium hydride - mineral 
oil suspension (60%, 44 mg, 1.1 mmol), and stirred for 20 min. 
A 1 M solution of L-selectridem (1.1 mL, 1.1 mmol) in THF 
was added at a dropwise rate over 10 min. The reaction was 
allowed to warm to ambient temperature and stirred for a fur- 
ther 3 h. Water (100 mL) was cautiously added and the aque- 
ous solution washed with ethyl acetate (3 X 15 mL). The 
combined ethyl acetate washings were back-extracted with 
water (2 X 10 mL) and discarded. The aqueous portions were 
combined, made acidic by the addition of 1 N HCl(3 mL), and 
extracted with ethyl acetate (3 X 20 mL). The combined ethyl 
acetate extract was washed with water (2 X 5 mL), dried 
(Na2S04), and concentrated in vacuo to afford a mixture con- 
sisting mainly of the cis diol plus ca. 9% of the trans diol as a 
white amorphous solid (260 mg, 0.98 mmol, 98%). The pro- 
portions of the two isomers were determined from the 'H 
NMR spectrum of the reaction product. The diols were sepa- 
rated by preparative TLC on silica gel using EtOAc as solvent. 

cis Diol: U V ,  A,,, (log E): 262 (4.24); IR; v,,, (cm-I): 3400, 
2965,1688, 1631,1598,1240; 'H NMR; 6: 7.70 (lH, d, 16 Hz, 
C-5), 6.05 (lH, d, 16 HZ, C-4), 5.69 (lH, s, C-2), 5.64 (lH, bs, 
C-3'),4.24 (1 H, m, C-4'),2.01 (3H, s, C-6), 1.79 (lH, ABX, 13 
and 6 Hz, C-5'a or P), 1.71 (lH, ABX, 13 and 7 Hz, C-5'a or 
p), 1.65 (3H, s, C-7'), 1.00 (3H, s, C-8'or 9'), 0.92 (3H, s, C-8' 
or C-9'). MS (ammonia CI) tn/z: 284 ([M+18]+, 9%), 267 
([M+l]+, 38%), 266 ( M', 69%), 248 (35%), 231 (100%); 
HRMS, calcd. for [M+glycerol]+ C,8H3107: 359.2070; found: 
359.2026. 

trans Diol: mp 148-153°C; UV, A,,, (log E): 262 (4.21); IR, 
v,,, (cm-'): 3400,2962, 1686, 1631, 1598, 1240; 'H NMR, 6: 
7.58 (lH, d, 16 HZ, C-5), 6.05 (lH, d, 16 HZ, C-4), 5.69 (lH, S, 

C-2), 5.67 (lH, bs, C-3'), 4.22 (lH, m, C-4'), 2.02 (3H, s, C-6), 
1.78 (lH, ABX, 13 and 6.5 Hz, C-5'a), 1.64 (3H, s, C-7'), 1.61 
(lH, ABX, 13 and 9.5 Hz, C-5'p), 1.02 (3H, s, C-8'or 9'), 0.89 
(3H, s, C-8' or C-9'). 'H NMR ( D,O); 6: 7.25 (lH, d, 16 Hz, 

C-5), 6.1 1 (lH, d, 16Hz, C-4), 5.71 (lH, S, C-2), 5.54 (lH, bs, 
C-3'), 4.22 (1 H, m, C-40, 1.94 (3H, s, C-6), 1.66 ( 1 H, ABX, 
13 and 6 Hz, C-5'a), 1.54 (3H, s, C-7'), 1.46 (lH, ABX, 13 
and 10 Hz, C-5'P), 0.91 (3H, s, C-8' or 9'), 0.82 (3H, s, C-8' or 
C-9'). MS (ammonia CI) m/z: 284 ([M+18]+, 16%), 267 
([M+l]+, lo%), 266 (M', loo%), 248 (30%), 231 (61%); 
HRMS, calcd. for [M+glycerol]+ C,8H3,07: 359.2070; found: 
359.2 108. 

The cis and tratzs diols were also converted to their methyl 
esters by treatment with ethereal diazomethane and afforded 
'H NMR spectra comparable to published data [2]. 

Reduction of ABA with lithium aluminum hydride - 
(f )-ABA trans-l', 4'-diol 

A solution of ABA (264 mg, 1 mmol) in anhydrous THF (10 
mL) was cooled to O°C, treated with sodium hydride-mineral 
oil suspension (60%, 40 mg, 1 mmol), and stirred for 20 min. 
LiAlH, (30 mg, 0.75 mmol) was added in several portions 
over 10 min. The reaction was allowed to warm to ambient 
temperature and stirred for a further 4 h. The reaction was 
poured into cold water (100 mL), washed with hexane (3 x 25 
mL), acidified with 1 N HCI (3.5 mL), and extracted with 
EtOAc (3 x 30 mL). The EtOAc extract was dried (Na2S04), 
filtered, and concentrated in vacuo to afford a mixture of the 
trans diol contaminated with ca. 5% overreduced products as a 
white amorphous solid (260 mg). The presence of overre- 
duced products was determined from the 'H NMR spectrum 
from signals at S 3.6-3.9 attributable to saturated alcohols. 
The main product was the trans diol (C-4' P-OH) identical to 
the minor product from above; virtually no cis diol was 
observable by NMR. 

(f )-ABA trans-l', 4'-diol C-4'-0-acetate 
trans ABA diol (260 mg, ca. 0.9 mmol), obtained directly 
from the LiAlH, reduction of ABA without further purifica- 
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tion, was dissolved in a 1:2 (vlv) mixture of acetic anhydride 
and pyridine (1 mL), and let stand at ambient temperature for 
17 h. The mixture was concentrated in vacuo, and the residue 
was dissolved in EtOAc (ca. 50 mL), washed with 1 N HCl 
(2X), water (3X), and concentrated in vacuo. The residue was 
treated with ethyl acetate (ca 1 mL) and stored at 0°C over- 
night. The resultant crystalline solid was isolated by filtration 
and the crystals dried in vacuo to afford the acetate as a white 
crystalline solid (170 mg), mp 185-188°C; UV, X,,,,, (log E): 
258 (4.18); IR, v,,, (cm-I): 3400, 2960, 1720sh, 17 10, 1680 
sh, 1632, 1598, 1245; 'H NMR (CDCl,/DMSO-d6, 3:1), 6: 
7.61 (lH, d, 16 Hz, C-5), 6.02 (lH, d, 16 Hz, C-4), 5.55 (lH, s, 
C-2), 5.3 3 (1 H, s, C-3'), 5.20 (1 H, m, C-4'), 1.94 (3H, s, OAc), 
1.91 (3H, s, C-6), 1.71 (lH, ABX, 6 and 13 Hz, C-5'P), 1.56 
(3H, S, C-7), 0.94 (3H, S, C-87, 0.81 (3H, S, C-9'). HRMS, 
calcd. for [(M - H,O)+H]+ C 15H2103: 249.149 1 ; found: 
249.1457. 

(2)-ABA cis-1', 4'-diol C-4'-0-acetate 
The cis diol (130 mg, 0.5 mmol) was treated as above except 
the crude product was purified by TLC on Silica gel using 
EtOAc to afford a colorless film (80 mg, 52%); UV, X,,, (log 
E): 258 (4.20); 'H NMR, 6: 7.68 (lH, d, 16 Hz, C-5), 5.93 (lH, 
d, 16 HZ, C-4), 5.68 (lH, S, C- 3'), 5.51 (IH, S, C-2) 5.26 (lH, 
rn, C-4'), 2.01 (3H, s, OAc), 1.93 (3H, s, C-6), 1.80 (lH, ABX, 
6 and 14 Hz, C-5'P), 1.72 (1H; ABX, 6 and 14 Hz, C-5'a), 
1.62 (3H, s, C-7), 0.97 (3H, s, C-8'), 0.90 (3H, s, C-9'). HRMS, 
calcd. for [(M-H,O)+H]+ CI5H2,O,: 249.149 1; found: 
249.1507. 

Preparation of cesium salts of ABA, ABA diols, and diol 
acetates 

Cesium salts were prepared by treating a solution of racemic 
ABA, or the ABA diols, or the acetates (1 mmol) in 50% aque- 
ous methanol (10 mL) with cesium carbonate (0.5 mmol) and 
concentrating the resultant solution in vacuo. The residues 
were treated with benzene and concentrated in vacuo (2X), 
and then stored in a vacuum desiccator for 24 h. The cesium 
salts were obtained as colorless to pale yellow glasses and 
were used without further purification. 

Preparation of a-chloroacetosugars and P-chloro- 
acetoglucose 

The a-chloroacetosugars were prepared by reaction of the per- 
acetylated sugars with titanium tetrachloride in refluxing chlo- 
roform as outlined in refs. 22 and 23. P-Chloroacetoglucose 
was prepared by reaction of glucose pentaacetate with alumi- 
num chloride in dichloromethane as outined in ref. 24. 

General protocol for preparation of acetosugar esters 
A solution of the appropriate cesium salt (1 mmol) in either 
DMF or DMSO (5 mL) was treated with the appropriate chlo- 
roacetosugar (1.1 mmol). After 4 days at ambient temperature 
or 5 h at 60°C, the reaction was treated with H,O (30 mL) and 
extracted with EtOAc (3 X 20 mL). The combined organic 
extract was washed with 0.1 N NaOH (2 X 10 mL), H,O (2 
x 1 0  mL), brine (2 X 10 mL), and dried over anhydrous 
sodium sulfate. Evaporation of the solvent in vacuo afforded 
an amber oil, which was subjected to TLC on silica, gel using 
hexane/EtOAc (7:3) as solvent to afford the appropriate aceto- 
sugar ester as a colorless glass, generally in about 50% yield 

(see Table 1). ABA acetosugar esters gave UV spectra having 
X,;,, (log E): 272 (4.29), 240sh (4.07), while the acetosugar 
esters of ABA diols and C-4'-0-acetates gave A,,, (log E): 272 
(4.18). ABA acetosugar esters gave IR spectra having v,,,, 
(an-I): 3500, 2962, 1748, 1663, 1630sh, 1598, 1224, 1070, 
1040; acetosugar esters of ABA diols gave v,,,: 3515, 2964, 
1750, 1633, 1598, 1228, 1070, 1038; acetosugar esters of the 
C-4'-0-acetates gave v,;,,: 3510, 2954, 1755, 1735sh, 1633, 
1598, 1225, 1070, 1040. 

(+)-ABA P-D-acetogluco.se ester: 'H NMR (ref. 17), 6: 7.78 
(lH, d, 16 HZ, C-5), 6.21,6.20'$ (lH, d, 16 HZ, C-4), 5.92 (lH, 
bs, C-3'), 5.74 (lH, d, 8.6 Hz, sugar C-1), 5.72 (lH, s, C-2), 
5.27 (1 H, t, 9 Hz, sugar C-3 or 4), 5.20 ( 1 H, t, 8.5 Hz, sugar C- 
2), 5.13 (lH, t, 9.5 Hz, sugar C-3 or C-4), 4.29 (IH, ABX, 12.5 
and 3.4 Hz, sugar C-6), 4.1 1 (lH, ABX, 12.5 and 2 Hz, sugar 
C-6), 3.84 ( lH,  m, sugar C-5), 2.46,2.44'" ( lH, AB, 17 Hz, C- 
5/13 or p), 2.30 (IH, AB, 17 Hz, C-5'a or P), 2.06 (3H, s, 
OAc), 2.02 (3H, s, OAc), 2.01 (3H, bs, C-6), 2.00 (3H, s, 
OAc), 1.99 (3H, s, OAc), 1.9 1, 1.90" (3H, s, C-7'), 1.10 (3H, s, 
C-8' or 9'), 0.99:"3H, s, C-8'or 9'). HRMS, calcd. for [M+fj]+ 
C,,H,,O,,: 595.2391; found: 595.2361. 

dB-(5)-ABA P-D-ncetoglucose ester 'H NMR: as above 
except lacking resonances at 6 5.92, 2.5-2.2, and 1.9. HRMS, 
calcd. for [M+H]+ C,,H,,D60,,: 601.2767; found: 601.2787. 

d6-(+)-ABA a-D-acetoglucose ester: 'H NMR, 6: 7.83, 7.82:" 
(IH, d, 16 Hz, C-5), 6.39 (lH, d, 3.7 Hz, sugar C-1), 6.20, 
6.19:"1H, d, 16 Hz, C-4), 5.80 (lH, s, C-2), 5.53 ( lH,  t, 10 
Hz, sugar C-3 or 4), 5.13 (lH, t, 10 Hz, sugar C-3 or C-4), 5.10 
(IH, dd, 10 and 3.7 Hz, sugar C-2), 4.2 (lH, ABX, 12.5 and 
3.4 Hz, sugar C-6), 4.12 (lH, m, sugar C-5), 4.07 (1 H, ABX, 
12.5 and 2 Hz, sugar C-6), 2.1-1.97:': (5 X 3H, 7s, 4 OAc and 
C-7'), 1.09, 1.08:': (3H, s, C-8' or 9'), 0.99 (3H, s, C-8' or 9'). 
HRMS, calcd. for [M+H]+ C2,H,,D60,,: 601.2767; found: 
601.2776. 

(5)-ABA P-D-acetognlactose ester: 'H NMR, 6: 7.78, 7.77<: 
(lH, 2 d, 16 HZ, C-5), 6.21, 6.19:': ( lH, 2 d, 16 Hz, C-4), 5.92 
(lH, bs, C-3'), 5.73 (lH, s, C-2), 5.72 (lH, d, 8.4 Hz, sugar C- 
l), 5.41 (lH, t, 1.6 Hz, sugar C-4), 5.36,5.35"' ( lH, 2 dd, 8 and 
10 Hz, sugar C-2), 5.08 (lH, dd, 10 and 3.4 Hz, sugar C-3), 
4 .24.0  (3H, overlapping peaks, sugar C-5 and C-6), 2.45, 
2.43" ( lH,  AB, 17 Hz, C-5'a or P), 2.29 (lH, AB, 17 Hz, C- 
5 'aorp),2.14,2.10(2 X 3H,2s ,2  X OAc),2.00(6H,s,2 X 
OAc), 1.97 (3H, s, C-6), 1.91, 1.89:"3H, s, C-7'), 1.09 (3H, s, 
C-8' or 9'), 0.99 (3H, s, C-8' or 9'). HRMS, calcd. for 
C29H,90,3: 595.2391; found: 595.2427. 

d6-(2)-ABA P-D-ncetogalactose ester: 'H NMR: as above 
except lacking resonances at 6 5.92, 2.5-2.2, and 1.9. HRMS, 
calcd. for [M+H]+ C29H33D6013: 60 1.2767; found: 601.2795. 

(f )-ABA cis-l', 4'-cliol P-D-acetoglucose ester: 'H NMR, 6: 
7.73 ( lH,  d, 16 Hz, C-5), 6.12 ( lH,  d, 16 Hz, C-4), 5.76 (lH, d, 
8.5 Hz, sugar C-l), 5.67 (lH, s, C-2), 5.62 (1 H, bs, C-3'), 5.26 
(lH, t, 9 Hz, sugar C-3 or 4), 5.18 (lH, t, 9 Hz, sugar C-3 or 4), 
5.13 (lH, t, 9 Hz, sugar C-2), 4.39 (lH, ABX, 12 and 5 Hz, 
sugar C-6), 4.24 (lH, m, C-4'), 4.00 (1 H, ABX, 12 and 2 Hz, 
sugar C-6), 3.85 (lH, m, sugar C-5), 2.08 (3H, s, OAc), 2.04 
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(3H, s, OAc), 2.02 (6H, s, OAc and C-6), 2.01 (3H, s, OAc), 
1.80 (lH, ABX, 14 and 6, C-5'a or P), 1.71 (lH, ABX, 14 and 
6, C-5'a or P), 1.66 (3H, s, C-79, 1.00 (3H, s, C-8' or 9'), 0.92 
(3H, s, C-8' or 9'). 

(5)-ABA cis-l', 4'-diol C-4'-0-acetate P-D-acetoglucose 
ester: I H N M R , ~ : ~ . ~ ~  (lH,d, 16Hz,C-5),6.09(lH,d, 16Hz, 
C-4),5.74 ( lH,d ,  8.2Hz, sugarC-l),5.67 (lH,s,C-2),5.57 
(lH, bs, C-3'), 5.29 (lH, m, C-4'), 5.25 (lH, t, 9.5 Hz, sugar C- 
3 or 4), 5.17 (1 H, t, 9 Hz, sugar C-2), 5.12 (1 H, t, 9 Hz, sugar C- 
3 or C-4), 4.28 (lH, ABX, 12 and 5 Hz, sugar C-6), 4.10 (lH, 
m, sugar C-6), 3.83 (lH, m, sugar C-5), 2.05, 2.03,2.01,2.00, 
1.99, 1.98 (6 X 3H, 6s, 5 x OAc and C-6), 1.83 (lH, m, C-5'a 
or p), 1.71 (IH, m, C-5'a or P), 1.66 (3H, s, C-7'), 1.01 (3H, s, 
C-8' or 9'), 0.93 (3H, s, C-8' or 9'). HRMS, calcd. for 
[(M+H)-H,O]+ C3,H,,013: 62 1.2547; found: 621.2562. 

(2)-ABA trans-l', 4'-diol P-D-acetoglucose ester: 'H NMR, 6: 
7.58, 7.57* (lH, 2d, 16 HZ, C-5), 6.18, 6.17" (IH, 2d, 16 HZ, 
C-4), 5.72, 5.71'"1H, 2d, 8.5 Hz, sugar C-I), 5.65 (lH, s, C- 
2), 5.63, 5.61'$ (IH, 2bs, C-3'), 5.22 (IH, t, 9.5 Hz, sugar C-3 
or 4), 5.14 (lH, t, 9 Hz, sugar C-2), 5.10 (lH, t, 9.5 Hz, sugar 
C-3 or 4), 4.284.16 (2H, overlapping peaks, C-4' and sugar 
C-6), 4.07 (lH, m, sugar C-6), 3.82 ( 1 H, m, sugar C-5), 2.04'*, 
2.00, 1.99, 1.98, 1.97 (5 X 3H, 5s, 4 X OAc and C-6) 1.79 
(lH, m, C-5'a or P), 1.62 (3H, s, C-7'), 1.53 (lH, m, C-5'a or 
p), 1.01 (3H, s, C-8' or 9'), 0.87, 0.86" (3H, 2s, C-8' or 9'). 
HRMS, calcd. for [M+H]+ C29H41013: 597.2547; found: 
597.2527 

(2)-ABA trans-l', 4'-diol C-4'-0-acetate P-D-acetoglucose 
ester: 'H NMR, 6: 7.70" (IH, d, 16 Hz, C-5), 6.21* (IH, d, 16 
Hz, C-4), 5.74'!: ( IH, d, 8.5 Hz, sugar C- 1), 5.67 (1H7, s, C-2), 
5.50 (lH, bs, C-37, 5.36 (lH, m, C-4'), 5.25 (lH, t, 9.4 Hz, 
sugar C-3 or4), 5.18 (IH, t, 8.2 Hz, sugar C-2), 5.12 (lH, t, 9.4 
Hz, sugar C-3 or 4), 4.27 (IH, ABX, 12.5 and 4.3 Hz, sugar C- 
6), 4.09 (IH, ABX, 12.5 and 2 Hz, sugar C-6), 3.82 (lH, m, 
sugar C-5), 2.05, 2.04,2.01,2.00, 1.99, 1.98 (6 X 3H, 6s, 5 X 
OAc and C-6), 1.87 (lH, m, C-5'a or -b), 1.68 (lH, m, C-5'a 
or -P), 1.65 (3H, s, C-7'), 1.06 (3H, s, C-8' or 9'), 0.89, 0.88:% 
(3H, 2s, C-8' or 9). HRMS, calcd. for [M+H]+ C31H43014: 
639.2696; found: 639.2653. 

(2)-ABA p-D-acetolactose ester: 'H NMR, 6: 7.76 (IH, d, 16 
HZ, C-5), 6.20, 6.19*' (lH, d, 16 Hz, C-4), 5.9 1 (lH, s, C-3'), 
5.70 (lH, d, 8 Hz, C-1 of glucose portion), 5.70 (lH, s, C-2), 
5.34 (lH, m, C-4 of galactose portion), 5.26 (lH, t, 9 Hz), 5.1 
(2H, overlapping peaks), 4.93 (lH, dd, 10 and 3 Hz, C-3 of 
galactose portion), 4.5-3.6 (8H, overlapping peaks, sugar 
H's), 2.45, 2.44'" (lH, AB, 16 Hz, C-5'a orb), 2.29 (IH, AB, 
16 Hz, C-5'a or P), 2.14,2.09,2.05,2.04,2.03,2.02,2.00 (7 X 
3H, 7s, 7 X OAC), 2.07 (3H, s, C-6), 1.89 (3H, s, C-7'), 1.10 
(3H, s, C-8' or -9'), 0.99 (3H, s, C-8' or 9'). HRMS, calcd. for 
[M+H]+ C,,H5,02,: 883.3236; found: 883.3285 

d6-(5)-ABA P-D-acetolactose ester. ' H  NMR: as above, 
except lacking peaks at 6 5.91, 2.5-2.2, and 1.89. HRMS, 
calcd. for [M+H]+ C,,H,,D,O: 889.3613; found: 889.3642. 

(t)-ABA p-D-acetomaltose ester: 'H NMR, 6: 7.76:': ( lH, d, 
16, C-5), 6.18'!' ( lH, d, 16, C-4), 5.89 (lH, S, C-3'), 5.74 (lH, 

d, 8 Hz, sugar A C-1), 5.67 (lH, s, C-2), 5.37 (lH, d, 4 Hz, 
sugar B C-1), 5.35-5.25 (2H, overlapping sugar peaks), 5.04- 
4.94 (2H, overlapping sugar peaks), 4.82 (lH, dd, 10.5 and 4 
Hz, sugar B C-2), 4.5-3.8 (6H, sugar A and B C-5's and C- 
6's), 2.08,2.05,2.01 (3 x 3H, 3s, 3 X OAc), 2.00 (3H, s, C-6), 
1.98 (6H, s, 2 X OAc), 1.96, 1.95 (2 X 3H, 2s, 2 X OAc), 1.87 
(3H, bs, C-7'), 1.07 (3H, s, C-8' or -9'), 0.97 (3H, s, C-8' or 9'). 
HRMS, calcd. for [M+H]+ C41H55021: 883.3236; found: 
883.3227. 

(2)-ABA cis-l', 4'-diol p-D-acetomaltose ester: 'H NMR, 6: 
7.71': ( lH, d, 16 Hz, C-5), 6.10, 6.09:" (lH, d, 16 Hz, C-4), 
5.76 (lH, d, 8 Hz, sugar A C-1), 5.63 (2H, 2 X s, C-2, C-3'), 
5.38 (lH, d, 4 Hz, sugar B C-1), 5.33 (lH, t, 10 Hz), 5.28 (lH, 
t, 10 Hz) 5.03 (IH, t, 10 Hz) 5.00 (lH, t, 9 Hz), 4.84 (lH, dd, 
10 and 4 Hz, sugar B C-2), 4.43 (lH, m), 4.254.18 (3H, over- 
lapping peaks, C-4' and sugar C-6's), 4.03 (2H, overlapping 
peaks), 3.92 (lH, m), 3.82 (lH, m), 1.97,2.10,2.07,2.02,2.00 
(4 X 3H, 4s, 4 X OAc), 1.99 (6H, 2s, C-6 and OAc), 1.96 (2 X 
3H, s, 2 X OAc), 1.64 (3H, bs, C-7'), 1.00 (3H, s, C-8' or -9'), 
0.91 (3H, s, C-8' or 9'). HRMS, calcd. for [M+H]+ C41H57021: 
885.3392: found: 885.3443 

(5)-ABA cis-l', 4'-diol C-4'-0-acetate P-D-acetonmltose 
ester: 'H NMR, 6: 7.71 (IH, d, 16 Hz, C-5), 6.09" (lH, d, 16 
Hz, C-4), 5.77 (lH, d, 8 Hz, sugar A C-1), 5.64 (IH, s, C-3'), 
5.57 (lH, s, C-2), 5.38 (IH, d, 4 Hz, sugarB C-l), 5.34 (IH, t, 
10 Hz), 5.29 (lH, t, 9 Hz), 5.28 (lH, m, C-4') 5.03 ( lH,  t, 10 
Hz) 5.01 (lH, t, 9 Hz), 4.84 (lH, dd, 10 and 4 Hz, sugar B C- 
2), 4.43 (lH, m), 4.22 (2H, overlapping peaks), 4.03 (2H, 
overlapping peaks), 3.93 ( IH, m), 3.82 (1 H, m), 2.10, 2.08, 
2.04,2.03,2.00 (5 X 3H, 4s, 4 X OAc), 1.99 (6H, 2s, C-6 and 
OAc), 1.98, 1.97 (2 X 3H, 2s, 2 X Oac), 1.66 (3H, bs, C-77, 
1.01 (3H, s, C-8' or -9'), 0.93 (3H, s, C-8' or -9'). HRMS, 
calcd. for [M+H:]+: C43Hs9022: 927.3498; found: 927.3491. 

Enzymatic deacetylation of ABA cis diol- and ABA 
acetoglucose esters 

The acetoglucose esters of ABA and ABA cis-1', 4'-diol were 
deacetylated using a modification of the procedure of Leh- 
mann et al. (15) as follows. Enzyme preparation: dehusked 
sunflower seeds (9 g, Super Store) were added to cold (<lO°C) 
pH 7.0 100 mM phosphate buffer (75 mL) and homogenized 
with an Ultra Turrax homogenizer for 2-3 min. The resulting 
suspension was centrifuged at 25 OOOg for 30 min. The middle 
aqueous layer was removed and re-centrifuged. The resulting 
clear aqueous portion, free of oil droplets, was used for 
deacetylations. 

(t)-ABA cis-l', 4'-diol glucose ester 
A solution of the cis diol P-acetoglucose ester (230 mg, 0.39 
mmol) in EtOH (15 mL) was added to a vigorously stirred 
solution of 100 mM pH 7.0 phoshate buffer (35 mL), and the 
sunflower seed enzyme preparation from above (60 mL). A 
further portion of EtOH (3 mL) was added dropwise over a 
period of 20 min and the resulting mixture stirred at ambient 
temperature for 20 h. Isopropanol (100 mL) was added and 
and the resulting mixture centrifuged at 10 OOOg for 30 rnin. 
The supernatant was concentrated in vacuo and the residue 
was triturated with a further portion of isopropanol (50 mL) 
and centrifuged again. The supernatant was concentrated in 
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vacuo and the residue (200 mg) subjected to thin-layer chro- 
matography (silica gel), using CH,CN/H,O (93:7) as the sol- 
vent system, to yield the cis diol glucose ester as a white 
amorphous solid (75 mg, 0.18 mmol, 46%). 'H NMR (D,O), 6: 
7.46 (lH, d, 16 HZ, C-5), 6.21 (lH, d, 16 HZ, C-4), 5.76 (lH, S, 
C-2), 5.59 (lH, bs, C-3), 5.50 (lH, d, 8 Hz, sugar C-1), 4.20 
(lH, m, C-4'), 3.9-3.3 (6H, overlapping peaks, sugar C-2 C-6), 
2.01 (3H, s, C-6), 1.70 (1 H, ABX, 13 and 6 Hz, C-5'a or b), 
1.57 (3H, s, C-7'), 1.53 (lH, ABX, 13 and 7 Hz, C-5'a or P), 
0.89 (3H, s, C-8' or 97, 0.84 (3H, s, C-8' or C-9'); CFSIMS, 
tn/z: 429 (2%, M++l), 411 (SO%, M++1-H,O), 393 (28%, 
M++1-2H,O), 249 (44%), 231 (100%). HRMS, calcd. for 
[M+H]+C,,H,,O, : 429.2125; found: 429.2177. 

(?)-ABA gl~lcose ester 
A solution of ABA P-acetoglucose ester (230 mg, 0.39 mmol) 
was treated as above to yield ABA glucose ester as a colorless 
film (84 mg, 0.2 mmol, 51%) having an 'H NMR spectrum 
similar to that reported in the literature (17). 'H NMR (D20), 
6: 7.50 (lH, d, 16 Hz, C-5), 6.26 (lH, d, 16 Hz, C-4), 5.97 (lH, 
bs, C-3'), 5.78 (lH, s, C-2), 5.49 (lH, d, 8 Hz, sugar C-1), 3.9- 
3.2 (6H, overlapping peaks, sugar C-2-C-6), 2.50 (lH, AB, 17 
Hz, C-5'a or P), 2.16 ( 1 H, AB, 17 Hz, C-5'a or P), 1.99 (3H, s, 
C-6), 1.85 (3H, s, C-7'), 0.9 6 (3H, s, C-8' or 97, 0.93 (3H, s, 
C-8' or C-9'); CFSIMS, tdz: 427 (27%, M++l), 409 (8%, 
M++1 -H,O), 265 (base peak), 247 (77%). HRMS, calcd. for 
[M+H]+C,,H,,O, : 427.1968; found: 427.1992. 

Feeding of (I,-ABA to a maize cell suspension 
Suspension cultures of corn (Zen tnays L. cv Black Mexican 
Sweet) were maintained on modified Murashige-Skoog 
medium as described previously (20, 25). d,-(t)-ABA (0.4 
mg) in EtOH (30 pL) was added to the cell suspension (60 mL, 
ca. 2 g fresh wt. of cells) 24 h after being subcultured. After 4 d 
cells were separated from medium by filtration and extracted 
with methanol (100 mL). Cell material was removed by filtra- 
tion and the methanol extract concentrated in vacuo. The resi- 
due was washed with hexane, redissolved in cold methanol/ 
acetonitrile (1: 1, 20 mL), filtered, and concentrated in vacuo. 
The residue was treated with Ac,O/pyridine (1 mL of a 1:2 
mixture, vlv). After 4 h, volatiles were removed in vacuo and 
the residue dissolved in 50% acetonitrile (aq) and used for the 
LCICFSIMS analysis described earlier. 
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Single-crystal polarized spectra in the near- 
infrared region: a local-mode analysis of the 
spectra of M2MnC1,.2X20 (M = Cs, Rb; X = H, D) 

Ian M. Walker and Paul J. McCarthy 

Abstract: The polarized crystal spectra of M2MnC1,.2X,0 (M = Cs, Rb; X = H, D) have been measured at 10 K in the near- 
infrared region. The data have been analyzed using a local-mode model that includes the bending mode. The resulting parameters 
are related to hydrogen bonding in the crystals. The spectra of partially deuterated species show a large number of bands due to 
HOD vibrations. The parameters from these spectra are compared to those from the H,O and D,O spectra. Arguments as to the 
importance of Fermi resonance in these spectra are presented. 

Key worcls: near-infrared, single crystal, hydrogen bond, Fermi resonance. 

RCsurnC : Operant i 10 K, dans la rtgion du proche infrarouge, on a mesurk les spectres cristallins polarises du M2MnC1,.2X20 
(M = Cs, Rb; X = H, D). On a analyse les donnees en utilisant un modkle de mode local qui incorpore le mode de deformation. 
Les paramktres qui en resultent peuvent Ctre reliks i une liaison hydrogtne dans les cristaux. Les spectres des espkces 
partiellement deuterkes prksentent un grand nombre de bandes dues i d e s  vibrations HOD. On a compare les paramttres derives 
de ces spectres avec ceux obtenus i partir des spectres du H,O et du D20. On presente des arguments relatifs i l'importance de 
la rksonance de Fermi dans ces spectres. 

Mots cl6.7 : proche infrarouge, cristal unique, liaisons hydrogkne, resonance de Fermi. 

[Traduit par la redaction] 

Introduction 

In several recent articles we have studied in detail the near- 
infrared (nir), low-temperature, polarized spectra of crystals 
containing H,O ( 1 4 )  or the NH, group as found in a series of 
guanidinium salts ( 5 ) .  The absorptions that appear in this region 
between about 4000 and 10 000 cm-' are due almost entirely to 
overtones and combinations of OH or NH stretching vibrations 
and to combinations of various quanta of stretching vibrations 
with bending and (or) librational modes. In all cases we used 
local-mode theory to calculate the energies of the vibrational 
bands. From the best fit between calculated and observed ener- 
gies we have obtained a set of local-mode parameters that give 
the harmonic oscillator frequencies and anharmonicities of the 
OH or NH stretching vibrations, as well as the extent of cou- 
pling between nearby oscillators. Our purpose has been to esti- 
mate hydrogen-bond strength from the local-mode parameters 
obtained from an analysis of the spectra. From this we hope to 
see if there is any relationship between the estimated hydrogen- 
bond strength and the interatomic distances and bond angles 
reported for the crystal. In the long run this requires a large 
selection of data for OH and NH oscillators lying in diverse 
crystals on sites of varied symmetry. 
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Most recently we studied the spectra of CsMnC13.2H,0 (4). 
Here we report a study of the related compounds, 
Cs,MnC14.2H,0, Rb2MnC1,.2H,O, and their deutero ana- 
logues. These salts crystallize in space group Pi (c,', no. 2) 
with Z =  1. A stereoscopic view of the unit cell is shown in Fig. 
1, and the unit cell parameters (6) and selected interatomic dis- 
tances and angles (6-8) are listed in Table 1. The structures 
consist of discrete tmtzs-{MnCl,(H,O),)-anions interleaved 
with alkali cations. All atoms lie on general positions save 
manganese, which lies on the inversion centre. The water mol- 
ecules thus occur in symmetry-related pairs, as do the two 
crystallographically distinct chloride ions (Table 1). Each OH 
group makes a nearly linear hydrogen bond to a chloride from 
a neighboring complex ion. As can be seen from Table 1, the 
two OH oscillators that make up the water molecule experi- 
ence significantly different environments in the crystals. This 
is most noticeable in the Rb salt. 

The IR spectra of these compounds have been reported by 
Stefov et al. (9, lo), who measured the spectra at room tem- 
perature and at liquid nitrogen temperature. Adams and Lock 
(1 1) had earlier reported the room temperature IR spectra of 
all these compounds as well as the liquid nitrogen IR and room 
temperature Raman spectra of some of them. 

The crystals to be discussed are notable for the clear resolu- 
tion of many of the nir bands. This feature has enabled US to 
give a rather detailed account of the stretch-bend combina- 
tions, and also of the energies of many vibrations of the HOD 
molecule in both lattices. 

Local-mode theory 
This approach has been found to be well suited to the study of 
the fundamental and overtone spectra of molecules containing 
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Walker and McCarthy 

Fig. 1. Stereoscopic view of the unit cell of Cs2MnC1,.2H,0, 
looking down the c-axis. Only one hydrogen bond is shown; the 
other terminates on a chlorine atom in the adjacent unit cell. 
Hydrogen positions are from ref. 7, the rest are from ref. 6. The 
circles decrease in size in the order Cs, C1, Mn, 0 .  The H and 0 
atoms are shown the same size. 

the OH, NH, and CH groups. Several reviews of the subject 
have appeared (12, 13), as well as a number of treatments of 
the theory for water and other small molecules (14-20). We 
have outlined elsewhere (2, 3) its application to water on gen- 
eral sites. 

The energy level expressions that we chose for the present 
work are based on the Harmonically Coupled Anharmonic 
Oscillator (HCAO) model (14, 15) and are an adaptation of the 
work of Duncan et al. (18) to the case of water on a general 
site. The simplicity of this formulation is compatible with the 
small data sets common to crystal systems. The vibrational 
wave functions are written as products of harmonic oscillator 
basis functions in the three local coordinates. The two 
stretches are described by quantum numbers v l  and v, and the 
bend by quantum number b. Thus for a water molecule the 
basis ket would be written lv1v2b). It is often desirable to adjust 
the energy of the lowest 1000) state to zero. The resulting com- 
plete expression for the diagonal elements of the secular deter- 
minant, in units of cm-', is: 

The first six terms on the right in eq. [ l ]  are the traditional 
local-mode terms and are the largest ones energetically. Here, 
o , ,  o,, and ob are the harmonic frequencies of the two 
stretches and the bend, respectively, while XI, X,. and Xb rep- 
resent the corresponding local-mode anharmonicities. Since 
the X terms are usually negative, states such as 11 lo), which 
represents a stretch-stretch combination, occur at higher 
energy than the stretch overtones, 1020) and 1200). Because of 
the inequivalence of the 0-H bonds in the compounds, the 
matrices contain a harmonic oscillator frequency and an 
anharmonicity for each OH oscillator. 

The last two terms in eq. [ l ]  represent the diagonal stretch- 
bend couplings for water on general sites. We find that Xslb 
and XsIb are small and nearly equal in these crystals, so that lit- 
tle error is introduced into the fitting procedure by combining 
these into one parameter, Xsb. 

Allowance for coupling between stretching local modes is 
made by including off-diagonal elements of the form: 

Table 1. Structural data for M2MnC1;2HZ0 (M = 
Rb, Cs)." 

Unit cell parameters Rb Cs 

Bond distances and angles 

H,;..CI, (A) 2.20" 2.3 l6  
H;..CIII (A) 2.32" 2.29" 
o-.c~, (A) 3.17 3.28 
o...c~,, (A) 3.29 3.25 
0-HA--C1, (deg) 177" 176" 
0-H,-Cl,, (deg) 175" 174" 
CI,-O~Cl,,  (deg) 105 108 

- 
"Space group P1, with Z = 1. Unit cell parameters 

taken from ref 6. 
"Calculated using hydrogen coordinates from ref. 7. 

These were computed by the method of Baur (8). 

where A is a measure of the coupling between the two oscilla- 
tors. 

The A-coupling term causes the stretch local-mode func- 
tions to combine into sum and difference combinations; in the 
gas phase, these are written lv00)+ and lv00)-, respectively. 
When the diagonal energies are discernibly different and the 
A-term is small, one term in the sum is predominant. Except in 
those cases where the functions in the sum are present to a 
nearly equal extent, the final eigenstates are labelled in the 
tables with the identity of the dominant term. 

A vibrational manifold is defined as a collection of vibra- 
tional states of like energy. Each product of the form Iv,v2b) 
can be described (18) by means of a manifold quantum num- 
ber V = v, + v2 + bl2. We make the usual approximation that 
only coupling within each manifold need be considered. For 
the sake of clarity, we also use the older notation, e.g., v, 2v, 
v + 6, in the body of the text to refer to, for example, the 
stretch fundamental, overtone, and stretch-bend combina- 
tions, respectively. 

Experimental 

Well-formed crystals suitable for spectroscopy were grown 
from water by slow evaporation of a solution containing a 2:l 
molar ratio of CsCl (or RbCl) and MnC12.4H20. Moderately 
deuterated crystals were obtained from the same starting mate- 
rials by slow evaporation of a D,O solution over concentrated 
H2S04 in a desiccator. More highly deuterated crystals were 
obtained by using anhydrous MnC1,; water of hydration is 
removed by heating at about 120°C for a few hours. The mate- 
rials grow as thin well-formed plates with one extinction 
direction nearly coincident with one of the edges. While the 
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Table 2. Calculated and observed energies and local-mode 
parameters for M2MnC1,.2H20 (M = Cs, Rb). 

M = Cs M = Rb 

Obsd." Calcd. Obsd." Calcd. ~ s s i ~ n m e n t "  

1620 1621 
3210 3216 
3326 3327 
3430 3435 
4787 4785 
4924 4917 
5030 5024 
6307 6315 
6555 656 1 
6758 6762 
7869 7873 
8116 81 19 
8320 8320 
- 8964 
- 9378 

9759 9750 
- 9888 

RMS 5.19 

Local-mode parameters' 

"All data in cm?. Data below 4000 cm-I from ref. 9. 
'The three digits in the ket give the number of quanta of OH,, OH, 

stretches and HOH bend, respectively. 
'All parameters in cm-I. Standard deviations in parentheses. 

indices of this principal face are not known, a pair of angles on 
opposite corners of the crystals are about 114". This corre- 
sponds nicely to 180" - a as reported by Jensen (6). So it is 
quite likely that this crystal face represents the bc crystal 
plane. From the crystal data (6) and the calculated parameters 
of El Saffar (7) one finds that one of the 0-H bonds of water 
lies nearly along the b-axis of the crystal. This oscillator 
should then be excited most strongly by light with Ellb. This 
may help explain the difference in intensity of the 1020), 1200), 
and I1 10) bands in the different polarizations noted below. 

The crystals were mounted in a Displex cryogenic refriger- 
ator and the nir spectra were recorded at 10 K using a Varian- 
2300 spectrophotometer. Polarized light was obtained by a 
pair of Glan-Thompson prisms. Spectra were taken with the 
electric vector of the light parallel to the extinction axes of the 
crystals. 

For all the spectra recorded, the gain was set as low as pos- 
sible (25.5) in order to maximize the signal-to-noise ratio. The 
instrument then automatically set the spectral bandwidth at a 
value that depended on the size and quality of the crystal. 

When a band appeared to be multiple, other scans were made 
with higher gain to see if the multiplet could be resolved. In all 
cases, we chose the largest and clearest crystal available. 
Without special optics, however, it is difficult to record the 
spectrum of a crystal smaller than about 1 mm x 0.25 mm. 
Even if it is of excellent optical quality, such a crystal will 
yield spectra with a rather low signal-to-noise ratio. 

The band positions given in this report are the peak max- 
ima. In the case of unresolved shoulders, no deconvolution 
was attempted, but the position of the underlying peak was 
estimated as well as possible. 

Our room temperature IR spectra (CsC1 pellets) recorded on 
a Nicolet 5DX FTIR spectrophotometer do not differ signifi- 
cantly from those of Stefov et al. (9, 10). It is their low-tem- 
perature data, however, that we use in the discussion below. 

Results and discussion 

Crystal spectra 
The observed spectra in the region 4600-5200 cm-' are shown 
in Figs. 2 and 3, while the spectra in the region 5700-6900 
cm-' are shown in Fig. 4. Figure 5 shows one polarization of 
the 3v region of Cs,MnC14.2H,0. Since the Cs and Rb salts are 
isomorphous, it is not surprising that their spectra are quite 
similar. One polarized spectrum recorded with light incident 
on the plate-like crystal shows only very weak bands and is 
much like the Ellb spectrum of CsMnC1,.2H,O (4). Since in 
this latter crystal the b-axis is nearly perpendicular to the plane 
of the water molecules, it is quite likely that the weak polar- 
ization is largely perpendicular to the H,O plane in the spectra 
of the present compounds. The orthogonal polarization con- 
tains more detail and has bands of considerably greater inten- 
sity. We were able to grow thick crystals of Cs2MnC14.2H20 
only, and we recorded spectra on other faces of these crystals 
also. Most of these spectra appear to be various mixtures of the 
spectra orthogonal to the weak polarization. A notable feature 
is the extreme variability of the relative intensities of the 1020), 
1200), and 11 10) bands in the various orientations. While the 
band intensities differ in the various orientations, no new bands 
appear. For this reason we consider that we have recorded all 
the essential details in the spectra of both substances. 

Spectra of HOH in crystals 
The principal spectral bands used in the subsequent discussion 
are found in Table 2. 

The two stretch plus bend combination (v + 6) bands are 
found at 4924 and 5030 cm-I (Cs) and at 4934 and 4989 cm-' 
(Rb) (trace (a )  in Figs. 2 and 3). As expected, the separation 
between the two bands (106 cm-' (Cs) and 55 cm-' (Rb)) 
closely matches the separations observed between the two 
fundamental stretches (104 cm-' (Cs) and 60 cm-I (Rb)). 

The first stretch overtone (2v) absorptions lie at 6307,6555 
cm-' (Cs) and 6328,6469 cm-' (Rb). The band at 6555 cm-' 
(Cs) shows weak satellite peaks lying about 46, 82, and 104 
cm-I to higher energy. Similar, but less well-defined, satellites 
are found above the 6469 cm-' (Rb) band. These have been 
assigned (4) to lattice or hydrogen-bonding modes (see Fig. 
4). The high-energy 11 10) combination at 6758 cm-' (Cs) and 
6727 cm-I (Rb) is broad and appears to be multiple. The extra 
features may be due to excitations of single stretch quanta on 
neighboring water molecules. 
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Walker and McCarthy 

Fig. 2. Crystal spectra (4600-5200 cm-I) of the orthogonal 
polarizations of Rb,MnC1,.2X20 (X = H, D) at 10 K; (a )  
contains no D20; deuteration increases from (b) to the highly 
deuterated (4. 

I I 
4600 4700 4800 4900 5000 5100 5200 

WAVENUMBER 

Each compound shows a set of ver weak bands (not shown 7 .  in the figures) in the 7460-8475 cm- region due mainly to 2v 
+ 6. Three principal peaks of the Cs spectrum (7869,8 116, and 
8320 cm-') and two of the Rb spectrum (7890 and 8033 cm-') 
have been used in the local-mode calculations discussed 
below. The separation between the principal bands within this 
manifold closely mirrors the separation between the bands in 
the stretch overtone manifold. 

Fig. 3. Crystal spectra (4600-5200 cm-') of the orthogonal 
polarizations of Cs2MnC1,.2X20 (X = H, D) at 10 K; (a )  
contains no D20,  (c )  is highly deuterated, and (b) is 
intermediate. 

4600 4700 4800 4900 5000 5100 5200 

WAVENUMBER 

We were able to observe resolved second overtone (3v) 
absorptions only in a 2 mm thick crystal of Cs,MnC1,.2H20 
(Fig. 5). The spectrum is at most 0.004 as strong as the stron- 
gest bands in the 2v region. One maximum, representing a 
stretch combination band, corresponds rather well to expecta- 
tion (see Table 2). The nature of the other two peaks is not 
clear; one may be the other combination band. The local 
modes 1300) and 1030), however, appear to be unobservably 
weak. 

In gas-phase water, within a given manifold, stretch combi- 
nations are generally weaker than the stretch overtones. In 
several crystals that we have examined, the stretch combina- 
tions are of comparable intensity to the overtones in certain 
polarizations (2, 3), and in one case (4) they are more intense 
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Fig. 4. Crystal spectra (5700-6900 cm-I) of the orthogonal 
polarizations of M,MnCI4.2HOD and M,MnC14.2H,0 (M = Cs, 
Rb) at 10 K. The HOD spectra represent an intermediate degree of 
deuteration. The bands marked p are due to the polarizers. 

WAVENUMBER 

than the overtones. This effect may be attributable to modifi- 
cations in the dipole moment operator due to hydrogen bond- 
ing. 

Spectra of HOD and DOD in crystals 
The principal maxima of the D20  molecule are listed in Table 
3, while those due to HOD may be found in Table 4. The spec- 
tra of the deuterated compounds are quite complex, since the 
crystals contain some H,O and HOD in addition to D20. 
Although each of these has a distinct spectrum, bands from 
different species often lie in the same region and even overlap. 
In spite of this, however, rather secure assignment of many 
features is possible. Each assignment has been made on the 
basis of (i) the energy of the band, (ii) its change in intensity 
with increased deuteration, and (iii) the relative intensity of the 
band in the two polarizations. 

For water on general sites, replacement of a proton by a deu- 
teron can occur in two physically distinct ways; the two result- 
ing isotopomers, i.e., H10D2 and D,0H2, have distinctly 

Fig. 5. Crystal spectrum (9600-10100 cm-I) of the strong 
polarization of Cs,MnC1,.2H20 at 10 K. 

. . . . I . , . ,  

9600 9700 9800 9900 10000 10100 
WAVENUMBER 

Table 3. Calculated and observed energies and local-mode 
parameters for M2MnC1;2D,0 (M = Cs, Rb). 

M = Cs M = Rb 

Obsd." Calcd. Obsd." Calcd. ~ssignrnent" 

1191 1191 
2364 2364 
2447 2447 
2542 2542 
4746 4757 
4880 4877 
5019 501 1 
590 1 5890 
6007 6010 
6135 6143 
RMS 6.36 

Local-mode parameters' 

"All data in cm-I. Data below 4000 cm-' from ref. 9. 
bThe three digits in the ket represent the number of quanta of OD,, OD, 

stretches and DOD bend, respectively. 
'All parameters in cm?. Standard deviations in parentheses. 

different bending frequencies and stretch combination fre- 
quencies (Table 4). The spectra show a pair of bands at 3880, 
3925 cm-' (Rb) and 3864,3953 cm-' (Cs), which grow on the 
addition of H20. They can be assigned to the voD + 6HoD.cOm- 
binations in the two HOD isotopomers. Other bands in the 
region that are sensitive to the D M  ratio are probably various 
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Table 4. Calculated and observed energies and local-mode parameters for M,MnC1;2HOD (M = Cs, Rb). 

Obsd." Calcd. Obsd." Calcd. 

Assignment" 

HiOD, D,OH, 

1421 
1437 
246 1 
2527 
2822 
2853 
3316 
3412 
3864 
3953 
4742 
4742 
4829 
4929 
5 849 
5884 
6158 
6343 
6352 
6579 
7783 
7982 
RMS 

"All data in cm-I. Data below 4000 cm-I from ref. 9. 
*For HIODZ, the three digits in the ket give the number of quanta of OH,, OD2 stretches and H,0D2 bend, respectively. For D,OH,, the 

three digits in the ket give the number of quanta of OD,, OHZ stretches and D,OH, bend, respectively. 
'All parameters in cm-I. Standard deviations in parentheses. 

combinations of the type voH + pHOD. None of these is shown 
in the figures. 

Figure 2 shows the spectra of four crystals of the Rb com- 
plex with different D/H ratios. The assignment of most of the 
bands is given in Tables 3 and 4. The significant band at 4827 
cm-' is probably one of the v + 26 bands of D20.  We can make 
no assignment for the features at 4665 and 4890 cm-'. 

In Fig. 3 are the spectra of three crystals of the Cs complex 
with different D/H ratios. Since these spectra contain fewer 
bands than the analogous Rb spectra, there appears to be more 
overlapping of bands with resulting multiple assignments. The 
assignments are given in Tables 3 and 4. While we have 
assigned the 4929 cm-' band to 1200) of D10H2, its intensity 
appears anomalous, and it may contain v + 6 of H20. Since it 

remains very strong in the most deuterated crystal, it probably 
contains other absorptions as well. We can make no assign- 
ments for features at 4953 cm-' (trace (a)), 4769 cm-' (trace 
(b)), and 4977 and 5084 cm-' (traces (b) and (c)).  

In the partly deuterated crystals the doublet at 5833, 5852 
cm-' (Rb) and 5849, 5884 cm-' (Cs) is due to voH + voD in 
HOD molecules (see Fig. 4). The spectra do not appear to 
show any extra bands due to excitations on adjacent HOD 
units. 

In both of the compounds, as H is replaced by D, the 1020) 
and 1200) bands of H 2 0  weaken and are replaced by the corre- 
sponding bands in HOD. These uncoupled modes are seen in 
Fig. 4 at 6352 and 6579 cm-' (Cs) and 6360 and 6489 cm-' 
(Rb); they lie about 2 M 5  cm-' higher in energy than the cor- 
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respondino bands in H,O. The bands at 6579 cm-I (Cs) and 
P 6489 cm- (Rb) show weak satellites similar to those associ- 

ated with the coupled modes. 
In the 5900-6320 cm-' region most of the remaining bands 

are assigned to 2v + 6 of D,O and 2vo, + 6 of HOD, as can be 
seen in Tables 3 and 4. In the Rb spectrum only the band at 
6075 cm-' cannot be assigned. In the more complex Cs spec- 
trum, bands at 5962,6030,6116, and 6343 cm-' remain unas- 
signed. 

Local-mode parameters 
The procedures used to obtain the local-mode parameters are 
well documented (4); the parameter sets for HOH and DOD 
may be found at the bottom of Tables 2 and 3, respectively. 
Those for DOD are in general less certain than those for HOH 
or for HOD (Table 4) due to the much smaller data sets avail- 
able in these crystals. 

A total of 18 parameters is needed in order to describe the 
spectra of HOD at the level of theory used for H,O. Questions 
of physical significance arise when attempting to analyze crys- 
tal spectra using such large parameter sets. Some simplifica- 
tion is possible by replacing the small Xsb and Xb parameters 
for each isotopomer by single global fitting parameters. In 
addition, since the A-coupling has almost no effect on the com- 
puted stretch frequencies in HOD, this parameter was dropped 
from the treatment entirely. The resulting 12-parameter model 
gives a good fit to the many observed HOD features (Table 4). 

Fermi resonance 
Since local-mode parameters are properties of individual 
chemical bonds, they should not change when oscillators such 
as OH are transferred from an H20 to a HOD environment. As 
a consequence, the average energy (barycentre) of the 
observed OH stretch fundamentals in H,O and HOD should be 
the same. This is very nearly true for water in the gas phase 
(17, 21), and in crystals such as K,SnC14.H20, where the 
effects of hydrogen bonding are small (22). Comparison of the 
IR spectra of the more strongly hydrogen-bonded BaCl2,2H,O 
with its HOD analogue indicates, however, that the OH bary- 
centres are on the average 5 cm-I different (2, 3). In 
Cs,MnCl4.2H2O this effect is especially clear; the barycentre 
of the H,O stretch fundamentals (3378 cm-I) is considerably 
increased relative to the HOD barycentre (3364 cm-I). 

In addition, the energies of the first overtone bands in 
BaC12.2H20 and CsMnC13.2H20 are markedly lower in 
energy than those of the HOD analogues (2-4). The crystals in 
this report show similar behaviour. These spectral variations 
cannot be accounted for by A-coupling. 

By contrast, the OD barycentres in DOD and HOD are usu- 
ally the same within experimental error in most hydrogen- 
bonded crystals. This observation is by no means restricted to 
H,O. In a study of a series of isotopically substituted ethyl- 
enes, substantial Fermi resonance was found in the CH spec- 
tra, but none was detectable in the CD spectra (18). An 
explanation for these phenomena has not been provided, but 
may lie in the interplay between kinetic and potential energy 
contributions to the Fermi resonance term. 

Preliminary fitting of the HOH spectrum using a single 
Fermi resonance parameter has been undertaken, using the 
HOH and HOD data sets for the crystals in this study. Values 
close to 70 cm-' for this parameter give a very good fit to the 

observable bands in the stretch fundamental and overtone (V= 
1,2) manifolds. The fit to the V= 312 (e.g., v + 6), and V= 512 
(e.g., 2v + 6) manifolds is, however, not as good. 

The issue of Fermi resonance in these and other hydrogen- 
bonded crystals will be taken up in a future article. 

Conclusions 

Due to the low symmetry of the space group, we could not cor- 
relate the spectral properties of the OH, and OH, oscillators 
with the two distinct oscillators from Table 1 on the basis of 
polarization of the bands. Correlations of local-mode parame- 
ters with hydrogen-bond distances may not be meaningful for 
many crystals, since the O-H...Cl grouping is often not iso- 
lated from its neighbours. For example, from our study of 
CsMnC13.2H,0, the local-mode parameters are found to be 
very similar (4), but they do not reflect the very disparate 
hydrogen-bond distances reported for this compound (7, 23). 
And in the present instance, the rather large difference in 
O...Cl distances for Rb,MnCl4.2H,O as compared with the rel- 
atively small difference in the Cs analogue is not reflected in 
the "best-fit" local-mode parameters. This is doubtless due in 
part to the fact that there are 12 distinct configurations of the 
O..C1..0 group with an angle between 98" and 121" and with 
the two O..C1 distances less than 4 A. Any or all of these inter- 
actions might influence the spectroscopic parameters to some 
extent. 

A perusal of the local-mode parameters for 
M,MnC14.2XOY (M = Cs, Rb; X, Y = H, D) listed in Tables 
2-4 reveals the following relations and trends: 

1. In general, the values of the OH stretch anharmonicities 
show little variation between Cs and Rb salts. The difference 
between XI and X, appears to be real. The values reported in 
Table 2 for the H,O data set are somewhat more negative than 
those for HOD in Table 4. All are much larger in absolute size 
than those computed for gas-phase water (ca. -80 cm-I) (19, 
20); this appears to be a consequence of hydrogen bonding. 
Some modification of the Morse oscillator model, perhaps the 
inclusion of an attractive potential term that reflects the pres- 
ence of the negatively charged acceptor ion, could explain 
these deviations. 

2. The value of w, for the OH oscillator in the Cs compound 
is significantly larger than for w,, indicating the presence of a 
weaker hydrogen bond than is found in the Rb compound. The 
remaining harmonic stretch frequencies are comparable. 

3. The w values in HOH are larger than those in HOD. The 
same trends are observed in BaC1,.2X20(X = H, D) for three 
of the four distinct OH oscillators (3) as well as in 
CsMnC13.2X,0(X = H, D) (4). In this latter case all the values 
are not given explicitly in the reference but can be calculated 
from the data presented there. 

4. For the HOD species the difference between the two ob 
parameters for the Cs complex is greater than between the two 
values for the Rb complex. This correlates with the values 
observed for the bending vibrations for the two complexes. 

5. The A-coupling in the D,O complexes is smaller than the 
value calculated for D,O in the gas phase (ca. -60 cm-I) (19). 
This was also found for BaCl2.2X,O (2, 3), and is a conse- 
quence of hydrogen bonding. 

The value of zero calculated for the A-coupling in 
Cs,MnCl4.2H2O is a direct consequence of the energy of the 
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observed 11 10) state being less than the sum of the 1100) and 
1010) energies. This is in turn a direct consequence of the inter- 
action of the two stretch fundamentals with the first bend over- 
tone (26) via Fermi resonance. A similar problem occurs in the 
Rb salt; the value of A is artificially low as a result. Obtaining 
accurate values of A will be the subject of a future article. 

6. The average of the ratios for w d w H  and X d X H  in the 
complexes of both metals are, respectively, 0.722 ? 0.013 and 
0.530 ? 0.058. These are very close to the theoretical values 
for a Morse oscillator, namely, 0.728 and 0.529. 

7. The parameter Xsb for the H 2 0  and D 2 0  complexes is sig- 
nificantly larger in absolute size (-28 ? 3 cm-I) than is 
observed in gas-phase water (- 17 cm-') (21). On the other 
hand, Xsb is barely significant (-5 cm-') in the HOD spectra of 
M2MnC1,.2H20. The physical significance of these trends is 
not known at present; the effect may be related to hydrogen 
bonding. 

8. Finally, it is worth noting that the detailed study of the 
combination bands can permit each observed HOD bend mode 
to be assigned to a specific HOD isotopomer. This requires 
that the two bend frequencies be quite different in energy, as 
they are in the Cs salt. Such assignments cannot be made based 
on fundamental data in the bend region alone. 

Spectra in the overtone region seem to be especially sensi- 
tive to small changes in the environment of the OH oscillators, 
even in isomorphous salts. Some possible reasons for the dif- 
ferences in the spectra of the Cs and Rb salts in the fundamen- 
tal region have already been outlined (9). We note that on 
replacing Rb with Cs, there is a detectable increase in the unit 
cell volume. A closer look shows that the 0 and c cell edges 
increases more than the a edge, making the lattice expansion 
effect distinctly anisotropic (Table 1). There is undoubtedly a 
subtle shift in the relative dispositions of the complex anions to 
accommodate the larger alkali cation. The spectra indicate that 
one hydrogen bond, that formed by oscillator no. 1, is weak- 
ened as a result of this readjustment. OHA is almost exactly 
parallel to the crystal 0-axis, which joins together the two com- 
plex units in adjacent cells. It would be the more sensitive to 
the forcing apart of these complex ions. An accurate neutron 
diffraction study of the title compounds would be invaluable in 
pinning down these subtle changes in hydrogen-bond dis- 
tances. Quantitative correlations of local-mode parameters 

I 

with hydrogen-bond geometry, even in isostructural systems, 
must await the development of a more complete theory for the 
0-H...Cl hydrogen bond. 
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The effect of ortho and para substituents on 
the formation of the E and Z isomers of the 
arylhydrazones obtained from diazonium 
coupling with methyl 3-aminocrotonate and 
3-aminocrotononitrile 

Abstract: Reaction of arene diazonium salts with 3-aminocrotononitrile or methyl 3-aminocrotonate affords the 2-aryl- 
hydrazono-3-oxobutanenitrile (1  or 3 and 3') or the methyl 2-arylhydrazono-3-oxobutanoate (2 and 2' or 4 and 4'). A series of 
these hydrazones has been prepared with a range of electron-withdrawing and -donating substituents in the ortho orparn position 
of the aryl moiety. The hydrazones have been characterized by spectroscopic methods, with emphasis on the 'H NMR spectra, 
which have been used to determine the configuration of the hydrazones as E or Z or a mixture of the two. The para-substituted 
hydrazononitriles (1) are formed as a single species, namely the Z isomer, whereas the ortho isomers are formed as a mixture of 
E and Z configurations (3 and 3'). The hydrazonobutanoates (2 and 2' or 4 and 4') are formed as E n  mixtures regardless of the 
position of the substituent in the aryl moiety. Complete assignments of all signals in the 'H NMR spectra have been made on the 
basis of the ability of the various substituents to participate in intramolecular hydrogen bonding and a mechanism is proposed to 
account for the variations in the proportions of E and Z isomers and the effect of the nature of the substituent on this ratio. I3c 
NMR spectra of selected hydrazones have been recorded as an aid to structure assignment. 

Key words: hydrazone, diazonium, NMR spectroscopy, E n  isomers, crotonic acid derivatives. 

RbsumC : La rCaction des sels d'arkne diazonium avec le 3-aminocrotonitrile ou le 3-aminocrotonate de mCthyle conduit au 
2-arylhydrazono-3-oxobutanenitrile (1  ou 3 et 3') ou le 2-arylhydrazono-3-oxobutanoate de mtthyle (2 et 2' ou 4 et 4'). On a 
prCparC une sCrie de ces hydrazones portant, en positions ortho ou para  de la portion aryle, une variCtC de substituants ayant des 
caractkres plus ou moins tlectroattracteurs ou Clectrodonneurs. On a caractCrisC les hydrazones par des mCthodes 
spectroscopiques, en particulier h l'aide de la RMN du 'H qui a CtC utilisCe pour dtterminer que la configuration est E ou Zou un 
melange des deux. Les hydrazononitriles substituCs en para  (1) existent principalement sous la forme d'une seule espkce, 
l'isombre Z, alors que les isombres ortho foment  un mClange des configurations E et Z (3  et 3'). Les hydrazonobutanoates (2 et 
2'ou 4 et 4') conduisent 21 des melanges Enque l l e  que soit la position du substituant dans la portion aryle. On a pu attribuer tous 
les signaux des spectres RMN du 'H se basant sur la capacitC des divers substituants a participer h des liaisons hydrogknes 
intramolCculaires et on propose un micanisme pour expliquer les variations dans les proportions des isomkres E et Z ainsi que 
l'effet de la nature des substituants sur ces rapports. Afin de faciliter l'attribution des structures, on a aussi enregistrC les spectres 
RMN du I3c d'hydrazones choisies. 

Mots clks : hydrazone, diazonium, spectroscopie RMN, isomkres E L ,  derives de l'acide crontonique. 

[Traduit par la rCdaction] 

Introduction 

In a previous report (I), the reaction of arene diazonium ions 
with 3-aminocrotononitrile (8a) or methyl 3-aminocrotonate 
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(8b) was found to afford either the 2-arylhydrazono-3-oxobu- 
tanenitriles (1) or the methyl 2-arylhydrazono-3-oxobuta- 
noates (2), respectively. The hydrazones were produced by 
diazonium coupling at the C2-vinylic carbon of the ap-unsat- 
urated ester or nitrile, followed by hydrolysis of the 3-amino 
substituent to the 3-0x0 derivative. All of the examplesin the 
previous study used arenediazonium ions with an electron- 
withdrawing substituent (NO,, CN, CO,R, CONH,, or Br) in 
the para position of the aryl moiety. In the present work, we 
have extended this study to include electron-donating groups 
in the aryl moiety and we have also prepared the ortho isomers 
of all the hydrazones in this series. This paper reports the syn- 
thesis and characterization of an extended series of ortho- and 
para-substituted arylhydrazones, with an analysis of the 'H 
NMR spectra with respect to the effect of the substituent on 
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Jollimore et al 

Table 1. Physical data and yields of the 2-arylhydrazono-3-oxobutane nitriles ( 1  and 3 )  and the methyl 2-arylhydrazono-3-0x0 
butanoates ( 2  and 4 ) .  

Yield Melting point 
Compound X (%) ("c) Solvent 

l e  CONH, 94 255-257 EtOH 
If COMe 89 203-205 EtOAc 
l h  Me 9 1 171-174 EtOAc 
1  i OMe 92 123-124 EtOAc 
l j  H 89 161-162 CCI, 

NO, 
CN 

C0,Me 
C0,Et 

CONH, 
COMe 

Br 
Me 

OMe 

EtOAc 
EtOH 
EtOAc 
CCI, 
EtOH 
EtOAc 

Hexanes 
Hexanes 
Hexanes 

2c C0,Me 93 158-160 EtOAc 
zf COMe 85 118-120 EtOAc 
2h Me 9 1 78-80 Hexanes 
2i OMe 65 65-69 Hexanes 

z j  H 64 49-55 Hexanes 

NO, 
CN 

C0,Me 
CO?Et 
COMe 

Br 
Me 

OMe 

EtOAc 
EtOH 

Hexanes 
Hexanes 
EtOAc 

Hexanes 
Hexanes 
EtOAc 

5 3-Pyridyl 59 186188 EtOH 

the relative amounts of the E and Z isomers of the hydrazones 
produced in the coupling reaction. 

Experimental 

All reagents were reagent grade materials purchased from the 
Aldrich Chemical Co. Ltd., and were used without further 
purification. Melting points were determined on a .Reichert 
hot-stage microscope and are uncorrected. Infrared spectra 
were obtained using Nujol mulls, unless otherwise indicated, 
on a Perkin Elmer 299 spectrophotometer. 'H and I3c NMR 
spectra were obtained on the Bruker 250 and AMX400 MHz 
spectrophotometers of the Atlantic Region Magnetic Reso- 
nance Centre at Dalhousie University. Chemical shifts are rel- 
ative to TMS (1%) internal standard. 

2-Arylhydrazono-3-oxobutanenitriles (1 and 3) and 
Methyl 2-arylhydrazono-3-oxobutanoates (2 and 4) 

General procedure 
These compounds were prepared by the general procedure 
described previously (1). This procedure was successful in the 
preparation of the 2-(3'-pyridy1)-hydrazono-3-oxobutaneni- 
trile (5) when 3-aminopyridine was used as the arylamine. 

Table 1 shows the yields and physical data of the new 
hydrazones prepared for this study. The yields reported in 
Table 1 are those of the crude products; the melting points in 
Table 1 are those measured after recrystallization to constant 
melting point. Tables 2-6 list the complete spectroscopic data 
for all the hydrazones in these series, including those reported 
previously (1) for comparison. The percentages of E and  Z 
isomers reported in Tables 3 and 4 represent the composition 
of the crude product as calculated from the relative integra- 
tions in the 'H NMR spectra. In most cases of E- and Z-hydra- 
zone mixtures, the isomers did not separate on TLC plates and 
the isomers cocrystallize when recrystallized, as indicated by 
the essentially unchanged 'H NMR spectra of the recrystal- 
lized materials. The only cases where two spots were evident 
on TLC plates were the crude products of compounds 4d, 4e, 
4f, and 4g, but even in those cases recrystallization did not 
effect a separation of the isomers. 

2-(ortho-Carbamoylpheny1hydrazono)-3- 
oxobutanenitrile (3e) 

Modified procedure 
Anthranilamide (0.0 1 mol) was dissolved in 10 M hydrochlo- 
ric acid (40 mL) and the solution cooled to 0°C. The cold solu- 
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tion was diazotized with sodium nitrite (0.01 1 mol) in water 
and the resulting mixture stirred for 0.5 h. The diazonium salt 
solution was filtered and treated with a cold solution of 3-ami- 
nocrotononitrile (0.01 1 mol) dissolved in 2 M hydrochloric 
acid (1 equiv.) After stirring for 1 h in the cold, the solution 
was made alkaline with aqueous sodium bicarbonate solution, 
whereupon the yellow product precipitated immediately. The 
precipitate was filtered, dried, and recrystallized from a mix- 
ture of ethyl acetate and ethanol to afford the hydrazone (3e), 
mp 252-254°C. 

Results and discussion 

Reaction of the diazonium ion (7) with 3-aminocrotononitrile 
(8a) or methyl 3-aminocrotonate (8b) affords excellent yields 
of the 2-arylhydrazono-3-oxobutanenitriles (1 or 3 and 3') or 
the methyl 2-arylhydrazono-3-oxobutanoates (2 and 2' or 4 
and 4'). The reaction works equally well with ortho- or para- 
substituted arenediazonium ions; slightly lower yields are 
observed for compounds 2/2'i, 2'j,4/4'g, and 4'h, which have 
electron-releasing groups in the aryl moiety. A modified pro- 

X: a =  NO, f  = COMe 

b = C N  g =  Br 

c = C0,Me h =  Me 

d =  C02Et i =  OMe 

e = CONH, j =  H 

cedure, derived from the work of Siddiqui and Stevens (2), 
was used for the preparation of the ortho-carbamoylphenyl 
diazonium ion en route to the 2-(ortho-carbamoylphenylhy- 
drazono)-3-oxobutanenitrile (313'e); strongly acid conditions 
are required to prevent cyclization of the intermediate diazo- 
nium ion. The nitrile series was extended to include the 3- 
pyridylhydrazone (5). 

Table 1 shows the frequency of the principal bands in the IR 
spectra of these hydrazones. The para-substituted 2-arylhy- 
drazono-3-oxobutane-nitriles (1) have a single NH absorption 
in the range 3180-3220 cm-I, nitrile absorption at 2170-2190 
cm-', and ketone carbonyl at 1640-1660 cm-I. In the ortho- 
substituted isomers (3  and 3') the NH absorption band is 
shifted slightly to lower frequency; the nitrile and carbonyl 
absorption bands are largely unchanged. The methyl 2-arylhy- 
drazono-3-0x0-butanoates (2 and 2' or 4 and 4') have a lower 
frequency NH absorption and an ester carbonyl band at higher 
frequency than the ketone carbonyl band. All compounds 
show the appropriate bands for the functional group present in 
the aryl substituent (X). 

Table 2 shows the 'H NMR chemical shifts of thepara-sub- 
stituted 2-arylhydrazono-3-oxobutanenitriles (la-i), includ- 
ing data previously reported (1) for comparison. It is 
immediately obvious that these hydrazones are formed in a 
single stereochemical form, namely, as the intramolecularly 
hydrogen-bonded Z isomer shown in structure 1. The evidence 
for assignment of the Z configuration to these products is 
unequivocal: (i) firstly, the intramolecular hydrogen bond pro- 
vides stabilization compared to the E isomer (not shown), 
which cannot form an intramolecular hydrogen bond; (ii) the 
chemical shift of the NH proton, 12.20-12.55 ppm, is con- 
sistent with hydrogen bonding to a ketone-carbonyl oxygen 
atom (3). In geometric isomers of hydrazones that preclude 

X: a=  NO, f = COMe 

b=CN g=Br 

c=CO,Me h=Me  

d = C0,Et i =  OMe 

e=CONH, j =  H 

X: a=NO, e = COMe 

b=CN f =  Br 

c=CO,Me g=Me  

d = C0,Et h = OMe 

N-H...O=C hydrogen bonding, the NH chemical shift is 
around 9 ppm (4). The NH chemical shift in this series of 
hydrazones shows a progressive shift to lower frequency as 
the substituent is changed from strongly electron withdrawing 
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Table 2. 'H NMR chemical shifts of the pnra~substituted 2-2-arylhydrazono-3-oxobutanenitriles (1). 
- 

CH, 
Compound X Solvent" NH Aromatic (AA'BB') ketone X 

NO2 
CN 

C02Me 
C0,Et 

CONHz 

COMe 
B r 
Me 

OMe 

"Solvent: (c) chloroform-& (d) DMSO-d,. 

Table 3. 'H NMR chemical shifts of the ortho-substituted 2-arylhydrazono-3-oxobutanenitriles (3). 

Aromatic CH3 Aromatic CH, 
Compound Solvent" X % NH multiplet ketone X % NH multiplet ketone X 

COMe 
Br 
Me 

OMe 
H 

3-Pyridyl 

"Solvent: (a) acetone-d,; (c) chloroform-& (d) DMSO-d,. 

high-frequency NH resonance being assigned to the intramo- 
lecularly hydrogen-bonded Zisomer (3). In most cases, the sig- 
nals from the acetyl methyl protons are resolved, and most of 
the aromatic multiplets of the two isomers can be discerned. 
The chemical shift of the NH proton in the E isomer (3') cor- 
relates well with the nature of the X substituent, i.e., with its 

(NO, in l a )  to electron releasing (OMe in li), accompanied by 
a shift to lower frequency in the chemical shift of the protons 
in the methyl ketone moiety. 

The ortho-substituted 2-arylhydrazono-3-oxobutanenitriles 
(3a-i) are formed as mixtures of E and Z isomers (3 and 3'). 
The principal evidence for this is the 'H NMR spectrum, which 
clearly shows the signals from both isomers. Table 3 shows the 
chemical shift assignments for the E and Z isomers of hydra- 
zones 3a-i. All 'H NMR spectra show two NH signals, the 

ability to hydrogen bond. When X is not able to form a strong 
hydrogen bond with the hydrazone NH, i.e., when X = H, Br, 
Me, or OMe, the chemical shift of the NH proton is at low fre- 
quency in the range 9.2-9.7 pprn as expected (3). In contrast, 
when the X substituent can form a strong intramolecular 
hydrogen bond, i.e., when X = NO,, CO,R, CONH,, or COMe, 
the chemical shift of the hydrazone NH shifts back to the range 
12-13 ppm, which is similar to the observed chemical shift of 
the NH in the para-substituted Z isomers (la-i). An interme- 
diate effect is seen when X is a cyano group, which would not 
be expected to hydrogen bond, but which might cause a shift of 
ca. 1 ppm by a field effect. 

The high-frequency NH signal in the NMR spectra of 3 is 
assigned to the Z isomer, and this chemical shift is similarly 
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dependent on the hydrogen-bonding ability of the substituent 
X. When X can form a strong intramolecular hydrogen bond, 
e.g., X = NO,, CO,R, CONH,, or COMe, the NH chemical 
shift is found at ca. 15.70 ppm, which is to be expected for the 
chemical shift of a hydrazone NH proton hydrogen bonded to 
two potential hydrogen-bonding groups (3) as shown, for 
example, in structure 6., In the hydrazones with non-hydrogen 

bonding ortho substituents (X = CN, Br, Me, OMe), the chem- 
ical shift of the Z-hydrazone NH proton is shifted to higher fre- 
quency, ca. 14.8 ppm, which is still at a higher frequency than 
the chemical shift of the NH proton in the Z isomer of thepara- 
substituted hydrazones (1). Thus, the ortho substituent (X) in 
the Z-hydrazone (3) may be exerting a steric effect on the 
alignment of the N-H..O=C hydrogen-bonding groups that 
brings the hydrogen and oxygen atoms closer together, 
strengthening the hydrogen bond and causing a shift of the NH 
proton signal to higher frequency. 

Table 3 also shows the percentage of each diastereomer in 
the crude hydrazone mixtures; the composition has been deter- 
mined from the relative integration of the signals in the 'H 
NMR spectrum, and the percentages averaged from the NH 
and ketone methyl proton signals, which were in close agree- 
ment. In general, the presence of an electron-withdrawing X 
substituent favours formation of the E isomer (3') and elec- 
tron-releasing groups favour the Z isomer (3), which might be 
explained by a substituent effect on the mechanism of hydra- 

' There is an alternative explanation for the extremely high 
frequency of the NH signals (ca. 15.70 ppm) in many of these 
hydrazones, one which does not appear to have been expressed in 
the literature before. Chemical shifts in the range 15-16 ppm have 
been associated with an enolic proton of such species as 
acetylacetone and other P-diketones (5b), and this suggests that 
some of these hydrazones may be present as the enolic tautomer 
such as that shown in structure 15,  Of course, structure 15 is also 
the azo-tautomer of the hydrazone, and, although it may not be 
wise to resurrect the old hydrazone vs. azo compound vs. ene- 
hydrazine question (6), it seems that we might be negligent in not 
pointing out the potential of a tautomeric species like 15 as a 
possible explanation for some of our observations. 

zone formation. However, an acceptable mechanism must also 
be able to account for the change from 100% preference for 
the Z isomer with para  substituents to the E n  mixtures 
observed with ortho substituents. 

A proposed mechanism, which may account for these 
observations, is shown in Scheme 1. Coupling of the diazo- 
nium ion (7) with the enamine (8) affords the arylazo-iminium 
ion (9), which deprotonates from the a-carbon to give the cru- 
cial intermediate arylazo-enamine (10). This rotamer (10) is 
ideally set up for an intramolecular proton shift, path (a), to 
give the 2-arylazo-3-imino derivative ( l l ) ,  which undergoes 
hydrolysis in the reaction mixture to give one isomer of the 2- 
arlhydrazono-3-0x0 derivative (12). The alternative pathway 
leads from the rotamer (10'); when Y = CN, this rotamer (10') 
cannot proceed via intramolecular proton transfer and pro- 
ceeds by intermolecular proton transfer, path (b), to give the 
isomeric 2-arylazo-3-imino derivative (13), which hydrolyzes 
to give the other isomer of the 2-arylhydrazono-3-0x0 deriva- 
tive (14). The assignment of E or Z configuration to the prod- 
ucts 12  and 14 depends on the nature and position of the 
substituent Y. 

This mechanism seems to explain the observed product dis- 
tribution. Reaction of the para-substituted arenediazonium 
ion (7) with 3-aminocrotononitrile (8 , Y = CN) proceeds 
directly through the pathway -+ 9 -+ 10 -+ 11 + 12  to give a 
single product, the Z-2-arylhydrazono-3-oxobutanenitrile (1). 
The formation of a single product is determined by two fac- 
tors: (i) the favourable entropy factor of the intramolecular 
process, path (a), over the intermolecular reaction, path (b); 
and (ii) the stability of the hydrogen-bonded product (12 = 1) 
over the non-hydrogen-bonded product 14. The presence of 
the substituent (X) in the ortho position of the intermediate 10  
interferes sterically with the electron lone pair on the adjacent 
nitrogen atom, which in turn prevents the efficient abstraction 
of the N-H proton in the intramolecular process, path (a). This 
allows time for the conformational change to the rotamer 
(lo'), resulting in formation of the isomer 14  in addition to 12. 
Thus reaction of the ortho-substituted arenediazonium ion (7) 
with 3-aminocrotononitrile affords a mixture of the E isomer 
(14 = 3') and the Z isomer (12 = 3). 

The mechanism in Scheme 1 also explains the substituent 
effect on the preference for the E or Z isomer, 3 or 3'. An elec- 
tron-withdrawing substituent in the ortho position of the inter- 
mediate 10  reduces the electron density at the adjacent 
nitrogen atom and thus slows down path (a), allowing path (b) 
to become predominant. Thus it appears that a combination of 
steric and electronic effects determines the relative proportion 
of products obtained from paths (a) and (b) in Scheme 1. 

Diazonium coupling with methyl 3-aminocrotonate (8, Y = 
C0,Me) affords a mixture of the E and Z isomers of the 
methyl 2-arylhydrazono-3-oxobutanoates (2 and 2' or 4 and 
4'). The formation of mixtures is evident in almost all cases, 
whether the substituent is in the ortho or para position as 
shown by the data in Table 4, which shows all chemical shift 
assignments for the protons in these hydrazones. Only two 
examples, 2j' and 4'h, show complete preference for one spe- 
cies, which is the Z isomer in each case. In general, the product 
distribution shows similar dependence on the nature of the X 
substituent as in the nitrile series. In the para- substituted 
series (212'~-i), the preferred form is the ketone-carbony1 
hydrogen-bonded isomer (2, the E isomer), but in the ortho- 
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Scheme 1. 

hydrolysis I 
hydrolysis 

substituted series (414'~-h) there is a switch in the order of 
preference with electron-releasing groups, which favour the Z 
isomer (4'f, 44', and 4'h); this substituent effect is opposite to 
that observed in the ortho-substituted arylhydrazonocrotono- 
nitrile series (313'~-i). 

Table 4 reveals a similar correlation of the chemical shift of 
the NH proton with the proximity of potential hydrogen-bond- 
ing groups. The E isomers of the para-substituted series (2a-i) 
show NH signals at 11.50-12.80 pprn, consistent with hydro- 
gen bonding to the neighbouring ketonic carbonyl function. 
The Z isomers of the same series (2'a-i) show NH signals 
shifted to higher frequency, ca. 14.7 ppm, which must reflect 
the stronger hydrogen bond between the hydrazone NH and 

the ester carbonyl oxygen. In the ortho-substituted series, the 
E isomers (4a-g) display the NH chemical shift at 14.G14.5 
pprn in the presence of an electron-withdrawing group as com- 
pared to 13.1 ppm for other ortlzo substituents. The Z isomers 
(4'0-h) have the NH signal shifted to higher frequency due to 
the stronger hydrogen-bonding effect of the ester carbonyl 
oxygen atom. 

The formation of both E and Z isomers (2 and 2' or 4 and 4') 
is consistent with the mechanism in Scheme 1, when Y = 
C02Me. The driving force would appear to be the presence of 
the intramolecular hydrogen bond in both products (14 and 13, 
Y = C02Me), as a stabilizing influence that seems to override 
the entropy factor of the intramolecular process in path (a). 
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Table 4. 'H NMR chemical shifts of the ortho- and para-substituted methyl 2-arylhydrazono-3-oxobutanoates (2 and 4). IU 
0, 

E Isomer (2 or 4) Z Isomer (2' or 4') 

CH, OCH, CH3 0% 
Compound Solvent" X % NH Aromatic ketone ester X % NH Aromatic ketone ester X 

NO, 
CN 

C0,Me 
C0,Et 

CONH, 
COMe 

Br 
Me 

OMe 
H 

NOz 
CN 

C0,Me 
C0,Et 

COMe 
Br 
Me 

OMe 

- 28 
- 15 
3.37 12 
1.40(t) 20 
4.39(q) 
5.89 (br) 40 
2.39 33 
- 30 
2.31 44 
3.81 32 

100 

- 5 
- 27 
3.99 25 
1.43(t) 10 
4.47(q) 
2.70 25 
- 95 
2.38 90 

100 

15.77 7.17-8.14(m) 
14.94 7.01-7.88(m) 
15.09 7.09-7.82(m) 
14.93 6.90-7.17, 7.77-7.81 (m) 

- 

- 

3.39 
1.40(t) 
4.39(q) 
5.71 (br) 
2.39 
- 

2.31 
3.81 
- 

- 

- 

4.01 
1.43(t) 
4.47(q) 
2.69 
- 

2.38 
3.87 

"Solvent: (a) acetone-d,; (c) chloroform-d; (d) DMSO-d,. 
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Table 5. "C NMR chemical shifts of selected 2-arylhydrazono-3-0x0 butanenitriles (1 and 3) in DMSO-d,. 

Compound X Aromatic C=O C=N CN CH3 X 

l b  p-CN 145.4(Cl) 192.6 1 10.45 1 16.7 24.7 106.3 
116.8(C2,6) 
1 18.9(C3,5) 
133.8(C4) 

l e  p-CONH, 144.1 192.8 1 10.4 114.8 24.7 167.2 
1 15.6 
129.0 
130.3 

If p-COMe 145.5 192.7 110.6 115.4 24.7 26.6 Me 
115.8 196.5 C=O 
130.0 
132.9 

l h  p-Me 139.65 192.6 111.1 115.4 24.6 20.5 
1 16.2 
129.9 
134.4 

l i  p-OMe 157.0 192.6 1 1  1.3 112.4 24.5 55.4 
114.7 
117.7 
135.5 

3b 0-CN 143.7 192.9 110.1 116.5 25.2 117.3 
(in acetone) 135.5 

135.1 
126.0 
119.1 
101.1 

3c o-C02Me 144.0 192.5 110.6 115.1 24.6 53.2 OMe 
(in acetone) 136.0 168.8 C=O 

131.9 
124.7 
1 18.9 
1 16.4 

A selected number of these hydrazones were analysed by 
13c NMR spectroscopy to provide additional corroboration of 
structure. Tables 5 and 6 record the I3c NMR data obtained for 
these compounds. The pairing of signals seen in the 'H NMR 
spectra is not routinely observed in the 13c NMR spectra under 
standard ~rocedures. The chemical shifts observed in cases 
where a major species is predominant are those of the major 
species, which makes unequivocal peak assignment using 
additivity rules (5a) possible. Compounds 212'c and 2121fcon- 
tain two carbonyl groups that cannot be unambiguously 
assigned by simple inspection of the 13c NMR spectrum. This 
problem was overcome using the 2-D NMR technique, 
Heteronuclear Multiple Bond Correlation (HMBC) spectros- 
copy, which shows the presence of coupling between the sub- 
stituent carbonyl carbon and the aromatic protons ortho to it in 
the form of a crosspeak. 

In the HMBC spectrum of 2/2'c, the signal at 165.8 ppm 
shows long-range coupling to aromatic protons in the form of a 
cross peak; thus the 165.8 ppm signal is assigned to the ester 
carbonyl group attached to the aromatic ring and by inference 
the signal at 162.7 ppm is assigned to the ester carbonyl carbon 

of the butanoate moiety. Having made these assignments for 
compound 2/2'c, the analogous assignments for compound 41 
4'c (the ortho isomer of 212'~) followed logically without the 
necessity for a separate HMBC experiment. In the HMBC 
spectrum of 212% the signal at 196.4 ppm shows long-range 
coupling to aromatic protons in the form of a cross peak, thus 
enabling the assignment of this signal to the carbonyl carbon 
of the para-acetyl substituent and, hence, the assignment of 
the signal at 193.9 ppm to the carbonyl carbon of the 3-0x0 
substituent. 
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Table 6. ',C NMR chemical shifts of selected methyl 2-arylhydrazono-3-oxobutanoates (2 and 4) in DMSO-d, 

C=O C=O 
Compound X Aromatic ester ketone C=N 0-CH, C-CH, X 

162.7 193.9 133.4 51.9 25.2 52.4 OCH, 
165.8 C=O 

162.8 193.9 133.3 52.4 25.3 26.5 OMe 
(52.0) 196.4 C=O 

161.8 193.6 134.7 52.0 26.4 52.4 OMe 
(166.0) (195.0) (30.4) 166.6 C=O 
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The photochemistry of 3,3',4,4'-tetramethoxy- 
and 4-hydroxy-3,3',4'-trimethoxystil bene - 
models for stilbene chromophores in 
peroxide-bleached, high-yield wood pulps 

William J. Leigh, T. Johnathan Lewis, Vincent Lin, and J. Alberto Postigo 

Abstract: The photochemistry of the title compounds has been investigated in ethanol and tetrahydrofuran solution under 
aerobic and anaerobic conditions. Direct irradiation of trans-3,3',4,4'-tetramethoxystilbene (tra~zs-1) in deoxygenated ethanol 
leads to the rapid establishment of a photostationary state with the cis isomer, and the slower formation of the ethyl ether 
corresponding to addition of ethanol across the olefinic C=C bond and cyclobutane dimers. The same products are formed upon 
photolysis in the presence of oxygen under the same conditions but, in addition, two isomeric tetramethoxyphenanthrenes and 
3,4-dimethoxybenzaldehyde are formed. Photolysis of trans-1 in oxygenated tetrahydrofuran leads to the same products in 
different relative yields. Quantum yields for cis,rra~ls photoisomerization, phenanthrene formation, and addition of ethanol have 
been determined by ferrioxalate actinometry. Direct irradiation of trans-4-hydroxy-3,3',4'-trimethoxystilbene (tratls-2) in 
ethanol solution also results in rapid cis-tra~ls isomerization and the formation of (three) isomeric phenanthrene derivatives in 
photolyses carried out in the presence of oxygen, although the material balance is low. The various products of photolysis of 
trans-2 have been independently synthesized by desilylation of the products isolated from photolysis of trclns-4-tert- 
butyldimethylsiloxy-3,3',4'-trimethoxystbene (trans-3) under similar conditions. Fluorescence-quenching experiments have 
been carried out to determine the relative rates of quenching of the excited singlet states of trans-1 and tmtzs-2 by alcohols and 
oxygen. The formation of aldehydes is proposed to arise via reaction of superoxide ion with stilbene radical cations, which are 
formed by electron-transfer quenching of the stilbene excited singlet state by oxygen. 

Key words: stilbenes, lignin, photochemistry, photooxidation. 

RCsumC : On a CtudiC la photochimie des composCs mentionnks dans le titre en solutions dans 1'Cthanol et le titrahydrofurane, 
dans des conditions tant akrobiques qu'anakrobiques. L'irradiation direct du tmtzs-3,3',4,4'-tCtramkthoxystilbkne (tratzs-1) dans 
de 1'Cthanol dCsoxygCnC conduit h la crCation rapide d'un Ctat photostationnaire avec l'isomere cis et h une formation plus lente 
de l'tther Cthylique correspondant ii l'addition de 1'Cthanol sur la double liaison C=C olCfinique ainsi que des dimkres 
cyclobutanes. Les m&mes produits se forment lors de la photolyse dans les m&mes conditions, en prCsence d'oxygkne; toutefois, 
il se forme de plus deux tCtramtthoxyphCnanthrbnes isomkres ainsi que du 3,4-dimCthoxybenzaldthyde. La photolyse du tratzs- 
1 dans du titrahydrofurane oxygCnC conduit h la formation des m&me produits avec des rendements relatifs diffkrents. On a 
dCterminC les rendements quantiques de la photoisomCrisation cis, trans, de la formation du phknanthrkne et de l'addition de 
l'tthanol par actinomCtrie feriioxalate. L'irradiation directe du tmrzs-4-hydroxy-3,3',4'-trimCthoxystilbbne (trans-2) en solution 
dans 1'Cthanol effectuke en prtsence d'oxygkne conduit aussi h une isomCrisation cis-tmtzs rapide et ii la formation de (trois) 
dCrivks phenanthrknes isomkres, meme si la balance des produits est faible. Les divers produits de photolyse du tratzs-2 ont CtC 
synthCtists par des voies indkpendantes par dCsilylation des produits isolCs de la photolyse du rmtzs-4-tert-butyldimCthylsiloxy- 
3,3',4'-trimCthoxystilbbne (trans-3) dans des conditions semblables. On a effectuC des expkriences de dksactivation de la 
fluorescence pour dkterminer les vitesses relatives de dksactivation des ktats singulets excitCs des composCs tmns-1 et tmr~s-2 
par les alcools et l'oxygbne. On suggkre que la formation des aldehydes rCsulte de larkaction de l'ion superoxyde avec les cations 
radicaux du stilbkne qui se forment par une dksactivation du transfert d'Clectron de 1'Ctat singulet excitC du stilbkne par 
l'oxygkne. 

Mots clks : stilbknes, lignine, photochimie, photooxydation. 
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Introduction 

The development of an understanding of the mechanisms of 
the various chemical processes responsible for the photochem- 
ical yellowing of lignin-rich pulp and paper products, and dis- 
covering ways of inhibiting these processes, is a matter of 
considerable commercial importance and intense current inter- 
est (1). It is generally agreed that oxidative processes involv- 
ing the conversion of phenoxy radicals to quinonoid species 
represent the main contributor to photoyellowing, and various 
mechanisms for the formation of phenoxy radicals from pho- 
tolysis of the more abundant chromophore types present in lig- 
nin, such as a-phenoxycarbonyl and -benzyl alcohol moieties, 
have been proposed (2-7). 

Relatively little attention has yet been paid to the less-abun- 
dant chromophores that are present in lignin-rich papers as a 
result of condensation reactions that take place during alkaline 
bleaching processes. Castellan et al. have described qualitative 
results from the irradiation of several model compounds of this 
general type, stilbenes, benzofurans, biphenyls, diaryl- 
methanes, and alkenylphenols, adsorbed on filter paper and in 
solution (8). This study was confined to measurements of the 
rates of photoinduced discolouration of the paper as a function 
of adsorbate and photolysis time. Interestingly, two of the 
compounds that proved to be most active under these condi- 
tions were trans-3,3',4,4'-tetramethoxystilbene (trans-1) and 
trans-4-hydroxy-3,3',4'-trimethoxystilbene (trans-2). 

Zhang and Gellerstedt have reported the results of a more 
detailed investigation of the photochemistry of trans-2 on fil- 
ter paper (9, 10). Using natural sunlight as an excitation 
source, they verified the substantial photoreactivity of this 
compound under these conditions, and isolated several dimers 
and a highly coloured ortlzo-quinonoid compound from the 
photolysis mixture. Interestingly, no evidence for the forma- 
tion of the cis isomer or phenanthrene derivatives - the nor- 
mal products expected from irradiation of stilbene 
derivatives (11-13) - was reported. While other explana- 
tions are possible, the "unusual" photoreactivity of 2 under 
these conditions may be due to the reaction medium being 
microcrystalline; the [2+2] photodimerization of stilbene and 
other phenylalkene derivatives in the crystalline solid phase is 
well documented (14). It remains to be determined whether 
these results are relevant to the photochemistry of stilbene 
chromophores in the amorphous molecular environment pro- 
vided by natural lignin. 

As part of a study designed to evaluate the importance of 
phenolic polyalkoxystilbenes and their photoproducts in con- 
tributing to the photoyellowing of lignin-rich materials, we 
report the results of the direct irradiation of 1, 2, and trans-4- 

tert-butyldimethylsiloxy-3,3'4'-trimethoxystilbene (trans-3) 
in ethanol and tetrahydrofuran solutions in the presence and 
absence of oxygen. The latter compound was prepared prima- 
rily as a synthon to aid in the preparation and isolation of the 
various phenanthrene derivatives expected from photooxida- 
tion of trans-2. We also report fluorescence-quenching studies 

~ o ~ 0 s " e 2 B u  OMe 

Me0 
\ 

trans-3 

of trans-1, trans-2, and a tetramethoxyphenanthrene deriva- 
tive derived from the photooxidation of trans-1, which allows 
an assessment of the effects of oxygen and proton donors on 
the photochemistry of these compounds. 

Results 

Compounds trans-1 and trans-2 were synthesized according 
to the published procedures, while trans-3 was synthesized by 
silylation of trans-2 with tert-butyldimethylsilyl chloride. The 
latter compound exhibited spectroscopic and analytical data 
consistent with its proposed structure (see Experimental sec- 
tion). The ultraviolet absorption spectra of trans-1 and trans-2 
exhibit maxima at -335 nm in tetrahydrofuran (THF) solu- 
tion. No changes in the spectra could be detected upon saturat- 
ing the so1u:ions with oxygen. 

The three compounds were irradiated as solutions (0.002- 
0.015 M) in 95% ethanol and dry tetrahydrofuran (THF), 
under both nitrogen and oxygen atmospheres, with the 
progress of the reactions monitored by capillary GC, GC-MS, 
and 'H NMR spectroscopy. Photoproducts were isolated by 
thick-layer chromatography, after both short and long irradia- 
tion times, and identified on the basis of spectroscopic data 
(vide infra). As expected, establishment of a photostationary 
state with the corresponding cis isomer is substantially more 
rapid than the formation of other products and, withbroad- 
band irradiation through a Pyrex filter, the photostationary 
states are rich in the cis isomer in all cases. Quantitative detec- 
tion of cis-2 was carried out by 'H NMR spectroscopy in deu- 
terated solvents, as the compound was found to undergo facile 
thermal isomerization to trans-2 in the GC injector port at the 
temperatures required for GC analysis of thernixtuies. 

In nitrogen-saturated ethanol solution, prolonged irradia- 
tion of trans-1 and trans-3 led to isolable yields of solvent- 
addition products, which were identified as 4 and 5, respec- 
tively; the latter consisted of a mixture of two regioisomers, 
which were not further separated. GC analysis of the photoly- 
sates during the very early stages of photolysis verified that 
the formation of these products accompanies photoisomeriza- 
tion to the cis isomers. Cyclobutane dimers 6-8 were also iso- 
lated; their yields were generally higher in irradiations carried 
out using the higher stjbene conc&trations, but the concen- 
tration dependence was not examined in detail. These prod- 
ucts could not be detected by GC analysis under the conditions 
employed, but were readily detectable in the 'H NMR spectra 
of the crude reaction mixtures. Irradiation of oxygen-saturated 
ethanol solutions led to the additional formation of phenan- 
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OMe OMe OMe 

OR 
\ 

OMe OSiR11Me2 

cis-1 (R = Me) 
cis3 (R = H) 4 
cis-3 (R = sitBuMe2) 

@Ar hAr' Ar = 3,4-dimethoxyphenyl 

a Ar' = 4-(Me2t~u~i0)-3-methoxyphenyl 
Ar Ar AI' Ar' b A? = 4-hydroxy-3-methoxyphenyl 

OMe goMe / @::: / @ze / a R = M e  b R = H  

c R=sitBuMe2 
\ \ \ 

OMe 
OR OR OMe OMe 

threne derivatives 9-11, which were isolated by thick-layer 
chromatography, and 3,4-dimethoxybenzaldehyde (12). 
Minor yields of 9-11 were also obtained in the nitrogen-atmo- 
sphere experiments, but this was shown to be due to diffusion 
of air into the irradiation cells during the course of the experi- 
ment. Irradiation in THF solution under similar sets of condi- 
tions afforded the same products, with the exception of 4 and 
5. Prolonged irradiation of both trans-1 and trans-3 resulted in 
the development of a yellow colour and the formation of sev- 
eral minor products in each case. These could be detected by 
GC and GC-MS, but could not be isolated owing to their small 
yields; GC-MS data for some of these compounds are 
included in the Experimental section. Small amounts of highly 
coloured fractions containing mixtures of relatively polar 
minor products were generally obtained from the thick-layer 
plates, but the amounts were too low to warrant further 
attempts at separation. The infrared spectra of these mixtures 
showed them to be rich in carbonyl absorptions. 

Prolonged irradiation of oxygen-saturated ethanol or THF 
solutions of trans-2 led to the development of a deep yellow- 
brown colour, complex product mixtures, and poor material 
balances. Phenanthrenes 9b-llb were identified as photoprod- 
ucts on the basis of GC coinjections of authentic samples, 
which were synthesized by desilylation of 9c-llc with tetra- 
butylammonium fluoride. In addition, a cyclobutane dimer 
(8b) was isolated in low yield from irradiation in THF solution. 

Table 1 summarizes the products obtained from irradiation 
of the three compounds under the various conditions 
employed, along with their chemical yields and material bal- 

ances, as estimated by a combination of GC and 'H NMR 
analysis of crude reaction mixtures. 

The phenanthrenes 9-11 were identified on the basis of 
their 'H and 13c NMR, mass, and UV absorption spectra; 
NMR was particularly useful for the regiochemical assign- 
ments of individual sets of regioisomers. Compound 9a could 
be easily distinguished from 10a by NMR, owing to a, molec- 
ular symmetry. Phenanthrene 9c could be readily distin- 
guished from 10c and l l c  from the aromatic proton region in 
the 'H NMR spectra, and by comparison to the spectra of 9a 
and 10a. Two of the compounds (which, coincidentally, elute 
together under our GC conditions) show singlets at 8 - 9.2 
(due to the C4 ring proton) and must therefore possess alkoxy 
substitution at the 5-position of the phenanthrene ring system; 
by default, the compound without a singlet at 6 - 9.2 can be 
assigned to 9c. The aromatic region of the 'H NMR spectrum 
of this compound compares quite favourably with that in the 
spectrum of the symmetrical tetramethoxyphenanthrene 
derivative 9a; the spectrum shows single-proton singlets at 
7.76 and 7.88 ppm, a two-proton singlet at 7.53 ppm, and sin- 
gle-proton singlets at 7.19 and 7.20 ppm. This should be com- 
pared with the spectrum of 9a, which shows two-proton 
singlets at 7.79,7.55, and 7.21 ppm. 'H nOe experiments were 
employed to distinguish between 10c and l l c .  The C71C8 pro- 
tons give rise to an AX splitting pattern, with doublets at ca. 
7.2 and 7.6 ppm. Irradiation of the tert-butyl methyl singlets at 
- 1.08 ppm results in nOe enhancement of the singlet at 9.2 
ppm for the compound assigned as 10c, and enhancement of 
the doublet at 67.15 for the compound assigned as l l c .  Irradi- 
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Table 1. Product yields from irradiation of stilbenes 1-3 in 95% ethanol and THF under various conditions." 
- - 

Conditions Products 

Conversion Material 
Compound Solvent ConclM (%) Phenanthrenes Others balance (%) 

9n (6%); 10n (5%) 
1 

9a (26%); 10n (24%) 
9a (21%); 10n (26%) 

- 

d 

9b  (19%); l o b  (12%); l l b  (22%) 

9c (15%); 1Oc (9%); l l c  (21%) 
9c (5%); 1oc (4%); l l c  (1 1%) 

4 (19%) 
I 

4 (8%); 12 (32%) 
12 (8%) + unident. (3%) 

12 (5%) 
I 

12 (14%) + unident. (8%) 

5 (15%); 12 (15%) 
12 (5%) + unident. (0.25%) 

"Determined by GC-MS analysis of crude photolysis mixtures relative to internal standard, with no correction for detector response. 
''Only those products observed by gas chromatography are reported (dimers 6 8  are undetectable by GC). 
'The % conversion was determined by GC-MS, and calculated as 100% x (100% - %(tratzs-l + cis-l),,,,,)l(rrrrtzs-l)i,i,i,,. 
"cis,rrans lsomerization is the only photoprocess observed at the given conversion. 
'Calculated as 100 x (%rrotzs-1 + cis-l),M,/(%rratzs-l + ~ i s - l ) , , _ ~ , .  
%lost of the deficiency in the material balance was due to formation of cyclobutane dimers. 
Talculated as 100% x (%(rratzs-l + cis-l),,,,)l(rratzs-l),,,,,,,. 

ation of two of the methoxy singlets in the spectrum of the lat- 
ter compound results in enhancement of the singlet at 9.2 ppm, 
thus verifying the assignment. Unfortunately, the methoxy sin- 
glets are too closely spaced in the 500 MHz spectrum of 10c to 
allow meaningful information to be gleaned from analogous 
experiments in this case. 

Identification of the cyclobutane dimers 6-8 was made on 
the basis of their 'H NMR and mass spectra (15, 16). The 'H 
NMR spectrum of the trans-syrz-trans dimer 6 shows a multip- 
let at 6 - 4.4 ppm, which is characteristic of trans-syn-trans 
stereochemistry in stilbene photodimers (15). The spectra of 
the all-trans dimers 7a and 8a,b show characteristic reso- 
nances at 6 - 3.7 ppm (16, 17). The identities of the isomers 
7a and 8a were established on the basis of their mass spectral 
fragmentation patterns (18); that of 8b was analogous to that of 
8a. In most cases, the presence of other regio- and (or) stereo- 
isomeric dimers was evident in the crude irradiation mixtures 
or in chromatographic fractions, but they could not be charac- 
terized owing to either the small amounts obtained or to the 
fact that they were obtained as mixtures with other minor prod- 
ucts. The presence of these products is not evident by GC or 
GC-MS analyses of the crude irradiation mixtures under the 
conditions employed. 

Prolonged photolysis of 1-3 produced several additional 
minor products that were detectable by GC-MS, and strongly 
coloured solutions (particularly in the case of 2). While all 
attempts to isolate these products have so far proved unsuc- 
cessful, their GC retention times and mass spectra suggest 
them to be demethylation products of the phenanthrenes; i.e., 
dimethoxyphenanthrenedione and phenanthrenetetrone deriv- 
atives. Our efforts to rigorously identify these products are 
continuing. 

Quantum yields for direct cis,trans photoisomerization of 
cis- and trans-1 were determined using 300 nm excitation in 
deoxygenated ethanol and tetrahydrofuran (THF) solution by 
electronic actinometry using 0.001 M solutions. In ethanol, 

+,,, = 0.35 + 0.04 and $,,, = 0.41 -C 0.04 while in THF, 
+,,, = 0.40 -C 0.04 and +,,, = 0.5 1 -C 0.06. The photostation- 
ary state is cis-1 1 trans-1 = 1.38 2 0.05 in ethanol solution for 
300 nm excitation. The quantum yields for cis,trans isomer- 
ization matched the quantum yields for disappearance of the 
starting isomers in both solvents. 

Quantum yields for formation of 4, 9a, 10a, and 12 in oxy- 
gen-saturated ethanol were estimated relative to +,,, and +,,, 
from the slopes of concentration vs. time plots. The values 
obtained are +4 = 0.007 -C 0.003, = 0.008 & 0.003, $,,, = 
0.005 -C 0.002, and +,2 = 0.009 -C 0.004. 

Irradiation of trans-1 was also carried out in the presence of 
2,6-di-tert-butylphenol as a free radical scavenger. Thus, a 
solution of trans-1 (0.0054 M), n-hexadecane as internal stan- 
dard, and 2,6-di-tert-butylphenol(0.006 M) in dry tetrahydro- 
furan was oxygenated with a stream of dry oxygen for 10 min, 
irradiated for 6 h with 300 nm light, and monitored by GC-MS 
and TLC at 1 h intervals. The formation of aldehyde 12 was 
evident in the earliest stages of photolysis, but reached a max- 
imum yield that fell off at long (>8 h) photolysis times. Com- 
pounds cis-1, 9a, and 10a were isolated and identified by 
comparison with authentic samples obtained from previous 
photolysis experiments. The mixture contained enhanced 
amounts (-5% total) of two of the minor products whose 
mass spectra are consistent with dimethoxyphenanthrenedi- 
one structures (see Experimental section). Significantly, no 
evidence was obtained for the formation of products of more 
extensive demethylation, under these conditions. 

Direct irradiation (300 nm) of an oxygenated, 0.014 M solu- 
tion of tetramethoxyphenanthrene 10a in THF yielded minute 
amounts of a single unidentifiable product after several hours 
of photolysis. Irradiation (254 nm) of an oxygenated THF 
solution containing 10a (0.07 M), trans-1 (0.013 M), and 
n-hexadecane as internal standard (under conditions where 
10a absorbs ~ 9 9 %  of the light) yielded a qualitatively simi- 
lar product distribution to that obtained from photolysis of 
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trans-1 under similar conditions: none of the products was 
formed in significantly enhanced or reduced yields under these 
conditions. 

Samples of cis- and trans-1 adsorbed on filter paper (ca. 
0.5% by weight) were irradiated with 300 nm light (in a Ray- 
onet reactor operating at half intensity) under an air atmo- 
sphere, extracted into dichloromethane, and analysed by gas 
chromatography. Photolysis of trans-1 for 1 h under these con- 
ditions caused mild yellowing of the paper. GC analysis indi- 
cated that ca. 30% of the starting material had been consumed, 
but only a small amount of cis-1 had formed (-2% of the 
amount of trans-1 present) and there was no evidence for the 
formation of phenanthrenes 9a and 10a. Irradiation of cis-1 
under these conditions results in initially rapid conversion to 
the trans isomer. followed bv behaviour similar to that 
observed upon irradiation of the sample of trans-1 as 
described above. 

Fluorescence emission spectra of trans-1, trans-2, and 
2,3,6,7-tetramethoxyphenanthrene (9a) were recorded in etha- 
nol and THF solution. The spectra were unexceptional; those 
of trans-1 and trans-2 were indistinguishable from each other 
and from the spectrum of trans-2 in toluene reported by Zhu 
and Gray (19), while that of 9a is similar to that of phenan- 
threne itself (20). Attempts were made to determine fluores- 
cence lifetimes for the two stilbene derivatives using the time- 
correlated single-photon counting technique. In the case of 
trans-1 in deoxygenated ethanol, fluorescence decay was too 
fast to be determined accurately with our system. This affixes 
an upper limit of ca. 0.5 ns for the singlet lifetime of trans-1 in 
this solvent. In deoxygenated THF solution, fluorescence 
decay followed single exponential kinetics and exhibited an 
apparent lifetime of T = 1.2 t- 0.3 ns. The lifetime was short- 
ened to 0.9 ns in oxygen-saturated solution. Both values are 
very close to the limits of reliability of our system, and we do 
not consider them reliable. Similar results were obtained for 
trans-2 in deoxygenated THF solution. The fluorescence life- 
time of 9a  was determined to be T = 16.6 + 1.8 ns in nitrogen- 
saturated THF, and T = 3.5 + 0.4 ns in oxygen-saturated solu- 
tion under the same conditions. 

The steady state fluorescence spectra of trans-l and trans-2 
in THF are quenched upon addition of ethanol, 2,2,2-trifluoro- 
ethanol (TFE), 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), or 
oxygen to the deoxygenated solution. stern-~olmer quench- 
ing experiments led to the kq7 values listed in Table 2. 

Discussion 

The general features of the photochemistry of trans-1 and 
trans-3 in solution are typical of the photochemistry of stil- 
bene derivatives (1 1-1 3). &,trans ~hdtoisomerization occurs 
with relatively high efficiency, leading to a photostationary 
state that is rich in the cis isomer for 300 nm excitation; in rig- 
orously deoxygenated, non-protic solvents, cis,trans isomer- 
ization is the only productive photoprocess detectable at short 
irradiation times. In the presence of oxygen, cis,trans isomer- 
ization is accompanied by the formation of 3,4-dimethoxyben- 
zaldehyde (12) and phenanthrene derivatives (9-ll), with 
efficiencies some two orders of magnitude lower than that of 
cis,trans isomerization. Phenanthrene derivatives are well 
known to be formed by a mechanism involving oxidation of 
4a,4b-dihydrophenanthrene intermediates formed by photo- 

Table 2. Stern-Volmer constants ( k , ~ l M - ' )  for fluorescence 
quenching of trans-1 and trans-2 by ethanol (EtOH), 2,2,2- 
trifluoroethanol (TFE), and 1,1,1,3,3,3-hexafluoroisopropanol 
(HFIP) in deoxygenated THF solution at 23OC.O 

Alcohol EtOH TFE HFIP 0 2  

"Errors in the k,z values are given as twice the standard deviation from 
least-squares analysis of the Stem-Volmer plot. 

electrocyclic ring-closure of the cis isomer of the stilbene (1 1, 
21). In the absence of oxidizing agents, these intermediates 
undergo thermal or photochemical cycloreversion to the cis- 
stilbene derivative from which they were formed. Thermal 
cycloreversion is relatively rapid; at room temperature in fluid 
solution, their lifetimes range from seconds to a few hours 
depending on substituent (21). Thus, the direct detection of 
these compounds in the present cases is not expected to be 
straightforward with the analytical methods employed in this 
work. The relevant chemistry is illustrated for trans-1 in 
Scheme 1. 

While compounds identifiable as 3,4,5,6-tetrasubstituted 
phenanthrene derivatives could not be detected in the irradia- 
tion mixtures from 1-3, there appears to be little regioselectiv- 
ity in the formation of the 2,3,6,7-tetrasubstituted regioisomer 
over the 2,3,5,6-isomer(s), at least according to GC analysis. 
Evidently, this lack of regioselectivity in the photocyclization 
of meta-substituted stilbene derivatives is common (1 1, 21). 

The formation of ethyl ethers 4 (from 1) and 5 (from 3) in 
ethanol is presumably the result of excited singlet state 
quenching by protonation of the electron-rich stilbene double 
bond, followed by trapping of the resulting carbenium ion by 
the solvent. Photoprotonation of phenylalkenes is well docu- 
mented (22-28), and is known to be enhanced by the presence 
of electron-donating aromatic substituents. The process 
occurs with relatively low efficiency (compared to cis,trans 
isomerization) in 1 a n d  3, but competes effectively with 
phenanthrene formation and oxidative cleavage in the pres- 
ence of oxygen. An upper limit for the rate constant for photo- 
protonation of trans-1 by ethanol in THF solution is on the 
order of 5 x lo8 M-' s-' (assuming a singlet lifetime of 1 ns), 
which seems reasonable considering the structure of the mol- 
ecule compared to those of other phenylalkenes for which 
quantitative data exist in the literature (22-24, 28). It is inter- 
esting to note that the rate constant for this process varies by 
less than a factor of two for EtOH, TFE, and HFIP for both 
trans-1 and -2, in spite of the fact that the pK,'s of the three 
alcohols vary substantially. To our knowledge, there are, 
unfortunately, no data available in the literature with which to 
compare these results. 

The irradiations of trans-1-3 in oxygenated ethanol solu- 
tions lead to lower yields of phenanthrenes than those 
obtained in oxygenated THF solutions at similar concentra- 
tions. As discussed above, the formation of ethyl ethers, cor- 
responding to addition of ethanol across the olefinic C=C 
bond, provides a productive deactivation pathway for the 
excited states of trans-1-3 that is not available in THF, but this 
accounts for only a fraction of the differences in the phenan- 
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threne yields in the two solvents. The main contributor appears 
to be a higher propensity for dimer formation in the protic sol- 
vent. Similar solvent effects on stilbene photodimerization 
have been documented previously (18). 

The formation of 3,4-dimethoxybenzaldehyde (12) as a pri- 
mary product of photolysis of 1 in oxygen-saturated solution 
most likely results from the reaction of the olefin radical cation 
with superoxide ion, formed as a result of electron transfer 
quenching of the excited singlet state of the stilbene by molec- 
ular oxygen. There is a considerable body of evidence that 
supports this conclusion. First, the sensitized photooxygen- 
ation of stilbene derivatives with cyanoaromatics and some 
dye sensitizers (e.g., methylene blue) has been shown to pro- 
ceed by an electron transfer mechanism (29-31), in which 
electron transfer quenching of the excited sensitizer by the ole- 
fin, followed by reduction of molecular oxygen by the sensi- 
tizer radical anion, results in the ultimate formation of 
oxidative cleavage products through reaction of the olefin rad- 
ical cation and superoxide ion. The initial product of this reac- 
tion is thought to be the corresponding 1,2-dioxetane (29-32), 
although evidence that an ozonide may be involved in these 
reactions has also been reported (33). In the present cases, we 
believe that the mechanism for formation of superoxide and 
stilbene radical cation is direct electron transfer quenching of 
the excited singlet state of the stilbene by molecular oxygen. 
This is supported by fluorescence-quenching experiments 
(Table 2), which indicate that oxygen quenching of trans-1 

and -2 proceeds at the diffusion-controlled rate (note that the 
Stern-Volmer constants reported in Table 2 indicate a quench- 
ing rate constant of (2-5) x ~ O ' ~ M - '  s-', assuming singlet life- 
times of I ns for the two stilbene derivatives). The oxidation 
potential of 1 (Exox = 0.82 V vs. SCE in acetonitrile;' a similar 
value can be expected for 2) is clearly low enough that photo- 
induced electron transfer to molecular oxygen will be strongly 
exothermic. Once formed, 1-+ and 02.- can react to yield diox- 
etane 13 directly. This mechanism is related to that proposed 
for the photooxygenation of electron-rich styrenes and other 
arenes, which has been shown in some cases to proceed via 
direct excitation of a charge transfer complex between the 
arene and molecular oxygen (34, 35). However, no evidence 
for the formation of analogous charge transfer complexes 
could be obtained from the UV absorption spectra of trans-1 
and -2 in oxygen-saturated THF or acetonitrile solution. 

Another possible mechanism for the formation of 13 might 
involve generation of singlet oxygen (lo2) by back-electron- 
transfer of the initially produced radical ion pair (this should 
also produce the excited triplet state of I), followed by reac- 
tion of with ground state 1 (9). We believe that this mech- 
anism can be discounted, on the basis that the relative yield of 
12  (the product of decomposition of the presumed intermedi- 
ate 13) does not appear to be enhanced when the photolysis of 

We thank Professor M.S. Workentin for the oxidation potential 
measurement. 
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Scheme 2. 
7 7 

CHO 

OMe 
OMe 

1 is sensitized by phenanthrene 9a. The phenanthrene can be 
expected to be a much more efficient sensitizer for the forma- 
tion of superoxide ion (and thus lo2,  by this mechanism) 
because of its longer singlet lifetime and lower oxidation 
potential compared to trans-1 (36); fluorescence quenching 
experiments indicate that the excited singlet state of 9a is 
quenched just as rapidly by molecular oxygen as those of 
trans-1 and -2. Phenanthrene 9a also has the potential of pro- 
ducing '0, directly by triplet-singlet energy transfer, because 
intersystem crossing is expected to be efficient (37). In fact, 
the product distribution obtained in this experiment is similar 
to that produced in the direct irradiation of trans-1, suggesting 
that the dominant mechanism for reaction involves singlet 
energy transfer from 9a to 1. 

Thus, we suggest the tentative mechanism shown in Scheme 
2 for the formation of 12 from photolysis of trans-1 in oxygen- 
saturated solution. Further work is clearly required in order to 
conclusively identify the reactive oxygen species involved in 
the reaction, and to fully understand the mechanism(s) by 
which it is formed. 

Of the three lignin-model stilbenes whose photochemistry 
has been investigated in the present work, 2 is the most rele- 
vant to the stilbene chromophores present in lignin-rich mate- 
rials (10). It is also the most difficult to study because of the 
large number of minor, unisolable products produced upon its 
irradiation. Nevertheless, it is clear that UV irradiation of this 
compound in solution does result in the formation of products 
analbgous to those produced from 1 under similar conditions: 
phenanthrenes derived from photocyclization/oxidation of the 
cis isomer, and products derived from oxidative cleavage of 
the olefinic double bond. Highly coloured (presumably) 
quinonoid materials are also formed, but in significantly 
higher yields than those obtained from photolysis of 1 or 3. 

The irradiation of 2 in solution bears only marginal resem- 
blance to that obtained when the compound is adsorbed on fil- 
ter paper (9). In the latter case, the main products are 
cyclobutane dimers and dimethoxybenzaldehyde 12; minor 
Droducts are re~or ted  to include a dimeric ether from addition 

tively identifiable as stilbenequinones, in the photolysis of 2 in 
oxygen-saturated solution. On the basis of our results for 
trans-1, it seems likely that the absence of phenanthrenes as 
photoproducts in the irradiation of trans-2 on filter paper is 
due to the fact that the photostationary state consists of 4 %  of 
the cis isomer under these conditions. We believe that the 
extremely low cis-1 content in the photostationary state for the 
filter paper irradiations is probably due to the reactant existing 
in a microcrystalline environment in which the trans isomer is 
thermodynamically favoured. The same is likely to be true for 
2 under these conditions. 

Summary and conclusions 

Irradiation of polyalkoxystilbene derivatives in solution in the 
presence of oxygen leads to cis,trans isomerization, poly- 
alkoxyphenanthrene formation, oxidative cleavage of the ole- 
finic double bond, dimerization, and the formation of small 
amounts of highly coloured, carbonyl-containing compounds. 
The formation of phenanthrene derivatives is the result of pho- 
toelectrocyclization of the corresponding cis-stilbene isomer, 
followed by oxidation, and is a well-known reaction in stil- 
bene photochemistry. For monochromatic 300 nm excitation 
in solution, the cisltrans photostationary state is rich in the cis 
isomer, so that cyclization to yield phenanthrene derivatives 
occurs with significant efficiency. The photostationary state 
obtainable with broadband irradiation with >300 nm light is 
undoubtedly lower in cis content, since the UV absorption 
spectra of the cis isomers extend slightly further to the red. 
However, our experiments show that phenanthrene formation 
still proceeds readily under these conditions. 

Both the stilbenes and their phenanthrene photoproducts are 
powerful photoreductants, and are potentially capable of initi- 
ating oxidative processes involving reaction of superoxide ion 
and (or) singlet oxygen with other components in the natural 
lignin matrix. Defining the extent to which this might contrib- 
ute to lignin photoyellowing is the subject of continuing inves- 
tigation in our laboratory. 

bf the phenolic' OH in 2 across the double bond in a second 
molecule (which is related to the ethanol-addition products Experimental section 
observed in the present work), and a stilbenequinone. In con- 'H NMR spectra were recorded on Bruker AC200, AC300, or 
trast to the solution phase results described here, no phenan- AM500 spectrometers in deuteriochloroform solution, while 
threne derivatives were reported. Furthermore, we observe the 13c NMR spectra were recorded on the Bruker AC200 or 
formation of only very minor amounts of compounds, tents- AM500 spectrometers. Spectra reported for new compounds 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74. 1996 

were recorded on the AM500 spectrometer unless otherwise 
noted, and are reported in parts per million relative to tetra- 
methylsilane. Infrared spectra were recorded in carbon tetra- 
chloride solution on a Biorad FTS-40 FTIR spectrometer or as 
the neat samples in the case of liquids. Ultraviolet absorption 
spectra were recorded on a Perkin Elmer Lambda 9 spectrom- 
eter interfaced to an IBM PS/2-286 microcomputer, or on a 
Hewlett-Packard HP8451 UV spectrometer. Fluorescence 
emission and excitation spectra and fluorescence lifetimes 
were recorded on a Photon Technologies Inc. LS- 100 spectro- 
fluorometer/single-photon counting system, which is con- 
trolled by a 486-33 PC using software provided by the 
manufacturer. Single-photon counting experiments employed 
a hydrogen flashlamp. 

Gas chromatographic analyses were carried out using a 
Hewlett-Packard 5890 gas chromatograph equipped with a 
flame ionization detector, a Hewlett-Packard 3396 integrator, 
and a DB-1 megabore capillary column (5 m x 0.53 mm; Chro- 
matographic Specialties, Inc.). GC-MS analyses were carried 
out using a Hewlett-Packard 5890 gas chromatograph 
equipped with a HP-5971A mass selective detector and a 
DB-5 microbore capillary column (30 m x 0.2 mm; Chromato- 
graphic Specialties, Inc.). Exact Masses were determined on a 
VGH ZABE mass spectrometer and employed a mass of 
12.000 000 for carbon. Thick-layer chromatographic separa- 
tions employed a Chromatotron (Harrison Research, Inc.) and 
2 or 4 mm silica gel 60 (E. Merck) thick-layer plates. 

Preparative photolyses were performed using a Hanovia 
450 W medium-pressure mercury lamp and a Pyrex immer- 
sion well (at 20°C), or a Rayonet reactor equipped with 14 
RPR-3000 A lamps and a 120 mL capacity Pyrex container (at 
27°C). Analytical-scale photolyses employed the latter in con- 
junction with a merry-go-round; samples (ca. 0.5 mL) were 
contained in 5 x 80 mm Pyrex tubes that were sealed with rub- 
ber septa. Experiments carried out using 254 or 419 nm radia- 
tion employed the Rayonet reactor equipped with 6 RPR-2537 
or 10 RPR-4190 lamps, respectively. 

Tetrahydrofuran (Caledon Reagent grade) was dried over 
sodium metal and distilled prior to use. Benzene (Fisher 
Reagent) was purified by several extractions with concen- 
trated sulfuric acid, rinsed with dilute sodium bicarbonate 
solution, predried over sodium sulfate, and distilled from 
sodium metal. Methanol (Fisher Reagent) was distilled from 
magnesium. Ethanol (95%) was purchased from Caledon 
Chemical Co. and distilled prior to use. Absolute ethanol was 
purchased from BDH and distilled from magnesium. Pentane 
(BDH Omnisolv) was used as received from the supplier. N,N- 
Dimethylformamide (Caledon) was dried over potassium 
hydroxide and distilled prior to use. Neutral alumina, dichlo- 
romethane, diethyl ether, ethyl acetate, hexanes, potassium 
carbonate, potassium bicarbonate, anhydrous sodium sulfate, 
and HPLC-grade water were all used as received from Fisher 
Chemical Co. Benzophenone, n-butyllithium, tert-butyl- 
dimethylsilyl chloride, 3,4-dimethoxybenzylalcohol, n-hexa- 
decane, imidazole, methylene blue, thionyl chloride, 
triphenylphosphine, and vanillin acetate were all used as 
received from Aldrich Chemical Co. 

trans-3,3',4,4'-Tetramethoxystilbene (trans-1) and trans-4- 
hydroxy-3,3',4'-trimethoxystilbene (trans-2) were synthe- 
sized according to the method of Castellan et al. (8). They 
exhibited melting points (trans-1; mp 154.6-155.0°C; trans-2; 

mp 129.6-130.1°C) and spectroscopic data that were similar 
to the reported data in both cases. 

trans-4-tert-Butyldimethylsiloxy-3,3',4'- 
trimethoxystilbene (trans-3) 

In a 100 mL round-bottom flask equipped with a condenser 
and magnetic stirrer were placed trans-2 (1.0 g, 0.001 mol), 
tert-butyldimethylsilyl chloride (0.63 g, 0.0042 mol), imida- 
zole (0.60 g, 0.0083 mol), and dry dimethylformamide (7 mL). 
The mixture was stirred at room temperature for 24 h, with 
periodic monitoring by thin-layer chromatography on neutral 
alumina using 15% ethyl acetate in hexane as the eluant. The 
product mixture was diluted with ether (15 mL), washed with 
water (2 x 5 mL), dried with anhydrous sodium sulfate, and fil- 
tered. Evaporation of the solvent yielded a slightly yellow 
solid, which was recrystallized from hexane-ethanol to yield 
colourless crystals of the desired product (1.18 g, 84%; mp 
70.0-7 1.3"C); UV (ethanol) X,,,(E): 203 nm (36 800), 332 nm 
(39 400); IR: 3030 (s), 2960 (w), 2840 (w), 1601 (w), 15 14 (s), 
1465 (m), 1251 (s), 1027 (w), 902 (w) 815 (w); 'H NMR, 6: 
0.15 (s, 6H), 0.99 (s, 9H), 3.84 (s, 3H), 3.88 (s, 3H), 3.96 (s, 
3H), 6.89 (d, 2H), 6.91 (m, 6H); I3c NMR, 6: 4 . 6 ,  18.6,25.7, 
55.5, 55.9, 55.9, 108.7, 109.7, 111.3, 119.5(2), 121.0, 126.6, 
126.9, 130.8, 131.5, 144.8, 148.7, 149.1, 151.1; MS, m/e (I): 
400 (44), 343 (24), 328 (loo), 286 (90), 271 (13), 73 (9). Exact 
Mass, calcd. for C2,H3,Si0,: 400.207; found: 400.2076. 

Preparation and isolation of photoproducts 

(i) From irradiation of trans-1 

(a) Irradiation of trans-1 in 95% ethanol 
A continuously oxygenated solution of trans-1 (0.30 g, 1.0 
mmol) in 95% ethanol (500 mL) was placed in a Pyrex irnmer- 
sion well system and irradiated for 0.5 h with a 450 W 
medium-pressure mercury lamp. GC analysis of the mixture 
indicated the presence of five compounds, which were subse- 
quently identified (in order of increasing retention time) as 
cis-1, 4, 10a, trans-1, and 9a. The solvent was distilled in 
vacuo to yield a yellow solid residue, which was placed on the 
Chromatotron and eluted with a 0-7.5% ethyl acetate - hexane 
gradient. The five compounds eluted in the order 10a < cis-1 < 
trans-1 < 4 < 9a under these conditions. Compounds cis-l,9a, 
and 10a were isolated in >90% purity as solids, and recrystal- 
lized several times from ethyl acetate - hexane mixtures. 
Compound 4 was isolated in ca. 80% purity after several 
repeated elutions, and finally isolated as a colourless oil by 
cyclic medium-pressure column chromatography on a 1 in. x 
10 in. Merck Lobar silica gel column using 9% ethyl acetate in 
dichloromethane as the eluant. The purified yields of the five 
compounds were: cis-1 (0.045 g), trans-1 (0.055 g), 4 (0.061 
g), 9a (0.065 g), 10a (0.020 g). They were identified on the 
basis of the following spectroscopic data. 

cis-3,3'4,4'-Tetramethoxystilbene (cis-I): 0.045 g, 0.15 mmol, 
15%, mp 119.3-120.2"C); UV (ethanol) X,,,(E): 200 nm 
(33 200), 296 nm (12 700); IR: 3030 (s), 2961 (w), 2839 (w), 
1582 (w), 1513 (s), 1464 (m), 1421 (w), 1267 (s), 1140 (m), 
1027 (m); 'H NMR (300 MHz), 6: 3.71 (s, 6H), 3.90 (s, 6H), 
6.40 (s, 2H), 6.77 (m, 2H), 6.90 (m, 4H); 13c NMR, 6: 55.6, 
55.8, 55.9, 108.6, 110.9, 111.3, 111.8, 119.5, 121.8, 126.7, 
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128.7, 130.2, 130.7, 148.1, 148.4, 148.7, 149.1; MS, mle (I): 
300 (loo), 285 (20), 225 (lo), 181 (8), 152 (9), 128 (1 1). Exact 
Mass, calcd. for C18H2,,04: 300.1374; found: 300.1377. 

I-Etho~y-I,2-bis(3,4-dimethoxyphenyl)ethane (4): 0.061 g, 
18%. UV (ethanol), A,,,(&): = 202 nm (79 560), 229 nm (19 
750), 279 nm (6760); IR: 3059 (w), 2968 (s), 2968 (s), 2836 
(s), 1591 (w), 15 16 (w), 1262 (w), 1155 (w); 'H NMR (300 
MHz), 6: 1.2 (t, 3H), 2.8 (dd, IH), 3.05 (dd, IH), 3.75 (s, 3H), 
3.80 (s, 6H), 3.85 (s, 3H), 4.3 (t, IH), 6.5-6.8 (m, 6H); I3c 
NMR, 6: 14.2, 15.3, 22.5, 44.5, 55.7, 55.8, 61.0, 64.1, 83.2, 
109.5, 110.6, 110.8, 133.0, 119.3, 121.4, 131.2, 135.0, 147.4, 
148.3, 149.0; MS (NH3 CI), nzle (I): 364 (5), 301 (loo), 195 
(93 ,  15 1 (8). 

2,3,6,7-Tetramethoxyphenat~threne (9a): 0.065 g, 22%, mp 
178.9-179.4"C; UV (ethanol), A,,,(&): 218 nm (26 960), 254 
nm (52 430), 285 nm (32 460), 299 nm (20 240); IR: 301 1 (s), 
2960 (w), 2836 (w), 1512 (s), 1481 (s), 1255 (s), 1197 (s), 
1160 (s), 11 12 (m), 1041 (w); 'H NMR, 6: 4.02 (s, 6H), 4.12 
(s, 6H), 7.21 (s, 2H), 7.55 (s, 2H), 7.79 (s, 2H); I3c NMR, 6: 
55.9, 56.1, 102.8, 108.4, 124.3, 126.4, 128.3, 148.8, 149.3; 
MS, mle (I): 298 (loo), 283 ( 3 ,  255 (lo), 240 (12), 225 (lo), 
212 (7), 169 (8), 139 (5), 126 (6). Exact Mass, calcd. for 
C18H1804: 298.1205; found: 298.1225. 

2,3,5,6-Tetramethoxyphenanthrer~e (1Oa): 0.020 g, 7%, mp 
98-100°C; UV (ethanol), A,,,(&): 261 nm (65 600), 312 nm 
(12 590); IR: 3010 (s), 2960 (w), 2839 (w), 15 14 (s), 1472 (s), 
1422 (w), 1268 (s), 1241 (s), 1137 (w), 1103 (s), 1050 (w); 'H 
NMR, 6: 3.96 (s, 3H), 4.03 (s, 3H), 4.04 (s, 3H), 4.08 (s, 3H), 
7.22 (s, lH), 7.28 (d, IH), 7.49 (d, lH), 7.55 (d, lH), 7.63 (d, 
'H), 9.22 (s, 1H); 13c NMR, 6: 55.5, 56.3, 59.8, 107.8, 108.5, 
112.2, 123.6, 124.0, 124.4, 124.7, 125.0, 127.6, 128.2, 145.9, 
148.2, 148.5, 150.7; MS, mle (I): 298 (loo), 283 (25), 255 
(20), 240 (30), 225 (15), 197 (20), 169 (lo), 139 (13), 126 (IS), 
87 (8), 63 (8). Exact Mass, calcd. for C,,H,,O,: 298.1205; 
found: 298.1225. 

(b) Irradiation of trans-1 in THF 
A solution of trans-1 (0.19 g, 0.63 mmol) and n-hexadecane 
(5.65 mg, 0.025 mmol) in dry tetrahydrofuran (5 mL) was 
placed in a Pyrex tube sealed with a rubber septum, oxygen- 
ated with a stream of dry oxygen for 10 min, and then irradi- 
ated for 4.5 h with 300 nm light (Rayonet reactor, 14 lamps, 
27"C), with periodic bubbling of oxygen through the solution. 
GC analysis of the photolysis mixture indicated that the con- 
version of the starting material to products was ca. 80%. The 
photolysate consisted of a mixture of 3,4-dimethoxybenzalde- 
hyde (12) (8%), cis-1 (41%), 9a (1 I%), 100 (22%), and trans- 
1 (17%), in order of increasing retention times. cis- and trans- 
1 were found to be thermally stable under the gas chromato- 
graphic conditions employed. The identity of 12 was estab- 
lished by GC-MS and after chromatographic isolation from 
the mixture (vide infra). 

After a total of 7.5 h of irradiation (resulting in a deep yellow 
solution), there was a further enrichment of the product mixture 
in 9a, 10a, and 12, and a concomitant decrease in the concen- 
tration of 1. At this point the material balance accounted for (by 
GC and GC-MS analyses) was only ca. 80%. 

Two minor products were detected by GC-MS analysis 

after 4.5 h of irradiation; they were also present after 7.5 h of 
irradiation in higher concentrations (-3% of the total). Their 
GC retention times were similar to those of 9a and 100. The 
two products exhibit the following GC-MS data, consistent 
with their having 1,2,6,7- and 2,3,6,7-phenanthrenetetrone 
structures: t d e  (I): 238 (12), 221 (2), 167 (loo), 151 (4), 139 
(78), 124 (21), 108 (12), 95 (6), 77 (8), 71 (21), 65 (3), 51 (2); 
d e  (I): 238 (13), 220 (0.5), 167 (loo), 151 (I), 139 (77), 124 
(17), 108 (lo), 95 (7), 77 (7), 71 (lo), 65 (2), 51 (5). 

The 'H NMR spectrum of the crude photolysis mixture (7.5 
h irradiation) revealed the presence of unaccounted-for reso- 
nances in the 63.54.5  range; with the assumption that these 
are due to the cyclobutane ring protons of photodimers, inte- 
gration indicated that they accounted for ca. 15% of the total 
material. 

The solvent was distilled under vacuum, and the yellow oil 
that remained was chromatographed on the Chromatatron 
using a 2 mm silica gel plate. Elution with 10% ethyl acetate - 
hexane afforded lOu (0.063 g, 33%), cis-1 (0.013 g, 7%), 
trans-1 (0.007 g, 4%), 9a (0.038 g, 20%). Further elution with 
35% ethyl acetate - hexane afforded two additional com- 
pounds. 3,4-Dimethoxybenzaldehyde (12, 0.004 g, 2%) was 
identified by comparison to an authentic sample, while 
cyclobutane dimer 6 was identified on the basis of the follow- 
ing. 

cis,trans,trans-1,2,3,4-Tetra(3,4-dimethoxyplzenyl)cyclobuta1ze 
(6): 0.057 g, 30%. 'H NMR, 6: 3.63 (s, 6H), 3.78 (s, 6H), 
4.27 (s, 2H), 6.49 (s, lH), 6.50 (s, lH), 6.65-6.90 (cplx m, 
4H); 13c NMR, 6: 47.54, 55.81, 55.97, 110.82, 112.09, 
118.88, 120.04, 133.64, 147.36; MS, tdz (I): 601 (I), 300 
(loo), 285 (9), 15 1 (5); MS (NH, CI), d z  (I): 61 8 (loo), 301 
(43 ,  300 (54). 

(c) Irradiation of trans-l in the presence of 2,6-di-tert- 
butylphetzol 

A solution of truns-1 (0.243 g, 0.81 mmol), n-hexadecane 
(16.9 mg, 0.0747 mmol), and 2,6-di-tert-butylphenol (0.186 
mg, 0.901 mmol) in dry tetrahydrofuran (15.0 mL) was placed 
in a 20.0 mL Pyrex container, sealed with a rubber septum, 
oxygenated with a stream of dry oxygen for 10 min, and then 
irradiated for 6 h with 300 nm light (Rayonet reactor, 12 
lamps, 27°C). The reaction was monitored by GC-MS and 
TLC at 1 h intervals. Compounds cis-1, 9a, 10a, and 12 were 
formed in similar relative yields to those in irradiations in the 
absence of the phenol at irradiation times of less than 6 h. The 
yield of 12 was reduced substantially, however, at long irradi- 
ation times. Two new minor products, of GC retention times 
similar to those of 9a and 10a, were detected in the mixture 
after short irradiation times. These were tentatively identified 
on the basis of GC-MS as 5,6-dimethoxyphenanthrene-2,3- 
dione ( d z  (I): 268 (loo), 253 (8 I), 238 (3), 225 (31), 210 (90), 
195 (1 l), 182 (I), 167 (47), 152 (8), 15 1 (9), 139 (33), 113 ( 3 ,  
63 (5)) and 6,7-dimethoxyphenanthrene-2,3-dione ( d z  (I): 
268 (loo), 253 (21), 225 (33), 210 (41), 195 (7), 182 (36), 167 
(6), 152 (14), 139 (38), 75 (2), 63 (1)). 

After 5 h of continuous irradiation the mixture showed an 
intense yellow color. The solvent was distilled under vacuum, 
and the yellow oil that remained was chromatographed on the 
Chromatotron using a 2 mm silica gel plate. Elution with 10% 
ethyl acetate - hexane allowed isolation of 10a (0.048 g, 
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20%), cis-1 (0.041 g, 17%), trnns-1 (0.036 g, 15%), and 9a 
(0.029 g, 12%). Continued gradient elution to 30% ethyl ace- 
tate afforded 12 (0.024 g, 10%) and two new compounds 
(0.024 g, 5% each). The FT-IR spectrum of these compounds 
(CC1,) showed the presence of carbonyl absorptions in the 
1650-1710 cm-' range, but their GC retention times did not 
match those of the two minor products observed in the crude 
reaction mixture (vide supra). Continued gradient elution to 
50% ethyl acetate afforded 6 (0.007 g, 3%) and a third minor 
component (0.007 g, 3%) that is presumably an isomer of 6. 

(ii) From irradiation of trans-3 

(a) Irradiation of trans3 in 9570 ethanol 
A continuously oxygenated solution of trans-3 (1.0 g, 2.5 
mmol) in 95% ethanol (500 mL) was irradiated under similar 
conditions to those described above for trans-1. A single prod- 
uct, subsequently identified as c i s3  (vide infra), was observed 
by GC analysis during the first 30 min of photolysis. Contin- 
ued irradiation resulted in the slower formation of four other 
compounds that eluted between cis- and trans3 under the GC 
conditions employed (order of elution: c i s3  < 5 < l l c  = 10c < 
9c < trans-3), and the development of a dark yellow colour. 
The irradiation was stopped after 1 h (ca. 75% conversion of 
trans-3), and the solvent was removed on the rotary evaporator 
to yield a brown oil. The mixture was chromatographed on the 
Chromatotron using a 4 mm silica gel thick-layer plate that 
was first deactivated with triethylamine, using an ethyl acetate 
- hexane gradient (1-8% ethyl acetate). The products eluted in 
the order 10c < c is3  < l l c  < 9c < 5 < trans-3. Compounds cis- 
3 and 10c were isolated in pure forms as a colourless oil and a 
crystalline solid, respectively. Compounds 9c and l l c  initially 
eluted together, but could be separated with subsequent passes 
through the plate. Compound 9c was obtained as a colourless 
solid after recrystallization from ethyl acetate - hexane. Com- 
pound l l c  was obtained as a pale yellow, low-melting solid 
that resisted further attempts at purification by either chroma- 
tography or recrystallization. Compound 5 was obtained as a 
colourless solid after two recrystallizations from hexane. Iso- 
lated chemical yields and spectroscopic properties of these 
materials are listed below. The material balance was typically 
less than 50% from photolyses in ethanol solution. 

cis-4-tert-B~~tyldimethylsiloxy-3,3',4'-tri1ethoxystilbene (cis- 
3): 0.1 12 g, 0.28 mmol, 11%; mp 53-55°C. UV (ethanol), 
A,,,(E): 201 nm (52 400), 281 nm (13 900); IR: 3001 (m), 
2954 (s), 2932 (s), 2857 (s), 1509 (s), 1465 (s), 1289 (s), 1128 
(s), 1031 (s), 899 (s), 839 (s); 'H NMR, 6: 0.1 1 (s, 6H), 0.97 (s, 
9H), 3.60(s, 3H), 3.63 (s, 3H), 3.84 (s, 3H),6.43 (s,2H),6.75 
(m, 6H); 13c NMR, 6: -4.7, 18.5, 25.7, 55.3, 55.5, 55.8, 
110.8, 111.7, 112.6, 120.6, 121.8, 128.6, 128.9, 130.2, 131.1, 
144.2, 148.1, 148.3, 150.5; MS, ttzle (1): 400 (40), 343 (25), 
328 (loo), 253 (4), 209 (7),149 (7), 73 (8). Exact Mass, calcd. 
for C,,H,,SiO,: 400.2070; found: 400.2069. 

18.47,25.72,44.57,55.35,55.85,55.94,64.11332, 109.45, 
110.61, 113.73, 119.27, 120.34, 121.66, 132.07, 134.97, 
143.22, 148.26, 148.93, 150.30. Mirzor isonzer (33%): 'H 
NMR, 6: 0.13 (s, 6H), 0.97 (s, 9H), 1.13 (t, 3H), 2.76 (quint, 
lH), 3.04 (dd, 1 H), 3.34 (m, 2H), 3.66 (s, 6H), 3.73 (s, 3H), 
4.27 (m, lH), 6.65 (m, 6H). Mixture: UV (ethanol) A ,,,, (E: 202 
nm (50 900), 286 nm (1 1 loo), 332 nm (19 260); IR (mixture): 
3001 (m), 2954 (s), 2932 (s), 2857 (s), 1509 (s), 1465 (s), 1289 
(s), 1128 (s), 1031 (s), 899 (s), 839 (s); MS, mle (1): 446 (3), 
400 (45), 389 (15), 343 (26), 328 (loo), 313 (7), 295 (57). 

6- (tert - Butyldit~zethylsiloxy) - 2,3,5-trinzethoxyphena~ztl~rene 
(Ilc):  0.057 g, 0.14 mmol, 6%; mp 5 1 - ~ ~ O C ~ ~ U V  (ethanol), 
A,,,(E): 201 nm (62 800), 260 nm (72 560); IR: 3030 (s), 2959 
(m), 2933 (m), 1514 (s), 1470 (s), 1423 (m), 1265 (s), 1239 (s), 
1085 (s), 838 (s); 'H NMR (300 MHz), 6: 0.27 (s, 6H), 1.09 (s, 
9H), 3.92 (s, 3H), 4.02 (s, 3H), 4.10 (s, 3H), 7.16 (m, 2H), 7.52 
(m, 3H), 9.20 (s, 1H); I3c NMR, 6: -4.4, -0.3, 18.3, 25.8, 
55.7, 55.8, 59.3, 107.9, 108.7, 120.5, 124.0, 124.6, 124.8, 
125.3, 128.3, 128.4, 128.7, 147.3, 148.2, 148.4, 148.6; MS, 
mle (1): 398 (20), 326 (loo), 163 (lo), 73 (12), 57 (6). Exact 
Mass, calcd. for C,,H3,Si0,: 398.19 14; found: 398.19 10. 

3- (tert - Buryldittzethylsilox)~) - 2,5,6-trimethoxyphenarithretze 
(1Oc): 0.1 1 g, 0.28 mmol, 1 1 %; mp 95-97°C; UV (ethanol), 
A,,,(&): 202 nm (17 900), 26 1 nm (38 400); IR: 3030 (s), 2959 
(m), 2934 (m), 1599 (m), 1512 (s), 1469 (s), 1275 (s), 1247 (s), 
1103 (s), 1049 (m); 'H NMR (300 MHz), 6: 0.25 (s, 6H), 1.07 
(s, 9H), 3.94 (s, 6H), 4.0 (s, 3H), 7.2 1 (m, 2H), 7.50 (m, 3H), 
9.15 (s, 1H); "C NMR, 6: -4.6, -0.5, 18.5, 25.8, 55.3, 56.4, 
59.8, 108.6, 112.2, 118.8, 123.9, 124.3, 124.8, 125.3, 127.7, 
129.2, 144.7, 146.3, 150.9, 151.0; MS, nzle (1): 398 (25), 341 
(22), 326 (loo), 31 1 (15), 268 (15), 163 (8), 134 (7), 89 (7), 73 
(12), 57 (10). Exact Mass, calcd. for C,,H,,SiO,: 398.1914; 
found: 398.1910. 

3- (tert - Butylditnethylsiloxy) - 2,6,7-trirnethoxyphena~ithrene 
(9c): 0.083 g, 0.21 mmol, 8%; mp 95.0-96.8"C; UV (ethanol), 
A,,,(E): 255 nm (90 600), 286 nm (38 700); IR: 3030 (s), 2958 
(m), 2934 (m), 1509 (s), 1478 (s), 1434 (m), 1272 (s), 1197 (s), 
903 (s), 866 (m), 81 1 (m); 'H NMR (300 MHz), 6: 0.23 (s, 
6H), 1.06 (s, 9H), 3.94 (s, 3H), 4.02 (s, 3H), 4.09 (s, 3H), 7.18 
(s, 2H), 7.52 (s, 2H), 7.76 (s, lH), 7.88 (s, 1H); 13c NMR, 6: 
-4.5, -4.4, -0.01, 0.30, 18.6, 25.8, 55.3, 55.8, 55.9, 103.0, 
108.3, 108.7, 112.8, 124.2, 124.6, 126.2, 127.2, 145.3, 148.7, 
149.2; MS, mle (1): 398 (23), 341 (20), 326 (loo), 240 (4), 163 
(12), 73 (5). Exact Mass, calcd. for C,,H,,SiO,: 398.1914; 
found: 398.1915. 

GC analysis of exhaustively irradiated solutions of 3 in oxy- 
genated THF indicate the primary relative phenanthrene 
yields to be similar to those obtained in ethanol solution. How- 
ever, irradiation in THF allows isolation of 9c-llc in signifi- 
cantly higher chemical yields than are obtained from 
irradiations in ethanol. 

1(2)-Ethoxy-l-(3-(tert-butyldimethylsilo)-4-1ethophetyl)- (b) Irmdiation of trans-3 in THF 
2-(3,4-dimethoxyphen~l)ethane (5): 0.070 g, 0.16 mmol, 6%, A solution of trans-3 (1 g, 2.5 mmol) in dry tetrahydrofuran 
mixture of regioisomers. Major isomer (67%): 'H NMR, 6: (15.0 mL) was oxygenated with a stream of dry oxygen for 10 
0.10 (s, 6H), 0.96 (s, 9H), 1.13 (t, 3H), 2.76 (quint, 1H), 3.04 min and then irradiated with 300 nm light (Rayonet reactor, 12 
(dd, 1H), 3.34 (m, 2H), 3.76 (s, 3H), 3.82 (s, 3H), 3.84 (s, 3H), lamps, 27°C). The reaction was not monitored, but instead was 
4.27 (m, lH), 6.65 (cplx m, 6H); "C NMR, 6: -4.57, 15.34, stopped after 12 h of continuous irradiation. A deep orange 
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solution was obtained. The solvent from the reaction mixture 
was evaporated and the remaining dark orange oil was chro- 
matographed using a 2-mm-thick Chromatotron plate that had 
previously been treated with triethylamine (5 drops in 600 mL 
of eluent). The less polar fractions (that eluted with 10:90 ethyl 
acetate:hexanes, containing 9c-llc, cis-3 and trans-3) repre- 
sented 50% of the photolyzed material. 

Continued gradient elution to 35% ethyl acetate afforded 
four additional fractions, the first and fourth of which con- 
sisted of single components. They were identified as the fol- 
lowing on the basis of spectral data. 

trans- I,2- Bis(3,4- dimethoxypheny1)-cis,trans-3,4- bis(4- tert- 
butyldimethylsiloxy-3-methoxypheny1)-cyclobtane (7a): first 
fraction (oil), 0.201 g, 20%; 'H NMR, 6: 0.055 (s, 6H), 0.93 (s, 
9H), 3.54 (s, 3H), 3.64 (s, 3H), 3.76 (s, 3H), 4.25 (br s, 2H), 
6.45 (d, lH, J =  1.83 Hz), 6.52 (d, lH, J =  1.97 Hz), 6.62 (dd, 
lH,J=1.87Hz,J=8.15Hz),6.65(d,2H,J=8.10Hz),6.68 
(dd, lH, J  = 2.0 Hz, J  = 8.28 Hz); I3c NMR (125.8 MHz), 6: 
-4.80, 18.31, 25.62, 47.31, 47.39, 55.34, 55.45, 55.63, 
110.31, 112.00, 112.76, 119.92, 120.13, 120.18, 133.67, 
134.45, 143.1 1, 147.16, 148.37, 150.23; MS, rnlz (1): 550 (12), 
501 (lo), 400 (loo), 354 (lo), 328 (71), 300 (7), 284 (7), 151 
(7); MS (NH, CI), rnlz (1): 818 (38), 568 (20), 502 (1 I), 401 
(loo), 301 (21), 151 (15). 

cis- 1,3- Bis(3,4- dimethoxypheny1)- trans,trans- 2,4- bis(4- tert- 
butyldimethylsiloxy-3-methoxypheny1)-cycobtane (8a): 4th 
fraction (oil), 0.191 g, 19%; 'H NMR, 6: 0.073 (s, 6H), 0.96 (s, 
9H), 3.55 (s, 3H), 3.63 (s, 3H), 3.78 (s, 3H), 4.23 (s, lH), 4.24 
(s, IH), 6.46 (d, IH, J = 1.99 Hz), 6.50 (d, IH, J =  1.91 Hz), 
6.59 (dd, lH, J =  1.99 Hz, J =  8.13 Hz), 6.63 (d, lH, J  = 8.08 
Hz), 6.67 (d, lH, J =  8.28 Hz), 6.71 (dd, lH, J =  1.99 Hz, J =  
8.25 Hz); I3c NMR, 6: -4.73, 18.36, 25.68, 47.38, 47.58, 
55.39, 55.71, 55.76, 110.71, 112.79, 112.03,, 120.14, 120.10, 
133.76, 134.44, 143.16, 147.23, 148.45, 150.35; MS, rnlz (1): 
501 (3), 400 (loo), 343 (22), 328 (57), 310 (3), 286 (12), 195 
(lo), 73 (8); MS (NH3 CI), rnlz (1): 8 18 (loo), 569 (8), 464 (5), 
402 (76), 328 (20). 

The second fraction consisted of a mixture of two carbon- 
ylic compounds, which were tentatively identified as stilbene- 
quinones on the basis of 'H and ',c NMR spectroscopy of the 
mixture, but they could not be rigorously identified. The third 
fraction consisted of a mixture of 12 and dimer 8a. 

(iii) From irradiation of trans-2 

(a) Irradiation of trans-2 in 95% ethanol 
An oxygenated solution of trans-2 (0.50 g, 1.7 mmol) in 95% 
ethanol (500 mL) was irradiated under similar conditions to 
those described above. GC and GC-MS analysis of the crude 
mixture after 15 min irradiation revealed the presence of a 
single product that was identified as cis-2 (vide infra). Con- 
tinued irradiation (30 min total) resulted in the solution turn- 
ing yellow, and GC analysis indicated there to be substantial 
loss of volatile material with only a slight apparent increase in 
the yield of cis-2 relative to the amount of trans-2 present. 
The solvent was distilled from the reaction mixture under 
vacuum, yielding a dark yellow oily solid (0.49 g). 'H NMR 
analysis of the crude photolysate indicated a cis-2ltrans-2 
ratio of ca. 3: 1. 

The reaction mixture was chromatographed on a 4 mm sil- 
ica gel thick-layer plate and eluted with dichloromethane. This 
allowed recovery of 0.013 g of trans-2, the first compound to 
elute. The second fraction consisted of cis-2 (0.0 18 g) contain- 
inated with a small amount of the trans isomer, as determined 
by 'H NMR spectroscopy. GC analysis of this mixture indi- 
cated it to consist of cis-2 and trans-2 in a - 1 : 1 ratio, but low- 
ering the injector temperature resulted in correspondingly 
higher amounts of the cis isomer in the mixture. 'H NMR anal- 
ysis of the mixture after storage for 24 h in the dark at room 
temperature indicated complete thermal isomerization to the 
cis isomer. The remaining material consisted of two dimeric 
products and 12; these were isolated from the photolysis of 
trans-2 in THF (vide infra). 

cis-4-Hydroxy-3,3',4'-trirnethoxystilbee (cis-2): mp 13 1.9- 
132.3"C; UV (ethanol), A,,,(E): 200 nm (26 150), 303 nm 
(9780); GC/FTIR: 3564 (br m), 2983 (s), 2939 (m), 1724 (s), 
1384 (s), 1325 (m), 1186 (s), 1143 (m), 957 (w), 919 (w); 'H 
NMR (300 MHz), 6: 3.68 (s, 3H), 3.69 (s, 3H), 3.87 (s, 3H), 
5.57 (s, lH), 6.45 (s, 2H), 6.80 (m, 6H); ',c NMR (AM500), 
6: 55.80, 55.82, 55.89, 108.01, 108.56, 111.24, 114.48, 
119.43, 120.1 1, 126.27, 149.08; MS, tnle (1): 286 (loo), 271 
(13), 21 1 (6), 168 (S), 165 (4), 143 (8), 77 (7), 45 (38). Exact 
Mass, calcd. for C,7H,804: 286.1205; found: 286.1208. 

Extended photolysis of 2 in oxygenated ethanol solution 
resulted in substantial loss of volatile material, the appearance 
of small amounts of three new products, and the development 
of a deep orange-brown colour. Attempts to isolate the three 
new products by thick-layer chromatography were unsuccess- 
ful. 

Phenanthrenes 9b-llb were prepared by desilylation of the 
corresponding tert-butyldimethylsiloxy compound 9c-llc. 
For example, 9c (0.05 g, 0.18 mmol), tetra-n-butylammonium 
fluoride (0.066 g, 0.25 mmol), and tetrahydrofuran (0.25 mL) 
were placed in a 5 mL round-bottom flask and stirred at room 
temperature for 30 min, with periodic monitoring of the 
progress of reaction by thin-layer chromatography (silica gel, 
15% ethyl acetate in hexane). The solvent was removed under 
vacuum, saturated aqueous ammonium chloride (5 mL) was 
added, and the mixture was extracted with anhydrous ether. 
The combined ether extracts were dried over anhydrous mag- 
nesium sulfate, filtered, and stripped of solvent on the rotary 
evaporator. The resulting yellow oil was chromatographed on 
a silica gel column, eluting with hexane (- 100 mL) to remove 
unreacted starting material and other silicon-containing com- 
pounds, and then a 25% ethyl acetate - hexane mixture. Com- 
pound 9b was obtained as a colourless solid (0.033 g, 0.16 
mmol, 93%) and recrystallized from ethyl acetate - hexanes 
and ethyl acetate. GC coinjection with crude mixtures from 
photolysis of 2 verified its presence in the photolysate. A sim- 
ilar procedure was employed for the synthesis of lob and l l b  
from 10c and l l c ,  respectively. 

6-Hydroxy-2,3,7-trimethoxyphenanthrene (9b): mp 155- 
158°C; UV (ethanol), A,,,(E): 254 (65 800), 286 nm (29 470); 
IR: 3542 (m), 3030 (s), 1512 (s), 1480 (s), 1436 (m), 1266 (m), 
1197 (s), 1159 (s), 11 1 1 (m), 1041 (m), 864 (m); 'H NMR, 6: 
4.01 (s, 3H), 4.03 (s, 3H), 4.08 (s, 3H), 5.90 (s, IH), 7.19 (s, 
2H), 7.5 1 (s, 2H), 7.79 (s, lH), 7.96 (s, 1H); ',c NMR, 6: 
55.90,55.96, 103.10, 105.99, 107.65, 108.17, 123.96, 124.32, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J.  Chern. Vol. 74, 1996 

124.36, 125.14, 126.10, 126.35, 145.60, 146.39, 148.81, 
149.18; MS, mle (1): 284 (loo), 269 (13), 241 (14), 198 (8), 
142 (12). Exact Mass, calcd. for C17H1604: 284.1048; found: 
284.1047. 

6-Hydroxy-2,3,5-trimethoxyphenanthrene (11 b): mp 157.3- 
159.1°C; UV (THF) A,,,(&): 274 nm (20 180), 260 (25 600); 
IR (KBr): 3363 (br), 1601 (s), 1513 (s), 1474 (s), 1423 (s), 
1370 (m), 1254 (s), 1154 (s), 1076 (s), 1042 (s), 860 (s), 779 
(s); 'H NMR, 6: 3.81 (s, 3H), 3.96 (s, 3H), 4.00 (s, 3H), 6.05 
(brs, 1H),7.14 (s, 1H),7.18 (d,2H, J =  3.8 Hz), 7.20 (s, lH), 
7.46 (m, 2H), 8.82 (s, 1H); I3c NMR, 6: 55.76, 55.83, 60.29, 
107.79, 108.06, 115.44, 122.12, 122.87, 124.08, 125.58, 
125.94, 127.56, 128.49, 143.01, 147.69, 148.64, 148.94. MS, 
mlz (1): 284 (loo), 269 (22), 241 (19), 226 (16), 198 (lo), 181 
(7), 142 (20), 121 (5), 71 (13), 57 (16). Exact Mass, calcd. for 
C17H,604: 284.1048; found: 284.1052. 

3-Hydr0xy-2,5,6-trimethoxyphenanthrene (lob): mp 147.4- 
149.6"C; UV (THF), A,,,,(&): 255 nm (88 OOO), 287 nm 
(37 500), 301 (21 000); IR (KBr): 3416 (br), 15 16 (s), 1474 (s), 
1456 (m), 1427 (m), 1370 (m), 1270 (s), 1101 (s), 1053 (m), 
818 (m); 'H NMR, 6: 3.90 (s, 3H), 3.95 (s, 3H), 3.98 (s, 3H), 
5.74 (br s, lH), 7.13 (s, lH), 7.20 (d, lH, J =  8.7 Hz), 7.39 (d, 
lH, J =  8.8 HZ), 7.43 (d, lH, J =  8.7 Hz), 7.52 (d, lH, J =  8.7 
Hz), 9.09 (s, 1H); I3c NMR, 6: 55.82, 56.68, 59.79, 107.63, 
112.27, 112.78, 124.38, 124.54, 124.68, 124.81, 125.03, 
127.99, 128.21, 145.07, 146.54, 146.71, 151.16; MS, mlz (1): 
284 (loo), 269 (59), 241 (1 I), 226 (8), 18 1 (9), 155 (lo), 139 
(9), 126 (7), 84 (14). Exact Mass, calcd. for CI7Hl6O,: 
284.1048: found: 284.1049. 

(b) Irradiation in THF 
A solution of trans-2 (0.261 g, 0.91 mmol) and n-hexadecane 
(0.169 g, 0.075 mmol) in dry tetrahydrofuran (15.0 mL) was 
oxygenated with a stream of dry oxygen for 10 min and then 
irradiated with 300 nm light (Rayonet reactor, 12 lamps, 
27°C). The reaction was monitored by GC-MS analysis for 8 h 
at 1 h intervals. The formation of 9b, lob, l l b ,  and 12 was 
observed to proceed linearly as a function of irradiation time. 

After 5 h of irradiation, the solution had turned light yellow; 
GC analysis of the product mixture indicated it to consist of 12 
(14%), 9b (19%), trans-2 (12%), and 10b+llb (12%). After 
8 h of irradiation, the presence of other volatile minor products 
in the photolysate accounted for 8% of the mixture, as deter- 
mined by GC-MS analysis. The retention times and mass 
spectral data of two of these products (ca. 4% each) coincide 
with those found for the two phenanthrenetetrones detected in 
the photolysis of trans-1 (vide supra). 

The solvent was distilled from the photolysate under vac- 
uum, and the dark orange oil that remained was chromato- 
graphed on the Chromatotron using a 2 mm silica gel plate and 
gradient elution with ethyl acetate - hexane. Compounds cis-2 
and trans-2,9b-llb, and 12 were isolated, as well as one other 
fraction that contained a mixture of two dimeric compounds. 
This was followed by a fraction containing a single compo- 
nent, which was tentatively identified as cyclobutane dimer 8b 
on the basis of I H  NMR and MS evidence. 

cis-1,3-Bis(3,4-dimethoxyphenyl)-trans,trans-2,4-bis(4- 
hydroxy-3-methoxypheny1)-cyclobutane (8a): 4th fraction 

(oil), 0.191 g, 19%; 'H NMR, 6: 3.64 (s, 6H), 3.74 (s, 3H), 
4.69 (s, 2H), 6.36 (s, lH), 6.37 (s, lH), 6.7 1 (cplx m, 4H); MS, 
mle (1): 571 (I) ,  501 (I) ,  400 (51), 328 (60), 288 (39), 286 
(51), 195 (loo), 152 (31), 73 (29). 

Irradiation of phenanthrene 10a under various conditions 
A solution of 10a (2.1 mg, 0.007 mmol) in THF (0.5 mL) was 
placed in a Pyrex tube, sealed with a rubber septum, oxygen- 
ated with a stream of dry oxygen for 10 min, and then irradi- 
ated for 7 h with 300 nm light (Rayonet reactor, 12 lamps, 
25"C), with monitoring of the photolysate at 1 h intervals by 
GC-MS. After 7 h of irradiation, only a single minor photo- 
product could be detected (0.5 %, shorter retention time than 
IOU, MC = 330), in addition to remaining 10a. 

A solution of 10a (10.1 mg, 0.034 mmol), trans-1 (2 mg, 
0.0066 mmol), and n-hexadecane (0.068 mg, 0.0003 mmol) in 
dry THF (0.5 mL) was placed in a quartz NMR tube, sealed 
with a rubber septum, and oxygenated with a stream of dry 
oxygen for 10 min. The solution was irradiated with 254 nm 
light ([&6/&,ra,,s-1]?54 nm = 5 9 ,  and monitored at 20 min inter- 
vals by GC-MS. Compounds cis-l,9a, and 12 were observed 
to form in similar relative yields to those produced upon irra- 
diation of trans-1 under similar conditions (vide infra). No 
new products could be detected in significant yields after pho- 
tolysis to 50% (total) conversion of 1. 

Photostationary state and quantum yield determinations 
Quantum yields were determined using an electronic actinom- 
etry system similar to that reported by Leigh and Arnold (38), 
using 300 nm light from a 100 W xenon lamp attached to a 
high-intensity monochromator. A Coming CS 7-54 glass fil- 
ter was employed to remove the higher order spectral lines. 
The system was calibrated prior to each experiment by ferri- 
oxalate actinometry. Solutions were contained in round 
Suprasil UV cells (1.0 x 2.54 cm) that were sealed with rubber 
septa. The samples were deoxygenated with a stream of nitro- 
gen or oxygen for 15 min prior to photolysis, and stirred 
throughout using a 6 mm Teflon-coated magnetic stirrer. 
Product formation was followed by GC relative to n-eicosane 
as an internal standard. Relative FID response factors were 
determined for both trans- and cis-1 by construction of work- 
ing curves. Product yields were determined from plots of 
product concentration vs. accumulated photon counts. Quan- 
tum yields for the formation of 4 (in ethanol) and phenan- 
threnes 9a and 10a (in 02-saturated solution) were estimated 
from runs ca. 10 times longer than those employed for the 
determination of quantum yields for cis,trans isomerization. 
The linearity of the system over these longer time scales was 
not, however, verified. 

For photostationary state determinations, M solutions 
of cis- and trans-1 were purged for 15 min with a stream of 
nitrogen, and irradiated alternately in the system described 
above, with periodic monitoring of the course of reaction by 
GC. The irradiation was continued until the ratios of cis-11 
trans-1 in the two solutions achieved a common value (cis-11 
trans-1 = 1.38 + 0.07). 

Steady state fluorescence quenching experiments 
Fluorescence spectra were recorded using -5 x lo4 M solu- 
tions of the stilbenes or phenanthrenes in dry THF containing 
various amounts of absolute ethanol, TFE, or HFIP, in 1 x 1 
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Leigh et al. 

cm Suprasil quartz cuvettes that were sealed with rubber sep- 
tums. The solutions were deoxygenated prior to recording the 
spectra by bubbling with a stream of dry nitrogen for a con- 
stant period of time. A fresh solution was employed for each 
spectrum recorded, and fluorescence intensities were esti- 
mated from the integrated emission spectra. For oxygen- 
quenching experiments, aliquots of standard solutions of 
tmns -1  and trans-2 were placed in 10 mL volumetric flasks, 
and then premixed nitrogen-oxygen mixtures were bubbled 
through the solutions, topping the flasks up to the mark with 
fresh solvent when evaporation resulted in some loss. The 
compositions of the gas mixtures were controlled with a 
Matheson 73510-600 gas proportioner. Oxygen concentra- 
tions were calculated using a value of 0.0101 M for the con- 
centration of oxygen in oxygen-saturated THF at 25°C (39). 
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Chromatographie a contre courant et micelles 
inverses pour la separation et 19extraction de 
cations metalliquesl 

Alain Berthod, Jun Xiang, Serge Alex et Colette Gonnet-Collet 

Resume : La chromatographie h contre courant (CCC) est une technique de sCparation dans laquelle la phase stationnaire est un 
liquide. L'acide diethylhexyl phosphorique (DEHPA) est capable de former des micelles inverses dans l'heptane. Des cations 
mCtalliques localis6s dans une phase aqueuse peuvent passer dans la phase heptane par complexation~xtraction dans le centre 
des micelles inverses de DEHPA. Un appareil CCC peut Etre considCrC comme un puissant mklangeur et extracteur avec une 
efficacitt de plusieurs centaines de plateaux. L'association de la technique CCC avec I'extraction par micelles inverses h permis 
de stparer les ions mCtalliques ~ a ~ + ,  Ce", pr3+ et Nd3+. L'utilisation de phases mobiles h diffkrents pH a permis de determiner les 
constantes d'extraction et les coefficients de sCparation de chaque ion. Les conditions de surcharge sont soulignees. Avec des 
solutions d'ions CO" et Ni2+, l'utilisation de I'appareil CCC en mode dit chromatographie frontale a permis de concentrer une 
quantitC maximale d'ion CO" dans la phase stationnaire heptane + DEHPA. Une partie de la solution a CtC dCsionisCe, une autre 
partie ne contenait plus que des ions Ni2+. La m6thode permet Cgalement de dCterminer les constantes d'extraction et les 
coefficients de separation. L'utilisation de la technique CCC avec une phase stationnaire extractrice peut Etre gCnCraliste en tant 
que filtre i ions pour extraire, concentrer des cations dans un faible volume de phase organique ou pour dCsioniser des phases 
aqueuses. 

Mots elks : chromatographie h contre courant, CCC; filtration d'ions, extraction d'ions, dCsionisation, lanthanides, mCtaux de 
transition. 

Abstract: Countercurrent chromatography (CCC) is a separation technique in which the stationary phase is a liquid. Diethylhexyl 
phosphoric acid (DEHPA) forms reverse micelles in heptane. Metallic ions, located in an aqueous phase, can be extracted into the 
aqueous core of the reverse micelles in the heptane phase. A CCC apparatus can be considered as a powerful mixing and 
extracting machine with efficiency above several hundreds of theoretical plates. ~ a ~ + ,  Ce3+, pr7+, and ~ d ~ +  lanthanide cations 
were separated using CCC with a DEHPA-containing heptane stationary phase. Studying the retention variations with aqueous 
mobile phase pH, it was possible to determine the lanthanide extraction constants and separation coefficients. Overloading 
conditions are described. Frontal chromatography was performed using a Co" and Ni2+ solution. The CO" ions were 
concentrated in the heptane + DEHPA stationary phase, a part of the solution was deionized, and another part was enriched in only 
Ni" ions. This method also produced the extraction constants and separation coefficients. The use of CCC with a complexing 
stationary phase can be applied to any cation for ion filtering and concentration, or for deionization of aqueous phases. 

Key words: countercurrent chromatography, CCC; ion extraction, ion filtering, deionization, lanthanides, transition metals. 

Introduction 

La chromatographie h contre courant (CCC) est une technique 
de sCparation avec une phase stationnaire et une phase mobile. 
A la difference des autres techniques de chromatographie, en 
CCC, la phase stationnaire est un liquide sans aucun support 

Requ le 22 juin 1995. 
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01 1 33 7243 1434. Fax : 01 1 33 7243 1078. E-mail : 
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solide. La phase mobile, elle aussi liquide, demeure la seule h 
se dCplacer dans la colonne. I1 n'y a pas de circulation de 
liquides h contre courant dans la technique CCC comme son 
nom semble le laisser croire. L'inventkur de la technique, 
Yoishiro Ito (l),  a publiC plus d'une centaine d'articles scien- 
tifiques en utilisant le sigle CCC ( 2 4 ) .  Le nom, chromatogra- 
phie h contre courant, et le sigle, CCC, se sont imposks.3 
Plusieurs dknominations plus adaptCes ont CtC proposkes: 
chromatographie de partage centrifuge ou chroinatographie 
liquide-liquide centrifuge (6). 

L e s  avantages d'une phase stationnaire liquide sont : 
(i) une grande capacitC : les solutks h sCparer ont accks au 

volume de la phase stationnaire et non pas seulement a l'inter- 
face solide - phase mobile comme dans les autres techniques 
chromatographiques. C'est l'avantage principal de la CCC qui 

3. Tant que 1' International Union for Pure and Applied Chemistry 
(IUPAC) n'aura pas recommand6 une autre dCnomination que 
celle proposie par I'inventeur de la technique, Yoishiro Ito, les 
termes chromatographie h contre courant et le sigle CCC seront 
utilisCs. 

Can. J. Chem. 74: 277-286 (1996). Printed in Canada / ImprimC au Canada 
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est plut6t utiliste dans la prtpurification d'extraits chargCs ou 
la stparation preparative; 

(ii) un trks grand choix de systemes : les mClanges de sol- 
vants qui produisent un systkme biphasique liquide sont 
innombrables (7), certains systkmes liquides permettent de 
faire des gradients de composition (8); 

(iii) une gamme de sClectivitt originale comparCe aux sClec- 
tivitts obtenues en chromatographie liquide classique a phases 
stationnaires solides (silice nue ou silice greffte alkyle) (9); 

(iv) l'inversion possible du r61e des phases : la phase mobile 
peut devenir la phase stationnaire et vice versa. En con- 
stquence, aucun solutt inject6 ne peut rester irrtversiblement 
adsorb6 dans la colonne CCC. S'il n'est pas t lut ,  dG a sa forte 
affinitC pour la phase stationnaire, on inverse le r61e des phases 
et le solutC est pousst hors de la colonne (9). Ainsi il y a tou- 
jours rtcuptrati'on totale des solutts inject&; 

(v) la mesure des coefficients de partage liquide-liquide 
(10). 
Un dernier avantage est que la technique CCC utilise tous les 
ClCments pkriphtriques classiques de la chromatographie 
liquide : pompes, dttecteurs, vannes, collecteurs de fractions, 
inttgrateurs. Seule la colonne est difftrente. 

La technique a des inconvtnients. Le principal est Cvident : 
il faut maintenir la phase stationnaire liquide en place pendant 
que l'on fait circuler la phase mobile. Une << colonne >, CCC ne 
sera donc pas un simple tube reinpli de phase stationnaire 
comme en chromatographie liquide classique. Des forces cen- 
trifuges seront ntcessaires pour retenir la phase stationnaire 
liquide. Tous les appareils CCC modernes, qui ne sont en fait 
que la colonne CCC, cornportent des rotors. Deux types 
d'appareils CCC sont commercialisCs, les appareils tubes 
enroults, dits hydrodynamiques, et les appareils a tubes et 
canaux, dits hydrostatiques. 11s sont dtcrits dans de nombreux 
articles de revue (3,4,  11). 

La technique CCC peut etre utilisCe pour sCparer des cations 
mktalliques par extraction par solvant avec tchange d'ions 
(12-16). Les lanthanides trivalents sont trks difficiles ii stparer 
en une seule extraction. Des proctdts d'extraction multiples 
doivent etre mis en oeuvre (17). La technique CCC est idtale, 
elle permet en un processus continu d'effectuer un nombre 
d'extractions trks important. Ce nombre d'extractions corre- 
spond au nombre de plateaux thtoriques de la colonne CCC. I1 
peut atteindre plusieurs centaines de plateaux voire plusieurs 
milliers (13, 15). La grande capacitt de charge de la phase sta- 
tionnaire liquide prend tout son inttr&t. Le fait que l'tchantil- 
lon introduit dans la colonne soit toujours totalement r tcuptrt  
est tgalement un Cnorme avantage lorsque des actinides ou 
autres ions radioactifs sont stparCs. 

Nous nous proposons dans ce travail de presenter rapide- 
ment les paramktres thtoriques de la technique CCC. Une 
seconde ttape montre que l'utilisation comme phase station- 
naire en CCC d'une solution de micelles inverses dans l'hep- 
tane permet de stparer les premiers Cltments de la famille des 
lanthanides. Une micelle inverse est une association de plu- 
sieures molCcules de tensio-actif de telle sorte que les t&tes 
~ola i res  soient tourntes vers l'inttrieur de la &icelle et les 
chaines hydrophobes vers l'exterieur. Le centre polaire de la 
micelle inverse peut emprisonner des mol~cules d'eau et des 
cations mktalliques. On montrera qu'on peut ainsi concentrer 
des mttaux dans la phase organique micellaire en utilisant 
l'appareil CCC non pas en mode stparatif mais comme un fil- 

tre a ions. Les mCtaux de transition seront utilists comme 
exemple. 

'La chromatographie a contre courant (CCC) 
Comme il l'a CtC indiqut dans l'introduction, la CCC est une 
technique chromatographique dans laquelle la phase station- 
naire est un liquide. Les solutts sont retenus par ordre de coef- 
ficient de partage croissant. 11s sont sCparCs par la colonne 
CCC et sortent sous forme de pics symttriques ou gaussiens. 
A la difftrence des autres types de chromatographie, le 
mecanisme de rttention des solutes est tres simple : c'est 
uniquement le partage entre les deux phases liquides qui dis- 
crimine les solutCs. Le volume de rttention, VR, d'un solutC 
s'exprime par : 

V, et Vs sont, respectivement, les volumes de phase mobile et 
de phase stationnaire dans la colonne. P est le coefficient de 
partage du solutt exprime par : 

[sO1utt]phase stationnaire - 'R - 'tvl 
[2] P = - 

[sO1utt]phasc mobile v~ 
La somme des volumes des phases, V, + Vs, est Cgale au 
volume interne de la colonne, Vc. Le facteur Sf, 

mesure le pourcentage de rttention de phase stationnaire par 
rapport au volume interne de la colonne CCC utilist. 11 permet 
de comparer d'un appareil a l'autre la quantitt de phase sta- 
tionnaire retenue. 

Le facteur de capacitC ou facteur de retention, k', est trks 
utilist en chromatographie car il est independant du volume de 
la colonne chromatographique. I1 s'exprime par : 

En utilisant 1'Cquation [I], on obtient : 

L'tquation 1.51 montre qu'il y a une relation directe entre le 
facteur de rttention d'un solutt et son coefficient de partage 
dans le systkme liquide utilisC dans le chromatographe CCC. 
Si le coefficient de partage est connu ou s'il peut &tre mesurt, 
il pourra &tre utilist pour prCdire exactement le comportement 
chromatographique du solutt (4, 9, 11). Au contraire, la tech- 
nique CCC pourra &tre utiliste pour dtterminer avec prkcision 
les coefficients de partage dans les systkmes biphasiques 
liquides (9, 10, 19). 

Le domaine utile de coefficient de partage s'Ctale de 0,05 i 
100 (18). Un solutt ayant un coefficient de partage plus faible 
que 0,05 sera si peu retenu par la phase stationnaire qu'on ne 
pourra pas le difftrencier du volume mort V,. Un solutC avec 
un coefficient P de 100 aura un volume de rCtention suptrieure 
B 100 fois le volume de phase stationnaire (eq. 111) ce qui peut 
&tre prohibitif. D'autre part, un solutt tres retenu va Etre Clue 
de la colonne CCC en un pic t tal t  qui pourra &tre interpret6 
comme une dtrive de ligne de base. 
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Les paramktres principaux en CCC sont les volumes de 
ritention (VR) des solutCs. 11s ne dCpendent que de leur coeffi- 
cient de partage et des volumes de phases mobile (V,) et sta- 
tionnaire (V,) retenus dans l'appareil. On pourra toujours 
transposer d'un appareil CCC h l'autre un rksultat obtenu. Par 
exemple, l'appareil A, de volume vCA = 80 mL est capable de 
retenir 80% de phase stationnaire soit 64 mL. Le volume de 
phase mobile est donc de 16 mL (20%). Deux solutCs 1 et 2 ont 
des volumes de rCtention vRAl = 56 mL et vRA2 = 80 mL. On 
calcule leur coefficient de partage PI = 0,5 et P2 = I. On veut 
sCparer les deux solutes sur un appareil CCC B de volume vCB 
= 250 mL. I1 retient moins bien la phase stationnaire du mCme 
systkme liquide : Vs = 150 mL (Sf = 60%) et VM = 100 mL. Les 
volumes de rktention des solutCs 1 et 2 sont calculCs avec leur 
coefficient de partage ui ne depend que du systkme liquide et 
non de l'appareil : VRBq = 100 + (0,5 x 150) = 175 mL et vRB2 
= 100 + (1 x 150) = 250 mL. Les chromatogrammes peuvent 
avoir une allure differente car l'efficacitk de l'appareil A peut 
Ctre diffkrente de celle de l'appareil B. Par contre les volumes 
de rCtention sont prkvisibles. 

L'efficacitC, N, d'un appareil CCC peut atteindre plusieurs 
centaines de plateaux thCoriques. Elle se mesure par la largeur 
des pics h mi-hauteur, W,,,,, ou h 60% de leur hauteur, W0,6H : 

Elle est like h la cinCtique des Cchanges du solutC entre la phase 
stationnaire et la phase mobile. 

Partie experimentale 

Chromatographie h contre courant 
Le modkle CPHV 2000 de la SociCtC Fran~aise de Chromato- 
Colonne (Life Sciences-Shandon, Eragny, France) est un 
appareil de type hydrodynamique avec trois bobines de tubes 
enroulCs connectCes en sCrie et portCes par un rotor. Son pro- 
totype a CtC dCcrit par Ito (3). Chaque bobine contient 133 
tours de tube TCflon (diamktre interne 1,6 mm) soit 29 m 
embobinks en 7 couches de 19 tours. Le volume d'une bobine 
est d'environ 54 mL. Plus d'informations sur l'appareil CCC 
seront trouvCes dans un travail rCcent (19). Autour de I'appa- 
reil CCC ont CtC utilisCs : une pompe Shimadzu LC6-A 
(Touzart & Matignon, Paris, France) pour pousser les phases, 
un dCtecteur Cvaporatif h diffusion de lumikre (DEDL), connu 
Cgalement sous les termes anglais << evaporative light scatter- 
ing detector >> (ELSD), modkle DDL21 (Cunow, Eurosep, 
Cergy-Pontoise, France); un intkgrateur Shimadzu CRC5-A 
(Touzart & Matignon) et une vanne d'injection RhCodyne 
4125. Le dCtecteur DEDL nCbulise la phase liquide sortant de 
l'appareil CCC, 17aCrosol est chauff6 h 100°C, la phase liquide 
est CvaporCe, les sels dissous cristallisent et diffusent la 
lumikre de la lampe du dktecteur. Le ditecteur DEDL permet 
d'observer sans problkme les ions mktalliques difficilement 
dktectables par spectrophotomCtrie UV-visible. 

Pour faire une analyse CCC, il faut prkparer la << colonne >> 

qui n'existe que lorsque le champ de forces centrifuges est 
present, c'est a dire tant que le rotor de l'appareil tourne. 
L'appareil CCC est d'abord rempli par la phase stationnaire 
(heptane + complexant) h fort dCbit (8 mL/min) et sans rota- 
tion. Le rotor est mis en mouvement h 800 rotations par minute 

(rpm) et on commence h pousser la phase mobile (eau + tam- 
pon) h 2 mL/min dans le sens t&te vers queue ( 2 4 ,  11, 14). La 
phase heptane qui sort de l'appareil CCC, dCplacCe par la 
phase aqueuse, est collectCe dans une Cprouvette graduk. 
Lorsque la phase aqueuse apparait h la sortie de l'appareil 
CCC, deux phases sont observCes dans 1'Cprouvette; la 
<< colonne >> est prEte. Le volume de phase heptane dCplacCe 
est mesurC; il correspond h VM, le volume de phase mobile 
dans l'appareil. Vs est calculC par Vc - VM. Les volumes 
V, et Vs permettent de calculer les coefficients P des ions ou 
solutCs CluCs dans l'appareil CCC (eq. [I]). 

RCactifs et solutCs 
L'acide di(2-Cthyl hexyl) phosphorique (C16H,,P0,, M = 322 
glmol, d = 0,975 (20°C), pKA = 1,4) est l'extractant utilisC, il 
sera reprCsentC par le sigle DEHPA. Obtenu de Merck (Schu- 
chardt, Allemagne), il a CtC utilisC tel que r e p .  Le DEHPA est 
trks utilisC en hydromCtallurgie parce qu'il est trks sClectif, 
rCsiste bien h l'hydrolyse et il est presque insoluble dans l'eau 
(20). En solution dans I'heptane, il forme des micelles dites 
<< inverses >> car le coeur de la micelle est polaire avec des 
molCcules d'eau et les tCtes phosphates anioniques. Les 
nitrates de lanthane, cCrium, prasCodyme et nCodyme sont des 
produits Prolabo (Paris, France) ainsi que les acetates de 
cobalt, de nickel et de cuivre. L'heptane provient de SDS 
(Peypin, France). 

Spectrometric d'emission atomique a source plasma 
Un spectromktre d'emission h source plasma (ICP-AES) Per- 
kin-Elmer Optima 3000 a CtC utilisC pour dCterminer les con- 
centrations ioniques en mCtaux de transition (Co, Ni, Cu) 
lorsqu'ils n'ktaient pas complktement sCparCs par la 
<< colonne >> CCC. Cet appareil est CquipC d'un ditecteur CCD 
(Charge Coupled Device). I1 peut mesurer simultankment 
1'Cmission produite par plusieurs ClCments. Nous l'avons rCglC 
pour mesurer les trois ClCments Co, Ni et Cu, h deux longueurs 
d'onde diffkrentes pour chaque Clement. Le tableau 1 donne 
les longueurs d'onde utilisCes pour suivre les concentrations 
des trois mCtaux de transitions CtudiCs. La sensibilitk indiquCe 
est celle de Wohlers (2 1). Elle a CtC obtenue experimentale- 
ment comme le rapport signayfond pour des solutions de con- 
centration 100 mg1L sur un appareil dont les conditions de 
travail ont CtC fixCes (21). Les raies choisies sont les plus sen- 
s ib le~,  libres d'interfkrence spectrale. L'Cnergie de la torche 
Ctait de 1100 W. Le dCbit de la pompe pkristaltique Ctait de 1 
mL/min. Les dCbits d'argon Ctaient de 1 Llmin dans le nCbu- 
liseur de type << cross-flow >>, 1 Llmin en circulation auxiliaire 
et 15 Llmin dans la torche elle-mCme. 

Resultats et discussion 

Separation des quatre premiers elements lanthanides 
I1 a CtC montrC que les solutions de DEHPA dans l'heptane 
Ctaient au moins sous forme de dimkres. En prCsence d'eau, 
des micelles inverses se forment. Les chaines dikthylhexyl 
sont en contact avec les molCcules d'heptane, les t&tes polaires 
phosphates anioniques s'assemblent au coeur de la micelle oh 
elles emprisonnent de l'eau. Les protons assurent la neutralit6 
Clectrique. C'est dans le coeur des micelles que les cations 
mCtalliques vont se localiser en rempla~ant des protons du 
DEHPA (12-17, 20). La structure physico-chimique des 
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Tableau 1. Longueurs d'onde d'Cmission pour l'analyse par ICP-AES 

Can. J.  Chem. Vol. 74, 1996 

Co Ni Cu 

h (nrn) sensibilitt" h (nrn) sensibilitt" h (nm) sensibilite" 

"SensibilitC expirimentale selon Wohlers (21). 

Tableau 2. Pararnktres chrornatographiques obtenus par CCC pour les lanthanides. 

DEHPA "s VR N VR N VR N VR N 
(M) pH (rnL) (rnL) (plat.) (mL) (plat.) (rnL) (plat.) (plat.) 

Volume de I'appareil CCC 53 mL; volume de phase mobile, Vk, = 53 - V,; vitesse de rotation 800 rpm; 
erreur relative 3% (volumes), 15% (plateaux theoriques); debit de phase aqueuse 2 mL/min; pH ajuste par HCI; 
volume inject6 200 pL, concentration 0,OlM en chacun des cations, detection DEDL. 

micelles inverses et de leurs associations avec les cations plexant (m&me phase stationnaire) et au m&me pH (m&me 
mCtalliques ne sera pas abordCe dans ce travail. phase mobile). Les ritentions relatives dCpendront cependant 

du pH de la phase mobile et de la concentration en complexant 
Principe dans la phase organique. 
Les composts organomCtalliques sont d'excellents complex- En prenant le logarithme de l'expression [9], on forme : 
ants des ions mCtalliques qu'ils sont capables d'extraire de la 
phase aqueuse dans une phase organique selon : [ lo]  log P = log Kc, + n log [HA] + n pH 

[71 M'Itaq + n HA,, * M(A),,, 0,s + n Htaq 

La constante d'Cquilibre d'une telle reaction s7Ccrit : 

Cette constante peut Etre relike au coefficient de partage ou de 
distribution, P, obtenue par CCC (eq. [I]) : 

[HA]' " 
P I  P = Kc,(-) [HAt] 

Si deux cations mCtalliques n'ont pas la m&me constante 
d'extraction K,,, ils n'auront pas le mEme coefficient P. 11s 
pourront donc Etre sCparCs par I'appareil CCC puisqu'ils sont 
nkcessairement confrontCs a la m&me concentration de com- 

L'Cquation (10) montre que le logarithme du coefficient P 
obtenu par CCC est IinCairement relit j. la fois au pH et au 
logarithme de la concentration en complexant. La pente 
correspond au nombre de inolCcules de complexant par ion 
mCtallique et l'ordonnee j. l'origine permet d'estimer log K,,. 

Volllrne de re'tention et pH 
La figure 1 prksente trois chromatogrammes CCC obtenus 
avec des conditions expkrimentales diffkrentes. Le premier 
chromatogramme montre que seul l'ion ~ a ~ +  est sCparC des 
trois autres, ce3+, PI-" et ~ d ~ ' ,  avec une phase mobile acide j. 
pH 1,40 et une concentration en DEHPA 0,04 M dans I'hep- 
tane. Chacun des ions lanthanides a CtC inject6 sCparCment 
dans la m2me << colonne >> CCC. Les tracks obtenus ont Ctt 
indiquis sur le chromatogramme. Le deuxikme chromato- 
gramme montre l'accroissement des volumes de retention d13 
au pH. Une augmentation de 0,12 unit6 du pH de la phase 
mobile double les volumes de rCtention. Le tableau 2 rassem- 
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Berthod et al. 

Fig. 1. Separation des ions lanthanides par CCC. Volume de la colonne : Vc = 53 
mL ( 1  bobine), Vs = 37 mL, rotation 800 rpm, debit de phase mobile aqueuse 
2 mL/min, sens tCte vers queue, dCtecteur i diffusion lumineuse, 
photomultiplicateur : 600 V, unit6 mV (arbitraire); gaz nCbuliseur : air cornprim6 
1,5 kg/cm2, temperature de sCchage : 100°C. A : pH de la phase mobile = 1.4, 
chaque espi.ce cationnique a CtC injectee sCparCment et la courbe enveloppe est 
montrCe. B : pH = 1.52, I'ion pr3+ a i t6  supprime pour obtenir une rCsolution 
satisfaisante. C : pH = 1,52, effet de surcharge. 

1 

0,8- 
0 % 0,6- 
- 
m 
g 0,4- 
iij 

02- 

0 

ble les risultats pour chaque ion qu'il ait CtC inject6 seul ou en 
melange avec les autres. I1 donne Cgalement le nombre de pla- 
teaux correspondant 8 chaque pic. Ce nombre est lie a la cine- 
tique de 1'Cchange entre les phases (22). On note qu'il a 
tendance B diminuer lorsque le volume de retention augmente. 
La cinitique de 1'Cchange semble plus lente lorsque le cation 
est plus fortement retenu dans la phase organique. 

Le troisikme chromatogramme (figure 1C) montre l'effet 
d'un accroissement de la masse injectke. Les pics se deforment 
et deviennent asymetriques et les volumes de retention dimi- 
nuent. On a toutes les caractkristiques d'une surcharge de la 
phase stationnaire. La solution injectCe contenait une concen- 
tration de 0,l m o l L  pour chacun des cations. Cette concentra- 
tion est trks supkrieure 2 la concentration en complexant 
DEHPA dans la phase stationnaire (0,04 molL). Une partie 

Heptane DEHPA 0.04 M 
Volume d'injection 200 pl. 
Concentration 0.01 M 
pH 1,35 

A 
I I , I 

0,8- 
0 

3 0.6- 
W - m 
& 0,4- 
iii 

0.2- 

0 B 

des cations n'est pas complexie et avance dans la colonne 
jusqu'8 ce qu'elle trouve de la phase stationnaire libre. 
L'ensemble des cations voit une colonne plus courte. Cela 
explique les diminutions de temps de retention et les deforma- 
tions de pic. 

La figure 2 prCsente graphiquement les valeurs de coeffi- 
cient P obtenues pour les lanthanides B differentes valeurs de 
pH. On note la forte augmentation de P avec le pH, comme 
l'exprime 1'Cquation [9]. Les valeurs de log P ont Cte portCes 
en fonction du pH selon 1'Cquation [lo]. Le tableau 3 donne 
les valeurs de pente, ordonnee B I'origine et coefficients de 
regression des droites obtenues. Les constantes K,, sont Cgale- 
ment indiqukes. 

La facilitC de la separation de deux cations par extraction 
liquide-liquide est mesuree par le coefficient aD, le facteur de 

0 20 40 60 80 100 120 140 160 180 200 

Heptane DEHPA 0,04 M 

El Injection 200 pL 0.01 M 
pH 1.52 

FI B 
I t 

0 20 40 60 80 100 120 140 160 180 200 

Heptane DEHPA 0.04 M 
lnjection 200 pL 0.1 M - 
pH 1.52 

rn 
0 20 40 60 80 100 120 140 160 180 200 

Volume de retention (mL) 
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Tableau 3. Paramktres des droites log P =ApH). 

Pente 3,18 3,13 2,9 1 2,90 
Ordonnte B I'origine -5,25 -4.55 -4,03 -3,83 
Coefficient de rtgression 0,994 0,992 0,985 0,99 

Kc, 0,16 0,68 1,l I 1,70 

log Kc, -0,80 -0,168 0,044 0.23 

a, 4 2  1,6 1,5 

Erreur relative : 10%. 

Fig. 2. Variation du coefficient de distribution P des ions 
lanthanides 57 B 60 en fonction du pH de la phase mobile. 
Conditions optratoires de la figure I .  

~Cparation, rapport des constantes d'extraction, K,,, des deux 
cations considCrCs. aD mesure le dCplacement d'un cation par 
un autre. Les valeurs obtenues confirment les observations 
experimentales : I'ion lanthane est facile ?i sCparer des autres 
lanthanides avec un facteur de sCparation de 4,2 avec le 
cCrium, 7,9 avec le prasCodyme et 11 avec le nCodyme. Les 
autres ions lanthanides ont des facteurs de sCparation plus 
faibles (tableau 3); leur sCparation mutuelle sera difficile, mais 
pourtant possible par CCC (16). 

Charge de la colonne 
La figure 1 C montre un effet de surcharge de la colonne CCC 
lorsqu'une plus grande masse d'ions lanthanides a CtC injectCe. 
Les pics ~'Clargissent et les volumes de rCtention diminuent. 
200 pL de solution 0 , l  M en chacun des ions, soit environ 2,8 
mg de chaque ion ou 8,4 mg de cations (20 mg de sels nitrates), 
ont CtC inject&. La concentration des ions lanthanides en tCte 
de colonne est 9 fois plus ClevCe que la concentration en com- 
plexant DEHPA. La plus grande partie des cations ne peut pas 
interagir avec la phase stationnaire saturee. 11s sont poussCs par 
la phase mobile jusqu'h ce qu'ils trouvent de la phase station- 
naire libre. Les cations sont en contact avec une partie seule- 
ment de la phase stationnaire. 11s semblent voir une colonne 
plus courte, d'oh les volumes de rCtention rCduits, et avec 
moins de plateaux, d'ou 1'Clargissement des pics. 

La figure 3 montre que la surcharge de la phase stationnaire 
commence dks que la concentration en nCodyme, inject6 seul, 
dCpasse 0,01 M. La concentration en complexant DEHPA est 

Fig. 3. Evolution du volume de rttention (mL) des ions 
ntodyme ~ d ~ +  en fonction de la concentration injectke; tous les 
autres paramktres sont inchangts. 

Volume injecte: 200 JJL 
DEHPA 0.04M dans heptane 

2 0 4 4 1  
-2,s -2 -1,s -1 -0,s 0 

Log [conc. en Neodyme] 

0,04 M, la concentration maximale en cation dans la phase 
mobile est 0,0413 = 0,013 M (eq. [5]). Lorsque plusieurs cat- 
ions sont inject& ensemble (figure 1 C), la concentration max- 
imale peut Ctre dCpassCe en tCte de colonne. Les cations se 
deplaqant h des vitesses differentes dans la colonne et une 
dilution se produisant (Clargissement de bande), la surcharge 
peut cesser en cours de ~Cparation. Cette surcharge se produit 
pour les differentes valeurs du pH de la phase mobile. L'effi- 
cacitC de la colonne CCC diminue rapidement avec la sur- 
charge. Pour le nCodyrne (figure 3), elle passe de 20 plateaux 
pour une concentration injectCe de 0,005 M ?I environ 6 pla- 
teaux pour la concentration 0,l M. 

Comme il l'a CtC decrit pour des ~Cparations prkparatives 
(3-5), pour pouvoir sCparer de grandes quantitCs de cations 
lanthanides sans surcharge de colonne, il faut augmenter la 
teneur de la phase stationnaire en complexant. I1 faudra Cgale- 
ment travailler 2 des pH faibles, avec des phases mobiles trgs 
acides, pour compenser l'augmentation de volume de reten- 
tion qui decoule de l'augmentation de la concentration en 
complexant (eq. [lo]). Une autre voie pour sCparer de grandes 
quantitCs de solutCs est la chromatographie frontale ou chro- 
matographie de dCplacement (23). 

SCparation de mCtaux de transition 
La technique de chromatographie frontale et de dkplacement j. 
CtC mise en oeuvre pour montrer qu'un appareil CCC peut Ctre 
utilisC comme un filtre ?i ions pour &parer de grandes quan- 
tites d'ions ou pour concentrer dans un trks petit volume de 
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Berthod et al. 

Fig. 4. Chromatogramme frontal obtenu avec une colonne CCC 
chargke de 20 mL de phase stationnaire heptane + DEHPA 0,2 
M. La phase mobile est une solution d'ions cobalt CO" 0,01 M et 
nickel ~ i ~ +  0,01 M. MCmes conditions experimentales que pour 
la figure 1. A : track brut obtenu sur I'enregistreur. Les variations 
de pH et de coloration sont indiqukes. B : profil de concentration 
en ions co2+ et Ni2+ reconstruit avec les analyses par ICP-AES 
faites sur les prilevements de A. 

temps (min) 

Co 0,01 M, Ni 0,01 M heptane DEHPA 0,2 M 

Volume de phase mobile (mL) 

phase organique les ions contenus dans un grand volume de 
solution aqueuse. 

Principe 
L'appareil CCC est CquilibrC comme indiquC dans la partie 
expkrimentale avec une phase stationnaire organique et une 
phase mobile aqueuse ne contenant aucun ion. Un grand 
volume (1 L) de solution aqueuse d'acCtate de nickel, de cobalt 
ou de cuivre et leur mClange est prepare. Cette solution est 
poussCe dans la colonne CCC en guise de phase mobile. La 
concentration totale en ions est mesurCe en continu 2 la sortie 
d'appareil CCC par le dCtecteur Cvaporatif a diffusion de la 
lumikre (DEDL). 

Risultats 
La figure 4A montre le trace obtenu avec le DEDL lorsqu'une 
solution d'acCtate de nickel (0,Ol M ou 590 ppm) et de cobalt 
(0,Ol M ou 590 ppm) est utilisCe comme phase mobile avec un 
appareil CCC hydrodynamique de 53 mL de volume de 

colonne (une seule bobine). Le volume de la phase station- 
naire, heptane + 0,2 M DEHPA, a CtC limit6 h 20 mL. En dCbut 
de mesure, des variations de pH ont CtC nodes. Le pH de la 
phase CluCe Ctait initialement de 6. I1 descend jusqu'h 3,5 pour 
remonter h 5,5 lorsque le signal DEDL indique la prCsence 
d'ions (figure 4A). Puis, lors du dCveloppement du chromato- 
gramme frontal, des variations de colorations ont CtC 
observCes comme indiquC sur la figure 4A, sans que le signal 
DEDL ne change notablement. Des fractions de 5 mL ont CtC 
collectCes toutes les 6 min. Ces fractions ont CtC analysees par 
ICP-AES selon la procCdure dCcrite dans la partie expbimen- 
tale. Les teneurs en nickel et cobalt dans la phase CluCe sont 
rapportCes aux teneurs de la phase mobile entrant dans la 
colonne. 

La figure 4B prCsente graphiquement les rtsultats des ana- 
lyses ICP-AES. En dCbut de chromatogramme, on mesure une 
trks faible teneur en ions CO" et ~ i " .  Correspondant h la 
montCe du signal DEDL, on mesure une concentration en 
nickel presque double de la concentration d'entree. Le cobalt 
est absent. Puis le cobalt apparait B la sortie de colonne et la 
concentration en nickel devient Cgale h la concentration 
d'entrCe. On vide la colonne CCC, la phase stationnaire hep- 
tane B une couleur bleu f o n d .  Mise en presence d'une solution 
aqueuse trks acide, elle se dCcolore. La solution acide rCextrait 
les ions. Cette solution est Cgalement dosCe par ICP-AES. Elle 
contient du cobalt pratiquement pur. 

Interprktation 
Des rCsultats similaires h ceux prCsentCs par la figure 4 ont CtC 
obtenus avec des mClanges d'ions cuivre, cobalt et nickel. La 
figure 5 schkmatise le phCnomkne observe. A 1'Ctat initial, la 
colonne CCC est CquilibrCe avec de l'eau permutCe comme 
phase mobile et une solution de DEHPA dans l'heptane 
comme phase stationnaire. 

Lorsque la solution de cobalt et de nickel est introduite dans 
la colonne, il y a interaction des ions avec l'extractant de la 
phase stationnaire selon 1'Cquation [7]. Les ions sont rem- 
placCs par des protons. Ces protons sont partiellement absor- 
bCs par les anions acetates. On mesure, 2 la sortie de colonne, 
une diminution du pH h une valeur de l'ordre de 3. Les ions 
nickel et cobalt sont absents. C'est 1'Ctape de dPsionisatiorz. 
Les ions cobalt et nickel sont capables de dCplacer le proton du 
complexant DEHPA. Le cobalt a plus d'affinitC pour l'extrac- 
tant que le nickel. I1 est capable de deplacer le nickel qui, 
repassant dans la phase mobile va se fixer plus loin dans la 
colonne. On observe une bande de phase stationnaire riche en 
nickel poussCe par une bande de phase stationnaire riche en 
cobalt (figure 5). Cette etape de LCsionisation dure tant qu'il 
reste de la phase stationnaire propre (DEHPA) dans la 
colonne. 

Lorsque le nickel atteint la fin de la phase stationnaire, il ne 
peut plus s'y adsorber, il reste donc dans la phase mobile et 
sort de la colonne. La concentration en protons n'est plus 
modifiCe. Le pH devient celui de la phase mobile h 1'entrCe. La 
concentration en ions nickel est celle de la phase mobile h 
17entrCe augmentCe du nickel dCplacC par les ions cobalt. On 
mesure 2 la sortie une concentration en nickel supCrieure h 
celle h 17entrCe. Le cobalt est absent. Cette Ctape dure tant que 
les ions cobalt trouvent de la phase stationnaire contenant des 
ions nickel 2 dCplacer. 

Le processus se termine lorsque la phase stationnaire est 
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Fig. 5. Principe de la chromatographie frontale. La phase 
stationnaire comporte des bandes de concentration en une seule 
espkce ionique. Voir le texte. 

heptane DEHPA 0,2 M ,hsa statlomake 

La colonne CCC a l'etat initial 
~hase mobile 

Desionisation 

y o ? +  + MA2 c ~ A ~ + N ~ +  

Seul le nickel sort 

Le cobalt est dans la phase organique 

saturCe en ions cobalt (figure 5). Les concentrations d'ions a 
1'entrCe se retrouvent k la sortie. La phase stationnaire est riche 
en cobalt. La technique CCC permet ( i )  d'extraire les ions 
d'une phase aqueuse, (ii) de sCparer ces ions par concentration 
d'une espece dans une partie de la phase aqueuse et de l'autre 
espkce dans la phase stationnaire. 

Volumes Jiltrb 
La figure 6 prCsente les concentrations en ions et les volumes 
obtenus au cours des Ctapes dCcrites par la figure 5. La colonne 
CCC de 53 mL contenait 20 mL de phase stationnaire heptane 
+ 0,5 M DEHPA. Les 33 premiers mL sont de l'eau (pH -6), 
ils correspondent au volume VM. Puis le pH diminue jusqu'h 
-3,5. Pendant 1'Clution de 330 mL, la phase aqueuse sortant 
de la colonne CCC ne contient que des traces (moins de 1 ppm) 
d'ions nickel et cobalt. Le volume de phase aqueuse qui peut 
Ctre dtsionisC par la colonne CCC, VD, depend du volume de la 
phase stationnaire, Vs, de la concentration en extractant, CE. et 
de la charge, n,, et des concentrations en ions, C,, dans la phase 
mobile : 

Une solution enrichie en ions nickel et trks appauvrie en ions 
cobalt sort ensuite. La concentration en nickel est de l'ordre de 
la concentration totale en ions dans la phase entrant dans la 
colonne CCC. Le volume de solution enrichie en nickel, VNi, 
correspond a : 

Cquation dans laquelle nc, et Cc, correspondent respective- 
ment B la charge Clectrique et B la concentration en ions cobalt. 
Le volume VNi est la difference entre le volume de phase 
aqueuse nCcessaire pour saturer la phase stationnaire en cobalt 

diminuC du volume de phase aqueuse dCsionisCe. Dans 
l'exptrience de la figure 6, on a obtenu 165 mL de solution 
contenant 97,4% d'ions nickel (Ni2+ 0,0133 M ou 780 ppm; 
CO" 0,00035 M ou 20 ppm). Le rotor a alors 6tC arrCtt et la 
colonne CCC vidte. On a rCcupCrC 20 mL de phase station- 
naire heptane fortement colorCe en bleu par les ions cobalt. 
Leur concentration s7Cl&ve k 0,285 M (17000 ppm) avec seule- 
ment 60 ppm d'ions nickel. La masse d'ions cobalt extraite 
avec une puretC de 99,3% est de 336 mg. La prCcision des 
analyses est de l'ordre de 5%. La prCcision des analyses par 
ICP est de l'ordre de 1%. La principale source d'erreur est 
1'Cchantillonnage : une partie de la phase stationnaire peut 
rester dans la machine. 

Facteurs de skparation ou constantes de dkplacetnent 
Les valeurs de volume donnCes par les Cquations [ l  11 et [12] 
correspondent ti un dCplacement total des ions nickel par les 
ions cobalt. Ce n'est le cas que tant que les concentrations sont 
du mCme ordre de grandeur (figures 4 et 6). Lorsque la con- 
centration en ions nickel est tres supCrieure k la concentration 
en ions cobalt, ces derniers ne peuvent pas dCplacer complkte- 
ment les premiers. Les equations [ I  I] et [12] ne peuvent plus 
Ctre utilisCes. La figure 7 prCsente les rCsultats obtenus avec 
une phase contenant k l'entrke de la colonne 10 fois plus 
d'ions nickel que d'ions cobalt. L'Cquation [ I  I] donne une 
valeur de volume dtsionist de V, = 454 mL. 11 faut ajouter le 
volume VM (33 mL). Les premiers ions nickel ne devraient se 
presenter qu'aprks 487 mL. Le signal DEDL change des que 
390 mL ont CtC CluCs hors de la colonne. L'Cquation [12] per- 
met d'estimer le volume de phase ne contenant que du nickel B 
la concentration thCorique de 0,011 M VNi = 4550 mL. 
L'expCrience montre une montCe reguliere de la concentration 
en cobalt dks 1'Clution de 450 mL (figure 7). Lorsque les con- 
centrations d'entrCe sont Cgales aux concentrations a la sortie, 
la phase stationnaire est rCcupCrCe et analysee. Elle contient 
les deux espkces d'ions, nickel k la concentration 0,168 M 
(10 000 ppm) soit un enrichissement de 17 fois par rapport B la 
phase aqueuse, et cobalt 0,066 M (3900 ppm) correspondant a 
un enrichissement de 66 fois. 

Ces rCsultats permettent d'estimer le facteur de dparation, 
a,, ou la constante de dtplacement du nickel par le cobalt, 
KcOlNi, exprime par : 

Kc,,,, est voisin de 4. On note que les constantes de dCplace- 
ment ou les facteurs de separation ne dkpendent pas du pH. 
Pourtant si la valeur du pH est faible, les ions co2+ ou ~ i ' +  
seront faiblement extraits par la phase organique. 

GPnkralisation du proce'dk 
La figure 8 montre la composition a la sortie de colonne CCC 
obtenue lorsqu'une solution des trois ions co2+, Ni2+ et cu2+ a 
la m&me concentration, 0,l M, entrait contincment dans 
l'appareil. Le mouvement des bandes de concentration dCcrit 
par la figure 5 peut Ctre gCnCralisC. Dans ce cas, c'est l'ion 
cuivre qui a la plus forte affinitC pour la phase stationnaire, il 
dCplace l'ion cobalt qui diplace lui-m&me l'ion nickel. AU pH 
de la phase entrante (5,6) et avec les concentrations de 0,I M, 
les equations [ l l ]  et [12] sont utilisables. On calcule un 
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Berthod et al. 

Fig. 6. Profil de concentration en ions CO" et Ni" reconstruit avec les analyses par ICP- 
AES. Vs = 20 mL, phase mobile pauvre en nickel. Conditions expkrimentales de la figure I. 

g 2- 
0 \ 
0 . O, Ni 5 I O ~ M  0,3 ppm j Ni 1, .- 
5 1-5- 

Co 3 lo6 M 0,2 ppm i 97,4 % , 
U) 

ri c 
0 

1- 
I 

5 
m 

phase stationnaire 
heptane DEHPA 0,5M : Co 0,285 M 

20 mL 99,3 % 20 ml. 
0 1 

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 
volume de  phase mobile (mL) 

Fig. 7. Profil de concentration en ions CO" et Ni" reconstruit avec les analyses par 
ICP-AES. Phase mobile pauvre en cobalt qui ne peut plus saturer la phase stationnaire. 
Conditions experimentales de la figure 1. 

phase mobile 

2 1- 
+ 
c Ni 0,01 M 590 ppm 
Q) 

d 
C 0.8- 
0 
0 . 
Q) .- 
r 
0 0,6- 
V) 

r( 

d 
C -360 mL- 
8 0,4- 
r 
0 

volume d e  phase mobile (mL) 

volume de phase dCsionisCe, V,,, de 20 x 0,242 x 3 x 0,01) = 
67 mL. Le saut de concentration en nickel est effectivement 
observe vers 100 mL (VD + VM = 67 + 33). L'Cquation [12] 
permet de calculer le volume de phase ne contenant que du 
nickel, VNi = 33 mL. On mesure expCrimentalement VNi = 40 
mL (figure 8). 

Le cobalt sort ensuite de la colonne CCC i une concentra- 
tion supCrieure B celle entrante. L'excks est produit par le 
cobalt dCplacC de la phase stationnaire par le cuivre. Mais le 
nickel est Cgalement prCsent (figure 8). Lorsque l'ion cuivre 
sort Cgalement de la colonne, c'est que la phase stationnaire est 
saturCe. On a alors arrEt-5 le rotor, vidC la colonne et mesuri les 
concentrations en chacun des ions dans la phase stationnaire. 
Elle contient majoritairement du cuivre (96,9%) avec des 
traces de nickel (0,7%) et de cobalt (2,4%). 

On peut gCnCraliser le procCd.5 a l'extraction d'ions faibles 
concentrations dans de grandes quantites de phase aqueuse. 

Une colonne CCC est un excellent extracteur et concentrateur 
qui pourra fonctionner avec une grande varied de phases 
extractrices. L'importance du pH est illustrke par le tableau 4 
qui rassemble les valeurs K,, et les constantes de dkplacement 
des ions CO", ~ i "  et CU" avec les coefficients de distribution 
P calculCs pour deux valeurs de pH. 

Le tableau 4 montre que le cuivre dCplace facilement le 
cobalt et le nickel jusqu'i des valeurs de pH aussi faibles que 
2. Au-dessous de pH 3, les ions cobalt et nickel n'ont plus une 
affinitC suffisante pour la phase stationnaire pour Etre extraits 
en totalite. Des pH 4, les trois especes ioniques ont des valeurs 
de P > 200. Elles sont extraites B plus de 99% par la phase sta- 
tionnaire. Les valeurs de K,, obtenues pour les ions lan- 
thanides (tableau 3) montrent que ces ions pourraient Etre 
extraits complktement dks que le pH atteint 1,l. 

On terminera en soulignant qu'il n'y a pas d'objection 
thkorique pour que la methode proposke dans cette Ctude soit 
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Fig. 8. Chromatographie frontale avec une solution de trois cations, co2', N?+, et Cu2+. Les 
bandes successives de concentration sont : ~ i ~ '  puis co2' et cu2+ qui sature la phase 
stationnaire. Conditions expkrimentales de la figure 1. 

phase stationnaire 
heptane DEHPA 0,2 M 

C 
a, 

Volume de phase mobile (mL) 

Tableau 4. Constantes des mktaux de transition et importance du pH. 

Kc, 3,3 x 10-~ 
1% Kc, - 4 3  
UD C O N  4,2 

DEHPA = 0,5 M 
P pH = 1.0 8,2 x 10' 
P pH =. 2,2 0,207 
P pH = 4,O 825 
P pH = 5.4 520 000 

Erreur relative : 10%. 

utilisCe avec des effluents rCels contenant de nombreuses 
espkces ioniques. Un classement des cations par ordre de con- 
stantes d'extraction croissantes doit Ctre obtenu dans la phase 
stationnaire heptane. Le problkme important est que la tech- 
nique CCC est au stade du dtveloppement. I1 n'y a pas encore, 
en 1995, de compagnies industrielles d'instrumentation qui 
produisent des appareils CCC en dr ie .  L'appareil utilisC pour 
faire cette Ctude fait partie d'une prCsCrie de sept exemplaires. 
La sociCtC qui a produit ces appareils a CtC rachetCe par une 
plus grande compagnie qui ne poursuivra pas les Ctudes en 
CCC. Des prototypes Ctant 5 1'Ctude dans plusieurs pays, il 
devrait &tre possible de se procurer une machine CCC fiable et 
facile d'emploi dans peu de temps. 
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2=Azabuta=l,3-diene-4-carbonitriles: 
stereoselective synthesis and nucleophilic 
substitution at the carbon-nitrogen double 
bond 

Antonio Lorente, Marta Casillas, Pilar Gomez-Sal, and Antonio Manzanero 

Abstract: The synthesis of (E)-l-methoxy-2-azabuta-1,3-diene-4-carbonitriles was performed by methylation of N- 
alkenylamides 9 and 11. The Z isomers were obtained by treatment of (E)- I-methylthio-2-azabuta- I ,3-diene-4,4-dicarbonitriles 
with sodium methoxide in methanol. We also describe the reactions of (E)-1-methylthio-2-azabuta- 1,3-diene-4,4-dicarbonitriles 
with pyrrolidine, which afforded 1-(1-pyrrolidinyl) derivatives 20,21, and 23. X-ray crystallographic analyses of 21 and 23 
established the E stereochemistry of the C-N double bond. 

K ~ ) J  wordr: 2-azabuta-l,3-diene-4-carbonitriles: stereoselective synthesis, nucleophilic substitution and X-ray diffraction; N- 
alkenylamides: methylation. 

Resume : On a effectui la synthkse des (E)-l-mithoxy-2-azabuta-1,3-di~ne-4-carbonitriles en effectuant la mithylation des N- 
alkinylamides 9 et 11. On a obtenu les isomkres Zen traitant les (0- 1-mithylthio-2-azabuta- 1,3-dikne-4,4-dicarbonitriles avec 
du mithylate de sodium dans le mithanol. On dicrit aussi les riactions des (E)-l-mithylthio-2-azabuta-I,3-dikne-4,4- 
dicarbonitriles avec la pyrrolidine qui conduisent aux dirivis 1-(I-pyrrolidinyle) 20,21 et 23. On a ditermini la stiriochimie E 
de la double liaison C-N par une analyse cristallographique par diffusion des rayons X. 

Mots clks : 2-azabuta-l,3-dikne-4-carbonitriles : synthkse stirCosClective, substitution nucliophile, diffraction des rayons X; 
mithylation de N-alkinylamides. 

[Traduit par la ridaction] 

Introduction Scheme 1. 

The synthesis of imidates (1-3) or thioimidates (3-5) by alkyl- 
ation of amides or thioamides is a process that is well docu- 
mented. In a prev'ious paper (6) we described a stereoselective 
synthesis of (E)- 1 -methylthio-2-azabuta- 1,3-diene-4-carboni- 
triles (N-alkenyl thioimidates) 5 and 6 by methylation of 
adducts 3 and 4, which were formed from addition of thioam- 
ides to methoxymethylene compounds 1 or ketene dithioace- 
tals 2. Treatment of 5a and 6a with sodium methanethiolate 
affords Z isomers 7 and 8, respectively. 

T o  gain further insight into the stereoselectivity of these 
alkylation processes we examined the methylation of adducts 
9-11 to afford the 1 -methoxy- 1-phenyl-2-azabuta- 1,3-dienes 
12-14. There are several studies (7-17) on nucleophilic sub- 
stitutions at the C-N double bond. A nucleophilic addition- 
elimination mechanism or a pathway involving a nitrilium ion 
intermediate has been suggested. Herein we describe the reac- 
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SMe 

MeS 

tions of 2-azabuta- l,3-dienes with sodium methoxide or  pyr- 
rolidine and their stereochemical results. 

Results and discussion 

The adducts 9-11 were obtained from benzamide and the unsat- 
urated compounds 1 or 2 using NaH as the base. Methylation of 
adducts 9-11 with diazomethane occurs stereoselectively, 
affording (E)- 1-methoxy- 1-phenyl-2-azabuta- l,3-dienes 12- 
14. 

Stereoselective formation of 2-azabuta- 1,3-dienes 5 and 6 
and 12-14 cannot be explained by assuming an E conforma- 
tion for the adducts because a radiocrystallographic study (18) 
of 3b showed it to have a Z conformation. The  stereochemical 

Can. J. Chem. 74: 287-294 (1996). Printed in Canada 1 Imprime au Canada 
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Scheme 2. 

Me Ph SMe 
H,+CO~M~ 

PhAO CN PhAO CN 

9 10 11 

SMe 
+ C O ~ M ~  N 

MeOAPh CN MeOAPh 

12 13 14 

results obtained in the synthesis of these 2-azabuta-l,3-dienes 
can be accounted for by the lower steric hindrance in the tran- 
sition state for the formation of the E isomers. 

Scheme 3. 

R 

It is well established (19) that the E form of imidate or thio- 
imidate esters is more stable than the Z form and E-Z intercon- 
vention can proceed by nitrogen inversion or by 
tautomerization and rotation about the C-N single bond. As 
we described in a previous paper (6), the 2-azabuta- l,3-dienes 
5 and 6 retain their stereochemistry in solution but isomeriza- 
tion of the C-N double bond was achieved by treatment of 5a 
and 6a with sodium methanethiolate to afford the Z isomers 7 
and 8, respectively. We now report the conversion of (E)-1- 
methylthio-2-azabuta- 1,3-diene-4,4-dicarbonitriles 5a and 6a 
to (Z)-1-methoxyderivatives 15 and 16 by treatment with 
sodiummethoxide in methanol. 

Scheme 4. 

Yh OMe 

15 16 

These results can be rationalized on the basis of the princi- 
ple of stereoelectronic control. If we assume that an addition- 
elimination mechanism is followed, the reaction of methoxide 
ion on 5a and 6a gives the intermediate 17, which can rotate to 
give other conformations with two lone pairs antiperiplanar to 
SMe, one of which (18) gives the E product and the other one 
(19) the Z product. The fact that only Z isomers were obtained 
can be explained by the greater unfavourable steric hindrance 
of intermediates 17 and 18. 
Scheme 5. 

0- 0- 
N'R  ON'^ p N. 

Meo,/ SMe M e S d  ph&( 

bh OMe SMe 

18 17 19 

The stereochemistry and mechanisms of amine substitution 
reactions at the C-N double bond have been studied (7-1 1, 
16, 17). In a previous paper (20) were reported the reactions of 

5a and 6a with nitrogen nucleophiles to afford different het- 
erocyclic systems. We describe here the reactions of (E)-1- 
methylthio-2-azabuta- 1,3-dienes 5a and 6a with pyrrolidine in 
propan-2-01 at room temperature to give (E)- 1 -(1 -pyrrolidi- 
ny1)-2-azabuta-l,3-dienes 20 and 21. In a similar manner the 
reaction of (E)-2-azabuta-l,3-diene 22 with pyrrolidine 
affords (E)-1-(1-pyrrolidiny1)-2-azabuta-1,3-diene 23. 

Scheme 6. 

$Me SMe 

The stereochemical results of these reactions cannot be sat- 
isfactorily explained by an addition~limination pathway 
because addition of pyrrolidine to 5a and 6a produces inter- 
mediate 24, which can stereomutate to intermediates 25 and 
26. Both of these have one antiperiplanar electron pair set up 
for stereoelectronically controlled elimination of methanethi- 
olate ion to afford (0- or (Z)-1-(1-pyrrolidiny1)-2-azabuta- 
1,3-diene, respectively. However, the steric requirements of 
these intermediates could not account for the stereoselectivity 
of the reaction. 

Scheme 7. 

0- 0- 0- 

NR2H 
MeS 

SMe 

It is possible that the reactions of 1-methylthio-2-azabuta- 
1,3-dienes with pyrrolidine proceed by an SN2 or ion-pair (IP) 
mechanism (2 1). Additions of nucleophiles to nitrilium ions are 
known to occur so that the nucleophile and the electron pair on 
nitrogen are anti to each other (22-24), which could account for 
the observed stereochemical results. Another possibility is the 
synchronous displacement of the methanethiolate ion without 
formation of a tetrahedral intermediate (9, 25-27). 

Structural study 
In previous papers (6, 28) radiocrystallographic studies of 1- 
methylthio-2-azabuta- 1,3-dienes were reported. We describe 
here the structure of 3-methylthio-1-(1-pyrrolidiny1)-2-aza- 
buta- l,3-diene-4,4-dicarbonitriles 2 1  and 23. 

Description of the str-uctur-e of conzpoutld 21 
Positional parameters for non hydrogen atoms are given in 
Table 1. Figure 1 displays the structural formula with the label- 
ling scheme and Tables 2 and 3 show selected geometric 
parameters. The azadiene framework deviates from coplanar- 
ity (C(1)-N(2)-C(3)-C(4)) but to a lesser extent than that found 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Lorente et al. 289 

Table 1. Atomic coordinates (x104) and equivalent isotropic 
displacement parameters (A2 x 10') for 21. Ucq is defined as one 
third of the trace of the orthogonalized U, tensor. 

X Y z u c q  

Table 2. Selected bond lengths (A) and angles (O) for 21. 

Fig. 1. ORTEP view of compound 21 showing the crystallographic numbering. 

in 1-methylthio-2-azabuta-1,3-dienes (6). This allows better 
conjugation between the pyrrolidine nitrogen and the azadiene 
framework that produces a shortening of the N(l 1)-C(1) and 
N(2)-C(3) bonds and a lengthening of the C(1)-N(2) and 
C(3)-C(4) double bonds. The phenyl ring is twisted with 
respect to the plane defined by C(l), N(l I), C(l I), and N(2) 
atoms (torsion angle C(l2)-C(l1)-C(1)-N(2)), which restrains 
the conjugation. The N(2)-C(3)-C(4) bond angle is expanded 
whereas S(11)-C(3)-C(4) and S(11)-C(3)-N(2) are correspond- 
ingly contracted. These deviations can be considered a conse- 
quence of steric effects between the phenyl and dicya- 

nomethylene groups. The stereochemistry of the C(1)-N(2) 
double bond is E. The methylthio group is almost coplanar with 
the C(3)-C(4) double bond and adopts a syn conformation. 

Description of the structure of compound 23 
Positional parameters are given in Table 4 and Fig. 2 displays 
the structural formula. Tables 5 and 6 show selected geometric 
parameters, which are similar to those found for compound 
21. The azadiene framework deviates from coplanarity and the 
stereochemistry of the C(1)-N(2) double bond is E. The 
methylthio group adopts a syrz conformation. 
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Table 3. Selected torsion angles (") for 21. 

Table 4. Atomic coordinates (xlOJ) and equivalent isotropic 
displacement parameters (A' x lo3) for 23. U,, is defined as one 
third of the trace of the orthogonalized Ujj tensor. 

Table 5. Selected bond lengths (A) and angles (") for 23. 

S(11)-C(3) 1.756(3) S(l1)-C(8) 1.786(3) 
c (  1)-N(2) 1.315(3) C(1)-N(11) 1.3 18(3) 
C(1)-C(11) 1.495(3) N(2)-C(3) 1.323(3) 
c(3)-c(4) 1.393(3) C(4)-C(6) 1.413(4) 
c(4)-c(7) 1.420(4) N( 1 1)-C(2 1) 1.467(3) 
N(11)-C(24) 1.467(3) N(6)-C(6) 1.147(4) 
N(7)--C(7) 1.141 (3) C(2 1)-C(22) 1.505(4) 
C(22)-C(23) 1.41 3(5) C(23)-C(24) 1.480(4) 

C(3)-S(l1)-C(8) I0 l.8(1) ( 2 - C ( l ) N ( l l )  1 17.5(2) 
( 2 - ( 1 - ( 1 1  123.5(2) N ( l 1 ) - ( 1 - ( 1 1  118.9(2) 
C(1)-N(2)-C(3) 127.7(2) N(2)-C(3)-C(4) 125.6(2) 
N(2)-C(3)-S(11) 1 17.5(2) C(4)-C(3)-S(11) 116.7(2) 
C(3)-C(4)-C(6) 120.0(2) C(3)-C(4)-C(7) 12 1.5(2) 
C(6)-C(4)-C(7) 1 18.2(2) C( l )N( l l )C(2  1 122.0(2) 
C( l )N( l  I - ( 2 4  126.0(2) C(2 1)-N(11)-C(24) 1 1 1.6(2) 
N(6)-C(6)-C(4) 178.0(3) N(7)-C(7)-C(4) 179.2(3) 
N(l I)-C(2 1)-C(22) 103.8(2) C(23)-C(22)-C(2 1) 107.7(3) 
C(24)-C(23)-C(22) 1 10.3(3) N(l1)-C(24)-C(23) 103.5(2) 

Structure and stereochemistry of 2-azabuta-1,3-dienes and 
their precursors 

The configuration of the C-C double bond of adduct 10 was 
established by comparison with the 'H NMR spectrum of di- 

methyl 1 -benzamido- 1 -phenylmethylenemalonate (1 8) taking 
into account the shielding effect exerted by the phenyl group 
on the methoxycarbonyl. This configuration can be stabilized 
by the N-H ...... O=C hydrogen bond as in the adduct 3b (18). 
The Z geometry of the C-C double bond in compound 11 
was deduced from NOE experiments and can be explained by 
an attractive nonbonded CH3S ...... O=C interaction similar to 
that found in compound 6b (6). 

The geometry of the C-N double bond of 2-azabuta-1,3- 
dienes was established on the basis of chemical shifts (Table 
7) of the aromatic hydrogens on C1. The deshielding of the 
ortho hydrogens in compounds 15 and 16 indicates a coplanar 
arrangement of the phenyl and C-N double bond. This fact is 
similar to that found in (2)- 1-methylthio-2-azabuta- 1,3-dienes 
7 and 8. On the contrary, the chemical shifts of the ortho aro- 
matic hydrogens of compounds 12-14,20, and 21 are similar 
to those of the corresponding hydrogens in (E) -  l-methylthio- 
2-azabuta- l,3-dienes 5 and 6. This fact allows us to assign an 
E configuration to the carbon-nitrogen double bond and a 
twisted conformation for the phenyl ring in solution, as found 
in the solid state for compound 21. 

Experimental 

General 
Melting points were determined with a Biichi SNIP-20 appa- 
ratus and are uncorrected. IR were recorded on a Perkin 
Elmer 883 spectrophotometer. NMR spectra were obtained 
on a Varian Unity 300 instrument and mass spectra on a 
Hewlett Packard HP-5988 at 70 eV. Microanalyses were per- 
formed on a Heraeus CHN microanalyser. Flash column 
chromatography was carried out on silica gel SDS (230-400 
mesh). Methoxymethylene compounds (1) were prepared 
using previously reported procedures (29, 30). Ketene dithio- 
acetals (2) were prepared according to the procedure 
described by R. Gompper and W. Tijpfl (31). The synthesis 
of methyl (Z)-3-benzamido-2-cyano-3-phenylpropenoate 
(10) was described in a previous paper (18) and methyl (27-3- 
benzamido-2-cyano-3-methylthiopropenoate (11) was pre- 
pared according to the reported procedure (32). 

X-Ray diffraction 
The crystals were mounted in an Enraf-Nonius CAD-4 auto- 
matic four-circle diffractometer, with bisecting geometry and 
graphite-?riented monochromator, using Mo K, radiation (X = 
0.7107 A). Unit cell parameters were calculated by least- 
squares refinement on diffractometer angles for 25 automati- 
cally centered reflections. Crystallographic and experimental 
details are summarized in Table 8. 
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Lorente et al 

Fig. 2. ORTEP view of compound 23 showing the crystallographic numbering. 

Table 6. Selected torsion angles (") for 23. 

C(1)-N(2)-C(3)-C(4) 53.4(4) ( 2 1 ) - N ( l 1 ) - C ( ) C ( l l )  177.6(2) 
C(8)-S(l1)-C(3)-N(2) 3.4(3) C(4)-C(3)-S(l1)-C(8) 177.6(2) 
C(24)-N(11)-C( 1)-C(11) 5.5(4) C( 1 1  )-C( I)-N(2)-C(3) 18.2(4) 

Table 7. 'H and NMR chemical shifts for 2-azabuta-1.3-dienes at 300 MHz. 

CH,S 2.36 
CH3O 3.99 4.33 4.01 4.22 
CO,CH, 3.75 3.63 
Aromatics 7.44-7.60 (rn) 7.55-7.93 (rn) 7.54-7.63 (rn) 7.55-7.65 

(rn, 6H) 
8.02-8.07 

(rn, 2H) 
8.47-8.53 

(m, 2H) 

Others 2.32 (s, 3H, 
CH3) 

4.16 (s, 6H) 

7.54-7.63 6.97-7.0 
(rn, 2H) (rn, 3H) 

8.42-8.45 7.05-7.24 
(rn, 3H) (rn, 3H) 

7.27-7.33 
(rn, 2H) 

7.42-7.62 
(rn, 2H) 

3.79 (t, J = 
6.96, 2H, 
N-CH?) 

3.39 (t, J = 
6.77, 2H, 
N-CH?) 

1.98-2.07 
(m, 2H. 
CH,) 

1.82-1.91 
(rn, 2H, 
CH,) 

3.61 (t, J = 
6.96, 2H, 
N-CH2) 

3.44 (t, J = 
6.77, 2H, 
N-CH2) 

1.95-2.04 
(rn, 2H, 
CH,) 

1.82-1.9 1 
(m, 2H. 
CH2) 

3.58 (t, J = 
6.59, 2H, 
N-CH?) 

3.43 (t, J = 
6.59, 2H, 
N-CH,) 

2.15 (s, 3H, CH3) 

1.86-1.96 rn, 
4H, 2 CH,) 

"All spectra were registered in DMSO-(1, with the exception of compound 13 (CDCI,) 

Data were collected at room temperature, using the oI20 
scan mode. Two check reflections measured every 90 min 
showed no significant variation. Intensities were corrected for 
Lorentz and polarization effects in the usual manner. No 
absorption or extinction corrections were made. The struc- 
tures were solved by a combination of direct methods and 
Fourier synthesis and refined by least squares against F*. All 
non hydrogen atoms were refined anisotropically. In 21, the 

hydrogen atoms were found in the difference Fourier synthe- 
sis map and included in further refinement with fixed isotro- 
pic temperature factors. In 23 the hydrogen atoms were 
included from geometrical calculations with thermal parame- 
ters equivalent to the carbon to which they were attached. 
Final R ,  = 0.0664 and wR2 = 0.1920 were obtained for 21 
with a weighting scheme w = ll[a'(~,') + (0.1301~) '  + 
0.6739Pl and R ,  = 0.0515 and CVR? = 0.1405 for 23 with a 
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Table 8. Crystal data and structure refinement for 21 and 23. 

Can. J. Chern. Vol. 74, 1996 

Empirical formula 
Crystal size 
Colour 
Crystal habit 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
z 
Density (calculated) 
Absorption coefficient 
F(OO0) 
0 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Refl. observed with I > 2o(I) 
Absorption correction 
Refinement method 
Datalrestraintslparameter 
Goodness of fit on F2 
Final R indices (I > 2o(I)) 
Largest diff. peak and hole 
Weighting scheme calcd. 

C16H16N4S 

0.25 x 0.3 x 0.2 mm 
Pale yellow 
Rhombohedra1 
296.39 
293(2) K 
0.71069 A 
Orthorhombic 
Pbca 
a = 11.669(1) A 
b = 15.332(2) A 
c = 17.770(3) A 
3179.2(7) A' 
8 
1.238 g/cm3 
2.02 cm-' 
1248 
2.29-27.02 
O < h <  1 4 , O < k <  1 9 , 0 < 1 < 2 2  
3530 
3466 (R,, = 0.0174) 
2296 
N/A 
Full-matrix least squares on F' 
34461011 90 
1.200 
R, = 0.0664, wR, = 0.1920 
0.458 and -0.440 e A-' 
w = ll[o'(~:) + (0.1301~)' + 0.6739Pl 
In both cases P = (F: + 2F:)/3 

C,,HI,N4S 
0.5 x 0.35 x 0.3 mm 
Pale yellow 
Hexagonal 
234.32 
293(2) K 
0.7 1069 
Orthorhombic 
Pbcn 
n = 12.669(1) A 
b = 14.122(2) A 
c = 14.150(2) A 
253 1:6(5) A3 
8 
1.230 g/cm3 
2.36 cm-' 
992 
2.15-28.22 
O < h <  1 6 , O < k 1 8 , 0 < 1 < 1 8  
3179 
3 1 19 (R,,, = 0.0099) 
1936 
N/A 

31 16101145 
1.1 11 
R, = 0.0515, wR2 = 0.1405 
0.263 and -0.342 e A-3 
w = ll[o'(~:) + (0.0761P)2 + 1.0989Pl 

weighting scheme w = ~ / [ U ~ ( F ~ ) ~  + ( 0 . 0 7 6 1 ~ ) ~  + 1.0989Pl 
where P = (FO2 + 2Fc2)/3 and R1 = CIIFoI - IFoII~IFoI and 
wR2 = [I~(F: - F ~ ~ ) ~ I / I ~ W ( F ~ ) ~ I ] ~ ' ~ .  

Calculations were performed with SHELXS-90 (33) and 
SHELXL-93 (34) programs on an Alpha AXP digital worksta- 
t i ~ n . ~  

3-Benzamido-2-cyano-3-methylpropenenitrile 9 
To a suspension of 80% NaH (142 mg, 7.3 mmol) in a mixture 
of dry benzene (15 mL) and dry N,N-dimethylacetamide (15 
mL), 2-cyano-3-ethoxy-3-methylpropenenitrile (500 mg, 3.6 
mmol) and benzamide (445 mg, 3.6 mmol) were added. The 
mixture was stirred at room temperature for 42 h and then 
poured into ice-water (50 mL). The aqueous layer was acidified 
with 10% hydrochloric acid and the precipitate formed was col- 

Tables of hydrogen coordinates and of isotropic and anisotropic 
displacement parameters for 21 and 23 have been deposited and 
can be purchased from: The Depository of Unpublished Data, 
Document Delivery, CISTI, National Research Council Canada, 
Ottawa, Canada K1A 0S2. The tables of hydrogen coordinates 
have also been deposited with the Cambridge Crystallographic 
Data Centre, and can be obtained on request from The Director, 
Cambridge Crystallographic Data Centre, University Chemical 
Laboratory, 12 Union Road, Cambridge, CB2 lEZ, U.K. 

lected and recrystallized from hexane-benzene; 40% yield, mp 
120-122°C; v,,, (~Br)/cm-':  3343, 2222, 1713, 1586 and 
1476; 6, (DMSO-d6) 3.15 (s, 3H, CH,), 7.54-7.90 (m, 5H, 
ArH), and 11.16(s, lH, NH);m/z: 21 1 (M', IS%), 106 (58), 105 
(loo), 77 (97), and 5 1 (84). Anal. calcd. for C12H,N,0: C 68.22, 
H 4.30, N 19.9; found: C 68.05, H 4.41, N 20.01. 

(E)-l-Methoxy-3-methyl-l-phenyl-2-azabuta-l,3-diene- 
4,4-dicarbonitrile 12 

A solution of 9 (2 11 mg, 1 mmol) in dry ethyl acetate (20 mL) 
was methylated at 0°C with diazomethane (generated from 
~ i a z a l a  (750 mg, 3.5 mmol)). The solvent was removed at 
reduced pressure to afford the crude product, which was puri- 
fied by flash column chromatography using hexane - ethyl 
acetate (5: 1) as eluent; yield: 7%, mp 3435°C (from hexane- 
benzene); v,,, (~Br)/cm-':  2256,2226, 1658, and 1494; m/z: 
225 (M', 44%), 210 (43), 193 (19), 153 (34), 105 (56), and 77 
(100). Anal. calcd. for C,,Hl1N3O: C 69.31, H 4.93, N 18.66; 
found: C 69.10, H 4.89, N 18.91. 

( lE,  32)-Methyl 4-cyano-1,3-diphenyl-2-azabuta-1,3- 
diene-4-carboxylate 13 

A solution of 10 (153 mg, 0.5 mmol) in dry ethyl acetate (25 
mL) was methylated at 0°C with diazomethane (generated 
from diazald (375 mg, 1.75 mmol)). The solvent was evapo- 
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rated at reduced pressure and the crude product thus obtained 
was purified by flash column chromatography using hexane - 
ethyl acetate (6: 1) as eluent; yield: 15%, mp 153-154°C (from 
propan-2-01); v,,, (~ujol)/cm-I: 222 1, 17 14, 1687, 1605, 
1593, and 1462; m/z: 320 (M', 4%), 261 (4), 247 (lo), 106 (8), 
105 (loo), 77 (32), and 5 1 (6). Anal. calcd. for C19H,,N203: C 
71.24, H 5.03, N 8.74; found: C 71.01, H 5.15, N 8.92. 

(lE, 32)-Methyl 4-cyano-l-methoxy-3-methylthio-l- 
phenyl-2-azabuta-1,3-diene-4-carboxylate 14 

A solution of 11 (200 mg, 0.725 mmol) in dry ether (70 mL) 
was methylated at 0°C with diazomethane (generated from 
diazald (550 mg, 2.56 mmol)). The solvent was removed at 
reduced pressure to afford the crude product, which was puri- 
fied by flash column chromatography using hexane - ethyl 
acetate, 5: 1 and then 3: 1, as eluent; yield: 75%, mp 141-142°C 
(from propan-2-01); v,,, (~ujol)/cm-I: 2216, 1696, and 1644; 
d z :  290 (M', lo%), 249 (15), 118 ( 9 ,  105 (loo), and 77 (34). 
Anal. calcd. for Cl,Hl,N203S: C 57.92, H 4.86, N 9.65; found: 
C 57.8 1, H 4.9, N 9.7 1. 

(Z)-l-Methoxy-l,3-diphenyl-2-azabuta-1,3-diene-4,4- 
dicarbonitrile 15 

To a solution of sodium (23 mg, 1 mmol) in dry methanol (40 
rnL) was added 5a (151 mg, 0.5 mmol). The reaction mixture 
was heated at reflux for 2 h and then the solvent was removed 
at reduced pressure. The crude product thus obtained was puri- 
fied by flash column chromatography using hexane - ethyl 
acetate (7: 1) as eluent, affording 48 mg (3 1 % yield) of 7. With 
the same eluent 1-methoxy-2-azabuta-1,3-diene (15) was 
obtained; 68% yield, mp 151-152°C (from methanol); v,,, 
(KBr)/cm-I: 2216, 1583, 1554, 1529, 1494, 1468, and 1449; 
6, (CDCI,): 4.29 (s, 3H, OCH,), 7.50-7.60 (m, 6H, ArH), 
8.16-8.19 (m, 2H, ArH), and 8.57-8.60 (m, 2H, ArH); d z :  
287 (M', loo%), 257 (21), 256 (26), 184 (52), 156 (22), 155 
(33), 129 (25), 128 (13), 127 (40), 104 (46), 103 (38) and 77 
(39). Anal. calcd. for C18H,,N30: C 75.23, H 4.56, N 14.63; 
found: C 75.4 1, H 4.5 1, N 14.22. 

(2)-1,3-Dimethoxy-l-phenyl-2-azabuta-1,3-diene-4,4- 
dicarbonitrile 16 

To a solution of sodium (92 mg, 4 mmol) in dry methanol (25 
mL), was added. 6a (1 10 mg, 0.4 mmol). The mixture was 
stirred at room temperature for 6 h. The solvent was removed at 
reduced pressure to afford the crude product, which was puri- 
fied by flash column chromatography using hexane- ethyl ace- 
tate (3:l) as eluent; 27% yield, mp 164165°C (from hexane- 
methanol); v,,, (KBr)/cm-': 2224, 1583, 1548, and 146 1; m/z: 
241 (M', 75%), 214 (27), 196(26), 186 (27), 170 (18), 118 (53), 
104 (loo), 92 (69), and 77 (73). Anal. calcd. for C1,H1 1N302: C 
64.72, H 4.6, N 17.42; found: C 64.95, H 4.51, N 17.64. 

(E)-1,3-Diphenyl-l-(l-pyrrolidinyl)-2-azabuta-l,3-diene- 
4,4-dicarbonitrile 20 

To a solution of 5a (180 mg, 0.59 mmol) in dry propan-2-01 
(20 mL) was added pyrrolidine (74 kL, 0.89 mmol). The mix- 
ture was stirred at room temperature for 23 h. The solvent was 
removed at reduced pressure to afford the crude product, 
which was washed with hexane and recrystallized from pro- 
pan-2-01; 95% yield, mp 170-17 1°C; v,,, (KBr)/cm-': 2212, 
2201, 1581,1546,1512, 1486, and 1458; d z :  326 (M', 26%), 

272 (6), 257 (lo), 192 (2), 153 (33 ,  104 (40), 77 (53), and 70 
(100). Anal. calcd. for C,,HI8N,: C 77.28, H 5.56, N 17.17; 
found: C 77.41, H 5.62, N 17.1 1. 

(E)-3-Methylthio-l-phenyl-l-(l-pyrrolidinyl)-2-azabuta- 
1,3-diene-4,4-dicarbonitrile 21 

To a solution of 6a (160 mg, 0.59 mmol) in dry propan-2-01 
(20 mL) was added pyrrolidine (74 kL, 0.89 mmol). The mix- 
ture was stirred at room temperature for 23 h. The solvent was 
removed at reduced pressure to afford the crude product, 
which was washed with hexane and recrystallized from ethyl 
acetate; 83% yield, mp 138-139°C; v,,, (KBr)/cm-l: 2205, 
1579, 1453, and 144 1; m/z: 296 (M', 27%), 249 (36), 207 (lo), 
180 (44), 153 (26), 146 (26), 123 (15), 104 (87), 91 (31), 77 
(87), and 70 (100). Anal. calcd. for C16H16N,S: C 64.84, H 
5.44, N 18.9; found: C 64.99, H 5.33, N 19.02. 

(E)-l-Methyl-3-methylthio-l-(l-pyrrolidinyl)-2-azabuta- 
1,3-diene-4,4-dicarbonitrile 23 

To a solution of 22 (32 mg, 0.15 mmol) in dry propan-2-01 (20 
mL) was added pyrrolidine (74 kL, 0.89 mmol). The mixture 
was stirred at room temperature for 22 h. The solvent was 
removed at reduced pressure to afford the crude product, 
which was recrystallized from ethyl acetate - hexane; 83% 
yield, mp 123-124°C; v,,, (KBr)/cm-': 2203, 1567, and 
1424; d z :  234 (M', 42%), 219 (14), 187 (25), 146 (19), 123 
(20), 118 (46), 91 (12), and 70 (100). Anal. calcd. for 
CllH14N4S: C 56.39, H 6.02, N, 23.91; found: C 56.1 1, H 
6.12. N 24.07. 

Acknowledgments 

We thank the Consejeria de Educaci6n de la Comunidad 
Autonoma de Madrid (Grant C06 1/91) and the Universidad de 
Alcalk (Grant 001195) for financial support. 

References 

1 .  W. Kantlehner. Adv. Org. Chern. 9, 18 1 (1979). 
2. W. Kantlehner. In Comprehensive organic synthesis. Vol. 6. 

Edited b y  B.M. Trost and I. Fleming. Pergarnon Press, Oxford. 
1991. pp. 501-503. 

3. D.G. Neilson. In The chemistry of arnidines and irnidates. 
Edired b y  S. Patai. Interscience, New York. 1975. pp. 399-402. 

4. W. Kantlehner. In Comprehensive organic synthesis. Vol. 6. 
Edired b y  B.M. Trost and I. Fleming. Pergarnon Press, Oxford. 
1991. pp. 508-509. 

5. D.G. Neilson. In chemistry of arnidines and irnidates. Vol. 2. 
Edired b y  S. Patai and Z. Rappoport. J. Wiley and Sons, New 
York. 199 1. pp. 429-43 1. 

6. A. Lorente, J.L. Balcizar, and F. Florencio. J. Chern. Soc. Per- 
kin Trans. 1, 3377 (1992). 

7. R. Ta-Shrna and Z. Rappoport. Tetrahedron Lett. 3813 (1971). 
8. R. Ta-Shrna and Z. Rappoport. J. Am. Chern. Soc. 98, 8460 

(1976). 
9. R. Ta-Shrna and Z. Rappoport. J. Am. Chern. Soc. 99, 1845 

(1 977). 
10. R. Ta-Shrna and Z. Rappoport. J. Chern. Soc. Perkin Trans. 2, 

659 (1977). 
11. J.E. Johnson, E.A. Nalley, and C. Weidig. J. Am. Chern. Soc. 

95,205 1 (1 973). 
12. J.E. Johnson, E.A. Nalley, C. Weidig, and M. Arfan. J. Org. 

Chern. 46,3623 (198 1). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 7 4 , 1 9 9 6  

13. M.T. McCorrnack and A.F. Hegarty. Tetrahedron Lett. 395 
(1976). 

14. A.F. Hegarty, M.T. McCorrnack, B.J. Hathaway, and L.J. Hulett. 
J. Chem. Soc. Perkin Trans. 2, 1136 (1977). 

15. J.E. Rowe and A.F. Hegarty. J. Org. Chern. 49, 3083 (1984). 
16. J.E. Johnson, A. Ghafouripour, M. Arfan, S.L. Todd, and D.A. 

Sitz. J. Org. Chem. 50,3348 (1985). 
17. J.E. Johnson, S.L. Todd, S.M. Dutson, A. Ghafouripour, R.M. 

Alderman, and M.R. Hotema. J. Org. Chern. 57,4648 (1992). 
18. A. Lorente, L. Vaquerizo, A. Martin, and P. Gornez-Sal. Hetero- 

cycles, 41,71 (1995). 
19. C.L. Penin. Irz The chemistry of amidines and imidates. Vol. 2. 

Edited by S. Patai and Z. Rappoport. J. Wiley and Sons, New 
York. 199 1. pp. 147-229. 

20. A. Lorente, P. Ggmez, and M.M. Contreras. Heterocycles, 38, 
113 (1994). 

21. R.A. Sneen. Acc. Chern. Res. 6 ,46  (1973). 
22. J.E. Johnson and S.C. Cornell. J. Org. Chem. 45,4144 (1980). 

23. M.T. McCorrnack and A.F. Hegarty. J. Chern. Soc. Perkin 
Trans. 2, 1701 (1976). 

24. A.F. Hegarty. Acc. Chern. Res. 13,448 (1980). 
25. M.I. Page and W.P. Jencks. J. Am. Chern. Soc. 94,8828 (1972). 
26. S.I. Miller. Tetrahedron, 33, 121 1 (1977). 
27. D.N. Kevill, P.H. Daurn, and R. Sapre. J. Chem. Soc. Perkin 

Trans. 2,963 (1975). 
28. J.L. Balcizar, F. Florencio, and S. Garcia-Blanco. Acta Crystal- 

logr. Sect. C: Cryst. Struct. Cornmun. (a) C41, 1795 (1985); (b) 
C43, 1438 (1987); (c) C44, 1500 (1988); (d) C43, 1432 (1987). 

29. A. Dornow and E. Schleese. Chem. Ber. 91, 1830 (1958). 
30. T. Hayashi. J. Org. Chem. 31,3253 (1966). 
3 1. R. Gompper and W. Topfl. Chern. Ber. 95,2861 (1962). 
32. S. Kohra, Y. Torninaga, and A. Hosomi. J. Heterocycl. Chern. 

25,959 (1 988). 
33. G.M. Sheldrick. Acta Crystallogr. Sect. A. Found. Crystallogr. 

A46,467 (1990). 
34. G.M. Sheldrick. SHELXL-93, University of Gottingen. 1993. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Effect of concentration, pH, and ionic strength 
on the viscosity of solutions of a soil fulvic acid 

F. Rey, M.A. Ferreira, P. Facal, and A.A.S.C. Machado 

Abstract: The influence of pH (3.0-8.0), ionic strength (0.005-0.10 M), and concentration (ca. 50-300 mg L-I) on the 
viscosimetric behaviour of solutions of a soil fulvic acid has been determined. The results show a complex influence of the 
concentration on the specific viscosity with maxima at about 80-100 mg L-' and a minimum at 140-160 mg L-I. The viscosity 
is minimum at pH ca. 6 and decreases when the ionic strength increases. The results are interpreted by a rod-type model from 
which the dimensions of fulvic acid molecules are calculated. 

Key words: soil fulvic acids, viscosity, configurational changes. 

RCsumC : On a determine l'influence du pH (3,O-8,0), de la force ionique (0,005-0,10 M) et de la concentration (environ 30-300 
mg L-') sur le comportement viscosimCtrique de solutions d'un acide fulvique de sol. Les resultats dkmontrent l'existence d'une 
influence complexe de la concentration sur la viscosite spkcifique qui prCsente un  maximum B environ 80-100 mg L-I et un  
minimum B 140-160 mg L-'. La viscositt est minimale j. u n  pH d'environ 6 et elle diminue avec une augmentation de la force 
ionique. On interprkte les resultats en fonction d'un modkle en forme de bitonnets B partir duquel on a calculC les dimensions des 
molCcules de l'acide fulvique. 

Mots c l b  : acides fulviques du sol, viscositk, changements configurationnels. 

[Traduit par la redaction] 

Introduction metric measurements in a collaborative project in progress in 

The size and shape of humic substances play an important role 
in their effects in the environment, for instance in their inter- 
action with the soil particles, their involvement in the binding 
of trace metals, their biological effects on plants and micro- 
organisms, and their function in surface and groundwater qual- 
ity. Important information about the size and shape of fulvic 
acid molecules in solution can be obtained by viscosimetric 
measurements. Therefore, different authors (1-6) have inves- 
tigated the behaviour of humic substances by this technique. 
Although the calculation procedures are well established, the - 
reported data are incomplete and results of most of them are 
not intercomparable because of differences in extraction and 
purification techniques (7). 

Moreover, the aggregation of humic substances depends on 
their nature and the solution conditions under which they exist, 
for example, on the presence of electrolytes and the value of 
pH. The effect of these configurational changes may have to 
be considered in transport phenomena involving organic mat- 
ter and associated metals, in particular for river humic sub- 
stances. A theoretical explanation of these phenomena based 
on potentiometric and conductimetric data has recently been 
reported (8). 

Considering these facts, it was decided to include viscosi- 
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our departments to study the behaviour of filvic a c i d s ( ~ ~ )  in 
solution (9-12). This work presents the results obtained in a 
systematic study of the influence of FA concentration (in the 
range 50-280 mg L-', which includes lower values than other 
studies reported in the literature (1-3)), pH (3.0-8.0), and inert 
electrolyte concentration (0.005-0.10 M) on the viscosimetric 
properties (at 298 K constant temperature) of low concentra- 
tion solutions of a soil FA. From the results, the dimensions of 
FA particles were calculated assuming a rod-type model and 
their changes with the solution properties are discussed. 

Experimental 

Reagents and materials 
All reagents were p.a. or similar and were used without further 
purification. Deionized water with resistivity 1 2 0  M R  cm 
was used. 

KN03 was employed as background electrolyte to adjust 
the total ionic strength. For pH adjustments, 0.1 M HC1 and 
0.1 M NaOH were used. 

The sample of FA used in the present work (described 
before (13)) was isolated from a Portuguese forest soil col- 
lected at Famalicao (near Oporto, 30 km to the northeast) by 
the IHSS standard procedure (14, 15). For that a sample of air- 
dried soil was acidified to pH 2 with 1 M hydrochloric acid 
solutions and kept for 15 days with occasional agitation. The 
solid and liquid phases were separated by filtration and the lat- 
ter was concentrated through an Amberlite XAD-8 resin col- 
umn. The nonadsorbed fraction was discarded, the column 
was washed with water until chloride ions (which interfere in 
the next stages of the process) were absent, and, finally, the 
column was eluted with 0.1 M NaOH. The liquid extracts 
recovered (that contain the fulvic acid "molecules") were 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

transformed to their acidic form by using a cation exchange 
resin (Merck) and were freeze-dried to get a powder sample. 
The yield of the process was about 0.5% (WIW). 

Equipment 
H+ concentrations (as pH values) were measured with a Crison 
micro-pH 2002 pH-meter (+0.l mV) and an Ingold electrode, 
calibrated at each ionic strength by standard HCl-NaOH titra- 
tions (16). Viscosity measurements were done with an Ost- 
wald-type viscometer, having a flow time with distilled water 
of 345.4 + 0.2 s at 298.0 K. A flow bath (Tectron 4373200) 
was used as thermostat (+O. 1 K). 

Procedure 
Each individual sample was prepared by dissolving aliquots of 
a FA stock solution (about 1000 mg L-') in water, and the pH 
and (or) the neutral salt concentration (total ionic strength) 
were adjusted to the required values. Experiments were made 
at FA concentrations of 47.0, 62.0, 71.0, 82.0, 94.0 107.0, 
118.0, 131.0, 163.0, 189.0, 236.0, and 289.0 mg L-I, total 
ionic strengths of 0.005, 0.010, 0.030, 0.050, 0.070, and 0.10 
M, and pH at 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0. All experiments 
were repeated at least 20 times with different solutions and the 
mean values of flow time, obtained after outlier values were 
rejected using standard statistical tests (17), were used to cal- 
culate the viscosity values. 

Calculations 
Values of relative (q,), specific (qsP). and reduced (qz) viscos- 
ity were obtained from the expermental absolute viscosity 
values using their respective definitions (3) 

where q,, is the absolute viscosity of water and c the concen- 
tration of the solutions. 

Intrinsic viscosities ([TI) were calculated by extrapolation 
to zero concentration of the linear part of the reduced viscosity 
vs. concentration plots. 

The viscosity-average molecular weight (M) was calculated 
using the Staudinger equation, which relates [q] to M 

where a has a value of 0.67 (3). The value of K (298 K) was 
calculated using this value and the value of M obtained for the 
present sample of FA at I = 0.1 M by potentiometric measure- 
ments (908 g mol-'). Particle (molecular) volumes were calcu- 
lated by the approach of Chen and Schnitzer (3), using 

where d is the density of FA solutions and NA is Avogadro's 
number. 

To calculate the dimensions of FA particles, a model of 
their structure is required, and several different approaches 
(namely spheres, disks, and rods) have been proposed. Of 
these, spherical structures can be excluded in the present case 
because the [q] values obtained are greater than 0.025 (18). On 
the other hand, if a disk shape is assumed, the calculated thick- 
ness values are about 1 A, not compatible with the postulated 
general structures of FA molecules (3). Because FA can be 
considered as a flexible linear colloid (19) a rod model can be 
used, and the length (a) and thickness (b) of the particles can 
be related to a k([-q]) dependent factor by 

(alb12 
[3] k = + 3 (a/b12 14 +-  

15 (In 2alb - 312) 15 (In 2alb - 112) 15 

This equation can be solved by numerical iteration to calculate 
the a to b ratio. Individual values of a and b can be estimated 
from this ratio and the expression for the particle volume given 
as 

Results and discussion 

The results obtained for the viscosimetric parameters of the 
FA studied are presented in Table 1. As values of the absolute 
viscosity for 0.1 M ionic strength show no significant differ- 
ences from pure water viscosities, the values calculated for 
this ionic strength are not included. 

Influence of the concentration of the fulvic acid 
Figure 1 shows the variation of the specific viscosity of FA 
solutions when their concentration changes. For concentra- 
tions below of 80-100 mg L-' (depending on pH and ionic 
strength), a rise in the specific viscosity occurs when the ful- 
vic acid concentration increases. Then, the specific viscosity 
decreases with increase in the FA concentration up to about 
160 mg L-' (also dependent on pH and ionic strength) and 
after this value a linear increase is obtained. These results are 
in agreement with those obtained by Reuter (20), who indi- 
cated that a concentration of about 100 mg L-' is a "special 
value" for the behaviour of humic materials. Besides, accord- 
ing to Ghosh and Schnitzer (1), FA presents important confor- 
mational changes in the 100-160 mg L-' range when the 
concentration varies: at concentrations below 100 mg L-' lin- 
ear colloids prevail, but above 160 mg L-' only spherocol- 
loids exist; conformational changes occur in the range 
between these values, where both types of structure are 
present. 

Influence of the ionic strength 
In Figure 2 the reduced viscosity is plotted versus the FA con- 
centration for different values of ionic strength but constant 
pH. The plots show a marked decrease in viscosity when the 
ionic strength increases, suggesting a coiling of fulvic acid 
molecules (which has been cited in the literature) due to repul- 
sions by the counterions or neutralization by the added salt of 
the charges on the backbone of the macromolecule (21), 
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Table 1. Variation of the viscosity (and related parameters) of fulvic acid with ionic strength and pH. 
- 

I PH [ I  M (glmol) v (A') k alb a (A) b (A) 

Fig. 1. Variation of the specific viscosity with FA concentration for different 
experimental conditions: pH = 4.00, I = 0.005; A pH = 5.00, I = 0.01 ; + pH = 6.00, 
I = 0.03; *pH = 7.00, I = 0.05; pH = 8.00, I = 0.07; x pH = 3.00, I = 0.03. 

0.0000 1 I I I 1 I I 

0 50 100 150 200 250 300 

Fulvic acid concentration (mg/L) 
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Fig. 2. Variation of the reduced viscosity with FA concentration at pH = 4.00 and 
different ionic strength: . I = 0.005; + I = 0.01; * I = 0.03; I = 0.05; X I = 0.07. 

0.0 I 1 I I I I 1 
0 50 100 1 50 200 250 300 

Fulvic acid concentration (mg/L) 

Fig. 3. Variation of the intrinsic viscosity with pH for different ionic strengths: 
I = 0.005; + I = 0.01; * I = 0.03; I = 0.05; X I = 0.07. 

buildup of charges on the macromolecules of the fulvic acid 
(22), or polidispersity (23j. According to Eagland (24), this 
variation is associated with suppression of the charge atmo- 
sphere of the polyelectrolyte molecules, which become less 
rodlike and hence more flexible. 

From these plots, it can be seen that although the viscosity 
decreases in the presence of the salt, the pattern of the varia- 
tion with FA concentration is maintained, with a minimum at 
about 160 mg L-'. Ghosh and Schnitzer (1) concluded that at 
higher concentrations these polyelectrolytes behaved like 

uncharged spherocolloids, but the viscosity values suggest 
that the macromolecules should be considered as tightly coiled 
and flexible. These results are supported by the behaviour of 
FA solutions at high ionic strengths described here. 

Influence of pH 
In addition to polyelectrolyte concentrations and ionic 
strength, the viscosity of FA solutions varies with pH. 
Kumada and Kawamura (2) reported a diminution in the 
reduced viscosity of humic materials when the pH is increased 
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as the p H  approaches 5.0, followed by an increase in the neu- 
tral and alkaline p H  ranges. Other authors have reported a sim- 
ilar trend but with a minimum at a more acid value of pH (1). 

Figure 3 presents the variation of the intrinsic viscosity with 
p H  (for different constant values of ionic strength) for the F A  
solutions studied in the present work, and shows a minimum in 
[q] between pH 6 and 7. At the lowest p H  values, the F A  par- 
ticles remain uncharged, electrostatic repulsions are weak, and 
the particles present a higher association due to the possible 
formation of hydrogen bonds, van der Waals forces, and other 
weak forces (21) (see values of the average molecular weight 
in Table 1). When the p H  increases, the association of the par- 
ticles is destroyed due to the increase in electrostatic repul- 
sions that are greater than the weak forces, and the aggregates 
break up because any sort of rearrangement disperses the fully 
ionized molecules to form small, discrete particles. The vis- 
cosity of the fulvic acid decreases until a minimum is reached 
at pH about 6. At still higher p H  values, the intrinsic viscosity 
increases again, showing a new aggregation due to mineral 
bridges and intermolecular interactions (25). This behaviour is 
a common feature for polyelectrolytes of the weak acid type 
such as FA (26). 

The dimensions of the FA aggregates (considered as rod- 
shaped) are strongly dependent o n  pH and ionic strength (see a 
and b values in Table 1) and present a x15 variation for a val- 
ues in the range analysed. The values obtained for a and b are 
larger than others reported in the literature obtained by visco- 
simetric measurements at higher FA concentrations (3), per- 
haps due to the low concentration range analysed in this work 
in which the molecules are more elongated, but the thickness 
of the particles is of the same order of magnitude (1 1.3-4.6 A) 
and the values depend strongly on ionic strength but only 
slightly on pH. The a and b values suggest that the F A  parti- 
cles are elongated cylinders that change their aggregation 
states with the external characteristics of solution (namely pH 
and the presence of counterions). 

Conclusions 

As can be seen from the results of the present work, viscosi- 
metric measurements of fulvic acids in solution can provide 
information about the dimensions and modification of the 
structure of fulvic acid molecules. However, on the other 
hand, p H  plays an important role in the change of these struc- 
tures, so it is very important to adjust the H+ concentration 
when this type of experiment is done. Moreover, the presence 
of different concentrations of added salt can modify the 
arrangements of fulvic acid molecules in solution due to the 
existence of electrostatic interactions between the fulvic acids 
and the counterions. Because of this it is very important to 
state clearly the experimental conditions when the results of 
different experiments are to be compared. 
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Solvent effects on the reactivity of solvated 
electrons with organic solutes in 1 -butyl- 
amine-water mixtures 

1 Yixing Zhao and Gordon R. Freeman 

Abstract: The values of the rate constants of the reactions of e,- with the efficient scavengers nitrobenzene and acetone 
are 2 2 x lo6 m3 mol-I s-' in the whole range of 1-butylamine-water mixtures at 298 K; the reaction rates in the 
mixed solvents vary approximately as the solvent fluidity. In pure butylamine at 298 K, kz(e,- + nitrobenzene) = 

84 x lo6 m3 mol-I s-I and kz(es- + acetone) = 7.3 x lo6 m3 mol-' sK'. The values of the rate constants of the reactions 
of es- with the inefficient scavengers phenol and toluene are < 2 x lo5 m3 mol-I s-I in the whole range of l-butylamine- 
water mixtures at 298 K and have a maximum at 50 mol% water and a minimum at 99 mol% water. In pure 1-butylamine 
at 298 K, k2(es- + phenol) = 1.0 x 10' m%olol-' s-I and k2(es- + toluene) = 0.28 x lo4 m%olKl s-I. The reaction 
rates with inefficient scavengers show strong dependence on the solvent composition and selective solvation of electron 
and scavenger. In the amine-rich region (G30 mol% water), the rate constants increase with the itzcrease of viscosity, 
indicating the chemical participation of solvent molecules in the reaction. In the water-rich region from 50 to 99 mol% 
water, the decrease of the rate constants indicates the nonhomogeneous solvation of the electrons by water and of the 
organic solutes by 1-butylamine. From 99 mol% to pure water the rate constant increases rapidly, which we attribute 
to insufficient I-butylamine to coat the phenol or toluene molecules. The variation of the activation energies E2 for the 
efficient scavengers, 14-27 kJ mol-I, are similar to the variation of E, in the mixed solvents. The values of E1 for the 
inefficient scavengers are from 15 to 38 kJ mol-I for phenol and from 6 to 21 kJ mol-I for toluene. Both k2 and E2 
for the inefficient scavenger reactions show a correlation with the temperature coefficient -dEA,,,/dT of the optical 
absorption of es- in the mixed solvents, but the reason is obscure. 

Key words: 1-butylamine-water solvent, solvated electron, organic solutes, reactivity, solvent effects. 

RCsumC : Les constantes de vitesse pour les reactions des es- avec les capteurs efficaces que sont le nitrobenzkne et 
l'acttone sont 2 2  x lo6 m3 rnolK' s-I pour I'ensemble des concentrations de la I-butylamine-eau, h 298 K; la variation 
des vitesses de rCaction dans les solvants mixtes suit approximativement celle de la fluidit6 du solvant. Dans la butylamine 
pure, B 298 K, k2(es- + nitrobenzkne) = 84 x lo6 m3 mol-' s-I et k2(es- + acCtone) = 7,3 x lo6 m h o l - I  s-I. Les 
valeurs des constantes de vitesse des rtactions des es- avec les capteurs inefficaces que sont le phCnol et le tolukne 
sont <2 x lo5 m3 mol-I s-I pour l'ensemble des concentrations de la I-butylamine-eau h 298 K et elles prCsentent un 
maximum h 50 mol% d'eau et un minumum h 99 mol% d'eau. Dans la I-butylamine pure, h 298 K, k2(e,- + phtnol) 
= 1,O x lo4 m3 mol-I s-I et k2(e,- + tolukne) = 0,28 x lo4 m"01-l-l s-I. Les vitesses de rtaction avec les capteurs 
inefficaces prtsentent une forte dipendance sur le composition et une solvation selective de l'tlectron et des capteurs. 
Dans la rCgion riche en amine (G30 mol% d'eau), les constantes de vitesse augmentent avec une alcgtne~ztation de la 
viscositt; ce rtsultat indique qu'il se produit une participation chimique des moltcules de solvant dans la reaction. Dans 
la rtgion riche en eau, de 50 h 90 mol%, la diminution des constantes de vitesse indique qu'il se produit une solvatation 
non homogkne des Clectrons par I'eau et des solutts organiques par la 1-butylamine. Dans la rCgion de 99-100 mol% 
d'eau, la constante de vitesse augmente rapidement; on attribue ce rtsultat au fait qu'il n'y a pas assez de I-butylamine 
pour recouvrir les molCcules de phCnol ou de tolukne. Dans les solvants mixtes, les Cnergies d'activation, E2, des capteurs 
efficaces, 14-27 kJ mol-I, ont des variations similaires aux E,,. Les valeurs E? des capteurs inefficaces varient de L5 
h 38 kJ mol-I pour le phtnol et de 6 h 21 kJ mol-I pour le tolukne. Les valeurs tant de k2 que de E2 des rtactions 
des capteurs inefficaces prtsentent toutes les deux une corrClation avec le coefficient de tempkrature, -dEA,,,,,/dT, 
l'absorption optique des es- dans les solvants mixtes; les raisons sont toutefois obscures. 

Mots ~ 1 6 . ~  : solvants mixtes I-butylamine-eau, Clectrons solvatCs, solutCs organiques, effets de solvant. 

[Traduit par la rtdaction] 

Received June 5, 1995. 

Y. Zhao and G.R. Freeman.l Chemistry Department, University of Alberta, Edmonton, AB T6G 2G2, Canada. 

I Author to whom correspondence may be addressed. Telephone: (403) 492-3468. Fax: (403) 492-8231. 
E-mail: knp@dept.chem.ualberta.ca 

Can. J. Chem. 74: 300-306 (1996). Printed in Canada / IrnprimC au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Zhao and Freeman 

introduction 
The study of solvated electron (es-) reactivity in mixed 
alcohol-water solvents has been fruitful in elucidating elec- 
tron behavior in nonhomogeneous fluids (1-10). The reac- 
tivity of es- depends on the nature of the coreactant and 
the structure of the solvent. Some reactions of es- with so- 
lutes such as nitrobenzene (1, 4), Ag,+ (7), and Hs+ (7) are 
diffusion controlled, and some are much slower, as in the 
case of toluene and phenol (3, 5). Solvent structure implies 
two aspects. One is the molecular structure, which in some 
cases affects the chemical participation of solvent molecules 
in a reaction (1 1, 12). The other is the solvent molecular 
packing, such as two- and three-dimensional structures in 
alcohol-water mixtures (8, 13). 

Alcohol, water, and their mixtures are all strongly hydro- 
gen-bonded liquids. It is now of interest to study es- re- 
activity in mixtures containing a less strongly hydrogen- 
bonded component. We have chosen 1-butylamine-water, for 
practical reasons (ease of handling). The optical absorption 
spectra of es- in these mixed solvents have recently been 
reported (14). There appears to be less selective solvation of 
electrons by water in these mixtures than was expected. 

Experimental 
The method of purification of 1-butylamine was reported in 
ref. 14. Nitrobenzene (A.C.S. reagent, >99%) and phenol (re- 
distilled, >99%, mp 4042°C)  were obtained from Aldrich. 
Acetone (HPLC grade, >99.9%) and toluene (HPLC grade, 
>99.8%) were obtained from Sigma-Aldrich. Nitrobenzene, 
acetone, and phenol were used without further purification. 
Toluene was fractionally distilled from sodium under UHP 
argon (99.999%, Liquid Carbonic Canada) and the middle 
part was collected and stored in a flask under argon positive 
pressure. 

For the measurement of the rate constant of phenol in pure 
water, phenol was melted in the bottle by placing the bottle 
in warm water, and then was pipetted into a volumetric flask 
and nanopure water was added. For the rest of the measure- 
ments of phenol reaction rate, phenol crystals were taken out 
of the bottle and placed in a watch glass, and then crystals 
of phenol without any color were scooped into a beaker to 
weigh. Then solvent was added, and the solution was trans- 
ferred to a volumetric flask for final dilution. 

Techniques of sample solution preparation, irradiation, and 
optical measurements were the same as described in ref. 9. 

Results and discussion 
Rate constants 
Since the reaction of es- with the solvent amine and water 
is negligible under our conditions (IS), we only consider the 
following reactions: 

[ 1 1 e,- + Is + Products kl 

where Is represents residual impurities in the solvent and 
those produced by the radiation pulse, and Ss is an added so- 
lute. The observed first-order decay rate constant kobs = kl l:l] 
+ k2[S] was measured for the pure solvent and six concentra- 

Fig. 1. Arrhenius plots of k2(es- + nitrobenzene) in 
I-butylamine-water mixed solvents. Refer to Table 1 for 
symbols. 

1000/T (K) 

tions of solute S. The value of the second-order rate constant 
kz was obtained from the slope of a plot of kObs against solute 
concentration. 

1-Butylamine is completely miscible with water. The rate 
constants of es- for all solutes were measured in the fol- 
lowing compositions in mol% water: 0.0, 10.0, 30.0, 50.0, 
70.0, 90.0, 95.0, 97.0, and 100.0. In addition, the rate con- 
stants of es- with phenol in 99.0, 99.5, and 99.8 mol% water 
were measured. The normal freezing point of I-butylamine 
is 224 K, and the normal boiling point is 351 K. The values 
of k2 for each solvent were measured from about 230 K to 
344 K, depending on the freezing and boiling points of each 
composition. 

Arrhenius plots of k2 for the four organic solutes nitroben- 
zene, acetone, phenol, and toluene are given in Figs. 1 4 ;  
Table 1 contains the symbols for these figures. The rate 
constants kZ (lo6 m3 mol-I s-I) of nitrobenzene, acetone, 
phenol, and toluene in water at 298 K are 37, 7.2, 0.024, 
0.01 1, which are consistent within experimental uncertainty 
with values reported by Maham and Freeman (16): 38, 7.7, 
0.027, 0.013, and Lai and Freeman (3): 38, 7.7, 0.030, 0.01 1. 
Other results reported (15) are 30, 5.9, 0.018, 0.012. 

In water, the rate constant k2(es- + phenol) at 298 K was 
2.4 x lo4 m3 mol-' s-I. However, phenol will dissociate 
somewhat in water: 

Since the rate constant kH+(es- + H3+O) at 298 K is 
2.9 x lo7 m3 mol-I s-' in water at very low ionic strengths 
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Fig.  2. Arrhenius plots of k2(es- + acetone) in I-butylamine- 
water mixed solvents. Refer to Table 1 for symbols. 

2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 

10001T (K) 

Fig.  3. Arrhenius plots of kz(es- + phenol) in l-butylamine- 
water mixed solvents. Refer to Table 1 for symbols. 

lOOO/T (K) 

(lo), it contributes to kobs in the measurement of k2(esp + 
phenol). We used the method in ref. 8 to correct k2 for phenol 
alone. That is, [H3+0] = (~ , [~henol] ) l l '  is calculated over 
the range of [phenol] = 5-30 mol m-3 where K, is the dis- 
sociation constant, and at 298 K it is 1.3 x lop7 mol mV3 

Fig.  4. Arrhenius plots of k2(es- + toluene) in l-butylamine- 
water mixed solvents. Refer to Table 1 for symbols. 

h 

m 
E 

m 
0 

w 

1 - - 

1 1 1 1 1  , I , I , / , I .  

2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 
1000/T (K) 

Table 1. Symbols for Figs. 1 4 .  
- - 

mol% water mol% water 

(17). Then the actual value of k2(es- + phenol) was calculated 
from the slope of the (kobs - kH+ [H3+]) against [phenol] plot, 
and it is 2.1 x 10' m3 mol-I s-I, which is 13% less than the 
uncorrected value. Since the values of K, at other tempera- 
tures in water, and in all the other solvents, are not known, 
we could not make this correction for the other values. For 
this reason the values in Fig. 3 and Table 2 are uncorrected. 
Modern studies of the chemical-physical properties of the 
amine-water mixed solvents and of the phenol solutions 
would be valuable. 

Composition dependence of k2 at 298 K 
Figure 5 shows the solvent composition dependences of 
k2(eSp + organic solute) in 1-butylamine-water mixed sol- 
vents at 298 K. Reaction parameters are listed in Tables 2 
and 3. From Fig. 5 we see that the reactions are divided 
into two groups: (i) nitrobenzene and acetone, which have 
k2 lo6 m3 mol-I s-I, and (ii) phenol and toluene, most of 
which have k2 < lo5 m3 mol-I s-l. Both the order of mag- 
nitude and the patterns of the change of k2 in the mixtures 
indicate that these two groups of reactions follow different 
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Zhao and Freeman 

Table 2. Reaction rate parameters of e ,  with phenol in I-butylamine-water mixed solvents at 298 K. 

Hz0 kz Ez 11 " E," E~max k~ [IsId -dE~niax/dT'  

mol% ( lo4 m3 mol-I s-I) (kJ mol-I) (mPa s) (kJ mol-I) (zJ)' (10' s-I) (zJ K-') 

Phenol (1-60 mol m-3 for k2) 
0 1 .o 

10 2.0 
30 9.6 
5 0 15.0 
70 3.4 
90 0.74 
95 0.3 1 
97 0.2 1 
99 0.17 
99.5 0.20 
99.8 0.33 

100.0 2.4 

"Reference 18, except for the pure I-butylamine from ref. 19. 
"calculated from the data in ref. 18. 
'Reference 14. 
"1n solvent without added solute. 

Fig. 5. Solvent composition dependence of k, in 
I-butylamine-water mixed solvents at 298 K. 0 ,  nitroben- 
zene; 0 ,  acetone; , phenol; H , toluene. Physical parameter 
reference lines are: x, viscosity (18, 19); +, EAmax (14). 

m 
A 10-3- l , l . l , I ,  

0 20 40 60 80 100 
Water (mol%) 

reaction mechanisms. While all the reactions involve elec- 
tron transfer from a potential well in the solvent to a solute 
molecule, the transfer to toluene and phenol must be secured 
by a subsequent reaction, which is probably protonation by 
the solvent (3). 

Nitrobenzene and acetone are efficient electron scavengers. 
The magnitudes of k2(es- + nitrobenzene) and k2(es- + ace- 

Table 3. Reaction rate parameters of e,- with toluene, 
nitrobenzene, and acetone in I-butylamine-water 
mixed solvents at 298 K. 

Toluene (0.7-150 mol m-' for k2) 
0 0.28 

10 0.54 
30 2.2 
5 0 3.4 
70 1.3 
90 0.29 
95 0.19 
97 0.086 

100 1.1 

Nitrobenzene ((0.14.5) x lo-? mol m-3 for k2) 
0 8400 17 

10 7100 20 
30 5100 2 1 
5 0 3000 22 
70 2100 22 
90 2400 2 1 
95 2800 20 

100 3700 17 

Acetone ((1.7-50) x lo-? mol m-3 for kz) 
0 730 24 

10 600 25 
30 420 26 
50 300 27 
70 200 27 
90 250 27 
95 320 25 

100 720 14 
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tone) in 1-butylamine-water mixtures are similar to those in 
methanol-water and ethanol-water mixtures (3), 1 -propanol- 
water mixtures (4), and all isomeric butanol-water mixtures 
(1 8). However, the values of k2(es- + nitrobenzene) and (e,- 
+ acetone) in the alcohol-rich region of all alcohol-water 
mixtures are nearly independent of water content whereas the 
k2(e,- + nitrobenzene) and k2(e,- + acetone) in the amine- 
rich region of 1-butylamine-water mixtures decrease as the 
water content is increased to 70 mol%. These rate constants 
in 1-butylamine-water mixtures decrease as the viscosity in- 
creases (19, 20). The reaction with nitrobenzene is diffusion 
controlled. The reaction with acetone is an order of mag- 
nitude slower and has an approximately 5 kJ mol-I larger 
activation energy (Table 3), but the rates in the mixed sol- 
vents still correlate with solvent fluidity (Fig. 5). 

Phenol and toluene are less efficient scavengers. Although 
the orders of magnitude of k2(eSp + phenol) and k2(es- + 
toluene) in 1-butylamine-water mixtures at 298 K are in the 
same range as in alcohol-water mixtures (3, 4, 17, 21), the 
pattern of the change in the mixed solvents is quite different 
from that in alcohol-water mixtures. Instead of having a min- 
imum at 60-70 mol% water as in alcohol-water mixtures, 
k2(eSp + phenol) and k2(e,- + toluene) have a maximum at 
50 mol% water in 1-butylamine, and a sharp minimum at 
-99 mol% water (Fig. 5). The values of kz(eSp + toluene) 
could not be measured in 99.0-99.8 mol% water due to very 
low rate constants and low solubility of toluene in the sol- 
vents. The values of k2 increase as the values of viscosty and 
EAmax increase in the amine-rich region. 

The increase of k2(es- + RC6HS), R = CH3 or OH, with 
increasing viscosity q (Fig. 5) is reminiscent of the behavior 
of k(es- + NO3,,-) in pure alcohols on increasing the length 
of the alkyl chain (12, 22). In both cases a transient interme- 
diate reacts with the solvent (3, 12, 16, 21, 22), and the prob- 
ability of this reaction increases superlinearly with increasing 
duration z of the [es-, Ss] encounter pair. For toluene and 
phenol: 

In the (e,- + NO3,,-) reaction k2 increased approximately 
linearly with q,  which means k2 CK z2, whereas in the RC6HS 
reaction between zero and 30 mol% water in 1-butylamine k2 
increases approximately as q3, which means k2 K ?. There 
seems to be an additional effect in the latter reaction, and 
we suggest it is that water, being a stronger acid than is the 
amine (17), is a better protonating agent for the phenylide 
ion in reaction [5]. 

At water contents >30 mol% the values of k2(es- + 
RC6H5) increase less rapidly, and from 50 to 99 mol% water 
they decrease (Fig. 5). The decrease is attributed to nonhomo- 
geneous solvation of the reacting entities: in the water-rich 
solvents e,- is preferentially solvated by the water, while 
phenol and toluene are selectively solvated by the butyl- 
amine. It becomes progressively more difficult for the e,- 
and RC6HS to come within the reaction radius of each other. 

The increase of k2(es- + RC6HS) on going from 99.0 to 

99.5, 99.8, and 100 mol% water is attributed to the RC6HS 
being progressively less "coated" by amine molecules, there- 
by facilitating reactions [4] and [5]. The compressibility of 
solutions of butylamine in water has a minimum at 98.3 
mol% water, which implies optimal packing of the molecules 
(23). This might be related to the minimum reaction rate, 
which we observed at our composition closest to 98.3%, 
namely, 99.0%. The partial molar volume of 1-butylamine 
has a minimum at 99.1 mol% water (23). 

The first-order decay rates in the solvents without added 
solute showed a solvent composition dependence similar to 
those of the reactions with phenol and toluene (see kl[Is] 
in Table 2). It therefore appears that the impurities react 
inefficiently with es-, and are probably olefinic. 

SmoluchowskiStokes-Debye model 
In the study of the reactions of e,- with organic solutes, the 
Smoluchowski-Stokes-Debye model has been used (3, 18, 
24). The diffusion-controlled rate constant k2(eSp + S) for re- 
action of e,- with a polar solute S is approximately related to 
the solvent viscosity q by the Smoluchowski-Stokes-Debye 
equation (3, 8, 10, 25): 

where NA is Avogrado's constant, kB is Boltzmann's con- 
stant, T is temperature, r, and R, are the effective radii for 
diffusion and reaction, respectively, K is the probability that 
reaction occurs during one encounter, Q is the effective ra- 
dius for mutual diffusion of es- and solute, R, is the average 
center-to-center reactant separation when reaction occurs, KR, 
is considered as an effective reaction radius, and the Debye 
factor f is given by: 

where x is the ratio of the Coulombic interaction energy of 
the reactants at R, to thermal agitation energy kBT, E is the 
relative permittivity (26) of the medium between the reactants 
at separation R,, and p is the dipole moment of the solute 
reactant. 

Equation [6] suggests that for diffusion-controlled reac- 
tions, 

[9] qk2 M constant 

The solvent composition dependences of qkz are shown in 
Fig. 6. The relatively efficient reactants nitrobenzene and 
acetone approximately follow relation [9]. However, the in- 
efficient reactants phenol and toluene do not, as might be 
expected from the preceding discussion. 

Correlation of small values of k2 with -dEA,,,ldT 
The temperature coefficient of the optical obsorption energy 
of e,- in these solvents, -dEAm,,/dT, has a minimum at 50 
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Zhao and Freeman 

Fig. 6. Solvent composition dependence of qk2 in 
I-butylamine-water mixtures at 298 K. The symbols are 
as in Fig. 5. x, relative permittivity E (26). 

Fig. 8. Solvent composition dependence of E7 Symbols are 
as in Fig. 5, plus E,,(x) and -dEAm,,/dT(+) in I-butylamine- 
water mixtures. 

0 20 40 60 80 100 

Water (mol%) 

Fig. 7. Correlations of k2 (phenol and toluene) with 
-dEAm,,/dT (14) in I-butylamine-water mixtures at 298 K. 

, phenol; W , toluene. 

mol% water (14), where k2(eSp + phenol or toluene) has a 
maximum (Fig. 5). A plot of log k2 against -dEA,,,,/dT is 
roughly linear, with the exception of the 99-100% water zone 
(Fig. 7). We attributed the two sides of the hump in Fig. 5 
to different effects, and we cannot interpret the approximate 
correlation shown in Fig. 7. We display it as a clue to future 
interpretation. 

Activation energies 
The solvent dependences of the activation energies of reac- 
tion, E2, are compared with those of viscosity, E,,, and the 
temperature coefficient -dEA,,,/dT (Fig. 8). The variation 
of E2 for the efficient reactions of es- with nitrobenzene and 
acetone is qualitatively similar to that of Erl The larger values 
of EZ compared to E,, in the amine-rich solutions might be 
attributed to a larger mobility p and activation energy of 
mobility E,, of electrons than of molecules in the amine. A 
similar situation was noted in tert-butanol solvent (10). 

The variations of E? for the inefficient reactions of es- 
with phenol and toluene are in the opposite direction of those 
for the efficient reactions, and are in the same direction as 
those in -dEA,,,/dT (Fig. 8). The zone 99-100% water re- 
mains an exception. The decrease of E2 upon adding water 
to 1-butylamine is attributed to the increased ease of reac- 
tion [5] .  The increase of E2 at water contents >50 mol% is 
attributed to the increased segregation of the reactants by se- 
lective solvation in the different components of the solvent, 
which makes it more difficult for the reactants to encounter 
each other. The decrease of E2(eSp + phenol) on going from 
99.8 to 100.0 mol% water is due to the decrease of that 
segregation. 

The values of both k2 and E2 for (es- + toluene) are much 
smaller than those for (es- + phenol) in all the solvents that 
contain I-butylamine (Figs. 5 and 8). Thus the overall en- 
tropy of activation of the multi-step reactions is much more 
negative for the toluene than for the phenol reaction. Phenol 
is hydrogen bonded to the solvent, whereas toluene is not. In 
the amine-containing solvents, the ratio of concentrations of 
amineltoluene was always 210, and of aminelphenol was 22. 
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We think the toluene and phenol were always clustered by 1- 
butylamine. It is possible that the lack of hydrogen bonding 
of toluene to the solvent, and the presence of it for phenol, 
affects the relative orientations of the e,- and toluene or  
phenol as they diffuse together in reaction [4], and affects 
rotatability of the solvent molecules as the protonation reac- 
tion [5]  occurs. 

The reason for the minimum in -dEA,,,/dT remains un- 
known. 
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The use of bisphthalonitriles in the synthesis 
of side-strapped I ,I I ,I 5,25=tetrasubstituted 
phthalocyanines 

Clifford C. Leznoff and David M. Drew 

Abstract: Nucleophilic aromatic substitution reactions of 3-nitrophthalonitrile yield 3-hydroxyphthalonitrile and 
3-neopentoxyphthalonitrile, the latter of which condensed to 1,8,15,22-tetraneopentoxyphthalocyanine as a mixture of isomers. 
Bisphthalonitriles such as 1,3-bis(2',3'-dicyanophenoxy)-2,2-dipentylpropane, 1,3-bis(2',3'-dicyanophenoxy)-2.2- 
diethylpropane, 1,3-bis(2',3'-dicyanophenoxy)-2,2-dioctylpropane, and 1,3-bis(Y.3'-dicyanophenoxy)-2-methyl-2- 
trityloxymethylpropane all gave bis-crown-like 1,11,15,25-tetrasubstituted phthalocyanines as pure compounds when treated 
with lithium octoxide in I-octanol at 196°C. A host of nine other bisphthalonitriles including 1,5-bis(Y.3'-dicyanophenoxy)-3- 
oxapentane, 1, l -bis(2',3'-dicy anophenoxy methy l)cyclohexane 1,2-bis(2',3'-dicyanophenoxy methy ])benzene, and 2,5-bis(2',3'- 
dicyanophenoxymethyl)furan did not dimerize to mononuclear phthalocynaines. The "ge171 dimethyl" effect was suggested as a 
reason for the successful macrocyclizations. 

Key words: nucleophilic aromatic substitution, phthalonitriles, bisphthalonitriles, 1.11,15,25-tetrasubstituted phthalocyanines. 

RCsumC : Les rtactions de substitutions aromatiques nuclCophiles du 3-nitrophtalonitrile conduisent au 3-hydroxyphtalonitrile 
et au 3-nCopentoxyphtalonitrile; ce dernier se condense pour conduire b la 1 3 ,  L5,22-tCtranCopentoxyphtalocyanine sous la 
forme d'un mClange d'isomkres. Lorsqu'on soumet les bisphtalonitriles, tels que les 1,3-bis(2',3'-dicyanoph6noxy)-2,2- 
dipentylpropane, 1,3-bis(2',3'-dicyanophCnoxy)-2,2-diCthylpropane, 1,3-bis(2',3'-dicyanoph6noxy)-2,2-dioctylpropne et 
I , 3 - b i s ( 2 ' , 3 ' - d i c y a n o p h t n o x y ) - 2 - m C t h y l - ~ p a n e ,  i un traitement par de I'octylate de lithium en prCsence 
d'octan-1-01 b 196°C on obtient toujours des phtalocyanines 1.1 1,15,25-tCtrasubstituCes b l'ttat pur qui resseniblent i des 
couronnes doubles. Neuf autres bisnaphtonitriles, y compris les 1,5-bis(2',3'-dicyanophCnoxy)-3-oxapentane, I ,I-bis(2',3'- 
dicyanophCnoxymCthyl)cyclohexane, 1,'-bis(Y,3'-dicyanophtnoxymCthyl)benzkne et 2,5-bis(2',3'-dicyanophtnoxyn~Cthyl)- 
furane, ne se dimCrisent pas en phtalocyanines mononucltaires. L'effet <<gem-dimkthylen a CtC suggtrt  pour expliquer le succks 
des macrocyclisations qui ont rCussi. 

Mots cle's : substitution aromatique nuclCophile, phtalonitriles, bisphtalonitriles, phtalocyanines 1 ,I 1,15,15-tttrasubstitutes. 

[Traduit par la rCdaction] 

Introduction 

The synthesis of pure isomers of tetrasubstituted phthalocya- 
nines (PC) having one substituent in each of the benzene rings 
remains a difficult problem (1). Single isomers of 2,9,16,23- 
(2), 2,9,17,24- (3), and 1,8,15,22-tetrasubstituted phthalocy- 
anines (4), and a 1,2-naphthalocyanine (5) have been prepared 
capitalizing on reactive substrates (2) or electronic (3) or steric 
constraints (4, 5) but inethods towards the synthesis of pure 
1,11,15,25-tetrasubstituted phthalocyanines have been only 
briefly reported by us in a preliminary coinmunication (6). 
Recently, some specific pure PC isomers have been separated 
by chromatography (7). We decided upon a "constrained" 
approach towards the synthesis of phthalocyanines having 
substituents in the 1,11,15,25 positions. If we could dimerize 
bisphthalonitriles with appropriate bridging groups, then 
1,11,15,25-tetrasubstituted phthalocyanines containing bridg- 
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ing substituents (side straps) in the 1,25 and 11,15 positions 
would be obtained. The difficulty in this approach is the fact 
that polymerization would compete with dimerization. After 
exploring inany different conditions we found that that con- 
densation of bisphthalonitriles under high dilution at high tem- 
peratures for short reaction times led in some cases to the 
desired phthalocyanines as shown below. 

Results and discussion 

Nucleophilic aromatic substitution reactions on 3-nitrophtha- 
lonitrile (1) (9) are not all that common (4, 8 ,9 )  and hence we 
decided to examine some simple reactions of 1. Thus treat- 
ment of 1 with K2C03 and NaNO, in DMSO at reflux for 0.5 
h, as for the preparation of 4-hydroxyphthalonitrile ( lo),  led to 
3-hydroxyphthalonitrile (2) in 43% yield. Similarly, treatment 
of 1 with neopentanol (2,2-dimethyl- 1 -propanol) and K,CO, 
in DMSO at room temperature for 6 days gave 3-neopentoxy- 
phthalonitrile in 63% yield. The long reaction times were nec- 
essary to drive the reaction to completion probably due to 
steric hindrance of the substitution at the 3-position (4, 8) and 
the bulky alcohol used. Conversion of 3 to its diiminoisoindo- 
line 4 proceeded normally (1 1, 12). Condensation of 4 at 
150°C in 2-N, N-dimethylaminoethanol (DMAE) (1 1, 12) 
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Scheme 1. 

(CH3)3CCH20H . 
K2C03, DMSO 

CN 

NH3, MeOH DMAE 

MeONa 150°C 
4 

OR 

gave 1,8,15,22-tetraneopentoxyphthalocyanine (5) in 16% 
yield as a mixture with its 1,8,15,25, 1,8,18,25, and 1,11,15,25 
isomers (Scheme 1). 

Having established that phthalocyanines containing bulky 
substituents at positions adjacent to the macrocyclic core are 
readily prepared, we directed our attention towards the prepa- 
ration of bisphthalonitriles bridged at the 3-position, for even- 
tual dimerization to 1,11,15,25-tetrasubstituted phthalocya- 
nines. Earlier, we had suggested (12) that P-hydrogens on 
substituents could lead to p-elimination reactions under the 
basic conditions of PC formation and hence we concentrated 
our attention on bridging groups containing no hydro, oens at 
the P-position, particularly P,P-dialkyl groups. Thus, treat- 
ment of 1 with a series of P,P-disubstituted-l,3-propanediols, 
such as the known 2-methyl-2-trityloxymethyl-1,3-pro- 
panediols (6) (12), the commercially available 2,2-diethyl-1,3- 
propanediol (7), 2,2-dipentyl-1,3-propanediol (8), and 2,2- 
dioctyl- l,3-propanediol (9), and K2C03 in dimethyl sulfoxide 
(DMSO) at 20"C2 while evacuated (4, 6) gave the bisphthalo- 
nitriles 10-13 in 43-94% yields. Diols 8 and 9 were prepared 
by lithium aluminum hydride reduction of diethyl 2,2-dipen- 
tylmalonate (13) and diethyl2,2-dioctylmalonate (14), respec- 
tively. Dimerization of 10-13 under high-dilution conditions 
with lithium octoxide in 1-octanol at 196°C for 10 min gave 
the 1,25: 1 l,l5-bis(side-strapped) phthalocyanines 14-17 in 7- 
21 % yields. Pcs 14,16, and 17 were readily metallated to their 
phthalocyaninato zinc(I1) compounds 18-20 in 90% yield by 
heating with zinc acetate in a 1: 1 mixture of pyridine and N,N- 

Side-products at higher temperatures and shorter reaction times 
included 2, etherols such as 3-(2',3'-dicyanophenoxy-2,7- 
diethylpropan-1-01, and bis(2,3-dicyanopheny1)ether (BDPE), 
mp 223-226°C; R-IR(cm-I): 3087,3035,2238 (CEN), 1565, 
146 1, 1270, 8 13; 'H NMR (acetone-(1,) 6: 702 (m, 4H), 6.78 (d, 
2H, J = 8 Hz); "C NMR (acetone-d,) 6: 158.29, 136.95, 13 1.18, 
124.76, 118.24, 115.81, 113.02, 108.87; EI-MS for C,,H,N,O, 
mlz (relative intensity): 270 (M+, 100) 242 (13) 127 (10). 

dimethylformamide for 20 h at reflux conditions (Scheme 2). 
Attempts at cleavage of the side-strapped Pcs 1 4 ~  and 19 as 
examples, using BBr3 (15, 16) as previously described for 
2,9,16,23-tetraneopentoxyphthalocyanine (17), simply gave 
recovered starting materials, while cleavage with A113 (18) 
gave decomposition of the phthalocyanine macrocycle. 

Phthalocyanines 14 and 18 existed as an unequal mixture of 
cis and trails isomers as shown by NMR spectroscopy while 
PC 15 was too insoluble for useful studies. Indeed, the insolu- 
bility of 15 and the attendant difficulties of purification meant 
that satisfactory analysis could not be obtained for this com- 
pound, although we feel that confirmation of structure is on 
firm ground with a good HRMS (see Experimental). The prob- 
lems of working with 1 5  in fact led to the design of Pcs 16 and 
17 having larger alkyl chains generating soluble, more readily 
characterized Pcs. Pcs 16, 17, 18, and 19 were all sufficiently 
soluble for easy separation and study. In an attempt to obtain 
symmetrical hydroxymethyl substituents at the P-position and 
also to tie back the P-substituents into a ring system so that 
subsequent cleavage might proceed more readily, 5,5-dihy- 
droxymethyl-2-phenyl- 1,3-dioxane (21) (19) and 1,l -dihy- 
droxymethylcyclohexane (22) (20) were treated as above, but 
over a 12-16 day period, to give 5,5-bis(2',3'-dicyanophen- 
oxymethy1)-2-phenyl- 1,3-dioxane (23) and 1,l-bis(2',3'- 
(dicyanophenoxymethy1)cyclohexane (24) in 73 and 65% 
yields, respectively (Scheme 3). Neither 23 nor 24 could be 
induced to undergo formation of mononuclear phthalocya- 
nines and it appeared that only polymeric pigments were 
formed. 

In attempts to make a larger variety of side-strapped phtha- 
locyanines, including those of crown ethers and benzylic 
ethers that could be more readily cleaved (4), we treated a host 

The trityl groups in 14 were removed by BBr3 to give a mixture in 
3 1 % yield of the appropriate cis and trans diols, as a light blue 
solid; EI-MS for C4,H3,N8O,, r~i lz  (relative intensity): 746 (M', 
loo), 716 (20), 355 (18), 281 (22), 207 (37). 119 (39). 73 (42). 
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Scheme 2. 
H H 

1, DMSO 
NC 

' O y O '  P 
R R' K2C03, 20°C 

NC 
evacuated 

O v O  
/**, 

R 

14 R = CH3, R' = CH20Tr, M = Hz, + trans 

15 R = R' = C2H5, M = 11, 

18 R = CH3, R' = CHZOTr, M = Zn, + trans 

19 R = R' = C5Hll, M= Zn 

Scheme 3. 

\ 
H 

Ox0' 1, DMSO 
X \ / X  K~CO,,  20 oc * 
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Scheme 4. 

NC 
1, DMSO - 

K2C03, 20 "C 
NC CN 

evacuated 

of known symmetrical diols such as diethylene glycol (25), 
1,2-dihydroxymethylbenzene (26), 2,2'-bis(hydroxyme- 
thy1)biphenyl (27) (21), 5-te,-t-butyl-l,3-dihydroxymethyl- 
benzene (28) (22), 2,5-dihydroxymethylfuran (29), and cis- 
2,5-bis(hydroxymethy1)tetrahydrofuran (30) (23) as before to 
give the new bisphthalonitriles 31-37 in 19-56% yields. 
Unfortunately, none of 31-37 cyclized to bis side-strapped 
phthalocyanines under our standard conditions described 
above. 

It is curious that among the 13 symmetrical bisphthaloni- 
triles prepared for this study, only 10-13 underwent dimeriza- 
tion to mononuclear phthalocyanines. With hindsight it is pos- 
sible to see that perhaps the "gem dimethyl (Thorpe-Ingold) 
effect "(24-26) is operating here as only 10-13 have noncyclic 
P,P-dialkyl substituents. The gem dimethyl effect was origi- 
nally promulgated to explain favoured cyclization reactions in 
five- to seven-membered rings containing P,P-dimethyl sub- 
stituents, but was later expanded to macrocyclic ring systems 
(27). 

Spectroscopic and physical properties 
It is well known that electron-donating substituents at the 1, 4, 
8, 11, 15, 18, 22, and 25 positions of the phthalocyanine 
nucleus (cf. 5)  result in an enhanced bathochromic shift of the 
Q-band in their UV-VIS spectra (1,7,28,29),  when compared 
to similar substitution at the 2 ,3 ,9 ,  10, 16, 17,23, and 24 posi- 
tions of the PC nucleus. Thus, 5 shows a typical A,,, at 726 nm. 
Surprisingly, 14-17 exhibit A,,, values at 708-7 11 nm (Fig. 
1) rather than the values at -730 nm exhibited in related pure 
1,8,15,22-alkoxy-substituted Pcs (4, 7) and another pure 
1,11,15,25-alkoxy-substituted PC (7). We believe that the 

nature of the alkoxy substituent constrained in a ring system 
may cause the lone pair of electrons to lie partially out of con- 
jugation with the benzo groups. Cook et al. (29) noticed that in 
one of their octaalkoxyphthalocyanines containing additional 
chloro substituents at the 2, 3, 9, 10, 16, 17, 23, and 24 posi- 
tions, the A,,, is shifted hypsochromically by about 20 nm rel- 
ative to other octaalkoxyphthalocyanines, and this latter 
example could be regarded as a partially constrained phthalo- 
cyanine. As usual, the PC zinc(I1) derivatives 18-20 (Table 2, 
Fig. 2) exhibit A,,,, values of the Q-band having a hypsochro- 
rnic shift of 20-25 nm compared to their metal-free counter- 
parts. 

The UV-VIS spectrum of 19 (Fig. 2) showed a spectral pro- 
file consistent with a PcM of D,, symmetry in which a single 
intense Q-band absorption is found. The single Q-band 
absorption in the UV-VIS spectrum (suggesting a PcM with 
D,, symmetry) conflicts somewhat with the actual geometry 
of 19  in which the 1,25: 1 1,15-bis(side-strapped) PcZn 18 is, 
on a macromolecular scale, of D,, symmetry. This observa- 
tion strongly suggests that the peripheral sidestrap substituents 
do not affect, or only very weakly affect, the PC macrocycle 
molecular orbitals involved in the Q-band HOMO-LUMO 
electron transition. These results are markedly different from 
other D,, "opposite" Pcs in which Q-band splitting for metal- 
lophthalocyanines is observed (30, 3 1). 

The 'H NMR of ZnPc 18 taken in THF-d8 clearly showed 
the ABX splitting pattern generated by the aromatic hydro- 
gens of the PC macrocycle (doublet-triplet-doublet at 9.02, 
7.99, and 7.68 ppm, respectively). As for metal-free 14, the 
presence of two possible side strap isomers generated two 
multiplets at 5.38 and 5.17 ppm for the methylene CH, hydro- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Leznoff and Drew 

Fig. 1. The electronic spectrum for metal-free bis side-strapped 
PC (16). 

WAVELENGTH (nrn) 

Fig. 2. The electronic spectrum of bis side-strapped zinc (11) PC 
(19). 

- 0 . 0 1 ~ ~  
345 .00  4 3 6 . 0 0  527.00  618.00  7 0 9 . 0 0  BOO 00  

L 
WAVELENGTH (nrn) 

gens of the side-straps in addition to two pairs of singlets that 
arise from the 2'-methylene CH2-OTr and 2'-methyl CH,, 
hydrogens at 3.66,3.64 and 1.65,1.62 ppm, respectively. 

The NMR spectrum of 17 was examined in the most detail 
as it was the most soluble of the bis side-strapped Pcs. The 'H 
NMR spectrum of 17 in benzene-d6 clearly showed the dou- 
blet-triplet~doublet signals arising from the ABX-spin-type 
aromatic hydrogens, and a singlet signal corresponding to the 
CH, hydrogens of the side straps. The internal N-H protons 
were evident as a broad proton signal shifted upfield to -6 
ppm (6). Such a large upfield 'H NMR chemical shift of the N- 
H hydrogens is typical for Pcs at high concentration or for 
cofacial binuclear Pcs (12,32). This upfield chemical shift is a 
reflection of the strong cone of aromaticity generated by the 
ring current of the PC macrocycle (32). At high PC concentra- 
tions, or for Pcs that have a tendency toward cofacial T-.rr 
interaction (i.e., PC aggregates, cofacial binuclear Pcs), the 
shielding imparted by the PC macrocycle has profound effects 
upon the chemical shifts of hydrogens of proximal PC neigh- 
bours. 

These shielding effects experienced by the aromatic, side- 
strap, and internal hydrogens were explored by the acquisition 
of 'H NMR spectra at varying concentrations of 17 in THF-d8 
(Table 1, Fig. 3 and 4). These data indicate that as the PC solu- 
tion concentration increases, PC aggregation (or .rr-.rr stacking) 

Table 1. 'H  NMR dilution shifts (pprn) of aromatic, side-strap, 
and internal hydrogens for PC 17. 

1 7  -log Aryl Aryl Aryl Strap 
(mol/L) 1 7  H-a H-b H-c CHZ N-H 

occurs, and results in shifts of PC macrocycle (and side-strap) 
hydrogen signals to higher field. The shielding effects 
imparted by the PC macrocycle affect the internal N-H hydro- 
gens, the aromatic hydrogens, and the side-strap methylene 
(CH,) hydrogens to varying degrees. For instance, the internal 
N-H hydrogens show the largest changes in chemical shift (A6 
= 1.45 ppm), whereas the change in chemical shift of the side- 
strap hydrogens is smaller (A6 = 0.41 pprn). It appears that, in 
general, the hydrogen atoms closest to the core of the phthalo- 
cyanine macrocycle are most strongly influenced by the cone 
of aromaticity and T-T stacking shielding effects. This infor- 
mation can be used in assigning the signals observed in the 'H 
NMR spectrum to the three types of PC ring hydrogens. It 
would seem plausible that the aromatic hydrogen experienc- 
ing the greatest change in chemical shift as a result of chang- 
ing the PC concentration would be the aromatic hydrogen clos- 
est to the PC core. In PC isomers such as 17, these would be the 
hydrogens at the 4, 8, 18, and 22 positions of the macrocycle 
and would be represented by one of the two doublet signals 
observed in the aromatic region of the 'H NMR spectrum. The 
furthest downfield doublet signal (i.e., that closest to 8 ppm) 
exhibited the largest change of chemical shift (AS = 0.56 ppm) 
relative to the doublet found near 7 pprn (AS = 0.42 pprn). 
Even though there was only a one order of magnitude change 
in the concentration of PC 17, the data obtained from this 
experiment suggest that the 4-, 8-, 18-, and 22-position hydro- 
gens can be assigned to this most downfield doublet signal (H- 
a in Fig. 3). This allowed an assignment of the highest field 
aromatic doublet signal (ca. 7 ppm) to the hydrogens at the 2, 
10, 16, and 24 positions (H-c, i.e., adjacent to the side strap) 
and, intuitively, the triplet signal (ca. 7.5 ppm) to the hydro- 
gens at the 2, 9, 16, and 23 positions of the PC macrocycle. 
These hydrogen assignments were confirmed upon acquisi- 
tion of a NOESY-NMR spectrum of 17. Through-space NOE 
effects were observed between the side-strap CH2 and macro- 
cycle H-c hydrogens (i.e., the hydrogens in the position ortho 
to the side-strap), further validating the PC ring hydrogen 
assignments determined from the 'H NMR dilution shift 
experiment. 

All new phthalocyanines and phthalonitriles exhibited par- 
ent ions in their FAB or EI mass spectra. IR data and good ele- 
mental analysis were consistent with the assigned structures. 
The directed syntheses of phthalocyanines having the unique 
substitution pattern at the 1,11,15,25 positions have been dem- 
onstrated by constraining the substitution pattern with bridges 
at the 1,25 and 1 , l l  positions. 

Experimental 
All organic solvents were dried by appropriate methods and 
distilled before use. All reagents were freshly distilled, or 
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Fig. 3. 'H NMR dilution shifts of aromatic, side-strap, and internal hydrogens for PC 17 taken in THF- 
d8. 

................................. 0 0 ....... .................. 
r H2 

- - -B- - - 
-log concentration 

6 -  

n 

5# 4 -  a 
w 

5 2 -  
5 - 
(d 

-4 - 

Fig. 4. The 'H NMR spectrum of the downfield region of PC 17 at 2.5 X lo4 M in  THE 

P P ~  8 o 7 ' 5  7 ' 0  6 ' 5  6 ' 0  5 ' 5  5 ' 0  r ' 5  

*----------*------------------------- -A 

_ - - -  - - - - - - a  
------a------- 

were recrystallized and then dried under reduced pressure, 
before use. Anhydrous potassium carbonate (K2C03) was 
finely ground, oven dried at 250°C for 36 h, and then stored in 
sealed vials. Unless otherwise noted, magnetic stirring meth- 
ods under an inert atmosphere (Matheson High Purity argon) 
were utilized during distillation or reaction processes, and 
round-bottom glass vessels chosen such that the quantity of 
reagents and solvent did not exceed half of the available vol- 
ume. Water-cooled condensers were used if reaction processes 
were held near, or at, reflux conditions. Melting points were 
determined using a Kofler hot-stage melting point apparatus 
and are reported uncorrected. Infrared spectroscopy was per- 
formed on either a Pye Unicam SP3-200 or a Perkin Elmer 
13 10 infrared spectrophotometer and FTIR spectroscopy was 
performed on a Unicam Mattson 3000 FTIR spectrometer 
using samples prepared as KBr discs unless otherwise noted. 
Mass spectral analyses were performed by Dr. B. Khouw 
(York University, North York, Ontario, Canada), Dr. R. Smith 
(McMaster University, Hamilton, Ontario, Canada), and Dr. 
R. N. Cerny (Midwest Center for Mass Spectrometry, Univer- 
sity of Nebraska-Lincoln, Lincoln, Nebraska, U.S.A.). HRMS 
were performed by Dr. R. Smith (McMaster University, 

PC 

H -a 
H-b 

0 

- " -O - - - -  H-c proton 

Hamilton, Ontario, Canada). Nuclear magnetic resonance 
(NMR) spectroscopy was performed at 295-300 K unless oth- 
erwise noted, using either a Bruker Aspect AM3000 or a 
Bruker ARX 400 high-field Fourier Transform instrument. 
Chemical shifts are reported in parts per million relative to a 
tetramethylsilane (TMS) internal standard. Splitting patterns 
of proton resonances are described as singlets (s), doublets (d), 
triplets (t), quartets (q), doublets of doublets (dd), multiplets 
(m), or as broad signals (br). Coupling constants for signals 
other than singlets and multiplets are reported in hertz. 13c 
NMR resonances are reported as the proton-decoupled chem- 
ical shifts. In addition to one-dimensional (ID) 'H NMR and 
13c NMR, compounds requiring absolute structure determina- 
tion were elucidated using combinations of 2D 'H NMR 
(COSY and NOESY) and 2D carbon-proton (XH) correla- 
tions. 

- H-b proton 

"" .... 0 ........ H-a proton 

----A---- Strap prolons -6 

3-Hydroxyphthalonitrile (2) 
In a manner similar to that previously described in the prepa- 
ration of 4-hydroxyphthalonitrile (lo), 865 mg (5.00 mmol) of 
3-nitrophthalonitrile (1) (8, 9) was dissolved in 5 mL of 
DMSO. K2C03 (760 mg, 5.51 mmol) and NaN02 (345 mg, 

IT 1 I I I 
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Leznoff and Drew 

5.00 mmol) were added and the mixture heated at reflux for 30 
min. After cooling, the reaction mixture was diluted with 20 
mL of H20, and the mixture acidified to pH 3 with HCl and 
then centrifuged. The pellet was collected, resuspended in dis- 
tilled water, homogenized by sonication, and again centri- 
fuged. The supernatant liquid was discarded and the residue 
washed with methanol. The highly insoluble orange crude 
product was purified by column chromatography, using silica 
gel as the adsorbent and acetone as the eluting solvent. Evap- 
oration of the solvent under reduced pressure gave a yellow 
solid that was recrystallized from glacial acetic acid to give 
3 12 mg (43%) of 2 as an amorphous pale yellow solid (TLC: 
10% CH3CN-Bz, R, = 0.03), mp 233-235°C; FT-IR (cm-I): 
3228br (0-H), 3072,2255 (C=N), 2230 (CEN),  1584,1467, 
1316,975,807; 'H NMR (DMSO-d6) 6: 7.62 (t, lH, J=  8 Hz), 
7.39 (d, lH, J = 8 Hz), 7.29 (d, lH, J = 8 Hz); ',c NMR 
(DMSO-d6) 6: 162.42, 135.09, 123.75, 122.08, 116.16, 
1 14.75, 1 14.50, 100.68; EI-MS nr/z (%): 144 (M', loo), 116 
(85), 89 (12). Anal. Calcd. for C8H4N20: C 66.67, H 2.78, N 
19.44; found: C 66.77, H 2.95, N 18.76. 

3-Neopentoxyphthalonitrile (3) 
Compound 3 was prepared in similar fashion to 4-neopentoxy- 
phthalonitrile (12) from 2.60 g (15 mmol) of 3-nitrophthaloni- 
trile (I), 2.65 g (30 mmol) of neopentanol (3,3-dimethyl-1- 
propanol), and 5.0 g (36 mmol) of K2CO3 in 14 mL of DMF. A 
drying tube was used to maintain anhydrous conditions over 
the course of the 6 day reaction period required for complete 
consumption of 1. The reaction mixture was poured into 100 
mL of ice-cooled water and the organic products extracted 
with 3 x 30 mL of EtOAc. The EtOAc extracts were combined, 
washed once with 70 mL of cold water, once with 10 mL of 
brine, and then dried over MgS04. The drying agent was 
removed by filtration and the filtrate evaporated under reduced 
pressure to give 2.88 g of a crude product. The crude product 
was purified by column chromatography using 20% EtOAc - 
petroleum ether as the eluting solvent and then by recrystalli- 
zation from EtOAc-hexane to give 1.77 g of white crystalline 
3 (mp 120-121.5"C). A second crop of 3 was obtained from 
the mother liquor by addition of hexane followed by cooling to 
5°C (0.24 g, mp 119-120.5"C). The combined yield of 3 was 
2.01 g (62.6%) (TLC: 20% EtOAc - petroleum ether, R, = 
0.30); IR (cm-'): 3080,2950,2220 (CGN), 1580, 1470, 1300, 
1055 (C-0), 790; 'H NMR (CDCI,) 6: 7.61 (t, lH, J = 8 Hz), 
7.33 (d, lH, J=8Hz),7.20(d,  lH, J = 8 H z ) ,  3.74(s,2H), 1.10 
(s, 9H); I3c NMR (CDC13) 6: 161.72, 134.49, 124.84, 1 16.87, 
116.81, 115.34, 112.87, 104.94, 79.51, 32.05, 26.33; EI-MS 
m/z (%): 214 (M', 5.6), 199 ( 1 2 3 ,  116 (5.3), 71 (loo), 43 
(84). Anal. calcd. for C,,H,,N,O: C 72.87, H 6.59, N 13.07; 
found: C 73.20, H 6.60, N 13.23. 

4-Neopentoxy-l,3-diiminoisoindoline (4) 
Sodium methoxide was prepared from methanol (25 mL) and 
cleaned sodium metal (35 mg, 1.5 mmol). When methoxide 
formation was complete, 374.5 mg (1.750 mmol) of 3 was 
added, the mixture heated to reflux, and gaseous NH3 bubbled 
through the solution. After 4.5 h of NH3 addition the solution 
colour changed from colourless to light yellow. A small ali- 
quot of the solution was removed and the solvent evaporated 
under reduced pressure. The absence of a C=N stretch in the 
IR spectrum of this sample indicated that the reaction was 

complete. The reaction mixture was cooled to room tempera- 
ture (RT) and concentrated to dryness under reduced pressure 
to give 467.1 mg of crude 4 (TLC: 20% EtOAc - petroleum 
ether, R, = 0.0 1 ). The yellowish crude product was not further 
purified and was used immediately in the preparation of PcH, 
5; IR (cm-I): 3460-3150br, 3320, 2980, 1605, 1480, 1260, 
1055. 

1,8,15,22-Tetraneopentoxyphthalocyanine (5) 
A solution of 467 mg (1.75 mmol) of diiminoisoindoline 4 in 3 
mL of 2-N,N-dimethylaminoethanol (DMAE) was heated at 
150°C (silicon oil bath) for 36 h. The mixture was cooled to 
RT and the dark green-black slurry poured into 15 mL of cold 
water. Cold methanol (30 mL) was added, the mixture homog- 
enized, and the fine precipitate centrifuged and collected in six 
fractions. The supernatant liquid from each fraction was dis- 
carded, and the pellets were resuspended in 5 mL of methanol 
and centrifuged. This centrifugation procedure was repeated 
until the supernatant liquid was almost colourless (four 
cycles). The pellets were combined to give 148 mg of crude 
material that was purified by flash chromatography using tol- 
uene as the eluting solvent. The first product eluted was con- 
centrated under reduced pressure to give 58.6 mg (16%) of 
PcH, 5 as a dark blue, shining solid (TLC: 2% 2-methoxyeth- 
anol-toluene, Rf = 0.70), mp > 325°C; UV-VIS (THF) A,,, 
(nm): 318, 354, 630, 664, 696, 726; IR (cm-'): 3280 (N-H), 
2950, 1580, 1490, 1330, 1250 (Ar-0-C), 1055, 1035, 1000, 
740s; 'H NMR (THF-d,) 6: 9.30-7.54 (m, 12H), 4.74-4.23 
(m, SH), 1.64-1.19 (m, 36H), -0.18 (m, 2H); EI-MS m/z (%): 
858 (M', loo), 578 (17), 205 (30), 71 (IS), 28 (29). Anal. 
calcd. for C52H5,N,0,: C 72.73, H 6.76, N 13.05; found: C 
72.56, H 6.60, N 12.87. 

General methods of bisphthalonitrile syntheses 

Method I (refs. 4, 33) 
The distilled or recrystallized diol was placed in a 50 mL 
round-bottom flask equipped with a magnetic stirrer and dis- 
tilled DMSO or DMF was added (5 mL/mmol diol) and heated 
to 50°C. Anhydrous K,C03 (3-4 molar equiv.) and 2.2-2.5 
equivalents of 3-nitrophthalonitrile (1) (8, 9) were added, the 
joint was well greased, fitted with a MgS04 drying tube, and 
the slurry stirred at rt, producing a pink-red coloured hetero- 
geneous mixture. Two additional 0.25 equivalents of K2C03 
were then added at 24 h intervals and the mixture stirred for an 
additional 3 days or until all of 1 had been consumed. At each 
24 h interval, the reaction slurry was briefly homogenized by 
sonication and the component profile monitored by TLC (10% 
CH3CN-Bz). 

At the end of the reaction period the mixture was poured 
into ice-water, the flask rinsed with water, and the rinsings 
were added to the ice-water. The orange-brown precipitate 
was collected by centrifugation, washed with 40 mL of 10% 
NaHCO, (aq.) (removing red-coloured products and yellow- 
coloured 3-hydroxyphthalonitrile (2)), and then with water. 
The residue was then washed with methanol, removing yellow 
coloured materials (mono-reacted diol and any excess 1). The 
crude off-white coloured product was analyzed by TLC and 
recrystallized from either hot ethyl acetate, methanol, acetone, 
benzene, or acetonitrile. If TLC analysis indicated the pres- 
ence of impurities (in particular, BDPE~) in excess of approx- 
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imately 15%, the crude product was first purified by column 
chromatography using silica gel adsorbant and 10% CH,CN- 
Bz as the eluting solvent and then recrystallized. The white 
bisphthalonitrile was dried overnight at 70°C at Torr (1 
Torr = 133.3 Pa). 

Method I I  
The distilled or recrystallized diol was placed in a 50 rnL 
round-bottom flask equipped with a magnetic stirrer and dis- 
tilled DMSO was added (5 rnL/rnmol diol). Anhydrous K,CO, 
(0.54 equiv.) and 0.50 equivalent of 1 were added; the joint 
was well greased and then fitted with a Quick-Fit stopcock 
valve. The flask was evacuated to an internal pressure of 
approximately 20 Torr, the valve closed, and the mixture 
stirred rapidly at rt, immediately producing a pale pink heter- 
ogeneous mixture. 

At 24 h intervals, the reaction slurry was briefly hornoge- 
nized by brief sonication (with swirling) and the component 
profile monitored by TLC (10% CH,CN-Bz). The flask was 
reevacuated and the slurry stirred. If all of 1 had been con- 
sumed, additional aliquots of carbonate (0.54 equiv.) and of 1 
(0.50 equiv.) were added prior to evacuation and stirring. After 
the addition of 2.20-2.50 equivalents of 1, the mixture was 
stirred for an additional 24 h and then monitored by TLC. 
Additional K,C03 (0.5-1.5 equiv.) was added if unreacted 1 
was present and the mixture then stirred for a further 24 - 96 h. 
The reaction mixture was then worked up as for Method I. 

2,2-Dipentylpropan-l,3-diol (8) 
In a manner similar to that previously described (19), a solution 
of 3.00 g (10.0 mmol) of diethyl2,2-dipentylmalonate (13) in 4 
mL of Et,O was added dropwise to a stirred 5-10°C suspension 
of 1.15 g (30.3 mrnol) of lithium aluminum hydride (LiAlH,) in 
25 rnL of Et,O. After addition of the diester, the mixture was 
heated at reflux for 2 h and then stirred at RT overnight. Active 
LiAlH, was quenched by addition of 2 mL of EtOAc and then 
2 mL of 95% EtOH. The inorganic salts were removed by fil- 
tration through Celite, washed with Et,O, and the filtrate was 
concentrated to dryness under reduced pressure. The oily res- 
idue was dissolved in 30 mL of Et,O and extracted succes- 
sively with 20 rnL portions of 6 M NaOH, 4 M HCL, twice with 
40 mL of H20, and finally with one 10 rnL portion of brine. The 
organic phase was dried over MgS0, and then filtered. The fil- 
trate was evaporated under reduced pressure to give 903 rng of 
a pale yellow oil. Distillation of this oil under reduced pressure 
gave 800 mg (37%) of diol8 as a clear, colourless oil, bp 114- 
117"C/5 x Torr; 'H NMR (CDCI,) : 3.92 (s, 2H, OH), 
3.52 (s, 4H, CH,OH), 1.37-1.24 (m, 16H, 4 x CH,), 0.90 
(t, 6H, J = 7 Hz, CH,); I3c NMR (CDCl,) 6: 69.45, 41.03, 
32.77, 30.80, 22.58, 22.52, 14.04; CI-MS (NH,) m/z (%): 234 
(M' + 1 + NH,, 100). Hygroscopic 8 was analyzed as its 
product 12. 

2,2-Dioctylpropan-l,3-diol (9) 
In a manner similar to the preparation of diol 8, a solution of 
7.75 g (20.0 mrnol) of diethyl 2,2-dioctylmalonate (14) in 30 
rnL of Et,O was added dropwise to a stirred 5-10°C suspen- 
sion of 3.00 g (80.0 mrnol) of LiAlH, in 50 mL of Et,O. After 
addition of the diester, the mixture was heated to reflux for 2 h 
and then stirred at RT overnight. Active LiAlH, was quenched 
by addition of 5 rnL of EtOAc and then 5 mL of 95% EtOH 

(aq.). The inorganic salts were removed by filtration through 
Celite, washed with Et,O, and the filtrate was concentrated to 
dryness under reduced pressure. The sticky white residue was 
dissolved in 60 rnL of Et,O and extracted successively with 40 
mL portions of 6 M NaOH, 4 M HCl, twice with 40 mL of 
H,O, and finally with one 10 mL portion of brine. The organic 
phase was dried over MgSO, and evaporated under reduced 
pressure to give a yellowish oil. Distillation of the residue 
under reduced pressure gave 4.13 g (69%) of diol 9 as a 
colourless viscous oil that slowly solidified to a white wax at 
RT (23"C), bp 159-162"C/5 x Torr; IR (crn-I): 3500- 
3200br (OH), 2950,2860, 1470, 1380w, 1030,720; 'H NMR 
(CDC1,) 6: 3.56 (s, 4H), 1.27-1.22 (br rn, 30H), 0.88 (t, 6H, 
J = 7 Hz); ',c NMR (CDCI,) 6: 69.47 (CH,OH), 41.00 (4"C), 
31.88, 30.79, 30.58, 29.55, 29.32, 22.85, 22.66, 14.08 
(CH,CH3); EI-MS ~ n / z  (%): 282 (2), 269 (22), 252 (19), 154 
(22), 139 (27), 11 1 (33), 97 (60), 83 (79), 69 (100). Anal. 
calcd. for C19H4002: C 76.00, H 13.42; found: C 76.43, H 
13.96. 

1,3-Bis(2',3'-dicyanophenoxy)-2-methyl-2- 
trityloxymethylpropane (10) 

Bisphthalonitrile 10 was prepared by Method I1 from 0.900 g 
(2.49 rnrnol) of diol 6 (12), 1.159 g (6.70 rnrnol) of 3-nitro- 
phthalonitrile (I), and 1.460 g (10.6 mmol) of K,CO, in 20 
rnL of DMSO at RT over a 6 day period. Aqueous work-up 
and EtOH washing of the crude product gave a pink coloured 
crude product. Recrystallization of this crude product from 
EtOAc-hexanes gave 1.44 g (94%) of white crystalline 10  
(TLC: 10% CH,CN-Bz, R, = 0.85), mp 233-235°C; IR 
(cm-I): 3090, 2920, 2220 (C=N), 1580, 1450, 1290, 1060, 
790,700; 'H NMR (CD,CN) 6: 7.72 (t, 2H, J = 8 Hz), 7.5-7.2 
(rn, 19H), 4.22 (s, 4H), 3.30 (s, 2H), 1.27 (s, 3H); 13c NMR 
(acetone-&) 6: 162.02, 144.71, 136.30, 129.42, 128.63, 
127.84, 126.46, 118.73, 117.00, 116.25, 113.76, 105.07, 
87.43, 72.02, 64.50, 41.83, 17.58; EI-MS n?/z (%): 614 (M+, 
6), 537 (9), 243 (loo), 165 ( 3 3 ,  105 (29). Anal. calcd. for 
C,,,H30N40,: C 78.19, H 4.88, N 9.12; found: C 77.66, H 4.75, 
N 9.30. 

1,3-Bis(2',3'-dicyanophenoxy)-2,2-diethylpropane (11) 
Bisphthalonitrile 11 was prepared by Method I1 from 692 ing 
(5.23 mmol) of commercially available 2,2-diethylpropan- 
1,3-diol(7), 2.00 g (1 1.56 mrnol) of 1, and 3.05 g (22.1 mmol) 
of K,CO, in 10 rnL of DMSO over a 7 day period. The yield of 
off-white solid 11, after purification by column chromatogra- 
phy using 10% acetonitrile-benzene as eluting solvent and 
recrystallization from acetonitrile, was 870 rng (43%) (TLC: 
10% CH,CN-Bz, R, = 0.79), mp 216-218°C; IR (cm-I): 3080, 
2960, 2220 (CZN), 1580~ ,  1470, 1450, 1290, 1050 (C-0), 
795s; 'H NMR (CD,CN) 6: 7.67 (t, 2H, J = 8 Hz), 7.35 (d, 2H, 
J=sHz) ,7 .34(d ,2H,J=8Hz) ,4 .11  (s,4H), 1.63(q,4H,J= 
15,7.5 Hz), 0.94 (t, 6H, J = 7.5 Hz); ',c NMR (acetone-d6) 6: 
162.25, 136.34, 126.46, 119.03, 116.96, 116.23, 113.94, 
104.99, 71.98, 42.14, 23.69, 7.42; EI-MS tn/z (%): 384 (M+, 
3), 259 (4), 241 (50), 145 (38), 97 (go), 55 (100). Anal. calcd. 
for C23H200,N4: C 7 1.88, H 5.21, N 14.58; found: C 72.24, H 
4.78. N 14.99. 

1,3-Bis(2',3'-dicyanophenoxy)-2,2-dipentylpropane (12) 
Bisphthalonitrile 12  was prepared by Method I1 from 0.72 g 
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(3.3 mmol) of 2,2-dipentylpropan-1,3-diol (8), 1.40 g (8.1 
mmol) of 1, and 2.1 g (15.2 mmol) of K2C03 in 7 mL of 
DMSO at RT over a 9 day period. Aqueous work-up and meth- 
anol washing of the solid reaction products gave a yellowish 
crude solid. Recrystallization of the crude product from aceto- 
nitrile gave 0.81 g (52%) of white crystalline 12 (TLC: 10% 
CH3CN-Bz, R, = 0.78), mp 173-174°C; IR (cm-I): 3080, 
2960, 2210 (CGN), 1585, 1475, 1285, 1055, 795. 'H NMR 
(CD3CN) 6: 7.71 (t, 2H, J =  8 Hz), 7.45 (m, 4H), 4.13 (s, 4H), 
1.54 (m, 4H), 1.3 (m, 12H), 0.86 (t, 6H, J = 7 Hz); 13c NMR 
(acetone-d,) 6: 162.27, 136.34, 126.48, 1 19.08, 1 16.94, 
116.23, 113.95, 104.97, 72.56, 42.05, 33.25, 31.80, 23.05, 
22.92, 14.22; EI-MS m/z (%): 469 (M++ 1, 50), 453 (lo), 439 
(18), 397 (21), 368 (30), 325 (72), 144 (100). Anal. calcd. for 
C29H32N402: C 74.36, H 6.84, N 11.97; found: C 74.20, H 
6.93, N 12.00. 

1,3-Bis(2',3'-dicyanophenoxy)-2,2-dioctylpropane (13) 
Bisphthalonitrile 1 3  was prepared by Method I1 from 3.05 g 
(10.2 mmol) of 2,2-dioctylpropan-l,3-diol (9), 3.9 g (22.5 
mmol) of 1, and 7.4 g (54 mmol) of K,C03 in 25 mL of DMSO 
at RT over an 8 day period. Aqueous work-up and methanol 
washing of the solid reaction products gave a crude yellowish 
solid that was recrystallized from acetonitrile. A second 
recrystallization from ethyl acetate gave 3.17 g (57%) of white 
crystalline 13 (TLC: 10% CH3CN-Bz, Rf = 0.80), mp 163- 
165°C; FT-IR (cm-I): 3083, 2927, 2862, 2225 (C'N), 1518s, 
1463, 1294, 1045,798. 'H NMR (acetone-d,) 6: 7.86 (t, 2H, J 
=8Hz),7.71 (d,2H,J=gHz),7. .55(d,2H, J=8Hz) ,4 .31  (s, 
4H), 1.64 (m, 4H), 1.32 (m, 24H), 0.84 (t, 6H, J = 7 Hz); I3c 
NMR (acetone-d,) 6: 162.26, 136.35, 126.46, 119.06, 1 16.95, 
116.22, 113.94, 104.99, 72.48, 42.06, 32.54, 31.66, 30.94, 
29.88,23.26,23.11, 14.30; EI-MS m/z (%): 552 (M+, 4.7), 523 
(4.6), 509 (2.8), 495 (2.4), 469 (3.4), 409 (5.3, 145 (22), 43 
(100). Anal. calcd. for C,,H,N,O,: C 76.09, H 7.97, N 10.14; 
found: C 75.92, H 8.52, N 10.27. 

General method of bis side-strapped phthalocyanine 
synthesis 

A solution of the bisphthalonitrile was made using 1-octanol, 
tetrahydrofuran (THF), or mixtures of 1-octanol and THF. A 
syringe pump was used to add the bisphthalonitrile dropwise 
(ca. 0.02 mmol/min) to lithium octoxide in 1-octanol heated at 
reflux (ca. 196°C) in a modified air-cooled distillation appara- 
tus that allowed rapid removal of cosolvent. In general, 10 mL 
of I-octanol containing excess lithium metal was used for 
every 100 mg of bisphthalonitrile added. PC formation was 
usually evident after 20 s of bisphthalonitrile addition. Upon 
addition of the bisphthalonitrile, the mixture was heated at 
reflux for an additional 2-10 min and then allowed to cool to 
RT. Water was then added and the mixture neutralized by 
addition of HC1 (aq.) (ca. pH 7), giving a suspension that was 
homogenized by ultrasound. The mixture was then concen- 
trated to near dryness under reduced pressure and the crude PC 
product purified by centrifugation and chromatographic and 
recrystallization techniques. 

1,25: 11,15-Bis(2'-methyl-2'-trityloxymethylpropan-l',3'- 
dioxy)phthalocyanine (14) 

PcH, 1 4  was prepared, using the general method, by an 18 min 
dropwise addition of a solution of 300 mg (0.49 mmol) bis- 

phthalonitrile 6 in 7 mL of THF to 30 mL of 1 -0ctano1 contain- 
ing 50 mg (2.2 mmol) of cleaned lithium metal at 200°C. After 
addition of 6, the mixture was heated at reflux for an addi- 
tional 5 rnin and then cooled to RT. A general method work-up 
(similar to that of 17) gave 200 mg of a blue-green crude solid. 
The solid was dissolved in THF, adsorbed on normal grade sil- 
ica gel, then purified by flash chromatography (benzene as 
eluant) to yield a first fraction of almost pure 14 (determined 
by TLC). PcH, 14 was rechromatographed under the same 
conditions to yield 48 mg (16%) of 14 as a dark blue solid, mp 
>350°C; IR (cm-I): 3280 (N-H), 3050, 2910, 2860, 1580, 
1480, 1250 (Ar-0-C), 1030, 745, 700; UV-VIS (THF) A,,, 
nm log E: 330 (4.79, 618 (4.43, 656 (4.64), 680 (5.1 l ) ,  712 
(5.13); 'H NMR (380 K)(pyridine-d,) 6: 9.07 (m, 4H), 8.06 
(m, 16H), 7.84 (d, 4H, J = 6 Hz), 7.57 (m, 14H), 7.40 (t, 4H, J 
= 7 Hz), 5.4 1 (m, 4H), 5.2 1 (m, 4H), 4.00 and 3.99 (2s, 4H), 
1.93 and 1.92 (2s, 6H), - 1.70 (br s, 2H); +FAB-MS d . :  123 1 
(M+ + 1). Anal. calcd. for C,,H,,N,O,: C 78.05, H 5.04, N 
9.11; found: C 77.93, H 5.21, N 8.88. 

1,25:11,15-Bis(2',2'-diethylpropan-1',3'- 
dioxy)phthalocyanine (15) 

Cleaned lithium metal (50 mg, 7.1 mmol) and 1-octanol (50 
mL) were placed in a 100 mL three-neck flask and the mixture 
heated to 195-200°C until lithium I-octoxide formation was 
complete. The flask was fitted for the modified distillation and 
a solution of 500 mg (1.3 mmol) of bisphthalonitrile 11 in 30 
mL of THF was prepared. A syringe pump was used to add the 
solution of 11 to the well-stirred alkoxide at 195-200°C over a 
20 min period and the evaporated THF was collected. The 
mixture was then heated for an additional 5 min and then 
cooled to RT. Water (5 mL) was added and the mixture was 
concentrated to near dryness under reduced pressure and then 
neutralized by the addition of dilute HCl (aq.). The solid mate- 
rial was suspended in 15 mL of MeOH and homogenized by 
ultrasound. The grey-green solid was collected and washed by 
repeated centrifugation and resuspension in MeOH. Finally, 
the pellet was dissolved in 5 mL of 50% THF-Bz and purified 
by silica-gel flash chromatography using benzene as the elut- 
ing solvent. A first fraction consisting of adiffuse band of blue 
pigment was collected. Immobile green and brown materials 
were not eluted from the column. The solvent of the collected 
fraction (ca. 300 mL) was removed under reduced pressure to 
yield 35 mg (7%) of PcH, 15 as a blue solid, mp ~ 3 5 0 ° C ;  IR 
(cm-I): 3280 (N-H), 2930,2840, 1590, 1450, 1250 (Ar-0-C), 
1040, 810, 750s. UV-VIS (benzene) A,,,, nm (log E): 352 
(4.75),614 (4.52), 646 (4.70), 672 (5.1 l) ,  708 (5.14). 'H NMR 
(CF3COOD) 6: 9.05 (d, 4H, J =  8 Hz), 8.49 (t, 4H, J = 8 Hz), 
8.03 (d,4H, J= 8 Hz), 5.10 (s, 8H), 2.13 (q, 8H, J = 7  Hz), 1.25 
(t, 12H, J =  7 Hz); EI-MS d z  (%): 770 (M+, 35), 21 1 (lo), 145 
(31), 55 (100); HRMS required for C,,H,,N,O,: 770.33290; 
found: 770.33220. 

1,25: 1 1,15-Bis(2',2'-dipentylpropan-lt,3'- 
dioxy)phthalocyanine (16) 

PcH, 16 was prepared as above from a 3 mL THF11-octanol 
(2: 1) solution of 150 mg (3.21 X lo-, mmol) of bisphthaloni- 
trile 12 added over a 5 min period to 15 mL of 1-octanol con- 
taining 15 mg (2.2 mmol) of lithium metal at 195-200°C. The 
mixture was heated for an additional 2 min, cooled to RT and 
worked up as previously described. PcH, 16 was separated 
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from dimeric and oligorneric PC products by flash column 
chromatography (3% Bz-toluene as eluting solvent) as a fast 
moving blue pigment F1. A slower moving blue-green compo- 
nent was eluted after changing the eluting solvent to 1% THF- 
toluene. The desired fast moving rnononuclear PC pigment 16 
was then treated twice by flash column chromatography (3% 
Bz-toluene as eluting solvent). This pigment was recrystal- 
lized from pyridine to yield 31.5 mg (21%) of PcH, 16 as a 
bright blue solid, rnp >350°C; IR (crn-I): 3300 (N-H), 2940, 
2850, 1585w, 1460, 1250 (Ar-0-C), 1035, 8OOw, 745s; UV- 
VIS (THF) A,,, nm (log E): 352.5 (4.76), 614 (4.53), 645 
(4.70), 674 (5.10), 709 (5.14); 'H NMR (benzene-d6) 6: 8.87 
(d, 4H, J=  8 Hz), 8.28 (t, 4H, J=  8 Hz), 7.75 (d, 4H, J =  8 Hz), 
4.83 (s, 8H), 1.90 (m, 8H), 1.54 (rn, 817), 1.32 (m, 16H), 0.80 
(m, 12H), -4.5 (s, 2H); +FAB-MS ndz (96): 940 (Mf, 2), 869 
(1.2), 772 (I), 759 (1), 687 (0.5), 614 (1.5), 460 (5), 307 (34), 
154 (100). Anal. calcd. for C5,H6,N804: C 76.05, H 8.02, N 
10.14; found: C 75.92, H 8.52, N 10.27. 

1,25:1 1,15-Bis(2',2'-dioctylpropan-11,3'- 
dioxy)phthalocyanine (17) 

PcH, 17 was prepared as for 15  from a 20 rnL THFI1-octanol 
(2: 1) solution of 1.1 1 g (2.02 rnrnol) of bisphthalonitrile 13 
added over a 7 rnin period to 75 mL of 1-octanol containing 85 
mg (12.1 rnrnol) of lithium metal at 195-200°C. The mixture 
was heated for an additional 5 min, cooled to RT and worked 
up as previously described. The desired PcH, 17 was separated 
from oligorneric PC pigments by flash chromatography (ben- 
zene as eluting solvent). Flash chromatography of this nearly 
pure pigment (benzene as eluting solvent) gave 207 rng (19%) 
of 17 as a dark blue, shining solid, mp >350°C; IR (crn-'): 
3290 (N-H), 2930, 2850, 1590w, 1460w, 1255 (Ar-0-C), 
1030, 805w, 740s; UV-VIS (THF) A,,, nrn (log E): 352.5 
(4.79), 613 (4.58), 646 (4.73), 675 (5.12), 709 (5.17); 'H NMR 
(benzene-d6) 6: 7.92 (d, 4H, J = 7 Hz), 7.25 (t, 4H, J = 7 Hz), 
6.88 (d, 4H, J = 7 Hz), 4.44 (s, 8H), 1.58-1.88 (rn, 56H), 1.15 
(t, 12H, J = 6.8 Hz), -5.99 (s, 2H) (see Table 3); EI-MS in/z 
(%): 1107 (Mf + 1,32), 1077 (3 ,806  (a), 660 (la),  556 (100). 
Anal. calcd. for C7,H,,N,04: C 75.91, H 8.19, N 10.12; found: 
C 75.58, H 8.52, N 9.88. 

1,25:11,15-Bis(2'-methy1-2'-trityloxymethy1propan-1',3'- 
dioxy)phthalocyaninatozinc(II) (18) 

PcZn 18 was prepared from 23 rng (1.87 x lo-, rnrnol) of PcH, 
14 and 50 rng (0.27 mrnol) of Zn(OAc), in a mixture of 2.5 rnL of 
Py and 2.5 rnL of DMF heated at reflux for 20 h. After cooling to 
RT, the solvents were removed under reduced pressure and the 
crude product purified by column chromatography using 20% 
THF-Bz as the eluting solvent. The solvents were removed 
under reduced pressure to give 22 rng (91%) of PcZn 18, rnp 
>330°C; UV-VIS (THF) A nrn (log E): 336 (4.71), 617 
(3.92), 654 (4.40), 686 (5.33)YA NMR (THF-d,) 6: 9.02 (d,4H, 
J=7.5 Hz),7.99(t,4H, J=7.5Hz),7.77(rn, 12H),7.68 (d,4H, 
J=7.5 Hz), 7.38 (m, 12H),7.26(rn,6H),5.38 (1n,4H),5.17 (m, 
4H), 3.66 and 3.64 (2s, 4H), 1.65 and 1.62 (2s  6H); +FAB-MS 
m/z: cluster at 1295 (M+2). Anal. calcd. for C80H60N,06Zn: C 
74.24,H4.64,N8.66;found: C74.39,H4.46,N8.23. 

1,25:11,15-Bis(2',2'-dipentylpropan-11,3'- 
dioxy)phthalocyaninato zinc(I1) (19) 

PcH, 16 (50 rng, 5.3 X 10-hmol )  was dissolved in a mixture 

of 10 mL of pyridine and 8 rnL of DMF. Zinc acetate (0.5 rng, 
2.72 rnrnol) was added and the mixture heated to reflux for 
14 h. The mixture was allowed to cool, the solvents were 
removed under reduced pressure, and the crude product was 
purified by flash chromatography using THF as eluting sol- 
vent. The THF was removed under reduced pressure and the 
product recrystallized from pyridine to give 47 rng (89%) of 
PcZn 19 as fine light-blue needles, rnp >350°C; UV-VIS 
(THF) A,,, nrn (log E): 356 (4.74), 617 (4.62), 655 (4.56), 686 
(5.42); 'H NMR (benzene-d6) 6: 8.87 (d, 4H, J=  8 Hz), 8.28 (t, 
4H, J = 8 Hz), 7.74 (d, 4H, J = 8 HZ), 4.83 (s, 8H), 1.91 (m, 
8H), 1.54 (rn, 8H), 1.27 (rn, 16H), 0.80 (t, 12H, J = 6.7); 
+FAB-MS in/z (%): 1002 (Mf+l, loo), 932 (lo), 821 (la), 
640 (29), 634 (27), 610 (23). Anal. calcd. for C5,HMN804Zn: 
C 69.48, H 6.43, N 11.18; found: C 69.51, H 6.50, N 10.92. 

1,25:11,15-Bis(2',2'-dioctylpropan-lf,3'- 
dioxy)phthalocyaninato zinc(11) (20) 

PcH, 17 (67.7 mg, 6.12 x lo-, rnrnol) was added to a mixture 
of 20 rnL of pyridine and 20 mL of DMF containing 112 mg 
(0.61 rnrnol) of Zn(OAc),. The mixture was heated at reflux 
overnight and then cooled to RT. The solvents were removed 
under reduced pressure and the pigment purified by column 
chromatography (Et,O as the eluting solvent). After evapora- 
tion of the solvent under reduced pressure, 62 rng (87%) of 
PcZn 20 was obtained, mp >330°C; UV-VIS (THF) A,,, nm 
(log E): 356 (4.63), 480 (3.1 l) ,  617 (4.49), 655 (4.46), 685.5 
(5.17); 'H NMR (THF-d,) 6: 8.94 (d, 4H, J = 7 Hz), 7.96 (t, 
4H, J = 7 Hz), 7.56 (d, 4H, J = 7 Hz), 5.16 (br s, 8H), 1.96 (m, 
8H), 1.89 (rn, 8H), 1.60 (rn, 40H), 1.00 (t, 12H, J = 7 Hz); 
+FAB-MS m/z (%): 1171 (Mf + 1, loo), 905 (34), 791 (36), 
641 (85), 626 (23), 612 (66). Anal. calcd. for C7,H8,N8O4Zn: 
C71.81, H7.58, N9.57;found: C71.53,H7.11,N 9.93. 

5,5-Bis(2',3'-dicyanophenoxymethy1)-2-phenyl-1,3- 
dioxane (23) 

Bisphthalonitrile 23 was prepared by Method I1 from 1.11 g (5 
rnmol) of $5-dihydroxyrnethyl-2-phenyl-1,3-dioxane (21) 
(19), 1.75 g (10.1 rnmol) of 1, and 3.1 g (22.5 mrnol) of K2C03 
in 25 rnL of DMSO at RT over a 16 day period. Aqueous 
work-up and methanol washing of the reaction products gave 
a pink-coloured solid. Double recrystallization of the pink 
solid from EtOAc gave 1.83 g (77%) of white crystalline 23 
(TLC: 5% CH3CN-Bz, R, = 0.43), rnp 180-182S°C; IR 
(crn-I): 3180, 3100s, 2990, 2880, 2245 (C=N), 1585s, 
1470br, 1395, 1300br, 11 15, 1060br, 800s, 740, 700s; 'H 
NMR (CD,CN) 6: 7.74 (t, 2H, J = 8 Hz), 7.60 (d, 2H, J = 8 
Hz), 7.50-7.36 (rn, 7H), 5.59 (s, lH), 4.70 (s, 2H), 4.55 (d, 2H, 
J =  12Hz),4.19 (s, 2H),4.12 (d, 2H, J =  12 Hz); I3c NMR 
(DMSO-d6)6: 160.74 and 160.53, 137.95, 136.09 and 136.02, 
129.07, 128.19, 126.31, 126.20, 118.94 and 118.69, 115.73 
and 115.70, 115.29 and 115.27, 113.48 and 113.39, 103.45 
and 113.38, 101.40, 68.85, 68.42, 67.82, 38.36; EI-MS tn/z 
(%): 476 (Mf, 63), 475 (23), 399 (5), 197 (60), 157 (25), 105 
(loo), 77 (22). Anal. calcd. for C28H20N,04: C 70.58, H 4.23, 
N 1 1.76; found: C 70.25, H 4.66, N 12.00. 

1,l-Bis(2',3'-dicyanophenoxymethy1)cyclohexane (24) 
Bisphthalonitrile 24 was prepared by Method I1 from 0.72 g (5 
mrnol) of 1,l-dihydroxyrnethylcyclohexane (22) (20), 2.25 g 
(13 rnrnol) of 1,  and 2.65 g (19 rnrnol) of K,CO, in 20 rnL of 
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DMSO over a 12 day period at RT. Aqueous work-up and 
methanol washing gave a pink coloured crude product. Double 
recrystallization of the crude product from acetone gave 1.28 g 
(65%) of bisphthalonitrile 24 as colourless crystals (TLC: 10% 
CH,CN-Bz, R, = 0.63), mp 246-247°C; IR (cm-I): 3080s, 
2910,2850,2220 (CEN),  1775s, 1450br, 1290br, 1050,930, 
790s, 730; 'H NMR (CD,CN) 6: 7.72 (t, 2H, J =  8 Hz), 7.48 (d, 
2H, J =  8 HZ), 7.42 (d, 2H, J =  8 Hz), 4.22 (s, 4H), 1.69-1.53 
(m, 10H); ',c NMR (DMSO-d,) (330 K) 6: 160.84, 135.40, 
125.21, 118.60, 115.17, 114.94, 112.90, 103.06,72.24, 38.02, 
28.87,25.16,20.32; EI-MS t d z  (76): 396 (Mf, 32), 252 (loo), 
157 (77), 144 (87), 127 (93). Anal. calcd. for C,,H,,N,O,: C 
72.73, H 5.05, N 14.14; found: C 73.03, H 4.77, N 13.78. 

1,s-Bis(2',3'-dicyanophenoxy)-3-oxapentane (31) 
Bisphthalonitrile 31 was prepared by Method I1 from 0.795 g 
(7.50 mmol) of diethylene glycol (25), 2.17 g (18.3 mmol) of 
1, and 3.04 g (22.1 mmol) of K,CO, in 10 mL of DMSO at 
50°C over a 6 day period. After work-up by Method I, bisph- 
thalonitrile 31 was obtained from the crude product by column 
chromatography (15% CH,CN-Bz as the eluting solvent) as 
the first fraction collected. After recrystallization from aceto- 
nitrile, 509 mg (19%) of 31 was obtained as white needles 
(TLC: 15% CH,CN-Bz, R, = 0.50), mp 223-224°C; IR 
(cm-'): 3090, 2925, 2220 (CGN), 1580, 1470, 1300, 1140, 
1065,795; 'H NMR (CD,CN) 6: 7.70 (t, 2H, J  = 8 Hz), 7.45 
(d, 2H, J =  8 Hz), 7.44 (d, 2H, J =  8 Hz),4.34 (t,4H, J = 4 H z ) ,  
3.94 (t, 4H, J  = 4 Hz); ',c NMR (DMSO-d6) (330 K) 6: 
160.73, 135.21, 125.49, 118.64, 115.25, 115.14, 113.03, 
69.35, 68.57; EI-MS m/z (%): 358 (Mf, 4 . 9 ,  215 (17), 171 
(loo), 145 (25), 116 (14). Anal. calcd. for C,,HI4N4O3: C 
67.04, H 3.91, N 15.64; found: C 66.73, H 3.87, N 15.42. 

A second fraction eluted from the column consisted of a 
mixture (by TLC) of BDPE~ and a monosubstitution product 
(etherol). 

1,2-Bis(2',3'-dicyanophenoxymethy1)benzene (32) 
Bisphthalonitrile 32 was prepared by Method I1 from 1.068 g 
(7.5 mmol) of 1,2-dihydroxymethylbenzene (26) (Aldrich), 
3.0 g (17.3 mmol) of 1, and 3.0 g (21.7 mmol) of K2C03 in 10 
mL of DMSO at RT over a 6 day period. After aqueous work- 
up and washing with MeOH an off-white crude product was 
recovered. Recrystallization of the crude product from aceto- 
nitrile gave 760 mg (26%) of white 32 as an amorphous solid 
(TLC: 5% CH,CN-Bz, R, = 0.24), mp 254-256°C; FT-IR 
(cm-I): 3167, 3085, 2924, 2235 (CZN), 1583s, 1469, 1453, 
1272, 1037, 802, 767, 734; 'H NMR (CDCI,) 6: 7.83 (t, 2H, 
J =  8 Hz), 7.73 (d, 2H, J =  8 Hz), 7.61 (m, 4H), 7.46 (in, 2H), 
5.54 (s, 4H); ',c NMR (CDCI,) 6: 169.24, 135.28, 133.34, 
128.66, 128.52, 125.69, 118.64, 115.24, 115.20, 113.09, 
103.24,68.88; EI-MS m/z (%): ion signals not observed. Anal. 
calcd. for C24H14N402: C 73.85, H 3.59, N 14.36; found: C 
73.64, H 3.57, N 14.45. 

2,2'-Bis(2",3" -dicyanophenoxymethyl)biphenyl (33) 
Bisphthalonitrile 33 was prepared by Method I1 from 400 mg 
(1.9 mmol) of 2,2'-dihydroxymethylbiphenyl (27) (21), 750 
mg (4.34 mmol) of 1, and 900 mg (6.52 mmol) of K2C03 in 10 
mL of DMSO over 4 days at RT. After aqueous work-up and 
methanol washing, the yellowish crude product was recrystal- 
lized twice from benzene to give 370 mg (42%) of bisphtha- 

lonitrile 33 as an off-white solid (TLC: 15% CH,CN-Bz, R, = 
0.80), mp 193-194°C; FT-IR (cm-I): 3085,3030,2892,2229 
(CGN), 1581s, 1470s, 1301, 1286, 1034, 801, 789, 692; 'H 
NMR (CDC1,) 6: 7.57 (m, 4H), 7.42 (m, 4H), 7.36 (m, 2H), 
7.31 (d, 2H, J  = 8 Hz), 7.17 (d, 2H, J  = 8 Hz), 4.92 (m, 4H); 
',c NMR (CDCI,) 6: 160.77, 139.94, 134.83, 132.19, 130.21, 
130.04, 129.06, 128.54, 125.22, 116.98, 116.88, 115.19, 
113.14, 104.44,70.04; EI-MS m/z (%): 466 (M', 8), 463 (lo), 
437 (9), 324 (42), 283 (38), 179 (100). Anal. calcd. for 
C,,H,,N402: C 77.25, H 3.86, N 12.02; found: C 76.85, H 
3.78, N 11.88. 

Bisphthalonitrile 34 was prepared by Method I1 from 388 mg 
(2.00 mmol) of 3,5-dihydroxymethyl-tert-butylbenzene (28) 
(22), 850 mg (4.91 mmol) of 1, and 1.06 g (7.68 mmol) of 
K,CO, in 10 mL of DMSO at RT over a 5 day period. Aque- 
ous work-up and methanol washing gave a greyish crude 
product. Recrystallization of this solid from acetonitrile gave 
413 mg (46%) of white crystalline34 (TLC: 15% CH,CN-Bz, 
R, = 0.76), mp 180-18 1°C; FT-IR (cm-I): 3089, 2954, 2869, 
2234 (C=N), 1583s, 147 1, 1295s, 1083,795; 'H NMR (ace- 
tone-d6) 6: 7.86 (t, 2H, J  = 8 Hz), 7.73 (d, 2H, J  = 8 Hz), 7.67 
(s, 2H), 7.59 (d, 2H, J =  8 Hz), 7.48 (s, lH), 5.47 (s, 4H), 1.36 
(s, 9H); '% NMR (acetone-d6) 6: 162.03, 153.12, 136.72, 
136.16, 126.61, 125.63, 124.77, 119.42, 117.30, 116.32, 
1 14.05, 105.43,72.23,35.46,3 1.54; EI-MS m/z (%): 446 (M', 
15), 304 (46), 288 (38), 273 (12), 247 (100). Anal. calcd. for 
C28H2,N402: C 75.34, H 4.93, N 12.56; found: C 75.39, H 
4.96, N 12.55. 

2,s-Bis(2',3'-dicyanophenoxymethy1)furan (35) 
Bisphthalonitrile 35 was prepared by a modification of 
Method I1 (using less than 2 equiv. of 1) from 1.28 g (10.0 
mmol) of 25-dihydroxymethylfuran 29 (Aldrich), 3.15 g 
(1 8.2 mmol) of 1 and 3.4 g (24.6 mmol) of K2C03 in 25 mL of 
DMSO over a 6 day reaction period at RT. Aqueous work-up 
and MeOH washing of the reaction product gave a brown 
solid. Recrystallization of the highly insoluble crude product 
from 140 mL of acetone gave 1.94 g (56%, 1) of white crys- 
talline 35 (TLC: 15% CH,CN-Bz, Rf = 0.57), mp >330°C; 
FT-IR (cm-'): 3370,3090,2920,2232 (C=N), 1585s 1474s, 
1275s, 1030s, 809; 'H NMR (CD,CN) 6: 7.78 (t, 2H, J  = 8 
Hz), 7.60 (d, 2H, J =  8 Hz), 7.52 (d, 2H, J =  8 Hz), 6.66 (s, 2H), 
5.29 (s, 4H); ',c NMR (DMSO-d,) (330 K) 6: 159.92, 149.45, 
135.17, 125.94, 118.96, 115.35, 115.20, 112.94, 112.11, 
103.44, 63.33; EI-MS m/z (%): 382 (Mf + 2, 1.1), 237 (85), 
144 ( 7 3 ,  1 16 (loo), 94 (97). Anal. calcd. for C,,H12N40,: C 
69.47, H 3.16, N 14.74; found: C 69.21, H 3.03, N 14.53. 

cis-2,5-Bis(2',3'-dicyanophenoxymethyl)tetrahydrofuran 
(36) 

Bisphthalonitrile 36 was prepared by Method I1 from 0.66 g (5  
mmol) of cis-2,5-bis(hydroxymethy1)tetrahydrofuran (30) 
(23), 2.10 g (12.1 mmol) of 1, and 2.40 g (17.4 mmol) of 
K2C03 in 10 mL of DMSO at RT over a 10 day period. Work- 
up and recrystallization from methanol gave 820 mg (43%) of 
greyish-yellow crystalline 36 (TLC: 15% CH,CN-Bz, R, = 
0.55), mp 186- 188°C; FT-IR (cm-I): 3085, 2977, 2879, 2226 
(CrN), 1563s, 1465s, 1260, 1 100,789; I H  NNIR (acetone-d6) 
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6: 7.81 (t, 2H, J  = 8 Hz), 7.62 (d, 2H, J  = 8 Hz), 7.53 (d, 2H, 
J =  8 Hz), 4.39 (m, 2H), 4.34 (m, 2H, J =  4.2 Hz), 4.29 (m, 2H, 
J  = 4.2 Hz), 2.15 (m, 4H); I3c NMR (acetone-d6) 6: 162.44, 
135.12, 126.36, 119.09, 117.11, 116.31, 114.20, 104.90, 
78.69, 72.72, 28.30; +FAB-MS ndz (%): 385 (M++ 1, 100). 
Anal. calcd. for CZ2Hl6N4O3: C 68.75, H 4.17, N 14.58; found: 
C 68.65, H 4.16, N 14.24. 
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Chemical mapping of the active site of the 
glucoamylase of Aspergillus niger 

Raymond U. Lemieux, Ulrike Spohr, Mimi Bach, Dale R. Cameron, 
Torben P. Frandsen, Bjarne B. Stoffer, Birte Svensson, and Monica M. Palcic 

Abstract: A recently developed technique for the probing of the combining sites of lectins and antibodies, to establish the 
structure of the epitope that is involved in the binding of an oligosaccharide, is used to study the binding of methyl a- 
isomaltoside by the enzyme glucoamylase. The procedure involved the determination of the effects on the kinetics of hydrolysis 
of both monodeoxygenation and mono-0-methylation at each of the seven hydroxyl groups in order to gain an estimate of the 
differential changes in the free energies of activation, AAG'. As expected, from previous publications, both deoxygenation and 
0-methylation of OH-4 (reducing unit), OH-4', or OH-6' strongly hindered hydrolysis, whereas the kinetics were virtually 
unaffected by either the substitutions at OH-2 or structural changes at C-I. The substitutions at OH-3 caused increases of 2.1 and 
1.9 kcallmol in the AAG'. In contrast, whereas deoxygenation of either OH-2' or OH-3' caused much smaller (0.96 and 0.52 
kcallmol) increases in AAG', the mono-0-methylations resulted in severe steric hindrance to the formation of the activated 
complex. The relatively weak effects of deoxygenation suggest that the hydroxyl groups are replaced by water molecules and 
thereby participate in the binding by contributing effective complementarity. Methyl a-isomaltoside was docked into the 
combining site of the X-ray crystal structure at 2.4 A resolution of the complex with the inhibitor acarbose. A fit free of steric 
interactions with the protein was found that has the methyl a-glucopyranoside unit in the normal "C, conformation and the other 
glucose unit approachin a half-chair conformation with the interunit fragment defined by the torsion angles +IIJJ/W = 74°/1340/ % 166' (0-5'-C-l'h-64-6%-5-0-5). The model provides a network of hydrogen bonds that appears to well represent the 
activated complex formed by the glucoamylase with both maltose and isomaltose since the structures appear to provide a sound 
rationale for both the specificity and catalysis provided by the enzyme. 

Key war-ds: monodeoxy and mono-0-methyl derivatives of methyl a-isomaltoside, enzyme binding domain, functioning of 
glucoamylase, differential changes in free energy of activation, characteristics of hydrogen bonding networks. 

Resum6 : Dans le but d'Ctudier la fixation de l'a-isomaltoside de mCthyle par l'enzyme glucoamylase, on a fait appel B une 
technique, dCveloppCe rCcemment pour I'examen des sites de fixation des lectines et des anticorps, pour Ctablir la structure de 
I'Cpitope impliqui dans la fixation d'un oligosaccharide. I,a procCdure implique la dktermination des effets, provoquCs sur la 
cinCtique d'hydrolyse, par la monodCsoxygCnation ainsi que la mono-0-methylation de chacun des sept groupes hydroxyles; on 
espitre ainsi obtenir une evaluation des changements diffkrentiels dans les Cnergies libres d'activation, AAG'. Tel qu'on peut s'y 
attendre sur la base des publications antkrieures, tant la dCsoxygCnation que la 0-mtthylation des groupes OH-4 (unit6 
rkductrice), OH-4' ou OH-6' empschent forternent l'hydrolyse alors que la cinCtique n'est virtuellement pas affectke par des 
substitutions au niveau du OH-2 ou par des changements structuraux en C-I.  Les substitutions en OH-3 provoquent des 
augmentations respectives de 2,l et de 1,9 kcal mol-' dans le AAG'. Par opposition, alors que la dCsoxygCnation du OH-? ou du 
OH-3' provoque des augmentations beaucoup plus faibles (0,96 et 0,52 kcal mol-') du AAG" les mono-0-methylations 
provoquent un fort encombrement stirique a la formation du complexe activC. Les effets relativement mineurs de la 
dCsoxygCnation suggitrent que les groupes hydroxyles sont remplacCs par des molCcules d'eau et qu'ils participent ainsi a la 
fixation en apportant une contribution effective a la complCmentaritC. L'a-isomaltoside de mCthyle a CtC insCrC dans le site de 
combinaison de la structure cristalline de la diffraction des rayons X, B une rCsolution de 2,4 A, du complexe avec l'inhibiteur 
acarbose. On a trouvC un ajustement sans interactions stCriques avec la protiine qui possitde une unit6 a-glucopyranoside dans la 
conformation 'cI normale et l'autre unit6 de glucose dont la conformation approche celle d'une demi-chaise pour laquelle le 
fragment interunitaire est dCfini par les angles de torsion $/qlw = 74°/1340/1660 (0-5'-C-l'h-6b-6%-5-0-5). Le 
moditle fournit un rCseau de liaisons hydrogenes qui semble bien reprCsenter le complexe activC form6 par la glucoamylase avec 
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tant le maltose que l'isomaltose puisque les structures semblent fournir une explication rationnelle tant pour la specificit6 que 
pour la catalyse fournie par I'enzyme. 

Mors clPs : d6rivCs monodtsoxy- et mono-0-mCthyl6s de l'a-isomaltoside de mCthyle, domaine de fixation d'un enzyme, 
fonctionnement de la glucoamylase, changements diffkrentiels dans I'Cnergie libre d'activation, caracttristiques des rtseaux 
de liaisons hydrogknes. 

[Traduit par la rkdaction] 

Introduction 

It is now well established that the specific binding of oligosac- 
charides by lectins and antibodies invariably involves the 
association of complementary polyamphiphilic surfaces (1, 2). 
The protein combining site is normally a shallow cavity (3, 4) 
within which several-attractive polar interactions are estab- 
lished (5). It was reasonable to expect that the acceptance of an 
oligosaccharide into the active site of an enzyme is a similar 
event and that our recently established method (6-8) based on 
the differential effects on the extent of binding that result from 
monodeoxygenation and mono-0-methylation would shed 
light on the epitope that is presented to the enzyme for the rec- 
ognition and binding that provides the catalysis. 

The long known (9) industrially highly important amyloglu- 
cosidase (EC 3.2.1.3, AMG), referred to herein as glycoamy- 
lase, was chosen for this inquiry because the X-ray crystal 
structures are known for both the native protein (10, 1 1) and its 
complexes with inhibitors, namely, 1'-deoxynojirimycin (12) 
acarbose (13), and D-gluco-dihydroacarbose (13, 14). The 
structures of the complexes with their natural substrates, mal- 
tose and isomaltose, remain unknown. 

The wild-type glucoamylase used in this study hydrolyzes 
maltose 30-50 times more rapidly than it does isomaltose (15). 
In view of the strong demand for the complementarity of the 
interacting surfaces, the epitopes of the activated complexes are 
expected to be very similar. Therefore, information gained as to 
the structure of the complex with isomaltose should apply to 
that with maltose. Methyl a-isomaltoside (29) was chosen as 
the reference compound for this study because of the much 
greater ease of the syntheses of all of the monodeoxy and mono- 
0-methyl derivatives. It was anticipated that the results would 
not only provide useful ancillary information on the mode of 
action of glucoamylase but also help to assess the use of this 
chemical probing technique to study the mode of enzyme catal- 
ysis when the X-ray crystal structure is not known. 

Discussion of results 

Synthesis 
The procedures used to synthesize the target compounds (29- 
35  and 56-62) listed in Table 1 are outlined in Schemes 1, 2, 
and 3. These are now conventional and require little discus- 
sion. The various intermediates were well characterized by 
their 'H NMR s ectra, which indicated in all cases a high state P of purity. The C chemical shift data presented in Table 1 are 
obviously in accord with expectation based on the position of 
the chemical alteration of the reference methyl a-isomaltoside 
(29). Although some of the assignments are tentative, the con- 
clusions reached as to structure are surely unequivocal. 

Although not without precedent (8), the use of fluoride ion 
to open the stannylene ring formed on reactions of 1 with di-tz- 
butyltin oxide is noteworthy. Except for the preparation of 47, 

bromide-ion catalyzed glycosylations (16, 17) were used to 
establish the interunit a-D linkages of the various congeners of 
methyl a-isomaltoside (29). The yields of a-disaccharide 
were invariably high (>go%) but accompanied by a 5-10% 
formation of the p isomer. The separation of these isomers 
was accomplished by column chromatography. In several 
cases, the overall yields were very low because, in order to 
achieve high purity, the chromatograms had to be repeated 
two to three times. Because of the instability of 2-deoxyglyc- 
osyl bromides, the blocked 2'-deoxy disaccharide 47 was pre- 
pared using the 2-deoxyglucosyl chloride (39) and catalyzed 
by chloride ion. We are not convinced that, for the present pur- 
poses, the use of any of the more recently developed and 
highly vaunted procedures for a-glycosylation (18) are supe- 
rior in convenience, yield, or cost to that employed herein. 

Kinetics 
The effects of the various structural changes presented in 
Table 1 on the kinetics of the hydrolysis of the interunit glyco- 
sidic bond of 29 at 3 18 K are presented in Table 2. The ratio- 
nalization of these data is reserved for a separate 
communication (Frandsen et al., in preparation). At this time, 
attention is restricted to the effects of the structural changes on 
the free energy of activation (AAG*) (19) using methyl a-iso- 
maltoside (29) as the reference substrate. As seen in Table 2 
and presented schematically in Fig. 1, the changes in AAG* 
spread over 6 kcallmol. These changes in the energetics of 
reaction are readily appre~iated with reference to the X-ray 
crystal structure at 2.4 A resolution recently reported by 
Aleshin et al. (13) for the complex of the glycoamylase with 
the inhibitor of the enzyme's activity known as acarbose. 

Acarbose 

First of all, it is noteworthy that the three-dimensional struc- 
ture of the native glucoamylase (10) (2.2 A. resolution) and 
that of its complex with acarbose (13) (2.4 A resolution) are 
virtually superimposable and certainly do not differ within 
experimental certainly (12). The acceptance of methyl a-iso- 
maltoside into the active site must be similar to that for the 
inhibitor. On this basis, the procedure used to dock methyl a- 
isomaltoside was to first bring the three key hydroxyl groups 
(OH-4, OH-4' and OH-6') within acceptable hydrogen bond- 
ing distances with the same proton-accepting groups for these 
hydroxyls present in the complex with the inhibitor (13). Since 
the intent was to model the transition state for the cleavage of 
the interglucosidic bond, it was decided to flatten the ring of 
the nonreducing unit to a half-chair conformation in line with 
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Table 2. Effects of monodeoxygenation and mono-0-methylation of methyl a-isomaltoside 
as a substrate for the glucoamylase of Aspergill~ls rziger. 

Structural change k c  s K,,, (mM) k K  ( s  m )  AAG+ (kcallrnol)" 

None (29) 

Fig. 1. Effects of monodeoxygenations compared to those caused by mono-0-methylation presented 
as AAG' deoxyIAAG* 0-Me at 3 18 K (see Table 2). 

the expectation that the cleavage of the glycosidic bond occurs 
with participation of the ring oxygen, leading to double bond 
character for the C-1'-0-5' bond. Since the cyclohexene ring 
of the acarbose in its complex with the glucoamylase has such 
a distortion, the procedure was simply to superimpose the pyr- 
anose ring of the nonreducing unit of the isomaltoside and the 
cyclohexene ring. GEGOP calculations (20) suggest that the 
distortion results in about 2.8 kcal/mol of strain. Rotations 
about the three bonds that join the two glucose units were then 
systematically made to find conformers that would maintain 
acceptable hydrogen bonding distances of OH-4 with Trp 178 
and Arg 305, as depicted in Fig. 2, but which avoided all steric 
nonbonding interactions with the protein. The conformation 
that is defined by the +/$/w torsion angles of 74"/134"/166" 
(0-5'-C- 1 ' b - 6 k m - 5 - 0 - 5 )  and schematically depicted 
in Fig. 2 was found to uniquely meet these criteria. The inter- 
nuclear distances between 0-4 ,  0-4', and 0-6' of our docked 
model and 0-3 ,  0-4', and 0-6' of the acarbose in the X-ray 
structure (13) are 0.21, 0.24, and 0.43 A, respectively. 

The model for the transition state (Fig. 2) provides a 
remarkable overall network of hydrogen bonding interactions. 
Clearly, some of the internuclear 0 - to -0  distances are very 
short and the three 0-to-N distances are very long. Neverthe- 

less, the network appears acceptable in view of the 2.4 A res- 
olution of the crystal stiucture for the protein which provides 
the positions of the heavy nuclei to only 2 0.3 and that the 
system is subject to the dynamics of thermal agitation. This 
conclusion is strongly supported both by the kinds of hydro- 
gen bonds that are formed and by the results of the kinetic 
investigation. Furthermore, the proposed hydrogen-bond net- 
work is also suitable for the formation of the transition state 
when methyl a-maltoside is the substrate (Fig. 3). This latter 
partial structure for the transition state is the same as that 
recently proposed by Coutinho and Reilly (21) except for the 
participation of Arg 54 as discussed below. The torsion angles 
for the interunit bonds proposed for the activated methyl a- 
maltoside of Fig. 3 are +/$ = 6g0/98", in contrast to the +/$ = 
95"1105" values recently suggested (21) for binding in the 
ground-state conformation. GEGOP calculation indicates +/$ 
= 83"/91° values for the most favorable ground-state con- 
former. Svensson and co-workers (22-24) have recently 
reviewed relevant literature. 

The differential effects of monodeoxygenation and mono- 
0-methylation listed in Table 2 and presented in Fig. 1 appear 
to be in agreement with the transition-state complex for 
methyl a-isomaltoside presented in Fig. 2. The small changes 
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Fig. 2. Schematic presentation of hydrogen bonding interactions in the transition 
state for the hydrolysis of methyl a-isomaltoside catalyzed by glucoamylase. The 
lengths (A) of the proposed hydrogen bonds are: 1,2.60; 2,2.65; 3,3.44; 4,276;  5, 
3.39; 6, 2.75; 7, 3.27; 8,2.56; 9, 2.62; 10,3.16; 11, 2.65; 12, 2.46; 13, 3.04. 

Glu 

in AAc* that resulted from the substitutions at OH-2 suggest 
that this hydroxyl group resides in the complex at the periph- 
ery of the active site in contact with bulk water. The kinetic 
data for the hydrolyses of the interglycosidic bond of maltose, 
isomaltose, and related methyl glycosides are reviewed in 
Table 3 (25). The slight changes in AAG* within each group 
indicate that the substituents at C-1 are also exposed to bulk 
water, a conclusion in accord with the X-ray structure of the 
glucoamylase-acarbose complex (12). The small effects 
caused by the structural changes can be attributed to a change 
in the water structure about the C- l substituents (26). 

The nearly equal (about 2 kcal/mol) decreases in AAG* 
(Table 2) that resulted from the substitutions at OH-3 require 
that this hydroxyl group become involved in an interaction 
with the protein. The postulation that this ring interacts with 
Glu 180 is firmly established (27). That the effect of deoxy- 
genation at position 3 of the isomaltoside is only about one 
third of that resulting from the same substitutional change for 
a maltoside (22,27) is not necessarily surprising because OH- 
3 of the isomaltoside is in a much different environment near 
the aqueous phase than is OH-3 of the maltoside. The complex 
depicted in Fig. 2 has OH-3 well separated from Tyr 3 11 (not 
shown) and room appears to exist for an easy insertion of a 
methyl group on 0 - 3  without rendering the compound essen- 
tially inactive as occurs on 0-methylation of OH-4, OH-4', or 
OH-6'. The maintenance of a hydrogen bond with Glu 180 
would require the methoxy group to serve as the proton accep- 
tor. In view of the close proximity of OH-3 to water, it is pos- 
sible that a water molecule fills the space left vacant by the 
replacement of OH-3 by hydrogen. The filling of such voids 
by water was first firmly established by Quiocho et al. (28). 

As seen froin the strong deactivating effects of both kinds of 
substitutions at positions OH-4 and OH-4' of the isomaltoside, 
as previously recognized (29), the interactions of these 
hydroxyl groups with the protein are highly important to the 
catalysis. It is to be noted in this regard that the roles played by 
these hydroxyl groups in achieving the transition state appear 
reinforced by their functioning cooperatively both as proton 
donors and proton acceptors. The strong charge delocalization 
thus provided to the activated complex would surely be of 
major importance to achievement of the distortion necessary 
for activation of the anomeric centre. 

Since OH-2' is in syn-clinal orientation to 0-6,  the two oxy- 
gen atoms can and may be hydrogen bonded in the transition 
state. This interaction, reinforced by the simultaneous accep- 
tance of a proton from Arg 305 by 0-2', could well assist the 
hydrogen bonding of 0 - 6  with Glu 179 to stretch the C- I' to 
0 - 6  glycosidic bond. 

As long recognized (13, 14), a water molecule is well posi- 
tioned in the complex to make a nucleophilic attack at the 
incipient carbonium ionic centre. As indicated in both Figs. 2 
and 3, the water molecule is held in place by hydrogen bond- 
ing with both the carboxylate group of Glu 400 and 0-6'. The 
strength of this bond must be reinforced (30) by the hydrogen 
bonding bond of OH-6' with the carboxylate group of Asp 55. 
The increased electron density at the oxygen atom of the water 
molecule, as the result of the hydrogen bonding of both of its 
hydrogen atoms, would importantly increase its nucleophilic- 
ity (13). Presumably the hydrogen-bond network involving 
Glu 400, Asp 55, and Arg 54 best accepts the distorted pyra- 
nose ring. These charge delocalizations together with the pull 
of electron charge from the aglyconic 0 - 6  are, in all likeli- 
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Fig. 3. Schematic presentation of hydrogen bonding interactions in the transition 
state for the hydrolysis of methyl a-rnaltoside catalyzed by glucoamylase. The 
lengths (A) of the proposed hydrogen bonds are: 1,2.99; 2, 3.07; 3, 3.00 with 
the remainder (613)  the same as those proposed for the complex with methyl 
a-isomaltoside as substrate (Fig. 2). 

water 

Glu 179 

305 

Glu 400 

H 
I 

Table 3. Effects of structural changes at C-l and C-2 on the kinetics of hydrolyses catalyzed by 
glucoarny lase. 

1. Hydrolyses of the C-1'-OC-4 bond (25) 
Maltose (reference) 7.3 
Methyl P-maltoside 7.0 
Methyl 2-deoxy-P-maltoside 6.8 

2. Hydrolyses of the C-1'-OC-6 bond 
Isomaltose (reference) 0.01 1 - 
Methyl a-isomaltoside 0.039 -0.8 
Methyl 2-deoxy-a-isomaltoside 0.026 -0.54 

hood, at the source of the catalysis provided by glucoamylase 
for the hydrolysis of both isomaltose and maltose. 

The hydrogen bonds formed by OH-2' and OH-3' with the 
protein must surely contribute importantly to the specificity of 
the catalysis. However, as seen in Table 2, deoxygenation at 
either one of these positions had relatively modest effects on 
the rates of hydrolysis. In contrast, the mono-0-methylations 
provided severe hindrance to complex formation. Attempts to 
place a water molecule into the cavity left by replacement of 
the hydroxyl groups by hydrogen met with unfavorable non- 
bonded interactions with the side chain of Arg 305 in the case 
of the 2'-position and Trp 417 in the case of the 3'-position. 
Low-energy movements of these side chains could provide 
sufficient free space to accommodate a water molecule. How- 
ever, the water molecules could not be involved in attractive 

hydrogen bonds involving both their hydrogen atoms without 
movement of the protein-backbone structure. Molecular mod- 
elling was not attempted. Perhaps the formation of both hydro- 
gen bonds is not mandatory. Presumably, a decision in this 
regard could be reached by examining the X-ray crystal struc- 
ture of acarbose monodeoxygenated at either the 2- or 3-posi- 
tions of the terminal cyclohexene-derived unit. 

Experimental 

General methods 
The 'H NMR spectra were measured at 300 MHz and 360 
MHz (Bruker AM 300 and WM 360) with tetramethylsilane as 
internal standard for CDC13 solutions. The internal reference 
for D,O solutions was acetone (2.225 ppm). The 13c NMR 
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spectra were recorded at 75 MHz with dioxane (67.4 ppm) as 
reference for D20  solutions and the CDC1, signal (77.06 ppm) 
as reference in CDC1, solutions. Optical rotations were mea- 
sured at room temperature (23 f 1°C) in a l dm cell on a Per- 
kin-Elmer 24 1 polarimeter. Thin-layer chromatography was 
performed on precoated plates of silica gel (60-F254, E. 
Merck, Darmstadt) and visualized by spraying with the 5% 
sulfuric acid in ethanol followed by heating. For column chro- 
matography silica gel 60 (230-400 mesh, E. Merck, Darms- 
tadt) and distilled solvents were used. Solvents and reagents 
were purified and dried according to standard procedures. 
Melting points are uncorrected. 

Kinetics 
Glucoamylase GI was isolated from Aspergillus niger by 
affinity chromatography on an acarbose-Sepharose column 
(31); glucose diagnostic kits and glucose oxidase were from 
the Sigma Chemical Co. 

Kinetic studies were carried out as previously described by 
measuring the amount of glucose released from substrates by 
coupling to glucose oxidase and horseradish peroxidase reac- 
tions (32). Incubations were carried out at 45OC in 500 kL 
microfuge tubes containing substrate and enzyme in 100-150 
pL of 50 mM sodium acetate buffer, pH 4.5. Reactions were 
initiated by the addition of enzyme (8 kg-1.6 mg). At various 
time intervals ranging from 5 min for good substrates up to 1 h 
for the slow substrates, 15 kL aliquots were removed from the 
reaction mixtures and added to 300 k L  of quench solution in 
microtiter plates. The quench solution contained 1.5 units of 
glucose oxidase, 0.3 units of horseradish peroxidase, and 24 
kg of o-dianisidine in 1 M Tris.HC1 buffer, pH 7.6. For sub- 
strates that yielded substituted glucose as a reaction product 
(compounds 55-62), the glucose oxidase in the coupling sys- 
tem was increased to 13.5 units. The quenched solutions were 
covered with foil and color development was allowed to con- 
tinue at ambient temperature for 1 h or until there was no fur- 
ther increase in absorbance. Standard curves with glucose or 
substituted glucose were set up in parallel in the microtiter 
plates. Absorbances were read at 450 nm in a microplate 
reader and the initial rates of reaction were estimated by linear 
regression analysis of the glucose released in the enzyme reac- 
tions as a function of time. Six to eight substrate concentra- 
tions were employed, ranging from 0.2 to 6 times K,,. The 
kinetic parameters kc,, and K,, were obtained by fitting the ini- 
tial rate data to the Michaelis-Menten equation using the 
Enzfitter program. 

Synthesis 

Methyl 2-0-benzyl-(2) and methyl 3-0-benzyl-4,6-0-(p- 
methoxybenzy1idene)-a-D-glucopyranoside (3) 

A mixture of diol 1 (15 g, 48.0 mmol) (33) and di-n-butyltin 
oxide (12.8 g, 51.4 mmol) in benzene (450 mL) was refluxed 
with azeotropic removal of water. After 4 h, it was concen- 
trated to 180 mL followed by the addition of tetra-n-butylam- 
monium fluoride (18 g, 68.8 mmol), benzyl bromide (33 mL, 
277.4 mmol), and 4 A molecular sieves (45 g). After stirring at 
room temperature overnight, the solids were removed by fil- 
tration and the solvent was evaporated. Column chromatogra- 
phy on silica gel (hexane - ethyl acetate, 4:1, 3:1, 0.1% 
triethylamine) provided, in the first main fraction, compound 2 

as a solid (7.0 g, 36%). [aID +29 (c 0.5, chloroform). 'H NMR 
(CDCl,) 6: 7.45-7.25 (m, 7H, Ph, PhOMe), 6.88 (d, 2H, 
PhOMe), 5.47 (s, lH, CHPhOMe), 4.79 and 4.70 (ABq, 2H, 
JAVB 12.0 HZ, CH2Ph), 4.60 (d, lH, JI,, 3.5 HZ, H-1), 4.24 (dd, 
lH, J6,,y 9.5 HZ, 1.56 4.5 HZ, H-6), 4.14 (t, lH, J2,, - J3,4 9.2 
Hz, H-3), 3.80 (m, lH, H-5), 3.79 (s, 3H, CH,OPh), 3.68 (t, 
lH, JC5 10.0 Hz, H-6'), 3.47 (t, lH, J4,5 9.5 HZ, H-4), 3.46 (dd, 
lH, H-2), 3.37 (s, 3H, CH,O), 2.45 (bs, lH, OH). Anal. calcd. 
for C22H2607: C 65.66, H 6.51; found: C 65.83, H 6.53. Con- 
tinued development of the column provided 3 (5.8 g, 30%) as 
a solid. [aID + 71.2 (c 0.5, chloroform). 'H NMR (CDCl,) 6: 
7.45-7.25 (m, 7H, Ph, PhOMe), 6.88 (d, 2H, PhOMe), 5.53 (s, 
lH, CHPh), 4.95 and 4.78 (ABq, 2H, J A , B  1 1.5 HZ, CH,Ph), 
4.28(dd, 1H,J6,6'9.5H~,y5,64.5H~,H-6),3.82(m,S, 1H,3H, 
CH30Ph, H-5), 3.72 (dd, 1H, J,,, 8.5 HZ, H-2), 3.41 (s, 3H, 
CH,O). Anal. calcd. for C22H2607: C 65.66, H 6.51; found: C 
65.62, H 6.56. 

Methyl 3-O-berzzyl-2-deoxy-4,6-O-(p-methoxybenzylidene)- 
a-D-arabino-hexopyrarzoside (5)  

Sodium hydride (-80% suspension, 0.42 g, 14 mmol) was 
added to a solution of 3 (2.79 g, 6.93 mmol) and imidazole (9 
mg) in tetrahydrofuran (23 mL). After stirring for 30 min, car- 
bon disulfide (3.3 mL, 55.9 mmol) was added and, after 
another 30 min, methyl iodide (0.9 mL, 14.5 mmol). The mix- 
ture, kept stirring for 30 min, was diluted with dichlo- 
romethane, followed by washing of the organic solution with 
aqueous saturated sodium hydrogen carbonate and water, 
prior to drying and evaporation. The residue, crude 4 (6.93 
mmol), was taken up in toluene (41 mL) and reduced with 
tributyltin hydride (4.2 mL, 15.6 mmol) at reflux temperature 
overnight. The title compound 5 was obtained (1.20 g, 67%) 
by evaporation and chromatography on a column of silica gel 
(hexane - ethyl acetate, 3:1, 0.1% triethylamine). 'H NMR 
(CDCl,) 6: 7.48-7.25 (m, 7H, Ph, PhOMe), 7.89 (d, 2H, 
PhOMe), 5.58 (s, 1 H, CHPhOMe), 4.82 and 4.67 (ABq, 1 H, 
J,,, 12.0 Hz, CH2Ph), 4.80 (bd, IH, J,,, 3.5 Hz, H-1), 4.24 (m, 
lH, J6,6'9.5 HZ, y5,6 3.5 HZ, H-6), 4.00 (m, lH, J2,,,3 11.0 HZ, 
J2eq.3 5.0 HZ, J3,4 8.5 Hz, H-3), 3.81 (s, 3H, CH,OPh), -3.78 
(m, H-5, H-6'), 3.67 (t, 1H, J4,, 9.0 Hz, H-4), 3.32 (s, 3H, 
CH,OPh), 2.26 (ddd, lH, J2ax,2eq 13.5 Hz, J1,2e 1.0 HZ, H- 
2eq), 1.79 (ddd, lH, H-lax). Anal. calcd for P,,H,o,: C 
68.38, H 6.78; found: C 68.40, H 6.81. 

Methyl 3-0-benzyl-4,6-0-(p-methoxyberzzy1idene)-2-0- 
[(rnethylt/zio)thiocarborzyl]-a-~-glucopyrarzoside (4) 

An analytical sample was obtained by column chromatogra- 
phy of the above crude preparation on silica gel (hexane - 
ethyl acetate, 3:l) and. characterized by 'H NMR spectros- 
copy. 'H nmr (CDCl,) 6: 7.45-7.25 (m, 7H, Ph, PhOMe), 6.90 
(d, 2H, PhOMe), 5.72 (dd, IH, J1,2 3.5 Hz, J,,, 9.5 Hz, H-2), 
5.55 (s, lH, CHPh), 5.12 (d, lH, H-1), 4.82 and 4.74 (ABq, 
2H, JAPB 11.5 HZ, CH2Ph), 4.30 (dd, lH, J6.6' 9.5 HZ, J5,6 4.5 
Hz, H-6), 4.20 (t, lH, J3,4 9.5 Hz, H-3), 3.84 (m, lH, H-5), 
3.82 (s, 3H, CH,OPh), 3.40 (s, 3H, CH,O), 2.58 (s, 3H, 
CH,S). 

Methyl 3-0-benzyl-2-deoxy-4-O-(p-methoxybeizzyl)-a-~-ara- 
bino-hexopyranoside (6) arzd methyl 3-0-benzyl-2-deoxy- 
6-0-(p-methoxybenzy1)-a-o-arabino-hexopyraoide (8) 

Trimethylsilyl chloride (3 mL, 23.6 mmol) was added drop- 
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Methyl 4-O-acetyl-2-O-benzyl-3-deoxy-6-O-(p- 
methoxybenzyl)-a-D-ribo-hexopyranoside (15) 

Compound 14 was characterized by acetylation to 15. 'H 
NMR (CDCl,) 6: 7.40-7.20 (m, 7H, Ph, PhOMe), 6.88 (d, 2H, 
PhOMe), 4.81 (dt, lH, J,,,, 11.5 Hz, J3eq,4 4.5 HZ, J4,, 10.0 
Hz, H-4), 4.68 (d, lH, J1,, 3.3 HZ, H-l), 4.64 and 4.51, 4.55 
and 4.37 (2ABq, each 2H, JA,, 1 1.5 Hz, CH,Ph, CH,PhOMe), 
3.81 (s, 3H, CH,OPh), 3.78 (ddd, lH, J,,,2.5 Hz, J5,6'4.5 Hz, 
H-5), 3.58 (ddd, lH, J,,,,, 11.5 HZ, 4.5 HZ, H-2), 3.50 
and 3.44 (ABX, 2H, 10.0 HZ, H-6, H-6'), 3.43 (s, 3H, 
CH,O), 2.33 (dt, lH, J;,,,,, 11.5 Hz, H-3eq), 1.91 (s, 3H, 
CH,CO) 1.84 (q, lH, H-3ax). 

General procedure for the preparation of substituted 
a-D-hexopyranosyl bromides 

A solution of oxalyl bromide (250 kL, -2.30 mmol) in dichlo- 
romethane (I  mL) was added dropwise to a stirred solution of 
the substituted hexopyranose (1.6 mmol) in dichloromethane 
(10 mL) and N,N-dimethylformamide (0.6 mL, 8.4 mmol). 
After 20 min, the mixture was poured into ice-water and the 
organic solution was washed twice with ice-cold water, dried, 
and evaporated. These products, which must have contained 
small equilibrium concentrations of the P anomer, were pre- 
pared just prior to use. 

General procedure for bromide-ion catalyzed 
glycosidations 

A solution of the substituted hexopyranosyl bromide (2.4 
mmol) in dichloromethane (2.5 mL) was added to a stirred 
mixture of the alcohol (0.8 mmol), tetraethylammonium bro; 
mide (2.4 mmol), N,N-dimethylformamide (0.53 mL), and 4 A 
molecular sieves (powdered, 1 g) in dichloromethane (1 mL). 
The mixture was stirred under nitrogen for 3 days and then 
quenched by the addition of methanol (0.3 mL). After stirring 
for another 30 min, it was diluted with dichloromethane, fil- 
tered through a pad of Celite, and the solution washed with sat- 
urated aqueous sodium hydrogen carbonate and water, 
followed by drying and evaporation. The crude product was 
applied to a silica gel column for purification. 

Except for 6 and 12, the 2,3,4-trisubstituted derivatives of 
methyl a-D-glucopyranosides (17-21), reported in Scheme 2, 
were prepared as previously reported (8). All of the bromides 
reported in Scheme 3 were prepared from literature com- 
pounds. In all cases, a-glucos~ation predominated (-9a: 1 P); 
the yields of these mixtures were variable but acceptable for 
the present purposes. The chief difficulty was to obtain pure a 
isomers. Often, two or three successive chromatographic sep- 
arations had to be conducted, normally using mixtures of hex- 
aneedichloromethane - ethyl acetate. 

Methyl 2,3,4-tri-O-benzyl-6-0-(2,3,4,6-tetra-O-benzyl-a-~- 
gluc0pyranosyl)-a-D-g~ucopyrn~zoside (22) (34) 

Obtained as a syrup. 'H NMR (CDCI,) 6: 7.40-7.10 (m, 35H, 
7Ph), 4.98 (d, lH, J,,,, 3.5 Hz, H-1'), 4.984.39 (m, 14H, 
7CH,Ph), 4.54 (d, ovehapped, lH, J,,, 3.5 Hz, H-1), 3.99 (t, 
lH, - J3,4 9.5 HZ, H-3), 3.96 (t, lH, J2',,, - J3,,4, 9.5 HZ, H- 
3'), 3.54 (dd, lH, overlapped, H-2'), 3.44 (dd, lH, H-2), 3.35 
(s, 3H, CH,O). 

Methyl 3-0-benz~~l-2-deoxy-4-O-(p-1~zetho,~~~ben~~l)-6-0- 
(2 ,3 ,4 ,6- te tru-0-ber1zyl -a-~-glucop) lr -arabino-  
hexopyranoside (23) 

The a-glucosylation was conducted following the general pro- 
cedure except for addition of 1 mol-equiv. of Hunig's base 
(diisopropylethylamine); mp 92-93°C (ether, hexane); [aID 
+77.6 (c 0.5, chloroform). 'H NMR (CDCI,) 6: 7.38-7.20 (m, 
27H, 5Ph, PhOMe), 6.80 (d, 2H, PhOMe), 5.05 (d, lH, J,,,, 
3.5 Hz, H-1'), 4.974.40 (m, 12H, 5CH,Ph, CH,PhOMe), 4.74 
(d, lH, J,,,,, 3.5 HZ, H-1), 4.00 (t, lH, J3,,,, - JYs3, 9.5 HZ, H- 
3'), 3.95 (m, overlapped, lH, H-3), 3.74 (s, 3H, CH,OPh), 
3.57 (dd, overlapped, H-2'), 2.22 (ddd, lH, J2ax,2eq 12.5 Hz, 
J,,,, - 1 Hz, 5.2 Hz, H-2eq), 1.57 (ddd, lH, J,,,,, 1 1.5 
Hz. h- lax) ;  13C NMR (CDCI,) 6: 98.30 (C-1), 97.24 (C- l'), 
81.81, 80.20 (C-2', C-3'), 78.14 (C-3), 77.76, 77.69 (C-4, C- 
4'), 75.52, 74.94, 74.58, 73.46, 72.43, 71.73 (5CH,Ph, 
CH,PhOMe), 70.99,70.27 (C-5, C-5'), 68.65 (C-6'), 66.41 (C- 
6), 55.28 (CH,O-I), 54.58 (CH,OPh), 35.50 (C-2). Anal. 
calcd. for C,,H,,O, ,: C73.82, H 6.86; found: C 73.82, H 6.80. 

Methyl 2-O-benz~~l-3-deo,~~~-4-O-(p-methox~~benzyl)-6-0- 
(2,3,4,6-tetrn-O-benz~~~-a-~-g~ucopyranosy~)-a-~-ribo- 
hexopy rnnoside (24) 

Hunig's base was added as reported for the preparation of 23. 
Repeated column chromatography only afforded 12% of pure 
syrup; [aID +80.6 (c 0.7, chloroform). 'H NMR (CDCI,) 6: 
7.35-7.10 (m, 27H, 5Ph, PhOMe), 6.80 (d, 2H, PhOMe), 4.98 
(d, lH, J1,,?, 3.5 Hz, H-1'), 4.984.33 (m, 12H, 5CH,Ph, 
CH,PhOMe), 4.61 (d, overlapped, lH, J1,, 3.5 Hz, H-1), 3.99 
(t, IH, J2,,,, - J3:, 9.5 HZ, H-3'), 3.74 (s, 3H, CH30Ph), 3.65 
(overlapped, H-4'), 3.55 (dd, overlapped, H-2'), 3.51 (over- 
lapped, H-4), 3.38 (s, 3H, CH30), 3.33 (td, 1 H, J2,3eq 4.5 Hz, 

12.0 HZ, H-2), 2.25 (td, 1 H, J3ax,3eq 12.0 HZ, J3,,¶,4 4.5 HZ, 
H-3eq), 1.82 (q, lH, J,,,,, 11.5 Hz, H-3ax). ',c NMR (CDC1,) 
6: 97.07 (C-l'), 97.00 (C-1), 81.88, 80.19 (C-2', C-3'), 77.78 
(C-4'), 75.52, 75.00, 73.45, 72.34, 71.1 1, 70.32 (5CH,Ph, 
CH,PhOMe), 74.1 1 (C-2), 7 1.48 (C-4), 70.81,70.16 (c-5: C- 
5'),68.59 (C-6'), 66.06 (C-6), 54.88 (CH,OPh), 55.28 (CH,O- 
I), 30.20 (C-3). Anal. calcd. for C5,H6,O1 C 73.82, H 6.86; 
found: C 73.60. H 6.90. 

Methyl 2,3-di-O-be1zzyl-4-deoxy-6-0-(2,3,4,6-tetra-O-Benzyl- 
a-D-glucopyranosyl)-a-D-xylo-hexopyranode (25) 

Obtained as a syrup (53%), [aID +50 (c 0.53, chloroform). 'H 
NMR (CDCl,) 6: 7.37-7.10 (m, 30H, 6Ph), 4.984.42 (m, 
12H, 6CH2Ph), 4.80 (d, IH, Jl,,2' 3.5 HZ, H-1'), 4.63 (d, lH, 
J,,, 3.5 HZ, H- 1), 3.96 (t, 1 H, - J3,,4t 9.5 HZ, H-3') -3.92 
(m, 2H, H-3, H-3 ,  3.82 (ddd, lH, Jq5, 9.5 Hz, J5',6'a 3.0 HZ, 
J5,,6'b 1.8 Hz, H-5'), 3.70 (dd, lH, J,,,,;,~ 10.5 HZ, H-6'a), 3.55 
(dd, lH, H-2'), 3.43 (dd, lH, J2,, 9.5 HZ, H-2), 3.41 (dd, lH, 
J5,,, 4.5 HZ, J6a,6b 10.5 HZ, H-6a), 3.34 (s, 3H, CH30), 2.1 1 
(ddd, 1 H, J4ax,4eq 13.0 Hz, J,,,,, 5.0 Hz, J4, ,, 2.0 Hz, H-4eq), 
1.47 (q, 1 H, J,.,,, - J,,,,, 12.0 Hz, H-4ax). NMR (CDCI,) 
6: 98.92 (C- 1), 97.28 (C- 1'), 81.94, 80.61 (C-2', C-3'), 80.05 
(C-2), 77.72 (C-4'), 75.36 (C-3), 75.61, 74.97, 73.47, 73.30, 
72.99, 72.56 (6CH,Ph), 70.32 (C-5'), 70.14 (C-6), 68.55 (C- 
6'), 66.52 (C-5), 55.19 (CH30), 34.15 (C-4). Anal. calcd. for 
C5,H60010: C 74.98, H 6.86; found: C 74.68, H 6.84. 
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Scheme 2. 

BnO BnO -++ + RzR+ 

BnO 
Br OMe 

1 7  OBn OBn OBn 
6  H OBn OBnOMe 
1 2  OBn H OBnOMe 
1 8  OBn OBn H 
1 9  OMe OBn OBn 
2 0  OBn OMe OBn 
2 1  OBn OBn OMe 

BnO* BnO (PPI-I~)~R~CI - BnO 

HgCI2 
BnO OAll 

2 2  OBn OBn OBn 
2 3  H OBn OBnOMe 
2 4  OBn H OBnOMe 
2 5  OBn OBn H 
2 6  OMe OBn OBn 
2 7  OBn OMe OBn 
2 8  OBn OBn OMe 

2 9  OH OH OH 
3 0  H OH OH 
3  1  OH H OH 
3 2  OH OH H 
3 3  OMe OH OH 
3 4  OH OMe OH 
3 5  OH OH OMe 
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Methyl 3,4-di-0-benzyl-2-0-methyl-6-0-(2,3,4,6-tetm-0- 
benzy l -a -D-g lucopyranosy1 ) -a -D-g lucopy l  (26) 

Obtained as a syrup (68%), [a], +78.4 (c 0.5, chloroform). 'H 
NMR (CDCI,) 6: 7.40-7.10 (m, 30H, 6Ph), 5.04 (d, lH, J,, ,, 
3.5 Hz, H- 1') 5.004.42 (m, 12H, 6CH,Ph), 4.82 (d, lH, J;, 
3.5 HZ, H-1), 4.00 (t, lH, J2,,3, - J3,,,, 9.5 HZ, H-3'), 3.93 (t, 
lH, 52.3 - J3,4 9.5 Hz, H-3), 3.61 (dd, lH, H-2'), 3.48 and 3.42 
(2s, each 3H, 2CH30), 3.23 (dd, lH, H-2). I3c NMR (CDC13) 
6: 97.38 (C-1, C-1'), 82.35, 82.17 (C-2, C-3), 8 1.74, 80.24 (C- 
2', C-3'), 77.65 (C-4, C-4'), 75.52, 75.52, 74.99,74.91, 73.44, 
72.44 (6CH,Ph), 70.40,70.32 (C-5, C-5'), 68.55 (C-6'), 66.18 
(C-6), 59.19 (CH30-2), 55.12 (CH30-1). Anal. calcd. for 
C,,H,,O,,: C 73.82, H 6.86; found: C 73.93, H 6.94. 

Methyl 2,4-di-0-benzyl-3-0-methyl-6-0-(2,3,4,6-tetm-0- 
benzyl-a-D-glrlcopyrarzosyl)-a-D-g~ucpyranode (27) 

Obtained pure as a syrup (35%), [a], +68 (c 0.5, chloroform). 
'H NMR (CDCI,) 6: 7.40-7.10 (m, 30H, 6Ph), 4.984.37 (m, 
12H, 6CH2Ph), 4.94 (d, lH, Jl,7, .- 3.5 HZ, H-1'), 4.52 (d, lH, 
JlV2 3.5 HZ, H-l), 3.96 (t, lH, J,, ,, - J3,,4, -9.5 HZ, H-3'), 3.67 
(s, 3H, CH30), 3.53 (dd, overlapped, H-2'), 3.35 (dd, 
overlapped, H-2), 3.33 (s, 3H, CH30). 13c NMR (CDCl,) 6: 
97.97 (C-l), 97.24 (C-1'), 83.92, 79.95 (C-2, C-3), 81.74, 
79.95 (C-2', C-3'), 77.84, 77.63 (C-4, C-4'), 75.46, 74.86, 
74.78,73.39,73.28,72.56 (6CH2Ph), 70.23,70.16 (C-5, C-5'), 
68.49 (C-6'), 66.19 (C-6), 61.12 (CH30-3), 55.08 (CH30-1). 
Anal. calcd. f 0 r C ~ ~ H ~ ~ 0 ~ ~ :  C 73.82, H 6.86; found: C 73.57, H 
6.74. 

Methyl 2,3-di-O-berzzyl-4-0-methyl-6-0-(2,3,4,6-tetra-O- 
berlzy~-a-~-g~ucopyrar~osy~)-a-~-g~~~cop~~rcf~oside (28) 

Obtained pure as a solid (45%), mp 78-79.5"C (ether, hex- 
ane); [a], +55.4 (c 0.5, chloroform). 'H NMR (CDCI3) 6: 
7.40-7.10 (m, 30H, 6Ph), 4.98 (d, IH, J,,,, 3.5 Hz, H-l'), 
4.954.44 (m, 12H, 6CH,Ph), 4.53 (d, lH, y,,, 3.5 Hz, H-l), 
3.95 (t, lH, J2',3' - J3,,4' 9.5 HZ, H-3'), 3.86 (t, IH, J2,, - J3,J 
9.5 Hz, H-3), 3.85 (ddd, overlapped, H-5), 3.62 (dd, over- 
lapped, H-4'), 3.55 (s, 3H, CH30), 3.54 (dd, overlapped, H-2') 
3.38 (dd, lH, H-2), 3.34 (s, 3H, CH,O), 3.32 (dd, lH, J,,, 10.0 
Hz, H-4). ',c NMR (CDCI,) 6: 98.00 (C-1), 97.32 (C-1'), 
82.09,80.01 (C-2, C-3), 8 1.75,80.07 (C-2', C-3'), 79.69 (C-4), 
77.72 (C-4'), 75.63, 75.51, 74.97, 73.46, 73.39, 72.34 
(6CH2Ph), 70.43,70.32 (C-5, C-5'), 68.65 (C-6'), 66.22 (C-6), 
60.85 (CH30-4), 55.19 (CH30- 1). Anal. calcd. for C56H6201 1: 

C 73.82, H 6.86; found: C 73.61, H 6.53. 

General procedure for deblocking by hydrogenolysis 
The blocked disaccharide (ca. 0.4 g) and 5% palladium-on- 
carbon (0.4 g) in methanol (22 mL) were hydrogenated in the 
hydrogen stream for 2-3 h. The catalyst was removed by fil- 
tration and the solvent evaporated. Gel filtration on a column 
of Sephadex LH 20 (ethanol-water, 1: 1 )  provided the disac- 
charide as a white solid after lyophilization of an aqueous solu- 
tion. The ',c NMR data are reported in Table 1. 

Methyl 6-O-(a-~-g~~~copyra1~0~~~l)-a-~-g~~lcopyra1zo~ide (29) 
The hydrogenolysis of 22 produced 29 in 96% yield. [a], 
+150.6 (c 0.5, water) (lit. (34) [alD2%166 (water)). 'H NMR 
(D,O) 6: 4.96 (d, lH, JI,,,, 3.5 HZ, H-1'), 4.82 (d, lH, J, 7 3.5 
Hz, H-l), 3.99 (dd, lH, J ,,,, , 11.0 Hz, J6a,5 4.5 Hz, ~-6a):?3.57 
(H-2), 3.56 (H-2'), 3.42 (s, 3H, CH30). 

Methyl 2-deoxy-6-O-(a-~-glucopyr-anos~~~)-a-o-arabino- 
hexopymnoside (30) 

The hydrogenolysis of 23 produced 30 in 90% yield. [a], 
+149.6 (c 0.5, water). 'H NMR (D20) 6: 4.96 (d, lH, J,,,, 3.5 
Hz, H- 1'), 4.92 (bd, 1 H, J1,,,, 3.5 Hz, H- 1 ), 4.03 (dd, 1 H,'J~;,,,, 
1 1.0 Hz, J,,,, 4.0 Hz, H-6a), 3.56 (dd, 1 H, J,, ,, 10.0 Hz, H-2'), 
3.48, 3.44(2t,2H, H-4, H-4'),3.38 (s, 3 H , ~ ~ , 0 ) , 2 . 1 6 ( d d d ,  
lH, J,,, ,,, 13.5 Hz, J1,2rq ~ H z ,  J2,q,3 5.5 Hz, H-2eq), 1.74 
(ddd, I$, J.,,, 11.5 Hz, Hdax). 

Methyl 3-deoxy-6-O-(a-~-g~~~copyranosy~)-a-~-ribo- 
hexopyrar2oside (31) 

The hydrogenolysis of 24 roduced 31 in quantitative yield. P [a], +150.2 (c 0.5, water). H NMR (D20) 6: 4.93 (d, lH, J,, ,, 
3.7 Hz, H-l'), 4.71 (d, lH, J1,2 3.7 Hz, H-1), 3.97 (dd, l ~ ,  
J,,,, 11.0 Hz, J6,,, 4.0 Hz, H-6a), 3.83 (H-2), 3.54 (dd, IH, 
J2',3, 9.8 HZ, H-2'), 3.45 (s, 3H, CH,O), 3.43 (t, lH, J,,,, - 
JC5, 9.5 Hz, H-4'),2.17 (td, lH, J3ax,3eq 12.0 HZ, J2,3eq - J3+ 
4.5 Hz, H-3eq), 1.72 (q, IH, J2,3,, - J3ax,4 11.0 HZ, H-3ax). 

Methyl 4-deoxy-6-O-(a-~-gl~~copyra1zosyl)-cr-o-xylo- 
hesopyranoside (32) (29) 

The hydrogenolysis of 25 produced 32 in 95% yield. [a], 
+I54 (c0.5 water). 'H NMR (D,O) 6: 4.91 (d, lH, J1r,2, 3.8 Hz, 
H-l'), 4.82 (d, lH, J1,, 4.0 HZ, H-1). 4.09 (m, lH, J4ax,5 12.0 
HZ, H-5), 3.90 (ddd, lH, J2,3 10.0 HZ, 12.0 HZ, J3,+ 5.0 
Hz, H-3), 3.83 (dd, lH, J,,,,,., 12.0 Hz, J5',6'a 2.0 HZ, H-6'a), 
3.62 (dd, lH, J,,,, 11 .O Hz, J5,6b 3.0 HZ, H-6b), 3.53 (dd, lH, 
J2,,3, 10.0 HZ, H-2'), 3.47 (dd, IH, H-2), 3.39 (s, 3H, CH30), 
3.39 (t, overlapped, J3,,5, - J3,,,, 9.5 Hz, H-4'), 2.00 (ddd, 1 H, 
J, ,,,,,, 12.8 Hz, J,eq,5 1.8 HZ, H-4eq), 1.57 (q, 1 H, H4ax). 

Methyl 6-O-(a-~-g~~lcupyra1zosy~)-2-O-1net~~y~-a-~- 
glucopymnoside (33) 

The hydrogenolysis of 26 roduced 33 in quantitative yield. P [a], +155.2 (c 0.5, water). H NMR (D,O) 6: 5.07 (d, lH, J,,, 
3.6 HZ, H-1), 4.96 (d, IH, J1,,2, 3.7 HZ, H-1'), 4.00 (dd, lH, 
J6,,(jb 11.0 H z , J ~ , ~ ~ ~ . ~  HZ, H-6a), 3.68 (t,J,, - J2,, 9.5 HZ, H- 
3), 3.56 (dd, lH, .f2,,,, 9.8 Hz, H-2'), 3.54 ( t i ' l ~ ,  J4,5 9.5 Hz, H- 
4), 3.49 and 3.44 (2s, each 3H, 2CH30), 3.44 (t, overlapped, 
J4,,5, - J3,,4' 9.5 HZ, H-47, 3.32 (dd, 1 H, H-2). 

Methyl 6-O-(a-D-g~ucol~yranos)~~)-3-O-1net/7j~~-a-~- 
gl~lcopyrc2.r.loside1zoside (34) 

The hydrogenolysis of 27 produced 34 in quantitative yield 
[a], +169.8 (c 0.5, water). 'H NMR (D20) 6: 4.94 (d, lH, J1,,,, 
3.8 HZ, H-l'),4.79 (H-I), 3.99(dd, lH,J6,,, 1 1 . O H ~ , J ~ , ~ , 4 . 0  
Hz, H-6a), 3.85 (ddd, overlapped, H-5), 3.84 (dd, lH, J6'a,6'b 
11.0 Hz, J,,,,., 1.8 Hz, H-6'a), 3.62 (dd, overlapped, J2,,3, 9.5 
Hz, H-2'), 3.60 (s, 3H, CH30), 3.58 (t, overlapped, JdV5 - J3,, 
9.5 Hz, H-4), 3.54 (dd, lH, H-2), 3.42 (5H, s, 2t, CH30, H-3, 
H-4'). 

Methyl 6-O-(a-~-g~ucopyranos~l~)-4-O-r?~eth)~~-a-~- 
glucopymrzoside (35) 

The hydrogenolysis of 28 produced 35 in 97% yield. [a], 
+174.4 (c 0.5, water). 'H NMR (D,O) 6: 4.96 (d, lH, J,. ,, 3.7 
HZ, H-l'), 4.78 (d, lH, J1,, 3.6 HZ, H-I), 3.97 (dd, I H , ' ~ ~ , , , ~  
11.5 Hz, J,,,, 4.5 Hz, H-6a), 3.86 (dd, IH, J5,v, 2.0 Hz, J6'a.6'b 
11.0 Hz, H-6'a), 3.59 (dd, lH, J,,, 9.2 Hz, H-2), 3.56 (s, 3H, 
CH,O), 3.55 (dd, IH, H-2'), 3.43 (t, lH, J,,,, - J,,,,, 9.0 Hz, 
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Lemieux et al. 

H-47, 3.40 (s, 3H, CH,O), 3.31 (dd, IH, J,,, 9.0 Hz, J,, 10.0 
HZ, H-4). 

Ally1 2,3,4-tri-0-be1zzyl-6-O-tnethyl-a-~-gl~tco~~yrano,side 
(3 7) 

Sodium hydride (80% suspension, 1.7 g, 56.7 mmol) was 
added to a stirring solution of ally1 2,3,4-tri-O-benzyl-a-~-glu- 
copyranoside (36) (9.2 g, 18.8 mmol) (36) in N,N-dimethyl- 
formamide (90 mL) at ice-bath temperature. After 30 min, 
methyl iodide (3.5 mL, 56.2 mmol) was added and stirring 
continued at room temperature for 4 h. The excess of hydride 
was destroyed by the addition of methanol and the product iso- 
lated in the usual manner. Chromatography using hexane - 
ethyl acetate (4:l) provided a pure syrup, [a], +29 (c 0.5, 
chloroform). 'H NMR (CDCI,) 6: 7.43-7.22 (m, 15H, 3Ph), 
5.96 (m, 1 H, CH,=CH), 5.34 and 5.24 (2m, 2H, CH,=CH), 
5.064.60 (3ABq, each 2H, 3CH2Ph), 4.82 (d, IH, .I1,, 3.5 Hz, 
H- l), 4.18 and 4.04 (2m, 2H, CH,=CH-CH,), 4.04 (t, 1 H, J7 , 
- J,,, - 9.5 Hz, H-3), 3.80(ddd, lH, J5,,2.5Hz, J5,6'4.0~;, 
J,,, 10.0 Hz, H-5), 3.65 (t, overlapped, H-4), 3.64 and 3.55 
(ABX, overlapped, 2H, J6,6' 11.0 HZ, H-6, H-6% 3.58 (over- 
lapped, H-2), 3.33 (s, 3H, CH30). Anal. calcd. for C,,H,,O,: C 
73.79, H 7.19; found: C 73.67, H 7.34. 

2,3,4-Tri-0-benzyl-6-O-tnethyl-a-~-glucopranose (38) 
A mixture of 37 (8.7 g, 17.2 mmol), tris(tripheny1phos- 
phine)rhodium(I) chloride (1.2 g, 1.3 mmol), and 1,4-diazabi- 
cyclo[2.2.2]octane (0.53 g, 4.7 mmol) in 95% ethanol - 
toluene-water (7:3: 1, 400 mL) was boiled under reflux with 
stirring for 20 h. The solvent was evaporated and the remain- 
der was taken up in acetone (350 mL) containing mercuric 
oxide (0.24 g). A solution of mercuric chloride (25 g) in ace- 
tone-water (9:1, 175 mL) was added and the mixture stirred 
for 30 min. After solvent removal, the residue was taken up in 
dichloromethane, the solution was washed with aqueous satu- 
rated potassium bromide and water, and the organic solution 
concentrated. Purification on a column of silica gel (hexane - 
ethyl acetate, 3: 1) provided an amorphous solid 38 (6.1 g, 
76%). 'H NMR (CDC1,) 6: 7.40-7.20 (m, 15H, 3Ph), 5.22 (d, 
lH, JI,, 3.5 Hz, H- 1), 4.95 and 4.87, 4.88 and 4.62, 4.78 and 
4.69 (3ABq, each 2H, JA,, 1 1 .O, 1 1.5 Hz, 3CH2Ph), 4.00 (m, 
lH, J4,, 10.0 HZ, J5,, 3.5 HZ, 5s,6' 2.0 HZ, H-5), 3.96 (t, lH, J 7  7 

- I,,, 9.0 Hz, H-3), 3.61 (dd, overlapped, J6,61 10.0 HZ, H-6), 
3.60 (t, 1 H, H-4), 3.57 (dd, overlapped, H-2), 3.54 (dd, 1 H, H- 
6'), 3.34 (s, 3H, CH,O), 2.83 (bs, lH, OH). 

3,4,6-Tri-O-benzyl-2-deoxy-a-o-arabino-hexo~~yr~~1zosyl 
chloride (39) 

This reagent (37) was prepared just prior to use. 'H NMR 
parameters were as previously reported (38). 

~,4,6-Tri-0-benzyl-3-deo.~y-a-~-ribo-hexo~~yra1~osyl bromide 
(40) 

Prepared from 2,4,6-tri-0-benzyl-3-deoxy-D-ribo-hexopyra- 
nose (39). 'H  NMR (CDC1,) 6: 7.45-7.15 (m, 15H, 3Ph), 6.59 
(bd, 1H, J,,? 3.0 HZ, J1,3eq - 1 HZ, H-1)' 4.654.38 (3ABq, 6H, 
3CH2Ph), 3.94 (ddd, IH, J,,, 9.5 Hz, J,,, 3.0 HZ, J5,6r 2.0 HZ, 
H-5), 3.79 (dd, lH, J6, 10.5 HZ, H-6), 3.69 (ddd, lH, J3ax,4 
1 1 .O HZ, J3,,,4 4.5 HZ, H-4), 3.66 (dd, 1 H, H-6'), 3.44 (td, lH, 

J2,3eq 4.5 Hz, J2,32x 1 1.5 HZ, H-2), 2.33 (m, 1 H, J3cq,3ax 1 1.5 HZ, 
H-3eq), 1.97 (q, lH, H-3ax). 

2,3,6-Tri-0-benzyl-4-deoxy-~-~yl0-lzex0~~yra1zosylbrotnide 
(41) 

Prepared from 2,3,6-tri-O-benzyl-4-deoxy-~-x~~lo-hexo~~ra- 
nose (40). 'H NMR (CDC1,) 6: 7.44-7.20 (m, 15H, 3Ph), 6.49 
(d, lH, J1,2 3.5 Hz), 4.77 and 4.68, 4.76 and 4.74, 4.55 and 
4.53 (3ABq, each 2H, JA,, 12.0 Hz, 3CH,Ph), 4.24 (m, lH, H- 
5), 4.00 (ddd, 1 H, J2,, 9.0 HZ, J3,4ax 12.0 HZ, J3,4eq 5.0 HZ, H- 
3), 3.52 (d, 2H, J5,, 4.5 HZ, H,-6), 3.44 (dd, lH, H-2), 2.13 
(ddd, lH, J, ,,,,,, 13.0 Hz, J4eq,S 2.0 HZ, H-4eq), 1.70 (q, lH, 
J4ax,5 12.0 HZ, H-4ax). 

2,3,4-Tri-O-benzyl-6-deoxy-a-~-gluco~~yr~z1zosyl bromide 
(42) 

Prepared from 2,3,4-tri-0-benzyl-6-deoxy-D-glucopyranose 
(41). 'H NMR (CDC1,) 6: 7.45-7.20 (m, 15H, 3Ph), 6.37 (d, 
lH, J,,, 3.5 Hz, H-1), 5.00 and 4.84, 4.93 and 4.66, 4.75 and 
4.72 (3ABq, each 2H, J,,, 1 1 .O, 1 1.5 Hz, 3CH2Ph), 4.07 (m, 
1H, J4,, 9.5 HZ, J5,6 6.5 HZ, H-5), 4.03 (t, lH, J7 7 - J3,, ̂ . 9.5 
Hz, H-3), 3.48 (dd, lH, H-2), 3.21 (t, IH, ~ - i j ;  1.32 (d, 3H, 
H3-6). 

3 , 4 , 6 - T r i - O - b e n z y 1 - 2 - 0 - t t z e t ~ z y l - a - ~ - g 1 ~ t c o ~ l  brottzide 
(43) 

Prepared from 3,4,6-tri-0-benzyl-2-O-methyl-~-glucopyra- 
nose (42). 'H NMR (CDCI,) 6: 7.40-7.10 (m, 15H, 3Ph), 6.62 
(d, lH, J1,2 3.5 Hz, H-l), 4.94 and 4.79, 4.84 and 4.53, 4.58 
and 4.47 (3ABq, each 2H, JA,, 1 1.0 HZ, 3CH2Ph), 4.06 (m, 
lH, J4,, 9.5 HZ, J5,, 2.5 HZ, 55,6, 2.0 HZ, H-5), 3.96 (t, lH, 
- J,,, 9.5 Hz, H-3), 3.80 (dd, overlapped, H-6), 3.78 (t, over- 
lapped, H-4), 3.67 (dd, lH, J6,6' 11.5 HZ, H-6'), 3.50 (s, 3H, 
CH,O), 3.33 (dd, lH, H-2). 

2,4,6-Tri-0-betzz)~l-3-O-ttzetlzyl-a-~-g1~ico~~yr~z11o~y1 bromide 
(44) 

Prepared from 2,4,6-tri-0-benzyl-3-O-inethyl-~-glucopyra- 
nose (39). 'H NMR (CDCl,) 6: 7.45-7.20 (m, 15H, 3Ph), 6.38 
(d, IH, J,,, 3.8 Hz, H-lJ4.81 and4.51,4.72 and4.68, 4.57 
and 4.46 (3ABq, each 2H, JA., 1 1.0, 12.0 Hz, 3CH,Ph), 4.01 
(ddd, lH, J,,, 9.5 HZ, J5,6 3.0 HZ, 5s,6' 2.0 HZ, H - 3 ,  3.76 (dd, 
1H, 56,6, 11.0 HZ, H-6), 3.72 (t, overlapped, J2,, - J3,, 9.5 HZ, 
H-3), 3.68 (s, 3H, CH70), 3.65 (t, overlapped, H-4), 3.63 (dd, 
lH, H-6'), 3.42 (dd, l ~ ,  H-2). 

2,3,6-Tri-0-betzzyl-4-0-tnethyl-a-~-gluco~~yr~z1zosyl bromide 
(45) 

Prepared from 2,3,6-tri-0-benzyl-4-O-methyl-~-glucopyra- 
nose (38). 'H NMR (CDCI,) 6: 7.40-7.25 (m, 15H, 3Ph), 6.39 
(d, lH, J,,, 3.8 Hz, H-1), 4.94 and 4.80,4.60 and 4.50 (2ABq, 
each 2H, JA,, 1 1.0, 12.0 HZ, 2CH,Ph), 4.69 (s, 2H, CH,Ph), 
3.95 (ddd, lH, J,,, 1 0 . 0 H ~ , J , , ~  3.2 HZ, JST6'2.0 HZ, H-5), 3.91 
(t, lH, J2,, J3,, 9.0 HZ, H-3), 3.75 (dd, lH, J6,6' 11.0 HZ, H- 
6), 3.65 (dd, 1 H, H-6'), 3.49 (s, 3H, CH,O), 3.48 (overlapped, 
H-4), 3.48 (dd, overlapped, H-2). 

2,3,4-Tri-0-berzzyl-6-O-ttzethyl-a-~-gl~1co~~~~ra1zo~yl bromide 
(46) 

Prepared from 38. 'H NMR (CDCl,) 6: 7.40-7.20 (m, 15H, 
3Ph), 6.39 (d, lH, J,,, 3.8 Hz, H-1), 4.98 and 4.83, 4.88 and 
4.61 (2ABq, each 2H, JAVB 10.5 HZ, 2CH,Ph), 4.70 (s, 2H, 
CH,Ph), 4.03 (t, lH, J, , - J3.4 9.5 Hz, H-3), 4.02 (overlapped, 
H - 3 ,  3.72 (t, J,,, 9.5 H=, H-4), 3.66 (dd, lH, J6,6' 11.0 HZ, J,,, 
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Scheme 3. 
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3.5 Hz, H-6), 3.54 (dd, lH, J5,,,2.0 HZ, H-6'), 3.51 (dd, lH, H- 
2), 3.32 (s, 3H, CH,O). 

Methyl 2,3,4-tri-O-benzyl-6-0-(3,4,6-tri-O-Denzy1-2-deoxy- 
a-D-arabino-hexopyranosyl)-a-D-glucopyrunoside (47) 

Freshly prepared chloride 39 (2.19 mmol) (37) was reacted 
with alcohol 17 (0.85 mmol) in the presence of Hiinig's base 
(2.13 mmol) and tetraethylammonium chloride (5.3 mmol). 
Subsequent column chromatography (hexane-dichlo- 
romethane - ethyl acetate, 4:4:0.5, hexane - ethyl acetate, 
3.5: 1,O. 1 % triethylamine) of the crude product provided 47 in 
53% yield; mp 82-83°C (ether, hexane); [a], +61.2 (c 0.5, 
dichloromethane). 'H NMR (CDC13) 6: 7.40-7.12 (m, 30, 
6Ph), 5.03 (bd, lH, JI,,2,ax 3.5 HZ, Jlr,Teq 1 HZ, H-11),5.404.00 
(m, 12H, 6CH,Ph), 4.63 (d, lH, J,,, 3.7 Hz, H- l), 4.02 (t, lH, 
J2,3 - J3,4 9.5 Hz, H-3), 3.97 (ddd, lH, J2,ax,3t 1 1 .O HZ, JTeq,,, 
5.0 Hz, J3r.4' 8.5 Hz, H-3'), 3.54 (dd, overlapped, H-2), 3.37 (s, 
3H, CH30), 2.33 (ddd, lH, J2,e ,2,ax 13.0 Hz, H-2'eq), 1.72 
(ddd, lH, H-2'ax). "C NMR ( c ~ c I , )  6: 97.96 (C-1), 97.84 
(C-1'), 82.26, 80.05 (C-2, C-3), 78.19 (C-3'), 77.81,77.26 (C- 
4, C-4'), 75.81, 74.91, 74.85, 73.43, 73.30, 71.73 (6CH2Ph), 
70.93, 69.80 (C-5, C-5'), 68.75 (C-6'), 65.71 (C-6), 55.13 
(CH30), 35.31 (C-2). Anal. calcd. for C5,H,,0,,: C 74.98, H 
6.86; found: C 75.07, H 6.88. 

Methyl 2,3,4-tri-O-berzzyl-6-O-(2,4,6-tri-O-betzzyl-3-deoxy- 
a-D-ribo-hexopyrunosyl)-a-D-glucopyranoside (48) 

The bromide 40 (1.53 mmol) was reacted with 17 (0.81 mmol) 
under the conditions for bromide-ion catalyzed glycosylation. 
The product was purified by column chromatography (hex- 
ane-dichloromethane - ethyl acetate, 4:4:0.5) to provide an 
anomeric mixture in 64%. Further purification by column 
chromatography (hexane4hloroform - ethyl acetate, 
6:10:0.5) provided pure 48 (14%) as a syrup. [a], +79.6 (c 
0.5). 'H NMR (CDCl,) 6: 7.40-7.23 (m, 30H, 6Ph), 5.05 (d, 
lH, J1',2' 3.2 Hz, H-l'), 5.044.37 (m, 12H, 6CH,Ph), 4.60 (d, 
lH, J1,? 3.5 HZ, H-1), 4.04 (t, IH, - J3,4 9.5 HZ, H-3), 3.70 
(overlapped, H-4), 3.56 (td, 1 H, J2,,3'dx 12.0 HZ, J2,,3,eq 4.5 Hz, 
H-2'), 3.49 (dd, lH, H-2), 3.40 (s, 3H, CH,O), 2.36 (td, lH, 
Jye ,3'ax 12.0 Hz, J,,, 4.5 Hz, H-3'eq), 1.95 (q, lH, J3'ax,4, 
11.8 Hz, H-3'ax). I ~ C ~ M R  (CDCl,) 6: 97.97 (C-1), 96.22 (C- 
l'), 82.18, 80.16 (C-2, C-3), 77.96 (C-4), 75.63, 75.05,73.43, 
73.38, 70.79, 70.49 (6CH7Ph), 73.77 (C-2'), 71.86 (C-4'), 
70.7 1, 70.39 (C-5, C-5'), 68.69 (C-6'), 65.87 (C-6), 55.1 1 
(CH,O), 30.34 (C-3'). Anal. calcd. for C,,H,,,O,,: C 74.98, H 
6.86; found: 74.61, H 7.01. 

Methyl 2,3,4-tri-0-berzzyl-6-0-(2,3,6-tri-O-h&&h~y- 
a-D-xylo-hexopyranosy1)-a-D-glucopymnosie (49) 

The bromide 41 (2.30 mmol) was reacted with 17 (0.85 mmol) 
under the conditions for bromide-ion catalyzed glycosylation. 
The product was purified by column chromatography (hexane 
-ethyl acetate, 5.5: 1) to provide an anomeric mixture of ol:P = 
9: 1 in 90% yield. Further chromatography (hexane4hloro- 
form -ethyl acetate, 6: 12: 1) afforded pure 49 (42% yield) as a 
crystalline solid, mp 74-75°C (ether, hexane); [a], +54 (c 0.5, 
chloroform). 'H NMR (CDCI,) 6: 7.37-7.16 (m, 30H, 6Ph), 
5.00 (d, IH, J l , , 2 r  3.5 Hz, H-1'), 4.944.46 (m, 12H, 6CH2Ph), 
4.54 (d, 1H,.Il,, 3.5 Hz, H-I), 3.97 (t, lH, J2,3 - J3,4 9.0 HZ, H- 
3), -3.89 (m, H-5', H-3'), 3.81 (dd, overlapped, J6a,6b 11.0 HZ, 
J5,$a 4.5 Hz, H-6a), 3.76 (m, H-5), 3.72 (dd, lH, J5 6b 1 HZ, H- 

6b), 3.62 (t, lH, J4$, 9.0Hz, H-4), 3.46 (dd, lH, J,, ,,9.5 Hz, H- 
2'), 3.43 (dd, overlapped, H-2), 3.41 (m, 2H, ~,16'), 3.30 (s, 
3H, CH30), 2.02 (ddd, lH, JqC ,,,, 12.5 Hz, J4'eq,5' 2.0 HZ, 
Jqcq,,. 5.0 Hz, H-4'eq), 1.50 (q, l h .  J4,ax,3, - J4tax,5r - 12.0 Hz, 
H-4'ax). ',c NMR (CDCI,) 6: 98.14 (C-1'), 97.97 (C-1), 
82.17, 80.23 (C-2, C-3), 80.74 (C-2'), 78.03 (C-4), 75.70, 
74.99, 73.39, 73.34, 72.44, 72.31 (6CH7Ph), 74.54 (C-3'), 
72.20 (C-6'), 70.41 (C-5), 66.92 (C-5'), 66.12 (C-6), 55.06 
(CH,O), 33.93 (C-4'). Anal. calcd. for C5,H,,0,,: C 74.98, H 
6.86; found: C 74.94, H 6.91. 

Methyl 2,3,4-tri-O-benzyl-6-0-(2,3,4-tri-O-berzzyl-6-deosy- 
a-D-glucopyranosy1)-a-D-g~ucopyrarzoside (50) 

The bromide 42 (1.53 mmol) was reacted with 17 (0.5 1 mmol) 
under the conditions for bromide-ion catalyzed glycosylation. 
Column chromatography (hexane - ethyl acetate, 5: 1) pro- 
vided an anomeric ol:P = 9: 1 mixture in 92% yield that was 
purified by recrystallization from ethanol, mp 124-125°C; 
[a], +50.6 (c 0.5, chloroform). 'H NMR (CDCI,) 6: 7.40- 
7.20 (m, 30H, 6Ph), 4.994.55 (m, 12H, 6CH2Ph), 4.89 (over- 
lapped, J,,,,, 3.5 Hz, H-1'), 4.56 (d, lH, J,,, 3.8 Hz, H-1), 3.99 
(t, lH, J2,3 - J3,4 9.5 HZ, H-3), 3.93 (t, IH, J2,,3, - J3,,4, 9.5 HZ, 
H-3'), 3.77 (overlapped, H-5'), 3.67 (t, lH, J4.5 9.5 Hz, H-4), 
3.50 (dd, lH, H-2'), 3.44 (dd, lH, H-2), 3.35 (s, 3H, CH,O), 
3.10 (t, 1 H, Jq y9.5 HZ, H-4'), 1.19 (d, 3H, J5,,,; 6.5 HZ, H3-6'). 
"C NMR (CDCI,) 6: 98.04 (C-1), 97.00 (C-1 ), 83.85 (C-4'), 
82.16, 80.20 (C-2, C-3), 81.43, 80.44 (C-2', C-3'), 75.70, 
75.47, 75.15, 75.03, 73.39, 72.29 (6CH,Ph), 70.49 (C-5), 
66.80 (C-5'), 65.93 (C-6), 55.14 (CH30), 17.96 (C-6'). Anal. 
calcd. for C55H60010: C 74.98, H 6.86; found: C74.54, H 6.82. 

Methyl 2,3,4-tri-O-be1zzyl-6-0-(3,4,6-tri-O-berzzyl-2-0- 
~nethyl-a-D-glucopyranosyl)-a-D-glucopyranode (51) 

Bromide 43 (3.82 mmol) was reacted with 17 (0.64 mmol) 
under the conditions for bromide-ion catalyzed glycosylation. 
Column chromatography (hexane - ethyl acetate, 5: 1) pro- 
vided 51 in 73% yield as a solid; mp 96.5-97.5"C (ethanol); 
[a], +56.6 (c 0.5, chloroform). 'H NMR (CDCl,) 6: 7.40- 
7.10 (m, 30H, 6Ph), 5.06 (d, IH, J,,,,, 3.5 Hz, H-1'), 5.00-4.40 
(m, 12H, 6CH2Ph),4.55 (d, IH, J,,, 3.8 Hz, H-1), 3.99 (t, lH, 
J2,, - J3,4 9.5 HZ, H-3), 3.86 (t, lH, J2t,3j - .I3,,< 9.5 HZ, H-3'), 
3.50(dd, lH, H-2), 3.41,3.36 (2s, each 3H, 2CH,O), 3.31 (dd, 
lH, H-2'). ',c NMR (CDCl,) 6: 97.94 (C-l), 96.64 (C-l'), 
82.38, 81.62 (C-2', C-3'), 82.19, 79.88 (C-2, C-3), 77.89, 
77.59 (C-4, C-4'), 75.81, 75.32, 74.90, 74.90, 73.41, 73.33 
(6CH2Ph), 70.30 (C-5, C-5'), 68.58 (C-6'), 66.07 (C-6), 58.4 1 
(CH30-2'), 55.14 (CH30-1). Anal. calcd. for C56H62011: C 
73.82, H. 6.86; found: C 73.64, H 6.86. 

Methyl 2,3,4-tri-0-berzzyl-6-0-(2,4,6-tri-0-berzzyl-3-0- 
r~zethy~-a-~-glucopyranosy~)-a-o-glucopyra~zoside (52) 

Bromide 44 (1.28 mmol) was reacted with 17 (0.51 mmol) 
under the conditions for bromide-ion catalyzed glycosylation. 
Column chromatography (hexane4hloroform - ethyl acetate, 
6: 10:0.5) of the crude product (89% yield) provided pure 52 in 
48% yield. [a], +7 1 (c 0.5, chloroform). 'H NMR (CDCl3 6: 
7.40-7.15 (m, 30H, 6Ph), 4.994.39 (m, 12H, 6CH7Ph), 4.95 
(d, lH, J1',2' 3.6 Hz, H-l'), 4.53 (d, lH, Jl,2 3.7 Hz, H-I), 3.98 
(t, lH, J2,3 - J3,4 9.5 Hz, H-3), 3.65 (s, 3H, CH30), 3.44 (dd, 
lH, J 7 r Y  9.5 HZ, H-2'), 3.42 (dd, lH, H-2), 3.34 (s, 3H, 
C H ~ O ~ :  13c NMR (CDC1,) 6: 97.90 (C- 1), 97.24 (C-l'), 83.68, 
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79.73 (C-2', C-3'), 82.08, 80.14 (C-2, C-3), 77.72,77.61 (C-4, 
C-4'), 75.63, 74.87, 74.70, 73.34, 73.29, 72.22 (6CH2Ph), 
70.31, 70.06 (C-5, C-5'), 68.43 (C-6'), 66.01 (C-6), 61.02 
(CH,O-3'), 55.06 (CH,O- 1). Anal. calcd. for C56H6201 C 
73.82, H 6.86; found: C 73.64, H 6.86. 

Methyl 2,3,4-tri-O-betzzyl-6-O-(2,3,6-tri-O-benzyl-4-0- 
metlzyl-a-D-glucopyranosyl)-w-ghccopyr.arzoside (53) 

Bromide 45 (2.46 rnrnol) was reacted with 17 (0.81 rnrnol) 
under the conditions for brornide-ion catalyzed glycosylation. 
Column chromatography (hexane - ethyl acetate, 5:l) pro- 
vided an anorneric mixture of a : p  = 9: 1 in 92% yield, from 
which pure 53 was isolated by further chromatography (hex- 
anedichlorornethane-acetone, 10: 1 :0.8) in 62% yield. [a], 
+80.4 (c 0.1, chloroform). 'H NMR (CDC13) 6: 7.40-7.18 (rn, 
30H, 6Ph), 4.99-4.42 (rn, 12H, 6CH,Ph), 4.93 (d, lH, Jl.,r 3.8 
HZ, H-1'),4.54(d, lH, JIV23.5 Hz, H-1), 3.98 (t, IH, J,, - J3,, 
9.5 Hz, H-3), 3.84 (t, J3,,,, - J2,,,, 9.5 Hz, H-3'), 3.70 (over- 
lapped, H-5'), 3.62 (overlapped, H-4), 3.48 (dd, lH, H-2'), 
3.44 (s, 3H, CH,O), 3.42 (dd, lH, H-2), 3.35 (s, 3H, CH30), 
3.33 (t, IH, J,, ,, 9.5 Hz, H-4'). ',c NMR (CDC13) 6: 97.97 (C- 
l), 97.26 (C-1'), 82.15, 80.20 (C-2, C-3), 81.59, 79.85, 79.44 
(C-2', C-3', C-4'), 77.90 (C-4), 75.70, 75.35, 74.99, 73.42, 
73.37,72.42 (6CH2Ph), 70.39,70.3 1 (C-5, C-5'), 68.65 (C-6'), 
66.12 (C-6), 60.62 (CH30-4'), 55.13 (CH30-I). Anal. calcd. 
for Cj6H6201 C 73.82, H 6.86; found: 73.89, H 6.82. 

Methyl 2,3,4-tri-O-betzzyl-6-O-(2,3,4-tri-O-benzyl-6-0- 
methyl-a-D-glucopymanosyl)-a-D-gl~lcopyratloside (54) 

Bromide 46 (2.30 rnrnol) was reacted with alcohol 17 (0.81 
rnrnol) under the conditions for brornide-ion catalyzed glyco- 
sylation. Column chromatography (hexane - ethyl acetate, 
4: 1) provided an anorneric mixture (a:P = 955)  in quantitative 
yield. Further chromatography (hexane<hloroforrn - ethyl 
acetate, 6: 10: 1) afforded pure crystalline 54 (52% yield), rnp 
105-106°C (ether, hexane); [a], +5 1 (c 0.5, chloroform). 'H 
NMR (CDCI,) 6: 7.40-7.20 (rn, 30H, 6Ph), 5.00-4.55 (rn, 
12H, 6CH2Ph), 4.95 (d, lH, J,,,r 3.5 Hz, H-1'), 4.55 (d, lH, 
J,,, 3.5 Hz, H-1), 3.98,3.95 (2t, 2H, H-3, H-3'), 3.52 (dd, over- 
lapped, J,,3' 9.5 Hz, H-2'), 3.44 (dd, lH, J,,, 9.5 Hz, H-2), 
3.35, 3.29 (2s, each 3H, 2CH30). 13c NMR (CDCl,) 6: 97.98 
(C-1), 97.36 (C-1), 82.14, 80.18 (C-2, C-3), 81.57, 79.96 
(C-2', C-3'), 77.80, 77.75 (C-4, C-4'), 75.69, 75.40, 74.97, 
74.92,73.36,72.33 (6CH,Ph), 70.96 (C-6'), 70.38,70.09 (C-5, 
C-5'), 66.09 (C-6), 59.09 (CH30-6'), 55.13 (CH,O-1). Anal. 
calcd. for Cj6H62011: C 73.82, H 6.86; found: C 74.02, H 6.76. 

Methyl 6-O-(2-deoxy-a-~-arabino-hexopyrat~os~l)-a-~- 
glucopyranoside (55) 

The hydrogenolysis of 47 produced 55 in 95% yield. [a], 
+I50 (c  0.5, water). 'H NMR (D20) 6: 5.04 (bd, lH, J,,,rax 2.8 
HZ, J1,,Teq ~ H z ,  H- l'), -4.8 (d, lH, H-1), 3.94 (dd, lH, J6, 6b 

11.0 Hz, J5,6a 4.5 Hz, H-6a), 3.93 (dt, overlapped, J2,,q,3r 5.0 
HZ, J2,ax,3' 11.5 HZ, H-3'), 3.87 (dd, lH, J6'a,6'b 11.5 HZ, J5',6'a 
2.5 Hz, H-6'4, 3.80 (dd and rn, 2H, JUb,,, 5.0 HZ, H-6'b, H-5), 
3.70 (dd and rn, 2H, J6bV5 1.8 HZ, H-6b, H-57, 3.66 (t, l H, J2 - J3,, 9.5 Hz, H-3), 3.58 (dd, lH, J1,2 3.8 Hz, H-2), 3.48 (t, 1 ~ ;  
J,,, 9.5 HZ, H-4), 3.42 (s, 3H, CH30), 3.37 (t, lH, J,,,,, - J,,,,, 
9.0 Hz, H-4'), 2.18 (ddd, lH, J,,,,, JT,, 13.5 Hz, H-2'eq), 1.72 
(ddd, lH, H-2'ax). 

Methyl 6-O-(3-deoxy-a-~-ribo-hexopymnosyl)-a-~- 
glucopy rarzoside (56) 

The hydrogenolysis of 48 produced 56 in quantitative yield. 
[a], + 163 (c 0.5, water). ' H  NMR (D20) 6: 4.85 (d, 1 H, J,, ,, 
3.6 Hz, H-1'), 4.82 (d, lH, J1,2 3.8 HZ, H-l), 4.01 (dd, l ~ ,  
J6,,,, 1 1.5 Hz, Jj,6a 4.0 HZ, H-6a), 3.58 (dd, IH, J2,, 9.5 Hz, H- 
2), 3.55 (t, 1H, - J,,, 9.5 HZ, H-4), 3.44 (s, 3H, CH30), 
2.18 (td, lH, J3,,,,y,, 12.0 HZ, J2',3'eq - J3'eq,J, 4.5 Hz, H-3'eq), 
1.79 (q, lH, J2,,3,ax - J3, ,,., 11.0 Hz, H-3'ax). 

Metlzyl 6-O-(4-deoxy-a-~-xylo-~zexo~yr.nnosy~)-a-~- 
glucopyrnnoside (57) 

The hydrogenolysis of 49 roduced 57 in quantitative yield. P [a], +166.4 (c 0.5, water), H NMR (D20) 6: 4.98 (d, lH, J,,,,, 
3.8 Hz, H- 1'), 4.82 (d, lH, H- I), 4.00 (rn, 3H, H-5', H-6a, H- 
3'1, 3.83 (ddd, 1H, J,,, 9.5 Hz, J5 6, 4.5 HZ, J5,6b 2.0 HZ, H-5), 
3.73 (dd, lH, J6a,6b 11.5 Hz, H-6b), 3.58 (dd, lH, J1,, 3.8 Hz, 
J2,, 9.5 HZ, H-2), 3.52 (t, lH, J3,, 9.5 HZ, H-4), 3.48 (dd, lH, 
J2,,3, 9.5 HZ, H-2'), 3.44 (s, 3H, CH30), 2.00 (ddd, 1 H, Jq ,,,, ,,, 
12.5 Hz, J4,,,,3' 5.2 Hz, Jqeq,,, 1.8 Hz, H-4'eq), 1.46 (q, lH, 
J,p,x,s - J,,,,,,, 12.0 Hz, H-4'ax). 

Methyl 6-O-(6-deoxy-a-D-glucopyt-nnosy1)-a+- 
glucopymtzoside (58) 

The hydrogenolysis of 50 roduced 58 in quantitative yield. P [a], +I52 (c 0.5, water). H NMR (CDC13) 6: 4.88 (d, lH, 
J,,,,, 3.8 HZ, H-l'), 4.80 (d, lH, H-I), 3.95 (dd, lH, 11.0 
Hz, J6,, , 4.5 Hz, H-6a), 3.80 (m, 2H, H-5, H-5'), 3.72 (dd, 1 H, 
J5,,, 2.0 HZ, H-6b), 3.65 (2t, 2H, H-3, H-3'), 3.56 (2dd, 2H, 
J2,, = J2',3' 9.5 HZ, J1,, = J1,,2, 3.8 HZ, H-2, H-2'), 3.50 (dd, lH, 
J3,, 9.0 HZ, J4,, 10.0 HZ, H-4), 3.41 (s, 3H, CH30), 3.15 (t, lH, 
J,,,,, 9.0 HZ, J,,,,, 10.0 HZ, H-47, 1.26 (d, 3H, Jjr,,. 6.2 HZ, H3- 
6'). 

Metlzyl 6-0-(2-0-met~zy~-a-~-g~~icopyrarlosy~)-a-~- 
glucopyranoside (59) 

The hydrogenolysis of 51 produced 59 in quantitative yield. 
[a], +I63 (c 0.5, water), 'H NMR (D,0) 6: 5.20 (d, IH, J,,,, 
3.6 Hz, H-l'), 4.81 (d, lH, H-1), 3.96 (dd, lH, J6a,6b 11.0 HZ, 
J5,6a 4.5 Hz, H-6a), 3.86 (dd, lH, J,.,,,., 11 .O Hz, J,,,,., 2.0 HZ, 
H-6'4, 3.66 (t, lH, J, , - J,,, 9.5 Hz, H-3), 3.57 (dd, lH, J1,2 
3.8 Hz, H-2), 3.50, 3.23 (2s, each 3H, 2CH30), 3.50, 3.44 (2t, 
each IH, H-4, H-4'), 3.3 1 (dd, 1 H, J,, - , 3, 10.0 HZ, H-2'). 

Methyl 6-0- (3-0- t~zet~zy~-cr -o-g~uco~~yra t~osy~) -a-~-  
gl~icopyrntzoside (60) 

The hydrogenolysis of 52 roduced 60 in quantitative yield. P [a], +150.8 (c 0.5, water). H NMR (D20) 6: 4.92 (d, IH, JI,,2, 
3.6 Hz, H-1'), 4.82 (d, lH, J1,, 3.6 Hz, H-1), 3.99 (dd, lH, 
J6u,6b 11.0 HZ, J5,6, 4.5 HZ, H-6a), 3.83 (dd, rn, 2H, H-6'a, H- 
5), 3.61, 3.43 (2s, each 3H, 2CH30). 

Methyl 6-C-(4-0-met/zyl-a-~-glucopyrnnosyl)-a-~- 
gl~~copyratzoside (61) 

The hydrogenolysis of 53 produced 61 in 89% yield. [a], 
+I67 (c 0.5, water), 'H NMR (D,O) 6: 4.94 (d, lH, J,,,, 3.6 
Hz, H-l'), 4.80 (d, lH, H-I), 3.96 (dd, lH, J,,,,, 11.0 H Z ' ~ J ~ , ~ ,  
4.5 Hz, H-6a), 3.65 (t, 1 H, J2,3 - J3,, 9.0 HZ, H-3), 3.56 (s, 
2dd, 5H, H-2, H-2', CH30), 3.49 (dd, IH, J,,, 10.0 Hz, H-4), 
3.42 (s, 3H, CH30), 3.23 (t, IH, J3,,# - J4,,j, 9.5 Hz, H-4'). 
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Lemieux et al 

Methyl 6-0-(6-O-meth~~/-a-~-gii~copyranos)~i)-a-~- 
giilcol~yrcrnoside (62) 

The hydrogenolysis of 54 produced 62 in quantitative yield. 
[a], +I50 (c 0.5, water). 'H NMR (D20) 6: 4.93 (d, lH, J1r,2r 
3.8 HZ, H-1'), 4.81 (d, lH, H-1), 3.97 (dd, lH, J, ,,,, 11.0 Hz, 
J5,6, 4.5 Hz, H-6a), 3.83 (m, 2H, H-5, H-5'), 3.56 (dd, over- 
lapped, J1,2 3.8 HZ, J7_,3 10.0 HZ, H-2), 3.54 (dd, overlapped, 
J2'.3' 9.5 Hz, H-2'),3.51,3.41 (2t, overlapped, H-4, H-4'), 3.42, 
3.39 (2s, each 3H, 2CH30). 
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Quantum yield of singlet dioxygen and 
elucidation of the quenching mechanism for 
the reaction between the doublet excited 
states of tris(bipyridine)chromium(lll) and 
triplet dioxygen 

Acharee Tiyabhorn and K. Omar Zahir 

Abstract: The formation of singlet dioxygen ( lo2)  in the reaction between the doublet excited states of 
tris(bipyridine)chromium(III) and triplet dioxygen in deuterium oxide was detected using near-infrared luminescence 
corresponding to singlet dioxygen decay. In addition, luminescence intensity measurements were used to determine the quantum 
yield of singlet dioxygen produced. A value of 0.86 ? 0.08 was obtained for the yield of lo2. Based on these quantum yield 
measurements, it is proposed that the major quenching mode is energy transfer quenching. However, considering that the lo2 
yield is less than unity and electron transfer quenching is not a viable pathway, it is proposed that, in addition to the energy 
transfer quenching, physical quenching involving spin-catalyzed deactivation of Cr(bpy),,+ may also be operative as a minor 
quenching pathway. 

Key words: Cr(bpy)33+, singlet dioxygen, quenching, quantum yield. 

Resume : Utilisant la luminescence infrarouge correspondant j. la dksactivation du dioxygkne singulet, on a dktectk la formation 
de dioxygkne singulet ('0,) au cours de la rkaction des Ctats doublement excitks du tris(bipyridine)chrome(III) et du dioxygkne 
triplet dans l'oxyde de deutkrium. De plus, on a utilisk des mesures d'intensitk de la luminescence pour dkterminer le rendement 
quantique du dioxygkne singulet produit. On a obtenu une valeur de 0,86 0,08 pour le rendement de lo2.  Sur la base de ces 
mesures de rendements quantiques, il est proposk que le mode majeur de dksactivation soit un transfert d'knergie. Toutefois, si 
l'on considkre que le rendement en lo2 est plus petit que un et que la dksactivation par un transfert d'klectron n'est pas une voie 
rkactionelle viable, il est suggkrk que, en plus de la dksactivation par transfert d'knergie, la dksactivation physique impliquant 
une dksactivation du cr(bpy),,+ catalyske par le spin puisse aussi agir comme voie rnineure de dksactivation. 

Mots clis : cr(bpy),,+, dioxygkne singulet, dksactivation, rendement quantique. 

[Traduit par la redaction] 

Introduction 

The quenching of the luminescent excited states of polypy- 
ridyl complexes of transition metals, particularly those of 
Ru(I1) and Cr(III), by triplet dioxygen (,o,) has been a subject 
of considerable interest for quite some time (1,2). Such studies 
have provided useful fundamental information about the 
nature and reactivity of these excited states (3, 4). Further- 
more, such studies also provide a simple method of evaluating 
new luminescent inorganic photosensitizers and their role in 
mechanistic inorganic photochemistry (5). 

In the case of ,02 quenching of the *RUL,?+ excited states, 
both direct energy transfer (6) and electron transfer (7) pro- 
cesses were initially proposed as the quenching mechanisms. 
Several reports on the yields of '0, production have appeared, 
and quantum yield values ranging from 0.54 to 1.0 have been 
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reported for a variety of RUL,,+ complexes in various solvents 
(6, 8-10). 

In the case of (,E)c~L,,+, hereinafter referred to as *crLj3+, 
it has been suggested that the quenching of *c~L? by 302 
proceeds by an energy transfer pathway leading to singlet 
dioxygen formation (3, 4). However, until now, no direct 
experimental evidence has been presented in support of the 
proposed mechanism and, to the best our knowledge, no mea- 
surements of the '0, quantum yields have been made. The 
only report presenting direct experimental evidence for the 
production of singlet dioxygen for Cr(II1) complexes involves 
the quenching of the phosphorescent excited state of the com- 
plex Cr(taca)(NCS), by triplet dioxygen (1 1). In that study, 
the detection and yield of singlet dioxygen was determined 
using chemical means. It should be noted here that the detec- 
tion of '0, and measurement of its quantum yields is a tricky 
business, and applicability of chemical methods for such stud- 
ies has recently been questioned (10, 12). Emission intensity 
measurements are now considered to be the method of choice 
(10, 12) and should therefore be used for the detection as well 
as for the determination of the yields of singlet dioxygen (10, 
12, 13). In this report, we provide direct spectroscopic evi- 
dence for the formation of '0, as a result of the quenching of 

Can. J. Chern. 74: 336-340 (1996). Printed in Canada 1 Imprirnt au Canada 
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*cr(bpy),,+, where bpy = 2,2'-bipyridine, by ,0,. In addition, 
we have used luminescence intensity measurements to deter- 
mine the quantum yields of '0, produced. Such studies on the 
yields of singlet dioxygen are necessary in order to advance 
our understanding of the quenching mechanism, and to pro- 
vide useful fundamental information about the nature of these 
donor excited states. 

Experimental 

Materials 
Tris(bipyridine)chromium(III) perchlorate was prepared 
according to the published procedure (3) and the purity was 
checked by comparison with the reported UV-vis spectra (14). 
Deuterium oxide (99.9 atom % D) was obtained from Aldrich 
and was used as received. In all cases, the ionic strength of the 
solutions was adjusted to 0.1 M using sodium chloride. All 
solutions, unless specifically mentioned, were prepared using 
D,O as the solvent. The desired solution concentrations of 
dioxygen were obtained by saturation of the solutions with 

plate was a (2.5 x 2.5 cm) Corning 7-56 infrared long-pass fil- 
ter that minimized any radiation below 1100 nm. The photo- 
diode output current was amplified with a Judson 
preamplifier, operating at -20°C to reduce thermal noise. The 
output from the amplifier was then fed into a Nicolet model 
430 digital oscilloscope interfaced to an IBM personal com- 
puter. As a control experiment, both Rose Bengal (RB) and 
tetraphenyl porphrin (TPP), which are known singlet dioxy- 
gen sensitizers, were used to produce lo2 luminescence, 
which was detected using the instrumentation described 
above. For quantum yield measurements, the decay kinetics 
for lo2 was obtained by the computer average of 20 laser 
shots. Within a particular set of experiments, the laser inten- 
sity was found to be very reproducible. Rose Bengal was used 
as a reference standard to quantitatively determine the yield of 
'0, for the ~ r ( b ~ ~ ) , ~ + - ~ 0 ,  reaction. Both sets of experiments 
were performed on solutions under identical excitation condi- 
tions. 

Results and discussion 
pure dioxygen or air. All measurements were made at ambient 
temperature. Irradiation of a cr(bpy),,+ solution with visible light will lead 

to the formation of *~r(bpy),,+. In the absence of triplet di- 

General instrumentation: oxygen, the *cr(bpy),,+ wi'll;ndergo unimolecular decay to 

UV-visible absorption measurements were made using a Per- the ground state as described in eq. [I]. 

kin-Elmer 114 spe~tro~hotometer.  In a few instances when k ,  
the lifetime of *cr(b~v)=,+ was measured. a home-built laser *cr(bpy)33++cr(bp~),3++ h v +  A 

, . . , A  

flash photolysis system similar to the one described elsewhere 
(15, 16) was used. In such studies, the excitation of 52-60 pM Under our experimental conditions, the lifetime of *cr(bpy),,+ 

cr(bpy),,+ solution was carried out using the broadband out- was measured in D 2 0  and was found to be 65 ps. This value is 

put of Coumarin 420 dye. The emission decay of *cr(bpy),,+ in excellent agreement with the value of 61 ps  reported earlier 

was monitored at 727 nm. (1) under slightly different conditions. In the presence of triplet 
dioxygen (aerated or pure dioxygen saturated solutions), the 

Near-infrared emission studies: lifetime measurements gave an average value of (2.5 -C 0.4) x 

The detection of singlet dioxygen (lo2,', ) was carried out by lo7 M-I s-' f or k,, the second order rate constant for the 

observing the infrared luminescence at 1370 nm arising from quenching of *cr(bpy),,+ by triplet dioxygen (eq. [2]). Again 

the first-order decay of lo2. Our singlet dioxygen detection 
system was based on the one reported earlier (17-19). Some 
preliminary studies on '0, detection were conducted at the 
Department of Chemistry, University of California, Los Ange- 
les. All samples used in the luminescence studies were pre- 
pared using 420-440 pM cr(bpy),,+ in D 2 0  and were 
saturated with triplet dioxygen. The solutions were contained 
in a 1 cm2 cuvette. The excitation of the samples was carried 
out using a 200 ns pulse arising from a modified Phase-R 
model DL- 1100 flash lamp pumped dye laser using the appro- 
priate coumarin dye solution. The 1270 nm radiation emerging 
from the solution was detected at a right angle to the laser 
beam using a Judson J-16TE2 (5 mm) germanium photodiode. 
The only element between the cuvette face and diode cover 

the value of k2 obtained in the present study is in very good 
agreement with the value of 2.9 x lo7 M-' s-I in D 2 0  reported 
earlier (3) by Brunschwig and Sutin. A good knowledge of k ,  
and k2 is necessary for our subsequent studies involving quan- 
tum yield measurements. 

Detection of near-infrared luminescence 
In the presence of triplet dioxygen, the most commonly pro- 
posed quenchin pathways for the deactivation of the excited 
states *Cr(bpy)ji in solution are depicted in Scheme 1 The 
electron transfer pathways (B) (both reductive and (or) oxida- 

Scheme 1. 

F b  Cr(bpy):+ + lo2 (energy transfer) 

-K cr(bpy):f + 0; (oxidative quenching) 

*cr(bpy):+ + 3 ~ 2  . kd * ~ r ( b ~ ~ ) : +  I 302 
k-d 

Cr(bpy)? + 0: (reductive quenching) 

@--t ~r(bpy)? + (spin-catalyzed deactivation) 
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Fig. 1. Decay of near-infrared luminescence of singlet dioxygen 
obtained from the laser flash photolysis of '02-saturated D 2 0  
solution containing Rose Bengal as a sensitizer. (Thin line 
represents the decay curve extrapolated to zero time.) 

TIME, ps 

tive quenching) are considered to be endoergonic and have 
been ruled out (3,4). If the energy transfer quenching pathway 
(A) is indeed operative, it will lead to the formation of singlet 
dioxygen. Energy transfer from *cr(bpy),'+ to ", is energet- 
ically possible and spin allowed. The *;cr(bpy)," energy is 
40.1 kcallmol ( I ) ,  which is enough to allow exothermic energy 
transfer to triplet dioxygen to give '0, ('A, = 23 kcallmol). 
The singlet dioxygen formed in reaction [2] can then decay to 
the ground state~via eq. [3] and can be detected by observing 

its near-infrared luminescence at 1270 nm. To validate the 
detection of singlet dioxygen in these studies, singlet dioxygen 
was initially generated using Rose Bengal, which is a well- 
documented sensitizer for singlet dioxygen. Formation and 
decay of '0, produced in a D,O solution containing Rose Ben- 
gal is shown in Fig. 1. The early intense component decayed 
rapidly and had a time constant of - 10 ~ s .  The slow component 
is attributed to the 1270 luminescence of '0, as it disappeared 
when triplet dioxygen in the solution was replaced with He gas. 
With Rose Bengal as a sensitizer, the lifetime of the singlet 
dioxygen was measured in D,O and d,-acetone and was found 
to be 62 and 7 10 ks, respectively. These values are in very good 
agreement with the singlet dioxygen lifetime reported for these 
two solvents (17- 19). 

Similarly, if '0, luminescence is observed when Rose Ben- 
gal is replaced with cr(bpy),,+, it will provide direct evidence 
for the production of '0, in reaction [2]. Indeed, when a solu- 
tion containing 440 FM cr(bpy),,+ in D,O saturated with trip- 
let dioxygen was irradiated with a 420 nm laser pulse, infrared 
luminescence corresponding to '0, production was observed 
as well. Again, in a control experiment, where all other com- 
ponents were present in the solution but triplet dioxygen was 
replaced with He gas, no infrared luminescence signal was 
observed. A profile of '0, luminescence intensity vs. time for 
reaction [2] is shown in Fig. 2. An examination of Fig. 2 shows 
that, due to slow quenching of the 'cr(bpy)?+ by ,0, (k, = 2.5 
x lo7 M-' s-I for cr(bpy)?+ as compared to 2.7 x 10' M-' s-' 
for * ~ u ( b ~ ~ ) , ~ +  and 1.6 x 10' M-I s-I for 'RB) (9), the forma- 

Fig. 2. Decay of near-infrared luminescence of singlet dioxygen 
obtained from the laser flash photolysis of 302-saturated DzO 
solution containing ~ r ( b ~ ~ ) ~ ~ +  as a sensitizer. (Thin line 
represents the decay curve extrapolated to zero time.) 

TIME, ps 

tion of is not instantaneous but a rather prolonged process. 
A computer program (KNSIM)~ was used to simulate the for- 

mation and decay of '0, using [ * ~ r ( b ~ ~ ) , - ' + ]  = 10 FM, k l  = 1.5 
x lo4 s-', three different values of the quenching rate constant, 
k,, as 2.5 x lo6, 2.5 x lo7, and 2.5 x 10' M-I s-', and k3 for the 
decay of '0, as 1.6 x lo4 s-I. The profile for the formation and 
decay of 'o,, obtained from these kinetic simulations, is 
depicted in Fig. 3. A comparison of the experimental (Fig. 2) 
and simulated (Fig. 3) plots show that for the k, value of 2.5 x 
lo7 M-I s-', which is the same as the experimentally deter- 
mined value of the quenching rate constant, the profiles for 
'0, formation and decay are quite similar. Therefore, based on 
our experimental results and computer simulations, we con- 
clude that '0, is indeed produced as a result of quenching of 
* ; ~ r ( b ~ ~ ) , ~ +  by ,o,. 

Quantum yield measurements 
The magnitude of the infrared luminescence intensity has been 
used for quantitative determination of the yields of '0, pro- 
duced for a variety of reactions (10, 12, 13). Considering the 
problems associated with studies involving chemical trapping 
of '0, reported earlier (12), the near-infrared luminescence 
emission method, which is clean and straightforward, has now 
become a method of choice. In these studies, the luminescence 
intensity of '0, for a standard, usually Rose Bengal, acridine, 
or tetraphenyl porphyrin, is determined by extrapolation to 
zero time and then compared, under identical excitation con- 
ditions (i.e., absorbance, laser intensity), with the '0, lumines- 
cence intensity arising from the reaction of interest. In the 
present study, the near-infrared luminescent intensity mea- 
surements were used to determine the quantum yield of '0, 
formation for reaction [2] in D,O as described below. 

The mechanism used for kinetic simulations was based on 
reactions [I]-[3]. The concentration of the 'Cr(bpy),3+ used in the 
sinlulations was 8 k M ,  which was similar to the concentration 
usually produced under our experimental conditions. The 
concentration of the excited state can be varied either by changing 
the initial concentration of cr(bpy),"+ or by changing the laser 
intensity. The kinetic program used for sinlulation was KINSIM, 

which was a gift from Professor James Espenson, Iowa State 
University. 
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Tiyabhorn and Zahir 

Fig. 3. Profile of singlet dioxygen formation and decay obtained for reactions [I]-[3] using the 
kinetic simulation program kinsim. The parameters used for simulations are [ ' ~ r ( b ~ ~ ) , 3 + ]  = 8 FM, 
k, = 1.5 x lo4 s-l, kz = 2.5 x 10%~' s-' (triangle), 2.5 x 10' M-' s-I (circle) 2.5 x lo8 M-I s-I 
(diamond), and k, = 1.6 x 1 O4 s-I. 

0.00E+00 
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04 3.00E-04 

TIME, s 

The exponentially decaying slow component corresponding 
to '0, luminescence (Fig. 1 for Rose Bengal and Fig. 2 for 
~ r ( b ~ ~ ) , ~ ' )  was extrapolated to zero time. Referring to Figs. 1 
and 2, this is the point defined by the intersection between the 
extrapolated part of the curve and the vertical rise of the lumi- 
nescence signal. Considering the fact that the instrument 
response time was approximately 10 ks, and the 302 quench- 
ing of the * ~ r ( b ~ ~ ) , ~ +  was rather slow, the decay curve 
between 40 and 200 k s  was used for extrapolation to zero 
time. Within the same solvent under identical excitation con- 
ditions for Rose Bengal and ~ r ( b ~ ~ ) , ~ + ,  the quantum yield of 
lo2 for reaction [2], hereafter referred to as @*(CR), can be 
calculated using eq. [4] (10): 

Here I,(CR) and I,(RB) are the luminescence intensities at 
zero time for ~ r ( b ~ ~ ) , ~ +  and Rose Bengal, respectively. 
@(^CR) is the quantum yield for the formation of doublet 
excited state * c ~ L ~ ~ '  and is equal to unity (1). @,(RB) is the 
quantum yield of '0, for the Rose ~ e n ~ a l - ~ o ,  system and has 
been determined by others (6, 8 ,9 ,  13) as 0.80. The f(CR) and 
ARB) are the fractions of the ~ r ( b ~ ~ ) , ~ +  and Rose Bengal 
excited states, respectively, that are quenched by triplet diox- 
ygen. The values of f(CR) and (RB) were calculated using the f expression f = kq[30,]lkd + kq[ O,]. Here kd is the rate constant 
for the decay of the sensitizer excited state, and k, is the sec- 
ond-order rate constant for the quenching of the excited states 

by triplet dioxygen. The lifetime of the Rose Bengal excited 
state was determined in the laboratory and was found to be 200 
ps. Therefore, using kd = 5.0 x lo3 s-' and [302] = 2.5 x lo4 
M, a value of 0.98 was calculated for f(RB). Similarly, using 
[302] as 1.2 x M, and the experimentally determined val- 
ues of k, and k,, a value of 0.66 was obtained for f(CR). Using 
all the necessary data and applying eq. [4], a value of 
@,(CR)= 0.86 ? 0.08 was obtained for reaction [2] in D,O. 

Quenching mechanism 
This value of 0.86 for the quantum yield of '0, suggests that 
the energy transfer quenching (pathway A in Scheme 1)  is the 
major quenching pathway for reaction [2] to occur. However, 
as the value of @,(CR) is less than unity, we suspect that, in 
addition to energy transfer quenching, another pathway, 
although minor, may also be operative. The electron transfer 
quenching mode (pathway B, reductive or oxidative) is con- 
sidered to be endoergonic (3, 4). In addition, very little or 
opposite variation of quenching rate constant with AOE of the 
reaction was observed (3). Based on these observations and 
other theoretical considerations, electron transfer quenching 
has been ruled out (3, 4). To account for the less than unity 
yield for '0, production in reaction [Z], we propose that, par- 
allel to the energy transfer quenching, the physical quenching 
(pathway C) may be also operative. It is proposed that once 
the encounter complex ' ~ r ( b p ~ ) ~ ~ + 1 ~ 0 ,  is formed, the spin- 
catalyzed deactivation of the encounter complex will lead to 
the formation of Cr(b y)33+130, which then dissociates to give 
ground state Cr(bpy)pi and '0,. This spin-catalyzed deactiva- 
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tion of the encounter complex can occur in parallel with the 
energy transfer mode that initially produces ~ r ( b ~ ~ ) ~ ~ + ' 0 , ,  
which upon dissociation gives cr(bpy),,+ and '0,. Neverthe- 
less, any contribution from the spin-catalyzed deactivation 
pathway (C) is expect&d to be minor. 

In the case of *RuL3-+ complexes, the excited state is a metal 
to ligand charge transfer excited state and is predominantly 
triplet in nature (2). Therefore, a triplet-triplet energy transfer 
process can be operative and was indeed observed for the 
majority of RUL,,+ com lexes with high yields of '0, (10). In 

!+ 3 the case of * ~ r ( b ~ ~ ) ~  - O,, however, the excited state 
( 2 ~ ~ r ( b p y ) 3 3 +  is metal centered and its deactivation leads to 
the formation of ground state ( ' ~ ) ~ r ( b ~ ~ ) ~ ~ + .  Energy transfer 
in this case is spin allowed as well, and can be considered sim- 
ilar to the sin let triplet energy transfer process. The quench- 
ing of *CrL,k by '0, is observed to be approximately two 
orders of magnitude slower than the quenching of 'RUL,~+ by 
302. We propose that, in the case of chromium complexes, 
slower quenching by triplet dioxygen, is due to the poor over- 
lapping of the donor-accepter orbitals. 

Conclusion 

Use of the infrared luminescence technique in the present stud- 
ies clearly establishes that '0, is produced as a result of 302 
quenching of * ~ r ( b ~ ~ ) ~ , + .  From our quantum yield studies, we 
conclude that the quenching of ' ~ r ( b ~ ~ ) , ~ +  by 3 ~ 2  occurs via 
an energy transfer pathway and that '0, can be produced in a 
high quantum yield. To account for the less than unity value of 
the '0, quantum yield obtained in these studies, we suggest 
that, in addition to the energy transfer quenching that is the 
principle mode of quenching, physical quenching may also be 
operative as a minor quenching mode. We also propose that 
while elucidating the quenching mechanism for the lumines- 
cence excited states of transition metal complexes, in addition 
to the energy and electron transfer pathways, physical quench- 
ing should also be considered when assigning the quenching 
mechanism. 
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Modified method of synthesis of N-substituted 
dithioesters of amino acids and peptides 
in the Pinner reaction1 

Witold Neugebauer, Eric Pinet, Munsok Kim, and Paul R. Carey 

Abstract: An improved method for the synthesis of dithioesters of amino acids and peptides has been developed. The syntheses 
have been carried out from the nitriles. The addition of thiol to the nitrile derivative in the Pinner step of dithioester synthesis 
was activated with hydrogen fluoride. A few examples of dithioester synthesis using liquid HF are described. Some novel 
dithioesters, which are model compounds for resonance Raman spectroscopic studies of dithioacylpapain intermediates, are 
described. 

Key words: dithioesters, amino acids, Pinner reaction, HF, isotopes. 

Resume : Une mCthode amCliorCe de synthkse de dithioesters d'acides amines et de peptides a CtC dCveloppCe. Les synthkses ont 
CtC accomplies ii partir des nitriles correspondants. L'addition du thiol au dCrivC nitrile lors de la synthitse du dithioester, pendant 
la reaction de Pinner, a CtC activCe par le fluomre d'hydrogkne. Nous dCcrivons plusieurs exemples de synthitse de dithioesters 
employant du HF liquide, ainsi que plusieurs nouveaux dithioesters,composC-modtles employCs dans les Ctudes des formes 
passagitres de la dithioacylpapaine par la spectromCtrie de resonance de Raman. 

Mots cle's : dithioesters, acides aminCs, rkaction de Pinner, HF, isotopes, 

Introduction 

Dithiocarboxylic acids and esters have recently attracted atten- 
tion because of their structural and spectroscopic properties 
(1-5), and their application in organic synthesis (6). Since we 
have had difficulty in using available procedures for synthesis 
of dithioesters of N-substituted amino acids or small peptides, 
modification of the most general procedure seemed to be the 
best choice. Several methods of synthesis of this class of 
organo-sulphur compounds have been published (1, 7, 8) and 
reviewed (9). The most common route for dithioester synthesis 
is the procedure based on the Pinner reaction (10, 11). Thiols 
react with nitriles in the presence of hydrogen chloride to give 
imidothioesters and these are the key intermediates in the syn- 
thesis of dithioesters. In the modification reported here, the 
first step of the synthesis is dissolution of the nitrile in an 
excess of liquid hydrogen fluoride at a temperature below 0°C 
to most likely form the [RCNHI'HF; adduct (eq. [I]) (12). In 
the presence of the third reaction component, mercaptan, thio- 
imidate hydrofluoride is produced, [RC(=NH,)SR']+HFc 
(eq. [2]). Unlike the classic Pinner reaction with HC1 saturated 
methylene chloride, all nitrile derivatives are completely solu- 
ble in the reaction mixture. Excess of hydrogen fluoride and 
mercaptan are removed under vacuum and the thioimidate 
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hydrofluoride precipitated. It is then used under anhydrous 
conditions to react with H,S in dry pyridine, forming the 
dithioester, eq. [3] (8). 

Experimental section 

Materials 
All solvents used ( acetone, chloroform, toluene, diethyl ether, 
methanol ) were of ACS purity and were purchased from 
BDH. Pyridine was purchased from BDH and distilled over 
KOH pellets. ~ m m o n i u m  chloride, p-halogen benzoyl chlo- 
rides, p-anisoyl chloride, and ethane thiol were purchased 
from Aldrich. Sodium cyanide, formaldehyde solution, and 
acetic acid were purchased from Anachemia Chemicals. Gas- 
eous HF and H2S were purchased from Matheson Gas, Can- 
ada. Anhydrous gas HF operations were undertaken in an HF 
apparatus (Biosearch). All final products were purified by 
crystallization and column chromatography on silica gel 60 
(E. Merck) with toluene-chloroform-methanol as an eluent 
on medium pressure glass columns (Michel-Miller) 300 mm, 
Aldrich. Chromatographic purity of products was checked on 
TLC (silica gel, aluminium plates, E. Merck) in solvent sys- 
tems A, chloroform-methanol 4: 1, or B, chloroform. The final 
identity of the synthesized compounds was checked by FAB- 
MS spectrometry on Jeol, JMS-AX505H with dithiothreitol- 
dithioerythiol (DTT-DTE) or nitrobenzyl aldehyde (NBA) 
matrix, and in some cases by NMR spectroscopy. 

Synthesis 

General procedure of the Pinner reaction (2,3,3a, 3b, 3c, 3d, 
3e, 3al ,3a2,  3a3,3a4,3a5) 

HF gas was liquified at the temperature of liquid nitrogen. N- 
substituted amino nitrile (10 mmol) and ethanethiol(13 mmol) 

Can. J. Chern. 74: 341-343 (1996). Printed in Canada I IrnprimC au Canada 
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// 
[2] [ RCNH ]+HF2- + R'SH - RC - SR' HF2- 

" &  

[3] RC - SR' HF2- + H2S + N- RC " - SR' + O N - H F  + NH4F 

0 
I I 

[4] NH4CI + HCH +NaCN - CH2=NCH2CN + NaCl + H z 0  

X= H, F, CI, Br, I, OCH3 

were placed in a polyethylene reactor with a stirrer, at liquid 
nitrogen temperature, while HF (3 mL) was added. The reac- 
tion vessel was placed in the Biosearch HF apparatus and the 
reaction was held at O°C and stirred for 1 h. The excess HF and 
ethanethiol were then evaporated at room temperature under a 
water aspirator and finally with an oil pump. The thioimi- 
doester salts produced were precipitated (or solidified) by the 
addition of anhydrous diethyl ether. They were then decanted 
from ether, washed, decanted again, and used in the next syn- 
thetic step. 

Dithiomethyl esters 4 and 6 require the use of liquified 
CH3SH (instead of ethanethiol) prepared the same way as 
liquid HF. Similarly, thiomethyl ester (1) requires dry metha- 
nol. Dithioesters of dipeptides 5 6 ,  and 7 were formed after cou- 
pling of N-acetyl or N-methoxy phenylalanine to amino 
acetonitrile with DCC-pentafluorophenol in the standard man- 
ner (13). 

Dithioesters 
Pyridine , dried over KOH pellets, was saturated with dry H,S 
at 0°C and thioimido esters were added while stirring and pass- 
ing dry H,S for 45 min. H ~ ~ ~ s  generated from heating 3 4 ~  in 
paraffin was used for the isotopically substituted derivative 
(3a5). The coloured solutions (from light yellow to deep 
orange) were then poured into sufficient amounts of ice-cold 
4 N HCl to neutralize the pyridine. The dithioesters were crys- 
tallized or precipitated and were collected by filtration and 

washed with cold water. The precipitates (crystals) were pre- 
cipitated with water from acetone solution, then dissolved in 
chloroform and chloroform solution that was dried by rotary 
evaporation. The crude dithioesters were dissolved in a rnini- 
mum volume of chloroform (1-3 mL) and purified on a silica 
gel column that was washed with toluene and solvent 
exchange under medium pressure from 10% chloroform in tol- 
uene (30 min) to 50% and 100% chloroform (65 min each). 
Finally the column was washed with methanol and toluene for 
the next purification. TLC identifications in solvent systems A 
and B were made, and the dithioesters were collected. Their 
identity was verified by FAB/MS spectrometry using NBA or 
DTT-DTE as a matrix. 

General procedure for Strecker reaction (3a1, 3a2, 3a3, 3a4) 
Isotopic substitutions were made using labelled substrates in a 
Strecker type synthesis; N ~ I ~ C N  (3al), H'~c(=o)H (3n2), 
1 5 ~ ~ 4 ~ 1  (3a3), DC(=O)D in D 2 0  (3a4). 

NH4Cl (2.16 g, 0.04) mol was dissolved in 6 mL (0.04 mol) 
formaldehyde at the ice-bath temperature and, while stirring, 
2 g (0.04 mol) NaCN in 6 mL water was added dropwise over 
2.5 h. Stirring continued for another 1.5 h and 1.33 mL of ace- 
tic acid was added dropwise over 1 h. After 2.5 h, the white 
precipitate was filtered, washed with cold water, and dried 
under high vacuum overnight. Yield 1.49 g (59.7%), mp 124- 
126"C, Schiff base derivative reaction [4]. 

CH2NCH2CN powder (1.49 g, 0.02 mol) was added to 1.3 
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Neugebauer et al. 

Table 1. Products obtained in the Pinner reaction with liquid HF. 

M + l  
Product (FABMS) 

1 CH,C(=O)NHCH2C(=S)OCH3 148 
2 CH3C(=O)NHCH2C(=S)SCH2CH, 178 
3 C,H,C(=O)NHCH,C(=S)SCH,CH, 240 
3a p-CIC6H,C(=O)NHCH2C(=S)SCH2CH, 274 
3b p-BrC6H,C(=O)NHCH2C(=S)SCH2CH, 319 
3c p-FC6H,C(=O)NHCH2C(=S)SCH?CH, 258 
3d p-IC6H,C(=O)NHCH2C(=S)SCH2CH, 365 
3e p-CH,0C6H,C(=O)NHCH2C(=S)SCH2CH, 270 
301 ~-C~C,H,C(=O)NHCH~'~C(=S)SCHICH, 275 
3a2 p-C1C6~,C(=O)~~'3CH2C(=S)~C~2CH, 275 
3a3 l>-C1C6H,C(=O)'5NHCH2C(=S)SCH,CH, 275 
3a4 p-C1C6H,C(=O)NHCD2C(=S)SCH2CH, 276 
3n5 p-CIC6H,C(=O)NHCH2C(=)4S)SCHZCH3 276 
4 C,H,C(=O)NHCH,C(=S)SCH, 226 
5 CH,C(=O)NHCH(CH2C6H,)C(=O)NHCH2C(=S)SCH2CH3 325 
6 CH,0)NHCH(CH,C,H5)C(=O)NHCH2C(=S)SCH3 299 

Melting 
Yield point 
( 1  ("C) 

30 Oil 
42 7 1 
87 98 
67.8 94 
47.8 117 
67.7 104 
48.4 113 
51.2 116 
65.5 95 
66.7 94 
40.2 95 
6 1 99 
67 100 
27 86 
37.4 132 
27 130 

mL H,S04 in 5.85 mL ethanol and dissolved at room temper- 
ature. The solution was then placed in the ice-bath for 2-4 h. 
The precipitate was filtered, washed with cold ethanol, and 
dried under high vacuum overnight. The yield of amino aceto- 
nitrile sulphate, mp 152-153"C, was 89.7% (reaction [S]). 

Amino acetonitrile salt (1.557 g, 0.01 mol) was dissolved in 
13 mL of well-stirred 10% NaOH at the ice-bath temperature 
and, while stirring, 1.5 mL (0.01 18 mol) p-chloro benzoyl- 
chloride in 3.5 mL THF was added over 20 min. The pH of the 
reaction was maintained at 14 by adding NaOH solution. After 
3 h a quantitative amount of amido acetonitrile derivative was 
filtered and recrystallized from CC14. Further purification 
required dissolution in hot acetone, addition of charcoal, filtra- 
tion through Celite 454, and precipitation of the final product 
with water (mp 145°C). 

Results and discussion 

The Pinner method of dithioester synthesis cannot be consid- 
ered general for the preparation of this class of compounds, 
even though many attempts have been made. Using this 
approach, we tried to synthesize several dithioesters and the 
resulting yield was unsatisfactory (I), especially for the isoto- 
pic derivatives we wanted to make. Low yields in the classic 
Pinner procedure are a result of the poor solubility of N-sub- 
stituted amino nitrile substrates in HCl saturated dichlo- 
romethane. Some of the N substitutions are not stable under 
these conditions especially in the presence of a trace amount of 
water. Use of liquid HF at low temperature gives full and imme- 
diate solubility of the N-substituted derivatives in the reaction 
mixture. This raises the reaction yield to the 70% range, which 
is a dramatic improvement over the old procedure (1). The final 

products synthesized by this improved method are summarized 
in Table 1. As an alternative, simple apparatus can be used: the 
reaction with HF could be performed in a polyethylene vessel, 
linked to the HF bottle on one side and a water aspirator on the 
other. This reactor must be capable of being cooled by liquid 
nitrogen and of being magnetically stirred. Such a simple 
arrangement for the reaction vessel could be considered as a 
general method for the synthesis of dithioesters of N-substi- 
tuted amino acids and some peptides. 
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Hongbo Su and Michael Thompson 

Rheological and interfacial properties of 
nucleic acid films studied by thickness - shear 
mode sensor and network analysis 

Abstract: Complete characterization of the thickness - shear mode (TSM) acoustic wave sensor coated with films of nucleic 
acid and subjected to conductive solution loading is achieved through network analysis of impedance measurements. The 
responses of coated sensors with respect to series resonant frequency can be separated into two regions. When 0 < u 
< 0.5 R-I m-' the frequencies for sensors with films of single strand (ss) DNA or polycytidylic (5') (Poly C) in place rise 
significantly with increasing conductivity. The motional resistances for sensors coated with both species peak at the same value 
of conductivity where the frequency has the most rapid shift. In the second region (0.5 < u < 12 R-' m-I), the frequency response 
for the ss DNA system exhibits a bell-shaped curve, with a minimum at u = 4 0-' m-l. The motional resistances for both nucleic 
acid layers show reversible behaviour, whereas TSM sensors with bare PdO and Au electrodes yield little change. Models that 
consider only the bulk properties of solutions fail to explain the observed changes in frequency. On the other hand, an equivalent 
circuit model incorporating the rheological properties of nucleic acid layers on the sensor surface is successful in explaining the 
various responses. 

Key words: DNA sensor, network analysis, thickness - shear mode sensor, DNA interfacial properties, 

RCsumC : Faisant appel i une analyse de rCseau des mesures d3impCdance, on a rkalisC une caracthrisation complkte de senseurs 
enduits de films d'acide nuclkique, opCrant en mode de cisaillement de I'Cpaisseur et soumis h un chargement de solution 
conductrice. Les rkponses des senseurs enduits par rapport h la frkquence de rCsonance en sCrie ont pu &tre sCparCe en deux 
rkgions. Lorsque 0 <a < 0,5 m-I, les frequences des senseurs avec des films d'ADN i simples brins (sb) ou polycytidyliques 
(5') (Poly C) en place augmentent beaucoup avec une augmentation de la conductivitC. Les rCsistances au mouvement des 
senseurs enduits avec les deux espkces atteignent un sommet pour la m&me valeur de la conductivitk alors que la frCquence 
prCsente le dkplacement le plus rapide. Dans la deuxikme region (0,5 < u < 12 m-I), la frkquence de rCponse du systkme 
ADN sb prCsente une courbe en forme de cloche avec un minimum i u = 4 R-I m-I. Les rCsistances au mouvement pour les deux 
couches d'acides nuclCiques prksentent dans les deux cas un comportement reversible alors que le senseur MCE avec des 
Clectrodes de PdO ou de Au nues ne prCsentent pratiquement pas de changements. Les modkles qui ne considkrent que les 
propriCtCs globales des solutions n'arrivent pas h expliquer les changements observCs dans les frkquences. Par ailleurs, un 
modkle par circuit Cquivalent incorporant les propriCtCs rhCologiques des couches d'acide nuclCique sur la surface du senseur 
permet d'expliquer les diverses rkponses. 

Mots clPs : senseur h I'ADN, analyse de rCseau, senseur en mode de cisaillement de I'Cpaisseur, propriCtks interfaciales de 
1' ADN. 

[Traduit par la redaction] 

Introduction 

Technology associated with DNA hybridization has played a 
major role in the rapid progress of biological research since 
Watson and Crick deduced the three-dimensional structure of 
B DNA in 1953 (1, 2). However, the 3 ' ~  DNA labelling 
hybridization procedures that are currently employed have the 
following disadvantages: the effort required for labelling, the 
requirement for radiochemical facilities, and the laborious 
nature of studies of hybridization kinetics. There has been 
recent strong interest in the direct, real-time detection of 
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hybridization in a biosensor format (3,4). In the DNA biosen- 
sor strategy, a single strand nucleic acid attached to the surface 
of a transducer device can complex the complementary strand 
in the solution phase to generate a direct signal. Optical (5, 6), 
electrochemical (7-10) and acoustic wave (1 1-22) technolo- 
gies have been dominant in attempts to develop a so-called 
DNA biosensor based on DNA hybridization. 

With respect to acoustic wave sensors, the first report on the 
direct detection of nucleic acid interactions was provided by 
Fawcett et al. (1 1). A polyadenylic acid (5') (Poly A) probe 
was covalently linked to a polymer via the pendent carboxylic 
acid groups. The resonant frequency for a 9-MHz crystal 
exhibited a 500 Hz decrease upon hybridization of poly- 
uridylic acid (5') (Poly U) with complementary Poly A. Since 
this early work, a number of articles have appeared employing 
similar procedures, resulting in microgravimetric measure- 
ments of nucleic acid based on gas-phase responses (12-14). 
Gold surfaces of a 9-MHz piezoelectric quartz crystal were 
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pretreated by anodic oxidation followed by activation with y- 
aminopropyltriethoxysilane. Sheared single stranded (ss) 
salmon sperm DNA probe was then electro-blotted onto the 
silanized surface of crystal electrodes and further immobilized 
on the surface by UV cross-linking. About 0.8 k g  ss DNA was 
immobilized and hybridized to 0.57 kg cDNA, corresponding 
to 232 and 165 Hz decreases in resonant frequency for gas- 
phase measurement, respectively (12). Richards and Bach (I 3) 
performed an ingenious DNA hybridization experiment in 
which amplification of mass was obtained using iron oxide 
microparticles. These entities, bearing one of the reacting 
pairs, are attracted to the sensor surface by a magnetic field. 
Recently, Oyama and co-workers (14) reported that A-phage 
DNA can be covalently immobilized onto the gold surface of a 
TSM sensor and that dissociation and hybridization of immo- 
bilized DNA can be monitored by impedance analysis in the 
gas phase. The occurrence of immobilization and hybridiza- 
tion of DNA were then said to be confirmed by a small 
decrease off,,,,, (the frequency giving the maximum conduc- 
tance) and increases of motional resistance. It should be 
emphasized that these various gas-phase microgravimetric 
measurements suffer from problems with nonspecific adsorp- 
tion and highly variable hydration of nucleic acid. 

The first in situ liquid-phase measurements involved an 
acoustic plate mode device, which was developed by Lade and 
co-workers (1 5). These authors employed the same carbodiim- 
ide activation immobilization procedure as described above. 
The hybridization of short oligomer dA with surface-bound dT 
was monitored by the frequency and relative phase changes. 
However, application-oriented DNA samples were not tested 
with respect to potential interferences in this work. Secondly, 
avidin was immobilized onto the surfaces of the gold electrode 
of a TSM sensor by irreversible absorption and the detection of 
herpes simplex virus nucleic acid through avidin-biotin inter- 
action was demonstrated (16). A gold electrode was also 
employed to attach a single strand of DNA to a self-assembled 
monolayer of 1 1-mercaptoundecanoic acid (17). Calf thymus 
DNA was bound to the -COOH functional groups of the self- 
assembled I 1-mercaptoundecanoic acid directed outward to 
the solution side by the carbodiimide activation reaction. A sub- 
sequent experiment also demonstrated direct detection of DNA 
hybridization (involving a conventional mass-based response). 
Ten-mer deoxynucleotide having a mercaptopropyl group at 
the 5'-phosphate end was prepared by the phosphoramidite 
method and then immobilized onto a gold surface via the SH 
group (1 8). However, no evidence was presented to confirm the 
occurrence of hybridization at the sensor-liquid interface. 

We have reported in previous papers the in situ detection of 
polynucleotide (19) and pPT-2 DNA hybridization (20) at the 
surface of palladium electrodes sputtered onto underlying gold 
electrodes of TSM sensors. Hybridization of complementary 
strands of nucleic acid at the device-liquid interface results in 
series resonant frequency signals that are significantly higher 
than expected from the conventional Sauerbrey mass res- 
ponse. This effect was attributed to the perturbation of interfa- 
cial viscosity associated with the hybridization process. 

A particularly important consideration in the development 
of an acoustic wave biosensor for DNA hybridization is the 
nature of TSM behaviour and transduction mechanism in liq- 
uid (a summary of theoretical approaches employed previ- 
ously is given in Table 1; symbols are explained in Table 2). A 

Table 1. Liquid phase theories of TSM acousitc wave sensors." 

Mathematical model Authors (Ref.) 

Sauerbrey (23) 

-6 3/2 I/ 2  
[21 A f =  -2.26 x 10 f o  (qLpL) Bruckenstein and 

Shay (24) 

Kanazawa and 
Gordon (25) 

Af, K2 E l 2  (3 2 
[4] - = - - Shana and Josse 

.fo x2 '22 + E~ o2 + WZ(E,,,, + E ~ ) '  -- (26) 

Reed et al. (27) 

Martin and Frye 

2wo 
[71 Z(p,, c, e.  TI, E, PL, v, a. h, A )  = , j  Kipling and 

co-workers (29) 

Muramatsu et al. 
(30) 

L ,  2opLqL 
[91 R,,, = $(:-)2 + C O , ~ [ ~ )  Martin and 

co-workers (3 1) 

"A glossary of the symbols used is given in Table 2. 

large number of studies have invoked the well-known Sauer- 
brey equation where changes in resonant frequency are con- 
sidered to be proportional to added mass on the device surface 
(eq. [I], Table 1). However, the acoustic wave sensor is also 
affected by a number of other interfacial properties when it is 
being operated in the liquid phase. Recent research has centred 
on the role played by surface free energy, molecular slip, sur- 
face roughness, acoustoelectric coupling, and viscoelasticity. 
The latter property is expected to be crucial if a film of a mac- 
romolecular entity is imposed at the sensor-liquid interface. In 
this respect, correlation of changes in rheological properties of 
a polymer with the response of theTSM sensor in liquid has 
recently been examined (27, 28). It has been proposed that a 
thin film with viscoelastic properties can be regarded as rigid 
if TI << 116, where 116 is a constant for acoustic waves prop- 
agating through a film of thickness TI,  which is in the range of 
tens of hundreds of nanometers (32). Moreover, it has been 
demonstrated that the Langmuir-Blodgett multilayer system, 
as well as polymer films, with a thickness up to 300 nm can be 
regarded as rigid (33). However, examples of viscoelastic 
effects in TSM investigations have also been found. Orata and 
Buttry (34) showed that polyacrylamide films impregnated 
with hexokinase give much larger changes in frequency values 
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Table 2. Glossary of symbols used. 

Can. J. Chem. Vol. 74, 1996 

Table 2. (conclzcded). 

piezoelectrically active area of a TSM device 
elastic constant of quartz (piezoelectrically stiffened) 
stiffened elastic constant of the quartz crystal 
effective complex shear modulus of an AT-cut piezo- 

electric quartz crystal 
motional capacitance 
motional capacitance for a uncoated TSM device 
electrostatic capacitance 
phase angle of impedance 
maximum phase angle 
solution conductivity 
dissipation coefficient of the quartz crystal 
viscous relaxation time characteristic of the fluid 
parameter related to the distribution of viscous relaxation 

time 
thickness of a quartz plate 
piezoelectric stress constant 
permittivity of free space 
permittivity of liquid 
permittivity of quartz 
dielectric constants for a quartz crystal 
dielectric constants for liquid 
anti-resonant frequency 
resonant frequency when the energy dissipation Rtn equals 

zero 
series resonant frequency 
parallel resonant frequency 
frequency at minimum impedance 
frequency at maximum impedance 
frequency at maximum phase angle 
series resonant frequency change 
fundamental series resonant frequency of a quartz crystal 
complex modulus of a polymer film 
shear storage modulus of a polymer film 
shear loss modulus of a polymer film 
acoustoelectric coupling constant 
motional inductance 
motional inductance of an uncoated TSM device 
mass change 
number of faces of a crystal in contact with a liquid 
harmonic number (N = 1 for fundamental mode) 
bulk viscostiy of the liquid 
dynamic viscosity 
bulk density of a liquid 
density of a quartz crystal 
polymer density 
quality factor, defined as oL,,,IR, 
equal to CdC,, 
motional resistance 
motional resistance of an uncoated TSM device 
DNA primary relaxation temperature, which is associated 

with motions of DNA chain segments. This relaxation is 
accompanied by large changes in the modulus and vis- 
cosity of a polymer 

relaxation associated with the motions of groups attached 
to the DNA polymer backbone 

thickness of a polymer immobilized on a TSM sensor sur- 
f ace 

angular frequency 
- 

IZI magnitude of impedance 
R resistance, the real part of Z 
X reactance, the imaginary part of Z 
I Z l i  minimum magnitude of impedance 
IZI,,,, maximum magnitude of imedance 
6 loss tangent of a polymer film 

6, decay length of acoustic wave propagation, which is in the 
range of about 1 pm 

than expected when glucose binds to the enzyme in the film. 
This was attributed to  changes in the mechanical properties of 
the polymer film with a corresponding change in the product 
of the viscosity and density. The viscoelastic effect was also 
found in the investigation of polymer-coated acoustic wave 
devices in the gas phase. Grate et al. (35) demonstrated that the 
polymer-phase swelling can make a significant contribution to 
the response of polymer-coated surface acoustic wave vapour 
sensors. The response to  this volume increase operates in the 
same direction as the gravimetric response, effectively multi- 
plying the sensitivity of the sensor. More recently, Martin and 
Frye (28) characterized the relatively thick polymer-coated 
T S M  sensor in the gas phase by impedance analysis. An  
equivalent circuit model was derived that relates the near-res- 
onant electrical characteristics of a polymer-coated T S M  sen- 
sor to the film properties. A different physical model was also 
proposed by Reed et  al. (27) to  describe the viscoelasticity of a 
T S M  sensor in viscous liquid. 

The ionic environment of an immobilized polynucleotide 
chain influences its behaviour. Long-range electrostatic repul- 
sions will extend a DNAIRNA polymer beyond the average 
dimensions expected for an uncharged macromolecule; this 
effect will be more prominent at lower ionic strength. This 
expansion will, in turn, influence other properties of a DNA/ 
RNA polymer, such as  viscosity and moduli, at the solid-solu- 
tion interface. Accordingly, the work described in the present 
paper is concerned with exposure of bare and nucleic acid 
coated sensors to solutions of varying conductivity and to dif- 
ferent temperatures in order to examine such effects. T h e  
responses of the sensor, which are characterized by the acous- 
tic wave network analysis technique, are considered in terms 
of models that invoke added mass effects, bulk solution prop- 
erties, acoustoelectric coupling, and rheological parameters. 

Experimental 

Materials 
Double strand calf thymus D N A  solution (10 mg m ~ - l )  and 
polycytidylic acid(5') (Poly C )  were purchased from Sigma 
(St. Louis, Mo,) and used without further purification. All 
other reagents were analytical grade, and Millipore water 
(18.2 M R  m-I) was used. AT-cut quartz piezoelectric crystals 
(9 MHz) with gold electrodes were supplied by International 
Crystal Manufacturing, Co. Oklahoma City, Okla. Palladium 
was sputtered on the gold electrodes using a Perkin-Elmer 
Ultek 2400-8SA rf sputtering system. Presputtering was per- 
formed for 15 min, then about 5 0  nm of palladium was depos- 
ited on the surface. The  formation of a surface PdO layer in a n  
Ar-O2 environment was confirmed by X-ray photoelectron 
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Su and Thompson 

Fig. 1. Typical plots of the magnitude (121) and phase angle (0) 
of impedance of a 9-MHz TSM sensor upon water loading (a) 
and an equivalent electrical circuit (b). a: measured phase 
angle of the impedance; b: simulated phase angle from the 
equivalent circuit; c: measured magnitude of the impedance; d: 
simulated impedance from the equivalent circuit. 

10000 
( a )  

40 

3 
0 2 - g 1, . - 

3 
N 4 0  8 

e . . . . . . . . . . . . . . 

-80 

100 
8.96 8.98 9.00 9.02 9.04 

Frequency (h4Hz) 

spectroscopy (XPS). The palladium target was obtained from 
Pure Tech. Inc. of New York. 

Apparatus 
The instrument used to characterize the TSM devices was an 
HP4 195A NetworWSpectrum Analyzer (Hewlett-Packard). 
An HP4 195A impedance kit was used to make direct measure- 
ments of impedance as described previously (20). The values 
of the equivalent circuit elements of the quartz crystal are cal- 
culated internally by the HP 4195A from the measured data. 
All the data were transferred to an IBM compatible computer 
through an IEEE-488 bus. 

Procedures 

Denaturation of double strand DNA into single strand c a y  
thymus DNA (ss CT DNA) 

A 40 p,L sample of double strand DNA solution was denatured 
by heating for 5 min at boiling water temperature, followed by 
rapid chilling in ice-water for at least 5 min. The denatured 
DNA solution was kept in an ice-water bath before using. 

S~irjkce in~tnobilization of rzucleic acids on TSMs 
A 40 IJ.L sample of a single strand calf thymus DNA solution 
(1 mg m ~ - ' )  was placed on the palladium electrodes of the 
TSM device. The sensor was rinsed copiously with water and 

immersed in water at 70°C for 320 min, followed by drying 
with nitrogen gas. Poly C (1 mg m ~ - ' )  was immobilized by 
the same procedure. The immobilization of nucleic acids was 
confirmed by XPS and the frequency changes before and after 
treatment. The sensor surfaces coated with nucleic acids 
exhibited very low advancing water angles (<lo0), indicating 
a very hydrophilic surface. 

Acoustic network analysis 
Prior to the network analysis measurements, one face of a 
TSM sensor was exposured to Millipore water while the other 
was kept under nitrogen gas. The water was then drained off 
after stabilization and a 0.005 mM KC1 sample solution was 
injected. The steady-state parameters were measured again 
after incubating for specific periods of time. Similar proce- 
dures were employed for higher concentrations of KC1 solu- 
tion. The measurements were also performed at various 
temperatures. The impedance responses of uncoated TSM 
devices agree with published results (36). To ensure reproduc- 
ibility of the DNAIRNA-immobilized TSM performance, the 
experiments were repeated at least three times, using a new 
TSM device for each concentration. The conductivities of the 
various solutions were calculated from the corresponding 
solution concentrations. 

Data fitting 
Fits were performed by a program written in MathCad 4.0. 
This program uses a modified Neadler-Mead Simplex algo- 
rithm to minimize the sum of the squares of the differences 
between the measured and computed magnitudes of the 
impedance data. 

Results and discussion 

Acoustic network analysis 
Before discussion of the responses of the nucleic acid coated 
TSM sensors it is necessary to review briefly the parameters 
yielded by network analysis of equivalent circuit data. The 
network analysis method is a passive technique that provides 
direct measurement of a large number of parameters, in addi- 
tion to the series resonant frequency. The values of the magni- 
tude and phase of the impedance of the quartz crystal can be 
determined at each frequency from the voltage and current, 
and electrical quantities can be found from the magnitude of 
the impedance-frequency curves (Fig. 1). Definitions of the 
various terms employed in the network analysis method are 
collected in Table 3. 

Motional resistance R,, represents the dissipation of electri- 
cal energy in the quartz crystal. The energy is converted to 
thermal energy, which flows into the liquid environment in 
contact with the device in the form of an acoustic wave, 
including internal dissipation, air damping, surface friction, 
coating viscoelasticity, and mounting losses. The effects of the 
energy dissipation on the magnitude and phase angle of the 
impedance are demonstrated in Fig. 2 by assuming other 
parameters are constant. R, is increased from 10 a to 1 k a  
and the magnitude of impedance and phase angle versus fre- 
quency curves is simulated. Increasing R, causes the damping 
of both the IZI-frequency and phase-frequency curves. The 
broadening and diminishing of the resonance peaks arises 
from power dissipation due to increasing R,. An important 
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Table 3. Summary of the parameters employed in the network analysis method. 
(A glossary of the symbols used is given in Table 2.) 

Equations Parameters 

[12] 0 = tan-' (X/R) 

Impedance, Z (R and X are 
resistance and reactance, respectively) 

Magnitude of impedance of quartz, IZI 

Phase angle of impedance, 0 

Series resonanct frequency,& 

Parallel resonant frequency, fp 

Resonant frequency, fR 

Antiresonant frequency, fA 

Frequency at minimum 121, f, 

Frequency at maximum IZl, f,, 

Motional resistance R,, for an 
unperturbed quartz crystal 

Motional capacitance C,,, for an 
unperturbed quartz crystal 

Electrostatic capacitance Co 

Fig. 2. Effect of the motional resistance R, on the magnitude 
and phase of the impedance of a TSM sensor. 1: 10 Q 2: 100 a ,  
3: 300 n ,  4: 600 n ,  5: s o o n ,  6: iooo 

8.94 8.95 8.96 8.97 8.98 8.99 

Frequency (MHz) 

Fig. 3. Effect of the motional resistance R, on the characteristic 
frequencies of a TSM sensor. The series and parallel resonant 
frequencies cease to exist when the maximum phase angle is 
below zero. 

Motional Resistance R, (100 ohms) 

phenomenon is that when R, reaches a certain value, as in the 
case where R, = 800 R, the maximum phase angle becomes 
negative. The consequence is that the frequencies at zero 
phase angle, f, and fp ,  no longer exist. However, several other 
quantities can still be measured from the network analysis to 
describe the behaviour of the quartz resonator under these 
extreme conditions, including other characteristic frequencies. 
The effect of the motional resistance on the characteristic fre- 
quencies is shown in Fig. 3. With increasing R,, the series res- 
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Su and Thompson 

Fig. 4. Effect of the motional inductance L, on the phase and 
magnitude of the impedance of a TSM sensor. 

Frequency (MHz) 

onant frequency and the parallel resonant frequency converge 
and eventually coincide. On the other hand, with increasing R, 
the difference between f, and f ,  increases, reflecting the 
broadening of the resonance peak. Both f, and f ,  are strongly 
influenced by R, and they always exist regardless of the value 
of R,. Figure 3 indicates that the series resonant frequency f, 
should increase almost linearly 10 kHz as R, increases from 
10 to 800 0. However, theoretical and experimental results 
have shown that f, should decrease and R, should increase 
with (pL-qL)1'2, as described by eqs. [3] and [9] (Table 1). This 
kind of discrepancy shows that further theoretical work should 
be undertaken to relate both series resonant frequency and 
motional resistance changes to liquid phase properties. 

In the solution phase the motional inductance L, represents 
the kinetic energy transfer between the TSM resonator and the 
conducting solution. The efficiency of the interaction depends 
on the coupling between the shear plane and the solution layer 
adjacent to the solid. Figure 4 shows the theoretical calculation 
of the magnitude of the impedance (bottom) and phase (top) as 
functions of frequency at various L,. Although it has little 
effect on the shapes of IZI-frequency and 0-frequency curves, 
L, shifts them down to low frequency. C, represents the elas- 
ticity of the quartz crystal, which corresponds to lattice-restor- 
ing forces. The effect of the motional capacitance on the 
magnitude of impedance and phase vs. frequency curves is 
illustrated in Fig. 5. Increasing C, causes the upward move- 
ment of both IZI-frequency and 0-frequency curves, without 
changing their pattern. In theory, both L, and C,, have dra- 

Fig. 5. Effect of the motional capacitance C, on the phase and 
magnitude of the impedance of a TSM sensor. 

'" 8.h 
1 

8.92 8.94 8.96 8.98 9.00 

Frequency (MHz) 

matic influences on a uncoated TSM sensor vibrating in a liq- 
uid. It would be expected that C, would become more 
important when the TSM sensor is in contact with a viscoelas- 
tic fluid or a polymer film. 

At frequencies far from the resonant frequency, the quartz 
plate is equivalent to a simple plate capacitor having a capac- 
itance Co. Figure 6 depicts the calculated results of IZI-fre- 
quency and 0-frequency curves at five different electrostatic 
capacitances. Co is decreased from 25.0 to 10.0 pF and this 
causes the asymmetric damping of both curves. Furthermore, 
Co dominates the impedance near the condition of parallel res- 
onance and diminishes it near series resonance. Accordingly, 
the measurement off ,  can be very useful in determining spe- 
cific properties of the media surrounding the quartz crystal, 
especially in the case of electrolytes (26). From an equivalent 
circuit point of view, the formation of an electrical double 
layer at the TSM electrode - liquid interface can be regarded 
as an added shunt capacitance in parallel to the sensor. Thus, 
the measurement of Co under conductive solution loading con- 
sists of contributions from the quartz substrate as well as from 
the electrified interface. 

Responses of nucleic acid coated sensors in contact with 
electrolyte 

Series resonant frequency (f,) changes for uncoated and 
nucleic acid coated resonators in contact with various KC1 
solutions are shown in Fig. 7(a). The changes relative to water 
are plotted against the solution ion conductivity, a. The den- 
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Fig. 6. Effect of the electrostatic capacitance C, on the phase 
and magnitude of the impedance of a TSM sensor. 

Frequency (MHz) 

sity and viscosity of the solution are very similar to those of 
water.  heref for;. an increase in ionic concentration does not 
change the trapped mass component, and thus the series reso- 
nant frequency, according to eq. [ I ]  (Table 1). However, the 
series resonant frequencies of nucleic acid coated TSM sen- 
sors did change upon solution loading. Figure 7(a) clearly 
shows that the series resonant frequency responses of nucleic 
acid coated sensors can be separated into two regions. When 
0 < a < 0.5 R-' m-I (region I), the series resonant frequencies 
of ss calf thymus DNA and RNA homopolymer Poly C-coated 
resonators increase significantly with conductivity by 1400- 
2 100 Hz. In the absence of any nucleic acid coating, however, 
a decrease of 100-300 Hz was observed, which is attributed to 
the acoustoelectric coupling effect (36). In region I1 (0.5 < a < 
12 R-' m-I), little change in f ,  was observed with Poly C 
coated, bare PdO and Au sensors. However, the frequency 
response of the ss DNA coated sensor shows a bell-shaped 
curve with a minimum at a = 4 R-I m-I. As mentioned above, 
motional resistance (R,) changes will be governed by energy 
losses arising from propagation of the acoustic wave into the 
liquid. For solvents not containing electrolyte, it appears that 
the behaviour of R, is dominated by the bulk properties of the 
liquid, expressed as the square root of the density-viscosity 
product (eq. [9], Table 1). When an electrolyte is involved, 
acoustoelectric coupling becomes very significant for 
uncoated TSM sensors. The motional resistance changes 
obtained for resonators (uncoated and nucleic acid coated) in 

Fig. 7. Responses of the series resonant frequency f, change (a) 
and the motional resistance R,, (b) of TSM sensors with one side 
in contact with KC1 solution. 

+ Au 
PdO 

(a) 
x Poly C-coated 

2000 0 s.s. CT DNA-coated 

1500 

1000 

+ Au 
PdO (b) 

X Poly C-coated 
650 0 s.s. (JT DNA-coated 

0 

550 : 0 

Conductivity a ( ~ h ' )  

contact with a series of KC1 solutions are plotted against the 
solution ion conductivity (a)  in Fig. 7(b). This clearly shows 
that the change in R, for nucleic acid coated sensors can be 
separated into two regions, in the same way as the changes in 
series resonant frequency. When 0 < a < 0.5 R-' m-' (region 
I), the R, of both ss calf thymus DNA and Poly C coated res- 
onators shows significant variation, with a maximum at the 
same value of conductivity where f, has the most rapid shift. 
However, the PdO- and Au-deposited TSM sensors without 
nucleic acid coatings show a small 20 R decrease, which may 
be caused by energy storage in the electrical double layer (36). 
In region I1 (0.5 < a < 12 a-' m-I), the motional resistances of 
both Poly C and ss DNA coated TSM sensors decrease and 
then return to almost the original points, while the bare PdO 
and Au TSM sensors show little change. 

Figure 8(u) shows the responses of the motional inductance 
of nucleic acid coated and uncoated TSM sensors upon solu- 
tion loading. L, decreases up to 15-20% for Au, PdO, and 
Poly C and 36% for the ss DNA coated sensors. This indicates 
a change in the decay length of the propagating wave in terms 
of coupling between the solid and solution. The decay length 
for a travelling shear wave in a liquid can be written as 
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Su and Thompson 

Fig. 8. Responses of the motional inductance L,, change (a) and 
motional capacitance C, (O) change of TSM sensors with one 
side immersed in KC1 solutions. L," and C,,," are the motional 
inductance and capacitance upon water loading, respectively. 

+ AU 
PdO 601 X Poly C-coated 

(5 c c fT DNA-mated 

0 2 4 6 8 10 12 

Conductivity ( a l i l )  

For the solution used here, the decay length is ca. 1.0 Ikm, 
which is comparable to the length of ss DNA or Poly C mole- 
cules. Accordingly, the molecular structure at the solid-solu- 
tion interface will be critical in determining the coupling of the 
nucleic acid coated film. 

It has been assumed that C,, can be considered a constant 
under solution loading because a Newtonian liquid does not 
exhibit any elasticity (37). However, Fig. 8(b) shows that C,,, 
does have a 20% increase when the ionic conductivity reaches 
I0 R-' m-' with bare Au and PdO surfaces. This indicates that 
the KC1 solution cannot be treated as a pure Newtonian liquid 
and the formation of an interfacial liquid structure may change 
its elastic properties. At the same time, C, for an ss DNA 
coated TSM sensor increases 60% and this demonstrates that 
C,, becomes more important when the TSM sensor is coated 
with a thin DNA film. Clearly, theoretical (Figs. 4 and 5) and 
experimental (Fig. 8) results show that the responses of a 
nucleic acid coated TSM sensor will be significantly altered if 
C, and L, are changed significantly with little mass gain or 
loss. Accordingly, as mentioned previously, the device not 
only respond to mass changes at the liquid-solid interface, but 
to other factors. 

The changes in Co for solutions of different conductivities 

Fig. 9. Responses of the electrostatic capacitance change Co (a) 
and parallel resonant frequency f p  change (b) of TSM sensors 
with one side immersed in KC1 solutions. COW is the electrostatic 
capacitance upon water loading. 

50 

30 
PdO 

x Poly C-coated 

+ Au 
PdO 

- 1 x Poly C-coated 

0 s.s. CT DNA-coated 
-2  

-3 

-4 

-5 

-6 

Conductivity (d'nil) 

relative to the value for water, Cow, are shown in Fig. 9(a). 
The two distinct regions of C, change correspond to the 
respective Helmholtz-Perrin and Gouy-Chapman capacities 
of the double layer (37). It is clear that changes in double- 
layer capacitance result directly in a change in Co upon elec- 
trolyte solution loading. As shown in Fig. 9(a), the responses 
of C, with and without nucleic acid coatings show little dif- 
ference in their patterns. Accordingly, the shift in electro- 
static capacitance is primarily determined by the solution 
conductivity associated with changes in electrical double 
layer capacitance. 

The shift of the parallel resonant frequency (Af,) with the 
ionic conductivity of the KC1 solution is depicted in Fig. 9(b). 
The behaviour o f f ,  is drastically different from that off,: f, 
shows a much greater sensitivity towards the conductive prop- 
erties of the solution with bare PdO and Au TSM sensors. The 
parallel resonant frequency depends not only on the quartz 
crystal but also on the associated circuit and all capacitances in 
parallel with the device (eq. [14], Table 3). The measurement 
o f f ,  can be very useful in determining specific properties of 
the h o u n d i n g  media such as in the case of electrolytes (26). 
However, the parallel resonant frequency response of an ss 
DNA coated TSM sensor shows different behaviour than the 
uncoated resonator. A dip, which is apparently associated with 
the changes of motional inductance and capacitance, is 
observed at a conductivity of 0.5 R-' m-' (Fig. 9(b)). 
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Fig. 10. Responses of the series resonant frequency f ,  (a) and 
the motional resistance R, (b) changes of TSM sensors as a 
function of temperature. A: theoretical calculations; B: uncoated 
TSM sensors; C: ss CT DNA-coated TSM sensors. 

Temperature ( 'C) 

Effect of temperature on the responses of nucleic acid 
coated sensors 

Since the series resonant frequency change of a resonator in liq- 
uid depends on p, p., -qL, and pL according to eq. [3] and each of 
these change with temperature, the frequency must also be tem- 
perature dependent. For AT-cut quartz crystals, the dependence 
of ~ ~ ( - n f , 2 ~ ~ ( l / ~ ~ ~ ~ ) ~ ~ ~ )  on temperature, from eq. [3], is (25) 

where T = 36.4 x I O ~ / " C  and T, = 17.8 x I O ~ / " C .  Thus Tc = 
9.8 x IO'/"C, which is relatively small; therefore Tc (20°C) = 
T, (60°C) and the temperature factor in eq. [3] can be consid- 
ered a constant for quartz crystals oscillating in solution over 
the temperature range studied. Accordingly, the frequency 
shift observed as the temperature increases is due to changes in 
the viscosity and density of water in the surface region. 

Figure 10(a), curve B, shows that the series resonant fre- 
quency change (Af,) for an uncoated TSM sensor exhibits 
about a 700 Hz increase and three unusual peaks at 27"C, 
38"C, and 52"C, respectively. The frequency remains constant 
when the solution is kept at a fixed temperature. The rate of 
temperature increase was very low and did not have a large 
effect on the frequency change curves. Shifts of only about 
several hertz were observed and the peak positions were the 
same. This means that the effect causing these three peaks 

Fig. 11. Derivative of the series resonant frequency f, (a )  and 
the motional resistance R, (b) changes of TSM sensors as a 
function of temperature. (c) The measured motional capacitance 
C, of TSM sensors as a function of temperature. 0: uncoated 
TSM sensors; X: ss CT DNA-coated TSM sensors. 
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-10 - 

Temperature ( O C )  

does not constitute a dynamic process. The surface viscosity 
(16) and density and compressional wave generation (38) have 
been attributed to these observed frequency changes. Similar 
phenomena have also been observed by other researchers. 
Normura, Watanabe, and West (39) measured a peak near 
23°C as the temperature was varied between 15 and 30°C. 
Muramatsu et al. (40) also found the Af value at 25°C for 
water to be larger than that at 30°C; they explained this as due 
to the water molecules being more closely associated owing to 
reduced Brownian motion at 25°C. 

It is interesting to note in Fig. 10(a), curve C, that the f ,  of 
the DNA-coated TSM resonator decreases as the temperature 
increases, which is in the opposite direction to that of an 
uncoated TSM sensor (curve B). The results again show that 
the responses of a DNA-coated TSM sensor are not only a 
function of the properties of the solution contacting the quartz 
plate, but also of the DNA film. The derivatives of the series 
resonant frequency as a function of temperature are shown in 
Fig. I1 (a). Two large peaks are observed and the correspond- 
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ing peak temperatures are assigned to the relaxation tempera- 
tures. Accordingly, as the temperature increases, the DNA 
polymer passes through the relaxation temperatures, T p  = 
36°C and T, = 58"C, respectively. a-Relaxation may be 
referred to as the primary relaxation associated with the 
motion of DNA chain segments. Relaxation associated with 
the motions of groups attached to the DNA polymer backbone 
may occur at temperatures below T ,  and is referred to as P- 
relaxation. The a-relaxation is accompanied by large changes 
in the modulus and viscosity of a polymer. 

The motional resistance R,, can be also calculated from eq. 
[9]. Figure 10(b) (curve A) shows that the theoretically calcu- 
lated R, decreases almost linearly with temperature from 580 
to 382 R as the temperature is varied between 20 and 60°C. 
This does not follow the results obtained experimentally, as 
shown in Fig. 10(b), curve B. Curve B also shows three peaks 
corresponding to those for the series resonant frequency. This 
is reasonable since both R, and Af, are related to the viscosity 
and density of the solution. For the uncoated TSM sensor, the 
motional resistance (R,) change follows the same trend as that 
predicted but with different magnitude, in comparison with 
curves A and B in Fig. 10(b). The motional resistance (R,)  
curves and their derivatives for DNA-coated TSM sensors are 
shown in Figs. 10(b) and 11(b) (curve C), respectively. The 
motional resistance of a DNA-coated TSM device increases 
rapidly as the temperature reaches T,, and its derivative (Fig. 
11(b), curve C) has two peaks near the a- and P-relaxation 
temperatures. 

As demonstrated above (Fig. 5), the motional capacitance 
C,, upon loading with electrolyte, becomes more important 
when the TSM sensor is treated with a thin DNA film. Figure 
I l(c) depicts motional capacitance changes as a function of 
tem~erature for the uncoated and DNA-coated TSM sensors. 
As the temperature rises, there is a small increase in C, for the 
uncoated TSM device. For the DNA-coated device, Cn, 
increases rapidly toward T, and reaches a maximum as the 
DNA polymer undergoes primary relaxation, indicating a 
large change of elasticity in the DNA-coated film. 

Analysis of sensor responses employing theoretical 
treatments of TSM behaviour in liquids 

Equation [3] (Table I), developed by Kanazawa, fails to 
explain the observed TSM signal change in f, upon conduc- 
tive solution loading (Fig. 7(a)). At 20°C, the viscosity and 
density values for 0.05 M KC1 (p = 0.9984, q = 1.0017 cp) and 
0.1 M KC1 (p = 1.0029, q = 0.9996 cp) are very similar to 
those for water (p = 0.9982, 11 = 1.0020 cp). The series reso- 
nant frequency f, will decrease by only 0.2 and 5 Hz for 0.005 
and 0.1 M KC1, respectively. Therefore, the frequency change 
due to viscosity and density is considered to be negligible in 
the KC1 concentration range employed in this work. Equation 
[3] also fails to explain the observed change in f, with temper- 
ature (Fig. 10(a)). Figure 10(a), curve A, shows the series res- 
onant frequency change as a function of temperature, as 
predicted by eq. [3], without considering the effects of surface 
viscosity or density, i.e., both of them are the same as the bulk 
where values of p, and q, are taken from the literature (41). 
The frequency shift should increase linearly over about 2000 
Hz when the temperature is increased from 20 to 60°C, 
according to this equation. 

The acoustoelectric coupling factor, K', can be obtained by 

fitting the experimental data (Fig. 7(a)) to eq. [4] (Table 1) for 
sensors with gold and PdO surfaces. The values of K' are 5.4 x 
lo-' and 5.2 x for gold and PdO surfaces, respectively, 
indicating that the acoustoelectric interactions are very similar 
for these two surfaces. Obviously, acoustoelectric coupling 
(eq. [4]) also fails to explain the responses of nucleic acid 
coated TSM sensors upon electrolyte solution loading. 

The shear vibration of the quartz crystal results in mechan- 
ical interactions between the crystal and the nucleic acid film 
on its surface. The mechanical properties of the DNARNA 
films therefore influence the mechanical properties of the res- 
onator, which results in corresponding changes in the electri- 
cal properties of the TSM sensor. When a periodic stress at a 

frequency range is applied to a polymer, periodic 
strains are induced. If the DNA polymer is above its glass tran- 
sition temperature, T,, the strains relax by thermal motion at a 
rate that is characteristic of the polymer and the temperature. If 
the characteristic relaxation time is much shorter than the 
period between stresses, the measured modulus is that of a soft 
material. If the periodic stresses occur faster than the material 
can relax, then the measured modulus will be that of a stiff 
glass. 

It is well known that DNA macromolecules undergo vis- 
coelastic changes in solution with increase in ionic conductiv- 
ity (42). If a single DNA molecule is placed in a 
"thermodynamically good" solvent, such as water, the DNA 
segments and water molecules are attracted to one another and 
the average coil dimensions tend to increase in order to maxi- 
mize the number of interactions between DNA polymer seg- 
ments and water molecules. DNA also contains charged 

u 

groups along the backbone, so additional effects may come 
into play as well. In pure water, a DNA polymer containing 
charged groups will tend to extend in order to minimize the 
repulsion between them. If a simple electrolyte such as KC1 is 
dissolved in the water, the ions of opposite charge to those car- 
ried by the DNA polymer can neutralize its charge. Thus, as 
the ionic strength is increased, the polymer returns to its coiled 
shape. Accordingly, DNA films will swell greatly in pure 
water or in electrolyte solutions of low ionic strength; at high 
electrolyte concentrations, they will shrink. In summary, the 
structure of DNA is highly dependent on its hydration sheath, 
and the secondary and tertiary structures are, in part, depen- 
dent on the presence of cations in solution to screen the nega- 
tive charge of the phosphate groups. 

The series resonant frequency responses (Fig. 7(a)) can 
therefore be correlated with changes in DNA viscoelasticity 
upon KC1 solution loading. When the ionic conductivity is less 
than 0.5 R-' m-' (region I), the Debye-Hiickel screening 
length is greater than the effective contour distance between 
charges. Therefore, the charges begin to interact with each 
other and a stiffening of the chain is expected as a increases. 
The series resonant frequency will therefore increase upon the 
expansion and stiffening of the DNA molecules. At ionic 
strength greater than 0.5 R-' m-' (region 11), the Debye- 
Hiickel screening length is less than the effective contour dis- 
tance between charges on the DNA phosphate backbone after 
counterion condensation. The charges are therefore effectively 
screened from one another and so the DNA molecules shrink, 
resulting in a gradual decrease in f,. The reason for f, increas- 
ing again at very high ionic conductivity is not clear at the 
present time, but could be due to motional capacitance and 
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inductance changes. Furthermore, since the measurements 
extend only to 1 M KC1 solution, the possibility exists that 
some structural changes may occur in DNA at higher salt con- 
centrations. 

The analysis described above provides only a qualitative 
explanation for the series resonant frequency change for the 
DNA-coated TSM sensor reported in Fig. 7(a). A quantitative 
analysis, as described below, can be obtained using the equiv- 
alent circuit model developed by Martin and Frye (28). 

When a TSM sensor is in contact with a viscoelastic fluid or 
polymer film, the corresponding equivalent circuit can be 
modified as shown in Fig. 1, where Zf represents the imped- 
ance of the viscoelastic film (eq. [6], Table 1). By fitting the 
impedance Z using eq. [24], the unique storage and loss mod- 
uli, G' and G", can be extracted. 

The corresponding dynamic viscosity can then be obtained 
from the following equation: 

As a specific model for this frequency dependence, a three- 
parameter model recently studied by DeKee et al. (43) is used. 
The dynamic viscosityq can be written according to eq. [26]. 

(261 q = rlo 
(1 + j m ) '  

This three-parameter model has the advantage that values for 
two of these three parameters (T and v) can be obtained by fit- 
ting the data to eq. [26], while the third (q,,) can be obtained 
from published data for the liquids used here (27). 

Very important information on the mechanical properties 
and nature of polymeric systems in a fluid state can be 
extracted by this dynamic method of investigation, in which 
polymers are subjected to cyclic deformation. In dynamic 
measurements, the energy stored in a polymer is determined. 
A measure of this energy is the storage modulus of elastic 
deformation G'. At the same time, the resistance of a polymer 
to deformation is determined from the dissipation of energy, 
i.e., conversion of a part of the work of deformation into heat 
in every cycle. This resistance of a body to deformation is 
characterized by the loss modulus G". The ratio G"1G' is 
known as the mechanical loss tangent, 6 , since it is the dissi- 
pative losses in each cycle that result in a phase shift of the 
deformation to the applied stress: as 6 increases, the losses 
become greater. 

The total impedance Z of a nucleic acid viscoelastic film on 
a TSM sensor is a function of nucleic acid film thickness, shear 
modulus and density, and the properties of the liquid contact- 
ing the quartz plate. Impedance vs. frequency measurements 
made for three solution conductivities on the DNA-coated 
TSM device are shown in Fig. 12. The points are measured 
directly from the network analyzer and solid lines are calcu- 
lated from the equivalent circuit model using the best-fit val- 
ues of G' and G" from eq. [24] to determine Z, along with the 

Fig. 12. Magnitude (c i )  and phase (O) of impedances measured 
(points) and calculated from the equivalent circuit model (lines) 
for a ss CT DNA-coated TSM sensor at three solution 
conductivities. A: 0; B: 0.14 a-' m-'; C: 5.8 a-' m-'. 

-100 1 I 
8.92 8.93 8.94 8.95 8.96 8.97 8.98 

Frequency (MHz) 

circuit elements determined from the measurements of the 
uncoated TSM devices. Figure 12 also shows that eq. [24] pro- 
vides a good fit to each data set (lines), determining a unique 
combination of G' and G" for each. It can be noted from Fig. 
12 that as solution conductivity increases, the maximum phase 
angle and IZI diminishes, i.e., the resonance is increasingly 
damped. However, the series resonance frequency does not 
change monotonically with the solution conductivity. 

Figure 13 shows the impedance vs. characteristic frequency 
measured at three different temperatures (points) with the 
best-fit data calculated according to eq. [24] (solid lines). A 
good fit is defined for each data set. ~ o i e  that increasing tem- 
perature causes less damping of both the magnitude-fre- 
quency and phase-frequency curves. This results in a decrease 
in the magnitude of the maximum impedance IZI,,,,, and the 
maximum phase angle, Om,,. The broadening and diminishing 
of the parallel resonance peaks arises from power dissipation 
as modelled by increasing R, values. 

This model can be used to'interuret the ex~erimental results 
obtained for conductive solution loading and temperature 
change (Figs. 7 and 10). According to eq. [6] (Table I), the 
impedance Z ,  of a DNAIRNA viscoelastic film on a TSM sen- 
sor is a funcdon of device frequency, film thickness, polymer 
shear modulus, and density. The series resonant frequency 
response of DNNRNA-coated TSM devices upon electrolyte 
solution loading is a complex function affected-by all acoustic 
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Su and Thompson 

Fig. 13. Magnitude (a)  and phase (b) of the impedance 
measured (points) and calculated from the equivalent circuit 
mode (lines) for a ss CT DNA-coated TSM sensor at a number 
of temperatures. 

Frequency (MHz) 

energy transfer and dissipation processes. In water, where the 
nucleic acid modulus is relatively high and the coil shape of 
the DNA molecules can be considered as relatively rigid, the 
entire thickness of the film moves almost synchronously with 
the device surface in the electrolyte solution. As the ionic con- 
ductivity increases, the charges begin to interact with each 
other, resulting in the expansion and stiffening of the chain. 
Thus, an increase in f, is predicted as observed (Fig. 7(a)). 
Continuing decreases in modulus with increasing ionic con- 
ductivity increase the phase lag and the strain in the DNA film. 
When the DNA film's upper surface lags behind the motion at 
the nucleic acid - solution interface by 7~12, a condition of 
dynamic DNA resonance is reached. This effect is observed in 
Fig. 7(a) for both ss DNA and Poly C coated TSM sensors. 
This dynamic resonance phenomena was first observed by 
Martin and Frye (28) in a study of relatively thick polymer- 
coated TSM sensors in the gas phase with changing tempera- 
ture. At temperatures below that of film resonance, the TSM 
device frequency decreases with increasing temperature as the 
polymer expands and the modulus decreases. As film reso- 
nance is approached, the frequency drops more steeply. But at 
film resonance, the frequency suddenly increases to values 
exceeding the initial frequency. 

As the ionic conductivity increases further, DNA molecules 
begin to shrink and the phase lag cannot be 7~12. Accordingly, 

the series resonant frequency of the ss DNA coated TSM sen- 
sor decreases again. The R, of a nucleic acid coated TSM sen- 
sor in pure water is significantly greater than that of the 
uncoated device, indicating the existence of energy losses 
other than those due to acoustoelectric coupling (Fig. 7(b), 
when a = 0). The DNA film in the solid state is an insulator 
and exhibits piezoelectricity (44). However, the extent of 
hydration (water or relative humidity), coupled with the ionic 
strength, determines the polymorphic character of a DNA 
duplex. The first hydration shell of duplex DNA is not very 
permeable to ions. It consists of about 20 water molecules per 
nucleotide, on average, and does not form an "icelike" struc- 
ture. The number of water molecules in the secondary hydra- 
tion shell is not well defined structurally. It is permeable to 
ions and has some characteristics of bulk water. DNA mole- 
cules try to accommodate the varying activity of surrounding 
water molecules by conformational change, in order to opti- 
mize the balance between water-water, water-DNA, and 
intra-DNA interactions. DNA carries a cloud of counter- and 
co-ions with it and hydrated samples are ionic conductors, 
similar to a polyelectrolyte. 

In low-ionic-strength electrolyte solutions or pure water, a 
DNA film will swell enormously. Thus, the corresponding 
motional resistance Rh increases (Fig. 7(b)), indicating more 
acoustic energy dissipation into the swollen DNA chain as it 
moves with the quartz plate. At high electrolyte concentra- 
tions, DNA molecules will shrink and the corresponding 
motional resistance decreases, returning close to the original 
point. This results in DNA molecules moving more easily with 
the quartz crystal, involving less dissipation of acoustic 
energy. Another important consideration will be the conduc- 
tivity over acoustic wave decay length. The reduction in dissi- 
pation of acoustic energy with an increase of conductivity 
associated with mobile positive counterions has also been 
observed (45). 

Equation [6] (Table 1) shows that the effective DNA film 
thickness Tf plays an important role in determining the mag- 
nitude and phase of the impedance of a TSM device. This 
model is based on the propagation of the acoustic shear wave 
at the film-air interface, destructive interference being inter- 
preted as giving rise to greater impedance values. It is not 
strictly applicable to TSM liquid studies and some researchers 
believe that the presence of a liquid should only modify the' 
absolute values of IZI, the acoustic wave being only partially 
propagated at the DNA film-solution interface (46). Figure 14 
depicts the changes of the real and imaginary parts (Re@) and 
Im(Z) of the impedance vs. the effective DNA film thickness 
for different loss tangents. When Tf = 1700 A, the changes of 
Re(Z) and Im(Z) are much greater than for other thicknesses at 
various values of the loss tangent. This thickness corresponds 
to the establishment of destivctive interference of the wave in 
the film when the phase shift is 7~12, the interference attenua- 
tion being the greatest for thinner and less lossy films. The 
Re(Z) and Im(Z) peaks from Fig. 14 also broaden and dimin- 
ish as 6 increases when the DNA film thickness is ca. 1700 A. 

The effective thickness of a DNA-coated film at a solid- 
solution interface cannot be determined directly. Some 
researchers have used the Sauerbrey equation to estimate this, 
i.e., measurement of the series resonant frequency in the gas 
phase before and after DNA immobilization followed by cal- 
culation of the thickness based on eq. [I]  (Table l). However, 
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Fig. 14. The calculated real and imaginary parts of the 
impedance Z vs. DNA effective film thickness for a 9-MHz TSM 
device. 6 is the loss tangent. 

Effective DNA film thickness (A) 

this results in large errors because the coating is assumed to 
possess the same acoustic properties as that of quartz. As well, 
the Sauerbrey relationship requires that the deposited film 

- ~ 

have a uniform thickness across the entire active region of a - 
resonator, whereas the mass sensitivity of the resonator is actu- 
ally a Gaussian-like distribution (47). Furthermore, the unre- 
moved hydration of DNA will also lead to overestimation of 
the DNA film thickness. Finally, the DNA film thickness will 
be changed when the polymer swells upon solution loading. 

The coverage of DNA on the surface will also affect the 
effective film thickness and thus the TSM sensor response. 
When a surface with low DNA coverage contacts a solution, 
strong DNA polymer-polymer interactions are replaced by 
weaker polymer-solvent interactions, and the DNA molecule 
acts as an isolated chain. The effect of the DNA coating on sol- 
vent flow can be predicted on the basis of a simple addition 
and is the result of inelastic collisions between the Brownian 
thermal continuum and a polymer chain that obeys Guassian 
statistics. The connection between the shear viscosity and 
molecular motion can be described by "normal mode" theories 
(48). In high-molecular-weight DNA polymers, interactions 
between elements within the same chain lead to the so-called 
"excluded-volume" effects. Increasing the DNA surface cov- 
erage allows DNA-DNA intermolecular interactions to influ- 
ence the motion of the DNA polymer. These interactions can 
be envisaged to be of two types; firstly, because of the rela- 
tively close proximity of neighbouring chains, the perturbation 

of the lamellae flow caused by the polymer has not died down 
before the next polymer molecule is encountered; and, sec- 
ondly, the occurrence of intermolecular interactions, which 
have a similar effect to the intramolecular interactions associ- 
ated with excluded-volume effects observed for low-surface- 
coverage regimes. Both effects can be treated theoretically by 
the interaction of a "hydrodynamic screening" interaction. 
The moderately covered surface region would be expected to 
extend from the point where hydrodynamic flow ceases to be 
lamellar to a point where the DNA polymer completely fills 
the solution. But this does not lead to a point where the poly- 
mer completely fills the surface and effects significant inter- 
penetration of the volume occupied by a neighbouring 
polymer molecule. At higher concentrations, DNA intercoil 
contact has been exchanged for dynamic contact as a conse- 
quence of coil-coil interpenetration and a pseudo-matrix gel is 
formed. Gel formation will occur when the time-averaged 
number of entanglements per chain exceeds a certain value. 
The probability of chain-chain contacts occurring depends 
upon the size of the coil and hence on the end-to-end distance 
for the DNA polymer. Accordingly, the effective DNA film 
thickness at various solution conductivities employed in the 
calculation are persistence lengths of DNA macromolecules 
obtained from the literature (42). 

Other important parameters in describing the contribution 
of a DNA film to the impedance are the storage modulus of 
elastic deformation, G', and the loss modulus, G" (or G' and 
loss tangent 6). The loss tangent has little contribution to the 
real and imaginary parts of the corresponding impedances for 
low DNA film thicknesses, and 6 becomes dominant as Tf 
increases. By fitting the Z vs. frequency data measured with 
the DNA-coated TSM device at a number of conductivities, 
the values of G' and G" (or 6) were extracted. The typical cal- 
culated values of G' and 6 were 2 x 10' dyne/cm2 and 0.02, 
respectively. Both values are relatively low compared to the 
DNA modulus in the dry gas phase (G' = 10" dyne/cm2). The 
modulus of bulk DNA polymer is a function of the tempera- 
ture, polymer film properties, and solution components. With 
DNA biopolymers, a significant change in G' can be obtained 
by varying the solution composition. G' typically decreases 
from 10" to lo7 dynes/cm2 when the temperature increases 
from that of glass to rubbery states (44). Although little is 
known about the viscoelastic properties of a nucleic acid film 
immobilized on an oscillating TSM sensor surface with solu- 
tion loading, or for that matter at any interface, it would seem 
likely that these properties are dynamic and change with the 
experimental conditions. Nevertheless, the experimental 
results here demonstrate that the TSM device is sensitive to 
intrinsic polymer properties. Using a network analyzer to 
measure admittance as a function of frequency and the equiv- 
alent circuit parameters, the DNA polymer elastic shear mod- 
ulus G' and loss modulus G" can be extracted. 

The loss tangent 6 is another important parameter that is 
dimensionless and conveys no physical magnitude but is a 
measure of the ratio of energy lost to energy stored in a cyclic 
deformation. It is a measure of the energy dissipated or lost as 
heat per cycle of sinusoidal deformation if G' is kept constant. 
Figure 15(a) depicts the loss tangent calculated from the 
equivalent circuit model vs. solution conductivity. This shows 
that 6 decreases as conductivity increases and approaches a 
constant value at high conductivity. At low conductivity, the 
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Fig. 15. The calculated loss tangent 6 (a) and viscous relaxation 
time T (b) of TSM sensors with one side immersed in KC1 
solutions. 

Conductivity o (a'm' ) 
behaviour of DNA-immobilized molecules can be modelled 
by long thin rigid rods with dominant hydrodynamic interac- 
tions, giving rise to a high loss tangent. When the solution con- 
ductivity is raised, the DNA molecules can change to the 
flexible random coil structure with small loss tangent. At the 
same time, entanglement coupling occurs at high solution con- 
ductivity. On a molecular basis, this would correspond to the 
absence of larger molecular or atomic adjustments capable of 
dissipating energy within the period of deformation. 

Figure 15(b) shows the calculated viscous relaxation time T 

vs. solution conductivity, while the v is in the range of 0.2-0.3 
for all of the solutions studied. When the solution conductivity 
is not high enough (T is large) or the period of application of 
the field is too short (high frequency), i.e., r w  >> 1, the orien- 
tation moment will not have time to develop and the DNA 
polyions cannot redistribute fast enough to screen the field. 
When rw << 1, the orientation moment is fully established at 
each instant and reaches its maximum static value. On the 
other hand, for a DNA-coated TSM device upon conductive 
solution loading, the ionic species at the solid-solution inter- 
face can redistribute rapidly in response to an applied surface 
potential. The formation of an electrical double layer at the 
solid-solution interface may block the field from penetrating 
into the bulk solution. 

Finally, it should be noted that eq. [24] does not take into 
account the surface morphology of the quartz crystal, the size 
of its pores compared to the acoustic wave length, etc. Also, 

when the "nonslip" condition, a basic assumption in all theo- 
ries available, is not found to hold, one also expects changes in 
impedance Z to occur. The first detailed study of molecular 
slip at the solid-liquid interface of an AT-cut TSM sensor was 
recently reported by Kipling and co-workers (29). A new 
quantity, called the interfacial slip parameter, is introduced in 
one of the boundary conditions of the theory of a two-layer 
model of the TSM sensor in liquid. The interfacial slip param- 
eter is a complex-valued quantity, defined as the displacement 
of a particle of liquid in contact with the sensor surface divided 
by the displacement of a particle on the surface of the sensor. 
The theoretical expression for the impedance of the TSM sen- 
sor is derived in terms of the interfacial slip parameter. 

The water-advancing contact angles of both ss DNA and 
Poly C immobilized on TSM sensor surfaces are less than lo0, 
thus both surfaces are very hydrophilic and are completely 
wetted by the solutions. Therefore, the propagation of the 
shear wave into the solution is considered to be continuous. 
Accordingly, the interfacial free energy change and slippage 
between the solid-solution molecules have minimal effect on 
TSM sensor response under these conditions. 
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Cd(ll) complexes with phthalic acid: solution 
study and crystal structure of cadmium(ll) 

I 

phthalate hydrate 

Jose Luis Lucas Vaz, Gerard DUC, Michelle Petit-Ramel, Rene Faure, 
and Olivier Vittori 

? 

Abstract: The acid-base properties of phthalic acid (H,L) have been determined by simultaneous spectroscopic, potentiometric, 
and polarographic measurements. Stability constants of the complexes CdHLf, CdL, CdL,'-, C~L;-, C~H,L; and their 
distribution versus pH were determined at 25OC and ionic strength in 0.1 M NaNO,. The advantages of each method are pointed 
out in such a way as to describe more precisely the interactions between cadmium and phthalic acid over a wide range of ligand 
and metal concentrations. The crystal structure of the [CdL] complex has been established by single-crystal X-ray diffraction. 
Cd(C,H,O,).H,O is orthorhombic, space group Pbca, a = 23.463(5), b = 9.293(2), c = 7.730(1) A, Z =  8, and p = 2.323 g cm-,. 
The structure was refined to a final R value of 0.054 for 323 1 unique reflections with I > 3u(4. The crystal is a three-dimensional 
polymeric network in which the Cd atom is seven-coordinated. The first ligand coordinates in a bidentate carboxylate (0,O') 
mode (Cd-0 = 2.372(5) and 2.445(5) A); a second ligand is part of a seven-membered ring formed with its two carboxylate 
groups (Cd-0 = 2.317(5) and 2.341(5) A); two other phthalic ligands make one coordination bond 
(Cd-0 = 2.255(5) and 2.449(5) A) while the seventh bond is a water molecule (Cd-0 = 2.333(6) A). 

Key words: crystal structure, cadmium complexes, phthalic acid complexes. 

RCsumC : Les propriCtCs acido-basiques de l'acide phtalique (H,L) ont CtC dCterminCes par des mesures conjointes de 
spectromCtrie, potentiomktrie et de polarographie. Elles donnent accks aux constantes de stabilite des complexes CdHLf, CdL, 
c~L:-, CdL34-, C~H_?L;-, ainsi qu'h leur distribution en fonction du pH h 25°C et pour une force ionique de O,l M NaNO,. Les 
avantages de chaque mCthode sont discutCs pour cerner les interactions entre le cadmium et I'acide phtalique dans une large 
gamme de concentrations de ligand et de metal. La structure du complexe [CdL] a CtC Ctablie par diffraction X. Le composC isole, 
de formule Cd(C,H,O,),H,O, cristallise dans le systkme orthorhombique, groupe Pbcn, avec n = 23,463(5), b = 9,293(2), 
c = 7,730(1) A, Z =  8 et p = 2,323 g.cm-3. L'indice R final vaut 0,054 pour 323 1 mesures indkpendantes. Le cristal est un 
enchainement polymirique tridimensionnel dans lequel I'atome de cadmium est heptacoordink. Un premier groupe phtalato 
assure simultanCment deux liaisons au moyen d'un groupe carboxylato bidentate (Cd-0 = 2,372(5) et 2,445(5) A); un 
deuxikme coordinat forme un cycle de chelation h sept chainons au moyen de ses deux groupes carboxylato (Cd-0 = 2.3 17(5) 
et 2,341(5) A); deux autres coordinats assurent chacun une seule liaison (Cd-0 = 2,255(5) et 2,449(5) A); le polykdre de 
coordination est complCt6 par une molCcule d'eau (Cd-0 = 2,333(6) A). 

Mots clPs : structure cristalline, complexes du cadmium, complexes de l'acide phtalique. 

Introduction The aim of this work is to evaluate the composition and sta- 
bility constants using Differential Pulse Polarography (D.P.P) 

  he toxic effects of Cd(I1) are well established and docu- as a complementary method for potentiometric titrations. AS 
mented (1).  his ion has been found to induce various patho- an example of the interactions between cadmium and phthalic 
logical effects, such as cardiovascular diseases (2, 3) and acid in the solid state, we report here the X-ray crystal analysis cancer. Most of the cadmium ion in eco-biological systems is of a phthalate complex. 
complexed with biological ligands (4, 5). It has been reported 
that large number ofphthalate derivatives of cadmium dem- 
onstrate diverse pathological effects (6). 

Received September 29, 1995. 

J.L. Lucas Vaz, G. Duc, M. Petit-Ramel, and R. ~ a u r e . '  
Chimie analy tique 11, LICAS, UniversitC Claude Bernard Lyon I, 
43 boulevard du 1 l novembre 1918,69622 Villeurbanne cedex, 
France. 
0. Vittori. Electrochimie analytique, LICAS, UniversitC Claude 
Bernard Lyon I, 43 boulevard du 1 1 novembre 19 18,69622 
Villeurbanne cedex, France. 

' Author to whom correspondence may be addressed. 
Telephone: (33) 72 43 1 1 53. Fax: (33) 72 44 82 27, 

Experimental 

Reagents 
Phthalic acid (99.5%) and Cd(I1) nitrate were obtained from 
Merck and used without further purification. In the potentio- 
metric and polarographic measurements C0,-free deionized 
water was used as the solvent. All the potentiometric and 
polarographic measurements were carried out in 0.1 M 
NaNO, as background electrolyte. Potentiometric titrations 
were performed with a 0.2 M NaOH (Prolabo) solution. 

Potentiometric and spectrometric determinations 
Equilibrium potentiometric determinations of the ligand pro- 

Can. 1. Chern. 74: 359-364 (1996). Printed in  Canada I IniprimC au Canada 
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tonation constants and the metal binding constants, in molar 
ligand to metal ratios of 211 and 511, were carried out by the 
glass electrode method at 25.0°C, in 0.1 M NaN0, solution. 
The potentiometric assembly consists of a double-walled titra- 
tion cell under continuous flow of nitrogen, a temperature bath 
at 25.0°C, a glass electrode (Tacussel Cl8), a reference elec- 
trode (calomel), and a 5 mL capacity Tacussel autoburette mon- 
itored by a computer. 

The pH-meter was calibrated and the electrode assembly 
standardized with buffer solutions of 0.05 M potassium hydro- 
gen phthalate (pH = 4.005) and disodium tetraborate (pH = 
9.196). The electrodes were calibrated (7) in a thermostated 
cell and the ionic product of the medium (K, = 1.649 x lo-',) 
was calculated from an acid-base titration of HNO, by NaOH. 

Spectrometric measurements for the protonation constants 
were made with a Varian 634s UV-VIS spectrometer 
equipped with 1 mm quartz cells at 25.0°C (I = 0.1 M NaNO,). 
On addition of concentrated NaOH in H,L solutions in the pH 
range 2-1 1, three successive forms appear, leading to three 
bands corresponding to the species H,L (278 nm), HL- (280 
nm), and L'- (272 nm). 

The log KO,, and log KO,, values for the equilibria: 

were calculated from the analytical concentration of the ligand 
and the log[H+] values using a ~ ~ s ~ c p r o g r a m  that determines the 
equilibrium constants and the molar absorption coefficient nec- 
essary to calculate the absorbance values that would best fit the 
experimental absorbance values for a given spectrometric titra- 
tion. 

According to Beer-Lambert law, the absorbance and con- 
centrations of absorbing species are calculated and then log 
KO,, and log KO,, are determined with the previously described 
procedure (8). 

The complex formation between the metal ion M and the 
ligand L is described by the general equilibrium : 

The stability of the species MpH,Lr, labelled by the (pqr) 
parameters that define the number of metal ions, protons, and 
deprotonated ligands, respectively, is measured by the stoichi- 
ometric stability constant : 

where m, h, 1, are the free concentrations of Cd(II), proton, and 
phthalato ligand, respectively. 

The state of the system is described by the following set of 
equations : 

where C ,  C,, CH are the total concentrations of ligand, metal, 
and proton, respectively, and oh is the free concentration of 
OH-. The experimental data: CH, E (measured glass electrode 
potentials in mV) were transformed into standardized vari- 
ables: q, log h, if, log 1. where i j  is the number of hydrogen 
ions bound to a ligand anion and if the average number of 
ligand bound per metal ion. 

The graphically estimated stability constants from the Bjer- 
rum method (9) are refined with in-house NEWPRO and NEWSI 

BASIC programs. These programs are based on minimization of 
the function U related to the difference between calculated and 
experimental q values: 

The standard deviation of q is given by : 

where n is the number of experimental points and m is the 
number of calculated constants. These calculations are 
repeated for several complex compositions, and the set of 
complexes that is really present will give the lowest values of 
Umi, and u2(q). The potentiometric method has been widely 
described elsewhere and more details can be found in ref. 10. 

Differential pulse polarography 
Pulse polarograms were obtained using a Tacussel PRG5 
polarograph. The cell was equipped with a dropping mercury 
electrode a platinum auxiliary electrode, and a saturated 
calomel reference electrode. All electrochemical experiments 
were carried out in a thermostated cell under nitrogen atmo- 
sphere, at 25"C, pH 7; an ionic strength of 0.1 M was main- 
tained using NaNO,. Reagent-grade chemicals, deionized 
water, and hexa-distilled mercury were employed in all cases. 

The polarographic half-wave potential was determined in a 
series of solutions containing a constant amount (4 X M) 
of Cd(I1) with phthalic acid concentrations ranging from 0 to 
4.4 x M. 

The computation was performed by the conventional 
Donald-Deford-Hume method (1 1) using successive extrapo- 
lations, modified by Heath and Hefter for the D.P.P. measure- 
ments (12). 

Because phthalic acid was in large excess with respect to 
Cd(I1) ions, it was assumed that the presence of the metallic 
ions did not appreciably affect the free ligand concentration. 

Preparation of CdL in solid state 
To a stirred solution (50 mL) of 5 x M phthalic acid (H,L) 
and 5 x M Cd(N03),.4H,0, concentrated NaOH was 
added progressively. At pH 7 some H,L precipitated and was 
eliminated. The clear solution was evaporated very slowly at 
room temperature for 2 weeks. Colorless crystals of CdL 
appeared and were removed carefully from the bulk. Anal. 
calcd. for Cd (C,O,H,).H,O: Cd 38.18, C 32.61, 0 27.17, H 
2.04%; found: Cd 37.40, C 32.75, H 2.08%. 

X-ray structure analysis of Cd(C,H,O,).H,O 
The crystallographic data are given in Table 1. A single crystal 
(0.40 x 0.40 x 0.15 mm) was mounted on an Enraf-Nonius 
CAD4 diffractometer using graphite monochromated MoKa 
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Table 1. Crystallographic data for CdL,H20. 

Formula 
Formula weight 

Space group 
n (A) 
b (A) 
c (A) 
v (A3) 
z 

pcsle (glcm") 
F(000) 
P (cm-'1 

Scan type 
Scan range 

Max 28 
Unique reflections 

Reflections I > 3o(I) 
Parameters 

R 
Rw 

Max A/o final 

C*H,O,Cd 
294.5 
Pbcn 

23.463(5) 
9.293(2) 
7.730(2) 
1685(1) 

8 
2.323 
1136 
25.8 
8-28 

1.0 + 0.35 tg 8 
70" 

3699 
323 1 
127 

0.054 
0.087 
0.09 

radiation. Cell constants were obtained from a least-squares 
refinement using the setting angles of 25 reflections, in the 
range 12.7 < 0 c 2 1.3". The  intensities of three standard reflec- 
tions, which were measured after every 6 0  min of X-ray expo- 
sure time, drifted by 1.8%. A total of 3699 unique reflections 
was collected using the 0-20 scan technique to a maximum 20 
value of 70". The  data were corrected for Lorentz and polar- 
ization effects and an empirical absorption correction was 
made. 

The  structure was solved by the Patterson method and sub- 
sequent Fourier syntheses. T h e  final cycle of the full-matrix 
least-squares refinement was based on 323 1 observed reflec- 
tions (I > 3a(I)) and 127 parameters and converged with R = 
0.054, Rw = 0.087. The  hydrogeno atoms were constrained to 
idealized positions (C-H = 0.95 A). Final atomic coordinates 
and equivalent thermal parameters for the non-hydrogen 
atoms are given in Table 2. 

Selected bond distances and angles are given in Table 3. All 
computations were performed using the SDP program (13). 

Results and discussion 

Protonation equilibria 
The protonation equilibria H,L were studied potentiometri- 
cally by titrating acidified aqueous solutions (HNO,) of the 
ligand (CL from lo-, to 4 X lo-, M and ionic strength 0.1 M 
NaNO,) with 0.2 M NaOH. Protonation constants were 
obtained from three sets of 20  experimental points in the pH 
range 2-1 1. The  refined protonation constants are gathered in 
Table 4.  

The protonation constants and molar absorbance were also 
determined by spectrometric treatment of the protonation 
equilibria. While protonated and deprotonated forms of 
phthalic acid absorb at close wavelengths, spectrometric and 
potentiometric treatments are in good agreement. 

Table 2. Final positional coordinates and equivalent thermal 
parameters for the non-hydrogen atoms in CdL.H20. 

Atom s Y z B,,," 

Table 3. Selected bond distances (A) and angles (O) for 
CdL .H20. 

Bonds 

Cd--0 1 
Cd-03 
Cd-OW 
Cd-04' 
Cd-03" 
Cd-0 1 "' 
Cd-02"' 
0 1-C7 
02-C7 

Angles 

04'-Cd-0 1 
04i-Cd-02iii 
04'-Cd-0, 
04'-Cd-03 
0 4 ' - ~ d - 0  1 "' 
04'-cd-03" 
0 1-Cd-OW 
0 1-Cd-03 
0 1 -Cd-O 1 "' 
0 1-Cd-02"' 
0 1 - ~ d - 0 3 "  
OW-Cd-03 
Ow-Cd-0 1"' 
0~-Cd-02" '  
Ow-Cd-03" 
03-Cd-0 1"' 
03-cd-02"' 
03-Cd-03 " 
0 1"'-cd-02"' 
0 '" .~d-03" 
02"i-cd-o3ii 

Cd(1I) complexation equilibria 
Acidified solutions of Cd(I1) and H,L, in molar ligandlmetal 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chern. Vol. 74,  1996 

Table 4. Phthalic acid protonation constants and molar absorbances (I = 0.1 M NaNO,, 
t = 25°C). 

Potentiometry Spectrometry 
Species 

P9r Range 1% K,,, Ref. 14 log K,,, E (M-' cm-I) (h  nm) 

"Values in parentheses are the standard deviation corresponding to the last significant digits (2 o) 

Fig. 1. Distribution of the successive cadmium complexes as a 
function of pH for the ligandlmetal ratios (a)  2 and (b) 100. 

ratios of 2/l to 5/1 (with C, = 4 X M), were titrated with 
0.2 M NaOH at ionic strength 0.1 M NaN03 for studying the 
formation of the complexes. The titrations were extended to 
pH 8 before the beginning of precipitation. To avoid any error, 
all calculations were made only with data recorded before any 
precipitation (pH < 8). 

Besides the two successive complexes CdL and c~L,'-, the 
formation of the protonated species CdHL" and CdH-,L;-- 
was determined. The stability constants were fitted by the least 
squares method from about 120 experimental data according 
to the pit-mapping procedure previously described (10). The 
constants that minimized the sums U = Z(ij,,, - are 
reported in Table 5. 

Polarography 
Attention is paid to the fact that the classic potentiometric 
method for studying complexation in solution uses ligand/ 
metal mole ratios of less than 10, therefore a high degree of 
coordination is never reached. In the case of a large excess of 
ligand (ligandmetal ratios of 1 to 1 loo), the D.P.P. method of 
complex determination, which allows easy differentiation of 
free cadmium ion from complexed cadmium at low metallic 
ion concentration (4 X M), is used. In addition, the excess 
of ligand favors the formation of c~L,'- and c~L:-. 

The polarogram of a solution containing Cd(I1) (4 x 
M) and NaNO, (0.1 M) at pH 7 was characterized by an El,? of 
-0.568 V/SCE corresponding to the reversible reduction of 
Cd(I1). Addition of phthalic acid was found to shift the EIl2 to 
a more negative value, and to decrease the intensity of the 
unique peak obtained. This observation is characteristic of the 
formation of the complexes. 

As described previously (1 1, 12), analysis of the data in the 
2 x to 4.4 x lo-' M concentration range of ligand revealed 
the formation of CdL, c~L,,-, and c~L:- complexes under 
our experimental conditions. As we can estimate 1 mV as the 
experimental error in the AE,,, measurements, the constants 
are then calculated with their error limits (Table 5). 

It has to be noted that the graphical method employed here 
concerns only consecutive complexes of general formula 
(c~L,)~-'", whereas other species such as hydroxylated and 
protonated complexes are omitted. In this way, it is not sur- 
prising that D.P.P. and potentiometry are not in accordance for 
either complex species or stability constants. 

The results listed in Table 5 show that potentiometry gives 
equilibrium constants for CdL, c~L,,-, and CdHL". By intro- 
ducing the C ~ L ? -  stability constant in the potentiometric 
refinement, five constants can be refined simultaneously by 
the pit-mapping method, leading to more accurate values for 
the constants. These final values, with lower error limits, are 
listed in Table 5. The goodness of the results is then improved. 

Figure 1 shows the distribution of all the species versus pH, 
in two different molar ligandmetal ratios. We can see that 
above pH 4 ca. 80% of the Cd(I1) is complexed. At pH above 
10, further addition of OH- gave gradual precipitation of cad- 
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Fig. 2. ORTEP drawing, showing the cadmium environment and atom labelling in the crystal 
CdL.H,O. 

Table 5. Logarithms of the stability constants of the complexes Cd,H,L, 
(I = 0.1 M NaNO,, t = 25°C). 

Species Range Potentiometry D.P.P. Final values Ref. 14 Ref. 15 

"Values in parentheses are the standard deviation corresponding to the last significant 
digits (2 o). 

hValues from potentiometric treatments. 
'Values from polarographic treatments. 
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mium phthalate hydroxides. The predominant complexes are 
CdHLt and CdL when the ratio ligandlmetal is 2 and c ~ L ~ ~ -  
for the ratio 100. 

In conclusion, the use of potentiometry and D.P.P. permit 
the investigation of complex formation over a wide range of 
ligand and metal concentrations, so as to reveal all the com- 
plexes. 

Crystal structure of CdL.H,O 
Figure 2 shows the cadmium environment as a seven-coordi- 
nated polyhedron involving four phthalato ligands and one 
water molecule. A first ligand coordinates the Cd atom inoa 
bidentate carboxylate (0 .0 ' )  mode (~d-01"' = 2.372(5) A, 
~d-02" '  = 2.445(5) A). A second ligand is part of a seven- 
membered ring formed with its two careoxylate groups (Cd- 
0 1  = 2.317(5) A, Cd - 0 3  = 2.341(5) A). Two other phthalic 
ligands make one coordination bond (~d-04 '  = 2.255(5) A 
and ~ d - 0 3 "  = 2.449(5) A). The seventh coordination bond is 
made through the water molecule (Cd-Ow = 2.333(6) A). 

This structure shows that all the carboxylate oxygen atoms 
of the deprotonated phthalic ligand are able to form coordina- 
tion bonds. Thus, in CdL, 0 1  and 0 3  form two bonds each, 
while 0 2  and 0 4  form only one bond each. This hexadentate 
coordination fashion may be due to the conformation of the 
ligand, showing the two carboxylate groups clearly outside of 
the phenyl ring plane. The planes of the carboxylate groups 
make angles of 38.4(4)" and 72.1(2)" with that of the phenyl 
ring and the angle between them is 89.0(3)". 

The rotation of the carboxylate or carboxylic groups around 
their C-C bonds is generally found to be similar in most 
phthalate and hydrogenophthalate compounds, such as the fol- 
lowing examples: 32" and 7 1" in (NH4),Pht (1 6), 27" and 67" 
in Na(HPht). 112 H 2 0  (17), 28.6" and 63.7" in Cu(Pht),.2 H 2 0  
(18), 28" and 71" in Sr(HPht),2 H 2 0  (19), 34" and 78" in 
Ca(Pht),.H,O (20). However, some compounds show surpris- 
ing rotation angle values: 88" and 5" in Mn(HPht)2.2H20 (21), 
34.0" and 34.0" in H,Pht (22). The most unexpected confor- 
mation has been found in Li(HPht)2H20 where the carboxylic 
and the carboxylate groups lie in the phenyl ring plane (23). 

Supplementary material 
Tables of anisotropic temperature factors, calculated hydrogen 

positions, and structure factors are available from R.F. on 
request. 
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Kinetics and mechanism of covalent addition 
of S(IV) species to the acridinium cation 

Maria P. Rosy Jesus 'Thomas, Guillermo Crovetto, and Juan Llor 

Abstract: The reaction of acridine with S(1V) species (SO,.H,O, HSO;, and SO,'-) to form the adduct acridine-S (IV) has been 
studied spectrophotometrically throughout the pH range 2.6-8 in aqueous solutions. The observed pseudo-first-order rate 
constants, k,,,, were determined at 25°C and ionic strength I = 0.11 M, and the pH profile of the rate reached a maximum at pH 
= 6.1. At constant pH the kobs values were a linear function of the total S(1V) concentration with slopes that increased 
significantly with pH. These data are consistent with the rate-determining attack of S0,H- and SO,'- upon the C-9 of the 
acridinium cation. A nonlinear least-squares fitting of the experimental values to the model equation, within the overall pH 
region studied, yields the pH-independent rate constants k, = 3.7 2 0.1 and k, = (6.24 C 0.04) x lo4 M-' s-' for the attack of these 
two species, respectively. The experimental results agree very well with the kinetic model. Due to the experimental conditions 
used we did not detect any possible pseudobase formation in the pH range studied. The reactivity of the S(IV) species with 
acridine follows the order: SO:- >> HSO; >> S02,H,0.  The value obtained for the ratio k,lk, is similar to the results given for 
other addition reactions of S(1V) species to the double bond of carbonyl compounds such as benzaldehyde and formaldehyde. 

Key words: covalent addition, acridine, acridine - S(1V) adducts, kinetics and mechanism. 

RCsumC : L'acridine rCagit avec le S(1V) sous la forme de SO,.HZO, HS0,-et ~ 0 , ' - ~ o u r  conduire j. des adduits que l'on a CtudiC 
d'une faqon spectrophotomCtrique j. tous les pH allant de 2,6 j. 8, en solutions aqueuses. On a dtterminC les constantes de vitesse 
du pseudopremier ordre, kobs, j. 25°C et j. une force ionique I = 0,I I M; les profiles des vitesses en fonction du pH atteignent un 
maximum j. pH = 6,l .  A des pH constants, les valeurs de k,,, sont des fonctions lineaires de la concentration totale en S(1V) avec 
des pentes qui augmentent d'une f a ~ o n  importante avec le pH. Ces donnees sont en accord avec une attaque qui dtterminerait la 
vitesse de la reaction du HS0,-et du SO:-en position C-9 du cation acridinium. Un ajustement non linCaire par la mCthode des 
moindres carrCs des valeurs experimentales obtenues dans la region globale de pH CtudiCs avec 1'Cquation modkle permet de tirer 
des constantes de vitesses independantes du pH, k, = 3,7 t 0,l  et k? = (6,24 2 0.04) x 10' M-' s-I pour les attaques respectives 
de ces deux espkces. Les resultats experimentaux sont en bon accord avec le modkle cinktique. A cause des conditions 
experimentales utilisees, on n'a pas pu dCtecter la formation de pseudobases dans la plage de pH CtudiCs. La rCactivit6 des 
espkces S(1V) avec I'acridine est dans l'ordre suivant : SO,'- >> HSO; >> SO,.H,O. La valeur obtenue pour le rapport k,lk, est 
semblable j. celle tiree de resultats rapportes pour d'autres reactions d'addition d'espkces S(1V) 21 des doubles liaisons de 
composts carbonyles, tels que le benzaldkhyde et le formaldehyde. 

Mots clis : addition covalente, acridine, adduits acridine - S(IV), cinCtique et mecanisme. 

[Traduit par la rCdaction] 

Introduction 

The study of the covalent addition of nucleophilic reagents to 
N-heteroaromatic molecules is important as this type of reac- 
tion may occur in numerous biological process (1). 

Acridine is a polynuclear nitrogen heterocycle and as such it 
belongs to this group of compounds, the derivatives of which 
are of pharmaceutical use (2) as labels in biological assays (3) 
and DNA-probe-based assays (4). Thus, equilibrium, kinetic, 
and thermodynamic data for the addition of several nucleo- 
philes, such as the enolate ion of acetone (5) and the hydroxide 
ion (6), to the acridine N-methyl derivatives have been 
reported. Very few quantitative data, however, are available 
concerning the covalent additions of bisulfite and sulfite ions 
to acridine and its derivatives, although the addition of S(1V) 
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species (SO,.H,O, HSO;, and SO:-) to derivatives of 
cytosine (7), uracil (a), pyrimidinium (9), and quinazolinium 
cations (10) etc. has been extensively studied. Pitmann and 
Sternson (1 1) estimated the equilibrium constant of the addi- 
tion of the sulfite ion to the acridinium cation at 25°C and 
ionic strength I = 1.0 M and Hammond et al. (12) studied the 
addition of bisulfite to the 9-phenylcarboxylate-10-methyl- 
acridinium cation from the equilibrium point of view and 
describe some aspects of the macroscopic rate of the process. 
In any case, there is no information about the kinetics, mech- 
anism, or any other factors that might affect the formation of 
adduct acridine-S(1V). 

We have studied the kinetics of the covalent addition of the 
different S(1V) species to the N-heteroaromatic molecule acri- 
dine in water solution at 25°C at different pH values. We pro- 
pose a mechanism for this reaction and we discuss the relative 
reactivity of different S(IV) species (SO,.H,O, HS0,-, and 
SO:-) with acridine. 

Experimental 

Acridine (Aldrich) was crystallized by sublimation before 

Can. J. Chem. 74: 365-370 (1996). Printed in Canada 1 IrnprimC au Canada 
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being used. Solutions of pH 2 or below were obtained by using 
hydrochloric acid and for pH 11 or above by using sodium 
hydroxide. Other pH values were maintained by mixtures of 
sodium hydroxide and monochloroacetic acid, acetic acid and 
sodium acetate, citric acid and dibasic sodium phosphate, 
sodium carbonate and bicarbonate. All the solutions used were 
prepared with high-purity (18 M R  cm) deionized water 
obtained from a Millipore MilliRO-4 MilliQ system, through 
which oxygen-free atgon had been bubbled for 1 h. Ionic 
strength was held constant at I = 0.11 M with KCI. The sodium 
sulfite (Merck) was used without further purification, and its 
solutions were freshly prepared and were maintained under an 
Ar atmosphere. To stabilize the sodium sulfite solution against 
oxidation we added 1 mL of methanol per 100 mL (13). These 
S(IV) solutions were standardized by iodometric titration 
every half hour (14). UV-visible spectra of the mixture of acri- 
dine plus S(IV) species at equilibrium were always recorded 
before the first 15 min of the reaction (see Results) on a Per- 
kin-Elmer spectrophotometer. When the buffered acridine 
solutions were prepared, a certain time (>lo  min) was allowed 
for the equilibrium of the pseudobase formation to be reached. 
Ionization equilibrium constants of acridine, K,*"', were deter- 
mined by the general method of Albert and Serjeant (15). pH 
measurements were made using a PHM64 pH meter equipped 
with a GK2401C pH electrode. 

Kinetic measurements were made with a Hi-Tech scientific 
SF-4 stopped-flow spectrophotometer by mixing the buffered 
acridine solutions in aqueous media with S(IV) species. The 
reactions were carried out under anaerobic conditions at dif- 
ferent temperatures. The extent of the reaction was followed 
by monitoring the disappearance of acridine at 354 nm. The 
pH value of the initial reagent and the resulting solutions 
(effluents from the stopped-flow aparatus) were measured to 
confirm that they were constant. Each rate constant value thus 
obtained was determined as an average of at least three kinetic 
runs. 

Resu I t s 

We have obtained the UV-visible absorption spectra of buff- 
ered solutions (1 < pH < 12) of mixtures of acridine with 
increasing amounts of S(1V). The addition of S(IV) to solu- 
tions of acridine produces an adduct that absorbs at 278 nm 
(see for example Fig. 1, obtained at pH 3.26) and the intensity 
of this band is a function of the total S(IV) concentration 
([S(IV)IT) and pH (Fig. 1). 

The addition of increasing concentrations of S(IV) produces 
a concomitant increase in absorbance in the region of 278 nm, 
which is accompanied by a decrease in the bands situated in 
the 320-360 nm range. The increasing absorbance in the 278 
nm region is due to two factors: the adduct formation and the 
absorption band of the SO,.H,O species. For this reason, at 
acid pH values we see a significant increase in the absorbance 
at 278 nm although there is practically no adduct formation, 
and as a consequence we monitored the reaction at the wave- 
length of the acridine. The presence of the clear isosbestic 
point at 327 nm indicates an equilibrium between the acridine 
and a single acridine-S(IV) adduct as shown in Scheme 1. The 
structure obtained by the attack of bisulfite (4) is identical to 
that of the sulfite (S), due to the low acid pK values for sulfonic 
acids. 

Fig. 1. UV-visible absorption spectra of buffered solutions of 
acridine  ACT]^ = 5 X 1 o - ~  M) balanced with different S(IV) 
concentrations at pH 3.26 and 25°C. [S(IV)IT x lo3 M: 1,O; 2,O. 13; 
3, 0.33; 4,0.67; 5 ,  1.33; 6, 3.76. 

In general, 9,lO-dihydroacridines (16) show an intense 
absorption band with a maximum in the 280 nm region similar 
to that which we obtained. Pitman and Sternson (1 1) proposed 
this structure for the acridine-S(IV) adduct and other authors 
have proposed similar structures for adducts formed with 
other acridine derivatives (5, 6, 17). 

The percentage of adduct fraction formed as a function of 
pH has been calculated from the decrease in the absorbance of 
acridine at 354 nm using eq. [I]: 

where A. and A are the absorbance of the pure acridine and 
that at equilibrium, respectively (Fig. 2). 

As can be seen in Fig. 2 there is adduct formation in the pH 
range 2.5-8 and thus we measured rate constants in this pH 
range. On the other hand, we detected no reaction for pH < 1 
and pH > 1 1 because there is no change to the acridine band at 
354 nm at these pH values. In addition, we observed that the 
percentage of adduct formation decreases as the ionic strength 
increases (for example at pH 3.65, from 82.5 to 69% for ionic 
strength ranging from 6 x to 0.6 M) and so this parameter 
has been carefully adjusted in this study. 

The addition of S(IV) to acridine is a fast reaction in the 
presence of a considerable excess of sulfite species. Thus, 
pseudo-first-order conditions [S(IV)IT >> [AcrIT, the total 
acridine concentration, were maintained throughout the study 
with a minimum 70-fold excess of S(IV). We determined the 
observed pseudo-first-order rate constants (kobs) at 25OC as a 
function of pH and total S(IV) concentration, from the slope of 
the plots In(A - Ao) vs. time, which were always linear (r' > 
0.99). At constant pH, kobs was a linear function of the total 
S(IV) concentration: 
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Scheme 1. m+.+ 
N 

/ ' N '  

I OH- 3 H  - ++y : 

where the formation second-order rate constant, kf, increases 
significantly with pH and the reverse rate constant, k,, is very 
small. 

We did not measure rate constants at pH <2.5 because the 
adduct formation was very small and there was practically no 
change in the absorbance signal. At 2.5 < pH < 8.0, at 25OC and 
I = 0.11 M, k,,, increases with pH; it reaches a maximum at pH 
6.1 and then decreases (Table 1). We also studied the tempera- 
ture effect (10-50°C) on the reaction rate at pH 4.00 and I = 
0.15 M (Table 2). 

On observing the absorption spectra of the acridine-S(1V) 
mixture some time after equilibrium has been reached we can 
see a progressive decrease in the peak corresponding to the 
adduct (278 nm), and an increase in the peak of acridine (354 
nm) vs. time until it finally again reaches the initial spectrum of 
pure acridine. This behaviour is due to the reaction of 0, with 
the S(1V) species. Thus, when the equilibrium for adduct for- 
mation is reached, if the S(IV) species concentration is not very 
high a displacement of the equilibrium towards the left occurs, 
obtaining acridine again. The pH of the solution always 
decreases during these processes due to the production of ion 
sulfate as a result of the oxidation of the S(1V) species (1 8). 

This effect was observed at all the pH values, acridine and 
S(IV) concentrations, and ionic strengths studied. The stability 
of the acridine-S(IV) adduct is dependent on ionic strength and 
it begins to break down depending upon this parameter (from 
15 min for I = 10-% to 120 min for I = 1 M). For this reason, 
and as a precaution, all the measurements for this paper were 
recorded in time periods of less than 15 min, although we used 
an ionic strength of 0.1 1 M. 

Discussion 

Reagent considerations 
Acridine can exist as three different species (Scheme 1) in 
aqueous solutions (16): acridinium cation (1: AcrH'), anhy- 
drous acridine (2: Acr), and pseudobase (3) depending upon 
the pH of three medium. In Scheme 1 we suggest the possibil- 
ity of the formation of an acridine pseudobase (3) by adding 
OH-. 

Fig. 2. pH dependence of the percentage of adduct formation 
between acridine and S(IV) species at 25OC and I = 0.1 1 M, 
[Acr],,. = 2 x lo4 M, [S(IV)]-,. = 4.86 x M. The broken lines 
indicate the fractions of S(IV) and acridine species calculated 
using the ionization equilibrium constant values given in the text. 

It is known that many reactions of heteroaromatic molecules 
in aqueous solutions are initiated by the covalent addition of 
water, a hydroxide ion, or other nucleophilic reagents across a 
double bond in the molecule (19-22). For example, Bunting 
and Meathrel studied the addition of OH-M,O to 2-methyl-4- 
isoquinolinium, 10-methylacridinium, 10-methyl-9-phenyl- 
acridinium (6), and I-methylquinolinium cations from both the 
kinetic and equilibrium points of view (23) and reported on the 
kinetic and activation parameters and the equilibrium constant. 
On the other hand, there is practically no information about the 
addition of a hydroxide ion to acridinium cation 1 (Scheme 1). 
Nevertheless, we detected evidence for the existence of this 
species in the form of a white precipitate in solutions with high 
OH- concentrations (pH > 8) and the presence of a spectral 
band at 280 nm. The pseudobase is formed very quickly by' 
reaction with the acridinium cation (1) but this association can- 
not be maintained stable in very basic solution. Due to the OH- 
ions in the media the pseudobase decomposes to give anhy- 
drous acridine (2), until we obtain the characteristic spectrum 
of the acridine molecule in a basic medium. Due to the pres- 
ence of pseudobase 3 in our case, some necessary precautions 
were taken (see experimental procedure). 

The S(IV) species in water solution may appear in three dif- 
ferent forms: sulfur dioxide, bisulfite, and sulfite. There is 
some disagreement (24-27) over the values of the ionization 
equilibrium constants of these forms, K,, and Ka2. The values 
of the equilibrium constants measured by Deveez and Rumpf 
(27) and Hayon et al. (1 8) were chosen for the calculations per- 
formed in the current study, considering the suggestion put for- 
ward by Maahs (28) about the different species of sulfur 
dioxide in water. 

To account for the influence of ionic strength upon the equi- 
librium of the S(IV) species, and following the recommenda- 
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Table 1. Pseudo-first-order rate constants (k,,,) for the addition reaction of S(1V) species to 
acridine as a function of pH, in aqueous solutions at 25°C and I = 0.1 1 M. [Acr], = 7.5 x 

M. The indicated errors are standard errors. 

Table 2. Temperature dependence of 
(k,,,) values at pH 4.0 and I = 0.15 M. 
The indicated errors are standard errors. 
[Acr], = 7.7 x M, [S(IV)], = 1.082 x 

M. 

tions made by Clarke (29), the thermodynamic equilibrium 
constants Kal and Ka2 were corrected using Davies' approxi- 
mation (30), eq. [2]: 

[I/, 

[2] logy = - A Z ~  - ( 1 + Ill2 
- 0.21 1 

where z is the ionic charge, I the ionic strength, and A = 1.82 x 
lo6 ( E T ) - ~ / ~  (E is the dielectric constant of water). 

It is known that if the ion concentration is very high a new 
S(1V) species, pyrosulfite, may appear (18, 31). We have not 
considered the presence of ~ ~ 0 , ~ -  in the reaction mechanism 
due to the fact that the total concentrations of S(IV) did not 
surpass 10" M. 

Mechanism and kinetic analysis 
According to all the observations described above, the follow- 
ing reaction mechanism for the adduct formation is proposed 
(Scheme 1) within the pH range of 2.5-8.0 and at 2S°C. 

This mechanism involves the nucleophilic addition of 
bisulfite and sulfite to the C-9 atom of the acridinium cation 
(1). Of the three acridine species, only the acridinium cation 1 

reacts and the quaternary ring nitrogen was found to be essen- 
tial for adduct formation (12), with the resulting loss of ring 
aromaticity. We did not obtain any kinetic information in 
basic solutions (pH > 8) due to pseudobase formation and the 
small value of kob,,. Sulphur dioxide is the principal constitu- 
ent of acid solutions (pH < 2) and therefore no reaction is 
obtained under these conditions (Fig. 2). 

The results obtained for kobs as a function of pH can be 
explained by two rate-determining steps in the adduct forma- 
tion, and, taking into account the low value of k,, the rate law 
for this reaction scheme would be: 

where 

[S(IV)].r = [S02.H20] + [SO,H-] + [SO,'-] 

[Acr],,. = [Acr] + [AcrH'] 

and k, and k2 are the pH-independent rate constants of the 
addition of S03H- and ~ 0 , ~ -  to the acridinium cation, respec- 
tively. 

kobs for the reaction was obtained under pseudo-first-order 
conditions in S(IV) and can be related to the k, and k, values 
by the equation: 

where p and D are defined as: 

The k, and k, values can initially be estimated by taking into 
account that, in the pH range 2.5-4.9, K,,[H+] >> [H']' + 
Ka,Ka2, and thus eq. [5] can be obtained: 
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A plot of kOb,/P[S(IV)IT vs. [H+]-' over this pH range was 
linear (I' > 0.999) and values of k, = 9.07 and k, = 5.82 x lo4 
M-I s-' were obtained. With these initial values and using eq. 
[4], nonlinear regressions for the experimental values of 
(kob,D/[S(IV)]T) vs. P (Fig. 3A) in the overall pH region stud- 
ied yield k, = (3.7 2 0.1) and k, = (6.24 + 0.04) x lo4 M-' s-'. 
Due to the influence of ionic strength, we used the following 
values for these calculations: K,, = 2.44 x lo-, M and Ka2 = 
1.80 x lo-' M, which were obtained from the thermodynamic 
values (27, 18) and Davies equation (eq. [2]) and K,~"'= 2.5 x 
lo4 M obtained by us. 

For this fitting we used all the experimental data obtained at 
the different pH values and S(1V) concentrations (74 points). 
As can be seen in Fig. 3A, we obtained a very good fitting of 
the experimental data to eq. [4], where the standard error for 
the parameters k, (2%) and k, (0.6%) was very small. At pH 
values slightly higher than 4.2 (P < 0.95) Fig. 3A was linear 
with a slope (eq. [4]) given by k,K,,K,,, due to the fact that 
klK,,[H'] << k,K,,K,,, but at pH < 4.2 (P > 0.95) the situation 
changes and the first term is predominant. 

In the plot log (kob,I[S(IV)ITP) vs. pH (Fig. 3B), within the 
pH range 3.2-5.9 we obtained a straight line but outside this 
range the plot was not linear (eq. [4]). The straight line drawn 
in this figure was calculated with a slope of unity and an inter- 
cept of log (k,.K,,) using the k, value obtained above. At pH 
>6 the term K,,K,, begins to become significant and we must 
expect kobs values lower than the theoretical straight line, and 
at pH <3 the term [H'], is significant and the obtained kobs val- 
ues must be higher than the theoretical ones, as can be seen in 
Fig. 3B. 

In Fig. 4 we can see that the theoretical curve fits the exper- 
imental points very well. We obtained a dependence with a 
maximum value of kobi at pH 6.1, which is practically the aver- 
age of the pK,, and p ~ a A c '  values. kobi increases in the pH 
range where the concentration of SO,,- strongly increases 
(Fig. 2) and decreases at high pH values where the concentra- 
tion of the acridinium cation decreases. This plot also con- 
firms agreement of the experimental data with the proposed 
model and that the values used for the different equilibrium 
ionization constants of the reagents were correct. 

In other kinetic and equilibrium studies (5,6) of related 
compounds pseudobase formation has sometimes been 
detected. To obtain information about this point we included 
the term (1 + KRoH/[H+]) on the right side of eq. [4], where 
KRoH is the adduct formation equilibrium constant, and we 
repeated the nonlinear least-squares fitting of (kob,D/[S(IV)]T) 
vs. p, in the same way as shown in Fig. 3, with KROH as an 
additional parameter. We obtained the same value and accu- 
racy for k,, and an extremely small value for KRoH, indicating 
that there is no pseudobase formation in the pH range and 
under the experimental conditions studied. In any case, and as 
indicated in the experimental section, the precautions taken 
during the experimental work to avoid interference caused by 
the formation of a pseudobase in the kinetic results were ade- 
quate. 

The k, and k, values obtained in this study reveal the great 
difference in reactivity with the acridinium ion between 
HSO,- and SO,'-, with a k,lk, ratio of 1.7 x lo4. A similar 
value for this ratio (3 x lo4)-has been obtained with benzalde- 
hyde-S(1V) (32) and formaldehyde-S(IV) (33) adducts. If the 
rate-limiting step of the reaction involves a bimolecular pro- 

Fig. 3. A. Plot of kobSDI[S(IV)IT vs. p over the pH range studied. 
The solid line is the theoretical line calculated using eq. [4 ]  and the 
parameters k, and k2 obtained from a nonlinear least-squares 
fitting. B. Dependence of log (kOb,Ip[S(IV)IT) vs. pH. The solid 
line has been drawn with a slope of unity as indicated in the text. 

cess, then SO,.H,O, HS0,- and SO,,- react with AcrH' at dif- 
ferent rates. We obtained results showing that the reactivity of 
the S(IV) species with acridine follows the order: SO,'- >> 
HSO,- >> SO,.H,O. It is well known that the sulfite ion is a 
much stronger nucleophile than HS0,- in reactions with a 
wide variety of organic and inorganic substrates (34), and the 
same order of increasing reactivity has been obtained in the 
reaction of formaldehyde with sulfur dioxide to form 
hydroxymethanesulfonic acid (33). 

The present mechanism assumes that the formation rates of 
the reagent species HSO<, SO,'-, and AcrH' are very fast in 
comparison to the other step in the mechanism. Although there 
is some disagreement about the values of the formation rates 
of HSO,- (25, 35) from SO,.H,O, all of these are very high. 

The temperature dependence of kobs over the range from 10 
to 50°C (at pH 4.0 and ionic strength 0.15 M) is given in Table 
2 and Eyring's equation gives the values AHf. = 27.2 kJ mol-' 
and AS* = -153.1 J K-I mol-' for the enthalpy and entropy of 
activation. The value of the entropy of activation is more 
negative than we might generally expect for addition reactions 
of monopositive and mononegative ions. Similar values have 
been obtained for the addition of bisulfite to formaldehyde 
(AS*= -108.0 J K-I mol-I (33)), benzaldehyde (AS*= -142.35 
J K-I mol-I), and other related compounds (32), and for meth- 
ylglyoxal (AS* = -77.7 J K-' mol-' (36)). Bunting and Meath- 
re1 (6) obtained AS* = -71.0 J K-' mol-I for the reaction 
between 10-methylacridinium cation and OH-. Olson et al. 
(32) have proposed that the transition complex for the addition 
of bisulfite to benzaldehyde is a cyclic structure formed 
between the carbonyl and bisulfite groups. In our case it is dif- 
ficult to establish a possible structure for the transition com- 
plex, which would have a high charge separation that would 
contribute to the low value of AS*. 
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Fig. 4. Observed pseudo-first-order rate constant (kobs) as a 
function of pH. The theoretical line has been drawn with the 
parameters given in the text. 
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The metabolites of Trichoderma 
longibrachiatum. Part II. The structures of 
trichodermolide and sorbiquinol 

Romano Andrade, William A. Ayer, and Latchezar S. Trifonov 

Abstract: Trichodertna longibmchinturn Rifai aggr. is a fungus reported to be antagonistic to the fungus Mycenn citricolor, 
the causative agent of the American leaf spot disease of coffee. We have investigated the metabolites produced when ir: 
kot~gibrnchint~~rn is grown in liquid culture and have isolated several new compounds. The structures of trichodermolide (2) and 
sorbiquinol(3) were determined by a combination of spectroscopic techniques, including I H  and I3c NMR, IR, UV, CD, ORD, 
and mass spectrometry, and by preparation of derivatives. 

Key words: Trichodertna lor~gibracl~intwn, leaf spot disease, coffee, fungal metabolites. 

RCsum6 : Le Triclzodertna lorlgibracllial~~~l Rifai aggr. est un champignon qui serait I'antagoniste du champignon Mycerla 
citricolo,; I'agent qui serait la cause de la maladie des taches sur les feuilles du cafC amCricain. On a Ctudit les metabolites 
produits lorsqu'on fait une culture liquide du 7: lorzgibrrrcl~intut~~ et on a isole plusieurs nouveaux composCs. On a dCterminC les 
structures du trichodermolide (2) et du sorbiquinol(3) par une combinaison de techniques spectroscopiques, y compris la RMN 
du 'H et du I3c, I'IR, I'UV, le DC, la DRO et la spectromitrie de masse, ainsi qui par la preparation de dtrives. 

Mots cl6s : Trichoderrr~a lorlgibrachicrturr~, maladie des taches sur les feuilles, cafC, mitabolites de champignons. 

[Traduit par la redaction] 

Introduction 

In part 1 of this series (I) ,  we described the isolation of several 
metabolites from liquid cultures of Trichodertna longibrczchi- 
atum, Rifai aggr. The studies leading to the assignment of 
structure 1 to trichodimerol, an intrinsically interesting natural 
product that possesses an axis of symmetry, were described. In 
this article we present evidence for the structural assignment 
of two other interesting new natural products produced by the 
fungus, the pale yellow coinpounds trichoderrnolide (2) and 
sorbiquinol (3). 

Results and discussion 

Trichodermolide (2) is a pale yellow, optically active glass 
showing maximum ultraviolet (UV) absorption at 280 nm. The 
molecular formula C,,H,,O, was determined by high-resolu- 
tion mass spectrometry (HREIMS) and the molecular weight 
was confirmed by chemical ionization mass spectrometry 
(CIMS). The  base peak in the electron impact mass spectrum 
(mlz 95) arises from fragmentation of the sorbyl chains 
(H,C,CO+). The  spectrum also shows a M+ - 95  peak and a 
peak at nzlz 352 corresponding to the loss of CO, (lactone car- 
bon and oxygens). The infrared spectrum (IR) shows absorp- 
tion at 1781 cin-' (y-lactone) and at 1687 and 1637 cm-' (a ,P-  
unsaturated ketone). 
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The 'H NMR spectrum of trichoderrnolide (2) in CDCI, 
shows three methyl singlets (6 1.78, 1.45, and 1.24), and an 
AB quartet at 6 3.66 ( J  = 19 Hz) arising from the C-7 methyl- 
ene group, an isolated three-hydrogen spin system at 6 2.45 
(dd, 18.5 and 4 Hz), 3.26 (dd, 18.5 and 6 Hz), and 3.34 (dd, 4 
and 6 Hz) for the C-14 methylene hydrogens and the C-5 
methine hydrogen, respectively. Signals for the two E,E-sor- 
by1 chains are readily apparent. When the spectrum is 
recorded in benzene the C-7 methylene signals split into clear 
doublets at 6 3.02 and 3.19 ( J  = 17 Hz). The  large genzinal 
coupling constants observed for the C-7 and C-14 methylene 
hydrogens are consistent with their location cw to carbonyl 
groups (2). 

The 13c NMR spectrum of trichoderinolide (2) (Table 1) 
shows 24  carbons: 5 methyl carbons, 2 methylene carbons, 1 
sp3 methine carbon (C-5, 6 56.0), 1 sp3 quaternary carbon (C- 
4 , 6  5 1.8), a tertiary carbon bearing oxygen (C-6 ,6  87.2), 8 sp' 
carbons as doublets, 2 olefinic carbons as singlets, and 4 car- 
bony1 carbons (6 176.1 (lactone), 191.2, 195.5, and 196.6). 

The molecular formula for trichodermolide indicates 11 
unsaturations. Two sorbyl chains account for six, the lactone 
for two, the unsaturated ketone for two, and thus there is only 
one carbocyclic ring. The  functionality described accounts for 
all five oxygens. A series of NOE experiments (in CDC13) 
served to further define structure 2. The  methine hydrogen at  
C-5 (6 3.34) shows strong NOE enhancement with the meth- 
ylene hydrogen at 6 2.45 (one H-14) and the methyls at 6 1.45 
and 1.24. The methyl hydrogens at 6 1.24 (H-22) also show 
NOE enhancement with the methylene hydrogen at 6 3.26 (an 
H-14) and the methylene at 6 3.66 (H-7). The  methylene at 6 
3.66 in turn gives reciprocal enhancement with the alkenic 
methyl (H-21) at 6 1.76 as well as with two hydrogens (66.15 
and 7.24) of one of the sorbyl chains. The C-14 methylene 

Can. I. Chem. 74: 37 1-379 (1996). Printed in Canada I Irnpri~ne au Canada 
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hydrogens (6 3.26 and 2.45) give strong mutual enhancement 
as well as enhancement of hydrogens of the other sorbyl chain 
(6 6.10 and 7.20). 

These data define the constitution of trichodermolide as 
shown in structure 4 where the starred carbon atoms indicate 
the points of attachment of the lactone ring. It was now neces- 
sary to determine the orientation of the lactone ring, i.e., 
whether the lactone carbonyl carbon is attached to C-4 or to C- 
6. The selective INEPT technique (3) was used to locate the 
carbonyl carbon. The NOE results above indicate that the 
methyl group at C-4 resonates at 6 1.24, that at C-6 at 6 1.45. 
Selective Irradiation of the 6 1.24 hydrogens (CH3 at C-4) 
gives rise to signals for the carbons at 6 5 1.8 (C-4), 148.6 (C- 
3), and the lactone carbonyl carbon (6 176.1). Irradiation of the 

methyl hydrogens at 6 1.45 (CH3 at C-6) gives signals for the 
carbons at 6 87.2 (C-6) and 6 191.2 (C-1). The carbon at 6 56.0 
(C-5) was not enhanced in either experiment although it 
should be coupled ( 3 ~ m )  to both methyls. The absence of 
enhancement may be due to the passive modulation of the car- 
bon by the one-bond C-H coupling (4). Final confirmation of 
the ring substructure of trichodermolide was obtained from the 
HMBC spectrum, which showed the correlations (CIH's): 11 
21, 23; 217, 21; 317, 21, 22; 417, 14, 22; 5114, 22, 23; 615, 14, 
23. The HMBC correlations 817, and 1515, 14 assigned the car- 
bony1 signals at 195.5 and 196.6 to C-8 and C-15, respectively. 
These results establish structure 2 (other than the stereochem- 
istry at C-5) for trichodermolide. 

Additional information on the stereochemistry of trichoder- 

molide was obtained by the preparation of several derivatives. 
Hydrogenation over palladium on carbon produced an octahy- 
dro derivative (5), as confirmed by the HREIMS and CIMS. 
The IR (1782, 1715, and 1688 cm-I) and UV (272 nm) spectra 
of octahydrotrichodermolide (5) indicated that the enone had 
resisted reduction. 

Octahydrotrichodermolide (5) was selectively reduced with 
excess sodium borohydride in methanol for a short time to 
produce a mixture of epimeric alcohols, 6a and 6b. These 
could be separated through careful column chromatography. 
Neither epimer shows strong absorption in their UV spectra, 
indicating the enone was reduced. The IR spectra of both 
epimers show absorption for an alcohol (3460 and 3450 cm-I) 

while their 'H NMR spectra show the presence of two hex- 
anoyl side chains. 

a-Decahydrotrichodermolide (6a) was acetylated by treat- 
ment with acetic anhydride to give the corresponding O- 
acetyl-a-decahydrotrichodermolide (7a). The introduction of 
an acetyl group in 7a caused the expected shifts in its 'H NMR 
spectrum when compared to the 'H NMR spectrum of 6a. 
Comparison of the 'H NMR chemical shifts reveals that H-1 is 
shifted downfield from 6 3.71 in 6a to 6 5.55 in 7a, which is 
expected for a secondary alcohol (5), and that Me-23 and Me- 
2 1 are shifted upfield from 6 1.46 and 1.69 in 6a to 6 1.35 and 
1.53 in 7a (0.1 1 and 0.16 ppm, respectively). Similarly, P- 
decahydrotrichodermolide (66) was acetylated with acetic 
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Table 1. I3C NMR data of trichodermolide (2), octahydrotrichodermolide (S), a-deca- 
hydrotrichodermolide (60). 0-acetyl-a-decahydrotrichodermolide (7n), anhydrodeca- 
hydrotrichodermolide (9), and compound 10 (CDCI,, 75.5 MHz). 

Chemical shift in 6 (ppmn.") 

Carbon 2' 5' 60' 7aC 

1 191.2 191.1 73.7 72.5 
2 134.2 134.1 132.2 132.0 
3 148.6 149.6 128.0 129.6 
4 5 1.8 51.5 48.8 48.5 
5 56.0 55.6 46.6 46.6 
6 87.2 86.9 84.3 83.4 
7 35.1 37.1 37.2 37.1 
8 195.5 206.9" 208.2" 208.2" 
9 129.9" 43.0b 42.4b 42.4b 

10 144.1b 23.6' 23.4 23.3" 
11 124.4' 29.7" 31.4 31.3 
12 141Sb 22.4' 22.5 22.4 
13 18.9 13.9 14.0 13.9 
14 42.0 44.3 43.2 43.2 
15 196.6 207.5" 209.7" 209.9" 
16 130.2" 43.2b 42.7b 42.7b 
17 144.ab 23.4' 23.4 23.6' 
18 126.9' 31 .3~  31.4 31.4 
19 142.4b 22.4' 22.5 22.5 
20 18.9 13.9 13.9 13.9 
21 11.6 11.5 20.4 20.8* 
22 16.2 16.1' 16.2' 15.7 
23 16.2 16.3' 15.7' 15.6 
24 176.1 176.0 177.7 177.0 
CO - A - 169.6 
M e  - - - 19.7~ 

"The assignments of the signals with the same superscript in the same column are interchangeable. 
"~elat ive to the carbon of the solvent (77.0 for CDCI,). 
'Multiplicity from APT. 
'Not observed. 

anhydride to give 0-acetyl-P-decahydrotrichodermolide (7b). 
The introduction of the acetyl group causes shifts similar to the 
shifts in the 'H NMR spectrum of 6a discussed above. These 
results are consistent with these methyls being a to the alcohol 
(for a similar example in aromatic systems, see ref. 6) in 6a 
and 6b and show that the enone is reduced selectively. 

To determine the relative stereochemistry of the two iso- 
mers formed we attempted acid-catalyzed formation of the 
cyclic acetal8. 

Compound 8 was not produced upon treatment with p-tolu- 
enesulphonic acid in methanol; instead this resulted in dehy- 
dration of the major epimer 6a, and simplified the isolation of 
the minor isomer 66, which did not undergo reaction. The 
dehydration product 9 was easily separated from 6b by column 
chromatography. Mass spectrometry (HREIMS and CIMS) 
confirmed the molecular formula of 9 as C,,H,,O,. The IR 
spectrum of 9 shows absorptions corresponding to lactone 
(1779 cm-') and ketone (1715 cm-I) but no OH absorption. 
Comparison of the I3c NMR spectra of anhydro derivative 9 
with that of alcohol 6a indicates the presence of an additional 
double bond the alkenic carbons of which form part of an en01 

ether double bond (Table 1). Further comparison of the 'H 
NMR spectra of the compounds shows that the three-hydrogen 
spin system in 6a is absent in 9 and has been replaced by two 
mutually coupled hydrogens at S 4.56 and 2.19 (J = 6 Hz). The 
COSY spectrum of anhydrodecahydrotrichodermolide shows 
the expected correlations Me-21lH- 1, H-7; H-51H- 1, H-14; 
and H-7lH-1, thus confirming the structure as shown in 9. 

The formation of anhydrodecahydrotrichodermolide (9) 
from the major reduction product, a-decahydrotrichoder- 
molide (6a), confirmed the stereochemistry shown and estab- 
lished the relative stereochemistry at C-5 in trichodermolide. 

Prolonged exposure of compound 9 or 6a to strongly acidic 
conditions resulted in the formation of the aromatic compound 
10. Mass spectrometry of compound 10 shows a molecular 
formula C23H3602. Its IR spectrum shows the presence of a 
ketone (1704 cm-') and an aromatic ring (1450, 1418 cm-I). 
The UV spectrum of compound 10 confirmed the presence of 
the aromatic group with low-intensity maxima at 205, 210, 
and 269 nm, indicating that the aromatic ring is unconjugated 
(7). Compound 10 displays a very simple 'H NMR spectrum. 
It shows absorptions for one aromatic hydrogen (6 6.92), four 
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Scheme 1. 

methylene benzylic hydrogens (6 3.76), three aromatic meth- 
yls as singlets at 6 2.20 (6H) and 6 2.04 (3H), and two equiv- 
alent hexanoyl side chains. The simplicity of the 'H NMR 
spectrum indicates that 10 possesses an element of symmetry. 

To establish the relative distribution of the aromatic substit- 
uents a series of NOE experiments was performed on 10. The 
methyl at 6 2.04 ppm gives NOE enhancement to the methyl- 
ene hydrogens at 6 3.76, while the latter give enhancement to 
both aromatic methyls. 

The aromatization of anhydrodecahydrotrichlodermolide 
(9) is not surprising since compounds containing similar func- 
tional groups are known to aromatize. For example, the acid- 
catalyzed decarboxylation of gibberellic acid (8) and the aro- 

matization of 2P-hydroxy- 19-0~0-4-androstene-3,17-dione to 
estrone (9) are known to occur in the presence of acid. A pos- 
sible mechanistic pathway for the formation of 10 is shown in 
Scheme 1. 

The determination of the absolute stereochemistry of tri- 
chodermolide (2) by analysis of its CD spectrum is compli- 
cated since it shows a series of Cotton effects. However the 
CD spectrum of octahydrotrichodermolide (5) is simpler. It 
displays a split Cotton effect with extrema of opposite sign at 
270 and 222 nm (A  = +28, positive chirality) due to the inher- 
ently dissymmetric a,P-unsaturated ketone chromophore, 
which shows homoconjugation to the lactone carbonyl (10). 
Examination of molecular models reveals that the .rr bond of 
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the lactone carbonyl of octahydrotrichodimerol is in a favour- 
able position to homoconjugate with the double bond of the 
a,P-unsaturated ketone. 

The UV spectrum of octahydrotrichodermolide displays 
characteristics in accordance with this assumption. These are: 
longer absorption wavelength and lower intensity than 
expected for the charge transfer band (E = 5600 vs. 10 000,272 
vs. 237 nm) and a stronger n-T* absorption (E = 1200 vs. 100). 
These shifts and intensity changes confirm the homoconjuga- 
tive effect (1 1). 

Homoconjugation of lactone carbonyls with enones has 
been documented. Ellestad et al. (12) reported the UV and CD 
spectra of compound 11. The UV spectrum of compound 11 
shows maxima at longer wavelengths (260-265 nm) than other 
abietane derivatives with similar structure and a C-10 methyl 
(13). The CD spectrum of compound 11 shows a split Cotton 
effect, with extrema at 262 and 230 nm (A = +74.4, positive 
chirality) and its absolute stereochemistry is known (14). 
Since octahydrotrichodermolide (5) and compound 11 possess 
virtually the same chromophore and the same chirality in their 
CD spectra, we assign the absolute stereochemistry of tricho- 
dermolide as shown in 2. 

Sorbiquinol was obtained as a pale yellow amorphous solid, 
[a], +234 (MeOH). The molecular formula C2,H3,0, is based 
on HREIMS and CIMS data. The EIMS spectrum of sor- 
biquinol shows fragment ions at rnlz 95 corresponding to a sor- 

by1 side chain and a base peak at mlz 165 corresponding to the 
substituted benzoyl ion derived from sorbicillin (12), also iso- 
lated from this fungus (1). The CIMS shows fragment ions at 
rnlz 233 (protonated sorbicillin) and at mlz 249, which could 
be derived from a sorbicillin o-quinol (13). Diels-Alder reac- 
tion between 12  and 13 gives rise to the bicyclo[2.2.2] adduct 
3. This structure nicely explains all the properties of sor- 
biquinol (3). 

The UV spectrum shows base-induced shifts consistent 
with the enolic-phenol chromophores (see Experimental). 
The IR spectrum shows absorption for hydroxyl groups 
(3450 cm-I), saturated ketone (1730 cm-I), strongly chelated 
carbonyl (1627 cm-I), and aromatic ring(s) (1606 cm-I). 

The 'H NMR spectrum of sorbiquinol shows methyl sin- 
glets (6 1.20, 1.16), two aromatic methyls (6 2.26, 2.12), an 
aromatic methine (6 7.59), two chelated hydroxyl groups (6 
13.98, 12.58), one E,E-sorbyl chain (6 5.53, 7.17, 5.93, 6.08, 
and 1.82), a three-hydrogen spin system (6 4.28 (dd, 6.5, 1.5), 
3.26 (dd, 10,6.5 Hz), and 3.32 (d, 1.5 Hz)), and an E-l-prope- 
nyl(6 5.45 (dq, 15,6.5 Hz, lH), 5.02 (ddq, 15, 10, 1.5 Hz, IH), 
and 1.60 (dd, 6.5, 1.5 Hz, 3H)) group. Decoupling experi- 
ments carried out in acetone allow us to connect the latter two 
fragments and build up the fragment H3C-CH=CH-CH-CH- 
CH present between C-4 and C- 17. The hydrogen at 6 5.02 (H- 
15) shows trans coupling (15 Hz) to the hydrogen at 6 5.45 (H- 
16) and is also coupled to the hydrogen at 6 3.26 (10 Hz, H-7), 

which in turn is coupled to the hydrogen at 6 4.28 (6.5 Hz, H- 
8). The latter hydrogen is also coupled to the methine hydro- 
gen at 6 3.32 (1.5 Hz, H-4). 

The I3c NMR spectrum of sorbiquinol (Table 2) shows 28 
carbons. Six signals are assigned to methyl groups, three to 
aliphatic methines, six to sp2 methines, one to a tertiary carbon 
bearing oxygen (6 75.7), three to carbonyl groups (6 211.5, 
202.1, 198.0), three to oxygen-bearing sp2 carbons (6 168.8, 
161.9, 159.0) that are not carbonyls, and four to non-hydro- 

gen-bearing sp2 carbons. A comparison of the 'H and I3c 
NMR spectra of sorbiquinol and sorbicillin (12) revealed that 
both compounds have the fragment (HO),(H3C),C6HC0. The 
presence of this fragment is also supported by the mass spectra 
of sorbiquinol (vide supra). An NOE experiment shows strong 
enhancement (26%) of the methine hydrogen at 6 4.48 (H-8) 
and an enhancement of the aromatic methyl at 6 2.24 upon 
irradiation of the aromatic hydrogen at 6 7.69 (H-24). This 
information locates the aromatic ring relative to C-8 and is in 
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Table 2. I3C NMR data of sorbiquinol (3), tetrahydrosorbiquinol 
(14),  and hexahydrosorbiquinol (15).  

Chemical shifts in 6 (ppm"~h) 

Carbon 3" 1,y.d 

"Signals with the same superscript in the same column are interchangeable. 
bRelative to the carbon of the solvent (77.0 for CDCI,). 
'Multiplicity from APT. 
dAlso obtained from [I-13C]acetate-incorporated sorbiquinol. 

agreement with the Diels-Alder hypothesis and the resulting 
structure 3. 

This structure is supported by further NOE experiments, 
carried out in acetone. The methine hydrogen at C-4 shows 
NOE with the methyl group on C-5 (6 1.20). Similarly, the 
methyl at C-1 (6 1.07) shows an NOE enhancement to the 
methine at 6 3.19 (H-7). In addition, the hydrogen at C-4 
shows a strong NOE enhancement (25%) with the a-hydrogen 
of the sorbyl chain (6 5.82). The NOE experiments proved 
very useful in determining the relative stereochemistry of sor- 
biquinol. The hydrogen at C-8 (6 4.48) shows strong NOE 
enhancement (14%) with H-15 (6 5.16), thus establishing that 
the 1-propenyl group is cis to H-8. The absence of enhance- 
ment between the methyl at C-5 (6 1.20) and H-8 suggests that 
these two groups are in an anti arrangement. Conclusive 
results, however, were obtained from the 'H NMR pyridine 
solvent shift study. Addition of ca. 20% of pyridine-d, to the 
CDC1, solution of sorbiquinol results in the signals for H-8 
and H-15 being shifted downfield by 0.37 and 0.24 ppm, 
respectively, indicating that the C-5 hydroxyl group is syn to 

H-8 and H-15. Additional support of this assignment is pro- 
vided by the relatively high-field signals of the C-5 methyl 
group (6 1.20; usually ca. 1.50 ppm), which may be attributed 
to the shielding effect of the adjacent sorbyl en01 system. 

Catalytic hydrogenation of sorbiquinol over Pd/C for 1 h 
afforded the tetrahydro derivative 14 while reduction for 2 
days gave the hexahydro derivative 15. Compound 14 has the 
molecular formula C28H3607 as determined by HREIMS. The 
EIMS shows a hexanoyl chain (mlz 99) and a base eak at r7zlz P 165, corresponding to (HO),(H3C),C6HCOf. The H and 13c 

NMR spectra confirm that the sorbyl chain is replaced by a 
hexanoyl chain (Table 2). Under these conditions the C-15, C- 
16 double bond is not hydrogenated. 

Hexahydrosorbiquinol (15) has molecular formula 
C28H3807 obtained from the HREIMS and confirmed by CIMS. 
All 'H and 13c NMR signals of compound 15 are similar to 
those of compound 14, except those of the E- 1-propenyl chain, 
which are replaced by the signals of an n-propyl group (Table 
2). Similar to the parent compound sorbiquinol, the chemical 
ionization spectra of the hydrogenated derivatives 14 and 15 
show retro-Diels-Alder fragment ions corresponding to sorbi- 
cillin (for 14, at mlz 233) or dihydrosorbicillin (for 15, at mlz 
235) and tetrahydrosorbicillin-o-quinol 16 (for 14 and 15). 

The CD spectra of sorbiquinol, tetrahydrosorbiquinol, and 
hexahydrosorbiquinol all display a split Cotton effect with 
positive chirality. The absolute configuration of these com- 
pounds, however, cannot be unambiguously deduced from the 
CD spectra since the direction of the electric transition dipole 
moment vector of the aromatic chromophore cannot be readily 
determined. The similarity between the oxygenated sorbicillin 
subunits present in sorbiquinol, trichodimerol, and the very 
closely related metabolites of Verticillinm intertextum (15) 
suggests that they all may have the (S) configu~ation of the 
oxygen-bearing tertiary carbon atom (C-5 in sorbiquinol), 
present also in the key intermediate 13. 

Both trichodermolide (2) and sorbiquinol (3) proved to be 
inactive against Mycerzn citricolor, but they do represent new 
structural types of natural products. 

Experimental 

The general experimental section and the isolation and purifi- 
cation of trichodermolide and sorbiquinol are described in the 
first part of this series (1). The nuclear Overhauser enhance- 
ment determinations (NOE) are from difference spectra and 
are reported as enhanced area over the irradiated signal area in 
the difference spectrum. Trichodermolide and sorbiquinol 
showed the following characteristics: 

Trichodermolide (2):  [a]D +97 (c 0.98, EtOH); FTIR v,,, (cm- 
'): 3015,2920,1781,1687,1637,1595,1375,1320,1188,997; 
UV (MeOH) A,,, nm (log E): 280 (4.72), 217 (4.15); no change 
upon addition of NaOH or HC1; CD (EtOH) nm (A€): 
224 (- 15.4), 260 (+5.4), 273 (+2.9), 289 (+9); ORD (EtOH) 
X,,,,,,,, nm ([I+]): 240 (-49 OOO), 278 (-30 OOO), 300 (+15 
000); 'H NMR (CDC13) 6: 1.24 (s, 3H, H-22), 1.45 (s, 3H, H- 
23), 1.78 (s, 3H, H-21), 1.87 (d, 6 HZ, 3H, H- 13), 1.89 (d, 6 Hz, 
3H,H-20),2.45(dd, 18.5,4Hz, lH,H-14),3.26(dd, 18.5,6Hz, 
lH, H-14), 3.34 (dd, 6 ,4  HZ, 1H, H-5), 3.66 (AB, 19 HZ, 2H, H- 
7), 6.10 (d, 15.5 HZ, lH, H-9), 6.15 (d, 15.5 HZ, lH, H-16), 
6.20-6.25 (m, 4H, H-ll,12,18,19), 7.20(dd, 15.5,9.5 Hz, lH, 
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H-17), 7.24 (dd, 15.5,9.5 Hz, lH, H-10); NOE 6: [1.24] (H-22): 
3.66 (H-7) (4%), 3.34 (H-5) (lo%), 3.26 (H-14) (3%); [1.45] 
(H-23): 2.45 (H-14) (6%), 3.34 (H-5) (9%); [1.78] (H-21): 3.66 
(H-7) (7%); [2.45] (H-14): 3.34 (H-5) (8%), 3.26 (H-14) (20%), 
6.15 (H-16) (3%), 7.20 (H-17) (3.5%); [3.34] (H-5): 1.24 (H- 
22) (2%), 1.45 (H-23) (3%), 2.45 (H-14) (10%); [3.66] (H-7): 
1.78 (H-21) (1 I%), 1.24 (H-22) (3%), 6.10 (H-9) (15%), 7.24 
(H-10) (19%); [3.26] (H-14): 2.45 (H-14) (27%), 6.15 (H-16) 
(6%), 7.20 (H-17) (7%); HMBC (CIH's): 1/21,23; 2/7,21; 317, 
21,22; 417, 14,22; 5/14, 22,23; 615, 14,23; 817; 1515, 14; 13c 

NMR spectrum: see Table 1; HREIMS: 396.1936 (calcd. for 
C,,H,,O,: 396.1937,0.7%), 352 (C,,H,,O,, 0.2%), 340 (0.2), 
301 (0.2), 258 (0.3), 257 (0.7), 248 (I), 191 (2.8), 95 (100); 
CIMS (NH,): 414 (M + 18,15%), 397 (M + 1,100%); TLC: R, 
0.45 (petroleum ether I EtOAc 5:2). 

Sorbiquinol(3): [a], +234 (c 0.36, MeOH); FTIR v,,, (cm-I): 
3450,3020,2960,2920,2850, 1730, 1627, 1606, 1562, 1380, 
1 166,995; UV (MeOH) A,,, nm (E): 292 (23 OOO), 359 (22 500), 
374 (19 500); NaOH: 252 (18 200), 283 (18 300), 352 (27 000); 
HC1 regenerated the original spectrum; CD(Me0H) A,,,,,,,, 
nm (AE): 343 (+25), 296 (-28); A = +53; ORD (MeOH) X,,. 
,,,,,, nm ([$I): 362 (+38 OOO), 323 (-85 000), 272 (+73 OOO), 
252 (+85 000); 'HNMR (CDCI,) 6 : 1.16 (s, 3H, CH,-C- I), 1.20 
(s, 3H, CH3-C-5), 1.60 (dd, 6.5, 1.5 Hz, 3H, H-17), 1.82 (dd, 7, 
1.5 HZ, lH, H-14), 2.12 (s, 3H, CH3-C-21), 2.26 (s, 3H, CH3-C- 
23), 3.26 (dd, 10, 6.5 Hz, IH, H-7), 3.32 (d, 1.5 Hz, lH, H-4), 
4.28 (dd, 6.5, 1.5 Hz, lH, H-8), 5.02 (ddq, 15, 10, 1.5 Hz, lH, 
H-15), 5.45 (dq, 15,6.5 HZ, IH, H-16), 5.53 (d, 15 HZ, lH, H- 
lO),5.93 (ddq, 15,10, 1.5 Hz, lH,H-12),6.08 (dq, 15,7Hz, lH, 
H-13), 7.17 (dd, 15, 10.5 HZ, lH, H-11), 7.59 (s, lH, H-24), 
12.58 (s, 1 H, OH-20), 13.98 (s, IH, OH-2); (acetone-d,) 6: 1.07 
(s, 3H, CH,-C-I), 1.20 (s, 3H, CH3-C-5), 1.58 (dd, 7,1.5 Hz, 3H, 
H-17), 2.24 (s, 3H, CH3-C-23), 3.19 (dd, 10,6.5 HZ, IH, H-7), 
3.50 (d, 1.5 Hz, lH, H-4), 3.79 (br s, lH, OH-5), 4.48 (dd, 6.5, 
1.5 Hz, lH, H-8), 5.16 (ddq, 15,10, 1.5 Hz, IH,H-15), 5.45 (dq, 
15.7 HZ, lH, H-16), 5.82 (d, 15 Hz, lH, H-lo), 5.95 (ddq, 15, 
10, 1.5 HZ, lH, H-12), 6.13 (dq, 15,7 HZ, lH, H-13), 7.12 (dd, 
10,15Hz, 1H,H-11),7.69(s, lH,H-24),and8.05 (brs, lH,HO- 
22); NOE (acetone-d6) 6: [1.07] (CH,-C-1): 3.19 (H-7) (4%), 
5.16 (H- 15) (2%); [1.20] (H-27): 3.50 (H-4) (2%), 3.79 (OH-5) 
(0.7%); 11.581 (H-17): 5.16 (H-15) (2.5%), 5.45 (H-16) (4%); 
[3.19] (H-7): 4.48 (H-8) (2%), 5.16 (H-15) (2%); [3.50] (H-4): 
1.20 (CH3-C-5) (4%), 4.48 (H-8) (5%), 5.82 (H-10) (25%), 5.95 
(H-12) (-2%), 7.69 (H-24) (16%); [4.48] (H-8): 3.19 (H-7) 
(4%), 3.50 (H-4) (5%), 5.16 (H-15) (14%), 5.45 (H-16) (-2%), 
7.69 (H-24) (26%); [5.16] (H-15): 4.48 (H-8) (7%), 3.19 (H-7) 
(4%), 1.58 (H-17) (6%); [5.45] (H-16): 3.19 (H-7) (9%); [5.82] 
(H-10): 3.50(H-4)(19%); [7.12] (H-1 I): 5.82(H-10)(2%),5.95 
(H-12) (5%), 6.13 (H-13) (16%); [7.69] (H-24): 2.24 (CH,-C- 
23) (9%), 4.48 (H-8)(24%), 3.50(H-4) (5%), 5.82 (H- 10) (- 1 %), 
5.16 (H-15) (-2%), 5.45 (H-16) (-2%); I3c spectrum: see 
Table 2; HREIMS: 480.2132 (calcd. for C,,H,,O,: 480.2149, 
17%),452(2),434(1),248(2),233(18),232(32),217(22), 191 
(8), 165 (loo), 95 (31); CIMS: 481 (M + 1,12%), 249 (24), 233 
(100); TEC: R, 0.28 (2% EtOH - CHCl,), 0.50 (6%). 

Preparation of derivatives 

Hydrogenation of trichodertnolide 
Trichodermolide (2) (58 mg) in ethyl acetate (10 mL) was 
hydrogenated over excess 5% palladium on carbon for 1 h at 

room temperature. The reaction mixture was filtered, concen- 
trated, and purified by column chromatography (silica gel, 
C6H6:Et,0 3: 1, R,0.74) to give pure octahydrotrichodermolide 
(5) (30.1 mg, 5 1% yield): [a], +I19 (c 0.55, CHCl,); FTIR 
v,,,, (cm-I): 2956,2923,2872,2850, 1782, 1715, 1688, 1618, 
1463, 1379,1304,1184, 1052,920; UV (MeOH) A,,, nm (E): 
219 (5600), 272 (5700), 325 (1200), 329 (1200); CD (MeOH) 
A,,,,,,,, nm (AE): 270 (+13), 222 (- 15); ORD (MeOH) A ,,,,- 
,,, nm ([$I): 288 (+24 OOO), 242 (-58 000); 'H NMR 
(CDCl,) 6: 0.89 (t, 7 HZ, 3H, H- 13), 0.9 1 (t, 7 HZ, 3H, H-20), 
1.22 (s, 3H, H-22), 1.30 (m, 8H, H-11,12,18,19), 1.46 (s, 3H, 
H-23), 1.60 (m, 4H, H-10,17), 1.75 (s, 3H, H-21), 2.30 (dd, 19, 
3.5 Hz, lH, H-14), 2.45 (m,' 2H, H-16), 2.52 (t, 7 Hz, 2H, H- 
9), 3.12 (dd, 19, 7.5 HZ, lH, H-14), 3.24 (dd, 7.5, 3.5 Hz, lH, 
H-5), 3.48 (AB, 17.5 HZ, 2H, H-7); NOE (CDCl,) 6: [1.22] (H- 
22): 3.24 (H-5) (13%), 3.48 (H-7) (8%); [1.46] (H-23): 2.30 
(H-14) (8%), 3.24 (H-5) (10%); [1.75] (H-21): 3.48 (H-7) 
(6%); [3.24] (H-5): 1.22 (H-22) (I%), 1.46 (H-23) (1 %), 2.30 
(H-14) (3.5%); 13c NMR Spectrum: see Table 1; HREIMS: 
404.2552 (calcd. for C24H3605: 404.2564, 0.8%), 262 (33), 
163 (19), 99 (loo), 85 (20), 71 (79); CIMS: 405 (M + 1, 100%). 

Reduction of octahydrotrichodermolide (5) 
Octahydrotrichodermolide (5) (22 mg) was dissolved in ben- 
zene-ethanol(2 mL), cooled to O°C, and excess sodium boro- 
hydride in ethanol was added. The reaction was quenched 
after 1.5 min by addition of saturated aqueous ammonium 
chloride (0.5 mL). The reaction mixture was diluted with 
water (8 mL), and extracted with ethyl acetate (3 x 15 mL). 
The ethyl acetate extract was concentrated and purified by col- 
umn chromatography (silica gel, 2% EtOH - CHC1, Rf 0.24) 
to give a-decahydrotrichodermolide (6a) (10.0 mg, 45% 
yield): FTIR v,,, (cm-I): 3460,2956,2932,2872,2860, 1773, 
1756, 1713, 1379, 1043, 925; 'H NMR (CDCl,) 6: 0.87 (t, 7 
HZ, 3H, H-20), 0.88 (t, 7 HZ, 3H, H-13), 1.06 (s, 3H, H-22), 
1.30(m, 8H, H-11,12,18,19), 1.46(s,3H,H-23), 1.55 (m,4H, 
H-10,17), 1.68 (s, 3H, H-21), 2.22 (br, lH, OH-1), 2.44 (t, 7 
Hz, 2H, H-9), 2.50 ( m 3  2H, H-16), 2.71 (dd, 6.5,5 Hz, lH,H- 
5), 2.83 (dd, 18.5,5 Hz, lH, H-14), 2.99 (dd, 18.5,6.5 Hz, lH, 
H-14), 3.27 (s, 2H, H-7), 3.71 (d, 6 HZ, lH, H-1); NOE 
(CDCl,) 6: 11.061 (H-22): 2.71 (H-5) (2.3%), 3.27 (H-7) 
(3.8%); [1.46] (H-23): 2.71 (H-5) (3.1%), 2.83 (H-14) (I%), 
3.71 (H-1) (2.7%); [1.68] (H-21): 3.27 (H-7) (1.5%), 3.71 (H- 
1) (1.5%); [3.27] (H-7): 2.44 (H-9) (5%), 1.68 (H-21) (7%), 
1.06 (H-22) (4%); [3.71] (H-1): 2.22 (OH-1) (6%), 1.68 (H- 
21) (4%), 1.46 (H-23) (4%), 1.06 (H-22) (4%); 13c NMR 
spectrum: see Table 1; HREIMS: 406.2730 (calcd. for 
C2,H3,05: 406.2720,0.8%), 150 (19), 149 (22), 147 (37), 133 
(28), 121 (50), 99 (loo), 71 (70), and traces of starting 
material. 

Formation of nnhydrodecahydrotrichodennolide (9) 
Octahydrotrichodermolide (5) (21.5 mg) was dissolved in 
benzene-ethanol (1 mL), and sodium borohydride (14.1 mg) 
in ethanol (1 mL) was added at 0°C. After 2 min the reaction 
was quenched by addition of saturated aqueous ammonium 

This signal is present as a multiplet, indicating that these 
hydrogens are diastereotopic and magnetically similar, forming 
an AA'BBf-like system. 
This signal is present as a multiplet, indicating that these 
hydrogens are diastereotopic (vide supra). 
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chloride (0.5 mL), diluted with water (5 mL), and extracted 
with chloroform (3 x 5 mL). The chloroform extract was evap- 
orated, and the crude mixture was treated with p-toluenesul- 
phonic acid (10 mg) in methanol (4 mL) for 2 weeks at room 
temperature. The methanol was removed under reduced pres- 
sure and the mixture purified by column chromatography (sil- 
ica gel, 2% EtOH - CHC1,) to afford P-decahydrotrichoder- 
molide (6b) (2.8 mg): FTIR v,,, (cm-I): 3450, 2956, 2929, 
2872, 2858, 1770, 1714, 1457, 1379, 1049; UV (MeOH): no 
absorptions detected; 'H NMR (CDCl,) 6: 0.89 (t, 7 Hz, 3H, 
H-20), 0.90 (t, 7 Hz, 3H, H- 13), 1.03 (s, 3H, H-22), 1.30 (m, 
8H, H-11,12,18,19), 1.49 (s, 3H, H-23), 1.56 (m, 4H, H- 
10,17), 1.68 (s, 3H, H-21), 2.32 (dd, 18,3 Hz, lH, H-14), 2.43 
(t,7H~,2H,H-9),2.53(m,~2H,H-16),2.89(dd,7,3Hz, lH, 
H-5), 3.19 (dd, 18, 7 HZ, lH, H-14), 3.25 (AB, 18 Hz, 2H, H- 
7), 3.70 (br s, lH, H-1); NOE (CDCl,) 6: [1.03] (H-22): 3.25 
(H-7) (I%), 2.89 (H-5) (5%); [1.49] (H-23): 3.70 (H-1) (3%), 
2.89 (H-5) (3%); [1.68] (H-21): 3.70 (H-1) (2%), 3.25 (H-7) 
(0.8%); HREIMS: 406.2737 (calcd. for C24H3805: 406.2720, 
0.8%), 361 (29), 248 (19), 245 (22), 149 (54), 147 (26), 133 
(20), 121 (38), 99 (loo), 71 (66); CIMS: 424 (M + 18, loo%), 
407 (M + 1, 12%). Further chromatography with 3% Et,O - 
C6H6 as eluant afforded aromatic compound 10 (2.6 mg): 
FTIR v,,, (cm-I): 2958,2928,287 1,2858, 1704, 1450, 1418; 
UV (MeOH) A,,, nm (E): 205 (13 OOO), 210 (15 OOO), 269 
(400); no change upon addition of NaOH or HCl; 'H NMR 
(CDCl,) 6: 0.87 (t, 7 Hz, 6H), 1.26 (m, 8H), 1.56 (m, 4H), 2.04 
(s, 3H, CH3Ar), 2.20 (s, 6H, 2 x CH3Ar), 2.40 (t, 7 Hz, 4H, 
COCH,), 3.76 (s, 4H, 2 x CH,Ar), 6.92 (s, lH, ArH); I3c 
NMR spectrum: see Table 1; HREIMS: 344.27 14 (calcd. for 
C23H3602: 344.2715, 5%), 326 (21), 245 (C17H250, loo%), 
227 (24), 147 (23), 99 (44); CIMS: 362 (M + 18, loo%), 345 
(M + 1, I%), 245 (7); NOE 6: [2.04] (CH,Ar): 3.76 (CH,Ar) 
(4.3%), 2.20 (CH,Ar) (-3.2%); [2.20] (CH,Ar): 3.76 
(CH,Ar) (IS%), 6.92 (ArH) (3.6%); [3.76] (CH,Ar): 2.20 
(CH,Ar) (5%), 2.40 (COCH,) (4%), 2.04 (CH,Ar) (7.3%); 
[6.92] (ArH): 2.20 (CH,Ar) (13.5%); and anhydrodecahydro- 
trichodermolide (9) (2.4 mg): FTIR v,,, (cm-I): 2955, 2930, 
2872,2859,1779,17 15,1687,138 1,1180, 1070; UV (MeOH) 
A,,, nm (E): 202 (6000), 232 (2000); no change upon addition 
of NaOH or HC1; 'H NMR (CDCI,): 0.86 (t, 7 Hz, 6H, H- 
13,20), 1.04 (m, 4H, H-18,19), 1.17 (s, 3H, H-22), 1.20 (m, 
4H, H-11,12), 1.43 (s, 3H, H-23), 1.43 (m, 2H, H-17), 1.53 (m, 
2H,H-lo), 1.68(~,3H,H-21),2.04(m,~2H,H-l6),2.19(d,6 
Hz, lH, H-5), 2.37 (m, 2H, H-9), 3.21 (s, 2H, H-7), 4.08 (br s, 
lH, H-1), 4.56 (d, 6 Hz, lH, H-14); COSY (CDCl,): Me-21 (6 
1.68)lH-1 (6 4.08), H-7 (6 3.21); H-5 (6 2.19)H-1 (6 4.08), H- 
14 (6 4.56); H-7 (6 3.21)H-1 (6 4.08); NOE (CDCl,) 6: [ l .  171 
(H-22): 2.19 (H-5) (3.3%), 3.21 (H-7) (2%), 4.56 (H- 14) (1 %); 
[1.43] (H-23): 2.04 (H- 16) (I%), 2.19 (H-5) (2.5%), 4.08 (H- 
1) (3.3%); [1.68] (H-21): 3.21 (H-7) (2%), 4.08 (H-1) (3.5%); 
[2.19] (H-5): 1.17 (H-22) (6%), 1.43 (H-23) (8%), 4.56 (H-14) 
(10%); [3.21] (H-7): 1.17 (H-22) (4%), 1.68 (H-21) (5.4%), 
2.37 (H-9) (1%); [4.08] (H-1): 1.43 (H-23) (7%), 1.68 (H-21) 
(5.4%); [4.56] (H-14): 2.04 (H-16) (5%), 2.19 (H-5) (1 I%), 
2.37 (H-9) (1%); ',c NMR spectrum: see Table 1; HREIMS: 
388.261 1 (calcd. for C24H3604: 388.2615, 0.6%), 277 
(C18H2902, loo%), 245 (21), 99 (55); CIMS: 406 (M + 18, 
loo%), 390 (M + 2,3610). 

a-Decahydrotrichodermolide (6a) (4.5 mg) was treated 
with 1% methanolic p-toluenesulphonic acid (2 mL), at room 

temperature for 2 h. 'The reaction mixture was concentrated 
and purified by column chromatography (silica gel, 2% EtOH 
- CHCl,), to give the en01 ether anhydrodecahydrotrichoder- 
rnolide (9) (3.5 mg, R, 0.7 1). 

a-Decahydrotrichodermolide (6a) (3 mg) was acetylated by 
overnight reaction with acetic anhydride (1 mL) and pyridine 
(0.5 mL) at room temperature. The excess pyridine and acetic 
anhydride were removed azeotropically with toluene to give 
pure 0-acetyl-a-decahydrotrichodermolide (70) (2.5 mg): 
FTIR v ,,,, , (cm-I): 2956, 2928,2872, 2857, 1780, 1748, 1715, 
1457, 1417, 1380, 137 1, 1258, 1022,931,804; UV (MeOH): 
no UV absorptions detected; 'H NMR (CDCl,) 6: 0.89 (t, 7 
HZ, 3H, H-20), 0.90 (t, 7 HZ, 3H, H- 13), 1.10 (s, 3H, H-22), 
1.30 (m, 8H, H-11, 12, 18, 19), 1.35 (s, 3H, H-23), 1.53 (s, 3H, 
H-21), 1.58 (m, 4H, H-10,17), 2.46 (t, 7 Hz, 2H, H-9), 2.54 
(m,, 2H, H-16), 2.71 (m, lH, H-14), 2.73 (lH, H-5), 3.09 (m, 
lH, H-14), 3.31 (s, 2H, H-7), 5.29 (br s, lH, H-1); NOE 
(CDCI,) 6: [1.10] (H-22): 3.3 1 (H-7) (3%), 2.73 (H-5) (3%); 
[1.35] (H-23): 5.29 (H-1) (2.5%), 2.73 (H-5) (1%); [1.53] (H- 
21): 5.29 (H-1) (2.5%), 3.31 (H-7) (2%); [3.31] (H-7): 1.53 
(H-2 1) (7%), 2.46 (H-9) (4%), 1.10 (H-22) (1 %); "C NMR 
spectrum: see Table 1; HREIMS: 448.2831 (calcd. for 
C,,H4,06: 448.2826, 0.1%), 404 (M - CO,, 0.2), 246 (41), 
147 (47), 135 (6), 133 (42), 121 (16), 99 (loo), 71 (72). Acety- 
lation of P-decahydrotrichodermolide (6b) in a similar way 
gave 0-acetyl-P-decahydrotrichodermolide (7b) (1.5 mg): 
FTIR v,,,, (cm-I): 2956,2927,2873, 2858, 1772, 1742, 1716, 
1374, 1231, 1093, 1056, 1028; UV (MeOH): no absorption 
detected; 'H NMR (CDCl,) 6: 0.89 (t, 7 Hz, 6H,%-13, 20), 
1.04(s,3H,H-22), 1.30(m,8H,H-11,12,18,19), 1.32(s,3H, 
H-23), 1.49 (s, 3H, H-21), 1.58 (m, 4H, H-10, 17), 2.43 (dd, 
18, 3 Hz, lH, H-14), 2.44 (t, 7 Hz, 2H, H-9), 2.55 (m, 2H, H- 
16), 2.92(dd, 8.5,3 HZ, lH, H-5), 3.28 (dd, 18,8.5 HZ, lH, H- 
14), 3.29 (AB, 18 Hz, 2H, H-7), 5.40 (br s, lH, H-1); HRE- 
IMS: 448.28 17 (calcd. for C26H3006: 448.2826, 0. I%), 403 
(M - CO,, 8%), 248 (30), 245 (42), 133 (44), 121 (22), 99 
(loo), 71 (71); CIMS: 466 (M + 18, loo%), 449 (M + 1,3%). 

Aromatizatiotz of arzhydroclecahydr-otricI~ocIer~tzolide (9) 
Anhydrodecahydrotrichodermolide (9) (8 mg) was refluxed 
overnight in 1% methanolic p-toluenesulphonic acid (2 mL). 
The reaction mixture was evaporated and purified by column 
chromatography (3% Et,O - C,H,) to give the aromatic coin- 
pound 10 (4 mg) and unreacted starting material. 

Hydrogencrtiorz of sorbiqclirzol(3) 
A mixture (58 mg) containing sorbiquinol and trichodimerol, 
obtained from the mycelial extract of T. lo~zgibracl~iatuttz 
(UAMH 5068), was hydrogenated with excess 5% palladium 
on carbon in ethyl acetate (4 mL) at room temperature and 
pressure for 1 h. The reaction mixture was filtered through 
celite, evaporated, and purified by column chromatography 
(silica gel, 3% EtOH - CHC1,) to give tetrahyrdosorbiquinol 
(14) (15 mg, 95% pure): [a], +86 (c 0.23, MeOH); FTIR v,,, 
(cm-I): 3450, 2960, 2870, 2850, 1730, 1625, 1490, 1380, 
1292, 1 165, 1145; UV (MeOH) v,,, nm (E): 217 (13 800), 232 
sh, 290 (19 000); NaOH: 258 (12 400), 309 sh, 344 (29 000); 

' The chemical shift and multiplicity was obtained from NOE 
difference spectra since these signals overlap in the reguar 'H 
NMR spectrum. 
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HCl regenerated the original spectrum; 'H NMR (CDC13) 6: 
0.78 (t, 7.5 Hz, 3H, H-14), 1.00 (m, 4H, H-12, 13), 1.16 (s, 3H, 
CH3-C-I), 1.23 (s, 3H, CH3-C-5), 1.45 (m, 2H, H-11), 1.60 
(dd, 7, 1.5 Hz, 3H, H-17), 1.96 (t, 8 Hz, 2H, H-lo), 2.13 (s, 3H, 
CH3-C-21), 2.26 (s, 3H, CH3-C-23), 2.87 (s, lH, OH-5), 3.245 
(dd,' 10, 6.5 Hz, lH, H-7), 3.247 (d,' 1.5 Hz, 1H, H-4), 4.27 
(dd, 7, 1.5 Hz, lH, H-8),4.99(ddq, 15, 10, 1.5 Hz, lH, H-15), 
5.44 (dq, 15, 7 Hz, 1 H, H-16), 7.60 (s, IH, H-24), 12.79 (s, 
lH, OH-20), 14.37 (s, 1H, OH-2); NOE (CDCl,) 6: [1.16] 
(CH3-C-I): 3.245 (H-7) (2.3%), 4.99 (H-15) (1.1%), 5.44 (H- 
16) (0.4%); [1.23] (CH,-C-5): 3.247 (H-4) (2%); [1.96] (H- 
lo): 3.247 (H-4) (7%); [2.26] (CH,-C-23): 7.60 (H-24) (2%); 
[4.27] (H-8): 3.245 (H-4, H-7) (7%), 4.99 (H-15) (13%), 7.60 
(H-24) (23%); (5.441 (H-16): 3.245 (H-7) (lo%), 4.99 (H- 15) 
(2%); [7.60] (H-24): 2.26 (CH3-C-23) (7%), 3.247 (H-4) (6%), 
4.27 (H-8) (22%), 4.99 (H-15) (-2.4%); I3c NMR spectrum: 
see Table 2; CD (MeOH) A,,,,,,,, nm (AE): 318 (+37), 284 
(-41); A = +78; HREIMS: 484.2460 (calcd. for C,8H3,07: 
484.2462,3.3%), 252 (2), 232 (25), 165 (loo), 99 (lo), 95 (3); 
CIMS: 502 (M + 18, 3%), 485 (M + 1, 41%), 253 (32), 233 
(loo), 106 (82); tlc: R, 0.26 (2% EtOH - CHCl,), 0.52 (6%); 
and octahydrotrichodimerol(20 mg). 

When the hydrogenation is allowed to proceed for 2 days, 
work-up of the reaction mixture in a similar way gave hexahy- 
drosorbiquinol(15) (6 mg). [a], +I17 (c 0.23, MeOH); FTIR 
v,,, (cm-I): 3480,2955, 2865, 1732, 1627, 1482, 1450, 1382, 
1188,757; UV (MeOH) A,,, nm (E): 215 (15 900), 230 sh, 290 
(19 000); NaOH: 257 (6900), 315 sh, 344 (23 000); HC1 regen- 
erated the original spectrum; 'H NMR (CDC13) 6: 0.79 (m, 6H, 
H-14,17), 1.1 (m, 8H, H-12, 13, 15, 16), 1.21 (s, 3H, CH3-C- 
5), 1.29 (s, 3H, CH3-C-l), 1.47 (m, 2H, H-11), 1.94 (t, 7 Hz, 
2H, H-lo), 2.14 (s, 3H, CH3-C-21), 2.27 (s, 3H, CH3-C-23), 
2.72 (m, lH, H-7), 2.81 (s, lH, OH-5), 3.22 (d, 1.5 Hz, lH, H- 
4), 4.18 (dd, 7, 1.5 Hz, lH, H-8), 5.36 (s, lH, OH-22), 7.64 (s, 
lH, H-24), 12.84 (s, IH, OH-20), 14.38 (s, lH, OH-2); NOE 
(CDCl,) 6: [1.21] (CH3-C-5): 1.47 (H-11) (3%), 2.81 (OH-5) 
(I%), 3.22 (H-4) (15%); [1.29] (CH3-C-1): 2.72 (H-7) (2%); 
[1.94] (H-10): 1.47 (H-11) (lo%), 3.22 (H-4) (7%); [3.22] (H- 
4): 1.21 (CH3-C-5) (3%), 4.18 (H-8) (4%), 7.64 (H-24) (5%); 
[7.64] (H-24): 3.22 (H-4) (6%), 4.18 (H-8) (19%); I3c NMR 
spectrum: see Table 2; CD (MeOH) X,,,,,,,, nm (AE): 316 
(+29), 285 (-34); A = +63; HREIMS: 486.2616 (calcd. for 
C2,H3,07: 486.2618, 17%), 253 (1.4), 235 (28), 191 (28), 165 

(loo), 99 (5); CIMS: 504 (M + 18,34), 487 (M + 1, loo), 253 
(78), 233 (79), 165 (54); TLC: R, 0.25 (2% EtOH - CHCl,), 
0.56 (6%). 
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Hydrogen evolution reaction at nickel boride 
electrodes in aqueous and in aqueous 
methanolic and ethanolic solutions 

Behzad Mahdavi, Danielle Miousse, Joel Fournier, Hugues Menard, 
and dean Lessard 

Abstract: The hydrogen evolution reaction (HER) was investigated at nickel boride pressed powder electrodes in aqueous and in 
aqueous methanolic (ethanolic) alkaline (1 M NaOH) solutions in the presence and the absence of NaCl(0.1 M) and H3B03 (0.1 
M) at 25°C by the steady-state polarization and ac impedance techniques. The ac impedance data were analyzed using the 
constant-phase element (CPE) model. It was found that the electrocatalytic behaviour of a nickel boride electrode for the HER 
was the same in all the above media and that the HER proceeds via the Volmer-Heyrovsky mechanism. The kinetic parameters 
of the HER were determined. 

Key words: hydrogen evolution reaction, nickel boride electrodes, Tafel curves, ac impedance, kinetic parameters. 

RCsumC : La rCaction de dCgagement d'hydrogkne (RDH) sur tlectrodes de borure de nickel faites de poudre pressCe a CtC 
CtudiCe en milieu aqueux et aqueux mithanolique (tthanolique) alcalin (1 M NaOH) en prtsence et en absence de NaCl(O.l M) 
et H3B03 (0.1 M) B 25°C par les techniques de polarisation stationnaire et d'imptdance ac. Le modtle d7ClCment de phase 
constant (EPC) a CtC utilist pour I'analyse des donnCes de llimpCdance ac. Le comportement Clectrocatalytique d'une Clectrode 
de borure de nickel s'est avCrC le m&me dans les diffkrents milieux CtudiCs et la RDH fait intervenir un micanisme Volmer- 
Heyrovsky. Les paramttres cinCtiques de la RDH ont CtC dCterminCs. 

Mots elks : rtaction de dCgagement d'hydrogkne, Clectrodes de borure de nickel, courbes de Tafel, impkdance ac, paramttres 
cinCtiques. 

Introduction 

The hydrogen evolution reaction (HER) is of prime impor- 
tance in the whole range of electrocatalytic processes and has 
therefore been one of the most studied cathodic reactions (1- 
5 ) .  In the recent past, due to its economic and environmental 
impact, an increased interest in the practical industrial applica- 
tion of low-overvoltage cathode electrolyses has been noted. 
Hydrogen has also played a major role in synthetic organic 
chemistry in the well-known catalytic hydrogenation process 
by which an unsaturated compound R, adsorbed at the surface 
of a catalyst M, (M(R)), is reduced by the adsorbed hydrogen 
M(H) (reactions [I]-[4]) (6). 

[ I ]  H 2 + M = 2 M ( H )  

[4] M(RH,) = RH, + M 

Such reactions generally require high temperatures and pres- 
sures. Another method of hydrogenation of these compounds 
under much milder conditions is electrocatalytic hydrogena- 
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Scheme 1. 

tion (ECH), in which the adsorbed hydrogen is formed in situ 
by electrolysis of water (reaction [ 5 ] ) .  In this process, the 
hydrogenation reaction (eqs. [2]-[4]) is in competition with 
hydrogen evolution (reactions [6] and (or) [7] representing the 
electrochemical and chemical desorption of hydrogen respec- 
tively (Scheme 1)) and the efficiency of the ECH is deter- 
mined by this competition. 

[5] H,O + e-  + M = (H)M + OH- (Volmer) 

161 (H)M + H 2 0  + e-  = H, + M + OH- (Heyrovsky) 

[7] (H)M + (H)M = H, + M (Tafel) 

In view of the conjunction of the HER and the ECH reactions, 
the kinetic and roughness factor parameters obtained from 
HER studies can clarify the understanding of the ECH process 
(7). However, the HER is often studied in aqueous alkaline 
solutions (1 M NaOH) (because the nickel-based electrodes, 
which are widely used in industrial processes, are stable in this 
medium) while the electrocatalytic hydrogenation of organic 

Can. J. Chem. 74: 380-388 (1996). Printed in Canada 1 Imprime au Canada 
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Scheme 2. 

Working 
electrode 

compounds is often carried out in methanolic or ethanolic 
solutions containing NaCl(O.l M) and H3B0, (0.1 M), an acid 
(8,9). In fact, the organic solvent permits the dissolution of the 
organic products, NaCl is used as supporting electrolyte, and 
H3B03 is used as a buffer to prevent rapid increase of the pH 
during the electrolysis (reaction [5]). To see if the results 
obtained in HER studies in aqueous alkaline solutions can be 
extrapolated to the ECH studies in alcoholic solutions contain- 
ing NaCl and H3B03, we have investigated HER at nickel 
boride pressed powder electrodes in aqueous alkaline (1 M 
NaOH) and in aqueous methanolic (ethanolic) solutions in the 
presence and in the absence of NaCl (0.1 M) and H3B03 (0.1 
M) at 25°C by the steady-state polarization and ac impedance 
techniques. The results are reported in this paper. 

Experimental 

Electrodes 
Nickel boride (Ni'B) was obtained as apowder (average particle 
size of 0.5 p,m and specific surface area of 9 m2 g-') (7) by reduc- 
tion of nickel acetate with NaBH4 in aqueous NaOH (9). The 
electrodes were obtained by pressing the particles atp = 120 NIPa 
at room temperature. Silver epoxy (EPO-TEK H20E, Epoxy 
Tech., Inc) was used to ensure agoodelectricalcontact. One face 
and the sides of electrodes were coated with Epofix resin 
(Struers), known for its stability (i.e., no leaching) in alkaline 
solution (10- 12), in order to obtain aprojectedgeometric surface 
area of 1.1 cm' and avoid the effect of the edge plane defects. 

Data acquisition 
The Tafel plots were measured using an EG&G PAR 273. The 
potentiostat and an EG&G Lock-in Analyzer (model 5208) 
connected and controlled by an IBM-compatible microcom- 
puter (by means of a GPIB PC2A interface) were used for the 
ac impedance measurements. 

Counter 
electrode 

Electrolyses 
The electrochemical cell (Scheme 2) consisted of two com- 
partments made of Pyrex, separated by a reinforced Nafion 
cationic membrane (du Pont M-901CATWMD). A cylindrical 
platinum grid (length 5.5 cm and diameter 2.5 cm) was used as 
anode. A HgIHgOll M NaOH reference electrode was con- 
nected by a Luggin capillary. Solutions were made with spec- 
trograde NaOH (Aldrich, 99.99%), deionized water (R = 17.5 
Mfl cm) (Barnstead Nanopure), and commercial metha- 
nol(ethano1) (ACP) distilled before use. The equilibrium 
potential was measured in each solution at a platinized 
platinum electrode. In all media the value was identical within 
the experimental error (-920 mV). The electrochemical 
experiments were performed at 25°C in 1 M NaOH solutions. 
A reduction current of 100 mA cm-' was applied to the cath- 
ode for 12 h prior to the measurements. Tafel curves were 
recorded galvanostatically in the current range of 300 mA 
cm-50 0.1 p,A cm-' after a galvanostatic activation of 15 min 
under a current of 100 mA cm-'. The Tafel parameters were 
calculated after correction for the ohmic drop. The resistance 
of the solution was determined by ac impedance spectroscopy. 
Ten frequencies per decade were thus scanned from 10 kHz to 
5 Hz at different dc overpotentials. In the frequency range of 
5 - 0.05 Hz, the fast Fourier transform technique was used. 
The sinusoidal potential superimposed was 10 mV peak to 
peak. 

Theory 
The hydrogen evolution reaction involves the formation of 
adsorbed hydrogen (reaction [5], Volmer step) and its desorp- 
tion (reaction [6], Heyrovsky step and (or) reaction [7], Tafel 
step). The rates of these reactions are given, in units of flux 
(mol cm-' s-I), by the following expressions (13, 14): 
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Fig. 1. Tafel plots obtained at 25°C on a nickel boride electrode in: (a) S, :  1 M 
NaOH, (B)S2: l M NaOWMeOH (50/50)(v/v); (A&: l M NaOHNeOH (50150) 
(vlv) + 0. l M NaC1; (+) S,: 1 M NaOHNeOH (50150) (vlv) + 0. l M NaCl +O. 1 M 
H,BO,. The points are experimental and lines were calculated from the rate constants 
shown in Table 3 using the CPE model. 

Scheme 3. 

where k,  is the reaction rate constant, which includes the con- 
centrations of OH- and H,O, P I  and P2 are the symmetry coef- 
ficients for the Volmer and Heyrovsky steps, respectively, -q is 
the overpotential, 0 is the surface coverage by adsorbed hydro- 
gen, and f = F/RT. The electrical equivalent model describing 
the HER on an ideally smooth electrode consists of the solu- 
tion resistance, R,, in series with the parallel connection of the 
double layer capacitance, C,,, and faradaic impedance, Zf 
(Scheme 3). The faradaic impedance, in the case when the 
mass transport can be neglected, is given by eq. [ l l ] :  

where 

where ro= v, + v2, r,= v l -  v2- 2v3, and IJ, is the charge nec- 
essary for a monolayer coverage by adsorbed hydrogen. How- 
ever, on solid electrodes, this model cannot describe 
adequately the observed impedance data because the nonho- 
mogeneous surface of solid electrodes causes deformation of 
the complex plane plots. The CPE model was therefore pro- 
posed for cases where a depressed semicircle is observed on 
complex plane plots. In this case, the double layer capacity is 
substituted by the CPE and its impedance equals (15): 

where w is the angular frequency of the ac signal, T is a con- 
stant, + is the phase angle related to the surface roughness, and 
parameter A is equal to 1/R,, where R,, is the charge transfer 
resistance (7, 16-23). For an ideally flat electrode, + is equal 
to 1 and, thus, T is equal to C,,. 

Results and discussion 
Nickel boride is a nonmagnetic and non-pyrophoric black 
powder whose catalytic activity in catalytic hydrogenation 
(24, 25) and in electrocatalytic hydrogenation (7) reactions is 
similar to that of Raney nickel. Nickel boride electrodes 
obtained by pressing the powder have a very reproducible sur- 
face area (7) since there is no need of an activation method that 
can modify the surface irregularly as in the case of RaNi elec- 
trodes, which are obtained by leaching the pressed Raney 
alloy (26). However, to ensure that the observations made 
were due to changes in the solution composition and not to 
changes on the electrode itself, the same electrode was used 
during the entire experiment for each solvent. 
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Fig. 2. Tafel plots obtained at 2S°C on a nickel boride electrodes in: (8) S,: 1 M 
NaOH; (W)Ss: 1 M NaOHEtOH (50150) (vlv). The points are experimental and lines 
were obtained from the rate constants shown in Table 3 using the CPE model. 

Table 1. Kinetic parameters obtained from the analysis of Tafel curves 
of nickel boride electrodes" at 25°C in aqueous 1 M NaOH: effect of 
MeOH, NaC1, boric acid, and EtOH. 

- 

j," bb 
Entry Solution (mA cm-') (mV) 

1 S,: NaOH (1 M) 2.6-3.2" 101-107" 
2 S2: NaOH (1 M) 1 MeOH 2.2 100 

(50150) (vlv) 
3 S,: S? + 0.1 M NaCl 1.9 103 
4 S,: S, + 0.1 M H,BO, 2.4 1 1 1  

5 S,: NaOH (I M) I EtOH 2.8 112 0.998 219 
(50150) (vlv) 

"The nickel boride electrodes were prepared by pressing the NizB powder at 
p = 120 MPa. 

"From the Tafel plots. 
'Experimental value. 
"Range obtained from two different experiments. 

The electrochemical activity was studied by measuring 
Tafel curves. At potentials more negative than -0.10 V vs. 
HgIHgOll M NaOH, the Tafel curves became linear (Figs.1 
and 2). The linearization was studied by the least-squares 
method: 2 values were calculated for the whole polarization 
curve starting from the most negative potentials and the part of 
the curve for which the determination coefficient reached a 
maximum value was considered as linear. The IR-corrected 
Tafel curves recorded in the different media (S,: 1 M aqueous 
NaOH; S2: 1 M NaOHlMeOH (50150) (vlv); S3: 1 M NaOW 
MeOH (50150) (vlv) + 0. I M NaCI; S,: 1 M NaOWMeOH (501 
50) (vlv) + 0.1 M NaCl +O. 1 M H3BO3; and S5: 1 M NaOHl 
EtOH (50150) (vlv) ) are shown in Figs. 1 and 2 and the corre- 
sponding parameters are recorded in Table 1. The values of 
parameters b, the Tafel slope, jo, and the exchange current den- 
sity are practically the same in all media. There is no change of 
- T - ~ ~ ~  (the overpotential at the current density of 250 mA 

~ m - ~ )  upon adding CH30H (compare entries 1 and 2) but a 
slight increase (= 15 mV) upon adding EtOH (entry 5). There 
is also a slight increase of -r)250 upon adding NaCl to the 
aqueous methanolic solution (= 15 mV, entry 3). The addition 
of H3B03 to the aqueous methanolic NaCl solutions has 
almost no influence (entry 4).These results indicate that the 
nickel boride electrode is very active for the HER in these 
media (ECH conditions) and that the electrocatalytic activity 
is hardly affected by the presence of MeOH, NaCI, boric acid, 
and EtOH. Kam Cheong et al. (27) have already observed the 
same behaviour for composite-coated Raney nickel in soh-.  
tions of methanol and I M KOH (%MeOH: 0-100). 

The ac impedance technique led to depressed semicircles on 
the Nyquist complex plane plots over the whole range of over- 
potentials studied, for all measurements (Fig. 3). The real and 
the imaginary components were analyzed (18, 28-30) using 
the complex nonlinear least-squares fitting program (CNLS) 
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Fig. 3. Complex plane ac impedance spectra obtained on a nickel boride pressed powder electrode at 25OC in 
(a)  S,: 1 M NaOH; (b) S,: 1 M NaOWMeOH (50/50)(vlv); (c) S,: I M NaOWMeOH (50150) (vlv) + 0.1 M NaCl; 
(6) S,: 1 M NaOWMeOH (50150) (vlv) + 0. l M NaCl +O. 1 M H,BO,; ( e )  S,: 1 M NaOHEtOH (50150) (vlv) for 
various overpotentials: q = 20 mV (e), q = 55 mV (H), and -q = 85 mV (A). The points correspond to 
experimental values and the lines were calculated by the CPE model. 

written by MacDonald et al. (31) and modified by Rami and 
Lasia (32). It was previously established (7,33) that the exper- 
imental data of the HER at nickel boride electrodes could be 
represented by the CPE model (See Experimental). Figures 4 
and 5 show the dependence of the double layer capacity, Cdl, on 
the overpotential for nickel boride electrodes in solutions S,- 
S,. A decrease of Cdl with -q was observed in all media (Figs. 4 
and 5). This decrease is due to hydrogen bubbles formed on the 
surface (7,32) that block the pores and diminish the active sur- 
face area. The roughness factors R, estimated from the mean 
value of the experimental Cdl values measured at different 
overpotentials (see Figs. 4 and 5 )  divided by 27.9 p ~ l c m ~  (the 
capacity of a platinum smooth surface (32)), are presented in 
Table 2. The results of entries 1 and 2 show that the roughness 
factor is not affected by the presence of methanol, contrary to a 
report by Kam Cheong et al. (27) of an increase of the rough- 
ness factor of composite-coated RaNi electrodes (Raney nickel 
particles embedded in a nickel matrix) in aqueous methanol 
compared to water. They attributed this increase of R to a dim- 
inution of the surface tension of the methanolic solution (meth- 

anol has a lower surface tension than water) and, as a 
consequence, to a deeper penetration of the methanolic solu- 
tion into the pores of the electrode surface and (or) to a better 
access to the smaller pores (then the surface appears to be 
larger). However, the pores at the surface of the nickel boride 
electrodes measured by mercury porosimetry (radius = 0.006 
pm) are appreciably smaller than those at the surface of the 
composite RaNi electrodes (radius = 2.3 pm) and it is conceiv- 
able that, for much smaller pores, the penetration of methanol 
in the pores would be the same as that of water. A slight 
decrease of the roughness factor was observed when NaCl was 
added to the aqueous solution (from 11 000 in entry 2 to 9 000 
in entry 3). This decrease could reflect the adsorption, on the 
nickel boride surface, of anions that would poison the catalyst. 
Chloride ions have been reported to poison Raney nickel in the 
catalytic hydrogenation of styrene (34). However, the decrease 
of the roughness factor in the presence of NaCl might not be 
significant since a similar R value of 10 000 was obtained after 
adding H3B03 (solution S4, entry 4). Similarly, the small 
increase of R upon adding ethanol (from 10 000 - 11 000 in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Mahdavi et at 

Fig. 4. Dependence of the double layer capacity, C,,, on the overpotential for a nickel 
boride electrode in: ( 0 )  S,:  1 M NaOH, (H)S,: 1 M NaOWMeOH (50150)(vIv); 
(A)S3: 1 M NaOWMeOH (50150) (vlv) + 0.1 M NaCI; (e) S,: 1 M NaOWMeOH 
(50150) (vlv) + 0.1 M NaCl + 0.1 M H,B03. 

0.5 

Fig. 5. Dependence of double layer capacity on the overpotential for a nickel boride 
electrode in: ( 0 )  S,: 1 M NaOH; (H)S,: 1 M NaOHlEtOH (50150) (vlv). 

entry 1 to 14 000 in entry 5 )  is probably not significant. In fact, 
both the active surface area of Ni,B electrodes and their intrin- 
sic activity for the HER (as measured by the ratio of the 
exchange current density over the the roughness factor (jdR): 
((2.0-2.8) x are not affected by the presence of CH30H, 
NaC1, H,B03, and EtOH. If we assume that the active surface 
area for the ECH process is also not affected by the presence of 
MeOH or EtOH plus NaCl and H3B03 in water, then the active 
surface for the HER in aqueous alkali should be proportional to 
the active surface for ECH, and the active surface for the HER 
obtained from ac impedance should constitute a good estimate 
of the active surface for ECH under the conditions used for 
ECH. It is only an approximate estimation because the hydro- 

genation step of the ECH process involves the reaction 
between the adsorbed organic substrate and chemisorbed 
hydrogen and, thus, the accessibility of the sites is not neces- 
sarily the same for the organic substrate and for chemisorbed 
hydrogen. However, the surface area for the HER obtained 
from ac impedance measurements in aqueous alkali (rough- 
ness factor of 10 000) should be a better estimate of the surface 
area active in ECH than the surface area measured by BET 
(specific surface area of 10.7 m' g-') (7). Indeed, BET mea- 
surements involve a gas-solid interface whereas ac impedance 
measurements refer to a solid-solution interface as in the ECH 
process. 

The dependency of A(=lIR,,) (Figs. 6 and 7) and current 
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Table 2. Roughness factors and real current densities for the HER on nickel boride 
electrodes" at 25OC in aqueous 1 M NaOH: effect of MeOH, NaCl, boric acid, and 
EtOH. 

Cd," 
Entry Solution (F cm-') R jd R ( A  cm-') 

ld  S,:  NaOH (1 M) 0.30-0.32 10 000-1 1 000 (2.4-2.8) x 
2 S,: NaOH (1 M) 1 MeOH 0.31 1 1  000 2.0 x 

(50150) (vlv) 
3 S,: S2 + 0.1 M NaCl 0.25 9 000 2.1 x lo-7 
4 S,: S, + 0.1 M H,BO, 0.27 10 000 2.5 x 

5 S,: NaOH (1 M) I EtOH 0.39 14 000 2.0 x 
(50150) (vlv) 

"See footnote a of Table I .  
bMean values obtained from the experimental C,,, values measured at different 

overpotentials. 
'Real current densities. 
dSee footnote d of Table 1. 

Fig. 6.  Variation of the logarithm of parameter A(=lIR,,) with the overpotential for a 
nickel boride electrode: (a) S,: 1 M NaOH; (.)S2: 1 M NaOHMeOH (50/50)(v/v); 
(A)S3: 1 M NaOWMeOH (50150) (vlv) + 0.1 M NaC1; (e) S,: 1 M NaOWMeOH 
(50150) (vlv) + 0.1 M NaCl + 0.1 M H3B0,. The points were obtained by the use of the 
CPE model and lines were calculated using the rate constants shown in Table 3. 

density j (Figs. 1 and 2) on the overpotential 7 was used to 
determine the rate constants ki of the HER by applying the 
nonlinear least-squares (NLS) method (18,28-30) assuming a 
Volmer-Heyrovsky mechanism. The kinetic results are pre- 
sented in Table 3. The values of ki are approximately identical 
in all media (entries 1 - 5). It means that HER under ECH con- 
ditions proceeds via the same mechanism as in an aqueous 1 M 
NaOH solution. It should be noted that in the case of the 
Volmer-Heyrovsky mechanism, two equivalent solutions are 
obtained when the values of k ,  and k,, k-,  and k-,, and a ,  and 
a,, are interchanged. This permutation gives the same value 
for all experimentally accessible parameters (29). Therefore, 
the rate-determining step could not be determined. 

Conclusion 

The hydrogen evolution reaction (HER) at nickel boride 
pressed powder electrodes has been studied under conditions 
used in the electrocatalytic hydrogenation (ECH) of organic 
compounds (aqueous methanolic (ethanolic) solution contain- 
ing 0.1 M NaCl and 0.1 M H,BO,). It was shown by steady- 
state polarization and ac impedance measurements that the 
electrodes have about the same activity, the same large surface 
area (roughness factor), and the same intrinsic activity under 
these conditions as in an aqueous 1 M NaOH solution. The ac 
impedance results were well approximated by the CPE model, 
and the parameters obtained were similar and the HER 
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Table 3. Kinetic parameters of the HER on nickel boride electrodes," obtained from ac impedance and 
steady-state polarization measurements at 25OC in aqueous 1 M NaOH: effect of MeOH, NaCl, boric acid, 
and EtOH. 

k, x 10' k_, x lo9 kZ x loX 
Entry Solution (mol cm-' s-I) (mol cm-' s-I) (mol cm-' s-') a," '% 

- 

S, :  NaOH (1 M) 4.5 f 0.2 (6.1-8.4) f 1.3 (9.4-9.6) f 0.6 1 (0.190-0.201) f 0.008 
Sz: NaOH (1 M) I MeOH 2.9 f 0.2 27.2 f 9.2 11.5 f 0.8 1 0.106 f 0.005 

(50150) (vlv) 
3 S,: S? + 0.1 M NaCl 2.9 f 0.2 46.1 f 14.0 10.6 f 0.6 1 0.1 13 f 0.004 
4 S , : S 3 + 0 . 1 M H 3 B 0 3  2 . 3 f 0 . 1  3.8 f 0.7 10.4 f 0.6 1 0.1 19 f 0.004 

5 S , : N a O H ( l M ) / E t O H  3 . 1 4 f 0 . 0 4  1.7 f 0.5 10.9 f 0.7 1 0.099 f 0.004 
(50150) (vlv) 

"See footnote a of Table 1. 
*Assumed value. 
'See footnote d of Table 1. 

Fig. 7. Variation of the logarithm of parameter A(=lIR,,) with the overpotential for a 
nickel boride electrode: (0) S,: 1 M NaOH; (H)S,: 1 M NaOWEtOH (50150) (vlv). 
The points were obtained by the use of the CPE model and lines were calculated using 
the rate constants shown in Table 3. 

occurred according to the Volmer-Heyrovsky mechanism in 
all the media studied. In summary, we have shown that it is 
possible to extrapolate the results obtained from the HER in 
aqueous alkali to the media used for the ECH studies. 
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Evidence for the role of the a-helix in the 
xylosylation reactions involving the 
glycosaminoglycan-bearing serine of 
decorin1DS-PGII as shown by 'H NMRy CDy 
and molecular modeling studies 

Yunjun Wang, Paul G. Scott, Jan Sejbal, and George Kotovych 

Abstract: The conformation of four peptides (N-terminal acetylated and unacetylated 14-mers DEASGIGPEEHFPENH, and 
24-mers AcQKGLFDFMLEDEASGIGPEEHFPENH, with a normal and an oxidized methionine residue) containing the 
sequence Asp-Glu-Ala-Ser-Gly-Ile-Gly (DEASGIG), which is known to play an important role in the xylosylation reactions 
involving the glycosaminoglycan-bearing serine of decorin/DS-PGII, were studied by two-dimensional proton NMR techniques, 
circular dichroism spectroscopy, and molecular dynamics in a methanol-water mixture. The 14-residue peptide comprises the 
first (i.e., N-terminal) 14 amino acids of the mature decorin protein and the 24-residue peptide incorporates an additional 
(N-terminal) sequence of 10 amino acids derived from the procore of decorin. The resonance heterogeneity induced by the 
isomerization of the two prolines (pros, proI3 in the 14-mer, and pro", in the 24-mer) in the peptides studied was evaluated 
from TOCSY and NOESY NMR spectra. The trans-trans, trans-cis, and cis-trans isomers exist in approximate 68:25:7 
proportions in the methanol-water mixture. The NOE distance constraints were used as input parameters for molecular dynamics 
and restrained energy minimization calculations. It was demonstrated that the conformation of the DEASGIG fragment was 
affected by the presence of the 10 amino acids at the N-terminal end of the 24-mer, and that the serine is part of an a-helix. The 
results indicate that an a-helix is present in the 24-mer beginning at the N-terminal end with ~~s~ and ending at Gly15, and 
suggest that this could be the signal for the xylosylation of serine ser14. A type VIb P turn was observed, involving the C-terminal 
cis-proline in the sequence His-Phe-Pro-Glu. 

Key words: xylosylation, nascent helix, a-helix, cis-proline, type VIb p-turn, molecular dynamics. 

Resume : Faisant appel 1 des techniques de RMN du proton bidimensionnelles, Zi la spectroscopie du dichroysme circulaire et ti 
de la dynamique molCculaire dans un melange methanol-eau, on a CtudiC la conformation de quatre peptides (les 14-mkres 
DEASGIGPEEHFPENH, non acCty1C et acCtylC sur le N-terminal et les 24-mkres AcQKGLFDFMLEDEASGIGPEEHFPENH, 
portant une mCthionine normale et une oxydCe) qui comportent la sequence Asp-Glu-Ala-Ser-Gly-Ile-Gly (DEASGIG) qui est 
connue pour jouer un r61e important dans les reactions de xylosylation impliquant la sCrine de la dCcorine/DS PGII portant un 
glycosaminoglycane. Le peptide Zi 14 rCsidus comporte les 14 premiers (c'est-i-dire, N-terminal) acides aminCs de la protCine 
dCcorine mature et le peptide ti 24 rCsidus incorpore une sequence additionnelle (N-terminale) de 10 acides aminCs dCrivCe du 
procore de la dCcorine. L'htttrogCnCitC de la resonance induite par 1'isomCrisation des deux prolines (proS, pro13 dans le 14-mkre 
et pro", dans le 24-mkre) des peptides CtudiCs a ttC CvaluCe par des spectres RMN TOCSY et NEOSY. Les isomtres trans- 
trans, trans-cis et cis-trans existent dans les proportions approximatives de 68 : 25 : 7 dans le melange mkthanol-eau. Les 
contraintes de distance des EON ont CtC utilisCs comme paramktres connus pour les calculs de dynamique moleculaire et de 
minimisation de 1'Cnergie restreinte. I1 a CtC dtmontre que la conformation du fragment DEASGIG est affectCe par la prisence 
des 10 acides aminCs de 1'extrCmitC N-terminale du 24-mkre et que la sCrine fait partie d'une hClice a .  Les rCsultats indiquent 
qu'il existe une helice a dans le 24-mkre, qu'elle commence ti I'extrCmitt N-terminale avec la Lys2, qu'elle se termine avec le 
Glyi5 et ils suggkrent que ceci pourrait &tre le signal pour la xylosylation de la shine, serI4. On a observe un virage de type VIb 
p impliquant la cis-proline C-terminale dans la sCquence His-PhC-Pro-Glu. 

Mots clks : xylosylation, helice naissante, hClice a ,  cis-proline, virage de type VIb P, dynamique molCculaire. 

[Traduit par la rkdaction] 
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Introduction 

Proteoglycans (PGs) are extracellular macromolecules that are 
present in, and profoundly influence physical properties (e.g., 
resilience and distensibility) of, connective tissues. In non-car- 
tilaginous soft connective tissues such as skin, tendon, liga- 
ment, etc., the predominant PGs are decorin and biglycan, 
which consist of highly homologous protein cores of about 35 
kDa (1) to which are attached glycosaminoglycan (GAG) 
chains of dermatan (DS) or chondroitin sulphate: one in deco- 
rin (2) and two in biglycan (3), close to the amino terminus. 
The GAGS are polyanionic and dominate the properties of the 
PGs carrying them. The small PGs may affect collagen fibril 
morphology and (or) the organization of collagen fibrils into 
fibres and fibre bundles (4). Failure to efficiently synthesize 
GAG chains on the skin decorin d rote in core has been linked 
to the connective tissue derangements seen in progeroid syn- 
drome (5). 

Biosynthesis of GAG chains is initiated, probably in the 
rough endoplasmic reticulum, by the enzyme xylosyltrans- 
ferase, which transfers xylose from uridine diphosphate 
(UDP) to certain serines in the protein cores (6). The specific- 
ity of xylosyltransferase is incompletely defined, but it is 
known that a xylosylated serine is immediately N-terminal to 
glycine (most often) or to alanine (occasionally). Additional 
recognition factors must be important, however, because the 
sequences of both decorin and biglycan include several non- 
glycosylated Ser-Gly and Ser-Ala sequences. Similar uncer- 
tainty surrounds the control of 0-glycosylation in glycopro- 
teins (7). It has been suggested, on the basis of predictions of 
secondary structure rather than on direct physical evidence, 
that serine should be in a P turn in order to be a candidate for 
glycosylation (8). The earliest sequence information on deco- 
rin was used to predict that residues 2-5 (Glu-Ala-Ser-Gly) 
would adopt a P turn (9). It was subsequently shown (2) that 
the single dermatan sulfate chain of skin decorin (then called 
"proteodermatan sulfate") was located on ser4. A preliminary 
circular dichroism study did not detect a P turn in a peptide 
comprising the amino-terminal 21 residues of bovine skin 
decorin (10) but, in view of the evidence for proteolytic pro- 
cessing of the protein core subsequent to translation (1 I), this 
negative finding cannot be considered a valid test of the 
hypothesis. This is because the procore of decorin, the proba- 
ble substrate for xylosyltransferase (1 I), carries an additional 
14 amino acids between the suggested scissile bond for signal 
peptidase (12) and the N-terminus, and could adopt a distinct 
secondary structure in this sequence. 

In this paper we report a study by NMR and circular dichro- 
ism spectroscopy of four peptides. The first peptide comprises 
the N-terminal 14 amino acids of the mature decorin protein. 
The second has this same sequence extended in the N-terminal 
direction by the incorporation of an additional 10 amino acids 
derived from the procore of decorin. An additional 24-mer in 
which the methionine was oxidized to the sulfoxide was also 
studied. The fourth peptide was the 14-mer with an acetyl 
group at the N-terminal end. This was included in ,an attempt to 
differentiate the effect of blocking the N-terminus from the 
effect of the additional N-terminal seauence in the 24-mer. 
The results indicate that an a-helix is present and suggest that 
this could be a signal for xylosylation of serine in this small 
PG. 

Experimental 

Sample preparation 
The 24 amino acid peptide CH,COQKGLFDFMLEDEASGI- 
GPEEHFPENH, was synthesized by the Alberta Peptide 
Institute. The 14-mer DEASGIGPEEHFPENH,, the acetyl- 
ated 14-mer CH,CODEASGIGPEEHFPENH,, and the 
oxidized 24-mer CH,COQKGLFDFM(O)LEDEASGIGPEE- 
HFPENH, were synthesized on a BiolynxTM 4175 manual 
peptide synthesizer using FMOC amino acid derivatives 
(Pharmacia Canada Inc., Baie d'Urfe, Quebec). The peptides 
were purified by reverse-phase high-performance liquid chro- 
matography on a Beckman model 200 HPLC using a Vydac 
TP218 column (The Separations Group, Hesperia, Calif.). The 
purification was carried out using a linear gradient of 0-50% 
acetonitrile in 0.1% (vlv) trifluoroacetic acid. Purity was 
assessed by amino acid analysis and mass spectrometry. There 
were no impurity peaks seen in the NMR. These four samples, 
24-mer and oxidized 24-mer, 14-mer, and acetylated 14-mer, 
are abbreviated as NQ24, OQ24, D14, and AD14, respec- 
tively, in the following discussion. 

Samples for CD experiments were prepared by dissolving 
purified peptides in water, and the pH was adjusted to 5.5 or 
7.0 by adding 50 mM sodium phosphate buffer at that pH. The 
required volume of methanol was then added. 

The samples used for 'H NMR experiments were prepared 
by dissolving peptides in H,O. The pH was then adjusted to 
5.5 by adding diluted NaOH or HCl, followed by CD30H to 
make the solvent at 60140 methanollwater mixture. Before the 
NMR experiments, the sample was degassed with argon. After 
2D experiments, an aliquot of the 0 4 2 4  and AD14 samples 
was diluted tenfold with 60140 CD30WH,0 for 1D experi- 
ments. These dilution experiments indicated that there was no 
aggregation. 

Circular dichroism spectroscopy 
The CD spectra were recorded at room temperature on a Jasco 
JA20 spectropolarimeter with a thermostated cell holder. 
Mean residue ellipticities, [0],,,, (deg cm"dm1-I), were cal- 
culated in the usual fashion using a mean residue weight of 
108.1 for the 14-mer and 110.6 for the 24-mer, calculated 
from the composition of the peptides. Each spectrum is the 
average of 16 or 32 scans. 

NMR spectroscopy 
All experiments were carried out on the Varian Unity 500 
NMR spectrometer using a proton-selective 5 inm probe with 
a 90" proton pulse length of about 9.0 ps  at normal power lev- 
els. During the experiments the temperature was always con- 
trolled to ?O.l°C. For data collection and processing, VNMR 
software (versions 3.2 and 4.1) was used on the Sun Sparc 41 
330 and Sparc 41470 workstations, respectively. 2D spectra 
were acquired non-spinning, whereas for one-dimensional 
experiments the spinner was turned on. All chemical shifts are 
measured relative to the undeuterated fraction of the methyl 
group of CD,OH at 3.30 ppm. All two-dimensional NMR 
experiments (13) were carried out in the phase-sensitive mode 
by using the hypercomplex technique (States-Haberkorn- 
Ruben method) (14). The decoupler and transmitter offsets 
were always set equal, a sweep width of 5000 Hz was used in 
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both dimensions, and typically 2K (zero filling to 4K) data 
points in t2 and 256 points (zero filling to 1 K) experiments in t ,  
were acquired. All two-dimensional experiments were pre- 
ceded by 8 dummy scans but none were applied between indi- 
vidual t, increments. The preacquisition delay alfa2 was 
carefully and individually adjusted for every 2D experiment. 
First point distortions caused by analog filters (15) were 
empirically determined values. No further correction routines 
were necessary. 

The TOCSY (16) experiments were carried out using the 
basic pulse sequence proposed by Bax and Davies (17). Water 
suppression was achieved by solvent presaturation during the 
relaxation period. A 2 ms trim pulse preceded the 80 ms 
MLEV-17 spin-lock (field strength 7.0 kHz). The NOESY 
(18, 19) experiments were carried out with the 90"-tl-9O0-t,- 
90"-FID pulse sequence and 1.5 s solvent presaturation. For 
data processing, approximately 90" shifted squared sine bell 
weighting functions were used in both dimensions. 

Distances were calculated from NOESY spectra with a mix- 
ing time of 250 ms for all non-trivial cross peaks by integration 
of their 3D volumes in the following way: (a) cross peaks were 
integrated and carefully checked for contribution from base- 
line distortions; whenever possible, the volume was measured 
in both cross peaks, above and below the diagonal, and the two 
values were averaged to minimize slight phase imperfections; 
(b) where applicable, the volume was normalized for the con- 
tributions of more than two protons to the cross peak by a fac- 
tor (2N,Nb)/(N, + Nb), where N, and Nb are the number of 
protons responsible for the diagonal peaks a and b, respec- 
tively (20); (c) the pp' interaction of the His and Phe protons 
was used as reference at 1.8 A; and (4 corrections for isomers 
arising from cis-proline were made. The internuclear distance 
r was then calculated since the NOESY cross-peak volume is 
proportional to llrG (21). 

Molecular modeling 
The program BIOGRAF (Version 3.2.1, Molecular Simulations, 
Inc. Burlington, Mass., U.S.A.) on the Sun SPARC 470 Work- 
station (Sun OS 4.1.3 operating system) was used for all cal- 
culations. The program Hyperchem (Release 2, Autodesk, Inc.) 
was used for plotting the stereo structures. The Dreiding I1 force 
field was used for all calculations. For all energy minimiza- 
tions, the conjugate-gradient method was used; 400-800 steps 
were typically needed for convergence (less than 0.1 kcal 
mol-' RMS force). Distribution of charges was calculated by the 
Gasteiger method (22). All simulations were carried out for the 
molecule with all hydrogen atoms. The dielectric constant of a 
vacuum (E = 1) was used for all calculations. The molecular 
dynamic runs were performed with 1 fs steps at 300 K, unless 
another temperature is mentioned. The list of nonbonded inter- 
actions and hydrogen bonds was updated every 0.1 ps during 
the dynamic runs and every 50 steps during energy minimiza- 
tions. Cutoff distance for this list was 9 A. In the Monte Carlo 
searches, all dihedral angles were set to random values except 
angles in rings and o dihedral angles in the backbone. 

The acetylated 14-mer (AD14) and acetylated 24-mer with 
nonoxidized methionine residues (NQ24) were built and sub- 
jected to molecular modeling. Where applicable, the con- 

- - - 

Varian NMR Spectrometer Systems. System Operation Manual. 
VNMR. Version 5.1, Pub. No. 87-190100-00, Rev. A0295. 

Fig. 1. Circular dichroism spectra of unacetylated 14-mer ( A )  and 
acetylated 24-mer (B) in 0.05 M sodium phosphate buffer (-) pH 
5.5 or in 60% methanol/40% sodium phosphate buffer (----). See 
text for other details. 

Wavelength (nm) Wavelength (nm) 

straints used for the first structure were those listed in Table 1 
for the trans(Pro8)-cis(ProI3) (TC) isomer of AD14. For the 
second structure, constraints used are listed in Table 2 for the 
trczns(~ro'~)-trans(~ro") isomer (TT). These constraints were 
calculated from the NOESY spectra of 0 4 2 4  since these spec- 
tra were better resolved in comparison with that of NQ24, 
where heterogeneity caused by the cis prolines produced more 
overlap. 

Both structures were subjected to the Monte Carlo search: 
50 conformers were generated and minimized without solvent 
shell. All atoms were set movable and all NOESY restraints 
were applied with a maximum force of 1000 kcal A-' mol-'. 
For both structures, the coordinates of the areas of interest 
(residues 11-14 for the 14-mer and 3-1 1 for the 24-mer) in the 
three lowest energy conformers were matched. Resulting 
structures were averaged and minimized with constraints. 
Minimized structures were solvated with water (tiamond grid, 
2.8 A distance between solvent molecules, 2.6 A inner cutoff 
of shell from peptide, 6.6 A outercutoff) and the whole system 
was minimized again. The unsolvated 24-mer and solvated 
14-mer and 24-mer were subjected to 100 ps dynamic runs. 
The first 80 ps were constrained, the last 20 ps were uncon- 
strained. Every 1 ps the structure was written to the trajectory. 
Coordinates of 20 conformers from the last 20 ps were aver- 
aged (peptide only), resolvated where dynamic runs were per- 
formed with the solvent shell, and minimized. Backbone 
dihedral angles of the resulting structures are given in Table 3. 

The structure of the nascent helix was also tested by the fol- 
lowing procedure: The N-terminal part of the 14-mer (residues 
1-10) was folded into an a-helix with backbone torsion angles 
4 = -57", $ = -47", and o = 1 SO0 and the resulting structure 
was subjected to constrained minimization. Then a con- 
strained dynamic run of overall length 20 ps was performed. 
Every 1 ps the structure was minimized without constraints 
and written to the trajectory file. 

Results 

Circular dichroism spectroscopy 
The spectra in Fig. 1 show that both the unacetylated 14-mer 
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Table 1. Constraints for the TC isomer of AD14 used for molecular modeling. 

Can. J. Chern. Vol. 74, 1996 

Restrained atoms 

CH3CO-DINH 
D 1 aH-E2NH 
E2aH-A3NH 
A3aH-S4NH 
S4aH-G5NH 
G5aaH-I6NH 
G7aaH-P866 
P8aH-E9NH 
D INH-E2NH 
E2NH-A3NH 
A3NH-S4NH 
S4NH-G5NH 
G5NH-I6NH 
G7NH-P86(3.70) 
G7NH-P86(3.6 1) 
P86(3.70)-E9NH 
PSS(3.6 1)-E9NH 
D 1 PH-E2NH 
E2PH-A3NH 
A3PH-S4NH 
ElODpH-HI INH 
E2*2.08)-A3NH 
E2*1.96)-A3NH 
DlaH-NH 
E2aH-NH 

Distance (A) Restrained atoms Distance (A) 

A3aH-NH 
16aH-NH 
P8aH-6(3.70) 
P8aH-6(3.6 1) 
E9aH-NH 
DlaH-A3NH 
E2aH-S4NH 
A3aH-G5NH 
S4aH-I6NH 
G7a(4.01)H-E9NH 
P8aH-E 1 ONH 
E2NH-S4NH 
E9NH-ElONH 
ElONH-HI INH 
P136(3.52)-E14NH 
E14NH-Term.NH(7.80) 
ElOaH-HI INH 
P13aH-F12P(3.06) 
P13aH-F128(2.92) 
P13aH-E14NH 
E 14aH-NH 
E14aH-Term.NH(7.80) 
F12aH-P13aH 
F 12aH-E14NH 

Table 2. Constraints for the TT isomer 0Q24  used for molecular modeling. 
- -- 

Restrained atoms Distance (A) Restrained atoms Distance (A) 

El2-A13 
A13-S14 
S14-G15 
G15-I16 
G17-PI8 
Pl8-El9 
H21-F22 
F22-P23 
P23-E24 
E24-Term.NH (7.56) 

daP(i,i + 3) 
G3(4.10)-D6 
G3(3.87)-D6 
L4-Fi'(3.18) 
L4-Fi'(3.04) 
F5-M8 
D6-L9 
m - E l 0  
M8-D 1 1 
D l  1 4 1 4  

Others 
K2a-D6P 
D6P-K2P 
D6P-K2y 
D6b-K26 
G3NH-D6NH 
UCX-Fi'NH 
D l  1 CX-S 14NH 
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Table 3. Backbone torsion angles based on the minimized averaged structures obtained from molecular dynamics 

AD1 4 solvated (A) NQ24 in vacuum (B) NQ24 solvated (c) 

Residue 

1 Gln 
2 Lys 
3 Gly 
4 Leu 
5 Phe 
6 Asp 
7 Phe 
8 Met 
9 Leu 

10 Glu 
1 1  Asp 
12 Glu 
13 Ala 
14 Ser 
15 Gly 
16 Ile 
17 Gly 
18 Pro 
19 Glu 
20 Glu 
21 His 
22 Phe 
23 Pro 
24 Glu 

"The residue numbers are From 1 to 14. 

and the acetylated 24-mer possessed little, if any, regular sec- 
ondary structure in a purely aqueous solvent. Including meth- 
anol at 60 or 70% (vlv), however, induced some secondary 
structure, more marked in the 24-mer than the 14-mer. Replac- 
ing the methanol with an equal volume of trifluoroethanol 
gave identical spectra, as did altering the pH from 5.5 to 7 
(data not shown). 

NMR spectroscopy 
The resonance assignments (Table 4) of the peptides studied 
are based on TOCSY experiments and sequential NOEs of the 
type a(i)-NH(i + l ) ,  NH(i)-NH(i + 1) and P(i)-NH(i + 1) (21). 
The trans isomers of the two prolines predominate but assign- 
ment problems arose from the preserice of the cis isomers. The 
cis form allows much closer contacts between aCH(i) and 
aCH(i + 1) and between NH(i) and aCH(i + I), whereas the 
trans form favors short distances between aCH(i) and 6CH2(i 
+ 1) and between NH(i) and 6CH2(i + 1). The presence of cis 
isomers for the two prolines was unequivocally shown by 
diagnostic NOESY cross peaks (see Fig. 2a). The strong cross 
peaks between aCH of  he" and 6CH2 of pro13, between aCH 
of Gly7 and 6CH2 of pro" between 6CH, of pro13 and NH of 
Glu", and between 6CH, of pro8 and NH of Glu9, show that 
these two prolines are mainly in the trans conformation. The 
two weaker sets of cross peaks between aCH of phe12 and 
aCH of pro13 and between aCH of pro13 and NH of Glu14 
show the presence of the cis form of the proI3. The small pro- 
portion of cis isomer to pro8 was demonstrated by the weak 

interactions between aCH2 of Gly7 and aCH of pro8 (see Fig. 
2a). Weak intra-residue interactions between aCH2 and NH of 
Gly7 could also be observed (see Fig. 5); however, the low 
population precluded obtaining further NOE interaction pat- 
terns for this cis isomer. No further interactions of the a pro- 
tons between Gly7 and pro8 and between pheI2 and proI3 were 
detected, so three isomers arising from cis proline were found. 
They were: trans(~ro~)-trans(~ro'~) (TT); (TC); and 
cis(pro8)-trans(~ro'~) (CT). Resonance heterogeneity arising 
from cis pro8 and cis proL3 can be found in the region of I ~ - G ~ -  
P~-E'-E'~-H"-F'~-P'~-E'~-NH~ and in the region of E9-El0- 
H"-F '~ -P '~ -E '~ -NH~,  respectively. Selected regions of the 
spectra are shown in Fig. 2b and Fig. 2c. The observed reso- 
nance heterogeneity, illustrating these effects, is summarized 
in Fig. 3. 

By comparing the integration of the terminal NH in one- 
dimensional spectra, the TT, TC, and CT isomers were found 
at a ratio of about 68:25:7 for AD14. The observed NOEs for 
the TT and TC isomers are summarized schematically in Fi 
4. An observed medium-range NOE between aCH of Phe 7; 
and NH of Glu14 (Fig. 5) suggests the presence of a turn, and 
molecular modeling shows a type VIb P turn, where proi3 
would be in the i = 2 position in the turn. No further medium- 
or long-distance NOEs were detected for the CT isomer due to 
its low abundance. The three isomers discussed above exist in 
the same proportion in all peptides studied. 

Part of the NOESY spectrum of AD14 is shown in Fig. 5. 
Similar NOE patterns were observed for the peptides AD14 
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Table 4. 'H NMR resonance assignments" and NH temperature coefficientshf the peptides studied: (a) AD14 and D14d, (6) NQ24', 
and (c) OQ 24I. 

(a) AD14 

Residue Other H 

CH,CO 
D 1 
E2 
A3 
S4 
G5 
16 

G7 
P8 
E9 
El0 
H11 

F12 
P13 
El4  
NH2 
G7 CT 
P8 CT 
E9 CT 
H11 CT 
F12 CT 
NH, CT 
E9 TC 
El0  TC 
HI1 TC 

F12 TC 
PI3 TC 
El4  TC 
NH, TC 

NH temp. 
coeff. (-ppbI0C) 

2H: 8.48; 
4H: 7.18 
Ave. ring: 7.28 
66': 3.71: 3.54 

2H: 8.54; 
4H: 7.27 
Ave. ring: 7.23 
63': 3.52; 3.30 

Residue NH 
NH temp. 

H a  HPP' Hw' Other H coeff. (-ppbI0C) 

1.37 6CH,: 0.88; 0.79 
Ave. ring: 7.23 

Ave. ring: 7.24 
2.44 ECH,: 2.08 
1.58 6CH3: 0.87; 0.83 
2.38; 2.22 
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Table 4 (concluded). 

Residue 
N H  temp. 

N H  H a  HPP' HYY' Other H coeff. (-ppbl°C) 

8.14 3.94; 3.94 0.8(0.6) 
7.9 1 4.23 1.85 1.46; 1.12 yCH,: 0.88; 3.7(4.4) 

6CH,: 0.82 
8.49 4.22; 4.01 5.3(5.8) 

4.38 2.25; 2.25 2.00; 2.00 66': 3.74; 3.63 
8.97 4.14 1.95; 1.95 2.26; 2.26 4.7(4.6) 
8.13 4.17 1.90 2.14 1.3(1.8) 
7.98 4.5 1 2.94; 2.90 2H: 7.86; 3.4(4.0) 

4H: 6.93 
8.2 1 4.84 3.17; 2.91 Ave. ring: 7.27 5.6(6.0) 

4.38 2.23 1.95 66': 3.63; 3.56 
8.60 4.20 1.95; 1.95 2.27; 2.06 5.7(6.1) 
7.49; 7.03 

N H  temp. 
Residue N H  H a  HPP'  Hw' Other H coeff. (-ppbl°C) 

"Cliernical shifts are reported in ppm relative to the methyl group of CD,OH at 3.30 ppm downfield from tetramethylsilane (TMS). Only parts of data are 
shown here. 

'The temperature coefficients are the result of a linear regression analysis of the chemical shifts measured from TOCSY spectra at 5°C intervals from 5°C 
to 30°C. 

'The data were recorded at 500 MHz in CD,OHlH,O (60140 vlv%) at a concentration of 2.3 mM. The pH was 5.5 in water, and the temperature was 10 It 
0. I "C. 

"The NH temperature coefficients of peptide Dl4  are shown in parentheses. The data were recorded at 500 MHz in CD,0HlH20 (60140 vlv%) at a 
concentration of 1.6 rnM, the pH was 5.5 in water. 

'The data were recorded at 500 MHz in CD,OHlH,O (60140 vlv%) at a concentration of 1.7 mM. The pH was 7.0 in 25 mM buffer, and the temperature 
was 15 ? O.I°C. Only the data for the TT isomer are shown here. The NH temperature coefficients of peptide 0Q24 are shown in parentheses. The data 
were recorded at 500 MHz in CD,OHIHIO (60140 vlv%) at a concentration of 2.0 mM, the pH was 5.5 in water. 

/A doubling of peaks is due to equal amounts of R and S sulfoxides. 
SAverage value of the data in Table 4c. 
"Assignments may be interchanged and are ambiguous due to spectral overlap. 

and D 14: continuous dNN(i,i + 1) connectivities, consecutive 
weak daN(i,i + 2) connectivities, and the lack of i,i + 3 
medium-range NOEs show that these two peptides have a sim- 
ilar conformation, that is, a nascent helix (23), which is char- 
acterized by an ensemble of turnlike structures in the early 
stages of helix formation (24). There are close connections 
between chemical shifts and the local secondary structure (25, 
26). The net structural shifts obtained by comparing the chem- 
ical shift with the random structure (22) for the peptides stud- 
ied are shown schematically in Fig. 6. The closely similar net 
shift patterns indicate similar structures for D l 4  and AD14. 
The more negative value of D l  of peptide D l 4  is attributed to 
the effect of the positive charge at the N-terminus. The NH 
temperature coefficients (see Table 4) also confirm a similar 

structure for each pair of peptides. This agrees with the CD 
results, which were identical for D l 4  (Fig. 1) and AD14 (not 
shown). 

The presence of the sulfoxide in the Met residue in peptide 
0Q24  splits the peaks of M' into two signals of equal inten- 
sity, indicating that equal amounts of sulfoxides with R and S 
confiouration were formed (27). The NH peaks of Leu9 and 
~ l u ~ w e r e  also doubled (Table 4c). However, the NMR stud- 
ies show that the sulfoxide group has no effect on the 0Q24 
peptide conformation. The peptides NQ24 and 0 4 2 4  have the 
same conformation. The medium-range (i)-(i + 3) NOEs (part 
of data is presented in Fig. 7), low temperature coefficients 
(see Table 4), and the a-proton shifts (25,26) (see Fig. 6) indi- 
cate that the peptides 0 4 2 4  and NQ24 adopt an a-helical 
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Fig. 2. The contour plots of the two-dimensional 500 MHz NMR 
spectra of peptide AD14. The concentration was 2.3 mM at pH 5.5 
(measured in H20) in CD,0H/H20 (60140 v/v%), temperature 10 
? O.l°C. (a) The aH-PH region of the NOESY spectrum, mixing 
time 250 ms. (b) Part of aH-NH region of the TOCSY spectrum. 
(c) Part of NH-PH region of the TOCSY spectrum. 

Fig. 3. The observed resonance heterogeneity caused by cis- 
trans isomerization of the prolines in AD 14. 

structure from the N-terminus to around ~ 1 ~ ' ~ .  The low tem- 
perature coefficients from ~s~~ to ~ 1 ~ ' '  indicate that the NH 
protons are protected from solvent and probably hydrogen- 
bonded. 

All of the above data have been correlated with the molecu- 
lar modeling. As was mentioned above, both 14-mers mea- 

Fig. 4. Survey of NOE effects recorded for the peptides studied: 
(a) AD14, (b) part of AD14 for TC conformation, (c) OQ24. For 
the proline, 6 protons are used instead of the NH proton. Solid lines 
(H) indicate unambiguous NOEs, hatched lines (/ / / I)  indicate NOEs 
that are ambiguous due to spectral overlap, and blank spaces (: :) 
indicate that an NOE was not observed because of overlapping 
chemical shifts. The thickness of the bars indicates the strength of 
the NOE. 

sured give the similar set of NOESY cross speaks useful for 
the calculation of distance constraints; in the case of the 24- 
mers, the situation is similar. Furthermore, the C-terminal part 
of all peptides shows the same NMR patterns (NOESY, chem- 
ical shifts, temperature dependencies, cis-trctns isoineriza- 
tion); therefore, the proposal that the C-terminus of all 
peptides has the same conformation is reasonable. Two struc- 
tures were built for evaluation by molecular modeling: (i) 
AD14 with a cis bond between phe12 and proL3 for  the evalu- 
ation of the nascent helix in the N-terminal part of the peptide 
and the nature of the turn at the C-terminus: nascent helix is 
present in both 14-mers, and the C-terminal turn is present in 
all peptides with a cis proline in position 13 for the 14-mers or 
position 23  for the 24-mers; (ii) acetylated 24-mer (NQ24) 
with all peptide bonds trans for the determination of the struc- 
ture of the a-helix at the N-terminus of both 24-mers. 

The NOESY spectra for the N-terminal part of A D  14 show 
a series of i,i + 2 connectivities. In this part of the peptide, low 
temperature dependencies for the N H  protons are also 
observed. Similar sequences of i,i + 2 NOE connectivities 
were observed by Dyson et al. for some short peptides (23,24,  
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Fig. 5. The aH-NH region of the 500 MHz phase-sensitive NOESY spectra of 
AD14. The experimental conditions were the same as outlined in Fig. 2a and 
interesting NOES are labelled. 

F2 i I 

4.8 @ @ 
l l l ~ ' l " l ' l " " l " " I ~ " ' I " " l l " ' l " r ~ I " " l " ' l l " " l ' r " I "  

8 . 9  8.8 8 .7  8 . 6  8.5 8.4 8.3 8.2 8 . 1  8 .0  7 .9  7 .8  7.7 7.6 

F l  ( P P ~ )  
Fig. 6. Net structural shifts of the a proton (0) for peptides (a) 
AD14, (b )  D14, (c )  0 4 2 4 ,  and (4 NQ24. (B) a' proton for Gly. 
For ~ 1 ~ ' ~  in 0 4 2 4  and NQ24, the chemical shifts of the aa' 28). This structural element was named the "nascent helix" 
protons are very similar, hence the average value is used. and it was assumed to consist of rapidly interconverting turns. 

Recently the term "nascent helix" was also used for small pop- 
0.2 - 

n u u  0.1 - 
ulations of the helical structure in solution (29). Our nascent 
helix in the 14-mer is a typical case of rapidly interconverting 

0.0 . - 
U U l q u "  -0.1 - 

(a) AD14 
-0.2 

turns. No i,i + 3 connectivities characteristic for an a-helix 
were found and the absence of helical fragments is also seen in 

D l  E2 A3 54  G5 16 G7 PB E9 E l 0  H I 1  F12 P I 3  E l 4  
the CD spectra. Our modeling study started with constrained 

0.2 minimization of randomly generated conformers. Some heli- 

o.O - 
0 2  
a - 

-0.4 
E 

cal structures were obtained, but these structures quickly 
unfold when constraints are removed. Unfolding leads to 
structures with most i,i + 2 distances observed in the NOESY 
spectra between 4 and 7 A. Also, a dynamic run starting from 

n u u  

% -0.6 the a-helix (see Experimental) shows an instability of the 
c D l  E2 A3 54  G5 16 G7 P8 E9 E l 0  H l l  F12 P I 3  E l 4  

E whole system. From 20 conformers, 11 relax after removing 
LO the constraints to the fragments of an a-helix, and 9 relax to 

structures containing one or two ideal or nonideal turns, 
mainly type I1 P-turns. These calculations are in agreement 
with Dyson et al. (23,24,28), namely, that no stable structure 
is characterized by consecutive i,i + 2 NOE connectivities, and 

- N m T " , a C . m m ~ -  8 r ; M Z " N  
0 Y U d L O U > J u 6 ~ ~ ~ ~ ~ ~ ~ ~ u I u n u  

these connectivities arise from random structures containing 
some population of turn in various positions. Table 3, column 

0.2 - (d) NQ 24 A, gives the backbone dihedral angles for the averaged struc- 

- 
- 
.. 

1 

u u u -  

(b) D l 4  

~ ~ ~ ~ ~ l J u l l u  
ture from the last 20 ps of the 100 ps dynamic run (see Exper- 

-0.2 - imental). It is seen that this structure relaxes to a random coil 

-0.4 
with a nonideal type I P-turn in positions ser4 to ~ 1 ~ ~ .  

- ~ o - r r n a r - m r n o = ~ n , , , ~ . m , ~  N & M Z : :  
O y a J u n ~ ~ J u ~ ~ ~ m ~ - ~ n u u ~ u n u  

The same modeling of the AD14 reveals the nature of the C- 
terminal turn in the conformations containing the cis-peptide 

Residue 
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Fig. 7. Parts of the contour plot of the two-dimensional 500 MHz NMR NOESY spectrum of peptide OQ24, mixing time 250 ms. The 
concentration was 2.0 mM at pH 5.5 (measured in H20)  in CD30HIH,0 (60140 vlv%), temperature 15 2 O.l°C. 

bond between  he" and proI3. Because of the low population 
of cis peptide, no additional constraints to the basic i,i + 2 were 
available. and the Monte Carlo search with constrained mini- 
mizationled to various turns. The average of the dynamic run 
starting from the three best conformers led to the nonideal type 
VIb @-turn (30) (see Table 3, under (A)) as the most probable 
or most populated conformation for the C-terminus for our 
peptides containing cis-proline. Figure 8A shows the averaged 
minimized structure for the 14-mer with cis-proline in position 
13; the stereo view of the same structure is in Fig. 9. Figure 8B 
represents the match of the last 20 conformers from the 100 ps 
dynamic run. 

The average conformer from the Monte Carlo search of the 
24-mer was subjected to dynamic runs without solvent as well 
as in the solvent (water) shell. Figure 8C shows the averaged 
minimized structure for the 24-mer with all bonds trans mod- 
eled without solvent; the backbone data for this structure are 
listed in Table 3, under (B). Figure 8 0  shows a match of the 
last 20 conformers from the dynamic run. Figure 10 represents 
the stereo view of the average minimized structure of the pep- 
tide after modeling with the shell of solvent. Backbone data for 
this structure are in Table 3, under (C). Both structures exhibit 
a helical structure from Lys2 to ~1~ 15. Analysis of the chemical 
shifts of the a protons and NOE connectivities shows a contin- 
uous helical structure; the temperature dependencies of the 
NH protons suggest possible disruptions of helix at residues 8 
and 11. The structure modeled without solvent shell exhibited 
disruption of the helical structure at residue 13. This is proba- 
bly caused by an over-estimation of repulsion between charges 
in the preceding residues during the calculation "in vacuo." 
When the dynamic run is performed with peptide in the water 
shell, the structure of the helix is improved (see data in Table 
3, compare data under (B) and (C)). Finally, dihedral angles at 
the C terminal end of the helix (involving residues 14-17) are 
similar to those for a type I @-turn. 

Discussion 

A comparison of the data for the acetylated 14-mer (AD14) 
with the unacetylated 14-mer (D14) indicates a nascent helix 
in both peptides. This is consistent with the N-terminal cap- 
ping preferences for amino acids (31) in a-helical peptides. 
For example, for the acetyl group the helix fraction is 0.578, 
whereas when the charged Asp is the N-terminal amino acid 
with a charged NH3+ N-terminus, the fraction of helix for the 
same control peptide is 0.527 (3 1). 

At the C-terminal end of the peptides, the temperature coef- 
ficients and a-proton shifts show that the sequence Ile-Gly- 
Pro-Glu-Glu-His-Phe-Pro-Glu is of the same conformation in 
all four peptides studied. The overlap of the spectra and the 
resonance heterogeneity caused by the prolines prevent fur- 
ther conclusions. The unique ability of the proline to form cis 
peptide bonds and undergo cis-trans isomerization (32, 33) is 
well known. The significance of the study of the isomerization 
of the proline is twofold: first, the isomerization of proline 
induces resonance heterogeneity for amino acids adjacent to 
it; on the other hand, the cis and trans isomerization forms dif- 
fer in their solution conformation and are of biological signif- 
icance (33). In this paper, the peptides have two proline 
residues and, statistically, four possible isomers could be pro- 
duced, but in fact three were found. 

The addition of the N-terminal 10 amino acids in the 24- 
mers forms a complete helix ranging from the N-terminal end 
Lys2 to ~ 1 ~ ' ~ .  Consequently, the region of interest D"-E'~- 
A ' ~ - s ' ~ - G ' ~  is part of the a-helix, and the N-terminal 10 
amino acids promote the a-helix character for this region of 
the peptide that contains the S that is xylosylated in decorin. 
Bourdon et al. (34) carried out a kinetic analysis of the xylose- 
acceptor efficiencies (V,,,IK,,,) of two peptides: FMLE- 
DEASGIGP and CDEASGIGPEVPDDRD related to human 
decorin and several variants of these. Both peptides were 
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Wang et al. 

Fig. 8. Top left (A): Average minimized structure for the 14-mer with cis-proline in position 13. Top right (B): The last 20 
conformers from the 100 ps dynamic run for the 14-mer with cis-proline position 13. Bottom left (C): Average minimized 
structure for the 24-mer with all bonds trans modeled without solvent. Bottom right (D): The last 20 conformers of the 24-mer 
from the dynamic run. 
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Fig. 9. Stereo view of the average minimized structure for the 
14-mer with cis-proline in position 13. 

Fig. 10. The stereo view of the average minimized structure of the 
24-mer after modeling with the shell of solvent. 

His2' Hisz1 

acceptors, indicating that they contain the minimum recogni- 
tion sequence for xylosyltransferase activity, which may be 
SGXG (34). The N-terminal cysteine in CDEASGIGPEVPD- 
DRD (which is not present in decorin) may be analogous to the 
N-acetyl group in the 14-mer studied here. It would be of inter- 
est to study the solution conformations of these peptides to 
determine whether they adopt the (nascent) helical structures 
described here. 

While the adoption of an a-helical conformation by the N- 
terminal segment of the 24-mer could have been predicted 
from the amino acid sequence by the method of Chou and Fas- 
man (35), the conclusion of the first 5 amino acids (DEASG) 

of the mature proteoglycan in this helix is somewhat unex- 
pected because this segment was originally predicted to adopt 
a type I p-turn (9), and these are usually considered to disru t B helices (35). In either a P-turn or an a-helix, the serine (s' ), 
which in decorin becomes xylosylated, would be exposed on 
the outside of a turn. This may be one structural factor control- 
ling glycosylation enzyme activity (8). 

The N-terminal portion of the helix in the 24-mer shows a 
peak of hydrophobicity and amphipathicity, detected by the 
sequence helical hydrophobic moment method of Eisenberg 
(36; data not shown), centered around F ~ .  Amphipathic helices 
are found on the surfaces of globular proteins and are common 
in alp proteins, the structural class to which decorin and the 
other small proteoglycans almost certainly belong (10). This 
helix could thus serve to position the consensus xylosylation 
sequence for accessibility to xylosyltransferase. 

Conclusions 

~ s ~ ' - ~ l u ~ - ~ l a ~ - ~ e r ~ - ~ l ~ ~  (DEASG) at the N-terminal end of 
the 14-mer peptide forms a nascent helical structure. Acetyla- 
tion of the N-terminus has no effect on the structure. The addi- 
tion of a further 10 amino acids to the N-terminus forms a 
helical structure that begins at the N-terminus ~~s~ and ends at 
~ 1 ~ ' ~ .  A type VIb p-turn has been observed, involvin the C- 
terminal cis-proline in the sequence H i ~ " - P h e ' ~ - P r o ~ - G l u ~ ~  
based on the observed NOE spectra and the modeling of the 
AD14. 
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Calculation of phase diagrams and 
thermodynamic properties of 18 binary 
common-ion systems of Na,K,BallF,MoO,,WO, 

James Malcolm Sangster 

Abstract: Phase diagram and thermodynamic data of 18 binary common-ion molten salt systems in Na,K,Ba//F,MoO,,WO, 
were optimized by computer algorithm. The phase diagram data as well as single-salt data were retrieved from an extensive 
critical literature search. Expressions for the excess properties of solution phases and thermodynamic properties of intermediate 
compounds were thereby obtained. These data were used to generate a "best" phase diagram for each binary system considered. 

Key words: molten salts, phase diagrams, thermodynamic properties. 

Resume : On a fait un lissage par ordinateur des donnCes thermodynamiques et des diagrammes de phases de 18 systemes de sels 
fondus d'ions communs reprCsentCs par Na,K,Ba//F,MoO,,WO,. Les donnCes de diagramme de phases et des sels purs ont CtC 
obtenues 2 moyen d'une recherche critique bibliographique assez complete. On a donc obtenu des expressions analytiques pour 
les propriCtCs en excLts des solutions ainsi que les propriCtCs thermodynamiques des composCs intermbdiaires. Ces expressions 
ont CtC utilisCes dans le calcul du diagramme de phases de chaque systeme. 

Mots c1i.y : sels fondus, diagrammes de phases, proprittks thermodynamiques. 

[Traduit par la rCdaction] 

Introduction 

The thermodynamic basis for the calculation and interpretation 
of phase diagrams is well known (1). Once the thermodynamic 
properties of simple and solution phases are known, a computer 
can be used to carry out the iterative process involved in cal- 
culating the phase boundaries at equilibrium (2). This is a gen- 
eral approach, which can and has been adapted successfully to 
the calculation of binary and ternary phase diagrams of alloy 
systems (3,4) ,  common-ion and reciprocal ternary molten salt 
systems (5-8), and organic systems (9-1 1). In this article, this 
type of calculation is applied to binary molten salt systems con- 
taining cations Na,K,Ba and anions F,Mo04,W04.  

Critical analysis of thermodynamiclphase 
diagram data for binary common-ion 
molten salt systems 

A critical analysis of the phase diagram and thermodynamic 
data of 18 binary common-ion molten salt systems was accom- 
plished with the use of a computer-assisted technique already 
used for 70 binary alkali halide systems (12). The method is 
described in some detail in the previous work (12) and is sum- 
marized here. An exhaustive literature search was made for 
phase diagram and thermodynamic data for each system; all 

simultaneously with the use of the computer algorithm to yield 
analytical expressions that best represent the thermodynamic 
properties of the solution and intermediate phases. These 
expressions were then used to generate the phase diagrams 
(13). The interactive computer programs used (13) are avail- 
able on-line, as well as in personal computer version on dis- 
kette, available from the author. Such phase diagrams auto- 
matically incorporate necessary thermodynamic constraints, 
such as the Gibbs-Duhem relation, the phase rule, the correct 
limiting liquidus slopes, etc. As in the previous work (12), 
data not tabulated in original publications were read off pub- 
lished phase diagrams. 

Properties of the pure components 
The calculational procedure outlined above requires expres- 
sions for the Gibbs energy of transition and fusion of the solid 
components involved. These thermodynamic properties, 
whidh were used in the calculation of the final phasedi~grarns,  
are summarized in Table 1. These data were based on informa- 
tion from standard sources (14-18). For some salts involved in 
the present work, these sources differed significantly among 
themselves, and some necessary data were missing and hence 
had to be estimated. The choice of data finally adopted for 
each salt is discussed in the Appendix. 

- 

references are included here. These data were optimized Common anion systems 

KF (A) - NaF ( B )  
This system was examined in a previous publication (12) and 
no new data have since appeared to necessitate a revision. It is ' Revision received January 15, 1996. a simple eutectic system with a limited solid solution based o n  

Telephone: (5 14) 340-4304. Fax: (5 14) 340-5840. E-mail: KF. The results (12) are summarized here. The  excess 

j704amusic.mus.polymtl.ca enthalpy of the liquid 

Can. J. Chem. 74: 402118 (1996). Printed in Canada 1 Imprime au Canada 
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Table 1. Gibbs energies of transition and fusion of the pure salts." 
A,,,GO = a + bT + C T ~  + dT In T  + e/T (J mol-I) 

Salt Transition T ("C) a 

Fluorides 
Na 
KF 
BaF, 

Molybdates 
Na,MoO, 

BaMoO, 
Tungstates 
Na,WO, 

"Sufficient significant figures are given to enable accurate reproduction of phase diagrams 

[ 11 ~ ~ ( 1 )  = -355~A.x~ J mol-I Table 2. Reported eutectic data for 
BaFz (A) - KF (B). 

was measured calorimetrically and the excess entropy was 
T ("C) XB Ref. 

[2] sE(1)=-2.541 Jmol-'K-' 
750 0.70 20 

The solid solution was represented by a Henrian activity coef- 729 0.73 19 
ficient 729 0.74 22 

[3] RT ln y, = 24 770 J mol-' 

which was assumed to be temperature independent. The calcu- 
lated eutectic was 7 19"C, x, = 0.400 and there was 5 mol% sol- 
ubility of NaF in KF at the eutectic temperature. An uncertainty 
of 25°C was assigned to this calculated phase diagram (12). 

BaF, ( A )  - KF ( B )  
Phase diagram data were obtained by the visual-polythermal 
method (19) and thermal analysis (20). Neither work mentions 
the BaF, transition at 1207°C. A eutectic summary is given in 
Table 2. The excess enthalpy of the liquid was determined at 
108 1 "C by solid-liquid mixing calorimetry (2 1 ), and the result 
is 

The phase diagram, Fig. 1, was calculated with the use of 
eqs. [4] and [5] and shows a calculated eutectic at 745"C, x, 
= 0.711. A much more strongly composition-dependent 
excess entropy would allow the calculated liquidus to better 
approximate the liquidus data of ref. 19, but it would then 
show a marked inflection on the LHS; the behaviour shown 
in Fig. 1 was judged to be more probable. The BaF, transi- 
tion appears on the calculated liquidus at x, = 0.184. An 
uncertainty of -+20°C may be assigned to the calculated 
diagram. 

[4] ~ ~ ( 1 )  = xAxB(- 14 700 - 15 80xA - 1 240xA2) J mol-I BaF, ( A )  - NaF ( B )  
Phase diagram data were obtained by thermal analysis (23) 

TheliquidusdataofPushinandBashov(20)areobviouslyfaulty and by the visual-polythermal method (24). A eutectic sum- 
nearx, = 0. For the optimization, only liquidus data atx, > 0.4 mary is given in Table 3. The excess enthalpy of the liquid was 
were used, together with eq. [4], to deduce one excess entropy determined at 108 1°C by solid-liquid mixing colorimetry (21) 
coefficient: and the result is 
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Fig. 1. The system BaF2 (A) - KF (B). X: ref. 19; 0: ref. 20. 

0 . 0  0 .10 0.20 0 .30 0 .40 0 .50 0.60 0 .70 0.80 0.90 1 .0  

8aF2 Mole fraction of KF K F 

Table 3. Reported eutectic data for BaF, 
(A) - NaF (B). 

- - 

T (OC) XB Ref. 

Table 4. Reported invariant points for 
BaMoO, (A) - K,MoO, (B) from ref. 26. 

l- (OC) X~ 

Eutectic 924 0.9 1 
Peritectic 1067 0.5 1 
Maximum 936 0.97 
Eutectoid 455 0.95 

The BaF2 transition at 1207°C is not mentioned in either 
investigation (23, 24) and the liquidus data of Grube (23) on 
the LHS are clearly in error. In the optimization, the excess 
enthalpy, eq. [6], was used together with the liquidus data of 
Grube (23) at xB > 0.6 and all the data of the other report (24), 
to give one excess entropy coefficient 

The phase diagram was calculated with the use of eqs: [6] and 
[7] and is shown in Fig. 2. The calculated eutectic is 821°C, 
x, = 0.614 and the calculated liquidus agrees well with the 
selected liquidus data. The BaF2 transition appears on the cal- 
culated liquidus at x, = 0.172. An uncertainty of t 10°C may 
be assigned to the calculated diagram. 

BaMoOj ( A )  - K,MoO, (B) 
The phase diagram was investigated by the visual-polythermal 
method, thermal analysis, and X-ray diffraction (26). The 
reported invariant points are summarized in Table 4. The X- 
ray diffraction data of the compound were indexed according 
to trigonal symmetry for the 1: 1 stoichiometry K,Ba(MoO,), 
(a = 0.606 nm, c = 2.134 nm, Z = 3, space group R3m), isos- 
tructural with K,Pb(SO,), (palmerite). The local maximum at 
x, = 0.97, apparently well established by thermal analysis 
(26), is an unusual feature not often observed in molten salt 
systems. Similar maxima apparently occur in the systems 
Na,Ca//CO, (27), Na,Ba//SO, (28), an Na,Ca//SO, (29). Such 
a maximum, very close to the pure salt composition, has puz- 
zled investigators; it is apparently not due to the presence of a 
compound. It has been suggested (30) that in these cases the 
multiply charged cation enters the sublattice of the singly 
charged cation, thereby creating vacancies and stabilizing the 
structure (30). Whatever the explanation, this effect is very 
difficult, if not impossible, to reproduce with the use of simple 
thermodynamic models. For present purposes, the maximum 
was ignored and a solid solution was included to reproduce the 
observed eutectic. The limited number of liquidus data (none 
above 1109°C) could be well accounted for by an excess 
Gibbs energy of the liquid 
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Sangster 

Fig. 2. The system BaF, (A) - NaF (B). 0: ref. 23; X:  ref. 24. 

and properties for the 
as follows: 

1450 . ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ :  

1:l compound, (K2Mo0,.BaMo0,)/2, gous system, this possible maximum was ignored and a lim- 
ited solid solution was included in the calculated phase dia- 
gram since the experimental limiting liquidus slope (32) 

.-- - 45.7628T J mol-' definitely indicates the presence of such a solid solution. 
The liquidus data of Petrosyan et al. (32) show an inflection 

[lo] AF'= -63 833 + 40.0000T J mol-' point, unusual curvature, and abrupt descent to the eutectic; 
such behaviour is rather unlikely for a simple eutectic system. 

The solid solution was represented by a Henrian activity coef- The liquidus data of Posypaiko et al. (3 1) were therefore opti- 
ficient mized, with the result 

1400 

assumed to be temperature independent. The phase diagram, 
Fig. 3, was calculated with the use of eqs. [8], [lo], and [ l  11. 
The calculated eutectic is 922"C, x, = 0.900, and the calcu- 
lated peritectic is 1067"C, xB = 0.513. The solid solution 
extends practically to the eutectic composition. The calculated 
eutectoid is 470°C, x, = 0.966. The reported eutectoid (26) is 
not thermodynamically consistent with the limited extent of 
solid solution observed (26). An uncertainty of 220°C may be 
assigned to the calculated phase diagram. 

BaMoO, (A)  - Na,MoO, (B)  
Data for this system were obtained by thermal analysis (31, 
32) and the visual-polythermal method (32). The reported 
eutectic (32) was 685"C, x, = 0.92 or (31) 678"C, xB = 0.90. 
The existence of a solid solution based on Na,MoO, was 
claimed (3 I), together with a local maximum at 694"C, x, = 
0.96. No such solid solution was mentioned in the other report 
(32), although the liquidus data near x, = 1 of these authors 
(32) could be interpreted as evidence for a maximum. As 
explained in the analysis for the analogous BaMo0,-K2Mo0, 
above, such a maximum might exist. Again, as in the analo- 

7 - 

The solid solution was represented by a Henrian activity coef- 
ficient 

- 
I . . -  * -  . 

800 : - 
750 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 . 0  0.10 0 .20  0 .30  0 .40  0 . 5 0  0 .50  0 .70  0 .80  0 .90  1.0 

8aF2 Mole fractlon of NaF NaF 

assumed to be independent of temperature. The phase diagram 
Fig. 4, was calculated with the use of eqs. [12] and [13] and 
shows a calculated eutectic of 686°C x, = 0.900, with 8.1 
mol% solid solubility of BaMoO, in Na2Mo0, at the eutectic 
temperature. There is a calculated eutectoid at 593"C, x, = 
0.938. An uncertainty of 2 10°C may be assigned to Fig. 4. 

Ba WO, ( A )  - K2 WO, ( B )  
Scanty liquidus data were obtained by the visual-polythermal 
method (3 1); these data were read off the limiting binary edge 
of a ternary phase diagram. These authors reported a eutectic 
at 924"C, x, = 0.62, together with "restricted solid solutions." 
No subsolidus data are available. The stoichiometry of the 
intermediate compound was established (3 1) by X-ray analy- 
sis (data not reported) to be 1 : 1. The compound K2Ba(W0,), 
is apparently isostructural with K2Ba(Mo0,), and hence with 
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Fig. 3. The system BaMoO, (A) - K2Mo04 (B). 0: ref. 26. 

Fig. 4. The system BaMoO, (A) - Na,Mo04 (B). 0: ref. 46; X: ref. 32. 

~ ~ , ~ - ~ . ~ ~ ~ - I , ~ . I I I I n . r ( r I I I . I I I ~ ( I I I I I I I I r  

- 

- 

- 

- - 1 - 1 1 .  

U 
0, 1000 : 
111 
L 922O 

goo 1 - - I 

rn 
L 

800 E 
a, 

700 1 1: 1  

600 : 

500 7 
b 
I 

300 ~ " " ' u " ' " t " ' ~ ~ " ~ ~ " ~ ' ~ ' i " " ~ " " ' ~ ~ ' ~ ~ ' ~ " ' ~ ~ ' ~ " " ' " ~ ' ~ ' " ' " " ' ~ ~ ~ ~ ' " ~ " ~ ~ r ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

0 . 0  0 . 1 0  0 . 2 0  0 . 3 0  0 . 4 0  0 . 5 0  0 . 6 0  0 . 7 0  0 . 8 0  0 . 9 0  1 . 0  

8aMo04 Mole f r a c t i o n  o f  Na2Mo04 Na2Mo04 

400 

K2Pb(S04)2 (26, 3 1). The authors (3 1) also reported a "maxi- optimization was possible; instead, the phase diagram was 
mum" temperature in the liquidus near xB = 1, but gave no fur- constructed by trial and error, starting with reasonable esti- 
ther information. The limiting liquidus slope (31) at xB = 1 mates of the required thermodynamic data. The phase dia- 
clearly indicates the presence of solid solution based on gram, Fig. 5, was calculated with the use of eq. [14] for the 
K2W04. Since the liquidus data are so sparse, no computer liquid 

: 
450° - 

300 ' " " a " ' ' " ~ " " " " " " " " " ~ " " ~ " ' ' " " ~ " ~  " " " " " " " " ' " ' ' ' ' " " ' " " " " " ' ~ ' " " " "  
0 . 0  0 . 1 0  0 . 2 0  0 . 3 0  0 . 4 0  0 . 5 0  0 . 6 0  0 . 7 0  0 . 8 0  0 .90  1 . 0  

8aMo04 Mole f r a c t i o n  o f  K2Mo04 K2Mo04 
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Fig. 5. The system BaWO, (A) - K,WO, (B). 0: ref. 31. 

350 
0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0 

BaW04 Mole fraction of K2W04 K2W04 

and for the 1 : 1 compound, as (BaW04.K,W04)/2, 

where the quantities in eqs. [15] and [16] are, respectively, the 
Gibbs energy of fusion and formation (from the pure liquids). 
The solid solution was represented by a Henrian activity coef- 
ficient 

[17] RTln y, = 13 750 J mol-' 

assumed to be temperature independent. The phase diagram, 
Fig. 5, was calculated with the use of eqs. [14], [16], and [I71 
and the calculated eutectic is 924°C x, = 0.903, agreeing with 
experiment (32). The calculated peritectic is 106S°C, x, = 
0.623, also agreeing with experiment. There is a calculated 
eutectoid at 577"C, x, = 0.983. The solid solution extends to a 
maximum of 9.4 mol% at the eutectic temperature. Since the 
experimental liquidus data are so sparse, no uncertainty can be 
reliably assigned to the calculated phase diagram. 

Ba WO, (A) - Nu2 WO, (B)  
The phase diagram was investigated by thermal analysis, the 
visual-polythermal method, and X-ray analysis (33). These 
authors reported a eutectic of 680°C, x, = 0.96; another report 
(25) gave 67S°C, xB = 0.94. The liquidus data (33) were opti- 
mized to give an excess Gibbs energy of the liquid 

and the phase diagram calculated with the use of this expres- 
sion is shown in Fig. 6. The calculated eutectic is 68 1 "C, x, = 
0.958. A maximum uncertainty of 220°C may be assigned to 
the calculated phase diagram. 

K2Mo04 ( A )  - Na2Mo04(B) 
The phase diagram was investigated by thermal analysis (34) 
and by the visual-polythermal method (35-37). There is dis- 
agreement concerning the subsolidus behaviour in this sys- 
tem. A continuous solid solution across the whole composi- 
tion range was claimed (34, 38), whereas other investigators 
(35-37) postulate the existence of two incongruently melting 
compounds. A summary of invariant points is given in Table 
5. Amadori (34) does not state a minimum liquidus tempera- 
ture, but from his tabulated data it is approximately 661°C, 
x, = 0.8. The situation is extraordinarily confused, as the exist- 
ence of compounds is postulated only on the basis of breaks in 
the liquidus curve (35, 36, 39, 40). From the limiting liquidus 
slopes at both ends of the phase diagram, it is evident that 
extensive solid solutions exist at both locations. In preliminary 
calculations, it was found that, if complete solid solution were 
assumed at the liquidus temperature, the separation between 
liquidus and solidus on the LHS would be as much as 60°C at 
a given composition; on the RHS the separation is only a few 
degrees. The only investigator to use thermal analysis (34) did 
not report separate liquidus and solidus thermal arrests, and it 
is implicit that the liquidus and solidus are very close together 
over the whole composition range. For present purposes, it 
was decided to construct a phase diagram with terminal solid 
solutions and with two compounds (35-37). The liquid was 
assumed to be ideal 
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Fig. 6. The system BaWO, (A) - Na,WO, (B). 0: ref. 33. 

0.958: 
600 - - - - - m a - - -  

5900 
s 6 b  b . b b . 6  588O 

0 . 0  0 .10  0.20 0 .30  0 .40  0 .50  0 . 6 0  0 .70  0 .80  0 .90  1 . 0  

8aW04 Mole f r ac t ion  of Na2W04 Na2W04 

Table 5. Reported invariant points for 
K,MoO, (A) - Na,MoO, (B). 

T ("C) x, Refs. [25] AGO = -61 710 + 70.0000T J mol-' 

Peritectic 736 0.46 36, 39 
743 0.50 41 
737 0.54 35 

Peritectic 683 0.63 36, 39 
682 0.64 41 
686 0.63 35 

Eutectic 667 0.81 35 
660 0.84 36, 39 
663 0.81 41 

Minimum 656 ~ 0 . 8  38 

and thermodynamic properties of other phases chosen in order 
to reproduce the observed liquidus (34-36) as closely as pos- 
sible. Thus, the two end solid solutions were represented by 
two Henrian activity coefficients 

[20] RT In yB = 9000 J per mole of Na2Mo0, 

[2 11 RT In yA = 9600 J per mole of K2Mo04 

For the compound (K2Mo0,~Na,Mo0,)/2, 

[22] A,,GO = 78 900 - 8 1.5256T J mol-' 

[23] AGO = -78 900 + 70.0000T J mol-' 

and for (Na,Mo0,.2K2M00,)/3, 

The phase diagram, Fig. 7, calculated from eqs. [19]-[21], 
[23], and [25], shows a calculated eutectic of 664°C xB = 0.760 
and calculated peritectics 682"C, x~ = 0.673 and 736"C, x, = 
0.462. The solid solutions extend to-25.3 and 21.1 mol% at the 
peritectic and eutectic temperatures, respectively. There are 
two calculated eutectoids, at 461°C, xB = 0.015 and 552"C,xB 
= 0.932. The calculated fusion properties of the compounds, 
eqs. [22] and [24], are very different from the fusion properties 
of the pure salts and hence the quantities of eqs. [23] and [25] 
are to be considered as fitting parameters only and are not to be 
interpreted as actual suggested properties of these compounds. 
The entire subsolidus is conjectural. An uncertainty of 220°C 
may be assigned to the calculated liquidus. 

K2 WO, (A) - Nu, WO, (B) 
The phase diagram was investigated by thermal analysis (34, 
44, 42) and by the visual-polythermal method (4244) .  The 
data of Amadori (34) are reproduced exactly by later authors 
(42). Like the previous system, this system is not well charac- 
terized. A summary of invariant points is given in Table 6. As 
in the previous analogous system, Amadori (34) postulated 
complete solid solubility with a 1:l compound decomposing 
in the subsolidus, whereas other investigators proposed the 
existence of two compounds (4244) .  The two systems K,Na/ 
/MOO, and K,NaI/WO, are almost identical with respect to the 
liquidus, and the same approach to the calculation of the phase 
diagram was adopted here. For the liquid, again 
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Fig. 7. The system K2Mo0, (A) - Na2Mo0, (B). 0: ref. 34; e: ref. 36; X: refs. 35, 37. The subsolidus is conjectural. 

~ 2 ~ 0 0 4  Mole fraction of Na2MoO4 Na2MoO4 

Table 6. Reported invariant points for 
K2W0, (A) - Na,WO, (B). 

T ("C) X B  Refs. 

Minimum 636 0.81 34, 42 
=646 ~ 0 . 8 2  41 

Peritectic 678 0.60 43 
689 0.55 44 

Peritectic 646 0.76 43 

Eutectic 642 0.84 43 
=645 ~ 0 . 8 6  44 

Eutectoid 327 ~ 0 . 9 7  42 

and for the two end solid solutions 

[27] RT In y, = 12 000 J per mole of K2W04 

[28] RT In y, = 12 000 J per mole of Na2W04 

being two Henrian activity coefficients assumed to be 
independent of temperature. For the compound 
(Na2W04.K2W0,)/2 the expressions 

As in the analogous molybdate system, eqs. [29] and [3 I.] rep- 
resent thermodynamic properties very different from those of 
the pure salts and hence are to be regarded only as fitting 
parameters. The phase diagram, Fig. 8, was calculated with 
the use of eqs. [26], [27], [28], [30], and [32]. The calculated 
eutectic is 644"C, x, = 0.759 and the calculated eutectoids are 
565"C, x, = 0.023 and 561°C, xB = 0.924. The calculated per- 
itectics are 690°C, xB = 0.524 and 656"C, x, = 0.694. The two 
solid solutions extend to 26.7 and 17.7 mol% at the peritectic 
and eutectic temperatures, respectively. An uncertainty of 
t 25°C may be assigned to the calculated liquidus. The entire 
calculated subsolidus is conjectural. 

Common cation systems 

BaFz (A)  - BaMoO, ( B )  
A few liquidus data were reported (45) from visual-polyther- 
ma1 measurements. The reported eutectic (45) is 958"C, x, = 
0.37. The same eutectic temperature is mentioned in a later 
report (46). The experimental (45) melting point of BaF, is 
grossly erroneous, and hence the LHS liquidus data are also 
probably more or less in error. For calculation of the phase 
diagram, however, a eutectic temperature of 958°C was taken 
as guide, and a eutectic composition 0.3 < x, < 0.4 was 
assumed. The phase diagram was calculated with the use of 
eq. 1331 

were deduced, and for (Na2W04.2K2W04)/3, [33] GE(l) = x,x,(-8300 - 3 0 0 0 ~ ~ )  J mol-I 
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Fig. 8. The system K2W04 (A) - Na2W04 (B). X: ref. 41; @: ref. 42; A: ref. 43; 0: ref. 44. The subsolidus is conjectural. 

I I X 
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K2W04 Mole f r a c t i o n  o f  Na2W04 Na2W04 

and is shown in Fig. 9. The calculated eutectic is 960°C, x, = 
0.380 and the BaF, transition appears on the calculated liqui- 
dus at x, = 0.155. Since the experimental liquidus data (45) are 
so sparse and suspect, there is a large uncertainty (220°C) in 
Fig. 9. 

BaF2 ( A )  - Ba W 0 4  ( B )  
Only one datum is available for this system, a eutectic report 
(25) of 988"C, x, = 0.33. Since there are no liquidus data for 
optimization, an approximate excess Gibbs energy of the 
liquid 

was used to calculate the phase diagram, Fig. 10. The calcu- 
lated eutectic is 988"C, x, =, 0.377 and the BaF, transition 
appears on the calculated l~quidus at x, = 0.159. 

BaMo04 (A)  - BaW04 (B)  
There are no phase diagram data available for this system, as 
the liquidus lies at very high temperatures. From limited ther- 
mal analysis, X-ray diffraction, and electrical conductivity 
data at lower temperatures (47), it is reasonable to assume that 
there is complete solid solubility at the liquidus temperature 
and that both solid and liquid solutions are close to ideal (31). 
The phase diagram, Fig. 11, was calculated with the use of the 
quantities 

KF ( A )  - K2Mo04 ( B )  
The phase diagram was investigated by thermal analysis (48, 
49) and the visual-polythermal method (37). A summary of 
invariant points is given in Table 7. The reported melting point 
of the compound is (37, 48-50) 752, 752, 754, and 752"C, 
respectively. The compound was characterized by X-ray dif- 
fraction (48) and its heat of fusion, measured calorimetrically 
(50), is 58 kJ per mole of KF.K2Mo04. There is good agree- 
ment (25°C) concerning the liquidus on the LHS, but some 
scatter on the RHS. The excess enthalpy of the liquid was 
measured by direct calorimetry at 1000°C, and the result (49) 
is used here: 

All the liquidus data (37,48,49) were optimized together with 
eq. [37] to give two excess entropy coefficients 

and the calculated properties of the compound (KF.K2Mo04)/ 
2 are 

[35] GE(1) = 0 The phase diagram was calculated with the use of eqs. [37], 

[36] GE(s) = 0 [38], and [40] and is shown in Fig. 12. The calculated eutectics 
are 720°C, x, = 0.295 and 748"C, x, = 0.579. The compound 

and the calculated phase diagram shows no minimum. The melts congruently at 752OC. An uncertainty of 25°C may be 
phase diagram is necessarily conjectural. assigned to the calculated LHS liquidus. 
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Sangster 

Fig. 10. The system BaF2 (A) - BaWO, (B). 0: ref. 25. The diagram is conjectural. 

Fig. 9. The system BaF2 (A) - BaMoO, (B). 0: ref. 45. 

1050 : 

950 

KF (A) - K2WO4 (B)  1:l compound at temperatures 761, 759, and 764"C, respec- 
The phase diagram was investigated by thermal analysis (48, tively. The excess enthalpy of the liquid was measured at 
49) and by the visual-polythermal method (5 1,52). An invari- 1000°C by direct calorimetry (49) and the result is used here: 
ant point summary is given in Table 8. All investigators (44, 
45,48,49,5 1-53) report the presence of a congruently melting [41] ~ ~ ( 1 )  = xAxB(660 + 25xA) J mol-' 
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Fig. 11. The system BaMoO, (A) - BaWO, (B). The diagram is conjectural. 

BaMoO4 Mole f r a c t i o n  o f  8aW04 BaW04 

Fig. 12. The system KF (A) - K,MoO, (B). 0: ref. 48; 0: ref. 49; x: ref. 37. 

. . . . . . . . .  I . . . . . . . . .  I%........I . . . . . . . . .  1 . . . . . . . . .  I.,.. . . . . .  I . . . .  .... 8 1  . . . . . . . . .  I . . . . . . . . .  I . . . . . . . . .  
0 . 0  0 . 1 0  0 . 2 0  0 . 3 0  0 . 4 0  0 . 5 0  0 . 6 0  0 . 7 0  0 . 8 0  0 . 9 0  1 . 0  

K  F Mole f r a c t ~ o n  o f  K2Mo04 K2Mo04 

Reported liquidus data (48,49,5 1,52) agree better in the cen- [42] sE(l) = ~ ~ ~ ~ ( 8 . 6 3 0 0  - 4 . 2 7 2 6 ~ ~ )  J mol-' K-' 
tral region of the phase diagram than elsewhere, where there is 
up to 30°C difference at a given composition. All liquidus data 
were optimized together with eq. [41] to give two excess The phase diagram, Fig. 13, was calculated with the use of eqs. 
entropy coefficients [41] and [42] and shows calculated eutectics of 724°C x, = 
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Sangster 

Fig. 13. The system KF (A) - K2W0, (B). e: ref. 48; X: ref. 49; 0: ref. 51; A: ref. 52. 
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Table 7. Reported invariant points for 
KF (A) - K,MoO, (B). 
-- - - - 

T (OC) x, Refs. 

Eutectic 722 0.30 48 
722 0.29 37 
720 0.29 49 

Eutectic 749 0.60 48 

Table 8. Reported invariant points for 
KF (A) - KIWO, (El. 

T X B  Refs. 

Eutectic 757 0.60 48 
752 0.60 49 
760 0.56 51-53 

Eutectic 729 0.28 48 
724 0.27 49 
728 0.27 51-53 

0.286 and 757"C, xB = 0.602. The compound (KF.K2W04)/2 
is represented by the properties 

and its calculated melting point is 762°C. An uncertainty of 
220°C may be assigned to the calculated phase diagram. 

K2Mo04 (A)  - K2 W 0 4  ( B )  
This system was studied by thermal analysis (cooling mode, 
ref. 54) and by the visual-polythermal method (43, 55). Ama- 
dori (54) does not report a minimum in the liquidus, since his 
melting point for K2W04 is 32°C lower than the accepted 
value. According to Mateiko and Bukhalova (43), the liquidus 
is flat at 920°C over most of the composition range. Like the 
previous analogous system with Na as cation, the solution 
phases are almost ideal (43, 55). For the calculation of the 
phase diagram, the following quantities were used: 

The calculated phase diagram, Fig. 14, was constructed with 
the use of eqs. [45]-[49]. The calculated minimum is 920°C, 
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Fig. 14. The system K,Mo04 (A) - K,W04 (B). 0: ref. 54; X: refs. 43.55. The subsolidus is conjectural. 

0.0 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0 

K2Mo04 Mole fraction of K2W04 K2W04 

xB = 0.498. The two-phase regions are all very narrow and Table 9. Reported invariant points for 
there are no minima or maxima in the subsolidus. The calcu- N,F (A) - N ~ M ~ O ,  (B). 
lated subsolidus is conjectural. The uncertainty in the calcu- 
lated liquidus may be assigned at ?3"C. T ("C) x, Refs. 

NaF (A)  - Na,MoO, ( B )  
The phase diagram was investigated by thermal analysis (37, 
48,49) and the visual-polythermal method (45). There is fairly 
good agreement on the liquidus among these reports (about 
+ 10°C). A summary of invariant points is given in Table 9. The 
compound was identified by X-ray diffraction (45,48), the sto- 
ichiometry being 1: 1 or 2: 1, respectively. The 1: 1 stoichiome- 
try was chosen as the more probable, in view of the identity of 
compounds in analogous systems reviewed in the present work. 
The excess enthalpy of the liquid was measured by direct cal- 
orimetry at 1000°C, and the result (49) is used here: 

It was found that one excess entropy coefficient 

permitted a good fit to the liquidus to be made; the properties 
of the compound (NaF.Na2Mo0,)/2 were 

The phase diagram was calculated with the use of eqs. [50], 
[51], and [53] and is shown in Fig. 15. The calculated eutectic 

Eutectic 627 0.85 48 
611 0.80 37 
61 1 0.80 45 
620 0.81 49 

Peritectic 673 0.63 48 
660 0.65 37 
660 0.65 45 
665 0.65 49 

is 618"C, xB = 0.805 and the calculated peritectic is 664"C, 
xB = 0.633. An uncertainty of + 10°C may be assigned to the 
calculated phase diagram. 

NaF (A)  - Na, WO, ( B )  
The phase diagram was investigated by thermal analysis (25, 
48, 49) and the visual-polythermal method (25, 51). A sum- 
mary of invariant points is given in Table 10. The liquidus data 
of Mateiko and Bukhalova (5 1) are evidently erroneous, while 
those of the other investigators (25, 48, 49) agree to within 
20°C. The stoichiometry of the compound was given as 1:l by 
Schmitz-Dumont and Weeg (48), based on X-ray diffraction. 
This stoichiometry was assumed by later workers (51). The 
other authors (25) assumed a 2:l stoichiometry. The excess 
enthalpy of the liquid was measured at 1000°C by direct calo- 
rimetry and the result (49) 
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Sangster 

Fig. 15. The system NaF (A) - Na,MoO, (B). 0: ref. 48; A: ref. 49; X: ref. 37; 0: ref. 45. 
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Table 10. Reported invariant points for 
NaF (A) - Na2W0, (B). 

T ("C) x, Refs. 

Eutectic 635 0.80 48 
638 0.82 49 
650 0.88 51 
632 0.81 25 

Peritectic 693 ~ 0 . 6 3  48 
69 1 0.60 49 
716 0.67 51 
690 0.57 25 

was used here. The liquidus data (25, 48, 49) were optimized 
together with eq. [54] to give two excess entropy coefficients 

[55] ~ ~ ( 1 )  = xAxB(8. 1390 - 7 . 0 5 4 1 ~ ~ )  J m01-' K-I 

and the calculated properties of the compound (KF.K2W0,)/2 
are 

The phase diagram, Fig. 16, was calculated with the use of eqs. 
[54], [55], and [57] and has a calculated eutectic of 633"C, x, = 
0.804. The calculated peritectic for the 1:l compound is 

693"C, xB = 0.587. If the liquidus data of Mateiko and 
Bukhalova (51) are disregarded, an uncertainty of CIO°C 
may be assigned to the calculated phase diagram. 

Na2Mo0, ( A )  - Na,WO, ( B )  
The phase diagram was investigated by thermal analysis 
(cooling mode, ref. 56 (heating mode, ref. 57) and by the 
visual-polythermal method (43). A minimum liquidus temper- 
ature at 676°C xB = 0.60 was reported (43). The phase dia- 
gram had been calculated previously by a method similar to 
the present one (58), but the authors were apparently unaware 
of the work of Bottelberghs and van Buren (57), which is by 
far the most complete and reliable study of this system to date. 
These authors (57) also used X-ray diffraction and electrical 
conductivity measurements to establish the subsolidus. The 
calculations in the present work were based on the results of 
these workers (57). The liquid was assumed to be ideal 

and all the solid solutions were taken to be regular, as previ- 
ously suggested (57). For the highest-temperature solid solu- 
tion (8), the hypothetical Gibbs energy of fusion of 
Na,WO,(G) was set at 2000 - 2.058T J mol-' (the exact value 
of this quantity is not crucial for the reproduction of the phase 
boundaries in the final phase diagram). The excess Gibbs 
energy of this solid solution turned out to be 

In the earlier calculation (58), this quantity was 120xAxB J 
mol-I. For the other solid solutions 
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Fig. 16. The system NaF (A) - Na,WO, (B). A: ref. 25; 0: ref. 48; X: ref. 49; 0 :  ref. 51. 
1050 

1000 

950 

900 

- 850 
U 
0, 

800 
3 
u 

," 750 
al 
a 
E 

700 + 

650 

A . A . 4  
600 

550 

500 
0 . 0  0 . 1 0  0 . 2 0  0 . 3 0  0 . 4 0  0 . 5 0  0 . 6 0  0 . 7 0  0 . 8 0  0 . 9 0  1 . 0  

NaF Mole f r a c t ~ o n  o f  Na2W04 Na2W04 

Fig. 17. The system Na,Mo04 (A) - Na,W04 (B). 0 :  ref. 43; x: ref. 56; 0: ref. 57. 

Na2Mo04 Mole f r a c t i o n  o f  Na2W04 Na2W04 

[61] GE(s, p)  = - 2 9 5 . 5 ~ ~ ~ ~  J mol-' used the expression xAxB(-683 - 227xB) J mol-' for ~ ~ ( s ,  8), 
and GE(s, p) was approximately - 11 3xAxB J mol-I, according 

[62] GE(s, a) = 200xAxB J mol-' to Bottelberghs and van Buren (57). The calculated phase dia- 
gram, Fig. 17, was calculated with the use of eqs. [58]-[62], 

For purposes of comparison, the previous calculation (58) and the calculated eutectic is 684"C, xB = 0.423. There are no 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



maxima or minima in the subsolidus. The two-phase regions 
are all quite narrow, except for the a + p transition, where the 
enthalpies of transition are relatively large. An uncertainty of 
25°C may be assigned to the calculated liquidus. 

Acknowledgment 

Thanks are due to Professors C.W. Bale and A.D. Pelton, Cen- 
ter for Research in Computational Thermochemistry, ~ c o l e  
Polytechnique, Montreal, for use of computing facilities. 

References 
1. A.D. Pelton. I n  Physical metallurgy. 3rd ed. Edited by R.W. 

Cahn and P. Haasen. North-Holland, Amsterdam. 1983. 
2. A.D. Pelton and C.W. Bale. CALPHAD: Comput. Coupling 

Phase Diagrams Thermochem. 1, 253 (1977). 
3. M.T. Clavaguera-Mora, C. Comas, and N. Clavaguera. 

CALPHAD: Comput. Coupling Phase Diagrams Thermochem. 
18, 141 (1994). 

4. W. Zakulski, Z. Moser, K. Rzyman, H.L. Lukas, S.G. Fries, M. 
Sikiernik, R. Koczmarczyk, and R. Castanet. J. Phase Equilib. 
14, 184 (1993). 

5. C.W. Bale and A.D. Pelton. CALPHAD: Comput. Coupling 
Phase Diagrams Thermochem. 6,255 (1982). 

6. J. Sangster and A.D. Pelton. J. Phase Equilib. 12.5 11 (1991). 
7. M.-L. Saboungi and M. Blander. J. Am. Ceram. Soc. 58, 1 

(I 974). 
8. A.D. Pelton, C.W. Bale, and P.L. Lin. Can. J. Chem. 62, 457 

(1984). 
9. N. Klipp, P.R. van der Linde, and H.A.J. Oonk. CALPHAD: 

cornput. Coupling Phase Diagrams Thermochem. 15, 235 
(1991). 

10. J. Sangster. J. Phys. Chem. Ref. Data, 23, 295 (1987). 
11. J. Sangster. J. Phase Equilib. 14, 340 (1 993). 
12. J. Sangster and A.D. Pelton. J. Phys. Chem. Ref. Data, 16, 509 

(1987). 
13. W.T. Thompson, C.W. Bale, and A.D. Pelton. "F*AT*T 

(Facility for the Analysis of Chemical Thermodynamics), Pro- 
grams m m  and POTCOMP". Ecole Polytechnique/McGill Uni- 
versity, Montreal. 1985. 

14. D.R. Stull and H. Prophet. JANAF Thermochemical Tables, 2nd 
ed. NSRDS-NBS 37. U.S. Department of Commerce, Washing- 
ton, D.C. 1971. 

15. M.W. Chase, C.A. Davies, J.R. Downey, D.J. Farris, R.A. 
McDonald, and A.N. Syverud. J. Phys. Chem. Ref. Data, 14, 
Suppl. No. 1 (1985). 

16. I. Barin, 0 .  Knacke, and 0 .  Kubaschewsk~. Thermochemical 
properties of inorganic subtances (and Supplement). Springer- 
Verlag, Berlin. 1973, 1976. 

17. I. Barin. Thermochemical data of pure substances. VCH Ver- 
lagsgesellschaft, Weinheim. 1989. 

18. D.D. Wagman, W.H. Evans, V.B. Parker, R.H. Schumm, I. Har- 
low, S.M. Bailey, K.L. Churney, and R.L. Nuttall. J. Phys. 
Chem. Ref. Data, 11, Suppl. No. 2 (1982). 

19. E.I. Banashek and A.G. Bergman. Dokl. Akad. Nauk SSSR, 57, 
905 (1947). 

20. N.A. Pushin and A.V. Baskov. Z. Anorg. Chem. 81,347 (1913). 
21. K.C. Hong and O.J. Kleppa. J. Phys. Chem. 82, 1596 (1978). 
22. V.T. Berezhnaya and G.A. Bukhalova. Russ. J. Inorg. Chem. 

(Engl. Transl.), 12, 1148 (1967). 
23. G. Grube. Z. Elektrochem. Angew. Phys. Chem. 33,481 (1927). 
24. A.G. Bergman and E.I. Banashek. Izv. Sekt. Fiz.-Khim. Anal., 

Inst. Obshch. Neorg. Khim., Akad. Nauk SSSR, 22, 196 (1953). 
25. A.S. Trunin, G.E. Shter, and A.S. Kosmynin. Izv. Vyssh. 

Uchebn. Zaved., Khim. Khim. Tekhnol. 18, 1347 (1975). 

26. A.S. Trunin, G.E. Shter, and V.N. Serezhkin. Russ. J. Inorg. 
Chem. (Engl. Trans.), 20, 1227 (1975). 

27. R. Niggli. Z. Anorg. Allg. Chem. 98, 241 (1916). 
28. G. Calcagni. Gazz. Chim. Ital. 42,652 (1912). 
29. H. Miiller. Neues Jahrb. Mineral. Geol. 30, 1 (1910). 
30. H.W. Billhardt. Glastech. Ber. 42, 272 (1969). 
31. V.I. Posypaiko, A.S. Trunin, and G.E. Shter. Russ. J. Inorg. 

Chem. (Engl. Transl.), 20,932 (1975). 
32. Yu.G. Petosyan, E.V. Tkachenko, and V.M. Zhukovskii. Izv. 

Akad. Nauk SSSR, Neorg. Mater. 11, 1618 (1975). 
33. I.N. Smirnova and I.P. Kislyakov. Izv. Akad. Nauk SSR, Neorg. 

Mater. 1, 1162 (1965). 
34. M. Amadon. Atti 1st. Veneto Sci. Lett. Arti, 72, 903 (1913). 
35. G.A. Bukhalova and Z.A. Mateiko. Zh. Obsch. Khim. 25, 887 

(1955). 
36. A.G. Bergman and E.I. Korobka. Russ. J. Inorg. Chem. (Engl. 

Transl.), 4, 853 (1959). 
37. Z.A. Mateiko and G.A. Bukhalova. Zh. Obsch. Khim. 25, 1673 

(1955). 
38. I.N. ~ e l y a e v  and M.L. Sholokhovich. Zh. Obsch. Khim. 23, 

1265 (1953). 
39. A.G. Bergman and E.I. Bogatova. Russ. J. Inorg. Chem. (Engl. 

Trans.), 9, 1178 (1964). 
40. A.M. Gasanaliev, N.N. Vediev, M.A. Dibirov, and Yu. I. Volo- 

vik. Russ. J. Inorg. Chem. (Engl. Transl.), 29, 1515 (1984). 
41. J.A.M. van Liempt. Z. Anorg. Allg. Chem. 122, 175 (1922). 
42. T.I. Drobasheva, I.N. Belyaev, and I.A. Tokman. Russ. J. Phys. 

Chem. (Engl. Transl.), 47,755 (1973). 
43. Z.A. Mateiko and G.A. Bukhalova. Russ. J. Inorg. Chem. 

(Engl. Transl.), 2, 308 (1957). 
44. M.L. Sholokhovich and A.G. Bergman. Zh. Obsch. Khim. 24, 

936 (1954). 
45. A.S. Trunin, G.E. Shter, and A.S. Kosmynin. Russ. J. Inorg. 

Chem. (Engl. Transl.), 20,921 (1975). 
46. N.V. Verdiev and A.M. Gasanaliev. Izv. Vyssh. Urchebn. 

Zaved., Tsvet. Metall. 65 (1986). 
47. E.I. Getman, T.A. Ugnivenko, and T.G. Sukhoterina. Deposited 

Document VINITI 346-76 (1976). 
48. 0. Schmitz-Dumont and A. Weeg. Z. Anorg. Allg. Chem. 265, 

139 (1951). 
49. S. Julsrud and O.J. Kleppa. Acta Chem. Scand. Ser. A: 35,669 

(1981). 
50. L. Kosa, I. Nerad, 0. Patrick I. Proks, J. Strecko, and K. 

Adamkovicova. Thermochim. Acta, 244,69 (1994). 
51. Z.A. Mateiko and G.A. Bukhalova. Russ. J. Inorg. Chem. 

(Engl. Transl.), 2, 274 (1957). 
52. A.I. Kislova, V.I. Posypaiko, and A.G. Bergman. Russ. J. Inorg. 

Chem. (Eng. Transl.), 29,359 (1955). 
53. A.I. Kislova and A.G. Bergman. Russ. 3. Inorg. Chem. (Engl. 

Transl.), 4, 857 (1959). 
54. M. Amadori. Atti Accad. Naz. Lincei. C1. Sci. Fis. Mat. Nat. 

Rend. 22,609 (1913). 
55. A.S. Trunin, I.K. Garkushin, and S.A. Datsyuk. Russ. J. Inorg. 

Chem. (Engl. Transl.), 21, 1526 (1976). 
56. H.E. Boeke. Z. Anorg. Chem. 50,355 (1906). 
57. P.H. Bottelbergs and F.R. van Buren. J. Solid State Chem. 13, 

182 (1975). 
58. W.W. Liang, P.L. Lin and A.D. Pelton. High Temp. Sci. 12, 41 

(1980). 
59. L. ~ e n i e l o u ,  Y. Fournier, J.-P. Petitet, and C. Tequi. C.R. 

Seances Acad. Sci. Ser. C: 272, 1855 ( 1  97 1). 
60. G. Petit and C. Bourlange. C.R. Hebd. Seances Acad. Sci. 246, 

2865 (1958). 
61. P. Caillet. Bull. Soc. Chim. Fr. 4750 (1967). 
62. A.S. Koster, F.X.N.M. Kools, and G.D. Rieck. Acta Crystallogr. 

Sect. B: Struct. Crytallogr. Cryst. Chem. B25, 1704 (1969). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J.  Chem. Vol. 74. 1996 

63. J. Thoret and P. Silvestre. C.R. Seances Acad. Sci. Ser. C: 279, 
103 (1974). 

64. E.S. Zolotova and K.E. Mironov. Russ. J. Inorg. Chem. (Engl. 
Transl.), 34, 109 (1988). 

65. C. Dion and A. Noel. Bull. Soc. Chim. Fr. 257 (1983). 
66. B.M. Gatehouse and P. Leverett. J. Chem. Soc. A: 899 (1969). 
67. T.M. Yanushkevich and V.M. Zhukhovskii. Inorg. Mater. 8, 

1794 (1972). 
68. L.L.Y. Chang, M.G. Scroger, and B. Phillips. J. Am. Ceram. 

SOC. 49, 388 (1966). 
69. 0.1. Tokunov and I.P. Kislyakov. Izv. Vyssh. Uchebn. Zaved., 

Khim. Khim. Tekhnol. 15, 1609 (1972). 
70. E.R. Kreidler. J. Am. Ceram. Soc. 55,514 (1972). 

Appendix 

Thermodynamic properties of the pure salts 

NaF, KF 
The C,, and fusion data were taken from a standard source (16). 
These data are almost identical to those in later compilations 
(14, 15, 17). 

Ba F, 
Previous reports on the melting point ( l6,20,  23,45,46) indi- 
cated 1287 or 1290°C; a higher value of 1368°C (15, 17) was 
adopted here. The heat of fusion is 28 450 J mol-' (16) or 23 
359 J mol-' (15, 17); the latter value is used here. There is a 
transition at 967"C, apparently second order (zero enthalpy 
change) (15, 17); this was ignored in favour of the transition at 
1207"C, A,,,H = 2674 J mol-' (15, 17). The C, data were taken 
from the older compilation (16). 

Nu, WO, 
The melting point is given as 696696°C (15-17, 49, 57, 59) 
and the heat of fusion 23 800-30 380 J mol-I (15-17,57,59). 
The data of Bottelberghs and van Buren (57) have been 
adopted here. The a-solid is cubic Fd3m, while the P-solid is 
orthorhombic Pbn2,. This is distinguished from another (y- 
solid) orthorhombic variety Fddd (57). The enthalpies of 
fusion and transition were taken from ref. 15. The C,, of the a -  
solid was taken from ref. 15, while those of the other solids and 
liquid were assigned a constant value of 209.2 J mol-' K-I (15, 
17). 

Na,MoO, 
The melting point is 686-690°C (16, 17, 32, 49, 57, 59, 60) 
and the heat of fusion 19 240-22 426 J mol-' (16, 17, 57, 59, 
60). Three transitions have been reported (16, 17, 32, 49, 57, 
59) at temperatures between 445 and 46 1 "C (21 760- 24 230 J 
mol-I), between 585 and 600°C (1880-2090 J mol-I), and 
between 625 and 642°C (7680-9 121 J mol-I). The chosen data 
were from refs. 17 and 57. The a ,  P, y, and 6 solids are, respec- 
tively, cubic Fd3rn, orthorhombic Pbn2', orthorhombic Fddd, 
and hexagonal P631rnrnc (57). The C, of solids and liquid were 
taken from ref. 17. 

K2 w04 
This salt is not very well characterized. The compilations (14- 
17) contain no information on fusion or transition. Phase dia- 
gram and other reports (3 l ,  43, 44, 48, 49, 59, 60) indicate a 

melting point in the range 910-926°C. The heat of fusion, 
according to calorimetric measurements, is (60) 44 350 or (59) 
35 140 J mol-I. There are transitions at 370°C (42,48), 450 or 
455°C (61), and at 575 or 585°C (34,42). It was decided to 
include all three transitions, making K,W04 and K,MoO, sim- 
ilar to Na,MoO,. The form at room temperature (a),  is mono- 
clinic C2/m (62). Since experimental transition enthalpies 
could not be found, these were given nominal values ( a  -+ , P 35 140 J mol-I; P + y, 5000 J mol-'; y + 6, 14 380 J mol- ). 
K,MoO, was used as a guide for the assignment of the relative 
magnitudes of these enthalpies. The exact values of these tran- 
sition enthalpies do not critically affect the calculation of the 
phase diagrams reported in the present work. The CI, of all sol- 
ids were set at 136 + 0.0622T J mol-' K-', which is a simple 
additive result from K,O + W03 (17). The C,, of the liquid was 
set at 21 1 J mol-I K-',-i.e., the value of the solid at the melting 
point. 

K2Mo04 
There is no information on fusion or transition properties (14- 
17). Its melting behaviour is very similar to that of K,WO,; 
phase diagram and other sources give a melting point in the 
range 891-938°C (26,43,48,49, 60,63,64) and 926°C was 
chosen as the best value. The heat of fusion, from calorimetry, 
is (60) 45 190 or (49) 34 700 J mol-'. At least three transitions 
have been reported. The lowest is 315-338°C (26,48,61,63- 
65). The other two chosen here are 435465°C (26,48,61,63, 
64) and 471480°C (26,34,48,61, 65). The y + 6 transition 
enthalpy (14 380 J mol-') was estimated from the subsolidus 
part of a phase diagram (26). The other two transition enthal- 
pies were nominally assigned in the same manner as K,WO,. 
Again, the exact value of these enthalpies is not crucial for cal- 
culating phase diagrams. The a-solid is monoclinic C2/rn, and 
it is suggested (66) that the P-solid is orthorhombic, and the y- 
solid, simple hexagonal. The C,, of all solids was set at 133.8 + 
0.068T J mol-' K-', a simple additive result from K,O +MOO, 
(17). The C,, of the liquid was set at 215 J mol-I K-', i.e., the 
value for the solid at the melting point. 

BaMoO, 
No fusion properties are found in the compilations (14-17). 
From phase diagram reports (26,45,46, 67), a temperature of 
1457°C was adopted. The heat of fusion was estimated from 
the limiting liquidus slope of a phase diagram at pure BaMoO, 
(67); a similar type of estimation (32) yielded the value 53.6 kJ 
mol-'. A transition at 1259°C (32) is not found in any compi- 
lation (14-17) and hence was disregarded. The C ,  of the solid 
was taken from Barin's compilations (16, 17). The C,, of the 
liquid was taken to be 182 J mol- K-', i.e., that of the solid at 
the melting point. 

Ba WO, 
No fusion properties are found in the compilations (14-17). 
The melting point, from phase diagram and other reports, is in 
the range 1475-15 10°C (3 I, 33,45 68-70). The heat of fusion 
was estimated from the limiting liquidus slope at pure BaWO, 
of a phase diagram (33). The C ,  of the solid was taken from 
Barin's compilations (16, 17) and the C ,  of the liquid was put 
equal to that of the solid at the melting point. 
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Expedient synthesis of unsaturated amide 
alkaloids from Piper spp: Exploring the scope 
of recent methodology 

George M. Strunz and Heather J. Finlay 

Abstract: The Sakai aryl aldehyde - cyclic ketone aldol - Grob fragmentation sequence was extended to cinnamaldehyde and 
cyclohexanone, and the product was elaborated to analogues of the alkaloid piperstachine. The effects of substituents on the 
reaction involving cinnamaldehyde were studied. The aldol-fragmentation sequence failed with benzaldehyde when 
cyclooctanone or cyclobutanone was substituted for cyclohexanone or cyclopentanone, and the reasons for this failure were 
examined. Four-carbon Wittig homologation of the piperonalxyclobutanone aldol-fragmentation product, a hypothetical route 
to alkaloids such as retrofractamide A, was thus not viable. Instead, three-carbon homologation of the readily available 
piperonalxyclopentanone product, using alkyne chemistry recently disclosed by Lu and Trost, afforded these alkaloids in 
excellent overall yield. The alkyne isomerization was also used to effect efficient syntheses of pellitorine and several other non- 
aromatic 2E,4E-dienoic Piper amide alkaloids. 

Key words: Piper; amides, alkaloids, insecticides, aldol, fragmentation, cinnamaldehydes, alkyne, redox, isomerization. 

RCsumk : La stquence de Sakai, qui peut consister en une reaction d'aldol entre un aldehyde et une cetone cyclique suivie d'une 
fragmentation de Grob, fut utiliske pour preparer des analogues de l'alcalo'ide piperstachine B partir du cinnamaldehyde et de la 
cyclohexanone. L'influence des substituants sur la reaction du cinnamaldthyde furent tgalement ttudiees. La sequence aldol 
fragmentation entre le benzaldthyde et la cyclooctanone ou la cyclobutanone ne fonctionne pas malgrt que la cyclopentanone et 
la cyclohexanone produisent le resultat anticipk. Ce resultat fut CtudiC en detail. Le produit obtenu B paritr de la cyclobutanone, 
suite ii une homologation de Wittig de quatre carbones, aurait ainsi donne accbs aux alcalo'ides tels la rtfractamide A. Cependant, 
une homologation de trois carbones sur le produit de la skquence de Sakai entre le pipkronal et la cyclopentanone fournit ces 
alcalo'ides en d'excellents rendements en utilisant la chimie acttylenique dkveloppt rtcemment par Lu et Trost. L'isomerisation 
acttylenique fut aussi employte pour la synthbse de la ptllitorine et plusieurs autres alcalo'ids amidiques non-aromatiques 
2E,4E-dienoiques des espbces Piper. 

Mots c l b  : Piper, amides, alcaloYdes, insecticides, aldol, fragmentation, cinnamaldthydes, alkyne, redox, isomtrization. 

Introduction 

Problems associated with the continued widespread use of 
synthetic broad-spectrum pesticides, including developrr~ent 
of resistance and impact on non-target organisms, have pro- 
vided impetus for the development of alternative control 
agents and measures. In this context, plant-derived substances, 
used as  botanical pesticides from antiquity, have increasingly 
been revisited as being more likely to meet present-day needs 
for environmental compatibility. The insecticidal and other 
biological properties of some unsaturated amides, e.g., piper- 
cide 1, isolated from Piper  spp. have generated renewed inter- 
est in the study of these compounds (1, 2). 

A semisystematic nomenclature for Piper amides has been 

1 Received November 15, 1995. 

This paper is rledicated to Professor John A. Firldlay, n lorzg-time 
friend and colleague, or1 the occasion of his (formal) retiretnent. 

G.M. Strunz' and H.J. Finlay. Canadian Forest Service - 
Maritimes Region, P.O. Box 4000, Fredericton, NB E3B 5P7, 
Canada. 

' Author to whom correspondence may be addressed. 
Telephone: (506) 452-353 1. Fax: (506) 452-3525. 

advocated by Tsuda and co-workers (3) that, although not in 
general use, offers some advantages in terms of clarity and brev- 
ity and will be adopted in this paper. In Tsuda's system, com- 
pounds possessing an aromatic ring and an amide group are 
assigned the general name "piperamide." Where the aromatic 
nucleus bears a methylenedioxy group, the alkaloids are des- 
ignated piperamide A, B, or C m:n with A, B, and C representing 
piperidine, N-isobutyl, or pyrrolidine amide, respectively, rn 
indicating the number of carbons between the nitrogen and the 
aromatic nucleus, and n the number of double bonds in the 
chain. The position and geometry of the double bonds are indi- 
cated in parentheses. 

We recently developed efficient methodology for the con- 
cise stereoselective synthesis of some Piper  amides, including 
pipercide, 1 (piperamide-B 1 1:3(2E,4E,lOE)), piperolein 9, 2 
(piperamide A7: 1 (6E)), and 3, (piperamide-C7:2(2E,6E))- (6, 
7). This approach (Scheme 1) was based on an aldol conden- 
sation - Grob-type fragmentation sequence, originally dis- 
closed by Sakai and co-workers (8). Thus, cyclohexanone was 
first condensed with piperonal under catalysis by boron triflu- 

The name sarmentosine assigned to this compound (4) should be 
reserved for a nitrile glucoside isolated earlier from Sedurn 
snrmerztosum (5). We wish to thank Professor A. Nahrstedt for 
bringing this to our attention. 

Can. J. Chem. 74: 419432 (1996). Printed in Canada 1 ImprimC au Canada 
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oride. Addition of a glycol (preferably 1,3-propane dial (6)) 
then produced an acetal I1 (x = 4), which underwent fragmen- 
tation affording the glycol ester intermediate 111 (x = 4), with 
exclusively E geometry about the double bond. The methodol- 
ogy has proved to be eminently suitable for the synthesis of 
Piper amides such as 2 and 3 (rn = 7), which were prepared via 
direct amidation of the versatile intermediate 111 (x = 4). Alter- 
natively, the latter was readily reducible to an aldehyde, IV (x 
= 4, R' = H), which could be homologated by 4C Wadsworth- 

Emmons (phosphonocrotonate) reaction affording entry to 
pipercide, 1 (rn = 11). 

The corresponding nor-piperamides (rn = 6 or 10) are acces- 
sible, if cyclopentanone is substituted for the six-membered 
ketone (6). The susceptibility of the processes occurring in the 
course of the aldol condensation - fragmentation sequence to 
subtle steric and stereoelectronic effects raises interesting ques- 
tions about the scope of the methodology, e.g., when other sized 
cyclic ketones (cylobutanone, cycloheptanone etc.) are used. 

An aldol condensation - fragmentation sequence involving 
cyclobutanone and piperonal (if feasible) could, for instance, 
with subsequent 4C homologation, lead to facile syntheses 
of compounds like retrofractamide A, 4 (piperamide- 
B9:3(2E,4E,8E) from Piper refracturn (9), piperamide- 
A9:3(2E,4E,8E) from P. longurn (10) and piperamide- 
C9:3(2E,4E,8E) from P. nigrutn (3) (Scheme 1). On the other 
hand, synthesis of guineensine 5 (piperamide- 
B13:3(2E,4E,12E)) from P. guineense (1 1) or piperolein B 
(piperamide-A9: l(8E)) from P. nigr~lrn (12) dictates an aldol 

condensation - fragmentation involving cyclooctanone and 
piperonal. 

If the aldol condensation - fragmentation sequence could be 
conducted with a homologue of piperonal, 3',4'-methylene- 
dioxycinnamaldehyde, and cyclohexanone, then reduction, 
Wadsworth-Emmons (2C) homologation, and amidation 
would constitute a facile synthesis of piperstachine 6 (pipera- 
mide-B 1 1:3(2E, 8E, 1 0 0 ,  an alkaloid from P. trichostachyon 
(13) (Scheme 2). 

This paper discloses our observation that the Sakai aldol 
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Strunz and Finlay 

Scheme 1. 

I Amidation (desaturation) 

I v x=4 
) 1 (Piperamide-B11:3(2E ,4E,10E)) 

4C homologation 
\ Amidation 

\ 
\ x=2 * 

4 (Piperamide-B9:3(2E ,4E,8E)) 
? 4C homologation (also piperamides-A,C9:3(2E ,4E,8E )) 

Amidation 

x- 5 (Piperamide-B,13:3(2E ,4E,12E)) 
4C homologation 
Amidat ion 

condensation - fragmentation sequence can be satisfactorily noacetate) Wadsworth-Emmons homologation and amidation 
extended to cirzr~arnaldehyde (but not so readily to 3',4'-meth- to L'desmethylenedioxypiperstachine" 9, (overall yield from 
ylenedioxycinnamaldehyde) and cyclohexanone, opening the cinnamaldehyde -33%) (Scheme 2). (The corresponding pip- 
way to a short synthesis of a "demethylenedioxy" analogue of eridyl amide 10 was also prepared in similar yield.) Exploita- 
piperstachine 6, and related compounds. We report also on our tion of this concise strategy for the synthesis of piperstachine 
unsuccessful attempts to effect the condensation-fragmenta- requires 3',4'-methylenedi~xycinnamaldeh~de as starting 
tion process using cyclobutanone or cyclooctanone with piper- material but, perhaps not surprisingly, the presence of the 
anal to give 111 (and IV) (x = 2 and x = 6, respectively). ether functionality in the aromatic ring had a detrimental 
Alternative, efficient methodology to gain access to 4 and the effect on the condensation-fragmentation process, and VI (R 
other 9:3(2E,4E,8E) amide alkaloids is described, in which 3C = 3',4'-methylenedioxy) was obtained in only - 14% yield 
homologation of the readily available IV (x = 3) (6), exploiting (Table I), deemed insufficient to make this route competitive 
recently disclosed alkyne chemistry (14, 15), replaces 4C with the previous synthesis (13). 
homologation of the elusive IV (x = 2). In view of the effect of the methylenedioxy aromatic sub- 

stituent on the yield of the condensation-fragmentation pro- 
Results cess, the effects of other substituents were briefly examined 

using readily available substituted cinnamaldehydes. The 
(a) ~ ~ ~ d ~ ~ ~ ~ t i ~ ~ - f ~ ~ ~ ~ ~ ~ t ~ t i ~ ~  cyclohexanone and influences of substituents R and R' on the course of the reac- 

cinnamaldehydes: synthesis of piperstachine tion (Table 1) are in general as expected based on their elec- 

(1 1:3(2E,8E,lOE)) analogue and related compounds tron-donating or withdrawing properties (and steric effects of 

l-he condensation-fragmentation process proceeded readily R'), and are consistent with Sakai's observations for substi- 

with cyclohexanone when cinnamaldehyde was substituted for tuted benzaldehydes 

benzaldeh~de or piperonal, and the ester VI (R,R' = H), was (b) Attempted piperonal-cyclooctanone condensation- 
obtained in 59% yield. Four-carbon (phosphonocrotonate) fragmentation 
 adsw worth-~mmons homologation of the aldehyde from VI AS mentioned in the Introduction and indicated in Scheme 1, 
(R,R' = H) and subsequent amidation by appropriate method- the product I11 (x = 6), if it c o ~ l d  be prepared from piperonal 
ology allowed the synthesis of the mode1 and 8 and cyclooctarzone, would be readily transformed to the 
in overall yields of 22 and 36%, respectively. Similarly, the p. g,,inee,Ise alkaloid guineensine 5 (piperamide- 
aldehyde from VI (R,R' = H) was converted, via 2C (phospho- B 13:3(2E,4E,12E) via 4C-(crotonate) Wadsworth-Emmons 
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Scheme 2. 

Reduction 
VI(R1=H) - ' 

2C Homologation 
Amidation 

Table 1. Products of BF,-catalyzed reaction of substituted 
cinnamaldehydes with cyclohexanone and 1,3-propanediol. 

6 (R=3',4'-methylenedioxy: 
Piperstachine = 
Piperamide-B11:3(2E, BE, IOE)) 

Fragmentation 
En try R R' product VI, % 

Aldehyde 
acetal VII, % 

"Acetals formed, but not readily separable from VIII, product of aldol 
dehydration. 

hIsolated yields substantially lower than total acetal VII formed because 
of coelution with starting aldehyde and cyclohexanone. 

homologation of IV ( x  = 6) and amidation) as well as piper- 
olein B (piperamide-A9: l(8E)) from P. nigrum (by direct ami- 
dation). Attempts to effect the condensation-fragmentation 
under a variety of conditions were, however, to no avail and 
resulted in a complex mixture of products that appeared to 
contain some aldol I (x = 6), but no glycol ester 111 (x = 6). To 
investigate factors contributing to this different behaviour 
exhibited by the larger ring homologue, models 11 and 12  of 
the putative intermediates I and I1 (x = 6; Scheme I), were 
independently prepared by alternative routes, and their behav- 
ior under "fragmentation conditions" was observed. Aldol 11 

was made using Mukaiyama methodology (16), as a mixture 
of epimers (anti:syn-- 65:35). The purified anti epimer was 
immediately treated with propylene glycol and BF3-etherate. 
Chromatography afforded the dehydrated product 2-benzyl- 
idinecyclooctanone in 40% yield and -46% of an inseparable 
(1 : 1) mixture of cyclooctanone and the propylene glycol ace- 
tal of benzaldehyde: no cyclooctanone acetal was observed. 

Preparation of 12 was accomplished in low yield by acetal- 
ization (slow!) of 2-ethoxycarbonyl cyclooctanone with eth- 
ylene glycol, reduction/oxidation (LAWSwern) to the 2- 
formyl derivative of the acetal, and, finally, reaction of this 
(very unstable) material with phenyllithium. Treatment of 12, 
in THF solution with BF,-etherate under anhydrous condi- 
tions, resulted in the isolation, after bicarbonate quench and 
work-up, only of benzaldehyde and cyclooctanone. 

It seems clear that the major factor militating against the 
fragmentation process in the cyclooctanone-piperonal case 
is the slow rate of acetalization of the initially formed aldol 
intermediate, which allows alternative pathways to take pre- 
cedence. (The extensively enolized carbonyl group of 
cyclooctanone itself is known to be very unreactive towards 
nucleophilic attack (17)) The observation that 12 (even if it 
were formed from 11 in a Lewis acid - glycol mixture) fails 
to undergo Grob-type fragmentation, yielding instead prod- 
ucts of a retroaldol-type cleavage, could possibly be due to 
stereoelectronic effects (cf. ref. 6) or to the Lewis acid com- 
plexing with an acetal oxygen rather than the hydroxyl 
group. 

(c) 9:3(2E,4E,SE) (or 5:1(4E)) Amides formally accessible 
via piperonal-cyclobutanone condensation- 
fragmentation 

Attempts to effect the condensation-fragmentation sequence 
using cyclobutanone, piperonal, and 1,3-dihydroxypropane 
under BF3 catalysis led to almost quantitative recovery of the 
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Scheme 3. 

- 
Toluene b 

L o  
15  LO (i)LiOH/acetone 

(i) Sn[N(l'MS)d2 
(ii) Pyrrolidine 
(iii) MeOH; H20, KF / 

/ ( i) Sn[N(l'MS)d2 4 
( ii Pipendine Retrofractamide A (Piper refractum ) 
(iii) MeOH; H20; KF 

(22% overall from piperonal) 

LO 18 

Piperamide -C9:3(2E, 4E, 8E) (P. nigrurn) 

(29% overall from piperonal) 

0 I 
LO Dehydropipernonaline (P. longurn ) 

(27% overall from piperonal) 

piperonal - propylene glycol acetal, suggesting that the essen- 
tial initial aldol condensation is an unfavorable process. 

In lieu of four-carbon (crotonate) Wadsworth - Emmons 
homologation of the elusive IV (x = 2, R' = H), followed by 
amidation, the 9:3(2E,4E,8E) amides (3, 9, 10) could be pre- 
pared via a suitable three-carbon homologation of I11 (x = 3), 
readily available from cyclopentanone and piperonal as 
described above. Methodology recently developed by Ma and 
Lu (14) and Trost and Kazmaier (15), involving transition 
metal or triphenylphosphine-catalyzed isomerization of an 
activated alkyne, proved to be ideally suited to effect the 
desired 3C homologation at the appropriate oxidation level. 
Thus the alkaloids retrofractamide A, 4 (piperamide- 
B9:3(2E,4E,8E)) (9), dehydropipernonaline 17 (piperamide- 
A9:3(2E,4E,8E)) (lo), and 18 (piperamide-C9:3(2E,4E,8E) 
(3) were readily synthesized in good yield as follows, by a 
short stereoselective route exploiting the two recently devel- 
oped methodologies aldol condensation - fragmentation (8) 
and alkyne isomerization (14, 15)) (Scheme 3): Lithium 
acetylide - ethylene diamine complex was alkylated with 
iodide 13, simply prepared in two steps from glycol ester I11 (x 
= 3). The anion of the resulting alkyne, 14, reacted with ethyl 
chloroformate affording alkyne ester 15. As alkynoic amides 
are less reactive substrates for the internal redox process than 
the corresponding esters (14, 15), amidation was postponed 
until after the isomerization. Accordingly, 15  was heated 
under reflux with Ph3P in toluene (15), giving the 2E,4E,8E 
ester 16 in excellent yield. Amidation was effected in one pot 
by the Roskamp procedure (18) for the piperidine and pyrroli- 
dine amides, and by hydrolysis and carbonyldiimidazole- 

induced coupling for the isobutylamide. Retrofractamide A 
(4) from P. refractum (9) was obtained in an overall yield of 
22% from piperonal, dehydropipernonaline (17) from P. lon- 
gum (10) in 27% overall yield, and piperamide- 
C9:3(2E,4E,8E) (18) (3) in 29% overall yield. 

(d) General route to non-aromatic 2E,4E dienoic amide 
alkaloids 

The efficacy of our route to retrofractamide A and the other 
9:3(2E,4E,8E) piperamides prompted us to turn our attention 
to the simpler non-aromatic 2E,4E, dienoic Piper amides, 
some of which, including 19 and 21, were synthesized earlier 
by Ma and Lu (14). The key reaction in Lu's route to the 
dienoic amides was rearrangement of the corresponding 2- 
ynoic amides under catalysis by ruthenium or iridium com- 
plexes of Ph3P. The alkynoic amide precursors were prepared 
by classical methodology via carboxylation of the appropriate 
terminal alkynes (19) and suitable elaboration of the resulting 
carboxylic acids. We have developed a simple, efficient gen- 
eral stereoselective synthesis of these alkaloids that, while 
running essentially parallel to Lu's sequence, differs in some 
important details that, we suggest, may confer on it some 
advantages in terms of convenience and yield. The new route 
is exemplified by the synthesis of pellitorine (19) (2,4) in five 
steps from propiolic acid with overall yield 52% (Scheme 4). 
Application of this general synthetic route afforded 20 (from 
P. nigrum (3)) in 61% overall yield from propiolic acid; 21, 
achillia amide (20) in 66% yield; 22 and 23 (from P. guineense 
(1 1)) in 39% and 50% yield, respectively; and 24 (from P. tri- 
chostachyorz (21)) in 50% overall yield. 
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Scheme 4. 

(i)PxLDA P 
HC =C-C-OH + CH3(CH2)6C EC-C-OH 

Propiolic acid 
(ii) CH3(CH2)5CH2Br 91 % 

[H M PA] 

K2C03/ Etl '2 Ph3P 
/ / OEt A CH3(CH2)6C -C-C-OEt - H 3 C w C t  

DM F Toluene, A 
87% 

I I 

90% 0 

(i) LiOW Acetone H CH3 

+ 52% overall 

(ii) CDl / isoBuNH2 
CH3 from propiolic 

73% 6 acid. 

Pellitorine 1 9 

19 (Overall yield: 5256) 

P. nigrum 
(Also Compositae 
8 Rutaceae) 

P. nigrum 

Tsuda et a/. 1988 
0 

20 (Overall yield: 61%) 

~3~~~~ J Achillia arnide 
Bohlrnann et a/. 1973 6 

2 1 (Overall yield: 66%) 

0 
mE.N9,cH3 P. guineense 

CH3(CH~),0 Okogun and Ekong 1974 
H CH3 

22 (Overall yield: 39%) 

CHJ(CHZ)IZ mg.N/\/c~3 P. guineense 
H CH3 Okogun and Ekong 1974 

23 (Overall yield: 50°/o) 

P 
CH3(CH2),, mc'NG P. trichostachyon 

Singh et a/. 1971 
24 (Overall yield: 50%) 

As a result of the present study and previous work (6, 7), 
more than a dozen unsaturated amides, mostly alkaloids from 
various Piper spp., are readily accessible and several are pres- 
ently being assayed for insecticidal activity against such eco- 
nomically important insect pests as spruce budworm 
(Choristoneurafilmiferaiza), gypsy moth (Lymantria dispar), 
and forest tent caterpillar (Malacosorna disstria). 

Experimental 

Details concerning instrumentation may be found in ref. 6. 

9-Phenyl-6E,8E-nonadienoic acid propylene glycol ester, 
V I ( R = R ' = H )  

Boron trifluoride etherate (5.3 mL, 42 mmol) was added drop- 
wise under argon to a solution of cinnamaldehyde (0.75 mL, 
5.9 mmol) in dry freshly distilled THF (15 mL) at 0°C. The 
solution was stirred for 10 min, after which cyclohexanone 
(0.6 1 mL, 5.9 mmol) dissolved in dry THF (10 mL) was added 
dropwise with stirring over a 20 min period. The ice bath was 
removed and the mixture allowed to attain ambient tempera- 
ture during 70 inin. To the resulting dark green mixture was 
added propane- 1,3-diol (2.2 g, 3 1 mmol) and the stirred (now 
purple) reaction mixture was set aside at ambient temperature 
for 14 h. The product was worked up by addition of the mix- 
ture to a saturated aqueous solution of NaHC03 (ca. 200 mL) 
and extraction with ether (3 x 50 mL). The combined organic 
extracts were washed successively with saturated NaHC0, (2 
x 20 mL) and saturated brine (2 x 20 mL) and, after being 
dried over MgSO,, were evaporated to dryness under reduced 
pressure. The resulting crude red oil was subjected to chro- 
matography on a column of silica gel with hexane - EtOAc 
(3:2) as eluent, to furnish 1.016 g (59%) of ester VI (R = R' = 
H) as a relatively polar pale yellow oil. This product was 
rather unstable and, in order to avoid decomposition, was 
either reduced directly or stored frozen in benzene. It dis- 
played the following spectroscopic characteristics: IR 
(CHCl,): 3600,3440, 1720,1640, 1595, 1460, 1040,985, and 
880 cm-I; 'H NMR (CDCl,, 200 MHz) 6: 1.35-1.55 (2H, m), 
1.55-1.75 (2H, m), 1.86 (2H, pent, J  = 6.0 Hz), 2.16 (2H, q, J  
= 7.2 Hz), 2.34 (2H, t, J  = 7.2 Hz), 3.68 (2H, t, J  = 6.0 HZ), 
4.23 (2H, t, J = 6.0 Hz), 5.79 (IH, dt, J = 7.0 and 15.2 Hz), 
6.21 (IH, dd, J =  10.2 and 15.4 Hz), 6.44 ( lH,  d, J =  15.8 Hz), 
6.74 (lH, dd, J  = 10.2 and 15.8 Hz), 7.20-7.45 (5H, m); 
HREIMS, mlz (relative intensity) (ion): 288.1723 (33) (M+) 
(calcd. for C,sH2J03: 288.1725), 212 (36) (Mf - C3H6(0H)?), 
169 (13) (C,,H,,), 156 (72) (C,2H,J, 143 (65) (C\lHII)t 131 
(86) (C9H70), 128 (100) (C,,H,), 1 15 (52) (C,H7), 1 13 (28) 
(C6H9O2), 103 (53) (C8H7) 91 (80) (C7H7) 84 (26) (C5H,O), 
77 (57) (C,H,). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Strunz and Finlay 

9-(3',4'-Methylenedioxypheny1)-6E,8E-nonadienoic acid 
propylene glycol ester, VI (R = 3',4'-methylenedioxy, 
R' = H) 

Boron trifluoride etherate (2.5 mL, 20 mmol) was added drop- 
wise under argon to a solution of 3',4'-methylenedioxycin- 
namaldehyde3 (0.491 g, 2.79 mmol) in dry freshly distilled 
THF (15 mL) at 0°C. The solution was stirred for 10 min, after 
which cyclohexanone (0.28 mL, 2.7 mmol) dissolved in dry 
THF was added slowly dropwise with stirring. The ice bath 
was removed and the mixture was set aside with stirring for 7.5 
h, after which propane-1,3-diol (1.1 g, 14 mmol) was added 
and stirring resumed at ambient temperature for 14 h. The 
product was worked up as above and purified by flash chroma- 
tography on silica gel with hexane-EtOAc (3:2) as eluent. The 
chromatographically pure ester VI (R = 3',4'-methylenedioxy, 
R' = H) (131 mg, 14%) was a yellow oil: IR (CHCI,): 3675, 
3600, 3500, 2945, 2900, 1720, 1600, 1485, 1440, 1040, 990, 
and 930 cm-l; 'H NMR (CDCI,, 200 MHz) 6: 1.40-1.55 (2H, 
m), 1.55-1.75 (2H, m), 1.85 (2H, pent, J = 6.0 Hz), 2.13 (2H, 
q,J=7.0Hz),2.32(2H,t,J=7.2Hz),3.67(2H,q,J=5.4Hz), 
4.22 (2H, t, J=  6.2 Hz), 5.72 (lH, dt, J = 7 . 2  and 14.8 Hz), 5.92 
(2H, s), 6.15 (IH, dd, J =  10.0 and 15.0 Hz), 6.33 (lH, d, J =  
15.6 Hz), 6.56 (lH, dd, J = 10.0 and 15.6 Hz), 6.73 (lH, s), 
6.76 (lH, d, J = 1.4 Hz), 6.90 (lH, d, J = 1.4 Hz), HREIMS, 
mlz (relative intensity) (ion): 332.1624 (73) (M') (calcd. for 
C19H2405: 332.1624), 257 (1 1) (M - O(CH,),OH), 228 (1 1) 
M+ - CO,(CH,),OH), 187 (64) (C12Hl 176 (64) 
(Cl,H803), 173 (100) (C1 IH~O,), 167 (19) (C8H70,), 159 (3 1) 
(C,,H70,), 157 (40) (C,,H90), 149 (76) (C8H,O,), 147 (29) 
(C9H70J7 143 (18) (CIOH~O), 135 (54) (C8H702), 128 (32) 
(C,,H8), 122 (17) ( C ~ H ~ O Z ) ,  113 (30) (C6H902), 95 (18) 
(C7HI 89 (26) (C5H7), 87 (16) (CdH70,). 

Substituted 9-phenylnona-6E,8E-dienoic acid propylene 
glycol esters, VI 

The procedure for the preparation of VI (R = H, R' = CH,) and 
VI (R = 2'-OCH,) (Entries 6 and 7, Table I), was essentially as 
for VI (R = R' = H), using the appropriate substituted (com- 
mercially available) cinnamaldehydes. The former displayed 
IR (CHCI,): 3600,3500,2940,2870, 1725, 1600,1490,1460, 
1440, 1390, 1380, 1150, 1080, 1050,970,920, and 870 cm-'; 
'H NMR (CDCI,, 200 MHz) 6: 1.50 (2H, m), 1.69 (2H, m), 
1.88 (2H, sept, J =  6.2 Hz), 1.99 (3H, d, J =  1.2 Hz), 2.20 (2H, 
dt,J=7.0and6.4Hz),2.36(2H,t,J=7.2Hz),3.70(2H,brt, 
J = 4 . 6  Hz), 4.26(2H, t, J=6.0Hz) ,  5.77 ( lHdt ,  J =  15.4 and 
7.0 Hz), 6.26 (lH, dd, J = 15.8 and 0.8 Hz), 6.44 (lH, br s) 
7.25-7.40 (5H, m). HREIMS, rnlz (relative intensity) (ion): 
302.1888 (19) (M') (calcd. for C19H2603: 302.1882), 226 (9) 
(M+ - (CH,),(OH),>, 183 (13) (Cl4H]5), 155 (25) (C]2Hll)* 
143 (100) (Cl,Hl,), 129 (44) (CloH,), 11.5 (18) (C9H7), 91 (30) 
(C7H7). 

The latter showed IR (CHCl,): 3600, 3500, 2940, 2850, 
1720,1595,1485,1460,1440,1395,1050,1035,995, and 915 
cm-'; 'H NMR (CDCI,, 200 MHz) 6: 1.40-1.55 (2H, m), 
1.50-1.75 (2H, m), 1.85 (2H, sept, J = 6.4 Hz), 2.14 (2H, dt, J 
= 7.4 and 7.0 Hz), 2.32 (2H, t, J = 7.2 Hz), 3.67 (2H, m), 3.83 
(3H, s), 4.22 (2H, t, J =  6.2 Hz), 5.75 (lH, dt, J=  15.2 and7.0 

Prepared by reduction of the methyl ester of commercially 
available 3',4'-methylenedioxycinnamic acid with sodium bis(2- 
methoxyethoxy)aluminium hydride, and Swern oxidation of the 
resulting alcohol. 

Hz), 6.21 (lH, m), 6.74 (lH, d, J=  1.4 Hz), 6.75-6.95 (3H, m), 
7.18 ( lH,  dd, J = 15.2 and 7.4 Hz), 7.42 (lH, d, J = 7.6 Hz); 
HREIMS, rnlz (relative intensity) (ion): 3 18.1822 (86) (M+) 
(calcd. for CI9H,,O4: 318.1831), 242 (21) (M+ - 
(CH,),(OH)J, 214 (14) (M+ - HC02(CH2)30H), 200 (14) 
( C ~ ~ H I ~ O ) ,  186 (62) (CI,H,~O), 173 (59) (C,2H,,O), 159 (52) 
(C,lHl,O), 145 (40) (CloH90), 131 (73) (C9H70), 128 (24) 
(CloH8), 121 (100) (C8H90), 119 (18) (C8H70), 115 (35) 
(CgH7), (65) (C7H7), 79 (l5) (CfjH7). 

9-Phenylnona-6E,8E-dienal 
A solution of glycol ester VI (R = R' = H) (0.901 g, 3.13 
mmol) in dry THF (10 mL) was added dropwise at 0°C to a 
slurry of LAH (0.179 g, 4.84 mmol) in dry THF (40 mL). 
After the initial evolution of hydrogen, the stirred mixture was 
allowed to attain ambient temperature during 3.5 h, when TLC 
analysis showed the reaction to be complete. After cautious 
sequential addition of water (0.1 equiv.), NaOH (15% aque- 
ous) (0.1 equiv.), and water (0.3 equiv.), the mixture was 
stirred for 20 min. Magnesium sulfate was then added, the 
slurry was filtered through Celite and evaporated to dryness 
under reduced pressure. The resulting alcohol, 9-phenyl- 
6E,8E-nonadien-1-01 (642 mg, 95%) was sufficiently pure to 
be subjected directly to Swern oxidation. It displayed the fol- 
lowing spectroscopic characteristics: IR (CHCI,): 3600, 3425, 
2930,2850, 1640, 1595, and 990 cm-'; 'H NMR (CDCI,, 200 
MHz) 6: 1.35-1.50 (4H, m), 1.50-1.65 (2H, m), 2.10-2.25 
(2H,m),3.65(2H,t,J=6.4Hz),5.82(lH,dt,J=7.0and15.2 
Hz), 6.21 ( lH,  dd, J =  10.3 and 15.2 Hz), 6.44 (lH, d, J =  15.4 
Hz), 6.75 (lH, dd, J =  10.2 and 15.6 Hz), 7.20-7.45 (5H, m); 
HREIMS, tnlz (relative intensity) (ion): 216.1517 (84) (M') 
(calcd. for C,,H,,O: 216.1512), 155 (24) (C1,H1 ,), 143 (97) 
(C,,H,,), 130 (90) (C,,H,,), 115 (77) (C9H7), 111 (8) 
(C7Hl lo), 104 (48) (C,H8), 91 (100) (C7H7), 77 (23) (C6H5). 

Swern oxidation (22) of the alcohol (642 mg, 2.97 mmol) 
yielded the desired aldehyde, 9-phenyl-6E,8E-nonadienal 
(61 1 mg, 96%) as a pale yellow oil. This product was suffi- 
ciently pure to be used directly in the subsequent Horner- 
Emmons reaction. A sample after preparative thin-layer chro- 
matography displayed the following spectroscopic character- 
istics: IR (CHCI,): 2940,2860,2740, 1720, 1640, 1595, 1490, 
1450, and 990 cm-I ; 'H NMR (CDCl,, 200 MHz) 6: 1.40-1.60 
(2H, m), 1.60-1.75 (2H, m), 2.17 (2H, q, J = 6.6 Hz), 2.45 
(2H,dt ,J= 1.8and7.0Hz),5.79(1H,dt,J=7.0and 15.0Hz), 
6.21 (lH, ddt, J=  10.0, 15.4, and l.OHz),6.44 (lH, d, J =  15.8 
Hz), 6.74 (lH, dd, J = 10.0 and 15.4 Hz), 7.20-7.40 (5H, m), 
9.77 (lH, t, J = 1.8 Hz); HREIMS, rnlz (relative intensity) 
(ion): 214.1356 (67) (M') (calcd. for C,,H180: 214.1357), 155 
(13) (C12Hll). 143 (80) (ClIH11)> 128 (100) (C,,H8), 115 (52) 
(C9H7), 104 (72) (C8H8), 91 (67) (C7H7), 77 (20) (C6H5). 

Ethyl 13-phenyItrideca-2E,4E,lOE,12E-tetraenoate 
n-Butyllithium (0.78 mL of 2.5 M solution in hexane, 1.95 
mmol) was added dropwise by syringe to a stirred solution of 
triethyl 4-phosphonocrotonate (486 mg, 1.95 mmol) in dry 
THF (15 mL) at -78°C under argon. Stirring was continued 
for 20 min, and a solution of the aldehyde prepared above (378 
mg, 1.77 mmol) in dry THF (5 mL) was then added dropwise. 
The pale yellow mixture was stirred at -78°C for a further 10 
min, and was then allowed to attain ambient temperature dur- 
ing 1.5 h before the reaction was quenched by cautious addi- 
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tion of 1% NH,Cl (ca. 10 mL). The mixture was extracted with 
ether (3 x 20 mL) and the extracts were washed with water (2 x 
10 mL), dried over MgSO,, and evaporated to dryness under 
reduced pressure. The crude ester product was passed through 
a short column of silica gel with hexane-EtOAc (6: 1) as elu- 
ent, affording chromatographically pure ethyl 13-phenyl- 
trideca-2E,4E,lOE,12E-tetraenoate (406 mg, 74%) as a 
colorless oil: IR (CHCl,): 2995,2940,2860, 1700, 1640, 1620, 
1600, 1450, 1375, 1300, 1140, 1040, 1000, and 990 cm-'; 'H 
NMR (CDCl,, 200 MHz) 6: 1.23 (3H, t, J  = 7.0 Hz), 1.40 (4H, 
pent, J  = 3.4 Hz), 2.12 (4H, m) 4.14 (2H, q, J  = 7.2 Hz), 5.73 
(lH, d, J =  15.2 Hz), 5.75 (IH, dt, J =  7.0 and 15.2 Hz), 6.04- 
6.24 (3H, m), 6.39 (lH, d, J =  15.5 Hz), 6.70 ( lH,  dd, J =  10.2 
and 15.6 Hz), 7.15-7.40 (6H, m); HREIMS mlz (relative inten- 
sity) (ion): 310.1929 (11) (Mf) (calcd. for C21H2602; 
3 10.1933), 237 (22) (M' - C02C2H5), 219 (10) (C14H1902), 
206 (15) (C13H1g02). 197 (12) (C15Hl7)> 169 (14) (CI3Hl3), 
158 (39) (Cl,Hl,), 143 (50) (CIlHll),  128 (77) (CloH8), 117 
(78) (C9H9),91 (100) (C7H7I779 (23) (C6H7). 

13-Phenyltrideca-2E,4E,1OE,12E-tetraenoic acid 
The ethyl ester (406 mg, 1.3 1 mmol) was heated under reflux 
for 1.5 h in acetone containing LiOH (3 mL of 1.0 M aqueous 
solution). The mixture was evaporated to near dryness under 
reduced pressure, and was then made acidic by addition of 2 M 
HCl and extracted with EtOAc (3 x 50 mL). The carboxylic 
acid was extracted from the organic phase into saturated 
NaHC0, (4 x 50 mL). The aqueous phase was made acidic by 
addition of 2 M HCl and the organic acid was reextracted with 
EtOAc (3 x 50 mL). The extracts, after being dried over 
MgS04 and evaporated to dryness, afforded 305 mg (83%) of 
colorless crystalline 13-phenyl-2E,4E, 10E, 12E-tridecatet- 
raenoic acid, sufficiently pure to be used directly in the subse- 
quent amidation step. A pure specimen melted at 99.5-10l°C, 
and displayed IR absorption (CHCI,) at 3200-2500, 2950, 
2930,2860,1680,1640,16 15,1300,1110,1000,990, and 9 10 
cm-'; 'H NMR (CDC13, 200 MHz) 6: 1.46 (4H, t, J  = 3.4 Hz), 
2.17 (4H, m), 5.79 (lH, d, J =  15.4 Hz), 5.79 (lH, dt, J =  10.0 
and 15.4 Hz), 6.12-6.30 (3H, m), 6.44 (lH, d, J  = 15.8 Hz), 
6.75 (lH, dd, J  = 10.2 and 15.6 Hz), 7.15-7.45 (6H, m); 
HREIMS, mlz (relative intensity) (ion): 282.1615 (20) (Mf) 
(calcd. for C19H,,0,: 282.1620), 191 (17) (C12H150,), 178 
(19) (CllHl,O,), 169 (17) (C13H,-j), 158 (44) (C,,H14), 128 
(87) (CIoH,), 120 (16) (C7H4O,), 117 (66) (C9H9), 91 (100) 
(C7H7)3 79 (24) (C6H7). 

13-Phenyltrideca-2E,4E,10E,12E-tetraenoic acid 
isobutylamide, 7 

The carboxylic acid prepared above (305 mg, 1.08 mmol) in 
CH,Cl, was stirred with 1,l'-carbonyldiimidazole (2 10 mg, 
1.30 mmol) at 0°C under argon. After 45 min, a solution of 
isobutylamine (119 mg, 1.62 mmol) in CH,Cl, (1 mL) was 
added and the reaction mixture was set aside with stirring for 
14 h. After addition of water (ca. 10 mL) the product was taken 
up in CH,Cl, and the organic solution was washed succes- 
sively with NaHC0, (2 x 20 mL) and water (2 x 20 mL). The 
organic solution was dried (MgSO,) and the product obtained 
on removal of solvent was purified by chromatography on sil- 
ica gel with hexane-EtOAc (3:2) as eluent, to give pure amide 
7 as a colorless solid: mp 87.5-92"C, IR (CHCl,): 3450,2960, 
2870, 1660, 1635, 1620, 1510, and 995 cm-'; 'H NMR 

(CDCl,, 200 MHz) 6: 0.93 (6H, d, J  = 6.6 Hz), 1.45 (4H, pent, 
J =  3.4 Hz), 1.78 (IH, sept, J =  6.8 Hz) 2.18 (4H, m), 3.16 (2H, 
t; J  = 6.4 Hz), 5.45 (lH, br s), 5.75 (lH, d, J  = 15.0 Hz), 5.80 
( lH,  dt, J =  7.0and 15.2 Hz), 6.04-6.16 (lH, m), 6.21 (lH,dd, 
J =  10.8 and 15.2 Hz), 6.44 (lH, d, J =  15.6 Hz), 6.75 (lH, dd, 
J  = 10.2 and 15.4 Hz), 7.15-7.45 (6H, m); HREIMS, mlz (rel- 
ative intensity) (ion): 337.2387 (56) (Mf) (calcd. for 
C23H31NO: 337.2406), 246 (29) (CI6H2,NO), 217 (26) 
(Cl,H19NO), 180 (14) ( C I ~ H ~ J ' J O ) ,  155 (15) (Cl,Hll), 152 
(31) (C9H14NO), 147 (20) ( C I I H I ~ ) ,  137 (18) (CloHI,), 128 
(60) (CloH8), 117 (59) (C9H9), 105 (24) (C,H9), 91 (90) 
(C7H7), 79 (24) (C,H7), 69 (100) (C5H9). 

13-Phenyltrideca-2E,4E,1OE,12E-tetraenoic acid 
piperidylamide, 8 

The ester ethyl 13-phenyltrideca-2E,4E, 10E, 12E-tetraenoate 
(65 mg, 0.23 mmol) was treated with the Roskamp (1 8) reagent 
Sn[N(TMS),], (0.28 mmol) and piperidine (27 mg, 0.34 
mmol) in hexane. The mixture was set aside with stirring at 
ambient temperature for 12 h. Chromatography on a prepara- 
tive silica gel plate (hexane-EtOAc (2:l)) of the product 
obtained on work-up (18) furnished 27 mg of unreacted ethyl 
13-phenyltrideca-2E,4E, 1 OE, 12E-tetraenoate and 50 mg of the 
amide 8, as a colorless oil that solidified on storage in the 
refrigerator (92% based on consumed starting material). IR 
(CHCl,): 3000, 2940, 2860, 1645, 1620, 1590, 1440, 1140, 
1120,990, and 850 cm-I; 'H NMR (CDCl,, 200 MHz) 6: 1.43 
(4H, pent, J  = 3.6 Hz), 1.50-1.70 (6H, m), 2.15 (4H, m), 3.53 
(4H,brs),5.78(1H,dt,J=7.0and14.8Hz),6.02(1H,dt,J= 
6.4and 15.0Hz), 6.10-6.24 (2H,m), 6.24(1H,d, J =  14.6Hz), 
6.42 ( lH,  d, J =  15.6 Hz), 6.73 (IH, dd, J =  10.2and 15.6 Hz), 
7.15-7.40 (6H, m); HREIMS, mlz (relative intensity) (ion): 
349.2392 (63) (Mf) (calcd. for C24H31NO: 349.2405), 229 (28) 
(CI5Hl9NO), 192 (20) (C12H18NO), 164 (52) (CloH14NO), 143 
(24) (C,lHl I), 138 (12) (C8H12NO), 132 (12) (C9H80), 128 
(53) (C1oHs), 127 (31) (C7H13NO), 117 (57) (C9H9), 112 (100) 
(C~HIONO), 91 (79) (C7H7),84 (61) (C5Hl,N), 77 (28) (C6H5). 

Ethyl ll-phenylundeca-2E,8E,1OE trienoate 
n-Butyllithium (1.0 mL of 2.5 M solution in hexane, 2.5 
mmol) was added dropwise by syringe to a stirred solution of 
triethyl phosphonoacetate (572 mg, 2.46 mmol) in dry THF 
(15 mL) at -78°C under argon. Stirring was continued for 20 
min, and a solution of the aldehyde prepared above (438 mg, 
2.05 mmol) in dry THF (5 mL) was then added dropwise. The 
pale yellow mixture was stirred at -78°C for a further 10 min, 
and was then allowed to attain ambient temperature over 1.5 h 
before the reaction was quenched by cautious addition of 1% 
NH,Cl (ca. 10 mL). The crude ester product obtained on con- 
ventional work-up was passed through a short column of silica 
gel with hexane-EtOAc (6: 1) as eluent, affording chromato- 
graphically pure ethyl 11-phenyl-(2E,8E, 10E) undecatri- 
enoate (421 mg, 73%) as a colorless oil: IR (CHCl,): 2995, 
2940, 2860, 1705, 1660, 1600, 1450, 1370, 1040 and 990 
cm-'; 'H NMR (CDCl,, 200 MHz) : 1.28 (3H, t, J  = 7.2 Hz), 
1.47 (4H, pent, J  = 3.4 Hz), 2.19 (4H, m) 4.18 (2H, q, J =  7.2 
Hz), 5.79 (lH, dt, J =  7.0 and 15.2 Hz), 5.81 (lH, d, J =  15.8 
Hz), 6.20 (lH, dd, J =  10.2 and 15.2 Hz), 6.43 (lH, d, J =  15.6 
Hz), 6.74 (lH, dd, J =  10.2 and 15.6 Hz), 6.96 (lH, dt, J =  7.0 
and 15.6 Hz), 7.20-7.45 (5H, m); HREIMS, mlz (relative 
intensity) (ion): 284.1792 (13) (M') (calcd. for C19H2402: 
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Strunz and Finlay 

ll-Phenylundeca-2E,8E,1OE-trienoic acid 
Hydrolysis of the above ethyl ester (294 mg, 1.04 mmol), 
accomplished using the same procedure as for its homologue, 
afforded 265 mg (96%) of colorless crystalline 1-phenyl- 
2E,8E,lOE undecatrienoic acid, sufficiently pure to be used 
directly in the subsequent amidation step. A pure specimen 
melted at 105.5-107"C, and displayed IR absorption (CHC1,) 
at 3200-2600, 2940, 2860, 1695, 1650, 1600, and 990 cm-I; 
'H NMR (CDCl,, 200 MHz) 6: 1.47 (4H, m), 2.10-2.35 (4H, 
m), 5.77 (lH, dt, J = 7.0 and 15.0 Hz), 5.82 (lH, d, J = 15.6 
Hz), 6.19 (lH, dd, J =  10.2and 14.8 Hz), 6.43 (lH, d, J =  15.8 
Hz), 6.73 (lH, dd, J =  10.0 and 15.6 Hz), 7.06 (IH, dt, J = 7.0 
and 15.6 Hz), 7.20-7.40 (5H, m); HREIMS, tnlz (relative 
intensity) (ion): 256.1456 (41) (M+) (calcd. for Ci7H2,0,: 
256.1463), 21 1 (22) (M+ - C02H), 165 (24) (CloH1302), 158 
(15) (C12H14), 143 (78) (C1lHll), 128 (100) (Cl"H,), 115 (44) 
(C9H7), 104 (29) (C,H8), 91 (65) (C7H7),77 (15) (C6H5), 69 
(6 1)  (CSH,). 

ll-Phenylundeca-2E,8E,1OE-trienoic acid isobutylamide, 
9 

The carboxylic acid (191 mg, 0.746 mmol) afforded the corre- 
sponding isobutylamide 9 (206 mg, 89%) using the 1,l'-carbo- 
nyldiimidazole coupling procedure described for the 
homologue 7. Amide 9 was a colorless solid, mp 119-127"C, 
IR (CHCl,): 3450, 2960, 2930, 2860, 1670, 1640, 1510, and 
990 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 0.88 (6H, d, J = 6.4 
Hz), 1.48 (4H, t, J = 3.2 Hz), 1.78 (lH, sept, J = 6.6 Hz) 2.18 
(4H,m),3.14(2H, t, J=6.8Hz),5.45(1H, brs),5.75 ( lH,d,  J 
= 15.4 Hz), 5.79 (IH, dt, J = 6.6 and 15.2 Hz), 6.19 (IH, dd, J 
= 10.2 and 15.0 Hz), 6.43 (lH, d, J =  15.8 Hz), 6.74 (lH, dd, J 
= 10.2 and 15.6 Hz), 6.82 (lH, dt, J = 6.8 and 15.4 Hz), 7.25- 
7.45 (5H, m); HREIMS, mlz (relative intensity) (ion): 
3 1 1.2245 (62) (M+) (calcd. for C2,H,,NO: 3 1 1.2249), 220 
(53) (C,,H22NO), 21 1 (48) (C16H19), 196 (20) (C15H16), 194 
(22) (C&2oNO), 154 (62) (C9H16NO), 143 (50) (Cl !HI I), 141 
(43) (C,H5NO), 128 (84) (C,oH8), 121 (73) (C9H13), 1 15 (44) 
(C9H7), 105 (14) (C7H50), 91 (100) (C7H7), 81 (19) (C6H9), 77 
( 17) (C6H5), 74 (8) (C4H12N). 

1 l-Phenylundeca-2E,8E,lOE-trienoic acid piperidylarnide, 
10 

The ester, ethyl 1 l-pheny1-2E,8E,lOE-undecatrienoate, fur- 
nished the amide 10 directly in 86% yield via the Roskamp 
procedure (18). IR (CHCl,): 3000, 2940, 2860, 1655, 1600, 
1440, and 990 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 1.46 (4H, 
m), 1.54 (4H, m), 2.17 (4H, q, J=6 .0  Hz), 3.51 (4H, br s), 5.78 
(lH, dt, J =  7.0 and 15.0 Hz), 6.10-6.25 (IH, m), 6.23 (lH, br 
d, J = 15.0 Hz), 6.42 (lH, d, J = 15.6 Hz), 6.73 (lH, dd, J = 
10.8 and 15.8 Hz), 6.81 (lH, dt, J = 7.0 and 15.0 Hz), 7.15- 
7.40 (5H, m); HREIMS, mlz (relative intensity) (ion): 
323.2237 (48) (M+) (calcd. for C,,H2,NO: 323.2248), 232 
(34) (CI,H,,NO), 206 (15) (C13H20NO), 166 (69) 
(C,,H,,NO), 153 (22) (C,H,,NO), 138 (100) (C,H,,NO), 13 1 
(95) (C9H70), 127 (32) (C7Hl,NO), 115 (21) (C,H7), 1 12 (6 1) 
(C,H,oNO), 103 (42) (C,H7), 91 (40) (C7H71, 84 (77) 
(C,H,"N), 77 (38) (C6H5). 

syn- and anti- Cyclooctanone-benzaldehyde aldol 
products, 11 (cf. ref. 16) 

tz-Butyllithium (2.5 M in hexane, 4.0 mL, 10 mmol) was 
added dropwise under argon to a solution of diisopropylamine 
(1.40 mL, 10.0 mmol) in dry THF at -78OC. The solution was 
stirred at -78°C for 30 min, and a solution of cyclooctanone 
(1.260 g, 10.0 mmol) in dry THF (5 mL) was then added drop- 
wise by syringe. Stirring was continued at -78°C for a further 
30 min, when trimethylsilyl chloride (1.27 mL, 10.1 mmol) 
was slowly added. The stirred mixture was set aside at -78°C 
for 1 h. Dilution with ether (70 mL) resulted in precipitation of 
a white salt that was removed by filtration (2x) through a bed 
of Celite, and evaporation of solvents in vacuo then furnished 
a pale yellow oil. The product was chromatographed on a col- 
umn of silica gel with hexane as eluent to give 1.527 g (77%) 
of cyclooctanone TMS en01 ether. 'H NMR (CDCl,, 200 
MHz) 6: 0.19 (9H, s), 1.50 (8H, br s), 2.01 (2H, br m), 2.18 
(2H, br m), 4.74 (lH, t, J = 8.2 Hz). 

TiCI, (0.32 mL, 2.75 mmol) was added dropwise with stir- 
ring to a solution of benzaldehyde (0.292 g, 2.75 mmol) in 
freshly distilled CH,Cl, (20 mL) at -78°C under an atmo- 
sphere of argon. Addition of the cyclooctanone TMS en01 
ether in CH2CI, (10 mL) followed by stirring for 1 h afforded a 
dark orange-colored solution. Water (ca. 20 mL) was cau- 
tiously added, and the mixture was extracted with ether (3 x 20 
mL). The extracts were dried over MgS0, and the solvent 
removed under reduced pressure to produce a colorless oil. 
The isomeric products were separated by flash chromatogra- 
phy on silica gel with hexane-EtOAc (7: 1) as eluent. The 
overall yield was 5 1 %, with atlti and sytz products in a ratio of 
64:36. 

anti Isotner: IR (CHCl,): 3600,3450,2930,2860, 1685, 1600, 
1450, and 1260 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 1.55- 
1.85 (lOH, m), 2.33 (2H, m), 3.14 (lH, m), 4.83 (IH, m), 
7.30-7.40 (5H, m); HREIMS, mlz (relative intensity) (ion): 
232.1453 (9) (M+) (calcd. for C15H2002: 232.1463), 214 (32) 
(M+ - H20), 175 (31) (CllHl102),  157 (1 1) (CllH90), 147 
(1 1) (C9H70,), 126 (83) (C8H140) 117 (19) (C9H9), 112 (15) 
(C7H120), 107 (76) (C7H70), 98 (100) (C6Hl,0), 91 (25) 
(C7H7), 84 (5 1) (C5H80), 77 (88) (C6H6). 

syn Isomer: IR (CHC13): 3600,3450,2930,2860, 1685, 1600, 
1450, and 1260 cm- l ; . ' ~  NMR (CDCl,, 200 MHz) 6: 1.15- 
2.05 (lOH, m), 2.25 (2H, m), 3.03 (lH, dt, J = 4.8 and 11.6 
Hz), 4.95 (lH, d, J = 4.8 Hz), 7.25-7.40 (5H, m); HREIMS, 
tnlz (relative intensity) (ion): 232.1470 (3) (M+) (calcd. for 
CI5H2,,O2: 232.1463), 214 (12) (M' - H20), 175 (1 1) 
(CllH1102), 126 (74) (CxH140), 117 (16) (C9H9), 107 (42) 
(C7H70), 98 (100) (C6H100), 91 (13) (C7H7), 84 (25) 
(C,H,O), 77 (34) (C6H5). 

Attempted fragmentation of anti aldol 11 
Boron trifluoride etherate (0.24 mL, 2.0 mmol) was added 
dropwise by syringe under argon to a stirred solution of 11 
(anti isomer) (64 mg, 0.27 mmol) in dry THF at 0°C. Propane- 
1,3-diol(l00 mg, 1.32 mmol) was added immediately and the 
stirred solution allowed to attain ambient temperature during 
14 h. The mixture was poured into saturated NaHC0, and the 
products were extracted with ether (3 x 50 mL). The extracts 
were washed successively with saturated brine (30 mL) and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chern. Vol. 74, 1996 

water (30 mL), dried over MgSO,, and evaporated under 
reduced pressure. The resulting pale yellow oil was subjected 
to flash chromatography on silica gel (hexane-EtOAc, 4: 1) 
affording, in the early eluates, the styrene 2-benzylidinecy- 
clooctanone (24 mg, 40%). IR (CHCl,): 2925, 2860, 1670, 
1595, 1490, 1445, 1345, 1320, 1280, 1160, 1120, 1080, 990, 
and 870 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 1.50-1.90 (8H, 
m), 2.72 (2H, t, J = 6.4 Hz), 2.82 (2H, t, J = 6.2 Hz), 7.30-7.40 
(5H, m), 7.48 (lH, s); MS, mlz (relative intensity) (ion): 214 
(100) (M+, C15H180), 159 (18) (CllHllO), 130 (37) (C9H60), 
115 (32) (C9H7), 104 (27) (CgHs), 91 (29) (C7H7). 

Further elution produced an unresolved mixture of cyclooc- 
tanone and the acetal (1,3-dioxane) of benzaldehyde (37 mg, 
ratio 1: 1 by NMR). 

Putative hydroxy-acetal intermediate 12 
To a refluxing slurry of KH (35% dispersion in mineral oil, 
1.25 g, 11.0 mmol) in benzene (15 mL) was added rapidly a 
mixture of cyclooctanone (630 mg, 5.00 mmol) and diethyl 
carbonate (1.33 g, 7.50 mmol) under argon (24). The mixture 
was heated under reflux for 30 min. Standard work-up (24) 
yielded a pale yellow oily product, that, after passage through 
a short column of silica gel (hexane-EtOAc, 4: l ) ,  furnished 2- 
ethoxycarbonylcyclooctanone (964 mg, 97%) as a colorless 
oil: IR (CHCl,): 2925, 2860, 1740, 1700, 1640, 1470, 1400, 
1380,1320, and 1 100 cm-' ; 'H NMR (CDCI,, 200 MHz) (keto 
form, 63%) 6: 1.19 (3H, t, J = 7.0 Hz), 1.35-1.95 (lOH, m), 
2.00-2.15 (2H, m), 3.53 (lH, dd, J=6.0and9.0 Hz),4.10 (2H, 
q, J = 7.0 Hz); (en01 form, 37%) 6: 1.26 (3H, t, J = 7.0 Hz), 
1.35-1.95 (8H, m) 2.30-2.55 (4H, m), 4.16 (2H, q, J=  7.0 Hz); 
HREIMS, mlz (relative intensity) (ion): 198.1266 (100) (M+) 
(calcd. for CllHI8O3: 198.1256), 170 (45) (M+ - C2H4), 152 
(82) (M+ - C,H60), 143 (27) (C7H1 lo3), 130 (25) (C6H,,O,), 
124 (40) (C8H120), 109 (35) (C,5H5O2)9 96 (36) (C6H80), 84 
(14) (C,Hg?). 

A solution of 2-ethoxycarbonylcyclooctanone (964 mg, 
4.87 mmol) in benzene (50 mL) containing ethylene glycol 
(3.0 mL) and pTSA (ca 5 mg) was heated under reflux with 
azeotropic removal of water using a Dean Stark apparatus. 
After 4 days, the reaction mixture was diluted with ether (50 
mL) and the solution poured into 10% aqueous NaHCO,. The 
organic phase was washed with saturated brine, dried over 
MgSO,, and evaporated to dryness in vacuo. The resulting 
pale yellow oil (2.15 g) was subjected to flash chromatography 
on silica gel (hexane-EtOAc, 4:l) affording the pure acetal 
(dioxolane) of 2-ethoxycarbonylcyclooctanone (730 mg, 60%) 
as a colorless oil: IR (CHCl,): 2930, 1720, 1460, 1440, 1380, 
1160, 1040,975, and 950 cm-'; 'H NMR (CDCl,, 200 MHz) 
6: 1.23 (3H, t, J = 7.2 Hz), 1.50-1.80 (8H, m), 1.80-2.00 (4H, 
m), 2.95 (lH, dd, J = 2.6 and 9.0 Hz), 3.904.00 (4H, m), 4.1 1 
(2H, q, J = 7.2 Hz); HREIMS, tnlz (relative intensity) (ion): 
242.1525 (20) (M+) (calcd. for C13H2204: 242.15 18), 213 (22) 
(M+ - C,H5), 197 (66) (M+-C2H50), 17 1 (100) (C8Hl 
169 (23) (M+ - C3H502), 141 (16) (C8H1302), 127 (25) 
(C7H,10,), 99 (75) (C5H70,), 86 (39) (C4H602). 

The ester-acetal (46 mg, 0.19 mmol) dissolved in dry THF 
(1.0 mL) was added under an inert atmosphere to a stirred 
slurry of LAH (1 1 mg, 0.30 mmol) in THF O°C. The stirred 
mixture was allowed to attain ambient temperature over 1 h, 
and work-up as described for a previous LAH reduction (vide 
supra) furnished a quantitative yield (38 mg) of the 2- 

hydroxymethyl derivative of cyclooctanone dioxolane, suffi- 
ciently pure to be used directly for the subsequent Swern oxi- 
dation. IR (CHC1,): 3500, 2930, 1460, 1440, 1410, 1150, 
1080, 1025, and 950 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 
1.45-1.90 (12H, m), 2.12 (lH, sept, J = 3.4 Hz), 3.05 (lH, br 
s), 3.50-3.75 (2H, m), 3.85-4.00 (4H, m); HREIMS, mlz (rel- 
ative intensity) (ion): 200.1410 (11) (M+) (calcd. for 
C, lH2003: 200.1412), 183 (29) (M+ - OH), 169 (32) (M+ - 
CH,O), 141 (17) (CgH130,), 129 (100) (C6H903), 116 (38) 
(C5Hg0,), 99 (88) (C,H,O,), 86 (14) (C4H602). 

Swern oxidation (22) produced the 2fonnyl derivative of 
cyclooctc~none dioxolane: IR (CHCl,): 2925, 2875, 1720, 
1465, 1440,1160, 1080, and 950 cm-'; 'H NMR (CDCI,, 200 
MHz) 6: 1.50-1.95 (lOH, m), 2.00-2.15 (2H, m), 2.75 (lH, dt, 
J = 1.8 and 8.2 Hz), 3.80-4.05 (4H, m), 9.72 (lH, d, J = 1.8 
Hz). This very unstable product (22 mg, 0.11 mmol) was 
immediately dissolved in dry THF (1.0 mL) and, at -78°C 
with stirring under an argon atmosphere, was treated with phe- 
nyllithiuin (0.068 mL of 1.8 M solution in cyclohexane+ther, 
0.13 mmol). The reaction mixture was stirred at -78OC for 1.5 
h, and then aqueous NH4C1 (I%, 1.0 mL) was added, and the 
mixture was extracted with ether (3 x 10 mL). Solvent was 
removed from the dried extracts in vacuo, and chromatogra- 
phy of the residue on a preparative silica gel plate afforded the 
desired hydroxy-acetal 12 (6.0 mg). 'H NMR (CDCl,, 200 
MHz) 6: 1.40-1.95 (12H, m), 2.36 (lH, m), 4.00-4.15 (4H, 
m), 4.74 (lH, d, J = 9.4 Hz), 5.06 (lH, s), 7.25-7.45 (5H, m); 
HREIMS, mlz (relative intensity) (ion): 276.1762 (4) (M+) 
(calcd. for (CI7H2@,: 276.1761), 259 (6) (M' - H,O), 192 
(12) (Cl1H1203), 175 (10) ( C I I H I ~ O ~ ) ,  170 (41) (CIOHISO~), 
149 (12) (C8H503), 142 (22) (CgH,,O,), 127 (14) ( C ~ H I ~ O ) ,  
120 (13) (C8H80), 1 15 (29) (C6HI lo2), 105 (34) (C7H50), 99 
(100) (C5H702), 86 (32) (C4H6021, 77 (23) (C6H5). 

Attempted fragmentation of 12 
Boron trifluoride etherate (0.01 1 mL, 0.089 mmol) was added 
by syringe under argon to a stirred solution of the hydroxy- 
acetal 12 (6.0 mg, 0.022 mmol) in dry THF (3.5 mL) at O°C. 
The mixture was allowed to attain ambient temperature and 
was stirred for 14 h, when it was poured into saturated 
NaHCO, (ca. 5 mL). The mixture was extracted with ether (3 
x 10 mL) and the extracts were dried over MgS04 and evapo- 
rated under reduced pressure. Analysis of the crude product by 
TLC and NMR revealed that fragmentation had not occurred, 
and the only identifiable products were benzaldehyde and 
cyclooctanone. 

1-Iodo-6-(3',4'-methylenedioxypheny1)-5Ehexene 13 
To a solution of triphenylphosphine (2.96 g, 11.3 mmol) in 
ether:acetonitrile (3: 1) (20 mL) was added imidazole (840 mg, 
12.4 mmol) and iodine (2.61 g, 10.2 mmol). The slurry was 
stirred at ambient temperature for 5 min and a solution of the 
alcohol (754 mg, 3.43 mmol) (6) derived from I11 (x = 3) in the 
same solvent mixture (15 mL) was then added. The resulting 
yellow slurry was set aside with stirring for 14 h, then diluted 
with hexane (ca. 100 mL) and filtered through a short column 
of silica gel. Chromatography on a column of silica gel (hex- 
ane-EtOAc, 20:l) afforded the pure iodide 13 (1.13 g, 91%) 
as a colorless oil that solidified on standing: IR (CHCl,): 3000, 
2940,2900,2860, 1605, 1485, 1440, 1360, 1125, 1 100,1040, 
970,940,915, and 860 cm-'; 'H NMR (CDCl,, 200 MHz) 6: 
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1.59(2H,q,J=7.0Hz) ,  1.81-1.92(2H,m),2.22(2H,dt,J= 
7.0and7.2Hz), 3.22(2H, t, J=6.8Hz),5.94(2H, s),6.02(1H, 
dt,J=6.8and15.8Hz),6.31(1H,d,J=15.8Hz),6.75(2H,s), 
6.90 (lH, s). 

8-(3',4'-Methylenedioxypheny1)-oct-7E-en-1 14 
A solution of iodide 13 (303 mg, 0.918 mmol) in dry DMSO 
(1.5 mL) was added slowly under argon during 1 h to a slurry 
of lithium acetylide - ethylenediamine complex (141 mg, 1.53 
mmol) in DMSO (1.5 mL) at 8-10°C. Stirring was continued 
for a further 1 h, whereupon conventional work-up afforded 
the alkyne 14 (195 mg, 93%) as a colorless oil, sufficiently 
pure to be used directly in the subsequent step. IR (CHCI,): 
3300,2930,2860,2125, 1605, 1485, 1440, 1360, 1130, 1100, 
1040,965,940, and 865 cm-'; 'H NMR (CDCl,, 200 MHz) 6: 
1.56 (4H, pent, J =  3.4 Hz), 1.93 (IH, t, J =  2.6 Hz), 2.15-2.25 
(4H, m), 5.91 (2H, s), 6.01 (lH, dt, J =  6.8 and 15.6 Hz), 6.28 
(lH, d, J =  15.8 Hz), 6.72 (2H, s), 6.87 (IH, s). 

Ethyl 9-(3'4'-methylenedioxypheny1)-non-8E-en-2- 
ynoate, 15 

n-Butyllithium (2.5 M in hexane, 0.41 mL, 1.0 mmol) was 
added dropwise under argon to a stirred solution of 14 (195 
mg, 0.855 mmol) in dry THF at 0°C. The mixture was stirred 
at 0°C for 30 min and ethyl chloroformate (1 1 mg, 1.03 mmol) 
was then added dropwise. Stirring was continued for a further 
1 h at 0°C and the mixture then allowed to attain ambient tem- 
perature during an additional 1 h. Water (10 mL) was added 
and the product extracted with ether (3 x 30 mL). The oil 
obtained after washing and drying of the extracts and removal 
of solvent in vacuo was subjected to flash chromatography on 
silica gel. Elution with hexane-EtOAc afforded 42 mg of unre- 
acted starting material and 160 mg of the alkyne ester, 15 (79% 
based on starting material consumed). IR (CHCl,): 2995, 
2950,2910,2225, 1700, 1600, 1490,1445, 1370, 1250, 1080, 
1040,970, and 865 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 1.28 
(3H,t ,J=7.0Hz)  1.50-1.60(4H,m),2.17(2H,dt,J=6.6Hz 
and6.8Hz),2.33(2H, t, J=5 .2Hz) ,4 .19(2H,q , J=7 .0Hz) ,  
5.91 (2H, s), 5.98 (IH, dt, J =  6.8 and 15.8 Hz), 6.27 (lH, d, J 
= 16.0 Hz), 6.71 (2H, s), 6.86 (IH, s). 

Ethyl 9-(3',4'-methylenedioxyphenyl)-nona-2E,4E,8E- 
trienoate, 16 

Alkyne ester 15 (1 18 mg, 0.395 mmol) in dry toluene (3.0 mL) 
containing glacial acetic acid (3 drops) and triphenylphos- 
phine (33 mg, 0.13 mmol) was heated under vigorous reflux 
for 48 h. The residue obtained on concentration of the mixture 
in vacuo was subjected to flash chromatography on silica gel. 
Elution with hexane-EtOAc (8:l) furnished trienoate 16 (99 
mg, 84%) as a colorless oil: IR (CHCl,): 2980, 2930, 2900, 
2890, 1695, 1640, 1620, 1490, 1440,1370, 1305, 1160, 1 140, 
1100, 1040, 1005,965,940, and 865 cm-I; 'H NMR (CDCl,, 
200 MHz) 6: 1.27 (3H, t, J = 7.0 Hz), 2.31 (4H, m), 4.18 (2H, 
9, J =  7.0 HZ), 5.78 (lH, d, J = 15.4 HZ), 5.91 (2H, s), 5.90- 
6.20(3H,m),6.30(1H,d, J =  15.6Hz),6.72(2H,s),6.86(1H, 
s), 7.24 (lH, dd, J = 10.2 and 15.4 Hz). 

9-(3',4'-Methylenedioxyphenyl)-nona-2E,4E,8E-trienoic 
acid isobutylamide: retrofractamide A, 4 

9-(3',4'-Methylenedioxyphenyl)-nona-2E,4E,8E-trienoic acid 
was obtained in quantitative yield by hydrolysis of the ester 

using aqueous LiOH in acetone as described above. The pure 
acid melted at 161-163°C; IR (CHCl,): 3500-2400, 2995, 
1690,1640,1620,1490,1445,1045,1005,970, and 940 cm-I; 
'H NMR (CDCI,, 200 MHz) 6: 2.33 (4H, m), 5.78 (lH, d, J = 
15.2Hz),5.92(2H,s),5.95-6.25 (3H,m),6.31 (lH,d, J =  15.8 
Hz), 6.73 (2H, s), 6.86 (IH, s), 7.33 (lH, br dd, J = 10.2 and 
15.2 Hz). 

Coupling of the carboxylic acid with isobutylamine through 
the agency of I ,  1'-carb~n~ldiimidazole (vide supra) afforded, 
after preparative layer chromatography on a silica gel plate 
(hexane: EtOAc, 3:2), a 72% yield of retrofractamide A, 4. A 
recrystallized sample melted at 130-132°C (lit. (9) mp 
129°C). IR (CHCI,): 3450, 2950, 2925, 2875, 1660, 1630, 
1615, 1490, 1440, 1 100, 1040, 1000, 970, and 870 cm-I; 'H 
NMR (CDCl,, 200 MHz) 6: 0.90 (6H, d, J = 6.6 Hz), 1.78 ( lH, 
sept,J=6.8Hz),2.29(4H,m),3.14(2H,t,J=6.8Hz),5.51 
(IH, br s), 5.75 (lH, d, J =  15.0 Hz), 5.91 (2H, s), 5.95-6.20 
(3H, m), 6.29 (lH, d, J =  15.8 Hz), 6.72 (2H, s), 6.86 (lH, s), 
7.17 (IH, dd, J = 10.0 and 15.0 Hz); HREIMS, mlz (relative 
intensity) (ion): 327.1837 (9) (M') (calcd. for C,,H,,NO,: 
327.1834), 161 (88) (C,,H,O,), 131 (100) (C9H70), 103 (32) 
(C,H,)> 77 (6) (C6H5). 

9-(3',4'-methylenedioxyphenyl)-nona-2E-4E,8E-trienoic 
acid piperidylamide: dehydropipernonaline, 17 

Ethyl 9-(3',4'-methylenedioxyphenyl)-nona-2E,4E,8E-trieno- 
ate, 16, was transformed directly in 88% yield to the piperidyl 
amide, 17, dehydropipernonaline, using the Roskamp proce- 
dure as described above (18). The synthetic alkaloid melted at 
97-98°C (with softening at 86°C) (lit. (10) mp 98-99°C). IR 
(CHCI,): 3400, 2990, 2945, 2860, 1645, 1620, 1590, 1490, 
1440,1360,1140,1120,1100, 1040, 1020,970,930,910, and 
860 cm-I; 'H NMR (CDCl,, 200 MHz) 6: 1.50-1.70 (6H, m), 
2.30 (4H, m), 3.47 (2H, br s), 3.57 (2H, br s), 5.9 1 (2H, s), 
5.95-6.20 (3H, m), 6.25 (IH, d, J =  15.0 Hz), 6.29 (lH, d , J =  
15.0 Hz), 6.72 (2H, s), 6.86 (lH, s), 7.22 (lH, dd, J =  10.2 and 
14.8 Hz); HREIMS, mlz (relative intensity) (ion): 339.1838 
(13) (M') (calcd. for C,,H,,NO,: 339.1834), 161 (100) 
(CI,H~O,), 131 (78) (C,H,O), 103 (21) (CgH,), 84 (4) 
(C5Hll)N). 

9-(3',4'-Methylenedioxyphenyl)-nona-2E,4E,8E-trienoic 
acid pyrrolidylamide 

This alkaloid, 18, was similarly prepared from ethyl 9-(3',4'- 
methylenedioxyphenyl)-nona-2E,4E,8E-trienoate, 16, in 94% 
yield by the Roskamp method (18). Melting point 99°C (with 
softening at 90°C) (lit. (3) mp 105-106°C); IR (CHCI,): 3400, 
2970,2890, 1650, 1620, 1590, 1490, 1430,1360, 1100, 1040, 
1000, 970, 940, 920, and 865 cm-'; 'H NMR (CDCl,, 200 
MHz) 6: 1.80-2.00 (4H, m), 2.30 (2H, m), 3.5 1 (4H, q, J = 4.8 
Hz), 5.91 (2H, s), 5.95-6.20 (4H, m), 6.29 (lH, d, J = 15.8 
Hz), 6.72 (2H, s), 6.86 (lH, s), 7.25 (lH, dd, J =  10.0 and 15.6 
Hz); HREIMS, mlz (relative intensity) (ion): 325.1665 (13) 
(M') (calcd. for C,,H,,NO,: 325.1678), 161 (100) (C ,,H,O,), 
131 (99) (C9H70), 103 (29) (C,H,), 98 (5) (C5H9N0),77 (10) 
(C6H5). 

Ethyl 2E,4E-decadienoate 
The dianion of propiolic acid (0.46 mL, 7.5 mmol), generated 
using the procedure of Danheiser and co-workers (23), was 
alkylated with iodoheptane (1.23 mL, 7.50 mmol) to furnish 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



430 Can. J.  Chem. Vol. 74,1996 

1.15 g (9 1 %) of 2-decynoic acid. The latter, without purifica- 
tion, was converted directly (K,CO,/EtI) to the ethyl ester (22). 
The ester, ethyl 2-decynoate, (1.17 g, 87%), after filtration 
through a short column of silica gel required no further purifi- 
cation. Ethyl 2-decynoate (96.4 mg, 0.492 mmol) in dry toluene 
(1.0 mL) containing glacial acetic acid (2 drops) and triphe- 
nylphosphine (28 mg, 0.11 mmol) was heated under reflux for 
3.5 h (17). The residue obtained after removal of solvent under 
reduced pressure was chromatographed on a preparative silica 
gel plate (hexane-EtOAc, 20: 1) affording 87 mg (90%) of the 
desired ester, ethyl 2E,4E-decadienoate. These compounds 
were characterized on the basis of their spectra as follows: 

Alkynoic acid: IR (CHCl,): 3400-2400, 2925, 2860, 2225, 
1700,1690, 1460, 1275, and 1040 cm-'; 'H NMR (CDCI,, 200 
MHz) 6: 0.82 (3H, t, J = 6.5 Hz), 1.20- 1.30 (8H, m), 1.57 (2H, 
pent, J =  7.2 Hz), 2.32 (2H, t, J = 7.0 Hz), 10.4 (lH, br s). 

Alkynoic ester: IR (CHCl,): 2930, 2860, 2225, 1700, 1460, 
1370, 1260, and 1080 cm-'; 'H NMR (CDCl,, 200 MHz) 6: 
0.86(3H,t,J=6.5Hz), 1.20-1.35(8H,m), 1.28(3H,t,J=7.2 
Hz), 1.56(2H,m),2.30(2H, t, J=7.0Hz),4.19(2H,q, J = 7 . 2  
Hz). 

Dienoic ester: IR (CHCl,): 2950, 2930, 2860, 1700, 1640, 
1620, 1460, 1375, 1300, 1260, 1140, 1035, 1000, and 980 
cm-'; 'H NMR (CDCI,, 200 MHz) 6: 0.88 (3H, t, J = 6.8 Hz), 
1.28 (3H, t, J =  7.2 Hz), 1.26-1.29 (4H, m), 1.42 (2H, m), 2.15 
(2H, q, J = 5.6 Hz), 4.19 (2H, q, J = 7.0 Hz), 5.77 (lH, d, J = 
15.4 Hz), 6.10-6.16 (2H, m), 7.25 (lH, m). 

2E,4E-Decadienoic acid isobutyl amide: pellitorine, 19 
(refs. 2,4) 

2E,4E-Decadienoic acid was obtained in 83% yield by hydrol- 
ysis of the ester using aqueous LiOH in acetone as described 
above. IR (CHC1,): 3400-2400, 2960, 2940, 2860, 1700, 
1640, 1620, '1420, i280, and 1005 cm-'; 'H NMR (CDCl,, 200 
MHz) 6: 0.87 (3H, t, J = 6.4 Hz), 1.27 (4H, m), 1.42 (2H, m), 
2.16 (2H, m), 5.63 (lH, d, J = 15.4 Hz), 6.15-6.20 (2H, m), 
7.24-7.39 (IH, m). 

Coupling of the carboxylic acid with isobutylamine through 

procedure as described above (18). IR (CHCl,): 3400, 2955, 
2935,2875, 1645, 1620, 1590, 1430, 1340, and 1000 cm-l; 'H 
NMR (CDCI,, 200 MHz) 6: 0.89 (3H, t, J = 6.8 Hz), 1.30 (4H, 
m), 1.43 (2H, m), 1.87 (2H, t, J =  6.6 Hz), 1.96 (2H, t, J =  6.6 
Hz), 2.15 (2H, q, J = 6 . 8  Hz), 3.52 (2H, t, J = 6 . 6  Hz), 3.54 
(2H, t, J =  6.4 Hz), 6.09 (lH, dt, J =  9.6 and 15.0 Hz), 6.09 
(lH, d, 15.0 Hz), 6.19 (lH, dd, J=  9.6 and 15.2 Hz), 7.27 (lH, 
dd, J = 9.8 and 15.0 Hz); HREIMS, mlz (relative intensity) 
(ion): 221.1782 (39) (M') (calcd. for CI4H2,NO: 221.1779), 
192 (38) (C12H18NO), 178 (31) (CllH16NO), 164 (41) 
(CloH14NO), 150 (100) (C9H12NO), 137 (15) (C8H,lNO), 113 
(16) (C6Hl 'NO), 98 (35) (C,HgNO), 95 (16) (C,H,O), 81 (49) 
(C5H50), 70 (52) (C4HgN). 

2E,4E-Decadienoic acid piperidyl amide, Achillea amide, 
21 (ref. 20) 

Ethyl2E,4E-decadienoate was similarly transformeddirectly in 
93% yield to the piperidylamide alkaloid20, using the Roskamp 
procedure as described above (18). IR (CHCl,): 3400, 2995, 
2930,2860, 1645, 1620, 1585,1440, 1260, 1140, 1020, 1000, 
and 860 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 0.86 (3H, t, J = 
6.6Hz), 1.27(4H,m), 1.39(2H,m), 1.50-1.70(6H,m),2.12(2H, 
dt,J=6.4and7.4Hz),3.47(2H,brs),3.58(2H,brs),6.02(lH, 
dt.J=6.4and 15.0Hz).6.16(1H.dd.J= 10.0and 15.2Hzl6.23 
(IH, d, J = 15.0 ~ z ) , 7 . 2 1 ' ( 1 ~ ,  dd, J = 10.0 and 1 4 . 8 ' ~ ~ ) ;  
HREIMS, mlz (relative intensity) (ion): 235.1945 (18) (M+) 
(calcd. for (CI5H,,NO): 235.1936), 192 (21) (C,,H,,NO), 164 
(75) (CloH14NO), 138 (27) (C8H12NO), 112 (12) (C6Hl0NO), 95 
(15) (C6H,O), 84 (100) (C5HloN), 69 (23) (C5H9). 

2E,4E-Hexadecadienoic acid isobutyl amide, 22 
The synthesis of this alkaloid (from Piper guineense) (1 1) was 
accomplished in overall yield 39%, via a route analogous to 
that employed for synthesis of pellitorine (vide supra) but with 
bromotridecane used in lieu of iodoheptane for alkylation of 
propiolic acid. 

2-Hexadecynoic acid: IR (CHCI,): 3400-2400, 2930, 2225, 
1700, 1460, and 1270 cm-'; I H  NMR (CDCI,, 200 MHz) 6: 
0.86 (3H, t, J = 6.4 Hz), 1.24 (20 H, br s), 150-1.60 (2H, m), 
2.33 (2H, t, J = 7.0 Hz). 

- - 

the agency of 1,l'-carbonyldiimidazole (vide supra) afforded, 
after preparative layer chromatography on a silica gel plate Ethyl 2-hexadecynoate: IR (CHCl,): 2925,2850,2220, 1700, 

(hexane: EtOAc, 3:2), an 82% yield of pellitorine, 19. A sample 1460, 1370, 1255, and 1080 cm-'; 'H NMR (CDCI,, 200 

melted at 70°C (lit. (4) mp 66-68°C): IR (CHCl,): 3450,2965, MHz) 6: 0.86 (3H, t, J =  6.2 Hz), 1.23 (20 H, br s), 1.28 (3H, t, 

2935,2880,2865,1665,1635,1620,15 10,1470, i 160,and 1000 J =  7.2 Hz), (2H1 m)7 2.30 (2H, t 3  J =  7.0 Hz)3 4.19 (2Hy q7 

cm-'; 'H NMR (CDCl,, 200 MHz) 6: 0.86 (3H, t, J = 6.8 Hz), J =  7.2 Hz). 

0.90 (6H, d, J =  6.6 HZ?, 1.20-1.30 (4H, m), 1.35 (2H, pent, J=  
7.2Hz),1.77(lH,sept,J=6.8Hz),2.13(2H,q,J=6.6Hz),3.14 
(2H, t, J=6.6Hz),5.74(1H,d, J=  15.6Hz), 5.76(1H,m), 6.04 
(lH,dt,J=6.4and 15.2Hz),6.11 (lH,dd,J=9.9and 15.6Hz), 
7.17(1H,dd, J=9.9and 15.0Hz); "CNMR(~OOMHZ,CDC~~)  
6: 14.0 20.1 22.5, 28.5, 28.6, 31.3, 32.9, 46.9, 121.7, 128.2, 
141.2, 143.2, 166.4; HREIMS, mlz (relative intensity) (ion): 

Ethyl 2E,4E-hexadecadienoate: IR (CHCl,): 2930, 2860, 
1700, 1640, 1620, 1460, 1375, 1305, 1270, 1140, 1040, 1000, 
and 975 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 0.88 (3H, t, J = 
6.4 Hz), 1.26 (18 H, br s), 1.29 (3H, t, J =  7.2 Hz), 2.20 (2H, 
m), 4.19 (2H, q, J = 7.0 Hz), 5.78 (lH, d, J = 15.4 Hz), 6.1 1- 
6.17 (2H, m), 7.27 (lH, m). 

223.1943 (36) (M') (calcd. for C14H,,NO: 223.1937); 208 (8) 
(C13H22NO), 152 (32) (C,H,,NO), 15 1 ( 100) (C ,@), 1 10 2E~4E-Hexadecadietzoic acid: IR (CHC13): 3600-2400729353 
(10) (C,H,NO), 96 (32) (C,H6NO), 81 (22) (C,H,O). 2860, 1690, 1640, 1620, 1460,1440, 1420, 1380, 1260, 1 110, 

and 1005 cm-I; 'H NMR (CDCl,, 200 MHz) 6: 0.88 (3H, t, J = 
2E,4E-Decadienoic acid pyrrolidyl amide, 20 (ref. 3) 6.4 Hz), 1.21 (2H, m), 1.26 (16H, br s), 2.17 (2H, m), 4.60 
Ethyl 2E,4E-decadienoate was transformed directly in 85% (lH, br s), 5.79 (lH, d, J = 15.4 Hz) 6.17-6.22 (2H, m), 7.25- 
yield to the pyrrolidyl amide alkaloid 20, using the Roskamp 7.30 (lH, m). 
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Strunz and Finlay 

2E,4E-Hexadecadienoic acid isobutylamide, 22: mp 78.5- 
84°C; IR (CHCl,): 3450,2965,2935,2860,1660,1635, 1620, 
1510, 1465, and 1000 cm-'; 'H NMR (CDCl,, 200 MHz) 6: 
0.86 (3H, t, J =  6.6 Hz), 0.90 (6H, d, J =  6.8 Hz), 1.24 (16 H, br 
s), 1.39 (2H,m), 1.78 (lH, sept, J=6.8Hz) ,2 .11 ( 2 H , q , J =  
6.8 Hz), 3.14 (2H, t, J =  6.6 Hz), 5.52 (lH, br s), 5.73 (lH, d, J 
= 14.8 Hz), 6.04 (lH, dt, J =  6.4 and 15.0 Hz), 6.11 (IH, dd, J 
= 9.9 and 15.4 Hz), 7.17 (lH, dd, J = 9.9 and 15.0 Hz); 
HREIMS, mlz (relative intensity) (ion): 307.2875 (16) (M') 
(calcd. for C2,H3,NO: 307.2875), 235 (35) (C,,H2,O), 223 
(32) (Cl4H2,NO), 152 (43) (C9HI,NO), 15 1 (100) (CloHlsO), 
110 (13) (C6H18NO), 96 (46) (C,H6NO), 81 (42) (C,H,O), 67 
(22) (C,H7), 57 (19) (C4H9). 

2E,4E-Octadecadienoic acid isobutyl amide, 23 
The synthesis of this alkaloid (from Piper guineense) (1 1) was 
accomplished in overall yield 50%, via a route analogous to 
the above but with bromopentadecane used for alkylation of 
propiolic acid. 

2-Octadecyrzoic acid: IR (CHC13): 3600-2400, 2925, 2860, 
2225, 1700, 1460, and 1260 cm-'; 'H NMR (CDCl,, 200 
MHz) 6: 0.86 (3H, t, J = 6.4 Hz), 1.24 (24 H, br s), 1.55 (2H, 
m), 2.33 (2H, t, J = 7.0 Hz). 

Ethyl 2-octadecynoate: IR (CHCl,): 2930, 2860, 2225, 1700, 
1465, 1375, 1260, and 1080 cm-'; 'H NMR (CDCl,, 200 
MHz) 6: 0.85 (3H, t, J = 6.2 Hz), 1.23 (24 H, br s), 1.28 (3H, t, 
J=7 .2Hz) ,  1.45-1.60(2H, m), 2.30 (2H, t, J=7.0Hz) ,4 .19 
(2H, q, J = 7.2 Hz). 

Ethyl 2E,4E-octadecadienoate: IR (CHCI,): 2930, 2855, 
1700, 1640, 1620, 1460, 1375, 1305, 1140, 1035, 1000, 910, 
and 875 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 0.80 (3H, t, J = 
6.2 Hz), 1.18 (18 H, br s), 1.21 (3H, t, J =  7.2 Hz), 1.30-1.40 
(2H, m),2.05-2.15(2H, m)4.12(2H,q, J=7.2Hz),  5.70(1H, 
d, J = 15.6 Hz), 5.95-6.20 (2H, m), 7.10-7.30 (IH, m). 

2E,4E-Hexadecadienoic acid: mp 59-61°C; IR (CHCl,): 
3400-2400,2925,2860, 1685, 1640, 1620, 1460, 1420, 1305, 
1270, 1150, and 1005 cm-I; 'H NMR (CDCl,, 200 MHz) 6: 
0.88 (3H, t, J =  6.4 Hz), 1.26 (20H, br s), 1.38 (2H, m), 2.18 
(2H, m), 5.78 (lH, d, J =  15.6Hz),6.10-6.30(2H, m),7.31 
(IH, br dd, J =  10.0 and 14.8 Hz), 9.00 (lH, br s). 

2E,4E-Octadecadienoic acid isobutylamide, 23: mp 92-94°C; 
IR (CHCl,): 3450,2960,2930,2860, 1660, 1635, 1615,1510, 
1465, and 1000 cm-'; 'H NMR (CDCl,, 200 MHz) 6: 0.86 (3H, 
t, J=6.6Hz) ,  0.90(6H, d, J=6.6Hz) ,  1.23 (20H, br s), 1.30- 
1.40(2H, m) 1.80(lH,m),2.12(2H,q, J=6 .2Hz) ,  3.14(2H, 
t, J=6.2Hz),5.44(lH,m),5.72(1H,d, J= 15.0Hz),6.00-6.20 
(2H, m), 7.28 (lH, ddd, J =  1.8, 9.2, and 15.0 Hz); HREIMS, 
mlz (relative intensity) (ion): 335.3181 (38) (Mf) (calcd. for 
(C2,H4,NO: 335.3 187), 263 (75) (C18H3,0), 152 (50) 
(C9H14NO), 13 1 (100) (C9H70), 119 (24) (C8H70), 96 (3 1) 
(C&NO), 91 (41) (C7H7), 84 (28) (CsH80), 81 (33) (C-jH-jO), 
77 (30) (C6H5). 

2E,4E-Eicosadienoic acid pyrrolidyl amide, 24 
The synthesis of this alkaloid (from Piper trichostachyon) (21) 
was accomplished via a route analogous to the above but with 
bromoheptadecane used for alkylation of propiolic acid. 

2-Eicosynoic acid: IR (CHCl,): 3500-2400, 2925, 2855, 
2225, 1700, 1460, and 1260 cm-'; 'H NMR (CDCl,, 200 
MHz) 6: 0.86 (3H, t, J = 6.5 Hz), 1.24 (26 H, br s), 1.37 (2H, 
m) 2.33 (2H, t, J = 7.2 Hz). 

Ethyl 2-eicosynoate: IR (CHCl,): 2925, 2855, 2225, 1700, 
1600, 1465, 1375, 1260, and 1080 cm-'; 'H NMR (CDCl,, 
200 MHz) 6: 0.86 (3H, t, J = 6.4 Hz), 1.23 (28 H, br s), 1.28 
(3H,t,J=7.2Hz),  1.56(2H,m),2.30(2H,t,J=7.0Hz),4.19 
(2H, q, J = 7.2 Hz). 

Ethyl 2E, 4E-eicosadienoate: IR (CHCl,): 2930, 2860, 1700, 
1640, 1620, 1460, 1375, 1305, 1260, 1145, 1005, and 915 
cm-~.  , I H NMR (CDCI,, 200 MHz) 6: 0.87 (3H, t, J = 6.4 Hz), 

1.25 (24H, br s), 1.36 (2H, m), 2.15 (2H, q, J =  5.8 Hz), 4.19 
(2H, q, J =  7.2 Hz), 5.77 (lH, d, J =  15.2 Hz), 6.15-6.20 (2H, 
m), 7.25 (lH, dd, J = 9.4 and 15.2 Hz). 

2E,4E-Eicosadienoic acid pyrrolidylamide, 24: mp 78-79°C 
(lit. (21) mp 65-67°C); IR (CHCl,): 3400, 2930, 2860, 1650, 
1620, 1590, 1430, 1345, 1005, 915, and 870 cm-'; 'H NMR 
(CDCI,, 200 MHz) 6: 0.85 (3H, t, J = 6.4 Hz), 1.23 (24 H, br 
s), 1.36 (2H, m), 1.80-2.00 (4H, m), 2.12 (2H, q, J = 6.6 Hz), 
3.50(4H,q,J=5.4Hz),6.00-6.25(3H,m),7.25 ( l H , d d , J =  
10.2 and 14.8 Hz); HREIMS, mlz (relative intensity (ion): 
36 1.3326 (37) (M') (calcd. for (C2,H4,NO): 361.3345), 318 
(67) (C22H24N0), (30) (C13H]40), 173 (30) (C12H,30)~ 
159 (25) (Cl ,HI 'O), 150 (63) (C9H12NO), 13 1 (100) (C9H70), 
121 (56) (C8H90), 98 (14) (C,H80), 91 (51) (C7H7), 84 (28) 
(C.5H80), 77 (23) (C6H,), 55 (32) (C4H7). 
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2,3=Pyrazinedicarboxylates of cobalt(ll), 
nickel(ll), and copper(ll); magnetic properties 
and crystal structures 

Long Mao, Steven J. Rettig, Robert C. Thompson, James Trotter, 
and Shihua Xia 

Abstract: Complexes of singly and doubly deprotonated 2,3-pyrazinedicarboxylic acid (pyzdcH,) have been prepared and 
studied. Crystal data: [Ni(pyzdcH),(H,O),], 1, monoclinic, P2,ln, a = 9.2897(8) A, b = 7.6931(8) A, c = 10.1044(9) A, P = 
93.378(7)", Z =  2; [C~(pyzdcH)~];2xH~O, 2, monoclinic, P21/n, a = 6.598(1) A, b = 14.198(2) A, c = 8.586(2) A, P = 97.65(2)', 
Z =  2;. [Co(py~dc)(H~0)~];2rH~O, 3, monoclinic, C2/c, a = 12.5777(9) A, b = 7.5 191(9) A, c = 11.839(1) A, P = 110.754(4)", 
Z  = 4; [Ni(py~dc)(H,O)~];2rH~O, 4, monoclinic, C2/c, a = 12.4772(7) A, b = 7.452(1) A, c = 11.9166(5) A, P = 112.302(2)", 
Z =  4; [Cu(pyzdc)(H20),];2rH20, 5, monoclinic, ale, a = 12.784(2) A, b = 7.527(2) A, c = 12.323(2) A, P = 116.150(2)", Z =  
4. The structures were solved by Patterson (I), direct (2,3), or isomorphous replacement methods (4 and 5 are isomorphous with 
3) and were refined by full-matrix least-squares procedures to R = 0.028,0.030,0.029,0.030, and 0.030 (R, = 0.026, 0.029, 
0.027,0.025, and 0.027) for 1894, 1694,2476, 1867, and 1412 reflections with I 2  3u(F2), respectively. The structure of 1 
consists of monometallic [Ni(pyzdcH),(H,O),] units linked by hydrogen-bonding interactions in a three-dimensional network. 
In 2 extended chains of copper ions are linked by double-bridging pyzdcH- groups while 3,4, and 5 have structures in which 
pyzdc2- ligands bridge metal centers to form extended linear chains. Magnetic susceptibility studies reveal antiferromagnetic 
interactions in 1,2,3,4,  and 6 (6 is Cu(pyzdc)). The magnitude of exchange (-zJ = 0.033 cm-I for 1 and -J = O.l1,0.74,0.049, 
and 1.14 cm-' for 2,3,4,  and 6, respectively) is discussed in terms of the structures and d-electron configurations involved. 

Key words: metal 2,3-pyrazinedicarboxylates, synthesis, X-ray structure, antiferromagnetism. 

RbumC : On a prCparC et Ctudit des complexes dtprotonCs et di-dCprotonCs de I'acide pyrazine-2,3-dicarboxylique (pyzdcH2). 
DonnCes cristallines : [Ni(pyzdcH),(H,O),, 1, monoclinique, P2,ln, a = 9,2897(8), b = 7,693 l(8) et c = 10,1044(9) A, 
p = 93,378(7)", Z= 2; [Cu(pyzdcH),];2rH20, 2, monoclinique, P2,ln, a = 6,598(1), b = 14,198(2) et c = 8,586(2) A, 
p = 97,65(2)", Z =  2; [ C o ( p y ~ d c ) ( H ~ O ) ~ ] ~ 2 r H ~ O ,  3, monoclinique, C2lc, a = 12,5777(9), b = 7,5 191(9) et c =  11,839(1) A, 
p = 110,754(4)", Z =  4; [Ni(pyzd~)(H~0)~];2xH~O, 4, monoclinique, C2lc, a = 12,4772(7), b, = 7,452(1) et c = 11,9166(5) A, 
p = 112,302(2)", Z =  4; [Cu(py~dc)(H~O),]~~2rH~O, 5, monoclinique, C2/c, a = 12,784(2), b = 7,527(2) et c = 12,323(2) A, 
p = 116,150(2)', Z =  4. On a rtsolu les structures par les mkthodes de Patterson (I), directe (2,3) et de remplacement isomorphe 
(4 et 5 sont isomorphes par rapport a 3) et on les a affinCes par les mCthodes des moindres carris, matrice complkte, jusqu'h 
des valeurs de R = 0,028,0,030,0,029,0,030 et 0,030 ( R ,  = 0,026,0.029,0,027,0,025 et 0,027) pour respectivement 
1894, 1694,2476, 1867 et 1412 riflexions avec I 3u(F2). La structure du composC 1 consiste dlunitCs monomCtalliques 
[Ni(py~dcH)~(H~O)~] relikes par des interactions de liaisons hydrogknes dans un arrangement tridimensionnel. Dans le composC 
2, des chaines allongCes d'ions de cuivre sont reliees par des groupes pyzdcH- qui crCent des doubles ponts alors que les 
composts 3 ,4  et 5 comportent des structures dans lesquelles des coordinats pyzdc2- servent de ponts entre des centres 
mCtalliques pour former de longues chaines IinCaires. Des Ctudes de susceptibilitC magnCtique rCvklent l'existence d'interactions 
antiferromagnCtiques dans les composCs 1 ,2 ,3 ,4  et 6 (dans le 6 il s'agit du Cu(pyzdc)). On discute de l'amplitude de I'Cchange 
(-J = 0,033 cm-' pour 1 et -zJ = 0,11,0,74,0,049 et 1,14 cm-' pour respectivement les composCs 2 ,3 ,4  et 6) en termes des 
structures et des configurations des tlectrons d'impliquCes. 

Mors c l b  : pyrazine-2.3-dicarboxylates mCtalliques, synthbse, structure par diffraction des rayons X, antiferrornagnitisme. 

[Traduit par la rCdaction] 

Introduction 
2,3-Pyrazinedicarboxylic acid (pyzdcH,) has six donor atoms 

Received October 13, 1995. 
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for coordination and, deprotonated, readily forms metal com- 
plexes (1-1 1). Our interest in these compounds stems from the 
variety of ways the pyzdc'- and pyzdcH- ligands can poten- 
tially bridge metal centers forming polymetallic compounds. 
The compound Co(pyzdc).2H20, for example, has an 
extended chain structure in which the metals are bridged by 
1,4-diazine links that are supported by chelate formation 
involving carboxylate substituents adjacent to the ring nitro- 
gens (8). Numerous studies on complexes of pyrazine itself 
(12) have shown that, in many instances, the unsupported 1,4- 

Can. J. Chem. 74: 433444 (1996). Printed in Canada / ImprimC au Canada 
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diazine link provides a relatively efficient pathway for mag- 
netic exchange; comparisons of the magnetic properties of 
compounds such as Co(pyzdc),2H20 with those of related 
pyrazine systems should permit an evaluation of the effects of 
the chelate support on the mediation of exchange. 

Previous studies involving divalent Mn, Fe, Co, Ni, Cu, 
and Zn, and which focussed mainly on the synthesis of com- 
plexes and on their characterization by spectroscopic and 
thermochemical methods (1-7), identified so-called 2: 1 and 
1 : 1 complexes of composition M(pyzdcH),.xH,O and 
M(pyzdc).xH,O. Only limited crystallographic information is 
reported on these systems. X-ray studies have shown 
Co(pyzdc).2H20 and Zn(pyzdc).3H20 to have polymetallic 
chain structures (8,9) and Co(pyzdcH),.2H20 to be monome- 
tallic (10). Magnetic susceptibility studies on this group of 
compounds have involved some room temperature measure- 
ments on the 1:l complexes ( 3 ,  variable temperature mea- 
surements in the high temperature range (300-80 K) on 
Cu(pyzdc), Co(pyzdcH),.2H20, and Ni(pyzdcH),.2H2O (2), 
and measurements to low temperatures on Co(py~dcH)~.2H,O 
(lo) and Cu(pyzdcH),.3H20 (1 1). 

In view of the limited studies available we decided to sys- 
tematically investigate these systems with emphasis on X-ray 
determined structures and magnetic measurements to cryo- 
genic temperatures. This paper describes work on the 2: 1 com- 
plexes [Ni(pyzdcH),(H,O),] (1) (the cobalt analogue has been 
structurally and magnetically well characterized (10)) and 
[Cu(py~dcH)~]~~2xH,O (2) and the 1 : 1 complexes 
[M(py~dc)(H,0),]~~2xH~O (where M = Co, Ni, and Cu; 
compounds 3, 4, and 5, respectively) and Cu(pyzdc), 6. We 
report the crystal structures of 1 through 5 as well as magnetic 
susceptibility measurements to 4 K on all compounds except 5. 

Experimental 

Syntheses 
All chemicals were at least reagent grade quality and were 
used without further purification. All products, with the excep- 
tion of 5, are air stable. 

Diaquabis(hydrogen-2,3-py razinedicarboxylato(1 -))- 
nickel(ll), [Ni(pyzd~H),(H,O)~], I 

2,3-Pyrazinedicarboxylic acid (0.42 g, 2.5 mmol) was dis- 
solved in 60 mL water and slowly added to a 60 mL aqueous 
solution of Ni(NO3),.6H,O (0.36 g, 1.25 mmol). After stand- 
ing for 2-3 weeks, the solution yielded green crystals. After 
selecting suitable crystals for X-ray analysis, the rest of the 
product was collected by filtration, washed with water, and 
dried in vacuo at room temperature for 24 h. Anal. calcd. for 
C,,H,,N,NiO,,: C 33.60, H 2.35, N 13.06; found: C 33.86, H 
2.46, N 13.02. 

Poly-bis-k-(hydrogen-2,3-pyrazinedicahoxylato(1-))- 
copper(l1) dihydrate, [Cu(pyzdcH),];2xH20, 2 

Prepared as above employing 1.25 mmol of copper(I1) acetate 
monohydrate in 60 mL water and 2.5 mmol pyzdcH, in 100 
mL water. On standing overnight the solution produced a pre- 
cipitate as a blue powder. This was collected by filtration, 
washed with water, and dried in vacuo at room temperature for 
24 h. Analytical data showed this material to be a hemihydrate. 
The dihydrate, 2, was obtained as crystalline material suitable 

for X-ray analysis by recrystallization from water followed by 
drying in air. The crystals are air stable and samples were 
ground to a powder for elemental analysis and subsequent 
studies. Anal. calcd. for C12HloCuN,010: C 33.22, H 2.32, N 
12.92; found: C 33.17, H 2.33, N 12.94. 

Poly-diaqua-~-2,3-pyrazinedicarboxylatocobalt(ll) 
dihydrate, [C0(pyzdc)(H~0)~]~.2xH,O, 3 

2,3-Pyrazinedicarboxylic acid (0.42 g, 2.5 mmol) was dis- 
solved in 100 mL water and the solution was adjusted to pH 5 
with 1.0 M aqueous NaOH. This solution was added slowly to 
a 60 mL aqueous solution of C O ( N O ~ ) ~ . ~ H , O  (0.76 g, 2.5 
mmol). Orange crystals deposited after the solution was left 
standing for about 2 d. Crystals suitable for X-ray diffraction 
studies were selected, then the remainder were separated by 
filtration, washed with water, and dried in vacuo at room tem- 
perature for 24 h. Anal. calcd. for C6H,,CoN208: C 24.26, H 
3.39, N 9.43; found: C 24.21, H 3.39, N 9.31. 

Poly-diaqua-~-2,3-pyrazinedicarboxylntonickel(II) 
dihydrate, [Ni(py~dc)(H~O)~];2xH,O,  4 

Prepared from Ni(N0,),.6H20 by the procedure described 
above for 3. In this case, however, it took several months 
before green crystals appeared. Anal. calcd. for C,HloN2Ni08: 
C 24.28, H 3.39, N 9.44; found: C 24.02, H 3.35, N 9.32. 

Poly-diaqua-~-2,3-pyrazinedicarboxylatocopper(ll) 
dihydrate, [Cu(pyzdc)(H20),];2xH,0, 5 

Crystals of 5 were obtained from Cu(NO3),.3H,O by the pro- 
cedure used to obtain crystalline 3. Green crystals appeared in 
the solution after 2 d. X-ray analysis of a freshly isolated crys- 
tal, mounted wet in a capillary and then sealed, showed it to be 
5. The crystals of 5, however, rapidly decompose in air with 
loss of water from the lattice, making it impossible to obtain 
microanalytical data or to carry out subsequent studies on the 
compound. 

2,3-Pyrazinedicarboxylatocopper(ll), Cu(pyzdc), 6 
Crystals of 5 were removed by filtration from the solution 
described above, washed with water, and dried in vacuo at 
room temperature for 24 h. Anal. calcd. for C6H2CuN20,: C 
3 1.38, H 0.88, N 12.20; found: C 3 1.57, H 1.02, N 1 1.90. 

X-ray crystallographic analyses of 1-5 
Crystallographic data appear in Table 1. The final unit-cell 
parameters were obtained by least squares on the setting 
angles for 25 reflections with 20 = 24.6O45.9" for 1, 29.9"- 
38.8" for 2, 50.0"-66.0" for 3, 26.0"-39.6" for 4, and 33.2"- 
42.5" for 5. The intensities of three standard reflections, mea- 
sured every 200 reflections throughout the data collections, 
showed only small random fluctuations. The data were pro- 
cessed,, corrected for Lorentz and polarization effects, and for 
absorption (based on azimuthal scans for three reflections). 

The structures were solved by Patterson (1) or direct (2, 3) 
methods. The structure analysis of 3 was initiated in the cen- 
trosymmetric space group C2Ic on the basis of the E-statistics, 
this choice being confirmed by the subsequent successful 
solution and refinement of the structure. Compounds 4 and 5 

' texsan: Crystal structure analysis package. Molecular Structure 
Corporation, The Woodlands, Texas, U.S.A. (1985 and 1992). 
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Table 1. Crystallographic data." 

Compound 1 2 3 4 5 
Formula Cl~HloN,NiOlo Cl,HloC~N,Olo C6HloCoN,08 C6HloN,Ni0, C6HloCuN208 
fw 428.93 433.78 297.09 296.85 301.70 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P2,ln P2,ln C2/c C2/c C2/c 
a, A 9.2897(8) 6.598(1) 12.5777(9) 12.4772(7) 12.784(2) 
b, A 7.6931(8) 14.198(2) 7.5 191(9) 7.452(1) 7.527(2) 
c, A 10.1044(9) 8.586(2) 1 1.839(1) 1 1.9166(5) 12.323(2) 
b 0 93.378(5) 97.65(2) 110.754(4) 112.302(2) 1 16.150(7) 
V, A' 720.9(1) 797.2(2) 1047.0(2) 1025.2(1) 1064.3(3) 
z 2 2 4 4 4 

Po10 g/cm3 1.976 1.807 I .885 I .923 1.883 
F(OO0) 436 43 8 604 608 612 
~ ( M o  K,), cm-I 14.20 14.37 16.75 19.29 20.8 8 
Crystal size, mm 0.08 x 0.20 x 0.25 0.12 x 0.15 x 0.30 0.20 x 0.25 x 0.30 0.08 x 0.10 x 0.35 0.06 x 0.15 x 0.35 
Transmission factors 0.88-1.00 0.89-1 .OO 0.87-1 .OO 0.98-1 .OO 0.76-1 .OO 
Scan type W-28 W-28 0-28 W-28 0-28 
Scan range, deg in w 1.37 + 0.35 tan 8 1.25 + 0.35 tan 8 1.37 + 0.35 tan 8 1.47 + 0.35 tan 8 1.26 + 0.35 tan 8 
Scan speed, deglmin 16 (up to 9 scans) 16 (up to 9 scans) 32 (up to 9 scans) 16 (up to 9 scans) 32 (up to 9 scans) 
Data collected +h, +k, f1 +h, +k, +_1 +h, +k, il +h, +k, +1 +h, +k, fl 
2~m,x* deg 70 65 100 90 75 
Crystal decay, % Negligible Negligible Negligible Negligible Negligible 
Total reflections 35 14 3198 5887 4050 3067 
Total unique reflections 3355 2987 5729 3921 2966 

Rmcrge 0.021 0.023 0.024 0.032 0.032 
Reflections with 1 2  30(F2) 1894 1694 2476 1867 1412 
No. of variables 144 144 100 99 99 
R 0.028 0.030 0.029 0.030 0.030 

R,, 0.026 0.029 0.027 0.025 0.027 
gof 1.44 1.95 1.70 1.44 1.56 
Max N o  (final cycle) 0.0002 0.0003 0.0002 0.0001 0.00009 
Residual density e/A3 -0.25 to 0.32 -0.30 to 0.3 1 -0.40 to 0.60 -0.18 to 0.16 -0.41 to 0.41 

"Temperature 294 K, Rigaku AFC6S diffractometer, Mo K, radiation (h  = 0.71069 A), graphite monochromator, takeoff angle 6.0°, aperture 6.0 x 6.0 
mm at a distance of 285 mm from the crystal, stationary background counts (scanlbackground time ratio 2: I ) ,  02(F') = [p(C + 4B)]/Lp2 (S = scan speed, 
C = scan count, B = normalized background count), function minimized Zw(I F,I - 1 F, where rv = 4~,'/o'(F~), R = Z( IF, ( - IF, I JEJF,, 1 ,  
R,, = (Bv(lF,I - JF,I)'E~)F,I')'", and gof = [Zw(IF,I - (FCJ)'l(rn - r ~ ) ] " ' .  Values given for R, R,,, and gof are based on those reflections with 
12  3a(F2). 

are isomorphous with 3. Compounds 3 and 4 are also isostruc- 
tural, but because of the longer M-OH2 distances in 5 the 
hydrogen-bonding in this complex differs from that in 3 and 4 
(see below). In all five complexes the asymmetric unit con- 
tains half the formula unit, the metal atoms all lying on crys- 
tallographic inversion centres. Non-hydrogen atoms were 
refined with anisotropic thermal parameters and hydrogen 
atoms were refined with isotropic thermal parameters. A cor- 
rection for secondary extinction was applied for 3, the final 
value of the extinction coefficient being 1.13(3) x lo6 
(Zachariasen isotropic type 2). Neutral atom scattering factors 
for all atoms (13) and anomalous dispersion corrections for the 
non-hydrogen atoms (14) were taken from the Internatiolzal 
tables for X-ray crystallography. Final atomic coordinates and 
equivalent isotropic thermal parameters, bond lengths, bond 
angles, and hydrogen-bonding parameters appear in Tables 
2-7. Hydrogen atom parameters, anisotropic thermal param- 

eters, and torsion angles have been deposited as supplemen- 
tary materiaL3 

Physical measurements 
Thermal Gravimetric Analysis (TGA) was performed on pow- 
dered samples using a TA Instruments TGA 5 1 thermogravi- 
metric analyzer. Samples of 5-20 mg were heated at 10°C/ 
min in an atmosphere of dry nitrogen at a flow rate of 100 mL 

Supplementary material mentioned in the text may be purchased 
from: The Depository of Unpublished Data, Document Delivery, 
CISTI, National Research Council Canada, Ottawa, Canada 
KIA 0S2. Tables of bond lengths and angles involving 
hydrogen atoms have also been deposited with the Cambridge 
Crystallographic Data Centre and can be obtained on request from 
The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge 
CB2 lEZ, U.K. 
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Table 2. Final atomic coordinates (fractional) and Be, (A2)." 

Can. J. Chem. Vol. 74, 1996 

Table 2 (concluded). 

Atom x Y z Be, Atom x Y z Be, 

min-'. Magnetic susceptibilities over the temperature range 
-4 to -82 K were measured at applied fields of 7 501 or 
9 225 Oe using a P.A.R. model 155 vibrating sample magne- 
tometer as previously described (15). Samples were held in 
Kel-F capsules and corrections were made for background sig- 
nal over the entire temperature range studied. Magnetic sus- 
ceptibilities were corrected for diamagnetism of all atoms 
(cobalt, -12; nickel, -1 1; copper, -1 1; pyzdc'- and 
pyzdcH-, -68; H,O, - 12) and temperature independent para- 
magnetism of nickel and copper, 200 and 60, respectively. All 
corrections are in units of 1o6cm3 mol-'. Complete magnetic 
data have been deposited as supplementary material. Carbon, 
hydrogen, and nitrogen analyses were performed by P. Borda 
of this department. 

Results and discussion 

Synthesis and  thermoanalysis 

2: 1 complexes 
[Ni(pyzdcH),(H20),], 1, was prepared under conditions simi- 
lar to those described previously (2) with the main difference 
being that the solutions were some 20 times more dilute, result- 
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Mao et al. 

Table 3. Bond lengths (A) with estimated standard deviations in 
parentheses for 1 and 2. 

Length Length 

Bond M = Ni M = Cu 

"1, M = Ni, 0 = O(5); 2, M = Cu, 0 = 0(4), symmetry operation: -1, 
1-y ,  I - z .  

Table 4. Bond angles (deg) with estimated standard deviations in parentheses for 
1 and 2. 

Atoms 

O(l)-M-o(l):" 
0 (  1 )-M-0 
O(1)-M-O*" 
O( 1)-M-N( 1) 
O(1)-M-N(I)* 
O"-M-O*" 

0-M-N(1) 
0"-M-N(1)" 
N(1)-M-N(1)" 
M--0( 1)-C(5) 
MQ(4)-X(6) 
M-N( 1 )-C( 1) 
M-N( 1 )-C(4) 
C( 1 )-N( 1 ) 4 ( 4 )  
C(2)-N(2)-C(3) 

Angle 

M = N i  M = C u  Atoms 
- 

180 180 N(1)-C(1)-C(2) 
9 1.64(5) 94.49(6) N(1)-C(I)--C(S) 
88.36(5) 85.5 l(6) C(2)-C(1)-C(5) 
79.59(5) 83.66(6) N(2)-C(2)--C(1) 

100.4 l(5) 96.34(6) N(2)-C(2)-C(6) 
180 180 C( 1 )-C(2)-C(6) 
9 1.12(5) 91.50(6) N(2)-C(3)4(4) 
88.88(5) 88.50(6) N(1)-C(4)-X(3) 

180 180 O( 1)-C(5)-0(2) 
116.7(1) 114.6(1) O(1)-C(5)-C(1) 
- 145.0(2) O(2)-C(5)4(1) 

114.9(1) 1 10.5(1) O(3)-C(6)-0(4) 
125.6(1) 130.5(1) O(3)-C(6)-C(2) 
1 19.5(1) 1 19.0(2) O(4)-C(6)-C(2) 
118.7(1) 117.3(2) 

Angle 

*Denotes symmetry operation: -x, 1 - )I, 1 - z for 1; 1 - x, 1 - y, 1 - z for 2. 
"1, M = Ni, 0 = O(5); 2, M = Cu, 0 = 0(4), symmetry operation: -.r, I - y, I - z, 0(4)*, 

symmetry operation: 1 + x,y,z. 
'symmetry operation: -1 + x,y,z. 

Table 5. Bond lengths (A) with estimated standard deviations in 
parentheses for S5." 

Length 

Atoms M = Co, 3 M = Ni, 4 M = Cu, 5 

"Symmetry operation: (') -x, y, 112 - z. 
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Table 6.  Bond angles (deg) with estimated standard deviations in 
parentheses for 3-5." 

Angle 

Atoms M = Co, 3 M = Ni, 4 M = Cu, 5 

Fig. 1. The structure of [Ni(pyzdcH),(H,O),] (I), with atom 
numbering scheme; 33% probability thermal elipsoids are shown. 

0 3  

"Symmetry operations: (*) 112 - x, 112 - y,  1 - z (') - x,y, 112 - z 

ing in the deposition of crystals suitable for X-ray studies. The 
presence of two molecules of water per metal was shown by 
microanalysis and TGA, which confirmed the earlier result (7) 
that the compound is thermally stable to about 150°C and 
decomposes with the loss of two moles of H 2 0  and two moles 
of C0, over the range 150-277°C. While the 2: 1 complexes are 
generally reported as dihydrates (2), the one report of the copper 
derivative is as a trihydrate (1 1). We do not observe this for- 
mulation; however, compound 2, like the 2:l complexes of 
other metals, contains two water molecules. TGA studies show 
that 2 loses both molecules of water over the temperature range 
50-160°C. The explanation for the relative ease of dehydration 
of 2 compared to the situation for 1 comes from structural stud- 
ies which reveal that the water molecules are coordinated to the 
metal in 1 but are not coordinated in 2 (see below). 

I : I  complexes 
Previous work has revealed significant variations in the degree 
of hydration of the 1: 1 complexes. Those of Mn, Fe, Co, and 
Ni have been reported both as tetrahydrates (5), and as dihy- 
drates (7), that of Cu as anhydrous (2, 6), a hemihydrate (5), 
and a monohydrate (7) and that of Zn as a tetrahydrate (S), a 
dihydrate (7), and a trihydrate (9). This variation in degree of 
hydration was commented on earlier (5). Our synthetic 
method, which yields crystalline samples from dilute solu- 
tions, gave, for Co, Ni, and Cu (3, 4, and 5), complexes that 
have four water molecules per metal, two coordinated and two 
lattice, as shown by subsequent X-ray analysis. For 3 and 4 
TGA showed the loss of four molecules of water over the 
ranges 40-300°C and 40-324"C, respectively, in agreement 
with earlier studies on the tetrahydrates (5). The copper com- 
pound, 5, readily loses water under ambient conditions and 

could not be characterized further. TGA studies of 6 con- 
firmed the anhydrous nature of the compound and showed it to 
be thermally stable to 240°C. 

Structural and magnetic studies 

2: 1 cotnplexes 
Crystals of [ N i ( p y ~ d c H ) ~ ( H ~ O ) ~ ]  (1) are isomorphous with 
those of the cobalt analogue (10). The structure of 1 with the 
atom numbering scheme is shown in Fig. 1. In the monometal- 
lic [Ni(pyzdcH),(H,O),] unit the metal is trans-coordinated 
by two p y z d c ~ '  lkands via chelate interactions involving 
nitrogen N(l) adjacent to the deprotonated carboxylate and 
oxygen O(1) of that group. The other nitrogen and the proto- 
nated carboxylate on each ligand are not coordinated to the 
metal. There is a strong intramolecular hydrogen bond involv- 
ing the carboxylate hydrogen and oxygen O(2). Six coordina- 
tion about the metal is completed by two axially coordinated 
water molecules. Hydrogen-bonding interactions involving 
the water hydrogens and the carboxylate noncoordinated oxy- 
gens O(3) on neighbowing molecules generates a three- 
dimensional network, a portion of which is shown in Fig. 2. 

Although [Co(pyzdcH),(H,O),] (isostructural with 1) is a 
monometallic complex, O'Connor and Sinn (10) pointed out 
that the hydrogen-bonding network provided by the water 
molecules can provide a pathway for magnetic exchange. By 
careful analysis of the low temperature magnetic data these 
authors were able to show the presence of weak antiferromag- 
netism in the cobalt complex. The magnetic moments mea- 
sured for the nickel analogue l at the higher temperatures 
studied are relatively independent of temperature (Fig. 3) and 
of a magnitude expected for magnetically dilute nickel(I1) 
complexes (16). The observed decrease in magnetic moment 
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Mao et al. 

Table 7. Hydrogen bond geometry (A, deg)." 

D-H...A D-H H...A D.  ..A D-H...A 

*Superscripts refer to symmetry operations: 
" I - x , I - y ,  I-z. " I12 + x, 112 - y, 112 + z. 
' - 112 + X, 312 - y ,  - 112 + Z. 
" -  1 - x ,  I - y ,  -z. 
'.x, 1 + y, 1 + z. 
'112 - x, - 112 + y, 312 - z. 
#.T, 1 - y, 112 + z. 
"112 - X, 112 + y ,  312 - Z. 

Fig. 2. Stereoscopic view showing part of the H-bonding network in 
[ N i ( p ~ z d c H ) ~ ( H ~ O ~ l ( l ) .  
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Fig. 3. Magnetic moment versus temperature plots. 
Experimental data: circles at the top, middle, and bottom are for 
[Co(p~zdc)(H~o)~l;ZrH~O (3), [Ni(p~zdc)(H,O)~1.;2xH,O (4), 
and Cu(pyzdc) (6), respectively; triangles at middle and bottom 
are for [Ni(pyzdcH),(H,O),] (I) and [Cu(pyzd~H)~];ZrH,O (2). 
respectively. Lines are calculated from theory as described in the 
text. 

Temperature (K) 
at low temperatures is caused by the effects of Zero Field 
Splitting, ZFS (17), accompanied possibly by very weak 
exchange effects. Accordingly, we examined fits of the mag- 
netic susceptibility data over the temperature range -80 to 
-4 K employing the previously published equation for the 
susceptibility, x,, of an S = 1 system including ZFS (18), with 
X, modified by the molecular field approximation to include 
the effects of weak spin interactions (19). The equation 
employed for the exchange-corrected susceptibility, x,,', is: 

where J is the exchange coupling constant, z is the number of 
interacting nearest neighbours, and the remaining terms have 
their usual meaning. In the fitting procedure D (the zero-field 
splitting parameter), g, and zJ were employed as variable 
parameters. Fits of experimental data to the model were made 
using a nonlinear least-squares procedure with the following 
function minimized: 

where n is the number of data points. F provides a measure of 
the goodness of fit between theory and experiment. The 
parameter values giving the best agreement between experi- 
ment and theory are D = 4.0 cm-I, zJ = -0.033 cm-l, and g = 
2.19 ( F  = 0.0074).~ The experimental magnetic moments as 

well as the line calculated using the best fit parameters are 
shown in Fig. 3. The fit gives IDl+lzJI, a necessary require- 
ment for applying the molecular field approximation (17). 

Ignoring intermolecular exchange (setting J = 0) in analys- 
ing the magnetic data of 1 gives poorer agreement between 
experiment and theory, indicating the presence of weak anti- 
ferromagnetic exchange, mediated by the H-bonding network. 
Of relevance here are previous studies on some monometallic 
tetrakis(pyridine) nickel(I1) complexes (20) that showed very 
similar magnetic properties to those seen for 1. In fact, the D ,  
zJ, and g parameter values obtained for Ni(py),Cl, (20), a 
complex known to have a monometallic trans-octahedral 
structure (21), are, within experimental uncertainty, the same 
as those obtained in the present work for 1. We conclude that 
the intermolecular H-bonding network, present in 1 but absent 
in the pyridine complex, provides a pathway for exchange 
that, however, is not measurably better than that provided by 
normal non-bonding contacts. 

Crystals of [Cu(pyzdcH),];2xH,O (2) have the same stoi- 
chiometry and belong to the same space group as 1. Com- 
pound 2, however, is not isostructural with 1. The structure of 
2 with the atom numbering scheme is shown in Fig. 4. In this 
structure, each copper is trans-coordinated by two chelating 
pyzdcH- ligands to form planar Cu(pyzdcH), units as in 1. In 
2, however, the axial positions are not occupied by water mol- 
ecules but instead are occupied by the non-protonated oxygen 
atoms O(4) of protonated carboxylate substituents on neigh- 
bouring Cu(pyzdcH), units. This results in extended chains of 
copper ions linked by double-bridging pyzdcH- groups. The 
lattice water molecules link chains in a three-dimensional H- 
bonded network, part of which is shown in Fig. 5. 

Since the Cu(pyzdcH), units in 2 are connected in chains by 
conventional coordinative interactions the potential for mag- 
netic exchange is greater than in 1. In spite of this, the mag- 
netic moment of 2 is relatively constant down to about 4 K. 
For 2 we extended the measurements to 2 K and observed a 
decrease in moment at the low temveratures indicative of verv 
weak antiferromagnetic exchange (Fig. 3). Anticipating that 
intrachain coupling would be significantly stronger than inter- 
chain coupling via the H-bonding network, we analysed the 
magnetic susceptibilities of 2 (over the full temperature range 
studied ) according to the Weng linear chain model with the 
coefficients generated by Hiller et al. (22) for S = 112. The best 
fit to the data was obtained with the parameters g = 2.14 and 
J = -0.1 1 cm-I (F = 0.016) and the line calculated with these 
parameter values is shown in Fig. 3. Although this analysis 
confirms antiferromagnetic exchange in 2, it is clearly very 
weak. This is probably a consequence of the fact that the 
Cu(pyzdcH), uni$ in 2 are linked via long, axial, Cu-0 
bonds (2.405(2) A) combined with the fact that the plane of 
the CO, group is almost orthogonal to the plane of the pyra- 
zine ring, thus eliminating a delocalized n-electron pathway 
for exchange. Finally, it should be noted that in an earlier 
study (1 1) of a 2:l copper complex of composition 
Cu(pyzdcH),.3H,O the authors found no evidence for 
exchange in measurements to 6 K. It is possible that the com- 
pound studied in the earlier work has the same linear chain 
structure as 2 with an additional water of hydration. 

Here and elsewhere in this work the uncertainties in the magnetic 
parameters are estimated to be approximately 2% in g and 10% in 
the other parameters. 

I :I complexes 
[Co(pyzdc)(H,0),];2xH,O (3) and the nickel (4) and copper 
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Mao et al 

Fig. 4. Stereoscopic view of the structure of part of the chain in 
[Cu(py~dcH)~],.2xH~O (2) with atom numbering scheme; 33% probability thermal 
elipsoids are shown. 

Fig. 5. Stereoscopic view showing part of the H-bonding network in 
[Cu(pyzdcH)2Ix.ZuH2O (2). 
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Fig. 6.  The structure of part of the chain in 
[Co(pyzdc)(H,0),];2xH20 (3) with atom numbering scheme; 
33% probability thermal elipsoids are shown. 

Col* Ol* 

TY 

c3*u 01" Col" 

(5) analogues are isomorphous; they have structures in which 
pyzdc2- ligands bridge metal ions to form extended linear 
chains.The structure of 3 with the atom numbering scheme is 
shown in Fig. 6. In this structure the pyzdc'- ligand coordi- 
nates to two metal centers via chelate interactions involving 
each nitrogen N (1) and an oxygen O(1) from the adjacent car- 
boxylate substituent. Six coordination on each metal is com- 
pleted by oxygens O(3) of axially coordinated water 
molecules and two additional water molecules are present in 
the lattice. As shown in Fig. 7, the chains in 3 are linked in a 
three-dimensional array by H-bonding interactions involving 
all water molecules. The H-bonding network in 4 is the same 
as in 3 but it differs in 5. In the latter, as shown in Fig. 8, the 
lattice water hydrogen H(3) H-bonds to O(1) as in 3 and 4 but 
forms an additional H bond to noncoordinating carboxylate 
oxygens O(2). The other lattice water hydrogen H(4) does not 
H-bond to O(1) as in 3 and 4 but, instead, H-bonds to the coor- 
dinated water oxygen O(3). 

The crystal structure of a 1:l complex of composition 
Co(pyzdc).2H20 was previously reported (8). This com- 
pound, which belongs to the space group Pcca, has the same 
linear chain structure as 3, with axially bonded waters but no 
lattice water. This lack of lattice waters and the associated H- 
bonding interactions has a measurable effect on the bond 
parameters in the immediate environment of the metal. In 
Co(pyzdc).2H20 the CoN204 chromophore is non-centrosym- 
metric. The bond angles show greater deviation from regular 
octahedral angles than is observed here for 3. The two Co-0 
(coordinated water) distances are shorter (2.069(4) and 
2.033(4) A) than the corresponding distance (2.094(1) A) in 3. 
The two Co--O(carboxy1ate) bond distances (2.069(4) and 
2.037(4) A) bracket the corresponding distance (2.0555(9) A) 

in 3 but the average (2.053(4) A) is the same within error. The 
Co-N distances (2.173(4) and 2.135(4) A) also bracket the 
corresponding distance (2.1458(9) A) in 3; however, in this 
case the average distance (2.154(4) A) is slightly greater. In 
view of these structural differences involving what is likely 
to be the dominant exchange pathways in 3 and 
Co(pyzdc).2H20, the magnetic properties of the latter could 
be measurably different from those reported here for 3. 

Compounds 3, 4, and 5 all have the same extended chain 
structures involving chelate supported 1,4-diazine links 
between metal centers. Although the chains are connected via 
H-bonded networks, results obtained on compounds such as 1 
indicate that interchain exchange via these pathways will 
likely be very weak. Magnetic studies on these compounds, 
then, should permit an evaluation of intrachain exchange via 
the supported diazine links and its dependence on d-electron 
configuration. 

The analysis of magnetic data for cobalt(I1) complexes 
in distorted octahedral environments as seen in 
[Co(pyzdc)(H20),];2xH~ (3) is complicated by the fact that, 
in addition to possible magnetic exchange effects, single ion 
effects such as electron delocalization, spin-orbit coupling, 
distortions from regular stereochemistry, and crystal field 
mixing of excited states into the ground state affect the mag- 
netic properties (23). The problem is simplified if it is 
assumed that the distortion from Oh symmetry is strong 
enough to leave a well-isolated orbital singlet as the ground 
state (24). Under this assumption the magnetic susceptibilities 
of 3 were analysed (over the full temperature range studied) 
according to the Weng model with the coefficients generated 
by Hiller et al. (22) for S = 312. The solid line in Fig. 3 shows 
the best fit (g = 2.17 and J = -0.380 cm-I, F = 0.072) that 
could be obtained with this model and it is clearly poor. An 
alternative approach to the problem is to consider the fact that 
spin-orbit coupling leads to a Kramers doublet as the lowest 
level and, assuming that at low temperatures this is the only 
thermally occupied level, the magnetic susceptibilities in the 
low temperature region (31-4 K) were analysed using the 
Weng model for an effective spin S = 112. Attempts to fit the 
data employing g, J, and Temperature Independent Paramag- 
netism (TIP) as variable parameters gave good agreement with 
experiment but an unrealistically high value of TIP (0.017 cm3 
mol-I). We decided instead to fix TIP at 0.006 cm3 mol-', the 
value determined for the very weakly magnetically coupled 
[Co(pyzdcH),(H,O),] by high-precision magnetic measure- 
ments at low temperatures (10). Because of the similarities in 
the metal chromophores of 3 and [Co(pyzdcH),(H,O),], the 
TIP should be much the same in the two compounds. The dot- 
ted line in Fig. 3 covering the low temperature region was cal- 
culated from theory using the best fit parameters g = 4.3 1 and 
J = -0.74 cm-' (F = 0.027). Considering the difficulties in 
analysing this system, not too much significance should be 
placed on the actual parameter values; nonetheless, the results 
do support the presence of measurable exchange in 3. This 
should be contrasted with the earlier report that the pyrazine- 
bridged complexes, Co(pyz),X, (X = CI or Br), give no evi- 
dence for magnetic exchange down to 1.8 K (25). This sug- 
gests that in this cobalt system the effect of supporting the 
diazine bridge through chelate formation is to enhance the 
exchange. 

The magnetic data for [Ni(pyzd~)(H,O)~],~2xH~O (4) were 
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Fig. 7. Stereoscopic view showing part of the H-bonding network in 
[Co(pyzdc)(H,O),Ir.2xH,O (3). 

+C +C 

Fig. 8. Stereoscopic view showing part of the H-bonding network in 
[Cu(p~zdc)(H?O)?1.;2xH,P (5). 

analysed as described above for 1. Excellent agreement 
between experiment and theory (Fig. 3) was obtained with the 
parameters g = 2.24, zJ = -0.098 cm-', and D = 3.3 cm-I (F = 
0.0029). Significantly, the D values for 1 and 4 are very simi- 
lar, consistent w ~ t h  similarities in the metal chromophores of 
the two compounds, while - zJ  is sign~ficantly greater for the 
pyzdc2--bridged 4. Since 4 has a linear chain structure, z = 2 
and therefore J = -0.049 cm-'. This value is comparable to the 
J values determined in earlier work (20) for three complexes 
assumed to have monopyrazine-bridged structures (-J in the 
range 0.018 to 0.047 cm-I). The earlier work concluded that 
pyrazine is significantly poorer at mediating magnetic 
exchange between nickel centers than, for example, between 
copper or iron centers (20) and it appears that pyzdc2- is not 
significantly better, in spite of the presence of the chelate-sup- 
ported bridges. It was suggested previously (20) that a factor In 
accounting for weaker exchange in nickel versus copper pyra- 

zine complexes is longer metal-N bond lengths in the Ni com- 
plexes, an effect not countered, as it is in Fe complexes, by the 
presence of additional pathways for exchange involving tZg 
unpaired electron density. This relati~e~order of bond lengths 
(Ni-N = 2.074(1), Cu-N = 1.996(2) A; Table 5) is observed 
for 4 and 5, supporting the notion that the relatively long 
metal-N bond distance is contributing to the weakness of the 
exchange in both pyz- and pyzdc"-bridged complexes of 
nickel. 

Due to its instability in air, we were unable to study the 
magnetic properties of [Cu(pyzdc)(H20),];2rH20 (5); how- 
ever, the anhydrous derivative, Cu(pyzdc) (6), was investi- 
gated (Fig. 3). This con~pound was previously studied at high 
temperatures (2) and our low temperature results mesh very 
well with the earlier work. The magnetic susceptibilities (80 - 
4 K) were analysed using the Weng model for S = 112 and 
excellent agreement between experiment and theory was 
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obtained with the parameters g = 2.10 and J = - 1.14 cm-' (F = 
0.0087). It seems likely that the basic chain structure of 5 is 
retained in 6 with the axially coordinated water molecules 
replaced by weak coordinative interactions involving carbox- 
ylate oxygens from neighbouring chains. Magnetic exchange 
interactions via these long Cu-0 bonds are likely to be very 
weak (as seen for 2); considering this and the fact that the 
experimental susceptibilities show excellent agreement with 
values calculated from theory for linear chains, we conclude 
the exchange observed in 6 is mediated primarily by the 
pyzdc2- ligands. The pathway provided by these ligands in 6 is 
clearly better at mediating exchange than that provided by the 
pyzdcH- ligands in 2 (-J values of 1.14 and 0.1 1 cm-I, respec- 
tively); however, considering that -J values as large as 16.8 
cm-' have been observed in extended chain compounds of 
copper(I1) in which the metals are bridged by pyrazine itself 
(25), the magnitude of the coupling in 6 is still rather weak. An 
explanation for this comes from a consideration of the proba- 
ble structure of 6 as inferred from the X-ray determined struc- 
ture of 5. The pyrazine ligand is bound in the equatorial plane 
of the copper chromophore and, as a result of the chelate inter- 
action, the plane of the pyrazine ring is forced to be nearly 
coplanar with the equatorial plane.5 Earlier studies (26) have 
shown that under such structural conditions magnetic 
exchange interactions in copper pyrazine complexes is likely 
to be weak. This is because the magnitude of the exchange is 
determined from the overlap of the dX2-yl magnetic orbital and 
the pyrazine T-system, which becomes significant only when 
the pyrazine ring is canted out of the xy-plane. In 
Cu(pyz)(NO,),, for example (27,28), where the canting angle 
is about 50°, the exchange interaction (-J  = 3.7 cm-I) is sig- 
nificantly greater than that observed here for 6. 

Summary and conclusions 

Of the six compounds studied in this work, all have extended 
chain structures with the exception of [Ni(pyzdcH),(H,O),] 
(1). The monometallic units in 1 are linked in a three-dimen- 
sional array by H-bonding interactions, which are shown to 
provide pathways for intermolecular exchange that are no bet- 
ter than would be expected for non-bonding contacts. In 
[Cu(pyzdcH),];ZrH,O (2) the pyzdcH- ligands exhibit a form 
of coordination not previously reported for this group. 
Although the metals are doubly bridged by these ligands, the 
links involve weak axial Cu-0 bonds and a ligand geometry 
that prevents IT-electron delocalization throughout the bridge. 
This leads to only very weak antiferromagnetic exchange in 2. 

The compounds [M(pyzdc)(H,0),];2xH20 (M = Co, Ni, 
and Cu ; 3, 4, and 5, respectively) all have linear chain struc- 
tures with pyzdc2- ligands forming chelate-supported 1,4- 
diazine links between metal centers. Magnetic studies on 3 ,4 ,  
and 6 (Cu(pyzdc), the anhydrous form of 5) reveal intrachain 
antiferromagnetic interactions mediated by the bridging 
ligands. While the analysis of the magnetic data indicates that 
the magnitude of the exchange in the Ni and Cu compounds (4 
and 6) is not greatly different from that observed in analogous 
systems involving unsupported pyrazine bridges, this appears 
not to be the case for the Co system (3). The presence of the 
chelate interactions in the pyzdc2- bridge imposes a geometri- 

The dihedral angle between these planes is approximately 13.3" 
in 5. 

cal constraint on the bridge and in the case of copper(II), in 
particular, this limits the potential for exchange. Such geomet- 
rical constraints may not be so important in the case of metals 
with unpaired t zg  electron density, as in cobalt(I1) compounds, 
and with this in mind we are attempting to prepare and study 
complexes of iron(I1) and manganese(I1) that are isostructural 
with 3. 
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Structural studies of organoboron compounds 
LXIV.' Boron chelate formation with 
glycolohydroxamic acids, and the crystal 
and molecular structure of 5-(I - 
hydroxycyclohexyl)-2,2-diphenyl-I ,3=dioxa4- 
azonia-2-borata-4-cyclopentane 

Wolfgang Kliegel, Ute Schumacher, Steven J. Rettig, and James Trotter 

Abstract: The syntheses of representative diphenyl- and difluoroboron chelates of 2-hydroxycarbohydroxamic acids 
(glycolohydroxamic acids) are reported. Crystals of 5-(1-hydroxycyclohexyl)-2,2-diphenyl-1,3-dioxa-4-azonia-2-borata-4- 
cyclopentene, 2a, are triclinic, a = 11.5717(5), b = 11.7262(4), c = 14.3529(5) A, a = 90.277(6)", P = 110.497(5)", y = 
96.814(5)", Z = 4, space group pi. The structure was solved by direct methods and refined by full-matrix least-squares 
procedures to R = 0.042 and R,, = 0.056 for 53 18 reflections with 1 2  30(F2). Compound 2a is the first N-unsubstituted 
hydroxamatoborate derivative to be structurally characterized by an X-ray crystallographic analysis. The solid state structure of 
2a consists of centrosymmetric, hydrogen-bonded tetrameric units that also feature intermolecular 0-H- aromatic) 
interactions. Bond lengths include: B - 4 ( N )  = 1.557(2) and 1.553(2) A, B-O(C) = 1.558(2) and 1.566(2) A, B-C(pheny1) = 
1.592(3)-1.601(3) A. 
Key words: hydroxamatoborate, organoboron compound, crystal structure. 

RQume : On a effectuk la synthkse de chtlates reprtsentatifs diphenyl- et difluorobore des acides 2- 
hydroxycarbohydroxamiques (acides glycolohydroxamiques). Les cristaux du 5-(1-hydroxycyclohexyl)-2,2-diphenyl-1,3- 
dioxa-4-azonia-2-boratacyclopent-4-kne, 2a, sont tricliniques, groupe d'espace pi, avec a = 11,5717(5), b = 11,7262(4) et c = 
14,3529(5) A, a = 90,277(6)', P = 110,497(5)" et y = 96,814(5)', Z = 4. On a rtsolu la structure par des mtthodes directes et on 
I'a affinee par la mtthode des moindres carrts, matrice complttte, jusqu'i des valeurs de R = 0,042 et R,, = 0,056 pour 53 18 
reflexions avec I ?  30(F2). Le compost 2a est le premier dCrivt hydroxamatoborate N-non-substitue i &tre caractiris6 par 
diffraction des rayons X. La structure du compose 2a i 1'Ctat solide consiste en des unitts tttramkres centrosymttriques reunies 
par des liaisons hydrogknes qui comportent aussi des interactions 0-H..,~(aromatique). Les longueurs des liaisons incluent : 
B-O(N) = 1,557(2) et 1,553(2) A, B--O(C) = 1,558(2) et 1,566(2) A, B-C(phCny1e) = 1,592(3)-1,601(3) A. 
Mots cle's : hydroxamatoborate, composes orbanobores, structures cristallines. 

[Traduit par la redaction] 

Introduction 

2- and 3-Hydroxycarbohydroxamic acids and their chelating 
abilities are of interest in drug research on the anti-inflamma- 
tory and analgesic activities of hydroxamic acids (1). In the 
course of our investigations of hydroxamic acids as bi- or 
polydentate ligands in the formation of boron chelates (2-15) 
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we chose two different 2-hydroxycarbohydroxamic acids 
(glycolohydroxamic acids), the 2,2-dialkyl derivative l a  and a 
2,2-diary1 derivative, the benzilohydroxarnic acid 16, for the 
reaction with diphenylborenium (Ph,B+) and difluorobore- 
nium (F,B+) ion-delivering reagents. Because of the presence 
of four different (nucleophilic) ligand functions within a com- 
pound of type 1, various chelating modes could be expected. 
Furthermore, no in-depth structural descriptions of N- 
unsubstituted hydroxamato-borate complexes have yet been 
reported. 

Experimental 

5-(l-Hydroxycyclohexyl)-2,2-diphenyl-1,3-dioxa-4- 
azonia-2-borata-4-cyclopentene, 2u 

I-Hydroxy-I-cyclohexanecarbohydroxamic acid (16) (0.32 g, 
2.0 mmol) and oxybis(dipheny1borane) (0.35 g, 1.0 mmol) are 
refluxed in 50 mL of benzene for 10 min using a Dean-Stark 
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trap for continuous removal of water. The solution is evapo- 
rated in vacuo to a residue of 2 4  mL. After addition of petro- 
leum ether and cooling, colorless crystals are obtained. Yield: 
0.14 g (22%); mp 137-139°C (from ethanol - petroleum 
ether). Infrared (KBr): 3520, 3140 (0-H/N-H), 1600 (-01 
C+N) cm-I; 'H nmr (90 MHz, CDC1,-TMS); 6 (ppm): 0.80- 
2.10 (m, -(CH,),-), 3.85 (s, v br, exchangeable, OH), 6.95- 
7.65 (m, 10 aromatic H), 11.8 (s, v br, exchangeable, NH). 
Anal. calcd. for C,,H,,BNO,: C 70.61, H 6.86, N 4.33; found: 
C 70.52, H 6.93, N 4.34. The substance gives a deep blue color 
reaction with diphenylcarbazone in methanolic solution, indi- 
cating the presence of the diphenylboron moiety (17). 

Crystals suitable for X-ray analysis were obtained by slow 
crystallization from absolute ethanol - petroleum ether: mp 
136°C. 

5-(l-Hydroxy-l,l-diphenylmethyl)-2,2-diphenyl-1,3- 
dioxa-4-azonia-2-borata-4-cyclopentene, 2b 

2-Hydroxy-2,2-diphenylacetohydroxamic acid (benzilohy- 
droxamic acid) (16) (0.73 g, 3.0 mmol) and oxybis(dipheny1- 
borane) (0.52 g, 1.5 mmol) are reacted as described for 2a. 
Yield: 0.72 g (59%) of colorless crystals; mp 106-108°C 
(from ethanol). Infrared (KBr): 3450, 3250 (0-H/N-H), 1600 
(C+O/C+N) cm-I; 'H nmr (90 MHz, CDC1,-TMS); 6 
(ppm): 3.7 (s, v br, exchangeable, OH), 6.93-7.70 (m, 20 aro- 
matic H), 11.2 (s, v br, exchangeable, NH). Anal. calcd. for 
C26H22BN03: C 76.68, H 5.44, N 3.44; found: C 76.46, H 
5.41, N 3.50. The substance gives a deep blue color reaction 
with diphenylcarbazone in methanolic solution, indicating the 
presence of the diphenylboron moiety (17). 

2,2-Difluoro-5-(l-hydroxycyclohexyl)-1,3-dioxa-4-azonia- 
2-borata-4-cyclopentene, 3a 

1-Hydroxy-1-cyclohexanecarbohydroxamic acid (16) (0.32 g, 
2.0 mmol) is mixed with 30 mL of dried diethyl ether and 2.0 
mmol of dimethyl ether - trifluoroboron complex. After the 
addition of freshly regenerated molecular sieve (4 A, 1.5 g) the 
solution is stored at room temperature for 12 h. The molecular 
sieve is removed, and the solution evaporated in vacuo. Crys- 
tallization starts spontaneously or after the addition of petro- 
leum ether. Yield: 0.13 g (31%) of a white powder; mp 121- 
124°C (from CH2C12 - petroleum ether). Infrared (KBr): 3470, 
3230 (0-H/N-H), 1625 (C+O/G=N) cm-I; 'H nmr (90 MHz, 
CDC1,-TMS); 6 (ppm): 1.10-2.35 (m, -(CH,),-), 5.8 (s, v br, 
exchangeable, OH and NH). Anal. calcd. for C,HI2BF,NO3: C 
40.62, H 5.84, N 6.77; found: C 40.78, H 5.96, N 6.57. 

X-ray crystallographic analysis of 241 
Crystallographic data for 2a appear in Table 1. The final unit- 
cell parameters were obtained by least squares on 2 sin 811 val- 
ues for 25 reflections with 28 = 40.4"48.0°. The intensities of 
three standard reflections, measured every hour of X-ray expo- 
sure time throughout the data collection showed only small 
random fluctuations. The data were processed3, corrected for 
Lorentz and polarization effects, but not for absorption in view 
of the low value of p. 

The structure was solved by direct methods, the coordinates 

Locally written software for data processing, locally modified 
versions of the Oak Ridge National Laboratory crystallographic 
programs (OW, ORFEE, and ORTEF' II) and MULTAN~O. 

Table 1. Crystallographic data." 

Compound 
Formula 
fw 
Crystal system 
Space group 
a, A 
b, A 
c, A 
a, deg 
P. deg 
b deg 
v, A3 
z 
pol,, glcm" 
F(000) 
Radiation (1, A) 
p, cm-' 
Crystal size, mm 
Transmission factors 
Scan type 
Scan range, deg in o 
Scan speed, deglmin 
Data collected 

28",,,, deg 
Crystal decay, % 
Total reflections 
Total unique reflections 
Reflections with I 2  ~cT(F') 
No. of variables 
R 

R," 
go f 
Max A/o (final cycle) 
Residual density e/A3 

2a 
CI,H*,BNO, 
323.20 
Triclinic 
PT 
11.5717(5) 
1 1.7262(4) 
14.3529(5) 
90.277 (6) 
110.497(5) 
96.814(5) 
1809.1(2) 
4 (two independent molecules) 
1.187 
688 
Mo (0.71073) 
0.74 
0.40 x 0.42 x 0.50 
No absorption correction 
-20 
0.70 + 0.35 tan 0 
1.8-20.1 
+h, %, + I  
55 
Negligible 
8267 
8267 
5318 
610 
0.042 
0.056 
1.96 
0.29 (H atom parameter) 
-0.18 to 0.62 

"Temperature 294 K, Enraf-Nonius CAD4-F diffractometer, graphite 
monochromator, takeoff angle 2.7". aperture 2.0 + 1.0 tan 0 mm at a 
distance of 173 mm from the crystal, scan extended by 25% on each side 
for background measurement (scanhackground time ratio 2: 1). o'(F2) = 
[S'(C + 48) + (0.04F')']/Lp2 (S = scan rate, C = scan count, B = 
normalized background count), function minimized Zw(lF,l -  IF,^)' where 
w = ~F,'/~'(F,'), R = ZIIFJ - IF,IIICIF,I, R,, = (Zw(lF,I - l~,l)'Ewl~,I')'". 
and gof = [Zw(lF,I - IF,l)'l(rtt - n)]'". Values given for R, R,,,, and gof are 
based on those reflections with I t  3o(F'). 

of the non-hydrogen atoms being determined from an E-map 
or from subsequent difference Fourier syntheses. The struc- 
ture analysis was initiated in the centrosymmetric space group 
Pi on the basis of the E-statistics, this choice being confirmed 
by the subsequent successful solution and refinement of the 
structure. The asymmetric unit contains two crystallographi- 
cally independent molecules of 2a. Non-hydrogen atoms were 
refined with anisotropic thermal parameters and hydrogen 
atoms were refined with isotropic thermal parameters. A cor- 
rection for secondary extinction was applied, the final value of 
the extinction coefficient being 1.20(10) x 10, (Hamilton iso- 
tropic type I). Neutral atom scattering factors for all atoms and 
anomalous dispersion corrections for the non-hydrogen atoms 
were taken from the International tables for X-ray crystallog- 
raphy (18). The largest peak on the final difference map (0.62 
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Kliegel et al 

Table 2. Final atomic coordinates (fractional) and U,, (lo3 A')." 

Atom x Y z ue, 

e A") is located near the center of symmetry (0, 112, 112) that 
coincides with the center of the tetrameric hydrogen-bonded 
structural unit (see below). This peak is most likely an artifact 
of systematic errprs in the data. All other residual peaks are 
less than 0.26 e A - ~ .  Final atomic coordinates and equivalent 
isotropic thermal parameters, bond lengths, bond angles, and 

Table 3. Bond lengths (A) with estimated standard deviations in 
parentheses. 

Bond 

O(1)-N 
O(1)-B 
0 ( 2 ) 4 ( 1 )  
O(2)-B 
0(3)-C(2) 
N-C(l) 
C( 1)-C(2) 
C(2)-C(3) 
c(2)-c(7) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
C(6)--C(7) 
C(8)-C(9) 
C(8)-C(13) 
C(8)-B 
C(9)-C( 10) 
C(10)-C(11) 
C(11)-C(12) 
C(12)-C(13) 
C( 14)-C(15) 
C(14)-C(19) 
C(14)-B 
C ( 1 5 ) 4 ( 1 6 )  
C(16)-C(17) 
C(17)-C(18) 
C(18)-C(19) 

Length Bond Length 

intra-annular torsion angles appear in Tables 2-5, respec- 
tively. The two independent molecules of 2a are shown in Fig. 
1 and the packing arrangement is shown in Fig. 2. Hydrogen 
atom parameters, anisotropic thermal parameters, and torsion 
angles are included as supplementary material.4 

Results and discussion 

The colorless crystalline products resulting from the reactions 
of 1 with the boron reagents show elemental analyses con- 
sistent with the expected 1 : 1 diphenyl- and difluoroboron 
chelates, in accordance with the infrared and 'H nmr spectro- 
scopic data. Furthermore, an intact chelated diphenylboron 
moiety is detected by the blue color reaction with diphenylcar- 
bazone (17) in the case of the reaction of 1 with oxybis(diphen- 
ylborane). Unfortunately neither the infrared absorption in the 
region of N-HIO-H stretching frequencies between 3200 and 
3500 cm-', the broad NWOH proton signals in the 'H nmr 
spectra, nor the other spectral features are sufficient to estab- 

Copies of material on deposit may be purchased from the 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
Tables of hydrogen atom coordinates and bond lengths and angles 
involving hydrogen atoms have also been deposited with the 
Cambridge Crystallographic Data Centre and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge CB2 lEZ, UK. 
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Table 4. Bond angles (deg) with estimated standard deviations in parentheses. 

Bonds Angle(deg) Bonds Angle(deg) 

N-O(1)-B 103.6(1) N'-O(1')-B' 103.7(1) 
C(1)-O(2)-B 107.4(1) C(ll)-O(2')-B' 107.5(1) 
O(1)-N-C(1) 112.7(1) O(1')-N'-C(1') 112.3(1) 
O(2)-C(1 )-N 114.2(2) O(2')-C( 1')-N' 114.5(2) 
O(2)-C(1)-C(2) 122.5(2) O(2')-C( 1')-C(2') 123.0(1) 
N-C(l )-C(2) 123.3(2) N'-C(lr)-C(2') 122.5(2) 
O(3)-C(2)-C(l) 107.8(1) O(3')-C(2')-C(1') 107.0(1) 
O(3)-C(2)-C(3) 107.7(2) O(3')-C(2')-C(3') 1 1 1.7(2) 
O(3)-C(2)-C(7) 112.5(2) O(3')-C(2')-C(7') 107.2(2) 
C(l )-C(2)-C(3) 108.1(2) C(1')-C(2')-C(3') 110.7(1) 
C(1)-C(2)-C(7) 109.1(1) C(1')-C(2')-C(7') 109.0(2) 
C(3)-C(2)-C(7) 1 1 1.5(2) C(3')-C(2')-C(7') 111.1(2) 
C(2)-C(3)-C(4) 11 1.8(2) C(2')-C(3')-C(4') 110.8(2) 
C(3)-C(4)-C(5) 111.5(2) C(3')-C(4')-C(5') 1 11.2(2) 
C(4)-C(5)-C(6) 110.8(2) C(4')-C(5')-C(6') 111.7(2) 
C(5)-C(6)-C(7) 1 10.2(2) C(5')-C(6')-C(7') 11 1.7(2) 
C(2)-C(7)-C(6) 112.2(2) C(2')-C(7')-C(6') 11 1.4(2) 
C(9)-C(8)-C(13) 115.9(2) C(9')-C(8')-C( 13') 116.7(2) 
C(9)-C(8)-B 120.7(2) C(9')-C(8')-B' 121.2(2) 
C(13)-C(8)-B 123.3(2) C(13')-C(8')-B' 122.1(2) 
C(8)-C(9)-C(10) 122.2(2) C(8')-C(9')-C(10') 122.0(3) 
C(9)-C(l0)-C(l1) 119.9(2) C(9')-C(10')-C(11') 120.4(3) 
C(l0)-C(l1)-C(l2) 119.5(2) C(10')-C(1l1)-C(l2') 119.6(3) 
C(l1)-C(l2)-C(l3) 120.4(2) C(11')-C(l2')-C(l3') 120.8(3) 
C(8)-C(13)-C(12) 122.1(2) C(8')-C(13')-C(12') 120.5(3) 
C(15)-C(14)-C(19) 115.6(2) C(15')-C(14')-C(19') 116.7(2) 
C(15)-C(14)-B 12 1.7(2) C(l5')-C(l4')-B' 12 1.4(2) 
C(19)-C(14)-B 122.7(2) C(l9')-C(l4')-B' 121.8(2) 
C(14)-C(15)-C(16) 122.1(2) C(14')-C(15')-C(16') 122.1(3) 
C(15)-C(16)-C(17) 120.5(3) C(15')-C(16')-C(17') 119.9(3) 
C(16)-C(17)-C(18) 119.1(3) C(16')-C(17')-C(18') 11 9.7(3) 
C(17)-C(18)-C(19) 120.5(3) C(17')-C(18')-C(19') 120.0(3) 
C(14)-C(19)-C(18) 122.2(3) C(14')-C(19')-C(18') 121.5(3) 
O(1)-B-O(2) 98.5(1) O(1')-Br-O(2') 98.3(1) 
O(1)-B-C(8) 109.6(2) 0(l1)-B'-C(8') 108.8(2) 
O(1)-B-C(14) 109.8(2) O(1')-B'-C(l4') 111.7(2) 
O(2)-B-C(8) 108.5(2) O(2')-B'-C(8') 111.1(2) 
O(2)-B-C(14) 110.2(2) O(2')-B'-C(14') 108.6(2) 
C(8)-B-C(14) 1 18.4(2) C(8')-B'-C(l4') 116.8(2) 

Table 5. Intra-annular torsion angles (deg) with standard deviations in parentheses. 

Atoms Value(deg) Atoms Value(deg) 
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Kliegel et al 

Fig. 1. Stereoviews of the two independent molecules of 2a; 50% probability thermal 
ellipsoids are shown for the non-hydrogen atoms. 

Fig. 2. Stereoview of the packing arrangement of 2a; 50% probability thermal 
ellipsoids are shown for the non-hydrogen atoms. Broken lines indicate hydrogen 
bonds. 

lish unambiguously the expected regular five-membered chelates of various N-substituted hydroxarnic acid derivatives 
hydroxamatoborate ring structures 2 and 3 that correspond to (2, 37 69-11). 
the established ring systems of diphenyl- and difluoroboron The observed spectroscopic data could also be assigned to 
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Ph, P h  

alternative five-membered chelate ring systems, 4 and 5, or to 
the six-membered ring isomer 6.' Structure 4 would involve 
the alkanol and the carbonyl groups as chelating ligands, as 
found in the five-membered difluoroboron chelate moiety of 
compound 7, the molecular structure of which has been deter- 
mined by an X-ray crystallographic analysis (14). The five- 
membered isomer 5, which would have to be formed by a very 
weak N+B donor bond from the amide nitrogen atom to the 
boron atom, seems quite improbable. In the six-membered 
ring skeleton of the isomeric boron chelate 6 ,  however, the 
alkanol and the N-hydroxy groups would serve as coordinating 
ligands, as observed in the difluoroboron chelate ring portion 

of the fully characterized compound 8 (12). To exclude the 
possible alternative chelate ring structures (4 and 6 in particu- 
lar) an X-ray crystallographic analysis of compound 2a, which 
gave the best crystals, was carried out. 

The X-ray crystallographic analysis established the five- 
membered chelate ring structure (Fig. 1) analogous to those of 
the boron chelates of N-substituted hydroxamic acids (2, 3, 6, 
9-1 1). In 2a, as in the N-substituted hydroxamatoborates, the 
hydroxamic acid serves as a "normal" 0,O-bidentate ligand 
and forms the expected five-membered BONCO ring. This 
ring skeleton can also be ascribed, with a high degree of prob- 
ability, to the other diphenylboron derivative (2b) and to the 
difluoroboron derivative (3a). To the best of our knowledge, 
2a is the first structurally characterized example of an N- 
unsubstituted hydroxamatoborate complex in the literature. 
The crystallographic analysis is an especially important aspect 
of this work in view of the additional alternative modes of che- 
late formation offered by the a-hydroxy group neighboring 
the hydroxamic acid function. 

In the crystal the chelate rings of 2a are further stabilized by 
intermolecular O-H...O and N-H...O hydrogen bonds that 
form centrosymmetric tetrameric units (2a-tetramer, Fig. 2). 

8 Hydrogen bond geometry is as follows: 06')- 
H(03')...0(1)( -x, 1 - y, 1 - zI, 0-H = 0.85(3) A, O...H = 

(R1 = R2 = C6H5) 1.96(3) A, 0 . . . 0  = 2.708(2) A, 0-H...O = 146(2)"; N- 
H(N)...O(l')( -1 + x, y,  z), N-H = 0.90(2) A, N...H = 1.94(2) 

The formulae 2-6 depict only one important form out of the many A, N...O = 2.806(2) A, N-H...O = 161(2)"; and Nf- 
possible resonance structures for each of the molecules. H(Nf)...0(3')(1-x, 1-y, 1-z), N-H = 0.97(2) A, N...H = 
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Kliegel et al. 

1.96(2) A, N...O = 2.788(2) A, N-H...O = 159(2)". The tet- 
rameric assembly can be described as a centrosymmetric 
dimer composed of "primed" molecules that features a central 
10-membered ring containing two N-H...O bonds. The cen- 
tral ring is flanked by two "unprimed" molecules via one N- 
H...O and one O-H...O hydrogen bond each, forming eight- 
membered rings as shown in formula 2a-tetramer. The tetra- 
mers thus consist of two of each type of molecule (denoted by 
primed and unprimed atom labels) present in the solid state. 
Involved in the hydrogen bonding are the acidic hydroxamic 
acid N-H groups (the acidity of which is enhanced by the 
boron chelate formation) of all four molecules and the alco- 
holic 0 - H  groups of the two primed molecules that function 
both as H-bond acceptors and donors as depicted in 2a-tet- 
ramer. All four hydroxamic N-0  oxygen atoms act as H-bond 
acceptors, indicating higher electron density at these oxygen 
atoms than at the carbonyl oxygen atoms. The second pair of 
alcoholate 0 - H  groups (unprimed molecules) are involved in 
intermolecular, intra-tetramer 0-H..~(aromatic) interac- 
tions with the C(8'-13') phenyl rings, further stabilizing the tet- 
rameric unit (see Fig. 2). The H(03).-C(pheny1) distances 
range from 2.65(3) A for C(9') to 3.33 for C(12') (average 
3.00 A), and H(03) is displaced 2.56(3) A from the mean 
plane of the phenyl ring. All distances between the tetramers 
correspond to van der Waals interactions. 

The short C=N distances (1.292(2) and 1.293(2) A) show 
considerable double bond character, similar to that observed in 
the N-substituted hydroxamatoborates (2, 3, 6,9-11). Plots of 
.sr-bond order vs. C-N bond length (19) and calculation (20) 
indicate that the C=N bonds have a .sr-bond order of about 
0.85. The .sr-bond order of the C(1)-O(2) bonds (1.289(2) and 
1.284(2) A) is estimated to be about 0.56 from a plot of C-0 
distance vs. MO-.sr-bond order (21) and about 0.58 from cal- 
culation (20). These data fully support the B,N-betaine formu- 
lation of the chelates 2 and 3, displaying the partial double 
bond character of the C-N bond and the weakened double 

bond character of the C=O bond of the hydroxamate ligands. 
This tendency is distinctly pronounced in the boron chelates 
compared to the average bond distances found in hydroxamic 
acids and their metal complexes (22). The average C-N, C- 
0 ,  and N-0  bond lengths for the boron chelate 2a are 1.293, 
1.287, and 1.39 1 A, respectively. The corresponding values 
for metal chelates are 1.3 12, 1.269, and 1.376 A (22); and 
those for hydroxamic acids are 1.325, 1.247, and 1.394 A (22). 
The mean C-Blmean 0 - B  bond length ratio of 1.025 is similar 
to those reported for other hydroxamato borates and is slightly 
less than the average value of 1.035 for "Ph,BO," complexes 
having five-membered chelate rings (9, 10, 23), indicative of 
weak-to-intermediate binding strength of the 0,O-chelating 
ligand to the "Ph,Bf" moiety. 

The hydroxamate group and the cyclohexane ring are ori- 
ented roughly perpendicular to one another, with the hydrox- 
amate occupying an equatorial position, in both of the 
crystallographically independent molecules of 2a. Thus the 
N-H and C(2)-O(3) bonds are approximately coplanar, 
favoring the formation of the 10-membered hydrogen-bridged 
ring that is the central feature of the tetrameric associate of 2a 
(see above). The five-membered BONCO chelate rings in 
both of the independent molecules have flattened and slightly 
distorted B-envelope conformations while the cyclohexane 
rings have nearly ideal chair conformations (see Table 5). 
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Use of ''F NMR as a direct probe of A' 
desaturase cryptoregiochemistry: 
a feasibility study 

Peter Buist, Dale Marecak, Brian Dawson, and Bruce Black 

Abstract: "F NMR can be used to monitor the relative efficiency with which various fluorinated aromatic sulfides are 
oxidized by the A9 desaturating system of Saccharomyces cerevisiae. Thus the sulfoxy acids produced from methyl S-(4- 
(trifluoromethy1)benzyl)-8-mercaptooctanoate (34, methyl S-(4-(trifluoromethyl)phenyl-2-ethyl))-8-mercaptooctanoate (3e), 
and methyl S-(4-(trifluorornethyl)benzyl)-9-mercaptononanoate (4c) were observed in the supernatant of S. cerevisiae cultures at 
concentrations of -140, -45, and -10 pM, respectively. This paper lays the methodological basis for a novel, in vitro "thia 
test" of cryptoregiochemistry and provides further experimental evidence that the yeast A9 desaturase initiates oxidation of 
stearoyl CoA at C-9. 

Key words: I9F NMR, desaturase, chiral sulfoxidation, hydrocarbon activation. 

Resume : On a ut11isC la RMN du I9F pour Cvaluer 13efficacitC relative de I'oxydation de divers sulfures aromatiques fluorks 
par le systkme desaturant A9 du Saccharomyces cerevisiae. On a ainsi observC les sulfoxyacides produit B partir du S-(4- 
(trifluoromethyl)benzyl)-8-mercaptooctanoate de mkthyle (34,  du S-(4-(trifluoromkthyl)phenyl-2-Cthyl)-8-mercaptooctanoate 
de mCthyle (3e) et du S-(4-(trifluoromCthyl)benzyl)-9-rnercaptononanoate de mCthyle (4c) qui se retrouvaient dans le liquide 
surnageant les cultures de S. cerevisiae h des concentrations respectives d'environ 140,45 et 10 pM. Cette publication dtcrit les 
bases mCthodologiques d'un nouveau "thia test" in vitro de cryptorkgiochimie et elle fournit des donnCes expkrimentales qui 
suggkrent que le levure A9 dksaturase initie I'oxydation du stCaroylCoA en C-9. 

Mots clis : RMN du 1 9 ~ ,  disaturase, sulfoxydation chirale, activation d'hydrocarbures. 

[Traduit par la redaction] 

The biological syn-dehydrogenation (desaturation) of fatty have determined (4) that the yield of sulfoxide products 

acids as exemplified by the A9 desaturase-mediated wansfor- obtained upon incubation of 9-thia fatty acids, such as 3a-C, is 

rnation of stearoyl COA (1) to give oleyl c o ~  (2) is a remark- consistently higher than yields obtained with the correspond- 

able example of enzymic selectivity (1). A possible ing IO-thia analogues (4a,b) (Scheme 2). We have interpreted 
mechanism (2, 3) for this process involves regioselective this data to mean that yeast A9 desaturation is initiated at C-9 
hydrogen abstraction by an iron 0x0 species, followed by car- of the parent stearoyl substrate. Renewed interest in the mech- 
bocation formation and subsequent proton elimination anism of fatty acid desaturation has arisen recently with the 
(Scheme 1). We have devised a simple ‘‘this test" for deter- isolation and characterization of the soluble, plant A9 desatu- 
mining the site of initial oxidation (cryptoregiochemistry) that rases (5).  Unlike the membrane-bound, non-heme monoiron 
consists of comparing the relative efficiency of 0x0 transfer to A9 desaturases of which the S. cerevisiae and rat liver 

9- vs. 10-thia substrate analogues (Scheme 1). Using a whole enzymes are ~ r o t o t ~ ~ i c a l  examples (61, the plant enzymes are 

cell Succhajomyces cerevjsjne A9 desaturating system, we soluble and contain a cxboxylate-bridged, non-heme diiron 
center. It would be of considerable interest to compare the 

Received October 26, 1995 mechanisms of these two classes of desaturases and thus there 

P.H. Buist' and D.M. Marecak. Ottawa-Carleton Chemistry is an urgent need to modify our "thia test" so that it can be used 

Institute, Department of Chemistry, Carleton University, 1 125 with enzyme preparations and micromolar amounts of sub- 

Colonel By Drive, Ottawa, ON KIS 5B6, Canada. strate. In this communication, we wish to report a possible 
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Protection Branch, Health Canada, Tunney's Pasture, Ottawa, It occurred to us that if our thia analogues were labelled 
ON KIA 0L2, Canada. with an appropriately situated fluorine substituent, the desatu- 

Author to whom correspondence may be addressed. rase-mediated sulfoxidation could be monitored directly by 

Telephone: (613) 788-2600, ext. 3643 or 3589. ' 9 ~  NMR spectroscopy (7). Thus 4-(trifluoromethy1)phenyl 
Fax: (613) 788-3749. E-mall: pbu~st@ccs.carleton.ca substituted sulfides (3d,e, 4c) were synthesized in good yield 
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Scheme 1. 

SCoA 

- 10- 
HR 

[ via "+FA - -HR+ 2 1  

? 9 

Scheme 2. 

a ,  R =  nonyl 
R 9 

Regiochemical 'Thia test' 

via selective S-alkylation of the appropriate w-mercaptoal- preparation of 3e required the use of 4-(trifluoromethy1)phe- 
kanoic acids using previously published procedures (8). Com- nyl-Zethyl bromide (synthesized from 4-(trifluorome- 
mercially available 4-(trifluoromethy1)benzyl bromide was thy1)phenylacetic acid via a reduction (LiAlH,) - bromination 
used as the alkylating agent in the synthesis of 3d and 4c. The (PBr,) sequence). Racemic sulfoxide reference standards (Sd, 
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Communication 

Fig. 1. 'H-decoupled I9F NMR (376.5 MHz) spectra of cell-free supernatants 
containing micromolar amounts of sulfoxides (S-0) produced by oxidation of the 
corresponding sulfides (S) via the A9 desaturase of S. cerevisiae. (A): sulfoxide (5d) 
produced from sulfide 3d: (B): sulfoxide 5e produced from sulfide 3e; and (0: trace 
sulfoxide 6c  produced from sulfide 4c. An asterisk is used to designate an unknown 
trace impurity in the starting material. 

t . 1  I I 

-62.0 -63.0 -62.0 -63.0 - 62 .O -63.0 
PPM PPM PPM 

e, 6c)  were prepared by oxidation of the corresponding sulfide with results of previous experiments (9)). In each spectrum, 
methyl ester using one equivalent of m-chloroperoxybenzoic the ' 9 ~  resonance of the sulfoxy acid products3 appeared at 
acid-CH2CI2 (4) followed by hydrolysis using 2 N ethanolic lower field (A6 = 0.3 -0.5 ppm) than the signal due to the cor- 
KOH. All structural assignments were confirmed by 'H NMR, responding sulfide (Table I ) . ~  By adding a known quantity of 
MS, and elemental analyses. an internal standard (4-(trifluoromethyl)benzyl alcohol) after 

Each fluorinated substrate methyl ester (160 kmol) was incubation, the concentration of sulfoxide produced in each 
administered as 5% w/v ethanolic solutions to growing cul- experiment was determined as follows: 5d, -140 k M  (26%' 
tures (300 mL) of S. cerevisiae as previously described (4, 9). conversion of sulfide); 5e, -45 kM (8% conversion); 6c, -10 
After growth, the yeast cells were allowed to settle and 500 k L  p M  (- 2% conversion). These values for % conversion can be 
aliquots of the resultant clear supernatants were examined by 
l ~ - d e c O u ~ l e d  ' 9 ~ ~ M ~ . 2  The panial NMR spectra obtained in It should be noted that the sulfoxide product is produced in 
each experiment are displayed in Fig. 1. We were gratified to hydrolyzed form because the sulfide methyl ester must be 
see that the spectra were "clean" and exhibited two signals that converted to the corresponding CoA thioester in the yeast cell 
we were able to assign to substrate and product with the help of before attempted desaturation (= oxygenation) can take place. 
synthetic standards. (We did not see any fragmentation prod- The sulfoxide CoA product is hydrolyzed to the free carboxylate 
ucts arising from oxidative cleavage a to sulfur in accordance form upon its excretion into the culture medium (pH 7). As would 

be expected, the difference in I9F NMR chemical shifts for the 
free carboxylate and methyl ester forms of the sulfoxides is very 

D 2 0  (50 p.L) was added to each aliquot to provide a spectral lock. small and ranges from 0.00 to ca. 0.03 ppm at pH 7. 
Use of 'H decoupling eliminates unresolved, long-range coupling "nly a small amount of sulfide is seen in the supernatants since 
to neighbouring aromatic protons and results in a ca. twofold these compounds associate with and are taken up by the yeast 
increase in sensitivity. All "F NMR spectra were obtained on a cells. Indeed, I9F NMR spectra of the cell slurry in each 
Bruker AM 400 (9.4 T) spectrometer operating at 376.50 MHz experiment showed a broad (w,,, = 0.2 ppm) signal corresponding 
with a dedicated 5 mm I 9 F / ' ~  probe and " ~ - s ~ e c i f i c  to that of the starting material. 
preamplifier. A Bruker 400 MHz band-pass filter and a 376.5- An independent check of the validity of this value was 
MHz band-stop filter were used in the proton decoupler channel, accomplished by extracting 5d from the acidified culture medium 
and a 376.5 MHz band-pass filter and a 400 MHz band-stop using CH,C12, followed by methylating the carboxylic acid group 
channel were used in the fluorine observe channel for all with diazomethane (4). A 26% yield of sulfoxide was obtained, in 
acquisitions. Proton decoupling was achieved by using low power good agreement with the value estimated by "F NMR. The 
(composite phase decoupling). Chemical shifts are reported stereochemistry of this material was also assessed by 'H NMR 
relative to external trichlorofluoromethane (CFCI,) at 0.00 ppm. analysis using our newly developed (10) chiral shift reagent, (S)- 
Spectra were acquired with 32 K data points and processed with (+)-a-methoxyphenylacetic acid. This allowed us to assign the 
ca. 2 Hz line broadening after zero-filling to 64 K. Other "S' configuration to the major enantiomer ( ~ 9 6 %  ee), a result 
instrumental parameters include: T = 300 K, PW = 5.3 ms (90 matching that obtained previously (4) for the corresponding 
deg), RD = 3.0 s. Acquisition time: 15 min. nonfluorinated compound (5b). 
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Table 1. I9F NMR chemical shift data for trifluoromethyl 
aromatic fatty acid sulfides and the corresponding sulfoxides. 

'"F Chemical Shift (ppm)" 

Substratesc Produc tsc 66 ( P P ~ ) '  

"The uncertainty in the chemical shift values is based on data from at 
least five I9F NMR spectra. 

"6 = S(su1foxide)-S(sulfide). It is somewhat surprising that the A 6  for 
3e, 5e is greater than the AS for 3d, 5d despite the fact that the CF, group 
in 3e, 5e is Gne methylene group further removed from the sulfur atom. 
It is possible that premicellar aggregate formation is influencing the 
I9F chemical shifts although we find that the chemical shifts of both 
sulfoxides and sulfides do not vary appreciably over a concentration 
range of 5-150 pkl in biological media. 

'Detection limits are typically 10 FM using 15 rnin acquisition times. 

compared to the isolated yields obtained in previous experi- 
ments for the corresponding nortrifluoromethyl thiasubstrates: 
5b (49%, ref. 4) ,  5d (17%, unpublished data), 6b (6%, ref. 4). 
Thus it is clear that each of the fluorinated sulfides is less effi- 
ciently oxidized, by a factor of ca. 2-3, than its nortrifluoro- 
methyl analogue. This is an important result since it implies 
that the trifluoromethyl group is far enough away from the sul- 
fur atom so that it would not dramatically bias the outcome of 
a "thia test" involving the two fluorinated sulfides with equiv- 
alent chain lengths: 3e and 4c. The cryptoregiochemistry of 
various A9 desaturases could be assessed in vitro by monitor- 
ing the appearance of 1 9 ~  NMR si nals due to the correspond- F ing sulfoxide products, 5e and 6c. An additional advantage of 
this approach is that the chemicals shifts of the two sulfox- 

ides are sufficiently different (0.29 ppm, see Table 1) to allow 
the "thia test" to be conveniently camed out as a direct com- 
petition experiment. 

In summary, we have illustrated how some of the character- 
istics of ' 9 ~  NMR methodology (high sensitivity, lack of inter- 
ferences, wide chemical shift range) can be used to develop a 
novel probe for the mechanistic study of a long-neglected bio- 
logical reaction. 

Acknowledgement 

We wish to thank the Natural Sciences and Engineering 
Research Council of Canada (NSERC) for a postgraduate 
scholarship to D.M. and for financial support of this work. The 
technical assistance of Natalie Vo is greatly appreciated. 

References 

1. H. Cook. In Biochemistry of lipids and membranes. Edited by 
D.E. Vance and J.E. Vance. The Benjamin Cummings Publish- 
ing Co. Ltd., Menlo Park, Calif. 1985. pp. 191-203. 

2. P.R. Ortiz de Montellano. Trends Pharmacol. Sci. 10, 354 
(1989). 

3. J.R. Collins, D.L. Camper, and G.H. Loew. J. Am. Chem. Soc. 
113, 2736 (1991). 

4. P.H. Buist and D.M. Marecak. J. Am. Chem. Soc. 114, 5073 
(1992). 

5. B.G. Fox, J. Shanklin, J. Ai, T.M. Loehr, and J. Sanders-Loehr. 
Biochemistry, 33, 12776 (1994). 

6. J.E. Stukey, V.M. McDonough, and C.E. Martin. J. Biol. Chem. 
265,20144 (1990). 

7. C. Walsh. Adv. Enzymol. 55, 197 (1982). 
8. P.H. Buist, H.G. Dallmann, R.R. Rymerson, and P.M. Seigel. 

Tetrahedron Lett. 28, 857 (1987). 
9. P.H. Buist and D.M. Marecak. Can. J. Chem. 72, 176 (1994). 

10. P.H. Buist, D.M. Marecak, H.L. Holland, and EM. Brown. Tet- 
rahedron: Asymmetry, 6,7 (1995). 

It is reasonable to expect that the difference in "F NMR chemical 
shift of the CoA or ACP thioester derivatives of sulfoxides 5e and 
6c would be similar to the observed chemical shift difference of 
the free carboxylate forms of 5e and 6c (See footnote 4). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1995 R.U. Lemieux Award Lecture 
Ketenes and bisketenes: organic chemistry in 
microcosm1 
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Romeo M. Marra, Michael A. McAllister, and Thomas T. Tidwell 

Abstract: Silyl substituents stabilize ketenes, and permit the preparation of persistent bisketenes, which show characteristic I3c, 
170, and "si NMR chemical shifts. The structures and conformations of bisketenes have been examined, as well as their 
interconversion with cyclobutenediones. A tetraketene has been prepared, and the hydration reactivity of carbon suboxide has 
been measured. 

Key words: bisketenes, structures and conformations; cyclobutenedione interconversion. 

Resum6 : Les substituants silyle stabilisent les ctt6nes et ils rendent possible la prtparation de biscktknes persistants qui 
prksentent des dtplacements chimiques caracttristiques en RMN du I3c, du 170 et du " ~ i .  On a Ctudit les structures et les 
conformations des biscbtknes ainsi que celles de leurs produits d'interconversion en cyclobut&nediones. On a prCparC un 
tCtracCtkne et on a mesurt la rCactivitC d'hydratation du sous-oxyde de carbone. 

Mots clis : biscktknes, structures et conformations; interconversion en cyclobut6nediones. 

[Traduit par la redaction] 

The preparation of the first bisketene, carbon suboxide (I), by 
the dehydration of malonic acid, was reported in 1906 by Diels 
and Wolf ( la)  and it was soon found by Staudinger and Bereza 
(16) that the same bisketene could be obtained by a bisdehalo- 
genation (eq. [l]). 

Staudinger and Anthes (2a) attempted to prepare the sim- 
plest bisketene, carbon monoxide dimer 2, by an analogous 
dehalogenation route, but this was unsuccessful, and gave only 
carbon monoxide (eq. [2]). Despite strenuous efforts 2 is still 
unknown (26-d), although the most recent calculations predict 
that this molecule is an energy minimum (2e). Other investiga- 
tions have succeeded in the preparation of some higher carbon 
oxides, including C402 (2jg) and C,02 (2h,i), under gas phase 
or matrix conditions. 

Other bisketenes that Staudinger et al. attempted unsuccess- 
fully to prepare include 1,2-bisketene (3) and 1,4-quinoketene 
(4) (3a,b). Ketene 3 and a number of derivatives have subse- 
quently been prepared and observed under matrix isolation 

conditions, or in solution by fast UV or IR measurement tech- 
niques (3c-h) as reviewed elsewhere (4). The benzannulated 
analogue of 3, namely, 5, which is isomeric to 4, has also been 
studied (3i-k). Evidence has been obtained for the formation 
and polymerization of 4 by the reductive dehalogenation of 
terephthalyl chloride (4a) with alkali metals (3n), and this spe- 
cies has been directly observed, with an IR band at 2082 cm-', 
by photolysis of [2.2]paracyclophane- 1,lO-dione in an Ar 
matrix at 10 K (30). 
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14  ( R = H )  
1 6  (R = Me) 

// 
O 1 5 ( R = H )  

1 7  (R = Me) 

Several bisketenes in which the ketenyl groups are not 
directly bonded to one another have been prepared and 
directly observed, and examples 6-13 are shown (5a-h). 
These have been prepared by zinc dehalogenation of a-bromo 
acyl halides (6,7,10,12),  bis(dehydroha1ogenation) (8), pho- 
tochemical ring opening (9), and double Wolff rearrangement 
(13). Other reactions involving the conversion of two func- 
tional groups such as diazoketone (59 ,  dioxinone (5j), and iso- 
propenyl ether (5k) to ketenyl groups in molecules may have 
occurred successively so that bisketenes were never present. 

Investigations in our laboratory have focused on the influ- 
ence of silyl substituents in the stabilization of ketenes and 
bisketenes (6 ,7) .  Molecular orbital calculations at the MP2/6- 
3 1 G*//MP2/6-3 1 G* level for the isodesmic reaction of eq. [3] 
indicate that the SiH, substituent is 11.5 kcaYmol more stabi- 
lizing for ketene than is CH, compared to the effect on alkenes 
(6d,e). The ring opening of the cyclobutenedione 14 to the bis- 
ketene 15 is calculated (6g) to be exothermic by 4.9 kcaVmo1 
(eq. [4]).  These bisketenes are calculated to have the twisted 
conformation shown, as discussed in more detail below. 

Experimentally, the ring opening of 16 to 17 proceeds quan- 
titatively on heating, and there is good agreement between the 
calculated E,,, for ring opening of 14 of 27.2 kcal/mol and the 
experimental AHfof 29.4 kcaYmol for 16 (6g, 7a) .  This con- 
firmation of the predictive power of ab initio molecular orbital 
calculations of the stabilities of ketenes and analogous mole- 
cules has encouraged us to extend these studies, and useful 
results have also been obtained for isocyanates ( 7 4 ,  diazo 
compounds, allenes, diazirines, and cyclopropenes, as well as 
for a variety of ketenes (6d,e), and the magnitude of the stabi- 
lization is related to the coefficient of the cumulene LUMO 
( 7 4 .  

The origin of the stabilization of ketenes by silyl substitu- 
ents has been of interest since the first preparation of 
Me,SiCH=C=O (6a), when it was found that this ketene had 
no tendency to dimerize, in contrast to all other aldoketenes 
known at that time. Calculations predict that all of the cumu- 
lenes are stabilized by electropositive substituents (6d,e, 7 4  
but so far this effect has been most extensively investigated 
experimentally with ketenes. Two specific descriptive expla- 
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Allen et al. 

nations that have been advanced for this phenomenon are 
overlap of the C-Si a bond with the in-plane n bond of the 
carbonyl as shown in eq. [5] (6b), and also p,-d, donation of 
electrons from the electron-rich P-carbon of the ketene to sili- 
con as in 18b (6c). Molecular orbital calculations (6d,e) gave a 
quantitative measure of the stabilizing effect of silicon (eq. 
[3]), but the calculated structure of SiH,CH=C=O was 
inconclusive regarding any strong structural evidence for the 
type of overlap shown in eq. [5]. The alternative of p,-d, 
overlap is regarded as unimportant in other contexts (4a, 6f). 

Study of the I3c, 170, and 2 9 ~ i  NMR spectra of silylketenes 
and bisketenes (8a) provides evidence for the type of "neutral 
hyperconjugation" shown in 18a (8b). Thus the 13c and 170 

resonances of silylketenes are shifted upfield by 18.7-26.4 and 
59-85 ppm, respectively, compared to other ketenes, while the 
2 9 ~ i  resonance is shifted downfield by 4-12 ppm in compari- 
son to silylalkenes (Table 1). This is the effect expected if 
there is increased negative charge density on the carbonyl car- 
bon and oxygen, and increased positive charge on the silicon, 
whereas just the opposite effects would be expected if there 
were charge donation to the silicon, as in 18b. Chemical shifts 
are affected by a variety of factors besides atomic charges, and 
so the use of such shifts to evaluate "neutral hyperconjuga- 
tion" must be used with caution (8b), but nevertheless charges 
exert a major influence and the consistent results for three dif- 
ferent nuclei and a variety of substrates are highly supportive 
of the phenomenon shown in 18a. 

Calculations of the chemical shifts of Me,SiCH=C=O 
and (CH,),C=C=O using the IGLO method, basis set 11, 
with MP2/6-3 1 G* optimized geometries gave the results 
shown below, with experimental values in parentheses for 
comparison (8a). 

The calculated values are in reasonable but not exact 
agreement with the experimental values but, most impor- 
tantly, the calculations reproduce the large effects of Si sub- 
stitution on chemical shifts for I3c, (A8 calcd. 39.6, obsd. 
25.7 ppm) and 170 (A8 calcd. 78.7, obsd. 74 ppm). Some of 
the differences between the calculated and experimental 
chemical shifts may arise from factors such as solvent effects, 
but for the analysis of trends these calculated values appear to 
be quite useful. 

Other factors besides electronic charge distributions as 
shown in eq. [5] undoubtedly affect the chemical shifts, but 
nevertheless the fact that the observed shifts are consistent in 
all cases with the effects expected from electron donation 
from the C-Si bond to the carbonyl group, and opposite from 
the effects expected for electron donation toward Si, provide a 
powerful argument for the importance of the former effect as 
opposed to the latter. 

Similar behavior is also observed in a-silylated ketones, in 
which downfield shifts in the 2 9 ~ i  NMR of the silyl groups are 
observed relative to (CH,),Si and upfield shifts in the "0 
NMR are shown relative to non-silylated model compounds 
@a). 

For the parent bisketene 3 the HF/6-3 1 G*//HF/6-3 1 G* cal- 
culated relative energies of the twisted, anti, and syn confor- 
mations are 0.0, 2.4, and 4.0 kcaYmol, respectively (6g). The 
difference of 1.6 kcaYmol between the syn and anti conform- 
ers may be due to a repulsion between the electron-deficient 
C, carbons. For the SiMe, substituted bisketenes 17 the differ- 
ence between the syn and anti conformers is 8.2 kcaYmol(6h) 
and the larger difference of 6.6 kcaYmo1 evidently reflects a 
steric effect. 

The twisted conformation 17, with a dihedral angle of 105" 
between the ketenyl units, is calculated to be 2.8 and 11.0 kcaY 
mol, respectively, more stable than the anti and syn 
conformations corresponding to 17a and 17b (6h). A major 
population of the anti conformation 17a is also ruled out by 
the measured dipole moment of 2.7 D for the bis(trimethy1- 
silyl) analogue 17, compared to a measured dipole moment of 
1.7 D for Me,SiCH=C=O (6h). The syn rotamer 17b can be 
excluded from consideration because of the apparent large 
steric interactions and calculated low stability of this 
conformation. 
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Table 1. NMR chemical shifts in CDCI, of ketenes and reference 
compounds (8a). 

Ketene sI3C (Ca) 6"O iY9si 

"CH,CN solvent 

We have suggested that a major reason that the bisketenes 15  
and 17  are not coplanar is because of the repulsion between the 
electrons in the p orbitals at Cp of the ketenes (6g,h). These car- 
bons carry a high negative charge density, as evidenced by the 
remarkably high-field 13c NMR chemical shift of Cp in 17 of 6 
4.5, and, to avoid the T-.rr repulsion in a coplanar array as in 19, 
the dienyl units twist out of planarity. The phenomenon of 
unfavorable .rr-.rr interactions with electron-rich groups at Cp 
of ketenes has also been found in the computed geometries of 
ketenes substituted with the lone pair containing substituents 
OH, SH, NH,, and PH,, which are predicted (6d,e) to have con- 
formations in which the lone pairs are twisted out of conjuga- 
tion with the C--= .rr bond, as illustrated for NH, (20). This 
behavior has been confirmed experimentally for the ketene 
(CF,S),C=C=O, for which the twisted conformation 21 with 
the S 4 F 3  bond almost perpendicular to the molecular plane 
was found to be favored, using electron diffraction (9). 

The ortho isomer 5 of "quinoketene" 4 (3i-k) has been gen- 
erated in CH3CN solution at 23 +- 2OC by laser flash photolyis 
of benzocyclobutadienedione 22 (lOa), and directly observed 
by time-resolved infrared spectroscopy (TRIR). The rate con- 
stant for ring closure was measured as 1.9 x lo4 s-' both from 
the disappearance of the ketene band at 2128 cm-' of 5, and 

from the reappearance of the ketone band at 178 1 cm-I of 22 
(10a). This reclosure is calculated at the MP216-3 1G*l/MP2// 
6-3 lGa level to be exothermic by 38.2 kcallmol and, based on 
the observed rate constants and the assumption that A,'?= 0 for 
this process, the barrier to ring closure is 6 kcaltmol (l0a). 

The 38.2 kcal/mol greater stability calculated for 22 relative 
to 5 is remarkably high, for, even though 22 possesses an aro- 
matic benzene ring, this is fused to a strained cyclobutenedi- 
one ring. However, this latter ring system may possess some 
aromatic stability itself, and furthermore the 1,2-bisketene 
unit of 5 is destabilized relative to an ordinary diene, as shown 
by the isodesmic energy change of eq. [7] (64 .  The ketenyl 
groups of 5 are calculated to be twisted out of planarity with a 
dihedral angle of 34.2", and thus 5 resembles other bisketenes 
such as 15 and 17  in this respect. In the case of a coplanar con- 
formation of 5 there would be not only .rr-electron repulsion at 
Cp, but also repulsion of the positively charged C, carbonyl 
carbons. Antiaromaticity of 5 due to a high electron density at 
the two Cp ketenyl carbons giving 8.rr electron character simi- 
lar to that proposed for heptafulvenone 23 (lob) may also con- 
tribute to the high preference for 22 relative to 5. 

A variety of long-lived 1,2-bisketenes 24 substituted with 
stabilizing silyl groups ( R ~ I S ~  = Me3Si, t-BuMe,Si, i-Pr3Si) 
have been prepared from photolysis or thermolysis of the cor- 
responding cyclobutenediones (25), as shown in eq. [8] (7). 
When these bisketenes have two silyl substituents they are ther- 
modynamically stable relative to the cyclobutenedione precur- 
sors (7a), but in examples substituted with one Me3Si group and 
either Ph (26) or Me (27) the bisketene is rather long lived at 
room temperature, but reverts to the more stable cyclobutene- 
dione at measurable rates at higher temperatures (7b,c). 
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tolysis and UV detection were sufficient for observation of the 
bisketenes, which were found to have half-lives of 1 h and 18 

RiSi u; s, respectively, at 25°C. Summarizing the examples that have 
been observed, the scale of reactivities is as shown. The 

[81 observed difference between 26 and 5 is a factor of 10'' and, 

R 
based on the measured rate of ring opening of 16 to 17 and the 

R O//C equilibrium constant for this process estimated by the calcu- 
25 24 lated energy difference of the process for R = SiH3 of 4.9 kcall 

mol (eq. [4]), the rate of ring closure of 17 may be estimated as 
less than that of 26 by a factor of lo5, giving a total span in 

Me3Si 
reactivity of 10". 

1: 
As noted above, bisketenes 4 and 6-13 where the ketenyl 

groups are non-adjacent have been prepared and directly 
observed (5). Poly(ketenes) have also been generated (1 1) by 
photolysis of poly(cyc1obutenediones) in a matrix at 30 K, as 

O//C 
in the conversion of 29 to form hexa(ketene) 30, which dis- 
played an IR band at 21 15 cm-' (eq. [lo]). Further photolysis 

26 (R = Ph) led to decarbonylation and possible formation of cyclooctade- 

27 (R = Me) canonyne (CI8). 

Using flash photolysis and time-resolved infrared detection, 
a number of rather unstable 1,2-bisketenes have been gener- R' 

C 
ated and directly observed (10a). The examples 26 and 27 

//O 

bearing a single Me3Si are quite long lived at room tempera- 
ture and their ring closure to the thermodynamically more [gl 
stable cyclobutenediones was only observed at elevated tem- 
peratures. Surprisingly, for the long-known examples 28a 

I-[+ 
& R2 

(R' = Ph, R2 = H) and 28b (R' = R2 = Ph) conventional pho- R2 0 0 

Relative rates of cyclobutenedione formation from bisketenes: 

R1,R' Me$, Me$ Me&, Ph Me,Si, Me Ph, H Ph, Ph uC 
17 26 27 280 28b 

\o 
5 

Using the route shown in Scheme 1 we have prepared the 
bis(cyc1obutenedione) precursor 32 for a long-lived tetraketene 
33 stabilized by Me3Si groups, and studied its reactivity (12). 
Photolysis of 32 with 350 nm light led to the formation of a new 
species with A,,,, 280 nm and an 'H NMR spectrum ascribed to 
the tetraketene structure 33, formed by photochemical ring 
opening of 32, probably by a stepwise process via the bisketene 
34 (eq. [I  11). Evidence for the structure of 33 includes the kete- 

nyl IR band observed at 2086 cm-', which is comparable to that 
at 2093 cm-' for bis(ketene) 26 (7b,c), and the very distinctive 
signals in the I3C NMR spectrum at 6 6.9 and 32.8 for the Me3Si 
and aryl-substituted ketenyl carbons, as compared to the values 
for the corresponding carbons of 26 at 6 7.9 and 33.5, respec- 
tively. Upon heating of 33 with monitoring of the UV absorp- 
tion the initial conversion of 33 to 34, and then a slower 
conversion of 34 to 32 could be observed. 
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Scheme 1. 

We have also been attracted (13) to the study of reactivity of suboxide is known to react with water to form CH2(C02H),, 
carbon suboxide, the first bisketene (I), which despite its long with alcohols ROH to form esters CH2(C02R),, and with HCl 
history has seldom been the object of mechanistic examination to form CH2(COC1), ( 1 5 ~ ) .  As shown in eq. [12] for alcohol 
(14, 15). In particular, the hydration reactivity of C302 was of addition, acylketenes 35 have been implicated as intermediates 
interest both for comparison to other ketenes (16, 17), and also in these reactions (156) but these have not been well charac- 
because of a recent proposal (14a) that C302 is present on comet terized when formed from this source because their reactivity 
Halley, which is largely composed of water ice (14a). Carbon toward nucleophiles appears comparable to that of C302. 

ROH ROH 
[I21 O=C=C=C=O A R02CCH=C=0 - CH2(C02R)2 

1 35 

Experimentally the hydration reactivity of C302 is less than 
that of CH,==C=O in both the acid-catalyzed and neutral reac- 
tions, by factors of 5.2 x lo4 and 2.5 x lo3, respectively, in water 
at 25°C. Only a single rate process was observed in each case, 
and this is assigned to the initial reaction of carbon suboxide. 

As a guide to understanding this behavior and to test possi- 
ble mechanistic proposals, the structures and energies (Table 
2) of some of the species involved in these reactions were cal- 
culated by ab initio methods at the MP216-31G* + ZPVE// 
MP2/6-31G* level, as has been done previously for other 
ketenes (6d,e,g, 16). 

The mechanism of ketene hydration has been interpreted 
(4a, 17) as involving an initial nucleophilic attack by H,O at 
the carbonyl carbon to give a rather polar transition state 
resembling 36 that is also solvated by additional water mole- 
cules. This forms an intermediate enediol 37, or the corre- 
sponding enolate, and then is rapidly converted to acetic acid 
(eq. [13]). This mechanism is favored even though the addition 
of water to the C=C bond to form acetic acid directly is more 
favorable, but the calculated barrier via 36 is lower than that 
for addition to the C==C bond, which involves rehybridization 
of both carbon atoms. 

The analogous addition of H 2 0  to C302 could occur by 1,2- carboxylic acid 39 (eq. [14]). Just as for CH2=C=0 (16), the 
addition to the C=O bond to produce as the first intermediate direct addition of H 2 0  to the C=C bond of C30, to form 39 is 
the geminal diol38, which could then isomerize to the ketenyl calculated to be of lower energy than is formation of 38 but, 
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although the barriers for the formation of 38 and 39 have not  ore favorable for C30, compared to CH,<=O, and so this 
been calculated, formation of the geminal dial is relatively route (eq. [141) appears plausible for C30, as well. 

For the reaction of C302 in dilute HC1, the linear depen- 
dence on [H+] of the rate and the isotope effect (kH+lkD+ = 
1.21), are both consistent with a mechanism involving rate- 
limiting proton transfer to Cp (eq. [15]), as has been proposed 
for other ketenes (4a, 6f, 17). Protonation at Cp  in C3.02 would 
be favored by the hi h negative charge density at this carbon, 

!? as indicated by the ' C NMR chemical shift of 6 - 14.6 (15e), 
and by the favorable bisacylium-type resonance expected for 
this species, as shown in 40. Whether or not 40 would have a 
sufficient lifetime under the conditions to exist as a genuine 
intermediate is a question that cannot be answered at present. 

The calculated results in Table 2 indicate that the gas phase 
protonations of both C302 and CH,=C=O are favored to 
occur at carbon rather than at oxygen, and that protonation is 
predicted to be more favorable for ketene than for C302, by 
16.3 kcaUmo1, in agreement with the experimental results. 

As noted above there is a recent proposal (14a) that the 
source of atomic carbon in the coma and nucleus material of 
comet Halley could be C302. In particular it was envisaged 
(14a) that photolysis of C302 to produce atomic carbon (14b) 
could give rise to the carbon observed. However the apprecia- 
ble reactivity of C30, with liquid water, and the fact that 

comet Halley is composed mainly of water ice, which is 
warmed significantly during the passages of the comet near 
the Sun, raises the question of whether any C302 ever present 
on comet Halley could survive during the long existence of 
this celestial body. Uncertainties as to the actual proximity of 
the putative C30, and the water ice, and the temperature, pre- 
clude a definitive judgment. Experiments to test the reactivity 
of C302 in an ice matrix may be informative in this regard. 

Table 2. MP216-3 lG* + ZPVEIhlP216-3 lG* calculated energies 
(kcal/mol) for reactions of carbon suboxide and ketene. 

Reaction AE (kcaumol) 

O=C=C=C=O + H+ + O = C = C H ~ = O  -182.9 
CH,=C=O + H+ + C H , ~ = O  -199.2 
O=C=C=C=O + H,O + (HO),C=C=C=O 9.9 
O=C=C=C=O + H,O + HO-CEC-C0,H 19.6 
04=C=C=0 + H,O + HO,CCH=C=O -23.5 
(HO),C=C=C--V + HO,CCH=C=O -33.4 
HO-CeC-CO,H + HO,CCH=C=O 4 3 . 0  
H02CCH=C=0 + H,O + HO,CCH=C(OH), -20.2 
CH,=C=O + H,O + CH,=C(OH), -6.0 
CH,=C(OH), + CH,CO,H -35.4 
HO,CCH=C(OH), + CH,(CO,H), - 12.3 
O=C=C=C=O + OH- + -0-CEC-C02H -62.2 
-0-CeC-CO,H + HO-CEC-C02- 31.5 
-0-CEC-CO,H + O=C=CH-CO; -1 1.2 
CH,=C=O + OH- + CH,=C(OH)O- -75.6 
CH,=C(OH)O- + CH3C02- -30.7 

In summary, our studies of bisketenes, which have been 
underway since 1992, and some of which are described here, 
have involved organic synthesis, kinetic and theoretical stud- 
ies, flash photolysis, spectroscopy, stereochemistry, and pho- 
tochemistry. Further studies in polymer and 'organometallic 
chemistry are underway. Thus ketenes provide a view in micro- 
cosm of much of the field of organic chemistry. Each new 
advance has revealed even more opportunities in this area, and 
we look forward to the new discoveries that will appear in the 
last decade of the first century of bisketene chemistry. 
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1995 Merck Frosst Award Lecture 
Quinone methides: relevant intermediates in 
organic chemistry1 

Peter Wan, Beverly Barker, Li Diao, Maike Fischer, Yijian Shi, 
and Cheng Yang 

Abstract: ortho and para-Quinone methides (2-methylene-3,5-cyclohexadien-I-one and 4-methylene-2,5-cyclohexadien-1- 
one, respectively) are intermediates in a variety of important chemical systems. In particular, o-quinone methides are useful in 
synthesis for the construction of chroman ring systems. A brief account of the relevance of quinone methide chemistry will be 
provided. This is followed by a review of recent studies from our laboratory on efficient methods for the photogeneration of 
quinone methides, concentrating on the use of hydroxy-substituted benzyl alcohols in aqueous media. It is shown that this 
method is general since it provides access too-, 171-, andp-quinone methide isomers. When appropriately substituted, all of these 
quinone methide isomers have been spectroscopically characterized by laser flash photolysis, making this technique the one of 
choice for studying the dynamics of these reactive intermediates. The mechanism of photochemical generation from 
hydroxybenzyl alcohols and extensions of the reaction to photogeneration of fluorenyl and biphenyl quinone methides will also 
be presented. 

Key words: quinone methide, biphenyl quinone methide, carbocation, photosolvolysis, photodehydroxylation, hetero-Diels- 
Alder reaction. 

R6surnC : Les mCthides d'o- et p-quinones (respectivement 2-mCthylknecyclohexa-3,5-dikn-I-one et 4-mCthylknecyclohexa- 
2,5-dikn-1-one) sont des intermediaires dans une variCtC de systkmes chimiques importants. En particulier, les mCthides d'o- 
quinones sont utiles en synthkse pour la construction de systkmes incorporant le noyau chromane. On fournit un bref rCsumC de 
l'importance de la chimie des methides de quinone. On prCsente ensuite une revue des Ctudes rCcentes rCalisCes dans notre 
laboratoire sur des mCthodes efficaces de photogCnCration des mCthides de quinone, en se concentrant sur l'utilisation, en 
milieux aqueux, d'alcools benzyliques substituCs par des groupes hydroxyles. On montre que cette mCthode est gCnCrale 
puisqu'elle permet d'obtenir facilement les isomkres ortho, mCta et para des methides de quinone. Lorsqu'ils sont substituts 
d'une faqon adtquate, tous ces isomkres de methides de quinone ont pu Etre caractCrisCs d'un faqon spectroscopique par 
photolyse Cclair au laser qui en fait une technique de choix pour I'ttude dynamique de ces intermkdiaires rCactifs. On prCsente 
aussi le mecanisme de la gCnCration photochimique B partir des alcools hydroxybenzyliques et des extensions de la rCaction B la 
photogtntration des mCthides de quinones dCrivCs du fluortnyle et du biphinyle. 

Mots clCs : mtthide de quinone, mCthide de quinone du biphinyle, carbocation, photosolvolyse, photodCshydroxylation, riaction 
d' hCtCro-Diels-Alder. 

[Traduit par la ridaction] 

Introduction 2) with the meta isomer 3 being of theoretical interest (3). 
Unlike BQs and QDMs, QMs are highly polarized and hence 

Quinone methides (Q"s) 2, are structurally to both are reactive under both nucleophilic and electrophilic condi-. 
benzoquinones (BQs) and quinone dimethides (QDMs, also 
known as o-xylylenes). As is the case for BQs and QDMs, two 
isomers of QMs are well known (ortho and para isomers 1 and 
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Scheme 1. 

tions (1, 2). Since reaction generally gives an aromatic phenol 
ring, the driving force inherent in this transformation makes 
QMs highly reactive intermediates. 

ortho-Quinone methides are widely used in organic synthe- 
sis for carrying out "reverse electron demand" Diels-Alder 
[4+2] cycloadditions with electron-rich alkenes, to give chro- 
man derivatives (1, 2,4). Because of this utility, various ther- 
mal methods for generating o-QMs have been developed 
during the last two decades, including methods involving 
Ag,O oxidation of phenols (5), high-temperature dehydration 
of o-hydroxybenzyl alcohols (6), fluoride-induced desilylation 
of silyl ethers (7), and thermal extrusion of small molecules 
(8). Generation of o-QMs from the extrusion of phenyl boronic 
acid from 1,3,2-benzodioxaborins has been reported by Lau 
and Defresne and co-workers (9) as a simple and general 
method for making o-QMs for synthesis (Scheme 1). The 
required 1,3,2-benzodioxaborins are readily made by conden- 
sation of phenylboronic acid with phenol and the required 
aldehyde. The o-QMs obtained from this method were trapped 
using a variety of standard agents such as ethyl vinyl ether and 
a ketene acetal. The cycloaddition of an o-QM with an elec- 
tron-rich alkene has been employed as a key step in total syn- 
theses, some representative examples are carpanone (lo), 
hexahydrocannabinol(7), and thielocin A1 P (1 1). 

para-Quinone methides have also been used in synthesis, 
notably by Angle et al. (12). In these systems, p-QMs were 
generated, via Ag,O oxidation of the corresponding p-substi- 
tuted phenol, that subsequently react via (a) formal [3+2] 
cycloaddition with an alkene, to give indanes or (b)  undergo 
intramolecular cyclization to give a variety of p-hydroxyphe- 
nyl-substituted ring systems. 

p O M s  are believed to be crucial intermediates in the bio- 

the polymerization process to yield lignin. The aging of lignin 
can also involve formation of transientp-QMs in the chemistry. 

p-QMs have been proposed to be the key intermediates in 
the known toxicity of common phenols found in spices, fla- 
vouring agents, and food preservatives such as BHT (butyl- 
ated hydroxytoluene) (14). These phenols are oxidized during 
the metabolic process to their corresponding p-QMs, which 
are believed to be responsible for their toxicity, due to their 
ability to alkylate cellular macromolecules such as proteins 
and DNA. The highly electrophilic character of QMs also 
makes them useful as the critical intermediate of several anti- 
tumour/antibiotic drugs (14a). For example, the mode of 
action of mitomycin C (a clinically used anticancer drug) 
involves a bioreductive step (Scheme 2) followed by loss of 
CH,OH and opening of the aziridine ring, to generate an o- 
QM, which alkylates DNA (14a, 15). Due to the relevance of 
DNA alkylation by QMs, studies have been directed at 
sequence-specific alkylation of DNA using both thermally 
and photochemically generated QMs (16). 

In view of the widespread relevance of QMs in organic and 
biological chemistry, it would be desirable to devise a general 
photochemical method for forming QMs since this would 
allow one to study their reaction dynamics without the encum- 
brance associated with thermal methods. During our studies of 
photosolvolysis of benzyl alcohols, we were fortunate enough 
to recognize that a simple and general photochemical method 
is indeed available using readily available substrates. More- 
over, the method is capable of generating m-QMs, in addition 
to the more common ortho and para isomers. The rest of this 
review summarizes our work on QM photogeneration carried 
out during the last decade. 

sybthGsis and subsequent chemistry of lignin (13). The poly- Photosolvolysis of hydroxybenzyl 
merization of coniferyl alcohol, the predominant p-coumaryl alcohols: parent quinone methides 
alcohol of softwood lienins, is believed to involve initial cou- - 
pling of two coniferyl alcohol phenoxyl radicals, to give various For many years, our interest was focused on photochemical 
p-QM structural isomers, which subsequently react further in reactions of aromatic substrates that could be thought to arise 
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Scheme 2. 
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DNA ahlation - 
CH3 CH3 

OH NH2 OH NH2 

/ o-quinone rnethide 

DNA cross-linking 

CH3 wH2Nm OH NH2 

from a change in acidity or basicity of an attached functional 
group on excitation to the excited singlet state (S,) (17). Much 
of the pioneering work in this area is attributable to Wan and 
Yates (18) who in the early 1980s first studied in mechanistic 
detail the photohydration of aromatic alkenes and alkynes via 
S,, in neutral or moderately acid aqueous solution, conditions 
under which thermal hydration was nonexistent. The rationale 
for the more efficient photohydration of these substrates was 
believed to be due to the enhanced basicity of the alkene or 
alkyne moiety in S,  (17, 18), arising from significant charge 
delocalization from the benzene ring to the unsaturated moiety. 

At about the same time, Wan, Yates, Turro, and co-workers 
(19,20) showed that certain benzyl alcohols efficiently photo- 
solvolyzed by formal loss of hydroxide ion (photodehydroxyl- 
ations) to give the corresponding carbocation intermediates. 
These reactions could also be thought of as arising from a 
change in excited pK,. That is, the benzyl alcohol becomes a 
stronger pseudo base in S,  (or the corresponding benzyl cation 
becomes a weaker pseudo acid in S , )  (eq. [I]) (17). Using this 

simple idea, we investigated the possible photodehydroxyla- 
tion of a wide variety of benzyl alcohols (17,20) and discovered 
several interesting systems that showed particularly efficient 
reaction, some of which are summarized in Chart 1. Two of the 
most reactive systems were 2,6-dimethoxybenzyl alcohol (6) 
and 9-fluorenol(7), both reacting via initial C-OH bond het- 
erolysis to give the corresponding carbocation intermediate. 
When only one o-methoxy group was used (0-methoxybenzyl 
alcohol (5)), the quantum yield for methyl ether formation ((3) 
was reduced significantly. However, o-hydroxybenzyl alcohol 
(4) reacted with a @ value approaching that of 6 and we pro- 

Chart 1. Quantum Yield 

OCH, 0CH3 OCH, 

OCH, OCH, 
6 

posed at the time a mechanism involving assistance of the o- 
hydroxyl group and that, instead of a benzyl carbocation inter- 
mediate as required for 5-7,4 reacted via o-QM 1. 

Phenols and hydroxyaromatics are known to be much stron- 
ger acids in S ,  (17, 21) with pKa(Sl) values generally in the 
1 4  range, 6-9 orders of magnitude more acidic than in the 
ground state. The enhanced electron-donating power of the 
oxygen substituent in S1 is responsible for the increased acid- 
ity of the phenolic hydroxyl group (eq. [2]). Yates and co- 
workers (22) have shown that use of an o-hydroxyl group 
results in more efficient photohydration of styrene and phenyl- 
acetylene. They proposed that a fast intramolecular proton 
transfer from the more acidic ArOH to the alkyne or alkene 
moiety is responsible for the enhanced reactivity. A similar 
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Scheme 3. 

endo (major) exo (minor) 

R R 

endo (major) exo (minor) 

mechanism could be envisioned for the reaction of 4 in which 
loss of hydroxide ion is concerted with deprotonation of the 
phenolic proton, giving rise to o-QM 1, resulting in a more 
efficient photosolvolysis reaction. Additional evidence for for- 
mation of 1 from 4 came from the discovery of a photoconden- 
sation reaction to form phenol-formaldehyde resins on 
photolysis of 4 in basic aqueous solution (23). In the initial 
step of this process, photochemically generated 1 is alkylated 
at the benzylic carbon by the substrate (via the ortho position 
of the phenol), which is sufficiently nucleophilic in the phenol- 
ate form. This step gives rise to a "dimer" of 4 that on subse- 
quent photoreaction gives rise to phenol-formaldehyde 
oligomers. 

Prior to our investigations of QM photogeneration, occa- 
sional reports of photochemical methods for their generation 
have appeared in the literature. Some of these methods have 
involved (i) decarbonylation of lactones (24); (ii) photolysis of 
o-hydroxybenzyl derivatives (25); (iii) photoisomerization of 
chromenes (26); and (iv) photolysis of benzoquinones and 
Vitamin K derivatives (27). None of these methods could be 
considered to be general since only selected o-QMs were pho- 
togenerated. We decided to investigate the full potential of 
using hydroxybenzyl alcohols as photochemical precursors of 
QMs since all three isomers (ortho, meta, andpara) of the sub- 
strate were readily available and there was potential that all 
three isomers might react to give the corresponding QM. We 
discovered that this was indeed the case (28). 

\ ,  

Product studies provided the initial evidence for a general 
method of QM photogeneration (28). For example, photolysis 
of o-hydroxybenzyl alcohols 4 and 9 in aqueous CH,CN in the 
presence of ethyl vinyl ether or dihydropyran gavethe corre- 
sponding [4+2] cycloaddition products (Scheme 3) in > 80% 
yield. Photolysis of 4,9, and the corresponding meta and para 
isomers 10-13 in aqueous methanol gave the corresponding 
methyl ethers with quantum yields in the order o > m >> p. The 
corresponding methoxy derivatives of these compounds, e.g., 
15, showed much less or no reaction, confirming the require- 

ment of a hydroxy group and hence consistent with a mecha- 
nism involving a QM in the reaction of the hydroxy- 
substituted benzyl alcohols. Product studies of photosolvoly- 
sis of o-aminobenzyl alcohol in CH,OH-H,O are consistent 
with formation of an o-quinone methide imine intermediate 

(29) although such intermediates are not readily trapped with 
dienophiles. 

We have also shown that intramolecular trapping of a pho- 
togenerated o-QM can be readily accomplished using o- 
hydroxybenzyl alcohol 16 (Scheme 4).3 Photolysis of 16 in 
aqueous CH3CN resulted in high yields of the expected tet- 
rahydrocannabinol derivative 18 via 17. Interestingly, under 
the same conditions, o-hydroxybenzyl alcohol 19 gave no 
reaction. However, photolysis of 19 in 1:l CH30H-H,O 
resulted in high yields of methyl ether 22, indicative of forma- 
tion of o-QM 20. The failure of o-QM 20 to undergo [4+2] 

- - - 

9. Barker and P. Wan. Unpublished results. 
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Scheme 4. 

cycloaddition to give 21 is simply due to the fact that the ter- 
minal alkene used as the "dienophile" in this reaction is not 
sufficiently electron rich to compete with nucleophilic 
quenching of 20, which gives back substrate when H,O is the 
only nucleophile. 

Direct evidence for QM photogeneration came from nano- 
second laser flash photolysis (LFP) studies of a-phenyl-substi- 
tuted hydroxybenzyl alcohols 9, 11, 13, and 14 and some of 
their corresponding methoxy-substituted derivatives (28). LFP 
experiments were carried out at 20°C using a YAG laser at 266 
nm of flowing solutions to avoid complications arising from 
product photolysis and long-lived species. LFP of each of 9, 
11, 13, and 14 gave strongly absorbing transients all of which 
were unaffected by oxygen and which could be quenched by 
adding ethanolamine as nucleophile. Shown in Fig. 1 are the 
spectra observed for 9 and 13, which we have assigned to their 
corresponding QM. LFP of their rnethoxy-substituted deriva- 
tives (on the benzene ring) failed to give any signal consistent 
with QM formation from 9 and 13. The transients in Fig. 1 
showed no observable decay in neutral pH (up to 2 ms, the 
longest time window of the detection equipment used). 
Indeed, LFP is unnecessary for 9 and 13 since we found that 
when solutions were photolyzed in a cuvette and UV-vis spec- 
tra taken quickly, it was possible to observe the clean decay (to 
base line) of the same transients, with lifetimes in the order of 
5 4 0  s depending on the proportion of water used. 

Transients observed on LFP of 11 and 14 were also strong 
but much shorter lived (30 ns and 10 ps, respectively) (Fig. 2). 
The I,,, and bandshape of these spectra are essentially iden- 
tical to the corresponding diary1 and triarylmethyl cations pho- 
togenerated by McClelland et al. (30) using photoheterolysis 
of appropriate arylmethyl substrates. Although McClelland et 

al. (30) did not photogenerate m-hydroxy-substituted arylme- 
thy1 cations, the lifetimes of those that were reported are infor- 
mative. For example, diarylmethyl cations without strongly 
stabilizing substituents have lifetimes of less than 10 n s  in 
aqueous solution and are not detectable by standard nanosec- 
ond LFP; T was estimated to be 1 and 6 ns for the diphenyl- 
methyl and the (p-rnethylpheny1)phenylmethyl cations, res- 
pectively. The lifetimes of the parent trityl (triphenylrnethyl) 
cation and the (m-methoxyphenyl)diphenylmethyl cation 

~ ~. 

were measured to be 7 and 6 ps, respectively. It isclear that 
the transients observed from 11 and 14 are arylrnethyl car- 
bocations, but their lifetimes are too long to be simply the cor- 
responding m-hydroxy-substituted species. The rationale is as 
follows. The deprotonated hydroxy group (0-) is an electron- 
donating group on the benzene ring, at either the meta or para 
position (u,,, = -0.47; u, = -0.81) (31), unlike the simple 
hydroxy group, which is hctually electron withdrawing at the 
meta position (u,,, = +0.12) (3 1). If the transient from 11 were 
simply the (m-hydroxypheny1)phenylmethyl carbocation, its 

~ ~~ 

expected lifetime in aqueous solution, using data from 
McClelland et al. (30), would be less than 1 ns and hence not 
observable using our LFP system. Its much longer observed 
lifetime (30 ns) is consistent with a deprotonated hydroxyl 
group. Additional evidence that the transients observed in 
Fig. 2 are not simple arylmethyl cations is the fact that the cor- 
responding 3-methoxy derivative of 14 did not give any 
observable transient by LFP. Moreover, 11 and 14 (and not 
their corresponding 3-methoxy derivatives) gave high yields 
(>SO%) of the corresponding methyl ether products on photol- 
ysis at 254 nm in 1: 1 MeOH-H,O. We thus assign the tran- 
sients in Fig. 2 as m-QMs 25 and 26, from 11 and 14, 
respectively. m-QMs and m-xylyl systems in particular have 
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Fig. 1. Spectra observed on LFP of hydroxybenzyl alcohols 9 and 13 in aqueous CH,CN. These 
transients showed no observable decay within the 2 ms time scale, the longest available using the 
detection system employed (reprinted with permission from the American Chemical Society). 

250 300 350 400 450 500 550 600 650 

Wavelength (nm) 

Fig. 2. Transient spectra observed on LFP of 11 and 14 in aqueous CH,CN. Inset: clean first-order 
decay of 26 with a lifetime of 10 ys. The lifetime of 25 was 30 ns (reprinted with permission from 
the American Chemical Society). 
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Fig. 3. Plot of relative quantum yield for formation of 23 from 9 vs. pH, as 
measured by AA at A,,, = 450 nm using LFP. 

Scheme 5. 

received considerable theoretical and experimental study (3). 
The present method offers a simple and efficient way for pho- 
togenerating m-QMs in their zwitterionic singlet states. 

A particularly informative measurement available from 
LFP studies is the measurement of relative quantum yield for 
QM formation as a function of pH or in different solvents. 
Such relative quantum yields are readily measured by record- 
ing the absorbance change (AA) at the wavelength of interest 
(A,,, of transient) on photolysis at a particular pH (or solvent) 
and taking the average of several runs, keeping the absorbance 
at A,,,,, (266 nm) constant. A plot of relative quantum yield for 

formation of 23 from 9 versus pH is shown in Fig. 3.4 The 
sharp increase in the yield of 23 between pH 1 and 3 indicates 
that excited state dissociation to the electronically excited phe- 
nolate ion is a required step in the mechanism. This plot is 
essentially a titration curve with an estimated pK,(S,) ~ 2 . 5  for 
this compound. Direct excitation of the ground state phenolate 
ion also results in higher yields of 23, as indicated by another 
titration curve with pKa(So) ~ 9 . 8 .  These observations may be 
rationalized with a mechanism shown in Scheme 5. The prod- 

L. Diao and P. Wan. Unpublished results. 
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Scheme 6. 
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31 
syn and anti 

(reprinted with permission from the American Chemical Society) / \ / \ 0 
uct-forming step is loss of hydroxide ion of the excited state 
phenolate ion9a*. Excitation of 9 at pH <8 results in 9*, which 
dissociates to 9a*. Since the yield of 23 is lower at these pHs, 
it implies that this equilibrium is not fully established, which is 
reasonable since fluorescence, intersystem crossing, and inter- 
nal conversion are competing deactivational modes still avail- 
able for 9* (and 9a*). The possibility of a contributing pathway 
to 23 via carbocation 9b  cannot be excluded although the frac- 
tion reacting via this route is probably small since the corre- 
sponding methoxy derivative 15 is significantly less reactive 
in photosolvolysis than 9. 

Recent LFP studies of the parent o-hydroxybenzyl alcohol 4 
and related compounds show that the parent o-QM chro- 
mophore (e.g., 1,17, and 20) absorbs with A,,, = 390 nm with 
lifetimes in aqueous solution that are considerably shorter than 
those of 23 and 24.4 LFP experiments of these simpler systems 
are complicated by observation of the corresponding radical 
cations, which absorb in the same region but have much 
shorter lifetimes. We have also extended the above method for 
QM photogeneration to a variety of other systems that for- 
mally have an o-hydroxybenzyl alcohol moiety. For example, 
photolysis of Vitamin B6 in the presence of ethyl vinyl ether4 
gave the expected [4+2] adduct, implying that a variety of 
related o-QMs based on the pyridine ring system will be pho- 
togenerable. Additional examples are described individually 
in the sections that follow. 

Biphenyl quinone methides 

It was our venture into diary1 ether photochemistry that led to 
the discovery of a method for photogenerating biphenyl 
quinone methides. We observed that curious rearrangements 
were occurring on photolysis of xanthene (27) (32a) and o- 

phenoxybenzyl alcohol (32b) in aqueous solution. The mech- 
anism for xanthene (27) to 5H-dibenzo[b,apyran (34) photo- 
isomerization is shown in Scheme 6. Photolysis of 27 results 
in the expected homolysis of the aryl-0 bond, to give biradical 
28, which can be trapped with 2-propanol to give 29. In aque- 
ous solution, however, ipso attack of the phenyl radical at the 
ortho position of the other ring results in the spiro ketone 30, 
which subsequently gives o,of-biphenyl quinone methide 31. 
Electrocyclic ring closure gives the major product 34. Nucleo- 
philic trapping of 31 by water and by CH,OH, if used as a 
cosolvent, gives 32 and 33, respectively. 

Scheme 6 posed the question of whether 31 could be photo- 
generated by photolysis of 32 or 34. These questions have 
been addressed in a detailed mechanistic study of the photo- 
cyclization of 2-(2'hydroxyphenyl)benzyl alcohol (32) and 
related compounds (33), the mechanism of which is shown in 
Scheme 7. Evidence for reaction from an electronically 
excited phenolate ion 32a* was obtained from a plot of quan- 
tum yield for formation of 34 as a function of pH, which 
showed two sigmoidal curves at pH = 1 (pK,(S,) and at pH 
-10 (pK,(S,)). Since ground state 32 is highly twisted (dihe- 
dral angle of 72" in the syn geometry by X-ray crystallogra- 
phy; its solution structure may differ to some extent due to 
solvation) whereas product 34 is essentially planar, the mech- 
anism shown in Scheme 7 also involves twisting of the bond 
joining the two benzene rings on the S,  surface. This twisting 
motion probably takes place before or concerted with deproto- 
nation of S, ,  either process of which is believed to be very fast. 
LFP experiments have been carried out in an attempt to detect 
31 but have so far failed, which suggests that such QMs are 
very short lived (<5 ns). Although it was not possible to rule 
out formation of anti-31, the lack of any observable visible 
transient in LFP experiments would suggest it is not formed in 
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Scheme 7. 

MeOH - 

\ syn and anti / I 

(reprinted with permission from the American Chemical Society) 

Chart 2. 
Ouantum Yield 

any significant amount. Such an intermediate cannot close to 
give 34 and hence should be sufficiently long lived to be 
detectable with nanosecond LFP. The fact that 32  exists only 
in the syn geometry in the X-ray structure might suggest that it 
is also the major conformation in aqueous solution, which 
would tend to give mostly syn-31 on photolysis. 

We have extended the photocyclization of 32 to a variety of 
other biaryls to test the generality of this r e a ~ t i o n . ~  As shown 
in Chart 2, we have found that biaryls incorporating a naphtha- 
lene ring undergo the photocyclization and in most cases with 
high quantum efficiency. Indeed, the highly twisted binaph- 
thy1 system (dihedral angle = 90") reacts with the highest 
quantum efficiency, to yield a binaphthyl pyran that is much 
less twisted (dihedral angle = 35"). These results are consis- 

- -  - - - 

Y. Shi and P. Wan. Unpublished results. 

tent with the well-known tendency of biaryis to twist to a more 
planar geometry on electronic excitation (33). With appropri- 
ately substituted o,ol-substituents, this inherent twisting 
motion results in net chemistry. 

To obtain direct spectroscopic evidence for photogenera- 
tion of biphenyl quinone methides, we required biphenyl 
derivatives that on reaction (loss of water) would give biphe- 
nyl quinone methides that cannot cyclize, and hence extend 
their lifetime in aqueous solution. Such substrates are biphe- 
nyl alcohols 35 and 37 (34) (Fig. 4). LFP of these alcohols 
gave very long wavelength transients (A,,, = 570 and 530 nm, 
respectively) assigned to the corresponding biphenyl quinone 
methides 36 and 38, with lifetimes of 0.47 and 67 ps, respec- 
tively (Fig. 4). Photolysis in CH,OH-H,O gave the expected 
methyl ether substitution products. Biphenyl quinone 
methides have much shorter lifetimes than to the o- and p- 
QMs discussed earlier. This is probably due to the fact that 
biphenyl quinone methides can gain two benzene rings on 
nucleophilic addition at the benzylic carbon, which is a very 
significant driving force. 

Fluorenyl quinone methides 

We first reported the facile photogeneration of the 9-fluorenyl 
cation (8) from 9-fluorenol (7) in aqueous solution (Chart 1) 
(35). This carbocation is unique amongst those we have pho- 
togenerated in that it is formally antiaromatic in the ground 
state. Indeed, it is one of the more elusive diarylmethyl car- 
bocations in physical organic chemistry. Its facile photogener- 
ation (35) has now opened up a method for studying the 
chemistry and dynamics of 9-fluorenyl cations in aqueous 
solution (17). We wondered whether it would be possible to 
photogenerate a fluorenyl quinone methide using the obvious 
substrate, I-hydroxy-9-fluorenol (39). LFP of 39 in aqueous 
solution produced a long-lived (7 > 2 ms) and strongly absorb- 
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Fig. 4. Transient spectra observed on LFP of 35 and 37 in aqueous CH,CN, to give biphenyl quinone methides 36 and 38, 
respectively. Inset: first-order decay of 36 in H 2 0  (T = 0.47 FS) (reprinted with permission from the Journal of the 
Chemical Society, Chemical Communications). 

Wavelength (nm) 

ing transient with A,,, = 450 nm, consistent with formation of 
fluorenyl quinone methide 406 (eq. [3]). This was confirmed 
with trapping studies using CH30H and ethyl vinyl ether, 

which gave high yields of the expected products. The long life- 
time (>2 ms) of 40 (8 itself has a lifetime in the ps range (17)) 
is consistent with a quinone methide structure that effectively 
removes much of the antiaromatic character of the 9-fluorenyl 
cation. We are currently investigating the photochemical 
behaviour of other isomers of this system. 

Summary 

We have shown that all the QM isomers can be photogenerated 
readily, with high efficiency for the ortho and rneta isomers, 
by photolysis of the corresponding hydroxybenzyl alcohols in 
aqueous solution. The method appears sufficiently general for 
the photogeneration of a wide variety of these intermediates 
and this is shown by extension of the method to biphenyl, flu- 
orenyl, and heteroaromatic systems. It is possible to character- 

M. Fischer, Y. Shi, and P. Wan. Unpublished results. 

ize photogenerated QMs spectrophotometrically, and that m- 
QMs react as zwitterions in aqueous solution. The utility of 
the photochemical method of QM generation in preparative 
chemistry and detailed kinetic and mechanistic studies of QM 
chemistry are continuing in our laboratory. 
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Wavelength dependence and solvent effects 
on the ligand field photochemistry: the 
ring closure process in the excited 
[ ~ e ( ~ ~ ) , ( t n ) ] ~ -  complex 

Jailson Farias de Lima and Neyde Yukie Murakami Iha 

Abstract: The solvent composition and wavelength effects on the quantum yield of the photoinduced ring closure process of the 
[ ~ e ( ~ ~ ) , ( t n ) ] ~ -  complex (tn = 1.3-diaminopropane) were investigated. The reactivity was shown to be controlled by the 
macroscopic properties of water-glycerol mixtures. A sharp decrease in quantum yields with increasing medium viscosity was 
observed for all the irradiation wavelengths employed (3 13,334,365,404, and 434 nm). The observed quantum yields ranged 
from 0.24 (Ai, = 313 nm, 66.48 wt.% of acetonitrile) to 0.010 (Ai, = 404 or 434 nm, 61.85 wt.% of glycerol). The overall 
efficiency is a complex function of the dynamics of radical recombination and dissociation pathways. The proposed cage model 
for the deactivation dynamics of the excited states illustrates that the decrease in medium viscosity favors a diffusional escapeof 
the cyanide from the solvent cage. 

Key words: photochemistry, pentacyanoferrate(I1) complexes, solvent effect, wavelength effect. 

Resume : L'effet de la composition du solvant et de la longueur d'onde de l'excitation dans le rendement quantique du processus 
photoinduit de fermeture d'anneau du complexe [ ~ e ( c ~ ) , ( t n ) ] ~ -  (tn = 1.3-diaminepropane) a CtC etudiC. La reactivitC semble &tre 
controlCe par les proprietCs macroscopiques des mClanges de solvant eau-glycerol. Une dtcroissance abrupte dans le rendement 
quantique est observCe avec la variation de la viscositC du milieu, pour tous les longueurs d'onde d'irradiation employCes (3 13, 
334,365,404 et 434 nm). Le rendement quantique observC varie de 0,24 (Ai, = 313 nm; 66,48% poids acktonitrile) a 0,010 
(Ai, = 404 ou 434 nm; 61,85% poids glycerol). L'efficacitC totale est une fonction complexe de la dynamique des ttapes de 
dissociation et de recombinasion radicale. Le modCle cage propost pour la dynamique de deactivation des Ctats excitCs montre 
que la dCcroissance dans la viscositC du milieu favorise la sortie de la cyanide de la cage du solvant. 

Mots elks : photochimie, complexes de pentacyanoferrate(II), effet du solvant, effet de la longueur d'onde de l'excitation, 

Introduction 

Wavelength dependence and solvent effects on photoinduced 
reactions have been reported for a large number of transition 
metal complexes (1-1 1). Most of the literature addresses the 
analysis of the influence of solvent on intra- and intermolecular 
electron transfer processes (1 1-17) in which the reaction rate is 
controlled by solvent movements. Solvent mixtures in different 
proportions have been employed in order to change those prop- 
erties of the medium that can be quite easily adjusted. 

Wavelength-dependent photolabilization reactions consti- 
tute another class in which the solvent plays an important role 
in determining quantum yields. Particular emphasis has been 
placed on complexes of d6 transition metal ions, and among 
them Co(II1) complexes have historically been used as attrac- 
tive model systems for such studies (2-9). The classical 
approach to this phenomenon is concerned with the competi- 
tion between geminate recombination and solvent cage 
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escape. When this competition can be related to properties of 
the solvent, one has an indication that the species will react on 
time scales sufficiently long to reach an equilibrium with the 
solvent environment. ~ e s p i t e ' i t s  simplicity, this model has 
been shown to be consistent with a significant number of the 
available experimental results, although the data from some 
particular systems do not fit within its conceptual framework 
(3, 10, 11, 17). 

During the last few years we have been studying the photo- 
chemical behavior of pentacyanoferrate(I1) complexes, 
[F~(cN),L]~-. The investigated photoreactions include the 
labilization of either L (18-20) or a cyanide ligand (19, 21- 
23). The cyanide photolabilization was found to be strongly 
wavelength dependent. For the 365 nm irradiations, it was also 
observed that quantum yields of the process decreased with 
increasing glycerol concentration in the aqueous solution of 
the complex (23). The previously reported results allowed us 
to postulate a solvent cage mechanism for the reactive deacti- 
vation of the excited states of these complexes. 

Following these studies, we now report the effect of glyc- 
erol concentration on quantum yields for the 313, 334, 404, 
and 434 nm irradiations. To analyze the solvent effect in fur- 
ther detail, experiments were performed with water-acetoni- 
trile mixtures, including the 365 nm irradiation. The latter 
system has quite different properties then the water-glycerol 
mixtures. 

Can. .I. Chem. 74: 476480 (1996). Printed in Canada / Imprimt au Canada 
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Lima and Murakami Iha 

Fig. 1. Quantum yield for the ring closure reaction vs. viscosity of the water-glycerol 
mixtures. 

Experimental Results and discussion 

Materials 
The Na3[Fe(CN),NH3].3H20 salt was synthesized according 
to slight modifications of a published procedure (24). The pen- 
tacyanoferrate(I1) complex with 1,3-diaminopropane was 
always freshly prepared in the mixed aqueous solution by 
direct reaction of Na3[Fe(CN)SNH3] with a severalfold excess 
of the ligand. The ligand was purified by distillation under 
reduced pressure. Glycerol (Sigma Grade) and chromato- 
graphic grade acetonitrile (Merck) were used as supplied. The 
potassium tris(oxalate)ferrate(III) salt was prepared and puri- 
fied according to literature procedure (25). N-Methylpyrazin- 
ium iodide was synthesized and recrystallized according to a 
procedure adapted from that described by Bahner and Norton 
(26). 

Physical measurements and procedures 
The continuous photolyses were performed using an Oriel 200 
W Hg(Xe) arc lamp model 629 1. Monochromatic irradiations 
were obtained by using Oriel interference filters to isolate the 
3 13,334, 365,404, or 434 nm Hg line. The photolysis system 
is described in detail elsewhere (22,23). The starting complex, 
[Fe(cN),(tn)13-, and the photoproduct, [Fe(cN),(tn)12-, 
absorb ai the same wavelength with similar absorption coeffi- 
cients. For this reason, direct spectrophotometric analysis is 
unsuitable for quantitative determinations. The analytical 
method involves the conversion of the starting complex, 
[Fe(cN),(tn)13-, to a highly absorbing species. The tetracyano- 
ferrate(I1) is inert toward substitution and can be isolated and 
further characterized. The light intensity at each wavelength 
was determined by tris(oxalate)ferrate(III) actinometry (25) 
carried out before and after each photolysis run. All absorption 
spectra were recorded on a Beckman DU 70 spectrophotome- 
ter at 25.0°C. 

The concentration of the starting complex ranged from 3.2 
to 6.0 rnM depending on the irradiation wavelength employed. 

The [Fe(cN),(tn)13- complex exhibits a low-intensity absorp- 
tion band (A, = 395 nm, E, = 4.5 x 10' M-' cm-' ), which is 
assigned to the ligand field transition ' A ,  + ' ~ ( l ) ,  under C4, 
symmetry (27). An additional high-intensity band, with the 
maximum absorption located around 250 nm, is ascribed to a 
charge transfer transition from iron(I1) to the cyanide ligands 
(27). 

The continuous photolysis of aqueous or mixed aqueous 
solutions of [Fe(cN),(tn)13- in the presence of a large excess 
of 1,3-diaminopropane yields the chelated tetracyanofer- 
rate(I1) complex as the only photoproduct (21-23) according 
to eq. [l]. 

Quantum yields for the ring closure process at different 
excitation wavelengths and glycerol content in the mixed sol- 
vent are shown in Table 1. The observed pattern for the 313, 
334,404, and 434 nm irradiations aligns with that previously 
reported for the 365 nm excitation (23). Figure 1 shows the 
role of solvent viscosity, whose decrease clearly favors a dif- 
fusional escape of the cyanide ion from the solvent cage. For 
the 404 and 434 nm excitations, the quantum yield, 0.010, was 
the lowest value determined in this work. The reduction in 
photoconversion was less pronounced for the 3 13 nm irradia- 
tion (0.230 to 0.095), indicating a more efficient escape from 
the solvent cage. 

An extrapolation of the data in Fig. 1 to zero viscosity indi- 
cates primary quantum yields of bond cleavage around 0.4 
(3 13 or 334 nm), 0.2 (365 nm), and 0.06 (404 or 434 nm). 

A good correlation between quantum yields and the recip- 
rocal of the dielectric constant values can be seen from the 
data of Table 1 for different solvent compositions. This behav- 
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Table 1. Quantum yield for ring closure for different water-glycerol 
mixtures." 

Glycerol 
(wt.%) qh/Cp Eh '313 '334 '365' '4M '434 

a[[Fe(CN),(tn)]3-] = 3.0 - 6.0 rnM; T = (25.0 + 0.2)OC. 
bReference 36. 
'Reference 23. 

Table 2. Quantum yield for ring closure for different water-acetonitrile 
mixtures." 

ior is somehow unexpected since the parameters of the ele- water-glycerol system. The 365, 404, and 434 nm irradiation 
mentary electrostatic theory, such as dipole moment, data do not align with the former ones. 
polarizability, and dielectric constant, are usually found to be As previously discussed (23), the 313 nm excitation popu- 
unsuitable for the description of solvent effects (28). Double lates exclusively the Fe + CN- charge transfer state, namely 
reciprocal plots (I/@ vs. l lq  and I/@ vs. 11~)  do not present 'CT. According to one of our proposed mechanisms, in this 
better correlations. condition, an excess of energy allows an efficient escape of 

Water and glycerol are very much alike. They exhibit a the cyanide ion from the solvent cage. The quantum yield of 
strong tendency to form intermolecular hydrogen bonds (29, 
30), and keep the solvent structure from changing due to pref- 
erential solvation. Specific interactions, such as hydrogen 
bonding, have been recognized for a long time to be more 
important than dispersion forces, depending on polarizabili- 
ties, in accounting for solvent effects (28, 30). The magnitude 
of the bulk solution properties for water-glycerol mixtures can 
be considered close to that for the coordination sphere. It is 
possible to correlate each set of variations of quantum yield 
with viscositv as an index of the microstructure. and dielectric 

aqueous solutions for this irradiation wavelength is-around 
0.23, while a higher value was obtained for 66.48 wt. % of 
acetonitrile. At this excitation energy the generation of the pri- 
mary radical pair has the highest efficiency, and the difference 
in quantum yields reflects changes in the diffusional escape of 
the cyanide ion, which can be attributed to the 30% reduction 
in bulk solvent viscosity. 

The reduction in viscosity, on going from aqueous solution 
to 66.48 wt.% acetonitrile, is expected to lead to higher effi- 
ciencies. This trend has not been observed for the 365 nm irra- 

constant as a measure of solvent polarity. A similar pattern for diations because the lowest limit to populating the 'CT state 
viscosity was reported by Scandola et al. for some isoelec- with reasonable efficiency should be around this energy. The 
tronic cyanocobaltate(III) complexes (2, 4) and by Langford absence of the extra energy, which allows the cyanide to 
and Malkhasian (8) for amine complexes of Co(II1). escape from the cage, makes the yields markedly lower when 

Glycerol solutions are one of the best systems for analyzing compared to those obtained for aqueous solutions. 
the effect of viscosity on quantum yields without a great vari- For the 404 or 434 nm excitation, which populates exclu- 
ation of dielectric constant. On the other hand, a remarkable sively the 'LF state, little change was observed upon the 
change in dielectric constant values can be obtained using ace- increase of acetonitrile content in the medium. In this case the 
tonitrile as the water cosolvent. Table 2 shows quantum yield photoreactive channel is expected to be from the 3~~ state 
values of the ring closure process for different excitation ener- whereas an increasing participation of the 'LF reactive chan- 
gies and water-acetonitrile compositions. One can see that the nel is obtained at higher excitation energies. 
dielectric constant value decreases by roughly one third on According to the so-called mechanical cage effect, it is 
going from aqueous solutions to 66.48 wt.% of acetonitrile. likely that the rate of vibrational energy transfer to the solvent 
The quantum yield variation for the 313 or 334 nm irradiation medium can limit the rate of thermal equilibrium of the 
presents a similar trend with viscosity as that observed for the excited states. Their deactivations can be altered according to 
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the solvent composition. Since the cosolvents employed, 
water and acetonitrile, differ in their hydrogen bond properties 
(3 l ) ,  coupling differences between the metal complex and the 
solvent can lead to solvent-dependent rates of nonradiative 
deactivation to the ground state. Due to the lack of a system- 
atic correlation such as those obtained for water-glycerol sys- 
tems, the data can reflect the existence of preferential 
solvation by water. If the composition of the first solvation 
shell differs significantly from the bulk solution, solvation 
structures change considerably within small areas around the 
solute particles. Thus, in this case, macroscopic properties of 
the solvent are not good parameters for correlations. 

The higher quantum yields obtained for the 3 13 nm excita- 
tion represent a pronounced break in the general trend for the 
water-acetonitrile series. They indicate the existence of an 
electronic perturbation caused by the solvent due to the higher 
nucleophilicity of acetonitrile in comparison to water (32-34). 
It is difficult to analyze the role of dielectric constant in the 
photochemical behavior of this complex since the quantum 
yield variation is dominated by the effect of viscosity. 

The cage effect mechanism is a simple model to explain 
photochemical behavior that presents wavelength-dependent 
reactions. Recently, flash photolysis experiments showed that 
the solvent mixture not only changes the macroscopic proper- 
ties of the solvent but also alters the efficiency of primary rad- 
ical formation. Langford and co-workers (1 1) also pointed out 
the importance of the so-called thermal solvent cage, where 
the dynamics are controlled by the rate at which the energy is 
dissipated from the excited species to the solvent. For the 
W(CO),py system (35), the quantum yields for pyridine sub- 
stitution depend mainly on  the "mechanical" cage effect at the 
highest excess excitation energy, while the thermal effect is 
pronounced at an intermediate excess excitation energy. 

The solvent can also play a role in dictating the orbital pop- 
ulation of the Frank-Condon excited state for charge transfer 
transitions (7). Considering that there are no noticeable 
changes in the position or shape of the absorption spectrum 
bands for water-glycerol mixtures, it can be concluded that, in 
this case, the quantum yield variation results not from the sol- 
vent-induced perturbation of electronic states but from varia- 
tion in the kinetic parameters that govern excited state 
deactivation. This factor can be important to the water-aceto- 
nitrile system where the direct 'CT population may be altered 
due to solvent composition in the coordination sphere. The 
absence of direct measurement of the intermediates in a fast 
time domain for such complexes precludes a determination of 
the mechanism. However, the two proposals are both consis- 
tent with the reported data but not mutually exclusive. 

In fact, these two approaches are complementary in the 
sense that the medium property parameters are related to the 
dynamics of deactivation for formation of the final photoprod- 
uct. On the other hand, the wavelength dependence accounts 
for different efficiencies of primary radical formation in the 
very first step achieved before the deactivation process takes 
place. The overall quantum yield reflects the balance between 
solvent and irradiation wavelength effects. This work shows 
that for a determined excitation energy, the characteristics of 
the medium can shift the balance from one mode to another, 
tuning the efficiency of the photochemical process. The results 
point out that wavelength energy is as important as solvent 
properties in determining the overall quantum yield. For high 

energy excitations, the observed data reflect limitations 
imposed by the medium. 
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Synthese et analyse structurale de nouvelles 
rn6so-arylporphyrines glycosylees en vue de 
Iyapplication en phototherapie des cancers 

Olivier Gaud, Robert Granet, Mourad Kaouadji, Pierre Krausz, 
Jean Claude Blais et Gerard Bolbach 

Resum6 : Nous dtcrivons la synthkse de 13 nouvelles miso-glycosylarylporphyrines pour lesquelles la partie glucidique est 
sCparCe du substituant aryle par I'intermCdiare d'un bras espaceur. Ces composCs sont synthitises par diffkrentes mCthodes : 
glycosylation des ortho- et para-hydroxyalkyloxyarylporphyrines, condensation d'aldChydes glycosylCs avec du pyrrole ou du 
miso-(p-toly1)dipyrromCthane. Dans une seconde Ctape la partie glucidique est dCprotCgCe en milieu basique. Dans tous les cas, 
les glucides 0-liCs prksentent une configuration P. Ces composCs sont caractCrists par diffirentes mCthodes spectrales. Une 
Ctude dCtaillCe de la RMN permet d'attribuer tant en 'H qu'en I3c les diffkrents signaux aux noyaux tolyles, aryles, pyrroles, 
alkyles et glycosyles. Nous discutons de I'allure des spectres obtenus en spectromCtrie UV-visible et enfin nous prksentons les 
rCsultats de spectromCtrie de masse obtenus par une nouvelle mCthode de dCsorption laser adaptCe ti ces molCcules de haut poids 
molCculaire. Par leur pouvoir sensibilisateur, ces molCcules constituent de bons candidats pour la thCrapie photodynamique. 

Mots clPs : porphyrines, glycosylations, phototherapie, cancer. 

Abstract: The synthesis of 13 novel nzeso-glycosylarylporphyrins where the carbohydrate moiety is separated from the aryl 
substituent by a spacer arm is described. These compounds were synthesized by different methods, either by direct glycosylation 
of the ortho- or para-hydroxyalkoxyarylporphyrin or by condensation of glycosylated aldehyde with pyrrole or nzeso-(p- 
toly1)dipyrromethane. In all cases, a P configuration was observed. Deprotection of the sugar then followed in a basic medium. 
The compounds were characterized by a variety of means. A detailed 'H and I3c NMR study allowed complete structural 
determination. The UV-visible and laser desorption mass spectra are presented. Due to their sensitizing abilities, these resultant 
compounds are of considerable interest for photodynamic therapy. 

Key words: porphyrins, glycosylations, phototherapy, cancer. 

Depuis la premikre publication d e  Mironov et  al. ( l ) ,  l'Ctude 
des porphyrines glycosylCes (2) a pris une importance sans 
cesse croissante en raison d e  son impact, en particulier en 
thkrapie photodynamique (PDT). Plusieurs travaux effectuts 
ces dernikres annCes ont montr t  que les porphyrines solubles 
dans l'eau tendent i se concentrer davantage dans les tumeurs 
que dans les tissus sains. Ainsi, une tumeur enrichie en por- 
phyrines peut Etre sklectivement dttruite par irradiation sans 
toucher aux tissus non atteints (3). Aprks un travail prClimi- 
naire (4), nous prksentons la synthkse d e  13 nouvelles porphy- 
rines glycosyltes (figure 1) du type mkso-arylporphyrine, dont 
la partie saccharidique est s tpar te  du macrocycle tktrapyrro- 
lique par un bras espaceur. Nous avons, en particulier, fait 
varier la position du bras sur le groupement phCnyle (ortho ou 
para ) ,  la nature du glucide reprtsentt par un monosaccharide 

0. Gaud, R. Granet, M .  Kaouadji et P .  ~rausz . '  UniversitC de 
Limoges, Laboratoire de chimie des substances naturelles, 123, 
Avenue Albert Thomas F-87060 Limoges Cedex, France. 
J.C. Blais et G .  Bolbach. UniversitC Pierre et Marie Curie, 
Laboratoire de chimie organique structurale et biologique, Centre 
national de la recherche scientifique EP 103,4, Place Jussieu F- 
75252 Paris Cedex, France. 

1. Auteur B qui la correspondance doit &re adressCe. TClCphone : 
(33) 55 45 74 75. Fax : (33) 55 45 72 02. 

(glucosyle ou ribosyle) ou un disaccharide (maltosyle ou lac- 
tosyle) ainsi que le  nombre d'entitts osidiques fixtes sur le 
macrocycle tCtrapyrrolique (une i quatre en sCrie glucosyle). 
D e  telles structures nous semblent Etre d e  bons candidats pour 
la PDT. En  effet, le  bras espaceur devrait accroPtre le caractere 
amphiphile d e  ces composCs e n  pennettant d e  disposer d e  
molCcules i la fois solubles dans l'eau et  capables de 
s'inttgrer facilement aux membranes phospholipidiques. Par 
ailleurs, il est maintenant admis que la  prCsence d'unitts glu- 
cidiques peut amtliorer le  ciblage d e  ces substrats vis-i-vis de 
certaines tumeurs (5). 

Synt hese 

Monoglycosylporphyrines la,b4a,b 
Deux mCthodologies sont utilisies. La  premikre (voie A, 
schCma I)  part des ortho- oupara-5-hydroxyphtnyl- 10,15,20- 
tritolylporphyrines 10a,b synthCtistes selon la mCthode d e  Lit- 
tle et al. (6). Ces porphyrines sont alkylCes e n  milieu DMF- 
K2C03 par le 3-bromopropan-1-01 pour mener, avec des ren- 
dements quasi-quantitatifs, aux 5-hydroxypropyloxyphtnyl- 
10,15,20-tritolylporphyrines lla,b, (7). Ces derniers com- 
posts  sont ensuite glycosylCs par des d t r iv t s  p e r a c t t y l k  d u  
glucose, d u  maltose ou du lactose ou par le I-0-acCtyl2,3,5- 
tribenzoate-P-D-ribose par le systkme SnC1,-CH,C12 5 
temptrature ambiante. En  fin d e  rCactions, l'analyse des pro- 
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Fig. 1. 

1a.b R = Glc 
2a,b R =Rb 
3a,b R = Ma1 
4a.b R = Lac 

a et b reErent respectivement aux composes ortho et para. 

duits form& montre, outre les produits attendus 12a,b-15a,b, tyloxypropyloxy)phCnyltritolylporphyrine). Cornme attendu 
des glucides de dCpart, des produits de dkgradation de ces der- dans ce type de glycosylation, on note I'absence de porphyrines 
niers ainsi que des traces des porphyrines l l a  ou l l b  et de leur a-glycosylCes. Les produits obtenus, 12a,b-15a,b, sont puri- 
dCrivC acttylC au niveau du groupement hydroxyle (0- etp-(ad- fiCs par chromatographie prkparative sur couche mince de gel 
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Gaud et al 

Tol Tol Tol 

12a,b R = GlcAc 
13a,b R = RibBz 
14a,b R=MalAc 
15a,b R = LacAc 

AcOQ 
MalAc = GkAc = 

OAc 
OAc OAc 

OAc OAc 

L a c k  = AmQ AcO @ OAc Rib:- 

OBz OEk 

(i) Br(CH2)30H/K2COJDMF, (ii) SnCldCHZCl2/glucide acetylt ou 
a et b referent respectivement aux composes ortho et para. 

de silice. Tous ~rCsentent. comme le montrent les constantes de 
couplage des protons anomCriques, une configuration P 
(tableau 2-3, rCf. 8). Les rendements de rCaction varient de 20 B 
70%. 11s sont maximaux pour les dCrivCs monosaccharidiques 
para-substitds. Nous avons Cgalement obtenu les composCs 
12a,b et 14b par une deuxikme mCthode (voie B, schema 2). 
Celle-ci nCcessite la synthkse prCalable, en deux Ctapes, des 
prCcurseurs aldkhydiques glycosylis 17a,b et 18b. La premikre 
consiste Bfaire rCagir 1'01-tho- ou lepara-hydroxybenzaldChyde 
sur le 3-bromopropan- 1-01 en milieu K,CO,-DMF. Elle con- 
duit aux interm~diaires 16a,b qui sont purifi~s par chromato- 
graphie sur colonne de silice avec des rendements acceptables 
(Rdt 65-75%). Dans une deuxikme Ctape, ces dCrivCs sont gly- 
cosylCs par le glucose ou le maltoseperacCtylC avec le systkme 
SnC1,-CH,Cl,. Les P glycosides obtenus, 17a,b et lab, sont 
isolCs par chromatographie et (ou) cristallisation avec des ren- 
dements de 20 B 35%. Ces prCcurseurs glycosylCs sont alors 
condensCs sous reflux dans l'acide propionique, sur des quan- 
titCs stoechiomCtriques de para-tolualdChyde (3 equiv.) et de 
pyrrole (4 Cquiv.). Ces conditions expCrimentales mknent aux 
porphyrines 12a,b et 14b avec des rendements de l'ordre de 
10%. Cette deuxikme voie de synthkse permet d'accCder plus 
rapidement aux monoglycosylporphyrines avec des rende- 
ments cornparables a ceux de la voie A. Elle implique par con- 
tre, la formation de quantitCs importantes de prCcurseurs 
glycosylCs qui ne se prgtent pas toujours a des purifications 
aides. Les porphyrines glycosylCes synthCtisCes par les deux 

benzoyle, (iii) MeONa/MeOWCH2C12. 

voies, sont ensuite dCprotCgCes par le mithylate de sodium en 
milieu CH2C1,-MeOH. Les rCactions sont totales en 1 h et les 
porphyrines obtenues sont isolCes aprks purification sur 
colonne de Sephadex LH20 avec des rendements de l'ordre de 
80%. Elles sont toutes peu solubles dans l'eau, mais cette 
solubilitk augmente lorsqu'on passe d'un mono B un disaccha- 
ride ou encore par passage d'une substitution para B une sub- 
stitution ortho. 

Tetraglycosylporphyrines 5,6 
Ces deux composCs sont synthCtisCs selon le schCma 2. Les 
condensations des prkcurseurs glycosylCs 17b et 18b sur le 
pyrrole sont effectuCes par la mCthode de Lindsey et al. (9) en 
milieu CH2C12 et en presence d'acide trifluoroacCtique (TFA). 
Les porphyrinogknes formis en 1 h pour le composC glucosylC 
et en 4 h pour le composC maltosylk sont ensuite oxydCs par 
addition de p-chloranile. Les porphyrines 19 et 20 sont alors 
purifiCes par chromatographie sur colonne de silice et isolCes 
avec des rendements respectifs de 36 et 16%. Ces deux com- 
poses sont dCsacCtylCs par le methylate de sodium dans des 
conditions similaires B celles prCcCdemment employtes. Les 
porphyrines dCprotCgees 5 et 6 prCsentent toutes les deux une 
bonne solubilitC dans l'eau. 

Di- et triglycosylporphyrines 7-9 
Tout comme la monoglycosylporphyrine 12b, les di- et trigly- 
cosylporphyrines 22,23,21, sont synthttisCes selon le schCma 
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Gaud et al. 

Schkma 3. 

O(cY ) 3 N k h  + porphyrines l2bet 21 

To1 ' NH - - To To1 + To < / 6 O(cY )3NkAc  1-$- b$o-O l3OGkAc 

17b \ \ 

1 iii 

(i) CH2Cl2/BF3 EtzO, (ii) p-chloranile, (iii) MeONalMeOHlCH2C12. 

Les abrtviations retenues sont definies sur le Schema 1. 

Tableau 1. Spectres UV-visible des porphyrines." 

Soret 

- - - - - - 

"h,,, (nm) (coefficient d'absorption ( E  x 10.' mol-' I cm-I)), -20°C, Les composis arnphiphiles la,b-9 
sont en solution dans le mClange THFlH20 (812). Les compos&s lipophiles lla,b-23 sont en solution dans 
C13zC12. 
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Tableau 2 (fin). F 
K 

H 12aa 12bn 13a 13b 14a 14ba 15aa 15ba 
a 
2 

4,60 dd (12,l-2.6) 4,12 mb 
E 

6, 2,92 dd (12,5-4,O) 4,34 dd (12,O-4,6) 3.81 m 437 d el. (1 1,s) 
6, 2.26 dd (12,5-2,O) 4,18 m 3,81 m 4.35 m 3,86 mb 4,15 m 
1' 5,31 d (4.0) 5,49 d (4,O) 4,43 d (7,7) 434 d (7,7) 
2' 4,86 dd (10,5-4,O) 4,92 dd (10,4-4,O) 5,18 dd (10,5-3,5) 5,00 dd (9,4-8,O) 
3' 5,40 dd (10,4-9,4) 5,44 t (10,2) 4,96 dd (10,s-3,5) 4,98 dd (10,7-3,4) 
4' 5,05 t (9,9) 5,11 d (9,8) 5,36 d CI. (33) 5,38 d (2,6) 
5' 3,85 m 3.96 m 3,86 mb 3,88 m 
6', 4,25 dd (12,4-3,8) 4,35 m 4,12 m 4,15 m 
6'b 3,99 dd (12,4-2,O) 4,12 m 4,12 m 4.15 m 

Les protons benzoyques du compost 13a sont enregistres ?I 6 pm : ca. 7,90, ca. 7.83 et ca. 7,76, t 61. (3 x 2H, J = 7,l Hz, H-2,6), ca. 7,57, ca. 7,55 et ca. 7.53 t 61. (3 x lH, H-4). ca. 7.40, ca. 7.26 et ca. 
7,12 t 61. (3 x 2H, J = 7,7 Hz, H-35). Les protons benzo'iques du composC 13b sont enregistrks 6 ppm : 8.12, 8,06 et 7,92, dd (3 x 2H, J = 85-1,4 Hz, H-26). ca. 7,50 m (3H, H-4), ca. 7.45 m 
(2H, H-3,5), 7.33 et 7,20 t (2 x 2H, J = 8,5 Hz, H-3,5). 

"ComposC dont I'attribution des signaux est vCrifiCe par COSY. 
%s attribution affectCes du m&me exposant dans une m&me colonne sont dversibles. 
'Attribution dtteminCe par irraditions ~Clectives. 
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2 en adaptant la stoechiomCtrie des rCactifs. Ces synthkses sont 
cependant peu sClectives et donnent lieu a la formation d'un 
melange de porphyrines, de chlorines et de produits de 
polymCrisation. Dans ces conditions, nous obtenons le com- 
pose 21 avec un rendement de 4%. Par contre la synthkse des 
diglycosylporphyrines substitukes sur les positions 5,10 (com- 
pose cis) 22 ou 5,15 (compost trans) 23 du macrocycle donne 
des rksultats moins satisfaisants (Rdt < 2%). Dans ce dernier 
cas, nous avons cherchC B adapter une troisikme voie de syn- 
these de f a ~ o n  B limiter la formation des cornposCs parasites 
(voie c, SchCma 3). Parmi les diffkrentes voies qui perrnettent 
d'acceder a un cycle porphyrinique, la condensation d'unitks 
dipyrrornCthane avec un aldehyde reprCsente une mCthode 
irnportante. En irnposant la gCornCtrie d'une partie de la mole- 
cule, elle perrnet de limiter la formation d'isornkres. Cette 
rnCthode a rCcernment CtC utilisCe pour la synthese de me'so- 
arylporphyrines disubstitukes (10-15) ou tCtrasubstituCes (16- 
19). Pour notre part nous avons rCalis6 cette synthkse selon la 
procedure dCveloppCe par Lee et Lindsey (19). L'unitC dipyr- 
rornCthane (24) est prCparCe en faisant rCagir le para-tolu- 
aldehyde sur un excks de pyrrole en absence de solvant. Aprks 
evaporation du pyrrole, le cornposC 24 est chromatographi6 
sur silice par Clution au toluene en presence de 1% de triCthyl- 
arnine. Dans une deuxikrne Ctape, ce compose est rnis B reagir 
en presence de BF3.Et,0 sur le prCcurseur 17b en milieu 
CH2C12 sous atrnosphkre inerte. Le porphyrinogkne form6 est 
ensuite oxydC par addition de p-chloranile. Dans les conditions 
dCcrites par Lindsey, cette rCaction conduit par acidolyse du 
dipyrrornethane, puis par recornbinaison des unites IibCrCes 
a la formation d'un rnClange de porphyrines. Dans une 
deuxierne sCrie d'essais nous avons rCalisC ces condensations 
dans I'acide propionique, mais ce systeme ne s'est pas rCvClC 
efficace. En effet dans ces conditions, la cornplexitC du 
melange obtenu reste identique et les rendements de rCaction 
dirninuent. Pour arnCliorer les premiers rCsultats obtenus dans 
le systkrne CH,Cl,-BF3.Et20, nous avons anticipC l'addition 
du p-chloranile et ramen6 la ternpkrature d'oxydation B celle 
du milieu arnbiant. Dans ces conditions nous avons sensible- 
rnent augment6 la proportion du cornposC 23 par rapport aux 
autres glycoporphyrines 12b, 21, et 22. Par la voie C, nous 
avons donc is016 par chrornatographie sur silice la rnonoglyco- 
sylporphyrine 12b (Rdt 16%), les cis et tratzs diglycosylpor- 
phyrines 22 et 23 (Rdt 5%, Rdt 9%) et la triglycosylporphyrine 
21 (Rdt 2%). Les isornkres 22 et 23 de Rf trks voisins, n'ont pu 
etre sCpares qu'8 la suite d'une triple elution sur plaques de gel 
de silice. Comrne attendu, le cornposC 22 est le plus polaire. 
Tout cornrne les mono- et tCtraglycosylporphyrines les por- 
phyrines 21, 22, 23 sont dCprotCgCes par le mkthylate de 
sodium et mknent aprks purification sur colonne de Sephadex 
LH20 aux cornposCs 7, 8, 9 avec de bons rendernents (Rdt > 
80%). Ces cornposCs prCsentent une solubilitC dans l'eau, 
intermediaire entre celles des rnonoglycosylporphyrines et 
celles des tCtraglucosylporphyrines. 

Analyses spectroscopiques 

Spectromitrie UV-visible 
Tous les spectres d'absorption UV-visible des porphyrines 
lipophiles 11-21 sont rnesurCs dans le dichlorornCthane (tableau 
1). L'analyse des rCsultats rnontre la bande de Soret vers 420 nm 
ainsi que les quatre bandes, I, 11, I11 et IV de rnoindre intensite 

gCnCralement attendues pour ce type de porphyrines (20). La 
plupart de ces spectres sont de type e'tio (elv > E]], > E,, > E,). En 
passant cependant des spectres des composCs ortho- B ceux des 
composCs para-substitues on note une diminution relative de 
1'intensitC de la bande I1 par rapport B celle de la bande I. Cette 
variation conduit pour les composCs 20,21 et 22 i d e s  spectres 
atypiques presentant un coefficient d'absorption E, supCrieur B 
ell. NOUS avons rCalisC les spectres des composCs amphiphiles 
1-9 dans le melange mixte tCtrahydrofuraneleau 8:2 (tableau 1). 
Dans ce milieu, nous retrouvons des spectres d'allure sirnilaire 
B ceux prCcCdernrnent dCcrits. Tout cornrne leurs homologues 
acCtylCs ou benzoylCs, ces composCs prksentent des variations 
des bandes I et I1 par passage d'une substitution ortho Bune sub- 
stitutionpara du me'so-phCnyle. Par contre, lorsque ces spectres 
sont realists dans l'eau pure, ils prksentent des variations irnpor- 
tantes; ils rnontrent ainsi un Clargissernent ou un dedoublernent 
de la bande de Soret avec une diminution du coefficient 
d'absorption. Ce phCnornkne est reversible aprks addition de 
THF. Par analogie aux rCsultats observCs par Fuhrhop et al. (2 1) 
ces cornporternents spectraux peuvent &tre interpret& par la for- 
mation d1agrCgats. 

~~ectromktrie  de masse 
En raison de la non volatilitC des porphyrines, les mCthodes 
classiques de spectrornCtrie de rnasse (IE, IC) se rCvelent 
inadaptkes. Les spectres de rnassse sont par consequent effec- 
tuCs avec les modes d'ionisation SIMS ou MALDI. Les 
rnonoglycosylporphyrines protegtes 12a,b-15a,b sont 
analysCes en mode SIMS. Cornrne nous l'avons dCjB montrC 
sur des cornposCs de ce type (22), les spectres obtenus en 
mode positif prCsentent les pics rnolCculaires (M+H)+. De 
plus, on observe dans tous les cas, un pic de fragmentation cor- 
respondant au depart du propyloxyglucosyle. Les autres por- 
phyrines sont analysCes en mode MALDI. Le pic rnolCculaire 
est toujours present avec ce mode d'ionisation et on note en 
gCnCral l'absence d'ions fragments. 

RMN'H 
Les spectres de resonance rnagnCtique nuclCaire du proton des 
cornposCs glycosylCs sont enregistrCs a 200 MHz dans CDC13. 
Les attributions detaillees des signaux sont rassernblCes dans 
les tableaux 2 et 3. Elles reposent sur llintCgration, le dCcou- 
plage sClectif hornonuclCaire rnais Cgalement sur les spectres 
2D de correlation hornonuclCaire 'H-'H (COSY). Les spectres 
de RMN 'H des prCcurseurs ainsi que ceux des octaacCtylrna1- 
tose et lactose sont utilisCs comme rkferences. La RMN du pro- 
ton de ces cornposCs prCsente sept groupes de signaux : (i) les 
protons p pyrroliques vers 9 pprn; (ii) les signaux des me'so- 
substituants arornatiques entre 8,2 et 7,2 pprn; (iii) les protons 
osidiques entre 5 et 3 pprn dans le cas des composCs substitues 
en position para et entre 5 et 2 pprn pour celui des cornposCs 
ortho-substitds; (iv) les protons de la chaine hydrocarbonCe 
entre 4 et 1,5 pprn qui sont souvent confondus avec certains pro- 
tons glucidiques; (v) les signaux CH, tolyles B 2,7 pprn; (vi) les 
protons des groupernents acCtyles vers 2 pprn; (vii) les protons 
NH pyrroliques vers -2,7 pprn. L'analyse fine de la zone P pyr- 
rolique perrnet d'apprChender la syrnCtrie de ces rnolCcules 
(figure 2). Alors que les protons P pyrroliques des composes 19 
et 20 (un seul type de substituant) rksonnent sous la forrne d'un 
singulet, ceux des cornposCs rnixtes (tolyle et aryloxypropyl- 
oxyglucosyle) se presentent sous la forrne de figures plus corn- 
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Gaud et al. 489 

Tableau 3. R M N  'H des cornposCs 19-23 dans CDC1, (6 pprn (J Hz)). 

Pyrroles 
2 
3 
7 
8 
12 
13 
17 
18 
NH 

Aryles 
2,6 8,12 d (8,5) 8,ll d (8,6) 8,11 d (8,5) 8,12 d (8,6) 8,12 d (8,6) 
3.5 7,27 d (8,5) 7,27 d (8,6) 7,27 d (8,5) 7,26 d (8,6) 7,27 d (8,6) 

Bras 
a 4,32 t 61. (6,0) 4,31 m 
P 2,26 quint. (6,O) 2,26 m 
'I, 4,23 m 4,17 m 
'rb 3,92 dt (9,5-6,6) 3,94 m 

4,32 rn 4,32 t 61. (6,2) 4,3 1 t 61. (6,2) 
2,26 m 2,27 quint 61. (6,l) 2,36 quint. 61. (6,l) 
4,23 m 4,23 m 4,13 m 
3,92 dt (9,6-6,6) 3,92 dt (9,6-6,6) 3,92 dt (9,6-6,6) 

0-Glycosyles 
1 4,65 d (7.7) 
2 5,09 dd (9,5-7,7) 
3 5,28 t (9,3) 
4 5,14 t (93) 
5 3,77 ddd (9,5-4,5-2,5) 
6, 4,34 dd (12,3-4,5) 
6, 4,20 dd (12,3-2,5) 
1' 
2' 
3' 
4' 
5' 
6,' 
6,' 

4,68 d (7,9) 4,65 d (7,7) 4,65 d (7,7) 4,65 d (7,7) 
4,93 dd (93-7,9) 5,10 dd (9,6-7.6) 5,10 dd (9.6-7,6) 5,10 dd (9,7-7,7) 
533 t (9,0) 5.28 t (9,3) 5,28 t (93) 5,28 t (9,6) 
4,06 m 5,15 t (9,6) 5,15 t (93) 515 t (93) 
3.77 ddd (9.5-4,0-3,0) 3,78 ddd (9,5-4,6-2,5) 3,78 ddd (9,6-4,6-2,5) 3,77 ddd (9,6-4,8-2,5) 
4,56 dd (1 1,9-2,6) 4,34 dd (12,l-4,5) 4,34 dd (12,l-4,6) 4,34 dd (12,l-4,8) 
4,27 m 4,20 dd (1 2,l-2,5) 4,20 dd (12,l-2,6) 4,20 dd (12,l-2,6) 
545 d (3,8) 
4,87 dd (10,4-4,0) 
5,39 t 61. (9,4) 
5,07 t (9,6) 
4,01 m 
4,27 m 
4,06 m 

Acktyles 
2,13 s 2,19 s 2,13 s 2,13 s 2,13 s 
2,08 s 2,11 s 2.08 s 2,08 s 2,08 s 
2,05 s 2,06 s (x2) 2,05 s 2,06 s 2,06 s 
2,04 s 2,03 s (~2) 2,04 s 2,04 s 2,04 s 

2,01 s 

".'Les attributions affecttes du mime exposant dans une m&me colonne sont rkversibles. 

plexes. Bien que dans la plupart des cas il y ait chevauchement des protons P pyrroliques du compose 23 apparaissent nette- 
des signaux et donc dCgCntrescence des figures, on peut cepen- ment sous la forme de deux doublets; ils confirment la symktrie 
dant diffkrencier les figures des protons p pyrroliques de ces double de ce type de compose. Le passage des porphyrines 
composCs diversement substitues. Comme attendu, les signaux substituees en position para du mkm-phtnyle 2 celles substi- 
des protons p pyrroliques des composes 12b et 21 s'apparentent tuCes en position ortho entraine des changements significatifs 
2 deux doublets et un singulet. Ceux du compose 22 s'appa- dans la resonance de l'ensemble des noyaux. La substitution 
rentent 2 deux doublets et deux singulets. Par contre les signaux d'un glycosyloxypropyloxy en position ortho induit une perte 
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Fig. 2. Cornporternent des protons P pyrroliques (6 8.7-9,O) dans les cornposCs 19, 12b, 21,22 et 23 dans CDCl, i 30°C. 

de symCtrie et provoque du fait de la non Cquivalence des 
noyaux, un Clargissement des signaux aromatiques des tolyles. 
Elle conduit Cgalement B la multiplication des signaux P pyr- 
roliques. Comme le montrent les exemples de la figure 3, les 
protons p pyrroliques des monoglucosylporphyrines se prCsen- 
tent sous la forme de deux doublets et un singulet dans le cas du 
composC para-substitue 12b et quatre doublets et deux singu- 
lets dans celui du composC ortho 12a. Les protons alkyles 
(a-y), Cgalement affectts par le changement de substitution, 
prCsentent un blindage significatif par rapport B la sCrie para 
(tableau 2). Celui-ci augmente lorsque l'on s'tloigne du 
groupement mbso-aryle (AS Hy  > AS HP > AS Ha).  L'unitC 
glycosyle en sCrie ortho est egalement blindte par rapport B son 
analogue para. Si par exemple on compare les rCsultats des por- 
phyrines glucosylCes 12a et 12b on observe un blindage signi- 
ficatif de tous les protons osidiques et en particulier des protons 
H-1 (AS 2 ppm), H-5 (AS 2,66 ppm) et H-6,,, (1,32 < AS < 1,92 
pprn). Les protons acetyles glycosidiques sont par contre moins 
affect& (0,l < AS < 0,2). En sCrie ortho, le remplacement du 
glucose acCtylC par un autre glucide (ribose benzoylC, maltose 
ou lactose acCtylC) transforme sensiblement certaines rCgions 
spectrales. Les figures des protons P pyrroliques et tolyles sont 
modifiees et, de plus, le blindage des protons glycosyloxypro- 
pyloxy est variable. En sCrie para, de telles variations ne sont 
pas observCes. Dans les dCrivCs ortho, la proximite de 

CH3 C, axe de syrnitrie 

l'enchainement propyloxyglycosyle du macrocycle porphyri- 
nique engendre par compression stCrique la dCformation de 
celui-ci et l'inclusion de l'alkyloxyglycosyle dans la cavitC qui 
en rCsulte. Cette situation permet d'expliquer le blindage des 
protons aliphatiques situCs dans le c6ne d'anisotropie du 
macrocycle (23). 

RMN'~C 
Pour confirmer les structures de ces nouvelles glycoporphy- 
rines acCtylCes ou benzoylees nous avons Cgalement rCalisC les 
spectres de RMN du I3c. Les rCsultats sont rassemblCs dans les 
tableaux 4 et 5. La discrimination entre certains carbones qua- 
ternaires CthylCniques et certains carbones tertiaires Cthylt- 
niques est basCe sur l'utilisation de la stquence DEPT 135. 
Elles sont vCrifiCes dans le cas du composC 13b par une expCri- 
ence de couplage hCtCronuclCaire longue distance (COLOC). 
Les carbones primaires, secondaires et tertiaires sont con- 
firmts gr2ce aux spectres 2D de corrklation hCtCronuclCaire 
directe 'H-'~c (XHCORR). En sCrie homologue polygluco- 
sylCes (composCs 12b, 19, 21, 22 et 23) llintCgration relative 
des noyaux confirme les structures attendues. En skrie 
monoglycosylCe, le changement de la nature de l'unitC glu- 
cidique des composCspnra-substituCs 12b-15b ne modifie pas 
l'allure des spectres obtenus. Par contre par passage d'une 
substitution para ii une substitution ortho, on retrouve les 
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Gaud et al. 

Fig. 3. RMN 'H des cornposCs 12a et 12b dans CDCI, : x = CHCI,, y = HOD, z = hydrocarbures. 

variations de dkplacements chimiques observCes en RMN 'H. 
Les porphyrines 12a-15a prCsentent toutes un blindage de 
l'unitC glycosyloxypropyloxy qui augmente lorsqu'on s'Cloi- 
gne des rne'so-substituants aryles. Ces variations s'accompag- 
nent Cgalemment de dtdoublements des signaux C aryle et C 
tolyle, ce qui traduit une perte de symCtrie de la molCcule et 
donc une deformation du macrocycle porphyrinique. 

Conclusion 

Dans cet article, nous avons dCcrit la synthkse et la caractbi- 
sation d'une nouvelle classe de porphyrines glycosylCes pour 

laquelle la ou les parties glucidiques sont stpartes de la partie 
porphyrinique par l'intermtdiaire d'un bras espaceur. Ces 
composCs posskdent des propriCtCs amphiphiles diffkrentes. 
11s prksentent sous leur forme dtprotCgCes des solubilitCs dans 
l'eau qui varient avec le nombre et la taille des unites glu- 
cidiques fixCes mais Cgalement avec l'orientation de la substi- 
tution. Une Ctude dCtaillCe de spectroscopie RMN de ces 
composCs sous leur forme prottgCe nous a permis de mettre en 
Cvidence, pour les dCrivCs ortho-substituks, l'existence d'un 
repliement de la partie osidique sur le macrocycle. Nous pen- 
sons qu'une telle conformation, si elle persiste aprbs dCsacCty- 
lation, assure une protection du macrocycle et favorise sa 
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Tableau 4. Spectres de RMN I3c des composCs 12a,b-15a,b dans CDC1,. 

Pyrroles 
a 146,6' 146,8' 
P 13l,lc 13l,lc 

MCso 
5 1 15,9 1 19,7 
10,20 1 19,9 120,l 
15 120,4 120,l 

Bras 
a 64,3 64,4 
P 28,8 29,6 
Y 65,8 66,7 
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Gaud et al. 

Tableau 4 (fin). 

170,l 170,7 170,5 1703 (x2) 170,3 170,3 (x2) 
169,7 170,3 170,l 170,2 170,l (x3) 170,l (x2) 
169,O (x2) 169,4 170,O 170,O 1693 (x2) 169,7 

169,3 169,8 169,7 169,O 169,6 
169,4 (x3) 169,4 169,l 

Les carbones benzoiques de 13a sont enregistris 2 6 ppm : 165.8 165.2 et 165.0 (3 x lC, C-7). 133.2 (2C, C-4). 132.8 
(IC, C-4), 129.7 (4C, C-2.6). 129,5 (2C, C-2.6) 129.0 et 129,2 (3C, C-1). 128.4, 128,3 128,l (3 x 2C, C-3,5). 

Les carbones benzoiques de 13b sont enregistris B 6 ppm : 166.2 165.4 et 165,3 (3 x lC, C-7), 134,4 (2C, C-4), 133.1 
(lC, C-4), 129,6 (6C, C-2,6), 129.0 (3C, C-1), 128,5 128,4 128.2 (3 X 2C, C-3.5). 

"Composi dont l'attribution des slgnaux est vCrifiCe par XHCORR. 
bComposi dont l'attnbution des signaux est virifiCe par COLOC. 
Zes signaux correspondant aux C pyrroliques a et P se prCsentent sous la forme de figures Ciargies du fait de la tautomirie. 

solubilisation dans l'eau. Des essais biologiques sont actuelle- 
ment en cours afin de determiner I'incorporation, la retention 
et la phototoxicite vis ?i vis de lignees de cellules cancereuses. 

Partie experimentale 

Me'thodes ge'ne'rales 
Les spectres UV-visible sont rCalisCs sur un spectrophoto- 
mktre UV-visible i barrette de diodes Hewlett Packard 8452 
A. Tous les spectres sont effectuts dans des cellules en quartz 
de I ou 0,l cm de trajet optique h une concentration de l'ordre 
de M. Les pouvoirs rotatoires [a], sont mesures B 22°C 
au polarimetre Jasco DIP-370 pour la raie D du sodium, dans 
une cuve de 1 dm de longueur. Les temperatures de fusion sont 
mesurCes sur un banc Kofler ou en tube capillaire sur un appa- 
reil de Thomas Hoover et ne sont pas corrigCes. Les spectres 
de RMN du proton et du carbone 13 sont rCalisCs en solution 
dans CDCI3 sur un appareil Bruker AC-200 (200 MHz pour 'H 
et 50 MHz pour I3c). Les deplacements chimiques (6) sont 
donnCs en ppm par rapport au tetramCthylsilane (TMS). Les 
constantes de couplage J sont mesurees en hertz (Hz). Les 
spectres de masse par impact Clectronique (IE) sont effectuks 
au Laboratoire departemental d'analyse de Limoges sur un 
appareil Shimadzu QP 100. Les spectres de masse SIMS (Sec- 
ondary Ion Mass Spectrometry) et MALDI-TOF MS (Matrice 
Assisted Laser Desorption Ionisation Time of Flight Mass 
Spectrometry) sont rCalisCs au Laboratoire de chimie struc- 
turale organique et biologique de 1'Universite Pierre et Marie 
Curie. L'analyse ClCmentaire est rCalisCe au Service regional 
de microanalyse h l'Universit6 Pierre et Marie Curie de Paris. 

Re'actifs et solvatzts 
Tous les solvants ou reactifs de qualit6 RP proviennent de chez 
Aldrich, Prolabo ou Janssen. Le pyrrole est distill6 sur CaH, 
sous pression reduite juste avant son utilisation. Le dichloro- 
methane est distill6 sur P,O, puis sur CaH,; le carbonate de 
potassium est stock6 ?i 120°C. 

Chromatogruphie 
Les chromatographies analytiques sur couche mince (CCM) 
sont realisees sur plaques de gel de silice (6OF,,, Merck). Les 
composCs non colorCs sont rCvClCs sous irradiation UV et (ou) 
pulverisation d'une solution de H,SO, 2 N suivie d'un chauf- 

fage B 150°C durant 2 min; le dipyrromethane est rCvel6 par 
exposition aux vapeurs de brome. Les chromatographies sur 
colonne sont rCalisCes sur silice (60AAC, 15-40 pm, Merck), 
sur polyamide (Macherey-Nagel) ou sur Sephadex LH20 
(Pharmacia). Les Cluants utilisCs sont les suivants : toldnel 
acetate d'ethyle 9.55 (A), toluknelacCtate d'tthyle 60:40 (B), 
toluenelacCtone 98:2 (C), toluknelacCtone 85: 15 (D), toluknel 
acetone 80:20 (E), tolu6neIac6tone 70:30 (F), toluknelacetonel 
methanol 70: 15: 15 (G), tolu6nelCther de petrole 80:20 (H), 
tolukneltriCthylamine 99: 1 (I), methanollCHCl3IacCtone 6:2:2 
(J), CH,Cl,lCthanol 90:lO (K), CH,Cl,lCthanol 85:15 (L), 
CH,Cl,-ethanol 80:20 (M), CH,Cl,lCthanolN,O 4:6:2 (N), 
THFN,O 80:20 (0). 

5-[2-(3-Hydroxypropyloxyphe'nyl)]-l0,15,20-tritolylporphy- 
ritle ( l l a )  

Dans un ballon surmonti d'un refrigkrant, coiffC par une garde 
ti CaCl,, on introduit a l'abri de la lumikre, 50 mg d'ortho- 
hydroxyphCnyltritolylporphyrine (10a) (0,07 mmol, 1 Cquiv.), 
200 mg de carbonate de potassium (150  mmol, 20 Cquiv.) et 4 
mL de DMF fraichement distille. A ce milieu hCtCrogene port6 
15 min a 60°C, on ajoute 0,067 mL de 3-bromopropan-1-01 
(0,74 mmol, 10 Cquiv.). L'ensemble est port6 2 leger reflux et 
la reaction est suivie par CCM. Apres 2 h de reaction, le DMF 
est CvaporC sous pression reduite. Le solide obtenu est dissous 
dans 10 mL de CH,Cl, et la phase organique est lavCe ii l'eau 
distillee (3 x 10 mL), sCchCe sur sulfate de magnesium, filtrCe, 
puis CvaporCe. Le melange obtenu est purifie par chromato- 
graphie preparative sur plaques de gel de silice (eluant D). On 
isole ainsi 42 mg du compose l l a  (Rdt 80%). R, 0,35 (eluant 
D). RMN 'H, 6 : 8,9 (s el., 8H, H P pyr.), 8,l (d Cl., 6 H , J =  7,2 
Hz, H-2,6 Tol), 7,9 (d CI., lH, H-6 Ar), 7,7 (m, lH, H-4 Ar), 
7,s (d, 2H, J= 7,2 Hz, H-3,s Tol), 7,3 (m, 2H, H-3,s Ar), 4.2 (t 
el., 2H, J = 6 , 0 H z ,  H-a),3,8 (tC1.,2H, J=6,0Hz,H-y),  2,7 (s, 
9H, CH3 Tol), 2, 1 (quint el., 2H, J = 6,O Hz, H-P), -2,7 (s el., 
2H, NH), UV-visible (tableau 1). SM (MALDI); mlz : 730, 8 
(M+H)+. 

5-[4-(3-Hydroxypropyloxyphe'nyl)]- 10,15,20-tritolylporphy- 
ritze (1 l b )  

Ce compose est synthCtise j. partir de la para-hydroxyphenyl- 
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Tableau 5. Spectres de RMN I3C des composCs 19-23 dans CDCl,." 

Pyrroles 
a 
P 

MCso 
5 
10 
15 
20 

Bras 
a 
P 
Y 

"Les attributions des carbones osidiques des composCs 19-23 sont rCalisCes par analogie avec 
celles des composks 12b et 14b. L'intCgration relative de chacun des noyaux aryles par rapport 
aux tolyles confirme la structure attendue de ces composts. 

bLes signaux correspondant aux C pyrroliques a et P se prksentent sous la forme de figures 
Clargies du fait de la tautomkrie. 
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Gaud et al 

tritolylporphyrine selon la mCthode dCcrite pour le composC 
l l a .  En partant des m&mes quantitCs, on isole aprks 1 h de 
reaction, traitement et purification 50 mg du composC l l b  
(Rdt 95%). Rf 0,40 (Cluant D). RMN 'H, 6: 8,9 (s Cl., 8H, H P 
pyr.), 8,l  (d Cl., 6H, J = 7,2 Hz, H-2,6 Tol), 8,l (d El., 2H, J = 
7,2 Hz, H-2,6 Ar), 7,5 (d Cl., 6H, J=  7,2 Hz, H-3,5 Tol), 7,l (d 
C1.,2H,J=7,2Hz,H-3,5Ar),4.2(tC1.,2H,J=6,0Hz,H-a), 
3,7 (t CI., 2H, J = 6,O Hz, H-y), 2,7 (s, 9H, CH,, Tol), 2,l 
(quint. Cl., 2H, J = 6,O Hz, H-P), -2,7 (s Cl., 2H, NH). UV- 
visible (tableau 1). SM (MALDI); mlz : 730, 8 (M+H)+. 

2-(3-Hydroxypropyloxy)benzaldkhyde (16a) 
Dans un ballon surmontC d'un rCfrigCrant, et d'une garde B 
CaCl,, on dissout 6,l g d'ortho-hydroxybenzaldChyde (50 
mmol, 1 Cquiv.), en prksence de 10,3 g de carbonate de potas- 
sium (1,5 Cquiv.) dans 30 mL de DMF. L'ensemble est port6 
15 min B reflux puis 6 mL de 3-bromopropanol (1,5 equiv.) 
sont ajoutCs au milieu. La rCaction est poursuivie 8 h sous 
reflux. Le DMF est alors CliminC par Cvaporation sous vide et 
le rCsidu obtenu est dissous dans 50 mL de CH2CI,, celui-ci est 
lavC par une solution de soude B 5% (3 x 100 mL), rincC par de 
l'eau distillee (2 x 100 mL) et sCchC sur sulfate de magnCsium. 
Aprks filtration, le solvant est Cvapore sous pression rCduite et 
l'huile rksultante est chromatographike sur colonne de silice 
(Cluant acCtate d'CthylelCther de pCtrole 4:6 B 6:4). Aprks Cva- 
poration du solvant, on obtient 4,5 g du compose 16a sous la 
forme d'une huile incolore (Rdt 50%). Rf 0,23 (Cluant B). 
RMN 'H, 6: 10,37 (s lH, CHO), 7,79 (dd, lH, J = 7 3 ;  1,s Hz, 
H-6), 7 3 3  (ddd, lH, J = 9,2; 73 ;  1,8 HZ, H-4), 7,03 (t Cl., IH, 
J= 9,2 HZ, H-5), 7,00 (d, lH, J = 8,4 HZ, H-3), 4.23 (t, 2H, J = 
6,O Hz, H-a), 3,89 (t, lH, J = 5,s Hz, H-y), 2 , l l  (quint., 2H, J 
= 5,8 Hz, H-P). RMN ',c; 6 : 190,O (CHO), 160,7 (C-2), 135,9 
(C-6), 130,l (C-4), 124,6 (C-1), 120,7 (C-5), 112,4 (C-3), 66,l 
(C-a), 59,7 (C-y), 31,6 (C-(3). Analyse ClCmentaire calc. pour 
C,,HI2O3 (180,20 g mol-'): C 66,65; H 6,71; trouvCe : C 
66,37; H 6,63. 

4-(3-Hydroxypropyloxy)benzaldkhyde (16b) 
Les conditions opkratoires sont les m&mes que celles decrite 
pour le composC 16a. Aprks 4 h de reflux et purification on 
obtient 5,4 g du produit 16b sous la forme d'une huile translu- 
cide (Rdt 60%). Rf 0,28 (Cluant B). RMN 'H; 6 : 9,86 (s, lH, 
CHO), 7,83 (d, 2H, J = 8,s Hz, H-2,6), 7,00 (d, 2H, J = 8,8 HZ, 
H-3,5),4.19(t,2H,J=6,0Hz,H-a),3,86(t,2H,J=5,8Hz,H- 
y), 2,07 (quint., 2H, J = 6,O Hz, H-P). RMN I3c; 6 : 190,9 
(CHO), 163,9 (C-4), 132,O (C-2,6), 129,9 (C-1), 114,7 (C-3,5), 
65,5 (C-a), 59,6 (C-y), 31,6 (C-P). Analyse ClCmentaire calc. 
pour CI,H1203 (180,20 g mol-') : C 66,65; H 6,71; trouvCe : C 
66,45; H 6,62. 

ProcPdure ge'ne'rale de glycosylation des ortho- et para- 
hydroxybenzaldkhydes 

Dans un bicol surmontC d'une garde B CaCl, contenant le glu- 
cideperacCtyl6 (5,4 mmol, 1,2 Cquiv.) en solution dans 25 mL 
de dichloromCthane, on introduit sous courant d'argon et B 
O°C, 0,7 mL de tCtrachlorure d'Ctain (5,4 mmol, 1,2 Cquiv.). 
Apres 15 min d'agitation, 0,8 g du composC 16a ou 16b ( 4 3  
mmol, 1 Cquiv.) en solution dans 2 mL de CH,C12 sont ajoutes 
B ce mClange. La tempkrature du milieu est ramenCe B 
tempCrature ambiante et la rCaction est poursuivie durant 8 h. 
Le mClange rkactionnel est alors neutralis6 par addition d'une 

solution glacee, saturCe en hydrogCnocarbonate de sodium 
jusqu'h la neutralitC. La phase organique est lavCe par de I'eau 
distillee (3 x 20 mL), sCchCe sur sulfate de magnCsium, filtrCe 
puis CvaporCe sous vide. 

2-[3-(2,3,4,6-Te'tra-O-ace'tyl-P-~-glucosyloxy)propyI- 
oxy)benzalde'hyde (1 7a) 

En partant de 2,l g de 1,2,3,4,6-penta-0-acCtyl (3-D-glucopy- 
ranose on obtient aprks reaction et traitement, une huile qui est 
purifiCe par chromatographie sur colonne de silice (Cluant B). 
On isole ainsi 600 mg d'une huile incolore qui cristallise au 
bout de quelques jours B 4°C (Rdt 25%). F 4045°C. Rf 0,41 
(Cluant B). [&ID +7,40 (C 0,21, CHCI,). RMN 'H; 6 : 9,50 (s, 
IH, CHO), 7,82 (dd, IH, J = 7,7; 1,s Hz, H-6), 754  (ddd, lH, 
J=8,5;7,5; 1,8Hz,H-4),7,02(t CI., IH, J=7,5Hz,H-5), 6,97 
(d Cl., lH, J =  8,5 HZ, H-3), 5,19 (t, lH, J = 9,3 HZ, H-3 Glc), 
5,08 (t, lH, J=  9,3 Hz, H-4 Glc), 4,98 (dd, lH, J =  9,4; 7,s Hz, 
H-2 Glc), 4,52 (d, IH, J =  7,8 HZ, H-1 Glc), 4,24 (dd, 1H , J=  
12,4; 4,8 Hz, H-6, Glc), 4,15 (m, lH, H-6, Glc), 4.15 (m, 2H, 
H-a), 4,07 (m, lH, H-y,), 3,76 (m, lH, H-y,), 3,72 (m, lH, H- 
5 Glc), 2, 10 (m, 2H, H-P); quatre singulets B 2,07 (3H), 2,02 
(3H), 1,99 (3H), 1,89 (3H) (CH,CO). RMN', C; 6 : 189,5 
(CHO), 170,6, 170,2, 169,4, 169,2 (4, C, CH3CO), 161,3 (C- 
2), 135,9 (C-4), 128,5 (C-6), 124,9 (C-1), 120,8 (C-5), 112,5 
(C-3), 100,9 (C-1 Glc), 72,7 (C-5 Glc), 71,6 (C-3 Glc), 71,3 
(C-2), 68,4 (C-4), 66,l (C-y), 64,5 (C-a), 61,7 (C-6 Glc), 29,3 
(C-P); 20,5 (4C, CH,CO). Analyse ClCmentaire calc. pour 
C2,H3,012 (510,49 g mol-') : C 56,46; H 5,92; trouvCe : C 
56,39; H 6,Ol. 

4-[3-(2,3,4,6-TPtra-O-ace'tyl-~-glucosyloxy)propyl- 
oxy)benzalde'hyde (17b) 

Ce composC est synthCtisC B partir du dCrivt 16b. On isole 
aprhs rkaction et purification par recristallisation dans un 
melange diCthylCtherlCther de pCtrole (4: I), 800 mg de cris- 
taux blancs (Rdt 35%). F 120-122°C. Rf 0,42 (eluant B). [a],- 
6,87 (c4,5; CHCI,). RMN 'H; 6 : 9,87 (s, lH, CHO), 7,83 (d, 
2H,J=8,8H~,H-2,6),7,00(d,2H,J=8,8Hz,H-3,5),5,11(t, 
lH, J = 9,3 HZ, H-3 Glc), 5,06 (t, IH, J = 9,5 Hz, H-4 Glc), 
4,88(dd, lH, J=9,3;7,8Hz,H-2Glc),4,51 (d, lH,J=7,8Hz, 
H-1 Glc), 4,22 (dd, lH, J = 12,3; 4,7 Hz, H-6, Glc), 4,15 (m, 
lH, H-6, Glc), 4.10 (t, 2H, J =  6,O Hz, H-a), 4,05 (m, lH, H- 
y,), 3,76 (m, lH, H-y,), 3,69 (m, IH, H-5 Glc), 2,20 (m, 2H, 
H-P); quatre singulets a 2,06 (3H), 2.01 (3H), 1,99 (3H), 1.89 
(3H) (CH,CO). RMN I3c; 6 : 190,O (CHO), 170,5, 169,3, 
169,2 (2C) (4 C, CH3CO), 163,9 (C-4), 131,9 (C-2,6), 130,l 
(C-1), 114,7 (C-33 ,  101,O (C-1 Glc), 72,7 (C-5 Glc), 71,6 (C- 
3 Glc), 71,2 (C-2), 68,4 (C-4), 66,l (C-y), 64,5 (C-a), 61,9 (C- 
6 Glc), 29,2 (C-P), 20,5 (4C, CH,CO). Analyse ClCmentaire 
calc. pour C2,H3,012 (5 10,49 g mol-') : C 56,46; H 5,92; trou- 
vCe : C 56.40; H 6,05. 

4-[3-(2,3,6,Z1,3',4'6'-Hepta-0-acktyl-P-D- 
maltosyloxy)propyloxy)]benzaldkhyde (18b) 

En partant de 4,4 g de p-D-maltose peracktate on obtient apres 
rCaction et traitement 5,6 g de produit brut. Celui-ci est frac- 
tionnC par chromatographie flash sur colonne de silice (Cluant 
Cther de pCtrolelacCtate d'Cthyle 6:4 B 4:6). Une seconde puri- 
fication est rCalisCe sur plaques de silice (Cluant H) et mkne B 
600 mg de produit pur (Rdt 20%). F 6244°C. Rf 0,57 (Cluant 
B). [a], +42,4 (c 1,O; CHCI,). RMN 'H, 6 : 9,87 (s, lH, 
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CHO), 7,82 (d Cl., 2H, J = 8,8 HZ, H-2,6), 6,98 (d Cl., 2H, J = 
8,8 HZ, H - 3 3 ,  5,40 (d, lH, J = 7,3 HZ, H-1' Glc), 5,35 (dd, 
lH, J =  10,4; 9,7 HZ, H-3' Glc), 5,24 (5, lH, J =  9,O HZ, H-3 
Glc), 5,04 (t, lH, J = 9,7 Hz, H-4' Glc), 4,84 (dd, lH, J = 10,5; 
4,l Hz, H-2' Glc), 4,82 (dd, lH, J = 9 5 ;  8,O Hz, H-2 Glc), 4 3 4  
(d, lH,J=7,9Hz,H-l  Glc),4,47(dd, IH, J =  12,1;2,8H~,H- 
6, Glc), 4,25 (dd, lH, J = 12,7; 3,9 Hz, H-6', Glc), 4,21 (dd, 
lH, J =  12,1;4,5H~,H-6~Glc),4,09(tC1.,2H, J=6 ,2Hz,H-  
a) ,  4.05 (m, lH, H-y,), 4,04 (dd, lH, J = 12,2; 2,6 Hz, H-6'b 
Glc), 3,99 (t Cl., lH, J = 9,4 Hz, H-4 Glc), 3,95 (m, lH, H-5' 
Glc), 3,72 (dt, lH, J = 9,3; 6,3 Hz, H-yb), 3,68 (m, lH, H-5 
Glc), 2,10 (rn, 2H, H-P); sept singulets i 2.12 (3H), 2,09 (3H), 
2,03 (3H), 1,99 (3H), 2,02 (3H), 1,99 (3H), 1,88 (3H) 
(CH3CO). RMN I3c; 8 : 190,7 (CHO), 170,5 (2C), 170,4, 
170,1, 169,9, 169,5, 169,4 (7 CH3CO), 163,7 (C-4), 131,9 (C- 
2,6), 129,9 (C-4), 114,7 (C-33 ,  100,4 (C-1 Glc), 9 5 3  (C-1' 
Glc), 753  (C-3 Glc), 72,7 (C-4 Glc), 72,2 (C-5 Glc), 72,l (C-2 
Glc), 70,O (C-2' Glc), 69,3 (C-3' Glc), 68,5 (C-5' Glc), 68,O 
(C-4' Glc), 66,2 (C-y), 64,5 (C-a), 62,7 (C-6 Glc), 61,7 (C-6' 
Glc), 29,2 (C-P), 20,8 (2C), 20,6, 20,5 (3C), 20,4 (CH3CO). 
Analyse klkmentaire calc. pour C36H46020 (798,74 g mol-I) : C 
54,13; H 5,80; trouvCe : C 54,12; H 5,85. 

Synthese des porphyrines monoglycosylCes 

Voie A (sche'ma 1) 

Prockdure ge'nkrale de glycosylation des 5-(hydroxypropyl- 
oxyphe'ny1)-10,15,20-tritolylporphyrines (12a,b-15a,b) 

En milieu rigoureusement anhydre, sous argon, dans un bicol 
surmontC d'un rCfrigCrant, le glucide acCtylC ou benzoylC est 
rnis en solution dans 10 mL de CH,Cl,. A cette solution refroi- 
die ?i O°C, on introduit le tktrachlorure d'Ctain. Aprks 15 min 
d'agitation, le cornpose l l a  ou l l b  en solution dans 2 mL de 
CH,Cl, sec est ajoutC au milieu. La rCaction controlCe par 
CCM est alors poursuivie h temperature ambiante. En fin de 
pCriode de rCaction, le milieu est neutralist5 par addition d'une 
solution glacCe saturCe en hydrogCnocarbonate de sodium. La 
phase organique est extraite par le dichlorornCthane (2 x 15 
mL), lavCe ?i l'eau distillCe (3 x 15 mL) puis sCchCe sur sulfate 
de magnesium. Aprks filtration, le solvant est CvaporC et rCsidu 
est chromatographiC. 

5-[2-[3-(2,3,4,6-Te'tra-O-acPtyl-P-~-glucosyloxy)propyl- 
oxy)]-10,15,20-tritolylporphyrine (12a) 

En partant de 40 mg de l l a  (0,054 mmol, 1 Cquiv.), 1 10 mg de 
1,2,3,4,6-penta-0-acCtyl P-D-glucopyranose (0,27 mrnol, 5 
Cquiv.) et 0,025 rnL de tCtrachlorure d'ktain (0,27 rnrnol, 5 
Cquiv.), on obtient aprks 18 h de rCaction, traitement et purifi- 
cation sur plaques de gel de silice (Cluant D) 20 mg du com- 
posC 12a (Rdt 35%). R, 0,67 (Cluant D). RMN 'H (tableau 2). 
RMN ',c (tableau 4). UV-visible (tableau 1). SM (SIMS); 
mlz : 1063,l (M + H)+, 672,8 [M - (CH,),-O-G~CAC]~. 

5-[4-[3-(2,3,4,6-Tktra-O-ace'tyl-P-~-g~~~cosyloxy)propyl- 
oxy)]phe'nyl]-10,15,20-tritolylporphyrine (12b) 

En partant de 30 mg de l l b  (0,04 mmol, 1 Cquiv.), 80 mg de 
1,2,3,4,6-penta-0-acCtyl P-D-glucopyranose (0,20 mmol, 5 
Cquiv.) et 0,023 rnL de tktrachlorure d'Ctain (0,20 mrnol, 5 
Cquiv.), on obtient apr&s 2 h de rkaction, traiternent et purifica- 
tion sur plaques de gel de silice (Cluant D) 25 rng du cornposC 

12b (Rdt 60%). Rf 0,55 (Cluant D). RMN 'H (tableau 2). RMN 
I3c (tableau 4). UV-visible (tableau 1). SM (SIMS); mlz : 
1063,l (M + H)+, 672,8 [M - (CH2)3-O-Gl~A~]+. 

5-[2-[3-(2,3,5-Tri-O-benzoyl-P-~-ribosyloxy)propyl- 
oxy)]phe'nyl]-10,15,20-tritolylporphyrirze (13a) 

0-AcCtyl-2,3,5 tribenzoate-P-D-ribofuranose (100 rng, 0,20 
rnmol, 5 Cquiv.) et 30 rng de composC l l a  (0,04 mrnol, 1. 
Cquiv.) sont rnis i rCagir en prCsence de 0,025 mL de SnC14 
(0,20 rnmol, 5 Cquiv.). Aprks 16 h de rCaction, on isole par 
traiternent puis par chrornatographie sur plaques de silice (Clu- 
ant A) 27 rng du composC 13a (Rdt 60%). Rf 0,75 (Cluant A.). 
RMN 'H (tableau 2). RMN I3c (tableau 4). UV-visible (ta- 
bleau 1). SM (SIMS); mlz : 1175,9 (Mf), 672,8 [M - (CH,),- 
0-RbBzJf. 

5-[4-[3-(2,3,5-Tri-O-benzoyl-P-~-ribosyloxy)propyl- 
oxy)]phe'nyl]-10,15,20-tritolylporphyrine (13b) 

Le composk 13b est synthCtisC h partir de l l b .  En partant des 
m&mes quantitks que celle utilisCes pour 13a, on isole aprks 
2 h de rCaction, traitement et purification sur plaques de gel de 
silice 35 mg du composC dCsirC (Rdt 75%). Ce composC se 
dCgradant partiellernent sur silice nous en avons repurifiC 25 
mg par chromatographie rnoyenne pression sur polyamide 
(Cluant H) afin d'obtenir un Cchantillon analytique. R, 0,60 
(Cluant A). RMN 'H (tableau 2). RMN I3c (tableau 4). UV- 
visible (tableau 1). SM (SIMS); mlz : 1176,2 (M + H)', 672,8 
[M - (CH,),-0-RbBzIf. 

5-[2-[3-(2,3,6,2,3,4,5,6-Hepta-O-ace'tyl-~-~-mc11tosyl- 
oxy)propyloxy)lphe'1zyl]-10,15,20-tritolylporphyrine (14a) 

En partant de 50 rng de l l a  (0,06 mmol, 1 Cquiv.), 200 mg de 
p-D-maltose peracCtate (0,30 rnmol, 5 Cquiv.) en prksence de 
0,045 mL de tCtrachlorure d'Ctain (0,30 mrnol, 5 equiv.), on 
isole aprks 24 h de rkaction, traiternent et purification sur 
plaques de gel de silice (Cluant E) 20 rng d'un rnClange de deux 
porphyrines glucosylkes difficilement &parables. Afin d'obte- 
nir un Cchantillon analytique nous avons chromatographi6 ce 
melange sur plaques de silice par cinq migrations successives 
(Cluant C). On isole ainsi 10 mg de 14a (Rdt 12%) et 5 mg 
d'impuretC non identifiCe. Rf 0,54 (Cluant E). RMN 'H (tableau 
2). RMN I3c (tableau 4). UV-visible (tableau 1). SM (SIMS); 
~nlz : 1350,4 (M+M)+, 672,8 [M - (CH,),-0-MalAc]'. 

5-[4-[3-(2,3,6,2,3,4,5,6-Hepta-O-ace'tyl-P-~-1naltosyl- 
oxy)propylo.ry)]phe'nyl]-10,15,20-tritolylporphyri1ze (14b) 

Ce cornposC est synthCtisC h partir de l l b .  En partant des 
m2mes quantitCs que celles utilisees pour 14a, on obtient aprks 
6 h de rkaction, traiternent et purification sur plaques de gel de 
silice (Cluant E) 30 mg du cornposC 14b (Rdt 38%). Rf 0,54 
(Cluant E). RMN 'H (tableau 2). RMN ',c (tableau 4). UV- 
visible (tableau 1). SM (SIMS); mlz : 1350,4 (M+M)+, 672,8 
[M - (CH,),-0-MalAcIf. 

5-[2-[3-(2,3,6,2,3,4,5,6-Hepta-O-ace'tyl-~-lactosyloxy)pro- 
pyloxy)]phe'nyl]-l0,15,20-tritolylporphyre (15a) 

P-D-Lactose peracetate (200 rng, 0,30 rnmol, 5 Cquiv.) addi- 
tionnC h 50 mg de cornposC l l a  (0,06 mrnol, 1 equiv.) en 
prCsence de 0,035 mL de SnC14 (0,30 mrnol, 5 Cquiv.) donnent 
aprks 24 h de reaction, traitement puis purification sur plaques 
de gel silice (Cluant E) 17 rng du cornpose 15a (Rdt 21%). R, 
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Gaud et al. 

0,54 (Cluant E). RMN 'H (tableau 2). RMN 13c (tableau 4). 
UV-visible (tableau 1). SM (SIMS); m/z : 1350,4 (M+H)+, 
672,8 (M - (CH,),-0-LacAc)+. 

5-[4-[3-(2,3,6,2,3,4,5,6-Hepta-O-ace'tyl-~-~-lactosyloxy)pro- 
pyloxy)jphe'nyl]-l0,15,20-tritolylporphyrine (15b) 

La synthkse du composC 15b est rCalisCe h partir du composC 
l l b .  En partant des quantitCs utiliskes pour 15a on obtient 
apr6s 6 h de reaction, traitement et purification sur plaques de 
gel de silice (Cluant E) 34 mg du composC 15b (Rdt 42%). Rf 
0,50 (Cluant E). RMN 'C (tableau 2). RMN I3c (tableau 4). 
UV-visible (tableau 1). SM (SIMS); mlz : 1350,4 (M+H)+, 
672,8 (M - (CHJ3-0-LacAc)+. 

Voie B (schkma 2) 

Me'thode ge'ne'rale 
Dans un bicol surmontC d'un rtfrigtrant et d'une garde h 
CaCl,, le prCcurseur glycosylC 17a,b ou 18b et le para-tolu- 
aldChyde sont dissous dans l'acide propionique. Le mClange 
est port6 B lCger reflux et le pyrrole est ajoutk h l'aide d'une 
seringue. La reaction est alors poursuivie durant 45 min h 
reflux. Aprks refroidissement du milieu, l'acide propionique 
est CliminC par Cvaporation B la pompe h palette. Le solide noir 
obtenu est fractionni par passage sur colonne de silice (2.5 cm 
x 20 cm, Cluant CH,CI,/EtOH 10010 B 9713). Le premier pro- 
duit CluC, la tCtratolylporphyrine, est suivie dans l'ordre par la 
porphyrine monoglycosylCe, les diglycosylporphyrines, la tri- 
glucosylporphyrine puis finalement par le tCtraglucosylpor- 
phyrine. Les deux dernikres porphyrines sont ma1 skparees, 
elles sont accompagnCes de goudrons. Les proportions de cha- 
cun des composes sont fonction des proportions des rCactifs 
employCs. Dans chaque cas, les porphyrines brutes sont 
soumises B une purification ultkrieure. 

5-[2-[3-(2,3,4,6-Te'tra-O-ace'tyl-P-~-glucosyloxy)propyl- 
oxy)]phknyl]-lO,15,20-tritolylporphyrine (12a) 

Par rCaction de 115 mg de para-tolualdChyde (1,2 mmol, 3 
Cquiv.), 160 mg de prkcurseur glycosylC 17a (0,4 mmol, 1 
Cquiv.) et 0,090 mL de pyrrole (1.6 mmol, 4 Cquiv.) en solution 
dans 25 mL d'acide propionique, on isole aprks fractionne- 
ment puis purification sur plaques de gel de silice (Cluant D) 
32 mg du composk 12a (Rdt 8%). 

5-[4-[3-(2,3,4,6-Te'tra-O-ace'ty~-~-~-g~ucosyloxy)propyl- 
oxy)]phe'nyl]-l0,15,20-tritolylporphyrine (12b) 

Le composC 12b est synthCtisC h partir du prCcurseur 17b. En 
partant des m&mes quantitCs que celles employCes pour 12a, 
on isole aprks fractionnement et chromatographie sur plaques 
de gel de silice 36 mg du composC dQirC (Rdt 9%). 

Me'thode ge'ne'rale de synthtse des te'traglycosylporphrines 
(19,20) 

A I1obscuritC, dans un bicol muni d'un rCfrigCrant et d'une 
garde B CaCl,, 0,035 mL de pyrrole (0,5 mmol, 1 Cquiv.) et 0,5 
mmol de prCcurseur 17b ou 18b (1 equiv.) sont dissous sous 
courant d'argon dans 50 mL de CH,Cl,. Ce mClange est agitC 
pendant 15 min B tempkrature ambiante puis 0,040 mL d'acide 
trifluoroacCtique (0,5 mmol, 1 Cquiv.) sont ajoutCs au milieu. 
La rCaction est poursuivie sous agitation durant 1 4  h. Au 
terme de la rCaction, 90 mg de p-chloranile (0,38 mmol) sont 

alors ajoutCs au milieu et l'ensemble est port6 h lCger reflux 
durant 1 h. Le solvant est CvaporC sous vide et le rCsidu obtenu 
est purifie par passage sur colonne de silice (12 cm x 2 cm, 
Cluant CH2Cl21Cthanol 100:O h 9 5 5 )  puis par chromatographie 
sur plaques de gel de silice (Cluant G). 

5,I 0,15,20-Te'tra[4-[3-(2,3,4,6-Te'tra-O-ace'tyl-P-~-glucos~l- 
oxy)propyloxy)]ph~nylporphyrine (19) 

A partir de 250 mg de composC 17b (0,5 mmol, 1 Cquiv.) et 
0,035 mL de pyrrole (0,5 mmol, 1 Cquiv.) on isole aprks 1 h de 
rCaction et oxydation, 100 mg du composC 19 (Rdt 36%). Rf 
0,46 (eluant G). RMN 'H (tableau 3). RMN 13c (tableau 5). 
UV-visible (tableau 1). SM (MALDI); mlz : 2232 (M + H)+. 

5,10,15,20-Tktra[4-[3-(2,3,4,6-Te'tra-O-ace'tyl-P-~-maltosyl- 
oxy)propyloxy)]phe'nyl]porphyrine (20) 

A partir de 400 mg de compost 18b (0,5 mmol, 1 Cquiv.) et 
0,035 mL de pyrrole (0,5 mmol, 1 Cquiv.) on isole aprks 4 h de 
rCaction puis oxydation, 70 mg du composC 20 (Rdt 16%). Rf 
0,55 (Cluant G). RMN 'H (tableau 3). RMN I3c (tableau 5). 
UV-visible (tableau 1). MS (MALDI); mlz : 3386 (M+H)'. 

Poly-[(2,3,4,6-te'trn-O-ace'tyl)glycosyloxypropyloxy]tolylpor- 
phyrine (21, 22, 23) 

Par rCaction de 1,O g de pricurseur glycosylC 17b (2,O mmol, 3 
Cquiv.), 80 mg de para-tolualdChyde (0,65 mmol, 1 Cquiv.) et 
0,175 mL de pyrrole (2,65 mmol, 4 Cquiv.) en solution dans 25 
mL d'acide propionique on obtient aprks fractionnement la 
mono (12b), les di- (22, 23) et la triglucosylporphyrine (21). 
Chacune de ces porphyrines est alors purifite par chromato- 
graphie. Les composCs 22 et 23 sont sCparCes par une triple 
Clution sur plaque de silice (Cluant D). Le compost5 21 est puri- 
fi6 par passages successifs sur colonne de polyamide (Cluant 
H) puis sur colonne de Sephadex LH20 (Cluant J) et 12b est 
isole comme prCcCdemment. On rCcupkre ainsi 20 mg de 12b 
(Rdt 2,8%), 2 x 7 mg de 22 et 23 (Rdt 1,5%), 36 mg de 21 (Rdt 
3,0%). 21: Rf 0,36 (Cluant F). RMN 'H (tableau 3). RMN I3c 
(tableau 5). UV-visible (tableau 1). MS (MALDI); m/z : 1841 
(M+H)'. 

Voie C (sche'ma 3) 

meso-(p-Toly1)dipyrrome'thane (24) 
Dans un ballon, 0,5 mL de para-tolualdChyde (4,l mmol, 1 
Cquiv.) sont mClangCs B 11,2 mL de pyrrole (0,16 mol, 40 
Cquiv.). A cette solution, dCgazCe par barbotage d'argon 
durant 10 min, on ajoute 0,032 mL d'acide trifluoroacttique 
(0,4 mmol, 0,l  Cquiv.). Le mClange est agitC 15 min h tempCra- 
ture ambiante jusqu'h disparition totale de llaldChyde. I1 est 
ensuite diluC par addition de 50 mL de dichloromkthane, neu- 
tralise par une solution aqueuse d'hydroxyde de sodium 0,l N, 
rincC a l'eau distillCe puis skchC sur sulfate de magnksium. 
Aprks Cvaporation du pyrrole 2 tempCrature ambiante, le pro- 
duit est port6 sous vide (1 Torr (133.3 Pa)) durant 1 h. On 
obtient ainsi un solide bmnstre qui est chromatographie sur 
colonne de silice (Cluant I). Aprks Cvaporation du solvant on 
rCcupkre 650 mg de solide verdgtre (Rdt 66%). F 114°C (litt. 
(19) F 1 1 1-1 12°C). Rf 0,24 (Cluant I). IR (KBr) v (cm-') : 
341 5 (N-H), 1690, 1640 (C-0). Analyse ClCmentaire calc. : 
pour C16H16N2 (236,13 g mol) : C 81,38; H 6,83; N 11,86; 
trouvC : C 81,53; H 6,82; N 12,17. 
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5,1O-Bis[(2,3,4,6-tktra-O-acktyl)glyosyloxypropyloxyj-20- 
ditolylporphyrine (22, et 5,15-bis[(2,3,4,6-tktra-0-ack- 
ty1)glyosyloxypropyloxyj- IO,20-ditolylporphyrine (23) 

Dans un ballon 130 mg de precurseur glycosidique 17b (0,25 
mmol, 1 Cquiv.) et 60 mg de dipyrromkthane 24 (0,25 mrnol, 1 
Cquiv.) sont rnis en solution dans 25 rnL de CH2Cl,. A ce 
milieu protCgC de la lurnikre et purgC 15 rnin par barbotage 
d'argon, on ajoute 0,033 mL d'une solution 2,5 M de 
BF3.Et,0. Aprks 10 min d'agitation, 50 mg de p-chloranile 
(0,2 mrnol) sont additionnks au milieu et la rCaction est pour- 
suivie i ternptrature arnbiante durant 1 h 30. Le solvant est 
CvaporC sous vide et la rCsidu obtenu est fractionnC par chro- 
matographie sur colonne de silice (Cluant CH2C121Cthanol 
100:O 2i 98:2). Aprb  Cvaporation des diffkrentes fractions, on 
rCcupkre 20 rng de monoglycosylporphyrine (16%), 30 mg du 
rntlange des diglycosylporphyrines et 5 mg de la triglyco- 
sylporphyrine. Le melange des deux isornkres de la digluco- 
sylporphyrine est s6parC par chrornatographie sur plaques de 
gel de silice par une triple elution (Cluant C). Le cornposC 22 
substituC sur les carbones mkso-adjacents (cis) est le plus 
retenu. On isole ainsi 9 mg du composC 22 (Rdt 5%) et 16 rng 
du cornposC 23 (Rdt 9%). 22 : Rf 0,43 (Cluant E). RMN 'H 
(tableau 3). RMN 13c (tableau 5). UV-visible (tableau 1). SM 
(MALDI); rnlz : 1453 (M+H)+. 23 : Rf 0,46 (Cluant E). RMN 
'H (tableau 3). RMN I3c (tableau 5). UV-visible (tableau 1). 
SM (MALDI); rnlz : 1453 (M+H)+. 

ProcCdure gCnCrale de dCprotection 
A 25 mg de porphyrine en solution dans 1 rnL de CH2Cl,/ 
MeOH (80:20), on ajoute 1,5 Cquivalent de mithylate de 
sodium (solution 1 M dans le mCthanol) par groupement pro- 
tecteur acCtylC ou benzoylb. Le milieu rCactionne1 est agitC ?i 

temperature ambiante durant 1 h puis la porphyrine est prtci- 
pitCe par addition dlCther de petrole. Aprks filtration, lavage B 
1'Cther de pCtrole, la porphyrine isolCe est purifiCe par chro- 
matographie sur colonne de Sephadex LH20 (Cluant 0 ) .  

5-[2-[3-(P-D-Glucosyloxy)propyloxy]phCnyl]- 10,15,20-tri- 
tolylporphyrine (la) : 17 rng (Rdt 80%). Rf0,65 (K). UV-visi- 
ble (tableau 1). SM (MALDI); rnlz : 895 (M+H)+. 

5-[4-[3-(P-D-Glucosyloxy)propyloxy jphtnyll- 10,15,20-tri- 
tolylporphyrine (lb) : 17 rng (Rdt 80%). Rf 0,48 (K). UV-visi- 
ble (tableau 1). SM (MALDI); rnlz : 895 (M+H)+. 

5-[2-[3-(P-D-Ribosyloxy)propyloxy]phCnyl]- 10,15,20-tri- 
tolylporphyrine (2a) : 16 mg (Rdt 85%). Rf0,90 (K). UV-visi- 
ble (tableau 1). SM (MALDI); mlz : 864 (M+H)+. 

5-[4-[3-(P-D-Ribosyloxy)propyloxy]phCnyl]- l0,15,20-tri- 
tolylporphyrine (2b) : 16 mg (Rdt 85%). Rf0,77 (K). UV-visi- 
ble (tableau 1). SM (MALDI); rnlz : 864 (M+H)+. 

5-[2-[3-(P-D-Maltosyloxy)propyloxy]phCnyl]-10,l 5,20-tri- 
tolylporphyrine (3a) : I6 mg (Rdt 85%). Rf 0,40 (L). UV-visi- 
ble (tableau 1). SM (MALDI); rnlz : 1056 (M+H)+. 

5-[4-[3-(P-D-Maltosyloxy)propyloxy jphCny1 10,15,20-tri- 
tolyporphyrine (3b) : 17 mg (Rdt 90%). Rf 0,20 (L). UV-visi- 
ble (tableau 1). SM (MALDI); mlz : 1056 (M+H)+. 

5-[2-[3-(P-D-Lactosyloxy)propyloxy]ph6ny]-10, 15,20-tri- 
tolyporphyrine (4a) : 15 mg (Rdt 85%). R,0,41 (L). UV-visi- 
ble (tableau 1). SM (MALDI); rnlz : 1056 (M+H)+. 

5-[4-[3-(P-D-Lactosyloxy)propyloxy]ph~ny]- 10,15,20-tri- 
tolyporphyrine (4b) : 15 mg (Rdt 85%). Rf 0,24 (L). UV-visi- 
ble (tableau 1). SM (MALDI); rnlz : 1056 (M+H)+. 

5,10,15,20-T~trakis[4-[3-(~-~-glucosyloxy)propyloxy]phC- 
nylporphyrine (5) : 14 rng (Rdt 80%). Rf 0,65 (N). UV-visible 
(tableau 1). SM (MALDI); mlz : 1560 (M+H)+. 

5,10,15,20-Tktrakis[4-[3-(~-~-maltosyloxy)propyloxy]phC- 
nylporphyrine (6) : 16 rng (Rdt 80%). R, 0,65 (N). UV-visible 
(tableau 1). SM (MALDI); rnlz : 2209 (M+H)+. 

5,10,15-Tris[4-[3-(~-~-glucosy1oxy)propyloxy]phCnyl]-20- 
tolylporphyrine (7) : 13 rng (Rdt 80%). Rf 0,65 (N). UV-visi- 
ble (tableau 1). SM (MALDI); rnlz : 1338 (M+H)+. 

5,l 0-Bis[4-[3-(P-D-glucosyloxy)propyloxy]phCny 11- 15,20- 
ditolylporphyrine (8) : 14 mg (Rdt 75%). Rf 0,10 (M). UV- 
visible (tableau 1). SM (MALDI); rnlz : 1 116 (M+H)+. 

5, 15-Bis[4-[3-(P-D-glucosyloxy)propyloxy]phCny - 1  0,20- 
ditolylporphyrine (9) : 15 mg (Rdt 80%). Rf 0,28 (M). UV- 
visible (tableau 1). SM (MALDI); mlz : 1 1 16 (M+H)+. 
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Energetique des liaisons inter et 
intramoleculaires dans les trois isomeres 
de 19aminophenol 

Raphael Sabbah et Meriem Gouali 

RCsumC : Le prCsent travail porte sur 1'Ctude thermodynamique des trois isomkres de l'aminophinol de formule gCnCrale : 
C,H,NO. I1 a CtC r6alisC en utilisant quatre techniques : la calorimCtrie de combustion de faibles quantitts de substance (quelques 
milligrammes par essai), la calorimetrie de sublimation, l'analyse thermique differentielle et la mesure de capacitks calorifiques. 
Cette Ctude nous a permis : de determiner les enthalpies de combustion, de sublimation et de fusion de ces composks; de preciser 
la stabilitk relative des trois isomkres; de determiner les Cnergies de conjugaison experimentales et de les comparer aux valeurs 
theoriques; de determiner qualitativement et quantitativement les interactions intermoltculaires; de determiner les enthalpies 
d'atomisation des trois composCs et de verifier qu'elles sont compatibles aux valeurs calcultes B partir des contributions 
CnergCtiques precCdemment dCterminCes au laboratoire; de discuter de l'existence d'une liaison hydrogkne intramolCculaire dans 
l'isomkre ortho. 

Mors clPs : thermodynamique; thermochimie; calorimetrie; analyse thermique differentielle; 2-aminophCnol ou ortho- 
aminophenol; 3-aminophCno1 ou rne'ta-aminophknol; 4-aminophenol ou para-aminophCno1; enthalpie de combustion, de 
sublimation, de fusion, d'atomisation, enthalpies des liaisons inter et intramoleculaires; liaison hydrogkne; Cnergie de 
conjugaison; temperature du point triple. 

Abstract: The present work is concerned with a thermodynamic study of the three aminophenol isomers (general formula: 
C,H,NO). It was achieved using four techniques: combustion calorimetry of small amounts of substance (a few milligrams), 
sublimation calorimetry, differential thermal analysis, and heat capacity measurements. From this study, it was possible: to 
determine the enthalpies of combustion, sublimation, and fusion of these compounds; to discuss the relative stability of the three 
molecules; to determine the intermolecular enthalpy bonds; to determine the experimental resonance energies and to compare 
them with the theoretical values; to determine the atomization enthalpies and to compare them with the values calculated from 
the energetical contributions previously determined in our laboratory; to consider the existence of an intramolecular hydrogen 
bond in the orfho isomer. 

Key words: thermodynamics; thermochemistry; calorimetry; differential thermal analysis; 2-aminophenol or or-tho-arninophe- 
nol; 3-aminophenol or meta-aminophenol; 4-aminophenol orpara-aminophenol; enthalpy of combustion, of sublimation, of 
fusion, of atomization, enthalpy of inter and intramolecular bonds; hydrogen bond; resonance energy; triple point temperature. 

I. Introduction des forces de cohCsio11 cristalline. I1 trouve ses applications 
dans l'industrie mais Cgalement dans l'environnement avec 

Les aminophCnols posskdent de  nombreuses applications I,, problemes lies a 1'elimination et au stockage des dechets. 
industrielles. 11s servent it lacolorationdes fourrures et  le 4-ami- 
nophCnol est utilisC comme rCvClateur photographique et 
comme intermkdiaire dans la synthese du paracktamol. Le 2- 
aminophCno1 est utilisC dans la fabrication d'un insecticide : le 
phosalone (1). 

Trks peu d'etudes thermodynamiques ont Cte rCalisCes sur 
les aminophCnols. La plus rCcente concerne les travaux de  
Nuiiez et al; elle a constituC pratiquement la seule rCfCrence 
pour la plupart des resultats de notre etude (2). 

Ce travail a pour but de mettre en evidence le lien existant 
entre les grandeurs CnergCtiques et la structure des ami- 
nophenols, d'interprkter et de  discuter l'importance relative 

R e p  le 3 1 octobre, 1995. 

R. Sabbahl et M. Gouali. Centre de Thermodynamique et de Mi- 
crocalorimCtrie du Centre National de la Recherche Scientifique, 
26, rue du 14lkme RIA, 13331 - Marseille, Cedex 03, France. 

1. Auteur B qui les demandes de tires i partir devront Ctre 
adressCes. 

11. Partie experimentale 

11.1. Produits  utilisCs 
Les trois substances CtudiCes sont des produits Aldrich de  puretC 
supkrieure ou Cgale 98%, repurifikes par trois sublimations 
successives sous une pression residuelle de 1,3 Pa h 373 K pour 
le 3-aminophenol et le 4-aminophCno1. Le 2-aminophenol a CtC 
prCalablement recristallist dans du methanol absolu avant de  
s u F r  le m&me traitement que les deux autres isomeres (2). 

A 1'Ctat pur, les aminophCnols sont incolores. ExposCs a 
l'air, ils s'oxydent en brunissant. Nous avons pu verifier que la 
lumikre est responsable de cette oxydation et  que 1'humiditC 
est un facteur secondaire favorisant ce  phCnornene. C e  sont 
des substances instables qui se dCcomposent souvent a des  
tempkratures inferieures a leur point de fusion. C'est pour- 
quoi, apres leur purification, nous les avons stockCes dans des  
flacons en verre brun, maintenus sous vide dans un dessicca- 
teur en presence de  soude. 

Can. J. Chem. 74: 500-507 (1996). Printed in Canada I ImprimC au Canada 
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Tableau 1. Grandeurs physiques ?I 298,15 K des substances CtudiCes. 
---- - - 

M" P -(6U/6P), 
Substance Formule brute (mol g-I) (g cm3) (J g-' MPa-') 
- - - - - - - 

Acide benzoyque C7H602 122,123.1 1,32 (14) 0.12 
Coton cHl,79100,850 27,4157 1,50 (14) 0,29 
2-AminophCnol C6H7N0 109,1277 1,328 (2) 0.1 (2) 
3-AminophCnol C6H7N0 109,1277 1,328 (2) 0,1 (2) 
4-ArninophCnol C,H,NO 109,1277 1,328 (2) 0,1 (2) 

"CalculCes B partir du tableau des masses atomiques de 1993 (13). 

Tableau 2. DegrCs de puretC, tempkratures du point triple et enthalpies de fusion des 
aminophCnols. 

"DCfinies par rapport i 1'Cchelle EIT-90 (15). 

puis digitalis6 par un multimktre numCrique Keithley modkle 
175 et enregistrC sur un enregistreur potentiomCtrique, Sefram, 
modkle Servotrace; 

le diamktre des trous d'effusion pratiquCs dans des joints en 
Ttflon de 0,2 mrn dlCpaisseur est de 0,7, 0,8 et 1,5 ou 2 mm, 
respectivement, dans le cas du 2-aminophtnol, 3-aminophCno1 
et 4-aminophCno1; 

l'ouverture et la fermeture de l'orifice d'effusion des cellules 
sont pilottes par l'ordinateur; 

toutes les pestes ont CtC effectuCes B l'aide d'une balance 
Mettler, type UM3. 

L'acquisition et le traitement des donnCes sont rCalisCs B 
l'aide d'un ordinateur et d'un programme c o n p  et mis au point 
au laboratoire. I1 permet, entre autres, de dCterminer l'aire des 
thermogrammes et, B partir du coefficient dlCtalonnage, 
l'enthalpie de sublimation de nos composCs B la temptrature de 
llexpCrience AsubHm(T). 

Des tests prkliminaires sont nCcessaires pour ladktermination 
des conditions expCrimentales prCcisCes ci-dessus et dans le 
tableau 6: diarnktre du trou d'effusion, temgrature du calo- 
rimktre, sensibilitkde l'amplificateur Keithley, quantitC de sub- 
stance B utiliser. 

La faible pression de vapeur saturante de nos composCs B 
298,15 K nous a obligCs B travailler entre 332 et 337 K. De plus, 
nous avons admis 1'identitC : 

11.2.4. Mesure des capacitks calorifiques 
Pour calculer ASubHom (298,15 K) B partir de ASubHom (T), il est 
ntcessaire de connaitre : 

le comportement thermique de nos substances entre 298,15 
K et T. Nous nous sommes donc assurCs que nos substances ne 
prksentaient aucun changement de phase dans cet intervalle; 

la capacitC calorifique B pression constante des phases con- 
densCe et gazeuse des substances CtudiCes a 298,15 K et T de 
f a ~ o n  B pouvoir appliquer la relation suivante : 

La diffkrence enthalpique HO,(T) - Hom(298,15 K) a 1'Ctat 
solide a Ctt dtterminCe par la mtthode de chute B l'aide d'un 
calorimktre Tian-Calvet et d'un four maintenus respective- 
ment i 298,15 K et T. Le calorimktre a CtC prkalablement Cta- 
lonnt en utilisant des Cchantillons d'alumine-a. 

Quant aux valeurs des capacites calorifiques B 1'Ctat gazeux 
CO,,,(g) aux tempkratures 298,15 K et T, elles ont CtC dCter- 
m i k e s  B partir d'une mtthode incrkmentale en utilisant les 
capacitCs calorifiques B l'ttat gazeux des molCcules de ben- 
zkne, de phtnol et d'aniline (12). 

Les diffkrents calorimktres et analyseur thermique, leurs 
p6riphCriques ainsi que les balances sont placCs dans des salles 
thermorCgulCes B (19,O f 0,2)"C. 

Ill. Resultats 

Les constantes physiques de nos composCs sont rtsumtes dans 
le tableau 1. 

111.1. Analyse thermique differentielle 
Cette Ctude nous a post5 quelques difficult& dues essentielle- 
ment B la dCcomposition des aminophCnols au moment de leur 
fusion. C'est la raison pour laquelle pour chaque Cchantillon, 
seuls ont Ctt retenus les rCsultats issus de la premikre fusion 
minimisant ainsi les risques d'erreurs dus au phCnomkne de 
dCcomposition. Nous consignons dans le tableau 2 les princi- 
paux rCsultats obtenus. Les valeurs de la tempkrature du point 
triple sont compatibles avec celles de la littkrature. Quant aux 
enthalpies de fusion, aucune comparaison n'est possible par 
manque, B notre connaissance, de valeurs publiCes. 
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Sabbah et Gouali 

Tableau 3. Combustion du 2-aminophtnol. 

Symboles : S = aire des them~ogrammes; AU = variation de I'Cnergie inteme 
combustion du coton; W2 = corrections pour passer A 1'Ctat standard. 

111.2. Calorimetrie de combustion 
L'Cquivalent CnergCtique du systeme calorimktrique (UCa1,,) a 
ete determine B partir de six combustions d'acide benzoyque, 
Cchantillon 39i du N.I.S.T. pour lequel AuO,(s, 298,15 K) = 
(-26 414 -+ 3) J g-' (16). Dans chaque expkrience, nous avons 
utilisC environ 5 mg d'acide et 0,2 mg de coton (dont 1'Cnergie 
de combustion, prkalablement dtterminCe au laboratoire, a 
pour valeur AuoC(s, 298,15 K) = (-16 399 -+ 23) J g-' (17)). 
Nous avons trouvC Ucaio,= (16,056 -+ 0,007) J V-' s-'. 

Les enthalpies standard de combustion de nos composCs 
(tableaux 3-5) concernent la rCaction suivante : 

et sont calculCes B l'aide d'un ordinateur et d'un programme 
Ccrit et mis au point au laboratoire, a partir de nos valeurs 
expCrimentales en tenant compte des corrections dites de 
Washburn. 

Nos valeurs expCrimentales sont infkrieures aux valeurs de 
Nuiiez et a1 (2) d'environ 0,3%, 0,2% et O,l% respectivement, 
pour les isomkres ortho, mPta et para. N'ayant pas rencontrC 
de difficultCs particulieres en calorimCtrie de combustion des 
aminophCnols qui seraient dues B leur volatiliti, B leur hygro- 
scopicitC et (ou) B leur oxydation (a condition d'Cviter l'expo- 
sition prolongCe des pastilles 5 la lumibe), nous pensons que 
la masse de substance b ~ l e e ,  dCterminCe a partir de nos 
pesCes initiales, est plus fiable que celle qui est calculCe a 
partir de la quantitC de C 0 2  issue de la combustion comme 
l'ont fait Nuiiez et al. Par ailleurs, signalons l'absence dans 
leur travail de toute indication relative B la puretC des subs- 
tances CtudiCes. 

111.3. CalorimCtrie de sublimation et mesures des 
capacitks calorifiques 

Les enthalpies de sublimation de nos substances sont con- 
signCes dans le tableau 6. Comme on peut le constater (tableau 
7), nos rCsultats a 298,15 K sont plus faibles que les valeurs de 
Nuiiez et al. (2). 

Si I'on se rCfere a la mCthode expkrimentale, utilisee par ces 

de la bombe et de son contenu; W, = Cnergie de 

auteurs pour la dktermination des enthalpies de sublimation ou 
de vaporisation, dCcrite dans la rCfCrence 18, on se rend 
compte que le signal endothermique mesurC par le microcalo- 
rimktre correspond 2 une Cnergie de sublimation B une 
tempkrature T et non pas B une enthalpie puisque la pression 
n'est pas constante tout au long du changement d'Ctat. Une 
correction relative B la diffkrence AsubHm(T) - AsubUm(T), 
Cgale B RT, avec T = 414 K (tempkrature 2 laquelle ont CtC 
rCalisCes les mesures), ne peut pas expliquer, a elle seule, 
1'Ccart observC entre nos valeurs et celles de ces auteurs. A 
noter que cette diffkrence est aussi constatCe si l'on compare 
les valeurs des enthalpies de sublimation des trois isomkres de 
l'acide chlorobenzoYque obtenues au laboratoire (19) avec 
celles qui ont CtC mesurCes par Adedeji et al. (18) en utilisant 
la mCme mCthode. 

Par ailleurs, signalons que Dunn (20) a determine I'enthal- 
pie de sublimation du 4-aminophCnol dans I'intervalle de 
temperature (403 < T/K < 430) et a trouvC 92 kJ mol-'. 
RamenCe B 298,15 K, cette valeur, Cgale B 98,2 kJ mol-', 
slCcarte davantage de la valeur de Nuiiez et al. (A = 10,9 kJ 
mol-') que de la n6tre (A = 5,5 kJ mol-I). 

En utilisant les rCsultats expkrimentaux obtenus par calo- 
rimCtrie de combustion et de sublimation, nous avons calcul6 
l'enthalpie molaire standard de formation a 1'Ctat gazeux de 
chacun des trois isomkres (tableau 7). 

111.4. Enthalpie d'atomisation 
A une tempkrature donnCe, la reaction d'atomisation des ami- 
nophCnols s'ecrit : 

En condquence, l'enthalpie like B cette rkaction est Cgale B : 

Les valeurs de A,,expHOm de nos substances (tableau 7) ont 
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Tableau 4. Combustion du 3-aminophCno1. 

Can. J .  Chem. Vol. 74, 1996 

Symboles : S = aire des thermogrammes; AU = variation de I'Cnergie interne de la bombe et de son contenu; W ,  = Cnergie de 
combustion du coton; W? = corrections pour passer j. I'ttat standard. 

Tableau 5. Combustion du 4-aminophCnol. 

Symboles : S = aire des thermogrammes; AU = variation de I'tnergie interne de la bombe et de son contenu; W ,  = Cnergie de 
combustion du coton; W? = corrections pour passer j. I'Ctat standard. 

CtC calculCes en utilisant les valeurs de AfHO,(g, 298,15 K) de rCfCrence 24 et ce, en utilisant les paramktres suivants : a. = a 
C, H, N et 0 consignCes dans la rCfCrence 22. + 2,500 Po; a,= a + 2,250 Po; P(c.o, = 0,750 Po; P(,,, = 0,750 

Dans le prCsent travail, l'incertitude qui accompagne les Po (Po est l'intkgrale de recouvrement de la molCcule de ben- 
rksultats expkrimentaux reprCsente 1'Ccart moyen, a, = + zkne; elle est Cgale 2 13 1,7 kJ mol-I). 
((x - ~ ~ ) ~ / n ( n  - 1))1'2, x Ctant chacune des n valeurs entrant Les valeurs de 1'Cnergie de conjugaison expkrimentale et 
dans le calcul de la moyenne xo. Lorsque la valeur expCrimen- thCorique (tableau 8) ainsi obtenues sont compatibles. De plus 
tale est fonction de plusieurs variables, l'incertitude calculCe et comme on peut le constater, 1'Cnergie de conjugaison du 2- 
tient compte de l'erreur sur chacune de ces variables. 

IV. Discussion 

IV.l. ~ n e r ~ i e  de conjugaison 
L'Cnergie de conjugaison est la diffkrence entre 1'Cnergie 
rCelle de la molCcule et 1'Cnergie qu'elle aurait si les divers 
systkmes insaturks qu'elle comporte Ctaient indkpendants. Sur 
le plan pratique, pour la diterminer, il suffit d'utiliser les 
enthalpies standard de combustion 2 1'Ctat gazeux de la molC- 
cule rCelle et de la molCcule fictive non conjugde. La 
premikre de ces grandeurs s'obtient expkrimentalement et la 
seconde nCcessite le recours aux systCmatiques. En ce qui nous 
concerne, nous avons utilisC celle de Klages qui est consignCe 
dans la rCfCrence 23. 

Nous avons Cgalement calcule 1'Cnergie de conjugaison 
thCorique 2 l'aide de la mCthode de calcul indiquCe dans la 

aminophCno1 Ctant la plus ClevCe laisse supposer que cet 
isomkre serait le plus stable. 

IV.2. Liaisons intramoleculaires dans les aminophCnols 
Par dCfinition, l'enthalpie d'atomisation d'une molCcule est 
Cgale 2 la somme des liaisons intramolCculaires compte tenu 
des facteurs de stabilisation et de dkstabilisation. Pour retrou- 
ver, par le calcul, l'enthalpie d'atomisation de nos composCs, 
nous avons tenu compte du principe de la transfCrabilitC et 
avons utilisC les valeurs CnergCtiques des diffkrentes liaisons 
intramolCculaires prealablement dCterminCes au laboratoire h 
partir d'autres molCcules. 

Pour ce qui est des liaisons C,-C, du cycle benzCnique, 
nous avons utilisC le procCdC de calcul consign6 dans la 
rCfirence 10. Celui-ci fait intervenir un paramktre liC 2 la 
gComCtrie de la molCcule, l'indice de liaison I,, entre deux 
atomes directement liCs r et s, obtenu 2 partir du calcul 
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Sabbah et Gouali 505 

Tableau 6. Sublimation des aminophCnols. 

T rn A,.bHom(T) A,,,HDm(T) E98,15 KCop,m(~)dT E98,15 KCOp,m(g)dT A,,bH0,,,(298, 15 K) 

Substance (K) (mg) (kJ mol") (kJ mol-') (kJ mol-') ( kJ mol-I) (kJ mol-I) 

Tableau 7. Ensemble des grandeurs thermodynamiques relatives aux aminophCnols et leur cornparaison aux resultats de la IittCrature 

Grandeur 
(kJ mol-I) Ce travall LittCrature Ce travail LittCrature Ce travail LittCrature 

A,,,Hom(298, 15 K) 96,90+0,56 103,8f0,9 (2) 101,58f0,86 104,7+1,2 (2) 103,63f0,65 109, I f  1,4 (2) 
92,O (403430 K) (20) 

-ACH0,,,(s,298,l5K) 3160,1+1,5 3170,5f0,5(2) 3 161,2f1,2 3 167,4M,6 (2) 3 167,4f0,9 3 170,9f 0,5 (2) 
-A,HO,,,(s, 298,15 K) 201,3f1,6 200,2f 1,3 194,lf 1,O 179,l (21) 
-AcHO,,(g, 298,15 K) 3257,0f1,6 3262,8+1,5 3271,0f1,1 
-AJom(g, 298,15 K) 104,4+ 1,7 98,6k 1.6 90,5f 1.2 

A* expHom 6652,2f 2,2 6646,4+2,1 6638,3+1,8 

thCorique de 1'Cnergie de conjugaison (fig. 1). La relation re- tivement utilisC les valeurs 415,88 (25); 841 (26) et 1 102,37 kJ 
liant H,, B l,, s'kcrit (H,, / kJ mol-') = 246,O 4, + 342,6. Quant 2 mol-' (25). 
H(Cb-H), H(Cb-OH) et H(Cb-NH,), nous avons respec- Les valeurs ainsi calculCes sont Cgales i 6633,2; 663 1,7 et 
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Tableau 8. Energie de coniugaison des arninophenols. 

Can. J. Chem. Vol. 74, 1996 

Tableau 9. Cornparaison des enthalpies de sublimation des 
arninophCnols, des dirnethylbenzknes et des dichlorobenzknes. 

Econj enp 184,3 175,6 167,4 
(kJ rnol-I) 

Econj hCor 177,3 176.7 177,2 
(kJ rnol-I) 

Fig. 1. Indices de liaison dans les trois isornkres de 
I'arninophCnol. 

6632,7 kJ mol-I respectivement, pour l'isomkre ortho, me'ta et 
para et sont en parfait accord avec les rCsultats expkrimentaux 
consign& dans le tableau 7. 

IV.3. Liaisons intermolkculaires dans les aminophknols 
L'enthalpie de sublimation d'une substance organique est liCe 
aux interactions intermolCculaires. Dans le cas des ami- 
nophCnols, ces interactions sont du type van der Waals et con- 
cernent les forces de dispersion et d'interactions dipolaires. A 
cdtC de ces interactions, il existe aussi des liaisons hydrogkne 
intermolCculaires. I1 nous a donc paru intkressant de dCter- 
miner la part CnergCtique de chacune d'elles. Pour ce faire, 
nous avons appliquC un procCdC de calcul dCj2 utilisC au labo- 
ratoire (26-3 1). I1 consiste, dans notre cas, 2 dCterminer la con- 
tribution CnergCtique des forces de dispersion (London) en 
considCrant qu'elle est Cgale 5 l'enthalpie de sublimation des 
dimCthylbenzknes, composCs isoClectroniques des ami- 
nophCnols. 

A une temperature donnCe (ici 298,15 K), la diffkrence D, 
des enthalpies de sublimation des aminophCnols et des 
dimCthylbenzknes correspondants reprCsente la somme des 
Cnergies d'interaction dipolaire et des liaisons hydrogkne inter- 
molCculaires (tableau 9). 

Afin de dCterminer la contribution CnergCtique des interac- 
tions dipolaires D2, nous avons comparC les enthalpies de sub- 
limation des dichlorobenzknes, composCs isoClectroniques des 
aminophCnols et des dimCthylbenzknes, qui prCsentent un 
moment dipolaire mais ne forment pas de liaisons hydrogkne 
intermolCculaires, 2 celles des dimCthylbenzknes correspon- 
dants. Comme on peut le constater, celle-ci est faible. 

La diffkrence Dl  - Dl, soit 38,5 kJ mol-', reprCsente la part 
CnergCtique pouvant Ctre attribuke B la somme des liaisons 
hydrogkne intermolCculaires mises en Cvidence par des Ctudes 
cristallographiques (32-35). Celles-ci ont montrC l'existence 
de deux types de liaisons hydrogbne intermolCculaires dans les 
molCcules d'aminophCnols: N-H-.O et 0-H.-N. Ces liai- 
sons forment, dans le cas du 2-aminophCnol(32,33), des feuil- 
lets liCs entre eux par de faibles forces de van der Waals. 

La liaison O-H...N est plus forte que N-H...O . En effet, 
1'ClectronCgativitC de 0 Ctant plus importante que celle de N, 

ortho 

OH, NH2 -3 A 96,90 
C1, C1 -3 B 64,35 
CH,, CH, + C 59,82 
D , = A - C  37,08 
D , = B - C  4 3 3  
D l  - D2 32,55 

me'ta 

101,58 
62,78 
58.26 
43,32 
4,52 

38,80 

para 

la liaison 0-H est plus polarisCe et la charge sf portCe par 
- - 

l'hydrogbne est plus importante, induisant ainsi une liaison 
H...N plus forte. La longueur de la liaison O...N est d'ailleurs 
plus petite dans le cas de O-H...N (2,780 A (33), 2,764 A 
(32)) que dans celui de N-H...O (3,113 A (33), 3,114 A (32)). 

On sait que la force d'une liaison est inversement propor- 
tionnelle 2 sa longueur. Afin de dCterminer la contribution 
enthalpique de chacun de ces deux types de liaisons 
hydrogkne intermolCculaires a partir de l'enthalpie attribute 2 
leur ensemble, soit 38,s kJ mol-', nous avons, dans un premier 
temps, utilisC la relation donnCe par Jask6lski (36) pour cal- 
culer le taux de raccourcissement de la distance interatomique 
entre deux atomes H et X liCs par une liaison hydrogkne 
intramolCculaire et admis que nous pouvions confondre liai- 
son hydrogkne intra et intermolCculaire. 

Cette relation s'Ccrit : 

A(HX) reprksente le raccourcissement de la liaison H...X, 
W(H) et W(X) reprksentent respectivement les rayons de van 
der Waals des atomes H et X; R(H.-X) reprCsente la distance 
rCelle entre les atomes H et X. 

AppliquCe dans notre cas avec X = N ou 0 ,  la relation 
prCcCdente nous permet de calculer A(HN) et A(H0). Les 
valeurs de W(H) = 1,00 A; W(0) = 1,52 A et W(N) = 1,55 A 
ont MC empruntCes 2 la rCfCrence 37. 

A dCfaut de trouver dans la rCfCrence 34 les distances inter- 
atomiques du 4-aminophCno1 qui prCsente l'avantage de ne 
pas contracter de liaisons hydrogkne intramolCculaires, nous 
avons adopt6 pour les distances R(H...N) et R(H...O) respec- 
tivement les valeurs 1,77 et 2,22 A donnCes avec la structure 
cristalline du 2-aminophCno1 (33). Le rapport A(HN)/A(HO) 
est Cgal B 2,6. 

La seule Ctude cristallographique sur le 4-aminophCno1 a CtC 
rCalisCe par Brown (34). Cet auteur propose trois liaisons 
hydrogbne intermolCculaires par molCcule de 4-aminophCno1. 
La troisibme liaison nous pardt &tre contestable si l'on se 
rCfkre 2 la valeur de la distance (N-H...O = 3,18 A) qui est 
relativement ClevCe comparCe 2 celles des liaisons de mkme 
type. Toutes les autres Ctudes cristallographiques, rCalisCes sur 
I'isomkre ortho ou mkta (32, 33, 35), montrent l'existence de 
deux liaisons hydrogkne par molCcule d'aminophCno1, l'une 
de type N-H...O et l'autre de type O-H...N . En con- 
sCquence, nous avons supposC qu'il en Ctait de mCme pour le 
4-aminophCno1, ce qui nous a permis, 5 partir de la valeur du 
rapport A(HN) / A(HO), d'attribuer une Cnergie d'environ 
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Sabbah et Gouali 

10,7 kJ m ~ l - ' ~ o u r  la liaison N-H...O et 27,8 kJ mol-' pour la 
liaison O-H...N . Dans son ouvrage (38), Julg propose une 
Cnergie variant de 8,4 2 12,6 kJ mol-' pour la liaison N-H...O 
dans les oximes et d e  16,7 29,3 kJ mol-' pour la liaison O- 
H...N, ce qui est tout A fait compatible avec nos rksultats. 

IV.4. Liaison hydrogene intramoleculaire dans I'isomere 
ortho 

A la suite d e  leurs Ctudes cristallographiques sur le 2-ami- 
nophCno1, Ashfaquzzaman et Pant (32), d'une part, et Korp et 
al. (33). d'autre part, proposent une structure en feuillets 
formts par des molCcules likes entre elles par des liaisons 
hydrogkne intermolCculaires de  type N-H-.O et O-H...N . 

Cette organisation engendre des cavitCs dans lesquelles 
peuvent s'infiltrer d'autres molCcules permettant ainsi aux 
molCcules du 2-aminophCno1 de  jouer le r61e de  composCs 
d'insertion ou clathrates. L'existence d'un hydrogkne libre de 
la fonction NH, pourrait partiellement expliquer le fait que des 
molCcules comme l'eau et 1'Cthanol soient attirCes prCfCren- 
tiellement 2 I'intCrieur de  ces cav i tb .  

En consCquence, si l'on admet les conclusions tirtes par 
Ashfaquzzaman et Pant et Korp et al., il n'y aurait pas d e  place 
pour une liaison hydrogkne intramolCculaire dans l'isomkre 
ortho. Pourtant, quelques observations faites sur les propriCtCs 
physico-chimiques des aminophCnols tendraient 2 attribuer la 
diffkrence entre les valeurs d e  l'enthalpie de  sublimation des 
isomkres ortho et para ,  soit 6,73 kJ mol-I, 5 une liaison 
hydrogkne intramolCculaire : 

1. La pression d e  vapeur saturante 2 335 K d e  l'isomkre 
ortho (0,5 Pa) est plus forte que celle des deux autres iso- 
mkres : me'ta (0,4 Pa) et para (0,06 Pa), CvaluCes 2 partir d e  
nos rCsultats expCrimentaux d'aprks la mCthode de calcul 
indiquCe dans la rCfCrence 25. 

2. La temperature du point triple (ou de fusion), qui 
renseigne sur la force des liaisons intermolCculaires, est plus 
ClevCe dans le  cas d e  l'isomkre para que  dans celui de  
l'isomkre ortho. I1 en  est de m&me pour l'enthalpie de  fusion 
(tableau 2). 

Enfin prCcisons que, m&me si elle existe, cette liaison 
hydrogkne intramolCculaire serait faible et du m&me ordre de  
grandeur que celle que l'on pourrait rencontrer dans le cas du 
1,2-dihydroxybenzkne (6,63 kJ mol-') (26), composC ayant, 
par ailleurs, une structure cristalline analogue 2 celle du 2-ami- 
nophCnol (39). Toutefois, une autre explication peut &tre 
envisagee pour interprkter la diffkrence entre les enthalpies de  
sublimation des isomkres ortho et para aussi bien dans le cas 
de  I'aminophCnol que dans celui du dihydroxybenzkne sans 
qu'elle ne soit en contradiction avec les structures cristallines 
respectives de ces composb .  Elle consiste B supposer que les 
liaisons hydrogkne intermolCculaires, qui associent les molC- 
cules par deux dans les isomkres ortho, soient suffisamment 
fortes pour qu'un certain nombre de  ces molCcules passe de 
1'Ctat solide 2 1'Ctat gazeux sous forme de dimkres. Dans ce cas, 
l'enthalpie de  sublimation ne  tiendrait pas compte de  toutes les 
liaisons hydrogkne intermolCculaires et serait infirieure 2 
l'enthalpie de  sublimation de  l'isombrepara pour lequel seules 
des molCcules monomkres existent en  phase gazeuse. 
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Substituted tetra-2,3-pyrazinoporphyrazines. 
Part I. Angular annelation of teDtra-2,3- 
quinoxalinoporphyrazine 

Svetlana V. Kudrevich, Maria G. Galpern, Evgeny A. Luk'yanets, 
and Johan E. van Lier 

Abstract: Several derivatives of 2,3-dicyanopyrazine were prepared via the condensation of o-quinones with 
diaminomaleodinitrile. BenzoV]quinoxaline-2,3-dinitrile was obtained from 1,2-naphthoquinone, and a series of isomeric, di- 
tert-butyl substituted 5,6-(9,lO-phenanthro)-2.3-dicyanopyrazines were prepared from the corresponding di-tert-butyl-9,lO- 
phenanthrenequinones. Complexation of benzov]quinoxaline-2.3-dinitrile, and unsubstituted 5,6-(9,lO-phenanthr0)-2,3- 
dicyanopyrazine, with an appropriate metal salt yielded metal complexes of tetra-2,3-(benzov]quinoxalino)porphyrazine and 
tetra-2.3-[5,6-(9.10-phenanthro)]porphyrazine, respectively. Metal-free tetra-2,3-[5,6-(9,lO-phenanthro)porphyrazine was 
obtained from the dilithium derivative by demetallation in HCI. These compounds have limited solubility in organic solvents, 
such as quinoline, and are aggregated in solutions. To eliminate the aggregation phenomenon and to determine the spectral 
properties of angularly annelated naphthalocyanine aza analogs, we prepared several isomeric tetra-2.3-[5,6-(di-tert-butyl-9,lO- 
phenanthro)pyrazino]porphyrazines. These octa(tert-butyl) substituted complexes were synthesized via complexation of di-tert- 
butyl substituted 5,6-(9,lO-phenanthro)-2,3-dicyanopyrazines with metal salts in the presence of urea, quinoline, and tri(n- 
butyl)amine, and purified by silica gel chromatography. They are soluble in chloroform and substantially monomerized in 
solutions. A hypsochromic shift of the Q-band of octaaza naphthalocyanines versus their carbocyclic analogs was observed for 
all aza analogs, with the extent of the shift depending on the composition of the aromatic macrocycle. Thus, the first angularly 
annelated benzo ring addition causes a hypsochromic shift (-25 nm) of the Q-band of tetra-2,3-quinoxalinoporphyrazine, 
whereas addition of a second condensed benzo ring has little effect. 

Key words: phthalocyanine, aza analog, tetra-2,3-quinoxalinoporphyrazine, angular annelation. 

RCsurnC : Plusieurs derives de 2,3-dicyanopyrazine ont CtC prCparCs via la condensation de o-quinones avec le 
diaminomaleodinitrile. Le benzov]quinoxaline-2,3-dinitrile a CtC obtenu de la 1,2-naphthoquinone et plusieurs isomkres de di- 
tert-butyl-5,6-(9,1O-phenanthro)-2,3-dicyanopyrazines ont CtC preparks B partir des di-tert-butyl-9,lO-phenanthrenequinones 
correspondants. La condensation de benzo(jquinoxaline-2,3-dinitrile et de 5,6-(9,lO-phenanthr0)-2,3-dicyanopyrazine non 
substituC avec un sel du metal appropriC a produit des complexes mCtalliques de tetra-2,3-(benzov]quinoxalino)porphyrazine et 
de tetra-2,3-[5,6-(9.10-phenanthrolporphyrazine, respectivement. La tetra-2,3-[5,6-(9,lO-phenanthro)porphyrazine sans mCtal a 
CtC obtenu du dCrivC de dilithium par la dCmCtallisation dans HCI. Ces composCs ont une solubilitC limitCe dans les solvants 
organiques tels que la quinoline et sont agrCgCs dans les solutions. Afin d'iliminer le phCnomene d'agrkgation et pour dCterminer 
les propriCtes spectrales des azaanalogues de naphthalocyanine avec d'anneaux angulaires condensCs, nous avons prCpart 
plusieurs isomkres de tetra-2,3-[5,6-(di-tert-butyl-9,1O-phenanthro)pyrazino]porphyrazines. Ces complexes substituCs 
dlocta(tert-butyl) ont Ctt synthCtisCs via la complexation de di-tert-butyl substituC 5,6-(9,lO-phenanthro)-2,3-dicyanopyrazines 
avec des sels du mCtal en prCsence dlurCe, de quinoline et d'amine tri-TZ-butylique, et purifiCs par la chromatographie sur gel de 
silice. Ils sont solubles dans le chloroforme et sont monomCrises substantiellement en solutions. Un dkplacement 
hypsochromique de la bande Q des octaaza naphthalocyanines versus leurs analogues carbocycliques a it6 observt pour tous les 
azaanalogues, avec la grandeur du dCplacement reliC B la composition du macrocycle aromatique. Par consequent, l'addition 
d'un premier anneau benzo angulaire produit un dkplacement hypsochromique (-25 nm) de la bande Q du tetra-2,3- 
quinoxalinoporphyrazine, alors que I'addition d'un deuxikme anneau benzo condens6 a peu d'effet. 

Mots clPs : phtalocyanine, azaanalogue, tetra-2,3-quinoxalinoporphyrazine, annClation angulaire. 

Received November 3, 1995. 

S.V. Kudrevich and J.E. van Lier.' MRC Group in the Radiation Sciences, Faculty of Medicine, UniversitC de Sherbrooke, Sherbrooke, 
QC JIH 5N4, Canada. 
M.G. Galpern and E.A. Luk'yanets. Organic Intermediates and Dyes Institute, 114 B. Sadovaya, Moscow 103787, Russia. 

Author to whom correspondence may be addressed. Telehone: (8 19) 563-5555, ext. 4603. Fax: (8 19) 564-5442. E-mail: 
jvanlier@courrier.usherb.ca 

Can. J. Chern. 74: 508-515 (1996). Printed in Canada I Imprime au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Kudrevich et al 

Introduction Scheme 1. 

The potential use of aza analogs of phthalocyanine (AzaPc) 
and naphthalocyanine (AzaNc) as electrocatalysts for oxygen 
reduction (1, 2), materials for electrochromic displays (3-5), 
media for optical data storage with a large-capacity memory 
(6-8), and photosensitizers for photodynamic therapy of can- 
cer (9, 10) has been extensively investigated in the past 
decade. We previously reported on the synthesis and proper- 
ties of an AzaPc series differing in the number and position of 
nitrogen atoms in the macrocycle, as well as in the number of 
attached linearly condensed benzo rings. The main changes in 
the UV-VIS spectra of PC and Nc, resulting from linear anne- 
lation and aza substitution in the macrocycles, were readily 
explained by quantum chemical calculations (11-14). 
Subsequently we investigated the effect of aryl substitution 
on the UV-VIS spectra in a series of octaaza Pcs and 
tetraaza Ncs (15). As an extension of this work we studied the 
influence of angular annelation on the electronic spectra of 
AzaPc. We now report on the synthesis and spectral prop- 
erties of angularly annelated derivatives of the tetra(2,3- 
quinoxalino)porphyrazine, i.e., metal complexes of tetra- 
2,3-(benzov]quinoxalino)porphyrazine, tetra-2,3-[5,6-(9,lO- 
phenanthro)]porphyrazine, and the tert-butyl substituted ana- 
logs. 

Results and discussion 

Precursors 
The dinitriles of heterocyclic o-dicarboxylic acids are the best 
precursors for the synthesis of AzaPcs. Unlike syntheses with 
other derivatives of a-dicarboxylic acids, the use of o-dinitriles 
affords pure AzaPcs in high yields. Several derivatives of 2,3- 
dicyanopyrazine (1) were prepared via the condensation of o- 
quinones with diaminomaleodinitrile (2) (16). Thus, 5,6- 
(9,lO-phenanthr0)-2,3-dicyanopyrazine (5) (16) was obtained 
by condensation of phenanthrenequinone and compound 2 
with 8070 yield. 

In contrast to phenanthrenequinone, the condensation of 
1,2-naphthoquinone (3) and compound 2 proceeds with low 
yield (lo%), affording benzov]-quinoxaline-2,3-dinitrile (4) 
along with the oxidation products of 2 (Scheme 1). Varying 
reaction conditions, such as temperature, quantities of 
reagents, or the use of an inert atmosphere, did not improve the 
yield of the desired dinitrile. 

Di-tert-butyl substituted (9,lO-phenanthr0)-2,3-dicyanopy- 
razines (IOa-c) were obtained from the reaction of 2 with the 
appropriate di-tert-butyl-9,lO-phenanthrenequinones (9a-c) 
(Scheme 2). The latter compounds were prepared using a mod- 
ified oxidation procedure of the isomeric polyalkylated 
phenanthrenes (17). Chromatographic separation on silica gel 
using a mixture of chloroform-hexane as eluant gave three 
isomeric products. Based on 'H NMR spectroscopy data, these 
isomers were assigned as 2,7- (9a), 2,6- (9b), and 3,6-di-tert- 
butyl-9,lO-phenanthrenequinone (9c), produced in a 1 :2: 1 
ratio. This ratio is in accordance with substitution of H atoms 
in the phenanthrene molecule at the sterically accessible posi- 
tions, assuming an e ual reactivity for those positions. The 9 main patterns of the H NMR spectra of a-dinitriles 10a-c 
resemble those of the parent a-quinones, which allowed us to 
assign the isomers (Table I). 

Substituted Nc octaaza analogs: synthesis, purification, 
and spectral properties 

The metal complexes of tetra-2,3-(benzov]quinoxalino)por- 
phyrazine (6a,b) and tetra-2,3-[5,6-(9,IO-phenanthro)]por- 
phyrazine (7b-g) were obtained from the dinitriles 5 and 4 and 
the appropriate metal salts upon heating in the presence of urea 
and quinoline. We previously found these conditions optimal 
for the synthesis of PC and Nc aza analogs (10, 14, 15). 
Metal-free tetra-2,3-[5,6-(9,lO-phenanthro)]porphyrazine 7a 
was obtained by demetallation in HCI of the dilithium deriva- 
tive, which in turn was prepared by treatment of compound 5 
with metallic Li in amyl alcohol (Scheme 3) (18). 

Compounds 6a,b, 7a-g were obtained as dark green solids. 
Unlike Pcs, they cannot be sublimated in high vacuum and 
they are only slightly soluble in organic solvents such as 
DMF, DMSO, and quinoline. 

All Nc octaaza analogs were purified by extensive washing 
of the reaction mixtures with dilute HCI, hot water, and organic 
solvents followed by multiple reprecipitation from concen- 
trated sulfuric acid, drying, and continuous extraction of impu- 
rities with hot methanol-acetone in a Soxlet apparatus until the 
intensity ratio between the absorption bands in the UV-VIS 
spectra remained constant. It is known that PC hetero analogs are 
prone to form hydrates (14, 19). Accordingly, we dehydrated 
the analytical samples of complexes 6a,b and 7a-g by heating 
in acetic anhydride. The results of elemental analysis are com- 
pared to values calculated for anhydrous compounds (Table 2). 
The symmetry of the annelated AzaNc is evident from their 
structural drawings; complexes 7 retain the symmetry of tetra- 
(2,3-quinoxa1ino)porphyrazine whereas 6 may exist as a mix- 
ture of type isomers, one of which is shown in Scheme 3. 

The metal complexes 6a,b and 7b-g are only slightly solu- 
ble in quinoline (- M) and at this concentration they are 
extensively aggregated. Nevertheless, we can draw some pre- 
liminary conclusions concerning the effects of aza substitution 
and angular annelation on the UV-VIS absorption maxima of 
Nc octaaza analogs. Thus, vanadyl tetra-43-(9,lO-phenan- 
thro)Pc (20) has an absorption maximum at 776 nm in quino- 
line (shoulder due to strong aggregation), whereas its octaaza 
analog 7b shows a peak at 700 nm. Comparison of the spectra 
of quinoline solutions of PcVO (21) vs. vanadyl tetra-2,3- 
pyrazinoporphyrazine (1 1) (A,,,, 695 nm vs. 635 nm, shift of 
-60 nm), NcVO (22) vs. vanadyl tetra-2,3-quinoxalinopor- 
phyrazine (1 1) (A,,, 819 nm vs. 725 nm (shift of -94 nm), 
and vanadyl anthracyanine (22) vs. vanadyl tetra-2,3- 
benzo[g]quinoxalinoporphyrazine (14) (A,,, 932 nm vs. 830 
nm, shift of -102 nm) shows, in all cases, hypsochromic 
shifts of the Q-band of AzaPc and AzaNc as compared to their 
carbocyclic analogs, with the extent of the shift depending on 
the structure of the aromatic macrocycle. 

The UV-VIS spectral properties of linearly a'nnelated 
AzaPc have previously been reported (11-14). Thus, for 
octaaza Pcs each additional benzo ring causes a strong batho- 
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Table 1. 'H N M R  spectra of di-tert-butyl-9,lO-phenanthrenequinones 9a-c and di-tert-butyl-(9,1O-phenanthro)-2,3-dicyanopyrazines 10a-c 
in chloroform-d. 

- J ~  :$@ r-BU H~ 2,6-Di-tert-Bu isomers t-BU 

H7 2,7-Di-tert-Bu isomers 

8.14q ( l H )  9.15d ( l H )  
HI (J1.3 2 Hz (J1.3 2.2 Hz) 

J , ,  0.4 Hz) 
9.01d (2H) 
(J,., 8.6 Hz) 

8.07q ( l H )  9.04d ( l H )  
H8 (Ja,7 9 Hz (Jg.7 8.6 Hz) 

.I8,, 0.4 Hz) 
H4 7.96d ( l H )  8.58d(lH) 

( J 4 ,  9 Hz) ( J 4 ,  8 Hz) 

7.98q (2H) 
(.I,,, 8.6 Hz 
J,,, 2.2 Hz) 

7.85q (2H) 
(.I2,, 0.08 Hz 
J , ,  0.02 Hz) 

CH, (t-Bu) 1.38s (9H) 1.524s (9H) 
1.35s (9H) 1.522s (9H) 

CH, (t-Bu) 1.38s (18H) 

Scheme 2. 

8' 
1.  CH3COC1, 

AIC13. 
toluene - 

EtOH, AcOH 

R3 

2. CrO3 in 
AcOH 

PC, 10c: R ~ = R ~ = ~ - B u .  R ~ = R ~ - H  

chromic shift of the Q-band (80-100 nm). This displacement observed in the sequence porphyrazine - PC - 2,3-Nc (23) - 
of absorption maxima with sequential annelation, which does anthracyanine (24) and recognized as a common feature of PC 
not change the symmetry of the molecule, is due to the exten- related compounds. 
sion of the aromatic system of the macrocycle. This correlation How does the angular annelation affect the spectral proper- 
was first noticed in the series of PC aza analogs; it was also ties of the aza analogs? The absorption maximum of the 
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Kudrevich et al. 51 1 

Table 2. Tetra-2,3-(benzoV]quinoxalino)porphyrazines 6a,b and tetra-2,3-[5,6-(9,lO-phenanthro)porphyrazines 7a-g. 

Found (calculated) 
Yield, Molelcular UV-VIS (quinoline), nm 

Compound M Starting salt % formula % C % H % N /relative intensity1 

vo VC13 

Cu CuCl 

HH - 

vo VCl3 

GaOH Ga2(S04), 

AlOH AIC1, 

Cu CuCl 

Co C0Cl2 

Zn Zn(OAc), ZH20 

700, 460 11.2:ll 

689, 460 /1.25: 1/ 

Insoluble 

706, 440 /1.2:1/ 

694, 440 11.34: 11 

692, 438 /1.3:1/ 

684, 460 11.4:ll 

680, 452 11.2: I/ 

690. 440 11.32: 11 

Scheme 3. 

6a:M = VO 
66: M = Cu 70:  M = HH, 7b: M = VO, 

7c:M = GaOH, I d :  M = AlOH, 
7e :M=Cu,  7 j M = C o ,  
7g:  M = Zn 

i (for l a ) :  1. LiOC5H11 in C5H1 lOH, 2. HC1; 
ii: MX, urea, quinoline 

vanadyl tetra-2,3-(benzoV]quinoxalino)porphyrazine (6a) is second annelated benzo ring hardly affects the absorption 
located at 700 nm, whereas the vanadyl tetra-2,3-[5,6-(9,lO- maximum. Furthermore, aggregation of PC molecules in solu- 
phenanthro)]porphyrazine (7b) shows a maximum at 706 nm, tions affects the position of the long-wave absorption maxima 
and vanadyl tetra-2,3-quinoxalinoporphyrazine at 725 nm.(all and in general increases with the size of the molecule (25). 
spectra in quinoline). Therefore, the first angularly annelated Thus, to perform an accurate study of the spectral properties 
benzo ring causes a hypsochrornic shift of the Q-band, and the of the angularly annelated Nc aza analogs, we required a 
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Scheme 4. 

Can. J. Chem. Vol. 74, 1996 

MX, urea, quinoline, NBu3 
10 a-c 

A 

1 l a : M = C u , R 1  = R 4 = r - B u , R 2 = R 3 = H  
1 l b : M = C u , R 1  = R 3 = r - B U , R ~ = R ~ = H  
I ~ ~ : M = C U , R ~ = R ~ = ~ - B U , R ~ = R ~ = H  
1 l d :  M =AICI ,  R1  = R3 = r-BU, R2 = R4 = H 
l l e : M = Z n , R 1 = ~ 3 = r - ~ u , ~ 2 = ~ 4 = ~  
~ I ~ : M = V O , R ~ = R ~ = ~ - B U , R ~ = R ~ = H  

series of more soluble derivatives that were less prone to 
aggregation. 

Alkyl substitution is known to increase solubility and sev- 
eral synthetic routes for the preparation of alkyl-substituted 
AzaPcs have been reported (12, 13, 15,26,27). Based on prior 
experience, we selected tert-butyl substitution onto the ben- 
zene rings of the macrocycle and synthesized the isomeric 
tetra-2,3-[5,6-(di-tert-butyl-9,1O-phenanthro)pyrazino]porphy- 
razines (lla-f) by complexation of the corresponding dinitriles 
10a-c with the metal salts in the presence of urea (Scheme 4). 
Among all solvents (neutral and basic) tested for this reaction, 
a 1:l (v/v) mixture of quinoline and tri(n-buty1)amine was 
found to be the most suitable. The isomeric precursors differ in 
reactivity: under comparable conditions the 2,6-substituted 
dinitrile is the most reactive, whereas the 3,6-substituted iso- 
mer is the least reactive. Compounds lla-f were purified by 
chromatography on silica gel. Chloroaluminium complex l l d  
was eluted with acetone, whereas the hydroxyaluminium 
derivative, obtained by reprecipitation of l l d  from concen- 
trated H,SO,, remained absorbed to the silica and was impos- 
sible to eluate even with pyridine. Complexes lla-f were 
characterized by MS, UV-VIS spectral data, and combustion 
analysis (Table 3). The symmetry of the isomeric octa(tert- 
butyl) substituted AzaNcs 116 and l l c  does not change as 
compared to their unsubstituted analog 7 e ,  whereas com- 
pounds lla,d-frepresent a mixture of type isomers. The UV- 
VIS spectrum of the compound l l d  (in chloroform) is pre- 
sented in Fig. 1. The intense peak at 690 nm is indicative of 
substantial monomerization, confirming the effect of tert-butyl 
substitution on the solubility of the dye. The Q-band is narrow 
with resolved vibrational structure, whereas the position of the 

main absorption maximum remains the same as observed for 
the complex 7d (in quinoline). This spectrum shows that dou- 
ble angular annelation of octaaza Ncs causes a hypsochromic 
shift of the Q-band of about 25 nm. It should be noted that low 
solubility and strong aggregation of the unsubstituted carbocy- 
clic analogs did not pern~it measurement of their absorption 
maxima (21), whereas substituted or any other soluble deriva- 
tives of tetra(9,lO-phenanthro)Pc are unknown. 

Finally we prepared a series of angularly annelated deriva- 
tives of the tetra-2,3-quinoxalinoporphyrazine, both unsubsti- 
tuted and featuring the tert-butyl moieties on the benzo rings 
of the macrocycle. The spectral properties of these novel com- 
pounds are described and the influence of octaaza substitution 
and angular annelation on the position of the long-wave 
absorption maxima is presented. 

We are currently using these data to develop PC-related 
structures with "tuned" absorption maxima and selected solu- 
bility. Such compounds, containing at least one benzolfl- 
quinoxaline or 9,lO-phenanthropyrazine ring per molecule, 
could find application as photosensitizers in medicine or as 
agents for the preparation of Langmuir-Blodgett films. 

Experimental 

Materials and methods 
FAB-MS were obtained on an LG Autospec Q mass spectrom- 
eter from the Department of Chemistry, UniversitC de Mont- 
real. High-resolution Direct Inlet Probe (DIP) mass spectra 
(HR-MS) were obtained on a V9 Micro-mass model ZAB- IF 
apparatus at 70 eV ionization voltage. 1H NMR spectra were 
taken on a Bruker AC-300 (300 MHz) spectrometer. UV-VIS 
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Fig. 1. UV-VIS spectrum of l ld  in chloroform. 

-0 1 1 
330 380 430 480 530 580 630 680 730 780 

Wavelength (nm) 

spectra were recorded with a Hitachi U-2000 spectrophotom- 
eter. Melting points were determined on a Fisher-Johns appa- 
ratus and are uncorrected. Preparative chromatography was 
conducted on 70-230 mesh silica gel (Aldrich, U.S.A.). TLC 
was performed on 0.25 mm thick Polygram SIL G N V ~ ~ ~  
plates (Macherey-Nagel, Germany). 

Diaminomaleodinitrile, 1,2-naphthoquinone, and phenan- 
threne were obtained from a commercial source (Aldrich). All 
solvents were HPLC grade and were used without further 
purification unless otherwise stated. 

5,6-Phenanthro-2,3-dicyanopyrazine (5) was prepared by a 
published method (1 6). 

2,7-Di-tert-bu~l-9,lO-phenanthrenequinone (9a), 2,6-di-tert- 
butyl-9,lO-phenanthrenequinone (9b), and 3,6-di-tert- 
butyl-9,IO-phenanthrenequinone (9c) (Scheme 2) 

These compounds were prepared using a modified procedure 
of Petrova et al. (17). tert-Butyl chloride (25 mL) was added 
gradually to the stirred mixture of phenanthrene (10 g, 0.056 
M) and anhydrous AlCl, (0.4 g) in dry CCl, (40 mL). After 
evolution of HC1 had ceased, the dark blue mixture was heated 
to 60°C and maintained at this temperature for 5 h. Then 3 mL 
of water was added and the solvent was evaporated. The resi- 
due (brown slurry) was dissolved in 60 mL of glacial acetic 
acid. A solution of 16.8 g CrO, in 50 mL of 50% aqueous ace- 
tic acid was added gradually and the mixture was heated to 
1 10°C, stirred at this temperature for 1 h, cooled to room tem- 
perature, and poured into 0.5 L of cold water. Chloroform 
(250 mL) was added to extract the precipitated orange slurry, 
phases were separated, and the aqueous phase was extracted 
repeatedly with chloroform. All extracts were combined, dried 
with anhydrous Na2S04, chloroform was evaporated, and the 
residue was chromatographed on silica gel with chloroform- 
hexane (3:2) to yield 9a (2.06 g, 11.5% based on phenan- 
threne), 9b (4.3 g, 24%), and 9c (2.5 g, 14%). 

2,3-Dicyano-benzo[flquinoxaline (4) (Scheme I), 5,6-[2,7- 
di-tert-bu~l-(9,IO-phenanthro)]-2,3-dicyanopyrazine 
(IOU), 5,6-[2,6-di-tert-butyl-(9,IO-phenanthro)]-2,3- 
dicyanopyrazine (lob), and 5,6-[3,6-di-tert-butyl-(9, IO- 
phenanthro)]-2,3-dicyanopyrazine (1Oc) (Table I, 
Scheme 2) 

These compounds were prepared by condensation of 2 with 
the appropriate o-quinones 3, 9a, 96, or 9c (16). 
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Compound 4 was purified on silica gel using CH2C12 as elu- 
ant (R, 0.6). Slightly yellow crystals, lo%, mp 207°C. 'H 
NMR, 6, ppm (in CDCI,): 9.25-9.22 (m, lH), 8.33 (d, lH, J = 
9.2 Hz), 8.08-7.92 (m, 4H). HR-MS d e :  calcd. 230.0592; 
found: 230.0602. Anal. calcd. for C14H6N4: C 73.04. H 2.63, N 
24.34; found: C 73.02, H 2.6 1, N 24.02. 

Compounds 10a, lob, and 10c were obtained as yellow 
powders after recrystallization from ethanol. 
10a: Yield 62%, decomp. >340°C. HR-MS m/e: calcd. 
392.2001; found: 392.1997. DIP-MS d e :  392 (M', 31), 377 
(M' - CH,, 100). Anal. calcd. for C2,H2,N4: C 79.56, H 6.16, 
N 14.27; found: C 79.67, H 6.16. N 14.20. 
lob: Yield 70%, decomp. >300°C. HR-MS d e :  calcd. 
392.2001; found: 392.2004. DIP-MS d e :  392 (M', 20), 377 
(M' - CH,, 100). Anal. calcd. for C2,HZ4N4: C 79.56, H 6.16, 
N 14.27; found: C 79.51, H 6.08, N 14.07. 
10c: Yield 78%, mp 275-276°C. HR-MS d e :  calcd: 
392.2001; found: 392.1994. DIP-MS d e :  392 (M+, 30), 377 
(M' - CH,, 100) Anal. calcd. for CZ6Hz4N4: C 79.56, H 6.16, 
N 14.27; found: C 79.24, H 6.20, N 14.09. 

Metal complexes of tetra-2,3-(benzo[flquinoxalino)- 
porphyrazine 6a and 6b (Scheme 3, Table 2). 

A mixture of 0.230 g (1 mmol) of the dinitrile 4 and 1 mmol of 
salt (VCl, or CuCl) was heated at 250°C for 2 h. The darkgreen 
cake obtained was finely ground, washed with dilute HCI, hot 
water, methanol, and acetone, air dried, then reprecipitated 
from H,SO, until the UV-VIS spectrum remained constant. 
The analytical samples were further extracted (Soxlet) with 
acetone for 24-72 h. Finally, the dark green solid remaining in 
the Soxlet thimble was dehydrated by refluxing with acetic 
anhydride for 2 hand drying at 100°C, 1 Torr (133.3 Pa) for4 h. 

Tetra-2,3-[5,6-(9,1O-phenanthro)pyrazino]porphyrazine (7a) 
(Scheme 3, Table 2) 

Metallic lithium (0.01 g, 1.43 mmol) was dissolved in freshly 
distilled isoamyl alcohol (1 mL) at 60°C, and the solution was 
allowed to cool to room temperature. The dinitrile 5 (0.14 g, 
0.5 mmol) was added in small portions and the temperature of 
the stirred mixture was brought to 110°C over a 20-30 min 
period. Heating was discontinued after the mixture turned an 
intense dark green colour. The resulting solution was allowed 
to cool to room temperature, then diluted with 15 mL of etha- 
nol. The precipitate was collected by centrifugation, then 
washed with 1 N HCl, water, ethanol, and acetone. An analyt- 
ical sample of compound 7a was prepared as described for 
complexes 6a,b. Compound 7a is insoluble in organic sol- 
vents, including quinoline. 

Metal complexes of tetra-2,3-[5,6-(9,lO-phenanthr0)- 
pyrazinoj-porphyrazine (%g) (Scheme 3, Table 2). 
General procedure 

A mixture of dinitrile 5, metal salt (in molar ratio 1:1), urea 
(500 mg per 100 mg of dinitrile), and quinoline (1 mL per 100 
mg of dinitrile) was heated to 300-320°C for 3 4  h. The sol- 
vent was removed by washing the mixture with methanol and 
acetone on a glass filter. Further purification was performed as 
described for compounds 6a, b. 

Metal complexes of isomeric tetra-2,3-[5,6-(di-tert-butyl- 
9,IO-phenanthro)pyrazino]porphyrazines (11 a-f) (Scheme 
4, Table 3). General procedure 

A mixture of the dinitrile 10a-c, metal salt (in molar ratio 1: l), 

urea (500 mg per 100 mg of dinitrile), quinoline, and tri(n- 
buty1)amine (0.5 mL each per 100 mg of nitrile) was heated to 
300°C for 1-2 h, then allowed to cool to room temperature and 
extracted with chloroform. The combined extracts were dried 
and concentrated, the complexes were precipitated upon addi- 
tion of hexane, filtered, redissolved in chloroform, and chro- 
matographed on silica gel (eluant: chloroform for compounds 
lla-c, l l e ,  115 acetone for l ld) .  Precipitation from chloro- 
form-hexane mixtures afforded compounds l laTf  as dark 
olive-green solids. 
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The reactions of o ( ~ P )  with some carboxylic 
I 

I acids and esters 

P. Caravan, Suzanne M. Budge, and John M. Roscoe 

Abstract: The reactions of o(~P) with formic acid, acetic acid, methyl acetate, ethyl acetate, n-propyl acetate, and isopropyl 
acetate have been studied kinetically as a function of temperature. The rate constants were measured in a discharge-flow system 
under pseudo-first-order conditions with a large excess of the organic reagent. No reaction could be found between o(~P) and 
either formic acid or acetic acid in the temperature range 300-420 K. The acetate esters, on the other hand, reacted with 0c3P) at 
readily measurable rates over the same temperature range. The temperature dependence of the rate constants for these reactions 
in the temperature range 300-580 K is given, in the units L mol-' s-I, by: 

0 + methyl acetate: Ink = (19.46 t 0.24) - (1740 2 170)lT 
0 + ethyl acetate: In k = (20.30 ? 0.35) - (1750 t 310)IT 
0 + n-propyl acetate: In k = (2 1.80 t 0.41) - (1920 t 400)lT 
0 + isopropyl acetate: Ink = (19.91 t 0.36) - (1430 t 250)IT 

The lack of measurable reaction with the carboxylic acids, the systematic increase in the preexponential factor with increasing 
size of the ester group, and the observation of a significant yield of acetic acid among the products of the reactions with the esters 
indicate that attack by o (~P)  is predominantly at the ester function. Linear free energy correlations are used to compare the 
results for the esters with those for reactions of o(~P) with other organic compounds containing oxygen. 

Key words: kinetics, mechanism, reactions of o(~P) with esters. 

Resume : On a ttudit la cinCtique, en fonction de la temperature, des reactions du o(~P)  avec les acides formique et acktique, les 
acCtates de mCthyle, d'Cthyle, de n-propyle et d'isopropyle. On a mesurt les constantes de vitesse dans un systbme d'tcoulement 
B dCcharge sous des conditions de pseudo premier ordre, en prtsence d'un grand excbs du reactif organique. On n'a pas pu 
dttecter de rCaction entre le o (~P)  et les acides formique et acCtique pour la plage de temptrature allant de 300 2 420 K. Par 
ailleurs, pour les mimes tempkratures, les esters acCtiques rCagissent avec le o (~P)  i de s  vitesses qui peuvent &tre mesurCes. La 
relation entre les constantes de vitesse et la temperature pour ces rCactions dans la plage de temptrature allant de 300 i 580 K est 
donnCe par les tquations suivantes, en unites L mol-' s-I : 

0 + acttate de mtthyle : In k = (19,46 t 0,24) - (1740 2 170)lT 
0 + acetate d'Cthyle : In k = (20,30 + 0.35) - (1750 ? 310)lT 
0 + acttate de n-propyle : In k = (21,80 ? 0,41) - (1920 t 400)lT 
0 + acttate d'isopropyle : In k = (1  9,9 1 + 0.36) - (1430 + 250)IT 

Le fait qu'il ne se produise pas de rCactions a des vitesses mesurables avec les acides carboxyliques, qu'il y a une augmentation 
systCmatique dans le facteur prkexponentiel avec l'augmentation du groupe ester et que l'on observe la formation d'acide 
acCtique avec un rendement significatif parmi les produits des rCactions avec les esters indique que l'attaque par o(~P)  se fait 
surtout au niveau de la fonction ester. On a utilisC des corrClations linCaires d'Cnergie libre pour comparer les resultats pour les 
esters avec ceux pour des rCactions de o(~P)  avec d'autres composts organiques contenant de l'oxygkne. 

Mots clis : cinetique, mecanisme, rtactions du o(~P) avec les esters. 

Introduction 

In earlier work from this laboratory, we compared the reactiv- 
ity of a series of alcohols and a series of ketones with o ( ~ P )  
(1). While the activation energies for the reactions of o ( ~ P )  
with the ketones were comparable to those for the reactions 
with the alcohols and showed a similar trend with increasing 

P. Caravan, S.M. Budge, and J.M. ~oscoe. '  Department of 
Chemistry, Acadia University, Wolfville, N.S., BOP 1x0  

' Author to whom correspondence may be addressed. 
Telephone: (902) 542-2200. 

chain length, the preexponential factors for the reactions with 
the ketones were some 5-10 times smaller than those for the 
reactions with the alcohols. The Taft reaction parameter was 
also significantly more negative for the reactions of o ( ~ P )  
with the ketones than for the reactions with the alcohols. We 
report here the results of kinetic experiments on the reactions 
of o ( ~ P )  with formic acid, acetic acid, and a series of acetate 
esters. This extends the measurements made with the ketones 
to further examine the role of substituents, and the effect of 
accumulation of polarizable atoms such as oxygen, on the 
reactivity of organic compounds toward o ( ~ P ) .  

Examination of the literature failed to reveal any previous 
work on the reactions of o ( ~ P )  with carboxylic acids. How- 

Can. J. Chern. 74: 5 16523 (1996). Printed in Canada / Irnprime au Canada 
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ever, the reactions of some acetate and formate esters have 
been studied from approximately 300 to 420 K by measuring 
the rate of loss of the organic reagent under conditions of 
excess o (~P)  in a flow system (2). In that work, the Arrhenius 
preexponential factors were approximately an order of magni- 
tude larger than those for the reactions with ketones and the 
activation ener ies were significantly larger than those for the 8 .  reactions of O( P)  with either ketones or alcohols (e.g., refs. 1, 
3-8). We report here experiments made under conditions of 
large excess of the esters that complement the earlier work by 
employing conditions in which secondary reactions of o(~P)  
are less likely to be important. Our measurements also cover a 
somewhat larger temperature range than the earlier work and 
the series of acetate esters has been expanded to include iso- 
propyl acetate. 

Experimental 

The reactions were studied in a conventional discharge-flow 
system operated at a pressure of approximately 1 Torr (133.3 
Pa) (I ,  3, 5, 7). Gas flow velocities in the cylindrical reaction 
vessel ranged from approximately 700 to 1100 cm s-I. The 
excess reactant entered the reaction vessel through a moveable 
inlet and the o(~P) concentration was monitored at a fixed 
~ o i n t  at the downstream end of the reaction vessel as the inlet 
was moved along the axis of the reaction vessel. The reaction 
vessel was heated electrically and the temperature was mea- 
sured with a calibrated ironxonstantan thermocouple located 
in the tip of the moveable reactant inlet. This made it possible 
to also determine the uniformity of the temperature within the 
heated part of the reaction vessel. At the highest temperatures 
used, the variation in temperature was no more than *2"C 
over the part of the reaction vessel used for the kinetic mea- 
surements and this variation decreased at lower temperatures. 

Atomic oxygen was prepared by titrating N(~s) atoms, 
formed in a microwave-powered discharge in NZ. with NO. 
This avoids possible interference from 02, which has been 
found to alter the secondary reactions in some reactions of 
o(~P)  (3). The concentration of o (~P)  was controlled and kept 
small by allowing only a very small part of the total N, flow to 
pass through the discharge. The rest of the N2 mixed with the 
discharge products before entering the reaction vessel. This 
arrangement made it possible to achieve as much as a 1000- 
fold excess of the organic reagent over o(~P),  thereby mini- 
mizing the effects of secondary reactions of atomic oxygen 
with intermediates such as OH radicals. The concentration of 
o(~P)  was monitored by observing the NO, chemilumines- 
cence produced by adding a small (a few percent) excess of 
NO beyond the titration end point. The initial concentration of 
o(~P) was determined from the flow rate of NO at the titration 
end point in the absence of the organic reagent. The rate con- 
stants were independent of the excess amount of NO used. 

The flow rate of N, was measured with a calibrated capil- 
lary flowmeter. Flow rates of the other stable species were 
measured by determining the rate of increase of pressure in an 
initially evacuated vessel of known volume. Flow rates of for- 
mic acid and acetic acid were calibrated periodically by trap- 
ping the material, at a flow rate measured as above, for a 
known period of time at the temperature of liquid nitrogen. 
The collected material was then titrated with standard NaOH 
solution. 

Formic acid (MacArthur, 88% min.) was analysed by gas 
chromatography and found to contain no detectable organic 
i~npurities. The sample contained 92% formic acid and 8% 
water, which is necessary for stability. The formic acid was 
used without drying since it has been found that dry formic 
acid gives erratic kinetic results (9). Acetic acid (BDH 99.7%), 
acetone (Anachemia, toxigraphic, distilled in glass), methyl 
acetate (Aldrich, anhyd., 99%+), ethyl acetate (Aldrich, 
anhyd., 99.8%), n-propyl acetate (Aldrich, 99%), and isopro- 
pyl acetate (Aldrich, 99%) were analysed by gas chromatogra- 
phy and contained no detectable organic impurities. All these 
reagents were thoroughly degassed before use. A few kinetic 
measurements were made periodically on the reaction of 
o (~P)  with acetone, which has been well characterized under 
conditions similar to those used in this work (1, 4), to verify 
that the entire apparatus was functioning reliably. Gas chro- 
matographic analysis was done on an 8 ft x 114 in. column 
packed with Porapak Q. Both flame ionization and thermal 
conductivity detectors were used, the latter being required for 
water analyses. Product analysis was done by collecting the 
condensable material leaving the reaction vessel in two traps 
cooled with liquid nitrogen. The samples were then removed 
for chromatographic analysis. The organic reactant was 
always present in sufficient excess that it could be used as an 
internal standard in these analyses. The traps were located suf- 
ficiently far from the end of the reaction vessel to ensure that 
all reaction intermediates were consumed before the sample 
was collected for analysis. 

The pseudo-first-order loss of o (~P)  was analysed by the 
Guggenheim method (10). The advantages of this approach 
were described in a recent publication (1 I). Briefly, the data 
are divided into two sets with pairs of points in the sets se a Y - rated by a constant time interval At. If the signals due to O( P) 
in the two sets are S, and S, and the signal decays as a single 
exponential with a constant background, it may be shown that 

where t, is the time corresponding to signal S,. Since the signal 
at "zero time", So, and At are constants, a plot of In(S, - S,) 
against t, will be linear with slope k o b s ,  the "observed" over- 
all pseudo-first-order rate constant. Typical Guggenheim plots 
are found in Fig. I .  These plots typically had correlation coef- 
ficients of 0.99 or better and the pseudo-first-order rate con- 
stants calculated from them had standard deviations of less 
than tS%. 

It is often the case that the first-order heterogeneous loss of 
atomic species upstream from the tip of the moveable inlet dif- 
fers appreciably from that downstream from the inlet tip where 
the surface/volume ratio is smaller and the adsorption of reac- 
tants and products can also alter the behaviour of the surface. 
We have adopted the practice of calculating second-order rate 
constants by obtaining the slope of a plot of the pseudo-first- 
order rate constants against the concentration of the excess 
reactant (1, 7, 11). Such plots have the form 

k,,, = k, + kR[Reactant] 

where kobs is the pseudo-first-order rate constant, kR is the sec- 
ond-order rate constant, and ko is the intercept, which repre- 
sents the difference in first-order atom loss, in the absence of 
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Fig. 1. Representative Guggenheim analysis plots for first-order 
rate constants; ( 0 )  methyl acetate, 584 K, [0] = 1.05 x lo-' rnol 
L-I, [CH30Ac] = 4.83 x lo4 rnol L-l; (a) ethyl acetate, 488 K, 
[O] = 1.26 x lo-' mol L-I, [C,H,OAc] = 4.34 x lo4 rnol L-'; 
(0) isopropyl acetate, 5 10 K, [0] = 1.38 x lo-' rnol L-', 
[C3H70Ac] = 9.36 x rnol L-I; (m) n-propyl acetate, 335 K, 
[O] = 1.53 x lo-' mol L-I, [C3H70Ac] = 3.22 x lo4 rnol L-'. 

2.0 

0 2 4 6 8 10 12 

DISTANCE (cm) 

Fig. 2. Representative concentration dependence of pseudo-first- 
order rate constants; (0) methyl acetate, 506 K; (A) ethyl acetate, 
488 K; (0) isopropyl acetate, 350 K; (V) n-propyl acetate, 430 K. 

[ESTER] (pmd C') 

reactant, upstream and downstream from the tip of the move- 
able reactant inlet. Interpretation of the value of ko is difficult 
at best since it can be either positive or negative depending on 
the relative effectiveness of heterogeneous atom loss upstream 
and downstream from the tip of the moveable inlet. Some typ- 
ical plots are found in Fig. 2. The quality of these plots was not 

as good as that of the Guggenheim plots, due in part to the 
smaller number of data points and to the larger number of vari- 
able parameters from one run to another. However, the corre- 
lation coefficients were better than 0.90 and in many cases 
better than 0.95. 

Results and discussion 

Reactions of o(~P) with carboxylic acids 
Thirty kinetic experiments with formic acid and eleven with 
acetic acid at temperatures from 300 K to 420 K did not result 
in measurable consumption of o(~P). It has been found that (9, 
12, 13), in the reactions of OH with formic acid and acetic 
acid, the monomeric form of the acid is much more reactive 
than the dimer. The possibility that the apparent lack of reac- 
tivity might be due to dimerization of the acid was tested by 
calculating the monomerldimer concentration ratios for our 
experiments using the equilibrium data reported by Biittner 
and Maurer (14). In the experiments with formic acid, the 
monomerldimer ratio ranged from 40 to 5.8 x lo4 while in the 
experiments with acetic acid the ratio ranged from 20 to 1.3 x 
lo4. It is clear that, in all our experiments, by far the dominant 
form of the carboxylic acid was the monomer. 

Experiments to measure the rate constant for the reaction of 
o(~P) with acetone were used periodically to verify the correct 
functioning of the apparatus, as described in the experimental 
section. The reaction conditions used in these experiments 
were the same as those used to examine the behaviour of the 
carboxylic acids. In all cases, the results with acetone were in 
excellent agreement with those in the literature (1, 4). It is 
clear from these results that the lack of reaction of formic acid 
and acetic acid with o(~P)  in our experiments was a real effect 
and not an experimental artifact. 

The rate constants for reactions of o(~P)  with organic com- 
pounds have been found to correlate well with those for the 
reactions of OH radicals with the same compounds (15, 16). 
Figure 3 shows such a correlation for the reactions of o(~P)  and 
OH with a selection of aldehydes, ketones, ethers, and alcohols 
(9, 12, 13). The intersections of the vertical lines with the 
regression line indicate the rate constants to be expected for the 
reactions of o (~P)  with formic acid and acetic acid if the mech- 
anisms of their reactions were consistent with the rest of the 
correlation. On this basis, the rate constant at room temperature 
for the reaction of o(~P)  with formic acid would be estimated 
to be approximately 1 x lo6 L mol-' s-' while the rate constant 
for the reaction of o(~P)  with acetic acid under the same con- 
ditions is estimated to be 2 x lo6 L mol-' s-'. The lower limit of 
reliable measurement of second-order rate constants in our 
apparatus is approximately 1 x lo5 L mol-' s-', so the predicted 
magnitudes of the rate constants for the reactions of o(~P) with 
formic acid and acetic acid are well within the accessible range 
of our experiments. The other reactions in the correlation pro- 
ceed by hydrogen abstraction, so we may conclude that, if 
o(~P)  does react with formic acid and acetic acid at a rate that 
is too slow for us to measure, the reaction is unlikely to proceed 
by the same kind of hydrogen abstraction process as that fol- 
lowed by the other reactions in the correlation. 

The reactions of O(~P)  with acetate esters 

Kinetic data 
The four acetate esters examined all consumed o(~P)  at 
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Caravan et al. 

Fig. 3. Correlation of rate constants for reactions of o(~P) with 
aldehydes, ethers, ketones, alcohols, and esters with the rate 
constants for the corresponding reactions of OH; (0) aldehydes, 
ethers, ketones, and alcohols taken from refs. 9, 12, and 13; (0) 
methyl acetate, ethyl acetate, and n-propyl acetate taken from 
ref. 2; (A) the four acetate esters studied in this work. 

~ o r t n i c ~ c i d ~ ~  A , , 

A 
Acetic Acid 

I 

readily measurable rates. The kinetic data are summarized in 
Table 1 and the temperature dependence is presented in Fig. 4. 
In general, the results obtained in this work were comparable 
to those reported by Mix et al. (2), which are also plotted in 
Fig. 4 for comparison. While the agreement is good for the 
reaction of o(~P)  with n-propyl acetate, our results for methyl 
acetate and ethyl acetate are progressively lower than theirs as 
the temperature increases. The source of this disagreement is 
unclear. However, the earlier work measured the rate of loss of 
the organic reactant in the presence of a large (typically less 
than 100-fold at the higher temperatures) excess of atomic 
oxygen. It is possible that, at the higher temperatures, reac- 
tions of atomic hydrogen formed by the reaction of o(~P)  with 
OH might have consumed enough of the organic reagent to 
lead to a larger rate constant than would be measured in our 
experiments. This effect would be least important for the reac- 
tion of o(~P)  with n-propyl acetate since the rate constants for 
this reaction are the largest and competition from reactions of 
atomic hydrogen might be expected to be the least efficient. 

Mechanisms and products 
The reactions to be considered under our experimental condi- 
tions are 

[I]  0 + RHOAc + OH + ROAc 

[2] O + O H + O , + H  

[3] OH + RHOAc + H,O + ROAc 

[4] 0 + ROAc -+ Products 

Table 1. Summary of kinetic data. 

Temperature k, x 10" Temperature k, x 10" 
(K) (L mol-I s-I) (K) (L mo1-' s-') 

0 + methyl acetate 

3 12 1.3 f 0.3 
370 1.9 + 0.4 
473 8.1 f 0.4 
5 06 7.9 f 0.5 
536 11  f 1 
553 16 f 3 
5 84 13 f 6 

0 + ethyl acetate 

367 7.8 f 0.6 
389 11 F 1 
39 1 8 f  2 
397 S f  1 
414 10 f 2 
433 13 f 2 
458 1 0 f  2 
460 9 f 2 
482 13 f 2 
486 1 5 f 3  
488 1 4 f  2 
53 1 40 f 8 
556 40 f 10 
574 32 f 4 

0 + n-propyl acetate 0 + isopropyl acetate 

In writing reaction [I], we have assumed that the oxygen atom 
abstracts a hydrogen atom from the -OR part of the molecule: 
The lack of reactivity of acetic acid suggests that the CH3C0, 
part of the molecule is unreactive. The observation that the 
Arrhenius preexponential factors increase systematically with 
increasing size of the -OR group also supports this assump- 
tion. The rate constants for reactions [2] and [3] are known 
from previous work (8, 17) and, with the results of our exper- 
iments, permit estimation of the relative importance of reac- 
tions [I.]-[3]. In all our experiments, the rate of reaction [3] 
was at least a factor of four larger than the rate of reaction [2], 
so the dominant fate of OH was reaction with the ester rather 
than reaction with o(~P).  This is borne out by measurements 
of the yields of water in the reaction of o(~P)  with methyl ace- 
tate, presented in Table 2, in which the water yields were 
nearly equal to the amount of o(~P)  consumed. The rate con- 
stant for reaction [4] is not known. However, the measured 
yields of water in Table 2 would be inconsistent with a large 
rate constant for reaction [4] and we conclude that this reac- 
tion does not play a major role in the reaction of o(~P)  with 
methyl acetate. The rate constants for the reaction of o(~P)  
with methyl acetate were the smallest, at a given temperature, 
of any of the esters studied so it seems reasonable to generalize 
this conclusion to the other three reactions as well. This is sup- 
ported by the limited analytical data in Table 2 for the reaction 
of o(~P)  with ethyl acetate in which the yields of water were 
comparable to those in the reaction with methyl acetate. 

Acetic acid was identified as a reaction product by spiking 
samples of the reaction products with known amounts of ace- 
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Fig. 4. Arrhenius plots for the reactions of o ( ~ P )  with acetate esters. (a)  Methyl acetate: (0) this work, (0)  ref. 2; (h )  ethyl acetate: 
(A) this work, (A) ref. 2; (c) n-propyl acetate: (V) this work, (V) ref. 2; (4 isopropyl acetate: (0) this work. 

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 

I ooorr 

I ooorr 

tic acid. The peak in the chromatograms of these samples, 
which increased in size in proportion to the amount of the 
spike, was attributed to acetic acid. Similar experiments in 
which samples of products from the reactions of o(~P)  with 
methyl acetate and ethyl acetate were spiked with methanol 
and ethanol resulted in the appearance of new peaks in the gas 
chromatograms. This suggests that appreciable amounts of 
methanol and ethanol were not present in the reaction prod- 
ucts. If the -OR group of the ester survived the reaction with 
o(~P) one might expect OR radicals to be present and to pro- 
duce the parent alcohol by hydrogen abstraction from the ester. 
These chromatographic results support our postulate that the 
oxygen atom attacks the -OR part of the ester molecule and 
that the CH3C0, unit survives unchanged. The observation of 

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 

I ooorr 

comparatively small yields of acetic acid may reflect a rela- 
tively facile decarboxylation of the CH3C0, radical in compe- 
tition with the reactions leading to formation of acetic acid. 

Arrhenius parameters 
The Arrhenius parameters for the reactions studied here are 
summarized in Table 3. Also shown for comparison are the 
results of ref. 2 and the parameters for the reactions of o (~P)  
with a series of ketones. The rate constants at 298 K for the 
reactions of the esters, calculated from the data of both 
sources, are also plotted in Fig. 3. The rate constants at 298 K 
required for Fig. 3 are found in Table 4, which summarizes the 
data used in the Taft analysis to be discussed later. While our 
Arrhenius preexponential factors and activation energies are 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Caravan et al. 521 

Table 2. Product yields in the reaction of o (~P)  with methyl Fig. 5. Taft plots for the reactions of o(~P) and OH with acetate 

acetate and ethyl acetate. esters. (0) o(~P)  correlated with polar substituent parameters 
only (6 = 0); (0)  0 ( 3 ~ )  correlated using both the polar substituent 

[Ester]/[Ol0 [H,O:I/[Olo [HOAc]/[O], parameters and the steric substituent parameters; (0) OH 
correlated using both the polar substituent parameters and the 

CH30Ac, 389 K steric substituent parameters. 

Table 3. Summary of Arrhenius parameters. 

Organic A Ea 
reactant (L rnol-I s-I) (kJ rnol-') Reference 

Methyl acetate 1.2 x 101° f 25% 22 +_ 6% 2 
Methyl acetate 2.8 x 10' f 24% 14 f 10% This work 
Ethyl acetate 1.4 x 10l0 f 36% 20 f 7% 2 
Ethyl acetate 6.6 x 10' f 35% 14 f 18% This work 
n-Propyl acetate 1.6 x 101° i 38% 20 f 12% 2 
n-Propyl acetate 2.9 x 10' f 41% 16 f 20% This work 
Isopropyl acetate 4.4 x 10' f 36% l l f 17% This work 
2-Propanone 6.4 x lo8+ 18% 17 f 10% 1 
2-Butanone 5.0 x 10' f 19% 10 f 23% 1 
3-Pentanone 2.9 x 10' f 32% 8.6 f 50% 1 

smaller than those in ref. 2, the rate constants calculated at 298 
K from the Arrhenius parameters of the two studies are in rea- 
sonable agreement, presumably because the effect of the larger 
activation energies in ref. 2 tends to be qualitatively the same 
as that of the comparatively small preexponential factors cal- 
culated from our results. The difference in the Arrhenius 
parameters in the two studies may be partly due to the some- 
what narrower temperature range used in ref. 2. The spread in 
their data would have resulted in a somewhat steeper Arrhe- 
nius plot and the somewhat longer extrapolation of this steeper 
plot to obtain the preexponential factor would have led to 
much larger values of the preexponential factors than those 
obtained with our data. The preexponential factors obtained in 
our experiments are comparable to those obtained for the reac- 
tions of o (~P)  with ketones (1,4) but are roughly an order of 
magnitude smaller than those found for the reactions of o(~P) 
with alcohols (7, 8). The activation energies obtained from our 
data are also comparable to those found for the reactions of 
o(~P)  with ketones (1,4) and with primary alcohols (7, 8). 

Linear free energy correlations 
Figure 3 indicates that both the results of this work and those 
of ref. 2 are well correlated with the rate constants for the reac- 
tions of OH with the same esters. However, in both cases the 
rate constant for the reaction of o(~P)  with methyl acetate falls 
on the correlation with the other organic compounds while the 
points for the remaining esters fall significantly below the 
main correlation. This implies a smaller reactivity of o(~P)  
toward the esters than toward the other compounds in the cor- 
relation. In ref. 2, this would be attributed to a comparatively 
large activation energy while in our work it is attributed to an 
abnormally small Arrhenius preexponential factor. 

Table 4 provides data for a Taft linear free energy analysis 
(18) of the reactions of o(~P)  and OH with acetate esters. The 
relevant plots are presented in Fig. 5.  The data are fitted to the 
equation 

The value of p* measures the sensitivity of the reaction to trans- 
mission of polar effects to the reaction centre while the value of 
6 reflects the sensitivity of thereaction to steric effects. Implicit 
in the use of this analysis in the present case is the assumption 
that the oxygen atom preferentially, but probably not exclu- 
sively, abstracts the hydrogen atom a to the ester oxygen. This 
is consistent with the behaviour found in the reactions of o(~P) 
with alcohols (7). The open circles in Fig. 5 present the data 
with 6 set to zero. The filled circles in that figure represent the 
data fitted to allow for both polar and steric effects. The sum of 
squares of relative y-deviations for the results calculated with 
the inclusion of steric effects (2.8) is slightly smaller than that 
neglecting steric effects (3.2), suggesting that the data may be 
better correlated when both effects are included. The values of 
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Table 4. Summary of data for Taft correlations." 

Reaction Reference 

0 + methyl acetate 
0 + methyl acetate 
0 + ethyl acetate 
0 + ethyl acetate 
0 + n-propyl acetate 
0 + n-propyl acetate 
OH + methyl acetate 
OH + ethyl acetate 
OH + n-propyl acetate 
OH + n-butyl acetate 

This work 
2 

This work 
2 

This work 
2 

17 
17 
17 
17 

- - - - - - - - - -- 

"In all cases, the reference compound is the one for which o* = E, = 0.00 by definition. 
Values of o* and E, were taken from ref. 18. 

Table 5. Summary of Taft parameters for reactions of O('P). 
- - - - - - - - - - - 

Reaction Taft p* Taft 6 Standard deviation Reference 

0 + acetate esters 
OH + acetate esters 
0 + alcohols 
OH + alcohols 
0 + alkanes 
OH + alkanes 
0 + aldehydes 
OH + aldehydes 

This work 
17 
7 

p* and 6 obtained from the latter plot are -4.36 and +1.38, 
respectively. The comparatively large negative value of p* sug- 
gests that, as expected, o(~P) is an electrophile and the reaction 
is significantly facilitated by inductive transfer of electron den- 
sity to the reaction centre. 

Table 5 provides a summary of the Taft parameters deter- 
mined for the reactions of o(~P)  and OH with a variety of 
organic compounds. The reactions of o (~P)  and OH consis- 
tently have negative values of p*, indicating that both are elec- 
trophilic, with 0 ( 3 ~ )  generally being the more electrophilic 
reagent. The difference between o(~P)  and OH is much 
greater for the compounds containing oxygen than for the 
alkanes, where both reagents have approximately the same 
sensitivity to transmission of polar effects. Among the com- 
pounds containing oxygen, the order of sensitivity to polar 
effects for the reactions of both o(~P)  and OH is acetate esters 
> alcohols > aldehydes. The effect of the electronegative ester 
oxygen may be moderated somewhat by the adjacent carbonyl, 
making the sensitivity greater to polar effects originating in the 
alkyl group than is the case in the alcohols. In the aldehydes, 
the carbonyl presumably dominates the polar effects to such an 
extent that residual polar effects originating in the alkyl group 
are much less significant, leading to a comparatively small 
value of p*. Of the compounds examined, only the alkanes and 
esters have appreciable sensitivity to steric effects. In the case 
of the esters, both OH and o(~P) show significant sensitivity to 
steric effects, with the o(~P)  reactions being the more sensi- 
tive. This would be consistent with the picture of a reaction 
resulting from an addition complex formed between the oxy- 

gen atom and the ester, followed by rearrangement and forma- 
tion of products in competition with simple decomposition 
back to reactants. 
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An AM1 calculational study of the protonation 
and reactions of 3,4-dihydro-2-0x0-1,4- 
ethanoquinoline, 3,4-dihydro-2-0x0-1,4- 
propanoquinoline, 3,3,4,5=tetrahydro-2-0x0- 
1,5-ethanobenzazepine, 3,3,4,5-tetrahydro-2- 
0x0-1,5-propanobenzazepine, and N-methyl-4- 
bromo-2-methylacetanilide 

N.H. Werstiuk, R.S. Brown, and Q. Wang 

Abstract: The gas phase N- and 0-protonation of distorted amides 3,4-dihydro-2-0x0-1.4-ethanoquinoline (la),  3,4-dihydro-2- 
0x0-l,4-propanoquinoline (lb), 3,3,4,5-tetrahydro-2-0x0- 1,5-ethanobenzazepine (lc),  and 3,3,4,5-tetrahydro-2-0x0- 1,5- 
propanobenzazepine (16) and normal amides 4-bromo-2,N-dimethylacetanilide (5a) and 2,N-dimethylacetanilide (Sb), along 
with the N-protonation of benzoquinuclidine (7), has been studied calculationally at the semiempirical level of theory with AM 1. 
Calculated enthalpies of N- and 0-protonation (proton affinities) indicate that l a ,  lb, and l c  should protonate on nitrogen and Id, 
5a, and 5b on oxygen. A satisfactory straight-line relationship between the calculated proton affinities of l a ,  lb, l c ,  and 7 with 
experimental solution pK,'s is used to estimate the solution pK, of Id. Results of a calculational study on the gas phase N- and 0 -  
methylation of lb,  lc, and Id  are nicely in accord with the findings of an experimental solution phase study of the methylation- 
hydrolysis of l b  and Id: while l b  methylates on nitrogen, Id methylates on oxygen. A calculational study of possible pathways 
of hydrolysis of the N-protonated amides indicates that solvolysis of the hydrates of these species represents a viable route for 
their conversion to ring-opened products. 

Key words: protonation, methylation, reactions, distorted amides, AM1 calculations. 

R6sumC : Faisant appel B des calculs AM1 au niveau semiempirique, on a Ctudit les N- et 0-protonations d'amides dCformts 
(3,4-dihydro-2-0x0- 1,4-&thanoquinolCine (la),  3,4-dihydro-2-0x0-l,4-propanoquinoltine (lb), 3,3,4,5-tktrahydro-2-0x0-I ,5- 
CthanobenzazCpine ( lc)  et 3,3,4,5-tCtrahydro-2-0x0-1,5-propanobenzazCpine (16)) et d'amides normaux (4-bromo-2,N- 
dimCthylacCtanilide (5a) et 2,N-dimtthylacttanilide (5b)) ainsi que la protonation de la benzoquinuclidine (7). Les enthalpies 
calculCes pour les N- et 0-protonations (affinitCs protoniques) indiquent que les composes la ,  l b  et l c  devraient se protoner sur 
l'azote alors que les composCs Id, 5a et 5b devraient se protoner sur l'oxygkne. Une relation IinCaire satisfaisante entre les 
affinites protoniques calculCes des composCs l a ,  lb ,  l c  et 7 avec les valeurs experimentales des pK, en solution a ttC utlisee pour 
Cvaluer le pK, en solution du composC Id. Les rCsultats des calculs sur les N- et 0-mCthylations en phase gazeuse des composes 
lb,  l c  et l d  sont en bon accord avec les observations d'une Ctude expkrimentale en solution de la methylation-hydrolyse des 
composCs l b  et I d  : alors que le compose l b  se mCthyle sur l'azote, le composC I d  se methyle sur l'oxygkne. Une etude par 
calculs des diverses voies possibles pour l'hydrolyse d'amides N-protonts indique que la solvolyse des hydrates de ces espkces 
represente une route viable pour leurs conversions en produits rCsultants d'ouvertures de cycles. 

Mots cles : protonation, mtthylation, reactions, amides dCformCs, calculus AM 1. 

[Traduit par la redaction] 

Introduction 

By studying a group of benzo-substituted bicyclic amides 
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Brown and co-workers showed that distorting the amide link- " 
age away from planarity leads to a dramatic change in the 
basicity of the amides and their reactivities in H,O (1, 2). The 
kinetics of hydrolysis of distorted amides 3,4-dihydro-2- 
0x0- l,4-ethanoquinoline (la), 3,4-dihydro-2-0x0- 1 $-propano- 
quinoline (lb), 3,3,4,5-tetrahydro-2-0x0- 1,5-ethanobenzaze- 
pine (lc), 3,3,4,5-tetrahydro-2-0x0-1,5-propanobenzazepine 
(Id), and N-methyl-4-bromo-2-methylacetanilide (5a) were 
studied as a function of pH and the general hydrolytic mecha- 
nism shown in Scheme 1 was used to account for the pH-rate 
profiles. It was suggested that in going from Id to l a  thesite of 
protonation changes from oxygen toaitrogen giving rise to N- 

Can. J. Chern. 74: 524-532 (1996). Printed in Canada 1 ImprirnC au Canada 
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Werstiuk et al 

Scheme 1. 

Table 1. Rate, dissociation constants, and enthalpies of activation 
for hydrolysis of amides. 

Arnide" k, (s-') pK', k,/KPa (M-' s d )  AH+" 
- -  

1 a 4.45 3.71 2.28 x lo4 10.26 
l b  8.3 0.65 29.5 6.25d 
1 c 101 -2.8 56 6.60" 
Id - - 1.21 x lo-' 15.96' 
5a - 2.2 x lo-' 19.70' 

"Data taken from ref. 2. 
%he values are in  kcal/mol. 
'At pH 3.2. 
"At pH 2.0. 
'At pH 1.5. 

protonated amides as reactive intermediates in the case of l a ,  
lb ,  and lc .  This change was reflected in the nature of the pH- 
rate profiles; plateaus are seen at progressively lower pH in 
going from l a  to lc .  Using the rate data fitted to the appropriate 
kinetic expression for Scheme 1, Brown and co-workers deter- 
mined kinetic pK,'s for l a ,  16, and lc .  Table 1 shows the 
observed rate constants and the kinetic pK,'s for l a ,  l b ,  and l c .  
A kinetic pK, could not be determined for Id, the least reactive 
arnide, because it does not exhibit a plateau between pH 0.0 and 
3.0. The availability of the structural and kinetic data for these 
arnides prompted us to undertake a computational study of la-  
Id, 50, and N-methyl-o-methylacetanilide (Sb), (a) to calculate 
the geometries and relative energies of the N- and O-proto- 
nated species, (6) to provide support for the postulated changes 
in basicity, and (c)  to gain insight into possible mechanisms of 
ring opening of the protonated species in H20. This paper doc- 
uments the results of our study. 

Experimental 

I. Calculational method 
The geometrical structures of the amides and their N- and 0 -  
protonated analogues were generated and optimized with 
MMX of PCMODEL (3) or MM+ of HYPERCHEM (4) and used as 
input for AM1 calculations with AMPAC (5), MOPAC (6), or 
HYPERCHEM. In the case of the AM1 calculations, the keyword 
PRECISE was used to tighten the convergence criteria. For the 
HYPERCHEM calculations, the optimizations were terminated 
when the RMS of the gradient dropped below 0.1 kcallmol. In 
the case of the additions of H,O to the N-protonated amides, 
the geometrical structures of the solvated substrates and the 
hydrates were generated with PCMODEL, optimized, and then 
used as input for the semiernpirical calculations. In some 
cases, the locations of the H20  molecules were adjusted prior 
to the optimization calculations by making appropriate 
changes in the input Z-matrix. Transition structures were cal- 
culated by refining the geometries at the maxima of the poten- 
tial energy surfaces obtained for stretching the amide N-C 
bonds or shortening the H,O ... C=O internuclear distances for 

nucleophilic addition of H,O in 0.1 A increments with 
SIGMA or NLLSQ  calculation^.^ 

11. Methylation of 3,4-dihydro-2-0x0-l,4- 
propanoqilinoline (lb) and 2,3,4,5-tetrahydro-2-0x0- 
1,s-propanobenzazepine (Id) 

(a) l b  
Arnide 16 (15.16 rng, 0.08 1 rnrnol) was dissolved in 0.5 rnL of 
CD,Cl, in an NMR tube. In a dry box flushed with argon, 
methyl trifluoromethanesulfonate (9.17 pL, 0.081 mrnol) was 
injected into the solution. The reaction mixture was monitored 
periodically by 'H NMR over a period of 90 h. 'H NMR of 16 
(200 MHz, CD,Cl,); 6: 7.12-7.45 (4 H, m), 3.75-3.91 (1 H, 
m), 3.04-3.22 (2 H, rn), 2.62 (2 H, d, J = 2 Hz), 1.12-2.12 (4 
H, m); the CH, protons of methyl triflate appear as a singlet at 
6 4.2 1 ppm. During the reaction, a new peak appears at 6 3.65. 

The reaction was terminated at 90 h by the addition of 2 mL 
of H,O and the mixture extracted with 3 x 20 mL of CH,Cl,. 
The combined organic extracts were dried (MgSO,) and the 
volatiles removed to yield a residue that was directly analyzed 
by 'H NMR and MS. 'H NMR (200 MHz, CDCI,), 6: 6.92- 
7.22 (4 H, m), 3.45-4.00 (2 H, rn), 2.88 (3 H, rn), 2.82 (3 H, s), 
1.48-1.95 (4 H, m). mlz (relative intensity): 219 (MC 69%), 
174 (MC - CO, 38%), 160 (MC - CH2C02H 38%), 146 
(16%), 132 (31%). Exact Mass calcd. for C,3H,7N0,: 
219.1259: found: 219.1255. 

(b) Authentic N-methyl-5-(2-hydroxycarbonylmethy1)-2,3,4,5- 
tetrahydrobenzazepine (8) 

To a flask was added NaH (60% dispersion, 0.546 g, 13.6 
rnmol, washed with hexane 3 times), 5-(hydroxycarbonylme- 
thy])-2,3,4,5-tetrahydrobenzazepine (0.30 g, 1.46 mrnol), and 
20 mL of dry THF. To this was added CH,I (0.23 mL, 3.7 
mrnol) after which the mixture was heated at reflux overnight. 
The reaction mixture was worked up by the addition of 20 mL 
of H,O, and extracted with 3 x 25 mL of CHCl,. The corn- 
bined extracts were dried (MgSO,) and the volatiles removed 
to yield a crude product that was purified by column chrorna- 
tography (SiO,, ethyl acetate). The final product was a light 
yellow oil. 'H NMR (200 MHz, CDCl,), 6: 6.84-7.20 (4 H, 
m), 3.45-3.82 (2 H, m), 2.90 (3 H, m), 2.82 (3 H, s), 1.52-1.90 
(4 H, m). mlz (relative intensity): 219 (MC 66%), 174 (MC - 
C 0 2  32%), 160 (MC - CH,CO,H loo%), 146 (20%), 132 
(38%). Exact Mass calcd. for C,,H,,NO,: 219.1259; found: 
219.1257. 

(c) Methylation of 2,3,4,5-tetrahydro-2-0x0-l,5-propmo- 
benzazepine (Id) 

In a dry box, 5.90 pL of methyl trifluoromethanesulfonate 
(0.052 mmol) was injected into a solution of arnide I d  (10.46 
mg, 0.052 mrnol) in 0.5 mL of CD2C1,. The reaction mixture 
was monitored by 'H NMR over a period of 9 days. At time 
zero, 'H NMR (200 MHz, CD,Cl,), 6: 7.25-7.38 (2 H, m), 
7.12-7.24 (2 H, rn), 4.36-4.52 (1 H, m), 3.08-3.21 (1 H, rn), 
2.81-2.94 (1 H, rn), 2.02-2.32 (3 H, m), 1.20-1.68 (3 H, m). 

- -- 

The keyword SIGMA invokes the McIver-Kornornicki gradient 
norm minimization routines. The keyword NLLSQ invokes 
Bartel's nonlinear least-squares gradient norm minimization 
method. 
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Over the course of the reaction, the ratios of the CH30Tf and 
the other generated CH3 singlets at 6 4.45, 6 4.21, and 6 3.50 
were 21:1:7. 

The mixture was worked up as above for the methylation of 
l b  and the crude mixture directly analyzed by 'H NMR and 
MS. 'H NMR (200 MHz, CDC13), 6: 6.68-7.09 (4 H, m), 3.65 
(3 H, s), 3.18-3.32 (1 H, m), 2.72-2.88 (2 H, m), 1.58-2.38 
(8 H, m). m/z (relative intensity): 233 (M' 41%), 202 (M' - 
0CH3 12%), 174 (M+ - C02CH, 5%),  160 (M+ - CH2C02Me 
76%), 146 (M' - CH,CH2C02Me loo%), 132 (1 1%). Exact 
Mass calcd. for C1,Hl9NO2: 233.1416; found: 233.1414. 

Since the new peak at 6 3.50 in the reaction mixture might 
be attributed to the N-methylated acid corresponding to 8, the 
remaining aqueous layer was neutralized with dilute HCl to 
pH 4.0 and extracted with CH2C12. There was no material iso- 
lated so we speculate that the 6 3.50 peak was from CH30H 
formed from the reaction of CH30Tf with adventitious H20. 

( d )  Authentic 5-(2-nzetlzoxycarbonylethy1)-2,3,4,5- 
tetrahydrobenzazepine (9) 

HCl gas was bubbled through a solution of the corresponding 
amino acid (0.0734 g, 0.33 mmol) in 10 mL of CH30H for 30 
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min. The solution was then heated to reflux overnight. The sol- 
vent was removed by rotary evaporation and 5 mL of H,O was 
then added to the residue. The pH of the solution was adjusted 
to pH 10 (NaOH dropwise) and the mixture extracted with 3 x 
10 mL of CH,C12). The organic layers were washed with H,O 
and dried (Na2S0,). The crude product (-50 mg) was purified 
by chromatography (Si02, petroleum ether - ethyl acetate; 
75:15). Further purification was effected by dissolving the 
product in ether and bubbling HCl through the solution. After 
refrigeration, the HCl salt of 9 formed as white crystals. These 
were dissolved in 10 mL of saturated Na,CO, and the free 
amine was extracted with 3 x 20 mL of CH2Cl,. The combined 
organic layers were dried (Na,SO,) and evaporated to yield a 
solid that was analyzed by 'H NMR and MS. 'H NMR (200 
MHz, CDCl,), 6: 6.62-7.08 (4 H, m), 3.65 (3 H, s), 3.18 (1 H, 
m), 2.72-2.90 (2 H, m), 1.58-2.38 (8 H, m). m/z (relative 
intensity): 233 (M+ 46%), 202 (M' - 0CH3 12%), 174 (M' - 
C02Me 2%), 160 (M+ - CH,CO,Me 75%), 146 (M+ - 
CH,CH,CO,Me loo%), 132 (9%). Exact Mass calcd. for 
C,,H,,NO,: 233.1416; found: 233.1410. 

Results and Discussion 

Calculated geometries and heats of formation of N- and 
0-protonated amides 

The optimized equilibrium geometries of lb- ld  and 5a (struc- 
tural formulas not shown) calculated with AM1 correspond 
closely to the molecular structures of lb-ld and 5a obtained by 
X-ray diffraction (l ,7).  Although the X-ray structure of l a  has 
not been reported, the AM1 computed geometry is probably 
accurate, based on the close similarity of the computed and 
experimental geometries for the other members of the series. 
The seven-membered ring of l c  adopts a chair conformation, 
while the eight-membered ring of Id adopts a crown confor- 
mation. The torsional angle between the planar amide group 
and the plane of the phenyl ring of acetanilide 5a is 73.3". Fig- 
ure 1 shows the optimized geometrical structures of the N-pro- 
tonated amides 2a-2d and 6a labelled with selected 
geometrical parameters obtained with AM 1. In the case of 6a 
and 6b (not shown), the most stable geometrical structure has 
the N-H bond cis to the methyl group at C2 of the phenyl ring. 
The values in brackets correspond to the values calculated for 
the unprotonated amides la-ld and 5a; the values in parenthe- 
ses are the bond lengths of the starting materials obtained by X- 
ray diffraction. There is a progressive decrease in the calcu- 
lated N-C(0) bond len ths in going from l a  to 5a: l a  1.480 
A, l b  1.459 A, l c  1.459 1, Id 1.426 A, and 5a 1.395 A. These 
results are in accord with the expectation that the resonance 
interaction increases in going from l a  to Id. While the antici- 
pated shortening of the N-C(0) bonds through the series la- 
Id seen in the X-ray diffraction data (parentheses) is repro- 
duced with the AM1 calculations, the computed bond lengths 
(brackets) are around 0.05 A longer than those obtained exper- 
imentally. That the N-C(0) bond of Id is longer than the N- 
C(0)  bond of 5a suggests that the interaction of the former's 
lone pair with the carbonyl group does not occur to the same 
extent as in 5a even though Id has two 3-carbon bridges. As 
found experimentally with X-ray crystallography (7) and 
expected on the basis of ab initio calculations (8,9), the CEO 
bond lengths calculated with AM1 increase only to a small 
degree through the series la- ld  and 5a (Fig. 1). 

Fig. 1. Displays of the AM1 optimized geometrical structures 
of N-protonated amides ((a) 2a; (b) 2b; (c) 2c; (4 2d; ( e )  6a) 
and selected structural parameters of these species. The values 
shown in brackets are the AM1 calculated bond lengths of the 
corresponding amides; the experimental values are shown in 
parentheses. 

Protonation of the nitrogen results in a large increase in the 
N-C(0) bond lengths (see Fig. I), 0.061 A for l a ,  0.071 A 
for l b ,  0.070 A for l c ,  0.101 A for Id, and 0.137 A for 5a, but 
the C=O bonds shorten only slightly: 0.013, 0.014, 0.012, 
0.019, and 0.026 A for l a ,  l b ,  l c ,  and 5a, respectively. In the 
case of l b ,  l c ,  Id, and 5a, these changes undoubtedly arise 
predominantly from a loss of the resonance interaction upon 
formation of the N-H bond. Because there is little interaction 
of the lone pair with the carbonyl group: the source of the 
unusual lengthening of the N-C(0) bond of l a  in going to 2a 
is presently unknown. But, it is possible that our AIMPAC 
studies4 will provide information on this point. The other 
bonds to nitrogen also lengthen upon protonation (Ar-N- by 

Using the theory of atoms in molecules, specifically the AIMPAC 
computational package (lo), we have undertaken a study of the 
topology of the charge density of amides la-Id and 5b, in large 
part to characterize the nonbonded charge concentrations (lone 
pairs) on nitrogen. The Laplacians of p at the (3, -3) critical 
points of benzoquinuclidine (7) and In are virtually identical. This 
finding and the fact that the torsional angle between the (3,-3) 
critical point of the nonbonded charge concentration and the C=O 
group of l a  is 4.5" indicate that there is no interaction between the 
nitrogen lone pair and the n system of the carbonyl group. 
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Fig. 2. Displays of the AM1 optimized geometrical structures 
of the cis-0-protonated arnides ((a) 3a; (b) 3b; ( c )  3c; (4 3rl; (e )  
0-protonated 5a) and selected structural parameters of these 
species; those of the trarzs diastereomers are shown in square 
brackets. 

0.016 and -CH,-N- by 0.036 A, respectively), but not to the 
same degree. These increases in the N-C(0) bond lengths 
calculated with AM 1 are in accord with the results of an ab ini- 
tio calculational study we have undertaken on la- ld  and 2a- 
2d (at the HFl6-3 1G** level of theory) and with data reported 
on N-protonation of 1-azabicyclo[2.2.2]octan-2-one (the N- 
C(0)  bond length increased by 0.071 A) and 1-azabicy- 
clo[3.3.l]nonan-2-one (the bond lengthened by 0.137 A) 
obtained at the 6-3 1 G* level of theory (1 1). In going from 2a to 
2d, there is a progressive increase in the 0-C-N'-H torsional 
angle (2a, 1.4"; 2b, 16.5'; 2c, 22.5'; 2d, 53.9'). Up to the 
present time, there have been no reports of X-ray crystallo- 
graphic structure determinations of N-protonated amides. 

The geometrical structures of the cis-0-protonated amides 
3a-3d and the most stable conformer of the 0-protonated 5a 
are shown in Fig. 2 along with selected geometrical parame- 
ters. Values for the trans-0-protonated isomers 4 a 4 d  are 
shown in square brackets. That there is an increase in the res- 
onance interaction involving the nitrogen lone pair in going 
from l a  to I d  is seen in the elongation of the C=O bond that 
accompanies 0-protonation (3a 0.077 A, 3b 0.083 A, 3c 0.088 
A, 3d 0.096) and a shortening of the C-N bond (3a 0.030 A, 
3b 0.049 A, 3c 0.060 A, 3d 0.167 A) relative to neutral amides 
and the N-protonated analogues is seen from the data in Fig. 1. 
In the case of 0-protonated 5a, where full interaction of the 
nitrogen lone pair and C=O is possible, the C-0 bond length 
increases by 0.175 A and the N-C(0) bond shortens by 0.057 
A relative to the neutral amide. The H-0-C-N torsional angles 

of the 0-protonated amides 3a, 3b, 3c, and 3c1, respectively, 
are 179.2", 175.5', 175.4', 172.5'. 

The calculated heats of formation of amides la-ld, Srt, and 
50, and the N-protonated compounds 2n-2d, 60 and 60, along 
with the calculated proton affinities (PA's, the negatives of 
the enthalpies of N-protonation) are given in Table 2. Also 
included in Table 2 are the AM1 calculated heats of forma- 
tion of the 0-protonated species 3a-3d (the =O'-H bonds 
are cis to the bridgehead nitrogen) and 4 n 4 d  (the =O'-H 
bonds are trans to the bridgehead nitrogen) along with the 
PA's. It is seen that the nitrogen PA's of la-lc range from 
216.8 to 214.9. The accuracy of these values is unknown at 
present because the gasphase PA's of distorted amides have 
not been measured. In this connection, the PA's for N-proto- 
nation of 1-azabicyclo[2.2.2]octan-2-one and l-azabicy- 
clo[3.3.l]nonan-2-one calculated with AM 1 are 214.1 and 
2 1 1.7 kcallmol, respectively. These values are smaller than 
the values (238.8 and 228.8 kcallmol) at the HFl6-316*//6- 
3 1 ~ '  levels of theory (1 1). It is noteworthy that the AM1 cal- 
culated PA for 0-protonation of formamide (198.4 kcallmol) 
is identical to the experimental value of 198.4 1 kcallmol (1 2). 
On the other hand, a b  initio calculations at the MP216-3 IG*// 
4-3 1G level of theory provided a PA of 203.7 kcallmol for 0 -  
protonation, 5.3 kcallmol higher than the experimental value 
(13). On the basis of the calculated enthalpies of formation, 
la-lc should undergo equilibrium protonation preferentially 
on nitrogen, I d  should protonate on both oxygen and nitro- 
gen, and 5a and 5b should protonate preferentially on oxy- 
gen. The reason for the difference in the gas phase stabilities 
of the cis- and trans-0-protonated species (Table 2) is 
unknown, although intramolecular hydrogen bonding to the 
nitrogen and (or) hyperconjugation of the oxygen lone pair 
with the C-N bond may give rise to the difference in stabil- 
ity of the diastereomers. We also calculated the enthalpies of 
formation of 3,4-dihydro-2,5-ethanoquinoline (benzoquinu- 
clidine) (7) and the corresponding N-protonated species, and 
those data, along with the calculated enthalpy of protonation 
(PA), and available experimental pK,'s (2, 14) are given in 
Table 2. 

A plot of PA (N-protonated) vs. the observed solution pK, 
gives the satisfactory straight-line relationship in eq. [I], ?= 
0.98. Some sort of relationship is anticipated although 
one must be mindful that the solution pKa's depend heavily on 

solvation, which may be reflected in differential AS values in 
the various solution equilibria, but cannot be accounted for in 
the gas phase enthalpy calculations. Nevertheless, if we 
extrapolate the line to estimate the solution pK, for N-proto- 
nated 2d, a value of - 1 1.7 is obtained. As far as we are aware, 
there are no directly measured solution pK,'s of N-protonated 
amides. Even though our estimated value falls outside the 
range of the pKa's (-7.22 to -8.38) of five noncyclic N-pro- 
tonated amides estimated from rates of acid-catalyzed N-H 
exchange by Williams (15), it is possible that the relief of 
angle strain as seen in the case of the solvolysis of l-chlorobi- 
cyclo[3.3.3]undecane (16) is the source of the higher than 
expected acidity of 2d. The results of our study suggest that 
AM1 calculations might be useful for predicting the pK,'s of 
N-protonated amides. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Werstiuk et al 

Table 2. Calculated enthalpies of formation and proton affinities. 

Amide 
or 

amine 
N- 

protonated 

160.0 
148.9 
149.6 
146.4 
156.4 
148.3 
180.6 

M f  

cis-0- 
protonated 

180.2 
163.9 
162.2 
146.5 
145.0 
136.8 

trans-0- 
protonated 

186.8 
167.8 
166.1 
147.6 
146.5 
141.0 

 PA^ 
N- 

protonated 
-- 

216.8 
216.0 
214.9 
209.4 
201.1 
203.7 
219.3 

PA 
cis-0- 

pK, protonated 

3.7 196.9 
0.56 201.1 

-0.28 202.6 
209.6 
210.6 
215.2 

7.8' 

PA 
trarzs-0- 

protonated 

- - -- - 

"The values in  kcal/mol. 
b~~ = -AH,,, = -[AHXprotonated substrate) - AHksubstrate) - AHAH'); AHAH') taken as 365.4 kcalimol. 
'See ref. 14. 

Table 3. AM1 heats of formation of N- and 0-methylated amides. 

Methylated 
amide 2e 2f 2g 3e 3f 3g 4e 4f 4g 

AH: 158.8 165.7 170.6 159.0 164.6 169.5 156.4 151.1 151.5 

"In kcal/mol 

Methylation of 3,4-dihydro-2-0x0-l,4-propanoquinoline 
(lb), 3,3,4,5-tetrahydro-2-0x0-1,5-ethanobenzazepine 
(lc), and 3,3,4,5-tetrahydro-2-0x0-1,5- 
propanobenzazepine (16) 

We also studied the methylation of lb ,  l c  and I d  by calculat- 
ing the enthalpies of formation of N- and 0-methylated com- 
pounds 2e-2g, 3e-3g, and 4 e 4 g  (Table 3). The N-methylated 
compounds derived from l b  and l c  are more stable than the 
cis- and trans-0-methyl species. In the case of Id ,  the 0 -  
methyl diastereomers are calculationally more stable (cis 5.3 
kcaWmol and trans 4.9 kcaWmol) than the N-methyl com- 
pound. Yet the N-protonated species 2d and the cis-0-proto- 
nated isomer 3d are nearly identical in energy (Table 2). Why 
the methylation of Id differs from the protonation is not evi- 
dent at this time. If the relative energies of the methylated 
amides are important in determining the rates of the methyla- 
tion, then 16 and l c  will kinetically methylate on nitrogen and 
I d  will yield the 0-methylated trans isomer. 

This question was experimentally addressed as follows 
(17). Methylation of each of 16 and l d  by CH,OSO,CF, in 
CD,C12 was monitored by 'H NMR over a 96 h period. During 

this time, in the case of l b  the peak attributable to 
CH30S0,CF, at 6 4.21 diminished in intensity concomitant 
with the growth of a new singlet at 6 3.65. In the case of I d  the 
loss of the CH30S03CF3 singlet gave rise to one at S 4.45. In 
each case, the reaction mixture was quenched by the addition 
of H20, and worked up to yield roducts that were immedi- F ately subjected to exact mass and H NMR analysis. The spec- 
tra of the respective materials proved to be identical with 
authentic N-methylated ring-opened 8 (in the case of lb)  and 
authentic methyl ester 9 (in the case of Id). Overall, the pro- 
cesses are depicted in eqs. [2] and [3]. The above kinetic 
methylation studies give results for the position of methylation 
that are in full accord with what is expected on the basis of 
AM1 calculations, which show that l b  should methylate on 
nitrogen and I d  should methylate on oxygen. 

Hydrolysis of N-protonated amides 
A series of calculations was also undertaken to provide infor- 
mation about the mechanism of hydrolysis of the N-proto- 
nated amides. In the first study, 2a and 2c were converted to 
the N-protonated hydrates, 10a and lob,  which are found to be C

an
. J

. C
he

m
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
80

.8
8.

24
1.

94
 o

n 
09

/0
8/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Can. J. Chem. Vol. 74, 1996 

Table 4. AM1 enthalpies of formation of N-protonated amides 
plus one isolated water, and the corresponding N-protonated 
hydrates. 

Protonated amide E M ; '  prot. amide and H20 AH, hydrate 

"In kcaYmol. 

Table 5. AM1 enthalpies of formation and activation for N-C(OH), bond cleavage of N-protonated 
hydrates with zero, one, and two associated H,O molecules. 

C AH;' 
hydrate Z AH;' C AH;' 
and no hydrate hydrate AH, TS AH, TS AH, TS AH* AH* AH* 

Hydrate H20 and H,O and 2H,O hydrate 1H20 2H20 no H,O 1H?O 2H20 

10a 85.4 13.9 -54.7 93.2 22.6 -46.7 7.8 8.7 8.0 
1 0 ~  77.0 5.4 -62.8 86.2 15.4 -53.2 9.2 10.0 9.6 

"In kcal/mol. 

roughly 16 and 13 kcaYmol, respectively, more stable than 
their corresponding N-protonated amides and one isolated 
H 2 0  molecule (Table 4). We next looked at heterolysis of the 
N-protonated hydrates in the presence of zero, one, and two 
associated H20  molecules to determine the effects of solvating 
the hydrates. The HN+-C(OH), bonds of 10a and l o b  were 
stretched in 0.1 A increments with full geometry optimization 
(including the associated H,O molecules) to calculate the 
potential energy profiles and transition structures for the het- 
erolysis of the unsolvated and solvated hydrates into the corre- 
sponding dihydroxy carbenium ions. The associated 
enthalpies of formation for the hydrates and transition struc- 
tures are given in Table 5. The calculated AH$'s shown in 
Table 5 (8.G10.0 kcallmol) fall in the range of the experimen- 
tal values (Table l) ,  but the magnitudes are reversed. While 
the rate-determining steps for the hydrolyses of l a ,  l b ,  and l c  
are not known with certainty, the work of Guthrie et al. -the 
calculated AG$for heterolysis of the HN+-C(OH), bond of 
the N-protonated hydrate of N-methylformanilide where relief 
of strain is not an important factor is 12.4 kcal/mol -provides 
support for the calculational results (18). The computed poten- 
tial energy profile for heterolysis of 10a.2H20 is displayed in 
Fig. 3. Figures 4a and 4b show the transition structures for het- 
erolysis of 10a.2H20 and 10c.2H20 labelled with the N- 
C(OH), bond lengths and showing the location of the two sol- 
vating waters. The dihydroxy carbenium ion in reality is prob- 
ably not the final product of the heterolysis, which should be 
the N-protonated carboxylic acid. In support of this, we have 
calculated the AHf for the N-protonated amino acids resulting 
from N-C cleavage of 10a and 10c with one associated 
water, the values being 6.67 and 3.59 kcallmol. With two asso- 
ciated waters, the AH, values are -64.13 and -68.85 kcall 
mol, respectively, for the N-protonated amino acids derived 
from 10a.2H20 and 10c.2H20. These values are substantially 
lower than the corresponding dihydroxy carbenium ions (car- 
benium ion derived from 10a.lH20, 19.37; 10a-2H20, 

- 50.4 1 kcallmol; 10c.lH20, - 55.26 kcal/mol), but we have 
not explored theoretically the possible routes for the required 
C+(OH)2 + N proton transfer. The important result of the cal- 
culated enthalpies for heterolysis is the apparent insensitivity 
of the AH$ to the presence of the solvating waters. This result 
is in accord with heats of hydration of NH4+ in the presence of 
one, two, or three waier molecules obtained experimentally in 
the gas phase and with AM1 calculations. The experimental 
gas phase heats of hydration of NH; in the presence of one, 
two, and three water molecules are - 17.3, - 14.7, and - 13.4 
kcal/mol, respectively (19); AM1 calculations give values of 
- 15.3, - 13.1, and - 14.9 kcallmol, respectively (20). Impor- 
tantly, the low activation energy for cleavage suggests that the 
N-protonated hydrates, once formed, easily proceed to prod- 
ucts through low-energy pathways involving simple-N- 
C(OH), cleavage, followed by rapid proton transfers to yield 
the NTprotonated carboxylic acids as the final products. 

In a second study, N-protonated amides 2a and 2b were sol- 
vated with two and three water molecules and subjected to 
HN+-C(0) stretches of 0.1 A to ring open to the correspond- 
ing acylium ion. The AH, values for theprocesses are given in 
Table 6 while the transition structures are displayed in Figs. 4c 
and 4d. Two points are of note. First, the computed AH,values 
for the geometry-optimized N-protonated amides with-associ- 
ated water molecules are higher than for the corresponding 
hydrates (e.g., AH, (2a.2H20) - AH, (10a.lH20) = 8.2 kcall 
mol; AH, (2a.3H20) -AHf (lOa,2H2O) = 9.0 kcallmol), con- 
firming that solvation does not alter the relative stabilities of 
the N-protonated amides and corresponding hydrates. Second, 
the heterolysis of 2a + acylium ion in the presence of two or 
three H 2 0  molecules proceeds with a AH* of 17.9 or 19.2 
kcal/mol: the corresponding AH$ values for the similar het- 
erolysis of 2c are 20.8 and 28.8 kcal/mol. These high barriers 
render N-C cleavage of 2a,c to the acylium ions far less 
likely than the pathways involving hydrate formation fol- 
lowed by N-C(OH), cleavage. 
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Table 6. AM1 enthalpies of activation for heterolysis of solvated 
N-protonated amides to acylium ions. 

C AH: subs. C AH: subs. AH, TS AH, TS AH* AH5 
Substrate and 2H,O and 3H20 2H,O 3H,O 2H20 3H,O 

- -- 

2a 22.1 -45.7 40.0 -26.5 17.9 19.2 
2~ 13.4 -58.8 34.2 -30.8 20.8 28.8 

"In kcallmol. 

Table 7. AM1 enthalpies of activation for nucleophilic ring opening of 
solvated N-protonated amides. 
- - - 

C AH: subs. C AH: subs. AH,TS AH, TS AH+ AH* 
Substrate and 2H,O and 3H,O 2H,O 3H20 2 H z 0  3Hz0 

"In kcallmol. 
'Attempts to refine the transition structure at the maximum of the potential energy 

surface with SIGMA or NLLSQ calculations failed. 

Fig. 3. AM1 potential energy profile for the heterolysis of Fig. 4. Displays of the transition structures and the C-N bond 
hydrate 10a solvated with two water molecules. lengths (A) for the heterolysis of N-protonated hydrates and N- 

protonated amides solvated with two H 2 0  molecules: ( a )  10a; 

.... -o-..., (b )  10c; ( c )  2a; (4 2c. 
.... 

(a) 

LL - -52 
0 

, , 8 ,  

1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 
(c) 

N-C Bond Length (a) 

As a final check on the viability of other N-C bond cleav- 
age pathways, a water molecule of the above solvated amides 
(2a,c)  was allowed to attack the C=O group. This was done 
by selecting the H 2 0  best aligned for nucleophilic attack, and 
decreasing the H,O ... C=O distance in 0.1 A increments. The 
AHf values of the solvated N-protonated amides, the transition 
structures, and the AH+'s are given in Table 7. It is seen that 
the AH*'s for the nucleophilic reaction of 2a and 2c with H,O 
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are very much larger than the AH"s found calculationally for 
the solvolysis of the N-protonated hydrates and amides as well 
as the values found experimentally. The calculated process is 
depicted in eq. [4] and leads to the corresponding O-proto- 
nated carboxylic acids. Because the 0-protonated carboxylic 
acid is a very strong acid, proton transfer, possibly occurring 
simultaneously with ring opening, to a solvating water mole- 
cule would be fast. The neutral amino acid with the hydronium 
ion bonded with the carbonyl group would, in a fast process in 
the solvent cage, transform into the N-protonated amino acid. 
We have not investigated possible routes for the proton trans- 
fers calculationally. Nevertheless, this study suggests that the 
N-protonated distorted amides do not hydrolyse via the 
nucleophilic ring-opening reaction depicted in eq. [4]. 
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Ivan Cordova-Reyes, Hanbin Hw, Jian-Hua Guy Elizabeth VandenHoven, 
Ali Mohammed, Steven Holdcroft, and B. Mario Pinto 

Synthesis and characterization of polymer- 
bound selenium coronands: enhancing the 
stability of reactive dications by restricting 
intermolecular interactions 

Abstract: The stepwise synthesis of 1,5,9,13-tetraselenacyclohexadecan-3-017 from the reaction of sodium propane- 1,3- 
bisselenolate-2-01 with 4.8-diselenaundecan-1,ll -di-p-toluenesulfonate 5 in THF and ethanol in 62% yield is described. 
Compound 5 is obtained from the corresponding diol3, which is obtained, in turn, from the reaction of sodium propane- 1,3- 
bisselenolate with two equivalents of 3-chloropropanol. 1,5-Diselenacyclooctan-3-019 and 1,5,9,13-tetraselenacyclohexadecan- 
3,l  I-diol 10 are obtained in yields of 43% and 1 I%, respectively, from the one-step reaction of sodium propane-1,3- 
bisselenolate-2-01 with 1,3-dibromopropane. Polymers with pendant selenium coronands, 1,5-diselenacyclooctane (8Se2) and 
1,5,9,13-tetraselenacyclohexadecane ( 16Se4), have been prepared by free radical polymerization of the corresponding selenium 
coronands 9 and 7, derivatized as their acryloyl esters 11 and 12. Copolymers of methyl acrylate and 3,7-diselenacyclooctyl 
acrylate 11 have also been prepared in analogous fashion. The polymers have been characterized by 'H and I3C NMR, IR, and 
UV-visible spectroscopy. The redox chemistry of polymer-bound selenium coronands in solution, and in the form of thin films 
coated on electrodes, has been determined by electrochemical methods. Selenium coronands attached to the polymer chain 
exhibit enhanced oxidative stability compared to monomeric analogues, presumably because restrictive motion of polymer- 
bound moieties inhibits inter- and intra-molecular degradation reactions. Electroactivity of polymer-modified electrodes is 
restricted to a few monolayers close to the electrode surface. Spatial separation of coronands along the chain, achieved by 
copolymerization with electro-inert methyl acrylate, gave copolymer-modified electrodes that possessed even greater redox 
stability than their corresponding homopolymers. Furthermore, by blending electro-inert poly(methy1 acrylate) with 
electroactive selenium coronand copolymers, polymer-modified electrodes that possessed superior electrochemical stability 
were obtained. 

Key words: selenium coronands, polymers, electrochemistry, dications. 

Resume : On dCcrit la synthkse par Ctape (rendement de 62%) du 1,5,9,13-tCtrasC1CnacyclohexadCcan-3-ol,7, rCalisie par 
rtactions par Ctapes du propane- l,3-bissC1Cnolate-2-01 de sodium avec le di-I>-toluknesulfonate de 4,s-disC1CnundCcan- 1,11- 
diyle, 5, dans le THF et I'Cthanol. On obtient le composC 5 a partir du d io l3  correspondant qui est obtenu, j. son tour, par la 
rCaction du propane- 1.3-bissC1Cnolate de sodium avec deux Cquivalents de 3-chloropropanol. Les I ,5-disClCnacyclooctan-3-0l,9, 
et 1,5,9,13-tCtrasClCnacyclohexadCcan-3,l I -diol, 10, ont CtC obtenus avec des rendements respectifs de 43% et de I 1 % par des 
rCactions en une Ctape du propane- 1.3-bissC1Cnolate-2-01 de sodium avec le 1,3-dibromopropane. On a prCparC des polymbres 
portant des pendants de coronands de sClCnium, 1,5-disC1Cnacyclooctane (8Se2) et 1,5,9,13-tCtrasClCnacyclohexadCcane 
(16Se4). en procCdant j. la polymCrisation des coronands stlCniCs correspondants, 9 et 7, transform& en dCrivCs sous la forme de 
leurs esters acryloyles, 11 et 12. OpCrant d'une f a ~ o n  analogue, on a aussi prCparC les copolymkres de I'acrylate de mCthyle et 
I'acrylate de 3,7-disC1Cnacyclooctyle, 11. On a caractCrisC les polymkres par leurs spectres RMN du 'H et du "C ainsi que par 
leurs spectres IR et UV-visible. Faisant appel hdes mCthodes Clectrochimiques, on a dCterminC la chimie rCdox des coronands du  
sClCnium liCs 3. ces polymbres, en solution ainsi que sous la forme de films minces sur des Clectrodes. Les coronands du sClCnium 
attach& au polymbre prCsentent une stabilitC oxydative qui est augmentCe par rapport aux analogues monomCriques, 
probablement a cause des restrictions aux mouvements des portions attachCes au polymbre qui inhibent les rCactions de 
dkgradations inter- et intramolCculaires. L'ClectroactivitC des Clectrodes modifiCes par le polymere est restreinte ii quelques 
monocouches proches de la surface de I'Clectrode. La stparation spatiale des coronands le long de la chaine, qui est rCalisCe par 
une copolymtrisation avec de I'acrylate de mCthyle Clectro-inerte, fournit des Clectrodes modifiCes par le copolymkre qui 
posskdent une stabilitC rCdox encore plus grande que celle des homopolymbres correspondants. De plus, en mClangeant du 

I I. Cordova-Reyes, H. Hu, J.-H. Gu, E. VandenHoven, A. Mohammed, S.  oldc croft,' and B.M. pinto.' Department of Chemistry, Simon 
Fraser University, Burnaby, BC V5A 1S6, Canada. 

1 ' Authors to whom correspondence may be addressed. Telephone: (604) 291-4327. Fax: (604) 291-3765. 

Can. J .  Chem. 74: 533-543 (1996). Printed in Canada 1 ImprimC au Canada 
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poly(acrylate de mtthyle) Clectro-inerte avec des copolymkres Clectroactifs de coronands du stltnium, on aobtenu des Clectrodes 
modifiCes par le polymkre qui posskdent une stabilitC Clectrochimique suptrieure. 

Mots clgs : coronands du sClCnium, polymkres, tlectrochimie, dications. 

[Traduit par la rCdaction] 

Introduction 

We recently reported the synthesis of a novel class of com- 
pounds, the selenium coronands (1-3). Of interest to us was 
the comparison of properties between the selenium coronands 
and the lighter sulfur congeners, in particular, the preferential 
stabilization of transition metal ions by these macrocycles, the 
effect of ligand conformation on chelation, and the propensity 
for electron transfer reactions in the free ligands as well as in 
the metal-ion complexes. Towards this end, we have reported 
the conformational analysis of the free ligands (1, 2), their 
metal-ion complexation properties (4-6), and the unusual 
electron transfer reaction of a Cu(I1)-selenium coronand com- 
plex (4). Although the metal-ion complementarity and struc- 
tural features of the complexes are similar to those of the sulfur 
congeners (4-8), the observed differences in electron transfer 
chemistry (4) were not anticipated and were linked to the pro- 
pensity for transannular stabilization in the ligands. 

We now report the synthesis of functionalized selenium 
coronands for incorporation into polymers or for the ready 
attachment of aliphatic or functionalized chains. The latter 
compounds are of interest for the development of transition- 
metal ion-selective electrodes and membrane transport systems 
or for the generation of water soluble or micellar transition- 
metal ion transport systems. We also report the synthesis of the 
first polymer-bound selenium coronands for investigation as 
new materials together with their characterization by spectro- 
scopic and electrochemical techniques. We describe the elec- 
trochemistry of polymers in solution and in the form of 
polymer-modified electrodes, and illustrate how spatial control 
of the coronands leads to stabilization of their oxidized state. 

Results and discussion 

Synthesis 
The strategy for the synthesis of the polymeric selenium coro- 
nands involved the synthesis of a selenium coronand bearing a 
hydroxyl functional group, which could be used subsequently 
to tether the selenium coronands to a second functional group 
to form a reactive monomer. An acrylate ester was chosen as 
the latter functional group and radical-initiated vinyl polymer- 
ization as the method of polymerization. The route is general 
in that it can be adapted to yield different polymers by choice 
of the vinyl group attached to the coronand or the selenium 
coronand itself. The strategy is illustrated here for the case of 
two selenium coronands, as their acrylate esters. In addition, 
copolymers have been synthesized from the selenium coro- 
nand-containing monomers and other reactive monomers. 

The monomers were synthesized as follows. Reaction of the 
bisselenolate anion, derived from propane-1,3-bisselenocyan- 
ate 1 (9) by sodium metal reduction in liquid ammonia, with 2 
equivalents of 3-chloropropanol 2 afforded the acyclic diol 
containing two selenium atoms, namely 4,8-diselenaunde- 
cane-l,l 1-diol 3 in 89 % yield (Scheme 1). Tosylation of the 
diol 3 gave a mixture of the monotosylate 4 (21%) and the 

Scheme 1. 
1. Na 1 liq NH, 

n 
NCSe SeCN 

2.2 eq. TsCl I I I I 
CH2CI2, pyridine Se Se 

3 - C,:s Hz) + COTS ,I 

Hx , NaBH,. THF . EtOH 
NCSe SeCN 

6 7 
5 - 

(62%) 
12 

desired ditosylate 5 (55%). Conversion of the ditosylate to the 
functionalized coronand was effected by treatment with the 
bisselenolate anion derived from 1,3-bisselenocyanatopropan- 
2-01 6. Compound 6 was obtained, in turn, from the nucleo- 
philic displacement of 1,3-diiodo-2-propanol with potassium 
selenocyanate in acetone. The optimum conditions for the 
cyclization reaction consisted of the simultaneous addition of 
the ditosylate 5 and the bisselenocyanate 6 to a suspension of 
sodium borohydride in a mixture of THF and ethanol over a 
period of 10 h. The target 16-membered selenium coronand 
containing four selenium atoms and a hydroxyl moiety 7 was 
obtained in a yield of 62%. 

The synthesis of the mono-functionalized 8-membered 
coronand and the difunctionalized 16-membered coronand 
was a one-step synthesis that consisted of the reaction of the 
bisselenolate anion derived from 6 and 1,3-dibromopropane 8 
(Scheme 2). 1,5-Diselenacyclooctan-3-019 and 1,5,9,13-tetra- 
selenacyclohexadecan-3,ll-diol 10 were obtained in yields of 
43% and 1 1%, respectively. 

Reaction of 1,5-diselenacyclooctan-3-01 9 with acryloyl 
chloride in THF and dichloromethane containing triethyl- 
amine afforded the acrylate ester 11 in 87% yield (Scheme 3). 
Similarly, 1,5,9,13-tetraselenacyclohexadecan-3-01 7 was 
converted to its acrylateester 12 in 75% yield. The monomer 
11 was polymerized in oxygen-free benzene containing AIBN 
as a radical initiator to give poly(l,5-diselenacycloocty1 acry- 
late) (poly(8Se2)) 13 in 90% yield (Scheme 4). An analogous 
reaction of the monomer 12 afforded poly(l,5,9,13-tetra- 
selenacyclohexadecyl acrylate) (poly(16Se4)) 14 in95% yield. 
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Scheme 2. Scheme 4. 

6,  NaBH4, THF, EtOH 
9 (43%) 

Br Br - + 

Scheme 3. 

12 

Copolymers consisting of 1,5-diselenacyclooctyl acrylate 
units and methyl acrylate units were prepared with mixtures of 
methyl acrylate 15 and 1,5-diselenacycloocty1 acrylate 11 in 
analogous fashion to that described above (Scheme 5). A start- 
ing ratio of 11:15 of 1: 1 yielded a copolymer 16 with a ratio of 
diselenacyclooctyl acry1ate:methyl acrylate units of 1.4:1, as 
determined by integration of the peaks for H3 and 0CH3 in the 
'H NMR spectrum. A separate experiment with a starting ratio 
of 11:15 of 1.2 yielded a copolymer 16 with a ratio of diselena- 
cyclooctyl acrylatemethyl acrylate units of 0.75: 1. 

The microanalysis for 13 was calculated based on a degree 
of polymerization of 8 and on the assumption that chain termi- 
nation had occurred via disproportionation, to give one 
(CH,),CHC(CN)H unit per molecule. In the case of 14, a 
molecular weight determination was not possible but a degree 
of polymerization of 8 was found to be consistent with the ana- 
lytical data. 

'H NMR spectra 
The 'H NMR spectra of poly(8Se2) 13 and mono 8Se2 11 
(Fig. 1) clearly show that the vinyl hydrogens of mono 8Se2 
(5.70 ppm to 6.50 ppm) disappear after the polymerization. 

AlBN - n Se Se u 1 Se Se 5 

8 u 6  

Scheme 5. 

AlBN 

0 

i?":""' H2C=FH AlBN 
n Se Se + m q=o - 
u OCH, 

Several new signals, associated with backbone hydrogens of 
the polymer chain, appear in the region 1.40-2.30 ppm. For 
poly(8Se2), the peak at 2.27 ppm is assigned to -CO-CH-CH,- 
of the polymer backbone and thepeaks at 1.46, 1.64, and 1.88 
ppm to the two diastereotopic methylene protons (-CO-CH- 
CH,). The complexity of these signals indicates that the struc- 
ture of the poly(8Se2) is an atactic polymer. Comparison of 
the spectra of mono 16Se4 12 and poly(16Se4) 14 indicates 
similar features to those of the lower homologues, mono 8Se2 
11 and poly(8Se2) 13 (Fig. 2). 

Electrochemistry of selenium coronands 
Selenium coronands 8Se2 and 16Se4 were electrochemically 
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Fig. 1. 'H NMR spectra of (a )  mono 8Se2 11 and (b) poly(8Se2) 
13. 

Fig. 2. 'H NMR spectra of (a) mono 16Se4 12 and (b) 
poly(16Se4) 14. 

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 
PPm 

oxidized at carbon electrodes. The redox processes are com- 
plex due to subsequent chemical reactions following electron 
transfer. Previous studies on the electrochemistry of 16Se4 in 
dichloromethane-TEAP electrolyte revealed that radical cat- 
ion and dication intermediates undergo rapid chemical rear- 
rangement via one of two paths (6, 10). The first path is 
intermolecular in nature, in which oxidized species react with 
neutral ligands, as shown below; L represents the selenium 
coronand and subscripts refer to different selenium coronands. 
The second pathway occurs intramolecularly via transannular 

Fig. 3. Scan rate dependence on cyclic voltammograms of 
1 x M 1,5-diselenacylcyclooctane (8Se2) in 0.1 M TEAP - 
CH,CN. Reference electrode, AglAgC1. 

Scan Rate 
(rnV/s) 

-0.5 0.0 0.5 1 .O 
E (volts) 

stabilization (4,6,10). The scheme is analogous to that pro- 
posed by Asmus and Musker for the oxidation of 1,5-dithia- 
cyclooctane (1 1). 

[I] L,  5 L:.& [L, - L]+. 

In the present study, the electrochemistry of free and poly- 
mer-bound selenium coronands was investigated in acetoni- 
trile and dichloromethane, respectively; polymer-modified 
electrodes were studied in acetonitrile. Cyclic voltammo- 
grams of 8Se2 in acetonitrile-TEAP were found to be quasi- 
reversible. Previous studies in CH2C12 established that the oxi- 
dation proceeded by a two-electron transfer process (6, 10, 
12). In acetonitrile solvent, a single oxidation peak was 
observed at slow voltage sweep rates (<20 mV/s) whereas two 
oxidation peaks were observed at faster sweep rates (Fig. 3). 
These results are consistent with previous electrochemical 
studies of selenium coranands (6, 10, 12) and sulfur coronands 
(1 1). Thus, by drawing upon previous reports, the electro- 
chemistry can be explained in the following manner (Scheme 
6). Following oxidation of 8Se2 to form a radical cation, either 
a second electron is removed to form a diradical cation with 
subsequent formation of a transannular bond or, alternatively, 
the radical cation undergoes transannular stabilization prior to 
losing a second electron. Under the fast scan rate regime, two 
oxidation peaks are observed due to two one-electron transfer 
steps. We suggest the occurrence of a "slow" transannular 
reaction of the intermediates. The oxidation process is desig- 
nated an EEC (electrochemical-electrochemical-chemical) 
process. At slow scan rate, e.g., <20 mV/s, transannular stabi- 
lization occurs on the time scale of the experiment so that only 
one two-electron oxidation peak is observed. This pathway 
represents an ECE process. 

We and others have previously established that the opportu- 
nity exists for inter-coronand reactions between oxidized and 
neutral species during the electrochemical process (eq. [I]) (6, 
10, 1 1). Thus, the concentration of the coronand is expected to 
play an important role. Indeed, as the concentration of the 
selenium coronand is increased from M to 10' M, inter- 
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Scheme 6. Scheme 7. 

-e 0 -e 0 
Se Se 7 Se. Se --r Se. set  u U E U  

Fig. 4. Concentration dependence of cyclic voltammograms of 
1,5-diselenacylcyclooctane (8Se2) in 0.1 M TEAP - CH,CN: (a) 
I x M, (b) 1 x lo-' M. Reference electrode, AgIAgCl; scan 
rate, 20 mV/s. 

E (volts) 

molecular reactions between oxidized products and neutral 
selenium coronand are more pronounced, and it becomes dif- 
ficult to observe the corresponding re-reduction peak, as 
observed in Fig. 4. In addition, at higher concentrations, a red/ 
brown precipitate (elemental selenium) is formed near the 
electrode surface upon oxidation. 

A cyclic voltammetric study shows that the redox chemistry 
of 16Se4 in acetonitrile-TEAP (Fig. 5) is slightly different 
from that of 8Se2. Each oxidation peak corresponds to a one- 
electron transfer (6, 10). We propose that the radical cation 
formed, [16Se4]+', rapidly undergoes transannular stabiliza- 
tion, and a new selenium-selenium bond is formed. The pro- 
posal is based on the observation of such transannular 
stabilization in the dication, [16se412+, and on the similarity of 
A,,, values (256 nm) for the dication and the radical cation 
observed in spectroelectrochemical experiments (10). 
Removal of a second electron prior to transannular stabiliza- 
tion, i.e., the EE process, is not competitive on the time scale 
of the experiment. Thus, it appears that oxidation of 16Se4 is 

Fig. 5. Concentration dependence of cyclic voltammograms of 
1,5,9,13-tetraselenacyclohexadecane (1  6Se4) in 0.1 M TEAP - 
CH,CN: (a) 1 x M, (b) 1 x IO-'M. Referenceelectrode, 
AgIAgC1; scan rate: 20 mV/s. 

E (volts) 

dominated by an ECEC process, as shown in Scheme 7. As a 
result of rapid transannular stabilization of the radical cation, 
changing the potential scan rate affects the shapes of cyclic 
voltammograms to a lesser degree than 8Se2 (not shown); if 
the redox process had gone through the EECC process as 
shown in Scheme 7, the ratio of anodic to cathodic peak cur- 
rents would have exhibited considerable scan rate depen- 
dence. As was the case with 8Se2, increasing the 
concentration of the 16Se4 has a pronounced effect on the vol- 
tammograms, as shown in Fig. 5. Cyclic voltammetry 
obtained with the lowest concentration of 16Se4 shows two 
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Fig. 6. Cyclic voltammograms of poly(8Se2) 13 in 0.1 M TEAP 
- CH,CN: (a) 1 x lo4 M, (b) 1 x lo-, M, (c )  1.3 x lo-%. 
Reference electrode, AgIAgC1; scan rate: 20 mVIs. 
Concentrations are given with respect to pendant selenium 
coronands. 

E (volts) 

relatively reversible electrochemical oxidations, but as the 
concentration is increased the voltammetrv deviates from 
Nernstian behaviour and gives rise to irregular voltammetric 
responses. We attribute this behaviour to the prevalence of 
intermolecular reactions of the oxidized intermediates with 
neutral ligand at high concentrations of the reactant. This 
effect is less pronounced for 16Se4 than for 8Se2, presumably 
because of the relative stability of [16~e4]" over [8se212+. For 
both 8Se2 and 16Se4, the oxidation peak current varies lin- 
early with the square root of scan rate, indicating that anodic 
oxidation is diffusion controlled. 

Cyclic voltammetric studies of the monomers 1,5-diselena- 
cyclooctylacrylate (mono8Se2) 11 and 1,5,9,13-tetraselena- 
cyclohexadecyl acrylate (monol6Se4) 12 show that their 
redox behaviour is similar to that of the corresponding sele- 
nium coronands, indicating that the double bond associated 
with the monomer has no obvious effect on the redox proper- 
ties of the coronand. We have also synthesized 1,5,9,13- 
tetraselenacyclohexadecyl propionate, in which the double 
bond in monol6Se4 12 is saturated. The cyclic voltammo- 
grams of this compound are similar to that of monol6Se4, 
indicating that the functionality connecting the selenium coro- 
nands to the polymer chain has no electronic influence on the 
electrochemistry of the coronand. The relationship of i ver- 
sus u"' for all small molecules evaluated in this stu& was 
linear, indicating diffusion-controlled electrochemistry. 

Electrochemistry of poly(se1enium coronands) 
For the poly(se1enium coronands), the electroactive pendant 
funtionalities are sterically crowded by virtue of their covalent 
attachment to the polymer backbone. As a result, the micro- 
scopic concentration of selenium coronands is relatively high 
both in solution and in the solid state, even though the macro- 
scopic polymer concentration may be low. In principle, the 
high concentration of coronands might facilitate intermolecu- 
lar reactions and, therefore, the redox properties of the poly- 
mer in the solution would be expected to be irreversible. 
Alternatively, the close juxtapositioning of electroactive func- 
tionality might facilitate electron hopping along, and between, 

Fig. 7. Cyclic voltammograms of poly(16Se4) 14 in 0.1 M 
TEAP - CH,Cl,: (a) 1 x lo4 M, (b) 5 x M. Reference 
electrode, AgIAgC1; scan rate, 80 mVls. Concentrations are 
given with respect to pendant selenium coronands. 

E (volts) 

polymer chains. Figures 6 and 7 show cyclic voltammograms 
of poly(8Se2) 13 and poly(16Se4) 14 in solution for various 
concentrations of polymer. 

The voltammograms of low molar concentrations of the 
poly(8Se2) 13 ([8Se2] < M) show a relatively high degree 
of reversibility. This is surprising since the local concentration 
of the selenium coronand bound to a polymer chain in a poly- 
mer solution is estimated to be 0.1-1 M based on the root- 
mean-square volume of a polymer coil in a good solvent. 
Upon increasing the concentration of poly(8Se2), the reduc- 
tion peaks gradually disappear into the baseline and, as with 
the oxidation of 8Se2 in solution, new oxidation peaks appear. 
This is believed to be due to a corresponding increase in inter- 
molecular coupling reactions between oxidized and neutral 
selenium coronands on different uolvmer chains. . d 

In contrast, no obvious changes in the shapes of voltammo- 
grams with increasing concentration are observed for 
poly(16Se4) 14 (Fig. 7). The anodic peak current remains con- 
stant with increasing concentration, which indicates electro- 
precipitation of the polymer to form a polymer-modified 
electrode. It will be shown in a following section that 

u 

poly(se1enium coronands) in the form of thin films on elec- 
trodes exhibit enhanced reversibility and stability compared to 
polymers oxidized in solution. 

Copolymers of mono8Se2 and methylacrylate were pre- 
pared in which the diluting effect of the methylacrylate group 
was employed to partially separate 8Se2 selenium coronands 
on the polymer chains. Thus, electron transfer processes 
between adjacent selenium coronands should be interrupted 
and intermolecular reactions inhibited. Figure 8 shows the 
cyclic voltammograms of two copolymers. Cop8Se2-A pos- 
sesses a molar 8Se2 to methylacrylate ratio of 1.4:1, and 
Cop8Se2-B possesses a ratio of 0.75: 1. A direct comparison of 
the behaviour of poly(8Se2) 13, (Fig. 6) with that of the co- 
polymers at an equivalent coronand concentration of - M 
confirms that separation of the electroactive units along the 
chain leads to much greater reversibility upon anodic oxida- 
tion. When the concentration of the copolymer in solution is 
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Fig. 8. Cyclic voltammograms of copolymers in 0.1 M TEAP - 
CH,CI,: (a )  Cop8Se2-A 16 (1.0 x M), (b) Cop8Se2-B 16, 
(1.05 x lo-"). Reference electrode, AgIAgCI; scan rate: 20 
mV/s. Concentrations are given with respect to pendant selenium 
coronands. 

E (volts) 

increased such that the coronand concentration increases from 
to M, a loss in reversibility similar to that observed 

for poly(8Se2) 13 is observed, indicating that interchain cou- 
pling reactions become increasingly important at high concen- 
tration. 

Polymer modified electrodes 
In the previous section, the cyclic voltammetry of polymers in 
solution has been described. However, for applications of ion- 
selective and ion-permeable membranes, and for electrocatal- 
ysis, it is necessary to understand redox processes occurring in 
swollen films (13). This was achieved by studying poly(8Se2) 
polymer-modified electrodes in acetonitrile-TEAP electro- 
lyte. This electrolyte was chosen because acetonitrile swells 
the polymer, thus allowing electrolyte to access the polymer- 
electrode interface but not dissolve it. A cyclic voltammogram 
of polymer-modified electrodes based on poly(8Se2) 13 is 
shown in Fig. 9a. The reverse potential cycle indicates that the 
redox couple is partially reversible. This is remarkable given 
that the concentration of 8Se2 in the film is calculated to be 
-3 M. We believe that this enhanced stability is due to the 
physical constraint of the selenium coronands in the film that 
serves to restrict intra-chain and inter-chain coupling reac- 
tions. Polymer-modified electrodes using poly(16Se4) 14 also 
exhibit quasi-reversible cyclic voltammograms (Fig. 96). The 
electrochemistry of poly(8Se2) 13 and poly(16Se4) 14 was not 
completely reversible, and a loss of electroactivity was 
observed upon repetitive cycling. However, copolymers 
Cop8Se2-A and Cop8Se2-B were found to be much more sta- 
ble to repetitive potential cycling than the corresponding 

Fig. 9. Cyclic voltammograms of polymer modified electrodes in 
0.1 M TEAP - CH,CN: (a) poly(8Se2) 13, (b) poly(16Se4) 14. 
Scan rate: 160 mV/s. 

E (volts) 

Fig. 10. Ratio of QJQ, against number of redox cycles for polymer- 
modified electrodes in 0.1 M TEAP - CH3CN: (a) Cop8Se2-B 16, 
(b) Cop8Se2-A 16, ( c )  poly(8Se2) 13. 

0.00 .# I 

0 2 4 6 8 1 0 1 2  
Cycle no. 

homopolymer. We attribute this behaviour to the spatial sepa- 
ration of coronands and lesser extent of intermolecular cou- 
pling reactions in the copolymer samples. A reasonable 
measure of the electroactive stability was obtained by plotting 
the cathodic to anodic charge ratio, i.e., charge under the re- 
reduction peak divided by the charge under the oxidation peak 
(Q,/Q,), against the number of potential cycles. A decreasing 
Q,/Q, ratio with the number of scans indicates instability of 
the oxidized form. Figure 10 indicates that electrochemical 
stability increases in the order poly(8Se2) < Cop8Se2-A < 
c o p 8 s e 2 - ~ ,  consistent with the decreasing conceniration, and 
increasing spatial separation, of 8Se2 in the polymer films. 

In addition to separating coronands along the polymer 
chain, we attempted to physically separate poly(8Se2) chains 
from one another by preparing polymer blends in which 
poly(8Se2) 13, Cop8Se2-A 16, and Cop8Se2-B 16 were 
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Table 1. Characteristics of electrodes modified with films of poly(se1enium 
coronands). 

- - -  - - - - 

'Q,, charge under anodic peak. 
bT,,,, experimentally determined electroactive surface coverage. 
'Film thickness. 
dTc,,,, calculated surface coverage of coronands. 

Fig. 11. Ratio of QJQ, against number of redox cycles for 
polymer-modified electrodes in 0.1 M TEAP - CH3CN: (a) 1 : 1 
Cop8Se2-A 16/poly(methylacrylate) blend; (b) 1: l Cop8Se2-B 
16/poly(methylacrylate) blend; (c) 1 : 1 poly(8Se2) 
13/poly(rnethylacrylate) blend. 

0.00 
0 2 4 6 8 1 0 1 2  

Cycle no. 

mixed, and solution-cast with an inert polymer, poly(methy1- 
acrylate) (PMA). Blends of poly(8Se2) with PMA represent 
polymer systems in which the coronands are juxtaposed to one 
another along the polymer chain but in which individual 
chains are diluted in the solid state by inert polymer chains. 
For blends of the copolymers, the coronands are separated 
along the chain, in addition to having the polymer chains phys- 
ically separated from one another. Cyclic voltammograms of 
the polymer-blend-modified electrodes indicate superior elec- 
trochemical stability compared to pure poly(8Se2) 13 and its 
copolymers, as evidenced from the plot of QJQ, against the 
number of scans (Fig. 11). Many of the films showed an 
increase in QJQ, with increasing scan number, which can be 
explained in terms of a break-in period in which swelling of 
polymer chains is facilitated by oxidation-re-reduction cycles. 
This is a common phenomenon for polymer-modified elec- 
trodes in cases in which the electrolyte is a relatively poor sol- 
vent for the polymer. 

To determine whether redox activity remained close to the 
electrode surface or was propagated throughout the films, the 
extent of oxidation of polymer-modified electrodes was inves- 
tigated by comparing the charge under the anodic curve with 
the calculated surface coverage of 8Se2. The number of moles 
of coronands involved in oxidation processes was calculated 
from: 

where Q is the amount of charge passed, n is the number of 
electrons involved in the redox process, F is Faraday's con- 
stant, and re,, is the experimentally observed number of 
moles of coronand on the electrode surface. The results are 
summarized in Table 1. re,, was found to be substantially less 
than the calculated number of moles in the film, T,,,,. Values 
of re,, are typical of monolayer coverages on electrode sur- 
faces, indicating that oxidation of the polymer films was 
restricted to only several monolayers at most. Confinement of 
electroactivity to the electrode is similary attributed to poor 
electron-transfer kinetics between adjacent redox centres. 

Conclusions 

The syntheses of the first polymer-bound selenium coronands, 
poly(8Se2) and poly(16Se4), have been achieved. These 
poly(se1enium coronands) are electroactive polymers. Their 
redox chemistry is rich, but complex, due to inter- and intra- 
molecular reactions that occur following oxidation. The sele- 
nium coronands attached to the polymer chain are sterically 
crowded and, although the microscopic concentration of sele- 
nium coronands is relatively high, intermolecular reactions are 
reduced compared to analogous concentrations of free coro- 
nands in solution. The selenium coronand functionality is 
even less mobile when the polymers are in the form of thin 
films;, the latter exhibit enhanced stability in their oxidized 
form compared to polymer-bound selenium coronands in 
solution. Further separation of the coronands was achieved by 
their copolymerization or by blending with inert polymers. In 
both cases, the stability of the oxidized state and redox revers- 
ibility of the selenium coronands are enhanced. 

These results show that spatial separation of electroactive 
units along the chain by copolymerization, and dilution of 
electroactive polymer chains by polymer blending, is a useful 
strategy for obtaining electrochemically stable polymer-mod- 
ified electrodes for cases in which intermolecular reaction 
between electroactive species is a major pathway leading to 
degradation and loss of electroactivity. 

Experimental 

Melting points were determined on a Fisher-Johns melting 
point apparatus and are uncorrected. 'H NMR and 13c NMR 
spectra were recorded on a Bruker AMX-400 NMR spectrom- 
eter at 400.13 and 100.6 MHz, for proton and carbon, respec- 
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tively. All spectra were recorded in deuterochloroform and 
chemical shifts are given in ppm downfield from TMS. Chem- 
ical shifts and coupling constants were obtained from a first- 
order analysis of the spectra. Infrared spectra were recorded on 
a Perkin-Elmer 599B infrared spectrophotometer. UV-visible 
absorption spectra were carried but on a Perkin-Elmer Lamda 
3A UV-visible spectrophotometer. Electron impact mass 
spectra were measured on a Hewlett-Packard HP-5985 mass 
spectrometer at 70 eV. Chemical ionization mass spectra were 
measured on a Hewlett-Packard HP-5985 mass spectrometer 
with isobutane as the reacting gas. Average molecular weights 
of polymers were determined by GPC, which included size 
exclusion chromatography combined with a Spectra-Physics 
model SP8OOO UV-vis spectrophotometer and a Waters model 
R400 refractive index detector. Electrochemical studies were 
performed on a Pine RDE4 bipotentiostat and a Hewlett-Pack- 
ard HP 7046A X-Y recorder. 

Analytical thin-layer chromatography (TLC) was per- 
formed on aluminum plates precoated with Merck silica gel 
60F-254 as the adsorbent. The developed plates were air-dried, 
exposed to UV light and (or) sprayed with 5% sulfuric acid in 
ethanol, and heated at 150°C. All compounds were purified by 
flash chromatography, on Kieselgel 60 (230-400 mesh). 

Solvents were distilled before use and were dried, as neces- 
sary, by literature procedures. Solvents were evaporated under 
reduced pressure and below 40°C. Reactions performed under 
nitrogen were effected by means of standard Schlenk-tube 
techniques. Microanalyses were performed by M.K. Yang of 
the Microanalytical Laboratory of Simon Fraser University. 

4,8-Diselenaundecan-1,ll-diol (3) 
To propane-l,3-bisselenocyanate 1 (9) (10.0 g, 39.7 mmol) in 
liquid ammonia (300 mL) was added Na metal in small pieces 
until a colourless homogeneous solution was obtained. To the 
solution was added dry THF (60 mL). A solution of 3-chloro-l- 
propanol2 (7.50 g, 79.4 mmol) in dry THF (15 mL + 2 x 5mL 
rinse) was then added dropwise. The ammonia was allowed to 
escape and the reaction mixture was diluted with THF (100 
mL). The reaction mixture was filtered and evaporated in vacuo 
to yield a light yellow oil. Purification by silica gel chromatog- 
raphy (hexane:ethyl acetate (I:]))  gave 3 (1 1.29 g, 89%, Rf 
0.34); 'H NMR 6 : 1.89 (2H, p, H,), 1.98 (4H, p, Hz, HI,), 2.30 
(2H, s, OH), 2.64 (8H, t, J =  6.4 Hz, H3, H,, H7, H9), 3.70 (4H, 
t, J=6.1 HZ, HI,  HI  1); 13c NMR 6 : 20.2 (C6,JSe-C =30Hz), 23.6 
(C,, Cl,, JS,-c = 34 Hz), 30.9 (C5, C7), 32.9 (C3, C9), 62.1 (C1, 
C,,); CI MS mle: 321 (M' + 1 isotopic cluster). Anal. calcd. for 
C,H,,Se,O,: C 33.97, H 6.34; found: C 33.97, H 6.42. 

4,8-Diselenaundecan-1,ll-bis-p-toluenesulfonate (5) and 
4,8-diselenaundecan-1-01-11-p-toluenesulfonate (4) 

To a solution of 3 (0.50 g, 1.57 mmol) in CHzCl, (10 mL) was 
added dropwise a solution of p-toluenesulfonyl chloride (0.66 
g, 3.46 mmol) in pyridine (0.9 mL, 11.25 mmol). The reaction 
mixture was stirred at room temperature for 19 h. The reaction 
mixture was diluted with CH,Cl, (120 mL) and then washed 
with water (3 x 45 mL), 10% HCl (3 x 45 mL), saturated 
NaHCO, (3 x 45 mL), and water (3 x 45 mL). The organic 
layer was dried (MgSO,), and evaporated in vacuo to give a 
light yellow oil. Purification by silica gel flash chromatogra- 
phy (hexane:ethyl acetate (3:l); R, 0.27) gave 5 (0.55 g, 55%) 
and 4 (R, 0.08) (0.16 g, 2 1 %). 

4: 'H NMR 6: 1.88 (2H, p, H,), 1.96 (4H, p, H,, HI,), 2.43 
(6H, s,Me),2.528H,m,H3,H5,H,,H9),4.1 (4H, t, J=7 .3  Hz, 
Hl,f141),7.34(4H,d,J=8.8H~,Ar),7.77(4H,d, J=8 .8Hz,  
Ar); C NMR 6 : 19.1 (C6)? 21.6 (C,, C1,), 23.7 (Me), 29.8 
(C5, C7), 30.8 (C3, C9), 69.6 (C,, CI l ) ,  127.9 (C4,), 129.9 (C3,, 
C,,), 133.1 (Cr, Cg), 144.8 (C,,). Anal. calcd. for 
C,,H,,O,S,Se,: C 44.09, H 5.15; found: C 43.96, H 5.01. 

5: 'H NMR 6 : 1.85-1.99 (7H, m, H,, H,, H,,, OH-1 l), 2.43 
(3H, s, Me), 2.52-2.65 (8H, m, H,, H,, H,, H9), 3.70 (2H, t, J=  
6.6 HZ, HI, ) ,  4.1 (2H, t, J = 6.9 HZ, H ), 7.34 (2H, d, J = 8.7 11 Hz, Ar), 7.80 (2H, d, J = 8.7 Hz, Ar); C NMR 6 : 19.6 (C6), 
20.3 (C,,), 2 1.6 (C,), 23.6 (Me), 29.8 (C5, C7), 30.9 (C3), 33.0 
(C,), 62.3 (Cll) ,  69.6 (C1), 127.9 (C4,), 129.9 (C,,, Cy), 133.1 
(C,,, C,,), 144.8 (C,,). Anal. calcd. for c, ,H,,o,ss~,: 'c~~.~~, 
H 5.55; found: C 40.64, H 5.42. 

1,3-Bisselenocyanatopropan-2-ol(6) 
Note: This procedure should be carried out in a well-venti- 
lated fume hood. To a solution of 1,3-diiodo-2-propanol (10.1 
g, 32.4 mmol) in reagent grade acetone (150 mL) was added 
potassium selenocyanate (9.03 g, 62.7 mmol). The reaction 
mixture was refluxed overnight, filtered, and evaporated in 
vacuo. Purification of the residue by silica gel flash chroma- 
tography (hexane:ethyl acetate (2: 1) R, 0.5 1) gave 6 as a solid 
(6.29 g, 75%); 'H NMR 6 : 3.20 (2H, dd, J ,,,, = 13.0 Hz, JVjc = 
7.0Hz,H1 andH3),3.29 (lH,d, J=S.OHz,OH),3.39(2H,dd, 
J,,,,= 13.0 Hz, J,,,=4.5 Hz, HI,  and H3,),4.35 (lH, m, H,); 
I3C NMR 6 : 34.6 (C1, C3), 69.3 (C,), 101.5 (SeCN). Note: 
This compound has an extremely pungent odor and was used 
immediately without further characterization. 

1,5,9,13-Tetraselenacyclohexadecan-3-ol(7) 
Note: This procedure should be carried out in a well-venti- 
lated fume hood. To a suspension of NaBH, (0.45 g) in THF 
(225 mL) and EtOH (25 mL) was added simultaneously, via 
two separate syringes connected to an automated syringe 
pump, 1,3-bisselenocyanatopropan-2-01 (6) (0.428 g, 1.60 
mmol) in EtOH (60 mL) and 5 (0.80 g, 1.60 mmol) in THF (60 
mL). The addition time was 10 h and the reaction mixture was 
allowed to stir at room temperature for 24 h. The reaction mix- 
ture was diluted with THF (100 mL) and then washed with 
water (300 mL). The water layer was then extracted with 
dichloromethane (5 x 95 mL). The CH,Cl, layer was washed 
with water (2 x 100 mL), and dried over anhydrous MgSO,. 
Evaporation of the solvent gave white crystals that required 
further purification. Flash chromatography (hexane:ethyl ace- 
tate (6: I)) gave white crystals 7 (0.400 g, 62%), which were 
recrystallized from ethyl acetate; mp 5455°C. FTIR: 3428 
cm-' (OH str.); 'H NMR 6 : 2.00-2.10 (6H, m, H7, H l l ,  HI,), 
2.64-2.79 (12H, m, H6, H8, HIo, HI2, HI,, HI,), 2.71 (2H, dd, 
H2,H4, J gen, = 13.0Hz, J,,,=7.5 Hz), 2.87 (lH, brs ,  OH)), 
2.90(2H, dd, H,.,H4', Jge,,l= 13.0Hz, JVic=5.0Hz), 3.88 (lH, 
m, CH(OH)); 13c NMR 6 : 23.8 (C1 I), 24.1 (C7, CIS), 3 1.2 (C6, 
C8, CI4, C16), 3 1.8 (C2, C4), 69.9 (C3). CI MS mle: 502 (M++1 
isotopic cluster). Anal. calcd. for ClzH,,OSe4: C 28.82, H 
4.84; found: C 28.99, H 4.86. 

1,s-Diselenacyclooctane-3-01 (8) and 1,5,9,13- 
tetraselenacyclohexadecan-3,ll-diol(9) 

1,3-Propanebisselenocyanate-2-ol(6) (2.50 g, 0.093 mol) was 
dissolved in dry THF (220 mL) and EtOH (25 mL) and put 
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into a three-necked round-bottom flask. Sodium borohydride 
(3.5 g, 0.093 mol) was added in small portions at room temper- 
ature until the solution became yellowish white. The mixture 
was stirred for a few minutes. 1,3-Dibromopropane (2.03 g, 
0.0 10 mol) was dissolved in a mixture of THF and EtOH (1: 1) 
(70 mL) and was added dropwise to the reaction flask over 2 h. 
The reaction mixture was stirred at room temperature for 20 h. 
All processes were carried out under NZ The reaction mixture 
was filtered and the filtrate was placed on the rotary evaporator 
to remove most of the solvent. Water (100 mL) was added to 
the residue and extracted with CH2C1, (3 x 120 mL). The 
organic layers were combined, washed with water (3 x 100 
mL), and dried over MgSO,. Removal of the CH2CI, gave a 
crude yellow oil (2.90 g). The products were separated on a sil- 
ica-gel column with ethyl acetate - hexane (1:3.5) as eluent. 
The fractions with Rf 0.43 were combined to yield 9 as an oil 
(1.04 g, 43%) and those with Rf 0.10 were combined to give 10 
as a white solid (0.54 g, 11%). 

9: 'H NMR 6: 4.00 (lH, m, H,), 3.16 (2H, dd, JH2,H2t = 13.2 
HZ, J,,,,, = 3.2 HZ, H2, H,), 2.99 (2H, dd, JH4,,# = 14 HZ, 
JH3,,# = 6.8 HZ, H2', H4t, 2.83 (2H, ddd, JH6,,6' = 11.6 HZ, 
JH6,,, = 7.6 HZ, JH6,,, = 3.8 HZ, H6, Ha), 2.71 (2H, ddd, JH6,,,y 
= 12.0 HZ, JH6',,, = 7.6 HZ, JH6',H7' = 4.2 HZ, H6,, Ha,), 2.33- 
2.50 (2H, m, H,, H,,), 2.21 (lH, d, OH); ',c NMR 6 : 23.9 (C6, 
C,), 30.2 (C2,C4), 30.8 (C,), 69.4 (C,). Anal. calcd. for 
C6Hl,0Se2: C 27.92, H 4.68; found: C 28.14, H 4.62. 

10: mp 79-80°C; IR, cm-': 3400 (OH str.); 'H NMR S : 2.72 
(4H, p, J=  6.4Hz, H,, HI,), 2.64-2.90 (18H, m, H,, H,, H,, H8, 
HI,, HI,, HI,, HI,, OH-3, OH-11), 3.88 (2H, m, H,, HI,); I3c 
NMR S : 30.6 (C3, Cl l ) ,  35.1 (C7, C15), 37.8 (C2, C4, Clo, C12), 
77.2 (C,, C8, C,,, C,,). EIMS: 498 (M+- 18). Anal. calcd. for 
C,,H2,O2Se, : C 27.91, H 4.65; found: C 28.07, H 4.56. 

1,s-Diselenacyclooctyl acrylate (mono 8Se2) (11) 
1,5-Diselenacyclooctan-3-01 (9) (0.64 g, 0.002 mol) was dis- 
solved in dry THF (190 mL) and CH,Cl, (10 mL). The solu- 
tion was cooled in ice and triethylamine (1.52 g, 0.015 mol) 
was added. Acryloyl chloride (0.24 g, 0.0026 mol) was dis- 
solved in THF (30 mL) and added dropwise with vigorous stir- 
ring over 17 min to the reaction mixture. The reaction mixture 
was stirred overnight at room temperature. The triethylammo- 
nium salts were removed by filtration, and the filtrate contain- 
ing mono 8Se2 was evaporated until most of the solvent was 
removed. The residue was dissolved in dichloromethane (100 
mL). The organic solution was first washed with a mixture of 
1 M HCl(15 mL) and H20 (45 mL), then with a mixture of sat- 
urated NaHC0, (5 mL) and H20 (45 mL), and finally with 
H,O (3 x 150 mL). The organic layer was dried over MgSO,, 
and removal of the solvent afforded crude mono 8Se2 as a 
straw-colored oil. The product was chromatographed on a sil- 
ica-gel column with ethyl acetate - hexane (1:20) as eluent. 
The fractions containing pure 11 (Rf 0.3) were combined, and 
the product was isolated as a thick oil (0.67 g, 87%). IR (KBr), 
cm-I: 1710 (C=O), 1180 (C-0-C); UV, A,,, : 234 nm (E 3.10 
x lo3 cm-' M-I); 'H NMR (400 MHz, CDC1,) S : 2.40 (2H, m, 
H,), 2.83 (4H, m, H,, Ha), 3.15 (4H, m, H,, H,), 5.23 (I H, m, 
H3), 5.83 (lH, dd, JH-HZ = 10.5 HZ, J,,,, (H,,H,) = 1.5 HZ, 
-HC--<HZ), 6.09 (lH, dd, JH-n, = 17.5 HZ, JH-,, = 10.5 HZ, 
-HC=CH,), 6.39 (lH, dd, J,,,,(H,,H,) = 1.5 HZ, JH-HE = 17.5 
HZ, -HC=CHE); ',c NMR (100 MHz, CDC1,) S : 24.2 (C,), 
26.6 (C,, C,), 30.9 (C,, C,), 73.8 (C,), 128.5 (=CH2), 130.9 

(CO-a=) ,  165.0 (--0); MS : 312 (M'). Anal. calcd. for 
C,H,,0,Se2: C 34.65, H 4.52; found: C 34.68, H 4.48. 

1,5,9,13-Tetraselenacyclohexadecyl acrylate (mono 16Se4) 
(12) 

1,5,9,13-Tetraselenacyclohexadecan-3-01 (7) (0.125g, 0.25 
mmol) was dissolved in dry THF (20 mL) and CH2C12 (10 
mL). The solution was cooled in ice and triethylamine (0.030 
g, 0.3 mmol) was added. Acryloyl chloride (0.24 g, 0.026 
mmol) was dissolved in THF (20 mL) and added dropwise 
with vigorous stirring over 10 min. The reaction mixture was 
stirred overnight at room temperature. The triethylammonium 
salts were removed by filtration, and the filtrate containing 
mono 16Se4 was evaporated until most of the solvent was 
removed. The residue was dissolved in dichloromethane (60 
mL). The organic solution was first washed with a mixture of 
1 M HCl(15 mL) and H20 (30 mL), then with a mixture of sat- 
urated NaHCO, (5 mL) and H20 (30 mL), and finally with 
H,O (3 x 100 mL). The organic layer was dried with MgSO,, 
and removal of the solvent afforded crude mono 16Se4 as a 
straw-colored oil. The product was chromatographed on a sil- 
ica-gel column with a mixture of ethyl acetate and hexane 
(1:20). The fractions containing pure 12 (Rf 0.15) were com- 
bined, and the product was isolated as a thick oil (0.10 g, 
75%). IR (KBr), cm-' : 2925 (C-H), 17 18 (C=O), 1180 (C-0- 
C), 1630 (C==C) ; UV, A,,, : 246 nm (E 4.92 x 10, cm-' M-I); 
'H NMR (400 MHz, CDCI,) S : 2.00-2.30 (6H, m, H,, HI', 
HI,), 2.65-2.85 (12H, m, H,, H8, HI,, HI,, HI,, HI,), 2.85- 
3.05 (4H, m,H2,H4),5.15 (lH, m,H3),5.86(lH, dd, JH-,~= 
10 HZ, J,,, (Hz,H,) = 2 Hz, -HC=CH,), 6.13 (lH, dd, dd, 
JH-,, = 17 HZ, JH-HZ = 10 HZ, -HCECHE), 6.44 ( 1 H, dd, Jgem 
(H7,HF) = 2 HZ, JH-,, = 17 HZ, -HC =CHF); I3c NMR (100 
MHZ,?DCI,) S : 23.5 (C,,), 23.7 (C,, c,S, 24.7 (C,,, C,,), 
27.1 (C6, C8, C14, C16), 31.6 (C,), 31.8 (C,), 73.7 (C,), 128.2 
(=CH,), 132.2 (CO-CH=), 165.4 (C=O); MS: 554 (M+.). 
Anal. ialcd. for C,,H,,O,Se,: C 32.51, H 4.73; found: C 
32.79, H 4.87. 

Poly(1,S-diselenacy clooctyl acrylate) (13) 
Mono 8Se2 (11) (0.20 g, 0.64 mmol) and AIBN (5% mole 
ratio to the monomer) were dissolved in benzene (0.80 g, 10.3 
mmol). This solution was placed in a glass ampoule and 
degassed in three freeze-thaw cycles, sealed under vacuum, 
and heated for 110 h at 60°C. The solution was then poured 
into MeOH (7 mL) and the polymer was precipitated (0.20 g). 
The polymers were purified by repeated dissolution-precipi- 
tation steps from chloroform-methanol; yield: 0.18 g, 90%; IR 
(KBr), cm-I: 1705 (C=O), 1155 (C-0-C); UV, A,,,: 244 nm 
(E 9.00 x lo3 cm-' M-I); 'H NMR (400 MHz, CDCI,) S : 1.46, 
1.64, 1.88 (2H, br, -CH,-CH-CO), 2.27 (IH, br, -CH2-CH- 
CO), 2.40 (2H, br, H,), 2.85 (4H, br, 2 H6's, 2 Ha's), 3.15 (4H, 
2 Hz's, 2 H,'s), 5.16 (IH, br, H,); ',c NMR (100 MHz, 
CDCl,) S : 24.4 (C,), 26.6, 26.8 (C6, C8, CO-CH-CH,-), 31.0 
(C,, C,), 41.5 (CO-CH-CH,-), 74.5 (C,), 173.4 (C=O). Gel 
permeation chromatography (GPC) gave the average molecu- 
lar weight of the soluble fraction as 2500. Anal. calcd. for 
compound 13: C 36.04, H 4.20; found: C 35.75, H 4.52. 

Poly(l,5,9,13-tetraselenacyclohexadecyl acrylate) (14) 
Monol6Se4 (12) (100 mg, 0.18 mmol) and AIBN (5% mole 
ratio to the monomer) were dissolved in benzene (0.40 g, 5.1 
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mmol). This solution was placed in a glass ampoule and 
degassed in three freeze-thaw cycles, sealed under vacuum, 
and heated for 110 h at 60°C. The solution was then poured 
into MeOH (7 mL) and the polymer was precipitated (0.20 g). 
The polymers were purified by repeated dissolution-precipita- 
tion steps from chloroform-methanol; yield: 94.8 mg, 95%; IR 
(KBr), cm-I: 2923 (C-H), 1728 (CEO), 1156 (C-0-C); UV, 
A,,, : 246 nm (E 3.90 x lo3 cm-' M-I); 'H NMR (400 MHz, 
CDCl,) 6 : 1.70-2.13 (2H, br, CH,-CH-CO), 1.95-2.19 (6H, 
br, 2 H,'s, 2 H,,'s, 2 H,,'s), 2.50 (lH, br, -CH,-CH-CO), 
2.60-2.80 (12H, br, 2 H,'s, 2 Ha's, 2 H,,'s, 2 H,,'s, 2 H,,'s, 2 
H,,'s), 2.80-3.20 (4H, br, 2 Hz's, 2 H,'s), 5.10 (IH, br, H,); 
',c NMR (100 MHz, CDC1,) 6 : 23.8 (C,, C,,, C,,), 24.8 (C,,, 
C,2), 27.0 (-CO-CH-CH2), 27.1 (C6, C8, Cl4, CI6), 3 1.4 (C?), 
31.8 (C,), 41.5 (CO-CH-CH2), 73.7 (C,), 173.5 (CEO). A 
molecular weight determination was not possible owing to the 
insolubility of the sample. Anal. calcd. for compound 14: C 
33.14, H5.14; found: C 32.81, H4.85. 

Copolymer of 1,s-diselenacyclooctyl acrylate and methyl 
acrylate (16) 

Methyl acrylate 15 (25 g, 0.29 mmol) was washed with 1.0 M 
aqueous NaOH (3 x 20 mL) in order to remove inhibitors such 
as hydroquinone, and then with water (3 x 30 mL). It was then 
dried over CaCI2 and fractionally distilled under reduced pres- 
sure. The product was stored under nitrogen in the dark until 
further use. A mixture of methyl acrylate 15 (25.8 mg, 0.3 
mmol), 1,5-diselenacyclooctyl acrylate 11 (93.6 mg, 0.3 
mmol), and AIBN (4.92 mg, 0.015 mmol) in benzene (0.478 g, 
6.1 mmol) was degassed with three freeze-thaw cycles and 
sealed under vacuum. The mixture was heated at 60°C for 1 10 
h. The mixture was poured into methanol (20 mL) and the 
polymer was precipitated. The polymer was purified by three 
dissolution-precipitation steps from chloroform-methanol; 
yield: 98 mg, 82%. IR (KBr), cm-': 1706 (CEO), 1165 
(C-0-C); UV, A,,,: 240 nm (E 4.50 x 10, cm-I M-I); 'H NMR 
6: 1.46, 1.66, 1.92 (2H, br, -CH2-CH-CO), 2.28 (lH, br, -CH2- 
CH-CO), 2.40 (2H, br, H,), 2.84 (4H, br, 2 H6's, 2 H8's), 3.12 
(4H, br, 2 Hz's, 2 H,'s), 3.67 (3H, br, OCH,), 5.14 (lH, br, 
H,). A ratio of diselenacyclooctyl acry1ate:methyl acrylate 
units of 1.4: 1 was determined by integration of the peaks for 
H, and OCH, in the 'H NMR spectrum. 

In a separate experiment, a mixture of methyl acrylate 15 
(34 mg, 0.40 mmol), 1,5-diselenacyclooctyl acrylate 11 (62.4 
mg, 0.2 mmol), and AIBN (4.92 mg, 0.015 mmol) in benzene 
(0.387 g, 5.0 mmol) was treated as described above; yield: 83 
mg, 85%. IR (KBr), cm-': 1708 (C=O), 1167 (C-0-C); UV, 
A,,,: 239 nm (E 5.00 x 10, cm-' M-I); 'H NMR 6: 1.46, 1.64, 
1.91 (2H, br, -CH2-CH-CO-), 2.27 (lH, br, -CH2-CH-CO-), 
2.38 (2H, br, H,), 2.82 (4H, br, 2 H6's, 2 Ha's), 3.1 1 (4H, br, 2 
Hz's, 2 H,'s), 3.65 (3H, br, OCH,), 5.14 (lH, br, H,). A ratio 
of diselenacyclooctyl acry1ate:methyl acrylate units of 0.75: 1 
was determined by integration of the peaks for H, and OCH, in 
the 'H NMR spectrum. 

Chemical oxidation of polymers 
Under an N2 atmosphere, NOBF, (8 mg) was placed in a UV 
cell. The cell was sealed by a rubber stopper. Dry CH2CI2 (1 
mL) was syringed into the UV cell to dissolve the NOBF,. 
Polymer solution (3 mL, 10 mgll mLCH2C1,) was then 

added into the cell and a UV-visible measurement was 
made. 

Cyclic voltammetric measurements 
A three-electrode system was used for cyclic voltammetry. 
The working electrode (WE) was a glassy carbon disc elec- 
trode polished with 3 pm aluminum oxide powder (Micro 
Metallurgical Ltd.), and washed with distilled water and ace- 
tone prior to each experiment. The counter-electrode (CE) was 
a Pt wire and the reference electrode (RE) was KCl(satu- 
rated)-AgIAgC1. The electrolyte was 0.1 M TEAP in acetoni- 
trile. The solutions were flushed with N, for about 10 min 
prior to use and measurements were performed at 25°C using a 
Pine RDE4 bipotentiostat and a Hewlett-Packard HP 7046A 
X-Y recorder. 
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Intramolecular 1 ,Balky1 shifts in unsymmetric 
dialkoxycarbenes studied by very low vapour 
pressure (VLVP) pyrolysis - mass spectrometry 

Dennis Suh, David L. Pole, John Warkentin, and Johan K. Terlouw 

Abstract: Methoxy-(2,2,2-trifluoroethoxy)carbene radical cations, CH,O-C-OCH,CF,'+, I", are cleanly generated by the 
dissociative electron ionization (EI) of 2-methoxy-5,5-dimethyl-2-(2,2,2-trifluoroethoxy)-~-1 ,3,4-oxadiazoline I. 
Neutralization-reionization (NR) mass spectrometry of the neutral carbene 1, generated by one-electron reduction of I'+, shows 
no recovery ion signal and thus 1 is not a viable species within the ks  time scale of the experiment. Very low vapour pressure 
(VLVP) pyrolysis - mass spectrometry of I in conjunction with (multiple) collision experiments shows that 1 completely 
isomerizes, via a 1,2-trifluoroethyl shift, into methyl 3,3,3-trifluoropropionate, CF,CH,C(=O)OCH,, l a .  This technique was 
also used to study the related dialkoxycarbenes C,H,O-C-OCH,CF,, 2, CH,O-C-0C2H,, 3, and CH,O-C-OCH(CH,),, 4, 
generated from the corresponding 2,2-dialkoxy-5,5-dimethyl-A3-1 ,3,4-oxadiazolines. The pyrolytically generated carbene 2 
behaves analogously to 1 and completely isomerizes to ethyl 3,3,3-trifluoropropionate, 2a. The neutral carbenes 3 and 4 undergo 
only a partial isomerization via 1,2-alkyl shifts in which the ethyl and isopropyl groups show a slightly greater migratory 
aptitude, respectively, than the methyl group. The differences in migratory aptitude are explained in terms of a transition state 
model similar to that of a 1,2-H shift in carbenes, with development of negative charge in the migrating group. The greater 
migratory aptitude of CF,CH,, as compared to CH, and CH,CH2, is attributed to the stabilization of negative charge in the 
transition state by strongly electron-withdrawing p-fluorines whereas the differences in migratory aptitude between the alkyl 
groups in 3 and 4 are largely due to the greater polarizability of isopropyl and ethyl groups, as compared to the methyl group. 

Key words: dialkoxycarbenes, pyrolysis, tandem mass spectrometry. 

Resume : On peut gCnCrer proprement les cations radicaux mtthoxy-(2.2.2-trifluoroCthoxy)carbknes, CH30-C-0CH2CF,'+, 1 '+, 
en procCdant ?I une ionisation Clectronique (IE) dissociative de la 2-mCthoxy-5,5-dim~thyl-2-(2,2,2-trifluoroCthoxy)-~3-1 ,3,4- 
oxadiazoline, I. La spectroscopie par neutralisation-rkionisation (NR) du carbkne neutre, 1, gCnCrC par une rCduction un 
electron du 1". ne prksente pas de signal correspondant ii de la rCcupCration d'ion et le composC 1 n'est donc pas une espkce 
approprike ii I'tchelle de temps, ks, de I'expCrience: La spectromCtrie de masse du composC I avec pyrolyse ii trks basse tension 
de vapeur (VLVP), rCalisCe de concert avec des expkriences de (multiples) collisions ont montrC que le composC 1 s'isomkrise 
complktement, par le biais d'un dCplacement-1,2 d'un groupe trifluoroCthyle, en un 3,3,3-trifluoropropionate de mCthyle, 
CF,CH,C(=O)OCH,, l a .  On a aussi utilisk cette technique pour Ctudier des dialkoxycarbknes apparentis : C2HjO-C- 
OCH,CF,, 2, CH,O-C-OC,H,, 3, et CH,O-C-OCH(CH,),, 4, gCnCrCs a parti des 2,2-dialko~~-5,5-dirnCth~l-~~-1,3,4- 
oxadiazolines correspondantes. Le carbkne 2 prCparC d'une f a ~ o n  pyrolytique se comporte d'une f a ~ o n  analogue 1 et il 
s'isomerise complktement en 3,3,3-trifluoropropionate d'Cthyle, 2a. Les carbltnes neutres, 3 et 4, ne subissent que des 
isomCrisations partielles, par les biais de dCplacements 1,2 d'alkyles dans lesquels les groupes Cthyle et isopropyle prksentent 
respectivement des aptitudes migratoires plus grandes par rapport au groupe mtthyle. Les diffkrences dans les aptitudes 
migratoires peuvent Ctre expliquCes en fonction d'une modkle d'Ctat de transition semblable ii celui d'un dtplacement 1,2 
d'hydrogkne dans les carbknes, avec le dCveloppement de la charge nCgative dans le groupe qui migre. La plus grande aptitude 
migratoire du CF,CH, par comparaison avec le CH, et le CH,CH, peut Ctre attribuC ii la stabilisation de la charge nCgative dans 
I'Ctat de transition par le caractkre trks tlectroaffinitaire des fluors en P alors que les differences dans les aptitudes migratoires 
entre les groupes dans les composCs 3 et 4 sont largement dues ii la plus grande polarisabilitk des groupes isopropyle et Cthyle par 
comparaison avec celle du groupe mCthyle. 

Mots cl6s : dialkyloxycarbknes, pyrolyse, spectromCtrie de masse en tandem. 
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Introduction Results and discussion 

The chemistry of carbenes in solution is well documented (1, 
2) and methylene, the simplest carbene, is a well-understood 
compound (3). The electronic and molecular structures of 
singlet and triplet methylene and the energy difference 
between these states (AEs,) has been determined both experi- 
mentally (4) and theoretically (5). Methylene has a triplet 
ground state whereas other carbenes bearing heteroatomic 
substituents, like alkoxy groups, have singlet ground states. 
This is explained by overlap of the lone pairs in heteroatoms 
with the vacant p orbital in the carbene (6). 

Although many alkylcarbenes have been spectroscopically 
characterized under matrix isolation conditions (1, 2), their 
direct observation in solution is very difficult because they 
readily undergo 1,2-H migration. However, substituents 
directly attached to the carbenic carbon can have a dramatic 
influence on the activation barriers for the 1,2-H shift to this 
centre (7, 8). Thus, substitution of a methoxy group at the car- 
benic carbon of an alkylcarbene suppresses the characteristic 
1,2-H migration (9) and the direct spectroscopic observation 
of methylmethoxycarbene in solution has been reported (10). 

In view of the high reactivity of most carbenes in addition 
and insertion reactions, it is very difficult to generate carbenes 
as stable species in the condensed phase. However, many neu- 
tral carbenes have been generated and characterized in the gas 
phase (1 1-13) and their reactivity with respect to intramolec- 
ular reactions vis-a-vis their behaviour in solution can be stud- 
ied in a collision-free environment. The mass spectrometer 
provides such an environment for the study of reactive inter- 
mediates like carbenes. 

In this study, which follows earlier work on dimethoxycar- 
bene (12), the unsymmetric dialkoxycarbene radical cations 1- 
4 were generated by dissociative electron ionization (EI) of the 
2,2-disubstituted-A3- 1,3,4-oxadiazolines I-IV and the carbene 
ions were characterized on the basis of their collisional activa- 
tion (CA) mass spectra (reviews: ref. 14). The advantages of 
using these precursors, for which an efficient synthetic method 
has recently been developed (15), are not only that they are sta- 
ble at room temperature but also that they generate abundant 
carbene radical cations upon electron impact ionization and 
undergo thermal decomposition to yield carbenes under rela- 
tively mild conditions. These features make them promising 
precursors for the generation and characterization of these elu- 
sive carbenes by the techniques of Neutralization-Reionization 
(NR) mass spectrometry (reviews: ref. 16) and Very Low 
Vapour Pressure (VLVP) pyrolysis - mass spectrometry (17) in 
conjunction with (multiple) collision experiments (18). In par- 
ticular, the reactivities of neutral dialkoxycarbenes, 1 4 ,  with 
respect to intramolecular isomerization via 1,Zalkyl shifts, 
were studied in detail by VLVP pyrolysis - mass spectrometry. 

Methoxy-(2,2,2-trifluoroethoxy)carbene ions, 1'+: 
generation and characterization 

In an earlier study (12), we reported that dimethoxycarbene 
(DMC) radical cations, CH,O-C-OCH,", are cleanly gener- 
ated by the dissociative electron ionization (EI) of 2,2- 
dimethoxy-5,5-dimethyl-A3- 1,3,4-oxadiazoline. It was further 
shown, using NR mass spectrometry, that the one-electron 
reduction of the carbene ion yields the neutral carbene as a sta- 
ble species in the rarefied gas phase. The neutral carbene was 
also generated by VLVP mass spectrometry, albeit only in a 
mixture with its isomer methyl acetate. The methyl acetate 
was proposed to be formed by intramolecular isomerization of 
the neutral carbene via a 1 ,2-CH3 migration. The reactivity of 
oxacarbenes, however, can be varied by "tuning" or modify- 
ing the electronic properties of the carbenic alkoxy substituent 
(19). For example, the trifluoroethoxy group, CF3CH20, (uR+ 
-0,56) is a less effective electron donor than the methoxy 
group (aR+ -0.66) because of the inductive effect of the CF, 
group. Thus, the methoxy-(2,2,2-trifluoroethoxy)carbene 1 is 
expected to be somewhat more reactive than DMC. This 
caused us to examine the stability and reactivity of 1 relative 
to DMC by both NR and VLVP pyrolysis experiments on I. 

Neutral carbenes can conveniently be studied by NR and 
VLVP mass spectrometry if the corresponding cations can be 
distinguished from isomeric structures, particularly those 
resulting from intramolecular reactions. Therefore, we will 
first establish the structure of C,H,F,O;+ radical cations gen- 
erated by dissociative EI of I, on the basis of its collision- 
induced dissociation characteristics (14). 

The 70 eV EI mass spectra of I and its deuterium labelled 
isotopomer I-d3 (R' = CD,, R~ = CH,CF,) are shown in Table 
1. Due to the presence of the orthoester moiety in the precursor 
molecule, the mass spectra do not show the molecular ions at 
mlz 228 and 23 1, respectively. 

The molecular ion I" undergoes three primary fragmenta- 
tions to produce product ions at m/z 200, 197, and 129, which 
result from the losses of N,, CH30', and CF,CH,O', respec- 
tively. The loss of N, also occurs under pyrolytic conditions 
(see below). However, the [M - N,]I.+ peak observed in the El 
mass spectrum is due to the dissociative ionization since the 
complementary pyrolysis product, ionized acetone (m/z 58 in I 
and Id3),  is absent in the El mass spectrum. 

The major dissociation reactions of I" are shown in Scheme 
la.  The rationalization is based on the metastable ion (MI) and 
the collisional activation (CA) mass spectra of the most 
important fragment ions arising from the fragmentation of I 
and Id3 .  The ion structures proposed in this scheme are based 
on a comparison of their CA mass spectra with those of refer- 
ence ions of established structure. 

I R'= CH3, Fi2 = CH2CF3 (m = 228) 1- R'= CH,, f12 = CH2CF3 ( d z  142) 
II R'= ~ 2 ~ 5 ,  Fi2= C H ~ C F ~  (m = 242) 2- R1= ~ 2 ~ 5 ,  Fi2 = CH~CF, ( d z  156) 
Ill Fil= CH,, Fi2= CH2CH3 (m =174) 3'+ R1= CH,, Fi2= CH2CH3 (mlz 88) 
IV R'= CH3, Fi2= CH(CH3J2 (m =188) 4'+ Fil= CH,, Fi2= CH(CH3), ( d z  102) 
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Scheme la .  

\ 

CH3 H3C H3d 

d z 1 2 0 0  \ I" (mlz 228) \3cH20' ~ I Z  197 
I 

\ 
om+ 
I I 
C N-C-CH3 

CH30' \0CH2CF3 1 l+ ( ~ I z  1 42) / 
H3C 

ti 

~ ~ 3 0 '  \OCH=CF~ C F ~ C H ~ O - ~ = O  CF3CH2+ ~ H ~ o - ~ = o  
I I 
CH3 CH3 

mlz 138 mlz 127 mlz83 mlz59 mlz 73 mlz 141 

mlz 158 mlz 129 

The carbene radical cations, m/z 142 in 1" and m/z 145 in 
1-d;+, are formed via consecutive losses of N, and acetone 
molecules, see Scheme la.  

The CA mass spectrum of I'+, see Fig. la, is characterized 
by a peak at m/z 59 (CH30-C=O+), which is shifted to m/z 62 
(CD30-C=O+) in the CA mass spectrum of 1-d;+, and by 
peaks at m/z 83 (CF3CH:) and m/z 127 (loss of CH,). The 
base peak shown at rnlz 59 in the CA mass spectrum indicates 
that the structure of the mlz 142 ions is indeed that of 1" (18). 
The spectrum also contains weak peaks in the m/z 29-33 and 
61-69 regions, but these are of limited diagnostic value. 

The CA mass spectra of the isomers methyl 3,3,3-trifluoro- 
propionate, la", and 2,2,2-trifluoroethyl acetate, lb", are 
characteristically different from that of 1'+, see Figs. l c  and 
Id. The spectra of la" and lb" are both dominated by a peak 
at m/z 122 resulting from the unimolecular (metastable) loss 
of HF. However, the structures of the m/z 122 ions generated 
from la" and lb" are not the same: the deuterium-labelled 
isotopomer l a - d i +  (CF,CH,C(=O)OCD,) shows a specific 
loss of DF in its CA mass spectrum whereas lb-d," 
(CD,C(=O)OCH,CF,) exclusively eliminate HF. This is cor- 
roborated by the different CA mass spectra of the m/z 122 [M 
- HF]" ions generated from metastable ions la" and lb", 
see Fig. 2: the m/z 91 ions, which form the base peak in the 
spectrum of the former, are not present in the spectrum of the 
latter. Thus, the base peaks in the "pure" CA mass spectra of 
la" and lb" are formed by the m/z 91 and m/z 43 ions, 
respectively. The CA mass spectrum of la '+  is entirely differ- 
ent from that of lb" in that m/z 9 1, which forms the base peak 
in the spectrum of the former, is absent in the spectrum of the 
latter. Thus, the carbene ion 1" and its isomers la" and lb'+ 

I 

can easily be distinguished on the basis of their CA mass 
spectra. 

Methoxy-(2,2,2-trifluoroethoxy)carbene ions, 1'+: NR 
experiments 

The NR spectra of 1" and the isomeric esters la" and lb" are 
shown in Fig. 3. Unfortunately a recovery signal is absent in 
these spectra. In the case of the ester ions, where the structure 
diagnostic m/z 91 and m/z 43 ions dominate the NR spectra, 
the absence of the recovery signal could be attributed to failure 
of the wholly vertical process of collision-induced ionization 
to regenerate stable ions la" and lb" from stable molecules 
l a  and l b  (see ref. 16e for a similar case involving CH3CH2F). 
The spectrum of 1" on the other hand bears little or no resem- 
blance to the CA mass spectrum and in particular the structure 
diagnostic m/z 59 ion CH,OC=O+ is completely absent. 

This implies that neutralization leads to dissociation of the 
incipient neutrals, most likely via 1 + CH,' + CO, + CF,CH,', 
the dissociation of lowest energy requirement (cf. ref. 12 
where the NR spectrum of dimethoxy carbene is discussed in 
detail). Indeed, the collision-induced dissociative ionization 
spectrum (CIDI) (166) of the CF3CH; neutrals generated 
from metastable ions 1" is closely similar in appearance to the 
NR mass spectrum of 1'+, the only difference being an 
increased intensity of m/z 44 (CO,'+) and tn/z 15 (CH,'+) in the 
latter. 

Thus NR experiments on 1 using cyclopropane for neutral- 
ization do not show it to be a stable species on the ~s time 
scale of the experiment: the incipient neutral carbene appears 
to completely dissociate and intramolecular isomerization into 
la.+ and (or) lb" is not observed. The same appears to be true 
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Table 1. 70 eV EI mass spectra" of I and I-d, and the VLVP 
pyrolysis mass spectrum of I. 

mlz I I-d, I (pyr.) m/z I I-d, I (pyr.) 

"Spectra normalized to the base peak height = 100; ions below rnlz 40 
have not been considered. 

for the other carbenes investigated in this study, and so these 
oxacarbenes seem not suitable to be studied by NR mass spec- 
trometry. It is noteworthy, however, that dihydroxy-carbene, 
HO-C-OH (13c, 20), shows an intense recovery signal in its 
NR spectrum and it was studied in detail using the technique. 

Methoxy-(2,2,2-trifluoroethoxy)carbene, 1: pyrolysis 
experiments 

Table 1 shows the 70 eV EVMS of I at a pyrolysis inlet tem- 
perature of 430°C, where the pyrolysis is 100% complete. In 
this spectrum ions at rdz  197 and 159, characteristic of the dis- 
sociative electron ionization of the intact precursor molecule, 
see Scheme la ,  could no longer be detected. Scheme lb  shows 
the major fragmentations of I upon VLVP pyrolysis. 

The first step of the pyrolysis involves loss of N2 to generate 
the intermediate ylide m = 200, which either dissociates into 
the carbene 1 by loss of an acetone molecule or rearranges via 
a 1,4-H shift into the orthoester. The orthoester rn = 200, thus 
formed, is not expected to show molecular ions upon EI. 

The CA mass spectrum of the pyrolytically generated n~/z  
142 ions from I appeared to be identical with the spectrum of 
the ester la shown in Fig. lc. Moreover the CA mass spectrum 

Fig. 1. CA mass spectra of m/z 142 ions (a) 1'+ from EI of 
methoxy-2,2,2-trifluoroethoxycarbene; (b) generated after 
incomplete pyrolysis (350°C, 60-70% conversion, see text) of 
I; (c) la'' from EI of methyl 3,3,3-trifluoropropionate; and (4 
lb'+ from EI of 2,2,2-trifluoroethyl acetate. 
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Fig. 2. CA mass spectra of mlz 122 ions generated from 
metastable (a) methyl 3,3,3-trifluoropropionate, 1a''and (b)  
2,2,2-trifluoroethyl acetate, lb". 

of the m/z 145 ions generated upon pyrolysis of the isotopomer 
I-d, showed a specific loss of DF. These observations clearly 
indicate that, upon pyrolysis of I, the incipient neutral dialkoxy- 
carbene I undergoes unimolecular isomerization into la, not 
lb. Moreover, when the pyrolysis is complete, as monitored 
by the t d z  142 : i d z  197 peak intensity ratios, no intact carbene 
could be detected. 

Pyrolysis starts at ca. 280°C (lo%), reaches ca. 60-709'0 at 
350°C, and is essentially complete at 410°C. At this tempera- 
ture the CA mass spectrum is essentially that of the ester la 
and analysis of the spectrum indicates that 4 %  of the ions 1" 
result from the pyrolytically generated neutral carbene. The 
CA mass spectrum of the d z  142 ions recorded at a pyrolysis 
temperature of 350°C is shown in Fig. 1 b. It represents a 1: 1 
mixture of ions 1" and la". 

Ethoxy-(2,2,2-trifluoroethoxy)carbene, 2: pyrolysis 
experiments 

The next precursor molecule studied was 2-ethoxy-5,5-di- 
methyl-2-(2,2,2-trifluoroethoxy)-~3-1,3,4-oxadiazoline, 11. 
Analogous to the methyl analogue I, carbene radical cations 
2" are formed by dissociative EI of 11. However, their inten- 
sity is much reduced relative to that of the methyl analogue. 
This is due to the fact that the molecular ion II'+ undergoes two 
major primary fragmentations (ca. 97%) to form ions at m/z 
197 and 143, which results from the losses of CH3CH20' and 
CF3CH20', respectively. The loss of N, also occurs, but to a 
small extent (ca. 3%). 

The CA mass spectrum of 2'+ (see Fig. 4a) shows character- 
istic peaks at m/z 136 (loss of HF), m/z 129 (loss of C2H3'), 

Fig. 3. NR mass spectra of mlz 142 ions (a) 1'' from EI of 
methoxy-2,2,2-trifluoroethoxycarbene; (0) la.' from EI of 
methyl 3,3,3-trifluoropropionate; and (c) lb'' from EI of 2,2,2- 
trifluoroethyl acetate. 

m/z 83 (CF3CH,+), and m/z 28 (C2H,'+) and it is diagnostically 
different from its isomers, ethyl 3,3,3-trifluoropropionate 2a" 
and 2,2,2-trifluoroethyl propionate 2b" (see Figs. 4c and 46). 
This indicates that indeed the carbene radical cations 2" are 
generated by the dissociative EI of 11. 

Upon VLVP pyrolysis, ions at m/z 197 and 143, character- 
istic of the dissociative ionization of the intact precursor mol- 
ecule, could no longer be detected. Analogous to the methyl 
analogue I, neutral carbenes 2 are generated by consecutive 
losses of N, and acetone molecules. 

The CA mass spectrum of the d z  156 ions generated after 
pyrolysis of I1 at ca. 430°C is shown in Fig. 4b and it is char- 
acteristically different from that obtained from ions generated 
by EI of 11. The intensity of d z  28, which forms the base peak 
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Scheme lb .  

mlz 6 1 (mlz 1 29) mlz 1 43 rnlz 1 22 mlz 11 1 mlz43 

in the spectrum of the latter, is reduced considerably in the 
spectrum of the former. Moreover, the tn/z 128 ions form the 
base peak and the m k  136 ions are barely detectable in the 
spectrum of the former. This suggests that the neutral carbene 
2 generated may have undergone unimolecular isomerization 
upon VLVP pyrolysis. 

To verify this proposal, the CA spectrum of m/z 156 ions 
generated after pyrolysis of I1 at ca. 430°C is compared with 
that of its isomers 2a and 2b. It is seen that the CA mass spec- 
trum of in/z 156 generated after pyrolysis of I1 is superimpos- 
able upon that of 2a" and characteristically different from that 
of 2b". The m/z 136 ions, which form the base peak in the 
spectrum of 2b'+, are hardly present in the spectrum of m/z 156 
ions generated after pyrolysis of 11. 

These observations indicate that prior to ionization the car- 
bene 2 generated after pyrolysis of I1 has undergone unimolec- 
ular isomerization into 2a, not 2b. This behaviour parallels 
that of the methoxy analogue 1 where it also is the trifluorethyl 
group that migrates. A mechanistic proposal for this intramo- 
lecular rearrangement will be discussed below. 

Ethoxymethoxycarbene, 3: pyrolysis experiments 
Similar to the behaviour of I and the dimethoxy analogue of I, 
dissociative EI of 111 yields abundant carbene radical cations 
3'" via consecutive losses of N2 and acetone molecules, see 
Scheme 2a. 

The CA mass spectrum of 3" is shown in Fig. 5a. The spec- 
trum is dominated by peaks at r d z  61 and 57 and it is charac- 
teristically different from that of ionized methyl propionate 
3a" and that of ionized ethyl acetate 3" (see Figs. 5c and 56). 
Ions at rn/z 70, which form the base peak in 3b.+, are barely 

detectable in the spectrum of 3" and m/z 61 ions, which are 
the base peak in 3'+, are not present in the CA mass spectrum 
of 3a". Thus, the CA mass spectrum of the carbene 3" is 
readily distinguishable from that of its isomers 3a" and 3b". 
The peak at m/z 57 (loss of CH30') in the CA mass spectrum 
of 3'+, however, points to a partial conversion, prior to disso- 
ciation, of the carbene radical cations 3" into the more stable 
isomer 3a". This is because the m/z 57 ions do not have the 
structure of the high-energy C3H,0+ isomer CH3CH20C+ 
(21) but rather are CH3CH2C=O+'. This follows from the 
observation that the CA mass spectrum of the collisionally 
generated (M - CH30')+ ions from 3" is identical with that 
from 3" (spectra not shown), which is known to generate 
CH3CH,C=O+. 

The major unimolecular reactions of LEI upon VLVP pyrol- 
ysis are shown in Scheme 2b. The CA mass spectrum of the 
r / z  88 ions from the pyrolysis of 111 at ca. 430°C is character- 
istically different from that obtained in the EI experiments: 
compare Fig. 5b and 5a. The peak at m/z 70, which is absent in 
the CA mass spectrum of 3'+, has a significant intensity and 
the height of m/z 57 has increased considerably, such that it 
becomes the base peak in the CA mass spectrum. The peak at 
m/z 70 in Fig. 5b points to a partial isomerization of the neutral 
carbene 3 into 3b prior to ionization. This proposal is substan- 
tiated by the observation that the CA mass spectrum of the col- 
lisionally generated rn/z (M - H20)+ ions in Fig. 5b is 
superimposable upon that from 3b'+, see Fig. 6. 

In addition, the CA mass spectrum of the collisionally gen- 
erated m/z 61 (M - C2H3')' ions in Fig. 5b shows a weak sig- 
nal at m/z 43, see Fig. 7b, which forms the base peak in that 
from 3b, see Fig. 7c. These results indicate that, upon pyroly- 
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Scheme 2a. 

Can. J. Chem. Vol. 74. 1996 

I I 
CH30-C-0C2H5 

mlz 1 04 3- (mlz 88) 

H ~ C  

mlz 1 43 

mlz 45 mlz 61 d z  57 mlz 73 mlz 71 

Scheme 2b. 

I I 
H OH 

rn/z 89 mlz 6 1 rnlz 57 mlz 70 rnlz 43 
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Suh et al 

Fig. 4. CA mass spectra of mlz 156 ions (a) 2" from EI of 
ethoxy-2,2,2-trifluoroethoxycarbene; (b) generated after 
pyrolysis of 11; (c) 2a" from EI of ethyl 3,3,3-trifluoropropionate; 
and ( 4  2b'+ from EI of 2,2,2-trifluoroethyl propionate. 

Fig. 5. CA mass spectra of mlz 88 ions (a) 3'+ from EI of 
ethoxymethoxycarbene; (b) generated after pyrolysis of 111; (c) 
3b" from EI of ethyl acetate; and ( 4  3a" from EI of methyl 
propionate. 
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Fig. 6. CA mass spectra of collisionally generated C,H60'+ ions 
from (a)  nzlz 88 ions after pyrolysis of 111 and (b)  ionized ethyl 
acetate. 

Fig. 7. CA mass spectra of collisionally generated C2H502'+ ions 
from (a)  ionized ethoxymethoxycarbene; (b) mlz 88 ions after 
pyrolysis of 111; and (c)  ionized ethyl acetate. 

sis, the neutral carbene 3 undergoes a partial unimolecular 
rearrangement, via a 1,2-methyl shift, to 3b. 

From combined experimental and theoretical studies (22), it 
appears that the most stable d z  61 C,H,O,+ ions in the gas 
phase are the conjugatively stabilized carbenium ions 
CH,C(OH),+, protonated acetic acid, and HC(OH)(OCH,)+, 
protonated methyl formate. These C,H502+ isomers can 
readily be distinguished on the basis of their collision-induced 
dissociation characteristics. 

Through comparative collision experiments, the structures of 
the collisionally generated mlz 61 C,H,O,+ ions from 3" and 
that from 3b" were established to be protonated methyl formate 
and protonated acetic acid, respectively (see Figs. 7a and 7c). 
Note, however, from Figs. 7a and 7b, that the majority of the 
d z  61 ions in the pyrolysis CA mass spectrum Fig. 5b rep- 
resent protonated methyl formate ions (23) and not protonated 
acetic acid. 

As shown in Fig. 5b, the d z  57 ions form the base peak in 
the CA mass spectrum of m/z 88 ions generated by pyrolysis of 
111. The CA mass spectrum of the collisionally generated d z  
57 (M - CH,O')+ ions in Fig. 5b appears to be identical with 
that from 3a (spectra not shown). This indicates that prior to 
ionization the neutral carbene 3 undergoes a second partial 
unimolecular rearrangement, into 3a  via a 1,2-ethyl shift. The 

above results indicate that the carbene 3 is generated by VLVP 
pyrolysis but only in admixture with 3a and 3b. Isomers 3a 
and 3 b  are formed from unimolecular rearrangement of the 
neutral dialkoxycarbene 3 via 1,2-ethyl and 1,2-methyl shifts, 
respectively. 

Based upon analysis of the collision efficiencies of the iso- 
meric ions and the mass spectral characteristics of the esters it 
follows that Fig. 5b represents a mixture of 10% 3'+, 80% 3a'+, 
and 10% 3b" and that the neutral esters 3a  and 3 b  are formed 
from 3 in a ratio of 2: 1. A mechanism for this intramolecular 
rearrangement will be discussed below. 
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Scheme 3a. 
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mlz 59 mlz 43 mlz 61 mlz 87 mlz 73 mlz 71 

Isopropoxymethoxycarbene, 4: pyrolysis experiments 
Unlike the oxadiazolines discussed above, the molecular ion 
IV.+ undergoes one major (ca. 90%) primary fragmentation to 
form ions at d z  129, which results from the loss of 
(CH,),CHO'. Losses of N2 and CH,O' also occur, but to a very 
small extent (ca. 6 and 4%, respectively). The major EI disso- 
ciations of IV are shown in Scheme 3a. 

The ylide radical cation (m/z 160), formed via loss of N,, 
readily dissociates to form ions at d z  101. This process pre- 
dominates over the formation of the carbene radical cations 
( d z  102). Note that the intensities of 4" ( d z  102) and that of 
d z  101 are 2 and 12% of the base peak at d z  59, respectively. 
Thus, it is expected that a significant fraction of ions 4.+results 
from the I3c contribution from d z  101. 

The CA mass spectrum of 4" is characterized by peaks at 
d z  87,61, and 43 (see Fig. 8a) and it is structure-diagnostically 
different from that of methyl isobutyrate 4a'+ and that of iso- 
propyl acetate 4b'+(see Figs. 8c and 8d). The ions at d z  87 and 
61, which result from the dominant collision-induced dissoci- 
ations in 4'+, are not present in the CA mass spectrum of 4b" 
and 4a'+, respectively. Thus, the carbene radical cation 4" can 
easily be distinguished from its isomers 4a.+and4'+on the basis 
of its collision induced dissociation characteristics. The peaks 
at d z  60 and 59 in the CA mass spectrum of 4 'result (largely) 
from the I3c contribution from mlz 101 (CjH9O2'+) ions (The 
CA mass spectrum of m/z 101 ions (spectrum not shown) is 
dominated by a peak at d z  59, i.e., d z  101 + C,H,O,+ + 
C3H6). 

The peak at d z  87 in the CA mass spectrum of 4" may orig- 
inate from a direct bond cleavage in the carbene ion to yield 
the isopropoxycarbonyl cation, (CH,),CH-0-C=O+. This 

proposal was verified by comparing the CA mass spectrum of 
the collisionally generated (M - CH,')' ions from 4" with 
that from 4a.+. The structure of (M - CH,')' ions from 4a" is 
established as CH,=CHC(OH)(OCH,)+ (24), a carbenium 
ion stabilized by three electron donating groups. Although 
they are not shown, the two CA mass spectra are superimpos- 
able, and thus the carbene radical cation 4'+appears to isomer- 
ize partially into its isomer 4a'+ prior to dissociation. This is 
substantiated by the fact that the loss of CH,' from 4" is asso- 
ciated with a larger kinetic energy release value than that from 
4a'+95 vs. 85 meV, respectively). 

Through comparative collision experiments, the structures 
of the collisionally generated d z  61 C2Hj0,+ ions from 4" 
and that from 4b" were established as protonated methyl for- 
mate and protonated acetic acid, respectively. However, a 
weak signal at d z  43, which forms the base peak in proto- 
nated acetic acid, in the CA mass spectrum of the collisionally 
generated (M - C3Hj')+ ions from 4'+points to a unimolecular 
isomerization for a minor fraction of the carbene radical cat- 
ions into its isomer 4n" prior to dissociation (see Fig. 7a for 
spectrum of pure protonated methyl formate). 

The major fragmentations of IV upon VLVP pyrolysis are 
shown in Scheme 3b. 

The first step of the pyrolysis involves loss of N, molecule 
to generate the intermediate ylide (m = 160). This ylide, in 
turn, either dissociates into the carbene 4 via loss of acetone 
molecule or rearranges via a 1,4-H shift into the orthoester. 
The orthoester m = 160, thus formed, is not expected to show 
molecular ions upon EI. 

One of the major primary fragmentations from this ortho- 
ester forms ions at d z  101, i.e., by loss of (CH,),CHO'. Note 
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Scheme 3b. 

'0 
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- \  I 
C CH3-C=O 

OH 
I 

0CH3 
I 

CH3 OH 

mlz 101 mlz 61 mlz 87 mlz 61 mlz 43 

that the relative intensity ratio of m/z 101 to 4'+(m/z 102) is ca. 
5:l. Thus, it is expected that a significant amount of 4" ions 
results from the 13c contribution from in/z ions. 

The CA mass spectrum of the m/z 102 ions obtained during 
pyrolysis of IV at ca. 430°C, when the pyrolysis is complete, is 
characteristically different from that generated in the EI exper- 
iments (compare Figs. 8a and 8b). The pyrolysis CA mass spec- 
trum is dominated by a peak at m/z 87 and the intensities of the 
m/z 6 1 and 43 ions are considerably reduced. The peaks at m/z 
61 and 62 in the spectrum (largely) result form the 13c contri- 
bution fromm/z 101 ions (theCA mass spectrum of m/z 101 ions 
is dominated by a peak at m/z 61, i.e., m/z 101 + C2H502+ + 
C3H,). In addition, the m/z 6 1 ions are now largely CH,C(OH),+, 
characteristic of ethyl acetate, 4b. These observations indicate 
that upon pyrolysis some of the neutral carbene molecules 4 
have retained their original structure, as witnessed by the signal 
at d z 4 3 ,  but that the majority have isomerized into the isomers 
4a and4b, via 1,2-isopropyl and 1,2-methyl shifts, respectively. 

Based upon analysis of the collision efficiencies of the iso- 
meric ions and the mass spectral characteristics of the esters it 
follows that Fig. 8b represents a mixture of 30% 4 +, 60% 4a'+, 
and 10% 4b'+and that the neutral esters 4a and 4b are formed 
from 4 in a ratio of 5:2. A mechanism for this intramolecular 
rearrangement will be discussed below. 

Mechanistic proposal for the intramolecular 1,2-alkyl 
shifts from dialkoxy carbenes 

From the VLVP pyrolysis - mass spectrometry on the various 
dialkoxy oxadiazolines, it follows that the corresponding neu- 
tral dialkoxycarbenes are generated, albeit not free, from the 
thermodynamically more stable isomers. It is noted that the 
neutral dialkoxycarbenes 1 and 2, which have the trifluoroethyl 
functional group, have completely isomerized to the more sta- 
ble isomers l a  and 2a, respectively, whereas partial isomeriza- 
tion is observed for the other dialkoxycarbenes 3 and 4. 

It has been proposed that the isomerization of dimethoxy- 
carbene (DMC) into its isomer methyl acetate in the gas phase 
occurs via a reaction akin to a Wolff rearrangement, i.e., by a 
1,2-CH3 shift (25, 26). In the previous study (12), we sug- 
gested another possibility, i.e., the bimolecular reaction 
between CH3 radicals produced by the thermal decomposition 
of the carbene and the intact carbene, yielding 1, l-dimethoxy- 
ethyl radicals that may subsequently decompose into methyl 
molecules (eq. [I]): 

The mechanism below was tested in this study by the copyrol- 
ysis of the precursor molecule with its D-labelled analogue 
2,2-bis[trideuteromethoxy]-5,5-dimethyl-~3 - 1,3,4-oxadiazo- 
line. An increase in the intensity of mdz 77, which could be 
eitherCH3C(=O)OCD3'+and (or) CD3C(=O)OCH3'+, would 

DMC Methyl acetate 
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Fig. 8. CA mass spectra of mlz 102 ions ( a )  4" from EI of 
isopropoxymethoxycarbene (* indicates the I3c contribution 
from mlz 101 ions); (b) generated after pyrolysis of IV; (c) 4b'' 
from EI of isopropyl acetate; and (4 4a" from EI of methyl 
isobutyrate. 

substantiate the proposal. However, the copyrolysis of the 
labelled and unlabelled precursor molecules in a 1: 1 mixture 
at ca. 440°C does not increase the intensity of m/z 77 ions to a 
significant extent. Thus, the bimolecular mechanism does not 
add significantly to the unimolecular rearrangement of DMC 
and this probably also holds true for the carbenes reported in 
this study. 

For DMC there is only one possible isomer, methyl acetate, 
whereas the ethoxymethoxycarbene 3 could undergo unimo- 
lecular isomerization to form two possible isomers, 3a and 3b. 
From the comparative collision experiments, it was concluded 
that isomer 3a is formed in larger amount than isomer 3b (see 
above). The same trend is found for the isopropoxymethoxy- 
carbene 4; 4a is produced in larger amount than 4b. It seems 
that the migration of the primary and secondary groups is 
more favourable than that of the methyl group. 

In the case of methoxy- and ethoxy-(2,2,2-trifluoro- 
ethoxy)carbenes (1 and 2), only the 2,2,2-trifluoroethyl group 
migrates to form methyl and ethyl 3,3,3-trifluoropropionate 
l a  and 2a, respectively. There is no evidence for methyl and 
ethyl migration upon VLVP pyrolysis experiments. This indi- 
cates that the electron-withdrawing trifluoroethyl group plays 
a major role in the unimolecular rearrangement because both 
ethyl and methyl migrations have been observed for the 
ethoxymethoxycarbene 3. 

There is a body of evidence to suggest that carbene rear- 
rangements progress through a transitibn state that features the 
development of negative charge on the migrating group (MG, 
eq. [2]) and hence these rearrangements are termed hydride 
shifts (1). For instance, an electron-donating substituent (R') 
at C-2 of a carbene (eq. [2]) greatly facilitates migration, since 
it stabilizes the development of positive charge at the migra- 
tion origin (27). ~urth'rmore, the geometries of the transition 
states calculated for a number of carbene migrations suggest 
hydride migration to the "vacant" y-orbital lying perpendicu- 
lar to the plane of the carbenic substituents (9). Although these 
conclusions arise from results on 1,2-H migrations, extrapola- 
tions to 1 ,2-alkyl migrations is reasonable. 

Our results indicate that trifluoroethyl has a large. migratory 
aptitude compared to either methyl or ethyl. There is no doubt 
that p-fluorines are anion stabilizing; the computed stabiliza- 
tion energy of CF3CH2- relative to CH3Ch2- is 46.0 kcaVmol 
(28). It follows that trifluoroethyl migrates with development 
of negative charge in the migrating group as described above. 
The simplest assumption is that methyl, ethyl, and isopropyl 
groups migrate by the same mechanism, but with much less 
negative charge buildup on those migrating groups at the 
appropriate transition states. 

The slightly greater migratory aptitude of ethyl and isopro- 
pyl groups, as compared to methyl, is not easy to explain. 
While there is no doubt that alkyl substituents appear to be 
electron donating (and base strengthening) in solution (29), 
there is a body of experimental evidence that shows them to be 
stabilizing to either cationic or anionic centres in the gas 
phase. The latter behaviour has been attributed largely to 
polarizability (30, 31). Combined computational and experi- 
mental (28) studies suggest that CH,CH3- and (CH3),CH- are 
both somewhat less stable than CH3-, although the opposite 
trend could probably be accommodated without exceeding the 
error limits of the method. 

If the migrating group moves with carbanion character, it 
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+ + 

131 RO\COOR 4- 
RO* ,OR < * RO, / P R  

C C 

must be migrating to the electron-deficient site of the singlet 
carbene. Dialkoxycarbene singlets do not have a "vacant" p- 
orbital at carbon, because of conjugative localization of oxygen 
lone pairs to provide some I--bonding (eq. [3]). The partial dou- 
ble bond character between the carbene carbon and the oxygen 
substituents is reflected in the large barrier for rotation about 
the C-0 bond of dihydroxycarbene (ca. 20 kcallmol) (32). 

Dialkoxycarbenes are different from carbenes such as sin- 
glet tert-butylmethylene, 5. The computed energy minimum 
for 5 possesses a bridged structure, with one methyl group 
eclipsing the p-orbital at the carbene centre and populating it 
by hyperconjugation (33). The ground state is set up geomet- 
rically for methyl migration. 

In contrast, both RO bonds of dioxycarbenes lie in the OCO 
plane (32, 34), but not necessarily in the sickle conformation 
drawn (eq. [4]). For migration to the I--system, a twist about a 
C--OR bond is presumably required, most likely in concert 
with transfer of R from oxygen to carbon. It is clear that such a 
rotation would be easier for the ROC-OCH,CF, bond 
because it would have a lower bond order than the other car- 
benic C--0 bond. Thus, the more facile transfer of CF3CH2, as 
compared to CH3 or CH3CH2, is attributed to the higher 
ground state energies of 1 and 2 (less IT-bonding and conse- 
quently easier rotation) and lower transition state energies 
because of the ability of CF,CH, to migrate with more charge 
than can be accommodated by ethyl or methyl. 

If the migrating group adopts some carbanion character, it is 
clear that the "stationary" fragment must be cation-like. Thus 
an extreme representation of the charge separation at the tran- 

sition states for rearrangements reported here is in terms of an 
acylium ion - carbanion pair (eq. [5]). 

Experimental 

The CA and NR mass spectra were measured using the cus- 
tom-built VG Analytical ZAB-R mass spectrometer (35). The 
NR mass spectra were obtained using cyclopropane ( c ~ ) ~  for 
neutralization (main beam transmission T = 80%) and oxygen 
for reionization (T = 80%); oxygen was also used as the colli- 
sion gas in the CA experiments. 

The ZAB-R mass spectrometer is a three-sector BElE2 (B = 
magnetic sector, E = electric sector) type instrument whose 
design is based on the standard, nonextended geometry of the 
ZAB-2F. The instrument is equipped with four collision gas 
chambers of which the two located in the second field-free 
region (in front of E l )  were used for the NR experiments. The 
double collision experiments (18, 22) involved mass (B) and 
energy (E,) selected ions generated from collisions in the sec- 
ond field-free region that were analysed by obtaining CA mass 
spectra in the third field-free region using a scan of E,. The 
pyrolysis experiments were also performed on this instrument. 
The VLVP pyrolysis unit has been described previously (37). 
Briefly, the pyrolysis oven is constructed of silica and has a 
high-temperature zone of c. 25 mm length. The exit of the 
oven into the ion source was situated ca. 10 mm from the ion- 
izing electron beam. The samples were introduced into the 
pyrolysis unit by evaporation from a small glass bulb kept at 
room temperature. 

Compounds I, 111, and IV were synthesized using the 
method described in ref. 15, and the IEMS of I11 and IV are 
reported below. 

2-~cetox~-2-ethox~-5,5-dimeth~l-~~-1,3~-oxadiazoline 
and ethyl 2,3-diaza-4-methylacetoxypent-Zenoate 

Acetone (ethoxycarbony1)hydrazone was prepared by dissolv- 

- 

(RO bond I to n ) 

- 

(RO bond I I  to n ) 

For the use of organic neutralization agents, see ref. 36. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ing ethyl carbazate in acetone with MgSO, added as a desic- 
cant and stirring overnight. Filtration and removal of solvent 
yielded hydrazone pure enough to use for the next step. Ace- 
tone carboethoxyhydrazone (10 g) was dissolved in  250 mL of 
dichloromethane and cooled with stimng in an ice bath near 
0°C. Solid lead tetraacetate (32 g, 1.05 equiv.) was added to 
the cooled contents of the flask over 5 min. After stirring at ice 
temperature for 30 min, the bath was removed and the reaction 
mixture was allowed to warm to room temperature where it 
was left stirring for about 4 h or until the lead diacetate salts 
had precipitated as a free-flowing white solid. The mixture 
was then extracted with sodium bicarbonate solution to 
remove acetic acid and the lead salts. Drying with MgSO, and 
evaporation of the solvent gave product that was found to be a 
mixture of ca. 66% oxadiazoline and ca. 34% of the acyclic 
impurity (by NMR). 

2-~cetox~-2-ethox~-5,5-dimeth~l-~~-l,3,4-oxadiazoline 
'H NMR (200 MHz, CDC1,) 6: 1.24 (t, 3H, ,J = 7.2 Hz), 1.62 
(s, 6H, C(CH3),), 2.06 (s, 3H, CH3C02), 3.89 (m, 2H); I3c 
NMR (50 MHz, CDC13) 6: 15.0, 22.4, 24.1, 24.4, 61.4, 100.4, 
133.8, 166.4; EVMS, d z  (%): 143 ( 3 ,  71 (4), 59 (29), 43 
(100). 

Ethyl 2,3-diaza-4-methyl-acetoxypent-2-enoute 
'H NMR (200 MHz, CDCl,) 6: 1.37 (t, 3H, 3~ = 7.1 HZ), 1.48 
(s, 6H), 2.06 (s, 3H, CH3C02), 4.38 (q, 2H, 3~ = 7.1 HZ); EI/ 
MS, m/z  (%): 101 (40), 59 (35),43 (100). 

2-~thoxy -2-(2,2,2-trifluoroethoxy)-5,5-dimethyl-A3-l,3,4- 
oxadiazoline I1 

2-~cetoxy-2-ethox~-5,5-dimeth~l-~~-1,3,4-oxadiazoline (15) 
(1 equiv., a mixture of oxadiazoline and acyclic impurity) was 
dissolved in dichloromethane with trifluoroethanol(5 equiv.). 
Acetic acid (5 mL) was added and the resulting solution was 
left at room temperature overnight. 

Formation of I1 and consumption of acetoxy oxadiazoline 
can be followed easily by GC. When the exchange was com- 
plete, KOH pellets were added to the reaction mixture, which 
was then stirred at room temperature overnight. Water was 
added to the reaction mixture and the organic layer was col- 
lected and washed with sodium bicarbonate solution. Drying 
and evaporation of the solvent yielded 11, which was used 
without further purification. 'H NMR (200 MHz, CDC13) 6: 
1.22 (t, 3H, 3~ = 7.0 HZ), 1.48 (s, 3H), 1.54 (s, 3H), 4.127 (q, 
lH, ,JHF = 8.4 HZ, 0CH2CF3), 4.136 (q, lH, 3 ~ H F  = 8.4 Hz, 
0CH2CF3); NMR (50 MHz, CDCl,) 8: 14.8, 23.7, 24.0, 
60.9,61.9 (q, -JcF= 37 HZ, 0CH2CF3), 120.4 (C5), 135.7(C2); 
1 9 ~  NMR (471 MHz, CDC1,) 6: -74.553 (t, lH, ,JHF + 8.5 
Hz); E M S ,  m/z  (%): 214 (l), 197 (27), 173 (3), 172 (17), 156 
(9), 145 (23), 143 (lo), 141 (16), 136 (I), 135 (I), 129 (3), 128 
(3), 127 (6), 125 (20), 113 (2), 87 (13), 83 (47), 71 (17), 70 ( 3 ,  
69 (2), 64 (5),63 (2), 61 (17), 60 (5), 59 (loo), 58 (4), 57 (13), 
56 (7), 45 (1 I), 44 (3), 43 (39), 42 (56), 41 (35), 40 (7). 

2-(Trideuteromethoxy)-2-(2,2,2-trifluoroethoxy)-5,5- 
dimethyl-~3-1,3,4-oxadiazoline I-d3 

2-~cetox~-2-(trideuteromethox~)-5,5-dimeth~l-~~- 1,3,4- 
oxadiazoline was prepared as follows. Methyl carbazate-d3 
was prepared by adding CD30D (3 equiv. to l,l1-carbonyldi- 
imidazole (1 equiv.) in dichloromethane, letting stand for 2 h, 

and then adding hydrazine monohydrate (10 equiv.) and let- 
ting stand overnight. Evaporation of the solvent and removal 
of excess hydrazine under higher vacuum yielded methyl car- 
bazate-d,, which was used without further purification. Sim- 
ply dissolving the carbazate in acetone in the presence of a 
desiccant (MgSO,) and allowing to stand overnight yielded 
the labelled (methoxycarbony1)-hydrazone of acetone. Oxida- 
tion and exchange were analogous to the published procedure 
(15) for the unlabelled molecule. The product was used with- 
out further purification. 'H NMR (200 MHz, CDC13) 6: 1.49 
(s, 3H), 1.55 (s, 3H), 4.13 (q, lH, ,JHF = 8.4 Hz, 0CH2CF3), 
4.14 (q, lH, 3 ~ H F  = 8.4 Hz, 0CH2CF3); ',c NMR (50 MHz, 
CDC13) 6: 23.7,24.0,61.9 (q, 2~ - 36 Hz, 0CH2CF3), 120.8, 
132.2. (q, 'Jo= 277 Hz), 128; lF:i~~ (471 MHz, CDC13) 8: 
-74.558 (t, lH, 3 ~ H F  = 8.4 HZ). 

2,2-~is(~rideuteromethoxy)-5,5-dimethyl-A~-1,3,4- 
oxadiazoline 

Preparation of 2-acetoxy-2-(trideuteromethoxy)-5,5-dime- 
thyl-A3- l,3,4-oxadiazoline was described above. Exchange of 
this product with methanol-d, yielded 2,2-bis(trideuter0- 
methoxy)-5,5-dimethy1-~3-1,3,4-oxadiazoline. Acyclic by- 
product was hydrolyzed as usual with KOH pellets. Bicarbon- 
ate extraction and drying yielded product that was used with- 
out further purification. 

2-~thox~-2-iso~ro~ox~-5,5-dimeth~l-A~-1,3,4-oxadiazolir~e 
IV 

E M S ,  m/Z (a): 160 (3),157 (2), 131 (2), 130 (5), 129 (43), 
119 (2), 118 (16), 117 (4), 115 (9), 113 (7), 104 (2), 103 (2), 
102 (2), 101 (12), 88 (2), 87 (5), 77 (26), 74 ( 9 ,  73 (40), 71 
(18), 61 (8), 60 (8), 59 (loo), 58 (5),57 (3), 56 (1 l), 45 (15),.44 
(1 I), 43 (63), 42 (28), 41 (30), 40 (5). 

2,2,2-Trifluoroethyl acetate was synthesized by estrerifica- 
tion of acetic anhydride with 2,2,2-trifluoroethanol. Methyl 
and ethyl 3,3,3-trifluoropropionate were synthesized accord- 
ing to the method described in ref. 38 with some modifica- 
tions. The experimental details are as follows: A 40 mL 
autoclave containing 7.4 g (0.056 mol) of oxalacetic acid was 
cooled with liquid N2. One third of the SF, required was added 
with liquid N2 cooling. The autoclave was slowly warmed to 
ice temperature and then to room temperature. Then the auto- 
clave was again cooled with liquid N2 and noncondensabile 
residues were pumped off; this sequence was repeated 2 times. 
For the third time, the autoclave was slowly warmed to ice 
temperature and excess HF was removed through vacuum. 
Then, the mixture in the autoclave was shaken for 12 h using 
an automatic shaker. The contents were then poured into a 
Teflon bottle. To a small aliquot was added an excess of 
CH30H-CH3CH20H and the mixture was left in the refriger- 
ator for 1 day. The esters were then purified by preparative 
GLC. 

Methyl 3,3,3-trifluoropropinnate l a  
GCNS,  m/z (%): 142 (9), 123 (2), 122 (9), 1 12 (3), 11 1 (loo), 
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1 10 (5),91 (55),84 (3), 83 (33), 82 (8), 81 (19), 71 (4), 69 (34), 16. (a) C. Wesdemiotis and F.W. McLafferty. Chem. Rev. 87, 485 
64 (28), 63 (1 l), 59 (43), 51 (5),50 (2), 49 (5),47 (5),45 (6), (1987); (b) J. K. Terlouw and H. Schwarz. Angew. Chem. Int. 

43 (5),42 (1 I), 41 (2). Ed. Engl. 26, 805 (1987); (c) H. Schwarz. Pure Appl. Chem. 61, 
685 (1989); (4 J.K. Terlouw. Adv. Mass Spectrom. 11, 984 

Ethyl 3,3,3-triJluoropropiotlate 2a 
GC/MS, m/z (%): 156 (3), 141 (2), 129 (7), 128 ( 3 ,  11 I (loo), 
91 (25), 89 (9), 83 (17), 69 (18), 64 (1 I), 63 (3), 51 (I), 49 (2), 
47 (I), 45 (13), 44 (2), 43 (4), 42 (6). 
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Polyhalide anions in crystals. Part I. 
Triiodides of the Me4N+, Me4P+, 
quinuclidinium, I -azoniapropellane, and 
I ,4-diazoniabicyclo[2.2.2]octane (~abco~, *+ )  
cations, and I ,I 0-phenanthrolinium(1 +) 
tribromide 

Pradip K. Bakshi, Margaret A. James, T. Stanley Cameron, and Osvald Knop 

Abstract: Crystal-structure determinations are reported for Me4N13 (4MI3, Pnnm, a = 10.107(2), b = 14.141(2), c = 8.252(5) A, 
Z=2) ,  qulnuclidinium I, (QI3, Ptlnm, a = 10.290(2), b= 14.01 1(2), c = 8.813(2) A, Z=2),  Me4P13 (4MPI3, P4,lrn, a = 15.098(4), 
c = 13.770(4) A, Z =  lo), I-azoniapropellane I3 (API3, P2,/c, a = 15.131(7), b = 28.453(6), c = 22.848(8) A, j3 = 108.53(3)O, 
Z =  24), 1,4-diazoniabicyclo[2.2.2]octane (13)2 (Da213, P2,lm, a = 9.671(6), b = 8.127(2), c = 11.144(3) A, j3 = 96.60(3)", Z=2),  
and 1,IO-phenanthrolinium(l+) Br3 (phenBr3, P i ,  a = 8.370(2), b = 10.410(4), c = 8.171(2) A, a = 107.52(2)", j3 = 97.35(1)", 
y = 94.84(2)", Z =  2). The nearly isostructural4MI3 and Q13 are of a distorted anti-NiAs type. The 4MPI3 and API3 structures 
can be regarded as consisting of distorted CsC1-type coord~nation cuboids; both are unexpectedly complex, 4MPI3 (not 
isostructural with 4MI3) containing cations of two and anions of three types, API3 containing cations of six and anions of seven 
types. API3 thus represents an extreme case of a frustrated CsCl structure. The ion packing in Da2I3 is related to that in CaF,. 
The distortion of one of the two nonequivalent 13- anions in Da213 is one of the largest, if not the largest on record (1-1 = 
2.793(2) and 3.167(2) A, 1-1-1 = 172.47(4)"), and attributable to the involvement of the anion in a strong N-H ... I bond, H...I = 
2.78 A. The bifurcated H-bond in which the protonated cation nitrogen in phenBr3 is engaged has an intra-cation, N-H(N) ... N, 
branch and an inter-lon branch, N-H(N) ... Br. 

Key words: crystal structure, hydrogen bond, polyhalide anions, tribromides, triiodides. 

RCsurnC : On a dCterminC les structures cristallines du Me,N13 (4MI3, Pnnnl, a = 10,107(2), b = 14,141(2) et c = 8,252(5) A, 
Z =  2), du quinuclidinium I3 (QI3, Pnnrn, a = 10,290(2), b = 14,Ol l(2) et c = 8,813(2) A, Z = 2), du Me4P13 (4MPI3, P4,/m, 
a = 15,098(4) et c = 13,770(4) A, Z = lo), du 1-azoniapropellane I, (API3, P2,lc, a = 15,131(7), b = 28,453(6) et c = 22,848(8) 
A, j3 = 108,53(3)", Z =  24), du 1,4-diazoniabicyclo[2.2.2]octane (I,), (Da213, P2,lrn, a = 9,671(6), b = 8,127(2) et c = 11,144(3) 
A, j3 = 96,60(3)", Z =  2) et du 1,lO-diphCnanthrolinium(l+) Br3 (phenBr3, PT, a = 8,370(2), b = 10,410(4) et c = 8,171(2) A, a 
= 107,52(2)", j3 = 97,35(1)" et y = 94,84(2)", Z =  2). Les composCs 4MI3 et Q13 qui sont pratiquement isostructuraux sont d'un 
type anti-NiAs dCformC. Les structures 4MPI3 et API3 peuvent &re considCrCes comme Ctant formtes de cubo'ides de 
coordination du type CsCl dCformC; les deux sont beaucoup plus complexes que prCvus avec le 4MPI3 (qui n'est pas isostructural 
avec le 4MI3) contenant deux types de cations et trois types d'anions alors que l'API3 contient des cations de six types et des 
anions de sept types. L'API3 reprCsente donc un cas extr&me d'une structure de CsCl frustrCe. L'empilement ionique dans de 
Da213 est lie a celui du CaF,. La distortion de l'un des deux anions 1,- non Cquivalents dans le Da2I3 est I'une des plus 
importantes, si non la plus importante, avoir CtC rapportCe (1-1 = 2,793(2) et 3,167(2) A, 1-1-1 = 172,47(4)' et on peut 
l'attribuer B une implication de I'anion dans une forte liaison N-H ... I, H...I = 2,78 A. La liaison hydrogene prCsentant une 
bifurcation, dans laquelle le cation proton6 de I'azote du phenBr, est impliquC, prCsente une branche intracation, N-H(N) ... H, 
et un branche interion, N-H(N) ... Br. 

Mots c l b  : structure cristalline, liaison hydrogene, anions polyhalogtnCs, tribromures; triiodures. 

[Traduit par la rCdaction] 
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Fig. 1. Projections of the 4MI3 ( A )  and Q13 (B) structures on (001). Stippled circles, I atoms at z = 0; large 
open circles, I atoms at z = & filled circles, cations with centroids at z = 0; small open circles, cations with 
centroids at z = i. The cations are disordered (see text); only one orientation is shown in each projection. 
N-H(N) ... I(21) bonds in Q13 are represented by broken lines. 

By far the largest number of the many (ideally) linear X3- (X = following information has been deposited? positional param- 
I, Br, C1) anions in reported crystal structures are homoatomic eters and isotropic temperature factors of C and N atoms in 
and triiodides. Because of its size the 13- ion is often used as a API3 (Table A); positional parameters and isotropic tempera- 
counter anion of convenience, useful in stabilizing large cat- ture factors of H atoms (Table B); anisotropic thermal param- 
ions, but its subservient role in preparative chemistry should eters of nonhydrogen atoms (Table C); and interatomic 
not conceal certain aspects that make this anion (and Br3- and distances and bond angles other than those involving solely 
C13-) i n t e r e ~ t i n ~ . ~  (i) 13- is not often linear symmetric and, even the halogen atoms (Table D)? 
if it is, by virtue of a crystallographic centre of symmetry at the 
centre atom, the possibility of a static or dynamic disorder 
about the inversion centre, resulting in an averaged centrosym- 
metric geometry, may not be ruled out.5 (ii) Even for the cen- 
trosymmetric triiodide anions the reported distance between 

45 H CQ 
the two outer atoms has a range of -0.4 A. This is a dimen- quinuclidinium I-azoniapropellane 
sional variation of a magnitude not observed with other anions 
and one that cannot be dismissed, given the accuracy with 
which the positions of the I atoms in a structure can be deter- 
mined both by X-ray and neutron diffraction. (iii) Last not 
least, the rodlike character of 1,-combined with the tendency of 
a crystal to attain maximum density of packing gives rise to a 
variety of 13- orientations and ion coordinations and hence of 

fH++ rJ 
H H' 

space-group symmetries. Analysis of the dependence of the dabcoH,(2+) 1,IO-phenanthrolinium 
crystal symmetry and packing on the size and shape of the 
counter cation is a worthwhile and legitimate task for the crys- 
tal chemist. Although the nature and properties of the 13- anion Results 
have received frequent attention over the years, these and other 
aspects are not yet completely understood, in part because of Individual structures 

lack of a systematic approach to the effect of the cation. 
Preparatory to our own investigation now in progress we 4M13 and Q13 

report in the following on our determinations of the crystal Apart from differences in the cation structures these two 

structures of five triiodides and a tribromide of the compact, 
. . asymmetric title cations. Crystal data of the title compounds material may be purchased from: The of 

are assembled in Table 1 and the positional parameters of Unpublished Data, Document Delivery, CISTI, National 

anisotropically refined nonhydrogen atoms in Table 2. Details Research Council Canada, Ottawa, Canada KIA OS2. Tables A, 
B, and D have also been deposited with the Cambridge 

of the determinations are described in the Experimental. The Crystallographic Data Centre, and can be obtained on request 

Review of earlier literature and discussions placing the triiodide 
ion in the larger context of polyiodide-anion chemistry will be 
found, for example, in refs. 1-3. 
See for example the two nonequivalent I< anions in 1 ,l'-Me,- 
femcenium (4) and 1-Me-hexamethylenetetrammonium(l+) ( 5 )  
triiodides. 

frim the ~irector, CCDC, University Chemical ~ a b o r a t b ,  12 
Union Road, Cambridge CB2 lEZ, U.K. 
Throughout, estimated standard deviations resulting from crystal- 
structure refinements are cited in parentheses. The standard 
deviations of means (e.g., of bond lengths or angles) are cited in 
brackets. In calculating the means the component values were 
entered at unit weights, regardless of their individual esd's. 
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Bakshi et al. 56 1 

Table I. Crystal data of the title compounds." 

Parameter 

Formula 
fw 
Crystal size, mm3 
@range, deg" 
(1, cm-' 
Max/minc 
a, A 
b, '4 
c, A 
a, deg 
P. deg 
Y, deg 
V, A3 
z 
p,, g/cm3 
Space group 
F(000), e 
Reflections: 

total measured 
unique total 
unique used 

1 OOR,,,,,, 
~ J P  
100R; lOOR,,. 
G.O.F. 
Residual e.d." 

C',HI,I3N 
454.9 
0.3 x 0.25 x 0.06 
2.5-30121 
78.9 
1.00-0.44 
10.107(2) 
14.141(2) 
8.252(5) 
90 
90 
90 
1179(1) 
4 
2.564(2) 
Pnnm (no. 58) 
808 

C,H,,I3N 
492.9 
0.1 x 0.2 x 0.4 
2.5-30124 
73.3 
1.00-0.56 
10.290(2) 
14.01 l(2) 
8.8 13(2) 
90 
90 
90 
1271(1) 
4 
2.577(2) 
Pnnm (no. 58) 
888 

C,H1213P 

47 1.8 
0.55 x 0.3 x 0.35 
2-23122 
75.4 
1 .00-0.75 
15.098(4) 
15.098(4) 
13.770(4) 
90 
90 
90 
3 139(3) 
10 
2.497(1) 
P4,lnz (no. 84) 
2100 

API3 Da213 

C,0H,813N C6H,416N2 

533.0 875.8 
0.18 x 0.22 x 0.41 0.25 x 0.28 x 0.36 
1.6-23123 2-301 1 9 
60.1 105.8 
1 .OO-0.75 1.00-0.56 
15.131(7) 9.67 l(6) 
28.453(6) 8.127(2) 
22.848(8) 11.144(3) 
90 90 
108.53(3) 96.60(3) 
90 90 
9327(10) 870(1) 
24 2 
2.278(3) 3.342(4) 
P2,lc (no. 14) P2,lnl (no. 11) 
5856 764 

C I 2H,B r3N, 
420.9 
0.25 x 0.3 x 0.5 
2-23/22 
90.7 
1.00-0.4 1 
8.370(2) 
10.410(4) 
8.171(2) 
107.52(2) 
97.35(1) 
94.84(2) 
667.7(3) 
2 
2.093(1) 
pi  (no. 2) 
400 

- - - - - - - - - - - -~ 

"4M13, Me,NI,; QI3, quinuclidinium I,; 4MPI3. Me.,PI,; AP13, I-azoniapropellane I,; Da213. I,4-diazoniabicyclo[2.2.2]octane (I,)?, DabcoHz2+(I<),; 
phenBr3, 1,lO-phenanthrolinium(l+) Br,. For additional details see Experimental. 

"Omin > 0 > 0,,,,,,ln. The lattice parameters and orientation matrices were obtained by least squares from the setting angles 0 of suitable n reflections. 
'Maximu~dminimum transmission factors (empirical absorption corrections). 
"Number of reflections used in the calculation of R on 20(1); all unique reflections were used in the SHELXL-93 refinement. 
'1 > 3o(I). 
'100R on 2o(I); LOOR,,. = 17.2% (on F'). 
*lOOR on 2 o ( Q  IOOR,, = 26.1% (on F'), C and N atoms refined isotropically. 
"Minimum and maximum residual electron density (e/A3) in final difference map. 

orthorhombic compounds are isostructural, with similar unit- 
cell dimensions (Fig. 1). There are two nonequivalent 13- ions 
in the structures, with their centre atoms I(10) and I(20) at sites 
of C2,, symmetry and with Uii values not suggestive of disorder 
across the inversion centre. The anions are situated in layers 
11(001), each layer also containing the centroids of the cations 
(cf. below). The atztiferro arrangement of the anion orienta- 
tions in each of the two anion systems is consistent with the 
anions being located on a dichromatic orthorhombic P, Bra- 
vais lattice. The anions are discrete; the inter-anion I...I dis- 
tances all exceed 4.35 A (Table 3). 

The ion packing is of a distorted anti-NiAs type. In an ide- 
alized hexagonal atzti-NiAs cell H (P4mc) the anions would 
be at (O,O, 0; 0 ,0 ,  $1 and the cations at ?(+, $ +), i.e., forming 
a layer sequence AbAc ...; the coordination polyhedron of a cat- 
ion would be an octahedron of symmetry D3d and that of an 
anion a trigonal prism of symmetry D,,. This H cell can be 
transformed by 

into an orthogonal cell 0 corresponding to the Prznm cell, with 
an axial ratio a d c o  = & . The coordinates of the atoms in the 
0 cell would then be (i, 0,O; i, i ,  0) for the anions and ?(+, $, 
$1 for the cations. The actual fractional coordinates of atoms 
I(10) and I(20) in 4MI3 and Q13 are ( & 0.0; i, i, 0); those of 
the N atoms in 4MI3 are ?(0.6434,0.2105, i), a d c o  = 1.225; 
and those of the cation centroids in QI3, 2 (0.6502,0.2075, i), 
a d c o  = 1.168. The ratio r = cH/LIH = 2bo(a$ + c ~ ~ ) - ~ ~ ~  (which 
in a hexagonal close packing of equal spheres would be 
(813)-'I" 1.633) is 2.19 in 4MI3 and 2.07 in QI3. The larger 
internal angle in the base of the pseudohexagonal cell corre- 
sponding to Ptztzin is 101.6" in 4MI3 and 98.8" in QI3, both 
values well below the ideal angle of 120" but leaving no doubt 
about the packing type. 
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Table 2. Positional parameters (x104) of nonhydrogen atoms in the title c o m p o ~ n d s . ~  

Can. J. Chem. Vol. 74, 1996 

Atom x Y z Atom x Y z 

"Parameter values of atoms in special positions are not multiplied by lo4 

Stoichiometry and symmetry require that in Pnnm the cat- entation of the Me,N+ cation (Fig. 1; N, C(2), and C(3) in m. 
ion in 4MI3 and Q13 be located on an element of symmetry, in C(l)  duplicated by m) satisfies this requirement, i.e., the 4MI3 
these two structures on a mirror plane at z = 0 or $. This structure is correctly described in Pnrzm. However, refinement 
implies that the cation itself contains a mirror plane. The ori- on this model resulted in unreasonably high values of some of 
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Bakshi et al 

Table 3. Interatomic distances (A) and bond angles (deg) in the anions of the title compounds. 

Atoms Distance Atoms Angle 

4MI3 
I(20)-1(2 1 ) 
I(20)-1(2 1 B) 
I(I0)-I(l1) 
I(10)-I(11 A) 
I(1 1) ... I(21) 
1(1 I) ... I(1 IC) 

Q13 
I(20)-1(2 1 ) 
I(20)--I(2 1 B) 
I(10)-I(I I) 
I(10)-I(11 A) 
I(l1) ... I(21) 
1(1 1) ... 1(1 IC) 

A 1 - x  1 - y  0 
B x - 1  Y o  
C y 1 - x  f + z  
D -x -Y 0 
E 1 - x  -Y 0 
F x Y -Z 

G I - x  1 - y  z 

APU (up to 4.3 A) 
I(8)-I(9) 
I(18)-I(19) 
I( 18)-I(19B) 
I(11)-I(12) 
I(14)-I(15) 
I(5)-1(6) 
I(10)-I(11) 
I(2)-1(3) 
I(7)-1(8) 
I(13)-I(14) 
I( 1)-1(2) 
I(16)-I(17) 
I(16)-I(17A) 
I(4)-1(5) 
I(3) ... I(6) 
I(1) ... I(1 1) 
I(4) ... I(1 1E) 
I(2) ... I(13G) 
I(1 I) ... I(15) 

Symmetry code as for 4MI3 
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Table 3 (concluded). 

Can. J. Chem. Vol. 74,1996 

Atoms Distance Atoms Angle 

Fig. 2. Hydrogen bonds in Q13 and Da2I3 viewed approximately 
perpendicular to the plane of the bond (top) and down the cation 
axis (bottom); 5070 probability thermal ellipsoids on nonhydrogen 
atoms. In Q13 the probability of the I(21) atom participating in two 
H-bonds is 25% or less (see text), whereas in Da2I3 both H(N) 
atoms of the divalent cation are H-bonded and the cations form 
uninterrupted H-bonded chains Ilb. 

Fig. 3. Projection of the 4MPI3 structure on (001). Filled circles, 
I atoms at z = 0 (except 1(3 I), which coincides with I(30)). All 
P(l)  atoms are at I - 2 +, all P(2) atoms are at z = ? $. 

the Uii of C(1) and C(3). An attempt to resolve this problem is 
described in the Experimental. 

In Q13 the C-N axis of the cation is polar, hence placing the 
cation in a mirror plane averages the cation orientation Ilc. The 
structure can thus be described as correctly assigned in Ptznrn 
but with the cation in twofold orientational disorder about the 
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Bakshi et al. 

Fig. 4. (Top) The coordination cuboids of cations 1 and 2 in 4MPI3. Open circles, 
anion al; stippled, a2; filled, a3. The top and bottom of the two subcells are in mirror 
planes (z = & 0). (Bottom) The corresponding idealized Schlegel diagrams (down c). 

1 Large squares, z = 0; small squares, z = - Anion numbers appear inside the circles. 
Orientations of the anions are indicated by the line segments attached to the circles. X 
identifies the face common to the two cuboids. 

mirror plane. Alternatively, an attempt can be made to refine 
the structure as fully ordered in an orthorhombic subgroup of 
Pnnm. For reasons explained in the Experimental we have 
adopted the solution of the structure in the centrosymmetric 
group, i.e., the disordered Pnnm model. 

The shortest (N, C) ... I and H(N, C) ... I distances in the disor- 
dered Q13 are to I(21), 3.75(1) and 2.92(2) A, respectively, (N, 
C)-H(N, C)-I(21) = 136(3)"; and to 1(1 l), 4.13(1) and 3.39(2) 
A, respectively, (N, C)-H(N, C)-I(11) = 129(3)" (all values 
based on (N, C)-H(N, C) = 1.05 A). Although these N-H-I 
angles seem unfavourable for hydrogen bonding, comparison 
with a similar situation in Da213 (Fig. 2, cf. below) supports 
the view that (N, C)-H(N, C) ... I(21) at least must be consid- 
ered as a legitimate though highly bent hydrogen bond. In the 
disordered structure the majority of the I(21) atoms would be, 
statistically, the recipients of one N-H ... I(21) bond only, in 
contrast to the Da213 salt. 

4MPI3 
Surprisingly, this compound is not isostructural with 4MI3. It 
has a lower density than the latter: on replacing N by P the vol- 
ume V ,  per formula unit increases by -6% while the corre- 
sponding increase in mass is only -4%. The packing 
arrangement is thus less compact in 4MP13 than in 4MI3. 

For its simple chemistry 4MPI3 has an unexpectedly com- 

plex structure. The unit cell, of relatively high tetragonal sym- 
metry, contains two 13- anions a1 = I(1 1)-I(1O)-I(1 ID) ll(001) 
of symmetry C2h, four anions a2 = I(21)-I(20)-I(22) ll(001) of 
symmetry C,, and four anions a3 = I(31)-I(30)-I(31F)llc, also 
of symmetry C,. Anion a2 is in a crystallographic mirror 
plane, whereas anion a3 is halved by it (Fig. 3). There are eight 
Me4P(1)+ cations c l  of symmetry C, and two Me4P(2)+ cat- 
ions c2 of symmetry S4 in the unit cell. Each cation is inside a 
cuboid cell of -6.9 A edge length, formed by the centre atoms 
of anions (Fig. 4), with the CH3 groups oriented to avoid static 
interference with the anions. The anions defining a coordina- 
tion cuboid are approximately located in horizontal (i.e., 
ll(001)) or vertical (i.e., Ilc) edges of the cuboid. These cuboids 
thus tesselate the 4MPI3 structure in such a way that the over- 
all packing can be described as of a distorted 8:s CsCl type. 

The anions are segregated in layers ll(001) at z = 0, and 
the cations in layers ll(001) at z - 5 $. However;while a1 and 
a2 are wholly in the z = 0, 4 layers, a3 is perpendicular to 
them, with the result that the I(31) atoms of a3 are almost in 
the c$on layers. The shortest inter-anion I...I distances below 
4.5 A are, within a layer 11(001), I(10) ... I(21) = 3.993 A, 
I(22) ... I(30A) = 4.085 A, and I(l1) ... I(30B) = 4.315 A; 
between layers, I(20) ... I(3 1C) = 3.999 A (Table 3, Fig. 3). The 
I atoms involved form, within a layer, a quasi-linear 
I(10) ... I(21)-I(20)-I(22) ... I(30A) chain terminated perpendic- 
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Fig. 5. Projection of the API3 anion substructure on (100). Broken 
lines: shortest inter-anion I...I distances (A) between anion layers, 
I(2) ... I(13) and I(11) ... I(15). The N atoms in cations 1-6 are black. 

9 ? P 

ularly at I(10) by a1 and at I(30A) by a3. Similarly, a3 forms a 
quasi-linear I(20K) ... 1(3 1)-I(30)-1(3 1F) ... I(20J) chain perpen- 
dicularly terminated by a2 anions. These I...I 2 4 A separa- 
tions are too long for effective bonding interaction, hence the 
anions in 4MPI3 are regarded as discrete. 

The cation geometry is unexceptional (Table D). 

A PI3 
Even more so than 4MPI3, this structure is surprisingly com- 
plex for a cation as compact as 1-azoniapropellane. Its large 
monoclinic cell contains 24 formula units: six sets of nonequiv- 
alent C, cations, two sets of centrosymmetric 13- anions a6 and 
a7, and five sets of nonequivalent slightly distorted anions al-  
a5 (Tables 2 and 3).8 The anions are arranged in layers 11(010), 
at approximate heights y = 0, + +, i. The atoms of a l ,  a2 and 
a4, in they - + $layers, are almost coplanar; anions a3 and a5, 
in they - 0, Slayers, are almost parallel to (OlO), while anions 
a6 and a7 are perpendicular to (010). The layers of cations 
ll(010) are sandwiched between the anion layers, with the cation 
centroids roughly at y = 2 i, 2 (Fig. 5). 

The ion packing in AP13 is seen in the projection of the anions 
on (010) (Fig. 6). In addition to the anion layers ll(010) two other 
such systems are present: one ll(T01) and the other approxi- 
mately ll(102). These three anion systems tesselate the structure 
into CsC1-type cuboids of approximate edge length of 7.3 A, 
similar to those in 4MPI3 (Figs. 3 and 4). The vertices of these 
cuboids are formed by the centre atoms of the anions, with the 

Anion al ,  I(1) to I(3); a2, I(4) to I(6); a3,1(7) to I(9); a4, I(10) to 
I(12); a5, I(13) to I(15); a6, I(17)-I(16)-I(17A); a7, I(19)-I(18)- 
I( 19B). 

Fig. 6 .  (Top) AP13 anion substructure projected on (01 0). 
Numbers indicate cation positions (in parentheses, positions 
equivalent to those in Table 2). (Bottom) Schlegel diagrams 
(down b) of the corresponding idealized (cat)(an), coordination 
cuboids in the approximate 0 5 y 5 $slab of the API3 
structure. Large squares, y - 0; small squares, y - cation 
centroids at y - i. The anions a1 to a4 and a7 are located in 
horizontal (i.e., ll(010)) and anions a5 and a6 in vertical (i.e., 
110) edges of the cuboids. See also Fig. 4. 

anions aligned in the edges of the cuboids in such a way that a l -  
a4 and a7 are in edges ll(0 lo), and a5 and a6 in edges Ilb. Theori- 
entations of the anions in a translation motif of adjacent cuboids 
are displayed in the Schlegel diagrams of Fig. 6. 

The shortest inter-anion I...I distantes below 4 A are 
1(3) ... 1(6) = 3.632 A, I(1) ... I(11) = 3.877 A, and 1(4) ... I(11B) = 
3.895 A (Table 3), all within an anion layer ll(010). The atoms 
involved form a quasi-linear 1(1 1E) ... I(4)-I(5)-I(6) ... I(3)-I(2)- 
I(1) ... I(11) chain, which is terminated at each end (at atoms 
I(l1) and I(11E)) by an a4 anion perpendicular to the chain. The 
shortest I...I distances betweet neighbouring anion layers 
ll(010) are I(2G) ... I(13) = 4.057 A, i.e., between a1 and a5, and 
I(11) ... I(15) = 4.113 A, i.e., between a4 and a5. Thesedistances 
involve the terminal atoms of anion a5, which thus provides a 
perpendicular link between the centre atoms of a1 and a4 in 
neighbouring anion layers: I(2G) ... I(13)-I(14)-I(15) ... I(11). 

The positions and orientations adopted by the cations9 
inside their respective coordination cuboids are all different 
(Fig. 7). In spite of this the vertical (i.e., Ilb) heights of the cat- 
ion centroids in a cation layer ll(010) are remarkably constant: 
the mean  centroid) in Figs. 5 and 7 is 0.1201 (25) (ideclly, k), 
corresponding to a standard deviation of only 0.07 A verti- 

For comparison of cation geometry see 1-azoniapropellane 
tetraphenylborate (6). 
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Bakshi et al 

Fig. 7. Cations in an approximate 0 5 y 5 islab of the API3 
structure (see Fig. 6). Thc only symmetry operations relating 
these cations are unit-cell translations (cations in other slabs are 
of course related by P211c symmetry operations). Filled circles, 
N atoms; open circles, C(120) (12 = 1-6) atoms. Broken lines 
represent approximate boundaries of the coordination cuboids. 

tally. None of the cation N-C axes is oriented Ilb. This may be 
due to the presence, in each cuboid, of the terminal atoms I(13) 
and I(15) of a5 or I(17) of a6 or both, which protrude about 2.8 
A vertically into the space between the iodine layers, i.e., are 
roughly at the same vertical height as the cation centroids and 
thus sterically interfere with the cation hydrogens (Fig. 5). 
Regardless of the precise orientation of a cation, the N atoms 
in a cation layer are all -0.5 A in the same direction from the 
cation centroid, i.e., all the N atoms in the structure face the 
iodine layers at y - f ;rather than those at y - 0, 3 (Fig. 5). 

Da213 
In this monoclinic layer structure (Fig. 8A) all the I atoms and 
the centroids of the 1,4-diazoniabicyclo[2.2.2]octane cations 
are located on mirror planes 11(001), at y = f i. The cations and 
the two nonequivalent 13- anions have therefore C symmetry. 

I" If the cation centroids were shifted from y = -+ a to y = 0, 
(i.e., by about 2 Ilb), the domain D outlined in Fig. 8B, which 
is related to a doubled B-centred cell (a + c, b, - a  + c), would 
constitute a projection of a distorted CaF2-type ion packing, 
somewhat reminiscent of the packing in the cubic (N2H,)C12 
(7). The alternating orientations of the ions are most simply 
described by regarding the ions as being located on distorted 
orthorhombic, dichromatic Bravais B, lattices. 

Anion a1 = I(11)-I(1O)-I(12) is noticeably bent, whereas 
anion a2 = I(21)-I(20)-I(22) is almost linear (Table 3). The dis- 
tortion of a1 from centrosymmetry (I(l0)-I(11) = 2.793 A, 
I(10)-I(12) = 3.167 A, 1-1-1 = 172.5") is even larger than in 
NH,I, (2.797 A, 3.113 A, 178.6"; ref. 8) and (1-Me-cytosin- 
ium)13 (2.794 A, 3.123 A, 177.6"; ref. 9); significantly, both 
these structures contain inter-ion hydrogen bonds (cf. below). 
The 1-1-1 angle in a1 in fact appears to be the smallest on record 
in a triiodide anion.'' 

The shortest interanion I...I disLances occur within the layers 
ll(001): I(l1) ... I(22B) = 3.673 A, I(11) ... I(21A) = 3.775 A. 
lo An 1-1-1 angle of 172.7(1)" has been reported for 1; in 

[L2Mn'li2(p-0) (~-OAC)~](I,)I.H,O, L = 1,4,7-triazacyclononane 
(lo), but the bond-length disproportiona~ion in this anion is 
smaller than that in a1 of Da213, 2.851 A and 3.1 12 A, 
respectively. 

Both are ap reciably shorter than such distances in 4MI3 and 
QI3, >4.35 1 (Table 3), but they are comparable to similar dis- 
tances in other triiodides, e.g., 3.65 1 in [Pd(en),](I,), (cited 
in ref. 8), 3.755 A in (I-Me-cytosinium)13 (9), and 3.770 in 
Tl13 (1 I)." If these two distances are regarded as correspond- 
ing to weak bonding interactions, then a2 anions in a layer are 
seen to be joined by I(11) atoms of a1 to form zigzag chains 
Ila, with pendant -I(10)-I(12) segments: ... I(22)-I(20)- 
I(21) ... 1(1 I)[-I(10)-I(12)] ... (Fig. 8B). In these chains a1 and 
a2 are roughly orthogonal: I(10)-I(11)-I(21A) = 97.6", I(21A)- 
1(11)-I(22B) = 80.2", I(11)-I(22B)-I(20B) = 78.2". 

Although the crystallographic symmetry of the cation is 
only C,, its refined geometry is close to D3,,. The three shortest 
N...I distances are 3.524(7) A to 1(12), 3.881(7) to I(21), and 
3.884(7) to I(22C); the corresponding distances from the 
placed N(H) atom are 2.78, 3.21, and 3.24 A, respectively 
(Table D). The smallest of the three, 3.524 and 2.78 A, respec- 
tively, are each about 0.2 A shorter than the corresponding 
N...I and H(N) ... I distances in 413 (Fig. 2), in which the cation 
has a similar local geometry, and also shorter than the smallest 
(freely refined) N...I and H(N) ... I distances in NH,13, 3.69(1) 
and 2.82(3) A, respectively, N-H(N)-I = 168(2)" (8). The 
H(N) atom is thus clearly involved in a hydrogen bond to 
1(12),12 in spite of the smallness of the N-H(N)-I(12) = 130" 
angle, with I(12) being the recipient of two such nz-related 
bonds (Fig. 2). The N-H(N) ... I(12) bonds link the cations 
into uninterrupted cat ... I(12) ... cat ... chains Ilb. 

The simultaneous, symmetric engagement of I(12) in two 
H-bonds would be expected to affect the I(10)-I(12) bond 
length. Indeed, this bond is lengthened to 3.167 A, which in 
turn produces an appreciable shortening (cf. ref. 13) of the 
conjugate I(10)-I(11) bond, 2.793 A, and reduces the atom 
charge on I(11). The resulting induced polarity of a1 is proba- 
bly responsible for the short I(l1) ... I(22B) = 3.673 A contact 
and thus for a weak bonding interaction with a2 anions in the 
zigzag chain. This view is supported by the near orthogonality 
at I(11) of the a1 and a2 anions in a chain, which is consistent 
with the existence of 90" p-p interactions such as are com- 
monly observed in higher polyiodide anions in crystals.13 The 
participation of a l ,  with its I(12) atom H-bonded and its I(11) 
atom joining the a2 anions in the chain, is thus different from 
a2, but neither anion can be regarded as discrete. A similar sit- 
uation is observed, for much the same reason, in NH,13 (8), 
where atom I(1) of the anion is H-bonded to three cations and 
atom I(2') of another anion is almost collinear with the first 
anion, 1(3) ... I(2') = 3.881 A. 

The validity of the claim that H-bonding indeed causes sig- 

I I The corresponding distances in NH,I, (a), RbI, (1 I), and CsI, 
0 2 )  (all threeisostructural withTlI,) are3.881,3.921, and 3.972 
A, respectively. 
There were indications, in the difference map, of the placed H(N) 
atom being broadly displaced in the direction of I(12). These are 
not presented here, as the closeness of I(12) to the presumed H(N) 
features may have distorted the map. It may also be noted (Fig. 
8B) that it is the displacement of the cations toward the I(12) 
atoms that differentiates the shape of domain D (broken edges !) 
from that of a translated doubled B-cell referred to above, i.e., the 
distortion of the quasi-CaF, packing in Da2I3 is partially 
attributable to the hydrogen bonding. 
Orthogonalp-p bonding interactions in polyiodide structures will 
be discussed in detail in a sequel in this series. 
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Fig. 8. Projection of the Da2I3 structure on (010). Stippled circles, I atoms at y = & large open circles, I atoms 
at y = & filled circles, cations with centroids at y = a; small open circles, cations with centroids at y = % (A )  
Principal axes of cation libration L, and L, are in the page, L, is perpendicular to the page and coincident with 
the N-N' axis. H(N) ... I(12) H-bonds are represented by broken lines. (B) Solid outline: domain D related to 
ion packing (see text). Dashed lines, anion zigzag chains in y = ? $layers. See Table 3 for I...I distances and 
1-1-1 angles. 

Fig. 9. The phenBr3 structure projected on (100) (left) and on (001) (right). Large circles, Br atoms; 
smallest circles, H(N 10) atoms. The bifurcated N(10)-H(N10) ... Br(3), N(1) bonds are represented by 
broken lines. The quasi-coplanar Br(1) atoms (left) define the pseudo-hexagonal channels Ila containing 
the cation stacks. 

nificant asymmetry of the 13- anion and in turn a decrease in 
inter-anion I...I distances is discussed in more detail in Conclu- 
sions. 

phenBr3 
The phenH' cations are obliquely stacked inside pseudo-hex- 
agonal channels Ila and defined by the Br(1) atoms (Fig. 9, 
left). The perpendicular spacing between the parallel neigh- 
bouring cation planes in the stacks is 3.46(2) A, probably too 
long for an effective IT-TC stacking interaction. The Br3- anion 
is asymmetric, Br(2)-Br(1)-Br(3) = 177.6" (Table 3). The 

anion is discrete, although the shortest inter-anion Br ... Br dis- 
tance, 3.713 A, appears to be at the van der Waals limit. 

The cation (Fig. 10) is planar. The mean deviation of the non- 
hydrogen atoms from the best lane through these atoms is 
0.005[2] A in ring R1,0.007[4] 1 in R2,0.004[2] A in R3; and 
0.012[9] A in the cation as a whole. The angles between the best 
planes are R2/R1= 1.2", R3/Rl= 0. lo, R3/R2 = 1.4", cationR1 
= 0.3", cationJR2 = l.OO, and cationIR3 = 0.4". The protonated 
N atom was identified unambiguously as N(10), on clear evi- 
dence from both a difference Fourier map and theendocyclic C- 
N-C angle, which is 115.2(8)" for C(2)-N(1)-C(12) but 
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Fig. 10. Cation atom and ring numbering, and the bifurcated H- 
bond in phenBr3. 

121.9(7)" for C(9)-N(10)-C(l l), consistent with expectation 
(means in phenH+ ions, 1 16.4[31° at the unprotonated and 
123.2[31° at the protonated N atom, cf. ref. 14). The H(N) atom 
is engaged in a bifurcated H-bond, with an inter-ion branch to 
Br(3) and an intra-cation branch to N(l)  (Fig. 10). 

The geometry of the cation (Table D) matches closely that 
of other reported phenH+ cations and is also essentially identi- 
cal with that of the neutral phenO molecule (14): 

Distance, A phenBr3 (phenH+) (pheno) 

N(l) . .N(O) 2.73 l(10) 2.722[9] 2.724[2] 
C(l1) ... C(l2) 1.440(12) 1.431[3] 1.454[6] 
C(13) ... C(14) 2.840(12) 2.846[24] 2.841[1 I . ]  
C(5)--C(6) 1.349(13) 1.339[6] 1.33 1[9] 

The geometry of the intra-cation H-bond resembles the corre- 
sponding mean geometry in the phenH+ cation: H(N)...N( 1 ) = 
2.39 A, N(10)-H(N)-N(l) = 98", (N(10)-H(N) taken as 1.02 
A), compared to the means 2.38131 A and 101.6[21.]" respec- 
tively (14). The H(N) ... Br separation is 2.36 A and the N(10)- 
H(N)-Br(3) and H(N)-Br(3)-Br(2) angles are 151" and 103", 
respectively. 

Discussion 

The structures of all five title triiodides are of the layer type; 
the phenBr3 structure can be described as consisting of paral- 
lel anion channels that contain oblique cation stacks. 

Layer structures are frequently encountered in triiodides. 
The layer occupancy can be mixed, i.e., each layer contains cat- 
ions and anions, or the cations and the anions can be segregated 
in separate layers.I4 Which arrangement will prevail depends 
on the ion-packing type. For 6:6 ion coordination the most com- 
mon is the distorted (sometimes strongly) NaCl type, charac- 
teristic of mixed layers. This type is observed, for example, in 
the isostructural Pnma MI3 (M = T I ,  Rb, Cs, NH,; layers ll(010) 

- - 

In this context anion means the entire anion or its centre atom; 
cation refers to the cation centroid. 

aty = + %refs. 8, 11, 12)andalso in anumberof trihalides with 
heteroatomic anions. However, in 4MI3 and Q13 the alternative 
6:6 anti-NiAs arrangement (Pnnm, layers 11(001), z = 0, $1 is 
observed instead. Segregation of the cations and anions into 
separate layers is characteristic of the CsC1-type packing, e.g., 
in the Et4N13 dimorphs (Ctnca, layers 11(100), x,,, = 2 $, x,, = 
0, Pnma, layers 11(010), y,,, - 0, $ y,, = % i, ref. 15) or in 1- 
Me-hexamethyleneammonium(l+) I3 (P2,1c, layers 11(100),xC,, - 5 0 . 2  1, x,, = 0, & ref. 5). Two of the title triiodides fall in this 
category: in 4MP13 the layers are 11(001), z,,, - f i, z , = 0 , h  
in APD the layers are ll(0 lo), y,,, - 38 2% y,. - 0, f& f ( ~ i ~ .  
5). The monohydrateof K13 (PC, ref. 16) also is of this type: lay- 
ers 11(100), x[K+ + H20] - 0.86, x,, - 0.37. Although the 1:2 
compound Da213 is of a distorted 4:8 fluorite type, all the ions 
are in mixed layers 11(010), at y = f$ 

Ion packing 
The anti-NiAs-type packing found in 4M13 and 413 is rela- 
tively uncommon in organoammonium compounds. In 
(Et,N)[MX,] (M = Ga, Fe, In, T1; X = H ~ I ) ' ~  it is undistorted 
hexagonal (P63mc), as in the aristotype. However, in 
(Et4N)[Ga13Cl] (I and C1 disordered) and (Et,N)[Fel:,](lI), 
which have the same Pnnm space-group symmetry as 4MI3 
and QI3, the cation and anion positions are reversed, i.e., the 
packing is of the NiAs type. In these two structures a d c o  = 
1.80 and 1.79, respectively; r = 1.255 and 1.254, respectively 
(cf. above). The volumes V, per formula unit of the 6:6 
(Et,N)[FeI,](II) and its NaCI-type (Et,N)[FeI,](I) isomorphs 
are closely similar, 452 as against 458 A3. 

In the simplest cases of the CsC1-type structures an 13-anion 
of one type only would be sufficient to generate the [cat][an], 
coordination cuboid. This is seen in, for example, [K(H20)]13 
(cf. above) and also in the two tetragonal(~T2,m) heteroatom 
trihalides (PC l,)[IC I,] (I 8) and (Me,N)[IC I,] ( 19). As the 
size of the cation and its complexity increase or its shape var- 
ies, 13- anions of a single type may not be able to coordinate 
the cation in a manner that would result in a 3-dimensional 8:8 
crystal. Two or more types of anion may then be required to 
accomplish this. Thus in each of the Cmca and Pnma dimor- 
phs of Et,NI, (15) two types of I,- generate the coordinatiori 
cuboid, while in the tetragonal4MPI3 three and in the unusual 
case of API3 as many as seven types of I< anions are required. 
The projections of the 4MPI3 and AP13 structures in Figs. 3 
and 6 show that, in spite of the increase in the number of non- 
equivalent anions, the 8:8 coordination geometry is closely 
satisfied: the edges and vertices of the cuboid cells defined by 
the projected anions are immediately recognized. It thus 
appears that the increase in the number of anion types and the 
adjustment of the space-group symmetry provide the compro- 
mise required to achieve and maintain the essentially spatially 
homogeneous CsC1-type packing in triiodide structures that 
qualify, by their (unspecified) cationlanion size ratio, for 8:8 
coordination. The API3 structure thus represents an extreme 
variety of a frustrated CsC1-type packing. 

Alternative descriptions 
It should be noted that some of the reported triiodide structures 
can alternatively be described as, for example, channel struc- 
tures. Thus the triclinic (n-Bu,N)13 (20) has been described as 
- 

L5 For these and related structures see ref. 17. 
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consisting of cation channels Ilc with the 13- ions approximately 
in the channel axes and with the interleaved, fully extended cat- 
ions in planes approximately ll(001). This is a natural descrip- 
tion of this structure and one that suited the authors' purposes. 
However, the structure can as well be described as a layer struc- 
ture consisting of separate cation and anion layers ll(010) b,,, - +L. -,, y,, - 0, 4) or as a distorted CsC1-type structure. Simi- 
larly, the 4MPI3 structure can be described as one consisting of 
channels Ilc (Fig. 3), the AP13 structure as one with channels Ilb, 
and Da213 as one with channels Ilb. 

Hydrogen bonding 
The distance from the placed H(N) atom to I(12) in Da213,2.78 
A, is significantly shorter than the corresponding distance in 
QI3, 2.92 A (Fig. 2). The H(N) ... I(12) distance will be even 
shorter, and the N-H(N)-I(12) angle larger, if account is taken 
of the (undetermined) lengthening of the N-H(N) bond and of 
the displacement of the H(N) atom toward I(12), both expected 
consequence of H-bond formation.I2 similar short H(N) ... I dis- 
tances (with located hydrogens) have been reported in 1-Me- 
cytosinium (MCI3, ref. 9) and ammonium (8) triiodides. Sche- 
matic comparison of the three structures leaves no doubt that the 
asymmetry of the anion, in particular the lengthening of the 
proximal 1-1 bond, is associated with the presence of the short 
H(N) ... I bond (atom numbering as in original): 

MCD 

(MCI3, d, a: 2.67 A, 152"; 2.66 A, 149". NH413, d, a: 2.81(4) 
A, 158(4)"; 2.82(3) A, 167(3)"; 2.87(2) A, 168(2)", 2x). 
Unlike in Da213, where there is only one H(N)-donor, in MC13 
the 1(1) atom is the recipient of two H-bonds from one cation, 
and in NH413 1(1) is the recipient of four H-bonds from four 
cations. These examples illustrate extremes of deformability 
of the 13- anion under the influence of crystal environment, and 
of the particular efficacy of short H-bonds in this regard. The 
fact that the lengthening of the 1-1 bond is more substantial in 
Da213 than in the other two structures, despite the presence of 
multiple H-bond donors in the latter, is probably attributable to 
the double charge on the cation. 

A short N-H(N) ... I bond would be expected (cf. under 
Da213 above) to produce, apart from the lengthening of the I- 
I bond in the associated anion, a reduction in the shortest inter- 
anion I...I distances at the other end of the anion. The 
I(11) ... I(22B) distance in Da213 and the 1(3) ... I(1') distance in 
MCI3, both to terminal atoms of anions in the planar zigzag 
anion chains (Fig. 8; cf. Fig. 3 of ref. 9), are indeed quite short 
and suggestive of weak I...I bonding interactions; in NH413 the 
corresponding 1(3) ... I(2') distance is -0.2 A longer than in 
Da213 and to the centre atom of an anion in the planar herring- 
bone anion pattern (Fig. 1 of ref. 8). The large asymmetry of 

Fig. 11. Thick line, filled circles: variation of the shortest inter- 
anion distance I(3) ... I(2') in the isostructural MI, (M = TI, Rb, Cs, 
NH,; Pnma; Cs, LT, 11 3 K; Cs, RT, room temperature) with vU3 (see 
text). Broken lines, open circles: variation of the longer 1-1 bond 
length in the Is- anion with 1(3) ... I(2') and v'I3. 

the H-bonded anion and the shortness of the I(11) ... I(22B) dis- 
tance in Da213 strongly suggest that both are the effects of the 
H-bonding in this structure, and similarly in MCI3, i.e., H- 
bonding is an active participant significantly co-responsible 
for the overall structural features of Da213 and MCI3. This 
does not appear to be the case in NH413. This triiodide is iso- 
structural with T113, Rb13, and GI3 .  When the 1(3) ... I(2') dis- 
tances in these four compounds (8, 11, 12, 21) are plotted 
against v1I3 (V= unit-cell volume; Fig. 1 l) ,  the four points fall 
on a straight line (? = 0.990), i.e., the 1(3) ... I(2') distance in 
NH413 is consistent with those in the other compounds and 
depends on the gross variable V. However, while the I(1)- 
1(2) bond lengths in the other triiodides vary linearly with v"~, 
that in NH413 is a striking misfit. The short H-bonds to NH413 
thus affect the anion asymmetry but their effect does not 
appear to extend beyond the other end of the anion and the 
1(3) ... I(2') distance is not shortened by the agency of the H- 
bond. The difference in the atom charges on the centre and ter- 
minal atoms of the 13- anions is of course also a factor.I6 

In contrast to the above structures the H-bonding in Q13 
does not produce asymmetry in anion a2, with its centre atom 
I(20) at an inversion centre: the Uii[I(20)], if anything, are 
somewhat smaller than those of the other I atoms in the Q3 
structure (Table C). Then again, the H-bonds to the two termi- 
nal atoms of a2 are longer than the H-bonds in the above struc- 

- -- 

l 6  The existence of a relationship between the lengthening of the 
proximal 1-1 bond and the shortening of the distal inter-anion I...I 
distance in H-bonded triiodides is beyng investigated, as is the 
variation of the H(X)-1-1 angle in X-H(X) ... 1-1-1 groupings, both in 
literature structures and in a number of newly determined 
structures (to be reported shortly). 
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tures and, by virtue of the crystallographic centrosymmetry of 
a2, (statistically) balanced about the inversion centre. More- 
over, as crystallographically centros mmetric 13- anions go, i the 1-1 bond length in a2, 2.910(2) , and the total length of 
the anion, 5.820(2) A, are at the low end of the range for such 
anions (cf. Table 2 of ref. 8). 

Conclusions 
The five title triiodides have structures of the layer type. The 
ion packing in 4MI3 and Q13 is of an orthorhombically dis- 
torted 6:6 anti-NiAs type; in 4MP13 and API3 it is of the CsCl 
type; and in the 1 :2 compound Da213 it is of a monoclinically 
distorted fluorite type, with the cations and anions in mixed 
layers. In the phenBr3 structure, obliquely stacked cations are 
accommodated inside parallel anion channels. The following 
features of the structures merit emphasis: 

1. The asymmetry of one of the two 13- anions in Da213 
appears to be the lar est on record: I(11)-I(1O) = 2.797 A, 
I(10)-I(12) = 3.167 1 , I(l1)-I(10)-I(12) = 172.5". This asym- 
metry is associated with the short N-H(N) ... I(12) bond 
(N ... I(12) = 3.524 A, H(N) ... I(12) = 2.78 A) and demonstrates 
clearly the extent to which H-bonding is able to distort the 13- 
anion in a crystal. The charge displacement the distortion pro- 
duces in the anion has further repercussions in the structure, in 
that it shortens the inter-anion I...I distance at the non-H- 
bonded end of the anions and leads indirectly to formation of 
planar zigzag anion chains in the crystal. 

2. The crystal structures of 4MPI3 and API3 are unexpect- 
edly complex. 4MPI3, which is not isostructural with 4M13, 
contains cations of two and anions of three types; API3, with 
its very large unit cell for its chemical simplicity, contains cat- 
ions of six and anions of seven types. The complexity of these 
structures appears to be the result of a compromise between a 
tendency to maintain an 8:8 coordination and an unfavourable 
cationJanion ratio, which in these two cases possibly is at the 
boundaries separating different packing regimes:17 

-- - - - - 

Compound v,, A3 TY pe catlan 

T ~ I ,  (1 1) 160 [NaCI] 111 
NH413 (8) 172 [NaCl] 111 
Rb13 (1 1) 176 [NaCl] 111 
cs1,(12,21) 190 [NaCII 111 
2MI3 232 NaCl 111 
4MI3 295 anti-NiAs 112 
4MPI3 3 14 CsCl 213 
Q13 318 anti-NiAs 112 
T~I ,  34 1 anti-NiAs 111 
MHMTI3 (5) 354 CsCl 1 I2 
Et4N13(I) (15) 380 CsCl 1 I2 
E t 4 N 3 (  (15) 383 CsCl 1 I2 
AP13 389 CsCl 617 
MeEt2PhN13 (22) 4 10 CsCl 1 I2 

I' Vlr volume per formula unit; cattan, number of nonequivalent 
cations to number of nonequivalent anions. 2MI3 = Me,NH,13, 
TrI, = tropanium I3 (K.N. Robertson, T.S. Cameron, and 0. 
Knop, to be published). MHMTI3 = 1-Me-hexamethylene- 
tetrammonium(l+) I,, I-1Me- l,3,5,7-tetraazaadamantan- 1-ium I,. 
Brackets indicate strong departure from aristotype. 

Unfortunately, because of present paucity of structural infor- 
mation on triiodides of compact, quasi-spherical cations with 
V, > 400 A3 it is not clear what general packing arrangements 
to expect beyond API3. Below Tl13 hydrated species appear 
to prevail, e.g., K13.H20 (16) and the structurally unexplored 
hydrates of LiI, and NaI,. 

Experimental 

The title compounds were prepared by combining a solution 
of the appropriate halide in a suitable solvent (mostly MeOH) 
with a stoichiometric amount of an MeOH solution of iodine 
or bromine, and allowing the resulting solution to crystallize 
by controlled evaporation at room temperature. Deviations 
from this procedure are noted under the individual compounds 
below. The trihalides were recrystallized if required. How- 
ever, controlling the size and quality of the crystals was not 
without problems, as large crystals had to be sectioned, not 
always with entirely gratifying results. 

Diffraction intensities were measured at 20(2)"C using a 
Rigaku AFCSR system with either a sealed 2.4 kW Mo-anode 
tube (4MI3, QI3, API3, Da213, phenBr3) or a rotating-anode 
tube (4MPI3) (graphite monochromator, h(Mo Ka)  = 0.7 1069 
A). All intensities were corrected for Lorentz, polarization, 
absorption (+-scans), and secondary extinction as well as for 
time-decay effects where appropriate. The anisotro ic temper- 
ature factor is defined as exp[-27i'(U,,h2a*' + . + 
2U2,klb*c* + ...)I. The structures were solved by direct meth- 
ods (23) and refined using the TEXSAN-TEXRAY crystallo- 
graphic software package (24) except for 4MI3 and API3, 
where the SHELXL-93 system (25) was used, for 4M13 to model 
the disorder and for AP13 because of the complexity of the 
structure. The function minimized was xw(lFoI -  IF,^)^, with. 
unit weights except for 4MI3 and API3. Since the H atoms 
were placed geometrically (C-H, 1.08 A, N-H, 1.02 A) and 
not refined (Uiso(H) = 1.2Ue,(C, N) of the attached atom), no 
esd's are quoted on distances and angles involving H atoms. 
The residual electron-density maxima were all close to the 
halogen atom. Tables of structure factors are available from 
the authors. 

4MI3 
Straightforward refinement in Pnnm (I(10) in 2(d), I(20) in 
2(b),,I(11) and I(21) in 4(g), all other atoms in 8(h)) gave an 
acceptable structure but some of the Uii of C(l )  and C(3) were 
unreasonably high. Examination of the thermal ellipsoids of 
the cation atoms revealed that the cation undergoes large- 
amplitude librational motion essentially about its N-C(2) axis. 
Splitting the undifferentiated C(1) and C(3) positions (SHELXL- 
93, w-' = a 2 ~ 2  + ( 0 . 0 5 0 6 ~ ) ~  + 5.35p, p = [(F:),,, + 2Fc2]/3) 
significantly reduced the contentious Uii values, although they 
still remained high (Table C). This twofold splitting is proba- 
bly too simple to account for the observed Uii values. Since no 
additional clues were available, no further attempts were made 
to improve the agreement.'' 

Q13 
As stated above, this structure can be correctly refined in 

l 8  The existence of diffuse scattering in 4MI3 (as well as in 
(Me4N)IC12 and (Et4N)13(o) attributed to orientational disorder 
of the anion in the unit cell has been reported in ref. 26. 
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Pnnm but with the cation in twofold orientational disorder 
across the mirror plane. A fully ordered structure would 
require refinement in an orthorhombic subgroup of Pnnm. Of 
the three possible subgroups of index 2, P2,2,2, Pnn2, and 

(in two settings, P r ~ 2 ~ m  and P21nm), the last-named is 
not applicable because it does not remove the mirror plane 
perpendicular to the cation C-N axis. However, the difference 
between refining the disordered structure in Pnnm and the 
fully ordered structure in a noncentrosymmetric subgroup 
rests on the difference of the scattering powers of an averaged 
&C + N) atom and a C or N atom, i.e., only 0.23% of F(000), 
in a unit cell the scatterin power in which is dominated by B .  the iodine atoms at z = 0, Laclung confidence in the sound- 
ness of a subgroup refinement in these circumstances, we 
present the disordered structure as the one supportable by the 
data set. 

TLS analysis of the anisotropic thermal parameters in the 
disordered structure showed that the Uij values of the nonhy- 
drogen cation atoms cannot be accounted for satisfactorily on 
a rigid-body-motion model: R(Uij) = 13.9%, R (Uij) = 14.0%, 

!!' rms(U..) = 0.007 1 A2, rms[esd(Uij)] = 0.0062 A . However, the 
Y 

analysls indicated a mean amplitude of libration about a prin- 
cipal axis Ilc of -6". 

AP13 
Because of the large number of nonequivalent cation atoms 
(60 C, 6 N, 108 H) in the presence of 19 nonequivalent iodine 
atoms in the unit cell, the N and C atoms were refined only iso- 
tropically, with constraint on the C-C and C-N bond 
lengths, using SHELXL-93. TO judge by the large Uii values of 
some of the I atoms (Table C), the structure at room tempera- 
ture is quite mobile.lg 

Da213 
The small black crystals that were deposited within a few 
hours on mixing stoichiometric amounts of Dabco iodide and 
iodine solutions in MeOH were not of a quality suitable for 
single-crystal X-ray diffraction. A sample of the crystals was 
therefore sealed in contact with dry MeCN, placed in a temper- 
ature-cycling recrystallization apparatus, and the temperature 
was cycled between 26 and 40°C (cycle time of about an hour) 
for 3 months. During this period a number of chunky crystals 
had grown on the sides of the container; these were of a size 
and quality suitable for data collection. 

The thermal motion of the cation is consistent with the rigid- 
body-motion model: TLS analysis of the anisotropic thermal 
parameters of the C and N atoms gave an rms(Uij) of 0.0029 A' 
compared to rms[esd(UJ] = 0.0042 A2. The mean amplitudes 
about the principal axes of libration L were 2.8" about L, (= 
line of intersection of the mirror plane halving the cation with 
the N-C(1)-C(1')-N' plane), 3.9" about L2 (through the cation 
centroid and perpendicular to L,), and 6.3" about L,llb (= the 
N-N' axis). The geometry of these librational motions is con- 
sistent with the cation orientation relative to the I(12) atom, to 
which the cation is H-bonded (Fig. 8A). The mean components 

l9  As pointed out by a referee, the axes of the P2,lc cell (Table 1) can 
be transformed by (1,0,0/- 1,0,-2/0,1,0) to yield a C-centred 
pseudo-orthorhombic cell, a = 15.131, b = 43.330, c = 28.453 A, 
90". 90°, 89.2". Examination of the diffraction intensities, 
however, leads to a clear rejection of a C-centred cell, i.e., there is 
no significance to the transformation. 

of the translational motion along the crystallographic axes 
were -0.17, -0.17, and -0.14 A, respectively. 

phenBr3 
TLS analysis of U,(C, N) gave R(Uij) = 10.2%, R,(Uij) = 
10.7%, rms(UV) = 0.034 A' compared to rms[esd(Uij)] = 
0.0047 A2, with the maximum mean amplitude about a princi- 
pal libration axis of 4.4". Librational corrections to bond 
lengths calculated on theo rigid-body-motion model were 
between 0.002 and 0.006 A, with a mean of 0.0043 A. The 
largest differences between the calculated and observed Uii 
values were for C(7) and C(8). They are probably attributable 
to the close proximity of H(7) and H(8) to the nearest Br(2) 
and Br(3) atoms: H(8) ... Br(3D) = 2.92 A, H(7) ... Br(2) = 2.95 
A, H(7) ... Br(3B) = 3.04 A, all below or at the limit of the sum 
of Pauling's van der Waals radii, -3.15 A. 
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Nl 0-(2'-Mercaptoethanoyl)-2y2y5y5= 
tetramethyl-3y4-diathia-'7yl O-diaza- 
bicyclo[5.3.0]decane and its reaction with 
oxotrichlorobis(triphenylphosphine)- 
rhenium(V) 

H. Alarabi, R.A. Bell, H.E. Howard-Lock, J. Kowanetz, and C.J.L. Lock 

Abstract: The ligand molecule N10-(2'-mercaptoethanoyl)-2,2,5,5-tetramethyl-3,4-dithia-7,10-diazabicyclo[5.3.0]decane has 
been prepared and characterized by 'H and 13c NMR spectroscopy and by mass spectrometry. The protected analogue, N10-[(Y- 
triphenylmethylthio)ethanoyl]2,2,5,5-tetramethyl-3,4-dithia-7,10-diazabicyclo[5.3.0]decane dimethanol hemihydrate, was 
examined by the same techniques and also by X-ray crystallography. Crystals were triclinic, P-1, a = 11.125(2), b = 11.986(2), 
c = 13.562(3) A, a = 103.54(3)', P = 90.29(3)', y = 107.1 1(3)', and Z = 2. The crystal was unstable in air at room temperature, 
SO measurements were made on a crystal sealed in a tube that contained methanol vapour. Intensities were measured with a 
Rigaku AFC6R diffractometer and monochromated CuKa radiation (A = 1.54178 A). The structure was solved by direct 
methods and refined to R = 0.1497, wR = 0.0655 based on 5000 independent reflections. The high residuals were caused by 
solvent disorder. Bond lengths and angles were normal. The reaction of the ligand with oxotrichlorobis(triphenylphosphine) 
rhenium(V) yielded an unexpected asymmetric complex, oxo( I, 1 -dimethyl- l,8-dimercapto-3,6-diazaoctan-7-onato- 
N~,N~,s',s') rhenium(V). Crystals were monoclinic, P2,/n, a = 10.633(2), b = 11.221(2), c = 11.678(1) A, P = 1 16.10(1)', Z=  4. 
Intensities were measured with a Siemens P4 diffractometer and monochromated MoKu radiation (A = 0.7 1073 A). The structure 
was solved by the heavy atom method and refined to R = 0.0471, wR = 0.0340 based on 2866 unique reflections. Most bond 
lengths and angles were normal. The R e E O  distance of 1.68 l(5) A was longer than normal. It is postulated that this was caused 
by'competitive -n bonding between the deprotonated amidic nitrogen atom and the rhenium atom, as shown by the short Re-N 
distance (1.997(6) A) compared to the equivalent distance for the amine nitrogen atom (Re-N, 2.15 l(4) A). 

Key words: N,S, ligands, rhenium, crystal structure. 

R&surnC : On a prCparC la molCcule du coordinat N10-(~-mercaptoCthanoyl)-2,2,5,5-(tttramithyl-3,4-dithia-7,10-dix~a- 
bicyclo[5.3.0]dCcane et on 1'a caracttriske par spectroscopic RMN du 'H et I3c ainsi que par spectromCtrie de masse. On a CtudiC 
l'analogue prottgC, I'hemihydrate du NI0-[(2'-triphtnylmCthylthio)Cthanoyl]-2,2,5,5-tCtramCthyl-3,4-diathia-7,10-diaza- 
bicyclo[5.3.0]dCcane dimithanol, par les memes techniques ainsi que par cristallographie aux rayons X. Les cristaux sont 
tricliniques, P-I,  a = 11,125(2), b = 11,986(2) et c = 13,562(3) A, a = 103,54(3)", P = 90,29(3)' et y = 107,l l(3)' et Z =  2. Les 
cristaux sont instables i l'air i la tempkrature ambiante; les mesures ont donc d13 &tre faites sur un cristal scellC dans un tube 
contenant des vapeurs de mCthano1. Les intensitts ont CtC mesurkes sur un diffractomktre Rigaku AFC6R B l'aide d'un 
rayonnement monochromatique CuKa (A = 1,54178 A). On a rCsolu la structure par des mCthodes directes et on l'a affinie 
jusqu'8 des valeurs de R = 0,1497 et R,, = 0,0655 sur la base de 5000 rCflexions indkpendantes. Les hautes valeurs des rCsidus 
sont causCes par un dCsordre du solvant. Les longueurs et les angles de liaison sont normaux. La rtaction du coordinat avec 
l'oxotrichlorobis(triph~nylphosphine)rhCnium(V) conduit B la formation d'un complexe asymCtrique inattendu, l'oxo(1,l- 
dimCthyl- l,8-dimercapto-3,6-diazaoctan-7-onato-~3,,~',~')rh~nium(~). Les cristaux sont monocliniques, P2,lr1, a = 
10,633(2), b = 11,221(2) et c = 11,678(1) A, P = 116,10(1)0 et Z = 4. Les intensitCs ont CtC mesuries avec un diffractomktre 
Siemens P4 en utilisant un rayonnement monochromatique MoKu (A = 0,71073 A). La structure a CtC risolue par la mCthode aux 
atomes lourds et affinCe jusqu'i des valeurs de R = 0,0471 et R,, = 0,0340 pour 2866 rkflexions uniques. La plupart des longueurs 
et des angles de liaisons sont normaux. La distance R=O i 1,68 l(5) A est plus longue que la normale. On suggkre que ceci 
est causC par une liaison -n compCtitive entre l'atome d'azote amidique dCprotonC et I'atome de rhCnium, tel que montrC par 
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Alarabi et al. 

la courte distance Re-N (1,997(6) A) par comparaison avec la distance Cquivalente pour l'atome d'azote de l'amine 
(Re-N, 2.15 l(4) A). 
Mots clPs : coordinat N2S2, rhenium, structure cristalline. 

[Traduit par la redaction] 

Scheme 1. The reduction of 3,3,lO,lO-tetramethyl- l,2-dithia-5,s-diazacyclodeca- 
4,s-diene. 

A E t O H  * ++, * 
S-S S-S S-S 

2 1 4 3 2 1 

Introduction 300.13, or 500.14 MHz in 8 scans in 16K data points. The free 

In a previous paper we reported that an attempt to prepare the 
ligand, N-(2'-mercaptoethyl)-N,N'-bis(2-methyl-2-mercapto- 
propyl)ethylenediamine), 1, gave instead 2,2,5,5,-tetramethyl- 
3,4,13-trithia-7,1O-diazabicyclo[8.3.O]-tridecane,2(1).This was 
because, as Joshuaet al. (2) had shown, the major product of the 
reduction of 3,3,10,10-tetramethyl- l,2-dithia-5,s-diazacyclo- 
deca-4,8-diene, 3, was 2,2,5,5-tetramethyl-3,4-dithia-7,lO-dia- 
zabicyclo[5.3.0]decane, 4, rather than 3,3,10,10-tetramethyl- 
1,2-dithia-5,8-diazacyclodecane, 5, as had been reported pre- 
viously (3) (Scheme 1). The reaction of 4 with ethylene sulphide 
was extremely slow and led to the formation of 2. This prevented 
the added 2-mercaptoethyl group from binding to the metal. 

This paper describes further investigation of the addition of 
a 2-mercaptoethanoyl group to 4. The interaction of the result- 
ant ligand with a rhenium complex was studied subsequently. 

Experiments 

All commercially available chemicals were purchased and 
used without any further purification. Bulk organic solvents 
were obtained from Caledon Laboratories, Georgetown, Ont., 
specialist organic chemicals from Aldrich Chemical Co., Mil- 
waukee, Wis., inorganic acids and solid chemicals from Fisher 
Scientific, Nepean, Ont. or BDH Chemicals, Toronto, Ont., 
and CDC1, from Cambridge Isotope Laboratories, Andover, 
Mass. Infrared spectra were recorded on Perkin Elmer 283 or 
Bio Rad FTS-40 spectrometers. Samples were ground with 
KBr ( 1 4 %  wlw) and pressed into pellets. Spectra were cali- 
brated with a polystyrene standard. Raman spectra were 
recorded on a Jobin Yvon Mole S-3000 1 m spectrometer. It 
was equipped with 1800 grooves/mm holographic gratings, 
and Lexel 3500 krypton (A = 647.1 nm) and Stabilite 2106 
argon (A = 5 14.5 nm) lasers were used to generate the exciting 
lines. The spectrometer was equipped with a I-in. CCD detec- 
tor. 'H and I3c NMR spectra were obtained on Bruker AC- 
200, AC-300, and AM-500 Fourier spectrometers equipped 
with 5 mm dual frequency ' H - ~ ~ c  probes. Samples were dis- 
solved in appropriate deuterated solvents and sealed in 507-PP 
thin-wall 5 mm NMR tubes. Tetramethylsilane was used as an 
internal standard. Instruments were deuterium-locked to the 
deuterated solvent. The 'H spectra were acquired at 200.13, 

induction decays were processed with exponential multiplica- 
tion (line broadening 0.3 Hz) and were zero-filled to 32K 
before Fourier transformation. The I3c spectra were acquired 
at 50.324 MHz (AC-200) or 125.76 MHz (AM-500). Sweep 
widths were 2500.00 Hz for 'H and 12 195.122 Hz for 13c. 
Chemical ionization (CI) and electron impact (EI) mass spec- 
tra were recorded on a VG Analytical ZAB-E double focus- 
sing mass spectrometer. Low-resolution spectra were 
recorded for routine sample analysis. Typical experimental 
conditions were as follows: resolution = 1000, electron energy 
= 70 eV, source temperature 200°C, source pressure = 2 x 

mbar for EI and 4 x 1 o - ~  mbar for CI (1 bar = 100 kPa). 
Analytical thin-layer chromatography (TLC) was performed 
on DC-Alufolien Kieselgel 60F,,, silica-coated aluminium 
sheets with a stationary phase layer thickness of 0.2 mm. 
Compounds were developed with iodine vapour. Preparative 
chromatographic separations were carried out with the use of 
columns (2 cm x 50 cm) packed with chromatographic silica 
gel (100-200 mesh). 

2-(Triphenylmethy1thio)ethanoic acid, 6 
This compound was synthesized according to the published 
procedure (4). Glacial acetic acid (20.0 mL), mercaptoetha- 
noic acid (2.09 g, 1.6 mL, 22.7 mmol), and triphenylmethanol 
(6.00,g, 23.0 mmol) were mixed and kept warm at 70°C until 
the reactants dissolved (= 5 min). Boron trifluoride etherate 
(5.0 mL) was added and the heat source was removed. The 
resulting yellow solution was stirred magnetically at room 
temperature until a white precipitate had formed (-- 45 min). 
The reaction mixture was poured into 50.0 mL of ice-cold dis- 
tilled water, and deposited a white solid that was removed by 
filtration and washed thoroughly with water. The product was 
then recrystallized from toluene; yield: 5.38 g (16.1 mmol, 
71 %); mp 159-161°C (lit. (4) mp 158.5-160.0°C); TLC; Rf = 
0.33 (CH,Cl,-CH,OH, 9:l); IR (KBr pellet), v,,, cm-' (rela- 
tive intensity): 3000 br (62, vOH), 1709 (82, vr-+), 1595 (32), 
1487 (54), 1445 (51), 1410 (43), 1385 (33), 1292 (67), 1227 
(21), 1180 (21), 1152 (48), 1082 (30), 1030 (32), 995 (18), 905 
br (34), 843 (20), 768 (44), 745 (99 ,709  (74), 699 (loo), 625 
(19), 618 (50); 'H NMR (CDCI,), 6: 2.95 (s, 2H, S-CH,), 7.30 
(m, 15H, aryl), 10.20 (s, IH, C0,H); I3c NMR (CDCl,), 6: 
34.68 (S-CH,), 67.46 (C-Ph,), 126.9 (para aryl), 128.10 (meta 
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aryl), 129.42 (ortho aryl), 144.1 1 (ipso aryl), 175.79 (C0,H); 
MS (DEI), m/z (relative intensity): 243 (100, CPh,+), 215 (9), 
165 (88, CPh,' - C6H6'), 115 (7); MS (DCI): 352 (4, M' + 
NH4+), 243 (100, CPh:), 165 (6, CPh,+ - C,H,')., 

N10-[(2-Triphenylmethylthio)ethanoyl]-2,2,5,5- 
tetramethyl-3,4-dithia-7,10-diazabicyclo[5.3.0]-decane 
dimethanol hemihydrate, 7 

Two methods were used in the synthesis of 7. Method A 
involved the use of N,N'-carbonyldiimidazole (CDIM) (5, 6) 
and method B involved the use of 1,3-dicyclohexylcarbodiim- 
ide (DCC). 

Method A 
Compound 6 (3.60 g, 10.8 mmol) was dissolved in tetrahydro- 
furan (THF) (15.0 mL). To this solution, N,Nf-carbonyldiimi- 
dazole (1.77 g, 10.9 mmol) was added and the mixture was 
stirred for 3 h under a nitrogen atmosphere at room tempera- 
ture. Compound 3 (2.50 g, 10.8 mmol) was then added to the 
solution and the mixture was stirred under nitrogen for another 
24 h. The THF was evaporated under reduced pressure and the 
residue was partitioned between methylene chloride (25.0 mL) 
and 0.1 M HCl solution (25.0 mL). The aqueous layer was 
washed with methylene chloride (3 x 15.0 mL). The methyl- 
ene chloride portions were combined, and washed succes- 
sively with 0.1 M HCl solution (15.0 mL), 5% sodium 
bicarbonate solution (15.0 mL), and water (3 x 15.0 mL). The 
methylene chloride solution was dried over anhydrous sodium 
sulphate and the solvent removed by evaporation under 
reduced pressure. This resulted in the isolation of a colourless 
oil, which solidified to give a colourless solid, 7, upon addition 
of methanol (10.0 mL). The solid was collected by vacuum fil- 
tration and washed with methanol (3 x 10.0 mL). Yield = 4.16 
g (7.6 mmol, 70%). 

Method B 
Compound 6 (4.00 g, 12.0 mmol) was dissolved in methylene 
chloride (25.0 mL) and 1,3-dicyclohexylcarbodiimide (DCC) 
(2.52 g, 12.2 mmol) was added to the resulting solution. The 
mixture was stirred at room temperature for 1 h under a nitro- 
gen atmosphere. Compound 4 (2.79 g, 12.0 mmol) was added, 
and the mixture was stirred for another 18 h. The colourless 
precipitate that formed, dicyclohexylurea (DCU), was 
removed by filtration and washed with methylene chloride (2 
x 20.0 mL). The filtrate was extracted with 0.5 M HCl solution 
(20.0 mL), 5% sodium bicarbonate solution (20.0 mL), and 
water (3 x 20.0 mL). Additional precipitate that formed in the 
methylene chloride layer, DCU, was removed by filtration. 

Tables of anisotropic displacement coefficients, bond lengths and 
angles for the phenyl groups in 7, hydrogen atom coordinates and 
isotropic displacement coefficients, vibrational spectral data, and 
figures showing the cellular packing have been deposited and can 
be purchased from: The Depository of Unpublished Data, 
Document Delivery, CISTI, National Research Council Canada, 
Ottawa, Canada KIA 0S2. The tables of bond lengths and angles, 
hydrogen atom coordinates, and figures showing the cellular 
packing have also been deposited with the Cambridge 
Crystallographic Data Centre, and can be obtained on request 
from The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 IEZ, U.K. 

The solution was dried with anhydrous sodium sulphate and 
the methylene chloride was removed by evaporation under 
reduced pressure. Methanol (10.0 mL) was added to the 
remaining oil. This resulted in the formation of a colourless 
precipitate, 7, that was collected by filtration and washed with 
methanol (3 x 10.0 mL). Yield = 4.93 g (9.0 mmol, 75%). 

Compound 7 showed the following: mp 166-168°C; TLC, 
Rf = 0.68 (chloroform); IR (KBr): 1661 cm-', vo; 'H NMR 
(CDCI,), 6: 1.22 (s, 6H, 2 x CH,), 1.24 (s, 3H, CH,), 1.27 (s, 
3H, CH,), 2.51 (d, J =  14.7 Hz, IH), 2.67 (m, IH), 2.90(d,J= 
2.4 Hz, 2H), 2.97-3.32 (complex multi let, 4H), 4.65 (s, lH), 
7.27 (m, 9H, aryl), 7.44 (m, 6H, aryl); ',C NMR (CDCI,), 16 
signals were observed: 6 20.03 (CH,), 25.00 (CH,), 26.72 
(CH,), 28.14 (CH,), 36.50 (SCH,), 47.92 (CH,N), 53.74 (2 x 
C(CH,),), 54.75 (CH,N), 66.05 (CH,C(CH,),), 67.21 (CPh,), 
86.23 (CHN), 126.90 (para aryl), 128.06 (metn aryl), 129.42 
(ortho aryl), 143.91 (ipso aryl), 167.70 (-0); MS (DCI) 
m/z  (relative intensity): 549 (1, M'+ + l), 307 (47, M'+ - 
C(Ph),' + 2H), 275 (9, M'+ - SC(Ph), + 2H), 243 (100, 
C(Ph),+), 231 (14, M'+ - COCH2SC(Ph),), 199 (10, 231 - 
S), 157 (14, 231 - SC(CH,),), 125(10, 231 - SSC(CH,),); 
MS (DEI): 549 (1, M'+ + l), 474 (12, M'+ - SC(CH,),), 243 
(78, C(Ph),+), 231 (100, M'+ - C.0CH2SC(Ph),), 165 (19, 
C(Ph),+ - C6H6'). 

N10-(2-Mercaptoethanoyl)-2,2,5,5-tetramethyl-3,4-dithia- 
7,lO-diazabicyclo[5.3.0]decane, 8 

The use of trifluoroacetic acid for the removal of trityl groups 
was reported by Brenner et al. (7). The trityl-protected com- 
pound 7 (1.00 g, 1.8 mmol) was dissolved in 5.0 mL of triflu- 
oroacetic acid. Triethylsilane (0.31 mL, 2.0 mmol) was added 
to the orange solution. The solution turned colourless and a 
colourless precipitate formed immediately. The mixture was 
transferred into a separatory funnel and partitioned between 
hexanes (10 mL) and water (10 mL). The aqueous phase was 
filtered through Celite, washed with hexanes (3 x 10 mL), and 
the water was removed under reduced pressure. The product, 
8, was recovered from the aqueous phase as a colourless oil. 
Yield: 0.28 g (0.91 mmol, 51%); 'H NMR (CDCl,), 6: 1.24 (s, 
6H, 2 x CH,), 1.28 (s, 3H, CH,), 1.35 (s, 3H, CH,), 2.07 (t, lH, 
exchangeable SH), 2.58 (d, J = 15.1, 1 H), 3.00 (m, IH), 3.3 1 
(m, 5H), 3.69 (m, lH), 4.72 (s, 1H); MS (DEI), m/z (relative 
intensity): 307 (15, M'+ + l ) ,  232 (100, M'+ - COCH,SH), 
217 (4, M'+ - HSCH2C.0.N), 199 (42, 231 - S), 157 (63, 
231 - SC(CH3),), 125 (14, 231 - SSC(CH,),), 83 (6, 
C,H,N,+); MS (DCI): 307 (100, M'+ + l), 275 (6, M'+ + 1 - 
S), 233 (25, M'+ + 1 - COCH,SH), 199 (6, 231 - S), 157 (7, 
23 1 - SC(CH,),). 

Oxo(l,l-dimethyl-l,8-dimercapto-3,6-diazaoctan-7- 
o n a t o - ~ ~ @ , ~ ' , ~ ~ ) r h e n i u m ( ~ ) ,  9 

ReO(P(Ph),),Cl, (150.0 mg, 0.18 mmol) (8) was dissolved in 
chloroform (100 mL) to give a light green solution. Upon 
addition of 8 (80 mg, 0.26 mmol), the solution turned dark red. 
Triethylamine (0.5 mL) was added to the mixture and the solu- 
tion was stirred for 24 h. The chloroform was removed under 
reduced pressure. The remaining residue was washed with 
diethyl ether (3 x 15 mL), dried, redissolved in chloroform 
(3.0 mL), and passed through a chromatography silica gel col- 
umn. Elution with a chloroform-methanol mixture (80:20) led 
to the isolation of the product 9. Yield: 27 mg (0.064 mmol, 
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Alarabi et al. 

Table 1. Structure determination summary for 7 and 9. 

Crystal data 
Formula 

Colour; habit 
Crystal size (mm) 
Crystal system 
Space group 

a (A) 
tJ (A) 
c (A) 
a (deg) 
P (deg) 
Y (deg) 
Volume (A3) 
z 
Formula weight 
Density (calc.) ( ~ ~ l m " )  
Density (meas.) ( ~ ~ / m ~ )  
Absorption coefficient (mm-I) 
F(OO0) 

Data collection 
Index ranges 

No. of standards, variation 
Reflections collected 
Independent reflections 
Reflections used 
Absorption correction, A* 

Solution and refinement 
Number of parameters refined 
Final R Indices 

R 
wR 

Goodness-of-fit, S 
Largest No 
Mean A/o 
Data:parameter ratio 
Largest difference peak (e A-3) 
Largest difference hole (e A-3) 

Colourless plate 
0.2 x 0.4 x 0.3 
Triclinic 
P - 1  
11.125(2) 
1 1.986(2) 
13.562(3) 
103.54(3) 
90.29(3) 
107.1 l(3) 
1675.1(8) 
2 
649.9 
1.288 

Red needle 
0.2 x 0.2 x 0.4 
Monoclinic 
P2 ,  In 
10.633(2) 
11.221(2) 
11.678(1) 

7: diffractometer used, Rigaku AFC6R; radiation, CuKa (h = 1.54178 A); monochromator, highly oriented 
graphite crystal; 20 range, 12.5"-152.1"; scan type, ~ 2 0 ;  scan speed, variable, 2.00"-29.30°/min in o ;  standard 
reflections, 3 measured every 150 reflections. 

9: diffractometer used, Siemens P4, rotating anode; radiation, MoKa (h = 0.71073 A), monochromator, highly 
oriented graphite crystal; 20 range, 7.0°45.0"; scan type, ~ 2 0 ;  scan speed, variable, 3.00"-60.00°/min in o ;  
standard reflections, 3 measured every 97 reflections. 

Both: temperature, 296 K; scan range (o), 0.8" plus Ka; background measurement, stationary crystal, and 
stationary counter at beginning and end of scan, each for 0.25 of total scan time; absorption correction, yr-scan. 
Reflections with -30 < I < 0 were treated by the method of French and Wilson (17) and included in the refinement. 
Software programs used, Siemens SHELXTL PC (Siemens Analytical Instruments Inc., Madison, Wis., 1990); 
solution, direct methods; refinement method, full-matrix least squares; quantity minimized, C,v(IF,I -  IF,^)', 
hydrogen atoms, riding model, fixed isotropic U; weighting scheme, w-' = 02(F). 
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Table 2. Atomic coordinates (x104) and equivalent isotropic 
displacement coefficients (A2 x 10') for NIO-[2'-(triphenylmethyl- 
thio)ethanoyl]-2,2,5,5-tetramethyl-3,4-dithia-7,1O-diazabi- 
cyclo[5.3.0]decane dimethanol hemihydrate, 7. 

Atom x Y z 

"Equivalent isotropic U defined as one third of the trace of the onho- 
gonalized U,  tensor. 

These atoms were given partial occupancies: 0(50), 0.46; 0(51), 0.30; 
0(52), 0.24; 0(53), 0.625; 0(54), 0.375, 0(55), 0.50. 

36%). A dark green band remained at the top of the column 
and was not recovered. IR (KBr pellet): 3433 cm-I, v,-,; 1607 
cm-', vczO; 973 cm-', vRe=O; Raman: 972 cm-', vRerO. 

X-ray crystallography 
Single crystals of 7 were obtained by the addition of methanol 
(2.0 mL) to a solution of the compound (100 mg) in chloro- 
form (5.0 mL). Crystals separated when the solution was left 
to evaporate slowly at - 15°C. The crystals were unstable and 
turned to powder when left dry for 3 h. Consequently, the crys- 
tal chosen for the data collection was sealed into a capillary 
tube that was saturated with methanol vapour. Single crystals 
of 9 were obtained by allowing a solution of the compound in 
dimethylformamide to evaporate at room temperature. The 
density was measured by suspending the crystals in a mixture 
of bromoform and carbon tetrachloride. 

For 7, automatic unit cell determination and data collection 
were performed on a Rigaku AFC6R diffractometer with the 
use of CuKa (A = 1.54178 8,) radiation. Unit cell parameters 
were refined by least-squares fit of positional parameters for 
21 reflections (50.83" 5 28 5 73.78"). Temperature factors 
for non-hydrogen atoms were refined anisotropically. Details 
of crystal data and solution refinement are listed in Table 1. 
Table 2 lists the atomic coordinates. The asymmetric unit con- 
tained half a water and two methanol molecules. The position 
of the methanol molecules could not be clearly defined. They 
were highly disordered. Attempts to refine the positional 
parameters were unsuccessful. Atoms moved away from the 
position in which they were first located and the temperature 
factors increased to U > 0.6 A2. At the same time peaks 
appeared in the difference map where the atom had been orig- 
inally. Eventually the atoms in the methanol molecules were 
fixed at the points where they were first detected in the differ- 
ence map. Occupancies were varied to make the temperature 
factors of atoms of a given type in a given molecule approxi- 
mately the same. The carbon and oxygen atoms were chosen 
by considering atoms within 2.9 8, that might be involved in 
hydrogen bonding. Thus, the first methanol molecule was 
made up of three fractional oxygen atoms, 0(50), 0(51), 
0(52), and C(50) and the second was made up of two frac- 
tional oxygen atoms, O(53) and 0(54), and C(5 1). The occu- 
pancy of the water molecule site, 0(55), was arbitrarily set at 
0.5. It could not be reater than 0.5 since two water molecule 
sites were only 1.8 f apart. Other close interactions with oxy- 
gen atoms from the methanol molecules suggested a similar 
upper limit. The relatively high residuals (R = 0.1497, R,,, = 
0.0655, S = 1.88) are partly caused by this disorder and also by 
the large number of weak reflections with F < u, (2582). For 9 
the crystal was glued to the end of a glass fibre. Automatic unit 
cell determination and data collection were performed on a 
Siemens P4 diffractometer with the use of MoKa (A = 
0.71073 8,) radiation. Unit cell parameters were refined by 
least-squares fit of positional parameters for 23 reflections 
(7.28" 5 28 5 24.73"). Temperature factors of the non- 
hydrogen atoms were refined anisotropically. Details of crys- 
tal data and solution refinement are listed in Table 1 and Table 
3 lists the atomic coordinates. 

Results and discussion 

Reaction Scheme 2 summarizes the syntheses described here. 
Unlike the reaction of 4 with ethylene sulphide, which 
required a period of 1 week and a large excess of ethylene sul- 
phide before any appreciable product could be recovered, the 
coupling of 2-(triphenylmethy1thio)ethanoic acid, 6, with 4 in 
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Scheme 2. The preparation of 7 and 9. 

BF3/Et20 
P$OH + HS*'~ -. P h 3 C \ S A f 0 H  

0 glacial CH3C02H 0 

6 
n 

PhjC\ *OH+ 
S 

CDIM or DCC. Ph3c' 

0 

Table 3. Atomic coordinates (x104) and equivalent isotropic 
displacment coefficients (A' x lo3) for ReC,H,,N,01S2, 9. 
-- -- - 

Atom x Y z 

701 (I)  
I580 (5) 
1578 (2) 
2547 (5) 
1769 (6) 
1155 (5) 

103 (6) 
-61 1 (6) 
-736 (5) 

-1791 (6) 
-1867 (6) 

-657 (2) 
2934 (7) 
3632 (6) 

-2639 (4) 

2356 (I) 27 (1) 
1 145 (4) 46 (2) 
3480 (2) 31 (1) 
4569 (6) 31 (2) 
5092 (6) 35 (2) 
4031 (5) 30 (2) 
4496 (7) 40 (3) 
3365 (7) 45 (3) 
2547 (5) 36 (2) 
1935 (7) 45 (3) 
1 194 (7) 46 (3) 
1607 (2) 41 (1) 
5670 (6) 46 (3) 
3833 (7) 48 (3) 
1987 (6) 59 (3) 

"Equivalent isotropic U defined as one third of the trace of the ortho- 
gonalized U,, tensor. 

the presence of N,N1-carbonyldiimidazole (CDIM) or 1,3- 
dicyclohexylcarbodiimide (DCC) required only 24 h of stir- 
ring at room temperature and resulted in a high yielding reac- 
tion (75%). The product, 7, was recovered in high purity as a 

colourless solid. It was characterized by electron impact and 
chemical ionization mass spectroscopy, 'H and I3C NMR 
spectroscopy, and X-ray crystallography. The NMR spectrum 
was assigned by comparison with the NMR spectra of 4. Fur- 
ther confirmation of this assignment was achieved with the 
use of a I 3 c / ' ~  correlation NMR spectrum. 

The next step in the synthesis involved the deprotection of 
the sulphur atom in compound 7 by removal of the trityl group 
with trifluoroacetic acid and triethylsilane. This led to the iso- 
lation of 8 in 5 1 % yield. Compound 8 was a colourless oil that 
was characterized by mass and 'H NMR spectroscopy. The 
presence of a thiol group in 8 was confirmed by the appear- 
ance of a triplet at 2.07 ppm in the proton NMR spectrum, 
which was assigned to the SH proton. Upon addition of D,O, 
this triplet disappeared and the splitting in the signal at 3.3 1 
ppm, which was assigned to the CH, protons next to the SH 
group, was removed. 

The reaction of the deprotected ligand 8 with 
ReOCl,(P(Ph),), led to the isolation of an unexpected rhenium 
complex 9. This complex contained neither an N2S3 penta- 
dentate ligand nor did it contain a thiazolidine ring-containing 
ligand. Instead, the X-ray structure showed that a 2-methyl-2- 
mercaptopropyl fragment had been lost from the ligand in the 
course of the reaction. The resultant rhenium complex con- 
tained the unusual asymmetric monoamine-monoamide- 
dithiol (MAMA) N2S2 ligand. The synthesis of asymmetric 
N2S2 ligands (9) and their reactions with technetium (10) 
have been reported previously, but the complex described here 
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Fig. 1. The molecule N10-[2'-(triphenylmethylthio)ethanoyl]-2,2,5,5-tetramethyl-3,4- 
dithia-7,lO-diazabicyclo[5.3.O]decane, 7, with the atom numbering. Hydrogen atoms 
have been omitted for clarity. 

Table 4. Bond lengths (A) and angles (") for NIO-[2'(triphenylmethylthio)- 
ethanoy1]-2,2,5,5-tetramethyl-3,4-dithia-710-diazabicyco[5.3.0]decane dimethanol 
hemihydrate, 7. 

Lengths 
C( l)-C(2) 
S(3)--S(4) 
C ( 5 ) 4 ( 6 )  
N(7)-C(8) 
C(9)-N( 10) 
C( 1 )-N(7) 
C(2)-C(22) 
C(5)--C(52) 
C(l l ) -c (12)  
C(12)-S(13) 
C(14)<(15) 
C( 14)-C(29) 
C ( 5 0 ) 4 ( 5  1) 
C(5 1 )-O(53) 

Angles 
N(10)-C( 1)-C(2) 
C(2)-S(3)-S(4) 
S(4)-C(5)-C(6) 
C(6)-N(7)-C(8) 
C(8)-C(9)-N(10) 
C(2)-C(1)-N(7) 
C(1)-C(2)-C(2 1) 
S(3)-C(2)-C(2 1) 
C(21)-C(2)-C(22) 
S(4)-C(5)-C(52) 
C(6)-C(5)-C(52) 
C(1)-N(7)-C(6) 
C(1)-N(l0)-C(l1) 
N(l0)-C(l1)-C(l2) 
0(1)-c(11)-c(12) 
C(12)-S(13)-C(14) 
S(13)-C(14)-C(23) 
C(15)-C(14)-C(23) 
C(23)-C(14)-C(29) 
C(14)-C(15)-C(20) 
C(14)-C(23)-C(28) 
C(14)-C(29)-C(34) 
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Table 5. Bond lengths (A) and bond angles (") for ReC8HI5N2O2S2, 9. 

Lengths 
Re(])-O(1) 
Re( 1)-S(2) 
Re(l )-N(2) 
C( 1 )-C(2) 
N( 1)-C(3) 
C(4)--N(2) 
C(5)-C(6) 
C(1)-C(l1) 
C(5)-0(2) 

Angles 
O(1)-Re(1)-S(1) 
O(1)-Re(1)-N(1 ) 
S(1)-Re(1)-S(2) 
S(1)-Re(1)-N(2) 
S(2)-Re(l )-N(2) 
Re(1)-S(1)-C(1) 
Re(1)-N(I )-C(2) 
Re(1)-N(2)-C(4) 
S(1)-C(1)-C(2) 
C(2)-N(1)-C(3) 
C(3)-C(4)-N(2) 
N(2)-C(5)-C(6) 
S(1)-C(l)-C(l l) 
C(2)-C(1)-C(1 I) 
C(11)-C(1)-C(l2) 
C(6)-C(5)-O(2) 

110.6 (2) 
108.9 (2) 
89.4 (I) 

136.6 (2) 
82.6 (2) 

100.8 (3) 
117.1 (4) 
117.0 (4) 
105.6 (4) 
1 12.2 (5) 
105.6 (6) 
1 15.7 (7) 
109. I (5) 
108.7 (5) 
11 1.2 (6) 
121.4 (6) 

Fig. 2. The structure of the rhenium complex oxo(l,l-dimethyl- 
1 ,8-dimercapto-3,6-diazaoctan-7-onato-~3,,~,~8)rhenium(~), 
9, showing the atom numbering. 

represents the first example of a rhenium asymmetric N2S2 
complex that has been examined by X-ray crystallography. In 
addition to the X-ray structure determination, complex 9 was 
characterized by vibrational spectroscopy. The R e E O  stretch- 
ing frequency dominated the Raman spectrum and occurred at 
972 cm-'. The IR spectrum showed a strong absorption 
(v,,,) at 973 cm-'. It also showed the amide CEO absorp- 
tion at 1606. The Re- stretch was well within the range of 
several well-characterized Re(V) complexes that contain the 
( ~ e ~ 0 ) ~ '  core ( I  1). 

The structure of 7 is shown in Fig. 1 and selected bond 
lengths and angles are given in Table 4. The molecule was 
bicyclic, comprising 5-membered and 7-membered rings 

fused together. All the bond distances and bond angles were 
within the expected range. The S(3)-S(4) disulphide bond 
was 2.006(4) A, which is slightly shorter than the disulphide 
bond in 2,2,5,5-tetrameth 1-3,4,13-trithia-7,lO-diazabicy- 
clo[8.3.0]tridecane 2.020(2) h ) (1). The C(2)-S(3)-S(4)-C(5) 
torsional angle was 84.3(2)". The amido nitrogen atom, N(10), 
had a shorter bond to C(l  I), 1.355(9) A, than those to C(l )  and 
C(9), which were 1.484(8) and 1.476(6) A, respectively. This 
was expected because of the considerable T character of the 
N(10)-C(11) bond. S(13)-C(14) was significantly longer 
than C(12)-S(13) (1.865(6) vs. 1.824(7) A). For thiazolidine 
compounds, we noted previously that a C-S bond adjacent to 
a bulky group is longer than normal and the other C-S bond 
is shorter than normal. The same effect appears to be present 
here even though the sulphur atom is not part of a ring system. 

The structure of 9 is shown in Fig. 2 and selected bond dis- 
tances and bond angles are given in Table 5. The ligand 
atoms bound to the rhenium atom formed a rough square pyr- 
amid such that the rhenium atom lay 0.747(5) A above the 
best S(l), N(I), N(2), S(2) plane. The Re=O bond (1.681 (5) 
P\) was longer than most distances observed for these five 
coordinate complexes. This was probably caused by the pres- 
ence of multiple bond character in the bond from the rhenium 
atom to the deprotonated nitrogen atom. We have noted this 
effect before (13). Although Re-O,,, bonds are typically 
written as double bonds, they are really triple bonds. The 
extra bonding is provided by donation of electron density 
from an oxygen atom p orbital to an empty d orbital on the 
rhenium atom. Chatt and Rowe noted that the resultant Re- 
0 bond is essentially nonpolar (14), with the result that the 
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oxygen atom cannot be protonated and is susceptible to 
nucleophilic attack (15). In 9 the multiple bonding from the 
rhenium atom to the deprotonated nitrogen atom weakens the 
Re-0 bond and makes it longer and more polar. The result 
is that the 0x0 atom can act as a hydrogen bond acceptor 
(e.g., oxo(l,l,8,8-tetraethyl-3,6-diazaoctane- 1,X-dithio1ato)- 
rhenium, N(H) ... Oox0 distance, 2.877(4) A, Re-0 distance, 
1.709(2) A (16); oxo(l,9-dimercapto-l,l,9,9-tetramethyl-3,7- 
diazanonato-S,S,N,N')rhenium(V), N )  . O o 0  distance, 
2.967(6) A, Re-0 distance 1.685(3) A (13)). Compound 9 
also showed hydrogen bonding, but in this case, the 0x0 
ligand was not involved. The competitive hydrogen bonding 
between the amino nitrogen atom and the amido oxygen atom 
on the ligand backbone was, apparently, favoured. The two 
Re-N distances were significantly different. The Re(1)- 
N(2) distance was 1.997(6) A compared to 2.151(4) A for 
the Re(1)-N(l) distance. This was in accordance with the 
observation that N(2), the amido nitrogen atom, became 
deprotonated upon chelation to Re(l), whereas N(1), the 
amino nitrogen atom, couples to the rhenium atom only 
through its lone-pair electrons. All other bond lengths and 
angles were in the expected range. 

For 7 all intermolecular interactions were van der Waals. 
Pairs of phenyl rings, related by inversion centres, were paral- 
lel but the overlap of the rings was minimal. Pairs of adjacent 
molecules of 7, related by inversion centres, were connected 
by an extensive hydrogen bonding network that involved the 
methanol and water molecules and O(1). These interactions 
were isolated, however: there was no evidence of any hydro- 
gen-bonded chain or network formation. For 9 all the intermo- 
lecular interactions were van der Waals except for the N(1+ 
H(l)  ... O(1)' hydrogen bond between molecules related by the 
2, axis. This resulted in hydrogen-bonded chains of molecules 
up and down the b direction. 
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Estimation of the fines content of Athabasca 
oil sands using instrumental neutron 
activation analysis 

Kingsley K. Donkor, Byron Kratochvil, and M. John M. Duke 

Abstract: Knowledge of the "fines" or clay-rich mineral fraction is necessary for the efficient extraction of bitumen from bulk 
oil sands, and has environmental implications in tailings disposal. Current methods for estimating the fines in oil sand are 
laborious and of questionable accuracy. We propose here their estimation directly in bulk oil sand by instrumental neutron 
activation analysis (INAA) of the trace and major elements determinable. Correlations between fines content and individual 
elements fall in the range of 0.80 to 0.81 for dysprosium, samarium, and europium, and 0.75 to 0.77 for sodium, potassium, 
aluminum, and titanium. These results follow the expected geochemical relationships between major and trace elements and the 
mineral fraction of the oil sands. Principal component analysis (PCA) using a combination of elements gave correlations with 
fines content no better than those obtained from individual elements. However, the PCA approach can be considered more 
robust. Advantages of INAA over conventional methods to estimate the fines content of unprocessed oil sand include minimal 
sample preparation (including elimination of the use of organic solvents), rapid turnaround time, and the potential for 
automation. 

Key words: instrumental neutron activation analysis, oil sand, elemental correlations, fines. 

Resume : Si I'on veut faire une extraction efficace du bitume B partirdes sables bruts contenant de I'huile, il est important d'avoir 
une bonne connaissance des afinesu ou fraction mintrale riche en argile: de plus, ces connaissances ont des implications dans la 
fagon dont on dispose des rCsidus. Les mkthodes courantes pour Cvaluer les fines sont trks laborieuses et on peut se poser des 
questions sur leur prCcision. Dans ce travail, on propose de les Cvaluer directement dans les sables bruts contentant de I'huile en 
faisant appel i une analyse instrumentale par activation de neutrons (AIAN) des ClCments que l'on peut dkterminer comme 
klCmcnts principaux ou B 1'Ctat de trace. Des corrClations entre les contenus des fines et les 6lCments individuels se situent entre 
0,80 et 0.8 1 pour le dysprosium, le samarium et l'europium et 0.75 et 0.77 pour le sodium, le potassium, I'alun~inium et le titane. 
Ccs rCsultats sont en accord avec les relations gCochimiques attendues entre les Cltments principaux et ceux B 1'Ctat de trace et la 
fraction mintrale des sables contenant de I'huile. L'analyse des composants principaux (ACP), utilisant une combinaison 
d'C1Cments. conduit ides  corrClations entre le contenu des fines qui ne sont pas meilleures que celles obtenues pour des 6lCments 
individuels. Toutefois, l'approche ACP peut etre considCrCe comme plus shre. Les avantages de I'AIAN par rapport aux 
mCthodes conventionnelles pour I'tvaluation des contenus en fines pour un sable non trait6 contenant de l'huile incluent la 
prkparation minimale de 1'Cchantillion (y compris I'klimination de l'utilisation de solvant organiques), le rapide temps de retour 
ct le potentiel pour l'automation. 

Mots cle's : analyse instrumentale par activation de neutrons, sables contenant de l'huile, corrtlations Clkmentaires, fines. 

[Traduit par la redaction] 

Introduction solids is composed of  sand-sized particles (mostly quartz), 

The  oil sands of Alberta represent one of the world's largest 
known oil reserves. Total oil reserves are estimated to be over 
800 billion barrels of crude oil of  which approximately 80% 
occurs in the Athabasca region (1). T h e  Athabasca oil sands 
are a mixture of solids, bitumen, and water. T h e  bulk of the 
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variable amounts of fines, and traces of heavy minerals. Fines 
are defined as  mineral matter passing through a 325 U.S. (<44 
p,m) mesh sieve, and may be further subdivided into silt-sized 
(<44 p,m >2 k m )  and clay-sized (<2 p,m) particles. Mineral- 
ogically the silt-sized fines of  the Athabasca oil sands consist 
primarily of  quartz and minor feldspar. The clay-sized fraction 
comprises minerals including ill i teand kaolinite (1). 

Fines are  detrimental to the hot-water processing of the oil 
sand, and to  the disposal of the tailings stream, in that they stay 
suspended in the water phase. In  the hot-water process these 
suspensions can form a barrier that prevents separation of  
bitumen. Breaking this barrier requires additional water and 
greater agitation3 With prior knowledge of the bitumen and 
fines levels of the incoming feed, plant processes can be opti- 

- 

%.R. Thompson. Personal communications. 

Can. J. Chem. 74: 583-590 (1996). Printed in Canada 1 ImprirnC au Canada 
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mized and bitumen yields optimized. To determine processing 
requirements, oil sand companies carry out extensive coring 
programs in which cores are collected, sampled, and subse- 
quently analyzed for bitumen and solids content. The analyti- 
cal method most used for estimating the fines content has been 
particle size analysis with a Microtrac analyzer (2). This 
method involves prior removal of bitumen with organic sol- 
vents, is applicable over only a limited particle-size range, and 
cannot accurately measure nonspherical particles. The latter 
drawback may lead to a bias in the estimation of fines content. 

Since the fines in the Alberta oil sands are predominantly 
clay minerals and silt-sized quartz we decided to investigate 
the possibility of developing an elemental "fingerprint" for 
their estimation. Quartz usually contains few impurities, there- 
fore elements not present in the bitumen, pore water, or trace 
heavy minerals are likely to be associated with the clays. Of 
particular interest in this regard are the rare earth elements 
(REE). Numerous studies on the distribution and abundances 
of the REE in sedimentary rocks have been carried out and the 
salient conclusions summarized (3). Findings relevant to this 
study include the following: (a) the bulk of the REE in clastic 
sedimentary rocks are found in the clay (< 2 pm) and silt-sized 
fractions; (b) the silt-sized fraction of clastic sedimentary 
rocks tends to have lower total REE contents than the clay- 
sized fraction though the relative abundances between the two 
are similar; (c) the sand-sized fraction of clastic sedimentary 
rocks tends to have a lower total REE content than either the 
silt- or clay-sized fractions (on account of the extremely low 
REE levels in quartz, and fairly low REE levels in feldspars); 
(4 there is no correlation between REE content and clay min- 
eralogy. These findings suggest that elemental analysis (espe- 
cially one including the REE) might be developed as an 
indicator of the fines content of bulk oil sand. 

For the elemental analyses, instrumental neutron activation 
analysis (INAA) (4-6) was chosen on account of its multiele- 
mental capability, speed, and ease of sample preparation. 
Using INAA, the concentrations of 11 elements could be 
readily determined following irradiation in a SLOWPOKE 
reactor via their short-lived radionuclides in samples of bulk 
oil sand. 

Reported here is a study of the distribution of these elements 
over a 20 m length of oil sand core, along with an evaluation of 
the degree of correlation between their concentrations and the 
levels of fines present in the bulk oil sand. 

Experimental 

Samples and sample preparation 
The oil sand core used in this study was provided by Syncrude 
Canada Ltd. from a region of the Athabasca oil sand deposit 
mined by Syncrude near Fort McMurray, Alberta. The core 
was approximately 20 m long and 7 cm in diameter, and was 
encased in 4 mm thick polyvinyl chloride. The section of the 
oil sands deposit transected by the core varied in grade from 
1% to 15% bitumen by weight. 

To obtain samples across a range of bitumen concentrations 
the core was visually stratified into regions defined as lean, 
medium, or rich in bitumen content. Eight test portions of oil 
sand, each weighing approximately 0.5 g, were selected from 
random locations in each of the three regions. The samples 
were placed directly into clean, 1.5 mL polyethylene irradia- 

tion vials that had been previously soaked in 10% nitric acid 
for several days, and rinsed thoroughly with deionized water 
and then with nanopure water to remove surface impurities. 
Each 1.5 mL vial was heat-sealed and inserted into a clean 7 
mL polyethylene vial together with an additional empty 1.5 
mL vial that served as a spacer. The 7 mL polyethylene vials 
were then heat-sealed and capped. 

An additional 24 test portions, each weighing 2-3 g, were 
taken from locations immediately adjacent to the regions of 
the core from which the 0.5 g samples were obtained. These 
larger samples were subjected to Soxhlet extraction with 15- 
20 mL of toluene to separate the bitumen from the solids (7). 
The toluene extracts were centrifuged using a small bench-top 
centrifuge to remove most of the particulate material that 
passed through the filter thimble, then were quantitatively 
transferred to weighing dishes, and the toluene was evapo- 
rated overnight in a fumehood at room temperature. The 
dishes were reweighed and the amount of bitumen in the orig- 
inal samples calculated from the difference in the weights of 
the dishes before and after evaporation. Data processing was 
carried out on 23 samples, one from the bitumen-rich strata 
having been lost during the extraction process. 

The solids remaining in the Soxhlet extraction thimbles 
were removed, weighed, and dry-sieved through a 325 mesh 
(44 pm) stainless steel sieve to separate the fines. Test por- 
tions of fines from each of the 23 sieved fractions were 
weighed into 1.5 mL nitric acid-washed polyethylene vials 
and prepared for analysis in the same manner as the 0.5 g bulk 
oil sand test portions. 

Given that adjacent samples were collected for INAA and 
Soxhlet extraction, it became necessary to determine the local 
elemental variability of the oil sand. For this purpose nine 
transverse sections of core, representing a range of bitumen 
levels, were selected. Four subsamples of approximately 10 g 
each were collected with a scoop from each transverse section, 
weighed into acid-washed 7 d i r r ad ia t ion  vials, and sealed as 
described earlier for INAA. Following INAA, the portions 
were left for a week to decay, at which time they posed no 
radiation hazard. The decayed samples were then analyzed for 
their bitumen and solids content by Soxhlet extraction using 
2.5-5.0 g portions as described earlier. Because of possible 
concerns about the representativeness of 0.5 g or even 10 g test 
portions, an additional experiment was done in which a 30 g 
test portion of oil sand was collected from a site adjacent to 
each of the nine locations sampled previously and also ana- 
lyzed as above. 

Three soil reference materials, SO-1, SO-2, and SO-3 
(CANMET, Ottawa, Canada), were used as standards for 
quantification of all elements studied except chlorine. A 
fourth, SO-4, was run as a quality control sample. Three sedi- 
ment reference materials, BCSS- 1, MESS- 1, and PACS- 1 
(National Research Council of Canada, Ottawa, Canada), 
were also analyzed, the former as a chlorine standard and the 
latter two for quality control purposes. Three sets of these 
standards were prepared, one weighed and sealed in 1.5 mL 
vials as for the 0.5 g samples, the second prepared in 7 mL 
irradiation vials as for the 10 g samples, and the third in 27 rnL 
vials as for the 30 g samples. 

INAA of elements that produce short-lived radionuclides 
All irradiation and counting operations were performed at the 
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Table 1. Concentrations of elements (microgram per gram, unless otherwise stated) measured by INAA for 23 approximately 0.5 g 
portions of bulk oil sand. 

Sample Wt% Wt.% 
no. bitumen fines Al (%) K (%) V Dy Sm Ti Ba Na C1 Mn Eu 

University of Alberta SLOWPOKE-I1 Nuclear Reactor Facil- 
ity. For the 0.5 g analyses, standards and unknowns were indi- 
vidually irradiated for 5 min at a thermal neutron flux of 1 x 
1012 n cm-2 s-I. Following a variable but timed decay period 
(ca. 20 min) each test portion was counted for 5 min (live- 
time) at a sample-to-detector distance of 6 cm. The 10 g test 
portions used in the lateral heterogeneity study were irradiated 
for 3 min at a thermal neutron flux of 1 x 10" n cmP2 s-I, 
allowed to decay for 15 min, then counted for 5 rnin (live-time) 
at a sample-to-detector distance of 6 cm to obtain data for Mn, 
K, Na, Dy, Eu, V, Al, Ti, Sm, C1, and Br. The 30 g samples 
were irradiated in the outer site of the reactor for 5 min at a 
reduced thermal neutron flux of 5 x lo9 n cmP2 s-I, allowed to 
decay for 15 min, then counted for 5 rnin (live-time) at a sam- 
ple-to-detector distance of 10 cm to obtain data for V, Al, and 
Ti. All samples were recounted for 10 rnin (live-time) at a sam- 
ple-to-detector distance of 6 cm after a total of 120 min to 
obtain data for the elements listed above, with the exceptions 
of Sm and C1. For Sm the amounts were below detection for 
several samples and near the limit of detection for the others: 
for C1 a 30 g standard was not run because earlier measure- 
ments on smaller samples had shown that concentrations did 
not vary with the fines content. 

The y-spectroscopy counting system included an automatic 
sample-changer mechanism modified from a Nuclear Chicago 
y-ray counter interfaced to a PC with an Aptec MCA card for 
data acquisition. A vertical, closed-end, hyperpure (p-type) 
coaxial Ge detector (model 18 180, EG & G Ortec, Oak Ridge, 
Tennessee, U.S.A.) operated at +2500 V was utilized for all y 
spectroscopy. Detector specifications included a relative effi- 

ciency of 19.7%, a measured full width half maximum of 1.9 1 
keV, and a peak-to-Compton ratio of 58:l for the 1332 keV 
full energy peak of 6 0 ~ o .  Signals from the Ge detector were 
amplified using an Aptec 6300 spectroscopy amplifier and the 
signals digitized by a Nuclear Data (ND) 575 ADC. 

Spectral peak searching was accomplished using the soft- 
ware program SPAN (8). Spectrometer dead times were main- 
tained at less than 10% for each sample. Decay corrections, 
dead-time corrections (9), and quantification of elements were 
performed using in-house programs along with two spread- 
sheet programs: Quattro Pro (V4.0; Borland Inc., U.S.A.) and 
Excel (V4.0; Microsoft Corp., U.S.A.). Concentrations of all 
elements were determined via an adaptation of the comparator 
(semi-absolute) method of INAA (10). Reference standards 
SO-1, SO-2, SO-3, and BCSS-I were used to determine spe- 
cific activities (counts/microgram) for each element. The 
accuracy of the procedure was checked by analyzing the ref- 
erence materials SO-4, MESS- 1, and PACS- 1. Measured and 
certified values were in good agreement for all three reference 
materials ( 1 1 ). 

Results and discussion 

Correlations of elemental data in oil sand and fines content 
Eleven elements (Al, K, Na, Ti, Mn, C1, Dy, Sm, Eu, Ba, and 
V) were determined with reasonable precision in the 23 0.5 g 
oil sand test portions using the analysis scheme described 
above. Table 1 lists the results of the INAA determinations of 
these elements, along with the values found for bitumen and 
fines by Soxhlet extraction and sieving. Correlation coeffi- 
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Table 2. Correlation coefficients of elemental 
concentrations versus weight percent fines in oil 
sand for 23 0.5 g test portions ranging from 5 to 
50 wt.% fines. 

Element r-Value (fines) 
- ~p 

Dysprosium (Dy) 
Europium (Eu) 
Samarium (Sm) 
Aluminium (Al) 
Sodium (Na) 
Potassium (K) 
Titanium (Ti) 
Vanadium (V) 
Barium (Ba) 
Manganese (Mn) 
Chlorine (Cl) 

cients between the elemental concentrations and the fines con- 
tent in the oil sand are listed in Table 2. With the exception of 
chlorine, all elements correlate positively with fines content, 
yielding r-values ranging from 0.69 to 0.8 1. Chlorine concen- 
trations showed little or no correlation with fines content. This 
random distribution may be due (at least in part) to the occur- 
rence of variable amounts of dissolved chloride salts in pock- 
ets of water trapped within the interstices of the sand 
particles.3 Also, the C1 concentrations in bitumen average 
about 200 kg/g (1 1) compared with about 300 +gig in the bulk 
solids. The correlation scatter plots for four elements (Dy, Sm, 
Eu, and C1) are shown in Fig. 1. The scatter plots for dyspro- 
sium, europium, and samarium yield good correlations (r- 
value = 0.80) and can be used as models for measuring the 
fines content in oil sand. Using the uncertainty in the slopes of 
the plots and propagation of errors, the relative uncertainty for 
fines estimation is of the order of 10%. 

A major reason why correlation between the REE and the 
fines is not even greater is likely to be due to passage of small 
clay particles through the Soxhlet extraction thimbles into the 
bitumen and to losses during dry sieving of the solids. In addi- 
tion, the fraction of the fines composed of clays varies from 
sample to sample. The remainder of the fines is composed 
largely of quartz, which will tend to dilute the elemental sig- 
nature from the clay-sized fraction. Furthermore, the Atha- 
basca oil sands contain variable trace amounts of over 20 
heavy minerals (1 2), the majority of which are iron-rich and 
REE-poor. However, some of them, such as zircon, apatite, 
and epidote, may contain fairly high levels of REE that could 
introduce additional variability in correlation. INAA of the 
bitumen extracts also showed dysprosium, samarium, 
europium, aluminium, sodium, and potassium contents to be 
very low and in some cases below detection limits (1 1). 

Principal Cornponent Analysis (PCA) (VM SAS 
V.120.1091 statistical package) was used to calculate correla- 
tions involving combinations of the elements determined in 
the 0.5 g oil sand samples with the fines content for the various 
test portions. Figure 2 shows correlation plots of fines content 
against combinations of (a) all the elements analyzed, (b) dys- 
prosium, samarium, and europium. The PCA combination of 
Dy, Sm, Eu, Al, K, and Na, elements commonly associated 

with clay minerals, gave an r-value of 0.80. The correlations 
obtained were comparable to those of the individual elements. 
A possible advantage of using the PCA method for combining 
elements is that it tends to be more robust than correlation 
based on a single element in the event of analytical error in the 
determination of a single element. 

Cross correlation of element concentrations in the 0.5 g oil 
sand samples showed strong positive correlations among the 
lanthanides (Dy, Sm, and Eu) and between Na and K. This is 
illustrated in Fig. 3 for Dy vs. Eu and Na vs. K. The correla- 
tions seen here among the lanthanides are similar to those 
found in other geological materials such as shales (4, 13-15). 
Since these elements correlate strongly among themselves in a 
variety of sedimentary materials, it is not surprising that mul- 
tiple correlations by PCA do not give improved fits. 

Oil sand regions with high bitumen content tend to contain 
less of those elements commonly associated with clay miner- 
als, as shown in the inverse correlation of the fines with bitu- 
men content in Fig. 4. An inverse relationship between 
bitumen content and clays is expected because increased clay 
content would reduce sediment permeability, thereby imped- 
ing bitumen infiltration. The correlation of vanadium with 
bitumen content differs from the other elements in that it lev- 
els off above 8% bitumen (Fig. 5). INAA of extracted bitumen 
shows a vanadium content of about 200 kglg, while the fines 
contain about 30 kglg (1 1). Vanadium in bitumen, like nickel, 
has been shown to be chemically bound in hekrocyclic ring 
structures (1 6). 

Evaluation of lateral heterogeneity in the oil sand core 
Figure 6 shows the relative standard deviations of the selected 
elements determined for a set of four subsamples within each 
of the nine transverse sections studied. It can be seen that for 
all test portions from the nine regions, the relative standard 
deviations (RSDs) of the values for vanadium are less than 
1096, those for dysprosium, barium, titanium, and aluminum 
are less than 17%, and for potassium, samarium, and europium 
are less than 20%. Also, except for one value for manganese of 
26% and one for sodium of 27%, the RSDs for these two ele- 
ments are less than 20%. On the other hand, chlorine shows 
significant scatter, with RSDs ranging from 10% to 60%. 
Since the majority of the elements studied had RSDs less than 
209'0, the core section was considered sufficiently homoge- 
nous in terms of the measured elements for the purpose of this 
study. 

Results of the Soxhlet extraction analyses for bitumen and 
solids yielded RSD values ranging from 1 % to 6% for bitu- 
men, and less than 2% for solids (Table 3). These values also 
showed little lateral variability across the core for the nine 
zones studied, and indicate that a single 5 g sample adequately 
represents the transverse section of the core in terms of bitu- 
men and solids content. 

Correlations between element concentrations and fines con- 
tent for the 30 g samples were also calculated for eight ele- 
ments. The results of the correlations were compared with 
similar calculations for the 0.5 and 10 g samples. The results, 
Table 4, show no significant differences among the correla- 
tions for the eight elements listed. Test portion size does not 
appear, therefore, to affect the correlation results over this 
sample size range, and the results indicate that 0.5 g test por- 
tions were adequately representative for this study. 
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Fig. 1. Correlation plots for (a) dysprosium, (b) samarium, (c) europium, (d) chlorine concentrations versus fines content for 
0.5 g portions of bulk oil sand. 

Wt. % fines 

Wt. % fines 

In summary, correlations between fines content, defined as 
oil sand solids passing a 44 p m  sieve, and the concentrations 
of several elements in the solids are sufficiently strong to war- 
rant further study of elemental analysis as a way of measuring 
fines in bulk oil sand. Such studies, including comparisons 
with alternative methods, are currently underway. INAA 
appears to provide a straightforward way of determining a 
number of elements for this purpose. 

Conclusions 
Several elements, determined via their short-lived radionu- 
clides by INAA, correlate well with the fines content of Atha- 
basca oil sand as determined by toluene extraction and sieving 

0 10 2 0  3 0  4 0  5 0  

Wt. % fines 

Wt. % fines 

of the resulting solids. Multielement correlations by principal 
component analysis gave about the same values as those 
obtained for individual elements, but may be more robust. Ele- 
mental and bitumen analyses of test portions collected across a 
test core in sizes ranging from 0.5 to 30 g showed little lateral 
heterogeneity over the 7 cm width of the core. INAA was cho- 
sen as the analytical method because analyses could be done 
nondestructively on samples without pretreatment and with 
rapid turnaround times. Manpower requirements are small and 
could be reduced even further by automation of the counting 
and reporting operations. Correlation between fines content 
and elemental concentrations will likely be improved as better 
methods of fines measurements are developed. 
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Fig. 2. Combinations of element concentrations correlated by PCA 
with fines content: ( a )  combination of Dy, Al, Eu, Sm, Ti, K, Na, V, 
Ba, Cl, and Mn; (b)  combination of Dy, Eu, and Sm. 

Wt. 5% fines 

-2- 
0  10  20  30 4 0  5 0  

Wt. 5% fines 

Table 3. Relative standard deviations of weight 
percent bitumen and solids for nine transverse 
sections of oil sand core, as determined by 
Soxhlet extraction. Each value is the % RSD of 
four samples within a transverse section. 

Transverse % RSD for % RSD for 
section bitumen solids 

1 4.6 0.3 
2 5.3 0.3 
3 5.8 1.2 
4 5 .O 0.4 
5 3.5 0.5 
6 1.5 0.2 
7 2.9 0.3 
8 3.1 1.8 
9 1.7 0.4 

Fig. 3. Cross-correlation plots for (a)  Eu versus Dy and (b)  Na 
versus K concentrations for 0.5 g portions of bulk oil sand. 

Dysprosium (microglg) 

0 0  
0  0 . 2  0 . 4  0 .6  0 . 8  1 

Potassium (wt. %) 

Table 4. Correlations between concentrations of elements that 
produce short-lived radionuclides and weight percent fines for 0.5, 
10, and 30 g test portions of bulk oil sand (n = 9). 

Elements 

Alulninu~n 
Barium 
Dysprosium 
Europium 
Manganese 
Potassium 
Sodium 
Titanium 
Vanadium 
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Fig. 4. Relationship of fines to bitumen content for 23 0.5 g test 
portions of bulk oil sand. 

Wt. % Bitumen 

Fig. 6. Relative Standard Deviations (RSD) of concentrations of 11 
elements over 9 transverse sections of oil sand core. (Each bar 
represents the percent RSD value for a set of four samples within a 
single transverse section.) 

Fig. 5. Relationship between vanadium concentrations and bitumen 
content for 0.5, 10, and 30 g test portions of bulk oil sand (square: 
0.5 g, diamond: 10 g, cross: 30 g). 

Wt. % Bitumen 

Dy Sm Eu Ba T i  Mn Na V K C1 A1 

Elements 
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Structure and wavelength modification in 
retinylidene iminium salts 

George R. Elia, Ronald F. Childs, James F. Britten, Daniel S.C. Yang, 
and Bernard D. Santarsiero 

Abstract: The spectroscopic and structural properties of the perchlorate and triflate salts of N-n-butyl-retinylidene imine, 2 and 
3, have been examined in solution and solid phases. In solution these salts were found to exhibit very similar UV and NMR 
spectroscopic properties. However, in the solid state marked differences in their absorption spectra (2, A,, = 504 nm; 3, A,,, = 
445 nm) and I3c NMR spectra were found. The structures of the two salts were determined by X-ray crystallography. The cations 
in each of the salts were shown to have very similar conformations, detailed structures, and packing in their crystal lattices. The 
differences in the spectroscopic properties of the salts in the solid state could not be accounted for on the basis of any structural 
differences in the cations themselves. In terms of cation-anion interactions, a strong hydrogen bonding interaction was found in 
each case between the N-H proton and an oxygen atom of the counterion. However, there were significant differences between 
the two salts in terms of the N-H..O internuclear distances (2, N-H...O = 2.939(7) A and in 3,2.85(1) A). The results are 
strongly suggestive that the wavelength and positive charge delocalization in retinylidene iminium salts are controlled by 
variation of the distance between the anion and the proton bonded to the Schiff base nitrogen atom. The work reported here 
represents the first examples of secondary retinylidene iminium salts containing an N-alkyl substituent to be successfully 
analyzed by X-ray crystallography. The relationship of these observations in the solid state to the spectroscopic properties of the 
natural visual pigments is explored. 

Key words: retinylidene iminium salts, iminium salts, cation-anion interactions. 

Resum6 : On a Ctudie les propriCtCs spectroscopiques et structurales des perchlorate et  triflate de la N-n-butyl-ritinylidene imine, 
2 et 3, tant en solution qu'en phase solide. En solution, on a trouvC que ces sels prCsentent des propriCtCs spectroscopiques UV et 
RMN qui sont tres semblables. Toutefois, ii I'ttat solide, on a observe des difftrences marqutes dans leurs spectres d'absorption 
(2, A,,, = 504 nm; 3, A,,, = 445 nm) et dans leurs spectres RMN du I3c. On a determint les structures des deux sels par 
diffraction des rayons X. Dans chacun de ces sels, les cations ont des conformations, des structures dCtaillCes et des empilements 
trks semblables. On ne peut pas expliquer les differences observCes dans les propri6tCs spectroscopiques des sels ii l'etat solide 
sur la base de differences de structures dans les cations eux-mtmes. En termes d'interactions cation-anion, on a observe une forte 
interaction de liaison hydrogene entre le proton N-H et l'atome d'oxygkne du contre-ion. Toutefois, il existe des differences 
importantes entre les deux sels en termes de distances internuclCaires (2, N-H...O = 2,939(7) A et dans 3,2,85(1) A. Les 
rksultats suggerent fortement que la longueur d'onde et la dClocalisation de la charge positive dans les sels rktinylidkne iminium 
est contr61Ce par une variation de la distance entre I'anion et le proton reliC 21 l'atome d'azote de la base de Schiff. Le prCsent 
travail represente les premiers exemples des sels rktinylidbne iminium secondaires contenant un substituant N-alkyle i avoir BC 
examinks par diffraction des rayons X. On examine la relation de ces observations 21 1'Ctat solide avec les propriCt6s 
spectroscopiques des pigments visuels naturels. 

Mots clis : sels rktinylidkne iminium, sels d'iminium, interactions cation-anion. 

[Traduit par la redaction] 

Introduction (2). The protein rhodopsin (R) consists of the 1 1-cis isomer of 
retinal covalently linked via a protonated Schiff base linkage 

Over the past two decades there has been considerable interest to an apoprotein opsin consisting of 348 amino con- 
in the natural ~igments  rhodopsin (1) and bacteriorhodo~sin trast, bacteriorhodopsin (bR) comurises all-trans retinal con- 
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nected via a simila; linkage to a iysine residue of a protein 
consisting of 248 amino acids (3). 

Much attention has been given to seeking an understanding 
of the origin of the absorption spectra of these two pigments. 
A simple retinylidene Schiff base absorbs at 370 nm while its 
protonated counterpart exhibits a red-shifted absorption band 
at 440 nm (methanol) (4). In comparison, the natural pigments 
have absorption maxima at 506 nm for bovine rhodopsin and 
570 nrn for bacteriorhodopsin (5, 6). Thus, while protonation 
accounts for some of the bathochromic shift there are addi- 
tional factors at play in the natural pigments. 

There have been a number of studies addressing the mech- 
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anism by which the apoprotein can regulate the electronic 
properties of the chromophore. Cation-anion interactions have 
bee* suggested to be an important determinant in wavelength 
regulation. Blatz et al. showed that there was a linear relation- 
ship between the reciprocal of the square of the anion radius 
and the energy difference between the ground and the first 
excited states of a retinylidene salt (4). This correlation was 
then used to calculate the position of the absorption maximum 
as a function of the internuclear distance between the proto- 
nated Schiff base nitrogen atom and the counterion. However, 
the center to center distances calculated by Blatz have been 
criticized as being far too large to be present in a stable pig- 
ment (7). 

On the basis of theoretical calculations performed on a pro- 
tonated Schiff base of I I-cis retinal, Honig et al. suggested 
that a favourable chromophore-protein interaction is not only 
one in which the protonated Schiff base nitrogen atom is 
closelv associated with a counterion but where an additional 
negative charge or polar group is positioned at the cyclohexe- 
nyl end of retinal (7). In principle, a charge located near the P- 
ionone ring could stabilize the excited state, resulting in a 
spectroscopic red shift. Studies on the dihydroretinals reported 
by Nakanishi, Honig, and co-workers were used to show that a 
negative charge could be located in the vicinity of the C5,C6 
bond (8-10) and a positive charge near C7 (1 1). Solid state I3c 
NMR experiments by Harbison et al. confirmed these results 
(12). 

The conformation adopted by the C6,C7 bond of the retinal 
chromophore is also an important factor in wavelength regula- 
tion of retinylidene iminium salts (13). Solid state I3c NMR 
studies of bR have been used to suggest that bR has a 6-s-trans 
conformation (12,13). Previous work in this group using a 
combination of solid state UV and I3c NMR spectroscopic 
techniques suggested that the 6-s-trans conformation about the 
C6,C7 bond in a retinylidene iminium salt is associated with a 
large red shift in its corresponding absorption maximum (14). 

Recent solution work by Sheves and co-workers has shown 
that a red shift in the absorbance spectrum of retinylidene imi- 
nium salts is accompanied by downfield I3c NMR chemical 
shifts of the odd-numbered polyene carbons of the unsaturated 
chain (15). It was suggested that weakening of the Schiff base 
- counterion interaction causes a significant enhancement in 
n-electron delocalization along the polyene chain, leading to 
the observed spectroscopic properties. 

Despite the considerable amount of attention focused on the 
spectral properties of retinylidene iminium salts, considerable 
uncertainty still exists with respect to the structure of these 
chromophores, the relative placement of other charged groups, 
and the relationship of their structure with their charge delo- 
calization and electronic properties. In this study, a series of 
retinylidene iminium salts 1-4 were synthesized and charac- 

1, R' = n-Butyl, R2 = H, X = CF3S03- 
2, R' = tert-Butyl, R2 = H, X = C104- 
3, R' = tert-Butyl, R2 = H, X = CF3S03- 
4, R' = Phenyl, R2 = Me, X = C 1 0 ~  

Can. J.  Chem. Vol. 74, 1996 

Table 1. Initial isomeric  composition"^" of 1-4. 
- 

Isomer percentage 

Compound All-trans 15-cis 13-cis 

1 97.4 n d '  2.6 
2 96.8 nd 3.2 
3 98.8 nd 1.2 
4" 95.5 4.5 nd 

- - - - -  

"Assayed by ' H  NMR, CHZCI,, solvent, 22°C. 
"Errors are +5%. 
'Not detected. 
"Acquired at -60°C. 

terized both in solution and the solid state. A unique combina- 
tion of X-ray crystallography, solid state I3c NMR, FTIR, and 
UV spectroscopic techniques have been used in an integrated 
manner to address the mechanisms by which the electronic 
properties of the retinal chromophore can be modified by 
its environment and, particularly, by the placement of 
counterions. 

Results 

The iminium salts 1-3 were synthesized using a modified pro- 
cedure of Blatz et al. (4) while salt 4 was prepared by the 
method of Pankratz and Childs (16). Mixtures of the different 
isomers of 1 4  were obtained in these preparations, Table 1 .  
The salts 1-3 were also found to be thermally unstable in 
CD2C12 solution, undergoing relatively slow isomerizations 
about various C=C bonds. In contrast, the isomerization of 4 
was found to be fairly rapid at room temperature in CD,CI,. 

The 'H NMR spectral data for 1-4are summarized in Table 
2. Assignments were based on first-order coupling constant 
information and comparison to previous work (14, 17, 18). In 
iminium salts 1-3 the aldiminium proton appears as a doublet 
of doublets. The largest of the coupling constants results from 
coupling across the C=N bond to the proton on the nitrogen 
(ca. 16 Hz). The presence and magnitude of these coupling 
constants are indicative of protonation on nitrogen and an anti 
C=N configuration (19). 

Solution I3c NMR data for 1-4 are given in Table 3. 
Assignment of the carbon atoms was accomplished by 'H-'~c 
hetero shift correlations, J-modulated spin echo experiments, 
and comparison with literature data (14, 20). All spectra were 
acquired at ambient temperatures except for 4, which was 
obtained at -60°C in order to minimize thermal isomeriza- 
tion. Comparison of the spectra with those of the correspond- 
ing imines shows that protonation of the imines produces a 
general downfield shift of the odd-numbered olefinic carbons 
and a slight upfield shift of the even-numbered carbons (20). 

Solid state I3c NMR spectra of the salts were obtained 
using cross polarization magic angle spinning (CPMAS) 
methods. The "C NMR chemical shifts of these compounds 
are listed in Table 3. Identification of the quaternary and 
methyl carbons was facilitated using a delay without coupling 
sequence that suppresses CH and CH, resonances (21). The 
remainder of the resonances were assigned by comparison 
with solution spectra and literature data (13,14). 

Solution and solid state absorption spectra maxima of 14  
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Elia et al. 

Table 2. (a) 'H NMR chemical shift data (ppm) for retinylidene 
iminium salts."," 

Compound 

Position 1 2 3 4 

"s = singlet, t = triplet, dd = doublet of doublets, bs = broad singlet, 
m = multiplet. 

"Referenced to CD,Cl, at 5.32 ppm. Measured at 22OC. 

(b) 'H,'H coupling constant data (Hz) for retinylidene iminium 
salts. 

Compound 

are given in Table 4. Solid state samples were prepared by 
smearing micro-crystalline fragments onto a glass or quartz 
slide. The resulting absorption peaks were typically broader 
than those obtained from solution but still Gaussian in shape. 

Single crystals of 2 and 3 suitable for X-ray crystallographic 
studies were generated by slow diffusion of diethyl ether into 
acetonitrile solutions of each compound. Crystals large 
enough for crystallographic analysis were exceedingly diffi- 
cult to grow although, once obtained, the crystals were found 
to be stable to light and moisture at room temperature. The 
structures of 2 and 3 were determined by X-ray crystallogra- 
phy. Two different projections of the cation-anion pairs of 2 
and 3 are shown in Figs. 1 and 2 and views of the unit cell 
packing are shown in Figs. 3 and 4, respectively. 

Discussion 

The two salts 2 and 3 have identical cations and only differ in 
their respective anions. Ideally, for the type of analyis under- 
taken here they should also have the same anion and only dif- 
fer in the relative placement of the anion with respect to the 
cation. The alternative approach, used here, is to vary the 
anion. However, in doing this it is important to keep the 
changes as small as possible and to use a closely related series 
of anions. Unfortunately, retinylidene salts are difficult to 
obtain as single c r y s t a l s . ~ ~ s  such, the ideal has to be balanced 
by the realities of obtaining materials that not only are suitable 
for structure determination using single crystal X-ray tech- 
niques but that also differ in terms of their solid state spectro- 
scopic properties. In this work salts 2 and 3 were found to both 
crystallize as well as exhibit different absorption spectra in the 
solid state. The two anions are different; however, they are 
similar in that they are each the salt of a strong acid and pos- 
sess a single negative charge formally located on oxygen 
atoms bonded to the central atom (C1 or S). 

In solution the properties of 2 and 3 are very similar. Thus 
the long-wavelength absorption maxima of CH,Cl, solutions 
of 2 (472 nm) and 3 (465 nm) (Table 4) are essentially the 
same. Similarly, the 13c NMR spectra of these two salts in 
solution are virtually identical, Table 3, Fig. 5. It is clear that 
in CH,Cl, solution variation in the anion of the two salts has 
little effect on the conformation or charge distribution of the 
iminium cation. 

Despite their similarity in solution it is also clear that there 
are major differences in these two salts when they are in the 
solid state. Thus the absorption maxima of 2 (504 nm) and 3 
(445 nm) as crystalline solids differ by 59 nm, Table 4. Not 
only is there a substantial difference in the absorption spectra 
of the two salts in the solid state but 2 shows an uncharacter- 
istic red shift in its absorption maximum in the solid as com- 
pared to the solution phase. In contrast, the chromophore of 3 
(as well as those of 1 and 4) exhibits the typical blue shift gen- 
erally found with iminium salts (14,18). These results clearly 
suggest that the chromophores of 2 and 3 are different when in 
the solid state. 

The dramatic differences in the solid state absorption spec- 
tra of 2 and 3 are accompanied by major and systematic differ- 
ences in their solid state 13c NMR spectra, Fig. 5. 
Examination of Fig. 5 reveals three significant differences. 
First, the solid state 13c NMR spectra for these compounds 
differ significantly in the chemical shifts of the odd-numbered 
carbons, particularly C15, C13, C11, and C9. Second, the res- 
onance positions of these carbons are further downfield in 2 
than in 3. Lastly, the magnitude of the differences between 2 
and 3 tends to decrease with increasing distance from the 
nitrogen atom. The odd-numbered carbons of an iminium salt 
are particularly sensitive to a-electron distribution along the 
polyene chain. 'The systematic pattern in the differences in 
chemical shift for the odd-numbered carbons in the solid state 
spectra of 2 and 3 would indicate that less positive charge is 
delocalized over the polyene carbon atoms in 3 than in 2. 

The differences observed in the properties of 2 and 3 in the 
solid state stand in marked contrast to their similarity in solu- 
tion. It is clear that the origin of these different properties of 
the chromophore in 2 and 3 in the solid state must be due to 
some specific interaction or conformational difference present 
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Table 3. "C NMR chemical shift data (ppm) for retinylidene iminium salts." 

Compound 

1 2 3 4 

Position Soln. Solid Soln. Solid Soln. Solid S01n.~ Solid 

"Solution spectra referenced to CD,Cl, at 53.8 ppm. Solid state spectra referenced to adamantane at 29.5 ppm and 
38.6 ppm. Measured at 22°C. 

weasured at -60°C. 
'Assignment may be reversed. 

only in the crystal lattices of these two salts. For this reason it 
is of interest to examine carefully the solid state structures of 

Table 4. Absorption spectral data (nm) for retinylidene 
iminium salts." 

these two salts. 

Comparison of the structures of the two salts 
As is evident from an examination of Figs. 1 and 2, the two 
salts have remarkably similar structures and packing arrange- 
ments within the crystal lattice. As was found in our earlier 
work with an N-phenyl substituted retinylidene iminium salt 
(22), the cations in 2 and 3 are bowed in the plane defined by 
atoms N, C14, C15, and C21 and bent normal to this plane, 
Figs. 1 and 2. The angle of intersection of the plane defined by 
C1, C4, C5, C6 and N, C14, C15, C21 is 20" for both 2 and 3. 
The C6-C7-C8 bond angles of 130.1(5)" for 2 and 132(1)" for 
3 are similar in size, with both being large as a result of the 
steric interactions between the methyl groups at C1 and the 
hydrogen atom at C8. Other relatively large bond angles are 
found at C7-C8-C9, C9-C10-C1 1, C11-C12-C13, and C13- 
C14-C15. 

In terms of conformation, as can readily be seen in Figs. 1 
and 2, both cations have a trans configuration about each of 
the C--C single and double bonds of their unsaturated chains. 
In particular, i t  should also be stressed that 2 and 3 both have 

Lax E,,vdx h,,,(solid) 
Compound (nm) (x 1 o-') (nm) 

1 476 4.36 444 
2 472 4.18 504 
3 465 4.5 1 445 
4 564b 4.25 5 05 

"In CH,Cl, at 22OC. 
* ~ t  -70°C. 

an s-trans configuration about the C6-C7 bond. The C5-C6- 
C7-C8 torsion angles (173.3(5)" and 174(1)", respectively), 
are the same within the experimental error. 

With the exception of the C20-C 13 bond lengths, all bond 
lengths of the cations are the same within experimental error. 
The significance of this difference in the C 2 k C 1 3  internu- 
clear distance will be discussed later. 

In summary, from the examination of the cations them- 
selves there are no obvious differences in their conformations 
or structures that could account for their different solid state 
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Elia et al. 

Fig. 1. The conformation of 2 

spectroscopic properties. The origin of the spectroscopic dif- 
ferences of the two salts must lie in the way the cations interact 
with other ions present within the crystal lattice. 

Crystal packing and cation-anion interactions 
The salts 2 and 3 were found to have different space groups 
and this impacts on the packing within the crystalline lattices. 
However, as can be seen from an examination of Figs. 3 and 4, 
in each case the cation-anion pairs are spatially arranged in a 
very similar manner with respect to each other. In each case 
the retinylidene cations lie on top of one another in a compa- 
rable T-.rr stacking fashion. The polar ends of the cations in 2 
and 3 are all directed toward one another while the relatively 
nonpolar p-ionone rings are grouped together. 

The closest cation-anion interactions in 2 and 3 are the 
hydrogen bonding interactions between the iminium proton of 
a cation and an oxygen atom of the perchlorate or triflate coun- 
terions. In general, it has been found from previous X-ray crys- 
tallographic determinations of salts that for organic cations 
with an OH or NH group bonded to a positively charged sys- 
tem there is always an anion located nearby such that a linear 
hydrogen bond exists between the anion and the hetero-atom 
bearing the proton. This has been found to be the case, for 
example, in every reported structure of protonated ketones 
(23). Similarly, in crystal structures of ammonium salts the 
anion is found to form a linear hydrogen bond with the acidic 
proton on the nitrogen (24). 

Linear or near-linear hydrogen bonds exist between the pro- 
ton on the nitrogen and an oxygen atom on the anion of both 2 
and 3. The N-H and H-0 internuclear distances are impre- 
cise owing to the uncertainty associated with crystallographi- 
cally determined hydrogen atom positions. However, the 
corresponding N---0 internuclear distances are determined 
with good precision. Examination of these cation-anion dis- 
tances in the lattices of 2 and 3 shows that there is a very 
important difference. The shortest N---0 distance in 2 
(2.939(7) A) is significantly longer than that in 3 (2.85(1) A) 
(difference 7 u  where a = (a,'+ a22)1'2). The N---0 contact in 
3 is shorter than the sum of the van der Waals radii of the 
respective neutral atoms (2.90 A). 

The shorter N---0 distance in 3 as compared to 2 would 
suggest a stronger hydrogen bonding interaction is present in 
the former salt. This is corroborated by the observation that 
the 'H NMR chemical shift of the N(H) proton in 3 is 0.8 ppm 
further downfield from the analogous proton in 2. 

The observation of an abnormally short C13-C20 bond 
length of 1.47(1) A in 3 versus 1.5 19(8) A in 2 led to a detailed 
investigation of possible other significant cation-anion sec- 
ondary interactions. Significant differences exist between the 
contacts observed in the two salts in terms of interactions 
involving C20-H---0 and C20-H---F hydrogen bonds. In 3 
two of the protons on C20 were found to be participating in 
hydrogen bonding with a fluorine or oxygen atom, respec- 
tively, of different anions, Fig. 6. The observed internuclear 
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596 

Fig. 2. The conformation of 3. 

Can. J. Chem. Vol. 74, 1996 

distances in 3 were F3---C20 (3.22(2) A) and 03---C20 
(3.34(1) A). Although these distances are outside the sum of 
the van der Waals radii for fluorine and carbon (3.05 A) and 
oxygen and carbon (3.10 A), they are shorter by ca. 0.5 A than 
the comparable interactions in 2. (The closest C-H---0 inter- 
action in 2 is 02---C20 (3.800(8) A). 

Taylor and Kennard have shown in an extensive study of 
C-H hydrogen bonding interactions that C-H---0 contacts 
are electrostatic and that they occur within certain distances 
(C---O,3.0-4.0 A) and angles (4, -90"-180") (25). There are 
numerous examples of C-H---0 bonds in the literature and it 
has been suggested that these interactions contribute signifi- 
cantly to the stability and tertiary structures of biomolecules 
such as nucleosides and amino acids (25-27). An activated 
C-H bond is polarized C(6-)-H(6'). As such, interaction of 
an anion with the C20 protons in combination with the partial 
positive charge on C13 would be expected to induce a shorten- 
ing of the C13-C20 single bond. 

The role of the anion in the ')c NMR spectra 
As was mentioned above, while the 13c NMR spectra obtained 
for compounds 2 and 3 in solution are virtually identical there 
are significant differences in their chemical shifts in the solid 
state, Fig. 5. The resonance positions of the odd-numbered car- 

bons of the polyenic chain of 3 are at higher field than the cor- 
responding resonances of 2, indicating that there is less 
positive charge induced on the carbon framework in 3. As was 
established above, the only significant differences in the two 
structures in the solid state is in their hydrogen bonding inter- 
actions between the cations and anions. It must be concluded 
that the origin of the differences in the solid state 13c NMR 
spectra are directly attributable to these hydrogen bonding 
interactions. 

The regularity of the differences in chemical shifts of the 
unsaturated carbons in the solid state I3c NMR spectra of the 
two salts suggests that the primary effect is due to the large 
variation in the N-H---0 internuclear distances. The differ- 
ent N-H---0 distances in 2 and 3 will result in a difference in 
the relative strengths of the hydrogen bonding interaction 
involving the nitrogen atom on the cations with an oxygen 
atom on the anion. The triflate counterion in 3 interacts more 
strongly with the N(H) proton than does perchlorate in 2. As a 
result the N-H bond in 3 will be weaker through the stronger 
hydrogen bonding interaction with the triflate counterion. 
This will lead to a reduction in the fraction of positive charge 
induced on the carbon framework and the 13c NMR chemi- 
cal shifts of C15, C13, C11, and C9 in 3 will resonate at 
higher fields than those found in 2. In the case of 2, where the 
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Fig. 3. Unit cell packing in 2 with view along y-axis 

N-H---01 interaction is much weaker than in 3, more posi- 
tive charge is borne by the odd-numbered carbons in the poly- 
ene chain. The secondary hydrogen-bonded interactions 
involving C20 in 3 could serve to assist delocalization of the 
positive charge through electron release to C13 along the poly- 
enyl chain. However, we note that Bader has shown through 
theoretical calculations that if a hyperconjugative mechanism 
is operational at C20, then the C 13-C20 bond should possess 
some IT-character and, consequently, a downfield shift of the 
C20 resonance might be expected (28). No downfield shift was 
seen for C20 in 3 as compared to 2. 

One way of viewing the importance of these interactions of 
different anions with the N-H proton is to remember that a 
hydrogen atom in a molecule formally can only have a bond 
valence of 1. In the absence of any hydrogen bonding interac- 
tion, a full positive charge will formally reside on the nitrogen 
atom and carbon framework of a protonated imine. Hydrogen 
bonding of the N-H proton to a Lewis base will reduce the 
N-H bond valence in proportion to the bond valence associ- 
ated with the hydrogen bond. This will result in a reduction of 
the fraction of positive charge induced on the nitrogentcarbon 
framework of the molecule. The importance of this hydrogen 
bonding on the degree of charge induction on a protonated 

Fig. 4. Unit cell packing in 3 with view along y-axis. 

imine can be seen by comparison of the properties of 213 with 
4 .  As can be seen from the data in Table 3, the solid state I3c 
NMR chemical shifts of C13 and C11 in 4 are shifted further 
downfield by 3.5 and 1.5 ppm, respectively, relative to 2. In 
compound 4 where the nitrogen atom is doubly substituted, 
the perchlorate counterion cannot participate in hydrogen 
bonding and so attenuates the fraction of positive charge to be 
delocalized on to the polyene carbons. 

The solid state I3c NMR chemical shifts for C 15, C 13, C11, 
and C9 in bR were reported by Harbison et al. to be 163.2, 
169.0, 139.1, and 146.4 ppm, respectively (12). The I3c NMR 
chemical shift differences between bR and 213 are illustrated 
in Fig. 7. The chemical shift values for C 15 and C 13 in bR are 
each shifted downfield by approximately 2 ppm compared to 
2, and by 5 ppm and 7 ppm compared to 3 ,  indicating that bR 
contains slightly more positive charge at C15 and C13 than do 
the comparable atoms in 2. 

The FTIR results corroborate the solid state I3c NMR work 
described above in that the C--4 stretching frequencies for 
bR, 2, and 3 are 1530, 1539, and 1553 cm-', respectively (29). 
The lower stretching frequency exhibited by bR is suggestive 
of a decreased C=C bond strength caused by more extensive 
positive charge delocalization in its polyene chain. 

Examination of the chemical shift differences of carbons 
C6-C8 in 2 ,3 ,  and bR (Fig. 7) reveal5 that these carbon atoms 
are substantially shifted to lower field in 213 than the corre- 
sponding carbon atoms in bR. This would indicate that there is 
a different type of specific interaction at the ring end of the ret- 
inylidene chromophore in bR than is observed in 2 and 3.  Har- 
bison et al. (12) and Sheves and co-workers (15) have 
suggested that there is a nonconjugated positive charge 
present in the vicinity of C7-C9 in bR. However, in the 
recently reported structure of bR there are no obvious positive 
charges near these carbon atoms (30). The effect of the protein 
on I3c NMR chemical shifts in bR may be due to the interac- 
tion of the polyene chain with four tryptophan residues 
(Trp86, Trp138, Trp182, and Trp189) that line the retinal 
pocket. It is possible that such an interaction with aromatic 
ring currents may be responsible for the observed effects. 

Effect of cationlanion placement on absorption spectra 
The absorption maxima of retinylidene iminium salts 2 (472 
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Fig. 5. Differences in I3C chemical shift between 2 and 3. Positive difference means 
that 3 is at higher field than 2. 

Positive difference means that 3 is 
1 at higher field than 2. 

4 

State - Solid 1 + SoIution I 
Carbon Atom Number 

Fig. 6. Bottom view of hydrogen bonding interactions in 3. 

nm) and 3 (465 nm) are very similar in CH2C12 solution, Table 
4. In contrast, their solid state absorption maxima differ by 59 
nm (263 1 cm-'). As has been suggested earlier, this difference 
is consistent with a conformational change about the C6-C7 
single bond (14) and indeed, Honig, Ebrey, and co-workers 
have indicated that twisting about the C6-C7 bond could 
alter the absorption maximum by about 50 nm (7). 

The crystal structures of 2 and 3 show that both cations have 
6-s-trans conformations in the solid state and, as such, the dif- 
ference in their absorption spectra cannot be accounted for on 
the basis of conformational effects. Rather, the 263 1 cm-' (7.5 
kcal/mol) difference in the absorption maxima of 2 and 3 in the 
solid state must primarily be the result of the variation in the 
differences in internuclear distance between N and 0 1 .  As was 
demonstrated above, the longer hydrogen-bonded interaction 
between 0 1  in C10,- with the N-H proton in 2 results in more 
charge being induced on the carbon framework of this salt as 
compared to 3. This will have the effect of destabilizing (rais- 
ing) the ground state energy of 2 as compared to 3 and so caus- 
ing a red shift in its absorption spectrum. This result strongly 

supports the suggestion of Sheves (15) that the position of the 
absorption maximum of a retinylidene iminium salt can be sim- 
ply regulated by change in the strength of the hydrogen bond- 
ing interaction between the N-H proton and the counterion. 

Conclusion 
This work demonstrates the power of combining detailed 
structural and solid state packing information with solid state 
spectroscopic techniques to unravel the impact of cation- 
anion interactions in determining the properties of a system. 
Similar approaches could be used with other organic salts and 
lead to a better understanding of the importance of the place- 
ment of the counterion in determining the charge distribution, 
etc. of an organic ion. 

Experimental section 
CH,Cl, was refluxed over P205 and distilled under a dry N2 
atmosphere prior to use. Similarly, diethyl ether was distilled 
from LiAlH,, CH,CN from P20, and then CaH2. Dry solvents 
were stored over 4 A molecular sieves in a glove bag that was 
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Fig. 7. Differences in I3c chemical shift between bR and 213. Positive difference means that 
carbon resonance of 2 or 3 is at higher field than bR. 

8 resonance of 2 or 3 is at higher field than 

w o 6 
C .$? 

4 
n 
;r r 2  
m - 
2 0 .- 
E 
6 -2 

-4 

Carbon Atom Number 

continuously purged with N2 in the presence of solid P205. pared by addition of an ethereal solution of the desired acid to 
Tertiary butylamine, n-butylamine, and N-methyl aniline were the imine dissolved in ether at room temperature under a N, 
distilled and kept over 4 A molecular sieves. CD,Cl, (pur- atmosphere. 
chased in sealed 1 g ampules) and CDC13 were used without 
further purification. All-truns retinal (Aldrich) was used with- Preparation of salts 1-3 
out further purification. All work was carried out under a nitro- Tertiary butylamine or n-butylamine (10 mmol) was added to 
gen atmosphere and in dim red light. Solution 'H NMR spectra a solution of retinal (1 mmol) in dry ether under a N, atmo- 
were acquired at 500 MHz on a Bruker AM500 spectrometer. sphere and in the absence of light. The reaction mixture was 
Solution 13c NMR spectra were acquired on either a Bruker stirred for 24 h over 4 A molecular sieves. The mixture was fil- 
AC200 (50 MHz) spectrometer or a Bruker AM500 (125.8 tered and ether and excess amine were removed under vac- 
MHz) spectrometer. uum. The imine was rinsed three times with dry ether (5  mL) 

Solid state 13c NMR spectra 
Room temperature solid state I3c NMR spectra of crystalline 
samples were obtained by CPMAS techniques with the use of 
a Bruker MSLIOO (25 MHz) spectrometer. Spinning rates 
were approximately 4000 Hz. Methyl and quaternary carbon 
resonances were assigned using a delay without decoupling 
pulse sequence (21). Samples (0.1 g) were mixed with NaC1, 
finely ground, and densely packed into alumina rotors under a 

and the flask evacuated to ensure complete removal of amine 
(excess amine would interfere in the subsequent protonation). 
The imine was not characterized and was used immediately in 
the following step. Protonation was accomplished at room 
temperature by slow dropwise addition of an ethereal solution 
of either CF3S03H or C10,H to an ethereal solution of imine. 
The resulting salt was filtered, recrystallized from CH3CN- 
ether mixtures at -20°C, and dried under vacuum. 

dry N, atmosphere. Adamantane was used as an external ref- Preparation of 4 
erence, and displayed resonances at 29.5 ppm (CH) and 38.6 Freshly distilled N-methyl aniline (75 mg, 0.7 mmol) in dry 
ppm (CH,) relative to tetramethylsilane. ether (5 mL) was cooled in an ice bath. A slight excess of per- 

chloric acid (1 10 mg of 70% HClO,, 0.8 mmol) was added 
UV spectra dropwise. A solution of all-trans retinal (200 mg, 0.7 mrnol) in 
Absorption spectra were recorded on a Hewlett Packard dry ether (2 mL) was added and the mixture stirred and 
8 4 5 1 ~  spectrophotometer. Solutions of the various com- 
pounds (about M) were placed in 1 cm quartz cells to 
record their absorption spectra. Solid state absorption spectra 
were obtained from crystalline samples smeared onto a glass 
or quartz slide. A similar slide was used as a reference. 

Infrared spectra 
Infrared spectra were recorded on a Biorad-Digilab FTS-40 
FTIR spectrometer. The samples were prepared as thin KBr 
discs. 

Synthesis 
All imines were synthesized using a modified procedure of 
Blatz et al. (14). The corresponding iminium salts were pre- 

allowed to stand until the salt precipitated from solution 
within about 10 min. The product was filtered, washed with 
dry ether, recrystallized from CH3CN-ether, and dried under 
vacuum (yield 250 mg, 75%). 

Single crystal X-ray crystallography. Collection of data 
Single crystals (flat red needles) of iminium salts 2 (0.01 x 
0.10 x 0.30 mm) and 3 (0.10 x 0.001 x 1.00 mm) suitable for 
X-ray diffraction studies were obtained from distillation of 
diethyl ether into an acetonitrile solution of each salt at 
- 20°C. 

Compound 2: C24H38C1N04 fw = 440.02 
Monoclinic, P2,/c, a = 20.179(3), b = 7.585(1), c = 
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Table 5. Atomic coordinates for 2. Table 6. Atomic coordinates for 3. 

Atom x Y z B,,,* or Beq Atom x Y z Bls0 or Bcq 

"01, 02, 03, 04: occupancy 0.70. 
b05, 06, 07, 08: occupancy 0.30. 

16.556(7)& P = 99.12(2)", V =  2502(2)A3, z = 4 ,  p, = 1.168 g/ 
cm3, p = 15.68 cm-' (23"C, CuKa, A = 1.54178 ) A. 
Compound 3: C,,H3,F3N03S fw = 489.64 
Monoclinic, P2,, a = 9.068(3), b = 7.919(3), c = 19.243(9)& 
p = 99.87(3)", V = 1361 .5(9)A3, Z = 2, p, = 1 .I94 g/cm3, 
p = 14.1 1 cm-' (23"C, CuKa, A = 1.54178 A). 

Cell constants were obtained from least-squares refine- 
ments using the setting angles of 24 carefully centered reflec- 
tions in the range 47.04" < 20 < 8 1.43" for 2 and 17 centered 
reflections in the range 21.19" < 20 < 26.07" for 3. Reflection 
intensities were measured using 8/28 scans on a Rigaku 
AFC5R diffractometer for 2 (20,,, = 100" (+h, +k, kl), 5609 
measured, 3242 unique, Rin,= 0.053) and a Rigaku AFC6R dif- 
fractometer for 3 (20,, = 120" (+h, +k, ?I), 2229 measured, 
2078 unique, Rin, = 0.065). Both instruments used a 12 kW 
rotating anode generator. The data for both compounds were 
corrected for Lorentz and polarization effects and absorption. 
For 2, an empirical absorption correction, based on azimuthal 
scans or several reflections, was applied, which resulted in 
transmission factors ranging from 0.84 to 1.00. In the case of 3 

an empirical absorption correction using the program DEABS 
(3 1) was applied, resulting in a transmission factor range from 
0.53 to 1.00, which appears to be an underestimate for such a 
thin needle. 

Solution and refinement of structures 
Both structures were solved by direct methods (32), and the 
space group of 3 was verified to be noncentrosymmetric. The 
oxygen atoms of the perchlorate ion in 2 were found to be dis- 
ordered in a 0.7:0.3 ratio. All non-hydrogen atoms were, with 
the exception of two of the disordered oxygen atoms 0 5  and 
0 7  in 2, refined anisotropically. Neutral atom scattering fac- 
tors were taken from Cromer and Waber (33). Anomalous dis- 
persion corrections (34) were applied to all non-hydrogen 
atoms. Full-matrix least-squares refinements, minimizing 
Cw(IF,( - F,()', where w = ~F,'/u~(F,'), were used in both 
cases. Hydrogen atoms were fixed in calculated positions. All 
calculations were performed using the TEXSAN crystallographic 
software package of Molecular Structure Corporation (35). 

The final refinement cycle for 2, using 1854 reflections with 
I > 2.0o(I), resulted in R = 0.059, S = 2.20, and R,, = (Zw(!F,l 
- F , I ) ~ / ~ w F ~ ) " ~  = 0.072, and gave a clean Fourier difference 
map (-0.20 to 0.30 e/A3). The final refinement cycle for 3, 
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using 1330 reflections with I > 3.0u(f), resulted in R = 0.057, 
S = 2.16, and R ,  = 0.039, and gave a clean Fourier difference 
map (-0.17 to 0.19 e/A3). Positional parameters and equiva- 
lent isotropic temperature factors for the non-hydrogen atoms 
of both structures are found in Tables 5 and 6, respectively.2 
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The photochemical nucleophile-olefin 
combination, aromatic substitution 
(photo-NOCAS) reaction. Part I I : Involving 
(R)-(+)-a-terpineol and (R)-(+)-limonene, 
substituting on I ,4-dicyanobenzenel 

Donald R. Arnold, Dennis A. Connor, Kimberly A. McManus, Pradip K. Bakshi, 
and T. Stanley Cameron 

Abstract: Irradiation of an acetonitrile-methanol (3: 1) solution of 1,4-dicyanobenzene (I), biphenyl (5), and (R)-(+)-limonene 
(21) leads to formation of the 1:l:l (methanol: 21: 1) photo-NOCAS adducts: 4-[(1R,2S,4R)-4-isopropenyl-2-methoxy-l- 
methylcyclohexyl]benzonitrile (23,30%), 4-[(1S,2R,4R)-4-isopropenyl-2-methoxy-l-methylcyclohexy~]benzonitrile (24,2%), 
4-[(1R,2R,5R)-5-isopropenyl-2-methoxy-2-methy1cycl0hexyl]benz0nitn1e (25,3%), and 4-[(1S,2S,5R)-5-isopropenyl-2- 
methoxy-2-methylcyclohexyl]benzonitrile (26, 1 %). When an acetonitrile solution (no added methanol) of 1.4-dicyanobenzene 
(I), biphenyl (5), and (R)-(+)-a-terpineol (22) was irradiated under these conditions, the products were the cyclized 1: 1 (22: 1) 
photo-NOCAS adducts: (1R,2S,5R)-2-(4-cyanophenyl)-2,6,6-trimethyl-7-oxabicyclo[3.2.l]octane (27,2l%) and (lS,4R,6R)-6- 
(4-cyanophenyl)-l,3,3-trimethyl-2-oxabicyclo[2.2.2]octane (28,2%). Structural assignments were based primarily upon 
detailed analysis of 'H and I3c nmr spectra and, for four of the products (24,26,27, and 28), structures were firmly established 
by X-ray crystallography. The mechanism for the formation of these products is discussed, with emphasis on the intramolecular 
reactions of the intermediate alkene radical cations. Molecular mechanics (MM3) calculations gave information regarding the 
structure and energy of the conformers of 21 and 22 that was useful for predictinglexplaining the observed reactivity on thebasis 
of approach vector analysis; the transition state for cyclization incorporates the nucleophile and the alkene radical cation carbon 
atoms at the vertices of an obtuse triangle orthogonal to the plane of the T-system. 

Key words: photoinduced electron transfer, radical cations, cyclization, terpenes. 

Resume : L'irradiation d'une solution de 1.4-dicyanobenzbne (I), de biphCnyle (5) et de (R)-(+)-limonkne (21) dans un melange 
acCtonitrile-mtthanol(3 : 1) conduit B la formation d'adduits photo-NOCAS (substitution aromatique par combinaison 
photochimique de nucltophile et d'olCfine) 1 : 1 : 1 (mtthanol : 21 : 1) : 4-[(1R,2S,4R)-4-isopropCnyl-2-mtthoxy-1- 
mCthylcyclohexy~]benzonitrile (23,40%, 4-[(1S,2R,4R)-4-isopropCnyl-2-m~thoxy-1-mCthylcyclohexyl]benzonitrile (24,2%), 
4-[(1R,2R,5R)-5-isopropCnyl-2-mtthoxy- 1-mCthylcyclohexyl]benzonitrile (25,3%) et 4-[(lS,2S,5R)-5-isopropCnyl-2-mCthoxy- 
2-mtthylcyclohexyl]benzonitrile (26, 1 %). Quand on irradie dans les m&mes conditions un melange de 1.4-dicyanobenzbne (I), 
de biphknyle (5) et de (R)-(+)-a-terpinCo1 (22) en solution dans de l'acttonitrile (sans y avoir ajoutt de mtthanol), les produits 
formCs sont les adduits de photo-NOCAS cyclisCs 1 : 1 (22 : 1) spivants : (lR,2S,5R)-2-(4-cyanophtnyl)-2,6,6-trimtthy1-7- 
oxabicyclo[3.2.1]octane (27,21%) et (1S,4R,6R)-6-(4-cyanoph~nyl)-1,3,3-trim~thyl-2-oxabicyclo[2.2.2]octane (28, 2%). Les 
attributions de structures ont CtC principalement faites sur la base d'ttudes dttailltes des spectres RMN du 'H et du 13c; de plus, 
pour quatre des produits (24,26,27 et 28), les structures ont Ctt Ctablies d'une f a ~ o n  ferme par diffraction des rayons X. o n  
discute du mtcanisme de formation de ces produits en insistant sur les reactions intramolCculaires des cations radicaux d'alcknes 
intermkdiaires. Des calculs de mtcanique moltculaire (MM3) fournissent de l'information relative i la structure et B 1'Cnergie 
des conformbres des composCs 21 et 22 qui est utile pour prCdirelexpliquer la rCactivitC observCe en se basant sur une approche 
d'analyse vectorielle; I'Ctat de transition de la cyclisation incorpore le nuclCophile et les atomes de carbones du cation radical de 
l'alckne aux sommets d'un triangle obtus orthogonal par rapport au plan du systkme T. 

Mots elks : transferts photoinduits d'tlectrons, cations radicaux, cyclisation, terpknes. 

[Traduit par la rkdaction] 
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Introduction 

The first examples of the photochemical nucleophile-olefin 
combination aromatic substitution (photo-NOCAS) reaction 
involved methanol, serving as the nucleophile, simple olefins, 
e.g., 2-methylpropene (2), and 1,4-dicyanobenzene (1) (reac- 
tion [I]) (3a,b). The major product results from the nucleo- 
phile (methanol) combining with the olefin radical cation 
(2+'), at the less substituted carbon, followed by substitution of 
the resulting P-alkoxyalkyl radical at the ipso position of the 
1,4-dicyanobenzene radical anion (I-') to give the anti- 
Markovnikov adduct (3). Subsequent studies have confirmed 
that the anti-Markovnikov mode of addition is preferred, and a 
mechanism, consistent with all of the observations, has been 
proposed (1,3). 

The scope of this reaction has recently been extended to 
include conjugated dienes (lb), nonconjugated dienes (ld,e), 
and alkenols (la).  The reactions of the nonconjugated dienes 
and alkenols (reactions [2], [3], [4], and [5]) are particularly 
relevant to this work. The intermediates involved in these 
reactions, alkene radical cations and alkyl radicals, can (and 

do) undergo intramolecular cyclization. This additional bond- 
forming reaction, proceeding to a more complex difunctional 
product, greatly extends the synthetic utility of the photo- 
NOCAS reaction. Of course, before this process is even con- 
sidered for inclusion in a retrosynthetic strategy, the scope 
and limitations of the reaction will have to be understood. 
Rules, analogous to Baldwin's rules (4), for the cyclization of 
ionic intermediates, and Beckwith's rules ( 3 ,  for the cycliza- 
tion of radical intermediates, will have to be defined for radi- 
cal ions. 

The nonconjugated dienes previously studied were 2,5-di- 
methyl-l,5-hexadiene (6) and 2,6-dimethyl-l,6-heptadiene 
(9). Both of these dienes lead to 1:l: 1 adducts indicative of 
intramolecular cyclization, at the radical cation stage, forming 
the 1,4-distonic radical cations, followed by attack of the 
nucleophile (methanol) and coupling of the resulting alkyl rad- 
ical at the ipso position of the 1,4-dicyanobenzene radical 
anion (I-'). The products include six- and seven-membered 
saturated ring systems, resulting from 1,6-endo, endo and 1,7- 
endo, endo cyclization of the radical cations (reactions [2] and 
131) (ld,e). 

Reaction [ 1  I (30,b) 

(CH3)2C-CH20CH3 CH2C(CH3)20CH3 6 + (CH3).C=CH2 hv, D 

2 CH ,OH 0 . 0  CN C N 
CN CH ,CN 
1 3 (52%) 4 (2%) 

D (codonor) = biphenyl ( 5 ) 

Reaction C21 (Id) 

C N CH3 Ar CH3 Ar  CH3 

Q + 

* C o c . 3  + 0 
C N CH, CH3CN CH3 CH30 CH, 

D = biphenyl (5) 
A r  = 4-cyanophenyl 

Reaction C 3 1  ( le) 

trans ( 4 % )  
and 
c i s  (9%) 

D = biphenyl (5) 
Ar  = 4-cyanophenyl 

cis (12%) c i s  (12%) 
trans (11%) trans (10%) 
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Reaction C41 (lo) n 

hv, D + ( c H ~ ) ~ C = C H - ( C H  Z )  2-CH(CH 3)OH 14 (29%) 

C H j  CN + 

D = biphenyl ( 5 ) 
Ar = 4-cyanophenyl 

Reaction [ 5 1  (la) 
f-7 

H ~ c ~ ( ~ & c H ~  
ArCH 2 H 

+ 17 (13%) 

H3CoaH 
ArCH2 CH3 

hv ,  D + H2C=C(CH3)-(CH 2) 2-CH(CH3)OH ------L + 1 8 ( 7 % )  
CH CN Ar 

CN 1 6  

1 H3cQCH3 H 

+ 1 9  (1 1%) 

D = biphenyl ( 5 ) 
Ar = 4-cyanophenyl 

Additional examples of intramolecular cyclization were 
observed with the alk-4-enols: 6-methyl-5-hepten-2-01 (13) 
and 5-methyl-5-hexen-2-01 (16). Initial formation of the alk- 
ene radical cation was followed by intramolecular nucleo- 
philic attack by the hydroxyl group; 1,5-exo and 1,6-endo 
cyclized products were formed (reactions [4] and [5]) (la). 

We have now extended this study to two interesting related 
alkenes: a l,5-diene, (R)-(+)-limonene ((4R)- 1 -methyl-4-(1- 
isopropenyl)cyclohexene) (21), and a 1,4-alkenol, (R)-(+)-  
a-terpineol ((4R)-4-(1-hydroxy- 1-methylethy1)-1-methyl- l -  
cyclohexene) (22). We recognized, at the outset, that there 
were additional steric constraints associated with these cyclic 
systems, relative to the acyclic analogues, that might hinder/ 
inhibit cyclization of the radical cations. Furthermore, the 
original stereogenic carbon will not be epimerized under these 
mild reaction conditions and, if the radical cations and (or), in 
the case of limonene (21), the intermediate P-alkoxyalkyl rad- 
ical do cyclize, this process would lead to interesting chiral 
bicyclic structures. 

Results 

The acetonitrile-methanol (3:l) solution of 1,4-dicyano- 
benzene (I), biphenyl (5), and the alkene was irradiated, using 
our typical reaction conditions, with a medium-pressure mer- 
cury vapour lamp through Pyrex. Progress of the reaction was 
monitored by capillary column gas chromatography with a 
flame ionization detector (gclfid). The first indication of the 

structure of the products was obtained from a gas chromato- 
graph equipped with a mass selective detector (gclms). The 
products were isolated by medium-pressure liquid chromatog- 
raphy (mplc). The yields generally were based upon the quan- 
tity of pure isolated products with 1,4-dicyanobenzene (1) as 
the limiting reagent. The alkene was present in excess. When 
the photo-NOCAS products were difficult to separate, the 
total weight of the mixture was obtained and the ratio(s) of the 
isomers was determined by gc/fid (integrated peak intensity). 
These ratios were similar to those observed on the crude reac- 
tion mixture. The ratio of products was not dependent on the 
extent of conversion: these ratios remained constant during the 
irradiation. 

The products from (R)-(+)-limonene (21) (reaction (61) 
were the 1:l: 1 (methanol: 21: 1) photo-NOCAS adducts: 4- 
[(1R,2S,4R)-4-isopropenyl-2-methoxy-1-methylcyclohexyl]- 
benzonitrile (23, 30%), 4-[(1S,2R,4R)-4-isopropenyl-2-meth- 
oxy-1-methylcyclohexyl]benzonitrile (24, 2%), 4-[(1R,2R, 
5R)-5-isopropenyl-2-methoxy-2-methylcyclohexy llbenzoni- 
trile (25,3%), and 4-[(1S,2S,5R)-5-isopropenyl-2-methoxy-2- 
methylcyclohexyl]benzonitrile (26, 1 %). Isomers 23 and 24 
result from anti-Markovnikov addition to the cyclic alkene; 
their combined yields make this the ma-jor mode of addition. 
Isomers 25 and 26 result from Markovnikov addition to the 
cyclic alkene. Under these conditions (methanol, 6 M) we 
found no evidence for cyclization of either the initially formed 
alkene radical cation (21+') or the intermediate P-alkoxyalkyl 
radical. Lowering the concentration of methanol (1 M) led to 
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Reaction C 6 1 

D = biphenyl (5) 

Reaction C 7 1 

r 6  hv, D 

1 (CH3)2 
(R) -(+)- a -Terpineol (22) 

D = biphenyl (5) 
H3C p 

A r  = 4-cyanophenyl A r  2 8 ( 2 % )  

decreased yields of the 1: 1: 1 adducts, but no cyclized products 
were detected (gc/ms). 

When an acetonitrile solution (no added methanol) of 1,4- 
dicyanobenzene (I), biphenyl (S), and (R)-(+)-a-terpineol(22) 
was irradiated under these conditions, the products were the 
cyclized 1: 1 (22 : 1) photo-NOCAS adducts: (1R,2S,5R)-2-(4- 
cyanopheny1)-2,6,6-trimethyl-7-oxabicyclo3.2. lloctane (27, 
21 %) and (lS,4R,6R)-6-(4-~yanophenyl)- 1,3,3-trimethyl-2- 
oxabicyclo[2.2.2]octane (28, 2%) (reaction [7]). Compound 
27, the major product, results from intramolecular 1,s-exo 
cyclization of the radical cation 22". The minor product (28) 
results from 1,6-endo cyclization. When this irradiation was 
carried out in the usual mixed solvent, acetonitrile-methanol 
(3: l), the yield of cyclized products was greatly reduced and 
1: 1: 1 (methanol : 22 : 1) adducts became major products. 
These 1: l :  1 adducts were detected (gclms) but were not 
isolated. 

Structural assignments 
Structural assignments for the products were based primarily 
upon detailed analysis of 'H and I3c nmr spectra and, for four 
of the products (24, 26, 27, and 28), structures were firmly 

established by X-ray crystallography.3 All of the products 
resulting from (R)-(+)-limonene (21) exhibit 'H nrnr spectra 
having an AA'XX' pattern at 7-8 ppm, clearly indicating the 
presence of a 1,4-disubstituted aryl group. Also observed was 
a singlet at 3.1-3.4 ppm, which is consistent with a methoxy 
methyl group. The evidence of the signals of two protons in 
the vinyl region of the 'H nrnr spectrum of these products sug- 
gests the addition has taken place across the endocyclic alk- 
ene. These common features support the assumption that these 
products are 1 : 1: 1 adducts involving the more heavily substi- 
tuted cyclic alkene, without intramolecular cyclization into 
the double bond of the isopropenyl side chain. 

The I3c nmr spectra show a pair of doublets and three sin- 

Data for 24,26,27, and 28 may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA OS2. 
Details of data collection, structural analysis and refinement, and 
tables of interatomic distances and bond angles have also been 
deposited with the Cambridge Crystallographic Data Centre and 
may be obtained on request from the Director, Cambridge 
Crystallographic Data Centre, University Chemical Laboratory, 
12 Union Road, Cambridge, CB2 lEZ, U.K. 
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glets in the aromatic region, a singlet-triplet combination at 
low field, a mid-field quartet, and two high-field quartets, con- 
firming the presence of the 4-cyanophenyl, the olefin, the 
methoxy methyl group, and two additional methyl groups, 
respectively. 

The regiochemistry of the products from (R)-(+)-limonene 
(21) was determined from the shifts of the 13c and 'H nmr sig- 
nals. In the 13c nmr spectra, the signals of a carbon adjacent to 
an oxygen generally occur at lower field (72-94 ppm), relative 
to those adjacent to the 4-cyanophenyl group (37-55 ppm) (1, 
3). The unti-Markovnikov adducts would have a quaternary 
carbon bearing methyl and aryl groups (37-55 ppm) and a 
methine carbon substituted by a methoxy group (72-94 ppm) 
(1,3). Isomers 23 and 24 each have an off-resonance doublet 
at 81.56 and 84.42 ppm, respectively, and a singlet at 43.27 
and 43.11 ppm, respectively; therefore, these &e the anti- 
Markovnikov adducts. The Markovnikov adducts would have 
a quaternary carbon bearing methyl and methoxy groups (72- 
94 ppm) and a methine carbon substituted by an  aryl group 
(37-55 ppm). Isomers 25 and 26 each show a singlet at 76.04 
and 73.67 ppm, respectively, and an off-resonance doublet 
between 38 and 55 ppm. 

In the 'H nmr, the signals of a proton on a carbon adjacent to 
an oxygen generally occur at lower field (3.2-3.7 ppm) than 
those adjacent to the 4-cyanophenyl group (2.4-3.0 ppm) (1, 
3). The 'H nmr spectra of isomers 23 and 24 show a single pro- 
ton signal at 3.84 and 3.45 ppm, respectively. These are 
assigned to protons geminal to the methoxy group and thus 
confirms that these are unti-Markovnikov adducts. Isomers 25 
and 26 have single proton signals at 3.09 and 2.56 ppm, 
respectively. These are assigned to protons geminal to the 4- 
cyanophenyl group. No single proton signals were observed in 
the region 3.2-3.7 ppm. This evidence confirms that these iso- 
mers, 25 and 26, are Markovnikov adducts. 

The stereochemical assignments for these isomers were 
more difficult to establish. Each of these isomers has three 
stereogenic centres, including one that was the original junc- 
ture of the ring and the isopropenyl substituent. This centre is 
not expected to epimerize under these (mild) reaction condi- 
tions; thus, once the relative configuration of the substituents 
is established, the absolute configuration will also be known. 
The structures of isomers 24 and 26 were firmly established by 
X-ray crystallography. These results confirm the validity of 
the interpretation based upon the nmr spectra. The assignment 
of stereochemistry for the other isomers, 23 and 25, rests 
entirely upon the interpretation of the nmr, aided by compari- 
son of the nmr spectra with those of the isomers 24 and 26. 

Compound 24, 4-[(1S,2R,4R)-4-isopropenyl-2-methoxy-1- 
methylcyclohexyl]benzonitrile, shows a doublet of doublets at 
3.45 ppm in the 'H nmr spectrum. The coupling constants are 
11.2 Hz and 4.2 Hz. These must be the axial-axial and axial- 
equatorial couplings of an axial proton geminal to the methoxy 
group. This is consistent with the X-ray determined structure 
for this compound, which shows the methoxy group in the 
equatorial position (Fig. 1). 

The overlap of the other signals in the 'H nrnr spectrum 
made a complete assignment of the ring protons difficult. 
However, with the aid of proton-proton decoupling experi- 
ments, a "quartet" was found in the three-proton multiplet at 
1.38-1.57 ppm which collapsed to a "triplet" upon irradiation 
of the proton geminal to the methoxy group. This "quartet" has 

Fig. 1. X-ray structure of 4-[(1S,2R,4R)-4-isopropenyl-2- 
methoxy- 1 -methylcyclohexyl]benzonitrile (24). 

a coupling of ca. 12 Hz, as does the "triplet" resulting from 
decoupling. As the methoxy group has vicinal protons on only 
one side, this "quartet" (1.38-1.57 ppm) must be partially due 
to an axial proton on C-3, vicinal to both the methoxy and iso- 
propenyl groups. The three observed coupling constants of ca. 
12 Hz each indicate that there must be two axial-axial cou- 
plings and a geminal coupling, evidence that the isopropenyl 
group must be in the equatorial position, in agreement with the 
X-ray structure. 

The I3c nmr spectral support for the axial position of the 
cyclohexyl methyl was provided by the coupling between the 
methyl carbon and the vicinal protons. This coupling (3~C-H) 
follows a Karplus relationship similar to that pertaining to vic- 
inal proton-proton coupling (3~H-H), dependent on the dihe- 
dral angle of the coupled nuclei (6). In general, the magnitude 
of 3~C-H is ca. 0.6 that of analogous 3~H-,. In the I3c nmr spec- 
trum of 24, the quartet at 16.69 ppm was assigned to the cyclo- 
hexyl methyl group (evidence for this is provided in the 
structural proof of compound 23). This quartet has a 16 Hz 
width at half-height. This broad a peak indicates the methyl 
group is axial, producing two axial-axial and one axial-equa- 
torial vicinal proton-carbon interactions. Assignment of an 
axial methyl group is consistent with the X-ray results. 

The assignment of the two methyl quartets in the 13c nmr 
was done rigorously for the major product (23; 4-[(I R,2S,4R)- 
4-isopropenyl-2-methoxy- 1-methylcyclohexyl]benzonitrile) 
and by comparison with others. A two-dimensional heterocor- 
relation spectrum of 23 showed correlation of the lower field 
quartet (29.14 ppm) in the 13c nmr spectrum with the higher 
field singlet (1.19 ppm) in the 'H nmr s ectrum, as well as the 
higher field quartet (21.03 ppm) in the 'C nmr spectrum with 
the lower field singlet (1.61 ppm) in the 'H nmr spectrum. 
(The assignment of the methyl signals in the proton spectra 
had been done b double irradiation of the vinyl protons.) The 
quartets in the ';C nmr spectra of the other products were 
assigned on the basis of shifts. Each 13c nmr spectrum had a 
quartet near 21 ppm with half-height width about 25 Hz. The 
other quartet was found either lower or higher (16-29 ppm) 
and with half-height widths ranging from 10 to 16 Hz. The 
quartet (near 21 ppm) with the more consistent shift from iso- 
mer to isomer and a wider half-height was assigned to the 
methyl on the vinyl side chain since it is in a more consistent 
environment from isomer to isomer and because coupling 
through a double bond is expected to be greater. The other 
quartet in each spectrum is the cyclohexyl methyl group. This 
was consistent with the assignment done by heterocorrelation 
for 23. 

The major product, 23, is the anti-Markovnikov stereoiso- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Arnold et al 

Fig. 2. X-ray structure of 4-[(lS,2S,SR)-5-isopropenyl-2- 
methoxy-2-methylcyclohexyl]benzonitrile (26). 

mer of the product, 24, whose structure was determined by X- 
ray analysis. The ring protons of 23, assigned using double 
irradiation experiments and COSY data, confirm the coupling 
relationships. There is a single proton resonance at 3.84 pprn 
which is the proton geminal to the methoxy group. The reso- 
nance exhibits a doublet of doublets having couplings of 4.0 
Hz and 1.9 Hz . By comparison to the corresponding signal 
(3.45 ppm; 11.2 Hz and 4.2 Hz) in the other anti-Markovnikov 
product, 24, the geminal proton must be equatorial and the 
rnethoxy group axial. The resonance at 2.32 ppm, a multiplet 
consisting of two 12.0 Hz couplings, was assigned as the pro- 
ton geminal to the isopropenyl group. It must be coupled to 
both vicinal axial protons by 12.0 Hz. This indicates that the 
isopropenyl group must be in the equatorial position and the 
geminal proton is in the axial position. 

The configuration at C-1, bearing a methyl and aryl ring, 
could not be simply determined by the carbon-proton cou- 
pling constant because the quartet at 29.14 pprn in the I3c nmr 
spectrum showed no discernable fine structure and a half- 
height width of 15 Hz. Consequently, a two-dimensional 
NOESY spectrum was obtained as well. A nuclear Overhauser 
effect was observed between the cyclohexyl methyl group 
(1.19 ppm) and the vicinal axial methoxy proton (3.43 ppm) 
and the vicinal axial ring proton (1.95 pprn). Another nuclear 
Overhauser effect was observed between the aryl group pro- 
tons (7.49 ppm) and the 1,3-diaxial protons (1.16 and 1.27 
pprn). These results indicated that the methyl group was equa- 
torial and the aryl group was axial. 

The stereochemistry of product 26,4-[(1S,2S,5R)-5-isopro- 
penyl-2-methoxy-2-methylcyclohexyl]benzonitrile, has been 
established by X-ray diffraction (Fig. 2) and the nmr data are 
in agreement. The single proton resonance at 2.56 pprn is the 
lowest field signal after the aromatic, vinyl, and methoxy pro- 
ton signals and was assigned as the benzylic proton; a proton 
on a carbon adjacent to the 4-cyanophenyl group is in the 
range of 2.4-3.0 pprn (1, 3). The resonance at 2.56 pprn is a 
doublet of doublets having couplings of 12.1 Hz and 3.2 Hz. 
The benzylic proton was thus assigned to the axial position, 
putting the aryl ring in the equatorial position. This is in agree- 
ment with the structure and conformation established by X-ray 
diffraction. The cyclohexyl methyl group, gerninal to the 
methoxy group, exhibits a quartet in its coupled I3c nmr spec- 
trum with a half-height width of 10 Hz. This supports the 
assignment that the methyl group is in the equatorial position. 

The 'H nmr spectrum of product 25, 4-[(1R,2R,5R)-5-iso- 
propenyl-2-methoxy-2-methylcyclohexyl]benzonitrile, in- 
cludes a doublet of doublets (8.7 and 4.5 Hz) at 3.09 ppm. This 

Fig. 3. X-ray structure of (lR,2S,SR)-2-(4-~yanophenyl)-2,6,6- 
trimethyl-7-oxabicyclo[3.2.l]octane (27). 

Fig. 4. X-ray structure of (lS,4R,6R)-6-(4-~yanophenyl)-l ,3,3- 
trimethyl-2-oxabicyclo[2.2.2]octane (28). 

signal was assigned to the benzylic proton. The couplings indi- 
cate that the benzylic proton is axial and the aryl group is in the 
equatorial position. Decoupling experiments indicatk that the 
resonance at 2.41 pprn is due to the proton geminal to the iso- 
propenyl group. A 500 MHz spectrum shows that the signal at 
2.41 pprn is a quintet. If the proton is axial, it should not couple 
equally to the four vicinal protons as the experimental quintet 
indicates must be the case. The isopropenyl group is therefore 
axial. A NOESY correlation between one of the vinyl protons 
and the benzylic proton is further evidence of the 1,3-diaxial 
placement of the isopropenyl group and the benzylic proton. The 
cyclohexyl methyl group is assigned the equatorial position 
because the coupled 13c nmr spectrum shows the width of the 
quartet (19.25 ppm) ca. 10Hz.Thisis toonarrow 
for an axial methyl, which would have two axial-axial and one 
axial-equatorial proton couplings. This is consistent with the 
quartet (23.01 ppm) in product 26, which is known to represent 
an equatorial methyl group as well. 

The products resulting from (R)-(+)-a-terpineol (22) 
were identified as (lR,2S,5R)-2-(4-cyanophenyl)-2,6,6-tri- 
methyl-7-oxabicyclo[3.2. I ]octane (27) and (lS,4R,6R)- 
6-(4-cyanopheny1)- 1,3,3-trimethyl-2-oxabicyclo[2.2.2]octane 
(28). The overall structures of 27 and 28 were firmly estab- 
lished by X-ray analysis of a single crystal (Figs. 3 and 4, 
respectively). The 'H and 13c nmr spectra are consistent with 
these structures. For 27: the 'H n G  spectrum exhibits three 
singlets in the aliphatic region, indicative of the three methyl 
groups: a benzylic methyl group and two methyl groups 
bonded to the same carbon, which is adjacent to a chiral cen- 
tre; these two methyl groups are therefore nonequivalent. A 
broad doublet at low field (4.25 ppm) indicates a methine 
group at the bridgehead adjacent to an oxygen. An AA'XX' 
pattern in the aromatic region of the 'H nmr spectrum is indic- 
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ative of the 4-cyanophenyl group. The I3c nmr spectrum of 27 
indicates three methyl groups, two of which have very similar 
shifts (29.70 and 30.12 pprn). A singlet at 44.94 pprn indicates 
a benzylic quaternary carbon, and a singlet and doublet at 
83.00 and 83.07 ppm, respectively, support the bridgehead 
rnethine group and quaternary carbon, both adjacent to oxy- 
gen. The signal of a carbon adjacent to an oxygen generally 
occurs at lower field (72-94 ppm) than those adjacent to the 4- 
cyanophenyl group ( l ,3) .  

The 'H and I3c nmr spectra of 28 are also consistent with 
the structure determined by X-ray analysis of a single crystal 
(Fig. 4). The 'H nmr spectrum exhibits three singlets in the ali- 
phatic region, indicative of three methyl groups. The proposed 
structure has a methyl group at a bridgehead, as well as two 
methyl groups bonded to the same carbon, which is adjacent to 
a stereogenic centre; these two methyl groups are therefore 
nonequivalent. A triplet of triplets at lower field (2.50 ppm) 
indicates a methine group at the bridgehead not adjacent to an 
oxygen, unlike compound 27, which indicates a much lower 
field signal (4.25 ppm) for the methine group at the bridge- 
head, thus supporting that the methine group is adjacent to an 
oxygen. An AA'XX' pattern in the aromatic region of the 'H 
nmr spectrum is indicative of the 4-cyanophenyl group. The 
13c nmr spectrum of 28 indicates three methyl groups, two of 
which have the same shift (28.94 pprn). A doublet at 49.39 
pprn indicates a benzylic methine carbon, and two singlets at 
72.90 and 73.78 pprn support the bridgehead quaternary car- 
bon and the quaternary carbon, both adjacent to oxygen. The 
signal of a carbon adjacent to an oxygen generally occurs at 
lower field (72-94 ppm), than those adjacent to the 4- 
cyanophenyl group (1, 3). Another doublet at 33.59 pprn indi- 
cates the bridgehead methine group not adjacent to oxygen. 

Discussion 

The first steps of the photo-NOCAS reaction involve electron 
transfer from the donor (olefin) to the first excited singlet state 
of the acceptor (1,4-dicyanobenzene (1)) . The free energy for 
this process can be calculated using the Weller equation (eq. 
[8] (7)); electron transfer to the first excited singlet state of 1 
from either (R)-(+)-limonene (21) or (R)-(+)-a-terpineol (22) 
is exergonic by at least 45 kJ mol-' (Table 1). This process can 
be expected to occur at the diffusion-controlled rate (7). 

[81 (7) AG,, = F (E,/,OX (D) - ~,,,'e~ (A) - e l ~ a )  - E,,, (A) 

Previous results have shown that the efficiency of the photo- 
NOCAS reaction can be increased by the addition of biphenyl 
(S), serving as a codonor. The explanation for this enhance- 
ment is based upon the relative efficiency of escape from the 
solvent cage of the initially formed alternative geminate radi- 
cal ion pairs (1, 3). These reactions, [6] and [7], were also 
made more efficient upon the addition of the codonor, biphe- 
nyl (5). 

Single electron transfer from (R)-(+)-limonene (21) can be 
expected to occur predominantly from the more substituted 
cyclic alkene, site of the more stable radical cation (21"). The 
analogous acyclic diene radical cations, 6" and 9+', cyclize 
1,6-endo, endo and 1,7-endo, endo (reactions [Z] and [3]) 
(ld,e). There is also evidence (esr spectroscopy) for the 
cyclization, and subsequent rearrangement, of the radical cat- 
ion of 4-vinylcyclohexene (9). However, neither 4-vinylcyclo- 

Table 1. The oxidation potentials of (R)-(+)-limonene (21) and 
(R)-(+)-a-terpineol (22) and the calculated free energy change 
(AG,,) for the electron transfer process from the alkene to the 
electronic excited singlet state of the acceptor, 1,4-dicyano- 
benzene (1). 

- 

Alkene EI~Z~~(V)O AG,,(k.J mol-I)b 

(R)-(+)-Limonene (21) 2.15 -46.2 
(R)-(+)-Terpineol (22) 1.97 -63.6 

"Oxidation potentials were measured at a platinum electrode relative to 
the saturated calomel electrode (SCE), using tetraethylammonium 
perchlorate (0.1 m TEAP) as the electrolyte in acetonitrile. The anodic 
waves were irreversible; the half-wave potentials were estimated by 
subtracting 0.028 V from the peak potentials (8). 

bBased upon the Weller equation (eq. [8]) (7); Eo, (1) 408.4 kJ mol-', 
E,,"d (1) -1.66 V, the Coulombic attraction term was taken to be 5.4 M 
mol-' (3a). 

Table 2. (a) Conformations (MM3) of (R)-(+)-limonene (21). (b)  
Conformations (MM3) of (R)-(+)-a-terpineol (22). 

LC2-C3-C4-C5" LC3-C4-C5-06" M(W mol-I)* 

Axial-anti 81.5 137.2 13.9 
Axial-syn 76.3 -11.0 5.2 
Equatorial -173.7 108.3 -1.6 
Equatorial -174.3 -1 15.2 -2.1 

Axial-anti 83.2 -170.3 -273.0 
Axial-gauche 84.5 67.4 -274.7 
Axial-syn 79.6 -60.4 -286.1 
Equatorial -174.2 -54.6 -288.5 
Equatorial -172.8 60.1 -290.8 
Equatorial -174.3 -177.2 -29 1.4 

"Sign of dihedral angle A-B-C-D: when looking through B toward C, if 
D is counterclockwise from A. negative. 

bHeat of formation. 

hexene nor limonene (21) gave cyclized products upon anodic 
oxidation in methanol (10). Evidently, cyclization of the 
vinylcyclohexene and limonene (21" ) radical cations is slow 
in methanol solution relative to competing processes (nucleo- 
philic attack, deprotonation, further anodic oxidation). 

These results can be explained in terms of the alternative 
conformations available to limonene (21) and to the corre- 
sponding radical cation (21"); there is good evidence that the 
structure of the alkene radical cation is similar to that of the 
neutral molecule (1 I). Molecular mechanics (MM3) calcula- 
tions were used to determine the structure and relative ener- 
gies of the conformers (Table 2a). Four conformers were 
identified; as expected, the global minimum conformer has the 
half-chair structure with the isopropenyl side chain equatorial. 
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Arnold et al. 

Fig. 5. (R)-(+)-Lirnonene, 21 (axial-syn). C1-C6, 3.54 A. 
C2-C6, 3.27 A. 

The conformer required for cyclization, axial-syn (Fig. 5), is 
7.3 kJ mol-' less stable than this global minimum and is a 
minor (2.4% at 10°C) component of the equilibrium mixture. 
Furthermore, the structure of this axial-syn conformer is not 
favourably orientated for cyclization; the C1--C6 (3.54 A) 
and C 2 - 4 6  (3.27 A) distances are long. In addition, the iso- 
propenyl T-molecular orbital (C5--C6), which must serve as 
the nucleophile, is not directed toward the half-filled T-bond 
of the radical cation (C l -42 ) .  In view of these structural con- 
siderations, formation of 1 : 1 : 1 photo-NOCAS adducts, result- 
ing from intermolecular nucleophilic (methanol) attack at the 
more heavily substituted (easier to oxidize) endocyclic double 
bond, without prior cyclization, is reasonable (reaction [6]). 

It is interesting to compare the regio- and stereochemistry of 
these 1 : 1 : 1 photo-NOCAS adducts with those obtained from 
1-methylcyclohexene (29) under analogous conditions (reac- 
tion [9]); the products from these reactions are similar. The 
anti-Markovnikov mode of addition dominates (86 and 89%) 
in both reactions. Coupling of the resulting P-alkoxyalkyl rad- 
ical, with the 1,4-dicyanobenzene radical anion (la), occurs 
preferentially from the pseudo-axial position trans to the 
methoxy group; 23 and 30 are the major products. Pseudo- 
axial attack generally dominates during radical additions to 
substituted cyclohexenes (12). The initial attack of methanol 
on the limonene radical cation ( 2 1 9  also occurs preferentially 

Reaction [ 9 1 (36) 

Fig. 6. (R)-(+)-a-Terpineol, 22 (axial-syn). C1-06, 3.09 A. 
C2-06,3.12 A. 

from the pseudo-axial position, of the half-chair conformer, 
trans to the equatorial isopropenyl side chain. 

The radical cations of the acyclic analogues of terpineol 
(22), 6-methyl-5-hepten-2-01 (13") and S-methyl-5-hexen-2- 
01 (16+'), undergo 1,s-exo and 1,6-endo cyclization under 
photo-NOCAS conditions (reactions [4] and [5]). The radical 
cation of terpineol (22") also cyclizes both 1,5-exo and 1,6- 
endo (reaction [7]). Six conformers of terpineol (22) were 
identified by molecular mechanics (MM3). The conformer 
required for cyclization, axial-syn (Fig. 6), is 5.3 M mol-' less 
stable than the global minimum and is a minor participant 
(4.9%, 10°C) at equilibrium. This conformer is nicely oriented 
for cyclization; the C1-06 (3.09 A) and C2-06 (3.12 A) 
distances are relatively short and a nonbonding pair of elec- 
trons on the oxygen (06) is directed toward the radical cation 
(Cl-C2). The thermal barrier for inverting the half-chair 
conformation of cyclohexenes is small; equilibration may 
occur during the lifetime of the radical cation. The preference 
for C2-06 bonding, 1,s-exo cyclization, may be attributed to 
the relative stability of the intermediates. The major product 
(27) results from the anti-Markovnikov mode of addition, fol- 
lowed by coupling of the P-alkoxyalkyl radical, from the 
pseudo-axial position trctns to the alkoxy group, with the di- 
cyanobenzene radical anion (I-'). 

Conclusions 

Knowledge of the scope and limitations of the photo-NOCAS 
reaction, involving methanol as the nucleophile, and of the 

h v ,  D - 
CH ,OH 

CH ,CN 

OCH, 

T o C ~ s  + + d r  

CH3 CH3 
30 (62%) 31 (4z) 

OCH, 

& t H 3  &CH3 
+ 

D (codonor) = biphenyl ( 5 ) 32 (EX) 33 (3Z) 

Ar = 4-cyanophenyl 
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behaviour of alkene radical cations, continues to grow. The 
intramolecular reactivity of alkene radical cations, 13-exo and 
1,6-endo cyclization, can be predicted using approach vector 
analysis; the favoured transition state incorporates the nucleo- 
phile and the alkene radical cation carbon atoms at the vertices 
of an obtuse triangle orthogonal to the plane of the T-system 
(4). The occurrence of cyclization can be explainedlpredicted 
on the basis of structural information obtained from molecular 
mechanics (MM3) calculations. These reactions have signifi- 
cant synthetic utility. 

Experimental 

General information 
The 'H and 13c n m  spectra were obtained from a Bruker 250 
MSL spectrometer or from a Nicolet 360 NB nmr spectrome- 
ter. Spectra were recorded in parts per million (ppm) and fre- 
quencies are reported relative to tetramethylsilane. Infrared 
spectra (ir) were recorded on a Nicolet 205 FTIR or on an air- 
purged Perkin-Elmer 180 grating spectrometer and are 
reported in wave numbers (cm-I). Elemental analyses were 
performed by Canadian Microanalytical Service Ltd., B.C. 
Exact Mass determinations were obtained using a ZAB-E 
spectrometer. Measurements of optical rotation were carried 
out in ethanol solution on a Perkin-Elmer 141 polarimeter. 
Melting points were determined using a Cybron Corporation 
Thermolyne apparatus with a digital thermocouple and are 
corrected. Product yields and progress of the reactions were 
determined using a Hewlett-Packard (HP) 5890 gas chromato- 
graph with a DB-1701 fused silica WCOT column (30 m x 
0.25 mm, 0.25 pm film thickness) and a calibrated flame ion- 
ization detector (gclfid) and are based upon 19-dicyanoben- 
zene (1) as the limiting reagent. An HP 3392A integrator was 
interfaced with the gclfid to obtain peak areas. An HP 5890 gas 
chromatograph with a 5% phenyl methyl silicone fused silica 
WCOT column (25 rn x 0.20 mm, 0.33 bm film thickness) 
interfaced with an HP 5970 mass selective detector (gclms) 
was also used for product analyses. Mass spectra are reported 
as m/z (relative intensity). Separation of product mixtures was 
generally carried out using preparative medium-pressure liq- 
uid chromatography (mplc) (3b). The mplc consists of a 2.5 
cm x 1 m column packed with thin-layer chromatography (tlc) 
grade silica gel (without binder) (cat. no. 7747 Merck) at a 
pressure of 15 psi using helium (lpsi = 6.9 kPa). Connected to 
the mplc was a uv spectrophotometer - fraction collector that 
collects ca. 10 rnL fractions. Dry column flash chromatogra- 
phy (dclfc) was also used (13). This column was also packed 
with thin-layer chromatography grade silica gel (without 
binder) (cat. no. 7747 Merck). Fraction sizes were ca. 5 mL. 

Materials 
Acetonitrile (Fisher ACS grade) was distilled twice, first from 
sodium hydride and then from phosphorus pentoxide. It was 
then passed through a column of basic alumina, refluxed over 
calcium hydride for 24 h (under a nitrogen atmosphere), frac- 
tionally distilled (under nitrogen), and stored over molecular 
sieves (3 A) (14). Methanol was distilled and then stored over 
molecular sieves (4 A). Dicyanobenzene- 1,4 (1) (Aldrich) was 
purified by treatment with Norite in rnethylene chloride, fol- 
lowed by recrystallization from 95% ethanol. Tetraethylam- 
monium perchlorate (TEAP) (Aldrich) was recrystallized 

three times from water and then dried in a vacuum oven for 15 
h, 70°C, 0.25 Torr (1 Torr = 133.3 Pa). The (R)-(+)-limonene 
(21) (97%) was obtained from the Aldrich Chemical Co. The 
rotation was measured to be [(rlD2'" +97.0 (c 1.26, 95% etha- 
nol). Aldrich reports the rotation to be [ C X ] ~ ' ~  +I23 (neat). The 
(R)-(+)-a-terpineol (22) (99%) was obtained from the Fluka 
Chemika-BioChemika Co. The rotation was measured to be 
[alD2' +87.9 (c 2.02, absolute ethanol). Fluka reports the rota- 
tion to be [alD20 +85 ? 2 (neat). 

Irradiations 
Irradiations involving (R)-(+)-limonene (21) were carried out 
on solutions of 1,4-dicyanobenzene (I), the diene, and biphe- 
nyl (5) in acetonitrile-methanol (3: 1). Irradiations involving 
(R)-(+)-a-terpineol (22) were carried out on solutions of ace- 
tonitrile with 1,4-dicyanobenzene, the alk-4-enol, and biphe- 
nyl. Solutions were irradiated in either 2 cm i.d. Pyrex tubes or 
5 mm Pyrex nmr tubes, which were degassed by nitrogen ebul- 
lition. These samples were irradiated at 10°C using a CGE 1 
kW medium-pressure mercury vapour lamp contained in a 
water-cooled Pyrex immersion well. 

Cyclic voltammetric measurements 
Cyclic voltammetry was used to obtain the oxidation potential 
of the alkenes. The apparatus has been described (15). The 
working electrode was a platinum sphere (1 mm diameter) and 
the counter electrode was a platinum wire. The reference elec- 
trode was a saturated calomel electrode (sce), which was con- 
nected to the solution (TEAP 0.1 M, acetonitrile) through a 
Luggin capillary. The alkene concentration was ca. 0.005 M. 
Since the anodic wave was irreversible, the half-wave poten- 
tial was taken as 0.028 V before the anodic peak potential (8). 

Formation of the methanol, (R)-(+)-limonene (21), 1,4- 
dicyanobenzene (1) photo-NOCAS adducts 23,24,25 
and 26: reaction [6] 

A solution of (R)-(+)-limonene (21) (7.8 rnL, 6.6 g, 0.048 
mol), 1,4-dicyanobenzene (1) (3.1 g, 0.024 mol), and biphenyl 
(5) (3.7 g, 0.024 mol) in acetonitrile-methanol (3: 1, 240 mL) 
was degassed by nitrogen ebullition and irradiated for 8-10 
days using a 1 kW lamp at 10°C. The solvent was removed on 
a rotary evaporator and the crude photolysate was separated by 
chromatography (mplc) using a linear solvent gradient (hex- 
anes-dichlorornethane). Further purification was achieved via 
additional chromatography using mplc and dclfc. Four 1 : 1 : 1 
adducts were isolated: 23, 24, 25, and 26. 

4-[(1R,2S,4R)-4-Isopropenyl-2-methoxy-l-methylcyclo- 
hexyllbenzonitrile (23) 

The yield of 23 was 30%: [alD2' +48.5 (c 1.30,95% ethanol); 
infrared (PE- 180) v: 3060(w), 2918(s), 2855(m), 2812(w), 
2220(s), 1645(w), 1610(s), 1506(m), 1460(s), 1375(w), 
1194(m), 11 12(s), 1096(s), 1084(s), 1016(w), 874(m), 824(s); 

2 - 'H nrnr (361.08 MHz, CDC1,) 6,,,: 1.16 (m, lH, J,,,-,,, - 
13.0 Hz, 3 ~ 3 a x 4 a x  = 12.0 Hz, 3 ~ 2 ,  = 1.9 Hz, axial H of meth- 
ylene group (3ax-H)). 1.19 (s, 3k .  cyclohexyl CH3), 1.27 (m, 

3 1H, 3~5ax-6ax = 13.8 Hz, J4ax-5ax = 12.0 HZ, 2 ~ 5 a x  -,,, = 11.5 HZ, 
3 JSaxdeq = 3.4 Hz, axial H of methylene group (Sax-H)), 1.61 

- (s, 3H, vinyl CH,), 1.66 (m, lH, 'J, ,,-,, , = 11.5 Hz, 3 ~ 5 ,  dax - 
3 3.8 Hz. 3~j,4eq = 3.8 Hz. J4ax-5fq = 3.4 Hz, equatorial 3 H of 

methylene (5eq-H)), 1.92 (m, 1 H, -J,,,-,,, = 13.0 Hz, J2eq-3eq = 
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4.0 Hz, 3~3eq4,x = 3.4 Hz, equatorial H of methylene (3eq-H)), 
3 1.95 (m, 1H, 2J6ax4eq = 13.8 HZ, 3~5,x4ax = 13.8 Hz, Jseqdax = 

3.8 Hz, axial H of methylene group (6ax-H)), 2.09 (m, lH, 
2 3 = 13.8 Hz, J5,,,,, = 3.8 Hz, 3~5J;,,-6,q = 3.4 Hz, equa- 
torial of methylene (6eq-H)), 2.32 (m, IH, 3~3ax4ax  = 12.0 

'3 3 Hz, 3~4ax-5ax = 12.0 Hz, J3eq4ax = 3.4 Hz, J4ax-5eq = 3.4 Hz, 
axial H of alkene-substituted carbon (4ax-H)), 3.43 (s, 3H, 
OCH,), 3.84 (dd, IH, 3~2eq-3eq = 4.0 HZ, 3~2eq-3ax = 1.9 Hz, H of 
methoxy-substituted carbon (2eq-H)), 4.56 (s, lH, vinyl H), 
4.62 (s, lH, vinyl H), 7.49 (d, 2H, ,J2,-,, = 8.2 Hz, ,J5,& = 8.2 
Hz, H's adjacent to alkyl-substituted aryl carbon (2'-H, 6'-H)), 
7.61 (d, 2H, ,J2,,, = 8.2 Hz, 3~5,4 ,  = 8.2 Hz, H's adjacent to 
cyano-substituted aryl carbon (3'-H, 5'-H)); I3c nmr (90.80 
MHz, CDC1,) 6:  21.03 (q, 125.0 Hz, vinyl CH,), 27.08 (t, 
124.7 Hz), 29.14 (q, 126.3 Hz, cyclohexyl CH,), 29.14 (t, 
129.4 Hz), 30.83 (t, 129.8 Hz), 37.62 (d, 125.8 Hz, CH, alkene 
substituted), 43.27 (s, quaternary carbon, aryl substituted), 
57.17 (q, 140.6 Hz, OCH,), 81.56 (d, 139.6 Hz, CH, methoxy 
substituted), 108.51 (t, 154.6 Hz, alkene CH,), 109.36 (s, qua- 
ternary aryl carbon, cyano substituted), 118.89 (s, CN), 126.98 
(d, 160.0 Hz, aromatic CH adjacent to alkyl- substituted aryl 
carbon), 132.21 (d, 165.4 Hz, aromatic CH adjacent to cyano- 
substituted carbon), 149.36 (s), 152.92 (s); ms d z :  53(25), 
58(25), 67(36), 68(37), 79(56), 81(25), 94(75), 11 1(100), 
1 16(29), 143(48), 269(4). Anal. calcd. for C,,H,,NO: C 80.26, 
H 8.61, N 5.20; found: C 80.09, H 8.54, N 5.24. 

4-~1S,2R,4R)-4-lsopropenyl-2-methoxy-J-methylcyclo- 
hexyllbenzonitrile (24) 

The yield of 24 was 2%: [alD2' - 16.2 (c 0.50, 95% ethanol); 
infrared (PE-180) v: 3090(w), 2954(s), 2884(m), 2840(w), 
2252(s), 1662(w), 1623(m), 1522(m), 1472(m), 1466(m), 
1110(s), 1075(w), 1033(w), 886(m), 824(m); 'H nmr (361.08 
MHz, CDCI,) a,,,: 1.35 (s, 3H, cyclohexyl CH,), 1.38-1.57 
(m, 3H), 1.64-1.75 (m, 2H), 1.78 (s, 3H, vinyl CH,), 2.02- 

- 2.13 (m, 2H), 3.13 (s, 3H, OCI-13),3.45 (dd, 1H,3~2ax- ,ax-  
3 11.2 Hz, J2ax-3eq = 4.2 Hz, H of methoxy-substituted carbon 

(2ax-H)), 4.76 (s, lH, vinyl H), 4.77 (s, lH, vinyl H), 7.55 (d, 
2H, 3~2r -3 ,  = 8.5 Hz, 3 ~ s 4  = 8.5 Hz, H's adjacent to alkyl-sub- 
stituted aryl carbon (2'-H, 6'-H)), 7.61 (d, 2H, ,J2,-,,= 8.5 Hz, 
3~5z4 ,  = 8.5 Hz, H's adjacent to cyano-substituted aryl carbon 
(3'-H, 5'-H)); I3c nmr (90.80 MHz, CDC1,) 6: 16.69 (q, 125.9 
Hz, cyclohexyl CH,), 20.81 (q, 125.1 Hz, vinylCH,), 26.85 (t, 
'126.7 Hz), 31.06 (t, 127.6 Hz), 38.96 (t, 126.1 Hz), 43.1 1 (s, 
quaternary carbon, aryl substituted), 43.90 (d, 130.2 Hz, CH, 
alkene substituted), 56.96 (q, 141.1 Hz, OCH,), 84.42 (d, 
139.7 Hz, CH, methoxy substituted), 109.09 (t, 155.2 Hz, alk- 
ene CH,), 109.46 (s, quaternary aryl carbon, cyano substi- 
tuted), 119.15 (s, CN), 127.00 (d, 161.7 Hz, aromatic CH 
adjacent to alkyl-substituted aryl carbon), 13 1.77 (d, 163.8 Hz, 
aromatic CH adjacent to cyano-substituted carbon), 148.91 
(s), 155.12 (s); ms m/z: 53(15), 67(25), 68(23), 79(30), 81(16), 
94(50), 107(14), 111(100), 115(13), 116(23), 126(13), 
128(12), 130(12), 142(16), 143(50), 156(14), 222(14), 269(6). 
X-ray data: see footnote 3. 

4-[(1R,2R,5R)-5-Isopropenyl-2-methoxy-2-merhylcyclo- 
hexyllbenzonitrile (25) 

The yield of 25 was 3%: [alD2' +25.9 (c 1.03, 95% ethanol); 
infrared (PE- 180) v: 3082(w), 2932(s), 2872(m), 2824(w), 
2232(m), 1643(w), 1606(w), 1504(w), 1454(m), 1372(m), 

11 17(m), 1092(m), 1072(m), 867(m), 815(m); 'H nmr (361.08 
MHz, CDC1,) 6,,,: 0.95 (s, 3H, cyclohexyl CH,), 1.67 (m, 
lH), 1.72 (s, 3H, vinyl CH,), 1.70-1.92 (m, 4H), 2.05-2.12 
(m, lH), 2.41 (m, IH, 3~4,x_,e = 5.6 Hz, 3~4,q-5,q = 5.6 Hz, 
3 J5,,,, = 5.6 Hz. 3~5,q,,q = 3.6 Hz. equatorial hydrogen of 

alkene-substituted carbon (5eq-H)), 3.09 (dd, lH, 3~,,x-6,x = 
8.7 Hz, 3~l ,x4eq  = 4.5 Hz, benzylic axial H (lax-H)), 3.16 (s, 
3H, OCH,), 4.80 (s, IH, vinyl H), 4.87 (s, 1H, vinyl H), 7.39 
(d, 2H, 3~2,-,, = 8.2 Hz, 3 ~ 5 , 4  = 8.2 Hz, H's adjacent to alkyl- 
substituted aryl carbon (2'-H, 6'-H)), 7.57 (d, 2H, ,J2,-,, = 8.2 

3 Hz, J5,& = 8.2 Hz, H's adjacent to cyano-substituted aryl car- 
bon (3'-H, 5'-H)); I3c n m  (90.80 MHz, CDCl,) 6: 19.25 (q, 
124.6 Hz, cyclohexyl CH,), 21.77 (q, 118.0 Hz, vinyl CH3), 
25.56 (t, 126.5 Hz), 3 1.63 (t, 123.2 Hz), 3 1.75 (t, 123.2 Hz), 
38.41 (d, 125.8 Hz), 48.06 (d, 128.8 Hz), 48.35 (q, 140.7 Hz, 
OCH,), 76.04 (s, quaternary carbon, methoxy substituted), 
109.90 (s, quaternary aryl carbon, cyano substituted), 110.36 
(t, 154.1 Hz, alkene CH2), 119.08 (s, CN), 130.20 (d, 161.2 
Hz, aromatic CH adjacent to alkyl-substituted aryl carbon), 
131.48 (d, 165.7 Hz, aromatic CH adjacent to cyano-substi- 
tuted carbon), 147.09 (s), 148.96 (s); ms d z :  55(24), 72(50), 
85(lOO), 108(37), 116(19), 154(19), 194(37). Exact Mass 
calcd. for Cl,H2,NO: 269.1780; found: 269.1780. 

4-[(1S,2S,5R)-5-isopropenyl-2-methoxy-2-methylcyclo- 
hexyllbenzonitrile (26) 

The yield of 26 was 1%: [alD2' +63.8 (c 1.03, 95% ethanol); 
infrared (PE-180) v: 3080(w), 2982(s), 2956(s), 2932(s), 
2867(m), 2842(m), 2240(s), 1655(m), 1615(m), 1513(m), 
1462(m), 1446(m), 1392(s), 1167(m), 1141(m), 1078(s), 
884(m), 834(m); 'H nmr (361.08 MHz, CDCl,) 8TMS: 0.89 (s, 
3H, cyclohexyl CH,), 1.24-1.35 (m, lH), 1.52-1.64 (m, 3H), 
1.74 (s, 3H, vinyl CH,), 2.00-2.10 (m, 2H), 2.12-2.18 (m, 
IH), 2.56 (dd, IH, 3~l,x4,x = 12.1 Hz, 3~1a,4,  = 3.2 Hz, ben- 
zylic axial H (lax-H)), 3.12 (s, 3H, OCH,), 4 3  1 (s, IH, vinyl 
H), 4.73 (s, lH, vinyl H), 7.43 (d, 2H, 3~2.-3. = 8.3 HZ, 3~s4,  = 
8.3 Hz, H's adjacent to alkyl-substituted aryl carbon (2'-H, 6'- 
H)), 7.53 (d, 2H, 3~2,,8 = 8.3 Hz, 3 ~ 5 t 4  = 8.3 Hz, H's adjacent 
to cyano-substituted aryl carbon (3'-H, 5'-H)); I3c nmr (90.80 
MHz, CDCI3) 6: 20.98 (q, 124.9 Hz, vinyl CH,), 23.01 (q, 
125.6 Hz, cyclohexyl CH,), 26.48 (t, 127.3 Hz), 33.81 (t, 
126.4 Hz), 33.81 (t, 126.4 Hz), 45.33 (d, 118.2 Hz), 48.30 (q, 
139.6 Hz, OCH,), 55.10 (d, 123.4 Hz), 73.67 (s, quaternary 
carbon, methoxy substituted), 108.66 (t, 155.2 Hz, alkene 
CH,), 109.75 (s, quaternary aryl carbon, cyano substituted), 
119.34 (s, CN), 130.42 (d, 162.7 Hz, aromatic CH adjacent to 
alkyl-substituted aryl carbon), 131.33 (d, 165.1 Hz, aromatic 
CH adjacent to cyano-substituted carbon), 149.14 (s), 149.69 
(s); ms d z :  55(24), 72(56), 85(100), 93(1 l), 108(43), 116(12), 
130(1 I), 269(1). X-ray data: see footnote 3. 

Formation of the (R)-(+)-a-terpineol(22) and 1,4- 
dicyanobenzene (1) photo-NOCAS adducts 27 and 28: 
reaction [7] 

A solution of (R)-(+)-a-terpineol(22) (3.6 g ,0.023 mol), 1,4- 
dicyanobenzene (1) (1.5 g, 0.012 mol), and biphenyl (5) (1.8 g, 
0.012 mol) in acetonitrile (120 mL) was degassed by nitrogen 
ebullition and irradiatedfor 11 days using a 1 kW lamp at 10°C. 
Thecrudephotolysate was separated by chromatography (mplc) 
using a linear solvent gradient (hexanes - diethyl ether (3%), 
hexanes (97%)). Two 1: 1 adducts were isolated: 27 and 28. 
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(IR,2S,5R)-2-(4-Cyanophenyl)-2,6,6-trimethyl-7-oxnbicy- 
clo[3.2.l]octane (27) 

The yield of 27 was 21%: [alD2' -33.7 (c 0.54, absolute eth- 
anol); the melting point was 89-90°C; infrared (Nicolet 205, 
KBr pellet) v: 2978(s), 2965(s), 2929(s), 2223(s), 1607(s), 
1469(m), 1460(m), 1382(m), 1365(m), 1133(m), 1069(s), 
1015(s), 998(s), 891(s), 842(s); 'H nmr (250.13 MHz, CDC13) 

1.22 (s, 3H, CH3), 1.25 (s, 3H, CH,), 1.45 (s, 3H, CH ), 3 1.20-2.20 (m, 7H, H's on 6-membered ring), 4.25 (br d, lH, J 
= 6.6 Hz, H at bridgehead adjacent to oxygen), 7.41 (d, 2H, 
3~,.-3, = 8.4 Hz, ,JS4 = 8.4 HZ, H's adjacent to alkyl-substi- 
tuted aryl carbon (2'-H, 6'-H)), 7.62 (d, 2H, ,J,,-~, = 8.4 Hz, 
,J5,4 = 8.4 HZ, H's adjacent to cyano-substituted aryl carbon 
(3'-H, 5'-H)); 13c nrnr (62.90 MHz, CDC1,) 8: 22.73 (q), 25.37 
(t), 29.56 (t), 29.70 (q), 30.12 (q), 33.60 (t), 41.74 (d, CH at 
bridgehead not adjacent to oxygen), 44.94 (s, quaternary car- 
bon, aryl substituted), 83.00 (s, quaternary carbon adjacent to 
oxygen), 83.07 (d, CH at bridgehead adjacent to oxygen), 
109.48 (s, quaternary aryl carbon, cyano substituted), 119.00 
(s, CN), 127.31 (d, aromatic CH adjacent to alkyl-substituted 
aryl carbon), 132.30 (d, aromatic CH adjacent to cyano-substi- 
tuted aryl carbon), 153.32 (s, quaternary carbon, alkyl substi- 
tuted); ms d z :  55(14), 69(12), 83(13), 97(14), 112(13), 
115(12), 116(22), 142(27), 143(100), 144(26), 156(12), 
168(18), 211(21), 255(25). Exact Mass calcd. for C,,H,,NO: 
255.161 1; found: 255.1607. X-ray data: see footnote 3. 

(IS,4R,6R)-6-(4-Cyanophenyl)-1,3,3-trimethyl-2-oxabicy- 
clo[2.2.2]octane (28) 

The yield of 28 was 2%: [alD2' +39.3 (c 0.50, absolute etha- 
nol); the melting point was 169-170°C; Infrared (Nicolet 205, 
KBr pellet) v: 2979(s), 2954(s), 2918(s), 2887(s), 2219(s), 
1604(m), 1497(m), 1465(m), 1411(m), 1371(m), 1357(m), 
1286(w), 1225(m), 1 180(m), 1 152(m), 1 120(m), 1090(m), 
1047(m), 984(s), 924(w), 852(m), 838(m); 'H nmr (250.13 
MHz, CDC13) 8TMS: 0.80 (s, 3H, CH3), 1.32 (s, 3H, CH,), 1.33 
(s, 3H, CH,), 1.49-1.78 (m, 5H, H's of methylene groups on 6- 
membered rings), 2.10-2.24 (m, lH, H of methylene group), 
2.50 (tt, lH, H at bridgehead), 3.12 (m, lH, benzylic H), 7.38 
(d, 2H, 3~y-3, = 8.6 HZ, 3 ~ 5 1 4  = 8.6 HZ, H's adjacent to alkyl- 
substituted aryl carbon (2'-H, 6'-H)), 7.61 (d, 2H, ,JZr= 8.6 
Hz, 3~5,.c= 8.6 Hz, H's adjacent to cyano-substituted aryl car- 
bon (3'-H, 5'-H)); "C nrnr (62.90 MHz, CDC1,) 8: 23.06 (t), 
25.93 (q, CH, at bridgehead), 26.67 (t), 28.94 (q, two CH3's), 
31.27 (t), 33.59 (d, CH at bridgehead), 49.39 (d, benzylic CH), 
72.90 (s), 73.78 (s), 110.14 (s, quaternary aryl carbon, cyano 
substituted), 118.97 (s, CN), 129.81 (d, aromatic CH adjacent 
to alkyl-substituted aryl carbon), 132.04 (d, aromatic CH adja- 
cent to cyano-substituted aryl carbon), 149.37 (s, quaternary 
carbon, alkyl substituted); ms d z :  53(10), 55(21), 58(15), 
67(11), 68(14), 69(32), 71(45), 77(10), 83(18), 89(7), 93(39), 
108(100), 109(9), 11 1(36), 115(7), 116(18), 126(64), 127(13), 
128(9), 129(14), 130(8), 140(9), 153(6), 154(12), 155(6), 
156(1 l) ,  255(6). X-ray data: see footnote 3. 

Acknowledgments 
This work was supported by grants from the Natural Sciences 

and Engineering Research Council of Canada. We thank Dr. 
D.L. Hooper at the Atlantic Regional Magnetic Resonance 
Centre at Dalhousie University for the high-field nmr spectra 
and for help in the preparation of the manuscript. Exact mass 
determinations, 500 MHz 'H nmr spectra, and the optical rota- 
tions were measured at the Institute for Marine Biosciences, 
Halifax. 

References 
1. (a) K.A. McManus and D.R. Arnold. Can. J. Chem. 73, 2158 

(1995); (b) Can. J. Chem. 72,2291 (1994); (c) D.R. Arnold, X. 
Du, and H.J.P. de Lijser. Can. J. Chem. 73,522 (1995); (4 D.R. 
Arnold, K.A. McManus, and X. Du. Can. J. Chern. 72, 415 
(1994); (e) D.A. Connor, D.R. Arnold, P.K. Bakshi, and T.S. 
Cameron. Can. J. Chem. 73,762 (1995). 

2. (a) D.R. Arnold, X. Du, and J. Chen. Can. J. Chem. 73, 307 
(1995); (b) A.L. Perrott and D.R. Arnold. Can. J. Chem. 70,272 
(1992); (c) R. Popielarz and D.R. Arnold. J. Am. Chem. Soc. 
112, 3068 (1990). 

3. (a) R.M. Borg, D.R. Arnold, and T.S. Cameron. Can. J. Chem. 
62, 1785 (1984); (6) D.R. Arnold and M.S. Snow. Can. J. 
Chem. 66, 3012 (1988); (c) D.R. Arnold and X. Du. Can. J. 
Chem. 72,403 (1994). 

4. (a) J.E. Baldwin. J. Chem. Soc. Chem. Cornmun. 734 (1976); 
(b) J. Chem. Soc. Chem. Commun. 738 (1976). 

5. (a) A.L.J. Beckwith. Tetrahedron, 37, 3073 (1981); (b) A.L.J. 
Beckwith and C.H. Schiesser. Tetrahedron, 41,3925 (1985); (c) 
A.L.J. Beckwith, I.A. Blair, and G. Phillipou. Tetrahedron Lett. 
2251 (1974); (6) A.L.J. Beckwith, C.J. Easton, and A.K. Sere- 
lis. J. Chern. Soc. Chem. Commun. 482 (1980); (e) A.L.J. Beck- 
with, T. Lawrence, and A.K. Serelis. J. Chem. Soc. Chem. 
Commun. 484 (1980); @ A.L.J. Beckwith and T. Lawrence. J. 
Chem. Soc. Perkin Trans. 2, 1535 (1979); (g) A.L.J. Beckwith, 
G. Phillipou, and A.K. Serelis. Tetrahedron Lett. 22, 2811 
(1981); (h) A.L.J. Beckwith and G. Moad. J. Chem. Soc. Chem. 
Commun. 472 (1974). 

6. J.L. Marshall. Carbonxarbon and carbon-proton NMR cou- 
pling: application to organic stereochemistry and conforma- 
tional analysis. Verlag Chemie International, Deerfield Beach, 
Fla. 1983. 

7. D. Rehm and A. Weller. Isr. J. Chern. 8, 259 (1970). 
8. (a) R.S. Nicholson and I. Shain. Anal. Chem. 36, 706 (1964); 

(b) Anal. Chem. 37, 178 (1965). 
9. G-F. Chen and F. Williams. J. Am. Chern. Soc. 113, 7792 

(1991). 
10. (a) T. Shono, A. Ikeda, J. Hayashi, and S. Hakozaki. J. Am. 

Chem. Soc. 97,4261 (1975); (b) V. Montiel, M. Lopez-Segura, 
A. Aldaz, M. Grande, and F. Barba. Electrochim. Acta, 29, 1123 
(1984). 

11. (a) X. Du, D.R. Arnold, R.J. Boyd, and Z. Shi. Can. J. Chem. 
69, 1365 (1991); (b) H. Koppel, W. Dorncke, L.S. Cederbaum, 
and W. Von Niessen. J. Chem. Phys. 69, 4252 (1978); (c) T. 
Shida, Y. Egawa, H. Kubodera, and T. Kato. J. Chem. Phys. 73, 
5963 (1980). 

12. (a) N.A. LeBel, R.F. Czaja, and A. DeBoer. J. Org. Chern. 34, 
3112 (1969); (b) S.E. Bottle, W.K. Busfield, and I.D. Jenkins. J. 
Chem. Soc. Perkin Trans. 2,2145 (1992). 

13. L.M. Harwood. Aldrichimica Acta, 18,25 (1985). 
14. A. Okamoto, M.S. Snow, and D.R. Arnold. Tetrahedron, 42, 

6175 (1986). 
15. D.R. Arnold and D.D.M. Wayner. Can. J. Chem. 64, 100 

(1986). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Solvent effect on preferred protonation sites in 
I nicotinate and isonicotinate anions 

Jean-Claude Halle, Jacques Lelievre, and Frangois Terrier 

Abstract: Potentiometric determinations of the two successive acidities of nicotinic and isonicotinic acids (AH,') have been 
carried out in aqueous dimethyl sulfoxide mixtures containing up to 95% Me2S0 by volume. In both systems, the results reveal 
that the addition of Me,SO induces a proton transfer from the pyridinium ring to the carboxylate group, the tautomeric 
equilibrium between the neutral forms of the two acids being displaced toward the zwitterionic form (AH') in aqueous solution, 
but toward the molecular form (AH0) in Me,SO. An analysis of the data by means of Hammett relationships previously 
established for benzoi'c acids over the whole range of H,O/Me,SO mixtures allowed the four microscopic acidity constants as 
well as the tautomeric equilibrium constant KT pertaining to the complete ionization scheme of the two acids to be determined. At 
20°C, there are equal populations of the tautomeric AH0 and AH' species in the mixtures containing 38 and 47% Me,SO for the 
nicotinic and isonicotinic systems, respectively. Hammett relationships describing the ionization behaviour of a number of 
substituted pyridinium cations in H,O/Me,SO mixtures are also discussed. Possible reasons accounting for the peculiar effects 
exerted by the NH,, CONH,, and COOH substituents on the process are suggested. 

Key words: nicotinic and isonicotinic acids, substituted pyridines, acidities, tautomeric equilibrium, protonation sites, 
water - dimethyl sulfoxide mixtures. 

Resume : Les deux aciditts successives des acides nicotinique et isonicotinique (AH,') ont Cte determinees par potentiometrie 
dans des milieux eau-dimCthylsulfoxyde contenant jusqu'a 95% de Me,SO en volume. L'addition de Me,SO provoque le 
transfert protonique du cycle pyridinium vers le groupement carboxylate, de sorte que la forme zwitterionique AH*, trks 
majoritaire dans I'eau, ckde progressivement la place B la forme molCculaire AH0 qui devient unique dans le dimethylsulfoxyde. 
Le traitement des resultats, h I'aide des relations de Hammett d'energie libre prealablement Ctablies pour les acides benzo'iques 
dans les mtlanges H,O/Me,SO, permet les determinations des quatre constantes microscopiques et de la constante de  tautomtrie 
KT decrivant le schema des ionisations successives de ces deux diacides. A 20°C, on a CgalitC entre les populations des formes 
zwitterionique (AH') et molCculaire (AH0) dans 1es milieux contenant respectivement 38% (acide nicotinique) et 47% (acide 
isonicotinique) de MezSO en masse. Les relations de Hammett d'Cnergie libre, dtcrivant l'ionisation d'un grand nombre de 
pyridines substituCes dans IesmClanges H20/Me,S0, sont discuttes. Les effets particuliers observes pour les substituants NH,, 
CONH, et COOH sont analysts. 

Mots clis : acides nicotinique et isonicotinique, pyridines substitutes, acidites, equilibre tautombre, sites de protonation, milieux 
eau-dimethylsulfoxyde. 

Introduction Scheme 1. 

A previous 'H and I3c nmr study has revealed that the tauto- 
meric equilibrium between the neutral forms AH' and AH0 of 
nicotinic acid, i.e., pyridine-3-carboxylic acid, is strongly sol- 
vent dependent (I), being largely displaced toward the zwitte- 
rionic form (AH') in aqueous solution (2-5) but almost 
completely biased toward the molecular form (AH0) in a 20:80 
(vtv) watertdimethyl sulfoxide (Me2SO) mixture (1). (Scheme 
1). Obviously, such a structural change is expected to affect 
the reactivity of nicotinic acid, especially with respect to its 
potential ambident reactivity toward alkylating agents (6) or 
its behaviour as a general acid-base catalyst. This makes it of 
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Table 1. Influence of solvent composition (H,O/Me,SO) on apparent and thermodynamic pK, 
values ( t  = 20°C). 

' Percentage of Me,SO (by weight) 

Compound 0 10.8 21.3 31.7 41.4 51.2 61.2 70.5 80.4 86.4 91.0 95.5 

Nicotinicacid pK,, 2.03" 2.09 2.15 2.18 2.14 2.05 1.91 1.6 1.4 1.4 1.5 1.6 
pK,, 4.90" 4.72 4.56 4.44 4.37 4.50 4.74 5.30 6.12 6.89 7.53 8.14 
pK, 3.63" 3.72 3.78 3.98 4.16 4.44 " 

mCOOH 

pKc 4.88" 4.67 4.48 4.26 3.95 3.61 
pK, 2.05" 2.14 2.23 2.36 2.56 2.94 

"I'. pK, 3.30" 3.09 2.93 2.64 2.35 2.11 ' C C 

H KT 0.05,"0.11, 0.20, 0.52, 1.6, 6.7, 
z% 5.3" 10 17 34 62 87 100 100 100 100 100 100 

Isonicotinic acid pK,, 1.75" 1.74 1.82 1.92 1.95 1.96 1.87 1.7 1.5 1.5 1.6 1.7 
pK,, 4.96" 4.82 4.65 4.52 4.40 4.40 4.60 5.10 5.80 6.44 7.13 7.70 
pKD 3.46" 3.55 3.59 3.78 3.94 4.21 4.53 " " 

2T pKc 4.95" 4.80 4.61 4.43 4.22 3.95 3.77 
pK, 1.76" 1.76 1.86 2.01 2.13 2.41 2.70 
pK, 3.25" 3.01 2.88 2.66 2.41 2.15 1.94 ' C C 

'i. H 
KT 0.03,"0.056 0.09, 0.22, 0.52, 1.8, 5.7, 
z% 3.1" 5.3 8.7 18 34 65 85 100 100 100 100 100 

"This work. For other aqueous values previously reported see, for example: ref. 3 (T = 22°C; nicotinic acid: 
pK,, = 2.07, pK,, = 4.81, pK, = 2.1 1, pK, = 3.13, pKc = 4.77, pK, = 3.75, T = 9%; isonicotinic acid: pK, = 
1.84, pK = 4.86, pK, = 1.86, pK, = 3.26, pKc = 4.84, pK, = 3.44, T = 4%). and ref. 4 ( t  = 25°C; nicotiiic 

'2 acid: pK,, = 1.98, pK,, = 4.82. pK, = 2.07, pK, = 2.72, pK, = 4.76, pK, = 4.08, T = 18%); isonicotinic acid: 
pKaI = 1.68, pK,, = 4.91, pK,, = 1.70, pK, = 2.94, pK, = 4.89, pK, = 3.65, 2 = 5%). 

bIdentical to pK,,. 
'Identical to pK,;. 

In this paper, we report a complete potentiometric analysis 
of the two acidities of the nicotinic acid cation AH,' and of the 
related isomeric species derived from isonicotinic acid, i.e., 
pyridine 4-carboxylic acid, over the whole range of H20/ 
Me2S0 mixtures. The apparent acidity constants K,, and Ka2 
associated with the two successive deprotonation steps of 
AH2' (eq. [I]) were determined and compared with the acidity 
constants associated with deprotonation of a few related 
monoacids, i.e., pyridinium cations and benzoic acids. On this 
basis we were able to estimate the various individual equilib- 
rium constants KA, KB, Kc, KD and therefore the tautomeric 
equilibrium constant KT associated with Scheme 1. Our study 
provides a comprehensive understanding of the solvent effect 
on the equilibrium AH' F?. AH0 for the two isomers. 

Results and discussion 

Table 1 summarizes the pK,, and pK,, values potentiometri- 
cally determined (see experimental section) for the two acidi- 
ties of nicotinic acid and isonicotinic acid in aqueous solution 
as well as in a large number of aqueous Me,SO mixtures con- 
taining up to 95.5% Me,SO by weight (95% by volume). 
Table 2 gives the pK, values measured for the ionization of a 
large number of substituted pyridinium and related pyrimidin- 
ium and quinolinium cations in the same media. As can be 
seen, the acidity of these cations is enhanced on addition 

of Me2S0 to the aqueous solutions, the effect being maximum 
for a Me2S0 content of ca. 80-85% by volume. This situation 
is consistent both with the few data previously reported in the 
literature for pyridinium cations (25) and the behaviour 
observed for similar NH'/N equilibria in the anilinium 
(26-28) and imidazolium (29) series. Measurements of sol- 
vent transfer activity coefficients for various NR,'-type ions 
have been made (30) that have emphasized a somewhat better 
solvation of these cations by Me,SO than by water, account- 
ing for the observed decrease in the pK, values. In contrast, it 
is well known that the acidity of carboxylic acids markedly 
decreases on transfer from aqueous to Me2S0 solutions (30, 
3 1) as a result of the inability of Me?SO to stabilize carboxy- 
late anions by hydrogen-bonding solvation (30, 32). On these 
grounds, the influence of the Me,SO content on the two suc- 
cessive deprotonations of the two nicotinic acids may be 
readily understood, at least qualitatively, by looking at ~ i g s .  1. 
These compare the variations in the corresponding pK,, and 
pK,, values to those in the pK, values for the reference acid 
compounds, i.e., pyridinium cation and benzoic acid. 

As can be seen, changes in pK,, and pKa2 of the AH,' spe- 
cies in water-rich media (520% Me,SO) parallel those 
observed in the pK, values of benzoic acid and pyridinium cat- 
ion, respectively. Obviously this behaviour is in accord with 
deprotonation of AH,' occurring according to path 1 of 
Scheme 1 and therefore with formation of the zwitterion AH' 
as the major species resulting from the first deprotonation pro- 
cess in these very aqueous media. However, it is also clear that 
it is the reverse situation that prevails in Me,SO-rich mixtures 
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Table 2. Influence of solvent composition (H201Me2SO) on pK, values of susbstituted pyridinium cattons and related 
heterocyclic cations ( t  = 20°C "). 

Percentage of Me2S0 (by weight) 
- - - - 

Substituent 0 10.8 21.3 31.7 41.4 51.2 61.2 70.5 80.4 86.4 91.0 95.5 100 
- 

4-NMe, 9.70b 9.47 9.27 9.04 8.78 8.50 8.13 7.85 7.70 7.65 7.78 7.86 
4-NH2 9.20' 9.07 8.90 8.74 8.51 8.24 8.02 7.84 7.81 7.84 8.01 8.23 
2-NH, 6.80d 6.63 6.50 6.34 6.13 5.88 5.62 5.41 5.32 5.34 5.44 5.59 

. . . . 4-Me 6.06' 5.85 5.64 5.43 5.13 4.78 4.50 4.13 3.92 3.89 3.94 3.97 
2-Me 5.95' 5.75 5.57 5.33 5.07 4.71 4.41 4.07 3.84 3.78 3.85 3.88 
3-Me 5.71R 5.52 5.31 5.09 4.78 4.41 4.11 3.78 3.52 3.50 3.57 3.62 
4-Ph 5.30" 5.13 4.93 4.69 4.44 4.08 3.75 3.44 3.15 3.19 3.26 3.34 
H 5.23' 5.06 4.88 4.65 4.38 4.03 3.71 3.40 3.12 3.15 3.21 3.29 3.53q 
3-CONH? 3.28' 3.09 2.94 2.71 2.45 2.27 2.00 1.8 1.7 1.7 1.8 1.90 
2-OMe 3 . 3 3 9 . 1 1  2.94 2.70 2.42 2.02 1.7 1.4 1.2 1.2 1.3 1.4 
3-COOEt 3.23' 3.04 2.82 2.60 2.36 1.96 1.6 1.3 1.1 1.1 1.2 1.3 
3-C1 2.84" 2.68 2.47 2.30 2.12 1.8 1.4 1.1 - - - - 
Quinolinium cation 4.94" 4.64 4.37 4.13 3.76 3.48 3.15 2.86 2.52 2.53 2.61 2.68 
2-Aminopyrimidiniumcation 3.56" 3.51 3.43 3.30 3.10 2.87 2.76 2.61 2.48 2.53 2.66 2.79 
4,6-Dimethyl pyrimidinium cation 2.70' 2.65 2.57 2.42 2.23 2.01 1.8 1.6 1.5 1.5 1.6 1.7 

"Except when indicated. 
bReference 12 reports 9.70. 
'Reference 13 reports 9.17. 
dReference 13 reports 6.86; Reference 14 reports 6.82. 
'Reference 15 reports 6.02. 
Qeference 15 reports 5.97. 
RReference 15 reports 5.68. 
"Reference 16 reports 5.35 at 25°C. 
'Reference 13 reports 5.23; Reference 15 reports 5.17. 
'Reference 17 reports 3.33; Reference 18 reports 3.35 at 25°C. 
'Reference 19 reports 3.28; Reference 20 reports 3.28 at 25°C; Reference 15 reports 3.40. 
'Reference 15 reports 3.35. 
"Reference 15 reports 2.84. 
"Reference 13 reports 4.94; Reference 20 reports 4.93; Reference 21 reports 4.96. 
"Reference 13 reports 3.54; Reference 22 reports 3.71. 
"Reference 23 reports 2.7. 
qCalculated (van't Hoff equation) from pK, at 25°C (3.45) and standard enthalpy of ionization (AH: = 27.7 kl mol-I): reference 24. 

(250% for nicotinic acid and ?60% for isonicotinic acid). 
Then, the variations in pK,, and pKa, become closely similar to 
those in the pKa values of pyridinium ion and benzoic acid, 
respectively. These results indicate that deprotonation of AH2+ 
now occurs according to path 2 of Scheme 1, thus confirming 
previous nrnr observations that AH0 is the predominant neutral 
form of nicotinic and isonicotinic acids in media of high 
Me2S0 content (1). 

In the intermediate mixtures with a Me2S0 concentration in 
the range 20-60% the first deprotonation of AH2+ occurs con- 
comitantly via paths 1 and 2 to yield a mixture of both tau- 
tomers AH' and AH0 whose relative concentrations are 
governed by the equilibrium constant KT. In such media, the 
measured acidity constants Ka, and K,? become apparent acid- 
ity constants which are related to the four individual equilib- 
rium constants of Scheme 1 by the following three 
independent equations [2]-[4]. 

To analyze such a system, an additional relationship is 
needed that is usually provided by use of extrathermodynamic 
assumptions (33-35). However, another method has been 
shown to be applicable, when the acidity measurements are 
carried out in various aquo-organic mixtures (28, 29, 36). It is 
based on the experimental observation that the pK, values 
determined in a given solvent S1 for a series of structurally 
similar X-substituted acids (p~:l) obeying the Hammett rela- 
tionships [ 5 ]  (37) are linearly related to the pKa values mea- 
sured for these acids in another solvent S2 (pKz2). Using eq. 
[5], where the influence of the solvent is included in 

the reaction constant pS, and eliminating the substituent con- 
stant ax between two solvents SI and S, affords eq. [6], which 
shows that plots of p ~ 2  vs. pK$ must be linear with slopes 
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Fig. 1. Influence of solvent compositibn (H,O/Me,SO) on the measured acidity constants 
K,, and K,, (X-X) of the cationic forms of nicotinic and isonicotinic acids and on the 
microscopic constants K,, K,, Kc and KD (0 - - - - - 0);  t = 20°C. 

NICOTINIC AClD 
12 

60 80 1 00 
% Me2SO(by weight) 

ISONlCOTlNlC AClD 

40 60 80 100 
% MezSO(by weight) 
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Table 3. Influence of solvent composition (H,O/Me,SO) on the slope and intercept values of the graph p ~ ~ ' M " 2 S 0  versus P K ~  (eq. [6]) 
for meta and para benzoic acids." 

Percentage of Me,SO (by weight) 

Slopes 
Intercepts 

Calculated p g 2 °  values for isonicotinic acid 4.75 4.43 4.10 3.82 3.60 3.50 3.45 3.45 3.42 3.48 3.46 

pp - - - - - - 

"The slope and intercept values were calculated by linear regression analysis from previously published data (28, 29). The mean-square deviation analysis 
is always slower than 0.04 pK unit. 

Fig. 2. Influence of solvent composition (H,O/Me,SO) on the 
percentage amount T of molecular form AH0 for nicotinic (a) 
and isonicotinic (X) acids; t = 20°C. 

0 2 0 40 60 80 100 

% MezSO ( by weight ) 

and intercepts being characteristic of the class of acids studied 
and depending only upon the solvents (28, 29, 36, 38, 39). In 
agreement with this expectation, the acid-base behaviour of 
oxygen acids like carboxylic acids and phenols (28,38) and of 
nitrogen acids like anilinium (28) and imidazolium (29) cat- 
ions was found to conform nicely to eq. [6] in H20/Me2S0 and 
H,O/N-methylacetamide mixtures (39). 

The similarity observed in the solvent dependence of the 
pKa, values for each of the two nicotinic acids studied and the 
pKa value of benzoic acid at Me2S0 contents 250450% sug- 
gests that the COOH functionality of AH0 forms behaves, not 
only qualitatively but quantitatively, as that of other benzoic 
acids. Should this be true, the various relationships (eq. [6]) 
previously determined for meta- and para-substituted benzoic 
acids (28,29) should hold nicely for pyridine carboxylic acids, 
allowing the pKD values for ionization of the COOH groups of 
AH0 to be calculated in water as well as in water-rich mixtures 
where they are not directly accessible. Such p~:20 = p ~ g 2 0  val- 
ues estimated from eq. [6] with p ~ $ z  = pK,H'O/Me~SO, PKzl = 

p@O, are summarized in Table 3 for the two nicotinic acids 
(see Table 3 also for slopes and intercept values). As can be 
seen, the p ~ p O  values obtained show remarkable consistency, 
affording the following average values: p ~ g 2 0  = 3.63 ? 0.06 
for nicotinic acid and p ~ F O  = 3.46 ? 0.04 for isonicotinic 
acid. Similar calculations of pKD in all mixtures with (50 or 
60% Me2S0 content also afforded satisfactory pK, values for 
ionization of the COOH group of the AH0 forms. The knowl- 
edge of pKD in these systems is important since it makes pos- 
sible to calculate the corresponding pKA, pKB, and pKc values 
from eqs. [2]-[4]. The results are given in Table 1 and illus- 
trated by the broken-line plots of Fig. 1. Plots of pKA and pKB, 
as well as those of pKc and pKD, versus the Me,SO content, 
intersect in the mixtures containing 38 and 47% Me,SO for 
nicotinic acid and isonicotinic acid, respectively. In these two 
mixtures, the tautomeric equilibrium constant, KT, is equal to 
1, with the differences between pKa2 and pKc as well as those 
between pKA and pKal fitting eq. [7] satisfactorily: 

From eq. [8], the percentages T in the molecular forms AH0 
of nicotinic and isonicotinic acids have been calculated and 
are included in Table 1. The T values calculated for aqueous 
solutions are equal to 5.3 and 3.1, respectively, at 20°C in 
good agreement with those previously determined by Green 
and Tong at 22°C (T = 9 and 4, respectively) from a compari- 
son of the acid-base behaviour of the two nicotinic acids with 
that of the related methyl esters (3). Figure 2 shows the rapid 
increase in the population of the molecular form with increas- 
ing Me2S0 content of the solutions. In mixtures with 2 8 0 %  
Me2S0, AH0 becomes essentially the only neutral form of the 
two acids in the solutions, thus confirming our previous nmr 
observations.' 

In principle, the determination of the various microscopic 
equilibrium constants KA, Kg, Kc, and KD in the intermediate 
range of Me2S0 concentrations could also derive from an esti- 
mation of the Kg values for the NH+/N ionization of the pyri- 
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Fig. 3. Correlations p~~01Me2S0vers~s  p ~ T O  for substituted 
pyridines (see Table 2). Composition of H,O/Me,SO mixtures: 
(a) 10.8%, (b) 21.3%, ( c )  31.7%, (d) 41.4%, (e )  51.2%, V) 61.2%, 
(g) 70.5%. (h )  80.4%, (i) 86.4% Me,SO (wlw). The slopes and 
intercepts values of the lines are available as supplementary material 
(Table 4); see footnote 2. 

dinium ring of AH,' through the use of appropriate Hammett 
relationships. We found, however, that a treatment of the data 
based on the correlation established for anilinium cations did 
not afford consistent results (28). This failure called for the con- 
struction of Hammett relationships pertaining directly to the 
behaviour of a homogeneous set of pyridinium cations and 
related heterocyclic cations in H20/Me,S0 mixtures (Table 2). 

Prior to discussing the Hammett behaviour of these cations, 
some general features regarding the results summarized in 
Table 2 are worth mentioning. In a general way, our measured 

p~:?O values are in excellent agreement with previous reports. 
Also, the pK, values measured for the 2-arninopyridinium cat- 
ion in H201Me2S0 mixtures are fully consistent with previous 
determinations b Pawlak and Bates in these media (25). In 
contrast, our pK$01Me2s0 values for the unsubstituted pyridin- 
ium cation differ notably from those reported by Gowland and 
Schmid in mixtures with 5 5 0 %  Me2S0 (40). Extrapolation of 
the pKa values that we measured over the range 0-95% 
Me2S0 to pure Me2S0 (see Fig. 1) leads, however, to a 
pK,Me2SO value in good agreement with that directly deter- 
mined by Benoit et al. in this solvent (24). 

Another noteworthy result is that the acidity of all heterocy- 
clic cations studied in this work increases continuously upon 
addition of Me,SO up to 8 0 4 5 %  by weight, i.e., a mole fraction 
of = 0.5. This behaviour is the same as that previously found for 
other NH+/N acids such as anilinium (28) and imidazolium (29) 
cations. As shown by Fig. 3, the various p~~"OIM"'So vs. PK$O 

plots are essentially parallel, with slopes being equal or very 
close to unity (see Table 4 in supplementary material'). Such a 
solvent independence of the reaction constant pS is not surpris- 
ing in itself - similar behaviour was previously observed for 
imidazolium cations (29) -but it implies that the difference in 
the acidity of two given compounds in the series remains the 
same over the whole range of Me,SO concentrations. In this 
respect, it is interesting to note that the difference in the pK, val- 
ues for the NH+/N ionization of nicotinium cation (pK,, Table 
1) and the related ethyl ester (Table 2) does not follow this 
behaviour well: the ApK value increases from 50.1 in water- 
rich media to ~ 0 . 3  in Me2SO-rich media. Obviously, the vari- 
ation is not large and one might argue that it is the result ofexper- 
imental error rather than of a specific behaviour of the COOH 
group. It turns out, however, that eq. [6] was never found to 
apply correctly when NH+/N equilibria activated by a COOH 
group are involved in the correlations. The failure of 3-amino 
benzoyc acid (28) and urocanic acid (29) to enter the general 
relationships established for anilinium and imidazolium cat- 
ions, respectively, isvery illustrative for this situation. Thissug- 
gests that the solvation of the COOH substituent is affected by 
the addition of Me2S0 to such an extent that it modifies the pKa 
variations brought about by the solvent effect on the NH+/N 
equilibria. This would explain why our data for nicotinic and 
isonicotinic acids cannot be satisfactorily analysed on the basis 
of the NH+/N acidity behaviour of the common pyridinium cat- 
ion. Interestingly, the log value of the solvent activity coeffi- 
cients y, for the transfer of acetic acid from water to 90% Me,SO 
has been measured: log y, = - 1,5 (41). Such a value supports 
theidea that the solvent change must affect the roleofthe COOH 
group. The abnormal behaviour of the 3-CONH2 pyridinium 
cation may be explained along similar lines. 

Other pyridinium compounds whose ionization does not fit 
the Hammett relations of eq. [6] are the 2-amino and 4-amino 
pyridinium cations. 

Interestingly, an unexpected ionization behaviour of these 
compounds was previously observed in nonaqueous (42) and 
aqueous (43) solutions as well as in the gas phase (44). This was 
explained in terms of a strong contribution of the iminium struc- 
tures 1 and 2 to the stabilization of the parent cations (42-44). 

Supplementary material mentioned in the text can be purchased 
from: The Depository of Unpublished Data, Document Delivery, 
CISTI, National Research Council Canada, Ottawa, Canada 
KIA 0S2 
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It turns out, however, that this explanation is not consistent 
with our finding that the 4-N,N-dimethylaminopyridinium cat- 
ion obeys nicely the correlations of eq. [6]. O n  the other hand, 
it has been shown that 4-aminopyridine essentially exists in 
the amino form 3 in aqueous (ref. 33, pp. 152-154; refs. 45, 
46) as well as in Me,SO (47,48) solution. Hence, an explana- 
tion of the peculiar ionization behaviour of the 4-amino (and 2- 
amino) pyridinium cation on the basis of a strong dependence 
of the tautomeric equilibrium of eq. [9] upon the Me,SO con- 
centration does not appear very attractive. 

In contrast, it is well known that the solvation of a primary 
ammonium group is very important and strongly affected by a 
transfer from a protic to a dipolar aprotic solvent. Thus, the log 
value of the solvent activity coefficient y, for the transfer of the 
rz-butylammonium cation from water to 90% Me,SO is -2.8 
(41), indicating a much stronger stabilization of this species in 
Me,SO rich mixtures. This suggests that the contribution of the 
NH3+ substituent must counteract to some extent the increase in 
acidity observed for other pyridiniumcations. This behaviour is 
actually observed in Table 2 since the decrease in the pK, values 
is ~ 2 . 0  for pyridinium cations obeying eq. [6] but only 21.19 
and 1.36 for the 4-amino and 2-amino pyridinium cations. 

Our feeling is therefore that the abnormal behaviour of the 
two cations is for the most part the reflection of these solvation 
effects. 

Experimental 

Materials 
Pyridine and pyrimidine derivatives were commercially avail- 
able products that were purified according to standard recrys- 
tallization or distillation procedures. 

Water and dimethyl sulfoxide (Chimiphar) were purified 
and their mixtures prepared as  described earlier (49, 50). 

Acidity constant measurements 
Thermodynamic pK, values were determined by potentiome- 
try at 20°C, using an electronic pH meter (Tacussel Isis 
20 000) equipped with a Tacussel TB/HA glass electrode and a 
Tacussel C 8  saturated calomel electrode. The experimental 
procedure was previously described in detail (28, 29, 39, 49, 
50). 
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Asymmetric synthesis of taxol and taxotere 
side chains by enolate hydroxylation 

Stephen Hanessian and Jean-Yves Sanceau 

Abstract: We report an asymmetric synthesis of the taxol and taxotkre side chains by hydroxylation of enolates derived from 
N-substitued methyl 3-amino-3-phenyl propionate with the oxodiperoxymolybdenum (pyridine) (hexamethyl phosphoric 
triamide) complex (MoOPH). 

Key words: taxol and taxotkre side chains, hydroxylation. 

RCsumC : Nous dCcrivons une synthbse asymktrique des chaines latCrales du taxol et du taxotkre par hydroxylation des Cnolates 
dCrivCs d'esters de l'acide 3-amino-3-phCnylpropionique L-homo-phCnylglycine au moyen du complexe oxodiperoxopyridino 
(hexam~thylphosphoramido) molybdine (MoOPH). 

Mots clPs : chaines lattrales du taxol et du taxotkre, hydroxylation. 

Introduction Fig. 1. 

Taxol 1, a complex diterpene isolated from the bark of T a u s  
brejivolia (I), and taxotkre 2 a semi-synthetic analog (2), are 
currently considered to be among the most promising antican- 
cer agents (3) (Fig. 1). Their clinically demonstrated effective- 
ness has stimulated considerable effort in total and analog 
synthesis (3), as well as in the development of efficient synthe- 
ses of the (2S,3R)-3-phenyl isoserine ester moiety at C-13 that 
is crucial for bioactivity. The synthetic approaches to this 
amino acid are centered around the use of chiral glycidate 
esters (4), opening of P-lactam rings derived from cycloaddi- 
tion reactions (5), aldol condensations (6), and homologation 
of (S)-phenylglycine (7), intermediates derived from asym- 
metric dihydroxylation (8), or enzymes (9). With a few excep- 
tions (4a, 4 4 ,  the methods involving glycidic esters and 
dihydroxycinnamic esters have relied principally on azide ion 
as a source of nitrogen. To the best of our knowledge only two 
methods are based on the introduction of the 2-hydroxyl group 
by hydroxylation of an enolate (10a,b). Our recent studies on 
stereocontrolled oxidation of enolates (1 1) derived from L- 

aspartic and glutamic acid derivatives (12) prompted us to 
extend our methodology to the synthesis of the taxol and taxo- 
tbre side chains. In this paper we describe a stereocontrolled 
synthesis of methyl esters 6a and 6b by direct oxidation of P- 
aminoesters 5a and 5b using MoOPH as an electrophilic 
source of oxygen (Scheme 1). 

Results 

Methyl 3-amino-3-phenyl propionate 4 of high enantiomeric 
purity (195%) was obtained from the corresponding acid 3 by 
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R1= PhCO, R2= AC Taxol 1 
R1=t - 6 ~ 0 ~ 0 ,  Fi2= H Taxotere 2 

resolution with D-tartaric acid following a literature procedure 
(13a). Benzoylation of 4 with benzoyl chloride, or treatment 
with di-tert-butyl dicarbonate in the presence of sodium bicar- 
bonate furnished the N-protected derivatives 5a and 5b in 75% 
yield in each case. 

Initially, we investigated the hydroxylation of the enolate 
dianions of 5a and 5b using racemic 2-phenylsulfonyl-3-phe- 
nyloxaziridine (14). Davis et a1 (lob) recently reported that 
reaction of the lithium dianion of 5a generated in the presence 
of LDA and LiCl with (+)-(camphorsulfonyl)oxaziridine at 
- 100°C to -78OC afforded a preponderance of the desired 
syn isomer 6a (sydanti 86: 14). In an independent study, we 
had observed that treatment of the potassium enolate 
(KHMDS, -78°C to -25°C) of 5a with 2-phenylsulfonyl-3- 
phenyloxaziridine at -60°C led to a 86: 14 sydanti mixture in 
65% yield. However, similar treatment of the potassium eno- 
late of 5b proceeded with only moderate diastereoselectivity 
in favor of the anti isomer (sydanti 40:60) in 62% yield. To 
clarify this intriguing reversal of selectivity, other metals were 
examined as counterions. Although the sodium enolate gener- 
ated with NaHMDS gave a similar ratio (sydanti 35:65), the 
use of LiHMDS furnished the highest anti selectivity (sytdanti 
10:90). The sense of chiral induction with 5 a  can be rational- 
ized according to Davis et al. (lob) where the potassium eno- 
late, which may exist as an eight-membered ring I (Scheme 2), 
is preferentially attacked from the less hindered face of the 
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Scheme 1. 

YH2 
L C O 2 H  Ref. 13a 

Ph 
* ph&C02Me 

PhCOCl or (BOC)20 tjHR KHMDS ,6 equiv. YHR 

4 + &C02Me w ph/\/C02Me 
NaHC03 Ph MoOPH, 3 equiv.,-60°C 

6~ 

R = PhCO, 5a, 75% 
R =t-BuOCO, 5b, 75% 

Scheme 2. 

R = PhCO, 6a, 53% 
R = t-BuOCO, 6b, 4I0/o 

6a, major major 

enolate, resulting in the formation of the sjln hydroxylated 
product 6a. On the other hand, it is possible that the enolates 
of the carbamate derivative 5b preferentially adopt a six- 
membered ring chelate I1 resulting in a reversal of selectivity. 

To improve the syn selectivity, we examined hydroxyla- 
tions of 5a and 5b with MoOPH (15) in anticipation of an 
"internal" delivery of oxygen (12). Reaction of the potassium 
enolate derivative of 5a (KHMDS, -78°C to -25°C) with 
MoOPH (3 equiv.) was carried out at -60°C to give 6a as a 
86: 14 syn/anti mixture in 83% after column chromatography. 
The minor anti isomer can be removed almost quantitatively 
by one recrystallization from CHCI,, yielding the expected 
amino acid 6a in 53% yield. The enantiomeric purity of this 
material was determined to be >97% by 'H NMR and "F 
NMR analysis of its Mosher ester (16). Interestingly, treat- 
ment of the potassium enolate of 5b with MoOPH also pro- 
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ceeded with syn selectivity (s)ln/anti 86: 14 ) in 65% yield. The 
taxotere side chain 66 could be isolated as a single diastereo- 
isomer after two chromatographic purifications in 41% yield 
(ee >95% determined by analysis of 'H NMR and "F NMR of 
Mosher ester derivative). The preponderance of the syn prod- 
uct in hydroxylations of 5a and 5b with MoOPH can be 
rationalized by an initial coordination of the MoOPH reagent 
with the amide or carbamate groups (N or 0 )  followed by an 
intramolecular delivery of oxygen as depicted in Scheme 2, 
expression 111 (12). 

Previous examples of related enolate hydroxylations have 
utilized chiral non-racemic oxaziridine reagents derived from 
camphor (10a,b). As mentioned above, the Davis method 
(lob) generates the lithium enolate in the presence of lithium 
chloride (-42"C), and temperatures of - 100°C to -78°C are 
needed for the stereoselective hydroxylation. Davies and co- 
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Hanessian and Sanceau 

workers (IOU), on the other hand, produce the anti isomer as a 
result of a mismatched reagent combination, which has to be 
inverted by a Mitsunobu protocol to give the desired syn 
product. 

In summary, we have demonstrated that MoOPH can be an 
alternative reagent to provide the side-chain amino acids in 
taxol and taxotkre in enantiomerically pure form. In both 
examples of hydroxylation, it was necessary to use more than 
stoechiometric amounts of base in order to achieve the yields 
quoted above. 

Experimental 

Tetrahydrofuran was distilled over benzophenone and potas- 
sium prior to use. Analytical thin-layer chromatography 
(TLC) was carried out on Merck Kieselgel silica gel 60 FZ5, 
glass plates. 'H nuclear magnetic resonance spectra at 400 
MHz were obtained on a Bruker WH-400 spectrometer. 'H 
multiplicities are recorded by use of the following abbrevia- 
tions: s, singlet; d, doublet; m, multiplet; br, broad; J ,  coupling 
constant (Hz). High-resolution FAB mass spectra were 
obtained by means of Kratos MSSOTCTA and AEI-MS 902 
spectrometers at the Universite de MontrCal. Optical rotations 
were measured on a Perkin-Elmer 241 polarimeter at 25°C. 

Melting points were measured on Biichi apparatus and are 
uncorrected. Column chromatography was done using the 
flash technique (17). 

(3R)-Methyl-3-amino-3-phenylpropionate (4) 
The procedure described by Wasserman and Berger (13a) for 
the preparation of (3s)-4 was followed. A solution of (2)-4  
(3.8 g, 21.2 mmol) in MeOH was added in one portion to a 
refluxing solution of D-tartaric acid in MeOH (20 mL). After 
cooling overnight at -5"C, the white crystals were filtered off, 
mp 168-169°C; [a], - 16.9 (c 3, H20). Recrystallization of 
this material from MeOH (20 mL) gave the D-tartrate salt (35- 
40% yield), which was recrystallized to constant physical 
properties; mp 169-170°C; [a], 19.3 (c 3, H20) (lit. (13b) mp 
169-171°C; [a], -20.2 (c 7, H20)); 'H NMR (D20) 6: 3.15 
(dd, 2H), 3.67 (s, 3H), 4.49 (s, 2H), 7.47 (s, 5H). A solution of 
the above salt (3.72 g, 1 1.3 mmol) was treated with 1 N NaOH, 
affording 4 (1.7 g, 84%) as a colorless oil; bp 175-180°C (5 
Torr (1 Torr = 133.3 Pa), Kugelrohr); [a], +11.6 (neat); (lit. 
(1 3b) [a], +12.l (neat); lit. (13c) [a],, +22.3 (c 1.99, CHCl,)). 
'H NMR (CDCI,) 6: 1.77 (s, 2H), 2.6 (d, 2H), 3.67 (s, 3H), 4.4 
(m, lH), 7.33-7.34 (m, 5H). The enantiomeric purity was 
detemined to be >95% by 'H and "F NMR analysis of the cor- 
responding Mosher ester derivative. 

(3R)-N-Benzoyl-methyl-3-amino-3-phenylpropionate (5a) 
To a stirred emulsion of 4 (204 mg, 1.14 mmol) and NaHC0, 
(163 mg) in CH2C12-H20 (2:2 mL) was added freshly distilled 
benzoyl chloride (I92 mg, 1.36 mmol). After vigorous stirring 
overnight, the aqueous phase was extracted three times with 
CH2C12 (20 mL). The combined organic layers were washed 
with brine, dried (MgSO,), and evaporated. The resulting 
white solid was recrystallized from CH,C12-Et20 (1:3), giving 
white needles of 5a, (244 mg, 75%); mp 120-121°C; [a], 
-20.2 (c 1.17, CHCl,). 'H NMR (CDCl,) 6: 3 (dd, J = 5.6 Hz, 
J=  15.7Hz,2H),3.65 (s,3H),5.64(dd,J=5.6Hz, J=8.4Hz,  
lH), 7.34-7.35 (m, 8H), 7.83-7.86 (d, 2H). MS (EI) d z :  105 

(loo), 178 (15), 210; HRMS calcd. for C17H17N03: 283.3268; 
found: 283.2103. 

(3R)-N-(tert-Butoxycarbony1)-methyl-3-amino-3- 
phenylpropionate (5b) 

To a stirred emulsion of 4 (767 mg, 4.3 mmol) and NaHC0, 
(363 mg) in CH2C12-H20 (2:2 mL) was added di-tert-butyl 
dicarbonate (938 mg, 4.3 mmol). After vigorous stirring over- 
night, the aqueous phase was extracted three times with 
CH,C12 (20 mL). The combined organic layers were washed 
with brine, dried (MgSO,), and evaporated. The resulting 
white solid was purified by column chromatography with 30% 
EtOAc - hexanes to provide 5b (905 mg, 75%) as white nee- 
dles, mp 92-94°C; [a], +28 (c 1.1, CHCl,); 'H NMR (CDCl,) 
8: 1.4 (s, 9H), 2.82 (m, 2H), 3.6 (s, 3H). 5.1 (br s, lH), 5.45 (br 
s, lH), 7.2-7.4 (m, 5H); MS (EI) d z :  83, 106, 150, 163, 223; 
HRMS calcd. for C,,H,,NO, (M - isobutylene )+: 223.1332; 
found: 223.0845. 

(2R,3S)-N-Benzoyl-3-phenylisoserine methyl ester (6a) 
To a solution of KHMDS (0.5 M in toluene, 40 mL, 20 mmol, 
6 equiv.) in dry THF (10 mL) was added dropwise at -78°C a 
solution of 5a (lg, 3.5 mmol) in THF (30 mL). The reaction 
mixture was warmed up to -25"C, stirred at this temperature, 
and then cooled back to -78°C. Freshly prepared MoOPH 
(15) (2.9 g, 5.25 mmol) was added in one portion. The result- 
ing green solution was stirred at -60°C for 3 h, then quenched 
with saturated Na2S03 (10 mL) followed by saturated NH4C1. 
The mixture was warmed up to room temperature and stirred 
until dissolution of the solids. The aqueous layer was extracted 
with THF (25 rnL). The combined organic layers were washed 
successively with a mixture of 10% HCl - brine (1 :1, 10 mL), 
2% Na2C03, brine, and dried over Na2S04. After removal of 
the solvent, flash chromatography with 5% ether in CH2C12 
gave unreacted ester 5a (50 mg), then 6a (86: 14 sydanti mix- 
ture by 'H NMR: 833 mg, 84% yield based on consumed ester 
5a). Recrystallization of this mixture from CHC1, yielded 
white needles of taxol side chain methyl ester 6a (560 mg, 
53%), mp 180-18 1°C; [a], -47.5 (c 0.99, MeOH) (lit.(l) mp 
184-185°C; [a], -49.6; lit.(4g) mp 184-185°C; [a], -48.1). 
'H NMR (CDCI,) 6: 3.25 (br s, lH), 3.86 (s, 3H), 4.65 (d, J = 
1.83 Hz,lH), 5.76 (dd, J = 9 . 1 5  Hz, J =  1.83 Hz, lH), 6.98 (d, 
J = 9.2 Hz, IH); 7.3-7.6 (m, 8H), 7.7-7.8 (d, 2H). 'H NMR 
and "F NMR analysis of this material showed the presence of 
small amounts of the anti diastereoisomer ( 4 % )  and con- 
firmed the enantiomeric purity (>97%). 

(2R,3S)-N-(tert-Butoxycarbonyl)-3-phenylisoserinemethy 1 
ester (6b) 

To a solution of KHMDS (0.5 M in toluene, 24 mL, 12 mmol, 
6 equiv.) in dry THF (10 mL) was added dropwise at -78°C a 
solution of 5b (558 mg, 2 mmol) in THF (30 mL). The reaction 
mixture was warmed up to -25°C stirred at this temperature, 
and then cooled back to -78°C. Freshly prepared MoOPH 
(1.3 g, 6 mmol, 3 equiv.) was added in one portion. The result- 
ing green solution was stirred at -60°C for 3 h, then quenched 
with saturated Na2S03 (10 mL) followed by saturated NH,Cl. 
The mixture was warmed up to room temperature and stirred 
until dissolution of the solids. The aqueous layer was extracted 
with THF (25 mL). The combined organic layers were washed 
successively with a mixture of 10% HC1- brine (1: 1, 10 mL), 
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2% Na2C03, and brine, and dried over Na2S0,. After removal 
of the solvent, flash chromatography with 1% ether in CH2C12 
gave 66 (86:14 synhnti mixture by 'H NMR) (383 mg, 65% 
yield based on consumed ester 5b). Two chromatographic 
purifications of this mixture with 20% EtOAc - hexanes pro- 
vided the taxotkre sideechain methyl ester 6b (240 mg, 41%) 
as white needles, mp 128-129°C; [a], -6.6 (c 1 .l ,  CHC1,) 
(lit. (4g) mp 130.5-131.5"C; [a], -7 (c 1.2, CHCI,)). 'H 
NMR (CDCl,) 6:  1.4 (br s, 9H), 3.12 (br s, IH), 3.84 (s, 3H), 
4.47 (br s, lH), 5.21 (d, lH), 5.4 (d, IH), 7.3-7.6 (m, 8H), 
7.25-7.4 (m, 5H). 'H NMR and ' 9 ~  NMR analysis of this 
material showed the presence of only one diastereisomer and 
confirmed the enantiomeric purity (>95%). 
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Correlation analysis of reactivity in the 
addition of substituted benzylamines to 
P-nitrostyrene 

Neeta Jalani, Seema Kothari, and Kalyan K. Banerji 

Abstract: The kinetics of addition of a number of ortho-, Ineta-, and para-substituted benzylamines to P-nitrostyrene (NS) in 
acetonitrile have been studied. The reaction is first order with respect to NS. The order with respect to the amine is higher than 
one. It has been shown that the reaction follows two mechanistic pathways, uncatalyzed and catalyzed by the amine. The 
Arrhenius activation energy for the catalyzed path is negative, indicating the presence of a pre-equilibrium (k,, k-,) leading to the 
formation of a zwitterion. The values of the rate constant, kl, for the nucleophilic attack have been determined for 28 
benzylamines. The rate constant k, was subjected to correlation analysis using Charton's LDR and LDRS equations. The polar 
regression coefficients are negative, indicating the formation of a cationic species in the transition state. The reaction is subject 
to steric hindrance by ortho substituents. 

Key words: nucleophilic addition, benzylamines, correlation analysis, kinetics, alkene. 

RCsumC : On a etudiC la cinktique de l'addition d'un certain nombre de benzylamines ortho-, mita- etpara-substituees sur le 
P-nitrostyrbne (NS) en solution dans l'acetonitrile. La reaction est du premier ordre en NS. L'ordre par rapport h l'amine est 
superieur h un. On a montrk que la reaction suit deux voies mkcanistiques, I'une qui n'est pas catalysee et I'autre qui est catalysee 
par l'amine. L'Cnergie d'activation dlArrhCnius pour la voie catalysee est negative; ceci indique la prCsence d'un prk-iquilibre 
(k,, k-,) conduisant ?i la formation d'un zwitterion. On a dCterminC les valeurs pour les constantes de vitesse, k,, pour l'attaque 
nuclCophile par 28 benzylamines. Les constantes de vitesses, k,, ont CtC soumises h une analyse de correlation h l'aide des 
equations LDR et LDRS de Charton. Les coefficients de regression polaire sont negatifs, ce qui indique qu'il y a formation d'une 
espkce cationique dans 1'Ctat de transition. La reaction est sujette h I'empEchement stCrique des substituants en ortho. 

Mots clis : addition nuclCophile, benzylamines, analyse de correlation, cinbtique, alcbne. 

[Traduit par la redaction] 

Introduction 
Synthetic and mechanistic studies of additions to an activated 
carbon-carbon double bond are of immense importance. A 
number of reports about the addition of charged nucleophiles 
to activated systems have been published (1-4). However, not 
many reports are available about the addition of neutral 
nucleophiles to activated double bonds (5-10). In this paper, 
we report the addition of a number of monosubstituted benzyl- 
amines to P-nitrostyrene (NS). Attempts have been made to 
correlate rate and structure in this reaction. Mechanistic 
aspects are discussed. 

Experimental 

Materials 
NS was prepared by the reported method (1 1). Its purity was 
checked by melting point. The preparation, purification, and 
specification of the substituted benzylamines have already 
been described (12). Acetonitrile was purified by the usual 
methods (13). 

Product analysis 
Benzylamine (5.85 g, 0.05 mol) and NS (1.49 g, 0.01 mol) 
were made up to 100 mL in acetonitrile and kept for ca. 12 h to 
ensure completion of the reaction. The solvent was removed 
by distillation under reduced pressure. The product was char- 
acterized as 1-benzylamino- I-phenyl-2-nitroethane [PhCH- 
(PhCH,NH)CH2N02] on the basis of its 'H NMR spectrum. 
The 'H- NMR spectrum (in CDC1,) of the product exhibited 
signals for the CH and CH, groups at 6 3.25 [PhCH- 
(PhCH2NH)-] and 4.0 (-CH,NO,), respectively. 

Kinetic measurements 
The reaction was studied under pseudo-first-order conditions 
by keeping a large excess (x10 or greater) of benzylamine 
over NS. The solvent was acetonitrile. The reaction was fol- 
lowed spectrophotometrically by monitoring the decrease in 
NS concentration at 3 1 1 nm for ca. 80% reaction. The pseudo- 
first-order rate constant, kobs, was evaluated from the linear 
(r > 0.990) plot of log [NS] versus time. Duplicate kinetic runs 
showed that the rate constants were reproducible to within 
23%. 

Received November 7, 1995. Results and discussion 
N. Jalani, S. Kothari, and K.K. Banerji.' Department of Rate laws and other data were obtained for all the compounds 
Chemistry, Jai Narain Vyas University, Jodhpur 342 005, India. investigated. Since the results are similar, only representative 

Author to whom correspondence may be addressed. data are reproduced here. 
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Fig. 1. Plot of k,,,l[amine] versus [amine] for the reaction of 
P-nitrostyrene with benzylamine. 

[ AMINE] / mol 

The overall reaction may be represented as eq. [I.]. 

The reaction is first order with respect to NS. Further, the 
pseudo-first-order rate constant, kobs, does not vary with the 
initial concentration of NS. Values of kobs increase with an 
increase in the concentration of amine and the apparent order 
in [amine] is higher than one. Results are given in Tables 1 and 
2, respectively. 

A plot of kobJ[amine] versus [amine] is curvilinear (Fig. 1) 
with a decrease in slope with increase in amine concentration. 
However, at low [amine] (50.05 mol dm-3), the dependence 
of k,,, on the amine concentration has the following form: 

[2] kob,l[amine] = k + kc [amine] 

This indicates that the addition of benzylamine to NS is cat- 
alyzed by a second molecule of the amine and k and kc are the 
rate constants of the uncatalyzed and catalyzed reactions, 
respectively. The values of k and kc were determined at differ- 
ent temperatures and the activation parameters evaluated are 
recorded in Table 3. It is observed that while the rate for the 
uncatalyzed path (k) increases with a rise in temperature, the 
rate for the catalyzed path (kc) decreases. Thus the enthalpy of 
activation of the catalytic route is negative. This may be 
explained by assuming the presence of a pre-equilibrium in the 
reaction so that k and kc are not the rate constants of elemen- 
tary processes but are composite values. 

It is seen that eq. [2] describes the dependence of k,,, on 
amine concentration only for low amine concentration. When 
the amine concentration is increased, the slope of the curve 
showing the dependence of the ratio k,,,l[amine] on [amine] 
decreases regularly (downward curvature). Thus a mechanism 
involving formation of a zwitterionic intermediate in the pre- 
equilibrium with its subsequent decomposition into the prod- 
uct, via a proton transfer, by two parallel routes, i.e., catalyzed 

Scheme 1. 

(-1 - 
Ph-CH= CHN02 + H2NR - - - + Ph-CH-CHN02 

+ - - -  
k- 1 

I 
N+H2R 

I 
NHR 

and uncatalyzed, is proposed (Scheme 1). This assumption is 
also supported by observed large negative values of the 
entropy of activation. As the formation of the zwitterionic 
intermediate involves a high degree of charge distribution, 
solvation of two charged sites must result in large entropy 
losses. 

The application of the steady-state treatment to this mecha- 
nism gives eq. [3]. 

Calculation of rate constants 
The linear dependence of kOb,l[amine] on amine concentration 
suggests that k-, >> k,[amine]. Further, k, 5 k-, because, if 
k, >> k-,, no catalysis will be observed as the nucleophilic 
attack is the rate-determining step, i.e., kob,l[amine] = k,. In 
the analysis of a kinetic equation of type [3] the condition 
k-, >> k, + k3[amine] has generally been observed (14) and the 
observed second-order rate constant can be described by eq. 
[4], which is similar to eq. [2]. 

Thus, the constants k and kc are expressed by eqs. [5] and 
[6], respectively. 

At k-, .= k3[amine] a curvilinear dependence of the second- 
order rate constant on the amine concentration (20.07 mol 
dm-3) occurs according to eq. [3]. 

For reactions of the amines in which the difference between 
the constants k, and k is not less than one order of magnitude, 
the approximation [7] is quite acceptable (8). 

A plot of (kobJ[amirie] - k)-' against [aminel-' is a straight 
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Table 1. Dependence of rate on the concentration of NS." 

"[Benzylamine] = 0.01 mol dm-'; T = 298 K. 

Table 2. Dependence of rate on the concentration of benzylamine." 
- -- - - - - - 

[Am~ne]/mol dm" 0.005 0.008 0.0 1 0.015 0.03 0.05 0.07 
lo5 k,,,ls-' 6.15 13.1 19.1 38.7 137 357 521 
[Amine]lmol dm-3 0.1 0.15 0.2 0.3 0.4 0.6 0.9 
lo5 kObds-' 815 1545 2240 4050 6000 11400 19000 

"loS [NS] = 10.0 mol dm"; T = 298 K. 

Table 3. Rate constants at different temperatures and activation 
parameters for the addition of benzylamine to NS" (data 
processed by eq. [Z]). 

---  - 

"[Amine] = 0.005-0.05 mol dm". 

line. The inverse of the intercept gives the rate constant, k l ,  of 
the nucleophilic attack by amine on NS. 

Correlation analysis of reactivity 
The kinetics of the addition of benzylamine and 27 mono- 

substituted benzylamines to NS were studied. The kinetics 
were similar in all cases. The rate constants, k , ,  at different 
temperatures were evaluated. The activation parameters were 
also calculated. The results are reported in Table 4. 

The values of log k  at 288 K and at 3 18 K of the 28 amines 
are linearly related (i 0.9983, slope 0.8275 ? 0.0069). The 
value of the isokinetic temperature, obtained from the slope of 
this plot (1 5), is 636 2 3 K. The linear correlation implies that 
all the amines react with the same mechanism (15). Further, a 
linear isokinetic relationship is a necessary condition for the 
validity of linear free energy relationships. 

In the 1980s, Charton and Charton (1 6) introduced a tripara- 
metric LDR equation for the quantitative description of struc- 
tural effects on chemical reactivities. It has the advantage of 
not requiring a choice of parameters, as the same three substit- 
uent constants are reported to cover the entire range of electri- 
cal effects of substituents. In this work we have applied the 
LDR equation, eq. [8], to the rate constant, k , .  

[a] log k,  = L a ,  + Dud + Ru, + h 

Here, u, is a localized (field and (or) inductive) effect 
parameter, ud is the intrinsic delocalized (resonance) electrical 

effect parameter when active site electronic demand is mini- 
mal, and a, represents the sensitivity of the substituent to 
change in electronic demand by the active site. The latter two 
substituent parameters are related by eq. [9]. 

where q represents the electronic demand of the reaction site, 
which is given by q = W D ,  and uD represents the delocalized 
electrical parameter of the diparametric LD equation. 

For ortho-substituted compounds, it is necessary to account 
for the possibility of steric effects and Charton (16), therefore, 
modified the LDR equation to the LDRS equation, eq. [lo], 
where u is the well-known Charton's steric parameter based 
on van der Waals radii (17). 

The rates of addition of the ortho-, meta-, and para-substi- 
tuted benzylamines showed excellent correlations with the 
LDRLDRS equations (Table 5). All three series of substi- 
tuted benzylamines meet the requirement of minimum number 
of substituents for analysis by the LDR and LDRS equations 
(16). We have used the standard deviation (sd), the coefficient 
of multiple determination ( R ~ ) ,  and Exner's (18) parameter + 
as measures of the goodness of fit. 

Comparison of the L  and D  values for the substituted ben- 
zylamines shows that the addition of para-substituted benzyl- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Jalani et al 

amines is more susceptible to the delocalization effect than to 
the localized effect. However, the addition of ortho- and nietn- 
substituted compounds exhibited a greater dependence on the 
field effect. In all cases, the magnitude of the reaction con- 
stants decreases with an increase in the temperature, pointing 
to a decrease in selectivity with increase in temperature. 

All three regression coefficients, L, D, and R, are negative, 
indicating an electron-deficient reaction center in the transi- 
tion state of the reaction. The positive value of q adds a nega- 
tive increment to ud (eq. [9]), increasing the donor effect of the 
substituent where ud is negative and decreasing the acceptor 
effect where ud is positive. The substituent is, therefore, better 
able to stabilize a cationic reaction site. This also supports the 
presence of an electron-deficient center in the transition state 
of the rate-determining step. The negative value of S indicates 
that the reaction is subjected to steric hindrance by the ortho 
substituent. This may be  due to steric hindrance of the ortho 
substituent to the approach of amines to NS. 

W e  evaluated the significance level for all the threelfour 
independent variables by determining the Student's t function 
for each coefficient (19). The significance level was found to 
be  >99.99%. Thus all the parameters are required to explain 
the effect of structure on the reactivity of amines towards NS. 
There is no  significant collinearity between the various sub- 
stituent constants in all three series. 

The percent contribution (17) of the delocalized effect, P,, 
is given by eq. [ l  I ] .  

(ID1 x 100) 
[ l l ]  P, = 

(ILI + IDI) 

Similarly, the percent contribution of the steric parameter 
(17) to the total effect of the substituent, Ps, was determined 
by using eq. [12]. 

(IS1 x 100) 
[12] Ps= 

(ILI + ID1 + ISI) 

The values of PD and Ps are also recorded in Table 5. The 
value of P, for the addition of para-substituted benzylamines 
is ca. 44.1 % whereas its values for the mefa- and ortho-substi- 
tuted amines are ca. 41.7 and 42.4%, respectively. It is seen 
that the PD values for the ortho and p a r a  series are in the nor- 
mal range (17) but that for the meta-series is somewhat more 
than the usual range (28 + 5). This shows that from the meta 
position the delocalized effects are felt more strongly than 
expected. Presently, no explanation of this observation is 
available. The value of Ps shows that there is considerable 
steric effect on the reaction. This is indicative of a high degree 
of C-N bond formation in the transition state of the first step 
of the reaction. 

In many studies of nucleophilic additions to alkenes, the 
reactivity of substituted alkenes has been studied. W e  could 
not find any report on the reactivity of substituted benzyl- 
amines. The  addition of primary and secondary amines to 
trans-(2-furyl)nitroethylene, in acetonitrile, exhibits (8) kinet- 
ics similar to those observed in the present case and is reported 
to follow similar mechanistic pathways. However, Kada et al. 
(7) observed a first-order dependence on  amine concentration 
in the addition of secondary amines to 5-substituted trans-(2- 
fury1)nitroethylene. 

Acknowledgements 

Thanks are due to the University Grants Commission (India) 
for financial support. 

References 

I. M.J. Kamlet and D.J. Glower. J. Am. Chem. Soc. 78, 4556 
(1956). 

2. B.A. Fiet and A. Zilka. J. Org. Chem. 28,406 (1963); B.A. Fiet, 
J. Sinnreich, and A. Zilka. J. Org. Chem. 28, 3245 (1963). 

3. W.G. Daries, E.W. Hardisty, T.P. Nevell, and R.H. Peters. J. 
Chem. Soc. B, 998 (1970). 

4. C.F. Bernasconi and D.F. Shunck. J. Org. Chem. 57, 2365 
(1992), and refs. cited therein. 

5. C.F. Bernasconi and R.A. Rentfrow and P.R. Tia. J. Am. Chem. 
SOC. 108,4541 (1986). 

6. C.F. Bernasconi and M. Panda. J. Org. Chem. 52,3042 (1987). 
7. R. Kada, V. Knoppova, J. Kova, and I. Malenakova. Collect. 

Czech. Chem. Commun. 49,2496 (1984). 
8. A.F. Popov, I.F. Perepichka, and L.I. Kostenko. J. Chem. Soc. 

Perkin Trans. 2, 395 (1989). 
9. C.F. Bernasconi and R.B. Killion. J. Org. Chem. 54, 2878 

(1989). 
10. A. Shunmugasundaram, L. Thanulingam, and R. Murugesan. 

Indian J. Chem. Sect. A, 30, 609 (1991). 
11. D.E. Worrell. Organic syntheses. Vol. 1. Edited by H. Gilman 

and A. Blatt. Wiley, New York. 1941. p. 413. 
12. K.K. Banerji. J. Chem. Soc. Perkin Trans. 2, 1015 (1988). 
13. D.D. Perrin, W.L. Armarego, and D.R. Perrin. Purification of 

organic compounds. Pergamon Press, London. 1966. 
14. Z. Rappoport. Acc. Chem. Res. 14 ,7  (1981); D.R. Palleros and 

N.S. Nudelman. J. Chem. Soc. Perkin Trans. 2, 1277 (1984); 
N.S. Nudelman and D.R. Palleros. J. Chem. Soc. Perkin Trans. 
2,479 (1985). 

15. 0 .  Exner. Prog. Phys. Org. Chem. 10,411 (1973). 
16. M. Charton and B. Charton. Bull. Soc. Chim. Fr. 199 (1988), 

and references cited therein. 
17. M. Charton. J. Org. Chem. 40,407 (1975). 
18. 0 .  Exner. Collect Czech. Chem. Commun. 31,3222 (1966). 
19. R.L. Wine. Statistics for scientists and engineers. Prentice Hall, 

New Delhi. 1966. 253. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



63 1 

Reflections on the outer-sphere mechanism of 
electron transfer1 

Thomas W. Swaddle 

Abstract: The quantitative efficacy of the Stranks-Marcus-Hush theory of volumes of activation A v ~  for outer-sphere electron 
transfer between metal complexes in solution is assessed. The theory predicts A v S  accurately for several couples in aqueous 
solution, but is satisfactory for polar nonaqueous solvents only at pressures of ca. 100 MPa and above, and accuracy is not 
improved when the molecular nature of the solvent is allowed for through the Mean Spherical Approximation approach. At low 
pressures, the calculations become numerically unstable when the isothermal compressibility of the solvent is high and its 
relative permittivity is low, particularly for the more highly charged couples. For aqueous systems, departures from the predicted 
A v t  afford insights into the role of the counterions, the incursion of inner-sphere pathways, the enhanced reactivity of CO""" 
cage complexes relative to conventional chelates, and the question of "spin forbiddenness" of electron transfer processes that 
involve a large change in spin multiplicity. 

Key words: redox kinetics, inorganic reaction mechanisms, pressure effects, Marcus-Hush theory, activation volumes. 

Resume : On a CvaluC llefficacitC quantitative de la thCorie de Stranks-Marcus-Hush des volumes d'activation, A v t ,  pour le 
transfert d'Clectrons de la couche extCrieure entre des complexes metalliques en solution. La thkorie prCdit d'une faqon precise 
les A v f  pour plusieurs couples en solutions aqueuses, mais pour les solvants non aqueux elle n'est satisfaisante qu'i  des 
pressions d'environ 100 MPa et plus et sa precision n'est pas amCliorCe lorsqu'on tient compte de la nature moltculaire du 
solvant par le biais de l'approche d'une approximation sphCrique moyenne. A de faibles pressions, les calculs deviennent 
numkriquement instables lorsque la compressibilit6 isotherme du solvant est ClevCe et que sa permittivitk relative est faible, 
particulikrement pour les couples les plus chargCs. Pour les systkmes aqueux, les deviations par rapport aux valeurs de A v $  
prkdites fournissent des renseignements sur le r6le des contre-ions, sur les incursions de voies impliquant les sphkres internes, 
I'augmentation de la rCactivitC des complexes de cage du CO""" par rapport aux chClates conventionnels et la question de 
l'<<emp&chement par les spins), de processus de transferts d'klectrons qui impliquent un grand changement dans la multiplicitk 
des spins. 

Mots c1i.y : cinttique redox, mCcanismes de rCactions inorganiques, effets de pression, thCorie de Marcus-Hush, volumes 
d'activation. 

[Traduit par la redaction] 

Introduction 

For almost 30 years, my research group at The University of 
Calgary has maintained an interest in pressure effects in solu- 
tion chemistry in a variety of contexts, including the elucida- 
tion of reaction mechanisms. The following short review will 
consider how high-pressure kinetics impinge upon an area in 
which Henry Taube has made seminal contributions, viz., the 
mechanisms of electron transfer processes in solution. Taube, 
with his student Russell Hunt (I), was also the first to use the 
effect of pressure P on reaction rate constants k as a mechanis- 
tic criterion in coordination chemistry, showing that the vol- 

Received October 30, 1995. 

T.W. Swaddle.' Department of Chemistry, The University of 
Calgary, Calgary, AB T2N 1N4, Canada. 

' This article is based upon a lecture presented at The University 
of Saskatchewan's Tc2uhe Fest on October 7 ,  1995, and is 
dedicated to Professor Henry Taube in gratitude for his 
friendship, encouragement, and scientific leadership. 

' Telephone: (403) 220-5358. Fax: (403) 289-9488. E-mail: 
swaddle@acs.ucalgary.ca 

ume of activation AV$ (= -RT(d In kldP) ) for solvent water 5 exchange on C O ( N H ~ ) , O H ~ ~ +  is +1.2 cm mol-', consistent 
with an S,1 or I, mechanism for this process. The pressure 
effect, however, is disappointingly small in this particular 
case, and this may explain why Taube did not pursue high- 
pressure kinetics further after leaving The University of Chi- 
cago. Nevertheless, during a visit to The University of Calgary 
in 1966, Taube responded most encouragingly to my question 
as to whether further high-pressure studies in inorganic solu- 
tion chemistry would be worthwhile, and this has been a major 
theme in my research group ever since. 

Probably the best known of Taube's scientific contributions 
is his elegant demonstration (2, 3) of the existence of a dichot- 
omy between inner-sphere (ligand bridged) and outer-sphere 
mechanisms of electron transfer between transition metal 
complexes in solution, a possibility mooted as early as 1940 
but not actually established until Taube's unequivocal study 
appeared in 1953 (4). Taube's approach depended upon the 
reduction of a substitution-inert oxidant to a labile product, 
concomitantly with oxidation of a labile reductant to an inert 
product; then, if electron transfer occurs via a bridging ligand 
X"- (e.g., X"- = C1-), that ligand becomes trapped in the first 
coordination sphere of the oxidized species: 

Can. J. Chern. 74: 63 1-638 (1996). Printed in Canada 1Iyprirn-i au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J.  Chem. Vol. 74, 1996 

[ l ]  CO"~(NH~),X(~-" '~ + c~(H,o),'+ 
inert labile 

---+ {(NH,),CO...X...C~(OH~)~}(~-")+ + H20 

H+ ---+ co(aq)'+ + 5NHc + c~~~ ' (H~o)~x(~ - " )+  
labile inert 

Where X"- is incapable of bridging (e.g., X = NH,), a rela- 
tively slow outer-sphere electron transfer process occurs 
instead, and X does not appear in the oxidized product. If, 
however, both the reductant and its oxidized product are labile 
on the time scale of the redox experiment, this distinction is 
inapplicable. Furthermore, an outer-sphere mechanism can be 
unequivocally assigned only if ligand substitution rates on 
both reactants are much slower than the redox process. Cand- 
lin and Halpern ( 3 ,  searching for alternative mechanistic cri- 
teria, recognized that the inner- and outer-sphere mechanisms 
differ in that the former requires expulsion of a first coordina- 
tion sphere ligand (water, in eq. [I.]) in the activation process, 
and so should be characterized by a more positive AV' than 
would be expected for a corresponding outer-sphere path. 
Using pressure equipment left by Taube in Chicago, they 
found AVz values rangin from +8 to +14 cm3 mol-' for the 

IIF reduction of various Co (NH,),x(~-")+ by ~ e ( a ~ ) ~ + ,  suggest- 
ing an inner-sphere mechanism. 

This begs the question, however, of just what AVS values 
would be expected for a genuine outer-sphere process. Donald 
R. Stranks, with whom I collaborated from 1970 until his 
untimely death in 1986, attacked this question (6) using the 
Marcus-Hush theory of outer-sphere electron transfer rates (7, 
8). Some refinements of Stranks' treatment have subsequently 
been proposed (9), and in this article we assess the quantitative 
success of this approach. 

Adaptation of the Marcus-Hush theory of 
electron transfer kinetics 

In its simplest form, Marcus-Hush theory relates k for outer- 
sphere electron transfer to a free energy of activation AGS, 
which may be expressed in terms of a reorganizational energy 
A and the free energy change AGO for the redox reaction, and a 
collision frequency Z appropriate for a bimolecular reaction in 
solution: 

[2] k = Z exp (- AGzlRT) 

The reorganizational energy comprises an internal contribu- 
tion A,,, arising from the readjustment of the geometries (usu- 
ally taken to mean the metal-ligand bond distances, which 
usually shorten on oxidation of the metal center and lengthen 
on its reduction) of the two reactants necessary for electron 
transfer to be possible, and a contribution As, from the reorga- 
nization of the solvent. The Coulombic work of bringing the 
reactants together and medium (Debye-Huckel) effects should 
also be included in AG' and Z. In current practice (10-12) Z is 
replaced by K p R E C ~ e l ~ n ,  where KPREC is the formation constant 
for the assembly of a precursor complex of the reactants, Kel  is 

the electronic transmission coefficient (= 1 for adiabatic elec- 
tron transfer), and v, is the nuclear frequency. 

For self-exchange reactions, i.e., those involving no net 
chemical change (AGO = O), the pressure derivative of -Ink so 
calculated then gives a theoretical volume of activation 
A vCALc' (9): 

where AV,,', AvSRt, AvDHi, AvCOULi. and AvpRECi are, 
respectively, the contributions of internal reorganization, sol- 
vent reorganization, medium (Debye-Huckel) effects, the 
Coulombic work terms (i.e., the free energy component of the 
precursor formation constant KPREC), and the pre-exponential 
part of KpREc to the overall volume of activation. 

Internal reorganization is often the major contributor to AGi- 
and hence the most significant influence upon k, since the 
atomic nuclei of both the oxidant and the reductant in self- 
exchange must be displaced away from their equilibrium posi- 
tions towards a common geometry - usually implying bond 
lengthening and shortening, respectively - before electron 
transfer can occur. Exceptions occur when the oxidized and 
reduced species have similar bond lengths to their precursors 
(e.g., in the ~ e ( ~ h e n ) , ~ + " +  self-exchange13, when electron 
transfer is expected to be very fast. In contrast, internal reor- 
ganization should rnake only a very small contribution AvIRt 
to AVCALCT, because expansion of the oxidant and the contrac- 
tion of the reductant as they go to the transition state will 
effectively cancel. Stranks (6) used Hush's potential function 
to estimate A V , , ~  = +0.6 cm3 mol-I for most ML,~('+')+"+ , this 
small contribution (barely outside experimental error) reflect- 
ing compressibility differences between the initial and transi- 
tion states. As we shall see below, however, the possibility 
remains that pressure may hinder or favor the attainment of a 
special configuration of one of the reactants that provides a 
particularly efficient channel for electron transfer, in which 
case AV, ,~  would no longer be negligible. 

'The solvent reorganization contribution to AvCALCt 

depends upon the effective radii r ,  and r, of the reactants (con- 
veniently assumed to be pressure independent and roughly the 
same, r), the separation a of the reactants at the maxilnuin 
probability of electron transfer (usually assumed to be r ,  + r?), 
the isothermal compressibility P of the solvent, its static 
dielectric constant or relative permittivity D, and its high-fre- 
quency dielectric constant, which is taken to be the square of 
<he refractive index n ;  the other symbols have their usual SI 
meanings. It can be seen that eq. [5] will be dominated by n-' 
for strongly polar solvents, i.e., those with high D, but the 
Pekar factor (n-' - D-') and its pressure derivative riiay 
become numerically uoorlv defined for solvents of low uolar- 

' phen = 1 ,lo-phenanthroline; en = 1,2-diarninoethane: hfac- = 
1 . 1 ,  I ,5,5,5-hexafluoropentan-2,4-dionate (hexafl~~oroacetyl- 
acetonate); sep = sepulchrate = 1,3,6,8,10,13,16,19-octa- 
azabicyclo~6.6.6Jeicosane; [9]aneS3 = I ,4.7-trithiacyclononane; 
diamsar = diarninosarcophagine = 1.8-diarnino-3,6,10,13,16,19- 
hexaazabicyclo[6.6.6]eicosane; edta4- = 1 ,2-ethanedinitrilotetm- 
acetate; terpy = 2,Zt:6',2"-terpyridyl. 
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Swaddle 

Table 1. Calculated contributions to A v S  for self-exchange of a typical couple ML,,"'"." 

P P A v  SR z A V ~ ~ '  AVCOUL+ AVC ALC' AW 
Solvent (MPa) (lo-'' pa-') (cmhol"l-I) (cm3 mol-I) (cm%ol"l-I) (cm3 mol-I) (cm3 mol-I M P ~ - ' )  

Water 0 
100 
200 

Methanol 0 
100 
200 

Acetone 0 
100 
200 

'[ML,?] = [ML,?+] = 0.001 mol kg-' (I = 0.009 mol kg-'), r .  = 500 pm, a = 1.0 nm, a = 800 pm, T = 2s0c ,  A",,$ = 0.6 cm3 mol-l 

ity. Since the pressure dependences of both 11 and D are related 
to p (9), it follows that Av,,; is determined largely by P and 
will also, like p, be p r e s ~ u r ~ d e ~ e n d e n t .  

The consequences of these points are illustrated by Table 1, 
which shows that the calculation of Av,,' for water is numer- 
ically stable because D is high and, like P for this solvent, not 
markedly dependent on pressure over the customary experi- 
mental range (0-200 MPa). On the other hand, AV~,; for the 
less polar solvents methanol and acetone assumes large, 
numerically unstable values at low pressure that quickly fall 
with rising pressure because p is large and strongly pressure 
dependent, and this calculated behavior is typical of organic 

~ - 

solvents in general. 
The contributions to AV~,,,' from ionic strength (I) and 

Coulombic effects 

x [(a In DlaP),(3 + 2Ba1"~) - p)] 

are significant when neither of the reactant charge numbers z l  
and z2 is zero, but are numerically of opposite sign (involving 
derivatives of In D and D-I, respectively) and tend to cancel.' 
This cancellation is fortuitously almost exact for a variety of 
solvents at the typical working ionic strength of I = 0.1 mol 
L-I (14), but the values of AV,,,; and AVCouLi, for example, for 
acetone at ambient pressure and 25°C are numerically very 
large at this ionic strength (+49.7 and -47.6 cm3 mol-I, respec- 
tively) so that their cancellation and the calculation of AVCAkCT 
are numerically unstable, i.e., highly sensitive to inadequacies 
of either the theory or the data used in the computation. This 
computational instability is clearly seen for solvents of low D 
and high P in Table 1, in which we consider minimal practical 
concentrations of reactants without supporting electrolyte. 

In Stranks' original presentation of the theory (6), the sign of 
AVDH7 was reversed (13), giving an apparent agreement of 
AV~,,,: with experiment for the few studies then available, 
including the aqueous ~ o ( e n ) ~ ~ + / ~ +  exchange,' which, as we shall 
see below, is actually an anomalous case. This early apparent 
success of theory diverted attention from the problem of pressure 
effects on electron transfer kinetics for some years. 

 contributes only about +1 to +3 cm3 mol-I to the total 
AVcALci listed in Table 1. 

A further complication is that, in any one-electron transfer, 
at least one partner must be charged, so that, in solvents of low 
D in particular, ion pairing with counterions is to be expected 
at elivated ion concentrations. The extent of ion can, 
in principle, be calculated from the Fuoss equation (9), but the 
consequences of such pairing are not obvious. Wherland (15) 
notes that ion pairs formed by cationic reactants in nonaque- 
ous solvents are generally less reactive in electron transfer 
than the free ions, so that the experimental A V  can be 
expected to be more negative than AVCALc' (since pressure 
breaks up ion pairs by favoring solvation of the separated 
ions), but the extent to which the ion pairs are less reactive is 
not calculable -the approximation made in some of our pub- 
lished work (9, 16), that ion pairs are inactive, is likely too 
extreme, although in those specific instances this makes little 
difference. On the other hand, electron transfer in anionic cou- 
ples such as M~o,-"- (17) and F~(CN);-'~- (18) in aqueous 
solution shows strong catalysis by cations, and gives experi- 
mental AVz values that are much more positive than A V ~ ~ ~ ~ ~  
even after allowing for the anticipated electrostatic effect of 
pairing on A V ~ ~ ~ ~ ~  

Self-exchange reactions in nonaqueous 
solutions 

The upshot of these considerations is that the foregoing adap- 
tation of Marcus-Hush theory is unlikely to be satisfactory for 
nonaqueous systems. AV~,,,; is numerically unstable for typ- 
ical organic solvents at low pressures, does not allow for the 
unpredictable effects of possible ion pairing at practical ionic 
strengths, and furthermore has a very strong pressure depen- 
dence, i.e., a substantial compressibility coefficient of activa- 
tion Apt = -(aAV;/aP), (Table l), that is not observed in 
practice. For example, Fig. 1 compares the theoretical and 
experimental pressure dependences of In k in methanol for the 
~u(hfac):'- exchange3 (19), which should be particularly 
amenable to theoretical treatment since zl  and, therefore, 
AV,,? and AVcOuL3 are all zero and ion pairing effects should 
be minimal. The theoretical plot, however, is markedly curved 
and unrepresentative of the experimental In k values, which 
are linearly dependent upon P within the error limits. The data 
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Fig. 1. Pressure effect on the logarithm of the rate constant for the 
~u(hfac):/- exchange in methanol-d4 at 25.3OC. Total Ru 
concentrations (kg mol-'): 0.060 (open circles), 0.026 (filled 
circles). Solid curve: calculated pressure effect. Broken line: linear 
least-squares fit  of the data (19). 

0 50 100 150 ZOO 

pressure/MPa 

Fig. 2. Pressure effect on the logarithm of the rate constant for the 
F ~ ( ~ ~ - C , H , ) , + ~ O  self-exchange in acetonitrile at O°C. Solid curve: 
calculated pressure effect. Broken line: linear least-squares f i t  of 
the data of Hunt and co-workers (20). 

of Hunt et al. (ref. 20 and personal communication) for the fer- 
rocene-ferricenium exchange in acetonitrile present a similar 
picture (Fig. 2). As Table 1 shows, however, A p z  is even more 
strongly dependent on pressure than is AVcALeT. Thus, the 

intuitive expectation, that by taking further derivatives of a 
quantity with respect to pressure we should arrive at one 
which is sensibly pressure independent, is entirely wrong; the 
problem of finding a "good" parameter to summarize pressure 
effects simply gets worse. The situation is analogous to the 
sharp temperature dependences found for the experimental 
heat capacities of activation (the temperature derivative of the 
enthalpy of activation) for aquation of CO(NH,),X(~-")+ (X"- = 
B r  and SO,'-) (2 1). 

Table 1 and Figs. 1 and 2 do suggest, however, that the the- 
ory could be applied satisfactorily to organic solvents of mod- 
erate dielectric constant (i.e., those for which ion pairing is not 
expected to be dominant) if attention were confined to the 
upper part of the pressure range. The various parameters of 
Table 1 appear to be converging towards common values at 
high pressures for both aqueous and nonaqueous media. Fur- 
thermore, in the upper pressure range, the calculated In k vs. P 
plots in Figs. 1 and 2 are roughly linear and parallel to the lin- 
ear least-squares fit of the experimental data, i.e., the observed 
and calculated AV* are actually in good agreement at elevated 
pressures. This can be explained by noting that solvents that 
are highly compressible in the bulk (i.e., that have much free 
volume) lose some of this high compressibility locally when 
solvating solute molecules or ions, which may be regarded as 
fillers of interstitial space in a quasi-lattice of solvent. As 
Hupp and co-workers (22) have shown, it is the local solvent 
environment of the reactants that determines Av,,:, the most 
important contributor to AVcALc< 

Unfortunately, development of this concept requires a full 
molecular dynamics computational treatment, and this is 
probably not feasible at present.5 Besides, the traditional 
approach, in which phenomena are related to particular bulk 
properties of the various media, affords some conceptual sat- 
isfaction. As a compromise, the molecular nature of the sol- 
vent can be introduced into the dielectric-continuum Marcus- 
Hush theory through the Mean Spherical Approximation 
(MSA) approach (24-26). We find (27), however, that 
AV,,,,~ values so calculated are not sufficiently different 
from those computed as above to warrant the added mathe- 
matical complexity, except with solvents of very low D such 
as chloroform (but in those cases complications from ion 
pairing are expected to undermine the usefulness of the 
theory). 

Wherland's recent review (15) deals with the general prob- 
lem of electron transfer dynamics in nonaqueous systems, and 
also documents the extensive high-pressure kinetic studies 
made by him and his co-workers by NMR line-broadening on 
M ~ ( c N R ) ~ ~ + ' +  (R = various alkyl or aryl groups), ferrocene- 
ferricenium, cobalt(III/II) clathrochelate, and other self- 
exchange reactions in a variety of organic solvents. The prob- 
lems noted above are again manifest to varying degrees in the 

+ measurements. quantitative interpretation of the AVL 

M. Hilczer and M. Tachiya (23) report a molecular dynamics 
computer simulation of electron transfer in acetonitrile that 
predicts rate constants some lo4-fold slower than does simple 
Marcus-Hush theory for small driving forces -AGO, and moves 
the Marcus "inverted region (where -AGO exceeds the 
reorganizational energy barriers, and further increases in -AGO 

should result in reduced rates) beyond the experimentally 
accessible range. No computation of AVT has yet been reported. 
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Table 2. Volumes of activation at 100 MPa for self-exchange in "well-behaved" ML,,'~""~" couples in 
aaueous media." 

Couple I (mol kg-') T (OC) AV: (cm3 rnol-I) AV,,,,,' (cm3 mol-I) Ref. 

F ~ ( H ? O ) ~ ~ - +  0.5 2.0 -1 1.1 +- 0.4" -10.4 28 
Fe(p hen),""' 0.3 3.0 -2.2 f 0.1' -2.5" 29 
Co([9]aneS3);+"+ 0.1 25.0 -4.8 + 0.2' -5.3 30 
~o(sep)'+~'+ 0.2 25.0 -6.4 + 0.2' -6.4 30 
Co(diam~ar)~'/*+ 0.1 25.0 -10.5 + 0.6' -7.3 3 1 
C~(diamsarH~)~+"+ 0.63 25.0 -9.4 f 0.9' -9.2 3 1 

"AV,,' taken as +0.6 cm' mol-' except as indicated. 
'By radioisotope sampling at high pressure. 
'By high-pressure NMR line broadening. 
"AV,,: taken as zero. 
'By high-pressure stopped-flow circular dichroism change. 

Self-exchange reactions in aqueous 
solution: "well-behaved" couples 

Table 1 does give confidence in the quantitative applicability 
of eqs. [4]-[7] to aqueous systems, for which P is small and 
shows relatively little pressure dependence, and for which D is 
large enough to minimize ion pairing and generate realistic 
values for AVSRZ, AVpH;, and AVcouLT. A small pressure 
dependence of AVcALc- is still predicted, but in most cases is 
unlikely to emerge beyond the experimental uncertainty over 
the usual 0-200 MPa range, so we may treat the experimental 
AV' from an apparently linear In k vs. P relationship as an 
average over this pressure range and compare it with AVCALCT 
for the mid-range pressure, 100 MPa. 

Table 2 lists those aqueous self-exchange reactions3 for 
which, to date, AV' has been found to agree well with the pre- 
dictions of eqs. [4]-[7] at 100 MPa (agreement is only fair in 
the ~o(diarnsar)~+ '~+ case). These "well-behaved" couples 
include not only Co([9]ane~~),~+/'+, in which both the CO" and 
the CO"' are in the low-spin state, but also the cage complexes 
~ o ( s e ~ ) ~ + " + ,  ~o(diamsar)~+"+, and ~ o ( d i a m s a r H ~ ) ~ + / ~ + ,  in all 
of which the CO" partner is In the high-spin state, i.e., in which 
the electron transfer process involves a large change in spin 
multiplicity, quartetjsinglet and vice-versa. We return to this 
point below. Other salient points are the conformity to predic- 
tions of both 5+/4+ and 3+/2+ charge types, and also of the 
couple F ~ ( H ~ o ) , ~ + ' ~ + ,  which has been thought to behave 
anomalously (32, 33) and for which an inner-sphere (aqua 
bridged) self-exchange mechanism has been proposed (32, 
34), a possibility that the pressure result rules out. Finally, 
since the theory assumes adiabatic electron transfer, the self- 
exchange reactions listed in Table 2 are evidently fully adia- 
batic or close to it; non-adiabatic behavior should be revealed 
in AV: values that are significantly more negative than 
predicted (9). 

Self-exchange reactions in aqueous 
solution: LLanomalous9' couples 

In contrast, Table 3 lists aqueous self-exchange reactions for 
which A f i  differs sharply from the theoretical value for an 
adiabatic outer-sphere process. In most cases, however, a rea- 
son for the discrepancy can be identified; in other words, hVT 
serves as a criterion of a mechanistic anomaly in these 

instances. For the ~e,:+'~+ exchange via the conjugate base 
F~(H,o),oH"+, the measured AV' is inconsistent with an 
outer-sphere process, but is precisely that calculated for an 
inner-sphere pathwa in which a water ligand is expelled from 
the labile Fe(H,O)j+ and the OH- ligand acts as a bridge 
between the Fe centers (cf. eq. [I])  (28). This interpretation 
receives support from Stranks' fragmentary report of AV' for 
the analogous ~ r , ,3+ '~+  exchange, in which the measurable 
exchange rate is carried by the conjugate base pathway and 
ligand bridging b OH- has been demonstrated by oxygen iso- 2 tope transfer (6). Thus, Candlin and Halpern's contention (5), 
that AV' can be used to distinguish between inner- and outer- 
sphere mechanisms of electron transfer, is vindicated. 

The gross failure of theory to predict AV' for the aqueous 
~ o ( e n ) , ~ + ' ~ +  and ~ o ( ~ h e n ) ~ ~ + ' ' +  exchanges (Table 3) stands in 
contrast to the successes for ~0([9]aneS~);+'~+ and the co3+l2+ 
cage complexes (Table 2). It has long been argued that CO""" 
exchanges in which the CO" partner is high-spin ( 4 ~ l g  ground 
state in Oh symmetry) and the CO" low-spin ( 'A' , )  are slow 
because of the large change in spin multiplicity accimpanying 
electron transfer. Either the electron transfer occurs non-adia- 
batically (10-12) from ground state to ground state with a 
large multiplicity change, or there is a fast (39) but unfavor- 
able high-spin to low-spin CO" pre-equilibrium with adiabatic 
electron transfer between the low-spin Co" and CO"' species. 
We have, in the past (16, 35, 36), favored the first explanation 
of the anomalously negative AV* values for the ~ o ( e n ) ~ ~ + ' ~ + ,  
~ o ( ~ h e n ) , ~ + " + ,  and "co(edta)'-I-" exchanges,' as nonadiaba- 
ticity would make a calculable negative volume contribution 

"he exact conditions of Stranks' experiments were never 
reported. Neither is it clear whether the measured AVT value given 
in ref. 6 refers to the pressure dependence of an experimental rate 
constant (first order in cr"' (total) and cr", inversely first order in 
[H']), or to exchange between the actual conjugate species 
C~(H?O)~OH'+ and cr"; in the former case, 3.8 Z 0.7 cm3 11101-I 

should be subtracted from Av: to allow for the volume change 
accompanying conjugate base formation (38), bringing A v f  into 
excellent agreement with the value calculated for an inner-sphere 
process, as in the Fe""" case (28). 

' Under the experimental conditions, the CO" partner exists as 
Co(Hedta)OH,-, but the volun~e changes associated with 
deprotonation of pendant arm and the aqua ligand can be allowed 
for in AV,,,,~ (36). 
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Table 3. Some "anomalous" volumes o f  activation at 100 MPa for self-exchange in ML,,':+l'+/:+ couples 
in aqueous media. 

Couple I (mol kg-') T ("C) AV (cm3 mold') AV,,,,.,' (cm3 mol-I)" Ref. 

"This work; A V , ~  taken as +0.6 c m  mol-' except as indicated. 
*By radioisotope sampling at high pressure. 
'AV shows some pressure dependence. 
"BY high-pressure stopped-flow circular dichroism change. 
'Includes deaquation and deprotonation of Co(Hedta)OH;, the form of the Co" complex under the reaction conditions 
/By high-pressure NMR. 
?AVl: taken as zero. 
"Includes an estimate of the Coulombic effect of ion association. 
'Limiting value at zero pressure. 
'AV,,t taken as +3.3 cm3 mol-' (6); assumes rate-controlling step is a one-electron transfer giving 2TI(H,O),'+. 

o f  the right magnitude with reasonable values o f  the distance 
scaling factor (9).  However, the recent recognition (3 1 )  that 
the cage complexes ~ o ( s e ~ ) ~ + ' "  and ~o(diamsar)~+"+ con- 
form to our adaptation o f  Marcus-Hush theory and yet behave 
very differently from the smaller complexes ~ o ( e n ) ~ ~ + ' ~ + ,  from 
which they are derived, forces the conclusion that all these 
couples undergo self-exchange adiabatically. The CO" spin 
pre-equilibrium explanation is therefore now preferred, but 
suffers from the lack o f  any experimental information on the 
thermodynamics o f  the relevant pre-equilibria, although less 
than 1% low-spin CO" would account for the observed rates 
(3 1 ) .  Binstead and Beattie found a volume o f  reaction o f  - 10 
cm3 mol-' for the high-spin to low-spin magnetic isomerism o f  
Co(terpy)," ( 4 0 ) , ~  and, although this result may be compli- 
cated to a minor extent by dechelation equilibria (3  l ) ,  it is o f  
the order required to account for the anomalies in AV' for 
~ o ( e n ) ~ ~ + ' ~ +  and ~ o ( ~ h e n ) ~ ~ + ' ~ + .  

It might be argued that the main difference in general prop- 
erties between the "anomalous" CO'""' couples o f  Table 3 and 
the "well-behaved" C O " ~ '  couples o f  Table 2 is that the CO" 

species o f  the former category are all labile on the time scale o f  
electron transfer, and therefore may offer an inner-sphere 
alternative to the outer-sphere path that is the only one avail- 
able to the cage complexes. Such an inner-sphere alternative, 
however, would lead to the ~ o ( e n ) , ~ + ' ~ +  exchange being mark- 
edly faster than its ~ o ( s e ~ ) ~ + ' ~ +  analogue, whereas it is slower 
by a factor o f  lo5. Furthermore, as we have seen, A V T  for an 
inner-sphere process will be markedly more positive than for 
an analogous outer-sphere mechanism, whereas the anoma- 
lous Co couples o f  Table 3 all show A V ?  values much more 
negative than are found for the obligate outer-sphere CO""" 

exchanges o f  Table 2. 

It remains for us to explain why the low-spinlhigh-spin co"I"1 cage couples o f  Table 2 should undergo self-exchange 
relatively rapidly, and why the AV' values conform so well to 
theoretical expectations for adiabatic outer-sphere processes. 
It should first be noted that the Co-N bond length differences 
between the CO"' and CO" members o f  a couple are much the 
same (19-2 1 pm) for all the CON,-type complexes o f  Tables 2 
and 3 (3  l ) ,  so that the explanations must be found elsewhere. 
Geue and Sargeson (ref. 41, and personal communication) 
answer the first question by pointing out that molecular 
mechanics calculations show that the cage complexes are 
strained, and hence destabilized, in their ground states, so that 
the transition states for electron transfer are more energetically 
accessible. An alternative explanation (probably equivalent, 
in the last analysis) is that geometrical (e.g., Jahn-Teller) dis- 
tortions accompany the spin multiplicity change as bidentate 
chelate CO" complexes approach the transition state, thereby 
contributing to the Franck-Condon energy barrier to electron 
transfer, but are suppressed in the rigid cage complexes (3 1 ) .  
This latter explanation also gives an easy rationalization o f  the 
A V z  values - i f  the tendency o f  the complexes to distort 
while changing spin state is suppressed, there will be little 
associated volume change, and eqs. [4]-[7] are applicable 
without modification. It should also be remembered that Mar- 
cus-Hush theory treats the reactants as hard spheres, and this 
is likely a poor representation o f  the Co complexes o f  Table 3 
but a good one for the cage complexes o f  Table 2. In any 
event, an important inference arises from all o f  this: large spin 
multiplicity changes do not in themselves inhibit electron 
transfer appreciably; rather, it is the associated geometrical 
distortions, where these can occur freely, that retard the reac- 
tion. 
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Swaddle 

The ability of cations to catalyze anion-anion electron 
transfer is well established, and leads to anomalously positive 
values of AV' (as for ~ n 0 , 2 - / -  and F~(cN);-/'-, Table 3). The 
effect of cations on AV: and k is much greater than can be 
accounted for by their calculated influence on the Coulombic 
and Debye-Hiickel terms, so an actual electronic involvement 
of the counterion is implied. Curiously, for the cation-indepen- 
dent ~ n 0 , - / ~ -  pathway, AV: is more negative than predicted, 
probably because of the unusually small size of the reactants. 
The molecular nature of the solvent may be asserting itself 
here, although the MSA approach actually gives a somewhat 
poorer prediction of A V  than eqs. [4]-[7] (27). Treatment of 
the environment of the small precursor complex as an ellipsoi- 
dal cavity, rather than two spherical cavities, in the solvent can 
rationalize the surprisingly negative AV: (17), but there is a 
distasteful arbitrariness in this procedure. 

The final entry in Table 3 is enigmatic. The T~(H,o);+~+ 
exchange may involve either a one-electron endergonic pro- 
cess forming ~ T ~ ( H ~ o ) ~ ~ + ,  with scrambling on reconversion 
to thallium(1) and -(III), or a simultaneous two-electron 
exchange. For the one-electron process, Stranks (6) pointed 
out that, as for any electron transfer reaction involving net 
chemical change, a term involving the thermodynamic reac- 
tion volume A V O  for the formation of 2 ~ 1 "  must be added to 
eq. [4]: 

where 1: = 0.5 + A G ~ I ~ ( A G ~ , ~  + hGIRi) = 0.72 in this case. 
Stranks' calculations (6) appeared to give hvcALci for a sin- 
gle-electron mechanism in excellent agreement with the 
observed value, whereas AVCALCZ for a two-electron step was 
12 cm3 mol-' more negative. These numbers, however, incor- 
porate hvDHi with the sign reversed, and an estimated A V O  of 
-9.3 cm3 mol-' for the hypothetical formation of 2 ~ 1 "  as 
compared with -2.4 cm3 mol-' from a model now available 
(42), so that the experimental AV: falls between the theoretical 
values for the one- and two-electron paths. At least, AV; rules 
out an inner-sphere mechanism. 

Outer-sphere reactions involving net 
chemical change 

If AV, ,$ and AV,,~ for the self-exchange reactions 

can be calculated as above, then it becomes possible to calcu- 
late AVI2+ for the cross reaction 

from an adaptation (43, 44) of Marcus' "cross relation" (eqs. 
[12]-[14]) (lo), if KI2 (the equilibrium constant for reaction 
[ l l ] ,  obtainable from its standard electrode potential change 
AE) and AV,; (its volume of reaction, obtainable from the 
pressure dependence of AE (4547))  are known: 

where wii are work terms with associated volume effects 
AViiw. If AE is small, eqs. [12]-[14] and [15]-[17] are much 
simplified: 

Tests of eqs. [15]-[17] or [19] are elusive, as one must 
choose a system for which AVIlS and A V ~ ~ ~  are known and 
accountable for theoretically (Table 2), and for which k,, and 
AV,: are measurable. The problem is usually that the high- 
pressure techniques (48,49) available for the measurement of 
k,,, notably stopped-flow spectrophotometry, cannot produce 
reliable rate constants >lo5 L mol-' s-', so that eq. [18] limits 
the choice of participating couples to ones with fairly slow 
self-exchange rates and a rather small AE. The stability of the 
reactants and products over the relatively long duration of 
high-pressure experiments is another common source of diffi- 
culties. To date, a convincing test of eq. [15] has been possible 
with only one reaction: the reduction of F~(H,o),~+ by 
co([9]anes3);+, for which hvlzi was predicted to be - 14.7 
cm3 mol-I at 100 MPa, and values of - 13.7 (C10,- medium) 
and - 15.9 cm3 mol-I (CF3S03-) were found (43). With 
co(sep)'+ as reductant, the driving force was excessive (1.03 
V) and eq. [15] failed, but so did the cross relation (eqs. [12]- 
[14]) - indeed, it is surprising that this reaction is just slow 
enough to be followed by stopped-flow spectrophotometry. 
Murguia and Wherland (44) have used equations similar to 
[15]-[17] to estimate AVz for self-exchange of some Co clath- 
rochelates from Av,,: data. 

An alternative approach involves the calculation of all the 
components of eq. [8] as outlined above, and van Eldik and co- 
workers (50) have successfully accounted for AV,,~ for the 
reduction of a ueous co(terpy);+ by v(H,o)~~+ (AV,? = 9 .  . 
- 1.8 cm3 mol- ) in this way. 

Conclusions 

For simple outer-sphere electron transfer reactions in aqueous 
media, AVz can be satisfactorily calculated from the appropri- 
ate equations [4]-[8] and [15]-[17]. Where these fail, one can 
infer that some special mechanistic feature is operative, or that 
the reaction is inner-sphere. AVS data help explain the 
enhanced redox reactivity of Co(III/II) cage complexes vis-2- 
vis the analogous "open" chelates, and show that large 
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changes in spin multiplicity in outer-sphere electron transfer 
do not in themselves limit redox rates - such reactions are not 
"spin forbidden". For polar nonaqueous media, eqs. [4]-[7] 
reproduce A V 3  adequately at 100 MPa or more, but tend to 
overestimate it at low pressures, particularly when the solvent 
has a high isothermal compressibility. When the relative per- 
mittivity of the solvent is low, the calculations become numer- 
ically unstable, especially where the reactants carry high 
charges, but in such cases ion pairing becomes important, with 
unpredictable consequences. 
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Standard state heat capacities of aqueous 
electrolytes and some related undissociated 

Loren G. Hepler and Jamey K. Hovey 

Abstract: Uses of heat capacities of solutions of electrolytes are reviewed, with a particular emphasis on the standard state 
partial molar heat capacities and their applications to calculations of the effects of temperature on equilibrium constants, 
electrode potentials, enthalpies, and entropies. Methods of obtaining these standard partial molar heat capacities are summarized, 
followed by comparisons of values obtained in different ways. Many of the "best" such heat capacities are collected and then 
used as the basis for establishing single-ion heat capacities based on the convention that c p O ( ~ + )  = 0, followed by illustrations of 
the convenient use of these quantities. Finally, there is brief discussion of theoretical analysis of these standard partial molar heat 
capacities in relation to ion-solvent interactions. 

Key words: heat capacities, electrolytes; aqueous solutions, heat capacities; thermodynamics, electrolytes. 

RCsumC : On prksente une revue de l'utilisation des capacitCs calorifiques de solutions d'Clectrolytes en insistant d'une faqon 
particuliere sur les capacites calorifiques molaires partielles dans 1'Ctat standard et leurs applications aux calculs des effets de la 
temperature sur les constantes d'equilibre, les potentiels d'klectrode, les enthalpies et les entropies. On rksume les methodes 
d'obtenir ces capacites calorifiques molaires partielles standard et on prksente ensuite un comparaison des diverses valeurs 
obtenues d'aprks les diverses manieres. Plusieurs des ccmeilleuresa propriCtCs, comme les capacitks calorifiques, ont CtC 
rassemblCes et ont ensuite CtC utilisees comme base pour I'Ctablissement des capacitks calorifiques d'un seul ion en se basant sur 
la convention que c,'(H+) = 0; elles sont suivies par des illustrations sur l'utilisation commode de ces quantitks. Enfin, on 
presente une breve discussion de I'analyse thiorique de ces capacitks calorifiques molaires partielles standard en relation avec les 
interactions ion-solvant. 

Mots ~16.7 : capacitks calorifiques, electrolytes, solutions aqueuses; thermodynamique. 

[Traduit par la rCdaction] 

Introduction 

Knowledge of heat capacities of pure substances is useful 
because such heat capacities can be used in a wide variety of 
thermodynamic calculations, many of which involve the 
effects of changing temperature on other thermodynamic 
properties such as Gibbs energies and related equilibrium con- 
stants, enthalpies, and entropies. The principle of these calcu- 
lations and methods of carrying them out have been reviewed 
in many texts dealing with chemical thermodynamics. 
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Although it has been known for a long time that similar cal- 
culations for aqueous solutions of electrolytes could be useful, 
the general paucity of required experimental results severely 
limited these kinds of applications. In recent years, however, 
advances in calorimetry have made it practical to obtain reli- 
able and accurate heat capacities of dilute aqueous solutions, 
thereby leading to the partial molar heat capacities needed for 
the kinds of calculations mentioned above. 

In the remainder of this Introduction, we will provide words 
and equations (to be used later) to call attention to some of the 
uses of partial molar heat capacities: (i) We provide a review 
of experimental methods and illustrate methods of calculating 
the standard state partial molar heat capacities that will form 
the principal part of the rest of this paper. (ii) We provide a 
critical review of standard state partial molar heat capacities of 
aqueous inorganic electrolytes (also acetate ion, Ac-) and a 
few non-ions such as HAc(aq), NH,(aq), CO,(aq), SO,(aq), 
H,S(aq), and H,PO,(aq, undissociated). (iii) We select "best" 
values of standard state partial molar heat capacities and pro- 
vide specific illustrations of some of their uses. (iv) We refer 
briefly to uses of heat capacities in connection with theoretical 
attempts to improve or extend knowledge of ion-solvent inter- 
actions. 

To introduce the need for the heat capacities that are the 
focus of this paper, we begin with the van't Hoff equation: 

Can. J. Chem. 74: 639439 (1996). Printed in  Canada / Imprime au Canada 
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Making the approximation that the standard state enthalpy of 
reaction, AJlo, is a constant (independent of temperature), 
integration of eq. [ l ]  leads to 

in which I is a constant of integration. 
Equation [2] is often useful over small ranges of tempera- 

ture, but is generally inadequate for wide or even moderate 
ranges of temperature. One illustration of the inadequacy of 
this equation is provided by the observation that In K is (for 
temperature-independent AJIO) predicted to be a linear func- 
tion of 1/T, increasing or decreasing forever as the temperature 
increases or decreases, which is contrary to the reality that val- 
ues of K and thence In K for many reactions involving aqueous 
electrolytes pass through a minimum or maximum with chang- 
ing temperature. The explanation for this kind of failure of eq. 
[2] is that AJlo is not generally a constant (independent of 
temperature), but depends on temperature as shown below. 

Effects of temperature on AJlo and also on A,F are 
described by the following equations: 

Here we have used ArCpO to represent the change in heat 
capacity for a chemical reaction, which is related to the heat 
capacities of the reactants and products of reaction by 

For aqueous solutes, the relevant heat capacity denoted by Cpo 
is the standard state partial molar heat capacity. 

Equations [3] and [4] shows that AJIO and ASo are indepen- 
dent of temperature only in the special (unusual!) case in 
which Arcp - 0. Because heat capacities generally depend on 
temperature, consider various approaches to making use of eq. 
[3] in combination with eq. [I]. One approach (others are dis- 
cussed later) is to express the heat capacity of each substance 
or ion in terms of an empirical power series, such as 

Combination of equations [5] and [6] leads to 

We now illustrate the principle of making use of heat capac- 
ities by cutting off eq. [7] after the Aa term, which means that 
we are (for now) considering A,Cpo to be independent of tem- 
perature. In this case, integration of eq. [3] leads to 

[8] AJIO = AH, + (Aa)T 

in which AHi is a constant of integration. Insertion of eq. [8] in 
eq. [ l ]  and integration leads to 

in which I is another constant of integration. 

Equation [9] corresponds to a nonlinear dependence of In K 
on 1/T. Further, it can be shown by differentiating eq. [9] with 
respect to temperature and setting the resulting derivative 
equal to zero that there is some temperature at which In K is 
either a minimum or a maximum, which is a very substantial 
improvement over eq. [2]. It will be shown later that using a 
constant (independent of temperature) value of A,Cpo leads to 
remarkably accurate calculations of equilibrium constants 
over wide ranges of temperature, which justifies part of our 
focus on heat capacities at just one temperature (298.15 K). It 
will also be shown that such calculations can be extended to 
much wider ranges of temperature by making use of heat 
capacities that have been measured over relatively small 
ranges of temperature. 

Rather than carry out the differentiation of eq. [9] as men- 
tioned above to obtain the temperature at which the value of K 
passes through a maximum or minimum, we proceed in 
another way. Integrating eq. [3] between limits of T = 298 K 
and some T,, at which the value of K goes through a maximum 
or minimum, we obtain 

[ lo] AJlo(at T,) - AJIO(at T =  298 K) = A,Cpo(T,, - 298) 

Setting AJlo(at T,) = 0 (because this corresponds to a maxi- 
mum or minimum in In K vs. 1/T), we obtain the following 
simple equation that relates the temperature at which the value 
of K passes through a maximum or minimum to the values of 
AJlo and ArCpo at just one temperature (298 K): 

Much of the rest of this paper is devoted to collection of CpO 
values for T = 298.15 K, with a few illustrations of their uses; 
we will also cite measurements leading to Cpo values at other 
temperatures and their uses. 

Although the focus in this paper is on the standard state par- 
tial molar heat capacities represented here by C O non-stan- 

P .  ' 
dard state (for tn > 0) partial molar heat capacities are also 
useful. Here we only mention that these non-standard state 
partial molar heat capacities are related to the temperature 
dependence of enthalpies of dilution and thence to the temper- 
ature dependence of activity coefficients and osmotic coeffi- 
cients, as reviewed by Millero (1). 

Experimental and calculation methods 

One approach to obtaining standard state partial molar heat 
capacities is to solve eq. [ I ]  for AJIO, differentiate with 
respect to temperature, and combine with eq. [2] to obtain 

Because of the magnification of uncertainties and errors asso- 
ciated with two differentiations, this approach is useful only 
when there are very accurate values for the equilibrium con- 
stant over a wide range of temperature. Our focus here is on 
other methods of obtaining standard state partial molar heat 
capacities of solutes. 

Most of the standard state partial molar heat capacities that 
we will be considering have been derived from calorimetric 
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results expressed in terms of apparent molar heat capacities, 
C,,,, which are defined in terms of measured quantities as 

In this defining equation, Cp(soln) represents the heat capacity 
of a solution containing n l  moles of water and n, moles of sol- 
ute and C,,," represents the molar heat capacity of water. The 
apparent molar heat capacity is related to the partial molar heat 
capacity of solute (C,) by 

At infinite dilution we have n, = 0 and thence the important 
relationship 

in which CpO represents the standard state partial molar heat 
capacity of solute and CR+orepresents the value of the appar- 
ent molar heat capacity t at IS obtained on extrapolation to n, = 
0,  corresponding to extrapolation to a composition of zero 
molality. 

Apparent molar heat capacities of dilute solutions of strong 
electrolytes are represented accurately by equations of the 
form 

in which CpO represents the value of C , ,  at rn = 0 (see eq. 
[15]), Ac is derived from the Debye-Huckel theory and the 
dielectric constant of water, p10 represents the density of 
water, rn represents the molality, Bc is an adjustable parame- 
ter, and o is defined by 

in which the v, are the subscripts in the chemical formula 
Av+Bv- and the z, are the formal charges of the ions. 

The experimental problems associated with obtaining accu- 
rate values of C,,, for dilute solutions are formidable because 
the difference between C,(soln) and n,Cp*14: is very small com- 
pared with either C (soln) or nICp,,*. It follows that accurate 
values of C , ,  for %lute solutions can be obtained only from 
the results of extremely accurate measurements or from results 
of accurate measurements that lead reasonably directly to val- 
ues of the difference represented by [C,(soln) - n Cps -1 in the 
numerator of eq. [13]. The twin calorimeters designed, built, 
and used by Randall, Rossini, Gucker, and a few others, as 
reviewed by Parker (2), provided data of this kind and permit- 
ted the evaluation of the first reasonably accurate values of 
C,,,O for aqueous electrolytes. 

More recently, however, the Picker flow calorimeter (3) has 
permitted more accurate measurements to be made more rap- 
idly, leading to most of the Cp,+ and derived CpO values to be 
considered here. The clever pr~nciple of the original Picker 
calorimeter that was designed and built for measurements at or 
near 25°C has been adapted by Picker for measurements up to 
about 150°C and by Smith-Magowan and Wood (4) and others 
to permit measurements to much higher temperatures (and 
pressures). 

Several publications (5-8) have reported consideration of 
and remedies for small systematic errors that may be present 
in flow calorimeters. In one of these papers Desnoyers et al. 
(5) also provide a useful summary of CpO values that were 
obtained during the first few years of use of the Picker calo- 
rimeter in Desnoyers' laboratory. 

Use of eq. [I61 for evaluation of C O from measured values 
of C at several molalities requires tRat we know the value of 
AC 8:m the Debye-Hockel theory. Because Ac depends on 
the second derivative of the dielectric constant of water with 
respect to temperature, there have been some uncertainties in 
choosing a "best" value. We therefore review briefly the 
results of several recent calculations. 

Before going on to consider specific results, it is well to 
point out that some previous authors have written another ver- 
sion of eq. [16] in terms of Ac(c)"' in which c represents con- 
centration (molarity) rather than in terms of molality and 
~ ~ ( p ~ ~ ) " ' ( r n ) " '  as in our eq. [16]. Further, some authors have 
derived Debye-Huckel parameters that are appropriate to par- 
tial molar properties, while others have derived these parame- 
ters to be appropriate to apparent molar properties as in our 
eq. [16]. It is necessary to consider these complications and 
also lack of uniformity in symbols used to represent various 
quantities in making use of results of different authors. 
Because our eq. [16] contains the product ~ ~ ( p , ~ ) " ~ ,  we will 
express results of various calculations in terms of this 
product. 

Leduc et al. (9) have used published dielectric constants and 
densities of water to obtain values of ~ ~ ( p , ~ ) ' "  for several 
temperatures, including the value 28.95 J K-I m ~ l - ~ l ,  kgi1' for 
25°C. Similar calculations have been reported by Perron et al. 
(10) for several temperatures; they have reported nearly the 
same value as above for 25°C. More recently, Pitzer and co- 
workers (I I), Ananthaswamy and Atkinson (12), Archer and 
Wang (13), and Spitzer et al. (14) have reconsidered the tem- 
perature dependence of the dielectric constant of water and 
have carried out calculations of the various parameters to be 
used in Debye-Hiickel equations for heat capacities and also 
other thermodynamic properties for wide ranges of tempera- 
tures. Results of all of these later calculations (1 1-14) arecon- 
sistent with a "best" value of A , ( ~ , ~ ) " '  from about 12-23% 
larger than the value from ~ e s n o ~ e r s  and colleagues (9, 10) 
that is given above. 

In the favourable cases of electrolytes of I: 1 charge type for 
which we have accurate values of c,,+ for sufficiently dilute 
solutions, choosing different reasonable (in the range cited 
above) values of Ac(plO)"' leads to very small differences in 
calculated values of Coo, but for higher charge type electro- 
lytes (14) or when resblts of accurate measurements are not 
available for sufficiently dilute electrolytes, choice of value 
for the Debye-Hiickel parameter can have a significant effect 
on the value of the derived CpO. 

As will be seen later, most of the CpO values that are selected 
as "best" for T = 298.15 K are based on measurements with 
Picker-type calorimeters and data analysis based on eq. [16] or 
similar equations. A simple and commonly adopted procedure 
for using eq. [16] is based on rearranging to obtain 

A graph of the quantity represented by the left side of eq. [18] 
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against i n  leads to a straight line, with the intercept at m = 0 
being the value of CpO. 

Another approach that has proven useful is based on eq. [3] 
and enthalpies of reaction that have been measured at several 
temperatures. Early applications (15, 16) of this method 
involved calorimetric measurements leading to the standard 
enthalpies of ionization of aqueous benzoic acid at several 
temperatures (10-40°C). More recently and of more impor- 
tance for our present purpose, Cobble, Criss, and others have 
used a method based on eq. [3] to obtain useful values of CpO 
for several electrolytes over wide ranges of temperature, as 
first reported by Criss and Cobble (17). Their calorimetric 
measurements led to values of the standard state enthalpy of 
solution, ASH0, of sodium chloride in water as represented by 

at 13 temperatures ranging from 0.02"C to 95.18"C. The val- 
ues of AsCpoobtained as the derivative of ASHo with respect to 
temperature (see eq. [3]) can be expressed as 

in which C O(Naf,C1-) and CpO(NaC1) represent the standard 
state partiaf molar heat capacity of aqueous sodium chloride 
and the molar heat capacity of NaCl(cr) at the temperature of 
interest. Because values of CpO for NaCl(cr) were already 
known, Criss and Cobble (17) were able to obtain values of 
CpO(Na+,C1-) that were reported over the temperature range 
from 0 to 100°C. Gardner et al. (18) have carried out similar 
measurements at 114.25, 149.90, and 199.50°C and have com- 
bined these results with those from Criss and Cobble (17) to 
obtain values of CpO(Na',Cl-) that are reported over the 0- 
200°C range of temperatures. The method used in these two 
investigations (17, 180 and also others to be cited later has 
been called the "integral heat" method. 

Bernarducci et al. (19) used still another method of obtain- 
ing a value for CpO, based on combining a value of Cp,+ for a 
concentrated solution (relatively easy to measure) w ~ t h  the 
temperature dependence of the enthalpy of dilution to m = 0 
for this same concentrated solution. They have applied this 
method to FeCl,(aq). Although their reported uncertainty 
(+30 J K-I molFr) in CpO for 25°C is considerably larger than 
uncertainties attributed to values of C O for many electrolytes 
based on results of measurements witg the Picker calorimeter 
or as derived from several applications of the "integral heat" 
method, it is likely that the method used by Bernaducci et al. 
(19) can also be applied usefully to some systems. 

Analysis of heat capacity data for systems in which there is 
an identifiable chemical equilibrium requires consideration of 
what is now often called the "relaxation" contribution to the 
total heat capacity. An early example was provided by McCo- 
llum (20), who measured heat capacities of the system in 
which the equilibrium represented by N20J(g) = 2 N02(g) 
contributes to the total measured heat capacity. Later, Randall 
and Taylor (21) wrote "If a reaction -for example, the disso- 
ciation of bisulfate ion into hydrogen and sulfate ions - is 
more complete at a higher temperature than at a lower, then the 
heat corresponding to the additional fraction of bisulfate dis- 
sociated at the higher temperature will be measured as though 
it were a part of the heat capacity of the solution." They (21) 

had recognized an important problem, but did not continue 
with any detailed thermodynamic calculations. 

The first specific considerations and applications (22,23) of 
relaxation contributions to the measured heat capacities of 
aqueous solutions were followed by many more, which will be 
cited later in connection with specific electrolytes. Here we 
call attention to general treatments by Mains et al. (24) and 
Blandamer et al. (25). 

The principle of a relaxation contribution to a measured 
heat capacity can be illustrated by consideration of a simple 
imaginary system in which there is a temperature-dependent 
equilibrium between two isomeric forms of the same "sub- 
stance," with these two isomeric forms mixing to form an 
ideal solution so that we need not be concerned here with such 
complications as activity coefficients, enthalpies of dilution, 
or the difference between A$l and A$lO. The chemical equi- 
librium in this imaginary system is represented by 

in which f represents the fraction of total substance that is in 
the B isomer form. The measured heat capacity of a system 
containing one mole is 

in which Cp,,* and Cp,,:': represent the heat capacities of the 
pure isomeric forms A and B, respectively. Because the 
changes in temperature in most measurements of heat capaci- 
ties of solutions are small, it is common to replace (AflAT) 
with the differential equivalent, (dfldT), and thence obtain an 
analytical (rather than an equally useful and correct nuineri- 
cal) representation of the relaxation contribution to the total 
heat capacity. There is also the intangible matter of scientific 
beauty, which some of us see in an analytical representation. 
To evaluate the relaxation contribution, which is the last term 
on the right side of eq. [22], we begin by solving eq. [2 11 for f 
and then differentiating with respect to temperature to obtain 

[23] dj7dT = (dK/dT)/(l + K)" ((KK)(dWd7-)/(1 + K)' 
= K(d In K/dT)/(l + K)' = KAP/RT'( 1 + K)' 

Using this last expression with the last term in eq. [22] and rec- 
ognizing that AJiF = A$l for this ideal solution system, we 
obtain 

for the (always positive) relaxation contribution to the heat 
capacity. 

Evaluation of ~ p ' e l  for systems of nonideal electrolytes must 
include considerations of activity coefficients and their depen- 
dence on temperature (related to enthalpies of dilution) and to 
the distinction between A$l and A$1° (also related to enthalp- 
ies of dilution), but the general principle is the same as out- 
lined here for our simple imaginary ideal system. After values 
of c,'"' have been calculated for an electrolyte system, these 
values are then subtracted from the experimental values of 
Cp,+ to obtain the Cp,+(species) values that are then combined 
with some version of the Debye-Hiickel theory (such as eq. 
[16]) to obtain the standard state partial molar heat capacities 
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represented by C O to be used in various thermodynamic cal- 
culations of equilPbriurn constants, etc. 

Because the details of calculation of ~, 'e '  are different for 
nearly every system that has been investig&ed, we do not try to 
illustrate any "typical" calculation. Instead, each reference 
cited here that involves an specific calculation of c,'el is fol- 

r e 7  lowed by the symbol (Cp ) In the list of references. 

Values of standard state partial molar 
heat capacities of aqueous solutes for 
T = 298.15 K and some of their uses 

As background for our selection of "best" values for CpO of 
aqueous solutes for 298.15 K, we begin by considering proba- 
ble accuracies and uncertainties in values obtained in different 
ways. 

It is now clear from experimental results and analysis 
reported in several publications already cited, in a recent anal- 
ysis by Criss and Millero (26), and in other publications to be 
cited later that nearly all of the CpOvalues derived from results 
of measurements with the Picker calorimeter have smaller 
uncertainties than do CpO values derived from earlier measure- 
ments cited by Parker (2). Although we are not making use of 
the heat capacities for dilute solutions that have been cited by 
Parker (2), it is worth emphasizing that many of the results she 
has cited for more concentrated solution are still quite useful 
for other purposes. 

Our considerations of the differences between CnO values 
for the same solute reported by different users of picker calo- 
rimeters and for a few solutes by the same users at different 
times provide one basis for estimating the experimental uncer- 
tainties to be associated with these "slues. Another contribu- 
tion to the total uncertainty of CpO values comes from the 
method of extrapolation to rn = 0. As stated earlier in this 
paper, one common method for doing this extrapolation is 
based on eqs. [16] and [18]. But it should be recognized that 
other extrapolations that are consistent with the Debye- 
Hiickel limiting law can also be justified; one such method of 
extrapolation, based on equations developed by Pitzer, has 
been used by Criss and Millero (26) because that formulation 
is well suited to combination with other thermodynamic quan- 
tities for calculation of the effect of temperature on activity 
coefficients. The difference in values of CpO obtained by way 
of different extrapolation procedures is very small when there 
are values of CP,+ for sufficiently dilute solutions, but becomes 
larger when such values are unavailable and extrapolations 
must be based on experimental results for less dilute solutions. 
All of these considerations lead us to suggest that total uncer- 
tainties in a few values of CpO based on measurements with the 
Picker calorimeter may be as small as 2 1 J K-I mol-I. but 
most of these total unlertainties are in the range t 2  to 1 4  J 
K-I mol-I for temperatures close to 25°C. For those systems 
for which it is necessarv to make measurements on solutions of 
mixed electrolytes or for which cpre' is large, total uncertain- 
ties may be larger than t 4  J K-' mol-'. 

An illustration that provides partial justification for the 
uncertainty estimates above and that also leads to an estimate 
of uncertainties to be associated with values of Cpc'obtained by 
application of the "integral heat" method can be based on con- 
sideration of values of CpO for NaCl(aq) at 25°C. 

The enthalpies of solution at several temperatures measured 
by Criss and Cobble (17) led them to C = -79.1 J K-' mol-I 
for NaCl(aq) at 25°C. The compilation Ly Desnoyers et al. (5), 
based only on measurements in their laboratory, lists CpO = 
-84.4 J K-I mol-' for NaCl(aq); their tabulated conventional 
single ion heat capacities lead to a calculated CpO = -84 J K-' 
mol-I. Criss and Millero (26) have analyzed several sets of 
reported values of Cp,(b and have obtained C,,: = -82.85 J K-' 
mol-I; their tabulated single ion heat capacltles lead to a cal- 
culated CpG = -83.3 l J K-l mol-l. Hovey (27) has cited five 
values of CpO ranging from -83.7 to -85.5 J K-' mol-I, with 
an average CpO = -84.3 J K-' mol-'; his tabulated single ion 
heat capacities lead to a calculated CpG = -84.4 J K-' mol-I. 
Clarke and Glew (28) have reviewed heat capacities and also 
other thermodynamic properties of NaCl(aq) over a range of 
temperatures and have selected CpO = -83.94 J K-I mole' for 
NaCl(aq) at 298.15 K as the best value for overall consistency. 
Altogether, it now seems reasonable to select Cpo = -84 J 
K-' mol-I as a "best" value for NaCl(aq) at 25"C, with a total 
uncertainty + 1 J K-I mol-'. It therefore follows that the total 
uncertainty in the CpO = -79.1 J K-I mol-I reported by Criss 
and Cobble (17) is at least 2 4  J K-I mol-I. Further consider- 
ation of the calculations reported by Clarke and Glew (28) 
lead to the more specific estimate that the CpO values from 
Criss and Cobble (17) for NaCl(aq) at temperatures up to 
about 100°C have probable uncertainties larger than 2 5  J K-' 
mol-I but smaller than t 10 J K-' mol-I. Although these esti- 
mated uncertainties for CpO values obtained by the integral 
heat method are larger than estimated uncertainties in CpO val- 
ues based on results of modern flow calorimetry, it is clear that 
CpO values based on the integral heat method are accurate 
enough to be very useful. 

Further support for the estimated uncertainty range for val- 
ues of CpG based on the integral heat method is provided by 
comparison of Cpc' values for CsI(aq), for which we have 
- 153.1 J K-I mol-I from Mitchell and Cobble's (29) applica- 
tion of the integral heat method and the probably more accu- 
rate - 145.0 J K-I mol-I from flow calorimetry (5). 

The comparisons of values of C O from the integral heat 
method with values of CpO from mocfern flow calorimetry that 
we have cited have been chosen partly because of the impor- 
tance of NaCl(aq) and partly to provide illustrations to support 
our estimates of uncertainties; it should not be assumed that 
these reasonable estimates of uncertainties represent estab- 
lished or even probable errors in the values of CpO based on the 
integral heat method. For example, Mastroianni and Criss (30) 
have applied the integral heat method to obtain values of C @ 

for NaClO,(aq) over the range 0-95"C, including CpO= 1 7 . 8 ~  
K-I mol-I for 25"C, which is in good agreement with Cpo = 
15.2 and 16.6 J K-I mol-' from two sets of measurements (3 1, 
32) with Picker flow calorimeters. 

Jekel et al. (33) measured enthalpies of solution of 
GdCl,(cr) at several temperatures and used these results to cal- 
culate CpO = -435 J K-l rnol-l for GdCl,(aq) at 25°C. Xiao 
and Trernaine (34) have made measurements with a flow cal- 
orimeter, leading to Cpc' values for Gd(ClO,),(aq), 
La(ClO,),(aq), and LaCl,(aq), which in turn lead to a calcu- 
lated CpO= -452 J K-' mol-' for GdCl,(aq) at 25°C. The dif- 
ference (17 J K - I  mol-l) between these two values of CpO for 
GdCl,(aq) that have been obtained in different ways is consis- 
tent with estimates of uncertainties already given here for 1: 1 
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electrolytes because of the larger uncertainties in extrapolating 
to m = 0 for 3: 1 electrolytes than for 1: 1 electrolytes. 

One use of standard state partial molar heat capacities is 
illustrated by beginning with calculation of A,CpO for ioniza- 
tion of water as in 

For this calculation we use 

Singh et al. (35) have applied eq. [26] by using their CpO values 
for the electrolytes (HCI, NaCl, NaOH), (HBr, NaBr, NaOH), 
(HCl, KCl, KOH), and (HBr, KBr, KOH) to obtain A,CpO = 
-214.1, -215.7, -215.4, and -215.8 J K-' mol-'. Later C O 

values from Singh et al. (31) for aqueous HClO, and ~ a ~ 1 6 ,  
led to A,CpO = - 2 13.8 J K-' mol-I. Also, CPo values from Enea 
et al. (36) for aqueous HNO,, NaNO,, and KN03 led to A,CpO 
= -214.7 and -214.6 J K-' mol-'. The average of all seven of 
these values is A,CpO = -214.9 J K-' mol-'. Because all of the 
heat capacities used in these calculations were obtained in the 
same laboratory, using the same flow calorimeter and the same 
experimental procedures, followed by the same kind of extrap- 
olations to m = 0, some of whatever systematic errors were 
present have been cancelled in the subtraction of CpO values 
shown in eq. [26]. 

It should also be mentioned that Allred and Woolley (7) 
have made flow calorimetric measurements in another labora- 
tory, leading to values of CpO for HCl(aq), NaCl(aq), and 
NaOH(aq) at 25°C (also two other temperatures). Their values 
of Cpo lead to A,CpO = -216.8 J K-' mol-' for ionization of 
water at 25"C, in satisfactory agreement with the values listed 
in the preceding paragraph. 

On the basis of the eight value for A,CpO of ionization of 
water cited (7 ,3  1,35,36) in the two preceding paragraphs, we 
choose A C = -215 J K-I mol-I as the best available value ,. p 
for ionization of water at 298 K. Because conventional single- 
ion heat capacities are based on CpO(Hf) = 0 and the molar heat 
capacity of pure water is known with excellent accuracy, this 
chosen best value for A,CpO leads directly to a "best" conven- 
tional value for C O(OH-) and is therefore a helpful start on 
compiling a usefuf collection of these single-ion heat capaci- 
ties, to which we turn after one illustration of a use of heat 
capacities. 

Earlier, we derived eq. [9] for the dependence of the equi- 
librium constant on temperature when A!CpO is taken to be a 
constant, independent of temperature. Using the known value 
of A,HO at 298.15 K in eq. [8] permits evaluation of the con- 
stant of integration AH,. Using the chosen value of A,CpO= Aa 
with the known value of the equilibrium constant K at T = 
298.15 K permits evaluation of the other constant of integra- 
tion (I) and thence yields an equation that permits calculation 
of a value for the equilibrium constant at any temperature T. 
We carried out these calculations for several temperatures in 
the range 273-573 K (0-300°C) and found that the values of 
pK(calcu1ated) differ by less than 0.02 from the best experi- 
mental values previously selected (37) for this temperature 
range. We also use our selected value of A,CpO = -215 J K-' 
mol-' and A,HO = 55 815 J mol-' (37, 38) in eq. [11] to cal- 

culate T,  = 557 K (250°C) as the temperature where the equi- 
librium constant for ionization of water passes through a 
maximum. This calculated temperature is about 35O higher 
than the actual temperature (37) at which K passes through a 
maximum. Here we are not concerned with the small effect of 
the difference between p = 1 atm (or I bar) and the saturation 
pressure for t > 100°C, which has been discussed elsewhere 
(37). 

It is possible to improve on the calculations summarized 
above by recognizing that CpO values for electrolytes do 
depend on temperature and that A,CpO also depends on tem- 
perature. Using A,CpO = f(T) in eq. [3] leads to a more compli- 
cated version of eq. [8], which is then substituted in eq. [ l ]  to 
obtain a more complicated version of eq. [9]. Later in this 
paper we cite some examples of such calculations, but it is 
worth emphasizing now that the simpler calculations 
described here, which are based on a constant (independent of 
temperature) A,CpO, are accurate enough over wide ranges of 
temperature to be useful for many purposes. 

Tables I 4  contain our selections of what we regard as 
"best" values for standard state partial molar heat capacities 
(Cpo) for T = 298.15 K for a large number of inorganic elec- 
trolytes and for a few "neutrals" (undissociated H3P0,, C02,  
SO,, H,S, NH3) and one organic (acetic acid) that are related 
to electrolytes under consideration in this paper. All of the 
heat capacities listed in these tables are based on heat capaci- 
ties of solutions that have been measured relative to the heat 
capacity of pure water, using modern flow calorimeters of the 
type developed by Picker et al. (3). Although we believe there 
are good reasons for basing our selections of best standard 
state partial molar heat capacities on heat capacities measured 
with flow calorimeters, we emphasize that heat capacities 
obtained in other ways are also useful. Some illustrations of 
such alternative heat capacities are provided in the following 
paragraphs. 

Allred and Woolley (44) have used flow calorimetry to 
obtain standard state partial molar heat capacities of 
NHdfC1-(aq) and NH3(aq); their results have been heavily 
weighted in selecting the values for these solutes that are listed 
in Tables 1 and 4, respectively. Allred and Woolley (44) have 
used their heat capacities in obtaining A,Cpo for 

at three temperatures. We select A,CpO = 9 J K-I mol-' as the 
best value (independent of temperature near 298 K) that can be 
derived from their results. We also note that Oloffson (65) has 
made calorimetric measurements leading to A$ZO for reaction 
[27] at seven temperatures in the range 2 7 8 4 1 8  K and has 
derived (using eq. [3]) a temperature-independent A,CpO= 1 1 J 
K-I P. Although it is likely that the uncertainty in the A,CpO 
from measured heat capacities is slightly smaller than the 
uncertainty in the value derived by application of eq. [3] to 
enthalpies of reaction at several temperatures, the comparison 
cited here provides convincing evidence that the "integral 
heat" method based on eq. [3] can provide first-rate results. 

Allred and Woolley (44) also used flow calorimetry to 
obtain standard state partial molar heat capacities of 
Naf,Ac-(aq) and HAc(aq). On the basis of their results, we . 
have selected (Table 4) C (HAc) = 170 J K-I mol-' as the best 
available value for 298. ~ P K .  Two earlier calorimetric investi- 
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Table 1. Standard state partial molar heat capacities (C,")" of 1:l aqueous electrolytes at 
298.15 K. 

Solute C: References Solute References 

"Units for Coo are J K-' mol-I 

gations (66, 67) led to CpO(HAc) = 165 and 167 J K-' mol-I, 
each with larger uncertainty than the value we have selected, 
but in satisfactory agreement with the selected value. Allred 
and Woolley (44) used their heat capacities in calculating 
ArCp0 = (- 143 ? 3) J K-' mol-' for the reaction represented by 

Olofsson (68) made calorimetric measurements leading to val- 
ues of A$F at five temperatures in the range 274-373 K and 
used eq. [3] to derive ArCpO = (- 143 ? 5) J K-I mol-I for reac- 
tion [28]. Once again a comparison shows that calorimetrically 
measured heat capacities and calorimetrically measured 
enthalpies at several temperatures can lead to results that are in 
excellent agreement with each other, it being probable that the 
uncertainties are smaller for directly measured heat capacities 
than for heat capacities derived by way of eq. [3]. 

Table 5 contains our selections of "best" standard state par- 
tial molar heat capacities for single ions, all based on the com- 
mon convention that sets CpO(Hf) = 0. Using our previously 
selected ArCpO= -215 J K-' mol-' for ionization of water with 
this convention and the accurately known molar heat capacity 
of water leads to Cpo(OH-) = - 140 J K-I mol-I. Then the value 
for CpO(Naf,OH-) listed in Table 1 leads to a value for 
CpO(Na+). A further step is to use this value for CpO(Naf) with 

the CpO(Na+,Cl-) listed in Table 1 to calculate a value for 
Cp(Cl-). There are, however, other routes to obtain these 
Cpo(ion) values. For example, the value for CpO(Hf,C1-) leads 
directly to a value for CPo(C1-), which can then be used with 
CpO(Naf,C1-) to obtain a value for CpO(Naf). We have consid- 
ered a large number of these alternative routes to values for 
various Cpo(ion) and have selected those values that give the 
best overall fits to the CpO values listed in Tables 1-3, with 
allowance made for estimated uncertainties in the CP0 values. 

We have already illustrated how C O values (only for T = 
298.15 K) can be used in calculating t i e  equilibrium constant 
for ionization of water over a wide range of temperatures. 
Similar calculations, using only CpO values for T = 298.15 K, 
have been carried out for other equilibria in several of the ref- 
erences (for examples see refs. 43, 50, 54, and 56) already 
cited. 

Although we have chosen here to carry out calculations of 
equilibrium constants over a wide range of temperature by 
combining eqs. [I], [3], and [8] to obtain eq. [9], this same cal- 
culation can be done by combining eq. [8] with 

[29] AS0 = AS, + ArCp0 In T 

that is based on integration of eq. [4], to obtain ArGO = A P  - 
TA,So. Further use of this ArGO in A,GO = -RT In K permits 
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Table 2. Standard state partial molar heat capacities (CpO)" of 1:2 and 2:l aqueous 
electrolytes at 298.15 K. 

Solute CpO References Solute CpO References 

"Units for CPO are J K-' mol-' 

Table 3. Standard state partial molar heat 
capacities (CpO)" of 1:3, 1:4, and 3:l aqueous 
electrolytes at T = 298.15 K. 

Solute 

3Na+,POd3- 
3K+,Fe(CN);- 
4K',Fe(CN),"- 
~1",3C1- 
A13+,3N0,- 
C r " , 3 ~ 0 <  
La'+,3C1- 
La3+,3C10; 
Gd3+,3C10,- 

Table 4. Standard state partial molar heat 
capacities (CpO)" of "neutrals" in aqueous 
solution at T = 298.15 K. 

References Solute CpO References 

H,PO,(aq, undissoc.) +94 50 
co2(aq) +243 52 
SOz(aq) +I95 52 
H2S(aq) +I78 43 
NH,(aq) +75 44 
H Ac(aq) +I70 44 

"Units for CPO are J K-' mol-' 

"Units for C,O are J K-' mol-I. 
'The calculations of C,O reported in this paper were 

based on measured heat capacities that were reported 
by Hovey and Tremaine in ref. 64. 

calculation of K = f(T) as already done in another way. Simi- 
larly, combination of A,GO = A$f0 - TAJO for a cell reaction 
with A,GO = -nFEO permits convenient calculations of stan- 
dard state cell potentials (EO) over wide ranges of tempera- 
tures. 

Heat capacities of aqueous solutions at 
temperatures other than T = 298.1 5 K 

Heat capacities of solutions of several electrolytes have been 
measured over temperature ranges from 10 to 55°C. Results of 

such measurements permit evaluation of the parameters in 
various equations for CpO= f(T), which then permit extrapola- 
tion to much higher temperatures. The Helgeson-Kirkham- 
Flowers (69) and Holmes-Mesmer (70) equations have been 
used many times for this purpose. An example of this kind of 
calculation using CpO values for the temperature range 10- 
55°C for calculations that extend to 350°C is provided by 
Hovey et al. (55) for the second dissociation constant of sulfu- 
ric acid. 

A clear illustration of the predictive power of the Helgeson- 
Kirkham-Flowers (HKF) and Holmes-Mesmer (HM) equa- 
tions mentioned above is provided by consideration of values 
of CpOINa+,A1(OH),-1. Hovey et al. (49) measured these heat 
capacities at four temperatures in the range 10-55°C and used 
the HKF equation to estimate heat capacities at much higher 
temperatures. Then Caiani et al. (71) measured these heat 
capacities at five temperatures in the range 53-245°C. Still 
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Table 5. Conventional" standard state partial molar heat 
capacities" of aqueous ions at T = 298.15 K. 

Ion C," Ion CpO Ion CPO 

H+ 
Li' 
Na' 
K+ 
Rb' 
Cs' 
NH,t 

Ag+ 
Mg" 
Ca2+ 
S i +  
B a" 
Mn" 
Fe" 
Co2+ 
Ni?+ 

cu2+  
zn2+ 
Cd2+ 
Hg2+ 

Pb" 
uozz+ 
A I ~ +  
Cr3+ 
La3+ 
Gd" 
OH- 
F 
c1- 
B r- 
I- 
NO,- 
c10,- 
C10,- 
Br0,- 

10,- 
HCO; 
HSO; 
HSO; 
H S- 

"Based on CpO(H+) = 0. 
"Units for CpO are J K-I mol-'. 

more recently, Chen et al. (72) have measured A J F  at five 
temperatures in the range 100-150°C for the reaction repre- 
sented by 

and applied eq. [3] to obtain values of A,CpO and thence values 
of CpOINa+,Al(OH),-)I. Although the complete collection of 
CpO values based on these three sets of calorimetric measure- 
ments leads to the most accurate representation of the thermo- 
dynamic properties of this system, it is important to note that 
the high-temperature heat capacities predicted (49) on the 
basis of measurements over the relatively narrow range 10- 
55°C are in good agreement with the heat capacities that were 
measured or calculated via eq. [3] later. 

As previously mentioned, we have not tabulated CpO values 
from Criss, Cobble, and colleagues obtained by way of the 
integral heat method in selecting the "best" values for T = 
298.15 K because we believe that values based on modern 
flow calorimetry are more accurate. But it should be recog- 
nized that their values for C O for several electrolytes are the 
best values available for T >  398 K and can be used for various 
calculations of the sort already described here and that have 
been described by Criss, Cobble, and colleagues. 

Wood and colleagues at the University of Delaware have 
used a flow calorimeter of the type described in 198 1 (4) for 
measurement of many heat capacities at high temperatures and 
also at various pressures, including measurements at tempera- 
tures above the critical temperature of water. Many of their 
results have been cited by Wood et al. (73). Other measure- 
ments have been reported for (H+, C1-) to 140°C by Tremaine et 
al. (39), for [Na+, OH-] to 250°C by Simonson et al. (74), and 

for hydrolyzed and unhydrolyzed solutions of aluminum chlo- 
ride by Conti et al. (75). We also mention that researchers at 
Brigham Young University have made calorimetric measure- 
ments leading to values of ArHO for several reactions at high 
temperatures and thence to useful values of ArCp0 for these 
high temperatures. All of these (and other) heat capacities for 
high temperatures are now sufficient in number and quality to 
justify a detailed review that cannot be included here. 

Theoretical considerations of heat 
capacities of aqueous electrolytes 

Theoretical analysis of CpO values for aqueous electrolytes can 
contribute to our knowledge of ion-water interactions. Early 
efforts in this direction were reported by Zwicky (76) and by 
Everett and Coulson (77). More recent reports by Leyendek- 
kers (78) and by Sen (79) illustrate two other approaches. 
Wood et al. (new work and a review are included in ref. 73) 
have worked on both theory and measurements to obtain 
information about partial molar heat capacities (also other 
thermodynamic properties) for aqueous electrolytes over a 
range of temperatures and pressures, including near and above 
the critical conditions for water. One theoretical prediction 
and experimental verification (80) is that the partial molar heat 
capacities of electrolytes approach -m as Tc is approached 
from lower temperatures and approach +m as Tc is approached 
from higher temperatures. We also mention that Oelkers et al. 
(81) have reviewed and extended earlier work by Helgeson 
and colleagues, such as that leading to the HKF equation (69). 

Jolicoeur and Mercier (82), Conway (83) Tremaine et al. 
(84), French and Criss (85), and Abraham and Marcus (86) 
have reported methods of estimating "absolute" (rather than 
conventional) values of single ion heat capacities. It has been 
pointed out clearly and correctly in several of these papers that 
it may be appropriate to consider conventional ionic heat 
capacities when only ions of these same charge are being com- 
pared with each other (for example, to learn about the effects 
of ionic size on heat capacity), but it is necessary to consider 
"absolute" ionic heat capacities when comparing ions having 
different charges or when one is concerned with any quantita- 
tive theoretical analysis of heat capacities of hydration. 

We also mention that Abraham and Marcus (86) and Criss 
and Millero (26) have provided useful reviews of standard 
state partial molar heat capacities of aqueous electrolytes. The 
first of these reviews (86) that was published in 1986 was con- 
cerned with both inorganic and organic electrolytes. Although 
parts of this review are now out of date because of research 
done in the past decade, the part that is devoted to organic 
electrolytes is still the best available review. In addition, there 
is a detailed discussion of the effects of ion-water interactions 
(hydration) on heat capacities. The more recent report by Criss 
and Millero (26) was concerned only with 1: 1 electrolytes and 
is focussed on using heat capacitiei over a range of composi- 
tions as part of the evaluation of activity coefficients and 
osmotic coefficients as a function of both temperature and 
composition. 
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Alaa S. Abd-El-Aziz, Christine R. de Denus, Karen M. Epp, Simone Smith, 
Richard J. Jaeger, and David T. Pierce 

Effect of ligand structure, solvent, and 
temperature on the electrochemical behavior 
of polyarene-iron complexes 

Abstract: The electrochemical investigation of a number of polyarene-iron complexes ([3]"-[915+) containing etheric, 
sulphide, and sulphone bridges indicated that there were various degrees of interaction based on the nature of the bridging 
heteroatoms. While the electrochemical investigation of all etheric complexes showed that the metallic moieties behaved as 
isolated redox centers, it was found that there was electronic communication (ca. 70-80 mV) for the isomeric sulphide 
complexes [412+ and [612+. The rate constant of the following chemical reaction (k,) was calculated for some of these complexes 
and it was found that these rates were affected by the nature of the solvent, the bridging ligand, and the temperature. At various 
temperatures, kfindicated a higher degree of stability for complexes containing sulphide bridges than for those containing etheric 
bridges, especially at room temperature. The effect of a strong coordinating solvent, such as acetonitrile, on the k, of complex 
[3]'+ indicated that the substitution of the arene ligand with acetonitrile molecules proceeded as a dissociative mechanism. 
Controlled potential coulometry was also used to verify the transfer of two electrons in the first reduction process of the di-iron 
complexes. 

Key words: cyclopentadienyliron, cyclic voltammetry, arene complexes, isolated and interacting redox centers. 

Rbume : L'ttude Clectrochimique d'un certain nombre de complexes polyarkne-fer ([312+-[915+) contenant des ponts CthCrCs, 
sulfures et sulfones indique qu'il existe divers degrCs d'interactions selon la nature des hCtCroatomes crCant les ponts. Mzme si 
1'Ctude Clectrochimique de tous les complexes Cthtrts ont montrk que les portions mCtalliques se comporte comme des centres 
rCdox isolCs, il a CtC observC qu'il y a de la communication tlectronique (environ 70-80 mV) pour les complexes sulfurCs 
isomkres [4]'+ et [612+. On a calcuiC la constante de vitesse de la rCaction chimque suivante (kf) pour quelques-uns de ces 
complexes et on a trouvC qu'elles sont affectCes par la nature du solvant, du coordinat servant de pont et par la temperature. A 
diverses tempkratures, les valeurs de k, indique que les complexes contenant des ponts sulfures sont plus stables que ceux 
contenant des ponts CthCrCs, particulierement i la tempCrature ambiante. L'effet d'un solvant pouvant effectuer une forte 
coordination, tel que 13acCtonitrile, sur la valeur kfdu complexe [3]'+ indique que la substitution du coordinat arkne par de 
I'acCtonitrile se produit par un mecanisme dissociatif. On a aussi utilisC de la coulomCtrie 2 potentiel contr61C pour vCrifier le 
transfert de deux Clectrons dans le premier processus de reduction des complexes di-fer. 

Mots elks : cyclopentadiCnylfer, voltampCromCtrie cyclique, complexes arknes, centres rCdox isolCs interagissants. 

[Traduit par la rCdaction] 

Introduction 

Over the past few decades, the electrochemical behavior of 
organometallic materials has been the focus of interest of 
many chemists (1-6). Recent development in this field is due 
to the wide range of applications of these redox systems with 
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specific interest being given to the arene complexes in light of 
their promising electrochemistry (7-14). The oxidationJreduc- 
tion properties of oligomeric and polymeric materials have led 
to a thorough investigation of the electron transfer reactions in 
these complexes (15-23). This interest stems from the ability 
of these systems to exhibit mixed valency (3, 4, 24-27) and 
conductivity (28), as well as to sometimes act as electron res- 
ervoirs that initiate electron-transfer chain catalysis (1, 29- 
36). 

Since the development of r16-arene-r15-cyclopentadieny- 
liron complexes, numerous electrochemical studies have 
shown that these complexes undergo two successive one-elec- 
tron reductions (1, 7-9, 3 7 4 1 ) .  The first reduction is chemi- 
cally reversible and produces the neutral 19 e-complex where 
the second reduction step leads to an anionic 20 e- complex. It 
has been reported that the reversibility of the second reduction 
step is dependent on the nature of the arene or cyclopentadie- 
nyl rings (1, 8, 9, 41). Although Solodovnikov et al. have 
reported the formation of an extremely unstable 21 e- dia- 
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nionic complex for the (naphtha1ene)FeCp system (42), it is 
the neutral arene systems that are the most important electron 
reservoirs and could be useful as catalysts in the reduction of 
other species existing in the solution via homogeneous charge 
transfer (43,44). Electrolysis of this class of arene complexes 
led to the decoordination of the arenes and the formation of 
ferrocene as well as zerovalent iron (45-50). 

There has been a tremendous effort to study the electro- 
chemistry of bi- and polymetallic complexes because of the 
possible communication of the metallic species via the back- 
bone of the coordinating ligands (7, 17, 20-25). The type of 
metal present as well as the bridging ligands often dictates 
whether the metal centers are interacting with, or isolated 
from, one another. The electrochemical studies of polyferroce- 
nyl complexes demonstrate communication for the silicon- 
bridged species that is not evident in the case of the methyl- 
ene-bridged analogues (20-23). In addition, Bard and co- 
workers have shown that, for the dicyclopentadienyliron 
phenanthroline complex, the planar polycyclic ligand allows 
for electrochemical communication to occur between the 
metal centers (7). The degree of communication is often deter- 
mined by the separation of formal potentials ( A P )  measured 
by cyclic voltammetry (CV) (5 1). In an analogous manner, for 
a molecule with one redox center the CV would be the same as 
that for one containing multiple isolated redox centers (52). 
For such large systems with isolated redox centers, the electro- 
chemical technique of controlled potential coulometry is often 
employed to determine the number of electrons involved in the 
electron transfer process (53-55). 

Recently, we reported on the electrochemical behavior of a 
variety of cyclopentadienyliron-substituted benzenes and 
polycyclic and heterocyclic complexes (8,9). It was found that 
the first reduction was chemically reversible in all the com- 
plexes while the second was dependent on the experimental 
conditions. We now wish to report on the effect of solvent, 
temperature, and bridging ligand for a series of isomeric bi- 
and poly-(cyclopentadienyliron) complexes with etheric, sul- 
phide, and sulphone bridges. For some of these complexes, the 
rate constants of the following chemical reaction have also 
been determined. 

Experimental 

Chemicals 
Organic solvents acetone (AC), acetonitrile (AN), and dimeth- 
yl sulfoxide (DMSO), were dried over calcium hydride for 2 
days and were purified by distillation prior to their use. High- 
quality N,N'-dimethylformamide (DMF, Aldrich; Burdick and 
Jackson Brand, Baxter Scientific) was purged ~ i t h ~ p u r i f i e d  
dinitrogen and stored over Linde molecular sieves 4 A (Strem 
Chemicals). Tetra-N-butylammonium perchlorate (TBAP) 
was received from Fluka and was used as the supporting 
electrolyte. Tetra-N-butylammonium hexafluorophosphate 
(TBAPF,) was used as the supporting electrolyte for all cou- 
lometry and voltammetry associated with bulk-scale electrol- 
ysis, and was prepared by metathesis of tetra-N- 
butylammonium iodide (Aldrich) and ammonium hexafluoro- 
phosphate (Ozark-Mahoning) in acetone followed by recrys- 
tallization from ethanol. The r16-arene-r15-cyclopenta- 
dienyliron complexes used in this study were prepared accord- 
ing to previously described methods (56-58). 

Electrochemical measurements 
Cyclic voltammetric experiments were performed using a con- 
ventional three-electrode cell. The working electrode was 
either a platinum disk electrode (ca. 2 mm diam.) or a glassy 
carbon disk electrode (ca. 3 mm diam.). A quasi-reference 
electrode (AgIAgCl) was utilized. However, ferrocene was 
added at the end of each experiment and served as the refer- 
ence redox couple. The auxiliary electrode in these studies was 
a Pt wire. Temperatures from 293 to 233 K were obtained by 
means of a Dry Ice - acetone slush bath in a Dewar'flask. The 
concentration of the complex was 2.0 mM, while that of the 
supporting electrolyte was 0.1 M. Before measurements, solu- 
tions were deaerated by passing high-purity nitrogen through 
them and the experiment was run under a blanket of purified 
nitrogen. An EG&G Princeton Applied Research model 263A 
potentiostat, interfaced with a microcomputer, was used in all 
experiments. CV simulations were run using the Digisim sim- 
ulation program, version 2.0, from Bioanalytical Systems 
Incorporated. 

All coulometry and voltammetry measurements associated 
with bulk-scale electrolysis experiments (conducted at the 
Chemistry Department, University of North Dakota) were per- 
formed with a three-electrode cell that was controlled by an 
EG&G Princeton Applied Research model 273 potentiostat. 
Electrolysis currents were recorded for a user-specified 
applied potential and were acquired over more than 300 s with 
a time interval of less than 0.5 s. The current-time set for each 
electrolysis was digitally integrated to yield total charge 
passed to within less than 2 1.0% of comparable, electroni- 
cally integrated currents. Stirred solution voltammograms 
were recorded before and after electrolysis to analyze for solu- 
tion composition and were performed with a potential sweep 
rate of 0.02 V/s. 

Bulk-scale electrolysis experiments were performed with 
the analyte at 3 mM concentration in 50 mL of DMF/O.lM 
TBAPF,. Solutions were contained within a sealed electro- 
chemical cell that was constantly purged with purified nitro- 
gen and was cooled by partial immersion in a Dry Ice - 
acetone slush bath. Rapid stirring during electrolysis and vol- 
tammetry immediately before and after electrolysis was per- 
formed with a magnetic stir bar that was rotated at a constant 
rate at the cell bottom. The working electrodes used for con- 
trolled-potential coulometry were high surface area cylinders 
and were composed of either platinum mesh or reticulated vit- 
reous carbon. A small platinum disk electrode (ca. 2 mm 
diam.) or larger glassy carbon disk electrode (ca. 3 mm diam.) 
was used as the working electrode for all voltammetry. The 
counter electrode in all cases was a platinum-mesh cylinder 
that was contained within a large, separate compartment con- 
taining DMF/O.lM TBAPF, in ionic contact with the analyte 
solution through a medium porosity glass frit. A silver wire 
coated with silver chloride acted as a quasi-reference electrode 
in DMF/O.IM TBAPF, and was separated from solution 
within a smaller fritted compartment. At the conclusion of 
each experiment, the quasi-reference potential was correlated 
to the potential of the ferrocene/ferrocinium couple (Fc/Fc+) 
by addition of ferrocene to the solution. 

Results and discussion 
Our previous studies of monoiron arene complexes have 
shown two successive reduction steps for this class of cyclo- 
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Table 1. CV parameters for complexes [1]+-[9]5+ at T = 253 K, 
v = 0.2 V/s, Pt working electrode, in DMF with E,, vs. FeCp,. 

Complex number E P ~  EPC EL, 

pentadienyliron arene complex (8, 9). The first reduction 
appeared to be chemically reversible at various temperatures 
when a HMDE was employed as the working electrode. In the 
present study, we have examined the electrochemistry of a 
number of arene complexes in DMF medium (Fig. 1) using 
platinum and (or) glassy carbon working electrodes. It was 
found that for the monometallic complexes ([I]+, [2]+) the 
chemical reversibility of the 18 e-119 e- couple was dependent 
on the temperature and the nature of the substituent on the 
complexed arene. The first reduction at a platinum working 
electrode for these systems was chemically reversible at 253 K 
for both [I.]+ and [2If, leading to the formation of the stable 
19 e- complexes as outlined in Table 1. In contrast, studies at 
room temperature (293 K) indicated that although complex 
[21° remained chemically stable, complex [11° decomposed 
rapidly. A second wave for the reduction of the neutral 19 e- 
complexes to the anionic 20 e- complexes was also observed 
when a glassy carbon working electrode was used. This 19 e-l 
20 e- couple for complex [21°/- was found to be chemically 
reversible = -2.48 vs. Fc/Fcf) at room temperature. 
These results are consistent with measurements reported pre- 
viously (9). 

Polyether complexes 
Polyether complexes ([312+-[915+) also show two separate 
reduction steps, with the CV response being dependent on the 
nature of the complex, working electrode material, tempera- 
ture, and solvent. It was found that for the oxygen-bridged 
arene complex [312+, the chemical reversibility of both reduc- 
tion steps was greatly dependent on the temperature and the 
solvent. At 293 K the first reduction (36 e-I38 e-) was partially 
chemically reversible while the second (38 e-I40 e-) was 
chemically irreversible. As the temperature was decreased to 
233 K, the first process became chemically reversible as 

Scheme 1. 

I 

Fig. 1. Complexes studied by cyclic voltammetry and controlled 
potential electrolysis. 

I [6]2+. 1,4; X = Y = S 
[7]2+. 1.4; X = 0, Y = so* 
[8]2+. 1,4; X = Y = SO2 

shown in Fig. 2 and was recorded as a single wave at ElI2 = 
- 1.75 V vs. Fc/Fcf. This suggested that the stability of the 
38 e- species formed by the first reduction increased with a 
decrease in temperature. In contrast to this behavior, the 40 e- 
product from the second reduction remained unstable at all 
temperatures (293-233 K) and time frames (0.05-1.0 Vls) 
investigated. As indicated in Scheme 1, we are proposing that 
the bimetallic [312+ complex reduces in two distinct steps and 
that in each step the complex adds two electrons. Since CV's 
of [312+ are very similar in shape to those of the monoiron ana- 
logue ([I]'), we are further proposing that the complex pos- 
sesses electronically isolated iron centers on the time scale of 
our CV measurements. By this mechanism, each two-electron 
reduction is actually composed of separate one-electron 
reductions that occur in rapid succession at each iron site. 

Such a mechanism is in agreement with previous findings 
for other complexes with noninteracting metal centers (52,59, 
60). However, conclusive evidence for two electrons being 
transferred in the first reduction process was obtained for [312+ 
by controlled potential coulometry of a solution containing 

36-electron complex 38-electron complex 40-electron complex 
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Fig .  2. Cyclic voltammogram at glassy carbon of 2.0 mM Fig .  4. Cyclic voltammogram at Pt of 2.0 mM complex [312+; 
complex [312+ in DMF containing 0.1 M TBAP at 233 K; v = 0.2 V/s at 253 K in ( a )  DMF containing 0.1 M TBAP; (b)  AC 
v = 0.2 V/s. containing 0.1 M TBAP; ( c )  AN containing 0.1 M TBAP. 

Fig .  3. Stirred solution voltammograms of 3.0 mM complex 
[3]'+ at 243 K in DMF/O. I M TBAPF6 recorded (a )  before and 
(b) after partial electrolysis (Q = 5.05 C) at an applied potential of 
- 1.93 V vs. Fc/Fc+. Voltammograms were recorded with the 
same platinum disk working electrode and stirring rate. 

0.149 mmol of the complex at a large platinum mesh electrode. 
Plateau currents measured from stirred solution voltammo- 
grams (Fig. 3) recorded before and after a partial electrolysis at 
an applied voltage of - 1.93 V vs. Fc/Fc+ demonstrated that 
18.1% of the complex was reduced without noticeable decom- 
position. From the 5.05 C of charge passed during electrolysis, 
an apparent 12-value of 1.94 equiv./mol was determined. Elec- 
trolysis experiments that were extended to greater conversions 
demonstrated noticeable decomposition of the reduced com- 
plex, even at the lowest temperature of 228 K. Accurate cou- 
lometry was not possible with higher conversions because one 
or more of the decomposition products irreversibly adsorbed 
and passivated all electrode surfaces. Adsorption of these 
product(s) was especially severe at carbon electrode surfaces. 

Solvent studies 
The solubility of the dicationic complex [3]" in a number of 
solvents other than DMF (e.g., DMSO, AN, and AC) allowed 
for the examination of the electrochemical behavior of this 
sample con~plex and its reduced forms under a variety of con- 

ditions. It was observed that at 293 K the first reduction step 
was chemically irreversible in both AN and DMSO, while it 
was partially chemically reversible in the other two solvents at 
various CV scan rates (0.05-1.0 V/s). As the temperature was 
lowered to 253 K, the chemical reversibility of the 36 e-I38 e- 
couple increased in DMF, AN, and AC as indicated in Fig. 4. 
While it has been found that [31° may either undergo a second 
reduction or react with the solvent, the rate constants for the 
decomposition of the 38 e- complex in a variety of solvents 
were analyzed in this work using the method described by 
Nicholson and Shain (61). By this method, the pseudo-first- 
order rate constant of the following chemical reaction was cal- 
culated at a variety of scan rates (0.05-1.0 Vls) with the aver- 
age rate being reported with a standard deviation between 10 
and 30%. It was found that the rate constant at 253 K was 
small for both AC (k, = 0.024 s-') and DMF (kf = 0.037 s-l) 
while it was much greater for AN (k,= 0.577 s-I). This behav- 
ior may be attributed to the fact that AN is a stronger coordi- 
nating solvent to this class of arene cyclopentadienyliron 
complexes and that ligand substitution with the 38 e- [31° 
complex is enhanced. 

Decoordination studies 
To further investigate the effect of solvent on the kinetics of 
the following chemical reaction, complex [3]" was dissolved 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J.  Chem. Vol. 74, 1996 

Fig. 5. The rate constant of following chemical reaction kf vs. 
concentration of AN, 2.0 mM complex [312+ in DMF containing 
0.1 M TBAP. 

in DMF and CVs were recorded after consecutive additions of 
AN to the electrochemical cell. The experiment was per- 
formed at 243 K due to the high chemical reversibility demon- 
strated by the 36 e-I38 e- couple in DMF at this temperature. 
Under these conditions, the couple showed a marked decrease 
in chemical reversibility as the solution concentration of AN 
was increased. This result clearly indicated that the neutral 
complex reacts with AN in some form of rate-limiting, ligand- 
substitution reaction. Such reactions were noted previously by 
Darchen, who showed that decoordination of monoiron com- 
plexes may result in the presence of a strong donor ligand such 
as P(OMe),, CN(C,H,), or AN (45,47). 

Evidence for this type of substitution reaction was obtained 
by plotting the pseudo-first-order decomposition rate constant 
measured for the [3]"1° couple (6 1) against the concentration 
of AN (Fig. 5). The nonlinearity of the plot indicates a devia- 
tion from second-order behavior at high AN concentrations 
and thus the decomposition reaction was certainly not an asso- 
ciative process in which AN formed a transient coordinate 
intermediate with the neutral complex. A more chemically rea- 
sonable mechanism, and one which qualitatively fits the 
kinetic data in Fig. 5, was a dissociative interchange mecha- 
nism whereby [31° at least partially dissociates the arene 
ligand, and simultaneously adds one or more AN molecules 
(62). It should be noted, however, that distinguishing this 
mechanism from a completely dissociative process is not pos- 
sible without activation parameters and that participation of a 
low-coordinate, fully dissociated intermediate during the 
decomposition reaction cannot be entirely ruled out (63). 
Because the ultimate fate of the AN-substituted ~ roduc t  has 
been shown by CV in this work and by analysis in previous 
bulk electrolysis experiments (8,9) to be neutral ferrocene and 
a decomplexed iron species, the reaction scheme given in 
Mechanism I has been proposed to explain the overall decom- 
position process associated with the [3]'+1° couple. We have 
also been able to isolate and characterize these products using 
'H and ',c NMR. 

Although most of the experimental work reported herein 
centers on bimetallic systems ([3]"-[8]"), we have explored 
the electrochemical behavior of the pentairon polyether com- 

Mechanism 1. 

fast 
2 [S,,(Fel~p)lz ---+ FeH(cp)' + FeO + 2nS 

plex [915+. Our initial findings have shown that this complex 
exhibits voltammetry that is similar to the mono- and di-iron 
aryl ether complexes [I]" and [312+, namely, two distinct 
reduction processes centered at ca. - 1.8 and -2.8 V vs. Fcl 
FcC. However, stability of the pentairon complex following 
the first reduction process appears to be much lower than that 
for either the mono- or di-iron analogues. Although this lower 
stability has made characterization of this redox process diffi- 
cult, we are presently working towards characterizing the 
nature of the decomposition reaction and determining if 
indeed a total of five electrons are transferred to the complex 
during the first reduction step. Certainly, single reductive pro- 
cesses with such large multiplicity are decidedly rare. How- 
ever, proof of such a system would indicate that these 
materials have a great deal of promise to behave as electron 
reservoirs. 

Disulphide complexes 
CV studies of bimetallic CpFeC complexes have been 
extended further to include sulphur-bridged aromatic com- 
pounds ([4]'+-[6]"). Unlike the oxygen-bridged complex 
[3]'+, the sulphur-bridged complexes appear to show some 
measurable electronic communication between the iron cen- 
ters on the CV time scale. In the case of the o- and p-substi- 
tuted disulphide complexes ([4]" and [612+), two closely 
spaced processes are observed for the 36 e-I38 e- reduction 
waves corresponding to the r.:duction processes, which may 
be distinguished. Based on previous work by Bard and co- 
workers, it has been postulated that, for similar complexes, 
one metal moiety undergoes a reduction, which is closely fol- 
lowed by the reduction of the second metal moiety at a more 
negative potential (7). The presence of the sulphur bridge 
allows the increase in the electron density of the first iron 
moiety to be dispersed across to the second metal moiety, 
making it slightly more difficult to be reduced. Clearly, t y  
behavior observed in the cyclic voltammetric results for ['I]-+ 
and [612+ suggests that there is a small degree of electronic 
interaction between the two metals due to the presence of the 
sulphur bridge (64). The actual degree of communication can 
be gauged from the measured difference in formal potentials 
of the two one-electron reductions (A&?). However, because 
waves for the distinct 36 e-I37 e- and 37 e-I38 e- reductions 
were severely overlapped for both [4]'+ and [612+, digital sim- 
ulation of the CV wave shapes was used to extract the ~ l ? '  
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Fig. 6. Cyclic voltammograms at Pt of 2 mM complex [6]'+ in 
DMF containing 0.1 M TBAP; v = 0.1 Vls at 253 K. Simulated 
(bottom) and experimental (top). 

values. Simulation for complex [6]'+ is shown in Fig. 6 along 
with the corresponding experimental voltammogram. Al- 
though small, the formal potential separations of ca. 70-80 
mV measured for both complexes indicated a limited degree of 
electronic communication through the sulphur-arene bridge 
that was approximately the same for para and orrho sub- 
stitution. Contrastingly, CV of the nzera analogue [5]" showed 
no measurable difference between formal potentials of its 36 
e-I37 e- and 37 e-I38 e couples, probably due to some elec- 
tronic effects, and therefore behaved as if the iron centers were 
electronically isolated on the CV time scale. 

As with the ether-brid ed complex [312+, the sulphide- $+ bridged systems ([412+-[6]- ) also demonstrated instability of 
their 38 e- species that caused solvent substitution and arene 
loss. However, the instability appeared to be much less pro- 
nounced for the sulphur analogues. Figure 7 compares the sta- 
bility of the reduced complexes [31° and [51° in DMF. 
Although both 38 e- species are unstable at room temperature, 
the sulphur-bridged analogue survives approximately five 
times longer than the ether-bridged species. 

Sulphone complexes 
The final group of bimetallic systems to be investigated in this 
work were complexes containing sulphone bridges ([7]'+ and 
[812+). Previous studies have shown that reduction of 
monoiron sulphones occurs at positive potentials of analogous 
aryl ether bridged complexes (9). Figure 8 compares voltam- 
mograms for the bimetallic sulphone [8]'+, bimetallic ether 
[312+, and the mixed bimetallic complex [712+ recorded sepa- 
rately but in the same medium at 233 K. As found with the sul- 

Fig. 7. Plot of temperature vs. the rate constant of the following 
chemical reaction for bimetallic complexes [3]" and [5]'+ in DMF, 

* Oxygen 
Sulphur 

Temperature (K) 

phide-arene bridged complexes [412+ and [6]'+, the bimetallic 
sulphone shows a small but finite potential separation between 
the 36 e-I37 e- and 37 e-I38 e- couples, suggesting some elec- 
tronic communication between the iron centers of the mole- 
cule on the time scale of the CV measurement. A greater 
discrimination of the couples is observed for [712+. However, 
this large formal potential separation of nearly 200 mV 
between the 36 e-I37 e and 37 e-I38 e couples was primarily 
due to the thermodynamically different iron environments and 
not to significantly enhanced electronic communication 
between the two centers. This clear observation of two one- 
electron reductions in the mixed complex lends further sup- 
port to our claim that the initial reduction processes for all of 
our bimetallic complexes involve overall two-elecron reduc- 
tions to 38 e- species. 

Conclusion 

These electrochemical studies have clearly shown the effect of 
the bridging ligand on the communication between the two 
metallic centers in bis(cyclopentadieny1iron) arene systems. 
For the etheric complexes ([312+ and [915+) it was found that 
the iron centers were isolated in all cases, and that the rate of 
the following chemical reaction increased with both an 
increase in temperature and the number of iron centers 
present. A series of isomeric di-iron sulphide complexes 
([4]'+-[612+) were also studied and it was determined that elec- 
trochemical recognition was apparent for complexes [412+ and 
[6]'+, with a AE? of 7 G 8 0  mV, while complex [512+ did not 
show this behavior. Comparison of the rate constants of the 
following chemical reaction between complexes [312+ and 
[5]" indicated that this rate was dependent on the tempera- 
ture, and it was accelerated for the etheric system. This sug- 
gested that the stability of the neutral species was 
approximately five times greater in the complexes with a sul- 
phide bridge. It was also found that the electrochemical behav- 
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Fig. 8. Cyclic voltammogram at Pt; u = 0.2 Vls; 233 K: (a) 
complex [812+ in DMF containing 0.1 M TBAP; (b) complex [3]'+ 
in DMF containing 0.1 M TBAP; (c) complex [7]'+ in DMF 
containing 0.1 M TBAP. 

ior of complex [312+ was greatly influenced by the solvent 
present. The effect of solvent on the kinetics was investigated 
using AN as the coordinating ligand, and it was found that 
there was a dependence of the following chemical reaction on 
the concentration of AN present. Controlled potential coulom- 
etry was used to determine that there were two electrons being 
transferred in the initial reduction step to produce the neutral 
radical species. Further evidence for a two-electron transfer 
was given by the investigation of complex [712+, which con- 
tained a mixed oxygen-sulphone bridge. This complex indi- 
cated that two electrons were being transferred with a large 
Af? (200 mV) between the two reduction waves present, 
which led to a 38 e- complex. 
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Electron transfer kinetics of cobaloxime 
complexes1 

Kefei Wang and R.B. Jordan 

Abstract: The rates of oxidation of C O " ( ~ ~ ~ B F , ) , ( O H , ) ~  by CO"'(NH,)~X'+ (X = Br-, C1-, and N3-) have been studied at 25OC 
in 0. I0 M LiCIO,. The rate constants are 50 + 9.2.6 + 0.2, and 5.9 + 1.0 M-I s-' for X = Br-, Cl-, and N,-, respectively, in 0.01 
M acetate buffer at pH 4.7. The relative rates are consistent with the inner-sphere bridging mechanism established earlier by Adin 
and Espenson for the analogous reactions of Co"(dmgH),(~H,),. The rate constants with ~o"(drng~F,),(OH,), typically are 
-10' times smaller and this is attributed largely to the smaller driving force for the CO"(~~~BF,) , (OH,) ,  complex. The outer- 
sphere oxidations of cobalt(11) sepulchrate by ~o"'(dmgH),(~H,),+ (pH 4.76-7.35, acetate, MES, and PIPES buffers) and 
C O " ' ( ~ ~ ~ B F ~ ) ~ ( ~ H ~ ) ~ +  (pH 3.3-7.42, chloroacetate, acetate, MES, and PIPES buffers) have been studied. The pH dependence 
gives the following rate constants (M-' s-I) for the species indicated: (1.55 + 0.09) x lo5 ( C O " ' ( ~ ~ ~ B F , ) ~ ( O H , ) ~ + ) ;  (5.5 5 0.3) 
x lo3 ( ~ o ~ ~ ' ( d r n g H ) , ( ~ H , ) ~ ) ;  (3.1 + 0.5) x 10' (co"'(~~~H),(oH,)(oH)); (2.5 + 0.3) x 10' (CO"'(~~~BF,),(OH,)(OH)). The 
known reduction potentials for cobalt(II1) sepulchrate and the diaqua complexes, and the self-exchange rate for cobalt(II/III) 
sepulchrate, are used to estimate the self-exchange rate constants for the dioximate complexes. Comparisons to other 
reactions with cobalt sepulchrate indicates best estimates of the self-exchange rate constants are -2.4 x lo-' M-I  sC1 for 
CO"""(~~~H),(OH,) ,  and -5.7 x lo-' M-' s-' for CO""" (dmgBF,)l_(OH,)l. 

Key words: electron transfer, cobaloxime, inner sphere, outer sphere, self-exchange. 

Rksumk : Optrant ii 25OC, en solutions a 0,10 M de LiCIO,, on a ttudit les vitesses d'oxydation du C O ~ ' ( ~ ~ ~ B F ~ ) ~ ( O H ~ ) ~  par du 
CO"'(NH,),X'+ (X = Br-, CI- et NT). Les constantes de vitesse sont de 50 + 9, 2,6 5 2 et 5.9 + 1,0 respectivement pour X = 
Br-, Cl-et N3-dans un tampon acetate ii 0.01 M, a un pH de 4.7. Les constantes de vitesse sont en accord avec un mecanisme de 
formation de pont dans la couche interne dtmontrte anttrieurement par Adin et Espenson pour les rtactions analogues du 
~o"(dmgH),(~H,),. Les constantes de vitesse pour le C O " ( ~ ~ ~ B F ~ ) , ( O H , ) ,  sont en gCneral 1000 moins rapides et on attribue ce 
rtsultat principalement a une force motrice plus faible pour le complexe du C O " ( ~ ~ ~ B F , ) ~ ( O H ~ ) ~  On a aussi ttudiC es 
oxydations dans la couche externe du sCpulcrate de cobalt(11) par le CoH'(dmgH),(OH2)2+ (pH de 4.76 a 7.35, tampons acCtate, 
MES et PIPES) et par le C O " ' ( ~ ~ ~ B F ~ ) , ( ~ H , ) ~  (pH de 3,3 2 7,42, tampons chloroacCtate, acCtate, MES et PIPES). Les relations 
avec le pH conduisent aux constantes de vitesse suivantes (M-I s-') pour les espkces indiquCes : (135 + 0.09) x 10' 
( c o ~ " ( ~ ~ ~ B F , ) , ( o H , ) ~ ) ;  (5,5 + 0,3) x 1 0' ( ~ o " ~ ( d m g H ) ~ ( ~ H ~ ) ~ + ) ;  (3,l 5 0,5) x 10, ( c o " ~ ( ~ ~ ~ H ) , ( o H ~ ) ( o H ) ) ;  (2,5 t 0,3) x 
10' ( C O " ' ( ~ ~ ~ B F ~ ) ~ ( O H , ) ( O H ) ) .  On a utilist les potentiels connus de rtduction du sCpulcrate de cobalt(II1) et des complexes 
diaqua ainsi que la vitesse d'autotchange pour le stpulcrate de cobalt(IVII1) pour Cvaluer les constantes de vitesse d'autotchange 
pour les complexes dioximates. Des comparaisons avec d'autres rtactions du sepulcrate de cobalt indiquent que les meilleures 
Cvaluations des constantes de vitesse d'autotchange sont d'environ 2,4 x lo-' M-' s-' pour le C O " " " ( ~ ~ ~ H ) , ( O H , ) ~  et d'environ 
5,7 x M-' s-' pour le ~ o ~ ' " " ( d m g ~ F , ) ~ ( 0 ~ , ) 2 .  

Mots clis : transfert d'tlectrons, cobaloxime, sphkre interne, sphkre externe, autotchange. 

[Traduit par la rCdaction] 

Introduction Scheme 1. 
frlbl 

The bis(dimethylglyoximato)cobalt(II) complexes ( ~ 0 " -  (H,N),co"'x + (H,O),CO"L (H~N)~co"'-x-co"(oH~)L + H,O 
(dmgH),) are models for the B,,, state of coenzyme B I Z  (1). 
They are mild reducing agents, and the electron transfer can be (H~N)~co'~~-x-co~'(oH~)L (H~N)~co~~-x-co~~~(oH~)L 
either by an inner-sphere or an outer-sphere mechanism, 

(H~N),co"-x-co"'(oH~)L fasr_ Col' + 5NH3 + XCO"'(OH~)L 
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depending on the nature of the oxidant. It has been shown (2) 
that the oxidation of ~o"(dmgH), (~H,) ,  by CO'[[(NH,),X'+ 
(X = halide and pseudohalide) proceeds by the classical X- 
bridged inner-sphere pathway (3) shown in Scheme 1 (L = 
(dmgH),, charges are omitted) by identifying the bridge-trans- 
ferred product C O " ' ( ~ ~ ~ H ) , ( X ) ( O H , ) .  

Part of the present study concerns the rates of oxidation of 
CO"(~~~BF, ) , (OH, ) ,  by CO"'(NH,),X'+ (X = Br-, C1-, and 
N,-). A comparison of these results with those of Adin and 

Can. J. Chem. 74: 658-665 (1996). Printed in Canada 1 Imprime au Canada 
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Wang and Jordan 

Espenson (2) on ~ o " ( d r n g ~ ) , ( 0 ~ ~ ) ~  provides some measure 
of the effect of the -BF, substituents on the inner-sphere reac- 
tivity of these systems. 

Studies of the reduction of the cobalt(II1) derivatives 
have yielded less definitive mechanistic results. Prince and 
Segal (4), Balasubramanian et al. ( 9 ,  and Dayalan and 
Vija araghavan (6) have studied the reduction of various Y CO" (dmgH),(L)< and Col"(dmgH),(X)(~) (X = halide or 
pseudohalide, L = amine or pyridine) complexes by aqueous 
v", Fe'+, and Cr". These studies were done in acidic media 
(pH < 3), and the [H+] dependence of the reaction rate was 
used as an important criterion to assign the mechanism. The 
[H+] dependence is attributed to protonation equilibrium of the 
dmgH- ligand, possibly as shown in eq. [ I ] .  If eq. [ l ]  is a rap- 
idly maintained pre-equilibrium, then the apparent second- 
order rate constant is given by eq. [2], 

where k, and k, are specific rate constants for reduction of the 
protonated (1) and unprotonated (2) complexes, respectively. 
In general, reductions by v'+ are either independent or first 
order in [H+] and may be controlled by substitution on 
v(oH&~+ in some cases. The reactions with F~(oH&'+ 
show independent and inverse [H'] dependencies and the 
rate order is I- > B r  > C1- for the reduction of 
~ o " ' ( d m g H ) , ( ~ ~ ) ( ~ )  (6). This order is opposite to that for 
reduction of the CO"'(NH~),X'+ complexes, and was sug- 
gested as evidence for bridging through the oximate rather 
than the halide ligand. The [H+]-' dependence of the Fe2+ 
reduction of ~ o " ' ( d m g H ) ~ ( ~ ~ ) ( ~ )  (6) also was taken to sup- 
port such an oxiinate ligand bridged pathway. The bridged 
intermediate may be pictured as in 3, which has some prece- 
dent from the complexation of CO" ' (~~~~H), (OH,) ,+  by aque- 
ous iron(II1) (7). 

H3C\ /CH3 
, C  c, 

The most definitive criterion for establishing an inner- 
sphere mechanism is to identify the bridging ligand trans- 

ferred product (3,8). This is best done with Cr'+ as the reduc- 
ing agent because the cr"' product is substitution inert and can 
be separated and identified by standard methods. Unfortu- 
nately, only rather limited studies of this ty e have been done. 

TI1 Segal and Prince studied the Cr'+ + Co (dmgH),(NH3): 
reaction (k2 = 40 + 780 x [H+] M-' s-I, 25OC) and initially 
reported no bridge-transferred product, but later (4c) sepa- 
rated, by ion-exchange chromatography, a fraction containing 
dmgH- and Cr3+. Balasubramanian and Vijayaraghavan 
(5b) did a product study for the Cr2+ reductions of 
C O " ' ( ~ ~ ~ H ) , ( N ~ ) ( N H ~ )  and ~o"'(dmgH),(N~),- and reported 
the product ratios c r ( d m g ~ ) + / c r ~ ~ ' +  of 2:l and 1:2, respec- 
tively. These results indicate competitive bridging by the 
azide and oximate ligands, with the latter being more impor- 
tant for the neutral complex. However, it remains possible that 
the Cr(dmgH)+ was produced by oxidation of a c?'-dmgH 
complex during product analysis. 

The main inconsistency between these studies is in the mag- 
nitude of K;, (eq. [I]). Prince and Segal (4) determined an 
approximate value of 0.25 M for ~ o " ' ( d m g ~ ) ~ ( N H ~ ) ~ + ;  Bala- 
subramanian et al. (5) and Dayalan and Vi'ayaraghavan (6) i find values of (1-7) X M for various Co "(dmgH),(X)(~) 
species. This difference might be ascribed to the charge on the 
complexes, kut Adin and Espenson (9) had found earlier 
that K, = A 0.3 M for various neutral alkyl species, 
CO" ' (~~~H) , (R) (OH, ) .  

There are no reports of definite outer-sphere reductions of 
the cobaloxime(III). However, outer-sphere reductions of 
structurally similar Co(II1) tetraaza macrocyclic complexes 
have been studied extensively by Endicott and co-workers 
(10-14). In these complexes, the tetraaza ligands form a 
square-planar chelating ring binding to the Co cation, with the 
two axial positions of Co occupied by water ligands. The 
cross reactions between these CO"'(N~)(OH,)~~+ and 
CO''(N',)(OH~)~'+ (N, and Nt4 represent different tetraaza 
macrocyclic ligands) are supposed to be outer sphere, and the 
cross-reaction rates have been determined and used with Mar- 
cus theory to calculate the rates for the electron self-exchange. 
The self-exchange rates were discussed in terms of the 
Franck-Condon barrier, which is the inner-sphere reorgani- 
zation energy resulting from the bond length changes ac- 
companying the electron-transfer process. In addition to 
being structurally analogous to the tetraaza complexes, the 
cobalt(I1)-dioximes are also low spin, and provide further 
examples to test the effect of this feature on Co(III)/Co(II) 
self-exchange rates. Most Co(III)/Co(II) exchanges involve 
high-spin cobalt(I1) and there has been some disagreement 
(15-22) on the influence of the spin state change on the elec- 
tron exchange rate. 
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The present study re orts the first outer-sphere reduction of 
%I ~ o " ' ( d m ~ ~ ) , +  and Co (dmgBF,),f by using the cobalt(I1) 

sepulchrate ion ( ~ o ( s e ~ ) ~ + )  as the reducing agent. In co(sep)'+ 
(4), the cobalt(I1) ion is encapsulated within a macrocyclic 
ligand cage. 

The cage ligand prevents substitution on the cobalt(I1) ion, so 
that the electron-transfer from co(sep),+ to the 
cobaloximes(III) must be via an outer-sphere mechanism. The 
observed reaction rates are used to estimate the 
cobaloxime(III)/(II) electron self-exchange rates by the Mar- 
cus cross relationship and the results are compared to those of 
various CO(N~)(OH,)~~+'~+ complexes. 

Experimental section 

Materials 
Co(dmgBF2),.2H20 was prepared according to Bakacet al. 
(23) [C0~~~(dmgH),(0H,),]C10~ was prepared by the method 
of Ablov et al. (24-26) through a series of cobaloxime(III) 
intermediates as described below. 

[ ~ o ~ " ( d m ~ ~ ~ ) ( d r n ~ ~ ) ~ 1 ~ ] . 2 ~ ~ 0 ,  trans- 
dichlorobis(dirnethylglyoxirnato)cobcilt(III) (ref: 24) 

A finely ground mixture of 2.38 g (0.01 mol) of CoC1,.6H20 
(Fisher) and 2.32 g (0.01 mol) of dimethylglyoxime (dmgH,, 
Fisher), was treated with - 15 mL of water and the slurry was 
stirred on a hot plate at 70-80°C for 15 min. The heating was 
turned off and 3-4 mL of H,O, (30%, Fisher) were added 
slowly with stimng . The excess H,O, was removed by boil- 
ing the solution for about 10 min, and -30 mL of concen- 
trated HCI (36%, BDH) was added to yield a dark-green 
precipitate. The mixture was cooled to room temperature, and 
then in an ice bath. The solid product was collected on a sin- 
tered glass filter and washed twice with dilute HCl (5% vlv), 
ethanol, and diethyl ether. Yield: 80%. The product was for- 
mulated as [ c o " ' ( ~ ~ ~ , H ~ ) c ~ , ] . ~ H ~ o  according to the elemen- 
tal analysis. Anal. calcd. for [Co(C4H,O2N2),H3C1,]~2H20: C 
24.2, H 4.78, N 14.1, C1 17.9; found: C 24.4, H 4.88, N 13.9, 
C1 18.2. The NMR spectrum of this complex in d6-DMSO 
shows methyl protons at 2.35 ppm and water as a broad peak 
at 7.5 ppm. The methyl proton resonance is shifted 0.44 ppm 
downfield from that in dmgH, (1.91 ppm). The shift upon 
coordination of dmgH- to cobalt(II1) is consistent with the 
reported value of -0.4 ppm for other cobaloxime(III) com- 
plexes (27). 

[ ~ o " ' ( d r n g ~ ) ~ ~ 1 ( ~ ~ 0 ) ] ,  trans-chloroaquabis- 
(dirnethylglyoxirnato)cobalt(III) 

This product was prepared by aquation of [col''- 

(dmg,H3)C1,].2H2O (22). The dichloro salt (1.8 g) was cov- 
ered with 6-8 mL of boiling water and the mixture was stirred 
for 20 min on a steam bath, and then cooled in ice. The greenish 
yellow solid obtained by filtration was washed twice with ice- 
cold water, ethanol, and diethyl ether. Yield: 75-85%. 

[CO"'(~~~~H)~(OH)(OH~)], trans-hydroxoaquabis- 
(dirnethylglyoxirnato)cobalt(III) (ref: 23) 

[co" '(~~~H),c~(oH,)]  (1.4 g) was covered with -4 mL of a 
cold aqueous saturated Na2C03 solution, and the mixture was 
stirred until the color changed from a yellowish green to gray- 
yellow. The precipitate was collected by filtration, washed 
twice with small amounts of cold water and cold ethanol, and 
finally with diethyl ether. Yield: 55%. 

[ c o ~ " ( ~ ~ ~ H ) ~ ( o H ~ ) ~ ] c ~ ~ ~ ~ H ~ o ,  trans-diaquo- 
bis(dirnethylglyoximato)cobalt(III) perchlorate (ref: 26) 

When 0.7 g of [Co(dmgH),(OH)(OH,)] was dissolved in 4 
mL of 2 M HClO,, a yellowish brown solid precipitated, and 
more was formed when a few drops of concentrated HClO, 
were added. The product was collected by filtration, and 
washed twice with small amounts of ice-cold water and meth- 
anol, and finally with diethyl ether. Yield: 35%. The product 
was formulated based on the elemental analysis. Anal. calcd. 
for [Co(C4H,02N2)2(OH2)2]C104~H20: C 21.7, H 4.55, N 
12.7; found: C 21.6, H 4.62, N 12.4. The NMR spectrum in 
d6-DMSO shows the methyl protons at 2.54 ppm, and the 
water protons as a broad peak at 7.4 ppm. The electronic spec- 
trum has a maximum at 240 nm with a molar absorptivity 
coefficient of 2.2 x lo4 M-I cm-I, consistent with the values 
of 2.1 x lo4 M-' cm-I (240 nm) and 1.95 x lo4 M-I cm-' 
(238 nm) reported by Heckman and Espenson (28) and 
Kita and Jordan (29), respectively. Reduction of this complex 
in aqueous solution with amalgamated zinc under an argon 
atmosphere produces a bright yellow solution of 
CO"(~~~H),(OH,) , .  This species has a distinctive absorption 
maximum at 462 nm, with a molar absorptivity coefficient of 
3.42 x lo3 M-I cm-I, in agreement with a reported value of 
3.40 x lo3 M-' cm-' (28). 

Solutions of C O ~ ' ' ( ~ ~ ~ B F , ) , ( O H , ) ~ +  were prepared by elec- 
trolysis of CO"(~~~BF,),(OH,),  immediately before use. The 
electrolysis was done in an H-shaped electrolysis cell, with a 
sintered glass filter (10-20 pm) separating the anode and cath- 
ode compartments. The cathode was CU'+(~~)/CU,  and the 
anode was Pt in the ~o" (dm~BF, ) ,  solution. LiC104 (Amend) 
was added as the supporting electrolyte at a concentration of 
0.09 M in both compartments. To avoid diffusion of cu2+ ion 
into the anode compartment, the small amount of Cu(N03), 
solution was carefully placed with a dropper at the bottom of 
the cathode compartment, and only the anode tube was stirred 
during the electrolysis. The electrolysis was carried out at - 1 
V and 0 . k 0 . 6  mA for 0.5-1 h, during which time most of the 
yellow color of the ~o"(drn~BF,),  solution faded. If acetate 
buffer was required for the kinetic studies, the buffer was 
added to the solution of ~o"(drn~BF,) ,  at pH - 4.7. The pH 
was adjusted with NaOH to the desired values for kinetic stud- 
ies after the electrolysis. 

The two halopentaamminecobalt(III) complexes, [(H3N)?- 
CoC1](CIO4), (30) and [(H3N),CoBr](C1O,), (30), and the azl- 
dopentaamminecobalt(III) complex [(H3N),CoN3]C1, (3 1) 
were prepared according to the published methods. 
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Wang and Jordan 

1,3,6,8,10,13,16,19-0ctaazabicyclo[6.6.6]eicosanecobalt- 
(111) trichloride (cobalt(II1) sepulchrate trichloride, or 
Co(sep)Cl,) was obtained from Aldrich, and the solution of 
~ o ( s e ~ ) ~ +  was prepared by reduction of the cobalt(II1) sepul- 
chrate solution over amalgamated zinc under argon. 

Redistilled water was used in all preparations and kinetic 
studies. Other chemicals used in the ~ r e ~ a r a t i o n s  are of . . 
reagent or analytical grade. For buffer preparations, sodium 
acetate was from Fisher, chloroacetic acid from BDH, and 
MES hydrate and PIPES from Aldrich. 

Kinetic measurements 
All kinetic runs were carried out at 25 -t 0.2"C. The ionic 
strength was maintained at 0.100 M with LiClO,, and the total 
buffer concentration is 0.01 M. Acetate buffer was used in the 
studies of CO"(~~~BF,),(OH,),  with (H,N),cox~+, and the 
pH was kept at 4.72 -t 0.02 for all runs. Other buffers, MES, 
PIPES, and chloroacetic acid, were used in appro riate pH E ranges in the studies of the cobaloxime(III)-Co(sep) system. 
The pH of each solution was measured with a Corning 125 pH 
meter. 

The absorbance decrease due to the oxidation of 
C O ~ ~ ( ~ ~ ~ B F , ) , ( O H , ) ,  by (H,N),coc~~+ and (H,N),coN,~~ 
was followed on a Hewlett Packard 845 1 diode array spectro- 
photometer at 454 nm, with the oxidant in excess. A 5.0 cm 
cylindrical spectrophotometer cell was used, and the reactant 
solutions were degassed with argon before measurement. The 
absorbance-time data (80 points over 3 4  half-lives) were 
analyzed by least squares to obtain the first-order rate con- 
stants. The reported second-order rate constants are the aver- 
age of three measurements at different (H,N),cox'+ 
concentrations. 

The reaction between (H~N),coB?+ and ~o~ ' (dm~BF, ) , -  
(OH,), was observed on a stopped-flow spectrophotometer 
(Cantech Scientific Ltd) at 454 nm. The data (256 pointsltrace) 
were collected to an MS-DOS 486 computer and at least 150 
points for each trace were analyzed by least squares to give the 
first-order rate constants. The reported rate constants are the 
averages of at least six runs at each of three oxidant concentra- 
tions. 

The kinetics of reduction of CO"'(~~~H),(OH,),+ and 
CO"'(~~~BF,),(OH,),+ by ~ o ( s e ~ ) ~ +  were followed by 
stopped-flow spectrophotometry at 460 nm and 452 nm, 
respectively, with the co(sep)'+ in excess. The kinetic mea- 
surements were performed under anaerobic conditions, since 
the ~ o ( s e ~ ) ~ +  can reduce 0, in the acidic media to produce 
H,O,, and CO"(~~~H) , (OH, ) ,  is extremely sensitive to 0, 
and H,O,. The co(sep)'+ solution was transferred to the 
stopped-flow storage syringe through a serum cap under argon 
and the cobaloxime(III) solution in the other syringe was 
capped with a serum cap and degassed with argon for at least 
20 min. The reduction of CO"'(~~~H),(OH,),+ shows biphasic 
behavior due to the formation and then decomposition of 
~o"(dmgH),(~H,),. The absorbance-time profiles were fitted 
to a biphasic model to obtain the first-order rate constants for 
the reduction and decomposition. 

Results and discussion 

Oxidation of C O ~ ~ ( ~ ~ ~ B F , ) , ( O H , ) ,  by ( H ~ N ) ~ C O X ~ +  
For each system, the rate was studied at three cobalt(II1) com- 

Table 1. Kinetic data for reactions between (H,N),CO"'X~+ and 
diaquacobaloximes(II)." 

Br (3.2 f 0.3) x lo5 50 f 9 
CI (1.4 + 0.08) x lo4 2.6 f 0.2 
N3 (6.4 + 0.3) x lo3 5.9 + 1.0 
NCS (1.4+0.08) x lo2 
OH (7.7 + 1.5) x lo2 
F 10.5 f 0.9 

"At 25°C in acetate buffer (0.01 M) with = 0.10 M by LiCIO,. 
h ~ r r o r s  quoted are one standard deviation. 
"At 25°C in acetate buffer, from ref. 2. 
"pH = 4.74. 

plex concentrations in at least 10-fold excess over the 
CO"(~~~BF,),(OH,),  concentration in 0.01 M acetate buffer 
at pH 4.72. The observations indicate that the rate is first order 
in each reactant, and the second-order rate constants k, are col- 
lected in Table 1 along with the results reported by Adin and 
Espenson (2) on the oxidation of CO"(~~~H),(OH,) , .  

Adin and Espenson established a bridged inner-sphere 
mechanism for oxidation of CO"(~~~H),(OH,!,  by 
(NH ) Cox2+ (Br- > C1- >> F) by the identification of 

II? Co (dmgH),(X)(OH,) as the exclusive product. They inter- 
preted the variation of k, with bridging ligands as the order of 
stability of the X-bridged precursor complexes following the 
analysis suggested by Haim (32). The order of k, values sug- 
gests soft-acid character for the CO"(~~~H) , (OH, ) ,  complex. 

A common inner-sphere mechanism for the Con- 
(dmgBF,),(OH,), and CO"(~~~H) , (OH, ) ,  reductants is con- 
sistent with the rate constant ratio k,,)k,,, -- 20 for both 
cobaloxime(II) complexes. For X = Cl- and N3-, the reactivity 
difference is smaller for both CO"(~~~BF,),(OH,),  and 
CO"(~~~H) , (H,O) , ,  with k2Cl/k2N3 ratio of -0.4 in the former 
and -2 for the latter. The different order may be due to some 
differences in affinity of C1- and N,- toward the two 
cobaloxime(II) complexes. For the outer-sphere reduction of 
(H,N),cox~+ by RU(NH,)? (33), the ratios k,B)k,cl and 
k2Cl/k2N3 of 6 and - 140, respectively, also indicate an inner- 
sphere mechanism of the cobalt(I1) oximes. 

The values of k, for CO"(~~~BF,),(OH,),  oxidations are 
(1-6) x lo3 times smaller than those of the CO"- 
(dmgH),(OH,), complex. Since the substitution lability for 
these two cobaloxime(II) complexes is not expected to differ 
substantially, based on our observed comparable solvent 
exchange rates for the two complexes (34), the large differ- 
ence in the k, values indicate that the bridge-mediated elec- 
tron-transfer process is rate controlling in the inner-sphere 
mechanism. The slower oxidation of CO"(~~~BF,),(OH,),  
may be due to its less favorable reduction otential of 0.65 V P (NHE) compared to 0.36 V (NHE) for CO' (dmgH),(OH,),. If 
the Marcus theory (35) prediction of a square-root dependence 
of the rate on the equilibrium constant is also applicable to 
these inner-sphere electron transfers, then C O " ( ~ ~ ~ H ) , ( O H , ) ,  
is predicted to be ca. 2.8 x 10, more reactive. This factor 
would account in large part for the reactivity difference of the 
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Table 2. Kinetic results for reactions of cobaloxime(III) with C~(sep)~+." 

Cobaloxime(III) k, or k,, M-' s-' PK, E" (Vh 

(H20)2C~(dmgBF2)2f (1.55 f 0.09) x 10' 4.40 f 0.03 0.36 
(H,O),Co(dmgH),' (5.53 f 0.33) x 10' 5.78 +_ 0.07 0.65 
(HO)(H20)Co(dmgH), (3.1 1 f 0.45) x 10' 0.17 
(HO)(H,0)Co(dmgBF2), (2.46 t 0.30) x 10, 0.38 

"At 25°C with p = 0.10 M. Errors quoted are one standard deviation. 
"stimated as described in text vs. NHE by assuming a pK,' = 9 for Co"L(OH2). 

(L = (dmgH)? and (dmgBFJJ. 

Fig. 1. pH dependence of the second-order rate constants for Scheme 2. 
reduction of coH'(dmg~),  by C ~ ( s e p ) ~ +  (25OC, p = 0.10 M, the Ka 
calculated curve is generated by using parameters in Table 2). (H,~)~co" 'L+ (HO)(H,O)CO"'L + Hi 

Fig. 2. pH dependence of the second-order rate constants for 
reduction of C O " ' ( ~ ~ ~ B F , ) ,  by ~ o ( s e p ) ~ +  (25OC, p = 0.10 M, the 
calculated curve is generated by using parameters in Table 2). 

3.00 

cobaloximes, and the remaining factor of - 10 could be attrib- 
uted to less favorable precursor complex formation with 
C O " ( ~ ~ ~ B F , ) , ( O H ~ ) ~ .  

- 

The values of pK,, k,, and kb, obtained by least-squares analy- 
sis of the observed kobs VS. [H+] data, are given in Table 2, and 
are used to obtain the calculated curves shown in Figs. 1 and 2. 

The pK, of 5.78 for Co(dmgH),(OH,),+ is in reasonable 
agreement with the value of 5.14 C 0.02 (at 25"C, in 0.1 M 
NaClO,) obtained from potentiometric titration by Ablov et al. 
(36). For C O ( ~ ~ ~ B F ~ ) ~ ( O H , ) , + ,  the pK, is lower by 1.4 units, 
as might be expected from the electron-withdrawing effect of 
the -BF2 substituents in the modified macroc cle. In the pH 

I l i  ranges of our kinetic studies (4.8-7.4 for Co (dmgH),+ and 
3.3-7.4 for CO' ' ' (~~~BF, ) ,+) ,  neither the ionization of the sec- 
ond proton (pK,, = 8.38 C 0.03 for C O " [ ( ~ ~ ~ H ) ~ ( O H , ) ~ +  (34)) 
nor the protonation of the dmgH ligand (eq. [I], pK, - 0.5 (2) 
or -2.5 (3,4)) seems to have an influence on the kobs measure- 
ment. 

To analyse the reduction rate constants in terms of Marcus 
theory, one requires the reduction potentials of the reactants. 
These are known for ~ o ( s e ~ ) ~ +  and for the diaqua complexes, 
Co(dmgH),(OH,),+ and C O ( ~ ~ ~ B F , ) , ( O H , ) ~ + ,  but not for the 
corresponding hydroxo complexes. The latter values have 
been estimated from the reaction cycle in Scheme 3. 

From Scheme 3, the E: values are given by eq. [4]: 

Reduction of cobaloximes(111) by co(sep)'+ [4] E; = El0 - 0.059 (pKi - pK,) 
The second-order rate constants for reduction of 
C O " ' ( ~ ~ ~ H ) ~ ( O H ~ ) ~ +  and C O " ' ( ~ ~ ~ B F ~ ) ~ ( O H ~ ) , +  by co- where the pK, values are known from the kinetic results in 

\- 2.60 

2.20 

4.45 5.35 6.25 7.15 8.05 kob, is given by eq. [3]: 

- 

- - 
I I I I 

balt(I1) sepulchrate decrease with the acidity, as shown in 
Figs. 1 and 2, respectively. This dependence suggests an equi- 
librium involving the dissociation of the proton from the axial 
coordinated water, as shown in Scheme 2, with the diaqua 
form more reactive than the hydroxoaqua form. 

From Scheme 2, the observed second-order rate constant 
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Wang and Jordan 

Scheme 3. [51 k,,=(k,,k22~,2fl2)''~~,2 

El O - (H~o)~co"'L+ + e - (H,O),CO"L where k12 is the cross-reaction rate constant (= kobs), k,, and k2, 
are the self-exchange rates for oxidant and reductant, and K,, 

Ka 1 I.+ H+d lK; - is the equilibrium constant of the cross reaction. The f12 and 
work term corrections (W12 and w,,) have been calculated from 

E20 = ? the following equations (39): 
(HO)(H~O)CO"'L + e (HO)(H~O)CO"L- 

[In KI2  + ( w , ,  - w2,)l~T12 
[61 lnf,, = 

L = (dmgH)2 or (dmgBF2)2 4 ln(k, ,k221~2) + (w,, + w2,)IRT 

Table 2, but the pK,' for diaqua cobaloxime(II) complexes are [7] WI2 = exp[-(w12 + w2[ - W ,  I - w2,)/2RT] 
unknown. A value of pK,' = 9 has been assumed since this is 
typical for bivalent first-row transition metal ions (37). The 9 (4.225 x lo3)zizj 
values are given in Table 2. [8] wij = 

The self-exchange rate constants for the cobaloxime(III)/ r(1 + 0 .3285  $) 
(11) couples have been estimated from the Marcus cross rela- 
tionship (38), eq. [5], where Z is the collision frequency, taken to be 1 x 10" 

Table 3. Summary of redox reactions of Co(sep)"~" with various reactants with known self-exchange rates.'' 

k , , ,  M-I s-I k,', M-' s-' 
Eli', V 

Reactant (NHE) obsd. calcd. obsd. calcd. 

2.3 x loT5 
5.2 x LO-' 
0.13 
2.0 x lo-' 
0.39 x lo3 
0.48 x 
0.93 x 10' 
4.8 x lo-' 
3.2 x 10" 
0.5 x 10' 
0.14 x lo-' 
0.16 x lo-' 
0.15 x 
2.4 x lo-' 
5.7 x 10' 

"At 25°C and p = 0.1 M unless otherwise indicated. The self-exchange rates (k l? )  for Co(sep)'+"+ used are 3.5 and 5.1 M-I s-' at 
p = 0.1 and 0.2 M, respectively (ref. 43). 

" ~ t  p = 0.2 M (ref. 44). 
'Adjusted to p = 0.2 using the p dependence of Co(sep)'+'" and the value of 5 x M-' s-I ( p  = 0.5) from ref. 45. 
"p = 0.2, ref. 14. 
'Reference 46. 
'Reference 47. 
"Reference 48. 
"~xtrapolated with AH* = 5 kcal mol-' from measurements at 4°C (ref. 49). 
'Adjusted to p = 0.1 as in footnote c from 3.5 x lo4 (p = 0.5) (ref. 50). 
'Reference 16. 
'Extrapolated using AS* = -3 1 kcal mol-' K-I (as for Co(en),'+'") and ionic strength factor of 0.2 from 8 x at 40°C in 

2.5 M CF,SO; (ref. 5 1). 
'Reference 52. 
"'Reference 53. 
"At IJ- = 0.2, from ref. 50. 
"Reference 54. 
"Reference 12. 
"Adjusted from p = I .O to p = 0.2 as in footnote c. 
'Reference 28. 
'Reference 22. 
'Estimated as described in text. 
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Table 4. Summary of self-exchange rates (25OC) for low-spin Co(III)/(II) complexes. 

Can. J .  Chem. Vol. 74,1996 

Complex Ad, A 

"1 = 0.1 (ref. 55). 
'~eference 56. 
'Reference 57. 
dCalculated from the Marcus cross relationship as described in Table 3. These entries have a different charge 

type than the others and their relative values are somewhat influenced by the work term correction. 
'Co--0 bond length change, estimated as described in text. 
/Estimated at 1 = 0.1 as described in Table 3. 
R1 = l .O (ref. 12). 

M-I s-I, r is the sum of the radii of the reactants in A, p, is the 
ionic strength, zi is the charge on the ion, the numerical 
constants are for water at 25"C, and wij values are in cal 
mol-' . 

There has been a good deal of discussion (1 5-22) about the 
application of eq. [5] to cobalt(III)/(II) reactions because of the 
spin state changes involved and the possibility that the reac- 
tions are nonadiabatic. If the latter is the case. then a nonadia- 
batic factor K of uncertain magnitude may be included on the 
right-hand side of eq. [5], and calculations of self-exchange 
rate constants become proportionately uncertain. Most 
recently. Shalders and Swaddle (22) have concluded that these < .  ~, 

reactions are essentially adiabatic. 
For the specific case of reactions of ~ o ( s e ~ ) ~ + / ' + ,  the justifi- 

cation and confidence in calculations based on eq. [5] can be 
tested by comparing observed and calculated values of k,, and 
k,, for systems in which these are known. Such results for 13 
systems are summarized in Table 3, where the known k,, and . . 
k2, are used to give.a calculated k,,, and k2, and k,, give a cal- 
culated k,,. For the vast majority of these systems, the 
observed and calculated values of k,, agree within a factor of 
1 1 0 ,  although the calculated values are always larger. Since 
k,, depends on (kI2)', the calculated k, , are 1 1 0 0  times 
smaller than the experimental values. The two exceptions are 
~ o ( b i ~ ~ ) , ~ +  and ~ o ( ~ h e n ) , ~ +  where the calculated k,, is 20 and 
50 times, respectively, larger than the experimental value, and 
the calculated k,, are proportionately much smaller. These 
exceptions might be ascribed to conjugation in the ligand, 
making self-exchange more favorable than when a reaction 
partner has no such conjugation. However, this effect does not 
appear in the terpy system. It should be noted that the first 
eight cobalt complexes listed in Table 3 have cobalt(I1) in the 
high-spin state, but cobalt(I1) is low spin for the remaining 
entries. There does not appear to be any systematic difference 
between these two types of systems. 

To estimate k, ,  for the cobalt-oxime complexes, one could 
simply use the k,,(calcd.) in Table 3. However, for the other 
systems, kll(calcd.) is typically 5-10 times smaller than 

k,,(obsd.), so that one might expect as an upper limit for the 
oximes that the true k, ,(obsd.) = 10 x k, ,(calcd.) and this esti- 
mate has been entered in Table 3. 

Endicott et al. (12) studied the variation of self-exchange 
rates with structure changes for a series of homologous trans- 
CO(N,)(OH~),~'/~+ couples in which both Co(I1) and Co(II1) 
are low spin. The self-exchange rates were evaluated from the 
cross-reaction rates among these complexes. Structural stud- 
ies have shown that the Co-N bond length changes very lit- 
tle between the Co(II1) and Co(I1) forms of these complexes, 
but the axial Ce-OH2 bond lengths are 0.38-0.57 A longer 
for Co(I1) because the unpaired electron occupies the anti- 
bonding d,? orbital. Endicott et al. attributed the variation of 
the self-exchange electron-transfer rates to the reorganiza- 
tion energies that result from changes in Co-OH2 bond length 
Ad. 

The cobaloxime systems are structurally similar to the 
CoN4(OH2), complexes in that the equatorial C e - N  bond 
lengths are 1.87-1.89 A, and are very similar for the Co(II1) 
and Co(I1) forms (39). The lengthening of the axial Ce-OH, 
bonds (Ad) for Co(I1) compared to Co(II1) is estimated as 0.3 1 
A for the (dmgH), complex, from the Ce-N(py) bond 
lengths in ~ o " ( d m ~ H ) ~ ( ~ ~ ) ~  (40) and ~ o " ' ( d m ~ H ) , ( ~ ~ ) , +  
(41). For the (dmgBF,), complex, Co(I1)-OH2 and Co(II1)- 
OH, bond lengths can be estimated as 2.28 and 1.97 A from 
the C e - 0  bond lengths in C O " ( ~ ~ ~ B F ~ ) ~ ( C H , O H ) ,  (23) and 
C O ~ ~ ~ ( ~ ~ ~ H ) , ( X ) ( O H , )  (X = halide ions) (42). Therefore, Ad 
for both diaqua cobaloxime(II) complexes is estimated to be 
-0.31 A, 

For these and other low-spin Co(II)/Co(III) systems, the 
self-exchange rates and structural change information are col- 
lected in Table 4. Our estimates for the cobaloxime complexes 
seem to conform reasonably with the suggestion of Endicott et 
al. (12) that larger structural change causes a smaller self- 
exchange rate constant for CON,(OH,)~ complexes. It is rather 
more surprising that the structurally quite different 
~ 0 ( [ 9 ] a n e ~ , ) ~ "  and ~ o ( a z a c a ~ t e n ) ~ +  complexes also seem to 
follow this trend. 
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The chemistry of thujone. XVIII.' Homothujone 
and its derivatives 

James P. Kutney, Yong-Huang Chen, and Steven J. Rettig 

Abstract: The monoterpene thujone (1) is ring expanded regioselectively to provide honiothujonc (4) in order to explore its 
potential as a chiral starting material. Stereoselective Robinson annulation of hornothujone provides an enone intermediate (5), 
further derivatization of which was undertaken to furnish functionalized naphthalenones useful for synthesis of the antifeedant 
(-)-polygodial and the ambergris fragrance (-)-~mbrox@. 

Key words: thujone, hornothujone, synthesis, naphthalenones, polygodial, Ambrox. 

R6umC : On a effectuC une expansion rCgiosClective de la thujone (1) en hornothujone (4) afin d'explorer ses potentiels 
cornrne produit de dtpart chiral. L'annellation sttrCosilective de Robinson rCalisCe au dCpart de l'hornothujone conduit B une 
Cnone intermediaire, 5, qui a CtC transform& en dCrivC pour fournir des naphtalenones fonctionnalisCes utiles dans la synthkse de 
I'antiappCtant (-)-polygodial et de la fragrance d'arnbregris, ( - )-~mbrox@. 

Mors C I ~ S  : thujone, hornothujone, synthkse, naphtalCnones, polygodial, Ambrox. 

[Traduit par la rkdaction] 

Introduction 

The logging practice of  Western red cedar (Tlzilja plicatcr 
Donn) in British Columbia generates a waste material consist- 
ing of branches and leaves. This material, also called "slash," 
can be steam distilled to provide an essential oil containing the 
monoterpene thujone ( I )  in concentrations of 85-90%, 
Although this readily available oil can be of use in the perfum- 
ery and household chemical industry, higher grade chemical 
products originating from thujone are of interest in terms of 
economic benefit and environmental concern. For example, 
recent synthetic studies from our laboratories have established 
that thujone is a versatile chiral building block for enantiose- 
lective syntheses of biologically active natural products and 
their analogues including insect juvenile hormone analogues, 
insecticidal pyrethroids and aryl terpenoids, sesquiterpenes, 
and steroids (1). 
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I For a detailed summary of previous studies in this series, see 
ref. I. 
Author to whom correspondence may be addressed: Tel. and 
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These diverse studies have revealed that 1, via its rigid bicy- 
clo[3.1.O]hexane system, affords regio- and stereo-selective 
reactions such as Robinson annulation to generate chiral syn- 
thons for terpene and steroid syntheses, and specific cyclopro- 
pyl ring-opening reactions of thujone analogues for a variety 
of interesting routes to chiral natural products and related 
compounds, etc. 

T o  further elaborate upon the versatility of this readily 
available and inexpensive chiral synthon, it was of interest to 
consider ring expansion of 1 to "homothujone" (4) to ascertain 
whether the latter compound could increase the overall versa- 
tility and potential use of thujone in synthetic chemistry. 

2 3 
Scheme 1 shows the overall plan in which the concept is 

incorporated to afford functionalized tr-cr~z.s-fused naphthale- 
nones useful for further elaboration into (-)-polygodial (2) 
and ( - ) - ~ m b r o x '  (3). Ho~nothujone (4) could be converted to 
enone 5 by Robinson annulation. Birch reduction of 5 fol- 
lowed by enolate trapping should produce a t~.nns ketone 6 
and, after reduction, the hydrocarbon 7. Via a previously 
established ozonation reaction, 7 would afford 8 and 9. 
Finally, acid-catalyzed cyclopropyl ring-opening reactions 
already developed in our laboratories (2) are expected to con- 
vert 8 and 9 to 1 0  and 11, respectively. Functional groups in 
both 11 and 1 2  would then allow the final elaboration to either 
(-)-polygodial (2) or ( - ) - ~ m b r o x @  (3). 

Can. J .  Chem. 74: 666-676 (1996). Printed in Canada / I~npri~nC a11 Canada 
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Kutney et al 

Scheme 1. The overall plan to develop the homothujone strategy 

The apparent advantage of the homothujone strategy over thujone into potential target molecules in a novel way. In this 
previous routes to functionalized naphthalenones is that the publication, we would like to report our initial studies on this 
~ I . C ~ I Z S  A/B ring fusion could possibly be generated by the Birch new strategy. 
reduction directly, rather than through a tedious stereochemi- 
cal correction sequence from the AIB cis-fused systems and discussion 
obtained in earlier studies (1). The homothujone strategy Regioselective ring expansion of thujone 
might incorporate 7 of the original 10 carbon atoms present in The desired regioselective ring expansion of thujone was 

accomplished by treating thujone with ethyl diazoacetate and 
boron trifluoride etherate under nitrogen at room temperature 
(3). The P-ketoester 1 3 , ~  which existed mainly in its en01 
form, was isolated in 70% yield. The mass spectrum of 13 
showed a molecular ion at n1/z 238. The UV spectrum indi- 
cated an absorption band at 258 nm (log E = 3.980) while the 
IR s ectrum displayed a broad hydroxyl absorption at 3370 P .  cm- , an Intense conjugated ester carbonyl stretching absoip- 
tion at 1655 cm-', and a weak carbonxarbon double bond 
stretching absorption at 1615 cm-I. The ' H  NMR spectrum 
revealed three separate one-proton signals at high field, 6 0.30 
(dd, J = 4.4 and 8.8 Hz), 0.39 (t, J = 4.4 Hz), and 0.68 (dd, J = 
4.4 and 8.8 Hz), corresponding to the three protons in the 

Because thujone in use was a mixture of a-thujone and P-thujone 
(10:1), the product 13 was a mixture of two diastereomers in a 
similar ratio, as revealed by GC. No attempt was made to separate 
these two diastereomers. The 'H NMR spectral data presented 
here represent the characterization of the major a diastereomer 
while other spectroscopic data are the gross properties of the 
diastereomeric mixture. This situation remains the same for 
homothujone 4. 

cyclopropane ring. Two methyl doublets (J  = 5.6 and 4.4 Hz), 
corresponding to the two methyl groups at the isopropyl side 
chain, overlapped at 6 0.98 ppm. There were a one-proton 
multiplet at 6 1.03 ppm corresponding to the methine proton at  
C8, a methyl doublet ( J  = 7.2 Hz) at 6 1.24 ppm corresponding 
to the methyl at C2, and a methyl triplet ( J  = 6.8 Hz) at 8 1.3 1 
ppm corresponding to the methyl of the ethyl ester group. A 
two-proton signal of AB type at 6 2.25-2.57 ppm (J = 16 Hz) 
was assigned to the methylene at C5 while a quartet ( J  = 7.2 
Hz) at 6 2.64 pprn was due to the methine at C2. The J cou- 
pling constant between the methine protons at C 1 and C2 was 
zero! A two-proton multiplet at 6 4.21 ppm corresponded to 
the methylene in the ethyl ester group and a very low-field 
singlet signal at 6 12.24 ppm was due to the hydroxyl proton 
in the en01 form of 13. 

The spectroscopic data presented above could not differen- 
tiate the en01 form of 1 3  from that of 14, which would be the 
product of carbon insertion from the more substituted side of 
the carbonyl function in thujone. Crucial evidence was 
obtained, however, from the next step, i.e., the decarboxyla- 
tion of the P-keto ester (13). 
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EtO EtO 

+ 
0 0 0 \,,NO 

Treatment of 13 in moist DMSO with sodium chloride at 
140°C for a few hours produced 44 in 95% yield (4). The mass 
spectrum of 4 showed its molecular ion at mn/z 166 while the IR 
spectrum indicated a carbonyl absorption at 1700 cm-l. It is 
expected that 4 would have the three a protons (to the carbonyl 
group), that is, C2 and C4, in the region between 6 2.00 ppm 
and 6 3.00 ppm in the 'H NMR spectrum whereas 15 available 
from 14 would reveal four protons in this region. To our sur- 
prise, 4 contained four protons in this region: two at 6 2.10 
ppm (m), one at 6 2.35 pprn (m), and one at 6 2.47 (dt, J = 3.0 
and 8.0 Hz) ppm. A series of decoupling experiments were 
performed to clarify the situation. Irradiation of the one-proton 
signal at high field (6 0.72 ppm), which was assigned to one of 
the three cyclopropane protons, caused the multiplet at 6 2.47 
ppm to collapse into a quartet (J  = 8.0 Hz) in addition to the 
simplification of the complex two-proton signal at high field 
(6 0.50 ppm), which was assigned to the two remaining cyclo- 
propane protons. Irradiation of the signal at 6 0.50 ppm 
resulted only in the collapse of the signal at 6 0.72 ppm. Thus, 
the signal at 6 0.72 ppm was clearly due to the C l  proton while 
the signal at 6 2.47 pprn was assigned to the methine proton at 
C2. Irradiation of the methyl doublet resonance (J = 8.0 Hz) at 
6 1.22 pprn led to the collapse of the C2 proton signal into a 
doublet (J = 3.0 Hz) and irradiation at 6 2.47 ppm transformed 
the methyl doublet signal at 6 1.22 pprn into a singlet and the 
C1 proton signal at 6 0.72 ppm into a doublet of doublets (J  = 
4.8 and 8.8 Hz), further confirming the assignment. The fact 
that the C2 proton was coupled only to the C1 proton and the 
methyl protons at 6 1.22 pprn suggested the correct structural 
assignment to 4 and thus 13. 

It is noteworthy that the coupling between the C1 proton and 
the C2 proton in compound 4 (J = 3.0 Hz) was rather different 

The product 4 was a mixture of a and P diastereomers (10: 1) as 
indicated by GC. The 'H NMR data described here represent the 
characterization of the major a diastereomer while other 
spectroscopic data are the gross properties of the diastereomeric 
mixture. 

Fig. 1. Conformational analysis of 13a and 4a. 

from that in 13 (J = 0 Hz). This can be explained when one 
considers the possible conformations of these two compounds 
(Fig. 1). The en01 form of compound 13a5 can have two boat- 
like conformers 13a and 13b. Conformer 13b is less stable 
because of the repulsion between the axial methyl at C2 and 
the axial hydrogen at C5. Inspection of models reveals a dihe- 
dral angle HI-C1-C2-H2 close to 90" in conformer 13a, 
which possesses an equatorial methyl group at C2. Therefore, 
the coupling constant between H1 and H2 is expected to be 
small. Among the two half-chair conformers of 4a,6 4b with an 
axial methyl group is considered more stable because it is 
devoid of the C2-methyl bond and the C 1-H 1 bond eclipsing 
interaction present in 4a, and the flat nature of the plane 
involving C2-C1-C6-C5 also greatly reduces the repulsion 
between the axial methyl at C2 and the axial proton at C4 in 
4b. The dihedral angle HI-C1-C2-H2 is approximately 30" 
and therefore a larger coupling constant between H 1 and H2 is 
expected. 

The insertion reaction of a ketone by ethyl diazoacetate usu- 
ally takes place from the less substituted or less bulky side. 
The formation of the reactive conformer shown in Fig. 2 is 
presumably faster than other possible conformers due to min- 
imal gauche steric repulsions (5). 

Stereoselective Robinson annuIation of homothujone (4) 
The Robinson annulation of homothujone (4) was carried out 
by refluxing the starting material with potassium hydroxide, 
the salt of 1-diethylamino-3-pentanone (ethyl vinyl ketone, 
EVK equivalent), and one equivalent of iodomethane in etha- 
nol. Enone 5, as shown, was isolated in 70% yield. 

The structure of 5 was further confirmed by a series of 
NMR experiments. The structure 17, which might possibly be 
formed by the ethyl vinyl ketone (EVK) Robinson annulation 
from the less substituted side of the carbonyl group, is incon- 
sistent with the fact that only two methyl doublets were 
observed in the spectrum of the isolated product 5. However, 

As indicated in the previous footnotes, the 'H  NMR data thus far 
described for 13 and 4 represent their a diastereomers only. 
See footnote 5. 
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Kutney et al. 

Fig. 2. Explanation for regioselectivity of the carbon insertion reaction. 

- RI COCHR~COzEt 
the structure 18, which was possibly generated from the p-face 
attack of the more substituted side, could accommodate all the 
spectroscopic data so far obtained. More evidence was needed 
to differentiate 5 and 18. 

Inspection of molecular models reveals that the angular 
methyl group at C10 has different spatial relationships with the 
three cyclopropane protons in the diastereomers of 5 and 18. In 
the case of 5, the angular methyl is relatively close to the 
cyclopropane methylene proton directed into the concave face 
of the bicyclo[4.1 .O]heptane moiety (i.e., Hi,) but distant from 
the cyclopropane methine proton (i.e., H9) and the other meth- 
ylene proton, which is directed away from the concave face of 
the bicyclo[4.1.O]heptane moiety (i.e., H,,,). For 18, the angu- 
lar methyl is relatively close to H9 but distant from both meth- 
ylene protons Hi, and H,,,. Thus, if the angular methyl is 
irradiated, a positive NOE enhancement for H,, will indicate 
the presence of 5 while a positive enhancement for H9 will 
suggest the existence of 18. Fortunately, the 'H NMR spec- 
trum was fairly well resolved. The methyl singlet signal at S 
1.22 ppm, previously assigned to the angular methyl, was well 
separated from nearby signals and the three cyclopropane pro- 
ton signals at high field were also well separated from each 
other. From a large number of recorded spectra of substituted 
cyclopropanes, it is generally observed that, in any designated 
cyclopropane, the magnitude of the vicinal coupling constant 
for cis protons (protons on the same side of a cyclyopropane 
plane, e.g., H9 and H,,,) is always larger than that for trans 
protons (e.g., H9 and H,,) (6). Since each of the three coupling 

5 18 

constants in the AMX system, for the three cyclopropane pro- 
tons of 5 or 18, had to be either 4.8 Hz or 9.6 H z ,  the coupling 
constant between H9 and H,,, [ J  (H9,HOu,)] and the coupling 
constant between H9 and Hi, [ J  (H9,Hi,)] should have values 
9.6 Hz and 4.8 Hz, respectively, in order to satisfy the relation- 
ship: J (H9,HOu,) > J (H9,Hin). J (Hou,,Hi,) had to be 4.8 Hz to 
produce a triplet of J = 4.8 Hz observed in the spectrum and 

this triplet signal was due to Hi,. Otherwise, if J (H,,,, Hi,) 
were 9.6 Hz, a triplet of J = 9.6 Hz would have been observed 
and this triplet would have been due to H,,,. Thus, the consid- 
eration of magnitude for coupling constants enabled us to 
assign the triplet ( J  = 4.8 Hz) at S 0.66 pprn to Hi, but the two 
doublet of doublets signals at 8 0.30 and 0.50 pprn cannot be 
assigned further. 

A two-dimensional 'H- '~c heteronuclear correlation spec- 
trum (2D-HETCOR) further confirmed the assignment. The 
proton (doublet of doublets) at 6 0.50 pprn correlated intensely 
with a tertiary carbon at S 33.00 pprn but weakly with a sec- 
ondary carbon at S 12.60 ppm. Both the proton (triplet) at 6 
0.66 pm and the proton (doublet of doublets) at S 0.30 pprn 
correlated intensely with the secondary carbon at 6 12.60 pprn 
but not with the tertiary carbon at 6 33.00 ppm. This suggested 
that the proton (doublet of doublets) at S 0.50 pprn was due to 
H9 and the quartet proton at 6 0.30 pprn was due to H,,,. 

The determination of substitution of the above-mentioned 
carbons was facilitated by an APT (Attached Proton Test) (7) 
experiment. The carbon at 6 12.60 pprn was assigned as sec- 
ondary since it was very intense in the off-resonance spectrum 
and did not invert its phase in the APT spectrum. Among the 
six carbons of inverse phase (which can be either primary or 
tertiary carbons) in the APT spectrum, four were sorted out as 
primary carbons since they had low chemical shifts in the 13c 
spectrum (6: 10.35, 18.55, and 19.20 pprn). As shown from the 
HETCOR spectrum, these four carbons also correlated well 
with four methyl singlets in the 'H NMR spectrum. Thus, the 
other two carbons at S 33.00 and 36.65 pprn must be tertiary 
carbons. 

NOE experiments were then carried out on compound 5. 
lrradiation at the angular methyl signal at 6 1.22 pprn resulted 
in a 4.0% enhancement of Hi, at 6 0.66 pprn but no enhance- 
ment of either H9 or H,,,. Therefore, the stereochemistry of 5 
was finally confirmed. Irradiation of Hi, at 6 0.66 pprn did not 
give a clear enhancement of the angular methyl signal but did 
cause a 10% enhancement of H,,, and a negative enhancement 
of H9. 

Generation of the trans-fused hydrocarbon 7 
Having obtained the desired intermediate 5 in good overall 
yield from thujone, it was appropriate to evaluate some chem- 
istry with this compound. Birch reduction of 5, followed by 
iodomethane addition to trap the generated enolate (a), gave 
the gem-dimethylated ketone 6 in low yield (15%). Attempts 
to improve this reaction by addition of proton donors (i.e., 
water and terr-butanol) during the Birch reduction step, 
quenching of excess lithium with isoprene, and removal of 
ammonia prior to iodomethane addition did not prove fruitful. 
The by-products were relatively nonpolar and difficult to sep- 
arate from each other. 

The mass spectrum of 6 revealed the molecular ion peak at 
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( I )  Li. NH3. T H F  

(2) CH3I 0 

I 

rnfz 248 while the IR spectrum indicated a saturated carbonyl 
absorption at 1703 cm-1. The A/B ring junction was assigned 
to be trans, in accord with the known stereochemistry of the 
Birch reduction of 4,5-dehydrodecal-3-ones (9), although 
insufficient spectroscopic evidence was available for an 
unambiguous assignment. 

To improve the yield of 6 from 5, an alternative route to 6 

was pursued. Reduction of 5 by lithium and ammonia pro- 
duced a mixture of two compounds 20 and 21 in a ratio of 
4: 1. Because these two compounds were not convertible by 
treatment with potassium hydroxide in methanol (monitored 
by GC), they were judged to be two diastereomers of oppo- 
site AIB ring fusion with the major isomer 20 possessing the 
trans ring fusion as that of compound 6, since both were 
major products obtained by trapping enolates derived from 
the Birch reduction of 5. Compounds 20 and 21 were diffi- 
cult to separate by column chromatography. The mass spec- 
trum of the mixture (20 and 21) indicated a molecular ion at 
d z  236, while the IR spectrum showed a carbonyl absorption 
at 1700 cm-'. Catalytic hydrogenation of 5 with 5% Pd-C at 
room temperature in ethanol generated 20 and 21 at a ratio 
of 6: 1. 

P n L l i , m 3  I @' -- CH.I 6 

0 or H ,, Pd, EtOH 
0 HO'BU, KO' BU 

H 

Refluxing the reduction mixture containing 20 and 21 with 
iodomethane and potassium tert-butoxide in anhydrous tert- 
butanol under nitrogen resulted in a complex mixture that did 
not contain 6, as indicated by GC. No further attempt was 
made to elucidate this mixture. The reaction carried out at 
room temperature gave only recovered starting material. 

22 

Treatment of the mixture of 20 and 21 (6:l) with sodium 
methoxide and iodomethane produced the en01 ether 22 in 
54% yield. 'This compound was characterized by a molecular 
ion peak at m/Z 248 in its mass spectrum, and two methyl sin- 
glets at 6 1.57 and 3.50 ppm, corresponding to the vinylic 

methyl and the methoxyl methyl in the 'H NMR spectrum. 
The AIB ring junction of 21 was trans, the same as that of 6. 

At this point, an alternative sequence to the A/B trans-fused 
hydrocarbon 7, shown initially via the strategy in Scheme 1, 
was considered (Scheme 2). 

Enone 5 was first methylated to 23 in 60% yield using 
sodium methoxide in DMSO (10). Decarbonylation of 23 uti- 
lizing the Wolf-Kishner-Huang Minlon conditions proceeded 
smoothly to give 24 in 67% yield. 

Treatment of carbon-carbon double bonds by borane to 
form organoboranes, which are then decomposed with acetic 
acid to produce saturated C-C bonds, is a useful indirect 
method of carbon-carbon double bond reduction (1 1). How- 
ever, such a treatment of 24 generated a complex mixture 
that was composed of several compounds, as detected by 
GC and the 'H NMR spectrum. When an oxidative treatment 
of the intermediate organoboranes by basic hydrogen perox- 
ide was carried out, diol 25 and alcohol 26 were isolated in 
39% and 29% yield, respectively. The inass spectrum of 25 

had its molecular ion peak at m/z 268 while the IR spectrum 
indicated an intense hydroxyl absorption near 3500 cm-I. 
The 'H NMR spectrum showed three methyl singlets at 
6 0.96, 0.98, 1.00 ppm and two methyl doublets at 6 1.01 
ppm ( J  = 7.0 Hz) and 1.15 ppm ( J  = 7.0 Hz). Two multiplets 
appearing at 6 3.72 ppm (2H) and 4.04 ppm (1H) corre- 
sponded to the the methylene and methine protons attached 
to C11 and C7. An X-ray structure of 25 (crystallized from 

methylene chloride) is shown in Fig. 3. The cis A/B ring 
fusion is clearly revealed. Details of the X-ray studies will 
be published elsewhere. 

Alcohol 26 had its molecular ion peak at rn/z 250 in the mass 
spectrum and an hydroxyl absorption at 3450 cm-I in the IR 
spectrum. The 'H NMR spectrum indicated three multiplets at 
6 0.14, 0.45, and 0.64 ppm, corresponding to the three cyclo- 
propane protons. Two methyl doublets appeared at 6 0.85 ppin 
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Kutney et al 

Scheme 2. An alternative sequence to hydrocarbon 7 

NaOMe, DMSO 
5 

CH,I 
0 

( I )  BH3-THF ----.------------ 
(2) HOAc, heating 

Fig. 3. Single crystal X-ray structure of 25 (PLUTO drawing). 

( J  = 6.0 Hz) and 0.90 ppm ( J  = 6.0 Hz) while three methyl 
singlets were observed at 6 0.98, 1.10, and 1.16 ppm. A dou- 
blet of doublets at 6 2.14 ppm (lH, J = 5.2 and 7.4 Hz) was 
probably due to one of the methylene protons at C7 that was 
neighboring to the cyclopropane ring). A one-proton complex 
multiplet at 6 3.87 ppm was assigned to the proton at C6. By 
analogy to structure 25 and the following mechanistic expla- 
nation, the ring fusion of 26 was presumed to be cis and the 
hydroxyl should have P orientation. 

The oxidation of 26 by Jones reagent produced ketone 27 in 
80% yield. 

The mechanism associated with the formation of 25 and 26 
is unknown but some specu-lative comments can be put forth. 
The presence of hydroxyl functions at C7 and C 11 in 25 sug- 
gest an initial migration of the double bond in 24 to the C6-C7 
position and the resultant vinyl cyclopropane function could 
undergo ring opening and functionalization. The ring opening 
of vinylcyclopropanes by borane has been previously ob- 
served (12) but usually a much more drastic condition is 

required. It is remarkable that the cleavage reaction of 24 took 
place at room temperature. 

11 I 11 I 

Jones reagent - 
- OH - 0 

In a final attempt to improve the yield of 6, the sequence in 
Scheme 3 was considered and put to an experimental test. Tri- 
methylsilyl en01 ether 28 was prepared by trapping the enolate 
generated in the Birch reduction of 5 with trimethylsilyl chlo- 
ride (13). The crude product, containing two diastereomers as 
revealed from the previous enolate trapping with water, was 
then converted into a mixture of trimethylsilyl cyclopropyl 
ethers (29) using the Simmons-Smith reaction (14, 15). This 
mixture contained two diastereomers (29a and 29P) that had 
the newly created cyclopropyl ring a and P oriented. The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

Scheme 3. An alternative route to ketone 6. 

( I )  Li. NH3 
5 -  

(2)TMSCI 
mSO 

KOH, MeOH 

0 

crude product from the Simmons-Smith reaction was hydro- 
lyzed in warm potassium hydroxide - methanol solution with- 
out purification (15). A major compound isolated was 
identified as 6, previously obtained in the Stork enolate trap- 
ping reaction, by comparing their MS, IR, NMR data. The 
overall yield of 6 from 5 was 45%. 

The reduction of 6 by the Wolf-Kishner-Huang Minlon 
method gave hydrocarbon 7 in 70% yield. 

Ozonation of hydrocarbon 7 
Ozonation of hydrocarbon 7 in ethyl acetate under conditions 
similar to those used previously (1) provided an unexpected 
complex mixture from which ketone 30 (35%) and alcohol 31 
( 5 % )  were isolated. The expected functionalization of the iso- 
propyl side chain, as observed in ozonation of other thujone- 
derived intermediates ( l) ,  was not obtained and therefore the 
compounds 8 and 9 were not isolated. 

Ketone 30 in its mass spectrum revealed a molecular ion at 

d z  248 and its IR spectrum displayed a conjugated carbonyl 
absorption at 1665 cm-I. Its 'H NMR spectrum indicated two 
methyl doublets at 8 0.84 ppm ( J  = 6.6 Hz) and 0.94 ppm ( J  = 
6.6 Hz), corresponding to the two methyl groups of the isopro- 
pyl side chain, and three methyl singlets at 6 0.78, 1.11, and 
1.30 ppm. A one-proton septet ( J  = 6.6 Hz) corresponding to 
the methine proton in the isopropyl side chain appeared at 6 
1.84 ppm. A multiplet containing two protons at 6 2.00-2.30 
ppm corresponded to the two methylene protons at C6. The 
corresponding alcohol 31 revealed spectroscopic data consis- 
tent with this structural assignment (see Experimental). 

It is surprising that the previously observed selective ozo- 
nation of thujone derivatives could not be applied to the 
homothujone derivative 7. The reasons for this reactivity 
change are unknown. Generally, a cyclohexane ring is more 
puckered than a cyclopentane ring. This may allow one of car- 
bon-hydrogen bonds at C7 to be properly oriented towards the 

9 

cyclopropane ring in 7. This orientation may then facilitate the 
of the cyclopropyl group in the ozone insertion 

into this particular carbon-hydrogen bond and the initially 
formed secondary hydrotrioxide can then be decomposed into 
either the corresponding ketone or alcohol (16). It is noted 
here that oxidation of cyclopropyl methylene to cyclopropyl 
ketone can be effectively accomplished by other oxidizing 
reagents (17). The regioselective oxidation of homothujone 
derivatives at the methylene group by other reagents may find 
applications in a way complementary to the ozonation of thu- 
jone derivatives. 

Conclusion 

In summary, we have initiated studies on a new strategy to 
develop thujone as a chiral building block, in the context of 
synthesizing cyclohexane-containing natural products. Regio- 
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Kutney et al. 

selective ring expansion of thujone was accomplished effi- 
ciently to furnish homothujone and the latter was further elab- 
orated stereoselectively into more complex derivatives. Some 
novel chemistry of homothujone derivatives such as the orga- 
noborane-mediated cyclopropane ring opening and the 
unusual mode of ozonation is starting to demonstrate a depar- 
ture from that of thujone derivatives retaining the bicy- 
clo[3.l .O]hexane moiety. Such chemical novelty also presents 
new opportunities to explore efficiently the utility of thujone as 
a chiral building block and merits further research in the future. 

Experimental 

Homothujone experimental 
Commercially available solvents were used for chromatogra- 
phy without further purification. Petroleum ether refers to the 
fraction boiling in the range of 30-60°C. Anhydrous diethyl 
ether and tetrahydrofuran were prepared by distillation from a 
mixture containing sodium and benzophenone. Anhydrous n- 
pentane was prepared by distillation from phosphorus pentox- 
ide. Anhydrous ethanol was distilled from magnesium. Thu- 
jone was distilled from Western red cedar leaf oil, which was 
generously donated by Intrinsic Research and Development 
Incorporated. 

Unless stated otherwise, all reactions were carried out under 
a positive pressure of anhydrous nitrogen. Unless otherwise 
stated, all reaction products were purified by "flash chroma- 
tography" using silica gel (230400 mesh) supplied by E. 
Merck Co. with air pressure to obtain a suitable flow. 

Melting points were measured using a Kofler block melting 
point apparatus and are uncorrected. Optical rotations were 
recorded on a Perkin-Elmer 141 automatic polarimeter in 
chloroform solution using a quartz cell of 10 cm path length 
with the concentration (in gI100 mL) given in parentheses. 
The ultraviolet spectra were recorded on Cary 15 or Perkin- 
Elmer Lambda 4B UVIVIS spectrometers using quartz cells of 
1 cm path length. The infrared spectra were recorded on Per- 
kin-Elmer 710, 710B, and 1710 spectrometers in chloroform 
solution using NaCl cells of 0.1 mm path length or as thin film 
using NaCl plates. The 'H NMR spectra were obtained from 
Bruker WH-400 or Varian XL-300 spectrometers with deute- 
riochloroform as solvent and the chemical shifts are reported 
in the delta (6) scale in ppm relative to tetramethylsilane. 13C 
spectra were taken on Varian XL-300 spectrometers and 
chemical shifts are reported in the delta (6) scale in ppm rela- 
tive to tetramethylsilane. The low- and high-resolution mass 
sDectra were recorded on AEI-MS-9 and KRATOS-MS-50 
spectrometers, respectively, using the electron impact ioniza- 
tion method, while the chemical ionization mass spectra were 
recorded on a Delsi Nermag R10-1 OC spectrometer using 
ammonia as carrier gas. Elemental analyses were performed 
by Mr. P. Borda, Microanalytical Laboratory, University of 
British Columbia. 

[I R-(1~~,20L/P,6~~)]-4-Ethoxycarbonyl-2-methyl-6-(1- 
methylethyl)bicyclo[4.l.O]heptan-3-one (13, the ketoester 
form) and [lR-(l~~,20L/P,6~~)]-4-ethoxycarbonyl-2- 
methyl-6-(l-methylethyl)bicyclo[4.l.O]hept-3-ene-3-ol 
(13, the enolester form) 

To a cooled solution (0°C) of thujone (1) (3.04 g, 20.0 mmol) 
and boron trifluoride etherate (4.26 g, 30.0 mmol) in anhy- 

drous diethyl ether (25.0 mL), ethyl diazoacetate (3.42 g, 
30.0 mmol) in anhydrous diethyl ether (5.0 mL) was added 
dropwise over a period of 30 min. The resulting solution was 
stirred under nitrogen at room temperature overnight, made 
basic with saturated aqueous sodium carbonate solution, and 
extracted with diethyl ether. The diethyl ether solution was 
washed with brine, dried over magnesium sulfate, and con- 
centrated in vacuo. Column chromatography of the crude 
product with ethyl acetate:hexanes (1:30, vlv) produced P- 
ketoester 13  in 70% yield (3.34 g). The physical properties 
of 13  are as follows: UV (MeOH, c = 20.4 mgL) A,,,.: 258 
nm (log E = 3.980); IR (film) v,,,.: 3370 (0-H stretching), 
1655 (C=O stretching), 16 15 (C=C stretching) cm-' ; 
'H NMR (400 MHz, CDCI,) 6: 0.30 (lH, dd, J = 4.4 and 8.8 
Hz), 0.39 (lH, t, J = 4.4 Hz), 0.68 (lH, dd, J = 4.4 and 8.8 
Hz), 0.98 (6H, two overlapped doublets, J = 5.6 and 4.4 Hz), 
1.03 (IH, m), 1.24 (3H, d, J = 7.2 Hz), 1.31 (3H, t, J = 6.8 
Hz), 2.25-2.57 (2H, AB type, J =  16 Hz), 2.64 (lH, q,  J =  7.2 
Hz), 4.21 (2H, m), 12.24 (lH, s); MS m/z (relative intensity): 
238 (M', 35.0%), 192 (79.7%), 177 (66.4%), 149 (100.0%); 
high-resolution EIMS calcd. for C14H2203: 238.1569; found: 
238.1570. 

[lR-(la,20L/P,6a)]-2-Methyl-6-(l-methylethyl)bicyclo- 
[4.1.O]heptan-3-one (4) 

To ketoester 13  (2.70 g, 1 1.3 mmol) in DMSO (20.0 ml) was 
added sodium chloride (1.20 g, 20.9 mmol) and water (1.0 
mL). The resulting mixture was refluxed at 140°C for 4 h, 
cooled down, diluted with water (40 mL), and extracted with 
diethyl ether (3 x 25 mL). The ether solution was dried over 
magnesium sulfate and concentrated in vacuo to give a crude 
product that was chromatographed with ethyl acetate:hexanes 
(1 :8, v/v). Homothujone 4 was obtained in 96% yield (1.80 g). 
The physical properties of 4 are as follows: IR(fi1m) v,,,,: 
3060, 1700 cm-'; 'H NMR (400 MHz, CDCl?) 6: 0.50 (2H, 
m), 0.72 (lH, m), 0.95 (3H, d, J =  6.4 Hz), 0.98 (3H, d, J =  6.4 
Hz), 1.06 (lH, m), 1.22 (3H, d, J =  8.0 Hz), 1.84 (lH, m), 2.10 
(2H, m), 2.35 ( lH,  m), 2.47 ( lH,  m); EIMS m/z  (relative inten- 
sity): 166 (M', 18.3%), 123 (29.7%), 109 (58.0%), 96 
(9 1.2%), 4 1 (100.0%); high-resolution EIMS, calcd. for 
CllHl,O: 166.1358; found: 166.1360. 

[laR-(law 7a~,7ba)]-l,la,2,3,6,7,7a,7b-Octahydro-4,7a- 
dimethyl-la-(1 -methylethyl)-5H-cyclopropa[a]- 
naphthalen-5-one (5) 

Homothujone 4 (341 mg, 2.05 mmol) was mixed with l-dieth- 
ylamino-3-pentanone-iodomethane salt (675 mg, 2.26 mmol) 
in anhydrous ethanol (20.0 mL) under an atmosphere of nitro- 
gen. After the addition of potassium hydroxide (184 mg, 
-80% pure, 2.57 mmol), the reaction mixture was heated to 
reflux for 1 h, cooled down, and diluted with water (30 mL). 
Petroleum ether (2 x 20 mL) was used to extract the above 
aqueous mixture. Concentration of the combined petroleum 
ether solution in vacuo furnished an oil, which was chromato- 
graphed to provide 5 in 70% yield (332 mg). The physical 
properties of 5 are as follows: [a]': = 1.94 x 10' (c 1.00, 
CHCl,); UV (MeOH, c 20.0 mgL) A,,,,: 250 nm ((log E = 
4.133); IR (film) v,,,.: 3060, 1660, 1620 cm-'; 'H NMR (400 
MHz, CDC1,) d: 0.30 (lH, dd, J = 4.8 and 9.6 Hz), 0.50 (lH, 
dd, J = 4 . 8  and9.6 HzJ0.66 (lH, t, J = 4 . 8  Hz),0.90 (3H,d, 
J = 7.2 Hz), 0.93 (3H, d, J = 7.2 Hz), 1.01 ( lH,  m), 1.16 (3H, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74. 1996 

s), 1.58 (2H, m), 1.74 (3H, s), 1.82 (lH, m), 1.93 (lH, m), 2.12 
(lH, dt, J = 5.2 and 14.0 Hz), 2.35-2.70 (3H, m); EIMS tn/z 
(relative intensity): 232 (M+, 57.2%), 217 (18.3%), 189 
(60.1 %), 16 1 (1 00.0%); high-resolution EIMS, calcd. for 
C16H240: 232.1827; found: 232.2819. Anal. calcd. for 
C,,H,,O: C 82.70, H 10.41; found: 82.58, H 10.44. 

Method A: Ammonia was distilled from sodium to a flask 
charged with enone 5 (419 mg, 1.81 mmol) under nitrogen. 
Pieces of lithium metal (1 3.8 mg, 1.99 minol, 1.1 equiv.) were 
added and the resulting dark purple solution was stirred at 
-33°C for 1 h before iodomethane (1.3 mL) and anhydrous 
diethyl ether (5.0 mL) were introduced. The Dry Ice - acetone 
condenser was removed to allow ammonia to evaporate. The 
reaction mixture was stirred overnight and transferred to a sep- 
aratory funnel containing water (15 mL) and ether (20 mL). 
The ether layer was separated, washed with brine (10 mL), and 
dried over magnesium sulfate. Evaporation of diethyl ether in 
vacuo resulted in a yellowish oil, which was chromatographed 
first with ethyl acetate:hexanes (1: 15, vlv) and then benzene to 
furnish ketone 6 in 15% yield (63 mg). 

Method B: Ammonia (-20 mL) was distilled from sodium to a 
solution of enone 5 (1.10 g, 4.74 mmol) in anhydrous ether (10 
mL) under nitrogen. Lithium (35 mg, 4.98 mmol, 1.05 equiv.) 
was added. The dark purple mixture was stirred for 1.5 h at 
-33°C before freshly distilled trimethylsilyl chloride (1.20 
mL, 2.0 equiv.) was injected. The resulting yellowish solution 
was warmed to room temperature and stirred for 1 h. Evapora- 
tion of ammonia and ether gave a yellowish crude oil. Anhy- 
drous ether (10.0 mL) was introduced to the above crude 
product. Half of the solution (-5.0 mL) thus prepared was 
transferred to a new dry flask. Zincxopper couple (powder, 
314 mg) and distilled diiodomethane (0.80 mL) were added 
and the greyish mixture was refluxed overnight. Filtration 
through a layer of Celite afforded an ether solution, which was 
condensed to a colorless oil. This oil was then dissolved in 
methanol (10 mL). After introduction of potassium hydroxide 
(100 mg, -80% pure, 1.78 mmol), the solution was refluxed 
1 h and cooled down. Evaporation of solvent in vacuo and 
repeated column chromatography with ethyl acetate:hexanes 
(1:8, vlv) yielded 6 in 45% (262 mg). 

The physical properties of 6 are as follows: [a]': -8.3 
(c 0.42, CHC1,); IR (film) v,,,,,: 1703 (C=O stretching) cm-'; 
'H NMR (400 MHz, CDCI,) 6: 0.08 (lH, m), 0.35 (2H, m), 
0.70-1.55 {20H, including 0.85 (6H, t, J = 2.4 Hz), 1.04 (3H, 
s), 1.21 (3H, s), 1.22 (3H, s)}, 1.70(1H, m), 1.85 ( lH,  m), 2.30 
(2H, m), 2.62 (lH, m); EIMS d z  (relative intensity): 248 (M', 
18.6%), 230 (12.0%), 205 (27.2%), 41 (100.0%); high-resolu- 
tion EIMS, calcd. for C 19H2,0: 248.2 140; found: 248.2 135. 

Method A: Ammonia (5 mL) was distilled froin sodium to a 
flask containing 5 (15 1 mg, 0.500 mmol) in anhydrous ether 
(3.0 mL) under an atmosphere of nitrogen. While the flask was 
kept at -33OC, small pieces of lithium were added slowly for 

about 1 h until a blue color persisted. After further stirring for 
30 min, ammonium chloride was added to destroy excess lith- 
ium and ammonia was evaporated during warming up to room 
temperature. Concentration of the reaction mixture gave an oil 
which was chromatographed with ethyl acetate:hexanes (1:8, 
VIV) to give a mixture of 20 and 21 (124 ing, 82%) at a ratio of 
4.3: 1 as indicated by gas chromatography. 

Method B: The solution of enone 5 (368 mg, 1.59 mmol) in 
ethanol (15.9 mL) was mixed with 10% palladium -charcoal 
catalyst (85 mg). The mixture was charged with 1 atm (101.3 
kPa) hydrogen at room temperature and stirred for 2 h. Filtra- 
tion through a layer of Celite gave a colorless solution, which 
was then concentrated in vacuo. A mixture of 20 and 21 at a 
ratio 6: 1 as shown from GC was thus obtained (350 mg, 95% 
yield). 

The physical properties of 20 are as follows: 1R (film) v,,,,,: 
1705 (C=O stretching) cm-I; 'H NMR (400 MHz, CDCl,) 6: 
0.09(lH,t,J=5.2Hz),0.40(2H,m),0.85 (3H,d,J=6.0Hz),  
0.88(3H,d,  J=6 .0Hz) ,0 .93  (3H, J = 8 . 0 H z ) ,  1.45 (3H, s), 
1.73 (IH, m), 1.87 ( lH,  m), 2.24 (2H, m), 2.50 ( lH,  m) 2.89 
(lH, m); EIMS m/z (relative intensity): 234 (M', 30.6%), 219 
(16.3%), 191 (20.2%), 41 (100.0%); high-resolution EIMS, 
calcd. for C16H260: 234.1984; found: 234.1980. 

[Ins-(la,7ap, 70a)I-l,la,2,4,6,7,7a, 7b-Octahydro-4,4,7a- 
tritnethyl-la-(1 -methylethyl)-5H-cyclopropa[a]- 
tlaphthaletz-5-otze (23) 

To the solution of enone 5 (109 mg, 0.470 mmol) in anhydrous 
DMSO (5.0 mL) was added sodium methoxide (55 mg, 1.0 
mmol, 2.1 equiv.) under nitrogen. After the mixture was 
stirred for 5 h, iodomethane ( 100 mL, 1.61 mmol, 4.0 equiv.) 
was injected. Stirring continued for another 3 h. The reaction 
mixture was poured into a funnel containing 20 mL water. The 
aqueous mixture was extracted with hexanes (2 x 15 mL). 
After drying over magnesium sulfate, evaporation of solvent 
in vacuo, and chromatography with ethyl acetate:hexanes 
(1:8, vlv), ketone 23 was obtained (62 mg, 60% yield based on 
10% recovery of starting material). The physical properties of 
23 are as follows: IR (film) v,,,,; 1700 cm-'; 'H NMR (400 
MHz,CDCl,)S: 0.20(1H, t, J=4.0Hz) ,0 .39 (lH, dd, J = 4 . 0  
and 10.0 HZ), 0.58 (IH, dd, J = 4.0 and 10.0 Hz), 0.80-1.40 
{16H,m,including0.94(6H,d,J=6.0Hz),  1.01 (3H,s), 1.18 
(3H, s), 1.20 (3H, s ) ) ,  1.84 (lH, m), 1.98 (lH, m), 2.14-2.35 
(2H, m), 2.38-2.65 (2H, m), 5.4 1 (1 H, t, J = 4.0 Hz); EIMS 
tn/z (relative intensity): 246 (M', 36.4%), 23 1 (42.1 %), 2 18 
(5.9%), 203 (50.2%), 105 (100.0%); high-resolution EIMS, 
calcd. for C17H260: 246.1984; found: 246.1988. 

[laS-(la,7ap,70a)]-la,2,4,5,6,7,7a,7b-Octahydr.o-4,4,7a- 
trimethyl-la-(1 -tnetlzylethyl)-1 H-cj~clopropa[a]- 
tlaphthalene (24) 

To the mixture of ketone 23 (500 mg, 2.03 mmol) in diethyl- 
ene glycol (10 mL) was added potassium hydroxide (422 ing, 
-80% pure, 6.02 mmol) and hydrazine hydrate (300 mL, 6.18 
mmol) under nitrogen. After refluxing at 100-150°C for 1 h, 
water and excess hydrazine hydrate were distilled away 
through a Dean-Stark trap until the temperature reached 
250°C. Further refluxing at 200°C continued for 4 h. The reac- 
tion mixture was then cooled to room temperature and and 
diluted with water (20 mL). The aqueous mixture was 
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Kutney et al. 

extracted with petroleum ether (3 x 10 mL). Evaporation of 
solvent in vacuo and column chromatograghy with petroleum 
ether afforded 24 (3 16 mg, 67%). The physical properties of 
24 are as follows: IR (film) u,,,,,: 3050 (C-H stretching) cm-I; 
'H NMR (400 MHz, CDCl,) 6: 0.15 (lH, m), 0.40 (2H, m), 
0.87 (6H, d, J = 6.0 Hz), 1.05 (3H, s), 1.09 (3H, s), 1.16 (3H, 
S), 5.30 (lH, t, J = 4.0 H); EIMS mlz (relative intensity): 232 
(M', 53.4%), 217 (39.3%), 204 (6.7%), 189 (62.1%), 105 
(100.0%); high-resolution EIMS, calcd. for C17H,,: 232.219 1 ; 
found: 232.2196. 

[I S-(I a,2~,3a,4aa,8aa)]-Decalzydro-3-11ydroxy -5,5,8a-tri- 
methyl-2-(I -tnetlzylethyl)na~~hthale1ze1~1etlzanol(25) and 
[laS-(la,3P,3ap, 7ap,7ba)]-decal?ydro-4,4,7n-trimetlzyl- 
la- ( I  -methyletlzyl)-3H-cyclopropa[a]1zaphthalet-3-o1(26) 

To the solution of 24 (I 00 mg, 0.43 mmol) in THF (5.0 mL) at 
0°C under nitrogen was added borane (0.35 M in THF, 1.0 
mL) in a dropwise manner. The resulting mixture was stirred 
for 5 h at room temperature and cooled to 0°C again. Aqueous 
sodium hydroxide solution (3.0 M, 1.0 mL) and hydrogen per- 
oxide solution (aq., 30%, 1.0 mL) were added slowly. The 
resulting two-phase mixture was warmed to room tempera- 
ture, stirred for 2 h, and saturated with sodium chloride. The 
THF layer was separated and the aqueous layer was extracted 
with ether (5 mL). The organic layers were combined and con- 
centrated in vacuo. Column chromatography of the crude 
product with ethyl acetate:hexanes (first 1:s and then 3:7, vlv) 
generated 25 (45 mg, 39%) and 26 (3 1 mg, 29%). The physical 
properties of 25 are as follows: mp = 136-138°C; [a]': +23 (c 
0.84, CHCI,); IR (film) u,,,,, : 3500 (0-H stretching) cm-I; 'H  
NMR (400 MHz, CDC1,) 6: 0.90-1.80 {26H, 0.96806 (3H, s), 
0.98 (3H, s), 1.00 (3H, s), 1.01 (3H, d, J =  7.0), 1.15 (3H, d, J 
= 7.0)], 1.97 (2H, m), 2.18 ( lH,  m), 3.72 (2H, m), 4.04 ( lH,  
m); EIMS m/z (relative intensity): 250 (M' - H,O, 1.2%), 235 
(3.1%), 232 (1.7%), 123 (100%). High-resolution EIMS, 
calcd. for CI7H3,O2: 268.2402; found: 268.2215; chemical 
ionization MS (using NH, as carrier gas) ndz: 286 (M + NH,'), 
269 (M + H'). Anal. calcd. for C17H3202: C 76.06, H 12.02; 
found: C 76.26, H 12.02. The physical properties of 26 are as 
follows: [a]': + 13 (c 0.50, CHCI,); IR (film) u,,,, : 3400 (0 -H 
stretching), 3060 (cyclopropane C-H stretching) cm-I; I H  

NMR (400 MHz, CDC1,) 6: 0.14 ( lH,  dd, J = 4.4 and 8.8 Hz), 
0.45 (lH,dd, J = 4 . 4  and8.8 Hz), 0.64 ( lH,  t, J=4.4Hz),0.85 
(3H, d, J=6.0Hz) ,0 .90(3H,d,  J=6.0Hz) ,0 .98 (3H, s), 1.10 
(3H, s), 1.16(3H, s),2.14(1H,dd, J = 7 . 5  and 15.0),3.87 ( lH,  
m); EIMS m/z (relative intensity): 250 (M', 2.1%), 232 
(10.5%), 217 (12.8%), 207 (10.6%), 109 (100.0%); high-reso- 
lution EIMS, calcd. for C17H3,0: 250.2297; found: 250.2307. 

[I US-(I a ,3ap ,  7ap,7ba)]-Decnhydro-4,4,7a-tritnethyl-la-(l- 
~nethyletlzyl)-3H-cyclopro~~a[a]~znpktlale1-3-otze (27) 

To the solution of alcohol 26 (20 mg, 0.080 minol) in acetone 
(2.5 mL) was added Jones reagent (12 M CrOl in concentrated 
sulfuric acid) in a dropwise manner until the mixture changed 
to a steady orange color. Water (10 mL) was added and the 
aqueous mixture was extracted with hexanes (2 x 5 mL). 
Evaporation of solvent in vacuo and column chromatography 
with ethyl acetate:hexanes (1:8, vlv) afforded 27 (16 mg, 
80%). The physical properties of 27 are as follows: IR (film) 
urn,, : 1700 cm-I; 'H NMR (400 MHz, C6Dh) 6: 0.18 (2H, m), 
0.53 ( lH,  m), 0.65 (3H, d, J = 7.2 Hz), 0.90 (3H, d, J = 7.2 

Hz), 0.97 (3H, s), 1.01 (3H, s), 1.19 (3H, s), 2.29 (2H, AB 
type, J = 16.0 Hz). EIMS m/z (relative intensity): 248 (M', 
10.6 %), 233 (2.8%), 205 (5.2%), 177 (9.6%), 109 (100.0%); 
high-resolution EIMS, calcd. for C17H280: 248.2140; found: 
248.2138. 

[IaR-(la,  7~1p,7ba)]-la,2,3,3a,6,7,7a,7b-Octahydro- 
4,7a-dimethyl-1 a-(I -methylethyl)-5-methoxyl-1 H- 
cyclopropra[a]rzapI~tI~alerze (22) 

Ketone 20121 (6: I, 200 mg, 0.855 mmol), obtained from pal- 
ladium~harcoal catalyzed hydrogenation of 5, was treated 
with sodium hydride (70 mg, 2.0 equiv., 60% in mineral oil) in 
anhydrous DMSO (5.0 mL) under nitrogen at room tempera- 
ture for 1 h. Freshly distilled iodomethane (106 mL, 1.71 
mmol, 2.0 equiv.) was added rapidly and the resulting mixture 
was stirred for another hour. The reaction mixture was then 
poured into water (20 mL) and the aqueous mixture was 
extracted with hexanes (2 x 15 mL). Evaporation of hexanes in 
vacuo and column chromatography with ethyl acetate:hexanes 
(1:8, vlv) gave 22 (91 mg, 54% based on recovery of starting 
material) and starting material 20121 (42 mg). The physical 
properties of 22 are as follows: IR (film) urn,, : 3050, 1680 
(C=C stretching) cm-I; ' H  NMR (400 MHz, CDCl,) 6: 0.08 
(lH, m), 0.30 (2H, m), 0.70-1.70 {(22H, m,680 including 0.87 
(6H, t, J = 6.0 Hz), 0.95 (3H, s), 1.60 (3H, s)], 3.47 (3H, s); 
EIMS tn/z (relative intensity): 248 (M', 40.2%), 233 (8.4%), 
216 (2.9%), 137 (90.2%), 41 (100.0%); high-resolution EIMS, 
calcd. for C17H,,0: 248.2140; found: 248.2137. 

[I aR-(I a, 7ap,7ba)]-Decadydro-4,4,7a-trinzethyl-Ia-(l- 
111etlzylethy1)-I H-cyclopropa[a]ncrphthalene (7) 

Ketone 6 (250 mg, 1.01 mmol) in diethylene glycol (20 mL) 
was treated with potassium hydroxide (370 mg, 5.28 mmol) 
and hydrazine monohydrate (270 mL, 5.56 mmol). The mix- 
ture was heated at 100-150°C for 1.5 h under nitrogen. The 
temperature was then gradually raised to 220°C to distill off 
water and excess hydrazine over a period of 1.5 h. Refluxing 
continued at 210°C for 4 h. The mixture was cooled down, 
diluted with water, and extracted with petroleum ether (3 x 20 
mL). Evaporation of the solvent in vacuo gave a brown oil, 
which was chromatographed with petroleum ether through a 
short column to yield 7 as a colorless oil (175 mg, 75%). The 
physical properties of 7 are as follows: IR (film) urn,,,: 3050 
(cyclopropane C-H stretching) cm-I; 'H NMR (400 MHz, 
CDCI,) d: 0.07 ( lH,  m), 0.40 (2H, m), 0.84 (6H, t, J =  3.0 Hz), 
1.10 (3H, s), 1.20 (3H, s), 1.22 (3H, s); EIMS m/z (relative 
intensity): 234 (M', 2.7%), 219 (4.5%), 191 (11.0%), 43 
(100.0%); high-resolution EIMS, calcd. for C17H,: 234.2348; 
found: 234.2358. 

[ laS-(la,  7aP, 7ba)I-I, la,3,3a,4,5,6,7,7a, 7b-Decahydr-o- 
4,4,7a-tri~nethyl-1 a-(I  -methylethyl)-2H-cyclopropm[a]- 
naphthalen-2-one (30) and [laS-(la,7aP, 7ba)l- 
l , la,3,3~,4,5,6,7,7a,  7b-decahydro-4,4,7a-trimethyl-1 a-(1 - 
r1zethylethyl)-2H-cyclopropr~[a]tzaphthilen-2-o1(31) 

A stream of ozone-oxygen gas was passed through the solu- 
tion of 7 (200 ing, 0.855 mmol) in ethyl acetate (10.0 mL) at 
-40°C for 7 h. Oxygen was passed through the solution for 15 
inin to remove the residual ozone in the solution. The reaction 
mixture was then treated with dimethyl sulfide (0.5 mL), and 
extracted with water (10 mL), and with 10% aqueous sodium 
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bicarbonate solution (10 mL). Removal of solvent in vacuo 
and chromatography of the crude product with ethyl ace- 
tate:hexanes (2:8, vlv) provided ketone 30 (74 mg, 35%) and 
alcohol 31 (10 mg, 5%). The physical properties of 30 are as 
follows: IR (film) v,,,,: 1665 (C=O stretching) cm-I; 
'H NMR (400 MHz, CDCl,) 6: 0.75-1.35 (23H, m, including 
0.78 (3H, s), 0.84 (3H, d, J =  6.6 Hz), 0.97 (3H, d, J =  6.6 Hz), 
1.11 (3H, s), 1.30 (3H, s)}, 1.47 (lH, m), 1.63 (lH, m), 1.84 
(lH, septet, J  = 6.6 Hz), 2.00-2.30 (2H, m); MS m/z (relative 
intensity): 248 (M+, 18.4%), 233 (15.2%), 205 (23.2%), 177 
(42.3%), 41 (100.0%); high-resolution EIMS, calcd. for 
C,,H,,O: 248.2140; found: 248.2135. The physical properties 
of 31 are as follows: IR (film) v,,,.: 3405 (0-H stretching) 
cm-'; 'H NMR (400 MHz, CDC1,) 6: 0.13 (lH, m), 0.45 (2H, 
m), 0.86 (3H, s), 0.89 (3H, d, J =  6.0 Hz), 0.98 (3H, d, J  = 6.0 
Hz), 1.10 (3H, s), 1.20 (3H, s), 4.16 (lH, m); EIMS m/z (rela- 
tive intensity): 250 (M+, 0.8%), 232 (5.3%), 217 (4.5%), 43 
(100.0%); high-resolution EIMS, calcd. for C17H300: 
250.2297; found: 250.230 1. 
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Self-assembly of short and long-chain n-alkyl 
thiols onto gold surfaces: A real-time study 
using surface plasmon resonance techniques 

Reno F. DeBono, Glenn D. Loucks, Deborah Della Manna, and Ulrich J. Krull 

Abstract: Gold surfaces coated with monolayers of alkyl thiols are significant in the field of biosensors and chromatography. 
There is a general concern about the quality of coatings in terms of surface density and voids. The self-assembly of the short- 
chain hexane (C6) thiol and long-chain dodecane (C12) and hexadecane (CI6) thiols to polycrystalline gold surfaces has been 
investigated in situ and in real time using surface plasmon resonance (SPR) spectroscopy and surface plasmon microscopy 
(SPM). The self-assembly was followed based on observed changes in reflectivity at a fixed angle of incidence as a function of 
time. Our results indicate that the data for hexane, dodecane, and hexadecane thiol adsorption to gold surfaces were best fit by a 
two-step process rather than a one-step process. The mechanism may involve fast adsorption to the surface to give 80% (CI2, CI6) 
or 50% (C6) coverage followed by a slow ( 100-fold slower) "rearrangement" of the adsorbed thiol. SPM shows these surfaces to 
be smooth and homogenous at a 4 p m  scale. An understanding of the process of rearrangement could lead to control of the 
quality of coatings for analytical applications. 

Key words: surface plasmon, alkyl thiols, gold, monolayer, kinetics, ellipsometry, microscopy. 

RCsumC : Les surfaces d'or enduites de monocouches d'alkylthiols prksentent de I'intkrkt dans le domaine des biosenseurs et de 
la chromatographie. I1 existe une crainte gtnkraliske au sujet de la qualitt des enduits en termes de densitt et de manques a la 
surface. Faisant appel h la spectroscopie de rtsonance des plasmons de surface (RPS) et de la microscopie des plasmons de 
surface (MPS), on a t tudit  in situ et en temps reel l'autoassemblage de chaines courtes (hexane, C6) et longues (dodtcane, C,,, 
et hexadtcane, CI6) de thiols a des surfaces d'or. On a suivi I'autoassemblage en se basant sur les changements observts dans la 
rtflectivitt, h un angle d'incidence fixe, en fonction du temps. Nos rtsultats indiquent que le meilleur ajustement des donntes 
pour les hexane-, dodtcane- et hexadkcane-thiols correspond a un processus en deux Ctapes plutBt qu'un processus en une ttape. 
11 est possible que le mecanisme implique une adsorption rapide 2 la surface, conduisant B une couverture de 80% (C,, ou CI6)  ou 
de 50% (C6), qui serait suivie par un <~rCarrangementn lent (au moins 100 fois plus lent) du thiol adsorbt. La MPS montre que, B 
une tchelle de 4 pm, ces surfaces sont lisses et homogknes. Une comprthension du processus de rtarrangement pourrait 
conduire a une possibilitt de contrBle de la qualitt des enduits pour des applications analytiques. 

Mots c l b  : plasmons de surface, alkylthiols, or, monocouches, cinttique, ellipsomttrie, microscopie. 

[Traduit par la redaction] 

Introduction 

The development of thin films that provide selective partition- 
ing regions for chemical and biochemical sensors and for chro- 
matographic purposes has led to a significant amount of work 
into adsorption, chemisorption, and covalent deposition of 
small molecules, proteins, polymers, and inorganic layers onto 
solid surfaces (1-6). The organization of organic molecules 
into monolayer films through self-assembly provides a facile 
method of preparing surfaces with a well-defined composi- 
tion, structure, and thickness, and permits the control of chem- 
ical and physical properties of the surface. One type of film 
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that exhibits these properties is obtained from the adsorption 
of n-alkyl organosulfur compounds to gold surfaces (7). The 
self-assembly process is driven through the formation of 
chemisorptive bonds between the thiol and the gold surface, 
increased van der Waals interaction between the alkyl chains, 
and increased entropy of the system as a result of removal of 
the solvation layer around the thiol molecules (40-45 kcall 
mol). When a gold surface is exposed to alkyl thiol solutions 
an ordered alkyl thiol monolayer forms at the gold surface (8- 
11). Properties of the deposited film can be modified by vary- 
ing the length of the hydrocarbon chain and by attachment of 
different functional groups at the opposite end of the alkyl 
thiol. Incorporation of functional groups allows the control of 
the chemical and physical properties at the external surface of 
the self-assembled membrane. Alkyl thiols with over 10 car- 
bons in the alkyl chain form a densely packed crystalline-like 
monolayer assembly with an extended all-trans alkyl chain 
tilted 20-30" to the surface normal (12). 

Investigations of the kinetics of formation of alkyl thiol 
monolayers on gold have been reported in the literature (7-10) 
based on analysis by ellipsometry, contact angle measure- 
ments, infrared spectroscopy, X-ray photoelectron spectros- 
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Fig. 1. (a) Arrangement for optical excitation of surface plasmons; 
(b) reflected intensity versus angle of incidence for surface plasmon 
resonance curve. 

( a  

prism (nl) 

' evanescent 
outer medium (no) field 

copy, and near-edge X-ray absorption fine structure 
(NEXAFS). These techniques provide an indication of adsorp- 
tion kinetics based on the analysis of a series of different 
samples at different times during the adsorption process. Little 
information about real-time in situ adsorption has appeared. 
One approach has been to use a quartz crystal microbalance 
(QCM). For example, a QCM has been used to directly 
observe the adsorption/desorption from MeCN and DMF of 
several long-chain alkyl thiols on gold electrodes (1 1). 

The optical techniques of surface plasmon resonance (SPR) 
spectroscopy and microscopy (SPM) can be used for the phys- 
ical characterization and real-time observation of dynamic 
events in situ at an organic film located in close proximity to a 
metal surface. An understanding of the self-assembly process 
will lead to an improved capability for the design of chemi- 
cally selective surfaces. This work reports a study of self- 
assembly of hexane, dodecane, and hexadecane thiols from 
95% ethanol onto gold surfaces in situ, under static and 
dynamic solution flow conditions, using SPR and SPM. 

Surface plasmon spectroscopy and microscopy 
Figure l a  shows a prism of refractive index 1 2 ,  coated with a 
thin metal layer with a complex refractive index n,, in contact 
with a medium of refractive index n, < 1 2 , .  Parallel polarized 
light of wavelength A passes through the prism at an angle of 
incidence greater than the critical angle (which is defined by 
the prism and the outer medium) and reflects at the metal- 
prism boundary. A reflectivity curve (SPR curve) is produced 
(Fig. lb) when the angle of incidence is varied while monitor- 
ing the reflected intensity. If the metal layer is sufficiently thin 
(<lo0 nm) then the reflectivity curve will exhibit a minimum 

at an angle Om,,. This minimum arises as a result of resonant 
excitation involving the collective motion of conduction band 
electrons (surface plasmons), with a coherence length of LC on 
the order of 10 p m  for gold. Associated with this oscillating 
charge density wave is a strong evanescent wave with a pene- 
tration depth (d,) into the outer contacting medium (n,) of 
approximately 300 nm for A = 632.8 nm. If an organic film of 
refractive index nf is placed between the metal and the outer 
medium the reflectivity curve will be modified owing to its 
strong dependence on the environment near the metal surface. 
If n, > n,, then Maxwell's equations indicate that the SPR 
curve wili shift to a larger angle of incidence as the thickness 
of the film (Tf) increases, and the angle of incidence becomes 
constant when Tf > dp. 

The surface plasmon resonance condition is determined by 
the spatial average of the thickness and refractive index of the 
organic film as sampled over the coherence length (LC) near 
the metal surface. Differences in the profile of the film over 
distances greater than LC will be detected as spatially resolved 
differences in reflected intensity at a fixed angle of incidence 
and these form the basis of surface plasmon microscopy (13, 
14). These differences in intensity provide optical contrast to 
image regions of different optical mass (refractive index, 
thickness). Further details concerning the theory of surface 
plasmon resonance can be found in reviews by Raether (15, 
16). 

Experimental 

Chemicals 
Absolute alcohol of pharmaceutical grade was obtained from 
Consolidated Alcohols (Toronto, Ont.). 95% (vlv) Ethanol 
was prepared by adding distilled water. All distilled water was 
obtained using a Milli-Q five-stage cartridge purification sys- 
tem (Millipore, Mississauga, Ont.) and was degassed before 
use. Diethyl disulfide, 1 -hexane thiol, 1-dodecane thiol, and 1- 
hexadecane thiol were obtained from Aldrich Chemicals (Mil- 
waukee, Wis.) and used as obtained. Stock solutions of 500 
pM hexane, hexadecane, and dodecane thiols were prepared 
with 95% ethanol. Gold metal (99.99% purity) was obtained 
from DEAK International. Chromium rods were obtained 
from R.D. Mathis Co., Long Beach, Calif. Premium Quality 
glass wafers were supplied by Fisher Scientific (Pittsburgh, 
Pa.). 

Equipment 
Absorption measurements were done using an HP 8452A 
diode array spectrophotometer (Hewlett-Packard Company, 
Palo Alto, Calif.). Ellipsometry was done with an Auto-EL I1 
nulling ellipsometer (Rudolph Research Corporation, 
Flanders, N.J.) with a 1 mW continuous wave helium-neon 
laser (632.8 nm) at a fixed angle of incidence of 70.00". Ellip- 
sometric data were analysed using a "Film 85" software pack- 
age based on the McCrackin program (17) version 3.0, 
program 70 to determine the refractive index of the substrate 
and program 13 to determine the thickness of the alkyl thiol 
films. 

Preparation of silver and gold-coated wafers was done 
using a Key High Vacuum Products model KV-301 metal 
vapour deposition instrument (Nesconset, N.Y .) operating at a 
maximum pressure of 8 pTorr (1 Torr = 133.3 Pa). Substrates 
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Fig. 2. Surface plasmon spectrometer and microscope. 

Photomultiplier Tube 

Attenuation fdters 
(Att = 6.25 x lU5 %) 

Collimator 

to be coated were positioned 25 cm from a resistively heated 
molybdenum boat. Thickness and rate of deposition were 
monitored using a 5 MHz piezoelectric crystal mass balance. 
Refractive index measurements were done using an AbbC 
refractometer that was maintained at constant temperature 
using a water bath. Static contact angle (wettability) estimates 
were done by imaging a 10 KL drop of distilled water with a 
monocular microscope that contained a reticule protractor. 

Surface plasmotz spectroplzototneter and microscope 
The experimental apparatus used for SPR is shown in Fig. 2. 
Angular control was achieved by the use of a goniometer from 
a Rudolph Research ellipsometer. This permitted the angle of 
incidence to be varied with a precision of 0.005". The optical 
source was a 2 mW linearly polarized helium-neon (He-Ne) 
laser (Spectra Physics, Hughes), which emitted at 632.8 nm 
with a beam diameter of 2 mm, a divergence of 0.01 mradians, 
and a stability better than 0.8%. The He-Ne laser was posi- 
tioned with the plane of polarization at approximately 45". The 
optical train consisted of a He-Ne laser, a dichroic polarizer 
(Melles Griot) set at 4S0, and two Glann-Thompson polarizers 
(referred to as Pol 1 and Pol 2). The optical beam passed 
though the dichroic polarizer and the Glann-Thompson polar- 
izer, was refracted at the first prism face, and underwent total 
internal reflection at the prism base. The beam was then 
refracted again upon exiting the prism and was directed by a 
mirror (as shown in Fig. 2) through a series of attenuation fil- 

ters and a diffuser (transparent scotchTM tape) onto a 
Hamamatsu R-928 photomultiplier tube (PMT). The PMT 
current was measured with a Keithley electrometer, and the 
recorder output of this electrometer was passed to a Metra- 
Byte 12 bit analog-to-digital board or acquisition of data with 
an IBM-XT clone. For SPR work, Pol 1 was set at 45.00." 
while Pol 2 was set at either 0.00" (parallel) or 90.00" (perpen- 
dicular). Surface plasmon microscopy required the mirror to 
be removed and a 5 X microscope lens positioned so that the 
focal point was at the base of the prism as shown in Fig. 2. The 
scattered light was collected by the lens to produce an image 
that was captured by a Hitachi KP- 1 1 1 CCD solid state camera 
(Nedco, Mississauga, Ont.). The automatic gain control of the 
CCD camera was disabled. SPM work required careful controI 
of the intensity of the source, which could be achieved by 
changing the orientation of the Glann-Thompson polarizer 
(Pol 1). 

Procedures 

Preparation of glass wafers 
Glass slides were cleaned by soaking in a detergent solution in 
an ultrasonic bath for 1 h at 60°C followed by extensive rins- 
ing in water and drying in an oven (100°C) for several hours. 
Wafers were then transferred to the vacuup deposition system 
where a thin layer of chromium (15-30 A) was deposited at 
0.5 W/s at 5 ~ T o r r .  The bell jar was then back-filled with 
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Fig. 3. Flow cell design. 

60 degree prism 
(BK7) 

A 1 
/ 

incident beam 8 ,,, I / reflected beam 

aluminum I \ 150 pL cell / 
teflon 
tubing 

teflon 
tubing 

prepurified argon and the chromium rod was exchanged for a 
molybdenum boat containing gold. During this step, the chro- 
mium layer was exposed for a few minutes to atmospheric 
conditions, resulting in the formation of a thin chromium 
oxide layer. The system was then evacuated to 5 pTorr and 
approximately 430 A of gold was deposited at a rate of 10 &s. 
The percent transmittance for a 10 A chromium film at 632 nm 
was 96 + 3% and for a 430 gold film was 6 + 1%. Wafers 
were used within 30 min of gold deposition for thiol self- 
assembly experiments. 

Prism andflow-through cell assembly 
A 60.00" BK-7 prism (30.00 x 30.00 x 30.00 mm) was opti- 
cally connected to the gold-coated glass wafer using a match- 
ing immersion oil (type B, Cargille Laboratories Inc., n = 
1.5 15). The prism - glass slide assembly was then clamped to 
an aluminum flow-through cell (150 pL) and with a Viton O- 
ring pressed against the glass slide (Fig. 3). The Teflon tubing 
used was refluxed in methanol for 1 month in order to remove 
leachable contaminants. A Microperspex perisaltic pump 
(LKB Bromma) was used to pull solution through the cell at 
0.30 mLlmin for dynamic studies while a 10 mL syringe was 
used to pull 2 rnL of solution for stop-flow studies. The entire 
assembly was transferred to the sample stage of the SPR appa- 
ratus and the autocollimator was used on the portion of the 
wafer extending past the prism to ensure that the plane of inci- 
dence was normal to the glass slide. 

SPR reflectivity curves and fixed angle reflectivity 
measurements 

A manual reflectivity scan was obtained by recording the 
reflected intensity from 70.00" to 90.00" in 0.50" steps for both 
parallel (I,) and perpendicular (I,) polarization modes. The 
minimum angle of incidence was determined from the parallel 
polarized scan. From the reflectivity scan a fixed angle of inci- 
dence was chosen for the time-dependent measurements. The 
angle was chosen to be approximately 1" less than the mini- 
mum angle, where a compromise between sensitivity and sig- 
nal-to-noise ratio was achieved. The intensity of the source 
was recorded at the beginning and end of any time-dependent 

measurements to verify that drift in laser intensity had not 
occurred. At the end of the experiment, a second SPR curve 
was obtained to ensure that the system was working reproduc- 
ibly. SPM imaging was then done. External angles (O,,,) of 
incidence were converted to internal angles (Bin,) of incidence 
using the equation: 

where O b  is the base angle of the prism and n, is the refractive 
index of the prism. All angles of incidence reported in the 
results section are internal angles of incidence. 

Determination of normalization factor 
All intensity measurements were converted to RJR, reflectiv- 
ity measurements by multiplying the ratio of IplI, (parallel 
intensitylperpendicular intensity) by a normalizing factor 
(NF). The NF corrected for reflectivity losses at the prism 
faces, mirror, and attenuation filter, and for differential 
response of the PMT due to movement of the optical beam 
across the PMT surface as the angle of incidence was varied. 
The NF was obtained from a reflectivity scan using a blank 
wafer that was optically connected to the prism. The normal- 
ization factor was obtained by dividing the perpendicularly 
polarized scan (I',) by the parallel polarized scan (Ifp): 

[2] Normalization factor = I', I'p 

The uncertainty associated with RJR, for each point in the 
reflectivity curve is 1.5% for RJR, > 0.10. RpIR, below 0.01 
had an absolute error of +0.0015. This error encompassed the 
uncertainty associated with the internal angle of incidence of 
0 . 0 0 6 "  and electrometer noise. 

Modelling andfitting program 
SPR data were modelled and analyzed using a program devel- 
oped in Quick Basic 4.5 (SPMOD7). A model based on appli- 
cation of the exact Fresnel equations was used to calculate 
R IR, for an n-layered system where n could be varied (18). 
~ i e  reflectivity of this system can be described using the 
Fresnel equations, which can be written as a 2 x 2 matrix for 
each layer. Combining the two boundaries of one layer then 
yields a matrix describing the layer. Repeating the process for 
all the layers results in a product of matrices. An iterative fit- 
ting program varied the initial specified parameters by carry- 
ing out a one-dimensional minimization along favourable 
directions in n-dimensional space using Powell's method (19). 
The best fit was established by use of a chi squared (x2) 
parameter. Error estimates in the fitted values were obtained 
by varying the specified value until the X2 doubled. The final 
fitting parameter was reported as a normalized ?, dividing X2 

by the number of points used in the fitting procedure. 

Results and discussion 

Surface plasmon resonance spectroscopy and microscopy 
were used to investigate the self-assembly of alkyl teiols at 
gold surfaces. The reflectivity curve (Fig. 4) for a 441 A thick 
gold film in contact with 95% ethanol has a moderately sharp 
and well-defined minimum. Hence, a gold surface in contact 
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DeBono et al 

Fig. 4. Surface plasmon resonance curves for a bare gold wafer in contact with 
95% ethanol and after exposure to 10 p M  dodecane thiol. (-----) 95% ethanol; 
(-) after exposure to 10 p M  dodecane thiol. 

68 69 70 71 72 73 74 75 76 77 78 

Internal Angle of Incidence 

Fig. 5. Reflectivity response (8 = 74,000") for exposure of the gold surface to 
10 p M  dodecane thiol in 95% ethanol from t = 0 to 1000 s. Delta RdR, obtained 
by subtracting 0.0812 from RJR.  

with 95% ethanol is capable of supporting surface plasmons 
and is expected to show sensitivity to optical mass changes 
occurring at the metal surface. The full width at half-height of 
the curve corresponds to a coherence length of 4 Fm for the 
surface plasmon, defining the lateral resolution of this surface 
for SPM. Freshly prepared gold surfaces had a wettability 
angle of 48 2 5", indicating a partially hydrophobic surface. 
X-ray photoelectron spectroscopy indicated a thick gold film 
with no chromium present at the surface. 

The UV absorption spectra of a disulfide exhibit two dis- 
tinct bands at 210 nm and 255 nm while the thiol has one band 
at 205 nm. Absorption spectra of 500 FM hexane, hexadecane, 
and dodecane thiol solutions indicate that disulfide contamina- 
tion did not exist above levels of 0.4% of the parent thiol. 
Attempts to generate the disulfide from the thiol by bubbling 
air through a 500 FM hexane thiol solution for 24 h did not 
generate any observable disulfide. This indicates that these 

-0.02 

solutions were not susceptible to air oxidation. The presence 
of disulfides at levels up to 0.4% is not expected to interfere 
with the adsorption of thiols, since thiol adsorption is favoured 
over disulfide adsorption onto gold surfaces by a factor of 75 
(20). The critical micelle concentration of a lipid such as 
didodecanyl phosphatidyl choline in water is 400 p M  (21). 
Hexane, dodecane, and hexadecane thiols were used at con- 
centrations between 1 and 100 FM in 95% ethanol. Ethanol 
exhibits a much higher solvating power than water, hence the 
presence of micelles at these concentrations is not a consider- 
ation. 

The reflectivity curves for a bare gold wafer in contact with 
95% ethanol after exposure to 10 FM dodecane thiol for 8 h 
and to 95% ethanol for 15 h under stop-flow conditions are 
shown in Fig. 4. The change in reflectivity at a fixed angle of 
incidence of 74.000" upon exposure of the gold surface to 10 
FM dodecane thiol is shown in Fig. 5. Exposure of the gold 

-- 
\stop flow injection of 10 

pM dodecane thiol 
-0.04 7 

0 100 200 300 400 500 600 700 800 900 1000 

Time (s) 
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Table 1. Exposure of gold wafer to 10 FM dodecane thiol. 

After exposure to 
10 FM dodecane 

Bare gold surface thiol 

Contact angle (deg) 47 f 5 100 f 5 
Ellipsometric measurements: 6 109.14 f 0.005 107.35 +_ 0.03 

W 42.14 f 0.07 42.12 f 0.03 
Minimum internal SPR angle 74.726 f 0.006 75.210 f 0.006 
Reflectivity at 74.000 0.081 f 0.001 0.160 f 0.002 

Table 2. Relative thickness (A) of dodecane thiol monolayer. 

After exposure of After subsequent 
Basis of relative thickness dodecane thiol for exposure to 95% ethanol 

measurement 8 h  for 15 h 

Minimum angle shift 
Reflectivity shift 16.5 f 0.3 
Ellipsometry 
Theoretical all-trans length 

surface to 10 FM dodecane thiol resulted in a rapid increase in 
reflectivity during the first 300 s, followed by a slow increase 
over the next 8 h. Exchanging the dodecane thiol solution with 
a fresh dodecane thiol solution after 8 h resulted in only a very 
slight increase with time, and replacement of the thiol solution 
with 95% ethanol resulted in a slight increase of reflectivity. 
This suggests that the adsorption process is irreversible. The 
wafer was then removed from the cell and was dried under 
argon. Subsequent ellipsometric and wettability measure- 
ments are summarized in Table 1. The shifts in Omin to a larger 
angle of incidence, and the increase in reflectivity, are indica- 
tive of the formation of an organic layer with a refractive index 
larger than that of the contacting medium (95% ethanol, iz = 
1.3606). 

Fresnel equations can be used to convert from reflectivity to 
average thickness based on a multilayer model, where each 
layer is characterized by its dielectric constant and thickness. 
The multilayer model consists of Prism/Cr Au organic film/ 
outer medium. The refractive index of the BK-7 prism is 
1.515. The chromium layer was treated as a thin absorbing 
layer with a fixed dielectric constant of 6.26 + i 5.0 and vari- 
able thickness. The refractive index of the outer medium, 
which was 95% ethanol at 20°C, was 1.3606. Fitting of the 
reflectivity curve of the uncoated gold system using the 
Fresnel equations permitted accurate determination of chro- 
mium layer thickness and the dielectric constant and thickness 
of the gold layer in situ. Literature values for the dielectric 
constant of the gold layer can not be used since the dielectric 
constant of the gold film will show variations depending on 
preparation conditions. Based on the model for the uncoated 
gold system, the thickness of the chromium layer was deter- 
mined to be 21 -+ 8 A and the dielectric constant and thickness 
of the gold film were - 13.29,,~,+ i 1.29,,.,, and 44 1 -+ 3 A, 
respectively, with a normalized X -  of 1.6. The real part of the 
dielectric constant of the gold film, which was determined 

from the SPR experiment, exhibited an absolute magnitude 
that was 13% larger than the literature value obtained by 
Johnson and Christy (22) for vacuum-evaporated gold films of 
- 11.7 -+ 0.2. The imaginary part of the dielectric constant of 
gold as determined by SPR agrees within experimental error 
with the literature value of 1.2 t 0.1. 

Once the dielectric constant of the gold layer had been 
established, the optical response of this system to the forma- 
tion of an organic layer on the thin gold film could be deter- 
mined. It is not possible to simultaneously determine both the 
refractive index and thickness of the organic layer on the gold 
surface. However, if the refractive index of the layer is known 
then the average relative thickness of the layer can be deter- 
mined. The refractive index of liquid dodecane thiol is 1.46 
and of crystalline polyethylene is 1.48. A refractive index of 
1.5 was used to determine the relative thickness of the organic 
monolayers. Table 2 summarizes the relative average thick- 
ness values obtained from SPR and ellipsometric measure- 
ments for fully formed monolayers. 

Good agreement exists between the experimental reflectiv- 
ity and ellipsometric results, and theoretical all-trans length 
values, while the thickness based on the minimum angle shift 
is 5 A larger than expected. The agreement between the theo- 
retical all-trans length and the ellipsometrically determined 
thickness suggests that surface contamination is minimal. 
Wettability measurements of gold surfaces exposed to the 
atmosphere for 8 h are typically between 60" and 80°, com- 
pared to 47" within 30 min after thiol deposition as observed 
in these experiments. 

During the adsorption process, intermediate surface cover- 
age (0 < @ < 1) of the adsorbed molecules produced a partially 
formed monolayer as shown in Fig. 6a. The effective refrac- 
tive index varies from that of the solvent (n = 1.3606) to that of 
a fully formed monolayer (approximately 1.5). To convert 
from reflectivity to relative thickness, an assumption must be 
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DeBono et al. 

Fig. 6. A partially formed monolayer of surface coverage O is 
optically equivalent to a fully formed monolayer of refractive 
index 1 SO00 and relative thickness (T) such that T = OTr. (a) A 
partially formed monolayer of surface coverage @ and effective 
refractive index N , ,  and thickness T,. (O) Fully formed 

made that a partially formed monolayer is optically equivalent 
to a fully formed monolayer of refractive index 1.5 and rela- 
tive average thickness (7') as shown in Fig. 6b, such that T is 
given by: 

where Tf is the final thickness of the fully formed monolayer. 
To test the validity of this assumption, the optical response of 
these two cases for the same surface coverage should be iden- 
tical. Maxwell-Garnet theory (23) can be used to calculate the 
effective refractive index (tl, , , .) of the partially formed mono- 
layer. It models this film as a random distribution of small 
spherical particles embedded in a solvent layer and equates the 
volume fraction of the film occupied by the particles with sur- 
face coverage. This allows the effective refractive index to be 
given as: 

where 

where nSol is the refractive index of the solvent. The reflectivity 
response of these two cases as a function of surface coverage 
at a fixed angle of incidence of 73.683" (which is within lo  of 
the minimum reflectivity for a bare gold surface in contact 
with 95% ethanol) is shown in Fig. 7. The optical response 
curves are similar with a maximum difference of 2% occurring 
at 50% surface coverage. This is well within experimental 
error and indicates that the assumption associated with eq. [3] 
is valid, and permits the experimentally determined reflectiv- 
ity to be converted to average thickness values (Fig. 8). 

Kinetics of adsorption 
A study of the kinetics and process of alkyl thiol adsorption 
from ethanolic solutions onto gold has previously been 
reported. This work made use of NEXAFS (10) to study sam- 
ples at various reaction times. The results indicated that 
adsorption occurred in two steps. The first step was rapid 
(about 10 min for 80% monolayer coverage), and resulted in a 
monolayer where the alkyl chains were highly entangled. A 
second slow step (time constant approx. 2 orders of magnitude 
larger than first step) was suggested to be related to the 
straightening of alkyl chains. Our work has been directed to an 
investigation of these processes in real time. 

The adsorption process consists of a thiol molecule adsorb- 
ing to the surface and forming a chemisorptive bond with the 
gold surface: 

[5] RSH + Au RSAu* 

Desorption of the adsorbed thiol is assumed to be negligible 
since the strength of the chemisorptive bond (40-45 kcallmol) 
is large. Hence, we will assume that the rate of change of the 
adsorbed thiol concentration is described by: 

where {RSAu*) is the surface concentration of the adsorbed 
thiol and [RSH.] is the bulk solution concentration of thiol (i.e., 
no time-dependent concentration gradient) and {Au)  is the 
surface concentration of available sites for thiol adsorption. 
The parameter {Au)  can be written as: 

[7] {Au)  = {Au),  - {RSAu'$) 

assuming the mobile precursor model, and that dissociative 
chemisorption does not apply, where { A U ) ~  is the total con- 
centration of gold sites available for binding with the thiol. 
Hence, surface coverage ( a )  is represented by the following 
ratio: 

Substituting this into eq. [6] gives the rate of change as a func- 
tion of surface coverage: 

Assuming that [RSH] does not change significantly during the 
course of the adsorption process and combining k[RSH] to 
give a single rate constant, k,, integration gives: 

Restating this equation in terms of relative thickness where 
T is relative thickness at time t and TI is the limiting thickness 
such that: 

[ I l l  = TIT, 

substitution into eq. [ lo] and rearranging gives: 

The adsorption kinetics for the dodecane thiol folloows a sim- 
ple model for the first 1000 s with T, = 14.4 ? 0.8 A and k, = 
(450 & 100) x lo-' s-I but breaks down over the next 29 000 s 
(overall = 2.7) where a further increase is observed as can 
be seen in Fig. 8 (note: statistics represent standard deviation 
of 3 to 6 experiments). Initially, when the thiol adsorbs to the 
surface, available adjacent gold sites will be blocked from 
incoming thiol molecules based on simple steric consider- 
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Fig. 7. The change in reflectivity (Delta RJR,, (RJR,), = 0.1176) at a fixed internal 
angle of incidence 73.683' as a function of increasing surface coverage for two 
cases. Case I: a (e) layer of fixed thickness of 20 8, and variable effective 
refractive index. Increasing surface coverage results in an increase in the effective 
refractive index (1.3606 to 1.5000) of the layer based on Maxwell-Garnett theory. 
Case 11: a (+) layer of fixed refractive index (n = 1.5000) and variable thickness. 
Increasing surface coverage results in an increase in thickness (0 to 20 A) of the 
layer T = @To Modelling parameters used for bare gold system are prism (n = 
1.5000), Cr (E' = 6.25, E" = 5, t = 17 A), Au(E' = - 13.23, E" = 1.41, t = 440 A), and 
95% ethanol (n = 1.3606). Error bars correspond to experimental errors arising 
from reflectivity measurements. 

ations. Enthalpy and entropic energy considerations will drive 
the individually adsorbed thiols to associate into a more 
ordered assembly with the alkyl chains pointing away from the 
surface. If association of the individually adsorbed thiols was 
slow, then the limiting thickness would have broken down 
much before the first 1000 s. 

The gradual increase in average thickness over the next 8 h 
suggests that a new population of thiol binding sites on the 
gold surface slowly becomes available, permitting further 
adsorption, possibly as a result of rearrangement of the 
adsorbed monolayer on the gold surface. The rate constant of 
this step, k,, is experimentally slow and is expected to be inde- 
pendent of solution concentration of the thiol. The integrated 
rate law of this step is given below. 

1:: 
0.01 - 

where T ,  is the limiting average relative thickness increase in 
A as a result of the second process. The two rate laws can be 
directly combined assuming independence of process to give: 

/ Laier;erci~c~~ablednctk 
+ Layer of fixed refractive index 1.5 and variable 

thickness 

where T2 is the average thickness (in A) at time r (in s). Incor- 
porating this second step with T2 = 3.5 + 0.9 A and k,  = (4% 2) 
x s-' into the model improves the overall fit (overall? = 
0.7) between the experimental and theoretical curves between 
1000 and 30 000 s as shown in Fig. 9. 

The rate of adsorption of thiol to the surface is a function of 

the concentration and the surface binding as based on the num- 
ber of available sites and interaction energies. The rate con- 
stants k l  and k, were examined by alteration of the reaction 
conditions. The concentration gradient of dodecane thiol was 
increased by increasing the solution concentration 10-fold 
from 10 to 100 kM, and by increasing the rate of thiol delivery 
to the gold surface through the use of convective delivery by 
using dynamic flow (0.30 mL/min) conditions. Results are 
summarized in Table 3. 

Increasing the concentration 10-fold increases the rate con- 
stant k ,  by a factor of 15 f 6, suggesting that k ,  is under con- 
centration control. Under dynamic flow conditions of 0.30 
mL/min the rate constant k ,  may increase somewhat as a result 
of convective delivery of thiol to the surface, but this is not 
definitive given the precision of the results. Increasing the 
concentration 10-fold only increased k2 by a factor of 4 -C 2, 
while using flow conditions did not increase this rate constant 
any further. 

Table 4 summarizes the limiting thickness and rate con- 
stants that were measured for dodecane, hexane, and hexade- 
cane thiols under static and dynamic conditions (0.30 mL/ 
min) at 10 JLM concentrations. Under static conditions and 10 
kM concentration there is no definite correlation between 
chain length and k ,  and k,. This is consistent with the assump- 
tion that no substantial concentration gradient exists at the 
interface, and that k ,  is dominated by bulk solution concentra- 
tion of alkyl thiol. That k, is not related to chain length sug- 
gests the limiting step to reorganization is not based on van der 
Waals interactions between the alkyl chains but rather results 
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DeBono et al. 

Fig. 8. Relative thickness change for exposure of gold surface to 10 FM dodecane 
thiol in 95% ethanol. "a" Single step adsorption model, T, = 14.4 2 0.8 A, k l  = 
450 2 I00 s-I; normalized y" 2.7. 

0 100 200 300 400 500 600 700 800 900 1000 

Time (s) 

0 5000 10 000 15 000 20 000 25 000 30 000 

Time (s) 

from alterations of the sulfur-gold interaction at the metal sur- 
face. 

The existence of a two-step mechanism suggests that 
between 20% (C,,, CI6) and 50% (C6) of the surface could be 
differentially functionalized by removing a wafer after 
approximately 15 min of exposure to a 10 pM thiol solution 
(plateau at first adsorption step) and then reimmersing the 
wafer in a 10 pM thiol solution with a different terminal func- 
tional group for 8 h. Alternatively, a higher degree of control 
could be obtained by exposing the gold surface to a sequential 
series of thiol solutions via a stop-flow system while using 
SPR to monitor changes in surface coverage. This approach 
could prove useful in the functionalization and blocking of 
surfaces for chemically modified electrochemical detectors in 

order to enhance selectivity and film stability. It can also 
serve as a simple method of introducing electroactive media- 
tors. 

Ellipsometry and wettability results are summarized in 
Table 5 for a series of samples prepared concurrently, and 
allowed to stand for 24 h. The relative thickness of the fully 
formed hexane thiol layer according to in situ SPR measure- 
ments is 2 A greater than the value obtained from ellipsometric 
measurements in air (Table 5). For the longer chain alkyl thiols 
C,, and C,,, in situ SPR measurements indicate that the films 
are 7 A thicker than corresponding ellipsometric measure- 
ments. Removal of the alkyl thiol monolayers from a 95% eth- 
anol environment to an air environment results in a decrease in 
thickness that is larger for the longer chain alkyl thiols and cor- 
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Fig. 9. Relative thickness change for exposure of gold surface to 10 p,M dodecane 
thiol in 95% ethanol, showing: 
first step of adsorption model component "a", 

second step of adsorption model component "b", 

and "c", the combined two-step model, normalized z2 = 0.7. 

Time (s) 

Time (s) 

relates with a 15" larger wettability measurement. This may 
suggest that an ordered layer of solvent may exist between the 
alkyl chain termini and the bulk solution, which is removed 
when the wafer is transferred to an air environment. Wettability 
angles for dodecane thiol and hexadecane thiol are 15" larger 
than the wettability angle observed for hexane thiol. For long- 
chain thiols (n > 10) the monolayer becomes more structurally 
homogeneous and densely packed as a result of greater van der 
Waals interaction between the alkyl chains. This leads to a 
higher density of methyl groups at the surface and increased 
hydrophobicity. Ideally, maximization of the van der Waals 

interaction (a llr6 distance dependence) between the alkyl 
chains is expected to result in a 30" tilt in the hydrocarbon 
chains in order to minimize the interaction distance. 

Surface plasmon microscopy was used to search for micro- 
scopic structure within the formed alkyl thiol monolayers. No 
structure was observed for any of the monolayers at the 4 k m  
resolution level. This suggests that nucleation and growth of 
these organic layers occurred at the sub-microscopic level and 
that these films are optically homogenous. These results con- 
firm that application of the Fresnel equations for solving the 
optical equations is appropriate. 
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Table 3. Rate constants and limiting thickness from SPR measurements as determined 
using static and dynamic conditions for adsorption of 10 and 100 pM dodecane thiol 
from 95% ethanol. 

Conc. TI k ,  x k2 x 10-5 
System (pM) (A) (2)  (s-I) (s-I) s 
Static 10 14.4 f 0.8 3.5 f 0.9 450 f 100 4 f  2 0.7 
Static 100 22.1 f 1 7 f  2 7000 f 3000 15 f 4 1 .O 

Dynamic 100 15.3 f 1 7 + 1  14000+5000 1 0 f 6  1.2 

Table 4. Rate constants and limiting thickness from SPR measurements as determined using 
static and dynamic conditions for the adsorption of alkyl thiol solutions from 95% ethanol. 
- 

k ,  
Thiol Conc. TI x lo-5 

(No. of carbons) (pM) Conditions (A) w l )  

Hexane (C,) 10 Static 4 f  1 4 f 1  1300 f 600 
Dodecane ( C )  10 Static 1 4 f  1 4 k 1  450 f 100 
Hexadecane (C,,) 10 Static 1 6 f  1 5 f 1  900 f 300 
Hexadecane (C,,) 10 0.30 mL/min 20 f 1 8.0 f 0.8 1 150 f 70 
Hexadecane (C,,) 30 0.30 mLlmin 20 f 1 5 f  1 2700 f 700 

Table 5. Wettabiiity angle and ellipsometric measurements of surface after exposure to alkyl 
thiol solutions. 

Relative Thickness (A) 
Wettability thickness (A) based on Theoretical all- 

angle (ellipsometry) reflectivity trans length 
Polycrystalline gold f 5 "  f 10% f 10% (A) 

Freshly deposited 48 0 
Hexane thiol 90 1 1  
Dodecane thiol 105 16 
Hexadecane thiol 105 23 

Conclusions 

SPR experiments indicate that hexane, dodecane, and hexade- 
cane thiol adsorption to gold surfaces occurred by a two-step 
process, with the first step being two orders of magnitude faster 
than the second step. Fast adsorption to the surface gave 80% 
(C,,, CI6)  or 50% ( c 6 )  coverage followed by a slow rearrange- 
ment of the adsorbed thiol. Growth and formation of domains 
of thiols were not observed at the microscopic level and the 
results suggest a relatively homogeneous thiol monolayer. 
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Formal transfers of hydride from carbon- 
hydrogen bonds. Attempted generation of H, 
by intramolecular protonolyses of the 
activated carbon-hydrogen bonds of 
dihydrobenzimidazoles 

Philippe Brunet and James D. Wuest 

Abstract: Protonolyses of carbon-hydrogen bonds can occur under suitable conditions to produce carbocations and H,. In an 
effort to accelerate these fundamental reactions, we have attempted to make them intramolecular by devising compounds in 
which carbon-hydrogen bonds designed to be particularly good formal donors of hydride are held in close proximity to acidic 
sites. Dihydrobenzimidazoles 4 and 11 are compounds of this type, since the carbon-hydrogen bonds at C2 are activated as 
formal donors of hydride by adjacent lone pairs in a dihydroaromatic ring, and acidic anilinium and carboxylic acid groups are 
held nearby. Unfortunately, this proximity does not lead to the formation of Hz by protonolysis; instead, other reactions intervene 
when compounds 4 and 11 are subjected to pyrolysis. 

Key words: intramolecular protonolysis of carbon-hydrogen bonds, formal donors of hydride, generation of H,, 
dihydrobenzimidazoles. 

RksumC : La protonolyse des liaisons carbone-hydrogkne peuvent se produire dans des conditions approprikes pour conduire i 
des carbocations et du H,. Dans le but d'accC1krer les vitesses de ces rkactions fondamentales, on a essay6 de faire des rCactions 
intramolkculaires en construisant des composts dans lesquels des liaisons carbone-hydrogkne comportant des donneurs formels 
d'hydrures particulikrement bons seront maintenues faible distance des sites acides. Les dihydrobenzimidazoles 4 et  11 sont 
des composCs de ce type puisque les liaisons carbone-hydrogkne en C(2) sont activCes comme donneurs formels d'hydrure par 
les paires non partagkes adjacentes du noyau dihydroaromatique alors que les groupes acides anilinium et acide carboxylique 
sont maintenus B proximitk. Malgrk cette proximitk, la protonolyse ne conduit malheureusement pas h la formation de H,; quand 
les composks 4 et 11 sont soumis a une pyrolyse, il y a plutBt intervention d'autres reactions. 

Mots c l b  : protonolyse intramolCculaire de liaisons carbone-hydrogkne, donneurs formels d'hydrure, gknkration de H,, 
dihydrobenzimidazoles. 

[Traduit par la rCdaction] 

Introduction n 
Carbon-hydrogen bonds serve as formal donors of hydride in I H I  
a variety of well-known redox reactions (I). Of particular 
practical importance are the formal transfers of hydride from 
carbon-hydrogen bonds that occur during catalytic cracking 
and reforming, as well as closely related reactions in which 
protonolyses of the carbon-hydrogen bonds of simple alkanes 
by strong acids produce carbocations and H2 (2). TO learn 

("YJ 
1 

about these processes7 we have prepared pounds are remarkably reactive substrates for protonolyses, 
designed to be good donors of and their activated central carbon-hydrogen bonds react with 

hydride, and we have studied their reactions with acids (3,4). acids to liberate H, and give the corres onding guanidinium 
This work has shown that orthoformamide 1 and related com- ions under surprisingly mild conditions. J' To further accelerate 

protonolyses of carbon-hydrogen bonds, we have attempted 
Received September 6, 1995. to make them intramolecular by devising a series of com- 

P. Brunet' and J.D. ~ u e s t . ~ ~ k ~ a r t e m e n t  de Chimie, UniversitC pounds in which similarly activated carbon-hydrogen bonds 

de Montrkal, MontrCal, QC H3C 357, Canada. are held in close proximity to acidic groups (6). In this article, 
we describe the synthesis and reactions of two dihydrobenz- ' Fellow of the Ministkre de 1'~ducation du QuCbec 

(1985-1990). 
Author to whom correspondence may be addressed. Few other reactions are known in which protonolyses of carbon- 
Telephone: (5 14) 343-6266. Fax: (514) 343-7586. hydrogen bonds generate H., (5). 
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imidazoles that have been designed in this way to undergo 
intramolecular protonolyses of carbon-hydrogen bonds. 

Results and discussion 
Acid-catalyzed condensation of N,Nf-dimethyl- 1,2-benzenedi- 
amine (7) with 2-(dimethylamino)benzaldehyde (8) produced 
2-[2-(dimethylamino)phenyl]- 1,3-dimethyl-2,3-dihydro- 1H- 
benzimidazole (2) in 75% yield. Dihydrobenzimidazole 2 
incorporates a carbon-hydrogen bond at C2 able to serve as a 

particularly effective formal donor of hydride for the following 
reasons : It is adjacent to two lone pairs in a dihydroaromatic 
ring, and loss of hydride would generate a stable benzimidazo- 
lium i ~ n . ~ ~ h e  conjugate acid of N,N-dimethylaniline is weaker 
(pK, 5.1) than that of 1,2-benzenediamine (pK, 4.5) (9), so pro- 
tonation of compound 2 should produce a salt in which the 
hydridic carbon-hydrogen bond of the dihydrobenzimidazole 
unit is held in close proximity to an acidic dimethylanilinium 
group. We hoped that this juxtaposition would promote the for- 
mation of H? by intramolecular protonolysis. 

Examination of the IR spectrum of compound 2 in CHCI, 
revealed no Bohlmann bands in the region between 2750 and 
2400 cm-', suggesting that the preferred conformation is struc- 
ture 2a, in which no lone pairs are antiperiplanar to the car- 
bon-hydrogen bond at C2 ( I O ) . ~  Although this observation 
indicates that the carbon-hydrogen bond at C2 is not notably 
weakened and polarized by mixing of C J ' ~ ~  with adjacent 
lone-pair orbitals, dihydrobenzimidazole 2 is nevertheless an 
effective reducing agent.6 For example, treatment of com- 

pound 2 with methanolic I? at 25OC in the presence of K,CO, 
rapidly produced benzimidazolium iodide 3 in 85% yield. 

As expected, addition of aqueous HI to dihydrobenzimida- 
zole 2 in deoxygenated ether provided salt 4 in high yield. 
Comparison of the 'H NMR spectra of compounds 2 and 4 
confirmed that the principal site of protonation is the nitrogen 
atom of the dimethylaniline group, since the hydrogens of this 

group showed important downfield shifts while those of the 
benzenediamine unit experienced only moderate shifts. Curi- 
ously, the hydrogen at C2 appears at 6 5.86 (CDCI,) in dihy- 
drobenzimidazole 2 but is shifted upfielrl to 6 4.83 (CDCI,) in 
salt 4. This unexpected shielding presumably arises in part 
because intramolecular hydrogen bonding now favors confor- 
mation 4a, in which the carbon-hydrogen bond at C2 becomes 
antiperiplanar to two lone pairs. This conclusion is supported 
by the presence of a Bohlmann band at 2698 cin-' in the IR 
spectrum (CHCI,) of salt 4. Closely similar conformations are 
known to be preferred by other 2-substituted dihydrobenzimi- 

 he estimated hydride affinity of benzimidazolium is 200 kcall dazoles capable of participating in intramolecular hydrogen 
mol (6d). bonding (6). Direct evidence for the presence of an intramo- 
The nitrogen atoms in dihydrobenzimidazoles are known to be lecular hydrogen bond was provided by the concentration- 
distinctly pyramidal (6). independence of the chemical shift of the anilinium hydrogen. 
Other dihydrobenzimidazoles are known to be effective reducing Unfortunately, confor~nation 4a is not suitable for the gen- 
agents (1 1). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Brunet and Wuest 

I 
R' 

5 (R' = CH3, R2 = HOOC) 

6 (R' = CH3, R2 = CH300C) 

eration of H2 by intramolecular protonolysis of the carbon- 
hydrogen bond at C2. The carbon-hydrogen bond is activated 
as a formal source of hydride by two antiperiplanar lone pairs, 
but the acidic hydrogen of the dimethylanilinium group is not 
nearby. Although more reactive conformers are presumably 
accessible, thermal decomposition of salt 4 led only to com- 
plex mixtures, and neither H2 nor benzimidazolium salt 3 
could be detected among the products. 

A similar molecule designed to be able to undergo intramo- 
lecular protonolysis of a carbon-hydrogen bond is dihy- 
drobenzimidazole 5, which juxtaposes a carboxylic acid and a 
carbon-hydrogen bond that can serve as a good formal donor 
of hydride. We attempted to prepare this compound from the 
corresponding methyl ester 6, which was obtained in 43% 
yield by acid-catalyzed condensation of N, Nf-dimethyl- 1,2- 
benzenediamine (7) with methyl S-formyl-l-naphthalenecar- 
boxylate (7). Ester 7 was made by adding CH2N, to 1,s-naph- 
thaldehydic acid (12), which was synthesized from 
acenaphthenequinone by a modification of the standard 
method (13). Unfortunately, basic hydrolysis of ester 6 and 
subsequent acidification did not provide the expected acid 5, 
but gave instead the isomeric aminolactone 8 in 60% yield. 
Alternatively, compound 8 could be prepared more directly in 
80% yield by treating N, Nf-dimethyl- l,2-benzenediamine (7) 
in CH2Cl, at 0°C with chlorolactone 9 (14), which was synthe- 
sized from 1,s-naphthaldehydic acid by a modification of the 
standard method (15). 

Although aminolactone 8 is not a dihydrobenzimida~ole, it 
nevertheless incorporates a carbon-hydrogen bond activated 
as a formal donor of hydride by adjacent lone pairs on nitrogen 

and oxygen. As a result, it is readily oxidized. For example, 
treatment with methanolic I2 in the presence of K2C03 pro- 
vided a 73% yield of internal salt 10, which is the product 
expected as a result of intramolecular protonolysis in hypo- 
thetical dihydrobenzimidazole 5. We suspected that com- 
pound 8 might be in equilibrium with the desired isomeric 
dihydrobenzimidazole 5, so we subjected it to pyrolysis. 
Unfortunately, thermal decomposition generated only a com- 
plex mixture, and neither H2 nor internal salt 10 was detected 
among the products. 

We reasoned that the closely related dihydrobenzimidazole 
11 would be less likely than compound 5 to isomerize to the 
corresponding isomeric aminolactone. In fact, direct conden- 
sation of N, Nf-dimethylbenzene- 1,2-diamine (7) with phthal- 
aldehydic acid gave dihydrobenzimidazole 11 in 87% yield. 
The presence of a carbonyl band at 17 19 cm-' and Bohlmann 
bands at 2692 and 2637 cm-' in the IR spectrum of compound 
11 (CHCl,) provided evidence that the product incorporates a 
carboxylic acid group and a carbon-hydrogen bond anti- 
periplanar to two lone pairs on nitrogen. This indicates that the 
product is in fact compound 11 and not the isomeric aminolac- 
tone 12, and it suggests that intramolecularly hydrogen- 
bonded structure l l a  is the preferred conformation (6). 

Dihydrobenziniidazole 11 is particularly susceptible to oxi- 
dation, and it even reacts with atmospheric oxygen at 25°C to 
produce internal salt 13 (16) in quantitative yield. However, 
despite the juxtaposition of a hydridic carbon-hydrogen bond 
and a carboxylic acid in dihydrobenzimidazole 11, and despite 
its demonstrated ability to participate in redox reactions, it 
does not undergo intramolecular protonolysis to form H,. 
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R OOC 

Instead, a complex mixture containing three principal compo- 
nents was formed when compound 11 was heated without sol- 
vent at 180°C. One of these products, isolated in 32% yield, is 
internal salt 13, which is the expected result of intramolecular 
protonolysis; however, no H2 could be detected. The other 
principal products are phthalide (14), which was recovered in 
19% yield, and bis(benzimidazo1e) 15, which was obtained in 
14% yield. 

We believe that these products result from rearrangement of 
dihydrobenzimidazole 11 to its less stable aminolactone iso- 

mer 12 by a process closely related to the one that intervened 
in the attempted synthesis of dihydrobenzimidazole 5. Subse- 
quent protonation then causes cleavage to N,Nf-dimethyl- 1,2- 
benzenediamine and cation 16, which is reduced to phthalide 
by a formal intermolecular transfer of hydride from dihy- 
drobenzimidazole 11. This transfer yields an equivalent 
amount of internal salt 13. Compound 13 and related dimethy- 
benzimidazolium salts are capable of effecting intermolecular 
methylations (16), ultimately leading to the formation of 
bis(benzimidazo1e) 15, as well as to N,N,Nf-trimethyl-1,2- 
benzenediamine and N,N, Nf,N'-tetramethyl- 1 ,2-benzenedi- 
amine (17), which are both detected in low yields among the 
products of pyrolysis. Support for this hypothesis is provided 
by the observation that a similar pyrolysis of internal salt 13 in 
the presence of two molar equivalents of N,N'-dimethyl-1,2- 
benzenediamine yielded bis(benzimidazo1e) 15 and N,N,N'- 
trimethyl-l,2-benzenediamine as major products. 

Conclusions 

By providing structures in which carbon-hydrogen bonds are 
activated as formal donors of hydride by adjacent lone pairs 
and are simultaneously held close to acidic sites, dihydroben- 
zimidazoles 4 and 11 and related compounds are designed to 
favor the generation of H2 by intramolecular protonolyses of 
carbon-hydrogen bonds. Both compounds 4 and 11 are effec- 
tive reducing agents and react readily in intermolecular redox 
processes with active oxidants such as I2 and 02. Nevertheless, 
neither undergoes protonolysis of the activated carbon-hydro- 
gen bond, and pyrolysis does not produce detectible quantities 
of H2. To be faster than alternative reactions, protonolysis 
therefore appears to require carbon-hydrogen bonds that are 
even more highly activated as formal donors of hydride than 
those in dihydrobenzimidazoles 4 and 11, or nearby sites that 
are even more acidic. In pyrolyses of compounds 4 and 11, 
other reactions intervene before protonolysis of the activated 
carbon-hydrogen bonds can take place. 
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Experimental section 

General procedures 
Infrared (IR) spectra were recorded on Perkin-Elmer model 
783 or 1600 spectrometers. Varian VXR-300, Bruker AMX- 
300, or Bruker ARX-400 spectrometers were used to obtain 'H 
and I3c nuclear magnetic resonance (NMR) spectra. Chemical 
shifts are reported in parts per million downfield from internal 
tetramethylsilane (6). Mass spectra were recording on a Kratos 
MS-50 TATC instrument or a VG Autospec instrument using 
chemical ionization (CI), electron impact (EI), or fast atom 
bombardment (FAB). Melting points were recorded on a 
Thomas-Hoover capillary apparatus. Elemental analyses were 
performed by Galbraith Laboratories, Knoxville, Tenn. Flash 
chromatography was performed in the normal way (18). 

Toluene was dried by distillation from sodium, CH30H by 
distillation from magnesium, CH2C12 by distillation from 
CaH,, and ether by distillation from the sodium ketyl of ben- 
zophenone. Other commercial reagents were used without fur- 
ther purification. 

2-[2-(Dimethylamino)phenyl]-1,3-dimethyl-2,3-dihydro- 
lH-benzimidazole (2) 

A solution of N, N-dimethyl- 1,2-benzenediamine (0.92 1 g, 
6.76 mmol) (7), 2-(dimethy1amino)benzaldehyde (1.01 g, 6.77 
mmol) (8), and (IS)- 10-camphorsulfonic acid (0.08 1 g, 0.35 
mmol) in benzene (15 mL) was heated at reflux for 16 h under 
N, in an apparatus fitted with a Dean-Stark trap. The mixture 
was then washed with 5% aqueous NaOH and water, the 
organic phase was dried with anhydrous MgSOj, and volatiles 
were removed by evaporation under reduced pressure. Crys- 
tallization of the residue from 95% aqueous C2H50H provided 
2-[2-(dimethylamino)phenyl]- 1,3-dimethyl-2,3-dihydro- 1H- 
benzimidazole (2; 1.35 g, 5.05 mmol, 75%) as an analytically 
pure colorless solid: mp 105-106°C; IR (CHCl,): 2862,2826, 
2790 cm-'; 'H NMR (400 MHz, CDC1,) 6: 2.63 (s, 6H), 2.75 
(s, 6H), 5.86 (s, IH), 6.43-6.47 (m, 2H), 6.72-6.77 (m, 2H), 
7.23 (ddd,,J=7.8Hz, , ~ = 7 . 2 H z , ' J =  1.3Hz, lH),7.29(dd, 

= 8.1 HZ, 4~ = 1.3 HZ, lH), 7.39 (ddd, = 8.1 HZ, = 7.2 
Hz , j J=1 .7Hz,  1 H ) , 7 . 9 4 ( d d , 3 ~ = 7 . 8 H z , 4 ~ = 1 . 7 H ~ ,  1H); 
',c NMR (75 MHz, CDCI,) 6: 33.0, 46.1, 86.1, 105.3, 119.0, 
120.1, 124.8, 129.4, 129.4, 134.5, 142.5, 154.9; MS (CI) mle: 
268, 267, 252, 147; HRMS (EI) calcd. for C17H22N3: 
268.1814; found: 268.1802. Anal. calcd. for C17H2,N3: C 
76.35, H 7.92, N 15.72; found: C 76.43, H 7.92, N 15.65. 

2-[2-(Dimethy1amino)phenyll-1,3- 
dimethylbenzimidazolium iodide (3) 

A stirred mixture of 2-[2-(dimethylamino)phenyl]-1,3-dime- 
thyl-2,3-dihydro-1H-benzimidazole (2; 73 mg, 0.27 mmol) 
and K2C03 (54 mg, 0.39 mmol) in CH,OH (2 mL) was treated 
dropwise at 25°C with a solution of I2 (73 mg, 0.29 mmol) in 
CH30H (8 mL). After 1 h, volatiles were removed by evapo- 
ration under reduced pressure, the residue was extracted with 
CHCl,, and the extracts were decolorized with activated car- 
bon. Removal of solvent from the extracts by evaporation 
under reduced pressure yielded 2-[2-(dimethy1amino)phenyll- 
1,3-dimethylbenzimidazolium iodide (3; 89 mg, 0.23 mmol, 
85%) as a yellow solid, which was purified by recrystallization 
from CH2C12-benzene: mp 224-226°C; 'H NMR (400 MHz, 

CDCl ) 6: 2.59 (s, 6H), 4.0 1 (s, 6H), 7.18-7.22 (m, 2H), 7.63 
(ddd,'J=8.5 Hz, ' l=7 .3  H z , ~ J =  1 6 H z ,  IH), 7.63-7.67 (m, 
2H), 7.76 (dd, = 7.7 Hz, 4~ = 1.6 HZ, lH), 7.95-8.00 (m, 
2H); ',c NMR (100 MHz, CDCl,) 6: 33.8,43.3, 110.4, 113.5, 
118.6, 121.7, 127.4, 131.7, 133.0, 134.6, 150.5, 153.3; MS 
(FAB) mle: 266; HRMS (EI) calcd. for C17H2,N3 - CH,: 
251.1422; found: 251.1410. 

Hydriodide of 2-[2-(dimethy1amino)phenyll-1,3-dimethyl- 
2,3-dihydro-IH-benzimidazole (4) 

A solution of 2-[2-(dimethylamino)phenyl]-1,3-dimethyl-2,3- 
dihydro-1H-benzimidazole (2; 113 mg, 0.423 mmol) in deox- 
ygenated ether (1 mL) was stirred at 0°C under N2 and treated 
with 57% aqueous HI ( 90 pL, 0.40 mmol). The precipitated 
solid was separated by centrifugation, washed with cold abso- 
lute C2H50H and ether, and dried in vacuo to give the hydrio- 
dide of 2-[2-(dimethy1amino)phenyll-1,3-dimethyl-2,3- 
dihydro-1H-benzimidazole (4; 138 mg, 0.349 mmol, 87%) as 
a beige solid. Recrystallization from CH2Cl2-ether under N, 
provided an analytically pure sample: mp 156-157°C (dec.); 
IR (CHCl,): 2803,2698 cm-'; 'H NMR (400 MHz, CDCl,) 6: 
2.72 (s, 6H), 3.61 (s, 6H), 4.83 (s, lH), 6.76-6.80 (m, 2H), 
6.93-6.97 (m, 2H), 7.44 (dd, = 7.6 Hz, 4~ = 1.3 HZ, 1 H), 
7.61 (dd, ,J=7.7Hz, ,J=7.6Hz, IH), 7.80(ddd,,J=8.1 Hz, 
, J = ~ . ~ H Z , ~ J =  1.3 HZ, lH),8.64(d,,5=8.1 HZ, lH), 12.16 
(bs, 1H); I3c NMR (100 MHz, CDC1,) 6: 34.6, 48.0, 94.5, 
110.1, 122.5, 124.3, 126.6, 130.6, 132.3, 133.0, 140.3, 142.9; 
MS (EI) mle: 267,252, 147; HRMS (EI) calcd. for C17H2,1N3 
- HI: 267.1736; found: 267.1726. Anal. calcd. for C17H221N3: 
C 51.63, H 5.61; found: C 51.59, H 5.68. 

1,8-Naphthaldehydic acid 
1,8-Naphthaldehydic acid was prepared by a modification of 
the standard method (13). A mixture of acenaphthenequinone 
(10.0 g, 54.9 mmol) and 30% aqueous KOH (70 mL) was 
heated at 140°C for 20 min in a poly(ethy1ene) bottle. The 
resulting blue solution was cooled, diluted with H20 (180 
mL), and acidified with concentrated aqueous HCl. This gave 
a precipitate that was separated by filtration, washed with 
H,O, and dissolved in hot 95% aqueous C,H50H. The result- 
ing solution was decolorized with activated carbon, solvent 
was removed by evaporation under reduced pressure, and the 
residue was recrystallized from CH3CN to give 1,8-naphthal- 
dehydic acid (7.43 g, 37.1 mmol, 68%) as cream-colored 
needles: mp 166°C (lit. (13) mp 169-171°C); IR (KBr): 3300, 
1690 cm-'; 'H NMR (400 MHz, CD,CN) 6: 5.79 (s, lH), 6.81 
(s, lH), 7.64-7.72 (m, 3H), 8.03 (dd, ,J= 7.6 Hz, 4 ~ =  1.9 HZ, 
1 H ) , 8 . 2 4 ( d d , 3 ~ = 8 . 3 H z , 4 ~ =  1.1 HZ, 1H),8 .34(dd,3~=7.3 
Hz, 'J = I .  1 Hz, 1H); ',c NMR (100 MHz, CD3CN) 6: 97.0, 
121.0, 126.4, 127.5, 127.9, 128.1, 129.4, 130.2, 130.4, 133.0, 
134.8, 164.2; MS (CI) mle: 201, 183. 

3-Chloro-1H,3H-naphtho[1,8-cd]pyran-l-one (9) 
Chloro- lH,3H-naphth0[1,8-cd]pyran- 1-one (9) was prepared 
by a modification of the standard method (15). A stirred sus- 
pension of 1,8-naphthaldehydic acid (1.08 g, 5.39 mmol) in 
H20  (10 mL) was treated dropwise with 1 N aqueous KOH 
until the solid dissolved. The resulting solution was diluted 
with H20  (20 mL) and extracted with CH,Cl,, solvent was 
removed from the aqueous phase by evaporation under 
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reduced pressure, and the residue was dried at 80°C in vacuo. 
A suspension of the dried solid in dry toluene (7 mL) was 
treated with oxalyl chloride (1.75 g, 13.8 mmol). The mixture 
was stirred at 25°C for 24 h under dry air and then was heated 
at reflux for 1 h. Volatiles were removed by evaporation under 
reduced pressure to give a residue of 3-chloro-1H,3H-naph- 
tho[1,8-cdlpyran-1-one (9), which was used without purifica- 
tion in subsequent procedures. 

Methyl 8-(1,3-dimethyl-2,3-dihydro-1H-benzimidazol-2- 
y1)-1-naphthoate (6) 

A solution of N,N1-dimethyl- 1,2-benzenediamine (1.10 g, 8.08 
mmol) (7), methyl 8-formyl-1-naphthoate (7; 1.50 g, 7.00 
mmol) (12), and (1s)-10-camphorsulfonic acid (0.152 g, 0.654 
mmol) in deoxygenated benzene (50 mL) was heated at reflux 
for 17 h under N, in an apparatus fitted with a Dean-Stark trap. 
The mixture was then diluted with benzene and washed with 
5% aqueous NaOH, H,O, and saturated aqueous CuSO,, The 
organic phase was dried with anhydrous MgS04, and solvent 
was removed by evaporation under reduced pressure. Recrys- 
tallization of the residue from CH3CN gave methyl 8-(1,3- 
dimethyl-2,3-dihydro- 1H-benzimidazol-2-y1)- 1-naphthoate 
(6; 1.00 g, 3.01 mmol, 43%) as a yellow solid: mp 160-161°C; 
IR (CHCl,); 2867, 2804, 1717 cm-I; 'H NMR (400 MHz, 
CD,CN) 6: 2.54 (s, 6H), 3.89 (s, 3H), 5.84 (s, lH), 6.37-6.42 
(m, 2H), 6.70-6.74 (m, 2H), 7.49 (dd, 3~ = 7.4 Hz, 3~ = 7.1 HZ, 
lH),7.63-7.68(m,2H),7.95(d,3~=8.0H~, 1H),8.05 (d, ,J= 
8.2 Hz, lH), 8.41 (d, 3~ = 7.2 Hz, 1H); "C NMR (100 MHz, 
CD,CN) 6: 32.5,52.8,87.6, 105.1, 119.0, 124.0, 126.5, 128.5, 
128.9, 129.0, 130.0, 130.4, 132.3, 134.1, 135.9, 141.8, 171.7; 
HRMS (EI) calcd. for C,,H,,N,O, - H: 33 1.1447; found: 
331.1433. 

Method A. By hydrolysis of methyl 8-(1,3-dimethyl-2,3- 
dihydro-I H-benzimidazol-2-y1)-1-tzaphthocrte (6) 

A solution of methyl 8-(1,3-dimethyl-2,3-dihydro- 1 H-benz- 
imidazol-2-y1)- 1 -naphthoate (6; 358 mg, 1.08 mmol) in THF 
(4 mL) was treated with 1.1 N aqueous LiOH (10 mL, 11 
mmol). The resulting mixture was heated at reflux for 2 h, and 
then the volatiles were removed by evaporation in vacuo. The 
dried residue was extracted with CHC1, (50 mL), and solvent 
was removed from the extract by evaporation under reduced 
pressure. The residue was redissolved in deoxygenated H20  
(13 mL) and acidified at 0°C with deoxygenated 1 N aqueous 
HC1 (1.05 mL, 1.05 mmol). The precipitated solid was sepa- 
rated by centrifugation, washed with H20, and dried in vacuo 
to give 3-[methyl[(2-methylamino)phenyl]amino]-lH, 3H- 
naphtho[l,8-cdpyran-1-one (8; 208 mg, 0.653 mmol, 60%) as 
a white solid: IR (CHCl,): 3418, 2815, 171 1 cm-'; 'H NMR 
(400 MHz, CD,CN) 6: 2.64 (s, 3H), 2.90 (d, 3~ = 3.2 Hz, 3H), 
4.63 (bs, lH), 6.64 (d, ,J= 7.9 Hz, lH), 6.72 (m, lH), 6.78 (s, 
lH), 7.13 (m, lH), 7.60-7.72 (m, 4H), 7.95 (d, 3~ = 8.0 HZ, 
1 H ) , 8 . 1 4 ( d d , 3 ~ = 8 . 3 H z , 4 ~ =  1.1 HZ, lH),8.49(dd,,J=7.2 
Hz, 4~ = 1.1 Hz, 1H); 13c NMR (100 MHz, CD,CN) 6: 30.5, 
34.8, 95.5, 110.0, 116.9, 120.1, 124.9, 125.6, 126.3, 126.5, 
127.0, 128.2, 128.3, 128.7, 129.5, 131.9, 133.5, 134.9, 144.6, 
164.7; MS (CI) mle: 319, 183; HRMS (FAB) calcd. for 
C,oH,8N,02 - H: 3 17.1290; found: 317.1276. 

Method B. By the direct reactiotl of N,N1-dimethyl-1,2- 
benzetzediamine with 3-chloro-IH, 3H-12aphtho- 
[1,8-cdlpyran-1 -one (9)  

A solution of N,N'-dimethyl- l,2-benzenediamine (1.72 g, 
12.6 mmol) (7) in dry CH,Cl, (6 mL) was stirred at 0°C under 
dry N, and treated dropwise with a solution of 3-chloro-IH, 
3H-naphtha[ 1,8-cdpyran- 1 -one (9) in CH,Cl, (10 mL), 
which was prepared by the procedure described above. The 
mixture was kept at 25°C for 40 min, diluted with CH,Cl,, and 
washed successively with deoxygenated 5% aqueous NaOH, 
H,O, and saturated aqueous CuSO,, The organic phase was 
dried with anhydrous MgS04, and volatiles were removed by 
evaporation under reduced pressure. This yielded a sample of 
3-[rnethy1[(2-methylamino)phenyl]amino]- 1 H, 3H-naphtho- 
[ 1,s-cdpyran- 1-one (8; 1.37 g, 4.30 mmol, 80%) identical to 
the product of method A. 

8-(1,3-Dimethylbenzimidazolium-2-yl)-l-naphthoate (10) 
A stirred mixture of 3-[methyl[(2-methy1amino)phe- 
nyllaminol-lH, 3H-naphtho[l,8-cdlpyran-1-one (8; 202 mg, 
0.634 mmol) and K,CO, (158 mg, 1.14 mmol) in CH,OH (5 
mL) was treated dropwise at 25°C with a solution of I, (169 
mg, 0.666 mmol) in CH,OH (10 mL). After 2 h, volatiles were 
removed by evaporation under reduced pressure, the residue 
was extracted with CHCl,, and solvent was removed from the 
extracts by evaporation under reduced pressure. The residue 
was redissolved in CH,OH and decolorized with activated 
carbon. Evaporation of solvent under reduced pressure left a 
residue of 8-(1,3-dimethylbenzimidazolium-2-y1)-1-naph- 
thoate (10; 146 mg, 0.461 mmol, 73%) as a beige solid, which 
was purified by recrystallization from CH30H-ether: mp 
305°C (dec.); IR (KBr): 1597 cm-l; 'H NMR (300 MHz, D,O) 
6: 3.77 (s, 6H), 7.68-7.76 (m, 2H), 7.76-7.8 1 (m, 2H), 7.83- 
7.86 (m, 2H), 7.88-7.94 (m, 2H), 8.16 (dd, 'J= 7.8 Hz, 'J= 
1.8 Hz, lH), 8.36-8.42 (m, 1H); ',c NMR (75.4 MHz, D,O) 
6: 32.8, 113.5, 117.6, 126.0, 127.4, 127.5, 127.9, 129.0, 13i.0, 
132.3, 133.0, 134.8, 135.1, 136.9, 152.1, 176.3; MS (FAB) 
mle: 317; HRMS (FAB) calcd. for C20H16N,02 + H: 
317.1290; found: 317.1276. 

2-(1,3-dimethyl-2,3-dihydro-1H-benzimidazol-2- 
y1)benzoic acid (11) 

In a sealable tube, a solution of N,N'-dimethyl- l,2-benzenedi- 
amine (0.770 g, 5.65 mmol) (7) in deoxygenated ether (3 mL) 
was added to a stirred solution of phthalaldehydic acid (0.8 19 
g, 5.46 mmol) in deoxygenated ether (1 mL). This caused the 
rapid precipitation of a yellow solid. The mixture was kept at 
25°C for 15 min, and then volatiles were removed by evapo- 
ration in vacuo. Deoxygenated CH,OH (12 mL) was added to 
the residue, the mixture was degassed, and the tube was sealed 
in vacuo. The tube was then heated in an oil bath at 140- 
150°C until the yellow solid had dissolved. Crystallization 
occurred when the solution was cooled. The tube was opened 
under Ar in a glove box, the mother liquors were removed, and 
the crystals were washed with CH30H and dried in vacuo. 
This provided 2-(1,3-dimethyl-2,3-dihydro- 1 H-benzimida- 
zol-2-y1)benzoic acid (11; 1.27 g, 4.73 mmol, 87%) as air-sen- 
sitive yellow needles: mp 198-199°C; IR (CHCl,): 2804, 
2692, 2637, 1719 cm-I; 'H NMR (400 MHz, CDC1,) 6: 2.61 
(s, 6H), 4.90 (s, lH), 6.62-6.67 (m, 2H), 6.87-6.91 (m, 2H), 
7.45-7.49 (m, lH), 7.54-7.60 (m, 2H), 8.05-8.10 (m, lH), 
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Brunet and Wuest 

12.4-13.5 (bs, 1H); ',c NMR (100 MHz, CDCI,) 6: 33.9, 
95.1, 109.1, 121.8, 130.5, 131.4, 131.9, 133.4, 133.6, 134.7, 
140.9, 169.5; MS (CI) tnle 269, 267, 253; HRMS (EI) calcd. 
for Cl6HI6N2o2: 268.1212; found: 268.1202. Anal. calcd. for 
C16H16N,02: C 71.61, H 6.01, N 10.45; found: C 71.26, H 
6.12, N 10.62. 

2-(1,3-dimethylbenzimidazolium-2-yl)benzoate (13) 
(ref. 16) 

A solution of 2-(1,3-dimethyl-2,3-dihydro-lH-benzimidazol- 
2-yl)benzoic acid (11; 200 mg, 0.745 mmol) in CH,OH (10 
mL) was stirred at 25°C for 1 h under 02. Volatiles were then 
removed by evaporation under reduced pressure, and the resi- 
due was dried in vacuo. This yielded 2-(1,3-dimethylbenzimi- 
dazolium-2-y1)benzoate (13; 198 mg, 0.743 mmol, 100%) (16) 
as a beige solid, which was purified by recrystallization from 
CH,Cl,-ether: mp 275277°C (lit. (16) mp 294-295°C); IR 
(CHCI,): 1622 cm-'; 'H NMR (300 MHz, CDCI,) 6: 3.73 (s, 
6H), 7.23 (dd, 3~ = 7.6 Hz, 4~ = 0.7 HZ, lH), 7.57-7.68 (m, 
5H),7.77(ddd,,~=7.6Hz,,J=7.6Hz,~J= 1.3Hz, 1H),8.51 
(dd, 3~ = 7.8 Hz, 4~ = 0.7 HZ, 1H); I3c NMR (75.4 MHz, 
CDCI,) 6: 32.0, 112.2, 120.9, 126.2, 127.8, 129.5, 131.6, 
131.9, 132.8, 142.6, 156.1, 167.2; MS (CI) mle: 267; HRMS 
(EI) calcd. for Cl6Hl4N2O2: 266.1055; found: 266.1026. 

Pyrolysis of 2-(1,3-dimethyl-2,3-dihydro-1H- 
benzimidazol-2-y1)benzoic acid (11) 

One arm of an H-tube was charged with a mixture of tmtz~-stil- 
bene (100 mg, 0.55 mmol) and 10% Pd on activated carbon 
(50 mg) in deoxygenated 95% aqueous C2H50H (2 mL), and 
the other arm was charged with 2-(1,3-dimethyl-2,3-dihydro- 
1H-benzimidazol-2-yl)benzoic acid (11; 47 mg, 0.18 mmol). 
The tube was sealed, the ethanolic suspension was stirred at 
25°C in one arm, and the solid was heated in the other at 185°C 
for 8 days. The tube was then opened, the suspension was fil- 
tered, and solvent was removed from the filtrate by evapora- 
tion under reduced pressure. Examination of the residue by I H  

NMR spectroscopy showed that no 1,2-diphenylethane had 
been formed from rmtzs-stilbene and therefore that no HI had 
been generated by the pyrolysis. 

In a similar experiment, 2-(1,3-dimethyl-2,3-dihydro- 1 H- 
benzimidazol-2-y1)benzoic acid (11; 250 mg, 0.93 mmol) was 
pyrolyzed in a sealed tube at 180°C for 150 h. The pyrolysate 
was taken up in CH30H (1.3 mL), and the solution was diluted 
with H20. The aqueous mixture was then extracted with ether 
and with CHCI,. Volatiles were removed from the aqueous 
phase by evaporation in vacuo to give a residue of 2-(1,3- 
dimethylbenzimidazolium-2-y1)benzoate (13; 79 mg, 0.30 
mmol, 32%). The combined ether extracts were washed with 
5% aqueous HCI and dried with anhydrous Na2S04, and vola- 
tiles were removed from the dried solution by evaporation 
under reduced pressure. Flash chromatography (silica, hexane 
(75%) - ethyl acetate (25%)) of the residue yielded phthalide 
(14; 24 mg, 0.18 mmol, 19%), which was shown by 'H NMR 
spectroscopy to be identical with an authentic sample. 

The combined acidic washings were made basic by the 
addition of 50% aqueous NaOH, and the basic mixture was 
then extracted with CH2CI2. The combined organic extracts 
were dried with Na2S0,, and volatiles were removed from the 
dried solution by evaporation under reduced pressure. Gradi- 
ent chromatography (neutral alumina, hexane (80%)/ethyl 

acetate (20%) - hexane (65%)/ethyl acetate (35%)) of the res- 
idue gave 1-methyl-2-[2-(1 -methylbenzimidazol-2-y1)phe- 
nyl]benzimidazole (15; 45 mg, 0.13 mmol, 14%) as a colorless 
solid. Recrystallization from C2H50H/H20 (7:3) provided an 
analytically pure sample: mp 239-240°C; 'H NMR (300 
MHz, CDCI,) 6: 3.27 (s, 6H), 7.13-7.17 (m, 2H), 7.2 1-7.3 1 
(m, 4H), 7.70-7.74 (m, 2H), 7.77-7.8 1 (m, 2H), 7.83-7.87 (m, 
2H); MS (EI) mle: 338, 323; HRMS (EI) calcd. for C22H18N4: 
338.1531; found: 338.1533. Anal. calcd. for C22H18N4: C 
78.07, H 5.36, N 16.56; found: C 77.79, H 5.39, N 16.42. 
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Ground- and excited-state properties of some 
naphthof lavyliums 

Mourad Elhabiri, Paulo Figueiredo, Florian George, Jean-Paul Cornard, 
Andre Fougerousse, Jean-Claude Merlin, and Raymond Brouillard 

Abstract: A series of five, structurally related, substituted 2-phenyl-benzopyrylium (flavylium) salts were synthesized and 
characterized by NMR, absorption, and fluorescence techniques. Their hydration and deprotonation constants were obtained 
through thermodynamic and relaxation kinetic methods. Metallic complexation with the two compounds possessing a catechol 
group and its effect on the fluorescence intensity was also studied. The ground state properties of the five pigments are correlated 
with the theoretical data collected through AM1 molecular orbital calculations. 

Key words: naphthoflavylium synthesis, hydration and deprotonation constants, fluorescence, metallic complexation, molecular 
orbital calculations. 

RCsumC : Cinq sels de 2-phCnyl-benzopyrylium (flavylium) ont CtC synthCtisCs et caracttrists par leurs spectres de RMN, 
d'absorption et de fluorescence. Les constantes d'hydratation et de dCprotonation ont CtC dCterminCes par des mCthodes 
therrnodynamiques et cinktiques. La complexation de certains mCtaux avec les deux composCs possCdant un groupe catCchol et 
I'effet de ce type de complexe sur I'intensitC de fluorescence ont Cgalement CtC CtudiCs. Les propriCtCs de 1'Ctat Clectronique 
fondamental des cinq pigments sont en bon accord avec les donnCes thCoriques obtenues par les calculs d'orbitales molCculaires 
selon la mCthode AMl .  

Mots cle's : synthkse de cations naphthoflavylium, constantes d'hydratation et de dCprotonation, fluorescence, complexation 
mCtallique, calcul d'orbitales molCculaires. 

Introduction and photochemical degradation (9, 10). Several recent studies 

Diversely substituted 2-phenyl-benzopyrylium salts (hence- 
forth referred to as flavylium salts) are frequently found in 
nature as the yellow to blue coloured pigments of most flowers 
and fruits (1, 2). They are the aglycone forms of a family of 
natural colourants, commonly known as anthocyanins (3), 
which have been consumed by humanity without any apparent 
unhealthy effects and have thus attracted the attention of 
numerous scientists for their use as an alternative to the haz- 
ardous synthetic dyes (4, 5). Unfortunately, the colourant 
properties of anthocyanins are somewhat unreliable under the 
physico-chemical conditions required for their possible use as 
food additives, namely mildly acidic pH values and interac- 
tions with an essentially aqueous environment (6-8). Indeed, 
in these conditions the flavylium form, which is usually stable 
at pH lower than 2, undergoes a hydration reaction (Scheme 1) 
leading to the formation of colourless forms. Moreover, both 
the coloured and colourless forms are susceptible to thermal 

Received December 8, 1995. 

M. Elhabiri, P. Figueiredo, F. George, A. Fougerousse, and R. 
Brouillard.' Laboratoire de chimie des polyphCnols, Centre 
national de la recherche scientifique, Unit6 de recherche associCe 
no 31, UniversitC Louis Pasteur, Institut de Chimie, 4, rue Blaise 
Pascal, 67008 Strasbourg, France. 
J.-P. Cornard and J.-C. Merlin. Laboratoire de spectrochimie 
infrarouge et Raman. Centre national de la recherche scientifiaue. 

have, for these reasons, addressed the problem of the stabili- 
zation of such colourants in aqueous solution through the for- 
mation of molecular complexes with a wide array of natural 
compounds ( l , 2 ,  1 1-23). 

An alternative path for the obtention of stable coloured pig- 
ments is through laboratory synthesis of anthocyanin ana- 
logues possessing simple substituent groups, such as OH, 
CH30, phenyl, etc., in key positions of the molecule (24-31) 
in order to provide not only the widest possible range of 
colours but also to protect the flavylium cation against nucleo- 
philic attack in the pH domain referred to above (-3 to 5). 
Some of these synthetic flavylium compounds have revealed 
very interesting excited-state characteristics, namely fluores- 
cence and photochromic properties (10,25, 32-34). 

With the objective of evaluating the influence on stability 
brought about by the introduction of different substituents in 
key positions of the flavylium skeleton, five compounds were 
synthesized: 2-benzo-naphtho[2,1-blpyrylium chloride (I), 2- 
((3',4'-dihydroxy)-benzo)-naphtho[2,l -b]pyrylium chloride 
(2), 2-((3',4'-dihydroxy)-benzo)-3-O-methyl-naphtho[2,1-b]- 
pyrylium chloride (3), 2-naphtho-naphtho[2,l-blpyrylium 
chloride (4), and 2-benzo-naphtho[l,2-blpyrylium chloride 
(S), Scheme 2. The extended conjugated T-systems of these 
molecules prompted us also to study their emissive properties 
and to correlate them with the degree of rigidity predicted by 
semi-empirical molecular orbital calculations for their molec- . . 1 Unit6 pripre de recherche A 263 1 L), UniversitC des sciences et ular structures. 

t echno~o~ies  de Lille, Bitiment (3,59655 Villeneuve dlAscq 
CCdex, France. Results 
' Author to whom correspondence may be addressed. Thermodynamic and kinetic measurements in aqueous 

Telephone: (33) 88 41 60 92. Fax: (33) 88 41 60 81. E-mail: media 
brouilQchimie.u-strasbg.fr The electronic absorption spectra of flavylium cations present, 
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Elhabiri et al 

Fig. 1. Electronic absorption spectra of compounds 1 4 .  pH = 1.0. Aqueous solutions with 4% MeOH. 

Wavelengt hlnm 

4, an apparent first-order kinetics. The first-order rate constant k 
[ 1 1 AHf A+ H+ for [B] variation (defined by d A [Blldt = -kA [B]) is directly 

delivered by the spectrophotometer software and can be repre- 
Kh sented by 

[2] AHf + H20 4 (B + C) + Hf 

For the sake of simplicity, in eq. [2] the equilibria of hemiace- 
tal (B) formation and subsequent ring opening to form the 
chalcone C are written as a whole since the second process 
occurs in a very fast step (35, 36). The increase in pH in aque- 
ous solutions of these compounds with the subsequent attain- 
ment of the equilibrium described in eq. [2] produces 
significant modifications on the electronic spectra of the pig- 
ments (Fig. 2), notably a decrease in intensity of the visible 
band. This fact allows the obtention of a global value of K' = 
K, + Kh, through a plot of D,j(Do - D) as a function of [H'], 
according to eq. [3] (20,21,23). Such a plot will give a straight 
line with an interceptlslope ratio equal to Kh + K,. 

In eq. [3] Do represents the absorption of a strongly acidic 
(pH <1) pigment solution, D the absorption of a solution at a 
given, less acidic, pH, and rA stands for the ratio of the molar 
absorption coefficients 

An alternative and complementary method to obtain the val- 
ues of the equilibrium constants is by performing pH jumps, 
from very acidic to less acidic pH values, in aqueous solutions 
of the pigments, and measuring the resulting exponential 
decay of the visible absorption, which essentially reflects the 
relaxation of the pH-dependent equilibrium [2] according to 

where kllk2 = Kh, i.e., k, is the hydration rate constant and k,  
the constant for the reverse process. Rearranging eq. [4] into 
eq. [5] allows the obtention of a (K, + Kh + [H.+])lk vs. l/[Hf] 
straight-line plot with a slope equal to K,lk, and an intercept of 
llk,. This leads directly to the values for k, and K,, and 
through a combination with the results obtained from eq. [3], 
K,, and kl immediately follow. The theoretical treatment that 
permits the obtention of equilibrium rate constants is given in 
full detail in ref. 2 1. 

Table 1 reports the calculated hydration and deprotonation 
constants for pigments 14. 

Fluorescence properties 
Most anthocyanins and some synthetic flavylium salts are 
known to exhibit fluorescence from all forms existing in 
mildly acidic aqueous solutions and even in some organic sol- 
vents (10, 25, 37, 38). However, all natural anthocyanins pos- 
sess only very weak fluorescence intensities and poor 
fluorescence quantum yields, the same being true for the sim- 
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Fig. 2. Electronic absorption spectra of 3 as a function of pH. Concentration = 2.8 x M; T = 25°C. pH = 1.1 (a), 2.5 (b), 2.7 (c), 
3.0 (4, and 3.4 (e ) .  

Table 1. Thermodynamic and kinetic parameters for pigments 
1 4  in aqueous solution. T = 25OC. 

Compound Kh (pKh) KJM-' (PK,) 

Table 2. Calculated parameters for compounds 1-5. AM1 
parametrization. 

Compound s: 
Torsion angle" 

(O) 

"Between rings C and B 

ple synthetic analogues studied so far. The extended conju- 
gated systems of all pigments reported in this work and their 
planar molecular structures, especially in the cases of 1,2,  and 
4 (Table 2), seemed to forecast a possible increase in emission 
intensity when compared to the above-mentioned pigments. 
Figure 3 compares the emission spectra of the flavylium forms 
of compounds 1-3 and 5, where an influence of the substitu- 
ents on emission intensity and wavelength is visible. Indeed, 
compounds 1, 2, and 3, although absorbing at different wave- 
lengths, emit at the same wavelength but the emission inten- 
sity of 2 is 500 times lower than that of 1, and 3 is still less 

emissive. When compared to 1, compound 5, which can be 
considered as its isomer, is characterized by a strong Stokes 
shift in acidic methanolic solution, from 534 to 642 nm. Com- 
pound 4 also exhibits an emission band at 534 nm, its relative 
intensity being intermediate between those of 1 and 2, in spite 
of being a more conjugated system. 

Solvent effect 
It is well known that flavylium forms of anthocyanic pigments 
present a negative solvatochromic behaviour, i.e., a displace- 
ment of the visible absorption band towards longer wave- 
lengths with a reduction in medium polarity (39). Absorption 
and fluorescence emission spectra of pigments 1, 4, and 5 
were thus performed in several solvents, ranging in polarity 
from chloroform to water, to assess the solvent influence on 
absorption and emission wavelengths and intensities of this 
particular type of flavylium salts. The solvents used were, in 
order of increasing polarity, chloroform, dichloromethane, 
formic acid, methanol, and waterIHC1. The changes in absorp- 
tion spectra caused by variation in medium polarity in 4 are 
presented in Fig. 4. Considerable changes in band shape can 
be observed, first the disappearance of the typical flavylium 
absorption and the clear vibrational structure at lower wave- 
length in methanol, which is also slightly perceptible both in 
chloroform and dichloromethane. In the cases of chloroform 
and dichloromethane, the typical bathochromic shift due to 
medium polarity on the flavylium absorption band is accom- 
panied by the formation of a shoulder at ca. 420 nm. The two 
other pigments (1 and 5) show similar behaviour, notably a 
bathochromic shift with decreasing medium polarity and the 
appearance of structured absorbance bands in methanolic 
solution. 

In what concerns fluorescence emission, a hypsochromic 
shift is observed when decreasing the medium polarity. Fur- 
thermore, strong differences of behaviour can be observed 
between the two isomers 1 and 5, when comparing their fluo- 
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Elhabiri et al 

Fig. 3. Fluorescence emission spectra of 1, A,, = 445 nm; 2, AEX = 485 nm; 3, AEX = 500 nm; and 5, AEX = 600 nm. Acidic methanolic 
solutions. 

70000000 1 

Fig. 4. Absorption spectra of 4 in H20, pH = 1.0 (a), CH30H (b), HCOOH (c), CH2C12 (4, and CHC13 ( e ) .  3.25 x lo4 M, T = 25OC. Inset: 
variation of A,,, as a function of medium polarity. 

500 1 

rescence properties in solvents of different polarity. In metha- bands more intense than those found in acidic methanol, 5 dis- 
no1 both 1 and 5 show low-intensity emission bands, when plays only very weak fluorescence bands. 
excited at the maximum visible wavelength of their respective 
flavylium forms, this intensity strongly increasing when a few Photochromic behaviour 
drops of concentrated formic acid are added to the solution. Certain synthetic flavylium salts, in mildly acidic aqueous 
But in dichloromethane solutions, while 1 produces emission media (3 < pH < 4), have shown interesting photochromic 
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Fig. 5. Fluorescence emission spectra of 2 in H20, pH = 4.0, (a) without A13+, and (0) with A13+ 

Can. J. Chern. Vol. 74, 1996 

Scheme 3. 

properties with either gain or loss of colour under light irradi- 
ation and the inverse behaviour in the dark (10, 32, 34). This 
prompted us to investigate the photochromic behaviour of the 
five naphthoflavyliums here reported. Yet, only pigment 3 
revealed a manifest photochromic effect with loss of colour 
when submitted to irradiation, and a partial colour recovery in 
the dark. Colour recovery was not complete since side reac- 
tions of thermal and photo degradation occur. 

Metallic complexation 
Chelation between some small di- and trivalent metals and 
anthocyanins possessing a catechol group in ring B has been 
reported (1, 22 ,40,4  1) and discussed on the basis of phenolic 
proton(s) loss to form a quinonoidal structure (Scheme 3), 
which will be responsible for the bathochromic shift always 
observed. To our knowledge, no work has been done on the 
fluorescence properties of these metal complexes. This 
prompted us to investigate the fluorescence emission changes 
when europium(II1) or aluminium(III) salts are added to stabi- 
lized solutions of compounds 2 and 3. 

For both compounds, the addition of a solution of AlC13 in 
large excess produces a bathochromic shift of 60 nm in the vis- 
ible absorption band and a strong decrease of the fluorescence 
intensity at 534 nm characteristic of the flavylium cation, 
which is in accordance with the deprotonation model proposed 
above. Moreover, a faint emission band appears at 675 nm 
(Fig. 5) and 690 nm, respectively, for 2 and 3, which becomes 
more intense when the solution is excited at the new maximum 
wavelength of the complex. 

Discussion 

Thermodynamic and kinetic measurements in aqueous 
media 

The spectral changes shown in Fig. 1 ,  namely, the bathochro- 
mic shifts observed between pigments 1, 2, and 3, can be 
attributed to the increase in electron donor strength of the sub- 
stituting OH and 0CH3 groups. A similar phenomenon is 
known to occur with natural, largely substituted, anthocya- 
nins, which tend to absorb at longer wavelengths than the par- 
ent aglycones (2). 

The equilibrium constants obtained through application of 
eqs. [3] and [5] are presented in Table 1. No values are dis- 
played for pigment 5, due to its insolubility in aqueous solu- 
tion. In the cases of molecules 1 and 4, which possess no O H  
group and thus cannot permit deprotonation (eq. [ l ] ) ,  K, is 
directly obtained from eq. [3] and is equal to K'. 

From the analysis of Table 1, it can be inferred that com- 
pound 4 is the most susceptible to hydration (lower pK,,), 
while 2 seems to suffer only a negligible water attack. This is 
evidenced by the fact that we can obtain the value for only a 
single equilibrium constant and is further stressed by the sub- 
traction of the flavylium contribution (37) from the absorption 
spectra as a function of the pH. This results only on the rise of 
a new band with a maximum wavelength at ca. 555 nm, which 
is the same maximum wavelength obtained for a fresh solution 
of 2 at pH 7, where the quinonoidal base is the dominant spe- 
cies. Moreover, an isosbestic point at ca. 530 nm is observed, 
supporting the existence of only two forms in equilibrium. 
Since no other absorptions, attributable to the hemiacetal and 
(or) the chalcone forms, appear as a result of the subtraction, 
the value found for the equilibrium constant is assigned to K,. 

The greater or lower reactivity towards nucleophilic water 
attack can be correlated with the charge density in C-2 (given 
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by the parameter $1, obtained through molecular orbital cal- 
culations. Examination of Table 2 allows the conclusion that 
an increase in S; is accompanied by a diminution in pKh. This 
confirms that, for these naphtho derivatives, the hydration 
reaction occurs in the same manner as that reported for com- 
mon flavylium salts (2, 28). There is, however, an exception 
represented by compound 4, which presents only a small 
increase in $relative to 1, but has a considerably lower pKh. A 
tentative explanation for this behaviour is given by taking into 
account the large absolute hardness value (q) that was com- 
puted, through molecular orbital calculations, for pigment 1 
(3.3 1 eV) as compared to the value obtained for compound 4 
(3.05 eV). This parameter is defined as q = (ELUMO-EHOMO)I 
2 and is usually a reliable criterion for predicting reactivity, 
i.e., the larger the LUMO-HOMO gap the lower the reactivity 
of the molecule (3 1). The greater reactivity of 4 may therefore 
reflect a less aromatic character of this compound relative to 1 
in spite of the presence of an additional benzene fragment in 4 
(see below the discussion of the fluorescence properties). 

Fluorescence properties 
The spectra depicted in Fig. 3 demonstrate the influence that is 
brought about by different substituents on emission intensity 
and wavelength. The difference in emission intensity among 
pigments 1-3 may be due to the formation of a twisted 
intramolecular charge transfer state (TICT) in the excited 
state, caused by the presence of the OH groups in the case of 2 
and further enhanced by the loss of coplanarity in 3 (Table 2). 
Some authors have already verified that, for similar molecules, 
the rigidity and consequent coplanarity of the moiety con- 
nected to C-2 of the benzopyrylium fragment has a marked 
influence on their fluorescence properties (25, 4 2 4 4 ) .  The 
formation of this TICT state can be viewed as a deactivation 
channel for the fluorescence emission. 

The observed Stokes shift between 1 and 5 (Fig. 3) is attrib- 
utable to the strong electron-donating properties of the benzyl 
moiety on position 1 1 of the latter (25). A strong bathochromic 
shift from 444 nm to 600 nm is also observed on the absorption 
spectra of these two compounds. 

The structure of compound 4 (Scheme 2) leads us to antici- 
pate a strong fluorescence emission. However, this is not 
observed. A; stated before. it exhibits an emission intensitv 
lower than 1. This molecul'e is a good example that it is n i t  
simply by combining a great number of benzene fragments 
that a molecule becomes more aromatic, as demonstrated by 
the smaller ELUMO-EHOMO gap (28) obtained from molecular 
orbital calculations applied to 4. This gap, which is a good 
measure of the aromaticity of a molecule, was computed as 
3.05 eV, compared to 3.3 1 eV for 1. 

Solvent effect 
The insert of Fig. 4 depicts the existing correlation between ET 
at 25°C (45) and the maximum wavelength of compound 4 in 
several solvents, the same relation holding for the two other 
compounds tested (1 and 5). This relation reflects the negative 
solvatochromic behaviour of these three naphthoflavyliums. 

The existence of vibrational bands in the UV region of the 
absorption spectra, observed for compounds 1 , 4  (Fig. 4), and 
5 in methanolic solution, should have their origin in the forma- 
tion of a methoxy adduct to position 2 (see Scheme 2) of the 
chromophore, since when such a solution is quickly acidified 

Scheme 4. 

A 

to pH 1 a spectrum similar to the one observed in aqueous 
acidic solution is obtained. This methoxy adduct will thus be a 
methanolic analogous to the hemiacetal formed upon hydra- 
tion of the flavylium cation, in aqueous medium. 

The appearance of a shoulder next to the typical visible 
absorption band, in chloroform and dichloromethane solutions 
(Fig. 4), may be caused by a rigidization of the molecular 
structure in these less polar solvents. 

The hypsochromic shift observed in fluorescence emission 
spectroscopy when the medium polarity is lowered, which 
appears to be in contradiction with the bathochromic shift 
observed in absorption spectra, can be explained by a greater 
delocalization of the positive charge in the excited state than in 
the ground state. This leads to a smaller stabilization of S,  rel- 
ative to So by solvents of high polarity. Since the polarizability 
of S ,  is greater than that of So, less polar solvents stabilize the 
latter and result in a hypsochromic shift of the emission wave- 
length. 

Finally, it may be the presence of a substituent in position 
1 1, in pigment 5, responsible for the creation of a deactivation 
channel, more effective in less polar solvents, that would 
account for the low intensity of emission displayed by this 
compound in dichloromethane solution, when compared to its 
isomer 1. 

Photochromic behaviour 
The photochromic properties here reported for compound 3, in 
mildly acidic aqueous solutions, seem to be typical of some 3- 
substituted flavylium based pigments that form the colourless 
cis-chalcone (cf. Scheme 4) as the more stable isomer in the 
ground state (32, 46). Light irradiation allows us to overcome 
the energy barrier necessary to displace the equilibrium 
towards the tmns isomer (also colourless). The trans-chal- 
cone, thus formed in the excited state as the more stable iso- 
mer, does not possess the ability to cyclize and reform the 
flavylium cation according to the set of equilibria depicted in 
Scheme 1. The displacement of these equilibria towards trans- 
chalcone accumulation results therefore in a loss of colour. 
This reaction is thermally reversed in the dark. 

The inverse process does also occur with some, 3-unsubsti- 
tuted, flavylium compounds (34), i.e., stabilization of the 
trans-chalcone in the ground state with the irradiation produc- 
ing a trans+cis photoisomerization with consequent recy- 
clization of the cis-chalcone to reform the flavylium cation. 
This reaction is also reversed in the dark. 

Metallic complexation 
The new emission bands observed at 675 and 690 nm (Fig. 5) 
upon excitation of aqueous solutions of, respectively, com- 
pounds 2 and 3 in the presence of Al(LII), although having the 
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Scheme 5. 
R1 

1 - ~ 1 = ~ 2 = ~ 3 = ~  
HC'(g) 2 - ~1 = ~ 2  = OK ~ 3  = H - 

CHO E ~ O  3 - R' = R2 = OH; ~ 3  = OCH 3 

R3 

HCl(g) 
-----, 4 

CHO Et20 

R3 

same maximum wavelength as those of a fresh solution of the 
pigments at neutral pH (where the quinonoidal base is the pre- 
dominant form in solution), are less intense. This fact may be 
explained by a quenching process as a consequence of alumin- 
ium complexation. Such quenching effect is increased when 
europium(II1) replaces aluminium, since in this case no new 
emission band accompanies the decrease in the flavylium cat- 
ion emission. 

Conclusion 
Ground-state properties of a series of structurally related pig- 
ments are shown to be strongly dependent on the substitution 
pattern and on the greater or lesser coplanarity and aromaticity 
of the molecule. Commonly, the stronger the electron donor 
character of the substituent(s), the greater the observed batho- 
chromic shift. The twisting of the B ring relative to the rest of 
the molecule seems to act in the same direction. Concerning 
excited-state properties, it is the substitution pattern that seems 
to play the most significant role. Notably, substitution in posi- 
tion 11 seems to have a profound impact, namely, producing a 
significant Stokes shift. The other substitution patterns studied 
do not affect the emission wavelength, but the fluorescence 
intensity strongly decreases with the presence of donor substit- 
uents, through the possible formation of a nonfluorescent 
TICT state, indicating that nonsubstituted and planar com- 
pounds, like 1, are good candidates for highly aromatic and 
fluorescent molecules. 

Computational 
Molecular orbital calculations, using AM1 parametrization 
(47) were performed on a Escom PlOO PC, using the Hyper- 
Chem program (version 4, Hypercube, Inc., Ont. Canada). 

Experimental 

Scheme 6. 

phase cycling scheme (48) were used to record 'H-'H COSY 
(49, 50). Samples (4-8 mg/mL) were prepared in (CD,),SO- 
CF3COOD (98:2), CD3CN-CF3COOD (98:2). Residual sig- 
nals of the solvent were used as internal chemical shift refer- 
ence. Electronic absorption spectra were acquired using a 
Hewlett-Packard diode-array spectrometer fitted with a 
quartz cell (d = 1 cm) equipped with a stirring magnet. A con- 
stant temperature in the cell was obtained by use of a Lauda 
water-thennostated bath. The temperature was measured in 
the spectrometer cell with a Cormak thermocouple and was 
kept at 25 5 O.l°C throughout this work. Fluorescence emis- 
sion spectra were recorded on a SPEX F111 Fluorolog and on 
a molecular microprobe operating in a way that favours obser- 
vation of the flavylium emission bands (51). Solutions used in 
fluorescence measurements always had an absorbance of 0.2 
at the excitation wavelength. The pH was measured with a 
Metrohm 654 pH-meter equipped with a micro-electrode. 
Milli-Q water was used in all aqueous sample preparations. 
All other solvents were of analytical grade except for fluores- 
cence measurements where spectroscopic grade solvents were 
used. 2'-0-Methyl-3,4-dihydroxyacetophenone and 3,4-dihy- 
droxyacetophenone were prepared from 2'-chloro-3,4-dihy- 
droxyacetophenone, according to ref. 22. All other reagents 
used throughout the synthesis were of synthetic or analytical 
grade and used as received. 

This particular class of benzopyrylium salts was prepared 
bv two different methods. The first consists of acidic conden- 

Fast atom bombardment (FAB) mass spectrometry was carried sation of an appropriate aldehyde with a ketone (52) (Scheme 
out either on a LBK 9000s or on a Thomson THN 208 instru- 5). In the second, the synthesis proceeds through the reduction 
ment. Electron-spray ionization (ESI) mass spectrometry was of the carbonyl group of a flavone by LiAlH, followed by a 
camed out with a Bio-Q quadripole instrument. NMR spectra treatment with hydrochloric acid (Scheme 6). 
were recorded at 27°C on a Bruker AM-400 spectrometer 
operating at 400.14 MHz for 'H and on a Bruker WP-200SY General procedure for compounds 1-4 
operating at 50 MHz for 13c. Standard pulse frequences and An equimolar solution of the suitable ketone and aldehyde 
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precursors was vigorously stirred in distilled diethyl ether 
oxide. Gaseous hydrogen chloride was gently bubbled (3 h) 
into the mixture to favour solubilization when the initial prod- 
ucts presented weak solubilities. Precipitation of coloured 
crystals occurred after some minutes and was completed by 
keeping the reaction mixture at -20°C overnight. Crystals 
were washed several times with distilled diethyl ether oxide 
and dryed under vacuum. 

2-Benzonnphtho[2,1-b]py,ylium chloride (1) 
Total yield is 55%. UV-VIS (CHCI,) A,,, (nm): 244, 301, 
330,456. 'H NMR (CD,CN/TFA) 8 (pprn): 10.74 (lH, d, J = 
9.2Hz,H4),9.51(lH,d,J=9.2Hz,H3),9.12(2H,d,J=2.2/ 
7.5 Hz, H2', H6'), 8.63-8.32 (5H, complex signals, H3', H4', 
H5',H6,H7),9.49(1H,d, J=9.0Hz,H5),8.84(1H,d,J=9.3 
Hz, H8), 8,82 (lH, d, J =  9.2 Hz, H9), 9.37 (lH, d, J =  9.3 Hz, 
H10). ESI-MS m/z: 257.1 for C19H130. 

2-((3',4'-Dihydroxy)benzo)naphtho[2,1 -b]pyrylium chloride 
(2)  

Total yield is 55%. UV-VIS (HCIO.l M) A,,, (nm): 240,300, 
320, 486. 'H NMR (DMSO/TFA signals assigned by 'H-'H 
COSY) 8 (pprn): 10.07 (lH, d, J =  9.2 Hz, H4), 8.98 (lH, d, J 
=9.2Hz, H3), 8.17 (lH,dd, J=2.3/8.5Hz,H6'), 8.02 ( lH,d,  
J=2.2Hz,H2'),7.13(1H,d,J=8.6Hz,H5'),8.85(1H,d,J= 
9.3 Hz, H5), 7.97 (lH, t, J =  8.0 Hz, H6), 7.87 (lH, t, J =  8.2 
Hz, H7), 8.24 (IH, d, J = 9 . 4 H z ,  HS), 8.26 (lH, d, J = 9 . 3  Hz, 
H9), 8.71 (lH, d, J = 9.3 Hz, H10). FAB-MS m/z: 289.3 for 
C19H,,03 (100 M'), 579.2 (observation of a dimer, which can 
also be noticed by a deviation to the law of Beer-Lambert, 
when concentrations superior to 2 x lo-' M were used). 

2 -((3',4'-Dihydroxy)benzo)-3-0-methylnaphtho[2, I -b]- 
pyrylium chloride (3) 

Total yield is 75%. UV-VIS (HCl 0.1 M) A,,, (nm): 240,300, 
320, 504. 'H NMR (DMSO/TFA signals assigned by 'H-'H 
COSY) 8 (pprn): 9.45 (lH,s,H4),  8.27 (lH,dd, J=2.3/8.8Hz, 
H6'), 8.10 (lH, d, J = 2.3 Hz, H2'), 7.07 (lH, d, J = 8.7 Hz, 
H5'),4.34(3H,s),7.04(1H,d,J=7.9Hz,H5),7.81(lH,t,J= 
8.1 Hz, H6), 7.90 (lH, t, J = 8.1 Hz, H7), 8.16 (lH, d, J = 9.0 
Hz, H8), 8.14 (lH, d, J = 9.0 Hz, H9), 8.43 (lH, d, J = 9.0 Hz, 
H10). ESI-MS m/z: 3 19.34 for C20H1504. 

2-Naphthonaphtho[2,1-blpytylium chloride (4) 
Total yield is 60%. UV-VIS (CH,COOH) A,,, (nm): 252, 
300,476. 'H NMR (CD,CN/TFA) 8 (pprn): 10.74 (lH, d, J = 
9.2Hz,H4),9.51(1H,d,J=9.2Hz,H3),9.12(2H,d,J=2.2/ 
7.5 Hz, H2', H6'), 8.63-8.32 (5H, complex signals, H3', H4', 
H5',H6,H7),9.49(1H,d, J=9.0Hz,H5),8.84(1H,d,J=9.3 
Hz,H8),8.82(1H,d,J=9.2Hz,H9),9.37(1H,d,J=9.3Hz, 
H10). FAB-MS 4.: 307.1 for C,,H,,O (100 M'), 615.2 (once 
again observation of a dimer). 

2-Benzotzaphtho[l,2-blpyrylium chloride (5)  
a-Naphthoflavone (200 mg, 0.73 mmol) was dissolved in 10 
mL of a mixture of diethyl ether oxide and toluene and 1.1 
equivalent of LiAlH, (20 mg) was added. The solution was 
kept under reflux for 2 h, diluted with ethyl acetate, and 
washed with two portions (each 50 mL) of water. The organic 
phase was then acidified with hydrochloric acid. The solution 
turned green and was concentrated under vacuum. The pyry- 
lium salt was purified on a silica column, first with CHC13 as 

eluent and after with CHC1,-CH,COOH (95.5). Total yield is 
35%. UV-VIS (CH,COOH-CHCl,, 1: 1) A,,, (nm): 244,297, 
383,425,604. 'H NMR (CD,CN/TFA) 6 (pprn): 10.54 (lH, d, 
J=9 .2Hz,  H4), 8.84(1H,d, J=9 .2Hz,  H3), 8.32-7.71 (lOH, 
complex signals, H2', H3', H4', H5', H6', H6, H7, H8, H9, 
HlO), 8.79 (lH, d, J = 9.0 HZ, H5). FAB-MS 4.: 257.1 (100 
M+) for CI9Hl3O. 
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Detection of Newcastle disease virus using an 
evanescent wave inamno-based biosensor 

William E. Lee and H. Gail Thompson 

Abstract: A fibre-optic-based evanescent wave biosensor has been used for the detection of virus. Polyclonal antibody directed 
against the model analyte, Newcastle disease virus, was covalently immobilized on aminosilane-coated quartz fibres, which 
served as the capture and concentration element of the sensor system. Radiolabelling studies demonstrated a high degree of 
antibody attachment to the quartz solid support. Maximal coverage could be attained with antibody solution as low as 10 kg/mL 
and carbonyldiimidazole as the cross-linking agent. Fluorescein-labelled anti-NDV served as the detector antibody in a sandwich 
format. Assay times were approximately 15 min with a limit of detection of about 2 ng of purified virus in 0.2 mL sample 
volume. The biosensor detection system possesses several desirable characteristics such as a limited number of mechanical 
components, a multiple use active surface, and low baseline variation, which indicate that it has the potential to serve as an 
on-line continuous monitoring device of an automated or semi-automated detection system. 

Key words: fibre optic, biosensor, fluorescence, evanescence, immunoassay, antibody, Newcastle disease virus. 

Resume : On a utilisC un biosenseur d'onde Cvanescence bas6 sur une fibre optique pour la dCtection de virus. L'anticorps 
polyclonal dirigC contre l'analyte modttle, le virus de la maladie de Newcastle, a CtC immobilisC d'une faqon covalente sur des 
fibres de quartz recouvertes d'aminosilane qui servent d'C1Cment de capture et de concentration pour le systttme de senseur. Des 
Ctudes de radiomarquages ont dCmontrC un degrC ClevC d'attachement des anticorps sur le support solide de quartz. Une 
couverture maximale peut &tre obtenue avec une solution contenant de l'anticorps j. une concentration aussi faible que 10 kg/mL 
et du carbonyldiimidazole comme agent de reticulation. Les temps de dosage sont d'environ 15 min, avec une lilnite de dCtection 
d'environ 2 ng de virus purifiC dans un volume de 0,2 mL d'Cchantillon. Le systttme de dktection du biosenseur possttde plusieurs 
caractCristiques souhaitables, telles qu'un nombre limit6 des composants mCcaniques, une surface active qui peut Ctre rCutilisCe 
et une faible variation de la ligne de base; ceci indique qu'il a le potentiel pour servir comme appareil permettant de faire une 
Cvaluation continue, en circuit, dans un systttme de dCtection automatis6 ou semi-automatisC. 

Mots clks : fibre optique, biosenseur, fluorescence, evanescence, immunodosage, anticorps, virus de la maladie de Newcastle. 

[Traduit par la rkdaction] 

Introduction probe molecules immobilized on the surface and unbound 
probes in the bulk solution that do not interact significantly with 

In the present paper we describe an immunoassay utilizing a the evanescent wave. 
fibre optic wave guide sensor and evanescent wave spectros- We have used Newcastle disease virus (NDV), an avian 
copy (1) for the detection and quantitation of virus in liquid sam- paramyxovirus, as the model analyte. In this assay system, 
ples. The phenomenon of evanescence is associated with total quartz fibres are coated with aminosilane to which the capture 
internal reflection and occurs when light is reflected at an inter- element, polyclonal anti-NDV, is covalently immobilized. 
face where the refractive index decreases by a step value (1.46 Sandwich immunoassays are carried out in a stepwise manner: 
to 1.33 forthequartz-waterinterface (2)). At the reflection point target analyte is introduced to the capture surface, followed by 
the confined or guided light generates a localized electromag- fluorescein-labelled anti-NDV. The output signals are mea- 
n& field (evanescent wave) in the adjacent medium that sured by monitoring the rise in fluorescence emitted from the 
decreases in magnitude exponentially with distance from the fibre core. For comparison purposes, in order to determine the 
interface. Thus the exterior surface of the optical fibre is elec- effectiveness of the antibody immobilization procedures, the 
tromagnetically coupled to the core and can act as an active sen- same quartz fibres were used as a solid support for ELISA 
sor. The effective depth of penetration at the quartz-water (enzyme-linked immunosorbent assay (3)) of NDV. It was 
interface is about one wavelength, i.e., less than 1 kmfor visible found that the treated quartz fibres, when installed in the reac- 
light (21, and so fluorescently labelled molecules at or near the tion cell of the fibre optic sensor, provide analyte recognition 
surface can be selectively excited. The evanescence effect and sample concentration. Assays can be carried out in a flow- 
allows for a high level of discrimination between fluorescent through manner by alternately pumping analyte and detector 

antibody through the cell. Individual assays required about 
15 min to complete. The limits of detection were approxi- 

W.E. Lee' and H.G. Thompson. Defence Research mately 2 ng of purified virus. 
Establishment Suffleld, P.O. Box 4000, Medlclne Hat, 
AB T I  A 8K6, Canada. Materials and methods 
' Author to whom correspondence may be addressed. 

Telephone: (403) 544-4706. Fax: (403) 544-3388. Equipment 
e-mail:wlee@dres.dnd.ca The fibre-optic wave guide (FOWG) was manufactured by 

Can. .I. Chem. 74: 707-7 12 (1996). Printed in Canada 1 I ~ n p r i ~ n e  au Canada 
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ORD Inc. (North Salem, N.H.) and has been described previ- 
ously (4). The fibres were made of optical grade quartz, 1 mm 
diameter, 6 cm length, and were purchased from ORD Inc. The 
light source in the FOWG was a 4 W quartz halogen lamp, and 
the photodetector was a Hamamatsu S1087-01 photodiode. 
Excitation and emission wavelengths were 485 and 530 nm, 
respectively. The liquids were driven through the flow cell by 
means of a Cole Parmer peristaltic pump, model 7553-30, with 
two pump heads, 7013 and 7014. The output of the photode- 
tector was connected to a Hewlett Packard model 7015B XY 
recorder for data collection. A Beckman model 4000 radia- 
tion counter was used to measure the radioactivity of "'I. The 
same optical grade quartz fibres, as described above, were 
used as solid support for the enzyme immunoassays. 

Reagents 
Reagent grade acetone, methanol, chloroform, toluene, and 3- 
aminopropyltriethoxysilane (APTES) were obtained from 
Aldrich Chemical Co. (Milwaukee, Wis.). Phosphate-buffered 
saline (PBS) tablets, bovine serum albumin (fat free), fluores- 
cein-labelled anti-guinea pig IgG from rabbit, anti-human IgG 
from goat, dimethyl sulfoxide, carbonyldiimidazole, and fluo- 
rescein isothiocyanate were obtained from Sigma Chemical 
Co. (St Louis, Mo.). Polystyrene Immulon-1 flat-bottom 
microtiter plates were purchased from Dynatek Laboratories 
(Chantily, Va). Purified La Sota NJ strain of NDV was grown 
from seed stock obtained from the American Type Culture 
Collection (Rockville, Md.) in embryonated hen eggs (5), 
purified by density gradient centrifugation (6), and suspended 
in PBS pH 7.0. Polyclonal antibody was purified from guinea 
pig serum using ammonium sulfate precipitation, followed by 
ion exchange chromatography. Anti-NDV was custom conju- 
gated with horseradish peroxidase by Jackson ImmunoRe- 
search Laboratories (West Grove, Pa.). The substrate reagents 
for the horseradish peroxidase, H202 and 2,2-azino-di(3-ethyl- 
benzthiaoline) sulfonate (ABTS), were obtained from 
Kirkegaard and Perry (Gaithersburg, Md.). "5~-labelled anti- 
human IgG from goat was obtained from Dupont. Protein con- 
centrations were determined using a Coomassie blue assay kit 
(BioRad, Mississauga, Ont.) and IgG protein standards (Bio- 
Rad). 

Silanization of quartz fibres 
Quartz optical fibres (1 mm x 6 cm, 40 in total) were placed in 
a 15 x 90 mm glass receiver. The fibres were washed three times 
with acetone, three times with water, and twice with nitric acid 
(15%, vlv). The fibres were covered with nitric acid (15%), a 
condenser was installed, and the apparatus was placed in a 
Reacti-Therm heating module (Pierce Chemical Co., Rockford, 
Ill.) with the upper portion of the receiver wrapped in cotton bat- 
ting. The fibres were heated for 2 h at reflux temperature. After- 
wards, the fibres were rinsed thoroughly with water, then 
methanol, and dried in a convection oven for 2 h at 100°C. Two 
boiling chips were added to the glass receiver and the fibres 
were refluxed for 1 h in dry chloroform. 

The fibres were rinsed three times with dry toluene. A 20% 
(vlv) solution of APTES in dry toluene was added in sufficient 
amount to cover the fibres. The receiver tube was closed with a 
glass stopper and secured with metal springs. The vial was 
placed on a Nutator shaker (Clay Adams, Parsippany, N.J.) 
and rotated gently overnight at room temperature. The fibres 

were rinsed repeatedly with dry toluene, then dried in the 
Reacti-Therm block under a stream of dry nitrogen. The 
coated fibres were stored in screw-cap polystyrene test tubes 
inside a desiccator. Elemental analysis of the silanized quartz 
surfaces by X-ray photoelectron spectroscopy indicated that 
the coverages were approximately 45-50% of the surface area 
(K. Kallury, personal communication). Ellipsometry data 
gave a thickness of approximately 11 A, indicating that the 
coating was primarily monolayer silane (K. Kallury, personal 
communication). 

Covalent attachment of antibodies to quartz fibres 
Quartz fibres that had been previously treated with APTES 
were placed in glass test tubes (12 x 75 mm), about 10-15 
fibres per tube, then 2 mL of 0.5 M carbonyldiimidazole in 
dimethyl sulfoxide was added to each tube. The test tubes were 
covered with Parafilm and incubated for 2 h at room tempera- 
ture; gentle agitation was provided by a Nutator shaker. The 
supernatant solution was then decanted. The activated fibres 
were first washed three times with dimethyl sulfoxide, then 
three times with acetone, and finally dried at room temperature 
under a stream of dry nitrogen for 15 min. Once activated, 
quartz fibres were never stored, they were always immediately 
coupled with antibody by the following procedure. 

If the antibody had been stored in sodium azide or some 
other stabilizer, preservative, or buffer that would react with 
the activated fibre, it was necessary first to purify the antibody 
solution by dialysis prior to the linking reaction. The antibody 
to be linked was then diluted to the working concentration (up 
to 100 kg1mL) in PBS pH 7.4. The activated fibres were 
placed in polystyrene 12 x 75 mm snap-cap test tubes (no 
more than 20 fibres per tube). Sufficient antibody solution to 
cover the fibres (0.5 mL) was added and the tubes were incu- 
bated at 4°C overnight with agitation provided by a Nutator 
shaker. After the coupling reaction was completed, the anti- 
body solution was decanted. The fibres were washed three 
times with 0.1 M ethanolamine pH 8.5 and then were incu- 
bated with gentle shaking for 2 h at room temperature in the 
same solution. Finally, the antibody-linked fibres were 
washed three times with PBS. The fibres could be stored in 
buffer at 4°C for several days, or longer if the storage medium 
contained 0.02% sodium azide or merthiolate. 

Conjugation of antibodies with fluorescein isothiocyanate 
The procedure used to conjugate anti-NDV IgG with fluores- 
cein isothiocyanate was similar to methods previously 
described (7). An aliquot of anti-NDV IgG (guinea pig) solu- 
tion, 0.5 mL at 12 mgImL, was diluted to 6 mL with 0.15 M 
sodium phosphate buffer, pH 9.0, to give a concentration of 1 
mg1mL. A stock solution of fluorescein isothiocyanate 
(FITC), 1 mg1mL in 0.15 M sodium phosphate buffer, pH 9.0, 
was prepared. A volume of 10 k L  FITC solution per mg of 
protein, in this case 60 kL, was added to the antibody solu- 
tion. The pH was adjusted to 9.5 by the addition of 0.1 M 
sodium phosphate solution, pH 12.0. The reaction mixture 
was stirred for 1 h at room temperature while maintaining the 
pH at 9.5. The reaction mixture, about 10 mL total volume, 
was transferred to dialysis tubing and stirred overnight in a 
large flask containing 3.5 L of PBS. The PBS solution was 
changed and stirring continued for an additional 3 h. After 
dialysis, a uv-vis absorbance spectrum was recorded and a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Lee and Thompson 

Coomassie blue protein assay carried out. The A280 and A495 
readings indicated a mole ratio of fluorescein to protein (FIP) 
of 2.3. The recovery of protein was about 85%. The FITC- 
conjugated antibody solution was stored frozen at -20°C in 1 
mL aliquots. 

Enzyme immunoassay on quartz solid support 
Quartz fibres previously treated with APTES were cut using a 
small-bore tube cutter (Scientific Systems Inc., State College, 
Pa.) and sorted to 3 (?0.3) mm in length. Rubber gloves were 
used when handling the coated fibres. Capture antibody was 
covalently linked to the fibre segments according to the above- 
described procedures. The concentration of the capture anti- 
body solution was 50 pglmL. Blocking of the fibres was 
achieved by three successive 1 h incubations and washing with 
BSA-containing diluent buffer at 37°C. The fibres were placed 
in the wells of microtitre plates (one fibre per well). The anti- 
gen, NDV, was reconstituted in diluent buffer. Aliquots (200 
pL) were incubated in the microtitre wells with the capture 
antibody-coated fibres for 1 h at 37OC. After incubation with 
NDV, the fibres were washed three times with PBS. Detector 
antibody (peroxidase-conjugated anti-NDV) was diluted 11 
500 in diluent solution. Aliquots (200 pL) of diluted detector 
antibody were added to the wells containing the quartz fibres 
and the fibres were incubated for 1 h at 37OC. The fibres were 
washed several times with wash solution. Freshly prepared 
substrate, a mixture of ABTS and H202 solutions, was added, 
200 pL  per well, and the plate was placed on a Nutator shaker 
and allowed to develop at room temperature for 30 min. The 
absorbance of the reacted substrate in the wells was measured 
in a microtiter plate reader (Molecular Devices, Sunnyvale, 
Calif.) at 405 nm. The presence of the fibres in the wells did 
not affect the absorbance readings if the fibres were positioned 
away from the centres of the wells. 

Fluorescence assays of NDV on the fibre-optic wave guide 
Assays on the FOWG employed two methods to introduce 
antigen to the detector system. In one method, fibres coated 
with capture antibody were set into polystyrene test tubes, one 
fibre per tube, 0.5 mL of diluted NDV solution was added to 
each tube, and the tubes were sealed with polystyrene caps. 
The tubes were placed on their sides on the platform of a Nuta- 
tor shaker and incubated at room temperature for 5 min. After 
incubation the fibres were rinsed three times with wash solu- 
tion. A single fibre was installed in the flow cell of the FOWG. 
The cell was flushed with wash solution for 1 min and a base- 
line output signal was obtained during the flushing procedure. 
After the baseline had been recorded, detector antibody 
(FITC-labelled anti-NDV) solution was pumped through the 
flow cell and the resulting fluorescence signal was obtained by 
monitoring the voltage output of the photodetector with 
respect to time using the XY recorder. In the second method, 
the quartz fibres were incubated with NDV in the flow cell of 
the FOWG. That is, an antibody-coated fibre was installed in 
the flow cell and a 0.2 mL aliquot of diluted NDV solution was 
injected into the cell. After 5 min incubation, the flow cell was 
flushed with wash solution for 1 min. A baseline was obtained 
while wash solution was flowing through the system, then the 
detector antibody was introduced by means of the pump and 
the signal was recorded with respect to time by the XY 
recorder. 

Fig. 1. Radioactivity (counts per minute, n = 5 )  of quartz 
fibres resulting from covalent fixation of a mixture of native1 
'25~-labelled immunoglobulin G (2011, wlw). 

4000 I 

Total protein concentration (pg/mL) 

Fig. 2. Standard curve of radioactivity (cpm) versus spiked 
samples of '25~-labelled goat IgG. Aliquots (1 mL) of labelled 
antibody were delivered to vials and counted. 

Log protein concentration (pg/mL) 

Results 

Immobilization of antibodies on silanized quartz fibres 
To measure the amount of antibody covalently immobilized by 
carbonyldiimidazole reaction on the quartz surface, activated 
silane-coated fibres were reacted with a mixture of '25~-labelled 
goat anti-human IgG and native goat anti-human IgG. The 
radioactivity levels of the antibody-coated fibres were deter- 
mined and the data are shown in Fig. 1. The relative amount of 
protein immobilized, taken as the y irradiation emanating from 
the fibres, initially increased with increasing protein concen- 
tration and reached a plateau in the range of 7-10 pg1mL. The 
experiment was carried out using a ratio of 2011 (wlw), native 
to '251-labelled anti-human IgG. Immobilization experiments 
with ratios ranging from 1011 to 100011 produced similar 
results, i.e., a plateau in counts between 5 and 10 pg1rnL. 

It was possible to calculate the extent of protein coverage 
from the initial radioactivity of the stock radio-labelled anti- 
body, the radioactivity of the protein coated fibre, and the ratio 
of native to labelled antibody. We have taken the molecular 
weight of IgG as 160 000 Da (8) and the specific volume of 
globular protein as 0.73 (9). By comparison of the radioactiv- 
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Table 1. Covalent fixation of protein to quartz. 

Total protein conc. Total protein Protein coverage 
(I.lg/mL)" % "51-labelled" cprn (sd)' per fibre (gld (nglrnrn')' 

"Labelled plus nonlabelled. 
bPercentage by weight of "'I-labelled protein. 
'Mean counts per minute (standard deviation, r z  = 5). 
"20 x 1 mm diam. fibre, surface area = 63 mm'. 
'Mean protein coverage 0.94 (0.51) nglmm'. 

Fig. 3. Irnmunoassay of NDV using quartz as the solid support. 
Capture antibody was covalently attached to the solid phase. The 
LOD was taken to be the sample that produced a signal in excess 
of the background plus two standard deviations. For this assay the 
LOD was about 0.5-1.0 ng NDV in a total sample volume of 
0.1 rnL. 

Antigen per well  (ng) 

ity (cpm) of the protein-coated fibres (Table 1) with that of a 
standard curve of '"I-labelled antibody (Fig. 2), the total 
amount of protein immobilized was calculated to be about 
1 ng/mm2. This latter value represents protein coverage of the 
fibres of about 20% of the surface area. 

Enzyme immunoassay on quartz solid support: response of 
antibody-coated quartz fibres 

Polyclonal antibody directed against NDV was covalently 
immobilized on quartz fibres (1 mm diam., cut to 3 mm length) 
according to the above-described methods. The fibres were 
placed in the wells (one per well) of microtitre plates. Consec- 
utive incubations (30 min in duration) of antigen (NDV) and 
detector antibody (anti-NDV horse radish peroxidase conju- 
gate) were carried out, substrate solution was added, and the 
absorbance was determined at 405 nm. The results of an assay 
are shown in Fig. 3. The lower limit of detection (LOD), taken 
to be the intersection of the background plus two standard 

deviations with the dose response curve, was about 0.5 ng (5 
ng/mL for 0.1 rnL sample). The detection linlits were cornpa- 
rable to a colorometric microplate ELISA of NDV (1 0). These 
results suggest that the antibody-coating methods produce 
fibres suitable as capture elements that can be subsequently 
employed in a fibre-optic sensor. A similar enzyme immu- 
noassay for NDV employing capture antibody noncovalently 
adhered (physiosorbed) to quartz fibres was less sensitive, 
having an LOD of about 20-50 ng (W. Lee, unpublished 
results). 

Response of the fibre-optic wave guide 
An experiment to determine the active area of the quartz fibre 
contained in the FOWG flowcell was carried out. Guinea pig 
immunoglobulin (anti-NDV) was covalently immobilized on 
quartz fibres and solutions of fluorescein-labelled second anti- 
body (anti-guinea pig IgG from rabbit) were incubated with 
the fibres in test tubes. Sections of the fibre of increasing 
lengths were treated with the second antibody solution. The 
output of the FOWG increased in an approximately linear 
fashion with the length of fibre treated with the fluorescein- 
labelled second antibody. The data indicated that the active 
portion of the optical fibre extended essentially along its 
whole length (Fig. 4). 

The immunosensor capability of the FOWG is shown in 
Fig. 5. Fibres coated with anti-NDV were treated with increas- 
ing amounts of NDV analyte. Detector antibody (fluorescein- 
labelled anti-NDV) was then pumped through the flow cell. 
For the blank sample (no NDV), there was a small increase in 
signal that corresponded to the fluorescein-labelled antibody 
in the flow cell passing through the evanescent zone of the 
fibre (Fig. 5). When the flow of detector antibody was inter- 
rupted and buffer solution passed through the system, the out- 
put signal decreased to approximately its initial value. For the 
second sample, a fibre incubated with NDV solution (17 ng/ 
mL) was inserted into the flow cell. When detector antibody 
was pumped through the flow cell, there was a substantial 
increase in output signal. After the flow of detector antibody 
was interrupted and wash solution introduced, a small 
decrease in signal was observed. For fibres incubated in NDV 
solutions of 100 and 1000 ng/mL, the output signals increased 
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Lee and Thompson 

Fig. 4. Determination of the active area of the quartz fibre in the 
FOWG. Fibres were covalently coated with guinea pig IgG and 
then incubated with fluorescein-labelled anti-guinea pig IgG 
(0.005 ~ g l m L )  with varying lengths of the fibre exposed to the 
second antibody. 

"'I 

Coverage - cm from proximal end of fibre 

Fig. 5. Response of FOWG to NDV. The quartz fibre was 
incubated with NDV solution (0.5 mL) at room temperature. 
After incubation the fibre was washed with PBS. A baseline was 
recorded while flowing PBS through the flow cell. Detector 
antibody solution (fluorescein-labelled gp anti-NDV, 1 ~ g l m L )  
was pumped through the flow cell at a rate of 1.2 mLlmin. A 
separate fibre was used for each run. 

Addition of Buffcr 
/ 

Addition of 
Detection Antibodies 

Shuttcr Open 

\4 

100 ng/mI, 

17 ng/mL 

Blank 

P -I 1 Dark Currcnt 
0 

Time 

accordingly upon introduction of detector antibody. Higher 
concentrations of NDV yielded larger output signals (i.e., volt- 
age changes). 

Biosensor assay of NDV 
Plots of the slopes (dvldt) versus added NDV are more reveal- 
ing. The slopes of the individual xy recording (e.g., data in Fig. 
5), 1 min after introduction of detector antibody, were plotted 
against added NDV. A dose response is shown in Fig. 6. Sig- 
nals were recorded over a range of about 2-250 ng. The limit 
of detection, taken to be the lowest amount of NDV that pro- 
duces a signal two standard deviations above the background 

Fig. 6. FOWG standard curve on NDV. The slopes of the output 
traces (e.g., Fig. 5)  were determined 1 min after addition of 
detector antibody (0.5 kglmL). The data points and error bars 
represent the mean standard deviation of three samples. A 
separate fibre was used for each determination. The background 
(blank) was taken to be the signal output produced by the detector 
antibody alone, with no analyte present. 

r .I. 

NDV per sample (ng) 

Fig. 7. FOWG assay of NDV carried out on a single fibre. The 
data points and error bars represent the mean standard deviation 
of three samples. The analyte sample was incubated for 5 min, 
detector antibody concentration was 2 ~ g l m L .  The LOD was 
about 1 ng (volume 0.2 mL). The background (blank) was 
taken to be the signal output produced by the detector antibody 
alone, with no analyte present. 

6 

T 

Blank 

J 

NDV per sample (ng) 

(blank sample), was about 2-3 ng. For the data shown in Fig. 
6, each individual run (i.e., addition of NDV, followed by flu- 
orescein-labelled anti-NDV) was carried out on a separate 
fibre. The reproducibility from fibre to fibre as indicated by 
the coefficient of variation (sdlmean) was about 0.15-0.20. 

After a single run, only a fraction of the binding sites for 
antigen were occupied; the major portion of the available 
binding sites on the fibre remained vacant. It was possible to 
use a single fibre for repetitive assays of the same antigen pro- 
vided the binding capacity was not overloaded. Between runs, 
the flow cell was flushed first with wash buffer solution for 
about 3 min, followed by a solution of 2 pg/mL guinea pig 
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anti-NDV for 5 min. The latter was the same antibody used for 
detection but without the fluorescein label and its effect was to 
block any free epitope sites on the NDV antigen captured dur- 
ing the previous run. Successive 200 FL aliquots of NDV 
solution were introduced to the flow cell and incubated for 5 
min. After incubation the flow cell was flushed with wash 
solution for 1 min to establish a new baseline and then with 
fluorescein-labelled antibody to produce a signal. The results 
of a repetitive assay on a single fibre are shown in Fig. 7. The 
LOD for the assay was about 1.5 ng and the coefficient varia- 
tions were about 0.10. For comparison, an immunofiltration 
assay of NDV that used a silicon sensor gave LODs in the 
order of 0.5-1.0 ng per 100 FL sample (1 1). 

Discussion 

This work describes a fibre-optic-based biosensor for a model 
virus. Detection of nanogram quantities of NDV was achieved 
using anti-NDV antibodies immobilized on aminosilane- 
coated fibres and fluorescein-labelled anti-NDV. Quartz, 
being composed primarily of silicon dioxide, is relatively 
chemically inert, save for extreme conditions. Such conditions 
are too harsh to maintain protein in an active state and so direct 
reaction of antibodies to quartz is not practical. To overcome 
this problem, 3-aminopropyltriethoxysilane was reacted with 
the quartz fibres at high temperature under anhydrous condi- 
tions. This procedure results in a covalently attached mono- 
layer covering of silane. Proteins can be readily bonded to the 
modified fibre through the carboxyl function. In this work car- 
bonyldiimidazole was used as the linking agent, although 
other protein fixative compounds are commercially available 
(12, 13). Radiolabelling studies indicated that maximal 
amounts of antibody, covering up to 20% of the fibre surface, 
could be covalently immobilized using antibody solution as 
low as 5-10 FgImL. 

One of the principle advantages of a fibre-optic biosensor is 
the flow-through design that can provide continuous on-line 
monitoring of liquid samples. Thus, the sensor has the poten- 
tial to be incorporated into an automated or semiautomated 
system. Flow-through systems can include such features as a 
limited number of mechanical components, reusable solid sup- 
port, low variations of background or negative control signals, 
and the potential for multi-recognition elements on a single 
fibre. Miniaturization and durability are achievable through 
the use of solid state electro-optic components. Immuno-based 
fibre-optic biosensors have been successfully employed in 
detection of proteins (14, 15, 16) and whole cells (17). Other 
applications of fibre-optic sensors include molecular recogni- 
tion by receptors (18, 19), enzymes (20), and gene probes (21). 

In conclusion, the feasibility of performing immunoassay 
for intact virus on a fibre-optic wave biosensor has been dem- 
onstrated. The limits of detection were about 2 ng for a 10 min 
assay at room temperature. The assays were further character- 
ized by high reproducibility and low background. 
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Excess partial molar enthalpies of 
alkane-mono-01s in aqueous solutions 

Steven Hiroshi Tanaka, Hikari Infinity Yoshihara, Alice Wen-Chi Ho, 
Frankie W. Lau, Peter Westh, and Yoshikata Koga 

Abstract: Excess partial molar enthalpies, H,~, of methanol, ethanol, and 1- and 2-propanols in aqueous solutions were 
measured directly, accurately, and in small increments in mole fraction at 25OC. From these data, the solute-solute enthalpic 
interactions, HAAE = N(aHAE1a~zA), were evaluated for each alcohol. These data indicate that three distinctively different mixing 
schemes, I, 11, and I11 exist, as was the case for aqueous 2-butoxyethanol previously studied in our laboratory. The transition from 
mixing scheme I to I1 appears to take place gradually within a small composition range. As the hydrophobic moiety becomes 
smaller from 2-butoxyethanol to methanol, the locus of the transition moves to a higher value in mole fraction of the alcohol. At 
the same time, the range of transition becomes wider and the solute-solute enthalpic interaction weaker. 

Key words: excess partial molar enthalpies in aqueous solutions, methanol, ethanol, I-propanol, 2-propanol, enthalpic 
interaction, transition of mixing scheme. 

Resume : Operant B 25°C et procCdant par de faibles augmentations dans les fractions molaires, on a mesure directement et d'une 
f a ~ o n  prCcise les enthalpies molaires partielles en excks, HAE, pour des solutions aqueuses de mCthanol, d'kthanol et des 1- et 2- 
propanols. Utilisant ces donnies, on aCvaluC pour chaque alcool les interactions enthalpiques solutC-solut~, HAAE = N(aHAE1an,). 
Ces donnCes suggkrent l'existence de trois schCmas diffirents de mClanges, I, I1 et 111, comme ce ftit le cas pour le 2-butoxyCthanol 
CtudiC antkrieurement dans notre laboratoire. I1 semble que la transition du schCma de melange I vers I1 se produit graduellement, 
B I'intCrieur d'une faible plage de composition. Quand les portions hydrophobes deviennent plus petites en allant du 2- 
butoxyCthanol vers le mCthanol, le foyer de la transition se dCplace vers des valeurs plus ClevCs de la fraction molaire de l'alcool. 
En m&me temps, l'intervalle de transition devient plus grand et l'interaction enthalpique solutC-solutC devient plus faible. 

Mors c l i s  : enthalpies molaires partielles en excks en solutions aqueuses, mCthanol, ethanol, propan- 1-01, propan-2-01, 
interaction enthalpique, schCma de transition de melange. 

Introduction Fig. 1. The excess partial molar enthalpies of terr-butyl alcohol 
and 2-butoxyethanol, HAE, (A = TBA or BE). 0: TBA at 26.g°C, 

Extensive thermodynamic studies have been carried out in this ref. 1. 0: BE at 25OC, ref. 6. The arrows indicate the apparent 
laboratory on aqueous solutions of tert-butyl alcohol (here- transition points from mixing schemes 1 to 11 and 11 to 111 for 
after abbreviated as TBA) (1-5, 16) and 2-butoxyethanol (BE) BE-H,O. 
(6-16). In particular, the excess partial molar enthalpies of the 
alcohol (A), HAE (A = TBA or BE), were measured directly, 
accurately, and in small increments in the mole fraction of A, 
x,. They are replotted in Fig. 1. As a result, the excess enthal- 
pic solute-solute interaction, HAAE, 

can be evaluated with a reasonable accuracy. HAAE signifies 
the effect of an additional molecule of A on the excess partial 
molar enthalpy of the existing A. Hence, if HAAE is negative, 
an additional A makes the enthalpic situation of A more favor- 
able. Thus, one may state that the A-A interaction is attractive 
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in terms of enthalpy. The value of HAAE then indicates the 
degree of such an interaction. Conversely, if HAAE > 0, the 
enthalpic A-A interaction is repulsive. Note that HAE is a sec- 
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Fig. 2. The enthalpic solute-solute interaction, H,,~. 0: tert- 
butyl alcohol (TBA) at 26.g°C, ref. 1. 0: 2-Butoxyethanol (BE) 
at 25OC, ref. 6. The lines are drawn as a guide. The thick straight 
line in the range 0.065 < xTBA < 0.12 in Fig. 20 shows the 
existence of mixing scheme I1 in  TBA-H,O. 

ond derivative of the Gibbs energy, hence HAAE is a third 
derivative. 

Using various derivatives including those mentioned above, 
it was found (1-16) that the mixing scheme, the way in which 
the solute A and the solvent H,O mix with each other, changes 
qualitatively at xTBA = 0.045 for TBA-H,O and at X B E  = 
0.0175 for BE, both at 25°C. The threshold is characterized by 
anomalies in all the third derivatives of the Gibbs energy that 
have been investigated so far, including peaks in HAAE as 
shown in Fig. 2. For TBA-H20, the value of HAAE at the max- 
imum reached 350 kJ mol-', while that of BE-H,O was 1100 
kJ mol-'. For both cases, the mixing scheme operating in 
region I (0 < xTBA < 0.045,O < X B E  < 0.0175) is not inconsistent 
with the classical picture of "iceberg formation." Namely, it 
was concluded (16) that the solute enhances the hydrogen 

bond network of H 2 0  in the immediate vicinity, but dimin- 
ishes the hydrogen bond probability in the bulk away from the 
solute. However, percolation of the hydrogen bond network 
(17) is still retained. That is, the hydrogen bond network is 
connected throughout the entire bulk at any instance. Region 
I1 is characterized by small and linearly decreasing values of 
HAAE up to about X B E  = 0.46, as shown in Fig. 2b. Mixing 
scheme I1 operative in this region was interpreted as consist- 
ing of two kinds of clusters, rich in each component. Hence, 
the hydrogen bond network is no longer percolated. Region I11 
(0.46 < xBE)  is characterized by zero HBEE (Fig. 1) and almost 
zero excess partial molar entropy, SBEE.  It was therefore con- 
cluded that the solute molecules cluster together, perhaps in a 
micellar form (6-16). The occurrence of three distinct regions 
in BE-H20 is a parent even in the behavior of HBEE without 
calculating H A ) ,  as shown by the arrows in Fig. 1. For TBA- 
H20,  on the other hand, there is no clear indication of the 
existence of region I1 (hence mixing scheme 11) in the x A  
dependence of HAE. The behavior of HAAE, however, shows 
the existence of mixing scheme I1 as shown by a thick straight 
line between 0.065 < xTBA < 0.12 in Fig. 2a. The clearer indi- 
cation of region I1 for BE-H20 may reflect the fact that there 
is the phase separation with LCST (xBE = 0.06 and 50°C) close 
to the temperature of investigation. In fact, it was argued that 
mixing scheme I1 is such that the solution is "preparing" for 
the phase separation when the temperature becomes high 
enough (6-16). For TBA-H,O, a phase separation is not 
apparent under normal pressures. It is known, however, that 
liquid-liquid phase separation with LCST occurs, when salt is 
added to TBA-H,O (18). 

Similar studies on aqueous solutions of dimethyl sulfoxide 
(DMSO) (19), 2-butanone (BUT) (20), and isobutyric acid 
(IBA) (21) also showed the existence of mixing schemes I, 11, 
and 111. In these cases, the transitions from I to I1 were found to 
be accompanied by a step anomaly in HAAE as depicted in Fig. 
36 for BUT-H20, and IBA-H20, and in Fig. 3c for DMSO. 
Figure 3a represents a peak anomaly, as was the case for BE- 
H 2 0  mentioned above. For BE-H,O, most third derivatives 
showed peak anomalies (Fig. 3a) (6-10, 13-16), while (aCJ 
273, another third derivative, showed a step anomaly (Fig. 3b), 
at the same threshold (I 1, 12). It was thus argued (16) that 
whether an anomaly takes the form of a peak or a step is not 
intrinsically important. Rather, it is the dependence of HAAE 
on x ,  in region I that dictates the type of anomaly when the 
transition from mixing scheme I to I1 occurs. Namely, whether 
HAAE or any third derivative increases (case a), stays constant 
(case b), or decreases (case c) as a function of x,, within 
region I, decides the shape of the anomaly. Furthermore, we 
suggest that the width from point X to Y in Fig. 3 signifies the 
region in which the transition takes place. The narrower this 
width, the sharper the transition. In the limit of the zero width, 
the transition point will be mathematically singular. Thus, it 
may be more appropriate to define the nominal transition 
threshold as the middle point M, shown in Fig. 3. For BE- 
H,0, the peak, point X, has been taken as the threshold for 
most of the third derivatives (6-10, 13-16), except for (3CJ 

mentioned above, in which case point M was taken (1 1, 
12, 16). Since peaks are very sharp for BE-H,O, the differ- 
ence in the threshold value is negligible whether point X or M 
is chosen. 

The differences in terms of HAE and H , , ~  between BE and 
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Fig. 3. A sketch of the dependence of a third derivative on the mole fraction of alcohol, x,, for mixing schemes I, 11, and 111, and the 
transitions thereof. The transition from mixing scheme I to I1 starts at point X and ends at Y. The mid point M is the nominal transition point. 
See text. 

Experimental 

TBA are due to the properties of the individual solute. An 
obvious difference between the two is the size of the hydro- 
phobic moiety, both being mono-01s. Hence, in the present 
work, we study aqueous solutions of methanol (ME), ethanol 
(ET), and 1- and 2-propanols (1P and 2P), in order to further 
elucidate the effects of hydrophobic moiety on the mixing 
scheme. While a more complete picture should await the data 
of other second and third derivatives, we report here the excess 
partial molar enthalpies, H,~,  and the enthalpic A-A interac- 
tions, HAAE, and what can be deduced from such data. 

H 2 0  used was triply distilled immediately before use. Metha- 
nol (99.9+%, GLC), 1-propanol (99.5+%, HPLC), and 2-pro- 
pan01 (99.5+%, HPLC) were supplied by Aldrich. Ethanol was 
refluxed over Na metal, distilled, and stored over 3A molecu- 
lar sieve. H,O content in ethanol was found to be less than 0.7 
mol% by Karl-Fischer titration. For determination of the 
excess partial molar enthalpies, two titration calorimeters were 
used: an LKB Bromma 8700, and a similar equipment con- 
structed in this laboratory. Details of the latter are described 
elsewhere (18). The accuracy was estimated to be +0.05 kJ 
mol-' at worst. 

Results and discussion 

The values of HAE for A = ME, ET, IP, or 2P are listed in 
Table I and plotted in Figs. 4-7, as a function of the mole frac- 
tion of solute, x,. Existing data, HAE, although scarce, are also 
shown. As is evident from the figures, the general agreement 
between our data and the existing data is reasonable. For 1P- 
H20, the excess (integral) molar enthalpies, HmE, were deter- 
mined in small increments in x,, (-0.001) (26). Using these 
data, graphical differentiation was performed to obtain HAE, 
A = 1P. Namely, a smooth curve was drawn through the mea- 
sured data points, the values of H, ,~ on the curve were read off 
at the intervals 6xA = 0.002, the values of ( a~ ,~ ldx , )  were 
approximated by those of (6~,~/6x,) ,  and the values of HAE 
were calculated by 

Fig. 4. The excess partial molar enthalpies of methanol, H~,,,  
at 25°C. 0: This work, 0: ref. 22; A: ref. 23; V: refs. 24 and 27. 
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Table 1. The excess partial molar enthalpies of alkane-mono-ols in aqueous solutions, HAE, at 25OC. xA is the mole 
fraction of alcohol, A = methanol (ME), ethanol (ET), 1- and 2-propanol (1P and 2P). H,," , with A = ME, ET, lP, 
and 2P, are in the units of kJ mol-'. The uncertainty in H,,' is less than 0.05 kJ mol-'. 

ME-H20 ET-H20 I P-H,O 2P-H,O 

X A  H~~ (I x  A HAE x  A HAE x  A HAE 

0.006 087 -7.35 0.003 553 -9.99 0.003 301 -10.26 0.000 504 -13.04 
0.012 36 -7.33 0.006 197 -9.88 0.006 702 -9.92 0.001 530 -13.08 

- 0.01837 -7.1 1 0.008 672 -9.88 0.010 13 -9.73 0.002 688 -13.10 
0.024 59 -6.88 0.01 1 10 -9.74 0.016 98 -9.09 0.004 079 - 12.98 
0.030 73 -6.78 0.013 49 -9.70 0.020 25 -8.70 0.007 227 -12.76 
0.036 67 -6.43 0.015 89 -9.54 0.023 60 -8.12 0.009 289 -12.61 
0.043 14 -6.33 0.01 8 37 -9.35 0.026 95 -7.68 0.01 1 65 -12.51 
0.049 17 -6.09 0.041 44 -7.87 0.030 45 -7.14 0.03 1 30 -9.93 
0.055 13 -5.91 0.044 00 -7.78 0.033 79 -6.58 0.033 81 -9.72 
0.060 84 -5.69 0.061 87 -6.34 0.037 04 -5.93 0.036 05 -9.36 
0.066 43 -5.55 0.064 46 -6.09 0.040 20 -5.37 0.038 18 -9.06 
0.072 08 -5.30 0.067 11 -5.88 0.043 35 -4.71 0.040 34 -8.69 
0.084 82 -4.96 0.070 05 -5.63 0.046 56 -4.09 0.053 44 -6.32 
0.089 88 -4.72 0.073 22 -5.36 0.049 68 -3.48 0.056 01 -5.90 
0.095 54 -4.61 0.075 77 -5.24 0.052 3 1 -2.83 0.058 63 -5.43 
0.1012 -4.39 0.078 23 -5.12 0.055 41 -2.33 0.060 92 -4.97 
0.1322 -3.94 0.078 64 -5.35 0.058 54 -1.79 0.062 89 -4.58 
0.1387 -3.28 0.080 61 -4.76 0.061 67 -1.31 0.075 37 -2.67 
0.1452 -3.13 0.081 47 -5.07 0.064 67 -0.93 0.077 31 -2.52 
0.1581 -2.86 0.082 94 -4.74 0.067 68 -0.62 0.079 34 -2.1 8 
0.1642 -2.70 0.085 48 -4.45 0.070 73 -0.3 1 0.081 45 -1.92 
0.1708 -2.59 0.088 18 -4.27 0.073 71 -0.10 0.1161 0.09 
0.1768 -2.45 0.091 08 -4.13 0.076 71 0.10 0.1181 0.24 
0.1823 -2.35 0.094 07 -3.84 0.079 59 0.22 0.1202 0.37 
0.1 877 -2.15 0.096 97 -3.58 0.082 50 0.39 0.1223 0.38 
0.1931 -2.15 0.099 81 -3.43 0.085 36 0.48 0.1244 0.47 
0.2322 -1.58 0.1019 -3.3 1 0.088 26 0.54 0.1264 0.5 1 
0.2386 -1.53 0.1024 -3.32 0.091 13 0.62 0.1561 0.78 
0.2448 - 1.43 0.1051 -3.09 0.094 60 0.65 0.1582 0.73 
0.2508 -1.39 0.1079 -2.73 0.097 41 0.70 0.1603 0.79 
0.2570 - 1.34 0.1107 -2.59 0.1002 0.73 0.1635 0.79 
0.2626 -1.22 0.1 1 1  1 -2.77 0.1030 0.76 0.1677 0.76 
0.2688 -1.23 0.1 142 -2.67 0.1058 0.8 1 0.2 120 0.84 
0.2749 -1.18 0.1 174 -2.45 0.1085 0.82 0.2 129 0.85 
0.3216 -0.89 0.1205 -2.2 1 0.1 141 0.85 0.2 160 0.82 
0.3275 -0.87 0.1267 -1.95 0.1168 0.87 0.2333 0.82 
0.3333 -0.83 0.1368 -1.45 0.1 195 0.87 0.2399 0.73 
0.3392 -0.8 1 0.1399 -1.37 0.1 196 0.93 0.2473 0.72 
0.3449 -0.79 0.1431 -1.23 0.1223 0.87 0.25 18 0.82 
0.3822 -0.63 0.1589 -0.78 0.1327 0.88 0.2548 0.76 
0.3877 -0.66 0.1619 -0.7 1 0.1425 0.92 0.2559 0.72 
0.3928 -0.65 0.1719 -0.52 0.1471 0.92 0.2600 0.82 
0.3979 -0.62 0.1753 -0.45 0.1515 0.93 0.2642 0.70 
0.4304 -0.57 0.1787 -0.39 0.1794 0.92 0.2682 0.78 
0.4353 -0.55 0.1819 -0.32 0.1835 0.93 0.2723 0.82 
0.46 19 -0.49 0.1852 -0.27 0.1877 0.93 0.2762 0.77 
0.4652 -0.49 0.1884 -0.28 0.1916 0.92 0.2856 0.90 
0.4687 -0.48 0.1916 -0.24 0.2293 0.87 0.2923 0.90 
0.5 163 -0.45 0.1948 -0.17 0.2333 0.87 0.2984 0.88 
0.5207 -0.41 0.1979 -0.13 0.2373 0.89 0.304 1 0.87 
0.6014 -0.34 0.20 1 1 -0.09 0.2412 0.87 0.3094 0.83 
0.6041 -0.3 1 0.2042 -0.07 0.2450 0.89 0.3 148 0.87 
0.6069 -0.34 0.2072 -0.04 0.2841 0.84 0.3201 0.81 
0.6096 -0.33 0.2101 -0.0 1 0.2882 0.84 0.3254 0.82 
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Table 1 (contitzrled). 
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Table 1 (concluded). 

"kJ mol-', f0.05 kJ mol - ' .  

The results are shown in Fig. 6. As is evident from Fig. 6b, the Table 2. H,>t infinite dilution. 
values of HAE thus calculated were in reasonable agreement 
with the measured values except at the low concentration end A H,: at x, = 0" 
of the mole fraction scale, which is expected for any set of HmE 
data of high quality. For ET-H,O, Ott et al. (25) fitted the fol- -7.4 

lowing function to the data of HmE: Ethanol -10.2 
1 -Propano1 - 10.4 
2-Propanol 
tert-Butyl alcohol 

+ 1 -  ex^(- u ~ ~ ) l C c k (  l -  LET)^] 2-Butoxyethano1 

with j = 0-2 and k = 0-4. We note that eq. [3] contains an 
exponential term, which is normally avoided as a fitting func- 
tion. Using eq. [3], the excess partial molar enthalpy of ET, 
HETE, was calculated by eq. [2] with A = ET. The results are 
shown in Fig. 5.  The agreement with our data is good, includ- 
ing the low xA region. Therefore, eq. [3] turned out to be a 
good choice as a fitting function. We note that an exponential 
term can be differentiated repeatedly. This property may have 
some bearing on the success of eq. [3] in leading to good val- 
ues of HETE. 

The values of HAE extrapolated to xA = 0 are listed in Table 
2. These values signify the change in the enthalpic situation 
for the first molecule of A from its pure environment to the 
aqueous medium, i.e., the solute-solvent interaction at infinite 
dilution. If, aside from the direct interaction of the hydroxyl 
group of alcohol with H20,  the mode of dissolution is dictated 
by the nonpolar moiety, the general trend in HAE from metha- 
nol to 2-butoxyethanol may be understandable, although the 
increments do not scale roportionally with the changes in 2' - size. These values of H A  at x ,  - 0 may be interpreted with 
respect to various imaginary processes: cavity formation in 
H,O, removal of alcohol from the pure liquid, insertion into 
the cavity, and subsequent modification of the hydrogen bond 
network of H,O. The absolute value of the enthalpy involved 
in each step can be an order of magnitude larger than the com- 
bined result. It is quite feasible that the resulting value of HAE 
at xA = 0 can be rather insensitive to the size of the hydropho- 
bic moiety, while the enthalpy change involved in each pro- 

"kJ mol-'. 
"Reference 1. 
'Reference 6. 

cess may depend sharply on it. This indicates the limitation of 
discussing details of the mixing scheme by using HAE data 
alone. 

The enthalpic A-A interactions, HAAE,  were calculated 
graphically from the smoothed curves drawn through the mea- 
sured data points using eq. [ l] .  They are plotted in Figs. 8, 9, 
and 10. The peak loci and their maximum values are listed in 
Table 3. The size difference in the nonpolar moiety is ampli- 
fied in the values of HAAE at the peak. If these peaks represent 
approximately the point at which mixing scheme I starts to 
break down, as has been established for BE-H,O (6-16), the 
maximum values of HAAE signify the A-A interaction 
between the two "hydrated" A molecules at their closest pos- 
sible distance. Such an interaction is no doubt operational via 
the H 2 0  layers modified by the solute A. Hence the maximum 
values of HAAE listed in Table 3 represent the influence of A 
on the hydrogen bond network of H,O in its immediate vicin- 
ity, which is probed by bringing another "hydrated" A to its 
closest possible vicinity. 

When xA is very small, the peculiar nature of H,O associ- 
ated with the hydrogen bond network must be retained. As x ,  
increases, however, such peculiar nature will eventually be 
lost and H,O behaves as an ordinary polar solvent, giving rise 
to mixing scheme 11. For BE-H,O, it has been well established 
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Tanaka et al. 

Fig. 5. The excess partial molar enthalpies of ethanol, HETE, at 
25°C. 0 :  This work; 0: ref. 22, V: refs. 23 and 27; 0: ref. 24; 
A: calculated using the fitting function, eq. [3] for H,,: in ref. 
25. Equation [3] turned out to be a good choice, leading to good 
values of HE,". 

Fig. 6. The excess partial molar enthalpies of I-propanol, H l p E ,  
at 25°C. 0: This work; 0: refs. 24 and 27; A :  Graphically 
calculated using the data of HmE in ref. 26. See text. 

that mixing scheme I1 does indeed exist and the transition from 
I to I1 is rather abrupt. For TBA-H,O, the transition seems 

strength in H20.  If the transition is indeed associated with the 
loss of percolation in the hydrogen bond network (16), the per- 
colation threshold is reached for the strongest hydrogen bond 
at point X in Fig. 3, and at point Y for the weakest ones. 

The mixing scheme boundary between I and I1 for BE-H,O 
was found to coincide with the incongruent melting point of 
the addition compound, BE(H,O),,, which was suggested to 
be a clathrate (28), thus hinting that mixing scheme I may be 
regarded as "preparing" for the formation of a clathrate solid 
when the temperature becomes low enough. The trend in the 
nominal transition point, point M in Table 3, as the hydropho- 
bic moiety becomes larger from ME to BE, can be understood 
in terms of the number of H,O participating in the formation 
of a clathrate. The smaller the hydrophobic moiety, the fewer 
H,O molecules are required, hence the larger the threshold 
value in x,. 

gradual, as seen in Fig. 2. For otheralcohols, we tentatively 
drew the lines representing mixing scheme I1 as shown in Figs. 
8, 9, and 10, and determined points X, Y, and M accordingly. 
They are listed in Table 3. Since the values of H , ~  are smaller 
by tenfold in this region than those at x, = 0, an accurate eval- 
uation for HAAE is problematic. Hence, at least a tenfold 
improvement in sensitivity is required for calorimetry for an 
unequivocal conclusion on the subtle dependence of HAAE in 
this region. Nevertheless, we suggest tentatively that mixing 
scheme I1 is present in all cases studied, and that the transition 
from I to I1 takes place rather gradually, more so, the smaller 
the hydrophobic moiety. The observation that the transition 
from I to I1 takes place over a small composition interval 
(Table 3)  may reflect nonuniformity in hydrogen bond 
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Fig. 7. The excess partial molar enthalpies of 2-propanol, 
at 25°C. 0: This work; 0: ref. 23; A: ref. 24. 

Fig. 8. The enthalpic solute-solute interaction, HAAE, at 25°C. 
0: Ethanol (ET); 0: 1-propanol (lP). 

Table 3. The peak loci and their maximum values of HA,"or methanol, ethanol, 1- and 2- 
propanols, tert-butyl alcohol, and 2-butoxyethanol i n  aqueous solution. 

A x, (peak) HAAE (peak) 

Methanol 0.05 32 f 3" 
Ethanol 0.06 73 f 5 
1 -Propano1 0.05 210 f 10 
2-Propanol 0.055 180, 10 
tert-Butyl alcohol 0.04 350 f 20h 
2-Butoxyethanol 0.0 175 1100 f 5 0  

Range of transition 
(from X to Y) 

Transition point 
(nominal) 

"kJ mol-'. 
"~eference 1. 
'Reference 6. 
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Fig. 9. The enthalpic solute-solute interaction, HAAE, at 25'C, 
for 2-propanol. 

Fig. 10. The enthalpic solute-solute interaction, HAAE, at 
25"C, for methanol. 

A 

Other third derivatives, including the entropic interaction 
function sAAE, must be collected before more unequivocal 
conclusions can be drawn. Another very useful datum is the 
excess partial molar enthalpy of the solvent water, HWE, and its 
interaction, HWwE, or equivalently in a binary system, HWAE. 
The Gibbs-Duhem relation dictates that 

Thus, a peak in HAAE, i.e., (dHAAE/axA)  = 0, if HAAE is dfler-  
entiable at this point, does not necessarily match with a peak in 
H,;. But if the peak is indeed a singular point and hence 
HA,  is not differentiable, then HWAE also must be singular, 
although HWAE does not always take the form of a peak. Pre- 
liminary data of HWE obtained using a highly sensitive titration 
calorimeter, MicroCal OMEGA, indicated that HWAE for ET- 
H 2 0  showed a peak at about x-, = 0.1, near the midpoint M (see 

Table 3), rather than at the peak in HAAE. For 1P-H20, on the 
other hand, the peak in HWAE is at about x ,  = 0.06, close to the 
peak of HAAE, reflecting the narrowness of the transition 
region. A series of careful measurements of HWE, among other 
data, are necessary for establishing whether mixing scheme I1 
does indeed exist, exactly at which composition the transition 
from I to I1 occurs, and how wide the transition region is. 
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Rhenium complexes of P,P,P',P'-tetrakis- 
(o-hydroxyphenyl)diphosphinoet hane 

Hongyan Luo and Chris Orvig 

Abstract: Preparation of the hydrochloride salt of a new potentially hexadentate ligand precursor P,P,P',Pt-tetrakis(o- 
hydroxypheny1)diphosphinoethane dihydrochloride (abbreviated H,P,04.2HCI) is described. From H4P,0,.2HCl, neutral 
[Re20,C1,(PPh,)2(p-P204)] and dianionic [~e,~,~r,(p-P,o,)] ' -  dinuclear rhenium(V) complexes were synthesized. The 
complexes have been characterized by elemental analysis, infrared spectroscopy, mass spectrometry, and ' H / ~ ' P ( ' H ]  NMR 
spectra. "P( 'H} NMR revealed that only one isomer, presumably the anti, was present for [Re202C1,(PPh,),(p-P204)], and that 
two isomers, both anti and syn isomers, were observed for [R~,O,B~,(~-P~O,)] '- .  The coligands (PPh, for the former, Br- for the 
latter) of both complexes underwent ligand exchange with pyridine. 

Key words: rhenium, P,P,P',P'-tetrakis(o-hydroxyphenyl)diphosphinoethane, dimer, isomers. 

RCsumC : On dCcrit la prkparation de sels d'un nouveau precurseur d'un coordinat potentiellement hexadentate, les 
dichlorhydrates de P,P,P',P'-tttrakis(o-hydroxyphCnyl)diphosphinothane (H,P20,.2HCI). A partir du H,P,O,.2HCI, on a 
synthCtisC les complexes dinucliaires du rhtnium neutre [Re20,C1,(PPh,),(p-P20J)] et dianionique [Re,02Br,(p-P,0,)]'-. On a 
caracttrisC les complexes par analyse CICmentaire, spectroscopie infrarouge, spectromttrie de masse et spectroscopie RMN du 
' w ~ ' P { ' H ) .  Les spectres RMN du "P( 'H)  ont rCvtlt qu'un seul isomkre, probablement l'isomkre anti, est prtsent dans le 
[Re,O,Cl,(PPh,),(p-P20J)] alors que deux isomkres, les deux isomkres nuti et syn, sont presents dans le [Re,O,Br,(p-P20,)]'; 
Les co-coordinats (PPh, du premier et Br-du dernier) des deux complexes subissent des Cchanges de coordinats avec la pyridine. 

Mots clis  : rhCnium, P,P,P',P'-tttrakis(o-hydroxyph~nyl)diphosphinothane dimkre, isomkres. 

[Traduit par la rCdaction] 

Introduction 

The easy preparation of mixed (PO,/HPO,) complexes, 
[MO(P0,)(HP02)] (M = Re or Tc), from the direct interac- 
tion of a salt of bis(o-hydroxypheny1)phenylphosphine 
(H,PO,.HCl) with M04-, suggests that this dihydroxylated 
phosphine is effective both as a reducing and a ligating agent, 
and that the combination of anchoring phenolate oxygen atoms 
and the softer phosphine P atoms stabilizes Re and Tc metal(V) 
centers (1). The ligand can both coordinate and reduce the 
metal center, a distinct advantage when considering potential 
99m~c-radio harnlaceuticals where the only convenient source 
of 9 9 m ~ c  is 99mTc0,- from a 9 9 ~ o ~ 9 m ~ c  generator. 

Deutsch and co-workers, working on Tc complexes with 
bidentate phosphine ligands such as DMPE, DEPE, DPPE (2, 
3), showed that stable complexes of Tc in oxidation states from 
one to five can be formed with these ligands and auxiliary 0x0 
or halo donor ligands. In our extended studies of functionalized 
phosphines, a novel, potentially hexadentate tetraprotic ligand, 
the dihydrochloride salt of P,P,P',P'-tetrakis(0-hydroxyphe- 
ny1)diphosphinoethane (H4P2O4.2HCI) that contains two soft 

phosphine phosphorus donors and four hard phenolate oxygen 
anchors, has been synthesized. The classic hexadentate tetra- 
protic ligand, H4edta, an N20, ligand, is known to form Tc 
complexes with such stoichiometries as [TcO(edta)]- (4) and 
[Tc(~-O)(edta)l, (5 ) .  

It was of interest to investigate the coordination chemistry 
of Tc/Re with this P,04 donor set diphos hine ligand before 
pursuing the labeling of this ligand with 9gmTc and evaluating 
its potential as an imaging agent. The results of the studies 
with Re are presented in this paper. Work with Tc is in 
progress and the results will be published elsewhere. 

Experimental 

Received December 5. 1995. Materials and methods 

H. LUO' and C. Orvig.' Department of Chemistry, University of 
British Columbia, 2036 Main Mall, Vancouver, BC V6T 1 Z I ,  
Canada. 

' Current address: Department of Chemistry, University of 
Alberta, Edmonton, AB T6G 2G2, Canada. 
Author to whom correspondence may be addressed. 
Telephone: (604) 822-4449. Fax: (604) 822-2847. Internet: 
ORVIG @CHEM.UBC.CA 

All chemicals were reagent grade and were used as received: 
phenol, PPh-,, dimethoxymethane, 11-butyllithium, TNIEDA 
(N,N,NJN'-tetramethylethylenediamine) (all above from Ald- 
rich), C1,PCH2CH2PC12 (6), and NH4Re0, (a gift from 
~ohnson-Matthey, Inc.), HCI(,, (Matheson). C6H,0CH,0CH3 
(mom-protected phenol) was prepared according to a pub- 
lished procedure (7), as was [(n-Bu),N][ReOBr4] (8). 

Mass spectra were obtained with either a Kratos MS 50 

Can. J. Chern. 74: 722-729 (1996). Printed in Canada 1 I~nprimC au Canada 
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Luo and Orvig 

(electron impact ionization, EIMS) or a Kratos Concept I1 
H32Q instrument (Cs+-LSIMS with positive or negative ion 
detection). Only the most intense peaks are given where con- 
sistent isotopic patterns were observed. Infrared spectra were 
recorded as KBr pellets in the range 4000-400 cm-' on a Per- 
kin-Elmer PE 783 spectrophotometer and were referenced to 
polystyrene. Microanalyses were performed by Mr. P. Borda 
in this department. 'H NMR spectra (300 MHz, 400 MHz, or 
500 MHz) were recorded on Varian XL 300, Bruker WH-400 
('H-'H COSY), or Bruker AMX-500 ( ' H { ~ ' P ] )  spectrome- 
ters, respectively, with S referenced to external TMS. "P{ 'HI  
NMR spectra (8 1 MHz or 121 MHz) were recorded on Bruker 
AC-200E or Varian XL 300 spectrometers, respectively, with 
S referenced to external H,PO,. The assignments were based 
on those for the unbound ligand and by comparison between 
analogous complexes. 

( o - C ~ H ~ O C H ~ O C H ~ ) ~ P C H ~ C H ~ P ( O -  
C6H40CH20CH3)2.0.5 H 2 0  ( ( ~ o ~ ) ~ P ~ O ~ - O . S H ~ O ,  
mom = CH20CH3) 

This was prepared from C6H,0CH,0CH3 by modifying the 
procedure for Ph,P(o-C6H4-OCH,OCH,) ((mom)PO) (9). To 
an ice-cooled solution of methoxymethyl phenyl ether (21.8 
g, 0.16 mol) in ca. 200 mL petroleum ether (bp 35-65"C, 
dried with anhydrous Na,S04 overnight) was added a solution 
of 100 mL of 1.6 M n-BuLi in hexanes and 18.05 g TMEDA 
in 50 mL petroleum ether under N,. The mixture was stirred 
for 4 h at room temperature. A yellow precipitate formed from 
the orange solution. This mixture was heated to ca. 40°C with 
stirring, and subsequently cooled to O0C, at which point 
Cl,PCH,CH,PCl, (9.30 g, 0.40 mol) in 20 mL petroleum 
ether was then added via a syringe. The mixture was stirred 
overnight, during which time it warmed to room temperature. 
The solvents were removed by rotary evaporation and to the 
residue was added Na,HP04 (0.5 M, 200 mL). The reaction 
mixture was then extracted with Et,O (2 x 200 mL) followed 
by CHCl, (2 x 100 mL). All the organic layers were com- 
bined, concentrated to a reddish oil under low pressure, 
diluted with MeOH (ca. 25 mL), and stored at -4°C over- 
night. A yellowish crude product was filtered off, washed 
with cold methanol (2 x 10 mL), and dried in vacuo. The yield 
of the off-white product was 11.5 g (45% based on 
C6H,0CH,0CH3). IR (cm-l, KBr disk): 3060 (m, aromatic 
vC.,); 3000-2800 (m, vc.,, methyl and methylene of mom 
group); 1590, 1577, 1475, 1452, 1445, 1407 (all s). 'H NMR 
(CDCl,, 300 MHz): 7.24 (t, 4H, p-H), 7.14 (dd, 4H, of-H), 
7.03 (d, 4H, m-H), 6.91 (t, 4H, mf-H), 5.04 (s, 8H, OCH 0 ) ,  
3.17 (s, 12H, OCH,), 2.28 (dd, 4H. backbone-CH,). "P(IH] 
NMR (CDCl,, 121 MHz): -31.7 (s). Mass spectrum (EI), 
d z :  638 ([(m~m)~P,O,l+), 623 ([(mom),P20, - CH,]'). 
Anal. calcd. (found) for C,,H,,O,,P,: C 63.06 (63.19), 
H 6.38 (6.24). 

P,P,Y,P'-Tetrakis(o-hydroxyphenyl)diphosphinoethane 
dihydrochloride salt (H4P204-2HCI) 

This was prepared from (m0m)~P,0, by modifying the proce- 
dure for Ph,P(o-C6H,0H) or HPO (9). Anhydrous HC1 gas 
was bubbled overnight, via a dispersion tube, into a stirred 
solution of (mom),P,O, (7.36 g, 1 1.5 mmol) in 350 mL anhy- 
drous methanol. (The white suspension dissolved to give a 
clear solution after 1 h, but became cloudy again overnight.) A 

fine white solid was removed by filtration, washed with etha- 
nol (2 x 20 mL), and dried in vacuo. The yield was 3.95 g 
(74% based on (mom),P,O,). No recrystallization was neces- 
sary to obtain an analytically pure sample. IR (cm-', KBr 
disk): 3300-2500 (vs, b, v,., and vc-,); 1590, 1495, 1450 (all 
VS). 'H  NMR (DMSO-d6, 300 MHz): 10.8 (br s, 4H, OH), 7.6- 
7.3 (overlapped multiplets, 8H), 7.0-6.8 (multiplet, 8H), 2.6 
(br s, 4H, backbone-CH,). 3 1 ~ { ' ~ ]  NMR (121 MHz): 43.5 (s, 
DMSO-d6): -36.4 (s, py-d,). EIMS, m/z: 462 ([H4P20J]+), 
368 ([H4P204 - C6H60]+). Anal. calcd. (found) for 
C26H26C1204P2: C 58.33 (58.21), H 4.90 (4.84), C1 13.24 
(13.07). 

[Re2O2CI2(PPh3),(p-P2O4)1 
A mixture of ReCI,(PPh,), (168 mg, 0.20 mmol), 
H4P,O4.2HCl (109 mg, 0.20 rnrnol), and 8 drops of Et,N in 15 
mL ethanol was brought to reflux overnight. After the mixture 
was cooled to room temperature, a greenish yellow precipitate 
was isolated by centrifugation, washed with Et20, and dried 
in vacuo for 4 h. The yield was 40 mg (67%). The product 
was soluble in pyridine and DMSO (decomposes), slight1 Y soluble in chloroform, but insoluble in diethyl ether. IR (cm- , 
KBr disk): 3060 (m, vC-,); 1590, 1440 (both vs); 965 (s, 
vRe=O). 'H NMR (300 MHz, py-d,): 7.70 (dd, 12H, o-H on 
PPh,), 7.50 (dd, 2H), 7.40-7.20 (overlapped multiplets, 18H, 
m and p-H on PPh,), 7.20 (d, 2H), 7.10 (d, 2H), 6.75 (m, 2H), 
6.65 (t, 2H), 6.40 (t, 2H), 6.30 (t, 2H), 5.80 (dd, 2H), 2.85 (m, 
2H, ethylene-HA and -HAT), 2.00 (d, 2H, ethylene-HB and 
-HB,). 3 1 ~ { 1 ~ ]  NMR (81 MHz, py-d5): 15.7, -1 1.3. LSIMS: 
m/z: 1459 ([M + I]+), 1423 ([M - Cl]+), 1196 ([M - 
PPh3)]+), 1161 ([M - C1 - PPh3]+), 1124 ([M - 2C1 - 
PPh,]+), 645 ([Re(P,O,)]+), 263 (PPh, + 1). Anal. calcd. 
(found) for C6,H,oC1206P,Re,: C 51.07 (50.76), H 3.46 
(3.59), C14.86 (4.65). 

[(~-BU)~N]~[R~~O~B~~(~-P~O~~I].M~~CO 
To a mixture of [(tz-Bu),N I[ReOBr,] (77.6 mg, 0.10 mmol), 
[(n-Bu),N]Br (151 mg, 0.45 mmol), and H,P,04.2HC1 (55.5 
mg, 0.10 mmol) was added 20 mL toluene, and the mixture 
was refluxed for 2 h. From the resulting green oil, a green 
solid was precipitated with i-PrOH. Recrystallization from 
acetone gave emerald green crystals of the acetone solvate 
that were filtered, washed with cyclohexane, and dried in 
vacuo overnight. The yield was 31 mg (35%). The product 
was soluble in ethanol, acetone, chloroform, and dichlo- 
romethane, but insoluble in diethyl ether or cyclohexane. IR 
(cm-', KBr disk): 3060 (m, vc.,); 2980, 2780 (s, vc., of then- 
Bu group), 960 (s, v ~ ~ , ~ ) .  'H NMR (500 MHz, acetone-d6): 
7.9-7.6 (overlapped m, 4H), 7.22 (t, H), 7.16 (t, 'H), 7.1-6.9 
(overlapped m, 4H), 6.78 (t, IH), 6.7-6.6 (overlapped m, 2H), 
6.55 (t, 'H), 6.2 (overlapped m, 2H), 4.14 (m, 2H, ethlyne-HA 
and -HA,), 3.45 (t, 16H, a - H  of the n-Bu group), 2.65 (d, 2H, 
ethylene-HB and -HBt), 1.70 (quintet, 16H, P-H of the n-Bu 
group), 3.45 (sextet, 16H, y-H of the n-Bu group), 0.95 (t, 
24H, Me-H of the n-Bu group). ,'P{ 'H]  NMR (81 MHz, ace- 
tone-d6): 18.0 (major); 17.0 (minor). LSIMS (+), d ~ :  242 
([(n-Bu),NI+), 645 ([Re(P,O4)1+), 662 ([ReO(HP,O,)I+); 
LSIMS (-), m/z: 645 ([Re(P,O,)]-), 661 ([ReO(P,O,)]-), 769 
([ReO(P,O,) + 1081-). Anal. calcd. (found) for 
C61H98Br4N207P2Re2: C 42.46 (42.62), H 5.72 (5.47), N 1.62 
(1.71). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74,1996 

Scheme 1. 

HCI(g) 

MeOH or EtOH(anhy.) 

Results and discussion 

H4P204.2HCI 
The new potentially hexadentate ligand H4P204.2HC1 was 
synthesized in a manner similar to that used to obtain the 
potentially tridentate H,PO,.HCl(l). After protecting the phe- 
nol hydroxy group as a methoxymethyl (mom) ether (9), the 
mom-protected phenol was ortho-lithiated at low temperature 
under N,, and 4 equivalents of it were then reacted with 
Cl,PCH,CH,PCl, to give the mom-protected intermediate, 
(mom),P,O,. Upon treatment with anhydrous HC1 gas in 
methanol or ethanol, the expected functionalized diphosphine 
was obtained as the dihydrochloride salt (Scheme 1). 

For the intermediate, (mom),P,O,, the EIMS shows the 
expected parent ion peak (ndz: 638, [(mom),P,O,]+), along 
with fragments formed from the parent ion by the loss of -CH,, 
-OCH,, -CH,OCH,, and -OCH,OCH, groups. In the ,'P{ 'H)  
NMR spectrum (CDCl,), a singlet at -3 1.7 ppm, typical for a 
phosphine P, is present (10). The 'H NMR spectrum shows 
four hydrogen resonances at 7.24, 7.14,7.03, and 6.91 ppm in 
the aromatic range, corresponding to p-, 0'-, nz-, and tn'-H of 
the phenyl ring"assigned from a 'H-'H COSY spectrum). 
The resonances corresponding to methyl and methylene H 
atoms of the mom protecting group, appear as singlets at 5.04 
and 3.17, respectively. The two methylene H nuclei in each 
mom group of (mom),PO, gave an AB quartet (I), indicating 
nonequivalence of the two methylene hydrogens because of 
prochirality. This was not the case with (mom),P,O,, how- 
ever; the four chemically equivalent backbone H atoms give a 
doublet of doublets due to unequal coupling to the two P 
nuclei. 

As was seen in H,PO,.HCl (I), the formulation of a hydro- 
chloride salt for its hexadentate analogue H P 04.2HC1 is sup- ,' ported by the elemental analysis and by the P chemical shift, 
characteristic of a phosphonium P (10) at +43.5 ppm in 

This is designated as in the following diagram: 
0' 

DMSO-d6. This salt dissociated in its ligand-exchange reac- 
tions (vide infra) and in basic solution, as is indicated by the 
chemical shift of -36.4 ppm in the 3 1 ~ { ' ~ }  NMR spectrum in 
py-d,. EIMS shows the presence of [H4P,04]+. The 'H NMR 
spectrum in DMSO-d6 shows four overlapped H resonances in 
the aromatic region and a broad backbone H resonance at 2.6 
ppm with the expected integral ratio. 

Synthesis of complexes 
The phosphine hydrochloride salt H4P20,.2HC1, when depro- 
tonated by a base, reacted with [ReCl,(PPh,),] forming a dinu- 
clear complex [Re20,C12(PPh,)2(~-P20J)]. Aerial oxidation 
was responsible for oxidizing Re(IV) to Re(V). In another trial 
without added base, the ligand did not react with the Re pre- 
cursor; red crystals obtained from this trial were identified by 
X-ray crystallography as a partially oxidized mixture of trans- 
[ReCl,(PPh,),] and trans-[ReOCl,(PPh,),] (1 1, 12). A dinu- 
clear dianionic complex [R~ ,O,B~~(~-P~O, ) ] ' -  (as a [(tz- 
Bu),N]+ salt) was formed from the reaction of [(n- 
Bu),N] [ReOBr,] with the ligand and added [(PI-Bu),N]Br in 
the absence of added base. These observations, taken together, 
suggest that an extra driving force is necessary to push for- 
ward the substitution reaction of H,P,O, with a precursor that 
contains PPh3, consistent with observations reported for 
H2P02 (1). In addition, chelation of the ~~04"  ligand to a sin- 
gle Re center is clearly not favored. 

Both the dimetallic Re complexes are air stable in the solid 
state, and were characterized by elemental analysis, infrared 
spectroscopy, mass spectrometry, and 'H/"P{'H) NMR spec- 
troscopy. IR measurements confirmed the presence of Re=O 
multiple bonds and ensured that the multidentate ligands 
were coordinated as evidenced by the absorptions shifted in 
com arison with the free ligands. Both 'H NMR and P H )  spectra were very useful in verifying the diastero- 
meric structures of [Re,O2Cl2(PPh3),(~-PzO1)] and [(Iz- 
Bu),N],[Re,O,Br,(~-P204)] (vide infra). 

Dinuclear (P204) Re complexes 
Mass spectrometric data confirmed formation of dinuclear 
complexes when the expected parent ions and (or) their 
fragments were found, while microanalysis established 
the formulation of both compounds. The parent ion 
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Luo and Orvig 

Fig. 1. 3 1 ~ ( 1 ~ )  NMR spectra (81 MHz) showing reactivity of the dinuclear complexes to 
pyridine (* decomposition products). (a) [Re202C12(PPh3)2(p-P@4)] in  py-d,; (b) a after 
standing for 6 months; (c) b after being heated to 100°C then cooled to room temperature; 
(d) [ ( ~ - B u ) ~ N : ~ ~ [ R ~ ~ O ~ B ~ ~ ( ~ - P ~ O ~ ) ]  in acetone-d,; (e) d after 3 drops of py-d, were added; 
(f) e after being heated to 60°C then cooled to room temperature. 

[Re,O2Cl,(PPh3),(k-P,04) + lIf (m/z = 1459) was present 
in the +LSIMS spectrum of [Re20,Cl,(PPh3),(k-P,04)1; 
however, the stronger peaks were m/z = 263 (PPh3), 
645 ([Re(P204)lf), and 1161 ([M - C1 - PPh3If or 
[Re2O2Cl(PPh3)(k-P204)lf), indicating that the monodentate 
C1- or PPh, ligands were subject to dissociation from the com- 
plex under the ionization conditions. For the positive ion 
detection mode LSIMS spectrum of [(n-B~)~N],[Re,0,Br,(k- 
P,04], m/z = 242 ([(n-Bu),NIf) was intense, and a much 
weaker peak for [Re(P,04)lf was also found; in the negative 
ion detection mode, m/z = 79 (Br-) was the most intense peak, 
with fragments found at ni/z = 661 ([ReO(P,O,)]-) and 769 
([ReO(P,O,) + log]-). The mass of 108 is that of the matrix, 
thioglycerol (C3Hg0,S). The dianionic parent ion 
[Re,O,Br,(k-P204)]-- did not show in the negative ion mode, 
presumably due to a very strong interaction with the very polar 
matrix, thioglycerol, preventing the volatilization of the 
dianion. 

There were similarities in the IR spectra of the two dinuclear 
com lexes. Strong C-H stretching vibrations at 2960 and 2880 
cm-! diagnostic for [(n-Bu),NIf, were observed for [(n- 
BU)~N]~[R~,O,B~,(~-P,O~)]. Below 2000 cm-I, almost all the 
absorptions in the spectrum of [(t~-Bu)~N],[Re,0,Br~(b- 
P,04)] were observed in the spectrum of [Re2O2Cl,(PPh3),(b- 
P,04)] as well. The Re=O stretches for [(n- 
Bu)~NI,[R~~O~B~~(CL-P@~)I) and [Re20?Cl2(PPh?),(~- 
P204)]) were found at 960 and 965 cm-', respectively, in the 
normal range for six-coordinate R~'=o complexes (1 3). The 
additional bands in [Re,0,C1,(PPh3),(~-P,04)] originated 
from PPh, bound to the Re(V) center. 

A seven-coordinate complex, as formed from Tc(V) and 
edta4- (4), did not seem feasible for Re(V) with P,o;-. In 

[TcO(edta)]-, the two neutral tertiary amine N atoms are 
approximately opposite the 0x0 ligand, the Tc-N bonds 
being somewhat lengthened by the trans influence (14). Thus, 
one consideration for P,o;- is that the phosphine P atom, 
which is much softer than the amine N atom, will be found in 
cis positions relative to the 0x0 group to avoid the trans influ- 
ence (as soft, neutral donors usually do). The phenolate rings 
of P,o,~- are also considerably less flexible than the carboxyl- 
ate arms of edta4-. 

The 3 1 ~ { 1 ~ }  NMR spectrum of [Re2O2Cl,(PPh3),(k- 
P,04)] showed two peaks of equal intensity, diagnostic for 
two nonequivalent phosphorus centers (Fig. la). This sug- 
gested that the two ~ , - P ? o , ~  P nuclei were equivalent, as were 
the two PPh3 P nuclei. Consistent with this, in the I H  NMR 
spectrum (Fig. 2) there were eight types of aromatic hydrogen 
nuclei for the PO-phenyl rings of the complex, indicating that 
the four phenolate rings of the ~-P,O;- ligand were in two 
different environments, each including two equivalent rings. 
In this aromatic region, a doublet of doublets (7.70 ppm, o-H) 
and overlapped multiplets (-7.3 ppm, m-H and p-H) were 
also present, corresponding to the phenyl H nuclei of PPh, 
(Fig. 2). The four H and two P nuclei on the ethylene backbone 
form an AA'BB'XX'. spin system (one per diastereomer) 
because of chirality at the metal centre (Fig. 3, anti). The sytz 
diastereomer was not present for this neutral dinuclear com- 
plex (vide infra). The appearance of two resonances (one trip- 
let-like, the other doublet-like) corresponding to the HA and 
H, nuclei was complicated because of multiple couplings. 

For [(t~-B~)~N],[Re~0~Br~(~-P,0~)1, two peaks were 
observed in the ~ P { ' H }  spectrum, one major and one minor, 
at 18.0 and 17.0 ppm, respectively (Fig. Id). In the 'H NMR 
spectrum, there were more than eight signals for the PO-phe- 
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Fig. 2. 'H NMR spectra of [Re20,C12(PPh,)2(p-P204)] (top, in  py-ds, 300 MHz) and [(n- 
Bu)4Nl,[Re,0,Br,(p-P,0,)] (bottom, in acetone-d,, 400 MHz), (# solvent or HOD; * impurity). 

Fig. 3. Diastereorners of the dinuclear complexes showing the nyl ring carbon atoms that had hydrogen atoms attached; those 
AA'BB'XX' system of the backbone (4H, 2P) in each. of the minor isomer, and quaternary carbons in both isomers, 

were not observed because the sample was too dilute. For the 
ethylene H nuclei, a similar AA'BB'XX' spin system was 
observed for [(n-Bu),N],[Re,O,Br,(k-P,04)], and HA and H, 
were found to be coupled strongly to each other. The chemical 
shifts for the C,H4 ethylene H nuclei of the backbone of each 

anti SYn isomer coincide since only two resonances are present. Upon 

nyl rings in the complex (Fig. 2). In fact, 16 H signals (some of 
them overlapped) in the aromatic region (6.0-8.0 ppm) were 
correlated into four groups by a 'H-'H COSY experiment (Fig. 
4), indicating that there were four PO-phenyl ring environ- 
ments (numbered ring 1 to ring 4 as shown in Fig. 4). The H 
resonances corresponding to the of-H of the four PO-phenyl 
rings were identified in the ' H { ~ ' P ]  NMR spectrum (each sim- 
plified from a multiplet to a doublet upon decoupling as shown 
in Fig. 5). The 'H NMR signals corresponding to rings 1 and 4 
were stronger in intensity than those of rings 2 and 3, and the 
3 1 ~  NMR signal at 18.0 ppm was more intense than that at 17.0 
ppm. Taken together, these data indicate that there are one 
major and one minor isomer present in the [(tt- 
BU),N],[R~,O,B~,(IJ.-P~O,)] sample. In the ' 3 ~ { ' ~ ]  NMR 
spectrum, only eight signals were observed in the aromatic 
region, tentatively assigned to the major isomer eight PO-phe- 

phosphorus decoupling, both HA and H, signals appeared as 
doublets. 

Two models, arlti (i) and syn (C,), proposed for the dinu- 
clear complexes are shown in Fig. 3. Assumptions with ade- 
quate precedent have been used to formulate these models: 
neutral P donor(s) are cis to the Re=O, and the PO, donor set 
of each end of ~~0:- is facially coordinated. Both assump- 
tions are based on the coordination of PO,,- in fac- 
[ReZC1(PPh3)(P0,)] (Z = 0 or NPh) (1). In fact, P trnrzs to 
M=O, M G N ,  or M=NR has not been observed for com- 
plexes of this type (M = Re or Tc) incorporating phosphine 
(1 1 ,  15-22) or functionalized phosphine (1, 23, 24) ligands; 
the P donors are always cis. 

The two models can be described as sytl and anti with 
respect to the two Re=O groups, and they have C2 and i 
symmetry, respectively (Fig. 3). With aid of a 3-D model, it 
is easy to reason why there is only one isomer for 
[Re20,C12(PPh3),(p-P20j)], while there are two isomers for 
[(n-Bu),N],[Re,0,Br4(~-P204)], as shown in the 3 1 ~  NMR 
spectra (Figs. la and Id, respectively). [Re,O,CI,(PPh,),(k- 
P,O,:I] exists presumably as the anti isomer (i symmetry); the 
sytz isomer is not feasible because of the two bulky PPh3 
groups. For this complex, a proposal with the two P donors 
trans to each other can also be rejected because the mutual 
P-P coupling is quite small. Either airangement with the 
two P donors tmns or cis to each other is possible based on 
modeling and has actually been observed for the complexes 
jac-[ReZCl(PPh,)(PO,)1 (Z = 0 or NPh) (1). In modeling 
[R~,o,B~,(~-P,o,)]< both syn and atlti isomers are found to 
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Luo and Orvig 

Fig. 4. The proposed isomers and the 'H-'H COSY spectrum (400 MHz) of [(n-Bu),N],[Re,O,Br,(p,-P,O,)] 
(aromatic region); the correlated H resonances are designated by the same number as the respective PO phenyl 
ring. 

7.8 7.4 7 .O 6.6 6.2 ppm 

be feasible as Br- is much less bulky, and this might be the case assigned to the P nuclei of the ~,-P,o,~- and PPh3 ,ligands, 
as indicated by the NMR results. respectively. Phenolato-anchored phosphine P nuclel experi- 

The two P signals at 15.7 and - 11.3 ppm in the 3 ' ~ { 1 ~ )  ence a greater deshielding effect than the PPh3 ligand in such 
NMR spectrum (Fig. la) for [Re2O2C1,(PPh3),(p,-P,O,)] are complexes as [ReZC1(P0,)(PPh3)] (Z = 0 or NPh) (I) ,  due to 
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Fig. 5. 'H (top) and ' H { ~ ' P ]  (bottom) NMR spectra (500 MHz) of [(~-BU),&]~[R~~O~B~~(~-P~O~)] 
(aromatic and ethylene regions). 

stronger donation (25). This p-~,0:- P chemical shift was 
found to be quite close to that of [(n-Bu),N],[Re20,Br,(p- 
P204)], at 18.0 (major) and 17.0 (minor) pprn (Fig. 16). Further 
support for this assignment is depicted by Fig. lc, where the 
PPh, P signal is identified by its replacement with py-d,. 

Reactivity with pyridine 
The replacement of PPh, in [Re2O2C1,(PPh,),(p-P204)] with 
pyridine (py-d,) was monitored in the 31P(1H] NMR spectrum 
by the appearance of a free PPh, singlet at -9.1 ppm, and by 
the decrease in intensity of the upfield P signal (- 11.3 ppm, 
bound PPh,) in the original spectrum (Fig. lc). The substitu- 
tion is very slow (Fig. lb); however, after the solution was 
heated to 100°C and then cooled to room temperature, the sub- 
stitution was complete, at which time the bound PPh, P signal 
(- 11.3 ppm) disappeared completely, and the downfield P 
signal (15.7 ppm) was replaced by two singlets (14.3 and 14.0 
pprn). Clearly, the PPh, ligands in the complex are labile and 
the assignment of the bound PPh, in the original 3 1 ~ ( ' ~ ]  
NMR spectrum is verified. No attempt was made to fully char- 
acterize the new complex formed with pyridine; however, syn 
and anti isomers would be consistent with the appearance of 
the two singlets at 14.3 and 14.0 ppm. 

Pyridine (py-d,, 3 drops) was added to [(n- 
Bu),N],[Re,O,Br,(p-P204)] in acetone-d . Changes in the ,'P P resonances were also observed in the ,'P( H )  NMR spectrum: 
the original peaks were reduced in intensity, while two new 
singlets appeared (Fig. le). After heating to 60°C for 10 min 
and then cooling to room temperature (the solution changed to 
yellowish green from the original emerald green), these spec- 
tral changes were complete, whereupon the original P signals 
(18.0 and 17.0 ppm) disappeared completely, giving rise to 
two singlets at 22.1 and 22.6 pprn (Fig. lfi. The dianionic com- 

plex is also labile to substitution. Again, similar syn and anti 
isomers would be consistent with the substituted products. 

Conclusion 

The hydrochloride salt of a new ligand, the potentially hexa- 
dentate and tetraprotic H4P20,.2HCl, was synthesized and 
characterized. With this salt, neutral [Re,O,Cl,(PPh,),(p- 
P204)] and dianionic [R~,o,B~~(~-P,o,)]'- dinuclear rhe- 
nium(V) complexes were synthesized and characterized. The 
rigidity of the ligand frame and (or) trans influence make it 
impossible for all the donor atoms to bind a single R~'=o 
centre. However, this ligand can bridge two Re(V) centers, 
incorporating monodentate 0x0, chloro, and PPh, ligands to 
complete the coordination sphere of each Re(V). These com- 
plexes are important since they provide useful information 
about the coordination preference of the ~ ~ 0 2 -  ligand. Work 
on the 9 ~ c / 9 9 m ~ c  complex of this ligand and its radiopharma- 
ceutical chemistry is in progress. 
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An unusual fatty acid and its glyceride from the 
marine fungus Microsphaeropis olivacea' 

~ Chao-Mei Yu, Jonathan M. Curtis, Jeffrey L.C. Wright, Stephen W. Ayer, and 
Ziba R. Fathi-Afshar 

Abstract: Two new metabolites (1 and 2) were isolated from the marine fungus Microsphaeropsis olivacea. The structures were 
elucidated, through analysis of the spectroscopic data, as an unusual methyl-branched unsaturated fatty acid, 10-methyl-9Z- 
octadecenoic acid (I), and the glyceride (2). The locations of the double bond and the methyl branching were determined from 
the electron impact (EI) mass spectrum of the picolinyl derivative of 1 and from MSIMS data on the hydrogenation products of 
1 and 2. 

Key words: Microsphaeropsis olivctcea, marine fungus, methyl-branched unsaturated fatty acid, picolinyl ester. 

RCsumC : On a is016 deux nouveaux metabolites (1 et 2) i partir du champignon marin Microsphaet-opsis olivacea. Faisant appel 
2 des donnCes spectroscopiques, on a Ctabli que les structures sont associCes i un acide gras insaturt portant un mCthyle comme 
chaine latCrale, I'acide 10-mCthyloctadCc-9Z-kno'ique (1) et de son glycCride (2). Les positions des doubles liaisons et de la 
ramification mCthyle ont CtC dCterminCes par spectromCtrie de masse par impact Clectronique sur le derive pinacolyle du 
composC 1 et par des donnCes de SMISM sur les produits d'hydrogknation des composCs 1 et 2. 

Mots clis : Microsphaeropsis olivacea, champignons marins, acide gras insaturC portant une ramification mCthyle. 

[Traduit par la rCdaction] 

Introduction 

Terrestrial microorganisms have long been a traditional source 
of biologically active metabolites but, after extensive studies, 
it is increasingly difficult to discover new bioactive agents 
from this source. In contrast, marine microorganisms are 
attracting more attention as sources of novel bioactive com- 
pounds. These ocean-life forms likely evolved different phys- 
iological and biosynthetic capabilities to survive in the unique 
marine environment at increased salinity and pressure, vari- 
able temperatures, and different nutrient compositions. Such 
capabilities may result in the production of metabolites not 
found previously in terrestrial microorganisms (1). 

Our search for new pharmaceutical-lead compounds from 
marine microbes led us to investigate the metabolites of the 
marine fungus Microsphaeropsis olivacea (strain SF-lo), iso- 
lated from a Florida sponge, and to the discovery of a new 
methyl-branched and unsaturated fatty acid (1) and its 
monoglyceride (2) (Fig. 1). In this paper, we describe the pro- 
duction, isolation and structure elucidation of 1 and 2 through 
their chemical and spectroscopic analyses. 
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Results and discussion 

Metabolite 1, a colorless oily compound, was isolated from 
the EtOAc extract of the culture filtrate of M. olivacea. The 
molecular formula of C19H3602 was determined from the 
high-resolution EI mass spectrum. The 'H NMR spectrum 
indicated that this compound is an unsaturated linear fatty 
acid, but the unusual structural feature of an olefinic methyl 
branch (SH 1.65, d, 1.2 Hz) encouraged us to complete the 
structural elucidation. The multiplicity of the individual car- 
bons was obtained by I3c NMR data (Table 1) and DEPT 
experiments, indicating 1 terminal methyl group, 1 olefinic 
methyl group, a trisubstituted double bond (thereby implying 
the branching position of the olefinic methyl group), 14 meth- 
ylene groups, and a carboxyl carbon (6, 178.11) that was sup- 
ported by a characteristic infrared absorption at 1733 cm-'. 
The HMQC experiment showed connectivities between the 
carbons and protons with the exception of C-4-C-7 and C- 13- 
C-17. This is due to the extensive overlaps of the methylene 
proton resonances in the range 6 1.29-1.3 1, which correspond 
to 1 8 protons. 

In the 'H-'H COSY spectrum, the resonance at 6 2.26 was 
assigned to the methylene protons H2-2 adjacent to the car- 
boxyl group, based on chemical shift considerations and sup- 
ported by the long-range C/H correlation with C-1 in the 
HMBC experiment. This methylene group was also coupled 
with H2-3 (6 1.59), which in turn was coupled with other 
methylene groups (6 1.29-1.31) indicating the connectivity of 
CH,-2/CH2-3lother CH, groups. In the HMBC experiment the 
methylene protons at H,-2 and H2-3 were observed to have 
'J , ,  correlation with two rnethylene carbons C-4 (6 30.29) 
and C-5 (6 30.37), respectively, which established the partial 

Can. J. Chern. 74: 730-735 (1996). Printed in Canada / ImprimC au Canada 
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Yu et al. 

Fig. 1. The structures of metabolites (1,2) and their derivatives (3,4, 5). 

Table 1. 'H and "C NMR data (CD,OD) for metabolites 1 and 2. 

1 2 

Position 6°C ( P P ~ )  6% ( P P ~ )  6°C (ppm) 6'H (pprn) 

2.26 (t) 
1.59 (m) 
1.29-1.3 1 (rn) 
1.29-1.3 1 (m) 
1.29-1.3 1 (m) 
1.29-1.3 1 (m) 
1.97 (m) 
5.11 (t) 
- 

2.01 (t) 
1.37 (m) 
1.29-1.3 1 (rn) 
1.29-1.3 1 (rn) 
1.29-1.3 1 (rn) 
1.29-1.3 1 (m) 
1.29-1.3 1 (m) 
0.89 (t) 
1.65 (d) 

- 

2.34 (t) 
1.61 (m) 
1.29-1.3 1 (rn) 
1.29-1.3 1 (rn) 
1.29- 1.3 1 (rn) 
1.29- 1.3 1 (rn) 
1.97 (m) 
5.11 (rn) 
- 

2.01 (t) 
1.37 (m) 
1.29-1.31 (rn) 
1.29-1.3 1 (rn) 
1.29-1.3 1 (rn) 
1.29-1.3 1 (m) 
1.29-1.31 (rn) 
0.90 (t) 
1.65 (d) 
4.05 (dd), 4.13 (dd) 
3.80 (m) 
3.54 (dd), 3.55 (dd) 

','Assignments with the same superscript may be interchanged. 
"Assigned from the HMBC spectrum. 

structure -CH2CH2CH2CH,COOH and the assignments of C-4 
and C-5. 

From further interpretation of the 'H-'H COSY data, it was 
found that an olefinic methine proton H-9 (6 5.1 1) showed 
adjacent coupling with H2-8 (6 1.97) and allylic couplings 
with the olefinic methyl group H3-19 (6 1.65) as well as Hz-1 1 
(6 2.01). Each of H2-8 and H,-11 was further coupled with 
other methylene groups of the long hydrocarbon chain at 6 
1.29-1.3 1. The HMBC between C-7/H2-8, C- 1 O/H,-8, C-91 
H2- 1 1, C-9/H3- 19, C- lO/H,- 1 1, C 1 9/H2- 1 1, and C- 1 2 4 -  1 1 

helped in the assignment of C-7, and provided further support 
for the observed 'H-'H COSY correlations and determined 
the partial structure -CH2CH,C(CH3)=CHCH2CH2-. 

The final partial structure of CH3CH2CH2- was identified 
from the HMBC from both C- 16 (6 33.08) and C- 17 (6 23.75) 
to the terminal methyl group H3-18 (6 0.89). Therefore, the 
combined NMR data led to a structural formula of 1 as 
CH3CH,CH2(CH2),,CH2CH2(CH3)C=CHCH,CH2(CH2),,,C 
H2CH2CH2CH2COOH where n and m could not be deter- 
mined from the NMR data alone. 
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Fig. 2. The low-resolution EI mass spectrum of 3 from GC/MS analysis. 

The major difficulties usually encountered in the structure 
elucidation of long-chain fatty acids by NMR involve the 
determination of the positions of methyl branching and double 
bonds. However, location of the double bonds and methyl 
branching in long-chain fatty acids can be achieved via EIMS 
analysis of derivatives that strongly localize the charge, for 
example, on a pyridine ring (2). In this case, the 3-picolinyl 
ester (3) of 1 was prepared (3), and G C M S  analysis of 3 
showed the expected molecular ion at rnlz 387 (Fig. 2). It was 
anticipated that a diagnostic difference of 40 mass units, cor- 
responding to the trisubstituted double bond -(CH3)C=CH-, 
would be found between adjacent ions in the series of charge- 
remote fragmentations (2). In general, the fragment ions cor- 
responding to vinylic cleavages are of relatively low intensity 
whereas those due to cleavage at the allylic positions are more 
intense (2). Furthermore, an enhancement in fragment ion 
intensity for cleavage at the allylic position on the distal side of 
the double bond is expected (4). This behavior is clearly seen 
for 3 in Fig. 2 where the difference of 40 mass units between 
mlz 234 and 274 establishes the location of the double bond. In 
addition, the enhanced intensity of the peak at mlz 288, due to 
fragmentation at the allylic position, confirms that the weaker 
peak at mlz 274 is indeed due to fragmentation adjacent to the 
double bond. 

Thus, the G C M S  analysis of the 3-picolinyl ester of 1 
unambiguously assigned the position of the double bond as A'. 
However, the data cannot distinguish between a branching 
position for the methyl group at either C-9 or C- 10. To estab- 
lish this, it was necessary to reduce 1 to the methyl-branched 
saturated derivative 4. As previously reported ( 3 ,  under 
appropriate conditions for collision-induced decomposition, 
molecular carboxylate anions of such saturated fatty acids 
undergo charge-site-remote fragmentations (in an analogous 

manner to picolinyl ester derivatives of fatty acids in the pos- 
itive ion mode), resulting in a series of fragment ions charac- 
teristic of the alkyl chain. Thus, from the electrospray MSIMS 
spectrum (Fig. 3) of the [M - HI- ion of 4 at mlz 297, the posi- 
tion of methyl branching was determined by a mass difference 
of 28 (-CH(CH3)-) rather than 14 (-CH,-) between the adja- 
cent fragment ions rnlz 183 and mlz 155, proving that the 
methyl branch is at C-10. 

Metabolite 2 was isolated from the CH,CI, extract from 
mycelium of M. olivacea as a colorless oily compound. The 
'H and I3c NMR data (Table 1) showed signals almost identi- 
cal with those of 1 except for the additional characteristic sig- 
nals of a glycerol moiety (H,-1': 4.05 (dd), 4.13 (dd); H-2': 
3.80 (m) and Hz-3': 3.54 (dd), 3.55 (dd)). This suggested that 2 
was the glyceride ester of 1. Further support for this hypothe- 
sis was provided by the high-resolution EI mass spectrum, 
which indicated the expected molecular formula of C22H4204 
plus accurate mass measurement for the fragment ion at tnlz 
278 measured as the formula C19H3,0 corresponding to the 
loss of a glycerol molecule. Analysis of 2 by electrospray 
mass spectrometry in the positive ion mode gave major peaks 
at mlz 37 1 (MH+), 393 ([M + Na]+), and 353 ([MH - H,O]+). 
The M S M S  spectrum of the MH+ ion (Fig. 4a) shows a major 
fragment ion at mlz 279, once again due to loss of a glycerol 
moiety, plus a minor fragment at mlz 297, which is the proto- 
nated fatty acid. The position of the substituted double bond is 
recognized as A', the same as that of 1, from the MSIMS spec- 
trum of the [M + Na]+ ion (Fig. 4b). The observed series of 
charge-remote fragment ions from mlz 378 down to mlz 294 
are due to losses of increasingly large neutral fragments incor- 
porating varying numbers of methylene groups, and the 68 
mass unit difference between mlz 294 and 226 indicated cleav- 
age at the allylic positions. Interestingly, there is a change in 
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Fig. 3. The negative ion electrospray MSIMS spectrum of the [M - HI- ion of 4. 

I uu LUU "".. 
mlz 

+ x10.00 6- x20.00 H 

the dominant fragmentation mode, from simple radical cleav- 
age giving rise to the series from rnlz 294 to 378 to one involv- 
ing loss of a hydrogen to give the fragment ions at rnlz 225, 
197, 183, and 169. The position of the methyl branch in 2 was 
verified by the preparation of the hydrogenation product (5) 
(Fig. 1) and subsequent MS analysis. This gavean w-HI-ion 
at rnlz 37 1 in the negative ion electrospray mass spectrum. The 
MS/MS fragmentation of this ion exhibited only one fragment 
ion at nzlz 297, which is the stable carboxylate anion formed by 
loss of the glyceride moiety. The M S M S  spectrum of this 
fragment ion at rn lz 297 (which was present in the electrospray 
mass spectrum of 5) shows fragmentation identical to that of 4 
(Fig. 3), confirming that the methyl group is located at C-10. 

The stereochemistry of the double bond in 1 and 2 was 
established as Z configuration from the NOESY spectrum, 
which showed the through-space correlations between H3-19 
and H-9, H3-19 and H2-12, and between H-9 and H2-7. Based 
on these combined data, the structures of 10-methyl-9Z-octa- 
decenoic acid and 2,3-dihydroxypropyl-10-methyl-9Z-octade- 
cenate were assigned to 1 and 2 respectively (Fig. 1). 

Different fatty acids possessing an olefinic methyl branch, 
such as 7-methyl-7-hexadecenoic acid and 7-methyl-6E-hexa- 
decenoic acid, have been reported from whale oil (6) and 
sponge (7), respectively. To our knowledge, 1 and 2 are the 
first examples of fungal fatty acids having a methyl branch on 
a cis- double bond. Branched methyls can be introduced in 
fatty acids through the addition of C ,  units, such as S-adeno- 
syl methionine, or by introduction of  an isoprenoid unit. This 
fatty acid probably arose through the former biosynthetic 
pathway. 

Experimental 

General experimental procedures 
NMR spectra were recorded in CD30D using a Bruker AMX 
500 spectrometer equipped with a Bruker X-32 computer 
using UXNMR software. Chemical shifts are expressed rela- 
tive to internal standard (CD30D: 6, 3.30 ppm, 49.00 
ppm). The IR spectrum was measured using a Bomem FT-IR 
spectrometer (model DA3.02) using a solid film of sample 
deposited on an AgCl window, and the UV spectrum was 
obtained using a Hewlett-Packard 1090 HPLC equipped with 
diode array detector. All EIMS experiments (GC/MS and 
high-resolution EI) were performed using a VG Organic ZAB- 
EQ mass spectrometer. GC/MS analysis was carried out on a 
Hewlett-Packard 5890 Series I1 GC with a J & W DB225 GC 
column (30 m x 0.25 mm i.d., 0.25 mm phase thickness). All 
electrospray and MS/MS experiments were performed using a 
VG Organic Autospec-oaTOF hybrid double-focusing 
orthogonal acceleration time-of-flight mass spectrometer. 
MS/MS experiments used a collision energy of 400 eV and Xe 
collision gas. 3-Pyridylcarbinol was purchased from Aldrich 
Chemical Company, Milwaukee, Wis. 

Fermentation 
The producing microorganism identified as Microsphaeropsis 
olivacea was isolated from a marine sponge, Agel~ts sp., col- 
lected off Sombrero Key East, Florida. One loopful of a cul- 
ture of M. olivacea (strain F- 10) from an agar slant was used to 
inoculate five 500-mL Erlenmeyer flasks, each containing 
media (100 mL) composed of 2.5% glucose and 2.5% pharma- 
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Fig. 4. The positive ion electrospray MSIMS spectra of 2: (a) [M + HI', (b) 
[M + Na]'. 

media, and incubated on a rotary shaker (210 rpm) for 3 days 
at 25°C. The broth (5 mL) of this seed culture was inoculated 
into each of 60 500-mL Erlenmeyer flasks containing produc- 
tion medium (100 mL) composed of 2% molasses, 3% dextrin, 
1.5% fish meal, and 1.5% pharmamedia. The fermentation 
was carried out under the same conditions for 7 days. The cul- 
ture broth was filtered, respectively, through a cloth filter and a 
Millipore filter with pore size of 0.8-8.0 pm. The mycelium 
was lyophilized for the extraction. 

Extraction and isolation 

Isolation of 1 from the EtOAc extract of the culture$ltrate 
The crude extract (650 mg) was subjected to reversed phase 

flash column chromatography on BakerbondO C- 18 eluting 
with an increasing step gradient of methanol in H,O (60- 
100%). The fraction eluted with 95% MeOH was rechromato- 
graphed on BakerbondO C-18 eluting with 85% acetonitrile in 
H,O. Final purification of 1 was achieved using normal phase 
flash column chromatography (Merck silica gel 60) and elu- 
tion with CH,Cl,/MeOH (9.3:0.7) to yield 7 mg of 1. 

Isolation of 2 from the CH2C12 extract of the mycelia 
This extract (6 g) was obtained through partition of the MeOH 
extract of the mycelia between H,O and CH,Cl,. It was sub- 
jected to flash column chromatography on Merck LiChro- 
prep@ RP-18 with gradient elution of MeOH in H,O (25- 
loo%), and then with MeOH and CH,Cl, (1:l). The fraction 
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eluted by MeOH was fractionated by a flash column on Bak- 
erbond0 C-18 using acetonitrile/H,O gradient (50-100%). 
The fraction eluted with 80% acetonitrile was further purified 
through a flash column on Merck silica gel 60 using hexane 
and EtOAc (2:3). The fraction containing mainly 2 was finally 
purified by a flash column on Bakerbond0 C- 18 eluting with 
95% MeOH, to obtain 7.4 mg of the pure metabolite 2. 

Metabolite I :  A colorless oil; Rf value 0.16, TLC on Merck sil- 
ica gel precoated plate in CH,Cl,-MeOH (9.5:0.5); UV 
(MeOH) A,,,,: 210 nm; IR (film) cm-': 3448, 2930, 2858, 
1733, 1458. HREIMS, C,9H,602 (M") mlz: 296.2703 (+AM 
1.2 mmu). 'H and "C NMR spectral data are given in Table 1. 

Picolinyl derivatization of I :  A small quantity of 1 (0.33 mg) 
in a 1.0 mL Reacti-VialTM was treated with 175 p,L of thionyl 
chloride at 100°C for 10 min. The reaction solution was blown 
down to dryness with a N, stream, and then treated with 165 
p,L of 20% 3-pyridylcarbinol in acetonitrile. The mixture was 
reacted for 1 min at 100°C. The reaction product (3) was iden- 
tified by GCIMS analysis, rnlz 387 (M") and fragment ions 
shown in Fig. 2. 

Hydrogenation of I :  0.25 mg of 1 was hydrogenated in MeOH 
over a catalytic amount of PtO,. The hydrogenation product 
(4) was directly analysed by negative ion electrospray MS: 
mlz: 297 ([M - HI-) and fragment ions shown in Fig. 3. 

Metabolite 2: A colorless oil; Rf value 0.23, TLC on Merck sil- 
ica gel precoated plate in CH2CI,-MeOH (9.5:0.5); UV 
(MeOH) A,,,: 210 nm; IR (film) cm-': 3400, 2925, 2855, 
1740, 1458. HREIMS, C2,H4,04 (M") mlz: 370.3085 (AM 
-0.2 mmu), C19H340 [(M - C3H803)+*] mlz 278.2612 (AM 
-0.3 mmu). Positive ion electrospray MS gave rnlz 371 (MH+), 

393 ([M + Na]'), and 353 ([MH - H20]+). The MS/MS spectra 
of mlz 371 and 393 are shown in Fig. 4. 'H and I3c NMR spec- 
tral data are given in Table 1. 

Hydrogenation of 2: 0.50 mg of 2 was hydrogenated in MeOH 
over a catalytic amount of PtO,. The hydrogenation product 
(5) was directly analysed by negative ion electrospray, MS 
mlz (%): 371 ([M - H]-, loo), 297 (23). The MS/MS spectrum 
of the fragment ion mlz 297 is virtually identical to that given 
as Fig. 3 for M- of 4. 
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Oswald S. Tee, Timothy A. Gadosy, and Javier B. Giorgi 

Dissociation constants of host-guest 
complexes of alkyl-bearing compounds with 
P-cyclodextrin and "hydroxypropyl-P- 
cyclodextrin" 

Abstract: Dissociation constants (Kd) of host-guest complexes formed from P-cyclodextrin or "hydroxypropyl-P-cyclodextrin" 
(P-CD and Hp-P-CD) and several types of aliphatic guests (alcohols, alkanesulfonate ions, alkylamines, and a-amino acids), 
with up to eight carbons in a chain, are reported. These constants were determined by inhibition kinetics and by a 
spectrofluorometric displacement method based on competition with 1-anilino-8-naphthalenesulfonate ion as a fluorescent 
probe. The value of Kd for a particular amine is close to that for the corresponding alcohol. For linear alkyl derivatives, there are 
strong correlations between pK, (= -log Kd) and the chain length of the guest, with slopes around 0.5, complementing trends that 
were noted earlier. Furthermore, the strengths of binding of various aliphatic derivatives to P-CD and to Hp-P-CD are close, with 
Kd values for the two CDs usually being within a factor of 2 of each other. Overall, for the binding of over 50 alkyl-bearing 
derivatives, there is a good correlation of pKd for Hp-P-CD with that for P-CD, with unit slope. These observations imply that 
the binding of simple aliphatic guests to Hp-P-CD is not greatly influenced by the modification of the hydroxyl groups on the 
primary side of the P-CD cavity but this may not be true for longer aliphatic derivatives (>Cx) or for aromatics that penetrate 
farther into the CD cavity. 

Key words: cyclodextrins, host-guest complexes, dissociation constants. 

Resume : On a mesurC les constantes de dissociation (Kd) de complexes hBte-invitC form& h partir de P-cyclodextrines ou 
d'<<hydroxypropyl-P-cyclodextrinex (P-CD et Hp-P-CD) et plusieurs types d'invitCs aliphatiques (alcools, ions alcanesulfonates, 
alkylamines et acides a-aminis) comportantjusqu'h huit atomes de carbone. On a dCterminC ces constantes par l'inhibitionde la 
cinCtique et par une mCthode de dkplacement spectrofluoromttrique qui est basCe sur une compCtition avec I'ion I-anilino-8- 
naphtalknesulfonate comme sonde fluorescente. La valeur du K, pour une amine donnte est trks proche de la valeur pour l'alcool 
correspondant. Pour les dtrivCs alkyles IinCaires, il existe une forte corrClation entre le pK, (= -log K,) et la longueur de la chaine 
de I'invitC; les pentes de 0,5 sont un complement aux tendances notCes anterieurement. De plus, les forces de liaison de divers 
dCrivts aliphatiques h la P-CD et h la Hp-P-CD sont trks semblables; les valeurs de K, pour les deux CD sont gCnCralement h 
l'intirieur d'un facteur de deux I'une par rapport h l'autre. Dans l'ensemble, pour la liaison de plus de 50 dCrivCs portant des 
groupes alkyles, il existe une bonne corrClation entre le pK, de la Hp-P-CD et celui de la P-CD et la pente est Cgale h I'unitC. Ces 
observations impliquent que la liaison d'invitCs aliphatiques simples 2 la Hp-P-CD n'est pas beaucoup influencCe par la 
modification des groupes hydroxyles sur le cBtC primaire de la cavitC de la P-CD; ceci n'est toutefois pas vrai avec les dCrivCs 
comportant des chaines aliphatiques plus longues (>C8) ou pour les derives aromatiques qui pCnktrent plus dans IacavitCde la CD. 

Mors elks : cyclodextrines, complexes hbte-invitk, constantes de dissociation. 

[Traduit par la rkdaction] 

Introduction Moreover, non-covalent assembly of carefully chosen pre- 
cursors is easier and faster than conventional synthesis as a 

A feature of Su~ramolecu la r  is non-covalent means of developing novel catalytic systems and new mate- 
binding between the constituents of supermolecules (1, 2). rials (3), Better of the interactions responsi- 
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ble for non-covalent binding, and their relative importance 
to molecular recognition, requires knowledge of complex- 
ation constants and how they vary with host-guest structure 
and the medium (2, 4). The present paper reports dissocia- 
tion constants of complexes formed between two cyclodex- 
trins (CDs) (5) and some aliphatic derivatives in water. 
Most of the values were specifically required for ongoing 
studies of the effects of cyclodextrins on reactivity (6-8), 
while others were obtained for comparative purposes or for 
future use. 

Can. J .  Chem. 74: 736-744 (1996). Printed in Canada / Imprim6 au Canada 
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Tee et al. 

There are many ways of estimating dissocation constants 
(Kd) or formation constants (Kf = l/Kd), based on the alteration 
of some chemical or physical property that is brought about by 
complexation (eq. [I]) (9). However, for any particular equi- 
librium the choice between different methods may not be easy 
since each one has its own specific requirements and limita- 
tions. For example, direct spectrophotometric methods require 
that either A or B or the complex A.B has a suitable absorption, 
and that there is a well-behaved, measureable spectral change 
that accompanies complexation. Likewise, the use of inhibi- 
tion kinetics (10) requires a probe reaction that is not interfered 
with by the "inhibitor," except by competitive inhibition (1 1). 
A further requirement is that the site on the host occupied by 
the inhibitorlguest is basically the same as that involved in the 
probe reaction; otherwise the inhibition is not truly "competi- 
tive" and misleading results will be obtained (8, 1 I). 

A different type of limitation, one that is common to many 
analytical methods, is due to the requirement or assumption of 
very unequal host and guest concentrations ([A], >> [B], or 
[B], >> [A],). This inequality allows for a mathematical sim- 
plification inherent to various "graphical" treatments (e.g., 
Benesi-Hildebrand, Eadie, and Scatchard plots (9)) but often 
it is a condition that is difficult or even impossible to fulfil. 
One improvement in the present work results from removal of 
this constraint. The other main improvement results from non- 
linear fitting of saturation data to an appropriate hyperbolic 
function, rather than the traditional use of a double-reciprocal 
plots, with their statistical deficiencies (12), or of other meth- 
ods based on linearization of the data (9). 

Methods and results 

Using inhibition kinetics, we have determined dissociation 
constants for complexes of various aliphatic alcohols with P- 
cyclodextrin (P-CD) and "hydroxypropyl-P-cyclodextrin" 
(Hp-P-CD) (5). The method is based on the retarding effect of 
a CD-binding species on the rate of basic cleavage of rri-nitro- 
phenyl acetate (mNPA) by a CD (8c, 10). 

Given that there is hydrolysis of the ester (S) in the basic 
medium, eq. [2], and cleavage through an ester-CD complex, 
eq. [3], the dependence of the rate constant for ester cleavage 
on [CD] is as given by eq. [4]. From experiments over a range 
of CD concentration, [CD], one finds values of k,, kc, and Ks, 
preferably by nonlinear fitting of eq. [4] (6).5 

k 
[2] S 2 products 

Note that a usual condition of the experiments to characterize the 
saturation kinetics is that [S], > [SCD] << [CD], so that one can 
set [CD] equal to [CD], in eq. [4]. Likewise, for the inhibition 
experiments, [S], is kept low, so that it does not significantly 
affect [CD] compared to the effect of the added inhibitor. See last 
paragraph of the Experimental. 

Rearrangement of eq. [4] leads to an expression for [CD] in 
terms of kObs (eq. [5]), from which one can estimate [CD], as 
long as kobc is determined under the same conditions as k, and 
kc. In the presence of an inhibitor (I) that also binds to the CD 
(eq. [6]) the concentration of unbound CD is reduced and kobs 
is decreased in accord with eq. [4], if kc > k,, as in the present 
case. Traditionally (9, lo), experiments are carried out with 
high [I], >> [CD], so that the approximation [CD] = [CD]oKdI 
(Kd + [I],) is reasonably valid. Between this expression and eq. 
[5], [CD] can be eliminated to give an equation relating kobs 
and [I], that is suitable for the graphical estimation of Kd. 

A major problem with the above approach is that it is not 
always convenient or even possible to maintain the condition 
that [I], >> [CD],, particularly when the inhibitor has a low sol- 
ubility in water, which is usually the case with species that bind 
strongly to CDs. Our approach removes requirement of the ine- 
quality by calculating Kd values at various [I:],, directly. Using 
eq. [5], we estimate [CD] for a given [I],, and then calcu- 
late [CD.I] = [CD], - [CDI, and [I] = [I], - [CD.I] = [I], - 
([CD], - [CD]), taking account of mass balance. Substitution 
of these concentrations into Kd = [CD][I]/[CD.I] leads to an 
estimate of the desired dissociation constant (eq. [7]). This pro- 
cedure is carried out for several different [I], and the estimates 
are averaged. The calculations are conveniently carried out 
using commercial spreadsheet software (see Experimental). 

Table 1 contains Kd values for 18 alcohols and 5 alkane- 
sulfonate ions binding to P-CD and Hp-P-CD, most of which 
were determined by the inhibition method just outlined. It also 
contains values taken from the literature, particularly those for 
P-CD, that were obtained in other ways (13-15). 

The inhibition of mNPA cleavage also works well for the 
binding of aliphatic k e t ~ n e s , ~  but we did not use it for com- 
plexes formed by CDs and alkylamines because amines react 
with esters in basic solution.' To circumvent this problem, we 
developed a methodology based on competition for the CD 
between a guest and a fluorescent probe, which in the present 
case is the 1-anilino-8-naphthalenesulfonate anion (ANS). 
Mathematically, it is similar to the inhibition method, but with 
specific particularities. 

In aqueous solution, the fluorescence of ANS is very weak 
but in nonpolar media it is much stronger. Likewise, when 
ANS is bound to CDs (eq. [8]) its fluorescence intensity is 
enhanced (16) and for 1: 1 binding8 the relative fluorescence 
F,,, (= IobslIo) varies with [CD] in accord with eq. [9] (9). 

O.S. Tee, A.A. Fedortchenko, P.G. Loncke, and T.A. Gadosy. 
J. Chem. Soc. Perkin Trans. 2. In press. 

' In fact, it was studies of the effects of CDs on ester aminolysis (cf. 
7g, 7h) that required us to determine Kd values for {amine.CD] 
complexes. 
Since we were primarily concerned with the quantitation of 1 : 1  
binding, we have avoided conditions (long alkyl chains, very high 
[CD]) that tend to give rise to 2: 1 (CD:guest) binding. 
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Table 1. Dissocation constants of guest-cyclodextrin complexes, 
determined by the inhibition kinetics method." 

Guest Hp-P-CD P-CD"" 

(a) Alcoholsb 
EtOH 
n-PrOH 
12-BuOH 
n-PentOH 
n-HexOH 
n-HeptOH 
iso-PrOH 
iso-BuOH 
iso-PentOH 
2-BuOH 
2-PentOH 
2-HexOH 
3-PentOH 
tert-BuOH 
neo-PentOH 
cycloPentOH 
cycloHexOH 

(b)  Alkanesulfonate 
BuS0,- 105 f 1.1 
PentS0,- 26.6 f 1.1, 67 
HexS0,- 9.54 f 0.23, 8.9 
HeptS0,- 3.38 f 0.27, 1.8 
OctS0,- 1.07 f 0.13, 0.9 1 

"At 25"C, in aqueous solution. All of the values for Hp-P-CD were 
determined, in this work, in a phosphate buffer of pH 11.6. 

bMost of the values for alcohols and P-CD were determined by Matsui 
et al., using a spectral displacement method (13). The remaining values 
(those given with errors) were determined earlier in this laboratory, by the 
inhibition method (8c). 

'All but one of the values for RS0,- and P-CD are taken from Satake et 
al. who used a conductimetric method (14a,b). Very similar results were 
obtained by Park and Song, using an ANS fluorescence probe method 
(14c). Earlier experiments in this laboratory on the binding of these ions 
to a-CD, using the inhibition method (8c), gave results in reasonable 
agreement with those from conductimetry (14n,B). 

"Reinsborough and co-workers (15) found similar values of K, for 
RS0,- binding to Hp-P-CD. using fluorescent probe displacement and 
conductimetry. 

[81 ANS + C D  + ANS.CD 
KANS 

Figure 1 shows observed data and calculated curves for the 
effects of P-CD, y-CD, and Hp-P-CD on the relative fluores- 
cence of ANS in aqueous solution and Table 2 contains the 
appropriate constants derived from nonlinear fitting of eq. [9] 
to the data. As seen in Fig. I, binding ANS to P-CD and y-CD 
causes substantial increases in its fluorescence and these may 
be used as the basis of competition experiments (14c, 17-23). 

Fig. 1. Effects of added cyclodextrins on the fluorescence of 
ANS in aqueous solution at pH 11.60: P-CD, v; Hp-P-CD, H; 
y-CD, 0. Note that the vertical scale on the left is for Hp-P-CD 
and that it is 16 times greater than that on the right for the others 
two CDs. The actual data for Hp-P-CD extend to [Hp-P-CD] = 
20 mM. 

Table 2. Effects of cyclodextrins on the fluorescence of the 
1-anilino-8-naphthalenesulfonate ion (ANS) due to complexation." 

CD Fc This work Literature values (ref.) 

P-CD 46.7 f 1.7 26.8 f 1.3 9.1-90h 
Hp-P-CD 430 f 2 1.7 1 f 0.04 
y-CD 34.5 f 0.4 7.81 f 0.17 0.79(22), 3.6(19) 

"At 25"C, in an aqueous phosphate buffer (0.2 M) of pH 11.6. Values 
of F, and Kc\,, were obtained from nonlinear fitting of eq. [9] to relative 
fluorescence data (F,,, = 1,,,/1,), with F,, = I (see Fig. 1). 

"~iterature values of K,\,, (in mM) are: 9.1 ( 2 0 ,  11 (20, 23). 12 ( 1 4 ~ ) .  
13 (17b). 15 (22). 16 (18), 17 (17r1), 90 (19). 

On the other hand, ANS binding to a-CD is much weaker and 
the resulting fluorescence increase is small (1 6), making it less 
suitable as a probe, in our experience.6 By contrast, the binding 
of ANS to Hp-P-CD is stronger than that to P-CD and it brings 
about a very large enhancement in fluorescence (Fig. 1). 

The literature contains several values of KANs for the com- 
plexation by P-CD (Table 2, footnote b), ranging from 9 to 90 
mM, but most fall within 13% 4 mM. We have settled on a 
value of 27 mM as being appropriate for our conditions (pH 
11.6, 0.2 M phosphate buffer), whereas colleagues have 
obtained more "normal" values of 10.5 i 1.3 and 16.4' 1.5 
mM at lower pH and lower ionic strength.9 ANS binding 
under our conditions is discussed further in the experimental 
section. 

When another guest is added to a solution of ANS and a CD, 
the amount of free CD is reduced, so that some of the CD- 
bound ANS dissociates, and the ANS fluorescence dimin- 
ishes, as shown in the examples in Fig. 2. From such 
decreases, the free [CD] can be estimated from eq. [lo], 
obtained by rearrangement of eq. [9]. Substitution of these CD 

Q.R. Mikkelsen, S. Rubio and Q. Tan, unpublished results. 
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Fig. 2. Examples of the effects of amines on the ANS 
fluorescence in the presence of Hp-P-CD, in aqueous solution at 
pH 11.6: tz-propylamine, a; n-butylamine, 0; cyclopentylamine, 
B; cyclohexylamine, +. 

[amine], mM 

Table 3. Estimation of a dissociation constant by displacement of 
the fluorescent probe, ANS. Guest = tz-butylamine; [ANSI, = 
0.075 mM; for 13-cyclodextrin, with [CD], = 10.0 mM." 

[Guest],, [CD], [ C D y e s t ] ,  [guest], K,, 
mM l o b s  F,I mM mM mM mM 

Average: 35.6 
Standard deviation: f 1.2 

"At 25OC, in aqueous solution at pH 11.60. Individual K, values were 
obtained from eq. [7] (with [fl, = [guest],), using [CD] values estimated 

. , from eq. [I01 and F,, in column 3. See the Experimental for more details. 
"Less than [CD], = 10.00 mM due to depletion of CD by binding to 

ANS. For [CD] = 9.98 mM, a reference tluorescence F,,, (= 13.40) was 
calculated from eq. [9] and the observed intensities were scaled to this. 
giving F,,, in column 3. 

concentrations into eq. [7], for each of several [guestlo, leads 
to estimates of K, for the guest and these estimates are aver- 
aged. Again, the calculations can be most easily carried out in 
a spreadsheet, an example of which is given in Table 3. 

As a test of the above fluorescent probe method under our 
conditions, we looked first at the effects of some alcohols on 
ANS fluorescence in the presence of P-CD and Hp-P-CD and 
found values of Kd that are in reasonable to good agreement 
with those determined in other ways (Table 4 (a)). We then 
applied the method to the binding of several alkylamines and 
related derivatives, and obtained the K, values presented in 
Table 4 (b). For the purposes of comparison, Table 4 also con- 
tains values that were found in the literature (13, 17, 23-25). 

We have also used the fluorescence method to find Kd val- 
ues for the binding of a-amino acids to P-CD, for the purposes 
of studies of the reaction of these nucleophiles with esters in 
the presence of CDs (cf. ref. 26). Our attempts were only par- 
tially successful in that smaller derivatives appear to bind 
weakly, if at all. However, derivatives with larger alkyl or aryl 
substitutents at the a-carbon of the amino acid bind strongly 
enough to cause significant decreases in ANSvCD fluores- 
cence, analysis of which afforded the dissociation constants 
given in Table 4 (c). 

We have had only limited success using the fluorescent 
probe method for the binding of ketones to C D S . ~  In general, 
we have found inhibition kinetics easier to use and to give 
more reproducible results, perhaps because it is less suscepti- 
ble to trace impurities (which may quench fluorescence) and 
to instrumental fluctuations. 

Discussion 

In earlier work (6, 7c, 14c) it was noted that the strength of 
binding of several n-alkyl derivatives to CDs, expressed by 
pKd = -log K,, increases monotonically with alkyl chain 
length, for up to about eight carbons.1° Similar correlations are 
found in the present results for both (3-CD and Hp-P-CD, and 
these are summarized in Table 5, along with some others for 
comparison. The data for P-CD are plotted in Fig. 3. 

For reasons given earlier (7c), correlations of pKd with 
chain length (N) may be treated as linear free energy relation- 
ships (LFERs) whose slopes are measures of the sensitivity of 
binding to structural change in the guests. In the present case, 
the slopes are in the range 0.4-0.6 (Table 5, Fig. 3), corre- 
sponding to free energy increments of 0.55-0.82 kcaYmol for 
each CH, group that is sequestered by the CD. These incre- 
ments are close to those (0.7-0.9 kcallmol) found for the trans- 
fer of simple aliphatics from water to organic solvents (27). 
Given this observation, one might infer that hydrophobic 
interactions (27) largely determine the binding of aliphatics to 
CDs in aqueous solution but one must recognize that the size 
and surface area of alkyl chains also increase linearly with N, 
so that van der Waals interactions (4) may contribute to the 
chain length dependence, as well. Consistent with this latter 
view, we have found that the binding of nitrophenyl alkanoate 
esters to both a-CD and P-CD shows a significant, but 
reduced, dependence on chain length in 60% aqueous DMSO, 
even though hydrophobic effects are largely absent in this 
medium (28). 

We now compare the binding of aliphatics to Hp-P-CD and 
P-CD, to see the effects of hydroxypropylation nf the primary 
hydroxy groups of P-CD. For a given n-alkylamine, the 
strength of binding to the two CDs is very similar, being mar- 
ginally greater for P-CD (Table 4). Both CDs show good lin- 
ear correlations of pK, with the chain length of the 
alkylamines, with similar slopes of -0.5 (Table 5), and so the 
pK, values for binding to P-CD and to Hp-P-CD are strongly 
correlated (I; = 0.997), with near unit slope (0.95 ? 0.05). In 

"' At greater chain lengths, complications set in. First, the chain 
length dependence of pK, levels off (6,7c, 7f, 14, 15), presumably 
because of the finite depths of the CD cavities. Second, the 
intrusion of 2: 1 (CD:guest) binding becomes increasingly 
significant, even at fairly low [CD] (e.g., 7b, 7d, 7e, 14c). 
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Table 4. Dissociation constants of  guest-cyclodextrin complexes 
determined by the displacement of  a fluorescent probe." 

K,, m M  

P-CD Hp-P-CD 

Guest This  work Lit" This  work Litc 

(a) Alcoholsd 
tz-PrOH 
n-PentOH 
n-HexOH 
iso-PrOH 
cycloHexOH 

(b)  Amines' 
n-Propylamine 
n-Butylarnine 
tz-Pentylamine 
n-Hexylamine 
n-Heptylamine 
n-Octylamine 
n-HexNMe, 
Cyclopentylamine 
Cyclohexylamine 

HO(CH2)3NH2 
Morpholine 
N-Methy lrnorpholine 
N-Ethylmorpholine 
Piperidine 

(c) a-Amino acidsk 
L-Alanine 
L-Valine 
L-Leucine 
L-Cysteine 
L-Tryptophan 
L-Tyrosine 
L-Pheny lalanine 
DL-Norvaline 
DL-Norleucine 

v. large 
255 f 15 
107  f 5 

> l o o 0  
45.1 f 1.6 
55.8 f 10.0 
19.8 f 2.1 
-2500 
158 f 3 0  

"At 25'C, in aqueous buffers, as noted below. 
q h e  literature values for alcohols and P-CD were obtained by a dye 

displacement method (13). 
'From inhibition kinetics, canied out at pH 11.6, taken from Table 1. 

a 0.2 M phosphate buffer of pH 11.6. 
'Earlier workers (17, 20, 23) obtained values of 2.0, 1.4, and 2.2 mM, using 

similar methods based on the displacement of the ANS. 
/Five of the amines (n-propyl, n-butyl, n-pentyl, cyclopentyl, cyclohexyl) were 

studied in their own buffers, adjusted to pH 11.6. The other amines were 
determined in the phosphate buffer of pH 1 1.6. 

gObtained by Kano et al. (24) using the dye displacement method (130). 
"Determined by an indicator displacement method, using p-nitroaniline (25). 
'Forms a complex that precipitates from solution. 
'From an experiment with [amine], = 0-33.4 mM. Since the cited value did not 

lead to acceptable analysis in an aminolysis experiment. a second experiment, 
with [amine], = 0-28.6 mM, was canied out, but it gave the same value: 
K, = 5.21 f 0.59 mM. 

'In a buffer of the amino acid, adjusted to pH = 9.88. 
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Table 5. Chain length dependence of the binding of  aliphatic 
guests to cyclodextrins. Correlations between pK, and the alkyl 
chain length, N." 

Guests C D  N Slope f s.d. r Note 

R O H  P-CD 
Hp-P-CD 

R C H ( 0 H ) M e  P-CD 
Hp-P-CD 

RCO; P-CD 
RS0,- P-CD 

Hp-P-CD 
RNH? P-CD 

Hp-P-CD 
R C O M e  P-CD 

Hp-P-CD 

"In aqueous solution at 25°C. The slope, standard deviation (s.d.), and 
correlation coefficient (r) are taken from linear least-squares analysis of 
pK, against N. 

hBased on results given by Matsui et al. (13). For the I-alkanols, the 
points for methanol and ethanol were not included because we suspect 
that their K, values are distorted due to the binding of more than one 
guest molecule, since this is evident at high [guest].9 

'From K, values determined in this work (Table I or Table 4). 
"From K, values determined in earlier studies in this laboratory (8). 
'Based on data given in Table 1, taken largely from Satake et al. (14). 
Qesults submitted for publication." 

Fig. 3. Correlations of  the binding o f  linear aliphatics to P - C D  
with alkyl chain length, N. The  points are R-OH, A; 
RCH(OH)Me, .; R-C0,- ,  0; RS0,- ,  A; R-NH,, e; R-COMe, 
0 .  There are similar correlations for  Hp-P-CD (see Table 5). 

fact, similar correlations are found for other alkyl derivatives, 
and in a communication (29) we noted a strong correlation 
between the pK, values for a collection of 28 aliphatics bind- 
ing to P-CD and H p - P - C D ,  with unit slope. With the addition 
of new results, this correlation can now be extended to 54 
derivatives, comprising 18 alcohols, 10 aryl alkanoates, 5 
alkanesulfonate ions, 8 amines, and 13  ketone^,^ for which the 
slope = 1.01 t 0.03, intercept = -0.11 t 0.14, and r = 0.983 
(Fig. 4). The collection of guests includes some branched and 
cyclic compounds (e.g., Tables 1 and 4) and without these the 

Fig. 4. Correlation between the binding of  aliphatics to Hp-P-  
C D  and to P-CD. The  solid diagonal line is for pK, (Hp-P-CD) = 
pKd (P-CD);  the adjacent broken line is the actual correlation line 
(see text). T h e  points are a s  follows: nitrophenyl alkanoates, 0 ;  
alcohols, *; RS0,- ,  A; arnines, .; ketones, 0. 

correlation is decidedly better (r  = 0.991, 42 points), but the 
slope is essentially unchanged (1.04 5 0.02). Thus, to a very 
good approximation, the strength of binding of simple aliphat- 
ics to P-CD and Hp-P-CD is the same, and the closeness of the 
K, values for the two CDs implies that the guests enter from 
the wider opening of the CD cavity that is rimmed by second- 
ary hydroxy groups ( 3 ,  and that the guests do not penetrate far 
enough into the cavity to interact strongly with the groups on 
the other side. 

Apparently, a similar situation exists for other types of 
guests binding to Hp-P-CD. For example, 4-(2-pyridy1azo)- 
N,N-dimethylaniline binds equally well to Hp-P-CD and P- 
CD (30), as do the tetraphenylborate ion and BF,- (15). For 
two naphthalene derivatives, 1- and 2-naphthyl acetate, bind- 
ing to Hp-P-CD is about twice as strong as that to P-CD (3 1). 
By contrast, we note that ANS binds to Hp-P-CD 16 times 
more strongly than to P-CD (Table 2) but for a related fluores- 
cent probe, 2-p-toluidino-6-naphthlenesulfonate ion, binding 
by Hp-P-CD is only slightly (about 15%) stronger (15b). 

Recently, Hamasaki et al. (32) prepared substituted CDs 
that are functionalized with a p-dimethylaminobenzamido 
group in place of one of the primary hydroxyls. These deriva- 
tives exhibit TICT fluorescence, which can be altered by the 
binding of guests in the CD cavities. Of relevance to the 
present discussion, we note their P-CD derivative binds ali- 
phatic alcohols 1.4 to 4 times stronger than unfunctionalized 
P-CD. So, as with H p - P - C D ,  the modification on the primary 
side of P-CD does not cause a large positive or negative effect 
on the inclusion of guests, even though it is envisaged that 
inclusion of the guest forces the fluorophoric group out of the 
cavity and into the bulk medium (32). The effects of "cap- 
ping" of the primary side of the P-CD cavity are more vari- 
able, depending on the nature of the "cap" and the type of 
guest that is included, but in many cases the effects on the 
strength of binding are relatively small (33). 

In addition to the correlations discussed above, other fea- 
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Table 6. Example of estimation of a dissociation constant by 
inhibition kinetics. Inhibitor = n-BuOH; [Hp-P-CD], = 2.00 mM; 
ester = rnNPA; k, = 0.0502 s-I; kc = 0.956 s-'; Ks = 6.98 mM." 

[ ~ I o ,  kobs, krca~l LCD], [PI], K*, 
rnM S-' s-l rnM rnM rnM 

Average: 64.0" 
Standard deviation k1.0 

"At 25"C, in 0.2 M aqueous phosphate buffer of pH 11.6. For this 
[CD],, the expected k <,,,, = 0.252 s-' and so k,,,, is scaled to this, as 
follows: k,,, = k,,,(0.252)/(0.237). I t  should be understood that the actual 
spreadsheet carried more significant figures. 

"For t h ~ s  set of data the graphical method also works very well, glvlng 
K, = 64.7 + 0.8 mM. 

tures of the present results are noteworthy. For example, K, for 
n-HexNMe, binding to Hp-P-CD is virtually the same as that 
for n-HexNH, and Hp-P-CD. In fact, this type of situation is 
common since the K, values for alcohols (ROH), alkanoate 
ions (RC0,-), and alkanesulfonate ions (RS0,-) having the 
same alkyl groups are comparable (Fig. 3), and the binding of 
the analogous amines (RNH,) is only slightly stronger (Tables 
1 and 4, Fig. 3). Also, all the alkyl derivatives show very 
similar sensitivities to changes in chain length (Table 5). 
Taken together, these similarities must mean that the binding 
of such aliphatic guests is almost solely due to inclusion of 
their alkyl groups and that the hydrophilic end groups of the 
bound guests are sufficiently outside the CD cavity that they 
do not interact strongly with its rim. These are useful observa- 
tions that may be utilized to estimate K, values prior to their 
determination. 

Conclusions 

In this work, and in earlier studies (6,7c-f), we have noted var- 
ious correlations of pK, with alkyl chain length, as well as the 
strong correlation between the pK, values for the binding of 
alkyl-bearing compounds to Hp-P-CD and P-CD, with unit 
slope (Fig. 4). Such correlations have great predictive value 
for the purposes of planning experiments and for estimating K, 
values that may be difficult to determine. At the same time, in 
combination with other types of studies (4), they may provide 
information about modes of binding and contribute to our 
understanding of the factors involved in host-guest complex- 
ation in aqueous solution. 

Experimental 

The cyclodextrins were purchased from Aldrich and from 
Wacker Chemie, and were used as received. The "hydroxy- 
propyl-P-cyclodextrin" had an average molecular weight of 
1500, corresponding to alkylation of six of the seven primary 
OH groups of P-CD by 2-hydroxypropyl groups. We found no 

appreciable difference in the behaviour of Hp-P-CD from the 
two suppliers. Most of the other reagents were purchased from 
Aldrich and used as supplied. 

For the inhibition method of determining K,, the kinetics of 
the cleavage of mNPA in the presence of several concentra- 
tions of inhibitor ([inhibitor]) were followed by monitoring 
the first-order appearance of the nitrophenolate ion at 390 nm, 
in a stopped-flow spectrophotometer with the temperature of 
the cell kept at 25.050.l0C, as previously (8c). The rate con- 
stants for various [inhibitor], were analyzed as outlined in the 
main text, using a spreadsheet to do the calculations, as shown 
by the example given in Table 6. 

To determine dissociation constants of amineCD com- 
plexes we used competition between the amines and the fluo- 
rescent probe ANS for the CD (17-23). First, dissociation 
constants (KANS) for the CD.ANS complexes were determined 
in a basic solution, the same as that to be used with the amines. 
A solution containing a CD (0-20 mM for P-CD or y-CD; 
0-40 mM for Hp-P-CD) in a 0.4 M sodium phosphate - NaOH 
buffer of pH 11.60, and a solution containing 200 p,M ANS 
were mixed (1: 1) in a stopped-flow apparatus, yielding final 
concentrations half of the foregoing. The observation cell was 
irradiated at 383 nm, and the fluorescence was measured at 
either 474 nm (P-CD), 468 nm (Hp-P-CD), or473 nm (y-CD). 
These wavelengths may not correspond to the actual fluores- 
cence maxima of the CD-ANS complexes, but they were 
found to be the best for our apparatus, an Applied Photophys- 
ics SX17MV spectrofluorimeter. Uncorrected fluorescence 
values, obtained as the averages of several scans, were then 
converted into relative fluorescence, using F,,, = IobslIo, where 
I, is the fluorescence intensity at zero [CD]. Analysis of the 
F,,, values at several [CD] (Fig. 1) were carried out by non- 
linear regression of eq. [9] (34), giving the fitted constants F, 
and KANs in Table 2. 

Several experiments were carried out on the binding of 
ANS to P-CD, with variable results. Depending on the range 
of [P-CD] used, we obtained KANs values ranging from 12 to 
50 mM, but most were between 20 and 35 mM, with the high- 
est values coming from experiments where [P-CD] was taken 
up to 30 m ~ . "  In general, we found that eq. [9] gave good fits 
to the fluorescence data only when [P-CD] < 15 mM, probably 
because of the intrusion of 2: 1 binding at high [CD]. Accord- 
ingly, we have used the value of 26.8 + 1.3 mM, obtained 
from the data with LCD] in the range 0-10 mM, as shown in 
Fig. 1, and we restricted all further experiments to the same 
[P-CD] range. By contrast, ANS with Hp-P-CD gave well- 
behaved fluoresecence data for [CD] up to 20 mM (Fig. 1). 

Dissociation constants for the amines complexing with P- 
CD or Hp-P-CD were obtained as follows. Solution 1 con- 
tained the amine and, where necessary, 10 mM P-CD. For 
most of the amines, this solution was prepared in a 0.4 M 
phosphate buffer, and adjusted to pH 11.60. In the case of 
11-propylamine, n-butylamine, n-pentylamine, cyclopentyl- 
amine, and cyclohexylamine, the solutions were prepared in 
water and set to pH 11.60, using the amine as the buffering 
species. Solution 2 contained CD (P-CD, 10 mM or Hp-P-CD, 
5.0 mM) and ANS in water. Both solutions were then mixed to 

" The normal solubility of P-CD in water is about 16 rnM (5), but 
higher concentrations are attainable in a strong phosphate buffer 
ofpH 11.6. 
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give final concentrations of 10 mM P-CD + 50-100 p M  ANS 
or 2.5 mM Hp-P-CD + 25 pM ANS. Amine concentrations, 
which were governed primarily by solubility, varied between 
0 and 250 mM (3-amino-1-propanol) and 0 and 5.2 mM 
(n-octylamine). The mixed solution in the observation cell of 
the spectrofluorimeter, maintained at 25.0 2 0. l0C, was irra- 
diated at 383 nm, and the fluorescence intensity (I,,,) was 
taken as the average of several scans at 474 nm (P-CD) or 468 
nm (Hp-P-CD) for each [aminel,. 

For estimation of K, values (e.g., Table 3), the observed flu- 
orescence intensities, lob, (column 2, Table 3), must first be 
scaled to bring them into line with the previous ANSICD "cal- 
ibration" curves described by eq. [9] with the parameters in 
Table 2. From the initial [ANSI, and [CD],, the actual [ANSI 
was calculated by solving the quadratic that is obtained by 
expansion of: 

- [ANSI) 

Using this [ANSI, [CD] was then found from [CD], - 
([ANSI, - [ANSI) and a reference fluorescence (Fref) was 
evaluated from eq. [9]. This Frtf was set equivalent to the 
observed fluorescence intensity with no guest present (Ing), 
and the other lobs were converted to relative fluorescence val- 
ues using FreI = Iob,.Fref 11, (column 3, Table 3). These values 
of Frel were then used to cafculate values of [CD] from eq. [lo] 
for the various [guest], (column 4, Table 3), from which esti- 
mates of K, were obtained using eq. [7] (column 7, Table 3). 
All of these manipulations were carried out in a spreadsheet 
designed for the purpose. 

Dissociation constants for complexation of the amino acids 
by P-CD were also determined as above, with minor differ- 
ences. The solutions were set to pH 9.88, to correspond to 
other experiments (26), using the amino acid as the buffering 
species. The concentration ranges of the a-amino acids varied 
between 0 and 200 mM (L-valine, L-cysteine, and DL-norval- 
ine) and 0 and 5.0 mM (L-tyrosine). 

Prompted by a referee's comment, we have referred to a 
paper by Selvidge and Eftink (9a) in which they point out 
some of the same problems that we do and they present an 
analysis of the use of various concentrations, [guest], and 
[probe],, in relation to the strengths of guest and probe bind- 
ing. When they estimate guest binding constants, using their 
equations [lo]-[12], they correct for [probe-CD]. So do we in 
the fluorescence method, but it only makes a difference of 1 % 
a t  most, for the lowest [guest], of the strongest binding guest 
that was studied. When using the inhibition method, devel- 
oped earlier (8a,b), we did not make this correction, but even 
there it would only make a difference of 2% in the worst case. 
The major difference between our approach and that of 
Selvidge and Eftink (9a) is that they used double-reciprocal 
plots to find the binding constants of their spectroscopic 
probes, whereas we prefer to use nonlinear fitting. 
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Spectator catalysis in the cleavage of 
pnitrophenyl acetate and pnitrophenyl 
hexanoate by "hydroxypropyl-P-cyclodextrin" 

Abstract: Aliphatic alcohols that form host-guest complexes with "hydroxypropyl-P-cyclodextrin" retard the cleavage of tn- 
nitrophenyl acetate by hydroxypropyl-P-cyclodextrin in basic aqueous solution, due to competitive inhibition. By contrast, these 
same species do not inhibit the reaction of p-nitrophenyl acetate and p-nitrophenyl hexanoate to the same extent and, in some 
cases, the addition of alcohols serves to increase the rate of reaction. The observed reaction kinetics require the presence of a 
process that has one molecule of the "potential inhibitor" in the transition state for ester cleavage. Rate constants, k,, for the 
reaction of the (ester.hydroxypropy1-P-cyclodextrin) complexes with a series of potential inhibitors show a strong dependence 
on the ability of the potential inhibitor to bind to the cyclodextrin. On the other hand, rate constants for the kinetically equivalent 
reaction of the ester with the (cyclodextrin.potential inhibitor) complex show little dependence on the alcohol structure and they 
vary over a very limited range. The negative logarithms of the apparent dissociation constant of the potential inhibitor from the 
transition state show a strong dependence on the ability of the potential inhibitor to bind to hydroxypropyl-0-cyclodextrin, 
indicating that the binding of the potential inhibitor in the initial state and the transition state is similar. It is concluded that the 
cleavage of p-nitropheny I acetate and p-nitrophenyl hexanoate by hydroxypropyl-P-cyclodextrin in the presence of 14 potential 
inhibitors can occur with the ester largely outside of the hydroxypropyl-P-cyclodextrin cavity during the transition state, 
allowing the cavity to be occupied by a molecule of potential inhibitor. 

Key words: cyclodextrin, spectator catalysis, esterolysis. 

Resum6 : A cause d'une inhibition compCtitive, les alcools aliphatiques qui forment des complexes h6tes-invitCs avec 
l'cchydroxypropyl-P-cyclodextrinen retardent le clivage de I'acCtate de tn-nitrophknyle par l'hydroxypropyl-P-cyclodextrine en 
solution basique aqueuse. Par opposition, ces m&mes espkces n'inhibent pas la rCaction de I'acCtate de p-nitrophenyle et de 
I'hexanoate dep-nitrophenyle de la m&me faqon et, dans certains cas, I'addition d'alcools sert mCme i augmenter la vitesse de la 
reaction. Les rCsultats cinCtiques observCs suggkrent I'existence d'un processus qui comporte urze molCcule d'ccinhibiteur 
potentiel)) dans 1'Ctat de transition du clivage de l'ester. Les constantes de vitesse, k, pour les rCactions des complexes 
(ester.hydroxypropy1-P-cyclodextrine] avec une sCrie d'inhibiteurs potentiels montre une forte dCpendance sur I'habilitC de 
l'inhibiteur potentiel B se lier B la cyclodextrine. Par ailleurs, les constantes de vitesse pour la rCaction cinktiquement Cquivalente 
de l'ester avec le complexe (cyclodextrine.inhibiteur potentiel) ne prksente qu'une faible dCpendance sur la structure de  l'alcool 
et leurs variations ne sont que trks faibles. Les logarithmes nCgatifs des constantes de dissociations apparentes des inhibiteurs 
potentiels ti partir de I'Ctat de transition montrent une forte dCpendance sur I'habilitC de l'inhibiteur potentiel B se lier i 
I'hydroxypropyl-P-cyclodextrine; ceci indique que la fixation de l'inhibiteur potentiel dans 1'Ctat initial est semblable i 1'Ctat de 
transition. On en conclut que le clivage de I'acCtate dep-nitrophCnyle et de I'hexanoate dep-nitrophknyle par l'hydroxypropyl- 
P-cyclodextrine en prCsence de 14 inhibiteurs potentiels peut se produire alors que I'ester est nettement B I'extCrieur de  la cavitC 
de I'hydroxypropyl-P-cyclodextrine durant 1'Ctat de transition; ceci permet B la cavitC d'&tre occupCe par une molCcule 
d'inhibiteur potentiel. 

Mots c l b  : cyclodextrine, catalyse en spectateur, estCrolyse. 

[Traduit par la rCdaction] 

Introduction 
The cleavage of phenyl esters by cyclodextrins (CDs) in basic 
aqueous media has been studied extensively over the last sev- 
eral years (1-1 1). Of particular interest to us is the cleavage of 
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nitrophenyl alkanoates (8, 10, 11) since these compounds pro- 
vide a convenient series of substrates differing in acyl chain 
length or position of the nitro substituent, which allows one to 
probe both initial state and transition state binding as a func- 
tion of structural or hydrophobic differences. We have shown 
previously that the m-nitrophenyl esters are more reactive than 
their para isomers towards a-CD, P-CD, and "hydroxypro- 
pyl-P-cyclodextrin" H ~ - P - C D ~  (8, 10). These results support 
a mechanism whereby the carbonyl group of the meta  ester (1) 

We note that for the nitrophenyl esters reacting with Hp-P-CD the 
difference in reactivity between the meta and pa ra  isomers 
decreases with increasing alkyl chain length, and that p- 
nitrophenyl decanoate is more reactive than its rneta isomer (10). 

Can. J. Chem. 74: 745-752 (1996). Printed in Canada / Imprimt au Canada 
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Scheme 1. 
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is closer to an ionized hydroxy group than in the case of the 
para esters (2). This conclusion is also supported by NMR 
data, which indicate that the O=C.-OH distance is greater in 
the {p-ester.CD} complex than in the {m-esterCD} complex 
(12). Likewise, the rate enhancement afforded to the cleavage 
reaction is inversely dependent on the carbonyl-hydroxy 
group separation (1 3). 

OY" 0 

1 2 
Saturation kinetics and NMR data (12) have shown that the 

p- and m-nitrophenyl acetates are bound initially via aryl group 
inclusion. The metu ester is bound to the CD in such a way that 
the carbonyl group is better oriented for the rate-limiting 
nucleophilic attack of an ionized CD hydroxy group on the car- 
bony1 carbon of the ester (Scheme la). However, for the para  
ester to undergo nucleophilic attack, the ester must first lift out 
of the CD cavity, to bring the carbonyl group closer to the ion- 
ized hydroxy group (Scheme lb) (14). This means that the CD 
cavity is virtually empty4 during the transition state for ester 
cleavage. It is conceivable, therefore, that a species with the 
correct geometry and size might be able to occupy the cavity 
during the transition state of the cleavage reaction. 

It has been shown that the cleavage of m-nitrophenyl acetate 
(mNPA) by a-CD and P-CD is inhibited by molecules such as 
simple aliphatic alcohols, alkanoate ions, and alkanesulpho- 
nate anions. On the other hand, the analogous cleavage of p- 
nitrophenyl acetate (pNPA) in the presence of such "potential 

In this case we use the term "empty" to mean a lack of any species, 
other than water, in the cavity. 

inhibitors" (PIS) is retarded to a much lesser degree, and it is 
even accelerated in some instances. This finding is consistent 
with a situation where the binding of a PI does not allow the 
normal transition state geometry of the cleavage of mNPA 
(Scheme la), but the binding of the PI has little or no effect on 
the cleavage of pNPA, since the ester is outside the CD cavity 
during the transition state (Scheme Ib) (14). 

Both nz- and p-nitrophenyl alkanoates, longer than the ace- 
tate and propionate, bind to a - ,  P-, and Hp-P-CD by inclusion 
of their acyl chains. The stability of the {ester.CD} complexes 
shows a strong dependence on the ester chain, with the nega- 
tive logarithm of the binding constant increasing linearly with 
the acyl chain length (8, 10). For cleavage of these esters by 
CDs the mode of transition state binding is not as simple. The 
meta esters show very little dependence of transition state 
binding on acyl chain length, consistent with a situation in 
which aryl inclusion is important in the transition state (3). 
The para  esters, on the other hand, show very little depen- 
dence of transition state binding on chain length up to about 
the hexanoate, after which the transition state binding shows a 
strong dependence on ester chain length. This behaviour is 
evidence of a switch in mode of transition state binding from 
aryl group inclusion (3) to acyl group inclusion (4) (8, 10) as 
the acyl chain is lengthened beyond C,. 

3 4 
It has also been demonstrated that the cleavage of p-nitro- 

phenyl hexanoate (pNPH) by P-CD is not inhibited by the 
presence of various PIS (15), although the ester is bound by its 
acyl chain in both the initial state and the transition state. Not 
only is the reaction not inhibited, it is catalyzed by many alco- 
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hols acting as the PI, which means that in the transition state 
the ester is oriented in such a way that the binding of the PI 
does not interfere with formation of the transition state and that 
it can actually lead to a more reactive geometry. The involve- 
ment of a molecule of PI is supported by the observation of sat- 
uration kinetics that indicate the formation of a 1:l:l 
[pNPH.P-CD.PI] complex (15). 

The strengths of binding of small molecules containing sim- 
ple alkyl groups (e.g., alcohols, alkanoate esters, alkane- 
sulphonate ions) to Hp-P-CD are essentially identical to those 
for binding to P-CD (16, 17) but larger compounds may bind 
to Hp-P-CD much more tightly than to P-CD (18). For exam- 
ple, 1,8-anilinonaphthalenesulphonate ion (1,8-ANS) is bound 
more tightly to Hp-P-CD than to P-CD by more than an order 
of magnitude (17). However, the size of the guest alone cannot 
account for the difference in binding strengths to these two 
CDs, since 4-(2-pyridy1azo)-N,N-dimethylaniline complexes 
with P-CD and Hp-P-CD with dissociation constants of 2.9 
and 3.3 mM, respectively (19). Because of the similarity in 
binding behaviours of alcohols and of alkanoate esters to P- 
CD and Hp-P-CD (16), we were interested in seeing whether 
transition state binding in the cleavage of pNPA and pNPH by 
Hp-P-CD in the presence of PIS is also similar to that for the 
parent CD or if there is a substantial difference. Some differ- 
ence was anticipated since the cleavage of nitrophenyl esters 
by Hp-P-CD is less efficient than that by P-CD (10). 

The aim of this paper is to demonstrate how alcohols medi- 
ate the cleavage of pNPA and pNPH by Hp-P-CD, and to com- 
pare these results with those obtained previously for a-CD and 
P-CD. 

Results 
We have examined the effect of various alcohols, containing 
three to six carbons, on the rates of cleavage of pNPA and 
pNPH in basic aqueous solution containing Hp-P-CD. The 
reactions were carried out in a 0.20 M phosphate buffer at pH 
11.60. Before discussing the results, we review the pertinent 
kinetic models used to understand them. 

The esters (S) undergo cleavage in the basic medium, eq. 
[I], and through an ester.CD complex (S.CD), eq. [2], or its 
kinetic equivalent, so that the dependence of k,,, on CD con- 
centration ([CD]) is given by eq. [3], where K ,  is a dissociation 
constant. 

k" [ I ]  S + Products 

kc [2b] S.CD+ Products 

The addition of an inert PI, capable of binding to CD, eq. 
[4], reduces the concentration of free CD, and k,,, is reduced in 
accord with eq. [3], assuming kc > k, .  

[4] C D  + PI CD.PI 
K, 

In the CD-mediated cleavage of m-nitrophenyl acetate 

Table 1. Constants for the cleavage of p-nitrophenyl acetate by 
"hydroxypropyl-P-cyclodextrin" in the presence of various 
alcohols." 

K,> k,, kb, 
M-I s-l 

KTS, 

KOH m M  M-I s-I m M  

'Reactions carried out in 0.2 M phosphate buffer, pH 11.60 at 25.0°C. 
Values of K, are taken from Matsui and Mochida (20). 

*Not determined because 2-HexOH inhibited the reaction. see text. 

(mNPA) the addition of a PI causes a reduction in the k,,,, 
which obeys the model for competitive inhibition just pre- 
sented. Analysis of the dependence of k,,, on PI concentration 
by a method described in detail elsewhere (14, 17) allows for 
the determination of the dissociation constant (Kl) of the 
CD-PI complex. Values of K, obtained in this way for PIS 
binding with a-CD and P-CD (14) generally agree well with 
results in the literature obtained by other methods (14, 16, 17, 
20). The K ,  values for alcohols (Table 1) and alkanesulphonate 
anions binding to Hp-P-CD were also determined by this 
method and they are reported elsewhere (16, 17). 

For the present study only aliphatic alcohols of three to six 
carbons were examined as PIS. They span a wide structural 
variety, including straight and branched chain (primary, sec- 
ondary, and tertiary), as well as cyclic alcohols. Overall, the 
14 alcohols studied span two orders of magnitude in K , ,  pro- 
viding a range of ability to bind to Hp-P-CD. The addition of 
these alcohols to the reaction medium of the cleavage of 
pNPA and pNPH by Hp-P-CD did not inhibit the reaction in 
the manner required for competitive inhibition, with 2-hex- 
an01 (2-HexOH) and the cleavage of pNPA being the sole 
exception (vide infra). In some cases the addition of PI caused 
a slight depression in kobs , while in others there was a distinct 
acceleration (Figs. 1 and 2). 

As stated above, 2-HexOH did inhibit the reaction of pNPA 
in the presence of Hp-P-CD. Analyzing the dependence of k,,, 
on [PI] affords a K I  for the [2-HexOH.Hp-P-CD] complex of 
14.0 ? 0.9 mM, which is indistinguishable from the value 
obtained from the inhibition of the cleavage of mNPA (1 3.2 5 
1.4 mM). It is interesting to note that 2-HexOH did not inhibit 
the cleavage of pNPA in the presence of P-CD, although it 
binds to P-CD with similar strength, K ,  = 11 mM (14, 20). 

In analyzing our data for PI-mediated cleavage, we have 
taken as our working hypothesis that a reaction occurs 
between the PI and the ester.CD complex, eq. [S]. Combining 
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Fig. 1. The effect of alcohols on the cleavage of pNPA by Hp- 
P-CD. The symbols are W, i-PrOH; @, 2-PenOH; V, neo- 
PenOH. The solid lines were calculated using eq. [6] and the 
appropriate constants found in Tables 1 and 3. The broken lines 
are those expected for competitive inhibition, calculated using 
eq. [3] and [CD], corrected for (CD-PI] formation. Likewise, 
[PI] on the horizontal axis is corrected. 

Fig. 2. The effect of alcohols on the cleavage of pNPH by Hp-P- 
CD. The symbols are W, i-PrOH; @, 2-PenOH; V, neo-PenOH. 
The solid lines were calculated using eq. [6] and the appropriate 
constants found in Tables 1 and 3. The broken lines are those 
expected for competitive inhibition, calculated using eq. [3] and 
[CD], corrected for {CD.PI] formation. Likewise, [PI] on the 
horizontal axis is corrected. 

I I I I I I 

0 100 200 300 400 500 

[PI], mM 
eq. [5] with the two for the reaction in the absence of PI (eqs. 
[ l ]  and [2]) the expression for kobs is now as described by eq. 
[61. 

ka 
[5] S-CD + PI+ Products + PI 

Equation [6] is not particularly convenient since it is both 
nonlinear and bivariate but it is made more tractable by linear- 
ization, which also brings about a separation of variables, as in 
eq. 171. This manipulation amounts to correcting the observed 
rate constant for the background reaction and the binding of 
the substrate to the CD, leaving only the terms due to reactions 
with the CD. Proper use of either eqs. [6] or [7] requires that 
the amounts of free CD and free PI are employed. These can be 
calculated from the initial concentration of both species, 
knowing K, (7, 14, 21). 

Table 2. Constants for the cleavage of p-nitrophenyl 
hexanoate by "hydroxypropyl-P-cyclodextrin" in the 
presence of various alcohols." 

"As in Table 1. 
"Values of K,  for the alcohols are given in Table I .  

According to eq. [7], variations in kcom with [PI] should be 
linear and the slope equals the rate constant k,. Several exam- 
ples of this analysis are shown in Fig. 3 and the linearity of the 
plots indicates that the assumption of only one molecule of the 
PI being involved in the transition state is valid. Tables 1 and 2 
summarize the k, values obtained for pNPA and pNPH react- 
ing with Hp-P-CD in the presence of 13 and 14 alcohols, 
respective1 y. 

The k, values increase markedly with the ability of the alco- 
hol to bind to Hp-P-CD. For the cleavage of pNPA by Hp-P- 
CD they range from 0.35 to 17 M-l s-', an increase of almost 
50-fold. These values are decidedly lower than those observed 
in the case of P-CD, which ranged from 2.8 to 83 M-I s-' (14). 
For the cleavage of NPH by Hp-P-CD the k, values range 

P - 1  . from 0.10 to 1.1 M- s , an increase of only a factor of 1 1, 
whereas for reaction with P-CD, the k, values varied from 1.4 
to 61 M-I s-I, a 44-fold range (21). This difference may be 
associated with the fact that P-CD forms reactive {S.CD-PI} 
complexes, whereas there was no evidence for ternary com- 
plex formation with Hp-P-CD (vide infra). 

Discussion 

The results reported above support a cleavage pathway involv- 
ing the ester (pNPA or pNPH), Hp-P-CD, and orze molecule of 
PI. Since the alcohols span a variety of structural types it is 
unlikely that they interact in a covalent manner; it is more 
likely that they act as inert space fillers, or "spectators," sim- 
ply occupying the CD cavity during the transition state for 
ester cleavage. This same conclusion was drawn for the anal- 
ogous processes involving cc- and P-CD (14, 21) and in the 
case of pNPA it is consistent with a mechanism for ester cleav- 
age that has the ester largely outside the CD cavity during the 
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Fig. 3. Examples of the linear dependence of kc,, on [PI] (eq. [ 7 ] )  
for the cleavage of pNPA ( A )  and pNPH (B) by Hp-P-CD, for the 
same data as presented in  Figs. 1 and 2, respectively. For such 
plots, [PI] must be corrected for the formation of (CD.PI}. The 
symbols are the same as in Figs. I and 2. 

transition state (Scheme lb). For the cleavage of pNPH, we 
must consider a situation where the acyl portion of the ester is 
either completely outside of the cavity, or intrudes only 
slightly, which is different from what seems to happen in the 
absence of PI (4). As detailed below, our analysis of the data 
with the various PIS supports this interpretation. 

The rate constants for the reaction of the PI with the S.CD 
complex (k,) increase regularly for pNPA and pNPH as the 
ability of the PI to bind to the CD increases (Tables 1 and 2). 
For each ester, there is a good linear free energy relationship5 
(LFER) between the rate constants and the dissociation con- 
stants for the CDePI complexes (eqs. [8] and [9], where pK1 = 
-log K,): 

[8] pNPA, log k, = 0.77pK, - 0.87 (N = 13, r = 0.992) 

[9] pNPH, log k, = 0.74pK1 - 1.52 (N = 14, r = 0.979) 

These LFERs support the hypothesis that the PI is bound 
inside the CD cavity during the transition state and the slopes 
of -0.75 indicate that its mode of binding is similar to that in 
the CDePI complex. The fact that the slopes of the two rela- 
tionships are almost the same strongly suggests that the 
involvement of the PI in the two cases is very similar, although 

Although we are aware that the reliability of LFERs has been 
recently brought into question (22), we feel that they are valid 
tools for the analysis of physical organic data and continue to use 
them. 

the two esters themselves may interact differently in the tran- 
sition state. Most probably the transition state for the cleavage 
of both esters is one where the ester resides largely outside the 
CD cavity. 

The slope of eq. [9] for the reaction of pNPH with Hp-6-CD 
is the same as that of the analogous reaction with P-CD (0.75), 
and lower than that observed with a-CD (1.02) (21). These 
slopes indicate that the 2-hydroxypropyl groups on the pri- 
mary side of the CD do not influence the dependence of k, on 
the ability of the PI to bind to the CD, whereas altering the 
width of the CD cavity appears to play a more significant role. 
This difference can be ascribed to the wider cavities of P-CD 
and Hp-P-CD allowing the PI to "move around" in the transi- 
tion state, which decreases the sensitivity of the transition state 
binding to the nature of the PI because the CDs can more eas- 
ily accommodate the ester. 

The results in the case of pNPA are somewhat different. 
The slope of the LFER in eq. [8] (0.77) falls in between those 
observed for P-CD (0.67) and a-CD (1.02) (14). The larger 
slope for Hp-P-CD means that the cleavage of pNPA is more 
sensitive to the ability of the PI to bind to Hp-P-CD than to P- 
CD. This is consistent with a mechanism whereby the pNPA 
sits outside of the cavity in order for the nucleophilic attack to 
occur, orienting the phenyl ring directly above the CD cavity 
(Scheme lb), thereby forcing the PI further down into the CD 
cavity, where it would come into contact with the 2-hydroxy- 
propyl groups to a greater extent, thus giving a stronger depen- 
dence of log k, on pK,. The absence of this "extra sensitivity" 
in the cleavage of pNPH is in agreement with a transition state 
similar to 4 where the acyl group is oriented towards the CD 
cavity but largely or completely outside of it. Therefore, the PI 
would not be forced down further into the CD cavity to bring it 
into contact with the 2-hydroxypropyl groups, and the behav- 
iour with Hp-P-CD would be similar to that observed with P- 
CD, as is the case. 

Since the PI seems to be bound to the CD in more or less the 
same way in the initial and transition states, it may be more 
appropriate to consider the reaction as taking place between 
the ester and the CD.PI complex (eq. [lo]), which is kineti- 
cally indistinguishable from that in eq. [5]: 

k 
1101 S + CD.PI b-' Products + PI 

The rate constant for this process can be determined from that 
for the third-order reaction of S + CD + PI + products (k3 = 
k,lKs = k,,/K,), using k, = k,K,IK,, and values calculated in this 
manner are given in Tables 1 and 2. 

The values of k, do not show as much variation with the 
alcohol as k,, and they fall within much narrower ranges, 4.0- 
15 M-' s-I for pNPA and 3.7-21 M-' s-' for pNPH, with most 
of them being within the ranges of 4-9 M-I s-' and 4-10 
M-I s-I, respectively. These values are lower than those for the 
analogous reactions with P-CD (14, 21), and lower than the 
second-order rate constant for the reaction of Hp-P-CD with 
the esters, k2 = kJK, (Table 3), but they are consistent with the 
reaction as described in eq. [lo], as long as the ester is mainly 
outside of the cavity during the transition state, so that the PI 
may be accommodated (transition states 5 for pNPA; 6 for 
pNPH). 

To examine further the transition state binding we have 
used a method developed by Kurz (23), which allows one to 
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Table 3. Parameters for the cleavage of pNPA and pNPH by CDs." 

k", k c ,  KS k2, 

Ester CD S-' SKI mM M-' s-' 

"Values of kc and K, were estimated by nonlinear fitting of eq. [3] 
bReference 10. 
'Reference 14. 
"Reference 2 1. 

estimate the stabilization imparted to the transition state by the 
catalyst in a catalyzed reaction. This method affords an appar- 
ent dissociation constant of the transition state containing the 
catalyst into the transition state for the uncatalyzed reaction 
and the catalyst. It has been widely used by enzymologists (24) 
and by us for the analysis of CD-mediated processes (8-1 1, 14, 
21, 25 and references therein). 

Applying transition state theory to the reaction in eq. [2b], 
we obtain an expression for the rate of reaction given by eq. 
[ l l ] :  

[ l l ]  rate = kc[S.CD] = v[TS] 

and likewise we obtain eq. [12] for the PI-mediated reaction in 
eq. [5]: 

[12] rate = k,[S.CD][PI] = v[TS.PI] 

Dividing eq. [ l l ]  by eq. [12] yields an expression for the 
apparent dissociation of the PI from the PI-containing transi- 
tion state (eq. [13]), in terms of the known constants kc and k, 
(or k, and k3) [ 141: 

The values of KT, for the cleavage of pNPA and pNPH by Hp- 
P-CD in the presence of PIS are shown in Tables 1 and 2. 
Using either formalism in eq. [14] for the calculation of KT, is 
acceptable since k, = kJK, and k3 = k,lK,. 

As discussed in detail elsewhere (25), variations in the val- 
ues of pKTs (= -log KT,) can be used as a probe of transition 
state binding. In this study we look at LFERs between pKTs for 

Fig. 4. Correlation of transition-state binding (pKTs) of alcohols 
with pK, for the binding of the alcohols to Hp-P-CD. Solid 
squares are for the cleavage of pNPA and open squares are for 
pNPH cleavage. 

the transition state binding in (TS.PI) and pKI for the initial 
state binding in the CD.PI complex. For the cleavage of pNPA 
and pNPH by Hp-P-CD in the presence of a large number of 
alcohols we found: 

[15] pNPA, pKTs = 0.77pK, - 0.41 (N= 13, r = 0.992) 

[16] pNPH, pKTs = 0.74pK, - 0.49 (N = 14, r = 0.979) 

These two correlations are shown in Fig. 4. Except for the 
intercept terms, the equations are identical to those in eqs. [8] 
and [9] since KT, = kclk, and kc is a constant for a particular 
ester reacting with Hp-P-CD (Table 3). 

We interpret the similarity between the slope and intercept 
term of eqs. [15] and [16] to indicate that the binding of the PI 
in the initial state and the transition state is similar for the alco- 
hol-mediated cleavage of both esters. Although both sets of 
data in Fig. 4 are almost coincident, this does not necessarily 
imply that the esters are included in the CD cavity to the same 
extent during the transition state. Since the intercepts of both 
eqs. [15] and [16] are so similar it is possible that the PIS are in 
identical environments during the alcohol-mediated cleavage, 
which would necessitate the placement of the ester completely 
outside of the CD cavity; on the other hand, it is possible that 
the similarity is fortuitous and the result of interactions involv- 
ing both the ester and the distal 2-hydroxypropyl groups. With 
P-CD there is a definite difference between the two corre- 
sponding correlations: pNPA, pKTs = 0.67pK1 + 0.19 (14); 
pNPH, pKTs = 0.75 pKI + 0.53 (21). Not only are the slope and 
intercept terms different for P-CD than for Hp-P-CD, but the 
PI is bound more tightly in the cleavage of pNPH than pNPA, 
which is opposite to that observed with Hp-P-CD, and pKTs 
has a different dependence on pK, in the cleavage of the two 
esters. 

One of the major contributing factors to the difference 
observed between P- and Hp-P-CD for the cleavage of pNPH 
may be the formation of ternary {S.CD.PI) complexes. Such 
complexes were apparent in the PI-mediated cleavage of 
pNPH by P-CD (21), but no evidence of ternary complex for- 
mation was observed with any of the alcohols and pNPH + 
Hp-P-CD. Tee et al. found that in the transition state the alco- 
hol is bound in a manner very similar to the ternary complex, 
although the binding in the transition state is weaker (21). The 
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dependences of pKTs on pKI for the PI-mediated cleavage of 
pNPH by both P- and Hp-P-CD are the same, but the transition 
state binding for P-CD is stronger. This observation substanti- 
ates the claim that the ester is included in the transition state 
for the cleavage of pNPH by P-CD, but not in the cleavage by 
Hp-P-CD. The exact origin of these differences is unclear but 
they are most probably due to the 2-hydroxypropyl groups on 
the primary side of the Hp-P-CD cavity preventing the forma- 
tion of the ternary complex involving pNPH. 

The differences between the cleavage of pNPA by P-CD 
and Hp-P-CD in the presence of PIS are not so easy to explain. 
We know that pNPA and the alcohols studied bind to P-CD 
and Hp-P-CD with equal strengths (16) and so it has been con- 
cluded that the binding occurs to the wider side of the CD cav- 
ity (16, 17). Presumably the alcohols approach the CD cavity 
from the wider secondary face of the cavity, since the 
hydroxypropyl groups on the primary face do not appear to 
affect the binding. For a molecule of alcohol to be included in 
the CD cavity, one or more molecules of water must be 
excluded. If, during the rate-limiting step, water molecules are 
required to move in or out of the cavity via the narrow side of 
the cavity, then the 2-hydroxypropyl groups may retard this 
process and lead to a less stable transition state. Such an effect 
in the case of pNPH would mean that both water transport and 
lack of ternary complex formation play significant roles in the 
transition state destabilization of the cleavage pNPH by the 
Hp-P-CD, relative to P-CD. 

Conclusions 

This paper presents data that show that the cleavage of pNPA 
and pNPH by Hp-P-CD can occur with a molecule of a PI in 
the CD cavity. Although both esters bind to Hp-P-CD, as evi- 
denced by saturation kinetics (lo), and pNPH is included in 
the CD cavity during the transition state for the cleavage reac- 
tion in the absence of PI (lo), it does not necessarily follow 
that the esters are in the CD cavity during the transition state 
for the PI-mediated cleavage. The PI may allow for the forma- 
tion of a transition state of different geometry, which may be 
more or less reactive. It is clear from the present and earlier 
results that the inclusion of a PI in the transition state for the 
cleavage of pNPA and pNPH does not necessarily inhibit the 
reaction, and that the effect of the PI depends on the size and 
shape of both the ester, the PI, and the CD. 

We conclude that the esters are largely outside of the CD 
cavity during the transition state for the PI-mediated cleavage 
of pNPA and pNPH by Hp-P-CD. We note that there are dif- 
ferences between the cleavage of these esters by P-CD and 
Hp-P-CD, while the only structural differences between the 
two CDs are the 2-hydroxypropyl groups on the Hp-P-CD, 
which are by all accounts located away from the centre of 
activity. Although the exact nature of the effect due to the 
2-hydroxypropyl groups is unclear, they may act to restrict the 
movement of species in and out of the CD via the narrow side 
of the cavity, which may be necessary to allow for the inclu- 
sion of the PI during the transition state. 

Experimental 

We used Hp-P-CD that has an average molecular weight of 
1500, from the Aldrich Chemical Company, without further 
purification. This material corresponds to a P-CD where about 

six of the seven hydrogens on the primary hydroxy groups 
have been replaced by 2-hydroxypropyl groups. The p-nitro- 
phenyl acetate and hexanoate were purchased from Sigma and 
used as received. 

The alcohols used as PIS were purchased from Aldrich and 
were of the highest grade available. After prolonged storage, 
some secondary alcohols formed peroxides; this was tested for 
by mixing several millilitres of the alcohol with a saturated 
solution of KI. If peroxides are present I2 and 13- are formed, 
giving the solution a yellow colour. Solutions found to contain 
peroxides were either distilled prior to use or replaced with a 
fresh supply. Warning: the distillation of alcohols containing 
peroxides must be watched very carefully, so as to prevent the 
distillation flask from boiling dry, which may lead to an explo- 
sion. 

All reactions were carried out in a 0.20 M phosphate buffer 
at pH 11.60 and 25.0 + O.l°C. The reactions were initiated by 
mixing equal volumes of phosphate buffer (0.40 M) contain- 
ing the PI with a solution containing Hp-P-CD (40 or 4.0 mM) 
and ester ([pNPA], = 100 pM; [pNPH], = 50 p M )  The final 
concentrations of all species were half of these, after mixing. 

The kinetics of ester cleavage were followed by monitoring 
the first-order appearance of p-nitrophenolate ion at 405 nm, 
using an Applied Photophysics SX17MV stopped-flow spec- 
trophotometer, as described previously (1 1, 26). The pseudo 
first-order rate constants, kobs, were determined by fitting a 
single exponential equation to the absorbance data, using soft- 
ware provided by the instrument manufacturer. The determi- 
nation of k,,, was repeated 5 to 10 times and the values were 
averaged. 

Our analysis based on eq. [7] requires the use of known val- 
ues of k,, kc, and K,, which were available from previous work 
(Table 3). 
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Studies on the interaction of selenite and 
selenium with sulphur donors. Part 4. 
~hiosulfate' 

Shermin Rahim and John Milne 

Abstract: Raman and Se-77 NMR spectroscopy confirm that when selenous acid is reduced by thiosulfate in water 
selenopentathionate and tetrathionate are formed. 

Depending upon the stoichiometry and pH, two isomers of the selenopentathionate ion, 0- and S-bonded, are formed. 
Insufficiently acid solutions cause decomposition to selenium and tetrathionate ion. 

Fresh solutions prepared from crystalline sodium selenopentathionate and water undergo slow decompositon. NMR and Raman 
spectra show the presence of both the 0-bonded and S-bonded linkage isomers. The 0-bonded isomer facilitates the formation of 
tetrathionate. Addition of thiosulfate to selenotrithionate solution or sulfite to selenopentathionate solution yields trithionate with 
no indication of dithionate or tetrathionate formation. This suggests that simple S-S bond formation at selenium does not occur 
but that there may be direct attack of the incoming ligand on the attached ligand. 

Key w0rd.s: selenite, thiosulfate, selenopentathionate, Se-77 NMR, Raman spectroscopy, linkage isomerism. 

RCsurnC : Les spectroscopie Raman et RMN du 7 7 ~ e  confirment que, lorsque l'acide sClCneux est rCduit par le thiosulfate dans 
I'eau, il se forme des sClCno-pentathionate et tktrathionate. 

Suivant la stoechiomCtrie et le pH, les deux isomeres de l'ion sC16nopentathionate. liCs par 0 et par S,  se forment. Des solutions 
insuffisamment acides provoquent une dCcomposition en sClCnium et en ion tetrathionate. 

Des solutions fraichement prCparCes a partir de selCnopentathionate de sodium et de l'eau se dCcomposent lentement. Les 
spectres Raman et de RMN indiquent la prCsence des deux isombres liCs par 0 et par S. L'isomkre liC par 0 facilite la formation 
de tetrathionate. L'addition de thiosulfate a une solution de sClCnotrithionate ou de sulfite une solution de sClCnopentathionate 
conduit a la formation de trithionate et il n'y a aucune indication de formation de dithionate ou de titrathionate. Ces rCsultats 
suggerent qu'il ne se produit pas de formation d'une liaison S--S simple au niveau du sClCnium, mais qu'il peut se produire une 
attaque du coordinat qui arrive sur le coordinat qui est attache. 

Mots clis : sClCnite, thiosulfate, ~CICnopentathionate, RMN du 7 7 ~ e ,  spectroscopie Raman, isomCrie de liaison. 
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Introduction 

The formation of the selenopentathionate ion, s~ ( s ,o , )~~- ,  
was first reported by Norris and Fay (1,2). The anion was pro- 
duced by the reduction of selenous acid with thiosulfate in acid 
solution and the reaction was used as the basis of an iodimetric 
method of analysis for selenites. 

Crystalline selenopentathionates were prepared by Foss (3,4), 
using this reaction, and the X-ray structure determination of 
barium selenopentathionate dihydrate showed that the sele- 
nium is S-bonded and occupies the central position in the 
anion (5). Reaction [ 11 parallels that of selenous acid with thi- 
01s (6) and with thiocyanic acid (7),, 

[2 ]  H2Se03 + 4RSH = RSSeSR + RSSR + 3H20 

and their mechanisms (8,9) are no doubt closely related. Reac- 
tions of selenous acid with sterically hindered thiols (8) and 
with sulfite ion (10) both produce -SSeS- analogues but the 
oxidation products are exceptional. Hindered thiols produce 
significant amounts of thiosulfonate, RSO,SR, in addition to 
disulfide, and sulfite yields sulfate instead of dithionate ion. 
Although the formation of the selenopentathionate anion and 
the reaction stoichiometry have been established for reaction 
[I], spectroscopic methods have not been used and the precise 
nature of the sulphur oxoanion is not known. Moreover, the 
possibility of linkage isomerism, like that observed for sele- 
notrithionate ion (10) and for thiosulfatc~metal coordination 
complexes (1 I), has not been explored for the selenopen- 
tathionate ion. For these reasons, we undertook an investiga- 
tion of reaction [I]  by Raman and Se-77 NMR spectroscopy. 

Experimental section 

Materials 
Freshly ground vitreous selenium (BDH; >99.5%), sodium 
thiosulfate (BDH), and sodium sulfite (BDH), were all used 
directly. Selenium dioxide (Aldrich) was analyzed before use 
by titration against standard NaOH. Distilled water, purged of 
oxygen by passage of nitrogen, was used thoughout. 

Preparations 
Sodium selenopentathionate 3-hydrate and sodium pen- 
tathionate 1.5-hydrate were prepared by the standard literature 
methods (3, 12). The 0.375 M tetrathionate solution was made 
up from a sodium thiosulfate solution and the stoichiometri- 
cally required amount of potassium triiodide solution, which 
were mixed dropwise at ambient temperature. The mixtures of 
selenous acid, sodium thiosulfate, and sulfite were made up at 
O°C from deoxygenated aqueous solutions of the sodium salt 
and SeO,. 

Methods 
The Se-77 NMR spectra were measured with a Bruker AMX 
500 spectrometer operating at 95.47 MHz. A 30" tip angle was 
used with a 0.3 s acquisition time and no pulse delay. Between 

C.J. Milne and J. Milne. Manuscript in preparation. 

1000 and 4000 transients were collected for each spectrum 
with a resolution of 3 Hzldata point. A line broadening of 5 Hz 
was applied and the signal-to-noise ratio was between 5 and 
100, depending upon the signal. All signal line widths were 
estimated to lie between 3 and 20 Hz. The samples were con- 
tained in 10 mm diameter precision NMR tubes and the probe 
temperature was held at 5°C. All chemical shifts were mea- 
sured by sample replacement with respect to saturated sele- 
nous acid in water at 22°C (13). The chemical shifts are all 
listed relative to G(Me,Se) = 0.0 ppm (G(Me,Se) = G(H,SeO,) 
+ 1300 ppm (13)). 

Raman spectra were measured with a Jobin-Yvon Ramanor 
HG.2S monochromator in conjunction with a PAR/ 
Hamamatsu photon-counting system. The spectra were 
excited with the krypton ion line at 647.1 nm and the slits were 
fixed at 1600 Km, giving a resolution of better than 7 cm-' at 
1000 cm-I. Quantitative spectra were measured at ambient 
temperature (23°C) and normalized against 1.0 M perchloric 
acid for which the 930 cm-' band was taken to have an inten- 
sity of 6.45 cm2 L mol-' (14). 

Results and discussion 

Selenothiosulfate, SeS,o3=, formation constant 
Elemental selenium dissolves to a very small extent in thiosul- 
fate solutions (56 mg in 100 mL 2.0 M sodium thiosulfate) to 
produce a colourless solution. The formation constant for the 
reaction, 

was determined by gravimetry and found to be 3.6 x lo-, at 
23°C. Selenothiosulfate formation is much less extensive than 
formation of the selenothiolate anion formed with 2-hydroxy- 
ethanethiolate, HOCH,CH,S- (K = 0.47 at 23"C), reflecting 
the decreased basicity of the terminal sulphur attached to an 
[SO,,-] moiety relative to that of sulphur attached to 
[CH,CH,OH-I. The concentration of the selenothiosulfate ion 
was too small for observation of an NMR signal by routine 
Se-77 NNIR or Raman spectroscopy. 

Reaction of selenite and thiosulfate 
The Se-77 NMR spectrum of a 1:4:4 molar ratio solution of 
SeO,lNa,S,O,/HCl (c(Se0,) = 0.5 M), prepared by dropwise 
addition of a Na,S,O, solution to SeO, in HCI at O°C, exhibits 
a single chemical shift at 774.3 ppm, which lies in the range of 
chemical shifts for Se(I1) bound to two sulphur neighbours 
(10). The Raman spectrum of a solution prepared in the same 
way but with c(Se0,) = 0.43 M is shown in Fig. 1 (trace B). 
This spectrum shows no peaks due to thiosulfate or sulfate ion. 
The Raman spectrum of a 0.38 M solution of sodium 
tetrathionate prepared by iodine oxidation of thiosulfate ion is 
shown in Fig. 1 (trace A). The appearance of the characteristic 
s,o,,- peak at 1045 cm-', to the high-frequency side of the 
selenopentathionate peak at 1031 cm-I , and the peaks at 3 10 
and 135 cm-I in trace B is consistent with complete reaction of 
selenous acid and thiosulfate in acid solution as shown in eq. 
111. The other ~ ~ 0 , ~ -  peaks are masked by selenopentathio- 
nate peaks at 263, 397,520,652, and 1237 cm-I. The Raman 
spectrum of a 1.0 M solution of selenopentathionate, made up 
from the sodium salt and taken immediately after preparation, 
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Rahim and Milne 

Fig. 1. Raman spectra. Trace A: 0.375 M S,O;-; trace B: 1 :4:4 
s~o,/s,o,~-/HcI molar ratio (c(Se0,) = 0.43 M); trace C: 1.00 M 
Na2Se(S203), (spectrum taken immediately after makeup); trace 
D: crystalline Na,Se(S,O3),~3H,O. 

is given in trace C of Fig. 1 and that of crystalline 
Na,Se(S,O,), is given in trace D. The spectrum in trace B par- 
allels that of the se (~ ,~ , ) , ' -  ion in traces C and D when allow- 
ance is made for the presence of the s,~:-. 

The Raman spectral bands for the selenopentathionate ion in 
solution and in the sodium salt are listed in Table 1, along with 
a tentative assignment of the modes, according to the principal 
atomic motion that is taking place. The spectra of the pen- 
tathionate ion in solution and solid are also listed. The symmet- 
ric and asymmetric stretching and deformation modes for the 
[SO?] units (103 1-1053 cm-I, 1210-1235 cm-', 632-652 
cm-l, 520-545 cm-') and the S(SS0) mode (304-3 10 cm-I) 
are assigned by comparison with similar modes in the thiosul- 
fate ion (1004 cm-I (v,(S03)), 1 106 cm-' (v,(SO,)), 670 cm-I 
(&,(SO,)), 538 cm-I (&,(SO,)), 339 cm-I (S(SS0)) (15)). No 
attempt has been made to distinguish between in-phase and 
out-of-phase members of these modes, which lie relatively 
close together for each spectrum within each vibrational mode 
description, nor has the effect of local symmetry lowering on 
the doubly degenerate modes been considered. The symmetric 
stretching mode of the SSeS chain (263-269 cm-I) is readily 
identified in the spectra by its intensity and by comparison with 

the related mode in the selenotrithionate ion (285 cm-' (10)). 
The slightly lower frequency in the spectrum of s~(s,o,),~- 
may be attributed to the greater mass of the groups attached to 
the selenium in s~(s,o~)," compared to s~(so,),,-. The most 
intense observed bands in the spectra of both anions (385-43 1 
cm-') are assigned to the symmetric and asymmetric, or in- 
and out-of-phase SS stretching modes (distal SS bonds in the 
spectrum of the s ion). The frequencies of these bands 
are to be com ared to the SS stretching frequency in the ~~0, ' -  P ion (447 cm- (15)). For the pentathionate, the sharp peaks in 
the range 480-500 cm-' are assigned to the proximal SS 
stretching modes (v(SS),,,,,). These modes are expected to lie 
to higher frequency than the distal SS stretching modes based 
upon the relative SS bond distances (16) as determined in crys- 
talline Basso  .2H,O (5) (d(SS)(distal) = 2.14 A; d(SS)(prox- 
imal) = 2 0 4  1). The predicted frequencies for these distances 
are 360 (distal) and 470 (proximal) cm-' (16). The bands at 
143-162 cm-' in the spectrum of the selenopentathionate and 
196-288 cm-' in the pentathionate probably arise from 
&(SChS),, judging from their strength. The remaining low- 
frequency bands are assigned to torsional and lattice modes. 

The Se-77 NMR spectrum of sodium selenopentathionate 
dissolved in 1 : 1 H,O/HOAc by volume gives a single reso- 
nance at 775.8 ppm comparable with the chemical shift 
observed for the solution with 1 :4:4 SeO,/Na,S,O,/HCl molar 
ratio (774.3 ppm). The signal in acidic solutions lies 107 ppm 
below the signal for selenotrithionate ion (88 1 ppm (lo)), con- 
sistent with greater shielding as a result of binding to sulphur of 
lower oxidation state in the selenopentathionate compared to 
the sulphur in selenotrithionate. These acidic solutions are sta- 
ble over a period of hours but neutral or basic solutions are less 
stable and precipitate elemental Se, usually within minutes. 
The variable stability of these solutions is not understood at 
present but preparation at 0°C improves their stability. A solu- 
tion of 1 : 1 SeO,INa,S,O, molar ratio (c(Se0,) = 0.10 M) gives 
an NMR spectrum consisting of three signals at 770.2, 826.5, 
and 13 10.5 with peak area ratio of 5.011.111 8. The deshielded 
signal arises from selenite ion (13) and the two signals with 
lower shifts belong to Se(I1) species. The ratio of the intensities 
of the Se(1V) and Se(I1) peaks is observed to be 3.0 to 1.0, 
which corresponds to the stoichiometry required by the reac- 
tion 

Apparently reaction [ I ]  goes to completion but is limited by the 
amount of thiosulfate present. Two Se(I1) species are formed in 
this solution. The Se-77 NMR spectrum of a 1.0 M solution of 
selenopentathionate ion, made up in water from crystalline 
sodium selenopentathionate at room temperature, shows only 
two signals at 775.0 and 832.5 ppm with intensity ratio 12.61 
1.2, respectively, indicating the presence of the same species as 
in the 1:l s~o,/s,o,'- mixture. No selenium precipitation 
occurred in this solution during the period of time necessary for 
both Se-77 and Raman (vide infra) spectra to be recorded. 

Two kinds of isomerism might be expected to occur in pen- 
tathionates, (i) rotational isomerism, which has been reported 
in crystalline solids for a variety of trichalcogen chains, where 
the terminal attached groups, [SO,] groups in this case, may 
lie cis or trans with respect to the three-chalcogen plane (17, 
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Table 1. Raman spectra of solutions of mole ratio 4:4: 1 HCl/NazSzO,/SeO, (c(SeOl) = 0.43 M), Na2S,06 (c = 0.375 M), NazSe(S20,), 
(c = 1.0 M), and solid NazSe(Sz0,)z.3H,0 (frequencies in cm-'). 

4:4: 1 Assignment 
HC1/Na2S2031Se0, Na,S,06 Na,Se(S,O,)," Na,Se(S20,); Na,S,06 Na2S,06 for Ch(S,O:-) 

(c,, = 0.43 M) (0.375 M) (1.0 M) (solid) (0.50 M) (solid) (Ch = S, Se) 

- 

90( 1) 
137(1) 

160(1) 

268(4) 
- 

308(1) 
392(10) 

43 l(3) 

532(1) 
652(1, br) 

1040(5) 

1235(1, br) 

- 

- 

135(2) 

- 

263(2) 
- 

310(1) 
397(10) 

- 

520(1) 
652(1, br) 

1044(10) 

1235(1, br) 

- 

93(1) 
- 

162(2) 

264(4) 
295(1, sh) 
- 

389(10) 

426(4) 

525(2, sh, br) 
648(1, br) 

1035(7) 

1210(1, br) 
1229(1) 

8% 1) 
1 07(5) 
- 

143(3) 
157(3) 
269(10) 
- 

388(9) 
40 1 (9) 
428(10) 

545(1, sh) 
652(2) 

1020(2) 
1053(3) 
12 1 O(0) 

- 

9x1)  
- 

196(2) 
288(2) 
- 

- 

310(1) 

39 l(10) 

500(2) 

- 

640( 1,  br) 
103 1 (9) 

1230( 1, br) 

8309 
1 18(2) 
- 

- 
- 

304(1) 

385(10) 

480(1) 
500(3) 
538(0) 
632(1, br) 

1034(3) 

- 

"Spectrum taken immediately after solution preparation. 
bSpectrum recorded up to 1300 cm-'. 

18) and (ii) S- and 0-bonded linkage isomerism, where the 
[S203] moiety may be bound to the central chalcogen by sulfur 
or oxygen. This latter type of isomerism has been observed for 
the selenotrithionate ion (10) in solution and S- and 0-bonded 
isomers have been reported in Co(II1) complexes ( l l a )  
although there is some controversy in this latter case (1 16). 
The barrier to rotation about an SS bond has been estimated to 
be 21 kJ mol-I (19). Moreover, rotation about the SS bond in 
1,2-dithiane is rapid on the proton NMR time scale at ambient 
temperatures (20). Rotation about SeS bonds is expected to be 
less hindered than that about SS bonds and the observation of 
two Se-77 NMR peaks in the spectrum of the selenopen- 
tathionate ion is unlikely to arise from this type of isomerism. 
The NMR spectra are best accounted for by the formation of S- 
and O-bonded linkage isomers, of which three are possible. 

[OOI 

The signal at 775 ppm is due to the [SS] isomer and that at 
832.5 ppm, to either the [OS] or [OO] isomer. In the seleno- 
trithionate isomers the signal for the [OO] isomer is 3 10 ppm 

less shielded than that of the [SS] isomer and that of the [OS] 
isomer is only 78 ppm less shielded. On this basis, since the 
second signal in the spectrum of the sodium selenopentathion- 
ate solution is only 58 ppm less shielded, it probably arises 
from the [OS] isomer. Further support for this interpretation 
comes from work by Kice, Wilson, and Espinola (21), who 
report the chemical shift for t-BuSOSeSBu-t at 854 ppm. The 
presence of S- and 0-bonded isomers is supported by the 
Raman spectrum shown in Fig. 2 of the same 1.0 M sodium 
selenopentathionate solution used for the NMR experiment. 
This spectrum shows two strong bands, at 882 and 1089 cm-I, 
in addition to those shown for the [SS] isomer in Fig. 1 (trace 
C). These bands correspond, respectively, to the single bond 
SO and the symmetric SO2 stretching modes of the 0-bonded 
thiosulfate moiety and may be compared with the related 
modes for the H2SO4 molecule (v(S-0) = 9 10, v,(SO,) = 1 137 
cm-' (15)). Furthermore, comparison of the intensities of the 
remaining strong bands at 318, 391,430, and 1033 cm-', rela- 
tive to that of the 1 M HClO, normalization band in the spectra 
in both figures, shows that the bands assigned to the [SS] iso- 
mer have decreased in intensity as would be expected with the 
formation of the isomer. The spectrum of the 0-bonded iso- 
mer should also exhibit characteristic bands corresponding to 
v(Se0) and v(SS(termina1)). These are probably overlapped 
with the S(S03) modes in the spectrum in Fig. 2. Selenium 
oxygen single bond stretching lies in the region of 650 cm-' in 
the selenotrithionate ion (10) but SS(termina1) stretching 
vibrations are much more variable, a pearing near 450 cm-' in P. thiosulfate ion (15) and at 758 c m  in SSF2 (22). The weak 
band at 1280 cm-' arises from v,(SO,) of the 0-bonded thio- 
sulfate group in the [OS] isomer. 
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Rahim and Milne 

Fig. 2. Raman spectrum of 1.00M Na,Se(S,O,),, taken 5 h 
after makeup. 

1200 1000 BOO 600 400 200 

cm-' 

Reactions of excess sulphur donor anions with 
selenopenta- and selenotri-thionates 

It is well known that the addition of excess sulphur donor to 
-SSeS- species causes decomposition to elemental selenium 
and the corresponding -SS- species (9). Kinetic studies have 
shown that nucleophilic attack on the three-chalcogen chain 
for bis(alky1thio)selenides (23) may occur at Se or S. The addi- 
tion of thiosulfate in excess of that required for reaction [ l ]  
produces, over a period of days, copious amounts of elemental 
selenium. The Raman spectrum of the filtrate from the solution 
shows the characteristic bands of the tetrathionate anion at 395 
and 1040 cm-I with reduced intensity of the selenopentathion- 
ate spectrum. No evidence of other polythionates was found. 
To find out more about the mechanism of attack of excess sul- 
phur donor on selenopolythionate anions, the reactions of sele- 
nopentathionate with sulfite and selenotrithionate with 
thiosulfate were studied. The Raman spectrum of a solution 
0.50 molar in sodium selenopentathionate and sodium sulfite, 
which was mixed and left to stand for 24 h then filtered, is 
given in Fig. 3, trace B. The characteristic peaks of the [SS] 
isomer of the selenopentathionate anion at 389 and 1035 cm-I 
are missing but some of the [OS] isomer is present, judging 
from the presence of peaks at 882 and 1089 cm-'. It would be 
of great interest to locate the frequency of the SS stretching 
band in this isomer. This mode would be expected to be strong 
but we can only conclude that it is hidden by the envelope at 
400-490 cm-I. The remaining bands are readily assigned to 
thiosulfate (335,450,535,673, and 1000 cm-I) and trithionate 
(263, 427, 672, and 1053 cm-I, trace A in Fig. 3). The broad 
band near 675 cm-' consists of [SO,] deformation modes, and 
the envelope around 440 cm -' contains SS stretching modes, 

Fig. 3. Rarnan spectra of 0.48 M K,S306 (trace A), a mixture of 
0.50 M Na,Se(S,O,), and Na2S03 (trace B), and a mixture of 
0.29 M Na,Se(SO,), and SO:- (see text) and 0.87 M Na2S203 
(trace C). 

from the [OS] isomer of selenopentathionate, thiosulfate, and 
trithionate ions. The breadth of the band at 1052 cm-'. com- 
pared to that in the spectrum of the trithionate ion (trace A), 
shows that there is some contribution to this peak also from 
selenopentathionate. No band at 397 cm-I, which would be 
resolved from the peak at 430 cm-I under the conditions used. 
is observed, indicating the absence of significant concentra- 
tions of tetrathionate ion. The spectrum indicates that decom- 
position is occurring by the reaction 

This result appears to support a mechanism in which electro- 
philic attack by sulfite takes place at the sulphur attached to 
Se, similar to the nucleophilic attack of thiolate proposed for 
bis(alky1thio) selenides (23). In another possible mechanism, 
which has been roposed (9), SS links between the ligands 

2! (SO,'- and S,O, ) would be formed by rearrangement of the 
three-coordinate intermediate, s~(so,)(s,o,),~-, resulting in 
the formation of elemental selenium and either s406,- and 
SO,'- or ~ ~ 0 6 ~ -  and s,o,~-. such a mechanism would be 
facilitated by the near proximity of the ligands in the three- 
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coordinate complex. Given equivalent opportunity for SS 
bond formation, the ratio of ~ 4 0 6 ~ -  to ~ 3 0 6 ~  from such a three 
coordinate complex would be 1:2. However, if the attack 
occurred at one of the sulphurs of the SSeS chain, trithionate 
would be produced exclusively, as observed. Electrophilic 
attack may occur on the chain sulphur of the [SS] isomer or on 
the terminal sulphur of the [OS] isomer to form trithionate. In 
view of the low formation constant for s~s ,o~~- ,  the species 
left after trithionate formation, elemental selenium would be 
precipitated, releasing thiosulfate. 

so," 

A third mechanism, which involves nucleophilic attack by the 
chain sulphur of the selenopentathionate ion on S(IV) in the 0 -  
bonded sulfite ligand of the complex, is discussed below. 

Addition of excess sodium thiosulfate to a solution of 
sodium selenotrithionate, made by the reaction (10) 

also produced large amounts of elemental Se. The Raman 
spectrum of the solution (c(s~(so~),'- = 0.29 M; c ( s ~ o ~ ~ - )  = 
0.87 M), filtered after a day of standing, is given in Fig. 3, trace 
C. No characteristic strono peaks for the selenotrithionate ion 

P at 236,285, and 1030 cm- (10) appear in the spectrum, show- 
ing that reaction is complete. Judging from the absence of any 
peaks at 387,882, and 1032 cm-', selenopentathionates are not 
present in significant amounts. Foss (4) has reported that thio- 
sulfate ion displaces sulfite from selenotrithionate to give sele- 
nopentathionate, 

but this is not supported by the Raman spectra. The spectrum is 
readily accounted for by the presence of sulfate (980 cm-', 
reaction [8]), trithionate (263,427, 1053 cm-', trace A, Fig. 3), 
thiosulfate (339,447,538, 1004 cm-' (15)), which was present 
in stoichiometric excess, and selenosulfate (3 10 cm-I (10)). 

The small amount of sulfite present as a result of equilibrium 
[ l  I] (K = 2 (10)) is not detected because of the low intensity of 
sulfite modes (I(970 cm-I) = 3.5 cm2 L mol-I and I(480 cm-I) 
= 1.5 cm2 L mol-l) and overlap with strong bands of other 
anions present. The broad peak at 670 cm-I has contributions 
from [SO3] deformations for all sulphur-containing ions 
present. The presence of ~ e ~ 0 ~ ~ -  ion is only detected because 
of the very great intensity of the SeS stretching mode at 3 10 
cm-' (lo), which appears on the side of the SSO deformation 
mode of the ~ ~ 0 , ~ -  ion at 340 cm-'. It is unlikely that the prod- 
ucts of reaction [lo] are produced by direct nucleophilic attack 
of thiosulfate ion on the sulfite sulphur of the S-bonded sele- 
notrithionate ion for steric reasons. However, if some of the 

s~(so,),'- ion was present as the 0-bonded isomer, then 
direct attack could occur. 

Conclusions 
The reaction of selenous acid with thiosulfate ion parallels that 
of other sulphur donors such as thiols and thiocyanic acid. The 
selenopentathionate ion in solution exhibits linkage isomer- 
ism like that of the selenotrithionate ion but it appears that 
only SSeS and OSeS linkages are formed for the selenopen- 
tathionate, compared to all three possible linkages to selenium 
in the case of selenotrithionate (10). The compounds isolated 
from these solutions show only SSeS linkages. No evidence 
for such linkage isomerism is observed in the case of the anal- 
ogous pentathionate and trithionate ions in s ~ l u t i o n . ~  Solu- 
tions of selenopentathionate undergo slow decomposition to 
produce elemental selenium and tetrathionate ion and this pro- 
cess probably proceeds via the 0-bonded isomer, which only 
appears in solutions of selenopentathionate upon standing and 
before decomposition to give elemental selenium. This 
isomerization step would provide a plausible intermediate for 
the process, with a terminal sulphur atom that could attack the 
proximal sulphur of the neighbouring thiosulfate group, pro- 
ducing tetrathionate. A similar mechanism accounts for the 
formation of trithionate in solutions of thiosulfate and seleno- 
trithionate, where the sulfite sulphur is exposed to nucleo- 
philic attack by thiosulfate via the 0-bonded selenotrithionate 
isomer. A similar mechanism would be possible for the sele- 
nopentathionatelsulfite reaction and this is particularly attrac- 
tive inasmuch as the sulfite coordination to Se(I1) in the Se0,I 
sulfite reaction takes place initially over oxygen (10).   he 
importance of Se in these mechanisms, i.e., the initial coordi- 
nation of sulfite or thiosulfate to selenium in the three-chalco- 
gen chain of the selenopolythionate ions, seems likely in view 
of the relative inertness of the central sulphur in trithionate to 
attack by thiosulfate to form tetrathionate in these studies. It 
might be expected that, if the reaction proceeded by direct 
attack on sulphur as proposed in other studies (23), the suscep- 
tibility of the proximal sulphur in selenopentathionate and 
pentathionate ions would be comparable. This aspect should 
be checked and, obviously, further Raman studies and rate 
studies will be needed to reveal the details of these reactions. 
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Mixed alkali effect in sodium thiocyanate - 
potassium thiocyanate - acetamide melt 
systems 

Sekh Mahiuddin 

Abstract: Electrical conductivity and molar volume of the 0.25[xNaSCN + (1 - x)KSCN] + 0.75CH3CONH, systems were 
measured as functions of temperature (~293.15-358.15 K) and composition (x = 0.0 - 1 .O mol fraction). Temperature 
dependence of the electrical conductivity was non-Arrhenius in nature and has been analysed by using the Vogel-Tammann- 
Fulcher (VTF) equation. Molar volume data were fitted to an equation similar to the VTF equation based on the free volume 
model. Molar volumes and intrinsic volumes were found to be additive in nature. Electrical conductivity isotherms deviate from 
linearity in different fashion for different temperature regions. The onset of the mixed alkali effect is governed by the anion 
polarization effect, by a contribution of the auto-dissociated molten acetamide, and by polymeric-type solvated ions. 

Key words: electrical conductivity, sodium thiocyanate, potassium thiocyanate, acetamide, mixed alkali effect. 

RCsumC : On a mesurt les conductivitts tlectriques et les volumes molaires des systtmes 0,25[xNaSCN + (1 -x)KSCN] + 
0,75CH,CONH2 en fonction de la temperature (d'environ 293,15 j. 358, 15 K) et de la composition. La relation entre la 
tempirature et la conductiviti Clectrique n'est pas du type Arrhtnius et on I'a analyste en utilisant l'tquation de Vogel- 
Tammann-Fulcher (VTF). Les donntes de volumes molaires ont t t t  ajusttes une iquation semblable j. celle de VTF basie sur 
le modkle des volumes libres. On a trouvt que les volumes molaires et les volumes intrinskques sont de nature additive. La 
deviation des isothermes de conductivitt tlectrique par rapport $i la lintaritt varient de manikres diffirentes suivant les diverses 
rtgions de temptrature. Le dtbut de l'effet des alcalins mixtes est gouvernt par l'effet de polarisation de l'anion, par une 
contribution de l'acttamide fondu autodissocit et par le type d'ions solvatts polymtriques. 

Mots clPs : conductivitt tlectrique, thiocyanate de sodium, thiocyanate de potassium, acttamide, effet d'alcalins mixtes. 

[Traduit par la rtdaction] 

Introduction 

A pronounced deviation from additivity in the form of minima 
or maxima is generally observed in ionic and mass transport 
properties as the concentration of one of the alkali ions is pro- 
gressively changed in a glass or melt medium (1-6) while the 
total alkali ion concentration is kept constant. This phenome- 
non is usually referred to as the mixed alkali effect (MAE). 
Physical properties that have been used to detect the MAE are 
conductivity, dielectric loss, viscosity, chemical durability, and 
internal friction (1, 2). A similar phenomenon has also been 
observed for metal cation pairs (7) with a large difference in 
ionic radii between the two ions. The mixed alkali effect, a par- 
ticular example of the general phenomenon of the mixed cation 
effect, is well documented (1-3). Although there are many the- 
ories to explain the MAE, no theory explains all the data. 

A significant MAE has been observed in electrical conduc- 
tivity and (or) viscosity isotherms for oxide glass systems (1, 
2) having an inherent rigid network structure. On the other 
hand, in systems containing hydrate melt as medium (5, 6) the 
MAE in conductivity and (or) v~scosity isotherms has been 
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detected but to a lesser extent (ca. 4%). Recently, interest has 
arisen in looking for the MAE in molecular liquid media (8- 
11) where no rigid network structure exists and deviations 
(minima or maxima) in electrical conductivity have been 
observed. Moynihan (4) suggested that the MAE may only be 
observed in systems with high viscosity and conductivity. On 
the other hand, Easteal and Emson (12) suggested, based on 
their studies, that the MAE becomes significant when the total 
alkali metal ion concentration in the system is high. 

Molten acetamide is a good nonaqueous solvent for many 
inorganic salts due to its dipolar nature (13), and molten ace- 
tamide-electrolyte binary systems have a tendency to form 
supercooled liquid (14). It has been reported that Na' ion 
forms a polymeric type of solvated ion of low ionic mobility 
with acetamide (15). It would be interesting to study the 
behaviour of the electrical conductivity of NdKSCN-aceta- 
mide systems with respect to composition and temperature 
and to determine whether significant MAEs can be observed 
in the electrical conductivity isotherms, in comparison to N d  
KSCN in hydrate melts (5, 6) and aqueous (10) media. In the 
present communication, the purpose is to investigate the MAE 
in 0.25[xNaSCN + (1 - x)KSCN] + 0.75CH3CONH, by mea- 
suring density and electrical conductivity as functions of com- 
position and temperature. This system possesses high 
conductivity and supercooling properties, which are the crite- 
ria (4) for detecting the MAE. 

Can. J. Chem. 74: 760-765 (1996). Printed in Canada / Imprime au Canada 
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Experimental section 

Both NaSCN (LOBA, extra pure) and KSCN (BDH, LR 
grade) were recrystallized twice from distilled water and dried 
over P205 in a vacuum desiccator. Acetamide (SD, LR grade) 
was recrystallized twice from hot methanol. Final drying was 
done in a vacuum desiccator over fused calcium chloride. To 
avoid exceeding the solubility of both NaSCN (=30 mol%) 
and KSCN (=28 mol%) in molten acetamide, total alkali ion 
concentration was kept at 0.25 mol fraction. Six samples were 
prepared. 

Densities (p) of all solutions were measured accurate to 
0.01% by using a precalibrated single-stem pyknometer (-9.5 
cm3). Electrical conductivity (K) measurements were made by 
using a Precision Component Analyser-6425 (Wayne Kerr) 
operating in the 2.5 x to 10 S range with a sensitivity 
50.01 nS, and platinized platinum electrodes (cell constant = 
113.2 m-I) with a field frequency of 1.5 kHz. The sample was 
put in a glass tube with ground joint and the measuring cell 
was well fitted to prevent diffusion of moisture. The sample 
tube was purged with dry nitrogen and the test sample was 
introduced under nitrogen atmosphere. All the measurements 
were made as functions of composition (x = 0.0 - 1.0 mol frac- 
tion) and temperature (-293.15-358.15 K). A Schott-Gerate 
thermostat type CT-1450 was used to maintain the tempera- 
ture of the measurements to 5 0.02 K. 

Results and discussion 
Measured density values of 0.25 [xNaSCN + (1 - x)KSCN] + 
0.75CH3CONH2 are linear functions of temperature and are 
presented in Table 1. The electrical conductivity (K) and molar 
volume (V) of the present systems as functions of temperature 
and composition are presented in Table 2. 

The measured conductivity values were found to exhibit 
non-Arrhenius variation with temperature, with -17-28% 
deviation within the temperature range of the study. The fol- 
lowing equation of the Vogel-Tammann-Fulcher (VTF) type 
has often been used successfully to fit conductivity data, and 
this is again the case with the present systems. 

Here A and B are constant parameters and To is the ideal glass 
transition temperature. The best-fit values of A, B, and To 
obtained by least squares are listed in Table 3. 

The onset of the MAE in the present systems has been 
examined by plotting To, A, and B versus x in Fig. 1. It is inter- 
esting to observe the nature of the variation of To as a function 
of composition with both positive (in the Na+ -ion-rich region) 
and negative (in the K+-ion-rich region) deviations. In general, 
either negative or positive deviations in Tg or To with alkali ion 
concentration have been reported for mixed alkali systems in 
hydrate melts (4-6) or molecular liquids (8-1 1) but a system 
with both positive and negative deviations in To has not yet 
been reported. For x = 1.0, the system represents the binary 
system 0.25NaSCN + 0.75CH3CONH2 with To = 210.1 K, 
which is in reasonable agreement with T, = 234 K (14) 
reported for the system 0.225NaSCN + 0.775CH3CONH2. The 
observed variation of To, A, and B with x (Fig. 1) reveals that 
the systems exhibit MAE. A probable mechanism for the pecu- 
liar variation of To with x will be examined below. 

Table 1. Least-squares fitted values of the density equation, 
p = a - b(T - 273.15) for the 0.25[xNaSCN + ( 1  - x)KSCN] + 
0.75CH,CONHz systems. 

x alkg m-' blkg m" K-' cr" 

"Root-mean-square deviation 

Fig. 1. Variation of To, A, and B with composition, x, for the 
0.25[xNaSCN + ( 1  - x)KSCN] + 0.75CH,CONHz systems. 

X I  mol t rac t ion  

The conductivities of the present systems also vary nonlin- 
early with the molar volume. Molar volume dependence of the 
conductivity is explained by using the following equation, 
similar to eq. [I], derived based on the free volume model: 

[2] K = A' exp [ - B1l(V - V,)] 

where A' and B' are constant parameters and Vo is the intrinsic 
volume. The best-fit values ofA', B', and Vo are illustrated and 
presented in Fig. 2 and Table 4, respectively. From Fig. 2 it is 
apparent that Vo decreases linearly with x. However, A' and B' 
vary nonlinearly with x. The composition dependence of A' 
and B' can be represented with reasonable accuracy by empir- 
ical equations of a polyno~nial type A' = 80.03 + 6 . 5 3 ~  + 
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Table 2. Electrical conductivity and molar volume" data for the 0.25[xNaSCN + (1 - x)KSCN + 0.75CH,CONH2 systems. 

K/S m-' and (V x 10~lm' mol-') 
- 

TIK x = 0.0 x = 0.2 ,Y = 0.4 x = 0.6 x = 0.8 x = 1.0 

"Molar volume data are given in parentheses. 

Table 3. Best-fit values of the parameters of eq. [ l ]  for the 
0.25[xNaSCN + (1 - x)KSCN] + 0.75CH,CONH2 systems. 

Std. dev. 
x TdK AIS m-' BIK in In u 

75.922 and B' x 10' = 1.759 + 0 . 5 6 0 ~  + 0.192x2 with standard 
deviations 4.87 and 0.025, respectively. In Fig. 2 the variation 
of molar volume with composition is also shown for different 
temperatures. 

In K+ - Na+ mixed alkali systems the K+ ion has a smaller 
ionic potential than the Na+ ion. In the K+-ion-rich region, the 
K+ ion behaves like an inert solute in the medium. As the K+ 
ions are progressively replaced by Na+ ions, Na+ ions interact 

with acetamide and result in a polymeric-type solvated ion 
(15). The variation of V with x (Fig. 2) reveals that the poly- 
meric solvated ion does not seem to cause detectable deviation 
in the molar volume of the present systems. 

On the other hand, the molar volumes of the present systems 
are linear functions of temperature of the form 

where V' and b' are constant parameters at a particular compo- 
sition and are presented in Table 5. As the system has an inher- 
ent tendency to supercool (14), the temperature dependence of 
the molar volume may also be represented as 

Comparison of eqs. [3] and [4] gives 

The values of the intrinsic volume, Vo, calculated from eq. [5] 
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Mahiuddin 

Fig. 2. Plots of V,, A', B', and V vs. x for the 0.25 [xNaSCN + 
(1 -x)KSCN] + 0.75CH3CONH, systems (open and closed 
circles are observed and solid lines represent calculated values, 
respectively). 

X l m o l  f rac t i on  

at different compositions using the values of To (eq. [ l ]  and 
Table 3) and the values of V and 0' (eq. [3] and Table 5) are 
also presented in Table 4. It is apparent from Table 4 that the 
Vo calculated from eq. [5] are reasonably comparable (within 
0.8%) with those from eq. [2]. Equilibrium properties such as 
molar volume and intrinsic volume are additive in nature and 
vary linearly with composition in spite of the fact that the 
nature of the composition dependence of To for the present 
system is not the same throughout. 

To examine the MAE in the present system, the composi- 
tion dependence of the conductivity isotherms is depicted in 
Fig. 3. An equation of the following type (8) has been used for 
the concentration dependence of the electrical conductivity: 

where a, ,  b, ,  and c, are constant parameters. Computed values 
of the parameters are presented in Table 6. A reasonably good 
fit has been obtained (Table 6 and Fig. 3). 

It is very interesting to note the nature of the variation of 
conductivity with x above and below =323.15 K. The devia- 
tion of the K isotherm from additivity in the temperature range 
358.15-353.15 K is positive (=4.6%, which is more than the 
uncertainties involved in the experimental data) and is pro- 
nounced in the K+-ion-rich region. Such positive deviation 

Table 4. Best-fit values of the paremeters of eq. [2] for the 
0.25[xNaSCN + (1  - x)KSCN] + 0.75CH3CONH2 systems." 

A' B' x lo5 V, x lo6 Std. dev. 
x (S m-') (m3 mol-I) (m3 mol-l) in In K 

"Values of the intrinsic volunles, V,, calculated from eq. [5] are given in 
parentheses. 

Table 5. Least-squares fitted values of the parameters of eq. [3] 
for the 0.25[xNaSCN + (1 - x)KSCN] 0.75CH,CONH2 systems. 

v' x lo6 b' x lo8 
x (m' mol-') (m3 mol-' K-') a x  l o8"  

"Root-mean-square deviation. 

decreases progressively with decrease in temperature and 
becomes negative (2.27% in the Na+-ion-rich region). The 
deviations (positive and negative) from additivity as observed 
in the electrical conductivity (Fig. 3) may be attributed to the 
onset of the MAE in the present system. 

From Fig. 3 it is apparent that the nature of the variation of K 

with x varies with temperature. There is no clear transition, 
such as that reported in the Arrhenius plot of viscosity for 
the 0.225NaSCN + 0.775CH3CONH, binary system (14). 
On the contrary, the K VS. x isotherms of the 0.3[xKSCN + 
(1 - x)NaSCN] + Ca(N0,) 2.4.06H20 (5), 0.3[xNaSCN + 
(1 - x)KSCN] + 0.7 Na,S203~5.1H20 (6), and [xNaSCN + 
(1 - x) KSCN] + RH,O (10) systems are reported to exhibit a 
negative deviation from additivity. Similarly Na/KN03 -hydrate 
melt (16), -water (9), and -glycerol (8) systems also exhibit 
negative deviation in K VS. x isotherms, and the anion polariza- 
tion model (APM) (17, 18) has been used to explain the MAE 
on the electrical conductivity. Berchiesi et al. (14) suggested 
that the transition at ca. 293 K in the Arrhenius plot of the vis- 
cosity inay be due to a change in liquid structure. Since our 
temperature range for the study is above and around 293 K, the 
nature of the deviation in conductivity isotherms above and 
below --323.15 K (Fig. 3) may be of different origin. 
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Fig. 3. Plots of conductivity isotherms versus composition for 
the 0.25[xNaSCN + ( 1  - .r)KSCN] + 0.75CH3CONH2 systems 
(circles and solid curves represent observed and calculated 
values (from eq. [6]), respectively, and broken lines represent the 
additive property). 

x l m o l  f rac t ion 

It is reported that molten acetamide, like water, under goes 
auto-dissociation into (CH3CONH3)+ and (CH,COHN)- ions 
(13). The positive deviation ( ~ 4 . 6 % )  in conductivity in the 
K+-ion-rich region above 323.15 K is due to the contribution 
of (CH,CONH3)+ and (CH,CONH)- ions and the higher 
mobility of the K+ ion. In the Na+-ion-rich region, according to 
the anion polarization model (APM) (17, 18), the SCN- ion 
becomes more polarized towards Na+ than towards K+ due to 
its smaller ionic size, resulting in a decrease in the ionic mobil- 
ity and, in turn, the conductivity. A similar magnitude of the 
deviation (=4%), either positive or negative, was observed for 
Na+-K' mixed alkali systems in hydrate melts (5,6) or molec- 
ular liquid (8) as solvent. The negative deviation in conductiv- 
ity (--27%) in the Na+ -ion-rich region below =323.15 K may 
be governed by two factors: firstly, due to the greater polariza- 
tion of SCN- on the Na+ ion causing a decrease in the ionic 
mobility, and secondly, interaction of Na+ ion with acetamide 
resulting in a polymeric type of solvated ion (15) with further 
decrease in ionic mobility. As a result a rigid structure with 
very high relaxation time prevails in the Na+-ion-rich region in 
the present system (15, 19). Therefore, the high relaxation 
time, which is also one of the criteria (4) for the onset of MAE, 
together with the polarization effect causes maximum negative 

Table 6. Least-squares fitted values of the parameters of eq. [6] 
for the 0.25[xNaSCN + (1  - x)KSCN] + 0.75CH,CONH, systems. 

Std. dev. 
TIK a! b I CI  in In K 

298.15 0.2902 -1.1 118 - 1.0439 0.039 
308.15 0.5015 -0.9087 -0.8785 0.035 
323.15 0.9764 -0.6665 -0.6998 0.027 
333.15 1.3990 -0.5554 -0.5914 0.023 
353.15 2.4566 -0.3631 -0.4493 0.018 
358.15 2.7635 -0.3313 -0.41 82 0.018 

Fig. 4. Variation of activation energy, E,, with composition for 
the 0.25[xNaSCN + (1  - xKSCN] + 0.75CH3CONH2 systems 
(circles and solid curves represent observed and calculated values 
(from the polynomial equation up to the second degree), 
respectively). 

801 

x l mot fraction 

deviation in the electrical conductivity in the Na+-ion-rich 
region. At the intermediate temperature ( ~ 3 2 3 . 1 5  K) the 
above effects are almost counterbalanced and the variation of 
conductivity with composition becomes nearly linear. 

The overall nature of variation of electrical conductivity 
with composition over the entire temperature range of the 
study (Fig. 3) is also reflected in the variation of To withx (Fig. 
1). It has been suggested (6) that the positive or negative devi- 
ations in K would cause negative or positive deviations in To. 
Similar trends in To and K with x (Figs. 1 and 3) prevail in the 
present systems and the above explanation may also be appli- 
cable for the nature of the variation of To vs. .r. 

To  detect MAE further in the present systems, the activation 
energy, E,, for ion conduction has been calculated from the 
following relation 

where R is the gas constant. Values of the B and To parameters 
required to calculate E, have been taken from Table 3. The 
activation energy for ion conduction varies smoothly with x 
(Fig. 4) in spite of the fact that the variation of To with x is not 
the same throughout. The activation energy for the system 
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Mahiuddin 

with x = 1 .O at T = 298.15 K is reasonably comparable with the 
average activation energy for the NaSCN-CH3CONH, system 
studied by Berchiesi et al. (14). Therefore, the composition 
dependence of the B parameter appears to dominate over the 
variation of To with x to govern the con~position dependence 
of the activation energy. 

From the nature of the variation of To, B, K, and E, with com- 
position (Figs. 1, 3, and 4) it may be concluded that the MAE 
exists in the present systems even though the systems are vol- 
umetrically ideal in nature. In addition to the polarization 
effect of the SCN- ion towards the Na' ion, the auto-dissocia- 
tion of molten acetamide and the polymeric-type solvated Na+ 
ion with less ionic mobility also contribute towards positive 
and negative deviations in the electrical conductivity. 
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Propargyl calix[4]arenes and their complexes 
with silver(1) and gold(1) 

Wei Xu, Jagadese J. Vittal, and Richard J. Puddephatt 

Abstract: A calix[4]arene 10 has been substituted at the lower rim by reaction with propargyl bromide to give either the 
1,3- bis(propargy1) derivative 20, which is formed regioselectively, or the tetrakis(0-propargyl)calix[4]arene 3 under different 
reaction conditions. The molecular structure of 2b has been characterized by X-ray analysis (monoclinic, space group P2,lc, 
Z =  4, a = 10.960(1), b = 24.302(3), c = 10.673(1) A, P = 112.99(8)", R = 0.05 16). The molecules of 20 in the crystal are arranged 
in a "head-to-head, tail-to-tail" manner with aphenyl substituent of one molecule partly enclosed in the bowlic cavity of another. 
Since the two OCH,CECH groups are accessible, 2b can be polymerized by heating to 250°C and the polymerized propargyl 
calix[4]arene derivatives are stable up to 460°C. Compound 3 exists as a mixture of conformers, the ratio of partial cone to 
1,3-alternate conformations being 4: 1 or 2: 1, dependent on the preparative conditions. These propargyl calix[4]arene derivatives 
can be further derivatized to form silver(1) or gold(1) alkynyl units by reaction with AgN03 or [AuCI(SMe,)], respectively, and 
base. Further reaction of these transition metal complexes with phosphines yields calixarene derivatives with two metal- 
phosphine units at the lower rim of the calix[4]arene bowl. 

Key ~vords: calix[4]arene, propargyl, gold, silver, polymer. 

Resume : On a substituC un calix[4]arene. 10, sur sa portion infkrieure en le soumettant B une rCaction avec du bromure de 
propargyle qui conduit au dCrivC 1,3-bis(propagyle), 20, qui se forme rCgiosClectivement, ou au tCtrakis(0- 
propargyl)calix[4]aritne, 3, sous des conditions rCactionnelles differentes. La structure molCculaire du composC 2b a CtC 
caractCrisCe par diffraction des rayons X (monoclinique, groupe d'espace P2,lc, Z = 4, n = 10,960(1), 0 = 24,302(3) et c = 
10,673(1) A, P = 112,99(8)" et R = 0,05 16). Dans le cristal, les molCcules de 2b sont arrangCes de f a ~ o n  << t&te j. t&te, queue 5 
queue >> avec un substituant phCnyle d'une molCcule partiellement entourC dans la cavite d'une autre. Puisque les deux groupes 
OCH,CECH sont accessibles, le produit 2b peut &tre polymCrisC par chauffage B 250°C et les dCrivCs polymCrisCs propargyl 
calix[4]arkne sont stables jusqu'a 460°C. Le composC 3 existe sous la forme de conformeres pour lesquels le rapport des 
conformations ii c8ne partiellalternC-1,3 est de 4 : 1 ou de 2 : 1 suivant les conditions de prkparation. On peut prCparer de 
nouveaux dCrivCs de ces dCrivCs propargyl calix[4]arenes de f a ~ o n  j. former des unitis argent(1) ou or(1) alcynyles par rCactions 
respectivement avec du AgN03 ou du [AuCI(SMe),] en prCsence de base. Des rtactions ultCrieures de ces complexes de mCtaux 
de transition avec des phosphines fournissent des dCrivCs de calixarkne comportant deux unitis mCtal-phosphine dans la partie 
infkrieure du bol du calix[4]arkne. 

Mots ~ 1 6 s  : calix[4]arkne, propargyle, or, argent, polymere. 

[Traduit par la rkdaction] 

Introduction 

Calix[4]arenes are useful building blocks for more compli- 
cated molecules with unusual properties (1) and the hydroxyl 
substituents that are usually present are very useful for chem- 
ical modification. General procedures have been developed 
for regio- and stereoselective functionalization at the lower 
rim of calix[4]arenes such as tert-butylcalix[4]arene, l a  (2-6). 
However, it has proved to be more difficult to study the regio- 
and stereo-selectivity of reactions of the parent calix[4]arene, 
lb .  The derivative 1,3-bis(0-propargy1)-tert-butylcalix- 
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E-mail:pudd@julian.uwo.ca 

[4]arene, 2a, has been reported (6) and such compounds are of 
interest as potential encapsulating ligands for transition metal 
ions by coordination to the alkynyl substituents (7). This paper 
reports the regioselective synthesis of a new 1,3-dipropargyl 
calix[4]arene derivative 2b and a tetrapropargyl calix[4]arene 
derivative 3, together with a study of their conformations, con- 
formational mobility, thermal properties, and ability to form 
complexes with silver(1) and gold(1). 

Results and discussion 

Regioselective synthesis and structure of 1,3-bis(0- 
propargyl)calix[4Jarene, 2b 

Calix[4]arenes are readily converted into a wide variety of 
derivatives at the lower ring by alkylation of the phenolic 
groups (8). In this way, the 1,3-bis(0-propargyl)calix[4]arene 
20 was prepared regioselectively in high yield (92%) from 
propargyl bromide and calix[4]arene 10 in a 1:2 ratio in ace- 
tone solution in the presence of potassium carbonate as shown 
in Scheine 1. The 'H NMR spectrum of 2b exhibited an AB 

Can. J.  Chern. 74: 766-774 (1996). Printed in  Canada / Imprime au Canada 
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Scheme 1. 

base ( OH 
OH 26 O'CH,C=CH 

pattern for the bridging methylene groups at 6 3.40 and 4.40 
ppm (,.IHH = 14 HZ), a triplet for the acetylenic proton at 2.58 
ppm ('.IHH = 4 HZ), a doublet for the methylene groups of the 
propargyl units at 4.25 ppm ('JHH = 4 HZ), an A,B system for 
the aromatic protons at 6.66-7.08 ppm, and a singlet for the 
phenolic protons at 7.05 ppm (confirmed by D,O exchange). 
These data, together with the I3c NMR evidence, show that 
2b in solution exists in the cone conformation (1). 

The conformation of 2b in the solid state was determined by 
an X-ray structure determination. The 1,3-bis(0-propar- 
gyl)calix[4]arene 2b adopts the cone conformation in a dis- 
torted form as shown in Fig. 1. The two benzene rings bearing 
propargyl groups are almost parallel to each other (interplanar 
angle 2.28(1)"), while the two phenolic rings have a relatively 
large interplanar angle (77.7(1)") and are tilted to place the two 
hydroxy groups almost inside the cavity with a small 0 . . . 0  
separation of 2.9 A. This arrangement allows intramolecular 
hydrogen bond formation between proximal hydroxy and 
ether groups with OH..O distances of 2.0-2.3 A. These hydro- 
gen bonds are probably responsible for holding the molecule 
in the cone conformation (8a). There are a number of related 
dihydroxycalixarenes, which display similar hydrogen bond- 
ing, of which a bis(0-cyanomethyl) analog is particularly 
striking (6a). In addition to these intramolecular hydrogen 
bonds, there is structural evidence for weak intermolecular 
"tail-to-tail" hydrogen bonds between CEC-H..OH groups of 
adjacent molecules, leading to chains of molecules (Fig. 2b). 
These are examples of so-called "soft" CH..O hydrogen bonds 
(8b). Finally, a phenyl group of each calixarene molecule is 
partially enclosed in the bowlic cavity of a neighboring mole- 
cule (Fig. 2a), thus creating "head-to-head" association that 
leads to blocking of the entrance to the cavity. Small molecule 
inclusion, which has often been observed in 1,3-dialkylated 
tert-butylcalix[4]arenes, is therefore not present in 2b. Bond 
lengths and angles are unexceptional and are summarized in 
Table 1. 

Synthesis and conformations of the tetrakis(0- 
propargyl)calix[4]arene 3 

The calixarene 2b did not react with excess propargyl bromide 
and base at room temperature (7), but either 16 or 26 did react 
with excess propargyl bromide in refluxing acetone in the 
presence of K,C03 to give the new tetrapropargyl 
calix[4]arene derivative 3. At short reaction times, a mixture 
of products representing various stages of alkylation were 
present but, after 1 day, complete conversion to the tetrakis(0- 
propargyl)calix[4]arene 3 occurred. After 24 and 48 h reflux, 

Table 1. Selected interatomic distances ( A )  and angles (") in 26 
(a)  Bond lengths ( A )  

(b)  Bond angles (") 

the calix[4]arene 3 was present as a mixture of the partial cone 
and 1,3-alternate conformers in 2: 1 and 4: 1 ratios, respec- 
tively. Clearly, in the absence of hydroxyl groups to take part 
in hydrogen bonding, the cone conformation is no longer pre- 
ferred and so there is a major difference from 2b in this 
respect. 

l a :  R = But; lb :  R = H 2a: R = But; 2b: R = H 

1,3-Alternate Partial Cone 
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Fig. 1. A view of the molecular structure of 2b, showing the 
cone conformation and intramolecular OH..O hydrogen bonding. 

Scheme 2. 

Cone Partial Cone 

Many tetrakis(0-alkyl)calix[4]arene derivatives (though 
only if the alkyl group is smaller than propyl) are conforma- 
tionally flexible at room temperature. A schematic representa- 
tion of the four possible conformers of tetrakis(0-propargyl) 
calixarene with the different orientations of the phenyl rings of 
the cyclic tetramer is shown in Scheme 2. It has been estab- 
lished that the conformations of calix[4]arenes can be deter- 
mined by the splitting pattern of the ArCH,Ar methylene 
protons in the 'H NMR spectra and by the number of peaks in 
the ''c NMR spectra (6, 8). The conformational isomerism of 
3 is demonstrated from the observation that the ratio of 1,3- 
alternate to partial cone conformer is dependent on the condi- 
tions of formation, and this observation also shows that the 
interconversion between conformers is very slow at room tem- 
perature. In agreement with the latter conclusion, the 'H NMR 
spectrum of 3 recorded at room temperature at 300 MHz 
showed sharp signals with no evidence of exchange broaden- 
ing (Fig. 3). The 'H NMR spectrum in the methylene region is 
particularly informative (Fig. 3). The minor 1,3-alternate con- 
former has higher symmetry and gives rise to single reso- 
nances of e ual intensity due to the CH, groups of the 9 propargyl (H ,4.08 ppm, d, J(HH) = 4 Hz) and CH2Ar2 (H*, 

3.76 ppm, s) groups. The major partial cone conformer has 
lower symmetry and its spectrum is correspondingly more 
complex. There are two nonequivalent CH2Ar2 groups and 
each has nonequivalent protons cHTIb, thus giving rise to 
four resonances labelled H'" H'~, H'", Hjb. There are three 
nonequivalent propargyl groups in a 1: 1:2 ratio, and the CH, 
protons of the last propargyl groups are also nonequivalent. 
Each CH, resonance appears as a doublet due to the coupling 
4 ~ ( ~ ~ 2 ~ ~ ~ ) .  Hence there are four resonances, two appearing 
as doublets (H5, H6) and two (H7", H ~ ~ )  as more complex mul- 
tiplets due to the extra coupling ' J ( H ~ " H ~ ~ ) .  The ratio of partial 
cone to 1,3-alternate conformer was 4: 1 as determined by inte- 
gration of the spectra, and the spectral assignments are in 
agreement with those for similar compounds (8). The "C 
NMR spectra in both the ArCH,Ar and OCH,CCH regions 
(Experimental section) provided a further diagnostic tool to 
confirm that the only conformations present are the partial 
cone and 1,3-alternate at room temperature (9). 

It has previously been reported that the conformation of O- 
alkylated calixarenes can be frozen as a single conformation, 
the partial cone, by complexation with the silver cation, which 
binds to two arene groups and one ether group (10). In agree- 
ment, addition of silver(1) trifluoroacetate to a solution of 3 
gave the tetrakis(0-propargyl)calix[4]arene-silve(1 com- 
plex 4, which was shown by its 'H NMR spectrum to exist 
only as the partial cone conformer. Hence weak binding of the 
silver cation probably occurs as shown in 4 and not by binding 
to the C G C  bonds of the propargyl substituents (1 1). 

Polymerization of the propargyl calix[4]arene derivatives 
It is known that the dipropargyl derivatives of bisphenols are 
attractive building blocks for resins for use as advanced com- 
posites, adhesives, coatings, and electronics applications (12). 
Hence polymerization of the propargyl calix[4]arenes was 
studied (13). The polymerization of 2a or 2b was performed 
by heating in diphenyl ether for 6 h at 120°C and then for 2 h at 
150-160°C without a catalyst (12, 13). The polymerization 
proceeded without evolution of any volatiles and produced a 
solid thermoset resin 5. The polymer 5 is soluble in many 
organic solvents and is neither hygroscopic nor moisture sen- 
sitive. The molecular weight of 5a, as estimated by gel perme- 
ation chromatography (GPC) with THF as eluent and using 
polystyrene standards, was Mw = 56 000 with a polydispersity 
(MwIM, = 3.2). Differential scanning calorimetry (DSC) mea- 
surements of the poly(l,3-(0-propargy1)-tert-butylcalix[4]- 
arene), 5a, shows an exceptionally high glass transition tem- 
perature, T,,, of the polymer at 250°C (14). TGA of the poly- 
mer 5a in i ir  (Fig. 4) shows that decomposition with weight 
loss occurs above 460°C, which is slightly higher than for its 
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Fig. 2. Intermolecular interactions in 2b: (a)  The head-to-head arrangement, showing mutual aryl group inclusion. 
(b)  The tail-to-tail association involving CECH..O hydrogen bonding. 

precursor 2a (440°C). Clearly, the propargyl calix[4]arene 
polymer has excellent thermal stability. The polymer is 
formed through opening of the triple bonds of the propargyl 
groups. Thus, 5a gave broad 'H NMR resonances at 6 = 1 .O, 
2.1 and 3.7, 6.3, and 7.0 which are assigned to the t-Bu, CH,, 
=CH, and aromatic protons, respectively. In agreement, the 
FTIR showed the absence of alkyne groups, with no bands cor- 
responding to the bands of 2a due to v,,., = 3289 cm-' (s) or 
v,,, = 2 120 cm-' (w). 

Complexes of 2 and 3 with transition metals 
There is much current interest in the properties of calix[4]are- 

nes as ligands (13, 15-18) and so the synthesis of alkynyl- 
metal complexes from the propargylcalix[4]arenes was 
studied. Treatment of 2a with [AuCl(SMe,)] in the presence 
of sodium acetate as base gave the digold(1) complex 6a. The 
'H NMR spectrum of 6a is broad but the observation of only 
two broad signals due to the methylene protons of the calix- 
arene at 3.4 and 4.2 ppm, one broad resonance due to the meth- 
ylene protons of the propargyl groups at 4.3 ppm, and one 
broad But resonance at 1.1 ppm indicates that 6a is primarily 
in the cone conformation. The FTIR spectrum showed the 
absence of a CC-H proton (disappearance of the band due to 
vCCH at 3275 cm-') and the presence of a new weak band due 
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Fig. 3. The 'H NMR spectrum of compound 3 in the methylene 
region. 

Fig. 4. ( a )  TGA of 2a; (b)  TGA of polymeric 2a. 

94 '40 120 200 h 0  360 440 520 600 680 760 
" 

Temperature ("C) 

to vFo, at 1988 cm-'. Alkynylgold(1) complexes are usually 
oligomeric or polymeric (RCGCAu), to allow the gold(1) cen- 
tres to be linear 2-coordinate. Complex 6a could be of this type 
or each gold(1) centre could be weakly ligated by oxygen 
donors present in the calixarene skeleton; since 6a is soluble in 
organic solvents it is probably not polymeric (19). In similar 
ways, 2a reacted with silver nitrate and ammonia to give 66, 
and 3 reacted with [AuCl(SMe,)] and sodium acetate to give 
complex 7 as shown in Scheme 3. 

Further reaction of these propargylmetal complexes 6 and 7 
with either monodentate or bidentate phosphine ligands gave 

the corresponding complexes 8 and 9 as shown in Scheme 3. 
The complexes 8a-8d are in the cone conformation and have 
C, symmetry, with the two metal-phosphine units at the 
lower rim of the calix[4]arene. The resonances in the 'H 
NMR spectra due to the CH, groups serve as spectroscopic 
probes, and clearly indicate the cone conformation. The com- 
plexes 9a and 9b give similar 'H NMR resonances as for their 
precursor 3, indicating that the complexation of the propargyl 
groups does not change the conformation and that there is 
still a mixture of the partial cone and 1,3-alternate conforma- 
tions, which do not easily interconvert. The complexes 8 and 
9 do not exhibit the inclusion behaviour that is typical of 
other calixarenes (I), perhaps because the bulky metal-phos- 
phine substituents at the lower rim cause the aryl rings to 
which they are bound to tilt in such a way as to close access 
to the top of the bowl (20). 

Conclusion 
This work has shown that the calixarene 16 can be functional- 
ized with two or four propargyl groups at the lower rim and 
that the reaction to give the dipropargyl derivative is regiose- 
lective. Preliminary studies indicate that silver(1) can be incor- 
porated into the propargylcalix[4]arenes either by weak T- 

bonding to the arene groups or, in the presence of base, by 
forming a-bonded propargylsilver(1) groups. Gold(1) also 
forms propargyl derivatives containing two or four gold 
atoms. Clearly there is potential for further derivatization of 
these propargylcalix[4]arenes with metal substituents but it 
may prove difficult to develop useful inclusion chemistry. In 
this sense, the incorporation of propargyl groups at the upper 
rim is preferred and the synthesis and coordination chemistry 
of such compounds is planned. 

Experimental section 
The precursor compounds 5,11,17,23-tetra-tert-butyl- 
calix[4]arene, l a  (2l), calix[4jarene l b  (22), 5,l l,17,23-tetra- 
tert-butyl-25,27-bis(propargyl)calix[4]arene, 2a (7), and 
[AuCl(SMe,)] (19) were prepared by literaturemethods.Molec- 
ular modeling was carried out using PCMODEL., NMR spectra 
were collected by using a Varian Gemini 300 spectrometer. 'H 
and  chemical shifts weremeasured relative to partially 
deuterated solvent peaks, but are reported relative to tetra- 
methylsilane. 3 1 ~  NMR chemical shifts were determined rela- 
tive to 85% H3P04 as external standard. IR spectra were 
recorded as Nujol mulls using a Bruker IFS32 FTIR spectrom- 
eter. The molecular weights of poly[l,3-(0-propargy1)-tert- 
butylcalix[4]arene] and of poly [ l,3-(0-propargyl)calix[4]- 
arene] were measured by GPC using THF as solvent and poly- 
styrene standards for calibration. Elemental analyses were per- 
formed by Galbraith Laboratories, Knoxville, Tenn. Mass 
spectra were recorded by using a Finnegan mat 8230 mass spec- 
trometer. 

1,3-Di-0-propargyIcalix[4]arene, 2b 
A solution of calix[4]arene l b  (0.5 g, 1.18 mmol) and 
BrCH?CCH (0.5 g, 4.2 mmol) in acetone (100 mL) and K2C03 
(1.2 gr  8.7 mmol) were stirred for 12 h at 20°C. The solvents 

PCMODEL Molecular Modeling Software, version 4.2, Serena 
Software, 1992. 
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Scheme 3. 
R R 

80: M = AU, PR; = PPh3 
86: M = Au, PR; = PPh2Me 
8r: M = Au, PR; = Indppm 
8d: M = Ag, PR; = PPh3 

were removed under vacuum and the residue was extracted 
using chloroform (20 mL). 26 can be further purified by crys- 
tallization, by slow diffusion of methanol into a chloroform 
solution. The light yellow crystals of 2b (0.54 g, 92%) were 
collected by filtration, washed with hexane (3 x 20 mL), and 
dried under vacuum, mp 182-184°C. Spectroscopic data for 
2b: FTIR: v,, = 3423 cm-' (s), v c c ~  = 3275 cm-' (s), 
vcc = 21 18 cm-' (w). NMR in CDC13, 6('H): 2.58 (t, 4 ~ H H  = 4 
Hz, 2H, CCH), 3.40,4.40 (ABq, 2 ~ H H  = 13 HZ, 8H, ArCH2Ar), 
4.80 (d, 4 ~ H H  = 4Hz, 4H, OCH), 6.66-6.73 (m, 4H, Arm,  6.85 
and 6.82 (s, 4H, Arm,  7.08 and 7.06 (s, 4H, ArH), 7.05 (s, 2H, 
OH). 6(I3c): 63.46 (CH,CCH), 31.85 (ArCH2Ar), 78.32 
(CH,CCH), 153.03, 151.37, 133.42, 129.01, 128.56, 128.26, 
125.75, 119.25 (Ar). EI-MS, m/e: 500; calcd. for C34H2804: 
500. 

Single crystal X-ray analysis of 26 
Single crystals of complex 26 were obtained as described 
above. A suitable crystal with dimensions of 0.42 X 0.35 X 
0.22 mm was selected, mounted at the end of a glass fibre, 
and used for the experiments. The diffraction experiments 
were carried out using a Siemens P4 diffractometer with the 
xscms  software package3 using graphite monochromated Mo 
K radiation at 23°C. The cell constants were obtained by cen- 
tering 25 high-angle reflections (20.7 5 O 5 21.7"). The 
Laue symmetry 2/m was determined by merging symmetry 

- 

"XSCANS", Siemens Analytical X-Ray Instruments Inc., 
Madison, 1990. 

equivalent reflections. A total of 5666 reflections were col- 
lected in the O range 2.0-25.0" (- 13 5 h 5 1, - 1 5 k 5 

28, -12 5 1 5 12) in 0 - 2 0  scan mode at variable scan 
speeds (2-10 deglmin). Background measurements were 
made at the ends of the scan range. Three standard reflections 
were monitored at the end of every 297 reflections collected. 
An empirical absorption correction was applied to the data. 
The maximum and minimum transmission factors are 0.956 
and 0.939, respectively. The space group P2'Ic was deter- 
mined from the systematic absences (h01,1= 2n + 1 and OM), 
k = 2n + 1). The data processing, solution, and the initial 
refinements were done using the SHELXTL-PC programs (23). 
The final refinements were performed using SHELXL-93 soft- 
ware programs (24). Anisotropic thermal parameters were 
refined for all the non-hydrogen atoms. The hydrogen atoms 
were not directly located but were included in the calculated 
positions for the purpose of structure factor calculations only. 
In the final least-squares refinement cycles on F~ the model 
converged at R, = 0.0516, wR, = 0.1046, and GOf = 1.008 
for 2659 observations with F, 2 4u(FO), 366 parameters, 
and R, = 0.1 101, wR2 = 0.1288 for all 4612 data. In the final 
difference Fourier synthesis the electron density fluctuates in 
the range 0.17 to -0.17 e k 3 ,  of which the top peak was 
associated with O(1) at a distance of 1.06 A. There is no 
shift in the mean or the maximum shiftlesd in the final 
cycles. A secondary extinction coefficient was refined to 
0.0035(5). Experimental detail and crystal data are summa- 
rized in Table 2. The positional and thermal parameters, bond 
distances and angles, the anisotropic thermal parameters, 
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Table 2. Crystal data and experimental details. 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
z 
Density, calculated, observed 
Absorption coefficient 
F(OO0) 
Independent reflections 
Refinement method 
Data/restraintslparameters 
Goodness-of-fit (GOF) on F' 
Final R indices (I > 20(1)) 
R indices (all data) 

C31H280J 

500.56 
23°C 
0.71073 A 
Monoclinic 
P2,lc 
n = 10.960(1) A 
0 = 24.302(3) A 
c = 10.673(1) A 
p = 112.99(8)" 
2177.6(4) 
4 
1.270, 1.29(5) g cm-" 
0.082 mm-' 
1056 
46 13 (R(int) = 0.023 I )  
Full-matrix least squares on F' 
2659101366 
1.022 
R1 = 0.0516, wR2 = 0.1046 
R1 = 0.1101, wR2 = 0.1288 

R1 = C(IIF,I - IF,II)ICJF, 1 ;  wR2 = [ z w ( F o 2  - F,Z)'ICWF:]"'; 
GOF = [ C W ( F , ~  - FC2)'/(n - p)]'",  where n is the number of reflections 
and p is the number of parameters refined. 

hydrogen atom coordinates, and selected torsion angles have 
been deposited as supplementary material.4 

Tetrakis(0-propargyl)calix[4]arene, 3 
A mixture of l b  (0.5 g, 1.18 mmol) and BrCH,CCH (1 g, 8.4 
mmol) in acetone (100 mL) and K,CO, (2 g, 14.5 mmol) was 
stirred and heated to reflux for 48 h. The cooled reaction mix- 
ture was processed exactly as described in preparation of 26 to 
afford a tetrakis(0-propargyl)calix[4]arene 3 (5.6 g, 82%). 
Spectroscopic data of 3: NMR in CD,Cl,: 1,3-alternate con- 
former, 6 ( ' ~ ,  ppm): 2.43 (t, 4 H, '.IHH = 4 HZ, CCH), 4.00 (d, 
4 

JHH = 4 Hz, 4H, OCH,), 3.76 (8H, ArCH2Ar), 7.42-6.33 (m, 
ArH of both 1,3-alternate and partial cone conformers). 6('", 
pprn): 74.1 (OCH,CCH), 59.2 (OCH,CCH), 80.6 
(OCH2CCH), 37.6 (ArCH,Ar), 154.4 (OAr), partial cone con- 
former, s ( ' ~ ,  ppm): 2.52 (t, IH, 'J(HH) = 4 Hz, CCH), 2.49 (t, 
2H, 'J(HH) = 4 Hz, CCH), 2.19 (t, lH, 'J(HH) = 4 Hz, CCH), 
4.3 and 3.1 (AB q, 4H, ,JHH = 14 HZ, ArCH2Ar), 3.85 and 3.77 
(AB q, 4H, ,JHH = 14 HZ, ArCH,Ar), 4.52 and 4.44 (AB q, 4H, 
'JHH = 4 HZ, 'JHH = 14 HZ, OCH,), 4.42 (d, 4 ~ H H  = 4 HZ, 2H, 
OCH,), 4.04 (d, 'J,, = 4 Hz, 2H, OCH,). 6(I3C, ppm): 75.1 
(OCH,CCH), 58.4 (OCH,CCH), 59.9 (OCH,CCH), 61.3 
(OCH,CCH), 81.6 (OCH,CCH), 50.8 (OCH,CCH), 80.3 
(OCH,CCH), 32.2 (ArCH,Ar), 36.4 (ArCH,Ar), 156.6 (OAr), 

- 

"hese supplementary data can be purchased from: The Depository 
of Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA 0S2. Structure 
factor amplitudes are no longer being deposited and may be 
obtained directly from the author. Tables of positional parameters, 
bond distances and angles, and hydrogen atom coordinates have 
also been deposited with the Cambridge Crystallographic Data 
Centre, and can be obtained on request from The Director, 
Cambridge Crystallographic Data Centre, University Chemical 
Laboratory, 12 Union Road, Cambridge, CB2 I EZ, U.K. 

156.0 (OAr), 155.5 (OAr), 138.00, 134.76, 134.32, 133.97, 
133.19, 131.48, 131.31, 130.72, 130.59, 129.34, 129.08, 
128.76, 123.68, 1213.57, 123.20, 122.98, 122.75, 122.51, 
122.40 (Ar). The ratio of the two conformers was determined 
from the integration of resonances due to the C=CH protons 
to be 4: 1. FTIR: vccH = 3289 cm-' (s), vcc = 2120 cm-' (w), 
EI-MS, rde: 576, 537; calcd. for C40H3204: 576, M - 
CH,CCH: 537. Anal. calcd. for C40H3204: C 83.3, H 5.6, 
found: C 83.5, H 5.2%. 

Tetrakis(0-propargyl)calix[4]arene-Ag(CFC00) 4 
A mixture of 3 (0.2 g, 0.35 mmol) and Ag(CF,COO) (0.08 g, 
0.36 mmol) in acetone (100 mL) was stirred for 2 h at room 
temperature. The product 4 (0.26 g, 93%) was precipitated by 
adding methanol (10 mL). Spectroscopic data of 4: FTIR: 
VCCH = 3289 cm-' (s), vcc = 2120 cm-' (w). 'H NMR in 
CDC1,: 6: 2.20 (t, lH, "J, 4 Hz, CCH), 2.50 (t, 2H, '.IHH = 'I= 4 Hz, CCH), 2.54 (t, lH, JHH = 4  Hz, CCH); 4.29 and3.12 
(AB q, 4H, 'JHH = 21 Hz, ArCH,Ar), 3.82 (AB q, 4H, ,.IHHH = 
21 Hz, ArCH,Ar), 4.48 (AB q, 4H, 'JHH = 4 Hz, -{", = 24 Hz, 
OCH,), 4.46 (d, 'JHH = 4 HZ, 2H, OCH,), 4.04 (d, JHH = 4 Hz, 
2H, OCH,); 6.46-7.42 (m, 12H, ArH). Anal. calcd. for 
C4,H,,Ag06F,: C 63.3, H 4.0; found: C 63.0, H 3.8%. 

Poly[l,3-(0-propargyI)calix[4]arene), 5 
A solution of 2 (0.5 g) in Ph,O (10 mL) was heated to 120°C 
for 6 h and then heated to 150-160°C for another 2 h under 
nitrogen atmosphere, to give an orange-brown hard resin 
(0.5 g) after evaporation of the Ph,O. The polymer was puri- 
fied by dissolving the solid obtained above in THF (2 mL) and 
then precipitating with MeOH (20 mL). The precipitate 5 was 
a yellow solid, which was dried under vacuum. Spectroscopic 
data of pol~y[l,3-(O-propargyl)-tert-b~ir~~lcalix[4]aree, 5a: 
FTIR: VOH = 3370 cm-I (s). 'H NMR in CDCI,: 6: 1.1 (br, 
Bu'), 2.1 (br, ArCH,Ar), 3.2 (br, ArCH,Ar) 3.4 (br, OCH,), 
6.3 (br, =CH), 7.0 (br, Ar and OH). Spectroscopic data bf 
poly(l,3-(O-proparg~~l)cali?c[4]arene), 5b: FTIR: voH = 3370 
cm-' (s). 'H NMR in CDCI,; 6: 2.2 (br, ArCH,Ar), 3.3 (br, 8H, 
ArCH,Ar), 3.4 (br, 4H, OCH,), 6.1 (br, =CH), 7.0 (br, 10H, 
Ar and OH). 

1,3-Bis(O-propargyIsilver)tetra-tert-butylcalix[4]arene, 6b 
A solution of 2a (0.5 g, 0.69 mmol) in THF (5 mL) was mixed 
with a solution of AgNO, (0.235 g, 1.38 mmol) in ammonia 
(10 M, 5 mL) and the mixture was stirred for 3 h. The product 
precipitated as the volume of solvent was reduced, and was 
purified by dissolving in CH,CI, (5 mL) and then precipitating 
by addition of MeOH (20 mL). The yellow product was fil- 
tered, washed with MeOH, and dried under vacuum. FTIR: 
vcc = 2058 cm-' (w). 'H NMR in CDCI,, 6: 1.1 (br, m, 36H, 
Bu'), 3.4 (br, ArCH,Ar), 4.2 (br, 4H, ArCH2Ar), 4.2 (br, 4H, 
OCH,), 7.0 (br, 10H, Ar and OH). Anal. calcd. for 
C5,H58Ag,04: C 64.0, H 6.2; found: C 63.7, H 5.9%. Complex 
6a was prepared in a similar way but using [AuCl(SMe,)] with 
NaOAc as base. Spectroscopic data for 1,3-bis(0-propar- 
gylgold)tetra-tert-b1ltylcali,~[4]nrene 6a: FTIR: vcc = 20 15 
cm-I (w). 'H NMR in CDCI,, 6: 1.1 (br, m, 36H, But), 3.4 (br, 
4H, ArCH,Ar), 4.2 (br, 8H, ArCH,Ar and OCH,), 7.0 (br, 
10H, Ar and OH). Anal. calcd. for C5,H58Au,04: C 53.8, H 
5.2; found: C 54.0, H 5.3%. Complex 7 was prepared in a 
similar way from the calixarene 3. Spectroscopic data for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



tetrakis(0-propat-gylgold)calix[4]arene, 7: FTIR: vcc = 2002 
cm-' (w). 'H NMR in CDC13, 6: 1.1 (br, rn, 36H, But), 3.4 (br, 
4H, ArCH,Ar), 4.2 (br, 4H, ArCH,Ar), 4.3 (br, 8H, OCH,), 
7.0 (br, 8H, Ar). Anal. calcd. for C,,H,8Au,04: C 35.3, H 2.1; 
found: C 35.0, H 2.0%. 

1,3-Bis{O-propargyl(triphenylphosphine)gold}tetra-tert- 
butylcalix[4]arene, 8a 

Triphenylphosphine (0.094 g, 0.36 mmol) was added to a solu- 
tion of complex 6a (0.2 g, 0.18 mmol) in CH,Cl, (10 mL) and 
the mixture was stirred for 1 h. The product was precipitated 
by adding MeOH (20 mL), then filtered, washed with MeOH, 
and dried under vacuum. FTIR: vcc = 2147 cm-' (w). NMR in 
CDC13: 6 ( ' ~ ,  -40°C): 0.86 (s, 18H, But), 1.28 (s, 18H, But), 
3.30 and 4.53 (AB q, 8H, *JHH = 13 HZ, ArCH,Ar), 4.87 (d, 
4H, ,JpH = 2 HZ, OCH,), 6.66, 6.80,7.02 (8H, Ar), 7.57-7.24 
(m, 30H, PPh), 9.5 (s, 2H, OH); z ( ~ ' P ,  -40°C): 39.2 (s, PPh3). 
Anal. calcd. for C86H88A~204P2: C 62.9, H 5.4; found: C 62.6, 
H 3.8%. 

The complex 1,3-bislO-propargyl(methy1diphenylphos- 
phine)gold}tetra-tertrtbutylcalix[4]arene 8b was prepared in a 
similar way: FTIR: vcc = 2129 cm-' (w). NMR in CDC13, 
~ ( I H ) :  0.88 (s, 18H, But), 1.29 (s, 18H, Bu'), 2.02 (d, 6H, *JpH = 
8 Hz, PMe), 3.32 and 4.54 (AB q, 8H, '.IHH = 13 HZ, ArCH,Ar), 
4.87 (s, 4H, OCH,), 6.68, 6.89, 7.04 (8H, Ar), 7.62-7.38 (m, 
20H, PPh), 8.76 (s, 2H, OH); 6 ( 3 1 ~ ) :  22.4 (s, PMePh,). Anal. 
calcd. for C76H84Au,04P,: C 60.2, H 5.6; found: C 59.9, H 
5.8%. The complex (1,3-bis(80-propargyl)[p-bis(dipI1e- 
nylphosphinotnethane)digold]}tetra-tert-butylcalix[4]arene, 
8c, was prepared similarly. FTIR: vcc = 2129 cm-' (w). NMR 
in CDCl,, 6 ( ' ~ ,  -40°C): 1.10 (s, 18H, But), 1.20 (s, 18H, But), 
3.35 and 4.54 (AB q, 8H, 'J,, = 14 Hz, ArCH,Ar), 3.77 (t, 4H, 
,JpH = 8 HZ, PCH,P), 4.72 (s, 4H, OCH,), 7.63-6.5 (m, 28H, Ar 
and PPh), 8.76 (s, 2H, OH); 6 ( , ' ~ ,  -40°C): 29.7 (s, dppm). 
Anal. calcd. for C75H80A~204P2: C 60.0, H 5.4; found: C 59.6, 
H 5.7%. The complex 1,3-bis/O-propargyl(triphetzy1phos- 
phine)silver}tetra-tert-butylcalix[4]aene 8d was prepared 
similarly. FTIR: vccH = 2101 cm-I (w). NMR in CDCI,, ~ ( I H ) :  
0.95 (s, 18H, But), 1.32 (s, 18H, But), 3.36 and 4.40 (AB q, 8H, 
2 JHH = 14 Hz, ArCH,Ar), 4.75 (s, 4H, OCH,), 7.42-6.33 (m, 
38H, Ar, PPh and OH); 6 ( , ' ~ ,  22°C): 29.0 (s, br); 6 ( , ' ~ ,  
-60°C): 7.0 (m, ' J (A~P) = 67 Hz). Anal. calcd. for 
C86H88Ag204P2: C 70.6, H 4.4; found: C 70.2, H 4.6%. The 
complex tetrakis~O-propargyl(triphenylphosphi,~e)gold}calix- 
[4]arene, 9a was prepared similarly. FTIR: vcc = 2131 cm-' 
(w). NMR in CDCI3: 1,3-alternate cot2fornler, ~ ( I H ) :  4.29 (s, 
8H, OCH,), 3.70 (8H, ArCH,Ar), 7.6-6.2 (m, ArH of both 1,3- 
alternate and artial cone conformers); 6 ( , ' ~ ,  22°C): 42.7 (s, P br, PPh,); 6 ( 9 ,  -80°C): 41.0 (s, PPh,); partial cone con- 
fornzet-: 3.07 and 4.20 (AB q, 4H, ,.IHH = 14 HZ, ArCH,Ar), 
3.83 and 4.49 (AB q, 4H, 'JFIH = 14 HZ, ArCH,Ar), 4.5 1 and 
4.98 (AB q, ~H,'J, 14 Hz, OCH,), 4.59 (s, 2H, OCH,), 4.67 n= (s, 2H, OCH,); 6( P, -80°C): 42, 43, 44 (s, PPh,), Anal. 
calcd. for C112Hs8A~40,P4: C 55.8, H 3.7; found: C 55.5, H 
3.8%. The complex tettwkis(0-propargyl(nzethy1diphetzylphos- 
phine)gold}calix[4]nr-ene, 96 was prepared similarly. FTIR: 
vcc = 2131 cm-' (w). NMR in CDC1,: 1,3-alternate con- 
fornzer, 6 ( ' ~ ) :  4.28 (s, 8H, OCH,), 3.70 (8H, ArCH,Ar), 7.7- 
6.22 (m, ArH of both 1,3-alternate and partial cone conform- 
ers); partial cone conformer: 3.00 and 4.50 (AB q, 4H, *J,,~ = 
14 Hz, ArCH,Ar), 3.84 and 4.38 (AB q, 4H, 'JHH = 14 HZ, 

ArCH,Ar), 4.50 and 4.90 (AB q, 4H, *.IHH = 14 HZ, OCH,), 
4.58 (s, 2H, OCH,), 4.67 (s, 2H, OCH,); 6(3'P, 22°C): 40.1 (s, 
br, PMePh,). Anal. calcd. for C9,HsoAu404P,: C 51.1, H 3.0; 
found C 50.7, H 2.6%. 
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Table 1. Number of multiplets examined. 

Z Atom d' sd' s'd' Total 

Total 222 378 222 822 

constant as before but b is an additional constant that depends 
not only on the chosen configuration and atom but also on the 
spin multiplicities of both the multiplets and their parent dn 
multiplets. Hartree atomic units are used throughout this 
paper. 

Computational details 

All our numerical Hartree-Fock calculations were carried out 
with an enhanced version of the MCHF72 program (3). The 
required multiplet energy expressions were taken mainly from 
Slater (4) and Condon and Odabasi (5). Our total energies 
were converged to 10 significant figures and various orbital 
properties to 7 or more significant figures. Errors in the virial 
ratio VIT were less than 1 x lo-'', which guarantees the appli- 
cability of our basic equations [ l a ]  and [lb]. 

We chose 27 atoms from groups 2-10 in the fourth (Ca 
through Ni), fifth (Sr through Pd), and sixth (Ba through Pt 
excluding Ce-Lu) periods of the periodic table for our analysis 
of multiplet states arising from d", sd", and s2d" electronic con- 
figurations. The configurations with n = 1,9,10 were excluded 
since they lead to only one or two energy levels. The numbers 
of multiplets examined in this study are summarized in Table 1 
for each atom and each configuration. 

Fig. 1. Linear correlation between AE and -AT(d) for the 
rnultiplets arising from the d" configuration. 

3. Results and discussion 

3.1 d" Configuration 
Configurations of this type lead to 222 multiplet states. For 
each atom, we examined the total energy difference AE and 
the kinetic energy difference AT(4 of electrons in the outer- 
most unfilled d subshell relative to the corresponding quanti- 
ties for the ground state of the same configuration. Figure 1 
shows that the correlation between AE and -AT(d) is surpris- 
ingly good for all 21 atoms. We then performed least-squares 
fits of the data to the simple linear equation, 

The proportionality constants a  and the correlation coefficients 
R are summarized in Table 2. All the correlation coefficients 
(except that for Ca) are larger than 0.999, showing that the lin- 
ear fits are accurate. The proportionality constants increase 
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Table 2. Correlation between the total energy difference AE and the kinetic energy difference AT(d) of the outermost d electrons for the 
222 multiplet states arising from the d' configuration. The proportionality constant a in the equation AE = -aAT(d) is given together with 
the correlation coefficient R. 

Fourth period Fifth period Sixth period 
No. of 

Configuration states Z Atom a R Z Atom a R Z Atom a R 

Table 3. Correlation between the total energy difference AE and the kinetic energy difference AT(d) of the outermost d electrons for the 
222 multiplet states arising from the s2d' configuration. The proportionality constant a in the equation AE = -aAT(d) is given together with 
the correlation coefficient R. 

Fourth period Fifth period Sixth period 
No. of 

Configuration states Z Atom a R Z Atom a R Z Atom a R 

with the number of d electrons in the same period, with a 
minor exception in the first three atoms of the sixth period. 
However, there seems to be no simple relationship between the 
value of a and the number of d electrons. Since the values of a 
are quite different from 1, it is clear that the kinetic energy dif- 
ferences of the core electrons are far from negligible (1). How- 
ever, adding the kinetic energy contributions from inner 
electrons such as those in the np subshell does not improve the 
quality of the fits significantly. Equation [2] captures the 
essentials of the physics and leads to good fits. 

3.2 s2dn Configuration 
Similarly, we examined the correlation between AE and - 
A T ( 4  for the 222 multiplets arising from s2d" configurations. 
Figure 2 shows that there is a very accurate linear correlation. 
The quality of the correlation is similar to that found earlier (1) 
for the s2pn configuration although there are more multiplets in 
the s'dn configuration. Table 3 lists the results of a regression 
analysis of the data using the linear formula [2]. The correla- 
tion coefficients are larger than 0.999 in most cases; excep- 
tions are found for Ti, Zr, Pt, and Hf. The Pt atom is a special 
exception in that its proportionality constant a is negative. 
This means that AE increases with increases in A T ( 4  rather 
than with decreases in AT(d) as anticipated from eq. [ l b ] .  A 
finer analysis for Pt shows that AT(44 ,  from the 10 electrons 
in the filled 4d subshell, is larger than AT(54 ,  and -AT(44 
has the expected positive correlation with AE. Similarly, for 
the Rh, Pd, and Ir atoms, A T ( 4  for the inner d subshell closest 

to the outermost d subshell is larger than for the outermost d 
subshell, but the reason for this remains unclear. 

3.3 sd" Configuration 
We examined the 378 multiplet states arising from the sd"con- 
figurations of 21 atoms for a correlation between the total 
energy difference AE and the kinetic energy difference AT(d) 
of the outermost d subshell. However, we could not find any 
good correlation between AE and - A T ( 4  for any atom. The 
situation is illustrated in Fig.3 ( a )  for the Cr atom, which has 
the most multiplets. 

In multiplets arising from sp" configurations, AT(sp) = 
AT(s) + AT@) has a reasonably accurate linear correlation 
with AE, although AT@) alone does not ( 1 ) .  Thus, we exam- 
ined the correlation of AT(sd) = AT(s) + A T ( 4  with AE, where 
AT(s) is the kinetic energy difference for the singly occupied s 
orbital. However, since the magnitude of AT(s) is more than 
10 times smaller than that of A T ( 4 ,  this did not lead to any 
essential improvement in the correlation between AE and AT. 

Finally, we made a careful analysis of the data and found 
that if all the multiplets from an sdn configuration of an atom 
are grouped according to their spin multiplicity 2 s  + 1 and the 
spin multiplicity 2s' + 1 of their parent d" multiplets, then a 
linear relationship, 

works very nicely. The constant a is common to all the mul- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

Fig. 2. Linear correlation between AE and -AT(d) for the 
multiplets arising from the s'dr' configuration. 

(b) Fifth Period 

m 
L 

0. 4 
I ( c )  Sixth Period 

tiplets corresponding to a chosen configuration and atom, but 
the other constant b also depends on the spin multiplicities 2S 
+ 1 and 2s' + 1, but not the orbital multiplicity 2L + 1. Figure 
3(b) illustrates some linear correlations between AE and 
-AT(d), obtained by the grouping of multiplets, for the C r  
atom. Using the same procedure, we can obtain similar corre- 
lations for all the ~ t h e ~ a t o m s .  Three more examples are given 
in Fig. 4 for the sd2 multiplets of Sc, the sd3 multiplets of Zr, 
and the sd4 multiplets of Ta. Note that the sd" and sdlO-" mul- 
tiplets have a similar profile in the correlation between AE and 
-AT(d) due to the particle-hole relationship. Table 4 summa- 
rizes the constants a and b together with the correlation coef- 
ficient R for 21 atoms. All the correlation coefficients are 
larger than 0.999 and the linear relationship [3] is as accurate 
as eq. [2] for the d" and s2d" multiplets. 

An ad hoc explanation is possible for the success of the spin 
multiplicity grouping of sd" multiplets. As we observed in Fig. 
1 and Table 2, all the d" multiplets are on a straight line. Addi- 
tion of an electron to an s orbital causes a splitting of the orig- 

Fig. 3. Correlation between AE and -AT(d) for the multiplets 
arising from the sd5 configuration of the Cr atom. (a) Without 
grouping. (b) With grouping based on the spin multiplicities (2s 
+ 1)/(2Sf + 1 ). 

" " 1  (a) 

inal d" multiplet into two new multiplets according to the spin 
quantum number ( m ,  = + 112 or -112) of the s electron. Further 
more, the width of the splitting depends on the spin multiplic- 
ity of the parent d" multiplet. Thus we need two spin multiplic- 
ities 2S + 1 and 2s' + 1 to characterize the correlation between 
AE and -AT(d) of sd" multiplets. This splitting mechanism 
can be observed roughly in ~ i ~ .  3(b) by drawing lines that are 
(2s + 1)-weighted "averages" of two lines with the same 2s' + 
1. The two average lines corresponding to 2s' + 1 = 2 and 4 
and the average point from 2s' + 1 = 6 all lie on a single line 
passing through the origin. 

4. Concluding remarks 

Using numerical Hartree-Fock calculations, we have shown 
that there is a very accurate linear correlation between AE and 
-AT(d) of 822 atomic multiplets arising from the smd" elec- 
tronic configurations of 27 atoms. For the d" and s2d" multip- 
lets, the correlation can be expressed by AE = -aAT(d) using a 
single parameter a .  For the sd" multiplets, an additional 
parameter O is needed because of the interaction of two open 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Table 4. Correlation between the total energy difference AE and the kinetic energy difference AT(d) of the outermost d electrons for the 378 multiplet states arising from the sd' x 
0 

configuration. Parameters n and b in the equation AE = -aAT(d) + b are given together with the correlation coefficient R. Multiplet states are classified based on their spin a a, 
multiplicities 2 s  + 1 and their parent d' spin multiplicities 2s' + 1. 2 

EL 
Fourth period Fifth period Sixth period 

2 S + 1 /  No.of 
Configuration 2s' + 1 states Z Atom n b R Z Atom a b R Z Atom a b R 

scl' 413 2 21 Sc 0.134 02 0.000 93 1.000 00 39 Y 0.157 72 0.001 65 1.000 00 57 La 0.192 82 0.001 46 1.000 00 
21 1 3 0.029 89 0.999 83 0.036 19 0.999 79 0.037 04 0.999 69 
213 2 0.083 35 1.000 00 0.104 81 1.000 00 0.101 19 1.00000 

sd' 514 2 22 Ti 0.197 73 -0.000 20 1.000 00 40 Zr 0.230 88 0.000 63 1.000 00 72  Hf 0.185 78 0.000 82 1.000 00 
3 I2 6 0.030 27 0.999 72  0.043 62 0.999 43 0.045 63 0.999 41 
112 6 0.092 74 0.999 66 0.129 07 0.999 23 0.134 70 0.999 18 
3 I4 2 0.1 16 03 1 .OOO 00 0.164 82 1.000 00 0.173 07 1.000 00 

s d  615 1 23 V 0.236 05 0 - 41 Nb 0.283 82 0 - 73 Ta 0.234 51 0 - 

413 7 0.032 57 0.999 81 0.05 1 16 0.999 56 0.054 89 0.999 56 
21 1 8 0.064 75 0.999 78 0.099 44 0.999 49 0.106 45 0.999 49 
213 7 0.125 45 0.999 82 0.191 01 0.999 54 0.205 06 0.999 52 
415 1 0.141 67 - 0.220 02 - 0.132 80 - 

s d  716 1 24 Cr 0.276 02 0 - 42 Mo 0.358 65 0 - 74 W 0.304 28 0 - 

514 4 0.031 28 0.999 80 0.057 07 0.999 46 0.064 00 0.999 52 
312 1 1  0.063 51 0.999 86 0.1 12 37 0.999 59 0.125 41 0.999 61 
112 1 1  0.129 29 0.999 86 0.220 96 0.999 59 0.245 39 0.999 61 
314 4 0.155 62 0.999 83 0.265 86 0.999 55 0.295 90 0.999 61 
516 1 0.171 50 - 0.294 89 - 0.21445 - 

s d  615 1 25 Mn 0.303 75 0 - 43 Tc 0.44178 0 - 75 Re 0.390 08 0 - 

413 7 0.033 50 0.999 87 0.065 85 0.999 64 0.076 67 0.999 74 
21 1 8 0.067 25 0.999 89 0.129 46 0.999 65 0.150 35 0.999 71 
213 7 0.130 97 0.999 88 0.247 67 0.999 68 0.287 34 0.999 77 
415 1 0.153 31 - 0.289 83 - 0.337 08 - 

sd7 514 2 26 Fe 0.334 62 -0.000 12 1.000 00 44 Ru 0.628 76 -0.000 1 1  1.000 00 76 0 s  0.605 09 -0.000 38 1.000 00 
312 6 0.033 44 0.999 90 0.082 75 0.999 68 0.106 18 0.999 88 
112 6 0.101 04 0.999 90 0.242 29 0.999 70 0.308 32 0.999 91 
314 2 0.130 83 1.000 00 0.310 35 1.000 00 0.393 90 1.000 00 

sd8 413 2 27 Co 0.355 12 0.000 38 1.000 00 45 Rh 1.438 47 0.000 20 1.000 00 77 Ir 2.633 58 -0.003 77 1.000 00 
21 1 3 0.034 79 0.999 99 0.174 20 0.999 94 0.422 88 0.999 83 
213 2 0.101 26 1.000 00 0.489 39 1.000 00 1.173 57 1.000 00 
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Fig. 4. Linear correlation between AE and -AT(d). (a) The 
multiplets arising from the sd2 configuration of Sc. (b) The 
multiplets arising from the sd3 configuration of Zr. (c) The 
multiplets arising from the s$ configuration of Ta. 

d ' , , ,  , , , , , I  
i I i l W  

-0.4 -0. 2 0 0.2 0.4 0.6 0.8 
- A T ( 3 d ) / h a r  t r e e s  

shells, and the correlation is expressed by A E  = -aAT(d) + (b). 
These linear relationships are quite accurate, as indicated by 
correlation coefficients greater than 0.999 in most cases. 

The reciprocal nature of momentum and position space sug- 
gests that A E  may also be correlated with A(r),, the difference 
in the radii of the outermost d orbitals, instead of AT(d) = 
~ ( ~ ~ 1 2 ) ~  We have verified for several atonis that this is 
approximately true, although the correlation is less accurate 
with A(r), than with AT(d). Moreover, the theoretical basis is 
less firm for the correlation of AE with A(r),. Of course, corre- 
lations involving other measures of change in orbital size such 
as A ( 4 ,  are also possible. 

Finally, it would be interesting to examine whether the 
accurate linear relationship observed within a nonrelativistic 
framework persists in a relativistic one, particularly for atoms 
in the sixth period. 

Acknowledgments 

This work was supported in part by a Grant-in-Aid for Scien- 
tific Research from the Ministry of Education of Japan and in 
part by the Natural Sciences and Engineering Research Coun- 
cil of Canada. 

References 

1. T. Koga and A.J. Thakkar. Int. J. Quantum Chem. In press. 
2. S.T. Epstein. The variation method in quantum chemistry. 

Academic, New York. 1974. 
3. C. Froese-Fischer. Comput. Phys. Commun. 4, 107 (1972). 
4. J.C. Slater. Quantum theory of atomic structure. Vol 2. 

McGraw-Hill, New York. 1960. 
5. E.U. Condon and H. Odabasi. Atomic structure. Cambridge 

University Press, Cambridge. 1980. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Dispersion formulas for real- and imaginary- 
frequency-dependent hyperpolarizabilities 

David M. Bishop 

Abstract: The dynamic second hyperpolarizability for real frequencies, y l l ( -oa;ol ,02,03)  in the limit o; + 0 can be 
expressed as yl10 + A1lnwLZ, where oL2 = ma2 + oI2 + w2 + 03' and yl10 is the frequency-independent (static) quantity; 
the parallel subscript ((1) indicates that the polarization and electric fields all lie along the same axis. In this paper the 
coefficient Alln is evaluated exactly for the H atom and very accurately for He, He, and Li+. A similar analysis is carried 
out for yll(-io; io ,  0,O) in the limit o + oo. 

Key words: nonlinear optics, hyperpolarizabilities, dispersion formulas. 

RCsumC : On peut exprimer la deuxikme hyperpolarisabilitC dynamique de frCquences rCelles, y I I ( - ~ ;  o1, w , 0 3 )  dans la 
limite w; - 0, peut Etre exprimCe sous la forme yl10 + AIIooL2, dans laquelle o ~ '  = ma2 + oI2 + w2 + o3' et ylln est la 
quantitC (statique) indCpendant de la frkquence; l'indice parallble ( 1 1 )  indique que la polarisation et les champs Clectriques 
sont situCs dans le m&me axe. Dans ce travail, on a fait une Cvaluation exacte de All0 pour l'atome d'hydrogbne et  d'une 
fagon prCcise pour H-, He et Li+. On a effect& une analyse semble pour yll(-iw; iw,O, O), dans la limite w + oo. 

Mots cle's : optique non linCaire, hyperpolarisabilitCs, formules de dispersion. 

[Traduit par la rCdaction] 

Introduction 
Hyperpolarizabilities govern nonlinear optical processes and 
as such are of much current interest, both theoretically and 
experimentally. They describe molecular behaviour in the 
presence of static or oscillating (optical) electric fields and 
for a detailed introduction the reader is referred to three re- 
cent special-issue publications (1-3). In this paper we are 
concerned with the relationships between the second hyper- 
polarizabilities and the frequencies of the defining electric 
fields, i.e., the dispersion. It is well known (4-6) that this 
property, for real frequencies, can be expressed as 

of the coefficient All0, though values have been obtained by 
fitting yll(o) values. In this paper we show how All0 can be 
found analytically and exactly for the H atom, as well as 
obtaining accurate values for He, He, and Li+. 

In the limit o + m, the standard second hyperpolariz- 
ability for imaginary frequencies can be written as: 

At the other limit (w - 0) the relationship in eq. [ l ]  
can still be applied. This particular, imaginary-frequency, 
second hyperpolarizability is of interest since it regulates the 
dispersion-polarizability coefficients that govern the nonclas- 
sical contribution to the change in electronic polarizability 

in the limit that mi + 0, where oL2 = oo2 + o12 + 022 + oj2 due to long-range interactions between colliding atoms (7).' 

and wo = wl + ( ~ b _  + o3. Since we will only be considering The constant Allm turns out to be zero but its components, 

atoms, the atomic axis z can double as the laboratory axis to be discussed later, are not and they are of some use as a 
and yll(o) can also be interpreted as the isotropic or mean check On yl(io). 

value of y. There have, however, been no direct calculations Both yIl(w) and yll(iw) can be written in a sum-over- 
electronic-states (SOS) formulation and this leads to a posi- 
tive and a negative contribution 

Received July 28, 1995. 
[31 ylI(w) = yll(+'(w) - yil(-)(o) 

This pclper is dedicated to Professor Richard F. W. Bader on 
the occasion of his 65th birtliriay: both a colleague atzd a 
friend as well ( I S  a fellow lover of nlgebra. [4] y l l ( i w ) = y l l ~ ~ ) ( i w ) - Y I I ( - ) ( i ~ )  
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dmbse@uottawa.ca line: replace "-o,,,wa(wz + w3)" by "-w,,,w3(wz + ~ 3 ) " -  

Can. J. Chem. 74: 781-785 (1996). Printed in Canada / ImprimC au Canada 
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Coefficients All0(+), A O(-), A m(+), and Allm(-) can be attached to these contributions. The SOS definitions of yll(+)(o), I 1  I 1  
y l l(-)(o),  etc. are, in their most general form (7,8): 

In these equations o, = ol + q + o3, z is the electric The degree of dispersion in the limiting cases of o --, 0 
dipole moment operator, and ep infers a summation over the for yll (-COG; o~ , w,  0 3 )  and of o --, m for yll ( - iw iw, 0,O) is 
24 permutations of -o,, wl, w ,  and 03 or their imaginary thus dictated by the values of X(i , j ,k)  and Y(k) .  In the next 
analogues. The prime on the sum over n in eqs. [5] and [7] section we show how these may be found exactly for the H 
indicates the exclusion of the electronic ground state (0);  atom. 
for m or p = 0,  (01~10) = 0 for atoms, so inclusion or not 
of the ground state makes no difference. om is the circular Hydrogen atom 
electronic transition frequency between the ?nth excited state, 
with wave function (m) ,  and the ground state, with wave 
function 10). 

Use of the binomial theorem allows expansion of the en- 
ergy denominators in eqs. [5] and [6] and we can then 
collect the terms that are quadratic in the optical frequen- 
cies coo, ol, . . . . This leads to the coefficients of oL2(= 
coo2 + o1 + w2 + oj2) being 

+8X(-1,-1, 0)+2X(-1, 0,-1) 
and 

where 

x ( ~ ~ z ~ O ) E , , , ~ - ~ E ~ J - ~ E  P k-1 

and 

In eqs. [ l l ]  and [12] Em = f i  o,,, is the energy of the mth ex- 
cited state relative to the ground state energy E ~ .  Y ( k )  are half 
the usual sum rules, i.e., S(k - 1 )  = 2Y(k).  In deriving eqs. 
[9] and [ l o ] ,  use has been made of the symmetry between 
the indices m and p. 

For yIlm(+) and yllm(-I, we can extract from eqs. [7] and [8] 

those terms with a C I - ~  dependence as o--, m. This gives 

[13] Allm'+) = 8X(2, 0 ,  0 )  +4X(O, 2, 0 )  - 8X(1, 1 ,  0 )  

and 

[14] Allm(-) = 4Y(l)Y(-2)  + 4Y(-l)Y(O) 

The trick to obtaining exact values for X(i, j, k )  and Y ( k )  is to 
be able to make the energy denominators or numerators dis- 
appear. This can be rigorously accomplished for the H atom. 
Then the next step is to use the closure rule, X,,Jm)(ml = 1 ,  
so the summations disappear, and finally to carry out the 
simple integration that remains. 

The first step requires the following relations, where E, = 
- 1 /2  au, is the ground state energy of the H atom and = 

eCi/& the corresponding wave function, 

Equations [16]-[18] are definitions of the functions f l ,  f2, and 
f3 and they may be obtained from these equations by using 
the method of Coulson (9); f l  is also the negative of the first- 
order perturbation wave function for a perturbing operator 
z .  Likewise, eqs. [20]-[22] define the functions gl, g2, and 
hl  and gl is the second-order perturbation wave function 
for a perturbing operator z .  Solution of eqs. [16]-[18] and 
[20]-[22] gives: 
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where P2 = (3 cos29- 1)/2. Equations [23]-[25] are in accord 
with those of Dalgarno and Kingston (10). 

Let us now consider, as an example, the term X(-2,0,0) 
where the energy denominator is E,,13Et,Ep. By replacing zyo 
in (p(zl0) by (Ho - ~ ~ l f i ,  eq. [16], and then using the Her- 
mitean properties of the operator, E,, will be cancelled. Doing 
the same thing for (Olzlm), but three times in succession, will 
remove EIIL3. This leaves 

Use of closure for the sums over m and p, which is now 
possible, gives 

and, with eq. [20], we obtain 

The second term in the last step takes care of the exclusion 
from the summation over n of the ground state. The integra- 
tion is now trivial and for the H atom: 

[32] X(-2, 0, 0) = 1 195391 192 - (3 19/24)(8 1 / 16) 

In a similar fashion: 

The much simpler terms Y(k) require closure only once 
(after the energies have been eliminated) and are given by: 

These terms were evaluated previously in ref. 10; they can 
also be found from the recursion relation in ref. 11. 

The exact values of all the required functions are collected 
in Table 1. Using eqs. [9] and [lo], we then find, in atomic 
units, 

and 

With the value (12) of yi10 = 1066518 this means that 

in the limit wi --+ 0 for the H atom. The quotient in eq. [45] 
is approximately 9.722617, which is in complete agreement 
with the result in ref. 4 that was found by fitting known 
calculated yll(w) values to eq. [I]. 

For the limiting expression for yll(io), we use eqs. [13] 
and [ 141 and find Allm(+) = Allm(-) = 7914 and thus both the 

I I, 

positive and negative parts of yll(iw) drop off with respect to 
wP2 at the same rate and cancel. 

It might be mentioned that all the calculations so far re- 
ported were performed on a TI-37 Galaxy Solar calculator. 

Two-electron systems 
To obtain the same properties for the two-electron systems 
H-, He, and Li+, we used accurate variational wave func- 
tions, since no analytic ones exist. The X(i,j,k) and Y(k) 
were found in the same fashion that we have previously used 
for the calculation of the static and dynamic second hyper- 
polarizabilities themselves: the sums-over-states were in each 
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Table 1. Values of X(i,j, k), Y(k), and All in atomic units." 

'The atomic unit of the second hyperpolanzab~l~ty is e4a04~h-1 and ~t 1s equ~valent to 6 23538 
x c4 m4 J-3 Numbers In parentheses are the powers of 10 by whlch the entry IS to be 
mult~plied 

case replaced by sums over a pseudo-spectral series (8). The were a generalization of those of Thakkar and Smith (13) 
wave functions, which were explicitly electron correlated, and Thakkar (14): 

~ 1 1 1 2  
I I I I I I 

[46I yL(r1, r2, r12, 01, 02, $ I ,  h) = C C ~ ~ " ' ( l + ~ 1 2 ) r ~ l r ~ ' ~ ~ ~ ~ ( f 1 ,  fi)exp(-a: ' r ~  - Dd 'r2 -yd 'r12) 
I 1 , l 2  k=l 

where, in vector-coupling notation: He, there is no experimental value of ~ ~ ~ ~ / y ~ ~ ~  of He with 
which to compare. 

[471 Y ? , ~ ( ~ I , & )  = C ( ~ I ~ I L Z ~ Z L I L I L M L )  To conclude, we have evaluated exactly for the H atom 
111 I , rnz the limiting dispersion in the second hyperpolarizability for 

both real and imaginary frequencies. For H-, He, Li+ we 
YII "'I (6) Y1~"'~(f2) have done the same thing but with resort to nonexact, though 

accurate, variational wave functions. 
and rl ,  e l ,  and $ 1  are the coordinates of electron 1; r12 is the 
interelectronic separation and Yy are spherical harmonics. 
The nonlinear parameters were chosen in a pseudorandom Acknowledgements 
fashion and, as before, 140, 140, and 190 functions were I thank Dr. Janusz Pipin for providing me with the two- 
used to describe the IS, IP, and ' D  states, respectively, for electron results for X(i,j,k) and Y(k) and the Natural 
He (15). For H-, 200, 150, and 175 functions were used (16) Sciences and Engineering Research Council of Canada 
and, for Li+, 100, 100, and 150 functions (17). for financial support. 

The integral evaluations and sums lead to the results for 
X(i,j, k) and Y(k), which are given in Table 1. Combined, 
they produce the dispersion coefficients All0(+), etc., which 
are also shown in this table. Once again, in all three cases, the 
positive and negative parts of yll(iw) tail off with respect to 
oP2 in exactly the same way (within numerical accuracy). It 
is not immediately apparent from eqs. [13] and [14] why this 
should be so and it is not, in general, true for yl(io). In the 
Appendix a proof is given. The value of A1lO/yl10 for He was 
found before (15) by fitting yll(o) values; the result, 2.189, 
agrees perfectly with the result here. Since all measurements 
of y11(o) are reported as relative to the calculated value for 
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Appendix 
The proof that Allm(+) = Allm(-) can be most easily shown for the H atom; the generalization for any other atom follows in a 
straightforward way. We will require the following identity: 

and thus: 

Also, from the odd integral derivatives, we have: 

[ A ~ I  a(olzlo)/az = z ( ( a ~ ~ / a ~ ) l ~ l o )  + 1 = o 

[ A ~ I  a(olzlgl )/a2 = ( ( ~ w o / ~ z ) I z I ~ I )  + ( O I ~ I  ) + ( o I z I ( ~ ~ I / ~ z ) )  = 0 

First we will show that 2X(2,0,0) = X(1,1,0). From eq. [36], using eqs. [A21 and [A3], we find 

[A61 X(2, 0, 0) = -((a~o/az)lzlg~) - (Olg1)/2 

or, alternatively, using the Hermitean properties, and eqs. [A1 1, [A5], and [20]: 

[A71 X(2, 0, 0) = (OlzI(Ho - E,)(z~I))  - (Olg1)/2 = (01z21(Ho - - (Olzi(ag~/az)) - (Ok1)/2 

= (o1z31fi) - (9/4)(01z210) + ( (a~o/az) lz ls~)  + (olgl ) /2 

Addition of eqs. [A61 and [A71 gives X(1,1,0) as displayed in eq. [38], hence 

[A81 2X(2, 0, 0) = X(1, 1, 0) 

With this relationship, we now need to show that 

~ ~ ~ ~ ( + ) / 4  = X(0, 2, 0) -X(1, 1, 0) = (d~fi(Ho - Eg)(d1)) - (01z31fi) + Y(-l)Y(O) 

is equal to 

Allm(-'14 = (fi lfi)/2 + Y(-l)Y(O) 

This is done by the following relations, using eqs. [16], [All, and [A4]: 

(d l  I W o  - ~ g ) ( d l ) )  - (OIz3If1) = ( d l  I(Ho - %)(dl )) - ((Ho - ~ g ) f i  1z21f1) = ( d l  I(H0 - ~g) (d l ) )  - (fl 1z21(Ho - ~ g ) f l )  

= (z2f11(Ho - ~ g ) f i )  - (dll?fl/az) - (fi1z21(Ho - &g)fi) = -(d,l?f,/az) = (fifi)/2. 
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Topological properties of the electronic 
structures of the reactants, transition states, 
and products of the reactions of the hydroxyl 
radical with the series C,HnF,-,, n = 1-6 

Jaime M. Martell, James B. Tee, and Russell J. Boyd 

Abstract: Properties of the bond critical points, including the electron density and its Laplacian, and distances to bonded nuclei, 
for all species (reactants, transition states, and products) in the reactions of the hydroxyl radical with the series C2H,,F6-,,, 
n = 1-6 were calculated using Bader's atoms-in-molecules methodology. The electron density and its Laplacian at the bond 
critical points correlate with bond strength, as measured by bond dissociation energies. The positions of the bond critical points 
vary with the electronegativity of surrounding atoms. Charge development in the course of the reactions was monitored using 
Mulliken population analysis at the HFI6-3 lG(d), HF/6-3 1 lG(d,p)//HF/6-3 lG(d), MP2/6-3 1 lG(d,p)//HF/6-3 lG(d), and HF/6- 
3 1 lG(d,p)/lMP2/6-3 lG(d,p) levels of theory, and natural population analysis and Bader population analysis at the highest 
common level of theory, MP2/6-3 1 lG(d,p)//HF/6-3 1 G(d). In general, there is a buildup of charge in the transition states, 
concentrated near the reaction centre, which dissipates somewhat as the reaction proceeds to products. The description of charge 
transfer varies somewhat with the three methods. 

Key words: topological properties, atomic charges, charge development, reactions of the hydroxyl radical with fluorinated 
ethanes. 

RCsumC : Faisant appel 6 la mCthodologie des atomes dans les molCcules de Bader, on a calcult les propriCtCs des points critiques 
des liaisons, y compris la densit6 Clectronique et son laplacien, ainsi que les distances entre les noyaux lies pour toutes les espkces 
(rCactifs, Ctats de transition et produits) des reactions du radical hydroxyle avec la strie C2HIIF6-n dans laquelle n = 1-6. La 
densit6 Clectronique et son laplacien aux points critiques de la liaison donnent une bonne corrClation avec la force de la liaison 
telle que mesurte par les Cnergies de dissociation. Les positions des points critiques des liaisons varient avec I'ClectronCgativitC 
des atomes avoisinants. Le dCveloppement de la charge au cours des rCactions est dCterminC en faisant appel a une analyse de 
population de Mulliken aux niveaux HFl6-3 1G(d), HF/6-3 1 1 G(d,p)//HF/6-3 lG(d), MP216-3 1 IG(d,p)//HF/6-3 1 G(d) et HF/6- 
3 1 lG(d,p)/lMP2/6-3 lG(d,p), 6 une analyse naturelle de population et a une analyse de population de Bader au niveau les plus 
ClevC de la thCorie, MP2/6-3 1 lG(d,p)//HF/6-3 lG(d). En gCnCral, il se produit une accumulation de charge dans les Ctats de 
transition; elle est concentrCe prks de la rCgion centre et elle se dissipe un peu au fur et 21 mesure que la rtaction progresse vers les 
produits. La description du transfert de charge varie un peu avec les trois mtthodes. 

Mots cle's : proprittCs topologiques, charges atomiques, dCveloppement de la charge, rCactions du radical hydroxyle avec 
d'Cthanes fluorCs. 

[Traduit par la redaction] 

I. Introduction 

Charge development at the transition state (TS) is central to 
chemistry because most reactions involve electron transfer in 
the TS. This concept has been investigated theoretically for S N 2  
reactions involving charged nucleophiles (1). Experimental 
studies must look at indirect evidence such as the effect of sub- 
stituents on the reaction rate. One of the most extensively stud- 

Received July 1 1, 1995. 

This paper is dedicated to Professor Richard F. W. Bader on the 
occasion of his 65th birthday. 

J.M.   art ell,' J.B. Tee, and R.J. ~ o ~ d . ~  Department of 
Chemistry, Dalhousie University, Halifax, NS B3H 453, Canada. 

' Walter C. Sumner Fellow and NSERC Predoctoral Scholar. 
Author to whom correspondence may be addressed. 
Telephone: (902) 494-8883. Fax: (902) 494- 13 10. E-mail: 
boyd@cheml .chem.dal.ca 

ied reaction classes is hydrogen abstractions, such as is being 
considered here. These show interesting effects, for example, 
the attack of substituted toluenes by bromine radicals correlates 
(2) with a', and polar effects are even observed in abstractions 
by alkyl radicals (3). These results show that charged species 
need not be involved for charge to have a significant effect o n  
the reaction. The reactions of hydroxyl radicals (OH) with 
hydrofluorinated ethanes (HFEs) are formally charge neutral, 
but significant charge development at the T S  is expected due to 
the influence of the electronegative oxygen atom. 

Bader et al. (4,5) have developed a theory of "atoms in mol- 
ecules," in which the gradient vector field and the scalar field 
of the electron density p(r) are used to study the bonds, atomic 
interactions, reactivities, and stabilities of molecular systems. 
T h e  essential topological properties of the electron density, 
p(r), can be summarized by the complete specification of its 
critical points at which Vp(r) = 0. A critical point, r,, is classi- 
fied according to its rank and signature (4a). The rank X of a 
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Martell et al. 

critical point equals the number of non-zero eigenvalues of the 
Hessian matrix of p(rc), while the signature a is the algebraic 
sum of the signs of the eigenvalues, and the classification is 
written as @,a). If the eigenvalue is positive its associated 
eigenvector or gradient path (the path of steepest ascent) orig- 
inates at, and is directed away from, the critical point. For neg- 
ative eigenvalues the gradient path terminates at, and is 
directed toward, the critical point. 

In the case of a nondegenerate critical point, four types of 
critical points are possible: (3,-3), which usually occurs only 
at a nucleus; (3,+3), a cage critical point; (3,+1), a ring critical 
point; and (3,-I), a bond critical point. Only bond critical 
points are considered in this study. 

The Laplacian of the electron density, 

identifies the regions of space wherein the electron density is 
locally concentrated or depleted. In three dimensions, when 
VZp(r) < 0, then p(r) is greater than its average value at neigh- 
bouring points, and when VZp(r) > 0, p(r) is less than its aver- 
age value at neighbouring points. Thus a minimum in VZp(r) 
with a negative value means that the electron density is locally 
concentrated in that region of space, even though the electron 
density itself exhibits no corresponding maximum. Studies of 
molecular systems using the properties of VZp(r) show that a 
bond can be characterized in terms of the bond path and the 
electron density at the bond critical point, p(rc) (6). Also, the 
magnitude of the electron density at the bond critical point pro- 
vides a measure of the bond strength (7, 8). 

Three methods are used in this study for calculating atomic 
charges. The Mulliken method (9) is computationally very 
inexpensive, but suffers at least conceptually because the over- 
lap populations are divided equally between two bonded 
atoms, irrespective of their relative electronegativities. Thus, it 
tends to underestimate electron populations on electronegative 
atoms. Natural population analysis is carried out in terms of 
localized electron-pair "bonding" units. It is also relatively 
inexpensive, and has the advantage of being essentially basis- 
set independent. Bader and Nguyen-Dang (4b) devised an 
electron density partitioning method in which an atom in a 
molecule is defined as a real space surrounded by a zero-flux 
surface, and the space occupied by the atom is referred to as 
the atomic basin. The atomic charge of an atom is obtained by 
integrating p(r) over the atomic basin to obtain its average 
electron population N, and then subtracting this from the 
nuclear charge Z, i.e., Q = Z - N. While this method is con- 
ceptually more rigorous, it requires much more human and 
computer effort, and has been criticized for overestimating the 
electron population on electronegative atoms (10). For Mul- 
liken population analysis (MPA) four levels of theory were 
employed: HFl6-3 lG(d), HFl6-31 lG(d,p)l/HF16-31G(d), 
MP216-3 1 lG(d,p)llHF/6-3 lG(d), and HFl6-3 1 1G(d,p)l/MP2/ 
6-31G(d,p). This allowed the investigation of the effects of 
increased basis-set size, electron correlation, and use of elec- 
tron correlation in geometry optimizations, respectively (start- 
ing from a base theory of HFl6-31G(d)). For natural 
population analysis (NPA) and Bader population analysis 
(BPA), only the highest common level of theory used on all the 
species (MP216-3 1 lG(d,p)llHF16-3 lG(d)) was employed. 

2. Computational methods 

Ab initio MO calculations were carried out with the GAUSSIAN 

90 (1 1) and GAUSSIAN ~ ~ / D F T  (12) program packages, employ- 
ing the optimized geometries of the reactants (13, 14), transi- 
tion states (15, 16), and products (14, 17) as published 
previously. The NBO program3 (included as link 607 of 
GAUSSIAN 92) was used to calculate the NPA charges. 

The topological analysis calculations were performed using 
a vectorized version of the PROAIM (18) program package. 
Wave function files from the highest common level of theory 
employed in this study (MP216-311G(d,p)llHF/6-31G(d)) 
were used as input. For each bond a (3,- 1) critical point was 
located. Integration of atomic charges was performed for each 
atom, using 96 + and 64 0 planes outside of the P sphere, and 
the maximum values of 140 points per surface path and 80 
basic gradient paths. Threshold values of 0.001 and 0.002 
were used for the volume calculation, and the primitive cutoff 
algorithm was employed. 

3. Results and discussion 

A. Properties of bond critical points 
Properties of bond critical points for reactants, transition states, 
and products, are given in Tables 1, 2, and 3, respectively. In 
general, the electron densities at the bond critical points, p(r,) 
increase with increasing substitution of the species by fluorine 
atoms, as expected, since these atoms are electron rich and thus 
increase the overall electron density. This may also be due to a 
contraction of the molecule: if the C-C distance shortens, as it 
does with increasing fluorine substitution (13, 14), p(rc) would 
likely increase. Given the same number of fluorines, values of 
p(rc) are affected by substitution patterns. 

For C-C bond critical points, p(r) tends to be larger when 
the fluorine substituents are divided as evenly as possible 
between the two carbons; this trend applies to reactants, tran- 
sition states, and products, although the trend is weak in the 
latter. For the product radicals, and the transition states, there 
is also a trend to higher values for higher substitution on the P- 
carbon. 

In contrast to the C-C case, values of p(r) at C-F bond 
critical points are larger for species where as many fluorines as 
possible are on one carbon. A second trend is for higher values 
at a-carbons for transition states and products, although the 
first trend will take precedence, e.g., in CF3-CHF values are 
higher on the highly substituted P-carbon. 

Trends in p(r) at C-H bond critical points are varied. For 
reactants and products, there is the general trend to increasing 
values with increasing fluorine substitution and, within a mol- 
ecule, to larger values on the more substituted carbon. For 
transition states, values are again higher on the more substi- 
tuted carbon, but the correlation of higher values with increas- 
ing number of fluorines is weaker. Values at P-carbons are 
lower when there is a p-fluorine gauche to the reaction centre. 
For the special case of the critical bond at the bond being bro- 
ken in the TS (Cl-H1 in Table 2), values are much lower 
than for other C-H bonds. The predominant trend here is for 
values to increase with the number of a-fluorines, with a sec- 
ondary trend for lower values as the number of p-fluorines 

E.D. Glendening, A.E. Reed, J.E. Carpenter, and F. Weinhold. 
NBO Version 3.1. 
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Table 1. Properties of bond critical points for reactants. 

Bond" p(r,Ib V2p(r,)" r A~ rBc 

OH (C,,) 
0-H 0.3790 -2.7717 0.776 0.183 

C2H6 

C 4  0.2512 -0.6697 0.764 0.764 
C-H 0.2833 -1.0236 0.676 0.410 

CH2F--CH3 (C,) 
ca7cp 0.2680 -0.7680 0.780 0.732 
C-F 0.2295 0.5015 0.437 0.935 

C c H a  0.299 1 -1.1402 0.688 0.395 
Cp-Hpo 0.2824 -1.0187 0.677 0.408 
Cp-Hp, 0.2848 -1.0323 0.680 0.404 

CH,F-CH,F (C,)" 
C 4  0.2826 -0.8580 0.752 0.752 
C-F 0.2348 0.5029 0.436 0.931 
C-H, 0.2997 -1.1440 0.693 0.389 
C-HI 0.2997 -1.1325 0.689 0.394 

CHI?,-CH3 (C,) 
C c c p  0.2804 -0.8489 0.805 0.697 
ca-Fa 0.2530 0.391 1 0.431 0.915 
Ca-Ha 0.3137 -1.2505 0.700 0.379 
Cp-Hpo 0.2856 -1.0370 0.685 0.398 
Cp-Hp, 0.2852 -1.0361 0.681 0.402 

CF,-CH3 (C3,) 
C c C p  0.2845 -0.8926 0.841 0.658 
C c F a  0.2763 0.2283 0.428 0.897 
C ~ - H ~  0.2875 -1.0506 0.685 0.396 

CHF2-CH2F (C,)'! 
cccp 0.2903 -0.9152 0.781 0.725 
Ca-Fa, 0.2547 0.41 19 0.430 0.913 
Ca-Fa, 0.2590 0.4034 0.429 0.909 
C c H a  0.3143 -1.2566 0.704 0.374 
C ~ - F ~  0.2374 0.5171 0.434 0.928 
Cp-Hp,, 0.3008 -1.1529 0.693 0.388 
Cp-Hp,, 0.3008 -1.15 16 0.696 0.385 

CF3-CH2F (C,) 
C c c p  0.2932 -0.9489 0.815 0.692 
Ca-Fao 0.2769 0.2455 0.427 0.897 
C c F a ,  0.2823 0.2375 0.426 0.892 
C ~ - F ~  0.2437 0.4990 0.433 0.922 
C ~ - H ~  0.3022 -1.1632 0.697 0.383 

CHI?,-CHI?, (C,,) 
C-C 0.2977 -0.9663 0.755 0.755 
C-F 0.26 12 0.4084 0.429 0.907 
C-H 0.3145 -1.2599 0.708 0.370 

C F r C H F z  (C,) 
C r C p  0.2991 -0.9836 0.790 0.727 
Ca-Fm 0.2879 0.2437 0.424 0.887 

C c F a ,  0.2831 0.2433 0.425 0.891 
C ~ - F ~  0.2668 0.3861 0.428 0.903 
C ~ - H ~  0.3156 -1.2690 0.709 0.368 

"Only bonds that are unique by symmetry are given. C, denotes the 
most highly substituted carbon. An atom labelled with 0 is in the 
symmetry plane, 1 is not. See Fig. 1 of ref. 13 for individual geometries. 

atomic units. 
'For bond A-B, r, and r, are the distances, in A, from the bond 

critical point to atoms A and B, respectively. 
dThe designations g and t indicate the atom is gnrtche or lrarls, 

respectively, to a fluorine. 

Can. J. Chem. Vol. 74, 1996 

Table 2. Properties of bond critical points for transition states. 

Bond" p(reIh V2p(r,)" . r /  rBC 
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Martell et al 

Table 2 (continued). Table 2 (concluded). 
- - -  

Bond" p(rJh Bond" p(rClh V'P(~,)~ r ~ '  r ~ '  

CHF,-CH, + OH g,t 
H1-0 0.1869 
0-H2 0.3778 
Cl-H1 0.1500 
C 1 4 2  0.2842 
C1-H3 0.2892 
C 1-H4 0.2892 
C2-F5 0.2549 
C2-H6 0.3 157 
C2-F7 0.2518 

CHF,-CH3 + OH g,g 
H 1 --0 0.1881 
0-H2 0.3777 
Cl-HI 0.1484 
C1-C2 0.2837 
C1-H3 0.2896 
C 1-H4 0.2893 
C2-H5 0.3 126 
C2-F6 0.2577 
C2-F7 0.2513 

CH3-CF,H + OH" 
H 1-0 0.1821 
0-H2 0.3778 
Cl-H1 0.1717 
c 1 4 2  0.278 1 
C1-F314 0.2634 
C2-H5 0.2837 
C2-H617 0.2874 

CF3-CH3 + OH 
H 1-0 0.1919 
0-H2 0.3777 
C1-H1 0.1470 
C 1 4 2  0.2878 
C 1-H3 0.29 13 
C1-H4 0.2908 
C2-F5 0.278 1 
C2-F6 0.2748 
C 2 F 7  0.28 1 1 

CHF,-CH,F + OH g,t 
H 1-0 0.1874 
0-H2 0.3778 
C 1-H 1 0.1599 
C1-C2 0.2912 
C 1-H3 0.3015 
C 1-F4 0.2477 
C2-F5 0.2583 
C2-F6 0.2603 
C2-H7 0.3 156 

CHF,CH,F + OH g,g 
H 1-0 0.1893 
0-H2 0.3773 
C1-H1 0.1580 
C 1-C2 0.2910 
C1-H3 0.3016 
C I -F4 0.2499 
C2-H5 0.3 132 
C2-F6 0.2607 
C2-F7 0.2569 

CH,F-CHF, + OH 
H 1-0 0.1898 
0-H2 0.3770 
C1-H1 0.1656 
C 1 4 2  0.2879 
C1-F3 0.2673 
C I-F4 0.2687 
C2-H5 0.2997 
C 2 H 6  0.3029 
C2-F7 0.2373 

CF3-CH,F + OH 
H1-0 0.1924 
0-H2 0.3772 
CI-HI 0.1569 
C 1 4 2  0.2944 
C 1-H3 0.3028 
C 1 -F4 0.2540 
C2-F5 0.2817 
C2-F6 0.2829 
C2-F7 0.2836 

CHFrCHF, + OH 
H 1-0 0.1917 
0-H2 0.3769 
CI-HI 0.1646 
C1-C2 0.294 1 
C 1-F3 0.2723 
C 1-F4 0.2729 
C2-F5 0.2640 
C2-H6 0.3 162 
C2-FT 0.2629 

CF3-CHF, + OH 
H1-0 0.2063 
0-H2 0.3699 
Cl-HI 0.1467 
C 1-C2 0.2809 
C 1-F3 0.2776 
C 1-F4 0.28 13 
C2-F5 0.2846 
C2-F6 0.2913 
C2-F7 0.2923 

"All species are asymmetrical, except where noted. For numbering 
scheme, see Fig. 2 of ref. 15 for CZH, + OH, and Fig. 1 of ref. 16 for 
other species. The designations g and t refer to the hydrogen being 
abstracted as gauche or tmtls, respectively, to a P-F. 

atomic units. 
'For bond A-B, r ,  and 5 are the distances, in A, from the bond 

critical point to atoms A and B, respectively. 
"C, symmetry. 
'Bond critical point not found. 

increases. Values are also slightly lowered when there are P- 
fluorines gauche to H 1. 

For the bond critical point of the bond being formed (Hl- 
0 in Table 2), the magnitudes of p(r) are again low. Higher 
values are seen when there are f3-fluorines gauche to H 1 ,  and 
for increasing substitution on the P-carbon, except for 
CH,F-CHF, + OH being higher than CHF,-CH,F + OH. 

In contrast, p(r,) values in the hydroxyl group are much 
larger, and have very different trends. There is a weak trend to 
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Table 3. Properties of bond critical points for products. 

Can. J.  Chem. Vol. 74, 1996 

Table 3 (conclnded). 

Bond" ~(r,)" V2p(r,)* r ~ '  r B‘ 

c;-H;, 0.2980 
CH3-CHF (C,) 

ca-c!3 0.2742 
Ca-Fa I 0.2436 
Ca-Ha, 0.2983 
CD-Hb0 0.2840 
C,-H,, 0.2799 
C,-HD2 0.2842 

CH,F-CHF (a) (C,) 
Ca-Cp 0.2879 
Ca-Fa2 0.250 1 
Ca-Hal 0.2996 
Cp-Fpo 0.2308 
C,-HbI 0.2998 
Cp-Hpz 0.3005 

CHI?,-CH, (C,) 
Ca-Cp 0.2883 
CapHal 0.2906 
Ca-Ha, 0.2905 
Cp-Fpo 0.25 17 
Cp-Fp2 0.2555 
Cp-Hpl 0.3141 

CH3-CFz (C,) 
Ca-Cp 0.2780 
Ca-Fa 0.2632 
C,H,, 0.2819 
Cp-Hpl12 0.2867 

C F r C H Z  (C,) 
ca-c, 0.2927 
Ca-Ha 0.2924 
Cp-Fb0 0.2759 
Cp-FplIz 0.2785 

CHF,-CHF (a) (C,) 
Ca-Cp 0.2952 
Ca-Fa? 0.2535 
Ca-Hal 0.2999 
Cp-Fp 0.2585 
Cp-Fpz 0.2558 
Cp-Hpl 0.3 149 

CH2F-CF, (C,) 
'a-C, 0.2892 
Ca- Fa 0.2692 
C ~ - F ~  0.2373 
Cb-H!3 0.3019 

Bond" p(reIb V2p(r,)' r,' r B‘ 

CF3-CHF (C,) 
C a x p  0.2983 -0.9559 0.699 0.793 
Ca-Fa I 0.2602 0.7367 0.423 0.898 
Ca-Ha, 0.3015 -1.1499 0.699 0.373 
C,F,, 0.2807 0.2213 0.427 0.894 
Cp-Fpl 0.2799 0.1842 0.428 0.895 
Cp-Fp2 0.2844 0.2056 0.426 0.891 

CHI?,-CF, (C,) 
Ca-C, 0.2933 -0.9337 0.763 0.741 
Ca-Fn 0.2725 0.6029 0.421 0.891 
Cp-F~ 0.2650 0.3750 0.428 0.904 
C,-H, 0.3125 -1.2428 0.710 0.371 

C F r C F Z  (C,) 
ca-cp 0.2976 -0.9613 0.733 0.774 
Ca-Fa 0.2778 0.5978 0.420 0.886 
CD-Fb0 0.2846 0.1920 0.427 0.891 
C,-F,,,, 0.2875 0.2134 0.425 0.888 

"Only bonds that are unique by symmetry are given. The a-C is the 
radical centre. Atom numbering scheme is as in Fig. 1 of ref. 17. See Fig. 
I of ref. 14 for individual geometries. 

"n atomic units. 
'For bond A-B, r,, and r, are the distances, in A, from the bond 

critical point to atoms A and B, respectively. 

decreasing values with increasing substitution, and lower val- 
ues are seen when there are p-fluorines gauche to HI. It 
should be noted that the range of values is small, 
0.3769-0.3796. 

Most of the above trends are consistent with p(rc) providing 
a measure of bond strength (7). Thus, the forming and break- 
ing bonds have particularly low values. Higher values are seen 
in C-X bonds for more highly substituted carbons. For tran- 
sition states, the intramolecular hydrogen bond formed when 
there is a p-fluorine gauche to the reaction centre (16) leads to 
higher p(rc) values for Cp-Hp and H1-0 bonds, the latter at 
the expense of the hydroxyl bond. 

An exception is provided by C-C bonds. If bond dissocia- 
tion energy (BDE) is used as a measure of bond strength, then 
C-C bonds are stronger when there is a greater electronega- 
tivity difference between the two groups (as observed in the 
reactant ethanes (13, 14)), but the same trend is not seen in the 
p(rc) values. As well, the p(rc) values do not correlate with the 
C-C bond lengths. 

Many of the trends in the electron densities are seen again in 
the Laplacian of the electron density, VIp(r). For most bonds 
in this study VZp(r) is negative at the bond critical point, indi- 
cating a local concentration of charge. All C-F bonds have 
positive values, except for slightly negative values in the CF, 
group of the CF,-CHF, + OH TS. The anomalous values of 
V2p(r) for the C-F bonds derive from the unique behaviour 
of the Laplacian distributions for fluorine atoms, where the 
electron density is tightly bound and very localized in all of its 
compounds (ref. 5 ,  p. 274). 

For the C-C critical points, the trends are particularly sim- 
ilar to those for the electron density, with the following excep- 
tions: in the products, the trend to larger magnitudes for more 
symmetrically substituted radicals, which was weak for the 
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electron densities, is now more effective (see for example the 
cases for C2H2F3); for transition states, there is a strong depen- 
dence on the number of fluorines, but no consistent trends with 
substitution patterns. 

The trends in v2p(r) values for C-F bond critical points are 
at variance with their p(r) trends, and also vary with category, 
i.e., reactants, products, or transition states. For reactants, 
within a molecule the higher values are on the less substituted 
carbon. Higher values are also seen in symmetrically substi- 
tuted molecules, and there is a general trend to higher values 
with increasing number of fluorines. For transition states, val- 
ues are usually higher on the a-carbon, with an exception for 
CH2F-CHF, + OH. On both a -  and P-carbons, v2p(rC) 
decreases with increasing number of fluorines on that carbon. 
For products, within a radical much larger values are seen at 
the a-carbon. For isomers with the same number of fluorines, 
V2p(rC) is higher in the case where fluorines are distributed as 
evenly as possible between the carbons; this trend is particu- 
larly pronounced for values at the p-centre. 

Values of v2p(r) at C-H bond critical points are almost 
always more negative on the more highly substituted carbon, 
and as fluorine substitution as a whole increases. For transition 
states, magnitudes on the P-carbon are lower for hydrogens 
gauche to the reaction centre. Magnitudes of V2p(rC) for C1- 
H 1 are much lower than for other C-H bonds. They are higher 
when there are a-fluorines, but decrease when there are P-flu- 
orines. There is no dependence on the total number of fluorines. 

For HI-0, v2p(r,) is more negative when there are P-flu- 
orines, especially if they are gauche to HI. There is a general 
increase in magnitude with increasing substitution. Magni- 
tudes of v2p(rC) for 0-H2 are by far the highest of any bond 
types in this study. Starting from the parent C,H, + OH reac- 
tion, values increase for monosubstituted systems, then are 
fairly steady (between -2.7497 and -2.7641) when there are 
two or more fluorines, with more negative values when there 
are p-fluorines, particularly if they are gauche to H1. 

A relatively large negative value of V2p(rC) together with a 
relatively large p(r,) value indicate a strong covalent bond 
(ref. 5,290). Thus, it is again seen that the forming and break- 
ing bonds are weak, and bonds are stronger when there is a 
high degree of substitution by electronegative fluorine atoms, 
and for cases of intramolecular hydrogen bonding. Particu- 
larly strong bonds are seen in the hydroxyl units. 

On the other hand, the positive values of V2p(r) seen at the 
C-F bond critical ~ o i n t s  do not indicate that these are weak 
bonds. Rather, as a result of charge transfer in these polar bonds, 
the bond critical point moves closer to the carbon nucleus (see 
below) and the associated bonded charge concentration now 
lies within the boundary of the fluorine atom (ref. 5, p. 278). 

The sum of the distances (r, and rB) from the bond critical 
point to the associated nuclei is usually longer than the bond 
length, due to curvature in the bond path (the bond critical 
point will only lie on the internuclear axis if this axis coincides 
with an axis of symmetry (19)). These distances can be used as 
a one-dimensional indication of the size of the atom within the 
molecule and, assuming fairly constant bond (or bond path) 
lengths, trends in the absolute difference between r, and rB for 
a given bond type can be used as an indication of substituent 
effects on that bond type. 

For C-C bonds, the larger atom is the more highly substi- 
tuted one, and for transition states and products a-carbons are 

larger in case of equal substitution. For reactants, the r,-r, 
difference is seen to increase with an increasing difference in 
the fluorine substitution at the two carbons, and with the total 
number of fluorines. 

For C-F bonds, the r,-r, difference decreases slightly 
with increasing number of fluorines. For transition states and 
products, the difference is larger at P-carbons. 

For C-H bonds, the r,-rB difference is larger at the more 
substituted carbon, at least for reactants and transition states, 
and for the latter larger differences are seen at the a-carbon 
when there is equal substitution at the two carbons. For prod- 
ucts, the difference in a given radical is largest at the a-carbon, 
except when there are two p-fluorines. For reactants and prod- 
ucts there is a general increase in r,-rB differences with 
increasing substitution. 

For the bond in the hydroxyl unit, whose length is remark- 
ably constant through the series (16), the rA-rB difference is 
also nearly constant, except for CF,-CHF, + OH, where the 
bond critical point is closer to the oxygen atom than it is in 
other transition states. 

There is a larger variance in lengths for the bonds being bro- 
ken (Cl-H1) and formed (HI-0) at the TS. Here a better 
measure of substituent effects on a bond type is the relative 
length from the critical point to the nearest atom. For H1-0 
this is fairly constant (28 + 0.6%). More variance is seen for 
C1-H1 (31.1-33.4%), with a slight trend to lower values 
with increasing substitution. For a given number of fluorines, 
lower values are seen for the TS where they are distributed as 
evenly as possible between the two carbons. 

The above results in the position of the bond critical point 
are consistent with those seen previously for binary hydrides 
(20). There it was noted that the position of r, correlated, 
although not in a linear fashion, to the electronegativity of the 
non-hydrogen atom, i.e., as the electronegativity increased, r, 
moved closer to the hydrogen (this correlation led to a method 
for calculating group electronegativities (2 1). Here, r, is closer 
to the least electronegative atom, or to the atom which has less 
electronegative substituents. Thus, the carbon atom with the 
largest atomic basin is that which is more substituted with flu- 
o r i n e ~ ,  or is closer to the incoming oxygen. The same factors 
lead to smaller hydrogen atoms. 

B. Atomic charges 
Atomic charges calculated by MPA at four levels of theory, 
and by NPA and BPA at the MP216-3 1 lG(d,p)//HF/6-3 lG(d) 
level, for all heavy atoms plus the hydrogen being abstracted, 
are given in Table 4. Starting from the base theory of HFl6- 
3 lG(d), the following trends can be seen as the level of theory 
is increased. Employing a larger basis set (6-3 1 lG(d,p)) has 
dramatic effects, usually reducing the magnitude of the 
charge. Including electron correlation at the MP2 level has 
varying effects depending on the atom, similar to previous 
results (22, 23). Carbon atoms become more negative or less 
positive. Hydrogens usually become more positive, with some 
exceptions for more highly substituted species, where the pos- 
itive charge lessens slightly. Oxygens become less negative in 
OH and H20, and more negative in transition states, with the 
degree of difference increasing with the number of a-fluo- 
rines. Fluorines are less negative, by about 0.8. When electron 
correlation is employed in the geometry optimizations, vary- 
ing effects are seen. In general, the change in charge is greater 
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Table 4. MPA atomic charges at four levels of theory, and NPA and BPA atomic charges at the MP216- 
3 1 lG(d,p)I/HF/6-3 lG(d) level. 

HFl6-3 1 lG(d,p) MP216-3 1 lG(d,p) HFl6-3 1 IG(d,p) 
Atom" HFl6-31G(d) l/HF/6-3 lG(d) //HF/6-31G(d) l/MP2/6-31G(d,p) NPA BPA 
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Table 4 (continued). 

HFl6-3 1 1 G(d,p) MP216-3 1 lG(d,p) HFl6-3 1 1 G(d,p) 
Atom" HFl6-3 1G(d) llHFl6-3 1G(d) //HF/6-3 1G(d) //MP2/6-3 lG(d,p) NPA BPA 
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Table 4 (continued). 

Can. J .  Chem. Vol. 74. 1996 

HFl6-3 1 1 G(d,p) MP216-3 1 1 G(d,p) HFl6-3 1 1 G(d,p) 
Atom" IMFI6-3 1 G(d) llHFl6-3 lG(d) llHFl6-3 1G(d) lIMP216-3 lG(d,p) NPA BPA 
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Table 4 (contitz~ted). 

Atom" HF/6-3 1G(d) 
HFl6-3 1 1 G(d,p) 
lIMP2/6-3 lG(d,p) NPA BPA 
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Table 4 (concluded). 

HFl6-3 1 lG(d,p) MP216-3 1 IG(d,p) HFl6-3 1 IG(d,p) 
Atom" HFl6-3 lG(d) //HF/6-3 lG(d) llHF16-3 lG(d) l/MP2/6-3 lG(d,p) NPA BPA 

"The a-C is always that written on the right. Atom labelling scheme is generally the same as in Table 3. 
'A bond critical point was not found for the forming H-0 bond, rendering the charge integrations for these atoms 

meaningless. 

for greater geometry changes, and on the oxygen atoms. 
The BPA charges are often much larger than the MPA val- 

ues, and in cases of moderate magnitudes the signs are often 
different. While experiment cannot give us numbers with 
which to compare, given their opposing trends noted above 
with regard to electronegative atoms, the two methods should 
give results on either side of the expected "actual charges." 
Simple chemical intuition is not always reliable in judging the 
relative accuracy of the results. For example, in all the com- 
monly used electronegativity scales carbon is slightly more 
electronegative than hydrogen, so it is reasonable to expect 
that in ethane the carbons should have a slight negative charge 
and the hydrogens should be slightly positive. This is the case 
for the MPA results, but the opposite situation is seen in the 
BPA results. However, the dipole moment derivatives for 
methane correspond to to a bond dipole in the sense C+-H- 
(24), and this conclusion is supported by an analysis (25) of 
NPA charges (which do not have the basis set quality depen- 
dence of IMPA charges; on the other hand, NPA does predict a 
negative charge on the carbons in ethane, as seen in Table 4). 
A more general conclusion is that MPA leads to the wrong 
charge distribution in most C-H bonds (26). The high ionic 
character for C-F bonds as indicated by the BPA charges also 
seems surprising at first. However, carbon and hydrogen have 
roughly the same electronegativity, and it is generally recog- 
nized that hydrogen fluoride has a large ionic character. 

The NPA charges for oxygens and hydrogens are interme- 
diate between the other two methods, although charges on the 
latter tend to be close to those obtained by either one of MPA 
or BPA. Charges on fluorines tend to be close to one of the 
MPA values, usually either at the HFl6-31G(d) or HF/6- 
3 1 lG(d,p)//MP2/6-3 1 G(d,p) level. The greatest variance is 
seen with the carbon charges, which tend to be more negative 
or less positive than with the other methods. 

For individual atom types, the following trends are noted at 
the various levels of theory. With MPA and BPA, charges at 

a-carbons are more negative than at p-carbons, except when 
the number of a-fluorines is greater than the number of P-flu- 
orines. With NPA, p-carbons are more negative, except if the 
number of p-fluorines is greater than the number of a-fluo- 
rines. With MPA, p-fluorines are usually more negative than 
a-fluorines, except when there are more fluorines on the p- 
carbon. Similar trends are observed with NPA, with fewer 
exceptions. With BPA, there is less variance, and the trends 
are sometimes opposite. For example, in CH2F-CHF, MPA 
gives more negative results for the p-fluorine, but at BPA the 
more negative value is for the a-fluorine. Charges on hydro- 
gens roughly correlate with the electronegativity of nearby 
atoms, i.e., as the number of nearby electronegative atoms 
increases, so does the positive charge on the hydrogen. 
Charges on oxygen atoms are smallest in the reactant (OH), 
largest in the product (H20), and vary little in the TS, at least 
with BPA and MPA, and for the latter, smaller magnitudes are 
seen when MP2 geometries are used. There is more variance 
in the NPA charges, with magnitudes tending to increase with 
the number of a-fluorines. 

C. Charge development in the reactions 
The changes in atomic charges from the reactant to the transi- 
tion state, and from the transition state to the product, are 
given for each reaction by the MPA, NPA, and BPA methods, 
at the MP2/6-3 1 lG(d,p)NHF/6-3 1 G(d) level of theory, in 
Table 5. In going from the reactant to the transition state, C, 
always becomes more negative with the BPA method. MPA 
results are smaller by a factor of up to 10, and the change is 
often positive when there are no a-fluorines. With NPA, C, 
always becomes more positive, and the magnitude is usually 
larger than with BPA. Less drastic changes are seen at Cp, 
which in most cases has a slight positive change, and there is 
better agreement between BPA and MPA. With NPA the 
change is negative, and the magnitude, while smaller than that 
for C,, is still larger than for the other methods. 
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Martell et at. 

Table 5. Change in atomic charges from reactants to transition state, and from 
transition state to products, at MP216-31 lG(d,p)NHF/6-31G(d) level of theory. 

Reaction" Atom MPA NPA BPA MPA NPA BPA 
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Table 5 (cot~cluded). 

AQ,,,, AQLs,p 

Reaction" Atom MPA NPA BPA MPA NPA BPA 

"As written, the second carbon is attached to the reaction centre (a). The g and t designations 
refer to the abstracted H being galtcl~e or rrans, respectively, to a P-F. 

hBPA numbers not available since the bond critical point for the forming H-0 bond was not 
found. 
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4. Conclusions Fluorines attached to the a-carbon become slightly more 
positive, by about 0.05 with MPA, about 0.03 with NPA, and 
<0.01 with BPA. For p-fluorines little change is seen, with rel- 
atively larger AQ,,,, values with MPA and NPA. The 
abstracted hydrogen becomes more positive, in relative order 
BPA > MPA -- NPA, and the oxygen more negative, with 
magnitudes in relative order NPA > BPA > MPA. 

The above MPA and BPA results are consistent with the 
influence of the incoming, electronegative oxygen atom, 
which will draw electron density away from the hydrogen. The 
impending loss of a relatively electropositive substituent, and 
(or) an electrostatic effect from the oxygen atom, leaves more 
electrons at the a-carbon, and a concomitant slight decrease in 
charge at the remaining substituents. A slightly different pic- 
ture emerges from the NPA results, where the a-carbon - 
becomes more positive. The oxygen atom again plays a prime 
role, with the carbon atom losing electron density due to an 
inductive effect. However, since the positive change on the 
carbon is greater than the positive change on the hydrogen, it is 
likely that other forces are at play as well. 

As the reaction proceeds to products, the oxygen atom 
moves away from the ethyl radical, so its influence is no longer 
felt, and many of the changes in atomic charges are reversed. In 
going from TS to product, C, always becomes more positive 
with MPA (except in CH,F-CHF, + OH), in some cases more 
than compensating for the buildup of charge at the TS. With 
NPA, C, continues to become more positive. The BPA 
changes are smaller, with varying signs. If the change in charge 
from reactant to product is considered, BPA always predicts 
that C, is more negative in the product (except in the case of 
CF3-CHF, + OH), consistent with the increase in electro- 
negativity in going from an sp3- to sp2-hybridized carbon. 

The MPA results for Cp usually continue the trend to posi- 
tive changes observed in going from reactant to TS, and with 
NPA it continues to become more negative. Signs for the BPA 
changes vary, and the magnitude is often smaller than for 
MPA, with CF3-CHF, + OH again being a notable excep- 
tion. 

For a-fluorines. the trend of MPA results to more ~os i t ive  
values, which was seen for the change from reactant to TS, 
continues but with slightly smaller values, and a few excep- 
tions where the value is slightly negative. With BPA, and NPA 
in most cases, the values of AQ,,s,, are slightly negative. All 
three methods give very small magnitudes for p-fluorine 
values. 

For the reacting hydrogen atom, the BPA method continues 
the trend to more positive charge, although the effect is smaller 
than before. It also continues to become more positive with 
NPA, with the effect having about the same magnitude as for 
reactants to transition states. Much smaller magnitudes are seen 
in the MPAresults, where the signof thechange varies. Theoxy- 
gen atom undergoes similar trends as for reactants to transition 
states, with the effect again being much smaller with MPA. 

A general trend seen in these results is that there is a buildup 
of charge in the TS, concentrated near the reaction centre. The 
charge buildup on a-carbon atoms dissipates somewhat as the 
reaction proceeds to products, with MPA and BPA. With 
NPA, the buildup of positive charge continues. For other 
atoms the buildup or depletion of charge continues, but the 
effect is smaller. 

The magnitudes of the electron density and its Laplacian at the 
bond critical points are in most cases correlated with the bond 
strength, as measured by bond dissociation energies. The posi- 
tion of the bond critical point varies with the electronegativity 
of the surrounding atoms. 

The three methods used to calculate atomic charges give 
somewhat different descriptions of electron transfer in the 
reactions. In general, there is a buildup of charge in the TS, 
concentrated near the reaction centre. As the reaction proceeds 
to products the charge buildup on the a-carbon dissipates 
somewhat, while for other atoms the buildup or depletion of 
charge continues, but at a lesser rate. 

Of the three methods used to calculate atomic charges, BPA 
is the most sophisticated, but MPA appears to give more real- 
istic results, at least when relative atomic electronegativities 
are considered. However, the BPA results are consistent with 
bond polarities determined in previous studies, and they give a 
reasonable picture of the charge development in the reactions. 
The NPA results are in many cases intermediate between the 
other two, but appear to overestimate charge transfer on car- 
bon atoms. 
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Analysis of magnesium-carbon bonding in 
magnesium anthracene systems' 

Ralf Stegmann and Gernot Frenking 

Abstract: Ab initio calculations at the MP2/3-21G(*) level of theory have been carried out for the magnesium-anthracene 
complexes 9,lO-magnesiumanthracene.3H20 (1) and the 9-methyl (2), dimethyl (3), and 9,lO-bis(methylsi1yl) (4) substituted 
derivatives. The theoretically predicted geometries of the anthracene ligands are also reported. The calculated geometries of 
1-4 are in very good agreement with experimental values for the corresponding THF complexes. The Mg-C,,,, bonds of 
the bridged structures are rather long and the anthracene ligands are folded by -40' along the C9-C,, line in the complexes. 
Analysis of the electronic structure shows clearly that the Mg-C,,,, bonds should be considered as purely ionic. This is revealed 
by topological analysis of the electron density distribution and its associated Laplacian. The electron density at the Mg-C,,,, 
bond critical points p(rb) is very low and the Laplacian V2p(rb) and the energy density Hb have positive values. The ionic nature 
of the Mg-C,,,, bond is also indicated by the natural bond order (NBO) analysis, which gives a Lewis structure with two lone 
pairs at C, and C,, but no Mg-C9,,, bonds. The NBO method gives a charge donation from Mg to the anthracene ligand of 
nearly two. The theoretically predicted NMR chemical shifts using the CIAO method give I3c resonances for the complex 1 and 
for anthracene and anthracene dianion that are in good agreement with experimental values. 

Key words: magnesium-anthracene complexes, ab initio calculations, analysis of magnesium-carbon bonding. 

RQum6 : On a effectuC des calculs ab initio au niveau MP2/3-21(G") de la thCorie pour les complexes suivants du magnisium 
avec des anthracknes : 9,lO-magnCsiumanthrackne.3Hfl (1) et pour les dCrivCs substitutks 9-mCthyl- (2), 9,lO-dimCthyl- (3) et 
9,lO-bis(mCthylsilyl)- (4). On rapporte aussi les gComCtries prCdites par la thCorie pour les coordinats anthracknes. Les 
g6omCtries calculCes des composCs 1-4 sont en bon accord avec les valeurs expCrimentales des complexes correspondants avec 
le THF. Les liaisons Mg-C,,,, des structures pontCes sont relativement fortes et les coordinats anthracknes sont repliCs 
d'environ 40' le long de la droite reliant C, 6 C,, dans les complexes. L'analyse de la structure Clectronique montre clairement 
que les liaisons Mg-C,.,, devraient 2tre considCrCes comme purement ioniques. Cette conclusion est rCvClCe par l'analyse 
topologique de la distribution de la densit6 Clectronique et du laplacien qui lui est associC. La densite Clectronique aux points 
critiques de la liaison Mg-C,,,o, p(rb) est trks faible et le laplacien, vlp(rb) ainsi que la densit6 d'Cnergie, Hb, ont des valeurs 
positives. La nature ionique de la liaison Mg-C,,,, est aussi indiquCe par I'analyse NBO qui conduit 6 une structure de Lewis 
comportant deux paires non partagCes en C9 et en C,,, mais pas des liaisons Mg-C,,,,. La mCthode NBO conduit 6 un don de 
charge du Mg au coordinat anthracene de pratiquement deux. Les dCplacements chimiques en RMN predits d'un point de vue 
thCorique 6 l'aide de la mCthode CIAO conduisent 6 des rCsonances en I3C pour le complexe 1 et pour l'anthrackne et le dianion 
de l'anthrackne qui sont en bon accord avec les valeurs expCrirnentales. 

Mots elks : complexes magnCsium-anthrackne, calculs ab initio, analyse des liaisons magnCsium-carbone. 

[Traduit par la rCdaction] 

Introduction 

In 1965, Ramsden found that elementary magnesium reacts 
with anthracene in tetrahydrofuran (THF) to form an orange 
compound, which has the magnesium atom in a bridging posi- 
tion between the C9 and C,, position (I) .  The discovery made 
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by Ramsden remained in a dormant stage, until in 1980 
Bogdanovic et al. found that magnesium anthracene systems 
can be used for the hydrogenation of magnesium under very 
mild conditions (2). This finding triggered numerous experi- 
mental studies about the properties and application of these 
synthetically and industrially interesting compounds (3-5). It 
was found that magnesium anthracene compounds are excel- 
lent reducing agents for transition metal salts, and that they 
can be used to prepare Grignard components in a very conve- 
nient way. 

The key to the fascinating chemistry of the magnesium- 
anthracene system is the unusual Mg-C bond. X-ray struc- 
ture analyses of the magnesiumanthracene3THF complex and 
substituted derivatives show that the magnesium atom is usu- 
ally pentacoordinate with three THF molecules surrounding 
the Mg atom (5). The Mg-C,,," bond distances are very long 
(2.2-2.35 A) and the C,-Mg-C,, bond angle is very sharp 
(71"-79"). The anthracene moiety of the complex is folded 
along the C9-C,, line by 26O45". The complexes with bulky 
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trimethylsilyl substituents at C, and C,, have only two THF 
molecules around the Mg atom (5). 
Scheme 1. 

The Mg-C bonding in these complexes appears not to be 
very strong. The equilibrium between magnesium and 
anthracene and the adduct is temperature dependent and can be 
strongly influenced by substituents in the 9 and 10 positions 
(3). At O°C, the equilibrium between magnesium and 
anthracene in THF and the complex is nearly 100% on the 
adduct side, while at 60°C the equilibrium is strongly shifted 
toward the starting materials (3h). An interesting observation 
is that at 60°C the equilibrium of the parent compound is only 
23% on the complex side, and while one methyl group in the 
C9 position enhances the product concentration to 5 1%, two 
methyl groups at C9 and Clo reduce the complex concentration 
to only 5% (Scheme 1) (3h). . 

The nature of the Mg-C bonding in magnesium anthracene 
systems is not fully understood. The low thermal stability of 
magnesium anthracene systems speaks against a significant 
covalent contribution. Since the NMR data of the magnesium- 
anthracene complexes differ significantly from those of the 
dianion of Li,[anthracene] (6), Bogdanovic concluded that an 
ionic structure can be ruled out (3j). The dominant feature of 
the NMR spectrum of Li,[anthracene] is the strong shift of the 
13c resonances of C,,,, towards higher field by 49.8 ppm rela- 
tive to anthracene (6). The 13c signals of C,,,, of Mg- 
anthracene.3THF are shifted to even higher fields by 68.5 ppm 
(3j). A higher charge concentration at C,,,, in the Mg complex 
than in the anthracene dianion was regarded by Bogdanovic as 
an unlikely reason for the larger high-field shift. This author 
interpreted the 13c signals of C9,,9 as indicating a change in the 
hybridization of C,,,, towards sp (3j). Bogdanovic suggested 
ionicxovalent resonance forms for the description of the 
Mg-C,,,, bonds (Scheme 2). It should be noted that reso- 
nance forms such as b and c should not be very important, 
because the anthracene moiety is strongly bent along the C9,10 
line. 
Scheme 2. 

There has been no theoretical investigation of the structure 
and bonding of these compounds. In this paper we report the 
theoretically predicted geometries of the parent compound 
9,lO-magnesiurnanthracene.3H@(l) using ab initio quantum 
mechanical methods at the Hartree-Fock and MP2 levels of 
theory. The water ligand has been taken to mimic THF. We also 
report theoretical results for the substituted derivatives 9- 

Table 1. Calculated and experimental 
Mg-C,,, bond distance (A) of 1 

Method Mg--C9,10 

PM3 1.930 
HF/3-21G(*) 2.223 
HF/6-3 1G"* 2.246 
MP2/3-21G(*) 2.219 
MP2/6-3 1G** 2.238 
Exp." 2.25-2.33 

"Reference 5a. 

methyl- (2), 9,lO-dimethyl- (3), and 9,lO-(methy1)silyl-mag- 
nesiumanthracene,3H,O(4). The latter compound was taken as 
model for 9, 10-(trimethy1)silyl-magnesiurnanthracene.3H2O), 
which could not be calculated for computational reasons. The 
focus of this study is the analysis of the Mg-C bonding inter- 
actions. To this end we employed topological analysis of the 
electron density distribution p(r), its gradient field Vp(r), and 
the associated Laplacian Vlp(r) developed by Bader (7). The 
electronic structure of the complexes has also been examined 
by using the natural bond orbital (NBO) method developed by 
Weinhold and co-workers (8). 

Method 
The geometry of 1 has been optimized at the Hartree-Fock 
(HF) and MP2 (Mdler-Plesset perturbation theory terminated 
at second order) (9) levels of theory using 3-21G(*) and 6- 
3 1G** basis sets (10). Geometry optimizations have also been 
carried out with the semiempirical method PM3 using the 
actual Mg parameters (1 1). The harmonic vibrational frequen- 
cies have been calculated at HF/3-21G(*) using analytical 
second derivatives. The geometries of 24 and the anthracene 
species 5-8 were optimized at MP2/3-21G(*). The calculated 
geometry of 1 was not very different when larger basis sets 
were employed. Because this study focusses on the structure 
and not the energy of the molecules, calculations at the 
MP2/3-21G(*) level of theory are sufficient. The program 
~VRBOMOLE was used for the geometry and energy calculations 
(12). The NMR chemical shifts were calculated using the 
direct version of the GIAO method (13). The HFIGIAO calcu- 
lations were carried out with a DZ + P basis set (14). For topo- 
logical analysis of the electron density distribution the 
programs EXTREME, SCHUSS, GFUDV, and CONTOUR were 
employed (15). The NBO calculations (8) were carried out 
with the program Gaussian 92 (16). 

Results and discussion 

The optimized structures of the complexes 1 4  and 
anthracenes 5-8 are shown in Fig. 1. Table 1 shows the Mg- 
C9,10 bond lengths of 1 calculated at PM3, HF/3-21G(*), HF/ 
6-31G**, MP2/3-21G(*), and MP2/6-31G**. It is obvious 
that the Mg-C,,,, bond distance using the semiempirical 
method PM3 is much too short, while the ab initio values are 
in good agreement with experiment. Table 2 gives the theoret- 
ical and experimental geometries of 1-8. The ab initio calcu- 
lations give geometries that are in good agreement with 
experimental values. It should be noted that the experimental 
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Stegmann and Frenking 

Fig. 1. Optimized geometries (MP213-21G(*)) of the 
magnesium-anthracene complexes 1 4  and the anthracene 
ligands 5-8. 

data deduced from X-ray structure analysis are subject to dis- 
order and solid-state effects. 

The anthracene moiety of complexes 1 4  is folded along the 
C,-C,,, line. The value of the folding angle depends upon the 
definition of the vectors forming the angle, T. We took the 
midpoints of the lines connecting C,,-C,,, C,-C,,, and C,,-  
C I 2  as one definition of the folding angle T (T,), and the mid- 
points of C,-C,, C,-C,,, and C,-C, as another definition, 
which is denoted T,. The folding angle of 1 is then calculated 
to be T ,  = 47.3" and T? = 38.2" (Table 2). Experimentally, two 
different molecules in the disordered crystal structures were 
found, for which the angles between the two phenylene planes 
were reported as T = 26.6" and 30.6" (5a). The folding angle of 
the 1,4-dimethyl derivative of 1  has experimentally been 
reported with a value of T = 40.95" (5b), which is in good 

agreement with the calculated value. Similar values of T = 
4 1.2" ( 5 4  and T = 45" (5c) have been reported for the trimeth- 
ylsilyl derivative of 1. It should be noted that the phenylene 
rings in the two crystal forms of 1  are slightly bent (5a). 

The calculated Mg-C9,,, distances of 1 4  are in good 
agreement with the observed values. The experimental Mg- 
C,,,, bond lengths of 1  show some scattering, due to the disor- 
der of the crystal (5a). The calculations predict that the Mg- 
C,,,, bond lengths of the 9,lO-substituted complexes 2-4 have 
slightly shorter bond lengths than the parent compound 1. The 
calculated C9-Mg-C,, angle is not very different for the four 
complexes. The theoretical values are between 76. l o  (1) and 
77.5" (3). This is in good agreement with the experimental 
results, which show bond angles C9-Mg-C,, between 70.9" 
and 78.2" (5). It should be kept in mind that the experimental 
results refer to THF complexes, while the calculated structures 
have water molecules as ligands. 

The effect of substituents at the C,,,, position upon the C- 
C bond lengths of anthracene is negligible (Table 2). It is inter- 
esting to compare the calculated C-C bond lengths of the 
anthracene moieties in the complexes 1 4  with those of 
anthracene (5) and anthracene dianion (5,-). The C,-C, dis- 
tance of 5 (1.379 A) becomes lon er in s2- (1.428 A). Slightly F- shorter C1-C2 distances than in 5 are calculated for the com- 
plexes 1 4  (1.413-1.414 A). The C,-C, bond length of 5 
( 1.438 A) becomes shorter in s2- ( 1.40 1 A) and it changes little 
in the com~lexes (1.403-1.407 A). The CI-C, I bond length of 
5 (1.442 A) becomes slightly shorter in 5,- (1.430 A) and 
reduces even more in the complexes (1.412-1.415 A). The 
largest change is found for the C,+, , bond, which becomes 
much longer, from 1.4 10 A in 5 to 1.430 A in s2- and 1.497- 
1.499 A in 1 4 .  The C 1 1 4 1 2  bond length of 5 (1.453 A) 
becomes longer in 5'- (1.472 A) but then it becomes shorter in 
the complexes 1 4  (1.443-1.449 A). The changes in the C-C 
distances from 5 and 5'- to the complexes indicate an enhanced 
aromatic conjugation within the two outer phenylene rings, 
while C9 and C l o  change towards singly bonded carbon atoms. 
The bond length alternation in the outer phenyl rings is clearly 
reduced in 1 4  as compared to 5 and s2- (Table 2). 

We come to the analysis of the magnesium-carbon bonding 
in the complexes 1 4 .  Figure 2 shows the contour line dia- 
grams of the Laplacian distribution for the four compounds in 
the C,-Mg-C,, plane. For comparison, we show also the 
Laplacian distribution for the anthracene dianion (s2-) using 
the geometry of the folded anthracene moiety of 1  (Fig. 2e). 
The areas of charge depletion ( ~ ~ ~ ( r )  > 0) are indicated by bro- 
ken lines, and the areas of charge concentration (Vp(r) < 0) are 
shown by solid lines. The magnesium atom is characterized by 
a large area of charge depletion. The shape of the Laplacian 
distribution around Mg indicates clearly that there is no charge 
concentration in the valence region. The metal atom has lost its 
valence electrons. There is an area of charge concentration at 
C, and Clo pointing toward the magnesium atom. This area of 
charge concentration is larger in the complex 1  than in the iso- 
lated anthracene dianion moiety (compare Figs. 2a and 2e). 
Visual inspection of the Laplacian distribution shows that the 
Mg-C,,,, bonds are strongly polar. Also, the Mg-0 bond is 
characterized by charge concentration at the oxygen end and 
charge depletion at the magnesium. Unlike C9 and C,,, the 
charge concentration at the oxygen atom shows little deforma- 
tion towards the Mg atom. This is reasonable, because oxygen 
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s2- (folded) \ 
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Stegmann and Frenking 805 

Fig. 2. Contour line diagrams of the Laplacian distribution V2p(r) at MP2/3-21G(*). The diagrams are plotted in the C9-Mg-C,, plane. The 
values V2p(r) represented by the contour lines are (in hartrees) 0.001 for the outermost line, then 0.002,0.004,0.008,0.02, 0.04, etc. Figures 
(a)-(6) show the complexes 1 4 .  Figure ( e )  shows the anthracene dianion using the geometry of the anthracene ligand in 1. Broken lines 
indicate charge depletion (V2p(r) > 0), solid lines indicate charge concentration (V2p(r) < 0). The solid lines connecting the atomic nuclei are 
the bond paths, the solid lines separating the atomic nuclei indicate the zero-flux surfaces in the plane. The crossing points of the bond paths 
and zero-flux surfaces are the bond critical points r,. 

is more electronegative and less polarizable than carbon. The 
difference between the very polar Mg-C9,,, and Mg-0 
bonds and the truly covalent C-H, C-C (2 and 3, Figs. 2b 
and 2c), and C-Si bonds (4, Fig. 2d) becomes obvious by 
comparing the Laplacian distribution in the interatomic region. 
The C-H, C-C, and C-Si bonds show continuous areas of 
charge concentration between the bonded atoms. 

Figure 2 shows not only bond paths for the Mg-C, and 
Mg-C,, bonds in 1 4 ,  but there is also a bond path between 
the carbon atoms Cg and C,,. In addition, there is a ring critical 
point for the C,MgC,, moiety. It follows that topological anal- 
ysis of the electron density distribution assigns a cyclic struc- 
ture to the CgMgCIo moiety of 1 4 .  A closer examination of 
Fig. 2 shows that the C,-C,, bond path is bent inward, and that 
the bond critical point is close to the ring critical point. Such a 
situation is typical for the opening of a three-membered ring. 
A merging of the C,-C,, bond critical point rb and the ring 
critical point r, would yield a singularity in p, which is called a 
catastrophe point in the configuration space (ref. 7, p. 114). 

The relationship between structure diagrams obtained from 
critical point bond paths and classical chemical bonds has been 
discussed in detail by Bader (7). Here it is sufficient to say that 
a bond path does not necessarily indicate a chemical bond. 
Two helium atoms, which are 100 A away, are still connected 
by a bond path, and they have a bond critical point. It is possi- 
ble, however, to distinguish within the atoms-in-molecules 
theory (7) between shared interactions, which are typical for 
covalent bonds, and closed-shell interactions, which are typi- 
cal for ionic bonds and van der Waals interactions. It has been 
shown that for shared interactions (covalent bonding) between 
two atoms the Laplacian at the bond critical point v2p(rb) is 
negative and large in magnitude, and that the electron density 
at the bond critical point p(rb) is also large in magnitude (ref. 7, 
p. 290f). For closed-shell interactions it holds that v2p(rb) > 0 
and p(rb) is relatively small. It has also been shown that the 
energy density at the bond critical point Hb is negative for 
covalent bonds, while it is zero or slightly positive for closed- 
shell interactions (17). 

Table 3 shows the calculated results of the topological anal- 
ysis for 1 4 .  For the C,-C, and C9-C,, ring bonds of 1  it is 
found that V2p(rb) < 0, p(rb) is rather large, and Hb < 0. These 
values are typical for covalent bonds. The results of the topo- 
logical analysis for the C9-C,,, Mg-0, and Mg-C9,,, interac- 
tions are clearly different. The values for V2p(rb) are positive 
and the magnitude of V2p(rb) and p(rb) is much lower than for 
the C-C ring bonds. The Hb values for the Mg-0 and Mg- 
C9,,, bonds are positive, while the C9-C,, interactions have 
slightly negative values (Table 3). It follows that the topolog- 
ical analysis of the electron density distributioiz classifies the 
Mg-C,,,o bonds a s  purely ionic! We checked if the results of 
the topological analysis change significantly when a larger 
basis set is employed. To this end we repeated the calculations 

at the MP2 level using a 6-3 1G(*) basis set for C9,,, and Mg at 
the MP2/6-31G(**) optimized geometry. For the other atoms 
a 3-21G basis set was employed. The energy density and the 
Laplacian at the Mg-C9,,, bond critical points changed only 
slightly, and the values were still positive (Hb = 0.007 hartreel 
A3, v2p(rb) = 4.398 e/A5). 

There is additional theoretical evidence for a classification 
of the Mg-C9,,, bonds of Mg-anthracene as purely ionic 
bonds. The NBO analysis (8) of the wave function gives the 
charge distribution and the most important Lewis structure of 
the molecule. We examined the wave functions of 1 4  at the 
MP2/3-21G(*) level. The most important result of the NBO 
analysis is that there is no Mg-C bond in the optimal Lewis 
structure! The NBO results give two lone pairs at C9 and C,,. 
It follows that the resonance form e shown in Scheme 2 gives 
the best representation of the magnesium-anthracene com- 
plexes. The hybridization at C,,,, is very interesting. The NBO 
analysis indicates that the lone pairs at C,,,, in complexes 1 4  
are nearly pure p AOs, while the bonds to the neighbouring 
carbon atoms are essentially sp2 hydridized (Table 4). The 
hybridization at C,,,, is nearly the same in the planar equilib- 
rium form s2-, in the folded geometry, and finally in the com- 
plex ligand. The calculated charge distribution (Table 4) 
indicates that the partial charge of the Mg-anthracene com- 
plexes at C,,,, is significantly larger than in anthracene2-, 
which is in agreement with the Laplacian distribution shown 
in Figs. 2a and 2e. This is a reasonable result, because the 
charge is delocalized in the n-system of planar anthracene2-, 
while it is more localized at the lone pairs of C,,,, in the folded 
anthracene moiety of 1 4 .  Table 4 shows that the partial 
charges at C9,,, increase from planar 5" (-0.40 e) to folded 
52- (-0.46 e). The electron transfer from Mg(H20)3 to the 
anthracene ligand leads to a further increase of the negative 
partial charge at C,,,, (Table 4). The NBO analysis indicates 
that the Mg(H20), moiety donates 1.67-1.78 electrons to the 
anthracene part. The Mg-C,,,, overlap-weighted bond order 
is very low. It follows that the NBO analysis supports the 
interpretation of the Mg-C,,,, bonding in magnesium- 
anthracene complexes as ionic with negligible covalent contri- 
butions. The NBO analysis of the wave function using 6- 
31G('" basis sets at C,,,, and Mg gave very similar results. 
The most important Lewis structure had no Mg-C,,,, bond. 
We enforced a Lewis structure with Mg-C9,,, bonds. The 
polarization of the Mg-C,,,, bonds was 6.8% at Mg and 
93.2% at C,,,,. This result shows that covalent contributions to 
the Mg-C9,,, bonds are indeed negligible. 

We calculated the NMR chemical shifts of the complex 1, 
anthracene ( 3 ,  and anthracene dianion (52-) at the optimized 
(planar) geometry and with the frozen geometry taken from 1. 
The latter form is 15.3 kcal/mol (MP2/3-21G(*)) higher in 
energy than the planar form. The calculated and experimental 
l3c chemical shifts of the THF complex are shown in Table 5. 
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Table 2. Geometry data of structures 1-8 at the MP213-21G(*) level of theory. Bond distances in angstrom, bond angles in degrees, folding angle z in degrees. Experimental values 
for the THF complexes are given in parentheses. 

Sym- 
Structure metry Mg-C ,,,, C9-Mg-C,, Mg-0, Mg-O,,, c,-c, c2-c3 CI-CII '9-'l I CII-CI, f Ref. 

1 C?, 2.219 76.1 2.005 2.132 1.413 1.407 1.412 1.497 1.443 47.3; 38.2 
(2.25-2.33) (70.9-71.9) (2.059-2.065) (2.028-2.091) (1.330-1.403) (1.362-1.396) (1.365-1.402) (1.465-1.487) (1.414-1.428) (26.630.6) 5ad 

2 C, 2.215"-2.212~ 76.8 2.003 2.137 1.414 1.405 1.415 1.499 1.446 47.3; 37.9 
3 C?, 2.207 77.5 2.003 2.138 1.414 1.403 1.414 1.498 1.449 48.3; 39.4 
4 C?, 2.217 76.7 2.006 2.118 1.413 1.406 1.414 1.499 1.446 45.8; 36.4 

(2.215-2.222) (78.1) (2.0 13-2.01 5) (1.368-1.384) (1.373-1.383) (1.398-1.407) (1.471-1.491) (1.425-1.428) (41.2) 5 ~ "  
(2.233-2.234) (78.2) (1.997-2.021) (1.380-1.407) (1.377-1.391) (1.374-1.405) (1.498-1.509) (1.430-1.442) (45.0) 50" 

5 D?h 1.379 1.438 1.442 1.410 1.453 
(1.352-1.357) (1.418) (1.427) (1.393-1.398) (1.437) 18 

s?- 
D?h 1.428 1.401 1.430 1.430 1.472 

6 c5 1.380 1.435 1.445 1.423 1.455 

7 c2, 1.378 1.43 1 1.445 1.420 1.458 

8 Ch 1.378 1.430 1.445 1.430 1.458 

"Mg-C,. 
hMg-C,,,. 
'Folding angle at the anthracene moiety along the C9-C,, line. The two calculated values refer to two different definitions of z. The first value z, is given by the midpoint of C,,-C,,, C9-C,,, C,,-C,,. 

The second value z? is given by C,-C,, C,-C ,,,, C,-C,. 
"~agnesiumanthracene.3 THF. 
'Magnesium-9,lO-bis-trimethylsilylanthracene.2 THF. 
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Stegmann and Frenking 

Table 3. Resul ts  o f  t he  topological  analys is  o f  the  e lect ron densi ty  distribution a t  
t h e  MP213-21G(*) level  o f  theory"  

-- 

Structure  B o n d  P ( T ~ )  V2P(r,) 4 Rab Arab 

"Electron density at the bond critical point p(r,) (e/A3), energy density at the bond critical 
point H, (hartree/A3), Laplacian at the bond critical point V2p(r,) (e/As), bond distance R,, 
(A), distance of the bond critical point for the bond A-B from atom A A,;, (A). 

The theoretically predicted I3c resonance signals for 5 are in 
very good agreement with experiment. For the 13c signals of 
C,,,, of the dianion 5'- the calculations predict a shift towards 
higher field by 6 1.4 ppm, from 126.6 pprn to 65.2 pprn (Table 
5). This is in reasonable agreement with the experimentally 
observed shift from 126.2 pprn for 5 to 75.1 pprn for 
Li,[anthracene]. It should be noted that the latter compound is 
taken as reference for free 5'-, although the structure of the 
compound is not known. The HFIGIAO calculation for 5'- 
using the folded geometry of the anthracene moiety of 1 gives 
a surprising result. The calculations predict that the 13c sig- 
nals of the planar and folded anthracene dianion are nearly the 
same (Table 5). A particularly surprising result is the calcu- 
lated resonances for C9,,,. Although the charge distribution 
and the C-C bond lengths of C,,,, are clearly different 
between the lanar equilibrium geometry 5'- and in the com- P .  plex 1, the ' C signals differ only by 1.1 pprn (Table 5). We 
want to point out that previous theoretical analyses of the cor- 
relation between the electronic structure and the NMR chemi- 
cal shifts of numerous molecules suggest that there is 
generally no correlation between partial charges and NMR 
resonances (20). The chemical shift is very sensitive to the 
electronic structure of the molecule and there are many factors 
that can strongly influence the position of the NMR reso- 
nance. There seems to be a fortuitous cancellation of the dia- 
magnetic and paramagnetic contributions to the I3c 
resonances of C9.,q that leads to nearly identical values for 
planar and folded 5--. 

The HFIGIAO calculations for the I3c signals of C,,,, pre- 
dict a further shift, by 24.5 ppm, towards higher field from 
planar 5'- to 1 (Table 5). This is in agreement with the exper- 
imentally observed high-field shift of 17.4 pprn from 75.1 pprn 
for 5" to 57.7 pprn for l . ' ~ h u s ,  the calculated I3c signals for 

the compounds given in Table 5 reproduce the experimentally 
observed resonances quite well. 

Summary 
The ab initio calculations at the MP213-2lG(*:) level of theory 
predicted for the magnesium-anthracene complexes 1 4  are 
in very good agreement with X-ray structure analyses of the 
related THF complexes. Inspection of the electronic structure 
of the complexes using topological analysis of the electron 
density distribution and its associated Laplacian shows clearly 
that the Mg-C,,,, bonds should be considered as purely 
ionic. This follows from the Laplacian distribution of the com- 
pounds and the calculated values for the charge density and 
energy density at the Mg-C,,,, bond critical points. An ionic 
character of the Mg-C,,,, bonds is also suggested by the 
NBO analysis, which gives a Lewis structure with two lone 
pairs at C9 and C,, and no Mg-C bonds. The NBO calcula- 
tions predict that the partial charge of the anthracene moiety is 
nearly -2. The HFIGIAO calculations give I3c NMR signals 
for the magnesium-anthracene complex 1, anthracene, and 
anthracene dianion that are in good agreement with experi- 
mental values. 
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Table 5. Calculated (HFIGIAO) and experimental "C NMR 
chemical shifts 6, (pprn) of 1, 5,  and 5'-. Experimental values are 
given in parentheses. 

6, 

Structure C I  

1 117.6 
(1 14.1) 

5 129.7 
(128.1) 

s2- 101.0 
(101.1) 

5'- (folded)" 105.3 

C , ,  Ref. 

"Using the frozen geometry of the anthracene ligand of 1. 
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The 1,2,3,5-ditelluradiazolyl [HCN2Te2] 
species. Theoretical characterizations of the 
cation, radical, and radical dimers 

William M. Davis and John D. Goddard 

Abstract: Dithia- and diselena-diazolyl radicals (HCN,E, E = S, Se) and dimers are important building blocks in the design of 
low-dimensional molecular conductors. Research on the tellurium-based analogues is much rarer. This work reports the 
molecular and electronic structures of the cation, radical, and radical dimers of 1,2,3,5-ditelluradiazolyl using ab initio theory 
including electron correlation by Moller-Plesset perturbation theory up to partial fourth order (MP4SDQ). A face-to-face C2v 
dimer is predicted to be bound with respect to two radicals by approximately 18 kcallmol. A C,, dimer also has been studied and 
is ca. 2 kcaVmol less stable than the C,, conformer. Relaxing symmetry constraints on the dimers led to more energetically stable 
structures at the Hartree-Fock level but the C2" structure remains the most stable at a level of theory including electron 
correlation effects. The results for the Te compounds along with our earlier research on the S and Se analogues provide 
predictions for the geometries, vibrational frequencies, and ionization potentials for the Te species to assist in future experiments. 

Key words: tellurium, ab initio, ditelluradiazolyl, dimers, binding. 

RCsurnC : Les radicaux dithia- et disCltnadiazolyles (HCN2E2, E = S, Se) et leurs dimkres sont des blocs de construction 
importants dans le dCveloppement de conducteurs moltculaires de  faibles dimensions. Des recherches sur des analogues ayant le 
tellure comme base sont beaucoup plus rares. Dans ce travail, on a calculC les structures moleculaires et electroniques du cation, 
du radical et des radicaux dimkres du 1,2,3,5-ditelluradiazolyle en utilisant la theorie ab initio, y compris la corrClation 
d'tlectrons par la thiorie des perturbations de Moiler-Plesser jusqu'au quatrikme ordre partiel (MP4SDQ). I1 est prCvu qu'un 
dimkre face B face C2v sera lie par environ I8  kcaVmol par rapport aux deux radicaux. On a aussi CtudiC un dimkre C2, et il est 
moins stable que le conformkre C2, par environ 2 kcallmol. Au niveau de Hartree-Fock, des contraintes de symttrie de relaxation 
appliquees aux dimkres ont conduit B des structures CnergCtiquement plus stables, mais la structure C2v demeure la plus stable B 
un niveau de la thCorie qui inclut les effets de correlation d'klectrons. Les rCsultats pour les composCs du Te en relation avec nos 
Ctudes antkrieures sur les analogues du S et du Se conduisent B des predictions au sujet des gComCtries, aux frCquences 
vibrationnelles et aux potentiels d'ionisation des espkces du Te qui pourront aider dans des experiences futures. 

Mots clis  : tellure, ab initio, ditelluradiazolyle, dimkres, fixation. 

[Traduit par la redaction] 

Introduction 

Much research on molecular conductors is based on the use of 
charged T-radicals, either in the form of charge transfer salts 
such as TTF-TCNQ (tetrathiafulvalene-tetracyano p-diquino- 
dimethane) or radical ion salts such as those based on the 
TMTSF (tetramethyltetraselenafulvalene) and TTF donors 
(1). An alternative approach involves the use of neutral rather 
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than charged radicals. Interest in the development of molecu- 
lar conductors based on these neutral T-radicals has driven 
recent experimental and theoretical studies of various hetero- 
cyclic thiazyl and selenazyl radicals. In particular, derivatives 
of 1,2,3,5-dithia- and 1,2,3,5-diselenadiazolyl [RCN,E,].lb 
represent "building blocks" (2) that, in the solid state, adopt 
stacked structures with nearly equal monomer-monomer dis- 
tances. As with any one-dimensional structure with a half- 
filled electronic band, these stacked radicals are prone to a 
Peierls instability, i.e., a tendency to dimerize (3). 

This paper presents theoretical studies of the tellurium rad- 
icals, l b ,  their dimers, and the corresponding cations, l a .  It 
represents a continuation of our theoretical examination of the 
dichalcogen diazolyl system HCN,E, (E = S, Se, Te). Our ear- 
lier results on the S and Se analogues were in good agreement 
with available experimental data (4). 

Our theoretical approach to these main group heterocycles 
concerns itself with the prediction of the geometries of the rad- 
ical dimers to suggest possible solid state structures. In addi- 
tion, the binding energy of the dimer with respect to the 
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Davis and Goddard 

monomeric radical (4) is of interest. The predicted vibrational 
and photoelectron spectra (2) should aid in the eventual exper- 
imental characterization of the tellurium compound. 

E = S, Se, or Te 

Computational methods 

All-electron Hartree-Fock results were obtained using Gauss- 
ian 90 (5) or Gaussian 92 (6). The split valence 3-21G* basis 
set encoded into the program for carbon, nitrogen, and hydro- 
gen was used. The 3-21G* basis set for tellurium was taken 
from Dobbs and Hehrey (7) and Huzinagay (8) and includes 
six d-type polarization functions. 

The effective core potential Hartree-Fock predictions also 
were performed with Gaussian 90 (5) and Gaussian 92 (6). 
For tellurium, relativistic effective core potentials (RECPs) 
were chosen along with energy-optimized shared exponent 
valence Gaussian basis sets. The RECPs had been generated 
from relativistic Dirac-Fock atomic orbitals, rather than stan- 
dard Hartree-Fock orbitals as is the case for the ECPs for 
the first and second row atoms. The Hay-Wadt LANLlDZ 
basis set (9) encoded within the Gaussian 90 and 92 pro- 
grams was chosen. This basis set employs a full split- 
valence basis set for the first row elements (e.g., C, N) and a 
{core) plus six valence electron representation for tellurium. 
To augment this basis set, a set of six Cartesian d-type polar- 
ization functions was added to tellurium. In these core poten- 
tial calculations, the exponents for the six d polarization 
functions for tellurium were taken from Jaisen and Stevens 
(10). This augmented basis set will be referred to as 
LANL 1 DZ*. 

Stationary points at the SCF level were found using energy 
gradient methods and the geometry optimization algorithms of 
Schlegel (1 I) and Baker (12). The nature of these stationary 
points was confirmed by determining the SCF harmonic vibra- 
tional frequencies using analytical second-derivative methods 
for the all-electron approach and numerical differences of ana- 
lytical first derivatives for the core potential based methods. 
The SCF harmonic vibrational frequencies were scaled (13) by 
0.90 when used as predictions of the experimental anharmonic 
frequencies. This empirical reduction of double-zeta or larger 
basis set SCF vibrational frequencies by approximately 10% is 
well established (13). 

Electron correlation effects on relative energies were 
included in the all-electron and effective core potential calcu- 
lations using Moiler-Plesset perturbation theory (14) to sec- 
ond (MP2), third (MP3), and partial fourth order (including 

Fig. 1. Optimized geometries for the ditelluradiazolium cation 
from closed shell Hartree-Fock theory. 
LANLl D 2  

3210' 

2.653 

single, double, and quadruple excitations (MP4SDQ)). Disk 
space limitations prohibited an extension to full fourth order, 
i.e., MP4SDTQ. 

Results and discussion 

This study predicts the properties and structures of the proto- 
typal 1,2,3,5-ditellura radical l b  and cation l a  at levels com- 
parable to our earlier study of the sulfur and selenium 
heterocycles (4). These earlier predictions were in good agree- 
ment with available experiments (4). Theoretical studies of the 
isolated dimers also provide a first step towards understanding 
the associated dimers in any solid state structure that might be 
adopted by the ditelluradiazolyl radical. 

Geometries 

Optimized geometries of the ditelluradiazolium cation 
The optimized geometries of this closed shell cation in its 'Al 
ground electronic state are shown in Fig. 1. The effects of 
basis set were tested by comparing the all-electron 3-21G* 
geometry with the effective core potential LANLlDZ* stmc- 
ture. These differences are rather small, the largest being the 
Te-Te distance, which varies by about 3% from the all-elec- 
tron result, changing from 2.662 A (3-21G*) to 2.653 A 
(LANLlDZ*). The Te-N distances change from 1.948 A 
with the all-electron method to 1.903 A with the core poten- 
tial. These slight changes in geometry may be due to the rela- 
tivistic parametrization of the effective core potential basis set 
for Te (9). 

The structural changes that accompany ionization of the ,A, 
radical l b  to the 'Al cation l a  are of relevance to photoelec- 
tron spectroscopy. These geometry changes can all be related 
to the bondinglantibonding properties of the a, singly occu- 
pied molecular orbital (SOMO, 2). This orbital is both Te-N 
and Te-Te antibonding within the five-membered ring. 
Accordingly, the Te-Te and Te-N bond distances of the 
radical are shortened significantly upon ionization. To  a first 
approximation, the removal of an electron from the a, SOMO 
should not affect the C-N distances as the carbon atom lies in 
a nodal plane. Ionization of l b  nonetheless produces a small 
increase in the C-N distance within the ring. There have been 
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Fig. 2. Optimized geometries for the ditelluradiazolyl radical 
with the unrestricted Hartree-Fock model. 

LANLl DZ' 

3-21G' 
2.759 

no experimental studies to date on the Te containing cation or 
on closely similar compounds. There clearly would be diffi- 
culties in obtaining sufficient vapor pressure of the tellurium 
compound to obtain a gas phase photoelectron spectrum. 

Optimized geometries of the ditelluradiazolyl radical and 
dimers 

To assess the geometrical changes upon dimerization of the 
radicals, optimized structures of both the isolated radicals and 
their corresponding dimers were determined. The radicals 
were restricted to C2, symmetry to reduce the computational 
burden. However, checks of this restriction were made by pre- 
dicting the harmonic vibrational frequencies. Further discus- 
sion is given below and it is simply noted here that the C2, 
monomer is a minimum energy structure at the UHF level. 
Two conformations were considered for the dimers, the "face- 
to-face" C2, and "back-to-back" C2, structures. For the dimers 
the C2, and C2, symmetry constraints were relaxed in order to 
assess the energetic stabilization that might occur with the 
removal of symmetry constraints. The monomer rings them- 
selves were constrained to be overall planar in all the dimer 
calculations. The conformations of the dimers and any sym- 
metry restrictions were chosen with reference to the experi- 
mentally observed X-ray crystallographic structures of the 
sulfur and selenium diazolyl dimers (4). 

For the predicted structures, the agreement between the two 
basis sets at the Hartree-Fock level is very good. Figure 2 pre- 
sents the UHF optimized geometries of the ditelluradiazolyl 
radical. The results for this radical (2.76 A (Te-Te), 2.01- 
2.04 A (Te-N), and 1.34-1.35 A (N-C)) can be used as a 
prediction for future gas phase experiments on the structure of 
this compound. A rough comparison of the Te-N bond dis- 
tance with some recently available experimental results (Te- 
N = 1.918 A (1 5), Te-N = 1.966 A (16)) can be made. These 
comparisons are only approximate as the available experimen- 
tal results are for rather different compounds (15, 16). (Spin 
contamination in the UHF treatment of the radicals might have 
geometrical consequences. The value of S' for the Te radical 
with the 3-21G* basis was 1.044 while the proper value for a 
pure doublet is 0.75. However, the major effect as revealed by 

Fig. 3. Optimized geometries for the C,, conformation of the 
ditelluradiazolyl dimer. 

Fig. 4. Optimized geometries for the C,, conformation of the 
ditelluradiazolyl dimer. 

LANLl D F  

3-21 G' 

restricted open shell studies on a structure constrained to have 
C2, symmetry (of Fig. 7) is to shorten the distances in the rings 
slightly. The C-N distance decreases from 1.34 to 1.32 A 
comparing the UHF and ROHF structures of the radical.) It is 
interesting to speculate how the inclusion of electron correla- 
tion by M~ller-Plesset perturbation theory or in a density 
functional model would change the radical geometries. Pre- 
liminary results2 with a core potential plus split valence polar- 
ized basis set and the B3L)'P approach predicted r(Te-Te) = 
2.725 A, r(Te-N) = 1.986 A, and r(C-N) = 1.35 1 A within 1 % 
agreement with the Hartree-Fock results shown in Fig. 2. 
Electron correlation does not appear to be affecting the geom- 
etry qualitatively. 

W.M. Davis. To be published. 
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Fig. 5. Optimized geometries for the distorted C2, conformation 
of the ditelluradiazolyl dimer. 

LANLI DZ' 

3-210' 1 .so 

Fig. 6. Optimized geometries for the distorted C,,, conformation 
of the ditelluradiazolyl dimer. 

The theoretical structures of the tellurium dinier are more 
complex and are sunlnlarized in Figs. 3-6. As the Te-N anti- 
bonding a, singly occupied molecular orbital (SOMO) 2 of the 
radical is involved in the dimerization, the individual rings 
have reduced antibonding character upon dimerization. Con- 
sequently, the Te-N distances shorten slightly, as do the 
intramolecular Te-Te bond lengths. For the C,, and C,,, 
structures, the distance between the rings is predicted to be in 
the range 3.5-3.6 A. With the B3LYP method and a core 
potential plus split valence po1ari:ed basis set, the interannular 
distance is predicted to be 3.525 A, which is qualitatively sim- 
ilar to that found at the Hartree-Fock level. When symmetry 
constraints are relaxed, the dimer adopts a "short-long" struc- 
ture with two rather different interannular distances as shown 
in Figs. 5 and 6. In all cases, the monomer retains its essential 
structure within the dimers as revealed by very limited 

Fig. 7. Results for the geometries and the relative energies of the 
C,, and C, forms of the ditelluradiazolyl radical at the restricted 
open shell Hartree-Fock level of theory. 

Table 1. Hartree-Fock vibrational frequencies" for the 
ditelluradiazolium cation. 

Mode ( I n t e n ~ i t ~ ) ~  LANL 1 DZ* 3-21G* 

"All SCF harmonic vibrational frequencies were scaled by 0.90. 
 h he reported IR intensities are the average of the two computed values 

(in kmlmol) with the two basis sets. 

changes in the bond lengths and bond angles upon dinieriza- 
tion. For telluriuni, which has a van der Waals radius of ca. 
2.06 A (17),  the monomer-monomer distance is significantly 
shorter than twice this van der Waals radius in both the C,, and 
Cz,, dirners. The lower symmetry dimers have one Te-Te dis- 
tance that is approximately twice the van der Waals radii of 
tellurium. These lower symmetry dimers appear to have 
adopted a structure with only one significant interannular 
Te-Te interaction. 

Restricted open shell Hartree-Fock (ROHF) results 
ROHF studies on the radicals were carried out with this ver- 
sion of the Hartree-Fock method and showed that the CZv 
structure was not a minimum. A distortion to C, symmetry 
was energetically favourable (see Fig. 4). This situation is 
reminiscent of the doublet instability problem, the most 
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Table 2. Hartree-Fock vibrational frequencies" for the 
ditelluradiazolyl radical. 

Mode (Intensity)" LANL 1 DZ* 3-21G" 

"All SCF harmonic vibrational frequencies were scaled by 0.90. 
'The reported IR intensities are the average of the two computed values 

(in kdmol)  with the two basis sets. 

Table 3. Hartree-Fock vibrational frequencies" for the C2, 
ditelluradiazolyl dimer. 

Mode (Inten~ity)~ LANL IDZ* 3-21G* 

b I (3.3) 43i 66i 
az (0) 26 20 
b2 (0.2) 64 47 
a I (0) 69 59 
a2 (0) 59 65 
'JI (0) 73 84 
b,  (0.1) 195 176 
b2 (16) 194 208 
a2 (0) 22 1 209 
a1 (0.2) 199 215 
b I (17) 270 264 
a2 (0) 275 266 
b2 (2.3) 454 453 
a1 (1.2) 476 473 
bz (27 1 )  490 503 
a ,  (0.1) 515 528 
b,  (94) 540 555 
a2 (0) 539 555 
b2 (72) 739 760 
" I  (0.5) 744 764 
b2 (3.8) 967 978 
a ,  (0) 968 983 
b2 (193) 1183 1145 
a ,  (17) 1193 1156 
b I (46) 1243 1236 
a2 (0) 1276 1277 
4 (1.6) 131 1 1305 
az (0) 1338 1315 
b? (39) 3044 2953 
a ,  (9.2) 3046 2957 

"All SCF harmonic vibrational frequencies were scaled by 0.90. 
'The reported IR intensities are the average of the two computed values 

(in kdmol)  with the two basis sets. 

Table 4. Hartree-Fock vibrational frequencies" for the C2,, 
ditelluradiazolyl dimer. 

Mode (Intensity)" LANL I DZ* 3 .21~"  

0, (5) 74i 90i 
0, (1) 27 20i 
0, (1) 3 6 3 8 
" P  (0) 56 62 
" F. (0) 63 64 
OF. (0) 107 1 1  1 
"s (0) 188 186 
0, (0) 196 190 
0 ,  (20) 197 210 
as (0) 203 219 
0, (19) 268 263 
as (0) 27 1 265 
a, (3) 450 45 7 
as (0) 469 468 
c1, (263) 479 497 
O f  (0) 50 1 520 
as (0) 53 1 552 
0 ,  (83) 534 554 
a, (47) 745 765 
as (0) 74 8 768 
a. (7) 972 984 
"s (90) 972 984 
0,  (260) 1177 1145 
as (0) 1184 1153 
a" (78) 1260 1252 

(0) 1272 1273 
0 ,  (0) 1316 1307 
as (0) 1328 1313 
0 ,  (62) 3034 2943 
a~ (0) 3034 2943 

"All SCF harmonic vibrational frequencies were scaled by 0.90. 
"he reported IR intensities are the average of the two computed values 

(in krnlmol) with the two basis sets. 

famous example being that of the ally1 radical (18-21). This 
distortion at the ROHF level can be viewed as due to a second- 
order Jahn-Teller (SOJT) effect. The ROHF solution isolates 
two geometries that might be associated with the "resonance 
structures" but a CIv minimum results when the spin restric- 
tion is released and UHF is employed. The energy difference 
between the C, and C,, structures is quite small (approxi- 
mately 3 kcaVmol favoring the C, forms) despite fairly signif- 
icant changes in geometrical parameters such as the C-N 
bond lengths. These ROHF results suggest that the Te-N rings 
may distort easily. 

Infrared and UV-photoelectron spectra 
The theoretical infrared spectra of the cation and the radical 
are presented in Tables I and 2. As can be seen from the infra- 
red intensities, only four bands of appreciable intensity are 
predicted at approximately 505(b1), 605(b,), 11 10(b,), and 
1230(a1) cm-' for the cation. For the radical, three bands of 
appreciable intensity are predicted at approximately 405(bl), 
505(b,), and 1 100(a,) cm-I. 

The theoretical spectra of the Te dimers are presented in 
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Table 6. Hartree-Fock vibrational frequencies" for the lower 
symmetry back-to-back ditelluradiazolyl dimer. 

Mode (Intensity)" LANL 1 DZ* 3-21G'" 

a 
n 
n 
a 
n 

Table 5. Hartree-Fock vibrational frequencies" for the lower n 
symmetry face-to-face ditelluradiazolyl dimer. n 

a 
Mode ( In t en~ i ty )~  LANL 1 DZ'" 3-21G" a 

"All SCF harmonic vibrational frequencies were scaled by 0.90. 
'The reported IR intensities are the average of the two computed values 

(in kmlmol) with the two basis sets. 

"All SCF harmonic vibrational frequencies were scaled by 0.90. 
'The reported IR intensities are the average of the two computed values 

(in kdmol) with the two basis sets. 

Table 7. Predicted photoelectron spectrum of the ditelluradiazolyl 
radical using the 3-21G" basis set (ionization potentials in eV). 

Orbital (Character) Koopmans' IP" 

"Koopmans' ionization potentials were scaled by 0.92. The UHF a 
orbital eigenvalues were used. 

Tables 3-6. In all cases, there exists one small imaginary fre- cates six intense peaks in the 300-3000 cm-' region occurring 
quency of less than 90 i  cm-' that correlates with breaking of at 495(b,), 547 (b l ) ,  750(b,), 1165(b,), 1240(bl ) ,  and 3000(b,) 
the ring's planarity, which was enforced in our study. The pre- cm-'. 
dicted infrared spectrum of the more stable CZv structure indi- The predicted photoelectron spectrum for the ditelluradia- 
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Table 8. Predicted total and binding energies" for the ditelluradiazolyl radical and dimers. 

Distorted Distorted 
Radical C,, Dimer C,, Dimer C2" dimer C2, dimer 

Total energies 

LANL 1 DZ* 
HF -162.976 49 -325.864 71 
MP2 -163.437 27 -326.969 97 
MP3 -163.453 93 -326.927 56 
MP4SDQ -163.476 68 -326.978 16 

Binding energies (with ZPVEb correction) 

-- 

"Binding energies in kcallmol, total energies in atomic units (au). A positive binding energy indicates that the dimer is bound with 
respect to two radicals. 

bZPVE = zero point vibrational energy. 

zolyl radical is presented in Table 7. Koopmans' theorem indi- 
cates that the first ionization potential will be lower than for 
the S or Se radicals and should appear at ca. 7.08 eV. The 
remaining Koopmans' thoerem predictions for the ionization 
energies in the range of 7 to 17 eV are at 9.24, 9.72, 10.94, 
11.28, 12.41, 13.82, 14.92, and 16.24 eV. All these ionization 
energies are shifted about 1 eV to higher energy than the cor- 
responding peaks predicted for the Se compound (4). 

Energetics 
The energetics of dimerization of the radicals proved very sen- 
sitive to the theoretical method employed (Table 8). As a rad- 
ical recombination reaction, the SCF approach will not be 
quantitatively accurate, therefore electron correlation effects 
must be included (22). At a low order of Mdler-Plesset per- 
turbation theory (MP2) our earlier work (4) showed the C,, 
sulfur dimer to be bound by ca. 42 kcallrnol and the C2" sele- 
nium dimer by a larger amount, ca. 58 kcallmol. At the same 
level of theory, the C2, tellurium dimer is predicted to be 
bound by ca. 61 kcallmol. These binding energies include the 
changes in zero point vibrational energies between the two 
radicals and the dimer. However, upon extending the theory to 
higher levels, namely to third (MP3) and partial fourth 
(MP4SDQ) order, the binding energies using the LANL 1 DZ* 
and 3-21G* basis sets change to ca. 6.4 and 4.0 kcallmol (with 
the ZPVE correction included) for the sulfur species (4). Sim- 
ilar changes are observed for the diselena- and ditellura-dia- 

u 

zolyl radical dimers. For the tellurium compounds, computer 
resources were only sufficient to determine the MP3 and 
MP4SDQ energies using the LANL1 DZ*: basis set. The calcu- 

lated binding energies for the ditelluradiazolyl radical dimer 
using this basis set were ca. 14.9 (MP3) and 18.1 kcallmol 
(MP4SDQ). Comparing these results with the LANLlDZq: 
and 3-21G* results on the sulfur dimer, the binding energy of 
the tellurium species using the 3-21G" basis set is estimated to 
be in the neighbourhood of 15 kcallrnol. Thus, the tellurium 
dimer is predicted to be more strongly bound by approxi- 
mately 10 kcallrnol relative to the sulfur dimer. The small 
binding energies for the tellurium compounds are consistent 
with the limited structural changes predicted between the 
monomer and the dimer (vide supra). 

To ascertain if the C,, dimer is indeed the most stable, the 
binding energies of three other diiners were predicted. At the 
Hartree-Fock level, the distorted C2h dimer is the most stable 
of the four dimers studied. However, upon extending the the- 
ory to include electron correlation effects, MP4SDQ, the C2v 
dimer is marginally more stable by ca. 0.3 kcallmol. 

Conclusions 

This study extends our earlier theoretical research on the 
Group 16 elements S and Se to include Te. At the Hartree- 
Fock level, the agreement between the two basis sets, all-elec- 
tron and ECP, for the structures is very good. Differences 
noted between the all-electron and effective core potential 
results probably can be attributed to the relativistic parametri- 
zation of the core potential for Te and the neglect of such 
effects in the 3-21G:$ basis set. 

Vibrational frequency analyses of the cation and radical 
monomers showed that both are minima in CZv symmetry. 
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Table 9. Experimental and theoretical results for the dithiadiazolyl and diselenadiazolyl analogues (from ref. 4) along 
with predictions for the ditelluradiazolyl species (HCN,E$; E = S, Se, Te). 

S Se 

LANLIDZ* 3-21G* LANLIDZ* 3-2 1 G* 

Te 

LANLIDZ" 3-21G* 

Geometries 
Cation 
EE 2.03 1 2.027 2.293 
EN 1.577 1.57 1 1.719 
CN 1.339 1.335 1.337 
EEN 94.5 93.8 90.5 
ENC 117.3 117.3 119.3 

Radical 
EE 2.121 2.125 2.388 
EN 1.659 1.660 1.811 
CN 1.35 1 1.344 1.352 
EEN 94.0 94.4 90.1 
ENC 115.5 115.3 117.5 

C,, dimer 
E--E 3.154 3.026 3.1 1 3.31 1 
EE 2.075 2.07 1 2.07 2.323 
EN 1.639 1.635 1.64 1.780 
CN 1.332 1.323 1.32 1.332 
EEN 94.5 94.4 95 90.9 
ENC 114.5 114.2 113 1 15.9 

Koopmans' first ionization potential (scaled by 0.92) 
8.27 7.87 

Selected vibrational frequencies (scaled by 0.90) 
Cation 
b, 592 608 563 552 
bz 819 786 808 685 

I 1297 1260 1377 1266 

Radical 

bz 704 

C,,  dimer -- - 
bz 683 664 742 556 
b, 736 705 780 617 
bz 1238 1213 1214 775 

The radical dimers all have at least one imaginary frequency. 
The common imaginary mode in all the dimers corresponds to 
a breaking of the imposed constraint of planarity of the rings. 

Predictions of the binding energy of the two radicals to give 
the radical dimer indicate that the Te species will be more 
strongly bound than the corresponding S and Se species. The 
C2v dimer is probably the most stable of the four possible 
dimers studied in this work. These predictions for the ditellu- 
radiazolyl system can be used to guide further experiments. 

Finally, we briefly compare our predictions for the tellurium 
compounds with our earlier results (4) on the sulfur and sele- 

nium analogues. Key results are summarized in Table 9 along 
with the available experimental data (4) for the sulfur and sele- 
nium compounds. Our predictions of the same properties for 
the tellurium species should be approximately as reliable as 
those for the sulfur and selenium compounds. 
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A unified approach to dynamic NMR based on a 
physical interpretation of the transition 
probability 

Alex D. Bain and G.J. Duns 

Abstract: A general theory of the effect of dynamics (relaxation and (or) exchange) on NMR spectra is presented. This theory is 
based on a reexamination of the transition probability. The classic expression for this is as the square of the transition moment, 
but we feel it is useful to separate the square into two separate terms. In the generalization presented here, we show that one of 
these terms corresponds to the share of the initial magnetization that each spin coherence receives at the start of the experiment. 
The second term is how much that coherence contributes to the total detected signal. The final intensity is the product of these 
two factors. For a static spectrum, these two terms are complex conjugates, so the product is real and we recover the standard 
transition probability. When there is dynamics, the product becomes complex, so the time evolution includes oscillatory and 
dispersive terms. This means that a dynamic spectrum is still a sum of individual transitions, but the lineshapes are distorted in 
phase, intensity, position, and linewidth by the dynamic process. In this paper we develop the general theory, and illustrate it with 
a calculation of the classic problem of mutual exchange in an AB spin system. 

Key words: NMR spectroscopy, transition probability, chemical exchange, kinetics. 

RCsumC : On prCsente une thCorie gCnCrale de l'effet des processus dynamiques (relaxation et (ou) Cchange) sur les spectres 
RMN. Cette thCorie est basCe sur un rkexamen de la probabilitk de transition. L'expression classique pour ceci implique le cam6 
du moment de transition; toutefois, on croit qu'il est utile de sCparer le carrC en deux termes. Dans la gCnCralisation prCsentCe ici, 
on montre que I'un de ces termes correspond h la partie de la magnktisation initiale que chaque coherence de spin reqoit au dCbut 
de l'expkrience. Le second terme est un reflet de la partie de cette cohtrence qui contribue au signal qui est dCtectC. L'intensitC 
finale est le produit de ces deux facteurs. Pour un spectre statique, ces deux termes sont des conjuguCs complexes et le produit est 
donc rCel; on rCcuptre donc la probabilitk de transition standard. Quand le spectre est dynarnique, le produit devient complexe et 
I'tvolution avec le temps comprend des termes oscillatoires et de dispersion. Ceci signifie qu'un spectre dynamique est encore 
une somme de transitions individuelles, mais, i cause du processus dynamique, les formes des bandes sont dCformCes par la 
phase, l'intensitt, la position et la largeur de la bande. Dans ce travail, on a dCveloppt la thtorie gCntrale et on l'a illustree h l'aide 
d'un calcul du problkme classique de 1'Cchange mutuel dans un systtme de spins AB. 

Mots clPs : RMN spectroscopie, probabilitt de transition, Cchange cinttique, cinitique. 

[Traduit par la rkdaction] 

Introduction The title we  have used here is a conscious reference to  

Dynamic Nuclear Magnetic Resonance ( 1 4 )  means NMR in 
which spin relaxation and (or) chemical exchange contribute 
to the spectra, in a nontrivial way. If the rates of these pro- 
cesses are quite different from frequency separations in the 
spectrum, dynamic effects can be easily calculated (or 
ignored). However, as  more complex systems are studied, and 
more sophisticated experiments are developed, it is becoming 
clear that dynamics should be included from the start of any 
description of an NMR spectrum. 
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Binsch's classic work ( 5 )  o n  the subject. Indeed, many of the 
individual components of what w e  describe have been pub- 
lished elsewhere. W e  feel, however, that it is useful and 
important to bring together familiar concepts with those that 
may be novel to a given reader. This will produce a unified 
picture in which dynamic spectra are treated in the same way 
as other NMR spectra. 

The  foundation of this effort is a reexamination of the tran- 
sition probability. In this part of the work, there is little that is 
exclusively nuclear or magnetic about the spectroscopy. The  
discussion could equally apply to any form of coherent spec- 
troscopy, but we  formulate it in terms of NMR. A familiar 
example is shown in Fig. 1, which shows the lineshape due t o  
mutual exchange in an A B  system. It is clear that the static 
spectrum of an A B  spin system at equilibrium is made up of  
four transitions whose intensities are proportional to  the tran- 
sition probabilities. All the other spectra in Fig. 1 are of the 
same spin system, with different rates of mutual exchange. 
The traditional approach to exchange has been to treat these as  
single lineshapes - to calculate the total signal at any given 

Can. J. Chern. 74: 8 19-824 (1996). Printed in Canada 1 Irnprirnt au Canada 
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Fig. 1. NMR lineshapes of an AB spin system undergoing 
mutual exchange. The heavy, top line represents the total 
lineshape, and the lighter lines the four individual components. 
The parameters of the spin system are as follows: the chemical 
shift difference between the sites is 86 Hz, the coupling constant 
is 13 Hz, and T2 for each slte is 5 s. Starting from the bottom, the 
rates of exchange, in s-I, are O.l,5, 25, 125,625,3 125. Note that 
the vertical scale in the fourth spectrum from the bottom 
(rate = 125 s-l) has been multiplied by 4 to show the lineshape 
more clearly. In the top two spectra, the two main components 
are almost coincident, and the two mlnor components are almost 
zero. 

frequency. The dynamic spectra are then traced as a function 
of frequency (6-1 3). Johnston (14) has recently published a 
detailed discussion of these methods. They are, in some way, 
reminiscent of a continuous wave spectrometer, since they cal- 
culate the total signal. In contrast, we prefer (15) to regard all 
these spectra as the sum of four transitions (16). The signal at 
any given frequency is the sum of the contributions of the four 
lines. Furthermore, we deal with the four transitions in the time 
domain, as we would do with a pulse Fourier transform spec- 
trum. The results are the same, of course, but the reformulation 
simplifies and clarifies the solution. 

To define the transitions in Fig. 1 ,  we need to go back and 
examine the transition probability. This is usually given by 
time-dependent perturbation theory (17), or Fermi's Golden 

Rule No. 2 (1 8). If +i is the initial state, +,the final state, and I., 
the perturbation, then the transition probability is given in eq. 
[I]. Two factors make up the transition probability, and they 
are complex conjugates, so the intensity is real. In the gener- 
alization presented in this paper, these two factors have a 
physical interpretation: they are the projections of the individ- 
ual transitions along the total magnetization. In a dynamic sys- 
tem, the two factors are not complex conjugates, so the 
lineshapes in Fig. 1 are more complex. In spite of this, we may 
still treat them as transitions, as in the static case. 

[ l ]  Transition probability ~ ( + , I , I + ~ ) I ~  

In a pulse NMR experiment, the z magnetization is flipped 
into thexy plane, and the individual transitions start to precess. 
During the detection, the total xy magnetization is measured as 
a function of time. We will show that one of the factors in eq. 
[ 11 comes from the fact that the total zmagnetization (converted 
toxy magnetization by the first pulse) must be divided amongst 
the individual NMR coherences. Each line in the spectrum gets 
its share before it starts precessing. The other factor comes from 
how visible each transition is to the detector. In a static 1D spec- 
trum, these factors may be different for each line in the spec- 
trum, but they are complex conjugates so the intensity of each 
line is always real. If we have a pulse experiment, the spin 
manipulations fit "between" these two factors. The initial mag- 
netization is divided into the individual coherences, these are 
manipulated by the pulse sequence, and then the signal is 
detected. In a dynamic system the two factors are no longer 
equal, and the transition probability has both real and imaginary 
parts. The real and imaginary terms give the intensity and phase 
distortions that are common in pulse experiments. All the spec- 
tra in Fig. 1 are made up of four transitions; the only difference 
is the character of the transition probability. 

Basic theory 

The fundamental equation for this work is the equation of 
motion for the density matrix (19), as in eq. [2]. 

It is more convenient to reexpress this equation in Liouville 
space (19-21), in which the density matrix becomes a vector, 
and the commutator with the Hamiltonian becomes the 
Liouville superoperator. We will use bold-face upper-case 
italic letters to denote superoperators. Equation [2] becomes 
e q  Dl. 

If we use frequency units (hI27r = I), then the formal solution 
to eq. [3] is given in eq. [4], in which exp( ) denotes the expo- 
nential of a matrix. 
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Relaxation or chemical exchange can be easily added in 
Liouville space, by including a Redfield matrix, R, for relax- 
ation, or a kinetic matrix, K, to describe exchange. This 
restricts this particular description to first-order kinetics in the 
reaction. The equation of motion becomes eq. [5]. 

In NMR, we detect the magnetization in the xy plane, so we 
may say that we always measure the expectation value of the I, 
operator. This is just the unweighted sum of all the IXi operators 
for the individual spins i. It may be a function of several time 
variables, including the time during the acquisition, but it is 
always given by eq. [6]. 

In Liouville space, both the density matrix and the I, opera- 
tor become vectors. The scalar product of these Liouville 
space vectors is the trace of their product as operators. There- 
fore, the NMR signal, as a function of a single time variable, t, 
is given by eq. [7], in which the parentheses denote a Liouville 
space scalar product. 

[71 NMR signal = (I,, p(t)) 

We start at equilibrium. In the high-temperature approxima- 
tion, the equilibrium density operator is proportional to the 
sum of the I: operators, which we will call FZ. If there are mul- 
tiple exchanging sites with unequal populations, pi, the sum is 
a weighted one, as in eq. [8]. 

We assume that a simple, nonselective pulse has been used 
at the start of the experiment. This rotates the equilibrium z 
magnetization onto the x- axis. Note that neither the equilib- 
rium state nor the effect of the pulse depend on the dynamics 
or the details of the spin Hamiltonian (chemical shifts and cou- 
pling constants). The equilibrium density matrix is propor- 
tional to F,. After the pulse the density matrix is therefore 
given by F,,, and it will evolve as in eq. [4] or [ 5 ] .  If we substi- 
tute eq. [5] into eq. [7], we get the NMR signal as a function of 
time t, as given by eq. [9]. In this equation we distinguish the 
sum of the operators weighted by the equilibrium populations, 
F,, from the unweighted sum, I.,. The detector sees each spin 
(but not each coherence!) equally well. 

[9] NMR signal = ( ~ . , e x ~ { ( - i ~  - R - K)t} F,) 

This equation can be solved several ways (22). One method 
involves diagonalizing the Liouville matrix, iL + R + K. If U is 
the matrix with the eigenvectors as columns, and A is the diag- 
onal matrix with the eigenvalues down the diagonal, then we 
can write eq. [9] as eq. [lo]. This is similar to other eigenvalue 
problems in quantum mechanics, such as the transformation to 
normal coordinates in vibrational spectroscopy. 

[ lo] NMR signal = (I,~u-' ~ X ~ ( - ~ A ~ ) U ! F , , )  

Note that the Liouville matrix, iL + R + K may not be Her- 
mitian, but it can still be diagonalized. Its eigenvalues and 
eigenvectors are not necessarily real, however, and the inverse 
of U may not be its complex-conjugate transpose. If we allow 
complex numbers in it, eq. [ lo] is a general result. Since A is a 
diagonal matrix we can expand in terms of the individual 
eigenvalues, Xj. We can also apply U-' ("backwards") to I,, 
and obtain eq. [ l l ] .  This is the fundamental result on which 
this paper is based. 

[ l  11 NMR signal = (u-~I,),*(uF,)~ exp(iXjt) 
j 

Practical considerations 
For a single spin-112, the solution to eq. [I].] is very easy. 
There are three coherences: the z magnetization and the two 
counter-rotating xy magnetizations. Both L and R are diago- 
nal, so eq. [ l l ]  separates into three one-dimensional equa- 
tions. For the z magnetization, the matrix element of L is zero, 
and that of R is lIT,, so it behaves as e-'IT1. For the xy 
magnetizations, the matrix elements of L are +I-o, and that of 
R is 11T2. The xy magnetizations behave as ei"'e-'/TZ. 

For a general system, these sets of equations are huge, as 
written. For n spins-112, the density matrix has 22" elements, 
so the Liouville matrix has 24n elements. However. we can 
separate all the density matrix elements according to coher- 
ence level (23), that is, how many quanta are in the associated 
transition. In this case, the matrices block, and the largest sin- 
gle block is the one corresponding to the single-quantum tran- 
sitions. This single-quantum block is precisely the matrix that 
Binsch deals with (1 1, 12). In general, there is an equation like 
11 11 for each order of coherence. The amount of calculation 
L A 

needed in this approach is similar to standard density matrix 
methods. 

The quantities (U-~Z,)~ and (UF,,),. in eq. [ l  11 are projections 
of the eigenvectorj along I,,. From the above equations, we can 
interpret these as follows. The term (UF.,)j is the amount that 
the transition j received from the total x magnetization, created 
from the equilibrium state, and (u-'I.,)~ is how much that tran- 
sition contributes to the observed signal. These two terms may 
not be equal, as we will see in exchanging systems. An infor- 
mal way of thinking about these terms is to consider the tran- 
sition moment; ($~I,~$~). If we consider that the ket-bra 
operator !$f)i$ij represents the transition, then the transition 
moment is the projection of the transition operator along the I,, 
operator. 

In the usual preparation~volution-detection paradigm, 
neither the preparation nor the detection depend on the details 
of the Hamiltonian, except in special cases. Starting from 
equilibrium, a hard pulse gives a density matrix that is just 
proportional to F,. The detectcr picks up only the unweighted 
sum of the spin operators, I,. It is only during an evolution 
(perhaps between sampling points in an FID) that we must 
divide these totals amongst the various lines in the spectrum. 
Therefore, one of the factors in the transition probability 
represents the conversion from preparation to evolution; the 
other factor represents the conversion back from evolution to 
detection. 

Equations [ lo] and [ l l ]  are the basic equations we will 
work with. For instance, they say that any time-domain NMR 
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signal is the sum of decaying oscillations (15). This is obvious 
from the fact that it is described by a first-order differential 
equation, but eq. [ l l ]  gives a way of calculating the values of 
these exponentials for any system, static or dynamic. The dis- 
tinctions amongst different types of spectra lie in the eigen- 
values and eigenvectors of the Liouville matrix iL + R + K. 
Equation [ l l ]  describes static spectra, spin relaxation, and 
spectra showing the effects of chemical exchange or T2 relax- 
ation, in a single, unified picture. 

Static spectra 

If we have no dynamics (K = 0, and R only a perturbation), 
then the Liouville matrix is Hermitian and all the eigenvalues 
are pure imaginary. We can restrict our attention to the block 
containing the single-quantum transitions, and diagonalize 
that matrix. The positions of the lines in the spectrum are given 
by the eigenvalues and the intensities are governed by how 
much the eigenvector overlaps with I,. The amount that an 
individual transition receives and the amount it contributes are 
equal, and the transition probability is their product. This is 
exactly Banwell and Primas' "direct method," in which they 
solve for the transitions directly (24), rather than for the energy 
levels. Because of the size of the matrices, this is not an effi- 
cient way of simulating a static spectrum. However, the phi- 
losophy of dealing directly with the obsewables is very 
important. 

For an example, the AB spin system has a Liouville matrix 
given in eq. [12]. The coupling constant is J ,  and we may 
assume that o, = -oA = -612, so that 6 is the frequency dif- 
ference between the two sites. We define the usual angle, 0, for 
the AB system by the equation tan(0) = J/26. The Liouville 
space basis used here is the su ers in equivalent of the four 
product operators (I:, I,"I~, I!, [!It), and a set of rules for 
calculating these elements are given e l ~ e w h e r e . ~  

/ io, iJ/2 0 -iJ/2\ 

The four eigenvalues, which give the positions of the lines, are 
+/- J/2 +I- ( ( ~ 1 2 ) ~  + (6/2)2)1", as you expect for an AB sys- 
tem. The matrix of eigenvectors as columns is given in eq. 
[13], in which c = cos(0), s = sin(0) and 6 is defined above. 

C S C 

[ 131 Eigenvectors = 

In the basis used in eq. [12], the total x magnetization is pro- 
portional to the vector (l,O,l,O). Taking the dot product with 
the eigenvectors shows that the outer lines get (cos 0 - sin 0) 
from the total, whereas the inner lines get (cos 0 + sin 0). The 

The SIMPLTN program is available from A.D.B. at e-mail address 
given in footnote 1. 

squares of these terms give the familiar AB system intensities: 
(1 - sin 20) and (1 + sin 20). 

T, relaxation and evolution in coupled 
spin systems 

The approach described above has always been the standard 
approach for T, relaxation in coupled spin systems (25) relax- 
ation matrix analysis for NOESY spectra (26, 27), and exper- 
iments on slow chemical exchange (28-3 1). We are dealing 
with the block of the density matrix corresponding to z mag- 
netizations. The oscillation frequencies are all zero, so only 
the Redfield or kinetic matrix survives. This is symmetric, or 
at least can be made so (28). In a TI-type experiment, we do 
not measure the z magnetizations directly, but their dynamics 
during the delay follows eq. [ 101. We take linear combinations 
of the z magnetizations that decay exponentially, as in eq. 
[ l l ] ,  and let them decay (32, 33). Werbelow and Grant have 
used the analogy of normal modes (25), mentioned above. At 
the end of the delay, we transform the linear combinations 
back into the familiar z magnetizations that correspond to the 
lines in the spectrum. 

In principle, the Redfield matrix could connect every den- 
sity matrix element with every other one. However, we can 
usually ignore elements that connect two coherences with dif- 
ferent frequencies. For the z magnetizations, which are all 
degenerate in frequency, the off-diagonal elements of R are 
crucial for explaining observed effects. For the other elements 
of the density matrix, L has non-zero diagonal and off-diago- 
nal elements that, we often assume, dominate the elements of 
R. Therefore, we diagonalize L and then calculate the diagonal 
element of R, which we call 1/T2. This implies that thexy mag- 
netization decays as a single exponential. However, if there 
are degenerate transitions, off-diagonal elements must be 
included, and multi-exponential decay will be observed. For 
instance, methyl groups pass through multiple-quantum filters 
easily (34) because of such relaxation effects. 

Chemical exchange and scalar 
relaxation 

If the elements of a relaxation or kinetic matrix become com- 
parable with frequency differences in the spectrum, distortions 
appear in the spectrum. Chemical exchange is perhaps the 
most familiar example, but when relaxation becomes very 
efficient (as in viscous solutions), similar effects occur. In this 
case, the matrix iL + R + K must be non-Hermitian, since its 
diagonal elements have both real and imaginary parts. There- 
fore, the eigenvalues and eigenvectors may have complex val- 
ues, and the inverse of U is no longer its adjoint. Now the 
precession in eq. [ l l ]  has both a real and imaginary part: the 
real part gives the decay rate, and the imaginary part gives the 
frequency. The intensity and phase of each line are given by 
the transition probabilities calculated from the components of 
the eigenvectors along I.,, as in eq. [ l  11. 

In this case, the concept of a transition is generalized. The 
transition gets a certain amount of coherence from the initial x 
magnetization, but this is not equal to how much it contributes 
to the detected signal. Also, each coherence is not necessarily 
on the x axis at the start of the precession, at least formally. For 
a static spectrum they all start together, but not for a dynamic 
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spectrum. The overall spectrum is still in-phase, as we well 
know. The phase of the full spectrum is determined by the sum 
of the real and imaginary parts of each component of the FID 
at t = 0. This is the trace of iL + R + K. We can add a constant 
to the diagonal without disturbing the eigenvectors, so we add 
an imaginary number to cancel out the imaginary part of the 
trace. In some sense, this is like zero-order phasing in a FT 
spectrum. 

For example, two-site equally populated exchange is 
described by the matrix in eq. [14]. The two lines are at 
+I- 612, and k is the exchange rate. 

Following Reeves and Shaw (16), we can define two 
parameters, a and p, as in eq. [15]. 

With these definitions, one possibility for the matrix with the 
eigenvectors as columns is given in eq. [16], and its inverse in 
eq. [17]. 

These expressions, used in eq. [5] in our preliminary com- 
munication (15), give the Reeves and Shaw expressions, 
which give the familiar Gutowsky and Holm formula. 

Another example of these phenomena is the mutual 
exchange in an AB spin system. This is a classic example, with 
an analytical solution. We can start with the Liouville matrix 
for the AB spin system in eq. [12], and then we include the 
terms that represent spins leaving site A and going to site B. 
The result is given in eq. [18]. If we set w, = - w A  = -612, the 
symmetry of the matrix allows us to break it into two 2 x 2 
complex matrices, which can be diagonalized analytically. 
The resulting lineshapes match the published solutions (35). 

For more complex systems, the matrices are larger and the 
calculation of the matrix elements may be more complex, but 
the formalism is the same. Binsch uses the same matrix as in 
eq. [18], and extracts the same eigenvalues and eigenvectors. 
The difference between this work and that of Binsch is that he 
calculates the total signal as a function of frequency (6), fol- 

lowing Gordon's method (6). We believe it is better to leave 
the signal as a sum of absorption and dispersion lines. 

One advantage of this approach is that it simplifies viewing 
the results. The position, linewidth, phase, and intensity of 
each line are strong functions of the exchange rate, but they 
are still determined by the real and imaginary magnetizations 
at time zero, and the frequency and decay rate. A simulated 
FID can be calculated from these parameters, in the format of 
a commercial NMR program. The powerful processing and 
display routines can be used to compare the simulation with 
real data, and to plot the comparisons. Furthermore, recent 
advances in fitting spectra in the time-domain (36) can be 
applied directly to exchanging systems. 

General pulse experiments 
Equation [ l l ]  provides the basis for a general description of 
pulse NMR experiments. For simple experiments with hard 
pulses, the evolution of the spin system during a delay is the 
only part that involves the static Hamiltonian. The equilibrium 
state, the effect of a pulse, and the detection all are indepen- 
dent of chemical shifts and couplings. We extract the spectrum 
by observing the time dependence of the total x magnetization 
as a function of time. For a single pulse experiment, this is 
simply the acquisition time. For higher dimensionality, there 
are more time variables, but no significant complication. 

The description of the effect of a pulse is straightforward. 
Since it does not depend on the spin system, simple rules 
based on commutation relations or Wigner matrices will work. 
If the pulses are effectively instantaneous, the calculation is 
easy (37). 

During a delay, the description of the evolution depends on 
the spin system. For a weakly coupled system, the way that the 
product operators evolve in time is familiar. For two weakly 
coupled spins, the single-quantum coherence oscillates back 
and forth between I, and IJ,  (37). For strongly coupled sys- 
tems, the evolution is more complex (38), and it is worthwhile 
to consider another basis for Liouville space. The superspin 
formalism (21) takes this approach, and switches to what is 
called the Hamiltonian basis for the evolution. This is also the 
approach taken in the SIMPLTN program.2 The evolution is then 
calculated using eq. [ l  11. 

Note that this is a completely general approach. The eigen- 
vectors of iL + R + K, in the matrix U ,  provide a change of 
basis for the density matrix. The evolution then proceeds as in 
eq. 11 I], in which the eigenvalues are completely general. If 
they are pure imaginary, then we have the oscillations at the 
resonant frequencies. If they are pure real, we are dealing with 
a TI-type experiment, and the eigenvalues are the relaxation 
rates. If the eigenvalues have a real and an imaginary part, then 
we have line broadening and dynamic frequency shifts that are 
characteristic of this regime. 

This approach provides a rigorous description of the effect 
of dynamics on pulse experiments. Relaxation and other 
dynamic effects are often added post facto in many theories. 
Since eq. 11 11 is general, we can use it to explore the effect of 
exchange on pulse experiments, or the utility of pulse experi- 
ments applied to exchanging systems (39-42). 

Conclusions 

This reformulation of the transition probability provides a 
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general and concise picture of dynamic NMR. The fundamen- 
tal equations are [ lo] and [ l  11, and these are determined by the 
eigenvalues and the eigenvectors of the Liouville matrix. The 
eigenvalues give the position and widths of the lines in the 
spectrum. The eigenvectors determine the transition moments, 
which give us the intensities and the phases of the lines. 
Together, these determine all the dynamics of the system: evo- 
lution during a delay, relaxation of either the z or xy magneti- 
zations or of the lineshapes in chemically exchanging systems. 
Of course, any other formalism must give the same answers as 
the one presented here. The choice of formalism is partly aes- 
thetic, and we feel that this generalization of the superspin 
approach gives a particularly neat solution. 

Much of this theory is implicit in the earlier work cited here. 
For the particular case of chemical exchange lineshapes, the 
method does not significantly change the calculation. Both the 
present work and the standard method involve the diagonaliza- 
tion of the same non-Hermitian matrix. However, the physical 
interpretation of the transition probability clarifies the picture 
considerably. 

One practical advantage is in the analysis of dynamic spec- 
tra. The simulation can be presented in the format of the raw 
experimental FID, so comparisons are simplified. Much devel- 
opment has gone into the development of fitting procedures 
for spectra. These use a variety of methods to fit the frequency, 
width, and position of a series of lines to either the time- 
domain or frequency-domain data. If the phase is added to list 
of parameters, all these methods can be applied to exchange 
lineshapes as well. In general, we feel it is useful to bring all 
these different approaches to dynamic NMR together, to pro- 
duce a single, unified 'theory'. 
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Non-additivity of intermolecular forces in 
helium and beryllium clusters 

0. Novaro 

Abstract: New results on nonadditive effects on small beryllium clusters are presented using the LCAO-MO-SCF method 
including variational and perturbational (MP-4) configuration effects. Three- and four-body contributions to the interaction 
energy of these clusters are dominant, and are used to explain the very different behaviour of bulk beryllium as compared to 
liquid helium. This is relevant because the atomic ground states of Be and He are strikingly similar (ls'2s2: IS, and 1s': IS,) and 
also HeZ and Be2 share the honour of being the two hardest-to-detect dimers in the whole periodic system. The similitude is lost 
for larger He,, and Be,, systems because the former, as was shown by R.F.W. Bader 25 years ago, have very small three-body 
energies ( 5  1%). Be,, clusters will be shown here to have three-body energies that actually outweigh the painvise additive ones. 
The consequences of this are discussed. 

Key words: intermolecular forces, non-additivity, He and Be clusters. 

RCsumC : Utilisant la mCthode LCAO-MO-SCF, y compris des effets variationnels et perturbationnels (MP-4) de configuration, 
on a obtenu de nouveaux rksultats sur les effets non additifs de petits agrCgats de bCryllium qui ont CtC obtenus. Les contributions 
de trois et quatre corps ii 1'Cnergie d'interaction de ces agrCgats sont dominants. On utilise cette observation pour expliquer le 
comportement different du bCryllium em masse par rapport ?I celui de 1'hClium liquide. Ceci prCsente de 1'intCret parce que les 
Ctats atomiques fondamentaux du Be et du He sont remarquablement semblables ( 1 ~ ~ 2 s ' : ~ ~ ~  et 1s2:'S,) et aussi parce que le He, 
et le Be, se partagent l'honneur d'etre les deux dimkres les plus difficiles i dCtecter dans tout le systkme periodique. A cause du 
fait, dCmontrC il y a pr?s de 25 ans par R.F.W. Bader, que les premiers ont de trks faibles Cnergies 5 trois corps ( 5 1 % )  la 
similitude est perdue pour les systkmes He,, et Be,, plus gros. On montrera ici que les agrkgats de Be,, posskdent des Cnergies i 
trois corps qui l'emporte sur ceux qui sont additifs par paire. On discute des consequences de ces conclusions. 

Mots clCs : forces intermolCculaires, non-additivitk, agrCgats de He et Be. 

[Traduit par la redaction] 

Introduction 

Certainly the hardest-to-detect elementary dimers are He, and 
Be,. As recently as 1984 Bondybey (1) could correctly state 
that the properties of Be, remained virtually unknown. The 
first experimental observation of a He, bound state (a single 
bound state, in fact) is even more recent (2, 3). This makes the 
helium dimer the weakest molecular bond (4), incomparably 
more so than any other noble gas dimer. In fact, a recent study 
by a Canadian laboratory (5) proposes that ~e (1s ' )  and 
~e (2s ' )  should have the most similar bonding properties 
where their X2 and XH molecules are concerned. On the other 
hand, the bulk properties of beryllium, a semi-metal, are com- 
pletely different from those of the noble gases, with the case of 
helium (a liquid even at the lowest temperatures) having no 
conceivable similarity to solid Be. Here we look for the answer 
to the following question: why do the similarities found 
between noble gas and beryllium dimers completely disappear 
in large aggregates of these elements? The answer lies in the 
three-body effects of the Be3 versus the He3, Ne3, etc. trimers, 
as we shall try to show here. 
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0. Novaro.' Instituto de Fisica, Universidad Nacional Autonoma 
de MCxico A.P.20-364, MCxico 01000 D.F., MCxico. 
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The first fully ab-initio study of three-body nonadditive 
effects was carried out by R.F.W. Bader et al. (6) (the defini- 
tion of nonadditive contributions to the energy will be dis- 
cussed in the following section). They reached the following 
conclusion: nonadditive contributions to the energy of He, 
calculated at the LCAO-MO-SCF level of approximation, 
were 10 times larger than estimated before by perturbation 
treatments (7). Still, their relative role in He, binding was at 
most a few percent of the pairwise additive contributions (6). 
KOCOS and L ~ C  (8) confirmed these results to be valid at the 
Hartree-Fock limit. The convergence of the many-body 
expansion for He,, clusters was first tested by Novaro and Bel- 
trhn-L6pez (9) at this same level of accuracy. Much more 
recently, high level ab-initio calculations 9 10) have again con- 
firmed that many-body nonadditive interactions are a few per- 
cent of the pairwise additive contributions for small He,, 
clusters. 

As concerns Be, and Be,, they were studied by Novaro and 
KOCOS (1 l), also at the LCAO-MO-SCF level, who found that 
nonadditive effects were quite large, large enough in fact to 
make the convergence of the many-body expansion (see fol- 
lowing section) doubtful at best. We here present recent 
results (12) at the CI level for Be,, clusters that confirm that the 
main difference between bulk He and Be is based on their non- 
additive energies. 

Method 
In the quantum mechanical study of the total energy of an n- 

Can. J .  Chem. 74: 825-828 (1996). Printed in Canada 1 Imprime au Canada 
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particle system, the interaction energy is computed as the total 
energy of the system minus the energy of its constituents: 

where Ei is the calculated energy (at the same level of preci- 
sion as the calculation of E(n)) for the iIh particle of the system. 
The interaction energy Ein,(n) in turn can be divided in terms of 
different order interactions within the system. One can define 
the interactions between pairs, triplets, etc. up to interactions 
involving n particles simultaneously. By defining the sum of 
the calculated energies of the n individual particles as the one- 
body energy: 

we can go on to define the two-body energy of the system as: 

the three-body energy as: 

the four-body energy as: 

To obtain E,(n) we sum up the interaction energy of all pairs 
from which the individual particle energies are subtracted. To 
obtain E,(n) we similarly add the interactions of all triplets 
from which the component pair and individual particle ener- 
gies are subtracted, and so on. Through these definitions the 
interaction energy of an n-particle system can be expressed as 
a finite sum 

This is the many-body expansion of the interaction energy and 
it will be considered to be convergent if the higher order terms 
are systematically smaller than the lower order terms. In fact, 
in many applications to study large aggregates, the hypothesis 
that E, (n) and higher terms are negligible with respect to E2 
(n) is postulated uncritically. 

We here, on the contrary, want to calculate E3 (n), etc. with 
the highest possible precision. We must stress that eq. [6] pro- 
vides an exact representationof the interaction energy of an n- 
particle system. Only the level of approximation with which 
the different terms are calculated limits the precision within 
Ein, (n) is given. 

For the case of small Be and Li clusters, previous calcula- 
tions at the SCF level already exist for the multibody expan- 
sion. To go beyond the SCF level we here use the Moller- 

Fig. 1. Potential energy curves for the beryllium and lithium dimers. 

Plesset perturbation theory approximation to the correlation 
energy corrections. We do these calculations utilizing the 
Gaussian-92 program (13) on UNAM's Cray-YMP41468 
computer. The basis set used is the Gaussian-92 internal 6- 
3 1 1+G(3df) having one diffuse p-function, three 5d-functions, 
and one 7f-function. The frozen-core approximation of the 
correlation energy is obtained at the fourth-order Moiler- 
Plesset approximation. 

In reality the computational cost added to the calculation of 
the total energy of an n-particle system by calculating its dif- 
ferent m-body contributions given in eq. [6] is not high 
because m 5 n and El,,(n) implies much less computer memory 
than E(n) itself. On the other hand, the individual m-body 
terms contained in the sum: 

all have different geometries so several configurations for the 
triplets, quartets, etc. have to be calculated. 

Results 

Using the method described in the preceding section, we cal- 
culated the interaction energies of the Be,, Be,, Be,, and Li,, 
Li,, Li, systems as well as their pairwise additive and many- 
body nonadditive contributions. These energies are given in 
Table 1. The first thing we notice is that the Be dimer is very 
slightly bound, especially compared to the Li dimer. This is 
also evident in Fig. 1 ,  which shows for Li, a deep potential 
energy well with steep walls towards both the united-atom and 
the separated-atom limits. For Be,, in contrast, a very shallow 
well, as well as a very flat potential energy curve, is evident. In 
fact, the Be, curve resembles noble gas dimer curves, very dif- 
ferent from that of Li2. But as we look at the other numbers in 
Table 1 ,  the differences between beryllium and lithium seem- 
ingly diminish. As concerns the interaction energy, for Be, it 
already is quite similar to that for Li, and for Be,, in fact, it is 
even more attractive than for Li,. 

Also notable is the very poor convergence of the many- 
body expansion for both lithium and beryllium. In Li3 three- 
body repulsions already cancel over 50% of the pair attrac- 
tions. Li, is even more extreme as.E3(n) is larger in magnitude 
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Table I. Many-body decomposition of the interaction energy E,,,(tl) onto pairwise Ez(n), three- 
body E,(n), and four-body E,(n) contributions, for the Be,, Be,, Be,, Li,, Li,, and Li,, clusters. 

Total 
Cluster Total energy non-additive 
Be,,, Li,, E(n) E,,(n) Ez(n) E3(11) E,(n) contribution 

Be, -29.229 29 -0.002 89 -0.002 89 - - - 

'3% -43.881 26 -0.041 15 -0.000 75 -0.040 40 - -0.040 40 

Be, -58.600 40 -0.146 72 +0.03 1 50 -0.210 80 -0.032 58 -0.178 22 
Li, -14.899 16 -0.035 09 -0.035 09 - - - 

Li3 -22.344 43 -0.048 32 -0.096 93 -0.048 61 - +0.048 61 

Li, -29.829 83 -0.101 66 -0.163 42 -0.178 82 -0.1 17 06 +0.061 76 

and opposite in sign to the pair energy E,(iz). This means that 
all of the attraction of Li, may be considered due to the four- 
body term E,(n). If we pause to consider that there is only one 
quartet inscribed in Li, versus four triplets and six pairs, it 
becomes evident that for larger clusters higher order nonaddi- 
tive terms in the many-body expansion will always dominate 
the pairwise additive energies. 

In the case of Be,, clusters the situation is even more strik- 
ing. For Be, almost all of the interaction energy Ei,,(n) comes 
from the three-body term. As would be expected from the 
noble-gas-like potential energy curve for Be,, pairwise attrac- 
tions are always very small; it is only the comparatively large 
three-body attractions that make Be, stable, with some 20 
times larger binding energy than Be,. In the case of Be, this is 
even more evident as all of the stabilization is due to three- 
body attractions. The pairwise term in fact is repulsive. This 
means simply that the equilibrium positions of the four beryl- 
lium nuclei are determined by the strong three-body attrac- 
tions, making the inscribed dimers somewhat sholt, so short 
that each Be-Be distance falls on the repulsive part of the 
curve in Fig. 1. But even these pair repulsions are smaller than 
the repulsive four-body term. The main result, however, is that 
for Be, clusters the stabilization comes entirely from three- 
body interactions. We can safely generalize: Be,, cluster geom- 
etries and stabilities are mainly determined by nonadditive 
forces. This is in absolute contrast with He,, clusters for which 
nonadditive effects are very small. We shall see the conse- 
quences of this in the following section. 

Discussion 

We have seen that nonadditive contributions to the binding 
energy of the smallest Be,, clusters (n13)  are decisive. For 
medium-size clusters (n15)  one can observe the fact that 
three-body contributions to the total binding energy are larger 
than pairwise (two-body) contributions has become a rule, 
rather than an exception. Let us pause for a moment to con- 
sider the consequences of this fact. Two-body energies are 
directly associated with the chemical bond between two indi- 
vidual partners in a given cluster. Three-body energies are not 
localized on a particular bond. They really correspond to the 
change in the distance and the energy of any bond between two 
partners introduced by a third one. They are by their very def- 
inition delocalized. The fact that three-body terms are so large 
in beryllium has great consequences. 

For helium, we have known since the work of Bader et al. 
(6) that three-body effects, while non-negligible, are a small 

correction of the total energy. Thus we may conclude that the 
"weakest and weirdest molecular bond (4): Hez" may only 
lead to the very weakly bound bulk behaviour of liquid helium 
even at temperatures near 0 K. 

The second weakest elementary chemical bond, Be,, does 
not prepare us for the bulk beryllium metal properties at room 
temperature. This is because Be, does not contain the main 
cause of the metal stability: the quite large three-body energy 
appears only for beryllium trimers and beyond. Dominant in 
size, delocalized in nature, it is in essence the image of a 
metallic bond-in-the-making even for the small Be,, Be, mol- 
ecules. 

Although the language of nonadditivity is not too familiar, 
what we have concluded above is of course not a new concept. 
We have seen in the previous section, for instance, that the 
nonadditivity for Li, clusters is also quite large. We could 
make a parallel discussion about H and Li, with apparently 
quite indistinguishable and (1s': and ls22s':2s,,,) ground 
states. Yet H, is tightly bound while H, is very unstable. In 
contrast, the change from Li, to Li, and beyond is only a 
straightforward tendency to the classical metal bond in lith- 
ium. The argument of the presence of the empty 2p0 subshell 
in Li in regard to this tendency is too well known to merit any 
further comment here. Naturally, for Be the 2p0 subshell 
should play a quite similar role. 

In short, the answer to our original question: since He, and 
Be, have similar bonding properties, why are bulk beryllium 
and helium so utterly different? has an obvious answer. The 
many body effects are very different in both cases. By the 
expression "many-body effects" we are not speaking of 10" 
particles interacting. We in fact are referring to much smaller 
system. Many-body effects are already dominant for the small 
"metallic" Be, and Li, clusters. 
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On the differential geometry of interatomic 
surfaces 
Paul L.A. Popelier 

Abstract: Using differential geometry, we propose the total curvature of interatomic surfaces to characterize bonds. In this 
way visual interpretations of interatomic surfaces are now rigorously quantified. The analysis of the intrinsic geometry of 
an interatomic surface is implemented in the program MORPHY 2.0. It is shown that the total curvature depends on anionic 
polarizability, electronegativity differences, and steric effects determined by the total chemical environment of the bonded 
atoms in question. In general the proposed index measures the external chemical distortion of an atom in a molecule. It 
can be used in the context of uniform electric fields and in conformational studies. 

Key words: interatomic surfaces, differential geometry, total curvature. 

RCsumC : Utilisant la gComCtrie difftrentielle, on propose la courbature totale des surfaces interatomiques pour caracttriser 
les liaisons. De cette fa~on ,  des interpritations visuelles des surfaces interatomiques sont maintenant rigoureusernent 
quantifikes. L'analyse de la gComttrie intrinskque d'une surface interatomique est introduite dans le programme MORPHY 

2.0. I1 a CtC dCmontrC que la courbature totale depend de la polarisabilitt anionique, des diffirences d'tlectrontgativitt 
et des effets stCriques dCterminCs par l'environnement chimique total des atomes en question qui sont liCs. En gCnCral, 
l'indice propost mesure la distorsion chimique externe d'un atome dans une moltcule. On peut l'utiliser dans le contexte 
de champs Clectriques uniformes et dans des Ctudes conformationnelles. 

Mots cle's : surfaces interatomiques, gComCtrie diffkrentielle, courbature totale. 

[Traduit par la rCdaction] 

1, Introduction reviewed and immediately illustrated with a simple (para- 

The gradient vector field of the charge density p is the car- 
rier of the topological information hidden in molecules, com- 
plexes, and crystals. It naturally partitions these systems into 
atomic basins, each of which adopts a particular shape gov- 
erned by the total charge density. In the course of the last 
two decades many publications in the field of "Atoms in 
Molecules" (AIM) have shown pictures of gradient vector 
fields of p revealing a wealth of atomic shapes. 

It emerges that some shapes recur repeatedly like the 
signature of an atom in a given chemical environment (1). 
On the other hand, it also appears that the geometry of the 
inleratomic surfaces (IAS) that bound the atomic basin is 
verv sensitive to the full chemical environment of the atom. 

In view of these observations, the introduction of a mea- 
sure to quantitatively characterize the shape of an IAS would 
be timely. For that purpose we propose to use concepts from 
a mathematical branch called differential geometry since it 
rigorously provides intrinsic properties of geometrical objects 
using calculus. 

First, selected differential geometrical concepts are briefly 
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- - 
metrized) model surface. 1n Sect. 3.1 we concisely expourld 
on how the analytical expression for an interatomic surface 
is constructed. Some technical details on the computation of 
the total curvature C are given in Sect. 3.2. The last section 
(Sect. 4) presents various data sets of total curvatures for 
small molecules. The meaning of this measure is interpreted 
for a series of ionic lithium compounds and related to the 
behaviour of the IAS in a uniform electric field. Inspecting 
the hydride series AH,,, it is suggested that charge transfer 
influences the total curvature. It is demonstrated by means 
of a series of 10 methyl derivatives that C does not solely 
parallel charge transfer. Finally, it is shown that our index 
can be used in conformational studies (e.g., ethane). 

2. Mathematical concepts 
Differential geometry is the study of geometric figures using 
the methods of calculus. In particular, the introductory 
theory investigates curves and surfaces embedded in three- 
dimensional Euclidean space (2). It is a vast and rich area 
of mathematics (3-5) from which we will selectively sample 
and review the elements neccessary for the present investi- 
gation. Although most elegant and compact, we have chosen 
not to formulate the following equations along the lines of 
tensor analysis. 

It can be proven that a curve in three-dimensional space 
is uniquely determined by two local invariant quantities, cur- 
vature and torsion, as functions of arc length. Similarly, a 
surface is uniquely determined by local invariant quantities 
called the first and second fundamental forms. In the fol- 
lowing brief review, x = x(u, v )  denotes a coordinate patch 
on a sufficiently differentiable surface. For convenience we 
introduce the notation x,, = dx/au and x, = axlav,  such that 

Can. J. Chem. 74: 829-838 (1996). Printed in Canada / Imprim6 au Canada 
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Fig. 1. Representation of two simple surfaces described by the model equation [2] 
(see text). The left surface corresponds to a = 1 and P = -1 and is hyperbolic. The 
right surface is elliptic and has been generated with both parameters a and P set to 1. 
The origin of each surface is marked by a black dot. 

dx = x,du + x,dv. The function I ,  defined below is called 
the first fundamental form of x. 

where E  = x,.x,, F  = x,.x,, and G  = x u  ax,. The quantities 
E,  F, and G  are called the first fundamental coeficients. 

As a direct illustration of the developed theory we will 
compute essential quantities defined by these and following 
equations for a simple model surface described by: 

where e l ,  e2, and e3 are the unit vectors of a global axis 
system, u, v are the independent variables, and a, P are pa- 
rameters introducing the appropriate flexibility to illustrate 
certain surface characteristics semiquantitively. Figure 1 rep- 
resents two examples of simple surfaces described by eq. [2]. 
The left surface corresponds to a = 1, P = -1 and the right 
o n e t o a = l , p = l .  

Clearly, using the first derivatives 

we obtain for the first fundamental coefficients: 

The first fundamental form I I  is positive definite and de- 
pends only on the surface and not on the particular repre- 
sentation. The first fundamental coefficients themselves are 
not invariant under a parameter transformation. Denoting the 
dimensions of u and v by D, and D,, respectively, and 
knowing that components of x are expressed in units of length 
or L, it is clear that components of x,, have the dimension 
LID,,. The dimensions of E ,  F ,  and G  are L ~ / D ~ ,  L'/D,,D,, 
L2/Dz, respectively. 

An important intermediate quantity is EG - F2 and it can 
be proven that 

The area A of a surface patch is calculated with the aid of 
this quantity by the double integral: 
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In this work, areas of patches on interatomic surfaces ap- 
proximating this integral are obtained by Gauss-Legendre 
quadrature. For the model surface this quantity amounts to: 

In an analogous manner we now proceed to define the 
second fundamental form denoted by 12 by: 

where L = -xll~Nll, M = -;(X,-N, +xU.Nu), N = -xU.Nu, 
and N is the unit normal defined by: 

The functions L, M, and N are called the second fundamental 
coeficients. 

As before, the function I2 is invariant (in the same sense 
that II is invariant) under a parameter transformation that 
preserves the direction of N. 

Alternative expressions for L, M,  and N that we have im- 
plemented for this work are 

The results for these newly introduced quantities for the 
model surface are 

Since N is dimensionless the dimension of L is LID:. 
A discriminant D defined as LN - M 2  determines quali- 

tatively the nature of the surface in the neighbourhood of 
a point. We can distinguish four cases: a point is elliptic, 
hyperbolic, parabolic, or planar when D is strictly positive, 
strictly negative, zero (without L, M, N all being zero), and 
when L = M = N = 0, respectively. It should be pointed 
out that ellipticity, etc. is a local property, i.e., it refers to 
the character of a single point on a surface, not to the global 
surface. This classification is again independent of the rep- 
resentation of the surface. The discriminant for our model 
surface is given by: 

In the neighbourhood of an elliptic point the surface lies 
on the same side of the tangent plane at the point. On the 
other hand, the surface lies on both sides of the tangent plane 

in the neighbourhood of a hyperbolic point. Such a point is 
easy to visualize as the center of an ordinary saddle. 

The central quantity for our present discussion is the Gaus- 
sian curvature K at a given point. A convenient definition is 

This is again an invariant property of the surface. Since (EG- 
F2)  > O the sign of K classifies a point as elliptic, hyperbolic, 
or parabolic (or planar). It is clear that on each point of 
a plane the Gaussian curvature K vanishes. Another useful 
special case is the spherical surface. For every point on a 
sphere with radius a we have K = l /a2.  It follows from the 
previous dimensional analysis that the dimension of K for 
a point on a general surface is indeed 1/L2. The Gaussian 
curvature for the model surface is 

As an example we focus on the origin of each surface in Fig. 
1. These points are marked by black dots and correspond to 
u = v = 0. Consequently, K = 4ap and the classification 
of the origin depends only on the signs of a and P and on 
whether they vanish. It then follows that the origin in the 
left surface is hyperbolic and in the right surface is elliptic. 
Since the denominator of K and (4a2u2 +4a2v2 + in eq. 
[17] is strictly positive, this statement is true for any point 
on the respective surface, not just the origin. Furthermore, 
increased values of ct or p steepen the surface at the origin 
and increase the Gaussian curvature, which is in line with 
geometrical intuition. 

When the Gaussian curvature is integrated over a surface 
S we obtain the total curvature C. 

It is very important to note that C is dimensionless. It adopts 
the following analytical form for the model surface. 

If interatomic surfaces were compact, characterizing them 
using the total curvature C would not quite lead to a useful 
classification. This statement is a corollary of two well-known 
theorems, as is explained below. According to the Heine- 
Bore1 theorem, a surface is compact if and only if it is 
bounded and closed. A sphere and a torus are examples of 
compact surfaces. On the other hand, the Gauss-Bonet the- 
orem proves that for compact surfaces (which must be ori- 
entable and sufficiently differentiable) the total curvature is 
just a multiple of n and is a topological invariant. The total 
curvature of a sphere, for example, is 471 and for a torus is 
zero. Since interatomic surfaces are not bounded, they are 
not compact. Therefore the Gauss-Bonet theorem does not 
apply to them. As a result we do not necessarily recover 
trivial multiples of n when computing C for an IAS. 
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3. Implementation 
3.1 Analytical expression of the surface 
An IAS consists of a bundle of gradient paths that originate at 
infinity and terminate at the so-called bond critical point (6). 
This point is one of the four possible types of critical points 
(i.e., V p  = 0) and is denoted by (3, -1). It can be regarded 
as the center of the IAS. Gradient paths are traced by solving 
the following system of ordinary differential equations given 
an initial point through which the path is passing: 

It has been shown before that solving this system with analyt- 
ical tools is possible but unsatisfactory (7). A more successful 
scheme solves the ordinary differential equations using a nu- 
merical integrator with adaptive step-size control like the 
Cash-Karp-Runge-Kutta method (8) and then fits Cheby- 
shev polynomials and trigonometric functions to the points 
on the IAS. Each component xi(l, 8) of a point on the surface 
is then given by the explicit parametric equation: 

where di,,,n,dl,,,, are fitted, TI, is the nth degree Chebyshev 
polynomial, 1 is the length of a gradient path on the IAS, and 
8 is an angular coordinate. 

The IAS is constructed by following the gradient paths 
backwards, away from the bond critical point, starting from 
a set of initial points. These initial points form a circle with 
a small radius r, (typically 0.001 atomic units) in the eigen- 
plane (7). The Chebyshev fit only extends over the interval 
C-lmax, 01. 

The analytical description of the IAS leaves a small punc- 
ture near the bond critical point that we have minimalized by 
setting r, to a really small value like lop6. So, practically, 
we assume that the IAS is only bounded for large negative 1 
values and not for 1 = 0. 

Excellent fits can be obtained with a moderate number of 
fitting basis functions (fewer than 50). The quality of the fit 
is measured by quasi-continuous error estimates such as a 
global root-mean-square value (7). A value of atomic 
units (au) or less is quite typical for a surface up to the 
au charge density contour surface. This basically means that 
the analytical expressions perfectly reproduce the numerical 
surface. 

3.2 Calculation of total curvature 
Since the availability of an analytical expression for the IAS 
(7) it has been possible to obtain fast and accurate surface- 
related derivatives for computing local and integrated surface 
curvatures. Derivatives of high-order Chebyshev polynomials 
do not pose problems and are evaluated rapidly. 

It is crucial to test the stability of the total curvature C with 
respect to various parameters. All surfaces have been fitted 
with Chebyshev polynomials up to order 40 and with a set 
of 5 1 trigonometric f ~ n c t i o n s . ~ ~ h e  relative accuracy of the 

The trigonometric basis set is (1, cos(n0), sin(n0)), where 
n =  1 , 2  ,..., 25. 

differential equation integrator was kept at (for a precise 
definition see ref. 8, p. 71 1) and the minimum allowed step 
size was fixed at lop7 au. 

Secondly, the behaviour of C was monitored as a function 
of the size of the patch on the IAS. In general, interatomic 
surfaces extend to infinity and a well-behaved total curva- 
ture should converge with more negative 1 values. Tests for 
the NIH IAS in ammonia show rather slow convergence but 
stability is essentially reached for 1 ,< -10 au (the changes 
in C are of the order of lop4). The total curvature varies 
slightly more for the CIO surface in carbon monoxide. It is 
well known that Gaussian functions do not properly describe 
the outer regions of a molecule. We must therefore suspect 
that paths are not very meaningul in zones where 
the charge density is as low as 10-l2 au or less, especially 
at a moderate level of theory like HF/6-3 1 G**. Consequently 
the local curvature of t h e ~ 1 ~ ~  in the outer region-is not 
trustworthy. Since the total curvature is a purely geometrical 
quantity, not weighted by (extremely low) charge densities 
or their gradient, the outer region will unduly affect C. 

This phenomenon has prompted us to compute the total 
curvature only for a well-defined and reliable patch on the 
IAS. There is good evidence that the 0.001 au charge den- 
sity envelope may be considered as the practical edge of the 
molecule and thus of its constituent atoms. We have fitted a 
very accurate continuous contour line to points on the IAS 
where p = 0.001 au. This smooth and analytical contour line 
then bounds the IAS everywhere. All total curvature values 
quoted below have been computed with a grid extending only 
to the 0.001 au charge density contour level. We believe that 
results drawn from these numbers genuinely reflect what hap- 
pens well inside the molecule and should therefore relate to 
chemical insight. 

Finally, the effect of stability of C on the quadrature grid 
size was explored. Throughout, we use a grid with 60 radial 
and 120 angular points, which is sufficient. 

4. Applications 
Before interpreting the data a general comment is worth in- 
serting. The "outer" shape of an atomic basin is determined 
by the geometry of the interatomic surfaces bounding it. This 
is the shape we focus on in the following discussion. But 
an atom also has an "inner" shape, which is determined by 
the pattern of the gradient vector field inside the atom. One 
might say that gradient paths distort space. They establish 
non-Euclidean geodesics and exhibit a Riemannian curva- 
ture that characterizes the whole atomic subspace. This is 
of course the ultimate curvature to be investigated and is 
therefore the subject of future work. 

All wave functions were generated using the program 
CADPAC (9) using the 6-31G** basis set (lo), 6-31GE,' and a 
[13s5p/4s3p] set (4) for lithium. 

Table 1 presents the total curvature for a set of four ionic 
closed-shell lithium compounds: LiF, LiH, LiCH', and LiO-. 
Three quantities consistently indicate that these compounds 
are ionic. The charge density at the bond critical point or pb 

The basis set is obtained from the 6-31G basis set by adding 
diffuse functions and polarization functions. More details are 
found in the CADPAC manual. 
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Table 1. The total curvature C and additional quantities" of some 
ionic lithium compounds computed using two different basis sets. 

Molecule d(Li-A)h pb V2pb q(Li) L(R) C 

LiF 1.537 0.086 0.767 0.910 3 x 1.27 
LiH 1.616 0.036 0.137 0.898 7 x 2.75 
LiCH3 2.053 0.043 0.189 0.907 5 ~ 1 0 - ~  3.05 
LiO- 1.600 0.094 0.786 0.779 3x1OP4 2.97 

HF/6-31 GE 
LiF 1.570 0.077 0.671 0.935 3 x 1.49 
LiH 1.622 0.038 0.138 0.908 7x1OP5 2.70 
LiCH3 1.997 0.044 0.186 0.91 1 9 x 2.95 
LiO- 1.575 0.086 0.699 0.850 1 x 3.92 

MP216-31GE 
LiF 1.593 0.073 0.596 0.925 1 x 1.68 
LiH 1.612 0.038 0.141 0.904 6 x 2.64 
LiCH3 1.994 0.041 0.181 0.905 3 x lo-? 3.02 
LiO- 1.678 0.062 0.472 0.831 3 x lop5 6.18 

"All quantities are given in atomic units unless stated otherwise. Symbols 
are explained in the main text. 
 h he distance between the two nuclei is given in A. 

is about 10 times smaller than for a typical covalent bond. 
The Laplacian at the bond critical point or V2pb is positive 
and the net charge q(Li) is approaching the value of exactly 
one. This net charge is obtained by integrating the charge 
density over the atomic basin of lithium and substracting this 
population from the nuclear charge. The integration error is 
typically assessed by L(Q), which should ideally vanish (12). 

It is a good approximation to regard the charge transfer 
from lithium to the neighbouring atom as constant within the 
present series since the maximum discrepancy for q(Li) is 
only 0.085 e using the 6-31GE basis set. This fact is consis- 
tent with the earlier observation of Bader and Beddall(13) for 
wave functions close to the Hartree-Fock limit. As expected, 
the well-known AIM quantities are quite insensitive to the 
variation in basis set. This is also true for the total curvature, 
with the exception of LiO- where the highly polarizable 
02- anion benefits from the better description provided by 
the extra diffuse functions. 

The inclusion of correlation at the MP2 level does not 
alter the order LiF < LiH < LiCH3 < LiO- as ranked by the 
total curvature C. It is well known that anions are the most 
affected by correlation, which is reflected by the pronounced 
changes for LiO-. It can be seen from Table 1 that all prop- 
erties d(Li-A), pb. V2pb, and q(Li) vary considerably for 
this molecule and only marginally for the other molecules 
in this set. Since the qualitative conclusions of the present 
study do not alter with electron correlation we will not sys- 
tematically investigate its effect on the non-ionic compounds 
discussed below. 

Since the present molecules are nearly completely ionic 
one may view them as a point charge perturbing a polariz- 
able anion. Exact calculations for the polarizability of free 
anions yield 15.1 au for F- (14), 206 au for H- (15), and 

Table 2. The influence of a uniform electric 
field on the total curvature C of the inter- 
atomic surface in the hydrogen molecule and 
hydrogen fluoride. 

Field" C(H2) C(HF) 

"The field strength is expressed in  au. 

an infinite value for 02- (16).4 This is exactly the order 
reflected by the total curvature computed with the 6-31GE 
basis set, predicting that the CH3- group must be a very 
polarizable charge cloud. This conclusion is plausible since 
the basic methyl anion has a diffuse lone pair of strong sp3 
character and because carbon and hydrogen have a virtually 
identical electronegativity. 

Further evidence that the total curvature C is indeed af- 
fected by the extent of polarization of an atom emerges from 
the behaviour of H2 and HF in a uniform electric field. The 
results are shown in Table 2 for a field strength E, along the 
molecular axis varying from -0.05 to +0.05 au. Hydrogen 
fluoride shows an excellent linear correlation (p = 0.9997) 
between C and E,, yielding C = 7.6973 E, + 1.4604. The 
linear dependence for H2 is weaker (p = 0.9883) and here 
C = 3.0349 E, - 0.0094. It is tempting to relate the slope 
of these equations with cr,(Q), which was previously intro- 
duced (18) as the associated contribution to the polarizability 
resulting from the shift in interatomic surface. Using the 
values quoted in ref. 18 for HF and Hz, the difference in 
response of the IAS to the applied field could be explained 
semi-quantitatively. The main point, however, of this small 
excursion is to indicate that C can be used in studying atoms 
in electric fields and that the polarization of a charge cloud 
within an atomic basin does change the intrinsic geometry of 
its bounding IAS. 

The next series of molecules constitutes the classic set of 
hydrides AH,, where A = H, Li, Be, B, C, N, 0 ,  F and n 
varies, producing Hz, LiH, BeH2, BH3, methane, ammonia, 
water and hydrogen fluoride. Detailed three-dimensional pic- 
tures of the atoms encompassed by this set have recently 
been published for the first time (1). Figure 2 shows the CIH 
IAS in methane and the corresponding contour map for the 
Gaussian curvature K. 

From Table 3 it is seen that the total curvature for the 
A J H  IAS increases steadily as the charge transfer from H 
to A increases. Since it was shown before that the charge 
transfer defined by AIM recovers the basic idea underlying 
electronegativity, it seems plausible to surmise that the total 
curvature increases with increasing electronegativity. 

The species 0'- is unstable with respect to decomposition into 
a free 0- ion and a free electron; see ref. 17. 
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Fig. 2. (a) A three-dimensional representation of the CIH interatomic surface in methane. The bond critical points are marked by grey 
dots. This picture should be compared with the corresponding contour map of Fig. 2b. (b) A contour map of the Gaussian curvature K 
of the interatomic surface between C and H in methane. The outer contour line corresponds to a curvature of 0.001and the contours 
increase as 0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.035, 0.04, 0.045, 0.05, 0.06, 0.07, 0.08, and 0.09. The bond critical point is marked 
by a dot. Note that the expected threefold symmetry becomes more pronounced towards the outer regions of the interatomic surfaces, 
which correspond to an 1 value of about -3. 

Table 3. The charge transfer q and the total 
curvature C and area" for the AIH interatomic 
surface in the second row hydrides AH,,. 

Molecules q(H) C Area 

Hz 
LiH 
BeHz 
BH3 
CH4 
NH3 
OHz 
HF 

'The interatomic surface is bounded by a contour 
line of constant charge density (0.001 au). The area 
is oiven in (au)'. - . . 
'~nstabilities in the IAS prevent the computation of a 
reliable number at present. 

Even if charge transfer does influence the total c ~ r v a t u r e , ~  
it cannot be the only effect because the CH bond in methane 
shows virtually no charge transfer, yet the curvature amounts 
to 0.692. Similarly, in the 'n diatomic CH the total curvature 
is reasonable but charge transfer is essentially absent. The se- 
ries of diatomics, CH, NH, OH, and HF, shows an increase 
in IAS total curvature resembling that of the present hydride 
series. These four diatomic molecules are examples of shared 
interactions characterized by a reasonably large value for pb 
and a (strongly) negative V2pb value. In NH, OH, and HF 
there is an increasing polarization of the shared charge to- 
wards the non-hydrogen atom, but the "mechanism" by which 
this might change the curvature is not clear, the more so be- 
cause the bond critical point shifts as well in this series. 

Because of the symmetry in methane we cannot invoke 
the fairly large intra-atomic dipole moment of carbon. This 
measure is the first moment M ( Q )  and determines the dis- 
placement of the atom's centroid of negative charge from 
the position of its nucleus. These contributions will cancel 
each other in methane and can therefore not be the cause for 
the shape of the C J H  surface. 

To shed more light on this matter we have computed the 
total curvature for several other C-H bonds in saturated hy- 
drocarbons, all of which show negligible charge transfer. In 

Ideally, one wishes to isolate the possible effect of charge 
transfer on the total curvature C. Constructing a molecule 
in which two of its atoms show only charge transfer without 
mutual polarization is virtually impossible unless one resorts 
to very artificial systems like LiBeS+. This species is supposed 
to eliminate any polarization effect on the IAS and isolate 
the influence of charge transfer (if present at all) on the total 
curvature. 

staggered ethane C = 0.996 for all six C-H bonds, whereas 
in the atzti-anti conformation of propane three types of C-H 
are found: C = 1.476 for hydrogens attached to the central 
methylene carbon, C = 1.365 or C = 1.022 for hydrogens 
attached to a methyl carbon. 

It emerges from these observations that the total curva- 
ture of CIH interatomic surfaces is very sensitive to the total 
chemical'environment. This becomes intuitivelv obvious on 
inspecting Fig. 3. As a rule, a higher number of carbons 
attached to the carbon of the CIH IAS will increase the 
total curvature. This measure seems to probe how far atoms 
that are "pushed" together in a molecule distort each other. 
"Clashes" with third-party atoms can severely modify the 
curvature of the IAS between two atoms. This effect has 
been sufficiently documented in preliminary tests in more 
"crowded" systems like acetamide and urea. The total curva- 
ture for the C / O  IAS takes the values -0.1 16, 0.000, 0.022, 
0.174, and 0.242 in formaldehyde, carbon monoxide, for- 
mamide, urea, and acetamide, respectively. It can visually be 
verified that basins that are more distorted at their boundary 
yield higher total curvature values for their interatomic sur- 
face(~). There is no straightforward means of reducing this 
emerging phenomenon to known physical principles or quan- 
tities. The question why the CIH IAS in methane has a con- 
siderable curvature is equivalent to asking why this surface 
simply appears the way it does. One might explain its shape 
as a compromise between four equally distortable hydrogen 
atoms covalently bound to a carbon atom with a different 
distortability. 

It is remarkable that the total curvature of the IAS in BeH2 
is almost zero. The shape of this surface is quite similar to 
the IAS in CEO, which also has a vanishing total curvature. 
This is caused by an annihilation of negative contributions 
to the Gaussian curvature K by positive ones, as shown in 
Fig. 4. 

This similarity can be explained by a common physical 
ground. Both bonds show a considerable charge transfer, the 
value for C-0 being 1.33 e. Given that in these molecules 
there is no "steric" phenomenon influencing the total cur- 
vature C and assuming that charge transfer enhances C ,  
we are left with the question why C is nevertheless essen- 
tially zero. Carbon monoxide has a large and diffuse (weakly 
bound) charge distribution on carbon, which leads to a very 
pronounced polarization opposing the charge transfer mo- 
ment. This explains the near-zero dipole moment of this 
molecule. Similarly, berylium has a diffuse valence density, 
again leading to large atomic polarization. One may hypoth- 
esize that the total curvature absorbs both the charge transfer 
and back-polarization effect. 

The fact that the total curvature C is not just mirroring 

charge transfer is demonstrated by a set of methyl deriva- 
tives given in Table 4. In their work on substituent effects of 
methyl derivatives (19), Wiberg and Breneman have ordered 
20 moieties with C3" symmetry according to increasing pop- 
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Fig. 3. A three-dimensional representation of three CIH interatomic surfaces in the 
anti-anti conformation of propane. The top surface has the highest total curvature 
(C = 1.476) followed by the bottom (right) one (C = 1.365). The left surface has 
a much lower total curvature (C = 0.996), identical to the value in the staggered 
conformation of ethane. This picture provides visual support for the observation that 
C is very sensitive to the total chemical environment of the atomic basin. 

Fig. 4. A rehef map of the Gaussian curvature K of the CIO Table 4. The charge transfer q and the total 
interatomic surface in carbon monoxide. In the outer region curvature C and area" of the CIAb interatomic 
of the IAS the curvature practically vanishes, which is the surface in methyl substituted derivatives. 
equivalent of near planarity. 

Molecules C q(CH1)" Area 

CH3C1 -0.08 +0.316 42.6 
CH1S- -0.08 -0.287 49.3 
CH3 CECH -0.08 +0.362 40.5 
CH3BeH 0.00 -0.875 36.5 
CH1 CEN 0.03 +0.362 39.4 
CH3N2+ 0.03 +0.840 36.5 
CH30Li 0.12 +0.618 38.9 
CH70- 0.19 +0.474 39.9 
CHJ 0.69 +0.061 32.0 
CH3L1 3.05 -0.902 26.4 

"The interatomic surface is bounded by a contour 
line of constant charge density (0.001 au). The area 
is given in (au)?. 
"he letter " A  represents the atom of the substituent 
group directly attached to the methyl carbon. 
'The charge transfer is measured with respect to the 
population of the whole methyl group, which is 9.000 
e. The present values are quoted from ref. 19. 
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Table 5. The total curvature C and area" 
for the C-C interatomic surface in various 
conformations of ethane." 

.r' AEd C Area 

"The interatomic surface is bounded by a contour 
line of constant charge density (0.001 au). The 
area is given in (au)*. 
 thane has been fully optimized at the 6-31G** 
level only fixing the torsion angles. 
'This HCCH torsion angle is given in degrees: 0' 
and 60' correspond to the eclipsed and staggered 
conformations, respectively. 
"his energy difference is given in kJ/mol. 

ulation of the methyl group varies considerably in this subset, 
C is not able to discriminate these systems very well. Under 
the hypothesis that the total curvature is influenced by charge 
transfer, polarization, and steric crowding one may speculate 
that these molecules have enough flexibility to allow these 
effects to cancel each other and reach an "atomic distortion 
equilibrium." The two other groups CH4 and CH3Li, which 
have been discussed before, contain only one member. 

Finally, we simply point out that the total curvature index 
can also be applied in conformational analyses. A simple ex- 
ample is reported in Table 5 where the central torsion angle 
in ethane is varied from 0" to 60". The total curvature of the 
CIC surface becomes more negative in a sinusoidal manner 
on going from the eclipsed to the staggered conformation. 
The latter IAS is represented in Fig. 5 as an example of 
a predominantly hyperbolic surface, because for the total 
curvature (which is an integral) to be negative there must 
be dominant contributions of surface points with a negative 
Gaussian curvature. 

5. Conclusion 
ulation of the methyl group. We focus on the IAS between A purely geometrical index is proposed to characterize inter- 
the methyl carbon and the substituent atom attached to it. atomic surfaces in molecules. This index is called the total 
The 10 molecules we selected from this list fall, broadly curvature C and stems from a rigorous application of differ- 
speaking, in three categories according to C. The first group ential geometry. It is dimensionless and gauges the intrinsic 
has a very small C value with the ionic compound CH3BeH geometry of a surface regardless of its representation or po- 
again showing a vanishing total curvature. Although the pop- sition in space. 

Fig. 5. A three-dimensional representation of the CIC interatomic surface in the 
staggered conformation of ethane. This surface has a negative total curvature. 
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The total curvature measures the chemical distortion of an 
atom in a molecule, which is a combination of polarization 
deformation, charge transfer, and steric effects. Although it is 
a single-bond oriented quantity it is sensitive to the complete 
chemical environment of the bonded atoms. 

For a series of ionic diatomics with a practically constant 
charge transfer, C measures the distortion of the anion by the 
positive neighbouring charge. It is conjectured that increasing 
electronegativity differences between two bonded atoms in- 
creases the total curvature of the IAS. Other simultaneous 
influences on C should be included since the charge transfer 
in methyl derivatives is not reflected on a one-to-one basis 
in the total curvature of the IAS between the methyl carbon 
and the substituent. 

The proposed index can be used to probe the response of 
an IAS in uniform electric fields and can be employed in 
conformational studies. 

It remains speculative whether a straightforward and inter- 
esting relationship exists between the HSAB principle (20) 
and the total curvature. 

References 
I. R.F.W. Bader, P.L.A. Popelier, and T.A. Keith. Angew. Chem. 

Int. Ed. Engl. 33, 620 (1994). 
2. M.M. Lipshutz. Differential geometry, Schaum's outline series. 

McGraw-Hill, New York. 1969. 
3. D.J. Struik. Differential geometry. Addison-Wesley, London. 

1961. 

5. M.P. do Carmo. Differential geometry of curves and surfaces. 
Prentice-Hall, New Jersey. 1976. 

6. R.F.W. Bader. Atoms in molecules. A quantum theory. Claren- 
don. Oxford. 1990. 

7. P.L.A. Popelier. Theor. Chirn. Acta, 87, 465 (1994). 
8. W.H. Press, B.P. Flannery, S.A. Teukolsky, and W.T. Vetter- 

ling. Numerical recipes. 2nd ed. Cambridge Press, U.K. 1992. 
9. CADPAC~:  The Cambridge Analytic Derivatives Package Issue 

5, Cambridge, 1992. A suite of quantum chemistry programs 
developed by R.D. Amos with contributions from I.L. Alberts, 
J.S. Andrews, S.M. Colwell, N.C. Handy, D. Jayatilaka, P.J. 
Knowles, R. Kobayashi, N. Koga, K.E. Laidig, P.E. Maslen, 
C.W. Murray, J.E. Rice, J. Sanz, E.D. Simandiras, A.J. Stone, 
and M.D. Su. 

10. R. Krishnan, J.S. Binkley. R. Seeger, and J.A. Pople. J. Chem. 
Phys. 72, 650 (1980). 

11. F.B. van Duijneveldt. IBM Research Report. RJ 945. 1971. 
12. F.W. Biegler-Konig, R.F.W. Bader, and T.-H. Tang. Comput. 

Chem. 3, 317 (1982). 
13. R.F.W. Bader and P.M. Beddall. J. Chern. Phys. 56, 3320 

(1972). 
14. C. Nellin, B.O. Roos, A.J. Sadlej, and P.E.M. Siegbahn. J. 

Chem. Phys. 77, 3607 (1982). 
15. R.M. Glover and F. Weinhold. J. Chern. Phys. 65,4913 (1976). 
16. P.W. Fowler and P.A. Madden. Phys. Rev. B, 29, 1035 (1984). 
17. R.E. Watson. Phys. Rev. 111, 1108 (1958). 
18. K.E. Laidig and R.F.W. Bader. J. Chem. Phys. 93,7213 (1990). 
19. K.B. Wiberg and C. Breneman. J. Am. Chem. Soc. 112, 8765 

(1990). 
20. R.G. Pearson. J. Chem. Educ. 64, 561 (1987). 

4. V.I. Arnold. Mathematical methods of classical mechanics. 2nd 
ed. Springer, New York. 1989. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Theoretical examination of the Diels-Alder 
reaction of I ,3=butadiene with 
cyclopentadiene and 2H-phosphole 

Steven M. Bachrach and Laureta M. Perriott 

Abstract: All Diels-Alder reactions between 1,3-butadiene and cyclopentadiene or 2H-phosphole have been examined at the 
MP4SDQJ6-3 lG*//HF/6-31G* level. There is remarkable similarity between the two systems. The thermodynamic product is 
the bicyclo[4.2.0]nonadiene while the kinetic product is the norbornene product. There is a slight kinetic preference for the endo 
addition and for the butadiene to be in the s-trans conformation. Except for the case where butadiene is the diene component and 
addition is endo, the reactions are concerted and synchronous. In these other two cases, the reaction is stepwise with a diradical 
intermediate. 

Key words: phosphole, Diels-Alder reaction, topological electron density analysis. 

RCsumC : On a CtudiC toutes les rkactions de Diels-Alder entre le buta-1,3-dikne et le cyclopentadikne ou le 2H-phosphole au 
niveau MP4SDQJ6-3 lG*NHF/6-3 lG*. I1 existe une similarit6 remarquable entre les deux systkmes. Le produit 
thermodynamique est le bicyclo[4.2.0]nonadikne alors que le produit cinCtique est le produit norbornkne. I1 y a une 1Cgkre 
prCf6rence cinCtique en faveur de I'addition etldo et pour que le butadikne soit dans la conformation s-trans. A l'exception du cas 
ou le butadikne agit comme butadikne et que I'addition est endo, toutes les rCactions sont concertCes et synchrones. Dans ces 
deux autres cas, la rCaction se fait par Ctape avec un intermkdiaire diradicalaire. 

Mots clPs : phosphole, rCaction de Diels-Alder, analyse topologique de la densit6 Clectronique. 

[Traduit par la rCdaction] 

Introduction with diphenylacetylene (Scheme 1) (4). The actual recovered 

The  Diels-Alder reaction of phosphaalkenes has been a sub- product appeared to arrive from the Diels-Alder reaction of a 

ject of intense study (1, 2). A wide variety of these reactions 2H-phosphole with the acetylene. Mathey suggested that a 
facile [1,5]-phenyl shift precedes the Diels-Alder reaction. have been carried out; however, there are limited examples 

where the phosphaalkene acts as the dienophile. The propen- W e  recently examined this reaction using theoretical methods 

sity for phosphaalkenes to dimerize limits its use as a dieno- and found a low barrier for the [1,5]-hydrogen shift for 1H- 
phosphole (5). Furthermore, the activation energy for the phile. One significant exception is the chemistry of 

2H-phospholes (3). Diels-Alder reaction of 2H-phosphole with acetylene is less 

Mathey et al. first demonstrated the Diels-Alder chemistry than the barrier for the hydrogen shift (6), supporting 

of 2H-phosphole in the attempted reaction of a 1 H-phosphole Mathey's mechanism. 

Scheme 1. 
Ph 
I 

[ I  ,5] shifts 
L- 

17OoC,60h Ph Me Me 
Me Me Ph 

As further proof of the intermediacy of 2H-phosphole, methyl-l,3-butadiene, recovering the Diels-Alder product 
Mathey reports the reaction of the phosphole with 2,3-di- where the phosphole acts as the dienophile, with addition 

across the P=C bond (Scheme 2) (4). Further experiments 
have shown this propensity for 2H-phosphole to act as the 
dienophile in reactions with conjugated systems (7, 8). 
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occasion of his 65th birthday. 
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Scheme 3. 

Reaction 1 

L T S l t x  1 I tx 

T s l c n  I c n  

Readion 3 

Reaction 5 
r 1 

Continuing ourtheoretical examinationofthe pericyclic reac- 
tions of phosphaalkenes (6,9-13), we report here ab initio cal- 
culations on theDiels-Alderreactionof2H-phosphole with 1,3- 
butadiene (Scheme 3). We have examined all possible reactions: 
2H-phosphole (diene) + 1,3-butadiene (dienophile), Reactions 
3 and 4, which have differing regiochemistry; 2H-phosphole 
(dienophile) + 1,3-butadiene (diene) with addition across the 
C=P bond, Reaction 5; and 2H-phosphole (dienophile) + 1,3- 
butadiene (diene) with addition across the phosphole C=C 
bond, Reaction 6. As a comparison, we examined the hydro- 
carbon analogue: the Diels-Alder reaction of cyclopentadiene 
(diene) + 1,3-butadiene (dienophile), Reaction 1, and the reac- 
tion of cyclopentadiene (dienophile) + 1,3-butadiene (diene), 
Reaction 2. We have examined the endo vs. exo selectivity of 
product formation and the cis vs. trans selectivity of the 1,3- 
butadiene. Using the topological electron density method of 
Bader (14), we assess the degree of bond formation in the tran- 
sition states and judge the synchronicity of these reactions. 

The only applicable experimental result (4) is the reaction 
shown in Scheme 2, which shows a clear preference for the 
phosphole to act as the dienophile with addition across its 
C=P bond. Mathey did report that another minor unidentified 
compound was produced. 

There have been two important theoretical studies of related 
systems. Li and Houk (15) examined the dimerization of 1,3- 
butadiene at the RHF and CASSCF levels. The concerted reac- 

tion is found to be about 5 kcal mol-' more favorable than the 
biradical pathway. In addition, the TS with the dienophilic 
butadiene in the trans conformation is 0.8 kcal mol-I lower in 
energy than the cis conformation. (Houk's earlier study of the 
Diels-Alder reaction between butadiene and acrolein indi- 
cated a slight preference for the cis conformation of acrolein 
(16).) At the CASSCF(6,6) level, the exo TS is 0.2 kcal mol-' 
below the endo TS, contrary to the experimental evidence, 
which indicates a slight preference for endo selectivity. Jor- 
gensen, Lim, and Blake (17) examined the Diels-Alder reac- 
tion of cyclopentadiene with isoprene and cyclopentadiene. 
They find a distinct preference for the cis conformation of iso- 
prene and endo selectivity. All studies have indicated that the 
concerted pathways show some degree of synchronicity, 
based on the distances of the forming a-bonds. We will com- 
pare our results with these previous theoretical studies. 

Computational methods 

The structures of all species involved in Reactions 1-6 were 
completely optimized at the HF/6-3 lG* level. The nature of 
these geometries was confirmed with analytical frequencies; 
all ground states had all real frequencies and the transitions 
states had one and only one imaginary frequency. The geom- 
etries of the transitions states are drawn in Figs. 1 and 2, while 
those of the products are drawn in Figs. 3 and 4. 
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Bachrach and Perriott 

Fig. 1. HFl6-31G* optimized geometries of TS1-TS2. All distances are in A. 
h 

The activation energy of Diels-Alder reactions is known 
to be sensitive to electron correlation (1 1, 17-19). Activation 
energies are dramatically overestimated at HF and underesti- 
mated at MP2. However, the HF and MP2 optimized geome- 
tries of TSs for Diels-Alder reactions do not differ 
substantially. Therefore, we have obtained single-point ener- 
gies at MP4SDQl6-3 1 G*l/HFl6-3 1 G*. Previous studies have 
shown that computations at this level are adequate to 
describe the systems under study in this report. Reaction 
energies are listed in Table 1 and activation energies are 
given in Table 2. 

As described below, the endo transition states of Reactions 
2 and 6 appear to have biradical character. To better treat these 
states, Reactions 2 and 6 (through endo TSs) were reexamined 
at UHFl6-31G*. Both reactions were found to have an inter- 
mediate state (INT2 and INT6) and transition states leading to 
and from the intermediate. INT2 was optimized at UMP216- 
3 lG* since it could not be located on the UHF surface. Since 
the main focus of this paper is the concerted mechanism, we 
report only the UHF energies. 

All energy calculations were performed using G A U S S I A N ~ ~  

(20) Or GAUSSIAN94 (2 1). 

Table 1. Reaction energies (kcal mol-') for Reactions 1-6. 

Reaction Product HF MP4 E,,(MP4) 

1 ltn -12.67 -22.96 12.44 
ltx -12.32 -22.64 12.76 
lcn -10.87 -21.54 13.86 
ICX -10.77 -2 1.45 13.95 

2 2 -27.38 -35.40 0.00 
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Fig. 2. HFI6-31G* optimized geometries of TS3-TS6. All distances are in A. 

W t n  W t x  

Table 2. Activation energy (kcal mol-I) for Reactions 1-6. 

Reaction TS HF MP4 E,,(MP4) 

1 TSltn 
TSltx 
TSlcn 
TSlcx 

2 TS2n 
TS2x 

3 TS3tn 
TS2tx 
TS3cn 
TS3cx 

4 TS4tn 
TS4tx 
TS4cn 
TS4cx 

5 TSSn 
TSSx 

6 TS6n 
TS6x 

Table 3. Bond orders for TSl using eq. [ I ] .  
2 

- 

Bond TSltn TSltx TSlcn TSlcx 

1-2 
2-3 
7-8 
8-9 
3 4  
4-5 
1-5 
6-7 
1-6 
3-7 
Sum" 

"Sum of bond orders of active bonds (rows 5-10). 

"RHFI6-31G* results indicate biradical character for these TSs and are 
likely to be erroneous. See text for discussion. 

The electron density was analyzed using the topological locally modified version of EXTREME (22). Bond orders n were 
electron density method of Bader (14). The value of the elec- obtained using the empirical relationship eq. [ I ] .  Bond orders 
tron density at critical points (p(r,)) was evaluated using a are reported in Tables 3-6. 
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Bachrach and Perriott 

Fig. 3. HF16-3 lGi: optimized geometries of 1-2. All distances 
are in A and relative energies of 2 are (MP4) in kcal mol-'. 

lcr 

Table 4. Bond orders for TS2 using eq. [ I ]  

Bond TS2n TS2x 

"Sum of bond orders of active bonds (rows 5-10). 

[I] n(X-Y) = exp(A[p(r,) - B]) 

X-Y (ref .) A B 

C-C (23) 6.458 0.252 
C-P (24) 19.628 0.153 

Results 

Reaction 1 
For the reaction of cyclopentadiene with butadiene where 
butadiene acts as the dienophile, four TS are possible, leading 
to four different products. The reaction of trans- 1,3-butadiene 
with cyclopentadiene can proceed through an endo TS 
(TSltn, where t indicates trans-1,3-butadiene and n indicates 
endo orientation) or an exo TS (TSltx, where x indicates exo). 
The reaction of cis- 1,3-butadiene can also proceed through an 
endo (TSlcn, where c indicates cis-1,3-butadiene) or exo 
(TSlcx) TS. The four products differ by having an endo or exo 
vinyl group that is either s-cis (lcn and lcx) or s-trans ( l tn  
and ltx) to the saturated two-carbon bridge. These possibili- 
ties are shown in Scheme 3. 

The geometries of these four products are very similar (Fig. 
3). In fact, the variation in any C-C distance among the four 
isomers is less than 0.005 A. All distances and angles are in 
expected ranges for typical C-C and C = C  bonds and nor- 
bornene systems. The most stable isomer is l tn ,  which lies 
1.42 kcal mol-' below its rotational isomer l cn  and 0.32 kcal 
mol-' below its exo isomer. Presumably, poor steric interac- 
tions in both lcn and lcx reduce the energy difference 
between these two isomers to only 0.09 kcal mol-', compared 
to the difference of 0.32 kcal mol-' between l t n  and ltx. For- 
mation of the most stable isomer (ltn) is exothermic, with 
reaction energy (using trans- l,3-butadiene) of -22.96 kcal 
mol-' (Table 1). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



844 

Table 5. Bond orders for TS3 and TS4 using eq. [I]. 
2 

TS3: X=CH, Y=P 
TS4: X=P, Y=CH 

4 7 CH=CH7 

Can. J. Chem. Vol. 74, 1996 

Bond TS3tn TS3tx TS3cn TS3x TS4tn TS4tx TS4cn TS4cx 

1-2 1.06 1.06 1.06 1.09 1.11 1.11 1.10 1.11 
2-3 1.12 1.12 1.11 1.12 1.06 1.04 1.04 1.07 
7-8 1.23 1.21 1.23 1.19 1.20 1.19 1.20 1.17 
8-9 2.00 2.00 1.98 1.98 2.01 2.01 1.99 1.99 
3 4  1.64 1.64 1.67 1.64 1.57 1.57 1.58 1.55 
4-5 1.57 1.57 1.57 1.58 1.58 1.58 1.59 1.59 
1-5 1.57 1.57 1.58 1.56 1.62 1.61 1.61 1.61 
6-7 1.59 1.58 1.59 1.59 1.61 1.60 1.63 1.61 
1-6 0.15 0.15 0.17 0.15 0.29 0.29 0.29 0.29 
3-7 0.28 0.27 0.26 0.26 0.12 0.12 0.11 0.11 
Sum" 6.80 6.78 6.84 6.78 6.79 6.77 6.81 6.76 

"Sum of bond orders of active bonds (rows 5-10). 

Table 6. Bond orders for TS5 and TS6 using eq. [I]. 

Bond TS5n TS5x 

"Sum of bond orders of active bonds (rows 5-10). 

We located four transition states, corresponding to the dif- 
ferent paths shown in Scheme 3. Overall, the geometries of the 
four isomeric TSs of Reaction 1 are also very similar. The 
bond distances in the butadiene and cyclopentadiene frag- 
ments vary by less than 0.007 A among the isomers. The form- 
ing bonds between the two fragments are of different lengths; 
the forming bond to the carbon bearing the vinyl group is 
longer than the other forming bond in all four TSs. This asym- 
metry is slightly greater in the cis isomers (difference in bond 
distances of about 0.20 A) than in the trans isomers (difference 
of 0.16 A). 

There is remarkable synchronicity in these TSs. 'The bond 
distances of the partially brokenfformed double bonds in the 
butadiene and cyclopentadiene fragments vary by less than 

0.1 A. This is even more apparent when examining the bond 
orders (Table 3). The bond orders for these bonds only vary 
from 1.56 to 1.62. The bond order of the forming a-bonds is 
about 0.3. Summation of the bond orders of these active bonds 
is nearly 7 in all four TSs, suggesting a synchronous concerted 
reaction. 

The most favorable TS for Reaction 1 is TSltn with an acti- 
vation energy of 26.10 kcal mol-'. TSltx lies only 0.24 kcal 
mol-' higher, and TSlcn is only 0.38 kcal mol-' higher still. 
The preference for endo over exo approach is 0.24 kcal mol-' 
in the trans case and 0.76 kcal mol-' in the cis case. 

While there is no experimental data to which we can 
directly compare these results, we can compare our calcula- 
tions with theoretical results of related systems. Jorgensen, 
Lim, and Blake (17) have examined the reaction of cyclopen- 
tadiene with isoprene at MP316-3 lG*NHF16-3 lG*. The 
geometries of the TSs for the reaction of cyclopentadiene with 
isoprene are very similar to ours, particularly the distances of 
the forming a-bonds. The larger differences in these bond 
lengths in the cis isomers relative to the trans isomers are 
found in the isoprene case. Energetic preference for the endo 
approach is indicated in both the isoprene and our butadiene 
studies. However, in the isoprene reaction, the lowest TS is the 
endo-cis isomer, favored by 0.53 kcal mol-' over the endo- 
trans isomer. Houk and co-workers noted a preference of the 
endo-cis TS over the endo-trans of 0.6 kcal mol-' in the reac- 
tion of butadiene with acrolein (16) (but at a much lower com- 
putational method). In the dimerization of cyclopentadiene, 
Jorgensen et al. found an endo preference of 2.71 kcal mol-' 
(17). Clearly, the preference for endo over exo is confirmed, 
but the selection of cis over trans is not corroborated, though 
the energy differences in all cases is very small. 

Reaction 2 
The reaction of cyclopentadiene with butadiene, where 
cyclopentadiene acts as the dienophile, can proceed 
through two isomeric transition states, TS2n with an endo 
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Bachrach and Perriott 

approach or TS2x having an exo approach, as shown in 
Scheme 3. 

We located four rotamers of the product 2. 2a and 2b have 
the six-membered ring in the chair conformation and a stag- 
gered relationship across the fused bond. 2c and 2d have a boat 
conformation for the six-membered ring and a near eclipsed 
relationship across the fused bond. 2c can be thought of as the 
direct product of an endo attack, while 2d is the product from 
exo attack. The lowest energy rotamer is 2a, and as expected, 
the boat conformers are somewhat higher in energy. The reac- 
tion energy is -35.40 kcal mol-I. The experimental value for 
this reaction is not known. We can estimate the heat of forma- 
tion of bicyclo[4.3.0]-3,7-nonadiene using Benson's group 
equivalents (25) (with the strain estimate of cyclopentene and 
cyclohexene) and with the experimental values for cyclopen- 
tadiene and 1,3-butadiene estimate the enthalpy of reaction to 
be -34 kcal mol-I. Product 2a is 12.44 kcal mol-' more stable 
than ltn. 

The bond lengths in the four rotamers of 2 differ only in the 
fused bond length. In the lower energy chair conformers this 
bond is 1.548 A long, which increases to 1.564 A in the higher 
energy boat conformers. This increase reduces the eclipsing 
interactions across this bond in 2c and 2d and accounts for the 
higher energy of the boat conformers. 

The geometries of the two transition states TS2n and 
TS2x are drawn in Fig. 1. The bond distances in TS2x are 
similar to those found in TS1 and related Diels-Alder TSs. 
There is little bond alternation in the butadiene fragment, 
and the dienophilic double bond has a similar distance. The 
other bonds of the cyclopentadiene fragment have begun to 
adjust to the loss of conjugation between the original double 
bonds. The forming C-C a-bond distances are 2.330 and 
2.098 A, very similar to the forming distances in TS1. The 
shorter distance is to the carbon of the cyclopentadiene adja- 
cent to the saturated carbon. The bond orders for TS2x indi- 
cate a synchronous TS. The forminglbreaking double bonds 
have bond orders ranging from 1.55 to 1.68 and the sum of 
the active bond orders is 6.99. The activation energy through 
TS2x is 30.72 kcal mol-I, or 4.62 kcal mol-' greater than 
through TSltn. In other words, TS2 has a perfectly ordinary 
structure. 

The same cannot be said for TS2n. The length of the dieno- 
philic C-C bond of cyclopentadiene is 1.502 A, compared to 
1.400 A in TS2x. The butadiene fragment has one long C-C 
bond (1.48 1 A) and then two adjacent shorter bonds (1.388 and 
1.370 A), compared to the non-alternation in TS2x. Most strik- 
ing are the distances for the forming two a-bonds: 1.596 and 
2.532 A. These distances suggest one C-C bond is nearly 
formed in the TS and the second has barely begun to form. The 
geometry suggests a biradicaloid structure, where one new u- 
bond has formed, creating two separated allylic systems. The 
bond orders support this notion. The shorter of the forming u- 
bonds has a bond order of 0.80, and the "allylic" C - 4  bonds 
have bond orders from 1.60 to 1.69. The sum of the active 
bond orders is only 6.64, a significant loss of "bonds" in this 
TS. Since it is well known that biradical structures are poorly 
described at RHF, we will revisit this structure in a later sec- 
tion. 

The activation energy for Reaction 2 through TS2x is 30.72 
kcal mol-', 4.62 kcal mol-I higher than the activation energy 
for Reaction 1. 

Reaction 3 
Analogous to Reaction 1, the Diels-Alder reaction of 2H- 
phosphole with butadiene as the dienophile proceeds through 
four stereoisomeric transition states. In addition there is also 
the regioselection of the vinyl group ending up adjacent to the 
carbon bridgehead (Reaction 3) or the phosphorus bridgehead 
(Reaction 4). 

Of the four isomeric products of Reaction 3, the lowest 
energy is 3tn, which is 0.50 kcal mol-' more stable than the 
exo isomer. The cis isomer 3cn lies 1.49 kcal mol-' above the 
trans isomer, while 3cx lies 0.23 kcal mol-' higher still. This 
ordering (and the energy differences) are similar to the hydro- 
carbon case 1. The geometries of 3 (shown in Fig. 4) are as 
expected, with little variation among the four isomers, and are 
similar to 1, outside of the substitution of P for C at the bridge- 
head. 

The four isomeric TSs are drawn in Fig. 2. The active C-C 
bonds that are either breaking or forming a T-bond vary from 
1.385 to 1.390 A, a remarkably small range, among the four 
isomers, while the active P-C distance varies only from 
1.727 to 1.729 A. The forming C-C a-bond distance is 2.33 
A in the trans TSs and 2.38 A in the cis TSs while the forming 
C-P a-bond distance is shorter in the cis TSs than in the trans 
TSs. This reflects the steric interaction between the vinyl 
group and the cyclopentadiene fragment that lengthens the 
C-C distance in the cis isomer, which compensates by hav- 
ing a shorter C-P distance. These C-C distances are a bit 
longer than in TS1 due to the longer C-P bond that is being 
formed in TS3, relative to the two C-C bonds being formed 
in TS1. 

While it is clear from the active C-C distances that the TS 
appears synchronous, it is difficult to judge whether the C-P 
distances are also formedhroken to the same extent. The use 
of bond orders allows for direct comparison of different bond 
types, such as in this case. The bond orders for the active 
bonds involved in the T-bonds range from 1.56 to 1.67 only. 
The sum of the active bond orders is about 6.80. We have pre- 
viously seen that the estimated bond order for partial C-P 
bonds is too low (6, 13), and an increased value would move 
the bond order sum to near 7. Just as for the hydrocarbon case, 
the TSs for Reaction 3 appear synchronous. 

The smallest activation energy is through TS3tn, with a 
barrier of 16.71 kcal mol-'. The barrier through TS3tx is only 
0.18 kcal mol-' higher, while the cis TSs are higher still. 
Again we see a preference for the endo over exo TS and for 
trans over cis conformation of the butadiene fragment. The 
relative order of the four TSs for Reactions 1 and 3 are identi- 
cal, with nearly identical energy differences between the iso- 
mers. However, the banier for the phosphorus case is nearly 
10 kcal mol-' lower than the hydrocarbon. This difference is in 
accord with our previous studies of phospha Diels-Alder reac- 
tions (6, 11, 12). 

Reaction 4 
The Diels-Alder reaction of 2H-phosphole with butadiene as 
the dienophile can proceed through four different TSs to give 
four isomeric products with the vinyl group adjacent to the 
phosphorus. The lowest energy product is 4tn; the exo isomer 
is 0.33 kcal mol-I higher in energy and the cis isomers are 0.90 
kcal mol-' higher still. 4tn is 0.38 kcal mol-I higher than 3tn. 
The difference in energy between endo and exo isomers is 
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Fig. 4. HF/6-3lG* optimized geometries of 3-6. All distances are in and relative energies of 5 and 6 (MP4) are in kcal mol-'. 

reduced in 4 compared to 3, especially in the cis case. In 4, the 
vinyl group is adjacent to the phosphorus and therefore farther 
removed from the norbornene framework than in 3, where it is 
adjacent to the carbon bridgehead. This increased separation 
diminishes the difference in s~eric interactions between the 
vinyl group and either the methylene or ethylene bridge. The 
geometries of the isomers of 4 are quite similar to each other 
and to the isomers of 3. 

Just as for the TS3, the geometries of TS4 display a syn- 
chronous reaction. The active C-C double bonds have similar 
length in all four structures, which are also identical to the dis- 
tances in TS3. Bond orders for the active bonds, including the 
P=C bond, range from 1.55 to 1.63 only, and the sum of the 
active bond orders is about 6.8. 

The partially formed P-C bond distance is about 2.55 A in 
the trans isomers and 2.6 A in the cis isomers. These are longer 
than in TS3, reflecting the interaction of the vinyl group adja- 
cent to the phosphorus in TS4 vs. that adjacent to the carbon 
bridgehead in TS3. 

TS4tn is the lowest energy TS for Reaction 4, with a barrier 
of 17.85 kcal mol-'. As for Reactions 1 and 3, there is a slight 
preference for trans over cis and endo over exo TSs. TS4tn 
lies 1.14 kcal mol-' above TS3tn. 

Reaction 5 
The Diels-Alder reaction of 1,3-butadiene with 2H-phosphole 
as the dienophile can occur via addition across the C=P 
(Reaction 5) or the C=C (Reaction 6) bond. We located three 
conformations of the product 5, two boat conformers that cor- 
respond to direct endo 5a and exo 5c approach and a chair con- 
former 5b (Fig. 4). The lowest energy conformer is 5a. The 
reaction energy is -31.73 kcal mol-I, nearly 6 kcal mol-' 
more exothermic than Reaction 3. 

The endo TSSn is 3.28 kcal mol-' lower than TSSx, but it is 
1.98 kcal mol-' higher than TS3tn. The activation barrier for 
Reaction 5 is therefore about 10 kcal mol-' lower than in Reac- 
tion 2, again showing the effect of replacing carbon with phos- 
phorus in a Diels-Alder reaction. 

The structure of TSSx is typical for phospha Diels-Alder 
reactions. There is little alternation in the butadiene fragment. 
The forming C-C and C-P distances fall in typical ranges. 
The bond orders of the active T-bonds range from 1.51 to 
1.69, a little larger scatter than the other TSs examined here. 
The sum of the active bond orders is 6.78. With a slightly 
larger, more realistic, value for the forming C-P bond, this 
sum is close to the ideal value of 7. 

The structure of TSSn is more unusual. While there is little 
alternation in the butadiene fragment, the bond orders for the 
active T-bonds range from 1.5 1 to 1.73, a wider range than 
usual. Further, the forming C-C distance is longer than the 
forming C-P distance, which is very short, only 2.337 A. The 
active bond order sum is the same as for TSSx. 

Reaction 6 
Reaction 6 is the Diels-Alder reaction of 1,3-butadiene with 
2H-phosphole as the dienophile, with addition across its 
C=C. The active bonds in this reaction are identical to Reac- 
tion 2; the difference is the "spectator" role of the C=P vs. the 
C=C bond. We located two chair conformations of the prod- 
uct 6, but could not find any boat structures. The reaction 
energy is -32.90 kcal mol-', and is the most exothermic of the 
Diels-Alder reactions of 1,3-butadiene and 2H-phosphole. 

The geometry of TS6x is as expected, except for the slightly 
short forming C-C distance of 1.976 A. Otherwise, the struc- 
ture shows only small alternation in butadiene and standard 
bond lengths. The bond orders in TS6x indicate the least syn- 
chronous of the concerted reactions examined here. The bond 
orders of the active T-bonds range from 1.48 to 1.7 1; never- 
theless the sum of the bond orders is 6.94. Bond order is con- 
served, which is expected of a concerted reaction. The 
activation energy through TS6x is 29.67 kcal mol-I, by far the 
largest value of any Diels-Alder reaction of 2H-phosphole 
with butadiene. However, this barrier is about 1 kcal mol-' 
less than for the analogous reaction, Reaction 2. 

Just as the geometry of TS2n indicated possible biradical 
character, the structure of TS6n also appears to have biradical 
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Fig. 4 (concluded). 

character. Since the active bonds for these two TSs are identi- 
cal, this similarity is not unexpected. The butadiene fragment 
has two C-C bonds of length 1.382 A (an allylic system) and 
the C-C bond adjacent to the forming C-C u-bond is 1.490 
A, just short of a standard single bond distance. The distance 
of the original C=C in phosphole is 1.5 19 A. The two forming 
C-C single bonds have lengths 1.582 A (nearly fully formed) 
and 2.331 A. The bond orders reflect this biradical character as 
well. The new, short C-C bond has order 0.85. The allylic 
system in butadiene shows bond orders of 1.67 and 1.62, while 
the allylic system in phosphole, which includes the C-P 
bond, has bond orders of 1.57 and 1.62. This eizdo TS is best 
examined at the UHF level, which will be discussed below. 

UHF analysis of reactions 2 and 6 
The RHF calculations of Reactions 2 and 6 proceeding 
through the eizdo TSs strongly suggest biradical character. We 
therefore decided to reexamine these two reactions at the UHF 
level, which is more appropriate for treatment of biradical sys- 
tems. Since the main focus of this work is the concerted Diels- 
Alder reaction, and given the enormous computational 
demands for examining all these reactions for biradical inter- 
mediates, etc., we have examined these two reactions at the 
UHF level only. 

Before proceeding to the UHF results, we wish to note one 
additional unusual aspect of the RHF TSs for these two reac- 
tions. Tracing the intrinsic reaction coordinate (IRC) for the 
two TSs indicates that these TSs do not connect the presumed 
reactant with product. Rather, TS2n connects l c n  with 2 and 
TS6n connects 4cn with 6. One should keep in mind that these 
results are for the RHF surface, which is likely to be totally 
inappropriate for describing these two reactions. 

Reexamination of Reaction 2 at UHFl6-31GZk led to the 
reaction sequence shown in Scheme 4. A stable intermediate 
INT2 could not be located at UHF, but was optimized at 
UMP216-31G*. A TS leading from reactants to INT2 was 
located (TS2n1) as was the TS connecting INT2 with product 
(TS2n1'). The optimized structures are drawn in Fig. 5. The 
critical geometric features of these structures are the distances 
of the forming bonds between the two fragments. In TS2n1, 
the distance between one terminal C of butadiene and the C 
adjacent to the saturated carbon of cyclopentadiene is 2.100 A, 
while there is no interaction between the other end of the 
addends. In INT2 the one new C-C bond has essentially 
formed (1.564 A) while the other still has not begun to form. 
Finally, in TS2nn, the second new bond has begun, indicated 
by a distance of 2.286 A. 

The activation energy (UHFl6-3 lG*) to reach TS2n' is 21.6 
kcal mol-'. INT2 lies 2.4 kcal mol-' above reactants. TS2n"' 
is 10.3 kcal mol-I above the intermediate, or 12.7 kcal mol-' 
above reactants. 

A similar situation arises for Reaction 6 at UHFl6-31G*, 
also shown in Scheme 4. Again, a stable intermediate was 
located (INT6) along with TSs leading to (TS6n') and from 
(TS6nn) this intermediate. The progress of the reaction can be 
monitored via the forming bond distances. The first bond 
formed is between the terminal carbon of butadiene and the 
carbon of cyclopentadiene adjacent to the saturated center. 
This distance is 2.119 A in TS6nf and the bond is formed in 
INT6, having a distance of 1.552 A. The second bond is not 
formed at all by INT6 but begins to form in INT6nn, with a 
separation of 2.207 A. These structures are drawn in Fig. 5. 

TS6nf lies 19.4 kcal mol-I above reactants, while INT6 is 
actually more stable than reactants, lying 3.3 kcal mol-' below 
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Scheme 4. 

Fig. 5. UHFI6-3 lG* optimized geometries of transition states and intermediates 
from Scheme 5. All distances are in and relative energies are in kcal mol-'. 

reactants. The barrier for the second step is 17.6 kcal mol-I, or Discussion 
in other terms, TS6n" lies 14.3 kcal mol-' above reactants. 

At UHFI6-3 lG*, Reactions 2 and 6 forming the endo prod- We first examine the reactions for which we located concerted 
uct proceed through a two-step process. In the first step, one TS, i.e., excluding the reactions through TS2n and TS6n. The 
new C-C single bond is formed, creating a stable biradical, Diels-Alder reaction of cyclopentadiene with 1,3-butadiene 
which then forms the second new bond in the second step. can proceed in two ways, with either reagent acting as the 
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diene or dieno~hile. The reaction with butadiene as the dieno- 
phile (Reaction 2) is favored under thermodynamic control, 
which is understandable in terms of the greater ring strain in 
the norbornene product 1 than the bicyclic product 2. The reac- 
tion where butadiene acts as the dienophile (Reaction 1) is 
kinetically favored. For normal, electron-demand, Diels- 
Alder reactions, the rate is dependent on the dienophile LUMO 
energy. The LUMO of butadiene is lower than in cyclopenta- 
diene, making it the better dienophile. For Reaction 1 there is 
slight preference for endo selectivity and the trans conforma- 
tion of the butadiene. This selectivity is consistent with previ- 
ous calculations. 

Products 5 and 6 are more stable than 3 and 4, analogous to 
the hydrocarbon case. However, the energy difference is 
smaller in the former case. This is likelv attributable to the 
decreased ring strain energy in 3 and 4 relative to 1 since phos- 
phorus occupies the bridgehead position in the former com- 
pounds, and is better suited to accommodate the small ring 
angles than is carbon. 

Products 3 and 4 are kinetically favored over 5 and 6, again 
similar to the hydrocarbon case. The activation energy for 
Reactions 3, 4, and 5 (exo only) are about 10 kcal mol-' less 
than for Reactions 1 and 2. A principle reason is the high 
HOMO and extremely low LUMO (0.0750 eV) of 2H-phos- 
phole, making this reagent extremely reactive, particularly 
noticeable in the low activation energy of the reaction leading 
to 5n. The activation energy for Reaction 6 is very similar to 
those of Reactions 1 and 2, where the active bonds all involve 
just carbon. 

There is a distinct preference for endo selectivity in all of 
the phosphole reactions, though this selectivity is reduced in 
Reaction 4. The longer distance between the vinyl group and 
the five-membered ring in Reaction 4 compared to that in 
Reaction 3 dampens the discrimination. Reaction through the 
trans conformation of butadiene is also slightly favored in the 
reactions of phosphole. Again, this is consistent with the 
hydrocarbon results. 

All of the concerted TSs are remarkably synchronous based 
on both bond distances (where appropriate comparisons can be 
drawn) and empirical bond orders. Perhaps most intriguing are 
the results of the reactions of phosphole. Even though the sym- 
metry has been substantially broken by the phosphorus substi- 
tution, and the forming a-bonds have very different lengths, 
the bond orders of the formingbreaking n-bonds are very 
close. The new a-bonds have bond orders that match the 
degree of bond makingbreaking at the other active bonds. 
This is best seen in the conservation of bond order between 
reactant, TS, and product. 

The stepwise, biradical pathway for the Diels-Alder reac- 
tions has been shown to be about 10 kcal mol-' less favorable 
than the concerted pathway for the reaction of 1,3-butadiene 
with ethylene and 5 kcal mol-' less favorable in the dimeriza- 
tion of 1,3-butadiene (15). For the reactions examined in this 
study, the stepwise pathway will be further stabilized due to 
the possible formation of two allylic radicals. While detailed 
examination of the stepwise vs. concerted reactions is beyond 
the scope of this paper, two of the reactions examined here 
clearly proceed by the biradical pathway. 

The reactions proceeding through TS2n and TS6n are dis- 
tinctly different from the others. These transition states 
strongly suggest a biradical pathway. Our low-level investiga- 

tion of the biradical pathway for both reactions confirms a 
biradical intermediate and therefore a two-step reaction mech- 
anism. Our methods do not allow for direct energetic compar- 
isons between the concerted (RHF) and biradical (UHF) 
energies, but it is clear that the biradical pathway is preferred 
for these two cases, since we were unable to locate a concerted 
TS. 

Reactions 2 and 6, which proceed through the exo TSs, can 
proceed in a concerted fashion, providing some indication of 
the delicate balance between the competing mechanisms. In 
the endo TSs, there is sufficient steric interaction in the con- 
certed approach to favor the stepwise mechanism, which 
diminishes the steric interactions and provides for stabiliza- 
tion of the two radical centers through allylic delocalization. 
The steric interactions are small enough in the exo TSs for the 
concerted TS to occur. 

The most striking aspect of this study is how similar the 
results are for the phosphole and cyclopentadiene reactions. 
For both systems, kinetic control leads to the norbornene prod- 
uct and thermodynamic control leads to the bicyclo[4.3.0]non- 
adiene product. There is a slight preference for the endo TS 
and also for the butadiene (as dienophile) to react in the trans 
conformation. The TSs are concerted and synchronous, except 
for the case where butadiene is the diene and addition is endo. 
For this situation, both phosphole and cyclopentadiene react in 
a stepwise fashion. The only difference of note is the lower 
activation energies for the reactions of phosphole. The C=P 
double bond reacts analogously to the C=C double bond, 
except that its smaller bond energy leads to reduced activation 
barriers. 

Finally, the calculated results are consistent with the exper- 
imental results. The reaction shown in Scheme 2 is conducted 
at high temperature (170°C) and for 5 days (4). The observed 
product corresponds with our thermodynamic product and, 
under these conditions, thermodynamic control is likely to 
prevail. 

Conclusion 
A major theme of our research program has been to explore 
the mechanistic changes brought on by replacing carbon with 
phosphorus in pericyclic reactions. In this paper, we explore 
the effects of replacing a carbon in cyclopentadiene with phos- 
phorus. There is near-perfect similarity in the predications of 
the stereochemistry, energetics, and mechanistic path for these 
two systems. Thermodynamic preference is for formation of 
the bicyclo[4.3.0]nonadiene product, while kinetic preference 
is for the norbornene product. The ertdo TSs are lower in 
energy than exo TSs, with preference for the butadiene to be in 
the trans conformation. For the reaction of butadiene as the 
diene component and endo orientation, the reaction with both 
cyclopentadiene and 2H-phosphole proceeds through a step- 
wise, biradical mechanism; otherwise all reactions have con- 
certed TSs, which show synchronous bond formation/ 
cleavage. These results are in agreement with our previous 
studies, strongly indicating that the C=P double bond 
behaves identically to the C = C  double bond in pericyclic 
reactions. 
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Inner-shell excitation spectroscopy of aniline, 
nitrobenzene, and nitroanilines 

Cassia C. Turci, Stephen G. Urquhart, and Adam P. Hitchcock 

Abstract: Oscillator strengths for C Is, N Is, and 0 1s excitation spectra of aniline, nitrobenzene, and the isomeric nitroanilines 
have been derived from inner-shell electron energy loss spectroscopy recorded under low momentum transfer conditions (>2.5 
keV impact energy and small scattering angle, 0 52'). Extended Hiickel Molecular Orbital (EHMO) calculations carried out 
within the equivalent core analogy are used to aid spectral interpretation. These spectra are used to investigate the sensitivity of 
core excitation spectroscopy to charge transfer interactions in aromatic molecules that have both electron-donating and electron- 
withdrawing substituents. Strong multielectron excitation features were not found, although these had been anticipated from 
photoemission studies. The C 1s + T* and N 1s (NH,) + n* spectral features of the nitroanilines are found to be strongly 
dependent on the substitution pattern (ortho, meta, or para). 

Key words: electronic structure, inner-shell excitation, nitroanilines, EHMO calculations. 

RCsumC : En se basant sur la spectroscopie de la perte d'energie des Clectrons des couches internes dans des conditions de faible 
transfert du moment (Cnergie d'impact >2,5 keV et faible angle de diffusion, 0 52O), on a dCrivC les forces d'oscillateur des C Is, 
N 1s et 0 1s pour les spectres d'excitation de l'aniline, du nitrobenzkne et des nitroanilines isomkres. Comme aide 
I'interprCtation spectrale, on a utilisC des calculs d'orbitales molCculaires de Hiickel ttendues (OMHE) effectuts ides  conditions 
correspondantes i celle de l'analogie Cquivalente a celles des couches internes. On a utilisC ces spectres pour ttudier la sensibilitC 
de la spectroscopie d'excitation des couches intirieures aux interactions de transfert de charge dans des molCcules qui portent ?t 
la fois des substituants Clectrodonneurs et Clectroattracteurs. On n'a pas observk de caractkristiques de fortes excitations 
multiClectroniques, mdme si on les avait antioipCes sur la base des Ctudes de photoCmission. On a observC que les caractkristiques 
spectrales des transitions C Is + T* et N 1s (NH,) + T* des nitroanilines dtpendent fortement des positions (ortho, me'ta ou 
para) des substituants. 

Mots clis : structure Clectronique, excitation des couches intkrieures, nitroanilines, calculs d'OMHE. 

[Traduit par la rCdaction] 

I. Introduction 

This study was motivated by observations in the early 1980s of 
intense satellite structures in the N Is  X-ray photoelectron 
spectra of gas phase and condensed para-nitroaniline and 
related compounds (1-1 1). The X-ray photoelectron spectrum 
(XPS) of solid para-nitroaniline exhibits a single sharp line 
attributed to N IS(NH,), ionization and a 2 e V  doublet with 
approximately equal intensity components initially attributed 
to N ls(N0,) ionization. Early interpretations (1) suggested 
that the lower binding energy component of the two peaks 
attributed to N ls(N0,) ionization was actually a multiconfig- 
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The core level involved is indicated by this notation. The 
character of the upper level of a given transition is indicated by 
a subscript, e.g., T * ~ ~ .  

urational state in which N ls(N0,) ionization combined with a 
IT + T* excitation resulted in a state at  lower energy than that 
of the one-electron N Is(N0,) ionization i.e., a shake-down 
satellite. This unusual situation was ascribed to a facile 
intramolecular charge transfer in this classic push-pull, 
donor-acceptor species. However, the N 1s XPS spectrum of  
gas phase para-nitroaniline was found to have a single broad 
N ls(N0,) peak (2) that, upon better resolution, was shown to 
consist of an asymmetric peak structure (6). Further work 
involving comparisons of vapour and solid state XPS spectra 
ofpara-nitroaniline (2 ,6 ,9 ,  1 I),  and quantum calculations (4- 
6, 12) led to alternate spectral interpretations, including a 
more conventional shake-up picture in which the main line, 
one-electron N ls(N0,) ionization was attributed to the lower 
energy component of the doublet and the intense satellite a t  
2 e V  higher energy was attributed to a (NH,) + (NO,) 
charge-transfer satellite of the N ls(NH,) line. Differences 
between the gas and solid state N 1s XPS were attributed to 
intermolecular charge transfer (9, 10, 12, 13) or hydrogen 
bonding effects in the solid (6). 

The presence of the intense shake (charge transfer) satellites 
in the N 1s (and to a lesser extent, the 0 1s) XPS led us to won- 
der whether the donor-acceptor character of disubstituted 
benzenes such as nitroaniline might give rise to analogous 
intense multielectron satellite structures in the core excitation 
spectra. Core excitation spectra might be expected to show 
satellite features closely related to those in core ionization 

Can. J.  Chem. 74: 851-869 (1996). Printed in Canada / ImprimC au Canada 
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when the same core hole is involved. However, the discrete 
core excited states are neutral and the excited electron can 
have strong shielding effects such that the electron reorganiza- 
tion (charge transfer) that leads to XPS satellite lines may be 
strongly suppressed. Thus, rather than dramatic shake-up fea- 
tures analogous to those seen in XPS, there might be threshold 
onsets at the energy of the XPS shake-up signal superimposed 
on other spectral features in the continuum region of the core 
excitation spectrum (similar to those identified in the core 
spectra of some simple molecules such as CO and N2 (14)), but 
there may not be any strong, sharp-line, multi-electron excita- 
tions built uDon the main 1s + IT* discrete transitions. The ini- 
tial motivation of our study was then to determine which of 
these two scenarios the experimental spectrum most resem- 
bled. 

Another interesting theme of the core excitation spectros- 
copy of these molecules is the dependence of the C 1s + IT* 
structure on the nature of the disubstitution pattern (ortho ver- 
sus meta versus para). While the core excitation spectra of 
several homo disubstituted benzenes have been studied previ- 
ously (15, 16), to our knowledge this is the first study of the 
core spectra of a hetero disubstituted benzene. The pattern of 
unoccupied IT* orbitals will be affected by IT* electronic inter- 
action between the NH, and NO, substituents through the 
ring-IT* system which, in turn, will depend on the substitution 
pattern. This, along with changes in the C 1s chemical shifts, 
should be reflected in the C 1 s + IT* signals. If a characteristic 
signature for ortho, meta, and para substitution patterns can be 
identified, this could be useful with regard to analytical appli- 
cations of NEXAFS spectroscopy, such as polymer 
microanalysis (1 6, 17). 

In this work, inner-shell electron energy loss spectroscopy 
(ISEELS) has been used to record the C 1s. N 1s. and 0 1s 
spectra of the three isomeric nitroanilines. In addition, the core 
spectra of nitrobenzene and aniline have been measured, in 
order to use spectral comparisons to aid assignment. The 
experimental conditions (high impact energy and small scat- 
tering angle) are such that the ISEELS spectra are expected to 
exhibit the same spectral features with similar relative intensi- 
ties as those of the corresponding photoabsorption spectra. To 
our knowledge, aniline is the only one of these species for 
which core excitation spectra have been reported earlier (18- 
20), namely, X-ray absorption (NEXAFS) studies of the con- 
densed multilayer solid. 

The experimental spectra are reported on absolute oscillator 
strength scales using a previously developed conversion 
scheme (21). Extended Hiickel (EHMO) calculations and a 
simple semiempirical molecular orbital method (22-24), car- 
ried out within the equivalent ionic core virtual orbital model 
(EICVOM) (25, 26), have been used to assist spectral assign- 
ments and to explore aspects of the virtual molecular orbital 
electronic structure of these species. 

II. Experiment 

The gas phase ISEELS spectrometer employed in these exper- 
iments has been described in detail previously (27). Basically, 
it is a high-vacuum apparatus consisting of an electron gun, 
sets of electrostatic deflector plates for beam steering, beam 
current monitors, a gas cell, a post collision deceleration lens, 
a hemispherical electrostatic energy analyzer, and a single 

electron counting detection system. The detector pulses are 
processed by standard electronics (preamplifier, amplifier, 
discriminator) and are counted by a microcomputer that also 
scans the analyzer voltages and stores the acquired data. The 
spectrometer is operated under conditions of small momentum 
transfer where the electronic excitations are dominated by 
electric-dipole-allowed transitions. The impact energy is 2.5 
keV plus the energy loss and the scattering angle is -2°C. The 
overall spectral resolution was typically in  the range of 0.6- 
0.8 eV full width at half maximum (fwhm), although the C 1s 
spectrum of aniline was recorded with a resolution of 0.45 eV. 

All samples were obtained commercially; aniline from 
BDH, nitrobenzene from Baker, and nitroanilines (ortho, 
meta,para), from Eastern. All samples had a stated purity bet- 
ter than 98%. They were run without further purification, 
except aniline and nitrobenzene, which were submitted to 
multiple freeze-pumpthaw cycles to remove any dissolved 
impurity gases or highly volatile components prior to their use. 
The least volatile samples, para-nitroaniline (mp 149"C), 
tneta-nitroaniline (mp 1 14"C), and ortlzo-nitroaniline (mp 
75°C) were placed inside a small glass tube attached directly 
to the collision cell of the spectrometer. For the para  and meta 
compounds, the tube was gently heated with an internally 
mounted quartz-halogen bulb, while the end plates of the gas 
cell were water cooled to trap the vaporized sample and avoid 
insulating deposits on sensitive parts of the spectrometer. The 
aniline and nitrobenzene samples were sufficiently volatile to 
be introduced into the gas cell through a leak valve from a 
flask at low vacuum. Multiple spectra were obtained to con- 
firm reproducibility. 

The energy-loss scale was calibrated by recording the spec- 
trum of a mixture of the unknown and a suitable reference 
molecule. The C 1s and 0 1s spectra were calibrated using the 
C 1s + a *  (290.74(4) eV) (28, 29) and the 0 1s + IT:': 

(535.4(2) eV) (30) transitions of CO,. The N 1s spectra were 
calibrated using the N 1 s + IT* (401.10(2) eV) transition of N, 
(28,29). The signal associated with a particular core edge was 
isolated from the underlying valence-shell ionization contin- 
uum by subtracting a smooth curve determined from a curve 
fit of the function a(E - b)' to the pre-edge experimental sig- 
nal. These background subtracted spectra were then converted 
to absolute oscillator strength scales using a method described 
and tested previously (21). 

Ill. EHMO calculations 

Extended Hiickel molecular orbital (EHMO) calculations 
were used to predict the core excitation spectra using the 
equivalent ion core virtual orbital model (EICVOM) (25,26), 
as described previously (3 1-33). In the EICVOM method the 
localization and reorganization effects associated with core 
excitation are simulated by replacing the core excited atom 
with the element of one larger nuclear charge (the equivalent 
core approximation) and the valence electron count is cor- 
rected by adding a positive charge. The virtual orbital energies 
of the ground state of the cation are interpreted as the relative 
energies (approximate term values) of core + valence excited 
states while the intensities of each transition are assumed to be 
proportional to the sum of the square of the coefficients of the 
electric dipole coupled (2p) atomic orbitals on the 1s excited 
atom for each virtual MO ( C C , ~ , ~  for C 1s excitation, C C ~ ~ ~ ~  
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for N 1s excitation, and C C ~ ~ ~ ,  for 0 1s excitation). Extended 
Hiickel calculations were performed with the CACAO molecular 
program (34) using the default EHMO parameters. The CACAO 
program provides pictures of the orbitals involved in the tran- 
sitions that help to identify the spatial characteristics of the 
core excited electron density. The molecular geometries used 
in the calculation were ground-state experimental geometries 
taken from the literature (35). 

To account for site-dependent core-hole localization effects 
on the virtual MOs (15) and the different chemical shifts in the 
1s energies, the EHMO calculation of each spectrum is con- 
structed from the results of calculations of the equivalent core 
analogy species with the core hole at all possible distinguish- 
able sites (e.g., for para-nitroaniline, four distinct C 1s sites 
and two distinct N 1s sites). The core excitation spectrum for 
each site is constructed from the MO coefficients of all of the 
unoccupied MOs, with a peak at each eigenvalue assigned an 
area equal to the 2p density at the core excited atom (as given 
by twice the reduced charge matrix element (33)) and a width 
related to the eigenvalue. The experimentally observed line 
widths have been used as a guide to selecting fixed line widths 
in four ranges of eigenvalues, with gradually increasing line 
widths to account for the decreasing lifetime of higher energy 
continuum states. 

Two procedures were explored for matching the EHMO to 
the absolute experimental energy scale. In the first one the zero 
of the eigenvalue scale for each component was set to the mea- 
sured or estimated ionization potential (IP) (2, 36). The com- 
ponents were then added and the sum was shifted to match 
experiment at the prominent lowest energy IT* resonance. In 
the second procedure each site spectrum was placed on an 
absolute excitation energy scale by setting the strongest 1s + 
IT* feature in each site spectrum to the energy of the assigned 
experimental feature (table 8 provides details). The weighted 
sum of the individual site spectra (e.g., for C 1s in nitroben- 
zene, a 2:2:1:1 sum of C ls(2,6), C ls(3,5), C ls(4), and 
C ls(C-NO,); see Fig. 2) was then the EHMO 1s spectrum for 
that species. The intensity of the EHMO spectrum was then 
scaled so that the integrated 1s + IT* intensity for experiment 
and EHMO was the same. To simulate the nonresonant part of 
the spectrum, an oscillator strength continuum component, 
generated from the tabulated values for the atom (37), was 
added. The second procedure, that in which the components 
are matched individually to experiment, gave more satisfac- 
tory agreement with experiment. This approach was used to 
calculate the spectra of each core level of all five molecules (a 
total of 14 predicted spectra). 

IV. Results 

A. C 1s spectra 

A.1 Aniline and nitrobenzene: monosubstituted models 
The main features of the C 1s spectra of all five molecules of 
this study can be readily related to those of benzene (38). First 
we discuss the spectra of the two singly substituted benzenes, 
which act as models for the nitroanilines. Figure 1 compares 
the C 1s spectra of aniline and nitrobenzene with that of ben- 
zene. The energies, term values, and proposed assignments of 
the spectral features of aniline are presented in Table 1 along 
with results from the literature (19, 20), while the values for 

Fig. 1. C Is oscillator strength spectra of aniline and 
nitrobenzene, compared to that of benzene (38). All of the 
spectra were derived from energy loss spectra recorded under 
near-dipole scattering conditions (2800 eV impact energy, 2' 
scattering angle) with 0.7 eV fwhm resolution. The hatched 
lines indicate the measured IPS (36). The insert is an 
expansion and curve fitting of the first T* peak in 
nitrobenzene. 

Energy (eV) 

nitrobenzene are presented in Table 2. (Note that the tables 
only list the spectral features that can be readily observed in 
the accompanying figures. A number of weaker shoulders, 
which can be detected on closer examination, have not been 
tabulated. Our orientation in this study is to explain the main 
features and their chemical trends. We believe an exhaustive 
interpretation of all core excitation features is best delayed 
until higher resolution data are acquired). 

Since the orbitals of the amine group interact very little with 
those of the IT manifold, the C 1s + IT* region of aniline 
should be relatively similar to that of benzene, modified 
mainly by the chemical shift of the C ls(C-N) site and possi- 
bly by a splitting of the e,, ( ~ l - r r * )  orbital of benzene. The 
lowest energy peak in the C 1s spectrum of aniline is a rela- 
tively narrow symmetric line (0.8 eV fwhm) while there is a 
second band at 1.5 eV higher energy. Based on the similarity 
of the separation of these first two bands to the separation of 
the C ls(C-H) and C ls(C-N) IPS (1.0 eV (36)), we attribute 
the second component to the C ls(C-N) + IIT* transition. The 
third resolved peak, that at 289.0 eV, is attributed to the C 
ls(C-H) +  IT* transition (correlating with the blg ( G ~ I T * )  
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Table 1. Energies (eV), term values (eV), and proposed assignments for features in the 
1s spectra of aniline. 
(a) C 1s. 

Gas (this work) Solid (NEXAFS) 

No. E (fO.l eV) Eh(eV) E(eV) 

Term value" Assignment 

TCH TcN C-H C-N 

(b) N 1s. 

NO. E (M.1 eV) TV Assignment 

1 (sh) 400.7 4.6 3s 
2 402.2" 3.1 3p/7c*,,(4b1) 
3 (br) 404 1.3 o* N H  

IP 405.3' IP 
4 407.6 -2.3 0" C N  

"TV = E - IP (derived using values for gas phase excitation energies). 
%om ref. 19, C Is spectrum of solid aniline, a multilayer on Ag (1 10). 
'From ref. 20. 
"Calibration: C 1s -5.51(3) eV relative to COz (x*); N 1s +1.1(1) relative to N, (x*). 
'Solomon et al. (19) attribute the first feature to a combination of xe(2az) and x*(4b,) excitations. 

Otherwise all other assignments are the same as given above. 
'IPS from ref. 36. 

orbital of benzene). There is debate concerning the assignment 
of the corresponding feature in benzene. Both experimental 
and theoretical studies provide evidence that the final state at 
289 eV in benzene is one in which the one-electron (C IS-', 

.rr*(b2,)) configuration is heavily mixed with the (C IS-', .rr-I ,  
T * ~ )  multi-electron excited configuration (3941) .  By analogy 
to benzene, it is likely that the 289 eV feature in aniline ma 7 also contain contributions from multi-electron (C IS-', .rr- , 
T * ~ )  excitations. We do not see any evidence in the aniline C 
1s spectrum for the splitting of the 1.rr*(e2,) into 2a2 and 4b, 
levels, expected from the reduction of symmetry from that of 
benzene. According to the electron transmission spectrum of 
aniline (42) this splitting is of the order of 0.5 eV, which 
should be detectible. However, transitions to the 2a2 orbital are 
found from quantum calculations to have negligible intensity 
(see Sect. A.2). 

The situation is rather different in nitrobenzene since the .rr 
and .rr* orbitals of the nitro group interact with those of the 
ring. Essentially, four .rr* orbitals must be considered in the 
spectral assignments of the C 1s spectrum of nitrobenzene 
(and also in the nitroanilines) - the three intrinsic .rr* orbitals 

there is a high-energy shoulder on the first peak, with a sepa- 
ration of 0.64 eV (see the insert to Fig. l) ,  which is effectively 
the C ls(C-N) 4 l.rr* transition, but with a significant shift to 
lower energy because of mixing of the and T * , ~  

orbitals. In fact, the EHMO calculations (see next section) 
indicate that interaction of the IT*,=, and .rr*No orbitals has a 
major effect on all of the C Is + T* transitions, such that the 
second, fully resolved peak in the C 1s spectrum of nitroben- 
zene (287.8 eV) also arises from C ls(C-H) + l~ i* / . r r* ,~  tran- 
sitions. The C 1s + 2 ~ *  transitions are relatively unchanged 
from those in benzene and aniline and are attributed to the 
peak at 288.8 eV and part of the broader signal at 289.7 eV. 

At higher energy, the C 1s continua of aniline and nitroben- 
zene are relatively similar, each exhibiting a two-peaked pat- 
tern very similar to that of benzene (38). These features are 
attributed to C 1s + a*,-, transitions. According to the bond 
length correlation (43), which relates the position of 1s + 
u * ~ ,  transitions referenced to the ionization threshold to the 
X-Y bond length, there should also be C 1s 4 a*cNH 
(aniline) and C 1s 4 (nitrobenzene) features appearing 
around 291 eV. Broader structures in this region are so 

of the ring plus the T * , ~  - whereas only the three .rr* orbitals assigned in each species. The term value of the a*,, feature in 
of the ring are involved in aniline. While the nitrobenzene aniline is 1.6 eV smaller than that in nitrobenzene, consistent 
spectrum superficially resembles that of benzene, in fact there with the shorter C-N bond length in aniline (1.43 1 A) than 
are marked differences. In particular, if the C 1s spectrum was that in nitrobenzene (1.478 A) (43). 
analogous to that of aniline there should be a C ls(C-N) 4 

l.rr* peak around 286.1 eV, about 1 eV above the main C ls(C- A.2 EHMO results for aniline and nitrobenzene 
H) + T* line at 285.1 eV since the C ls(C-H)/C ls(C-N) Table 3 summarizes a selection of the EHMO results for the 
chemical shift is 1.0 eV (36). No such peak exists. However, .rr* resonances for aniline and nitrobenzene. Figure 2 com- 
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Table 2. Energies (eV), term values (eV), and proposed assignments for features in the 1s 
spectra of nitrobenzene. 

( a )  C 1s. 

Term value Assignment 
Energy 

No. (i0.1 eV) Tc, TcN C, ,-H C,,,-H C,-H Cl-N 

1 285.1" 6.0 ln*(4bl) ln*(5bl) ln"(4b1) 
2 (sh) 285.7 6.4 ln*(5b,) 
3 287.8 3.3 ln*(5b,) ln*(5b1) 
4 288.8 3.3 2n*(6b1) 
5 289.7 2.4 2n*(6b,) 2n*(6bl) ' 2n*(6b,), o*,,, 
IP 291.1" IP IP IP 
IP 292.1 IP 
6 294.0 -2.4 t---------- l o *  
7 302(1) -10 - 20* A 

8 328(2) -36 EXAFS 

No. Energy TV Assignment 

No. Energy TV Assignment 

- 

"Calibration: C Is -5.65(3) eV; N Is +2.67(2) relative to N2 x*; 0 I S  -4.46(6) eV relative to CO, 
x*. 

bIPs from ref. 36. 
'x*,~, refers to a higher energy MO of x* symmetry with both x*,, and x*, character. 

pares the experimental C 1s spectrum of nitrobenzene with 
that predicted from the EHMO-EICVOM calculations. In 
addition to illustrating the methodology used to align the indi- 
vidual site components with experimental data, this figure 
nicely reveals the important role of  IT*^^ and n*N0 orbital 
mixing in the C 1s spectrum. According to EHMO, the main 
n *  contribution for C, and C3,5 excitations is from the n*(5bI) 
orbital, which is an admixture of the n*No and n*c5 orbitals. 
However, at both the C, and C2,6 sites, there is significant con- 
tribution from both the 4b, and 56, orbitals, with each of these 
MOs having a combined n*c=c and n*No character. There is 
no significant contribution from the 3a2 component (derived 
from splitting of the e,, orbital of benzene) at any C 1s site. At 
higher energy there is a small contribution from C 1s n*(66,) 
transitions at each site. Thus, EHMO suggests that the rela- 
tively simple experimental spectrum arises from the C ls(C- 
H)/C ls(C-N) chemical shift and a complex overlap of transi- 

tions to the 46, and 56, orbitals, which have a site-dependent 
mix of n*,, and n*,, character. 

As illustrated in Fig. 2, the EHMO predictions for nitroben- 
zene are in reasonable agreement with experiment in the n *  
region (284-288 eV). There is less satisfactory agreement in 
the region of the continuum onset (288-291 eV), in part 
because EHMO cannot reproduce spatially extended Rydberg 
states. There is also disagreement between calculation and 
experiment in the region of the continuum resonances (and 
this is true for all species of this study). These resonances are 
related to 1s excitations to high-lying u*  MOs, which in some 
cases have a relatively localized character associated with spe- 
cific structural aspects of the molecule (43). EHMO often pre- 
dicts the correct pattern of high-energy u *  features, but 
typically places the a* resonances at higher energies and with 
significantly distorted intensities. This could be related to 
inadequacies of EHMO and other semi-empirical quantum 
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Table 3. Energies and LCAO-MO coefficients at the core excited atom in n* orbitals of aniline and nitrobenzene from EHMO-EICVOM 
calculations. 

Aniline 
- - - 

E(eV) N Is C ls(2, 6) C ls(3, 5) C ls(4) C Is(C-N) 
MO ground MO 
sym state E c2(02p) sym" E c 2 ( ~ 2 p )  E c2(N2p) E c2(N2p) E c2(N2p) 

Nitrobenzene 

E(eV) 0 IS N IS C ls(2, 6) C ls(3, 5) C ls(4) C Is(C-N) 
MO ground MO 
sym state E c2(F2p) E c2(02p) sYm E c2(N2p) E c2(N2p) E c2(N2p) E c2(N2p) 

"(7t*(2cr2), n*(4bl )]  correlates with the e2, orbital while 2n*(5b,) correlates with the b,,orbital in benzene. 
?he 4b, and 56, orbitals are a site-dependent mix of the b,  component derived from the In* (e2J and the la*,, ( b , )  orbital of the NO, group. 
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Fig. 2. EHMO predicted C Is spectrum of nitrobenzene 
compared to experiment. The full C Is EHMO spectrum is the 
sum of the indicated constituent components and a nonresonant 
ionization signal estimated from that tabulated for atomic carbon 
(37), aligned at the C Is IPS. The EHMO component spectra 
were aligned with experiment at the approximate position of the 
main T* resonance, with exact values chosen to obtain the best 
visual agreement with experiment (see Table 8). 

285 290 295 300 305 

Energy (eV) 

calculations (44) at treating high-energy molecular orbitals. 
Interestingly, while EHMO overestimates the energy of high- 
lying a* levels, CNDO (44) appears to predict the correspond- 
ing levels at energies below those observed experimentally. 

The EHMO results for aniline (Table 3, Fig. 3) are a close 
match to the qualitative spectral description given in the pre- 
ceding section. The C 1s spectrum of gaseous aniline pre- 
sented in this work is very similar to the C 1s NEXAFS 
spectrum of a multilayer of solid aniline on Ag(110) (19). The 
energies and assignments of the spectral features are generally 
in agreement with the present work. Solomon et al. (19) and 
Luo et al. (20) attributed the peaks at 286.9 and 288.7 eV in the 
NEXAFS spectrum of solid aniline to the presence of the NH, 
group, which, leads to chemical shifts in the C 1s levels and 
lifts the degeneracy of the ln*(e,,) molecular orbitals of ben- 
zene. The NEXAFS spectrum of solid aniline has been inter- 
preted by Luo et al. (20) on the basis of high-level multi- 
configurational self-consistent field (MCSCF) calculations, in 
which both relaxation and correlation effects are taken into 
account. One notable difference among these three studies of 
C 1s excited aniline is that we and Luo et al. (20) attribute the 

Fig. 3. (a) C 1s spectra of aniline, the isomeric nitroanilines, and 
nitrobenzene in the region of the C Is  + T* excitation, predicted 
from EHMO calculations. See the text and Table 8 for details of 
the line widths and shifts used to construct the predicted spectra. 
(b) Corresponding region of the experimental C 1s oscillator 
strength spectra. 

I C ' ~ ' ~ ' ' ' ' ~ ' I  I " ~ ' " ' ' ~ ~ I  

(b) 
expt. 60 

0 

Energy (eV) 

lowest energy peak to C 1s (C-H) + n *  (40,) transitions 
whereas Solomon et al. (19) have attributed it to combined 
C 1s + n*(2a,) and C 1s + 1~*(4b,) transitions. Although 
C 1s + +(a,) transitions are allowed at the C2,6 and cC3,5 sites 
in C2" symmetry, both the EHMO and MCSCF calculations 
indicate that these have negligible intensity (see Table 3). 
Another interesting aspect of the EHMO results for aniline 
(and nitrobenzene) is that there is a reversal in ordering of the 
a,lb, components associated with the In*,+ orbital between 
the ground and N Is/ 01s  states (where a, < b,), and all of the 
C 1s excited states (where bl < a,) . The reversal occurs 
because the C 1s core hole stabilizes the IT*,,, (bl) orbital by 
1.1-1.4 eV (see Table 3), but not the a, orbital. The "avoid- 
ance" of the core hole by the a, orbital is the reason there is no 
contribution from C 1s + +(a,) transitions. Thus, on the 
basis of both energetics and intensities, EHMO indicates the 
main C 1s + n *  intensity is associated with the b, orbitals and 
not the a, orbital. 

Table 4 compares our C 1 s EHMO predictions of the lower 
energy n *  features of aniline with those from the MCSCF cal- 
culations reported by Luo et al. (20). The MCSCF calculations 
also indicate that transitions to the n'ya,) orbital have negligi- 
ble intensities. They show that the lowest core excited state is 
the {C ls(3, 5)-I, n*(4bI)} state, which is almost degenerate 
(AE = 0.03 eV) with the { C  ls(2, 6)-', n*(4bl)} state. The 
energy shift of the {C ls(3, 5)-I, n*(4bI)}, {C ls(4)-', 
nTT*(4b1)}, and {C IS(C-N)-I, 7~*(4b,)} states relative to the 
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Table 4. Relative spacings of C Is + n* transitions for aniline from experiment and 
calculation. 

C Is. 

EHMO calculation Relative E 

C no. IP(eV)" -E(~V)  E(eV)" EHMO' MCSCF (20) Expt. (this work) 

I(C-NH,) 291.3 9.17 282.1 1.3 1.15 1.5 
2,6 290.2 9.20 281.0 0.2 0.03 (<0.2)" 
3 s  290.2 9.38 280.8 0 0 0 
4 290.2 9.00 281.2 0.4 0.29 (<0.2)" 

"From XPS (36). 
b~ssumes -& from EHMO is equal to the term value. Typically this overestimates the transition 

energy by about 4 eV (see Table 8). 
'E,,, is the energy relative to the C ls(3, 5) + ln*(4b,) transition. 
"he splitting attributable to this separation is not detected. This value is an upper bound based on 

the 0.45 eV resolution of our ISEELS system and that of <0.2 eV in the NEXAFS study (20). 

simulation 

0 

Fig. 4. C I s  oscillator strength spectra of the ortho-, rnern-, and 
para-nitroaniline, compared to a simulation that is the sum of the 
C I s  spectra of nitrobenzene (shifted by -0.1 eV) and aniline 
(shifted +0.8 eV) minus that of benzene (shifted by +0.5 eV) (the 
shifts are the IP shifts). See Fig. 1 for experimental details. 

Energy (eV) 

40 

lowest core excited state are also presented in Table 4. Overall 
the EHMO results agree very well with those from MCSCF 
calculations. Based on the energy differences between differ- 
ent core-excited states, Luo et al. (20) assigned the first reso- 
nance (285.4 eV) to C,,,,, + ~ * ( 4 b , )  transitions and the 
second resonance (286.8 eV) to C ls(C-N) + 1~*(4b,) transi- 

1 ' ' ' ' 1 1 1 ' 1 1 ' ' ' 1 1  

- c IS 

tions, as in the present work. Our calculations indicate that the 
290.5 eV feature, which lies above the C ls(C-N) IP, is the 
C ls(C-N) 4 1~*(5b,) transition, as first proposed by Solomon 
et al. (19). 

A.3 C 1s spectra of nitroanilines 
The C 1 s spectra of the isomeric nitroanilines are presented in 
Fig. 4 ,  while the energies, term values, and proposed assign- 
ments are given in Tables 5 ,6 ,  and 7. The C 1s chemical shifts 
of nitroanilines have not been measured although an average 
C 1s IP of 29 1.1 eV for para-nitroaniline has been reported 
(2). Based on this value and the shifts between the C ls(C-H) 
and the C ls(C-N) IPS of 1.1 eV for aniline and 1.0 eV for 
nitrobenzene, we estimate the C 1s IPS of all three nitro- 
anilines as 290.8 eV (C ls(C-H)) and 291.8 eV (C Is(C-N)). 

If there was negligible interaction between the nitro and 
amine groups, one might expect the C 1s spectra of the nitro- 
anilines to be similar to a weighted sum of the C 1 s spectra of 
aniline and nitrobenzene as proposed by the "building block" 
approach (1 8). Figure 4 includes a comparison to a simulation 
of the spectrum generated in this manner. The substantial dif- 
ference between the simulation and any of the nitroaniline 
spectra in the region of the IT* structure indicates that the two 
substituents interact electronically to affect the unoccupied IT* 
structure. Thus the details of the C 1s spectra provide insight 
into the donor-acceptor (push-pull) interactions between the 
NH, and NO, groups, through their influence on the carbon 2p 
contributions to the T* orbitals. Because the T * , ~  and  IT*^=^ 
levels of the three nitroanilines will interact in a manner simi- 
lar to that in nitrobenzene, the spectral features are best 
explained using the nitrobenzene assignments as a model. 

We attribute the first band (285-286 eV) in each of the 
nitroanilines to C 1 s(C-H) 4 l ~ *  transitions and the second 
band (286.5-288.5 eV) to the superposition of C ls(C-N) 4 

IT* and C ls(C-H) 4  IT* transitions. Both bands are struc- 
tured in all three molecules, which is likely the effect of chem- 
ical shifts in the C 1s IPS, as well as shifts in state energies 
associated with the influence of the core-hole location on the 
energy of the IT* orbitals. The C 1s continuum shape in all 
three nitroanilines is rather similar and can be readily inter- 
preted as the doubly peaked structure of benzene with addi- 
tional contribution from C 1s 4 a*cNo, transitions 
around 290-292 eV. Further details of the (C IS-', T*) spec- 
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Table 5. Energies (eV), term values (eV), and proposed assignments for features in the 1s spectra 
of ortho-nitroaniline. 

Term value Assignment' 
Energy 

No. (f0.1 eV) TcH TCN G.5-H G.6-H Cl-NO2 C2-NH, 

(b) N 1s. 

Term value Assignment 
Energy 

No. (k0.1 eV) TNH TNo N-H N-0 

1 400.5 
2 401.8 
3 (sh) 403.0 
4 403.8" 
IP 406.0" 
5 (br) 406.5(9) 
6 409.2(5) 
IP 41 1.2" 
7 413.5 
8 419 

n': d 
A * (1 

3P 
x*NO 

IP 

@CNH 
o* 

CNO 

IP 
o : @ ~ ~ ( + )  
o : @ ~ ~ ( - )  

No. Energy TV Assignment 

1 53 1.0" 6.9  NO 
2(w) 534.0 3.9 x*nl,xe 
IP 537.9h IP 
3 538.0 -0.1 o : @ ~ ~ ( - )  
4 541.5 -3.6 o*,,(+) 

"Calibration: C 1s -5.83(3) eV; N 1s: +2.72(2) relative to N, R*. 0 1s -4.43(6) eV relative to C02 R". 
"Ps estimated from those of para-nitroaniline (2). 
'Symmetry labels from CZv group. 
dSee Fig. 8 for sketches of these orbitals. 
'x*,,,, refers to a higher energy MO of R* symmetry with both x*,, and R*, character. 

tral assignments are provided by the EHMO results, which 
give insight into core-hole relaxation and delocalization 
effects. 

Figure 3 plots an expansion of the experimental C 1s spectra 
for all five species in the T* region between 284 and 290 eV, 
in comparison to the EHMO predictions. Table 8 lists the 
alignments that were used to generate each of the EHMO spec- 
tral predictions. If EHMO is a good tool for predicting core 
excitation on a relative energy scale, the "EHMO error" 
(SHIFT - IP) should be rather similar for all sites. Indeed the 

shifts are quite similar, with an average value of 4.1(1) eV, 
corresponding to a systematic overstabilization of the orbital 
energies, similar to that found for EHMO core excitation pre- 
dictions in other systems (15, 32, 33). There are a few larger 
deviations, with the extrema of the EHMO errors being values 
of 2.2 and 5.5 eV for the C ls(1) and C ls(2) sites of meta- 
nitroaniline. It is possible these larger deviations are related to 
errors in the estimated IPS. Alternatively they may give insight 
into unusual, site-specific aspects of the electronic structure. 

Figure 3 emphasizes that the C 1s + T* signal varies con- 
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Table 6. Energies (eV), term values (eV), and proposed assignments for features in the Is 
spectra of meta-nitroaniline. 

(a) C 1s. 

Term value Assignmentc 
Energy 

No. (M.1 eV) TcH TCN C2,4-H C,-H C,-H C1-NO2, q - N H ,  

(b) N Is. 

Term value Assignment 
Energy 

No. (k0.1 eV) T TNo N-H N-0 

1 401.6 4.4 n* ,I 
2 (sh) 402.5 3.5 n" B ' I  
3 403.6" 7.6 n* NO 

IP 406.0' IP 
4 (br) 406.2(9) -0.2 O:K CNH 

5 408.5 2.7 0 1 ' ~ ~ ~  

IP 411.2' IP 
6 412.8 -1.6 
7 418 -7 

(c) 0 Is. 

No. Energy TV Assignment 

"Calibration: C Is  -5.66(3) eV; N Is: +2.52(2) relative to N, x:#; 0 I S  -4.52(6) eV relative to CO, 
R*. 

hC 1s and 0 Is  IPS estimated from those of para-nitroaniline. 
'Symmetry labels from C,,, group. 
"See Fig. 8 for sketches of these orbitals. 
' N  Is IPS estimated from those of p-nitroaniline (2). The solid state XPS data (48) suggest the AIP N 

Is  (NO, - NHZ) of rrlera is 0.7 eV higher than that in para, with identical NH, IPS. However, this gives 
an unreasonably large term value for the R*,, state. Thus we believe the reported ttlera-para difference 
(48) is specific to the solid state, as suggested in comparisons of gas and solid paranitroaniline (1 1-13). 
We assume that the N Is IPS of all three isomers are the same in the gas phase. 

siderably with the substitution pattern. Some of these changes 
can be attributed to variations in the C 1s energies as the posi- 
tion of the two electronegative substituents changes. However, 
additional effects, in particular changes in the electronic com- 
munication between the two substituents, are clearly important 
factors. Overall EHMO gives good agreement with the exper- 
imental spectra, giving confidence that the relative orbital 
energies and LCAO compositions predicted by EHMO are 

reasonable. The orbital characters of the component lines give 
insight into spectral assignments, in particular addressing the 
roles of (i) the C 1s chemical shifts; (ii) the contributions of the 
" 1 ~ * "  and " 2 ~ * " ;  (iii) the site-dependent mixing of the 
~ * ~ ( b , )  and ~ * ~ ~ ( b , )  components, in setting the detailed 
spectral shape of the C 1s + T* signals. It is important to 
observe that, although the symmetry of the ground state and 
excited state conformations of ortho- and meta-nitroaniline is 
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Table 7. Energies (eV), term values (eV), and proposed assignments for features in the Is spectra of 
para-nitroaniline. 

(a) C Is. 

Term value Assignmentc 
Energy 

No. (H.1 eV) TcH T c ~  C2,,-H C3,5-H C,-NO C,-NH2 

1 285.2" 5.6 ln*(5b1) ln*(6bl) 
2 286.1 5.7 1x*(6bl) 1n*(5b,) 
3 287.7 3.1 15~*(6b1), 3p 
4 288.6 2.2 3.2 1n*(7bl), 3p ln*(7bl), 3p 1n*(6b1), 3p 
5 290.2(4) 0.6 1.6 2n*(7bl) O*CNO 
IP 290.8'' IP IP 
IP 291.8" IP IP 
6 292.4 -0.6 2n*(7b1), o*cNH 
7 294.5 -3.2 - lo*  P 
8 303(1) -12 , 20* P 

(b) N 1s. 

Term value Assignment 
Energy 

No. (k0.1 eV) T,,, TNo N-H N-0 

n* c 

n* 
7C:" 

NO 

4~ 
IP 
(-J* 

CNH 
o* 

CNO 

IP 
o*,,(+) 
o*NO(-) 

No. Energy TV Assignment 

1 530.9" 7.0 n:% NO 

2 534.0 3.9 n* n ~ l x  

IP 537.9" I P 
3 538 -0.1 
4 541.2 -3.3 o*,,(+) 

"Calibration: C Is -5.55(3) eV; N 1s: +2.66(2) relative to N2 x*; 0 I S  -4.39(6) eV relative to COz x*. 
"IPS derived from the average IP of 291.1 eV (2), the estimated C Is(C-H)/C Is(C-N) chemical shift, and the 

relative numbers of C-H and C-N ring carbons. 
'See Fig. 8 for sketches of these orbitals. 
"From XPS (2). 

C,, &-based labels for the para isomer are used in the follow- 
ing discussion because of the similarity of the shapes of the 
C 1s MOs involved in the a *  transitions. As with nitrobenzene 
the EHMO component spectra indicate that the first four spec- 
tral features are a superposition of a number of 1s + a*(b,) 
transitions at the distinct C 1s sites. In each case the ~ " ( 6 , )  
orbital has both a*=  and T * , ~  character. For C,  (C-NO,) 
and C, excitations in all three isomeric nitroanilines, C3 exci- 
tation for ortho- and para-nitroaniline, and C-NH, excitation 
for the meta isomer, the C 1s + ~ " ( 6 6 , )  transition dominates. 
For the other sites (C2 for meta- and para-nitroanilines, C4 for 

ortho- and meta-nitroanilines, C-NH, for ortho- and para- 
nitroanilines, and the C6 site for all nitroanilines) there is sig- 
nificant contribution from both the 66, and 56, orbitals. At 
higher energy there is a small contribution from C 1s + 76, 
(2+) transitions at all sites. In all three nitroanilines (as in 
nitrobenzene) the EHMO results suggest this 2 a *  contribution 
comes about 0.5 eV higher in energy than in aniline or ben- 
zene. However these calculations do not take into account 
mixing with a doubly excited configuration ( ~ 1 s - I ,  T-', 
that may shift the 2 a *  transition to lower energy. The EHMO 
predicted spectra (Fig. 3) are consistent with our proposed 
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Table 8. Alignment of EHMO and experimental results. 

(a) C 1s. 

Aniline para-Nitroaniline meta-Nitroaniline ortho-Nitroaniline Nitrobenzene 

C 1s Shifta lpb Err' Shift IP Err Shift IP Err Shift IP Err Shift IP Err 

(b) N l s  and 0 1s. 

Aniline para-Nitroaniline meta-Nitroaniline ortho-Nitroaniline Nitrobenzene 

Edge Shift IP Err Shift IP Err Shift IP Err Shift IP Err Shift IP Err 

"The energy added to the EHMO eigenvalues to generate the absolute energy scale for this spectral component. 
b ~ r o m  XPS or estimated. See Tables I ,  2, 5.6, 7. 
%IT =shift - IP. If EHMO eigenvalues were equal to negative term values this quantity would be 0. 
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Fig. 5. N 1s oscillator strength spectra of nitrobenzene, aniline, 
and methyl amine (digitized from ref. 4 3 ,  derived from ISEELS. 
The hatched lines indicate IPS estimated from XPS (36). See Fig. 
1 caption for experimental details. 

Fig. 6. N Is oscillator strength spectra of the isomeric 
nitroanilines compared to a simulation that is the sum of the N 1s 
spectra of nitrobenzene (shifted by -0.3 eV) and aniline (shifted 
+0.7 eV), aligned at the estimated N ls(NH,) and N ls(N02) IPS 
(2), which are indicated by the hatched lines. 

P 

Energy (eV) 

assignments of the experimental spectra, which are outlined in 
detail in Tables 5-7. 

B. N 1s spectra 

B.l Aniline and nitrobenzene: monosubstituted models 
Figure 5 plots the N 1 s spectra of nitrobenzene and aniline. The 
N 1s spectrum of methyl amine (digitized from ref. 45) is also 
plotted in order to investigate possible effects of delocalization 
of the ring IT* orbitals onto the amine group. Energies, term 
values, and proposed assignments are given in Tables 1 and 2. 

The dramatic difference between the N 1s spectra of aniline 
and nitrobenzene is associated with the essentially saturated 
character of the NH, group and the unsaturated character of 
the NO, group. Thus the N 1s spectrum of nitrobenzene is 
dominated by the strong N 1s + IT*,, transition at 403.8 eV 
whereas the discrete structure in the N 1s spectrum of aniline is 
much weaker and can be interpreted as mainly R y d b e r g / ~ * , ~  
in character, as supported by the similarity of the discrete 
regions of the N 1s spectra of aniline and methyl amine. The N 
1s continuum of aniline exhibits a broad feature centered at 
407.6 eV, which is attributed to the N 1s + a*,, resonance. It 
occurs at higher energy than the corresponding a*,, reso- 
nance in methyl m i n e  (404.6 eV), consistent with the shorter 

Energy (eV) 

C-N bond length in aniline (1.43 1 A) as compared to that in 
methyl amine (1.465 A). Nitrobenzene has its main a*,, res- 
onance at 413.2 eV, with a weaker second resonance at 418.5 
eV. According to the bond length correlation (43) there should 
only be a single N 1s + a*,, resonance. However, this 
ignores delocalization effects, which, in molecules like CO, 
and NO,, leads to a breakdown of the local bond picture of 
core excitation (46). Thus the higher energy band at -41 8 eV 
is attributed to a second a*,, resonance. The two a*,, reso- 
nances are analogous to the a * and a,* resonances in CO, 
(46), i.e.. orbitals that can be described as positive and nega- 
tive combinations of two localized a*,, orbitals (see Sect. C 
for further discussion and a comparison to the corresponding 
0 1s + a*,, features). The lower energy continuum band in 
nitrobenzene (413.2 eV) will also contain contributions from 
N 1s + excitations. The positions predicted from the 
bond length correlation for the a*,, and a*,, resonances are 
41 3 eV and 41 1 eV, respectively (RNWO = 1.218 A, RC-, = 
1.478 A), in reasonable agreement with experiment. 

B.2 N I s  spectra of nitroanilines 
The N 1s spectra of the nitroanilines are presented in Fig. 6 
while the energies, term values, and proposed assignments are 
summarized in Tables 5-7. Figure 6 also contains a simulated 
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spectrum, which is the sum of the N 1s spectra of aniline 
shifted up by 0.7 eV, and nitrobenzene shifted down by 0.3 eV, 
to account for differences in the IPS. As with the C 1s s~ectral 
simulation, if there was negligible interaction between the two 
substituents one would expect the measured N 1s spectra of the 
nitroanilines to be similar to this simulated spectrum. The poor 
agreement, particularly in the region below 403 eV, indicates 
there is significant electronic interaction between the NH2 and 
NO, groups. The deviations from the simulated spectrum are 
thus a manifestation of the donor-acceptor character of nitro- 
anilines. 

While the main features of the N 1s spectra of the three iso- 
meric nitroanilines are similar (because of the dominance of 
the strong N ls(N0,) components) there are significant differ- 
ences in the weak features between 400 and 403 eV that are 
associated with N ls(NH2) excitations. The main spectral fea- 
ture around 404 eV is clearly the T * , ~  resonance. The N 1s 
continuum contains three broad resonances. The broad, lower 
energy feature, which is considered to extend from 406 to 410 
eV, corresponds to the N 1s + u*,,, transition in aniline and 
the u * ~ ~ ~  resonance in nitrobenzene. The two higher energy 
features (-413, -418 eV) correspond to the two continuum 
resonances in nitrobenzene. With regard to our initial motiva- 
tion to search for evidence for strong shake-up effects analo- 
gous to those seen in XPS, if there was an abrupt threshold 
onset to the {N IS(NH,)-', (n-', T*)) shake-up process this 
would appear as a continuum rise around 414 eV. While there 
are indications of a weak shoulder at this energy, particularly 
in the ortho and para species, these signals are quite weak. 
Clearly multi-electron excitations are much weaker than the 
corresponding T + T* satellite signal in core ionization of 
nitroanilines (1 1, 12). 

Although the main features of the N 1s spectra can be inter- 
preted in terms of N ls(N0,) excitation as outlined above, 
there are notable differences among the N ls(NH,) signals in 
the nitroanilines. From XPS (1-1 1) the N ls(NH2) component 
is expected to be more sensitive than the N 1s(N02) compo- 
nent to charge transfer interactions between the amine and 
nitro groups. Of course, these interactions will depend on the 
substitution pattern. Clearly the lower energy part of the N 1s 
spectrum is strongly dependent on the pattern of substitution. 
Initially we were puzzled as to how to interpret this part of the 
N 1s spectra. If the peaks at 401.6-401.8 eV are correlated 
with the lowest energy N 1s + 3s peak in aniline (which is 
suggested by similarity in term value), then there is a large 
intensity enhancement. One then has difficulty in assigning the 
weak peak observed around 400 eV in ortho-nitroaniline. 
Alternatively one could correlate the 401.6 eV peak in the 
nitroanilines to the main discrete N 1s + 3p/n* peak in aniline 
and the 400 eV peak to the lowest energy (3s) band in aniline. 
With this assignment the absence of the (3s) peak in the meta 
and para isomers is puzzling. Neither of these trial assign- 
ments are considered acceptable. A different and more satis- 
factory interpretation is provided by comparison with the 
EHMO calculations. 

B.3 Comparison to N 1s EHMO predicted spectra 
Figure 7 plots expanded presentations of the N 1s spectra of 
the five molecules, in comparison to the N 1s predictions from 
EHMO. As with the C 1s region, there is reasonable agreement 
between calculation and experiment. The N 1s spectra are 

Fig. 7. (a )  N 1s spectra of aniline, the isomeric nitroanilines, and 
nitrobenzene in the region below the N 1s IF', predicted from 
EHMO calculations. See the text and Table 8 for details of the 
line widths and shifts used to construct the predicted spectra. 
(b) Corresponding experimental N Is oscillator strength spectra. 

1 1 ' 1 ' " 1 ' " 1 ' ' ' 1  I " l ~ ' ' l r ' ' l " ~ l  

expt. 

dominated by the strong T * , ~  and u*,, resonances. EHMO 
predicts the N ls(N0,) component spectra contain a weak, 
higher energy n*  state of mixed T * ~ ~ T * , +  character that 
probably corresponds to the well-resolved band at 408.3 eV in 
nitrobenzene. The corresponding feature in the nitroanilines 
may exist in the 408410 eV region but it would be masked by 
the N ls(NH2) + u * ~ ~ ~  and N ls(N0,) + u*,~, transitions. 
A similar, higher energy T* feature is seen in the EHMO and 
experimental 0 1s spectra (see Fig. 10 and Sect. C). While the 
N ls(N0,) + T*,, transition dominates the N 1s edge, there 
are features clearly attributable to N ls(NH,) excitation that 
EHMO reproduces quite well. In particular, the experimental 
pattern of the weaker features below 404 eV is also found in 
the calculated spectrum, with two low-lying N ls(NH,) peaks 
predicted by EHMO in orrho- and para-nitroaniline but only 
one in meta-nitroaniline. To better understand the origin of 
these signals it is useful to examine the MOs involved and 
their dependence both on substitution pattern and on the pres- 
ence or absence of conjugation. 

Figure 8 presents an expansion of the EHMO predictions of 
the N ls(NH,) component of the spectrum of ortho-, meta-, 
and para-nitroaniline calculated with the hydrogen atoms of 
the NH, group in the plane (the minimum energy conforma- 
tion) and with the NH2 group rotated by 90". In addition Fig. 8 
presents schematic MO diagrams of the low-energy T* orbit- 
als in these N ls(NH2) core excited species. In the planar 
geometry EHMO indicates there are two T* bands with the 
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Fig. 8. Comparison of EHMO spectral predictions for N ls(NH,) + n *  excitations of (a) 
ortho-, (b) meta-, and (c )  para-nitroaniline. The upper trace in each panel is the predicted 
spectrum for the planar geometry while the lower trace is that calculated with the NH, 
rotated 90°, to place the H atoms out of the plane of the ring. Sketches for the lower 
energy IT* orbitals are shown. These MO plots are projections of the 2pn density with the 
diameter of the circles proportional to the 2pn LCAO coefficient. The intensity of the 
peaks in the EHMO predicted spectrum is proportional to the 2pn density on the core 
excited NH,. 

EHMO 
N ls(NH2) 

b 5 - -  
398 400 402 398 400 402 398 400 402 

Energy Loss (eV) 

lower energy component being mainly while the higher 
energy component is mostly T * ~ = ~  in character. In (planar) 
meta-nitroaniline there is only one N ls(NH,) + r* peak 
because the lower energy N ls(NH,) + excitation has 
zero intensity. When the NH, group is rotated by 90°, the r* 
delocalization is broken, the N 2p contribution to the r* 
orbital disappears, and the transitions are predicted to have 
essentially zero intensity. The EHMO results indicate that the 
intensity of N ls(NH,) + T* features in the nitroanilines and 
related molecules are sensitive to molecular geometry in a way 
that may be helpful in conformational analysis. 

The agreement between EHMO and experiment for these N 
ls(NH,) excitations is surprisingly good, especially when one 
notes that the N 1 s spectra of methylamine and aniline indicate 
there are significant contributions from N ls(NH,) + Rydberg 
transitions that EHMO cannot reproduce. The EHMO results 
for aniline (lowest curve in Fig. 7) indicate the IT*,, orbital 
has some density on the NH, group. This component increases 
considerably when the nitro group is added. The two low-lying 
N ls(NH,) excitations in ortho- and para-nitroaniline are 
reproduced by EHMO although the predicted separation of the 
two N ls(NH,) + r* components is larger than found exper- 
imentally. It is interesting to compare the N 1s spectra of 
nitroanilines with that of phenylurea (16). In both species a 
planar geometry leads to some r*c=c density at the NH nitro- 
gen atom. However the N 1s + T*,, transitions are much 
stronger in nitroaniline than in phenylurea, probably because 

of the strong charge-transfer coupling of the NO, and NH, 
groups through the ring T and r* orbitals. 

It is also of interest to consider how the donor-acceptor 
character of these molecules is reflected in other aspects of the 
EHMO calculations of the core excitation spectra. Table 9 lists 
the total (valence electron) energy for planar and nonplanar 
geometries of the nitroanilines as well as a summary of the 
behaviour of the HOMO-LUMO gaps for different positions 
of the core hole in aniline, nitrobenzene and ortho-, meta-, and 
para-nitroanilines. In the neutral nitroaniline molecules the 
HOMO is localized on the carbons and the NH, (donor) sub- 
stituent while the LUMO is localized on the ring and the NO, 
(acceptor) group. This expresses the donor-acceptor nature of 
the compound. The HOMO-LUMO gap is notably smaller in 
meta- relative to ortho- or para-nitroaniline, consistent with 
the less favourable situation with regard to "resonance stabili- 
zation" of the r-charge transfer (47). 

The creation of a core hole changes the electron distribution 
in different ways. If an N 1s core hole is created on the NH, 
group, the levels with large NH, character are stabilized rela- 
tive to those levels localized on the carbon ring or on the NO, 
group. In this situation, the charge distribution in the HOMO 
changes while that in the LUMO has practically the same 
shape as in the neutral molecules. At the same time, placing 
the core hole on the donor substituent increases the HOMO- 
LUMO gap. On the other hand, if the core hole is created on 
the N or 0 of the NO, group, the orbitals with NO, character 
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Table 9. Total (valence electron) energy and HOMO-LUMO gaps of neutral and core- 
excited aniline, nitrobenzene, and ortho-, meta- and para-nitroaniline from EHMO. 

(a) Total valence electron energy, -E(eV). 

NH, in-plane NH, out-of-plane 

Compound G.S N ls(NH,) N ls(N0,) G.S. N ls(NH,) Nls(N9) 

(b) HOMO-LUMO gaps (-hE,_, (eV)). 
(B.1) N 1s. 

NH, in-plane NH, out-of-plane 

Compound G.S N ls(NH,) N ls(N0,) G.S. N ls(NH,) Nls(N0,) 

Aniline 3.82 4.22 - - - - 

Nitrobenzene 2.24 - 0.94 - - - 

o-Nitroaniline 1.62 1.93 0.68 1.69 2.09 0.46 
m-Nitroaniline 1.37 1.82 0.23 1.73 2.03 0.50 
p-Nitroaniline 1.70 2.02 0.87 1.78 2.17 0.5 1 

NH, in-plane NH, out-of-plane 

Compound G.S 01s G.S. 01s 

"In ortho-nitroaniline there is a 0.02 eV difference in M,., when the 0 Is hole is moved from the 0 
atom closer to the NH, group to that farther from the NH, group. In all other cases, M,., was the same 
for 0 1s holes on each 0 atom. 

are stabilized. In this situation the HOMO-LUMO gap 
decreases, facilitating the intramolecular donor + acceptor 
charge transfer with respect to the neutral state. In both types 
of core excitation the meta species follows a similar pattern but 
the HOMO-LUMO gap is smaller, reflecting less resonance 
stabilization. While the changing HOMO-LUMO gaps in cal- 
culations carried out on the "in-plane" geometry reflect the 
donor-acceptor aspect of these molecules, the situation is 
markedly different when the calculation is carried out with the 
NH, group rotated to remove I T ~ / I T ~ ~  delocalization onto 
the NH,. In the nonplanar geometry the changes with core- 
hole location parallel those seen in the in-plane geometry, but 
the HOMO-LUMO gap is similar in all three isomers. This is 
consistent with removing the IT-delocalization component of 
the charge transfer. 

C. 0 1s spectra 
Figure 9 plots the 0 1s spectra of the nitroanilines and 
nitrobenzene, while the energies, term values, and proposed 
assignments of the spectral features are given in Tables 2 , 5 , 6  
and 7. The 0 1s spectra for all four species are very similar. 
They are dominated by the strong 0 1s +  IT*,^ transition at 
53 1 eV. At 534 eV there is a weak feature that could be either 
a Rydberg state (3s, based on its term value) or a weak excita- 

tion to a higher energy IT* orbital. On the basis of the EHMO 
results we assign the 534 eV feature to a second 0 1s + IT* 
transition. Figure 10 plots expanded regions of the 0 1s spec- 
tra in comparison to the 0 1 s EHMO spectra. As with the C 1 s 
and N 1s spectra, there is good agreement between the EHMO 
predictions and the experimental 0 1s spectra. EHMO pre- 
dicts a dominant 0 1s +  IT*,^ feature and a relatively strong 
second 0 1s + IT*,, transition   IT*,^, is an orbital of mixed 
 IT*^^ and IT*- character). The predicted IT*,,, feature 
likely corresponds to the weak signal at 534 eV in the experi- 
mental spectrum. The 0 1s EHMO spectra were also deter- 
mined for the molecules with the NO, group rotated by 90". In 
this case the IT*,;, feature disappears, confirming that the 534 
eV feature involves  IT*,^ delocalization onto the ring. 

The 0 1s continuum has twobroad resonances at 538 and 
541 eV, with the higher more intense than the lower energy 
peak. While EHMO calculations are relatively poor at predict- 
ing the positions of continuum features, the general shape is 
often reasonable and thus the calculations can provide some 
insight into spectral assignments. According to the EHMO 
calculations there are three main contributions to each of the N 
1s and 0 1s continua. Figure 11 plots the molecular orbitals 
for N ls(N0,) and 0 1s excited para-nitroaniline (the EHMO 
results for the 1s continua are similar for the ortho and meta 
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Turci et al. 

Fig. 9. 0 1s oscillator strength spectra of the isomeric 
nitroanilines and nitrobenzene derived from ISEELS. IPS from 
XPS (2, 36). See Fig. 1 caption for experimental details. 

530 540 550 

Energy (eV) 

isomers). The figure shows only that portion of the MO which 
is critical to the core excitation under consideration. The two 
most intense contributions are mainly a*No in character, 
where a*No(-) and u*,~(+) are (+I-) and (+I+) linear combi- 
nations of localized a*(N-0) basis functions. These are anal- 
ogous to the a,* and a * resonances that are observed in the 0 
1s spectrum of CO, (4%). in para-nitroaniline these continuum 
orbitals have a partial T * ~ ,  and a*cN in addition to a u * , ~  
character according to the EHMO calculations. In the N 1s 
spectrum the a*,, features are attributed to the peaks around 
413 and 418 eV. Interestingly, relative to the situation in the 0 
1s spectrum, a*,,(+) is at much lower energy than u*,~(-) 
in the N 1s spectra and thus the a*No(-)/a*No(+) ordering 
predicted by EHMO for the 0 1s spectrum is reversed to a 
a*No(+)la*No(-) ordering in the N 1s continuum. This is 
because, in the presence of a N 1s core hole, there is strong 
mixing with the a*cN orbital, which leads to a much lower 
energy of the a*,,(+) orbital in N 1s core-excited than 0 1s 
core-excited nitroanilines. The reversal of a*No(+)la*No(-) 
orbital ordering predicted by EHMO is a plausible explanation 
of the change in the relative intensities of the continuum fea- 
tures between the N 1s and 0 1s spectra. 

V. Summary 
The C Is, N Is, and 0 1s electron energy loss spectra of 

Fig. 10. (a) 0 Is spectra of nitrobenzene and the isomeric 
nitroanilines in the region below the 0 1s IP, predicted from 
EHMO calculations. See the text and Table 8 for details of the 
line widths and shifts used to construct the predicted spectra. 
(b) corresponding experimental 0 1s oscillator strength spectra. 

/ (a' EHMO I I (b) exPt. 1 

528 532 536 528 532 536 

Energy (eV) 

aniline, nitrobenzene, and ortho-, meta-, and para-nitroaniline 
have been recorded under dipole conditions and converted to 
oscillator strengths. The spectra do not exhibit any unusual 
features attributable to exceptionally strong shake-down or 
shake-up processes, associated either with multi-electron 
excitations or with the threshold of the shake-up process 
observed in XPS. This is consistent with electronic shielding 
from the core-excited electron providing strong damping of 
the charge-transfer relaxation process believed to give rise to 
signal from shake-up ion states in the XPS (1-11). Assign- 
ments for all spectral features have been proposed through a 
combination of analysis of systematic trends and comparison 
to EHMO results. The EHMO results do not reproduce com- 
pletely all characteristics of the experimental spectra, but they 
are very useful for providing a good understanding of the 
effect of the core hole and for giving important insight into the 
interpretation of the core excitation spectra. A minor revision 
has been suggested to a previous assignment of the C 1s 
NEXAFS spectrum of solid aniline (19). The low-energy N 
ls(NH,)+ r *  features in the N 1s spectra of the nitroanilines 
were found to be remarkably sensitive to the substitution pat- 
tern and the extent of r-delocalization. While some aspects of 
the r *  signals 'in the C 1 s and N 1 s spectra may be character- 
istic of ring substitution patterns it is difficult to generalize 
from this example because of effects specific to the nitro- 
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Fig. 11. Sketches of selected high-energy molecular orbitals of a*,, character in the region of the C-NO2 group derived 
from extended Hiickel calculations of N ls(N0,) and 0 1s excited para-nitroaniline. In each case these three orbitals are the 
only significant contributions to continuum resonance intensity. The vertical lines indicate the relative spacing of the orbital 
eigenvalues for each core excited species. A shift of 10 eV was applied between the N ls(N0,) and 0 1 s energy scales. Each 
orbital has large a*- components in addition to those plotted. 

7 1 * ~ ~  + O*NO(-) 7 1 * ~ ~  + O*NO(-) 

- 
Orbital energy (eV) 

anilines, namely strong T * ~ ~ / T * , ~  mixing and electronic 
interaction through the ring TIT* system between the donor 
and acceptor groups of the nitroanilines. 
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Cohesive properties of metals as determined 
from atomic charge densities 

Yoram Tal 

Abstract: A direct relation between the charge density of a free atom, p,(r), and the cohesive energy of the corresponding metal 
is proposed. This relation is based on an approximation for the metallic charge density, p,(r), that is constructed from p,(r) 
through p,(r) = p,(r) + p where p = no-' SR: Pa(r)d3r, no being the atomic volume of the metallic atom, and Ro the 
corresponding Wigner-Seitz radius. The cohesive energy Ecoh is then related to 6 through Ecoh = A 
systematic study of 29 metallic elements including the 3d and 4d transition elements shows that the proposed relation is, in 
general, at least as accurate as recent ab initio results. In the same fashion, an expression for the metallic bulk modulus is derived. 
This expression requires, in addition to 6, the values of p,(Ro) and its first derivative pfa(Ro) The computed bulk moduli are, 
again, at least as good as the ab initio ones for the set of metallic elements studied. 

Key words: cohesive energies, bulk moduli, charge density, transition elements. 

R6sum6 : On propose une relation directe entre la densit6 de charge d'un atome libre pa(r) et l'knergie de cohCsion du mCtal 
correspondant. Cette relation est basCe sur une approximation pour la densit6 de charge mktallique, p,(r), que l'on peut 
construire ?i partir de p,(r) par 1'Cquation p,(r) = pa(r) + p dans laquelle 6 = Cl,'$,"opa(r)d3r, no est le volume atomique de 
l'atome mCtallique et Ro est le rayon correspondant de Wigner-Seitz. On peut alors relier 1'Cnergie de cohCsion, Ecoh, 2i par 
1'Cquation Ecoh = (3/10)(3n2)213f10~513. Une ktude systkmatique de 29 ClCments mCtalliques, y compris les ClCments de transition 
3d et 4d, montre que la relation proposCe est, en gCnCral, au moins aussi prCcise que les rCsultats ab  initio rCcents. De la m&me 
manikre, on a dCrivC une expression pour le module du mCtal 2i 1'Ctat global. Pour cette expression, il faut les valeurs de pa(Ro) et 
de sa premikre dCrivC pf,(Ro), en plus des valeurs de 6. Encore une fois, les valeurs calculCes pour ce module, pour l'ensernble 
d'61Cments mCtalliques CtudiCs, sont en un accord au moins aussi bon que celles obtenues par des calculs ab  initio. 

Mots clis : Cnergies de cohksion, module global, densit6 de charge, ClCments de transition. 

[Traduit par la rkdaction] 

Introduction 

The idea of using free atom information to explain the cohe- 
sive properties of metals is perhaps as old as the theory of 
cohesion itself. The free electron theory of metals (1-3) is the 
first example of such an approach, where atomic valency con- 
siderations were used to distinguish between frozen ionic 
cores and the free electron gas formed by the valence elec- 
trons. Wigner and Seitz (4) later made a more detailed appli- 
cation of this idea by using a frozen core potential to calculate 
the energy band and cohesive properties of metallic sodium. 
This approach of Wigner and Seitz has subsequently evolved 
into a more formal pseudopotential theory (5). 

A different application of atomic data is exemplified by the 
overlapping charge density (OCD) model (6 ) ,  in which a 
model crystal potential is constructed from a superposition of 
atomic charge densities. In a recent review paper on self-con- 
sistent energy band calculations, Koelling (7) discusses the 
OCD model and points out that it is actually a prescription for 
a model charge density. It is a reasonably good prescription, 
one might add, since the difference between the exact metallic 
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charge density and the superposition of the corresponding 
atomic charge densities is usually much smaller than either of 
these charge densities. 

Closely related to the OCD model is the renormalized atom 
(RA) method (8). This method may similarly be considered a 
prescription for constructing a model charge density from 
atomic orbitals, although in practice the total charge density is 
never used in the calculation of cohesive properties. The suc- 
cess of the RA method in predicting cohesive energies may 
largely be attributed to a fortunate cancellation of energy 
terms that occurs because of the "frozen" potential condition 
(9). On the other hand, the method requires a careful choice of 
the various terms that enter the cohesive energy expression, in 
order to get an effective cancellation of terms. 

A more direct approach to the calculation of cohesive ener- 
gies has recently been taken by Chelikowsky (lo), who has 
been able to accurately predict such quantities (for simple 
metals) solely from atomic kinetic energy terms. 

The present paper combines, in a way, many of the ideas out- 
lined above. First, an approximation to the charge density dif- 
ference between the metallic and atomic charge densities is con- 
structed solely from the free atomcharge density and the radius 
of the metallic Wigner-Seitz cell. This charge density differ- 
ence is then used to determine the cohesive properties of metals. 

Theory 
The Wigner-Seitz cell of a metallic atom is first approximated 
by a sphere whose radius is defined by R = ( 3 ~ 4 n ) " ~ ,  where 

Can. J. Chem. 74: 87C-874 (1996). Printed in Canada I Imprimt au Canada 
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fl is the atomic cell volume. The metallic charge density is, to 
first ap-proximation, a sum of atomic charge densities. Con- 
servation of charge therefore implies that the net increase in 
electronic charge per Wigner-Seitz cell with respect to the 
unbounded state is 

where pa(r) is the charge density of the free atom. The total 
electronic charge within each cell must, of course, equal the 
nuclear charge in order to preserve the electroneutrality of the 
system. 

A further simplifying assumption, concerning the nature of 
the charge distribution in the metal, can be made on the basis 
of previous experience. It turns out that the charge density dif- 
ference 6p(r) = pm(r) - pa(r), pm(r), being the metallic charge 
density, is essentially constant. This statement is substantiated 
by both ab initio (1 1) and model (6) calculations. Accordingly, 
one can write 

which means that, to first order, the metallic charge density 
differs from the corresponding atomic density by a uniformly 
spread charge p whose magnitude is determined by the 
Wigner-Seitz radius, eqs. [ l ]  and [2]. 

As in the overlapping charge density (OCD) model (6, 7), 
which uses a similar idea to construct the metallic potential, 
one still has to define the appropriate atomic configuration 
whose charge density is to be used in eq. [I]. This issue will be 
discussed in the next section. 

Having established an approximation for 6p(r), one next 
wishes to calculate the energy difference associated with it, 
namely, the cohesive energy. Because of the virial theorem, 
which has the same form for both the free atom and the metal- 
lic atom in its equilibrium geometry, i.e., E = -T, one has 

(the superscript 0 denotes the equilibrium geometry of the 
metal). Only kinetic energy differences need be calculated. 
Note that eq. [2] implies p,(r) = pa(r) + p > pa(r) which is con- 
sistent with Ek > 0. Finally, Ek may be estimated from a free 
electron model in which the additional Nm electrons per unit 
cell are considered to occupy an energy band above the bound 
atomic levels. The Fermi level of this band is given by 

and the corresponding kinetic energy difference is therefore 

where Ck = ( 3 / 1 0 ) ( 3 ~ ~ ) ~ / ~ .  Atomic units are used here and 
throughout the manuscript unless otherwise specified. 

Equations [I]-[3] yield an explicit expression for the cohe- 
sive energy of a monoatomic metal in terms of the free atom 
charge density and the Wigner-Seitz radius, namely, 

where fl,, is the equilibrium atomic cell volume and R,, is the 
corresponding Wigner-Seitz radius. 

When fl differs from fl,, the virial theorem no longer holds 
in its simple form, eq. [3], and one should write, instead 

where Ek is given by eq. [5] and E, is the potential energy dif- 
ference between the metallic and the free atom. The magnitude 
of E, is irrelevant to the calculation of cohesive energies since 
E: = - 2 ~ :  as previously discussed. It is necessary, however, 
to know its derivatives with respect to fl in order to calculate 
bulk moduli. This point will be discussed towards the end of 
this section. We now turn to calculate the derivatives of Ek 
with respect to f l .  

Let x = pa(R)lp and y - -Rpl,(R)lp where pa(R) is the 
value of pa at r = R and pl,(R) is the first derivative of pa at R. 
With these definitions the following relations are easily 
derived 

The kinetic contributions to the pressure and to the bulk mod- 
ulus are consequently given by 

One recognizes in eqs. [9] and [lo] the well-known free elec- 
tron gas expressions, slightly modified by the fact that the 
number of free electrons depends on fl. If this dependence is 
ignored, then x = y = 0 and the free electron formulas are 
recovered. It turns out that as R + 0 both x and y become neg- 
ligibly small. 

Equation [lo] might be used as a rough approximation to 
the bulk modulus, but it usually gives too large values. To get 
better results one needs to consider the nature of E,. In the 
spirit of the free electron assumption made earlier it seems rea- 
sonable to assume that E, originates from an exchangexorre- 
lation interaction of the free electron gas. In doing so one 
implicitly assumes that all the additional Coulombic interac- 
tions, which result from the superposition of atomic charge 
densities, cancel each other. In other words, the net effect of 
such a superposition is, approximately, a constant shift in the 
potential. If this is the case one may calculate the exchange- 
correlation effect on the free electron bulk modulus by using 
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Fig. 1. Cohesive energies of metals. Asterisks connected by solid lines represent experimental 
values. Dotted lines represent theoretical values of MJW (+), and of the present work (0). 

Fig. 2. Bulk moduli of metals. Asterisks connected by solid lines represent experimental values. 
Dotted lines represent theoretical values of MJW (+), and of the present work (0). 

Can. J. Chem. Vol. 74, 1996 
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Table 1. Calculated cohesive properties." 

"All values, except for bulk moduli are in atomic units. Values of p(R) are in milli atomic units. Values of bulk moduli are in Mbar. The 
values of 51, were taken from ref. 11. Values of N, were computed from eq. [I]. Values of E,,, were computed from eq. [6]. Values of h, B,, 
and B were computed from eqs. 1121, [lo], and [I I], respectively. 

the Hedin-Ludqvist relation. 

where r, = ((3/4)~rp)"~ and 

Here [ = rJa, a = ( 4 / 9 ~ r ) ~ ~ ~ ( a / ~ r )  where a and b are numerical 
constants whose values are a = 21 and b = 0.7734. A similar 
application of eq. [I!] was successfuly made by Moruzzi et al. 
(1 1) in treating the muffin-tin interstitial charge as a free elec- 
tron gas. 

Results and discussion 

Atomic charge densities of 29 metallic elements were com- 
puted using the relativistic self-consistent field program of 
Liberman et al. (12). The electronic configuration was, in most 
cases, the free atom experimental ground state configuration. 
This choice was made, in particular, for all the simple metals 
having only S and P valence electrons. In such cases the 
ground state is distinct both experimentally and computation- 
ally. The transition metal elements, however, possess at least 
two nearly degenerate configurations, namely, dn-'s' and 
dn-2s2. Furthermore, it turns out that the ground state energy of 
the Kohn-Sham Hamiltonian is none of the above but, in gen- 
eral, a d'"f configuration where x is a non-integral number. 
These difficulties were discussed in other pa ers and the con- !' clusion seems to be that, in general, the dn-'s configuration is 
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a preferable choice for a model density calculation (8). This 
configuration was therfore used here with only few excep- 
tions. Three of these exceptions occur at the beginning of the d 
series, namely, at Ti, Zr, and Nb. For these elements both 
dn-Is' and dn-2s2 configurations were calculated. The other 
two exceptions are Cr and Mn for which the dnsO configuration 
was included in addition to the dn-'s' configuration. 

Having obtained the appropriate free atom chrge densities it 
is a simple matter to apply eq. [6] in order to get cohesive ener- 
gies. The results are displayed in Fig. 1 along with the experi- 
mental values and the theoretical results of Moruzzi et al. (1 1). 
The accuracy of the present results is comparable with, or even 
slightly better than, the best ab initio calculations. 

In general, the largest relative errors are found when Ecoh is 
small and second-order effects are expected to become impor- 
tant. Hence in both Na and K only -50% of Ecoh is recovered 
by the present model. On the other hand, for large values of 
Ecoh the present model seems to be working surprisingly well. 
Note, in particular, the 3d series for which the present results 
are considerably better than the ab initio results. 

A similar pattern is observed for the bulk moduli displayed 
in Fig. 2. The overall agreement of the present results with 
experimental data is striking, particularly in view of the rela- 
tively large errors in the ab initio results for the 3d transition 
metal series. It was found, however, that eq. [ l l ]  does not 
work well for small values of B,. Hence, for values of Bk < 0.3 
Mbar it is much better to use B, itself as an approximation for 
B rather than to apply eq. [ l  11. 

Table 1 displays some numerical results of the present cal- 
culation. Consider, in particular, the values of Nm (eq. [I]), 
which in the present theory play the role of the number of 
valence electrons, N,, in other theories. Yet the values of Nm 
hardly resemble the values usually assigned to N,,. A possible 

reason for this apparent discrepancy is that "valence elec- 
trons" is a rather loose term, which helps in singling out the 
significant contributions to cohesion within the framework of 
a single particle model, but is much less successful than Nm in 
predicting the net cohesive effect. 

Certainly, one should not be too naive to think that the suc- 
cess of the present model is totally unrelated to some fortunate 
cancellation of errors. Yet, it may perhaps create some hope 
that within density functional theory one might be able to find 
a direct relation between charge density differences and cohe- 
sive properties. 
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Applications and evaluation of IGAlM and 
H chemical shift calculations for unsaturated 

hydrocarbons and organolithium compounds 

Nick Henry Werstiuk and Jiangong Ma 

Abstract: Wave functions obtained at the RHFl6-31+G(d) level of theory were used with the new method IGAIM (individual 
gauges for atoms in molecules) developed by Keith and Bader to calculate the isotropic I3c and 'H NMR chemical shifts of a 
group of neutral molecules (bicyclo[3.2.1]octa-2,6-diene (I),  bicyclo[3.2.1]oct-6-ene (2), bicyclo[2.2.1]hepta-2,s-diene (3), 
benzene (4)), carbanions (prop-2-en-1-yl (allyl) (S), bicyclo[3.2.1]octa-3,6-dien-2-yl (a)), and lithium complexes (prop-2-en- l -  
yllithium (6) and its dimer 7, bicyclo[3.2.1]octa-3,6-dien-2-yllithium (9)). The theoretical isotropic I3C NMR chemical shiftsof 
the neutral molecules, relative to the calculated value for TMS(tetramethylsilane), are in excellent agreement with the 
experimental values, with differences between the sets of data ranging from +4.9 to -7.1 ppm. For the same group of compounds 
the theoretical 'H shifts are lower than the experimental values by increments ranging between 0.4 and 1.29 ppm. For 
allyllithium, which exists as an unsymmetrical fluxional dimer, the theoretical averaged I3C shifts are larger, 2.6 pprn for the 
terminal carbons and 16.7 pprn for the central carbon, than the experimental values. In the case of 8, originally considered to be 
a bishomoaromatic species, the theoretical I3c chemical shifts of its Li' complex 9 differ from the experimental ones for THF- 
solvated 9 by values that range from +6.2 to - 15.0 ppm. Yet, the relative theoretical chemical shifts - of special importance is 
the fact that the carbons of the vinylene bridge of this compound are unusually shielded relative to the parent diene 1 - correlate 
with the experimental data. The 'H chemical shifts calculated for the hydrocarbons 1, 2 ,3 ,4  and the lithium complexes 7 and 9 
range from 0.08 to 1.38 pprn less than the experimental values. To gain information on whether variations in charge density play 
a significant role in determining the magnitudes of the chemical shifts, we used AIMPAC calculations to obtain the atom electron 
populations of diene 1 ,5 ,6 ,  dimer 7,8,  and 9. We find no obvious correlation between the charges on the carbon atoms and the 
I3c shifts for this set of compounds. 

Key words: IGAIM, calculations, I3c and 'H chemical shifts, unsaturated hydrocarbons, organolithium compounds. 

RCsumC : On a utilisC les fonctions d'onde obtenues au niveau RHFl6-3 l+G(d) de la thtorie en relation avec la nouvelle mCthode 
JIADM Gauges individuelles pour les atomes dans les molCcules) dCveloppCe par Keith et Bader pour calculer les dCplacements 
chimiques isotropes en RMN du 'H et du 13c d'un groupe de molCcules neutres (bicyclo[3.2.1]octa-2,6-dikne (I),  
bicyclo[3.2.1]oct-6-kne (2), bicyclo[2.2.1]hepta-2,s-dikne (3), benzkne (4)), de carbanions (prop-2-kn-1-yle (allyle) (S), 
bicyclo[3.2.1]octa-3,6-dikn-2-yle (8)) et de complexes du lithium (prop-2-kn-1-yllithium (6) et son dimkre 7, bicyclo[3.2. llocta- 
3,6-dikn-2-yllithium (9)). Les dtplacements chimiques thCoriques isotropes en RMN du 13c des moltcules neutres, relatifs aux 
valeurs calculCes pour le TMS (tCtramCthylsilane), sont en bon accord avec les valeurs expCrimentales; les difftrences entre les 
ensembles de donnCes varient de +4,9 B -7,I ppm. Pour le m&me groupe de composCs, les dkplacements thtoriques des 'H sont 
plus faibles que les valeurs experimentales par des incrkments variant de 0,4 B 1,29 ppm. Pour l'allylithium qui existe sous la 
forme d'un dimkre en fluxion asymCtrique, les dkplacements thCoriques moyens du I3c sont plus ClevCs (2,6 pprn pour les 
carbones terminaux et 16,7 pprn pour l'atome de carbone central) que les valeurs exptrimentales. Dans le cas du produit 8, 
qui avait originalement Ctt considCrC comme une espkce bishomoaromatique, les dCplacements chimiques thCoriques du 13C de 
son complexe avec le lithium, 9, different des valeurs expCrimentales pour le compost 9 solvat6 par du THF par des valeurs allant 
de +6,2 B - 15,O ppm. MalgrC tout, les dtplacements chimiques thCoriques relatifs - ce qui prCsente le plus d'importance est le 
fait que les carbones du pont vinylkne de ce composC sont inhabituellement blind& par rapport au dikne parent, 1 - prCsentent 
une corrklation avec les donntes expCrimentales. Les dtplacements chimiques calculCs du 'H pour les hydrocarbures 1 , 2 , 3  et 4 
et les complexes avec le lithium, 7 et 9, se situent B des valeurs allant 0,08 B 1.38 pprn plus faibles que les valeurs expCrimentales. 
Afin d'obtenir de l'information sur le r61e que jouent les variations dans la densite de charge dans la dktermination des 
amplitudes des dCplacements chimiques, on a fait appel B des calcul de AIMPAC pour dCterminer les populations Clectroniques des 
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atomes de dikne 1,s et 6,  de dimkre 7,s et 9. On n'a pas trouvC de corrClations Cvidentes entre les charges sur les atomes de 
carbone et les dkplacements chimiques du I3c de cet ensemble de composCs. 

Mots clis : JIADM, calculs, dkplacements chimiques du 'H et du I3C, hydrocarbures insaturks, composks organolithiens. 

[Traduit par la rCdaction] 

Introduction 

The bicyclo[3.2.l]octa-3,6-dien-2-yl anion (8) has attracted 
the attention of chemists for over 30 years. Apart from the his- 
torical interest, this anion has been the object of a number of 
studies aimed at determining whether it is homoaromatic (1- 
3). The enhanced kinetic and thermodynamic acidities of the 
allylic hydrogens of bicyclo[3.2.l]octa-2,6-diene (1) and the 
unusual chemical shifts of the hydrogens and carbons of the 
vinylene bridge of its lithium complex 9 solvated with THF 
(the hydrogens are shielded by 1.98 and 2.5 1 ppm and the car- 
bons by 39.7 and 49.6 ppm relative to the 1) were taken as evi- 
dence that the anion is bishomoaromatic. It was estimated 
from the 'H NMR data that 8 had 3040% of the ring current 
of benzene. Anion 8 has also been the subject of a number of 

theoretical studies (4-7). While the results of one of the theo- 
retical studies (6) were used to support the initial interpretation 
of the experimental data, Lindh et al. (7) concluded, as did two 
other groups of researchers (4,5), that the interactions between 
unoccupied and occupied orbitals necessary to achieve bicy- 
cloaromaticity do not take place, in their view, because the dis- 
tance between the interacting bridges is too large. They 
suggested that the dominant interaction at the equilibrium dis- 
tance is electrostatic in nature and proposed that the unusual 
chemical shifts arise from a through-bond redistribution of 
charge and not from the bishomoaromaticty of 8. 

Our long-standing interest in the chemistry of carbanions, 
especially in the factors controlling their stability, coupled 
with the fact that there are a number of methods available - 
including IGAIM ,(individual gauges for atoms in molecules) 
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Werstiuk and Ma 

recently developed by Keith and Bader (8) - for calculating 
magnetic response properties such as shieldings and magnetic 
susceptibilities (9) led us to study of a group of the unsaturated 
hydrocarbons 1,2 ,3 ,4 ,  the carbanions 5 and 8, and their lith- 
ium complexes 6, 7 and 9 with a relatively small basis set (6- 
31+G(d)). We chose the IGAIM method because Keith and 
Bader showed that IGAIM yields absolute carbon shieldings 
that agree better with experimental values than those obtained 
by conventional CHF calculations using the same basis set (8). 
Our objectives were twofold. Firstly, we set out to establish 
whether the IGAIM method is useful for calculating 13c and 
'H chemical shifts of relatively large molecules with a rela- 
tively small basis set - as pointed out by Jorgensen and 
co-workers recently (lo), this information is not available - 
and, in the same instance begin to gain some understanding of 
the NMR spectroscopy exhibited by 9. In this connection, we 
also obtained the atom charges of 1, 5, 6, 7, 8, and 9 with the 
AIMPAC suite of programs developed by Bader and co-workers 
(1 1). In the event that we found IGAIM to be useful for calcu- 
lating chemical shifts at the 6-31+G(d) level of theory, we 
planned to carry out a theoretical study of the magnetic suscep- 
tibilties of benzene, 1,8, and 9 at the same level of theory, the 
goal being to analyze the atom susceptibilities on the basis of 
basin and surface components. Bader and Keith showed that 
this approach gives information on the flux in current through 
interatomic surfaces, namely ring currents, induced by a mag- 
netic field (12). In this paper we report the theoretical isotropic 
13c and 'H chemical shifts obtained with IGAIM along with 
the atom charges calculated with AIMPAC and correlate the 
results with available experimental NMR data. 

Computational method 

The derivation and detailed description of the IGAIM method 
are documented in a paper published by Keith and Bader 
(8). The optimized equilibrium geometries of the compounds 
were calculated at the RHFl6-31+G(d) level of theory with 
GAUSSIAN 92 (13). Perturbed wave functions were obtained for 
these geometries with CADPAC (14), and PROAIMV (1 1) was used 
to calculate the magnetic response properties. The atom elec- 
tron populations were obtained with PROAIMV and PROMEGA 

(1 1). All calculations were carried out on IBM RSl6000 model 
530, 350, and 320H workstations. 

Results and discussion 

Calculations on hydrocarbons 
We carried out the calculations at the RHFl6-3 l+G(d) level of 
theory because (a) it is necessary to include diffuse functions 
on heavy atoms when carrying out calculations on carbanions, 
(6) we wished to establish whether IGAIM calculations on 
fairly large molecules with a relatively small basis set yield 
chemical shifts that correlate withexperimental data, and (c)  at 
the time this study was carried out the scratch disk space avail- 
able for CADPAC calculations was limited to 2 GB for each tem- 
porary file. We studied 1 because it is necessary to track the 
changes in 13c and 'H chemical shifts in going from 1 to 8 and 
9. Bicyclooctene 2 was studied because it is the dihydro ana- 
logue of l and its experimental 13c chemical shifts have been 
published. While norbornadiene (3) was studied because its 
olefinic carbons are unusually deshielded, benzene was stud- 

Table 1. Total energies of compounds. 

Compound Total energya 

~p 

"In hartrees, calculated at the HF16-31+G(d)//6- 
3 1 +G(d) level of theory. 

ied because it is the archtypical aromatic system that exhibits a 
large ring current. The total energies of 1-9 obtained at the 6- 
3 1 +G(d) level of theory are given in Table 1. 

Keith and Bader showed that increasing the size of the basis 
set (the uncontracted Gaussian basis set [13s8p5d] and 6- 
31 1++G(2d,2p) were used) produced only small changes in 
the shieldings (8). Thus, we expected to find a good correla- 
tion between the theoretical chemical shifts and the experi- 
mental values for the compounds of interest to us. Because 
gas-phase absolute chemical shieldings ( u ) ~  relative to the 
bare nucleus are obtained with IGAIM, the theoretical isotro- 
pic I3c (Table 2) and 'H chemical shifts (6) (Table 3) of the 
unsaturated hydrocarbons including benzene are referenced to 
the calculated gas-phase I3c and 'H shieldings of tetramethyl- 
silane(TMS) obtained at the same level of theory. The IGAIM 
isotropic chemical shifts calculated in this way were compared 
to the values obtained in solution. It is important to note here 
that the differences between the gas phase and solution chem- 
ical shifts of neutral compounds, in general, are small: for 13c 
the differences usually are in the range of 1 to 2 ppm; for 'H 
the differences usually fall in the region of 1 ppm unless 
hydrogen bonding is involved (17). 

It is seen that the differences between the theoretical and the 
experimental solution 13c shifts of the hydrocarbons 1, 2, 3, 
and 4 range from +9.9 to -7.1 ppm (Table 2). Even so, the 
correlation between the theoretical and experimental 13c 

chemical shifts of 1, 2, 3, and 4 is remarkably good (Fig. 1) 
with the correlation coefficient being 0.999. Of significance is 
the fact that the relative theoretical chemical shifts of the 
vinylic carbons of 1,2, and 3 -in this compound the carbons 
are unusually deshielded - follow the experimental values 
exactly. The IGAIM 13c chemical shift of benzene, the 
archtypical aromatic system, is identical to the gas-phase 
experimental value (Table 2). This result indicates that 
IGAIM calculations at the 6-3 l+G(d) level of theory will be 
useful for studying the magnetic response properties of aro- 

The NMR chemical shift is a tensorial property. IGAIM 
calculations yield the three principle components, which are 
averaged to obtain the isotropic shifts. Ideally, the IGAIM 
principle components should be compared with the experimental 
values if they are available (15, 16). 
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Table 2. Theoretical and experimental isotropic I3C absolute shieldings (o)and chemical shifts (6). 

Compound Nucleus IGAIM o IGAIM 6" Expt. 6 Aexpt. - IGAIM 

4 C1 72.1 131.2 128.5' 2.7 
130.9' 0.3 

"Referenced to TMS; the theoretical "C absolute shielding (o) of TMS calculated at the 6-31+G(d) basis is 
203.2. The experimental value is 188.1 (33). 

bReference 27. 
'Reference 28. 
*~eference 29. 
'Reference 30. 
/Reference 17. 

matic systems. There is an excellent linear correlation (the cor- 
relation coefficient is 0.992) between the theoretical and 
experimental 'H chemical shifts of 1,3, and 4 (Table 3, Fig. 2) 
as well, although the calculated chemical shifts are systemati- 
cally low by around 1 ppm. Except for the bridgehead hydro- 
gens of 1 and 3, the relative chemical shifts of the hydrogens 
correlate closely with the experimental values. 

Calculations on the allyl and bicyclo[3.2.1]octa-3,6-dien-2- 
yl anions and their lithium salts 

To establish whether IGAIM can be used to calculate chemical 
shifts of carbanions and their lithium complexes with the 6- 
3 l+G(d) basis, we studied the allyl and bicyclo[3.2.l]octa-3,6- 
dien-2-yl anions 5 and 8 and their lithium complexes 6,7, and 
9 without including solvent molecules such as H20  or THF. 
Our first goal was to determine the degree to which Li' com- 
plexation, and dimer formation in the case of 5, affects the 13c 

shieldings of carbanions 5 and 8, and to establish whether the 
theoretical chemical shifts correlate with the experimental data 
available for 7 and 9. Figures 3(a), 3(b), and 3(c) display the 
optimized equilibrium geometrical structures of 6, 7, and 9, 

respectively, labelled with selected geometrical parameters. In 
going from 5 to 6 there is a slight increase in the C 1-C2 bond 
length (the value for 5 is given in parentheses) and C 1 and C3 
are pyramidalized as indicated by the H4,C3,C2,H6 and 
H5,C3,C2,H6 dihedral angles. The atom charges of 5, 6,7, 8, 
and 9 calculated from the electron populations obtained with 
AIMPAC are summarized in Figs. 4(a), 4(b), and 4(c). The val- 
ues given in parentheses in 4(a) and 4(c) are the charges for 
the uncomplexed anions 5 and 8, respectively. From the data 
given in Table 4 is seen that in going from 5 to 6 the chemical 
shifts of the terminal carbons and the central carbon atom 
increase by 10.5 and 15.2 ppm, even though the electron pop- 
ulations of terminal carbons C 1 and C3 and the center carbon 
C2 increase by 0.067 and 0.101, respectively (Fig. 4(a)). It is 
clear that there is no relationship between charge density and 
the 13c chemical shifts of the allyl anion (18). Other factors 
play a more important role (19). As is seen from atom charges 
shown in Fig. 4(a), the electron populations of the carbons 
increase at the expense of the hydrogens. While the results of 
an earlier I3c NMR study were interpreted on the basis that 
allyllithium is an ionic monomeric species (20), cryoscopic 
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Werstiuk and Ma 

Table 3. Theoretical and experimental istropic 'H absolute shieldings (o) and chemical shifts (6). 
- - 

Compound Nucleus IGAIM o IGAIM 6" Expt. 6 A6 expt. - IGAIM 

"In ppm units; referenced to the theoretical 'H absolute shielding (o) (28.95 ppm) of TMS calculated at the 
6-3 l+G(d) basis. 

b~eference 3. 
'Reference 3 1. 
d~eference 32. 

Table 4. Theoretical and experimental isotropic ''c absolute shieldings (o) and chemical shifts (6). 

Compound Nucleus IGAIM o IGAIM 6" Expt. 6 A6 expt. - IGAIM 

C 1 123.9 53.6* 
C2 39.6 163.7 

7 
C 3 177.4 53.6 
C 4  124.0 
C5 39.6 
C6 177.3 

"Referenced to the theoretical I3C absolute shielding (o) (203.2) of TMS calculated at the 6-31+G(d) basis. 
The experimental value is 188.1 (33). 

b~verage values of CI, C3, C4, and C6 and C2 and C5 of the static structure. 
'At 298 K; ref. 21. 

measurements and variable temperature I3c isotopic perturbs- THF or even H,O. The optimized geometrical structure of 7 
tion NMR studies established that allyllithium exists as a flux- along with selected parameters is displayed in Fig. 3(b). As 
ional, unsymmetrical dimer in THF over a wide temperature was found in earlier ab initio studies at the 3-21G level of 
range (21). Consequently, we studied 7 with IGAIM. Because theory (22, 23) and confirmed by the isotopic perturbation 
of hardware limitations, we could not solvate the dimer with NMR experiments, the dimer has Ci symmetry. The geometri- 
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Fig. 1. Plot of theoretical versus experimental I3c chemical 
shifts: 1 (0); 2 (x); 3 (+); 4 (*). 

'0 20 40 60 80 100 120 140 160 
EXPERIMENTAL CARBON CHEMICAL SHIFT (ppm) 

cal parameters and chemical shifts we obtained in this study 
correlate closely with those obtained in the earlier IGLO study 
of 7 (23). The atom charges calculated with AIMPAC (Fig. 4(b)) 
show that there is a substantial difference (0.242 and 0.247 au) 
in the charges of the methylene carbons. This is also the case 
for the hydrogens. Yet the average values, -0.350 and 
-0.352, are virtually identical to the carbon-atom charges cal- 
culated for the methylene carbons of 6. The charges on C2 and 
C5 and on the lithiums are also close to the values obtained for 
6. The theoretical absolute shieldings and chemical shifts, 
which are referenced to the theoretical absolute 13c shielding 
of the methyl group of TMS, are given in Table 4. While the 
terminal carbons (compare C1 and C4 with C3 and C6) of the 
allyl fragments of the static dimer 7 differ in chemical shift by 
53.4 ppm, there is an excellent correlation between averaged 
I3c chemical shifts and the experimental values obtained for 7 
in THF solution. That the averages of the theoretical chemical 
shifts of C1, C3, C4, and C6, and C2 and C5 correlate with the 
nrnr data even at 107 K, a temperature at which the "inside" 
(H8, H10, H12, and H16) and "outside" (H7, H9, H13, and 
H15) hydrogens do not equilbrate, is in keeping with the view 
that allyl groups of 7 undergo a helicopter-type rotation (20). 
The relationship between the theoretical and experimental I3c 
chemical shifts is displayed graphically in Fig. 5. The theoret- 
ical 'H chemical shifts of the 5, its lithium complex 6, and the 
unsymmetrical dimer 7 along with the experimental data for 7 
are given in Table 5. It is seen that the average of the theoreti- 
cal chemical shifts of the "outside" hydrogens (H7, H9, H13, 
and H15) and of 7 is smaller than the average of the "inside" 
(H8, H 10, H12, and H16) ones. While these average values are 
0.35 and 0.57 ppm less than the experimental values obtained 
at 37"'C, the relative chemical shifts are in accord with assign- 
ments made on the basis of vicinal coupling constants by West 
et al. (24). The relationship beween the theoretical and exper- 
imental shifts is shown graphically in Fig. 6. It is interesting to 

Fig. 2. Plot of theoretical versus experimental 'H chemical 
shifts: 1 (0) ;  3 (+); 4 (*). 

I 
2 3 4 5 6 7 8  

EXPERIMENTAL PROTON CHEMICAL SHIFT (ppm) 

note that the hydrogens of the C3 and C6 methylene groups of 
the static structure are considerably more shielded (2 ppm) 
than the hydrogens of the C1 and C4 methylenes. This is 
undoubtedly due to the fact that (a) there is a significant 
degree of pyramidalization at C3 and C6 of the dimer, and (b) 
the electron populations of C3 and C6 and the associated 
hydrogens are larger than the populations of the the C 1 and C4 
methylenes (Fig. 4(b)). 

The optimized equilibrium geometrical structure of bicy- 
clo[3.2.~]octa-3,6-dien-2-yllithium (9) labelled with selected 
geometrical parameters is displayed as Fig. 3(c). The lithium 
cation is located in the endo position in keeping with the X-ray 
diffraction structure of 9 solvated with one molecule of 
TMEDA (25). Hardware limitations precluded studies on 9 
solvated with H,O, THF, or TMEDA. Even so, there is good 
agreement between the geometrical parameters calculated for 
9 and the X-ray diffraction data obtained for TMEDA-sol- 
vated 9, which turns out to be an unsymmetrical species. The 
largest differences between the theoretical and experimental 
geometrical parameters are seen in the C5-C6 (9, 1.531 A; 
TMEDA-solvated 9, 1.508 A), C1-C7 (9, 1.531; TMEDA- 
solvated 9, 1.512), Li-C2 (9, 2.219; TMEDA-solvated 9, 
2.440), Li-C3 (9, 2.068; TMEDA-solvated 9,2.194), and Li- 
C4 (9, 2.219; TMEDA-solvated 9, 2.5 15) internuclear dis- 
tances. Selected geometrical parameters of the free anion 8 are 
given in parentheses in Fig. 4(c). There are only slight changes 
in the geometrical structure when 8 is converted into 9. In 
keeping with the results obtained for conversion of 5 into 6, 
the electron populations of the carbons (C2 (A0.150 au), 
C3(A0.119 au), and C4(A0.150 au)) of the allylic unit of 8 
increase substantially when it is converted into 9 (Fig. 4(c)). 
As was found for the allyl anion, this occurs predominately at 
the expense of hydrogens attached to these carbons, although 
the other hydrogens and the bridgehead carbons C1 and C5 
relinquish electrons as well. Noteworthy is the fact that the 
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Fig. 3. (a )  Optimized equilibrium geometical structure of 6 with 
internuclear distances in A; (b) optimized equilibrium geornetical 
structure of 7; (c)  optimized equilibrium geometical structure of 9. 

Fig. 4. ( a )  Atom charges of 6; (b)  atom charges of 7; (c) atom 
charges of 9. 

carbons of the vinylene bridge, C6 and C7, also gain electrons 
(0.067 au) when 8 is converted into 9 (see Fig. 4(c)). These 
carbons also gain 0.046 and 0.038 electrons, respectively, 
when the parent diene 1 (the value for C7 of 1 is shown in 
square brackets) is converted into 8. Overall, carbons C6 and 

C7 of 1 gain 0.1 13 and 0.105 electrons, respectively, when 1 is 
converted into 9 , predominately from the bridgehead carbons 
C1 and C5 and hydrogens H16 and H17 of the vinylene 
bridge. Also noteworthy is the fact that C2, C3, and C4 of the 
allylic unit of 9 bear virtually the same charges as the carbons 
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Fig. 5. Plot of theoretical versus experimental I3c chemical shifts Fig. 6. Plot of theoretical versus experimental 'H chemical shifts 
of 7 (0 )  and 9 (x). of 7 (0 )  and 9 (x). 

00-b 5 i 7 
EXPERIMENTAL PROTON CHEMICAL SHIFT (ppm) 

Table 5. Theoretical and experimental isotropic 'H absolute shieldings (o) and chemical shifts (6). 

Compound Nucleus IGAIM o IGAIM 6" Expt. 6 A6 expt. - IGAIM 

H7 28.54 1 .67b 2.24' 0.57 
H8 28.48 1.43' 1.78 0.35 
H9 26.5 1 5.71d 6.38 0.67 
H10 26.10 
H11 23.24 
H12 28.48 
H13 26.5 1 
H14 23.24 
H15 28.52 
H16 28.44 

"Referenced to the theoretical 'H absolute shielding (o) (28.95) of TMS calculated at the 6-31+G(d) basis. 
bAverage value of H8, H10, H12, and H16 of the static structure. 
'Average value of H7, H9, H13, and H15 of the static structure. 
dAverage value of HI1 and H14 of the static structure. 
'At 298 K; ref. 24. 

of the Li+ complex 6 or the averaged charges of 7, not what The relationship (the correlation coefficient is 0.997) between 
would be expected if 9 is bishomoaromatic. The theoretical the theoretical and experimental data for 7 and 9 is shown 
13c chemical shifts of 8 and 9 along with the solution experi- graphically in Fig. 5. As was found for the ally1 anion, com- 
mental values (26) for THF-solvated 9 are given in Table 6. plexation with Li+ results in an increase in the chemical shifts 
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Table 6. Theoretical and experimental isotropic "C absolute shieldings (o) and chemical shifts (6). 

Compound Nucleus IGAIM o IGAIM 6" Expt. 6 A6 expt. - IGAIM 

"In ppm units; referenced to theoretical "C absolute shielding (0) (203.2) of TMS calculated at the 6- 
3 l+G(d) basis. The experimental absolute shielding is 188.1 (33). 

bReference 26. 

Table 7. Theoretical and experimental isotropic 'H absolute shieldings (o) and chemical shifts (6). 

Compound Nucleus IGAIM o IGAIM 6" Expt. 6 . A6 expt. - IGAIM 

H9 28.94 0.01 0.42b 0.41 
H10 28.61 0.34 0.87 0.53 
HI1 27.63 1.32 2.45 1.13 
H12 27.63 1.32 2.45 1.13 
H13 27.48 1.46 2.84 1.38 
H14 23.64 5.31 5.39 0.08 
H15 27.48 1.46 2.84 1.38 
H16 25.46 3.48 3.67 0.19 
H17 25.46 3.48 3.67 0.19 

"In ppm units; referenced to the theoretical 'H absolute shielding (0) (28.95) of TMS calculated at the 6- 
3 l+G(d) basis. 

*Reference 3. 

of the methylene carbons C2 and C4. The theoretical chemical 
shifts of the bridgehead carbons C1 and C5 change only mar- 
ginally even though the electron populations of these carbons 
decrease in going from 1 to 9. The 9.6 ppm decrease in chem- 
ical shift of C8 found experimentally in going from 1 to THF- 
solvated 9 is accurately reproduced by the IGAIM calcula- 
tions. The greatest differences between the calculated values 
for 9 and experimental values for THF-solvated 9 are found for 
C6 and C7 of the vinylene bridge and C3 of the allylic unit 

(Table 6). The calculated chemical shifts of C6 and C7 -they 
are not sufficiently shielded - are too large by 15.0 and 14.6 
ppm, respectively (Table 6). Even so, the calculated increases 
in the shieldings of C6 and C7 of 1 in going to 9 are 28.8 and 
39.4 ppm, respectively, in reasonable agreement with the 
increases (37.9 and 49.6 ppm) found experimentally when 1 is 
converted into THF-solvated 9. Given the fact that there is no 
clear correlation between the changes in electron populations 
of C1, C3, C5, and C8 and the variations in the 13c chemical 
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shifts when 1 is converted into 9, it is unlikely that the 
increases in electron populations of C6 and C 7  are the major 
source of the increase in shielding experienced by these car- 
bons. 

The theoretical 'H chemical shifts of 8 and 9 along with the 
experimental values for the THF-solvated 9 are given in Table 
7 and displayed graphically in Fig. 6. The correlation coeffi- 
cient of the data for 7 and 9 is 0.979. It is seen that the relative 
chemical shifts are in accord with the experimental values 
although the differences between the two sets of data range 
between 0.08 and 1.38 ppm. The shielding of H16 (1.07 ppm) 
and H 17 (1.52 ppm) found calculationally in going from 1 (the 
atom charges of H16 and H 17 are 0.022 and 0.027 au) to  9 (the 
atom charges of H16 and H17 are 0.018 au) is in keeping with 
the experimental findings that H16 and H17 are shielded by 
1.98 and 2.5 1 ppm, respectively, when 1 is converted into THF- 
solvated 9. It is also of interest to  note that the relative chemical 
shifts of H9 and H10 only correlate with the experimental data 
when 8 is converted into its Li' complex 9, showing that Li+ 
exhibits a long-range effect when complexed with 8. 

Conclusions 

IGAIM calculations at the 6-31+G(d) level of theory give 13c 
and 'H chemical shifts of unsaturated hydrocarbons - includ- 
ing benzene, the archtypical aromatic system - and unsatur- 
ated organolithium compounds that correlate well with 
experimental data. This result suggests that the IGAIM 
method will be  generally useful for calculating magnetic 
response properties of these classes of compounds with the 6- 
31+G(d) basis. Changes in theoretical chemical shieldings d o  
not correlate with variations in electron populations. 
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Some results on the electrostatic energy 
of ionic crystals 

Hanno Essen and Arne Nordmark 

Abstract: We define a class of ionic cyrstals, the alternating Bravais lattice ionic crystals, which has the NaCl and CsCl 
structures as members. We calculate the electrostatic energy of finite pieces and study the convergence to the macroscopic 
Madelung limit. For the one-parameter family of trigonal lattices we calculate the dependence of the electrostatic energy 
on the parameter. The NaCl and CsCl structures correspond to minima, the CsCl minimum being deeper. This is due to 
long-range effects; for small clusters the NaCl structure is favored. We also study the Madelung constant of simple cubic 
lattices as a function of spatial dimension, and discuss the results. We finally calculate the electrostatic repulsion of two 
constant unit charge distributions in the unit cube. This quantity, a six-dimensional integral, can be integrated analytically 
five times, leaving a simple one-dimensional integral to be done numerically. 

Key words: ionic crystal, Madelung constant, ionic cluster, electrostatic energy. 

RCsumC : On dCfinit une classe de cristaux ioniques, les cristaux ioniques de maille de Bravais alternante, dont font 
partie le NaCl et le CsCI. On a calcult 1'Cnergie Clectrostatique de piices finies et on a CtudiC la convergence vers la 
limite macroscopique de Madelung. Pour la famille i un paramttre des mailles trigonales, on a calculi la dCpendance de 
I'Cnergie Clectrostatique sur le paramktre. Les structures du NaCl et du CsCl correspondent i des minima, celui du CsCl 
ttant plus profond. Ceci est le rtsultat d'effets i longue distance; pour de petits agrCgats, la structure du NaCl est celle qui 
est favorisie. On a aussi CtudiC la constante de Madelung de mailles cubiques simples en fonction de la dimension spatiale 
et on discute des rksultats. On a finalement calculi la rtpulsion Clectrostatique des distributions unitaires de charge B deux 
constantes dans unit6 de cube. Cette quantiti, une intigrale i six dimensions, peut &tre intCgrCe analytiquement cinq fois; 
on obtient une intCgrale simple unidimensionnelle i &tre intCgrte d'une f a ~ o n  numCrique. 

Mots cle's : cristal ionique, constante de Madelung, agrCgat ionique, Cnergie tlectrostatique. 

[Traduit par la rCdaction] 

1. Introduction CsCl structures. For this class we are able to give some ex- 

The subject of the electrostatic energy of ionic crystals is an 
old one and much work has followed the pioneering efforts 
by Madelung (1). This paper is partly didactic and attempts 
to clarify known results, and partly presents results that we 
believe to be new. 

Most of the work on these problems, including the present, 
uses the assumption that the ions can be treated as point 
charges. This is valid provided they are non-overlapping 
spherical charge distributions. It was not really until the pio- 
neering work by Richard Bader that these assumptions were 
put on a sound theoretical basis (2). Bader's work shows 
that one can rigorously partition molecules and crystals into 
atoms and find the shape and charge of these. 

We start by defining a class of ionic crystals, the alter- 
nating Bravais lattice (ABL) ionic crystals. It includes two 
of the most common types of such crystals, the NaCl and 
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plicit formulas for the electrostatic energy, some of which 
we believe to be new. We study how the electrostatic en- 
ergy (per molecule) of finite clusters converges to a macro- 
scopic limit. We suggest an efficient numerical method to 
calculate the Madelung constants of this class. We then cal- 
culate this constant as a function of the parameter of the one- 
parameter family of orthorhombic (trigonal) lattices. This 
function throws some light on the interrelation between the 
NaCl and CsCl structures. We find that for small clusters the 
NaCl structure is energetically favored while CsCl has the 
largest Madelung constant and thus has lower energy in the 
macroscopic limit. 

We also consider the dependence on the spatial dimension 
of the energy of small ionic clusters and of the Madelung 
constant. We find that, for the simple cubic case, these grow 
monotonically with dimension n, but eventually very slowly. 
Finally we calculate a related quantity of physical interest: 
the electrostatic interaction energy of constant charge distri- 
butions in a cube. 

2. Alternating Bravais lattice ionic 
crystals 

Consider a Bravais lattice with basis vectors a , ,  a2, a3. We 
call a crystal an alternating Bravais lattice (ABL) ionic 
crystal when there is an ion of charge 

Can. J. Chem. 74: 885-891 (1996). Printed in Canada / Irnprirnt au Canada 
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and this should have a finite macroscopic limit 

The meaning of this definition is that as one goes along a 
, line defined by a lattice basis vector the charges alternate in 
sign. That is, along the line r(h) = hal + joa2 + koa3 there 
are charges q(i) = qo(-l)i at integer values, h = i, of the 
parameter. 

It should be immediately clear that the NaCl crystal is an 
example of an ABL ionic crystal. With lattice basis vectors 
of the simple cubic (sc) lattice, 

[2] a l  = el = (1, 0, 0), a 2  = e2 = (0, 1, O), 

the NaCl structure is obtained. It is only a little less obvious 
that the CsCl crystal also can be obtained. The lattice basis 
vectors of the body-centered cubic (bcc) lattice, 

are then the appropriate ones. Since there is a continuous 
transformation between these two sets of lattice basis vectors, 
and indeed between any two sets of lattice basis vectors, one 
may regard all ABL ionic crystals as, in a sense, topologi- 
cally equivalent. In particular, one can take a unified view 
of the two standard structures (NaC1 and CsCl) and study 
transformations between them. The zinc blende structure is 
not in the ABL class. 

3. Electrostatic energy 
The electrostatic (Coulomb) interaction energy of N3 ions of 
charge q(i, j ,  k) at positions r(i, j ,  k) is 

The prime on the sum means that the terms with zero de- 
nominator are excluded. If we have an ABL arrangement of 
the ions we can use eq. [ l ]  and get 

for the total electrostatic energy. In the macroscopic limit 
when N becomes large this quantity will go to minus infinity. 
If we divide it by the number of (neutral) molecules, N3/2, 
we get the electrostatic energy per molecule in the form 

[7] @ = lim qN 
N - c o  

Note that N should be even if the macroscopic piece is to be 
neutral; otherwise it has charge minus one, but this does not 
affect convergence. 

The sum in eq. [5] is a six-dimensional sum. It is seen, 
however, to depend essentially only on differences between 
summation indices. If we put 

some calculation shows that the energy per molecule can be 
rewritten 

The full interaction energy can thus be written as this three- 
dimensional sum (over (2N - - 1 terms). The total charge 
of the ions summed over, including the positive one in the 
middle, is -1 for even N and +1 for odd. The transformation 
of the summation indices done here is analogous to the trans- 
formation to center-of-mass and relative coordinates that is 
well known from the two-body problem (compare Sect. 9, 
especially formula [44]). 

4. Relation to the Madelung constant 
In ionic crystals one usually estimates the energy of an ion in 
the crystal by means of the Madelung (1) constant. This con- 
stant is thus the sum of all electrostatic interaction energies of 
the ion with all the other ions of the crystal. There is a large 
literature on the calculation of Madelung constants. For a re- 
view see Tosi (3). Johnson and Templeton (4) give the values 
of this constant for many structures. For modem methods of 
calculation see Christiansen et al. (5). For a careful inves- 
tigation of the mathematics of lattice sums in general, see 
Glasser and Zucker (6). 

The general conclusion is that calculation of Madelung 
constants is a difficult problem. Slow convergence and de- 
pendence on order of summation are a few of the problems 
(Borwein et al. (7)). It is of special importance to avoid sum- 
ming in such a way that there is a dipole moment (Smith (8)) 
and to sum over neutral chunks. With ABL crystals these 
problems can be handled in a unified and natural way. The 
sum should simply be over a parallelepiped with edges par- 
allel to the lattice basis vectors (al ,a2,a3) placed symmetri- 
cally around the central ion. Such a sum can be written 

and the macroscopic limit of these sums, 

[ l l ]  a = lim a~ 
M+co  
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Table 1. This table illustrates the slow convergence of $IN and aN to the two tradi- 
tional Madelung constants for the NaCI and CsCl structures. 

-$IN (CsC1) a ~ - I  ( c ~ c l )  

Extrapolated 

is thus the Madelung constant a. Usually it is assumed that 
the nearest neighbor distance, R,, is 1 and we will adopt this 
convention. 

The sequence aM (M = 2,3, .  . .) converges monotonically 
to the appropriate Madelung constant. For the NaCl struc- 
ture this sum is over cubic "shells" and for CsCl is it over 
the corresponding rhombohedral "shells." When Madelung 
constants are looked at from the conventional point of view 
these two crystals appear very different (8). 

It is interesting to note that for M = N - 1 the two sums 
[9] and [lo] go over the corresponding terms and that, in 
fact, 

[12] I$JN = - a N P l  + "surface terms" 

Here "surface terms" represent sums in which increased 
weight is given to terms near the surface of the parallelepiped. 
As N grows larger the relative importance of these decreases 
and the two sequences have the same limits (apart from sign): 

This is a natural result that normally has been taken for 
granted, but we have checked it numerically and it holds. 
For an example see Table 1. Since the sum [lo] is simpler 
than [9], this result can be used to speed up calculation of 4. 
On the other hand, while the sequences QN give a measure 
of the energy of finite (parallelepipedal) clusters of N3/2 
molecules, the unconverged Madelung sums a~ are of no 
particular physical significance. 

5. Numerical considerations 
Nowadays it is easy to try plug formula [9] or [ lo] into 
a computer to find the relevant limit. The convergence is, 
however, quite slow. This has physical reasons. Convergence 
means that the surface terms of eq. [12] become negligible. 
But volume varies as N3 and surface area like 8N2, so N 
must, of course, be quite large before 8N2, and corresponding 
physical surface effects, can be neglected in comparison with 
N3. 

Ewald (9) developed analytic methods for speeding up 
the convergence and many methods have been suggested 
since then. We have used a method for convergence improve- 
ment introduced by Shanks (lo), as reported by Levin (1 1). 

This method extrapolates a sequence I$JN to the limit Q by 
making certain assumptions about the analytical behavior of 
the terms. We found that it gives values for Madelung con- 
stants, accurate to four digits, cheaply and with very little 
programming. A little extra effort is needed to find the fol- 
lowing, nine-digit-accurate, values for the usual Madelung 
constants 

Here there is an uncertainty of one in the last digit. The 
convergence can be studied in Table 1. 

For the simple cubic NaCl structure one can find a much 
faster and more accurate path to the Madelung constant based 
on analytical formulae of Borwein et al. (7). This is discussed 
in Sect. 8. At present, however, these do not extend to non- 
cubic lattices. 

The QN values of Table 1 show that, for small N (up to 
-16, or 2048 molecules) the NaCl structure is energetically 
favored compared to the CsCl structure, while for higher N 
the opposite is true. This physically relevant fact cannot be 
obtained from the corresponding Madelung sequences; the 
orN for CsCl are larger than those for NaCl for all N. 

6. A one-parameter lattice family 
To compare different lattices in a reliable way one should 
find a continuous path between them. We thus study the one- 
parameter family of trigonal (rhombohedral) lattices that have 
the lattices [2] and [3] as members. Hoppe (12) was the first 
to do this; we do it in a somewhat different way that follows 
naturally from the ABL concept. 

We first put 

for three unit vectors 120" apart in the xy-plane, so that 
= -112, ( i  # j). We can now define the family of 

lattice (unit length) basis vectors 

[I71 al (0)  = q ( J 1 - c o s 8 e i  + d 1 / 2  + cos ee3), 
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Table 2. This table illustrates some properties of the one-parameter family of 
trigonal lattices for different values of the parameter 0. 

e(deg) cos0 V(0) Rn(0) Lattice type Crystal 

- 

fee 
- 

SC 

- 

bee 
- 

Plane 

- 

NaCl 
- 

CsCl 
- 

depending on the parameter 8. They are all of length one, 
lai(8)I = 1, and all make the same angle 8 

[I81 ai(8).aj(8) = cos 8 (i # j) 

with one another. The volume of the parallelepiped spanned 
by these vectors is given by 

[19] V(8) = al.(a2 x a3) = (1 - cos 8 )d l  + 2 cos 8 

and the surface area is A(8) = 8)al  x a21 = 8 sin 8. 
Since we are interested in the nearest neighbor normalized 

Madelung constants we also note that the nearest neighbor 
distance in this lattice family is given by 

J 2  - 2 cos 8 for 0 < 8 < 60" 

for 60" 5 8 5 109O.47 

3 + 6 c o s 8  for109".47<8<120" 

Thus Rn = 1 for all angles between 60" and 109O.47 
(the "tetrahedral angle"), since for these values the nearest 
neighbor is along a lattice vector ai. The new nearest 
neighbor that appears below 8 = 60" is one of the same 
charge. At 8 = 109O.47, which corresponds to the CsCl struc- 
ture, the new nearest neighbor is of opposite charge. Some 
relevant values of 8 and the corresponding lattices are listed 
in Table 2. 

7. Energy of orthorhombic ABL crystals 
Let ( ~ ~ ( a ~ , a ~ , a ~ )  be defined by eq. [9]. By means of the 
lattice family of the previous section we now define 

Here we have introduced a nearest neighbor normalization 
so that 

[22] lim qN(8) = $(8) = -a(€)) 
N+oo 

is the (negative) nearest neighbor normalized Madelung con- 
stant. The physical model underlying the nearest neighbor 
normalization is that of hard sphere (billiard ball) ions. For 
such a model system the electrostatic potential energy is the 
full potential energy. 

Fig. 1. Plot of the function I$(€)). The two minima correspond 
to the NaCl structure (at 0 = 90") and the CsCl structure (at 
0 = 109O.47). These minima clearly have different characters. 

The function (1~(8),  which represents the electrostatic en- 
ergy of four molecules (8 ions), can be calculated explicitly 
and is given by 

+ + 
2J3 - 2 cos 8 6J3 + 6 cos 8 

This function has a global minimum at 8 = 90" where its 
value is -1.456. It has a shallow local minimum at 8 = 
109" .47 where it is - 1.424. Between these two minima there 
is a local maximum at 8 = 109O.27; the value of the function 
at this point is only 2 x lop5 higher than at 8 = 109O.47 (the 
calculations were done using Maple (13)). In practice this 
means that the NaCl structure is the only stable structure 
for this system. As we saw in Table 1 the NaCl structure is 
predicted to be the electrostatically most stable up to N % 16. 

In Fig. 1 we have plotted the function $(8) near its relevant 
minima. It shows a local minimum at 8 = 90°, corresponding 
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to the NaCl structure. There is a local maximum at roughly 
0 = 104" which is 0.0455 higher than the global minimum at 
0 = 109O.47, the CsCl structure. We see that the two minima 
are very different. The CsCl minimum is very narrow and 
sharp. Its shape is determined by the fact that a new nearest 
neighbor appears at this angle; if it were not for the nearest 
neighbor normalization the function would go down to minus 
infinity towards 0 = 120". Our results agree with those of 
Hoppe (12) who calculated the same curve using a different, 
but equivalent, parameter. 

It has been known for a long time that substances that have 
the NaCl structure can go into the CsCl structure when pres- 
sure is applied. Conversely, CsCl changes into the NaCl struc- 
ture at high temperatures (see Tosi (3) or Pauling (14) and 
references therein). The curve in Fig. 1 gives some feeling 
for the electrostatics going on in these transitions. 

8. The electrostatic energy of simple 
cubic ABL clusters and crystals as 
a function of dimension 

It is of some interest to note that one can easily generalize 
the concept of ABL ionic crystals from spatial dimension 
three to any (integer) spatial dimension. Here, of course, only 
dimensions one and two of direct physical interest, but higher 
dimensions may be of interest to illustrate the general trend. 

In this section we will limit ourselves to the simple cubic 
case, so formula [9] becomes 

If now consider only the smallest, N = 2, cluster (or 
molecule), the generalization of this formula to arbitrary di- 
mension n is 

The direct calculation of this quantity by means of nested 
summation loops rapidly becomes unwiedly as n increases. 
We shall calculate it by means of a recursion method. 

We start by defining 

Table 3. This table lists the electrostatic energies, @,(n), of neu- 
tral ionic hypercubic molecules of dimension n and the Madelung 
constants a(n)  of simple cubic ABL crystals. The spatial dimen- 
sions n = 1-6, n = 10, 50, and 100 are g'iven and the results are 
accurate to 14 digits. 

and then find the recursive relation 

for these sums. The quantities of interest, F(n,O), can then 
easily be generated. They will correspond to the electrostatic 
energy of neutral hypercubic ionic molecules of dimension 
n. Some results are given in Table 3. 

The Madelung constant for a simple cubic ABL crystal of 
dimension n can be defined as 

M M (- l)il+ ...+ il, 
[29] u(n) = (- l)n lim ): . . . ): ' - 

M-+cs i l  =-M il,=-M Jxi=l ii 

(compare eq. [lo]). Here the prime indicates that the term 
with i l  = i2 = . . . = in = 0 is to be excluded. In the case 
11 = 1 one obtains (Kittel ( 15)) 

03 03 1 
1301 u(1) = (-1) C '(I-)' k = 2):(-1)k+1 

but for higher dimensions there is no obvious analytic result. 
In direct numerical calculations the number of terms would 
be roughly (2M)" so a calculation would rapidly become very 
cumbersome for large n. Bonvein et al. (7) have, however, 
using theta functions and the Mellin transform, derived the 
analytical expression 

for n, j > 0. We also define 

1 
[27] F(0, 0) = 0 and F(0, j )  = - 

4 

for the simple cubic Madelung constant as a function of n. 
(It follows from eq. (28) in ref. 7.) This formula is easily 
programmed and gives the numerical results of Table 3. 

The number of nearest neighbors with opposite charge in- 
creases by two for each dimension. It is thus not surprising 
that the Madelung constants increase with n, as we find. The 
increase, however, becomes smaller with each new dimen- 
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sion and, formula [31] can be used to show that the asymp- 
totic behavior is given by 

For large n the increase is thus very slow. Table 3 shows that 
the difference between the Madelung constant and -@2(n) 
decreases with increasing n. This means that the lattice sum- 
mation converges more rapidly in higher dimensions. Phys- 
ically this seems natural as the field produced by a neutral 
hypercube must correspond roughly to a multipole field one 
order higher for each new dimension. 

9. The interaction energy of two 
constant charge distributions 
in a cube 

Consider the electrostatic energy of a system of c/v(positive) 
charged particles of charge q at ri. This electrostatic energy 
is 

Assume that the number c/v is large and that the particles 
are evenly distributed (randomly or in some ordered way) in 
a cubic region of side L. We can then estimate this energy 
using the continuum approximation, i.e., we assume that we 
are dealing with the self-interaction of a charge density p = 
(c/vq)/L3 (constant inside the cube and zero outside). We can 
thus write 

where Cc is a dimensionless number that we now proceed to 
calculate. This number is of interest in the theory of ionic 
crystals but is also of interest in other areas of solid state 
theory (16). 

Consider two electrons of charge e in a cubic box of side 
length L. Assume that both electrons have constant charge 
density 

[35] p = e / ~ ~  

in this box. The Coulomb, electrostatic, interaction energy of 
these charge distributions is then: 

Here Qf (a = 1,2) denote the cubic regions over which the 
integration variables, ra = (xa,ya,&), take their values. We 
now introduce units so that e = L = 1. These regions are 
then 

and the energy can simply be expressed as 

or, alternatively, in the form 

which shows explicitly that this is a six-dimensional integral. 
To calculate this integral we first transform to center-of- 

mass and relative coordinates for the two "electrons": 

1 
[41] R = -(rl +r2) 

2 

For the x-components we then have explicitly 

and similarly for the y- and z-components. This transforma- 
tion makes the three integrations over R = (X, Y , Z )  trivial 
and the result is the three-dimensional integral 

(compare formula [9]). Because of symmetry this gives 

We now transform first to cylindrical coordinates 

[46] x = p cos cp, y = p sin cp 

Because of a further symmetry the integral now becomes 

(1 - p cos cp)(l - p sin cp)(l - z) 
X 

Finally we transform to spherical coordinates by means of 
the transformation 

[48] z = r cos 8, p = r sin 8 

We must now split the integration over 8 into two inte- 
grals because of the comer at z = 1, corresponding to 
8 = arctan(l/coscp). We thus get 

l/cos 0 
sin 8 d o 6  r2dr 

I /(cos cp sin 0) 
+ /=I2 sin 8 d~ 6 r2dr] 

arctan( 1 /cos cp) 

(1 - r sin 8 cos cp)(l - r sin 8 sin cp)(l - r cos 8) 
X r 
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Here the r-integrations are trivial. The 0-integrations can be 
done analytically and we have used Maple (13) to do them. 
The result is 

where the integrand is the function 

This formula is taken (almost) directly from Maple output; 
to get it one must use simplify with "assume cos(q) > 0." 

The final q-integration can not be done analytically by 
Maple, but it turns out that the function @, is nearly constant 
(it varies with roughly 10%) over the interval 0-n/4. It is 
thus easy to get very accurate numerical results. Maple, with 
the default ten-digit accuracy, gives 

and this is the desired constant. We have checked the cal- 
culation by using other, more straightforward, numerical 
methods. 

10. Conclusions 
Electrostatic interactions are at the root of many subtle and 
long-range effects in crystals and molecules. They indicate 
that it is physically difficult to regard the energy of some 
three-dimensional region as arising locally within that region. 

This is also connected with the lack of transferability of the 
Bader atoms (ions), a problem that was discussed by Bader 
and Becker (17) from a different point of view. 

In this paper we have discussed various aspects of the 
electrostatic interaction energy. In particular we have studied 
the (macroscopic) Madelung constants for a class of ionic 
crystals, and the electrostatic interaction energies for finite 
clusters. One unusual aspect of our treatment is that we have 
shown that the electrostatic energy can be reduced to a simple 
sum over the crystal which differs from the Madelung sums 
by the presence of "surface terms." We also believe that some 
of our other results are either new or, at least, represent a 
novel way of viewing these problems. 
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I The role of hydrogens in stabilizing 
organic ions 

Kenneth B. Wiberg, Paul von Rague Schleyer, and Andrew Streitwieser 

Abstract: The changes in electron density that result from processes in which ions are formed were examined using both electron 
density difference maps and calculations of electron populations using Bader's theory of atoms in molecules. The processes 
include the loss of an electron from a neutral precursor forming a radical cation, the loss of an electron from a free radical forming 
a carbocation, the addition of a proton to ammonia, the addition of an electron to a free radical forming a carbanion, and the loss 
of a proton from a neutral precursor forming an anion. In the reactions forming cations, the new positive charge resides mainly at 
the hydrogens, and the heavy atoms generally gain electron density. The anion-forming reactions lead to negative charge being 
shared among atoms but, again, much of the charge appears at the hydrogens. u-a polarization is an important feature of the 
charge distribution in all of the ions. There is an advantage to placing the charge at the periphery of an ion since this will 
minimize its electrostatic energy. 

Key words: electron density, anions, cations, radical cations, m a  polarization. 

Resume : Faisant appel i d e s  cartes de diffkrences de densite Clectronique ainsi qu'i des calculs de densitks de population dans 
le cadre de la thCorie des atomes dans des molCcules, on a CtudiC les changements dans la densite Clectronique qui dtcoulent de 
processus dans lesquels il se forme des ions. Les processus comprennent la perte d'un tlectron par un prCcurseur neutre 
conduisant i un cation radical, la perte d'un Clectron par un radical libre conduisant i la formation d'un carbocation, l'addition 
d'un proton ?i de l'ammoniac, l'addition d'un Clectron Bun radical libre conduisant i la formation d'un carbanion et la perte d'un 
proton d'un prCcurseur neutre conduisant i la formation d'un anion. Dans les rkactions conduisant i de s  cations, la nouvelle 
charge positive reside principalement au niveau des hydrogknes et gkntralement les atomes lourds subissent un gain de densite 
Clectronique. Lors des rkactions conduisant i la formation d'anions la charge nCgative est partagCe parmi les atomes, mais, 
encore une fois, la plus grande partie de la charge apparait sur les hydrogknes. La polarisation u-a est une caractCristique 
importante de la distribution de charge dans tous ces ions. I1 y a un avantage i placer la charge ?i la pkriphkrie d'un ion puisq~ie 
ceci a tendance ?i minimiser son tnergie Clectrostatique. 

Mots clis : densite Clectronique, anions, cations, radicaux cations, polarisation u-a. 

[Traduit par la rCdaction] 

I. Introduction 

It is well established that charged species are stabilized by 
spreading the charge over as large a surface area as possible 
(1). In organic ions, this suggests that a considerable part of the 
charge should be transferred to the hydrogens at the periphery 
of the ion. The hydrogens should be a good source for electron 
density since they have a small nuclear charge and cannot hold 
onto their electron density as well as other atoms with larger 
nuclear charges. They may also be able to accept some elec- 
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tron density in the formation of anions. This report will be 
concerned with the role hydrogens play in the stabilization of 
ions. 

Several processes that form positively or negatively 
charged ions were examined using ab initio molecular orbital 
theory. The structural parameters for the compounds and ions 
were obtained via MP2 (2) or Becke3LYP (3) geometry opti- 
mizations. Both procedures correct for electron correlation, 
and generally give similar relative energies and charge distri- 
butions. The 6-31G" basis set was used for saturated com- 
pounds and carbocations, and 6-31+G* was used for 
compounds and ions having lone pairs. The analysis of the 
charge distribution was made either using Bader's theory of 
atoms in molecules (AIM) (4) to obtain electron populations, 
or using electron density difference plots between the ions and 
their neutral precursors. 

2. Formation of radical cations via 
photoelectron spectroscopy 

Photoelectron spectroscopy is a process in which a radical cat- 
ion is formed via the loss of an electron from a neutral precursor 
(5). It is a vertical excitation, and so it is appropriate to use the 
same geometry for the precursor and the ion. The MP216-3 IG* 
wave functions for the two species were converted into three- 
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Wiberg et al 

Fig. 1. Change in electron density distribution on going from (a )  
ethane using the highest CH bonding orbital, (b) ethane using the 
highest C-C bonding orbital, and (c )  ethene using its T orbital 
to their radical cations calculated at the MP2l6-31G* level. The 
contour level is 0.005 elau3. Loss of electron density is indicated 
by broken contours. 

dimensional arrays of electron density, and the distribution for 
the neutral compound was subtracted from that of the radical 
cation. The difference density was visualized as a 3-D plot. 

Ethane provides a good example of this approach. The high- 
est occupied MO's of ethane are a pair of degenerate CH bond- 
ing orbitals. The difference density between ethane and the 
radical cation formed by removal of an electron from one of 
these MO's is shown in Fig. l a  where the broken contours 
indicate regions that lose electron density on going to the rad- 
ical cation, and solid contours show regions that gain density. 
As expected, electron density is lost from the hydrogens but, at 
the same time, the carbons gain some electron density. Sepa- 
rate integrations of the regions in the figure that have gained 
and lost electron density found a 0.122e gain by the carbons 
and a 1.122e loss by the hydrogens. 

The electron populations may also be derived using Bader's 
theory of atoms in molecules (AIM) in which the electron den- 
sity is integrated within atomic volume elements defined by 
zero-flux surfaces (4). Each hydrogen of ethane has 0.981e. 
With this radical cation, the hydrogen populations are not 
equal because of the loss of symmetry in taking an electron 
from one of a pair of degenerate orbitals. Two of the hydro- 
gens have 0.847e and the other four have 0.739e for a net loss 
of 1.24e at the hydrogens. Thus, both methods agree that more 
than one electron is taken from the hydrogens in forming the 
radical cation. 

The next ethane MO is associated with the C-C bond. The 
difference density between ethane and the radical cation 
formed by loss of an electron from this MO is shown in Fig. 
lb. Loss is seen at the C-C bond and also at the hydrogens, 
but the carbons again gain charge density. Integration of the 
regions in Fig. lb  indicates a 0.12e gain at each carbon, a 
0.32e loss at the C-C bond, and a 0.15e loss at each hydro- 
gen. Thus, even for this MO, the hydrogens contribute 90% of 
the electron that is lost in the photoionization. 

The AIM electron populations were calculated for this rad- 
ical cation. Each hydrogen has 0.797e, for a loss of 0.18e on 
going to the radical cation. It can be seen that the two methods 
are in good agreement. 

Ethene provides another interesting example. Here, the 
lowest energy radical cation is formally derived by the loss of 
one of the .rr electrons. Will charge be taken from the hydro- 
gens in this case? Figure l c  shows that this is the case, and that 
the electron density near the carbons is again increased. Inte- 
gration of the electron loss and gain regions in Fig. l c  showed 
that 0.1 80e is gained in the vicinity of the carbons, and that 
1.180e is lost at the hydrogens and the carbon .rr orbital. The 
loss of electron density at the hydrogens is also seen in the 
AIM populations. Each hydrogen of ethene has 0.946e, and 
each hydrogen of the radical cation had 0.780e, for a loss of 
0.166e on going to the radical cation. Thus, the hydrogens 
contribute about 66% of the electron that is lost on photoion- 
ization. 

This procedure was also applied to several cyclic hydrocar- 
bons: cyclopropane, bicyclo[l. 1 .O]butane. bicyclo[l. 1.1 .]pen- 
tane, and [ l . l .  llpropellane (Fig. 2) (6). Again, the broken 
contours indicate regions that lose electron density on going to 
the radical cation, and the solid contours indicate regions that 
have gained density. 

In agreement with the ethane result, the electron density 
loss is found largely at the hydrogens and in the bonding 
regions, and the carbons again gain electron density in the pro- 
cess. With cyclopropane, the difference density is not sym- 
metrical with respect to the three C--C bonds because in 
forming the radical cation the electron is taken from one of a 
pair of degenerate orbitals, leading to incipient Jahn-Teller 
distortion. Here, the electron is taken from two of the bent C- 
C bonds and from the hydrogens, and at shorter distances from 
the nuclei the carbons gain electron density. The changes for 
bicyclobutane are similar, except that the central C 4  bond 
becomes a major source of the lost electron. 

The difference density for bicyclo[l.l.l]pentane (Fig. 2c) 
shows that the bridgehead protons lose considerable electron 
density on going to the radical cation. Some density is lost 
from the C-C bonds, but at shorter distances from the nuclei 
the carbons gain electron density. With [l. 1. llpropellane (Fig. 
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Fig. 2. Change in electron density distribution on going from cycloalkanes to their vertical radical cations 
calculated at the MP2/6-31G** level. The contour level is 0.005 e/au3. The compounds are: ( a )  cyclopropane; 
(6) bicyclo[l . l  .O]butane; (c )  bicyclo[l. 1 . I  Ipentane; and (4 11.1 . I  lpropellane. The HOMO of cyclopropane is 
degenerate, and only one of the pair of possible radical cations is depicted, maintaining the cyclopropane 
geometry. 

2 4  much electron density is lost from the nonbonded density 
near the bridgehead carbons. 

To make the changes more quantitative, the positive and 
negative regions in Fig. 2 were integrated, giving the results 
shown in Table 1. In each case, there is a sizable positive sum 
corresponding to the increases in electron density in the 
regions near the carbon atoms. 

The atomic charges also were obtained using AIM, and the 
carbon and hydrogen charges were separately summed. These 
data also are given in Table 1. Again, it is seen that much of the 
decrease in electron density on going to the cation is seen at the 
hydrogens. In most cases, the carbons have a much smaller 
decrease in electron density, and in the case of bicy- 
clo[l .l . l.]pentane, C1 is calculated to have in increase in elec- 
tron density. The small loss seen at most carbons is due to the 
volume element used in the AIM integrations that includes 
some of the volume near the carbons for which there is a loss 
of electron density. 

Both methods of examining the changes in electron density 
agree that the hydrogens provide a large part of the loss in den- 
sity on going to the cations. 

3. Protonation of ammonia 

A simple example of the conversion of a neutral molecule to a 
charged ion is found in the protonation of ammonia. The 
changes in electron density on protonation have been exam- 
ined making use of the Mulliken population analysis, and it 
was concluded that most of the positive charge appears at the 
hydrogens (7). In view of the difficulties sometimes associ- 
ated with the Mulliken populations (8), it seemed appropriate 
to examine this process using other methods of analysis. 

There is relatively little change in structure in this process 
(Table 2), and so it is reasonable to use the ammonium ion 
geometry for both the ion and for the location of the nitrogen 
and three hydrogens of ammonia. The use of the same nuclear 
coordinates for both species is essential since otherwise large 
shifts in charge density resulting from the nuclear motions will 
confuse the interpretation of the electron density difference 
plots. Both the MP2 and B3LYP levels of theory were used, 
and there were no significant differences between them with 
regard to structure or relative energies. To  be sure that the 
small change in geometry between the equilibrium structure of 
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Table 1. Charge shifts on forming radical cations. 
( a )  Integration of electron density differences. 

Compound Positive sum Negative sum 

Cyclopropane 0.22 1 -1.221 
Bicyclo[l. 1 .O]butane 0.207 - 1.206 
Bicyclo[l.l.l]pentane 0.232 - 1.230 
[I.  1 . I  ]Propellane 0.235 -1.235 

(b) From AIM electron populations. 

Compound Atom" Shift 

Cyclopropane 

"In each case C1 is the bridgehead carbon and C2 is a methylene 
carbon. 

"verage values for the radical cation. There is a small difference in 
population among the atoms due to incipient Jahn-Teller distortion. 

ammonia and the structure based on ammonium ion has no 
effect, the AIM atomic charges were calculated (Table 2). The 
changes in the hydrogen charges are only 0.002e, which is 
negligible. 

The change in electron density in this process is shown in 
Fig. 3 where loss is shown by broken contours and gain is 
shown by solid contours. The MP2 and B3LYP wave func- 
tions gave essentially the same plot. It can be seen that the 
three hydrogens of ammonia lose electron density on protona- 
tion, and that both the added proton and the nitrogen nucleus 
gain density. Thus, the nitrogen, which has a significant nega- 
tive charge in ammonia because of its higher electronegativity 
as compared to hydrogen, retains its negative charge in the ion, 
and in fact increases it slightly despite the overall positive 
charge in the ion. The increase in electron density at nitrogen 
on protonation is also seen in the AIM nitrogen atomic charges 
given in Table 2. 

The changes in electron density shown in Fig. 3 may be 
made more quantitative by integrating the positive and nega- 
tive regions. With the B3LYP wave functions, the region that 
gains electron density (the added proton and the nitrogen) cor- 
responds to 0.56e, and the other region corresponds to a loss of 
0.56e. This is in good accord with the populations given in 
Table 2. For the three hydrogens of ammonia there is.a loss of 
3 x (0.532 - 0.365) or 0.50e. With the MP2 wave functions, 
integration of the regions in Fig. 2 give 0.49e gain and loss, 
respectively. The AIM populations give a loss for the ammo- 

Fig. 3. Change in electron density distribution on going from 
ammonia to ammonium ion calculated at the MP216-31+G* 
level. The contour level is 0.001 elau? Note the loss of electron 
density at the three original hydrogens and the gain in electron 
density at the nitrogen and the added hydrogen. 

nia hydrogens of 3 x (0.537 - 0.374) or 0.50e. The increase in 
electron density at nitrogen on protonation is small (0.03e), 
but that is expected since it already has a considerable nega- 
tive charge because of its electronegativity. The important 
conclusion is that all of the added positive charge (and a little 
more) appears at the hydrogens. 

4. Formation of carbocations from free 
radicals 

With carbon compounds, the largest charge transfer from the 
hydrogens would be expected in the formation of carboca- 
tions. This has been examined by Bader via a comparison of 
the AIM charges in the carbocation and the hydrocarbon pre- 
cursors (9). He found that the hydrogens do receive much of 
the positive charge in the formation of the carbocations. 

The shift in electron density on forming these ions is most 
readily studied by considering the loss of an electron from a 
radical. Since both species have three-coordinate carbons, it is 
reasonable to use the same geometry for both. The stabiliza- 
tion of cations is more dependent on the details of their struc- 
tures than in the case of the radicals, and so the cation 
geometries will be used for both species. The loss of an elec- 
tron from methyl radical, isopropyl radical, tert-butyl radical, 
and ally1 radical has been studied, and the results are visual- 
ized in Fig. 4. 

Again, it can be seen that the electron is taken from the 
hydrogens and the p-orbital that contained the odd electron, 
and that in other regions the carbons gain electron density on 
going to the cations. The magnitude of the changes in Fig. 4 
were obtained by integrating separately the positive and nega- 
tive regions, giving the results shown in Table 3. 

The methyl cation is by far the least stable of the simple car- 
bocations. Integration of the regions in Fig. 4 indicate that 1.2 
electrons are taken from the hydrogens and the carbon p- 
orbital, and that the other carbon orbitals gain 0.2e. The AIM 
populations suggest that 0.89e is taken from the hydrogens 
and 0.1 l e  is taken from the carbon. The difference between 
the two estimates of the charge shift is that the AIM procedure 
includes the carbon p-orbital along with the region shown with 
solid contours in Fig. 4. As a result, it includes part of the 
region in which charge density is lost. 
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Fig. 4. Change in electron density distribution on going from (a) methyl radical, (b) ally1 radical, (c) isopropyl 
radical, and (4 tert-butyl radical to the corresponding carbocations via the loss of an electron. The calculations used 
the MP2/6-3 1G** level of theory, and the contour level is 0.005 e/au3. 

Table 2. Structures and energies of NH, and NH,'." 

Species Levelb Energy r(XH) L(HXH) q, 4x 

NH,' B3LYP -56.90612 1.028 109.5 0.532 -1.126 
NH3 B3LYP -56.56698 1..016 108.2 0.365 -1.096 
NH,(at NH,') B3LYP -56.56647 1.028 109.5 0.366 -1.097 
NH,' MP2 -56.73826 1.022 109.5 0.537 -1.149 
NH3 MP2 -56.39581 1.011 108.1 0.372 -1.115 
NH,(at NH,') MP2 -56.39533 1.022 109.5 0.374 -1.122 

"Total energies are given in hartrees, bond lengths in A, bond angles in degrees, and 
AIM charges (q) in electrons. 

bAll calculations used the 6-31+G** basis set. 

Table 3. Changes in electron density on going from radicals to 
cations derived by integration of 3D difference density plots. 

Compound Electron loss Electron gain 

Methane 1.158 
Isopropyl 1.194 
tert-Butyl 1.228 
Ally1 1.180 
Cyclopropy lcarbinyl 1.222 
Cyclobutyl 1.205 

The important conclusion is that much of the positive 
charge appears at the hydrogens that are in the nodal plane of 
the empty carbon p-orbital. When the electron is removed 
from the half-filledp-orbital of the radical, the increased elec- 
tronegativity of the carbon leads to charge withdrawal from 
the hydrogens via the a-bonds. Thus, the conversion of the 
radical to the cation involves considerable reorganization of 
charge density. 

The isopropyl cation is the simplest secondary cation, and it 
is considerably more stable than the methyl cation Experimen- 
tal nmr data are consistent with the theoretical structure (lo), 
which has been found to have C2 symmetry with a hydrogen 
on one methyl group aligned with one side of the empty car- 
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Table 4. Percent decreases in population at carbon and hydrogen 
on going from the radical to the cation based on AIM 
populations. 

Compound Position % at H % at C 

Methyl" 65.3 34.7 

Isopropylb C2 15.8 11.9 
C 1 81.9 -9.6 

"The decreases with respect to methane are 76% from the hydrogens 
and 24% from the carbons. 

bC2 is the cationic site. 
'C2 is the central carbon. 

bon p-orbital and a hydrogen of the second methyl aligned 
with the other side of the p-orbital. 

An examination of Fig. 3 shows that the hydrogens that are 
aligned with the p-orbital suffer a greater loss of electron den- 
sity than the other pairs of hydrogens, as would be expected 
from the usual hyperconjugation picture. However, all of the 
hydrogens, including the one attached to the cationic center, 
suffer loss of charge density. Integrations of the separate 
regions in Fig. 4 found 1.19e was taken from the set of hydro- 
gens and the carbon p-orbital and 0.19e was gained by the 
other carbon orbitals. 

The AIM analysis also found large changes in the charges 
for the hydrogens. The methyl carbons are calculated to gain 
electron population on going to the cation, whereas the cat- 
ionic carbon loses electron population (Table 4). 

The tert-butyl cation is quite similar to the isopropyl cation. 
The structure used in this study had C3h symmetry for conve- 
nience in presentation. At the MP216-3 1G" level, it was calcu- 
lated to be a transition state, but with a very low imaginary 
frequency (70i cm-I). The minimum was slightly distorted 
from this symmetry, and has a negligibly lower energy (1  1). 
The charge integrations (Table 3 )  show the same pattern as 
found with the isopropyl cation. Here, 1.23e are taken from the 
hydrogens and the carbonp-orbital and 0.23e are gained by the 
other carbon orbitals. The AIM populations show that the cen- 
tral carbon gains electron population on going from the radical 
to the cation, and that the methyl carbons lose a small amount 
of electron population. The hydrogens are again a major 
source of the electron density that is lost on going to the cation. 

With the allyl cation, the formation from the allyl radical 
leads to a net loss of 0.53e from the four hydrogens at the ter- 
minal methylene groups, and 0.30e from the methylene car- 
bons. This is especially interesting in that these hydrogens are 
in the nodal plane of the n system, and thus the loss of electron 
density must involve a-n polarization, as also found with the 
methyl cation. The loss of electron density from these hydro- 
gens also is clear in Fig. 4. 

5. Formation of carbanions from radicals 

The conversion of a radical to an anion by the addition of an 

Table 5. Changes in electron density on going from radicals to 
anion derived by integration of 3D difference density plots. 

Compound Electron loss Electron gain 

Ally1 anion 0.141 1.140 
Bicyclobutyl-1 anion 0.206 1.204 
Cyclopropyl anion 0.182 1.179 
Vinyl anion 0.166 1.164 

electron is the converse of the process used in studying the car- 
bocations. Here, the radicals are not as pyramidal as the 
anions, but the change in charge density on going to the more 
strongly pyramidal structure should be small for the radicals. 
The application of this method to the simple carbanions is 
questionable since they are not bound species, and can 
decrease their energies by the loss of an electron (12). How- 
ever, there are some carbanions that are stable species in the 
gas phase. This includes vinyl anion (13), cyclopropyl anion 
(14), bicyc10[1.1.O]buty1-1 anion (15), and allyl anion (16). 
The formation of these ions from the corresponding radicals, 
using the anion geometries for the latter, led to the electron 
density shifts shown in Fig. 5. 

In each case, the largest change in electron density is found 
at the carbanion lone pairs. There are large charge shifts to the 
hydrogens in vinyl anion, but near the carbons there is a loss of 
density. This is the opposite of what was found in the fonna- 
tion of carbocations from radicals where the carbons gained 
electron density despite the overall loss of an electron. A gain 
of electron density at the hydrogens is found for all of the com- 
pounds in Fig. 5. The positive and negative regions in the fig- 
ure were integrated giving the values shown in Table 5. It is 
interesting to compare the effects of removing an electron 
(Fig. 4b) and adding an electron to an allyl radical (Fig. 5b). 

The AIM electron populations for the four anions and the 
corresponding radicals are given in Table 6. The large charge 
shifts for the carbons formally bearing the positive charge are 
due to the formation of the anionic lone pair. However, with 
the exception of allyl anion, only about one third of the charge 
is found at this carbon and the rest is distributed over the other 
carbons and the hydrogens. 

6. Formation of anions by proton 
abstraction 

The removal of a proton from methane to form methide ion is 
formally the reverse of the protonation of ammonia, and it also 
was examined (Table 7). An important difference from the 
ammonia case is that the carbon and hydrogen have similar 
electronegativities, and there is little charge separation in 
methane. In methide ion, the electron density released by the 
lost proton is found at both the hydrogens and the carbon, and 
the AIM populations show that 42% of the charge appears at 
the hydrogens and 58% at the carbon. 

The abstraction of protons from ammonia or water are 
related processes (Table 8). Here, the central atoms have a 
higher electronegativity than the hydrogens and, as a result, 
they have a relatively large negative charge. As a further 
result, one might expect that it would be relatively difficult to 
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Fig. 5. Change in electron density on going from a (a) vinyl radical, (b)  ally1 radical, (c) cyclopropyl 
radical, and (4 bicyclo[l.l .O]butyl-1 radical to the corresponding anions by the addition of an electron, 
calculated at the MP216-31+G** level. The contour level is 0.001 e/au3. 

add additional electron density to them. The data in Table 8 
support this expectation. In the abstraction of a proton from 
ammonia, 73% of the electron density from the proton appears 
at the remaining hydrogens, and only 27% appears at the nitro- 
gen. Similarly, in the abstraction of a proton from water, 75% 
of the electron density from the proton appears at the hydrogen 
and 25 % appears at the oxygen. 

The more interesting ions are those formed by the ionization 
of carboxylic acids and enols. A number of these compounds 
have been e ~ a m i n e d , ~  and we will examine formic acid and 5- 
hydroxypentadienal here. 

The changes in electron distribution in the ionization of 
these compounds was examined using the average structures 
so that the effect of moving nuclear charges would not over- 
whelm the shifts in the distributions. The changes in charge are 
shown in Fig. 6. In the conversion of formic acid to formate 
ion, the electron density originally associated with the acid 
proton (-0.5e) is about equally distributed between the alde- 
hydic proton and the two oxygens. The electron density differ- 
ence plot for the conversion of hydroxypentadienal to its 
enolate ion shows that much of the negative charge appears at 
the carbon-bound protons even though they are in the nodal 
plane of the IT system. This is also found in the changes in AIM 
and NPA electron populations on going from the hydroxyalde- 
hyde to its anion (17). 

7. Conclusions 

In the conversion of neutral precursors to the corresponding 
cations or anions, hydrogens accept much of the charge, even 
when the charge is formally associated with a IT system and the 
hydrogens are in the nodal plane of this system. This is espe- 

Fig. 6. Change in electron density on going from (a)  formic acid 
and (b) 5-hydroxypentadienal to their anions by the loss of a 
proton, calculated at the MP2/6-31+G** level. Only the regions 
that gain charge density are shown. In each case, the original 
carbonyl group is at the right. 

The details of this investigation will be presented elsewhere (17). 
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Table 6. Changes in AIM electron populations on going from 
radicals to anions. 

Compound Atom Anion Radical Change 

Vinyl C1 
H 
C2 
Ha 
Hb 

Cyclopropyl C1 
H 
C2 
Ha 
Hb 

Table 7. Structures and energies of CH, and CH,-." 

Species Levelb Energy r(XH) L(HXH) qH 4x 

CH4 B3LYP -40.52614 1.093 109.5 -0.012 0.047 
CH3- B3LYP -39.84738 1.104 110.2 -0.148 -0.555 
CH; (at CH,) B3LYP -39.8471 1 1.093 109.5 -0.156 -0.531 
CH4 MP2 -40.36595 1.086 109.5 -0.058 0.231 
CH3- MP2 -39.68627 1.096 110.6 -0.151 -0.546 
CH3- (at CH,) MP2 -39.68596 1.086 109.5 -0.210 -0.371 

"Total energies are given in hartrees, bond lengths in A, bond angles in degrees, and 
AIM charges (q) in electrons. 

bAll calculations used the 6-31+G** basis set. 

Table 8. Structures and energies of NH,, NH;, H,O, and HO-." 

Species ~ e v e l ~  Energy r(XH) L(HXH) qH 4x 

NH3 B3LYP -56.56698 1.016 108.2 0.365 -1.096 
NHC B3LYP -55.90925 1.033 102.9 0.180 -1.364 
NH3 MP2 -56.39581 1.011 108.1 0.372 -1.115 
NH2- MP2 -55.73454 1.028 103.4 0.197 -1.398 
H,O B3LYP -76.43405 0.965 105.8 0.583 -1.166 
HO- B3LYP -75.80343 0.970 0.421 -1.420 
H20 MP2 -76.23589 0.963 105.5 0.594 -1.187 
HO- MP2 -75.60471 0.969 0.442 -1.441 

Total  energies are given in hartrees, bond lengths in A, bond angles in 
degrees, and AIM charges (q)  In electrons. 

bAll calculations used the 6-31+G** basis set. 
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cially true in the formation of cations where the hydrogens 
bear much of the charge, and the heavier atoms generally gain 
electron density despite the development of an overall positive 
charge. The change in charge in the formation of anions is not 
as dramatic but, in many cases, the majority of the negative 
charge is found at the hydrogens. 

In the conversion of a radical to a carbocation, an electron is 
taken from the carbon making it more electronegative. As a 
result, there is a tendency for the carbon to contract the elec- 
tron density in its u bonds, leading to an increase in electron 
density in these regions. The opposite is seen when an electron 
is added to a radical to form a carbanion. Here, the carbon 
becomes less electronegative and electron density in its u 
bonds becomes dispersed, leading to a decrease in density in 
these regions. The origin of the shifts in electron density 
resulting from the addition or loss of a proton is not as obvious, 
but in each case the MO that is involved will have a significant 
component at the first-row element that is involved, and thus 
its electronegativity can be modified, leading to the effects 
described above. 

Although there is formal u-a separation in many cases, 
u-n polarization is an important factor in determining elec- 
tron distributions in ions. When a electrons move in one direc- 
tion, the u electrons tend to move in the opposite direction so 
as to minimize electron repulsion. The neglect of this polariza- 
tion in the application of resonance concepts and FMO argu- 
ments will lead to incorrect conclusions about electron 
distributions. 

Calculations 

The ab initio calculations were carried out using Gaussian 95 
(18). The AIM integrations were done using PROAIM (19). The 
3D plots, along with their integration, were made using 
CASGEN (20). 
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The theory of atoms in molecules as 
a tool to investigate the reactivity of 
tetraphosphacubane 

0. Mo and M. YaAez 

Abstract: Bader's theory of atoms in molecules is used to rationalize the gas-phase reactivity of tetraphosphacubane vs. H', Li', 
Na', and Be2'. For this purpose we have used MP2 densities obtained at the 6-31G(d,p) level. The characteristics of the C-P 
bonds of tetraphosphacubane are discussed. The Laplacian of its electron charge density shows that both phosphorus and carbon 
atoms are active centers for electrophilic substitutions. This is consistent with the fact that both phosphorus and carbon 
protonated species are minima of the potential energy surface. The strong charge redistribution associated with carbon 
protonation explains the enhanced stability of the carbon protonated species with respect to the phosphorus protonated one. The 
Laplacian field also shows the existence of a cavity inside the cage surrounded by high electronic density that can stabilize a 
cation of the appropriate size. Our results confirm that Li' and Be2+ fulfil this requirement and the corresponding complexes, 
where the cation is located inside the cage, are minima of the corresponding potential energy surface. Na' is far too large and a 
similar structure is a saddle point of the potential energy surface. 

Key words: atoms-in-molecules theory, tetraphosphacubane, reactivity, cationization. 

Resume : On a utilisC la thCorie de Bader des atomes dans les molCcules pour rationaliser la rCactivitC en phase gazeuse du 
tCtraphosphacubane vs. H', Li', Na'et Be2'. A cette fin, on a utilisk les densitCs MP2 obtenues au niveau 6-31G(d,p). On discute 
des caractCristiques des liaisons C-P du tCtraphosphacubane. La laplacien de sa densite de charge Clectronique montre que les 
atomes tant de carbone que de phosphore sont des centres actifs pour les substitutions Clectrophiles. Ceci est en accord avec le fait 
que les espkces protonkes, tant phosphorCes que carbonCes, correspondent i d e s  minima de la surface de 1'Cnergie potentielle. La 
forte redistribution de charge associCe i la protonation du carbone explique la stabilitC accrue des espkces protonkes carbonkes 
par rapport aux espkces protonkes phosphorees. Le champ du laplacien dCmontre aussi l'existence d'une cavite a l'intkrieur de la 
cage, entourCe par une densit6 Clectronique ClevCe qui peut stabiliser un cation d'une taille approprike. Nos rCsultats confirment 
que le Li' et le Be2+ remplissent ces conditions et les complexes correspondants, dans lesquels le cation se trouve i l'interieur de 
la cage, sont des minima des surfaces d'Cnergie potentielles correspondantes. Le Na' est beaucoup trop gros et une structure 
semblable est un col sur la surface d'Cnergie potentielle. 

Mots elks : thCorie des atomes dans les molCcules, tCtraphosphacubane, rCactivitC, cationisation. 

[Traduit par la rkdaction] 

Introduction 

The reactivity of tetraphosphacubane is of particular interest 
since, in principle, it might be affected by its likely high strain 
energy. In fact, tetraphosphacubane can be considered as the 
result of substituting the carbon atoms in alternative corners of 
cubane, which has a very high strain energy ( 1 4 )  although it 
is thermally stable, by phosphorus atoms. On the other hand, 
all efforts to synthesize 1,3,5,7-tetraazacubane have failed, 
probably because the presence of four nitrogen atoms in alter- 
native comers of the cube would imply a significant increase 
of the strain energy, which as mentioned above is already very 
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high (ca. 165 kcal/mol) for cubane. On the contrary, the tetra- 
tert-butyl substituted derivative of 1,3,5,7-tetraphosphacu- 
bane was recently synthesized by M. Regitz and co-workers 
( 3 ,  which is probably an indication that substitution of carbon 
by phosphorus leads to a certain alleviation of the strain of the 
system. Since tetraphosphacubane is a quite novel species, we 
have considered it of interest to investigate its intrinsic reac- 
tivity, i.e., its reactivity toward some monocations in the 
absence of any interaction with the solvent. Along this line, we 
have studied (6), very recently, the protonation of the tetra- 
tert-butyl substituted derivative of 1,3,5,7-tetraphosphacu- 
bane in the gas phase. This in concert experimental and theo- 
retical study (6) showed tetraphosphacubane to be an 
unexpectedly strong carbon base. In this paper we shall try to 
illustrate that the atoms-in-molecules theory of Bader (7) pro- 
vides useful information either to rationalize the behaviour of 
tetraphosphacubane with respect to different closed-shell cat- 
ions, namely, H', Li', Na', and ~ e ' + ,  or to describe the charge 
redistributions that take place upon cationization. We shalI 
have the opportunity to illustrate, once more, that Bader's 
theory is a very versatile tool for characterizing ion-molecule 
interactions (8-14) and, in particular, to investigate bond acti- 

Can. J.  Chem. 74: 901-909 (1996). Printed in Canada 1 Imprime au Canada 
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Fig. 1. Numbering of atoms used throughout this work. M+ stands for metal cation. 

vations produced by protonation (9) or metal cation associa- 
tion in the gas phase (10-14). Although, as mentioned above, 
only the 1,3,5,7-tetra-tert-butyltetraphosphacubane has been 
synthesized, we shall limit our theoretical treatment to the 
unsubstituted parent compound for the sake of economy. 

Computational details 
The geometries of the complexes of tetraphosphacubane (1) 
with Li', Na', and ~e ' '  were optimized at the HFl6-3 lG(d,p) 
level. The corresponding vibrational frequencies were evalu- 
ated by means of analytical second-derivative techniques, in 
order to classify the stationary points of the potential energy 
surfaces as minima or saddle points and to evaluate the corre- 
sponding zero point vibrational energies (ZPE), which were 
scaled by the empirical factor 0.893. These geometries were 
then refined at the MP216-3 lG(d,p) level to account for elec- 
tron correlation effects. The MP2 densities so obtained were 
then used for the corresponding Bader's topological analysis. 
The MP216-31G(d,p) optimized geometries of tetraphos- 
phacubane (1) and those of the corresponding phosphorus and 
carbon protonated species, namely, 1PH' and lCH', were 
taken from ref. 6. The binding energies were evaluated at the 
MP216-3 lG(d,p) level after including the corresponding ZPE 
corrections. 

These standard ab initio calculations were carried out by 
using the Gaussian-90 (1 5) and Gaussian-92 (16) series of pro- 
grams. 

The bonding of the neutral species as well as that of the dif- 
ferent cations included in this study was investigated by means 
of a topological analysis of the electronic charge density, p, 
and its Laplacian, V2p. As has been shown by Bader et al. (17- 
19), v2p identifies regions of space where the electronic 
charge is locally depleted (v2p > 0) or built up (v2p < 0). We 
have also located the relevant bond critical points (bcp), i.e., 
points where the electronic charge density is minimum along 

the bond path and maximum in the other two directions, 
because the values of p and V2p at these points offer quantita- 
tive information on the strength and nature of the bonding. 
Furthermore, the values of the negative curvatures (A,, X2) 
allow us to define the ellipticity of the bond as E = 1 - A,/X2. 
This topological analysis was carried out by using the AIMPAC 

series of programs.2 
The numbering of atoms used throughout this paper is given 

in Fig. 1. For the sake of consistency we are assuming that 
phosphorus association takes place systematically at PI. It 
should be mentioned that all the cations investigated were 
found to be symmetric with respect to the PlP2C6C5 plane. 
This also applies to carbon-attached species provided that 
association takes place at C5. 

Results and discussion 

Neutral tetraphosphacubane 
The MP216-3 1G(d, ) optimized structure of tetraphosphacu- 1 bane (rP-C = 1.895 , CPC = 83.7', PCP = 96.0') agrees rea- 
sonably well with the X-ray crystal structure of tetra-tert- 
butyltetraphosphacubane ( I )  (rpX = 1. 881 A, CPC = 85.6', 
PCP = 94.4'), the differences being likely due to both the 
effects of the t-Bu substituents and the crystal packing. Topo- 
logical analysis of its charge density reveals the existence of a 
significant ring strain since the bond path angles are signifi- 
cantly larger than the geometrical ones, in particular, those 
about phosphorus atoms (see Table 1). This seems to be in 
agreement with its high ring strain energy, which according to 
the recent estimations of Bachrach and Perriot (4) is ca. 63 
kcaltmol. It is also interesting that the charge densities at the 
P-C bond critical points (see Table 2) are very close to those 

T ~ ~ A I M P A C  programs package was provided by J. Cheeseman and 
R.F.W. Bader. 
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Table 1. Bond path angles and geometrical bond angles (within parentheses) for the systems included in this study. All values in 
degrees. 

Angle 1 1PH' 1CH' 1Li' lBeZ+ 1Na' 1Li'b 1Be2+b 1Na'b 

reported in ref. 20 for typical P-C single bonds. As was found 
for phosphaalkenes (20), the ellipticity of the P-C linkages is 
small but not zero, indicating that there is some axial distortion 
of density, due to a certain delocalization of the charge into the 
corresponding four-membered ring. 

In Fig. 2a we present the Laplacian of the charge density 
evaluated in the diagonal plane that bisects the cube. The exist- 
ence is apparent of nonbonded charge concentrations close to 
the phosphorus atoms, which are associated with phosphorus 
lone pairs, but also in the vicinity of the carbon atoms. These 
regions correspond to sites most susceptible to electrophilic 
attack (8). This is in agreement with previous findings (6)  that 
indicate that both phosphorus and carbon protonated species 
are stable cations. Furthermore, as we shall discuss in forth- 
coming sections, the strong charge redistribution that takes 
place upon protonation at the carbon atom will be responsible 
for the enhanced stability of the carbon protonated species (6). 
There is another interesting feature in Fig. 2a which is worth 
noticing: the existence of a cavity inside the cage, with negli- 
gibly small electron charge density, but surrounded by the 
electronic clouds associated with the P-C linkages. In Fig. 2b 

we present an alternative view of this cavity by showing the 
Laplacian of the charge density in a plane that contains three 
of the phosphorus atoms of the system. As we shall discuss 
later, this cavity may accommodate a cation of the appropriate 
size leading to a body-centered metal cation complex. 

Protonated species 
The bonding characteristics of phosphorus and carbon proto- 
nated species are summarized in Tables 1 and 2. Several 
points should be singled out for comment. As has been dis- 
cussed in ref. 9, in protonation processes there is a large charge 
transfer from the basic center to the incoming proton. This 
implies an enhancement of the electronegativity of the basic 
center, which tries to recover part of this charge by polarizing 
or depleting, depending on the electronegativity of the other 
atoms bonded to it, the other bonds in which it participates. If 
the basic center is the most electronegative one it will depop- 
ulate the bond, which accordingly will become longer and 
weaker. If, on the contrary, the basic center is not the most 
electronegative one it would only polarize the bonding charge 
toward it, with the result that the charge density at the bonding 
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Table 2. Bonding characteristics of the systems included in this study. All values in atomic units. 

Bond 1 1PH' 1CH' lLit 1Be2+ 1 Na' 1Li'b 1Bet2b 1Na'b 

"C5-H bond formed upon protonation. 
bValues within parentheses correspond to the bonding between the metal cation and the carbon atom. 

region would increase and the bond would become reinforced. 
The second case exists when protonation takes place at the 
phosphorus atom of tetraphosphacubane. Hence, the charge 
densities at the P1-C5, P I - 4 7 ,  and P1-C8 bond critical 
points increase (see Table 2) and the corresponding bond 
lengths become shorter than in the neutral (1.802 vs. 1.895 A). 
The aforementioned polarization effect implies a decrease in 
the valence charge density about C5, C7, and C8. These atoms 
recover part of this charge by depopulating the other C-P 
linkages in which they participate (C7-P2, C5-P3, C8-P4) 
(see Table 2), which accordingly become slightly longer 
(1.934 A) than in the neutral. The remaining linkages of the 
system are not significantly affected (see Table 2 and Fig. 3a). 

The enhancement of the electronegativity of P1 upon proto- 
nation is necessarily reflected in an increase of the s character 
of the hybrids involved in the P-C linkages. As a conse- 
quence, the bond angles about P1 increase significantly (see 
Table 2). This implies that the protonated phosphorus moves 
closer to the centre of the cage, and the PI-C7-P2 and P1-C8- 
P2 bond angles must decrease accordingly (see Table 2). The 
angles about the other phosphorus and carbon atoms do not 
change significantly. It must be observed, however, that in the 

1PH' species the bond path angles are still significantly 
greater than the geometrical ones, indicating that the phospho- 
rus protonated species retains much of the strain present in the 
neutral. 

When protonation takes place at carbon, the situation is 
completely different. The basic center (C5) is now the most 
electronegative one and it recovers part of the charge trans- 
ferred to the incoming proton by depopulating the C5-P1 
bond. This effect is clearly seen by comparing Figs. 2a and 3b, 
which present the Laplacian of the charge density evaluated in 
the diagonal plane that bisects the cube, for the neutral and the 
carbon protonated species, respectively. This comparison 
shows that the charge depletion at the P1-C5 bonding region 
is so large that the bond breaks apart, the PI-C5 distance 
being 3.2 A (6). This bond fission alleviates significantly the 
strain of the system, which is reflected in a dramatic increase 
of the P3-C7-P1 and C5-P3-C7 bond angles (see Table 1). As 
a consequence, the carbon protonated species becomes about 
10 kcaYmol more stable than the phosphorus protonated one 
(6). The PI-C5 bond fission also implies hybridization 
changes at both centers that are particularly important at PI, 
which becomes dicoordinated while C5 maintains its tetraco- 
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Mo and YaAez 

Fig. 2. Laplacian of the charge density of tetraphosphacubane in 
(a)  a diagonal plane bisecting the cube; (b)  a plane that contains 
three phosphorus atoms. Positive values of V2p are denoted by 
solid lines and negative values by broken lines. Contour values, 
in au, are k0.05, e0.25, 20.50, k0.75, and k0.95. The arrows 
indicate nonbonded charge concentrations most susceptible to 
electrophilic attack. 

Fig. 3. Laplacian of the charge density in a diagonal plane 
bisecting the cube for (a)  phosphorus-protonated 
tetraphosphacubane; (b)  carbon-protonated tetraphosphacubane. 
Same conventions as in Fig. 2. 

ordination. The consequence is a sizeable strengthening of the 
P1-C7 and P 1 - 4 8  linkages and a parallel weakening of the 
P3-C7 and P-8 bonds (see Table 2). 

It is worth noting that the protonated species in which the 
proton is located at the centre of the cage is not a minimum but 
a saddle point of the potential energy surface. This is not an 
unexpected result since is well known that proton attachment 
is followed by the formation of a covalent linkage, which is 
strongly favoured when the interaction involves nonbonded 
charge concentrations such as those exhibited by phosphorus 
and carbon atoms. Since nonbonded charge concentrations are 
not found in the charge density that surrounds the centre of the 
cube cavity, the imaginary vibrational frequencies try to dis- 
place the proton outside the cage, in order to favour the inter- 
action with the aforementioned charge concentrations. 

Metal cation complexes 
The MP216-31G(d,p) optimized structures of complexes of 
tetraphosphacubane with Lif, 13e2+, and Naf are shown sche- 
matically in Fig. 4. We shall first discuss the alkali metal cat- 
ion complexes. It can be seen that when the metal cations are 
located outside the cage only the phosphorus attached com- 
plexes, namely, 1Li+, lNaf, are stable. This is consistent with 
the fact that the molecular electrostatic potential of tetraphos- 
phacubane shows attractive regions only at the phosphorus 
lone pairs (21), if one takes into account that the interactions 
of alkali cations with neutral compounds are essentially elec- 
trostatic. The Laplacian of the charge density for lLif (see 
Fig. 5a) and the bonding characteristics of this complex con- 
firm this picture. The charge density at the P-Lif bond criti- 
cal point is small and the Laplacian positive as in typical 
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Fig. 4. MP216-3 lG(d,p) optimized structures for tetraphosphacubane-X (X = Li', Na', ~e*') complexes. 
Bond lengths in  A. The bond angles are given in Table 1. Same conventions as in Fig. 1. 

closed-shell interactions. Something similar applies to the metal dication that is reflected in a negative value of the Lapla- 
1Na' complex. The smaller charge density at the P-Na bond cian of the charge density in the P-Be bonding region. The 
critical point is consistent with a Na' binding energy (20.4 most important consequence is that while the charge redistri- 
kcal/mol) smaller than that found for Li' complexes (29.3 bution of the neutral upon Li+ or Na+ association is small, that 
kcal/mol). The situation is completely different when the found upon Be2' association is quantitatively similar to that 
attacking ion is Be2+. As illustrated in Fig. 5b, the attachment found upon protonation (see Tables 1 and 2). It must be 
of Be2+ to phosphorus involves charge transfer toward the observed, however, that the distortions of the bond angles are 
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Fig. 5. Laplacian of the charge density in a diagonal plane Fig. 6. Laplacian of the charge density in a diagonal plane 
bisecting the cube for (a)  the lLi+ complex; (b)  the 1Be2+ bisecting the cube for (a)  the lLi+b complex; (b)  the lBez+b 
complex. Same conventions as in Fig. 2. complex. Same conventions as in Fig. 2. 

larger for Be2' association than for proton attachment (see 
Table 1). This is easily understood if one takes into account 
that in both 1PH' and 1Be2+ there is a large charge transfer 
from the neutral to the cation, which reduces significantly the 
positive charge of the latter. However, while in the 1PH+ spe- 
cies the net positive charge at the proton is rather small (about 
+0.1), in 1Be2' the net positive charge at the Be atom is still 
quite high (about +0.9). This high positive charge is then 
responsible for an enhancement of the hybridization changes 
at the basic center, which becomes strongly polarized toward 
the metal. These effects are mirrored in a significantly large 
Be2' binding energy (208.5 kcal/mol). 

Similarly to what was found upon protonation, Be2' also 
yields more stable carbon-attached complexes than the phos- 
phorus-attached species 1Be2'. However, Be2' association 

implies stronger structural reorganizations than those men- 
tioned above for protonation and, for the sake of conciseness, 
will not be discussed here. 

One of the most significant results of our theoretical survey 
is that species 1Li'b and l ~ e ~ + b ,  where Li' and Be2' are 
located at the center of the cage cavity, are minima of the 
potential energy surface, while this was not the case for H'. As 
discussed above, this would be expected on the grounds of the 
different nature of the ion-molecule interactions when the ion 
is Li' or H'. Since for Li' these interactions are essentially 
electrostatic, the Coulombic attraction between the metal cat- 
ion and the electronic cloud that surrounds the cavity (see Fig. 
6a) stabilizes the system. This is confirmed by the existence of 
bond critical points between Li' and the carbon and the phos- 
phorus atoms of the cage (see Table 2). However, since Li' is 
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Fig. 7. Laplacian of the charge density of the 1 ~ e " b  complex in 
a plane containing three phosphorus atoms. Same conventions as 
in Fig. 2. 

not a point charge, there is a certain repulsive interaction 
between its ls2 shell of electrons and the electronic charge 
density around the cavity that leads to an enlargement of the 
cage. The obvious consequence, as shown in Table 2, is that 
the charge density at the P-C bond critical points consider- 
ably decreases and the P-C linkages become weaker than in 
the neutral. From the energetic point of view the destabiliza- 
tion of the P-C bonds is not counterbalanced by the attractive 
interaction between the cation and the charge around the cav- 
ity and the formation of species 1Li'b becomes endothermic 
with respect to tetraphosphacubane + Li'. 

Since the ionic radius of Na+ is significantly greater than 
that of Li', the increase of the cage size in 1Na'b is dramatic 
(see Fig. 4). As illustrated in Table 1, the P-C bonds become 
strongly depopulated and the tetraphosphacubane system 
strongly destabilized. As a consequence the 1Na'b species is 
not a minimum of the potential energy surface. 

There are significant differences between the 1Li'b and 
1Be2+b species that are apparent when comparing the Lapla- 
cian fields of both complexes (see Figs. 6a and 6b), and which 
are due to the strong polarizations caused by Be2+. As shown 
in Fig. 6b, this is reflected in a migration of electronic charge 
density from the P-C bonding regions into the interior of the 
cage. As a consequence the charge density at the P-C bond 
critical points decreases and the bonds become longer, but at 
the same time the accumulation of electronic charge around 
the cavity favours a stabilizin interaction with the metal cat- 

!+ ion. The result is that the 1Be b species is a minimum of the 
potential energy surface about 172 kcallmol more stable than 
tetraphosphacubane + Be2+. It is worth noting that the polar- 
ization caused by Be2+ is clearly anisotropic as reflected by the 
deformation undergone by the cavity (See Fig. 7). Actually the 
distances between the metal cationand the phosphorus atoms 
in 1Be2+b are greater than those found for lLi+b, while the 
contrary holds for the metal cation - carbon distances (see Fig. 

4). This is so because, as illustrated in Fig. la ,  the charge con- 
centrations around the phosphorus atoms point to the outside 
the cage, while those around the carbon atoms are closer to 
the center of the cage, favouring interactions with the metal 
cation. 

Conclusions 

We have analyzed the reactivity of tetraphosphacubane by 
using the theory of atoms in molecules. The characteristics of 
the C-P bonds of tetraphosphacubane are very similar to sin- 
gle P-C bonds in phosphaalkenes. The differences between 
bond path angles and geometrical bond angles clearly show 
that the system presents a non-negligible ring strain. The 
Laplacian of its electron charge density shows that both phos- 
phorus and carbon atoms are active centers for electrophilic 
substitutions. This is consistent with the fact that both phos- 
phorus and carbon protonated species are minima of the 
potential energy surface. The strong charge redistribution 
associated with carbon protonation results in the fission of one 
of the P-C bonds in which the protonated carbon atom par- 
ticipates. The consequence of this is a significant alleviation of 
the strain of the system that results in an enhanced stability of 
carbon protonated species with respect to phosphorus proto- 
nated forms. A similar behaviour is found as far as Be2+ asso- 
ciation is concerned, although charge polarizations are greater 
than those found upon protonation. An inspection of the elec- 
tron char e density and its Laplacian indicates that upon either 

%+ H+ or Be association there is a strong charge transfer from 
the neutral to the incoming ion. However, in the latter case the 
net positive charge of Be atom in the complex is still very high 
(close to unity) and therefore this center still significantly 
polarizes the rest of the molecule. 

The Laplacian field of neutral tetraphosphacubane also 
shows the existence of a cavity inside the cage surrounded by 
high electronic density that can stabilize a cation of the appro- 
priate size. Our results confirm that Li+ and Be2+ fulfil this 
requirement, and the corresponding complexes, where the cat- 
ion is located at the center of the cage, are minima of the cor- 
responding potential energy surface. Na+ is far too large and a 
similar structure is a saddle point of the potential energy sur- 
face. The strong polarization caused by Be2+ is high enough to 
considerably stabilize this structure with respect to the isolated 
systems. For Li+ this is not the case and the formation of the 
body-centered complex is endothermic with respect to tetra- 
phosphacubane + Li'. 
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An ab initio study on the insertion reactions of 
CH (PII) with NH,, H,O, and HF 

Zhi-Xiang Wang, Ruo-Zhuang Liu, Ming-Bao Huang, and Zhonghua Yu 

Abstract: The mechanisms of the reactions of CH (x211) with NH,, H,O, and H F  have been studied by means of ab  initio 
molecular orbital calculations incorporating electron correlation with Mdler-Plesset perturbation theory up to the second order. 
For each of the three CH reactions, the insertion path has been found in the potential energy surface; in the calculated insertion 
path there exists an intermediate complex prior to the transition state that has a lower energy than the reactants. Energetic results 
indicate that insertion paths are favourable channels for these CH reactions, which is in line with proposals based on kinetic 
experiments. 

Key words: CH radical, ammonia, water, hydrogen fluoride, reaction mechanism. 

RCsumC : On a CtudiC les mCcanismes des rCactions du CH (x'II) avec le NH,, le H,O et le HF en faisant appel i des calculs 
d'orbitales molCculaires ab initio incorporant une corrtlation d'tlectrons avec la thCorie de M@ller-Plesset jusqu'au deuxikme 
ordre. Pour chacune des trois rCactions du CH, on a trouvt la reaction d'insertion dans chacune des surfaces d'tnergie potentielle; 
de plus, dans chaque voie d'insertion calculCe, il existe un complexe intermkdiaire anttrieur 1'Ctat de transition qui posst.de une 
Cnergie inftrieure i celle des rtactifs. Les rCsultats CnergCtiques indiquent que les voies d'insertion sont des canaux favorables 
pour ces rCactions des CH; ceci est en accord avec les propositions basCes sur des experiences cinCtiques. 

Mots clPs : CH radical, NH,, H,O, HF, mtcanisme des reactions. 

[Traduit par la rCdaction] 

Introduction 

Methylidyne (CH) is known to be one of the most reactive of 
all free radicals ( I ) ,  and is important in combustion and plan- 
etary atmospheric chemistry. The reactions of the CH radical 
with numerous small molecules have been studied by kinetic 
experiments (1). However, reported theoretical studies on the 
CH reactions are very few. To our knowledge, reactions of CH 
with H, (2), C2H4 (3), CH, (4), and N, (5) have been theoreti- 
cally studied. The CH + H, reaction was studied by several 
theoretical groups (2) and it is well known that accurate ab ini- 
tio calculations predicted the non-least-motion path to be 
much more favourable than the least-motion path for the CH 
(x2n)  + H, insertion reaction. The theoretical study of Gosavi 
et al. (3) for the CH (x211) + C,H, reaction indicated that, in 
agreement with experiment, the energy barrier for the addition 
reaction was zero if an asymmetric non-least-motion path was 
followed. The theoretical study of Yu et al. (4) for the CH + 
CH, reaction predicted a complicated and unexpected mecha- 
nism. The CH + N, reaction was also studied by several theo- 
retical groups (5) and the predicted mechanisms seem to be 

very complicated. These studies all show unexpected situa- 
tions and complexities in the reaction paths. 

We have been interested in the reactions of CH ( x 2 n )  with 
the XH,, molecules (X = C, N, 0 ,  and F with n = 4 ,3 ,2 ,  and 1, 
respectively). For these CH reactions, two mechanistic paths 
(channels) could be assumed: (i) the insertion reaction path, 
methylidyne insertion (with its C-atom) into one X-H bond 
of the molecule, leading to CH,XH,,-,; and (ii) the abstraction 
reaction path, leading to CH, + XH,,-,. Experimental studies 
(6-8) have suggested that the insertion reaction path is the 
dominant channel for these CH reactions (no reported experi- 
mental study on the CH + HF reaction) because of the weak 
endothermicity of the abstraction reaction. In 1993, two of us 
investigated the CH + CH, reaction by ab initio molecular 
orbital (UHF) calculations (4), and the results indicated that, 
for this CH reaction, the assumed insertion path did not seem 
to exist and the most favorable channel was an abstraction - 
addition reaction path, which was not in line with that pro- 
posed by experiment (6). 

We studied the mechanisms of the CH reactions with NH3, 
H,O, and HF by ab initio molecular orbital calculations incor- 
porating electron correlation with unrestricted M@ller-Plesset 
perturbation theory up to second order (UMP2) (9). In the 

Received October 26, 1995. present paper, we report our UMP2 studies on the mechanisms 
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Calculations details 

The UMP2 calculations were carried out with the GAUSSIAN 86 
(10) suite of programs using extended 3-21G (1 1) and polar- 
ized 6-31G** (12) basis sets. All the stationary points along 
the reaction paths were scanned in the geometry optimization 
calculations with analytic gradient methods at both the UMP21 
3-21G and UMP216-31G** levels. They were characterized as 
minima (intermediate complexes) or saddle points (transition 
states) by means of frequency analysis calculations at the 
UMP213-21G level. In searching the stationary points, geom- 
etry optimizations at the UHF level with the 6-3 1 G* basis (1 2) 
were also performed. The UMP216-31G** optimized geome- 
tries and energies are used throughout the text unless other- 
wise noted. 

Results and discussion 

1. Insertion reaction paths 
The solid-line parts of the potential energy curves shown in 
(a), (b), and (c) of Fig. 1 represent the UMP216-3 lG** inser- 
tion reaction paths of the CH reactions with NH,, HzO, and 
HF, respectively. The insertion products (H,C-XH,-,) are 
denoted as 4a, 4b, and 4c, and the transition states of the inser- 
tion paths as 3a, 3b, and 3c, respectively. The species 2a, 2b, 
and 2c represent the intermediate complexes (HC-XH,,) 
appearing in the insertion paths of the three CH reactions, 
respectively. The energies of na, nb, nc (n = 2, 3, and 4) rela- 
tive to the respective reactants ( la,  1 b, and lc) are given in Fig. 
1, and the geometrical parameters of these nine species are 
given in Fig. 2, together with the UMP213-21G and UHFl6- 
3 lG* parameters. The insertion paths of these three CH reac- 
tions were also found in the UMP213-21G potential energy 
surface. The skeletons of the UMP213-21G potential energy 
curve describing the reaction paths (insertion reactions and 
subsequent reaction steps) are similar to the UMP216-31G:'" 
curves shown in Fig. 1. 

We examined the geometry evolution of the systems along 
the insertion paths of the CH reactions with NH3 and H,O, for 
which we looked at the geometries at the stationary points and 
also those at certain points in between. The UMP213-21G 
geometry optimization calculations were performed at six Z- 
values (the Z-parameter, fixed in the optimization, is the dis- 
tance between the C-atom and the center of the attacked X-H 
bond) corresponding to the points I, J (2a or 2b), K, L (3a or 
3b), M, and N (4a or 4b) on the curves (see Fig. 1). The trian- 
gles, shown in Fig. 3(a), are the main parts of the six optimized 
geometries for the CH + NH3 system, and those shown in Fig. 
3(b) are for the CH + H,O system. It is shown in Fig. 3 that, as 
the Z-value decreases, the X-H distance becomes longer and 
the X-C and C-H distances become shorter, finally leading 
to the breaking of the X-H bond and simultaneous formation 
of the X-C and C-H bonds. For all three reaction systems 
studied, the UMP213-21G IRC (intrinsic reaction coordinate) 
calculations were performed starting at the transition states 
(3a, 3b, and 3c). In each case, the system, following the calcu- 
lated IRC, goes downhill to the intermediate complex (2a, 2b, 
or 2c) in the negative direction of the IRC, and to the insertion 
product (4a, 4b, or 4c) in the positive direction, which further 
confirms that the intermediate complex exists prior to the tran- 
sition state in the path of the insertion reaction for each of the 

three CH reactions. In 1987, Yates et al. (13) found, in the HF 
and MPn potential energy surfaces of the CH2-NH, and CH, 
OH, systems, two species that could be considered as interme- 
diate complexes in the insertion reactions of CH,('A,) with 
NH3 and H,O, respectively. In 1991, Sudhakar and Lam- 
mertsma (14) reported their theoretical (HF and MPn) studies 
on singlet nitrene insertion into H 2 0  and HF, and they found 
the complexes HN-OH, and HN-FH in the insertion reaction 
paths. These previous studies support our predictions of the 
existence of intermediate complexes in the insertion paths. 

The energetic results for the insertion reaction paths are 
given in Table 1. Insertion products 4a, 4b, and 4c are pre- 
dicted to be -103.9, -99.2, and -97.0 kcal/mol more stable 
than reactants la, lb, and lc, respectively. The value of -99.2 
kcaVmol is reasonably comparable with the available experi- 
mental value of -86.2 kcallmol (8) for the heat of the CH + 
H 2 0  reaction. Transition states 3a and 3b are predicted to be 
1 1.4 and 6.2 kcallmol lower in energy than the respective reac- 
tants l a  and lb,  which is line with the experimental facts that 
the CH + NH3 and CH + H,O reactions both have (small) neg- 
ative activation energies (7, 8). The transition state 3c also has 
a lower energy than the reactants lc. The UMP216-3 1G*:$ 
energetic results definitely indicate that the insertion paths 
represent the favourable reaction channel for these three CH 
reactions (see below). The energetic results including the zero- 
point energy corrections are also given in Table 1, and the 
changes in the relative energies are small and, as expected, 
have no effect on the above conclusion for the mechanisms of 
the reactions. 

The energies and geometric parameters, calculated at the 
UMP213-2 1 G and UHFl6-3 1 G* levels, for na, nb, and nc (n  = 
2-4) are given in Table 1 and Fig. 2, respectively. The UHFl3- 
21G and UMP216-3 lG* calculations were also performed for 
some of the stationary points. The UMP2 calculations with the 
3-21G and 6-31G* basis sets predict negative relative energies 
for the insertion transition states 3a, 3b, and 3c, as with the 6- 
3 1G** basis. Due to correlation effects, the UHF energies for 
these transition states were very high, leading to positive 
relative energies. As shown in Fig. 2, the UHFl6-31G* values 
for the C-X distances in 2b and 2c are unreasonably large. 
Transition state 3c was not found int he UHFl6-31G:~alcula- 
tions. 

The intermediate complexes 
Intermediate complexes 2a, 2b, and 2c are predicted to be 
3 1.4, 14.3, and 7.2 kcaVmol more stable than reactants la,  lb, 
and lc, and to be 20.0, 8.1, and 3.7 kcaVmol lower in energy 
than insertion transition states 3a, 3b, and 3c, respectively 
(Table 1). Sudhakar and Lammertsma (14) investigated the 
interactions in the complexes HN-OH2 and HN-FH, and they 
were considered as donor-acceptor complexes. In the struc- 
tures of 2a, 2b, and 2c (Fig. 2), the relatively long C-X dis- 
tances imply that the three species are only complexes; and the 
near-orthogonal HCX angles and the orientations of the XH 
bonds imply that a carbon p-orbital is directed at the lone pair 
(or one of the lone pairs) on the X-atom. The CH radical has 
two carbon p-orbitals perpendicular to its H-C bond, one 
being singly occupied (SOMO) and the other empty. We 
found that the SOMO in each of the complexes is just a carbon 
p-orbital perpendicular to the HCX plane, which indicates that 
there is no interaction between the SOMO of CH and the 
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Can. J. Chern. Vol. 74, 1996 

Fig. 1. A schematic diagram of the potential energy curves of C H ( X ~ ~ )  reactions with NH, (a), H20 
(b), and HF (c) .  The solid-line parts of the curves represent the insertion reactions. The values in 
parentheses are the UMP216-31G** relative energies in kcal/mol. 

/ (5a) \\ 

'\ CH2+NH2(0.7) 
CH+NH 3 (oh)  - 
AE 

(kcallmol) 

HC-NH3(-3 1.4) 

AE 
(kcallmol) 

A E  HC-FH(-7.2) 
(kcallmol) 

orbital with lone-pair electrons on the X-atom and that the orbital causes the lone-pair donation to the empty p-orbital, 
empty carbonp-orbital is only directed at the lone-pair orbital. which stabilizes complexes 2a, 2b, and 2c. The binding ener- 
The interaction between the empty p-orbital and the lone-pair gies of 2a, 2b, and 2c toward the respective reactants are 31.4, 
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Wang et al. 913 

Table 1. Relative energies (in kcallmol) for the intermediate complexes, transition states, and products of CH (XZFI) reactions with NH, 
H,O, and HF. 

Level 

UMP216-31G** 
UHFl6-3 lG* UMP213-21 G UMP216-3 1G** + ZPE" Exptl. 

CH + NH, (la) 

HC-NH, (2a) 
TS (3a) 
CH2NH,(4a) 
TS (5a) 
CH, + NH, (6a) 
TS (7a) 
CH,NH+H (8a) 

CH + H,O (lb) 

HC-OH, (2b) 
TS (3b) 
CH,OH (4b) 
TS (5b) 
CH, + OH (6b) 
TS (7b) 
CH,O (8b) 
TS (9b) 
CH,O + H(l0b) 

CH + HF (Ic) 0.0 0.0 0.0 0.0 0.0 
(138.267 84) -(137.682 24) (-138.547 78) 

HC-FH (2c) -5.7 -15.9 -7.2 -5.8 
TS (3c) - -10.4 -3.5 - 

CH2F ( 4 ~ )  -84.3 -103.2 -97.0 -91.2 

"The UHFl6-31G* zero-point energies scaled by a factor of 0.9. 
bValues in parentheses are the total energies in au. 
Trom ref. 7. 
d ~ r o m  ref. 8. 

14.3, and 7.2 kcaYmol, respectively, and the decreasing order 
could be rationalized by the fact that the higher the electrone- 
gativity of the X-atom, the more difficult it is to donate its 
lone-pair electrons. Due to the basis set superposition errors, 
the stability of these intermediate complexes is probably 
somewhat overestimated. 

The CH + CH, reaction 
As mentioned above, the insertion path for the CH + CH, reac- 
tion was not found in the previous theoretical study (4), where 
the UHF method was used and C, symmetry was assumed for 
the system. In the present study, we reinvestigated the CH + 
CH, reaction at the UMP213-21G level with no symmetry con- 
straint for the system. We tried many ways of approach for the 
insertion, but we found no species like 2a or 3a and did not find 
the assumed insertion path. We claim that the complex (HC- 
XH,) does not exist for the CH + CH, system because there is 
no lone pair on CH,. If the insertion path for the CH + CH, 
reaction indeed exists, the path would have a completely dif- 

ferent feature from the insertion paths for the CH reactions 
with NH,, H20, and HF. 

Subsequent reaction steps 
In (a) and (b) of Fig. 1, the broken-line sections, starting at 4a 
and 4b, of the potential energy curves describe the reaction 
steps subsequent to the insertion reactions of CH with NH, 
and H20, respectively. The energetic results for the reaction 
steps studied are given in Table 1, and the geometrical param- 
eters of the transition states and the products for these reaction 
steps are given in Fig. 4. 

The reaction step subsequent to the insertion reaction of 
CH with NH, is the dissociation of an H-atom from the N- 
center of 4a via transition state 7a (Fig. 1). The products 8a 
(CH2NH + H) are predicted to be 35.2 kcaYmol less stable 
than 4a, and the calculated energy barrier is 50.1 kcallmol. 
However, the energies of 7a and 8a are still much lower than 
the energy of the reactants la. The energy difference between 
8a and la  of -68.7 kcallmol is comparable with the experi- 
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9 1  4 Can. J. Chern. Vol. 74 ,  1 9 9 6  

Fig. 2. Optimized structures of the intermediate complexes (2), transition states (3), and products (4) for CH (x'II) insertion reactions with 
NH, (a ) ,  H 2 0  (b), and HF ( c ) .  The upper values are the UMP216-31G** geometric parameters, and the mid and lower values are the UMP2/6- 
31G** and UHFl6-31G* ones, respectively. Bond lengths are given in A and angles in degrees. 

mental value of -53.0 kcallmol for the heat of the CH + NH, 4b via transition state 9b, leading to products lob (CH20 + H), 
reaction (7). and other represents hydrogen migration from the 0-center to 

Two channels, as the reactions subsequent to the insertion the C-center of 4b via a transition state 7b, leading to product 
reaction of CH with H20, were studied (Fig. 1). One channel 8b (CH,O (C,, 'A')). The energetic results (Table 1) indicate 
represents the dissociation of the H-atom from the 0-center of that 7b, 8b, 9b, and lob all have much lower energies than lb, 
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Wang et al 

Fig. 3. Structures of ACXH (X = N (a) and 0 (b)) abstracted from the UMP213-21G 
geometries of the CH + XH, systems optimized at fixed Z-values corresponding to the points I, 
J, K. L, M, and N in (a) and (b) of Fig. 1. The parameter Z is the distance between the C-atom 
and the center of the XH distances. Distances are given in A and the UMP213-21G energies 
(AE) relative to the reactants in kcal/mol. 
n 

and that the migration reaction is more favorable than the 
decomposition reaction, which is in agreement with experi- 
ment (8). The species 4b, 7b, 8b, 9b, and lob and related reac- 
tions (rearrangements and decompositions) were previously 
studied by many groups (15-18) at various levels of theory. 
For this portion of the potential energy surface, the energetic 
and geometrical results of the present study are comparable 
with those reported in the previous studies. In the theoretical 
study of Saebo et al. (15) for the rearrangement of CH30 to 
CH,OH, the geometries of 4b, 7b, 8b, 9b, and lob were opti- 
mized at the UHF levels and the UMP316-31G** energies 
were calculated at the LTHFl6-31G** geometries. For the rela- 
tive energies of 7b, 8b, 9b, and lob (to 4b) our (UMP216- 

31G** + ZPE) values are close to their respective (UMP316- 
31G**/NHF/6-31G** + ZPE) values, and their optimized 
geometries are close (or identical) to our respective UHFl6- 
3 lG* geometries. In the theoretical study of Walch (16), accu- 
rate CASSCF calculations with a large basis set were per- 
formed for 7b and 8b. Our (UMP216-31G** + ZPE) relative 
energy value for 7b to 8b is 31.1 kcaVmo1, which is compara- 
ble with the CASSCF value of 30.1 kcaVmol(16). Our UMP21 
6-31G** values for the C-0 bonds in the structures of 7b and 
8b (Fig. 4) are about 0.03 A smaller than the CASSCF values 
(16), and our value of 1.228 A for the C-H (the migratin 
one) distance in the structure of 7b (TS) (Fig. 4) is 0.047 d 
smaller than the CASSCF value (16). However, the UMP216- 
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Can. J. Chem. Vol. 74, 1996 

Fig. 4. Optimized structures of the transition states (7a, 7b, and 9b) and products (CH2NH, 
CH20,and CH,O) for the reaction steps subsequent to the insertion of CH with NH, and H20. 
The upper values are the UMP216-3 1G** geometric parameters, and the mid and lower values 
are the UMP213-21G and UHF216-31G* ones, respectively. Bond lengths are given in A and 
angles in degrees. 
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31G** values for the other geometrical parameters in the 
structures of 7 b  and 8 b  are quite close to the respective 
CASSCF values. In the theoretical study of Bauschlicher et  al. 
(17), the relative energy of 8 b  to 4 b  was predicted to be 7.0 
kcallmol, which is closer to the experimental value of 5.5 kcaY 
mol(8)  than our  UMP216-31G** + ZPE value of 9.7 kcaYmo1. 

The  spin contaminations in the wave functions of the inter- 
mediates and transition states, appearing along the paths of the 
three insertion reactions including the subsequent steps, are 
small and thus the U H F  and UMP2 calculations are valid from 
the methodological point of view. 

2. Abstraction reaction ~ a t h s  
Based on the results repdrted above, it could already be con- 
cluded that the C H  reactions with NH,, H 2 0 ,  and H F  all have 
their feasible insertion paths that are strongly exothermic and 
have transition states with negative relative energies. How- 
ever, we  still calculated the abstraction paths of the C H  reac- 
tions with NH, and H,O, and the calculated paths are 
represented by the broken-line curves starting at ia and l b  
shown in (a) and (b) of Fig. 1, respectively. The abstraction 
products (XH,,-, + CH2 (x~B,)) are denoted as 6a and 6b, and 
the transition states as 5 a  and 5b, respectively. At  the UMP216- 
3 1G** level (Table l ) ,  the abstraction products are predicted 
to be  slightly less stable than the respective reactants, which is 
in agreement with experiment (7, 8). The  calculated energy 
differences between the products and the reactants are small 
values of 0.7 and 9.7 kcaYmo1, respectively, which are both 
about 7.0 kcaYmo1 smaller than the respective experimental 
values ( 7 , s )  for the heats of the two abstraction reactions. Cal- 
culations at higher levels would lead to better quantitative 
agreements. The UHFl6-3 l G *  and UMP216-3 1 G relative 
energies for 6 a  and 6b  (Table 1) have the wrong signs. Transi- 
tion state 5a  is predicted to be  10.5 kcallmol higher in energy 
than la .  Transition state 5 b  was found only in the UHFl6- 
31G* calculations. Spin contaminations in the wave functions 
of 5a  and 5 b  are large ((s2) = 1.35). This is probably because 
these doublet transition states are connected with products 
consisting of a triplet and a doublet species. 

Summary 

For C H  (x211) reactions with NH,, H 2 0 ,  and HF,  insertion 
reaction paths have been found in the potential energy sur- 
faces. In the insertion path calculated for each of these C H  
reactions there exists an intermediate complex prior to the 
transition state. The energetic results indicate that these inser- 
tion reactions are all strongly exothermic and all have transi- 
tion states with negative energies relative to the respective 
reactants. The present study supports the proposal of the 
experimental workers (7, 8) that the insertion path is the dom- 
inant channel for  C H  reactions with NH, and H 2 0 .  
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Calculation of static molecular properties 
in the framework of the unitary group based 

Abstract: The recently developed and implemented state selective, fully spin-adapted coupled cluster (CC) method that 
employs a single, yet effectively multiconfigurational, spin-free reference and the formalism of the unitary group approach 
(UGA) to the many-electron correlation problem, has been employed to calculate static electric properties of various 
open-shell ( 0 s )  systems using the finite field (FF) technique. Starting with the lithium atom, the method was applied at 
the first-order interacting space single and double excitation level (CCSD(is)) to several first- and second-row hydrides 
having OS ground state, namely to the CH, NH, OH, SiH, PH, and SH radicals. In the case of NH we also considered 
three OS excited states. In all cases the dipole moment and polarizability were determined using a high quality basis set 
and compared with the experiment, whenever available, as well as with various configuration interaction results and other 
theoretical results that are available from the literature. The agreement of our CCSD(is) values with experiment is very 
satisfactory except for the 3 ~ -  ground state of the NH radical, where the experimentally determined dipole moment is 
too small. No experimental data are available for the corresponding polarizabilities. It is also shown that the FF technique 
is not suitable for calculations of higher order static properties, such as the hyperpolarizability P and y tensors. For this 
reason we formulate the linear response version of our UGA-based CCSD approach and discuss the aspects of its future 
implementation. 

Key words: static molecular properties, dipole moments, polarizabilities, free radicals, unitary group based coupled cluster 
method, linear response theory, finite field technique. 

RCsurnC : On a utilisk la mtthode des cccoupled cluster,, (((CCn) complktement adaptCe aux spin et sClective des Ctats, 
dCveloppCe et mise en place rkcemment, qui n'utilise qu'une rCfCrence sans spin, mais qui est malgrC tout effectivement 
multiconfigurationnelle, ainsi que le formalisme de groups unitaires (NUGAD) au problkme de la corrClation de plusieurs 
Clectrons pour calculer les propriCtCs statiques de divers systernes en couches ouvertes (c<OS))) en utilisant la technique du 
champ fini (<<FFn). En cornmencant avec I'atome de lithium, on a appliquC cette mCthode au premier niveau d'interaction 
de l'espace des configurations singulikrernent et doublement excitCes (CCSD(is)) pour plusieurs hydrures des deux 
premikres couches possCdant un Ctat fondamental OS, soit les radicaux CH, NH, OH, SiH, PS et SH. Dans le cas du 
NH, on a aussi considCr.5 trois Ctats excitCs OS. Dans tous les cas, on a determini le moment dipolaire et la polarisabilitC 
en utilisant un ensemble de base de bonne quantitC et, dans tous les cas oh cela Ctait possible, on les a comparCs 
avec les donnCes expirimentales ainsi qu'avec les divers rCsultats d'interactions de configuration et d'autres risultats 
theoriques disponibles dans la 1ittCrature. L'accord entre nos valeurs de CCSD(is) et les valeurs expkrimentales est 
satisfaisant, i l'exception de ceux pour 1'Ctat fondamental 32- du radical NH pour lequel la valeur expkrimentale est 
trop faible. I1 n'y a pas de donnCes expCrimentales disponibles pour les polarisabilitCs correspondantes. I1 a CtC dCmontrC 
que la technique NFFB n'est pas appropriie pour les calculs des propriCtCs statiques d'ordre supCrieur, tels que les 
tenseurs d'hyperpolarisabilitC P et y. C'est la raison pour laquelle on formule la version de la rCponse IinCaire k notre 
approche c<CCSD)) qui repose sur l'approche <<UGA)) et on discute les aspects de sa realisation pratique dans l'avenir. 

Mots cle's : propriCtCs molCculaires statiques, moments dipolaires, polarisabilitCs, radicaux libres, groupe unitaire bask sur 
la mCthode des agrtgats couplCs, thCorie de la rCponse linCaire, technique du champ fini. 
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I. Introduction 
An ab initio determination of static and dynamic molecular 
properties is very useful in a wide range of both theoretical 
and practical applications. This is particularly the case for 
nonlinear optical properties that are closely related with var- 
ious hyperpolarizabilities (see, for example, ref. l), but also 
for molecular electric and magnetic multipole moments that 
play an important role in diverse spectroscopic studies (2) 
as well as in the determination of long-range components of 
intermolecular interaction potentials (3). Very recently, for 
example, molecular polarizabilities were employed to ratio- 
nalize an alignment and trapping of molecules in intense laser 
fields, enabling one to enhance dynamical resolution of col- 
lisional or spectroscopic experiments (4). While in the past 
most of the quantum chemical methodology and computa- 
tions concentrated on the determination of molecular ener- 
getics and structure, more recent developments often focus 
on property determination as well. 

In the framework of the coupled clustered (CC) method- 
ology (5, 6) which proved to be very successful in com- 
putations of correlated electronic energies, particularly for 
nondegenerate closed shell (CS) ground states (6), as well as 
the closely related many-body perturbation theory (MBPT) 
(7), a number of different approaches have been exploited 
for this purpose. These include direct evaluation of expecta- 
tion values of the operator characterizing the given property 
(5b, 8), variational and bivariational approaches (9), a sta- 
tionary Lagrangian technique (lo), a linear response (LR) 
theory (6b, 11) and related approaches (12, 13), as well as 
methods using a uniform finite field (FF) or a field gener- 
ated by a set of strategically placed point charges (14). The 
direct evaluation of expectation values leads to a nontermi- 
nating series expansion (5b) that is rather cumbersome to 
handle (8) and could lead to serious convergency problems 
in quasidegenerate cases when the magnitude of some cluster 
amplitudes can be appreciable (cf., however, ref. 8d). Similar 
problems also plague some stationary response methods (9). 
The last methods (i.e., uniform FF or point charge gener- 
ated field methods) are easiest to implement, since they can 
directly employ the existing codes for the electronic energy 
calculations. However, the FF methods have their limitations 
when considering higher order properties, as we shall indicate 
later on. These problems can be circumvented by employing 
suitable multipolar fields of point changes (14a-e), as first 
proposed by McLean and Yoshimine (15) and extensively 
used even in other than CC approaches (see, e.g., ref. 16). 

One of the most appealing approaches of great gener- 
ality is undoubtedly the LR theory, which can handle not 
only static properties of various orders, but also the dynamic 
or frequency-dependent ones. This approach, first outlined 
in the context of the CC method by Monkhorst ( l la) ,  re- 
quires only a single calculation of the correlation energy and 
cluster amplitudes for each geometry followed by the solution 
of a recursive set of linear equations for higher and higher 
order properties. A recent implementation of this approach 
in our laboratory (17), within the context of CS orthogo- 
nally spin-adapted CCSD (CC method restricted to singly and 
doubly excited cluster components) formalism (18), enabled 
very promising applications when computing higher order 

proper tie^.^ Even for the second hyperpolarizability tensor 
we were able to generate the entire property ~urface,~ which 
is required when considering rovibrational effects and com- 
puting rovibrationally averaged property values for individual 
rotational and vibrational states (19). 

While considerable progress is being made for CS sys- 
tems, as we just outlined, the computation of properties (even 
of static ones) for open shell ( 0 s )  molecular systems with 
more than three electrons is sorely lacking (8g, 13d-f, 20). 
The principal reason for this state of affairs is the lack of 
suitable OS CC methodology. Although the proper multi- 
reference CC approaches of either the valence universal or 
state universal types have been formulated, and several of 
their variants even implemented (for an overview, see refs. 
6 and 21), their complexity and the cognate practical dif- 
ficulties associated with intruder state problem, multiplicity 
of solutions, or symmetry breaking make their implementa- 
tion limited even when considering molecular energetics. As 
far as we are aware, the only properly spin-adapted multi- 
reference CC property calculation, using the state universal 
approach, was recently carried out in our laboratory for the 
lowest singlet state of methylene (20). Otherwise, most CC 
approaches to OS systems exploit the simple single refer- 
ence CCSD approach based on the unrestricted Hartree-Fock 
(UHF) reference. This very simple and straightforward ap- 
proach does indeed often provide very useful results in spite 
of its inherent limitations and conceptual drawbacks (see e.g. 
ref. 22). Even when the UHF reference is heavily spin con- 
taminated, the spin impurity of the resulting CC wave func- 
tion is usually greatly reduced (23) and the computed en- 
ergies are little affected. However, when calculating other 
properties, the residual spin contamination can play a signif- 
icant role. For example, even small spin impurities can cause 
a significant error in calculated vibrational frequencies, since 
the magnitude of this error is a function of the derivative 
of the mean value of the total spin (S2) with respect to the 
molecular geometry (24). In any case, the choice of a suit- 
able UHF solution as a reference is not unambiguous, since 
for a certain range of geometries several UHF solutions may 
exist, and the energetically lowest one may not correspond 
to the ground state potential energy curve (22). Most im- 
portantly, however, the UHF-based CC method is restricted 
to high-spin states and cannot be used to describe the im- 
portant case of low-spin, OS singlet states. Similar problems 
are, of course, encountered in other post-Hartree-Fock ap- 
proaches that employ the UHF reference, such as the finite 
order MBPT method (25). 

In view of the challenge of handling the OS systems 
using the CC methodology, we have recently introduced 
(26) and implemented (27) a single reference, yet effectively 
multi-configurational, CC approach exploiting a spin-free for- 
malism of the so-called unitary group approach (UGA) (28), 
or Clifford algebra UGA (CAUGA) (29) and bonded tableau 
approach (30) to the many-electron correlation problem. Our 
existing experience (22, 31, 32) indicates a great practical 
usefulness of this formalism in the handling of many OS sys- 

A.E. Kondo, P. Piecuch, and J. Paldus. J. Chem. Phys. In 
press. 
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tems, particularly the high-spin doublet and triplet states as 
well as low-spin OS singlets (involving two OS orbitals). It is 
thus desirable to explore the potentialities of this formalism 
in property calculations as well. Although our ultimate goal 
is to formulate and implement the UGA-based CC version 
of the LR method, we will first investigate the performance 
of the UGA-CCSD approximation using the FF technique. 
For this reason we investigate several static properties for a 
few first- and second-row hydrides in their OS ground states 
using the UGA-CCSD FF method. In addition, we also con- 
sider the ground state of Li and several excited states of the 
NH radical, where experimental information concerning the 
dipole moment is available. These results will not only attest 
to the reliability of the UGA-based CCSD method for prop- 
erty calculations, but also provide the much needed bench- 
mark values for the testing of various versions of the LR 
approach based on this method that we intend to develop in 
the future. 

In the next section we thus briefly outline the UGA-based 
CCSD method employed and its implementation. In Sect. 
3 we apply this method, using the FF approach, to a few 
OS species and compare the calculated property values with 
the available experimental ones as well as with other com- 
putations. The LR approach within the context of UGA-CC 
formalism is then outlined and discussed in Sect. 4. 

2. UGA-based CC method 
The single reference CC methods rely on the cluster expan- 
sion of the exact wave function IT), 

where I@) designates an independent particle model refer- 
ence configuration, represented by a single antisymmetrized 
product of spin orbitals, and T is the cluster operator, which 
can be expressed as a linear combination of a suitable set 
{GI) of excitation operators GI, 

with tl labelling the corresponding cluster amplitudes. The 
excitation operators GI may then be conveniently represented 
as products of unitary group generators (33). 

In contrast to the standard single reference CC approach, 
when I@) is represented by an independent particle model 
(usually Hartree-Fock) single determinantal configuration 
wave function, the UGA-based formalism employs a spin- 
free reference representing in general a multi-configurational 
state. This reference state can be labeled by a Gel'fand, Weyl, 
or Paldus tableau (28), or by a two-box CAUGA or bonded 
tableau (29, 30). In the CS case, the resulting approach can be 
shown to be equivalent to the standard (orthogonally) spin- 
adapted CC formalism (26). However, in OS cases, the spin- 
free CC Ansatz [ l ]  is unique to the UGA-CC theory and 
is not equivalent to some spin-adapted version of molecular 
spin orbital-based Ansatze. 

Adopting thus the spin-free Ansatz [I], we can formally 
proceed as in the standard single reference case, except that 

we can no longer exploit the diagrammatic techniques (6, 
7a, 34) but have to rely solely on the algebraic formalism. 
Nonetheless, rather than exploiting the second quantization 
formalism, we can employ directly the unitary group ap- 
proach (28-30). Starting from the time-independent, spin-free 
form of the Schrodinger equation for the electronic Hamil- 
tonian H ,  

and exploiting the cluster expansion [I], we obtain after pre- 
multiplying with the inverse operator exp(-T) the basic equa- 
tion 

The projection onto the reference state I@) yields the standard 
expression for the energy, namely 

and the projection on the excited configurations GI I@) gives 
the energy-independent CC equations 

where (X) designates the reference state mean value of an 
operator X 

and [X, Y] the commutator of X and Y, 

In contrast to the standard CS case, where the energy 
expression involves at most bilinear terms in monoexcited 
cluster amplitudes and only linear terms in biexcited ampli- 
tudes, the general OS case may contain even quartic terms 
thanks to the presence of partially occupied valence or active 
orbitals in the reference ( a ) .  Thus, for the correlation energy 
AE - E - (H)  we obtain (26, 27) 

[91 = ) I ejl)tl + ) IJ eDtltJ + C IJK ef&tltJtK 

where the general coefficient has the form 

The last equality is implied by the fact that 

[ i l l  G ~ @ ) = o  

since the excitation operators GI always annihilate at least 
one core orbital or create at least one virtual orbital. 
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Paldus and Li 

The corresponding CC equations [6], determining the 
cluster amplitudes tl, can involve up to eight commutators 
and have the general form 

Table 1. List o f  distinct types o f  n-linear terms in CCSD 
equations [12] for n 2 2. 

n Possible terms" 

The absolute, linear, and bilinear coefficients are then given 
by the following expressions 

and 

+ [[H, GKI, GJI)) 
Defining 

we can write 

and 

The terms involving higher order commutators can be 
similarly handled. However, in our implementation of the 
UGA-CCSD approach, which we briefly describe below, 
we consider at most bilinear terms in CC equations [12], 
while considering all the terms when evaluating the en- 
ergy, eq. [9]. Note, however, that the quartic energy term 
involves only semi-internal monoexcitations and the cubic 
term at least a pair of such monoexcitations. Similarly, the 
n-commutator term in CC equations [I21 must involve at 
least max((2n - 8), 0) semi-internal monoexcitations, the re- 
maining amplitudes being either semi-internal biexcitations 
or all-external monoexcitations. The possible types of non- 
linear terms appearing in CCSD equations [12] that arise 
from n-commutator terms of eq. [6] and involve n excita- 
tion operators GI and n corresponding cluster amplitudes tl, 
2 5 n <_ 8, are listed in Table 1. These n-linear terms are 
characterized by the number of semi-internal and all-external 
mono- and bi-excited cluster amplitudes involved. Clearly, 
we can safely neglect most of the higher than bilinear terms, 
since they primarily involve semi-internal monoexcitations, 
or high orders of other terms corresponding to high-order 
MBPT contributions. In the present version of our codes, at 
most bilinear terms (n < 3) are considered. 

Numerous applications carried out so far, and their com- 
parison with the exact full configuration interaction (FCI) 
results or highly precise data, justify the truncation scheme 
employed and described above (22, 27, 31, 32). However, 
it would be worthwhile to explore the role of certain higher 
order terms in greater detail, particularly for highly stretched 
geometries. In this work, we shall restrict our attention to 
geometries that are close to the equilibrium one. 

- - 

"Each 11-linear contribution originating from an n-commutator 
term comprising n excitation operators and cluster amplitudes is 
labelled by a quadruple of integers (n,, tt,, IZ,, n,), tz = 11, + t ~ ?  + 
n, + 11,. whose components n, indicate the number of all-external 
biexcitations (tz,), semi-internal biexcitations ( r ~ ~ ) .  all-external 
monoexcitations (tz,), and semi-internal monoexcitations (tz.,) 
involved. 

To select a suitable set of excitation operators, we exploit 
the group chain 

[I  93 U (n, + n, + n,) > U (n,) x U (n,) x U ( 1 2 , )  

where n,, n,, and n, designate the number of core, virtual, and 
active orbitals, respectively. Recall that the core and virtual 
orbitals are, respectively, doubly occupied and unoccupied in 
the reference, while the active orbitals are singly occupied. 
In this way, the invariance of our formalism with respect 
to separate unitary transformations within each orbital group 
(ie., core, active, and virtual) is assured. 

In actual applications we truncate the cluster operator ex- 
pansion [2] at the biexcited level. However, since some of the 
excitation operators GI also involve active (or valence) or- 
bitals, which are only partially occupied in the reference I@), 
we should also include in our set of singly (S) and doubly (D) 
excited configurations so-called pseudo-single and pseudo- 
double ones, which involve up to four UGA orbital generators 
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(in the triplet case; otherwise at most three orbital genera- 
tors). However, higher than rank two biexcitations usually 
play a rather unimportant role, at least for near equilibrium 
geometries. We have in fact examined two distinct approxi- 
mations (32b), namely, the full single and double (SD) ex- 
citation space approximation [CCSD(f)], involving all S and 
D as well as pseudo-single and pseudo-double excitations 
(the latter represented by rank 3 or rank 4 excitation oper- 
ators), and the so-called (first-order) interacting space (is) 
approximation [CCSD(is)], restricting our set of excitation 
operators to the first-order interacting space, represented by 
at most rank 2 operators. It turns out that in the vicinity of 
equilibrium geometries these two approximations differ very 
little (usually by a few microhartrees) but, even for signifi- 
cantly stretched geometries, this difference does not exceed a 
few millihartrees (32b). Thus, unless we wish to explore the 
structures with highly stretched bonds (where the method 
may fail to converge anyway if I@) no longer represents a 
suitable zero order approximation), the CCSD(is) approxi- 
mation is adequate. 

The explicit form of the excitation operators GI for the 
three important cases, namely the high-spin doublet and 
triplet states (involving one and two OS orbitals, respectively) 
and the low-spin OS singlet case (involving two OS orbitals) 
may be found in ref. 27 (for the high-spin cases, see also ref. 
26c). These operators represent irreducible tensor operators 
adapted to the chain [19] and generate orthonormal states. 
Since we have to distinguish a considerable number of these 
operators (up to 30 in the most involved triplet case), the 
derivation of the explicit expressions for various coefficients 
appearing in our CC equations [12] and in the expression 
for the energy, eq. [9], is very laborious. To facilitate this 
derivation and to avoid possible errors, we have designed 
a set of codes that carry out this procedure automatically. 
This software is described in greater detail in ref. 27, and 
it generates the FORTRAN codes that set up and solve the 
UGA-CCSD equations and evaluate the corresponding en- 
ergy. These codes were carefully tested by duplicating the 
algebraic derivations by hand in the doublet and OS singlet 
cases, as well as by careful numerical studies (27). 

3. Static property calculations using the 
UGA-CCSD FF method 

To test the capability of our UGA-based CCSD method, as 
implemented in our codes (27), to provide reliable values 
of at least low-order static properties for OS systems, we 
employ the FF approach and examine a few test examples 
involving states of different multiplicity. These results will 
also serve us as benchmark values when implementing and 
testing various versions of the LR approach, which we briefly 
outline in Sect. 4. 

Systems examined and computational details 
The systems that we examine in this work comprise the 
lithium atom (Li), first-row diatomic hydrides methylidene 
(CH), imidogen, or nitrene (NH) and hydroxyl (OH) rad- 
icals, and the second-row hydrides silylidine (SiH), phos- 
phinidene (PH), m d  sulfhydryl or mercapto (SH) radicals. 
All of these systems have an OS ground state that is amenable 
to our UGA-based CC approach. The ground state equilib- 

rium bond lengths were taken from ref. 35 (see Tables 3 and 
5) .  In addition to the ground states of the abovementioned 
systems, we also examine three degenerate excited states of 
NH, namely the states a ' ~ ,  A311, and c ' l l  whose experimental 
electric dipole moments are known (36). The experimental 
bond lengths for these excited states were taken from ref. 35 
(see Table 6). 

Computations of molecular properties generally require 
large high-quality basis sets, preferably designed specifically 
for this purpose. We have chosen two different types of 
basis sets for our investigations. The first type is represented 
by the POLl basis sets of Sadlej (37), which are medium- 
sized polarized basis sets that are specifically tailored for the 
high-level correlated calculations of molecular electrostatic 
properties. For the first-row atoms (C, N, and O), this is 
a [5s3p2d] basis set, for the second-row atoms (Si, P, S) a 
[7s5p2d] set, and for hydrogen a [3s2p] set. Basis sets of the 
second type, which we employed for the first-row hydrides, 
are due to Widmark et al. (38). In contrast to the property- 
oriented POLl bases, these are high-quality, all-purpose basis 
sets consisting of atomic natural orbitals (ANO) obtained 
from correlated atomic calculations, as first advocated by 
Almlof and Taylor (39). Experience shows that the A N 0  
basis sets can efficiently account for the molecular many- 
electron correlation effects. The A N 0  basis set that is rele- 
vant for the first-row hydrides is of the [6s5p3d2f /4s3p2d] 
quality. 

For the ground states we always employed the ROHF so- 
lution as a reference, while for the excited states of NH, the 
ground state ROHF orbitals were used. In all cases we rely on 
Cartesian Gaussian functions, thus using 6 d and 10 f compo- 
nents. In all our OS CCSD calculations we employ the first- 
order interacting space approximation (40), as already noted 
in Sect. 2. For the sake of comparison, we also carried out 
various limited CI computations, in particular CISD(is) (CI 
interacting space singles and doubles), CISD+, and CISDTC, 
using the GAMES system of programs (41) .~  In all post-HF 
calculations, only valence electrons were correlated (with the 
exception of the Li atom, in which case all three electrons 
were correlated). The ROHF calculations were also carried 
out using the GAMES program package. 

Properties considered 
To calculate static electric properties, such as dipole mo- 
ments, or dipole polarizabilities or hyperpolarizabilities, we 
employ the finite field (FF) method (42). The energy change 
.&E when the system is submerged in a homogeneous electric 
field F = (F,, F,, F,) can be written as 

where the summation over repeated indices is implied, E(0) 

- - 

The CI program for high-spin multiplicity generates some 
extra CSFs of higher excitation order. Hence various CI 
approaches will be referred to as CISDf, CISDT+, etc. 
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Paldus and Li 

designates the energy with no field present, and Fi(i = 
x, y, z) are the field components. For linear diatomic hydrides 
in a uniform electric field along the molecular axis (chosen 
to be the z-axis, F = (0, 0, F)), the above expression [20] 
simplifies to 

Thus, once we know the functional dependence of E or AE 
on F, the dipole moment p, the parallel polarizability com- 
ponent a = a,, etc., can be evaluated as, respectively, the 
first, second, etc., derivative of the energy with respect to 
the applied field. While there is only one dipole moment 
component for linear molecules, the number of independent 
components of the polarizability tensor deserves a comment. 
Besides the diagonal (or axial) components, the mixed ones, 
such as ax,, also generally represent useful quantities. More- 
over, for degenerate OS states, such as l7 or A states, one has 
to distinguish between different perpendicular diagonal com- 
ponents, namely a,(l7,) = ayy(lly) and a,(ny) = ayy(II,), 
while only one such component exists for nondegenerate C 
states. For the sake of simplicity, we examine in this paper 
only the most important parallel polarizability component 
a = all = a,. A complete investigation of other polariz- 
ability components will be presented elsewhere. 

When considering a very weak field F, we can truncate 
expansion [21] at the quadratic term. Within such an ap- 
proximation, we can then evaluate p and a if we know the 
energy for at least two different field strengths, in addition to 
the zero field energy in case of a .  Thus, choosing the fields 
F, = &F, the p and a are given by 

In the case of hydrides, we have chosen the field strength to 
be F = &0.002 au. Using fields of this magnitude, the p and 
a obtained from formulas [22], which rely on the smallest 
number of calculations for different fields, turned out to be 
almost identical with values that were obtained when using 
the information for four or more nonzero fields. It should 
also be noted that for F = &0.002 au, we require that our 
energies are precise to at least 4 x au if we wish to 
compute a with an error not exceeding lo-' au. Thus, in 
all our calculations, the energies were converged to within 
lop8 au or better. We must also mention that the dipole 
moment of a hydride XH is defined in such a way that H 
is in the positive direction assuming that X is located at the 
origin. 

As we pointed out earlier, a very important characteristic 
of the UGA-based CC method is its ability to handle the low- 
spin, OS singlet states, which are inaccessible to the standard 
UHF-based CC or MBPT approaches. For this reason, we 
have chosen two excited OS singlet states of NH, namely the 
c117 and U ' A  states, in order to illustrate this feature of our 
UGA-CCSD approach. We wish to point out that while both 
the 'II, and 'l7, components of the 'II state are OS singlets, 
only the xy component of the 'A state is an OS singlet state. 

Table 2. Total energy ( E )  and dipole polarizability 
(a) (both in au) of the Li atom obtained with 
various methods. 

Method 

SCFIANO 
CISD(is)lANO 
FCUANO 
CCSD(is)/ANO 
UMP4-P(E[2/1])" 
CCSD(T)-B95" 
Hylleraas-CI" 
Experiment 

"Reference 44. 
bReference 45. 
The most recent nonrelativistic estimate of the exact 

energy (46). 
"Reference 43. 

Of course, only one component of the ll7 state needs to be 
considered in our case. 

Results and discussion 
We start by considering a simple atomic system, the lithium 
atom. This enables us to easily obtain the full configura- 
tion interaction (FCI) results (that are equivalent to CISDT 
in this case, since we deal with a three-electron system), 
representing the exact solution within the N-electron sub- 
space generated by the chosen set of atomic orbitals (AOs), 
even when employing fairly large basis sets. The computed 
total energy and dipole polarizability obtained with var- 
ious methods and the atomic natural orbital (ANO) basis 
[6s5p3d2f] (38) are compared with the experimental values 
in Table 2. It is noteworthy that the uncorrelated SCF values 
of the polarizability ( a  = 170.1 au) is much closer to the 
FCI result ( a  = 165.1 au) than is the limited CISD(is) re- 
sult ( a  = 118.2 au). CISD(is) should represent a very good 
approximation is this case, since the system allows, at most, 
triexcitations. In fact, the CISD(is) approach recovers almost 
the entire correlation energy (99.896%) in this case, yet gives 
a significantly lower polarizability than does even the uncor- 
related SCF approximation. Interestingly enough, our UGA- 
CCSD(is) approach, which improves the total energy rela- 
tive to the CISD(is) approach by only one microhartree (thus 
yielding 99.900% of the correlation energy), gives practically 
the exact value for the polarizability ( a  = 165.1 au), which 
is also very close to the experimental value (43). This is a 
clear indication of the fact that the CCSD(is) wave function is 
much better than the CISD(is) one, even though both methods 
employ the same set of excitation operators. Of course, due 
to the nonlinearity of the CC Ansatz, the effective excited 
state manifold is much larger in the CCSD(is) case. 

For the sake of comparison, we also include in Table 2 the 
results of two recent theoretical studies of the Li atom. The 
first employs the fourth-order MBPT and the standard UHF- 
based CCSD(T) methods with a very large basis set (44), 
while the second one relies on the combined configuration 
interaction and Hylleraas methods (45). It is very encour- 
aging that the CCSD(is) polarizability is very close to the 
result provided by these extensive calculations, all of these 
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falling within the experimental limits. A comparison with the 
most recent estimate of the total energy (46) indicates, how- 
ever, that the fairly large AN0 basis set has not yet reached 
the basis set limit, since our FCI and CCSD(is) energies 
are about 17 mhartree short of the "experimental" limit. Of 
course, from the methodological viewpoint, the agreement of 
the CCSD(is) quantities with the FCI results is most relevant. 

The computation of the hyperpolarizability, particularly 
when using the FF method, is considerably more challenging. 
Our attempt to determine y = y,,, using the FF approach was 
in fact unsuccessful. For example, relying on FCI energ ie~ ,~  
we get y = 6.2 x lo4 au using the fields F = f0.002 and 
f0.004 au, but only y = 2.1 x lo4 au with smaller fields 
F = fO.OO1 and f0.002 au. Employing yet smaller fields 
( f  5 x lop4 and f lo3 au) gives y = 4 x lo3 au. The same un- 
stable behaviour is found when employing CCSD energies. 
In fact, our recent exploration of mathematical and numerical 
properties of expansions like [21], using the linear response 
based CCSD approaches, seems to indicate a fundamental 
problem of the FF approach when considering higher order 
properties6 

We next considered the first-row diatomic hydrides having 
a doublet or triplet ground state. The total energies, dipole 
moments, and polarizabilities obtained with both the POLl 
and AN0 basis sets at the experimental geometries (35) using 
various methods are summarized in Table 3, and compared 
with the available experimental values (47-52) in the case of 
dipole moments. These results enable us to draw a number of 
interesting conclusions concerning the role of the correlation 
effects, the use of relaxed (R) vs. nonrelaxed (N) orbitals, 
and the size of the basis set employed. 

The correlation effects may change the computed dipole 
moments by about 0.1-0.2 D, causing about 10-15% error, 
which is hardly acceptable when striving for high-quality 
dipole moments. The same holds for polarizabilities. The 
computed dipole moments monotonically decrease with the 
increasing amount of correlation that is accounted for via 
higher and higher order of excitations. For the POLl basis, 
the largest limited single reference CI that we were able to 
cany out on our Silicon Graphics (Challenge L) minicom- 
puter is CISDTf (41). In all cases, the CCSD(is) results are 
very close to the CISDTf ones. As might be expected with 
the CC approach (see, for example, ref. 20), the orbital relax- 
ation effects are not significant, amounting to 0.002, 0.005, 
and 0.012 D for CH, NH, and OH, respectively. The same 
holds for polarizabilities, where the changes due to the orbital 
relaxation are in the range of 0.11 to 0.18 au. 

While the dipole moments monotonically decrease with 
the increasing order of excitations that are included in CI cal- 
culations, the polarizabilities change in a less regular manner. 
The SCF a values are first lowered when the correlation due 
to the singles and doubles is introduced via CISD(is), only 
to be subsequently increased when the triple excitations are 
accounted for, as in the CISDTf method. Thus, generally, we 
observe the following order of polarizabilities. 

We used the GAMESS package (41) to compute the FCI energies. 
P. Piecuch and J. Paldus. Unpublished results. 

Table 3. Total energy E (in au), dipole moment CL (in D), and 
polarizability a (in au) for the ground state of first-row diatomic 
hydrides CH, NH, and OH. 

Basis Method E CL a 

CH(X 2 ~ ) ,  R, = I .  1 199 A" 
POLl SCF 

CISD(is) 
CISD' 
CISDT' 
CCSD(is), R 
CCSD(is), N 

A N 0  SCF 
CISD(is) 
CISD' 
CCSD(is), R 

Expt. 

NH(X 'c-), R, = 1.0362 A" 
POLI SCF 

CISD(is) 
CISD' 
CISDT 
CCSD(is), R 
CCSD(is), N 

A N 0  SCF 
CISD(is) 
CISD' 
CCSD(is), R 

Expt. 

OH(X 211), R, = 0.969 66 k 
POLI SCF 

CISD(is) 
CISD' 
CISDT 
CCSD(is), R 
CCSD(is), N 

A N 0  SCF 
CISD(is) 
CISD' 
CCSD(is), R 

Expt. 
- 

"Reference 35. 
*Reference 47. 
'Reference 52. 
dReference 5 1. 

so that the uncorrelated SCF value is always closer to the 
exact result than is the CISD(is) value. Again, the CCSD(is) 
polarizabilities are very close to the CISDTf values, as was 
the case for dipole moments. We should emphasize here, 
however, that the CISDTf method employs a much larger 
excited state manifold than does CCSD(is). In cases consid- 
ered here, the dimensions of the CISDTf spaces are in fact 
more than 10 times larger than those of the corresponding 
CCSD(is) or CISD(is) problems. Clearly, the CCSD(is) pro- 
cedure represents the optimal choice when computing dipole 
moments as well as polarizabilities. 

The choice of a suitable basis set is clearly very crucial 
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Paldus and Li 

Table 4. Optimized bond length R, (in A), vibrational frequency o, (in cm-'), 
dipole moment p (in D), and polarizability 01 (in au) at the optimized geometries 
for the ground state of CH(X 'n), NH(X 'c-), and OH (X 'n), obtained with 
various basis sets. 

Molecule Method R, 0, CI 01 
- - - - 

CH CCSDl6-31G* 1.131 2826 ,I 

CCSDIPOL 1 1.1505 2772 1.304 16.90 
CCSDIANO 1.1 182 2872 1.413 15.99 
Expt. 1.1199b.c 2859b,c 1.46 f 0.06d 

NH CCSDl6-3 1 G* 1.048 3234 0 0 

CCSDIANO 1.0344 3317 1.536 11.31 
Expt. 1 .0362b 3282b 1.38 + 0.07' 

OH CCSDl6-3 lG* 0.983 3658 o n 

CCSDIANO 0.9672 3783 1.649 8.33 
Expt. 0.9697b 3738b 1.655' 

"Not computed. 
"eference 35. 
'More recent experimental values by Bemath are R, = 1.1 19 83(2) A and o, = 

2860.41 18(98) cm-' (ref. 53). 
dReference 47. 
'Reference 52. 
'The most accurate experimental result (ref. 51). 

when computing electric properties. Both basis sets employed 
by us, i.e., POLl and ANO, are sufficiently large and flexible 
to provide meaningful results for a comparison with experi- 
ment. In general, the uncorrelated results are much less sen- 
sitive to the basis set choice than are highly correlated ones. 
Thus, the difference between the computed dipole moments 
when using the POLl and A N 0  basis sets is only about 
5 x D at the SCF level, but almost an order of magni- 
tude larger at the correlated level (0.05, 0.04, and 0.02 D for 
CH, NH, and OH, respectively). A similar observation can 
be made for the polarizability. 

The results of Table 3 were obtained for the experimental 
geometries. To find out how much these differ from the theo- 
retical values for the basis sets employed, we also present in 
Table 4 the computed equilibrium geometries and harmonic 
vibrational frequencies, as well as the corresponding dipole 
moments and polarizabilities. In this case, only the CCSD(is) 
results with the A N 0  basis set are shown. For a comparison, 
we also included the geometries and harmonic frequencies 
obtained with the 6-31GX basis set,' and for the CH ground 
state also with the POLl basis set. The latter result clearly 
indicates that the POLl basis set, which is specifically tai- 
lored for the electrostatic property calculations, is not suited 
for the structure and energetics determinations. Indeed, the 
CCSDROL I geometry is inferior even to the CCSDl6-3 IG* 
geometry (differing from the experimental value by 0.03 and 
0.01 A, respectively) and, similarly, for the corresponding 
harmonic frequencies (87 and 33 cm-I, respectively). The 
CCSDROLl equilibrium bond length being too large implies 
a too small dipole moment. Introducing the core correlation 
(although this is not recommended for the POLl basis), the 

- 

X. Li and J. Paldus. J. Chem. Phys. In press. 

equilibrium bond length shrinks a little to 1.149 A. Clearly, 
with this property-dedicated basis set it is best to employ 
the experimental geometry. For this reason, we performed 
the geometry optimization for the NH and OH ground states 
only with the A N 0  basis set (Table 4). 

The CCSDIANO geometries for the CH, NH, and OH 
ground states, shown in Table 4, agree well with ex eriment 
(being, respectively, 0.001'7, 0.0018, and 0.0025 f shorter 
than the experimental values) and represent a significant im- 
provement over the CCSDl6-31GX values, which are longer 
by 0.01 1-0.013 A. The computed CCSDIANO harmonic fre- 
quencies are also in good agreement with experiment (the 
differences being 13, 35, and 45 cm-I). Since the optimized 
bond lengths are close to the experimental ones, the dipole 
moments and polarizabilities obtained for these theoretical 
geometries differ very little from those based on experimental 
geometries (cf. Tables 3 and 4). 

The computed CH dipole moment (1.413 D) falls within 
the experimental error bounds (1.46 + 0.06 D) (47). The 
dipole moment in the electronic and vibrational ground state 
of OH was measured by several groups (48-51). The most 
recently determined rotationally resolved values, obtained 
with the molecular beam electric resonance technique by Pe- 
terson et al. (51), are F = 1.6549 D for R = J = 112 and 
p = 1.65520 D for R = J = 312 (we report them as 1.655 D 
in our tables). Our CCSDIANO result of p = 1.649 D agrees 
well with these results. In view of the availability of these 
precise, rotationally resolved experimental results, it will be 
interesting to obtain the corresponding rovibrationally cor- 
rected values, as we did for other systems (19b). 

The least satisfactory agreement between the CCSDIANO 
and experimental (52) dipole moments is found for the NH 
3 ~ -  ground state (1.536 vs. 1.38 f 0.07 D, respectively). In 
fact, all ab initio calculations that we are aware of (cf. Table 
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Table 5. Total energy E (in au), dipole moment p (in D), and 
polarizability 01 (in au) for the ground states of second-row 
diatomic hydrides SiH, PH, and SH, obtained with the polarized 
basis sets POLl. 

Table 6. Total energy E (in au), dipole moment p (in D), and 
polarizability 01 (in au) for several excited states of NH, obtained 
with the polarized basis sets POLl and ground state, nonrelaxed 
ROHF orbitals. 

Method E Method E IJ- 01 

SiH(X 2n) ,  Re = 1.5201 k 
SCF -289.426 915 
CISD(is) -289.520 653 
CISD' -289.521 033 
CISDT' -289.524 369 
CCSD(is), R -289.523 8 15 
CCSD(is), N -289.523 815 

PH(X 'C-), R, = 1.4223 k,' 
SCF -341.282 190 
CISD(is) -341.394 162 
CISD' -341.395 201 
CISDT' -34 1.399 680 
CCSD(is), R -34 1.398 207 
CCSD(is), N -34 1.398 207 

SH(X %), R, = I .340 k.' 
SCF -398.067 569 
CISD(is) -398.207 937 
CISD' -398.208 590 
CCSD(is), R -398.214 272 
CCSD(is), N -398.214 272 
Expt. 

"Reference 35. 
%fore recent experimental value by Ram and Bemath is R, = 

1.422 18 A (ref. 54). 
'Most recent experimental value is R, = 1.340 614(4) A (ref. 55). 
dReference 57. 
'Reference 56. 

7) report p >. 1.5 D. This fact, as well as the senescence of 
the experimental result, suggest that it would be worthwhile 
to reexamine the latter. 

We next considered the second-row hydrides SiH, PH, and 
SH in their ground electronic states, using only the POLl 
basis set. The results are summarized in Table 5 and exhibit 
behaviour similar to that of the first-row hydrides. Thus, the 
computed dipole moments monotonically decrease with the 
increasing order of excitations included in CI calculations 
and the CCSD(is) results are again close to the CISDT+ ones, 
namely, 

This decrease in the dipole moment value with the increasing 
correlation is most pronounced in smaller systems, namely 
in the SiH case, where the SCF value is about three times 
as large as the CISDT+ result that we employ as our bench- 
mark. For other systems, the differences between the SCF 
and CISDT+ dipole moments are not so startling and usually 
do not exceed 30% (see Tables 3 and 5). This was to be ex- 
pected, since the smaller the dipole moment, the more critical 
is the electronic charge distribution and thus the correlation 
effects. 

a 'A,  R, = 1.034 k 
CISD(is) 
CISD' 
CISDT' 
CCSD(is), N 
Expt. 

A ' n ,  R, = 1.0369 k 
CISD(is) 
CISD' 
CISDT' 
CCSD(is), N 
Expt. 

c In, R, = 1.110 k 
CISD(is) 
CISD' 
CISDT' 
CCSD(is), N 
Expt. 

"Reference 35. 
b~eference 36. 

The behaviour of the computed polarizabilities is also sim- 
ilar to that found for the first-row hydrides. The CISD(is) po- 
larizabilities are thus smaller than either the SCF and CISDT+ 
ones, and the CCSD(is) method rectifies the shortcomings of 
the CISD(is) method and yields very close results as found 
with the computationally demanding CISDT+ method. We 
also note that the effect of orbital relaxation is again very 
small when using the CCSD(is) approach. 

To our knowledge, there are no experimental data avail- 
able for the dipole moments in the SiH and PH ground states. 
For SH, two values have been published: p = 0.62 D by 
Carrington et al. (56) and p = 0.758 D by Meerts and Dy- 
manus (57). Our CCSD(is) value of p = 0.774 D is closer to 
the latter, more recent, experimental result. Unfortunately, no 
experimental information is available concerning the polar- 
izabilities, either for the first- or for the second-row hydrides 
considered. 

Finally, we compute the dipole moment and polarizability 
for the three degenerate excited states of NH using the POLl 
basis set and the experimental equilibrium geometry (Table 
6). We have seen above that the orbital relaxation played 
an insignificant role when we examined the ground states of 
first- and second-row hydrides. It is thus interesting to ex- 
amine the performance of our UGA-CCSD methods for ex- 
cited states, while using the nonrelaxed ground state orbitals. 
Such orbitals, being neither variationally reoptimized for the 
excited state considered, nor for the applied perturbing elec- 
tric field, are clearly as far removed from the "ideal" ones 
as one can get. It is thus very gratifying to see that our 
CCSD(is) method, employing the ground state, nonrelaxed 
orbitals, yields reasonably good dipole moments and polar- 
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Table 7. Comparison of dipole moments (in D) of first- and second-row diatomic 
hydrides, obtained by various theoretical methods, with experiment. 

Method CH NH OH SiH PH SH 

SR-CI 1.438 1.526' 1.634" 0.077' 0.410 0.814" 
1.587' 1.657' 0.160' 
1.536 0.091" 

MR-CI 1.511" 1.645" 0.123' 0.403' 0.734' 
1 .4SP 

CEPA 1 .430i 1.578' 1.650'" 0.141' 0.481' 0.810' 
1 .642  0.743k 

Hv 1.424" 1.579" 1.7lp 0.122q 0.452q 0.769q 
CPF 0.1 18' 
CCSD(is)" 1.413 1.536 1.649 0.093 0.417 0.774 
Expt. 1.46 f 0.06' 1.38 f 0.07" 1.655' 0.758" 

0.620" 

"Present work. 'Reference 58. 
"Reference 6 1. "'Reference 67. 
'Reference 62. "Reference 59. 
"Reference 65. "Reference 64. 
'Reference 69. "Estimated from ref. 68. 
%eference 70. "Reference 72. 
xReference 63. p = 1.48 D is the v~brationally average v = 0 result. Xeference 47. 
'Estimated from ref. 66. "Reference 52. 
'Reference 7 1. Reference 5 1. 
'Reference 73. "Reference 57 
k~eference 74. 'Reference 56. 

izabilities (see Table 6), as a comparison with the CISDTC 
results or with the experimental values (for the dipole mo- 
ments) indicates. The fact that we can use nonrelaxed ground 
state orbitals for the computation of excited state properties 
is of considerable practical significance, not only for reasons 
of economy, but also because of the difficulties that one en- 
counters when trying to converge the SCF orbitals for the 
excited states to a sufficiently high accuracy. 

In concluding this section, let us compare our UGA- 
CCSD(is) dipole moments for the first- and second-row hy- 
drides considered with those obtained by other methods that 
account for correlation effects in a different way (see Table 
7). These methods include the single reference CI, multi- ref- 
erence CI, coupled electron pair approximation (CEPA) or its 
variants, coupled pair functional (CPF), and effective valence 
Hamiltonian (Hv) methods. The latter represents essentially 
a version of a quasidegenerate MBPT. The results obtained 
with these various methods for the dipole moment of CH 
(refs. 58-60), NH (58, 61-64), OH (58, 65-68), SiH (58, 
69-72), PH (58, 72, 73), and SH (58, 72, 74) in their ground 
electronic states are summarized in Table 7 together with 
our UGA-CCSD(is) results. A1 the results for CH are within 
the experimental error bounds, the CCSD(is) value being the 
smallest of them all. Likewise, all results for OH are in good 
agreement with the very accurate experimental value (51) (a 
rather high value obtained with the Hv method is most likely 
due to a relatively small basis set employed). Our CCSD 
value differs by only 0.005 D and belongs amongst the most 
accurate theoretical results. For SH, all ab initio dipole mo- 
ments favor the measurements of Meerts and Dymanus (57). 
Unfortunately, no experimental data are available for the re- 

maining second-row hydrides, SiH and PH. The theoretical 
results for SiH range between 0.077 and 0.160 D, a rather 
large spread, although most seem to favor the narrower range 
between 0.09 and 0.12 D. Similarly, the values for PH range 
from 0.403 to 0.481 D. 

Finally, let us discuss the results for the ground state of 
NH, where we find a rather serious disagreement between the 
theoretical and experimental data. As the results assembled 
in Table 7 indicate, and as already mentioned above, all ab 
initio dipole moments are in this case larger than 1.5 D. Thus, 
all these results fall well beyond the reported experimental 
error bounds of 1.38 f 0.07 D (52). Clearly, the rovibrational 
averaging can lower the purely electronic values given in 
Table 7. Such an averaging was carried out for the MRCI 
dipole moment and amounted to 0.03 D (63). This decreased 
the MR CI electronic value of 1.51 1 D to 1.48 D (for the 
vibrationless v = 0 level), which is still too large. Clearly, 
the existing discrepancy between the computed and measured 
dipole moment of the NH ground state is of concern and 
should be clarified. 

4. LR approach with UGA-CC formalism 
We now outline the LR method within the framework of the 
UGA-based CC approach. The LR method based on the stan- 
dard CC approach, as first outlined by Monkhorst (1 la)  and 
Dalgaard and Monkhorst (1 lb), was recently explicitly for- 
mulated (17) in the context of the orthogonally spin-adapted 
CCSD method (18) and fully implemented and tested in our 
CC codes (17, 19). The most recent version is capable of 
providing reliable values even for high-order static proper- 
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ties, such as the second hyperpolarizability, over the whole 
range of molecular geometries for which the standard CS 
CCSD approach is applicable, in contrast to the FF methods, 
which become particularly troublesome for large internuclear 
separations (footnote 3). Moreover, the LR formalism can be 
generalized to handle dynamic properties. 

We will essentially follow the development as outlined 
in ref. 17. However, we can no longer use the diagrammatic 
technique (34) to obtain the required explicit expressions and 
will have to rely on an algebraic formalism. We must also ac- 
count for the fact that in the OS case the excitation operators 
GI no longer commute. Finally, since our UGA-based CC 
formalism can handle rather general OS situations, we also 
do not employ the normal product form of the Hamiltonian. 

Starting with the unperturbed problem [3], we consider the 
perturbed Hamiltonian 

where the perturbation W represents the property we are in- 
terested in. We thus look for the solution of the corresponding 
Schrijdinger equation 

assuming the following general cluster ansatz for IY(h)), 

with 

We further assume a power series expansion for the relevant 
quantities in terms of the perturbation parameter h, namely, 

i=O 
and 

or, equivalently, 

Clearly, the unperturbed problem of Sect. 2 results for h = 0 
and is characterized by the energy E(O) = E(0) and cluster 
amplitudes tjo) = tl(0). We also note that in contrast to the 
CS case (17), when the cluster operators T(') representing 
various orders in perturbation expansion [30] commute, in 
general OS situations we have that [GI, Gj] # 0, unless at 
least one excitation operator is all-external, i.e., does not 
involve active or valence orbitals. Consequently, we cannot 
express the wave operator exp(T(h)) as a product of expo- 
nential factors, expT('), as we did in the CS case (cf. eq. [30] 
of ref. 17). Nonetheless, since we employ a single spin-free 
configuration state I @ )  as a reference, we can still benefit 
from the property 11 11. 

Proceeding then as in the unperturbed case, we arrive at 
the general equation of type [4] or, equivalently 

Expanding in powers of h, we see immediately that the 
absolute term, resulting for h = 0, recovers the unperturbed 
CC problem of Sect. 2. We can thus assume the zero-order 
quantities E(O) and tjo) to be known. The LR equations then 
result from the linear terms in h. For the energy increment 
Ecl), giving the desired expectation value of the considered 
property (Y(O)( W IY(O))/(Y(O)IY(O)) = E('), we thus find 

where we introduced the symbol for the symmetrized sum of 
the kth order commutator terms 

[34] { X ,  T}$) = (k!)-' 

For example, 

[35] {H, T)il) = i([[[H, T(O)], T(O)], T'"] 

+ [[[H, T(')], T(')], T(')I + [[[H, T(')], T(')I, ~ ( ~ ' 1 )  

while 

[36] {H, T){" = [H, ~ " ' 1  

and 

[37] {W, T){" = [W, T'"] 

Similarly, the corresponding LR CC equations determining 
the tjl) amplitudes have the form 

In view of eq. [ l l ] ,  we can write again for the property 
value 

assuming that W is a one-electron operator. 
In CC equations [38], which are linear in the unknown 

cluster amplitudes ti'), we can again have up to eight com- 
mutators for the H-containing terms and six for the terms 
involving W. Again, these high-order terms can only involve 
semi-internal monoexcitations. Assuming that we employ an 
ROHF reference (restricted OS HF), the monoexcited tjo) 
amplitudes should be small, and thus the high-order terms 
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involving their products should be negligible. We recall that 
a similar situation arises in the zero-order (unperturbed) level 
of approximation, where the consideration of at most bilinear 
terms in CCSD equations provides very good results. It will 
thus be necessary to find out to which extent this feature 
extends to the LR methods. 

Considering various terms in LR CC equations [38] we see 
again that the linear and bilinear terms (in mixed zero- and 
first-order amplitudes) can be handled in the same way as the 
zero-order amplitude terms in the unperturbed case. For ex- 
ample, considering bilinear terms involving the Hamiltonian 
we find that 

+ [[H, T'"], ~ ' ~ ' 1 ) )  

where CIJK are again defined by eqs. [16]-[l8]. Thus, for up 
to bilinear terms the existing codes generating the required 
coefficients in both CC equations 1401 and in the energy 
expression [39] can be directly exploited. Of course, when 
evaluating the corresponding terms involving W, we must 
employ the corresponding one-electron integrals (pi w lv). 

The role of higher than bilinear terms in CC equations 
(although always linear in tjl) amplitudes) must also be ad- 
dressed. Hopefully, most of these higher order terms will turn 
out to be of little importance, similarly to the unperturbed 
case. 
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Solvent isotope effects as a probe of general 
catalysis and solvation in phosphoryl transfer 

Clinton D. Bryan, K. Barbara Schowen, and Richard L. Schowen 

Abstract: Phosphoryl transfer to methanol from tris(p-nitrophenyl) phosphate (PNNN), methyl bis(p-nitrophenyl) phosphate 
(PMNN), and dimethyl p-nitrophenyl phosphate (PMMN) exhibits general base catalysis by acetate ion but no detectable 
catalysis by acetic acid. For PNNN, acetate catalysis produces normal solvent isotope effects kRoHlkRoD of 1.68 ? 0.01 at high 
ionic strength (0.475) and 1.77 ? 0.04 at low ionic strength (0.048). A linear proton inventory indicates most simply that the 
isotope effect arises from a one-proton catalytic bridge in the transition state, although this model cannot strongly be 
distinguished from a generalized solvation effect. Reactions of methoxide ions produce slight inverse isotope effects kRodkRoH 
of 1.1-1.2, far smaller than the inverse effect of about 2.5 expected for complete and uncompensated desolvation of the reactant- 
state methoxide ion. The transition state is thus stabilized by substantial interaction with the solvent. The proton inventory for the 
least reactive substrate PMMN (relative rate constant 1)  is suggestive of transition-state stabilization by a combination of one- 
proton catalytic bridge(s) and distributed sites, while the proton inventory for the most reactive substrate PNNN (relative rate 
constant 1388) suggests only generalized transition-state solvation (many distributed sites); the proton inventory for PMNN, a 
substrate of intermediate reactivity (relative rate constant 60), suggests an intermediate situation. The data are consistent with a 
model in which transition states with exterior concentrations of charge favor stabilization of the charge by isotope-fractionating 
one-proton bridges, while transition states with distributed charge favor stabilization of the charge by many distributed sites. 

Key words: phosphoryl transfer, proton inventories, solvent isotope effects. 

R6sumC : Le transfert d'un phosphoryle a du methanol B partir du phosphate de tris(p-nitrophtnyle) (PNNN), du phosphate de 
methyle et de bis(p-nitrophknyle) (PMNN) et du phosphate de dimkthyle et dep-nitrophinyle (PMMN) est sujet a de la catalyse 
gCnCrale des bases, par l'ion acetate, mais sans catalyse detectable par l'acide acktique. Pour le PNNN, la catalyse par l'acttate 
conduit B des effets isotopiques du solvant qui sont normaux, kROHIkROD de 1,68 ? 0,01 B force ionique tlevte (0,475) et de 1,77 
+ 0,04 a une force ionique plus faible (0,048). Un inventaire lintaire des protons indique de la f a ~ o n  la plus simple que l'effet 
isotopique dtcoule d'un pont catalytique a un hydrogkne dans 1'Ctat de transition, m&me s'il n'est pas facile de distinguer ce 
modkle d'un effet gCntralisC de solvatation. Les reactions des ions methanolates conduisent a de ligers effets isotopiques 
inverses, kRodkRoH de 1.1 B 1,2, beaucoup plus faible que l'effet inverse d'environ 2,5 attendu pour une desolvatation complkte 
et non compenste de l'ion methylate dans 1'Ctat de reactif. L'etat de transition est donc stabilise par une interaction importante 
avec le solvant. L'inventaire de proton pour le substrat le moins reactif, PMMN (constante relative de vitesse de l), suggkre qu'il 
y a stabilisation de l'ttat de transition par une combinaison de pont(s) catalytique(s) a un proton et de sites distribues alors que 
l'inventaire de proton pour le substrat le plus rtactif (PNNN, constante de vitesse relative de 1388) ne suggkre qu'une solvatation 
gCnCralisCe de 1'Ctat de transition (plusieurs sites distribds); l'inventaire de proton pour le PMNN, un substrat de rkactiviti 
intermediaire (constante de vitesse relative de 60), suggkre l'existence d'une situation intermediaire. Les donnees sont en accord 
avec un modtle dans lequel les ttats de transition avec des concentrations exttrieures de charge favorisent une stabilisation de la 
charge par des ponts B un hydrogkne provoquant un fractionnement de l'isotope alors que les Ctats de transition comportant un 
distribution de la charge favorisent une stabilisation de la charge par les divers sites distribues. 

Mots clks : transfert de phosphoryle, inventaires de protons, effets isotopiques du solvant. 

[Traduit par la redaction] 
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Introduction 

A vital scientific contribution of Professor Richard Bader was 
made already in his doctoral research with C. Gardner Swain, 
at the Massachusetts Institute of Technology. Building upon 
their panoramic critique of preceding studies in reaction kinet- 
ics and mechanism, the chemistry and physics of isotopes, and 
the spectroscopy and thermodynamics of solutions, Bader, 
Swain, and Edward R. Thornton produced a deeply detailed 
and complete theory of isotopic solvent effects and of reaction 
rates in mixtures of isotopic solvents ( 1 4 ) .  Two of us (K.B.S. 
and R.L.S.) count ourselves among those "present at the Cre- 
ation" (or shortly thereafter) and have been profoundly influ- 
enced by these and others of Richard Bader's contributions 
throughout a period now approaching 40 years. It is with a 
spirit of gratitude that we present this paper describing a cur- 
rent application of isotopic solvent effects to the issue of the 
Canadian Journal of Chemistry celebrating the scientific con- 
tributions of Richard Frederick William Bader. 

Displacement at phosphorus at the phosphate level of oxida- 
tion is of particular importance in biochemistry, where it dom- 
inates bioenergetics, the formation and decomposition of the 
genetic materials DNA and RNA, the regulation of protein 
properties accompanying transmembrane signal transduction, 
and many other vital processes. In mechanistic chemistry, the 
understanding of the mechanism of the reaction remains a sub- 
ject of vigorous investigation and debate. A comprehensive 
background on all aspects of this broad subject may be derived 
from the magisterial review of Thatcher and Kluger (5) .  

Solvent isotope effects provide an entry to the examination 
of two aspects of phosphoryl-transfer mechanistic chemistry: 
(i) the role of general acid-base catalysis (where the catalytic 
proton bridge may be expected to generate an isotope effect), 
and (ii) the desolvation or solvation of centers that lose or 
develop solvation sites of sufficient basicity to produce hydro- 
gen-isotope fractionation. 

Biochemical phosphoryl transfer reactions are sometimes 
hydrolytic, as in the dephosphorylation of phosphoproteins, 
but they often involve transfer from phosphoryl donors to non- 
water nucleophiles: examples include the formation of 2',3' 
cyclic phosphoryl derivatives in the cleavage of RNA by ribo- 
nucleases, the formation of phosphoryl serine and tyrosine res- 
idues in regulatory events, and the self-splicing of RNA 
molecules. In these cases, alcoholysis reactions at phosphate 
centers are occurring either intramolecularly or within cata- 
lyst-substrate complexes. 

We report here some transition-state structural and ener- 
getic features of the phosphate alcoholysis reactions illustrated 
in Fig. 1. These reactions bear some relationship to the ribonu- 
clease reaction just described, although the systems studied 
here are artificially activated by use of p-nitrophenoxy leaving 
groups in place of the alkoxy leaving groups present in the nat- 
ural systems. 

Results 

General-base catalysis of the methanolysis of PNNN and 
PMNN 

The rate of methanolysis of tris(p-nitrophenyl) phosphate 
(PNNN) was examined (as described in the Experimental sec- 
tion) in methanolic acetate buffers as a function of both buffer 

Fig. 1. The reaction with methanol of the three substrates 
studied in this work. 

Ar = p-nitrophenyl 
PNNN: R' = R2 = Ar 
PMNN: R' = Ar, R2 = CH3 
PMMN: R '  = R2 = CH3 

Fig. 2. Observed first-order rate constants for the methanolysis 
of PNNN as a function of total buffer concentration in acetic 
acid-sodium acetate buffers at 25.0°C and ionic strength of 0.475 
adjusted with sodium bromide. The mole fraction of sodium 
acetate in the buffer is 0.2 (bottom curve, filled circles), 0.3 
(open squares), 0.5 (filled triangles), 0.7 (open triangles), 0.8 
(filled squares). 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 

Total buffer concentration, M 

ratio and total buffer concentration. Figure 2 shows plots of 
observed rate constants vs. total buffer concentration at five 
different buffer ratios (the data are given in Table S1 of the 
supplementary material3). It is not visually obvious but the 
dependences show a slight upward curvature, probably result- 
ing from a specific salt effect that accompanies replacement of 
sodium acetate by sodium bromide; thus small negative inter- 
cepts with large errors are calculated, as reported in Table ~ 2 . ~  
When the intercepts were constrained to be zero as in Fig. 2, 
little change in the mean values of the second-order rate con- 
stants resulted and the rate constants thus calculated were used 
subsequently. 

A plot (Fig. 3) of the buffer catalysis constant vs. fraction of 
base in the buffer shows catalysis to arise only from acetate 
ion. In these buffers, the reaction is therefore general-base cat- 

Sets of original data are deposited with the National Research 
Council of Canada and can be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National Research 
Council Canada, Ottawa, Canada KIA 0S2. 
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Fig. 3. Second-order rate constants for acetate - acetic acid 
buffer catalysis (slopes of the lines in Fig. 2) as a function of the 
mole fraction of acetate base in the buffer. The data indicate that 
acetate and not acetic acid is the catalytic component of the 
buffer. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

fraction of base in buffer 

alyzed and not general-acid catalyzed. The value of the sec- 
ond-order rate constant for acetate ion general catalysis is 
(5.54 t 0.11) x M-I s-I. 

A brief examination was made of the buffer catalysis of the 
methanolysis of dimethyl p-nitrophenyl phosphate (PMMN) 
by a 1 : 1 buffer of acetic acid and sodium acetate at total buffer 
concentrations of 0.5, 0.7, and 0.95 M without added' salt 
(Table ~ 3 ~ ) .  Assuming acetate ion to be the sole catalyst, its 
second-order rate constant is (2.25 + 0.22) x M-I s-'. 

Solvent isotope effect and proton inventory for the acetate- 
catalyzed methanolysis of PNNN 

The rate constants for general-base catalysis by acetate ion of 
the methanolysis of PNNN in CH30H, CH30D, and binary 
mixtures of the isotopic solvents were obtained from the 
observed first-order rate constants in 1 : 1 buffers of acetic acid 
and sodium acetate. It was assumed that, as in CH,OH, acetate 
was the sole catalyst in the deuterated solvents (otherwise an 
infinite inverse isotope effect for acetic acid catalysis would be 
re uired). The first-order rate constants are presented in Table 9 S4 (for an ionic strength of 0.475 maintained by added 
sodium bromide) and in Table ~5~ (for an ionic strength of 
0.048 maintained by added sodium nitrate). The acetate ion 
catalytic constants are given in Tables 1 and 2. 

Solvent isotope effects and proton inventories for the 
methoxide ion promoted methanolysis of PNNN, 
PMNN, and PMMN 

In Tables S6, S7, and S8 of the supplementary material3 are 
given first-order rate constants for methoxide ion promoted 
methanolyses of PNNN, PMNN, and PMMN in CH30H, 
CH30D, and binary mixtures of the isotopic solvents. In a 

Table 1. Calculated second-order rate constants at fraction of 
base 0.5 for the acetic acid - sodium acetate buffer-catalyzed 
methanolysis of PNNN in binary mixtures of methanol-h (mole 
fraction 1 - n) and methanol-d (mole fraction n), at 25.0 f O.l°C 
(p = 0.475, maintained with added sodium bromide). 

1 0 9 ,  (sD)" 104 k, ( S D ~  
0 )  

M-1 s - ~  10' Intercept (SD)".' M-I s - ~  

"SD = Standard Deviation. 
" ~ v e r a g e  intercept = (-12 f 31) x 
'Calculated with intercept constrained to be zero. 

Table 2. Calculated second-order rate constants at fraction of 
base 0.5 for acetic acid - sodium acetate buffer-catalyzed 
methanolysis of PNNN in binary mixtures of methanol-h (mole 
fraction 1 - n) and methanol-d (mole fraction n) at 25.0 +_ O.l°C 
(p = 0.048, maintained with added sodium nitrate). 

104 k, (sD)" 104 k, ( S D ~  
n(D) M-I s-l lo5 Intercept (SD)".~ M-I s-l 

"SD = Standard Deviation. 
bAverage intercept = (0.04 + 3.67) x 
'Calculated with intercept constrained to be zero 

manner reminiscent of the behavior in acetate buffers 
described above, the plots of first-order rate constants against 
sodium methoxide concentration exhibited a small upward 
curvature so that when the data were fitted to a straight line, 
small but definite negative intercepts with large errors were 
calculated. A reasonable explanation is a specific salt effect 
resulting from the repl~acement of bromide ion by methoxide 
ion. When the intercepts were constrained to be zero, only 
modest effects on the calculated second-order rate constants 
resulted. Values obtained in this way were therefore employed 
in subsequent considerations. The results of these calculations 
are presented for the reactions of PNNN, PMNN, and PMMN, 
respectively, in Tables 3,4, and 5. 

Discussion 

Transition-state stabilization in general-base catalyzed 
methanolysis ofp-nitrophenyl phosphate esters 

General base catalysis of these reactions by acetate ion can in 
principle occur in any of the following catalytic modes: 
(i) nucleophilic mode, in which the acetate ion displaces p- 
nitrophenoxide ion to form a rapidly solvolyzed acetyl phos- 
phate intermediate; t 

(ii) protolytic mode, in which a transition state for attack by 
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Table 3. Calculated second-order rate constants for the sodium 
methoxide promoted methanolysis of PNNN in binary mixtures of 
methanol-h (mole fraction 1 - n) and methanol-d (mole fraction 
n) at 25.0 ? O.l°C (p = 0.095, maintained with added sodium 
bromide). 

k ,  (SD)" 
0 )  

M-I s-l 

k ,  (SD)".' 
104 Intercept (sD)",~ M-I s - ~  

"SD = Standard Deviation. 
bAverage intercept = (2.8 f 20.14) x lo-'. 
'Calculated with intercept constrained to be zero. 

Table 4. Calculated second-order rate constants for the sodium 
methoxide promoted methanolysis of PMNN in binary mixtures 
of methanol-h (mole fraction 1 - n) and methanol-d (mole 
fraction n) at 25.0 + O.l°C (p  = 0.095, maintained with added 
sodium bromide). 

k ~  (SDY k ,  (SD)".' 
n(D) M-I s - ~  lo4 Intercept (SD)".~ M-I s - ~  

0.00 2.74 (0.02) -10 (10) 2.71 (0.01) 
0.20 2.79 (0.01) 10 (20) 2.80 (0.02) 
0.40 2.88 (0.07) 8 (22) 2.90 (0.03) 
0.60 3.07 (0.05) -5 (43) 3.06 (0.05) 
0.80 3.26 (0.04) -17 (16) 3.21 (0.02) 
0.98 3.32 (0.03) -1 (15) 3.32 (0.02) 

"SD = Standard Deviation. 
bAverage intercept = (-2.5 + 9.5) x lo-'. 
'Calculated with intercept constrained to be zero. 

Table 5. Calculated second-order rate constants for the sodium 
methoxide promoted methanolysis of PMMN in binary mixtures 
of methanol-h (mole fraction 1 - n) and methanol-d (mole 
fraction n) at 25.0 f O.l°C (p = 0.095, maintained with added 
sodium bromide). 

10' k, (SD)" 10' k ,  (SD)'.' 

n(D) 
M-I s - ~  10' Intercept (SDYb M-I s - ~  

0.00 4.66 (0.07) -4 (1) 4.54 (0.02) 
0.20 5.03 (0.08) -10 (2) 4.71 (0.05) 
0.40 5.10 (0.10) -8 (2) 4.85 (0.04) 
0.50 5.15 (0.04) -7 (1) 4.93 (0.04) 
0.60 5.30 (0.07) -9 (2) 5.03 (0.04) 
0.80 5.82 (0.04) -18 (4) 5.22 (0.10) 
0.99 6.12 (0.17) -20 (2) 5.46 (0.09) 

"SD = Standard Deviation. 
bAverage intercept = (-1 1 f 5) x 10.'. 
'Calculated with intercept constrained to be zero. 

Fig. 4. Three forms of transition-state stabilization for protolytic 
general-base catalysis of nucleophilic displacement at phosphate- 
phosphorus. Note that all structures are isomeric and thus 
kinetically indistinguishable. (a )  Proton bridging from an 
attacking nucleophile ROH to a general base B (class n or 
"classical general-base" catalysis). (b) Proton bridging from the 
conjugate acid of the general base B to the departing leaving- 
group ArO- (class e or "specific-base general-acid" catalysis). 
This is often thought to be probable only if leaving-group 
departure is occurring in the rate-limiting transition state, as in a 
concerted displacement reaction. (c) Proton bridging from the 
conjugate acid of the general base B to the F'=O oxygen (another 
form of class e or "specific-base general-acid" catalysis). This is 
often thought to be probable only if leaving-group departure is 
not occurring in the rate-limiting transition state, as in formation 
of a trigonal-bipyramidal adduct. 

methanol is stabilized through a protonic bridge between an 
acetate anion and a nucleophilic center in the remainder of the 
transition state; a protolytic transition state may have several 
isomeric structures, illustrated in Fig. 4 (for nomenclature, see 
ref. 6): 

(a) protolytic mode class n (Fig. 4a), in which acetate ion 
accepts a proton bridge from a nucleophilically attacking 
methanol molecule (often called "classical general-base catal- 
y sis"); 

(b) protolytic rnode class e (Fig. 4b,c), in which acetic acid 
donates a proton bridge to a center in the transition state for 
methoxide ion nucleophilic attack at phosphorus, the most 
likely acceptor sites being the P O  oxygen or the p-nitro- 
phenoxide oxygen (the former more likely if a trigonal-bipyra- 
midyl intermediate is forming, the latter more likely if the 
displacement reaction is concerted). 

The nucleophilic mode is expected to produce only small 
isotope effects (see below for expected magnitudes) from gen- 
eralized solvation changes between reactants and transition 
state, while the various protolytic modes are expected to gen- 
erate larger isotope effects from the proton in the bridging site 
of the transition state. In principle, this protonic bridge may be 
formed of a proton that is "in flight," undergoing transfer in a 
manner coupled in the reaction coordinate to other bonding 
changes in the transition state, or it may be stabilizing the tran- 
sition state through a relatively strong kind of hydrogen bond- 
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Fig. 5. Proton inventories for the acetate ion general-base 
catalyzed methanolysis of PNNN at ionic strengths 0.048 
(maintained with sodium nitrate) and 0.475 (maintained with 
sodium bromide). The solid circles represent the experimental 
data from Tables 1 and 2; where error bars are not visible, they lie 
within the space of the symbol. The data are buffer catalysis 
constants at fraction of base 0.5. The solid curves are linear and 
correspond to one-proton catalysis and to linear least-squares best 
fits of the data (104kB (M-I s-I) = (384 ? 3) [I - n + n(0.565 ? 

0.012)] for the upper curve; lo4 kg (M-I S-I) = (259 ? 3) [I - n + 
n(0.585 2 0.002)] for the lower curve). The dotted curves are 
exponential and are least-squares fits with no constraints (lo4 kg 
(M-I s-I) = (388 ? 7) (0.579 ? 0.020)" for the upper curve; lo4 kg 
(M-' S-I) = (263 ? 4) (0.597 ? 0.019)" for the lower curve. The 
dash-dot curves are exponential representations with the rate 
constant in methanol-h and the isotope effect constrained to the 
values obtained in the linear best fit. 

ionic strength 0.048 1 

I ionic strength 0.475 

100 I I I I I 

0.0 0.2 0.4 0.6 0.8 1 .O 

n, mole fraction of deuterium 

ing but not participating in the reaction-coordinate motion. 
The "in flight" proton bridge might be expected to generate 
larger, and the hydrogen-bonding proton bridge smaller iso- 
tope effects (for the question of whether the proton in general 
acid-base protolytic catalysis need be considered "in flight," 
see refs. 7-9). 

The isotope effects observed in this work for acetate ion 
catalysis of the methanolysis of PNNN are 1.77 -+ 0.04 (low 
ionic strength) and 1.68 & 0.01 (high ionic strength). These 
would generally be regarded as indicative of protolytic cataly- 
sis rather than nucleophilic catalysis, although prudence sug- 
gests that they be seen as borderline cases. However, if the 
isotope effects derive completely from a one-proton protolytic 
bridge, they should generate a linearproton inventory (1&14), 
i.e., plot of rate constant vs. mole fraction of deuterium in mix- 
tures of methanol-h and methanol-d. If, on the other hand, the 
isotope effects arise from generalized solvation changes, they 
should give an exponential proton inventory. This treatment 
assumes that the relatively weakly basic acetate ion produces 
negligible isotope fractionation so that the entire solvent iso- 
tope effect derives from transition-state sites. 

Figure 5 shows the data compared with linear and exponen- 
tial models. The solid curves describe the linear, protolytic 
model and are obviously consistent with the data at both ionic 
strengths. The dotted curves represent unconstrained expo- 
nential fits to the data, and are equally consistent with the data 
at both ionic strengths. Thus, the proton-inventory data do not 
rigorously distinguish protolytic from nucleophilic catalysis. 
However, the dash-dot lines provide a suggestive indication 
that protolytic catalysis may be at work. In these exponential, 
generalized-solvation models, the rate constants in methanol- 
h and methanol-d have been constrained to the values from the 
linear fit, which are closer to the measurements at the low and 
high limits of deuteration. These models clearly make a poorer 
fit to the data than the linear models. We therefore conclude 
that the more probable mode of catalysis is protolytic but that 
contributions from nucleophilic catalysis or another general- 
ized-solvation model cannot be rigorously excluded. The pro- 
tolytic catalysis model may apply as well to the observation of 
Bel'skii et al. (15) that triethanolamine catalysis of the etha- 
nolysis of diphenyl p-nitrophenyl phosphate produces a sol- 
vent isotope effect of 2. 

The data show that any one-proton bridge that is present is 
producing an isotope effect no larger than the observed iso- 
tope effect of 1.7-1.8: the observed isotope effect is not the 
resultant of a much larger effect from the proton bridge, partly 
cancelled by inverse solvent isotope-effect contributions aris- 
ing from "tightly bound  sites in the solvation sphere of the 
transition state. An isotope effect from a one-proton catalytic 
bridge can be as small as 1.7-1.8 in at least two ways: (a) the 
proton may be "in flight" but very asymmetrically disposed 
between donor and acceptor atoms (16); (b) the proton may be 
in a stable potential with a structure that generates some iso- 
tope fractionation, such as the kind of hydrogen bond 
observed by Kreevoy and Liang (17), a suggestion originally 
made by Eliason and Kreevoy (18) and others (19) and lately 
revived under the rubric of "low-barrier hydrogen .bonds 
(20)" Our data cannot distinguish these concepts, although we 
favor the latter hypothesis for reasons earlier presented (9). We 
conclude from these data that a major part of the isotope effect 
of 1.7-1.8 is associated with a one-proton catalytic bridge in 
the transition state, with possible contributions from general- 
ized solvation changes. 

Transition-state stabilization in methoxide ion promoted 
methanolysis ofp-nitrophenyl phosphate esters 

The simplest view of methoxide ion promoted methanolysis of 
PNNN, PMNN, and PMMN is that methoxide ion is bonding 
to P in the transition state, with its charge appearing chiefly (a) 
on the oxygen of the P==O group if a hypervalent adduct is 
forming (such an adduct should expel the ArO leaving group 
quite rapidly, so formation of the adduct should be the rate- 
limiting step), or (b) on the oxygen of the ArO leaving group 
(perhaps also on the oxygen of the P=O) if a concerted dis- 
placement is occurring. Methanol molecules could be interact- 
ing at any of these sites to stabilize the negative charge. On 
one model, the individual interactions might be quite numer- 
ous, weak, and generate only small isotope fractionation at 
each site; we refer to this model as a "solvation only" model. 
On the other hand, methoxide ion may be playing the same 
role in transition-state stabilization that is played by acetate 
ion in the buffer-catalyzed reaction: there may be transition- 
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state stabilization (at any of the three sites in Fig. 4) by means 
of a one-proton bridge. We call this model a "proton-bridge 
plus solvation model," since more diffuse solvation may also 
be occurring. 

Methoxide ion itself is triply solvated by methanol mole- 
cules that generate substantial isotope fractionation (21-24). 
Each site has a deuterium fractionation factor (10-14) of 0.74 
(expressing the deuterium preference relative to an average 
site in the bulk methanol solvent, so that protium is preferred 
in the three solvating sites by a factor of 110.74 = 1.35). 
Kresge's formulation (25) can be used to express this reactant- 
state contribution and the transition-state contribution to the 
partial solvent isotope effect k,,lko. Here k,, is the rate constant 
in a mixed isotopic solvent with mole fraction n of CH30D; k, 
is then the rate constant in methanol-h (n = 0). The result is 
shown in eq. [ I ]  and eq. [2], where TSC means "transition- 
state contribution" and RSC means "reactant-state contribu- 
tion." 

[2] k,  (TSC) = k,, (1 - n + n[0.74])~ 

A plot of the right-hand side of eq. [2] vs. n can then be used to 
explore the number of isotope-fractionating sites and the size 
of the associated isotope effects in the transition states for the 
methoxide ion promoted methanolysis of PNNN, PMNN, and 
PMMN. Such plots are shown in Figs. 6 ,7 ,  and 8, respectively. 

First it should be noted that the observed isotope effects are 
only slightly inverse for all three substrates, while complete 
liberation of the three methanol molecules solvating the reac- 
tant-state methoxide ion with no compensating effects in the 
transition state would have produced an inverse solvent iso- 
tope effect of (110.74)~ = 2.47. Therefore, in all three cases, the 
transition state includes one or more strongly isotope-fraction- 
ating sites that prefer protium over deuterium. 

Two plausible, limiting models may readily be generated 
for such interactions, as described above. On a "solvation 
only" model, there could be large numbers of sites each gener- 
ating a quite small amount of isotope fractionation. This model 
will generate (10-14) an exponential dependence on n (eq. [3], 
where k ,  is the rate constant in CH30D). On a "proton bridge 
plus solvation" model, one site could be generating isotope 
fractionation analogous to that in the acetate-catalysis transi- 
tion state, while the remaining sites could be numerous and 
diffuse. This situation corresponds to eq. [4], where we have 
arliitrarily taken the one-proton bridge to generate an isotope 
effect of 1.5. 

[3] k,, [ l  - n + n(0.74)I3 = ko (k,lk,)" 

[4] k,, [ l  - n + n(0.74)13 = ko [ l  - n + nl(1.5)1(1.5 kJko)l 

In Figs. 6 ,7 ,  and 8, the "solvation only" model of eq. 131 is 
plotted as the solid curve and the "proton bridge plus solva- 
tion" model of eq. [4] as a dotted curve. Clearly the data lie 
very close to the predictions of both models, which are only 
slightly different, so no reliable distinction is possible. On the 
other hand, a suggestive trend can be noted by comparing the 
results in the three figures. For the most reactive substrate 

Fig. 6. Proton inventory of the transition-state contribution to 
the solvent isotope effects for methoxide-promoted methanolysis 
of PNNN, k M [ l  - n + n(0.74)13. The solid curve is exponential 
and corresponds to the least-squares best fit to the data, k ,  = 
63(0.463 ? 0.006)". It represents a model in which the entire 
transition-state contribution to the solvent isotope effect is 
ascribed to generalized solvation effects. The dotted curve is a 
plot of the equation, kM = 63 [ l  - n + (n/1.5)](0.70)", 
corresponding to a model that ascribes an isotope effect of 1.5 to 
a one-proton catalytic bridge analogous to that for acetate 
catalysis and the remainder of the isotope effect to generalized 
solvation effects. 

25 I I I I 

0.0 0.2 0.4 0.6 0.8 1 .O 

n, atom fraction of deuterium 

PNNN (Fig. 6), the experimental points for the most part lie on 
or below the curve for "solvation only." For the least reactive 
substrate, PMMN (Fig. 8), the experimental points lie a good 
deal closer to the "proton bridge plus solvation" model. For 
the substrate of intermediate reactivity, PMNN (Fig. 7), the 
experimental points lie between the curves for the two models. 

We interpret these results as consistent with a relationship 
between charge concentration and one-proton catalytic 
bridging. For the least reactive substrate PMMN, where the 
negative charge is least stabilized by and least dispersed over 
the non-reacting phosphorus ligands and is thus most concen- 
trated on the three sites (Fig. 4) at which one-proton catalytic 
bridging is expected, the data lie closest to a model that 
includes a one-proton bridge. For the most reactive substrate 
PNNN, where the non-reacting ligands can most effectively 
disperse the charge, the data lie closest to a model in which the 
solvating interactions are distributed over many sites, with lit- 
tle isotope fractionation at any single site. The choice of 1.5 as 
the value of the isotope effect for the one-proton bridge, 
although arbitrary, is reasonable. Values greater than 1.5 force 
the dotted curve toward linearity and a poorer fit to the data; 
values less than 1.5 force the curve down toward that of the 
pure solvation model. 

For the most reactive substrate PNNN, a comparison can be 
made between the methoxide ion promoted reaction and the 
acetate ion catalyzed reaction. The methoxide ion reaction 
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Fig. 7. Proton inventory of the transition-state contribution to 
the solvent isotope effects for methoxide-promoted methanolysis 
of PMNN, kM[l - n + n(0.74)13. The solid curve is exponential 
and corresponds to the least-squares best fit to the data, kM = 
2.7 l(0.5 13 2 0.005)". It represents a model in which the entire 
transition-state contribution to the solvent isotope effect is 
ascribed to generalized solvation effects. The dotted curve is a 
plot of the equation, kM = 2.71 [ l  - n + (n/1.5)](0.77)", 
corresponding to a model that ascribes an isotope effect of 1.5 to 
a one-proton catalytic bridge analogous to that for acetate 
catalysis and the remainder of the isotope effect to generalized 
solvation effects. 

1 

0.0 0.2 0.4 0.6 0.8 1 .O 

n, atom fraction deuterium 

obeys a "solvation only" model, suggesting that methoxide ion 
attacks as a nucleophile rather than serving as a protolytic gen- 
eral-base catalyst for attack of one of its solvating methanol 
molecules. Acetate ion, on the other hand, we suggest to serve 
as a protolytic catalyst for attack of one of its solvating meth- 
anol molecules rather than to attack directly as a nucleophile. 
Thus our suggestion holds that between the strong nucleophile 
methoxide ion (direct attack, "solvation only") and the weak 
nucleophile acetate ion (one-proton catalysis of methanol 
attack), the mechanism changes from nucleophilic catalysis 
(strong nucleophile) to protolytic catalysis (weak nucleo- 
phile). This in turn implies that the protolytic mechanism is 
less sensitive to nucleophile basicity (smaller Bronsted B) than 
the nucleophilic mechanism, and that the nucleophile there- 
fore bears a larger part of the overall unit negative charge in 
the protolytic than in the nucleophilic transition state. While 
we have no direct evidence on the point, such a situation 
appears entirely possible. 

We conclude from these data that proton-bridge stabiliza- 
tion of transition states, as in protolytic general acid-base 
catalysis, tends to be associated with concentrations of 
charge, probably on the exterior periphery of the transition 
state, while stabilization through generalized or distributed 
solvation interactions, relatively numerous and with small iso- 
tope fractionation at individual sites, tends to occur in transi- 
tion states with dispersed charge. 

Fig. 8. Proton inventory of the transition-state contribution to 
the solvent isotope effects for methoxide-promoted methanolysis 
of PMMN, 100kM[l - n + n(0.74)]! The solid curve is 
exponential and corresponds to the least-squares best fit to the 
data, lookM = 4.54(0.502 ? 0.005)". It represents a model in 
which the entire transition-state contribution to the solvent 
isotope effect is ascribed to generalized solvation effects. The 
dotted curve is a plot of the equation, lookM = 4.54 [I  - rz + 
n/(1.5)](0.75)", corresponding to a model that ascribes an isotope 
effect of 1.5 to a one-proton catalytic bridge analogous to that for 
acetate catalysis and the remainder of the isotope effect to 
generalized solvation effects. 

0.0 0.2 0.4 0.6 0.8 1 .O 

n, atom fraction of deuterium 

Experimental section 

Materials 
Anhydrous sodium nitrate (Merck), sodium bromide (Fisher 
Scientific), and sodium acetate (Fisher Scientific) were stored 
in a vacuum oven for no less than 2 days at 120-150°C before 
use; glacial acetic acid (Fisher Scientific) was used as 
obtained. Methanol (Fisher Scientific and MCB Reagents), 
acetonitrile (MCB Reagents), and dichloromethane were dis- 
tilled through a 48 cm Vigreux column after storage over 4A 
molecular sieves for no less than 2 days. Methanol-d (Aldrich 
Gold Label) was used as obtained. Tris(p-nitrophenyl) phos- 
phate (Sigma; PNNN) was used as obtained. 

Methyl bis(p-nitrophenyl) phosphate (PMNN) and dime- 
thy1 p-nitrophenyl phosphate (PMMN) were prepared accord- 
ing to Hamilton et al. (26). To PNNN in dichloromethane was 
added 0.1 M methoxide solution, slowly (1 drop in 10 s) with 
vigorous stirring, as reaction progress was monitored by TLC. 
When PNNN was no longer observed, the solution was imme- 
diately extracted five times with 10% aqueous potassium car- 
bonate solution and stored 24 h over sodium sulfate. PMNN 
was recrystallized from 5:12 chloroform - carbon tetrachlo- 
ride solution (mp 140.5-141.5"C (lit. (26) mp 141-143°C)). 
Methoxide addition 10-fold faster, followed by extraction 
with water and 1 % sodium carbonate, drying, and evaporation 
of the dichloromethane, produced a yellow oil. PMMN was 
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obtained by vacuum distillation through a short-path apparatus 
(bp 152°C at 0.54 Torr (lit. (27) bp 151°C at 0.51 Torr)). (1 
Torr = 133.3 Pa.) 

Extinction coefficients 
Extinction coefficients were determined in methanol for each 
component of the reaction mixtures monitored, and in metha- 
nolic acetate buffers and sodium methoxide solutions for some 
materials. The values are given in Table S9 of the supplemen- 
tary materiaL3 

Kinetics procedure 
The solvolysis kinetics were determined spectrophotometri- 
cally using a personal-computer-interfaced Perkin-Elmer 555 
recording spectrophotometer. Temperature was controlled at 
25.0°C using a thermostatted cell holder. Buffer or sodium 
methoxide solutions (950 p,L) were thermally equilibrated in a 
1 .O cm cuvet for no less than 3 minutes. To initiate'reaction, 50 
p,L of a stock solution of substrate (in acetonitrile) was 
injected with a pipetter or syringe. The reaction was monitored 
at 3 15 nm (acetate buffers) or 388 nm (sodium methoxide 
solutions), and the data collected by a computer program pack- 
age developed by the Instrumentation Design Laboratory of 
the University of Kansas. 

Solutions 
Acetate buffers were prepared by dilution of weighed samples 
of the components with appropriate volumes of methanol. 
Appropriate volumes of these stock solutions were mixed to 
prepare buffer solutions of desired acid-base ratio. Volumes 
of stock solutions of sodium nitrate or sodium bromide were 
added to maintain the desired ionic strength. Sodium methox- 
ide solutions (about 0.1 M) were prepared by weighing sodium 
under cyclohexane, then washing the metal with methanol, 
and dissolving it in degassed absolute methanol (Dry Ice - ace- 
tone bath). Solutions were standardized against dried potas- 
sium biphthalate or against 2-phenylquinoline-4-carboxylic 
acid (cinchophen) in dimethylformamide-benzene with exclu- 
sion of moisture and carbon dioxide. Substrate stock solutions 
were prepared by weight in dried distilled acetonitrile. 

Treatment of data 
The generation of p-nitrophenol in a solution initially contain- 
ing only PNNN deviates slightly from an exponential time 
course because the product PMNN also generates p-nitrophe- 
no1 and PMMN, which in turn generates p-nitrophenol. A sim- 
ilar deviation is seen in reactions of PMNN. In principle, the 
system can be described as a sequence of three irreversible 
reactions. However, PNNN is around 25 times more reactive 
than PMNN, which is about 60 times more reactive than 
PMMN. Thus the absorbance change associated with reactions 
of PNNN and PMNN can be described as a first-order process 
with a small zero-order correction (eq. [5]): 

[5] [ArOH:], = [R],(l - e-k' + at) 

product formed from R (i.e., PMNN or PMMN, respectively). 
Least-squares fitting of the data to eq. [51 gives good values of 
k and values of a that are not inconsistent with the values 
obtained from the corresponding first-order reaction but 
which were not used further. 
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Orthogonal effective atomic orbitals in the 
topological theory of atoms 

I. Mayer 

Abstract: A simple formalism has been developed permitting us to extract, from the molecular wave functions, the 
effective orthogonal atomic orbitals characterizing the actual state of the atom in the molecule within the framework of 
Bader's topological theory of atoms. This may give important conceptual connections between the SCF wave functions 
obtained in the large-scale ab initio calculations, or even at the Hartree-Fock limit, and the traditional atomic orbital 
picture. The method is based on some partial orthogonality properties of the non-orthogonal localized molecular orbitals 
constructed by requiring a maximal weight in the given atomic domain, or in another selected molecular fragment. (The 
use of such localized orbitals may also be of independent interest.) 

Key words: effective atomic orbitals, atomic orbitals from molecular wave functions, non-orthogonal localized orbitals, 
topological theory of atoms, Bader's theory of atoms in molecules. 

RCsurnC : On a mis au point un formalisme simple qui permet d'extraire, B partir des fonctions d'ondes molCculaires, les 
orbitales atorniques orthogonales effectives qui caractirisent 1'Ctat riel de l'atome dans la molCcule dans le cadre de la 
thtorie topologique des atomes de Bader. Cette possibilitC peut conduire ?i des relations conceptuelles importantes entre les 
fonctions d'onde en champ autocohkrent obtenues lors de calcules ab initio B grande Cchelle, ou mime dans les limites de 
Hartree-Fock, et les reprCsentations traditionnelles des orbitales atomiques. La mtthode est basCe sur quelques propriCtCs 
dlorthogonalitC partielle des orbitales molCculaires localisCes, mais non orthogonales, construites en imposant une hauteur 
maximale dans un domaine atome donnC ou dans un autre fragment molCculaire choisi. (L'utilisation de telles orbitales 
1ocalisCes peut aussi avoir un inttrit par lui-mime.) 

Mots clPs : orbitales atomiques effectives; orbitales atomiques dCrivCs de fonctions d'ondes molCculaires; orbitales 
molCculaires localisCes, non orthogonales; thCorie atomique topologique; thtorie de Bader des atomes dans les molCcules. 

[Traduit par la rCdaction] 

1. Introduction 
The atomic orbital concept is of central importance in our 
understanding of the basic properties of molecules. The no- 
tion that atoms enter molecules with their Is, 2s, 2p, etc. or- 
bitals (or their hybrids) is so fundamental that its importance 
can hardly be overestimated: our general picture about the 
electronic (and also geometrical, etc.) structure of molecular 
systems is mainly based on this qualitative, but extremely 
fruitful, application of quantum mechanics. However, as the 
computational schemes of quantum chemistry developed, it 
became more and more difficult to find direct links between 
the results of large-scale ab initio calculations and traditional 
atomic orbital (AO) concepts. Energetic considerations be- 
came paramount, often hiding the atomic nature of the chem- 
ical problems. 

Bader's topological theory of atoms (see ref. 1) represented 
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a very important step towards establishing a firm theoret- 
ical basis for the chemist's view on molecules as consisting 
of atoms, which is something additional to the picture of 
molecules representing merely assemblies of electrons and 
nuclei. The aim of the present paper is to show that in the 
framework of Bader's theory one can also regain the tra- 
ditional A 0  description by an a posteriori analysis of the 
large-basis ab initio SCF results (or even the wave functions 
corresponding to the Hartree-Fock limit) producing the ef- 
fective - distorted but still orthogonal - atomic orbitals 
by which the atom in question participates in formation of 
the molecular orbitals. To do this, we shall develop a non- 
orthogonal localized orbital analysis using an "extrinsic" lo- 
calization criterion: maximizing the weight of each localized 
molecular orbital (LMO) within the selected part of the space. 
The orthogonal AOs are then obtained by applying the results 
to the special case of individual atomic domains and utilizing 
some &ial orthogonality properties of the non-orthogonal 
LMOs introduced. This permits introduction of the concept 
of effective AOs within the molecule in a basis-independent 
manner. The present approach represents a generalization of 
the recent one (2) involving Mulliken's population analysk2 
Numerical applications of the latter showed full agreement 
with the traditional A 0  picture: for all "ordinary" compounds 

The analogy is, however, somewhat different from that seen 
(3) in the case of bond order and valence indices. 

Can. J. Chern. 74: 939-942 (1996). Printed in Canada I Irnprirnt au Canada 
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one obtains as many molecular orbitals appreciably localized 
on the given atom as are contained in the classical "minimal 
basis" for that atom (2). One may also expect similar results 
in the framework of Bader's theory. 

It should be noted that by selecting fragments consisting 
of two (or more, if necessary) adjacent atomic domains, the 
present formalism permits one to obtain localized bonding or- 
bitals, etc. as well, which may also be of independent interest. 
However, it must be stressed once again, that - contrary 
to more customary localization schemes performing unitary 
transformation of the canonical MO - we do not require 
the different LMOs to be orthogonal to each other. In fact, 
the single Slater-determinant SCF wave function is invariant 
(up to an insignificant constant factor) with respect to any 
nonsingular linear transformations among the occupied or- 
bitals, not only to the unitary ones, and the conservation of 
orbital orthogonality is only a matter of convenience but not 
that of essence. At the same time the use of non-orthogonal 
LMOs permits distinguishing between delocalization effects 
of "physical" and "mathematical" type (4) - the former cor- 
respond to the actual interactions in the system studied, while 
the latter are simply due to the orthogonality requirement 
and give rise to so-called orthogonality tails in the LMOs, 
reducing the degree to which a given LMO is localized on 
the corresponding molecular fragment. 

2. Equations for determining the 
localized orbitals 

We start with considering a general (non-singular but not 
necessarily unitary) transformation of the occupied molecular 
orbitals, permitting each LMO cpi to be maximally localized 
in the respective molecular domain Xi, selected for it. If we 
introduce the notation ( c p ~ ) ~ ,  for the integration restricted to 
the volume Qi of the domain Xi, 

then the relative weight of the localized orbital cpl in the 
domain Xi is given by 

Because there is no restriction concerning the unitary char- 
acter of the localization transformation, each LMO can be 
determined independently, so we may require the fulfillment 
of the condition 

for each orbital separately. 
The localized orbitals cp: are obtained from the canonical 

orbitals cp? by a linear transformation characterized by the 
transformation matrix A : 

n being the number of the occupied orbitals. The only re- 
striction is det(A) # 0. If we define the ith column of matrix 

A as an n-dimensional vector a' (its elements are a! = Aji), 
I 

a trivial derivation gives (in matrix notations) 

where the elements of the n by n matrix Q' are defined as 

and orthonormalization of the canonical orbitals cp? has been 
utilized. From eq. [ 5 ]  one obtains, in a standard manner, that 
the requirement &Mi = 0 is equivalent to the Hermitian n by 
n matrix eigenvalue equation 

for determining the coefficients Aki = a; to be substituted 
into eq. [4]. 

3. Analogy with the LMOs derived from 
Mulliken's population analysis and 
alternative forms of the equations 

In practical calculations one uses the finite basis expansion 

for the canonical orbitals, where the c:,~ are the LCAO co- 
efficients and xp is the pth basis orbital, and searches the 
localized orbitals 9:. in a similar form: 

In light of the above derivations, the relationship between the 
LCAO coefficients of the localized and canonical orbitals can 
be given as 

or, in matrix form, 

where c: and cjC are the m-dimensional vectors formed from 
the LCAO coefficients of orbitals cpi and cpC, respectively. 

Substituting the expansion [8] into the definition (eq. [6]) 
of the matrix elements Q;, one gets 

where the elements of the matrix S' are obtained by inte- 
grating the products of the basis functions in the volume of 
domain Xi only: 
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Equation [12] very much resembles a similar quantity that 
appeared (2) in the case when non-orthogonal LMOs were 
required to have a maximal net Mulliken's population on the 
fragment selected (the so-called Magnasco-Perico localiza- 
tion criterion (5)). However, in that case the restriction was 
related not to the volume of integration but to the summation 
indices: 

1141 ejiMPP) = C c , " ~ S P ~ c i , v  

P , V E X ,  

where the notation p, v E Xi indicates that the sum should 
be taken over the basis orbitals assigned to fragment X,. The 
two definitions would lead to the same result in the limiting 
case when each basis orbital differs appreciably from zero 
only within its "own" atomic domain. In practice, however, 
one can expect some deviation between the matrices Q' cal- 
culated by using these two definitions, because there is no 
direct counterpart of Mulliken's overlap population in the 
topological theory of atoms. 

The analogy between the two approaches is very straight- 
forward; one has only to observe that in the framework of 
Mulliken's population analysis (i.e., if the Magnasco-Perico 
criterion is used), the matrix L'SL' is a perfect analogue of 
matrix S' above. Here LL is the "cut-off" matrix (2): its block 
corresponding to the basis functions of fragment Xi is a unit 
matrix and all other elements are zero: 

otherwise 

This means that a number of considerations described in ref. 
2 can be adapted to our present case simply by replacing the 
matrix product L'SL' by matrix S' defined above.3 Therefore, 
we need not repeat in detail some of the derivations but may 
refer to those in ref. 2. 

We introduce again the usual LCAO "density matrixv4 P: 

1161 P = 5 c,"c;+ 
j= I 

and consider the variational problem &Mi = 0 with respect 
to the variations &: of the LMO coefficient vector cf. The 
variations &; are not quite arbitrary, because the orbital qj 
should remain in the subspace of occupied orbitals even after 
the variation is performed. Therefore, the most general per- 
mitted variation of vector cj. has the form of a projection (2): 
&: = qPSd, where d ,  is an arbitrary m-dimensional vector 
and q is a variational parameter tending to zero. Then, re- 

' This cannot of course, be applied directly to the formulae 
in which the non-orthogonal LMOs are expressed as linear 
combinations of some columns of matrix P .  

-' This nomenclature is not quite fortunate, as the true LCAO 
representation of the first-order density matrix in the case of 
an overlapping basis is matrix PS, rather than simply P (6). 
This means, for instance, that PS is the matrix of projection 
on the subspace of the occupied orbitals. 

peating the derivations in ref. 2 we arrive at the alternative 
form of equations as 

or, because c )  = PScj. (the localized orbitals 9:. lie completely 
in the subspace of occupied orbitals): 

This is an eigenvalue equation for the non-Hermitian matrix 
PS', which can be transformed to the generalized eigenvalue 
equation of a Hermitian matrix by utilizing once again the re- 
lationship ci = PSci, and multiplying the equation by matrix 
S: 

Similarly to the case discussed in ref. 2, eqs. [17], [18], 
and [19] are equivalent to each other and to eq. [7] for all 
solutions corresponding to non-zero eigenvalues Mi # 0. 

4. Partial orthogonality properties: 
definition of orthogonal atomic 
hybrids in a molecule 

The non-orthogonal localized orbitals determined by the 
scheme discussed above have the following partial orthog- 
onality properties analogous to those in ref. 2. 

1. The localized orbitals corresponding to the saine frag- 
ment (atomic domain) Xi are automatically orthogonal to one 
another in the case of different localization criteria (eigen- 
values) Mi. (In the case of degenerate eigenvalues they can 
be chosen to be orthogonal.) 

Here the additional indices j and k are introduced in order 
to distinguish between the different solutions of eqs [7], or 
[ 171-[ 191, corresponding to the same fragment (domain) Xi. 
The orthogonality, eq. [20], follows from the fact that the 
localized orbitals can be obtained from the canonical ones 
by solving the Hermitian eigenvalue equation [7]. 

2. In the case of different eigenvalues Mi, the localized 
orbitals corresponding to the same fragment have also or- 
thogonal "truncations" within the fragment Xi. This means 
that defining the functions 

[2 11 j r  = ( ( )  if r E Q i ;  

otherwise 
one has 

Proof: The integral (q:(j)lq)(k))x, can be transformed as 
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Utilizing the fact that, according to eq. [7], ai(j)  and are 
orthonormalized eigenvectors of the Hermitian matrix Q': 

we have 

The "truncated" orbitals can be, therefore, considered 
as orthogonal atomic hybrids characterizing the atom within 
the molecule; it might be reasonable to renormalize them 
by multiplying by the factor (My))-'I2. A detailed study 
of orbitals with significant Mi values on individual atoms 
can provide useful information about the electronic state and 
chemical nature of a given atom in a given molecule. Even 
if a large basis set is used, the number of hybrids with non- 
negligible Mi values is expected to remain small;5 the orbitals 
and Mi values should quickly converge to their Hartree-Fock 
limits. (We stress once again in this connection the basis- 
independent nature of the basic definition, eq. [7], expressed 
solely in terms of the canonical molecular orbitals.) 

3. As the atomic hybrids and vjk) corresponding to 
different domains (atoms) Xi and Xl differ from zero in dis- 
junct parts ofthe 3-dimensional space, these orbitals are also 
automatically orthogonal to each other. This means that the 
overlap effects are absorbed in the distortions of the indi- 
vidual hybrids, so the latter should differ considerably from 
those in the free atoms.6 At the same time. this additional or- 

As noted in the Introduction, if the criterion based on 
Mulliken's population analysis was used, there were as many 
hybrids with non-negligible Mi values on each atom as the 
number of orbitals in the conventional minimal basis set of 
that atom (2). 
It may be also of considerable interest to select fragment Xi 
as the union of atomic domains for chemically bonded atoms; 
then bonding orbitals of the respective chemical bonds can 
also be explicitly studied. 

thogonality may permit us to have a new look at the classical 
VB, etc. theories in which all the orbitals were considered 
orthogonal, and to get a better understanding of their un- 
questionable success in qualitative explanation of different 
chemical phenomena. 

5. Conclusions 
This paper was not intended to solve the quantum mechan- 
ical problems of the topological theory of atoms, but only to 
extract some additional, chemically meaningful, information 
from such solutions, assumed to be already accomplished. 
Accordingly, we have derived equations permitting us to de- 
termine non-orthogonal localized molecular orbitals having 
a maximal weight in the given atomic domain, or in another 
selected molecular fragment. (The approach is analogous to 
a recent one in which the localization criterion was defined 
as the maximal net Mulliken's population on the fragment in 
question.) These non-orthogonal localized orbitals have some 
interesting partial orthogonality properties: the orbitals cor- 
responding to the same fragment and their truncations to the 
given fragment are mutually orthogonal. This permits one 
to define, in the framework of Bader's topological theory 
of atoms, the effective - distorted but still orthogonal - 
atomic orbitals by which the atom in question participates in 
formation of the molecular orbitals. The orbitals determined 
in this manner may give important conceptual connections 
between the SCF wave functions obtained in the large-scale 
ab initio calculations, or even at the Hartree-Fock limit, and 
the traditional atomic orbital picture. 
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Electrostatic properties of ammonium fluoride 
and deuterated ice-I, 

C.G. van Beek, J. Overeem, J.R. Ruble, and B.M. Craven 

Abstract: New single crystal X-ray diffraction data have been collected at reduced temperature (120 K) and high resolution 
(sin0/A 5 1.34 A-') for ammonium fluoride and for heavy ice-I, (D,O) in order to determine the detailed electron density 
distribution in these structures. The crystals are isostructural. Ammonium fluoride, NH,F, is hexagonal with space group P6,mc, 
a = 4.4365(3), c = 7.1672(5) A, Z= 2. Ice-I,,, D,O, is hexagonal with space group P6,/mmc, a = 4.4950(5), c = 7.3 170(10) A, 
Z = 4. The X-ray data were collected with Nb-filtered MoKci radiation (A = 0.7093 A). Refinements with Stewart's rigid 
pseudoatom model gave R(F') = 0.016 for 292 reflections for NH4F and R(F2) = 0.023 for 296 reflections for ice-I,. Hydrogen 
nuclear positions and mean-square displacements were taken from previous neutron diffraction studies. The structures each 
contain two crystallographically distinct H(D) atoms, namely, those with N-H or 0 - D  directed along the c-axis and those that are 
directed tetrahedrally with respect to c. For NH4F, maps of the total electron density, the total electrostatic potential, and the 
values of the Laplacian at the bond critical points show that the bonding interactions involving both kinds of H atom are the same 
within experimental error. Similar results are obtained for ice-I,, although there are complications and limitations owing to the 
disorder in the structure. Nevertheless, the pseudoatom model enables the electron density distribution to be determined for an 
ordered water molecule isolated from the crystal structure. The estimated molecular dipole moment for water in ice-I, is 2.1 
debye. 

Key words: electron density, bond critical points, hydrogen bonding, water dipole moment. 

Resume : Operant B temperature rCduite (120 K) et utilisant une haute resolution (sin 0/A 5 1,34 A-I), on a recueilli de nouvelles 
donnkes de diffraction des rayons X concernant le fluorure d'ammonium et la glace lourde-I, (D,O) dans le but de dCterminer la 
distribution detaillte de la densit6 Clectronique dans ces structures. Les cristaux sont isostructuraux. Le fluorure d'ammonium, 
NH,F, est hexagonal, groupe d'espace P6,mc, avec a = 4,4365(3), et c = 7,1672(5) A, Z = 2. La glace lourde-I, (D,O) est 
hexagonale, groupe d'espace P6,hnrnc, avec a = 4,4950(5) et c = 7,3 170(10) A, Z = 4. Les donntes de rayons X ont CtC obtenues 
B l'aide d'un rayonnement MoKci filtrt par du Nb (A = 0,7093 A). Les affinements B l'aide du modkle du pseudoatome rigide de 
Stewart a conduit B une valeur de R(F') = 0,016 pour 292 reflexions pour NH4F et de R(F') = 0,023 pour 296 reflexions pour la 
glace-I,. On a utilisC les positions des noyaux hydrogknes ainsi que les dCplacements quadratiques moyens qui avaient CtC 
obtenus lors d'ktudes de diffractions de neutrons antCrieures. Les structures contiennent chacune deux atomes H(D) 
cristallographiquement distincts, B savoir ceux du N-H ou du 0 - D  qui sont orientes le long de l'axe c et ceux qui sont orient& 
tCtraCdriquement par rapport B c. Pour le NH4F, les cartes de la densite Clectronique totale, du potentiel Clectrostatique total et les 
valeurs du laplacien aux points critique de liaison montrent que les interactions de liaison impliquant chacun des types d'atome 
H sont les m&mes aux erreurs experimentales prks. Des rksultats semblables ont CtC obtenus pour la glace-I,, m&me s'il y a des 
complications et des limitations rCsultant du desordre dans la structure. MalgrC tout, le modkle du pseudoatome lourd permet de 
determiner la distribution de la densite Clectronique dans des molCcules d'eau isolCes de la structure du cristal. Le  moment 
dipolaire molCculaire CvaluC pour l'eau dans I'eau I, est de 2,l debye. 

Mots c l b  : densit6 Clectronique, points critique de liaison, liaison hydrogkne, moment dipolaire de l'eau. 

[Traduit par la rtdaction] 

Introduction been the subiect of many experimental and theoretical studies 

The crystal structure of ordinary ice, designated ice-I,, has 
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(I). ~ m m o n i u m  fluoridk has been subject to far fewer studies 
although it has special interest since it is isostructural with ice- 
I, (Fig. 1) and it is the only substance known to form solid 
solutions with ice-I,. The two substances also form the crystal 
complexes NH,F.H,O and (NH,F),.H,O (2). 

In 1927, Zachariasen (3) determined the arrangement of the 
N/F framework in ammonium fluoride, using X-ray diffrac- 
tion. The structure is hexagonal in the polar space group 
P6,mc, with each N and F atom at the center of a tetrahedron, 
as in the wurtzite configuration. The hydrogen positions in 
ammonium fluoride were determined by Adrian and Feil (4) 
using both X-ray and neutron diffraction. The arrangement of 
the oxygen atoms in ice-I, was first determined by Barnes (5) 
in 1929, using X-ray diffraction. The 0 atoms replace N and F 

Can. 1. Chem. 74: 943-950 (1996). Printed in Canada 1 Imprim6 au Canada 
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Fig. 1. The atomic configuration in the crystal structures of ammonium fluoride (left) and ice-I, 
(right). The crystallographic c-axis runs from the bottom to the top of the page. 

in the NH,F structure, giving rise to the centrosymmetric 
space group P63/mmc. The arrangement of the hydrogen atoms 
in ice-I, was determined in 1953 by Owston (6) and then more 
precisely by Peterson and Levy (7) who carried out a neutron 
diffraction study on deuterated ice-I,. These studies confirmed 
the disordered half-hydrogen model proposed by Pauling (8). 
In this model, each hydrogen atom is statistically distributed 
over two equilibrium positions between 0 . . . 0  nearest neigh- 
bors. More recent careful diffraction studies of ice-I, have 
been canied out by Goto, Hondo, and Mae using X-rays (9) 
and by Kuhs and Lehmann using neutrons (1). Additional dis- 
order in ice-I, has been proposed. Chidambaram (10) invoked 
additional disorder of the H atoms so that the hydrogen bonds 
would be bent and the H-0-H bond angles would be smaller 
and similar to the value in the vapor phase. Kuhs and Lehmann 
(1) proposed disorder for the 0 atoms to explain the 0-H 
bond length in ice-I, being longer (0.02-0.05 A) than values 
obtained from molecular orbital calculations and spectro- 
scopic data. 

A consideration of geometrical aspects brings out the simi- 
larities in the structures of ammonium fluoride and ice-I,. Both 
are based on a wurtzite-type structure with a tetrahedral con- 
figuration of hydrogen bonds about each heavy atom center. 
Our study draws attention to important chemical differences 
that are based on the charge density distribution in these struc- 
tures. 

Ammonium fluoride, experimental 

A crystal selected from a commercial sample obtained from J. 
T. Baker Chemical Co. was mounted on a glass fiber with the 
c-axis close to the cp-axis of the Enraf-Nonius CAD-4 diffrac- 
tometer. To minimize ice formation on the crystal, the diffrac- 
tometer was placed in a sealed box with a constant supply of 
dry air into the box. The crystal was kept at a nominal temper- 
ature of 120 K in a stream of nitrogen gas. Throughout the data 

collection the temperature was monitored ( 2  1 K) using a ther- 
mocouple located about 8 mm upstream from the crystal. X- 
ray data were collected using niobium-filtered MoKa radia- 
tion (A = 0.7093 A). Unit cell dimensions (see Abstract) were 
obtained from a least-squares fit of sin20,,,, for 25 reflections 
measured at four symmetry equivalent positions. Bragg inten- 
sities were measured using 0120 scans for all reflections with 
sin0IA 5 1.34 A-' in an octant of reciprocal space ( h  and k 
from 0 to 11, 1 from 0 to 19). The intensities of three monitor 
reflections were measured every 6000 s of the data collection. 
Integrated intensities were obtained from the scan profiles 
using the method of Lehmann and Larsen (1 1) and the data 
processing computer programs of Blessing (12). The inte- 
grated intensities were internally scaled by factors ranging 
from 0.979 to 1.007 that were obtained from the observed 
variations of the monitor reflections during the course of the 
data collection. A total of 1084 reflections were collected. 
Averaging gave 5 13 independent reflections with an internal 
agreement factor, R,,, (FO2) = 0.019. 

Ammonium fluoride, structure refinement 

The electronic charge density distribution in the crystal struc- 
ture was determined by full-matrix least-squares refinement 
based on the rigid pseudoatom model of Stewart (13). X-ray 
scattering factors for the pseudoatom K-shells of N and F 
were assumed to be those of Hartree-Fock isolated atoms 
(14). Scattering factors for the spherical component of the L- 
shell of N and F were constructed from a linear combination 
of Slater-type Roothaan-Hartree-Fock atomic wave functions 
(15). For these spherical valence shells, a variable radial con- 
traction parameter, K, was introduced (16). Pseudoatom 
higher multipole terms, as well as the radial scattering factor 
for H, were assigned a single Slater-type radial function. 
These functions had a fixed standard value (17) for the radial 
exponent ( a  = 7.37 A-' for N and a = 4.69 A-' for H). NO 
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higher multipoles were introduced for F - . ~  The initial nuclear 
positions and mean-square displacements for the least-squares 
refinement were taken from the previous neutron study (4). As 
in previous studies, the origin for the unit cell was defined by 
placing F at (i, i, 0). For H, positional and mean-square dis- 
placement parameters were not refined. 

The refinement was carried out with the computer program 
POP (19). The function Cwa2 was minimized, where A = 
1~21 - IF,'I, and w = llu2(F?) with u2(F2) = uc: + 
( 0 . 0 2 ~ 2 ) ~ ,  where a,: is the variance due to counting statistics. 
The structure model involved a total of 20 variables, consisting 
of the overall scale factor applied to the K-shell scattering, 
K(F), K(N), positional and anisotropic mean square displace- 
ment parameters for F and N, monopole population parameters 
for F, N, and H, and for N (but not F) all symmetry-allowed 
higher multipole population parameters up to octapoles and 
for H up to dipoles. There was also an isotropic extinction 
parameter g assuming a type I1 crystal with Lorentzian mosa- 
icity (20). Initially the refinement included all 513 indepen- 
dent reflections, but many of the reflections at high resolution 
were insignificant in terms of their standard deviations. 
Reflections having sin 0th > 1.00 A-' and with intensity less 
then 3 a  were omitted and the refinement was then completed 
with the remaining 292 reflections. Convergence was obtained 
with R,(F2) = 0.041, R(F~) = 0.016, and goodness-of-fit = 
1.00.~ The final value g = 0.29(8) lo4 rad-' indicated that 
extinction effects were not serious. The largest correction for a 
Bragg intensity was a decrease of 6%. The final values for the 
pseudoatom parameters are given in Table la.  The corre- 
sponding atomic distances and angles are in Table 2a. During 
the refinement there were no constraints on the monopole pop- 
ulations p,; that is, on the number of valence electrons for each 
pseudoatom. After the refinement, Cp, = 15.8(3) valence shell 
electrons, as compared with 16 for a neutral unit cell. The pop- 
ulation parameters in Table l a  have been scaled to give a neu- 
tral unit cell. Both K(F) and K(N) are slightly greater than 1 .O, 
indicating a slight contraction of the valence electron density 
as compared with an isolated Hartree-Fock atom. 

Ice-I,, experimental 

The experimental procedures for ice-I, were very similar to 
those used for ammonium fluoride. A single crystal of heavy 
ice-I, was grown from a sample containing about 89% D,o.' 
The crystal, having length 0.4 mm and diameter 0.5 mm, was 
grown with repeated zone melting and freezing in a glass cap- 
illary bathed in a stream of cold nitrogen gas. The capillary 
was already mounted on the diffractometer. Throughout the 
data collection the crystal was kept at a nominal temperature 

In polar space groups, such as P6,mc, instability can be 
introduced in the least-squares structure refinement owing to 
strong correlations between electron population parameters for 
certain pairs of odd-order multipole terms (18). For ammonium 
fluoride, this problem IS avoided by assumin F- to be spherical. 

' R(F2) = L Al/ L IF?, Rw(F2) = [L wA2/Z (wFB)'] "', goodness-of- 
fit = [L W A ' / ( ~ , ~ ~ - ~ I ~ ~ ~ ~ ~ , ) ] ~ ' ~ ;  where A = 1 ~ ~ ~ ~ 1 '  -  IF,,^^^'. 
The composition is estimated by comparison with results of a 
neutron diffraction study of barbituric acid dihydrate in which the 
same D20 sample was used for deuteration. This is unpublished 
work, which we canied out in collaboration with Dr W.T. 
Klooster. 

120(1)K. Unit cell dimensions (see Abstract) were determined 
using Mo Kor radiation in the same way as for ammonium flu- 
oride. Intensity data were collected for all reflections having 
sin 0th s 1.34 A-' in the hemisphere of reciprocal space with 
O s h s  12, - 1 2 5 k s  1 2 , a n d - 1 9 5 1 5  19.Theintegrated 
intensities were internally scaled by factors ranging from 
0.975 to 1.018 that were derived from the observed variations 
in the intensities of the monitor reflections throughout the data 
collection. An absorption correction (p = 0.0991 mm-' ) was 
applied (21) that gave correction factors from 1.038 to 1.043. 
A total of 2358 reflections were collected. Averaging gave 
550 independent reflections with an internal agreement factor 
of Ri,, (F:) = 0.037. 

Ice-I,, structure refinement 

The refinement procedure was very similar to that used for 
ammonium fluoride. After an initial refinement using all 
reflections, those having sin 0th > 1.00 A-' and with intensity 
less than 3 u  were omitted and the refinement was completed 
with the remaining 296. X-ray atomic scattering factors were 
derived as described above (14, 15). The higher multipole 
terms for 0 were assigned a fixed standard value for the radial 
exponent of or = 8.50 k' (17). The 0 atoms were assumed to 
be ordered while half-H atoms were assumed to be disordered 
according to the Pauling model (8). The initial nuclear posi- 
tions andmean square displacements were the values for D 2 0  
obtained from neutron diffraction by Kuhs and Lehmann (1). 
The structure model involved 21 variables consisting of the 
overall scale factor applied to the K-shell scattering, positional 
and mean-square displacement parameters for 0 ,  together 
with all symmetry-allowed third- and fourth-order displace- 
ment parameters as defined in the Gram-Charlier formalism, 
and all symmetry-allowed multipole parameters up to octa- 
poles for 0 and up to dipoles for H. A K-parameter for 0 was 
included initially but later was excluded since the value was 
not significantly different from unity. An isotropic extinction 
parameter was introduced assuming a type I1 crystal with 
Lorentzian mosaicity (20), but extinction was found to be only 
marginally significant (p = 0.14(8) x mm). Convergence 
was obtained with R,,(F2) = 0.045, R(F2) = 0.023, and good- 
ness-of-fit = 1.08. The final values for the structure parameters 
are in Table 1 b. The anharmonic third- and fourth-order dis- 
placements for 0 are not listed since all final values were 
within 1 . 5 ~  of zero except c~~~ = - 1.9(8) x A3. After the 
refinement, the total number of electrons in the asymmetric 
unit of the structure consisted of the two 0-atom K-shell elec- 
trons, together with the number of valence shell electrons 
given by the unconstrained sum p,(O) + 0.5pv(D1) + 
1 .5pV(D2) = 8.25(11). Thus the total number of K- and L-shell 
electrons is close to the value 10 that is required for a neutral 
unit cell. There is further discussion below concerning the 
atomic charges on the 0 and H atoms when disorder is taken 
into account. The population parameters listed in Table lb, 
have been scaled t;give 8 valence shell electrons in the asym- 
metric unit. Final atomic distances and angles are in Table 2b. 

Discussion 

For an idealized hexagonal packing of equal spheres, the unit 
cell axial ratio c/a = 1.6330. The observed ratio is 1.6155 for 
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Table 1. Pseudoatom parameters. Atoms in the asymmetric unit conform to those 
used in previous work (I,  4, 7). Positional parameters x, y, z are fractional 
coordinates in the unit cell. Mean-square displacement parameters U'j are given in 
A2 units and correspond to the expression T = 2~'~~~h~h,n"a '~U' j .  Values without 
estimated standard deviations (in parentheses) are symmetry constrained. Electron 
population parameters p,, d l ,  etc., correspond to normalized multipole terms as 
described by Epstein, Ruble, and Craven (22) and are referred to the crystal 
cartesian axes a ,  b*, c. Multipole terms not listed have zero value. 

(a) Ammonium fluoride. Nuclear positions and mean-square displacements for 
H1 and H2 are taken from the neutron diffraction study by Adrian and Feil (4). 
Valence shell radial contraction parameters have values K(F) = 1.036(6) and 
K(N) = 1.015(14). 

Atom 

Parameter F N H 1 H2 

(b) Ice-I,. Atomic parameters are based on the half-hydrogen 
model (8). Nuclear positions and mean-square displacements for 
Dl  and D2 are taken from the neutron diffraction study by Kuhs 
and Lehmann (1). 

Atom 

Parameter 0 D 1 D2 

Site factor: 
X 

Y 
7 - 
U" 
u2 
u33 
~ 1 2  

U13 
uz3 
P" 
d ,  
d3 
95 
0 2  

0 7  
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van Beek et al 

Table 1 (concluded). 
(c) Average water molecule from ice-I,. Pseudoatom parameters 
are with respect to a molecular cartesian axial system with X 
along the internal D-O-D bisector and Z normal to the plane of 
D20.  Axes are of length 1 A. 

Atom 

Parameter 0 D 1 D2 

Table 2. Interatomic distances (A) and angles ( O ) .  Positional 
parameters for H and D atoms are from neutron diffraction (1, 4). 

Ammonium fluoride Ice-I, 
N-SF 2.707 l(2) 0 .. .o'p 2.755(5) 
N...F 2.7076(7) O...Ov 2.748(2) 
N-H 1.032(7) O-Dl 1.003(5) 
N-Hz 1.045(4) O-D2 0.999(3) 

Symmetry-related positions: 
i: 213, 113, 112 
ii: 213, 413, 112 
iii: x,  2 ~ ,  z 
iv: 113, 213, 112 - z 
v: 213, 413, -z 
vi: 213, 113, -z 
vii: X ,  1 - X ,  z 

ammonium fluoride, indicating a slight deviation from ideal- 
ity. Consequently, there must be slight departures from a reg- 
ular tetrahedral configuration of hydrogen bonds. For ice-I, 
the axial ratio is 1.6278, close to the ideal value. From Table 2, 
it can be seen that the two crystallographically independent 
heavier atom hydrogen-bonding distances in each structure are 
the same within experimental error (N...F, 2.7071(2) and 
2.7076(7) A; 0...0, 2.755(5) and 2.748(2) A). However, pairs 
of angles F...N...F and 0.. .0. . .0,  which in a regular tetrahedral 
arrangement would be 109.47", are observed to be 108.89(2)" 
and 110.06(1)" in ammonium fluoride and 109.20(14)" and 
109.75(7)" in ice-I,. Thus, in ammonium fluoride, the distor- 
tion from ideality is realized as differences in hydrogen bond 
angles rather than distances. 

The bond distances and angles presently obtained for 
ammonium fluoride and ice-I, (Table 2) are similar to those 
previously reported (1, 4, 7). They will not be discussed fur- 
ther except tipoint out that the values are uncorrected for the 
effects of atomic mean-square displacements. For ice-I, these 
effects might arise from the static disorder of 0 and H as well 
as the atomic thermal vibrations (1, 10). In carrying out the 
charge density analysis, we assume Stewart's rigid pseudo- 
atom model (13), in which the charge distribution is carried 
rigidly on the pseudoatom nuclei. The model does not require 
a distinction between static and dynamic nuclear displace- 
ments. 

In ammonium fluoride, the monopole population (p,) of the 
fluoride is 7.75(10) instead of 8 for a true ion. Thus, according 
to the pseudoatom model, the crystal structure is ionic with the 
anion and cation carrying net charges of -C0.75e. 

In ice-I, the D-atom disorder gives rise to uncertainty in the 
experimental value for the net charge on a particular water 
molecule. The disorder allows six possible water molecule 
configurations about each O-atom site because there are six 
ways to choose two corners from a tetrahedron. Presumably 
these configurations occur with equal probability. Three mol- 
ecules are of the type D 1-0-D2 and three are of the type D2- 
0-D2'. Taking values of p, from Table 2b, the net valence 
shell charges are X p, = 7.96(11) for the first type of molecule 
and 8.03(11) for the second. Within experimental error, these 
charges are the same as the value 8 required for a neutral mol- 
ecule. However, this calculation neglects the possibility that 
the 0 atom may have a different value for p, in the two kinds 
of water molecule. It is only the average that is constrained to 
the experimental value of 6.25. We consider that any real dif- 
ference in the two kinds of water molecules will be very small 
and therefore, in the following, we assume that the water mol- 
ecules are all electrically neutral and are chemically identical. 

We assume an isolated averaged water molecule with 2mm 
point symmetry that is referred to a Cartesian axial system 
with x along the twofold axis and z normal to the molecular 
plane. With this system and using the nomenclature of 
Epstein, Ruble, and Craven (22), the only higher multipole 
terms for the 0 atom that are symmetry allowed are dl, q,, q,, 
o,, and 0,. The molecule is then rotated in six different ways 
into the cartesian axial system a, b*, c as used in the crystal 
structure refinement. Each rotation is made to correspond with 
one of the six configurations for water molecules that share a 
common O-atom site. After each rotation, the population 
parameter for a multipole term with respect to the crystal axes 
is given as a linear combination of values for all multipoles of 
the same order when referred to the molecular axes (23). After 
summing the results of these rotations, giving them all equal 
weight, a set of linear equations is obtained that can be solved 
to obtain the electron population parameters for the isolated 
molecule in terms of the experimental values for the disor- 
dered structure (Table 1 b). In this way it is shown that, for the 
0 atom, dl, q,, and q, are small and can be set to zero while the 
octapole terms have values o ,  = -3.2 and o, = -0.8. These 
multipole populations, together with average values for the H- 
atom coordinates and population parameters (Table lc), were 
used to derive electrostatic properties for an ordered water 
molecule extracted from the ice-I, crystal structure. Following 
the procedure of Stewart (24), we obtain a molecular dipole 
moment for water in ice-I, (2.1 debye) that is in good agree- 
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Table 3. Bond critical point data for ammonium fluoride. Fractional coordinates (x, y, z) are given for the (3, -1) bond critical points. 
The standard deviations are isotropic estimates (A units) of the position of the bond critical points. The electron density at the bond 
critical point p(r) is in units e A-3 and the Laplacian of the electron density at the bond critical point V2p(r), which is the trace of the 
Hessian matrix, is in units e k5. The principal values of the Hessian matrix are h,, &, and h,. 

Bond x Y z e.s.d. ~ ( r )  V2p(r) 4 & h3 

N-H2 0.4241 0.5726 0.4137 0.004 2.0 l(7) -20(2) 30 -25 -25 
N-H 0.3333 0.6667 , 0.2736 0.005 2.24(12) -24(3) 32 -28 -28 
F...H2 0.5316 0.4685 0.4493 0.009 0.22(2) 5.3(3) 7.7 -1.2 -1.2 
F...H, 0.3333 0.6667 0.1547 0.016 0.20(5) 5.7(8) 7.8 -1.0 -1.0 

Fig. 2. The total charge density in the crystal structures. Contours are at intervals 0.2 e A-3 
beginning at 0.2 e k 3 .  The crystallographic c-axis runs from the bottom to the top of the page. 
The nuclear positions are marked as "+". (a )  Ammonium fluoride in the plane through H2-N-HI . 
(b) Ice-I, in the plane through D2-0-Dl. 

ment with the values 2.3(3) debye obtained for the water mol- 
ecule in cytosine monohydrate (25) and 1.83 debye obtained 
for water vapor using microwave spectroscopy (26). 

Figure 2 shows the total charge density in the crystal struc- 
tures of ammonium fluoride and ice-I, with all atoms station- 
ary. In ice-I,, the charge density is for an averaged unit cell 
using the half-hydrogen model. In both structures, regardless 
of the H-atom disorder in ice-I,, it can be seen that the total 
density around the crystallographically distinct H1 (or D l )  and 
H2 or (D2) is remarkably similar. The total density in ammo- 
nium fluoride has been analysed further by determining the 
positions of the bond critical points (Table 3). As pointed out 
by Bader and EssCn (27), these are the (3; - 1) critical points 
that occur in the total density p(r), at the saddle point along the 
bond path between pairs of nuclei. Table 3 also lists the Lapla- 
cian of the total density at the bond critical points. The Lapla- 
cian can be written as V2&) = A, + A2 + A,, where A, are the 
three principal values of the curvature of p(r) in order of 
decreasing magnitude. Because of the saddle point, A, is posi- 
tive while A2 and A, are negative. In ammonium fluoride, each 
H atom is associated with two bond critical points, one in the 

covalent N-H bond and the other in the H...F hydrogen bond. 
~ - 

In each covalent bond, the Laplacian is negative, correspond- 
ing to a local concentration of charge, while in each hydrogen 
bond the Laplacian is positive, corresponding to a local deple- 
tion. The difference in sign is an indication of the difference 
between a covalent and an ionic or closed-shell interaction. It 
can be seen from Table 3 that at the (3, - 1) critical points 
associated with the two different H atoms in ammonium fluo- 
ride, the respective values of p(r), V2p(r), and Ai are the same 
within experimental error. These values are also similar to 
those obtained for the N-H bond in the crystal structure of 1- 
methyluracil (28). 

~ e c a u s e  of the disorder of the D atoms, analysis of the crit- 
ical points in the crystal structure of ice-I, would not be mean- 
ingful. However, using the parameters from Table lc,  we have 
mapped p(r) for the average water molecule isolated from ice- 
I, and have located the (3, - 1) critical point in the 0-D bond. 
The critical point is 0.75 A from the 0 atom. At the critical 
point, p(r) = 2.55 e k3, ~ ~ ~ ( r )  = - 3 1 e k 5 ,  A ,  = 45 e k5 and 
A2 = A, = -38 e A-'. 

The total electrostatic potential in the crystal structure of 
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van Beek et al. 949 

Fig. 4. The electrostatic potential of an averaged water molecule isolated from the crystal structure 
of ice-I,. Contours are at intervals 0.05 e .kl with broken contours representing the region of 
electronegativity. (a) The potential in the molecular plane. (b) The potential in the plane normal to 
the molecular plane and containing the D-0-D bisector. The 0-D bonds project towards the 
bottom of the page. 

ammonium fluoride (Fig. 3) has been obtained using the pro- 
cedure described by Stewart (29). The contribution to the 
potential at short range around each atom center is derived 
from the nucleus acting as a point charge and from the wave 
function for the neutral spherical Hartree-Fock atom (30). The 
lattice sum for the long-range contribution is obtained by a dif- 
ference Fourier synthesis with coefficients AF,/S,~,  where 
s ,  = sin 6 , ,k , /A  and AF, = F,, - Fhf where the subscript ps 
refers to the structure factor for the complete pseudoatom 
model and hf for an assembly of neutral spherical Hartree Fock 

atoms. The mean inner potential, which corresponds to the 
Fourier term with H = 0, is obtained only approximately 
because in a polar structure such as ammonium fluoride this 
term is affected by the nature of the surface charges on the 
crystal. Thus the total potential is subject to uncertainty in the 
level of the zero contour. 

From Fig. 3a, it can be seen that the total potential is elec- 
tronegative in the cavities between the ions and has bridges 
that are less electronegative along the hydrogen bonds. In Fig. 
36, the potential is shown when a vacancy in the crystal is sim- 
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ulated by subtracting the contribution of a single fluoride ion. 
The structure is not permitted to relax around the vacancy. As 
expected, the vacancy has enhanced electropositivity. There is 
also a tetrahedral deformation of the potential around the 
vacancy owing to the electropositivity of the surrounding 
ammonium ions. 

We have not attempted to map the total potential for the ice- 
I, structure because of the disorder. However, in Fig. 4b, we 
show the total potential for the average water molecule iso- 
lated from ice-I,. The potential was computed from the 
pseudoatom parameters in Table l c  and from Hartree-Fock 
wave functions (15) using the procedure described by Stewart 
and Craven (30). There is an electronegative feature associated 
with the lone pair region of the 0 atom. This is a single unre- 
solved minimum (-0.16 e k') that extends on both sides of 
the molecular plane. 

As a subject for further study, we conclude that the pseudoa- 
tom model might be useful in calculating the electrostatic 
properties of hypothetical structures involving icelike struc- 
tures with ordered water molecules and also for studying the 
effect that the incorporation of ammonium fluoride might have 
on inducing order in the ice-I, structure. 
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Cyclobutene photochemistry. Adiabatic 
photochemical ring opening of 
alkylcyclobutenes 

William J. Leigh, J. Alberto Postigo, and K.C. Zheng 

Abstract: The photochemistry of the cis and trans isomers of a series of dimethylbicyclo[n.2.O]alk-(n+2)-enes (n = 2-5) 
(bicyclic cyclobutene derivatives in which the C=C bond is shared by the two rings) in pentane solution is described. Irradiation 
of these compounds using monochromatic 193- or 214-nm light sources results in ring opening to yield the corresponding 
1,2-bis(l-ethylidene)cycloalkanes (C,-C,) in high chemical and quantum yields. In all cases, the reaction proceeds with a high 
(70-90%) degree of disrotatory stereoselectivity. Quantum yields for direct cis,trans photoisomerization of the isomeric E,E- 
and E,Z- 1,2-bis(l-ethylidene)cycloalkanes have also been determined. The product distributions from irradiation of the 
cyclobutenes are wavelength dependent, but for 214-nm excitation the isomeric diene distributions obtained from cyclobutene 
ring opening agree fairly closely with those calculated from the quantum yields for cis,trans photoisomerization of the isomeric 
dienes on the assumption that the process involves purely disrotatory ring opening to yield a single diene isomer in the lowest 
excited singlet state. The results are consistent with an orbital-symmetry-controlled, adiabatic mechanism for ring opening. 

Key words: photochemistry, cyclobutene, electrocyclic, adiabatic, conical intersection, orbital symmetry. 

Resume : On dCcrit la photochimie des isomkres cis et trans d'une sCrie de dimCthylbicyclo[n.2.0]alc-(n+2)-knes (n = 2-5) 
(dCrivts cyclobutknes bicycliques dans lesquels la liaison C% est partagCe entre deux cycles) en solution dans le pentane. 
L'irradiation de ces composCs utilisant des sources de lumikre monochromatique (193 ou 214 nm) provoque une ouverture de 
cycle qui conduit aux 1,2-bis(1-Cthylidbne)cycloalcanes (C,-C,) correspondants avec des rendements chimiques et quantiques 
tlevCs. Dans tous les cas, la reaction se produit avec un degrC ClevC (70-90%) de stCrCosClectivitt disrotatoire. On a determink les 
rendements quantiques pour la photoisomtrisation cis/trans des E,E- and E,Z-1,2-bis(1-Cthy1idkne)cycloaIcanes. Les 
distributions des produits dtrivant de l'irradiation des cyclobutknes dependent de la longueur d'onde, mais, pour l'excitation B 
214 nm, les distributions des diknes isomkres obtenues pour l'ouverture de cycle du cyclobutkne sont en assez bon accord avec 
ceux calculCs ii partir des rendements quantiques pour la photoisomCrisation cis/trans des diknes isomkres en supposant que le 
processus implique une ouverture de cycle strictement disrotatoire pour conduire B un seul dikne isomkre dans 1'Ctat singulet 
excitC le plus bas. Les rtsultats sont en accord avec un mCcanisme, pour l'ouverture de cycle, qui serait adiabatique et sous 
contr6le d'une symCtrie des orbitales. 

Mots clis : photochimie, cyclobutkne, Clectrocyclique, adiabatique, intersection conique, symetrie d'orbitales. 

[Traduit par la rtdaction] 

Introduction observed have been reported (7-9). Secondly, the U V  reso- 

The  photochemical ring opening of simple alkylcyclobutenes 
in solution is known to proceed nonstereoselectively (1-5). 
While this appears to be quite general, there is increasing evi- 
dence to suggest that orbital symmetry factors (which predict 
that ring opening should proceed with disrotatory stereospeci- 
ficity (6)) do  play a role in the reaction. Firstly, isolated exam- 
ples for which a high degree of disrotatory stereoselectivity is 
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nance Raman spectrum of cyclobutene has been proposed to 
be consistent with initial disrotatory rotation of the C,-C, 
and C2-C, bonds immediately after excitation to the lowest 
excited singlet state (10) (this interpretation has recently been 
questioned, however (1 1)). Finally, we have recently reported 
a study of (C3/C4) substituent effects on the quantum yield for 
ring opening of 1,2-dimethylcyclobutene (1 2). This study 
indicates that syn-dimethyl substitution at C3/C4 reduces the 
absolute and relative (to cycloreversion) quantum yields for 
ring opening in a manner that is consistent with the process 
involving initial excited state disrotation about the C,-C, 
and C2-C3 bonds of the cyclobutene ring. Each of these sug- 
gest that the photochemical ring opening of cyclobutene at 
least begins on  the (disrotatory) pathway predicted by orbital 
symmetry selection rules. 

Photopericyclic reactions are conventionally explained in 
terms of the avoided crossing model of Van der Lugt and 
Oosterhoff, in which stereospecific product formation results 
from internal conversion to the ground state surface at an 
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Scheme 1. 

avoided crossing (the pericyclic minimum) between the 
ground and excited state surfaces for the photochemically 
allowed (thermally forbidden) pathway (13, 14). This is the 
mechanistic model that is traditionally employed to explain, 
for example, why conjugated dienes undergo photochemical 
ring closure with a high degree of disrotatory stereospecificity 
(15). If it is valid - and recent theoretical work suggests it is 
not (16-19) - then the ultimate formation of formally-forbid- 
den diene isomers must be due to some intervening process 
that competes with internal conversion at the avoided crossing 
for disrotatory interconversion. The possibilities that have 
been considered include (1,9): (i) internal conversion to upper 
vibrational levels of the ground state (before the pericyclic 
minimum is reached), from which conrotatory ring opening 
ensues (1, 12); (ii) internal conversion to biradicaloid geome- 
tries on the diene ground state surface, from which torsional 
relaxation yields a mixture of isomeric dienes (20); and (iii) 
complete disrotatory ring opening on the excited state surface 
to yield fully open diene(s) in the first excited singlet state (i.e., 
adiabatically), followed by decay to the ground state by 
cis,trans isomerization (1, 9, 20). Another, recently suggested 
possibility is that excited-to-ground state internal conversion 
occurs via one or more conical intersections (geometries 
where the excited and ground state surfaces are degenerate) 
(21-23), after which the loss in disrotatory stereochemistry 
occurs on the ground state surface (17). According to calcula- 
tions, the approach of the excited molecule to the conical inter- 
section geometry involves rupture of the C,-C4 bond 
(cyclobutene numbering) and substantial twisting about all 
three of the remaining C-C bonds in the cyclobutene/l,3- 
butadiene framework (17). 

Of these, the adiabatic ring-opening mechanism is poten- 
tially the easiest to test experimentally. According to this 
mechanism, a given cyclobutene, appropriately labelled with 
substituents at Cj  and C4 in order to track the stereochemistry 
of the process, will open in purely disrotatory fashion to yield a 
single (vide infra) diene isomer in the lowest excited singlet 
state (see Scheme 1). The excited product would then decay to 
the ground state, yielding its characteristic mixture of prod- 
ucts. In principle, this characteristic mixture should be the 
same as that obtained when the diene itself is irradiated 
directly in solution. Thus, the experimental study of this mech- 
anism would involve comparing isomeric diene distributions 
obtained from cyclobutene ring opening to distributions calcu- 
lated from the quantum yields for direct photoisomerization of 
the corresponding orbital-symmetry-allowed diene isomer. 
The relevant expression is given by eq. [I], which relates the 
observed EE/EZ diene ratio from ring opening of an appropri- 
ate cis-disubstituted cyclobutene ((EEIEZ),,, CB) to the quan- 
tum yields for formation of the EZ-diene (+EE+EZ), 

cyclobutene (+EE+CB), and other products (+EE+OP) from 
direct irradiation of the EE-diene. 

The main difficulty with applying this analysis to most of 
the cyclobutenes that have been studied results from the fact 
that the photochemistry of aliphatic dienes is conformation- 
dependent (24-27). Clearly, cyclobutene ring opening would 
be expected to yield the excited diene in an s-cis conforma- 
tion, so it is the excited state behaviour of the s-cis diene con- 
former that must be known for a reliable analysis of the 
product distributions obtained from cyclobutene ring opening. 
Since most acyclic dienes exist preferentially in the s-trans 
conformation in solution at room temperature, they are poor 
models for the excited state behaviour of dienes under the con- 
ditions in which they are (presumably) formed by cyclobutene 
ring opening; thus, an analysis of this type is meaningless for 
monocyclic cyclobutenes and their corresponding dienes. A 
second potential difficulty is that in the case of cis-3,4-disub- 
stituted cyclobutenes, there are two stereochemically distinct 
disrotatory ring-opening modes available, one leading to E, E- 
diene and the other leading to the Z,Z isomer. Should ring 
opening occur by both modes competitively, then an analysis 
of the type represented in Scheme 1 would clearly not be 
expected to model the observed diene distribution accurately. 
Fortunately, however, Z,Z-dienes are formed in extremely low 
yields from irradiation of every cis-3,4-disubstituted 
cyclobutene that has been reported (3,5), so that this potential 
difficulty can be safely neglected. Presumably, the preferred 
formation of the E,E- over the 2,Z-diene isomer can be attrib- 
uted to the different steric requirements of the two possible 
disrotatory ring opening modes (12). 

We have recently described our preliminary efforts to test 
the adiabatic mechanism for photochemical cyclobutene ring 
opening (9, 28). These studies employed cyclobutene deriva- 
tives whose isomeric dienes are struct~rrally constrained to 
exist in the s-cis conformation, in order to minimize difficul- 
ties associated with the conformational factors noted above. 
The first study involved a comparison of the diene distribu- 
tions obtained from ring opening of the isomeric bicyclic 
cyclobutenes cis- and trans-lc (eq. [2]) with values calculated 
from the quantum yields for direct photoisomerization of the 
corresponding isomeric s-cis dienes E,E- and E,Z-2c (9). 
Comparison of the observed diene distributions from irradia- 
tion of l c  with the so-calculated values (see Scheme 1) indi- 
cate that the adiabatic mechanism satisfactorily describes the 
isomeric diene distribution from photochemical ring opening 
of cis-lc, but it does not in the case of the trans isomer (9). 

A second, potentially more precise type of comparison 
employs an asymmetrically substituted cis-cyclobutene, 
whose corresponding (s-cis) E,E-diene photoisomerizes to 
yield two E,Z isomers in a characteristic ratio (28). This sys- 
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I$ = 0.48 I$ = 0.14 I$ < 0.003 
pentane 

cis-lc 

trans-lc 

tem has the advantage that quantum yield determinations are 
unnecessary; the validity of the adiabatic mechanism can be 
tested by simply comparing product ratios from irradiation of 
the cyclobutene with those from irradiation of the correspond- 
ing allowed diene isomer. The system reported is cis-2,2,6,7- 
tetramethylbicyclo-[3.2.0]hept-15-ene (3), whose irradiation 
(214 nm) in pentane solution yields a mixture of E,E-, E,Z-, 
and Z,E-1,2-bis(ethy1idene)-3,3-dimethylcyclopentane (4; see 
eq. [3]). As predicted by the adiabatic mechanism, the relative 
yields of E,Z- and Z,E-4 obtained from irradiation of 3 (EZIZE 
= 1.30 + 0.12) are identical to those obtained in the direct irra- 
diation (254 nm) of E,E-4 (EZIZE = 1.25 + 0.1 1) within exper- 
imental error. The distribution of allowed and forbidden 
dienes ([EE-41/[EZ-4 + ZE-41 = 2.4 + 0.3) is similar to that 
obtained from irradiation of cis-6,7-dimethylbicyclo-[3.2.0]- 
hept- 15-ene (cis- Lb) at the same wavelength ([EE-2b]I[EZ-2b] 
= 2.0 + 0.3; see eq. [4]), which in turn agrees with the ratio 
predicted from quantum yields for photoisomerization of EE- 
2b  (see eq. [I]) within experimental error. This is the best evi- 
dence for the validity of the adiabatic ring-opening mechanism 
that has been obtained to date. 

In addition to proceeding cleanly and yielding a predictable 
mixture of isomeric dienes, the ring opening of these com- 
pounds shows the additional unusual feature of proceeding in 
remarkably high quantum efficiency compared to those of 
other compounds that have been studied (3, 4, 12).!Clearly, 
some aspect of the unique structures of these molecules is 
responsible for reducing the rate of nonproductive excited 
state decay relative to that of ring opening. Three basic differ- 
ences between the structures of these compounds and simple 
monocyclic cyclobutenes can be noted: increased ring strain, 
decreased rotational flexibility of the substituents on the 
cyclobutene double bond, and decreased central-bond tor- 
sional flexibility in the isomeric 1,3-diene products (9). The 
latter possibility is related to the ability of the system to allow 
C,-C, torsion during ring opening, which is required accord- 
ing to the conical intersection model for the process (17). 
Experimental evidence for the importance of such torsional 
modes in the photochemical ring opening of cyclobutene has 
been reported by Mathies and co-workers (10). 

In the present work, we report the results of a more compre- 
hensive study of the photochemical ring opening of specially 

1 "":- pentane 4 + O; 
cis - lb  E, E 3 b  E,Z-2b 

constrained cyclobutene derivatives. Primarily, we wished to solution with monochromatic 193- and 214-nm light sources. 
attempt to identify the factors that are responsible for the We also report complete details of a study of the photoche- 
anomalous photobehavior of lb,c with respect to ring open- mistry of the series of isomeric E,E- and E,Z-1,2-bis- 
ing, and to test the adiabatic mechanism for this process in a (ethy1idene)cycloalkanes 2a-d. Preliminary results for three 
more detailed and systematic way. We thus report the photo- members of this series of dienes have been reported previ- 
chemistry of the series of compounds l a 4  in hydrocarbon ously (9,29). 
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Results 

The dienes E,E-2 were prepared by zirconocene-mediated 
intramolecular coupling of the corresponding dialkynes 5 (n = 
2-5; eq. [5]) (30, 3 1). Exhaustive irradiation of the E,E-diene 
(254 nm) was then carried out to afford isomeric mixtures con- 
sisting largely of the E,E- and E,Z-dienes and the cis and trans- 
substituted cyclobutenes, which were separated and purified 

5 (n = 2-5) EE-2 (a-d) 

EZ-2 ( L d )  cis-1 (b-d) trans-1 (b-d) 

by semi-preparative gas chromatography. The irradiation mix- 
tures usually also contained several other minor products; 
these were all determined to be isomers of 1 and 2 by GC/MS, 
but were isolated and rigorously identified in only certain 
cases (see experimental section). The 2,Z isomers of 2b-d 
were tentatively identified by GC/MS, on the basis of compar- 
isons of retention times and mass spectra (relative to the other 
components of the mixtures) to Z,Z-2a, which is a known com- 
pound and was isolated and rigorously identified from the 
exhaustive irradiation of E.E-2a. ~ e c a u s e  these com~ounds 
were minor components of'extremely complex reactidn mix- 
tures, however, they were not isolated and rigorously identi- 
fied. 

While the first step in this procedure was successful for the 
synthesis of all four E,E-dienes in the series, the subsequent 
photoisomerization as a means of generating the desired 
cyclobutene derivatives was useful only for 2b-d. In the case 
of E,E-2a, direct irradiation led to cis,trans photoisomeriza- 
tion and the formation of several minor products whose yields 
were similar to those of the desired cyclobutene derivatives. 
Thus, cis- and trans-la were synthesized by photocyclization 
of 3,4-dimethyl-1,2-bis-(methy1idene)cyclobutane (7), which 
was prepared as a mixture o f  isomers by zirconocene-medi- 
ated cyclization of the dialkyne 6 (eq. [6]) followed by bis-de- 
silylation. This procedure led to excellent chemical yields of 
the desired cyclobutenes l a ,  which in spite of their rather sub- 
stantial lability toward polymerization could be separated and 

purified by semi-preparative GC, and stored under liquid 
nitrogen until required. 

. TMS 

[ 6 1 <  ++x 
TMS 

cis-la trans-la 

The structures of l a 4  and 2a-d were assigned on the basis 
of their mass, infrared, and high-resolution 'H and (except for 
l a )  13c NMR spectra (see experimental section). The cis and 
trans isomers of l a 4  are readily distinguishable on the basis 
of 'H and 13c NMR spectroscopy; the present series of com- 
pounds exhibit the same spectral regularities with C3/C4 
stereochemistry as has been reported previously for other sys- 
tems (20, 32). Ultraviolet absorption spectra of cis- and trans- 
la-d,  and E,E- and E,Z-2a-d, were recorded in deoxygenated 
pentane solution at 23"C, and are shown in Figs. 1 and 2, 
respectively. 

Direct irradiation of deoxygenated, ca. 0.02 M pentane 
solutions of l b - d  with the pulses from an Arb excimer laser 
(193 nm; 15 ns; 20 mJ; 0.5 Hz repetition rate) resulted in the 
clean formation of E,E- and E,Z-2b-d as the major products. 
In the irradiations of the trans isomers, minor amounts of the 
compounds identified (tentatively; vide supra) as Z,Z-2b-d 
were also formed, as indicated by comparison of the GC and 
GC/MS characteristics of the photolysates to those of the 
crude mixtures from direct irradiation of the E,Z-dienes. No 
other products were observed in yields greater than ca. 3% in 
any case. Quantum yields for formation of the three products 
from l b - d  were determined from the slopes of concentration 
vs. laser dose plots, using the ring opening of bicy- 
clo[4.2.0]oct-6-ene (1) as actinometer for 193-nm irradiations. 
Representative plots of this type are shown for cis- and trans- 
Id in Fig. 3. 

Irradiation of deoxygenated, ca. 0.02 M pentane solutions 
of l a -d  with 214-nm light was carried out using a Zn reso- 
nance lamp as the light source. The photolyses of l b - d  were 
carried out with vigorous stirring of the solutions, and were 
monitored over a 0 . 1 4 %  conversion range. Relative product 
yields were calculated from the initial slopes of concentration 
vs. time plots, examples of which are shown in Fig. 4 for cis- 
and trans-ld. Quantum yields for ring opening of cis- and 
trans-la were determined on unstirred solutions with 214-nm 
excitation, using the initial slopes of product concentration vs. 
time plots to determine product yields, and uranyl oxalate act- 
inometry to determine light intensities (12). 

Table 1 lists the quantum yield data from irradiation of 
l a -d  at 214 nm and lb-d at 193 nm. The table also lists EEI 
EZ diene ratios from cis- and trans-la-d and EEIZZ diene 
ratios from trans-la-c (the yield of the Z,Z-diene from trans- 
Id was too low to be determined); these were calculated from 
the slopes of concentration vs. time plots as described above. 
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Fig. 1. Ultraviolet absorption spectra of cis (-) and trans (- . - . -) l a 4  in deoxygenated pentane 
solution at 23°C. 

Wavelength (nrn) 
190 210 230 250 270 290 

Wavelength (nrn) 

Wavelength (nrn) ; 1 Wavelength (nrn) 

Table  1. Quantum yields for diene formation" and isomeric diene ratiosb from 193- or 214-nrn irradiation of deoxygenated 0.02 M 
pentane solutions of cis- and trans-la-d.  

Compound 4 EE-2 

cis - la  0.55 + 0.04 
c i s - l b  0.42 + 0.05 
cis-lc 0.48 f 0.06 
cis - ld  0.68 f 0.05 

trans-la 0.066 f 0.009 
trans-lb 0.065 k 0.008 
trans-lc 0.08 f 0.02 
trans-ld 0.19 f 0.03 

"Quantum yields for product formation from cis- and rrans-la were determined using filtered 214-nm excitation and uranyl oxalate actinometry. 
Those for product formation from lb-d were determined using 193-nm exc~tation and bicyclo[4.2.0]oct-7-ene actinometry. 

'Calculated from the initial slopes of product concentration versus irradiation dose plots; errors were calculated from the standard deviations of the 
slopes; n.d. = not determined. 

'2,Z-2 was not formed in sufficient yield to enable determination of the yield. 

A control experiment was performed, in which a deoxygen- photolysate within our detection limits (ca. lo4 M). Analo- 
ated pentane solution containing 0.0 15 M cis-lc and 0.001 1 M gous results were obtained in the irradiation (214 nm) of cis- 
1,3-cyclooctadiene (8) was irradiated (193 nm) to ca. 4.5% and trans-ld, employing low concentrations of E,E-2b as the 
conversion of the cyclobutene. At these low conversions, standard. 
isomerization of 8 to cis, trans- l,3-cyclooctadiene (the major As mentioned above, direct irradiation of E,E- and E,Z- 
product of irradiation of 8 (33)) could not be detected in the 2a-d in deoxygenated pentane solution led predominantly to 
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Fig. 2. Ultraviolet absorption spectra of E ,E  (---) and E ,Z  (........) 2a-d in deoxygenated pentane solution at 23OC. 

200 220 240 260 280 300 200 220 240 260 280 300 

Wavelength (nrn) Wavelength (nrn) 

200 220 240 260 280 300 200 220 240 260 280 300 

Wavelength (nm) Wavelength (nrn) 

Table 2. Quantum yields for direct cis,tmns photoisomerization and the formation of  cyclobutene (1) and "other products" from 
254-nm irradiation of deoxygenated 0.02 M pentane solutions of E,E- and E,Z-2a-d." 

Compound Q,.,, 4 EZ-L;L' @EE.I" Q E Z I ~  ~ $ o P ( E @ ~  Wop(EZ)" 

"Determined by potassium ferrioxalate actinometry. The ZZ-dienes were rigorously identified only for Z,Z-2a. 
"Quantum yield for formation of cis-1 from E,E-2. 
'Quantum yield for formation of trans-1 from E,Z-2. 
dEstimated total quantum yield for formation of unknown products from E,E- (ZO0,(EE)) and E,Z- (ZO0,(EZ)) 2 .  
'Quantum yield for formation of Z,Z-2a from the E,Z isomer. No other products are formed, within the limits of our detection method. 

cis,trans photoisomerization and the stereospecific formation 
of cis- and t rans - la4  (from E,E- and E,Z-2a4 ,  respectively). 
Other products were also formed in yields of 5 1 0 %  in some 
cases, but these were not rigorously identified. In the cases of 
E,Z-2b and 2c, the most prominent of the minor photoproducts 
were those tentatively identified as the corresponding Z,Z- 
diene isomers, on the basis of GCJMS and GC retention time 
comparisons to Z,Z-2a, which was isolated and rigorously 
identified (vide supra). Irradiation of E,Z-2d yielded E,E-2d 
and trans-ld quite cleanly, and a minor product tentatively 

identifiable as Z,Z-2d could be detected only after extensive 
irradiation of the solution. Quantum yields for cis,trans photo- 
isomerization and formation of l a 4  and other minor products 
were determined in deoxygenated pentane solution (ca. 0.02 
M) using potassium ferrioxalate actinometry. Quantum yields 
for the formation of minor products (Z,Z-2 and all other un- 
identified products) were estimated in each case by GC 
(assuming equal response factors to the averages of those of 
the identified products) at ca. 5% conversion of starting mate- 
rial. Table 2 lists the results of these experiments. 
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Fig. 3. Product concentration versus laser dose plots for the formation of E,E (B) and E,Z ( 4 )  2d from the 
photolysis (193 nm) of cis (A) and trans (B) 8,9-dimethylbicyclo[5.2.0]non-17-ene (Id) in deoxygenated 
pentane solution at 23°C. The laser intensity was not the same in the two experiments. 

No. pulses No. pulses 

Fig. 4. Product concentration versus irradiation time for the formation of E,E (m) and E,Z (4) 2d from the 
photolysis (214 nm) of cis (A) and trans (B) 8,9-dimethylbicyclo[5.2.0]non- 17-ene (Id) in deoxygenated 
pentane solution at 23°C. 

Time (rnin) 

Discussion 

Time (rnin) 

The solution-phase UV absorption spectra of the series of 
bicyclic cyclobutene derivatives l a 4  (Fig. 1) exhibit interest- 
ing trends. We previously reported spectra of several monocy- 
clic alkylcyclobutene derivatives with cis- and trans-dimethyl 
substitution at C3/C4, and noted that those of the cis isomers 
are red-shifted with respect to those of the trans isomers (32). 
This was attributed to a stereochemical effect on the relative 
extinction coefficients of the n,n* and Rydberg(n,R(3s))-like 
absorption bands. This is particularly noticeable in the gas 
phase UV spectra of these compounds, where the latter are 
considerably more intense than in the solution phase spectra. 
In solution, these absorption bands are sufficiently reduced in 
intensity that the result is an apparent broadening and red shift 
in the position of the prominent band in the spectra of the cis 
isomers compared to that in the spectra of the trans isomers. 
Similar differences are observed in the solution phase spectra 
of cis- / trans-ld and cis- / trans-lc, while the effect is absent 
altogether in the spectra of cis- and trans-la,b. We do not 
understand the origins of the stereochemical effect on the 
spectra of monocyclic and relatively unstrained bicyclic alkyl- 
cyclobutenes such as lc,d, but it is interesting to note that the 
effect is truncated in the more highly strained members of the 

present series of compounds. It is clear that incorporation of 
the cyclobutenyl double bond into a second cycloalkyl ring 
has a significant effect on the UV absorption spectrum of the 
cyclobutenyl chromophore, to an extent that depends on the 
size of the ancillary ring. 

The UV spectra of the isomeric dienes (Fig. 2) are consis- 
tent with an increasing amount of torsional flexibility about 
the central bond with increasing ancillary ring size throughout 
the series. For both 2a and 2b  the long-wavelength bands in 
the spectra of the E,E and E,Z isomers are almost perfectly 
superimposable and exhibit maxima at -250 nm, consistent 
with the molecules having planar, s-cis conformations that are 
roughly the same for the E,E and E,Z isomers. The spectra of 
the higher members of the series show maxima at shorter 
wavelengths, consistent with their preferred conformations 
having twisted s-cis geometries. The spectra of E,E-2b and 2c 
are slightly red-shifted, but otherwise similar to those of the 
parent 1,2-dimethylenecycloalkanes (34). 

Direct irradiation of cis- and t r a n s - l a 4  leads to ring open- 
ing to the isomeric dienes ( 2 a 4 )  with a high degree of dis- 
rotatory stereoselectivity in each case (Table 1). None of these 
compounds undergo formal [2+2]-cycloreversion to any 
detectable extent, presumably because this process would lead 
to the formation of the corresponding, highly strained C4-C, 
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Table 3. Observed" and calculatedh diene ratios from irradiation of 
cis-1 in  pentane solution at 23°C. 

"Observed diene distributions from madlation (193 and 214 nm) of 
cis-l (see Table I); calculated from the slopes of concentration vs. time 
plots for the formation of EE- and EZ-2; n.d = not determined. 

"xpected diene ratios calculated using the quantum yield data in 
Table 2 and eq. [I]. 

Table 4. Observed" and calculatedb diene ratios from irradiation of  trans-1 in pentane solution a t  23°C. 

"Observed diene distributions from irradiation (193 and 214 nm) of trans-] (see Table I); calculated from the slopes of concentration vs. time plots 
for the formation of EE-, EZ-, and 22-2; n.d = not determined. 

bExpected EZIEE-diene ratios calculated using the quantum yield data in Table 2 and eq. [I] ((EZ-2lEE-2),.,,,,,), and EEIZZ diene ratios obtained from 
direct irradiation of E,Z-2 ((EE-2122-2),.,). 

'ZZ isomer was not formed in sufficient yield to enable yield determination. 

cycloalkyne (35, 36). Another noteworthy feature of the 
present results is that cis- and trans-la undergo ring-opening 
regiospecifically to yield the various geometric isomers of 2a. 
In principle, l a  has two ring opening modes available: one 
involving cleavage of the (unsubstituted) C5-C6 bond to 
yield 7, and one involving cleavage of the (substituted) C2- 
C3 bond to yield 2a. The fact that only the latter occurs in 
detectable yield is consistent with previous results that indi- 
cate that the efficiency of photochemical cyclobutene ring 
opening depends to some extent on the strength of the 
cyclobutenyl C3-C4 bond (12, 20). 

The possibility that the overall nonstereoselectivity of pho- 
tochemical ring opening might be explained by a mechanism 
in which purely disrotatory ring opening occurs adiabatically 
is suggested by the experimental results of Michl, Yang, and 
co-workers (37, 38), which demonstrated that direct irradia- 
tion of Dewar naphthalene (38) and Dewar anthracene (37) 
affords the corresponding aromatic hydrocarbons in the lowest 
excited singlet states. This was evidenced by the observation 
of the characteristic fluorescence of the aromatic hydrocar- 
bons upon excitation of the corresponding Dewar isomers in 
solution. 

If ring opening of alkylcyclobutenes proceeds in stereospe- 
cific, disrotatory fashion to yield a single diene isomer in the 
lowest excited singlet state, the final distributions of E,E- and 
E,Z-diene isomers obtained by irradiation of cis- and trans- 
l a 4  should be determined by the excited state decay charac- 
teristics of the initially formed (allowed) diene isomer. These 
characteristics are given in quantitative form as the ratio of the 

quantum yields for productive vs. nonproductive decay of the 
diene (9,28). Thus, the relevant equation for calculation of the 
expected distribution of EE- and EZ-dienes from irradiation of 
the cis cyclobutenes ((EEIEZ)c,c,,c) is given in Scheme 1 (eq. 
[I]), which assumes that ring opening yields the E,E-diene to 
the exclusion of the other formally allowed product, the Z,Z 
isomer. That this assumption is reasonable follows from the 
fact that extremely low yields of Z,Z-dienes are observed in 
the photolyses of every cis-dimethyl substituted alkylcy- 
clobutene that has yet been reported (3-5). The results of these 
calculations are listed in Table 3 along with the observed EEI 
EZ diene ratios from irradiation of c i s - l a 4  with the 193- and 
214-nm light sources. 

A similar equation can be employed to calculate the 
expected EZJEE diene ratios from irradiation of the trans 
cyclobutenes ((EZIEE),,,,,,). In these cases, the E,Z-diene is 
the only formally allowed ring-opening product, so no 
assumptions regarding the initial excited state product distri- 
bution are necessary in order to simplify the calculation. These 
compounds actually provide additional mechanistic informa- 
tion over that obtainable from the cis isomers, in that fwo 
detectable products are formed upon excited state decay of 
the E,Z-dienes: the E,E- and Z,Z-diene isomers. The adiabatic 
ring-opening mechanism would predict that, in these cases, the 
EEIZZ diene distribution from ring opening of a trans-3,4-di- 
substituted cyclobutene should be identical to the EEIZZ 
distribution from direct irradiation of the corresponding 
E,Z-diene (28). Table 4 summarizes the observed EZIEE and 
E E n Z  diene ratios from direct irradiation of t r ans - la4 ,  along 
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Leigh et al. 

with the expected EZIEE ratios (according to eq. [7]) and 
the EEIZZ diene ratios obtained in the direct irradiation of 
E,Z-2a-d. 

As can be seen from inspection of Tables 3 and 4, the degree 
of agreement between the observed and calculated isomeric 
diene ratios varies for the two excitation wavelengths. For 214 
nm excitation, the calculated and observed EEIEZ diene ratios 
agree within experimental error in seven cases out of eight 
(i.e., in all cases but cis-la). In the cases of the trans isomers 
( l a x ) ,  the similarity in the diene distributions from direct irra- 
diation of cyclobutene and E,Z-diene extends as well to the 
EEIZZ diene ratios, although the errors in these ratios are 
somewhat large due to the fact that the Z,Z-dienes are formed 
in relatively low yields in each case. The EEIZZratio could not 
be determined reliably for trans-ld, as the yield of the ZZ- 
diene is extremely low in this case; irradiation of E,Z-2d also 
yields Z,Z-2d in unusually low yield, however. 

For the most part, the present data support a mechanism in 
which ring opening occurs in purely disrotatory fashion tofirst 
yield the allowed diene isomer in the same electronic excited 
state that is populated upon direct excitation of the particular 
diene isomer and that is responsible for cis,trans isomeriza- 
tion; once formed, the excited diene then relaxes to form its 
characteristic mixture of products. In fact, this conclusion can 
be stated in more general terms. The data support a mecha- 
nism in which ring opening occurs on the excited state su~face 
in disrotatory fashion, but decay to the ground state su~face(s) 
for product formation does not occur at  the classical avoided 
crossing for cyclobutene-butadiene interconversion. Rather, 
it occurs a t  the same place(s), yielding a similar product dis- 
tribution, a s  is(are) involved when the allowed diene isomer is 
itself excited directly. 

The behaviour of one compound in the series (cis-la) is 
very clearly different from the others, in that its isomeric diene 
distribution is not modelled accurately by the excited state 
decay characteristics of the corresponding disrotatory diene 
(E,E-2a). We do not believe that the anomalously low disrota- 
tory stereoselectivity observed in this case is due to an experi- 
mental artifact resulting from secondary irradiation of the E,E- 
diene. While ruling this out is admittedly more difficult to do 
in this case because of the shorter wavelength cutoff in the UV 
absorption spectrum of cis-la compared to those in the spectra 
of lb-d, we note that irradiation of trans-la (which should be 
subject to similar problems) leads to very high yields of E,Z-2a 
(there is, furthermore, no significant difference in the quantum 
yields for cis,trans photoisomerization of E,E- and E,Z-2a 
(29)). One possible explanation is that ring opening by the 
pathway leading to the Z,Z-diene isomer is much more impor- 
tant in cis-la than in cis-lb-d; this would lead to a lower EEI 
EZ diene ratio than that predicted from consideration of the 
quantum yields for photoisomerization of the E,E-diene alone, 
due to isomerization of the Z,Z-diene to the E,Z isomer. Such 
behaviour could result from the considerably higher degree of 
ring strain afforded by the ancillary cyclobutyl ring (compared 
to that afforded by the ancillary rings in cis-lb-d), which 
might outweigh the normally dominant steric effects between 
the C,-C, methyl groups and reduce the discrimination 
between the two possible disrotatory ring-opening modes. 
This explanation seems unlikely, however, given the sheer 
magnitude of the difference between the calculated and 
observed EEIEZ ratios for this compound (a simple calculation 

reveals that the yield of E,Z-2a formed by the Z,Z-diene route 
would have to be four times greater than that formed by the 
E, E-diene route, in order to account for the difference between 
the observed and calculated EEIEZ diene ratios). Besides, one 
would also expect that the observable yield of the Z,Z-diene 
should be significant if this were true, and such is not the case. 

There is an intriguing wavelength dependence observed in 
the diene distributions throughout the two series of com- 
pounds lb-d, as is clear from inspection of Tables 3 and 4. 
With 214-nm excitation, the observed EEIEZ diene distribu- 
tions very closely match those expected on the basis of the adi- 
abatic ring-opening mechanism, as discussed above. On the 
other hand, the observed ratios for 193-nm excitation clearly 
deviate from the expected values in some cases, and the data 
reveal different trends in the variations in the degree of devia- 
tion throughout the two series of compounds.   or the cis com- 
pounds, the deviation from expected behaviour increases with 
ancillary ring size (being largest for Id), while it decreases 
accordingly for the trans compounds. In both cases, the devi- 
ation occurs in the direction of a higher degree of overall dis- 
rotatory stereospecificity than the adiabatic mechanism can 
account for. 

Comparison with theoretical models 
In terms of the avoided crossing model for excited state peri- 
cyclic reactions, the data suggest that in the ring-opening reac- 
tion, conversion to the ground state at the avoided crossing 
does not occur; the excited molecule proceeds instead to the 
fully open geometry corresponding to the lowest excited sin- 
glet state of the symmetry-allowed diene isomer. The excel- 
lent agreement between observed and expected diene 
distributions further suggests that ring opening by the symme- 
try-forbidden conrotatory pathway does not occur to a signif- 
icant extent. 

This is consistent with the theoretical calculations of 
Devaquet and co-workers (14) and Morihashi and Kikuchi 
(39), which suggest that there may be a relatively small barrier 
between the pericyclic ( 2 ' ~ ~ )  minimum for excited singlet 
state disrotatory ring openinglclosure and the lowest Franck- 
Condon excited singlet ('B,) state of s-cis 1,3-butadiene (39). 
The barrier arises as a result of an allowed crossing of the 'B, 
and 2'Ag states at intermediate geometries for ring closure of 
the diene. The pericyclic minimum (at which the cyclobutenyl 
C3-C4 is partially broken) occurs on the doubly excited 2'Ag 
surface, access to which must involve internal conversion 
from the initially populated excited state of either cyclobutene 
(in ring opening) or 1,3-butadiene (in ring closure). Morihashi 
and Kikuchi determined that the probability of internal con- 
version from the pericyclic minimum to the ground state, 
while substantially higher than that on the conrotatory side, is 
quite low (-lo4) (39). Thus, these calculations suggest that 
full formation of electronically excited s-cis diene by disrota- 
tory ring opening could occur competitively with internal con- 
version to the ground state surface at the pericyclic minimum, 
providing that such a barrier is small enough. 

This model for photopericyclic reactions contains the 
implicit assumption that product selection in a photochemical 
reaction occurs on the excited state sutface after initial relax- 
ation to the favored equilibrium geometry; i.e., that the forma- 
tion of different products in a photochemical reaction involves 
motion along different reaction coordinates on the excited 
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state surface (18). Thus, the formation of E,Z-diene by dis- 
rotatory ring opening of a cis-3,4-disubstituted cyclobutene 
can only result if electronically excited E,E-diene is fully 
formed prior to decay to the ground state by cis,trans isomer- 
ization. The ramifications of these statements are actually 
easier to understand from the point of view of diene photo- 
chemistry: the mixture of products that is normally formed 
from irradiation of an s-cis diene (geometric isomers, 
cyclobutene, and the s-trans conformer in acyclic systems) 
results from partitioning amongst different excited state 
reaction coordinates, according to the avoided crossing model. 

Recent theoretical calculations by Bernardi, Robb, Olivucci 
and their co-workers suggest a fundamentally different mech- 
anism for such reactions, in which product formation results 
from evolution along a single (preferred) excited state reaction 
coordinate (21, 23). Decay to the ground state surface then 
occurs at a single conical intersection of the ground and 
excited state potential energy surfaces to yield a mixture of 
products that is dictated by the structure of the molecule at the 
conical intersection, the atomic trajectories that are activated 
as the excited molecule approachesit, and various barriers that 
the molecule encounters on the ground state surface as it cas- 
cades to stable products. Thus, the formation of all the prod- 
ucts of direct irradiation of an s-cis diene is proposed to be due 
to funnelling through a single conical intersection of the dou- 
bly excited ( 2 ' ~ ~ )  and ground (1 'A,) state potential energy sur- 
faces. At the 2'A$11A, conical intersection calculated for s-cis 
butadiene, the molecule is twisted about all three carbon+ar- 
bon bonds; the termini (the C1-C2 and C3-C4 bonds in 1,3- 
butadiene) are twisted in disrotatory fashion, while the central 
(C2-C3) bond is effectively twisted by ca. 52" as a result of 
pyramidalization at C2 or C3 (16, 18, 19). One particularly 
intriguing aspect of this mechanism is the suggestion that tor- 
sion about the terminal double bonds of a diene is accompa- 
nied by torsional motions about the central (single) bond. This 
contrasts expectations based on the avoided crossing model, in 
which cis,trans photoisomerization and disrotatory ring clo- 
sure are both assumed to involve planarization of the four-car- 
bon framework. We have recently published preliminary 
experimental evidence that provides tentative support for the 
importance of central bond torsional motions, and hence for 
the conical intersection mechanism, in the cis,trans photo- 
isomerization of constrained s-cis dienes (29). 

It seems reasonable to expect that ring opening of 
cyclobutene should proceed by a pathway that involves inter- 
nal conversion to the ground state surface at the same conical 
intersection as is proposed to be involved in the photochemis- 
try of s-cis 1,3-butadiene: that which is characterized by disro- 
tatory twisting of the incipient diene double bonds and 
twisting of the central bond. In terms of reaction products, one 
would expect a distribution that bears a strong resemblance to 
that obtained from direct excitation of the corresponding 
diene. In general, an exact match would not be expectkd if the 
product distribution depends on the direction of approach to 
the conical intersection, since this would most reasonably be 
expected to be different for the cyclobutene and the diene. 

The striking similarities in the isomeric diene distributions 
obtained from cyclobutene ring opening (with 214-nm excita- 
tion) and direct diene irradiation, which are observed in all but 
one of the present series of compounds, may indicate that, in 
fact, the direction of approach to the conical intersection is 

approximately the same for a given cyclobutene and its corre- 
sponding disrotatory diene. This would be the case if ring 
opening occurs in disrotatory fashion on the ' B ,  surface, after 
which rapid crossing to the 2'A, surface and procession to the 
2'Ag/1'A, conical intersection occurs by an identical route to 
that followed when the diene is excited directly. 

While there is agreement that the UV resonance Raman 
spectrum of cyclobutene indicates there to be activation of 
central (C=C) bond torsional modes within a few tens of fem- 
toseconds after excitation of the molecule (10, 1 I), our results 
suggest that large-scale motions of this type are not required 
for efficient ring opening. If they were, one might expect there 
to be some observable difference in the photobehaviour of 
l a 4  as the incipient flexibility of the system changes 
throughout the series as a function of ancillary ring size. 
Except for cis-la, this does not appear to be the case. There is 
no variation throughout the series in the degree of agreement 
between observed and "expected" product distributions (for 
214-nm excitation), nor is there any variation in the overall 
quantum yields for ring opening. Furthermore, the quantum 
yields for ring opening of l a 4  are unusually high, compared 
to monocyclic systems. These considerations suggest that 
(large-scale) central bond torsion can only be important after 
the ring-opening stage of the reaction (on the excited state sur- 
face) is complete. 

The conical intersection model is better able to account for 
the observation of higher disrotatory stereoselectivity with 
higher excitation energy than is the avoided crossing model; 
higher energy excitation could provide access to a different 
pathway for approach of the excited molecule to the conical 
intersection, one that results in a higher degree of disrotatory 
stereoselectivity in product formation. An alternate explana- 
tion is that the higher excitation energy populates an upper 
electronic excited state, whose involvement somehow results 
in a higher degree of disrotatory stereoselectivity. We can pro- 
vide no reasonable explanation (using either theoretical 
model) for the difference in the trends in the wavelength 
dependence of the cis and trans isomers of this series of com- 
pounds. 

Summary and conclusions 

The isomeric s-cis diene distributions obtained from irradia- 
tion of alkylcyclobutenes that are structurally constrained at 
the cyclobutenyl C=C (central) bond are, for the most part, 
dictated by the excited state decay characteristics of a single 
diene isomer - that which forms by adiabatic ring opening by 
the disrotatory pathway predicted by orbital symmetry selec- 
tion rules. Thus, the overall nonstereoselectivity of the reac- 
tion is most likely the result of stereospecific ring opening to 
yield an electrotzically excited product. Both the avoided 
crossing and conical intersection models for photopericyclic 
reactions can account for the qualitative aspects of the present 
data, but the latter appears to do so more completely than the 
former. 

Other aspects of the photochemistry of aliphatic dienes are 
potentially exploitable for further verification of the adiabatic 
mechanism for excited state cyclobutene ring opening, and to 
further address the validity of theoretical models for the pro- 
cess. These include photochemical s-cis + s-trans conformer 
interconversion (in acyclic systems) and cyclobutene forma- 
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tion. The former should be detectable using matrix isolation 
techniques, while the latter could be probed by monitoring 
photoracemization of an optically active cyclobutene or the 
interconversion of isomeric cyclobutenes, which are both 
linked to a single diene isomer via disrotatory ring closure. 
Experiments of these types are in progress. 

Experimental 

'H NMR spectra were recorded on Bruker AM300 or AM500 
spectrometers, while 13c NMR spectra were recorded at 125.6 
MHz on the Bruker AM500; all were recorded in deuteriochlo- 
roform (or where noted, carbon tetrachloride) solution and are 
reported in parts per million downfield from tetramethylsilane. 
Condensed phase infrared spectra were recorded on a BioRad 
FTS40 infrared spectrometer as neat samples or in carbon tet- 
rachloride solution (where noted). GCIFTIR analyses were 
carried out using the same spectrometer, interfaced to a 
Hewlett-Packard 5890 gas chromatograph via a BioRad GCIC 
32 interface and equipped with a DB-17 megabore capillary 
column (30 m x 0.53 mm; Chromatographic Specialties). Gas 
chromatographic analyses were carried out using a Hewlett- 
Packard 5890 gas chromatograph equipped with a flame ion- 
ization detector, a Hewlett-Packard 3790 recording integrator, 
and both conventional heated and cold on-column injectors. A 
DB- 1 microbore capillary column (15 m x 0.2 mm; Chromato- 
graphic Specialties, Inc.) was employed in conjunction with 
the latter, while a DB- 1 megabore capillary column (30 m x 
0.53 mm; Chromatographic Specialties, Inc.) or a HP-17 meg- 
abore capillary column (15 m x 0.53 mm, Hewlett-Packard, 
Inc.) were used with the conventional injector. G C N S  analy- 
ses were performed using a Hewlett-Packard 5890 gas chro- 
matograph equipped with a HP-597 1A mass selective detector 
and a DB-1 microbore capillary column (12 m x 0.2 mm; 
Chromatographic Specialties, Inc.). Exact masses were deter- 
mined using a VGH ZABE mass spectrometer, and employed 
a mass of 12.000 000 for carbon. 

Semi-preparative gas chromatographic separations em- 
ployed a Varian 3300 gas chromatograph equipped with a 
thermal conductivity detector, a Hewlett-Packard 3390A 
recording integrator, and one of the following stainless steel 
columns: (a) 20% TCEP on 801100 Chromosorb PNAW (20 ft 
x 114 in., Chromatographic Specialties, Inc.); (b) 20% TCEP 
on 801100 Chromosorb PNAW (6 ft x 114 in., Chromato- 
graphic Specialties); or (c) 3.8% UC-W982 on 801100 Supel- 
coport (24 ft x 114 in., Supelco, Inc.). 

Ultraviolet absorption spectra were recorded using a Per- 
kin-Elmer Lambda 9 spectrometer which is interfaced with an 
IBM PS2 model 30-286 and controlled by software supplied 
by the manufacturer. The spectrometer sample compartment 
was continuously flushed with dry nitrogen, and the sample 
and reference were deoxygenated with a stream of argon prior 
to recording the spectrum. 

Pentane (Baker Photrex), hexanes (Fisher Reagent), 
n-nonane (Matheson, Coleman & Bell), and uranyl sulfate tri- 
hydrate (Alfa Ventron) were used as received from the suppli- 
ers. Tetrahydrofuran (Caledon Reagent) was dried over 
calcium hydride and distilled from sodium/benzophenone. 
Hexamethylphosphoramide, n-butyllithium (2.5 M in hexane), 
zirconocene dichloride, iodomethane, n-decane, cis,cis-1,3- 
cyclooctadiene, and 1,8-nonadiyne were used as received from 

Aldrich Chemical Co. Cerium(1V) sulfate tetrahydrate (Ald- 
rich) was recrystallized three times from distilled water. 1,7- 
Octadiyne, 1,6-heptadiyne (Wiley Organics), and 1,5-hexa- 
diyne (Lancaster) were purified by alumina column chroma- 
tography using hexanes as the eluant. 2,6-Octadiyne, 2,7- 
nonadiyne, 2,8-decadiyne, and 2,9-undecadiyne were pre- 
pared according to the procedure of Negishi et al. (30), and 
purified by alumina column chromatography (hexanes elu- 
ant). Oxalic acid (BDH Reagent) was recrystallized three 
times from water. Uranyl oxalate was prepared according to 
the published procedure and recrystallized three times from 
water (40). 

Synthetic photolyses employed a Rayonet photochemical 
reactor fitted with 12 253.7-nm lamps and a merry-go-round 
apparatus. Deoxygenated solutions were irradiated in a 30-mL 
capacity quartz cell. 

The (E,E)- l,2-bis(ethylidene)cycloalkanes (E, E - 2 a 4 )  
were prepared according to the published procedures (30,3 1). 
The E,Z- and Z,Z- diene isomers and the bicyclic cyclobutenes 
cis- and t r a n s - l b 4  were prepared by 253.7-nm irradiation of 
deoxygenated 2 M pentane solutions (10.0 mL) of the corre- 
sponding E,E isomer. For isolation of the dienes, the irradia- 
tions were stopped after the photostationary state had been 
reached; more extensive irradiation times were employed for 
the synthesis of the cyclobutenes l b 4 .  Following irradiation, 
the solvent was removed by distillation and the mixtures were 
passed through an alumina column, eluting with hexane. Fol- 
lowing concentration of the solutions by careful distillation, 
isolation and further purification were achieved by preparative 
gas chromatography using column (b). Analytical and spectro- 
scopic data for these compounds are similar to published data 
for all three isomers of 2a (vide infra) (31,41), E,E- and E,Z- 
2b (3 1,42), E, E- and E,Z-2c (9,3 l), and E, E-2d (3 1). The fol- 
lowing lists complete spectroscopic data for all new or tenta- 
tively identified compounds (Z,Z-2b, Z,Z-2c, E,Z-2d, and Z,Z- 
2d), as well as previously unpublished data for the others. 

(E,E)-1,2-Bis(ethy1idene)cyclob~~tane (E,E-2a) (3 1, 4 1): IR 
(gas): 2961 (m), 2929 (m), 2855 (m), 1578 (m), 1561 (s), 1416 
(w), 1314 (w), 1068 (s), 1011 (s); 'H NMR, 6: 1.51 (d, J = 6 . 9  
Hz, 6H), 2.49 (br s, 4H), 5.43 (q, J=  6.5 Hz, 2H); I3c NMR, 6: 
13.21, 24.99, 111.47, 141.60; MS, m/z (I): 108 (45), 93 (86), 
91 (96), 79 (loo), 77 (83), 66 (16), 65 (17), 53 (12) 51 (39), 39 
(51), 27 (41). 

(E,Z)-1,2-Bis(ethylide~ze)cyclobutane (E,Z-2a) (41): IR (gas): 
2962 (m), 2929 (m), 2855 (m), 1470 (s), 1382 (s), 1261 (s), 
1097 (s), 1015 (s); 'H NMR, 6: 1.61 (d, 3H, J = 7.0 Hz), 1.72 
(d, J =  7.0 Hz, 3H), 2.48 (br s, 4H), 5.11 (cplx q, J =  7.0 Hz, 
lH), 5.57 (cplx q, J = 7.0 Hz, 1 H); 13c NMR, 6: 13.94, 14.60, 
24.98,26.42, 116.07, 117.29, 140.22, 142.47; MS, m/z ( I ) :  108 
(33), 93 (81), 91 (89), 79 (loo), 77 (97), 53 (31), 51 (49), 39 
(76), 27 (51). 

(Z,Z)-1,2-Bis(ethy1idene)cyclobutane (Z,Z3a) (41): IR (gas): 
2963 (m), 2928 (m), 2866 (m), 1602 (m), 1448 (w), 1412 (w), 
1261 (s), 1097 (s), 1015 (s); 'H NMR, 6: 1.77 (d, J = 7.1 Hz, 
6H), 2.41 (br s, 4H), 5.06 (q, J =  7.1 Hz, 2H); MS, m/z ( I ) :  108 
(44), 93 (79), 91 (84),79 (loo), 77 ( 9 3 ,  65 (41), 53 (27), 51 
(42), 39 (67), 27 (46). 
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(E,E)-l,2-Bis(ethy1idene)cyclopentane (E,E-2b) (31, 42): IR 
(gas): 2961 (m), 2928 (s), 2855 (m), 1678 (m), 1561 (s), 1261 
(s), 1101 (m), 1068 (s), 101 1 (s); 'H NMR, 6: 1.51 (quintet, 
2H), 1.60 (d, J = 7.0 Hz, 6H), 2.23 (t, 4H), 5.21 (m, 2H); I3c 
NMR, 6 (CCl,): 14.8, 23.8, 30.4, 111.1, 141.1; MS, m/z ( I ) :  
122 (73 ,  107 (4.3, 105 (25), 94 (35),93 (75),79 (50), 77 (80), 
67 (33 ,  65 (30), 55 (25), 41 (40). 

(E,Z)-l,2-Bis(ethy1idene)cyclopentane (E,Z-2b) (42): IR 
(gas): 2941 (s), 2872 (m), 1641 (w), 1450 (m), 909 (m); UV 
(pentane), X,,, (E): 249 nm (9900 M-' cm-I); 'H NMR, 6: 1.61 
(quintet, 2H), 1.74 (d, 3H), 1.79 (d, 3H), 2.35 (cplx, 4H), 5.48 
(m, lH), 5,77 (m, 1H); I3c NMR, 6: 15.10, 15.41, 23.78, 
31.09, 36.42, 116.06, 120.32, 141.10. 

(Z,Z)-1,2-Bis(ethy1idene)cyclopentane (Z,Z-2b; identification 
tentative): MS, m/z (1): 122 (21), 107 (39), 105 (20), 95 (13), 
94 (45),93 (83), 79 (50), 77 (5.3, 67 (47), 65 (30), 55 (40), 41 
(30). 

cis-6,7-Dimethylbicyclo[3.2.0]hept-1(5)-ene (cis-lb) (43): IR 
(gas): 2965 (s), 2900 (s), 2868 (m), 1459 (w), 1380 (w), 1337 
(w), 795 (m); I3c NMR, 6: 14.11, 26.32,29.81,38.67, 153.34; 
MS, m/z (1): 122 (17), 107 (21), 93 (53 ,  91 (38), 79 (45), 77 
(35), 65 (3 l), 5 1 (34), 39 (5 1). 

trans-6 7-Dimethylbicyclo[3.2.O]hept-l(5)-ene (trans-lb) 
(43): IR (gas): 2966 (s), 2901 (s), 2865 (m), 1460 (w), 1383 
(w), 1331 (w), 790 (m); I3c NMR, 6: 17.50, 26.20, 29.75, 
44.62, 152.60; MS, m/z (1): 122 (25), 107 (20), 93 (61), 91 
(43), 79 (44), 77 (37), 65 (33), 51 (41), 39 (45). 

(E,E)-1,2-Bis(ethy1idene)cyclohexane (E,E-2c) (9, 30, 3 1): IR 
(gas): 2959 (m), 2939 (s), 2857 (s), 1443 (m), 1375 (w), 1235 
(w), 1001 (w), 905 (w), 843 (w), 808 (w); 'H NMR, 6: 1.58 (d, 
6H), 1.59 (m, 4H), 2.16 (br s, 4H), 5.26 (q, 2H); I3c NMR, 6: 
12.90,26.29,27.95, 115.71, 142.03;MS,m/z(1): 136 (45), 121 
(lo), 107 (45),93 (50), 91 (65), 79 (loo), 77 (50), 67 (20), 65 
(20), 53 (20), 5 1 (19), 39 (40). 

(E,Z)-12-Bis(ethy1idene)cyclohexane (E,Z-2c) (9): IR (neat): 
3035 (w), 2935 (s), 2860 (s), 1442 (m), 1375 (w), 1238 (w), 
993 (m), 907 (m), 837 (s), 807 (m); 'H NMR, 6: 1.60 (d, 3H), 
1.60 (m, 4H), 1.67 (d, 3H), 2.10 (m, 2H), 2.74 (m, 2H), 5.12 
(cplx, 2H); 13c NMR, 6 (CCI,): 12.69, 14.1 1, 27.19, 27.94, 
28.66,37.89, 116.48, 118,85, 137.39, 142.16; MS,m/z(l): 136 
(30), 121 (15), 107 (45),93 (50), 91 (75),79 (loo), 77 (50), 67 
(25), 65 (27), 53 (16), 51 (16), 41 (21), 39 (43). 

(Z,Z)-1,2-Bis(ethy1idene)cyclohexane (Z,Z-2c; identification 
tentative): MS, m/z (1): 136 (33), 12 1 (8), 107 (85), 105 (39), 
93 (40), 91 (39), 79 (loo), 77 (65), 67 (30), 65 (32), 39 (15). 

cis-7,8-Dimethylbicyclo[4.2.0]oct-1(6)-ene (cis-lc) (9): IR 
(neat): 2905 (br, s), 1465 (m), 1438 (s), 1375 (m), 1363 (m), 
13 15 (m), 1233 (m), 1 125 (m), 1017 (w), 968 (w), 928 (w), 
885 (w), 815 (w), 805 (w); 'H NMR, 6: 0.94 (d, 6H), 1.62 (m, 
4H), 1.75 (d, 2H), 1.86 (d, 2H), 2.78 (cplx q, 2H); I3c NMR, 6 
(CCI,): 13.19, 22.34, 22.92, 40.48, 144.74; MS, m/z (1): 136 
(22), 121 (17), 107 (40), 105 (13), 93 (51), 91 (59), 79 (loo), 
77 (46), 67 (21), 65 (18), 53 (20), 51 (19). 41 (25), 39 (43). 

trans-7,8-Dimethylbicyclo[4.2.0]oct-1(6)-ene (trans-lc) (9): 
IR (neat): 2917 (br, s), 2840 (s), 1443 (s), 1438 (m), 1327 (m), 
129 1 (m), 1260 (m), 1223 (m), 1 123 (w), 1043 (w), 967 (m); 
'H NMR, 6: 1.08 (d, 6H), 1.60 (m, 2H), 1.66 (m, 2H), 1.77 (d, 
2H), 1.85 (d, 2H), 2.19 (cplx q, 2H); I3c NMR, 6 (CC1,): 
16.94,22.44,23.04,46.42, 143.69; MS, m/z (1): 136 (23), 121 
(19), 107 (48), 105 (17), 93 (57), 91 (46), 79 (loo), 77 (48), 67 
(24), 65 (18), 53 (25), 5 1 (20), 41 (3 I), 39 (50). 

(E,E)-1,2-Bis(ethy1idene)cycloheptane (E,E-2d) (30, 31): IR 
(gas): 3034 (w), 2392 (s), 2868 (m), 1870 (w), 1647 (w), 1452 
(m), 1384 (w), 1346 (w), 1315 (w), 1035 (w), 977 (w), 840 
(w), 806 (w); 'H NMR, 6: 1.45-1.55 (m, 6H), 1.56 (d, 6H), 
2.21 (m, 4H), 5.37 (q, 2H); I3c NMR, 6: 13.03, 27.78, 29.38, 
31.80, 117.40, 146.06; MS, m/z (1): 150 (52), 135 (16), 121 
(41), 107 (37), 105 (21), 93 (96), 91 (75), 79 (loo), 77 (62), 67 
(38), 55 (18), 53 ( 28), 39 (50). 27 (31). 

(E,Z)-1,2-Bis(ethy1idene)cycloheptane (E,Z-2d): IR (gas): 
2968 (m), 293 1 (s), 2864 (m), 268 1 (w), 1457 (m), 1384 (w), 
1350 (w), 957 (w), 822 (w), 798 (w); 'H NMR, 6: 1.51 (br s, 
6H), 1.59 (d, 3H), 1.63 (d, 3H), 2.16-2.22 (m, 4H), 5.22 (sex- 
tet, 2H); I3c NMR, 6: 14.04, 14.95, 27.42, 29.46, 29.52, 
29.68,38.00, 117.38, 121.33, 140.27, 145.31;MS,m/z(1): 150 
(56), 135 (18), 121 (43), 107 (39), 105 (21), 93 (97), 91 (69), 
81 (28), 79 (loo), 77 (60), 69 (3), 67 (41), 55 (17), 53 (29), 39 
(54), 27 (30). Exact Mass, calcd. for C, ,HI,: 150.1409; found: 
150.1418. 

(Z,Z)-1,2-Bis(ethy1idene)cycloheptane (Z,Z-2d; identification 
tentative): MS, m/z (1): 150 (6), 135 (33), 121 (71), 107 (83), 
93 (loo), 91 (87), 79 (loo), 77 (83), 67 (41), 65 (32), 53 (25), 
41 (27), 39 (49), 29 (20), 27 (28). 

cis-8,9-Dimethylbicyclo[5.2.O]non-1(7)-ene (cis-Id): IR 
(gas): 3087 (w), 297 1 (w), 2932 (s), 2866 (m), 164 1 (w), 1452 
(m), 993 (w), 9 13 (m); 'H NMR, 6: 0.90 (d, J = 7 Hz, 6H), 1.49 
(cplx m, 4H), 1.65 (cplx m, 2H), 1.88 (cplx m, 2H), 2.02 (cplx. 
m,2H),2.57 (brq,2H); 13cNMR, 6: 13.11,28.31,29.04, 
29.67, 38.35, 145.12; MS, m/z (1): 150 (27), 135 (16), 121 
(34), 107 (33 ,  105 (18), 93 (90), 91 (69), 81 (51), 79 (loo), 77 
(61), 67 (51), 63 (9), 55 (23), 53 (32), 39 (63), 27 (36). Exact 
Mass, calcd. for C, ,HI,: 150.1409; found: 150.141 8. 

trans-8,9-Dimethylbicyclo[5.2.O]tzon-1(7)-ene (trans-Id): IR 
(gas): 2966 (m), 2920 (s), 2866 (m), 1459 (m), 1378 (w), 977 
(w), 831 (w), 815 (w) ; 'HNMR,~:  1.02(d, J=7Hz,6H),  1.51 
(br s, 4H), 1.58 (cplx m, 4H), 1.95 (cplx m, 4H); I3c NMR, 6: 
16.96, 28.53, 29.07, 29.69, 44.1 1, 146.22; MS, m/z (1): 150 
(33), 135 (17), 121 (39), 107 (42), 105 (22), 93 (99), 91 (77), 
81 (25), 79 (loo), 77 (61), 67 (39), 65 (25), 55 (16), 53 (25), 39 
(52), 27 (29). Exact Mass, calcd. for C, ,HIS: 150.1409; found: 
150.1409. 

The irradiation of E,Z-2b,c also yielded minor amounts of 
hydrogen migration products, which were identified as 1- 
ethyl-2-vinylcyclopentene from E,Z-2b, and 2-ethyl-3-eth- 
ylidenecyclohexene from E,Z-2c: 

1-Ethyl-2-vinylcyclopentene: 'H NMR, 6: 0.98 (t, 3H, J = 7 
Hz), 1.80 (t, 2 H), 2.22 (cplx q, 2 H), 2.44 (cplx, 2H), 4.97 
(cplx t, 1 H), 5.02 (cplx m, 1 H), 6.65 (dd, 1 H); 13c NMR, 6: 
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12.87, 21.41, 32.43, 36.26, 112.37, 131.04, 133.31, 144.51; 
MS, m/z (1): 122 (20); 107 (23); 93 (60); 91 (64); 79 (100); 77 
(53); 65 (17); 51 (15); 39 (27); 27 (17). 

2-Ethyl-3-ethylidenecycloheme: 'H NMR, 6: 1.02 (t, 3H, J = 
7.2 Hz), 1.63 (br t, 2H), 1.67 (d, 3H, J = 6.8 Hz), 2.09 (br m, 
2H), 2.14 (cplx q, 2H), 2.26 (br t, 2H), 5.43 (q, 1H); 5.49 (br t, 
1 H); I3c NMR, 6: 13.01, 13.41, 22.59, 25.44, 25.52, 25.72, 
115.78, 123.04, 135.09, 138.57. MS, m/z (1): 136 (25); 121 (7); 
107 (100); 93 (31); 91 (97); 79 (99); 77 (55); 65 (21); 51 (17); 
41 (18); 39 (30). 

Preparation of cis- and trans-2,3-dimethylbicyclo[2.2.O]hex- 
l(4)-ene (cis- and trans-la) 
In a flame-dried, 150-mL two-necked flask, fitted with an 
addition funnel, magnetic stirrer, reflux condenser, and nitro- 
gen inlet, were placed (?)-2,3-butanediol di-p-tosylate (19.90 
g, 0.05 mol) and tetrahydrofuran (50.0 mL). The system was 
purged with dry nitrogen and then cooled with an external iso- 
propanol - Dry Ice bath to -78"C, after which a solution of 
lithium trimethylsilylacetylide (generated from trimethylsilyl- 
acetylene (9.82 g, 0.1 mol) and n-butyllithium) in tetrahydro- 
furan (25 mL) was added dropwise over a period of 1 h with 
vigorous stirring. The resulting solution was stirred for an 
additional hour at -78"C, allowed to warm to room tempera- 
ture, and then quenched with ice (20 g) and extracted with pen- 
tane (3 x 10 mL). The combined extracts were dried with 
sodium sulfate, filtered, and the solvent was evaporated to 
yield a colourless oil that was tentatively identified as 3,4-di- 
methyl- 1,6-bis(trimethylsily1)- 1,5-hexadiyne (4.75 g, 0.019 
mol, 38%) on the basis of its 'H NMR and mass spectra: 'H 
NMR, 6 (CDCI,): 0.1 1 (s, 9H), 1.71 (d, 3H), 5.01 (q, IH); MS, 
d z  (1): 235 (13), 207 (3), 162 (79,161 (43), 156 (2), 147 (22), 
138 (13), 110 (14), 96 (14), 83 (12), 81 (1 l), 73 (loo), 59 (12), 
43 (1 I). The material was used without further purification in 
the following step. 

In a flame-dried, 50-mL two-necked flask fitted with mag- 
netic stirrer, addition funnel, reflux condenser, and gas inlet 
were placed zirconocene dichloride (2.92 g, 0.01 mol) and tet- 
rahydrofuran (1 5 mL). The system was purged with dry nitro- 
gen and cooled to -78°C with an external Dry Ice bath. A 
solution of n-butyllithium (0.02 mol) in tetrahydrofuran (5 
mL) was added dropwise with stirring over a period of 1 h. 
After stirring at -78°C for an additional hour, a deoxygenated 
solution of 3,4-dimethyl-l,6-bis(trimethylsily1)-1,5-hexa- 
diyne (2.50 g, 0.01 mol) in tetrahydrofuran (5 mL) was added 
to the reaction mixture by means of a double-headed needle. 
The resulting solution was stirred at -78°C for an additional 
3 h, warmed to room temperature, quenched with ice (20 g), 
and extracted with pentane (3 x 10 mL). The extracts were 
combined, the solvent was evaporated, and the residue (1.74 g) 
was dissolved in dichloromethane (10 mL) and placed in a 25- 
mL roundbottom flask. Trifluoroacetic acid (3.0 mL) was 
added and the mixture was stirred for 12 h at room tempera- 
ture. The resulting brown reaction mixture was quenched with 
water (10.0 mL) and extracted with pentane (3 x 5 mL). The 
extracts were combined, dried over sodium sulfate, filtered, 
carefully distilled to remove the solvent, and finally bulb-to- 
bulb distilled under vacuum to yield a colourless liquid (0.73 
g, 66%) that contained two major isomeric products according 
to GCMS analysis. Small (ca. 10 mg) quantities of the two 

components were isolated by semi-preparative GC (column 
c), and identified as cis- and trans-3,4-dimethyl-1,2-@is)- 
methylenecyclobutane (cis- and trans-7) on the basis of com- 
parison of their 'H NMR spectra to the published data (41). 

The remaining portion of the mixture from above was dis- 
solved in pentane (5 mL), placed in a quartz irradiation tube, 
and sealed with a rubber septum. The solution was deoxygen- 
ated with a stream of N,, and photolysed (253.7 nm) to ca. 
70% conversion. GC and GCMS analysis indicated the for- 
mation of two major products, which were isolated and puri- 
fied by semi-preparative GC (column a), and identified as cis- 
and trans-la on the basis of their GC retention times, 'H 
NMR, UV, and mass spectra (see below). As is also known to 
be the case for the parent compound, bicyclo[2.2.0]hex-l(4)- 
ene, cis- and trans-la are relatively unstable com ounds, with f half-lives of ca. 15 h in pentane solution (1 x 10- M) at 25°C. 
The samples were stored under liquid nitrogen prior to their 
use in photolysis experiments. 

cis-2,3-Dimethylbicyclo[2.2.0]-hex-l(4)-ene (cis-la): IR 
(gas): 2962 (s), 2929 (s), 2872 (m), 2855 (m), 1450 (w), 1381 
(w), 1353 (w), 1261 (m), 1101 (m); 'H NMR, 6: 1.60 (d, J = 
6.5 Hz, 6H), 1.76 (cplx m, 4H), 2.21 (q, J = 7.2 Hz, 2H); MS, 
d z  (1): 108 (39), 93 (78), 91 (83), 79 (loo), 77 (94), 66 (24), 
65 (29), 53 (29), 51 (41), 39 (63), 27 (41). 

trans-2,3-Dimethylbicycl0[2.2.O]-hex-l(4)-ene (trans-la): IR 
(gas): 2962 (s), 2929 (s), 2872 (w), 2856 (w), 1451 (w), 1261 
(m); 'H NMR, 6: 1.60 (d, J = 6.5 Hz, 6H), 1.76 (cplx m, 4H), 
2.14 (cplx m, 2H); MS, m/z (1): 108 (40), 93 (96), 91 (96), 79 
( 9 3 ,  77 (loo), 66 (23), 65 (27), 53 (33), 51 (44), 39 (64), 27 
(42). 

Quantitative photolyses employed a Rayonet photochemi- 
cal reactor fitted with a merry-go-round and two 253.7 nm 
lamps, a 16-W Phillips 93 106E Zn resonance lamp (2 14 nm) 
either alone or in conjunction with a 214 nm interference filter 
(Acton Research Corp. 214-B-ID), or the unfocussed pulses 
from a Lumonics 5 10 excimer laser containing Ar/F,/He mix- 
tures (193 nm, ca. 15 ns, 20 mJ, 0.5 Hz repetition rate). Solu- 
tions were contained in 5-mm quartz tubes sealed with rubber 
septa for 214 nm or 253.7 nm photolyses, or 1 x 2.5-cm round 
Suprasil UV cells (sealed with rubber septa) for 193 nm pho- 
tolyses, and were deoxygenated with a stream of dry nitrogen 
or argon prior to irradiation. n-Decane was employed as an 
internal GC standard in all cases; the VPC detector responses 
were calibrated using solutions of known concentrations of 
substrate and standard. The solutions were vigorously stirred 
with a magnetic stirrer during the photolyses. 

Quantum yields for product formation from 253.7 nm irra- 
diation of dienes 2a-d were carried out by ferrioxalate acti- 
nometry (44, 4 3 ,  using 0.02 M solutions in pentane, and are 
the averages of triplicate single point determinations taken at 
conversions of 10% or less. 

Quantum yields for product formation from 214-nm irradi- 
ation of cis- and trans-la were carried out on unstirred solu- 
tions, using the initial slopes of product concentration vs. time 
plots to determine product yields, and uranyl oxalate actinom- 
etry (40,44,46) to determine light intensities. 

Quantum yields for product formation from 193-nm irradi- 
ation of cyclobutenes lb-d were determined using the irradi- 
ation of bicyclo[4.2.0]oct-7-ene as the actinometer (1). 
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Irradiation of substrate and actinometer were followed as a 
function of light dose between 0.5 and 5% conversion, and 
quantum yields were determined from the slopes of concentra- 
tion vs. time plots after correction of the raw data with the cor- 
responding GC response factors. 
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On the stability of endohedral rare gas 
f ullerenes 

Dennis P. Clougherty 

Abstract: The stability of He@Cso and Ne@Cso is discussed in the context of a spherical model where the carbon 
atoms are smeared out into a uniform shell. The electronic properties of the 60 n-electrons together with those of the 
central atom are treated in the Thomas-Fermi approximation. Simple electrostatic reasoning elucidates the nature of the 
radial stability of the complex. A method to include nonspherical corrections is outlined. Possible bonding topologies 
of the central atom and the C60 cage are discussed, as well as the relevance of these topologies to incipient central atom 
distortions. 

Key words: fullerenes, Thomas-Fermi, dopeyball, He@c60, Ne@c60. 

RCsumC : On discute de la stabilitC des He@C60 et Ne@C60 dans le contexte d'un modkle sphirique dans lequel les 
atomes de carbone sont rkpartis dans une coquille uniforme. On a trait6 les propriitCs Clectroniques des 60 Clectrons 
n avec ceux de l'atome central par l'approximation de Thomas-Fermi. Un raisonnement Clectrostatique simple permet 
d'Clucider la nature de la stabilitC radiale du complexe. On dCcrit une mCthode permettant d'inclure des corrections non 
sphCriques. On discute des topologies de liaison possibles de I'atome central et de la cage C60 ainsi que de ces topologies 
par rapport aux distorsions qui naissent de l'atome central. 

Mots elks : fullerknes, Thomas-Fermi, dopeyball, He@C60, Ne@CsO. 

[Traduit par la rCdaction] 

I. Introduction indicate that the dopant is stable at the center. Consequently, 

An interesting consequence of the closed cage structure of 
C60 is that atoms and molecules may be trapped inside, 
forming endohedral complexes ("dopeyballs"). A variety of 
such complexes have been produced (1) where the dopant 
may be a metallic or a rare gas atorn/cluster. The electronic 
structure and mechanical stability of two such endohedral 
rare gas complexes, H e @ C 6 ~  and Ne@C60, are considered 
here. 

It has previously been noted (2) that the high symmetry 
of the C60 cage suggests the following geometrical approxi- 
mation: the one-electron potential of icosahedral symmetry 
is replaced with its spherical average. Physically, the nuclear 
charge together with the charge from the core electrons is 
smeared out into a thin spherical shell of uniform surface 
charge density and radius R. Such a fictitious molecule - 
"spherene" - has complete spherical symmetry. 

In the case of metallofullerenes such as N a @ C 6 ~ ,  it has 
been shown (3) that the equilibrium position of the dopant 
is not at the center of the cage, consequently reducing the 
symmetry of the complex. For rare gas dopants, however, it 
was previously asserted (1) that there is no such symmetry 
reduction. Additionally, previous calculations (4) on Ne@C60 

given the large cooidination number of the gas atom and tge 
lack of a distortion from the high symmetry configuration, 
endohedral rare gas fullerenes seem to be good candidates 
for the spherical approximation. 

The endohedrally doped spherene is treated in the Thomas- 
Fermi approximation. It is anticipated that the highly delocal- 
ized n-electrons of the cage and the closed shell configuration 
of the gas atom are well suited to such a statistical descrip- 
tion. This method of treating high symmetry molecules was 
originally suggested by March (5 ) .  

The cage is parametrized by the radius R and valence elec- 
tron number N, while the gas atom has nuclear charge Z and 
an equal number of electrons. The total electron density is 
calculated using the Thomas-Fermi equations, subject to the 
shell boundary conditions. 

The total energy of the system is calculated for a variety 
of radii. A stable equilibrium radius is obtained, when the 
cage self-energy is computed from the system of ionic point 
charges, rather than from the continuum model. A method of 
treating nonspherical corrections is outlined. Lastly, possible 
central atom distortions are discussed in the context of the 
Bader molecular graphs arising from the electron density. 

11. ThomasFermi theory of dopeyballs 
Received October 1 1 ,  1995. 

The nuclear potential from the central atom and the cage 
This paper is dedicated to Professor Richard F. W. Bader on atoms can be expanded in a multipole series as 
the occasion of his 63th birthday. 

D.P. Clougherty.' Department of Physics, University of 
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where Z is the atomic number of the rare gas atom of in- 
terest. From the icosahedral symmetry of the molecule, it has 
been shown (2) that the first three nonvanishing multipole 
moments are for t =0, 6, 10. As the occupied one-electron 
states have an effective t = 5, it is not necessary to consider 
t > 10 multipole terms in first-order perturbation theory. 

The spherical approximation consists of retaining only the 
t = 0 term in the multipole expansion. The error introduced 
can be estimated by consideration of the relevant dimension- 
less parameters 

The following values are found as functions of Z: a 6 , ~  = 

0.026/(1 + Z), a6,5 = 0.020/(1 + Z), a[o,o = 0.021/(1 + Z), 
and ~110,s = 0.034/(1 + Z). As ae,,, << 1 for ! < 10, it may 
be concluded that the spherical approximation is justified for 
such a high symmetry structure, and one-electron splittings 
under the true icosahedral symmetry can be treated pertur- 
bationally. 

With spherical symmetry imposed, the endohedral cluster 
is quasi-atomic in form. The 60 n-electrons of the cage plus 
the Z electrons of the central atom are now treated in the 
Thomas-Fermi (TF) approximation where the Z+N electrons 
see a point charge of Ze at the origin and a uniform shell 
of charge Ne and radius R. The methodology follows that of 
March (5). 

At temperature T = 0, the dimensionless TF equation 
without exchange is given by 

x is the distance from the center of the shell in units of 

where a0 is the Bohr radius of hydrogen. @ is related to the 
potential in the usual way 

Equation [4] is supplemented with the boundary condi- 
tions: @(0) = 1, and 

where X is the shell radius in dimensionless units and differ- 
entiation is with respect to x. Additionally, @ itself is contin- 
uous over its domain, and (I -+ 0 as x -+ m. 

Ill. Numerical results 
@(r) is found by numerical integration of eq. [4] subject to the 
above boundary conditions. The charge density n(r) and total 
electronic energy Ee are subsequently obtained from @(r), as 

Fig. 1. Radial electron density for Ne@C60 (in units of 10/b) 
vs. x for R = 7. 36ao. 

and 

as was obtained by March. The radial electron density of 
Ne@C60 is given as an example in Fig. 1. 

The electronic energy Ee is found for various values of the 
dimensionless cage radius X in the cases of Z = 2 and 10, 
corresponding to H e @ C 6 ~  and Ne@C60, respectively. As the 
boundary condition for 41 at the shell explicitly depends on Z,  
E, will not have simple "atomic" scaling with Z (Ee - Z7I3). 

If we add to Ee the electrostatic self-energy of the con- 
tinuum shell, U ,  it is found that this total energy E = Ee + U 
does not have a minimum for finite X, in accord with Teller's 
no-binding theorem (6) for molecules in TF theory. The con- 
tinuum shell self-energy is too large and dominates Ee. How- 
ever, if the self-energy is evaluated as a sum over point ions 
distributed on the shell surface, an energy minimum at finite 
shell radius is found. The spherical approximation is aban- 
doned for the purpose of calculating the potential energy for 
the nuclear configuration. 

The self-energy of the nuclear configuration may be 
written in the form 

where c is a dimensionless number, computed from the ac- 
tual equilibrium coordinates of C60. It was previously (2) 
computed as c = 0.43101. 

The total energies for He@C60 and Ne@C60 as a function 
of the shell radius are displayed in Figs. 2 and 3. The resulting 
equilibrium radii, Ro, are listed in Table 1, together with 
the total energies for the equilibrium configuration. Previous 
results for C60 are provided for comparison. 

The expansion of the equilibrium cage radius with in- 
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Clougherty 

Fig. 2. Total energy E (Ry) for He@CGO vs. shell radius R 
(Bohr). 

Fig. 3. Total energy E (Ry) for Ne@C60 vs. shell radius R 
(Bohr). 

Table 1. Minimum total energies E (Ry), 
equilibrium radii R (Bohr), for Z = 0, 2, 10. 

Z R E 

"Reference 2. 

creasing Z is observed, in agreement with a previous re- 
stricted Hartree-Fock calculation (4). It should, however, be 
noted that c is a result of the detailed atomic positions in 
C60. Certainly, distortions that do not preserve the relative 
positions of cage ions will give rise to changes in c and, 
consequently, to changes in Ro. It is also interesting to note 
that the monotonic increase of Ro with Z does not follow the 
"atomic size" scaling relation (D N zP1I3). 

The shell equilibrium can be understood from electrostatic 
considerations. At equilibrium, the centrifugal force on the 
shell resulting from self-interaction is balanced by the cen- 
tripetal force exerted on the shell by the charge contained 

inside the shell. The total charge contained inside the shell 
at equilibrium is -cNe w -25.86e, and the total number of 
electrons inside the shell is (Z+cN). Thus we see that endo- 
hedral fullerenes whose central atoms have higher Z require 
more electrons inside the shell to maintain equilibrium. 

IV. Beyond spherene 
While approximating the discrete cage ions by a uniform 
spherical shell is a valid approximation with regard to the 
total energy, it is the corrections to the spherical average that 
contain all the information regarding the bonding. The spher- 
ical approximation reduces the complex to a one-dimensional 
system. The consequent critical points in the electron den- 
sity consist of only minima and maxima, and an analysis of 
the bonding topology requires consideration of the effects of 
the nuclear multipole moments e > 0. A method for finding 
the electron density corrugatio?~ of endohedral fullerenes is 
given below. 

To treat these nonspherical contributions, one must return 
to the general TF equation, 

32n2e2 
where p = -(2rn)312 and p+ is the (positive) nuclear 

3h3 
charge density. 

p+ can be expressed as a sum of spherical harmonics, 

where 

The potential V is now written as 

[ 141 V(r) = Vo(r) + ((r) 
where Vo is the spherically averaged solution and ( results 
from consideration of the higher order multipole moments. 
It is assumed that ( is much smaller than Vo. Thus, eq. [ l l ]  
leads to a linearized equation for ( 

Equation [15] is of the form of the single particle Schrodinger 
equation at zero energy with a central "potential," ;!3vdl2, 
which is everywhere positive, and a nonhomogeneous boundary 
term. ( may be expanded in spherical harmonics inside and 
outside r = R, and the boundary term gives rise to a discon- 
tinuity in the radial derivative of 6. Thus, 

where tern satisfies the following 
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and is subject to the following boundary conditions 

As the effective "potential" in eq. [17] is positive for all r ,  
only exponential solutions are possible for 6. Without a dis- 
continuity in the radial derivative, only the trivial solution 
would satisfy the boundary conditions at the origin and at 
infinity. Thus, <p,,, is non-zero only when Qp,, is non-zero. 
The first nonspherical corrections to the potential and the 
electron density then are at t = 6, 10. Not surprisingly, these 
t values correspond to irreducible representations of the rota- 
tion group that contain the trivial representation (Ag) of Ih. It 
is interesting to note that the centrifugal term in the effective 
"potential" will reduce the contributions from large t to the 
density. 

V. Structure and bonding 
The simplest bonding configuration consistent with the sym- 
metry constraints is that of 60 bonds between the central atom 
and the carbon atoms in the cage. However, a second possi- 
bility was proposed on the basis of an ab initio calculation 
(4) on Ne@Cm. There, it was found that with the Ne atom 
in the center of the cage, 30 bond paths exist, starting on the 
Ne atom and terminating on the carbonxarbon double bond 
points. Is this a stable configuration with respect to central 
atom displacement? 

While the total energy calculations in ref. 4 indicate that 
Ne is in a stable equilibrium at the center of the cage, unless 
the bond point at the carbonxarbon double bond is a non- 
nuclear attractor (8) ("pseudoatom"), it would seem that the 
bonding topology found in ref. 4 may correspond to that of 
the metastable state described by Bader (7) as a "conflict 
structure." 

Given that the Na+ is isoelectronic with Ne, and that Na+ 
in Na+@C6a does distort along a fivefold axis, a similiar 
instability in Ne@C6a would seem possible. The possible in- 
compatibility of the molecular graph with the total energy 
calculations indicates that additional study is warranted, and 
central atom distortions in rare gas endohedral fullerenes re- 
main as an intriguing possibility. 
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Local energy and chemical potential equations 
and the exchange-correlation potential 

N.H. March 

Abstract: Local energy and chemical potential equations are considered in some detail in relation to low-order density 
matrices. Some asymptotic properties can be extracted in exact form. The spatial derivative of the chemical potential 
equation referred to above yields the external force, defined as the (negative of the) gradient of the potential energy 
of the nuclear framework. This quantity, by utilizing the differential virial theorem, can be expressed as a sum of three 
terms: ( i )  a Laplacian contribution known explicitly in terms of the ground-state electron density; ( i i )  a kinetic part 
derivable from the "near-diagonal" behaviour of the first-order density matrix; and (iii) a term from electron4ectron 
interactions, that involves the electronic pair correlation function. Following the work of Holas and March, this allows the 
exchange-correlation potential of density functional theory to be expressed in terms of low-order density matrices. Finally, 
scaling of electron4ectron interactions is briefly considered, as well as the adiabatic connection formula in density 
functional theory. Such scaling arguments lead to a kinetic correction to the Harbola-Sahni form of the exchange-only 
potential. 

Key words: external force, first-order density matrix, electronic pair function. 

RCsumC : On considkre en dCtail les Cquations de l'energie locale et des potentiels chimiques en relation avec des densitis 
de matrices d'ordre peu ClevC. On peut extraire quelques propriCtCs asymptotiques dans une forme exacte. La dCrivC 
spatiale de 1'Cquation du potential chimique mentionnC plus haut fournit le force externe, dkfinie comme la valeur nCgative 
du gradient de l'knergie potentielle du squelette nucltaire. Cette quantitk, en utilisant le thCorkme de la diffkrentielle 
viriale, peut &tre exprimCe sous la forme de la somme de trois termes : ( i )  une contribution d'un laplacien connue 
explicitement en termes de densit6 Clectronique de I'Ctat fondamental; ( i i )  un partie cinCtique que l'on peut dCriver 6 partir 
du comportement ccpractiquement diagonal)) de la matrice de densit6 du premier ordre et (i i i)  une partie des interactions 
Clectron4lectron qui implique la fonction de corrClation d'une paire Clectronique. A la suite du travail de Holas et March, 
ceci permet d'exprimer le potentiel de corrClation d'Cchange de la thCorie de la densit6 fonctionnelle en termes de matrices 
de densitC d'ordre peu ClevC. Finalement, on considCre briCvement la possibilitC d'kchelonner les interactions Clectron- 
Clectron ainsi que la formula de connexion adiabatique dans la thkorie de la densitC fonctionnelle. De tels arguments 
dlCchelonnage conduisent 21 une correction cinktique 6 la forme de Harbola-Sahni du potentiel uniquement d'tchange. 

Mots clPs : force externe, densit6 du premier ordre, fonction d'une paire Clectronique. 

[Traduit par la rCdaction] 

1. Introduction 
Richard Bader spent a year in Europe around 1980, and half 
of that period in the Theoretical Chemistry Department in 
Oxford. I hope we were not too sleepy when Richard ar- 
rived: we were certainly wide awake when he left!! For me, 
that visit and the friendship that built up as a result were very. 
important. We found opportunity to interact, even though 
Richard was very busy with "Atoms in Molecules" theory 
(1) and paid many visits to other departments in the U.K. 
and Europe during his stay. Two things resulted directly from 
our scientific collaboration: ( i )  a joint contribution in Physics 

Received September 27, 1995. 

This paper is dedicated to Professor Richard F. W. Bader on 
the occasion of his 65th birthday. 

N.H. March.' 6, Northcroft Road, Egham, Surrey TW20 
ODU, England. 

Emeritus Professor, Oxford University, England. 

Letters (2) that addressed the question of the relation of the 
chemical potential p of density functional theory to the ion- 
ization potential I and (ii) a short piece in my review (3) 
on "Topology of Molecular Charge Distributions," a topic I 
could not have included at that time without his help and 
advice. These two things have influenced my own thinking a 
lot and will provide some focal points for the present article 
in this issue honouring Richard. 

Let us start by contrasting the local chemical potential 
equation, referred to in ( i )  above, with the local energy equa- 
tion. The first of these equations is the Euler-Lagrange equa- 
tion of density functional theory (DFT) while the second 
comes directly from the many-electron Schrodinger equa- 
tion. In both cases the discussion below will be confined al- 
most exclusively to the ground state, and the second equation 
referred to above can be viewed as expressing the ground- 
state energy E of the atom or molecule under consideration 
as E = HYlY,  with H the many-electron Hamiltonian. Of 
course, the N-electron wave function Y should be antisym- 
metrical in the interchange of space plus spin coordinates for 
any pair of electrons (spin will usually be suppressed below 
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for notational convenience). But whereas the local chemical 
potential equation can be written formally as 

where the kinetic and potential terms, dependent on a single 
position vector r, are to be defined precisely below; the local 
energy E above involves N vectors. However, by introducing 
low-order density matrices, we shall show that considerable 
reduction of these variables is also again feasible (4,5). 

2. Definitions of density matrices and 
local energy equation 

Let us first define the density matrices in terms of the many- 
electron wave function (6-8). Then an alternative, and of 
course equivalent, definition will be given in the language of 
second quantization and this will be employed to derive the 
local energy in terms of density matrices. 

The second-order density matrix y2(rl, r2; < , 4 )  is defined 
from the normalized, anti-symmetric N-electron wave func- 
tion by 

The other central quantity for the present study is the first- 
order density matrix y(rl, <). This is defined by 

The basic quantity of density functional theory (DFT) - 
the electron number density n(r) - is evidently the diagonal 
element y(r,r) of the first-order density matrix. The diagonal 
element of the second-order matrix is the important electronic 
pair correlation function n2(r,r') = y2(rr J ;  r, J ) .  For a single 
determinant ground-state wave function, such as obtains in 
the Slater-Kohn-Sham reference system or in the Hartree- 
Fock method, the first-order density matrix is idempotent, 
i.e., + = y. For a fully interacting electronic assembly, this 
equality is replaced by the inequality + < y reflecting the 
Pauli Principle requirements. 

2.1 Alternative and equivalent definitions: second quan- 
tized form 

Following Dawson and March (4), we define as an alternative 
to eqs. [2] and [3] the first- and second-order density matrices 
in the language of second quantization as (1 = rl etc): 

and 

The three-particle or third-order density matrix constitutes an 
obvious generalization of the definitions [4] and [5]. 

Next one defines the time-dependent operator 

which obeys the equation of motion 

In this eq. [7], H denotes the second quantized Hamiltonian 
for interacting electrons moving in the external field gener- 
ated by the nuclear framework. Employing this form of H, 
together with eq. [7], one is led to the result 

It can readily be proved that 

is time independent for the Hamiltonian H defined above. 
Setting therefore its time derivative to zero, and using eq. 
[8] plus definitions one finds 

+ /[u(l - 2) - u(1' - 2 ) ] ~ ( 1 ,  2; l', 2)d2 = 0 

Further use of the quantity 

and eq. [8] leads then, after some further manipulation, to 
the desired result 

Here 2; denotes simply -: v?. Next we integrate both sides 
of eq. [12] over d l  (after replacing 1' by 1) 

+ 3 1  d l  d2 d3 u(23)~(123;  123) 

Using reduction properties of density matrices, we can 
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March 

rewrite eq. [I31 as 

i.e., the well-known expression for the total energy in terms 
of y and y2. 

Having established that eq. [12] leads back to the correct 
result, eq. [14], for the total energy of the N-electron system, 
the final step in obtaining the local energy equation paral- 
lelling the chemical potential eq. [ I ]  is to put 1' = 1 in eq. 
[12] and to divide both sides by the electron density n(r). 
Then one has the local energy equation, with t(r), the kinetic 
energy density, as (9, 10) 

As already anticipated, this equation now expresses the 
local energy E, constant throughout the charge cloud of the 
molecule, as a sum of terms, each of which depends only on 
a single vector r, just as in eq. [ I . ]  for p, but which involve 
individually density matrices up to, and including, order 3. 

One obvious use of eq. [15] would be to test-an approx- 
imate many-electron wave function of an atom. One would 
have to integrate the wave function down according to eq. 
[3] ,  but once the density matrices are known one would want 
to know how great was the variation with position r of the 
right-hand side of eq. [15]. 

Below, however, we shall explore the consequences of eq. 
[15] in the Hartree-Fock limit. 

2.2 Local energy equation: reduction via Hartree-Fock 
approximation 

As Dawson and March (4)  emphasized, the Hartree-Fock 
(HF) approximation introduced into the local energy equation 
leads to the cancellation of the energy E from that equation. 
We can then write, in HF theory, with Vn(r) the potential 
energy of the nuclear framework and V,(r) that created elec- 
trostatically by the ground-state electron density n(r): 

The left-hand side involves terms that are evidently clear-cut 

contributions of the form of energy densities; e.g., t(r) is the 
kinetic and Ex(r) the exchange contribution. 

If we now therefore integrate this eq. [I61 we find, by 
making use of the idempotency of the HF first-order density 
matrix fir,rl) ,  for the sum of total kinetic plus exchange 
energies T +A: 

One can now drop the integration over r3 to write 

+term integrating to zero through all space 

This is a somewhat different form from the more conven- 
tional expression given by Dawson and March (4).  

3. Asymptotic results for exchange and 
kinetic energies 

We shall discuss in this section, motivated by the forms of the 
local energy equation, and especially eqs. [15] and [18],  the 
asymptotic behaviour far from all nuclei of the kinetic energy 
density t(r) and the exchange energy density ~ , ( r ) .  Taking the 
latter, and working in the Hartree-Fock approximation, one 
has 

The writer, in earlier work (1 I ) ,  defined ~ , ( r )  by 

which clearly, from eq. [19], integrates to yield the total ex- 
change energy A ,  as any definition of the exchange energy 
density must. Furthermore ~ , ( r )  is always negative at all r.  

Now we are interested in the asymptotic behaviour of ~ , ( r )  
at large r .  As was pointed out in ref. 1 1 ,  one can, for suf- 
ficiently large r ,  inside the integral in eq. [20], neglect rl 
relative to r .  Then using the idempotency of the Hartree- 
Fock first-order density matrix, we find the asymptotic result 

a result that has also been discussed by Urnrigar and Gonze 
(12). 

Turning briefly to the kinetic energy density t(r), we note 
that the asymptotic form was determined by Tal and Bader 
(13), the large r form corresponding to eq. [21] for exchange 
being 
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where I is the (exact) ionization potential. It is relevant here 
to add that the limiting form of the kinetic energy density as 
r tends to zero was discussed by Bader and Beddall (14). 

4. Force theorems in relation to local 
chemical potential equation 

For simplicity we start from the one-dimensional case. 

4.1 Equation of motion of density matrix: one dimen- 
sional without interactions 

March and Young (15) gave a treatment of force by starting 
from the equation of motion of the density matrix. These 
workers were dealing with one-dimensional motion of N 
electrons moving independently in a common potential en- 
ergy V(x). Then, putting the electron-electron interaction 
u = 0 in eq. [lo], one is led to the one-dimensional equation 
of motion: 

Introducing sum and difference coordinates 5 = i (x  +xl) and 
q = i ( x  -xl), eq. [23] becomes 

Expanding about the diagonal q = 0, and using the definition 
of kinetic energy density t(x) already discussed, March and 
Young obtained the so-called differential form of the virial 
theorem 

They pointed out that by multiplying by x and integrating 
through the whole of space one recovered the usual virial 
theorem: of course an integral relation rather than the point- 
to-point relation, eq. [25]. 

The recent work of Holas and March (16) has led one to 
reinterpret this equation [25] as an expression for the force 
-av/ax: 

This scalar equation for the force f = -aV/ax is evidently 
the sum of two parts. One, called fL for reasons to emerge 
below, is determined solely by the electron density n(x) as 

while the other is evidently a kinetic contribution, say fK. 

Though formal density functional theory assures us that the 
kinetic energy density t is indeed also a functional of n(x), 
that remains unknown at the time of writing. These expres- 
sions fL and fK will be generalized below to their vector 
counterparts for interacting electrons in three dimensions. 

However, before doing so, it is of interest to provide here 
some historical background, involving intimately the research 
of Richard Bader. The derivation of a local form of the 
quantum-mechanical virial theorem for the general case of 

a time-dependent system was given by Bader (17). His argu- 
ment was based on the divergence equations satisfied by the 
spatial components of the energy-momentum tensor of the 
Schrijdinger field. The result was written in terms of what 
is now called the quantum stress tensor. This derivation was 
reviewed and expanded upon by Bader and Nguyen-Dang 
(18). Bader's own book (1) presents in fact a detailed ac- 
count of the variational derivation of the atomic statement of 
the virial theorem and its differential or local form. In the 
above sources, the integrated and differential statements of 
the virial theorem are related to the corresponding integrated 
and local theorems for the Ehrenfest force. These theorems, 
and corresponding theorems for any observable, are derived 
from a single fundemental variational principle. Anticipating 
the following section, we finally note that variational deriva- 
tions lead naturally to the quantum stress tensor, whereas 
(see eq. [28] below) the recent paper of Holas and March 
(16), to be described, works with the related kinetic energy 
density tensor. 

4.2 Differential virial theorem for interacting electrons 
in three dimensions 

We wish to effect the generalization of eq. [25] to inter- 
acting electrons. Then, in three dimensions a differential 
virial theorm represents an exact, local (at space point r )  
relation involving the external potential v(r), the e-e inter- 
action potential u(r,r'), the diagonal elements of the 1st and 
2nd order density motion (DMs), n(r) and n2(r,r'), and the 
1st order DMy(r1;r2) "close to its diagonal," for a partic- 
ular system. As Holas and March (16) have shown, it is a 
very useful tool for establishing various exact relations for a 
many-electron system. The mentioned dependence on y may 
be written in terms of the kinetic energy density tensor, de- 
fined as 

x y(r + r'; r + #)If =f,=o 

This is a real, symmetric tensor, the trace of which is the 
non-negative kinetic energy density (scalar) 

leading to the global kinetic energy 

The differential virial theorem, obtained in refs (16) and 
(19), has the form 

a J a 
n(r) - v (r) + 2 d3 rlnZ(r, r') - ~ ( r ,  r') 

ara ara 

NO assumptions concerning potentials u(r,r') and v(r) (like 
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Coulombic character), except that they lead to bounded so- 
lutions Y of the Schrodinger equation, were involved in ob- 
taining relation [31]. The density matrices occumng there: 
nz(r, f ), l(ir; f ), and n(r) are generated from the normalized 
Y as set out in Sect. 2 above. 

It should be mentioned also that no assumption concerning 
the nature (as GS or excited-state) of the solution Y or a 
degeneracy of its energy level E was invoked in the derivation 
of eq. [31] by Holas and March (16, 19). 

4.3 Force equation for interacting electrons related to 
local chemical potential equation 

The differential virial theorem, eq. [31] can be rewritten fol- 
lowing ref. 16 as 

V v(r) = -f(r;  dl n, Yl nzl) 

where the following "force" field has been introduced: 

This equation therefore demonstrates that the force f is a 
functional of the ground-state density, as is to be anticipated, 
in fact, from the formal theory of Hohenberg and Kohn (20). 
Unfortunately, of the three terms comprising f above, only 

f L  is presently known explicitly in terms of the density n(r). 
fK, the kinetic contribution to the force, involves the "near- 
diagonal" behaviour of the first-order density matrix y(rlf) 
while evidently, from eq. [35], the electron-electron force 
term fee depends on the diagonal element of the second-order 
density matrix, i.e., the pair function n2(r l f  ). Nevertheless, it 
is useful to proceed to extract the exact exchange-correlation 
potential Vxc(r) of density functional theory, defined through 
the third form of chemical potential equation: 

Here T, is the single-particle kinetic energy only, correlation 
kinetic energy being subsumed into Vxc(r), which is related to 
the exchange-correlation energy Ex, by the functional deriva- 
tive relation 

with the vector field z having components z ,  defined in terms 
of the kinetic energy density tensor in eq. [28] by 

The first term on the right-hand side of eq. [33] involves the 
Laplacian (L) of the electron density n(r). This is then the 
vector generalization of the scalar fL introduced in eq. [27]. 
The term with the vector field z is evidently kinetic, the gen- 
eralization to vector form of the force fK discussed in one 
dimension earlier. That discussion was for independent elec- 
trons. Due to the inclusion of electron~lectron interaction 
u(r1f)  = e2/lr-f  I, there is now a third vectorial contribution 
to the "total" force f in eq. [32]: namely the electron-electron 
(ee) f,, given in terms of the electronic pair function n2( r l f )  
and the interaction u by 

2 
f e e  = ,o /d3r'n2(r, f ) v u ( r ,  f )  

This is the point to relate to the local chemical potential 
equation, but now in the form 

where F is the universal, as yet unknown, functional of n(r) 
introduced by Hohenberg and Kohn (20), with V,(r) the nu- 
clear potential energy only, in contrast to the form in eq. [I.]. 
Differentiating with respect to r ,  and noting again that y is 
constant throughout the entire electronic cloud, one recog- 
nizes that the force f above has the alternative form 

T, is customarily calculated via the Slater-Kohn-Sham 
(SKS) orbitals, which in turn can be utilized to construct, for 
this reference system, an idempotent density matrix ysKs(r, f )  
already referred to. 

5. Exact expression for the exckange- 
correlation potential 

Equation [32] may be viewed as a differential equation for 
the potential v(r). Because f(r) = -V v(r), the force field f(r) 
is conservative. Therefore, following Holas and March (16) 
the potential at point ro, say, is the work done in bringing an 
electron from infinity to ro against the force field f(r): 

Since f(r) is conservative, the value of the line integral in eq. 
[40] does not depend on the path of integration chosen. Note 
that eq. [43] has been written such that v(m) = 0: a standard 
choice of gauge for the potential. 

By calculating f in the exact fully interacting system and 
subtracting the same force, but now calculated with exact 
density matrices in f being replaced by SKS reference den- 
sity matrices, Holas and March (16) construct Vxc(r) as a 
line integral in terms of density matrices. This is a formally 
exact result, but while it avoids the need for functional dif- 
ferentiation such as is exhibited in eq. [39], to turn it into a 
density functional theory requires the solution of a difficult 
many-electron problem. This involves as the first step the re- 
lation between the first- and second-order density matrices of 
a fully interacting electronic assembly. However, a start has 
already been made on this problem (21-23). 

5.1 Exchange-only potential: scaling of electron- 
electron interactions 

Though the exact result above may seem very formal, it was 
stressed by Holas and March (16) that if the simplest con- 
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ceivable approximation was then made, namely, to replace 
all interacting density matrices with their SKS counterparts, 
then one regained the Harbola-Sahni (24) exchange-only po- 
tential. Though their potential is known to be often very ac- 
curate, it is nevertheless true that the approximations made 
in the formally exact line integral result destroy the rigorous 
path-independence property. 

Therefore, very recently, Levy and March (25) general- 
ized the Holas-March (16) work to include the scaling of 
the electron-electron interactions such that e2/r,, becomes 
he"rlj. By then taking an appropriate limit of the exact ex- 
change correlation for general h between 0 and 1, as h tends 
to zero, they exhibit the kinetic correction to the Harbola- 
Sahni result that is required to restore the path independence. 
Some approximate arguments are given in ref. 25 that throw 
light on the reasons why this kinetic "correction" is often 
only a small fraction of the Harbola-Sahni contribution to 
the exchange-only potential. 

5.2 Adiabatic connection formula 
In the context of electron-electron scaling, we shall briefly 
summarize below recent work by Levy et al. (26) on the 
so-called adiabatic connection formula for the exchange- 
correlation energy. The formula relates, via integration be- 
tween 0 and 1 (see eq. [41] below), the potential energy Uxc 
at coupling parameter h, to the total exchange-correlation en- 
ergy Ex, in eq. [39]. Levy et al. (26) find a linear approxima- 
tion in h to become exact in the Thomas-Fermi-Dirac limit 
of atoms and molecules with large numbers of electrons. 

u 

The early references on the idea of an adiabatic connection 
include those of Harris and Jones (27), Langreth and Perdew 
(28), Gunnarsson and Lundqvist (29), Levy (30), and Harris 
(31). Following the route set out, for instance, in the book by 
Parr and Yang (8), the exchange-correlation energy functional 
can be written as 

In this equation, U&[n] is defined by 

Here UL[n] is the potential energy contribution to Exc[n] 
and J[n] is the Coulomb energy. pee is the electron-electron 
repulsion operator, and Y; is the wave function of a Hamil- 
tonian H~ that represents a system in which the electron- 
electron interaction is scaled with h as discussed already: 

It also minimizes, for fixed electron density n, the constrained 
search expression of Levy (32, 33). In the above approach, 
n(r) is to be interpreted as the exact density of the fully 
interacting (h = 1) electronic assembly. 

Becke (34) has used the above approach in the context of 
a two-point integration formula. He writes eq. [41] as (35): 

where U& is the exchange energy associated with the SKS 

reference first-order density matrix while UJc is the poten- 
tial enery contribution to the exchange-correlation energy of 
the fully interacting system. This all led Becke to his half- 
and-half functional, which was the forerunner of his valuable 
three-parameter functional (36). It is the revival of interest 
in adiabatic scaling that has led Levy et al. (26) to examine 
some scaled Hamiltonians in the context of Thomas-Fermi 
theory and to introduce some new elements into the adia- 
batic connection approach in SKS theory. For instance, these 
authors provide a formula that enables use to be made of non- 
local exchange-correlation potential energies, such as those 
from gradient expansions, for UJC in eq. [44]. 

6. Discussion and summary 
The spatial derivative of the formal chemical potential, eq. 
[36], yields the external force. By combining this with the 
differential virial theorem, a force balance equation emerges, 
the sum of Laplacian, kinetic, and electro~-electron force 
terms appearing. While, in principle, from the theorems of 
DFT, these are functionals of the ground-state electron den- 
sity n(r), only for the Laplacian contribution is that functional 
known. However, as Holas and March (1 6) have shown, the 
kinetic term is fixed by the "near-diagonal" first-order den- 
sity matrix. The third, electron-electron interaction term is 
determined by the diagonal form of the second-order density 
matrix, i.e., the electronic pair function n2(r , f ) .  

Integrating this equation yields an exchange-correlation 
potential in the form of a line integral, such as given in 
eq. [40]. The simplest approximation then leads back to the 
Harbola-Sahni exchange-only potential, which is, however, 
known to be path dependent. Levy and March (25) have ex- 
hibited, by generalizing the Holas-March result to include 
the scaling parameter h, the kinetic correction that, when 
added to t h e ~ a r b o l a - ~ a h n i  result, restores the required path 
independence in the exchange-only potential. 

More briefly, the local energy equation has also been 
discussed and- has motivated a dischssion of the asvmD- 

< 

totic forms of exchange (11) and kinetic energy densities 
(19) far from nuclei. Finally, new avenues also seem to be 
opening up in connection with scaling of the strength of 
the electron-electron interactions, and in particular through 
adiabatic connection formulae. These involve the potential 
energy of the exchange-correlation energy, the functional 
derivative of which was shown bv March and Bader (2) to ~, 

determine the "correction" to the ionization potential I in 
the chemical potential equation. In the adiabatic connection 
formulae, one can now use nonlocal exchange correlation 
potential energies, usually through gradient approximations. 
Richard Bader was ahead of his time, of course, in recog- 
nizing the central role of V n(r), and the Laplacian V2n(r) in 
problems of molecular electronic structure (1). In the context 
of the present work, in which density functional theory is 
approached via density matrices (15, 16), it is highly relevant 
also to point here to Richard Bader's philosophy regarding 
the one-electron density matrix. This is summarized in his 
very recent paper "Chemistry and the Near-Sighted Nature 
of the One-Electron Density Matrix" (37). 
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Topologically partitioned dynamic 
polarizabilities using the theory of atoms 
in molecules 

Abstract: Frequency-dependent distributed polarizabilities have been determined from time-dependent Hartree-Fock 
calculations, using the partitioning of the molecular space suggested by Bader's topological theory of atoms in molecules. 
The basis set dependence of the distributed dynamic polarizabilities is analyzed in terms of the first few Cauchy moments, 
for the carbon monoxide, water, cyanogen, urea and benzene molecules. Two alternative relocalization schemes have been 
considered in order to reduce the number of distributed dynamic polarizability parameters. The first one, closely related 
to the atomic polarizability model of Bader, leads to atomic charge4ipole and dipole4ipole polarizabilities, describing 
the response of the molecular charge distribution to a uniform external field, in terms of atomic charges and dipoles. The 
second scheme, similar to that suggested by Stone, retains the fully distributed description of the dynamic charge-flow 
polarizabilities, while all two-center dipole4ipole and chargedipole contributions are condensed in one-center dynamic 
dipole4ipole polarizabilities. 

Key words: Bader-partitioning, distributed dynamic polarizabilities, Cauchy-moments, benzene, polarizability of; urea, 
polarizability of. 

Resume : Faisant appel i des calculs de Hartree-Fock dtpendant du temps et utilisant la partition de l'espace moltculaire 
suggtrte par la thtorie topologique des atomes dans les moltcules de Bader, nous avons dttermint des polarisabilitts 
dynamiques distributes. L'influence de la base a t t e  analyst en termes des premiers moments de Cauchy pour les 
moltcules suivantes : monoxyde de carbone, eau, cyanogkne, urte et benzkne. Afin de rtduire le nombre des paramktres 
de polarisabilitt dynamique distribute, deux mtthodes alternatives de relocalisation ont t t t  considtrtes. La premikre, qui 
est fortement apparentte au mod6le de polarisabilitt atomique de Bader, conduit aux polarisabilitts atomiques charge- 
dipdle et dipdle4ipdle dtcrivant la rtponse de la distribution de charge moltculaire i un champ externe uniforme en 
termes de charges et de dipdles atomiques. Le deuxikme mkthode, semblable i celle suggtrte par Stone, maintient la 
description totalement distribute des polarisabilitts dynamique de flux de charges, alors que toutes les contributions 
dipdle4ipdle et charge4ipdle i deux centres sont rtduites i des polarisabilitts dynamiques dipdle4ipdle 2 un centre. 

Mots clis : m6thode de partition de Bader, polarisabilitts dynamiques distributes, moments de Cauchy, polarisabilitt du 
benzkne, polarisabilitt de l'urte. 

[Traduit par la rtdaction] 

I. Introduction 
Frequency-dependent (dynamic) multipole polarizabilities, 
which describe the response of a molecular system under 
the influence of a time-dependent external multipolar field, 
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play an important role in the interpretation of many phys- 
ical phenomena. They contain information concerning, for 
example, the refractive index, Rayleigh scattering cross sec- 
tions, and Raman intensities (1, 2), etc. Dynamic polariz- 
abilities, taken at imaginary frequencies, can be used to cal- 
culate long-range dispersion coefficients (3), which are of 
outstanding importance in the theory of intermolecular inter- 
actions. Since dynamic polarizability tensors are difficult to 
measure experimentally, there is an increasing demand for 
the reliable theoretical calculation of their components. 

The dynamic charge density susceptibility function, 
a(r, f ;  w), describes the linear response of a molecular charge 
distribution to an arbitrary time-dependent external field (4). 
The multipole components of a molecular dynamic polariz- 
ability tensor, orlr, lrr,,l(w), are related to the dynamic charge 
density susceptibiiity function via the following relationship: 

Can. J. Chem. 74: 976987 (1996). Printed in Canada / ImprimC au Canada 
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where REtl(r) = Rlt,,(r - Ro) is a regular solid harmonics, 
taken with respect to the molecular origin Ro. Obviously, by 
taking the above integral over the molecular volume, a certain 
amount of information about the details of the spatial distri- 
bution of response properties is lost. This can be a nuisance, 
especially in the case of relatively large, extended molecular 
systems. The difficulty can partially be circumvented by the 
concept of distributed polarizabilities ( 3 ,  by attributing spe- 
cific response parameters to atoms and to pairs of atoms (or 
functional groups) in the molecule. The formal definition of 
distributed dynamic polarizabilities involves double integra- 
tion over the volumes RA and Q B ,  corresponding to atoms 
or functional groups of the molecule: 

Once the atomic volumes, RA, are defined, we have, by 
virtue of eq. [2], an exact partitioning of the total dy- 
namic polarizabilities, eq. [ I ] .  Thus the response of the 
molecular charge density to an external non-uniform field 
is described by atomic charges, dipoles (multipoles, i"d~t,, 
in general), induced by a set of multipolar field compo- 
nents, F;ttll, acting at atom B. Accordingly, we can speak of 
charge-charge (charge-flow) polarizabilities, corresponding 
to atomic charges induced by the differences in the external 
potential at different atoms, charge-dipole polarizabilities, 
describing the atomic charge induced by the external field at 
different atoms, etc. Charge-multipole polarizabilities satisfy 
the following sum rule (5): 

reflecting the fact that the effect of an external perturbation 
cannot change the total charge of the system. 

The theory of atoms in molecules (AIM) of Bader (6, 7) 
constitutes an excellent general framework to partition prop- 
erties of molecular systems into atomic contributions. Atomic 
regions, QA, surrounded by the atomic surface, SA(r), are de- 
fined in an unambiguous manner on the basis of the topo- 
logical features of the electron density, by the zero-flux con- 
dition Vp(r) . n(r) = 0 for M E SA(r). Application of the 
principle of stationary action to these atomic regions, in fact 
open quantum subsystems, leads to a complete quantum me- 
chanical description of their properties. Furthermore, it has 
been shown (6) that the topological definition of atoms and 
functional groups (as an assembly of atoms) allows one to 
maximize the transferability of their properties between var- 
ious systems. 

Application of the topological definition of atoms to parti- 
tion static (zero-frequency) polarizabilities leads to a consis- 
tent set of distributed static polarizability parameters, free of 
any physically unjustified basis set dependence (8). In fact, 
distributed polarizability parameters, as obtained by various 
basis set partitioning schemes, were not stable enough with 
respect to extension of the basis set: for example, in ex- 
tended basis sets the charge-flow polarizabilities became ex- 
tremely large (9). Topologically partitioned polarizabilities 
do not vary more strongly with the basis set than do the total 
polarizability components. Furthermore, a recent study on a 
series of hydrocarbons confirms the transferability of these 

topologically distributed static polarizabilities (10). Calcula- 
tion of intermolecular induction energies has shown that the 
fully distributed description leads to reasonable interaction 
energies even in those cases where the molecule-centered 
expansion of electrostatic and induction energies fails com- 
pletely (1 1) (e.g., for the cyanogen dimer). 

One-center atomic polarizabilities have been investigated 
recently by Bader and co-workers (12-14) by finite pertur- 
bation techniques. In contrast to the fully distributed polar- 
izabilities, which, due to their nonlocal character, are able to 
describe the charge density response to a non-uniform ex- 
ternal field, Bader's atomic polarizabilities 

give the atomic multipole, lndQ;, induced by an external 
field component Fl/,,/ applied globally to the molecule at its 
origin. Therefore it is justified to call these quantities "atom- 
molecule" polarizabilities. For example, the application of a 
uniform external field Fp gives rise to induced atomic charges 
and dipoles, which are,described by the a$jmOl and aA."'"' 
charge-dipole and dipole-dipole atom-molecule polariz%il- 
ities. To cope with empirical additivity schemes, based on 
atomic dipole-dipole polarizabilities, the charge-dipole con- 
tributions have to be converted to atomic dipole-dipole po- 
larizabilities (13). Unfortunately, there is no unique way to 
do that; therefore each case should be carefully examined in 
order to obtain chemically meaningful atomic polarizabilities, 
as has been done for hydrocarbons (14). Although Bader's 
atomic polarizabilities are conceptually very helpful in devel- 
oping additivity and transferability schemes for atomic and 
group contributions, they are probably less appropriate for the 
calculation of intermolecular interactions, where molecules 
are subject to non-uniform external fields. 

The present paper extends our earlier study of distributed 
static polarizabilities (8) to their dynamic counterparts. After 
a brief overview of the most important working equations, we 
are going to examine the basis-set sensitivity of topologically 
partitioned dynamic polarizability components, represented 
by their Cauchy moments. Since the main goal of our study 
is to explore the behaviour of the topological partitioning 
scheme, it has been judged sufficient to calculate Cauchy 
moments at the simple TDHF (time-dependent Hartree-Fock) 
level. A simple algorithm, inspired by the scheme proposed 
by Le Sueuer and Stone (15), is given for partial relocaliza- 
tion of the fully distributed nonlocal Cauchy moments, al- 
lowing us to reduce considerably the number of parameters 
characterizing the dynamic response properties of a molec- 
ular system. 

11. Method 
In full analogy with its molecular counterpart, a distributed 
dynamic polarizability component for real wave functions, 
taken at the real frequency, o, is defined as 
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and it can be expanded in a Cauchy power series: 

where the distributed Cauchy moments (16), S~'llrrll(k), are 
given by the sum-over-states formula: 

and fi~lfjlrnl(iz) denotes the generalized oscillator strengths of 
the transition between the ground and the nth electronic 
state In), with energy En. Static polarizabilities correspond 
to Cauchy moments of order -2: 

In the time-dependent Hartree-Fock approximation the dy- 
namic polarizability components can be obtained by solving 
the following generalized eigenvalue problem (17): 

for the TDHF excitation energies, o,, and amplitudes, C,, 
which are normalized according to Cz(A - B)C, = 1.  The 
matrices A and B are defined in terms of occupied i , j  and 
virtual a, b orbitals, as usual: 

Biajb = 2(ail bj) - (bilja) 

The generalized oscillator strengths are given in this ap- 
proach by 

and they can be used directly to calculate dynamic polariz- 
abilities at a given frequency o, with the help of expressions 
[5] and [7], respectively. 

The atomic multipole moment operators, &kI, are defined 
by their matrix elements: 

where the volume of integration extends over the atomic 
basin, limited by a zero-flux surface of the unperturbed 
molecule. 

Total molecular Cauchy moments can be calculated either 
by replacing the atomic transition integrals in expression [l  11 
by molecular ones, or by reconstituting them from distributed 
Cauchy moments via translation of the atomic components 
to the common molecular origin (5). 

A series of molecules, carbon monoxide, water, cyanogen, 
urea, and benzene, has been selected to study the basis-set 
sensitivity of the frequency-dependent distributed polariz- 
abilities, by examining the behavior of Cauchy moments in 
five different contracted Gaussian type orbital (CGTO) basis 
sets. 

Fig. 1. Orientation of the molecules in the coordinate frame. 

Calculations on CO, H20, cyanogen (NCCN), and ben- 
zene were done at their experimental gas-phase geometries 
(18-20). In the case of urea, a planar geometry was used, 
determined by low-temperature neutron-diffraction measure- 
ments (21) of the crystal. The orientation of the molecules is 
defined in Fig. 1. 

Self-consistent field (SCF) calculations were performed 
with the MOLCAS program (22). We have used the 6-31G** 
valence double-zeta polarization, the 6-3 1 1G(2d,2p) valence 
triple-zeta double polarization, and the 6-3 1 1 ++G(2d,2p) va- 
lence triple-zeta double polarization plus diffuse functions 
basis sets. The polarization basis set of Sadlej (23), opti- 
mized for molecular polarizabilities and electrostatic proper- 
ties, consists of (6s4p)/[3s2p] and (10s6p4d)/[5s3p2d] con- 
tracted sets for H and other atoms, respectively. The largest 
basis set in our study was derived from that of Widmark et 
al. (24) by keeping the same exponents. Only the innermost 
three s- and two p-functions were contracted for the hydrogen 
atom, resulting in a (8s4p)/[6s3p] CGTO set, and for the other 
atoms we contracted only the innermost five s-, four p-, and 
two d-functions, thus yielding (14~9p4d)/[lOs6p3d] sets. This 
basis set contains also the diffuse functions essential for a 
reliable prediction of polarization properties. Except for the 
case of 6-31G** basis set, five-component d-functions were 
always employed. 
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Table 1. Cauchy moments (in au) calculated with various basis sets, compared to CDOSD, experimental, or theoretical values. 
- - -  - -  

Component 6-31G** 6-3 1 1 G(2d,2p) 6-3 1 1 ++G(2d,2p) [5s3p2d] [ lOs6p3dl Literature 

NCCN 
S,(-2) 
S,(-4) 
S,,(-6) 
S,(-2) 
S,(-4) 
S,(-6) 

Benzene 
S,(-2) 
S,(-4) 

"CDOSD data (27). 
%om rotational Raman spectra (30). 
'CDOSD data (28). 
'RAS-SCF linear response calculations (31). 
'CDOSD data (29). 
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Cauchy moments and dynamic polarizabilities at fixed 
values of the frequency were calculated with a self-written 
TDHF program that uses the necessary transformed two- 
electron integral blocks produced by either a nonstandard 
link after a closed-shell SCF run of Gaussian 92 (25), or by 
the MOLCAS-2 suite of programs (22). Our code makes 
use of eq. [8] and thus inversion of the ( A  - B) matrix 
is required. This becomes prohibitive for cases with many 
single excitations. Due to the implementation of Abelian 
point group symmetries in our code (available when working 
with MOLCAS), we were able to treat all molecules even 
with the large [10s6p3d] basis set, except for benzene, where 
this basis set had to be left out. The occupied/virtual one- 
electron integral blocks of the distributed moments were gen- 
erated by a modified version of the Proaim program (26). 

Ill. Results and discussion 
The first three molecular Cauchy moments, S(-2), S(-4), and 
S(-6), which enter in the power series expansion for the 
dynamic polarizability as calculated by the five basis sets, 
are listed in Table 1. In the case of CO, H20, and C6H6 
they are compared with the available data obtained by the 
CDOSD (constrained dipole oscillator strength distribution) 
method of Meath and co-workers (27-29). Anisotropic static 
polarizabilities were taken from the experimental data of 
Murphy (30) for water, and from the theoretical calculations 
of Sanchez de Meris et al. (3 1) for urea. In the TDHF calcu- 
lations on CO and H 2 0  even the largest-basis results remain 
significantly smaller than the CDOSD values and the error 
is enhanced with increasing order of the Cauchy moments. 
In the case of CO the Sadlej polarization and the [10s6p3d] 
basis calculations have about -13 and -21% error with re- 
spect to the CDOSD results for the mean S(-4) and S(-6) 
Cauchy moments. The errors are much larger in the case 
of the water molecule: they are 35 and 55%, respectively. 
This is in agreement with the observation of Spackman, who 
underlined the relatively poor quality of the higher Cauchy 
moments (32), calculated by the TDHF method. Electron cor- 
relation, taken into account, for example, by the recently de- 
veloped time-dependent MP2 (TDMP2) approach, can bring 
these Cauchy moments into closer agreement with experi- 
ment (33, 34). The TDHF results for benzene are in remark- 
ably good agreement with recent CDOSD data. The errors 
in the mean Cauchy moments of order -2, -4, and -6 are 
+0.7%, +O. 1 %, and -3.6% with the 6-3 1 1++G(2d,2p) basis 
set, while they are +1.4%, +3.1%, and +1.5% when using 
the [5s3p2d] basis set of Sadlej. The good quality of the 
higher Cauchy moments is probably partly due to the suc- 
cess of the TDHF method in reproducing the first dipole- 
allowed excitation energy in reasonable agreement with the 
experiment (6.56 eV calculated vs. 6.9 eV) and partly to the 
overwhelming importance of the charge-flow contribution to 
the static and dynamic polarizabilities (see below). 

The basis set dependence of the higher S(-4) and S(-6) 
Cauchy moments is similar to that of the static polarizability, 
S(-2), but the effects are more pronounced. Out-of-plane 
polarizability components are influenced much more by the 
quality of the basis set than are the in-plane components. 
In CO the parallel Cauchy moment components are in rea- 
sonable agreement with CDOSD values (below lo%), while 

the perpendicular ones are in error by 20 and 47%! In the 
water molecule Syy(-2) varies by a factor of 2.7 between 
the smallest and the largest basis set, while the higher-order 
Cauchy moment, S,,,(-6), is enhanced by a factor of 5.7. 
In urea and benzene-the approximately twofold enhancement 
of the out-of-plane static polarizability increases to a 12- 
and 40-fold enhancement, respectively. The in-plane polariz- 
ability components are relatively insensitive to-the choice of 
basis set. 

Coming now to the distributed models, selected distributed 
dipole-dipole Cauchy moment components have been plotted 
against the basis set quality in Figs. 2 and 3 for the two 
smallest systems, CO and HzO. In addition to the static 
polarizability, S(-2), and the S(-6) Cauchy moment, the 
S(0) Cauchy moments are also represented in these fig- 
ures. Zeroth-order Cauchy moments correspond to the high- 
frequency limit of the multipolar dynamic polarizability com- 
poients. The S1,,(0) dipolar components, according to the 
Thomas-Reiche-Kuhn (TRK) sum rule (35), are equal to 
the total number of electrons in the molecule. For SCF wave 
functions the TRK sum rule is satisfied in the basis set limit. 
therefore Saa(0) can be considered as a measure of the basis 
set completeness in the subspace of dipole excitations. 

The general trends observed in the two molecules repre- 
sented in Figs. 2 and 3 are identical, and they remain the 
same for the other three molecules, not represented here. Al- 
though the TRK sum rule is relatively poorly satisfied for 
the [5s3p2d] polarization basis set, this basis describes the 
static polarizability as well as the higher Cauchy moments 
in very good agreement with the larger [10s6p3d] basis. In 
fact, this basis set has been optimized by Sadlej to faithfully 
reproduce molecular polarizabilities, while the description of 
compact p- and d-orbitals, important for good fulfillment of 
the TRK sum rule, is less complete. This observation is in 
agreement with the experience of Mulder and Meath (36), 
who found that the importance of the core basis set in repro- 
ducing various sum rules increases with increasing Cauchy 
order. 

Distributed atom-atom dipole polarizabilities, represented 
in Fig. 4, vary with the basis set quality in a similar way 
as the total polarizability components. One could expect that 
basis set effects would be reflected mostly by distributed 
dipole-dipole polarizabilities, while charge-flow terms would 
be reasonably described even by a relatively poor basis set. 
Distributed static polarizabilities confirm this rule (cf. Fig. 
4), but the same is not necessarily true for higher Cauchy 
moments, i.e., for the frequency dependence of the polar- 
izabilities. The increase in magnitude of the S(-6) charge- 
charge and charge-dipole Cauchy moments for CO between 
the 6-311G(2d,2p) and 6-311++G(2d,2p) basis sets in Fig. 
4 indicates that diffuse functions are indispensable for their 
good description. 

Analysis of the different kinds of fully distributed terms 
becomes more and more complicated in larger molecules, 
due to the increasing number of parameters. Therefore one 
should envisage some "relocalization" scheme, which simpli- 
fies the model but preserves the advantages of the distributed 
description. As a first step in this direction, we analyzed the 
various kinds of distributed contributions to the molecular 
dipole4ipole Cauchy moments. 

The molecular dynamic dipoledipole polarizability, as 
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Fig. 2. Distributed dipole4ipole Cauchy moments for CO. 

Sl l (0)  co 

well as the corresponding Cauchy moments, can be broken 
down into various kinds of distributed components:' 

. . 

where Greek subscripts ap stand for the Cartesian compo- 
nents x, y, 2, and the one- and two-center dipole-dipole, the 

For the sake of simplicity, the formulae in the text are written 
for the polarizabilities, a,p, but they are valid rnutatis 
rnutandis for the col~esponding Cauchy moments. 

Fig. 3. Distributed dipole4ipole Cauchy moments for H20.  

charge-dipole and charge-charge contributions are defined 
as : 
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Fig. 4. Distributed charge-flow Cauchy moments for CO and H20. 

SO.O(-2) and &,I(-2) Hz0 

and Rk is the a  component of the vector from the molecular 
origin to the Ath atom. Contribution of the different terms 
depends on the chemical system and on the geometry, as is 
exemplified by the data for water and benzene molecules in 
Table 2, calculated with the polarization basis set of Sadlej. 

Out-of plane molecular polarizabilities have only one- and 
two-center dipole-dipole components, since no atomic charge 
transfer is possible in this direction. The one-center contri- 
bution is always considerably larger than the two-center one, 
although the latter becomes increasingly important for higher 
order Cauchy moments in all cases. The charge-flow contri- 
bution to in-plane polarizabilities is always significant, and 
it even becomes the most important term for conjugated sys- 
tems like benzene (and also for cyanogen), where it accounts 
for 80% of the total in-plane dipole polarizability. The dis- 
tributed charge-dipole Cauchy moments contribute by 10- 
30% to the total molecular quantities, and their importance 
increases for higher orders. 

The basis set dependence of distributed components in the 
larger systems, cyanogen and urea, is illustrated in Figs. 5 
and 6, by regrouping all dipole-dipole and charge-dipole 
contributions in a single term, ~[I*l(k), and denoting the sum 
of charge-charge contributions by S[ql(k). In the case of the 
static polarizability, S(-2), the sum of charge-charge terms 
is quite insensitive to the basis set and, in agreement with the 
experience obtained by detailed analysis of the smaller sys- 
tems, the basis set variation of the total Cauchy moments is 

reflected by the sum of distributed dipole-dipole and charge- 
dipole Cauchy moments. The situation changes considerably 
for the contributions to the S(-6) Cauchy moments. Here, 
the basis set dependence of the charge-charge terms is of 
comparable importance to that of the dipolar contributions, 
and diffuse functions are imperatively needed for a good 
reproduction of charge-flow contributions to higher Cauchy 
moments as well. 

The data discussed above can serve as a starting point in 
appreciating the advantages or disadvantages of different par- 
tial relocalization schemes of distributed polarizabilities and 
Cauchy moments. Let us consider first the "atom-molecule" 
polarizabilities, The total molecular dynamic polarizabilities 
can be reconstituted from dipole-dipole and charge-dipole 
atom-molecule polarizabilities in the following manner (the 
argument w will be omitted for the sake of notational sim- 
plicity): 

where 

= x a;; + a g ~ ;  
B 
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Table 2. Decomposition of total Cauchy moments for water and benzene molecules calculated with the Sadlej [5s3p2d] polarization basis 
set. Numbers in parentheses indicate the percentage contribution to the total reconstituted Cauchy moment from distributed one- and two- 
centered dipole-dipole, dipole-charge, and chargexharge contributions. 

"The number in parentheses below the S F '  indicates the percentage error with respect to s$', the Cauchy moment calculated with analytic molecular 
multipole transition integrals (last column). 

A selected set of significant components of the Cauchy mo- 
ments S,"lj""'(k) as well as of S$""'(k) are listed in Table 3. 
The atom-molecule charge-dipole polarizabilities are rela- 
tively large for atoms at the extremities of the molecule, such 
as the nitrogen in cyanogen, the oxygen in urea, and the hy- 
drogens in benzene. An interesting feature, already remarked 
by Bader and co-workers in the case of hydrocarbons, is the 
counter-polarization of "buried" atoms, such as the carbon in 
cyanogen and in urea: the induced dipole is in the opposite 
direction with respect to the applied field on the molecule. 

A more conventional model, including exclusively atomic 
dipole-dipole polarizabilities, could be obtained by trans- 
forming the charge-dipole terms to atomic dipole-dipole 
contributions. Taking the molecular center of mass as the 
molecular origin, a set of atomic polarizabilities can be ob- 
tained (cf. the term in parentheses in eq. [17] that can be com- 
pared to other models available in the literature. For example, 
Astrand et al. proposed a polarizable intermolecular poten- 
tial for the urea molecule, in which an isotropic polarizability 
was assigned to each atom (37). A similar model can be con- 
structed from our atom-molecule polarizabilities, using eq. 
(171. The mean polarizability of urea, corresponding to the 
model of Astrand et al. (a(C) = 0.0, a (0 )  = 9.62, a(N) = 
2.63, a(Hcis) = a(H,,,,) = 2.14), is 23.44 au, i.e., practically 
identical to our 6-31G** result. Taking this basis set, we ob- 
tain a model, that is quite similar to theirs: (a(C) = 0.20, 
a ( 0 )  = 6.40, a(N) = 3.71, a(Hcis) = a(H,,,,) = 2.32). With 

the Sadlej polarization basis set, the qualitative features of 
the model remain unchanged: the polarizability of the carbon 
is practically zero, and the hydrogen polarizability (coming 
mainly from induced charge contributions) is about 2.5 au. 
However, the mean polarizabilities of the 0 and N atoms 
are considerably enhanced: they are 9.45 and and 6.21 au, 
respectively, reflecting the better quality of this basis set. 

Atom-molecule polarizabilities have two main drawbacks. 
First, the external field is supposed to be uniform, which is a 
considerable restriction for the study of the intermolecular in- 
teraction of larger molecules, where a really nonlocal picture 
would be more appropriate. Second, the charge-dipole pa- 
rameter cannot be combined in a simple, origin-independent 
way (the atomic contributions obtained from eq. [17] de- 
pend on the choice of the molecular origin) with the atomic 
dipole-dipole polarizability, except in some special cases. 

A closer look at the expression for atom-molecule charge- 
dipole polarizability shows that only the charge-flow terms 
are responsible for the impossibility of assigning it to 
atomic dipole polarizabilities in an origin-independent way. 
A straightforward solution to this problem, already suggested 
by Le Sueur and Stone (15), is to keep charge-flow polar- 
izabilities fully distributed, and relocalize only the dipole- 
dipole and charge-dipole terms, which can be done in a 
strictly origin-independent way. After a little algebra, using 
the sum rule, eq. [3], one gets the following expression for 
the relocalized atomic dipole polarizability: 
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Fig. 5. Breakdown of the molecular dipole4ipole Cauchy 
moments to distributed charge~harge (Ski) and dipole-dipole 

cyanogen. 
P plus charge4ipole (S$l) contributions (S$ + S&$ = S,!$) for 

S(-2) NCCN 
50 a.u. 

S(-61 NCCN 

with rAB = RA - RB, the vector of interatomic distance. In 
this scheme all two-center charge-dipole and dipole4ipole 
terms are distributed in an equal manner between the centers 
in question. The resulting atomic dipole polarizability tensors 
are symmetric, unlike the atom-molecule polarizabilities, for 
which a;i;""l f afhmo'. The charge-flow and the relocalized 
atomic Cauchy moments according to expression [20] are 
listed in Tables 4 and 5 ,  respectively. 

The charge-charge Cauchy moments (Table 4) are ex- 
pected to be significant mainly between covalently bonded 
atoms: chemical bonds are natural paths for transferring elec- 
trons in a molecule. (A consistent formulation of the cova- 
lent bond order using the topological definition of atoms in 
molecules has been discussed in ref. 38.) The relative mag- 
nitude of charge-flow Cauchy moments for pairs of formally 
nonbonded atoms seems to increase with the order (e.g., N1- 
C3 compared to N2-C3 in urea, or the meta ( C 1 4 4 )  charge 
flow in benzene). Several of the examples discussed here 
(cyanogen, urea, benzene) are conjugated systems, where sur- 

Fig. 6. Breakdown of the molecular dipole4ipole Cauchy 
moments for urea. 

prisingly high charge flow may take place between quite dis- 
tant atoms. For example, the end-to-end N1-N2 charge flow 
in cyanogen is larger than the charge flow between the first 
neighbor C3 and C4 atoms. This is already true for Sg(-2) ,  
and the difference becomes even more important for the mo- 
ments SF( -4)  and SF(-6). Similar trends can be observed 
for benzene and urea. 

Atomic dipole-dipole polarizabilities according to eq. [20] 
are larger than the corresponding atom-molecule dipole- 
dipole polarizabilities, since they include the totality of the 
charge4ipole contributions. Nevertheless, the main qual- 
itative features are similar: negative in-plane polarizabili- 
ties for "buried atoms and relatively small positive out- 
of-plane components. Hydrogen atoms have consistently 
small dipole-dipole atomic Cauchy moments (S(-2) usually 
smaller than 1 au), when connected to the electronegative 0 
and N atoms, but in benzene the component along the C-H 
bond becomes larger than 2 au. According to these obser- 
vations a "united atom" description for the XH,, functional 
groups might be a reasonable model. In the same spirit, the 
water molecule could be regarded as a single dipole - polar- 
izable oxygen site, bearing about 75% of the total molecular 
polarizability, and an additional charge transfer contribution 
between the oxygen and the hydrogen atoms. 

IV. Summary and conclusions 
We have shown that the atoms-in-molecules theory of Bader 
constitutes an appropriate framework for partitioning dy- 
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Hattig et al. 985 

Table 3. Atomic Cauchy moments relocalized according to eq. [17] as calculated with the [5s3p2d] polarization basis of Sadlej. 

Atom aP k = -2 k = -4 k = -6 Atom UP k = -2 k = -4 k = -6 

NCCN 
N 1 
N 1 
N1 

namic polarizabilities and leads to a physically consistent set 
of atom-atom parameters describing the nonlocal response 
of the molecular charge density to a time-dependent external 
field. The basis set dependence of distributed dynamic po- 
larizabilities has been studied through their first three dis- 
tributed Cauchy moments, which vary in parallel with the 
total Cauchy moments when improving the basis set quality. 

In the case of static polarizabilities (S(-2) Cauchy mo- 
ments) the basis set dependence is manifested almost ex- 
clusively in the distributed dipole-dipole contributions, and 
charge-flow terms are quite well described by relatively poor 
basis sets. Nevertheless, diffuse functions seem to be impor- 
tant for the description of higher order charge-charge Cauchy 
moments. Static charge-charge polarizabilities between dis- 
tant pairs of atoms may be quite large in conjugated systems 
and in all cases the importance of charge-flow Cauchy mo- 

ments between nonbonded and (or) distant atoms increases 
with increasing order. 

Two alternative schemes have been considered to "relo- 
calize" the fully distributed, nonlocal dynamic polarizabil- 
ities. The atom-molecule polarizabilities, closely related to 
the atomic polarizabilities recently studied by Bader and co- 
workers, describe induced atomic charges and dipoles of a 
molecule in a uniform external field. Description of the re- 
sponse in non-uniform fields is possible only by considering 
higher rank (e.g., chargeequadrupole, dipoleequadrupole, 
charge-octupole., etc. ) atom-molecule polarizabilities, with 
all the pitfalls of the single-centered Taylor expansion of 
the external field for spatially extended systems. The other 
model, which retains all charge-flow terms fully distributed 
and relocalizes only the charge-dipole contributions, is better 
suited to the description of molecules in non-uniform fields. 
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Table 4. Selected atomic charge-charge Cauchy moments calculated with the Sadlej basis. 

co Hz0 
0 C -0.864 -2.029 -6.424 0 0 0.739 1.419 5.153 
NCCN H 1 H 1 0.41 1 0.829 2.742 
N 1 N 1 1.796 7.859 46.904 H 1 0 -0.369 -0.709 -2.576 
C3 C3 1.735 3.809 16.131 (NHz)zCO 
C3 N 1 - 1.256 -4.501 -24.785 C C 0.912 1.156 3.942 
C4 C3 -0.437 -0.259 -2.133 0 C -0.385 - 1.075 -7.58 1 
N2 N 1 -0.499 -4.309 -32.909 0 0 1.034 4.387 33.777 
C3 N2 -0.042 0.952 10.788 N3 0 -0.21 1 -1.122 - 10.099 

C6H6 N3 c -0.242 -0.055 1.467 
C 1 C 1 2.389 13.142 211.131 N 3 N3 1.405 2.550 12.162 
C2 C 1 -0.316 -8.224 -185.061 N4 N3 -0.124 -0.394 -2.248 
C3 C 1 -0.800 -7.159 -150.812 H5 N 3 -0.375 -0.345 0.157 
C4 C 1 0.103 5.264 139.301 H5 N4 -0.022 -0.067 -0.135 
H 1 H 1 0.868 2.291 12.929 H7 N 3 -0.402 -0.417 -0.263 
C 1 H 1 -0.42 1 1.054 32.952 H5 H5 0.545 0.961 2.536 
C 1 H2 -0.055 -1.401 -3 1.303 H7 H7 0.583 1.1 10 3.524 
C 1 H3 -0.102 -1.116 -23.644 

Table 5. Relocalized atomic Cauchy moments according to eq. [20] as calculated with the [5s3p2d] polarization basis of Sadlej. 

Atom 4 -2 -4 -6 Atom -2 -4 -6 

CO (NHz)zCO 
C XY 5.816 34.816 286.874 C xx -0.174 -1.289 -17.168 
C zz 4.975 17.709 67.547 C YY 1.167 2.035 4.219 
0 xx 5.251 6.528 -12.216 C zz 0.062 0.63 1 1.571 
0 zz 5.532 14.237 48.385 0 XY 6.6 13 25.564 180.699 
Hz0 0 YY 6.300 15.136 46.390 
0 XY 5.280 10.491 28.593 0 zz 6.502 30.927 217.008 
0 YY 7.240 23.153 142.193 N 3 xx 4.679 17.992 103.108 
0 z i  6.156 15.303 59.565 N3 xz -0.463 -6.177 -57.070 
H 1 XY 1.018 3.259 10.055 N3 YY 7.580 24.726 152.727 
H 1 YY 0.290 1.257 10.933 N3 zz 4.157 13.532 84.676 
H 1 zz 0.7 13 2.796 13.757 H5 .KX 1.239 5.434 24.629 
H 1 xz 0.515 2.254 10.090 H5 xz 0.236 0.952 1.554 
NCCN H5 YY 0.390 1.453 13.102 
N 1 XY 7.423 22.710 107.027 H5 zz 0.696 2.1 15 7.816 
N 1 zz 6.140 36.533 255.015 H7 XY 0.726 2.799 16.462 
C3 .ZX 3.133 8.83 1 36.272 H7 xZ -0.201 -1.910 -16.255 
C3 ZZ -0.312 6.251 35.749 H7 YY 0.451 1.920 19.847 

H7 zz 1.429 6.002 24.104 

C6H6 C6H6 

C 1 XY 2.334 25.515 35 1.294 H 1 xx 2.179 19.74 1 199.755 
C 1 zz 0.970 12.261 137.368 H 1 zz 1.370 2.065 -26.243 
C 1 YY 6.340 29.408 230.630 H 1 YY 1.280 5.526 59.166 

Considering the increasing importance of distant charge- 
flow contributions with increasing Cauchy order, this second 
model seems to be more appropriate for the relocalization of 
distributed dynamic polarizabilities. 

The main use of distributed dynamic polarizabilities, 
which have been characterized in the present study by their 
various Cauchy moments, is in the field of intermolecular 
interactions. We have recently developed an efficient compu- 

tational scheme for obtaining multicentered multipolar dis- 
persion energies. In the case of relatively small molecules, 
where the dipolar approximation is valid, one can obtain reli- 
able dispersion energies by the CDOSD method (39). Theo- 
retically calculated distributed dynamic polarizabilities allow 
us to extend the practical utility of the multipolar approxima- 
tion to larger systems as well. To attain this goal the accu- 
racy of the polarizability calculations has to be improved by 
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Hattig et al. 

including electron correlation (for example by the T D M P 2  
method (33)) and the number of  independent polarizability 
components has to  be  kept at a reasonably low level by the 
application of appropriate relocalization schemes. Work in 
these directions is in progress. 

Acknowledgments 
One of the authors (G.J.) is indebted to  the Humboldt Foun- 
dation (Bonn) for the Feodor Lynen fellowship and to  the 
CNRS.  B.A.H and C.H. thank the Deutsche Forschungsge- 
meinschaft for financial support of this work through the 
Sonderforschungsbereich 334. 

References 
1. L.D. Barron. Mol. Spectrosc. (Chem. Soc. London), 4, 96 

(1976). 
2. G.C. Tabisz. Mol. Spectrosc. (Chemical Society, London), 6, 

(1979). 
3. P. Arrighini. Lect. Notes Chem. 25 (1981). 
4. K.L.C. Hunt. J. Chem. Phys. 78, 6149 (1983). 
5. A.J. Stone. Mol. Phys. 56, 1065 (1985). 
6. R.W.F. Bader. Atoms in molecules - a quantum theory. Uni- 

versity of Oxford Press, Oxford. 1990. 
7. R.F.W. Bader. Chem. Rev. 91, 893 (1991). 
8. J.G. AngyBn, G. Jansen, M. Loos, C. Hattig, and B.A. HeB. 

Chem. Phys. Lett. 219, 267 (1994). 
9. C.R. Le Sueur and A.J. Stone. Mol. Phys. 78, 1267 (1993). 

10. A.J. Stone, C. Hattig, G. Jansen, and J.G. Angyin. Mol. Phys. 
In press. 

11. G. Jansen, C. Hattig, B.A. HeB, and J.G. AngyBn. Mol. Phys. 
In press. 

12. R.F.W. Bader. J. Chern. Phys. 91, 6989 (1989). 
13. K.E. Laidig and R.F.W. Bader. J. Chem. Phys. 93,7213 (1990). 
14. R.F.W. Bader, T.A. Keith, K.M. Gough, and K.E. Laidig. Mol. 

Phys. 75, 1 167 (1992). 
15. C.R. Le Sueur and A.J. Stone. Mol. Phys. 83, 293 (1994). 
16. J.O. Hirschfelder, W.B. Brown, and S.T. Epstein. Adv. Quantum 

Chem. 1, 255 (1964). 
17. F. Visser, P.E.S. Wormer, and P. Stam. J. Chem. Phys. 79,4973 

(1983). 

18. W.S. Benedict, N. Gailar, and E.K. Plyler. J. Chem. Phys. 24, 
1 139 (1956). 

19. G. Herzberg. Molecular spectra and molecular structure. Vol. 
3. Electronic spectra and electronic structure of polyatomic 
molecules. Van Nostrand, Princeton, N.J. 1966. 

20. K.P. Huber and G. Herzberg. Molecular spectra and molec- 
ular structure. Vol. 4. Constants of diatomic molecules. Van 
Nostrand, Princeton, N.J. 1979. 

21. S. Swaminathan, B.M. Craven, and R.K. McMullan. Acta Crys- 
tallogr. Sect. B: Struct. Sci. B40, 300 (1984). 

22. K. Anderson, M.R.A. Blornberg, M.P. Fiilscher, V. Ke116, 
R. Lindh, P.-A. Malmquist, J. Noga, J. Olsen, B.O. Roos, 
A.J. Sadlej, P.E.M. Siegbahn, M. Urban, and P.-0. Widmark. 
MOLCAS version 3, University of Lund, Sweden. 1994. 

23. A.J. Sadlej. Collect. Czech. Chem. Commun. 53, 1995 (1988). 
24. P.-0. Widmark, P.-A. Malmquist, and B.O. Roos. Theor. Chim. 

Acta, 77, 291 (1990). 
25. M.J. Frisch, G.W. Trucks, M. Head-Gordon, P.M.W. Gill, 

M.W. Wong, J.B. Foresman, B.G. Johnson, H.B. Schlegel, 
M.B. Robb, E.S. Replogle, R. Gomperts, J.L. Andres, K. 
Raghavachari, J.S. Binkley, C. Gonzalez, R.L Martin, D.J. Fox, 
D.J. Defrees, J. Baker, J.J.P. Stewart, and J.A. Pople. Gaussian 
92, Revision D l .  Gaussian, Inc., Pittsburgh, Pa. 1992. 

26. F.W. Biegler-Konig, R.W.F. Bader, and T.H. Tang. J. Comput. 
Chem. 3, 317 (1982). 

27. A. Kumar and W.J. Meath. Chem. Phys. 189, 467 (1994). 
28. G.D. Zeiss and W.J. Meath. Mol. Phys. 33, 1155 (1977). 
29. A. Kumar and W.J. Meath. Mol. Phys. 75, 31 1 (1992). 
30. W. Murphy. J. Chem. Phys. 67, 5877 (1977). 
31. A.M. Sanchez de Meris, H.J.Aa. Jensen, P. Jorgensen, and J. 

Olsen. Chem. Phys. Lett. 186, 379 (1991). 
32. M.A. Spackrnan. J. Chem. Phys. 94, 1288 (1991). 
33. C. Hattig and B.A. HeB, Chem. Phys. Lett. 233, 359 (1995). 
34. C. Hattig and B.A. HeB. J. Phys. Chem. 100, 6243 (1996). 
35. H.A. Bethe and E.E. Salpeter. Quantum mechanics of one- and 

two-electron atoms. Springer Verlag, Berlin. 1957. 
36. F. Mulder and W.J. Meath. Mol. Phys. 42, 629 (1981). 
37. P.-0. Astrand, A. Wallquist, G. Karlstrom, and P. Linse. J. 

Chem. Phys. 100, 1262 (1994). 
38. J.G. AngyBn, M. Loos, and I. Mayer. J. Phys. Chem. 98,5244 

(1 994). 
39. W.J. Meath and A. Kumar. Int. J. Quantum Chem. Syrnp. 24, 

501 (1990). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Coherent control of electrons in molecules 

Andre D. Bandrauk, Hengtai Yu, and Eric E. Aubanel 

Abstract: Coherent superposition of electronic states can be achieved by simultaneous laser excitation at different 
frequencies. As an example, the three-level system is examined in order to demonstrate the possibility of phase control 
of electron transfer in molecules. Ab initio calculations are used to illustrate the principle in a charge transfer molecule 
DMBAN, 4-(N,N-dimethylamino)benzonitrile. 

Key words: laser control, charge transfer electrons. 

RCsumC : On peut effectuer une superposition cohirente d'itats ilectroniques par une excitation simultanie au laser 
B diffirentes frequences. A titre exemple, on a examini le systkme B trois niveaux afin de dimontrer la possibiliti de 
contrble de phase du transfert d'ilectron dans des molicules. On a utilisi des calculs ab initio pour illustrer le principe 
dans une molicule B transfert de charge, le 4-(N,N-dimCthylamino)benzonitrile (DMABN). 

Mots elks : contrble de laser, Clectrons de transfert de charge. 

[Traduit par la ridaction] 

I. Introduction Fig. 1. Coordinate system of DMABN. 

Control of photochemical processes has focused on control- 
ling via relative laser beam phases the detailed dynamics 
of photodissociations of molecules (1-3). There has recently 

T 5  "t4 
been interest in the possibilities of controlling electrons. Thus 
high-order harmonic generation in atoms and molecules was 

"'-Ck F3=C? 
T l p c i  /c6-c7EN2 

shown theoretically to be controllable by superpositions of 
laser beams of.different frequency and phase, as  a result of 
the phase control of electron trajectories upon ionization (4, 
5). This numerical demonstration of electron control lead to 

H1O-A P-F 
H, H, H l  H3 

the highly innovative idea of generating attosecond (subfem- 
tosecond) pulses by using superpositions of elliptically and 
linearly polarized light in order to control electron recolli- 
sion with the parent ion (5, 6). Recently we showed that one 
can control electron transfer, ET, in photodissociating C12 
molecules by using a symmetry-breaking excitation scheme 
with w and 2w photons (4-7). Such a scheme has now been 
demonstrated experimentally to provide a useful means of 
controlling currents in quantum wells (8), which have strong 
analogies to molecular systems. 

In the present work we investigate the use of optically 
induced quantum coherence effects, which 'can be achieved 
using moderately intense laser fields, well below intensities 
I = 1013 W/cm2, above which considerable ionization will 
then occur (9, 10). A well-known coherent effect in atomic 
quantum optics is the creation of the so-called dark state (1 I),  
which is a special dressed superposition state of excited states 
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and is uncoupled from the ground state. We shall focus o n  
the phase dependence of coherent superpositions of the three- 
level system, called the V-system in atomic physics (12, 13), 
in order to illustrate the basic principle of phase-dependent 
electron transfer. We then use ab initio calculation of the 
lowest excited states of a charge transfer (CT) molecular 
system: DMBAN, 4(N,N-dimethylamino)benzonitrile, illus- 
trated in Fig. 1. Previous ab initio calculations on this system 
(14) have shown the existence of ion-pair states in the excited 
states of this molecule. Thus using electron distributions in 
DMBAN obtained from ab initio (with CI) calculations w e  
have examined the feasibility of creating laser-induced charge 
redistributions in order ot control ET, or equivalently CT, in 
such large molecular systems via the phase of the exciting 
laser beams. Conditions for such electron control scenarios 
in large systems are discussed with reference to  the ab initio 
results presented here. 

11. Phase control in a three-level V 
system 

Previous studies of the coherences induced in a three-level 
V-system, Fig. 2, have shown the occurrence of dark states 
that are completely uncoupled from the initial ground states 
as  a consequence of radiative nonlinear coherent properties of 
such systems during the laser excitation (1 1-13). W e  examine 
here the phase dependence of such systems and explore in 
the next section their possible application to controlling ET,  
or  equivalently CT,  in large molecules. 
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Fig. 2. Resonant three-level V system with appropriate 
Rabi frequencies R, transition moments p, and laser field 
amplitudes E. 

We limit ourselves here to the resonant case, whereas 
the nonresonant case (13) will be described in detail else- 
where (15). Figure 2 illustrates the resonant V configura- 
tion in which one assumes simultaneous excitation from 
an initial ground state 10) to two nondegenerate excited 
states 11) and 12) with Rabi frequencies R I  and RZ, where 
hQ2 = pOIE2, hQ2 = pO2E2, p is the transition moment, 
and E is the field amplitude. For a real time-dependent field, 
E(t) = E cos(ot+$) = (~/2)(e~(~'+@)+e- '(~ '+@)),  in the rotating 
wave approximation, RWA, one retains only the resonant field 
(~ /2 ) (e ' (~ '+@)  contribution. This leads to a time-independent 
Hamiltonian in the dressed state representation (9, 13), 

where $1 and 41' are the phases of the two laser beams E l  
and EZ. Defining an effective three-level Rabi frequency 

one obtains the following three dressed states or eigen- 
modes of the three-level laser-molecule system (n =photon 
number), 

where E,(p,y) are the dressed state energies of the laser- 
molecule system. We note that the states la) and Ip) are 
Stark shifted by f h  (R/2), so that the frequency separation 
between these two dressed states is the effective Rabi fre- 
quency R defined in eq. [2]. Both states reflect the Rabi- 
induced superposition of all three electronic states that are 
phase dependent. The state (y) is the dark state, which re- 
mains unshifted and does not contain the initial state 10). 
Clearly the state ly) will never be populated from the ground 
state 10) in the V-configuration. As a consequence the total 
wave function can be written as combinations of la) and IP) 
only: 

satisfying the initial condition Iy(0)) = (0,  nl, n2), i.e., the 
ground state. Thus at times z = x/R, one has the superposi- 
tions 

[lo] ( ~ ( z ) )  = -i2-'I2(1a) + IP)) 

One observes that at such times, i.e., at z = n/fi, the laser- 
induced coherent state is a pure superposition of the excited 
state 11) and 12) only, the relative sign of these amplitudes 
can be controlled by the relative laser phase difference (41' - 
$,). To see this more succinctly, we specialize further to the 
particular case, 

This can be achieved by varying the laser field amplitudes 
E l  and E2 SO that b l E l  = pO;E2. In this case one recovers 
the simply transparent result, 

+ e-'$212, nl, n;! - 1)) 

Thus if = = $, one obtains 

If $I = $2 = n, one now has 

We observe that at times z = n/R, one can create new ex- 
cited state amplitudes that are simple sums or differences of 
the original excited states. For molecules, this implies that 
one should be able to prepare simple superpositions of de- 
localized molecular orbitals and thus create more localized 
electronic states leading to laser-induced CT. 

We designate the states Iy*(z)) as our target states and 
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Table 1. Optimized geometry of DMABN using 
3-2 1G basis sets. 

Bond length (A) 
cl-c2 1.407 C7-N2 1.141 
C,-C4 1.373 CI-NI 1.375 
C4-C, 1.388 C,-N I 1.463 
C6-C7 1.423 C2-H, 1.076 
C4-H3 1.080 c8-H~ 1.188 

Valence angle (degree) 
c,c I c, 115.86 ClC2C, 121.89 
c,c4c6 121.31 C,C6C7 12 1.14 
N I C I C ~  122.07 C,N,C, 124.35 

examine their time evolution from the occupation probability: 

The resulting time-dependent occupation probability of the 
target states IWh(z)) is readily obtained from eqs. [13]-[15]. 

We conclude by observing that in order to obtain complete 
selectivity of one state or another, i.e., ~ * ( t )  = 1, then: (i) 
the phases of the two lasers must be locked, i.e., $2 -4, = 0 
or = n; (ii) the occurrence time of the selectivity is t, = (2n+ 
l)z = [(2n+ l)n]/R. Thus two essential parameters enter into 
the controllability of the system: the Rabi frequency R, which 
depends on transition moments p and field E amplitudes, and 
finally the phase difference $ between the two laser beams or 
pulses. We observe furthermore from eq. [ lo] that a special 
feature of the three-level V system is that in the general case 
the total system oscillates between the ground state 10) and 
the coherent linear superpositions of 11) and 12) defined by 
( ( ~ ( z ) ) ,  eq. [lo]. In fact, the general state (eq. [9] can be 
written as 

thus showing that at recursion times t,, = (2n+ l)(n/R), one is 
indeed in the general coherent state I ~ ( z ) ) ,  eq. [lo], whereas 
times t,,, = 2m(n/R), one is in the ground state, 10). In the 
next section we examine laser-induced electron density redis- 
tributions in a large molecule DMABN based on preparation 
of the coherent state ( ~ ( z ) ) ,  eq. [lo]. 

Ill. AB initio simulations 
DMABN is the prototype of CT molecules, in which the 
formation of a twisted intramolecular charge transfer state is 
well documented from fluorescence studies. Thus from the 
red shifts of the fluorescence in polar solvents, it is inferred 
that the dimethylamino group (see Fig. 1) undergoes a 90" 
internal rotation with respect to the aromatic ring and an 
electron is completely transferred from the amino group to 
the benzonitrile moiety because the conjugation between the 

amino lone pair and the n orbitals in the aromatic ring is 
absent (16, 17). The time for such rotation has been estimated 
to be at least 40 picoseconds (ps) (16).. 

The static electronic properties of DMABN are calculated 
here by ab initio methods using the GAMES program (18). 
The molecular geometry is reoptimized with split-valence 
shell 3-21G basis sets (19) using previous results (STO-3G, 
ref. 14) as a starting point and supposing the molecule has 
C ,  symmetry. The optimized results for the planar geometry 
are given in Table 1. All energies in the ground state and the 
first five low-lying excited states are calculated by configura- 
tion interaction (CI) methods. MINI4 basis sets (20) are used 
for all hydrogen and two carbon atoms in the methyl groups, 
and MINI4+double zeta basis sets (21) are used for all other 
atoms. There are 39 occupied MOs in DMABN with 78 elec- 
trons; 34 orbitals with lower orbital energies were considered 
as the internal orbitals and the remaining 5 occupied MOs 
with higher orbital energies and the lowest 5 virtual MOs 
were included in the CI computations with single and double 
excitations. The number of symmetry-adapted (C,) config- 
urations is more than 60 000 for the basis sets mentioned 
above. The calculated energies are -452.7952, -452.5149, 
-452.4810, -452.4216, -452.4096, and -452.3958 au for 
the ground state and the first five low-lying excited states, 
respectively. This gives the first excitation energy 5.5 eV of 
state S1. This value is overestimated by 2.5 eV compared 
with the experimental excitation energy of -4 eV (14). The 
second excited state S3 can be reached by 8.5 eV from the 
ground state. 

To classify clearly molecular orbital symmetry, so that we 
can easily simulate ET, DMABN is regarded as C2v sym- 
metry. This way the last three occupied MOs that are used 
for CI calculations are assigned to symmetries 4b1 (37) with 
mainly character of the N lone pair and triple bond E N ,  
la2(38) with mainly n character in the aromatic ring, and 
5bl(39) of mainly N lone pair character. Similar consider- 
ations apply to the lowest two virtual MOs 6b1(40) (lone 
pair) and 2a2(41) (n character in aromatic ring). It can be 
seen from an analysis of the coefficients of electronic con- 
figuration state functions (CSF) in the CI calculations that 
the first excited state SI is characterized mainly by the two 
CSF transitions: 5b1(39) 4 la2(41) and la2(38) 4 6b1(41) 
in the planar geometry, corresponding to IB2 symmetry. In 
fact it is obtained by nn* plus nn* transitions. The second S2 
and third S3 excited states are characterized by the three CSF 
transitions 5b1(39) -+ 6b1(4 1) and 4b1(37) 6b1 (39), which 
correspond to nn* transitions, and la2(38) --, 2a2(41), which 
is a nn* transition. Both S2 and S3 excited states have the 
same symmetry lA l  as does the ground state. Hence they are 
easily accessible by laser excitation from the ground state. 
For the sake of convenience, we call these three CSF Q A ,  
Q B ,  and Qc in the following text. 

Now we want to simulate the ET from the N lone pair on 
the amino group to the triple bond C-N in the DMABN. 
Because the first excited state Sl has different symmetry from 
the ground state and is formed by the nn* (or nn*) transition, 
ideal ET from the amino group to the trip'ie bond can be 
achieved by considering the exited states S2 and S3 only. TO 
construct the coherent state, we assume that the S2 and S3 
state wave functions Y, and YII can be expressed as a linear 
combination of the three electronic CSF, QA,  Q B ,  and Q c :  
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and 

where a,, bi, ci(i = 1, 2) are the coefficients of CSF in 
the CI calculations. The calculated values are a1 = 0.9635, 
bl = 0.1088, cl = -0.2447, and a2 = -0.4400, b2 = 0.8859, 
c2 = -0.1467 after renormalization to eliminate other CSF 
contributions. Here IYl) and (YrI) correspond to 11, nl - 1, n2) 
and 12, nl, n21) in eq. 1101. As mentioned above, ET can be 
controlled by two factors: laser field amplitudes E and the 
phase difference I) between the two laser beams or pulses. 
According to eq. [lo], the coherent state can be written as 

where C1 and CII are the coefficients related to the laser am- 
plitudes E and @[, Q2 are the phases of the two laser fields. For 
simplicity without losing generality, eq. [20] can be rewritten 
as 

[21] I Y c o ) = ~ I + a e - ' ~ l ~ I  

where @ is the phase difference between the two laser field 
and a is the coefficient related to the laser amplitude E 
through RAbi frequency R. Putting eqs. [18] and [19] into 
eq. [21], (Y,,) becomes 

Thus the coherent state density is 

[23I Pco = y:oyco = APAA + BpBB + CpCC +ABpAB 

where 

In deriving eq. [23], we have eliminated @;ac and @;Qc 
contributions because they are the transition densities be- 
tween different symmetries (Qc is nn* character), which are 
regarded as zero. The configuration densities are obtained 
from the wave functions of the excited states S2 and S3. Thus 
we obtain from eqs. [18] and [19] (see also ref. 14): 

Fig. 4. Density maps obtained by changing a or laser field 
amplitudes E: (a) a = 2.19, (b) a = -0.12 ( c )  a = -1.67. 

where norm = (a~b:! - h a d 2 ,  and ~ I , I ,  PI,II, and PII,II are 
the densities of S2 and S3 and the transition density between 
these two states, respectively. In deriving eq. [25], PAC and 
p ~ c  are considered to be zero as explained above. Putting 
eq. [25] into eq. [23] we can obtain explicit formula for PC,, 
and laser-induced ET can be simulated by changing a and @. 

It should be indicated that the excited state S2 (or S3) 
contains 10 active orbitals, 5 occupied and 5 virtual MOs, 
i.e., 10 electrons are involved in the CI calculations. All 
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Fig. 5. Density maps obtained by changing the phase difference $ at a = -0.12 (Fig. 4b): (a)  45", (b) 90" (b) 135" ( d )  180". 

wave functions we obtain are renormalized and the corre- 
sponding density maps are calculated for 10 active electrons. 
The molecule DMABN is placed in the zx plane and density 
maps are drawn in the same plane. 

The initial state dens~ty maps of various wave functions 
are given in Fig. 3a-f for PAA, PAB, PBB, PCC, PI,[, and PII.II, 
respectively. It can be seen that the density is similar to 
that of PI,[, and PAB similar to pl[,~l, as these reflect the domi- 
nant coefficients. For example, QA has the largest coefficient 
in YI while on the other hand QB has the largest coefficient 
in YII. Both represent mainly nn* transitions. pee represents 
mainly a nn* transition as shown in Fig. 3d. Transition den- 
sities PAB between QA and QB are not very large although 
they are of the same symmetry. 

The density maps that correspond to a change in a re- 
lated to laser amplitudes E are given in Fig. 4a-c. When 
a = -(al /az) = 2.19 and 41 = 0 ,  from eqs. [18] and [19],  
QA is cancelled in YI and YII. The resulting density map is 
formed mainly from QB and Qc, and is illustrated in Fig. 4a. 
In this case the transferred electrons are concentrated mostly 
on the triple bond C=N. We can make QB disappear in YI 

and YIr by choosing a = -(bl/b2) = -0.12 with (I = 0.  The 
corresponding map contains mainly QA and Qc configura- 
tions and is given in Fig. 4b. It is similar to PAA shown in 
Fig. 3a because QA now plays a principle role in Y1 and Yll. 
When we cancel the contribution of configuration state Qc 
with a- (el /c7) = - 1.67 and (I = 0 ,  the map contains mainly 
QA and QB. The corresponding map, Fig. 4c, shows a strong 
electron density, mainly concentrated on the N lone pair in 
the amino group and the triple bond C=N. This reflects the 
negative coefficients of Qc in YI and YII. The ET effects 
shown in Fig. 4 correspond therefore to changes in the laser 
field amplitude E only through the factor a. 

Now we demonstrate the effect of laser phase difference 
(I on ET. The ideal scenario to see how electrons can be 
transferred from the N lone pair in the amino group to the 
triple bond C E N  in DMABN involves cancelling the QB 
state in YI and YII. Thus when (I = 0 ,  the corresponding map 
is the same as shown in Fig. 4b. The new maps for @ = 45", 
90°, 135" and 180" are given in Fig. 5u- d .  Comparing Figs. 
4b and 5,  one observes that ET begins to occur at (I = 90°, 
gradually attaining a maximum at (I = 180°, Fig. 5d. In the 
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latter case, one is essentially changing the sign of cr from 
-0.12 to 0.12, thus enhancing the presence of the OB state 
function, a nn* transition. 

IV. Conclusions 
We have shown that simultaneous laser excitation of dif- 
ferent electronic states in C T  systems can be  used to transfer 
electrons between different functional groups, e.g., amino to 
nitrile. This is achieved by varying appropriately configura- 
tion state function coefficients through laser amplitudes E. 
Varying relative phases (I of the laser fields will help to en- 
hance E T  effects in large molecules. Clearly, as shown from 
eq. [17], the E T  effect only persists during the laser illumi- 
nation, i.e., at the recursion times z,, = (2n + l ) (n /a ) .  Since 
a(crn-')  -. 10-31(W/~m-2)K (au) (9), for a 10 au transi- 
tion moment p and intensity I = lo8  W/cm2, we thus obtain 

-. 100 cm-I and z = T G / ~  = 10-l2 s = 1 ps. Considering 
that DMABN undergoes an internal rotation after 4 0  ps in 
order to stabilize the C T  state (16, 17), the above calcu- 
lation shows that laser-induced E T  should be  feasible with 
moderate intensity ( l o 8  w/cm2) picosecond pulses. Another 
condition is that the total molecular rotation rate must b e  
smaller than the Rabi frequency a. In the present case this 
condition is satisfied. One should therefore expect molecular 
alignment along the laser fields (7), since one is exciting both 
states S2 and S3 using transition moments that are parallel to 
the C T  process, i.e., from N to CGN (see Fig. 1). This will 
enhance the electron transfer control described in the present 
work. 
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Current-density dependent exchange- 
correlation functionals 

Axel D. Becke 

Abstract: Previous models for exchange (Becke and Roussel, Phys. Rev. A: 39, 3761 (1989)) and for correlation (Becke, 
J. Chem. Phys. 88, 1053 (1988)) are, in a simple and natural way, generalized to include explicit dependence on current 
density J. First-principles incorporation of J into exchange-correlation density functionals, as proposed here, is crucial for 
further progress in the study of magnetic effects in density-functional theory. 

Key words: density-functional theory, exchange-correlation functionals, current density 

R6sum6 : Des modbles anttrieures d'txchange (Becke et Roussel, Phys. Rev. A: 39, 3761 (1989)) et de corrtlation 
(Becke, J. Chem. Phys. 88, 1053 (1988)) sont gtntralists d'une faqon simple et naturelle de faqon i inclure la dtpendance 
explicite sur la densitt du courant, J. Telle que proposte ici, l'incorporation sur la base de principes premiers de J dans 
les fonctionnelles de la densitt de la corrtlation d'txchange est cruciale pour les progrbs futurs dans 1'Ctude des effets 
magnttiques de la thtorie de la densitt fonctionnelle. 

Mots clPs : thtorie de la densitt fonctionnelle, fonctionnelles de la corrtlation d'txchange, densitt de courant. 

[Traduit par la rtdaction] 

Introduction 
There has been a call in recent density-functional literature 
for exchange-correlation approximations with explicit depen- 
dence on current density J as well as the density itself (1, 
2). Such functionals are required for proper description of 
magnetic properties of electronic systems. The formalities of 
current-density-functional theory have been discussed by Vi- 
gnale, Rasolt, and Geldart (1). A first-principles derivation 
of the J-dependent exchange-correlation energy in inhomo- 
geneous systems, however, is still lacking. In this note, we 
present such a derivation. 

The various ingredients of this work have, in fact, already 
been published. Indeed, a related J-dependent correlation- 
only functional may be found in ref. 3. Here, we generate 
a new, J-dependent exchange functional by combining the 
J-dependent exchange-hole curvature formula of Dobson (3, 
4) with the hydrogenic exchange-hole model of Becke and 
Roussel (5). Then, we generate a new correlation functional 
by generalizing an old correlation model from 1988 (6). 

Exchange 
The exchange-hole model of Becke and Roussel is based on 
the following analytic form inspired by the hydrogenic atom 
(see ref. 5 for details): 
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where px, is the o-spin exchange charge density, and the ar- 
guments (r, s)  denote spherical average on a shell of radius s 
centred on the reference point r. This model exchange charge 
density is always positive definite and properly normalized 
by construction. Two parameters a and b need to be speci- 
fied at each reference point. If the leading two terms of the 
Taylor expansion (around r )  of the model px, are equated to 
those of the exact px, at each reference point, 

then a parameter-free exchange approximation is obtained. 
Equating values at s = 0 yields the condition 

and equating curvatures Q, gives 

[4] a2b - 2a = 6bQ,/p, 

whose solution will be outlined momentarily. 
For a system with zero current density, the exact exchange- 

charge curvature Q, is given by (5, 7): 

[51 Qo = ; [V2po - 2% + : (V~o>~/p, l  

where the kinetic energy density z, is defined as follows 
(notice that we do not include a 112 factor in the definition): 

[61 to = VY;, . Vyk, 
k 

Solution of eqs. [3] and [4] proceeds by introduction of a 
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new variable x = ab; then seeking the (unique) root of the 
1D nonlinear equation 

by an iterative Newton-Raphson scheme (5). Finally, setting 

the exchange potential Ux, at reference point r is given by 

and the total o-spin exchange energy is 

Though not expressible in closed analytical form, this en- 
tire procedure is readily automated. We demonstrate in ref. 
5 that the resulting exchange energies of atomic systems are 
significantly better than the LSDA (local spin-density ap- 
proximation), but not as good as those of the best GGAs 
(generalized gradient approximation). 

The curvature expression of eq. [5] is valid for systems of 
zero current density only. Dobson has pointed out that the 
generalization to non-zero currents is simple (3, 4). With the 
present definition of T,, as given by eq. [6], we find that (see 
the Appendix) 

where 

is the (paramagnetic) o-spin current density in atomic units. 
A J-dependent extension of the Becke-Roussel exchange ap- 
proximation is now obvious. Simply replace eq. [5] for Q, 
with eq. [ l l ] .  The resulting functional depends explicitly on 
p, Vp, v2p,  T ,  and J. It is entirely free of empirical parame- 
ters, and its J dependence is incorporated in a first-principles 
manner. 

Correlation 
Our dynamical correlation model of ref. 6 (see also ref. 
8) yields two correlation functionals: one for opposite-spin 
pairs, 

and another for parallel-spin pairs, 

where T ,  is the same kinetic-energy density as above. Pa- 
rameters z,p and zoo are correlation "lengths" or "ranges" 
characterizing the sizes of the opposite and parallel-spin dy- 
namical correlation holes, respectively. We approximate these 
as follows (see ref. 8): 

where Ux, is the o-spin exchange potential as in the previous 
section, and the correlation range constants cap and coo have 
values (8) 

Thus, if the J-dependent Q, of eq. [ l l ]  is used to obtain 
Ux,, then a J-dependent correlation approximation naturally 
arises. 

Even more importantly, however, the prefactor 

in the parallel-spins functional, eq. [14], needs to be modified 
in the case of non-zero current densities. If the derivation 
of ref. 6 is repeated using the generalized Q, of eq. [ I l l ,  
we obtain the appropriate J-dependent extension of the oo  
correlation energy: 

To summarize: the total dynamical correlation energy Ec 
is the sum 

where EFp is given by eq. [13], EEa and E!P are given by 
eq. [18], and the exchange potentials Ux, required in eq. 
[15] are generated from the J-dependent Q, of eq. [ l l ]  via 
the Becke-Roussel procedure of the previous section. 

Conclusions 
Exchange and correlation functionals with explicit depen- 
dence on current-density J have been developed from first 
principles by slight modification of existing models (5, 6, 
8). No empiricism whatsoever has been employed. Self- 
consistent computations with the Becke-Roussel functional 
(5), the foundation of this work, have recently become pos- 
sible (9). We hope that incorporation of its J dependence, as 
developed here, will soon follow. 
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Appendix 
Derivation of the exchange-charge curvature Q,, as defined 
in eq. [2], is relatively straightforward. The exchange charge 

pxo(rl, r2)  is related to the o-spin orbitals by (see refs. 5 and 
7 )  

where r l  is taken as the reference point and r2 is the vari- 
able. Q,, the coefficient of the quadratic term in the Taylor 
expansion of the spherically averaged px, about rl ,  is equal 
to (7)  

[A21 Q d r ~  = V t 2 1 ~ ~ ~ ( r ~  r2)lr2=r1 

with the Laplacian acting on variable r2 only. The indicated 
manipulations produce eq. [ l  11 relatively easily. 
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I Strongly bound doubly excited states of Be, 

Pablo J. Bruna and James S. Wright 

Abstract: The triplet and singlet potential curves of Be, generated by single and double excitations from 2u, into 3ug and (or) 
l n u  are studied with a multireference configuration interaction (MRD-CI) method. Relative to x1C,+(2u,22u:) with Re = 4.72 
bohr and we = 258 cm-I (calculated here), these antibonding MO + bonding MO excitations lead to average decreases in bond 
distance (in bohr) of 0.55 (2u, + 3ug), 0.88 (2u, + ln,), 0.93 (2u: + 3uglnu), and 1.22 (2u: + 1nu2). The increase in 
vibrational frequencies ranges from 240 to 600 cm-'. The 3u, MO is found to be less bonding than Inu,  confirming predictions 
made by Bader et al. The experimental states A1JIU and BIZ,+ correspond to doubly excited l1JIU(2u,2 + 3uglnu) and singly 
excited l1C,+(2uU + 3ug), respectively. The 13C; and llAg states, both 2u: + ln:, preserve their doubly excited structure up 
to dissociation. Within the Franck-Condon region, l3HU changes from bound (2u: + 3ugln,) to repulsive (mixed 2uu + 
1n$2u, + In,), thereby creating the unusual situation of a strongly bound potential (short Re, high we) with an adiabatic 
dissociation energy near zero. The singlet counterpart l lHu,  however, behaves regularly as its doubly excited character is 
maintained up to large R(Be-Be). 

Key words: ab initio calculations, beryllium dimer, doubly excited states, electronic transitions, potential curves. 

RCsumC : Faisant appel i une mCthode d'interaction de configuration i multirCfCrences (KMRD-CIa), on a CtudiC les courbes de 
potentiel triplet et singulet du Be, gCnCrC par des excitations simple et double de 2u, en 3u, et (ou) Inu. Relatives i 
x ' C , + ( ~ U ~ ~ ~ U , ~ )  avec Re = 4,72 bohr et we = 258 cm-I (calculi5 ici), ces excitations d'OM antiliantes + OM liantes conduisent 
i des diminutions moyennes des distances de liaisons (en bohr) de 0,55 (2uu + 3u,), 0,88 (2uu 4 In,), 0,93 (2u: 4 3u,l.rru) 
et 1,22 (2u: 4 1~:). L'augmentation de frCquences vibrationnelles varient de 240 i 600 cm-'. On a trouvC que les OM 3ug sont 
moins liantes que les Inu,  ce qui confirme les predictions faites par Bader et al. Les Ctats expCrimentaux AIH, et B'C; 
correspondent respectivement aux Ctats doublement excitC 1 'JIU(2u: 4 3u,lnu) et simplement excite l1CU+(2u, 4 3ug). Les 
Ctats 13C[ et I ' A ~ ,  qui correspondent tous les deux 2 2uu2 4 IT:, conservent leur structure doublement excitCe jusqu'i la 
dissociation. Dans la region de Franck-Condon, le l3HU se change de like (2u: 4 3uglnu)  i rCpulsive (2uu 4 1n$2ug 4 In,), 
ce qui crCe la situation inhabituelle d'un potentiel fortement liC (valeurs de Re courte et de we ClevCe) accompagnCe d'une Cnergie 
de dissociation adiabatique pratiquement Cgale i zCro. La contrepartie singulet, l 'n,, se comporte toutefois d'une faqon 
rCgulibre alors que son caractbre doublement excitC est maintenu jusqu'i une valeur ClevCe de R(Be-Be). 

Mots clis : calculs ab initio, dimbre du beryllium, Ctats doublement excitCs, transitions Clectroniques, courbes de potentiel. 

[Traduit par la rCdaction) 

1. Introduction 

The nature of the bonding in the X1C,+(2u,22u,2) state of Be,, 
formally with a-zero bond order, has been the topic of many 
theoretical studies (1-13). An increase in the net bond order 
due to mixing with the double excitation 2u,2 + 3u; is 
responsible for the weakly bound character of the Be, ground 
state (7, 12). 

Much less attention has been paid to the equilibrium prop- 
erties and bonding features of excited states. Bender and 
Davidson (2) reported several potential curves, without speci- 
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fying spectroscopic data or electronic configurations. Local 
spin density (LSD) calculations by Jones (4) analyzed five 
states (13*'C,+, 13*'IIg, 13C;), while a single-reference (SD)- 
CI study by Gosavi and Strausz (9) focused on triplets (l3CU+, 
I ~ I I , , ~ ,  l3C[). These two papers gave partial insight into 
structures and equilibrium parameters, but the data are not 
accurate enough for spectroscopic purposes. 

Experimentally, two dipole-allowed excited states are 
known (14), e.g., A1IIU at 2.66 eV and BIZ,+ at 3.44 eV (TeYs). 
The bonding character of A is stronger than that of B, as 
pointed out by 3.74 versus 4.16 bohr for Re, and 686 versus 
51 1 cm-' for we. These values are to be compared with 4.63 
bohr and 276 cm-' measured for X ' C ~  (14). 

Bondybey (14) speculated that B'C; and A1IIU are, 
respectively, described by the configurations 2u,22u,3c~~ 
(2uu + 3ug with respect to X'C;) and 2ug2u,21ru (2ug + 
IT,,). The relatively tight structure assigned to B'C: seems 
plausible as the 2uu + 3ug excitation increases the bond 
order. However, it is difficult to justify assigning 2ug + l r u  
to A'II, (with a measured AR, of -0.89 bohr relative to 
xlCg+) since for this bonding + bonding excitation the bond 
order remains formally unchanged. Also, it seems unusual for 
an excitation from the low-lying 2ug MO to lie about 1.0 eV 

Can. J. Chem. 74: 998-1004 (1996). Printed in Canada 1 ImprimC au Canada 
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Bruna and Wright 

below that from 2au. Obviously, the A'II, assignment needs 
revision. 

Because of the weakly bound character of ground state Be,, 
the stability of its doubly excited states is expected to be quite 
substantial. As shown in various studies from the authors (15- 
21), particular excited states of X, molecules (with 3-8 
valence electrons (VEs)) are strongly bound, i.e., they have 
shorter bond distances and higher vibrational frequencies than 
in the ground state. (For simplicity, the valence MOs 2u,, 2uu, 
3ug, ln,, and Ing  are hereafter labeled as a,, a,, a' , nu,  and 
IT,, respectively.) The so-called strongly bound doubfy excited 
states (SBDES) arise from uu2 + ( ~ 0 ) ~  excitations, with Mo2 
corresponding to a':, n:, or u' nu. AS the final configura- 
tions have a maximal number of bonding electrons (highest 
bond order), an increase in bond strength upon excitation is 
understandable. As shown later, the experimental A'II, state is 
in fact an SBDES representative, confirming earlier specula- 
tions (22). 

This work has been carried out with two goals in mind. 
First, to follow the changes in bonding for all low-lying 
excited states of Be, generated by single and double excita- 
tions from the antibonding u, into the bonding a, and nu MOs. 
Second, to provide reliable potential curves for the interpreta- 
tion of past and future experimental studies on the electronic 
spectrum of Be,. 

2. Technical details 

The sp valence AOs on Be consist of the 10~15s and 5p12p sub- 
sets from Huzinaga (23) and Dunning and Hay (24) optimized 
for the lsg(s2) and 3~u(sp)  atomic states, respectively. The 5p 
set of primitives given by Dunning (24) is contracted to 3 11. 
Additional AOs on Be include one s (a  = 0.026), one p (a  = 
0.021) and three uncontracted d species (a  = 0.3, 0.1, and 
0.03). Rydberg AOs, with exponents of 0.012 (s), 0.01 (p), and 
0.008 (d),  are placed at the midpoint of the Be-Be bond. The 
exponents of the additional AOs have been estimated from the 
data given in ref. 24, except for the two most compact d spe- 
cies whose exponents are taken from ref. 5. 

The configuration-interaction calculations are carried out 
with the MRD-CI method (25). The MOs used for the CI 
expansions are those corresponding to 15C,JuguUn:). 
Exploratory calculations using X'C~+(U;U,~) MOS were more 
demanding technically, i.e., a large number of reference con- 
figurations was needed, and, very often, high-lying states were 
poorly described (Cc2 < 90%). 

The frozen-core approximation has been used (no excitation 
from lag2 or la;, and the complementary highest lying spe- 
cies discarded), leaving 78 MOs to describe valence correla- 
tion. The number of reference configurations ranges from 50 
to 60, leading to a total of about 60 000 symmetry-adapted 
functions (SAFs) on average. Using a configuration selection 
threshold of 2 microhartree, the diagonalized CI spaces vary 
from 6000 to 10 000 SAFs. The total and relative energies to 
be reported correspond to those extrapolated to zero selection 
threshold and then corrected by the multi-reference analog of 
the Langhoff-Davidson correction (26). 

3. Dissociation channels 

The composition and relative energies of the first four dissoci- 

Fig. 1. Potential curves of low-lying triplet excited states of Be,. 

I , I 

3.5 4.5 5.5 

R(Be-Be) [bohr] 

ation channels are summarized in Table 1. The experimental 
spacings (27) are reproduced quite well. 

Channels I1 (triplets) and I11 (singlets), each containing one 
s + p excited atom, give rise to singly excited configurations. 
Channel IV (quintets, triplets, and singlets), composed of two 
s + p  states, is the lowest that generates doubly excited states. 
Interestingly, the 13C; and 'A, states, both correlating with 
channel IV, may preserve their doubly excited character over 
the whole range of bond distances. 

4. Excited states 

Potential curves are shown in Figs. 1 (triplets) and 2 (singlets), 
with spectroscopic data being compiled in Tables 2 and 3. 

4.1 Triplet states 
The first two triplets, 13C>(u, + a',) and l3II,(uu + nu), 
arise from single excitations. An Re of 4.09 bohr for 
l3C>(uUu',) versus 3.87 bohr for 1311,(ounu) indicates that nu 
is more bonding than a',. Their mimina lie energetically close 
(Te's of 0.90 and 1.08 eV, Table 2). 

The next two triplets correspond to the doubly excited states 
l3IIU(a: + af,nU) at 2.73 eV and 13Cp(u: + n:) at 2.50 
eV. Once again, it is noted that a', exhibits weaker bonding 
than nu, as pointed out by an Re of 3.76 bohr for 1311u(u'gnu) 
versus 3.43 bohr for 13C;(n,2). The bonding features associ- 
ated with SBDES species are best exemplified by 1~x9-(n:), 
a state having the shortest Re and highest we (860 cm-I) among 
all low-lying states of Be,. 

l3IIU exhibits unusual features (Fig. 1). Specifically, near 
its minimum, this state is characterized by a well-bound poten- 
tial (Re = 3.76 bohr, we= 677 cm-I). However, a Te value of 
2.73 eV, being identical with the location of channel I1 (Table 
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Fig. 2. Potential curves of low-lying singlet excited states of 
Be,. 

R(Be-Be) [bohr] 

l), results in an adiabatic dissociation energy De near zero 
(Table 2). This peculiar behaviour is caused by a crossing near 
4.25 bohr with 23rIu, a repulsive state main1 arising from 

.8 
I' a, -+ n at very short R. Past 4.40 bohr, 1 nu acquires a 

mixed, s~ngly excited character a, -+ n$ag -+ nu, as expected 
for a state correlating with channel 11. 

The dissociation barrier of l3IIU amounts to 0.32 eV, 
accommodating up to 4 vibrational levels. The existence of 
this avoided crossing remained unnoticed in earlier studies (2, 
4,9). 

Due to that crossing, the structure of 23rIu complementary 
changes from a, -+ n, at short R to a: -+ a1,nU at large R. 
When compared with other states (including the ground state), 
the mixed singly/doubly excited composition of 23rIu near 
equilibrium results in an anomalous relationship between bond 
distance and vibrational frequency, e.g., large Re (4.36 bohr) 
but high we (720 cm-I). 

4.2 Singlet states 
The lowest singlet excited states corres ond to 1 'Ilg(u, -+ nu) 
at Te = 1.76 eV, and llIIu (mainly a!-+ uTgnu) at 2.76 eV. 
Since doubly excited l1IIU has some contribution of the repul- 
sive a, -+ ng excitation, its potential curve is not as strongly 
bound as expected. In fact, both I'llg and 1 'nu have compara- 
ble values of Re and we (-3.82 bohr, =680 cm-', Table 3). 

Worth noting, the potential curve of doubly excited l l I Iu  
(Fig. 2) shows a regular behaviour, in contrast to that of l3IIU 
having a maximum near 4.25 bohr (Fig. 1). 

Slightly above llIIu one finds two SBDES, namely, llAg at 
2.89 eV and 2'&+ at 3.11 eV. Both arise from the double exci- 
tation a: -+ n:, like the 13Cg- state. While Re and we values 
of 3.49 bohr and 841 cm-' for llAg are as high as for 13C;, 

those for 2'C: indicate a weaker bonding (larger Re and 
smaller we, Table 3). This feature is due to contribution of 
a: -+ a': to the 2'Cg+ wave function - a double excitation 
increasing the bond strength to a lesser degree than a: -+ nu2, 
in line with the observed bonding differences between a'g and 
n u .  

The 3's; potential, with Te = 4.26 eV, interacts with 2'Cg+ 
near 4.25 bohr. To some extent, 3'Cg+ exhibits the same anom- 
alous behaviour as 23rIu, i.e., large bond length (4.17 bohr) but 
a relatively deep potential (644 cm-I). Such anomalies arise in 
both cases from avoided crossings between states of the same 
symmetry. 

Since the 2'C;-3'Cg+ interaction is not as sharp as that 
between l3IIU and 2311u, none of these singlets develop a 
potential barrier. The avoided crossing is reflected, however, 
in a change in the curvature of 2 '2  + around 4.25 bohr (Fig. 2). 
Also worth mentioning is that white the 3'2; minimum arises 
from the intersection of two doubly excited states (one 
strongly bound but the other much less so), the 2 3 ~ u  minimum 
arises from the mixing between singly and doubly excited 
states (repulsive and bound, respectively). 

The 1 %;(au -+ a',! state is predicted at Te = 3.45 eV, in 
very good agreement with an experimental gas phase value of 
3.44 eV (14). An earlier study in inert matrices by Brom et al. 
(22) reported 0-0 transition energies (in eV) of 3.54 (Ne) and 
3.43 eV (Ar). As seen in Fig. 2, the 1'C; minimum lies close 
to v' = 5 of the lower lying 2'C; state, with the possible exist- 
ence of perturbations. 

A 13C,,+-l'C; splitting of 2.55 eV near equilibrium is 
almost identical with the energy separation between channels 
I1 and I11 (Table I), thus explaining why both potential curves 
run nearly parallel to each other. 

5. Comparison with previous studies 

Theoretical and experimental results from the literature are 
summarized in Table 4. There are no data available on Z3IIu, 
1 'A,, and 2,3'C; for comparison. Changes in Re and we rela- 
tive to the ground state are given in Table 5 as AR, and Awe. 

Only one experimental and two theoretical works have been 
devoted to the excited states. Data on 13C; have also been 
reported in refs. 2 and 28. Compared with the LSD results (4), 
this study finds similar values of Re and we (maximal devia- 
tions of 0.07 bohr and 55 cm-') but higher excitation energies. 
The discrepancy is quite substantial for llC,,+, with a AE of 
3.45 versus 1.55 eV (Table 4). On the other hand, the Re data 
from a previous SDCI study (9) are similar to ours, but the 
present transition energies are up to 0.30 eV smaller. 

For the xlCg: ground state, the MRD-CI results for Re, we ,  
and De are in line with prior theoretical estimates, most of 
them giving bond distances about 0.1 bohr too long and vibra- 
tional frequencies = 30 cm-' too small. A recent study by 
R@eggen and Almlijf (lob) reproduces the experimental very 
closely (Table 4); their work also gives a complete list of ear- 
lier theoretical studies. 

The present Re values for l1 I IU(~ ' I Iu)  and i1CU+(~ 'Cu+)  
also overestimate experimental data by about 0.1 bohr. Due to 
error compensations, however, the measured AR, and Awe are 
well reproduced (Table 5). 

For l1IIU(~'KIu), a predicted Te value of 2.76 eV is about 
0.10 eV too high. This state arises from the double excitation 
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Bruna and Wright 

Table 1. Low-lying dissociation channels of Be,. 

Channel Be + Be AE (eV) Molecular states 

I ,  s2 + s2 IS, + IS, 0.00" 0.00" XI C., 
11, sp + s2 )P, + IS, 2.73 2.73 13q,,, 13ng." 
111, sl> + s2 IP, + IS, 5.28 5.34 2%;, llz;, ling," 
IV, sp + sp lp, + VP, 5.45 5.46 3,4'C;, 2,3'C;, 13C;, llC;, 

2'n ,,,, 21n, .~ ,  I~A, ,  134,, 
I ,25~;, l5z;, 15n ,,,, 1 5 ~ ,  

"Experimental data from ref. 27. 
'This work. Total energy for Be (IS,): -14.618 16 hartree (SD-CI, 2 VEs). 

Table 2. Spectroscopic parameters of the triplet states of Be? correlating with dissociation channels 
11-IV. 

T" R" 0, 

State" (eV) (bohr) (cm-I) 
o,x, B, a, Dc 

(cm-I) (cm-I) (cm-I) (eV) 

3.9 0.803 0.009 1.83 (11) 
5.2 0.892 0.01 1 1.65 (11) 
5.3 1.131 0.009 2.96 (IV) 
6.1 0.944 0.009 0.00 (11) 

4.8 0.689 -0.001 2.32 (IV) 

"Relative weights (in per cent) given for states with a mixed composition near equilibrium. 

Table 3. Spectroscopic parameters of the singlet states of Be? correlating with dissociation channels 
I-IV. 

Tc R" 0, WLX, Bc a" Dc 
State" (eV) (bohr) (cm-I) (cm-I) (cm-I) (cm-I) (eV) 

X1C+g(o;o:) 0.00 4.72 258 23.5 0.603 0.052 0.095 (I) 
1 In,(ou + nu) 1.76 3.81 705 4.0 0.924 0.009 3.58 (111) 
iln,(o: + oin,) 65 2.76 3.83 655 4.7 0.913 0.01 1 2.58 (111) 

(0, + n,) 16 
1 'A,(ot + nt) 2.89 3.49 84 1 6.3 1.098 0.010 2.57 (IV) 
2'C',(ot + xi) 70 3.1 1 3.57 692 15.9 1.049 0.029 2.23 (111) 

(0: + oi2) 10 
I 'C;(ou + 0;) 3.45 4.25 495 5.2 0.739 0.010 1.89(111) 
3'C',(ot + 0:) 30 4.26 4.17 644 4.9 0.760 0.004 1.20 (IV) 
(02, + nz) 30, (o?go;) 10 

"Footnote a, Table 2.  

mu2 + (T'~IT,, rather than u, + a,, as proposed by Bondybey studying both (upper) doubly excited states, although both 
(14). Such a doubly excited structure was already suggested in transitions may be of low intensity. 
ref. 22. Bondybey speculated that l l I Ig  should be the lowest 

Vibrationally excited l1IIU may be perturbed by both 1 ' ~ ~  excited singlet of Be,, which is confirmed by this study. The 
and 2lC; (Fig. 2). Dipole-allowed transitions between these u transition energies l l I Iu  + llIIg and l1C; + l l n  are 
and g states lie in the near infrared region. In principle, absorp- predicted to be 1.0 and 1.69 eV, respectively. Such smalf val- 
tion from l l I Iu  opens the possibility of spectroscopically ues explain Bondybey's failure in detecting l l I Ig  via decay 
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Table 4. Comparison of the spectroscopic parameters of selected states of Be, 
with literature data." 

State Te Re 0, D, Reference 

0.095 (I) 
0.098 
0.088 
0.08 1 
- 

0.091 
0.102 
0.094 
0.101 

TW 
Expt., 14 
6 
7 
8 
10a 
11 
13 
lob 

13Z; (ot -+ nt) 2.50 3.43 860 2.96 (IV) TW 
2.07 3.39 890 3.74 4 
2.79 3.47 - 2.61 9 

l l l lu  (0; -+ 0 ; ~ ~ )  2.76 3.83 655 2.58 (111) TW 
(Aln,) 2.66 3.74 686 2.71 Expt., 14 

l ' q  (0" -+ 0;) 3.45 4.25 495 1.89 (111) TW 
(BIZ;) 3.44 4.16 51 1 1.94 Expt., 14 

1.55 4.21 540 4.08 4 

"T, and D, in eV, R, in bohr, and w, in cm-'. 
b ~ ,  = 4.12 bohr and w, = 914 cm-' (28); R, = 4.10 bohr and w, = 677 cm-' (2). 

Table 5. Excitations in Be,. Values in brackets are experimental 
results (ref. 14). 

Excitation state T, (eV) AR," (bohr) Am," (cm-') 

o', -+ nt 1 3Z; 2.50 -1.29 602 
1 'A, 2.89 -1.23 583 
2%; 3.1 1 -1.15 434 

02, -+ 0L2 3IZ; 4.26 -0.55 386 

"Relative to the ground state (Table 3). 

l1IIU -+ l l I Ig  or llC,f -+ l lIIg,  as both emission systems lie 
beyond the spectral range studied by him (from 2 to 3 eV). 

Nothing is experimentally known about the triplet states. 
The near-infrared transition 13C,f e 1311 (afg e nu) at 
0.18 eV is expected to be rather weak (smalf AE, AR, = 0.22 
bohr). Doubly excited 13C[ cannot be detected in emission 
as there are no lower lying triplets of the appropiate symme- 
tr . On the other hand, the (weak) infrared absorption band Y 1 nu t 13C[ (AE = 0.23 eV, AR, = 0.34 bohr) might have 
an irregular structure reflecting the I~II ,-~~II,  crossing, 
with the possible existence of a continuum due to l3IIU pre- 
dissociation. 

The absorption transition l3IIU t 1311g (AE = 1.65 eV, 
AR, = -0.1 1 bohr) may exhibit similarly complex structure. 
However, this band system has more favorable Franck- 
Condon factors than does l3IIU t 13Cg- (cf. Fig. 1). 

6. Discussion 

Five triplet and six singlet excited states of Be,, all having 
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Bruna and Wright 

minima below 5 eV, are predicted to be bound. From the eight 
states generated by channels I1 and 111, only 13C;(11) is repul- 
sive. 

The singly excited states, four in total, arise from a, + a' 
(13C,,+, llZ,,+) and uu + nu (1311,, llIIg). Their potentia! 
curves have relatively deep minima (Tables 2 and 3). In fact, 
the lowest lying excited singlet, 1111,, has a dissociation 
energy D, of ca. 3.6 eV, the largest among all states studied. 
When compared with a D, of about 0.10 eV for the ground 
state (Table 4), this represents a tremendous increase in bond 
strength upon (single) substitution of an antibonding a, by a 
bonding nu MO. 

Interestingly, seven excited states (three tri lets and four 
singlets) exhibit a SBDES character u: + uf:u' nu, or n: 
near equilibrium. Their high bond order is reflectedgy the cor- 
res ondingly short Re and high we values. The 13C;(u,2 + l' . nu ) minimum, for example, occurs at an interatomic distance 
about 25% shorter than for the ground state; the strong bond- 
ing is also manifested by an increase in we of about 300%, and 
a D, near 3.0 eV (Table 2). 

The stabilities and equilibrium properties of the low-lying 
excited states of Be, are determined by the relative bonding 
properties of the a,, a',, and T, MOS. AS shown in ref. 3, the 
charge density of a, is shifted toward both nuclei, i.e., it is 
almost zero within the bond, maximal at each Be atom, and 
still relatively high behind the nuclei. The a', species exhibits 
a less localized distribution, as the amount of charge density 
outside the bond is practically the same as that inside it (see 
Fig. 2 in ref. 3). 

A detailed analysis of orbital forces carried out by Bader et 
al. (1) for the ground states of N,, O,, and F, (all having a,, a' 
and nu doubly occupied) came to the conclusion that whi& 
a, is strongly antibonding, a', should be better classified as 
nonbinding rather than binding. The nu MO is strongly bond- 
ing. The spectroscopic data of the excited states of Be, pre- 
sented in Sect. 5 also indicate that ufg is less bonding than nu. 

The triplet-singlet splittings of the excited states uUufg, 
uunu, and u ' , ~ ,  reflect the differences in MO charge distribu- 
tions. At the monodeterminant level, a splitting is given by 
twice the value of the corresponding exchange integral, Kab  A 
small (large) Kab arises when both open-shell MOs a and b are 
localized in different (similar) regions of space. 

The predicted values (in eV) are 2.55 for 13~1C,,+(uuu'g), 
0.68 for 13~111g(uunu), and 0.03 for 13~111u(u'gnu). The large 
371C,,+ splitting results from both a, and ufg lying in the molec- 
ular axis as well as having appreciable density in the same area 
(outside the bond). A smaller splitting of 0.68 eV for 
13s111g(uunu) is in line with nu being perpendicular to the bond 
axis as well as with the significant amount of nu density 
around each Be atom, where a, is mainly localized. Finally, 
the quasidegeneracy observed for the ufgnU states corroborates 
the fact that, within the bond, a', has much less density than 
does nu. Since l3IIU has some contribution of a, + ng, the 
true u',T, splitting might be slightly larger. 

Although near equilibrium both states mainly arise from 
uf,nU, the different behaviour shown by the potential curves of 
l3IIU and llIIu is striking (Figs. 1 and 2). The reason for this 
deviation lies in the relative location of their dissociation 
channels. Specifically, l3IIU and l l I Iu correlate with channels 
I1 (= 2.83 eV) and I11 (== 5.28 eV), respectively. Both chan- 
nels give rise to singly excited states only, whereas the lowest 

one generating doubly excited states corresponds to channel 
IV at 5.45 eV (triplets and singlets). 

Evidently, an asymptotic separation AE, of only 0.17 eV 
between sing1 and doubly excited channels (111-IV) makes it Y possible for 1 II, to maintain its doubly excited character over 
a wide R(Be-Be) range. Conversely, a higher asymptotic AE, 
of 2.72 eV between l3IIU(11) and 2 3 1 1 u ( ~ ~ )  causes l3IIU to 
become singly excited around 4.25 bohr. Another factor for 
such a mixed composition within the Franck-Condon region 
is that the l3IIU minimum lies energetically as high as channel 
11, so that the crossing of u 2u',nu with u,2uun, and ugu:nu 

5 takes place earlier than for 1 II,. As seen in Fig. 1 for l3IIU, the 
change in structure occurs suddenly; in that area, the interact- 
ing configurations are interrelated by the double excitations 
ufgnU H uun, and ugufg H u:, respectively. 

The states 13Cg- and 1 'Ag (both a: + nu2) are peculiar in 
the sense that they keep a doubly excited character up to large 
R values. Similar behaviour is shown by other diatomics with 
less than 4 VEs, e.g., the states 14&-(ugnu2) of Be,' (21) and 
13Cp-(n:) of Li, (29). In all these cases, the lowest dissocia- 
tion channel in which both atoms are s + p  excited (a precon- 
dition for generating doubly excited states u2 + n:, with u = 
a, or a,) constitutes, at the same time, the lowest channel giv- 
ing rise to Cg- states (channel I11 in Li,, VI in Be,+, and IV in 
Be,). In contrast, for systems with 5 VEs, there always exists a 
lower lying, singly excited channel that also generates Cg- 
states. Hence, a SBDES of type a: + n: at short R becomes 
singly excited at large R, as, for example, the 1 4 ~ , ~ ( u ~ u ' , ~ u 2 )  
state of B,+ (16, 17). For 6-8 VE systems, the region in which 
a given state retains its SBDES character is even more con- 
stricted, as previously discussed for B2 (15-17), C,', and C, 
(15, 18, 19). 

Selected Be, states may be generated via photodetachment 
upon the bound states ~ ~ I I , ( u ~ u ~ ~ n ~ )  and A 2 C ~ ( u , 2 u ~ u f g )  
of Be; (30). For example, the x'C; state can be obtained by 
nu + m ionization relative to x2nU, or by a', + .. relative to 
A2Cgt. AS the ground state of Be; has an Re about 0.45 bohr 
shorter than that of Be,, the photodetachment spectrum 
X'C; t x211u could provide valuable information about 
higher vibrational levels of Be,, as well as about the dissocia- 
tive continuum. 

Similarly, u u  + w ionization from x2IIU of Be; generates 
1311g and l l I Ig of Be,, both states being prevented by the 
selection rules from combining with the XICg+ ground state 
(i.e., difficult to detect spectroscopically). The same ionization 
process a, + .. relative to A2C; leads to l3CUt and llC,f of 
Be,. 

7. Summary and conclusions 

While no less than forty-five theoretical papers have been pub- 
lished about the X'C; potential (Table 1 in ref. lob), only 
three have focused on the excited states of Be,. However, the 
scope of the data reported in the latter studies is rather limited 
(see Introduction). To remedy such a situation, in this work all 
low-lying states of Be, generated by single and double excita- 
tions, from a, into a', and (or) nu relative to the ground state 
x'C;, have been studied with the MRD-CI method and an 
extended A 0  basis set. 

Seven of the eight states correlating with channels I1 and I11 
are well bound (Tables 2 and 3); only 13C,+(11) is repulsive. 
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Doubly excited states arising from channel IV (both atoms 
s + p excited) are particularly stable (13C; and 'A,). In line 
with predictions made by Bader et al. (1) for heavier first-row 
diatomics, the 3a, MO of Be, is less bonding than In,. 

The increase in bond order affected by these antibonding + 
bonding excitations is supported by the predicted values for 
the spectroscopic constants of the excited states, which invari- 
ably follow a common trend: short R,, high we and large D, 
(the only exception being doubly excited l3nU). In detail, the 
Re values range from 3.43 (13C;) to 4.36 bohr (Z3n,), we from 
495 (1'2:) to 860 cm-' (13Cg-), and De from 1.20 (3'2:) to 
3.58 eV (13n,). The increase In bonding with respect to x1C,f 
is evident, with Re = 4.63 bohr, we = 276 cm-', and D, = 0.10 
eV (experimental, ref. 14). 

From the 11 excited states of Be, lying below 5 eV and hav- 
ing a bound character, only l1lIU(A) at 2.66 eV and 1 'C,~(B) at 
3.44 eV have been observed experimentally (14, 22). (N.B.: 
for all singlet states studied here, dipole-allowed transitions 
into or from the ground state are therefore currently known.) 
The Te values above underline the importance of double exci- 
tations for a diatomic with few VEs such as Be, - the detected 
A state (mainly a: + a',n,) is about 0.8 eV more stable than 
B (singly excited a, + a',). 

Besides 1 'n,(A) of Be, (observed in emission), a few other 
SBDES cases are also experimentally known, namely 13Cg- 
(a: + n:) of Li (29), 23rIu(a,2 + a',n,) of B, (16, 17,20, 

z2 3 1,32), 2,C,f (a, + n:) of C,+, and E ' C , ~  (a: + a':) of C, 
(15, 18, 19, 33, 34). These doubly excited states have been 
detected either indirectly via perturbations (13C; - 2 3 ~ g  in 
Li,) or directly via emission or absorption spectroscopy (B,, 
C,+, C,). 

In Be,, possible routes for detecting l3C[, l'A , and 2'2,' 5 are provided by the transitions l3nu-13C[ and 1 A,, 2'Cgf- 
1 ' n u ;  all these band systems lie in the near infrared. To detect 
13C[ via perturbations with 13ng seems difficult since, as 
seen in Fig. 1, at the 13Cg- minimum the vibrationally excited 
13ng state lies close to its dissociation continuum. 

We hope that the present spectroscopic parameters will 
serve as a guideline for modeling future experimental studies 
on those electronic states of Be, not yet observed. With 
the same goal in mind, an analysis of radiative data (Frank- 
Condon factors, oscillator strengths, radiative lifetimes) for 
several dipole-allowed transitions, particularly between 
excited states, is to be reported elsewhere., 
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Density-functional calculation of core-electron 
binding energies of glycine conformers 

Delano P. Chong 

Abstract: Our recent procedure of computing accurate core-electron binding energies (CEBEs) with density-functional theory is 
applied to glycine conformers in this work. The procedure uses the unrestricted generalized transition-state model and a 
combined functional of Becke's 1988 exchange with Perdew's 1986 correlation. When a large basis set such as Dunning's 
correlation-consistent polarized valence quadruple zeta set is used, the average absolute deviation from experiment for the 
CEBEs of the most stable conformer of glycine is only 0.2 eV, compared with 18 eV for Koopmans' theorem. 

Key words: core-electron binding energies, density-functional theory, glycine. 

RCsum6 : Dans ce travail, on a appliquC le procedure que l'on a dCveloppee recemment pour calculer avec prkcision les Cnergie 
de liaison des Clectrons de coeur (<<CEBE))) h l'aide de la theorie de la densit6 fonctionnelle. La mCthode utilise le modkle 
gCnCralis6 et sans restriction de 1'Ctat de transition et une fonctionnelle combinCe de l'echange de Becke de 1988 avec la 
correlation de Perdew de 1986. Quand on utilise un ensemble de base large, comme I'ensemble z&ta quadruple, h valence 
polarisCe et en accord avec la correlation de Dunning, la dCviation absolue moyenne des CEBE du conformkre le plus stable de 
la glycine par rapport aux valeurs expCrimentales n'est d'environ que de 0,2 eV par comparaison avec les 18 eV pour le thCorkme 
de Koopmans. 

Mots c l h  : energie de liaison des Clectrons, theorie de la densit6 fonctionelle, glycine. 

[Traduit par la redaction] 

Introduction 

Although the gas-phase structure of glycine may be very dif- 
ferent from that in the solid (in a zwitterionic form) or in aque- 
ous solutions, it is of great interest and importance in radio 
astronomy. In the last few years, there have been several stud- 
ies of the geometry and conformations of glycine (1, 2). The 
two low-lying conformers, often called conformers I and 11, 
differ in the nature of the intramolecular hydrogen bond, as 
shown in Fig. 1. Based on microwave spectroscopy, Godfrey 
and Brown (1) recently concluded that there is no discrepancy 
between theory and experiment as far as the structures of con- 
formers I and I1 are concerned. 

On the other hand, we recently (3,4) discovered a density- 
functional (DF) procedure of computing accurate core-elec- 
tron binding energies (CEBEs) with an average absolute devi- 
ation from experiment of about 0.23 eV. The procedure used 
the unrestricted generalized transition-state (uGTS) model and 
an exchange-correlation potential labeled as B88-P86, made 
from Becke's 1988 exchange functional (5) and Perdew's 
1986 correlation functional (6). The uGTS model for ioniza- 
tion from orbital k approximates the nonrelativistic ionization 
energy by 
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[I]  I,, = -0.25 ~ ~ ( 0 )  - 0.75 ~ ~ ( 2 1 3 )  

where E~(X) is the orbital energy when X electron has been 
removed from orbital k. Before comparison is made with 
experimental lobs, relativistic corrections C,,, were added to 
the computed I,, values. A simple estimate of C,, is given (4) 
by 

with K = 2.198 x lo-' and N = 2.178, when both I,, and C,, 
are in eV. 

In 1988, Slaughter and Banna (7) reported the CEBE spec- 
trum of glycine vapor. The objective of the present study is to 
apply our tested procedure to compute the CEBEs of conform- 
ers I and I1 of gas-phase glycine and to compare the results 
with the observed X-ray photoelectron spectrum (7). 

Preliminary calculations 

In most of our studies, we used the deMon DF program (8), 
which approximates some integrands with auxiliary basis 
functions. The set of auxiliary basis functions recommended 
by the authors is (4,4;4,4) for 0 and (3,1;3,1) for H. The mean- 
ing of (j,k;m,n) has been given elsewhere (9, 10). Test calcu- 
lations with a slightly larger auxiliary set (5,4;5,4) for 0 and 
(4,1;4,1) for H showed negligible effects. In contrast, neither 
Gaussian92 (1 1) nor CADPAC~ (12) employs fitting functions. 
Because the evaluation of CEBEs in our uGTS model requires 
the DF orbital energies, we benchmarked a deMon calculation 
on H,O against those using Gaussian92 and CADPACS. 

In all benchmark calculations, we used the experimental 
geometry of H,O (13), the local density approximation based 

Can. J. Chem. 74: 1005-1007 (1996). Printed in Canada I ImprimC au Canada 
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Fig. 1. Two low-lying conformers of glycine. 

Conformer I Conformer I1 

Table 1. Comparison of total energy E (in hartree), orbital 
energies E (in hartree), and dipole moment p (in debye) from 
benchmark calculations on neutral H20 with local density 
approximation and cc-pVTZ basis set. 

"96 radial points x 2048 angular points per atom. 
bWith SVWN5 functional. The corresponding entries for the SVWN 

functional are -0.09282, -18.61478, -0.93258, -0.49494, -0.34887, 
-0.27239, and -1.9488, respectively. 

'32 radial points x 194 angular points per atom, (4,4;4,4) and 
(3,1;3,1) auxiliary basis. 

on the Slater exchange term with the correlation function of 
Vosko, Wilk, and Nusair (14) (SVWN), and the correlation- 
consistent polarized valence triple-zeta (cc-pVTZ) basis of 
Dunning and co-workers (15, 16). As in our earlier calcula- 
tions (3,4), only s-, p-, and (six-component) d-type basis func- 
tions were used. For numerical quadrature in deMon, we used 
the extra-fine grid, which consists of 32 radial points x 194 
angular points per atom. For calculation with Gaussian92 and 
CADPAC~, we specified 96 radial points x 2048 angular points 
per atom. 

The results of our preliminary calculations are summarized 
in Table 1, from which several conclusions can be drawn. Both 
Gaussian92 and CADPAC~ computations have converged as far 
as numerical quadrature is concerned and there are small 
numerical errors associated with deMon calculations, possibly 
due to the lack of f-type functions in the auxiliary basis. How- 
ever, in light of the gain in computing speed, errors of 0.0015 
eV in orbital energies and 0.01 debye in dipole moments seem 
to be tolerable. 

Results and discussion 

For conformers I and I1 of glycine, we used the CCSDIDZP 
geometry obtained by Hu et al. (2), the correlation-consistent 
polarized valence quadruple-zeta basis set (cc-pVQZ) of Dun- 
ning and co-workers (15, 16), the B88-P86 functional (5, 6) 

Table 2. Comparison of relative energy AE (in kcal mol-I), and 
dipole moment p (in debye) of conformers I and I1 of neutral 
glycine." 

Method AE FA FB F I ~ ~ ~ I  

Conformer I HAM13 
AM I 
CCSD/DZp 
D F  
Expt. 

Conformer I1 HAM13 
AM 1 
CCSD~DZP 
D F  
Expt. 

"All calculations were done at the CCSDIDZP geometry reported by Hu 
et al. in ref. 2. The components p, and p, are along the principal axes of 
the conformers. 

'~eference 2. 
'B88-P86/cc-pVQZ. 
dReference 19. 
'Reference 20. 

mentioned above, internal auxiliary basis set of (4,4;4,4) and 
(3,1;3,1), and an extra-fine grid for numerical integrations. 
Again, any atomic orbital basis function of f-type or higher 
angular momentum was excluded from our calculations. The 
relative energy and components of the dipole moment aie 
compared in Table 2. The re~ults obtained by using semi- 
empirical MO methods HAM13 (17) and AM 1 (1 8) are also 
included in Table 2 for comparison. It can be seen that our pro- 
cedure, which can be labeled B88-P86/cc-pVQZ//CCSD/ 
DZP, leads to results with accuracy comparable to that from 
CCSDIDZP (2). 

Finally, we applied our uGTS model to compute the CEBEs 
of conformers I and I1 of the glycine molecule. The results are 
summarized in Table 3. Instead of adding the estimated rela- 
tivistic corrections C,, to the calculated I,, to compare with 
the observed CEBEs, it is more convenient to subtract CreI 
from Iobs and compare the results with various calculated I,, 
values. The computed CEBEs for conformer I agree better 
with experiment than those for conformer 11: every calculated 
CEBE for conformer I1 deviates more from experiment than 
the corresponding one for conformer I (as are the average and 
maximum absolute deviations), confirming the conclusion 
that I is the more stable conformer. It can also be seen that we 
have succeeded in applying our reliable method to compute 
accurate CEBEs for glycine. 
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Table 3. Comparison of core-electron binding energies (in eV) of glycine conformers 
I" and 11" with experiment. 

KT' HAM13 D P  D P  
Obsd." 0bsd.-C,,,' I I I I1 

H,NCH,COOH 292.25 292.20 307.10 287.04 292.3 1 292.56 
H,NCHZCOOH 295.15 295.10 3 10.28 293.01 294.92 294.57 
H,NCH,COOH 405.58 405.47 423.32 401.04 405.57 406.44 
HZNCH,COOH 538.2 538.0 559.49 536.54 538.19 538.58 
H,NCH,COOH 540.0 539.8 561.03 538.70 540.14 539.32 

Avg. abs. dev. (0) 18.1 2.8 0.2 0.6 

"All calculations were done at CCSDDZP geometry. 
bReference 7. 
Tor estimated relativistic corrections C,,, see eq. [ 2 ] .  
"Koopmans' theorem (RHFDZPI /CCSDDZP) results from C.-H. Hu, private communications 
'B88-P86/cc-pVQZ. 
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In this respect it is a better theory of molecular structure than 
the valence-bond and molecular orbital theories, because it is 
applicable to any wave function (including correlated wave 
functions) regardless of any orbital construction or decom- 
position of the wave function. 

The exact one-electron model of molecular structure (3) is . , 
an application of the general theory of conditional probability 
amplitudes in wave mechanics (4). It is closely related to the 
theorv of atoms in molecules. since the exact one-electron 
wave function is (except for a normalization constant equal 
to the number of electrons, N) simply equal to the square 
root of the electron density (ref. 3, eq. (8))? 

in which r represents the three coordinates of a single elec- 
tron, and R represents all of the nuclear coordinates. For 
the sake of brevity, and by analogy with the term electron 
density, this exact one-electron wave function (the square- 
root of the electron density in a many-electron system) will 
henceforth be referred to as the electron amplitude. 

The purpose of this article is to discuss the similarities and 
differences between the models of molecular structure based, 
respectively, upon the topology of the electron density, and 
upon the topology of the square root of the electron density. 
It turns out that the definitions of the bond path and of the 
interatomic surface are identical for the two models. The 
important differences between the two models stem from the 
fact that the square root of the density, y(r(R) satisfies a 
one-electron Schrodinger equation (3): 

in which U(rlR) is the effective potential for the motion 
of the single electron within6 the many-electron molecule, 
and E(R) is the total electronic energy.7 This one-electron 
Schrodinger equation [2] has been derived in different ways 
by several different authors (3, 5-7). We used it originally in 
application to the ground state of the helium atom (8). 

2. The exact one-electron model 
It is important to realize that the Schrodinger equation satis- 
fied by y(r(R) is obtained from the full many-electron, elec- 
tronic Schrodinger equation of the whole molecule (by the al- 
gebra of conditional probability amplitudes) without any ap- 
proximation whatsoever (4, 9). Thus this Schrodinger equa- 
tion for the motion of one electron within the many-electron 
system is, in principle e x a c ~ , ~ .  In computational practice the 

The positive square root of p(rlR) is chosen since the phase 
factor of w(r(R) is arbitrary. 
That is, after averaging over the motion of the other electrons 
as explained in ref. 3. 

' All of the quantities are parametrically dependent upon the 
nuclear coordinates R as is usual in the Born-Oppenheimer 
approximation. 
That is, exact within the framework of the non-relativistic, 
Born-Oppenheimer approximations commonly used in theoret- 
ical chemistry. 

accuracies of the electron amplitude y(rlR) and of the poten- 
tial energy function U(rIR) depend upon the accuracy of the 
many-electron wave function from which they are computed. 
Many-electron computations based upon high quality basis 
sets with allowance for electron correlation will yield corre- 
spondingly accurate one-electron wave functions and poten- 
tials. 

This exact one-electron Schrodinger equation [2] provides 
an exact dynamical model of the motion of any one elec- 
tron in the many-electron system. No such dynamical model 
is known for the electron density itself (9). In particular, the 
exact one-electron model yields a definition of the surface en- 
closing the molecule (and of each atom within the molecule) 
as the turning surface within which the electron would be 
confined if it were a classical p a r t i ~ l e . ~  This surface is ap- 
propriately called the molecular envelope, a name that was 
coined by Richard Bader circa 1985. 

3. Critical points of p(rlR) and +(rlR) 
The topology of a scalar field such as p(rlR) or y(rlR) is re- 
vealed by the gradient of the field and especially through the 
critical points where the gradient is zero (ref. 1, Chap. 2).1° 
The gradient of a scalar field is, of course, a vector field, and 
at each point in space the components of the gradient will 
be 3 independent (say x ,  y, z) first derivatives of the scalar at 
the specified point; these components specify both the mag- 
nitude of the gradient and its direction, the latter being the 
direction in which the scalar field is increasing or decreasing 
most rapidly. 

Since p(rlR) = N [ y ( r l ~ ) ] ~  it follows by the elementary 
rules of differentiation that: 

Note: When plotting the gradient to display its topology 
our experience has been that the second form of this equa- 
tion is preferable to the first form; the range of values of 
Vp(rlR)/p(rlR) is less than that of Vp(r1R) itself because it 
is essentially a semi-log plot: Vp(rlR)/p(r(R) = ~ l n [ ~ ( r l R ) ] .  

Thus the gradient vector field of p(rlR) is equal to the 
gradient vector field of y(rlR) multiplied by the scalar field 
2Ny(rlR). Furthermore, multiplication of a vector by a scalar 
produces another vector in the same direction if the scalar is 
positive, and in the opposite direction if it is negative, and 
since the scalar field p(r(R) is positive everywhere (as is its 
positive square root y(rlR)fl), it follows that the gradient of 
p(rIR) and the gradient of y(rJR) point in the same direction 
everywhere; they only differ in magnitude. Specifically the 
critical points of p(r1R) will thus be identical with the critical 
points of y(rJR). 

That is, in the absence of quantum mechanical tunelling. 
lo The domains where Vp(r1R) = 0 are points, because this vector 

equation is equivalent to the 3 scalar equations: ap/ax = 0, 
ap/ay = 0, ap/& = 0, and 3 constraints on a function of 3 
variables produces a domain of single points. 
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The geometrical nature of the critical points is charac- 
terized by the signs of the eigenvalues of the Hessian ma- 
trix; i.e., the matrix of second derivatives of the original 
scalar (ref. 1, pp.16-19). Determination of the eigenvalues 
of the Hessian matrix is equivalent to a transformation 
to coordinates for which all cross-derivatives of the form 
a2p(rlR)/axay are zero at the critical point being character- 
ized (ref. 1, p. 47). 

The rank of a critical ~ o i n t  is the number of non-zero 
eigenvalues (1-3) and its signature is the sum of the signs 
of the eigenvalues. Stable critical points" are of rank 3 and 
are of 4 kinds: a maximum or minimum (all 3 eigenvalues 
negative or positive), and two kinds of saddle (2 eigenvalues 
negative or positive with the third of opposite sign). 

It is not immediately obvious that the Hessian matrix of 
p(rlR) has eigenvalues with the same signs as those of y(rlR), 
because their second derivatives are related, in general, as 
follows: 

and for a diagonal derivative: 

However, at a critical point, r,, all the first derivatives of 
p(r,lR) and y(r,lR) are zero (regardless of the orientation of 
the coordinate axes, x ,  y, 2 )  , and hence the second terms on 
the right-hand sides of eqs. [4] and [S] are zero. Hence eq. 
[4] becomes simply: 

and thus we see that each second derivative of p(r,JR) is 
equal to the corresponding derivative of y(r,JR) multiplied by 
the positive scalar factor 2Ny(rclR). Furthermore this scalar 
factor is the same for all 10 second derivatives and hence we 
conclude that the Hessian matrix of p(rclR) is equal to the 
Hessian matrix of y(r,JR) multiplied by this common scalar 
factor. 

Such a common scalar factor will only multiply the eigen- 
values of the matrix by the factor, and since the factor is 
positive everywhere, it follows that the eigenvalues of the 
Hessian of p(r,lR) have the same signs as those of the Hessian 
of y(rclR) at every critical point of p(r,JR) (and of y(r,JR) 
since they have the same critical points). 

I n  summary: the above analysis leads to the conclusion 
that the critical points of y(rlR) are identical with those of 
p(rlR) in both location (the coordinates r,) and geometrical 
nature (i.e., rank and signature). 

" Stability against small changes to the density distribution is 
important for characterizing the critical points of a stable 
molecule, because the ever-present nuclear vibrations cause 
such changes. 

Interpretation 
A trajectory of the gradient vector field Vp(r1R) is a (gen- 
erally curved) line in 3-dimensional space traced out by fol- 
lowing the direction of the vector Vp(r1R) from any given 
starting point, and from all subsequent points along it (ref. 
1, p. 22). Different starting points will usually produce dif- 
ferent trajectories, and two different adjacent trajectories will 
be locally parallel (in the limit as their distance apart tends 
to zero). Thus by definition two different trajectories cannot 
meet anywhere except at the critical points of p(rlR) where 
the direction of Vp(r1R) is undefined. Trajectories thus orig- 
inate and terminate at critical points of p(rlR). Many trajec- 
tories originate at infinity where there is a spherical shell 
throughout which Vp(r1R) = 0, and many trajectories ter- 
minate at atomic nuclei, where the direction of Vp(r1R) is 
undefined even though its magnitude is finite. 

The gradient of the electron amplitude Vy(rJR) is propor- 
tional to the electron's local momentum, p, at each point in 
space: 

Thus a trajectory of the gradient vector field Vy(r(R) traces 
out the path that an electron would follow starting from any 
given point on the path.I2 

Between every pair of bonded atoms there is a (3,-1) crit- 
ical point where the electron's momentum is zero so that 
the direction of its motion at this point is undefined (ref. 1, 
pp.23-24). The bond path between the two atoms consists 
of two trajectories that originate at this critical point and ter- 
minate at the two nuclei; if the electron was at the critical 
point it would move along one of the trajectories that make 
up the bond path towards the corresponding nucleus.13 

The interatomic surface is the locus of all trajectories 
that terminate at the bond critical point; the electron's local 
momentum has no component perpendicular to this surface. 
The surface is orthogonal to the bond path at the bond critical 
point. If the electron were in this surface it would move along 
a trajectory in the surface until it came to rest at the bond 
critical point. 

The bond critical point is a maximum of p(r(R) and y(rJR) 
when approached along any trajectory within the interatomic 
surface; it is a minimum along the two trajectories that make 
up the bond path. 

4. The Laplacians of p(rlR) and +(rlR) 
The Laplacian of p(rlR) (or of y(r1R)) is the divergence of 
its gradient: 

l 2  Division by the scalar field does not change the direction of 
Vv(rlR). This quasi-physical conclusion is, however, subject to 
the local momentum, eq. 171, being imaginary for real (bound 
state) wave functions v(rlR) because of the factor of i in the 
quantum mechanical momentum operator. 

l3 These descriptions of the electron's motion are not to be taken 
literally in the sense of classical trajectories; the quantum 
mechanical uncertainty principle does not allow for the simul- 
taneous specification of the electron's position and momentum. 
Nevertheless this electron-momentum interpretation of the 
trajectories has conceptual merit. 
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a2p(r1R) 
[81 div grad p = V. Vp(r1 R) = ~ ~ ~ ( r  1 R) = --- 

ax2 

It is equivalently the sum of the diagonal elements of the 
Hessian matrix of p(r(R), which14 is equal to the sum of 
the eigenvalues of the Hessian matrix. Thus the Laplacian 
of p(rlR) (and of y(r1R)) is a scalar field whose value is 
independent of the coordinate system. 

As noted above in introducing eq. [4], the Laplacians of 
p(r(R) and y(rJR) are not generally simply proportional to 
each other; this simplicity only pertains at the critical points 
where the gradients of p(rlR) and y(rlR) are zero. From eqs. 
[8] and [5] the relationship between the Laplacians can be 
expressed by the following equivalent equations: 

where eq. (3) has been used to derive the last of these alter- 
native forms. 

The Laplacian of y(r  (R) is proportional to the local kinetic 
energy of the electron as is apparent from the Schrodinger 
equation [2] satisfied by y(rIR). Thus in atomic unitsI5 the 
expression for the electron's local kinetic energy is: 

1 V2y(rlR) 1 V2p(rlR) 
[lo] Kinetic energy = -- - - -- - 

2 v(rIR) 4 p(rIR) 

which is essentially eq. (15) of ref. 3.16 It is especially note- 
worthy that the second term of the right hand-side of this 
equation (being a quantity squared) always makes a posi- 
tive contribution to the electron's local kinetic energy. It is 
this term that produces significant differences between the 
topologies of the Laplacians of y(r(R) and p(r1R). 

Atomic shell structure 
Bader has described the topology of the Laplacian of p(rJR) 
in terms of charge concentration and depletion (ref. 1, p. 
252); electronic charge is locally depleted in regions of 
space where V2p(r(R) > 0, and locally concentrated where 
V2p(rlR) < 0. 

Calculations based upon this concept were carried out on 
many atoms by Shi and Boyd (lo), and by Sagar et al. 
(11), and have been summarized by Bader (ref. 1, p. 256). 

l4 from the properties of matrices. 
I S  In which A = me = 1. 
l6 Bader presented this equation in his book (ref. 1, p. 102) in 

the context of a one-electron atom or molecule. 

These calculations revealed spherical shells of charge con- 
centration separated by shells of charge depletion and, for 
elements within the first two periods of the periodic table, 
the shell structure thus revealed was in one to one corre- 
spondence with the shell structure predicted by the Bohr 
model of the hydrogen atom and the aufbau principle, by 
which there can be 2n2 electrons in each "shell of electrons" 
(n = 1,2,3, .  . .),I7 the total number of electrons being equal 
to the atomic number of the element. The calculations re- 
vealed that "at most five shells are seen" (1 1) based upon 
the topology of p(r1R). 

Sagar et al. conducted a parallel study of atomic shell 
structure based upon the topology of V2y(rlR) = 
v2d- (12). They noted that the computed topology 
of v2y(rlR) was "very similar in nature" to that of V2p(rlR), 
"the significant difference being that v2y(rlR) displays all 
seven shells in the heavier elements of the periodic table," 
whereas (as noted above) VZp(rlR) only displays five shells. 
This difference is directly attributable to the second (always 
positive) term on the right-hand side of eq. [lo]. 

In a later study Kohout et al. (13) used relativistic wave 
functions to compare the atomic shell structures predicted by 
V2p(r(R), v2 J m / d m ,  and Vp(rlR)/p. They con- 
cluded that there were no topological differences between 
relativistic and non-relativistic results, and that VZp(rlR) 
does not resolve the valence shell of heavy atoms, while 
V2y(rlR) = v 2 m  does show a valence maximum for 
heavy atoms, but in the case of transition elements this max- 
imum occurs in a (classically forbidden) region of negative 
kinetic energy.I8 They also concluded that the electron mo- 
mentum Vp(rlR)/p (eq. [7], equal to Vy(rlR)/y by eq. [3]) 
describes the complete shell structure in all cases. 

In addition to being a better predictor of atomic shell struc- 
ture than ~ ~ ~ ( r l R ) ,  the Laplacian of y(r(R) = 
also displayed a classically allowed outer region in the elec- 
tron density of the ammonium radical (ref. 3, p. 204) corre- 
sponding to this radical's extra electron, whereas the Lapla- 
cian of p(r(R) computed from the same ab initio wave func- 
tion did not display a corresponding region of charge con- 
centration. 

Interpretation 
The computed differences between the topologies of the 
Laplacians of the electron density, p(rlR), and the electron 
amplitude, y(rlR) = d m ,  also reflect their different 
interpretation. Regions of space where V ~ ~ ( ~ I R )  > 0 corre- 
spond to the electron's local kinetic energy being negative 

I7 That is, a separate shell of charge concentration for each 
principal quantum number, n, occupied in the atom. 

l8 This is consistent with the supplementary conclusion of 
Sagar et al. (12) that: "the outermost zero-extremum is not 
displayed in the transition elements; i.e., where d-orbital filling 
is present." That is, the kinetic energy, eq. [lo], displays the 
complete expected shell structure (a shell of positive kinetic 
energy for each occupied principal -quantum number n) for all 
elements of the periodic table except the transition elements, 
in which the outermost shell is displayed as a maximum in 
the kinetic energy but in a classically forbidden (i.e., negative 
kinetic energy) region. 
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and hence such a region is a classical forbidden region of 
space. On the other hand, where V2v(r(R) < 0 the electron's 
local kinetic energy is positive and the region of space is 
classically allowed. 

These classically allowed and forbidden regions of space 
are separated by surfaces where ~ ' ~ ( r l R )  = 0.19 These are 
the classical turning surfaces of the electron's motion; in clas- 
sical mechanics the electron's kinetic energy would decrease 
as it approached such a surface, and it would be zero when 
it is on the surface. It would then turn around and accelerate 
into the classically allowed region of space. 

5. The molecular envelope 
The outermost surface where the electron's kinetic energy 
is zero is the surface within which it is confined except for 
quantum mechanical tunnelling; if the electron were a clas- 
sical particle it would never go outside of this outermost 
turning surface." Thus this surface is an unequivocal def- 
inition of the size and shape of the molecule's cloud of 
electronic charge surrounding the nuclei. Within the con- 
straints on determinism imposed by the uncertainty principle, 
it appears to be the best possible unambiguous definition of 
molecular size and shape, whereas other definitions rely upon 
arbitrarilly chosen contours such as those having a particular 
value of the electron density. Furthermore, it is pertinent to 
recall that the one-electron model, within which this outer- 
most turning surface is defined, is in principle exact. 

This non-arbitrary definition of molecular size and shape 
is appropriately called the molecular envelope. In view of 
its non-arbitrary and in-principle exact nature, it appears to 
be potentially an excellent basis for molecular graphics. The 
results already computed and reported for diatomic molecules 
(3) encourage the further development and application of this 
well-defined concept of molecular size and shape. 

6. Atoms defined as quantum 
sub-spaces 

One of the later developments in Bader's theory of atoms in 
molecules is the concept that each atomic region of space (de- 
limited by the interatomic surfaces through which the compo- 
nent of the gradient of the density is zero) can be regarded as 
an independent quantum subsystem, independent of the other 
subsystems except for the matching boundary conditions at 
each interatomic surface (ref. 1, Chap. 8). 

This concept arises from a consideration of Schwinger's 
variational derivation of Schrijdinger quantum mechanics for 

l9 The domains where V2y(r(R) = 0 are sulfates, because this 
scalar equation places a single constraint on the function, thus 
reducing the domain from 3 to 2 dimensions. 

20 At large distances from the nuclei the electron's kinetic 
energy tends to a negative asymptotic limit equal to minus 
the ionization energy of the molecule (4, 6). This asymptotic 
limit is independent of the path by which the electron leaves 
the molecule, but different paths will have different gradients 
V3y/y that are proportional to the local force necessary 
to move the electron along the path. Thus ionization will 
preferentially occur by a path along which the maximum force 
is minimal. 

which the natural boundary condition (ref. 1, p. 152) at the 
surface of the sub-space is that the gradient of the wave func- 
tion, Vv(rlR), must be tangent to the surface everywhere." 
This requisite boundary condition for the Schwinger varia- 
tional principle to be applicable may be regarded as a fun- 
damental definition of an atom as an independent quantum 
sub-system (ref. 1,  p. 402). 

It is apparent that the exact one-electron Schrodinger equa- 
tion [2] is the pertinent Schrodinger equation within each 
atomic sub-space. Furthermore, it is a reasonable conjecture 
that the rather erudite mathematics involved in the devel- 
opment of the concept of the atomic sub-spaces" may be 
simplified by regarding the electron amplitude, v(rlR), rather 
than the density, p(rlR), as the fundamental amplitude that is 
being varied according to the principle of least action. 

Discussion 

The conclusion from the above analysis and discussion, is 
that basing Bader's atoms in molecules topological analysis 
of electronic wave functions upon the square root of the elec- 
tron density (rather than upon the density itself) has merit, 
and in some respects appears to be superior both concep- 
tually and in terms of computed results. The fundamental 
reason for this may be that quantum mechanics is a theory 
of amplitudes rather than one of densities. 

It should be noted that in computational practice it is never 
necessary to actually compute the square root of the density, 
since the topology of y(r(R) is revealed by Vv(rlR)/v(rlR) 
and v 2 v ( r ( ~ ) / y ( r ( R ) ;  these topological functions are conve- 
niently computed from the density and its first and second 
derivatives using eq. [3] and [lo]. 

Thus the proposition that v(rIR) is a better basis for the 
atoms in molecules analysis than p(r1R) can be explored with 
only a very small amount of extra computing and plotting. 
Indeed efficiency dictates that the computations for v(rlR) 
and p(r(R) should be carried out in parallel in the same com- 
puter program; very few additional lines of computer code 
are needed, and the corresponding results can be output and 
plotted consecutively. This is, in fact, how the results re- 
ported in 1986 [3] were obtained - by slightly modifying 
a computer program in the laboratory of Richard Bader at 
McMaster University. 

In view of the ease with which the above proposition can 
be explored, it is surely desirable to compute the Laplacians 
of both p(r1R) and v(r(R) whenever an atoms in molecules 
analysis is carried out. 

At this juncture many results based upon p(r1R) have al- 
ready been published, whereas very few corresponding re- 
sults based upon v(rJR) have been obtained. The above 
proposition must, of course, in the spirit of science23 re- 
main tentative until many comparative computational results 
have been obtained. The trend already observed in previously 

Equivalently that the scalar product of Vy(r(R) with a normal 
to the surface should be zero everywhere. 

22 Defined as being enclosed by the surfaces perpendicular to 
which Vp(r1R) = Vy(r(R) = 0. 

23 That is, that ideas are always subject to the scrutiny of experi- 
ments, in this case computational experiments. 
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computed results (3, 12, 13) does, however, encourage the 
exploration of the proposition in future calculations. 

Last but not least, the conceptual basis of using y(rlR) = 
d m ,  based as it is upon the exact one-electron 
Schrodinger equation [2], offers an exact atoms in molecules 
analysis firmly based in all the well-established concepts 
of quantum mechanics as applied in chemistry, without ap- 
pealing to auxiliary concepts such as charge concentration 
and depletion. 
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Study of NO and CO dissociation on the (100) 
Cu surface using density functional theory and 
the topological analysis of the electronic 
density and its Laplacian 

Yosslen Aray and Jesus Rodriguez 

Abstract: Molecular orbital ab initio Hartree-Fock, post-Hartree-Fock at the MP2 and QCISD levels, and density functional 
theory calculations of the dipole moment, the topology of the electronic density, p(r), and its Laplacian, VZp(r), for CO and NO 
molecules are reported. The results obtained confirm that density functional methods provide remarkably good electronic 
properties and a good description of the topology of p(r) and VZp(r). The Becke exchange functional with the correlation 
functional of Lee, Yang, and Parr was used to calculate the electronic density of the (100) Cu surface. Topological analysis of p(r) 
shows that the crystal graph corresponds to square pyramids between the atoms of the top of the surface and the atoms of the 
second layer. The topological analysis of -VZp shows that the atomic graph of the Cu surface exhibits one (3,-3) local charge 
concentration surrounded by four (3,+1) local charge depletion points. Additionally, there is a (3,+3) local depletion in the 
midpoint between each of four contiguous Cu atoms corresponding to the active site for the adsorption of the (3,-3) local charge 
concentration on the C atom of the CO or the N atom of the NO molecule. The larger value of the -VZp at the nonbonded charge 
concentration on the atoms and the geometrical configuration of these critical points favor the interaction of the NO over the CO 
molecule with the (100) Cu surface. This result is in accord with the known reaction barriers for these molecules. 

Key words: density functional theory, Laplacian of the electronic density, (100) Cu surface, carbon monoxide, nitrogen 
monoxide, molecular graph, atomic graph. 

RCsumC : Utilisant des calculs d'orbitales moltculaires ab initio de Hartree-Fock, aux niveaux post-Hartree-Fock MP2 et 
QCISD, et des calculs de la thkorie de la densit6 fonctionnelle, on a CvaluC les moments dipolaires et la topologie de la densite 
Clectronique, p(r) et son laplacien, V2p(r), des molCcules de CO et de NO. Les rtsultats obtenus confirment que les mCthodes de 
la densit6 fonctionnelle conduisent i des propriCtCs Clectroniques particulikrement bonnes ainsi qu'i une bonne description de la 
topologie de p(r) et de VZp(r). On a utilisC la fonctionnelle dlCchange de Becke avec la corrClation fonctionnelle de Lee, Yang et 
Parr pour calculer la densitt Clectronique de la surface (1 00) du Cu. L'analyse topologique de p(r) montre que le graphe du cristal 
correspond B des pyramides carries entre les atomes au sommet de la surface et les atomes de la deuxikme couche. L'analyse 
topologique de VZp montre que le graphe atomique de la surface du Cu prCsente une concentration locale de charge (3,-3) 
entourCeparquatrepoints(3,+l)prCsentant unedkficiencedecharge. Deplus, il y aunedificience localedecharge(3,+3) i la 
mi-distance entre chacun des quatre atomes de Cu contigus qui correspondent au site actif pour l'adsorption de la concentration 
locale de charge (3,-3) sur l'atome de carbone du Co ou sur l'atome d'azote de la molCcule de NO. La valeur plus Clevee du 
-VZp B la concentration de charges non-likes sur les atomes ainsi que la configuration gComCtrique ices  points critiques 
favorisent toutes les deux l'interaction du NO par rapport i celle de la molCcule de CO sur la surface (100) du Cu. Ce rCsultat est 
en accord avec les barrikres connues i la rotation de ces molCcules. 

Mots elks : thCorie de la densitk fonctionnelle, laplacien de la densite Clectronique, surface (100) du Cu, monoxyde de carbone, 
monoxyde d'azote, graphe molCculaire, graphe atomique. 
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Aray and Rodriguez 

Introduction 

The properties of a molecular charge distribution are summa- 
rized in terms of its critical points (CP) (1). These are points 
where the gradient vector field, Vp(r), vanishes and they are 
classified by the p(r) curvatures or three eigenvalues X, (i = 1, 
2, and 3) of the Hessian matrix (HU = a2p(r)lax,dx,). There are, 
in molecules and crystals, four types of these extremes that, 
labeled by their rank (number of non-zero eigenvalues) and 
signature (excess number of positive over negative eigenval- 
ues), are maxima (3,-3), minima (3,+3), and saddles (3,+1) 
and (3,- 1). The (3,-3) points occur generally at the nuclear 
positions so that each nucleus is a three-dimensional point 
attractor in the vector field spanned by Vp(r). The region trans- 
versed by the gradient paths that terminate at a given attractor 
is called the basin of the attractor. A (3,-1) CP is found 
between every pair of neighboring nuclei. It represents both 
local maxima in two directions and a local minimum in a third 
and is called a bond critical point. The gradient paths associ- 
ated with the negative eigenvalues at the (3,- 1) point define 
the zero flux that partitions the molecule or crystal into unique 
fragments. Therefore, the set of surfaces formed by all (3,- 1) 
points partitions the system into a collection of chemically 
identifiable regions called atomic basis (2). These are the most 
transferable pieces one can define in an exhaustive partition- 
ing of the real space (1). The unique pair of trajectories asso- 
ciated with the positive eigenvalue at the (3,- 1) CP define a 
line linking the nuclei along which the charge density is a max- 
imum with respect to any neighboring line. It is called a bond 
path and its presence provides the necessary and sufficient 
conditions for the existence of a bond (1). The network of bond 
paths corresponding to the ground state charge density defines 
a molecular graph and the structure of a molecule or a crystal. 
A bond path determines and characterizes all of the atomic 
interactions in a given system (3, 4) and has proven useful in 
the analysis of physical properties of insulators, metals, and 
alloys (3-6). 

The reactivity of molecules is reflected in the topology of 
the Laplacian of the charge density, V2p(r) (7-10). The Lapla- 
cian of any scalar field such as p(r) determines where the field 
is locally concentrated (V2p(r) < O), and locally depleted 
(V2p(r) < 0) (1). The atomic Laplacian (1 1, 12) exhibits alter- 
nating shells of charge concentration and charge depletion 
equal in number to the number of quantum shells. The outer 
shell of charge concentrations (VSCC) contains a spherical 
surface over which p(r) is maximally concentrated. The distri- 
bution of the V2p(r) over this surface in the free atom is uni- 
form if one assumes that the nucleus has a negligible electric 
quadrupole moment. The formation of bonds produces 
changes in this distribution, and the VSCC of a bound atom 
exhibits localized concentrations of charge that mimic in num- 
ber, relative position, and size the pairs of electrons assumed in 
the Lewis model, topological features that are absent from the 
relatively simple topology exhibited by the density itself. The 
structure of the Laplacian for an atom in a molecule (lo), 
called its atomic graph, is most easily visualized in terms of the 
polyhedron defined by the maxima in -v2p(r), a polyhedron 
whose vertices (V), edges (E) ,  and faces (F) satisfy Euler's 
formula 

The maxima define the vertices V; the unique pairs of trajec- 
tories that originate at (3,- 1) critical points and terminate at 
neighboring vertices define the edges, E; and the (3,+1) criti- 
cal points define the faces F. The face critical points define the 
centers of local depletions in the valence-shell charge concen- 
tration or VSCC. A Lewis acid-base reaction corresponds to 
aligning a charge concentration (CC) on the base with a charge 
depletion (CD) on the acid, that is, by directing a vertex of the 
atomic graph on the base atom at a face of the polyhedron on 
the acid. This is a general phenomenon that is observed in 
many different kinds of interactions (I), examples being the 
formation of hydrogen bonds (13), the alignment of chlorine 
molecules in the solid (4), and the adsorption of molecules on 
surfaces (14-16). The Laplacian of the electronic density pro- 
vides a physical model that guides one in the determination of 
the sites of adsorption and the geometry of approach of the 
substrate relative to the surface site, and predicts whether the 
interaction will correspond to physi- or chemisorption (14). 

Density functional theory ( D m )  plays a role of increasing 
importance in the calculations of ground states of molecules 
and solids (17-21). The electron correlation, important for 
many systems such as transition metals, is included in the DFT 
computational scheme: the Kohn-Sham (KS) equations. 
Using (1 8) a nonrigorous approximation to the exchange and 
correlation energy of an interacting system, KS methodology 
leads to a scheme analogous to the Hartree method but con- 
taining the major part of the effects of exchange and correla- 
tion. The resulting KS equations are similar to the Hartree- 
Fock (HF) equations but do not need multireference represen- 
tations, which increase the computational requirements and 
make post-HF methods impractical for large systems. 

In this work, the topological analysis of the electron density 
and its Laplacian, using the charge distribution obtained from 
DET calculations, was applied to study the structure of the Cu 
(100) surface and its reactivity towards CO and NO mole- 
cules. These are two examples of interesting catalytic reac- 
tions (22). The CO dissociation (23) is important in the 
production of hydrocarbons from carbon monoxide and 
hydrogen, components of a synthesis gas. Copper clusters are 
an important component of DENOX (22), a new class of auto- 
motive exhaust catalyst. Comparisons between HF, post-HF, 
and DFT results are presented. 

Methodology 

The calculations were carried out with the Gaussian 94 (24) 
program using the 6-3 1 l+G(d,p) (25) basis set. The molecular 
orbital calculations were performed at HF, Mgiller-Plesset 
perturbation (MP2), and quadratic C1 (including triple and 
quadruple terms (QCISD)) levels. In the DFT case, the Becke 
exchange functional (26) and the correlation functional of 
Lee, Yang, and Parr (LYP) (27), which includes both local and 
nonlocal terms (BLYP), and Becke's three-parameter hybrid 
method with the LYP correlation functional (B3LYP) (28) 
were used. The topology of p(r) and ~ ~ ~ ( r )  was analyzed 
using the Aimpac-94 package.2 

R.F.W. Bader. Department of Chemistry, McMaster University, 
Hamilton, Ontario, Canada. 1994. 
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Table 1. Dipole moment of CO and NO molecules (debye). 

Can. J.  Chem. Vol. 74, 1996 

CO NO 
Basis set Method (CLeXp = 0.12) (CL,,, = 0.15) 

6-3 1 1 +(d,p) HF -0.299 -0.207 
6-3 1 1 +(d,p) MP2 0.287 0.167 
6-3 1 1 +(d,p) QCISD 0.090 0.105 
6-3 1 l+(d,p) BLYP 0.133 0.154 
6-3 1 1 +(d,p) B3LYP 0.072 0.099 

Table 2. Topological properties (au) of p(r) at the bond critical points for the (a) CO and (b) NO molecules. 
(a) CO 

Method rc ro 11 h, Is p(r) V' p hl/h3 

HF 0.7 14 1.415 -1.741 -1.741 4.324 0.49 1 0.842 0.403 
MP2 0.727 1.424 -1.515 -1.515 3.794 0.469 0.764 0.399 
QCISD 0.723 1.416 -1.590 -1.590 3.959 0.479 0.779 0.402 
BLY P 0.737 1.415 -1.555 -1.555 3.491 0.479 0.381 0.395 
B3LYP 0.727 1.403 -1.656 - 1.656 3.860 0.493 0.548 0.429 

(b) NO 

Method r~ ro XI h, S p(r) V2p h,/h, 

HF 0.769 1.340 - 1.839 -1.562 1.131 0.640 -2.270 1.626 
MP2 0.848 1.295 -1.629 -1.349 0.992 0.601 -1.986 1.642 
QCISD 0.880 1.309 -1.470 -1.363 0.921 0.572 -1.912 1.596 
BLYP 0.920 1.28 1 - 1.470 -1.376 1.131 0.563 -1.715 1.300 
B3LYP 0.879 1.290 -1.563 - 1.432 1.026 0.588 -1.969 1.523 

Table 3. Value of -V2p(r) at the (3,-3) critical points in the atomic valence shell of 
the (a) CO and (b) NO molecules. 
(a) CO 

Method O(nonbonded) O(bonded) C(nonbonded) 

HF 5.095 4.624 1.470 
MP2 4.918 4.576 1.234 
QCISD 4.574 4.896 1.264 
BLYP 4.746 4.477 1.260 
B3LYP 4.854 4.619 1.308 

Method O(nonbonded) O(bonded) N(bonded) N(nonbonded) 

HF 5.518 3.737 2.491 2.733 
MP2 4.631 3.442 1.993 2.814 
QCISD 5.344 3.334 1.953 2.538 
BLYP 5.097 3.236 1.870 2.518 
B3LYP 5.165 3.387 2.015 2.574 

CO and NO molecules tration in the VSCC for the CO and NO molecules were calcu- 
lated. The results are reported in Tables 1-3. The molecular 

To study the accuracy of the charge density produced by the geometry in the ground state was optimized in all of the cases. 
different methods of calculation, the electric dipole moment, The HF value of the dipole, as it is known, is not correct (29), 
the topological properties of p(r), and the local charge concen- not only in magnitude but in sign. The experimental dipoles of 
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Aray and Rodriguez 

CO (30) and NO (30) are 0.12 and 0.15 D in the direction 
-C-O+ and -N-O+ while HF results are 0.299 and 0.27, respec- 
tively, in the reverse direction +C-0- and +N-0-. Inclusion of 
electronic correlation orients the dipole correctly but the errors 
are also around 30% in MP2, QCISD, and B3LYP. There is 
only a small difference between the dipole calculated from the 
BLYP and the experimental value in both molecules. In spite 
of these large variations observed in the dipole moments, the 
topological properties of the electronic density show only 
small changes (see Table 2). The DFT methods follow the 
same trend shown by the MO post-HF methods. In general, the 
curvatures of p(r) at the critical points reported by the other 
methods decrease (around 10%) with respect to the HF values. 
The two negative (A, and A') curvatures measure the degree of 
contraction of p(r) perpendicular to the bond towards the crit- 
ical point while the positive curvature (A3) measures the 
degree of contraction parallel to the bond and away from the 
critical point towards each of the neighboring nuclei. When the 
negative curvatures dominate, electronic charge is locally con- 
centrated in the region of the CP, resulting in a sharing of elec- 
tronic charge by both nuclei forming the bond. These 
interactions, referred to as shared interactions, are characteris- 
tic of the covalent or polar bond and are characterized by large 
values of p(r), A,/A3 > 1, ~ ' p  < 0 at the CP, and by the large 
negative value of the potential energy in the internuclear 
region. If the positive curvature is dominant, the electronic 
density is concentrated separately in each of the atomic basins 
and the interaction, referred to as a closed-shell interaction, is 
dominated by the relatively large positive contributions to the 
kinetic energy of the system. In this case, p is relatively low in 
value, A,/X:, < 1, and v2p > 0 at the CP. Table 2 shows that in 
NO there is a shared interaction while in CO there is an inter- 
mediate-type interaction characteristic of a polar bond, i.e., p 
is relatively large although v'p > 0 and A,/A3 < 1. 

The value of the (3,-3) critical points of the CO and NO 
molecule are reported in Table 3. Contour maps obtained with 
the BLYP method are shown in Fig. 1. In CO, the 0 VSCC dis- 
tribution shows two local charge concentrations located along 
the C-0 bond direction. One is facing the carbon atom (Vb), 
while the other is found in the opposite side of the shell f o m -  
ing a nonbonded local charge concentration (Vnb). A ring of 
degenerate critical points of the (2,O) type in a plane perpen- 
dicular to the C-0 direction completes the 0 atomic graph. 
The carbon atom exhibits only one local charge concentration 
(Vnb), which is located in the nonbonded region. A torus of 
charge depletion around the internuclear axis with a ring of 
degenerate points is found in the C VSCC. We can see in Table 
3 that, similar to p(r), the inclusion of electronic correlation 
decreases the value of the Laplacian at the critical point. The 
variations are more pronounced in the carbon nonbonded 
region ( I  4%) than in the 0 nonbonded region (10%). The DFT 
shows again the same trend as the MO post-HF methods. 

As is expected from the electronic ground state ( d )  of the 
NO molecule, the topology of the Laplacian distribution is sig- 
nificantly different from that of the CO molecule (see Fig. Ib). 
The ground state of NO has the open-shell configuration 
(1~)'(2~)'(3~)'(4)~~(50)'(1-rr)~(2.rr) so that the extra electron 
in the 2-n molecular orbital, which is mostly located in a plane, 
destroys the axial symmetry. In NO, both the N and 0 VSCC 
show three local maxima, two nonbonded forming an angle of 
120" with the bond direction and one located in the bond 

Fig. 1. Laplacian distribution for (a) carbon monoxide and (b) 
nitrogen monoxide. Solid contours denote negative values of V2p, 
that is, concentrations of electronic charge; broken contours, 
regions of charge depletion. (3,-3) Critical points or local charge 
concentrations are denoted by dots. In (a), the black arrow points 
out the toms of charge depletion on the C atom and the white the 
ring of degenerate points in the 0 atom. 

region. Three (3,- 1) critical points lie on the same plane of 
the (3,-3) forming two faces, one above and the other below 
the plane, with two (3,+1) capping the atomic graph. In con- 
trast to the CO case, the inclusion of correlation produces 
larger changes in the bonded region than in the nonbonded 
region. Most of the variations occur at the b critical point of 
the N atom which shows around 22% decrease in its value. 
The previous results and discussion confirm that the DFT 
methods provide remarkably good values of the electronic 
properties and a good description of the topology of the elec- 
tronic density and its Laplacian. 

According to Bader's theory (I), the active sites in a mole- 
cule are associated with the critical points of -v2p of the 
VSCC. In a chemical reaction, the V critical point or local 
charge concentration of some atom in a general base reacts 
with the F or local charge depletion of the VSCC of another 
atom in a general acid. The carbon and nitrogen monoxide can 
act as a base by means of the Vnb of the 0 or C (N) atoms, 
respectively. In both molecules the Vnb's of the 0 atom are 
characterized by a large radial curvature, p3 (489.82 and 
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Table 4. 
(a)  Data for critical points in p(r) for the (100) Cu surface. 
- - 

Critical point 4 h, 1 3  ~ ( r )  V2p 

C u 4 u  bond -0.028 -0.027 0.144 0.031 0.088 
Ring -0.01 1 0.039 0.041 0.020 0.068 
Cage 0.007 0.007 0.021 0.008 0.034 

- - 

(b) Data for critical points in the Laplacian of p(r) in the Cu atom on the (100) Cu surface. 

Critical points -V2p 

One (3,-3) above surface 
One (3,-3) below surface 
Four (3,-3) in surface 
Four (3,-1) above surface 
Four (3,-1) in surface 
Four (3,-1) below surface 
Four (3,+1) above surface 
Four (3,+1) below surface 
One (3,+3) in the middle of each four Cu atoms 

479.17 at the BLYP level in CO and NO, respectively), which 
measures the degree of contraction of p(r) along the radial 
direction towards the nuclei, and by much smaller perpendic- 
ular curvatures that limit the radial extension ( p ,  = p2 = -7.67 
in CO and p1 = - 17.37 and p2 = - 13.46 in NO). The p, of the 
Vnb on the C is 61.33 au and p1 = p2 = -2.95 au. Thus, the 0 
atom of CO and NO acts as a hard base while the C acts a soft 
base. The N of NO with p3 = 173.42, p, = -9.38, and p2 = 
-4.5 1 is a harder base than the C atom of CO. In contrast with 
CO, in the Laplacian distribution of NO there is no torus of 
charge depletion in the N density encircling the internuclear 
axis. This torus provides the region for nucleophilic attack in 
CO or molecules that contain CO groups. The lack of such a 
torus in the N atom indicates that a nucleophilic attack is less 
likely in NO. 

The DFT offers simplification in handling the electronic 
correlation using single-particle density instead of the many 
determinants considered in the post-HF method (18), so it is 
relatively easy to study complex systems such as transition 
metals. In the following section we study an example of one of 
these complex systems: the (100) Cu surface. 

(1 00) Cu surface 
The most stable phase (3 1) of bulk Cu is cubic fcc and belongs 
to the Fm3m space group with a = 3.577 A. Each atom is 
linked by bond paths to 12 neighboring atoms. There are no 
interactions with the second neighbors (6) so the bond path 
defined by the (3,- 1) CPs midway between nearest neighbors 
forms an octahedron with a cage critical point at the center and 
eight ring critical points at the faces (Fig. 2a). The packing of 
these polyhedra gives rise to the Cu fcc structure. The lack of 
translational symmetry in the direction orthogonal to the sur- 
face can be dealt with by approximating the semi-infinite crys- 
tal by a finite slab of several layers of Cu atoms. It is known 
(32) that the (100) Cu surface reconstructs only to a small 
extent, so the surface relaxation effects on the charge distribu- 
tion are expected to be small. For this reason, a slab of two lay- 

ers was modeled with a Cu,, cluster, illustrated in Fig. 2b with 
the geometrical parameters of the bulk form. Each atom of the 
surface has eight nearest neighbors and four next-nearest 
neighbors at distances of 2.529 and 3.577 A, respectively. The 
structure, as determined by the gradient vector field map, Fig. 
3, is a truncated form of that found for the bulk form with bond 
paths linking each surface Cu atom to its eight neighbors. The 
top atoms of the surface form square pyramids with the atoms 
of the second layer. A contour map of the electron density of 
the top atoms is shown in Fig. 4. The parameters for the CPs of 
p(r) of one of these pyramids are reported in Table 4. The rel- 
ativel small values of the density, pb, and the positive values Y for V p are characteristic of closed-shell interactions. Such 
interactions are dominated by the Pauli principle, which leads 
to a depletion of electron density in the interatomic surface 
and hence to low values of pb. The accompanying separate 
accumulation of electron density in the basin of each atom 
results in the value of V2p being dominated by its single posi- 
tive curvature parallel to the bond path. 

The values of the Laplacian at the position of the VSCC 
critical points for the Cu atoms of the top are given in Table 4. 
The atomic graph for these atoms has six vertices, two along 
the axis perpendicular to the surface, one above (L,) and other 
below the surface (Ld) and four (Li with i = 1, ..., 4) in the plane 
along the Cu-Cu bonds. These CPs are linked by 12 edges, 4 
between the L, and Li, four between Ld and L,, and four link- 
ing the Li's. Thus, the atomic graph of the Cu atoms is an octa- 
hedron with eight faces joining the vertices, four above the 
surfaces and four below it. There is a (3,+1) CP in the middle 
of each face. These critical points denote the position where 
the Laplacian attains its least negative value in the shell 
described by the atomic graph. In addition to the CPs forming 
the Cu atomic graph, a Laplacian contour map of the (100) CU 
surface shows (see Fig. 5) the presence of a (3,+3) critical 
point of - v ~ ~  in the midpoint of each four Cu atoms. This 
represents the site of maximum charge depletion on the sur- 
face and around the Cu atoms. 
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Aray and Rodriguez 1019 

Fig. 2. ( a )  Model of the bulk Cu illustrating the crystal graph, an Fig. 3. Trajectories traced out by gradient vectors of the electron 
octahedron, corresponding to the fcc structure. (b)  Diagram of the density, trajectories of Vp, in the top of the (100) Cu surface. The 
Cu 13, cluster model of a two-lay er slab of the ( 100) surface. region of space traversed by trajectories that terminate at a given 

nucleus where p(r) is a local maximum (denoted by open circle) 
defines the basin of the atom. A unique pair of trajectories 
originates at each bond critical point (denoted by dots) defining a 

I line of maximum electron density linking bonded nuclei, the 
bond path. The arrows point out the (3,+1) or ring critical points. 

The adsorption pathway of CO and NO on Cu (100) can be 
anticipated from the topology of - V 2 p  The perpendicular 
bonding on Cu would require that a CC on the CO molecule 
interacts with a CC (a repulsive interaction) on the surface, so 
the CO deviates towards the midpoint of four Cu atoms where 
the greatest interaction with the faces of the atomic graph 
above the surface and the (3,+3) CP is reached. Due to the 
interaction of the CC at the oxygen atom with another nearest 
CC (3,+3) on the surface and the interaction of the torus of 
charge depletion on C with CC on the Cu atom, the molecule 
tilts toward the metal surface and finally the bond will be bro- 
ken. This suggestion is in accord with recent studies (22) of the 
transition states of this dissociation for several reaction paths 
using the same cluster models of the (100) Cu surface. The lat- 
eral localization (see Fig. 1 b) and the larger value of -V2p of 
the nonbonded CC at the atoms in NO (see Table 4) with 
respect to those in CO favors the interactions of the NO mole- 
cule over those of CO with the (100) Cu surface. This predic- 
tion is in agreement with the value of the energy barriers for 
NO dissociation (30 kcallmol) and CO dissociation (88 
kcal/mol) on the 100 Cu surface (22). 

Conclusions 
In a variety of calculations for CO and NO molecules it was 
found that the DFT method using the Becke exchange func- 
tional and the correlation functional of Lee, Yang, and Pam 
(LYP), BLYP, generates more accurate values of the dipole 

Fig. 4. Contour map of p(r) in the top of the (100) Cu surface 
overlaid with interatomic surfaces, as defined by the gradient 
vector field in Fig. 3. 

moment than both the post-HF method and Becke's three- 
parameter hybrid method with the LYP correlation functional, 
B3LYP. This latter functional yields a result similar to the 
MP2 and QCISD methods. 
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Fig. 5. Laplacian distribution of VZp of the (100) Cu surface. 
Solid contours denote negative values of v2p,  that is, 
concentrations of electronic charge; broken contours, regions of 
charge depletion. The black arrows point out the (3,+3) critical 
points in the middle of each four Cu atoms. 

The values of the topological properties of p(r) and - v ~ ~  at 
the critical points for CO and NO molecules follow the same 
trend shown by the MO post-HF methods. The topology of the 
p(r) and its Laplacian is maintained (same number and type of 
critical points) but, in general, the inclusion of the electronic 
correlation decreases (around 10-20%) the value of these 
quantities with respect to the HF values. These results confirm 
that the DFT method provides remarkably good electronic 
properties and a good description of the topology of the elec- 
tronic density and its Laplacian. 

The topology of -V2p not only predicts the active site but 
also the correct trend for the adsorption and dissociation of CO 
and N O  molecules on the (100) Cu surface. This and earlier 
work (1, 14-16) demonstrates the potential usefulness of the 
topology of the Laplacian of the electron density in determin- 
ing the conditions governing the reactivity of surfaces and in 
locating the active centers for the adsorption of either Lewis 
bases or acids. 
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Delocalized bonding in tetrahedral organo- 
transition metal clusters: an EHMO study of 
metal vertex rotations in Co,Fe(CO),S, 
CpMoCo,(CO),CR, and in Cp,Mo,(CO),(RC=CR) 

Krisztina L. Malisza, Ljjuan Li, and Michael J. McGlinchey 

Abstract: Molecular orbital calculations at the extended Huckel level are used to rationalize the baniers to vertex rotation in the 
tetrahedral metal cluster complexes F~CO,(CO)~S, 2, and (C5H5)MoCo,(CO),CH, 3. It is shown that, in accord with 
experimental observations on 2, rotation of an Fe(CO), fragment through 60' brings about a weakening of the metal-metal 
bonding interactions within the FeCo, triangle. In the MoCo, cluster, 3, rotation of the CpMo(CO), fragment about an axis 
joining the molybdenum to a central point within the tetrahedron gives rise to three minima in which the cyclopentadienyl ring is 
orientedproximal or distal relative to the capping carbynyl moiety, or in the plane of the three metals. The rotation trajectory of 
the CpMo(CO), vertices in Cp,Mo,(CO),(HC=CH), 4, has been elucidated by means of a Burgi-Dunitz analysis of the X-ray 
crystal structures of a series of related clusters in which the CpMo(CO), units exhibit a range of orientations. The calculations 
suggest that the barriers to vertex rotations in 4 are primarily of steric rather than electronic origin. 

Key words: metal clusters, vertex rotations, EHMO calculations. 

RCsumC : On a utilisC des calculs d'orbitales molCculaires au niveau de Huckel ttendu pour rationaliser les banittres a la rotation 
aux sommets des complexes d'agrtgats metalliques tktratdriques, F~CO,(CO)~S, 2, et (C5H5)MoCo2(C0)8CH, 3. I1 a kt& 
dCmontrC que, en accord avec les observations exptrimentales sur le composC 2, la rotation de 60" d'un fragment Fe(C0)3 
provoque un affaiblissement des interactions de liaison mCtal-mCtal dans le triangle FeCoZ. Dans l'agrtgat MoCo,, 3, une 
rotation du fragment CpMo(CO), autour d'un axe reliant le molybdkne a un point central a l'interieur du tetragone conduit i trois 
minima dans lesquels le noyau cyclopentadiCnyle prend des orientationsproxirnale et distale par rapport i la portion carbynyle 
servant de cap ou une orientation dans le plan des trois mttaux. Faisant appel a une analyse de Biirgi-Dunitz des structures 
cristallines par diffraction des rayons X d'une sCrie d'agregats apparentts dans lesquels les unitis CpMo(CO), prCsentent un 
ensemble d'orientations, on a Clucidt la trajectoire de la rotation des sommets CpMo(CO), dans le Cp,Mo,(CO),(H~CH), 4. 
Les calculs suggttrent que l'origine des bamkres a la rotation aux sommets dans le composC 4 sont principalement de nature 
stCrique plutdt qu'Clectronique. 

Mots clis : agrtgats de mttaux, rotations aux sommets, calculs d'OM de Huckel Ctendues. 

[Traduit par la rtdaction] 

Introduction 

Molecular orbital calculations at the Extended Hiickel level 
have proven invaluable in gaining an understanding of the 
structure and reactivity of organo-transition metal clusters. In 
particular, the fragment approach pioneered by Hoffmann and 
his colleagues (1, 9) lends itself beautifully to this chemistry 
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since it allows us to take advantage of the picturesque symme- 
try of these systems. In recent years, we have used these con- 
cepts to rationalize the structures of a number of clusters, 
many of which exhibit stereochemical nonrigidity on the 
NMR time scale (2-4). Since these simple EHMO methods 
could be successfully used (5) to account for the fluxional 
character of five-vertex square-based pyramidal molecules 
such as 1, we chose to extend them to encompass the phenom- 
enon of metal vertex rotations in tetrahedral tri- and di-metal- 
lic clusters 2 through 4. We have selected two systems for 
which reliable experimental data are available: (a) the inter- 
change of axial and equatorial carbonyl ligands within the 
Fe(C0)3 and CO(CO)~ vertices of FeCo2(CO),S, 2, and 
(b) rotation of the (C,H,)Mo(CO), fragment in 
(C,H,)MOCO,(CO)~CH, 3. Moreover, the (C,H,)Mo(CO), 
vertex rotation process in dimolybdenum-alkyne clusters, 4, 
has been analyzed by means of the Biirgi-Dunitz trajectory 
technique in which appropriately selected X-ray crystal struc- 
tures are used to provide a series of "snapshots" of the reaction 
pathway. 

Can. J. Chem. 74: 1021-1031 (1996). Printed in Canada / lmprimt au Canada 
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Fig. 1. Frontier orbitals of an M,(CO), fragment. (The symbols 
in square brackets correspond to the labelling used by Saillard (5) 
for heterometallic triangles of the type M,M'L,.) 

5a 5b 

The bonding within the four vertex atoms in tetrahedral 
organo-transition metal clusters continues to attract attention. 
The edge-localized model of RCCo,(CO),, 5a, yields electron 
counts of 8 and 18, respectively, for the carbon and cobalt 
atoms. In contrast, the core and valence shell photoelectron 
spectra of such systems have been rationalized in terms of a 
carbyne-capped metal triangle, as in 5 b  (6). Similarly, a vari- 
ety of inner-shell spectroscopic measurements have been 
interpreted by using the latter model (7). 

According to Wade's rules (8), a tetrahedral cluster can be 
regarded either as a nido-trigonal bipyramid or as an electron- 
precise four-vertex system. The barriers toward local rotation 
of the ML, vertices provide a probe for the degree of edge- 
localized bonding. We here present a molecular orbital analy- 
sis of the vertex rotations in a series of mixed metal clusters 
and compare these calculations to the available experimental 
data. 

als ( la,  and le)  and, at somewhat higher energy, a set of three 
vacant orbitals (2a, and 2e) that serve to accept electron den- 
sity from capping ligands. There is also an a2 orbital (made up 
primarily of out-of-phase d, orbitals) that is metal-metal anti- 
bonding in character. In Co3(CO),S, this a, orbital does not 
find a symmetry match with the frontier orbitals of the sulfur 
cap and is singly occupied in the cluster, as shown in Fig. 2. 

Replacement of a CO(CO)~ vertex in the tricobalt- 
nonacarbonyl triangle by a different metal fragment such as 
(C,H,)MO(CO)~ or Fe(C0)3 lowers the symmetry from C3" to 
C, and splits the degeneracies of the l e  and 2e orbital pairs. 
Thus the localization of the frontier orbitals on the three metal 
vertices can change quite markedly. This premise was used 
previously to rationalize the orientations of alkyne moieties in 
heterometallic M3C2 clusters, 1 (5). (We here follow the nota- 
tion adopted in Saillard's paper on trimetallic systems (5); the 
symmetric (s) and antisymmetric (a) labels are used to corre- 
late frontier orbitals in homometallic (M3Lg) and heterometal- 
lic (M2M'Lg) metal triangles.) 

Compared to the situation in [co~(co),]~+, 6, the localiz- 
ation of the acceptor set of frontier orbitals in the hetero- 
metallic fragment [F~co~(co),]~+, 8, is much more heavily 
weighted towards the iron atom than to its cobalt partners. 
Typically, in the 2e, orbital, which has 22.5% localization on 
each cobalt in 6,  the distribution in 8 is calculated to be 28% 
on Fe and only 19% on each cobalt. More importantly, the 3s 
orbital in 8 (which is poised to accept electron density from 
the p, orbital of the capping moiety) is now 5 1 % localized on 
Fe with less than 10% on each cobalt; this is considerably per- 
turbed from that found for the corresponding orbital, 2e,, in 
the tricobalt fragment 6, which has 42% localization on C O ( ~ )  

Results and discussion 

M(CO), rotation in F~CO,(CO)~S 
As shown in Fig. 1, metal triangles such as [co,(co),]~+, 6, or 
[Fe3(CO),], 7, give rise to a low-lying set of three filled orbit- 
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Malisza et al. 

Fig. 2. Frontier orbital interactions in CO,(CO)~S and F~CO?(CO)~S 

and 13% on each of Co(2) and Co(3). In contrast, the 2e, 
orbital, which interacts with the py donor orbital from the cap- 
ping sulfur, has only a negligible contribution from Co(1) in 6 
(or from Fe in 8) and so remains almost unchanged. Concom- 
itantly, the filled orbital set arising from the metal triangle is 
correspondingly more heavily weighted towards the cobalt 
vertices in 8. 

We see in Fig. 2 not merely that the orbital degeneracies 
present in C O ~ ( C O ) ~ S  have been lifted in F~CO,(CO)~S, 2, but 
also that the major T-type interactions, viz. sulfur p, with 3s 
and sulfur py with 2a, are now different in magnitude. This 
enhanced splitting of the bonding components of the metal- 
sulfur T-interactions may be attributed to the greater contribu- 
tion of the iron atom to the 3s acceptor orbital. 

To summarize, the interactions of the l a ,  and l e  filled 
orbital set withp,, py, and p,, respectively, of sulfur are rather 
small since the overlaps are poor. The principal differences in 
bonding between the tricobalt and iron~licobalt clusters can 
be traced to the preferential localization of the 2e, orbital of the 
metal triangle on Fe. In effect, it is not a gross oversimplifica- 
tion to draw a structure 9 in which the sulfur donates an elec- 
tron pair to iron, which thereby achieves an 18-electron 
configuration. To the extent that we choose to believe the 
charge distribution given by the EHMO calculation, we gain 
some support for a structure such as 9 when we note that the 
Fe(C0)3 fragment is more negative than each of the CO(CO)~ 
units by almost 0.5 electrons. This model focusses charge 
along the sulfur-iron vector and places the metal in a pseudo- 
octahedral environment. Now, if we allow local rotation of the 
Fe(CO), vertex so as to interchange the axial and equatorial 
carbonyl ligands, this must proceed via the trigonal-prismatic 
geometry 10. (To simplify the problem, and to take maximum 
advantage of symmetry, the starting molecular geometry for 
CO,(CO)~S (and for F~CO,(CO)~S) is an idealized version of 
the crystallographically determined structure (10). Thus, the 

experimentally observed OC-Co-CO angles differ by only 
=2" and so we have imposed local C3v symmetry on each 
M(CO)3 vertex.) 

In Fig. 3 we show the result of rotating through 60" either of 
the M(CO)3 fragments in F~CO,(CO)~S, 2, so as to orient the 
axial ligand proximal with respect to the sulfur cap while the 
two equatorial ligands are now in distal positions. It is appar- 
ent that the greater barrier must be surmounted when rotating 
the Fe(C0)3 vertex from the pseudo-octahedral to the trigonal- 
prismatic geometry. Figure 3 also reveals that this barrier can 
be traced primarily to the behaviour of the l a  orbital (corre- 
sponding to le, in the homometallic clusters), which is desta- 
bilized by the rotation process. The remaining orbitals are but 
little affected since they either lie along the rotation axis or 
have only a small contribution from the vertex undergoing 
rotation. In contrast, the component of the la  orbital that was 
originally a d, orbital on iron is transformed during the rota- 
tion into a hybrid with predominant dy, character. One can see 
from Fig. 4 that this results in a markedly diminished interac- 
tion between the iron and the two cobalt atoms; consequently, 
there is a loss of metal-metal bonding in the plane of the metal 
triangle. Overall, the EHMO calculations support the idea of a 
sizeable barrier to Fe(C0)3 rotation (9 kcal mol-') and a some- 
what more modest energetic requirement (5 kcal mol-') for the 
CO(CO)~ vertex to spin about its threefold axis. 

Experimental data describing the fluxional behavior of 
F~CO,(CO)~S, 2, have been furnished by Aime who showed 
that the initial I3c0 singlet (at +30°C) exhibits a 6:3 splitting 
at -80°C (1 1). Clearly, intermetal exchange of the carbonyls 
has slowed and one sees the six equivalent ligands on cobalt 
and three bonded to iron. At - 100°C the Fe(C0)3 resonance 
shows a well-resolved 2: 1 pattern demonstrating unequivo- 
cally that local rotation of the tricarbonyliron fragment has a 
sufficiently large barrier to slow this process on the NMR time 
scale. In contrast, the cobalt carbonyl resonance remains a 
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Fig. 3. Walsh diagram depicting variations in orbital energy 
levels upon rotation of a Co(CO), or an Fe(CO), vertex in 
FeCo,(CO),S, 2. (The broken line represents the change in total 
electronic energy.) 

I I 6 0 I I I 
60 45 30 15 0 15 30 45 60 

Co(CO), Rotation Fe(CO), Rotation 

sharp singlet at all accessible temperatures. These results are in 
excellent accord with the energy barriers derived from the 
EHMO calculations. 

(C,H,)Mo(CO), rotation in (C,H,)MoCo,(CO),CR 
clusters 

Let us turn now to the question of rotation of the 

(C,H,)M(CO), vertex (M = Mo or W) in tnmetallic clusters 
such as (CSH5)MoCo2(CO),CH, 3. When the tetrahedral 
clusters (C,H,)MoCo,(CO),C-phenyl, 11, and (C,H,)WCo,- 
(CO),C-tolyl, 12, were first synthesized, both Beurich and 
Vahrenkamp (12) and Stone and co-workers (13) pointed out 
that there were too many vco bands in the infrared spectra to 
be assigned to a single isomer. Subse uently, Sutin et al. (14) 
reported that the low-temperature 'C NMR spectrum of 
(C,H,)MoCo,(CO),C-C02'Pr revealed the presence of two 
species that were assigned as those rotamers in which the 
cyclopentadienyl ring was sited (i) below the trimetallic plane, 
as in 3a, and (ii) above the metal triangle and proximal to the 
carbynyl capping group, as in 3b (see Fig. 5). The rotational 
barrier for the interconversion of rotamers 3a and 3b is 
approximately 8.5-9.5 kcal mol-' depending on the nature of 
the substituents at the carbynyl capping position and within 
the cyclopentadienyl ring (14). The clusters 11 and 12 
reported by Vahrenkamp (12) and by Stone (13) adopt struc- 
tural type 3a and, very recently, the latter rotamer, viz. 3b, has 
been characterized X-ray crystallographically for the particu- 
lar case of (C,Me,)MoCo2(CO),C-CO,'Pr, 13 (15). 

Before attempting to calculate the relative energies of the 
various rotameric structures on the (C,H,)MOCO~(CO)~CH 
hypersurface, one must select a viable rotation axis about 
which to spin the (C,H,)Mo(CO), fragment. We were guided 
in this problem by the powerful concepts developed by Burgi 
and Dunitz, who showed that a succession of static X-ray 
structures can give information about the dynamics of a reac- 
tion (16). For decades X-ray crystallography has been recog- 
nized as the method par excellence for the determination of 
molecular structures. The Burgi-Dunitz approach allows us to 
extract dynamic information by careful scrutiny of a series of 
related crystal structures. As an example of the beautiful 
results that have emerged from Dunitz's laboratory, we note 
that the distribution of crystal structures of more than 60 
(C,H,),P-X fragments in many different environments can be 
related to the "two-ring flip" mechanism by which these chiral 
propeller-like moieties can undergo racemization (17). These 
ideas were extended into the organometallic arena by Crabtree 
and Lavin who showed that carbonyl migration between two 
metal atoms proceeds via a trajectory in which a linear termi- 
nal ligand proceeds through a series of increasingly more bent 

Fig. 4. The effect on the l a  frontier orbital in FeCo,(CO),S, 2, upon rotating the 
Fe(CO), vertex through 60". 
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Malisza et al. 

Fig. 5. Rotamers of C~MO(CO),CO,(C~)~CR, 3; the views are analogous to 
Newman projections of staggered and eclipsed ethanes. 

R R R 

Fig. 6. X-ray crystallographically characterized clusters 12, 14, and 15. Their Newman-type 
projections correspond to the CpMoCo,(CO),CR rotamers 3a, 3b, and 3c, respectively, as 
indicated by the labels in square brackets. 

Ar OMe 

semi-bridging structures to a symmetrically bridging situation 
(18). Subsequently, this approach was used in an analysis of a 
series of organometallic derivatives of triphenylsilanol (19). 
Furthermore, in a study from this laboratory it has been 
reported that the calculated pathway for antarafacial migration 
of a CH,' fragment between the molybdenum sites in cation 
clusters of the type [Cp,Mo,(CO),(RC=C-CR,)]' is paral- 
leled beautifully by the available structural data on such cat- 
ions (20). 

To gain some understanding of the dynamic behavior of the 
C~MOCO,(CO)~CR system, we therefore required several 
crystal structures in which the CpM(CO), unit was oriented 
differently with respect to the trimetallic plane. As mentioned 
previously, two essentially identical X-ray structures of type 
3 a  have been reported (12, 13) and also one of type 3b. 
Another molecule closely analogous to 13 is the 
(C5H5)Fe3(C0)8C-OMe cluster 14  reported by Aitchison and 
Farrugia (21), and shown in Fig. 6. Finally, we were aware of 

the structure of the (C5H5)WFe,(CO)9C-tolyl cluster 15 in 
which the tungsten-to-cyclopentadienyl vector is almost 
exactly in the plane of the metals, as in 3c (22). The crucial 
parameter to note here is the angle made by the Cp,,,,,,,- 
metal axis with a line joining this metal to the centre of the 
cobalt-cobalt (or iron-iron) vector. This angle is 125.5" in 11 
and 12, it becomes 141" in 15, and opens up to 156"(160") in 
13(14). These values are consonant only with rotation of the 
CpM(CO), fragment about an imaginary line connecting the 
metal atom to the centre of the cluster. 

To be more precise, this imaginary center "X" is located as 
follows: we see from Fig. 7 that, assuming the CpMo(CO), 
vertex executes a simple rotation about the axis defined by the 
line X-Mo, the locus of the centroid of the cyclopentadienyl 
ring will define a circle. The lowest point "Cp," corresponds 
to structure 3 a  for which the angle Cp,-Mo-Y is 125.5" (in 11 
and 12), where "Y" is the midpoint of the cobalt-cobalt bond. 
The highest point "Cp; corresponds to structure 3 b  for which 
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Fig. 7. Calculation of the point "X" in CpMo(CO)2C02(C0)6CH 
(see text). 

Fig. 8. Frontier orbital interactions in C~MO(CO),CO,(CO)~CH. 

the angle Cpb-Mo-Y is 156" (in 13). The angle 0 in Fig. 7 can 
thus be evaluated as 15.3", and so the point X can be located 
vertically below the capping carbon atom. 

Such a scenario provides support for the Wade-Mingos 
delocalized model of cluster bonding (23) rather than one in 
which there is localized bonding along the edges of the tetra- 
hedron. As a consequence of this analysis, the energies of the 
rotamers derived by following the trajectory depicted in Fig. 7, 
i.e., from 3a to 3 b  in Fig. 5, were evaluated by using the 
EHMO method. The frontier orbitals of the (C,H,)Mo(CO), 
moiety have previously been described by Schilling, Hoff- 

mann, and Lichtenberger (24). As with the trimetallic frag- 
ments [co,(co)~]~+, 6, and [ ~ e C o , ( C 0 ) ~ ] ~ + ,  8, discussed 
already, the [(c,H,)Mo(co),co,(co)~]~+ unit gives rise to a 
set of three low-lying filled frontier orbitals and also three 
vacant orbitals (see Fig. 8) that can readily form one a and two 
TT bonds with the capping carbyne moiety. 

A simple rotation of the (C,H,)Mo(CO), vertex while hold- 
ing the rest of the molecular geometry constant yields a barrier 
of more than 40 kcal mol-'; this value arises as a result of un- 
favorable steric interactions between the cyclopentadienyl 
and carbonyl ligands on the molybdenum with the carbonyls 
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attached to cobalt. However, one must recall that, while the 
barrier to CpMo(CO), rotation was sufficiently large that the 
process becomes slow on the NMR time scale at low temper- 
atures, local rotation of the Co(CO), vertices continued 
unabated. Consequently, the calculations were repeated such 
that rotation of the CpMo(CO), vertex was carried out in 15" 
increments and the tricarbonylcobalt fragments were each 
rotated independently so as to give the minimum energy con- 
formation for each point on the curve. At this juncture, the cal- 
culated barrier plummeted to 13 kcal mol-l, a value more in 
line with the experimentally observed barrier of ca. 10 kcal 
mol-' (14). (It may be relevant to note that Pepermans et al. 
reported that the perpendicular-to-parallel rotation of the 
alkyne in (HCsH)Co,(CO), is a forbidden process with a 
suitably high activation-energy barrier.   ow ever, when the 
cobalt carbonyls were allowed to twist concomitant with the 
alkyne rotation, the barrier was drastically reduced (25).) We 
reiterate that in the present calculation the Co(CO), moieties 
maintain their local threefold symmetry and all bond lengths 
are unchanged. Doubtless, if the entire molecular geometry 
were to be energy minimized at each point of the calculation, 
one might then reduce this barrier even closer to the experi- 
mental value. 

These data show that there is a substantial barrier to rotation 
of the molybdenum vertex and this must be primarily an elec- 
tronic effect since any potential steric problems can be allevi- 
ated via facile rotation of the cobalt carbonyl fragments. 
Moreover, we note that as the rotation angle of the molybde- 
num vertex approaches 180". i.e., towards structure 3b, it is 
energetically favorable (to the tune of 2 2  kcal mol-I) to allow 
the molybdenum carbonyls to become semi-bridging as has 
been found crystallographically for 13 (15). 

In summary, it is evident that there are two strongly favored 
rotamers of (C,H,)MO(CO)~CO,(CO),CH, both of which pos- 
sess mirror symmetry: the molybdenum vertex may be ori- 
ented with the cyclopentadienyl group below the trimetallic 
plane, as in 3a, or above and proximal to the carbyne as in 3b. 
In the latter case, the molybdenum carbonyls adopt semi- 
bridging postures and this rotamer is favored when the cyclo- 
pentadienyl group is strongly electron donating, as in 
(C5Me,)Mo(CO),Co2(CO),CR. There is an example of a mol- 
ecule - the (C,H,)WFe,(CO),C-tolyl cluster 15 - in which 
the vertex is rotated through 90°, but the two Fe(C0)3 units are 
linked by a bridging carbonyl(22). This molecule would be an 
interesting candidate for a detailed variable-temperature NMR 
study. 

(C,H,)Mo(CO), rotation in [(C,H,)Mo(CO),],C,R, 
clusters 

The NMR fluxionality of alkyne complexes of the type 
[(C,H,)Mo(CO),],(RC=CR) was first investigated by Cot- 
ton, who noted that two independent mechanisms were opera- 
tive (see Fig. 9). The lower energy process involved a pairwise 
interchange of a terminal carbonyl ligand environment on one 
molybdenum with a semi-bridging CO on the other metal. The 
second, and higher energy, process equilibrated the environ- 
ments of the two cyclopentadienyl groups by a mechanism that 
must involve some degree of CpMo(CO), vertex rotation (26). 
It is this latter phenomenon that we wish to address. 

The dimolybdenum-alkyne clusters originally synthesized 
by Cotton possess a semi-bridging carbonyl ligand and this 

structural feature, together with the twisting of the cyclopen- 
tadienyl groups, renders the clusters asymmetric., Since that 
time, many clusters of the type Cp2M2(CO),(A=B) have been 
characterized, where M = Mo or W, and A and B are atoms or 
molecular fragments isolobal (28) with CH. These include 
systems containing such vertices as P (29), As (30), S+ (31), 
0' (32), Co(CO), (33), Ir(CO), (34), etc. In particular, Sulli- 
van and Rheingold have shown that the diarsenic cluster 
[(C,H,)MO(CO)~]~AS~, 16, adopts C, symmetry, at least in the 
solid state (30). Thus the two carbonyl ligands on each molyb- 
denum in 16 are nonequivalent and so, in principle, the barrier 
to oscillation of the two (C,H,)Mo(CO), vertices should be 
measurable by using variable-temperature 13c NMR tech- 
niques. 

As with the molybdenum-dicobalt tetrahedral clusters dis- 
cussed above, the (C,H,)Mo(CO), vertices in Cp2M2(CO),- 
(A=B) systems can be considered to oscillate via rotation 
about a line joining the molybdenum to a point "X" within the 
tetrahedron. This point X must be positioned above the mid- 
point of the Mo-Mo bond along the pseudo-C, axis of the 
molecule; however, establishing its location was a nontrivial 
exercise and required a Biirgi-Dunitz analysis of the trajectory 
of the ring-centroid of the cyclopentadienyl fragment. Fortu- 
nately, since Cotton's original report (26) of the structure and 
fluxionality of [(C,H,)Mo(CO),],(H=H), 4, there have 
been more than 20 crystallographically characterized tetrahe- 
dral clusters of the general type Cp,M,(CO),(A=B), and 
selected parameters for a number of these clusters are col- 
lected in Table 1. 

As shown above for (C,H,)MOCO,(CO)~CH and related tri- 
metallic clusters, the axis of rotation of the CpMo(CO), vertex 
is relatively straightforward to visualize since we have crystal- 
lographic data for the two extreme structures 3a and 3b, both 
of which have C, symmetry. Thus, the X-Mo axis about which 
vertex rotation occurs can be readily defined. Now, for mole- 
cules possessing an alkyne bonded transverse to the Mo-Mo 
vector, we need X-ray crystal structures for which the centroid 
of the cyclopentadienyl ring lies in the plane defined by the 
two molybdenum atoms and the midpoint of the E C  bond. 
However, the crystallographic data available are all for mole- 
cules in which the cyclopentadienyl group has been twisted 
out of this plane. The problem then becomes one of taking the 
coordinates of the Cp centroids in the numerous structures of 
the type [(C,H,)Mo(CO),],(A=B) and defining the best cir- 
cle that passes through, or close to, these points. 

To this end, the structures of 11 tetrahedral clusters of the 
type [(C,H,)M(CO),],(A=B) were selected that closely fit 
the following criteria: (a) the dihedral angle between the 
M=M and A=B vectors was ==90°; (b) there were no obvi- 
ous perturbing effects such as the strong bonding interaction 
of a molybdenum carbonyl with another vertex. This latter cri- 
terion eliminated Cp2M~2(CO)41r2(CO)6 (34). Thus the 
atomic coordinates for the molecules where AEB is 

When one of the alkyne substituents is inherently chiral, such as a 
terpenoid or steroidal group, then the four carbonyl ligands will 
always yield four I3c0 resonances even when all fluxional 
processes are rapid. At lower temperatures, one sees four I3c0 
absorptions for each diastereomer. For some recent examples, see 
ref. 27. 
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Fig. 9. Fluxional processes that interchange semi-bridging and terminal 
carbonyl ligands in Cp,Mo,(CO),(RC=CR'). Note the pairwise character of 
the terminal to semi-bridging carbonyl environments. 

/""\ 
R-C - - 

RCFCR', RC=P, RCEBR', RC=CO(CO)~, -P, As=As, 
WFe(CO), ,  or S=Ru(CO), were entered into the molecular 
modelling program ALCHEMY~ and the following parameters 
were evaluated for both CpM(CO), vertices in each molecule: 
(i) the angles C P , , ~ ~ ~ ~ , ~ - M - M  and Cpc,nlro,,-M-C(=O), (ii) the 
torsion angles C P ~ , ~ , ~ , , ~ - M - M - C ~ , , ~ ~ ~ ~ , ~  and Q-R-M-Cp,,n,r,,d, 
where the dummies Q and R are the midpoints of the A-B 
and M-M bonds, respectively, as shown in Fig. 10. 

As is evident from Table 1, the angles Cpc,ntr,,d-M-C(=O) 
average 114.3" 2 3.7" for 22 different CpM(CO), vertices. 
This consistency bears witness to the fact that the 
(C,H,)Mo(CO), or (C,H,)W(CO), moiety has a remarkably 
well-defined geometry and may be regarded as a transferable 
fragment between clusters, just like the regular functional 
groups of organic chemistry (35). These molecules were 
selected as being reasonably representative of tetrahedral clus- 
ters in that the dihedral angle between the M-M and A-B 
vectors was in all cases 90" 5 5". 

In the absence of structurally characterized rotamers in 
which the CpCenlr,,, lies in the same plane as the two molybde- 
num (or tungsten) atoms and the bond midpoints Q and R, it 
was necessary to extrapolate from the experimentally avail- 
able data and then estimate a value for 0, i.e., the angle M-M-X 
illustrated in Fig. 10. The original choice of 0 = 25' was then 
refined by use of the molecular modelling program to correlate 
each M-M-CpCentr,,,, angle and its associated Q-R-M-Cpcenlr0,, 
torsion angle with the corresponding X-ray derived parame- 
ters; that is, the point X was located empirically from the crys- 
tallographic data, and the best fit is found when 0 = 29". 

ALCHEMY: available from Tripos associates, St. Louis, Mo. 

It is interesting that the location of the axis of rotation in the 
dimolybdenum complexes [(C5H5)M(CO),],(A=B) yields a 
value of 139" for the angle X-Mo-CpCentroi,. We note that the 
corresponding angle in the C~MO(CO),CO,(CO)~CH system 
is 141"; this again supports the idea of transferability of orga- 
nometallic vertices between different clusters. 

Having established the rotation trajectory for a CpMo(CO), 
vertex, it was possible to carry out EHMO calculations on the 
rotamers of [(C,H,)M(CO),],(HC=CH). We commented 
previously (27b) that racemization of such a cluster can occur 
either (a) by synchronous swivelling of both molybdenum 
vertices to generate a molecule of C,, symmetry, as in 16 or 
(6) by rotating only one vertex so as to produce a C, cluster, 
17, in which the cyclopentadienyl rings are oriented in a syrz 
manner (see Fig. 11). In the latter case, the other vertex must 
subsequently swivel to generate the enantiomer of the original 
molecule. The calculations of the energy barriers for these two 
processes revealed that (i) the most favored rotamer does 
indeed possess the C, geometry found crystallographically for 
Cp,Mo,(CO),As, by Sullivan and Rheingold (30), and (ii) the 
proposed C,, structure 16, is almost certainly not attainable 
since it would bring the hydrogens of the cyclopentadienyl 
groups into direct contact. As Cotton and co-workers have 
noted (26), these steric constraints are the probable cause of 
the low symmetry observed even in the parent cluster 
Cp,Mo,(CO),(HC=CH). 

To probe the scenario of independently rotating vertices, 
EHMO calculations were performed in which one 
CpMo(CO), moiety was maintained at a constant orientation 
(I$) with respect to the alkyne while the other molybdenum 
vertex was rotated through o values of 40"-320". The energy 
profiles depicted in Fig. 12 reveal minima when the molecule 
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Table 1. Structural parameters for Cp,M,(CO),(A3) clusters. 

C~ccn,ro,d-M- C~ccnrroid-M-M- C~cenlro,d-M-M 
C(=O) (deg) C~cen l ro id  (deg) (deg) A 3  M Ref. 

Ph-C-C-R 
R = cyclopentenyl 
Me-C=Co(CO), 

M e - G C - R  
R = norbornyl 
I%P 

Fig. 10. Calculation of the point "X" in [(C,H,)M(CO),],(A~B) 
systems (see text). 

has either approximate C2 or C, symmetry. These calculations 
yield activation energy barriers of - 15 kcal mol-', a value in 
reasonable accord with the experimental data (36). It is note- 
worthy that the height of the barrier is extremely sensitive to 
minor geometric perturbations; it is necessary to rotate the 
cyclopentadienyl ligands about their C p M o  axes so as to min- 
imize the steric interactions between these rings at each point 
of the calculated pathway. Attempts to correlate the rotation 
barrier of the CpMo(CO), vertex with the energy profile of 
any particular frontier orbital were inconclusive and the pro- 
cess appears to be dominated by steric factors. We reiterate 
that these calculations use a simple "ball-and-socket" model 
whereby a rigid (C5H5)M~(C0)2 vertex rotates about a clearly 
defined axis. 

The level of agreement between the idealized trajectory of 
CpMo(CO), rotation and the X-ray crystallographically 
observed structures is manifest evidence of the power of the 
Burgi-Dunitz approach for our understanding of molecular 
dynamics. According to the basic assumptions of the structure 

correlation method (16), there should be a concentration of 
sample points (i.e., crystal structures) in the low-energy 
regions of three-dimensional space. One may thus identify the 
transition state as lying in the least densely populated stretch 
of the reaction path. In the present case, this is the region in 
which the torsion angle between the Mo-C~,,,,,,~~ vector and 
the pseudo-C2 axis approaches 0" or 180". Figure 12 shows 
how the crystallographically determined structures do indeed 
lie primarily in the low-energy regions of the favored pathway 
found as a result of the EHMO analysis. Once again, it is an 
impressive confirmation of the Burgi-Dunitz concept. 

Concluding remarks 

It is evident that the barriers to rotation of organometallic ver- 
tices in clusters, which can be experimentally determined by 
using variable-temperature NMR methods, are in some cases 
rationalizable in terms of the energies and symmetries of their 
frontier orbitals. In particular, the variations between clusters 
containing homometallic and heterometallic triangular faces 
can be traced to the degree of localization of the frontier orbit- 
als on the different metallic vertices. It is also shown that use 
of the structure correlation technique allows the selection of 
reasonable pathways for fluxional processes. Vertex rotations 
in F~CO,(CO)~S and in C~MO(CO),CO,(CO)~CR are con- 
trolled primarily by electronic factors, and the electronically 
favored orientations of the organometallic units correlate with 
those which have been characterized by X-ray crystallogra- 
phy. In contrast, we have been unable to find an electronic 
rationale to account satisfactorily for the molecular dynamics 
of [(C5H5)M(CO),],(HC-LH) and related molecules that 
appear to be dominated by steric effects. 
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Fig. 11. Proposed mechanism of interconversion of enantiomeric 
clusters via Cs rather than C2, intermediates. 

Fig. 12. EHMO-calculated energy profiles corresponding to rotation of only one molybdenum vertex through 
angle w while the other C ~ M O ( C O ) ~  fragment is kept constant, with successive + values ranging from 120" through 
145". The majority of the experimentally observed structures lie in the valleys, and the molecules are numbered as 
in Table 1. 

The correlation of X-ray data and fluxional behavior for is the RCCO,(CO)~ series of which many have been crystallo- 
closely related organometallic clusters could be applied to graphically characterized (37). The rotation angles of the 
other situations. An example that could be well worth pursuing Co(CO), tripods may tell us whether the intermetallic scram- 
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bling of the C O  ligands over all the metal sites is correlated 
with rotation of the Co(CO), vertices. 

Experimental section 

Molecular orbital calculations were performed via the 
extended Hiickel method using weighted Hij's (38); orbital 
drawings were obtained by use of the program CACAO (39). 
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On the accuracy of density functional theory 
for ion-molecule clusters. A case study of 
PL+  clusters of the first and second row 
hydrides 

Xabier Lopez, Jesus M. Ugalde, Cecilia Sarasola, and Fernando P. Cossio 

Abstract: PL,,+ clusters (n = 1, 2 and L = NH3, OHz, FH, pH3, SH2, ClH) in both their triplet and singlet states have 
been characterized by common approximate density functional methods, SVWN, BVWN, BLYP, and B3LYP. The 
phosphorus-ligand distances (R), dissociation energies (Do) ,  triplet-singlet gaps and several bond properties, such 
as the electron density (p(rc)), the Laplacian (V2p(rC)), and the local energy density H(rc) at the bond critical point, were 
compared with those obtained by accurate ab initio molecular orbital theory, namely, second-order MOller-Plesset (MP2) 
and G2 theory. In general, it is observed that the local spin density approximation (SVWN) yields stronger bonds than 
ab initio molecular orbital theory. However, addition of gradient corrections to the exchange functional (BVWN) yields 
ion-molecule bonds that are too weak. Finally, taking account also of gradient corrections to the correlation functional 
(BLYP) leads to very close agreement with ab initio results. Among these functionals, Becke's hybrid functional, B3LYP, 
best fit the second-order M~ller-Plesset and G2 data, reproducing the qualitative trends observed for the above-mentioned 
properties of phosphorus clusters, except for V2p(rc). This fit is particularly good for distances, dissociation energies, and 
electron densities at the bond critical point, and both methods show similar deviations of the values of binding energies 
and triplet-singlet gap with respect to the G2 data. Compared with our most accurate ab initio molecular orbital data, 
namely G2, significant overbinding for the singlets, larger for one-ligand than for two-ligand complexes, and significant 
overestimation of the triplet-singlet gap for one-ligand complexes is observed for both methods, namely, B3LYP 
and MP2. The deviations at the second-order MOller-Plesset level of theory are mainly due to the lack of quadratic 
configuration interaction (QCI) corrections, and this deficiency is also present to some extent in B3LYP. However, for 
larger clusters these corrections are smaller, therefore the B3LYP functional is expected to lead to accurate descriptions. 

Key words: DFT, Bader analysis, G2, ion-molecule complexes, phosphorus. 

R&sumC : Faisant appel aux mCthodes de densitCs fonctionnelles SVWN, BVWN, BLYP et B3LYP, on a caractCrisC les 
agrigats PL,,+ (n = 1 et 2 et L = NH3, OH2, FH, pH3, SH2, et ClH) dans les Ctats tant triplet que singulet. Les distances 
phosphore coordinat (R), les Cnergies de dissociation (Do),  les Ccarts triplet-singlet (At-,) et plusieurs autres propriCtCs, 
telles que la densit6 Clectronique (p(rc)), le laplacien (V2p(rc)) et la densit6 locale d'knergie H(rc) au point critique de 
liaison ont CtC comparCes avec celles obtenues avec de calculs d'orbitales molCculaires ab initio plus prCcis, B savoir ceux 
aux niveaux G2 de la thCorie et d'autres de M~ller-Plesset du deuxiime ordre (MP2). En gCnkral, on a observC que, par 
comparaison avec les valeurs obtenues par des calculs d'orbitales molCculaires au niveau de la thCorie ab initio, celles 
obtenues par l'approximation de la densitt locale de spin (SVWN) conduit B des valeurs plus ClevCes pour les forces 
de liaisons. Toutefois, l'addition de corrections de gradients B I'Cchange fonctionnel (BCWN) conduit B des liaison ion- 
molCcule qui sont trop faibles. Enfin, si l'on essaye aussi de tenir compte des corrections de gradient dans la corrClation 
fonctionnelle (BLYP), on arrive B de trks bons accords avec les calculs ab initio. Parmi ces corrClations fonctionnelles, le 
fonctionnelle hybride de Becke, B3LYP, est celle qui s'accorde le mieux avec les donnis de MOller-Plesset du deuxikme 
ordre et de G2 en reproduisant les tendances qualitatives observCs pour les propriCtCs mentionnies plus haut pour les 
agrCgats du phosphores, B l'exception du v2p(rC). Cet accord est particulikrement bon pour les distances, les Cnergies 
de dissociation et les densitCs Clectroniques au point critique de la liaison et, par rapport aux donnCes G2, les deux 
mCthodes prCsentent des dCviations semblables pour les valeurs des Cnergies de fixation et pour I'Ccart triplet-singulet. 
Si l'on compare nos rCsultats avec les donnCes les plus prCcises d'orbitales molCculaires ab initio, soit G2, on note des 
surfixations importantes pour les singulets qui sont plus importantes avec les complexes B un coordinat que pour ceux B 
deux coordinats; avec le deux mCthodes, soit B3LYP et MP2, on observe aussi une surCvaluation importante de 1'Ccart 
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triplet-singulet pour les complexes un coordinat. Les deviations au niveau de la thCorie de Moiler-Plesset du deuxieme 
ordre sont principalement dues a un manque de corrections pour I'interaction quadratique de configuration (IQC) et cette 
dificience se retrouve aussi, jusqu'i un certain point, dans B3LYP. Toutefois, pour les agregats plus volumineux, ces 
corrections sont plus petites et on peut s'attendre ce que la fonctionnelle B3LYP conduise i des descriptions prkcises. 

Mots cle's : DFT, analyse de Bader, G2, complexes ion-molCcule, phosphore. 

[Traduit par la redaction] 

1. Introduction 
The elucidation and characterization of ionic clusters has 
been the subject of several theoretical and experimental 
studies over the last decade (1, 2). Because clusters con- 
stitute a bridge between the gas and condensed phases, the 
study of the formation of cluster ions is relevant to an un- 
derstanding of such phenomena as nucleation, the develop- 
ment of surfaces, catalysis, solvation, acid-base chemistry, 
combustion, and atmospheric processes. Clusters are also of 
great theoretical interest, since a variety of bonds can coexist 
in the same molecular structure. The majority of common 
interactions inside a molecule fall more or less into three 
kinds of interaction: ionic, covalent, or van der Waals (the 
hydrogen bond could be considered as a special case of van 
der Waals interactions). The ion-molecule bond of an ionic 
cluster could be due to any of these interactions, and nor- 
mally a mixture of them is present. Also, transitions between 
different kinds of interaction can occur as the clusters grow 
up, i.e., as the number of ligands attached to the ion increases. 
Thus, covalent bonds are often characteristic of small clus- 
ters, while electrostatic interactions dominate for larger clus- 
ters. Undoubtedly, this also depends on the nature of both 
the ligand and the ion. Soft ligands favor covalent interac- 
tions over electrostatic ones, while the opposite is found for 
hard. Also, open-shell ions tend to favor electronic over elec- 
trostatic interactions, since empty orbitals of low energy are 
available. Apart from electrostatic and covalent binding, van 
der Waals and hydrogen bonds can also be found, especially 
when the first solvation shell is completed, and new ligands 
are bound to the ligands on the first solvation shell. Due to 
these features, much interest has been focused on the deter- 
mination of bond properties, such as binding energies and 
distances, as a function of the size of the clusters, the nature 
of the ligand, and the hardness of ion involved-in the cluster 
structure. 

Inclusion of electron correlation (3-6), at least at the MP2 
level, is essential to describe the bonds in such systems, 
and normally the use of a large basis set is necessary to 
yield accurate binding energies. This makes the computa- 
tional cost too expensive. This is especially true in the de- 
termination of properties that involve large systems, i.e., de- 
termination of magic numbers (maximum number of ligands 
that the ion admits in its first solvation shell) or the effect 
of the second coordination shell. In these cases, we have 
to build up large clusters, which means dealing with a large 
number of electrons. It is a problem for conventional ab initio 
methods to treat such large systems, at least with a proper 
degree of accuracy. Density functional theory (7-1 1) (DFT) 
can be a promising alternative to these methods. For a wide 
range of systems DFT has been found to yield properties 
(geometries, dissociation energies, and frequencies) compa- 
rable in quality to the MP2 results (1 I). Also, it has been 

established that DFT yields accurate reaction energies for 
several chemical processes (12-14), when appropriate non- 
local gradient corrections are included. DFT is computation- 
ally less demanding than MP2 or other ab initio methods 
that include electron correlation, especially for large sys- 
tems. Thus, these systems could in principle be treated within 
the framework of DFT with large basis sets, extending the 
range of clusters amenable to study at an assumable com- 
putational cost. However, it is not known how DFT works 
with ionic clusters. Good results have recently been reported 
for hydrogen bond systems (15-18), hydrated proton clusters 
(19), proton transfer systems (20), and some ion-molecule 
complexes (21) when nonlocal gradient corrections are con- 
sidered. It would be interesting to compare results between 
highly accurate ab initio calculations and DFT for different 
ion-molecules, in order to assess the reliability of DFT for 
such systems. 

We have tested the quality of DFT methods for the de- 
scription of ionic clusters, by making a comparative study 
of the previous (22-24) ab initio characterized PL,+ clus- 
ters (n = 1, 2; L = NH3, OH2, FH, pH3, SH2, and ClH), 
for both their singlet and triplet states. Binding energies, 
ion-molecule bond distances, and bond properties of the 
bond critical points were characterized using high accuracy 
ab initio methods (GI and G2 methodologies (25-27)). De- 
pending on the spin state of the phosphorus, the hardness 
of the ligand, and the number of ligands bound to the P+, 
different kinds of bond were obtained. from covalent to 
electrostatic. In this paper, we have recalculated the above- 
mentioned properties, employing four different DFT methods 
(28-32): SVWN, BVWN, BLYP, and B3LYP. We have con- 
sidered the local spin density approximation in its SVWN 
form, and have progressively added nonlocal gradient correc- 
tions, firstly, only to the exchange, thus BVWN functional, 
and then to both exchange and correlation with the BLYP 
functional. We have also applied the hybrid B3LYP func- 
tional, which has been proven to yield accurate results for a 
wide range of chemical  system^.^ It is the aim of this paper 
to compare the DFT results with the previous ab initio re- 
sults, in order to test the reliability of DFT in describing 
such systems, and the accuracy expected for different types 
of complexes: singlet and triplet spin states, one- and two- 
ligand complexes. This will provide us with the necessary 
information about the quality of DFT and, hopefully, will 
permit us to treat clusters of higher numbers of ligands in 
future studies. 

2. Methods 
All the calculations reported here were carried out using the 
GAUSSIAN92lDFT (33) suites of programs. In the density 

? See supplement on DFT in Gaussian 92 manual. 
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Fig. 1. Geometries of the triplet one-ligand complexes calculated at the SVWN, BVWN (in parentheses), 
BLYP (in square brackets), B3LYP (in curly brackets), and MP2 (underlined) levels of theory, using the 
6-31G(d) basis set. Distances are in A, and angles in degrees. MP2 values have been taken from ref. 24. 

functional theory (DFT) calculations, the Coulombic and the 
exact exchange integrals were computed analytically and the 
integrals over the exchange and the correlation functionals 
were evaluated over numerical grids. Four functionals were 
employed: (i) The SVWN functional, thus, the Slater ex- 
change (28) (local spin density approach, LSDA) and the 
local correlation of Vosko, Wilk and Nusair (29) (VWN). (ii) 
The BVWN functional, which adds Becke's 1988 exchange 
functional correction (30). (iii) The BLYP functional, which 
comprises this last Becke's correction plus the gradient- 
corrected correlation functional of Lee, Yang and Parr (31) 
(LYP). (iv) Finally, we also used the hybrid method con- 

sisting of Becke's three-parameter functional (32) in the form 

the values of the parameters being a0 = 0.20, ax = 0.72 and 
a, = 0.81. 

All structures were optimized at the DFTl6-3 lG(d) level of 
theory (where DFT is SVWN, BVWN, BLYP, and B3LYP). 
(For notation of the basis sets see ref. 34.) The optimized 
geometries, along with the previously obtained MP2 values, 
can be found in Figs. 1-5. Analytical frequencies at the sta- 
tionary points were calculated at the DFTl6-31G(d) level of 
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Lopez et al 

Fig. 2. Geometries of the singlet one-ligand complexes calculated at.the SVWN, BVWN (in parentheses), 
BLYP (in square brackets), B3LYP (in curly brackets), and MP2 (underlined) levels of theory, using the 
6-31G(d) basis set. Distances are in A, and angles in degrees. MP2 values have been taken from ref. 24. 

theory and all of them were found to be positive. At these in this way were employed to evaluate the dissociation en- 
optimized geometries single-point energy calculations with ergies (Do) of the PL,+ clusters, which are defined as the 
an extended basis set, 6-311+G(3df,2p), were carried out. energy difference between the ion-molecule complexes and 
We recall that this basis set is the largest one employed in their monomers in the appropriate spin state, thus: 
G2 theory (25-27). These energies were corrected by the zero [21 ( D ~ ) ~ ~ , ,  = [ ( E ~ ~ , ,  - (E~~ , , - ,  + E~) ) ]  
point vibrational energy (ZPVE) corrections, evaluated at the 
DFTl6-31G(d) level of theory. The total energies calculated The calculated binding energies for one- and two-ligand com- 
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Fig. 3. Geometncs of the triplet two-ligand complexes calculated at the SVWN, BVWN (in parentheses), BLYP (in square brackets), B3LYP (in curly brackets), and MP2 
(underlined) levels of theory, using the 6-31G(d) basis set. Distances are in A, and angles in degrees. MP2 values have been taken from ref. 24. 

Geometries for triplet P(PH3)+2 can 
be found in Figure 5 
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Lopez et al. 

Fig. 4. Geometries of the singlet two-ligand complexes calculated at the SVWN, BVWN (in parentheses), BLYP (in square 
brackets), B3LYP (in curly brackets), and MP2 (underlined) levels of theory, using the 6-31G(d) basis set. Distances are in A, 
and angles in degrees. MP2 values have been taken from ref. 24. 
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Fig. 5. Geometries of the triplet P(PH&+ cluster, calculated at MP2 (a), SVWN (b) ,  BVWN (c) ,  BLYP (d), and B3LYP ( e ) ,  levels of 
theory, using the 6-31G(d) basis set. Distances are in A, and angles in degrees. MP2 values have been taken from ref. 24. 
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Lopez et al. 

Table 1. D, values, in kcallrnol, of the PL,' clusters. 

Species SVWN BVWN BLYP B3LYP MP2 G2" QCI" 

3A2 107.33 76.88 86.33 87.27 86.39 85.80 0.20 
IA' 107.44 78.74 89.25 91.51 9 1.70 86.43 -3.62 
3A2s 29.73 17.12 21.31 19.82 19.79 18.49 -0.82 
'A I 80.36 50.89 59.36 59.09 62.46 55.10 -4.84 
3 ~ "  80.10 51.31 60.27 6 1.06 58.55 57.90 0.05 

'A I 61.33 38.75 46.74 74.63 72.89 64.84 -6.50 
3~ 29.69 16.98 21.36 20.37 20.79 19.56 -0.92 

'A I 87.58 55.90 65.62 39.22 40.44 36.79 -2.13 
3,4,, 48.22 27.04 33.47 32.7 1 29.18 28.73 -0.17 
'A' 52.06 25.55 31.81 36.72 33.74 29.13 -4.07 
'V, 24.23 1 1.76 16.11 15.79 15.79 15.81 -0.7 1 
'A 36.69 23.93 30.27 24.0 1 23.06 18.23 -4.1 8 
"42  106.27 75.10 85.62 86.72 85.84 84.33 0.08 
'A' 87.43 73.23 8 1.34 95.12 95.23 86.66 -5.53 
3A ,, 17.77 5.45 10.19 9.32 6.10 5.80 -0.21 

“41 117.30 66.5 1 80.89 70.29 80.35 70.48 -3.43 
3A 'A" 91.08 62.03 71.12 70.37 66.85 66.78 0.37 

“41 117.19 79.43 92.06 89.64 87.78 76.89 -7.19 
'B, 22.3 1 12.77 15.54 13.40 11.87 10.69 -0.54 

'A I 58.60 35.28 42.7 1 44.15 47.97 44.66 -0.92 
'A" 63.74 37.9 1 45.81 44.49 40.79 40.9 1 0.31 
'A' 45.1 8 26.7 1 60.23 57.83 54.35 47.33 -5.54 
'A 20.91 10.97 13.61 12.12 11.27 10.38 -0.42 
IA 78.70 45.96 28.63 28.36 29.23 25.09 -2.24 

"Values taken from ref. 24. 

Table 2. Triplet-singlet gap," in kcallrnol, of the PL,'. 

Species SVWN 

P+ -33.45 
P(NH,)+ -33.34 
P(NH,),+ 17.30 
P(OH2)' -52.22 
P(OH,),' 5.67 
P(FH)+ -29.62 
P(FH),+ - 17.15 
P(PH3)+ -52.29 
P(PH3),+ 47.24 
P(SH,)+ -7.35 
P(SH,),+ 28.94 
P(C1H)' -52.01 
P(ClH),' 5.79 

BVWN 

-45.20 
-43.35 
-9.58 

-57.77 
- 18.85 
-46.69 
-34.52 
-47.07 

13.99 
-27.80 
-5.29 

-56.40 
-21.41 

BLYP B3LYP 

-35.75 -36.57 
-32.83 -32.33 

5.22 6.94 
-49.28 -22.99 
-5.02 -4.14 

-37.41 -32.56 
-23.25 -24.33 
-40.03 -28.17 

30.67 32.80 
-14.82 -17.30 

12.36 13.45 
-21.33 -23.22 
-6.32 -6.99 

"Notice that when triplet is the ground state the gap takes negative values, whereas positive 
values are obtained when singlet is the ground state. 

bValues taken from ref. 24. 

plexes have been collected in Table 1. These energies have 
been also used to evaluate the triplet-singlet gap, which is 
given in Table 2. 

The previously obtained MP2 and G2 values for Do and 
At-, have also been reported in Tables 1 and 2, for com- 
parison with DFT. We recall that G2 energy is the result 
of several additive corrections made to the MP4/6-311G(d, 
p)//MP2/6-3 lG(d) base level energy, which accounts for the 
deficiencies of this energy in the treatment of basis set and 

electron correlation. One of these corrections, QCI, has also 
been reported, since, as we shall see below, it accounts for 
the main differences between MP2 and G2 dissociation ener- 
gies, and makes a significant contribution to the differences 
for At-,. These will be found in Table 6. We note that these 
corrections are calculated as: 

[3] aQcl = [QCISD(T)/6-3 1 lG(d,p)] 

- [MP4/6-3 1 lG(d,p)l 
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Table 3. p(r,) values, in atomic units, of the PL,,' clusters. 

Species SVWN BVWN BLYP B3LYP MP2" 

3A2 
'A' 
3 ~ 2 E  

'A I 
3 ~ "  

'A I 
'A 

'A I 
3 ~ t t  

'A' 

3BE 
'A 
3A2 
'A' 
3 ~ "  

'A I 
3A" 

IA, 
' B ~  
'A I 
3 ~ "  

'A' 
3~ 

I A  

"Values taken from ref. 24. 

We also carried out Bader's topological analysis (35-38) of 
the electron density (p(r)), for all the DFT methods, using 
the AIMPAC series of programs (39), based on the DFT/MC- 
3 1 lG(d,p)//DFT/6-3 lG(d) electron densities. We will focus 
on the values of various properties at the bond critical points, 
such as the electron density (p(rc)), the Laplacian (V2p(rc)), 
and the energy density (H(rc)). These values, along with 
those for MP2, are given in Tables 3, 4, and 5, respectively. 

For the comparison between these methods of certain prop- 
erties, we will consider the mean deviation between them for 
a given property. These deviations have been calculated by 
the sum of absolute differences between two given methods 
over values obtained for all the clusters, divided by the total 
number of clusters. We will use the following abbreviation 
to refer to them: is the average deviation of "i" method 
values with respect to 'y" method values for a given property 
X. 

3. Results and discussion 
3.1 Geometries 
Both MP2 and DFT describe structures with intramolecular 
parameters similar to those of the free molecules, while ion- 
molecule distances vary greatly depending on the nature of 
ligand, the number of ligands, and the spin state of phos- 
phorus atom. The DFT structures, irrespective of the func- 
tional employed, show the same trends and symmetries as 
the MP2 ones, the only exception being triplet P(PH3)2+ 
(Fig. 5). In that sense, one-ligand complexes show shorter 
P-X distances for the singlets than for the triplets, encoun- 

tering the largest triplet-singlet difference for P-0 and 
P-S bonds within first- and second-row ligands, respec- 
tively. Also, changes in the symmetry point group of the 
complexes on going from triplets to singlets are similar for 
DFT and MP2. Thus, PXH3+ systems change from C3, to C, 
and PXH2+ from Cs to CzV. It should be noted that in some 
cases HF and MP2 point groups were in disagreement; for in- 
stance, HF predicted as C2, triplet P(OH2)+ and a Cs singlet 
P(SH2)+. Two-ligands complexes, except for triplet PH3)2+, 
show the same tendencies with DFT and MP2 methods. Thus, 
the two ligands are equivalent for two-ligand complexes, but 
while linear complexes of large P-X distances are found 
for triplet complexes, singlets show angular structures with 
P-X distances much shorter and closer to the values of the 
one-ligand complexes. It should also be mentioned that the 
HF method described a situation of unequivalent ligands for 
triplet P(NH3)z+ and triplet P(SH2)2+. The exception in this 
DFT-MP2 agreement is observed for the description of the 
P-0 and P-F bonds of triplet complexes. While MP2 de- 
scribes a P-F bond larger than the corresponding P-0 
bond SVWN, BVWN, and BLYP describe the reverse situ- 
ation. In this case, the only functional in concordance with 
MP2 is the hybrid B3LYP functional. 

Apart from the good qualitative agreement between DFT 
and MP2 structures, the quantitative agreement is strongly 
functional dependent. SVWN tends to give longer ion- 
molecule bonds than MP2. The inclusion of nonlocal gradient 
corrections to the exchange functional, the BVWN func- 
tional, shorten the bonds, but too much compared with MP2, 
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Table 4. V2p(r,) values, in atomic units, of the PL,' clusters. 

Species SVWN BVWN BLYP B3LYP MP2" 

P(NH,)+ 3A2 -0.0021 -0.9442 -0.0422 -0.0070 0.024 1 
'A' 0.0197 -0.0534 -0.0407 0.0037 0.0668 

P(NH3),+ 3A2, 0.0398 0.0588 0.0554 0.0519 0.0519 
I 0.0288 -0.0166 -0.0183 0.0097 0.0686 

P(OH,)' 3 ~ "  0.1269 0.037 1 0.0590 0.098 1 0.1083 
'A I 0.3472 0.1584 0.2244 0.2784 0.3 150 

P(OH,),+ lA 0.0828 0.0847 0.0904 0.0928 0.0940 
I 0.1265 0.0493 0.06 10 0.0924 0.1 162 

P(FH)' 3 ~ "  0.0896 0.084 1 0.0874 0.0935 0.0933 
]A' 0.1068 0.0765 0.0807 0.0991 0.1028 

P(FH),+ 3 ~ ,  0.1 120 0.0966 0.1085 0.1 124 0.1 128 
'A 0.0863 0.0902 0.0908 0.0932 0.0940 

P(PH3)+ 3A, -0.1273 -0.0645 -0.0948 -0.1 190 -0.1394 
'A' -0.1957 -0.1079 -0.1404 -0.1549 -0.1793 

P(PH3),+ 3 ~ "  0.0303 0.0336 0.032 1 0.0349 0.0285 
-0.0306 0.0333 -0.1023 -0.1274 -0.1002 

'A I -0.1479 -0.0852 -0.1 149 -0.1398 -0.1646 
P(SH,)+ 'A" -0.0668 -0.0003 -0.0256 -0.0484 -0.0695 

'A I 0.1075 0.0046 0.0492 0.1035 0.1936 
P(SH,),+ 3B, 0.0387 0.04 12 0.0428 0.04 12 0.0414 

IA 1 -0.0897 -0.0143 -0.0439 -0.0648 -0.0910 
P(C1H)' lA" -0.0146 0.0429 0.0233 0.0099 -0.0022 

'A' -0.0570 -0.0290 -0.0600 -0.04 17 -0.0706 
P(C1H); 3~ 0.0617 0.0583 0.063 1 0.0630 0.0647 

'A -0.0138 0.0449 0.0278 0.0192 0.0057 

"Values taken from ref. 24. 

Table 5. H(r,) values, in atomic units, of the PL,' clusters. 
- - - - - - -  

Species SVWN BVWN BLYP B3LYP MP2" 

"Values taken from ref. 24. 
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1042 Can. J .  Chem. Vol. 74, 1996 

Fig. 6. Plots of the values of P-X distances (A),  electron density at the P-X bond critical point (B), and energy density 
at the P-X bond critical point (C) calculated at B3LYP versus those calculated at MP2. T and S refer to triplet and singlet 
complexes, respectively, and 1 and 2 to one- and two-ligand complexes. In plot A, the data for the ailolnalous tripIet P(PH&+ 
have been omitted. 

A. P-X Distances (A) 
2.800 

2.600 - 

2.400 - 
04 

5 2.200 - 
0 
a 

2.000 - + T1 

0 S1 
1.800 - x T2 

0 S2 
1.600 

MPZ MPZ 

despite the fact that the absolute differences are now dimin- 
ished. Inclusion of nonlocal gradient corrections to both the 
exchange and correlation in its BLYP form balances this sit- 
uation, giving values in quantitative agreement with the MP2 
values. The ARhgP is 0.042 A, without taking into account 
the anomalous case of triplet P(PH3)2+. B3LYP shows a sig- 
nificant improvement of these data and is 0.013 A. 
The magnitude of this deviation is maintained quit constant 
throughout the series, although we are dealing with a great 
variety of P-X distances and P-X bond types. This can 
be observed from inspection Figure 6A, in which RMPZ are 
plotted versus RB3 values. A good fit is obtained for any kind 
of complex, whether triplet or singlet, or one- or two-ligand 

complexes. It should also be mentioned that, in general, there 
is a tendency for the BLYP and B3LYP methods to describe 
slightly longer bonds than do MP2 methods. 

As mentioned, triplet P(PH3)2+ constitutes a special case. 
Its geometries calculated at the different levels of theory 
can be found in Fig. 5 .  Contrary to the findings described 
above, DFT an MP2 describe structures with substantial dif- 
ferences (see Fig. 5) .  As well, each functional shows different 
symmetries, except BLYP and B3LYP, which show similar 
structures. Thus, at the MP2 level of theory (Fig. 5a) ,  triplet 
P(PH3)2+ is a linear complex with one ligand strongly bound 
to the phosphorus, while the other lies at a much greater dis- 
tance. Instead of that, SVWN describes an angular structure 
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Lopez et al. 1043 

Fig. 7. The top two charts depicted plots of the dissociation energies calculated at the B3LYP versus those calculated at MP2 
(A) and G2 levels of theory (B). T and S refer to triplet and singlet complexes, respectively, and 1 and 2 to one- and two- 
ligand complexes. In the bottom two charts, plots of the triplet-singlet gap for B3LYP versus MP2 (C) and G2 (D) values 
can be found for phosphorus cation (PC), one-ligand clusters (One), and two ligand clusters (Two). 

C. T S  Gap ( k d m d )  D. T S  Gap (kdmol) 
50.00 50.00 

with unequivalent ligands (Fig. 5b), but the difference in ion- 
ligand distance has now decreased to a large extent. BVWN 
methods describe a linear complex, but with both ligands 
similarly linked to phosphorus (Fig. 5c). BLYP and B3LYP 
structures are angular with an angle close to 100". However, 
as in MP2, one ligand is strongly bound to phosphorus, while 
the other lies at much longer distances, describing a similar 
kind of complex for the three methods despite the large dif- 
ference in the PPP angle. 

In summary, DFT geometries show excellent agreement 
with MP2 ones, when the proper nonlocal gradient correc- 

tions are used. Our results for B3LYP show similar values to 
those for MP2. Triplet P(PH&+ constitutes the only excep- 
tion, although a similar kind of complex is described by the 
BLYP, B3LYP, and MP2 methods. 

3.2 Dissociation energies 
The dissociation energies calculated with the SVWN, BVWN, 
BLYP, and B3LYP functionals and the MP2 and G2 methods, 
along with the QCI energy corrections involved in the G2 
method can be found in Table 1. Plots of the B3LYP dis- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74, 1996 

sociation energies versus their corresponding MP2 and G2 
values are shown in Figs. 7a  and 7b, respectively. Inspec 
tion of Table 1 reveals that the SVWN dissociation energies 
are much larger than their corresponding accurate G2 values. 
Allowing for gradient corrections in the exchange functional 
only (BVWN functional) weakens the ion-molecule bonds, 
hence the calculated Do values are now lower than those 
obtained at the G2 level of theory. Nevertheless, when gra- 
dient corrections are implemented for both the exchange and 
electron correlation functionals (BLYP and B3LYP) the dis- 
sociation energies show better agreement with G2 values. 
In particular, it is worth noting that the average deviation 
of the B3LYP Do's with respect to those for MP2 is only 
2.17 kcaVmo1. However, the average deviation of the B3LYP 
dissociation energies with respect to the G2 ones is worse, 
AD083G2 = 4.30 kcallmol, with the general tendency of the 
B3LYP to overestimate the G2 dissociation energies although 
this is strongly dependent on the spin multiplicity and the 
number of ligands of the cluster. Thus, B3LYP Do's for the 
triplets and two-ligand complexes are closer to their corre- 
sponding G2 values than singlets and one-ligand complexes, 
respectively. Remarkably, the same observation is also true 
for the comparison between the MP2 and G2 dissociation en- 
ergies. This fact points to the QCI energy corrections as the 
main source of discrepancies between the MP2, and conse- 
quently the B3LYP, and the G2 dissociation energies, for the 
G2 empirical energy corrections cancel exactly between the 
two terms of the left-hand side of eq. [2]. Indeed, if both the 
MP2 and B3LYP dissociation energies are added to the QCI 
energy correction values of the G2 method, we obtain dis- 
sociation energies that lie within 1.5 kcallmol error bar with 
respect to the G2 values, for both singlet and triplet com- 
plexes, irrespective of whether they have one or two ligands. 
Recall that we have used the largest G2 basis set, namely 
the 6-1 l+G(3df,2p), for the calculation of the dissociation 
energies within the density functional theory. QCI energy 
corrections to the total energy of the ions studied in this 
paper are collected in Table 6. 

With the previous comments in mind, we will now dis- 
cuss each kind of complex (one- and two-ligand, triplet and 
singlet) separately. Both the quantitative agreement and qual- 
itative common patterns among the various methods used to 
evaluate the dissociation energy will now be analyzed. 

3.2.1 Triplet one-ligand complexes 
Let us comment first on the agreement between the MP2 
and G2 methods. For triplet one-ligand complexes, MP2 and 
G2 values match each other reasonably well. Even for phos- 
phine, the worst case, the difference is 1.51 kcallmol, and 
for any of the other ligands is less than 1 kcaVmo1. Hence, 
ADS' is small, namely, 0.58 kcaVmo1. Taking into account 
that G2 has been proven to yield values in accordance with 
experimental data by 2 kcaVmol for many chemical systems, 
we can conclude that MP2 seems to describe these systems 
properly. This good concordance can be easily understood 
bearing in mind the comments outlined above. Thus, QCI 
corrections to the Do's are small (see Table I), namely, less 
than 0.5 kcaVmol in all cases, and consequently a good agree- 
ment between MP2 and G2 should be expected. 

B3LYP fits G2 data worse than does MP2, with ADZ 
3.03 kcallmol and ADEL 2.51 kcaVmo1. However, these re- 

Table 6. QCI corrections" to the total 
energy, in millihartrees. 

Species 

P' P 
P+ 'D 
P(NH,)' ,A, 

'A' 
P(NH,),' 3A2g 

' A  ' 
P(OH,)' 3A" 

' A ,  
P(0H2),' 3A 

' A  1 

P(FH)' ,A" 
'A' 

P(FH),' ,B, 
' A  

P(PH3)+ 3A2 
'A' 

P(PH3),' ,A" 
' A  I 

P(SH,)' 3A" 
' A ,  

P(SH,),' 9, 
' A ,  

"Values taken from ref. 24. 

sults should be regarded as reasonably good matching, since 
discrepancies with respect to G2 values are always main- 
tained below 4 kcallmol and the same trends are reproduced 
by B3LYP and G2 methods for the ligand dependency. The 
deviation with resDect to G2 values increases as we move 
to the right within each row in the periodic table. In that 
sense, the best agreement is found for XH3 systems, and the 
worst for XH. It should also be taken into account that for 
these complexes BLYP produces results of similar accuracy 
to B3LYP and that, despite the bad quantitative results of the 
SVWN and BVWN functionals, they show the same trends 
for ligand dependency as the other methods. 

3.2.2 Singlet one-ligand complexes 
As mentioned earlier, the dissociation energies of singlet 
states do not compare as well with the G2 ones as those 
of triplets. There is a marked tendency for both MP2 and 
B3LYP methods to overbind the ion-molecule complexes 
with respect to the G2 level of theory, hence A D g 2  and AD;: 
are significantly larger, namely, 7.41 and 9.03 kcaVmo1, re- 
spectively, for the singlet one-ligand complexes. The worst 
fit to G2 data within each row is observed for XH2 ligands, 
being even larger than 10 kcaVmol for SH2 in both methods. 
Despite this augmented discrepancy, the accord between MP2 
and B3LYP remains, leading to a similar value of the AD&2 
as for the triplets, namely, 1.73 kcaVmol. A substantial part 
of the enhanced deviation between MP2 and G2 data origi- 
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nates in the augmented QCI corrections, which are now quite 
important in contrast with the case for triplet states. These 
corrections, see Table 1, are largest for XH2 ligands, 6.50 
and 7.19 kcallrnol for OH2 and SH2, respectively. This dis- 
crepancy is also observed for the B3LYP method, leading to 
similar trends in the G2-B3LYP discrepancies as in MP2. 

In spite of these enhanced deviations, both MP2 and 
B3LYP reproduce the same trends as the G2 method. In 
this sense, binding energies increase for all ligands when we 
go from triplets to singlets, decrease as we go to the right 
through the periodic table, and larger binding energies are 
found for second-row hydrides than for first-row ones. How- 
ever, these trends are not always reproduced by the other 
functionals. For instance, SVWN, BVWN, and BLYP pro- 
duce larger binding energies for SH2 than for pH3, and for 
some complexes SVWN, BVWN, and BLYP show larger 
binding energies for the triplets than for the singlets (see 
Table 2). Discrepancies also appear if we compare the rel- 
ative strength of the P-X bond of first-row hydrides with 
that of the analogous second-row ones. B3LYP, MP2, and 
G2 binding energies for second-row ligands are larger than 
for the first-row ones, even though the G2 difference is very 
low for XH3 ligands. However, this is not always true for 
SVWN, BVWN, and BLYP functionals. These facts suggest 
that B3LYP is the only functional that reproduces the trends 
of the G2 method, despite the significant overbinding men- 
tioned. 

The anomalous results obtained for the singlet P(OH2)+ 
should also be mentioned. In this case, the largest binding 
energy among DFT methods is obtained for the B3LYP func- 
tional, namely 74.63 kcallrnol, which compares fairly well 
with that obtained at the MP2 level of theory, 72.89 kcallmol, 
but not so well with the 64.84 kcallmol value of the G2 
method. Suiprisingly, the best fit to the G2 value is obtained 
for the SVWN functional, 61.33 kcallrnol. 

3.2.3 Triplet two-ligand complexes 
At the G2 level of theory, we can observe a large decrease 
of Do's when a second ligand is attached to the phosphorus 
ion in its triplet state. In fact, the lowest Do's for all ligands 
are obtained for these complexes. This lowering was related 
to a marked lowering of covalency, which even changes the 
bonding character of the covalent bonds, and it was larger as 
the covalency of the P-X bond increased. This lowering is 
also reproduced by all functionals and MP2 theory. A fairly 
good agreement is found between MP2 and G2; differences 
are always maintained below 1.4 kcallmol, so A D g 2  is very 
small, namely 0.94 kcaWmo1. This good agreement should 
be expected since QCI corrections to Do's are not significant 
for triplet two-ligand complexes, see Table 1. Apart from the 
triplet P(PH3)2+, B3LYP shows good concordance with MP2 
and G2 results, showing a ADg2P2 of only 1.81 kcallrnol. The 
worst fit is observed for the triplet P(PH3)2+; a dissociation 
energy of 5.80 kcallmol is obtained for G2 whereas B3LYP 
predicts 9.32 kcaWmo1. We recall that B3LYP and MP2 ge- 
ometries were quite different in this case. Therefore, it should 
expected that this disagreement would also be present in the 
Do. Along with the good B3LYP-MP2-G2 agreement, the 
trends for the ligand dependencies of the Do are equally well 
reproduced by these three methods. 

With respect to the other functionals, it should be men- 

tioned that SVWN and BVWN show discrepancies in the 
variation of Do with the ligand, with respect to G2. For 
instance, whereas water is bound slightly more strongly to 
phosphorus than is ammonia, by 1.07 kcaUmol with G2, am- 
monia is bound more strongly to phosphorus with the SVWN 
and BVWN functionals, by 0.04 and 0.14 kcaWmo1, respec- 
tively. For first-row hydrides, the trends are similar to those 
described before, thus, SVWN Do's are larger than the G2 
values, BVWN smaller, and BLYP, B3LYP, and MP2 lie 
in between. However, quite surprisingly, for second-row hy- 
drides the best DFT fit to G2 values is obtained with BVWN, 
in some cases even better than with MP2. Curiously, for 
triplet P(PH3)2+ a similar value to that with G2 is obtained 
with BVWN, despite the great disagreement between MP2 
and BVWN geometries. 

3.2.4 Singlet two-ligand complexes 
When we add a second ligand to the singlet one-ligand com- 
plexes, the lowering of the dissociation energies is not so pro- 
nounced as in the triplet states at the G2 level of theory. Ex- 
ploration of the bonding properties of the electron density re- 
veals that the loss of covalent character is not so pronounced 
as in the triplet state, so the nature of the covalent bonds re- 
mains unchanged. Nevertheless, binding energies were found 
to be very similar to those of the one-ligand complexes, and 
the trends in ligand stability were similar to them, in con- 
trast with the behaviour of the triplets. However, this trend is 
not equally reproduced by the various methods. Once again, 
B3LYP, MP2, and G2 show similar patterns; thus, Do de- 
creases are predicted as we move to the right through the 
periodic table and larger binding energies are predicted for 
second-row ligands than for first-row ones. The other func- 
tional~, SVWN, BVWN, and BLYP, present some exceptions 
to these tendencies. As in the singlet one-ligand complexes, 
OH2 is the anomalous case of the first-row hydrides, but 
now by the opposite effect. These three functionals give too 
large binding energies compared with G2, even the BVWN 
functional that often gives smaller ones. SH2 is also poorly 
reproduced with SVWN and BVWN functionals. Probably, 
these discrepancies were transferred from the poor results for 
singlet PXH2+ complexes. 

With respect to the quantitative agreement, MP2 and 
G2 show a worse agreement than for the triplets, MP2 
tending to overbind the cluster so that ADr2PZ is increased 
to 5.53 kcaWmo1. Phosphine is the worst case and the dis- 
agreement is close to 10 kcaltmol. However, these differ- 
ences are sensibly smaller than for the singlet one-ligand 
complexes and, in contrast, PXH2+ complexes now show the 
best MP2-G2 fit within each row. Here again, the MP2- 
G2 discrepancies match the trends of the QCI corrections. 
Thus, QCI corrections represent a more significant contri- 
bution for singlets than for triplets, but lower than singlet 
one-ligand complexes. Also, they are minima for P(XH2)2 
systems within each row. 

Again, B3LYP is the functional that best fits G2 values, 
even better than that of the MP2 method, so AD;: is now 
substantially smaller, namely, 2.70 kcaWmo1. Its discrepancies 
with respect to the G2 data follow a similar trend as the MP2 
method, except for phosphine, for which good agreement is 
found between the B3LYP and G2 methods. 
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3.3 Triplet-singlet gap 
The energy difference between high and low spin states of an 
ion and the relaxation of this triplet-singlet gap, as cluster 
growths, measures the strength of the ligand field and its 
dependence upon the nature of the ligands and the size of the 
cluster. The two lowest spin states of P+ are the triplet and the 
singlet, with the singlet lying 25.20 kcaVmol above the triplet 
at the G2 level of theory. When one ligand is attached to the 
phosphorus, stabilization of the singlets is observed although 
it is not strong enough to allow the singlets to become the 
ground state. This stabilization is mainly due to the ability 
of the ligands to interact with the empty 3p orbital of the 
singlet phosphorus cation, which lies perpendicular to the 
bond direction, and this orbital is occupied by one unpaired 
electron in the triplet ground state. 

First, we will briefly discuss the G2 qualitative trends. For 
one-ligand complexes, the relaxation of the triplet-singlet 
gap is maximum for the XH2 systems (6.93 kcaVmol for 
water and 10.11 kcal/mol for SH?) because they have an ad- 
ditional lone pair for x donation to the empty 3p orbital of 
P+. On the other hand, XH3 ligands, which have a single 
lone pair, and very hard bases like FH, have triplet-singlet 
gaps similar to that of the free P+. Also, it is observed that 
relaxation of the triplet-singlet gap is larger for second-row 
hydrides than for the corresponding first-row ones, an indi- 
cation of the greater capability of the former to delocalize 
their electronic charge. For two-ligand complexes, the rr do- 
nation disappears, since now both the formal empty 3p or- 
bitals of the singlet P+ have their own donating ligand, and 
the relaxation is totally dominated by the o donation of the 
ligands. Therefore, for the two-ligand complexes, the relax- 
ation is larger as we go to the left through the periodic table, 
being large enough for NH3, pH3, and SH2 two-ligand com- 
plexes to allow for singlet ground states, by 12.03, 41.81, 
and 18.87 kcaVmol, respectively, at the G2 level of theory. 
Also, for the OH2 complex, the singlet and triplet states are 
nearly degenerate, the former being above the latter by only 
1.03 kcaVmol. 

Values of the triplet-singlet gap (At-,) for P+ and the 12 
ion-molecule complexes calculated at the SVWN, BVWN, 
BLYP, B3LYP, MP2, and G2 levels of theory are given in 
Table 2. The plots versus and A% are shown in 
Figs. 7C and 7 0 ,  respectively. As evidence in these figures, 
P+ and the one-ligand complexes have a worse B3LYP-G2 
agreement than the two-ligand complexes, while the B3LYP- 
MP2 fit is remarkably good. We will now analyze these two 
cases separately. 

For P+ and one-ligand complexes, DFT and MP2 methods 
significantly overestimates A,, with respect to G2 values. 
The MP2 overestimation can be partially understood by con- 
sidering both empirical corrections to the energy and QCI 
corrections made in the G2 method. Empirical corrections 
are different for singlets and for triplets, since they have dif- 
ferent numbers of electron pairs (a  and electrons). These 
empirical corrections suggest a 2.89 kcaVmol stabilization of 
the singlets with respect to the triplets and it is constant for 
P+ and for any cluster. The origin of the QCI corrections to 
A,, is the enhanced relaxation of the singlets compared with 
the triplets when these corrections are accomplished. In that 
way, a method such as MP2, which does not take them into 
account, tends to understabilize the singlets, overestimating 

the triplet-singlet gap. Values of A Q , I  can be found in Table 
2. Although they do not account for all the overestimation, 
they are significant for P+ and one-ligand complexes, A?:' 
are not homogeneously maintained through all the clusters. 
Within each row, PXH2 has the lowest A2F1, with PXH3 and 
PXH showing very similar ones. Besides, ~2:' are lowered 
when we go from first-row hydrides to second-row ones. It 
should be noted that MP2-G2 differences in At-, follow these 
trends. 

As we can see in Fig. 7C, B3LYP presents an analogous 
behaviour. B3LYP tends to give A,-, than MP2, rendering re- 
sults closer to the G2 values. Nevertheless, B3LYP markedly 
overestimates the A,,, see Fig. 7 0 .  The trends in B3LYP- 
G2 discrepancies are analogous to those of the MP2 method, 
suggesting here again that B3LYP and MP2 in some way pos- 
sess similar shortcomings. Despite these failures, the quali- 
tative trends mentioned before are well reproduced by both 
methods, and we conclude that similar conclusions could be 
reached from B3LYP, MP2, and G2 data. In general, the other 
functionals, SVWN, BVWN, and BLYP, do not only tend to 
overestimate the triplet-singlet gap, but sometimes they do 
not reproduce the same qualitative trends of the AE:. For in- 
stance, the poor results for the P(OH2)+ system should be 
noted, or the larger triplet-singlet gap obtained for P(PH3)+ 
with respect to that of the free P+. 

For two-ligand complexes, we can see that B3LYP and 
MP2 agreement with G2 improves, see Table 2 and Figs. 7 C  
and 7 0 .  Recall that QCI corrections to the energy for two- 
ligand complexes were similar for triplets and for singlets, 
so that the A2F1's are negligible, as can be seen in Table 2. 
In this way, a lower MP2-G2 discrepancy is observed. Also, 
B3LYP shows the best fit to G2 values (Fig. 7 0 ) ,  the only 
exception being P(PH3)2+. For his complex, we obtain a value 
of 32.80 kcaVmol for A::, whereas 43.45 and 41.81 kcaVmol 
are obtained with the MP2 and G2 methods, respectively. 
These discrepancies have to be partially attributed to the large 
differences in the description of triplet P(PH3)2+ made by 
B3LYP and MP2. We recall that triplet P(PH3)2+ is almost 
twice more stable in B3LYP theory than in MP2 or G2, 
and different geometries were encountered for it using the 
B3LYP and MP2 methods. Apart from this disagreement, 
B3LYP and MP2 reproduce properly the qualitative trends 
in AE; mentioned before. The same is not true for the other 
functionals; for instance, SVWN stabilizes the singlets too 
much compared to G2, and for P(OH2)2+ and P(ClH2)2+ we 
get singlet ground states instead of the triplet predicted by the 
G2 method. The inclusion of the gradient corrections only to 
the exchange, the BVWN functional, favors the triplet, and 
for P(NH3)2+ and P(SH2)2+ we get a triplet ground state, 
instead of the G2 singlet. BLYP gives the same ground state 
as G2 for any ligand but in general shows a worse fit to G2 
data than B3LYP. 

3.4 Bonding properties: p (re), V 2p(rc), and H(rc) 
Properties of the bond critical points such as the electron 
density (p(r,)), the Laplacian ( ~ ~ ~ ( r , ) ) ,  and the energy den- 
sity (H(r,)) are usually employed for characterization of the 
binding mechanism in a great variety of systems. A large 
value of p(rc) with negative values of ~ ~ ~ ( r , )  and H(rc) 
are typical features of covalent interactions, whereas smaller 
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p(rc) and positive values of V2p(rc) and H(rc) are common to 
electrostatic interactions. In previous papers, we used these 
properties to rationalize the bonding of various phosphorus 
clusters. We found that p(rc) and H(rc) were useful for these 
purposes, whereas analysis of VZp(r) could only lead to some 
inconsistencies. Looking at p(rc) and H(rc), it was stated 
that P+ behaves as a soft acid for one-ligand complexes and 
prefers to be bound to the softest bases, for which electronic 
effects are more favored, than to hard ones (FH), for which 
electrostatics interaction dominates the bond. Larger cova- 
lency, which accounts for the enhanced dissociation ener- 
gies, was characterized for singlets than for triplets, as de- 
noted by the larger p(rc) and more negative H(rc) found for 
the former. For two-ligand complexes, great differences were 
encountered for triplet and singlets. A huge decrease of p(rc) 
and an absolute value of H(rc) was observed for the triplets, 
denoting the large decrease in covalency occurring for these 
complexes. The loss of covalency was so high that changes 
in the shape of the Laplacian could be observed for the most 
covalent systems. This was the origin of the great lowering 
of the Do values mentioned earlier. Singlet two-ligand com- 
plexes did not show such pronounced lowering of p(rc) and 
the H(rc) in absolute value, denoting that the binding keeps 
a great deal of its covalent character. 

It would be desirable to know how DFT fits these values, 
and whether or not it provides reliable information, repro- 
ducing the trends commented upon above. Values of p(rc), 
V2p(rc), and H(rc) calculated by the SVWN, BVWN, BLYP, 
B3LYP, and MP2 methods are depicted in Tables 3, 4, and 5,  
respectively. Also, we have plotted p(rc) and H(rc) values of 
B3LYP versus those of MP2, Figs. 6B and 6C,  respectively. 
From inspection of Tables 3 and 5, it is clear that SVWN 
tends to assign greater covalency than MP2, whereas the in- 
clusion of non-gradient corrections to the exchange, BVWN 
functional, removes electron density form the internuclear 
region, resulting in lower values of p(rc) and less negative 
values of H(rc) than those of MP2. This is the origin of 
the enhanced and lowered bond strength of the SVWN and 
BVWN methods, respectively. BLYP and B3LYP lead to 
intermediate values of p(rc) and H(rc), closer to the MP2 
values. Generally, B3LYP shows a better fit to MP2 values 
than does BLYP. It can be observed from Fig. 6B that this fit 
is very good, resulting in a small A ~ L ~ ~ ,  namely, 0.0029. Ac- 
cording to this good agreement, the qualitative trends in p(rc) 
are properly reproduced by the B3LYP method, therefore the 
same conclusions can be drawn from them. H(rc) shows a bit 
worse fit (see Fig. 6C) with a AHik of 0.0042. The worst 
cases are the singlet P(PH3)2+ and singlet P(SH2)2+, showing 
sensibly lower absolute values than MP2. Despite this worse 
fit, the qualitative trends in H(rc) are also reproduced, so that 
similar conclusions could also be extracted from these data. 

On the contrary, B3LYP vZp(r)  has a very bad fit; the 
mean deviation between B3LYP and MP2 data is 0.0217 and, 
moreover, it is not the functional with a best fit to the MP2 
values. SVWN now shows the best fit, with a mean deviation 
of 0.0189. Its qualitative trends are similar to those shown 
by MP2 and, in this sense, the same incoherences, which 
did not allow us to consider the value of vZp(r)  as a reliable 
sole magnitude to characterize the binding mechanism, are 
observed. Positive values of the Laplacian are encountered 
for most of the first-row hydride clusters, whereas values of 

p(rc), H(rc), and Do denote that some covalency is occurring 
for these bonds. 

4. Concluding remarks 
Among the functionals studied here, SVWN, BVWN, BLYP, 
and B3LYP, the B3LYP has been proven to yield the best 
fit and overall coherence with the MP2 dissociation energies, 
phosphoms-ligand distances, triplet-singlet energy gap, and 
local bond properties, such as the electron and the energy 
densities at the bond critical points. The local spin density ap- 
proximation, in its SVWN form, tends to describe too strong 
bonds. The inclusion of nonlocal gradient corrections solely 
to the exchange weakens the bonds too much, even though 
lower absolute deviations for various properties with respect 
to the accurate G2 method are encountered. The inclusion 
of nonlocal gradient corrections to both exchange and cor- 
relation in its BLYP form balances this situation and much 
better values are obtained for the above-mentioned proper- 
ties. However, some incoherent results are obtained, espe- 
cially for systems containing XH2 ligands, which disagree 
with the qualitative trends determined at the G2 level of 
theory. B3LYP improves these results and removes these 
incoherences, giving a good fit with MP2 data for R and 
p(rc) and, except for the P(PH3)2+ complex, also for Do and 
A,. This MP2-B3LYP fit is a bit worse for H(rc), although 
overall qualitative agreement remains, and it is fairly bad for 
VZp(r). For the latter property, the lower mean deviation with 
MP2 is obtained for the SVWN functional. 

In general, the deviations of B3LYP and MP2 methods 
from G2 dissociation energies and the triplet-singlet gap 
are similar. Thus, while triplets show quite good accord for 
Do, significant overbinding, which is larger for one-ligand 
than for two-ligand complexes, is obtained for the singlets. 
The overbinding is largest for XH2 ligands in one-ligand 
complexes, but smallest for the same ligands in two-ligand 
complexes. For MP2, the origin of such deviations can be 
understood as the result of the QCI relaxation. Our results 
show that B3LYP bears in some way this deficiency of the 
MP2 method. Also, we could observe an overestimation of 
the triplet-singlet gap, favoring the former spin state, of 
both methods, again partially due to the lack of QCI re- 
laxation. QCI corrections can be considered important only 
when the occupation of the open shell of the singlet phos- 
phorus changes sensibly, adding a new ligand. This is the 
case for small clusters, when we add one or two ligands. For 
bigger clusters, we consider that these effects will be negli- 
gible and so, taking into account our results, we can conclude 
that B3LYP is expected to yield accurate characterizations of 
the bigger clusters. 
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Molecular charge density analysis 

Juergen Hinze, F. Biegler-Konig, and A.G. Lowe 

Abstract: It is proposed to analyse the first-order reduced density matrix of a molecular wave function in terms of the 
first-order reduced density matrices of different states of the constituent atoms. With this an unambiguous partitioning 
of the molecular charge distribution in terms of the atomic charge distributions is obtained. Simple practical formulae 
are derived, such that in many ab initio molecular wave function calculations the analysis proposed can be carried out 
routinely. The results obtained should be useful for the interpretation of molecular wave functions in terms of their atomic 
constituents, as well as for the determination of atomic form factors to be used in X-ray molecular structure determination. 
Some simple examples are given, and the results obtained are compared with those obtained using other methods of 
analysis. 

Key words: charge density, density matrix, goodness-of-fit, correlation coefficient, standard deviation. 

RCsumC : On s'est proposC d'analyser la matrice de densit6 reduite du premier ordre d'une fonction d'onde molkculaire 
en termes de matrices de densitt rCduite du premier ordre de diffkrents Ctats des atomes qui la constituent. De cette faqon, 
on a pu obtenir une partition non ambigue de la distribution de la charge molCculaire en termes des distributions des 
charges atomiques. On en a dkrivC des formules pratiques simples telles que, dans plusieurs calculs ab initio de fonctions 
d'onde moltculaires, l'analyse proposCe peut Etre effectuke d'une faqon routinikre. Les rksultats obtenus devraient itre 
utiles pour I'interprktation des fonctions d'onde molCculaires en termes de leurs constituants atomiques, ainsi que pour 
la ditermination de facteurs f atomiques i Etre utilisCs dans la dktermination des structures moltculaires par les rayons 
X. On donne quelques exemples simples et on compare les rksultats avec ceux obtenus en utilisant d'autres mCthodes 
d'analyse. 

Mots cle's : densit6 de charge, matrice de densitC, facteur d'accord, coefficient de corrklation, deviation standard. 

[Traduit par la rCdaction] 

1. Introduction lations. Much insight as well as partial atomic charges can 

The analysis of the molecular wave function or the molecular 
charge density in terms of the corresponding quantities of the 
constituent atoms has a long history (1-8). The intention is 
to better understand, on the basis of such an analysis, how 
much atomic properties predetermine molecular properties 
and how atomic charges are deformed and modified in  the 
process of molecular formation. In addition, there is the hope 
of finding criteria for atomic or molecular fragment charge 
distributions, such that these are transferable and can be  used 
to easily build approximate charge distributions of increas- 
ingly larger and more complex molecules. Furthermore, there 
is the aspiration to derive from the molecular charge distribu- 
tion information about molecular interactions and reactivity. 
Foremost in the analysis of the molecular wave function in 
terms of its atomic contributions ranks the Mulliken pop- 
ulation analysis (1)  and its variations (9-15) with the aim 
of achieving a more rational division of the overlap popu- 
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be derived, using S e s e  methods; however, they are plagued 
by the non-uniqueness of the partitioning of the overlap pop- 
ulations. A similar situation obtains in the analysis of the 
molecular charge density in terms of its atomic contributions 
(16-22). The use, in these procedures proposed, of spheri- 
cally averaged atomic "prodensities" makes available signif- 
icant information; however, it is possible to  also determine 
atomic deformation densities (23, 24). Using these methods 
requires in general significant extra computational effort, a 
disadvantage. Also the division of the molecular density into 
unique atomic regions, being limited by the zero flux surfaces 
between the atoms (25-30), requires a significant extra com- 
putational effort. However, useful chemical insight, which is 
not always obvious to chemical intuition, has been gained by 
using this type of analysis of the molecular charge density. 

We propose here to analyse the first-order reduced den- 
sity matrix of the molecule, the diagonal of which is the 
charge density, in terms of the reduced density matrices of 
the constituent atoms. We will show that such an analysis is 
computationally simple in most molecular wave function cal- 
culations. The procedure is unique inasmuch as least-squares 
optimizations are unique, in that they permit a correlation 
and error analysis of the results obtained. In Sect. 2 we 
will present a brief definition of the terms used and out- 
line the method proposed. In Sect. 3 we  will show the ease 
with which the required matrix elements can be computed, 
if a standard basis function method is used to compute the 
molecular wave function, and in Sect. 4 we will present some 

Can. J. Chem. 74: 1049-1053 (1996). Printed in Canada / ImprimC au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

results obtained. In Sect. 5 we will outline the possibility of 
a correlation and error analysis of the results and consider 
the possibility of constructing approximate molecular den- 
sity matrices of complex molecules, using the corresponding 
atomic or fragment density matrices. 

2. Charge density analysis 
Rather than analysing the molecular charge density, pM(r), 
directly, as has been suggested in the past (16-21), we pro- 
pose to analyse the first-order reduced spatial density matrix, 
pM(r',r), which is defined in terms of the molecular wave 
function, YM. for an N particle system as (31, 32): 

Here the integration is over the spin variable, sl, of particle 
one, and the space-spin variables, T ~ ,  . . . , TN, of the remaining 
particles. The molecular charge density is obtained as the 
diagonal of the density matrix, i.e., 

The analysis in terms of the density matrix, rather than the 
charge density, has the advantage of containing more infor- 
mation, in addition to being simpler, as will be seen below. 
For the analysis we extremalize the functional 

which represents the absolute value square of the difference 
between the molecular density matrix and the sum of the 
density matrices of the constituting atoms A in their different 
states I, weighted with the as yet unknown coefficients WAI. 

The dependence on the variable r' disappears in eq. [2.3], 
because the absolute value of the product of two density 
matrices means 

Extremalization of with respect to the wAI's yields the 
linear set of normal equations 

for the determination of the elements WAI of the vector w. 
The matrix elements to be computed are 

and 

With the auxiliary condition of charge conservation, i.e., 

introduced with a Lagrange multiplier h into the functional 
to be extremalized, the following somewhat modified linear 
equation is obtained: 

Here the coefficient-matrix M is extended by one row and 
one column by the vector N, the elements of which are given 
as 

i.e., the number of electrons of the atom B in state J; also 
ions are admissible. The vector with the elements WAI has 
as the last element h, the Lagrange multiplier, and the vector 
with the elements bBJ has as its last element N, the total 
number of electrons in the molecule. 

3. Computation of the matrix elements 
For the computation of the matrix elements, eqs. [2.6] and 
[2.7], it is possible to use highly accurate density matrices 
for the various states of the constituent atoms. However, the 
computation becomes particularly simple if the density ma- 
trices of the atomic states are determined using the same basis 
set that is used in the molecular wave function calculation. 
Represented in such a common basis, the density matrices 
are 

13.11 p(f, r) = x ( f  lxP > Dpq < xqlr) 
P'l 

where the Dp4's are the elements of the first-order reduced 
density matrix in the space spanned by the basis functions. 
The number of electrons of such a system is then given as 

where S is the overlap matrix with the elements 

[3.31 spq  = (xplxq) 

With this the desired matrix elements become 

Thus they can be obtained using simple matrix multipli- 
cation of matrices that are generally available in a standard 
molecular wave function calculation. With this, the method 
suggested becomes particularly simple and could be imple- 
mented easily in most molecular wave function programs. 

4. Results 
In Table 1 we present some results obtained, using the 
method described. These results were computed, using the 
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Hinze et al. 

Table 1. Weight coefficients w, for the atomic density matrices calculated by solving eq. [2.9] and partial charges q 
computed using the w,'s compared with valuesM of a Mulliken population analysis and valuesH obtained following the 
method of Hirsfeld (22). 

VDZ STO-3G VDZ STO-3G 
Molecule Molecule 

Atom(conf.) w; 4 wi 4 Atom(conf.) wi 4 wi 4 

LiH 
H(s) 
Li(s) 

BeH 
H(s) 
Be(s2) 

H(s) 
N(s2pn2) 
N(sp2n2) 

HCI 
H(s) 
Cl(s2pn4) 

AIH 
H(s) 
Al(s2p) 

- 

MOLPRO program (33) STO-3G as well as a valence double 
zeta (VDZ) basis set, in order to have a comparison to the 
partial charges calculated by Davidson and Chakravorty (22), 
using Mulliken population analysis (I)  and the method of 
Hirsfeld (1 8). To be sure, the data presented here are just pre- 
liminary and far from being conclusive. They were computed 
using density matrices of independent Hartree-Fock calcula- 

significant differences can be observed. The differences of 
the results for the two different basis sets can surely be at- 
tributed to the inadequacy of the STO-3G basis to yield a 
reasonable approximation to the true densities; that is partic- 
ularly apparent in the case of HF. In addition to the partial 
charges, the method proposed here also yields information 
on the s-  and p-character the atoms use in bond formation. 
This becomes significant already in the case of LiH, where 
Li is found to use 30% p-character in its bond to H, and 
with the P-state of Li in the analysis the partial charge found 
is reduced by 20%. Even more drastic, as expected, is the 
situation of BeH. Here the excited P-state of Be is to almost 
90% involved in the formation of BeH with a concomitant 
drastic reduction in the partial charges obtained if this state 
is included in the analysis. Also in the hydrides of B through 
F there is a significant though decreasing use of s-character 
in the bond formation. That the inclusion of F- in the anal- 

tions for the ground states of the molecules and the various 
states of the atoms. In the case of atomic open-shell con- 
figurations, all states arising from these configurations that 
can couple to the appropriate molecular state-are included 
in the calculation. In Table 1 the result is reported for the 
configuration in total, in order not to expand the table un- 
duly. This is also the reason that the Mulliken and Hirsfeld 
values given for comparison are entered in the free spaces in 
the column headed by q for the partial charge. The partial 
charges obtained with all methods are reasonable; however, 
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ysis of the density of HF (lower right-hand box of Table 1) 
leads to a significant increase of the resulting partial charges 
is another finding that could have been anticipated. To as- 
sess conclusively the full potential of the method suggested 
here for the molecular charge density analysis, a much more 
exhaustive study, including many more molecules and more 
atomic states and a larger variety of basis set, will be re- 
quired. This will be presented in the future; however, it is 
clear from the results presented that their value could be in- 
creased if statistical measures can be obtained to determine 
the significance of the individual contributions to the total 
molecular density. 

5. Quality estimate of calculated data 
To gain confidence in the results produced by solving the 
normal equation we should be able to answer the following 
questions: 

1. How sensitive are the WAI with respect to errors or 
changes in the density matrix elements? 

2. Does the chosen set of atomic density matrices p ~ ,  
supply us with a suitable approximation of the molecular 
density matrix p ~ ?  

3. Does adding a new atomic state A1 improve this ap- 
proximation significantly? 

By assnming a normal distribution of the errors we can 
use statistical methods (34) to obtain numbers that quantify 
the answers to our questions. 

Let us first consider a standard least-squares problem with 
n data points given and rn coefficients to compute. We want 
to determine an rn vector x, which minimizes 

where A is an nxrn matrix and b an n vector. 
One way of determining x is by solving the normal system 

of the minimization problem 

with an rn x rn matrix M = (A*A). 
To obtain a measure of the sensitivity of a solution com- 

ponent xi with respect to errors in the data points we can 
calculate the variance of xi: 

By substituting 

into eq. [5.3] we obtain for the variance 

The positive square root of the variance is called the standard 
deviation of xi. 

To estimate the "goodness-of-fit" of the data to the model 
we can introduce the correlation coefficient: 

where 

Note that R2 = 1 in the case of a perfect fit (data points are 
perfectly correlated) and R2 = 0 if no correlation between 
the data points can be observed. 

Returning to the Charge Density Analysis we see that ex- 
pression [2.3] for x2 closely resembles expression [5.1] but 
with an infinity of data points. The sums over index i there- 
fore change into integrals over r. 

The definitions of variance and standard deviations of the 
w A ~  as the diagonal elements of the inverted normal matrix 
M are straightforward, see eq. [2.5] or [2.9]: 

The term in the numerator of eq. [5.6] is equivalent to 
our x2. The mean value in the denominator vanishes in our 
case (the mean value over the interval [-oo, oo] of any square 
integrable function is zero). Hence the correlation coefficient 
of eq. [5.6] generalizes to 

After defining standard deviations and correlation coeffi- 
cients for our problem we are able to answer the questions: 

1. The standard deviations o(wAI )  of eq. [5.8] give us a 
measure for the sensitivity of the calculated data with respect 
to perturbations in p~ and ~ A I .  

2. The correlation coefficient R of eq. [5.9] measures 
the "goodness-of-fit" of our approximation of p~ by the 
weighted sum of atomic densities PA! .  The closer R is to 
1 the better is our fit of p ~ .  

3. By including another atomic state function PA, in our 
approximation we get a modified correlation coefficient R'. 
The difference R' - R quantifies the progress we made by 
including an extra W A I .  

It is to be expected that, with the inclusion of an in- 
creasing number of excited atomic states in the expansion of 
the molecular density, the coefficient matrix M of eq. [2.5] or 
its extension in eq. [2.9] will become singular or nearly so. In 
this case, a singular value decomposition (35) of the coeffi- 
cient matrix would permit the elimination of redundant linear 
combinations of the atomic densities, permitting a focus on 
the remaining significant contributions. 

The method suggested is simple and unique; there is no 
arbitrariness with respect to the division of overlap densities. 
With the use of atomic ground and excited state densities, 
specific M, components along bonds will have to be used 
for such states; the method will also give information about 
atomic deformation densities, dependent on the chemical sur- 
rounding of an atom. These deformed atomic densities could 
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Hinze et al. 

then be used to calculate atomic form factors to be used in X- 
ray molecular structure determinations. The extent to which 
such deformed atomic densities or also molecular fragment 
densities can be transferred and used to construct approxi- 
mate densities of increasingly complex molecules remains to 
be investigated (36, 37). 
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Charge density study with the Maximum 
Entropy Method on model data of silicon. 
A search for non-nuclear attractors 

R.Y. de Vries, W.J. Briels, D. Feil, G. te Velde, and E.J. Baerends 

Abstract: In 1990 Sakata and Sato applied the maximum entropy method (MEM) to a set of structure factors measured 
earlier by Saka and Kato with the Pendellosung method. They found the presence of non-nuclear attractors, i.e., maxima 
in the density between two bonded atoms. We applied the MEM to a limited set of Fourier data calculated from a known 
electron density distribution (EDD) of silicon. The EDD of silicon was calculated with the program ADF-BAND. This 
program performs electronic structure calculations, including periodicity, based on the density functional theory of 
Hohenberg and Kohn. No non-nuclear attractor between two bonded silicon atoms was observed in this density. Structure 
factors were calculated from this density and the same set of structure factors that was measured by Saka and Kato was 
used in the MEM analysis. The EDD obtained with the MEM shows the same non-nuclear attractors that were later 
obtained by Sakata and Sato. This means that the non-nuclear attractors in silicon are really an artefact of the MEM. 

Key words: Maximum Entropy Method, non-nuclear attractors, charge density, X-ray diffraction. 

RCsumC : Sakata et Sato (1990) ont appliquC la mCthode d'entropie maximale (MEM) sur un ensemble de facteurs de 
structures mesurCs par Saka et Kato i l'aide de la mCthode Pendellosung. 11s ont trouvC la prCsence d'attracteurs non 
nucliaires, c'est-i-dire de maxima dans la densit6 entre deux atomes liCs. On a appliquC la MEM i un ensemble limit6 de 
donnCes de Fourier calculCs i eartir d'une distribution de densite Clectronique connue (DDE) du silicium. On a calculi la 
DDE du silicium i l'aide du programme ADF-BAND. Ce programme qui effectue des calculs de structures Clectroniques, 
y compris la pCriodicitC, repose sur la thCorie de la densit6 fonctionnelle de Hohenberg et Kohn. Aucun attracteur non 
nuclCaire entre deux atomes de silicium non liCs n'a 6te observC dans cette densitC. On a calculC les facteurs de structure 
i partir de cette densit6 et, pour l'analyse MEM, on a utilisC I'ensemble de facteurs de structure qui avait CtC mesure 
par Saka et Kato. Les DDE obtenues avec l'analyse MEM montre la prCsence des m&mes attracteurs non nucl6aires que 
ceux obtenus par Sakata et Sato. On peut en dkduire que les attracteurs non nuclCaires dans le silicium sont en rCalitC des 
artefacts de l'analyse MEM. 

Mots c l b  : mCthode d'entropie maximale, attracteurs non nucliaires, densit6 de charge, diffraction par rayons X. 

[Traduit par la rCdaction] 

1. Introduction pole fit over a direct Fourier synthesis are that a multipole fit 

In the study of the electron density distribution (EDD) with 
the help of X-ray diffraction, experiment yields a set of inten- 
sities. In most, if not all, centrosymmetric crystals, structure 
factors can be derived from these intensities without any am- 
biguity in the phases. The most common method of extracting 
the EDD from an incomplete and noisy set of structure fac- 
tors is to fit the data to a multipole model (e.g., POP (I), 
MOLLY (2), and LSEXP (3, 4)). The advantages of a multi- 
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allows one to overcome the series termination effect, to filter 
out the noise from the data that were measured, and to ex- 
tract the static density from the thermally smeared density. A 
drawback to a multipole fit is the fact that bias is introduced, 
and random errors are traded for systematic errors (5). 

In the past few years, the maximum entropy method 
(MEM) has been used to obtain the EDD from an incom- 
plete and noisy set of structure factors (e.g., Sakata and Sato 
(6), Sakata et al. (71, and Takata et al. (8)). The MEM is ca- . ,. . ,. 
pable of handling' the series termination effect by estimating 
missing data. The MEM selects the EDD that is closest to 
an a priori EDD or, in its absence, closest to a uniform dis- 
tribution. It is believed that all the features that show up in 
the EDD are supported by the data and that the MEM gives 
least biased results. 

It has been pointed out by Jauch (9) that the EDDs pro- 
duced with the MEM have to be interpreted with great care. 
Our MEM study on a hypothetical water crystal (10) con- 
firmed these reservations with respect to the method. In par- 
ticular we showed that the MEM results yield an unrealistic 
X2-distribution. In case the data is very accurate the stmc- 
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ture factors are forced to be nearly equal to their measured 
values and the obtained EDD is independent of the distri- 
bution. Therefore, Sakata and Sato (6) did not have similar 
problems in their MEM study on silicon data since their work 
was based on highly accurate data. They found a local max- 
imum in the middle of the Si-Si bond. Although this (3, -3) 
critical point (Bader, ref. 11) was unexpected, no doubt about 
this non-nuclear attractor was expressed. Recently, a MEM 
study by Iversen et al. (12) revealed non-nuclear attractors 
in beryllium. The phenomenon, however, is small and the 
MEM has not been tested on this level of accuracy by means 
of model studies. Thus we decided to create a set of structure 
factors corresponding with a known EDD and to apply the 
MEM. 

To illustrate this we have applied the MEM to data calcu- 
lated from a known EDD of silicon. This EDD was obtained 
by means of an electronic structure calculation, including pe- 
riodicity, with the Amsterdam density functional BAND (ADF- 
BAND) program (13). The results were compared with those 
obtained by Sakata and Sato (6) who applied the MEM to 
experimental data on silicon. 

2. Method 
The maximum entropy principle states that out of all EDDs 
that satisfy certain constraints one should chose the EDD that 
maximizes the entropy (because this is the least biased), 
defined by Jaynes (14) as: 

where 

and 

m' is a prior density for the EDD p(x ,  y ,  z), i.e., some estimate 
before the present set of data was used. To calculate the 
integral in eq. [ l ]  the density is usually represented on a grid 
(N1 x N2 x N3) .  to give: 

In case the prior density m' is not specified, a uniform dis- 
tribution is assumed and eq. [4] reduces to 

N I  N?_ N3 

[51 S = - x x x p ~ , ,  lnp+ + constant 

The second term in eq. [5] can be dropped in the maximiza- 
tion process. This is the form we will use since we do not 
assume any prior information. 

The constraints are provided by the experiment and involve 
the structure factors that were measured. We also constrain 

the total number of electrons per unit cell to the correct value 
N :  

The most common way to incorporate the reflections that 
were measured is by maximizing the entropy subject to 

where Dhkl is the measured structure factor, F,lkl is the struc- 
ture factor calculated from the resulting density, O,,k[ is the 
standard deviation of the measurement, and M is the total 
number of (unique) reflections that were measured. Of course 
the EDD has to be positive everywhere. This is automatically 
satisfied since the logarithm of a negative number does not 
exist. 

It has been shown (10) that maximizing the entropy subject 
to this constraint does not necessarily lead to a proper fre- 
quency histogram of reduced differences (IFhkl\ - IDhkl ))/ohkl 
between calculated and observed structure factors. In par- 
ticular, a few strong low-order structure factors calculated 
from the EDD obtained by MEM show large deviations (up 
to 190 in the model study presented) from the measured 
values. The value of X2 is dominated by these structure fac- 
tors. This causes the remaining structure factors to be exactly 
equal to their measured values with disastrous effects on the 
resulting EDD. The same effect was also observed by Jauch 
and Palmer (15). The introduction of a weighting scheme as 
proposed by Feil and co-workers (10) partially solves this 
problem. 

Structure factors can be measured very accurately with the 
Pendellijsung method. In case the error in the measurements 
is very small the resulting EDD is insensitive to the distri- 
bution. The structure factors calculated from the maximum 
entropy EDD are then forced to have the same value as the 
measured structure factors. In this case only the series termi- 
nation effect is dealt with by the MEM. 

In the present study we focus on the series termination 
effect. We have calculated structure factors from a known 
density and want to apply the MEM with ohk. = 0, The pro- 
gram that was used to perform the optimization was based 
on the algorithm that was presented by Skilling and Bryan 
(16). A detailed description of this algorithm was given by 
de Vries, Briels, and Feil (10). Since the use of o = 0 leads 
to calculational problems in applying constraint [7] we have 
chosen the error to be very small (ohkl = 0.0005). The itera- 
tions were stopped when X2 = M and 6 < 5 x lop4 where 6 
is defined as 

3. Calculation of the EDD and the 
structure factors 

The EDD of silicon was calculated with the program ADF- 
BAND (13). This program performs an electronic structure 
calculation based on density functional theory (17) taking 
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Fig. 1. Fourier synthesis of the structure factors for which 
sin(O)/h < 5.5 k'. The (static) structure factors were 
calculated with the program ADF-BAND. Thermal motion was 
introduced with the program FITTER. Contour intervals are at 
0.1 e/A3. 

into account the periodicity of the system. For the present 
purpose it is not important that p(x, y,  z )  be very accurate. It 
should be a reasonable, but accurately known, density. Once 
the EDD is known from this calculation, the structure fac- 
tors can be calculated in a straightforward way by taking 
the Fourier transformation of the EDD. This will give us the 
structure factors of the static density. In principle this is very 
simple. One can calculate the density in the unit cell on a 
regular, 3-dimensional grid. From this, the structure factors 
can be calculated using Fast Fourier Transform (FFT) rou- 
tines. However, the grid that has to be used in this case has 
to be very dense to make sure that aliasing does not occur 
in Fourier space. The calculation of the density on all these 
grid points would simply take too long. 

Instead, a different approach is followed that was imple- 
mented by Bruning and Feil (18) in the program FITTER. This 
program contains the following steps: 

1. Partition the density according to the stockholder prin- 
ciple (19) to obtain "atomic" densities. 

2. Subtract "free" atoms (calculated with the same basis 
set) from these atomic densities. Since these free atoms 
are spherically symmetric, their Fourier transform can 
be easily calculated. The remaining density is referred 
to as the (atomic) deformation density. It no longer has 
the problem of "near singularities." 

3. Fit the (atomic) deformation densities with suitable 
functions that can be Fourier transformed analytically. 

4. Calculate the Fourier transform of these functions. 
5. Add the Fourier transform of the free atoms. 
6. Introduce individual atomic thermal motion. 
7. Calculate the structure factors by summing the struc- 

ture factors of all atoms. 
In the present study the atomic thermal motion is introduced 
by multiplying the structure factors with an isotropic temper- 
ature factor: exp (-B(sin(~)/h)~ with B = 0.4632 A2. This 
value of B was taken from Spackman (20). Structure factors 
with sin(O)/h < 5.5 A-' were calculated. A Fourier transform 
of these structure factors was made to obtain the thermally 
smeared density, the dynamic density. This is shown in Fig. 

Fig. 2. Fourier synthesis of the same set of structure factors 
that were measured by Saka and Kato (21). (Structure factors 
calculated with ADF-BAND and FITTER.) Positive contours are 
drawn as solid lines, zero contours as dash-dotted lines, and 
negative contours as dotted lines. The contours are at intervals 
of 0.8 e1.43. 

I where the density in the 110 plane of silicon is plotted. 
Non-nuclear attractors are seen to be absent. We have con- 
firmed this by calculating the electron density along the Si- 
Si bond: along this line a minimum in the electron density is 
found. Extension of the set of structure factors by increasing 
the value of sin(O)/h did not change the EDD. It is easily 
shown that thermal motion obliterates all information beyond 
sin(O)/h = 5.5 A-I. 

4. Results 
A number of MEM calculations was performed using a 64 x 
64 x 64 grid to describe the density. The first calculation 
only involved structure factors with the same h, k, and 1 
values as those measured by Saka and Kato (21). A direct 
Fourier transformation of these structure factors is shown in 
Fig. 2. The result of the MEM calculation is shown in Fig. 
3. The similarity between the latter density and the density 
obtained by Sakata and Sato (6), who used experimental data, 
is striking. To our surprise the same non-nuclear attractors 
between the silicon atoms appear. However, from Fig. 1, the 
dynamic density, we know that the midpoint between two 
bonded atoms is a saddle point. 

All structure factors of the dynamic density are known. 
We can compare them with the values that were "predicted" 
by the MEM. For a number of structure factors this is shown 
in Table 1. As can be seen from Table 1, the absolute values 
of the structure factors predicted by the MEM are, in most 
cases, smaller than the exact values. Furthermore, the sign 
of the 622 structure factor is opposite to the sign of the 
622 structure factor of the exact density. This is also found 
when the experimental data are used (comparing the phase of 
the 622 structure factor with the experimentally determined 
phase (22)). Sakata and Sato (6) suggested that the 622 struc- 
ture factor might be affected significantly when the number 
of pixels is increased. We have done the calculation using 
a 128 x 128 x 128 grid and found that the.value of the 622 
reflection hardly changes: F(622) = -0.0070. 
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de Vries et al. 

Fig. 3. The EDD calculated with the MEM from the same 
structure factors that were used to calculate the EDD of Fig. 
2. The contours are at intervals of 0.1 e/A'. 

Table 1. The exact values of some structure 
factors (calculated from the dynamic density) 
compared with the values that were predicted by 
the MEM. 

hkl Exact MEM 

2 2 2 1.1547 1.3336 
4 4 2 .  -0.0376 -0.0243 
6 2 2 0.0040 -0.0065 
9 3 1  -12.9648 - 12.8838 
7 5 5  1 1 .a025 1 1.7844 
9 3 3  1 1.7940 1 1.666 1 
7 7 1  1 1.7946 1 1.8050 
8 6 2  15.7646 15.5886 

10 2 0 -15.7643 - 15.4879 
7 7 3  10.7861 10.6664 
9 5 1  10.7804 10.5872 
9 5 3  9.9016 9.7060 

10 4 2 13.2955 12.8175 
7 7 5  -9.1 149 -8.7348 

11 1 1 -9.1227 -8.7003 
9 7 1  8.4368 8.1761 
9 5 5  -8.4305 -7.9868 

10 6 0 1 1.3806 10.7407 

It should be noticed that, although error-free data were 
used, the contours of the EDD obtained through MEM are 
still not very smooth. It has been suggested (23) that only 
a complete sphere of.structure factors in reciprocal space 
should be used in the MEM analysis. This means that the 
844 and the 880 structure factors should be omitted from the 
data set measured by Saka and Kato (21). The result of this 
calculation is shown in Fig. 4. The contours are indeed much 
smoother and although it looks like the non-nuclear attractors 
have disappeared they are still present but do not show on 
the contour level that was used. One could expect that when 
all the structure factors (except the forbidden ones) up to the 

Fig. 4. The EDD calculated with the MEM from the same 
structure factors that were used to calculate the EDD of 
Fig. 2 except for the 844 and the 880 structure factors. The 
contours are at intervals of 0.1 e/A3. 

Fig. 5. The EDD calculated with the MEM from all the 
structure factors up to 880 (sin(O)/h < 1.05 kl) except the 
forbidden structure factors. The contours are at intervals of 
0. I e/A3. 

880 reflection (= sin(O/h) = 1.05 A-', 42 structure factors 
in total) are used in the MEM analysis, the density should 
become even smoother. This is shown in Fig. 5. Contrary 
to expectation, the contours are less smooth than with the 
MEM optimization shown in Fig. 4. In general, the informa- 
tion of the EDD is not evenly distributed in reciprocal space 
but occurs in regions of high density. We believe that it is 
important to include such a high-density region completely 
in the analysis. 

The EDD that is obtained when all the structure factors 
(except the forbidden ones) for which sin(O)/h < 1.4 A-' (92 
structure factors) are included in the optimization is shown 
in Fig. 6. Figure 7 shows the result when the series cutoff 
level is extended to the structure factors for which sin(O)/h < 
1.7 A-' (152 structure factors). When we calculate the 222 
structure factor from the density that is shown in Fig. 7. we 
find the value F(222) = 1.35. So, although the densities of 
Fig. 7 and Fig. 1 look very similar, the value of the 222 
structure factor is quite different from the exact value. 
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Fig. 6. The EDD calculated with the MEM from all the 
structure factors for which sin(O)/h < 1.4 k1 except the 
forbidden structure factors. The contours are at intervals of 
0.1 el,&'. 

Fig. 7. The EDD calculated with the MEM from all the 
structure factors for which sin(O)/A < 1.7 A-I except the 
forbidden structure factors. The contours are at intervals of 
0.1 e/A3. 

5. Discussion and concluding remarks 
The MEM calculation on model data of silicon shows that 
one has to be very careful when interpreting the EDD ob- 
tained by MEM. If we compare both the Fourier synthesis 
(Fig. 2) of the data and the density obtained by the MEM 
(Fig. 3) with the original density (Fig. 1) we can say that the 
MEM deals well with the series termination effect. Minor 
peaks remain, however, which were not present in the the- 
oretically calculated EDD. In a sense we are the victim of 
our own success when we interpret the remaining structure 
as being real physical features. One advantage of the direct 
Fourier transform of the data is that one will never be tempted 
to give such an overinterpretation of these little features. 

Thus, from remaining maxima obtained by the application 
of MEM on experimental data one cannot draw conclusions 
about the presence or absence of non-nuclear attractors in 
the Si bonds. 

The use of a complete sphere in reciprocal space still 
shows the presence of this non-nuclear attractor but the height 
of this non-nuclear attractor is much smaller. But a complete 
sphere is no guarantee that the EDD will be smooth. We have 
seen that this depends on the range in reciprocal space that 
is used in the analysis. Increasing the size of the sphere in 
reciprocal space does not automatically mean that the EDD 
becomes more smooth. 

An interesting option for improving the EDDs obtained by 
MEM might be the use of prior densities. For instance, by 
using the sum of "free atoms" as a prior density the method 
can focus on the deformation density itself. 
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Ian Bytheway, Paul L.A. Popelier, and Ronald J. Gillespie 

Topological studies of the charge density 
of some group 2 metallocenes 
M(~~-C,H,), (M = Mg or Ca) 

Abstract: Ab initio quantum chemical calculations using both the Hartree-Fock and the B3LYP density functional theory 
methods have been performed for the group 2 metallocenes M(~~-c,H,), (M = Mg or Ca). The topology of the calculated charge 
density (p) and its Laplacian (vZp) have been analysed using a new critical point search algorithm in order to understand why 
M ~ ( ~ ~ - c , H , ) ,  is linear while C ~ ( ~ ~ - C , H , ) ,  is bent. The Laplacian of the core of the Ca atom in c ~ ( ~ ~ - c , H , ) ~  is perturbed by the 
polarizing field of the cyclopentadienyl ligands and the bent geometry is a consequence of the interactions between the distorted 
core and the ligand atoms. In the case of M ~ ( ~ ~ - c , H , ) , ,  charge concentration maxima in the Mg core occur along the vectors 
connecting the metal to the centroids of the cyclopentadienyl ligands irrespective of whether or not the molecule is linear, and the 
preferred geometry is linear as expected. The results of these calculations demonstrate that the geometries of the group 2 
metallocenes can be understood in terms of the repulsive interactions between the ligands and between the ligands and the 
distorted core of the metal atom. 

Key words: atoms in molecules, group 2 metallocenes, VSEPR, charge density, Laplacian of p. 

Resume : Utilisant les mkthodes de Hartree-Fock ainsi que de la thCorie de la densitt fonctionnelle B3LYP, on a effectut des 
calculs ab initio de chimie quantique sur des mCtallocbnes du groupe 2, M(~~-c,H,),  (M = Mg ou Ca). Afin d'essayer de 
comprendre pourquoi le M ~ ( ~ ~ - C , H , ) ,  est IinCaire alors que le Ca(-q5-C5H,), est repliC, on a analysC la topologie de la densit6 de 
charge calculCe (p) et de son laplacien (vZp) en utilisant un nouvel algorithme pour la recherche du point critique. Le laplacien du 
noyau de l'atome de Ca du C ~ ( ~ ~ - C , H , ) ,  est perturb6 par le champ polarisant des coordinats cyclopentadiCnyles et sa gComCtrie 
replite est une consCquence des interactions entre le noyau deform6 et les atomes du coordinat. Dans le cas du Mg(-q5-c,H,),, la 
concentration maximale de la charge dans le noyau du Mg se produit le long des vecteurs reliant le mCtal aux centroi'des des 
coordinats cyclopentadiCnyles que la moltcule soit linCaire ou pas et on s'attend alors B une gComCtrie linCaire qui soit 
privilCgiCe. Les rksultats de ces calculs dtmontrent qu'il est possible de comprendre les gComCtries des mttallocbnes du groupe 
2 en termes d'interactions rkpulsives entre les coordinats et entre les coordinats et le noyau dCformC de l'atome de mCtal. 

Mots elks : atomes dans les moltcules, mCtallocbnes du groupe 2, VSEPR, densit6 de charge, laplacien de p. 

[Traduit par la ridaction] 

Introduction 

The factors governing molecular geometry are important and 
fundamental to our understanding of chemistry - why do mol- 
ecules prefer some shapes and not others? In trying to answer 
this question one is struck by the fact that despite the vast num- 
ber of different molecules, there exist common geometrical 
motifs that persist even when the constituent atoms of a mole- 
cule are changed. Clearly, rules which allow this vast body of 
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information to be classified are of importance to chemistry as 
they allow us to understand what is known, and make predic- 
tions about what is not. 

Perhaps the simplest set of rules that can be used to under- 
stand and classify molecular geometries are those of the 
valence shell electron pair repulsion (VSEPR) model (1-3). 
The VSEPR model requires that we consider the strength of 
mutual repulsions between the different types of electron pairs 
present within the molecule in order to obtain its preferred, or 
energetically most favourable, geometry. The intuitive nature 
of the VSEPR model is one of its most useful features, and one 
that has allowed its application to a wide variety of molecules, 
ranging from those containing main group atoms (1-3) to 
those containing transition metals (4, 5). The successes of the 
VSEPR model should, of course, prompt us to study the model 
in order to understand why it is often so successful, and, like- 
wise, we should seek the reasons for its failures because 
uncovering these reasons should lead to a deeper understand- 
ing of molecular geometry. 

The fundamental postulate of the VSEPR model, that 
molecular shape is determined by repulsions between bonding 
and nonbonding pairs of electrons, is explained by the Pauli 
exclusion principle. Electrons are not, however, really local- 
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ized to form pairs (6,7), but this idea remains valid if we con- 
sider regions in the valence shell where charge is locally 
concentrated arising from the localization of the Fermi hole (8, 
9). Regions where charge is concentrated, which are revealed 
by the Laplacian of the charge density ( ~ ' p )  (8-10) have 
played an important role in understanding the VSEPR model, 
resulting in it being reformulated in terms of electron-pair 
domains (2, 3, 11, 12) i.e., the regions in the valence shell 
where charge is locally concentrated. 

For many molecules of the main groups, there is excellent 
agreement between the expected locations of the electron pairs 
of the VSEPR model and the locations of maximum charge 
concentration (8-10). Therefore, the physical basis for the 
VSEPR model is provided by the Laplacian of the charge den- 
sity (8, 9) in that preferred molecular geometries may be 
described in terms of the repulsions between these regions of 
charge concentration rather than between localized pairs of 
electrons. For example, the geometries of ClF, (1) and SF, (2) 
are both derived from the trigonal bipyramid, in which the 
bonding and lone pair electrons of the VSEPR model appear as 
regions of maximum charge concentration and their preferred 
geometries explained accordingly (8, 9). This relationship 
between the VSEPR model and V2p is observed for many main 
group molecules (9), so that one might then ask what the 
Laplacian of the charge density reveals for molecules which 
have geometries not accounted for by the VSEPR model. 

One such set of counter-examples to the VSEPR model are 
the YSF, (Y = 0 ,  NH, or CH,) (3), which are trigonal bipyra- 
midal as predicted; however, taking into consideration the 
decreasing electronegativity of the series Y = 0 ,  NH, CH, it 
might be expected that both equatorial and axial F-S-F bond 
angles would decrease. Experimentally, it is found that the 
equatorial bond angle does decrease (13, 14) as expected but 
the axial bond angles in fact increase. Analysis of V'p for 
these molecules provides a clear picture of the S-Y bonding 
region, from which it can be seen that the charge concentra- 

an increased amount of charge concentrated in the equatorial 
plane (resulting in decreased equatorial F-S-F bond angles) 
and a decreased amount of charge concentrated in the axial 
plane (resulting in increased axial F-S-F bond angles). Thus 
the observed geometries can be thought of as arising from the 
repulsions between the different types of bonding charge con- 
centrations as revealed by the Laplacian of the charge density. 

The explanation of these apparent exceptions to the VSEPR 
model in terms of V2p is encouraging and led to the consider- 
ation of others, namely the difluorides of group 2. It has been 
known for some time that the halides of Ca, Sr, and Ba (4) are 
bent (16, 17) and analysis of V'p for these molecules has 
shown (1 8) that this bending is a consequence of distortions of 
the metal atom by the presence of the fluoride ligands. It is 
usual to think of the central atoms in these molecules as s~he r -  
ical but, as was suggested some time ago (l9), metals may be 
sufficiently polarizable that their cores are distorted in the 
presence of some ligands. The importance of considering such 
distortions of the core charge density of transition metals has 
been noted previously, for example in explaining the deviation 
of the bond angles in VOCl, (20) (5) and CrO,Cl, (21) (6)  
from the VSEPR predicted angles. In the case of CaF,, partial 
condensation of the core electrons into pairs results in a dis- 
torted ca2+ core that contains regions of charge concentration, 
i.e., it is no longer spherical. Interaction between the ligands 
and these regions of core charge concentrations (CCC) results 
in the observed nonlinear geometry for this molecule. 

6 
A closely related set of molecules are the metallocenes of 

F group 2, for which gas phase electron diffraction experiments 
have shown that MgCp, (22) and M ~ c ~ * ,  \23, 24) are linear, 
while cacpt2 (23, 24), s ~ c ~ * , ,  and BaCp , (25, 26) are all 
bent. In the solid phase MgCpz (27) is also linear, while CaCp, 
(28), CaCp*, (29), and BaCp*, (30) are all bent, where Cp = 
cyclopentadienyl, 715-c5~, and cp* = pentamethyl-cyclopen- 
tadienyl, r 1 5 - ~ 5 ( ~ ~ , ) 5 .  Theoretical studies of the bonding and 

F 
photoelectron spectra (31-33) have been reported for lan- 
thanide metallocenes and the importance of electron correla- 
tion in the description of transition metal metallocenes has 

3 also been established (3636). More recently, ab initio calcu- 
tions are elliptical with the major axis in the equatorial plane lations of group 2 and lanthanide metallocenes (37) showed 
(15). As Y = 0 ,  NH, CH, the ellipticity increases, resulting in that the bending potential in these molecules is small (<I kcal 
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mol-') and, based on natural population analysis, the prefer- 
ence for nonlinear geometries was ascribed to T-type covalent 
contributions to the metal-cyclopentadienyl bonding. 
Recently, molecular mechanics methods have been used to 
explain the bent nature of these molecules (38, 39) by the 
introduction of an attractive ligand-ligand potential. We 
present here the results of ab initio calculations using all-elec- 
tron basis sets for some group 2 metallocenes (MCp, where 
M = Mg and Ca) and study the distortion of the central metal 
atom by the cyclopentadienyl ligands in order to understand 
the preferred nonlinear geometry of these molecules. 

Theoretical details 

The geometries of the MCp, (M = Mg and Ca) were optimized 
with the imposition of C, symmetry and with the Cp rings stag- 
gered with respect to each other. In addition the M-X vector 
was fixed normal to the C, ring, where X will be used through- 
out to denote the centroid of the Cp ring. Within this frame- 
work, all M-C, C-C, and C-H bond lengths were 
optimized, as was the X-M-X angle. Calculations were per- 
formed at both the Hartree-Fock (HF) and the B3LYP density 
functional methods using all-electron basis sets. The extended 
Wachters basis set was used for Ca (40) as this was found to 
give an adequate description of Ca in previous calculations 
(18) and the standard 6-3 1 IG* basis set was used to describe 
Mg (4 1). For C and H the standard 6-3 lG* was used (4 1) after 
preliminary results suggested that the addition of the polariza- 
tion function to carbon was required in order to obtain a bent 
equilibrium geometry for CaCp,. 

Previous calculations of group 2 dihalides have shown that 
the inclusion of the effects of electron correlation is required in 
order to obtain nonlinear geometries. The size of the these 
metallocenes, coupled with our desire to study the distortion of 
the metal atom, precluded the use of effective core potentials 
and Moller-Plesset perturbation theory. To examine the 
effects of electron correlation, density functional calculations 
incorporating exchange-correlation functionals, as imple- 
mented in the GAUSSIAN~~/DFT software package (41), were 
also performed. The B3LYP functional was chosen because of 
its successful application to a variety of main group molecules 
giving results of MP2 (or better) quality (4244).  Addition- 
ally, the B3LYP calculations allow for a comparison of total 
charge densities with those calculated at the HF level. 

  he wave functions obtained from each of the calculations 
have been analysed within the context of the theory of "Atoms 
in Molecules" (AIM), and atomic properties have been calcu- 
lated using the PROAIM program (45)., AIM theory, through the 
topological analysis of the total charge density (p) shows how 
molecules can be divided naturally into their constituent 
atoms, while the Laplacian of the charge density (v2p) reveals 
where charge is locally concentrated and depleted. Finding the 
critical points in these scalar fields that have complicated 
topologies is both a challenging and cumbersome task unless a 
robust algorithm can be relied upon. In general, the search for 
critical points in the ~ a ~ l a c i a n - o f  the charge density would 
greatly benefit from such an algorithm as it has a more com- 
plex topology than that of the charge density. Unravelling the 
topology of the charge density for the complexes described 

The program PROAIM modified by T.A. Keith and J.R. Cheeseman. 

here, however, poses serious problems for the conventional 
algorithm.3 This is a consequence of the use of the Newton- 
Raphson (NR) method, which requires excellent starting 
points in order to be successful. This can be explained by con- 
sidering that the best step h to get from the current point to the 
critical point is h = -H-'g where H is the Hessian matrix. This 
step can be re-expressed in terms of the eigenvectors Vi and 
eigenvalues bi of the Hessian (of the scalar field) by 

where Fi = V:g is the projection of the gradient g along the 
local eigenmode Vi. 

It has been shown previously (46) that the NR method min- 
imizes along eigenmodes with positive Hessian eigenvalues 
and maximizes along modes with negative eigenvalues. Sup- 
pose we wish to locate a transition state on a surface starting in 
a region where the Hessian has one negative eigenvalue. In 
such a region the NR step is appropriate because it does 
exactly what is required: it maximizes along one mode while 
minimizing along the others. Thus in general the NR method 
only successfully locates a critical point provided that it starts 
in a region where the Hessian has the correct structure. For our 
purposes, this would mean, for example, that starting in a 
region where the Hessian has a signature of minus one (corre- 
sponding to a bond critical point) we could never find a nearby 
ring critical point, which has a different signature. 

This inadequacy of the NR method has been remedied by 
using the powerful eigenvector following method algorithm 
(47) and its subsequent refinement (48). Its success has 
recently been proven convincingly (49) in the context of 
Atoms in Molecules (AIM). The program MORPHY 1 . 0  (50), 
which utilizes the eigenvector following method, yielded con- 
sistent atomic graphs (i.e., the unique trajectories of the gradi- 
ent of v2p that link the charge concentration maxima (5 1)) for 
all systems studied and was also used to prepare all of the dif- 
ferent contour plots presented here. This program searches for 
critical points in a chainlike manner, i.e., the locations of pre- 
viously found critical points are used to generate suitable start- 
ing points in the search for others. The reduced sensitivity to 
starting conditions has allowed successful use of MORPHY in 
the study of v2p (S. Johnson, private communication), never- 
theless, the topological studies of v2p of the group 2 metals 
presented here required a huge computational investment. 

Results and discussion 

Geometries 
Optimized bond lengths and angles for the various calcula- 
tions of MgCp, and CaCp, are given in Table 1 and the opti- 
mized geometries are shown in Fig. 1. In general, bond lengths 
and angles calculated using the two methods agree: compared 
to the B3LYP method, the HF method predicts slightly longer 
M-C bond lengths and a larger X-M-X angle. Agreement 
with experiment is also good and both methods predict a linear 
MgCp, molecule, and a bent CaCp, molecule. 

Program EXTR~ME written by K. Laidig (McMaster University, 
1989). 
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Fig. 1. The HF optimized geometries of the M ~ ( ~ ~ - C , H , ) ,  (top) 
and C ~ ( ~ ~ - C , H , ) ,  (bottom). 

Nonequilibrium geometries were also studied in order to 
obtain some idea of the bending potential for these molecules. 
The geometry of MgCp, was optimized using both the HF and 
B3LYP methods with the X-Mg-X angle constrained at 150°, 
and the resultant geometries (Table 1) were 6.8 kcal mol-' 
(HF) and 6.5 kcal mol-' (B3LYP) higher than at the equilib- 
rium geometries. These results are similar to those obtained 
previously for HF calculations of MgCp, (26) from which it 
was estimated that approximately 3.5 kcal mol-' was required 
to bend the molecule from 180" to 160". 

Bending the CaCp, molecule from the equilibrium X-Ca-X 
value to 180" requires much less energy, only 0.3 and 1.2 kcal 
mol-' at the HF and B3LYP levels, respectively. These ener- 
gies are also consistent with previous calculations (26, 37), 
where it was found that the location of a bent equilibrium 
geometry was basis set and method dependent. The use of rea- 
sonably sized all-electron basis sets in the calculations given 
here may be an important factor in obtaining a bent geometry 
for CaCp,, and indeed the large number of calculations for the 
group 2 dihalides (52, 53) and previous calculations of metal- 
locenes (34-36) suggests that these systems are very sensitive 
to the basis sets and calculational methods chosen. Neverthe- 

Table 1. Calculated and experimental bond lengths, angles (A 
and deg), and relative energies (kcal mol-') for the linear and bent 
geometries of the MgCp, and CaCp, molecules. 

HF B3LYP Gas phase Solid state 

"Equilibrium geometry. 
bX-M-X fixed during optimization. 
'Energy required to distort the molecule from the equilibrium X-M-X 

angle to the fixed value. 
d ~ a l u e s  for CaCp;. 
'References 23 and 24. 
'Reference 22. 
RReference 27. 
"Reference 29. 

less, our results support the contention that CaCp, is bent but 
very floppy. 

In all of the calculations a staggered arrangement of Cp 
rings was assumed. Experimental results for CaCp, suggest 
that this is reasonable (23, 24), however, on the basis of gas 
phase electron diffraction data it was not possible to assign 
either a staggered or eclipsed conformation to MgCp, (22). 
Although a staggered conformation was used in this work, the 
HF energy of the eclipsed conformation was found to be only 
0.01 kcal mol-' higher in energy than the staggered conforma- 
tion (i.e., negligible), in agreement with the experimental 
finding. 

Charge density and bonding 
  he total charge densities of these group 2 metallocenes are 
expected to have quite complex topologies, comprising: 10 
M-C, 10 C-C, and 10 C-H bond critical points; 10 ring 
critical points belonging to each M and adjacently connected 
C atoms; a ring critical point in the plane of each cyclopenta- 
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Bytheway et al. 

Fig. 2. The molecular graph for the linear MgCp, molecule. The complex topology is apparent, with bond 
(3, -I), ring (3, +I), and cage (3, +3) critical points all in close proximity. 

dienyl ligand; and a cage critical point in the region between M 
and each of the centroids of the cyclopentadienyl rings. All of 
these critical points are required in order to construct a proper 
molecular graph that satisfies the PoincarC-Hopf relationship 
(9) for r15 coordination of two cyclopentadienyl rings to a 
metal atom. Initial topological analysis using the Newton- 
Raphson technique, as implemented by the EXTREME program3 
in the AIMPAC suite of programs, was not successful in the loca- 
tion of the bond and ring critical points between the metal and 
carbon atoms. The eigenvector following method as imple- 
mented in the MORPHY program (49, 50) was successful, 
however, and the results of the topological analyses are sum- 
marized in Table 2. The spatial relationship between the vari- 
ous types of critical points and the atom locations is shown in 
Fig. 2 for Hartree-Fock optimized MgCp, molecule; this 
arrangement of critical points is similar to that found in each of 
the other total charge density analyses. 

The q5 coordination of the cyclopentadienyl ligands is 
demonstrated quite clearly by location of bond critical points 
along all M-C vectors, i.e., bonding occurs between the metal 
and carbon atoms and not between the metal and the centre of 
the Cp ring. Metalkarbon bond critical points occur at 
regions of local charge depletion (Table 2) indicative of ionic 
bonding between these atoms, in accord with that suggested 
previously (37). Values of p and v2p for the different critical 
points obtained from the HF and B3LYP charge densities are 
similar; the B3LYP values of p at the M-C bond critical 
points are slightly larger than the analogous HF values, 
although not significantly so. For CaCp, the values of p at the 
Ca-C bond critical point are less than was found in 
Ca(CH,), by approximately 0.015 au (la), indicating that the 
10 Ca-C bonds in CaCp, are not as strong as the two Ca-C 
bonds in the Ca(CH3), complex. The C--C and C-H nuclei 
of the cyclopentadienyl ligands are bound via shared interac- 

tions, typical of the covalent character expected for these 
bonds. 

Plots of the total charge densities are shown in Fig. 3 for the 
HF optimized geometries of MgCp, and CaCp,. For MgCp, 
these plots show how the magnesium atom has been distorted 
from spherical upon complex formation (Fig. 3a) and is now 
more ellipsoidal. The nonspherical shape of the Ca atom is 
also evident in a similar plot (Fig. 36) while the plot for the Cp 
ligand in the MgCp, molecule (Fig. 3c) shows quite clearly the 
atomic boundaries of each atom and the expected ring critical 
point at the centre of the five-membered ring. Additionally, 
these plots show how these metallocene molecules may be 
divided into their constituent atoms. 

It is usual to consider the formal charge distribution in these 
group 2 metallocenes as M,+(C~-),, i.e., analogous with the 
group 2 dihalides. The AIM atomic charges in these metal- 
locenes were calculated in order to see how much charge may 
be properly ascribed to the various portions of these MCp, 
molecules, and to see if comparison with the analogous diha- 
lides is indeed warranted. Atomic charges were obtained by 
integration over the various atomic basins, using the PROMEGA 

program (45). The charges for MgCp, indicate a large degree 
of metal-ligand charge separation, with the Mg atom and Cp 
ligands having approximate charges of +1.75 and -0.88 
respectively (see Table 2). These charges are similar to those 
obtained previously for MgF, (18) and suggest that the ionic 
model used to describe MgF, is applicable to MgCp,. Simi- 
larly, charges obtained for the Ca atom and the Cp ligand are 
of the order of 1.6 and -0.8 respectively, which are similar to 
the analogous charges obtained previously for C a b ,  CaH,, 
and Ca(CH,), (18). 

Analysis of v2p for MgCp2 
Plots of v2p for the HF optimized (i.e., linear) and bent 
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Table 2. Values of p (ea;), V2p (ea;) at the (3, -I) ,  (3, +I), and (3, +3) critical points in the total 
charge density, the integrated atomic charges q (e), and values of V2p in the core regions of the metal 
atom, for the different geometries MgCp, and CaCp,. 

MgCp2 MgCp, CaCp, CaCp, 
X-Mg-X = 180" X-Mg-X = 150" Optimized X-Ca-X X-Ca-X = 180" 

HF B3LYP HF B3LYP HF B3LYP HF B3LYP 

- - - 

"Distance of the bond critical point from the M atom (M = Mg or Ca) in A. 
b ~ a l u e  of p at the ring critical point between M and two C atoms of the Cp ring. 
Value of p at the cage critical point between M and the Cp ligand. 
"ntegrated charges for the individual C and H atoms have been summed to give the net charge of the 

cyclopentadienyl ligand. 
'Values at the (3, -3) critical points in V2p for the Mg and Ca core regions. Numbers in parentheses denote the 

number of critical points with this value. 
Qistance (in au) of the charge concentration maximum from the nucleus. 

(X-M-X = 150") MgCp, molecule are shown in Fig. 4. The 
B3LYP charge densities for these MgCp, molecules yielded 
similar results to the HF analysis, and these results are given in 
Table 2. Two (3, -3) critical points in v2p belonging to the 
core region of the Mg atom were located along the vectors 
connecting the Mg atom with the center of the Cp ligands. This 
is shown clearly in Fig. 4a, where the locations of the CCC's 
are shown relative to the Cp ligands. No charge concentration 
maxima are located along Mg-C bonds, further illustrated in 
Fig. 4b, and the atomic graph of Mg is essentially the same as 
that found previously for MgF, (1 8). 

A plot of v2p for the Cp ligand is given in Fig. 4c, which 
shows clearly the regions of charge concentration along the 
C-C and C-H bonds. Each carbon atom has three charge 
concentration maxima, one along each C-C bond and one 
along the C-H bond. The apparent maxima in the valence 
shell of the C atoms visible in Figs. 4a and 4b are a conse- 
quence of the plotting plane chosen, and are not (3, -3) 
critical points in V2p. 

It is also of interest to see how the atomic graph of Mg 
changes as the molecule is bent. At an X-M-X angle of 150" it 
was found that the two CCC's found in the linear molecule 
(Fig. 4a) followed the direction of bending, with one of the 
maxima now situated along an Mg-C bond (Fig. 4d). This 
behaviour upon bending was also noted for MgF,, thus the pre- 
ferred linear geometry in both molecules (i.e., MgCp, and 
MgF,) can be understood in terms of the minimization of both 
the ligand-ligand and CCC-ligand interactions. 

Analysis of v2p for CaCp, 
Plots of v2p for the HF optimized CaCp, molecule are shown 
in Fig. 5. Figure 5a shows the arrangement of the Cp ligands 
with respect to the regions of charge concentration in the Ca 
core, and Fig. 5b is plotted in this same plane focussing upon 
the Ca atom. Four charge concentration maxima were located 
in this core region, two in the region between the bond paths 
shown in Fig. 5b, and two in the same plane, in the long, nar- 
row region apparent in Fig. 5b. These latter two charge con- 
centration maxima are very close ( ~ 0 . 3  au apart) and upon 
further bending to an X-M-X angle of 148" they coalesce, giv- 
ing a total of three CCC maxima (see Fig. 6) .  

To ensure that no charge concentration maxima had been 
missed, a complete atomic graph was determined, and only the 
four maxima shown in Fig. 5b were located. This arrangement 
of charge concentration maxima is related to that found for the 
HF optimized C a b  molecule. This relationship is shown sche- 
matically in Fig. 6-where the approximate arrangement of the 
(3, -3) critical points in the Ca core, with respect to the X 
(i.e., the centroid of the Cp ligands) and F positions in CaCp, 
and CaF, respectively, is given. This difference in atomic 
graphs is probably due to the formation of ligand-opposed 
charge concentrations in CaF,, resulting in only two maxima, 
while the expected 10 ligand-opposed charge concentration 
maxima here collapse into the arrangement found. 

At the HF level linear CaCp, was found to be approximately 
0.3 kcal mol-' higher in energy than the bent molecule. This 
slight preference for the bent geometry may be understood in 
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Fig. 3. Plots of the total charge density with interatomic surfaces overlaid for the HF optimized MgCp, and CaCp, molecules. In 
these and following plots, bold asterisks; bold, open circles; and filled squares are used to mark the positions of cage (3, +3), ring 
(3, +I),  and bond (3, -1) critical points in p, respectively. Bold labels and filled circles are used to label nuclei in the plotting plane, 
while outlined atom labels and circles are used denote nuclei that are not in the plotting plane. ( a )  In the plane containing four C 
nuclei and the Mg nucleus. The overlaid interatomic surfaces show the slightly nonspherical shape of the Mg atom. (b) A similar 
plot for CaCp, shown in the plane containing the Ca atom and a C atom on each Cp ligand. (c )  The total charge density in the 
plane of a cyclopentadienyl ligand showing bond paths and interatomic surfaces. 

terms of the different distributions of maxima in V 2 p  Figure 7 tion maxima. A plot in the plane of one of these tori of charge 
shows plots of V2p for the linear CaCp, molecule. The region concentration is shown in Fig. 7c. Five charge concentration 
of core charge concentration is barely visible in Fig. 7a, while maxima were located in this torus and these are staggered with 
Fig. 7b (plotted in the same plane as Fig. 7a) shows the respect to the nearest cyclopentadienyl ring (labelled in Fig. 
intersection of this plane with the two tori of charge concentra- 7c). As can be seen in Fig. 7c, however, this region of charge 
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Fig. 4. Plots of the Laplacian of the charge density for the MgCp, molecule. In this and following plots of V", regions of charge 
concentration (v2p < 0 )  are denoted by solid contours and regions of charge depletion (V2p > 0 )  by broken contours. Critical 
points in p are denoted by the same symbols as those used in Fig. 3. (a) Linear MgCp2 showing the location of the maxima in 
-V2p (denoted by the filled circles near the Mg nucleus) in the magnesium core. Note also that the Mg-C bond critical points are 
in regions of charge depletion. (b) V2p plotted in the same plane as that used in Fig. 3b. Neither of the magnesium CCC are located 
in this plane. (c )  A plot of V2p in the plane of the cyclopentadienyl ligand, showing the covalent C-C and C-H bonds, and the 
region of charge depletion in the center of the ring. (4 A plot of V2p for the bent MgCp, molecule in the same plane as that shown 
in (a). Note that the CCC are still directed along the Mg-X vector as in the linear molecule. 

concentration is better described as a torus as the contour value tori) along all 10 Ca-C bonds in the linear molecule, which 
shown is for a vZp value of 0.395 au while the values at the results in a less favourable geometry. 
maxima are only 0.402 au. The resolution of the torus of Previous studies of p and v * ~  have shown that their topol- 
charge concentration into five maxima is a consequence of the ogies remain the same upon inclusion of electron correlation 
D,, symmetry of the molecule. In contrast to the bent molecule and only small quantitative changes at various critical points 
then, there are now regions of charge concentration (i.e., both were noted (54, 55). With this in mind, the topologies of V2p 
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Fig. 5. Plots of V2p for the HF optimized CaCp, molecule. (a) In the same plane as that used previously in Figs. 4(a) and 4(d) for 
MgCp,. The region of charge concentration in the calcium core can be seen, although its topology is not evident. (b) In the same 
plane but focussing upon the calcium core region. Four maxima in -V2p were found in this region, two are well defined by the 
contour chosen (0.39 au) regions and two in the long, narrow region in the middle left of the plot. 

Fig. 6. Schematic representations of the arrangement of charge concentration maxima 
in the calcium core in both CaF, and CaCp, molecules relative to the fluoride and 
cyclopentadienyl ligands (X denotes the centroid of the Cp ligand). The approximate 
positions of charge concentration maxima are denoted by asterisks and are in the plane 
of the page in all cases except for the B3LYP optimized geometry of CaCp, (bottom 
right) in which case + and - symbols denote charge concentration maxima above and 
below the plane of the page, respectively. 

Further bending 

X 

CaCp, HF Optimized Geometry 
X-Ca-X = 156' 

CaCp, HF Wave Function 
X-M-X = 148' (Fixed) 

CaF, HF Optimized Geometry 
F-Ca-F = 156' CaCp, B3LYP Optimized Geometry 

X-M-X = 148' 
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Fig. 7. Plots of VZp for the linear CaCp, molecule. (a) In the same plane as that used in Fig. 40. (b) Focussing on the the 
calcium core region in this plane. The intersection of this plane with the tori of charge concentration maxima is apparent in this 
plot. ( c )  Plotted in the plane containing five charge concentration maxima with the C atoms of the nearest Cp ligand labelled. 
The five maxima are not apparent even though a contour of 0.395 was used and the maxima have values of 0.402 au. 

obtained from the B3LYP charge densities were also exam- 
ined and values of the various (3, -3) charge concentration 
maxima are given in Table 2. As might be expected, the values 
of VZp calculated by the two methods are in good agreement 
with each other, as are the distances from the calcium nucleus 
to the (3, -3) critical points. There is, however, a small differ- 
ence in the atomic graphs of Ca given by the two methods. 
Analysis of the wave function obtained from the B3LYP 

geometry optimization of CaCp, revealed a square pyramidal 
arrangement of charge concentration maxima in the atomic 
graph of the Ca atom. A summary of the different atomic 
graphs obtained for the various calculations of CaCp2 are 
shown in Fig. 6, along with that obtained previously for CaF, 
(18). These diagrams show how the various atomic graphs are 
related through the joining and splitting of charge concentra- 
tion maxima. 
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Fig. 8. Plots of V2p for the B3LYP optimized CaCpz molecule. (a) A view of the molecule plotted in the plane containing three 
of the calcium CCC maxima. No C or H nuclei are in this plane. ( 6 )  The calcium core shown in this same plane. The five charge 
concentration maxima are arranged in the form of a square pyramid, with the apex to the right of the Ca nucleus, and two 
diametrically opposed maxima shown in the left. (c )  A plot for this molecule in the plane containing the Ca and two C atoms, i.e., 
that used in previous plots. V2p in the core region is similar (in gross terms) to that shown in Fig. 5a.  

A plot of v2p in the plane defined by tht apical and two dia- the right of the Ca nucleus. Finally, a plot of v2p in the same 
metrically opposed charge concentrations is shown in Fig. 8a, plane as that used in Fig. 5a is given in Fig. 8c, which shows 
which shows the relationship between the location of the core the gross similarity between the HF and B3LYP results. 
charge concentration maxima and the cyclopentadienyl Results for the B3LYP calculations of the linear CaCp, 
ligands - note that no nuclei lie in this plane. Figure 86 is a molecule are also similar to the HF results, revealing two tori 
magnification of the Ca core in the same plane as that used in of charge concentration intersecting the Ca-C bond paths. In 
Fig. 8a, where the apical charge concentration maximum is to this case, however, the 10 charge concentration maxima are 
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eclipsed with respect to the nearest cyclo entadienyl ligand P but, as found previously, the values of -V p are only margin- 
ally larger than the surrounding region of charge concentra- 
tion. Thus a plot of V2p in the plane of the five charge 
concentrations nearest a C p  ligand obtained from the linear 
B3LYP wave function is almost indistinguishable from that 
given in Fig. 7c.  Although this finding is slightly different than 
the H F  results, the location of critical points is an artifact of the 
imposed symmetry, and the explanation for the preferred bent 
geometry is the same. 

Conclusions 

The  work presented here is part of the continuing exploration 
of the physical basis for the VSEPR model. We have presented 
charge density analyses for both magnesium and calcium dicy- 
clopentadienes, and have shown that their preferred geome- 
tries can be  understood using arguments similar to those used 
to explain the geometries of both MgF, and CaF, (18). Metal- 
locene formation results in sufficient distortion of the metal 
atom such that it can no longer be considered spherical, as is 
usually assumed in the VSEPR model. It is these interactions 
between the ligands and the distorted core of the metal atom 
that play an important part in determining the preferred 
arrangement of the cyclopentadienyl ligands. Thus the pre- 
ferred geometry is one in which the various types of interac- 
tions (i.e., ligand-ligand, CCC-ligand, and CCC-CCC) are 
minimized, in keeping with the spirit of the VSEPR model. 

It is worth noting, however, that the possibility of attractive 
interactions between the cyclopentadienyl ligands in these 
group 2 metallocenes has been suggested (38,39). In these cal- 
culations the group 2 metal atom was assumed to be  spherical 
(39) so that the introduction of a C p C p  attractive term is then 
necessary in order to recover the bent nature of these mole- 
cules. On the basis of the results presented here it is not possi- 
ble to dismiss the possibility of such dispersive (attractive) 
interactions between the C p  ligands in these molecules, 
although our explanation has the advantage that it is applicable 
to situations where such ligand-ligand attractions are not 
expected (e.g., the heavier group 2 dihalides). In terms of a 
molecular mechanics model, it seems reasonable to suggest 
that a potential function that mirrors these CCC-ligand repul- 
sions be incorporated in place of the ligand-ligand attractive 
potential. 

The testing ground for these ideas lies in the realm of exper- 
iment because, as w e  have seen, it is the exceptions to the 
VSEPR model that have prompted further study, and chal- 
lenged its underlying assumptions. Within the context of this 
current work, it would be of interest to see how preferred 
geometries are affected as the size of the coordinated ligands is 
increased. 
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I A comparative study of the energetics, 
structures, and mechanisms of the 
HCN H HNC and LiCN H LiNC isomerizations 

V. Sreedhara Rao, Amrendra Vijay, and A.K. Chandra 

Abstract: The potential energy surfaces of the HCN H HNC and LiCN w LiNC isomerization processes were determined by ab 
initio theory using fully optimized triple-zeta double polarization types of basis sets. Both the MP2 corrections and the QCISD 
level of calculations were performed to correct for the electron correlation. Results show that electron correlation has a 
considerable influence on the energetics and structures. Analysis of the intramolecular bond rearrangement processes reveals 
that, in both cases, H (or Li') migrates in an almost elliptic path in the plane of the molecule. In HCN H HNC, the migrating 
hydrogen interacts with the in-plane a , a *  orbitals of CN, leading to a decrease in the C-N bond order. In LiCN H LiNC, Li+ 
does not interact with the corresponding a , a *  orbitals of CN. 

Key words: potential energy surfaces, intra-molecular bond rearrangement, bond orders, elliptic path, migration of Li'. 

RCsumC : On a dCterminC les surfaces d'Cnergie potentielle des processus d'isomCrisation HCN H HNC et LiCN H LiNC B 
l'aide de la thCorie ab initio, en faisant appel B des ensembles de base de type double polarisation, triple zeta, totalement 
optimisCs. Dans le but de corriger la corrClation Clectronique, on a effectuC des corrections MP2 ainsi que des calculs au niveau 
QCISD. Les rCsultats montrent que la corrtlation Clectronique a une grande influence sur les energies et les structures. L'analyse 
des processus de rearrangement intramoltculaire des liaisons rCvkle que, dans chacun des cas, H (ou Li+) migre par une voie 
pratiquement elliptique dans le plan de la moltcule. Dans le rkarrangement HCN H HNC, l'hydrogkne qui migre interagit avec 
les orbitales a ,ap*  dans le plan CN conduisant B une diminution de l'ordre de la liaison C-N. Dans LiCN w LiNC, Li+ 
n'interagit pas avec les orbitales a , a *  correspondantes du CN. 

Mots clks : surfaces dlCnergie potentielle, rearrangement intramolCculaire d'une liaison, ordres de liaison, voie elliptique, 
migration du Li'. 

[Traduit par la rCdaction] 

Introduction 

One of the major goals of quantum chemistry is to predict from 
ab initial calculations the energetics, structures of molecules, 
and dynamics of chemical reactions. Of many chemically 
bound molecules, hydrogen cyanide has been studied exten- 
sively, both theoretically and experimentally (1-9). Both 
hydrogen cyanide and its isomer isocyanide are abundant in 
interstellar clouds (1). The energetics and structures of the 
HCN w HNC isomerization process have been investigated in 
several papers by ab initio methods (2-9). Pau and Hehre (10) 
observed that the heat of reaction of the HCN H HNC isomer- 
ization is 60 t 8 kJ/mol, where HNC is the less stable. Pearson 
et al. (2) suggested from SCF calculations using double-zeta 
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plus polarization functions that HNC lies 40 kJ/mol above 
HCN while the configuration interaction yields 61.3 kJ/mol. 
The barrier heights for this isomerization were estimated at 
168.0 and 146.6 kJ/mol by the SCF and CI methods, respec- 
tively (2). The latter value of the barrier height was also 
obtained from the potential energy surface of Murrell et al. 
(1 1). Recent calculations at the single and double excitation 
coupled-cluster (CCSD) and CCSD(T) levels of theory by Lee 
and Rendell (12) led to a transition state 187 kJ/mol above the 
HCN isomer, while HNC was predicted to be 61 + 4 kJ/mol 
above HCN. All these studies agree that HCN is linear with 
the H atom bound to carbon and this is borne out by experi- 
ment (13). Detailed calculations by Bowman et al. (14a) on 
the HCN w HNC isomerization using a large atomic natural 
orbital (ANO) 1-particle basis set with the CCSD(T) theory 
predicts a barrier of 202.3 kJ/mol and an endothermicity of 
61.7 kJ/mol measured from HCN. They have fitted the ab ini- 
tio potential surface with the Morse potential via the nonlinear 
least-squares method and obtained the vibrational frequencies 
for the HCN and HNC. Their results are in good agreement, 
within 10 cm-', with the experimental frequencies. The further 
augmentation of g and f functions (14b) on heavy (C, N) and 
light (H) atoms, respectively, to the A N 0  basis set reveals 
closer agreement of the fundamental vibrational frequencies 
with the experimental data. 

Extensive studies of the HCN w HNC isomerization have 
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naturally led to an interest in the LiCN t, LiNC isomerization. 
LiCN is predicted to be linear and to have also an isocyanide 
structure (15). Besides, the number of valence electron pairs is 
the same in HCN and LiCN. So the correlation energies of the 
Li isomers are expected to be close to those of the H isomers. 
Among the earlier studies of the LiCN t, LiNC isomerization, 
those of Clementi et al. (15) are worth mentioning. They used 
a Slater-type basis set at the Hartree-Fock level and observed 
no energy barrier between the LiCN and LiNC linear configu- 
rations and that the two molecules have nearly the same ener- 
gies. Later, Essers et al. (16) performed ab initio SCF 
calculations using a large polarized Gaussian basis set and 
observed a small barrier above LiCN for isomerization to 
LiNC. Experimental studies by Van Vaals et al. (17) via 
molecular beam microwave spectroscopy confirms the pres- 
ence of LiNC and its linear structure. Ab initio calculations by 
von Schleyer et al. (18) predict the presence of another mini- 
mum, centered near LiNC, with T-shaped structure. This result 
has not been confirmed by experiment. Most recent calcula- 
tions (19) on the LiCN H LiNC isomerization were carried 
out up to second-order Moller-Plesset perturbation theory, by 
employing an extended 6-311++G(2d,f) basis set. These 
results also revealed two linear and one T-shaped structures. 
The energies of the various structures were found to be very 
sensitive to electron correlation. 

Although ab initio calculations with large basis set includ- 
ing polarization functions are reported, the basis set parame- 
ters are not fully optimized. All of the Pople basis sets (20,21) 
have larger basis set superposition errors (BSSE) (22) than the 
Dunning bases (22-24). Therefore the Dunning bases give 
more accurate energies at the both SCF and CI levels than do 
the Pople bases. Lee and Rendell (12) used the basis set of tri- 
ple-zeta double-polarization type (TZ2P) with f functions on 
hydrogen and g functions on carbon and nitrogen in HCN. 
Addition of polarization functions generally increases BSSE 
and optimization of orbital exponents on augmented polariza- 
tion functions could be tantamount to optimizing BSSE (25). 
For calculations of LiCN, Makarewicz and Ha (19) used the 6- 
31 1++G(2d,f) functions. Grev and Schaefer (26) have studied 
the 6-311G basis set of Pople and co-workers (27) and 
observed that this is essentially of the double-zeta quality and 
should be represented as 63-1 1G instead of 6-3 1 1G. This may 
be due to collapse of the valence orbitals into the core. The 
simple comparison of energies calculated with bases of differ- 
ent sizes cannot decide on the quality of the basis set. Rather, 
the optimum values of the orbital exponents determine the 
quality of the basis set. The magnitude of the reduced gradient 
of the energy with respect to the Gaussian exponents 

C Gi 
Igl = - 

n 

where 

and n = number of exponents, has been suggested as a measure 
of the quality of a basis set by Mezey, Kari, and Csizmadia 
(28). Recently, Schiifer et al. (29) determined basis sets for 

several atoms where all the basis set parameters are fully opti- 
mized by means of gradient techniques.2 They noted that Huz- 
inaga's atom-optimized GTO basis sets (30) are, in part, far 
from being optimized. Even Dunning bases (31) have been 
found to have large reduced gradients, Igl. Schafer et al. (29) 
presented fully optimized basis sets, for several atoms, of rel- 
atively small size with least possible loss in accuracy. In this 
paper we have used their basis sets of the TZ2P type, which 
are expected to be superior to those created by just contracting 
atom-optimized GTO sets. 

The main purpose of this paper is to determine the energet- 
ics, structures, and the minimum energy path for HCN H 
HNC and LiCN t, LiNC isomerizations and to bring out any 
difference in the mechanisms of these two intramolecular 
bond-rearrangement processes. Although the energetics of 
these two processes were studied theoretically earlier, they 
were reported at different levels of calculation. In this paper, 
we maintain the same level of calculation for both systems so 
that a meaningful comparison can be made. We make correc- 
tions for electron correlation in our calculations. 

2. Computational methodology 

For accurate description of chemical bonding one needs the 
triple-zeta double-polarization (TZ2P) type of basis set for the 
SCF calculations. In our calculations, we utilized a triple-zeta 
basis set in full space augmented with two sets of polarization 
functions on each atom (TZ2P). The basis set parameters for 
atomic core and valence orbitals were taken from Schafer et 
al. (29). The exponents of the polarization functions were 
taken from Huzinaga (30) and the values of the polarization 
functions are ap(H) = 0.388, 1.141; ap(Li) = 0.044, 0.161; 
ad(C) = 0.288, 1.335; and a d ( )  = 0.412, 1.986. To note the 
effect of higher polarization functions, we augmented the 
TZ2P set with one set of d functions on H and Li and one set of 
f functions on C and N (TZ2P(d,f)). The exponents of the d 
and f functions were taken from Dunning (31) and the values 
are ad(H) = 1.057, ad(Li) = 0.2, af(C) = 0.761, and af(N) = 
1.093. These basis set parameters were optimized in full space 
(29). The pure spherical harmonic components of the d and f 
functions were incorporated in the basis sets. We used the 
Gaussian 92 (32) series of programs for the restricted Hartree- 
Fock single configuration calculations using the TZ2P and 
TZ2P(d,f) basis functions. We then made the correlation cor- 
rections using Moiler-Plesset perturbation theory by treating 
the correlation part of the Hamiltonian as a perturbation on the 
Hartree-Fock and treating the energy expansion at the second 
order (MP2) (33). 

We consider the quadratic configuration interaction with 
single and double excitations (34). This method, called 
QCISD, was proposed by Pople et al. (34) and has the features 
of size consistency. These authors claimed that the results of 
QCISD calculations deviate from that of CCSD in the fifth 
order. A more recent report (35) reveals that QCISD and 
CCSD are correct to the fourth order of perturbation in the 
space of single, double, and quadruple substitutions 

These basis functions were obtained via file transfer protocol from 
the directory with the internet address "tchibm3.chemie.uni- 
karlsruhe.den (internet no. 129.13.107.186) using anonymous 
login. 
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Fig. 1. The structural parameters R and 0 in the X-CN H X-NC 
bond rearrangement processes (X = H, Li). 

(MP4SDQ). Therefore, the QCISD method may be considered 
valuable in exploring correlation energies for a wide range of 
molecules. All the core and valence electrons were considered 
for electron correlation in both systems. 

We consider that, in both the HCN t, HNC and LiCN t, 
LiNC isomerization Drocesses. the C-H and C-Li bonds 
move away from the internuclear axis by the variable angle 0 
(Fig. 1). Geometry optimizations were carried out analytically 
at both the SCF and the correlated levels employing Schle el's 

81 technique (36) with an SCF convergence of energy to 10- au 
and density to At the optimum point, the largest compo- 
nent of the Cartesian gradient vector was less than lo4 har- 
treehohr. The first derivatives of the energies were estimated " 
analytically while the force constant matrix elements were 
evaluated by numerical methods at the QCISD level. The force 
constant matrix was then diagonalized in mass-scaled Carte- 
sian space to obtain the vibrational frequencies. The saddle 
point in the isomerization paths was identified by its having 
only one negative eigenvalue in the force constant matrix. 

3. Results and discussion 

Energies of HCN, HNC, and the transition state of the HCN t, 
HNC isomerization process obtained at the different levels of 
calculations are reported in Table 1. Table 2 reports the results 
of similar calculations for the LiCN t, LiNC isomerization. 
Table 3 gives the optimized structures of the various species 
observed in the minimum energy paths for the two isomeriza- 
tion processes. The optimized equilibrium structures of HCN, 
HNC, LiCN, and LiNC are linear. Results show that there is 
hardly any influence of the additional polarization functions 
d,f in TZ2P on the energies or the geometrical structures in the 
HCN t, HNC and LiCN t, LiNC isomerization processes. 
On the other hand, electron correlation has a considerable 
influence on the energetics. Also, at the correlated levels bond 
lengths are longer than at the SCF level. We observe that the 
correlation energies in HCN, HNC, LiCN, and LiNC are 
nearly equal to each other in value. That the correlation ener- 
gies of the Li isomers are nearly same as those of the H isomers 
is expected because the number of valence electron pairs is the 
same. Table 2 shows that at the SCF level LiNC is more stable 
than LiCN. Clementi et al. (15) also observed that the LiNC 
structure is more stable than the LiCN structure in the Hartree- 
Fock model. At the MP2 level of electron correlation, LiCN is 
more stable than LiNC. This is because the cyanide has a 
larger correlation energy than isocyanide at the MP2 level. On 
the other hand, at the QCISD level of calculations LiNC is 
more stable than LiCN. The linear LiNC equilibrium structure 
has been confirmed experimentally by molecular beam spec- 
troscopy (17). Our ab initio calculations with corrections for 
electron correlation reveal three local minima on the potential 
energy surface of the LiCN t, LiNC isomerization. The addi- 

tional minimum corresponds to a triangular nearly T-shaped 
structure. Since the energies of the three local minima are very 
close to each other, the relative stabilities could not be defi- 
nitely established. Since the energy barrier from this second 
minimum (T-shaped) to the second transition state is within 
the error bars of our calculations, no significance is given to 
the second transition state. Our ab initio calculations with the 
geometry optimization could not isolate the second transition 
state between the T-shaped minimum and LiNC. Besides, 
molecular beam spectroscopy could not detect the T-shaped 
structure of LiCN. On the other hand, gas phase rotational 
spectroscopy (37, 38) determined unambiguously the 
T-shaped structures of NaCN and KCN. 

4. HCN t, HNC isomerization 

Traditional discussions of chemical reaction center on the 
minimum energy path (MEP), which follows from one mini- 
mum over the saddle point to the other minimum. Figure 1 
shows the two coordinates R and 0 to determine the relative 
orientations of the migrating atom. In previous papers the 
C-N bond length was kept fixed during the isomerization 
process, as it was believed that variation in the C-N bond 
lengths did not play a crucial role in the reaction. Optimized 
bond length data in Table 3 reveal that the C-N bond length 
changes during this isomerization. We select the coordinate 0, 
which varies monotonically in the course of the reaction, for 
values of 0 varying from 0" to 180"; the optimized values of R 
are so determined that the energy is minimized. The path of 
minimum energy is given as a polar graph in Fig. 2a where one 
sees that the path is elliptic but not symmetric about the minor 
axis. The value of 0 at the saddle point is 110". It should be 
noted that the value of 0 is not very sensitive to the level of cal- 
culation. The value of 0 obtained by Lee and Rendell for the 
transition state structure was 104.2". As the system 
approaches the transition state, both the C-H and C-N bond 
lengths increase. The height of the barrier is 187 kJ/mol while 
the heat of isomerization is 58 kJ/mol at the QCISD level of 
calculations. Determination of the heat of reaction by Pau and 
Hehre (lo), using ion cyclotron double-resonance spectros- 
copy, yields 60 kJ/mol, which is in excellent agreement with 
our QCISD results. The best experimental value of the activa- 
tion barrier of 145 kJ/mol comes from a semi-empirical poten- 
tial energy surface of Murrell et al. (1 1). Lee and Rendell, 
however, concluded that the PES of Murrell et al. was not 
accurate in the transition state region and their estimate (12) 
was 187.3 -+ 4.2 kJ/mol. The calculated energy difference 
between HCN and HNC, where the latter is less stable than the 
former and there is a large barrier for isomerization from HCN 
to HNC, explains why HNC was not observed in HCN at room 
temperature. However, at high temperatures ( T >  900 K) HNC 
was observed in equilibrium with HCN (39). 

We then consider Mayer's definition of bond order from the 
standard density matrix (40). The density matrix in the CI cal- 
culations is not idempotent and may not give reliable changes 
in bond order along the minimum energy path (MEP). We 
consider the density matrix obtained from the single configu- 
ration calculations with the MP2 correction using the TZ2P 
basis functions. In the HCN t, HNC isomerization, the C-H 
bond is broken and an N-H bond is formed. Population anal- 
ysis shows that the charge on hydrogen is +0.15, so the H-C 
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Rao et al. 

Table 1. Energies of HCN, transition state (TS), and HNC in atomic units. The activation barrier E, and heat of reaction 
AE are in kJ/mol. 

HCN -92.909 09 -93.263 50 -92.9 12 62 -93.291 14 -93.257 18 
TS -92.830 87 -93.177 69 -92.833 93 -93.206 14 -93.179 71 
HNC -92.892 19 -93.233 76 -92.896 16 -93.262 26 -93.234 02 
E," 190 213 191 21 1 187 
AFf 42 77 41 75 5 8 

"These numbers include zero point vibrational energy corrections. 

Table 2. Energies of LiCN, transition state (TS), T-shaped structure, and LiNC in atomic units. The activation barrier E, and heat of 
reaction AE are in kJ/mol. 

- 

SCF/TZ2P MP2 = full/TZ2P 

LiCN -99.807 11 -100.175 09 
TS -99.801 72 -100.169 44 
T-shaped structure -99.812 72 -100.175 09 
LiNC -99.814 19 -100.173 36 

Eaa 1 1.89 12.82 
AE' -19.96 3.82 

SCF/TZ2P(d,f) MP2 = full/TZ2P(d,f) 

-99.810 01 - 100.202 44 
-99.804 73 -100.197 24 

Not observed -100.203 7 1 
-99.8 18 37 -100.201 80 

11.59 11.68 
-23.15 1.1 

- - - - -- 

"These numbers include zero point vibrational energy corrections. 

Table 3. The optimized bond lengths (A) in reactants, transition states (TS), and products in the HCN 4 HNC and LiCN + LiNC 
isomerizations. 

HCN R c - ~  
R ~ - N  

TS Rc-H 

4 - H  

R ~ - N  

HNC RN-H 

Rc-N 
LiCN R L ~ A  

R ~ - ~  

TS LC 
R ~ - N  

R ~ i - N  

T-shaped structure RL,, 
R ~ - ~  
R ~ i - ~  

LiNC RLI-N 
Rc-N 

Not observed 
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Fig. 2. (a)  An almost elliptic path for hydrogen migration in the HCN tt HNC isomerization. The black dots refer to the 
changed positions of nitrogen during the rearrangement process. The position of the transition state is indicated by TS. (b) 
An almost elliptic path for Li' migration in the LiCN tt LiNC isomerization. The position of the transition state is 
indicated by TS. 

bond in HCN is predominantly covalent. Our bond-order cal- 
culations reveal that the sum of the C-H and N-H bond 
orders is nearly constant and close to unity along the MEP. But 
the C-N bond is not passive during the isomerization process. 
Figure 3 shows how the C-N bond order (Bo) changes from 
a nearly triple bond in HCN to a nearly double bond in HNC. 
Optimization of bond lengths in our ab initio calculations also 
shows that the CN bond length increases from 1.16 to 1.18 A 
in the transition state. When the hydrogen atom migrates in the 
plane of the molecule, the orbitals of hydrogen interact with 
the in-plane IT and IT* orbitals of CN, as the distance of H from 
C in the transition state is only 1.18 A. This leads to a decrease 
of the C-N bond order and an increase of energy. Thus, the 
migration of hydrogen from the carbon end to the nitrogen end 
via the elliptic path (Fig. 2) involves overcoming a large bar- 
rier that may arise primarily from the weakening of the C-N 
bond, as the C-H bond cleavage and the N-H formation 
may almost annul each other in the reaction path. 

5. LiCN H LiNC isomerization 

We have now established that the two Li isomers have nearly 
the same energies. Population analysis of LiCN at the same 
level as that of HCN reveals that Li has +0.70 charge and 
therefore the Li-C bond is predominantly ionic. The path of 
minimum energy for migration of Li' from the C-end to the N- 
end is once again elliptic but not symmetric about the minor 
axis (shown in Fig. 2b). The orbiting of Li' around the C-N 
bond had also been observed earlier bv Clementi et al. (15). 

structure becomes very easy. Our force constant calculations 
reveal that the bending force constant in LiCN is lower than 
that in HCN. Besides, the calculated bending vibration fre- 
quencies of the Li-C and H-C bonds in LiCN and HCN are 
175 and 756 cm-', respectively, at the QCISD/TZ2P(d,f) 
level. 

We then consider the bond orders according to Mayer's def- 
inition, following the same level of calculations as that the 
HCN H HNC isomerization. Mayer's definition leads to a 
small bond order for an ionic bond. The Li-C bond in the 
equilibrium linear structure of LiCN has a bond order of 0.47, 
which decreases while that of Li-N increases along the MEP. 
On the other hand, the C-N bond order remains constant 
until the transition state is reached and then decreases until 
LiNC is formed, where the N-C bond is nearly a double 
bond. The variation of the C-N bond order with 8 is shown in 
Fig. 3. Optimization of bond len th shows that the C-N bond 
length remains constant at 1.18 1 throughout the reaction path 
while the Li-C bond initially decreases slightly and then 
increases in LiNC. When Li' migrates along an elliptic path in 
the plane of the molecule, there is hardly any interaction 
between the orbitals of Li' and the in-plane IT,IT* orbitals of 
CN. This is due to the fact that the atomic radius of Li' is only 
0.19 A, which is less than the atomic radius of hydrogen (0.30 
A) (41). As well, the H-C distance in the elliptic path during 
the migration of hydrogen in the HCN H HNC isomerization 
is smaller than the LiGC distance in the LiCN H LiNC 
isomerization process. 

Since the bond is ionic, the Coulomb iorce should dominate 6. ~~~~~~~i~~~ 
the bonding. This force is isotropic and the orbiting of Li' 
around the remainder of the molecule involves no, orvery lit- 
tle, expenditure of energy, unlike the orbiting of hydrogen in 
the HCN H HNC isomerization. This is borne out by our 
observation of a very low barrier of - 10.6 kJ/mol. The value 
of 0 at the saddle point is nearly -70' in the LiCN H LiNC 
isomerization. The saddle point is characterized by its having a 
negative eigenvalue in the force constant matrix. Since a very 
low barrier exists between the two linear geometries (LiCN 
and LiNC), the bending of the Li-C bond from the linear 

We observe that electron correlation has a considerable influ- 
ence on the energetics and structures in the HCN H HNC and 
LiCN H LiNC isomerization processes. The correlation ener- 
gies in HCN, HNC, LiCN, and LiNC are almost the same. In 
both isomerization processes, H (or Li') migrates in an elliptic 
path in the plane of the molecule. In HCN the C-H bond is 
predominantly covalent while the Li--C bond in LiCN is pre- 
dominantly ionic. In the HCN H HNC isomerization, migra- 
tion of hydrogen involves overcoming a large barrier. The 
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Fig. 3. The change of the C-N bond order during the HCN 
HNC and LiCN H LiNC isornerization processes. The positions of 
the transition states are indicated by arrows. 

---- LiCN 

2.40 - 

2.20 - 

0.0 60.0 120.0 180.0 

8 

origin of the large barrier lies primarily in the interaction of the 
migrating hydrogen with the in-plane IT,IT* orbitals of the 
C-N bond, which leads to a decrease of the C-N bond order 
in the transition state. In the LiCN ++ LiNC isomerization, the 
Coulomb force dominates the bonding. Since the Coulomb 
force is isotropic, migration of Lif involves very little or neg- 
ligible barrier. There is hardly any interaction of Lif with the 
in-plane IT,IT* orbitals of the C-N bond until the saddle point 
is reached. 
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Proton and electron transfers in OeHeO and 
CeHeO hydrogen-bridged ions: their role in the 
dissociation chemistry of ionized acetol, 
CH3C(=O)CH20H'+ 

Abstract: Low-energy acetol ions CH,C(=O)CH,OH'+, 1, dissociate to CH3C(H)OH+ and HC=O by a double hydrogen 
transfer (DHT), a common reaction among oxygen-containing radical cations. Recent experimental work has shown that the 
isotopologue CH,C(=O)CH,OD'+ specifically loses HC=U to produce CH,C(D)OH+. This finding refutes an earlier 
postulated attractive mechanism based on the behaviour of 1 in ion-molecule reactions. Using ab initio MO calculations (at the 
CEPA//RHF/DZP level of theory complemented with valence bond (VB) methods), a low-energy pathway was traced that may 
explain all of the available experimental observations. It is shown that the unimolecular chemistry of 1 can be understood in 
terms of two proton transfers, taking place in intermediate 0 . H - 0  and C.H.0 bonded hydrogen-bridged radical cations. The 
two protons originate from the same moiety and a charge transfer complex is therefore implicated and shown to be involved. 
These concepts of proton and charge transfer may well be more generally applicable and they do correctly predict the 
unimolecular chemistry of ionized acetoin, CH,C(=O)CH(CH,)OH'+ and related a-ketols. 

Key words: ab initio calculations, hydrogen-bridged ions. 

Resume : Les ions acttol de basse tnergie, CH,(C=O)CH,OH'+, 1, se dissocient en CH,C(H)OH+ et en HC=O' par un double 
transfert d'hydrogkne (DTH), une reaction courante des cations radicaux contenant de l'oxygkne. Des travaux exptrimentaux 
rtcents ont montrk que l'isotopologue, CH,(C=O)CH,OD'+ perd specifiquement du HC=O pour fournir du CH,C(D)OH+. 
Cette observation refute un mecanisme attrayant propost anttrieurement et qui Ctait bast sur le comportement du compost 1 
dans les rtactions ion-moltcule. Utilisant des calculs d'OM ab initio (au niveau CEPA//RHF/DZP de la thtorie avec un 
compltment des mtthodes de liaisons de valence), on a pu tracer une voie rtactionnelle de basse Cnergie qui peut expliquer toutes 
les donntes exptrimentales disponibles. I1 a t t t  montrt que le chimie unimoltculaire du compost 1 peut se comprendre en 
termes de deux transferts de protons qui se produisent par l'intermtdiaire de cations radicaux de liasions hydrogknes ponttes 
0 - H . 0  et C.H.0. Les deux protons ont leur origine dans la m&me partie de la moltcule; il y a donc un complexe de transfert de 
charge d'impliquer et on I'a dtmontrt. I1 est fort possible que ces concepts de transferts de protons et de charges puissent 
s'appliquer d'une faqon gtntrale et ils permettent de prtdire correctement la chimie unimoltculaire de l'actto'ine ioniste, 
CH,(C=O)CHCH,OH'+ et des a-cttols apparentis. 

Mots clis : calculs ab initio, ions de hydrogkne-pontt. 

[Traduit par la redaction] 

Introduction 

"The role of physics in chemistry is to predict what can be 
observed and to provide an understanding of these observa- 
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tions." So begins Professor R.F.W. Bader an influential 
review article entitled "A quantum chemical theory of molec- 
ular structure and its applications" (1). One of the purposes of 
the present commemorative paper is to show that nowadays 
state-of-the-art ab initio molecular orbital (MO) calculations 
can indeed predict experimental observables and that they can 
indeed lead to a deeper understanding of the underlying phe- 
nomena. In this paper we deal with gas-phase ions, that is to 
say, solitary species free of solvent molecules, which as such 
are preeminently suited to study by computational methods. 
Our case concerns the remarkable dissociation behaviour of 
acetol radical cations, CH3C(=O)CH,0H'+, and related sys- 
tems, for which there appear to be (seemingly) conflicting 
experimental data that we resolve here by computational 
methods. 

Radical cations obtained by electron impact ionization of 
organic molecules are renowned for their propensity to rear- 
range prior to dissociation (for selected reviews see ref. 2). 

Can. J. Chem. 74: 1078-1087 (1996). Printed in Canada 1 Imprimt au Canada 
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This is especially true for those ions that fragment during 
flight through the mass spectrometer, the so-called metastable 
ions, which dissociate with rate constants of lo5 < k < lo6 s -' 
(3). Indeed, it is frequently observed that the decay of such 
ions, as reflected by their metastable ion (MI) spectra, can be 
totally different from the fast fragmentations (k > lo6 s -I), 
which take place in the ion source of the mass spectrometer 
and give rise to the conventional electron impact (EI) mass 
spectrum. A case in point is ionized acetol, 
CH,C(=O)CH,OH'+: while its EI mass spectrum consists of 
structure characteristic peaks at m / z  43, CH,C=O+ (loo%), 
m / z  3 1, +CH,OH (20%), and m/z 15, CH,' (10%) arising from 
fast C--C cleavages, its MI spectrum is dominated by a com- 
pletely different signal at m/z 45, corresponding to 
CH,C(H)OH+ (4-7), obviously the result of a rearrangement 
process involving the loss of HC=O'. 

In the context of ionic rearrangements, hydrogen-bridged 
radical cations, in particular 0 - H - 0  bonded ions, are increas- 
ingly being proposed as intermediates to rationalize the seem- 
ingly unintelligible dissociation behaviour of oxygen- 
containing radical cations (2). These proposals were inspired 
by the growing realization (2) both from experiment and the- 
ory that 0.H.O bonded radical cations can be thermodynami- 
cally as stable as the unrearranged reactant ion, making them 
energetically attractive intermediates. The first indications 
that such hydrogen-bridged radical cations might well be very 
stable species were presented by us in this journal more than 
10 years ago (8). Based on MI and collision-induced (CID) 
dissociation characteristics, it was proposed that loss of C2H4 
from ROCH,CH,CH,CH,OH (R = H, CH,) does not produce, 
via a least-motion extrusion (9), the conventional structure 
ROCH,CH,OH'+ but rather a product ion comprised of vinyl 
alcohol and ROH, [CH,=CHOWROH]'+, and the possibility 
was entertained that the observed product ion might be 
the "proton bound radical-molecule pair" (8) 'CH,C 
(H)=O...H+--.O(H)R, whose dissociation characteristics can 
be rationalized by consideration of the relative proton affini- 
ties (PA) of the radical and molecules involved. Subsequent ab 
initio MO calculations on the C2H602'+ potential energy sur- 
face (PES) (R = H) (8b, 10a,b) revealed that the 0 .H.O 
bridged ion is not only thermodynamically by far the most sta- 
ble isomer (it is 42 kcaVmol more stable than 
HOCH,CH,OH'+ ), but that it is very stable (by ca. 24 kcaV 
mol) towards dissociation as well. Its most stable structure was 
found to be CH,==C(H)O-H'+...OH,, i.e., with the bridging 
hydrogen more closely connected to the moiety of higher PA. 
This interesting ion reappeared recently in an ab initio study 
concerning the enzymexoenzyme BIZ catalyzed dehydration 
of ethylene glycol (10c). 

Indeed, it is invariably found, from ab initio MO calcula- 
tions, that such (necessarily asymmetric) 0 . H - 0  bridged rad- 
ical cations can best be described as H-bridged ion-dipole 
complexes of the type A-H'+.--B (or A-H+..-B' ), where most 
of the stabilization energy is provided by ion-dipole attrac- 
tions. Although the hydrogen bridge furnishes additional sta- 
bilization, its main function, as we shall see, is to direct the 
course of isomerization by allowing a relatively facile proton 
transfer. 

Recent evidence has suggested that the C.H.0 bonded 
counterparts of the 0 - H . 0  bonded species may, despite their 
elevated enthalpies, be even more important intermediates in 

the decay of oxygen-containing radical cations (2, 5, 6, 11, 
12). A case in point is acetol's fragmentation to CH,C(H)OH+ 
and HC=O', see above, which has been interpreted in terms 
of 0 . H - 0  bonding on the one hand (6) and C.H.0 bonding on 
the other (5). 

In their ion cyclotron resonance (ICR) study Pakarinen et al. 
(6,7) found compelling evidence from characteristic ion-mol- 
ecule reactions that ionized acetol rearranges to the 0 - H . 0  
species CH,C=O..-H...O=CH,'+, 4. It was further proposed 
that ion 4 undergoes a hydrogen shift prior to the loss of 
HC=O' as follows: 

George et al. (5) found this mechanism to be incompatible 
with their isotopic labelling data: they observed from MS/MS/ 
MS experiments that the hydroxyl hydrogen of 1 appears at the 
carbenium carbon atom of the product ion and not, as expected 
from eq. [l], at the oxygen atom. These authors proposed a 
mechanism, supported by ab initio MO calculations, that 
involves C - H - 0  bonding: 

Goaded by these (seemingly) conflicting experimental 
results, we decided to investigate by state-of-the-art ab initio 
MO calculations the minimum energy reaction path for the 
isomerization-dissociation processes of ionizedacetol. We 
note that ionized acetol's decay is an example of a type of 
reaction that many a radical cation undergoes, namely double 
hydrogen transfer (DHT) to produce a protonated mo-lecule. 

A prototype species that undergoes such a dissociation and 
has been the subject of a thorough theoretical investigation 
(1 3) is ionized ethane- 1,2-diol, which dissociates to CH,OH,+ 
and HC-0. It appears that the isomerization processes 
involved can be understood in terms of proton (14) (as 
opposed to hydrogen atom) and electron transfers taking place 
in intermediate hydrogen-bridged ion-dipole complexes. 
Interestingly, these are the very processes that are known to 
occur rapidly in hydrogen-bridged radical cations formed by 
direct ionization of gas phase clusters (15) (these processes 
also take place rapidly in ion-molecule encounters, see for 
example ref. 16, and indeed the proposed intermediates in eqs. 
[ l ]  and [2] can be considered as such ionized "clusters"). Our 
calculations suggest a reinterpretation of the seemingly con- 
flicting experimental data for ionized acetol, but when this is 
done there appears excellent agreement. 

Theoretical methods 

Ab initio calculations were performed using the program sys- 
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X AHf (products) = 151.5 kcallmol (24) 

AE = 10.35 f 0.05 eV (5) 

om+ 

C AHf (products) = 149.7 kcal/mol (24) 

AE = 10.25 f 0.05 eV (5) 

tem GAMESS-UK (17) employing RHF and (MR)CVCEPA 
methods (18, 19). Dunning's DZP basis (20) was used 
throughout. ZPVE corrections were calculated on the RHF 
level and scaled with 0.9 (21). All minima and transition states 
were checked for the correct number of imaginary frequencies 
and the transition states were checked for their connections 
with the relevant minima. Note that inclusion of electronic cor- 
relation and ZPVE contributions may affect the relative ener- 
gies such that a transition state need not even be higher in 
energy than the minima it connects. This may happen since 
transition states are more sensitive to correlation effects than 
minima and the ZPVE also tends to favour transition states. 

The (Pople) size consistency correction procedure (22) 
for the standard HF-SDCI method was not satisfactory for 
the present system, since EICH,C(H)OHC + HCO'] - 
E[CH3C(H)OHC] - EIHCOe] yielded 5 kcaVmo1. We therefore 
resorted to single-reference open-shell CEPA calculations 
using our ATMOL~MR-CEPA program (18), which yielded a 
much smaller size consistency error (< 1 kcaVmo1). However, 
for some intermediates this procedure suffers from an intruder 
state problem (23), which means that the solution is unstable, 
because one of the excited configurations becomes dominant 
in the wave function during the iterative diagonalization pro- 
cess, thereby destroying the ground state character of the wave 
function. The appearance of the intruder states is caused by the 
shifts in the diagonal elements of the excitations, which are 
used to simulate the effects of the higher excitations on the 
electronic correlation. This effect can be remedied either by 
using a multi-configuration reference approach or by switch- 
ing off the diagonal shift for the intruder states. It appears 
rather difficult to make a balanced selection of reference con- 
figurations, i.e., a selection leading to results of uniform accu- 
racy for the whole PES. Therefore we have used the second 
approach. In all cases the "dangerous" configurations then 
appear to have small coefficients (<0.15). This yields results 
that are acceptable as to the size consistency as well as to the 
stability of the wave function. The results are given in Table 1. 

For the acetol radical cation, the RHF calculations indicate 
that there exist two minima for the acetol radical cation, one 
with the charge localized on the carboxyl oxygen and one with 
the charge localized in an accordingly long CC bond, which 
acts as the reacting configuration for the formation of com- 
plexes involving the CH3C=0 and CH20H units. The first 
minimum is probably an artefact of the HF calculation, since 

the correlated results lead to a lower energy for the geometry 
corresponding to the HF transition state between the HF min- 
ima. This is corroborated by an MP2 geometry optimization, 
which leads to a long CC bond (13). 

Results and discussion 

Preliminary considerations 
Ionized acetol has two dissociation reactions of low energy 
requirement, see Scheme 1. Both reactions, as evidenced by 
appearance energy (AE) measurements, take place at their 
thermochemical thresholds. Although the AE's are not signif- 
icantly different, the formation of CH3C(H)OHC has the 
expected lower energy requirement, as this is the dominant 
peak in the MI spectrum, see above. Note that the average 
kinetic energy release is very small, T = 7 meV (5) and this 
indicates, according to theory (25, 26) and experiment (27), 
that the excess energy will be correspondingly small, smaller 
than the uncertainty in the AE measurements ( 2 5 0  meV); as a 
consequence, formation of CH,C(H)OHC may well dominate 
the MI spectrum, even if the AE'S are the same within exper- 
imental error. The small T value also indicates that there is no 
reverse term and that the final step most likely involves disso- 
ciation of an ion-dipole complex (26). 

The energy requirement for the rearrangement-dissociation 
processes (as measured by the difference in AE and ionization 
energy (IE)) is only 12 kcaVmol(5); that an ion having such a 
relatively small activation energy should nevertheless dissoci- 
ate at a slow rate further attests to dissociation of an interme- 
diate ion-dipole complex (28). It is also clear from the above 
energetic measurements that the leeway in our ab initio calcu- 
lations is only 12 kcaVmol. 

As mentioned above, the ethane-1,2-diol radical cation, 
HOCH2CH20H'+, also undergoes a double hydrogen transfer 
to produce CH30H2+ and HC=O', and the associated mecha- 
nism has been unravelled by high-level ab initio calculations 
(13). After detailed calculations (see below), we found that the 
sequence in Scheme 2, which is very similar to that of ionized 
ethane-1,2-diol, applies to ionized acetol. The corresponding 
energy diagram is shown in Fig. 1 and the equilibrium and 
transition structures are shown in Fig. 2. 

O M 0  (ion 4) versus C M O ( i o n  5) bonding 
First we deal with the mechanistic proposal by Pakarinen et al. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chern. Vol. 74, 1996 

Fig. 1. Theoretical results (CEPA) for the relative energies of the isomers and 
transition states encountered in the dissociation of acetol radical cations, 
CH,C(=O)CH,OH'+. Experimental Appearance Energy of the products as 
indicated (see text for discussion). 

(6). The key intermediate in this proposal is ion 4, which was 
proposed to yield the products directly, i.e., 4 + 7. Our calcu- 
lations confirm previous computational results (29) that the 
hydrogen-bridged species 4 is best described as a +CH,OH ion 
interacting through a hydrogen bridge with the acetyl radical 
dipole, see Fig. 2. Hence this ion is a prime candidate to 
explain the acetyl radical displacement reactions observed for 
ionized acetol in the ICR experiments of Palcarinen et al. (6). If 
indeed ion 4 can be generated from 1 below the dissociation 
limit, then the labelling results of George et al. (5) dictate that 
4 does not undergo the hydrogen transfer 4 + 7 depicted in 
Scheme 2. 

According to our calculations, this process indeed has a pro- 
hibitively large barrier, see Fig. 1. That this barrier should be 
large can be understood as follows. As a first step, the bridging 
deuterium in 4 may be shifted towards the acetyl oxygen atom; 
since the carbene CH3-C-OH has a high thermodynamic sta- 
bility as an ion (30a), but not as a neutral (30b), this would 
have to lead to ionized CH3-C-OD" interacting with the form- 
aldehyde dipole, that is to say, the above deuterium shift would 
have to be a deuteron, D', shift. To produce CH3-C(H)-ODt 

from the incipient CH3-Cat-OD...O=CH, would then require 
a further hydrogen atom shift and there are two reasons why 
this reaction should have a large barrier. First, this reaction 
would involve cleavage of a covalent C-H bond in neutral 
formaldehyde and this requires considerable energy; sec- 
ondly, to move this H atom to the ionized carbene would 
require an unfavourable rotation of the formaldehyde dipole. 

Alternatively, the above sequence may be reversed, i.e., 
first one of the C-H hydrogens of the +CH,OD ion in 4 is 
shifted to the acetyl dipole; this would lead to [CH3- 
C(H)=O...D-O-C-HI' '. Again, the incipient carbene, H-C- 
OD, has a high stability only in its ionized form (31), so that it 
should bear the charge; hence the above hydrogen shift again 
would have to be a hydrogen atom shift and for the same rea- 
son as given above such a shift requires considerable energy, 
the associated TS (TS 4+7) lying some 20 kcaYmol outside 
our leeway, see Fig. 1. Thus ion 4 cannot directly lead to the 
products as shown in eq. [I.], in agreement with the experi- 
mental findings of George et al. (5). 

However, similar arguments can be put forward against the 
transformation 5 + 7 proposed by George et al. (5). From ion- 
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Fig. 2. Geometries of the C,H,O,'+ isomeric ions and transition states optimized at the RHFlDZP level of theory. 
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Fig. 3. Proposed isomerization steps involved in the loss of 
HCO' from,ionized acetol, 1, as visualized by Pluton pictures 
(see text for details). Orientation: e.g., ion 2: left-hand side 
CH,OH+, right-hand side CH,C==O+; hydroxyl hydrogen 
labelled black. 

dipole considerations, the charge in 5 must reside on the acet- 
aldehyde moiety, so that the rearrangement 5 + 7 must 
involve an unfavourable C-H cleavage in neutral formalde- 
hyde, concomitant with a destabilizing rotation of the formal- 
dehyde dipole, and so it is inferred that the transformation 5 -+ 
7 should require considerable energy as well. Note that the 
above authors did find a low-lying TS (labeled TS3b+5a in 
their work) where the formaldehyde group has indeed rotated 
concoinitant with H transfer and which they identified as TS 
5-7. However, we have now found that this TS does not con- 
nect 7 with 5, but rather 7 with 6 where the charge is on the 
formaldehyde group, see Scheme 2. 

It therefore appears that neither 4 nor 5 can lead directly to 
the products at the measured appearance energy and with the 
observed small kinetic energy release. Nevertheless, there is 
good experimental evidence that 4 is involved. How then can 
ion 4 lose HCO' ? 

Rearrangement of ion 4 : [CH,-C=O...H-O=CH,]'+, 
4+5+C+6 (+7)+products 

The rearrangement processes of ion 4 leading to the loss of 
HCO' are visualized as Pluton pictures in Fig. 3. Our calcula- 
tions indicate that the O H 0  bonded species 4 can rearrange 
below the dissociation threshold to the C/WO bonded species 
5. First, the +CH20H moiety undergoes a shuffle along the 
C=O axis of the acetyl dipole until the configuration TS 4 4 5 ,  
CH3-C(=O)..-H-0=CH2+, is reached, which then undergoes 
a proton transfer to generate 5. The transition 4+5 could be 
viewed, in principle, as the 1,2-hydrogen shift CH3-C-OH" + 
CH,-C(H)=O'+, catalyzed by the formaldehyde dipole (13, 
14). Note, see Table 1, that at the RHF level there is a small 
barrier for the transition 5 4 4  (10 kcallmol, including ZPVE 
contributions). However, with electron correlation (CEPA) 
this barrier has disappeared, so that the transformation 4-5, 

which for visualization purposes is depicted as stepwise in 
Fig. 3, actually occurs smoothly, see energy diagram, Fig. 1. 
As to the formation of 5, George et al. (5) found a TS (labelled 
TS 4a-3b in that work) that was proposed to connect 2 and 5. 
We have found that this TS in actuality connects 4 and 5, i.e., it 
is our TS 4+5. So we feel that the sequence 1 4 2 -+ 4 + 5 
presents a more realistic pathway for the formation of 5 than 
the transformation 2 + 5. 

As mentioned above, the charge in ion 5 is on the acetalde- 
hyde moiety and thus ion 5 cannot yield the desired products 
directly. We note, however, that in ion 6 the charge is on the 
formaldehyde group and so 6 can easily donate a proton to the 
neutral formaldehyde followed by dissociation (6 + P). Ions 5 
and 6 can be formed from 5 via the charge transfer complex C 
as follows. We note (see Fig. I) that ions 5 and 6 have compa- 
rable energies. This is so because there is a trade-off between 
effects arising from the differences in IE's and dipole 
moments (p,) of acetaldehyde and formaldehyde: the lower IE 
of acetaldehyde (10.23 eV versus 10.87 eV (32)) favours the 
charge on the acetaldehyde (ion 5), whereas the larger dipole 
moment of acetaldehyde (p, = 2.77 D vs. 2.33 D for fomalde- 
hyde (32)) favours the charge on formaldehyde (ion 6). Since 
the acetaldehyde moiety in 5 is charged, it can rotate on the 
dipole vector of the formaldehyde molecule without loss of 
too much of the ion-dipole stabilization energy, i.e., only the 
weak hydrogen bond is sacrificed. That is to say, the relative 
orientation of the CH3CH=0 and CH2=0 units is changed 
(ion-dipole reorientation (33)), such that the dipole vectors of 
the putative neutral molecules are oriented towards each other. 
In this situation both choices, i.e., CH3-CH=O'+...0=CH2 
and CH3-CH=0...0=CH2'+ will correspond to low-energy 
situations and such arrangements are acceptable as conforma- 
tions where the charge transfer may take place easily (5 + 
C + 6) (see also the following section on the charge transfer 
complex). 

We can now see why the transition 4 + 5 is necessary to 
bring about the above charge transfer process. For any charge 
transfer process A'+.-.B 4 A-..B'+ to take place easily, both A 
and B must represent thermodynamically stable molecules. 
Now consider ion 4: this ion could well undergo a shift of the 
bridging H to generate CH3-C'+-OH.--O=CH2. This species 
cannot undergo ion-dipole reorientation and charge transfer 
along the lines described above, simply because neutral CH3- 
C-OH is thermodynamically a high-energy species. This is the 
reason that the transformation 4 4 5 is necessary. 

While we feel that our theoretical calculations (as well as 
the simple energetic arguments given in the previous section) 
strongly favour a charge transfer process over the direct disso- 
ciation 5 ( 4  7) + P, we have no experimental proof of its 
occurrence, at least not for acetol. However, substituting one 
of the methylene hydrogen atoms in ionized acetol by CH3' 
yields acetoin ions, CH3C(=O)CH(CH3)0H'+. Ionized ace- 
toin undergoes one unimolecular dissociation to produce 
CH3C(H)OH+ (177/z 45) + CH3C=Oa, ostensibly a simple bond 
cleavage reaction. If the sequence outlined in Scheme 2 also 
applies to acetoin, i.e., 1+4+5+C+6(+7)+P, and substi- 
tuting a methylene hydrogen in 1 by a CH3 group, then the 
charge transfer process becomes degenerate, i.e., 5+C-+5. If 
such a degenerate process takes place below the dissociation 
limit, then it is predicted (and this prediction, we stress, f01- 
lows from our ab initio MO calculations) that the labelled pre- 
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cursor ion CH~C(=O")CH(CH~)OH'+ should produce 
CH3C(H)OH+ ( d z  45) and CH3C(H)la0H+ ( d z  47) in a ratio 
of exactly 1:l. This, as we have recently reported (12) is pre- 
cisely what is observed experimentally. Equally important 
are MS/MS/MS experiments (12) on the labelled ion 
CH,C(=O'~)CH(CH,)OD'+. These experiments established 
that the above acetoin isotopomer generates CH~C(D)'~OH+ 
(in admixture with CH3CHOD+) with the deuterium atom 
attached to the carbenium carbon atom and not to the oxygen 
atom, precisely as predicted from our calculations. We there- 
fore feel confident that the acetol radical cation also fragments 
via a charge transfer complex. 

The [CH,C(H)=O.-.O=CH,]'+ charge transfer complex: 
computational aspects 

At the end of the reaction sequence a proton transfer from 
CH2=O'+ to CH3C(H)=0 takes place. The charge localiza- 
tion in the [CH3C(H)=0..-0=CH2]'+ complex will be deter- 
mined by the relative orientation of the two units. This means 
that the charge will go to that unit whose dipole moment is 
directed away from the other unit. Therefore, to create a stable 
situation for this transfer we have to start with a neutral 
CH3C(H)=0 and an ionized CH2=0. The dipole of the 
CH3C(H)=0 is directed toward the charge on the CH2=OS+ 
unit, ion 6,  which is oriented such that a H-bridge is formed 
that also stabilizes the complex. 

In the intermediate resulting from the first proton transfer, 
5, the charge is located on the CH3C(H)=0 unit, with the 
dipole of the CH2=0 directed toward the CH3C(H)=O'+. For 
reasons given above, 5 and 6 have comparable stabilities. 
However, when we tried to find a transition state for the charge 
transfer process 5 -+ 6 ,  the RHF calculation led to a crossing 
instead of a saddle point. This situation was also encountered 
in the dissociation of ethane-1,2-diol (13) (charge transfer 
between CH30H and CH2=O). To find the energetically most 
favourable geometry for the charge transfer, we optimized the 
geometry of the transition point within the intersection of the 
two potential energy surfaces (34). A useful starting geometry 
for this optimization was obtained by optimizing the complex 
with the restriction that the -C--4 dipole moment vectors are 
oriented towards each other. This yields the geometry of struc- 
ture C. In this geometry a Valence Bond (VB) calculation (13) 
was performed involving the two RHF determinants corre- 
sponding to the two charge localizations. Since these determi- 
nants are degenerate in the transition point, whereas the HF- 
MO's mutually overlap, the VB calculation will lead to an 
energy lowering in the neighbourhood of the crossing. As a 
result the charge transfer process is now described as a contin- 
uous process involving an avoided crossing between the two 
extremes, i.e., structures 5 and 6 .  To obtain a final result com- 
parable in accuracy to the results for the other intermediates, 
we used the Natural Orbitals of the VB function in the final 
CEPA calculation. 

Formation of ion 4, CH,C=O-..H-.-O=CH,'+, the 
reaction sequence 1-+2+3+4 

The calculations by George et al. (5) indicate that, below the 
dissociation limit, 1 can undergo a 1,4-hydrogen shift to pro- 
duce the distonic ion CH3C+(OH)CH20'. However, its forma- 
tion from l represents a "cul de sac" isomerization (35) with 
significant barriers for further rearrangement. This nicely 

parallels theoretical observations for the distonic ion 
H20+CH2CH20' generated from ethane- 1,2-diol, which too is 
not the precursor for the 0 .H.O bonded species. 

How then can ion 4 be formed from I? Analogous to 
ethane-1,2-diol, ion 4 could be formed from ion 2, which is 
computed to have a long C-C bond (ca. 2 A) and to lie 6.5 
kcaYmol below 1 (this and other results (13) show that in rad- 
ical cations long bonds can be stronger than short bonds). The 
C-C bond in ion 2 is a one-electron bond with the charge and 
radical character both localized in this bond. The possibility 
therefore exists that the adiabatic Appearance Energy (AE,) 
corresponds to 2 and not to 1. This is the reason, see Fig. 1, that 
we have anchored the energy levels relative to the products, 
which are experimentally well known. We note, however, that 
because of its long C-C bond, the formation of 2 from 1 at the 
AE, is not probable kinetically (13). 

Starting from ion 2 there is a choice: the lone electron can be 
transferred to the CH20H moiety, and this configuration leads 
to dissociation to CH3C=O+ as observed in the conventional 
mass spectrum, or it can go to the CH3C=0 part. This choice 
leads to ion 4 as visualized by the Pluton pictures in Fig. 3. 
Thus after elongation of the C-C bond in 1 to generate 2, the 
+CH20H moiety can rotate in the dipole field of the acetyl rad- 
ical (TS 3 + 4) to eventually generate 4, see also Fig. 2. 
(Along the way the distonic ion 3 is encountered. This ion, 
which is a minimum at the HF level, has a relatively long 
0-C bond (ca. 1.6 A); TS 3 + 4 actually connects 4 with 3 
via a torsion motion.) TS 3 + 4 lies close to the experimental 
energy limit, see Fig. 1. 

Thus we have found a low-energy pathway whereby ionized 
acetol can rearrange to the hydrogen-bridged species 4 via the 
one-electron bond species 2. At the same time our results sug- 
gest that ion 2 rather than (or in addition to) ion 4 may be 
responsible for the observed acetyl radical displacement of 
collisionally cooled ions (6) because, unlike 4, ion 2 can be 
spontaneously formed upon ionization, see Fig. 1. 

In summary, our calculations lead to the following mecha- 
nistic proposal, which is consistent with all of the available 
experimental data. Upon ionization, acetol relaxes to the one- 
electron bonded species 2 with a long C--C bond (2 A). Ion 2 
has a choice: the charge can go to the acetyl moiety but then 
the .CH20H dipole is directed away from the charge and is 
ejected; this leads to CH3C=O+, d z  43, as observed in the 
normal mass spectrum. Alternatively, the charge can go to the 
CH2-OH unit and now the acetyl dipole has the correct orien- 
tation to be attracted by the charge: this choice leads to the 
O.H.0 bonded species 4, as described above. This species 
cannot undergo a 1,5-H shift because the necessary orientation 
of the formaldehyde dipole leads to destabilization. Rather, 
ions 4 undergo a shuffle (4 + TS 4 + 5) and then proton 
transfer to generate the C-He0  bonded species 5. In ion 5 the 
charge is on the acetaldehyde moiety. For 5 to undergo a sec- 
ond proton transfer the charge must be moved over to the 
formaldehyde molecule. This is done via C; when the formal- 
dehyde unit has accepted the charge, it can rotate in the acetal- 
dehyde dipole field to produce 6 ,  which then undergoesproton 
transfer followed by disscociation. 

As argued above, the double hydrogen transfer processes 
that take place in ionized acetol and ethane-1,2-diol can best 
be viewed as proton (as opposed to hydrogen atom (see for 
example ref. 36)) transfers and conformations must be sought 
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to allow such proton transfers. Since the two protons originate 
from the same moiety a charge transfer complex is implicated; 
to reach such a complex necessitates C-He0  bonding and this 
is the reason that the above molecular ions dissociate via 
C-He0  bonded intermediates, as implicated by experiment. 

At the same time, our calculations show that the C.H.0 
bonded species is most easily formed from the 0 . H - 0  bonded 
ion 4, rather than directly from 2, and so a unification of the 
seemingly conflicting experimental data of Pakarinen et al. (6) 
(dissociation via 0 . H - 0  bonding) and George et al. ( 5 )  (frag- 
mentation via C-He0 bonding) is correspondingly manifest: 
the reactivity experiments (37) of Pakarinen et al. detect 2 and 
perhaps also 4 (first part of Fig. l), while the product ion mea- 
surements of George et al. detect the higher energy species 5 
(second part of Fig. 1). These concepts also offer a mechanistic 
generalization for the DHT processes observed in related sys- 
tems including ionized acetoin (12), and methyl glycolate and 
methyl lactate (1 I). 

Finally we note that ionized acetol is isomeric with ionized 
methyl acetate, CH3C(=O)OCH3'+, 8, and that low-energy 
ions 8 lose both CH30' and CH20He (yielding CH3C=O+) but 
not HC=O'. Hence 1 and 8 do not communicate with each 
other, although ion 4 has been proposed, on the basis of a 
detailed computational study, to participate as a high-energy 
transient intermediate in the loss of CH,OHa from 8 (29). 
Experimental and computational work to further characterize 
the behaviour of independently generated ions 4 is in progress. 
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Topological analysis of the electron 
localization function applied 
to delocalized bonds 

A. Savin, B. Silvi, and F. Colonna 

Abstract: What is a local viewpoint of delocalized bonds? We try to provide an answer to this paradoxical question by 
investigating representative conjugated organic molecules (namely, allyl cation, trans-butadiene, and benzene) together 
with reference nonconjugated systems (ethylene and propene) by means of topological analysis of the electron localization 
function ELF. The valence attractors of the ELF gradient field are classified according to their synaptic order (i.e., 
connections with core attractors). The basin populations N, (i.e., the integrated density over the attractor basins) and their 
standard deviation, o, have been calculated and are discussed. The basin populations and their relative fluctuations, defined 
as h = 02/N, are sensitive criteria of delocalization. In the case of well-localized C-C or C=C bonds, h - 0.4, whereas 
for delocalized bonds h increases to about 0.5. Another criterion of delocalization is provided by the basin hierarchy, 
which is defined from the reduction of the localization domains. For most systems, delocalization occurs not only for 
neighboring carbon~arbon disynaptic attractor basins, but also for nearest neighbor disynaptic protonated attractor basins. 

Key words: electron localization function, topological analysis, delocalization, population analysis. 

RCsurnC : Y a-t-il un point de vue local des liaisons dClocalisCes ? Nous essayons de repondre h cette question pour le 
moins paradoxale en examinant une sCrie de moltcules organiques conjuguees et de systkmes non-conjuguCs de rCfCrence 
2 I'aide de l'analyse topologique de la fonction de localisation ELF. Ces systkmes sont d'une part le cation allyl, le trrins- 
butadikne et le benzkne et, d'autre part 1'Cthylkne et le propkne. Les attracteurs de valence du champ gradient de ELF sont 
classCs suivant leur order synaptique (c'est h dire, suivant le nombre de connections qu'ils forment avec les cceurs). La 
population moyenne par bassin, N, et son Ccart-type, o, ont ttC calculCs et font I'objet d'une discussion. Les populations 
moyennes par bassin et leurs fluctuations relatives, h = 02/N, sont des indicateurs sensibles de la dilocalisation. Pour 
des liaisons C-C ou C=C localisCes, h - 0.4 tandis que pour des liaisons plus dClocalisCes h - 0.5. La hitrarchie 
des bassins, dCfinie i partir de la rCduction des domaines de localizations, est un autre critkre de dClocalisation. Dans la 
plupart des systkmes la dClocalisation affecte non seulement les bassins des attracteurs relatifs au squelette carbon6 mais 
Cgalement les bassins adjacents d'attracteurs disynaptiques protonts. 

Mots clis : fonction de localisation d'klectrons, analyse topologique, dtlocalisation, analyse de population. 

1. Introduction (2). On the one hand is the resonance concept, in which the 
true ground state wave function of the system is expressed 

The bonding in conjugated organic systems cannot be rep- as a linear combination of wave functions corresponding to 
resented by a definite Lewis structure and is therefore re- definite Lewis structures (3 ) ,  and on the other hand is the 
f e m d  as delocalized. Attempts at understanding such sys- MO description in which the bonding orbitals are delocal- 
tems on the basis of the Lewis theory of valence have given ized over the whole molecule. As mentioned by Coulson (4): 
rise to, for example, chimerical structures such as those pro- "There is an interesting contrast between the VB and M O  de- 
posed by Huggins ( I ) ,  which were rejected with the advent 

scriptions of benzene. Both require complete delocalization, of quantum chemistry. The valence-bond (VB) and molec- 
but whereas the VB method introduces it by superposition 

ular orbital (MO) approaches are at the root of the two basic 
of KekulC (and other) structures, in the M O  method there is 

descriptions of these bonds that can be found in textbooks 
nothing that even resembles a structure. This sit- - 
uation warns us once more against any too literal belief in 
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the reality of our structures." This epis;emological difficulty 
is mostly due to the weakness of interpretative methods that 
give a physical significance to quantities, such as molecular 
orbitals or valence-bond structures, appearing as intermediate 
during the course of approximate procedures of solution of 
the many-body Schrodinger equation. 

The analysis of local functions defined within the exact 
many-body theory, such as the electron densities and de- 
formation densities, is an alternative interpretative strategy 
that is more consistent with the interpretative postulates of 
quantum mechanics. The difficulty is then to find a guideline 

Can. J. Chem. 74: 1088-1096 (1996). Printed in Canada / ImprimC au Canada 
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allowing an objective partition of the molecular space and 
to make a link with the ideas widespread in the chemistry 
community. With respect to the delocalization problem, the 
question of the description provided by such local theories 
may seem to be paradoxical. In an early version of the loge 
theory, delocalization in benzene could be accounted for by 
the presence of "one loge with six delocalized electrons and 
extending over the carbon cores" (5). This assumption has 
not been supported by calculations since the numerical com- 
plexity of the determination of the boundaries of such a loge 
is too high to be feasible. The theory of atoms in molecules 
(6) provides a partition of the molecular space into atomic 
basins. ~ h o u ~ h - t h e s e  basins cannot by themselves provide a 
picture of the delocalization, the definition of bond orders 
within this framework (7, 8) provides a proper framework 
for the discussion of the delocalization. 

An alternative partition of the molecular space is provided 
by topological analysis of the electron localization function 
ELF (9), which yields basins related to the local pairing of 
electrons. In this paper, we have investigated by this tech- 
nique the bonding in simple hydrocarbons containing double 
and single bonds (namely ethylene, propene, ally1 cation, 
trans-butadiene, and benzene) in order to compare the local 
properties in typical localized and delocalized systems. 

2. A sketch of the topological analysis 
of the ELF function 

The topological analysis of molecular space has been pio- 
neered for two decades by Richard Bader (6) who investi- 
gated the gradient field of the electron density in order to 
build a rigorous theory of the chemical bond. Gradient field 
analysis is the mathematically well-established method al- 
lowing "access to a rigorous qualitative thinking" (10). In 
the particular field of the chemical bond, it can help to ob- 
jectively define the words used to describe molecules on a 
microscopic scale. In this respect, Bader's definition of the 
atom within the molecule exemplifies the possibilities of the 
method. In principle, gradient field analysis can be applied to 
any well-defined local function. For us, a well-defined local 
function is a function of the space coordinate r, which can be 
expressed in the framework of an exact many-body theory. 
Property densities are defined as the integral over the spin 
coordinate: 

a is the Hermitian operator associated with the property, 
p(x,xl) is the first-order density matrix ( l l ) ,  and x stands 
for the space and spin coordinates. They are well-defined 
local functions whereas orbitals, in many-electron systems, 
have no physical meaning since they appear as mathemat- 
ical intermediates during the calculation. Functions of den- 
sities of property are also local functions. As examples of 
well-defined local functions we can mention the electron 
density and derived quantities such as the molecular elec- 
trostatic potential. We have recently shown (9) that a sim- 
ilar analysis applied to a localization function such as that 
of Becke and Edgecombe (12) provides "a clear demarca- 
tion between shared-electron interaction, as in covalent and 

metallic bonding, and unshared-electron interactions, such as 
in ionic and hydrogen bonded systems" (13). 

2.1. The physical significance of ELF 
The ELF function proposed by Becke and Edgecombe (12) 
was originally defined within the framework of Hartree-Fock 
(approximate) theory as: 

in which D, and DE represent the curvature of the electron 
pair density for electrons of identical o spins (the Fermi hole) 
for, respectively, the actual system and a homogeneous elec- 
tron gas with the same density. DO is the Laplacian of the 
conditional probability calculated from a single determinental 
Hartree-Fock wave function: 

As mentioned before (14) this expression is formally iden- 
tical to the difference between the positive definite local ki- 
netic energy of a system of noninteracting fermions c [ p ]  
appearing in the Kohn-Sham equations (15) and that ap- 
pearing in the von Weizsacker functional (16). 

As pointed out by Tal and Bader (17), the von Weizsacker 
functional (16) is a lower bound to the positive definite local 
kinetic energy that is locally approached at the Hartree-Fock 
level when a single orbital makes the dominant contribu- 
tion to the density in the same region of space. The von 
Weizsacker functional is also the positive definite local ki- 
netic energy of a system of noninteracting particles of den- 
sity p0 for which the Pauli repulsion has been switched 
off. Therefore, DO signifies the local excess of kinetic en- 
ergy due to the Pauli repulsion. The kinetic interpretation 
of DO (14) is very important because it extends the validity 
of the ELF function to the ground state of real systems for 
which Tf[p] can be exactly evaluated within density func- 
tional theory. Therefore, for ground state systems ELF gains 
the status of a well-defined local function. Furthermore, this 
definition of ELF allows its determination from knowledge 
of the electron density alone. Thus, instead of considering the 
Laplacian of the conditional probability, it is more advanta- 
geous to consider DO in its kinetic interpretation to redefine 
ELF. For closed-shell systems, TF[p] = T![~] = ; ~ , [ p ]  and 
pa(r) = pP(r) = ip(r) ,  so: 

In these expressions, the o dependence no longer appears on 
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Fig. 1 

Fig. 2 

Fig. 3 
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Plate 1. Fig. 1. Representation of ELF for Liz (left) and LiH (right). ELF has been calculated with the 
density threshold E set to zero. The value of ELF is given by the color scale. The broken lines correspond 
to the e- bohrr3 isodensity contours. Fig. 2. q(r) = 0.8 localization domains of ethylene (top 
left), propene (bottom left), ally1 cation (top right), and trans-butadiene (bottom right). The nature of the 
attractor defining the domain is given by the color code. Magenta: core; green: valence disynaptic; blue: 
protonated valence disynaptic. Fig. 3. The q(r) = 0.5 and q(r) = 0.8 localization domains of benzene. 
Same color code as in Fig. 2. 

the right-hand side of the equations and therefore, one may 
consider D and 

In regions of space where the electron density is very low, 
the numerical representation of the wave function and of the 
density is not accurate enough to warrant the reliability of the 
gradients of local functions. Spurious attractors may appear 
that are due to computational artefacts such as roundoff errors 
or to basis set effects. Such troubles arise when Do tends 
to zero faster than p(r). In practice, one can remove these 
difficulties by taking an effective ELF written as: 

E is chosen such that ELF tends to zero with the density p. 
In actual calculation we use E = 2.87 x This value 
constrains ELF to be less than 0.5 for p 5 lop3. 

ELF is a local measure of the effect of the Pauli repulsion 
on the kinetic energy density. In the region of space where 
the Pauli repulsion is weaker than in a uniform electron gas 
of identical density (we should say, where the local parallel 
pairing is lower), ELF is close to 1 whereas where the local 
parallel pairing is higher (and therefore the Pauli repulsion 
strongly active) ELF is low. For example, in a closed-shell 
system, though the a and P spin densities are equal every- 
where, there are regions of low ELF between high ELF re- 
gions. 

2.2. The topological analysis of ELF 
As ELF is a scalar function, the analysis of its gradient field 
allows us to locate attractors to which we have given a chem- 
ical signification (9). Usually, the attractors of a gradient 

A possible generalization of ELF, which is valid to any 
stationary state and which preserves the requirements of a 
well-defined local function, can be achieved by substituting 
T,[p] by the positive definite local kinetic energy density G(r), 
which refers to interacting particles and is obtained from eq. 
[ l ]  with A = V,V,: 

D, derived accordingly is no longer the local excess of kinetic 
energy due to the Pauli repulsion but has the meaning of a 
local excess of kinetic energy due to both Fermi and Coulomb 
holes. Its physical signification is less clear because eq. [ l ]  is 
not formally equal to the Laplacian of the single determinental 
conditional probability. This definition might be, however, 
useful in actual calculations where correlated wavefunctions 
and natural orbitals are available instead of Kohn-Sham 
orbitals. 

field3 are single points as is the case for the gradient field 
of the density. However, for the ELF function, they can also 
be circles and spheres if the system belongs to a continuous 
symmetry group (here, cylindrical and spherical symmetry, 
respectively). In actual cases, the local symmetry remains 
very strong and, effectively, circular and spherical attrac- 
tors can be found in molecules belonging to finite symmetry 
groups. There are, basically, two types of attractors: core and 
valence attractors. The attractors are designated according to 
the presence of a nucleus (except a proton) within their basin. 
They are either points (K-shell attractors) or spheres for the 
outer core shells. 

To offer an efficient visualization tool, we introduced f- 
localization domains (9), which we defined as formal bodies 
bounded by a given isosurface q(r) = f and enclosing points 
for which ELF > f .  These localization domains4 are the 
ELF analogs of Mezey's density domains (18). They are said 
to be reducible when they contain more than one attractor, 
irreducible when they contain one attractor. The graphical 
representation of the irreducible localization domains with 
color codes associated with the type of attractor provides 
explanatory pictures of the bonding in molecules and crystals. 

A valence attractor is connected to a core attractor when 
the two following conditions are fulfilled. 

(i) Their basins are bounded by a part of a common sep- 
aratrix. 

(ii) The valence attractor lies within the smallest (reducible 
or irreducible) valence f -localization domain that to- 
tally surrounds the core attractor basin in a chemically 
relevant region (i.e., within which the electron density 
is larger than au (19)). 

In principle, a core is always totally encapsulated by at least 
one valence basin and therefore propositions (i) and (ii) are 
redundant when f tends to zero unless the valence localiza- 
tion domains have already merged with a core domain. Figure 
1 (see Plate 1) provides an example of the determination of 

A gradient dynamical system is a vector field that is defined 
as the gradient field of a given function called the potential 
function. By analogy with a velocity field, one can build 
trajectories that form the phase portrait of the dynamical 
system. Of particular importance are the sets of points where 
the gradient vanishes. These critical points are either local 
minima (repellors), saddle points, or local maxima (attractors) 
of the potential function. The basin of an attractor is the set 
of points lying on the trajectories ending in the neighbourhood 
of this attractor. Basins are separated by manifolds called 
separatrices. 
In topology, a domain is defined as a set of points that sat- 
isfies the following property: for any pair of points a and b 
belonging to the domain, there exists at least a path joining a 
and b and totally contained in the domain. 
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Table 1. Nomenclature of valence attractors. 

Synaptic order Nomenclature Symbol 

Asynaptic V 
Monosynaptic v(xi)  
Disnaptic v ( x i ,  y,) 
Polysynaptic V(Xj, Yi. ...) 

the number of cores connected to a valence basin. The ELF 
maps of LiZ and LiH are represented in a plane containing the 
internuclear axis. We expect a valence basin containing the 
proton and a core basin in LiH, a valence basin and two core 
basins in Liz. In LiH, there are two -0.5 localization domains 
that are bounded by the brick-red lines: the first one is an 
elongated disk that is contained in the lithium core basin; the 
second, corresponding to the space remaining outside of the 
blue zones of low ELF, is in the valence basin. The separa- 
trix between the two basins lies within the blue ring. For Liz, 
there are three such -0.5 localization domains. In Li2, any 
core basin is connected to the valence basin because (i) they 
share a common separatrix and (ii) the lop3 au isodensity 
contour represented by the broken line is totally contained 
in the -0.5 localization domain (and a fortiori in the 0.3 
domain). We should say that the valence attractor (located at 
the midpoint of the internuclear distance) is connected to the 
two lithium cores. On the contrary, for LiH, though condition 
(i) is fulfilled, condition (ii) is not because the broken line 
crosses the blue and green zones and, therefore, the separa- 
trix. Inside the lop3 au isodensity, the f -bounding isosurface 
does not close up the core for any value of ELF above the 
valence-core merging and, thus, the valence protonated at- 
tractor is not connected to the lithium core. 

The number of cores connected to a given valence attractor 
determines its synaptic order. To avoid misleading confusion 
between valence attractors and orbital vocabulary we have 
been moved to introduce a new nomenclature of valence at- 
tractors, which is given in Table 1. Hydrogen is a partic- 
ular case because it is, with helium, the only coreless atom. 
Therefore, as in Lewis theory, it has to be considered as 
an exception. Hydrogenated attractors are intermediate be- 
tween core and valence attractors. In our description of the 
chemical bond, an attractor whose basin contains a proton 
is considered as a valence attractor and will be designated 
as protonated; to establish its synaptic order the proton is 
counted as a formal core basin (for example: a C-H bond 
is characterized by an protonated disynaptic attractor). In the 
examples represented in Fig. 1 (see Plate I), the Li2 valence 
attractor is disynaptic whereas the LiH valence attractor is 
protonated and monosynaptic. 

In the present paper, the attractors and their basins will be 
labeled as T[,,(atom labels). T denotes the type of attractor, 
V for valence, C for core; i is an optional running number in 
the case of multiple attractors related to the same atom(s). For 
example, in the water molecule there is one core attractor for 
the oxygen K-shell labeled C(O), two protonated disynaptic 
attractors V(HI, 0 )  and V(H2, O), and two monosynaptic 
attractors corresponding to the lone pairs V1(0)  and V2(0). 
In ethane, the disynaptic attractor of the C-C bond will 
accordingly be named V(CI, C2). 

The classification of bonds previously proposed remains 

valid with this new nomenclature. The shared electron in- 
teraction is characterized by a di- or polysynaptic attractor. 
The lone pairs of electronegative atoms are monosynaptic 
attractors. 

2.3. Localization basin integrated density and related 
properties 

The partition of the molecular space into basins of attractors 
allows the calculation of related properties by integration of 
the densities of property over the basins (20). In particular, 
for a basin labeled QA, one can define the average population 
as : 

Within the framework of our theory, these average popula- 
tions are referred to as core, bond, and nonbonding (i.e., 
lone pair) populations according to the type of attractor 
that defines the basin. Such average populations over ELF 
basins were first calculated by us (21, 22) and recently by 
Haussermann et al. for intermetallic solids (23). They are 
not expected to have integral values and the bond popula- 
tions would be about twice the topologically defined bond 
orders (7, 8). 

The RMS deviation ~ ( N ; Q ~ ) )  is defined by (24, 25): 

It represents the quantum mechanical uncertainty on N ( Q ~ ) .  
The variance (or fluctuation) o' was investigated by Bader 
in the framework of atomic basins (26). The variance is ex- 
pressed in terms of the diagonal elements of the first (p(x)) 
and second-order (n(xI,x2)) density matrices (1 1) as: 

in which xi denotes the space and spin coordinates of the 
electron labeled i. For a single determinental wave function 
(i.e., Hartree-Fock or Kohn-Sham) o2(N; Q) is the difference 
between the basin population and the integral over the basin 
of the exchange part of the second-order density matrix: 

In terms of the orbitals &(r) and of the occupations ny, n!, 
B(Q, Q) is given by: 

in which 

It is also convenient to define the interbasin integrated ex- 
change density: 
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The fluctuation in a superbasin QA u QB is: 

and for the whole space 

It follows from eq. 1141 that for independent basins o2 is 
an extensive quantity. Following Bader (26), it is useful to 
introduce the relative fluctuation 

[16] h ( Q ) = 0 2 ( ~ ; n ) / ~ ( n )  

which is positive and also expected to be less than 1. 
Another criterion of discrimination between basins is pro- 

vided by the reduction of reducible domains. The reduc- 
tion of a reducible localization domain occurs at a critical 
value of the bounding isosurface, over which the domain 
is split into domains containing fewer attractors. The local- 
ization domains are then ordered with respect to the ELF 
critical values, yielding bifurcations. Starting at a very low 
ELF value, we find only one localization domain (the whole 
space for q(r) = 0) upon increase of the isosurface defining 
value, we meet a first separation between valence and core 
domains, and at higher ELF values the valence reducible do- 
main is split in its turn. The hierarchy of the bifurcation can 
be visualized by a tree-diagram. 

3. Results and discussion 
The calculations were performed at the DFT level with Gaus- 
sian94 software (27). The standard 6-31G** basis set (28) 
was used in conjunction with Becke exchange (29) and Lee, 
Yang, and Parr correlation (30) functionals. All structures 
were fully optimized. The labeling of atoms that will be used 
to label the attractors of the ELF vector gradient field is given 
in Fig. 4. 

Figure 2 (see Plate 1) displays the q(r) = 0.8 localiza- 
tion domains of ethylene, allyl cation, and trans-butadiene 
whereas the q(r) = 0.5 and q(r) = 0.8 localization domains 
of benzene are represented in Fig. 3 (Plate 1). The represen- 
tation provided by the topological analysis of ELF does not 
correspond to the conventional picture of a double bond made 
into o and n bonds. This latter description is not invariant 
upon a unitary transformation of the molecular orbitals; al- 
ternative representations such as "banana double bonds" have 
been shown to be equivalent (3). 

3.1. Ethylene 
In ethylene there are two core attractors, labeled C(C1) and 
C(C2), four protonated disynaptic attractors, V(C,, Hj), and 
two disynaptic attractors VI(CI ,  C2) and V2(C1, C2). The at- 
tractor basins that surround C(CI) are V(CI, HI),  V(C1, H2), 
VI(CI,  C2), and V2(C1, C2) whereas around C(C2) we find 
V(C2, H3), V(C2, H4), VI(CI ,  C2), and V ~ ( C I ,  C2) There- 
fore, the V(Ci, Hj) and the Vi(C1, C2) are disynaptic, ac- 
cording to the definition given in a previous section. The 
basin populations, their standard deviation and relative fluc- 
tuations are listed in Table 2. The basins of the two disynaptic 
attractors have been gathered together in the superbasin la- 
beled VlV2(C1C2). The basin population corresponding to 

Fig. 4. Atomic labels of ethylene, propene, allyl cation, 
trans-butadiene, and benzene. 

ethylene ally1 cation propene 

trans-butadiene benzene 

Table 2. ELF value at attractor, basin population, standard 
deviation, and relative fluctuations of the basin populations of 
ethylene. 
- - - 

ELF /v o(/V; Q) h(n) 

c ( c )  1 .O 2.09 0.5 1 0.12 
V(CI, HI) 1 .O 2.04 0.94 0.43 
V(CI, Cz) 0.93 1.81 1.12 0.70 
V,,~(CI, cz) 0.93 3.62 1.47 0.40 

the Cd double bond is less then 4, whereas the core and 
hydrogen basins are slightly greater than 2. The topological 
bond orders of Cioslowski and Mixon (7) and of Angyin et 
al. (8) calculated with the same carbon basis set at the SCF 
level are, respectively, 1.958 and 1.984. With a 6-31++G** 
basis these values are reduced to 1.88 1 and 1.91 8 whereas the 
C-H bond order is increased by 0.012 e - .  The discrepancy 
with our value (1.79) is due in part to different definitions 
and also to the fact that in our calculation the core pop- 
ulation is independently treated. The relative fluctuation in 
the population of the core basins is low. On the contrary, 
for basins of the disynaptic attractors of the CS bond the 
relative fluctuation is very high (0.7). These two basins are 
strongly correlated and their aggregation lowers the relative 
fluctuation from 0.70 to 0.40. 

The bifurcation graph (Fig. 5) provides a hierarchy that is 
consistent with the relative fluctuation values. At q(r) = 0.06, 
there is a first partition into core and valence basins. The va- 
lence basin is split into two protonated reducible domains 
V(CI, H I )  u ~ ( C I ,  Hz), V(C2, H3) u V(C2, H4), and the 
VIu(CI ,  C2) one VI(CI ,  C2) U Vi(C1, C2) at q(r) = 0.64. 
This bifurcation is immediately followed at q(r) = 0.65 
by the reduction of the two protonated domains. Finally, 
VlU2(CI, C2) is reduced at q(r) = 0.92, a value very close 
to that of the attractors. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74, 1996 

Fig. 5. Localization domain reduction tree-diagram of 
ethylene. 

r core --- C(C1) 

hydrogens on C1 r 
-- valence C=C-[ t Vl(C1, C2) 

V2(Cl, Cz) 

L liydrogens on C2 

core - C(C2) 

3.2. Propene 
The basin populations, their standard deviation, and relative 
fluctuations of propene are given in Table 3. As for ethylene, 
the basins of the two disynaptic attractors of the double bond 
have been merged. The VIU2(CI, C2) population is larger in 
propene than in ethylene by 0.1 e-. The relative fluctua- 
tion for this basin, 0.41, is very close to the corresponding 
value in ethylene. The same value is also found for the V(C2, 
C3) basin, which corresponds to the single C - C  bond. The 
lowering of the molecular symmetry from D4h in ethylene 
to C, in propene weakens the correlation between the al- 
lylic hydrogen basins; their relative fluctuations decrease by 
about 0.1. An important correlation remains between the two 
methyl hydrogens symmetric with respect to the o plane. 

The bifurcation graph of the localization domains of 
propene is shown in Fig. 6. After the core-valence separa- 
tion at q(r) = 0.06, the valence domain undergoes a second 
separation into three domains at q(r) = 0.65. These domains 
correspond to the central carbon hydrogen, the methyl group, 
and the allyl group. The methyl group domain is reduced at 
q(r) = 0.67 into two components V(C2, C3) and the domain 
of the three hydrogens from which the in-plane hydrogen is 
separated at q(r) = 0.69, the two out-of-plane being ulti- 
mately split for q(r) = 0.70. On the allyl side, hydrogens de- 
tachments occur successively at q(r) = 0.67 and q(r) = 0.69 
and the reduction of the C---C domain at q(r) = 0.93. 

3.3. Ally1 cation 
In ethylene and propene the number of attractors is equal to 
the number of occupied Kohn-Sham orbitals; in allyl cation, 
there are 10 attractors for 11 doubly occupied orbitals. One 
disynaptic attractor with a basin population of 2.6 (Table 4) is 
found for each C - C  bond. The value of ELF at the attractor 
is slightly less than that of the propene single bond. The rel- 
ative fluctuation for the basins of these attractors, 0.55, is 
higher than for a double or a single C-C bond in the ab- 
sence of conjugation, indicating a noticeable delocalization. 
Delocalization over hydrogen basins is of the order found 
in propene since the corresponding relative fluctuations are 
both of the order of 0.30. 

The localization domain reduction pattern (Fig. 7) reflects 
the symmetry of the system. As in propene, the first splitting 
of the valence domain at q(r) = 0.59 is due to the detach- 

Table 3. ELF value at attractor, basin population, standard 
deviation, and relative fluctuations of the basin populations of 
propene. 

ELF N o(N; R) h(R) 

c ( c )  1 .O 2.09 0.5 1 0.12 
V(C1, HI) 1 .O 2.05 0.79 0.3 1 
(C3, H4) 1 .O 1.98 0.93 0.44 
(C3, H,) 1 .O 1.99 0.75 0.28 
V,,Z(C,, CZ) 0.93 3.68 1.22 0.4 1 
(CZ, C,) 0.96 1.91 1 .O 0.4 1 

Fig. 6. Localization domain reduction tree-diagram of 
propene. 

t core -- C(Cz) 

L core - C(C3) 

Table 4. ELF value at attractor, basin population, standard 
deviation, and relative fluctuations of the basin populations of 
ally1 cation. 

ELF m o(m; Q) a@) 

ment of the central carbon hydrogen. The second valence 
separation (q(r) = 0.645) involves hydrogens linked to the 
terminal carbon, which are immediately (q(r) = 0.65) fol- 
lowed by domains containing the disynaptic C-C attractors. 
At (q(r) = 0.66) the domains are totally reduced. It is worth 
noting that delocalization delays the separation of the V(C1, 
C2) and V(C2, C3) domains with respect to the allyl-methyl 
separation in propene. 

3.4. trans-Butadiene 
The populations of the attractor basins of trans-butadiene, 
reported in Table 5, show similarities to and differences from 
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Fig. 7. Localization domain reduction tree-diagram of ally1 
cation. 

r - C(C1) 

t core - C(C2) 

L core - C(C3) 

Table 5. ELF value at attractor, basin population, standard 
deviation, and relative fluctuations of the basin populations of 
trclns-butadiene. 

ELF ,Ti o(N; f i )  Ufi) 

c ( c )  1 .O 2.09 0.5 1 0.12 
V(C1, HI) 1 .O 2.05 0.79 0.3 1 
V(C2, H3) 1 .O 2.05 0.79 0.3 1 
VI,?(C,, c ? )  0.93 3.56 1.23 0.42 
V(Cz3 C J  0.96 2.17 1.04 0.50 

Fig. 8. Localization domain reduction tree-diagram of trans- 
butadiene. 

F 
core - C(C1) 

core - C(C2) 

r-v(Cz, H3) 

- core - C(C3) 

- core - C(C4) 

Table 6.  ELF value at attractor, basin population, standard 
deviation, and relative fluctuations of the basin populations of 
benzene. 

ELF IT' o(N; SZ) Ufi) 

c ( c )  1 .O 2.09 0.5 1 0.12 
v ( c , ,  c,) 0.94 2.83 1.14 0.47 
V(C,, H,) 1 .O 2.08 0.80 0.3 1 

that of propene. On the one hand, the ELF values at the 
attractors are identical in trans-butadiene and in propene and 
the populations of the hydrogen basins are equal to that of 
the allylic hydrogens; on the other hand, the populations of 
the double bond attractors are less than that of propene by 
118 e - ,  whereas the single bond basin population is increased 
by 114 e - .  This reorganization of the basin population is an 
indication of the delocalization along the carbon skeleton. 
Note also, the increase with respect to propene of the relative 
fluctuation of the single C-C bond basin. 

The localization domain reduction diagram of trans- 
butadiene (Fig. 8) is very similar to that of propene. After 
the core-valence separation at q(r) = 0.06, the domains of 
the protonated disynaptic attractors linked to the carbons of 
the single bond part from the valence domain at q(r) = 0.63. 
The next step, at q(r) = 0.64, isolates the disynaptic at- 
tractor of the C-C single bond from two allylic fragments. 
At higher ELF values, the two allylic fragments are split in 
accordance with the way followed in propene, except that the 
two hydrogen basins are simultaneously detached from the 
C4 domain. 

3.5. Benzene 
There are 18 attractors in benzene: 6 core, 6 protonated disy- 
naptic, and 6 C-C disynaptic. Each V ( C - 4 )  has a basin 
population of 2.83 e - ,  which compares with the topological 
bond order, - 1.4(7, 8). Delocalization along the skeletal 
ring is indicated by a rather high relative fluctuation, 0.47 
(Table 6). The ELF analysis does not give evidence for any 
o and 71 systems in benzene. 

The reduction of the localization domains in benzene, pre- 
sented in Fig. 9, is very simple and is ruled by the molecular 
symmetry. At q(r) = 0.06 the core domains are separated 
from the valence domain, which undergoes two successive 
splittings. The first one at q(r) = 0.65 plucks off the hy- 
drogen, the second, at q(p) = 0.68 unties the V(Ci, Cj) do- 
mains. 

4. Conclusion 
For the electron density produced by a given potential of the 
nuclei, ELF provides a structuring of the molecular space 
into basins that may be roughly associated with the electron- 
pairing regions and have therefore a chemical meaning. The 
average number of electrons per basin is obtained by inte- 
gration of the electron density function over the basins. For 
the systems investigated here, it corresponds roughly to the 
number of electrons expected on chemical grounds. 

Quantum mechanical uncertainty yields standard devia- 
tions that typically range from 0.5 for the well-separated 
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Fig. 9. Localization domain reduction tree-diagram of 
benzene. 

r C(C1) 

t--- core - C(C2) 

V(C1, Cz) 

V(C21 C3) 

- valence 
V(C3, C4) 

V(C4, C5) 

V(C5, C6) 

V(C1, C6) 

1 core - C(C4) 

core basins to 1.2 for the valence basins. The core basins 
are well separated from the valence basins because the value 
of ELF on the separatrix (i.e., at the border) is always very 
low, -0.06. This is not the case between valence basins that 
are separated at higher ELF values, about 0.6-0.7 for the sys- 
tems presented here. Following Bader (26), we found that the 
relative fluctuation is a good measure of the delocalization. 
It is of the order of 0.1 for core basins, 0.3 for basins of the 
protonated disynaptic attractor of the C-H bonds, 0.4 for 
basins related to single and double C-C bonds, and 0.5 for 
delocalized bonds. Of course, the relative fluctuation is not 
the only measure of delocalization, which is also reflected by 
the average basin populations of the C--C bonds (e.g., 2.8 
for benzene). 

This work illustrates the importance of Richard Bader's 
contribution to theoretical chemistry. Beyond the theory of 
Atoms in Molecules, he demonstrated the importance of 
topological analysis for scrutinizing molecular space and he 
introduced tools, such as fluctuation analysis, that are very 
useful complements to the topological approach. 
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Approximate kinetic energy density 
functionals generated by local-scaling 
transformat ions 

E.V. Ludeiia, R. Lopez-Boada, and R. Pino 

Abstract: Different stages in the development of density functional theory are succinctly reviewed for the purpose 
of tracing the origin of the local-scaling transformation version of density functional theory. Explicit kinetic energy 
functionals are generated within this theory. These functionals are analyzed in terms of several approximations to the 
local-scaling function and are applied to a few selected first-row atoms. 

Key words: density functional theory, kinetic energy density functionals, local-scaling transformations, explicit kinetic 
energy functionals, kinetic energy of first-row atoms. 

RCsumC : On fait une revue succincte des divers stades du dCveloppement de la thCorie de la fonctionnelle de densit6 
dans le but de diterminer l'origine de la version de la thCorie de la fonctionnelle de densit6 bas6e sur la transformation 
d'tchelle locale. Des fonctionnelles explicites de l1Cnergie cinktique sont gCnCrCes I'intCrieur de cette thCorie. On analyse 
ces fonctionnelles en termes de plusieurs approximations 2 la fonction d'ichelle locale et on les applique a quelques 
ClCments choisis de la premikre pCriode. 

Mots c l b  : thCorie de la fonctionnelle de densitC, fonctionnelles de densit6 de 1'Cnergie cinCtique, transformations 
d'Cchelle locale, fonctionnelles explicites de 1'Cnergie cinktique, Cnergie cinCtique des ClCments de la premitre pkriode. 

[Traduit par la redaction] 

1. Introduction to ensure that one starts from a good enough "generating" 

A very demanding problem in density functional theory con- 
cerns the adequate treatment of the kinetic energy term 
of quantum mechanical many-particle systems. Indeed, the 
problem is so difficult that actual treatments of these systems 
are carried out within the Kohn-Sham approach where the 
kinetic energy is handled in terms of noninteracting particles, 
thus bypassing the construction of the kinetic energy density 
functional. Nevertheless, both from a fundamental point of 
view as well as from a practical one, it would be desirable 
to find this functional or sufficiently accurate approximations 
to it. 

We deal in the present paper with the generation of energy 
density functionals in the context of the local-scaling trans- 
formation version of density functional theory. The latter is 
a constructive approach that allows one to obtain explicit 
density functionals, which can be devised to approximate as 
closely as one wishes the exact functional provided, that is, 
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wave function for the system at hand. 
In Sect. 2, we review some stages in the development of 

density functional theory in order to sketch the appropriate 
background against which to assess the local-scaling transfor- 
mation version. In Sect. 3, we formulate the general problem 
of obtaining kinetic energy density functionals by means of 
these transformations. In Sect. 4, we apply these transfor- 
mations to selected first-row atoms and investigate various 
types of approximations that can be introduced both to these 
functionals and to the generating wave functions. The results 
presented here should be regarded as first attempts at mod- 
elling the kinetic energy functional without having to rely on 
previous calculations of "generating" wave functions. 

2. Stages in the development of DFT 
As is well known, density functional theory (1-4) has be- 
come one of the most promising methods for dealing with the 
quantum-mechanical many-particle problem. One may de- 
scribe its development in terms of the following four stages. 

Heuristic stage 
This stage was initiated in 1927 in the classical works of 
Thomas ( 5 )  and Fermi (6); it was continued in the thirties by 
Dirac (7), Wigner (8), and von Weizsacker (9), and it was fur- 
ther developed in the following decades by Kirzhnitz (lo), 
Hodges ( l l ) ,  and others (12-14). In this stage, within the 
framework of a "statistical" approximation, the bases were 
laid for writing heuristic expressions of the energy as a func- 
tional of the one-particle density p(r). Much of the work that 

Can. J. Chern. 74: 1097-1 105 (1996). Printed in Canada 1 IrnprirnC au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74. 1996 

followed the initial formulation of Thomas and Fermi had to 
do with how to include inhomogeneous corrections as well as 
many-particle correlation effects in these energy functionals. 

Formal nonconstructive stage 
This stage came into being with the formulation in 1964 of 
the Hohenberg-Kohn theorem (15), which proved the exis- 
tence of an energy density functional that yields the exact 
ground-state energy when evaluated at its extremum, i.e., 
when p(r) is the exact ground-state density. Although this the- 
orem lent support to the earlier heuristic approach, due to the 
fact that it is just an existence theorem, it failed to provide the 
means for a systematic approach to the construction of energy 
density functionals. Moreover, the Hohenberg-Kohn-based 
formulation of density functional theory led to a misconcep- 
tion concerning the existence of a "universal" functional that, 
purportedly, was capable of expressing through the same for- 
mula the ground-state energy of any many-electron system, 
regardless of its number of particles or of its symmetry (the 
latter, for example, in the case of atoms is described in terms 
of angular momentum, spin, and parity operators). 

The Hohenberg-Kohn theorem establishes a one-to-one 
correspondence between the exact ground-state one-particle 
density p:(r) and the external potential v(r). This means, 
furthermore, that the density also determines the Hamiltonian 
Hv  = T + U + EL, 4 r i )  and hence the exact ground-state 
wave function Y: (through fivy: = E o 9 a .  Note, however, 
that in this "existence" proof, the exact wave function is still 
the solution to the Schrodinger equation and can be obtained 
only by solving this equation. 

This one-to-one correspondence between the exact one- 
particle density and the exact ground-state wave function 
provided a nonconstructive proof (16) of the existence of a 
density functional E[p] for the electronic energy. The ques- 
tion of whether it is possible to obtain the energy density 
functional without having to resort to previous knowledge of 
the exact wave function is in fact left open in Hohenberg and 
Kohn's work. 

Implicit constructive stage 
This question, however, lies at the basis of the density func- 
tional theory formulation advanced by Levy (17) (see also 
Lieb, Payne, and the early work of Percus (18, 19, 33)). The 
constrained search approach of Levy advocates the implicit 
construction (16) of the functional E[p] = F[p]+J vp, where 
the auxiliary functional F[p] is defined as the internal energy 
corresponding to the kinetic energy and electron-electron in- 
teraction operators: 

[ l ]  F[p] = min {(Qp ( ? + 8 1 Qp)), Qp E gN 

Clearly, wave functions appear in Levy's formalism in the 
definition of F[p]. Notice that in order to calculate F[p] for 
a given and fixed p, the internal energy must be evaluated 
scanning over all wave functions Qp (in Hilbert space pN) 
that yield the fixed density p. Among these wave functions 
there exists a minimizing wave function QFn ,  which yields 
0 1 .  

When the fixed density is selected to be p = pb;, i.e., the 
exact ground-state density, then F[pI;]. = (YI; 1 ? + 1 Y;), 
where the minimizing wave function is the exact ground- 
state wave function YI;. 

Certainly, if the exact auxiliary functional F[pI;] depends 
upon the exact wave function Yi  for a particular N-particle 
system (corresponding to a given external potential v(r)), it 
follows that this functional is not "universal," namely, that 
it is not the same for all N-particle systems. (Gill and Pople 
(20) have verified the non-universality of the exchange func- 
tional for the hydrogen atom - which can be calculated ex- 
actly.) This non-universality of the functional F[p] (for any 
fixed density p and not only for pb;) is a consequence of the 
specificity of the minimizing wave function defining F[p]. 
Although the external potential does not appear explicitly in 
the calculation of this functional, it affects the wave function 
in view of the fact that the external potential determines the 
density. 

Explicit constructive stage 
The implementation of Levy's constrained search approach 
to density functional theory requires that a procedure be set 
up such that all wave functions in Hilbert space yh, yielding 
a fixed density p, are spanned. An interesting approach in this 
direction was carried out by Zumbach and Maschke (21) who, 
essentially, by resorting to particular forms of density trans- 
formations applied to a plane-wave wave function, were able 
to obtain energy functionals that depended on the density. 
The type of reference wave function (based on plane waves) 
did not allow, however, for an accurate representation of ac- 
tual systems such as atoms and molecules whose densities 
vary quite markedly in the intra-shell and inter-shell regions. 
Another attempt to build approximate functionals based on 
density transformations was that of Ludefia in 1983 (22). In- 
dependently, also Nyden and Parr (23) and Gosh and Parr 
(24) dealt with this same problem (see also the pioneer work 
of March and Young (25) and the later work of Kozlowski 
and March (26)). 

Density transformations are generalizations of scaling 
transformations. There is a long history, which starts with 
the work of Macke in 1955 (27, 28), of their use in rela- 
tion to the many-body problem in quantum mechanics (18, 
2 1-25, 27-37). Local-scaling transformations are a particular 
type of the more general density transformations. 

The formalization of the explicit constructive stage was 
brought about through the formulation of the local-scaling 
transformation version of density functional theory. The ini- 
tial paper setting up this new approach was that of Petkov, 
Stoitsov, and Kryachko (1986) (38) (see also ref. 1). The 
theory was further developed in the works of Kryachko and 
Ludefia (39) and of Kryachko, Ludefia, and Koga (see ref. 
40, and references therein; for some recent developments see 
refs. 41 and 42). 

A constructive formulation that is quite similar to the local- 
scaling transformation version of density functional theory 
was advanced independently in 1988 by Cioslowski (43-45; 
also ref. 16) and it is known as the density-driven approach. 
The connection between these two approaches was investi- 
gated by Kryachko and Ludeiia in 1991 (46). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LudeRa et al. 

3. Explicit kinetic energy density 
functionals 

There have been many attempts to reduce the kinetic energy, 
which is a natural functional of the l-matrix. to a functional 
of the one-particle density (for a recent review see ref. 47 and 
references therein). Although functionals that yield an accu- 
racy of 1 % have been advanced, chemical precision demands 
that much more accurate functionals be devised. In this vein, 
we discuss in the present work the use of local-scaling trans- 
formations for the generation of kinetic energy functionals 
(expressed as functionals of just the one particle-density) 
and analyze some approximate forms of these functionals. 
We carry out illustrations for selected first-row atoms. 

Local-scaling transformations are generalizations of the 
well-known scaling transformations. The latter carry a vector 
r into a transformed vector hr, where h is a constant. The con- 
stancy of h means that the vector r is modified uniformly in 
each point of the Euclidean space a3. On the other hand, 
local-scaling transformations distort the vector r at each point 
of ?d3, SO that the transformed vector becomes f(r) = h(r)r. 
In this case h is a function. 

As discussed elsewhere (48) local-scaling transformations 
correspond to density transformations that keep the direction 
of the transformed vector f(r) constant. Thus, they satisfy the 
following equation relating densities pl(r) and p2(r) (see ref. 
1, Sect. 7.1.d): 

where JCf(r);r) is the Jacobian of the transformation and is 
given by 

From eqs. [2] and [3] we can obtain the following expression 
for h(r) : 

Equation [4] is a first-order differential equation for the trans- 
formation function h(r). An iterative solution for h(r) can be 
obtained through: 

with hc0)(r) = 1. 
Let us now consider the kinetic energy expressed as a 

functional of the first-order reduced density matrix 

where D;(rl, 6 )  is the first-order reduced density matrix as- 
sociated with the N-particle wave function Yp (the latter is a 
wave function in Hilbert space ?PN that yields the one-particle 
density p(r). Our aim is to express eq. [6] as an explicit func- 
tional of the one-particle density p(r). For this purpose, let us 
also consider the arbitrary and finite orbital set {@g,k(r)}r=l 
with rn > N (the subindex g stands for "generating", as we 
shall denote this orbital set as the "generating" set). Out of 
this set, let us form the set of N-particle Slater determinants 
{@a) (where K stands for the set of ordered single-particle 
labels). Let us further consider the generating wave function 
Y, expanded in terms of the Slater determinants: 

For the time being, let us consider the expansion coefff- 
cients {Cfi) as arbitrary parameters. Denoting by DA(rl,rl) 
the "generating" l-matrix associated with Yg, we readily see 
that in terms of the generating orbital set, it is given by 

The corresponding "generating" one-particle density is 

The local-scaling transformation connecting the "gener- 
ating" density p,(r) and the "final" density p(r) satisfies eq. 
[4] with pl (r) - p,(r) and p2(r) = p(r). Moreover, applying 
this local-scaling transformation to the "generating" orbital 
set, we obtain the following transformed one-particle set: 

It can be readily shown that the 1-matrix ~ b ( r ~ , r : )  can be 
written in terms of the transformed orbitals as: 

Similarly, the one-particle density becomes: 

It follows from eqs. [ lo] and [ l  11 that the l-matrix D;(rl,() 
can be rewritten as: 
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Substituting eq. [13] into eq. [6] one obtains 

where f(r) = h(r)r and where 6; is the non-local part of the 
"generating" 1-matrix evaluated at the transformed vectors: 

Notice that in eq. [14] the first term is the well-known von 
Weizsacker contribution (9) to the kinetic energy, which is a 
local term (49). The second term corresponds to the non-local 
contribution to the kinetic energy. 

To transform eq. [15] into a functional of p(r), let us first 
change, using the chain rule, the derivatives in the second 
term of eq. [15] (defined with respect to r) to those de- 
pending on the vector f(r) = h(r)r: Vr = VrjVf. Because 
the transformed vector f(r) maintains the2ame direstion as 
the original one, namely, since f(r) = f(r)l, (where 1, is the 
unit vector along r), one can write 

Substituting eqs. [18] and [16] into eq. [14], we obtain the 
following expression for the kinetic energy 

Our task of expressing the kinetic energy as a functional of 
the one-particle density can be accomplished by introducing 
eq. [4] into eq. [17]. This leads to 

1 
[18] T[D;] = Tw [p] + / d3rp5/'(r) 

x (1 + r . V, In ~(r))~/ '~([p(r)];  r) 

where 

A very appealing characteristic of eq. [18] is that the 
Thomas-Fermi term p5l3(r) emerges in a very natural way. 
In addition, there arises a second factor that depends on the 
local-scaling function h([p];r). Moreover, these first two fac- 
tors are "universal" as they depend only on p (or h([p];r)). 
The particular traits of the N-body problem are manifested 
through the form of the "modulating" factor ~([p(r)];r). 
Clearly, this factor is not universal since it contains the "gen- 

Table 1. Parameters of the Raffenetti-type R T  "generating" 
orbitals for selected first-row atoms. 

as P.5 P P  

Atom R T  RT" RTa RTa 

erating" orbitals for the particular problem at hand and the 
"generating7' one-particle density pgCf(r)). 

Let us note that eq. [18] can be transformed into an ex- 
plicit, albeit approximate, functional of the one-particle den- 
sity p(r) by replacing h(r) by the first iterative solution, i.e., 
h(')(r) in eq. [5] (assuming that h(O)(r) = 1): 

When this is done, the product of the Thomas-Fermi term 
times the second term in eq. [18] takes the form: 

Clearly, these approximations to h(r) (or equivalently to the 
transformation function f (r)) can also be introduced into 
~([p];r) .  In this manner, we can generate explicit iterative 
representations of the kinetic energy functional. 

4. Calculations and results for first-row 
atoms 

Although the expressions derived in the previous section are 
general, we shall illustrate the present approach by calcu- 
lating the Hartree-Fock kinetic energy of selected first-row 
atoms. In that case, the "orbit-generating" set is {@g,k(r)}r.l. 
The single Slater determinant that we can construct using 
these locally scaled orbitals is 

The 1-matrix corresponding to this wave function is 

As in the previous section, this leads to the following ex- 
pression for the kinetic energy functional 

where 
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Table 2. Parameters of the Raffenetti-type RTb and RT' "generating" orbitals for selected first-row atoms. 

a, P, a, P, 

Atom R T ~  RT' RT" RTc R T ~  RTc R T ~  RTc 

Table 3. Approximate Hartree-Fock energies (in hartrees) corresponding to the sets R T ,  
R p ,  and R T  for selected first-row atoms. 

Atom R T  RP R T  Hartree-Fockd 

dClementi-Roetti results (57). 

In the present case, the modulating factor 
~~([{@~,~(h(r)r)):=,];r) depends upon the N "generating" 
orbitals {$g,iCf(r)))y=, evaluated at the transformed vector 
f(r) = h(r)r. 

We choose Raffenetti-type orbitals (50) as the generating 
orbitals: 

for the R,,, orbitals and 

for the Rnp orbitals. In the present calculations, we consider 
three sets of such Raffenetti-type (RT) orbitals: the set RTa, 
RT< and RTC. The first set is defined as follows: 

[28] RTa = {Li : 12s; Be : 12s; B : 12s, 8p; 

and the sets RTb and RTC are given by 

In Table 1 we list the parameters a,, P,, ap,  and p, that char- 
acterize the set RTa. These parameters were determined by a 

constrained-density energy optimization of the Hartree-Fock 
energy within the scheme of local-scaling transformations 
(51). The fixed Hartree-Fock density was taken to be that 
of Boyd (52). In Table 2, we list the orbital parameters for 
the sets R T ~  and RTC. The former is the extended triple-zeta 
(ETZ) set of Raffenetti (50) and the latter is a variant of this 
set where the parameters have been chosen arbitrarily. The 
orbital expansion coefficients for set RTb are taken from ref. 
50, whereas the coefficients of the set RTc were determined 
by a Schmidt orthonormalization of the Raffeneti ETZ set. 
The approximate Hartree-Fock energies obtained from the 
"generating" orbitals making up the sets RTa, RTb, and RTC 
are listed in Table 3, where for completeness, we have also 
included the Clementi-Roetti Hartree-Fock energies. 

The energies reported in Table 3 reflect the quality of the 
wave functions employed (which for simplicity we have re- 
stricted to be of the Raffenetti type). In general, we observe 
that the functions belonging to the set R T h e  closer to the 
Clement-Roetti Hartree-Fock wave functions (where we as- 
sume that the energy is an adequate criterion for measuring 
"closeness"). By this same criterion, wave functions of set 
RTa are farther apart and, clearly, those of set RTC, i.e., func- 
tions with arbitrarily chosen parameters, differ the most from 
the Clementi-Roetti wave functions. 

In Table 4, we list the kinetic energies evaluated by means 
of eq. [24] for various approximations of the local-scaling 
function h(r). Note that h(r) = 1 corresponds to the zeroth- 
order iterative solution, namely, h(O)(r) of eq. [5]. Similarly, 
h(r) = (p/pg)1/3 is the first-order iterative approximation 
h(l)(r). 

The kinetic energy corresponding to L,,,, in Table 4 is 
precisely T[DbSD] of eq. [24] calculated using the locally 
scaled transformed single Slater determinant given by eq. 
[22]. Note that the final density for the determination of LXact 
is p(r)Boyd [52], that is, a representation of the densities asso- 
ciated with Clementi-Roetti's Hartree-Fock wave functions. 
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Table 4. Kinetic energies (in hartrees) evaluated by means of eq. [24] for selected first-row 
atoms using different approximations for the local scaling function h(r). 

System h = (p/pg)"3 h =  1 h = hexact Hartree-Fock 

Li RT 7.412 134 7.421 922 7.432 277 7.432 754d 
RP 7.432 390 7.432 473 7.432 538 7.432 720' 
RT 7.902 298 7.571 672 7.462 216 

Be RT 14.573 140 14.572 995 14.572 91 1 14.573 036" 
RP 14.572 916 14.572 822 14.572 898 14.573 014' 
RT 15.241 022 14.914 005 14.580 992 

B RT 24.578 669 24.561 536 24.530 216 24.528 956d 
RP 24.529 134 24.528 85 1 24.528 851 24.529 049' 
RT 25.941 753 25.353 307 24.554 481 

F RT 103.559 724 103.824 327 99.391 608 99.409 140d 
RP 99.429 323 99.413 514 99.41 1 240 99.409 204' 
RT 110.610 110 107.1 17 744 100.378 220 

Ne RT 132.569 040 133.035 295 128.530 783 128.546 810" 
RP 128.539 468 128.545 73 1 128.540 731 128.546 95 1' 
RT 130.996 564 130.91 1 242 128.574 134 

"~b~cRaffenetti-type sets defined in text. 
dClementi-Roetti results (57). 
'Raffenetti results for triple-zeta orbitals (50). 

Table 5. Kinetic energies (in hartrees) evaluated by means of eq. [30] for selected first-row 
atoms using different approximations for the local scaling function h(r). 

System h = (plpg)"3 h =  1 = hex,,, Hartree-Fock 

Li RT' 
R P  
RT 

Be RT 
R P  
RT 

B RT 
RP 
RT 

F RT 
R P  
RT 

Ne RT 
RP 
RT 

",b,cRaffenetti-type sets defined in text. 
dClementi-~oetti results (57). 
'Raffenetti results for triple-zeta orbitals (50). 

For this reason, the kinetic energies for the set RTb in Table 
4 do not coincide with the Raffeneti ETZ values listed in 
the last column of this table. When we use as our " object" 
densities the ETZ densities of Raffenetti, however, we obtain 
exactly the Raffenetti ETZ kinetic energy values. Again for 
Lxac,, we observe in Table 4 that the kinetic energy values ob- 
tained using the arbitrary set RTC are as good or better than 
those obtained from improved local-density approximations 
(53) or even from non-local ones (47, 54). In this sense, the 
present method clearly shows that it is possible to develop 
approximations to the kinetic energy functional that are both 
economical and accurate. 

It follows from Table 4 that the use of h = 1 intro- 
duces slight modifications in the kinetic energy values. These 
changes are observed to increase for the first-order iterative 
correction h = (p/pg)1/3. It is interesting to observe in Table 
4 that there arise significant deviations for the kinetic energy 
values of RTn of F and Ne for the zeroth: and first-order 
approximations to h. Now, these approximations enter either 
in the second factor (1 + r . V, ln &xac,(r))4/3 or in the third 
factor ~ p f ( [ { $ ~ , ~ ~ f ( r ) ) ~ ~ ] ; r )  of the kinetic energy expression 
given by eq. [24]. To assess the relative importance of the 
terms appearing in eq. [24], we list in Table 5 the kinetic 
energy values calculated according to the expression 
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Fig. 1. Behavior of the modulating function A(r) = r 'py3(f )~N(f )  for the sets RTb 
and RT' of the lithium atom. 

Fig. 2. Behavior of the modulating function A(r) = r2py3( f )~N( f )  for the sets RTb 
and RTc of the neon atom. On the present scale only the first hump is visible. 

1 
T[DfD] = Tw [p] + / d3rp513(r) 

Notice that in the above expression we have introduced LXac, 
in the second factor such that we are able to make approxi- 
mations for h only in the modulating factor T N .  

In Table 5 we observe that, for example, in the case of 
the Ne atom, there is a considerable improvement in the ki- 
netic energy values for the set RTa with respect to equivalent 

values listed in Table 4. It is clear in this case that the effect 
of approximating h is not crucial for the modulating factor TN 

as it is for the second factor of eq. [30]. In fact, we observe 
that there is an improvement as T = 132.569040 (in Table 
4) goes into T = 128.541 870 (in Table 5). That this is not 
always the case becomes evident when we consider the case 
of F for the set RTa for h = (p/p,)1/3. The kinetic energy 
becomes worse in Table 5: T = 109.411 291 as compared 
to T = 103.559724 in Table 4. A possible explanation of 
this situation may be advanced in terms of a cancellation of 
errors between the second and third terms in eq. [30]. 
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Fig. 3. Behavior of the modulating function A(r) = r2@(f )~N(f )  for the sets RTh 
and RTc of the neon atom. The scale is magnified at the tail to enhance the presence 
of a second hump. 

The preliminary results presented in this work demon- 
strate the subtleties of the kinetic energy functional. It is 
clear that the modulating factor has to do with the cre- 
ation of a pointed peak in the intershell region. This can 
be clearly observed in Fig. 1 where we have plotted A(r) = 

r2p~/3(fizlv([{@,,i~(r)}~=l];r) VS. r for the sets RTb and RTC 
for the lithium atom. One sees that the form of this func- 
tion is that of a bell-shaped curve with a maximum located 
approximately in the intershell region. In Fig. 2 we show 
the behavior of this function for the Ne atom, again for the 
RTb and RTC sets. Although barely visible in Fig. 2, there is a 
second hump further out in this atom (as well as in the boron 
and fluorine atoms studied here, i.e., atoms that possess an 
L shell). This slight protuberance is illustrated in Fig. 3, for 
the sets RTb and RTC of Ne. 

It seems that the presence of the bell-shaped modulating 
function in the intershell region is a necessary ingredient for 
the existence of shell structure in atoms. Let us mention that, 
in contexts different from the present, similar humps had al- 
ready been observed in the analysis of the kinetic energy 
density (55, 56). A detailed investigation of the modulating 
functions and their relationship with shell structure is cur- 
rently underway. One of the promising possibilities is that of 
constructing approximate energy density functionals by mod- 
elling the modulating factor by some simple function of h(r) 
(i.e., as a function of the one-particle density). 

The results presented here, although preliminary, clearly 
indicate that it is quite feasible to obtain accurate models 
for the kinetic energy functional within the context of local- 
scaling transformations of the density. The elucidation of the 
subtleties underlying the construction of the kinetic energy 
functional is, however, an important prerequisite toward this 
end. 
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Zero-temperature equation-of-motion 
of electron pair in the BCS theory of 
superconductivity 

Akitomo Tachibana 

Abstract: By projecting the BCS ground state of superconducting electron condensate on the N-electron Hilbert space, a 
real-space equation-of-motion is obtained for the electron pair function ((1, 2) at absolute zero temperature (T = 0): 

ifi = h4(1,2)@(1,2) 
dt 

where pN-2 denotes electron density of the (N - 2)-electron condensate given as 

Since the exchange-correlation potential is given as an explicit functional of electron density, this equation represents the 
fundamental working equation for the new density functional theory of superconductivity. The 2nd-order density matrix 
r N ( l ,  21 l', 2') projected on the N-electron Hilbert space satisfies 

so.that asymptotically 

lim rN(1,21 11,2') = finite 
lRCM -RyGI I -m 

1,2 

where RF,y denotes the center-of-mass coordinate of electrons el and e2; this is considered the ODLRO (off-diagonal 
long-range order) at T = 0 projected on the N-electron Hilbert space. A new attractive potential analysis for the two- 
electron scattering problem (A. Tachibana, Bull. Chem. Soc. Jpn. 66, 3319 (1993); Int. J. Quantum Chem. 49, 625 (1994)) 
is straightforwardly applicable to the present equation-of-motion, and we can also plug in the vibronic interaction for the 
enhancement of the attractive force. Our approach is purely mathematical and basic, restricted merely at T = 0, but proves 
to serve as a real-space analysis of the pair function itself. 

Key words: equation-of-motion of electron pair, BCS theory, superconductivity, electron pair function, density functional 
theory. 

RkumC : En projetant 1'Ctat fondamental BCS du condensat superconducteur sur l'espace de Hilbert A N-electron, on 
obtient un Cquation du mouvement en espace rCel pour la fonction de la paire dlClectrons, ((1, 2), A la tempirature du zero 
absolu (T = 0) : 
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Tachibana 

dans laquelle pN-2 correspond 8 la densit6 Clectronique du condensat Clectronique (N - 2) obtenu sous la forme de 

Puisque le potentiel de la corrilation d'Cchange est donnte sous la forme d'une fonctionnelle explicite de la densit6 
Clectronique, cette Cquation est au moins aussi bonne que 1'Cquation de travail fondamentale de la nouvelle thCorie 
fonctionnelle de la densit6 de la superconductivitC. La matrice de densitC du deuxikme ordre, TN(1,21 l', 2') projetCe sur 
l'espace de Hilbert 8 N-Clectron satisfait les Cquations 

ce qui signifie que, d'une faqon asymptotique, 

lim rN(1,21 11,2') = finite 
I R ~ ~ - R : $ , I + ~  1,2 

dans laquelle Ry,y correspond 8 la coordonnie du centre de masse des Clectrons el et e2 ; ceci est considCrC comme 
1 ' ~  ODLRO a (off-diagonal long range-ordre), 8 T = 0 projet6 sur l'espace Hilbert 8 N-Clectron. Une nouvelle analyse 
du potentiel attractif pour le probltme de la diffusion de deux Clectrons (A. Tachibana, Bull. Chem. Soc. Jpn. 66, 3319 
(1993); Int. J. Quantum Chem. 49, 625 (1994)) peut s'appliquer directement 8 la prCsente Cquation de mouvement et 
on peut y introduire l'interaction vibronique pour l'augmentation de la force attractive. Notre approche est purement 
mathkmatique et fondamentale, elle n'est restreinte qu'8 T = 0, mais il s'avkre qu'elle peut mCme servir dans une analyse 
de temps rCel de la fonction de paire. 

Mots clPs : Cquation de mouvement d'une paire d'Clectron, thCorie BCS, superconductivitt, fonction d'une paire 
d'ilectron, thCorie fonctionnelle de la densitk. 

[Traduit par la rCdaction] 

I. Introduction 
There are two fundamental prerequisites for electrons to reach 
the superconducting state (1, 2). First, there must be an at- 
tractive force between a pair of electrons to form a Boson pair 
state. According to the conventional picture in the physics of 
condensed matter, the medium is somehow polarized through 
interaction with the electron, and the polarization is slow t o  
relax compared with the time scale of the motion of the 
electron. This retardation works to bind a pair of electrons 
effectively despite the Coulomb repulsion between them. 

Second, there must be a certain value of hopping inte- 
gral for electrons to delocalize and form a band of finite 
width. The Boson pairs can then go through a process of 
condensation, collectively forming a lower energy state like 
the process of Bose condensation. 

In the BCS theory of superconductivity (3), these two ac- 
tions take place simultaneously, where the BCS ground state 
demonstrates the strong overlap between the electron pair 
wave functions @(I, 2)'s (1). 

The aim of this paper is to give a rigorous equation-of- 
motion for the electron pair function @(I, 2) at absolute zero 
temperature (T = 0). This equation is found to be dependent 
on an explicit function of electron density, so that the appli- 
cation of density functional theory (4) should be of direct in- 
terest. As a concrete example, using the jellium model of the 
background medium and the associated homogeneous elec- 
tron density, the @(I, 2) is found to be given as the Rutherford 
scattering wave function. Polarization of the medium surely 
affects the pairing potential; it may strengthen or weaken the 
electron pairing according to the situation considered (5-8). 
In particular, the vibronic interaction will be demonstrated 
to strengthen the electron pairing. The BCS ground state is 
characterized by the ODLRO (off-diagonal long-range order) 
(9), so that a mean field theory is of great help in describing 
the phase transition process itself (1, 3, 10, 11). Our ap- 
proach is purely mathematical and basic, restricted merely at 
T = 0, but is proven to serve as a real-space analysis of the 
pair function itself for application to various kinds of present 
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or future superconductors that are important in the field of 
materials science (12). 

11. Electron pair function 

A. Singlet s-wave pairing state of electron gas 

The wave function of the pairing state of N (even number 
assumed) electrons is given as (1, 2): 

where A denotes the antisymmetrizer and $(i,j) denotes the 
orbital part of the singlet wave function of the electron pair. 
The $(i,j) is symmetric with respect to the interchange of 
electrons: 

which property is a prerequisite for low-energy stable pair 
formation as analyzed by Fano (13); this situation has also 
been analyzed by Wannier (14) in a purely two-electron es- 
cape problem from the atomic core (15). This wave function 
is of course invariant under lattice translation: 

where T denotes the lattice translation operator (16) for the 
lattice. In the jellium model, the wave function $(i,j) of the 
electron pair is represented as the superposition of products 
of one-electron orbitals with which equal and opposite wave 
vectors are paired; this is in general referred to as time- 
reversal pairing (1, 2, 17, 18): 

It should be noted that the s-wave pairing state in the jellium 
model satisfies 

w i t h p ~  being the relative momentum of the ith electron with 
respect to the jth electron: 

According to the presence of crystal structure of its unique 
translational symmetry, the Bloch theorem is applied to the 
pairing wave function. The Bragg reflection may be a pos- 
sible obstruction to the occurrence of stable electron pairing 
(1). 

B. Electron field operators 
The equation-of-motion of the electron field operator is now 
given for the space spanned by the pairing states of electrons. 

Let the electron Hamiltonian be He and the time-evolution 
of the N-electron state IN(?)) be given as 

where a(l), a+(l) denote the electron field operators and dr 
the volume element, and where he(l) denotes the one-electron 
Hamiltonian including the kinetic energy and the nuclear at- 
traction potential v(1): 

C. Equation of motion 
The equation-of-motion of the electron field operators a(l), 
a+(l)  is given as 

where 

~ 1 2 1  hee(1) = he(l) + J $ p(3)dr3 

with 

Therefore we obtain 

[14] ih da(yr(2) = [a(l)a(2),He] 

and its complex conjugate. 
Now, the pair function in the 2nd-order density matrix is 

given as the transition amplitude of a(l)a(2) between the N- 
electron state vector IN) and some ith (N - 2)-electron state 
vector (iN-21, 

The 2nd-order density matrix can then be written as 

Here, it should be noted that we are treating the complete 
pairing states at T = 0, so that the specification i of the state 
is uniquely determined to be the state with one pair lost: 

[17] cfJ(1,2) cc cN (1,2) : independent of i 
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with with 

and the 2nd-order density matrix can then be written as 
This is because the residual terms in eq. [27], aside from eq. 
[28], are merely constant under the condition "the jellium 
model of the background medium for the electron pair and 
the associated homogeneous electron density for pN-2." 

Let 0 be the angle between the position vectors r l ,  r2 of 
the electrons el, e2: 

where N(N - 1)/2 is the degeneracy of the pair function. 
This is the characteristic situation distinct from the case of 
the normal state of many-electron systems (19, 20). The pair 
function is now identified with the singlet wave function of 
the electron pair given in eq. [2]: [29] rl2 = \/r: + r: - 2rlr2 cos 0 

The "distance" of the electron pair as a whole from the scat- 
tering center may be measured by the hyperspherical radius 
r :  

Thus the equation-of-motion of the pair function is ob- 
tained as 

Then using the variable transformation of Wannier (14) as 

[31] rl = r  cos (5) 
where 

~ 3 2 1  r2 = r sin ( 4 )  
with 

eq. [28] reduces to 

In the general case of the ODLRO (off-diagonal long-range 
order) (9), the I-(1,21 l t7  2') satisfies asymptotically 

It is easily found that the configuration P defined as 

so that 
corresponds to the minimum of v,,,(l, 2): 

where R?,";' denotes the center-of-mass coordinate of elec- 
trons el and e2. Therefore, eq. [19] is considered the ODLRO 
at T = 0 for the Hilbert space of fixed electron number N. 

Ill. Electron pair potential 
The stability of the electron pair is now examined for the 
potential v$(l, 2) given by eq. [23]. Imagine for the sake of 
simplicity the jellium model of the background medium for 
the electron pair and the associated homogeneous electron 
density for pN-2. Then the interelectron interaction is solely 
governed by the following term vint(l, 2) in ~ ~ ( 1 ,  2): 

This configuration P exactly dictates the time-reversal con- 
figuration for the electron pair with respect to the scattering 
center: the radial vectors point to mutually opposite direc- 
tions with the same distance, rl = r2, from the scattering 
center. It should be noted that if the scattering center is 
identified with the center-of-mass of the electron pair, then 
the configuration P is mandatory because of s-wave condi- 
tion eq. [5]. Therefore, we should consider eq. [37] as the 
stability of the configuration P against small perturbations. 
If the perturbation to the interelectron potential is of short- 
range character, then this stability mechanism remains valid 
because the long-range Coulomb interaction overwhelms in 
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the asymptotic scattering region. For example, if an electron 
density fluctuation occurs, the electron pair is stable if such 
a condition is satisfied. Indeed, for the case of the isolated 
electron pair problem, the stability of the configuration P has 
been clearly demonstrated (6-8). 

It should be noted that although the resultant equation-of- 
motion, eq. [21], is that for the usual Rutherford scattering 
under the condition "the jellium model of the background 
medium for the electron pair and the associated homogeneous 
electron density for pN-2," which we have adopted here, and 
therefore the analytical solution is given in any standard text- 
book, the scattering center is not fixed in space. Instead, by 
definition of the situation considered, the scattering center is 
homogeneously distributed in space, so that this verifies the 
underlying condition "the homogeneous electron density" in 
its rigorously self-consistent manner. 

IV. Vibronic attraction 
If the stability of the electron pair as demonstrated in Sect. 
I11 is not strong enough, then some subsidiary mechanism 
should be invoked to ensure time-reversal electron pairing. 
This is the electron-phonon coupling (1, 3) or instantaneous 
vibronic coupling (5). In the context of the density functional 
theory, Kohn, Gross, et al. have explicitly treated this sub- 
sidiary force as W in their working equation (21). As a con- 
crete and interesting example of W, we shall in this section 
explicitly demonstrate the instantaneous vibronic interaction 
for the subsidiary attractive force in our basic equation, eq. 
[13]. The vibronic interaction is treated as the internal po- 
tential, not the external potential, so that the Mermin entropy 
principle works and hence our density functional theory re- 
mains valid in due course. 

According to the theory of the vibronic Hamiltonian (5), 
let eqs. [7] and [8] be modified as 

where AHK is the vibronic term that is represented by W in 
ref. 21: 

where denotes an orthonormal complete set of 
spin functions with k for the momentum and o for the spin, 

that are used to expand the field operators as follows: 

The qtn ( m  = 1,2 , .  . . , f )  denote the internal coordinates 
that describe the vibrational motion of nuclei, the degrees of 
freedom being f ,  while a""' denotes the kinetic tensor (5). It 
should be noted that the vibronic Hamiltonian is given in a 
closed form, namely, we are free from the perturbation series 
treatment using a small amplitude approximation for nuclear 
displacements. For the sake of easier application to eq. [13], 
eq. [39] is rewritten as follows: 

where K,,~ is given as 

where K, denotes the quantum mechanical momentum oper- 
ator with respect to qm (5). 

It should be noted that the asymptotic behavior of the 
subsidiary term to the interelectron potential is in general 
indefinite, 

[47] lim &(I, 2; l', 2') 
~ 1 2 " 1 1 2 1 - 0 3  

e L  
= - + (indefinite sign) terms 

'-12 

However, just for the time-reversal electron scattering, it will 
be negative definite, as shown in the following eq. [52]. 

First, the vibronic one-electron equation-of-motion is 
modified from eq. [ lo] to 
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Tachi bana 

Second, the vibronic two-electron equation-of-motion is modified from eq. [13] to 

ifi da(!r(2) = [a(l)a(2), HK] 

Using eq. [45], eq. [SO] is rewritten as 

[Sl] i f i  da(1)a(2) = 
dt 

The attractive force for the time-reversal pair of electrons is observed among the last terms in eq. [5 I]: 

1 eq. [21] becomes the fundamental working equation for the 
[521 3 >: am" / kn~(2, 3')kn(1 1 4')~-kp(4')~ka(3')dr3tdr4t density functional theory of superconductivity (10, 1 1, 21). 

m,n=l The superconducting phase transition process is character- 
ized as the change of description of electron from the in- 

1 ' asa(2) avPko(l) dependent particle orbital to the pair function as shown in 
= -- >: a"'" ___ 

2 aqm aqn eq. [4]. The self-consistent picture of this change of descrip- 
m,n=l tion should be related to a certain mathematical structure 

where we have explicitly highlighted the {ka, -kp) pair. The of the Bogoliubov-Valatin transformation (1, 21). A precise 

same conclusion is reached in a different context in ref. 5. description of the change in electron density will also be 
obtained. 

V. Density functional theory 
In Sect. 111, using a concrete example, we have shown the 
simple self-consistent picture of the stability of the pairing 
state. According to eqs. [36] and [37], the BCS ensemble 
of pairing states is at least "metastable" in constructing the 
local minimum, if not the global minimum, in the subset of 
the grand canonical ensemble of electrons. Any tiny but finite 
relaxation of electron cloud is not mandated at all for a probe 
electron. This governs even the s-wave pairing; extension to 
higher angular momentum wave pairing is straightforward 
using standard partial wave analysis of the Rutherford scat- 
tering wave function and the associated spin function. If we 
need a more powerful attractive force in order to arrive at 
the global minimum, see for example Sect. IV. 

The equation-of-motion of the pair function is obtained in 
eq. [21]. The potential u@(l, 2) for this equation is given as 
an explicit functional of electron density, eq. [23], so that 

Indeed, in our density functional theory of superconduc- 
tivity (10, 1 l), the crucial mathematical strategy was to find 
the zeros of the order parameter Gk (defined for the quasi 
particles in eq. [65] below) or, equivalently, the zeros of the 
weight function wk (defined in eq. [66] below) in the complex 
Gaussian plane of the xk (defined in eq. [57] below), while 
keeping the order parameter Fk (defined for the electrons in 
eq. [56] below) nonzero. This is distinct from the BCS en- 
semble where the zeros of the wk distribute uniformly on 
the real positive axis of the xk, because the Gk is identically 
zero for the BCS ensemble, which is the very definition of 
the BCS ensemble according to the mathematical theory of 
Valatin (22). On the other hand, in the normal grand canon- 
ical ensemble that we use, the zeros of the wk never ex- 
actly touch the real positive axis of the xk.  This clarifies our 
mathematical point of view when the superconducting phase 
transition is declared to occur if the zeros of the wk infinitely 
approach the real positive axis of the xk (10, 11). 
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We use the normal grand canonical ensemble, not the BCS 
ensemble. Thus we can appeal to the Mermin entropy prin- 
ciple and amve at our own density functional theory where 
we use analytic continuation of the electron density in the 
complex Gaussian plane (10, 11). Then, the onset of elec- 
tron pairing is detected by monitoring the change in the de- 
scription of the electron density as in the standard Landau 
approach to phase transition. Therefore, it may be visual- 
ized that the manner in which our density functional theory 
of superconducting phase transition is related to the BCS 
theory resembles the relation of Lee-Yang theory to the 
Mayer theory of condensation. Namely, one theory treats 
the phase transition as the mathematical limit of some ther- 
modynamic function that is under analytic continuation in 
the complex Gaussian plane, while the other treats it as a 
completely distinct ensemble in which phase transition has 
already occurred. Indeed, our density functional theory of su- 
perconductivity treats the electron density as under analytic 
continuation in the complex Gaussian plane. We shall elab- 
orate this as follows, whereby we further relax to allow the 
complex number for wk that was restricted to be real in our 
original paper (10, 11). This permits the logical framework 
of our density functional theory of superconductivity to be 
sufficiently complete to be applicable to a more general situ- 
ation that may occur in the future development of the theory. 
For example, eq. [72] below is the rigorous expression of 
the rk defined in eq. [62] below for the mixing ratio of quasi 
particles to electrons. 

The electron density p (1) is the diagonal part of the first- 
order density matrix, and hence given as 

in which we have used eqs. [41] and [42]. 
Using the grand canonical ensemble, the field operators are 

defined in Fock space where the number of electrons is not 
fixed, in sharp contrast to Hilbert space where the number of 
electrons is fixed, say N. In Fock space, therefore, the total 
electron number is given as the ensemble average, 

Therefore,h,plays the role of occupation number for vko  (1). 
Moreover, the following probability amplitude of the variable 
electron number should appear in general: 

which should disappear in a Hilbert space: 

[56] Fili = F,:i = 0, in a Hilbert space 

It should be noted that in the BCS theory of supercon- 
ductivity, the following Bogoliubov-Valatin transformation 
is performed for the description of a collective particle in 
Fock space: 

where we used the convention of time-reversal symmetry (22) 

Conversely, we get 

The new collective particles are also fermions that satisfy 
the same anticommutation relationship as the original elec- 
trons. The occupation numbers of the collective particles are 
similarly given as 

The occupation numbers are found to satisfy the difference 
rule: 

Now, let us introduce and estimate the ratio of mixing in 
the level of occupation number as follows: 

where rk is the ratio of mixing so defined. These satisfy the 
sum rule: 

The converse relationship is found if rk # 1; then 

where if rk = 1 the right-hand-side of each equation is indef- 
inite. In order to get the form of rk, the following probability 
amplitudes should appear in general: 

which are related in such a way that 

where wk is the weight function thus defined. It should be 
noted that the BCS ground state (1, 3, 22) is characterized 
as the zero of Gk, i.e., of wk: 
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while 

for the BCS ground state. 
In general, the functional relationship is found to be 

Taking the complex conjugate of this equation and, next, 
summing and subtracting with the original equation, we then 
obtain 

and 

After some manipulation, we finally obtain 

where of course we assume the nonzero denominator of the 
right-hand-side expression. It should be noted that the BCS 
ground state (1 ,  3,  22) leads to 

for the BCS ground state. 
The most significant characteristic of the BCS theory of 

superconductivity is that eq. [67] holds for any temperature 
where not only the BCS ground state is involved: 

for the BCS ensemble at T # 0. This is possible only when 
the electronic state for any electron number N that is involved 
in the BCS ensemble should possess the same pair function 
((1,  2 )  as demonstrated in eq. [ I ] .  

To conclude, in our density functional theory of supercon- 
ductivity (10, 1 l ) ,  the zeros of wk were sought for the electron 
density that is under analytical continuation in the complex 
Gaussian plane. If the zeros of ok infinitely approach the 
real positive axis of xk, we can declare that superconducting 
phase transition has just occurred. In other words, the situa- 
tion described in eq. [74] holds at that temperature of phase 
transition in the sense of the "limit." At that limiting situa- 
tion, the grand canonical ensemble infinitely approaches the 
BCS ensemble. It should be noted here that the BCS en- 
semble is not exactly the same as the usual grand canonical 
ensemble even at the temperature of phase transition. How- 
ever, the difference is not significant there. Therefore, it is 
of great interest to study how the BCS wave function given 
in eq. [ l ]  or, more precisely, how the pair function @ ( I ,  2 )  
in it is described in terms of the electron density. As far as 
the author is aware, the equation-of-motion of the pair func- 

tion ((1,  2 )  for the BCS ensemble has not been published in 
the literature, although its derivation is disarmingly easy, as 
shown in eq. [21]. The potential for the pair function $(1,2) 
is given as an explicit function of the electron density. Thus 
the deterministic eq. [21] obtained in this work should be the 
fundamental working equation for density functional theory 
that allows the continuous analytical description of a super- 
conducting phase transition (10, l l ) ,  in which the weight 
function wk that is, in general, complex was assumed to be 
real. 

The power of our theory lies in its predictability, slightly 
over and above that of BCS theory. First of all, after the 
superconducting phase transition occurs, our theory reduces 
to BCS theory. Nothing new happens. Thus the new phe- 
nomena should be related to the pre-BCS regime, namely, 
the gray zone between the normal Fermi liquid and the com- 
plete pairing state. Actually, we can predict the presence of 
the metastable pairing state at temperature Tb, higher than 
the well-defined critical temperature T,, where the electronic 
specific heat C should show a negative jump in sharp contrast 
to the positive jump at T,. 

Thus, once the electron pair becomes created according 
to eq. [13] for a certain time-reversal combination, say 
{ka, -kp), then even if its lifetime is short, namely, even if it 
is not in the ground state, the vibronic attractive force will be 
plugged in as shown in eq. [52]. If this subsidiary attractive 
force overwhelms the interelectron repulsive force, then a net 
attractive force will be created and the firm superconducting 
condensate should be brought about. For metastable electron 
pairing, the absolute value of the xk that gives the zero of the 
wk as for the limiting situation of eq. [74] should not be very 
large. After stable electron pairing is attained, the absolute 
value of the xk that gives the zero of the wk as for the limiting 
situation of eq. [74] should be considerably larger. Therefore 
the Tb(> T,) in refs. 10 and 1 1  should be the temperature for 
metastable electron pairing because it is associated with a 
small value of xk, while the T, associated with a large value 
of xk should be that for the complete electron pairing. 

The possible consequence in an explanation of certain ex- 
perimental data will be briefly shown as follows, when we 
may first show the prediction in Fig. 1, and its experimental 
evidence in Fig. 2. Experimentally, Tb = 93 K and T, = 89 K 
for that sample (23). We cannot predict how high the Tb is, 
compared with the T,, until the detailed data pertinent to the 
sample are available. We can only say at this moment that, 
mathematically, if it occurs, then Fig. 1 results. Then, the 
detailed mechanism follows. Figure 3 shows the spectrum of 
the quasi-particle that is cast in the pairing state. Its temper- 
ature dependence is determined by the x in eq. [57],  whose 
functional relationship is deduced by our density functional 
theory (10, 1 1 ) .  The x itself also depends on temperature as 
shown in Fig. 4. At T = Tb, nonzero x emerges but is not 
large enough to bind electrons, and at T = T,, the x becomes 
large enough to form the real bound state of electrons as 
shown in Fig. 3. Finally, at T = 0 ,  the x may converge to a 
finite value or diverge to infinity, when the behavior is de- 
noted as curve A or B, respectively, in Figs. 3 and 4. The 
zeros of w are shown in Fig. 5. For conventional low-T, SU- 
perconductors, only those electrons lying in the very vicinity 
of the Fermi level are combined to form the pairing state, 
and hence the Tb and T, may coalesce. This is the reason 
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Fig. 1. Predicted behavior of the electronic specific heat C as a 
function of temperature T. 

Fig. 2. Experimental evidence of the 93 K anomaly of C for 
high-T, (89 K) superconductor. 

Fig. 3. Predicted behavior of the spectrum of quasi-particle in 
the pairing state as a function of temperature T. 

+ 

Fig. 4. Assumed behavior of x as a function of temperature 
T. 

Fig. 5. The distribution of the zeros of w in the complex 
Gauss plane of x. 

Imx 

why the Tb anomaly is not observed for conventional 10w-Tc 
superconductors. 

VI. Conclusion 
A rigorous equation-of-motion, eq. [2 11, is given for the time- 
reversal electron pair function $(I, 2) of the superconducting 
electron condensate projected on the N-electron Hilbert space 
at T = 0. Since the exchange-correlation potential is given 
as an explicit functional of electron density, this eq. [211 
represents the fundamental working equation for the new 
density functional theory of superconductivity (10, 11). New 
stability analysis of the two-electron scattering problem (6- 
8) is straightforwardly applicable to the present equation-of- 
motion, and we can directly observe the intrinsic stability 
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or "rigidity" of the time-reversal electron pair in the super- 
conducting electron condensate (18). The pairing wave func- 
tion given in eq. [I]  was also analyzed in the mean-field 
theory of superconductivity by Schafroth and Blatt and in 
the Kohn-Luttinger theory of superconductivity, in the sense 
that s-wave pairing is, in general, allowed (24-26). Plasmon 
should strengthen the electron pairing (27). The instantaneous 
vibronic coupling (5) should, as well, strengthen the attractive 
force for electron pairing, which is demonstrated explicitly 
in this paper. 
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The topology of the valence shell and the 
electric field gradient at the nitrogen nucleus 
in aziridines 

Felix Rosillo, Yosslen Aray, Jesus Rodriguez, and Juan Murgich 

Abstract: The ab initio molecular charge density p(r) of substituted aziridines was calculated at the MP2 level for R = -H, -CH3, 
-CF3, -C1, -NO2, -CN, -OH, -NO, and -F. The use of the topology of the Laplacian of p(r) allowed the analysis of the electric 
field gradient (EFG) at the nitrogen nucleus directly in terms of its valence shell charge concentration. The EFG changed 
sign and the orientation of its y- and z-axes with respect to aziridine when R = -C1, -NO2, -CN, -OH, -NO, and -F. The changes 
in the EFG in these aziridines upon substitution were correlated with those calculated in the valence charge concentrations along 
the direction of the N-R bond. The sign of the q, component and the orientation of the principal axes of the EFG tensor were 
found to be determined by the relative value of the contributions from the charge concentrations at the points in the valence shell 
along the N-C and N-R bond directions. 

Key words: molecular charge distribution, aziridines, Laplacian of the charge density, electric field gradient. 

RCsumC : On a calculC la densite de charge molCculaire ab initio, p(r), d'aziridines substitukes au niveau MP2, pour 
R = -H, -CH3, -CF3, -C1, -NO2, -CN, -OH, -NO et -F. L'utilisation du laplacien de p(r) a permis d'analyser le gradient du champ 
Clectrique (GCE) au niveau du noyau d'azote en termes de la concentration de la charge sur les couches de valence. Lorsque 
R = -C1, -NO2, -CN, -OH, -NO et -F, le GCE change de signe et ses axes y et z changent d'orientation par rapport h l'aziridine. On 
a pu Ctablir une corrClation entre les changements dans le GCE dans ces aziridines par substitution et ceux calculCs dans les 
concentrations de la charge de valence dans la direction de la liaison N-R. On a trouvC que la composante q , ,  et l'orientation des 
axes principaux du tenseur du GCE sont dCterminCes par la valeur relative des contributions des concentrations de charge aux 
points de la couche de valence le long des directions des liaisons N-C et N-R. 

Mots clks : distribution de charge molCculaire, aziridines, laplacian de la densit6 de charge, gradient du champ Clectrique. 

[Traduit par la rCdaction] 

Introduction 

The electric field gradient tensor EFG at the nuclei has been 
employed extensively (1) in studies of the molecular charge 
distribution p(r). The EFG tensor can be measured by means 
of NQR, NMR, EPR, and other techniques and has provided 
important information about p(r) in many different types of 
compounds (1). 

Almost all the resulting data have been interpreted in terms 
of the Mulliken population of localized atomic orbitals (1) or 
by using molecular orbitals (2) centered at the atom containing 
the quadrupolar nucleus. Nevertheless, the orbitally based 
populations are not physical observables as defined by quan- 
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tum mechanics. It is well known that this type of population 
analysis is not invariant under unitary transformations. Thus, 
the interpretation of the EFG obtained with one set of orbitals 
may be not easily related to, or may even differ from, that 
obtained with another set. Clearly, information obtained about 
the charge distribution by means of theories based on arbitrary 
partitions of subsets of Hilbert space is open to serious ques- 
tions based on sound quantum mechanical principles. The use 
of localized orbitals in the interpretation of the EFG presents 
the additional problem of "tails" located away from the main 
body of the orbitals (3). These "tails" can make sizable contri- 
butions to the EFG and obscure the analysis of more important 
contributions to it (3). 

A better way of obtaining information is the direct interpre- 
tation of the EFG in terms of the electronic charge distribution 
p(r) or quantities directly related to it. One of the main advan- 
tages of this approach is that p(r) is a physical observable and 
is independent of the orbital model used in its calculation. The 
EFG present at the nitrogen nucleus has been interpreted in 
terms of the topology of p(r) and its associated fields (4-6) in 
several N-containing compounds. The study of the distribu- 
tion of the Laplacian of the charge density ~ ~ ~ ( r )  allows the 
location in space of the electronic shells (7). As the EFG 
present at the nucleus reflects, primarily, the departure from 
spherical symmetry of its electronic shells (I), a connection 
between the extremes in the ~ ~ ~ ( r )  of the valence shell and the 

Can. J. Chem. 74: 11 1 6 1  120 (1996). Printed in Canada / Imprim6 au Canada 
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Fig. 1. The generic aziridine molecule. 

gradient at the quadmpolar nucleus was found for several 
types of nitrogen coordination (4-6). In this work, the EFG 
data for the N atom in nine substituted azidiridines (see Fig. 1) 
has been interpreted in terms of the -v2p(r) distribution. 
Recently three aziridines were studied and the results inter- 
preted in terms of Boys's localized orbitals (8, 9). In the 
present work, an observable such as p(r) and a derived quan- 
tity such as V2p(r) are used in the interpretation of the EFG. 
This approach has the advantage that the interpretation of the 
gradient is not linked to any particular orbital description and 
its conclusions may be tested against other experimental 
results related to the charge distribution. 

Computat ional methods 

The ab initio molecular orbitals at MP2 level calculations for 
the aziridines (see Fig. 1) were obtained on a Silicon Graphics 
1ndigo2 R-4400 workstation using the Gaussian 92 program 
(10) with a 6-3 lG+(d,p) basis set (1 1). Optimized geometries 
were obtained by the SCF gradient method (10) with the 6- 
31G** set. The topological properties of the Laplacian of the 
electronic density were calculated with the AIMPAC 94 pack- 
age.3 

Theory 

The EFG is a traceless, second-rank tensor (1) whose ij-th 
component at the origin is 

where p(r) is the charge density at point r .  The principal axes 
of the EFG tensor are such that Iq,l> lqnl 2 IqJ. The indepen- 
dent components of this tensor are two diagonal terms and 
three direction cosines linking the principal axes system with 
an arbitrary frame of reference (1). The nuclear quadmpole 
coupling constant, e2qelh, (where Q is the nuclear electric 
quadrupole moment, and eq = q,) plus the asymmetry pararn- 
eter, q = I(qn - qrr)lqul are usually determined experimentally 
(1). 

The EFG has the symmetry of its source charges and pre- 
sents, by definition, even parity (12). Any charge distribution 
may be divided into its odd and even parity components. Then, 
due to the parity of the EFG, one has to consider only the con- 
tribution of the even part of p(r) because the other integrates to 
zero for symmetry reasons (12). In an isolated molecule, the 
charge distribution of the N atom may be separated into two 
parts: (i) a spherically symmetric core, formed by the nitrogen 
shells, that is not deformed by bonding; (ii) the deformed part 

R.F.W. Bader. Private communication. 1993. 

represented by the extremes in the charge distribution in the 
nitrogen valence shell produced by bonding. The spherical 
core will not generate a field gradient at the N nucleus for 
symmetry reasons already mentioned (12). The charge from 
neighboring atoms generates a small EFG because the contri- 
bution of the nuclei is mostly compensated by that of the elec- 
trons (6). The r3 dependence of the EFG operator (1) further 
decreases the contribution from those sources that are located 
away from the shells of the N atom. As we are interested only 
in the main contributions to the EFG at the nucleus in N atoms 
of aziridines, we will not consider these contributions here. 

The topology of the charge distribution 

The topological properties of p(r) or v2p(r) scalar fields are 
reflected in their critical points (7) rc, (where Vp(r) and 
v[v2p(r)] = 0). These points are classified according to their 
type (m, n) by stating their rank m and signature n. The rank is 
the number of non-zero eigenvalues of the Hessian matrix at rc 
while the signature is the algebraic sum of the signs of the 
eigenvalues (7). Two types of critical points in the p(r) field 
are found in the nitrogen valence shell, the (3,- 1) saddle 
points related to the interaction of N with the neighboring 
atoms and a (3,-3) point representing a maximum at the posi- 
tion of the nucleus. More complex is the topology of the 
Laplacian field of p(r) for the N valence shell because it also 
exhibits (3,+1) saddle points in aziridines. From the topology 
of the V2p(r) field, one can recover the chemical model of the 
localized bonded and nonbonded pairs (7). Moreover, this 
type of field helps to characterize the regions of local concen- 
tration (-v2p(r) > 0) and of depletion (-v2p(r) < 0) of the 
atomic and molecular p(r) (7). 

The V2p(r) distribution of a free atom reflects the quantum 
shell structure by exhibiting the corresponding number of 
alternating pairs of shells of charge concentration and deple- 
tion (7). Upon bonding, local maxima and minima are formed 
in the valence shell of the bonded atom. The number, type, 
location, and -V2p(r) value at these extremes are functions of 
the linked atoms. The sets of these extremes in each atom form 
the basis of its atomic graph. This graph contains information 
about the atom's Lewis model and displays the connectivity of 
the extremes of the valence shell (7). 

In a free atom, the charge distribution of the valence shell is 
uniform over the surface of a sphere (7) and the EFG at its 
nucleus is, by symmetry, equal to zero. In light bonded atoms, 
the EFG at the nucleus is produced mainly by the departure of 
the valence shell from spherical symmetry. Then, a connection 
exists between the local charge extremes that are reflected in 
the - V2p(r) values of the atomic graph and the EFG present at 
the corresponding nucleus (4-6). 

Results 
The atomic graph of the N atom of the aziridines studied in 
this work and shown in Fig. 2 has four (3,-3) critical points in 
its valence shell charge concentration (VSCC). Two are 
located in the direction of the ring bond with the -CH2 groups 
b, and b,, and one in the direction of substituent R. The fourth 
critical point is found in the direction of the nonbonded con- 
centration ("lone pair") Nb. These points form a tetrahedral 
atomic graph in the nitrogen valence shell as seen in Fig. 2. 
This type of graph is similar to that found for the N atom in 
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Fig. 2. Atomic graph of the -vZp(r) distribution of the valence Fig. 3. Orientations of the z- and y-axes in aziridine (H) and in 
shell of the N atom in aziridines. The maxima are denoted by a fluoroaziridine (F) with regard to the "lone pair" Nb. These axes 
dot (e) and the saddle points by an asterisk (*). The N nucleus is are in a plane perpendicular to the ring plane. 
in the center of the sphere and the three covalent bonds and the 
"lone pair" are shown as  parallel lines joining the nucleus with 
these extremes of the valence shell. 

Table 1. Valuesa of the -V2p(r) at some of the critical points of 
the N valence shell in some substitued aziridines. 

Substituent 
R Nb R b,  

"All values are in atomic units. 

NH3 and other symmetrically substituted amines (13). The val- 
ues of -V2&) for the different critical points of the nitrogen 
VSCC in some aziridines are reported in Table 1. 

The charge concentration at the bi points of the nitrogen 
graph increased with respect to aziridine for substituents more 
electronegative than H such as -C1, -NO2, -CN, -OH -NO, 
and -F. The values of the - ~ ~ ~ ( r )  at the Nb point for these azir- 
idines changed only slightly upon substitution while those at 
the R point showed much larger fluctuations. In another group 
of aziridines (R = -CH3 and -CF3) substitution produced small 
changes in the values of -V2p(r) at the Nb points, a decrease in 
its value at the R point, and a small increase at the bi points. 

Table 2 shows the components of the EFG for the aziridines 
studied in this work. From this table, one sees that the nitrogen 
EFG in aziridines may be divided into two different sets: one 
with q,, < 0 (R = -H, -CH3, and -CF3) and another with q,, > 0 
(R = -C1, -NO2, -CN, -OH -NO, and -F). The modifications 
introduced in the nitrogen charge distribution by groups or 
atoms more electronegative than H produce not only a change 
in the signs of the components of the EFG tensor, but also a 
significant reorientation of its axes, as seen in Fig. 3. In the 
aziridine and in some substituted aziridines (R = -CH3 and 

Table 2. Principal components, asymmetry parameter of the 
electric field gradient at the N nucleus, and the angle O between 
the principal z-axis and the "lone pair" direction in aziridines." 

Substituent 
R 9,  9, 9, O 

"All values except O are in atomic units. The values of O are in 
degrees. 

-CF3), the z-axis points within a few degrees along the direc- 
tion of "lone pair" Nb as in several other nonplanar but sym- 
metrical amines (13). When the substituent is more 
electronegative than H, the z-axis is rotated away from the Nb 
direction by a significant amount as shown by the O values 
found in Table 2 and in Fig. 3. The principal z- and y-axes in 
all the aziridines studied in this work are located in a plane 
perpendicular to the ring plane. When substitution with the 
more electronegative groups occurs, the z- and y-axes are 
rotated in that plane in such a way that now the y-axis points 
close to the Nb point (see Fig. 3). 

Discussion 

The changes in the EFG upon substitution can be related to 
the variations in magnitude and position of the nitrogen 
VSCC points (4-6). It was found in this work that the varia- 
tions in the position of these points with respect to the N 
nucleus upon substitution in aziridines are negligible so they 
do not seem to be the cause of the modifications observed in 
the EFG. 

On the other hand, the values of the -v2&) at the bi points 
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vary up to 30%, those at the Nb points by only 13%, and at R by 
a factor of four upon substitution, as seen in Table 1. When 
substitution occurs, the main changes, as expected, are 
observed in the charge distribution of the point R of the N 
valence shell.   evert he less, changes in this region of the 
valence shell also propagate (4-6) to concentrations along the 
N-C bond directions and at the "lone pair" Nb (4-6). A linear 
correlation between the values of the Laplacian of p(r) in these 
two points for the aziridines shows how the perturbation intro- 
duced by substitution propagates to the other part of the 
valence shell. It was found that ~ ~ p ( r ) ~ ,  = 2.171 - 
0.417V2p(r), with r = 0.959. This correlation implies that the 
decrease in the charge concentration produced by more elec- 
tronegative atoms or groups at the R point in the N valence 
shell produces an increase at the points found in both N-C 
directions. An opposite behavior in these points was found for 
electron-donating groups such as -CH3 or -CF3. A linear cor- 
relation was also obtained between the values of V2p(r), and 
the nonbonded concentration at Nb, with ~ ~ p ( r ) ~ ,  = 3.477 
- 0.298v2p(r), but with r = 0.795. In this case, the charge at 
the Nb point is increased when the concentration at the R point 
is decreased although the correlation is not as good as in the 
other extremes. It is likely that additional factors may influ- 
ence the values of v2p(r) at the Nb point upon substitution and 
thus lower the correlation. 

The correlations found between the changes in the R point 
with the other extremes show that substitution at the N posi- 
tion of atoms or groups more electronegative than H in aziri- 
dines draws elec&onsfrom the ring toward the N valence shell - 
with some additional increase of concentration at the Nb point. 
The substitution of -CH3 or -CF roups produced, instead, a 

3. 
decrease in the charge concentration at the R point and a slight 
increase in the points along the N-C bond directions while at 
Nb only small changes were found. 

We can summarize the effects of substitution in aziridines 
as perturbing primarily the valence shell along the N-R direc- 
tion plus inducing changes at the other extremes. As these 
extremes are the sources of the EFG, it is reasonable then to 
assume that the changes found in q, upon substitution are pro- 
duced mainly by the variations of the charge concentration at 
the R point with contributions from the remaining points of the 
valence shell. 

From Tables 1 and 2, we see that the aziridines with q, > 0 
have a rather large charge concentration in the N valence shell 
along the N-R direction and a relatively low value at the bi 
points. The opposite behavior is found for the aziridines with 
q, < 0 as seen in the same tables. A linear regression among 
the six qzz > 0 values and those of the Laplacian at the R point 
gave q, = 1.359 - 0.438v2p(r), with r = 0.942. The same 
type of analysis for the bi points in the same aziridines gave 
q, = -0.697 + 0.923V~p(r)~, with r = 0.986 while for the Nb 
point, q, = - 1.378 + 0.723 v2p(r), with r = 0.828. 

It is expected that the q at the nucleus will be generated 
mainly by the N "lone pa$' (1, 2). The other extremes pro- 
duced by bonding in the N valence shell also contribute to q, 
but their contribution is expected to be smaller with regard to 
that generated by the "lone-pair." This later charge concentra- 
tion represents the largest deviation from the uniform distribu- 
tion found over the valence shell surface in the free atom. 
Consequently, it produces an important part of the EFG found 
in N upon bonding. The other critical points represent, instead, 

smaller departures as seen in Table 1, and consequently their 
contribution to the EFG is, in general, smaller. The total EFG 
tensor contains all these contributions plus a geometrical fac- 
tor that takes into account the spatial localization of the critical 
points (13). This geometrical factor reflects the specific type of 
atomic graph that the N atom has. The existence of the geomet- 
rical factor explains why, in certain types of graphs, the con- 
tribution of some points is compensated by that produced by 
others (13). In this case, the total EFG reflects only the pres- 
ence of the uncompensated critical points. The importance of 
the geometric factor becomes greater as the number of concen- 
tration points in the N valence shell increases. In the high sym- 
metry cases, such as an atomic graph having Td symmetry (i.e., 
the N atom in the N+H, ion), the contributions of all the differ- 
ent charge concentration points are equal but the geometric 
factor cancels them out. For the tetrahedral atomic graph found 
in the four-coordinated N atom in N+R3X compounds, the role 
of the nonbonded charge concentration is taken by that found 
along the N-X bond direction (13). The larger the difference 
between the local maxima in the N-R and N-X directions, the 
larger was the calculated value of qzz. The geo-metrical factor 
of a tetrahedral atomic graph is still operative in this case but 
the charge concentrations in the different points of the valence 
shell are not equal and a finite EFG is found at the nucleus. In 
the case of aziridines, we have even larger differences in the 
charge concentrations than in the N+R3X case so that they may 
generate a larger contribution to the EFG. The geometric factor 
is the same for the different atoms and groups R, so the 
changes observed in the orientation and sign of the EFG upon 
substitution in aziridines are the result of the variations 
observed in p(r) at the different local extremes of the N valence 
shell. It seems that the values of charge concentration along the 
N-C and N-R directions are such that q, < 0 for the more elec- 
tronegative substituents, and the principal y-axis is located 
near the "lone pair." This is a result of the contributions arising 
from the uncompensated extremes existing in the tetrahedral 
atomic graph found in the N valence shell. For the less elec- 
tronegative substituents or for a more symmetric substitution 
(13), the z-axis points along or near the "lone pair" direction 
and the resulting value of q, is positive. 

Conclusions 
The use of the topology of -V2p(r) allowed the analysis of the 
EFG in aziridines directly, in terms of the VSCC present in the 
N atomic graph. For R = -CH3 and -CF3, the orientation and 
components of the EFG were similar to those of aziridine. It 
was found that the q, component changed sign and the orien- 
tation of its z- and y-axes when -C1, -NO2, -CN, -OH, -NO, and 
-F substituted the H atom in aziridine. The changes in the EFG 
in these aziridines were found to be correlated with those in 
the VSCC point located along the direction of the N-R 
bonds. The sign of the q, component and the orientation of the 
principal axes of the EFG tensor were found to be determined 
by the relative value of the contributions from the charge con- 
centrations that were at the points in the valence shell along 
the N--C and N-R bond directions. 
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Quantum chemical valence indices from the 
one-determinantal difference approach 

Roman F. Nalewajski, Janusz Mrozek, and Grzegorz Mazur 

Abstract: The recently introduced quadratic (two-electron) valence indices, ionic and covalent, derived from the Hartree- 
Fock finite-difference approach, are applied to selected organic and inorganic molecules to demonstrate their utility in 
monitoring chemical bonding patterns in molecular systems. The indices are defined in terms of differerences between 
simultaneous probabilities of finding two electrons on specified atoms, calculated from the molecular and separated-atom- 
limit (SAL) wave functions, respectively, in the UHF approximation. The total quadratic valence number represents the 
overall number of chemical bonds in the system under consideration; it is interpreted as the molecular expectation value of 
the difference operator of the molecular and SAL density operators. This interpretation leads to a new set of ionic atomic 
and diatomic valence components; these modified valence numbers are discussed using the two-orbital model in the UHF 
scheme. A new procedure is proposed for dividing the one-center contributions to the bond valences; it generates effective 
bond orders in qood agreement with chemical expectations. The new valence quantities are tested on selected typical 
molecules and prototype hydrogen-bonded dimers. A more extensive study has been canied out on small-ring propellanes, 
to examine changes in bond valences between bridgehead atoms in selected systems. 

Key words: chemical valence: UHF difference approach; chemical bond: two-electron model; bond multiplicities; 
ionic/covalent bond components; propellanes: valence study. 

RCsumC : Les indices de valence quadratique (deux Clectrons), ionique et covalente, dCrivCs de l'approche d'une 
diffirence finie de Hartree-Fock, sont appliquCs a des molCcules organiques et inorganiques choisies afin de dkmontrer 
leur utilite dans 1'Cvaluation des patrons de liaison chimique dans des systkmes molCculaires. Les indices sont dCfinis en 
termes de diffirences entre des probabilitis simultanies de trouver deux Clectrons sur des atomes donnks et elles sont 
calculCes a partir des fonctions d'onde respectivement molCculaires et ?i la limite de la skparation des atomes (LSA), dans 
l'approximation UHF. Le nombre de valence quadratique total reprCsente le nombre global de liaisons chimiques dans le 
systkme CtudiC; on l'interprkte comme la valeur de l'expectative molCculaire de I'opCrateur de la diffirence des opCrateurs 
de densitC molCculaire et LSA. Cette interpritation conduit a un nouvel ensemble de composantes de valence atomique 
ionique et diatomique; on discute de ces nombres de valence modifiCs en faisant appel au modkle ?i deux orbitales du 
schCma UHF. Une nouvelle mCthode de diviser les contributions provenant d'un centre aux valences de liaison, elle 
gCnkre des ordres de liaison effectives qui sont en bon accord avec les attentes chimiques. On a CvaluC les nouvelles 
valeurs de valence sur des molCcules typiques choisies et des dimkres prototypes ?i liaison hydrogknes. Afin d'examiner 
les changements dans les valences de liaison entre les atomes en t&te de pont de systkmes choisis, on a effectuC une Ctude 
plus Ctendue sur des propellanes ?i petits cycles. 

Mots clks : valence chimique : UHF; liaison chimique : modkle de deux Clectrons; multiplicitts de liaison; parties 
constituants de liaison : ionique et covalent; propellanes : Ctude de valence. 

[Traduit par la rtdaction] 

Introduction 
The chemical valence represents a central electronic structure 
concept reflecting both bond multiplicity and the effective 
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(promoted) states of atoms-in-molecules (AIM). It was orig- 
inally introduced on an intuitive basis (1); later its quantum- 
mechanical interpretations (2-13) were also developed. The 
two-electron valence measures (10-14) directly connect to 
the original, electron-pair concept of Lewis (1) by relating 
chemical bond orders to changes in the electron pairings in a 
molecule, relative to those in isolated constituent atoms. This 
Hartree-Fock difference approach (10-14) compares the two- 
electron distribution among AIM with the reference sepa- 
rated atoms limit (SAL). It provides absolute valence indices 
(covalent and ionic) reflecting the associated changes in the 
simultaneous probabilities of finding two electrons on speci- 
fied atoms. These absolute valence numbers can subsequently 
be used to calculate relative valences, e.g., changes in bond 
orders due to ionization or change in the system geometry, 
by subtracting absolute values of compared systems. These 
so called quadratic valence indices (QVI) (1 1-14) represent 
contributions to the overall second-order change in the pair- 
diagonal two-electron density matrix in a molecule, relative 

Can. J. Chern. 74: 1121-1 130 (1996). Printed in Canada 1 Imprim6 au Canada 
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to the SAL. In the one-determinantal (HF or D m )  approx- 
imation they can be expressed as quadratic forms in terms 
of differences of the relevant one-particle charge-and-bond- 
order (CBO) matrix elements in the basis set of orthogonal 
atomic orbitals (OAO). Accordingly, the three-electron, cubic 
valence indices (CVI), measuring contributions to the cor- 
responding third-order change in the diagonal part of the 
three-electron density matrix, are similarly represented by 
the corresponding cubic forms of the molecular CBO dis- 
placements relative to the SAL. It has been demonstrated 
(1 1-14) that these two-electron valence numbers reproduce 
intuitive chemical expectations quite adequately for typical 
molecules and model transition states of simple chemical re- 
actions. The corresponding UHF three-electron corrections 
have been shown to be small (13). Recently (14) the QVI 
have been implemented in the Kohn-Sham (LSDA) scheme 
(15). It has been concluded that the novel bond valence mea- 
sures provide a very useful and easy-to-implement diagnostic 
tool for monitoring changes in the bonding pattern of both 
isolated molecules and reactants in a model catalytic system. 

The main purpose of the present paper is to examine 
more closely the expectation value interpretation of the QVI 
proposed in ref. 14, and to present and test the appro- 
priate schemes for partitioning atomic contributions among 
the bond valences. The set of typical organic molecules ex- 
hibiting various C--C bond multiplicities includes hydrocar- 
bons (acetylene, ethylene, ethane, benzene, and simple pro- 
pellanes); we also consider the B2H6 molecule and simple 
inorganic dimers of HF and H 2 0  to test whether the pro- 
posed bond multiplicities discriminate between strong chem- 
ical interactions and weak hydrogen bonds. 

Difference approach to valence indices 
The recently proposed set of QVI (11) measures changes 
in the two-electron simultaneous probability distribution in a 
molecule, relative to the SAL reference state (O), reflected by 
the pair-diagonal elements AT(y, v) = AT(yvlyv), of the spin- 
less two-electron density matrix in the OAO representation 
IA ) = I F ,  v, . . . ) = la, b, . . . ); throughout the paper the Lijwdin 
normalization is assumed, and la) = la, a', . . . ) denotes OAO 
associated with atom A. 

The RHFLDA QVI (1 1, 14) have been defined in the 
framework of the second-order Taylor expansion, 

in terms of powers of the CBO displacements, A?' = P -PO; 
the related UHFLSDA QVI are similarly defined by the 
quadratic expansion of A r  ( P ) ,  where P = PO- o = 
a, p, are the corresponding spin-resolved CBO shifts: A?' = 
hpa+ U P .  In what follows we denote by h = (AnA, hBl . . .) 
and Aq = (Mpp, A?',, . . .) the corresponding changes in the 
AIM electron populations and the orbital occupations, re- 
spectively. The RHFLDA QVI monitor the second-order 

atomic and diatomic contributions to Ar,  

[2] ~ r &  = Ar({AnA AnB11 { ( ~ q p ) ~ } ,  {(@pv~~}) 

with the obvious slight modification in the UHF case: 

This difference approach gives the following expressions 
for the resulting valence indices: 
(i) in the RHFLDA theories: 

cov - l A  [71 VAB - -2 ): ): ( ~ a b ) ~  
a b 

(ii) in the UHFLSDA theories: 

The ionic indices depend solely on h and Aq (diagonal CBO 
displacements) while the covalent valence numbers are de- 
fined exclusively by the diagonal quadratic forms in terms of 
the off-diagonal CBO displacements, IJ. # v. They originate 
from the Coulombic and exchange parts of ~ r ( ~ ) ,  respec- 
tively. By definition, the negative (positive) QVI contribu- 
tions, in terms of electronic pairs, are bonding (antibonding). 

It has been shown recently (14) that the overall QVI rep- 
resenting the sum of all valence contributions, 

OAO AIM 

[12] v =  ): ~ r ( $ = ) : ( v p + v y )  

AIM AIM AIM 

+): ) : ( V , & { + V ~ ) = ) :  vA+): EVAB 
A <B A A<B 

can be given alternative interpretation as the average CBO 
displacement. For example, in the RHF case 
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Nalewajski et al. 

where (A@ stands for the molecular expectation value of 

and the CBO operators, expressed in terms of the canonical 
molecular and SAL orbitals, IQ) = Ih)C and IQ0) = lh)C?, 
respectively, are 

Here N is the number of electrons, d,& represent the di- 
agonal matrices of molecular orbital occupations, and fi, ijO 
are the corresponding density operators. Another interesting 
expression for V is in t ~ r m s  of the difference between two 
expectation values of AP, the SAL and molecular (14): 

Here ( d ) O  = Tr (PAP). 
The overall valence number of eq. [13] can be naturally 

decomposed into atomic (VAA) and diatomic (VAB) contribu- 
tions: 

AIM 

These modified atomic contributions consist of both ionic 
and covalent components (see eqs. [4]-[7]), 

thus the new ionic index, u p '  differs from V p  (eq. [4]) 
by the missing global atomic population term. The modified 
diatomic contributions are purely covalent: 

so that the global AIM charge contributions of eq. [6] do not 
appear in this new set of indices: 

{up' ,  v y ,  V Z )  

P O I  

AIM AIM AIM AIM 

v = C ( V ~ , + V ~ ) + C  C V ~ = C V A + +  EVE 

Therefore, this new partitioning scheme recovers the or- 
bitally resolved parts of the RHFLDA valence numbers of 
eqs. [4]-[7], without the atomic global population terms that 
do not contribute to the overall valence V, 

AIM 

[211 C C ~ A A Q = ( A N ) ~ = O  
A B 

since both the molecular and SAL states correspond to the 
same number of electrons: AN = N -No = 0. 

This new development indicates that one could alterna- 
tively consider a set of three types of the RHFLDA indices of 
eq. [20], { u y ,  V?;, V z ) ,  to characterize the bonding struc- 
ture in a molecule, instead of the four valence numbers of eqs. 
[4]-[7]. This new set gives rise to the same overall valence 
and it removes a somewhat arbitrary V?; term, which appears 
in the absolute valences even at large distances between two 
molecular subsystems, to be eventually cancelled when cal- 
culating the relative valence indices defined as the difference 
between the overall valences of the combined system and 
those of the separated subsystems. Similar modified valence 
indices are obtained in the UHFLSDA theory, by removing 
the global atomic population term in eq. [8] and neglecting 
the diatomic ionic valence number of eq. [lo]. Removal of 
the global atomic population contributions leaves only va- 
lence numbers that are quadratic diagonal forms in terms of 
the CBO displacements. 

The above difference approach introduces a dependence 
of valence numbers upon the choice of the SAL, with both 
specific orbital occupations of the open-shell atoms or ions, 
and the mutual (interatomic) arrangements of spins of un- 
paired electrons affecting the one-center QVI. This depen- 
dence should not come as a surprise, since bond valence 
(bond order) is the difference quantity with respect to the 
SAL state. It is common in all chemical involving 
bond formation (bond breaking). As we have shown before 
(1 1-14) this dependence can be managed by an appropriate 
averaging scheme or through a selection of a single, repre- 
sentative reference state in the SAL. For example, one can 
average the resulting valence quantities over all admissible 
spin orientations and orbital electron configurations (1 1-13) 
or one can adopt the minimum AIM valence state promo- 
tion principle (14), which selects the promoted (P)-SAL state 
generating the minimum CBO reorganization in a molecule, 
measured by the magnitude of the atomic global valence 
numbers, VA or VA (eqs. [12], [20]). The latter, P-SAL per- 
spective, has been shown to generate numerical values of 
the bond valences in slightly better agreement with chemical 
intuition (14). 

Our definition of d (eq. [14]) gives negative values of the 
overall and bond valences, in accordance with our previous 
definitions (10-13). Clearly, a simple change of order of 
terms in this definition would reverse the signs, thus bringing 
our sign convention into conformity with other valence defi- 
nitions. 

The underlying main purpose, of a fast extraction of the 
difference valence numbers from molecular RHFNHF or 
LDAnSDA calculations, is only practical when one fixes the 
ground-state SAL orbitals Q O  (from separate atomic calcula- 
tions), when selecting the P-SAL or averaging over admis- 
sible SAL orbital configurations. Such a frozen SAL orbital 
approximation is used throughout the paper. 

Typical calculations of the QVI involve molecular calcu- 
lations, e.g., UHF or LSDA, in a given non-orthogonal basis 
set /x) ,  consisting of specified atomic subsets {(xA)),  to cal- 
culate molecular CBO matrices. and seDarate atomic calcu- 
lations in the same atomic basis sets, td determine the SAL 
CBO information. Symmetrical Lowdin orthogonalizations 
are carried out to obtain the corresponding OAO data. In 
principle, both molecular and SAL CBO in the J x )  basis 
set should be transformed using the common (molecular) or- 
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thogonalization transformation, which includes the effects of 
the AIM overlaps at finite separations. However, this would 
produce in the SAL the artificial, and unphysical, tails in the 
atomic wave functions from basis functions of the remaining 
atoms, thus contradicting the assumed separated (noninter- 
acting) character of atoms in this reference state. Therefore, 
we have performed separate atomic orthogonalizations in the 
SAL, including only the atomic overlap blocks, (xAIxA), in 
accordance with vanishing interatomic overlap integrals at 
infinite (or sufficiently large) separations. 

When calculating bond valences, the most important quan- 
tities for chemical purposes, one faces the problem of parti- 
tioning atomic valence numbers between all bonds in which 
the atom participates; these bond-order indicators also in- 
clude the corresponding two-center component(s). Obviously, 
a partitioning of atomic valences, UA = u r  + Vion A or 
VA = VFn + V r ,  is arbitrary. The most obvious, bond parti- 
tioning by equally dividing one-center terms, say VA, among 
all kA chemical bonds A-B formed by the atom A, VL1)(AB) 
= VA/kA, defines the Scheme I of calculating bond valences 
(13): 

where VL',)(I) and Vi2 stand for the one- and two-center con- 
tributions to the bond valence estimated in this scheme. Ob- 
viously, this partitioning requires an advanced knowledge of 
the bonding pattern, which is generally unavailable. There- 
fore, one has to have alternative unbiased schemes that do 
not suffer from this severe limitation. 

Another weighted (w) division of one-center valence con- 
tributions is obtained when one partitions them proportion- 
ally to the two-center contributions, V,W(AB) = VAwAB, where 
the weighting factors can be linked either to the total di- 
atomic contribution (Scheme 111, WAB = w!# = VAi/ CCZA 
Vi2 or to its covalent part only (Scheme 111), the total di- 
atomic part in the modified valence indices of eq. [20]: 
WAB = wff3I) = V z /  CCZA Viy. Replacing VZ)(AB) by 
V,W(AB) in eq. [22] gives the corresponding weighted bond 
valences Vf"' and Vf") estimated within Schemes I1 and 111, 
respectively. These two totally unbiased bond valence mea- 
sures should reflect more realistically the valence asymmetry 
between the single and multiple bonds in which a given atom 
is involved. We shall test numerically all three partitioning 
schemes on selected molecular systems. 

Replacing VA by vA in the above three partitioning 
schemes gives rise to bonding valences corresponding to the 
new set of valence indices (eq. [20]). 

'Fwo-orbital model of a single bond 
Following our previous development (10-13), let us con- 
sider an illustrative case of the two OAO models corre- 
sponding to the singly occupied molecular spin orbitals of 
the UHFILSDA approximation: 

with cpa + a, and cpP + b in the SAL. The two indepen- 

Fig. 1. The RHFLDA (0, = 0) valence diagrams from the 
two-orbital model. 

(a) SALl 

'I1 

dent parameters y and 6, to be determined variationally, can 
be expressed in terms of the electron population and spin 
polarization on a given atom, say, q, = qf + q! = 2 - qb 
and o ,  = qf - q! = -ob. In terms of these more informa- 
tive degrees-of-freedom of the system electronic structure, 
the CBO matrix elements are 

As before (10-13) let us consider the following two 
choices of the SAL: 

(i) SALl (A + B), defined by - 
0 0 

( ), i.e., q: = q: = 1 and o: = 1 = -o:, corresponding 

to a covalent A-B bond; 
(ii) SAL2 (A + B), defined by p7' = f i b  = (i :), 

i.e., q: = 2,q; = 0, and o, = ob = 0, corresponding to the 
donor-acceptor (coordination) bond, A + B. 

In both SAL cases AP: = P$, o = a,P, due to the 
vanishing SAL values of these CBO matrix elements, and 
Aqf = (oa + q, - 2)/2, due to the identical values. 
The remaining CBO dis lacements are A& = q 1 [SALlI, 
Aqf = q f ,  and A ~ E  = q[  [SALZ]. Using these CBO shifts 
and the valence number expressions of eqs. [7]-[l l] and [20] 
allows one to construct the valence diagrams of Figs. 1 and 
2 for nonvanishing valence components plotted as functions 
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Nalewajski et al. 

Fig. 2. The valence diagrams of the spin polarization (o - 0,) 
dependent V,"r (panel (a)), v$ (panel (b)) ,  and v::; (panel 
(c)) indices from the two-orbital model. 

SALl and SAL2 

(b) SAL I SAL2 

of q, for the assumed values of o,. They correspond to the 
physically and chemically interesting regions of 0 5 q, 5 2, 
0 5 o, 5 1 (SALI), and 1 5 q, 5 2, 0 5 o, 5 1 (SAL2). 
The extreme values of o a  represent spin equalization (as in 
SAL2 or in the RHFLDA limit) and total spin polarization 
(as in SALI). The valence diagrams in the RHFLDA limit 
of o, = o b  = 0 are shown in Fig. 1. 

The resulting model expressions for the difference valence 
indices in the UHFLSDA theories are ( V r  = V r  = 0) 

1 
[25] V:r = [q,(q, - 2) + oi l  (SALI and SAL2) 

[26] vaiYn = - [ 2 ' (q,'+oi)-(o,+q,)+l = (SALI) I 
2 2 - v i o n  [27] v,'"" VP + (qa - 1) / - b (SAL1) 

[281 v:? = -(q, - 1)' (SALI) 

By putting o, = 0 one obtains the corresponding RHFLDA 
expressions plotted in Fig. 1. 

Reference to Fig. l a  shows that the model single cova- 
lent bond in the limit of the RHF orbitals is partitioned into 
the diatomic covalent part, V,"?, which reaches its maximum 
bonding magnitude at q, = qb = 1 and vanishes for the lone- 
pair configurations (q, = 2 or qb = 2), and the equal atomic 
ionic contributions, vaiO" = viO", which exhibit the largest 
bonding effect when both electrons are localized on a single 
atom. The bonding atomic contribution at q, = qb = 1 is 
due to delocalizations of the a-spin electron (A -+ B) and 
the P-spin electron (A + B), from the total spin separation 
in the SALl to the full spin equilibration (o, = o b  = 0) 
in the RHFLDA wave function, eq. 1181. Furthermore, eq. 
1261 shows (see also Fig. 2) that the spin polarization in a 
molecule (0 5 o, 5 1) raises the RHFLDA V,C,"" and v p  
curves by 4 1 2  and 0,(2 - 0,)/4, respectively,~thus dimin- 
ishing the overall bonding valence of the spin-polarized so- 
lution by the net shift o,. One can clearly see the competition 
between the ionic and covalent valences of the model for the 
changing electronic structure, with a loss of bonding measure 
in one component being exactly compensated by the com- 
plementary increase in the bonding character of the other 
component. 

The role of spin delocalization in the model valences be- 
comes clearer when one examines separately the (a,  P)-spin 
components of the UHFLSDA expressions for v?"= v p ,  

and V,r, 

Expressing the above spin-resolved components in terms of 
the spin delocalization measures, (q:, q!) for SALI, and 
(qt ,  q l )  for SAL2, gives: 

1 
[34] v.$=-- 

2 (qt)2, (SALl) 

1 
[35] v i ~  = -$ (q: + ql)', (SALI) 

1 
[36] v$ = -2 (q;)', o = a, P, (SAL2) 

[37] V;",", = q t ( q t  - I)', (SALI and SAL2) 

[381 V,",;"p=q!(q!-l), (SALI) 

It follows from the above equations that all nonvanishing 
model valences are explicitly determined by the degree of 
CT and spin delocalization. It follows from panels in the 
first column of Fig. 2 that the increase in the spin polariza- 
tion o = o, increases all nonvanishing valence contributions 
(decreases their bonding character). 
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Fig. 3. A comparison of the predicted bond and overall valences for selected molecules; the overall valence is listed below 
the molecular diagram in the last column. Panels (a) and (b) correspond to the UHF indices of eqs. [8]-[I 11 for the averaged 
and promoted SAL reference states, respectively; panels ( c )  and (d) refer to the UHF indices of eqs. [9] and [ l  I] and the 
vf" index defined by eq. [18], again for the averaged and promoted SAL choices, respectively. The Scheme I (column I) 
and the weighted partitioning Schemes I1 and 111 (columns I1 and 111) are compared to establish the partitioning schemes or 
reference state choice giving the best agreement with chemical intuition. 

-2.395 -2 992 -3 W1 -2.379 .2.977 -2.986 
H-C-C-H 

-1  202 
H- C-C-H 

-1 MO H.G8C-C- 
H- C-C-H 

-1.183 
H- C-C-H 

4 9 5 7  
H - C - C - H  

-0.953 

-5.006 4.986 

+'\ 1 0 1 2  / H  
ti-C-C-H 

H\ .1 W 6  /H 
H-C-C-H 

H\ -1.016 /H 
H-C-C-H 

H"' \ H  
0 .909 

H\ -1 005 /H 
H-C-C-H 

H \  0.997 / H  
H-C-C-H 

H\ -1.008 /H 
H-C-C-H 

Consider now the SAL2 valence diagrams of Fig. lb,  ex- 
hibiting the same diatomic covalent curve as that in panel a 
of the figure. Here the atomic ionic contributions uaion = uion 
increase their bonding magnitude with increasing A -+ B 
charge transfer (CT). However, since the SAL2 already cor- 
responds to the equalized spin distribution, oa = o b  = 0, 
which is preserved within the RHFLDA approximation, the 
ionic bonding is solely due to the CT, and therefore must 
exactly vanish for qa = 2. We would like to point out (see 
eq. [29] and Fig. 2) that a given nonvanishing spin polar- 
ization (o, # 0) increases the bonding character of the ionic . . - 
components; this shift in ionic valence due to spin polariza- 
tion is exactly cancelled by an accompanying decrease in the 
bonding magnitude of the covalent component. Therefore, the 
overall model valence measure with respect to SAL2 remains 
unaffected by the spin polarization. 

We would like to emphasize that the two sets of in- 
dices (Vjon = V p ,  V:r, Vcov ab ) and (uaion = uion, V:r) are 
fully equivalent, giving rise to the same overall valence: 
V = -1 + o, (SAL1) and V = -qb (SAL2). The first set 
is linked to changes in the electron pair distribution, while 
the second monitors molecularly averaged shifts in the CBO 
matrix structure. relative to the SAL. 

Computational details 
The numerical calculations were carried out using the stan- 

dard GAMES program (16).2 STO-6G minimum basis sets 
were used in the valence calculations for typical molecules 
reported in Figs. 3 and 4. The remaining systems, including 
the water and the hydrogen fluoride dimers (Fig. 5 ) ,  as well 
as the propellanes (Fig. 6), were studied using the 3-21G 
basis set (optimized geometries). Lowdin symmetrical or- 
thogonalization was used to determine the molecular and 
SAL CBO data. Throughout the paper atomic units are used, 
unless stated otherwise. 

Bond valences 
In Fig. 3 we compare the predicted overall and bond valences 
for a set of representative molecules including water, acety- 
lene, ethylene, ethane, benzene, and B2H6. The four panels 
of the figure explore the two SAL options (averaged and 
promoted) and the two types of ionic indices. Each panel 
also examines the three partitioning schemes of the atomic 
valences, denoted by the respective Roman numerals; the 
weighted Schemes I1 and 111 become identical for the new 
set of three types of indices (eq. [20]), with atomic ionic 
indices of eq. [18] replacing those defined by eqs. [8] and 
[lo]. 

See also: General Atomic and Molecular Electronic Structue 
System GAMESS: user's guide. North Dakota State University, 
Fargo, N. Dak., and Iowa State University, Ames, Iowa. 
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.2.505 
H- C-C-H 

-3 01 1 

.1.249 
H- C-C-H 

4 9 %  

-5.026 

H\ -1 018 /H 
H-C-C-H 

H\ -1.027 /H 
H-C-C-H 

H/\ \ H  
-1.101 

The overall negative valences, as already seen in Figs. 
3a and b,  are in good agreement with the total number of 
bonds predicted by chemists. This is particularly so in hydro- 
carbons, where the ionic interactions contribute less to the 
molecular bonding pattern. Larger deviations are observed 
for water and B2H6, which exhibit a more pronounced charge 
polarization. We would like to emphasize that the result for 
boron hydride correctly predicts roughly one bonding elec- 
tron pair for each B-H-B bridging bond. A comparison be- 
tween the respective overall valences reported in panels a 
and b (identical to those in panels c and d, respectively) 
shows that the average and promoted SAL approaches gen- 
erate similar overall valence numbers; thus, specific choice of 
the reference state only weakly affects the predicted overall 
valences. 

The extra total bonding, beyond the chemical intuitive 
value, may be attributed to the ionic component. Indeed, the 
largest deviations from the "chemical" values are detected 
for water and boron hydride; they are reduced in the P-SAL 
calculations, relative to the averaged atomic reference state 
scheme. 

A reference to Fig. 3a also shows that predictions from 
the weighted partitioning schemes of atomic valences are in 
much better agreement with chemical intuition, particularly 
in the case of acetylene, in which a carbon atom participates 
in bonds exhibiting extreme (minimum and maximum) mul- 
tiplicities. A similar conclusion follows from an examination 
of both the direct (B-B) and H-bridging bonds in B2H6. 
Namely, the approximately half-bond valence predictions for 
B-B and B-H (bridge) bonds appear to be closer to chem- 
ical expectation. We would like to point out that the boron 
atomic contributions in Scheme I have been equally divided 

-2.145 

-2 495 
H- C-C-H 

-2.996 

-1.244 H- 4993 C3C-H 

4.986 

H\ -1 m9 /H 
H-C-C-H 

H\ -1 018 /H 
H-C-C-H 

H/\ \ H  
.o 997 

into four BH contributions, thus assuming the absence of a 
partial direct B-B bond; the very algorithm of Schemes I1 
and I11 takes into account all atomic pairs, including also the 
B-B interactions. In ethane molecule Scheme I works well 
due to a single character of all bonds involving carbon atoms. 
In general, the predictions in columns I1 and 111 are in good 
agreement with accepted chemical values, with single bonds 
being identified by approximately one bonding electron pair, 
a double bond exhibiting roughly two bonding pairs, and 
the triple bond originating from practically three bonding 
electron pairs. The bond order in the intermediate case of the 
C-C bond in benzene is also correctly reproduced. A 
slightly higher magnitude of the bond valence in the water 
molecule may be attributed to a more pronounced ionic com- 
ponent; however, as seen in Fig. 3b, it is reduced in the P- 
SAL case (compare also OH valences in Figs. 3c, d), so that 
the value -1.2 is partly due to the SAL averaging proce- 
dure. In conclusion, a comparison of Fig. 3a unequivocally 
points towards Schemes I1 and I11 as the preferred schemes 
for chemical applications. 

The P-SAL results of Fig. 3b (columns I1 and 111) are 
of comparable quality relative to those reported in panel a,  
thus also indicating a relatively weak dependence upon the 
selected SAL reference state. 

A comparison between numerical values of the bond va- 
lences reported in Figs. 3a, 3b and 3c, 3d, respectively, shows 
that the predictions following from the two alternative ionic 
indices are very similar and basically equivalent for all prac- 
tical purposes. 

An additional test of the present valence indices involves a 
comparison of the nonbonding valences between the benzene 
ring carbons (Fig. 4). In all SAL and partitioning options the 
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Fig. 4. The average nonbonding C,,,,,,--C,,,,,, Cpa,-C,,, 
bond valences in benzene (a )  and the relevant valence-bond 
structures (b)  that can be used to rationalize the observed 
differences. 

valences between carbons in the mutual para positions are 
much stronger than those predicted for the two carbons in the 
mutual meta positions. This prediction can be rationalized in 
terms of the relative participation of the valence bond struc- 
tures shown in Fig. 4. Namely, the meta-meta partial bond 
can be achieved only through the diradical valence structure, 
in which the n: electrons of the two carbons are localized, 
as in the Wheland intermediate. No such localization is re- 
quired when one considers the partial para-para bond, as in 
the second covalent structure. Therefore. the diradical con- 
figuration is expected to have much higher energy, and thus 
much lower participation in the ground-state wave function. 
This explains the observed differences in the cross-ring va- 
lences. These preferences are independent of both the SAL 
and the assumed division of the atomic contributions. 

To summarize, we advocate the averaging Schemes I1 and 
I11 for bond valence calculations in general molecular sys- 
tems, when no a priori information about bonding is avail- 
able. Scheme I of equally dividing atomic valences, is in fact 
more subjective than the remaining schemes, since one has to 
postulate a specific distribution of bonds (without specifying 
their multiplicity) to use it. In this respect Schemes I1 and I11 
are totally objective, by not a priori discriminating between 
any atomic pair in the system under consideration. 

We have also examined the prototype hydrogen-bonded 
dimers of water and hydrogen fluoride, to test how discrim- 
inatory are our valence indices in distinguishing between 
strong chemical and weak hydrogen bonds, respectively. The 
dimers of hydrogen fluoride in bent (ground state) and linear 

~ ~ 

(hypothetical) arrangements are shown in panels a and b of 
Fig. 5; the geometry of the water dimer is shown in Fig. 
5c. All these structures are UHF 3-21G optimized, with the 
linear constraint being imposed in the hypothetical model of 
(HF)2 . The figure reports changes in the P-SAL bond va- 
lences (Scheme 111) obtained from the new valence indices 
of eq. [20], relative to separated monomers. 

The calculated overall valence for the hydrogen fluoride 
(V[HF] = -1.12) gives the corresponding two separated 
molecules value V[HF + HF] = -2.23; it can be com- 
pared with the corresponding value V[(HF),] = -2.34 (bent 
geometry) and -2.27 (linear geometry). This comparison 
gives rise to the following values of the relative overall va- 
lence measure AV = V[dimer] - V[separated monomers]: 
-0.1 1 (bent, ground state structure) and -0.03 (linear, dis- 
placed structure). These extra valence changes are in qualita- 

Fig. 5. Changes in the bond valences (P-SAL, Scheme 
111, ionic valence from eq. [18]) in prototype hydrogen- 
bonded dimers of HF and H20, relative to the sepa- 
rated monomers limit. 

tive agreement with the corresponding dimerization energies: 
AE = -0.018 66 (bent) and AE = -0.015 45 (linear). The 
relatively small values of the dimerization valence numbers 
show that present finite-difference indices do indeed discrim- 
inate between chemical and hydrogen bonds, predicting bond 
valences differing by an order of magnitude. 

As seen in Fig. 5a, most of the extra bonding valence 
in the bent structure comes from the F--H and F--F in- 
termonomer interactions; these are accompanied by asym- 
metric changes in the bond valences (both decreasing the 
bond order) within the interacting monomers. These intra- 
monomer changes should be expected, due to the competition 
effect between the bond being formed and the intramonomer 
bonds. Namely, the monomer linked by proton to the other 
molecule is more destabilized than its bonding partner, since 
hydrogen can participate in the hydrogen bonding only at 
the expense of the HF bond; the other monomer linked by 
fluorine to the hydrogen of the other molecule can form a 
new bond using the lone-pair electrons, thus less affecting 
its intramonomer bond. 

In the linear dimer (Fig. 5b) both monomers are seen to 
have increased their overall valence (decrease of the bond 
order) by practically the same amount. This is due to the 
symmetry constraints preventing a use of the lone-pair p, 
orbitals of the hydrogen-bond fluorine, in a new bond with 
the hydrogen of the other monomer. Thus, the new bond and 
the associated accumulation of the electron density can be 
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Nalewajski et al. 

Fig. 6. Calculated bond valences (for calculation specifications see caption to Fig. 5) in 
[I.  I. l]propellane (a), [2.l. llpropellane (b) ,  [2.2.l]propellane (c), and [2.2.2]propellane (d). The 
numbers in parentheses reported in panel (a) correspond to 1,3-diborabicyclo[l. 1. llpentane. The 
bridgehead atoms are shown as open circles. 

achieved only by partly weakening both the intrarnonomer 
bonds. 

Similar conclusions follow from the valence numbers of 
the water dimer reported in Fig. 5c. The dimerization energy, 
AE = -0.017 48, is due to the corresponding increase in the 
magnitude of the dimer overall valence relative to the sepa- 
rated monomers value, AV = -0.10. This net extra bonding 
effect is mainly due to the new bonding valence between the 
terminal, interacting atoms of both monomers, AV("')(OH) = 
-0.13, the interaction between oxygen atoms, A v ~ ) ( o o )  = 
-0.05, and a small increase in bonding valence of one of the 
peripheral OH bonds, accompanied by a more pronounced 
weakening of the other OH bond of the same monomer. The 
bonds inside the other monomer are practically unaffected 
by the hydrogen bond, due to the "buffering" influence of 
the oxygen lone pairs. 

These illustrative applications show that typical hydrogen 
bonds exhibit bonding valence by an order of magnitude 
smaller than those corresponding to a single chemical bond, 
in agreement with chemical intuition. 

Propellanes 

Theoretical studies on properties of the then hypothetical pro- 
pellane molecule and related derivatives began 10 years prior 
to the synthesis of [l .  1. I lpropellane by Wiberg and Walker 
(17, 18). Research has also been carried out on propellanes 
containing boron and heavier elements (Si, P, S, Sn, Ge) in 
bridge and (or) bridgehead positions (19, 20). The computed 
length of the C 1 4 3  bond in [l.l.l]propellane (Fig. 6a) is 
very close to that of typical single carbon~arbon bonds; de- 
pending on the method used it varies from 1.65 to 1.54 A. 
The C 1 4 3  bond energy estimated by Feller and Davidson 
(21) by comparing total energies of [l.l.l]propellane and bi- 
cyclo[l.l.l]pentane is about 59 kcal/mol, thus amounting to 
approximately 70% of the corresponding value for a single 
C 4  bond (-84 kcallmol). The X-ray crystallographic study 
by Chackrabarti et al. (22) indicates that there is little de- 
formation density between bridgehead carbons; Jackson and 
Allen (19) have rationalized this through their o-bridged-x 
description of the overall C 1 4 3  bond in [l.l.l]propellane. 
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However, as pointed out by Wiberg et al. (23), in reality 
the charge density between bridgehead carbons is around 
80% of that corresponding to the C2-C3 bond in n-butane; 
this density accumulation, due mainly to a superposition of 
atomic densities, can also produce a partial bond between 
the bridgehead atoms (central bond). Indeed, the Bader anal- 
ysis (24; see also ref. 25) of the Laplacian of the molecular 
density indicates a presence of the bond critical point in the 
[ 1.1. llpropellane central region (23). 

This short outline indicates that the problem of the cen- 
tral bond in propellane systems constitutes a challenging 
case for testing the utility of the present difference valence 
indices. Of interest also is how the nature of the central 
bond changes with both an increase in the bridge sizes 
(a series of [1.1.1], [2.1.1], [2.2.1], and [2.2.2]propellanes) 
and the bridge character (2,4,5-trioxa[l. 1. llpropellane). We 
have also examined a change in the bridgehead atoms (1,3- 
diborabicyclo[l. 1. llpentane and bicyclo[l. 1. llpentane), in 
which the central bond should disappear in accordance with 
chemical expectations. 

A comparison between the central bond valences of 
[I. 1. llpropellane and bicyclo[l. 1. :( Ipentane, -0.793 and 
-0.083, respectively, indeed shows a substantial central 
bond in the first case and its practical absence in the 
second system. A reference to Fig. 6a shows a substan- 
tial reduction (-0.449) of the central bond valence mag- 
nitude in the 1,3-dibora[l. 1. l]cyclopentane representing 
the propellane system with more electron-deficient bridge- 
heads. Finally, the corresponding central bond valence in the 
2,4,5-trioxa[l . 1. llpropellane assumes an intermediate value, 
-0.666; at the same time the bridge C-0 bond valence is 
strengthened (- 1.08 1). 

A reference to Fig. 6 also shows that an enlargement of the 
bridges leads to a gradual increase in the magnitude of the 
bridgehead bond valence: -0.793 ([1 . 1. llpropellane), -0.84 1 
([2.1. llpropellane), -0.980 ([2.2.1 Ipropellane), and - 1.006 
([2.2.2]propellane). Therefore, in the last two systems one 
can already talk about the single central bond. 

To summarize, our present valence predictions clearly 
identify at least a partial bond between the bridgehead atoms 
in all these propellane systems, in qualitative agreement with 
the previous result from the Bader topological analysis (23- 
25). The present and previous studies convincingly demon- 
strate a practical utility of this type of quantum mechanical 
valence indices in rationalizing the network of bonds in a 
molecule. It also shows that a lack of appreciable changes 
in the difference density diagrams, Ap, in the region be- 
tween the bridgehead atoms is not sufficient to claim the 
absence of the chemical bond. Our results, previous (1 1-14) 
and present, convincingly demonstrate that the present simple 
functions of the CBO displacements relative to the SAL do 
indeed cany all the relevant chemical information needed to 
generate the bonding pattern in any molecular system, in- 
cluding molecules, transition states, catalytic systems, etc. 
This numerical validation constitutes a good prognosis for 
future routine applications of this difference approach as an 
inexpensive tool for chemical interpretations, supplementing 
standard Hartree-Fock or DFT calculations. 
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I Atomic origins of molecular polarizabllitiesl 

Keith E. Laidig 

Abstract: We demonstrate that the multipole polarizability tensors of a molecule are expressible as a sum of atomic 
contributions, each of which is based upon the change in the spatial distribution of electronic charge within each atom 
resulting from the application of electric fields and field gradients. The use of the spatially defined atoms of subsystem 
quantum mechanics correctly partitions molecular polarizabilities into physically meaningful atomic contributions. 
It is shown that the origin of any molecular polarizability tensor may be understood from an investigation of these 
contributions and the general expressions for the summation of atomic components to yield molecular polarizabilities are 
presented. Their use is demonstrated by the construction and investigation of the axial components of the dipole-dipole, 
dipole-quadmpole, and quadrupole-quadmpole polarizability tensors of carbon monoxide and carbon sulfide. 

Key words: atomic polarizabilities, atoms-in-molecules, molecular polarizabilities. 

Resum6 : On dtmontre que les tenseurs de polarisabilitC multipolaire d'une molCcule peuvent &tre exprimis sous la 
forme d'une somme de contributions atomiques, chacune Ctant baste sur le changement dans la distribution spatiale de 
la charge Clectronique dans chaque atome rksultant de l'application de champs Clectriques et de gradients de champs. 
L'utilisation d'atomes dCfinis dans l'espace de la mkcanique quantique d'un sous-systbme permet de faire une partition 
correcte des polarisabilitts en contributions atomiques ayant une signification physique. On a montrC qu'il est possible 
de comprendre l'origine de tout tenseur de polarisabilitC molCculaire en examinant ces contributions et on prtsente les 
expressions gCnCrales pour la sommation des composantes atomiques qui conduisent aux polarisabilitts molCculaires. On 
dCmontre leur utilisation en contmisant et en Ctudiant les composantes axiales des tenseurs des polarisabilitCs dip6le- 
dip6le, dip6le-quadrip6le et quadripble-quadripBle du monoxyde de carbone et du sulfure de carbone. 

Mots clks : polarisabilitCs atomiques, atomes dans des molCcules, polarisabilitts molCculaires. 

[Traduit par la ridaction] 

Introduction and -yapy6 are the associated quadratic and cubic response 

The significant forces at work during the interaction of two tensors, respectively. The latter two terms are also referred 

molecules in the "long-range" regime (the distances at which to as the first and second hyperpolarizabilities. 

interactions vary as R-") arise from the interaction of one The fields generated by an approaching molecule are not 

molecular charge distribution with the electric fields and uniform, yielding additional distortions of the electronic 

field gradients produced by the other molecule. This includes charge distribution. The dipole moment then also depends 
on higher order linear polarizabilities that respond to the electrostatic, inductive, and dispersive interactions (1).  The 

theory of these interactions has been well established and is electric field gradients and field Hessians of the approaching 

typically base upon the multipole moments of the molecular molecule. Expanding Pa in powers of a non-uniform F yields 

charge distribution and the response of these moments to ex- (2):  

ternal fields (1). If the external field F is uniform, the dipole 
moment, pa, can be written as a power series in F (2):  PI Pa(Fp, Fpyl Fpy61 . . .) 

where is the dipole4uadrupole polarizability, Fap is 
+ i ~ a ~ $ ~ ~ ~ y ~ 6  + ' . ' the field gradient, etc. Similarly, the quadrupole moment Oap, 

is expandable in powers of a non-uniform F as (3) 
where aap is the linear dipole-dipole polarizability and Papy 
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where Capys is the quadrupole-quadrupole polarizability, and 
SO on. 

Aside from their intrinsic interest as the terms which dic- 
tate intermolecular interaction, the origins of molecular PO- 

larizabilities yield insight into the intramolecular interactions 
and their change under the influence of external forces and 
fields. The partitioning of molecular polarizabilities in terms 
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of atomic (3-7) and bond (8-1 1) contributions have been in- 
vestigated. As part of our continuing development of a gen- 
eral methodology for the construction and representation of 
molecular charge distributions and their polarizabilities, we 
have generalized the expression for the spatial partitioning of 
molecular polarizabilities into atomic and functional group 
contributions, based upon the atomic partitioning of sub- 
space quantum mechanics. A similar approach has been pre- 
sented recently in which the dipole polarizability is evaluated 
by integration of the polarizability density directly and ex- 
panding the contributions into spherical harmonics (12). This 
approach provided results in general agreement with earlier 
work using finite fields (3). Here we present a general expres- 
sion for the spatial partitioning of molecular polarizabilities 
using Cartesian multipole moments and their changes under 
the application of finite, uniform fields. The general expres- 
sion of molecular moments and multipole moments has been 
presented previously and will form the basis of our develop- 
ment (13). 

Theoretical overview 
The general expression for an arbitrary moment, (("), of a 
distribution of charges, when expanded to consider the nuclei 
and electrons within the distribution, is 

n n n n  141 ~ g d ~ . . . ~  = C xa xp xy . . . X: 
n  

- / rarpry.. . rvp(r)d= 

where ZR is the charge on nucleus Q, X$ is the cr component 
of the displacement of nucleus Q from the origin of the prop- 
erty evaluation, ra is the a component of the displacement 
vector from the origin, and p(r) is the electronic charge den- 
sity in electrons per unit volume. The molecular moment may 
be expressed in terms of atomic contributions by breaking the 
integration over all space into integrations over the regions 
of space associated with each atom within the molecule (13), 
the atom's basin. Effectively, we are substituting X$ +r$ for 
ra, where r$ is the position vector within the atomic basin 
and a superscript Q denotes an atomic-based property or po- 
sition vector. We also use the notation P(crpy.. .) to imply 
summation over all permutations of the tensor components; 
thus P(uPY)X~B~ = -faPI + Xa$ + Xpg + Xpay + Xpp ; X$a- 

The general expression for an ar itrary moment then be- 
comes: 

where we're used the following definitions for the various 
atomic moments: 

We've defined q(Q) as the atomic charge, Ma is the cr compo- 
nent of the atomic first moment, Qap is the crp component of 
the atomic second moment, and so on. Each of these atomic, 
tensoral contributions to the molecular property tensor is 
based upon the form of the charge distribution within the 
basin of the atom and the relative location of that atom from 
the origin. Any molecular moment may be seen as the tenso- 
rial summation of these associated atomic contributions, in 
that each contribution is based upon the distribution of elec- 
tronic charge within the associated atom and its relation to 
the molecular origin. 

Molecular multipole moments 
Multipole moments represent the anisotropic contributions to 
the molecular moments of a given rank (1). A general ex- 
pression of the multipole moments of the charge distributions 
in terms of its atomic contributions is an extension of the 
development above. The general expression for a multipole 
moment is 

which when expanded to explicitly express both nuclear and 
electronic distributions yields 

In parallel with the development above, the expansion of 
this to atomic-based integration yields 

where the scalars are denoted by a lack of subscript. Once 
the particular moment has been chosen, the expansion may 
be completed using the procedures discussed in the previous 
section for the molecular moments by substitution of the var- 
ious atomic moments, etc. (13). The quadrupole moment is 
given here in terms of the atomic contributions as an ex- 
ample: 

[ 121 @ap = C[@gpl = 1 C [ ~ Q %  - 
R n  
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Laidig 

Molecular multipole polarizabilities 
The response of a molecular charge distribution to the elec- 
tric field or field gradient of another molecule can be con- 
veniently addressed in terms of changes of the molecular 
multipole moments, yielding the multipole polarizabilities. 
Following the development of Buckingham ( I ) ,  we define the 
multipole polarizability to be the multipole moment induced 
by unit magnitude of the appropriate uniform field or field 
gradient. Given this, the dipole-dipole, dipole-quadrupole, 
and quadrupole-quadrupole polarizabilities may be respec- 
tively expressed as 

where we use comma to distinguish between the molecular 
moment and the applied field. 

If we consider the polarizabilities as arising from the ap- 
plication of a finite field, each of these response tensors may 
then be generalized into atomic contributions, as outlined 
above. yielding 

Analogously, the general expression of the linear multipole polarizabilities resulting from nonuniform field is 

The related expression for the partitioning of nonlinear polarizabilities is 

The application of this later equation to nonlinear contributions to molecular multipole moments is the subject of ongoing work 
in our laboratory. 
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Quantum mechanics of open systems 
The reader will note that this derivation of atomic decompo- 
sition of molecular polarizabilities has not required that the 
atom to be used arise from a particular theory or model. It re- 
quires only that each atom have a distinct, spatial volume and 
that the partitioning exhaust all space. The general expansion 
demonstrates that each order of the Taylor's series expansion 
depends upon the displacement of the lower order terms. This 
derivation also demonstrates that the simple charge separa- 
tion model, often used to describe dipole and higher polariz- 
abilities, is only appropriate when the atoms have spherical 
charge distributions and thus can not be used in a general 
manner. We propose that any spatial partitioning of molec- 
ular polarizabilities must recover these relationships if the 
regions defined are to be physically meaningful. 

Sub-system quantum mechanics, as implemented in the 
theory of atoms in molecules (14), generalizes quantum me- 
chanics to sub-systems, atoms or groupings of atoms, within 
a total system. Atoms are open quantum mechanical systems 
that exchange electronic charge and momenta with other sys- 
tems that share their bounding surface. The atom is bounded 
by a surface through which there is zero flux in the gradient 
vector field of the charge density at each point on the surface: 

This boundary condition appears as a constraint in the gener- 
alized variation of the quantum action integral and is equally 
valid for the total system as well as for each atom within the 
system (14, 15). 

The physical observables, their average values, and the 
theorems that determine the mechanics of a sub-system in a 
stationary state are produced in analogy to those for the total 
system (16-18). For each observable, the associated property 
density, which is the average of the property over the motions 
of all the particles within the system, is determined at each 
point in real space. When integrated over the basin of the 
atom, this yields the atomic average value of the property. In 
this manner, the properties and mechanics of the atoms, and 
indeed the total system, are predicted by quantum mechanics 
(14). 

We have chosen to use sub-system quantum mechanics 
to provide our spatial partitioning because of the quantum 
mechanical basis of the atoms so defined (19). It has been 
demonstrated that the populations defined by the theory of 
atoms in molecules are physical observables (20). This proof 
may be generalized to show that any moment of the quantum 
atom is also a physical observable. Similarly, the atomic con- 
tributions to a moment are the sum of expectation values mul- 
tiplied by the associated displacement vectors. The form of 
the spatial distribution of charge within each atom is used as 
the basis to describe the spatial distribution of charge within 
the molecule. The change in the contributions to the molec- .., 
ular properties made by each atom under the stress of internal 
or external forces is the result of the changes in these phys- 
ical observables. This provides a procedure that is applicable 
to studying the change in the charge density, independent of 
the way in which the density is represented. It is independent 
of the form of the wave function, orbital sets, localizations 
of the orbitals, or choice of basis functions and can be used 
on experimentally determined charge distributions as well. 

This brings a physical and quantum mechanical basis to the 
investigation of the origin of the molecular polarizabilities 
that might be otherwise difficult to uncover. 

In addition to being the expectation values of physical ob- 
servable~, the atomic properties predicted by theory enjoy the 
advantage of transferability between similar systems, as do 
all the atomic properties predicted using sub-system quantum 
mechanics (3, 14, 18, 20-22). As the atoms of theory are 
defined in real space, they represent the physical characteris- 
tics of the charge distribution within the space. And, insofar 
as two atoms are the same, so too are their contributions 
to molecular properties. This is the physical basis for the 
success of the presented work and the theory of atoms in 
molecules in general, namely, that the form of the charge dis- 
tribution within a region of space determines the contribution 
of that region to the properties of the molecule. Thus to the 
degree that the charge distributions in two atomic basins are 
the same, so too will be their contributions to the physical 
properties of the molecule. The atoms bounded by surfaces 
of zero flux in the gradient vector field of the charge density 
have been shown to be nearly constant in their properties 
between different systems and that other choices of surfaces 
for partitioning decrease the constancy of atomic properties 
between systems (21, 22). 

Methodology 
Each molecule was optimized using the 6-31 l++G** basis 
(23) with the GAMES (24) and C A D P A C ~  (25) program pack- 
ages. The wave functions were produced at the same level of 
theory using the ANVIL5 properties package (26) and then an- 
alyzed using the AIMPAC (27) program suite. The atomic con- 
tributions to the molecular energetics for all the molecules 
are given below and their summation is accurate throughout 
the series to 0.0005 electrons in population and within 
0.3 kcaVmol in total energies. 

The molecular polarizabilities were determined analyt- 
ically using CADPAC~.  The atomic properties were deter- 
mined from individual wave functions by application of fi- 
nite electric fields and field gradients along the molecular 
axis (fO.OO1 au). The atomic contributions were then de- 
termined by finite difference in comparison with the unper- 
turbed values. Only a subset of the tensors is presented and 
discussed, those components associated with application of 
fields along the molecular axis. Only the dipole4ipole multi- 
pole polarizability is origin independent, but for convenience 
the center of mass is chosen as the origin of property evalu- 
ation. In this work it is our intention to focus upon the prop- 
erties of the molecular polarizabilities predicted using the 
HF/6-3 1 1++GS*//HF/6-3 1 l++G** wave function rather than 
try to reproduce the experimentally observed values. 

Results and discussion 
The atomic coordinates and properties of the molecules, as 
well as atomic contributions to the molecular moments, are 
listed in moments, see Table 1 for carbon monoxide (CO) and 
Table 2 for carbon sulfide (CS). The total electronic charge 
density of CO and CS is shown in Figs. l a  and 2a, respec- 
tively, and the Laplacian of the charge density for the two is 
shown in Figs. l b  and 26, respectively. The molecular prop- 
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Table 1. Atomic properties of carbon monoxide. 

Atomic Molecular 
CO Carbon Oxygen sum" values" 

"Atomic sum is the sum of atomic contributions, Molecular value is the 
independently determined molecular value for the given property. All 
values are in atomic units. 

hZ? is the atomic coordinate, N ( R )  is the atomic population, E ( R )  is the 
atomic energy, q ( R )  is the atomic charge, M,(R) is the atomic first mo- 
ment, Qap(R)  is the atomic second moment, p", is the atomic contribution 
to the molecular dipole moment, ORap is the atomic contribution to the 
molecular quadrupole moment. 

Table 2. Atomic properties of carbon sulfide. 

Atomic Molecular 
CS Carbon Sulfur sumU values" 

ZQ -1.518 0.570 
N(R)" 8.045 13.955 22.000 22.000 
E(R) -40.025 -394.858 -434.883 -434.883 
q(n)  -2.045 2.045 0.000 0.000 
M,(Q) -0.570 -2.284 
Q,(R) -6.661 -5.792 
Q Y y  -6.66 1 -5.792 
Q,(R) -6.273 -4.896 
FRz 2.534 -1.119 1.415 1.415 
ORu 1.296 0.521 1.817 1.818 

@YY 1.296 0.521 1.817 1.818 
OR, -2.593 - 1.042 -3.635 -3.636 

"Atomic sum is the sum of atomlc contributions, Molecular value IS the 
~ndependently determined molecular value for the given property. All 
values are in atomlc units. 

bZ? is the atomic coord~nate, N ( R )  is the atomic population, E ( R )  1s the 
atomic energy, q ( R )  is the atomic charge, M,(R) 1s the atomic first mo- 
ment, QaP(R)  1s the atomic second moment, p", IS the atomic contribution 
to the molecular dipole moment, Onap is the atomic contnbution to the 
molecular quadmpole moment. 

erties are recovered by the summation of atomic contributions 
to within 2% in general. The molecular polarizabilities are 
also recovered with summation of the same atomic contribu- 
tions and their derivatives with respect to applied fields, see 
Table 3 for CO and Table 4 for CS. 

Molecular moments 
The origins of the dipole and quadmpole moment of CO 

Fig. 1. Contour diagrams of (a) the total charge density and 
(b) the Laplacian of the carbon monoxide along the molecular 
axis. The regions of negative Laplacian (in which charge 
is locally concentrated) are shown in solid lines and those 
regions of positive Laplacian (in which charge is locally 
depleted) are shown in broken lines. The bond path joining 
the two nuclei and the interatomic surface partitioning the 
molecule into individual atoms are both overlaid upon the 
contour diagrams. The outer contour value is 0.2 x and 
they increase as 0.4 x 0.8 x 0.2 x lo-', etc. 

and CS have been reported previously (3, 28) and will be 
briefly reviewed here for clarity. For the dipole moment of 
CO, the contribution of the transfer of charge from C to the 
more electronegative 0 ,  q ( R ) * ~ n ,  produces a large contribu- 
tion in the expected direction (recall that the dipole moment, 
as defined by quantum mechanics, points from the negative 
"pole7' to the positive "pole" (29), opposite to the defini- 
tion typically used in organic chemistry texts). The nearly 
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Fig. 2. Contour diagrams of (a) the total charge density and 
(b) the Laplacian of the carbon sulfide along the molecular 
axis. See the caption of Fig. 1. 

( a )  

zero dipole moment is the result of the opposing contribu- 
tion from the large polarization of the remaining charge on 
C in the opposite direction of the charge transfer. This po- 
larization of charge on carbon can be seen in the Laplacian 
of the CO charge distribution, Fig. lb,  and is the reason for 
the nucleophilic character of that carbon atom. In the case of 
CS, the dipole moment has its largest contributions from the 
transfer of charge from sulfur to carbon. This is offset by a 
large polarization of sulfur in opposition to the transfer of 
charge, but this contribution is only -50% that of the charge 
transfer to C. The charge density plot of CS in Fig. 2a shows 
that the interatomic surface is much closer to S than to C, 
which indicates that C is more electronegative than S. 

The quadrupole moment of CO is large and negative, indi- 
cating that the molecular charge density is preferentially po- 
larized along the molecular axis and contracted along the or- 
thogonal axes. The large transfer of charge from C to 0 gives 

Table 3. Atomic contributions to molecular polarizabilities of 
carbon monoxide along molecular axis." 

Atomic Molecular 
CO Carbon Oxygen sum" values" 

a:.: 7.947 
 ACT^ 3.697 
AM 4.250 
Am -2 1.994 
ACT -5.038 
AM -1 1.584 
AQ -12.686 
Al -43.937 

A:,, -17.509 
ACT -2.98 1 
AM -14.350 

CZ, u 26.73 
ACT 1.330 
AM 12.087 
AQ 13.100 
Al 26.083 

"All atoms are in atomic units. The subscript notation reads as follows, 
E,uv,ra is the response of the moment Cap to the applied field, F,,. For 
example, A:: is the response of the z component of the dipole moment to 
the application of a field gradient F,. 

'ACT is the charge transfer contribution, AM is the displacement of first 
moment contribution, A& is the polarization of the second moment contri- 
bution, and Al is the change in isotopic terms associated with the atomic 
quadrupole moment. The total contributions of A::,: and C,, are summed 
from the atomic contributions as 1/2*(3*(ACT + AM + A&) - Al). 

a large charge transfer contribution from C which deempha- 
sizes the polarization along the molecular axis. But this is 
not as large as the contribution from the displaced first mo- 
ment contribution from C, as it polarizes away from 0. The 
contributions from the 0 atom are primarily the result of the 
atomic second moment of 0. Thus, it is the large first moment 
contribution of C and the second moment of 0 that determine 
the negative quadrupole moment of CO. The quadrupole mo- 
ment of CS is also negative, but roughly half as large as CO. 
Here, the transfer of charge is from S to C and this results 
in a large deemphasizing contribution from S, over twice as 
large as the emphasizing contribution from C. The dominant 
contribution to polarization along the molecular axis is from 
the displaced first moment term of S due to the polarization 
of S away from the C atom. The second moment of S pro- 
duces half again as large a contribution to Q,. and Q$ as to 
QZ, and this dampens the polarization along the axis. 

Molecular dipole-dipole polarizability 
The axial component of the dipole-dipole polarizability, a,, 
of CO has also been discussed (3). Briefly, the atomic con- 
tribution of C is larger than that of 0 ,  Table 3, with the 
polarization of the diffuse charge within C providing the 
largest atomic contribution and the charge transfer contri- 
bution, q ( ~ ) * ~ C ,  being the next largest. The more tightly 
held charge in 0 provides smaller contributions to the polar- 
izability from both transfer of charge and the polarization of 
charge under the application of an external field. 
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Table 4. Atomic contributions t o  molecular polarizabilities of 
carbon sulfide along molecular axis." 

Atomic Molecular 
C S  Carbon Sulfur suma valuesa 

aL: 

 ACT^ 
AM 

AZ,Z 
ACT 
AM 
AQ 
Al 

A , ,  
ACT 
AM 

CZ2.Z 
ACT 
AM 
AQ 
Al 

"All values in atomic units. The subscripts notation reads as follows, 
cap,* is the response of the moment hB to the applied field, F,,. For 
example, ALZ is the response of the z component of the dipole moment to 
the application of a field gradient F,,. 

b ~ C ~  is the charge transfer contribution, AM is the displacement of first 
moment contribution, AQ is the polarization of the second moment contri- 
bution, and Al is the change in isotopic terms associated with the atomic 
quadrupole moment. The total contributions of A,: and C,, are summed 
from the atomic contributions as 1/2*(3*(ACT + AM + AQ) - AI). 

The dipole4ipole polarizability of CS, Table 4, is nearly 
twice that of CO. While this is not surprising, the origin of the 
difference in polarizability along the molecular axis is. The 
charge transfer term of C is more than twice the magnitude of 
the other contributions and dominates the molecular tensor. 
This reflects the ease with which charge may be pushed onto 
or taken from the less electronegative S. The polarization 
contribution of S, while large, is only half the charge transfer 
term of C. 

That charge transfer provides large, often dominant con- 
tributions to axial polarizabilities has been observed else- 
where (3, 5).  This term is crucial in the axial components 
of both molecular tensors for CO and CS, and is dominating 
in the latter. This demonstrates that the atomic polarization, 
while important in describing molecular polarizabilities, is 
secondary to the transfer of charge between approximately 
electroneutral atoms within molecules. This term becomes 
less important as the system becomes more ionic, as in CO. 
In the limit of ionic interactions, the charge transfer be- 
comes relatively unimportant and the polarization of charge 
in the atomic basins becomes the dominant contribution (3). 
Clearly, this has important implications for the design and 
implementation of representations of molecules for dynamic 
simulations. Efforts towards inclusion of polarizability within 
classical force fields would be advised to take into account 
the differing atomic and functional group origin of these 
molecular tensors. 

Molecular dipole-quadrupole polarizability 
The tensor A,,py describes both the change in the quadrupole 
moment with applied field and the change in the dipole mo- 
ment with applied electric field gradient. This "cross-term" 
provides a useful test of the generality of the atomic par- 
titioning described here, as there are two different ways 
of yielding the same molecular response tensor. The two 
pathways provide complementary and consistent information 
about the response of the molecule to external fields. 

The quadrupole moments of the two molecules behave dif- 
ferently under the application of an axial electric field. For 
CO, Table 3, there is an increase in the axial quadrupole com- 
ponent; the molecule polarizes along the axis and contracts 
along the orthogonal axes. The increased polarization of the 
charge transfer contribution, the first moment contribution, 
and the second moment of C along the molecular axis dic- 
tate the molecular polarizability. All three of the oxygen con- 
tributions are in opposition to this quadrupolar polarization, 
making contributions to depolarizations along the molecular 
axis and polarization along the orthogonal axes. This expan- 
sion of the torus of charge around the oxygen atom away 
from the molecular axis cannot overcome the polarizations 
along the molecular axis by the diffuse charge on the carbon 
atom. The molecular quadrupole of CS, in contrast, contracts 
along the molecular axis and expands along the orthogonal 
axes. The C atom also dominates A,,, in CS, Table 4, but 
here provides large contributions for quadrupolar polariza- 
tion away from the molecular axis. The largest contributions 
are the charge transfer and the second moments of C. All 
the contributions from the S atom provide contributions for 
polarization along the molecular axis with contractions along 
the orthogonal axes. 

Viewing the same tensor as the change in the molec- 
ular dipole with applied electric field gradient yields a com- 
plementary picture. In CO, the polarization of the C atom 
along the molecular axis yields the largest contribution to 
the molecular value. There is a depolarization of 0 ,  the same 
quadrupolar polarization seen in the application of an electric 
field, but this is roughly one third the size of the C atom's 
contribution. For CS we find the large dipole depolarization 
of S is overcome by the large charge transfer contributions 
of C. The S atom also contributions a large charge transfer 
contribution in support of the polarization term of C. 

For CO, both ways of looking at the tensors find the 
quadrupolar polarization of 0 away from the molecular axis 
overcome by the polarization of the diffuse charge on C along 
the molecular axis. This diffuse charge concentration, Fig. lb ,  
dictates the response tensors of this molecule. The case of CS 
is more general in that no single character of the molecule 
dictates is response to the differing external fields. When 
under the application of an electric field, which pushes along 
the molecular axis, the C atom polarizes away from the di- 
rection of force. Inspecting Fig. 2b, one sees that the bonding 
charge density within the C basin adjacent to the interatomic 
surface is distributed such that an axial field will cause that 
charge to expand away from the molecular axis. (In contrast, 
the entire bonding charge concentration between C and 0 
is within the basin of 0 and it is that atom which shows 
quadrupolar polarization away from the molecular axis.) In 
the face of a field gradient, which pushes charge so as to 
yield a quadrupolar polarization of an isolated atom, there 
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is a large polarization of C along the molecular axis. But 
the quadrupolar polarization of the S and the charge transfer 
contributions of both C and S against the direction of the 
field gradient overcome the contributions of the polarization 
of C. 

Molecular quadrupole-quadrupole polarizability 
The effect of a field gradient upon the quadrupole mo- 
ment yields the quadrupole-quadrupole polarizability tensor, 
C,,,,,, C,,, for CS is twice as large as that for CO, pri- 
marily through the difference in behavior of 0 and S. Both 
molecules experience quadrupole polarizations away from 
the molecular axis with application of the field gradient, F,. 
In both molecules the contributions of the first and second 
moments of C are large, as the relatively diffuse charge on 
the C atom polarizes away from the molecular axis in the 
direction of the field gradient. The tightly held charge of 0 
yields relatively small quadrupolar polarization contributions 
in  CO, while those of the first and second moment contribu- 
tions of S dominate the tensor in CS. As expected, the less 
tightly held charge of S yields large polarization contribu- 
tions through the first and second moment contributions. 

Conclusions 
Molecular polarizabilities can be  partitioned into atomic con- 
tributions, each of which depends upon the change in the 
distribution of electronic charge within the individual atoms 
under the application of an external field. Each of the atomic 
contributions is the result of the change in the moments of 
the individual atoms and there are no other nonphysical terms 
that emerge within the formalism. The contributions of each 
atom are based upon the physical observables of that atom, 
the charge, the first moment, etc., and their change under the 
application of external fields. 

This approach provides a detailed understanding of the 
origin of molecular polarizabilities based upon the contribu- 
tions made by atoms and functional groups. This has impor- 
tant implications in the design and development of represen- 
tations of molecules for mechanical modeling and dynamic 
simulations. This method will provide one of the founda- 
tions of our general methodology for the construction and 
representation of very large molecules for use in static and 
dynamic simulation. 
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Analysis of molecular polarizabilities and 
polarizability derivatives in H,, N,, F,, CO, and 
HF, with the theory of atoms in molecules 

Kathleen M. Gough, Margaret M. Yacowar, Richard H. Cleve, 
and Jason R. Dwyer 

Abstract: Ab initio molecular orbital calculations have been performed on the title molecules at the SCF-HF and MP2 levels to 
obtain molecular polarizabilities and the derivatives associated with bond stretch. The wave functions from these calculations 
have been analyzed with the theory of atoms in molecules (AIM). Both the polarizability and its derivative are successfully 
reconstructed from AIM terms representing the transfer of charge between atoms (CT = charge transfer) and the rearrangement 
of charge within an atomic basin (AD = atomic dipole). The results for the diatomics are compared to each other and to the 
alkanes studied previously. Equilibrium polarizabilities are qualitatively explained with reference to atomic electronegativity 
and type of bonding. While derivatives of the mean molecular polarizability differ by a factor of two at most, individual 
contributions vary by an order of magnitude. The derivatives along the bond axis for H, are ACT = 2.06 and AAD = -0.62 x 

C mN, while for N, they are ACT = 13.77 and AAD = - 10.00 x C m N .  The common feature observed is that as the 
induced dipole due to charge transfer increases, the induced dipole due to changes in the atomic dipole also increases and 
opposes it. 

Key words: diatomic molecules, molecular polarizability, molecular polarizability derivative, theory of atoms in molecules, ab 
initio molecular orbital calculations. 

Resume : Afin d'obtenir les polarisabilitts moltculaires et les dtrivts assocites 2 l'tlongation des liaisons, on a effectut des 
calculs d'orbitales moltculaires ab initio, aux niveaux SCG-HF et MP2, sur les moltcules mentionntes dans le titre. On a analyst 
les fonctions d'onde obtenues 2 partir de ces calculs 2 l'aide de la thtorie des atomes dans les moltcules (ADM). On a pu 
reconstituer avec succks la polarisabilitt ainsi que sa dtrivt partir de termes d' ADM qui reprtsentent le transfert de charge entre 
les atomes (TC = transfert de charge) et le rtarrangement de la charge 2 I'inttrieur du basin atomique (DA = dipble atomique). On 
compare les rtsultats pour les moltcules diatomiques entre eux et avec ceux obtenus anttrieurement pour les alcanes. On peut 
expliquer qualitativement les polarisabilitts d'tquilibre en faisant rtftrence i l'tlectrontgativitt atomique et au type de liaison. 
Les dtrivts de la polarisabilitt moltculaire moyenne diffkrent, au plus, par un facteur de deux; toutefois, les contributions 
individuelles varient par un ordre de grandeur. Pour le H,, les dtrivts le long de l'axe de liaison correspondent 2 ATC = 2,06 et 
ADA = -0,62 x C m N ,  alors que, pour le N?, elles sont tgales 2 ATC = 13.77 et ADA = - 10.00 x C m N .  La 
caracttristique commune observte est que, lorsque le dip6le induit dfi au transfert de charge augmente, le dipble induit dO aux 
changements dans le dipble atomique augmente aussi et qu'il s'y oppose. 

Mots elks : moltcules diatomiques, polarisabilitt moltculaire, derive de la polarisabilitt molCculaire, thtorie des atomes dans les 
moltcules, calculs d'orbitales moltculaires ab initio. 

[Traduit par la rtdaction] 

Introduction 
Molecular polarizabilities (a) and their derivatives play an 
important role in many phenomena. We have been investigat- 
ing structural and conformational dependencies of derivatives 
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of the mean molecular polarizability (azldr, where cl = 
(1/3)[a, + a, + q z ] )  in hydrocarbons: methane, ethane, pro- 
pane (la,b), butane (la) ,  cyclohexane (lc), pentane (14 ,  
ethene and ethyne (2), and the methyl halides (CH,X, X = F, 
C1, Br) (3a,b). The experimental values of the derivatives are 
obtained from absolute intensity measurements in gas phase 
Raman spectra, while theoretical values are obtained from ab 
initio SCF-HF molecular orbital (MO) calculations. Further 
insight into the nature of the derivatives is obtained by analyz- 
ing the resulting wave functions with the theory of atoms in 
molecules (AIM), introduced by Richard Bader (4, 5). With 
the AIM analysis, we are able to examine the charge redistri- 
bution which constitutes both a and aE/:/ar. Several interesting 
trends have been discovered that throw serious doubt on the 
reliability of the bond polarizability model, conventionally 
used as a means of interpreting Raman scattering intensities 
(1-3). 

Can. J. Chem. 74: 1139-1 144 (1996). Printed in Canada / Imprim6 au Canada 
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There is little experimental information available for mole- 
cules larger than methane and, even for small molecules, the 
theoretical data far outnumber the experimental. In an 
endeavor to broaden the scope of our study, we have now 
undertaken a theoretical analysis of five diatomic molecules: 
Hz, F,, HF, N,, and CO. The data on their equilibrium molec- 
ular polarizabilities have been well characterized experimen- 
tally (6-1 1) and theoretically (12-23); reasonable basis sets 
exist for the MO calculations; some data on aaldr exist for all 
five molecules (24-30); and, finally, they embody an interest- 
ing range and variety of fundamental characteristics. The equi- 
librium values of a have already been examined to some 
extent with AIM ( l a ,  18) with slightly smaller basis sets than 
those employed in the present work. A study of the distributed 
atom-atom multipolar polarizability of CO has been reported 
recently (13) and our equilibrium results are quite similar. Our 
intent here is to reconsider a ,  with particular emphasis on a 
comparison between the equilibrium polarizabilities and the 
derivatives. 

Computational method 

Choice of basis set 
For accurate calculations of the electronic properties, the basis 
set must be large and well polarized (12-23). Computational 
limitations in our previous work (1-3) on small alkanes neces- 
sitated the use of a relatively small basis: D95**, the Dunning 
(31) contraction of the Huzinaga (32) basis set (9s5pld)l 
[4s2p16]. With the diatomics, size and speed of computation 
presented less of an obstacle, and a new larger basis was 
sought. A recent article (12) has outlined some guidelines for 
basis set design and provided an extensive survey of the liter- 
ature for, among others, Hz and HF. 

We calculated a with a number of published basis sets and 
selected the polarized set developed by Sadlej (23) specifi- 
cally for the calculation of electronic properties. Our calcula- 
tions were performed prior to the publication of the work of 
Papadopoulos et al. (12); however, we note that this basis set 
yields values for a that are about as good as theirs, at the SCF- 
HF level. A useful criterion (19) for the quality of the basis set 
is the magnitude of Aa = a, -a, where, for a linear mole- 
cule, a, = ol,, = a, and a, = a,/. A poorly polarized basis set 
may lead to an apparently good value for E, due to overesti- 
mation of a, and underestimation of a,. Our choice was 
based on the energy of the molecule and the magnitudes of 
both a and Aa; however, we did not examine higher order 
properties, which would provide further criteria for assess- 
ment. 

Electron correlation 
Depending on the molecule, electron correlation may have 
considerable influence on higher order moments. For compar- 
ison, our calculations were repeated at the MP2 level, both at 
the optimized geometries from the SCF-HF calculations and at 
geometries reoptimized for the MP2 level. It is unfortunate 
that the version of code for AIM theory currently available 
(33) does not accommodate electron correlation contributions, 
restricting the analysis to the SCF-HF wave functions. While 
this introduces greater uncertainty into the absolute values cal- 
culated below, the results provide interesting and useful qual- 
itative information. 

Calculation of ol and a a d r  through AIM 
All MO calculations were performed with Gaussian 90 (34). 
Geometry optimization preceded the calculation of any elec- 
tronic properties. The dipole (or linear) polarizability was cal- 
culated analytically through the coupled perturbed Hartree- 
Fock theory implemented in the Gaussian 90 program. Values 
of the derivatives could be obtained analytically; however, it 
was our intent to examine both the polarizability and the deriv- 
ative within the context of the AIM theory. To do this, we 
require the wave functions for the molecule both in the pres- 
ence and absence of an electric field (to determine a )  and at 
equilibrium and stretched or compressed bond lengths (to 
determine azfdr). The procedure followed was the same as 
that described in earlier work ( la-4 ,  and we present only a 
brief synopsis. 

The wave functions were obtained from the Gaussian read- 
write file and analyzed with the AIMPAC suite of programs (33). 
The AIM theory provides a method for defining the volume of 
the electronic charge distribution associated with each nucleus 
in a molecule (5). It has been shown (5) that all properties that 
may be calculated for the molecule (e.g., electron population, 
dipole moment, etc.) may be calculated for an atomic basin. 
Molecular properties are found as the sum of the atomic con- 
tributions. The parameters of interest here are (i) the atomic 
electron population: the total number of electrons found 
within an atomic basin, and (ii) the atomic dipole moment: the 
way in which that charge is distributed throughout the atomic 
basin. 

Molecular polarizability is the measure of the ease with 
which the charge in a molecule may be displaced in response 
to an external electric field. The contribution of atom to the 
ijth element of the molecular polarizability tensor may be 
written as: 

charge transfer atomic dipole 

where i denotes the direction of the applied field, while 0 
implies zero field. The first term represents the charge trans- 
ferred into or out of the atomic basin due to the applied field; 
the second term, the change in atomic first moment (Ap). Ni 
and No are the atomic electron populations for the given fields, 
rj is the position on the jth axis, for atom Q. For the molecules 
studied here, the internuclear bond is directed along the z-axis, 
producing a diagonal polarizability tensor, with cl,= ayy < aZz. 

From calculations of a at the optimized geometry (r = re) 
and at re f 0.005, +0.010, and k0.020 A, it was verified that 
the polarizability was changing linearly, to within the preci- 
sion reported. The derivative is calculated from the numerical 
difference (Aaij) between the polarizability at the equilibrium 
geometry and that for a eometry in which the nuclei have 

displacement: 
1 been displaced by 0.010 , divided by the magnitude of the 

[2] aa Jar - Aa JAr 

All AIMPAC calculations were performed at the limits of accu- 
racy possible with the current versions of the code; 
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Gough et al 

Table 1. Polarizability components for H,, N,, F2, CO, and HF in units 
of lo4' C m2N calculated at SCF and MP2 levels, compared to 
literature values (theoretical and experimental; references in italics). 

- 
Molecule Method (reference) a a11 - a, 

H2 SCF (this work) 
AIM from SCF (this work) 
MP2 (this work) 
Correl. via CCSD (14) 
Expt. (10, 12) 

N2 SCF (this work) 
AIM from SCF (this work) 
MP2 (this work) 
Correl. via CCSD (14) 
Expt. (6, 8) 

F2 SCF (this work) 
AIM from SCF (this work) 
MP2 (this work) 
Correl. via SDQ-MPPT (20) 
Expt. (1 1, 20) 

CO SCF (this work) 
AIM from SCF (this work) 
MP2 (this work) 
Correl. via CCSD (14) 
Expt. (6) 

HF SCF (this work) 
AIM from SCF (this work) 
MP2 (this work) 
Correl. via CCSD (14) 
Expt. (12, 9) 

Experimental data 

Molecular polarizabilities have been measured by a variety of 
methods (6-1 1). Polarizability derivatives are obtained from 
absolute scattering cross sections in Raman spectra (24-27). 
The aElar values require separate measurement of isotropic 
(or trace) and anisotropic scattering intensities, which in turn 
require measurement of the differences in the parallel (Ill) and 
perpendicular (I,) components of the Raman scattered light: 

The anisotropic scattering, (aylar), is more difficult to mea- 
sure experimentally and the calculation is subject to a greater 
relative error (la-d, 2), hence our decision to examine only 
( a a a  r) . 

Results and discussion 

Molecular polarizability 
There are three sets of a and aEl;/ar to be considered: (a) exper- 
imental values, (b) those obtained analytically from the MO 
program, and (c )  those constructed from the AIM analysis of 
the MO wave functions. The latter two should be identical. 

The degree to which the AIM results recover the analytical 
values is a measure of the completeness of the integrations 
over the atomic basins. Since the change in a due to these 
small displacements is only 1-3% of the equilibrium value, 
any meaningful analysis of the AIM data on the derivatives 
can take place only if the recovery of a at each point is better 
than 99.5%. 

The molecular polarizabilities from SCF-HF and MP2 cal- 
culations from the AIM analysis of the SCF-HF wave func- 
tions for the five molecules are listed in Table 1. Experimental 
values and selected calculated values from the literature are 
presented for comparison. 

The SCF values obtained with Sadlej's basis set are of com- 
parable quality to those of other calculations at this level. 
Small differences arise from our use of optimized rather than 
experimental bond lengths. Overall, the SCF results are quite 
reasonable, as is the anisotropy (all - a,), which is best for H, 
and N,, and poorest for HF. 

Our MP2 results are reported for the bond lengths obtained 
by reoptimization at this level. All bond lengths are slightly 
longer, and this alone accounts for about half of the difference 
between the SCF and MP2 values. As has been noted by others 
(12), it is clear that the polarizability of H2 is little altered by 
the inclusion of electron correlation. N2 is only changed by 
about 5%, and CO slightly more; however, electron correla- 
tion significantly changes the calculated polarizability for F, 
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Table 2. Experimental (references as noted) and calculated 
values of the derivative of the mean molecular polarizability 
(d&dr), in units of lo-'' C d V .  

Molecule SCF SCF-AIM MP2 Expt. Ref. no. 

Table 3. Breakdown of molecular polarizability and polarizability 
derivatives in terms of charge transfer and atomic dipole 
contributions (units: a: lo4" C m2N; d&dr: lo-'' C mN). 

Charge transfer Atomic dipole 
Molecule 

: property I // I // 

Total 

CO: a 
d&dr 

HF: a 

and HF (10-20%). Any AIM analysis of the polarizability 
must be considered as less reliable for the latter two com- 
pounds. 

There is little experimental data available on the polarizabil- 
ity derivatives, particularly the a z l a r  values calculated in this 
work. The best data are presented in Table 2 along with our 
values calculated at SCF and MP2 levels of theory, and those 
recovered by the AIM analysis of the SCF wave functions. The 
error estimates in the experimental data are about 5%. Once 
again, the results for F, and HF are most affected by electron 
correlation. 

In all cases, the AIM analysis enables us to reconstruct the 
equilibrium molecular polarizability to the level of accuracy 
required for valid interpretation. For HF, the recovery of non- 
equilibrium polarizabilities, required for the derivative, was 
only 98-99%, and interpretation of the AIM derivative data 
was not considered to be warranted. 

AIM analysis of a and a 2 a r  
The breakdown of the polarizability and the polarizability 
derivatives in terms of charge transfer and atomic dipole com- 

ponents, as given in eq. [ I ] ,  is presented in Table 3. Both the 
charge transfer and the atomic dipole contributions to the 
equilibrium polarizability are positive. This initially appears 
to be in direct contrast to the situation found with the alkanes, 
but in fact is not surprising. 

In the alkanes, the principal contributions to the molecular 
polarizability were found to be a large positive contribution 
from charge transfer between the (exterior) hydrogens, a small 
positive contribution from their induced atomic dipoles, and a 
large negative contribution from the atomic dipole of the (inte- 
rior) carbon atoms. Essentially, the alkanes behave as small 
units of dielectric material. The presence of an external field 
causes a surface charge polarization to appear (field-induced 
charge transfer between exterior atoms) that is balanced in 
part by the response of the internal atoms to the local external 
field (field-induced changes in atomic dipole moments). 
Diatomic molecules exhibit only the positive charge transfer 
and atomic dipole contributions of exterior atoms. 

The a z l a r  of H2 is less than half that of N,, yet at its equi- 
librium geometry H2 exhibits the largest 11 charge transfer. In 
contrast, the I atomic dipole contribution is quite small and 
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the // atomic dipole contribution is almost negligible. The I 
contribution to the polarizability is greatest in N, and CO, 
which are triply and doubly bonded, respectively. 

It is interesting to note that while SCF-HF calculations pro- 
duce a molecular dipole for CO that is opposite to that 
observed experimentally ( 3 3 ,  the molecular polarizability is 
of reasonable magnitude and sign, as is the derivative. The 
problem with the dipole moment rests in part with its small 
size, where a small error in calculated value can result in a sign 
change. Electron correlation is required to obtain the correct 
dipole moment (35) but makes a change of only 6% in the 
derivative. Thus while there is some error in the assignment of 
the electrons to the nuclei, the shift in electron population in 
response to an applied field is as expected. 

The // charge transfer contribution to the polarizability 
derivative for H2 is about 2.9 x C m/V and is o osed by 5%) a // atomic dipole contribution of about -0.6 x 10- C mN, 
while the corresponding terms in N, are +13.8 x and 
- 10.0 x C mN. This is not unlike the behavior found in 
the alkanes when a CH bond is stretched, in that increases in 
charge transfer between carbon atoms are generally offset by 
decreases in the atomic dipoles on the attached hydrogen 
atoms. However, the similarity is only qualitative. The relative 
magnitudes of the terms are surprisingly different. 

The polarizability derivatives of the diatomics studied here 
exhibit some general similarities. In all cases, E of a molecule 
increases as the bond is stretched. This arises from an increase 
in the amount of charge transferred between atoms for a field 
applied along the bond axis, and an increase in the induced 
atomic dipoles for a field applied perpendicular to the bond. 
However, as the amount of charge transfer increases, so too 
does the induced atomic dipole opposing the charge transfer. 
Thus the net results are quite similar, despite differences of an 
order of magnitude in individual terms. 

On comparing the homonuclear diatomics, it may be noted 
that F,, the most electronegative element with the smallest 
molecular polarizability, exhibits the smallest tendency to 
both charge transfer and atomic dipole rearrangement, 
whether at equilibrium or during the stretching vibration. The 
only exception is the derivative of the parallel charge transfer 
contribution, which is about double that in H,. The derivative 
(Table 2) is calculated to be the smallest of the four analyzed 
with AIM. In this, it is similar to HF, where the equilibrium 
polarizability is found to be quite small and the SCF and MP2 
values for the derivative are also small, in agreement with the 
experimental results. The derivative for F, decreases by 30% 
when electron correlation is included, thus any SCF-HF data 
should not be overinterpreted. The qualitative results are as 
expected for this molecule. 

Conclusions 

The theory of atoms in molecules is found to provide interest- 
ing insights into the nature of molecular polarizability and the 
polarizability derivative. The dipole induced in a molecule by 
the presence of an external field has been broken down into a 
dipole contribution due to charge transfer between atomic 
basins and a contribution due to reorientation of charge within 
an atomic basin. The polarizability of diatomic molecules is 
similar to that of the alkanes studied previously, in that, as 
exterior atoms, both the charge'transfer and atomic dipole con- 

tributions are positive. Variations in the magnitude of the indi- 
vidual terms may be rationalized in light of the 
electronegativity of individual atoms and the number of bonds 
(single, double, or triple). The mean molecular polarizability 
derivatives differ at most by a factor of two, but individual 
changes in both charge transfer and atomic dipole terms differ 
by an order of magnitude. In general, an increase in the charge 
transfer along a stretched bond is offset, at least in part, by an 
increase in the atomic dipole opposing that of the charge trans- 
fer. These findings are quite intriguing, and illustrate the use- 
fulness of the theory of atoms in molecules as a probe of 
molecular electronic behavior. A most desirable extension to 
the AIMPAC suite of programs would be the capacity to perform 
calculations on wave functions that include electron correla- 
tion effects. 
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Charge density in crystalline citrinin from 
X-ray diffraction at 19 K 

Pietro Roversi, Mario Barzaghi, Felicita Merati, and Riccardo Destro 

Abstract: For the fungal metabolite citrinin, CI3Hl4O5, the total experimental electron distribution p(r) and its Laplacian 
V2p(r) have been obtained from an extensive set (36 564 measurements) of single-crystal X-ray diffracted intensities at a 
temperature of 19 f 2 K. Relevant steps in data collection and processing are reported. The resulting 7698 independent intensity 
data have been analysed with a multipole (pseudoatoms) formalism. The topological properties of p(r) have been determined 
according to the quantum theory of atoms in molecules. CC and CO bond path lengths have been obtained by numerical 
integration; their values are found to be well correlated with those of the electron density at the bond critical points. Topological 
features have been used to characterize the extension of the conjugated system of the molecule, and to confirm the stability of its 
rings, particularly the two formed by intramolecular H bonds. Maps of V2p(r) are presented, showing details in the valence 
charge distribution and providing a very sensitive tool for analysing dependence of the density on the model adopted to interpret 
X-ray data. The known chemical reactivity of the molecule towards nucleophiles at a csp2 atom is confirmed by the shape of the 
molecular reactive surface (the zero envelope of V2p(r)). 

Key words: experimental electron density, low-temperature X-ray diffraction, topological analysis, Laplacian of p. 

Resume : En se basant sur un ensemble extensif (36 564 mesures) d'intensitks de diffraction des rayons X par un cristal 
unique obtenues i une tempkrature de 19 + 2 K, on a obtenu la distribution expkrimentale totale, p(r), ainsi que son laplacien, 
v2p(r), pour le mCtabolite de champignon citrinine, CI,H,,O5. On a ensuite analyst les 7698 donnCes indkpendantes d'intensitt 
k I'aide du formalisme multipble (pseudoatomes). On a determink les propriCtCs topologiques de p(r) suivant la thCorie quantique 
des atomes dans les molCcules. On a dCterminC les longueurs des liaisons CC et CO par leur inttgration numCrique; on a trouvt 
que leurs valeurs donnent une bonne corrilation avec celles obtenues i partir de la densite Clectronique des points critiques 
de liaison. On a utilisC des caractkristiques topologiques pour caractkriser l'extension du systtme conjuguC de la molCcule et 
pour confirmer la stabilitC de ses noyaux, particulibrement les deux formCs par les liaisons hydrogbnes intramoliculaires. On 
prisente des cartes de VZp(r) qui montrent les details de la distribution de charge de valence et qui fournissent un outil trbs 
sensible pour analyser la dtpendance de la densitC sur le modble adopt6 pour interpriter les donnCes de diffraction des rayons X. 
En se basant sur la forme de la surface molCculaire rCactive (l'enveloppe zCro du V2p(r)), on a confirm6 la rCactivitC connue de 
la molCcule vis-i-vis des nuclCophiles au niveau d'un atome de carbone sp2. 

Mots clis : densit6 klectronique expkrimentale, diffraction des rayons X ?I basse temptrature, diffraction, analyse topologique, 
laplacien de p. 

[Traduit par la rtdaction] 

Introduction 

This paper reports the results of a topological study of the total 
experimental charge distribution p(r) in a medium-size mole- 
cule. In particular, the following features of Bader's quantum 
theory of atoms in molecules, QTAM (l) ,  are explored: (i) 

1 Received January 15, 1996. 

I This paper is dedicated to Professor Richard F. W. Bader on the 
occasion of his 65th birthday. 

P .  Roversi, F .  Merati,' and R. Destro.' Dipartimento di Chimica 
Fisica ed Elettrochimica, Universitk di Milano, Via Golgi 19, 
20133 Milano, Italy. 
M. Barzaghi. Centro del CNR per lo Studio delle Relazioni tra 
Struttura e Reattiviti Chimica, Via Golgi 19,20133 Milano, Italy. 

Deceased 8 September 1995. 
Author to whom correspondence may be addressed. 
Telephone: 0039-2-26603285. Fax: 0039-2-70638129. 
E-mail: dest@rs6.csrsrc.mi.cnr.it 

number and nature of critical points (cp's); (ii) values (pb) of 
the electron density at the bond critical points, and its curva- 
tures (X's) and Laplacian (V2pb); (iii) correlations between pb 
values and bond path lengths; and (iv) topology of rings and 
ring stability. A brief description is also given of the depen- 
dence of some topological features on the model adopted to 
interpret the X-ray diffraction data. Finally, the relationship 
between chemical reactivity - in the present case a nucleo- 
philic attack at a C sp2 atom - and vZp(r) is discussed. 

We are well aware of the remark (2) that a density obtained 
from X-ray diffraction data by a multipolar fit is not a pure 
quantum object, hence differs from the proper quantity dealt 
with in Bader's theory. However, the topological analysis of 
such a density can afford very useful information about the 
ground state of the system under study, provided that all con- 
figurations spanned by the nuclei in thermal motion within the 
crystal belong to the same crystalline structure around equilib- 
rium, so that the corresponding densities all possess equiva- 
lent molecular graphs. In other words, if the nuclei do not 
reach unstable points in configuration space, the network of 
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Scheme 1. 
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Table 1. Crystal data and details of data collection for citrinin at 
19 K. 

bond paths defining the crystal structure remains unique (l ,3),  
and the topology of the vibrationally averaged density can be 
safely assumed to be equivalent, in terms of number and type 
of cp's, to the one at the equilibrium geometry. 

For the quantities used in the topological analysis of p(r) we 
have adopted the definitions recently summarized by Bader 
(4). Numerous applications of the same concepts to the study 
of experimental electron densities in crystals have already 
appeared in the literature, e.g., in the case of urea, imidazole, 
9-methyladenine, and benzene (2), L-alanine (5), 2-methyl-4- 
nitroaniline (6), 1-methyluracil (7), molecular chlorine (8), 
danburite (a borosilicate) (9), syn-1,6:8,13-biscarbonyl- 
[14]annulene (lo), and metallic beryllium (1 1). 

To reduce the chances that artifacts, rather than genuine fea- 
tures, be described by the topological analysis of p(r), exten- 
sive sets of high-quality X-ray data are essential. This implies 
that diffracted intensities must be measured and processed 
with great and special care. For this reason, we devote part of 
the paper to a detailed description of some crucial steps of data 
acquisition and treatment. 

As reported below, our X-ray measurements have been per- 
formed at temperatures of 17-20 K; an average temperature of 
19 K can therefore reasonably be assumed as that of the whole 
experiment. The great advantages, especially for a detailed 
structural analysis of organic molecular crystals, of data col- 
lection with closed-cycle helium refrigerators, hence at tem- 
peratures below 30 K, have been recently discussed (12). 

Citrinin (Scheme 1) appears particularly well suited for a 
study of the electron distribution: the molecule contains a vari- 
ety of CC and CO bonds, two fused six-membered rings, each 
formed by six covalent bonds, and two rings of different type, 
where one of the sides is a rather short, intramolecular hydro- 
gen bond. It has been shown (13) that at room temperature a 
tautomeric equilibrium occurs in crystals of citrinin, and that at 
147 K only one of the two tautomers can be detected by X-ray 
diffraction experiments. Based on those data, on measure- 
ments at 240 K, and on a partial set of intensities diffracted at 
20 K, the thermodynamic parameters of the tautomeric equi- 
librium have been evaluated (14): the presence of structural 
disorder at 17-20 K, the temperatures of the experiments 
described in this paper, can be unquestionably e ~ c l u d e d . ~  

Very recent results (R. Poupko, Z. Luz, and R. Destro, submitted 
for publication) of a solid state NMR study have fully confirmed 
the thermodynamic parameters obtained by X-ray studies alone 
(14). 

Formula 

M ,  
Space group 
z 
DcalSd(g cm-)) 
a (A) 
b (A) 
c (A) 
V (A') 

Diffractometer 
Radiation 
Scan range (28, deg) 
Scan rate (28, deglmin) 
(sin 811)::x ( k ' )  

Set No. of data 
hkl 1 1274 

hkl 8368 

Orthorhombic P2,2,2, 
4 
1.428 
13.2552(11) 
7.2377(7) 
12.1360(21) 
1164.29(25) 

Syntex PT 
MoK, (graphite monochromated) 
2.4 + S,,_," 
3 
1.14b 

P range (Pa) T range (K) 
(2 x 10")-(1 x 1 o-') 19.7-20.2 

<lo-' 18.7-19.2 

hkl 8242 (2 x lo4)-( 1 x lo4) 17.3-18.0 
- 

hkl 8680 (2 x 10")-(5 x lo-') 17.2-18.2 

is the a,,% separation in the intensity profile. 
"orresponding to (28)g,"K,, = 108". 

Experimental 
Pale-yellow crystals of citrinin were grown from an ethanol 
solution. A specimen was ground to a sphere of radius 0.18 
mm and mounted on a four-circle Syntex Pi diffractometer 
modified for low-temperature measurements (15). Relevant 
features, operative conditions, and performance of the instru- 
ment have been described elsewhere (16). 

Data collection 
After a preliminary room-temperature data collection, lower- 
ing of the temperature at the sample crystal from 290 to 20 K 
was achieved in about 100 min, the maximum cooling rate 
being about 15 K min-I between 90 and 25 K. The temperature 
was decreased at similar rates in all subsequent cooling oper- 
ations, after intermediate warming to 290-292 K (see below). 
A check upon proper alignment of the crystal at low tempera- 
ture was given by the angular settings for reflections centered 
at both positive and negative 28 values. 

Four sets of 15 reflections were employed for accurate 
determination of the cell dimensions. A fit of the sin28 values 
for these reflections gave the results reported in Table 1, 
together with other crystal data and parameters for the data 
collection. Unit-cell dimensions do not differ significantly 
from those given in a preliminary report (17). 

Intensities were collected by w-28 scans and the monochro- 
mator was in the configuration corresponding to E = 90" (18). 
The X-ray generator was set to nominal values of 50 kV and 
25 mA. Seven reflections whose diffracted intensities 
exceeded the range of linearity of the counter were measured 
at 30 kV and 3 mA, together with other reflections for subse- 
quent scaling of the data. Four sets of equivalent intensities 
were collected, with the sample exposed to X-rays for more 
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Roversi et al. 

than 200 h during each data collection. Warming to room tem- 
perature before each set of intensity measurements allowed an 
appropriate degassing of the chamber, so that the temperature 
could be kept stable within ? 1 K during the recording of each 
set. A +-shaft with a lower thermal conductivity was 
employed for the first data collection; hence the temperature in 
that experiment was higher than in the other three cases (see 
Table 1). The vacuum shroud was continuously evacuated by a 
cryogenic pump during data collections 1, 3, and 4, and the 
pressure within the chamber remained in the range lo4-lo4 
Pa, with occasional leakages leading to temporary excursions 
up to lo-' Pa. During data collection 2 the cryopump broke 
down, and the cold station of the cryostat itself accomplished 
the gas condensation; the pressure was accordingly higher, 
around lo-' Pa. 

The intensities of three standards were measured every 47 
reflections. Decay at the end of each set of data never exceeded 
3% (see below). 

Data processing 
High-order diffracted intensities are expected to suffer from 
scan truncation losses due to the finite range of the scan. In the 
hypothesis that thermal diffuse scattering can be neglected at 
T<25 K, an appropriate treatment of accurately measured pro- 
files can provide a means of correcting for this well-known 
systematic error, and achieve a more accurate evaluation of 
integrated intensities (16, 19, 20). A second, more approxi- 
mate procedure can be adopted, which employs only average 
background distributions, and gives a substantially equivalent 
evaluation of truncation losses under the peak of the reflection 
profiles (16, 19). 

This second procedure was followed in the present case: 
individual backgrounds of reflections with I,,, < 10a(In,,), cor- 
responding to a total of 40 738 measurements from both sides 
of experimental profiles, were used to evaluate average distri- 
butions, where both 20 and x dependences were taken into 
account (16). Background anomalies for 20 = 10" and 20 
30°, typical of the instrumental configuration adopted in our 
laboratory, also appear in the present case: they have been 
shown to be due to scattering from the specimen support, that 
is, a Pyrex glass fiber, 0.15 mm in diameter, and epoxy glue. 

We stress the general low level of background for the 
present experiments, around 3.5 count s-' at high angles, to be 
compared with values of about 1 count s-' for a tube setting of 
45 kV and 15 mA (19), and about 6 count s-' for 50 kV and 30 
mA (16). Such an excellent instrumental performance is cer- 
tainly related to the use of aluminum-coated Kapton foils as 
windows of the cryostat. 

Average backgrounds were substituted for those individu- 
ally measured, and net intensities recomputed. A contribution 
was also included, at this stage, to take into account scan trun- 
cations at the tails of the intensity profiles. The latter quantity, 
up to a correction of 4% for the net intensities at higher 20 val- 
ues, was evaluated according to previous studies and analyses 
of experimental profiles (16, 19, 20). 

The set of diffracted intensities corrected for scan truncation 
losses underwent conventional data processing, and yielded 
the experimental values for structure factor amplitudes. A lin- 
ear fit of the intensities of the three standards vs. time was per- 
formed for each set of data, and corrections for decay 
computed accordingly. Apart from decay, statistical oscilla- 

tions did not exceed 2% for all check reflections. Decay from 
the beginning of the experiment to the end of the fourth data 
collection amounted to about lo%, and was never higher than 
3% within each set of data. High- and low-power measure- 
ments were merged after appropriate scaling, the average ratio 
of intensities common to the two subsets being around 40. 
Variances due to statistical counting were increased by an 
additional term, depending on intensity under the peak and 
velocity of the scan: 

The intensities were corrected for Lorentz and polarization 
factors, but not for absorption, and symmetry-equivalent 
structure factor amplitudes were then merged, with weights 
taken as inverse variances of individual measurements, and 
u2((F2)) = [~e , , i , ,  llu2(F?)]-'. Friedel pairs were also 
merged. Each independent structure factor amplitude came, 
on average, from 4 measurements, only 19 values being mea- 
sured but once. The merge index amounted to 1.07%, thus 
confirming the overall excellent agreement between the dif- 
ferent sets of data. Among the resulting 7954 independent 
structure factor amplitudes, 256 had lF21 < 0, and 5941 (about 
75% of the total) had IF'I > 6a(F2). 

Multipolar refinements 
The electron density was modelled with a multipolar expan- 
sion of atom-centered functions (21-23), according to the 
pseudoatom formalism of Stewart (24). An approximate abso- 
lute scale factor had been previously determined by a conven- 
tional spherical atom refinement. Three different models were 
adopted for multipolar refinements: they will be denoted A, B, 
and C in the following. 

A: This model employed a multipolar expansion up to the 
octopolar level on carbon and oxygen atoms. Core and valence 
monopole one-electron density functions were taken equal to 
the Hartree-Fock expansions of Clementi (25). Core electron 
population parameters for all C and 0 atoms were constrained 
to be equal. Single exponential functions, J' exp(-ar), were 
adopted as radial parts of the higher multipoles. Values for n 
were 2, 2, and 3 for dipole, quadrupole and octupole, respec- 
tively; values for a were 4.50 and 3.44 bohr-' for 0 and C, 
respectively (26). 

Positional and anisotropic displacement parameters 
(ADP's) were varied for all C and 0 atoms. H atoms were ini- 
tially given scattering factors taken from the H, molecule (27); 
their positional parameters were varied together with isotropic 
U's. In the final stages of the refinement, H positions were 
kept fixed, and generalized scattering factors were employed 
for these atoms as well (at these later stages, there is no need to 
readjust H positions, the geometry being virtually unaffected 
by subsequent changes in the model employed). Expansion of 
the pseudoatom density for H atoms comprised one monopole 
and three dipole functions. Radial parts for all poles were 
again single exponentials, with n = 0,l  for monopole and 
dipole, respectively, and an a value of 2.48 bohr-' (26). An 
isotropic extinction parameter, of type 1 and Lorentzian 
"mosaic" distribution (28), was also varied. Besides this 
extinction term, the model comprised 162 positional and dis- 
placement parameters and 289 electron population parameters 
for the 18 non-H atoms of the molecule, plus 14 isotropic U's 
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and 56 electron population coefficients for H atoms. The total 
number of variables refined was 522. 

B: On passing from model A to model B, only the descrip- 
tion of the H atoms was changed. First, ADP's were evaluated 
for all 14 H nuclei. The procedure, based on a rigid-body fit 
(29) to the ADP's of the 10 non-H atoms of the two central 
rings of the molecule, and on spectroscopic information, will 
be described in detail in a forthcoming paper. As a check of the 
order of magnitude of the values obtained, equivalent U's were 
compared with the previously (model A) refined U,,,'s: the 
difference exceeded 3 esd's in only one case, the average IAlal 
being 1.6. In model B, positional parameters of the H nuclei 
were kept fixed at the values refined in early stages of refine- 
ment A, and the corresponding ADP's were kept at the calcu- 
lated values. Quadrupoles were added on the multipolar 
expansion for the H atoms, with single exponential radial func- 
tions having n = 2 and a = 2.48 bohr-I. The number of vari- 
ables was thus raised to 578. 

C: Six additional refinable parameters were added in this 
model: a radial scaling parameter K for the valence monopole 
radial density function of C atoms; a common a value for their 
dipole, quadrupole, and octopole functions; two correspond- 
ing K and a parameters for 0 atoms; an &:for the monopole 
and a common aAvalue for the dipole and quadrupole radial 
functions on H atoms. Model C counted up to 584 variables. 

All refinements were carried out using the VALRAY set of 
programs (30). The quantity minimized in the calculations was 
E = CW(F; - kF:l2, based on the 7698 reflections with 
I > 0. Weights w were taken as w = l l a2 (F~) .  Convergence was 
assumed when the ratio between AE from one cycle to the next 
and the value of E itself was smaller than 5 X lo4. Full second 
derivatives were included in the calculation of the Hessian 
matrix of E in the last cycles, to obtain accurate esd's in the 
refined parameters. 

Results and discussion 

Table 2. Summary of least-squares refinements with models A-C." 

Model A B C 

No of observations 
No of parameters 

Scale factor 
Extinction coefficienth 

E = CWA? 

IAelleC 
R(F) 

wR(Od 
R(F2) 

WR(F*) 
Goodness-of-fit 

Max. A/o 
Average A/o 

"Radial parameters were fixed at the standard molecular value in models 
A and B. In model C final values were: = 1.001(2), a, = 3.087(28) 
bohi l ;  16 = 0.988(1), a, = 4.50(14) bohr-I; a: = 2.39(2) and a; = 
3.27(14) bohr-'. 

units of lo4 rad'. 
'A& = E, - E,.,; n is the number of the last cycle. 
dWeights equal to 4F'l(3'(F2). 

and 0.045, respectively, and similar values were obtained for 
the other two pairs. A value of A significantly different from 0 
indicates better performance of one of the two models, limit- 
ing values being -+ (better fit by the second model) and +$ 
(opposite case). The hypothesis that two models gave equally 
good fits to the data was then tested making use of Student's t 
distribution for the ratio t = IXlul. For all three pairs considered 
(A-B, A-C, B-C), the hypothesis could be rejected at the 
0.5% significance level (33), confirming that the R indices of 
the second model of each pair are indeed significantly smaller 
than those of the first. 

Overall quality of the fits 
Agreement as a function of resolution 

Statistical comparison of the models 
Reliability indexes for the three multipolar refinements are 
summarized in Table 2. For comparison of models A and B, 
and of A with C, application of the Hamilton ratio test (31) 
would not be adequate, in that the parameters of one model are 
not a subset of the parameters of the other: B and C employ 
fixed ADP's and refine quadrupoles on H atoms, while in A 
isotropic U values have been refined and the multipolar expan- 
sion is up to the dipole level on the same atoms. A more gen- 
eral statistical test (32) was then performed for the pairs A-B, 
A-C, and B-C. For each pair, least-squares estimates for the 
slope X and its esd a were obtained for the regression line z = 
Ax. with: 

and 

where subscripts 1 and 2 denote the first and the second model 
of the pair. For the B-C pair, values for X and a are -0.466 

scattering at high resolution being dominated by core elec- 
trons, only positional and displacement parameters are 
expected to be sensitive to high-order data: the "effective" 
observations to parameters ratio (Q) is in fact resolu- 
tion dependent, and smaller than the nominal value of 
76981584 = 13.2 (model C). Indeed, a plot of the average ratio 
 IF,^,,, l1lFhl vs. resolution range for citrinin reaches unity 
around (sin 0)lX = 0.626 A-', suggesting that the subset of 
valence population parameters is in fact determined by a 
smaller number of observations than the total fitted. For model 
C, the d p  ratio would be lowered to 18281420 = 4.35, if 
valence population parameters only and data up to (sin 0)lX = 
0.626 k1 were considered. It is precisely in the resolution 
range where valence multipoles are active that the major dif- 
ferences are observed when comparing residuals for different 
models. A plot of the root-mean-square (rms) AF~/u(F~)  
values in resolution bins is reported in Fig. 1, where A F ~  = 
F:, - FA,, . It is apparent that on going from model A to 
model C, rms values approach unity for reflections in the rel- 
atively low-resolution range 0.444 5 (sin 0)lX < 0.808 k'; a 
comparable improvement of the fit to low-order data upon 
variation of radial parameters has recently been observed in 
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Roversi et al 

Fig. 1. Root-mean-square AF2/o(F2) VS. resolution for models A, 
B, and C. About 450 data were averaged in each resolution bin. 

1.40 7 

1 / Model B 

1 A + Model C 
0.90 1 I I 1 I I I 

0.00 0.40 0.80 1.20 

sin 0th (A-') 

the case of the refinement of X-ray diffraction data at T =  19 K 
for syn-1,6:8,13-biscarbonyl[l4]annulene (10). Residuals for 
high-order reflections are less sensitive, on average, to varia- 
tions of the model. This is in keeping with the fact that the 
three models differ mainly in the description of valence elec- 
tron density, while a common set of parameters active at high 
resolution has been employed. Indeed, virtually identical 
nuclear positions and displacement parameters for non-H 
atoms are obtained in the three fits. On passing, we notice that 
the values in Fig. 1 for high-angle data indicate a possible 
underestimation of the standard deviations by 15-20%. 

It must be noticed that the three fits A, B, and C show neg- 
ative average values of AF'/u(F') in all 16 resolution bins 
above (sin O)/h = 0.444 A-', with an overall (AF~/u(F')) of 
-0.19 in all three cases, while for the 530 reflections at the 
lowest resolution the average values amount to +0.16, +0.17, 
and +0.07, respectively, for A, B, and C. Opposite behaviour 
was observed for a fit performed on data not corrected for scan 
truncation losses with model B, which gave poorer reliability 
indexes (R(F) = 0.0384; wR(F) = 0.0208; R(F') = 0.0279; 
WR(F') = 0.0382; g.0.f. = 1.379), and instead showed positive 
values for the average AF'/u(F') at all resolution ranges (over- 
all (AF2/u(F2)) = +0.20), except for the 480 data of the resolu- 
tion bin with 0.444 < (sin O)/h 5 0.560 A-', where the average 
value is -0.017. Diagonal ADP's for non-H atoms for this 
refinement are 1.8% larger, on average, than those coming 
from the refinement of the same model B against corrected 
data (((u':',,,,-u~,,)Iu(u~,,)) = 1.08). All this might suggest 
that high angle data have been slightly overcorrected in the 
treatment of scan truncation losses. 

Positivity of the density 
The multipolar expansion does not ensure non-negative elec- 
tron density everywhere in the crystal: a check for positivity of 
p(r) was performed by sampling values on a uniform and 
orthogonal grid in the asymmetric unit, chosen as 0 5 x 5 h, 

0 5 y 5 1,0 5 z 5 $, with steps of 0.1 A along each axis. Far 
from atomic regions, small negative electron density values 
were found for models A and B, down to minima of 
-0.03(14) x lo-' and -0.93(54) x lo-' e A-3, respectively. It 
is seen that the value for model B, where quadrupolar defor- 
mation functions have been added on H atoms, amounts to 
almost twice its esd, but remains almost negligible. A search 
for the nuclei closest to the set of very few points having neg- 
ative density in models A and B revealed that, with no excep- 
tion, the closest was always a hydrogen nucleus, the distances 
ranging from 1.07 1 to 1.521 A. By contrast, no negative val- 
ues were found in the asymmetric unit for model C (pmi, = 
1.98 x e A-3). We recall that in model C a; and ah param- 
eters were refined: it is conceivable that the observed (see 
Table 2) contraction of dipoles and quadrupoles for these 
atoms, and the concomitant expansion of their monopoles, is 
mainly responsible for the observed disappearence of the cited 
regions of negative density in model C. 

Correlation coeflcients and deconvolution of static/dynamic 
features 

Off-diagonal terms of the inverse of the full Hessian matrix of 
E = ZWA' give correlation coefficients between the parameters 
varied. In the present case, coefficients greater than 0.707 in 
absolute value at the end of the least-squares refinement were 
rather few, in number 38,24, and 18, respectively, for models 
A, B, and C. As was the case for syn-1,6:8,13-biscarbo- 
nyl[l4]annulene (lo), the largest correlation was that between 
the radial scaling parameter K of the C atoms and the core pop- 
ulation coefficient common to all the 18 non-H atoms (coeffi- 
cient of 0.84). No other parameter involving C atoms has 
correlation coefficients greater than 0.707 in absolute value. 
Common to all three refinements are the correlations involv- 
ing some of the parameters of the 0 atoms, namely, those 
between dipole populations and positional parameters (max. 
value 0.81), and between ADP's and quadrupole populations 
(up to 0.74). 

The substantially small number of significant correlations 
increases our confidence in the overall reliability of the 
parameters obtained. We cite also the excellent results derived 
from the rigid-bond test of Hirshfeld (34) on ADP's from 
model C: none of the differences between mean-square ampli- 
tudes of vibration along the bond direction for all non-H 
bonded pairs is greater than 0.0006 A', with only the excep- 
tion of the C6-07 value. which amounts to 0.0009 A2. 

All these findings point to a more than satisfactory descrip- 
tion of the atomic motions, and hence suggest that the decon- 
volution of dynamic from static features in the charge density 
of citrinin has been successfully attained. 

Non-centrosymmetry and the phase problem 
Odd-order poles that are invariant under crystal-class symme- 
try are known to give rise to a contribution to the structure fac- 
tor having a phase shift of a12 with respect to the sum of 
contributions from core, valence monopoles, and even-order 
poles invariant under crystal-class symmetry (ref. 35 and foot- 
note 4). To first-order approximation, and in the limit of a 
completely negligible contribution from the non-invariant 

N.K. Hansen. Private communication. 
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Fig. 2. ORTEP plot of citrinin at 19 K, with numbering scheme. 
Ellipsoids at 50% probability level; those for H atoms come from 
calculated anisotropic displacement parameters (ADP's). 

poles, changes in the values of the population coefficients of 
invariant odd-order poles alter only the phase of the structure 
factor, without affecting its modulus (P. Roversi, unpublished 
results). In non-centrosymmetric structures, these population 
coefficients are therefore ill determined, to an extent depend- 
ing on the relative amplitude of the contributions from invari- 
ant and non-invariant poles to the structure factor. In the 
present work, the only odd-order poles invariant under point 
symmetry 222 are the 18 octopolar functions Oxyz, centered 
on C and 0 atoms, while the total number of non-invariant 
poles for which population coefficients were refined is 364. 
For this structure, it could therefore be anticipated that the 
uncertainties on Oxyz values should not be too large. Indeed, 
esd's for these population coefficients were found to be only 
1.5 times greater, on average, than those for non-invariant 
poles. None of the correlation coefficients between the popu- 
lations for Oxyz centered on different atoms was greater than 
0.67 in any of the three fits A, B, and C. 

Geometry 
An ORTEP plot (36) of the molecule is shown in Fig. 2. Posi- 
tional parameters and U,,'s at the end of refinement C are 
listed in Table 3.5 As already anticipated, the geometry proved 
relatively insensitive to the choice of multipolar model: three 
sets equivalent within one esd resulted, for bond distances and 
angles, from the refinements we carried on. 

A table of anisotropic displacement parameters may be purchased 
from: The Depository of Unpublished Data, Document Delivery, 
CISTI, National Research Council Canada, Ottawa, Canada 
KIA OS2. Structure factor amplitudes are no longer being 
deposited and may be obtained directly from the authors. 

Table 3. Final fractional coordinates and equivalent isotropic 
displacement parametersa for citrinin at 19 K (model C). 

Atom x Y z u,, (A2) 

Cl 0.89985(2) 0.23996(4) 0.33310(2) 
C2 0.981 13(2) 0.23009(5) 0.26098(2) 
C3 0.96434(2) 0.21734(5) 0.14380(2) 
C4 0.86 169(2) 0.20460(5) 0.1009 l(2) 
C5 0.67389(2) 0.18691(4) 0.14149(3) 
C6 0.60738(2) 0.31765(5) 0.20782(3) 
0 7  0.62442(3) 0.29288(5) 0.32716(3) 
CS 0.71 860(2) 0.27049(5) 0.35934(3) 
C9 0.79891 (2) 0.24181(4) 0.2898 l(2) 
C 10 0.78296(2) 0.21599(4) 0.17282(2) 
0 1 1 0.9 1287(3) 0.25056(6) 0.44087(3) 
C12 1.08447(2) 0.23343(5) 0.30535(3) 
01 3 1.03856(3) 0.21 191(6) 0.07789(3) 
C14 0.85 190(3) 0.17588(6) -0.021 16(3) 
C 15 0.6441 5(3) -0.01 572(5) 0.16000(3) 
C 16 0.62299(3) 0.51904(5) 0.17923(3) 
017 1.10119(3) 0.24015(6) 0.40598(3) 
0 18 1.1585 l(3) 0.22920(7) 0.23367(3) 
H5 0.6606(6) 0.2230(11) 0.0545(7) 
H6 0.5283(6) 0.2782(12) 0.1982(6) 
H8 0.7269(6) 0.2771 (1 3) 0.4494(8) 
H4A 0.7760(9) 0.1466(15) -0.0454(7) 
H4B 0.8788(8) 0.2989(15) -0.0676(8) 
H4C 0.9007(8) 0.0635(15) -0.0482(7) 
H5A 0.5677(8) -0.0377(11) 0.1337(8) 
H5B 0.6933(7) -0.1076(12) 0.1 1 13(8) 
H5C 0.65 1 l(7) -0.0536(10) 0.2462(8) 
H6A 0.7006(8) 0.5617(12) 0.1928(8) 
H6B 0.5723(7) 0.6070(12) 0.2297(8) 
H6C 0.6044(7) 0.5371 (10) 0.0939(8) 
H11 0.9858(8) 0.2481 (14) 0.4509(6) 
H18 1.1217(6) 0.2228(14) 0.1566(8) 

"U,, is defined as 113 ( U , ,  + U22 + U,,).  

Values for bond lengths and angles from refinement C are 
reported in Tables 4 and 5. The former table also lists bond 
distances from ab initio optimizations, performed with 
G A U S S I A N ~ ~  (37) for an isolated molecule. Theoretical values 
come from HFl6-31G* and density-functional B3LYP calcu- 
lations (38); details will be published e l s e ~ h e r e . ~  We only 
comment here on the fact that all C=C, CO, CH, and OH the- 
oretical bond distances show very significant lengthening 
toward the experimental values on passing from the HFl6- 
31G* to the density-functional calculation, while the C-C 
bonds of the conjugated system are shortened, again in closer 
agreement with the experimental geometry. As for the other 
C-C bonds, it is seen that in four out of five cases, the 
B3LYP lengths are in poorer agreement with experiment than 
are the HFl6-3 lG* ones. The fifth bond, C L C  14, which is at 
least in part involved in the conjugated system (see below), 
behaves in the opposite way. 

It is worth noting that CH and OH distances as obtained 

M. Barzaghi, F. Merati, P. Roversi, and R. Destro. In preparation. 
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Table 4. Bond lengths (R,), bond path lengths (R,), and bonded radii (R, and R,) in citrinin. A units. 

Bond Rc R, Rc 
A-B HFl6-3 lG* B3LYPl6-3 lG* expt. R, d x 1 0 3 "  R, RB RAIR~ 

H18-018 0.9636 1.0077 1.056(10) 1.056 7 0.2778 0.7785 0.263 
H11-011 0.9705 1.0190 0.974(11) 0.976 16 0.2235 0.7522 0.229 
H5-C5 1.0818 1.0950 1.101(9) - - (0.41 l)b (0.690)b (0.373)b 
H C C 6  1.0802 1.0933 1.093(8) 1.093 3 0.4133 , 0.6793 0.378 
H8-C8 1.0719 1.0852 1.1 OO(9) - - (0.377)b (0.723)b (0.343)b 
H-C,,,,(av.) 1.0837 1.0947 1.089(16) - - (0.419)b (0.671)b (0.385)~ 

"Distance of critical point from line A-B. 
bValues refer to geometric distances and not to lengths along the bond path. 

from the refinement employing the polarized H scattering fac- 
tors (27) are in good agreement with average values from neu- 
tron diffraction studies (39). The values dH5--C5 = 1.101(9) A 
and dHU6 = 1.093(8) A are to be compared with that for sec- 
ondary csp3-~ distances, 1.099(4) A; the value for dH8-C8 = 
1.100(9) is slightly longer than the average value 1.077(12) A 
from a collection of 14 csp2-~ bond distances. Methyl group 
CH distances are here in the range 1.073(10)-1.112(11) A, all 
longer than the average neutron value 1.059(30) A, but the lat- 
ter quantity includes numerous contributions from experi- 
ments at temperatures much higher than 19 K. When only low- 
temperature neutron work is considered, significantly longer 
bond distances are usually observed: for example, in the case 
of 1-meth luracil at 15 K (40), CH bonds are 1.083(2) and 
1.088(1) % long. The OH distances are 0.974(11) A and 
1.056(10), respectively, for the alcoholic and acidic protons of 
citrinin, in qualitative agreement with the average values from 
neutron diffraction studies of systems with similar protons: 
0.967(10) and 1.015(17) A. Although these comparisons must 
be taken with some care (owing to H-bonding effects and tem- 
perature dependence of the bond lengths), they certainly indi- 
cate that the procedure adopted here, based solely on X-ray 

data, has led to a very satisfactory location of the H nuclei 
positions. 

Topology of p(r) 
The set of electron population coefficients obtained from the 
least-squares refinement C was employed to generate the elec- 
tron density for a molecule extracted from the crystal.' 
Although the density obtained from the experimental data 
does not, as already noticed, pertain to a pure quantum state, in 
the following we shall discuss its topology in terms of the 
usual quantities employed to characterize ab initio densities, 
such as the number and kind of critical points (i.e., points 
where Vp = O), the values of p, curvatures, and v~~ at the crit- 

A discussion of the virtual identity between the density for such an 
"isolated" molecule and that for the molecule surrounded by the 
neighbouring ones in the crystal has been presented in the case of 
L-alanine (41). For citrinin, no differences greater than 0.01 e/A3 
were observed in density values at the critical points of bonds 
between non-H atoms, while Laplacian values at the same points 
showed shifts up to 2.0 esd's toward more negative values at all 
intramolecular bonds in the crystal. 
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Table 5. Bond path angles a, and experimental bond angles ac (degrees) for non-H atoms in 
citrinin. 

Angle ab a, Aa = a, - at P," P2(1 

- - 

"P,(P,) = limiting values at the nucleus of the angle between the direction of Vp on the bond path and the 
corresponding bond line (see text). 

ical points, and bond ellipticities (1). Bonded radii, bond path 
lengths, and bond path angles will also be considered. All 
quantities of interest are listed in Tables 4-6. 

The critical points of the density were searched via a New- 
ton-Raphson algorithm, starting from a uniform orthogonal 
grid of points. A set of 35 (3,- 1) or bond critical points 
(bcp's), and 4 (3,+1) or ring critical points (rcp's) was found; 
together with that of 32 maxima located at the nuclei, this set 
of critical points obeys the Poincark-Hopf relationship for an 
isolated molecule (42). All the conventional covalent bonding 

interactions are thus recovered, together with the two intra- 
molecular H bonds. 

Bond path lengths and bonded radii 
In Bader's QTAM, atomic interaction lines are traced by two 
Vp trajectories originating from a (3,- 1) critical point, and 
terminating at two neighbouring nuclear attractors. When an 
ab initio density for an equilibrium nuclear configuration is 
studied, atomic interaction lines are referred to as bond paths 
(1, 43). For citrinin, the bond path lengths (R,) between all 
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pairs of bonded nuclear attractors were computed by numeri- 
cal integration; values are reported in Table 4, together with 
the distances of the bond critical points from the straight lines 
connecting the nuclei. Values of the bonded radii (R, and R,), 
i.e., the distances along the bond path from the bcp to each of 
the two bonded nuclei, are also listed. 

The difference between bond path length (R,) and conven- 
tional bond length (Re) values amounts here to a fraction of the 
esd of the latter, and in all cases is less than 0.07% of the value 
of Re itself: in other words, all bond paths closely follow the 
straight line connecting the two nuclear attractors. Only for 
C6-07 is the Rb - Re value moderately significant in terms 
of the esd of the bond length: Re = dcc,, = 1.4767(6) A vs. 
Rb = 1.4778 A. Here the bcp is displaced from the line connect- 
ing the nuclei by 0.023 A, corresponding to about 1.6% of the 
bond length. Thus, this bond is slightly but sensibly curved. 

The bonded radii of C atoms in CC bonds are in the range 
0.64-0.80 A; these bcp's are located approximately at the mid- 
point of the bonds, as is apparent from the RAIRb values, none 
of which is less than 0.47. A shift of the bcp position towards 
the C nucleus is observed in CO bonds, where the critical 
points are, on average, at a distance of about 0.39Rb from the C 
atom. This contraction is more pronounced for the keto and 
carboxylic CO bonds. The bond path lengths could not be suc- 
cessfully integrated for most of the CH bonds: reasons for such 
a behaviour are under investigation. The distances of the bcp's 
from the bonded C and H nuclei along the internuclear straight 
line were then taken as approximated bonded radii. A displace- 
ment toward the H nucleus is observed for all CH bcp's, whose 
distances from the H nucleus amount to 0.38Re on average; an 
even greater shift in the same direction is shown by the two 
OH bcp's, at 0.26Rb and 0.23Rb from H18 and H11, respec- 
tively. 

Correlation between density at bcp and bond path length 
The accumulation of density between bonded nuclei balances 
the forces arising mainly from nuclear repulsion, and is there- 
fore expected to increase with decreasing bond length (44). 
The existence of a correlation between ab initio values of the 
density (p,) at the bond critical point and calculated or experi- 
mental equilibrium bond lengths has been demonstrated in a 
number of molecular systems for a variety of intra- and inter- 
molecular bonds (44, 45a-6). Linear and power empirical 
laws have been employed to fit the data, thus allowing 
estimates of electron density values (and related properties) 
from experimental bond lengths: a power law of the form 
pb = A . R L ~  is the simplest model carrying the correct asymp- 
totic behaviour as the bond length increases, but in some cases 
very good correlations have been found with the simpler linear 
model pb = a.Re + b (454. The empirical correlation laws have 
been observed to be more closely satisfied in strained systems 
if bond path lengths instead of geometrical bond lengths are 
considered (44). 

Plots of p, vs. R, for the 13 CC and 6 CO bonds of citrinin 
are shown in Figs. 3 and 4, respectively. It must be stressed 
that no esd's have been computed for bond path lengths nor for 
positions of the critical points; the esd's for pb values come 
from the least-squares refinement. 

CC bonds: the variation of pb for the 13 CC bonds in citrinin 
is best represented by the straight line (Fig. 3) in atomic units: 

Fig. 3. Values p, of electron density at the CC bond critical 
points vs. bond path lengths (R,). Model C, molecule extracted 
from the crystal. The esd's of p, are reported as vertical bars. 

Fig. 4. Same as Fig. 3 for the CO bonds. 

0.45 1 

with a correlation coefficient r = -0.996 and a rms residual a 
= 0.031. Slope and intercept can be compared with those 
reported in the literature from a fit of ab initio 6-3 1G and STO- 
3G values for pb and CC internuclear distances in ethane, 
ethylene, benzene, and acetylene (44): the 6-3 1G fit gave (in 
au) a = -0.283 and b = 1.043; the STO-3G fit gave a = 
-0.184, b = 0.777. Experimental values for CC bonds in cit- 
rinin are therefore in closer agreement with the 6-31G values. 

On the basis of pb and Rb values, CC bonds in citrinin can be 
clearly divided into three groups: C8-C9, C1-C2, and 
C10-C4, with (p,) = 0.326 e ~ ( a u ) ~  and (Rb) = 2.60 au (1.38 
A); C1-C9, C2-C3, C2-C12, C3-C4, and C9-C10, 
with (p,) = 0.284 e ~ ( a u ) ~  and (R,) = 2.74 au (1.45 A); and 
C5-C6, C10-C5, C L C 1 4 ,  C5-C15, and C6-C16, with 
(p,) = 0.246 e/(au13 and (R,) = 2.87 au (1.52 A). These three 
subsets may be clearly identified as the formally double and 
single CC bonds within the extended conjugated system of the 
molecule, and the single CC bonds not involved in conjugative 
interactions. 
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Table 6. Properties" of p  at  the bond critical points (bcp's) of citrinin (model C, molecule extracted 
from crystal). 

Bond P b 4 h, h3 ' 'P, E 

-- - 

"Denslty (p,), curvatures (X's), Laplaclan (V2pb), and ellipt~clty (E) of the density at the bcp's are reported 
Denslty values In e A-', curvatures and Laplacian in e A-'. For pb and V2pb the esd's are in parentheses, and 
refer to the last significant dlgit. For companson wlth the quantities reported in Flgs. 3, 4, and 5, we recall 
that 1 e A-' - 0.1482 au. and 1 e A-' E 0.0415 au. 

The linear fit for the six CO bonds gave (in au): pb = aware of reported correlations for CO bonds in the literature. 
-0.417(29) R, +1.385(73), with r = -0.990 and cr = 0.008 We stress that differences up to 0.1 A in the position of bcp's 
e / ( a ~ ) ~ .  A simple exponential was also fitted to the data for for polar bonds were observed when comparing theoretical 
these bonds, and the fit improved considerably: and experimental electron densities for L-alanine (41): the 

dependence of pb on the R b  for CO bonds is therefore expected 
pb = 8.433 R < ~ . ~ ~ ~  to be sensibly different if values from ab initio densities are 

considered. 
with r = -0.998 and a = 0.01 1 e/(auP (Fig. 4). We are not CH bonds: no correlation could be found for these bonds 
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between pb and Re (the latter were used instead of R,, owing to 
the already mentioned problems in bond path integration). 
This may be partly due to the relatively high uncertainty on H 
positions. 

Bond path angles 
The bond path angle a,, defined as the limiting value of the 
angle subtended at a nucleus by two bond paths, provides a 
measure of the degree of strain induced on bonding density by 
the nuclear framework geometry (46). Bond path angles were 
computed from values of Vp on the bond paths in vicinity of 
the nucleus. Values of a,, and of the corresponding geometri- 
cal bond angles a, at non-H atoms, are reported in Table 5. 
The differences A a  = ab - a, and the values of the angle P 
formed by the geometric bond line and the bond path at the 
nucleus are also reported in the same table. The P values give 
further insight into the relative proportions with which the two 
bond paths considered contribute to the bond angle strain and 
A a  value. 

All bond path angles have values very close to the geometric 
values, and none of the A a  is greater in modulus than 4": the 
bond strain induced on the molecule of citrinin, if any, can 
therefore be estimated fairly well on the basis of the geometry 
of the nuclear framework only. The largest departure of the 
bond path from the straight bond line occurs at C6 for the 
C6-07 bond (P = 3.96"), giving additional evidence of the 
already mentioned small bending of this bond path, which is 
more curved on the C6 terminus. The value of A a  for the 
C5-C6-07 angle is -3", indicating a slightly larger strain than 
the geometrical angle would suggest. 

Curvature of p(r) at the bcp's 
The eigenvalues A of the Hessian matrix of p at a bcp and the 
associated eigenvectors are used in topological analysis to 
characterize chemical interactions (1). The eigenvectors rela- 
tive to X I  and A, define the minor and major axis of the bond, 
respectively. Deviation of the bond charge distribution from 
cylindrical symmetry, as well as conjugative interactions 
between single and double bonds, may be measured in terms 
of bond ellipticity at the bcp, E = (A1/A2) - 1, and angles 
between major axes of neighbouring bonds (1,46,47). For cit- 
rinin, values of the curvatures of p at the bcp's (A's), 
their sum (i.e., the Laplacian v ~ ~ , ) ,  and ellipticities E are 
reported in Table 6. For the CC and CO bonds, the values of E 

and v~~~ are also shown (in au) in Fig. 5. 
It is apparent that on the basis of ellipticity and Laplacian 

values, CC bonds can again be clustered in three groups, as 
already observed when p, and R, values were considered. On 
passing from the single to the double CC bonds of the conju- 
gated system, ellipticities increase, on average, from 0.20 to 
0.33 (the average value for E at the five single CC bonds out- 
side the conjugated system is 0.04). These values reflect an 
increased contraction of the density towards the bond path 
with increasing bond order. The increase in A1 dominates that 
in A2, and leads to the observed trend for ellipticities: along the 
minor axis, the density at the bcp's of the double bonds is more 
curved than at those of the single bonds. The curvature of the 
density along the major axis (the one relative to A2, here 
directed orthogonally to the plane of the central rings) shows a 
less marked dependence on the alternation of double and sin- 
gle bonds along the IT system. Similar behaviour was reported 

Fig. 5. Values (VZp,) of the Laplacian of the electron density at 
the bond critical point and bond ellipticity (E) for CC and CO 
bonds. Model C, molecule extracted from the crystal. The esd's 
of V2p, are reported as vertical bars. 

f 9  

CC bonds 

1 I 
CO bonds 

for the curvatures of ab initio p at the CC bcp's in the series 
ethane, benzene, ethylene (47): E increased mainly because of 
greater XI values, while A2 showed smaller variations with 
increasing bond order, their sign depending on the basis set 
adopted. Values of A,, the curvature along the direction of the 
bond, are nearly constant in the 13 CC bonds of citrinin, and 
remain in the range 12.8-13.7 e A". The observed variation is 
negligible if compared with the pooled esd of the Laplacian at 
these bcp's, 0.7 e it5 (no esd's were calculated for individual 
curvatures of the density). 

For CO bonds, v ~ ~ ,  values span the range - 19.6(15) to 
-32.3(22), with the exception of C6-07, by far the longest 
of all CO bonds, for which the v~~~ value is very close to zero, 
although still negative. The largest negative Laplacian values 
are those pertaining to keto and carboxyl C=O bonds, as 
would be expected on the basis of bond lengths and formal 
bond order (but E'S are of comparable magnitude for all CO 
bonds). The large parallel curvatures A, at these two bonds are 
in keeping with the already observed pronounced displace- 
ment of bcp toward the C atoms, and clearly signal greater 
polarity here than at the alcoholic (Cl-011) and ether 
(C6-07 and C8-07) bonds. 

The conjugated system: bond ellipticity and bond overlap 
In citrinin, an extensive conjugated system is present, span- 
ning the two fused rings of the molecule. The extension of the 
IT system predicted on the basis of traditional chemical reason- 
ing is confirmed by analysis of the overlap between neigh- 
bouring bonds, computed as the scalar product of the 
eigenvectors of A, at the bcp's (1,47), or, equivalently, as the 
angle between the same eigenvectors. Values of such angles 
smaller than 20" are reported in Fig. 6. Major axes are fairly 
well aligned for all CC and CO bonds of the planar part of the 
molecule, while overlap is lost in the C5-C6-07 portion of the 
dihydropyrane ring. The overlap of CO bonds seems poorer 
than the average for the whole IT system (this effect was less 
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Table 7. Topological properties at intramolecular ring critical points. Model C, molecule 
extracted from the crystal. Units for p, h's, and V2p as in Table 6. 

- 

Ringa Cab d (A) p h, h, h, v2p Min (lrrcp - rbCpbd (A) 

"Atoms forming the rings: R1: C1, C2, C3, C4, C10, and C9; R2: C5, C6, 0 7 ,  C8, C9, and C10; 
R3: C1, C2, C12, 017, H11, and 011; R4: C12, C2, C3, 013,  H18, and 018.  

bZa = sum of bcp-rcp-bcp angles. 
'd  = distance of the rcp from the least-squares plane through the bcp's along the ring. 
"Minimum distance from rcp to a bcp of the associated ring. 

Fig. 6. Angles (degrees) between eigenvectors of A, at the bond 
critical points of adjacent bonds. Only values smaller than 20" are 
reported. Values of the angles are shown between the two bonds 
to which they refer. Model C, molecule extracted from the 
crystal. 

pronounced in models A and B, see discussion below). Inter- 
esting and unexpected features arise in connection with the 
exocyclic C L C 1 4  bond, linking the methyl group at C14 
with the unsaturated system. The bond path length for this 
bond is the smallest and ellipticity the highest amongst the sin- 
gle C-C bonds of the molecule. Its major axis is aligned 
almost parallel to those of the C3-C4 and C L C 1 0  bonds 
within the ring (angles of 9" and 6", respectively). These 
details, however small, may be interpreted as invoking some 
kind of hyperconjugative interaction (47a) of this methyl with 
the unsaturated system of citrinin, inducing a slight double 
bond character in what is formally a single bond. It is notice- 
able that even the major axes of the C l L H 4 A  and C l L C 4  
bonds are fairly well aligned; the same is observed for the pair 
of H8-C8 and C8-C9 bonds. Both H4A and H8 atoms 
approximately lie in the plane of the quinonoid system, torsion 
angles T(H~-C8-C9-C 1) and T ( H ~ A - C ~ ~ - C ~ - C  10) being 
-7.04(4)" and -7.79(5)", respectively. We recall that on the 
basis of the topology of p(r) at NH bonds, recent ab initio cal- 
culations have shown that in crystalline urea conjugation 
extends across the net of N-H.-.O bonds (48). 

The intramolecular rings and ring critical points 
Four six-membered topological rings are present in citrinin: 
the quinomethide ring R1, the dihydropyrane ring R2 con- 

densed to it, and the two rings formed by the intramolecular 
hydrogen bonds HI1 ... 0 1 7  (R3), and H 18.--013 (R4). Topo- 
logical properties at the corresponding ring critical points 
(rcp's) are summarized in Table 7. Each of these rcp's lies 
very close to the least-squares plane passing through the six 
bcp's along its associated ring; only for the rcp of R4 is this 
distance as high as 0.047 A. 

The ring R1 shows a remarkable degree of planarity: the 
maximum distance from the least-squares plane through the 
six nuclei is 0.037 A for atom C9. An almost complete overlap 
between all bonds forming the ring, as already discussed in a 
previous section, is observed: all major axes are oriented per- 
pendicularly to the ring. The C8-C9-ClO-C5 portion of the 
dihydropyrane ring R2 is also fairly planar, while atoms C6 
and 0 7  are 0.782 and 0.314 A apart, respectively, from the 
least-squares plane through the other four atoms. An even 
greater degree of planarity is exhibited by rings R3 and R4, 
where no nuclei are further than 0.01 1 and 0.014 A from the 
best plane through the six atoms in each ring. 

Incipient ring opening through breaking of a given bond is 
known to be signalled by displacement of the rcp toward the 
bcp of that bond: the process occurs by coalescence of these 
two critical points, with annihilation of one of the positive cur- 
vatures at the rcp with a negative curvature at the bcp. An 
opening of the ring effected via rupture of the bond thus 
requires the negative curvature A, along the direction pointing 
toward the rcp to become less and less negative as the rcp and 
the bcp approach, so that an increase in bond ellipticity at the 
same bcp is also observed (1,46,49). 

In citrinin, the relatively high values of ellipticity at the 
0.e-H bcp's might suggest potential instability of both R3 and 
R4 ring structures. The rcp's for these rings are indeed found 
to be significantly displaced towards the corres onding 0.a.H 1 bcp's, at distances of 0.827 (in R3) and 0.837 (in R4), to be 
compared with values for the average distances from the 
remaining five bcp's along each ring, 1 .187 and 1.172 A, 
respectively. (For rings R1 and R2 all distances of the rcp's 
from the surrounding bcp's are in the range 1.21-1.27 A and 
1.18-1.24 A, respectively: in both cases the rcp is located vir- 
tually in the middle of the six-membered ring.) And yet, val- 
ues of the density and A, curvatures at the bcp and rcp are 
sensibly different in both rings R3 and R4. Furthermore, no 
appreciable alignment is observed between the eigenvector 
relative to A2 at the rcp, and the major axis of the 0.s.H bond. 
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Table 8. Properties" of p at the intermolecular bond critical points (bcp's) of citrinin (model C). 

Bond R, (A) R, (A)b Re (A)" Pb V2Pb E 

H5'...013 2.329(8) 0.946 1.384 0.070(4) 0.97(3) 0.23 
H6A...018".399(10) 0.984 1.418 0.070(5) 0.86(3) 0.08 
H6Ce...01 1 2.421(9) 1.002 1.423 0.060(4) 0.86(2) 0.05 
H&'-.017 2.423(9) 1.015 1.410 0.060(3) 0.90(2) 0.14 

"Density (p,), Laplacian (V2pb), and ellipticity (E) of the density at the bcp's are reported. Units as in 
Table 6. 

bAs in note b of Table 4. 
'H5 at x + 112, -y + 112, -2. 
"018 at - x +  2, y + 112, -z+  112. 
'H6C at -x + 312, -y + I ,  z + 112. 
fH8 at x + 112, -y + 112, -z + 1. 

These angles amount to 33" and 49", respectively, for R3 and 
R4. It can be concluded that the two intramolecularly hydro- 
gen-bonded rings in citrinin are topologically stable. 

Dependence of topological properties on models 
The overall picture of the bonds involving H atoms, as inferred 
from the values of the topological properties at the bcp's, more 
closely resembles that of covalent interactions once ADP's 
and quadrupoles are introduced to the H atoms, that is, on 
moving from model A to model B. The bond critical points of 
CH and OH bonds in model B are shifted toward H nuclei at 
about 3-8% of the value of their distance from H in model A. 
Values of pb of CH and OH bonds are increased by 2.3 esd's, 
on average, and all V2pb values become more negative by more 
than 2 esd's. Topological properties at the bcp's of bonds 
between non-H atoms are instead virtually unchanged: pb 
increases by about 0.2 esd's, on average, while v2pb values 
become more negative by about the same fraction of the asso- 
ciated esd, because of less pronounced parallel and larger per- 
pendicular curvatures. 

Figures 7a and 7b show maps of -v2p(r) in a plane through 
rings R3 and R4, for models A and B, respectively. We recall 
that charge depletion and charge concentration regions in a 
given molecule appear as holes and lumps, respectively, in 
plots of -V2p(r): charge is local1 concentrated (depleted) in Y .  . those regions of space where -V p is positive (negative) (1). 
The major differences between the pictures of charge concen- 
tration and depletion in the two maps are apparent in the 
regions around atoms HI1 and H18: in Fig. 7b, the valence 
shells of these H atoms are connected to those of the bonded 0 
atoms, and their shape is no longer circular (as it is in Fig. 7a), 
but is more realistically elongated toward the hydrogen bond 
acceptors 0 1 7  and 013.  On the other hand, the same model B 
shows a negative region of -V2p between atoms C1 and 0 1  1. 
Also, in the remaining CO bonds a contraction of the valence 
charge concentration away from the middle of the bond is 
observed on passing from model A to B, although the valence 
shells of these C and 0 atoms are still connected. Both maps 
show contours at -V2p = 96.4 e k5 (4 au) around the sp2 
atoms 0 1 3  and 017, on opposite sides with respect to the 
direction of the CO bond, and at about 120" from it. Such non- 
bonded valence charge concentrations correspond to the lone 
pairs for these atoms (1, 50, 51). 

Upon introduction of radial parameters, the picture of all CC 
and CO bonds of the molecule becomes more polar: V2pb val- 

ues become less negative; ellipticities decrease (both X I  and X2 
become less negative, but the latter undergoes a larger percent 
shift, on average); the average ratio x , / ( ~ I x , + x ~ I )  increases 
from 0.96 to 1.04. A slight loss of conjugation of CO bonds 
with the rest of the T system is signalled by an increase of the 
angle giving the overlap, whose average value at 0 atoms goes 
from 9.3" (model B) to 14.3" (model C). When comparing the 
maps of -V2p(r) for models B and C (Figs. 7b and 7c) the 
increased polarity of the CO bonds is clearly visible: the trend 
already observed on passing from model A to model B is here 
enhanced, so that regions of charge depletion now intervene 
between atoms C3 and 0 1 3  and between atoms C12 and 018. 
Only C12-017, the shortest of these CO bonds, still shows 
connected C and 0 valence charge concentration regions. 

Intermolecular contacts and (3,-1) critical points in the 
crystal 

A full topological characterization of the crystal structure, 
defined as the net of the bond paths obtainable for the density 
of the solid (3), has not been attempted. Reliable and robust 
algorithms have recently been proposed that would allow for a 
complete recovering of the net of.critica1 points of the experi- 
mental density in the crystal (52, 53): none of them has been 
yet implemented in our version of VALRAY. Only a subset of 
the critical points of the crystalline electron density was there- 
fore found by a conventional Newton-Raphson s e a r ~ h . ~  The 
search was started between all symmetry-unique pairs of 
nuclei whose distance was smaller than the sum of the van der 
Waals radii. All pseudoatoms within a contact radius of 5 A 
contributed to p(Vp, v2p) at a given point. Iteration was 
deemed to have reached convergence if none of the compo- 
nents of the calculated shift was higher than 0.001 A; if no crit- 
ical point was found after 10 iteration$, the search was 
stopped. 

All of the 39 critical points already found when analysing 
the density of the molecule extracted from the crystal were 
also recovered in the solid: these critical points are equivalent 
in number and type, and their positions are virtually the same, 
as those of the critical points already discussed for the "iso- 
lated" molecule. A set of four (3,- 1) critical points relative to 
intermolecular interactions was also recovered. Table 8 

For a discussion of the shortcomings of this technique when 
dealing with systems with non-trivial topology see ref. 52. 
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Fig. 7. Contour maps (7.2 x 5.0 A) of -VZp in the plane of rings 
R3 and R4 of citrinin, molecule extracted from the crystal. The 
plane is defined by atom C2 and by the (3,- 1)  critical points of 
bonds 01 I-H11 and C2-C12. Origin at the latter bcp. None 
of the atoms is further than 0.02 A from the plane. Solid lines: 
negative Laplacian, contour lines at -4 x lo-', -2 x lo-', -8 x 

-4 x -2 x lo-', -8 x lo-' au. Broken lines: positive 
Laplacian, contour levels at 2 x lo", 4 x 10". 8 x 10" au, with n 
beginning at -2 and increasing in steps of unity up to n = 0. Zero 
contour omitted. (a )  Model A; (b) model B; (c )  model C. 

reports the main topological properties at these (3,- 1) bcp's, 
all of which are located in between 0 and H atoms of neigh- 
bouring molecules, with O...H distances of 2.329(8) to 
2.423(9) A. Density values span the range 0.0M.07 e A-3; the 
small and positive values of V2pb are characteristic of non- 
shared interactions dominated by the curvature along the 
internuclear direction. Also for these bonds an inverse rela- 
tionship is observed between Re and pb values. 

Finally, we mention that 14 (3,+1) and 3 (3,+3) symmetry- 
unique critical points were also found,g the former group 
including the four intramolecular rcp's. The PoincarC-Hopf 
relationship governing the type and number of critical 
for an extended system (3, 54) is not satisfied by this set of 
critical points, in that four more cage critical points (3,+3) 
would be required, if all other cp's are assumed to have been 
recovered. We mention that the intermolecular (3,+1) and 
(3,+3) cp's are located in low-density and flat regions within 
the crystal. Curvatures there are often very close to zero, and 
the exact rank and signature of the critical point become 
uncertain. 

Chemical reactivity and the molecular reactive surface 
When treated with alkali, citrinin (1) is known to yield the 
alcohol (2) (55): 

_____+ 

HOOC 

The reaction involves a nucleophilic attack at the C8 carbon 
atom in the dihydropyrane ring. It has been shown that the 
geometry of approaching reactants and the relative reactivity 
of different sites within a given molecule can be rationalized 
by making use of the distribution of v2p(r) (1). We have not 
yet performed the topological analysis of the Laplacian of the 
experimental charge density for citrinin. Qualitative evidence 
about the electrophilic character of a given site can neverthe- 
less be obtained from the values of the Laplacian function 
alone. A display of the reactive surjiace of the molecule, 
defined as the v2p = 0 isosurface, traces the separation 
between regions of charge concentration and charge depletion, 
and gives an effective description of the qualitative affinity of 
the various molecular portions toward Lewis acids and bases 
(1,51). 

Figures 8a and 8b show plots of the reactive surface in the 
dihydropyrane ring R2 of citrinin, for densities from models C 
and A, respectively. In both maps the surface shows holes 
through which the inner zero surfaces between core charge 
concentration and core charge depletion for some of the C 
atoms are visible. No valence charge concentration region is 
encountered while moving away from these atoms along the 
viewing direction. In both plots, this feature is particularly 

A full specification of the atoms forming the rings (cages) 
associated with the points found would require tracing out the Vp 
trajectories from the rcp's (cage cp's) and terminating at the 
surrounding attractors. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Roversi et al. 1159 

Fig. 8. Isovalue surface of -VZp for citrinin. The surface drawn Fig. 9. -VZp = 0 isovalue surface for citrinin, isolated molelcule, 
is the -VZp = 0 surface, the reactive surface. The values of the model C. The values of the negative Laplacian were sampled on 
negative Laplacian were sampled on an orthogonal grid in a box an orthogonal grid in a box of size 5.85 x 4.65 A, and extending 
of size 4.2 x 4.2 A, and extending 1.35 A above and below the 1.35 A above and below the plane mapped in Fig. 7. - 

plane defined by the atoms C6 and 07 ,  and the ring critical point 
of the dihydropyrane ring R2. (a) Model C; (b) model A. 

pronounced around atom C8, which is therefore predicted to 
be the most suitable site for nucleophilic attack in this portion 
of the molecule. We emphasize the striking difference 
between this atom and other C atoms in the ring, e.g., C 9  
(which has similar sp2 hybridization) or C6 (which is bonded 
to the same oxygen 07) .  A completely equivalent image of the 
reactive surface is obtained when viewing it from the other 
side of ring R2, again indicating carbon C8 as the most elec- 
trophilic site in this ring. 

Figure 9 shows the reactive surface (model C) for the 
molecular portion containing rings R3 and R4. Around all car- 
bon atoms bonded to oxygen in the mapped region, the zero 
envelope of the Laplacian shows pronounced holes and miss- 
ing valence charge concentration regions along directions 
approximately orthogonal to the plane of the rings. As far as 
can be judged from the display of the reactive surface, these 
carbon atoms are also indicated as possible sites of nucleo- 
philic attack. It is seen that the experimental picture of the 
charge density distribution in citrinin is in keeping with the 
known chemical reactivity of the molecule in alkali, although 
quantitative predictions about the preferred site of nucleo- 
philic attack must await a thorough analysis of the -VZp field. 

Concluding remarks 

The wealth of chemical information obtainable from careful 
and accurate measurement and processing of low-temperature 
diffraction intensities has been demonstrated in the case of cit- 
rinin. Valence deformation terms are sensitive to data up to 
about 0.8 A resolution only, but the number and quality of 
higher order data are essential to attain a satisfactory deconvo- 
lution of the dynamic features from the experimental density. 
Although of minor importance in the system under study, 
where no significantly strained bonds are present, bond path 
lengths and bond path angles have been shown to usefully 
complement the information given by the traditional bond 
lengths and angles computed from the nuclear geometry. 
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Other important chemical features of the system under study, 
such as conjugation and hydrogen bond stability, have been 
shown to be successfully redescribed in terms of topological 
quantities at the bcp's of the experimental density. Good 
agreement with published theoretical results for the inverse 
correlation between pb and R, values for CC bonds has been 
obtained, and a similar relationship for the CO bonds estab- 
lished. 

Adoption of calculated ADP's and concomitant multipolar 
expansion up to the quadrupolar level on H atoms has yielded 
a more realistic shape of their valence charge concentration 
region. However, only a variation of the standard radial depen- 
dence of monopole and higher poles radial functions could 
prevent the density from acquiring small negative values in 
regions far from the non-H atoms. 

Topological analysis has proven very valuable in revealing 
the sometimes subtle dependence of the picture of the density 
upon the model adopted in interpreting the X-ray data. The 
tracing of bond paths in the solid and the implementation of 
robust and automatic algorithms to locate all kinds of critical 
points and calculate interatomic surfaces in the bulk are the 
main directions along which we plan our future work, to 
achieve a complete topological analysis of experimental elec- 
tron densities. 

The picture we obtain for CO bonds in citrinin closely 
resembles that of polar interactions, with pronounced parallel 
curvature and considerable contraction of density toward the 
nuclei. The charge depletion intervening in the middle of these 
bonds is at variance with ab initio results (1): the shape we find 
might be an artifact due, at least in part, to inability of our 
radial functions to fit the density in these bonding regions. Fur- 
ther investigation of the role played by these radial functions in 
modelling experimental densities is therefore demanded. 

For the first time (to our knowledge), a reactive surface has 
been plotted from values of the Laplacian of an experimental 
density. The shape of the surface has been found to be in 
agreement with the known electrophilic character of one of the 
C atoms of the molecule under study. On the other hand, only a 
complete analysis of the topology of the Laplacian of the den- 
sity would allow the charge density study to be of help in ratio- 
nalizing chemical reactivity in a more quantitative way. 
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A theoretical study of some X-H0--n hydrogen- 
bonded complexes using the theory of atoms 
in molecules 

Ting-Hua Tang and Yun-Ping Cui 

Abstract: a-Type hydrogen-bonded complexes consisting of hydrogen halide HX (X = Cl, F) and the carbonxarbon triple or 
double bond of vinyl acetylene (1-buten-3-yne, HC--C-CH=CH,) have been studied. The vinyl acetylene molecule contains 
two possible a-bonding sites (C* and C=C). It offers three possible structures of C4H,...HX that comprise two T-type bonds 
to C=C (endo and exo approaches) and one T-type bond to C% (perpendicular approach). The optimized geometries and the 
hydrogen-bond stabilization energies, based on MP2(FULL)/6-31 l++G(d,p)//6-3 lG(d,p) calculations, indicate that the a-type 
hydrogen bond to a C=C triple bond leads to a more stable complex than for an analogous bond to C=C. The calculated global 
minima for the complexes with HF and HC1 correspond to the H-X moiety lying along a bisector of the C=C triple bond in the 
endo approach, predictions that are in good agreement with the reported FTMS results. The topological properties of the electron 
density distributions of these two systems have been analyzed in terms of the theory of atoms in molecules. The nature of a-type 
hydrogen bonds has also been discussed using the Laplacian of the electron density, VZp. The complexes C,H,...HX and 
C,H4-,HX as well as the hydrogen-bonded complex consisting of 2-butyne (CH,-CS-CH,) and HC1 were also studied for 
comparison. 

Key words: ab initio calculation, hydrogen bonding, topological analysis of electron density, vinyl acetylene, 2-butyne. 

Resume : On a ttudit les complexes B liaisons hydrogbnes de type a formts par des halogtnures d'hydrogbne (HX, X = Cl, F) 
et la liaison carbonexarbone double ou triple du vinylacttylbne (but-1-bn-3-yne, HCGC-CH=CH,). La moltcule de 
vinylacttylbne comporte deux sites possibles de liaisons a (C* et C=C). I1 existe trois structures possibles de C4H4.-HX qui 
comprennent deux liaisons de type T par rapport B C=C (approches endo et exo) et une liaison de type T par rapport B C=C 
(approche perpendiculaire). Les gtomttries optimistes et les Cnergies de stabilisation de la liaison hydrogbne, bastes sur des 
calculs MP2(FULL)/6-31 l++G(d,p)//6-31G(d,p) indiquent que la liaison hydrogbne de type a B une liaison triple CEC conduit 
B un complexe plus stable que celle pour une liaison C=C analogue. Les minima globaux calcults pour les complexes avec HF 
et HC1 suggbrent que, dans l'approche endo, la portion H-X se trouve sur une bissectrice de la liaison triple C s C ,  une 
prediction qui est en bon accord avec les r6sultats de FTMS dtjB rapportts. On a analyst les proprittks topologiques des 
distributions de densitt tlectronique de ces deux systbmes en termes de la thtorie des atomes dans les moltcules. On a discutt de 
la nature des liaisons hydrogbnes de type a en faisant appel au laplacien de la densitt tlectronique, VZp. De plus, pour fins de 
comparaison, on a ttudit les complexes C,H,-.HX et CZH4.-HX ainsi que le complexe B liaison hydrogbne form6 entre le but-2- 
yne (CH,-Cs-CH,) et le HC1. 

Mots clks : calculs ab initio, liaison hydrogbne, analyse topologique de la densitt tlectronique, vinylacktylbne, but-2-yne. 

[Traduit par la rkdaction] 

Introduction 

X-H...n type hydrogen-bonded complexes, consisting of a 
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hydrogen halide molecule HX as proton donor and the car- 
bon-carbon multiple bond as proton acceptor, are usually con- 
sidered to be the initial stage of an electrophilic addition to the 
alkene or alkyne, with an X-H orientation that is perpendicular 
to the CC multiple bond. These complexes were studied 
experimentally by traditional thermal analysis almost four 
decades ago (1); more recently, for more reliable determina- 
tions, by Fourier transform microwave spectroscopy (FTMS) 
as well as IR spectroscopy in the gaseous state (2-5); and most 
recently by X-ray scattering in the crystal (6). Theoretically 
based ab initio calculations have also been reported in the lit- 
erature (7-10). In our previous study (lo), the calculated 
(MP216-3 lG(d,p)l16-3 lG(d)) n-type hydrogen-bond stabili- 
zation energies for C2H,.HF, C2H,.HF, C3H6.HF, and 
C6H6.HF were reported and the nature of the n-type hydrogen 
bond was discussed in a preliminary fashion on the basis of 
topological property analysis of the electron density distribu- 
tion in the theory of atoms in molecules (AIM) (1 1). Lin and 

Can. J. Chern. 74: 1162-1170 (1996). Printed in Canada / IrnprirnB au Canada 
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Tang and Cui 

Bytheway (12) very recently reported the analysis of the 
Laplacian of the electron density of C2H,.HC1, which was then 
compared with the C,H,.ClBr system. 

Experimentally, vinyl acetylene (1-buten-3-yne, HC*- 
CH=CH,), which is a molecule with both double and triple 
carbon-carbon bonds, has been used to determine which of 
the two sites and which of the two approaches (ex0 or endo) 
for the C=C triple bond was the most attractive for T-type 
hydrogen-bond formation with HC1 (4) and HF (5). From 
these reported FTMS experimental results (4, 5), both HX 
molecules (X = C1, F) preferably attach to the C=C triple 
bond in vinyl acetylene in an endo approach. Also, an X-ray 
crystal structure determination of 2-butyne.HC1 has been 
reported (6) in which the solid-state T-shape geometry of C1- 
H. . . r  type hydrogen bonding was convincingly displayed. It is 
necessary to deepen our understanding of the structure, the 
nature of bonding, and the energetics of these T-type hydro- 
gen-bonded complexes. To further characterize the chemical 
nature of r- type hydrogen bonding in these complexes we 
have carried out a topological analysis of their electron den- 
sity, p(r). The analysis of topological properties of the critical 
points of p and its associated Laplacian VZp(r) is a useful tool 
for the characterization of atomic interactions within mole- 
cules (1 1). It is the purpose of the present paper to give further 
insight into the details of the bonding in these r- type hydro- 
gen-bonded complexes. 

Methods 

All geometries were optimized at the 6-3 lG(d,p) level of the- 
ory (13). The hydrogen-bonded stabilization energy is defined 
in the thermodynamic sense as the difference between the total 
energy of the hydrogen-bonded complex and the sum of the 
total energies of the HX (X = F, C1) and the hydrocarbon mol- 
ecule that form the complex. The correlation-energy correc- 
tions were obtained by using M~ller-Plesset perturbation 
theory at the second-order level (MP2) (14). For r-type hydro- 
gen-bond stabilization energy calculations, single-point 
MP2(FULL)/6-3 1 1 ++G(d,p) (1 5) (MP2(FULL)/6-3 1 1 ++G- 
(2d,2p) for the 2-butyne.HC1 complex) calculations, in which 
all electrons are included, were performed on 6-31G(d,p) fully 
optimized geometries. All ab initio calculations were per- 
formed using GAUSSIAN 90 (16a) and GAUSSIAN 92 programs 
(16b). 

Recently, inter-, intra-, and r-type hydrogen bonding have 
been analyzed using the theory of atoms in molecules (AIM) 
(10, 1 1, 17) to elucidate the nature of the hydrogen bonding. In 
this theory, the topological properties of the electron density 
distribution of a molecule are based on the gradient vector 
field of the electron density Vp(r), and on the Laplacian of the 
electron density VZp(r). Several excellent reviews have been 
published (1 1) on this subject and it has been discussed in 
detail elsewhere; therefore only a brief description of some 
selected topological parameters pertinent to the present work 
is given here. The electron density distribution of a molecule is 
described by p(r, X) where r is a vector in ordinary three- 
dimensional space and X represents a particular set of nuclear 
coordinates in the space corresponding to the nuclear configu- 
rations of the molecule in question. An atom in a molecule is 
defined as a region of real three-dimensional space bounded 
by a zero-flux surface. The points on this surface satisfy 

Vp(r).n(r) = 0 where n(r) is the unit vector normal to the sur- 
face at r. Two interacting atoms in a molecule form a critical 
point in the electron density, where Vp = 0, called a bond crit- 
ical point (BCP). The pairs of gradient paths that originate at a 
BCP and terminate at neighbouring nuclei define a line, called 
an atomic interaction line, through which electron distribution, 
p(r), is a maximum with respect to any lateral displacement. 
The presence of such a line, linking two nuclei in a molecule, 
which exists in a minimum energy geometry, implies that two 
atoms are bonded to one another and in this instance this line is 
called a bond path. The necessary condition for two atoms to 
be bonded to one another is therefore that their nuclei be 
linked by a bond path. The network of bond paths for a mole- 
cule in a given nuclear configuration X defines the molecular 
graph, which essentially is the union of the closures of the 
bond paths. Such a topological graph usually corresponds to 
the commonly drawn chemical bond network. 

The electron density, p(r), at the BCP is related to the bond 
order and therefore to the bond strength (18). The eigenvalues 
associated with the second derivatives of p, at the BCP (X,, X,, 
and X,) indicate how rapidly the density changes on moving 
away from the BCP and represent the curvatures of electron 
density along different directions. For a normal single bond, 
such as the C-C bond in ethane, the two negative curvatures 
(XI and A,), which are perpendicular to the bond line, are 
approximately equal. However, if there is a double bond, one 
curvature (in the direction of the r-bond) will be much smaller 
than the other. This difference may be described by the ellip- 
ticity, E ,  of the bond, which is defined as E = X,/X, - 1, in 
which X, is the curvature of smaller magnitude. For a single 
bond, X I  = A,; therefore E = 0. For a double bond, X I  > X,; 
therefore E > 0. For aromatic systems, in general, E is in 
between a typical single and a typical double bond. For sym- 
metrical triple bonds, since X I  = X,, E is equal or close to zero. 
In practice, the trace or the sum of the second partial derivative 
values of V2p(rb) = Xj=,,,a2p (rb)lax; at the BCP, denoted by 
rb, is negative for a covalent interaction. The trace of V2p(rb) is 
positive for an interaction between closed-shell systems. A 
critical point, at which p(r) has one negative curvature and two 
positivecurvatures, can be defined as a ring critical point. The 
existence of a ring critical point, at which the density p(r) is 
smaller than that of all surrounding BCPs, indicates that the 
molecule contains a ring structure. Of particular interest to the 
present study is the La lacian of the electron density, the P - quantity at any point, V p(r) - Xj=1,3a2p(r)la2x~, that deter- 
mines the regions of space wherein the electron density is 
locally concentrated or depleted. From the definition of a sec- 
ond derivative, one finds that p(r) is greater than the average of 
its values over an infinitesimal sphere centered on r ,  when 
V2p(r) < 0, and p(r) is less than this average when vZp(r) > 0. 
Thus a local maximum (or minimum) in -vZp(r) signifies a 
local concentration (or depletion) of electron density. It has 
been reported (1 1, 19) that these magnitudes of -VZp(r) can 
be used to study the preferred orientation of electrophilic and 
nucleophilic attack. The site of Laplacian depletion favors 
nucleophilic and the site of Laplacian concentration favors 
electrophilic attack. Moreover, in some series of closely 
related~molecules the Laplacian can give quantitative forma- 
tion concerning relative protonation energies (20). On the 
other hand, the use of the Laplacian VZp(r) for the study of 
hydrogen-bonded complexes has been reported (17e-i). This 
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method is superior to some conventional models (21-23). In 
the above method using the Laplacian ~ ~ ~ ( r ) ,  no models are 
employed and no parameters are used, as it is determined by 
the electron density, for predicting chemical behaviour of 
hydrogen-bonded complexes. The numbers, locations, and rel- 
ative sizes of the bonded and nonbonded concentration of 
charge in the valence shell of a bonded atom, as determined by 
the Laplacian of p(r), are found to be in generally good agree- 
ment with the corresponding properties ascribed to bonded 
and nonbonded pairs in Gillespie's VSEPR model of molecu- 
lar geometry (24). 

The AIMPAC program3 was employed for the electron density 
topological analysis, using the electron densities obtained 
from the MP2(FULL)/6-3 1 l++G(d,p) calculations (MP2- 
(FULL)/6-3 1 1++G(2d,2p) for the 2-butyne.HC1 complex). 

Results and discussion 

1. Optimized geometries and n-type hydrogen-bond 
energies 

For vinyl acetylene, H C S - C H = C H 2  (C4H4), there are three 
possible approaches for the incoming HX forming C4H4.HX 
IT-type hydrogen-bonded complexes. These are endo and exo 
approaches to the carbon-carbon triple bond as well as a per- 
pendicular approach to the carbon-carbon double bond at the 
other end of the molecule. 

perpendicular approach 

@ b endo approach 

The full geometry optimizations for the aforementioned 
molecules and their hydrogen-bonded systems were carried 
out using the 6-31G(d,p) basis set. The results of geometry 
optimization of the C4H4.HX (X = F, C1) systems, considering 
different approaches by HX to form C4H4.HX complexes, 
together with the optimized geometries of HX, C2H2, C2H4, 
C4H4, C2H2.HX, C2H4.HX, C4H,.HC1, are shown in Fig. 1. 
The hydrogen-bond energies for the 11 systems mentioned 
above are tabulated in Table 1. It can be seen from the first two 
columns of Table 1 that increasing the size of the basis set 
decreases the hydrogen-bond energy. It seems that if the basis 
set used is smaller, then the basis set superposition error 
(BSSE) is larger - which erroneously provides an extra stabi- 
lization energy. Thus the larger basis set results are more reli- 
able. The third column contains hydrogen-bond energies that 
include correlation-energy corrections. 

Available from Professor R.F.W. Bader's laboratory, McMaster 
University, Hamilton, ON L8S 4M1, Canada. 

It was reported earlier (17A 25) that if the basis set has dif- 
fuse functions and polarization functions on each of the atoms, 
then the BSSEs are quite small and these will not influence the 
trends in the computed hydrogen-bond energies. From Table 1 
it can be seen, very clearly, that the IT-type hydrogen bond to 
the C=t  bond among vinylacetylene.HX (C4H4.HX) com- 
plexes (10-15) leads to a more stable complex than for an 
analogous complex involving the C=C bond. For the sake of 
comparison, the hydrogen-bond energies of C2H2.HX and 
C2H4.HX complexes (5-8) were also calculated. The calcu- 
lated global minima for these C4H4.HX complexes, with HF 
and HC1 (complexes 11 and 14), correspond to the HX moiety 
lying along a bisector of the C = C  bond in the endo approach. 
Moreover, in these optimized eometries of complexes 11 and 
14, the R,, ,.., equals 3.161 1 and the equals 3.824 
A. These predictions are in good agreement with the reported 
FTMS experimental results (4, 5). Also there is a significant 
amount of hydrogen-bond energy (-4.87 kcal/mol) for the 2- 
butyne.HC1 (C4H6.HCl, 17) complex. Obviously it is a stable 
complex that is, in fact, in good agreement with the X-ray 
determination of its solid-state geometry (6). 

2. Molecular graphs of m-type hydrogen-bonded 
complexes 

The topological properties of the electron density distributions 
of these 1 1 (5-8,lO-15,17) complexes have been analyzed in 
terms of the theory of atoms in molecules. For these hydrogen- 
bonded systems the location of all BCPs and attractors were 
determined: and the molecular graphs were mapped out for 
the hydrogen-bonded systems studied. These molecular 
graphs of the C,H2.HX, C2H4.HX, C4H4.HX (X = F, Cl), and 
C4H6.HC1 complexes are shown in Fig. 2. As shown in this 
figure, IT-type hydrogen bonding does exist and it is perpen- 
dicular to the C* and C--4 bonds. All of them have the 
same "conflict type" structure. In particular, it is found, for 
C4H4.HF complexes, that both the endo and exo approaches 
lead to complexes that are nearly planar, with the proton of H F  
directed towards the triple CEC bond in vinyl acetylene, 
forming a IT-type hydrogen bond. Furthermore, a second 
hydrogen bond is formed between H of a C-H bond and F of 

For the monomers and complexes containing a carbon-carbon 
triple bond, there is an exceptional local maximum in p(r) on the 
axis between two acetylenic carbons at the 6-3 1G(d, p) level of 
theory. For example, in acetylene, there is a local maximum in 
p(r) at the midpoint of the = bond (p = 0.4 180 au) and two (3, 
- 1) critical points, besides this maximum, at which p = 0.4146 
au. In better approximations (MP216-3 1 l++G(d,p) or MP216- 
3 1 l++G(2d,2p)) for these monomers and complexes, these 
spurious maxima are no longer present. Similar results were 
reported (18a) previously for acetylene and its methyl derivative 
at the STO-3G level of approximation. For a comparison of 
HF-SCF, CI, and DFT, it was reported recently (26,27) that the 
electron density in the BCP regions is overconcentrated by 
HF-SCF (probably it causes the existence of an exceptional local 
maximum in p(r) on the axis between two acetylenic carbons) and 
is reduced correctly by DFT. In our further calculations, there is 
no exceptional local maximum at all in p(r) on the axis of the 
C q  bond in C2H2, C2H,-.HF, and C2H2.-HCl systems using 
DFT at the B3LYPl6-31G(d,p) level of theory. In the monomer, 
C2H2, there is only one (3, - 1 )  BCP at the midpoint of the 
bond, at which p = 0.4023 au. 
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Tang and Cui 1165 

Fig. 1. The 6-31G(d,p) optimized geometries of C,H,.HX, C,H,.HX, C,H,.HX, and C4H6.HX hydrogen-bonded complexes and their 
components: 1, HF; 2, HC1; 3, C2H2; 4, C2H4; 5, C2H2.HF; 6, C2H2.HCl; 7, C2H4,HF; 8, C,H,.HCI; 9, C4H4; 10, C4H4.HF (exo approach); 
11, C4H4.HF (endo approach); 12, C4H4.HF (perpendicular approach); 13, C4H4.HC1 (ex0 approach); 14, C4H4.HCI (endo approach); 15, 
C4H,.HCl (perpendicular approach); 16, C4H6; and 17, C,H,.HCI. Bond lengths are in A and angles are in degrees. 

F 
10.90 33 

H-F 
0.9005 

1 

H-CI 
1.2656 

2 

HF and a ring critical point is found, which confirms a ring 
structure (Figs. 2e and 2A. No second hydrogen bond is found 
in the HCl complexes. In Figs. 2g and 2h, the HX perpendicu- 
lar approach to the C=C bond yields a hydrogen-bonded sys- 
tem. Since a conflict structure is an unstable structure (1 1, 
18a), perturbation from the acetylenic group is strong enough 
to cause the hydrogen bond path to switch to the carbon of CH, 
and it no longer points towards to the centre of the C=C bond 
as is the case in C2H4 HX (Figs. 2c and 26). 

3. The nature of m-type hydrogen bonds 
The values that are characteristic of hydrogen bonds, associ- 
ated with the BCPs for C,H,.HX, C2H4,HX, and C4H4.HX (X 
= F, Cl), are given in Table 2 as computed at the MP216- 

31 l++G(d,p) level of theory as well as for the C4H,.HCl sys- 
tem computed at the MP216-3 1 1++G(2d,2p) level. 

The nature of these hydrogen bonds, both TT- and u-type, 
can be further investigated from the distributions of the Lapla- 
cian of the electron density, ~ ~ ~ ( r ) .  Firstly, in general, at the 
BCP, covalent bonding (shared interaction) is characterized 
by v2p(rb) < 0, while the interaction of two closed-shell atoms 
is characterized by v2p(rb) > 0 (1 I). Indeed, the values of 
v2p(rb), where rb denotes the BCP of the hydrogen bonds in 
these complexes, are all positive as in Table 2. These values 
clearly show that these hydrogen bonds, in the above-men- 
tioned complexes, both TT- and u-type, result from the interac- 
tion of two closed-shell systems. Secondly, it was reported 
(17e) that in the Lewis base.HX complexes the nonbonded 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1166 Can. J. Chem. Vol. 74, 1996 

Table 1. The calculated hydrogen-bond energies (kcallmol) for the C,H,.HX, C,H4.HX, C4H4.HX (X = F, Cl), and C4H,.HC1 systems. 

System 6-31G(d,p)//6-3 lG(d,p) 6-3 1 l++G(d,p)//6-3 lG(d,p) MP2(FULL)/6-3 1 1++G(d,p)//6-3 lG(d,p) 

C,H,.HF 
C,H,.HCl 
C,H4.HF 
C,H4.HC1 
C4H4.HF 

C (endo) 
III...HF 
C (exo) 

C 
II...HF 
C (perpendicular) 

C4H4.HCI 
C (endo) 
III...HCI 
C (exo) 
C 
II...HCl 
C (perpendicular) 

"Based on 6-3 1 1 ++G(2d,2p) and MP2(FULL)/6-3 1 1++G(2d,2p) calculations. 

Table 2. Characteristics of n- and o-type hydrogen bonds associated with the BCPs 
for the C,H,.HX, C,H4.HX, C4H4.HX (X = F, Cl), and C4H,.HCla systems 
computed at the MP2(FULL)/6-3 1 l++G(d,p)//6-3 lG(d,p) level of theory. 

System P(T~) VZp(r,) E 

C,H,.HF 0.0110 +0.0375 0.3936 
C,H,.HCl 0.0083 +0.0221 0.3399 
C,H4.HF 0.0 108 +0.03 15 0.5807 
C,H4.HCI 0.0085 +O.O 192 0.5 109 
C4H4.HF 

C (endo) 0.0121 +0.0404 0.3934 
III...HF 
C (exo) 0.0119 +0.0413 0.3490 

-C-H-FH (endo) 0.0083 +0.03 10 0.0807 
(ex01 0.0062 +0.0265 1.0033 

C 
II...HF 0.0092 +0.0272 0.55 17 
C (perpendicular) 

C4H4.HC1 
C (endo) 0.0089 +0.0241 0.3841 
III...HCl 
C (exo) 0.0091 +0.0243 0.3260 
C 
II...HCI 0.0069 +0.0153 0.4935 
C (perpendicular) 

"Based on MP2(FULL)/6-31 l++G(2d,2p)//6-31G(d,p) calculations. 
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Tang and Cui 

Fig. 2. Contour line diagrams of calculated (MP216-31 l++G(d,p)/I6-31G(d,p)) Laplacian concentrations and 
depletions as well as molecular graphs of n-type hydrogen-bonded systems: (a) C2H2.HF, (b) C2H2.HC1, (c )  
C2H4.HF, (4 C2H4.HC1, ( e )  C4H4.HF (endo approach), (n C4H4.HF (ex0 approach), ( g )  C4H4.HCl (endo 
approach), (h)  C4H4.HC1 (ex0 approach), ( i )  C4H4.HF (perpendicular approach), (j) C4H4.HC1 (perpendicular 
approach), (k) C4H,,HC1. Bond paths denoted by lines, BCPs denoted by solid circles, ring critical points 
denoted by solid triangles, Laplacian concentrations denoted by solid squares, and Laplacian depletions 
denoted by open squares (the C4H,.HCI system is based on MP2/6-311++G(2d,2p) calculation). 
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Fig. 2 (concluded). 
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Tang and Cui 

Fig. 3. The Laplacian of electron density profiles along the multiple CC bond in (a )  
C2H,, (b) C2H2, ( c )  C,H,.HE (6)  C2H2.HF. 

Laplacian concentration (the maximum of VZp(r)) in the Lewis 
base is predicted to be the site of electrophilic attack and the 
approach of the Bronsted acid proton is such as to align the 
Laplacian depletion (the minimum of VZp(r)) on H of HX with 
the chosen Laplacian concentration of the Lewis base. This is 
the case for a-type hydrogen bonding. However, in n-type 
hydrogen bonding there is no nonbonded Laplacian concentra- 
tion, but bonded Laplacian concentration(s) of the electron 
density at the multiple carbon~arbon bonds: only one located 
at the midpoint of the C==t bond and two Laplacian concen- 
trations close to each carbon of the C=C, respectively. It 
seems, for CzHz.HX and CzH4.HX systems, that the direction 
of attack of the Laplacian depletion on the H of the Bronsted 
acid, HX, is towards the bonded concentration at the C s C  
bond in C2Hz.HX systems, or equally to two bonded concen- 
trations at the C=C bond in C2H4.HX systems (see Fig. 2a- 
2d). The Laplacian of the electron density profiles between 
two carbons along the C=C and C S  bonds for C2H2, C2H4, 
C2H2.HF, and C2H4.HF systems are shown in Fig. 3. From Fig. 
3 it is clear that there is only one Laplacian maximum along 
the C S  bond in both the CzHz monomer and the C2Hz.HF 
complex but there are two Laplacian maxima present along the 
C=C bond in both the C2H4 monomer and the CzH4,HF sys- 
tem. Based on the MP216-3 1 l++G(d,p)//6-3 lG(d,p) calcula- 
tions, further discussion of the nature of n-type hydrogen 
bonding can be exemplified by the following systems. For the 

C2H2.HF complex (Fig. 2a) there is a Laplacian depletion, 
namely a (3, +3) critical point in -VZp(r), located 0.356 .& 
away from the position of the proton of HF on the HF bond 
axis and -VZp(r) = +0.2167 au. Also, there is a Laplacian con- 
centration, a (3,-3) critical point in -VZp(r), located at the 
midpoint of the C S  bond (equally 0.594 .& away from each 
of the carbon atoms with -VZp(r) = - 1.2508 au). For the 
C2H4.HF complex (Fig. 2c), again there is a Laplacian deple- 
tion located 0.356 .& away from the proton of HF on the HF 
bond axis with value of -V2p(r) = +0.2150 au. On the other 
side of the complex, there are two Laplacian concentrations on 
the C=C bond that are equally 0.522 .& away from each of 
the carbon atoms on the C=C bond axis, each with a value of 
-VZp(r) = - 1.1633 au. For the C4H4.HF (endo approach) 
complex (Fig. 2e), there is a Laplacian depletion located "out- 
side," 0.350 .& away from the proton of HF on the bond axis of 
HF, at which the -V2p(r) has a value of +0.2307. On the C4H4 
part of this complex, there is a La lacian concentration located 
at the C=C bond that is 0.624 I away from the CH carbon 
and 0.568 A from the internal acetylenic carbon, with a value 
of -VZp(r), = - 1.2300 au. The hydrogen bond path still links 
to this C=C bond perpendicularly although the Laplacian 
concentration is no longer located at the midpoint of this C* 
bond. However, for the C4H4.HF (exo approach) complex 
(Fig. 28, there is a Laplacian depletion that is 0.356 .& from H 
of HF along the bond axis of HF, with value -VZp(r) = 
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+0.2161. On the other part of this complex, a Laplacian con- 
centration is located at the CGC bond that is 0.622 A away 
from the C H  carbon and 0.569 A from the internal acetylenic 
carbon at which -V2p(r) = - 1.2293 au. In this case, which is 
different from the previous, the hydrogen bond path switches 
to the internal acetylenic carbon. For the C4H4.HF (perpendic- 
ular approach) complex (Fig. 2i), there are two Laplacian con- 
centrations on the C=C bond. One of them is 0.518 A away 
from the middle acetylenic carbon atom, with a -V2p(r) value 
of - 1.1805 au, and the second one is 0.524 A away from the 
CH, carbon, with -v2p(r) = - 1.1380. There is a Laplacian 
depletion 0.357 A away from the proton of HF on  the H F  bond 
axis at which -V2p(r) = +0.2157. In this complex (12), the 
direction of attack of the Laplacian depletion on  the H of the 
Bronsted acid HF is located towards two different bonded con- 
centrations at the C=C bond of the C4H4 part, in an unequal 
fashion. Most likely the perturbation from the acetylenic group 
changed the positions and values of these two bonded concen- 
trations and then caused the hydrogen bond path to switch to 
the carbon atom of the CH,. Thirdly, it is quite clear that in the 
C4H4.HF complexes (10 and l l ) ,  in both endo and exo 
approaches, a second hydrogen bond is formed between H of a 
C-H and F of H F  that is a a- type hydrogen bond. Finally, it 
was reported earlier (17h, 186) that the p value at the B C P  is 
related to the bond order and therefore to the bond strength. 
From Table 2, the p(r,) values of both T-type and a- type 
hydrogen bonds in C4H4.HF (endo approach, 11) are larger 
than in C4H4.HF (ex0 approach, 12). Consequently, it is under- 
standable that complex 11 is energetically more stable than 12. 
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I Topological analysis of the experimental 
electron density 

Vladimir G. Tsirelson 

Abstract: Methods of topological analysis of the experimental electron density reconstructed from X-ray diffraction data are 
described. Their advantages and drawbacks are discussed and the results for organic and inorganic crystalline solids are 
presented. 

Key words: topological analysis, experimental electron density. 

Resume : On dCcrit des mCthodes d'analyse topologique de densites Clectroniques expCrimentales reconstruites h partir de 
donnCes de diffraction des rayons X. On discute de leurs avantages et de leurs limitations et on prCsente les rCsultats obtenus B 
I'aide de solides cristallins organiques et inorganiques. 

Mots clts : analyse topologique, densit6 Clectronique expkrimentale. 

[Traduit par la rkdaction] 

Introduction were G(r) and V(r) are the densities of electron kinetic energy 
and electron potential energy, respectively, at point r. From 

Richard Bader opened a new avenue in chemical physics when expressions [ l  ] and [2] there follows a local form of the virial 
he used Schwinger's principle of stationary action (1) for the theorem: 
description of many-electron systems (2,3). According to this 
principle, the quantum action integral [3] 2G(r) + V(r) = (h,14rn)V~~(r). 

(L(q, V q ,  q * ,  t) is the many-particle Lagrangian density) 
does not depend upon infinitesimal variation of the state func- 
tion q within the time interval t2 -t,; rather, it depends on the 
action of the infinitesimal generator of transformation at time 
points t, and t,. Using an additional condition d q  = d q *  = 0 at 
finite points of a time interval, Bader has shown that from one 
universal dynamical principle, dW12 = 0, one can obtain both 
equations of motion and expected values of observed quanti- 
ties as well as determine the expected values of physical char- 
acteristics of the fragments of a total system. 

For a description of ground state many-electron systems it is 
sufficient to use the one-particle Lagrangian density, L(r). It is 
connected by the.relation 

with the ground state electron density (ED) p(r). Consideration 
of the virial of the force density results in the expression (4) 
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It shows that densities of kinetic and potential energies in any 
point of position space are related via the Laplacian of ED. 

An important role of the ED and its derivatives led Bader to 
a thorough analysis of the topological properties of ED. The 
many features of function p are described by a number and 
type of critical points (CP), r,, points at which Vp(r,) = 0. The 
type of CP is determined by its rank, 1, and signature s. Rank 1 
equal to the number of non-zero eigenvalues of a 3 x 3 curva- 
ture (Hessian) matrix of p(r). Signature s is a difference 
between the numbers of positive and negative eigenvalues of 
this matrix. The ED shows four types of nondegenerate C P  
with 1 = 3: maxima (3, -3); saddle points (3, - 1) and (3, +I); 
minima (3, +3). 

Application of the Gauss theorem ( 5 )  to eq. [3] gives 
r 

The right-hand side of this expression vanishes in molecules 
and crystals if the surface S covers them completely or if the 
ED gradient vector flux through these surfaces is zero. It has 
been postulated (6) that local ED maxima, corresponding to 
(3,-3) CP, are present at nuclei positions only., This results 
from the asymptotic condition describing the local behaviour 
of true ED near the nuclei (1 1-13). Since vector Vp indicates 
the direction of greatest increase in ED, the ED areas embrac- 
ing nuclei happen to be separated in many-nuclear systems by 
the surfaces on which vector Vp changes its direction. The 
zero-flux surfaces S are taken as boundaries of bonded atoms, 
the latter coincide with an atom defined according to the sta- 

The existence of the non-nuclear local ED maxima has been 
discussed in refs. 7-10. 

Can. J. Chem. 74: 1171-1 179 (1996). Printed in Canada1 ImprimC au Canada 
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tionary action principle modified by Bader. The Hohenberg- 
Kohn theorem (I 4) as well as virial theorem ( 15) are valid for 
such atoms and the total energy and other properties of a sys- 
tem are expressed as a sum of atomic contributions. 

The pairs of gradient lines starting from the same (3, - 1) 
CP and terminating at two neighbouring nuclei are determined 
by eigenvectors corresponding to a single positive eigenvalue 
of the Hessian at this point. They form the atomic interaction 
lines, along which the ED decreases for any lateral displace- 
ments. The saddle point on this line in a stable system is called 
the bond critical point (BCP). The set of bond lines yields a 
molecular graph, which thus has a hard physical basis and usu- 
ally coincides with the structural formula used in the classical 
chemical theory of molecular structure [16]. 

Critical points of types (3, +1) and (3, +3) arise only in the 
presence of rings and cages. A significant number of these 
points always exist in crystals (17-19). 

Three Hessian eigenvalues, A,< A, < A,, characterize three 
ED curvatures at the ~ o i n t  considered as well as three corre- 
sponding mutually orthogonal eigenvectors, u, directed along 
the principal curvatures. The sign of the V2p = A1 + A, + A, 
depends on the relation between these three items. In the (3, 
- 1) BCP, the eigenvalues A ,  and A,, corresponding to eigen- 
vectors normal to the bond line, are negative. The A, is positive 
and the corresponding eigenvector is directed along the bond 
line. When IA,l+ IA,I > 1, the ED is concentrated at BCP; in the 
opposite case the ED is depleted here. Thus, the sign of v2p 
can be related to the character of the atomic interactions, i.e., 
the character of the chemical bond. This results in a natural 
division of the atomic interactions into two types (20). Nega- 
tive A, and A, values measure the degree of contraction of ED 
toward the BCP, perpendicular to the bond path. The positive 
A, value measures the degree of ED contraction toward each of 
the neighbouring nuclei. If the ED is locally concentrated in 
the region of the BCP, it is then shared by both nuclei. The 
local electronic potental energy in the BCP region is more than 
twice in excess of the local kinetic energy in this case. Such a 
picture is typical for a covalent bond. If the positive curvature 
dominates in the BCP, the ED is concentrated in each of 
atomic basins separately and a relatively large positive contri- 
bution to the local kinetic energy of a system takes place. Such 
closed-shell interactions are usually observed in ionic and 
hydrogen bonds and van der Waals interactions. 

The spatial distribution of the Laplacian of p characterizes 
concentration and depletion of the ED at each point of a sys- 
tem. It reveals the nonevident peculiarities of ED distribution 
such as shell structure of atoms (21, 22), localized electron 
pairs (23), etc. and points out areas where the local potential 
energy dominates in bonded systems. Additionally, the v2p is 
connected with local electron energy, He(r) = G(r) + V(r) (15, 
24) by the simple expression 

The sign of H,(r) shows whether kinetic or potential energy 
dominates at a given point of a space: if V(r) dominates in the 
internuclear region, the He(r) < 0 here and the accumulation of 
electrons is stabilizing. In a bonded system the local electron 
energy density is negative at the covalent bond critical points 
independent of the sign of v2p: the relation (1/4)v2p < IV(r)l is 
fulfilled in this case even if v2p > 0. Unfortunately, the posi- 

tive values of v2p and of H are observed in closed-shell inter- 
actions at the (3, - 1 )  points, therefore it is impossible, 
considering He(r), to separate the ionic, hydrogen, and van der 
Waals bonds from one another. 

Thus, in order to characterize the chemical bond it is neces- 
sary to calculate the topological characteristics of ED in a 
space of the molecule or crystal or, sometimes, only at the crit- 
ical points. 

Topological theory has been applied mainly to analysis of 
theoretical electron densities, as was reviewed in refs. 2 and 
25-28. However, starting from the first earlier work (29, 30), 
it is increasingly being applied to treatment of the experimen- 
tal ED obtained from X-ray diffraction data. Topological anal- 
ysis of the experimental ED has same specificity, which 
should be taken into account in interpretation of the data 
obtained. This approach is discussed in the present work. 

When the absolute values of kinematic structure amplitudes 
are obtained from intensities of reflection measured and their 
phases are calculated with any crystal structural model, the 
problem of crystal ED reconstruction is reduced to the calcu- 
lation of the Fourier series with complex structure amplitudes 
F(H) as coefficients, or to fitting some model of ED to these 
structure amplitudes. Correspondingly, there are three differ- 
ent methods in topological analysis of the experimental ED 
(29, 31). One of them consists of differentiation of Fourier 
series with respect to coordinates. The second method consists 
of the calculation of Vp and v2p represented as a sum of con- 
tributions from spherical atom superposition (promolecule) 
ED, p,(r), in the position space and the Fourier series for 
deformation ED. The third method is based on the use of the 
multipole model presenting ED in simple analytical form. Let 
us consider these approaches in detail. 

Calculation of the topological 
characteristics with Fourier series 

Fourier decomposition of the ED has the form 

[6] p(r) = (11V) 2 F(H) exp(-2.rriHr) 
H 

(V is the unit cell volume). At infinite summation limits in eq. 
[6], p has the same sign over the whole space, and satisfies the 
condition of electroneutrality of the unit cell: Jp(r) dr = N, 
and, therefore, is N-representable (it can be described by an 
antisymmetric many-electron wave function (32, 33)). 

The experimental p is a dynamic function because it 
includes the thermal motion effect. The question arises: can 
the topological theory be applied to dynamic ED? The answer, 
fortunately, is "yes." The molecular graphs for all nuclear con- 
figurations in the neighbourhood of equilibrium geometry are 
equivalent (2). Therefore, the same set of the critical points 
describes both static and dynamic systems. The quantitative 
values of topological characteristics depend, of course, on the 
thermal motion of the nuclei (34, 35). The last point is illus- 
trated the Fig. 1. Hence, for the general case, low-temperature 
X-ray diffraction data are preferable for obtaining the ther- 
mally independent topological characteristics of the ED. 

Only a limited number of reflections are measured inside 
the reciprocal space sphere with q = (sin 811) < 1/A, where A is 
the radiation wavelength. At the wavelengths applied in accu- 
rate X-ray structure analysis, a resolution in experimental ED 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Tsirelson 

Fig. 1. Influence of the thermal atomic motion on the electron 
density along the C-C line in the promolecule (the superposition 
of spherical atoms) of ethylene, C2H, (B is the isotropic thermal 
parameter of the C atom). Thermal motion diminishes the 
curvature of the electron density in the interatomic region. 

of A13 - 0.2 A is achieved, according to the Rayleigh criterion. 
This results in false maxima and minima in the ED picture, 
which are especially significant in those regions of space 
where p varies most rapidly, for instance, near nuclei. These 
distortions will be much more evident in functions Vp and V2p 
(5). Simple extension of the Fourier series by adding theoreti- 
cal values of structure amplitudes is not effective (36) and 
leads to an increase of the function variance (37). Moreover, 
although the derivatives of p exist, in fact, a formal differenti- 
ation of eq. [6] with respect to x, y, z results in divergent 
Fourier series for Vp and V2p. 

In addition, due to the Dresence of random errors in the 
structure amplitudes, the sukmation of approximate values in 
the Fourier series, eq. [6] is unstable (38) and the calculation of 
p and its derivatives with this series is a so-called ill-posed 
problem. 

Thus we wish to reconstruct the topological characteristics 
of the experimental ED distorted by the Fourier series trunca- 
tion effect and bv statistical errors. The Lanczos method of 
calculating the derivatives of finite Fourier series by averaging 
over a "false" wave period (39) and the theory of regulariza- 
tion (38) allow one to obtain the mathematically correct solu- 
tion of this problem. The Lanczos method gives the derivatives 
of the functions, presented as limited Fourier series, that are as 
close to the correct ones as is possible at the resolution 
achieved. For example, writing the second derivative of the 
Fourier series in a finite-difference form and averaging, we 
arrive at the following expression (29): 

x exp[-2ri(hx + ky + lz)] 
with 

Fig. 2. Laplacian of the electron density in fluorite crystal, CaF,, 
determined with Fourier series: the map contains the 
Ca-F ionic bond. The broken lines correspond to points with 
V2p > 0. The lines around atomic centers are omitted. 

Ca 

Here ai = a, b, c are crystal unit cell parameters, and Hi are 
maximal values of Miller indicies h,  k, 1 in the structure ampli- 
tude set. It is seen that the L,,,, factors actually provide the con- 
vergency of series [7]. 

The introduction in series [7] the regularising (filtering) fac- 
tors M,,,, (40): 

according to general theory (38) allows the influence of ran- 
dom errors to diminish. The M-factors smoothly depend on the 
level of error in the X-ray diffraction data: (3 < 3, if the random 
errors in a structure amplitudes set are distributed according to 
Gauss' law (which can be checked by means of statistical tests 
(4 1 )). 

The method outlined allows calculation of the best approx- 
imation to the "true" Laplacian of ED directly from the X-ray 
structure amplitudes. The results remain dependent on the 
series truncation effect, and the shell structure of bonded 
atoms is lost in this method. At the same time, the ED curva- 
ture in the internuclear space is properly reproduced. Studies 
of fluorite, CaF2 (29), spinels MgA120,, CoA1204, and 
FeA1204 (42), and a few garnets (43,44) have shown that the 
correct sign of the function V2p is obtained in between atoms. 
The map of the Laplacian of p in the (1 10) plane of fluorite 
calculated by formula (7) is shown in Fig. 2. There are no typ- 
ical "false" waves around the nucleus position in this map (sin 
81A < 1.164 A-' ); simultaneously, a well-localized area of 
positive V2p values is observed in the centre of the Ca-F line. 
In accordance with general theory (2), a depletion of electrons 
takes place here. Together with location of the negative V2p 
regions near the ion positions, these are typical features of the 
ionic bond. 

The method discussed was used in ref. 45 to investigate the 
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weak secondary atomic interactions in spinels MgA1204, 
FeA1204, and CoA1204. The spinel AB2C4 structure (space 
group Fd3m) can be considered as close packing of C-type 
anions with 2- and 3-valent cations in tetrahedral (A) and octa- 
hedral (B) positions, respectively. The magnetic properties of 
the spinels are usually explained phenomenologically by indi- 
rect exchange interactions between A and B sublattices via 
nonmagnetic anions (46). This indirect exchange leads, as a 
rule, to antiferromagnetism and, sometimes, in ferrimag- 
netism. The magnetic ordering in FeA1204 and CoA1204 
occurs at very low (helium) temperatures; however, the corre- 
sponding true magnetic structures are still unknown. The indi- 
rect exchange channel A-0-B-0-A, the A-0-B angle being 
- 121°, is most probable for spinels with a nonmagnetic B-cat- 
ion (47). An additional direct exchange channel A-A can, in 
principle, take place as well (48).The distance between two A 
cations in spinels is about 3.5 A and direct interaction is weak, 
nevertheless it should manifest itself in specific ED distribu- 
tion between the A cations. The deformation ED maps have 
supported the indirect exchange picture; however, they did not 
offer an explanation of the interactions in the A-A area of 
FeA1204 and CoA1204 (49). 

Figure 3 presents the V2p distributions between A-A cations 
in MA1204 spinels (M = Mg, Fe, Co). The region of positive 
v2p values is revealed between both nonmagnetic A-cations in 
Mg-spinel and the magnetic one in Co-spinels. At the same 
time, negative v2p areas are observed here in FeA1204. It is 
evident that ED concentrates between magnetic Fe cations and 
favours the direct A-A interactions in FeA1204. A polarized 
neutron study is needed to confirm this observation. 

Combination of the Fourier and position 
space presentations 

Fourier series truncation and thermal smearing are strong dis- 
advantages of the approach just described. To avoid these 
drawbacks, the use of a combination of Fourier and position 
space presentations of p was suggested (50). The ED is pre- 
sented as a sum of the superposition of atoms (promolecule), 
po, and deformation ED, 6p. Then, the expression for the 
Laplacian of p has the form 

The first term on the right-hand of eq. [ lo] is easily calculated 
using tabulated atomic wave functions (51) or the Fourier 
transform of the atomic scattering amplitudes, expressed in 
parametric form (52). The second term in eq. [ lo] is presented 
in the Fourier series form in analogy with eq. [7]. The Fourier 
series for v26p converges much better than that for V2p and 

Fig. 3. Laplacian of p between atoms in tetrahedral positions in 
spinels: (a) MgA1204; (b) FeA1204; (c) CoA1204. The lines 
around atomic centers are omitted. The (3, -1) critical points are 
denoted by signs 0. 

Table 1. Topological characteristics of bonds at (3,-1) critical points for ethane. 

Bond R, A p, e A-3 v2p, e A" I , ,  e A" &, e A" &, e E 

C-C (crystal) 1.510 1.61 -16.13 -12.09 -9.25 5.2 1 0.3 1 
C 4  (free)" 1.523 1.68 -14.77 -11.62 -11.62 8.47 0.00 
C-H (crystal)* 0.960 1.55 -8.78 -13.01 -13.01 16.24 0.00 
C-H (free) 1.083 1.88 -23.71 -17.47 -17.47 11.07 0.00 

"The values for free molecule are calculated in the 6-31 1G** basis set. 
vhe  values for C-H bonds have been averaged. 
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Tsirelson 

Fig. 4. Laplacian of p in ethane: (a )  experimental map 
determined by combination of the position and Fourier space 
presentations for the crystal; (b) theoretical distribution for the 
free molecule (3- 1 1 ~ * *  basis set has been used ). 

Table 2. Topological characteristics of (3,-1) critical points for some bonds 
in the icosahedron and external bonds in 9-azido-m-carborane." 

can be regularized in the same manner as the series for p. As 
well, calculations (34, 53) have confirmed Stewart's predic- 
tion (54) that the experimental deformation ED, which follows 
mainly lattice modes and suffers less from thermal smearing, 
can be considered as near pseudostatic. Moreover, the v~~ can 
be calculated from static model structure amplitudes. Since 
the ED of the promolecule is calculated as a static function as 
well, the consequences of thermal smearing are to a great 
extent rejected for derivatives of p. 

The approach described was used for the first time in the 
study of monoclinic modification of ethane, C2H6 (55). This 
compound crystallizes at 90 K and only a small temperature 
gap exists between the melting point and X-ray measurement 
temperature of 85 K (56). Therefore the thermal smearing sig- 
nificantly distorts the ED curvature. Despite that, the (3, - 1) 
CP were found on C-C and C-H bonds in crystalline ethane 
(Table 1) and values of VZp at these points proved to be in 
agreement with the corresponding values calculated nonem- 
pirically for the free molecule. The agreement for C-H bonds 
is worse due to a larger thermal smearing effect for bonds with 
a light H atom, as can be expected. The overall experimental 
picture of the Laplacian of p agreed with theory as well (Fig. 
4). At the same time, the crystal environment distorts the axial 
ED symmetry of the formally single bond in the ethane crys- 
tal. The quantitative measure of preferential concentration of 
electrons in a plane perpendicular to the interatomic line is 
ellipticity E = XlIX2 - 1 (2). If the axes associated with XI and 
X, are symmetrically equivalent, as in the C-C bond of the 
free ethane molecule, then XI/X2 = 1 and E = 0. However, the 
experimental ellipticity of this bond in a crystal is different 
from zero. The eigenvector, directed along the minimal 
decrease of the ED, deviates only at 15" from the direction 
toward the nearest-neighbour molecule in the crystal; at the 
same time the axes of the tensor of the C atom thermal vibra- 

Bond 

C1-B5 0.832 -1.43 4.13 -3.99 -1.57 1.55 
C1-B2 0.845 -1.46 3.31 -3.96 -0.8 1 3.87 
C1-B4 0.815 -0.86 1.34 -1.58 -0.6 1 1.57 
C7-B1 20.863 -2.65 3.36 -3.84 -2.17 0.77 
B&B3 0.797 -2.30 1.66 -2.97 -0.99 1.97 
B3-B8 0.793 -1.48 1.43 -2.14 -0.78 1.76 
B&B9 0.821 -3.32 0.83 -2.12 -2.03 0.04 
B8-B9 0.793 -2.19 1.79 -3.12 -0.88 2.55 

"Low-temperature (160 K) X-ray diffraction data (57) were used. 
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Fig. 5. Overall view of the 9-azido-m-carborane molecule (a) ,  distribution of the 
Laplacian of p on the B face of the icosahedron (b), and in section through the 
body of the icosahedron ( c ) .  The critical points are denoted by signs ((3, + I )  ) 
and A ((3, +3)). 

tions are oriented in other directions. Therefore, the ED polar- 
ization observed can be treated as a manifestation of 
intermolecular interaction in solid ethane. Thus, the ellipticity 
describes the mutual molecule influence as well as the .rr char- 
acter of a chemical bond and conjugative and superconjuga- 
tive effects, as stated in ref. 57. 

The molecule of 9-azido-m-carborane, N3-m-C2BloH, de- 
picted in Fig. 5(a) is an example of a system where all types of 
critical points are present. The BCP are found, using the 
method discussed, on all interatomic lines in three-membered 
rings forming the icosahedron surface (Table 2) as well as on 
external B9-N1, N1-N2, and N2-N3 bonds; only the 
B9-N1 bond is characterized by a positive value of v2p and, 
therefore, has ionic character. The icosahedron BCP lie out- 
side lines connected to the nuclei in three-membered rings; 
large ellipticity values are observed at these points. The (3, +1) 
CP are located near the center of the B3 rings (Fig. 5(b); the ED 
values at these points differ on average by only 0.08 e from 
those at the (3, - 1) CP. All bonds with participation of the B 
atom are characterized by a relatively low value of the ED due 

to an electron deficiency of these bonds. Simultaneously, a 
small displacement of the ED to the more electronegative C 
atom is observed. The (3, +3) CP, a local minimum of the ED 
(p = 0.106 e is sited approximately in the centre of the 
icosahedron. The Laplacian of the ED here is positive, V2p = 
3.87 e A-5 (Fig. 5(c); correspondingly, the depletion of the ED 
takes place inside the icosahedron. Thus, topological treatment 
of the X-ray experimental data (57) shows that the electron 
cloud is significantly delocalized on the surface of the icosa- 
hedron in 9-azido-m-carborane, as was predicted in ref. 16. 
Analysis of more simple closo-carboranes on the basis of non- 
empirical calculations (58) has resulted in the same topologi- 
cal picture. 

Topological analysis of the model 
electron density 

The parametric models of the ED, reconstructed by fitting to 
the experimental structure amplitudes, are to a large extent free 
from the effects of limited resolution of Fourier series, thermal 
smearing, and experimental statistical errors (3 1). One of these 
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Table 3. The (3,-1) critical points in urea crystal." 

Bond R, A p, e A" A,, e A-5 &, e A-5 h3, e A-5 V2p, e A-5 E R*, A 

C-N 1.343 2.538 
1.345 2.352 

N-HI 1.005 1.797 
1.009 2.319 

N-H2 0.997 1.843 
1.005 2.352 

"The experimental and theoretical values are presented in the first and second lines, respectively. R ,  is the 
distance from the first atom in the A-B interaction to the critical point. 

Fig. 6.  Fragment of the urea crystal. 

models, the multipole model, describes the ED of a crystal as 
superposition of the nuclear-centered pseudoatomic electron 
densities. The valence part of each pseudoatom is presented in 
the form of a Laplacian series; the radial dependence of each 
member of the series is described by the function 

R,(r) = Nf" exp(- a r )  

and angle dependence is described by spherical harmonics, 
Ya (07 4 > 09-61): 

The electron populations C1,, and exponential factors a, are 
determined by model refinement over low- and middle-angle 
X-ray reflections, while thermal parameters are found in the 
high-angle region. This allows the distortion of electronic 
parameters by thermal motion to diminish. The derivatives of 
the ED, presented as expansion [ l  11, can be easily calculated 
analytically. Therefore, the use of this approach, proposed in 
refs. 30 and 50, in the topological analysis of the ED is most 
attractive and is now widely used (see, for example, refs. 3 1, 
36, and 49). 

An earlier topological analysis of ethylene, C,H4, and acet- 
ylene C2H2. compounds typical of a covalent bond, carried out 
by this method in ref. 50 by using low-temperature X-ray dif- 
fraction data from refs. 62 and 63, showed a negative sign of 
the V 2 ~  in all BCP. However, agreement between experimen- 
tal and theoretical topological values was only marginal due to 
incomplete elimination of the thermal smearing effect. Fortu- 
nately, much better agreement is achieved when the thermal 
motion effect is properly accounted for. Experimental (148 K) 
(64) and theoretical (65) studies of the urea crystal, CH4N,0 
(Fig. 6), support this statement. As can be seen from Table 3, 
quantitative agreement of the topological characteristics of 
both types is observed for this compound. 

The interesting point of atomic interactions in solid urea is 
the unusual hydrogen bond picture. The planar urea mole- 
cules, linked in the crystal to each other through O...H2 hydro- 
gen bonds, form indefinite planar types. The latter are 
connected with adjacent, mutually orthogonal, types by out- 
of-plane 0-H1 hydrogen bonds. Thus, each carbonyl oxygen 
atom participates in four closed-shell interactions. Topologi- 
cal analysis shows that ED concentrations related to 0-atom 
lone pairs take place in the molecular plane: they are respon- 
sible for formation of in-plane hydrogen bonds. The additional 
O...Hl interactions result from a good alignment of the saddle 
point sites in the valence shell of the 0 atom to ED minima 
near the H1 atoms. Hence, hydrogen bonds of nearly the same 
lengths may have a different nature. 

Intermolecular interaction in the C1, crystal gives another 
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Fig. 7. Maps of the Laplacian of p in molecular layer of 
crystalline CI,: (a) theoretical (the 6 - ~ I G *  basis set), (b) 
calculated from the multipole model fitted to the experimental 
structure factors. The (3, - 1) critical points and topological 
boundaries of the bonded C1 atom in this layer are shown. 

interesting example of closed-shell atomic interactions. The 
structure of solid chlorine is layered, with molecules in planes 
parallel to the (100) plane in an orthorhombic unit cell. Short 
intermolecular contacts of 3.28 A, a value significant1 less 
than twice the accepted van der Waals radius of 1.8 9, are 
observed in the (100) plane. This indicates the presence of a 
specific intermolecular bonding in the C1, crystal, the structure 
of which is not described in terms of a nondirectional van der 
Waals potential. Indeed, it was shown both experimentally and 
theoretically (19) that an intermolecular interaction line con- 
nects the lone-pair charge concentration on each C1 atom with 
a charge depletion at the end of the neighbouring molecule; 
each atom participates in two such interactions in the (100) 
plane (Fig. 7). It is important that topological consideration of 
the (Cl,), dimer, based on the theoretical ED, allows predic- 
tion of a layered structure and geometrical characteristics of 
the C1, crystal. Additionally, the shape of the C1 atom in both 
dimer and crystal proved to be far from spherical. The obser- 
vations mentioned explain why spherical van der Waals poten- 
tials are not applicable to a description of the structure of solid 
Cl,. 

As was noted earlier, topological analysis allowed us to 

Fig. 8. Topological characterization of LiF crystal: (a) the bond 
paths and (3, - I )  critical points imposed on the experimental 
electron density; (b) theoretical gradient vector field and ( 3,- 1 ) 
critical points (20). 

identify the secondary interactions in spinels. This can be done 
in other ionic crystals as well. The nearest-neighbour F nuclei 
in LiF, for example, are connected by a set of bond paths (Fig. 
8) in addition to the expected Li-F bond paths. The general 
network of bond paths results in the LiF crystal model consist- 
ing of close-packed anions with small cations in the holes. The 
radii of bonded ions in LiF, determined from the experimental 
ED as distances to the corresponding BCP along the Li-F 
lines, are 0.769 ( Li') and 1.243 A (F). These are very close to 
the Shannon and Prewitt values of 0.90 and 1.19 A. Thus, 
topological analysis can provide a basis for some conclusions 
that are reached in traditional crystal chemistry. 

Concluding remarks 

Topological analysis of the experimental electron density sup- 
ports the main conclusions concerning a description of the 
chemical bond and intermolecular and secondary interactions 
in crystals, based on the topological theory of Bader, applied 
to the theoretical ED. The use of multipole representation of 
the ED provides semi-quantitative agreement between the 
experimental and theoretical topological values obtained. 
Combination of theoretical and experimental approaches in 
order to approach an understanding of the complicated crystal 
structures observed in terms of their constituent parts now 
seems the next problem to be addressed. 
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Anisotropic and isotropic triple-dipole 
dispersion energy coefficients for all 
three-body interactions involving He, Ne, Ar, 
Kr, Xe, H2, N2, and CO 

Sean A.C. McDowell, Ashok Kumar, and William J. Meath 

Abstract: Formulae for the computation of isotropic and anisotropic dipolar dispersion energy coefficients, for two-body 
and three-body interactions involving H2, N2, CO, and the rare gases, are presented in an average energy approximation. 
These coefficients are computed to within 1% of the reliable values for these coefficients, which are obtained by using the 
relevant dipole oscillator strength distributions, with the exception of a few that are recorded in tabular form. The input 
data required for these formulae are the isotropic and anisotropic polarizabilities and average energies for the interacting 
species. The results provide the first reliable anisotropic triple-dipole dispersion energy coefficients for interactions 
involving molecules. 

Key words: non-additive, anisotropic, interaction energies, triple-dipole dispersion energies 

RCsumC : On prCsente des formules permettant de calculer, en approximation d'Cnergie moyenne, les coefficients d'tnergie 
de dispersion dipolaire isotropique et anisotropique pour des interactions i deux et B trois corps impliquant le H2, le N2, 
le CO et les gaz rares. On peut calculer ces coefficients en de@ de 1% des valeurs fiables pour ces coefficients qui sont 
obtenues en utilisant les distributions des forces d'oscillateurs dipolaires appropriCs, B l'exception d'un certain nombre 
qui ont Ctt enregistrks sous des formes de tableaux. Les donnCes nicessaires pour ces formules sont les polarisabilitCs 
isotropiques et anisotropiques ainsi que les Cnergies moyennes des espkces qui interagissent. Les rCsultats fournissent les 
premiers coefficients fiables d'Cnergie de dispersion anisotropique i triple dip8le pour des interactions impliquant des 
molecules. 

Mots clis : non additif, anisotropique, Cnergies d'interaction, Cnergies de dispersion i triple dip8le. 

[Traduit par la rCdaction] 

1. Introduction 
We recently derived a computationally convenient expres- 
sion for the exact triple-dipole dispersion energy (DDD) for 
interactions involving linear (C-state) molecules (1). It in- 
volves the isotropic triple-dipole dispersion energy coeffi- 
cient for the interaction, C9, and, in the most general case, 
seven anisotropic triple-dipole dispersion energy coefficients 
r .  The coefficients C9 and the T's are expressed in terms 
of the isotropic and anisotropic dipole oscillator strengths 
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and excitation energies of the interacting species. Part of the 
purpose of this paper is to present reliable results for all the 
triple-dipole dispersion energy coefficients for all three-body 
interactions involving He, Ne, Ar, Kr, Xe, Hz, N2, and CO. 
They are evaluated through the use of available isotropic and 
anisotropic dipole oscillator strength distributions for the in- 
teracting species (2-7). 

Rather than present the large number of isotropic and 
anisotropic triple-dipole dispersion energy coefficients ex- 
plicitly, average energy approximations (8, 9), which require 
a minimal amount of input data, are derived for them. The ap- 
proach is first tested for the isotropic and anisotropic dipole- 
dipole dispersion energy coefficients for all two-body interac- 
tions involving the species of interest (Sect. 2). This average 
energy approximation is then adapted to the three-body in- 
teractions in Sect. 3. The average energy input parameters 
are listed in tables and consist of the isotropic, parallel, and 
perpendicular polarizabilities and average energies for each 
individual atom or molecule. Usually the average energy re- 
sults reproduce the directly calculated triple-dipole disper- 
sion energy coefficients to within their estimated uncertainty 
of -1%. The coefficients are explicitly tabulated only for 
those cases (26 out of a total of 286 unique coefficients) for 
which this reliability is not achieved in the average energy 
approximation. Section 4 contains a brief discussion of our 
results and a comment on their overall importance. 

Can. J. Chem. 74: 1180-1 186 (1996). Printed in Canada 1 Imprime au Canada 
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All expressions and results in this paper are in atomic 
units. 

2. A test of an average energy 
approximation for C6 

Here we test an average energy approximation for the calcu- 
lation of anisotropic dipole4ipole dispersion energy coeffi- 
cients with theview toward the extension to the triple-dipole 
dispersion energy (Sect. 3). The approximation is tested for 
the various two-body interactions arising from the species 
He, Ne, Ar, Kr, Xe, Hz, NZ, CO. 

The long-range dipole-dipole dispersion energy, which is 
dependent on the relative orientations of the two interacting 
linear C-state molecules, is given (10, 11) by 

where R is the distance between the interacting molecules, 
P2 and Y r  are Legendre and spherical harmonic functions of 
the spherical polar angles (O,, $,) and (Obr $a) specifying the 
relative orientations of the molecules a and b (as detailed in 
refs. 11, 12). C6(a, b) is the isotropic dipole-dipole dispersion 
energy coefficient (3, 4, 10, 11), 

and 

where the anisotropic dispersion energy coefficients c,SbS1, <, 
<' = 11, I ,  can be expressed in terms of integrals involving 
the 11 and I dipole oscillator strength distributions (DOSDs) 
of the interacting species a and b (3, 4, 10, 11). 

Since the DOSDs contain both discrete and continuum 
contributions, it is computationally mqre convenient, without 
loss of accuracy, to evaluate the c,TbT coefficients by using 
pseudo-DOSDs that provide a discrete representation of the 
original DOSDs for the molecules (3,4, 12, 13). For molecule 
a, say, the <-component of the pseudo-DOSD is given by 
{EL, fk) where the ~2~ and the fk are the excitation energy 
- oscillator strength pairs defining the pseudo-DOSD (3, 4, 

12, 13). The coefficients c,SbS1 are given by (3, 4) 

If one of the species is isotropic (say a), then c,SbT1 may be 
written as c:i1 and is given by eq. [61 with the <-pseudo- 
DOSD for a replaced by the isotropic atomic DOSD (3, 4). 

The Unsold average energy approximation (8) may now 
be applied to eq. [6] to give 

where U$ is an atomic (< = 0) average energy or a molecular 
(< = 1 1  or I )  average energy independent of k,, and a$ refers 
to either the isotropic dipole polarizability ha (< = 0) or the 
anisotropic dipole polarizability (for a being a molecule; < = 
II or 1). 

The atomic average energies, Ua and Ub (we drop < = 0 
for atoms) of atoms a and b, can be related to the isotropic 
C6(a, b) dispersion energy coefficient by (9, 14) 

If we now consider the dispersion energy interaction between 
two like atoms a we obtain from eq. [8] 

Thus, we can calculate an average energy for each of the rare 
gas atoms from reliable values (2, 15, 16) of the isotropic C6 
coefficients and isotropic dipole polarizabilities. F r linear R C-state molecules we introduce average energies, U, or u&, 

which can be determined from C@ and ~ 2 ' .  Using eq. [7] 

where < = 1 1  or I .  Thus, we can calculate u~J(u,I) for H2, N2, 
and CO from eq. [lo] usin reliable values of the anisotropic B polarizabilities and the cad that have been computed from 
pseudo-DOSDs for the molecules (3, 4). 

The atomic and molecular polarizabilities, ai, and average 
energies Uj, are listed in Tables 1 and 2. To test the validity 
of the average energy approximation we compute all the dis- 
persion energy coefficients C6(a, b), Tab, rba, and Aab for all 
two-body interactions involving the rare gases, H2, N2, CO 
through the use of Tables 1 and 2, eq. [7], and eqs. [2]- 
[5]. The results were then compared with reliable results in 
refs. 2 4  from which the average energies were obtained for 
like-species interactions using c#, < = 11, I, and C6(ara) 
only. 

There are 66 unique two-body dispersion energies for the 
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Table 1. (a) Atomic and (b) molecular polarizabilities (in atomic 
units) (2-4). The isotropic polarizability a = f (all + 2a1). 
(a) 

Polarizability He Ne Ar Kr Xe 

Polarizability H2 N, CO 

all 6.794 14.80 15.46 
a1 - 4.752 10.2 1 1 1.89 
a 5.432 1 1.74 13.08 

Table 2. (a) Atomic and (b) molecular average energies obtained 
from like atom-atom and like molecule-molecule dispersion 
energy interaction coefficients (2-4) (see the main text for 
definitions and, in particular, eqs. [9] and [lo]). All quantities in 
atomic units. 
(a) 

- 

Average energy He Ne Ar Kr Xe 

u, 1.023 1.194 0.6981 0.6129 0.5169 

(b) 

Average energy H2 N2 CO 

interactions considered. Of these, 53 coefficients can be gen- 
erated, within the claimed 1% uncertainty (2-4), by the av- 
erage energy approximation. The reliable DOSD results for 

Table 3. Reliable anisotropic dipolar dispersion energy 
coefficients (3, 4), defined by eqs. [2]-[6], which were not 
reproduced to within 1% by the average energy approximation 
through the use of eqs. [2]-[5], [7], and Tables 1 and 2 (see the 
main text). The percentage difference, ( rc""~~?~uP,q 'P"im" 'C ) x loo%, 
is shown in parentheses. All reliable C, coefficients were 
reproduced to within 1 % except the He-Xe (1.3%), Ne-Xe 
(1.1%), and CO-He (1.02%). All quantities are in atomic units. 

a-b a-b 

CO-CO A,, = 0.0090 (1.4%) H,-H, Ao, = 0.0108 (1 .I%) 
CO-N, Ad, = 0.0103 (2.0%) HI-N2 rub = 0.0966 (-1.2%) 
CO-Ne rob = 0.0916 (-2.8%) H,-Ne rob = 0.0901 (-2.5%) 
H,-CO rob = 0.0976 (-1.7%) N,-N, A,, = 0.0121 (1.5%) 

A,, = 0.0094 (1.6%) N,-Ne r,, = 0.0999 (1.03%) 

the remaining 13 coefficients are listed in Table 3, together 
with the percentage difference (5  ,-., 2.8%) between them and 
the results obtained from the average energy approximation. 

3. An average energy approximation for 
the triple-dipole dispersion energy 
coefficients 

In this section the average energy approximation developed 
for the dipole-dipole dispersion energy coefficient is adapted 
to the triple-dipole case. Direct use of the average energies 
obtained in the last section does not yield adequate results for 
the isotropic and anisotropic triple-dipole dispersion energy 
coefficients. 

An exact computationally viable expression for the triple- 
dipole dispersion energy (DDD) between three interacting 
linear Z-state molecules has been recently developed and may 
be written (1) as 

(1 + 3 cos eA COS eB COS ec)Cg(a, b,  C )  
[ l l ]  DDD = Re[l - r(a)W(ea, b, OA,  O B )  - r ( b ) W ( e b , $ b 7 e ~ , e ~ )  

R:bRicR2C 

where Re[ ...I indicates the real part of [...I, eA, eB,  eC are the internal angles of the triangle formed by the centres of mass of 
molecules a, b, and c, and Rab represents the distance between molecule a and molecule b. The coefficients, W ,  are functions 
of the relative orientations of the interacting molecules (through the spherical polar angles (O,, (I,), ( O b ,  Qb), (Ocr  Qc)) .  The C9 

and r ' s  are the isotropic and anisotropic triple-dipole dispersion energy coefficients. For complete details see ref. 1.  
The isotropic triple-dipole dispersion energy coefficient Cg(a, b , ~ )  is given ( 1 )  by 

1 
1121 cg(a ,  b ,  c )  = [c!jb1 + 2c!jkL + ~ c ! ~ ' I I  + 4cahc llir.' + 2cL711111 abc + 4c2j.L + 4C2:111 + 8C&+l] 

where 

with <, <', <" = 11 or I. The anisotropic interaction coefficients appearing in eq. 111.1 are defined ( 1 )  by 
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McDowell et al. 

[18] T(a, b, c) = 1 [ C l l . . l  - C!bbl - Cjk,l I.l,l - Ck;l,ll + Ck;l.l + Ck;9\\ - c,'d$.l] g abc + 'abc /C9(a, b, c) 

where r(b) is obtained from T(a), and T(a, c) from T(b, c), by interchanging a and b. 
Applying the Unsold average energy approximation (8) to eq. [13] gives (1) 

1 [u j .u$+~'$~~]u ju, I Iu '$~~ 
1191 ~ik'~5" = - a$u$&" = - 1 ~ ik l?c '~$~$&" 

[u$+  uf]  [u$+ uy] [uf + uy] 2 

where the U$'S are average energies that are yet to be defined. Table 4. (a )  Atomic and (b) molecular average energies obtained 
For three-!?$ interactions involving only atoms the pa- from like atom-atom-atom (2) and like molecule-molecule- 

rameter US,;< may be replaced by Uabc since for isotropic molecule (computed here using the DOSDs of refs. 3 and 4 and 

interactions uj$;y is independent of <, < I ,  Following eq. [131) triple-dipole dispersion energy interaction coefficients 

Stogryn (9), we may now write Uabc in terms of the isotropic (see the main text for definitions and, in particular, eqs. [22] and 

C9(a, b, c) coefficient and isotropic polarizabilities, [24]). All quantities in atomic units. 
(a) 

2C9(a, b, c) 
[2O1 uabc = 3fiafibfic . Average energy He Ne Ar KI Xe 

Using this result, Ua for each rare gas atom can be related to ud 0.9988 1.1 17 0.6771 0.5904 0.4947 

C9(a, a ,  a)  by considering the interaction between three like (b) 
atoms a. That is 

3 2C9(a, a ,  a) Average energy H2 N2 CO 
[2 1.1 uaaa = g u a  = 36.2 1111, 0.5002 0.6389 0.6130 

ui 0.5676 0.7 15 1 0.5874 which gives 

Analagous to the two-body interactions involving linear C- 
state m ecules (see Sect. 2) we can compute average ener- 7t gies (Ua ,u&) from the anisotropic triple-dipole dispersion 

energy coefficients (c~~AJ'I, c&,$J). Using eq. [19] 

where < = 11 or I .  The average energy Ua for each rare gas 
atom can be determined from eq. [22] from reliable values 
(2, 15, 16) for the isotropic C9 triple-dipole coefficients and 
the isotropic polarizabilities. The u~'(u&) for H2, N2, and 
CO can be calculated from eq. [23] usin reliable values of 
the anisotropic polarizabilities and the Cfh$lc that have been 
computed from the pseudo-DOSDs for these molecules (3,4). 

The atomic and molecular polarizabilities, as, and triple- 
dipole average energies u$, are listed in Tables 1 and 4, 
respectively. All the triple-dipole dispersion energy coeffi- 

cients (C9 and T's) for all three-body interactions involving 
the rare gases H2, N2, and CO were computed through the 
use of Tables 1 and 4, eq. [19], eq. [12], and eqs. [14]-[18]. 
The results were then compared with reliable values obtained 
through use of the pseudo-DOSDs (2-4) in eq. [13] (and from 
which the average energies were obtained for like-species in- 
teractions and for < = <' = <" = 1 1  or I ) ,  and eq. [12] and 
eqs. [14] - [18]. 

There are 286 unique three-body dispersion energy coef- 
ficients for the interactions considered. Of these 259 can be 
generated, to within a 1% uncertainty, by the average energy 
approximation; the only rare gas atom - rare gas atom - rare 
gas atom isotropic C9 coefficient outside this error margin is 
for the He-He-Xe interaction and it is 1.3% smaller than the 
reliable value. The reliable DOSD results for the remaining 
26 coefficients are listed in Tables 5-7, together with the per- 
centage difference (< - 3.6%) between them and the results 
obtained from the average energy approximation values. 

In Tables 5-7 non-zero triple-dipole dispersion energy co- 
efficients for each type of interaction, e.g., rare gas - rare gas 
- molecule, rare gas - molecule-molecule, and molecule- 
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Table 5. Reliable anisotropic triple-dipole dispersion energy coefficients 
for rare gas - rare gas - molecule interactions, defined by eqs. [12]-[I81 
and the main text and evaluated using the DOSDs of refs. 2-4, which were 
not reproduced to within 1% by the average energy approximation through 
the use of eqs. [12]-[I91 and Tables 1 and 4 (see the main text)." The 
percentage difference, ( " ' i a b ~ i ? P ~ i m " c  ) x loo%, is shown in parentheses. 
The reliable C, coefficients for He-He-CO and He-Ne-CO are 11.47 
(1.2%) and 22.78 (1.01%) atomic units, respectively. All quantities are in 
atomic units. 

a-b-c a-&c 

He-He-CO T(c) = 0.0960 (-2.3%) He-Ne-CO T(c) = 0.0957 (-2.9%) 
He-Ne-Hz T(c) = 0.0997 (-1.2%) He-Ar-CO T(c) = 0.0962 (-1.2%) 
Ne-Ne-CO T(c) = 0.0953 (-3.6%) Ne-Ne-H, T(c) = 0.0986 (-1.6%) 
Ne-Ne-N, T(c) = 0.1096 (-1 .I%) Ne-Ar-CO T(c) = 0.0960 (-1.6%) 
Ne-Kr-CO T(c) = 0.0960 (-1.2%) 

"Only unique non-zero results are included; only C,(a, b, c )  and T(c)  are non-zero, 

Table 6. Reliable anisotropic triple-dipole dispersion energy coefficients for rare 
gas - molecule - molecule interactions, defined by eqs. [12]-[I81 and the main text 
and evaluated using the DOSDs of refs. 2-4, which were not reproduced to within 
1% by the average energy approximation through the use of eqs. [12]-[I91 and 
Tables 1 and 4 (see the main text)." The percentage difference, ( rc""b':i?,"Fi,,IC ) x 
loo%, is shown in parentheses. All quantities are in atomic units. 

a - b c  a - b c  

"Only unique non-zero results included; the non-zero coefficients are C,. T(b),  T(c) ,  and 
T(b,  c) .  If b = c, T(b)  = T(c).  

Table 7. Reliable anisotropic triple-dipole dispersion energy coefficients for 
molecule-molecule-molecule interactions, defined by eqs. [12]-[I81 and the main 
text and evaluated using the DOSDs of refs. 2-4, which were not reproduced to 
within 1% by the average energy approximation through the use of eqs. [12]-[19] 
and Tables 1 and 4 (see the main text)." The percentage difference, ( ""ab'~;~,"~eoxima'e ) x 
loo%, is shown in parentheses. All quantities are in atomic units. 

a-&c a - b c  

CO-CO-H, T(a, b, c) = 0.0010 (1.1%) H2-H,-N, T(a, b, c) = 0.0015 (1.02%) 
CO-Hz-H, T(a, b, c) = 0.0012 (1.3%) N,-N,-H, T(a, b) = 0.0143 (1.04%) 
CO-N,-Hz T(a, b, c) = 0.0012 (1.2%) T(a, b, c) = 0.0017 (1.3%) 
CO-N2-N, T(a, b, c) = 0.0013 (1.2%) 

"Only unique non-zero results included. Three types of interactions need to be considered 
here, i.e., a-a-a, a-b-b, and a-b-c. For a-a-a there are four unique coefficients: 
C9, T(a) ,  T(a,  a), and T(a,  a, a), and for a-b-b there are six unique coefficients, namely 
C,, T(a),  T(b),  T(a ,  b), T(b,  b) ,  and T(a,  b, b). All nine of the triple-dipole dispersion energy 
coefficients, C9 and the T's, are necessary to describe the a-b-c interaction. 

molecule-molecule, are given, where an (a-b-c) order is the a and c molecules interchanged, so that for the CO-H2- 
implied for each interaction. Interactions involving the same ' N2 (a-b-c) interaction T(a), T(c), T(a, b), T(b, c) are identical 
species, in a different a b c ordering, are related to these by to r(c) ,  T(a), r ( c ,  b), T(b, a),  respectively, of the N2-h-CO 
symmetry. For example, the coefficients for a c-b-a interac- (c-b-a) interaction; the C9, T(b), T(a, c )  and T(a, b ,  c) coef- 
tion are identical to the a-b-c interaction coefficients with ficients are the same for both interactions. 
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IMcDowell et al. 

4. Discussion of results 
Reliable results for the isotropic and anisotropic triple-dipole 
(DDD) dispersion energy coefficients for interactions in- 
volving HZ, N2, CO, and for interactions involving Hz, N2, 
CO, and one or two rare gases, have been obtained using lit- 
erature (2-4) pseudo-dipole oscillator strength distributions 
for these species. An average energy approximation has been 
used to (usually) reliably represent the large number of DDD 
interaction coefficients so obtained. 

An average energy approximation has been developed for 
the isotropic and anisotropic dipole-dipole and triple-dipole 
dispersion energy coefficients. The required input is the 
isotropic and anisotropic average energies and polarizabil- 
ities of the interacting species, which are provided in tabular 
form for He, Ne, Ar, Kr, Xe, HZ, NZ, and CO. The average 
energy approximation expressions, with the provided input, 
reproduce most of the two- and three-body dispersion energy 
coeffficients to within the 1% accuracy claimed for the results 
obtained directly from the isotropic and anisotropic dipole 
oscillator strength distributions for the interacting species. 
Fifty-three of the 66 unique two-body dispersion energy co- 
efficients, and 259 out of the 286 unique non-additive three- 
body dispersion energy coefficients, for all the interactions 
arising from the rare gases, Hz, NZ, and CO, are reproduced 
reliably in the average energy approximation. The coeffi- 
cients not reproduced to within 1% are provided in tabular 
form (Table 3 and Tables 5-7 for the dipole-dipole and triple- 
dipole coefficients, respectively). The results in this paper 
provide the first reliable anisotropic triple-dipole dispersion 
energies for three-body interactions involving molecules. 

The use of the average energy approximation to represent 
the reliable DOSD results for the triple-dipole dispersion en- 
ergy clearly works well. It is of interest to discuss, briefly, 
the principal source of the difficulty in our application of this 
approach. For interactions involving at least one molecule, 
our YvErage energy approach yields results for the individual 
C $ ~ ) C  coefficients, defined by eq. [13], that are reliable to 
within 1 % for all cases except c!,$~, for He-He-CO (1.5%), --- 
He-Ne-CO (1.3%). Ne-Ne-CO (1.4%); c:~II(N~-N~-H~) 
(1.1%); and ~ : ~ $ l ~  for He-COX0 (1.2%) and Ne-CO-CO 
(1.1 %). The principal source of error in obtaining the overall 
triple-dipole coefficients, defined by eqs. [12]-[181, is due 
to c~mulative errors arising from summing the individual 
C;~.,C to obtain the overall coefficients. For example, the 
percent difference of -3.6% between the reliable DOSD and 
the average energy results for T(c) for Ne-Ne-CO is due to 
the ccumulation of errors from the individual coefficients 
C:$ (0.4%). c:fiL (1.4%), and C9 (1%) occurring in the 
expression, eq. [15], for T(c). 

It is relevant to mention that the average energies for the 
dipole-dipole dispersion energy coefficients, Table 2, are dif- 
ferent from those for the triple-dipole coefficients, Table 4. 
Use of Table 2 in the evaluation of the triple-dipole disper- 
sion energy coefficients, in the average energy approxima- 
tion, leads to significant errors. That is, 251 out of the 286 
triple-dipole coefficients so obtained disagree with the reli- 
able values by more than 1%. 

Non-additive interaction energies are important for many 
properties of bulk matter (17-25). The triple-dipole energy is 
one of many competing non-additive interactions relevant to 

such properties (24-29). Others include non-additive higher 
order dispersion energies and non-additive induction ener- 
gies, the charge overlap corrections to all multipolar non- 
additive energies, and first order and higher order electron 
exchange energies (23-30). It is important to quantify as 
many of these non-additive effects as possible so that exper- 
iments can be used to study computationally more difficult 
non-additive energies (24-26). This paper, see also ref. 1, is 
a recent contribution towards this goal. 
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Topological analysis of electron momentum 
densities and the bond directional principle: 
the first-row hydrides, AH, and homonuclear 
diatomic molecules, & 

Jiahu Wang, B. James Clark, Hartmut Schmider, and Vedene H. Smith, Jr. 

Abstract: Topological analysis of electron momentum densities of the first-row hydrides and homonuclear diatomic 
molecules has been carried out. The densities and their curvatures were calculated from wave functions of near Hartree- 
Fock quality using a Slater basis. The bond directional principle has been discussed through the topological properties of 
electron momentum densities. Basis set effects on the topological features have also been addressed. 

Key words: electron momentum density, the bond directional principle, topological analysis, first-row hydrides, 
homonuclear diatomic molecules. 

RCsumC : On a effectut une analyse topologique des densitts des moments Clectroniques des hydrures et des moltcules 
diatomiques homonucltaires des ClCments de la premikre couche ptriodique. On a calcult les densitts et leurs courbures ii 
partir de fonctions d'onde de qualitt se rapprochant de celle de Hartree-Fock, en utilisant une base de Slater. On a discutt 
du principe de la liaison directionnelle par le biais des proprittts des densitts des moments Clectroniques. On a aussi 
examint les effets des ensembles de bases sur les caracttristiques topologiques. 

Mots clis : densitt du moment Clectronique, le principe de la liaison directionnelle, hydrures de la premikre pCriode, 
moltcules diatomiques homonucltaires. 

[Traduit par la rtdaction] 

1. Introduction countemart, the origin of an EMD is not always a local max- 

Topological analysis of electron densities in position space 
has received much attention (1). Atoms (2, 3), molecules (I), 
as well as solids (4, 5) have been investigated. Through the 
study of the Laplacian at the critical points and the Laplacian 
distribution of an electron density, information about chem- 
ical bonding (6) and chemical reactivity (7) can be obtained. 
The electron momentum density (EMD), which provides a 
complementary description of electron motion to the elec- 
tron charge distribution in position space, has only recently 
been studied through topological analysis. Sagar et al. (8) 
reported the topological features of the EMDs of atoms and 
ions. It has been found that, differing from its position space 
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- 
imum. ~ u i t e  often, it is a local minimum (9).- ore recently, 
Gadre and co-workers (10, 11) reported the topological prop- 
erties of the EMDs of a few simple molecules with Gaussian 
basis sets. These authors have also studied the implication 
of the additional inversion symmetry (12) of an EMD on its 
topological properties (13). 

Because of their relation to the Compton profile under the 
impulse approximation, EMDs have been the subject of ex- 
tensive theoretical studies since the 70s. The development 
of (e,2e) (also called electron momentum spectroscopy) ex- 
periments further stimulated such investigations. Accurate 
wave functions have been employed to predict the momentum 
space properties (14, 15) and the agreement between theory 
and experiment is satisfactory. To facilitate the analysis of 
EMDs of atoms and molecules and the changes in EMDs 
upon formation of chemical bonds, Epstein and Tanner (16) 
have proposed several principles. Among them, the bond di- 
rectional principle (BDP) has received most attention. The 
BDP states that "the momentum of an electron in a chem- 
ical bond is more likely to be directed perpendicular to than 
along the bond axis. Furthermore, in the chemical bond there 
is greater density at low momentum along the bond and 
greater density at high momentum perpendicular to the bond 
than was the case in the isolated, atoms." Since then, var- 
ious momentum space quantities, such as zero-point Compton 
profile anisotropy U ( 0 )  (17-19), J(0) surface (20), kinetic 
energy anisotropy (21), kinetic energy tensor (22), Husirni 
second moment of momentum tensor (23), have been chosen 
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for the study of the directional characteristics of molecular 
EMDs. Exceptions to the bond directional principle have 
been reported (see ref. 24 for a summary). More recently, 
Tanner (24) has modified the aforementioned BDP and the 
revised one states: "in a chemical bond in a bound molecule 
in its equilibrium configuration, there are values p, of mo- 
mentum which are more probable, i.e., which correspond to 
local maxima of n@). Those values are determined by both 
the geometric and electronic symmetries of the molecule. For 
momenta, p = p, +6p, near a maximum it is more likely that 
6p is perpendicular rather than parallel to the bond axis." Ac- 
cording to this new interpretation, we should pay attention 
to the directional characteristics of local maxima or (3, -3) 
critical points when analyzing an EMD. 

The purpose of this paper is to introduce the curvatures of 
EMDs as an alternative measure of anisotropy of molecular 
EMDs. 

2. Curvatures of EMDs and the BDP 
Each topological feature of an EMD is associated with a 
critical point, p,, in momentum space, where the first deriva- 
tives of n@), On@,) = 0. A critical point is characterized 
by the curvatures of n@). The principal axes and their cor- 
responding curvatures at a critical point are obtained as the 
eigenvectors and the corresponding eigenvalues through the 
diagonalization of the Hessian matrix of n@,). The type of a 
critical point is determined by its rank, o ,  and signature, o, 
and is labeled by (o, o). Rank o is equal to the number of 
nonzero curvatures of n, whereas signature o is simply the 
algebraic sum of the signs of the curvatures at the critical 
point. There are four types of nondegenerate critical points: 
local maxima (3, -3); saddle points (3, -I), saddle points 
(3, +I), and local minima (3, +3). A critical point with o < 3 
is said to be degenerate. 

In the vicinity of a critical point, p,, the EMD can be 
written as 

where hl ,  h2, and h3 are the curvatures of n@) at p,. The 
subscripts x ,  y ,  z indicate the three principal axes. 6pi is the 
projection of 6p on the axis i. 

For linear molecules locating along the z-axis, EMDs dis- 
play Dmh symmetry with p, being the unique axis. Thus, p, 
will always be a principal axis. We may choose two mutu- 
ally orthogonal directions in the plane perpendicular to the 
p, axis as the other principal axes, p, and py. Supposing 
the momentum distributions follow the BDP formulated by 
Tanner (24), we then have 

at the (3, -3) critical points. 
Due to the inversion symmetry of EMDs, the origin is 

always a critical point. Through the application of eq. [l], 
information about the anisotropy of EMDs at small momenta 
can be obtained. 

The present momentum space quantities were obtained 
with near Hartree-Fock quality wave functions (25,26) using 

Fig. 1. The EMDs of the first-row hydrides. The innermost 
contour value is 1.50, 1.50, 2.50, 1.40, 0.90, 0.64, 0.46, and 
1.00 for LiH, BeH, BH, CH, NH, OH, FH, and OH-, respec- 
tively. The remaining contour values, from the outermost, are 
0.003, 0.006, 0.01, 0.02, 0.05, 0.2, 0.5, respectively. 

LiH NH 
4 1 

Slater basis. Since we focus on the BDP of EMDs, only the 
topological properties at p = 0 and local maxima are pre- 
sented. Atomic units are used throughout this paper. 

3. EMDs of the first-row hydrides and 
homonuclear diatomic molecules 
Ramirez studied the EMDs of the first-row hydrides (27) and 
homonuclear diatomic molecules (28) and also discussed the 
chemical bonding through the EMD difference maps. Con- 
tour maps of the EMDs of LiH (X1z+), BeH (X2z+), BH 
(X1z+), CH (X2n), NH (X3z-), OH (X2ni) and FH (X1z+), 
Liz (X1z;), Be2 ('xi), B2 (X3zg), C2 (X1x;), N2 (X'Z;), 
0 2  (X3zg), and F2 (X1zi) at their experimental equilibrium 
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Wang et al. 

Fig. 2. The EMDs of H2 and the first-row homonuclear di- 
atomic molecules. The innermost contour value is 1.00, 5.00, 
5.50, 2.50, 1.50, 1.00, 0.92, and 0.64 for HZ, Li2, Be2, B2 C2, 
N2, 02, and F2, respectively. The remaining contour values, 
from the outermost, are 0.005, 0.006, 0.01, 0.02, 0.05, 0.10, 
0.20, 0.50, except for HZ. The starting contour value for H2 is 
0.606. 

H 1  C, 

separation (except Be2 for which experimental data are un- 
available) were shown. However, many important features of 
the EMDs were not presented. We plotted again the EMDs 
on the p,-p, plane for the first-row hydrides and OH- in 
Fig. 1 and for H2 and the first-row homonuclear diatomic 
molecules in Fig. 2. In addition to those contour values used 
before (27, 28), we include an extra contour at the innermost 
region to show the important topological features of each 
EMD. 

Similar to the earlier findings for the first-row hydrides 
by Rarnirez (27), the EMDs tend to be more diffuse from 

LiH to FH. This behavior is just the opposite to the change 
in position space. In position space, due to the increase of 
the nuclear charge of the heavier atom in the hydrides, elec- 
trons are more likely to move closer to the heavier atom. In 
the complementary momentum space, the higher the nuclear 
charge of the heavier atom, the faster the electrons will move. 
In other words, it is more probable for electrons to appear at 
higher momenta. 

It is clear that several features of the EMDs in Fig. 1 have 
been newly revealed. In LiH and BeH, the EMD displays 
a global maximum at p = 0. From the topological point of 
view, p = 0 is a (3, -3) critical point. Starting from BH, 
the origin is no longer a (3, -3) critical point. The local 
maxima move away from the origin along the p, axis except 
for OH-, for which the local maxima are located on the plane 
perpendicular to the p, axis. More features of the topological 
properties are addressed in the next section. 

Because a variety of chemical bonds can be formed in 
the homonuclear diatomic molecules, the EMDs in Fig. 2 
display more complicated features than in Fig. 1 for the 
hydrides. Nevertheless, it can be seen that from Li2 to F2 
(excluding Be2), electrons are more likely to move perpen- 
dicular to than along the bond axis, a tendency that is more 
obviously portrayed in the EMD of H2. According to the 
BDP by Epstein and Tanner (16), this anisotropy signifies 
the chemical bonding in these molecules. On the other hand, 
the EMD of an unbound system, Be2, shows a preference for 
moving along, rather than perpendicular to, the bond axis. It 
is also interesting to note the gradual shift of the locations 
of maxima from Li2 to F2. Similar trends can be observed in 
Fig. 1 as well. 

4. Curvature of EMDs at local maxima 
and the BDP 

The topological features of the first-row hydrides and homo- 
nuclear diatomic molecules at the origin are summarized in 
Table 1. Besides BH, the momentum density at the origin, 
n(O), has the same value as reported by Ramirez (27, 28). 
The n(0) of BH has been calculated to be 2.5273, compared 
to the previous value of 2.5200. 

In   able 1, the origin appears as a local maximum for the 
EMD of HZ, Li2, N2, LiH, and BeH. The first four molecules 
also share the property of h3 < h l ,  in agreement with the 
revised BDP formulated by Tanner (24). BeH is an excep- 
tion, as previously noted by Tanner (24). For LiH, hl and h3 
have been found to be very close and this may be traced to 
the strong ionic character of its molecular structure. Besides 
being a local maximum, the other three types of nondegen- 
erate critical points all show up in Table 1. According to eq. 
[ I ] ,  this may indicate that, in general, there is no preferential 
direction of electron movement at small momentum regions 
in a bound system. 

As seen from Figs. 1 and 2, several molecules have max- 
imal EMDs away from the origin. The topological properties 
for those that have (3, -3) critical points along p, are given in 
Table 2. Because of the inversion symmetry of EMDs, these 
critical points are paired by an invers ion.~~he locations of 
the maxima, however, are dependent on the nuclear charges 
of the molecule. There is a clear trend for the (3, -3) crit- 
ical points to move to higher momentum regions from BH 
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Table 1. Summary of the topological properties of EMDs at the origin. 

Molecule Bond length NO) Signature A,(= &) 1.3 
- - 

H2 1.4 1.2299 (3, -3) -8.034 -9.416 
Li2 5.051 18.7836 (3, -3) -574.985 -710.878 
N2 2.068 1.4079 (3, -3) -1.011 -6.292 
LiH 3.015 3.8198 (3, -3) -54.948 -55.990 
BeH 2.538 3.4007 (3,-3) -40.617 -15.545 

Be2 4.0 4.9209 3 I )  -64.591 165.7 12 
B H 2.336 2.5273 3 - 1  -24.467 7.202 
CH 2.214 1.3440 (3, -1) -3.806 6.885 
NH 1.9614 0.82 15 (3, -1) -0.029 4.752 
0 2  2.282 0.9297 (3, +I) 0.953 -4.196 
F? 2.68 0.5883 (3, +I) 1.466 - 1.204 
B2 3.005 2.0360 (3, +3) 7.356 54.730 
c2 2.3481 0.9945 (3, +3) 1 1 .OOO 17.804 
OH 1.8342 0.5390 (3, +3) 1.637 2.906 
OH- 1.781 0.6346 (3, +3) 15.219 7.535 
FH 1.7328 0.3742 (3, +3) 1.755 1.849 

Table 2.  Summary of the topological properties of EMDs at the 
(3, -3) critical points, p, = (0, 0, kpz). 

Molecule pz NP,) h,(= &) 1.3 

Table 3. Summary of the topological properties of EMDs at the 
(2, -2) degenerate critical points, p, = (p,, p,, p;). 

Molecule /= p, NP) 

0 2  0.2983 0.0000 0.9490 -1.440 -3.799 
F? 0.5157 0.0000 0.6688 -1.628 -1.165 
OH- 0.4092 0.0000 1.0869 -10.479 -2.410 

to FH and from Be2 to C2. Of these eight molecules, all but 
BH (another exceptional case noted by Tanner (24)) have the 
property that h3 < h,. This includes also the unbound Be2 
molecule. 

The EMDs of 02, F2, and OH- have local maxima in the 
plane perpendicular to the p, axis. Because of the cylindrical 
symmetry of linear molecules, those critical points are degen- 
erate. The rank o is equal to 2 in this case. The topological 
properties of these three species are summarized in Table 3. 
The curvature along the p, axis is still labeled as h3. h is used 
to refer to the nonzero curvature in the perpendicular plane. 
We expect to see h3 < hl  if the revised BDP is followed. 
However, only O2 shows such characteristics. 

As the above discussion shows, the revised BDP can ac- 
count for the EMDs of many bound molecular systems. How- 

ever, exceptions also exist. More importantly, the revised 
BDP appears unable to distinguish the unbound molecule 
from the bound ones. 

Before concluding this section, we would like to mention a 
few words about the basis set effects. Gadre and co-workers 
(10, 11) carried out the topological analysis of EMDs with 
double zeta or triple zeta Gaussian basis sets. For N2, they 
(10, 11) predicted the origin of the EMD to be a (3, +1) 
saddle point. The signature of the local maximum was given 
as (2, -2). These contradict the present and other earlier 
studies (15, 29). The EMD of OH- were studied twice (10, 
11) using a 4-31G and triple-zeta basis set, respectively. Only 
the second study (1 1) located the (2, -2) degenerate local 
maxima. The first study actually found (3, -3) critical points 
in the EMD of OH-. Inconsistent results were also reported 
for HF (10, 11). EMDs are, in general, quite sensitive to the 
basis sets used. It is also well known that Gaussian basis sets 
suffer from the fact that they do not represent the correct 
asymptotic behavior in position space. This will inevitably 
affect the description of EMDs in the small-momentum re- 
gion, the same region where most of the topological features 
of a molecule are in evidence. We would like to call for 
caution when studying topological properties of EMDs with 
Gaussian basis sets. 

5. Summary 
The electron momentum densities (EMDs) of the first-row 
hydrides and homonuclear diatomic molecules were calcu- 
lated with near Hartree-Fock quality wave functions. Im- 
portant features in the EMDs, which were not shown previ- 
ously, are presented. The bond directional principle (BDP) 
was discussed through the curvatures of EMDs at their local 
maxima. It has been shown that the revised BDP is able 
to account for the momentum distributions for many bound 
systems (Hz, Liz, N2, LiH, B2, C2, CH, NH, OH, FH, 02). 
However, exceptions to the revised BDP, including cases of 
both the bound (BeH, BH, F2, OH-) and unbound (Bed 
molecules, are also found. Topological analysis with Gaus- 
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sian basis sets should be canied out with care as the quality 
of basis sets can strongly influence the results. 
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ularly from an a-carbon center to the S-centered GS' rad- 
ical (10). Because S-H bonds are usually more labile than 
C-H bonds and hydrogen transfer normally goes from 
S-H to carbon-centered radicals (8, 1 l), viz: 

GSH has traditionally been considered to be a protector. The 
observation of equilibrium lying in the opposite direction 
means that the dissociation energy of one (or more) of the 
C-H bonds in GSH is a few kJ mol-' below that of the 
S-H bond. Dissociation energies of S-H bonds attached 
to aliphatic structures do not vary widely (12), and that of 
GSH must be close to 368 kJ mol-'. This places the energy 
of the above C-H bond below 368 kJ mol-I, somewhat 
lower than that expected for a secondary or tertiary C-H of 
a hydrocarbon (-397, -389 kJ mol-', respectively, ref. 13). 
Intramolecular H transfer from a-C-H groups to sulfur has 
now also been reported in homocysteine and cysteine (14) 
and 2-mercaptoethanol (15). Also Zhao et al. have shown 
(14) that S-centered radicals are able to abstract a-C-H 
hydrogen atoms from the anions of glycine and alanine, and 
have estimated a value of 356 kJ mol-' for the tertiary a- 
C-H bond dissociation energy of H2NC(CH3)HC02-. 

The above experimental results all confirm that the X- 
NH-C(R)H-C(0)-Y structure must contribute to a signifi- 
cant weakening of the a-C-H bond. The presence of the 
electron-donating -NH group on one side and the electron- 
withdrawing -CO group on the other identifies the X-NH- 
C(R)'-C(0)-Y radical as one that will be subject to stabiliza- 
tion by the captodative effect (16-19). However, the relative 
magnitude of the effect for specific X and Y groups, where 
the groups represent the extension of the protein backbone, 
needs to be determined. The object of this paper is to use 
modem ab initio methods to determine the a-C-H bond 
dissociation energy for the glycyl residue in a nonterminal 
(-mid-chain) position of a protein, and also to determine 
which X and Y groups satisfactorily represent the continuing 
peptide chain. This will enhance our understanding of the rel- 
ative susceptibility of the peptide backbone to H-abstraction 
and oxidative damage, and at the same time provide a prac- 
tical model for such studies on other amino acid residues. 

Calculations carried out with the Gaussian 92 molecular 
orbital package (20) yield reliable structural information. 
They can also be used to provide thermochemical data for 
both closed- and open-shell species. When absolute G2(MP2) 
energies are used in isodesmic reactions in conjunction with 
reliable (preferably but not necessarily experimentally deter- 
mined) heats of formation for related systems, they can be 
expected to provide thermochemical data that are reliable to 
within + 10 kJ mol-I (21). Previously these methods were 
used by us in detailed investigations of the structure and 
thermochemistry of glycine (22) and of its ionic and free 
radical forms in the gas phase (23) and in solution (24). Ear- 
lier predictions (16) of the stabilizing effect of the -NH2 and 
-C(O)OH groups on the a-C-H bond dissociation energy 
were confirmed (23) and the stabilization was shown to be 
diminished in the H2NCH'C0, radical anion. This investi- 
gation represents an extension to the more complex glycine 
polypeptide. 

The basis sets required in the ab initio calculations in order 
to achieve the desired level of accuracy must be 6-31G(D) 

or better. Hence there are limitations to the size of peptide 
for which calculations at the desired level (G2(MP2)) can 
be performed, and it was necessary to define the minimum 
sizes of the X and Y subsections of the polymeric backbone 
on either side of the -NH-CH2-C(0)- residue, for which the 
chemistry at the a-carbon atom would be representative of its 
actual behavior at a mid-chain point in a large protein. This 
was a second objective of the present study. At the same time, 
we decided to determine whether a computationally more 
economical reduced level procedure that would give the same 
reliability in isodesmic reaction calculations as the G2(MP2) 
level could be devised. This became the third objective. 

Computational details 
All ab initio calculations presented here were performed with 
the Gaussian 92 molecular orbital packages (20). The ge- 
ometry optimizations were carried out at the HF/6-3 l G(D), 
MP2/6-31G(D), and B3LYPl6-31G(D) (a hybrid HF-DFT 
procedure) levels as implemented in the Gaussian 92/DFT 
molecular orbital packages. Vibrational frequencies were 
calculated at the HF/6-31G(D) level for all the species 
under study. For systems containing up to six heavy atoms, 
the correlation corrections were estimated at the G2(MP2) 
level. The G2(MP2) procedure (25) includes: a geometry 
optimization with the standard Hartree-Fock method and 
the 6-31G(D) split-valence basis set (HF/6-31G(D)); a vi- 
brational frequency calculation at the HF optimized ge- 
ometry; MP2/6-31G(D) geometry optimization; two single- 
point post-HF calculations, i.e., QCISD(T)/6-3 1 lG(D,F) and 
MP2/6- 31 l+G(3DF,2P), on the MP2 optimized geometry 
in order to obtain an accurate estimate of the correlation 
energy. The vibrational frequencies calculated at the HF/6- 
31G(D) level were scaled by a factor of 0.89 in considering 
the zero-point energy. 

As a means of reducing residual errors due to basis set 
and correlation effects, the bond dissociation energies were 
derived from the heats of isodesmic reactions (26). In the 
context of bond dissociation energies (BDEs), these reactions 
can be represented by process [2]: 

in which HP is the species for which the BDE, DcPH(HP), 
is desired, and HA is a reference molecule for which the 
BDE, Dc_~(HA),  is known accurately. For each HP and HA 
the heat of reaction, m R ( 2 ) ,  was evaluated from ab initio 
calculations. DcPH(HP) is then given by: 

The highest accuracy would be achieved if A and P are 
as similar as possible and the theoretical method is as high 
as possible. The former point suggests that A also should 
incorporate captodative effects since these were previously 
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Fig. 1. Definition of GLY and relations between structures 
under study. DC-" reported in kJ mol-' from isodesmic 
reactions at the B3LYP/6-31G(D)//l33LYP/6-3IG(D) and the 
G2(MP2) (in parentheses) levels. 

found to incur higher than average errors in calculated heats 
of formation (23). The latter point suggests that the G2(MP2) 
procedure (25) should be used. 

The limits of application of G2(MP2) are restricted by the 
requirement of carrying out a QCISD(T) calculation with a 
large basis set, 6-31 lG(D,P), the most time-consuming step. 
Because the G2(MP2) procedure could not be applied to a 
key compound in the present study, a "reduced" G2(MP2) 
procedure, G2(MP2)', was devised and tested. In this, the 
QCISD(T) and corresponding MP2 calculations were car- 
ried out with the smaller 6-31G(D,P) basis set rather than 
the 6-311G(D,P) basis set of the standard G2(MP2) method 
(25). The vibrational frequencies and other parameters were 
treated in the same way as in the standard G2(MP2) method. 
The reliability of G2(MP2)' and of calculations at lower 
levels (MP2 and B3LYP) with respect to the calculation of 
C-H bond dissociation energies was evaluated by compari- 
sons with G2(MP2) level results for smaller systems. 

To obtain m R ( 2 )  values at 298 K, H&8-H: were required. 
These quantities, as well as the entropies needed in the eval- 
uation of reduction potentials, were calculated by standard 
statistical thermodynamic methods based on the rigid rotor 
- harmonic oscillator model (27) and using the frequencies 
obtained at HF/6-31G(D) level. These frequencies are scaled 
by a factor of 0.89 in the calculation of these thermodynamic 
functions. 

Results and discussion 

Structures 
The species for which the optimized structures of the pep- 
tide and its a-C-centered radical have been calculated are pre- 
sented in Fig. 1 and Table 1. For simplicity the common frag- 
ments, -NH-CH2-C(0)- and -NH-C'H-C(0)- of the parent 
and radical are denoted as GLY and GLY', respectively, 

$$ 
0 0 8s sxNx Z W W  

z z X U u , U  
0 0 - - x  x x  x x x g g u u u u  
U U U U X X X X  
Ll?X 5s z.z.z.2, 
u , u , u , < 9 9 9 9  
X X Z X U U U U  z z z z x x x x  

5s 
x x z z  ****  

55c;lddd x x  ~ O O O O  5&5gggoc 
O O O O U U U U  x x x x x x x x  
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Fig. 2. B3LYPI6-31G(D) optimized structures for NH2CH2C(0)NHCH3 and NH2C.HC(0)NHCH3. The filled 
circles stand for nitrogen, open ones for carbon, and the shielded ones for oxygen atoms, respectively. The small 
circles represent the hydrogen atoms. The central units of the glycyl residue and its a-C-centered radical are 
defined by the broken lines. Bond lengths are in angstroms and angles in degrees. 

Table 2. g9, (J K-' mol-') and @98 - % (kJ mol-'). 

- - 

HGLYH 291.2 15.4 HGLY'H 287.4 14.6 
HGLYNH, 331.7 19.6 HGLY'NH, 317.7 18.3 
HC(0)GLYH 337.7 19.7 HC(0)GLY 'H 33 1.4 18.6 
HC(0)GLY NH, 374.5 23.8 HC(0GLY 'NH, 364.5 22.8 
CH,C(O)GLYNH, 429.1 28.7 CH,C(O)GLY 'NH, 412.8 27.6 
HC(O)GLYNHCH, 416.5 27.9 HC(O)GLYSNHCH, 405.8 27.3 
CH,C(O)GLYNHCH, 468.4 32.7 CH,C(O)GLY 'NHCH, 455.3 32.2 

while the formulae of the increasingly complex X and Y end 
groups are given explicitly. 

The optimized geometric parameters of each species ob- 
tained with 6-31G(D) basis sets at the HF, MP2, and B3LYP 
levels were all similar, indicating that the geometric param- 
eters were not sensitive to the correlation levels. Also the 
structures of the different species resembled each other in the 
region of the a-C center. Those of HC(0)NHCH2C(O)NH2 
(HC(0)GLYNHz) and HC(0)NHC'HC(O)NH2 (HC(0)- 
GLYaNH2) are presented in Fig. 2 as examples, with the 
GLY and GLY' sections defined by broken lines. For all the 
species, the optimized Ramachandran angles (a and Y of 
Fig. 2) have values near 180". Thus the optimized structures 
in many cases have C, symmetry or C1 symmetry with minor 
deviation from C,. 

Energies 
The vibrational ZPEs evaluated at the HFl6-3 lG(D) level 
and the total energies calculated at the B3LYPl6-31G(D) 
and MP216-31G(D) levels are listed in Table 1. For the 
small systems, HGLYH, HGLYNH2, HC(O)GLYH, and 
HC(0)GLYNH2 and their radicals, the energies at the 
G2(MP2)' and G2(MP2) levels are also reported. 

@98 - @ and $98 
The calculated values of H.$,8 - H g 8  are given in Table 2. 
It may be noted that H$,8 - H: for the parent and radical 
species are usually similar, which means that in most cases 
the H& - H: corrections to hHR(2) are less than 1 kJ mol-'. 

C-H bond dissociation energies (BDEs) 
As asserted above, to obtain the most accurate values of the 
BDEs, the reference molecules used in the isodesmic re- 
action [2] should be as closely related as possible to the 
glycyl protein fragments under investigation. Ideally they 
should have both an adjacent amino group and a carbonyl 
group so that the special feature of the donor-accepter sta- 
bilization can be taken into account. The five reference 
molecules (HA) adopted for use in reaction [2] and their 
a-C-H bond dissociation energies (in kJ mol-I), were 
CH3CH2NH2 (374.3, CH3C(0)OH (407.0), CH3C(0)CH3 
(395.0), NH2CH2C(0)O- (363.0), and NH2CH2C(0)OH 
(331.0). Although none of them has a full -C(O)-NH-CH2- 
C(0)-NH-structure, three of the reference molecules 
manifest at least one of the required aspects, either 
-NHCH2- (CH3CH2NH2), or -CH2C(0)- (CH3C(0)CH3 and 
CH3C(0)OH). The value for the BDE of CH3CH2NH2 is 
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Table 3. D,,(HX) at 298 K in kJ mol-' from isodesmic reactions P' + HA + HP + A'. 

HP HAa B3LYPl6-31G(D)l/B3LYP/6-3 lG(D) MP216-3 lG(D)lIMP216-31G(D) G ~ ( M P ~ ) ' ~  G2(MP2) 

HGLYH NH2CH2CH3 296.2 328.7 304.7 306.3 
CH3C(0)OH 299.6 326.5 3 10.0 311.2 
CH3C(0)CH3 298.3 306.2 305.7 306.4 
NH2CH2C(0)O- 297.4 325.1 306.2 307.5 
NH,CH,C(O)OH 306.2 325.7 308.0 308.7 
Average 306.9 308.0 

HGLYNH, NH2CH2CH3 329.2 
CH,C(O)OH 332.5 
CH3C(0)CH3 33 1.3 
NH2CH2C(0)O- 330.4 
NH,CH,C(O)OH 339.2 
Average 

NH2CH2CH3 315.7 
CH3C(0)OH 319.1 
CH3C(0)CH3 3 17.8 
NH2CH2C(0)OM 3 16.9 
NH2CH2C(0)OH 325.7 
Average 

HC(O)GLYNH, NH2CH2CH3 339.8 352.3 347.6 
CH3C(0)OH 343.2 350.1 352.9 
CH3C(0)CH3 341.9 329.8 348.6 
NH2CH2C(0)O- 341.0 348.8 349.1 
NH2CH2C(0)OH 349.8 349.4 350.9 
Average 349.8 

OD,-,(HA) at 298 K are 374.5, 407.0, 395.0, 331.0, and 363.0 kJ mol-' for NH,CH,CH,. CH,COOH, CH,COCH,, NH,CH,COOH, and NH,CH,COO', 
respectively. See text. 

bThe 6-31G(D,P) basis set was used in place of 6-31 lG(D,P) for QCISD(T) and corresponding MP2 calculations in the standard G2(MP2) procedure, see 
text. 

based on A ~ H &  for the parent and radical from Lias et al. 
(28). For CH3COCH3, A~H&, of the parent (-217.6) was 
from Lias et al. (28) while the value for the radical (-41.0) 
was from Orlov et al. (29). The BDE of CH3C(0)OH is 
from a critical examination of experimental and theoretical 
results by Yu et al. (21, 23). The BDE of the glycyl species, 
H2NCH2C(0)O- and H2NCH2C(0)OH, which also exhibit 
the captodative stabilization, are not directly available from 
experiment, and were derived from G2(MP2) calculations in 
combination with isodesmic reactions in which two of the 
present species, CH3C(0)OH and CH3CH2NH2, as well as 
CH4 and CH3NH2, were used as references (23). 

During the course of the investigation it became clear that 
a very accurate value for the BDE of HCONHCH2CONH2 
(HCOGLYNH2) was required, and that the large size prohib- 
ited application of the G2(MP2) procedure. For this reason, 
the G2(MP2)' procedure was devised (see above). As a 
method of testing the G2(MP2)' procedure for the calcula- 
tion of BDEs, the values of DCPH for H2NCH2C(0)OH and 
H2NCH2C(0)O- were reexamined by the isodesmic reaction 
method with CH3CH2NH2, CH3C(0)CH3, and CH3C(0)OH 
as reference species. The average values with the G2(MP2)' 
procedure were the same as previously reported by Yu et al. 
(23), namely, 331 and 363 kJ mol-I for H2NCH2C(0)OH 
and H2NCH2C(0)O-, respectively, using G2(MP2). The 
maximum difference between the G2(MP2)' and G2(MP2) 

results for any one reference was 1 kJ mol-I. The stan- 
dard deviations of the values for both H2NCH2C(0)OH and 
H2NCH2C(0)O- with the three references were 2.8 kJ for 
G2(MP2)', versus 2.7 kJ mol-' for G2(MP2). These results 
demonstrate that the G2(MP2)' procedure has basically the 
same accuracy as G2(MP2) when used in isodesmic reac- 
tions, and reconfirm the reliability of the DCPH values for 
H2NCH2C(0)OH and H2NCH2C(0)O-. 

HGLYH, HGLYNH2, HCOGLYH, and HCOGLYNHz 
These four species represent the first steps toward glycyl pro- 
tein modelling, and the practical limit for which the most ac- 
curate theoretical levels are applicable. The values of DCAH 
from the isodesmic reactions and ab initio energies calcu- 
lated at different levels are reported in Table 3. For HGLYH, 
HGLYNH2, and HC(0)GLYH the G2(MP2) and G2)MP2)' 
level results with the five isodesmic reactions in columns 
5 and 6 all fall in the narrow range of 5.3 kJ mol-'. The 
maximum difference between the G2(MP2)' and G2(MP2) 
values is less than 2 kJ mol-'. For HC(0)GLYNH2, where 
the highest level of calculation was G2(MP2)', the range is 
the same, from 347.6 to 352.9 kJ mol-I. These narrow ranges 
indicate that at these levels the cancellation of residual errors 
for all of the standards in the isodesmic reactions was very 
effective. Therefore, the average value over the isodesmic 
reactions of the G2(MP2) or G2(MP2)' results, shown in 
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Table 4. D,-,(HP) at 298 K in kJ mol-' from isodesmic reactions P' + NH2CH2C(0)OH + 
HP + NHZCHC(0)OH'. 

bold face in Table 3, may be taken as the "standard" against 
which the level of accuracy of other calculation methods (i.e., 
B3LYP and MP2) can be examined. 

One can anticipate that the more closely bond types are 
conserved between P* and HA, and HP and A. in reaction 
[2], the more complete would be the cancellation of residual 
errors. Breakdown in this process can be expected to show up 
more strongly as the level of calculation falls, and the results 
in Table 3 show that this happens at the B3LYP and MP2 
levels. The DCPH values for the four model peptide species 
obtained at the B3LYPl6-3 lG(D) level have a maximum de- 
viation of 1 1.8 kJ mol-I and an average of 7.7 kJ mol-l. The 
corresponding values at the MP216-3 lG(D) level are 16.4 and 
9.3 kJ mol-l, respectively. There is therefore some prefer- 
ence for the B3LYPl6-31G(D) level calculations as they are 
less scattered. At the same time, the DcPH(HP) values de- 
rived at the B3LYPl6-3 lG(D) level with NH2CH2C(0)OH 
as the reference molecule show the least deviation compared 
with the averaged G2(MP2) results: the maximum difference 
between B3LYP and G2(MP2)(') for the four systems is 5.1 
kJ mol-' and the average deviation is 2.4 kJ mol-' . Thus, the 
B3LYPl6-31G(D) level calculations with NH2CH2C(0)OH 
as standard in the isodesmic reaction seem best able to re- 
produce the correct DCPH values (assumed to be the same 
as derived with the G2(MP2) and G2(MP2)' procedures). 

It may be noted that in the course of the present study, 
results from other levels including B3LYPl6-311G(D,P), 
MP216-3 1 lG(D,P), MP216-3 1 1 +G(3DF,2P), QCISD(T)/ 
6-3 lG(D,P), and QCISD(T)/6-3 1 lG(D,P), as single calcu- 
lations at the B3LYPl6-3 lG(D) or MP216-3 lG(D) opti- 
mized geometries, were also examined in detail. In general, 
using basis sets larger than 6-31G(D) with B3LYP or MP2 
methods did not improve the results. Only at the QCISD(T) 
level did DCPH parallel the G2(MP2) values for all ref- 
erence isodesmic systems. Thus for larger systems where 
the QCISD(T) and G2(MP2) calculations are not practical 
and lower theoretical levels must be used, the most accurate 
DcP14(HP) values can be derived with the combination of 
B3LYPl6-3 lG(D) theoretical level and NH2CH2C(0)OH as 
isodesmic reference. DC-H values thus derived should fall 
within 10 kJ mol-I of the correct values. 

C-H bond dissociation energies of CH3C(0)GLYNH2, 
HC(0)GLYNHCH3, and CH3C(0)GLYNHCH3 

These three systems represent extension of the protein chain 
from HC(0)GLYNH2 to include the next a-C in one or 
both directions (as modelled by a methyl group). Table 
4 collects the central C-H bond dissociation energies 
for HC(0)GLYNH2 as well as CH3C(0)GLYNH2, HC(0)- 
NHCH3, and CH3C(0)GLYNHCH3, derived at the B3LYPl 

6-3 lG(D) level with the glycine molecule (NH2CH2C(0)OH) 
as the reference. For these four species, the DC-H values 
at the MP216-31G(D) level are consistent with those of 
B3LYPl6-31G(D), as was also true for HGLYNH*, but not 
for HGLYH and HC(0)GLYH (Table 3). The values of 
DC-H and the implication of these results for choice of pro- 
tein model are discussed below. 

Effects of X and Y Groups on D C - ~  
As stated in the Introduction, the bond dissociation energy 
of a secondary C-H bond in an unsubstituted hydrocarbon 
is -397 kJ mol-'. The value of 308 kJ mol-' for D C - ~  
for HGLYH (Fig. 1) demonstrates the occurrence of a very 
strong captodative stabilization (-90 kJ mol-l) for the C- 
centered radical when the electron-donating group is -NH2 
and the electron-withdrawing group is -C(O)H. 

It is convenient to use the HGLYH structure as a refer- 
ence point in discussing the systems studied here. Clearly, 
altering X by adding the electron-withdrawing C-0 group 
will reduce the electron-donating ability of the -NH- group. 
Indeed, D C - ~  increases by 20 kJ mol-I when X = H is 
replaced by X = HC(0) (Fig. 1). Likewise, changing the 
group attached to the carbonyl from Y = H to Y = NH2, 
the better electron donor group, is expected to diminish the 
electron-withdrawing power of the -C-0- group and raise 
the BDE. In accord with expectations, D C - ~  increases by 
33 kJ mol-' when Y = H is replaced by Y = NH* (Fig. 
1). Replacing both groups causes DCPH to increase by 44 
kJ mol-l. Since D C - ~  is the same for HC(O)GLYNH-, and 
HC(0)GLYNHCH3, changing the -NH2 to -NHCH3 in the 
Y end group has no further effect. Similarly, altering the 
electron-withdrawing group on the amino end from X = 
HC(0)- to X = CH3C(0)-, or making both replacements 
simultaneously, also has only a small effect. The last results 
suggest that addition of the methyl groups, which model the 
a-C of the next amino acid residue in each direction, is not 
necessary. It is anticipated therefore that the same "chain ex- 
tending" groups, X = HC(0) and Y = NH2, would serve to 
model the a-C environment of all of the other amino acid 
residues as well. 

The value of D C - ~  for nonterrninal glycyl in a long- 
chain peptide 

A primary objective is to obtain a value for DCPH at a non- 
terminal or mid-chain position in a glycyl peptide. Based on 
the BDE values given in Fig. 1, it is evident that further ex- 
tensions of the X and Y groups beyond X = CH3C(0) and 
Y = NHCH3 will have minimal, if not negligible, effects. 
Therefore, the best estimate is DcPH = 348 kJ mol-I, taken 
as the average of the DcPH values of the four species in Table 
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4. The uncertainty in this result should not exceed f 10 kJ 
mol-I. This indicates a stabilization of -50 kJ mol-' for the 
glycyl a-C-centered radical. For the reasons discussed above, 
this is smaller than for free neutral glycine, H2NCH2C(0)OH 
(-66 kJ mol-I), but it is still substantial. It means, for ex- 
ample, that the a-C position will be vulnerable to H atom 
abstraction by RS', RO', and some phenoxyl and peroxyl 
radicals, for which the parent compounds have bond disso- 
ciation energies in excess of 350 kJ mol-I (12, 13). The 
feasibility of those processes is best examined in terms of 
the reduction potential, which is estimated below. 

Relevance to proteins 
The present theoretical procedure predicts the C-H bond 
dissociation energy of a model protein fragment containing 
glycine in the gas phase from the difference between the 
energies of the parent fragment and the corresponding a-C- 
centred radical, both in their fully relaxed geometries. The 
effect of an aqueous environment is estimated in the next 
section. The relaxed geometry of both the radical and neu- 
tral glycine-based model correspond to Ramachandran angles 
(@ and Y of Fig. 2) equal to 180" (planar geometry). The 
radicals of other amino acids should also have planar ge- 
ometries, although this will not be true of the neutral species 
because of the chirality at the a-C centre. In a real protein, the 
backbone chain may be rigidly anchored by hydrogen bonds 
that form the secondary and tertiary structure, with @ and Y 
far from 180°, particularly in the case of a-helical segments 
(average values, @ = -60" and Y = -45"). A recent survey 
of 78 protein structures (30) from the Brookhaven Protein 
Structure Databank (BPSD) (3 1) revealed many instances of 
amino acids whose @, Y values were within 30" of 180°, a 
region of conformational space close to the P-sheet structure 
(average values, @ = -150" and Y = +150°). Values close 
to 180" correspond approximately to minima on the radical 
potential energy surface but may be far from minima of the 
undamaged amino acid residue. a-C-H bonds at such sites 
will be especially weak and susceptible to damage by free 
radicals generated internally in mitochondria or through the 
action of external sources of radiation. We have examined 10 
proteins from BPSD with different proportions of a-helical 
and P-sheet structure for instances of glycine with dihedral 
angles near 180". These are very common in proteins high 
in P-sheet content, especially in silk fibroins that also have a 
high proportion of glycine (and alanine) (32). Indeed, 30% 
of the glycine (and also of the alanine) residues of one of 
the theoretical models of silk fibroin of Scheraga and co- 
workers (33) are within 30" of the locally planar geometry. 
Since near-planar geometries do not occur in a -  helical seg- 
ments, one may infer that these are less susceptible to oxida- 
tive damage than P-sheets. We are examining the effect of 
angular constraints on a-C-H bond strengths as a function 
of @ and Y .  

The reduction potential of a nonterminal a-C-centered 
radical in a long-chain peptide 

The standard free energy change at 298 K, AG:,~, of the 
reaction: 

can be estimated from the above values of DCPH together 

with AS&, (Table 2). A G & ~  is given by expression [5], 

The difference in entropy of XNHCH2C(0)Y and XNHCH' 
C(0)Y was also estimated from those of HC(0)GLYNH2, 
CH3C(0)GLYNHCH3, and their radicals (Table 2). AfH& 
(H;,,) has a value of 218 kJ mol-I (34) and the other cor- 
rection term (-TAS!,,) in eq. [4] amounts to 16.5 and 15.5 
kJ mol-I, respectively, for HC(0)GLYNH2 and CH3C(0)- 
GLYNHCH3. The difference between the values for the two 
peptides is negligible. Using a net correction of 234 kJ 
mol-I , AG&, for reaction [4] is found to be - 1 14 kJ mol-' . 

The free energies of solution of the XNHCH'C(0)Y rad- 
ical and its XNHCH2C(0)Y parent are unlikely to differ by 
more than a few kJ mol-', so that A G ! ~ ~  for reaction [6] 

can also be estimated to be -114 kJ mol-I. AEO for this 
reaction, 1.2 V, is obtained from -AG:,~/F, where F is the 
Faraday constant, and has an uncertainty of less than f 0 . 2  
V. This is also E0 for the half reaction [7]: 

which was our objective. 
Correcting to the pH of 7 gives EO' = 0.8 V for reaction 

[7]. For comparison, RS', ROO', and tyrosyl radicals have 
Ed values in reaction [8] 

of 0.92 V (35, 36), 1.06 V (37), and 0.97 V (38), respectively. 
Those Ed values indicate that these other radicals, as well 
as OH'(EO'(OH., H+/H20) = 2.3 V, ref. 39), are potentially 
able to abstract H atoms from the glycyl a-CH2 group. Since 
these radicals are less reactive than OH* due to the smaller 
driving force, their effects will be more apparent in biological 
systems, where the radical concentrations are usually lower 
than in chemical experiments and time scales for reactions 
are long. 

Finally it may be noted that the a-CH group of an N- 
terminal amino acid is strongly protected by protonation, 
since this totally destroys the electron-donating ability of the 
amino group and eliminates the possibility of captodative sta- 
bilization of the C-centered radical. As an example, from the 
results of Armstrong et al. (24) Ed is expected to rise from 
0.8 V for reaction [9] 

to 1.5 V on protonation of the amino group (see reaction 
[lo]); 

This effect of protonation is undoubtedly the reason why H 
atom transfers from a-CH groups in H2NCH2C(0)- struc- 
tures to S-centered radicals only occur at high pH, where the 
amino groups are deprotonated (10, 14). 
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Summary 
At the present time there are no experimental bond dis- 
sociation energies specifically for peptide a-C-H bonds, 
which could be used in isodesmic reaction [2] to deter- 
mine DCPH values in proteins. Until they become available, 
the best approach is therefore to use the glycine molecule, 
H2NCH2C(0)OH, which has itself been studied by the 
isodesmic reaction method. Based on a number of isodesmic 
reactions involving different experimental data (16, 23) the 
value of D C - ~  for glycine is 331 kJ mol-I at 298 K with 
a standard deviation of 3.5 kJ mol-I. In the present work 
we have established, by use of high-level theoretical proce- 
dures, isodesmic reactions, and convergent molecular mod- 
elling, that D C - ~  for the mid-chain region of a glycyl protein 
is 348 kJ mol-I at 298 K. The low value of D C - ~  means 
that the a-C position will be vulnerable to H atom abstraction 
by RS', RO', and some phenoxyl and peroxyl radicals, for 
which the parent compounds have bond dissociation energies 
in excess of 350 kJ mol-I. This result is also expected in 
aqueous solution, since the best estimate of E0 at neutral pH 
for the bond-forming reaction [7] gives E0 = 0.8 V ,  which 
is lower than experimentally determined EO values for RS., 
ROO*, tyrosyl, and OH' radicals. 

The present work has established that the minimum suit- 
able model for the local environment of the a-C region of an 
amino acid residue in a protein requires that the C02- group 
be converted to C(0)NH2 and the NH2 group be converted 
to HCONH. In other words, the properties of the a-CH in 
the molecule, HC(0)NHCHRC(O)NH2, where R is an amino 
acid side chain, effectively mirror the local properties of a 
protein. 

The B3LYP16-31G(D) procedure in combination with an 
isodesmic reaction with the glycine molecule can reliably 
predict the a-C-H bond dissociation energy of a protein- 
like molecule. As implemented in the Gaussian package of 
programs, it is feasible to apply this procedure to all of the 
other amino acid residues. This work is in progress. 
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Interpretation of neighboring group 
interactions in crystal structures. A solid state 
and quantum-chemical study of "incipient 
nucleophilic attack" in 2-diazonium benzoic 
acid and its benzoate1 

Abstract: The concept of the Burgi-Dunitz angle of attack on carbonyls is compatible with the electronic structure of carbonyls. 
However, it is argued here that the generalization asserted to describe the interaction of nucleophiles with diazonium ions is 
inappropriate. Distortions in crystal structures of diazonium ions with proximate nucleophiles were interpreted by an incipient 
nucleophilic attack (INA) on the formally positive-charged N,. This "N, attraction model" relies on the assumption that the 
for~nal charge in the most commonly used Lewis structure of diazonium ions represents actual charge. We proposed that the 
close approach of the proximate nucleophile to the diazonium group occurs to enhance attractive 1 ,3-(C,Np)-bridging 
interactions and despite repulsion between N, and the proximate oxygen (Opr). The present study combines theoretical analysis 
of rotamers of 2-diazonium benzoic acid and its conjugate base with experimental results on the same systetn to provide 
compelling evidence that the more general conclusions drawn from analyses of neighboring group interactions in propenoic acid 
models are fully warranted. The crystallographic record is more fully consistent with the "1.3-bridging attraction model." 
Combined analysis of solid state and gas phase structures reveals the intrinsic features due to INA. Both electrostatic models can 
account for these features but with different postulates about the electron density distribution. While the structural analysis alone 
cannot distinguish between the alternative interpretations, the study of the electronic structure allows one to clearly differentiate 
between these competing interpretations. A method (ESI) for the quantitative evaluation of electrostatic neighboring group 
interactions has been devised and this ESI concept employs atomic electrical moments (charges, dipoles, and quadrupoles) 
determined via topological electron density analysis. The results of the ESI analysis support the 1 $bridging attraction model 
and eliminate the N, attraction model. 

Key words: electrostatic interactions, electron density analysis, atoms in molecules, X-ray crystallography, ab initio molecular 
orbital theory, incipient nucleophilic attack, bonding models, ESI analysis. 

R6umC : Le concept de I'angle d'attaque sur les carbonyles de Burgi-Dunitz est compatible avec la structure Clectronique des 
carbonyles. I1 a toutefois CtC suggCrC que la gCnCralisation proposCe pour dCcrire l'interaction des nucltophiles avec les ions 
diazonium est inappropriCe. Les distorsions dans les structures cristallines des ions diazonium avec des nucltophiles 2 proximitt 
ont CtC interprCtCes par une attaque nuclCophile incidente (ANI) sur le N, qui est formellement chargC positivement. Ce ccmodkle 
d'attraction N,, se base sur l'hypothkse que la charge fortnelle dans la structure de Lewis la plus couramment utilisCe pour les 
ions diazonium reprCsente la charge re'elle. Nous avons proposC que l'approche du nuclCophile B faible proximitt du groupe 
diazonium se produit pour augmenter les interactions attractives 1 ,3-(C,Np) qui font le pont et malgrt la rtpulsion entre le N, et 
l'oxygkne 2 proximitC (Opr). La prCsente Ctude combine une analyse thCorique des rotamkres de l'acide 2-diazoniumbenzo'ique et 
de sa base conjuguCe avec des rksultats expkrimentaux sur le mgme systktne qui fournit des donnCes suggkrent fortement que les 
conclusions plus gCnCrales tirCes de l'analyse des interactions des groupes avoisinants dans les modkles de l'acide propCnoYque 
sont pleinement justifiCes. Les donnCes cristallographiques disponibles sont en meilleur accord avec le ccmodkle d'attraction 5. 
pont- 1 , 3 ~ .  Une analyse combinCe des structures en phases solide et gazeuse met en relief les caractCristiques intrinskques dues B 
I'ANI. Les deux modkles Clectrostatiques peuvent expliquer ces caractCristiques, mais en se basant sur des postulats diffkrents 
concernant la distribution de la densit6 Clectronique. M&me si l'analyse structurale seule ne permet pas de distinguer entre ces 
interpretations alternatives, I'Ctude de la structure Clectronique permet de bien differencier entre ces interprktations en 
compCtition. La mCthode (ESI) d'kvaluation quantitative des interactions Clectrostatiques des groupes avoisinants a CtC mise au 
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point et cette mCthode fait appel aux moments Clectriques atomiques (charges, dipbles et quadripbles) determinis par l'analyse 
de la densit6 Clectronique topologique. Les rksultats de I'analyse ESI supportent le modble d'attraction i pont-1,3 et permet 
d'kliminer le modkle d'attraction N,. 

Mots clis : interactions Clectrostatiques, analyse de la densite Clectronique, atomes dans les molCcules, diffraction des rayons X, 
thCorie des orbitales molCculaires ab initio, attaque nuclCophile incidente, modkles de liaisons, analyse ESI. 

[Traduit par la redaction] 

Scheme 1. Scheme 2. 

N 
Ill ,*I+ 

Nu- ' R 

n S-S = 3.0 A 
S-S-0 = 174" 

Introduction 

The Burgi-Dunitz angle of attack of a nucleophile on a carbo- 
nyl group was first described over 20 years ago (2), the feature 
was well established, and it is now "common knowledge." The 
trajectory of a nucleophile approaching a carbonyl in its IT 

plane is not perpendicular but encloses an angle of 109" with 
the C=O u-bond (Scheme 1). The angle of attack was deter- 
mined both by a systematic analysis of crystal structures of 
compounds that contain either intra- or intermolecular non- 
bonded interactions between nucleophilic centers and carbo- 
nyl groups, and also by quantum-mechanical potential energy 
surface explorations. It was suggested that chemical reaction 
paths could be determined by examination of distortions in 
structural parameters caused by the presence of the two reac- 
tive centers in the "frozen" environment of the crystal lattice. 
Burgi and Dunitz found the attack angle of 109" to be rather 
general for various nucleophiles and consistent distortions 
occurred for carbonyls in different environments. As the 
nucleophile's distance to the carbonyl decreased, the C=O 
distance increased and carbonyl C pyramidalization occurred. 
The idea of an "incipient nucleophilic attack" on a carbonyl 
center was demonstrated by Dunitz's elegant description of 
nucleophile~lectrophile interactions in 1,8-disubstituted 
naphthalene and quinoline systems (3). In the seven systems 
studied, the distortions were consistent and characteristic of an 
initial nucleophilic attack. There was a splaying outward of the 
electrophilic carbonyl group and a splaying inward of the 
proximate nucleophile. The carbonyl carbon was also dis- 
placed toward the nucleophile and out of the plane of its three 

electronic structure of carbonyls. The C=O bond is highly 
polar (4) for reasons of electronegativity and nucleophiles will 
be attracted to the electron-deficient carbonvl C.   he nonDer- 
pendicular attack angle might be seen as a reflection of repul- 
sive interactions between the nucleophile and the negatively 
charged carbonyl 0. Because of its simplicity, this model 
quickly was applied to related systems as well. The attack of a 
nucleophile on a nitrile group can be discussed from this van- 
tage point since the C=N and C=O bonds show similar 
polarities (5) .  In fact, the concept of incipient nucleophilic 
attack has been broadened (6) to include not only nucleophilic 
attack on polar '+cx" or "YO'- multiple bonds but on all 
kinds of multiple bonds and to include dative bond formation 
as well.3 In Scheme 2, a few examples of incipient nucleo- 
philic attack on electron-deficient S centers are illustrated. 
The X-ray structure of the monosulfoxide suggests incipient 
sulfurane formation. The ease of oxidation of the disulfides 
was explained by incipient S-S bond formation (8). In a 
study of the directional preference of the approach of nucleo- 
philes to sulfonium ions (9), 22 sulfonium ion crystal struc- 
tures were analyzed for close contacts and interpreted as 
representing early stages of either an addition or a displace- 
ment reaction. Methylmethionine with its short C..,O contact 
in the crystal exemplifies an early stage of facile conversion to 
a lactone. 

Wallis and Dunitz asserted the generalization that an attack 
of a nucleophile on an NN triple bond will occur in a similiar 
fashion a s  with the carbonyls. Quinoline-8-diazonium-1- 

bonded atoms. 
The Burgi-Dunitz model for attack of nucleophiles on car- Intramolecular incipient nucleophilic attack on Si centers by 

bonyls is easily accepted as it is in agreement with the known aminoaryl groups: see ref. 7. 
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Scheme 3. 

N 
111 

Nu- - N+ 

N, attraction model 1,3-bridging attraction model 

Scheme 4. 

oxide tetrafluoroborate (10) was discussed in complete anal- 
ogy to the respective carbonyl system (Scheme 1) to argue that 
an incipient attack would occur at N, (the central N). Several 
other cases of incipient nucleophilic attack on diazonium ions 
will be discussed below. This reasoning reflects the formal 
similarities of the Lewis structure (1 1) ofdiazonium ions with 
its formally positive-charged N, and of the C=O bond polar- 
ity - this formal similarity is illustrated in a compelling fash- 
ion in Scheme 1. The explanation of distortions of diazonium 
ions by incipient nucleophilic attack relies on the assumption 
that N, carries a positive charge and postulates an attractive 
interaction between the nucleophile and N, (Scheme 3). 
Hence, this "N, attraction model" would imply that the formal 
charge in the Lewis structure is a good representation of the 
actual charge distribution. Based on electronic structure anal- 
yses of diazonium ions, we argued that this assumption is not 
warranted and that the simple electrostatic model cannot be 
correct. 

We proposed a bonding model for diazonium ions based on 
Bader's topological electron density analysis (1 2, 13) (TEDA) 
that emphasizes dative C t N  bonding between a carbenium 
ion acceptor and an N2 group donor that is internally polarized 
in the fashion N,"-N~" (14). This bonding model has since 
been shown to be general, fully consistent with all chemical 
and physical properties of diazonium ions,4 and we argued for 
its preferability over purely formal bonding notations such as 
the Lewis notation (146). In this context, we have been study- 
ing incipient nucleophilic attack in diazonium ions to probe 

Excellent new monographs are available: see ref. 15. 

their electronic structures. We first reported a theoretical study 
of neighboring group interactions in the rotamers of 3-diazo- 
nium propenoic acid and the zwitterionic conjugate base (la). 
These systems were particularly suitable as they allowed for 
a variation of the nucleophilicity of the proximate 0-atom 
(O,,: C-QH, C=Q, C-Q-) in the proximity of the N, group 
without major skeleton changes. Secondly, an aliphatic unsat- 
urated molecule was selected because it allowed us to study 
the incipient nucleophilic attack in the cis isomer in compari- 
son to the trans isomers as reference. We provided compelling 
evidence that the distortions occur in order to optimize the 
electrostatic interactions associated with the quadrupolar 
charge arrangement of the N, group and the C-O,, bond. We 
showed that the close approach of the proximate nucleophile 
to the diazonium group occurs to enhance attractive 1,3- 
(C,Np)-bridging interactions and despite N,-O,, repulsion 
(Scheme 3). We succeeded in the determination of the X-ray 
structures of the first P,P-disubstituted vinyldiazonium ions 
(16) but the synthesis and crystallization of P-monosubstituted 
vinyldiazonium ions remain elusive. To corroborate our argu- 
ments, we thought it necessary to undertake a theoretical and 
experimental study on the same molecule and we resorted to 
aromatic diazonium systems. The crystal structures of 3-car- 
boxy-2-naphthalenediazonium salt reported by Gougoutas 
and Johnson (17) were appealing but somewhat large from the 
viewpoint of computational demands. Hence, we focused on 
the ortho-carboxyl benzenediazonium ions and we report here 
on the interpretation of the distortions present in their quan- 
tum-mechanically determined gas phase structures and their 
experimental solid state structures. The three gas phase struc- 
tures considered (Scheme 4) are the rotamer of 2-diazonio 
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Glaser and Horan 

Table 1. Total energies and vibrational zero-point energies. 

No. Sym. Energy VZPE NI Energy VZPE NI 

"Total energies in atomic units and vibrational zero-point energies (VZPE) in 
kcal/mol. 

bNumber of imaginary frequencies, NI. 

benzoic acid in which the hydroxyl 0 is close to N,, 1 ,  the 
other rotamer of this acid, 2, and the conjugate base 2-diazo- 
nium benzoate zwitterion, 3. We were able to determine the 
crystal structures of one rotamer of the benzoic acid derivative, 
the monohydrate of 2-carboxybenzenediazonium chloride 
(lb), 4-C1-.H,O, and of the conjugate base, the explosive 2- 
carboxylatobenzenediazonium ion hydrate ( 1 4 ,  6.H20. In 
addition, we solved the structure of 5.ClP, which can be seen 
as the 1: 1 complex between 4.C1- and 6 (lc). The nucleophi- 
licity of the proximate oxygen in 5 should be in between those 
of 4 and 6. Details of the solid state structures were communi- 
cated (lb-6). With the theoretical data, we can now distin- 
guish between intrinsic and packing-related distortions and 
probe the consistency of the competing explanations. While 
the structural analysis alone cannot distinguish between the 
alternative interpretations, a method for the quantitative eval- 
uation of electrostatic neighboring group interactions has been 
devised for this purpose. The ESI concept employs atomic 
electrical moments determined via topological electron den- 
sity analyses and the results of the ESI analysis do provide 
independent information that strongly supports the 1,3-bridg- 
ing attraction model and eliminates the N, attraction model. 

Computational methods 

Restricted Hartree-Fock (RHF) ab initio calculations were 
carried out on IBM RS-6000 systems with the program 
Gaussian921DFT (18, 19) and electron density analyses were 
performed on Silicon Graphics Indigo workstations. Geome- 
tries were optimized in C, symmetry and the Hessian matrices 
were computed analytically for each of the structures to con- 
firm that an extremum had indeed been located and to charac- 
terize the stationary structures via the number of negative 
eigenvalues. Optimizations and vibrational analyses were per- 
formed with the basis sets 3-2 1G and 6-3 lG*. Total energies 
and vibrational zero-point energies of 1-3 are listed in Table 1 
and their RHFl6-31G* geometries are listed in Table 2 
together with the solid state structural data. The electronic 
structure analyses were performed at the RHFl6-3 lG* level. 

static interactions between neighboring groups was performed 
with our program E S I ~  and the theoretical background will be 
discussed below. 

Results and discussion 

Incipient nucleophilic attack in crystal structures of 
diazonium ions 

In crystal structures of salts of diazonium ions that contain a 
proximate nucleophile, the N, group is bent in a way that was 
interpreted as the result of intramolecular incipient nucleo- 
philic attack on N,. As with the interpretation of the structure 
of quinoline-8-diazonium- 1 -oxide tetrafluoroborate (vide 
supra), Gougoutas and Johnson (17) attributed distortions in 
3-carboxy-2-naphthalenediazonium salts and the correspond- 
ing zwitterion I mainly to attractive interactions between N, 
and the carbonyl 0 and also between Np and the counterion. 
Intermolecular incipient nucleophilic attack of sulfonate 0 
on N, has been discussed for I1 (21). The close 0-N, contact 
might equally well be explained as the result of minimiza- 
tion of the distances between the sulfonate 0 and the atoms 
Np and C(N,). The placement of nucleophiles in 1,3-bridg- 
ing positions is common, and structures are known of sev- 
eral diazonium ions with polyfluoro anions in which the F 
atoms are placed ~~~~~~~~~~~~~in the two CNN bridging posi- 
tions and, if both of these are occupied, in the proximity of 
Np. The crystal structures of I11 (22) and IV (23) both con- 
tain F atoms in such bridging positions with nearly equal 
F-N, and F-Np distances. The crystal structure of 
PhN,+BF,- (24), V, provides an excellent example for the 
placement of counterions in the proximity of both N, group 
nitrogens and this bridging was regarded as the result of elec- 
trostatic interactions of F with N, and Np. Haymore and co- 
workers (25) studied host-guest assemblies VI formed by 
18-crown-6 ethers and diazonium ions and the crystal 
structure7 showed the N, group inserted into the cavity of the 
crown ether such that each 0 atom assumes a 1,3-bridging 
position between Np and Cipso.8 

Topological &d integrated properties were determined using 
various modules of the Proaim program (20). Graphical 
representations of the integrated atomic moments were gener- 

6 R. Glaser, B.S. Chladny, and M.K. Hall, Department of 
ated with the program ~ i ~ o l e s . '  The analysis of the electro- Chemistrv, University of Missouri-Columbia. 1994. 

B.L. ~ a y m o r e .  unpublished results. We thank Dr. Haymore for 
communicating these X-ray data prior to publication. 

R. Glaser. Department of Chemistry, University of Missouri- ' Similar coordination of a 21-crown-7 ether to 4-methoxybenzene- 
Columbia, 1990. 1-diazonium cation also has been observed: ref 26. 
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Table 2. Comparison between computed gas-phase geometries and experimental 
solid state structures. 

Ab initio theory X-ray crystallography 

Parameter 1 2 3 4 5 6 

"Bond lengths in A and bond angles and dihedrals in degrees. 
"Estimated standard deviations are given in parentheses for the solid state data. 
'Ab initio geometries determined at the RHFl6-31G* level. 

Most recently, Wallis, Easton, and Dunitz (lob) reported 
the crystal structures of three 8-substituted naphthalene-l-dia- 
zonium ions, VIIa, and the authors reiterated their previously 
stated view that the distortions are due to the attack of the 
electron-rich nucleophiles on the electron-deficient N,. It was 
recognized that the functional groups are on opposite sides of 
the best molecular plane and this observation was said to be 
indicative of "attractive interactions between an electron-rich 
atom ... and the a-N atom of the diazonium group." In the ear- 
lier paper (10a) on the quinoline VIIb, this feature was 
thought to disfavor their interpretation and downplayed as it 
"only increases the O(l)...N(l) separation by 0.017 A." We 
pointed out (la) that placing the two functional groups on 
opposite sides of the plane of the aromatic ring is not support- 
ive of the suggested attractive interaction. In the crystal struc- 
ture of 8-nitronaphthalene- l-diazonium ion, a system that is 
very closely related to the carboxyl-substituted structures, the 
NO, group is rotated out of the aromatic plane by 33". This 
feature was said to assist in decreasing the distance between 
the nitro 0 and the diazonium a-N-atom. Certainly, rotating 

the nitro group out of the plane (and out of conjugation) only 
increases its distance from the N, group and this distortion is 
clearly not consistent and, in fact, is in contradiction to the 
idea of an attractive interaction between the nucleophile and 
N,. 

Neighboring group interactions in 2-diazonium benzoic 
acid derivatives 

Crystal structures 
The X-ray structures of the ortho-carboxy benzenediazonium 
ions 6 6  are shown in Fig. 2. Several types of distortions are 
pertinent to our discussion. The first two concern in-plane 
deformations of bond angles and specifically (a) the devia- 
tions from CNN linearity and (b) the splaying apart of the 
angles L(N,-C<) and L(C=C-CO,). Two further types of 
distortions concern out-ofplane displacements of the func- 
tional groups and they include (c) the positioning of the two 
functional groups on opposite sides of the molecular plane and 
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Glaser and Horan 

Fig. 1. Examples of incipient nucleophilic attack in crystal 
structures of diazonium ions (charges on counterions omitted): 
3-carboxylate-2-naphthalenediazonium zwitterion (I); 
2-diazonium-4-phenolsulfonate monohydrate (11); 
para-bromobenzene tetrafluoroborate (111); para- 
diethylaminobenzenediazoniurn hexafluorophosphate (IV); 
benzenediazonium tetrafluoroborate (V); 18-crown-6 
ether cornplexed benzenediazoniurn ion (VI); naphthalene- 
1-diazonium ions (VIIa) and 8-substituted quinoline diazonium 
ions (VIIb). 

I 
VII 

(a) Y = C, X = MeS, Me2N, NO2 
(b) Y = N, X = 0- 

(4 the rotation of the carboxyl groups about the C(7)-C(13) 
bonds. 

Primarily, the in-plane deformations were considered as 
evidence for an attraction between Opr and N,. In 4-6, Np is 
displaced away from the carboxyl group resulting in devia- 
tions of the C(1)-N,-NB skeleton from linearity by 5-7". Ben- 
zenediazonium ions are well known to exhibit widened C- 
C,pso-C angles at the N2 bearing C atom (lc). It is because of 
thzs effect on the C(4)-C(1)-C(7) angles (>124.g0) that the 
other angles at C(l) have to be less than 120". We find the 
angles N(2)-C(1)-C(4) and N(2)-C(1)-C(7) to be about 115" 
and 119", respectively, and they differ in a way that would 

Fig. 2. Perspective view of the cations &6 contained in 
2-carboxybeazenediazonium chloride monohydrate, 4-C1--H20, 
in the symmetrically H-bridged system formed by 1 :1 complex 
formation between 2-carboxybenzene-diazonium chloride 
and benzenediazonium-2-carboxylate, 5C1-, and in the 
2-carboxylatobenzenediazoniurn ion hydrate, 6-H20. Thermal 
ellipsoids are drawn at the 50% probability level. 

position N, further away from Opr. The C(l)--L(7)-C(13) 
angles all are larger than the sp2 angle of 120". Hence, consid- 
ering all of the crystallographic evidence, the in-plane defor- 
mations of the angles N(2)-C(1)-C(7) and C(1)-C(7)-C(13) 
certainly do not allow one to argue in favor of an attraction of 
Opr to N, but these angle widenings would increase the dis- 
tance between the two neighboring groups. 

The N2 groups and the carboxyl groups are on opposite 
sides with regard to the best molecular plane with N(2)-C(1)- 
C(7)-C(13) dihedral angles of 7.4-5.1" for &6. This 
displacement increases the N,-Opr distance. Another 
significant dihedral angle describes the carboxyl group rota- 
tion out of the plane of the aromatic ring and its value can be 
as high as 25.9". These rotational distortions are due to inter- 
molecular interactions and, in any case, it is clear that the 
rotational distortions certainly cannot be interpreted as evi- 
dence of N,-Opt attraction since Opt is rotated away from the 
N2 group. 
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Fig. 3. Molecular models of the RHFl6-31G* optimized planar minimum structures of 1-3 with integrated atomic charges. 

Calculated gas phase geometries 
All the optimized planar structures 1-3 are minima9 (Table 1 
and Fig. 3) and we conclude that the out-of-plane distortions 
for 4-6 are due to packing. Basis set effects on structures are 
minimal, the agreement between theory and experiment is 
excellent, and, moreover, corresponding bond lengths in 1-3 
differ only slightly (Table 2). The significant in-plane defor- 
mations found in 4-6 also occur in 1-3 (Table 2). The C(1)- 
N,-Np backbones are not linear (177O for 1 and 2, 170.4" for 
3), there is a slight widening of the C(4)-C(1)-C(7) angles to 
values >124", and the C(1)-C(7)-C(8) angles of 1 15.0°+0.5" 
are larger than in the parent benzenediazonium ion. 

Intrinsic INA features and their interpretations 
The combined analysis of the solid state and of the gas phase 
structural data shows that the intrinsic features associated with 
incipient nucleophilic attack on diazonium ions are the CNN 
nonlinearity and the widening of the in-plane angles. These 
features result in the nonbonded distances summarized in 
Table 3 and we note that the N,-O,, distances in all systems 
remain substantially less than the sum of the van-der-Waals 
radii of N and 0 (2.9 A). Both the N, attraction model and the 
1,3-bridging attraction model account for these features with 
different postulates concerning the electron density distribu- 
tion. The former explains the kink in the CNN backbone and 
the short N,-O,, contact with an attraction of the nucleophile 
to the positively charged N, atom. The 1,3-bridging attraction 
model differs fundamentally in that it reflects the polarity 
c(+)N('-)N('+) and it is slightly more complicated as it con- 
siders not just the interaction between Opr and N,, which is 

The conformational preference energy of 3.6 kcaVmol in favor of 
2 compared to 1 is nearly the same as for the respective propenoic 
acid derivatives (3.8 kcaVmo1). The proton affinity of 259.9 kcaV 
mol of 3, however, is significantly higher than the value of 238.5 
kcaVmol (ref. la) obtained at the same level for the aliphatic 
system. 

repulsive in this model. The C-O,, and N,-N bonds are 
arranged in a nearly perfectly aligned quadrupo ! ar arrange- 
ment with roughly identical N,-C and Np-O,, distances. The 
short N,-Op,distance results from the optimization of the 1,3- 
bridging Op,-Np and O,,-C(N) attractions and N,-C(Op,) 
attraction as well. Note that the latter interaction provides a 
straightforward explanation of the kink in the CNN backbone. 
It is evident that the structural characteristics can be inter- 
preted based on different assumptions concerning the elec- 
tronic structures. A corollary statement would be that 
structure distortions alone do not allow one to make any 
deductions concerning electron density distribution. On the 
other hand, the study of the electronic structure will allow one 
to clearly differentiate between competing interpretation of 
the structural distortions. 

Quantitative evaluation of electrostatic neighboring group 
interactions 

AIM and the ESI concept 
Both the N, attraction model and the 1,3-bridging attraction 
model are electrostatic in nature. To formulate these models in 
quantitative terms, one needs to assign electrostatic moments 
to the atoms and evaluate their interactions. The concept of 
"atomic charge" is of paramount importance in discussions of 
all aspects of chemistry and many methods have been pro- 
posed to partition molecules into atoms and to assign charges 
to the atoms. Basis set partitioning and density partitioning 
methods have been developed (27). To the class of basis set 
partitioning methods belong, for example, the historically sig- 
nificant Mulliken population analysis and the modem Natural 
Population Analysis (28). The density partitioning methods do 
not rely on properties of the Hilbert space but consider directly 
the observable molecular electron density distribution in Car- 
tesian space. As far as the partitioning of the molecular elec- 
tron density distribution into atomic components is concerned, 
two schools of thought seek to recover either "spatially 
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Glaser and Horan 

Table 3. Theoretical and experimental nonbonded intramolecular 
interactions. 

Proximate oxygen, O,, Carboxyl carbon 

NO. C(1) N, Np C(1) N, P 

1 2.839 2.586 2.938 2.589 3.015 3.725 
2 2.842 2.575 2.923 2.518 2.876 3.567 
3 2.731 2.396 2.826 2.566 2.889 3.639 
4 2.855 2.603 3.013 2.516 2.864 3.600 
5 2.851 2.594 3.006 2.535 2.901 3.640 
6 2.866 2.622 3.020 2.561 2.887 3.600 

"All values in A. 

extended" or "spatially constrained" atom-shaped objects. The 
approaches by Parr (29) and by Walker and Mezey (30) exem- 
plify the former and Bader's topological Atoms in Molecules 
theory (12, 13) (AIM) is the most rigorous formulation of the 
latter. For the discussion of the majority of chemical problems, 
the AIM method is especially well suited and its widespread 
usage emphasizes this point. An aspect of the topological elec- 
tron density analysis (TEDA) that is particularly appealing 
concerns its ability to deal with atom anisotropies (31, 32). 
Many population analyses merely describe atomic charges and 
few attempts have been made to include higher moments (33). 
For example, the extended Mulliken electron population anal- 
ysis proposed by Huzinaga et al. produces a point charge 
model that correctly reproduces the molecular electric dipole 
moment (34). There have also been reports on the extensions 
of the Mulliken population analysis to include atomic polar- 
izations to recover the molecular dipole moment.1° The topo- 
logical method allows for a more refined representation of the 
atom in a molecule since not only the charge but higher atomic 
moments as well can be determined. We will be interested in 
charges, dipoles, and quadrupoles of the atoms but still higher 
moments can also be determined. 

Arguments based on charges and electrical moments can 
become rather involved as many values "with direction" need 
to be considered. It is thus important to define and discuss 
parameters that incorporate all of this information. As the basis 
for such parameters, we are studying the electrostatic interac- 
tion energy1 between atoms i and j, ESI,, defined by the equa- 
tion 

ESIq = CCq + CDu + DD, + QC, + QD, + QQ,j 

where CCIJ is the Coulomb energy between the atomic charges 
q, and qJ, CD, is the sum of the energies associated with the 
interaction of q, with atomic dipole pJ and of qJ with p,, and 
DDIJ is the interaction energy between the dipoles pI and pJ. 
The remaining terms consider the interactions of the atomic 
quadrupoles with the charges (QC,J), dipoles (QD,), and qua- 
drupoles (QQlj). 

Topological analysis and determination of electrical moments 
The quantitative evaluation of electrostatic neighboring group 

'O Compare the discussion of ethylene in ref. 326. 
" A similar approach was described by Cooper and Stutchbury in 

their study of hydrogen-bonded van de Waals complexes (35). 

effects" requires knowledge of the ESIij values, which in turn 
depend on the atomic properties evaluated by the AIM theory. 
We have determined all of the topological and integrated 
atomic properties and pertinent results are summarized in 
Tables 4 and 5. The analysis begins with the characterization 
of topological features of the electron density distribution 
based on the properties of the gradient vector field. The collec- 
tion of all gradient vector field lines originating at a given 
atom, the attractor, define the associated zero-flux surfaces as 
the boundaries of the atoms in the molecules. Bond criticaI 
points occur at the intersection between the zero-flux surfaces 
and the so-called bond paths. A bond path connects two attrac- 
tors and is defined as the line traced out by following the direc- 
tion of positive curvature of the electron density (A3) 
beginning at the bond critical point. In praxis, one first locates 
all bond critical points and then traces out the zero-flux sur- 
faces following the directions associated with the two negative 
principal curvatures of the density, A ,  and A,. Properties of the 
bond critical points, such as the density at that point, p,, and its 
distances r, and rg from the atoms, are commonly used to 
characterize electron density distributions and such informa- 
tion is collected in Table 4 for 1-3. With the atomic regions 
defined, atomic properties are determined by numerical inte- 
gration within the basins and this aspect is the most time-con- 
suming step (36). Integrated properties are summarized in 
Table 5 and include the atomic charge and dipole moments. 
The directions of the dipole moments are shown in Fig. 4. The 
atomic quadrupole moments also were determined and 
employed in the ESIij evaluations but, for brevity, they are not 
documented. 

Analysis of the data presented in Tables 4 and 5 shows the 
great similarity of the electronic structures of 1-3 and the 
respective propenoic acid derivatives. In fact, the electronic 
structures of aromatic and aliphatic diazonium functions are 
rather general (14). The N, basins extend greatly into the C- 
N bonding region (Fo = 0.3 1) and modestly (FNaNp = 0.56) 
into the N-N bonding region. Fairly typical p, values of 
about 0.22 and 0.68 are found for all of the C-N and N-N 
bond critical points. Negative N, charges in the range from 
-0.53 to -0.49 are found for 1-3 and the Np charges are pos- 
itive, just slightly larger in magnitude, and in the range 
between +0.51 and +0.58 (Fig. 3). Hence, the N, groups 
exhibit a large internal polarization but only a modest overall 
charge (< +0.055). The N, group polarization and the dative 
N+C bonding are manifested in the atomic moments of 1-3. 
The vector p(N,) is directed toward Np and the p(Np) vector 
is antiparallel and much larger, and p(C1) is directed toward 
N,. The electron density within the basins of N, and Ng is 

l2 Penetration effects are neglected in the present discussion. We 
found that the electron density between nonbonded atoms provides 
a good indication for assessing the importance of penetration 
effects. If the electron density is as low as in the present cases 
(between N, and Opr), then the neglect of penetration effects is 
warranted to a first approximation even though the NcOpr 
distance is less than the sum of the van der Waals radii. One has to 
keep in mind that the sum of the van der Waals radii provides only 
a rather crude parameter for the assessment of steric effects 
because the van der Waals radius of an "N, in a diazonium ion" is 
different from "the van der Waals radius of prototypical N" and so 
forth. 
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Table 4. Topological characteristics of bond and ring critical points of the electron 
densities." 

Molecule 1 
1 C1 N2 
2 N2 N3 
3 C1 C4 
6 C1 C7 
8 C7 C8 
13 C7 C13 
14 C13 014 
15 C13 015 
16 015 H16 
17 N2 015 
lSb C1 C6 
19' C1 015 

Molecule 2 
1 C1 N2 
2 N2 N3 
3 C1 C4 
6 C1 C7 
8 C7 C8 
13 C7 C13 
14 C13 014 
15 C13 015 
16 015 H16 
17 N2 014 
lSb C1 C6 
19' C1 014 

Molecule 3 
1 C1 
2 N2 
3 C1 
6 C1 
8 C7 
13 C7 
14 C13 
15 C13 
16 N2 
1 7 ~  C1 
18' C1 

"Distances rA and r, in Angstroms between each critical point and atoms A and B, 
respectively. F is defined as F = rAl(rA + r,). The electron density at the critical point, p,, is 
given in e au-'. The curvatures of the electron density at the locations of the critical points, h,, 
are given in e au-'. The ellipticity, E,  is defined as E = h,/h, - 1 and given for all (3,+1) bond 
critical points. 

bThe locations of (3,-1) ring critical points within the benzene rings are characterized with 
respect to C1, the carbon that canies the diazonio function, and the "para-carbon". 

T h e  locations of (3,-1) ring critical points between functional groups are characterized with 
respect to C1, the carbon that canies the diazonio function, and the proximate 0 1 4  or 015. 

polarized into the CN bonding and the lone pair regions, [N2C6H4CO2]. Since the electron populations of the C 0 2  
respectively. The -C02H groups show large q(C) = +2, nega- groups decrease from -0.68 and -0.65 in 1 and 2, respec- 
tive OH charges of about - 0.66, and carbonyl-0 charges of tively, to -0.59 in 3 and since q(N2) remains indifferent, it fol- 
- 1.39 (1) and - 1.34 (2) that are more than twice as high. lows that deprotonation serves to reduce the electron 
Since the acidic hydrogens carry positive charges of 0.66 in 1 deficiency in thephenyl ring. This is quite a remarkable result: 
and 2, deprotonation adds only 0.34 electron to the fragment In the absence of the proton, it is no longer beneficial to accu- 
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Table 5. Integrated atomic charges (q), magnitude of the first atomic moments (p), and atom stabilities 
(KE). 

1 2 3 

Atom q I.L KE 4 CL KE 4 CL KE 

C1 
N2 
N3 
C4 
C5 
C6 
C7 
C8 
H9 
H10 
H11 
H12 
C13 
014 
015 
H16 
C 

C6H4 
N, 
COOH 

"Deviation between directly calculated molecular energy and the sum over the negative atom kinetic energies (in 
kcallmol): 3.77 for 1, 1.96 for 2, and 0.29 for 3. 

mulate as much excess density on the CO, fragments, and the 
CO, population and the charge on the phenyl ring are both 
reduced drastically. While the CO, population is reduced in 3, 
the data in Table 5 also indicate a higher polarization, and the 
negative charges on 0 , (a measure of their nucleophilicity) 
increase in the order - f.34, - 1.39, and - 1.47 in going from 1 
to 3. The p vectors of the carboxyl C-atoms all are more or less 
parallel to the C-CO, bond and directed into the region 
between the oxygens, and the p vectors of the carbonyl and 
carboxylate oxygens are directed away from the carboxyl C. 
Note that the dipoles p(Np) and p(Op,) are large and antipar- 
allel whereas the dipoles p(N,) and p(Op,) are parallel to each 
other. 

The similarities and differences between the electronic 
structures of the aromatic systems 1-3 and of the aliphatic pro- 
penoic acid derivatives come clearly to the fore. The electronic 
structures of the functional groups are very similar and the 
only significant difference lies with the assignment of positive 
charge to the hydrocarbon fragments C6H, and C,H, in the two 
series. While the positive charge necessarily remains local in 
the C,H, groups, the positive charge is well dispersed in the 
phenyl groups. 

Electrostatic interaction analysis 
We determined the interaction terms for 1-3, and in Tables 
6-8 are listed the various electrostatic contributions due to 
each pair of atoms within the two functional groups together 
with their sum C = ESI,.. These ESIij values are shown in Fig. 
4. Most importantly, this analysis provides compelling evi- 

dence that the more general conclusions we drew from our 
analyses of the neighboring group interactions in the prope- 
noic acid models are fully warranted and completely corrob- 
orated by the present combined experimental and theoretical 
studies. The interaction between N, and the proximate oxygen 
nucleophile is repulsive. Strong 1,3-bridging attractions occur 
between Np and O,, and C(l )  and O,,. It is for these two state- 
ments that the interpretation based on the 1,3-bridging attrac- 
tion model is consistent with the electronic structure while the 
N, attraction model is eliminated. At the same time, one also 
must realize that every model presents a simplification. The 
1,3-bridging attraction model does describe the dominant 
interactions in 11-VI. However, Fig. 4 shows that there are 
other interactions between the neighboring groups that are 
quite large and that suggest that one needs to consider the 
bridging interactions not just of O,, but also of the highly elec- 
tron-deficient carboxyl-C atom with the atoms of the C-N-N 
fragment. Substantial repulsions occur between the carboxyl 
C and Np and C(l )  while there is strong attraction between N, 
and the carboxyl C. The overall electrostatic interactions 
between Opr with C(1) and the N-atoms are -42.0, -48.0, and 
-34.3 kcaYmol for 1-3, respectively. The interactions of the 
carboxyl C with the CNN fragment are +37.1, +47.1, and 
+21.5 kcaYmo1, respectively, for 1-3. Two observations are 
noteworthy: The interaction between Opr and the neighboring 
group is attractive in all cases but it does not parallel Opr 
nucleophilicity and, similiarly, the interactions of the carboxyl 
C with the neighboring group all are repulsive but also do not 
parallel the charge on the carboxyl C. This observation reflects 
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Table 6. Electrostatic interaction matrix for 1. 

N2 N3 C7 C13 014  015  H16 

CC C1 -21.1 13.0 1.2 43.9 -26.6 -20.9 9.9 
CD -39.5 16.3 4.4 -3.5 -9.8 0.7 2.9 
CQ 12.5 -3.1 -2.6 -1.5 1.2 0.4 -0.3 
DD -8.3 3.9 -4.1 0.0 0.1 0.2 0.1 
DQ -4.1 3.6 -1.1 -0.3 0.2 -0.1 0.0 
QQ 2.3 0.2 1.8 0.0 0.0 0.0 0.0 
Z -58.3 34.0 -0.4 38.6 -35.0 -19.7 12.7 
CC N2 -94.6 -2.1 -1 18.3 91.8 57.1 -33.9 
CD -41.8 -5.5 -0.2 -3.4 6.1 -0.5 
CQ 3.8 1.1 0.1 0.2 0.1 0.0 
DD 22.8 -0.6 0.2 0.0 0.1 0.0 
DQ 33.8 -0.1 -0.1 0.0 0.0 0.0 
QQ 3.9 0.0 0.0 0.0 0.0 0.0 
C -72.1 -7.3 -1 18.3 88.5 63.4 -34.4 
CC N3 1.6 103.5 -87.3 -52.9 34.7 
CD 3.1 14.5 -8.8 -9.7 3.4 
CQ -0.4 -0.8 -0.1 0.1 0.1 
DD 0.6 -0.4 0.5 -0.4 0.1 
DQ 0.4 0.1 0.0 0.0 0.0 
QQ 0.0 0.0 0.0 0.0 0.0 
C 5.3 116.8 -95.6 -62.9 38.3 
CC C7 13.0 -5.5 -5.6 2.0 
CD -24.1 -2.2 10.8 -0.1 
CQ -22.1 3.1 4.1 0.7 
DD 3 .O 0.0 1.2 0.0 
DQ -8.6 -0.2 -1.4 0.1 
QQ -0.3 0.0 0.0 0.0 
I: -39.0 -4.8 9.2 1.3 
CC C13 -678.7 -769.5 238.0 
CD -9 1.3 -282.2 27.9 
CQ 9.5 14.6 -0.6 
DD -2.6 -21.6 0.7 
DQ -3.4 - 12.9 0.1 
QQ 0.3 0.2 0.0 
C -766.2 -1071.3 266.1 
CC 014  271.6 -310.5 
CD 50.0 -43.3 
CQ 0.3 - 14.0 
DD 2.1 -1.1 
DQ -0.1 4.3 
QQ 0.0 -0.1 
C 324.0 -364.7 
CC 015 -129.1 
CD -1 1.9 
CQ -0.1 
DD -0.1 
DQ 0.0 
QQ 0.0 
Z -141.2 

"Based on integrated charges, dipoles, and quadrupoles determined at RHFl6-31G*. 
b ~ l l  values in kilocalories per mole. 

that a linear change in one component of a multi-interaction the general problem of oversimplification in attempts to 
situation does not necessitate a linear response. Secondly, the reduce a complicated scenario to the "essential" parts. Model 
interactions of O,, and of the carboxyl C with the CNN frag- building and interpretation is thus a matter of balanced rea- 
ment are of the same magnitude. This observation emphasizes soning. Some models can be eliminated because they are 
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Table 7. Electrostatic interaction matrix for 2. 

inconsistent with the electron density distributions, but there N, and the carbonyl-0 in the molecular graph of 2. The elec- 
remains the difficult choice of selecting the best model among tron density at the bond critical point is 0.018 e auF3 and it is 
the ones that are consistent with the electron density distribu- only marginally higher than the p, value at the ring critical 
tion. point (0.015 e aue3). Equally small p, values are found for the 

respective critical points in 1 and 3 (Table 4). What does this 
1,3-Bridging and steric interactions with the 2-position feature contribute to the discussion of the neighboring group 
As can be seen in Fig. 5, there occurs a bond path connecting interactions? Proponents of the N, attraction model might 
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Table 8. Electrostatic interaction matrix for 3. 

tend to be guided again by formalities and interpret the "bond 
path" in support of incipient bond formation between the Opr 
donor and the electron-deficient N, acceptor. We address this 
issue by analysis for consistency with the electron density dis- 
tribution, by consideration of interaction lines (37) between 
interacting closed-shell systems, by citation of precedent for 
the occurrence of interaction lines between sterically interfer- 
ing groups, and, finally, by citation of precedent for steric 
interference with the 2-position in optimizations of 1,3-bridg- 
ing attractions. 

The idea of incipient bond formation between the Opr.donor 
and the electron-deficient N, acceptor is inconsistent wlth the 

electronic structures (vide supra). The N, atom is not an 
acceptor but it is negatively charged. As the OPr nucleophilic- 
ity increases, the negative charge of N, decreases and, more- 
over, q(N,) for 1-3 all are less negative than q(N,) = -0.54 in 
the parent benzenediazonium ion (146). These features are not 
consistent with Opr+N, electron donation but these electron 
density shifts are consistent with minimization of electron- 
electron repulsion between N, and Opr. that is, closed-shell or 
steric repulsion. The helium dimer is the simplest system for 
studying closed-shell interactions. Simple logic shows that 
there must be a "bond path" between the He atoms for all dis- 
tances no matter whether the He atoms are far apart and essen- 
tially not bonded, in the region of the bound van-der-Waals 
dimer, or in the repulsive domain. The occurrence of a line 
connecting two attractors does not make any statement about 
the mode of interaction. The line just indicates "an interac- 
tion" and the better term for "bond path" is in fact "interaction 
line." Intramolecular interaction lines between nonconnected 
closed-shell systems were reported and associated with steric 
interactions (38). 

Ally1 alkali metals (39) and some of their heteroanalogues 
(40) prefer T-complexes in which the metal cation is located 
in a 1,3-bridging position between the negatively charged ter- 
mini and above the best molecular plane of the allyl anion. In 
these cases, the distance between the metal and the C-atom at 
the 2-position is shorter than the contacts between the metal 
and the terminal carbons. The 1,3-bridging attraction model is 
very closely related to, and in fact can be seen as a polarity- 
reversed analogue of, the allyl metal bonding scenario. 

Conclusion 

The Biirgi-Dunitz angle of attack presents a useful concept 
that is easily accepted as it is in agreement with the electronic 
structure of carbonyls. Successful generalizations to other sys- 
tems with the same bond polarity have also been described. 
We have argued, however, that the generalization asserted to 
describe the interaction of nucleophiles with diazonium ions 
cannot be correct. The N, attraction model discussed by the 
groups of Dunitz and of Gougoutas is based on formal similar- 
ities of the C=O bond polarity and of the most commonly 
used Lewis structure of diazonium ions with its formally pos- 
itive-charged N,. This model relies on the assumption that the 
formal charge in the Lewis structure represents the actual 
charge distribution and the results of electronic structure anal- 
yses show that this assumption is not warranted. 

The brief review of the crystallographic record on diazo- 
nium ion salts containing proximate nucleophiles shows that 
the distortions in their solid state structures are more fully 
consistent with the 1,3-bridging interaction model than with 
the N, attraction model. In particular, combined analysis of 
solid state and of gas phase structures allows one to identify 
intramolecular interactions from packing effects and reveals 
that the intrinsic features associated with INA in diazonium 
ions are the CNN nonlinearity and the widening of the in- 
plane angles. Both of the electrostatic models can account for 
these features but in doing so different postulates are made 
concerning the electron density distribution. While the struc- 
tural analysis alone cannot distinguish between the alterna- 
tive interpretations, the study of the electronic structure 
allows one to clearly differentiate between competing inter- 
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Glaser and Horan 1213 

Fig. 4. Electrostatic interaction energies ESIij (in kcal/mol) between pertinent pairs of atoms are shown for 1-3. Solid (broken) arrows and 
negative (positive) interaction energies indicate attraction (repulsion). Values given in italics are the charge components CCij of ESI,. Atomic 
dipole moments are superimposed on the structures and they are directed from "0" to "@". 

Fig. 5. The molecular graph (the collection of bond paths) of 2 is 
shown together with the cross sections of the zero-flux surfaces 
of the gradient vector field of the electron density. A "bond path" 
occurs between N, and the proximate oxygen nucleophile. 
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Origin of depressed dipole moments in five- 
membered, unsaturated heterocycles 

Keith E. Laidig, Peter Speers, and Andrew Streitwieser 

Abstract: The smaller molecular dipole moments of cyclopentadiene, pyrrole, furan, and thiophene, relative to their saturated 
analogs, are investigated using the HFl6-31 l++G**//HF16-3 1 l++G** level of theory. Investigation of the atomic origins of the 
molecular dipole moments demonstrates that the decreased dipole moments of the unsaturated heterocycles result from simple 
perturbations of the butadiene fragment, rather than a delocalization of hetero-atom lone pairs into the IT system. Comparison 
with the origins of the molecular dipole moments of the saturated analogs shows that a special delocalization mechanism is not 
necessary. 

Key words: ab initio, atoms-in-molecule, electronic effects, delocalization, polarization. 

RCsumC : Operant au niveau HFl6-3 11++G**/MF/6-3 1 l++G** de la thCorie, on a CtudiC les moments polaires molCculaires du 
cyclopentadikne, du pyrrole, du furane et du thiophkne qui sont plus faibles par rapport i ceux des leurs analogues saturCs. 
L'ttude sur les origines atomiques des moments dipolaires molCculaires dCmontre que les moments dipolaires plus faibles des 
hCtCrocycles insaturCs rtsultent de perturbations simples du fragment butadibne plut6t que d'une delocalisation des paires 
d'klectrons non partagCes des httCroatomes dans le systkme IT. Une comparaison avec les origines des moments dipolaires 
molCculaires des analogues satures montre qu'il n'est pas nCcessaire de faire appel 5 un mtcanisme spCcial de dClocalisation. 

Mots clis : ab initio, atomes dans les molCcules, effets Clectroniques, dClocalisation, polarisation. 

[Traduit par la rtdaction] 

Introduction 

Recent investigations into the consequences of methyl carbon 
deprotonation in methyl vinyl sulfide found that there was lit- 
tle delocalization of electronic charge from the anionic center 
to the vinyl group in the resulting anion (1). This suggests that 
the sulfur atom acts as an insulator between the anionic meth- 
ylene center and the T system of the vinyl fragment, effec- 
tively isolating the two moieties (Fig. 1). One surprising 
implication applies to the physical properties of the five-mem- 
bered heterocycles, pyrrole, furan, and thiophene, relative to 
their saturated analogs. Typically, the differences are attrib- 
uted to a significant delocalization of the hetero-atom lone 
pairs into the T system of the five-membered ring. This impli- 
cation prompted the present investigation of the distribution of 
electronic charge within five-membered heterocycles with an 
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emphasis upon the consequences of delocalization upon the 
observable physical properties of these molecules (2-5). 

One physical property that has often been linked to the delo- 
calization of the hetero lone pairs into T systems is the dipole 
moment of the unsaturated five-membered ring heterocycles 
(6). The dipole moments are compared to the saturated ana- 
logs in Fig. 2 (7). 

The differences have been attributed to a superposition of a 
T-moment opposed to the a-moment to give a smaller result- 
ing moment, and in the case of pyrrole a net moment in the 
opposite direction. The effect in pyrrole is also symbolized by 
the polarization resonance structures in Fig. 3 that show a 
dipole moment contribution whose direction is from nitrogen 
to the ring. The corresponding saturated system has no such 
mechanism available and so the a-moment dominates. result- 
ing in less dampening of molecular dipole moment. 

Any multipole moment of a molecule may be broken into 
the contributions of the constituent atoms in a rigorous and 
physically meaningful manner using subsystem quantum 
mechanics (8-10). This is done by expanding the r-weighted, 
spatial integration of the electronic charge density in terms of 
integrations over the spatial regions defined by the boundary 
conditions of the quantum subsystems, the atoms of the mole- 
cule. Explicitly, the dipole moment is broken into two terms, 
the displacement of charge from the origin, q ( ~ ) ~ a n ,  and the 
polarization of the charge within each atom, M,(R), eq. [I]. 

Such a breakdown of the molecular moment allows for a 
detailed investigation of the origins of that moment and its 
relation to the properties of the atoms of the systems. In the 

Can. J. Chem. 74: 1215-1220 (1996). Printed in Canada I Imprim6 au Canada 
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Fig. 1. A depiction of the lack of delocalization in the 
vinylthiomethyl anion. 

Fig. 2. A depiction of the direction and magnitude of the dipole 
moments (in D) of the saturated and unsaturated five-membered 
ring systems. Values shown are for the gas phase except for 
pyrrolidine (cyclohexane) and tetrahydrothiophene (benzene) (7). 
Numbers in parentheses are the calculated values from this work. 
The saturated heterocycles are not planar and their dipole 
moments do not lie in the plane of the figure. 

present work we apply this approach to investigate the origin 
of the depressed dipole moment in unsaturated five-membered 
ring heterocycles. 

Methodology 

We consider the unsaturated series, cyclopentadiene, pyrrole, 
furan, and thiophene, and the corresponding saturated series of 
cyclopentane, tetrahydropyrrole, tetrahydrofuran, and tetrahy- 
drothiophene, as well as cis-butadiene as our prototypical 
butadienoid fragment. All of the atomic and molecular proper- 
ties were determined from the triple-zeta, polarized, diffuse, 
and balanced HFl6-3 1 l++G** wave functions (1 1-14) deter- 
mined at conformations optimized using the same level of the- 
ory. The potential surfaces were characterized via the 

determination of the analytical second derivatives, and each 
structure was found to be a minimum on its potential energy 
surface. The molecular calculations were performed using the 
Gaussian92 (15) and  GAME^^ (16) program suites. The HFl6- 
3 1 l++G** wave functions were used to determine the proper- 
ties of the charge distribution and the atomic properties with 
the AIMPAC (17) suite of programs. Although the molecular 
dipole moments of neutral molecules are independent of ori- 
gin, all dipole moments were determined using the center of 
mass. 

The particular terms used in this study are defined as fol- 
lows: q (a )  is the atomic charge and M,(fl) is the atomic 
dipole moment. These properties are determined by integra- 
tion over the space of the atom bounded by zero-flux surfaces 
of the electronic charge density and the position-weighted 
charge density, for the atomic population (which is subtracted 
from the nuclear charge to yield the atomic cha?ge) and the 
atomic dipole moment, respectively. The atomic contribution 
each atom makes, M,", to the molecular dipole moment is the 
sum of q(fl)*x," and M,(fl). The first term is a charge dis- 
placement term, which individually is dependent upon the ori- 
gin, but whose sum is origin independent. The origin 
dependence of the individual terms reflects the fact the dipole 
moment describes the spatial distribution of electronic charge 
within the molecule. A change of origin does not change the 
physical distribution of electronic charge within a molecule or 
within the individual atoms. Instead, an origin shift changes 
the manner in which the moment, which is a tensor, is 
expanded mathematically. Clearly, care should be taken in 
comparing the origin-dependent terms in dissimilar systems. 
In the present case, the center of mass is a convenient choice 
since it provides the minimum set of mass-weighted distances 
to each atom, the molecules are similar in shape and size, and 
it corresponds to the origin generally used in experiment. 

Results 

The molecular dipole moments and their atomic contributions 
are listed in Tables 1 and 2, respectively. The molecular dipole 
moments reproduce the observed trends, with the dipole 
moments of the unsaturated systems being depressed relative 
to the corresponding saturated molecule. The experimental 
results are given in Fig. 2 (2.542 D = 1 au). 

The dipole moment of tetrahydrofuran is dominated by the 
atomic contribution of the 0 atom, M,"(o). Its contribution is 
opposed by the contributions of C, and H, and is enhanced by 
those of Cp and Hp. The contribution 0 makes to the molecu- 
lar dipole is the sum of a large charge displacement, reflecting 
the displacement of the large atomic charge from the molecu- 
lar center of mass, and a small opposing polarization of 0 back 
towards the center of the ring: The transfer of charge from 

Fig. 3. A depiction of the various resonance isomers of pyrrole. 
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Table 1. The atomic contributions to the molecular dipole moments o f  the unsaturated 
pentacycles." 

- - - 

cis-Butadiene 

CP C, H,, H,, H,, Sum M O ~  
- - - - - - 

4(Q) 0.040 0.064 -0.044 -0.030 -0.038 -0.016 0 
z" -1.029 0.967 -2.878 0.739 2.876 
q(Q)*z" -0.041 0.062 0.126 -0.022 -0.312 
M:(Q) -0.044 -0.003 0.100 0.008 -0.101 

M? -0.085 0.059 0.226 -0.014 -0.21 1 -0.050 -0.012 (-0.03 D)b 

Cyclopentadiene 
C Cp C, H,,, H,, Hcp Sum Mol 

4(Q) 0.167 0.017 -0.002 -0.038 -0.029 -0.031 0.001 0.000 
p 2.335 -1.824 0.554 3.561 1.161 -3.497 
q(Q)*z" 0.390 -0.030 -0.001 -0.136 -0.034 0.107 
M,(Q) -0.039 0.043 -0.025 -0.076 -0.032 0.087 
M," 0.351 0.013 -0.026 -0.212 -0.066 0.194 0.156 0.156 (0.40 D) 

expt. 0.42 D 

Furan 
0 ca c, H,, H,, Sum Mol 

4(Q) -1.343 0.567 0.085 -0.008 0.027 0.000 0.000 
z" 2.105 0.600 -1.842 -3.442 1.526 
q(Q)"z" -2.825 0.340 -0.157 0.028 0.042 

M,(fi) 0.288 0.618 0.209 0.079 -0.044 
M n  -2.537 0.958 0.052 0.107 -0.002 -0.309 -0.309 (-0.79 D) 

expt. 0.66 D 
Thiophene 

S ca cp H,, Hcp Sum Mol 

4(Q) 0.240 -0.212 0.088 0.019 -0.015 0.000 0.000 
z" 2.167 -0.110 -2.464 0.421 -4.148 
q(Q)*z" 0.519 0.023 -0.217 0.008 0.063 
Mz(Q) -0.963 -0.034 0.153 -0.025 0.088 

M," -0.444 -0.01 1 -0.064 -0.017 0.151 -0.324 -0.323 (-0.82 D) 
expt. 0.53 D 

Pyrrole 
N HN Ca C, 

4(Q) -1.585 0.470 0.532 0.062 
z" 2.103 3.978 0.617 -1.841 
q ( ~ ) * z "  -3.334 1.870 0.329 -0.1 15 
M:(Q) 0.176 -0.166 0.585 0.188 
M,R -3.158 1.704 0.914 0.073 

Hcp H,, Sum Mol 

-0.029 -0.008 0.001 0.000 
-3.458 1.424 

0.099 -0.01 1 
0.082 -0.049 
0.181 -0.060 0.761 0.761 (1.93 D) 

expt. 1.74 D 
- - - 

"Only the symmetry-unique atoms are listed, as are only those contributions to non-zero components 
of the molecular dipole moments. All values are given in atomic units, 1 au = 2.542 D, or in D as 
indicated. Sum is the sum of atomic contributions and Mol is the molecular value. q(Q) is the basin 
charge, Z" is the z-coordinate, q(Q)*Z" is the charge displacement contribution, M2(R) is the 
polarization of each atom within its basin, Mz" is the atomic (basin) contribution to the molecular 
dipole moment. Experimental values taken from ref. 7. 

b . crs-Butadiene is not planar; the direction of the molecular dipole moment has the positive pole at 
the P-position. 
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Table 2. T h e  atomic contributions to the molecular dipole moments of the saturated pentacycles." 

Tetrahydrofuran 
0 Ca Cp Hca Hcp Hca Hcp S u m  ~ o l '  

Tetrahydrothiophene 
s Ca H,, Hca S u m  MolC 

Tetrahydropyrrole 
N H, Ca C, Hcp Hcp Hca Hca S u m  Mold 

"Only the symmetry-unique atoms are listed, as are only those contributions to non-zero components of the 
molecular dipole moments. All values are given in atomic units; 1 au = 2.542 D. Sum is the sum of atomic 
contributions and Mol is the molecular value. Symbols are defined in Table 1. Experimental dipole moments from 
ref. 7. 

bResultant p = 1.89 D (expt. 1.75 D, g, for lowest vibrational state). 
'Resultant p = 2.19 D (expt. 1.85 D, in benzene). 
d~esultant p = 1.50 D (expt. 1.33 D, in cyclohexane). 

both C, to the more electronegative 0 atom causes the charge 
displacement contribution from C, to be in opposition to that 
of the 0 contribution. As is typical for atoms that lose charge 
to more electronegative bonded neighbors, the remaining 
charge within the C, basin is polarized in opposition to the 
direction of charge transfer to the bonded 0 atom, further add- 
ing to the opposing contribution of C,. In the case of Cp, the 
transfer of charge away from these sp3 atoms to their more 
electronegative bonded hydrogens provides a charge displace- 
ment contribution in support of that of 0 (q(Cp) is both the 
opposite sign and on the opposite side of the center of mass, 
thus its charge displacement contribution is of the same sign as 
d o )  * P ( 0 ) ) .  

In furan, the total contribution of the 0 atom is also the 
dominant term. The C, provides an opposing contribution, as 
does H , while H, and Cp contribute relatively little to the 
molecu!ar moment. As in the saturated system, the charge 
transferred from C, to 0 yields a strong contribution to the 
overall molecular polarization towards the 0 atom. But the 
atomic polarization of the 0 atom back towards the center of 
the ring is twice as large as in tetrahydrofuran. Again, both the 
charge displacement and atomic polarization contributions 
from C, are in opposition to the contribution from oxygen. 
The sp2 P carbons of the unsaturated heterocycles are more 
electronegative than the sp3 carbons of their saturated counter- 
parts, resulting in less charge transferred to the P hydrogens 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Laidig et al 

Fig. 4. Electronic effects treated as perturbations of butadiene. 

and therefore only small charge displacement contributions to 
the molecular moment. 

The dipole moment of tetrahydrothiophene is dominated by 
the contribution of large first moment of S, Mz(S), while the 
nearly neutral atomic charge contributes little. Unlike its 0 
substituted counterpart, the C, of tetrahydrothiophene makes 
little contribution to the molecular moment. Since S is roughly 
electroneutral in comparison to sp3 C, there is only a small 
charge transfer from C, and the first moments of that atom are 
also small. In common with tetrahydrofuran, the contribution 
from Cp results from charge transfer to its bonded H atoms and 
increases the magnitude of molecular polarization towards the 
S atom. 

In the unsaturated thiophene, the atomic first moment Mz(S) 
is not as large as that in tetrahydrothiophene, but still domi- 
nates the contribution from S. The greater electronegativity of 
the neighboring sp2 carbons results in a greater withdrawal of 
charge from S, creating a small dampening charge displace- 
ment contribution, q(S)* F ( s ) .  The C, and Cp make only 
small contributions and the largest is the dampening coming 
from Hp, a result of the atom's charge and its displacement 
from the molecular center of mass. 

The largest change in molecular dipole moment between 
saturated and unsaturated heterocycles is between tetrahydro- 
pyrrole and pyrrole. In the saturated system, the charge dis- 
placement contribution from N dominates the molecular 
moment, reflecting that N pulls charge from all three of its 
bonded neighbors. This effect is dampened by both the charge 
displacement and polarization contributions from the C, 
atoms and a large contribution from HN. The large amount of 
charge pulled from HN and its distance from the center of mass 
creates this large charge displacement contribution. The Cp 
atoms provide a charge displacement contribution in the direc- 
tion of N, in the same manner as in tetrahydrofuran and tet- 
rahydrothiophene. 

In pyrrole, the large charge displacement contribution of N 
is the largest individual term. The large transfer of charge from 
C, to N and the strong polarization of the remaining charge on 
carbon away from N provide large dampening terms. As in the 
saturated system, the large positive charge of HN and its dis- 
tance from the molecular center of mass provide a large charge 
displacement dampening term q(HN) * F(H,).  This dampen- 
ing is larger in the planar, unsaturated system because the vec- 
tor contributions are in direct opposition to the contributions of 
N. In contrast, in the nonplanar saturated system the dampen- 
ing from HN is not in direct opposition, but the vectors are less 
efficiently directed and the projection of this contribution 
against the N contribution is smaller in magnitude. 

As a test of this interpretation of H, of the nitrogen hetero- 
cycles, the dipole moment of protonated furan was calculated 

using the same level of theory. Our observations would lead to 
the prediction that protonation of furan should create a large 
charge displacement term, q(Ho)* F ( H ~ ) ,  which would con- 
mbute in opposition to the molecular dipole moment of furan. 
Although the dipole moments of such charged species are ori- 
gin dependent, using the center of mass as the origin provides 
a common basis for comparison. The resulting dipole moment 
is heavily dampened (+1.047 au), and indeed is opposite in 
sign compared to furan; the result shows the behavior pre- 
dicted. 

Discussion 
The primary origin of the dampened dipole moments in the 
unsaturated heterocycles arises from the difference in elec- 
tronegativity of the sp2 carbon centers. The greater electro- 
negativity of the sp2 C, in the unsaturated molecules reduces 
the amount of charge transferred to 0 and to N, and increases 
the amount of charge withdrawn from S. The increasing 
charge displacement and the resulting polarizations act to 
dampen the contributions from the hetero atoms. Similarly, 
the sp2 Cp centers do not transfer as much charge to their 
bonded neighbors and thus do not provide the enhancing con- 
tributions to the hetero-atom terms that are seen from the Cp 
atoms in the saturated analogs. 

The dipole moments of the series of unsaturated five-mem- 
bered heterocycles can be readily understood as simple pertur- 
bations of the atomic contributions to the dipole moment of a 
common butadiene fragment (see Fig. 4) (1 8). 

As listed in Table 1, the dipole moment of cis-butadiene is 
nearly zero. Replacing two of the H atoms with a CH, group 
yields cyclopentadiene, whose dipole moment is small in 
magnitude and whose center of negative charge is displaced 
away from the CH, group. The replacement of the hydrogens 
with a less electronegative sp3 carbon results in charge dis- 
placement towards the butadiene group and a resulting small 
molecular polarization with the positive end of the vector 
pointing towards the CH, group. 

Replacing the CH, group by 0 pulls charge from the buta- 
diene fragment. The resulting polarization of the C, atoms is 
away from the direction of charge withdrawal. 0 is slightly 
polarized towards the direction of charge donation, but this 
and the contributions from C, cannot overcome the large 
charge displacement contributions at 0. Thus, the negative 
pole of the overall dipole moment points towards the 0 atom. 
In contrast, replacing the CH, group with the less electroneg- 
ative S allows charge to be pulled into the butadiene fragment. 
Unlike the CH, fragment, the polarizable S can and does 
polarize away from the direction of charge withdrawal. This 
large atomic polarization dominates and the negative end of 
overall dipole moment vector points away from the S atom. 
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Finally, replacing the CH? group by NH again puts an elec- 
tronegative group in the position to pull charge from the buta- 
diene. In parallel with the origin of the dipole moment in furan, 
the transfer of charge from C, and its resulting polarization 
provide dampening polarizations. But in this case, the with- 
drawal of charge from HN puts a relatively large positive 
charge on the other side of the N atom. This provides a large 
contribution in opposition to the charge displacement terms of 
N, ultimately reversing the sign of the molecular dipole 
moment in comparison to that of furan. This can be clearly 
seen in the comparison between furan and protonated furan, in 
which this very mechanism reverses the sign of the molecular 
dipole moment. 

This study demonstrates that the difference in molecular 
dipole moments between the saturated and unsaturated hetero- 
cycles can be readily understood in terms of the transfer of 
charge between atoms, their geometric relation to the molecu- 
lar center of mass, and the atomic polarizations. A delocaliza- 
tion mechanism is not required to explain the dampening of the 
molecular dipole moments; arguments based upon pairwise 
interactions and their consequences suffice. 

Conclusion 

The present study has presented a dissection of the molecular 
dipole moment of five-membered heterocycles into atomic 
contributions using subspace quantum mechanics. The dipole 
moments were partitioned into atomic contributions, each of 
which is a physical observable in the quantum mechanical 
sense. A detailed comparison of the contributions to the dipole 
moments of the saturated and unsaturated five-membered ring 
heterocycles of nitrogen, oxygen, and sulfur shows that the 
changes of the molecular dipole moments of the unsaturated 
heterocycles can be readily understood in terms of the transfer 
of charge between atoms, the geometric relation of the atoms 
to one another, and the polarization of the atoms. A delocaliza- 
tion mechanism of the T-resonance type such as in Fig. 3 is not 
necessary to explain the observed dipole moment effects. 
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The anomeric effect in first-rowlsecond-row 
acetal-like systems 

Camilla Scott and Friedrich Grein 

Abstract: Ab initio calculations were performed at the HF16-31+G* level on first-rowlsecond-row neutral, protonated, and 
anionic acetal-like systems. The neutral and anionic systems are of the general form XH,,CH,YH,'-' with XH,,, = F, a-OH, 
s-NH,, s-CH,; YH,, = SH, PH,; and YH,- = PH-, SiH,-. For the protonated systems the general form is XH,,,+CH,YH,,, 
with XH,,+= a-FH+, +OH,+, s-NH,'; and YH, = SH, PH,. In all cases the hydrogens on Y were rotated about the CY bond, and 
geometries were optimized for each setting of the YH, dihedral angles. Following previously developed methods, the electronic 
part e of the anomeric stabilization was evaluated. For PH, rotation, -ep (e  is always negative) is smaller than for corresponding 
nitrogen systems, whereas for SH rotation the -es parameters are larger than for corresponding oxygen systems. In the 
case of protonated molecules, the energy associated with the reverse anomeric effect was estimated to be -4 kcallrnol for 
s-0H2+CH2SH and -3 kcallmol for s-NH,+CH,SH. For corresponding phosphorus systems they are close to -2 and -5 
kcallrnol, respectively. The .rr-bonding model applied to neutral species shows that in the case of SH rotation the F and 0 systems 
clearly follow the trend of the .rr-bonded cation CH,=SH+. For PH, rotation, however, only the F system can be considered to 
correlate with such a model. 

Key words: anomeric effect, reverse anomeric effect, first-rowlsecond-row atoms, phosphorus, sulfur. 

RCsumC : On a effectuC des calculs ab initio au niveau HFl6-31+G* sur des systkmes de types acCtals neutres, protonCs et 
anioniques d'ClCments des deux premieres pCriodes. Les systkmes neutres sont de la forme gCnCrale XH,,,CH,YH,,(-) pour 
lesquels XH,,, = F, a-OH, s-NH2, s-CH,; YH, = SH, PH, et H,,(-) = PH- et SiH;. Les systkmes protonis sont de la forrne gCnCrale 
XH,,+CH,YH, pour lesquels XH,,? = a-FH+, SOH,+, s-NH,' et YH,, = SH et PH,. Dans tous les cas, on a fait subir une rotation 
aux hydrogknes sur Y autour de la liaison CY et on a optimisC les gComCtries pour tous les angles dikdres attribuCs aux YH,,. 
Suivant des mCthodes dCveloppees antkrieurement, on a CvaluC la partie Clectronique, e, de la stabilisation anomCrique. Pour la 
rotation PH,, la valeur de -ep (la valeur de e est toujours negative) est toujours plus faible que celle des systkmes azotCs 
correspondants. Dans les cas de molCcules protonCes, I'Cnergie associCe ti I'effet anomCrique inverse a CtL CvaluCe ti -4 kcal 
mol-' pour s-OH,+CH,SH et ti -3 kcal mol pour le s-NH,+CH,SH. Pour les systkmes phosphorks, ces valeurs sont plut6t prks de 
-2 et -5 kcal mol-I respectivernent. Le modkle de la liaison .rr appliquC aux espkces neutres montre que, dans le cas du SH, la 
rotation des systkrnes F et 0 suit bien la tendance du cation CH,=SH+ impliquC dans une liaison T. Pour la rotation du pH2, on 
doit toutefois considCrer que seul le systkme F donne une corrClation avec un tel rnodkle. 

Mots cl4s : effet anomirique, effet anomerique inversC, ClCments des deux premikres pCriodes, phosphore, soufre. 

[Traduit par la rCdaction] 

1. lnt roduct ion Many ab initio studies have been performed on 

The anomeric and related stereoelectronic effects, including 
some controversies surrounding these effects, have recently 
been reviewed by Juaristi and Cuevas (1) and Thatcher (2). In 
its simplest formulation, applicable to acetal-like systems 
XH,,CH,YH,,, the anomeric effect (ae) stabilizes that confor- 
mation for which an sp3 lone pair on X or Y is antiperiplanar 
(app) to the polar bond CY or CX, respectively. 
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XH,,,CH,YH,, systems with X and Y being first-row atoms, 
starting in 1971 with the work by Wolfe et al. (3) and Radom 
et al. (4). Also, there is a substantial amount of literature on 
first-rowlsecond-row combinations (e.g., refs. 5, 6). Here, the 
general consensus is that the ae is still active; however, not as 
strongly as for their first-rowlfirst-row counterparts. For 
example, bond separation energies calculated by Schleyer et 
al. (6) as energies of the reaction XH,,CH,YH,, + CH, + 
CH3XH,,, + CH3YH,, range from 11 to 18 kcallrnol for first- 
rowlfirst-row systems (X, Y = N, 0, F) while being 1-1 1 kcal/ 
mol for first-rowlsecond-row combinations (X = N, 0, F; Y = 
P, S, Cl). In these reactions, the number and type of bonds 
stays the same, but the anomeric effect active in XH,CH,YH,, 
is removed in the products. 

In a recent series of papers (7-lo), an attempt was made to 
separate the anomeric stabilization energy into steric, electro- 
static, and electronic components. Both an energy decomposi- 
tion scheme and a scheme based on Fourier analysis showed 
that the electronic component (absolute value) of the anomeric 

Can. J. Chem. 74: 1221-1228 (1996). Printed in Canada 1 Imprimt au Canada 
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effect decreases in the order X = F, 0 ,  N for fixed Y, as 
expected, and that it increases with increasing electronegativ- 
ity difference between X and Y. For example, for X = F, 0 ,  N, 
and Y = 0 ,  the parameters eo are -2.0, - 1.0, and -0.7 kcal/ 
mol, whereas for Y = N, the e, parameters are -3.6, - 1.9, and 
- 1.0 kcal/mol. 

The same ideas were also applied to corresponding proto- 
nated (XH,,+l+CH,YH,) and anionic (XH,CH,YH,-,-) sys- 
tems. For protonated molecules, the electronic component of 
the ae is much larger than for the corresponding neutral sys- 
tems, due to the higher electronegativity (EN) of the positive 
ion. Also, an energy component for the reverse anomeric 
effect (rae), corresponding to the stabilization received by a 
lone pair on Y in synperiplanar (spp) position due to the posi- 
tive charge on X, was obtained, with 7-8 kcal/mol for the 
OH,+/OH, NH3+/0H, and NH,+/NH, systems. For example, 
for NH,+CH,NH,, the conformation having the lone pair on 
NH, in spp position is more stable than the corresponding app 
conformation, indicating the rae to be strong. 

For anionic systems XH,,,CH,NH-, the electronic compo- 
nent of the ae lies between the values obtained for the corre- 
sponding neutral and protonated systems. 

The reason for anomeric stabilization in XH,CH,YH, sys- 
tems was seen in the tendency of the CH,YH, fragment of the 
molecule to form, as much as possible, a planar structure. If X 
is more electronegative than Y, electronic charge is moved 
from YH, to XH,,,, and CH,YH, acquires thereby a partial 
double-bond structure of type CH2=YHnC, which prefers a 
planar geometry. It can be shown that, under rotation of the 
YH, hydrogens about the CY bond, the CY bond distance and 
the charges on YH,, change in the same way, although not as 
dramatically, as in a rotation of the YH, hydrogens around the 
CY bond in CH,=YH;. The same T-bonding model also 
applies to anomeric stabilization of protonated and anionic 
systems. The anomeric effect, as far as its electronic compo- 
nent is concerned, is driven by the desire of the electropositive 
fragment of the molecule to become planar. Therefore, and as 
seen from the Fourier analysis, conformations with a lone pair 
in spp position are, electronically, as stabilizing as those in 
antiperiplanar position. Experimental verification of this syn- 
periplanar effect has recently been demonstrated by Deslong- 
champs and co-workers. (1 1-13). 

In this paper, the analysis of the anomeric effect for systems 
XH,CH,YH,('), as previously performed for X, Y being first- 
row atoms, will be extended to first-row/second-row combina- 
tions. More specifically, X will be a first-row atom (F, 0 ,  N, 
and C for reference), and YH,, will be SH and PH, (PH- and 
SiH,- for anionic systems). In all calculations, the hydrogen(s) 
on Y will be rotated about the C-Y bond, whereas the XH,, 
group will remain in fixed conformational position. As before, 
neutral as well as protonated and anionic systems will be dealt 
with. Despite the fact that there is a greater EN difference 
between first- and second-row atoms than between corre- 
sponding first-row atoms, a weaker anomeric effect is 
expected since the less electronegative second-row atoms are 
considered to be relatively poor electron donors. 

2. Methods 

Geometry optimizations were carried out at the 6-3 1+G* level 
using the GAUSSIAN 86 programs (14). All bond lengths and 

Table 1. Relative energies AE in kcaVmol (first line), optimized 
C-S distances in A (second line), and Mulliken charges on SH 
(third line), obtained by 6-31+G* geometry optimizations on 
XH,,,-CH,-SH, for SH dihedral angles of 0°, 60°, 120°, and 180". 

angles, except for specified dihedral angles, were optimized. 
In particular, the dihedral angles of the XH,, hydrogens were 
held constant while the YH, hydrogens were rotated about the 
C-Y bond. 

The nonrotating hydrogens of XH, were held at dihedral 
angles 4 (relative to XCZ; structure 1) of 0" for a-OH and a- 
FHC; at ? 120" for s-NH, and SOH,+, and at 0, ? 120" for s- 
CH3 and s-NH3+. The prefix a stands for anti and s for stag- 
gered. The rotating YH,, hydrogens were set to dihedral angles 
of 0°, 60°, 120°, and 180" for SH and PH- (relative to YCZ), 
and to ?60° (0"); 0°, 120" (60"); 60°, 180" (120°), and ? 120" 
(1 80") for PH, and SiH,-. The numbers in parentheses are the 
4 values given in the tables, and refer to the midpoint between 
the two hydrogens. In structure 1, a-OHCH,SH for 4 = 0, and 
in structure 2, s-NH,CH,PH,, also for 4 = 0, are shown. Struc- 
ture 3 gives s-CH,CH,PH, for 4 = 180". 

The Fourier constants V1, V,, and V3 were calculated from 
the equation AE(+) = (V1/2)(1 - cos 4 )  + (V2/2)(1 - cos 24)  
+ (V3/2)(1 - cos 34), using the dihedral angles 4 = 0°, 60°, 
120°, and 180". 

3. Results 

3.1 Neutral systems 
Relative energies, C-S bond distances, and Mulliken charges 
for the XH,CH,SH systems are given in Table 1. The trends in 
relative energies and bond lengths are as expected, with the 
lowest energy and smallest bond length obtained for the 120" 
conformer. For the NH,CH,SH and CH3CH,SH systems the 
energy lowering from the 0" to the 120" conformer is small, 
and an energy barrier has developed at 60". As well, there is 
little change in bond length. This indicates that the anomeric 
effect in these systems is weak or nonexistent. A discussion is 
to follow later. 

The Fourier parameters V,, V,, and V3 obtained from the rel- 
ative energies in Table 1 are given in Table 2. The range of V3 
values lies between 1.51 and 1.64 kcal/mol, which is close to 
the energy difference of 1.28 kcal/mol between the eclipsed 
and staggered conformers of CH,SH calculated at the 
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Scott and Grein 

Table 2. Fourier constants V,-V3 in kcaVmol for SH rotation The Fourier values obtained from the relative energies in 
in systems XH,,-CH2-SH, obtained from relative energies of Table 3 are given in Table 4. The magnitude of V, (-2.28 to 
Table 1. -2.58 kcal/mol) is close to the energy difference between the 

staggered and eclipsed conformers of CH,PH,, which was cal- 
XH,,-CH2-SH VI v2 V3 culated to be - 1.93 kcal/mol (6-31+G*). The V, parameter 

has the greatest value for the most electronegative XH,,,, 
F-CH2-SH -1.07 -3.29 

decreasing to the least electronegative. V, is positive due to the 
a-OH-CH,-SH -1.59 -1.73 
S-NH2-CH,-SH 0.49 -1.31 

anomeric stabilization occurring at 180". 
1.6 1 

6-3 1+G* level. The V, parameter has the greatest (absolute) 
value for the most electronegative F system and the smallest 
value for the least electronegative CH, system. No such regu- 
larity can be found for the V, parameter. The energy barrier at 
60°, observed for the NH, and CH3 systems, is explained by 
the V3 parameter, describing the SH-CH, repulsion, being 
larger in magnitude than V,, which describes the stabilizing 
electronic effect. 

The relative energies, C-P bond distances, and Mulliken 
charges for the XH,,,CH,PH, systems are given in Table 3. The 
energies are as expected, with the 180" conformer having the 
lowest energy due to anomeric stabilization occurring at 180". 
The greatest energy lowering occurs for the F and a-OH sys- 
tems, as expected. For the s-NH2 and s-CH, molecules there 
are 1,3-hydrogen repulsions at 180" that decrease any stabili- 
zation received from the anomeric effect at this angle, result- 
ing in smaller energy differences. The C-P bond distances 
are smallest at the 180" conformer. due to the anomeric effect. 

3.2 Protonated systems and reverse anomeric effect 
Tables 5 and 6 give energies, bond distances, charges, and 
Fourier constants for the protonated systems XH,,+CH,SH 
under SH rotation. 

As seen from the bond distances, all four conformers of 
a-FHtCH,SH form complexes of type FH...CH,=SH '. 
~hereforey the calculated Fourier constants do not properly 
represent the required 1,3-interactions and have been omitted 
from Table 6. For the other two systems, stabilization at 60" 
and 120" relative to 0" is obtained, with appropriate changes in 
bond distances, indicating that the ae is active. This is con- 
firmed by the rather large V, values. Later on, the V ,  parame- 
ters will be discussed in connection with the reverse anomeric 
effect. 

Table 5 shows that there is no energy barrier at 60" for any 
of the protonated systems, whereas the NH, and CH3 neutral 
systems (Table 1) showed such a barrier. The reason is seen in 
the strong electronic stabilization (V,) experienced by proto- 
nated systems, compared to the rather normal CH2-SH repul- 
sion (V3), The same argument applies to the anionic systems, 
to be discussed below. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chern. Vol. 74. 1996 

Table 3. Relative energies AE in kcal/mol (first line), optimized 
C-P distances in A (second line), and Mulliken charges on PH, 
(third line), obtained by 6-31+G* geometry optimizations on 
XH,,-CH,-PH, for PH, dihedral angles of 0" (+60), 60" (0",120°), 
120" (60,180), and 180" (+ 120"). 

Table 4. Fourier constants V,-V3 in kcallmol for pH2 rotation 
in systems XH,,-CHI-PH,, obtained from relative energies of 
Table 3. 

For PH, rotation in systems XH,,+CH2PH2, energy differ- 
ences, bond distances, charges, and Fourier parameters are 
given in Tables 7 and 8. As before, the a-FH+ molecule opti- 
mizes to a complex (of type FH...CH,=PH,+) at all four dihe- 
dral angles, preventing a useful interpretation of Fourier 
constants. For the remaining two systems, V2 parameters of 7.6 
and 4.9 kcallrnol are obtained, again much larger than for the 
corresponding neutral systems. 

In previous papers of this series (8, 9), energy estimates 
were obtained for the reverse anomeric effect (rae) in proto- 
nated systems. Briefly, the rae has been defined as the energy 
of stabilization of the 4 = 0" conformer over the 4 = 180" con- 
former due to the lone pairs on SH or pH2 being attracted by 
the positive charge on X when in syn position relative to CX. 
Therefore, the rae parameter v is Vl with adjustments made for 
steric and electrostatic effects between lone pairs and hydro- 
gen atoms on X and Y, as well as for the electronic part of the 
ae in the case of PH, systems. For example, for s-NH3+CH20H 
(9), for which 4 = 0" is the most stable conformer, v was cal- 
culated as v = - V1 - 2h + r to give about -7 kcaVmol (please 
note that in ref. 9 AE(180) was used instead of V,). At 0" the 
internal hydrogen bond is described by the energy 2h, and at 
180" the 1,3 H-H repulsion is r. As outlined in previous 
papers, approximate values of 1 and - 1 kcaVmol for r and h, 
respectively, were assumed. 

Here, another approach to calculating v parameters will be 

given, with the purpose of reducing reliance on estimated 
energy parameters h and r. The problem is to separate v from 
regular steric and electrostatic energies contained in the Fou- 
rier constant V,. This can be accomplished by comparing V,PrO' 
(for the protonated system) with Vlneu' (corresponding neutral 
system). Hydrogens and lone pairs on X and Y interact 
approximately in the same way in the neutral and protonated 
system, the big difference being the rae. 

For X = N and Y = 0 or S, v can be calculated as -v = VIPr0' 
- VlneU'. As a check, vo gives -(9.72 - 0.95) = -9 kcallmol 
for s-NH3+CH20H, compared with -7 kcaVmo1 (revised 
value) in ref. 9. For X = N and Y = N or P, the ae occurs at 
180°, so VIPr0' - V "eu' needs to be corrected by the difference 
e+ - e. Therefore, for s-NH3+CH2NH2, -v, = VIPr0' - V I + 

e, eN+, to result in v, = - 11 kcallrnol, compared with - 10 
(revised value) in ref. 9. 

In the present case, us for s-NH3+CH2SH is calculated as v, 
= -(3.61 - 0.5) = -3 kcallmol, and v, for s-NH3+CH2PH2 is 
up = -2.64 + 0.57 - 3.7 + 0.8 = -5 kcallmol. Both values are 
significantly smaller than for the corresponding OH and NH, 
systems. 

For the s-OH,' systems, v can, unfortunately, not simply be 
calculated as the difference of the V,'s, since the 1,3-hydro- 
gen and lone-pair interactions of the neutral a-OH system do 
not match those of the protonated SOH,+ system. To make 
the procedure easier, the neutral systems were recalculated 
with the OH hydrogen in syn rather than anti position relative 
to CY. For s-OHCH,SH (structure 4), the values V1 = 1.01, 
V, = -5.40, and V3 = 1.69 kcallrnol were obtained, whereas 
for s-0HCH2PH2 the V's are 1.05,4.36, and -2.21 kcallmol. 
(It should be noted that the V2's for the s-OH are much 
larger than for the a-OH molecules.) Now, for s-OH,+CH,SH, 
us = -AVl - h, to give -(4.0 + 1.0) + 1.0 = -4 kcallmol. 
For s-0H2+CH2PH3, up -AVl + r - h + ep+ - ep = - 1.7 
kcallrnol, using ep = -3.3 kcallmol, as obtained from V,. As 
before, 1 and - 1 kcallmol were chosen for r and h, respec- 
tively. 

3.3 Anionic systems 
The relative energies, C-P bond distances, and Mulliken 
charges for the anioinic XH,,,CH,PH- systems are give in 
Table 9. As expected for a system that receives anomeric sta- 
bilization at 120°, the lowest energy, shortest C-P bonds, and 
most positive (least negative) charges on P are found for the 
120" conformer. The greatest energy lowering for 120" occurs 
for the most electronegative system FCH,PH-, and the lower- 
ing decreases with decreasing electronegativity of X. 

The Fourier parameters for these systems are given in Table 
10. The V3 values have the range of 1.63-1.96 kcallrnol, which 
is similar to the energy difference between the staggered and 
eclipsed forms of CH3PH-, calculated to be 1.43 kcaVmol 
(6-3 l+G*), 

The V, values reflect the energy lowerings at 120°, with the 
most negative value of -5.71 kcallmol for F, progressively 
decreasing to a value of - 1.02 kcaVmol for the least elec- 
tronegative system CH3CH2PH-. All Vl values are small, 
close to 0. This implies that steric and electrostatic interactions 
between X and Y are negligible. 

Table 1 1 contains the relative energies, C-Si bond lengths, 
and Mulliken charges for the XH,,,CH,SiH,- systems. The 
180" conformers have the lowest energies and shortest C-Si 
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Table 5. Relative energies AE in kcallmol (first line), optimized C-SIC-X distances in 
A (second line), and Mulliken charges on SH (third line), obtained by 6-31+G* geometry 
optimizations on XH,'-CH,-SH, for SH dihedral angles of 0°, 60°, 120°, and 180". 

XH,+-CH,-SH 0" 60" 120" 180" 

a-FH+-CH,-SH 0.00 -32.89" -39.46 0.54 
1.761412.0743 1.616912.9066 1.617412.7860 1.757312.2663 
0.390 0.565 0.558 0.382 

S-OH,'-CH2-SH 0.00 -3.93 -3.76 5.82 
1.805411.5 148 1.779511.5476 1.770911.5522 1.817811.5172 
0.252 0.276 0.302 0.270 

S-NH,'-CH2-SH 0.00 -1.70 -1.59 5.30 
1.813611.5062 1.804811.5150 1.795811.5154 1.823811.5055 
0.222 0.224 0.246 0.234 

"For @ = 60" the angle CFH was fixed at 109.S0. 

Table 6. Fourier constants V,-V, in kcaUmol for SH rotation 
in systems XH,+-CH,-SH, obtained from relative energies of 
Table 5. 

XH,'-CH2-SH VI v2 v3 

"Calculated Fourier constants are not useful. since all four conformers 
are optimized as complexes. 

Table 7. Relative energies AE in kcaUmol (first line), optimized C-PIC-X distances in 
A (second line), and Mulliken charges on PH, (third line), obtained by 6-31+G* geometry 
optimizations on XH,,,+-CH,-PH,, for PH, dihedral angles of 0" (+60°), 60" (0°, 120°), 
120" (60°, 180°), and 180" (+120°). 

Table 8. Fourier constants V,-V3 in kcaUmol for PH, rotation distances due to the anomeric stabilization that occurs at this 
in systems XH,+-CH,-PH,, obtained from relative energies of angle. 
Table 7. The Fourier values are given in Table 12. The V,'s are pos- 

itive, and again decrease with decreasing electronegativity of 
XH,+-CH,-PH, v, v2 v3 XH,. As before, V, values are small and do not follow anv . .  

parfi'cular order. 
a-FH+-CH,-PH, a a a 

-2.43 
-2.29 

4. Discussion 

"Calculated Fourier constants are not useful, since all four conformers 4.1 Electronic component of anomeric effect 
are optimized as complexes. Following the convention of previous papers (7-lo), the elec- 
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Table 9. Relative energies AE in kcallmol (first line), optimized 
C-P distances in A (second line), and Mulliken charges on PH 
(third line), obtained by 6-31+G* geometry optimizations on 
XH,-CH2-PH-, for PH- dihedral angles of O", 60°, 120°, and 
180". 

Table 12. Fourier constants V,-V3 in kcallmol for SiH; rotation 
in systems XH,,,-CH,-SiH;, obtained from relative energies of 
Table 11. 

SH or PH- group is rotated from + = 0" (H in app position, no 
anomeric effect) to + = 120" (one lone pair in app position, 
anomeric effect), or when the pH2 or SiH2- group is rotated 
from 60" (one H in app position, no ae) to 180" (lone pair in 
app position, ae). 

Table 13 shows that the e-parameter drops when the atom X 
changes from F to C, as expected, reflecting the decreasing 
electronegativity of the first-row atoms. The e-parameters for 
protonated systems are larger (in magnitude) than for neutral 
systems, and the anionic systems lie in between. A compari- 
son of the e-parameters calculated here for first-rowlsecond- 
row systems, with those given earlier for first-rowlfirst-row 
molecules, where both X and Y are F, 0 ,  N and C, is most 
interesting. For both the neutral and protonated SH systems, 
the electronic parameter e is larger (in magnitude) than for the 
corresponding OH systems. For example, es for FCH2SH is 
-2.5, whereas eo for FCH20H is -2.0 kcaYmo1, and es for 
s-0Hz+CH2SH is -6.8 compared with -6.2 kcallmol for eo 
of s-OHZCCH2OH. As mentioned in the Introduction, such a 
trend would be expected on the basis of the larger electroneg- 
ativity difference between first- and second-row atoms than 
between first-row atoms (e.g., AE, (F-S) 1.5, AE,, (F-0) = 
0.5). 

Against this speaks the expected lower electron-donating 
property of second-row atoms compared with the correspond- 
ing first-row atoms. Table 13 shows that the latter quality 
appears to win out in the phosphorus systems, since Je, param- 
eters for neutral and protonated systems are smaller than the 
corresponding e,l results. 

Based on this analysis, the conclusion can be drawn that 
sulfur is highly effective in promoting anomeric stabilization, 
even more effective than oxygen, whereas the capacity of 
phosphorus for anomeric stabilization is inferior to that of 
nitrogen. "Effectiveness" refers to the electronic part of the 
anomeric stabilization only. The total energy lowering 
between 0" and 120" is larger for XH,,,CHZOH than for 
XH,,CH,SH, at least when X = F and 0 ,  thanks to larger neg- 
ative V,'s in the OH case. For example, the energy lowering at 
120" is -4.8 kcaYmol for FCHzOH, and -3.3 kcaYmol for 
FCH2SH. Using AE(120) = 0.75 (V, + V2 ), with V1 = -3.7, 
V2 = -2.7 for FCH20H, and V1 = - 1.1, V2 = -3.3 kcaYmol 
for FCH2SH, shows that V, + V2 (absolute) is larger for the OH 
than the SH system, resulting in higher stabilization. It is rea- 
sonable to expect the electrostatic and steric 1,3-interactions, 
reflected in V,, to decrease with increasing bond distances. 
However, the increase of the electronic interaction of S over 
0 ,  despite larger bond distances, is unexpected. 

When going from NH2 to PH! systems, both v , I  and V2 
decrease, causing at 180" less stabilization for the pH2 than the 

Table 10. Fourier constants V,-V3 in kcallmol for PH rotation 
in systems XH,-CH2-PH-, obtained from relative energies of 
Table 9. 

Table 11. Relative energies AE in kcallmol (first line), optimized 
C-Si distances in A (second line), and Mulliken charges on SiH, 
(third line), obtained by 6-31+G* geometry optimizations on 
XH,,-CH,-SiH;, for SiH, dihedral angles of 0" (+60°), 60" 
(O", 120°), 120" (60°, 180°), and 180" (+120°). 

tronic component of the anomeric effect is calculated as 0.75 
V2, and a change of sign is required for PH21SiH2- rotation. 
The results are given in Table 13. These e-parameters repre- 
sent the electronic part of the anomeric stabilization when the 
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Scott and Grein 

Table 13. Electronic anomeric parameters e for neutral, protonated, and anionic systems 
XH,/'CH,YH,'-) with first- and second-row atoms, in kcallmol. Numbers in parentheses are 
for corresponding first-rowlfirst-row systems. 

Neutral Protonated Anionic 

"Since complexes were formed at all dihedral angles, e could not be evaluated. 

NH, system (for X = F,O). Apparently, the electron donating Table 14. Relative energies AE in kcallmol, optimized C-S 
properties of phosphorus are drastically reduced in compari- distances in A, and Mulliken charges on SH, for SH rotation in 
son to sulfur. CH,=SH', obtained from 6-3 1+G* calculations. 

In the last two columns of Table 13, the e,- and esi- values 
are shown for the anionic systems involving PH- and SiH,- 9 0" 60" 120" 180" - 
rotation. It is seen that such parameters are smaller than com- 
parable e,- and e,- values. AE 0.00 -36.36 -42.04 -7.70 

Rcs 1.7519 1.6298 1.6197 1.7496 
4.2 The m-bonding model 
For neutral and protonated first-rowlfirst-row molecules 
XH,,+CH,YH,, the T-bonding model showed that for systems 
undergoing anomeric stabilization, CY bond distances and 
charges on YH, change in the same way, however, not as 
strongly, as those for CH,=YH,+ when YH, is rotated about 
the double bond. This indicates that the anomeric effect is 
caused by the tendency of the slightly positive CH,-YH,~(+) 
fragment of the molecule to assume a near-planar structure. 

In Table 14, energy differences, CS distances, and charges 
on SH are shown for CH,=SH+. The dihedral angle $ in 
CH,=SH+ is defined analogously to $ in XH,CH,SH com- 
pounds (see the CH,SH moiety in structure 1 for illustration). 
It is seen that, relative to $ = 0, the CS distances decrease for 
60" and 120°, and increase again for 180". This is combined 
with significant stabilization at 60" and 120". Relative to $ = 
0, the charges on SH increase for 60" and 120°, and decrease 
for 180". Referring to Table 1, the neutral systems with X = F 
and 0 show similar trends, whereas the remaining systems 
with X = N and C have an increase in CS distance and energy, 
and a substantial decrease of Q(SH), at 60". Although the elec- 
tronic parameter es is - 1.0 kcallmol for s-NH,CH,SH, the 
bond distances and energies in this system do not follow the 
T-bonding trend. 

Table 15 gives corresponding data for CH,=PH,+. Again, 
the dihedral angle $ is defined in the same way as in 
XH,CH,PH, compounds (see structure 2). Here, the higher 
energies and larger CP distances occur at 60" and 120°, as 
expected. The charge on pH2 decreases at 60°, and increases 
thereafter. In line with the weak electronic anomeric effect 
observed for XH,CH,PH,, the energies and bond distances 
given in Table 3 do not always show the corresponding trend. 
For the F-system, the correlation of CP distances is good; for 

Table 15. Relative energies AE in kcaUmol, optimized C-P 
distances in A, and Mulliken charges on PH,, for PH, rotation in 
CH,=PH,', obtained from 6-3 1+G* calculations. 

a-OH the CP distance at 60" is shorter than at 0°, whereas for 
the s-NH, and s-CH, systems a correlation with CH,=PH,+ is 
neither seen nor expected. 

A comparison of the trends in stabilization energies and 
bond distances of the protonated systems given in Tables 5 
and 7 with those of CH,=SH+ and CH,=PH,+ in Tables 14 
and 15 shows good agreement for all systems. As mentioned 
earlier, for protonated systems with fluorine, complexes are 
formed at all dihedral angles, and the anomeric effect can 
therefore not be evaluated. 

4.3 Reverse anomeric effect in protonated systems 
In Table 16, the four estimated values for the reverse ae in 
first-rowlsecond-row systems are given, and compared with 
corresponding first-rowlfirst-row values. It should be stressed 
that there is no straightforward method to calculate rae values, 
and that the given numbers can only be seen as a rough indi- 
cation of the energy related to this effect. 
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Table 16. Estimated values v, and v, in kcal/mol for the reverse 
anomeric effect in systems s-OH,+CH,YH,, and s-NH,'CH,YH,, 
with YH,, = SH and PH,. Numbers in parentheses are for 
corresponding first-rowlfirst-row systems. 

"No value for O+/N system available. 
bRevised value, see text. 

Having said this, the us and vp numbers are reasonable, 
smaller than corresponding vo and vN values. The larger 
C-SIC-P distances compared to C-O/C-N are certainly 
partly responsible for the decrease in v values. The vN value 
for s-0H2%H2NH2 could not be obtained due to complex 
formation. The number obtained for s-OH,+CH,PH, appears 
to be too small, not reflecting the trend of increasing v's as one 
goes from S to P. 

5. Summary and conclusion 

Previous theoretical work on the anomeric effect in acetal-like 
systems was extended to include the second-row atoms S 
and P. 

The conformational energies obtained by rotating the SH or 
PH, hydrogens about the CY bond (the compounds are written 
as XH,CH,YH,) were subjected to a Fourier analysis, from 
which the electronic energy portion of the anomeric stabiliza- 
tion was evaluated. Interestingly, for the SH systems this elec- 
tronic component is larger (in absolute terms) than for 
corresponding OH systems, whereas for PH, rotation, the elec- 
tronic component is smaller than for NH, rotation. 

For molecules protonated on the first-row atom X, the same 
situation applies. For SH rotation the electronic component is 
larger (absolute) than for OH, and for PH, rotation smaller 
than for NH,. The weaker electron-donating properties of 
phosphorus are also seen in the anionic systems, where PH- 
leads to lower electronic stabilizations than NH-. Judged by 
the T-bonding model, the anomeric effect is clearly working 
for SH systems with X = F and 0 ,  and for PH, systems with 
X = F. For the NISH and OPH,, NPH, combinations, a weak 
anomeric effect is still active, whereas for X being C, as 
expected, there is no more evidence for anomeric stabilization. 

According to the T-bonding/model and calculated stabiliza- 
tion energies, a strong anomeric effect is working in all proto- 
nated systems. 

Estimates are also given for energy stabilization due to the 
reverse ae in protonated systems. Such stabilization is largest 
when the electron pair on Y is in syn position relative to XH,'. 
The v parameters are smaller than for corresponding first-row/ 
first-row systems, likely due to the larger CY bond distances. 

In conclusion, the SH group has shown remarkable ano- 
meric stabilization properties for the neutral systems FCH2SH 
and OHCH,SH, and for protonated systems XH,,+CH,SH 
with X = F, 0 ,  N. On the other hand, stabilization due to pH2 is 
much weaker. 
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From topology to geometry 

Mark Eberhart 

Abstract: A systematic study of the charge density topologies corresponding to a number of transition metal aluminides with the 
B2 structure indicates that unstable crystal structures are sometimes associated with uncharacteristic topologies. This 
observation invites the speculation that the "distance" to a topological instability might relate to a metals phase behavior, 
Following this speculation, a metric is imposed on the topological theory of Bader, producing a geometrical theory, where it is 
now possible to assign a distance from a calculated charge density topology to a topological instability. For the cubic transition 
metals, these distances are shown to correlate with single crystal elastic constants, where the metals that are furthest from an 
instability are observed to be the stiffest. 

Key words: crystal structure, charge density topology, mechanical properties, brittlelductile failure. 

Resume : Une ttude systtmatique des topologies des densitts de charges correspondant B un certain nombre d'aluminures de 
mttaux de transition de structure B2 indique que des structures cristallines instables sont quelquefois assocites B des topologies 
qui ne sont pas caractkristiques. Cette observation nous amhe 5 spkculer que la <<distance>> par rapport B une instabilite 
topologique pourrait Etre relite B un comportement de la phase des mttaux. A la suite de cette sptculation, on impose une 
ccmttriquen B la thtorie topologique de Bader conduisant i une thtorie gtomttrique grdce B laquelle il est alors possible 
d'attribuer une distance, par rapport B une topologie d'une densitt de charge calculte, 5 une instabilitt topologique. Pour des 
mttaux de transition cubiques, il est dtmontrt qu'il existe une corrtlation entre ces distances et les constantes Clectriques des 
cristaux. Dans les cas oh les mttaux se trouvent les plus loin d'une instabilitt, on observe qu'ils sont les plus durs. 

Mots clis  : structure cristalline, topologie des densites de charges, proprietes mecaniques, detaillance fragilelductile. 

[Traduit par la rtdaction] 

I. Introduction 

All of chemistry is based on the molecular structure hypothe- 
sis, which simply stated is the following: a molecule or solid is 
a collection of atoms linked by a network of bonds, and all 
molecular properties result from this linked system of atoms. 
Accompanying this hypothesis are a number of models that 
seek to quantify these concepts of atoms and bonds and to cor- 
relate empirically determined properties with the models. 
While each of the models represents these concepts differ- 
ently, they have all had considerable success in explaining the 
observed properties of matter. 

Of the many models advanced in support of the molecular 
structure hypothesis, the most familiar is the Lewis model (I), 
in which a bond is pictured as a pair of valence electrons 
shared by two atoms. This representation of a chemical bond 
and its quantum mechanical extensions of directed valence (2) 
form the basis for understanding the chemistry of organic mol- 
ecules. Structural, chemical, spectroscopic, and thermochemi- 
cal data are interpreted using terms defined within the Lewis 
model of molecular structure. 
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While many attempts have been made to interpret metallur- 
gical properties within the framework of the molecular struc- 
ture hypothesis, none of these attempts can be called totally 
successful. In my opinion, this lack of success can be attrib- 
uted to a less than rigorous definition of the metallic bond. 
However, the topological model of molecular and solid state 
structure advanced by Bader et al. (3-8) provides a rigorous 
definition for all classes of chemical bonds, of which the 
metallic bond is a subset. Believing that such a rigorous 
description of the metallic bond should provide the starting 
point for the application of chemical formalism to explain the 
structure and properties of metallic systems, we have sought a 
correlation between the topological properties of the charge 
density of metals and alloys and their respective properties 
(9- 1 4). 

In this paper, I briefly review the topological model of elec- 
tronic structure developed by Bader, specifically applying this 
model to metallic crystals. While the Bader model of molecu- 
lar structure is tremendously powerful, as a topological model 
it can only be used to compare two structures, where these 
structures either share the same topology or not. The concept 
of "distance" between two structures can not be determined 
from a topological theory. Yet the concept of distance is 
essential for a complete application of the molecular structure 
hypothesis. For example, the application of transition state 
theory is dependent on assessing the "closeness" of an elec- 
tronic charge distribution to the transition state. 

In an attempt to provide a measure by which two electronic 
charge distributions can be compared, a metric will be intro- 
duced that measures the distance from a bond to an instability 
in that bond. It will be shown that there is a correlation 

Can. J. Chem. 74: 1229-1235 (1996). Prinled in Canada I Imprime au Canada 
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between this distance and the elastic properties of the metal 
being modeled. Through the introduction of this metric, the 
Bader formalism is extended from a topological theory to a 
geometrical one. 

2. Charge density and topology 

The Bader model of molecular structure makes use of the total 
charge density of a molecule or solid to determine its topology. 
The charge density is a scalar field, p(r), which, as with any 
scalar field, possesses a unique topology. This topology is 
characterized in terms of ,its critical points, which are the 
zeroes of the gradient of the scalar field. There are four kinds 
of critical points in a three-dimensional space: a local mini- 
mum, a local maximum, and two kinds of saddle points. These 
critical points (cps) are denoted by an index that is the number 
of positive curvatures minus the number of negative curva- 
tures; for example, a minimum cp has positive curvature in the 
three orthogonal directions; therefore, it is called a (3, 3) cp, 
where the first number is simply the number of dimensions of 
the space, and the second number is the net number of positive 
curvatures. A maximum would be denoted by (3, -3), since 
all three curvatures are negative. A saddle point with two of 
the three curvatures negative is denoted (3, -I) ,  while the 
other saddle point is a (3, 1) cp. 

Bader realized that bonds in molecules can be seen in terms 
of the topology of p(r). A bond path connects two nuclei 
(where the charge density possesses (3, -3) cps) through a 
(3, - 1) cp such that the charge density is always a maximum 
with respect to any neighboring path. Other types of critical 
points can be correlated with other features of molecular struc- 
ture. A (3, 1) cp must be seen at the center of ring structures 
like benzene. Accordingly, this critical point is designated as a 
ring critical point. Cage structures are always characterized by 
a (3, 3) cp somewhere within the cage, and again have been 
given the descriptive name of cage critical points. A (3, -3) cp 
is always seen at a nuclei, but also, on occasion, local maxima 
are observed that are not associated with an atom; these are 
called pseudo-atoms. 

Figure 1 shows the positions and type of critical points in a 
(100) plane of Cu. This topology is characteristic of all non- 
magnetic FCC allotropic transition metals and therefore is des- 
ignated as an FCC topology. The (3, - 1) cps midway between 
nearest neighbors are indicative of bonds between these atoms. 
The bond paths are shown as lines connecting the bound 
atoms. These bonds form the edges of two types of polyhedra 
or cages: tetrahedra and octahedra, Fig. 2. At the center of each 
of these polyhedra is a cage critical point, i.e., a (3, 3) cp, with 
the octahedral cage critical points shown in Fig. 1. At the cen- 
ter of each of the faces of these two polyhedra are ring critical 
points. The entire set of critical points define specific bonding 
polyhedra, the packing of which gives rise to the FCC struc- 
ture. The topology of these polyhedra is determined only by 
the number of comers, edges, and faces. As a convenience, a 
polyhedron is denoted by {c, e,  f}.  A polyhedron topologi- 
cally equivalent to a regular tetrahedron will have four comers, 
six edges, and four faces, (4, 6, 4 ) .  The total charge density 
will reflect these features with a (3, -3) cp at each comer, a 
(3, -1) cp along each edge, a (3, 1) cps in each face, and a 
(3, 3) cp within this polyhedron. The FCC topology is the 
result of packing two types of polyhedra, a (4, 6, 4 )  and a 

Fig. 1. The charge density in a (100) plane of Cu. The critical 
points are marked by type. In this plane two types of critical 
points are shown, cage and bond critical points. 

(6,  1 2 , s )  (octahedron), with each face of the ( 4 , 6 , 4 )  shared 
with a (6,  12, 8 ) .  Any structure whose charge density gives 
rise to the same set of bonding polyhedra, packed in the same 
manner, is topologically equivalent to the FCC structure. 

The BCC structure for all nonmagnetic transition metals is 
characterized by the topology represented by the polyhedron 
shown in Figure 3. This is a (6, 8, 4 )  polyhedron. Though it 
appears to be equivalent to an octahedron, it is not. This poly- 
hedron has no bonds (edges) between second neighbors, rather 
there are four nonplanar faces. 

3. Topologies of the B2 crystal structure 

While the FCC and BCC structures of the transition metals 
appear to give rise to unique topologies, this is not a necessity. 
For most crystal structures there will be multiple topologies 
that can give rise to the structure. 

As an example, consider the B2 structure: a simple cubic 
lattice with a two-atom basis. One of these atoms is usually 
pictured sitting on the comer of the cube with the other located 
at the body center, Fig. 4. Shown in Fig. 5 are several of the 
topologies available to the B2 structure. The first of these (a) 
corresponds to the case in which each atom A and B is bound 
only to its first coordination shell and therefore has 8 bonds 
from A to B. For such a case the "octahedral holes" of the B2 
structure are characterized by local minima, i.e., (3,3) cps, and 
the "tetrahedral holes" by ring (3, 1) cps. The B2 structure 
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Fig. 2. The bonding polyhedra characteristic of the FCC topology. 

Fig. 3. The bonding polyhedron characteristic of the BCC would be the result of packing one type of polyhedron with 6 
structure. Note that there are four nonplanar faces. corners, 8 edges, and 4 faces. Thus the B2 structure, along 

with one of its allowed charge density topologies, can be con- 
veniently described as having 6 { 6 , 8 , 4 )  polyhedra at each lat- 
tice point of the B2 structure. 

An allowed alternative charge density topology would 
result when either atom A or atom B is bound to its 8 first 
neighbors and its 6 second neighbors, while the other atom 
remains bound to only its 8 first neighbors (b). For such a case 
the structure results from the packing of one type of polyhe- 
dron. This polyhedron has 5 comers, 8 edges, and 5 faces, i.e., 

' 

a 15, 8, 5 )  polyhedron. A description of both the electronic 
structure and the crystallographic structure is provided by 
placing 6 15, 8, 5 )  polyhedra on either site A or site B of the 
B2 structure. 

Finally, if both atoms A and B are bound to second neigh- 
bors (c),  then the B2 structure along with its charge density 
topology can be described as resulting from 24 (4, 6 , 4 )  poly- 
hedra on each lattice point. These polyhedra are topologically 
equivalent to regular tetrahedra. 

While each of the charge densities described above is topo- 
logically permitted, each is not necessarily energetically per- 

Fig. 4. The B2 crystal structure. This is a simple cubic structure mitted. That is, there may be structure-property relationships 
with a two-atom basis. One atom is located at the corner of the between charge density topologies and crystallographic struc- 
cube while the other is at the body center. ture, through which only specific bonding polyhedra give rise 

to a particular crystallographic structure. This hypothesis is 
easily tested by performing quantum mechanical calculations 
on a number of B2 alloys, some of which are known to be sta- 
ble and some of which are not, and correlating the resultant 
charge density topologies with the observed stability of the B2 
structure. The series of B2 alloys used for this initial test are 
the transition metal aluminides TmAl where Tm is Sc, Ti, V, 
Ni, Re, Ru, Pt, or Pd. 

Of the equiatomic transition metal aluminides, the late tran- 
sition metals Fe through Ni, Ru through Pd, and Re through Pt 
all form a stable B2 phase, though it is not necessarily the 
ground state structure. Of the early transition metals, only Sc 
forms a B2 structure. In between Sc and the late transition 
metals there is an "island of instability" where the B2 structure 
is not observed, e.g., TiAl and VA1. 

The B2 structure has been assumed for all of the above- 
mentioned aluminides, where the lattice constant is either 
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Fig. 5. The bonding polyhedra available to the B2 structure. Fig. 6. Distinguishing between the polyhedra of Fig. 5 is easily 
done by determining the charge density along the broken line 

- - - - - - - -  @ - - - - - - - - -  shown. A maxima along this line at point a corresponds to a bond .. I . l , 
I . I critical point between transition metal atoms, while a maxima at 

/ , , 
I 

. point c corresponds to a bond between aluminum atoms. Maxima 
, L:: - - - - - -a- - 4 - - - - -/ 1 at both points correspond to second-neighbor bonds between 

I 
I I , I 

both types of atoms of the B2 structure. 
I I I 

In the B2 structure there are two types of octahedral hole 
and one type of tetrahedral hole. The octahedral holes are 
characterized by a fourfold axis where either the A atoms or B 
atoms are located along this axis. These octahedral holes will 
be designated by the type of atom lying along the fourfold 
axis, i.e., either an A1 or transition metal octahedral hole. 

Each of the different allowed charge densities discussed 
above can be distinguished by the character of the critical 
point at the location of the tetrahedral and octahedral holes. If 
there is more charge density at either of the octahedral holes 
than at the tetrahedral hole, then one of the topologies result- 
ing in second-neighbor bond formation will be seen, i.e., 
topologies b or c of Fig. 5. In turn, the character of the critical 
point in the center of each of these holes can be determined 

- - - - - - - - 
,I from a plot of the charge density along the line beginning at a ,.' 1 

I 
midpoint of one edge of the conventional cubic unit cell and 

I 
I 

extending to the center of one of the cube faces, Fig. 6. The 
I resultant plot will be sinusoidal in character. The minima , 
I along these lines will occur at the location of cage or ring crit- 
I 
I ical points ((3, 3) or (3, 1) cps) and maxima at locations of 
I 

(3, - 1) cps, designating second-neighbor bonds. 
I 
I The charge density for each of the compounds ScA1, TiAl, 
I 

I VA1, and NiAl along the designated line is shown in Fig. 7. 
I , For those compounds that do form the B2 structure, there is 

- - - _ _ - - - I  , 
/ ' a single topology corresponding to second-neighbor bonds 

between only one of the pairs of atoms. In the case of ScAl 
the second-neighbor bond is between A1 atoms, while in all 
other cases (both those shown and not shown in Fig. 7) the 
second-neighbor bond is between the transition metal atoms. 
In the case of TiAl the topology is consistent with the topol- 

taken from experiment or assumed to be that which will give ogy b of Fig. 5 and for VAl the t o ~ o l o g ~  is consistent with c 
the same density compared to the observed stmcture(s) at the of Fig. 5. 
equiatomic composition. For each of these calculations, the In terms of the topology of the charge density, as one moves 
charge density was determined using the ~ u l l  Potential Linear from ScAl across the periodic table to NiAl one sees a contin- 
Augmented Slater Type Orbital approach (15, 16). uous topological transformation. This transformation can be 
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Fig. 7. The charge density along the line shown in Fig. 6. Note 
that AlSc is characterized by second-neighbor bonds between the 
aluminum atoms while NiAl is characterized by second-neighbor 
bonds between Ni atoms only. A1V shows both types of second- 
neighbor bonds. 

0.015) ................ 
c b a b  c 

understood to represent a competition for electron density 
between the two different types of octahedral holes present in 
the B2 structure. Beginning with ScAl, the A1 atoms compete 
more effectively for second-neighbor electron density than do 
the Sc atoms. The resulting structure gives rise to local and 
global minima in the charge density in the Sc octahedral holes 
and a bond critical point in the center of the A1 octahedral 
holes. For NiAl, the transition metal is now more effectively 
competing for electron density and the A1 octahedral holes 
have become cage critical points, i.e., global minima. To reach 
these two extremes, in a continuous fashion, it is necessary to 
pass through an intermediate region where both atoms of the 
B2 structure compete more or less equivalently for charge den- 
sity. At VA1 the competition is almost equal with second- 
neighbor bonds between both types of atoms, the tetrahedral 
holes becoming the location of the cage critical points, and 
both octahedral holes marked by (3 ,  - 1) cps. It is in this region 
where the B2 structure is not observed to be stable. 

The island of instability can be understood to result from the 
necessary region of topological transition, bounding the 
allowed B2 charge density topology. On one side is the region 
where transition metal octahedral holes are cage critical 
points, on the other side, A1 octahedral holes are cage critical 
points. There is no way to continuously distort the charge den- 
sity without passing through a region in which the charge den- 
sity adopts a unique topology uncharacteristic of stable B2 
structures. 

Within the topological model of structure, structure 
becomes a continuous variable, unlike the crystallographic 
description where structure is a discrete variable. As a contin- 
uous variable one would like to assign a "distance" between an 
observed topology and a topological instability, that is, 
develop a geometry of the charge density. It is anticipated that 
this distance will provide information related to the phase 
behavior of the alloy. 

4. A charge density metric 

The curvature of the charge density at a oint is a tensor, the 4 Hessian of the charge density 3<?p(r) = a p(r)lax,dxf This is a 
symmetric, rank-two tensor having the same transformation 
properties as the coefficients of a quadratic polynomial, often 
referred to as the representation quadric. At a bond critical 

point, one of the eigenvalues of ,Yf:lp(r) will be positive while 
the two remaining eigenvalues are negative. The representa- 
tion quadric at a (3 ,  - 1 )  cp for - J4,p(r) is therefore an hyper- 
boloid of one sheet. The 2-D cross section of this hyperboloid 
normal to the bond path is an ellipse, whose major and minor 
axes correspond to two of the principal axes of &]p(r), while 
the third principal axis is always parallel to the bond path. 

In the FCC structure, for example, there are bonding cps 
midway between each pair of first-neighbor atoms. The prin- 
cipal axes of the Hessian tensor with negative curvature 
extend from this bonding cp toward the octahedral and tetra- 
hedral holes. The curvatures in these directions are denoted 
here as poo and p,,, respectively. The principal axis of positive 
curvature extends parallel to the bond, by definition. The cur- 
vature in this direction is denoted as pllll. For the BCC structure 
the eigenvalues of negative curvature are degenerate and are 
denoted as p,,. Table 1 summarizes the values of the principal 
components of the Hessian tensor at the bond cps for a variety 
of FCC and BCC metals. 

To develop a measure of the distance from a specific charge 
density to a topological instability, begin by considering the 
possible topological changes available to a (3 ,  - 1 )  cp, a bond 
critical point. This critical point can change its character by a 
change in sign of one of the principal axes of the Hessian ten- 
sor at the bond cp. There are two possible changes that will 
lead to a loss of electron density at the bonding cp. These cor- 
respond to a change in sign of the negative eigenvalues. These 
changes will lead to transformation of a bond critical point to a 
ring or cage critical point, i.e., a (3 ,  1 )  or (3 ,  3 )  cp, depending 
on whether one or two negative eigenvalues changes sign. 
There is one topological change that will lead to an increase in 
charge density at a bond cp. This corresponds to a change in 
sign of the positive eigenvalue, resulting in the formation of a 
(3 ,  - 3 )  cp, i.e., a pseudo-atom. The topological changes lead- 
ing to a loss of charge density are defined as electrophobic 
transformations, while transformations leading to an increase 
in charge density are defined as electrophilic transformations. 

A measure for the distance to either an electrophobic or an 
electrophilic transformation can be associated with the angle 
between the directions of zero curvature at a bond critical 
point and the principal axes of the Hessian of the charge den- 
sity. Because a bonding cp possesses one axis of positive cur- 
vature and two of negative curvature, there must be directions 
in which the curvature is zero. These directions have a partic- 
ularly simple geometric interpretation. The representation 
quadric for the Hessian tensor at a (3 ,  - 1 )  cp is an hyperbo- 
loid. Along the line passing through the (3 ,  - 1 )  cp and parallel 
to the asymptotic surface that bounds this hyperboloid, the 
curvature is zero. For illustrative purposes consider any plane 
of the BCC structure that contains two bound atoms, Fig. 8. 
This plane must contain two of the principal axes of the Hes- 
sian tensor: the principal axis of positive curvature and one of 
the infinite number of degenerate axes of negative curvature. 
At the (3 ,  - 1 )  cp and lying in this plane there must be a pair of 
directions in which the curvature is zero. These directions cor- 
respond to the asymptotes of an hyperbola formed from the 
intersection of this plane with the representation quadric of the 
(3, - 1) cp. The slo e of the lines that lie in these directions is P .  given by (pIII~/p,,) 12. Figure 8 shows these directions for a 
variety of BCC and FCC metals. 

When the charge density is perturbed, either mechanically 
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Fig. 8. The directions of zero curvature at a bond critical point for the nonmagnetic FCC and BCC transition 
metals. Note that for a BCC metal the angle made by the direction of zero curvature with one of the principal axes 
of the Hessian will be constant regardless of the plane chosen. For FCC metals the angle will vary between two 
extremes, where one of the extreme planes contains the bond path and the principal axis extending into the 
tetrahedral hole (the plane shown in the figure) and the other contains the bond path and the principal axis 
extending into the octahedral hole. 

Au, Al, Ag, Pd, Pt, Ta, Cu, V,Ir, Mo, Nb, W 

Fig. 9. Left: The correlation between one of the single crystal elastic constants of the BCC metals 
and the charge-scaled distance to an electrophobic transformation. Right: The same correlation 
between FCC metals and the charge-scaled distance to an electrophilic transformation. 

BCC Metals FCC Metals 

or chemically, the values of the curvature of the charge density 
at some bonding cps will change and the directions of zero cur- 
vature will also change, swinging toward or away from the 
principal axes of these cps. If these directions of zero curvature 
should coincide with one of the principal axes of the Hessian 
of the charge density, then the bond will become unstable and 
a topological change will follow. Accordingly, one can take 
the tangent of the angle between these two directions (the 
direction of zero curvature and one of the principal axes of the 
Hessian) as a measure of the distance to topological instability. 
Through this construction, the distance to two different topo- 
logical instabilities is quantified. These represent the distances 

to an electrophobic and an electrophilic transformation, i.e., 
the vanishing of a positive or a negative eigenvalue, respec- 
tively. Using the designation in Fig. 8, these distances are 
given by tan(+) = (pll lilpll)1/2 and tan(@) = (plllpll ll)1/2. Table 
1 gives the value of tan(@) for the FCC and BCC nonmagnetic 
transition metals. 

The physical significance of these distances can be found 
by considering the elastic deformations of a metallic lattice. 
For two metals that deform by the same mechanism, chemical 
reaction theory dictates that the one that lies closest to an 
instability, i.e., the transition state, is the one that should be the 
most compliant (softest). Accordingly, the C44 elastic constant 
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Table 1. Charge density and eigenvalues of the Hessian of the charge density at 
the bond critical point for nonmagnetic FCC and BCC transition metals. For the 
purposes of computing the value of the electrophilicity, tan(€)), an average 
perpendicular eigenvalue is used for the FCC metals given by p,, = (p, + p,,)/2. 

Metal Po PII I I  P~~(PII) P,(PII) tan(€)) = (PLI~PI I  dln 

FCC Metals 
Ag 
Au 
Cu 
Ir 
Pd 
Pt 
BCC Metals 
Mo 
Nb 
Ta 
v 
W 

(which measures the stiffness of a lattice in response to a spe- 
cific deformation) of the cubic metals is expected to scale with 
either tan(+)/po or tan(8)/po depending on whether the metal is 
closer to an electrophobic or electrophilic transformation and 
where po is the value of the charge density at the bond critical 
point. While the functional form of this relationship is not 
known, one can expect a power law relationship between the 
compliance, S4 = l/C4, and the distance to instability, as the 
compliance at zero distance should be infinite and at infinite 
distance should be zero. Thus S, should vary hypobolically 
with either po tan(+) or po tan(8). Figure 9 gives plots showing 
the relationship between S4 and the charge-scaled distance to 
instability. From these plots one can conclude that the elastic 
constants of the BCC metals vary as the distance to electro- 
philic transformations while those of FCC metals vary as the 
distance to electrophobic transformations. 

5. Conclusion 

The Bader topological description of the charge density has 
been reviewed. It has been shown for a single example that 
unstable crystal structures are sometimes associated with 
topologies uncharacteristic of the structure. This observation 
motivated the development of a metric that measures the dis- 
tance from a calculated charge density topology to topological 
instabilities. These distances have been found to correlate with 
the values of the single crystal shear constants for nonmag- 
netic FCC and BCC metals. Thus the cubic metal elastic con- 
stants are seen to be related to the closeness to alternative 
topologies and the crystallographic structures associated with 
these charge density topologies, with stiffer metals being fur- 
ther from structural transformations. 
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Molecules in high-intensity laser fields 

T.-T. Nguyen-Dang, F. ChSteauneuf, and S. Manoli 

Abstract: The separability of a dressed molecule, a composite molecule + quantized radiation field system, at high field 
intensities is examined. Various forms of the Hamiltonian describing the dressed molecule are reviewed and are used to 
assess the zeroth-order separability of the dressed system. A new high-order adiabatic separation between the strongly 
coupled quantized field and molecular subsystems is derived. Qualitative manifestations of laser-induced molecular 
structures are discussed within this high-order adiabatic representation. 

Key words: dynamics, dressed molecule, intense laser field, adiabatic separation, laser-induced molecular structure. 

RCsumC : La sCparabilitC des molCcules habillCes, super-systbmes ccmolCcule + champ quantifib, est examinCe dans un 
rCgime de hautes intensitis. DiffCrentes formes de l'hamiltonien de la molCcule habillCe sont rappeltes et sont utilisCes 
dans la discussion de la sCparabilitC dite d'ordre zCro du systbme habillC. Une sCparation adiabatique d'ordre supCrieur 
est dCmontrCe. Des manifestations de la structure moltculaire laser-induite sont discutCes qualitativement dans le cadre de 
cette reprksentation adiabatique d'ordre supCrieur. 

Mots cle's : dynamique, molCcule cchabillCe~, champ laser intense, skparation adiabatique, structure molCculaire laser- 
induite. 

1. Introduction ties in an asymptotic, noninteracting situation as subsystems 

A central problem in the quantum description of interacting 
systems is the partitioning of the energy of interaction be- 
tween the subsystems. In the theory of atoms in molecules 
developed by Bader et al. (I), these subsystems are molec- 
ular fragments defined in three-dimensional real space by 
the zero-flux surfaces of the molecular charge density, and 
their interactions are partitioned through the virial of the as- 
sociated forces, ensuring that a virial theorem is satisfied in 
each subspace (2). The virial partitioning was introduced with 
the specific aim of defining atomic fragments within a bound 
molecular environment, fragments that retain a formal iden- 
tity in spite of strong interactions with their environment. The 
same type of problem arises whenever strong interactions be- 
tween formally defined subsystems prevent the identification 
of these subsystems as quasi-independent entities with phys- 
ically meaningful individual properties. 

One such problem arises in the study of molecular sys- 
tems subjected to the influence of intense laser fields. In this 
problem, the quantized field and the molecule are identified at 
the outset through attributes associated with the separate enti- 
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of a composite super system, the dressed molecule 13 ,  4). 
This partitioning is thus dictated by the different nature of the 
two entities and is necessarily a partitioning in Hilbert space 
as opposed to a partitioning in the real configuration space, 
as is Bader's virial partitioning of a molecular system. In this 
sense, the problem may appear easier at first sight; however, it 
is not clear how one could still speak about the molecule and 
the field as separate entities at the high intensities delivered 
by present-day lasers. It is indeed expected that in an intense 
field a molecule will undergo distortions so strong that it will 
no longer be recognizable using traditional standards such as 
the basis states of the isolated field-free molecule. Thus, it 
was suggested that new molecular states and new species 
are created by the laser field and are responsible for newly 
observed phenomena such as the above-threshold ionization 
(ATI) or dissociation (ATD) of molecules (5-7), their stabi- 
lization with respect to ionization, and dissociation at high 
field intensities (8, 9). Furthermore, the distorted molecule 
acts as a source of new excitations in the field, giving rise to 
highly nonlinear effects such as the recently observed high- 
order harmonic generation phenomenon (10, 11). 

Even at low intensities, the problem of separation between 
the field and the molecule persists since the external field 
may be of comparable magnitude to the intrinsic electro- 
magnetic field radiated by the moving charges. A distinction 
between these two types of field that recognizes the insepa- 
rability of the molecule from its own field is achieved by a 
unitary transformation that defines the Pauli-Fierz or Bloch- 
Nordsieck representation (12-14). This transformation has 
also been used by Nguyen-Dang and Bandrauk in intense- 
field molecular dynamics (15, 16). In this paper, this rep- 
resentation is the starting point for the development of a 
high-order adiabatic separation between the two subsystems 
of a dressed molecule in the high-field-intensity regime. The 

Can. J. Chem. 74: 12361247 (1996). Printed in Canada I Imprim6 au Canada 
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separation is analogous to the adiabatic separation between 
electrons and nuclei in the usual Born-Oppenheimer treat- 
ment of isolated molecules, with the field playing the role of 
the slow subsystem while the molecule plays the role of the 
fast one. With no further transformation of the Hamiltonian 
of the dressed system, such an adiabatic separation would 
require that the field be slowly varying in time, i.e., that 
the frequencies of the relevant field modes are smaller than 
the frequencies characterizing the molecular internal motions. 
To generalize this type of separation to include the case of 
a high-frequency field, a subsequent unitary transformation 
of the Hamiltonian of the dressed molecule is required. This 
type of transformation was first introduced by Markcha1 in 
the study of proton transfer dynamics in hydrogen-bonded 
systems (17). It is a correction to the Born-Oppenheimer ap- 
proximation. Physically, it corresponds to a phase shift be- 
tween the response of the "fast" subsystem to the motions 
of the "slow" subsystem, a response that is considered in- 
stantaneous in the Born-Oppenheimer approximation. This 
procedure has subsequently been reformulated to make it 
noniterative and was applied to the study of energy transfer 
in model systems of anharmonically coupled oscillators (1 8, 
19). In the present context the resulting separation gives an 
adiabatic representation that is called high order because a 

large part of the radiative coupling is implicitly resummed 
in the formal construction of the adiabatic states, leaving 
residual, nonadiabatic radiative couplings, which vanish as 
the intensity increases. Hence, the two subsystems are gen- 
uinely separable in the asymptotic limit of an infinite field 
intensity. At a finite, but sufficiently high intensity, they re- 
main well defined as quasi-separate entities. One of these de- 
pends on the usual molecular attributes, such as the masses, 
charges, and coordinates of the particles, and is called the 
molecular subsystem or simply the molecule, while the other 
depends on the field attributes, its normal modes and fre- 
quencies, and is called the field subsystem. Due to the very 
nature of this partitioning in the dressed system's Hilbert 
space, separate equations of motion are obtained for the two 
subsystems from whose solutions the total wave function for 
the dressed system can be constructed. 

2. Dressed-molecule Hamiltonian and 
radiative interactions 

2.1. Dressed-molecule Hamiltonian: alternative forms 
In the Coulomb gauge (14), a molecular system interacting 
with a quantized, single-mode radiation field is described by 
the following Hamiltonian 

where ?'N is the nuclear kinetic energy operator, the electronic Hamiltonian, and AR the quantized field Harniltonian. The 
remaining terms in eq. [ l ]  describe the interaction of the field with the nuclei (of mass ma and charge Zae) and electrons. The 
quantized field Hamiltonian, HR, is 

Within the quantized field formalism, the transverse potential vector A(r) is an operator expressed in terms of the creation 
and annihilation operators 2t and 2 as (14) 

where E is the polarization of the field and k is the wave vector, which is related to the field frequency o by o = c(k1. Within 
the long-wavelength approximation (LWA), the dependence of A on r is neglected and eq. [3] reduces to 

where 

is the unitless, canonical momentum operator of the harmonic oscillator associated with the field mode. The corresponding 
coordinate operator of this oscillator is 

Note that with these definitions, [B, Q] = i such that, in the coordinate representation, 

In terms of B and Q, the Hamiltonian for the field, eq. [2], is 
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Introducing the coupling constants 

and 

eq. [ l ]  can be rewritten as 

where N, is the number of electrons, such that the radiative interactions denote momentum coupling between the charges and 
the field. The last term in eq. [ l l ]  corresponds to the A2 terms of eq. [I]. Since the LWA is used, including this term merely 
gives rise to a renormalization of the mass factor associated with the field oscillator. This term, as well as the momentum 
coupling terms in eq. [ l l ] ,  can be removed by applying the unitary transformation 

[12] GF = exp maga(E.ra) + mege x (Ewri) 
i 

to H .  In this case, the transformed Hamiltonian 

[131 H E F = f i E F A f i L F  

has radiative interactions expressed in the so-called Electric Field (EF) gauge (20), since Q is related to the electric field E by 

Alternatively, the momentum interaction in the Radiation Field (RF) gauge (20) Hamiltonian of eq. [ l l ]  can also be removed 
by using the unitary transformation 

9 
[IS] 4 N  = exp - x (ESPa) + x (E .pi) Q 

1 I ̂ I  
yielding 

where A = Cama9i+Neme9: / ho  and (1 +A) denotes the renormalization of the field oscillator mentioned previously. Using ( ) 
a subsequent scaling transformation on the field variables alone, which maps a onto (1 +A)'I48 and Q onto (1 +A)-'I4&, and 
defining the renormalized field frequency o' = o(1 +A)'I2, and coupling constants 8: = (1 + ~ ) ~ / ~ 9 ~  (k = e or a), the above 
equation for HBN becomes 

exactly, where for clarity o', 9' have been relabeled w, 9. The transformation eq. [15] was first introduced by Bloch and Nordsieck 
(13), and then used by Pauli and Fierz (12) in a general, multimode formulation designed to resolve the so-called infrared 
divergence problem. At low field intensity, this transformation removes from the transverse field that part which is thought to be 
tied to the moving charges (14). It is this association of an intrinsic field with the charges that gives a satisfactory solution to the 
infrared divergence problem through a renormalization of the particles' masses. In intense-field molecular dynamics, it was used 
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by Nguyen-Dang and Bandrauk (15, 16), who identified the field mode in the Bloch-Nordsieck Hamiltonian, eq. [16], as an 
additional degree of freedom that parametrizes the electronic Hamiltonian in the same manner as the nuclear coordinates. In the 
quantized-field formalism, the Bloch-Nordsieck transformation is the counterpart of the Kramers-Henneberger transformation 
of semiclassical theory (2 1). 

The general relationship between the present time-independent, fully quantum formulation in which the quantized field is 
included as part of a super system, the dressed molecule, and the semiclassical formulation, in which the field is treated as a 
classical, time-dependent, external field is established by the Mollow unitary transformation (14, 22, 23) defined as 

[I71 f ~ , , l l ~ ~ ( t )  = exp{i(~eh(t)& - Im h(t)p)) 

with 

and 

with AcI and EcI = -(l/c)a,Acl being the harmonic functions describing the amplitudes of the classical vector potential and 
electric field, respectively, which for example, may be 

This transformation leaves the field hamiltonian HR invariant in the sense that 

Hence, the results of transforming the various dressed Hamiltonians under fMollow are 

for the Hamiltonian of eq. 11 I], 

for that of eq. [13], and 

for the Bloch-Nordsieck Hamiltonian. In this last equation, Zcl(t) is defined by 

The Mollow transformation maps a coherent state of the field corresponding to a classical intense field Ecl(t) 

into the vacuum state so that the residual couplings between the quantized field and the molecule are negligible in comparison 
to the time-dependent radiative couplings exhibited explicitly in eqs. [22], [23], and [24]. The residual interactions between 
the molecule and the quantized field are responsible for spontaneous emission while the time-dependent radiative couplings 
are responsible for stimulated processes (23). In semiclassical theory, only stimulated processes are considered and the residual 
couplings between the quantized field and the molecule are completly neglected. In a sense, a separation between the quantized 
field and the molecule has been achieved. As a consequence, the quantized field remains in the vacuum state, i.e., it remains 
coherent, at all times. In reality, the Mollow transformation only achieves a separation between the nonimportant part of the 
field (the residual, unexcited quantized field) and the intense field, which becomes a classical time-dependent force that strongly 
drives the molecular system. The problem of the interaction of this intense field with the charges remains to be solved. 
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2.2 Molecular structure changes in intense field: Floquet Fig. 1. Adiabatic (solid lines) and diabatic (broken lines) 
descriptions dressed PESs of Hz+ in a two-state model of the photo- 
One approach to solving the molecular time-dependent dissociation of the molecular ion in a field with h = 164.85 
Schrodinger equation in semiclassical theory begins with nm, and I = 4 x 10'' W/cm2. The labels refer to the dressed 
the fact that the time-dependent molecular Hamiltonian in diabatic states lK,n)  = ( K ) l n ) ,  K  = g,u.  
the semiclassical theory is periodic in time with a period 
T = 2n/o, and exploits the Floquet theorem to express the 
time-dependent molecular state vector as (24) 

+03 
1 

[27] IY, t) = exp - - EFl t ( ) n ~ 0 3  I y~,, ) 

yielding a set of coupled equations for the time-independent 1g,n+2s 
Floquet components Iyn) given by 

- 
[281 {(&o~(t))nn + nhw - E F I ) ~ ~ , ~ )  - I a 

W 

= - (~mol(t))tlnl 1 ~ ~ 1 )  

nl+ 11 

where k o l ( t )  is the time-dependent molecular Hamiltonian 
of eq. [22], or [23] or [24] (with the residual quantized field- 
molecule interactions neglected), and 

[291 (fimO,(t)),,r = ; J_:/: dte'("-")("'k m o ~  (t) 
0 1 2 3 4 5 6 

It is from these coupled equations that various forms of 
the laser-induced effects on the molecular structure were ob- 
tained. Figure 1 shows the dressed potential energy surfaces 
(PESs) of H2+ described in a model using just two field-free 
electronic states, the ground state la, and the first excited 
state lo, .  Due to their displacements by the photon energy 
nho, as indicated on the left-hand side of eq. [28], the zeroth- 
order PESs cross each other at specific values of the internu- 
clear distance R. At these crossings, the radiative couplings 
between the two electronic states are resonant. Diagonalizing 
the potential energy matrix, whose off-diagonal terms are 
the radiative interactions, at each value of R, removes these 
radiative interactions, and transforms the intersections into 
avoided crossings (7, 25, 26). This yields a new set of PESs 
called adiabatic dressed PESs which can support new vibra- 
tional states. In the case of the dihydrogen molecular ion il- 

lustrated in Fig. 1, the new electronic adiabatic channels and 
the new vibrational bound states are thought to play an im- 
portant role in the ATD mechanism of this system (5-7, 27). 
Laser-induced molecular structure changes of a completely 
different type have been suggested for a high-frequency field 
in the Kramers-Henneberger representation where the semi- 
classical molecular Hamiltonian depends on time through 
displacements of the position vectors of the particles, as de- 
scribed in eq. [24]. For a high-frequency field, the Floquet 
blocks corresponding to different values of n in eq. [29] are 
well separated from each other so that their interactions, de- 
noted by the nondiagonal matrix elements (Ejmol(t)),,r with 
n' # n, can be neglected. Restricting the problem to a single 
Floquet block, the electronic wave function of the molecule 
is governed by the "dressed" Coulomb potential 

As demonstrated by Gavrila and Zaminski (28) for an atomic system, and by Zuo and Bandrauk (29) for one-electron molecular 
ions, this "dressed" Coulomb potential exhibits new, non-nuclear wells giving rise to what can be described as non-nuclear 
attractors in the ground state electron density of the molecular system, using the terminology of Bader's topological theory of 
atoms in molecules (1). 

While the current theories discussed in this section highlight the various manifestations of laser-intensity effects on molecular 
structure, they also point to their limitations: the new states and molecular species created at avoided crossings of dressed PESs 
are meaningful only insofar as the truncated electronic basis used in this picture is itself meaningful; the effects of the intense 
field on the ground state electron density as described in the single-block description of the laser-driven molecule using the 
Kramers-Henneberger frame are limited to high-frequency fields. Moreover, it is not clear how the laser-induced resonances 
and new bound electronic or vibrational states predicted by these Floquet solutions are prepared from an initially unexcited 
molecule. However, the central conceptual problem remains the lack of a clear demonstration of a separability of some sort 
between the molecular system and the intense radiation field. Once established, such a separability will lend support to the 
identification of laser-induced effects in molecular structure such as those mentioned above as real, observable phenomena. 
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3. Adiabatic separation at high intensities 
3.1. Zeroth-order adiabatic representation 
In the Bloch-Nordsieck form of the dressed Hamiltonian, eq. [161, the field-mode appears as an additional degree of freedom 
which parametrizes the electronic Hamiltonian in the same manner as the nuclear coordinates (15, 16). This suggests an adiabatic 
separation of the molecule-field system just as the electronic and nuclear motions are separated within the Born-Oppenheimer 
(BO) approximation. To explore this zeroth-order adiabatic representation, the eigenfunctions Y,,,({r,), Q) of fiBN are expressed 
in the form of a Born-Huang expansion 

in the orthonormal eigenbasis {vI({ri, ra} I Q)} of H,,~(Q), i.e., 

where 

and the parameter Q is the eigenvalue of the operator Q, i.e., in the coordinate representation implied by the adiabatic scheme, 
fimOl is a local operator with respect to the field mode. The use of eq. [31] gives the following coupled equations for the field 
wave functions xI(Q) 

The adiabatic separation between the field and the charges is obtained by neglecting the nonadiabatic coupling terms in eq. 
[33]. Since H,,,(Q) is exactly a unitary transform (under irBN) of the field-free molecular Hamiltonian, its eigenvalues EI are 
independent of Q as are the matrix elements 

i Be 
I Q = - I 2 (&.pa) + o C (&.pi) IVY) 

i I 
where the {I$} denote the field-free molecular eigenfunctions. Defining X:~,(Q) to be the field wave functions in this approx- 
imation, the x:,,(Q) denote the usual photon number states because EI is independent of Q. Thus, xYn(Q) = (Q ( n) exactly. 
Hence, the magnitudes of the neglected nonadiabatic couplings are of the order of 

This estimate is to be compared with estimates of the radiative couplings in eqs. [ l l ]  and [13] when a basis of uncoupled 
molecule-field states l$)Jn) is used 

Since the non-adiabatic couplings in eq. [34] are of the same order ~ f~magni tude  as the radiative potential couplings in eqs. 
[35] and [36], the adiabatic representation defined by the eigenstates of HmOl(Q) does not offer a real advantage over the usual 
diabatic basis associated with the original RF Hamiltonian, eq. [I I], or the EF Hamiltonian, eq. [13]. In fact, none of the three 
representations gives a convergent description in superintense fields: in the limit I -+ co, i.e., n -+ co, the radiative couplings 
in eqs. [34]-[36] all diverge. Note that these radiative couplings depend on the coupling constants Om, 0,, and on the photon 
number n through the combination 0,n1I2(a = a or e). At low field intensities, for example when n is of the order of unity, the 
radiative interactions can be treated perturbatively because 0, is weak (0, - lo-' ms-I for a field with o = 1000 cm-I in a 
1 m3 cavity; thus, for an electron with a kinetic energy of 10 eV in a field of intensity I -. 1 W cm-', the radiative coupling 
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is of order lo-' eV). Henceforth, any quantity that is of order with p < 112, k 2 1 will be considered negligible, and 
a molecule-field separation with residual couplings that are negligible in this sense will be called a high-order separation. 

3.2. High-order adiabatic molecule-field separation 
To obtain a partial analytic summation of the nonadiabatic couplings, Markchal proposed the introduction of a phase shift 
between the fast and slow motions that accounts for a delay in the response of the fast subsystem to the fluctuations of the 
slower one (17-19). In the present context, where the molecule is identified as the fast subsystem while the field mode is the 
slow one, Markchal's ansatz, 

requires an appropriate function f ({r,), Q) such that the new total wave function Yft({rK), Q) can be written in the form of a 
BO-like product ~ ~ ( Q ) y ~ ( { r , )  I Q). Henceforth, to simplify the notation, the subscript K will denote either electronic or nuclear 
coordinates. The unitary transformation 

1381 G~I = exp{-(i/h )f ({rr), QP) 
displaces Q by f ({r,), Q)/h while it leaves the coordinate vectors rK invariant and transforms the corresponding momentap, 
into 

I f f  is independent of, or is weakly dependent on, Q, then OM also leaves the field momentum operator P invariant. These 
transformation properties of Q, P, r,, and p, under OM give 

This is the Hamiltonian governing the dynamics of the dressed system in the new representation, which will be called the 
Bloch-Nordsieck-Markchal (BNM) representation. To see how a partial analytic summation of non-adiabatic couplings is 
possible in this representation, let the new total wave function ~ t , ({ r , ) ,  Q) be expressed in the form similar to that of eq. [31], 
i.e., as an infinite Born-Huang expansion in terms of the eigenstates of the new molecular Hamiltonian defined by 

This yields the set of coupled equations for the field wave functions xI(Q) 

The nonadiabatic coupling terms in eq. [42] arise from two sources: the parametric dependence of K m O l ( ~ )  on Q, eq. [41], and 
the explicit momentum coupling term induced by the unitary transformation UM in the Hamiltonian of the dressed system, (last 
term of eq. [40]). The interplay between these allows the partial cancellation of the nonadiabatic couplings, leaving residual 
interaction terms that are of higher order in the coupling constants €IK, or that behave as np, wherep < 0. This partial cancellation 
determines f and yields a representation of the dressed system in which the total wave function can be written in the form of 
a BO product denoting an adiabatic response of the molecule to the field oscillations. The nonadiabatic decoupling condition 

indicates that the leading term in f is linear in rK and is of first order in OK. As a consequence, iff is defined in terms of a 
power series expansion as 
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where a, is of order 9, and bK and the coefficients of the higher powers of rK are assumed to be much smaller than aK,  then 
all terms containing the products aKbK, b;, and so on can be considered negligible. The ( V ,  f )' terms in eqs. [42] and [43] are 
thus replaced by a?, so that the last term on the right-hand side of eq. [42] is diagonal and can be absorbed in tjR. The (v, f )' 
term in the nonadiabatic decoupling condition, eq. [43],  is also negligible since klwJ) is already of first order in 9,. Thus, eq. 
[43] reduces to 

which, for J # I, is 

I + ~ ~ ~ & Q ~ ~ ~ I ( Q ) I W J )  
(VKf .pK + h.c.), h r n o i ( ~ )  

t461 = O 
EJ - E l  

Finally, the nonadiabatic decoupling condition requires that 

1 
[471 [ c - ( V K ~  ' P K  + h.c.), h r n 0 l ( ~ )  + i f ~ ~ a ~ h ~ ~ ~ ( ~ )  = 0 , 2mK 

which represents an implicit equation governing the function f .  Satisfying eq. [47] exactly will imply that the eigenvalues EI 

of hmOl are independent of Q. In practice, eq. [47] will be satisfied approximately, so that only a weak dependence of EI on Q 
is ensured. Thus, the decoupled equation 

would still describe a simple harmonic oscillator and define field states XI,, identified by a photon number n, as in the free 
field case. As a consequence, a quadratic form o f f ,  as in eq. [44],  with bK K l / Q  will correspond to a rz-'1' behaviour of bK 
at high intensities, since for the values of n corresponding to these intensities, the decoupled wave functions X I ,  of the field 
mode will be strongly localized at large values of Q ,  lQl .- nl/ ' .  With this limited form off  and the further hypothesis that 
bK/mK = c ( Q )  K l / Q ,  i.e., bK/m,  is a common constant for a given value of Q, eq. [47] becomes 

In writing eq. [49],  terms that are independent of r~ and those that are proportional to hmOl have been ignored since the 
nonadiabatic decoupljng condition, eq. [47], is to be satisfied in the sense of off-diagonal matrix elements in the orthonormal 
eigenbasis ( 1 ~ ~ ) )  of hmOl. In this expression, the last two terms are of order 9$n0 and B K ~ - ' / ~ ,  and they can be neglected. The 
second term can be removed by setting 

which determines 6,. The remaining parameter in f ,aK,  is determined by the approximate cancellation of the terms involving 
the Coulomb potential in eq. [49]. The term 4h C(Q)VcouI is clearly of order l / Q  or n-l12 and can be neglected. At first sight, 
the same conclusion seems to apply also to the term (h/mK)bK(&.rK)(~.VKVcOuI). However, at this point, it is important to 
note that, in the Coulomb potential, rK is displaced by (BK/o)&Q to first order in 9,. Consequently, a simple relation can be 
established between aQ VcouI and E - V ~ V ~ , , ~ :  

In addition, due to this displacement, in the eigenbasis ( 1 ~ ~ ) )  of hrnol, it is the term (A /mK)bK(&-[rK - (BK/CO)EQ])(E*VKV~,~) 
which gives matrix elements of order n-'/' rather than the term (h/mK)bK(~-rK)(&-VKVCoUI). With this in mind, eq. [49] is 
rewritten as 

[52] C ( - O K -  ,hK - [ a K +  2bp -- Q ] )  E - V K V ~ ~ , , ~  + M C ( Q )  E . V K V ~ ~ ~ ~  - 2VcoUl 
K 
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Neglecting the term containing C(Q) and using eq. [49], we obtain from eq. [51] 

In summary, in the BNM representation defined by eqs. [37]-[40] with 

the explicit field-molecule coupling terms induced by & cancel the most significant nonadiabatic coupling terms. The remaining 
nonadiabatic coupling terms are either of higher order in 8, or behave as nP where p < 0. They should not significantly affect 
the dynamics of the dressed field-molecule system as described within this BO-type scheme. Thus, in this new high-order 
adiabatic representation, a genuine separation between the molecular system and the field has been achieved in spite of the 
strong coupling between these two subsystems as denoted by the interaction terms in the various dressed Hamiltonians, eqs. 
[ l l ] ,  1131, and 1161. These couplings have been explicitly resummed. The fact that residual nonadiabatic couplings behave as nP, 
where p < 0, makes this representation particularly suitable for the desc~iption of the dynamics of molecules in high-intensity 
fields. The MarCchal transformation modifies the molecular portion, HmoI, of the total Hamiltonian such that the effective 
Hamiltonian, hmol, embodies the effects of the intense field on the molecule yielding laser-induced molecular structure. 

4. Laser-induced molecular structure 
In the traditional analysis of molecular structure within the BO separation of electronic and nuclear motions, the fast subsystem, 
the electrons, exerts effective forces on the slow subsystem, the nuclei. These effective forces are derived from new potential 
functions for the nuclear motions, the well-known BO PESs. The fact that new Hellmann-Feynman forces are dynamically 
exerted on the slow subsystem by the fast subsystem is true for any zeroth-order adiabatic separation. In contrast, within the 
high-order adiabatic separation presented in this work, it is the slow subsystem, the field, which exerts an effective force on 
the fast one, the molecule. This role reversal results from the efficient decoupling between the two subsystems. 

The effective force exerted on the molecule by the field gives rise to laser-induced molecular structure, which can be obtained 
from the eigenfunctions of the effective Hamiltonian, hmOl(Q). With f given by eq. [54] 

The presence of the phase factor f in the Coulomb potential term and the last term of eq. [45] gives rise to higher order 
corrections that can be neglected; they will not contribute significantly to the laser-induced molecular structure. Thus eq. [45] 
becomes 

It is convenient to rewrite this effective Hamiltonian in terms of the spatial coordinates rK displaced by (e , /o )~Q as 

In this way, hmol is expressed clearly as the unitary transform of an undisplaced Hamiltonian hLol 

where 

The last term in this expression can be absorbed into the Hamiltonian for the field and the relationship between E and Q, eq. 
[14] expressed in the coordinate representation, can be used to give 
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Nguyen-Dang et al. 

Fig. 2. Profile, along the field polarization, of the Coulomb potential for the single electron 
in HZ+ distorted by the potential (a) -er-E + (w'/S)m(~.r)~ (solid line); (b) -er.E (broken 
line), induced by a field of wavelength h = 2270 nm and intensity I = 3.2 x 1013 W/cm2. 
The nuclei are at a fixed internuclear distance of R = 2.0 au. The horizontal line at E = -0.6 
au marks the position of the field-free ground-state energy of the molecule. 

Fig. 3. Profile, along the field polarization, of the Coulomb potential for the single electron 
in HZ+ distorted by the potential (a) -er-E + ( ~ ~ / 8 ) m ( ~ - r ) ~  (solid line); (b) -er.E (broken 
line), induced by a field of wavelength h = 113.5 nm and intensity I = 4.0 x lOI5 W/cm2. 
The nuclei are at a fixed internuclear distance of R = 2.0 au. The horizontal line at E = -0.6 
au marks the position of the field-free ground-state energy of the molecule. 
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The last two terms in this effective Hamiltonian give rise 
to the effective force exerted by the field subsystem on the 
molecular subsystem, which, as discussed previously, are un- 
coupled in this adiabatic representation. Note that one com- 
ponent of this force appears as an electric field E ;  how- 
ever, it is not an interaction term between the field and the 
molecule in th5,dynamical sense: it no longer couples the 
eigenstates of hmol but directly defines them. The instan- 
taneous electric field Eljs simply a parameter because, as 
noted previously, Q in hmo,(Q) is the eigenvalue of the op- 
erator Q and hence, in the coordinate representation, E is a 
c-number vector. This intensity-dependent force component 
polarizes the charge distribution whereas the harmonic force 
component associated with the last term in eq. [60] confines 
the charges and forces them to oscillate.  his term cannot 
be identified with an effective magnetic force because it is 
independent of the field intensity. The effects of these two 
terms on the Coulomb potential felt by the single electron in 
the dihydrogen ion H2+ are illustrated in Figs. 2 and 3. In 
both figures, the nuclei are at a fixed internuclear distance of 
R = Re, the equilibrium bond length of H2+. In Fig. 2, the 
dihydrogen ion is in a field of wavelength h = 2270 nm and 
intensity I = 3.2 x 1013 W/cm2. The broken curves illustrate 
the effect of the polarization term -er.E alone. At this fre- 
quency, this term still dominates the harmonic term and is 
responsible for the efficient tunnel ionization of the molec- 
ular system. However, the effect of the harmonic term is to 
confine the ionized electron to finite but large distances from 
the nuclei. The electron oscillates in a shallow well centered 
far from the nuclei with a frequency imparted by the field. In 
Fig. 3, the ion is in a field of wavelength h = 113.5 nm and 
intensity I = 4.0 x lOI5 W/cm2. At this higher frequency, it 
is the harmonic term which gives the dominant character 
of the laser-induced change in the molecular structure. The 
polarization term merely displaces the harmonic potential, 
which, in turn, strongly distorts the Coulomb potential. It is 
interesting to note that, even for energies that correspond to 
the field-free ionization continuum, the motion of the elec- 
tron in a direction parallel to the polarization of the field can 
be bound. Since the potential well remains open in the other 
directions, the states describing this situation-are resonances, 
i.e., quasi-bound states. These new quasi-bound states repre- 
sent states of an electron subjected to oscillations imparted 
bv the field but still under the influence of the Coulomb 
forces. In the neighborhood of the ground state energy of 
the field-free molecule, the Coulomb potential is distorted to 
such an extent that drastic changes can occur in the ground- 
state molecular charge distribution: A concentration in the 
charge distribution is expected in the neighborhood of the 
minimum of the displaced harmonic potential and can give 
rise to a non-nuclear maximum in the electron distribution. 
Moreover, the superposition of the harmonic potential with 
the Coulomb one introduces an asymmetry in the nuclear 
wells resulting in an asymmetrical electron distribution. 

5. Summary and conclusions 
From the Bloch-Nordsieck Hamiltonian for the dressed 
molecule, eq. [16], an adiabatic separation between the field 
and the molecule has been achieved after a further trans- 
formation of the Hamiltonian by the MarCchal unitary oper- 

ator, eq. [38], whose generator is determined by the nonadia- 
batic decoupling condition, eq. [47]. Although thi's condition 
has been satisfied only approximately, the residual couplings 
are negligible at high field intensities. Some of these even 
tend to vanish as the field intensity increases. This trend is 
due to a ( l /Q) dependence of these residual coupling terms 
and to the well-known localization of the field amplitude at 
the turning points Q K f n-'I2, for field states with large n 
that correspond to a high field intensity regime. Thus, the 
high-order adiabatic representation is only appropriate for 
high-intensity-field states and denotes an asymptotic separa- 
bility between the molecule and the field. 1 n t h i s  intensity 
regime, the adiabatic representation identifies genuinely sep- 
arated molecular and field subsystems in the strongly coupled 
dressed molecule. The strong modifications of the properties 

,of the molecule in the presence of the intense-field are re- 
flected in the transformation of the molecular hamiltonian 
from the field free-form, H,,~(Q), eq. [32] to the effective 
form, hmol, eq. [55]. 

The feedback that these modifications have on the field 
subsystem corresponds to the deformation of the field Hamil- 
tonian HR by &I@). AS discussed previously, satisfying eq. 
[47] exactly would imply that the eigenvalues EI of hmol are 
independent of Q. Since eq. [47] had been solved only up 
to order B i ,  a = e or a, EI will depend on Q only through 
terms that are at least of this order, i.e., the feedback of the 
changes in molecular structure induced by the laser field on 
the field is at least of second order in 0;. As of yet, the inter- 
esting problem of the feedback that these molecular structure 
changes have on the quantized field has not been addressed. 
This problem is being investigated in current work. 

Finally, the adiabatic representation developed in this work 
has a counterpart in semiclassical theory. Indeed, by applying 
the Mollow transformation to the BNM Hamiltonian, the ef- 
fective Hamiltonian h m o l ( ~ )  can be mapped onto a time- 
dependent operator that turns out to be approximately an 
adiabatic invariant. the Lewis invariant (30-32) of the laser- 
driven molecule treated semiclassically. Since the time evo- 
lution is diagonal in the basis of the eigenstates of a Lewis 
invariant, denoting an adiabatic transport of these eigenstates, 
an interesting relation exists between the high-order adiabatic 
molecule-field separation in the present time-independent 
fully quantized formalism, and the concept of high-order adi- 
abatic time evolution of the molecule in semiclassical theory 
(33). In this way, laser-induced molecular structures asso- 
ciated with the time-independent effective Hamiltonian h,,, 
can be mapped onto corresponding time-dependent, dynam- 
ical molecular structures. 
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On the performance of molecular model 
core potential orbitals in spin-orbit 
and electron correlation studies 

Dietmar Krause and Mariusz Klobukowski 

~ b s t r a c t :  The role of improved parametrization and accurate basis sets in model core potentials was studied in 
calculations of the spin-orbit coupling constants (in PH, ASH, and SbH) and of the electron correlation effects (in P2, Asz, 
and Sb2). An effective method of identifying and removing the intruder quasi-core orbitals from the virtual orbital space 
was proposed in connection with the post-Hartree-Fock calculations. The results demonstrated that (a) the flexible valence 
basis sets allow evaluation of the spin-orbit effects without resorting to any scaling techniques and (b) the intruder quasi- 
core orbitals, even if left imbedded in the virtual space, have negligible effect on the values of the electron correlation 
energy. 

Key words: effective core potentials, basis sets, spin-orbit effects, electron correlation. 

Resume : On a CtudiC le r6le d'une paramCtrisation amCliorCe et d'ensembles de base prCcis dans les modkles des 
potentiels des noyaux dans les calculs des constantes de couplage spin-orbitale (dans le PH, ASH et le SbH) et les effets 
de corrClation des Clectrons (dans P2, AS? et Sb2). En relation avec les calculs post-Hartree-Fock, on propose une mCthode 
efficace d'identifier et d'enlever les orbitales quasi-nucliaires inopportunes de I'espace orbitalaire virtuel. Les rCsultats ont 
dCmontrC que (a) les ensembles de base i valence flexible permettent d'ivaluer les effets spin-orbitale sans faire appel i 
des techniques scalaires et (b) les orbitales quasi-nucltaires inopportunes, mCme si on les laisse dans I'espace virtuel, n'ont 
qu'un effet nkgligeable sur les valeurs de 1'Cnergie de corrClation Clectronique. 

Mots clPs : potentiels efficace des noyaux, ensembles de base, effets spin-orbitale, corrClation Clectronique. 

[Traduit par la redaction] 

I. Introduction basis set calculations they become mixed with the virtual 

Both the model core potential (MCP) method (1, 2) and the 
widely used effective core potential (ECP) method (3) treat 
only the valence electrons of an atomic or molecular system 
explicitly. Two distinctive features of the MCP method make 
it different from the ECP family of methods: (a) the capa- 
bility of reproducing the full nodal structure of the valence 
orbitals and (b) the use of projection operators. The model 
potential orbitals not only reproduce the all-electron (AE) va- 
lence orbitals in the region around the outermost maximum 
but they also match the inner part of the AE valence orbitals, 
resulting in an improved description of the region near nu- 
clei. (Depending on the basis set, the full nodal structure 
may be maintained in model potential orbitals.) The projec- 
tion operator technique used in the MCP method shifts the 
core orbitals into the energy continuum, where in the finite 
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orbitals. 
To probe the region near the nucleus, we studied the spin- 

orbit coupling of the lowest 3 ~ -  state of PH, ASH, and SbH. 
These systems were the subject of a comparative study in the 
past (4), showing rather uneven performance of the model 
core potential method. In our present study, the performance 
of the model potential method is significantly improved by 
choosing a better parametrization scheme and employing a 
high-quality basis set. 

Furthermore, in previous work (5, 6) we compared the 
performance of the model core potential method and the 
ECP method in studies of valence-electron correlation en- 
ergies in atoms and molecules. Both methods were shown 
to yield essentially equivalent results. The question arose, 
however, whether the core orbitals, shifted into the virtual 
orbital (VO) space by the projection operators, might lead 
to overestimated correlation energies. Excitations of valence 
electrons into these quasi-core orbitals have no counterpart 
in all-electron CI calculations, and it was hoped that the cor- 
responding correlation energies are negligible compared to 
the overall valence-electron correlation energies. To study 
the effect of the quasi-core orbitals, we performed CI-SD 
calculations of P2, As2, and Sb2 with an active virtual orbital 
space containing only quasi-core orbitals, without quasi-core 
orbitals, and in full virtual orbital space. To observe the ef- 
fect of higher excitations, Moiler-Plesset calculations up t~ 
fourth order were done. For the model core potential calcu- 
lations, an all-electron basis was employed that enables both 

Can. J .  Chem. 74: 1248-1252 (1996). Printed in Canada I Imprimt au Canada 
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Krause and Klobukowski 

Table 1. Size and contraction of the all-electron well-tempered basis for P, As, and 
Sb. 

Atom Size Contraction 

an unambiguous assignment of the quasi-core orbitals and model potentials and their performance in molecular calcu- 
a direct comparison with the correlation energies obtained lations will be reported in a forthcoming paper. 
from all-electron SCF orbitals. 

B. Basis sets 
11. Details of calculations Basis sets for all atoms were contracted to give the flexibility 

of five primitive Gaussian-type functions in the outermost 
A. Model core potential method valence region. For hydrogen, the well-balanced (12s) basis 

(7) was contracted to (71 11 11) and augmented with a single 
The detailed derivation of the model core potential method p-type poiarisation function ((, = 
has been published (1, 2). In the following, only the terms The basis sets for phosphorus, arsenic, and antimony were 
that are relevant to the present work are defined. taken from the compilation of the well-tempered Gaussian 

The one-electron Hamiltonian hi in the model core poten- basis sets (8-10). The size of the basis and the contrac- 
tial formalism contains the potential Via and the projection tion of the all-electron basis are shown in Table For the 
operator Pq at the atomic center a :  valence-electron basis, the s and p valence shells were un- 

where za is the core charge of atom a (charge of the bare 
nucleus minus the number of core electrons). 

The spherically symmetric local potential Via, which ap- 
proximates the exact atomic nonlocal core potential, has the 
form: 

where I and J refer to the sets of parameters {aI,Al) and 
{ ~ J ~ A J ) .  

In the projection operator 

the parameter Bc is taken as twice the absolute value of the 
atomic orbital energy of the core shell c on atom a. 

An initial set of the model potential parameters {a,A) for 
a given atom was determined by fitting the potential Via to 
a numerical core potential consisting of the core electron 
nuclear attraction, the core Coulomb and core exchange po- 
tentials acting on the valence p-type radial function. Further 
optimization of the parameters was done to maximize the 
overlap between the atomic model potential orbitals and the 
all-electron valence functions. The expectation values (rn), 
with n = (-3, -2, -1, 1,2), of the model potential valence 
functions are within 1% of those obtained in atomic all- 
electron calculations using the same well-tempered basis set. 
The performance of the model potentials was assessed in 
SCF calculations of P2, As2, and Sb2. The equilibrium dis- 
tances are within 2% and the harmonic vibrational frequen- 
cies are within 10% of the corresponding all-electron results. 
A detailed description of the parametrization scheme of the 

contracted in the outermost reg& to yield one contracted 
shell plus five primitive Gaussian functions, e.g., for phos- 
phorus (18,111 11/11,11111). All basis sets, except for hy- 
drogen, were augmented with two d-type polarization func- 
tions (1 1). For the electron correlation studies, we imple- 
mented the model core potential method into the HONDO (12) 
program package in order to take advantage of the ability 
of the HONDO system to remove the spherically symmetric 
contribution of Cartesian d-type Gaussian functions. 

Ill. Results of calculations 

A. Spin-orbit coupling 

For the radicals PH, ASH, and SbH, the ground electronic 
configuration 02n2 gives rise to the states 3 ~ - ,  'A, and 'c+. 
The zero-field splitting of the 3 ~ -  state is dominated by the 
matrix element ( 3 ~ -  I Hsol lC+) of the one-electron spin-orbit 
Hamiltonian H s o  The spin-orbit matrix elements of PH, 
ASH, and SbH at their experimental bond distances (1.42, 
1.53, and 1.72 A, respectively) were computed using the pro- 
gram package GAMESS (13), enhanced by the addition of the 
MCP one-electron integral modules. We used a minimal de- 
scription of the CI wave functions, in which two determinants 
span the states ' A  and 'c+, and one determinant represents 
the 3 ~ -  state. The determinants were generated by the ground 
state SCF orbitals in a well-tempered basis for the all-electron 
calculations and in a valence basis for the model core poten- 
tial calculations. In Table 2, the spin-orbit matrix elements, 
the energy gaps between the 'c+ and 3 ~ -  states, and the 
second-order spin-orbit couplings of the 3 ~ -  states, based 
on the dominant spin-orbit matrix element, are reported. The 
model potential results agree within 1% with the respective 
all-electron values and it should be stressed that this excellent 
agreement was achieved without employing effective core 
charges different from the actual bare nucleus charges, and 
without using any other scaling factors. 

The purpose of the present work was to establish degree 
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Table 2. Spin-orbit matrix elements, energy differences, and spin-orbit splitting of 0' and 1 
states in PH, ASH, and SbH calculated using all-electron (AE) and model core potential (MCP) 
wave functions (all values are in cm-'). 

XH Method (3C~IHs,I'C') AE(3C-,1C') Spin-orbit (0' - 1) splitting 

PH AE 288.2 20 408 
MCP 288.1 20 400 

ASH AE 1320 19 470 
MCP 1318 19 498 

CAS SCFISOCI (14) 17 097 
Experiment (16) 

SbH AE 2775 17 398 
MCP 2763 17 430 

Relativistic CI (15) 
Experiment (17) 

of agreement between all-electron and MCP results. It is, 
nevertheless, interesting to compare the present results with 
both experimental values and results from earlier calcula- 
tions. The two heavier systems were studied by Balasub- 
ramanian and Nannegari, who used CAS SCF followed by 
the second-order CI method for ASH (14) and relativistic CI 
for SbH (15). Their results are reported in Table 2, together 
with experimental values of the spin-orbit splitting between 
the states 0+ and 1. The main difference between the present 
results and those of Balasubramanian is the larger separation 
between the 3 ~ -  and 'c+ states; this difference is expected 
because of the extremely limited form of the wave function 
used in the present work. In consequence, the present values 
of spin-orbit splitting are smaller than the experimental ones. 

B. Electron correlation energy 
A model core potential and an all-electron SCF calculation of 
P2 was performed at its equilibrium distance (1.89 A) using 
the same all-electron well-tempered basis in both cases. The 
model potential valence orbitals reproduce almost exactly 
the corresponding all-electron orbitals; the deviation of the 
overlap from 1 is smaller than 4 x lop4. As expected, due 
to the flexibility of the all-electron basis set, all 10 core MOs 
could be found in the model potential virtual orbital space 
of P2. These quasi-core orbitals could be assigned unam- 
biguously, as the overlap with the corresponding all-electron 
occupied core MOs was larger than 0.999. After reordering 
the quasi-core VOs, a valence CI-SD calculation with an ac- 
tive virtual orbital space spanned only by the quasi-core or- 
bitals was done. The correlation energy is 0.0009 au, which 
is less than 0.4% of the all-electron CI-SD correlation energy 
(0.2409 au) obtained with excitations from the valence space 
into the full virtual orbital space. 

The selection of the quasi-core orbitals based on overlap 
with the all-electron core molecular orbitals requires that the 
all-electron calculations be performed. A simpler and more 
general technique of identifying and shifting the quasi-core 
orbitals was accomplished by a transformation within the vir- 
tual orbital space, using a procedure similar to the method 
of modified virtual orbitals (18): after the last SCF step, the 
canonical eigenvector matrix is saved and a new Fock matrix 

is constructed using model potential one-electron integrals 
based on scaled B, parameters (see eq. [3]). The Fock ma- 
trix is then transformed into the virtual orbital space, diago- 
nalized, and the resulting eigenvector matrix is transformed 
back into the A 0  (basis set) space. This procedure generates 
transformed virtual orbitals while leaving the occupied or- 
bitals unchanged. Choosing a scaling factor of -100 for all 
B, parameters results in a virtual orbital space containing the 
quasi-core orbitals as the energetically lowest virtual orbitals. 
The overlap between the canonical model potential SCF VOs 
and the transformed VOs deviates less than 6 x lop4 from 1, 
so that we used this transformation method as a simple sub- 
stitute for reordering VOs based on their overlaps. It must 
be stressed that this technique is more general than the one 
based on calculation of overlaps between the AE and MCP 
MOs as it does not require the all-electron calculations. 

Applying the above transformation procedure, the correla- 
tion effects of quasi-core VOs were studied in P2, As2, and 
Sb2 at their respective equilibrium distances (1.89, 2.10, and 
2.34 A) using model core potential CI-SD wave functions 
generated by single and double excitations from the valence 
space into the space spanned by the quasi-core VOs. The re- 
sulting correlation energies (Table 3) are smaller than 0.001 
au, being less than 1% of the all-electron CI-SD correlation 
energies. The all-electron CI-SD wave functions were gener- 
ated by excitations from the valence space of the all-electron 
SCF wave functions into the full virtual orbital space. 

Using the same all-electron well-tempered basis sets, 
model potential CI-SD calculations were done employing the 
full virtual orbital space without the quasi-core VOs. This 
was achieved by using a large positive scaling factor for B 
(lo4 for P2 and As2, lo7 for Sb2) in the transformation of 
the VOs, resulting in the quasi-core VOs as the energetically 
highest orbitals. 

These truncated model potential VO spaces have the same 
size as the corresponding all-electron full virtual orbital 
spaces. Consequently, the number of configuration state func- 
tions (CSFs) generated in the model potential CI-SD calcu- 
lations is the same as the number of CSFs in the all-electron 
calculations. A direct comparison of the model potential cor- 
relation energies with the all-electron correlation energies is 
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Krause and Klobukowski 

Table 3. CI-SD correlation energies of P,, As,, and Sb2 (all values in atomic units). 
- 

Method" Active spaceb p? AS? Sbz 

MCP-AE Core 0.00 10 0.0008 0.0009 
AE Full 0.2409 0.2 162 0.1810 
MCP-AE Trunc. 0.24 12 0.2167 0.1816 
MCP-AE Full 0.2437 0.2210 0.1886 
MCP Full 0.2429 0.2106 0.1739 

"All-electron calculation (AE); model core potential calculation using an all-electron basis 
(MCP-AE) or a valence basis (MCP). 

*Active space spanned by the quasi-core VOs (core), by all other VOs (trunc.), and the full 
virtual orbital space (full). 

Table 4. Second-, third-, and fourth-order Meller-Plesset correlation energies of P,, As,, and 
Sb, in full virtual orbital space (all values in atomic units). 

PZ As2 Sb, 

Method" MP2 MP3 MP4 MP2 MP3 MP4 MP2 MP3 MP4 

AE 0.250 0.015 0.021 0.227 0.010 0.020 0.184 0.014 0.014 
MCP-AE 0.254 0.013 0.022 0.233 0.009 0.020 0.195 0.013 0.015 
MCP 0.253 0.014 0.022 0.224 0.006 0.019 0.181 0.008 0.013 

"All-electron calculation (AE); model core potential calculation using an all-electron basis (MCP-AE) or a 
valence basis (MCP). 

therefore iustified and gives a measure of the quality of the IV. C O ~ C ~ U S ~ O ~ S  
A - 

molecul& model potential valence and virtual orbitals. The 
respective correlation energies (Table 3) agree within 0.001 
au (a relative error of less than 1%). 

In the next set of model potential CI-SD calculations the 
full virtual orbital space was employed, expanded in the 
same all-electron basis sets. The correlation energies obtained 
(Table 3) agree very well with those of the previous calcula- 
tions, in which the quasi-core VOs were discarded. The de- 
viations, smaller than 5% of the total AE CI-SD correlation 
energies (0.003 au for P2, 0.006 au for AsZ, and 0.007 au for 
Sb2) are larger than the correlation energies resulting from 
excitations only into the quasi-core orbital space. The differ- 
ence may be attributed to contributions from CSFs generated 
via mixed excitations connecting quasi-core orbitals with the 
remaining virtual orbitals. Furthermore, it is reassuring to 
see the good agreement between the all-electron and model 
potential correlation energies obtained in M~ller-Plesset cal- 
culations up to fourth order (Table 4). 

Finally, model potential CI-SD calculations were per- 
formed using the valence basis sets and employing the 
full virtual orbital space. A direct comparison with the all- 
electron correlation energies is not justified due to the dif- 
ferent active spaces. Nevertheless, it can be seen from Table 3 
that model potential orbitals, spanned by valence basis func- 
tions, are very well suited to recover the valence-electron 
correlation energy based on AE SCF orbitals. Furthermore, 

By reproducing the AE spin-orbit couplings of PH, ASH, and 
SbH within I%, we demonstrated the usefulness of molecular 
model potential orbitals in the computation of properties that 
depend on the core region of the wave function. 

The model potential correlation energies, calculated em- 
ploying an all-electron basis, agree very well with the AE 
correlation energies, and the inclusion of quasi-core orbitals 
in the active virtual orbital space leads to only slightly (less 
than 5%) overestimated correlation energies. It should be 
noted that the all-electron basis sets are capable of gener- 
ating all core orbitals, whereas the basis sets usually chosen 
for valence-electron calculations are, at most, flexible enough 
only to reproduce the core orbitals of the outermost core 
shell. Contamination of the virtual orbital space by the re- 
maining quasi-core orbitals is expected to have a negligible 
effect on CI-SD calculations. The occupation numbers of 
the natural orbitals in the space of the quasi-core orbitals 
(MCP-AElcore results in Table 3) are smaller than 2 x 
Furthermore, our results from Moller-Plesset calculations up 
to fourth order do not indicate any problems in the evalu- 
ation of higher terms in the correlation energy expansion. 
We conclude that the occurrence of quasi-core orbitals in the 
canonical SCF virtual orbital space does not seem to be a 
drawback of the model core potential method in the study of 
valence-electron correlation energies. 

- - 
the MOller-Plesset correlation results (Table 4) based on Acknowledgments model potential orbitals closely match the corresponding all- 
electron correlation energies. The calculations were done on SUN 41370 and RSl6000 
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workstations purchased with partial assistance from the Nat- 
ural Sciences and Engineering Research Council of Canada 
(NSERC). This work was financed partly by a research grant 
from NSERC, and partly by the University of Alberta. 
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Comparative electronic analysis between 
hydrogen transfers in the CHdCH,+, CHdCH,', 
and CHdCH3- systems: on the electronic 
nature of the hydrogen (H-, Hay and H+) being 
transferred 

Jordi Mestres, Miquel Duran, and Juan Bertran 

Abstract: A comparative electronic analysis of the generally termed hydrogen transfers between CH, and the CH,', CH,', and 
CH,- fragments is presented. These systems are taken as simple models of hydride (H-), hydrogen (He), and proton (Hf) transfers 
between two carbon fragments (in these simple cases being modelized by two CH,', CH,', and CH3- fragments, respectively). 
The study is mainly focused on analysis of the electronic nature of the type of hydrogen being transferred in each system, and for 
this reason a topological analysis of charge density distributions was performed. Computation of Bader atomic charges and 
construction of the charge density, gradient vector field, and Laplacian of the charge density maps reveal the specific features of 
the electronic nature of the transferring H-, H', and Hf. Moreover, characterization of the bond critical points on the charge 
density surface permits clarification of the differences in atomic interactions between H-, H', and Hf and the carbon belonging to 
each CH,', CH,', and CH,- fragment, respectively. A charge density redistribution analysis is also performed to quantify the 
reorganization of the electron density when going from the reactant complex to the transition state. Finally, effects of inclusion of 
the correlation energy at the MP2 and CISD levels are also discussed. 

Key words: electron density, hydrogen transfer, topological density analysis, molecular similarity, Bader density analysis. 

RCsumC : On presente une analyse Clectronique comparative des transferts dits d'hydrogene entre le CH, et les fragments CH,', 
CH,' et CH,-. On utilise ces systbmes comme des modbles simples pour les transferts d'hydrure (H-), d'hydrogkne (He) et de 
proton (H') entre deux fragments carbonCs (qui, dans ces cas simples, sont reprCsentCs respectivement par deux fragments CH,', 
CH,' et CH,-). L'Ctude est orientee principalement vers l'analyse de la nature Clectronique du type d'hydrogene qui est transfer6 
dans chaque systkme et, pour cette raison, on a effectut une analyse topologique des distributions des densites de charge. Des 
calculs de charges atomiques de Bader et la construction des contours de la densite de charge, du gradient du champ vecteur et du 
laplacien des contours de la densite de chage permet de mettre en evidence les caractkristiques principales de la nature 
Clectronique des H-, H' et Hf. De plus, la caractirisation des points critiques de liaison sur la surface de la densit6 de charge 
permet de clarifier les differences dans les interactions atomiques entre H-, H' et Hf et le carbone appartenant h chacun des 
fragments CH,', CH,' et CH,- respectivement. Une analyse de la redistribution de la densite de charge a aussi CtC effectuie pour 
quantifier la reorganisation de la densite tlectronique lorsqu'on passe du complexe des rCactifs vers l'ttat de transition. Enfin, on 
discute des effets d'inclusion de l'inergie de corrtlation aux niveaux MP2 et CISD. 

Mots cle's : densitt Clectronique, transfert d'hydrogbne, analyse topologique des densites, similarit6 rnolCculaire, analyse de 
densite de Bader. 

[Traduit par la rkdaction] 

Introduction 

Hydrogen transfers are one of the most usual processes in gen- 
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era1 chemistry and biochemistry. Despite having been widely 
studied, the particular electronic nature of the hydrogen being 
transferred still remains a matter of controversy. For many 
years, these kinds of processes were formally differentiated 
into proton, hydrogen, and hydride transfers. However, few 
comparative studies analyzing the singular electronic features 
of each type of transfer have been performed so far. In a pio- 
neering work, Bader and co-workers (1) considered the influ- 
ence of substituents on isotope effects to distinguish between 
hydride and proton transfers and established the basic differ- 
ences between the corresponding transition states in terms of 
bonding and electron charge density. More recently, Williams 
et al. (2) discussed, on the basis of qualitative molecular 
orbital theory, the trends in orbital energy changes for three- 
center C-H-C systems as a function of decreasing the C-C 
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distance and closing the C-H-C angle, for hydride and proton 
transfers. 

One of the main difficulties in performing this kind of com- 
parative study is to find systems having the same atomic com- 
position that differ only in the number of electrons involved in 
the making and breaking of bonds, i.e., two electrons for the 
hydride transfer, three electrons for the hydrogen transfer, and 
four electrons for the proton transfer. Also, the degree of sim- 
plicity of the chosen common structural model will ultimately 
determine the level of theory from which the comparative 
analysis will be done. In this sense, Pain and Williams (3) per- 
formed a theoretical comparison of primary deuterium kinetic 
isotope effects between hydride and proton transfer processes 
in the structurally related HNCH,/HCNHC and HNCH,/ 
HCNH- systems at the HFt3-2 1 G level of theory. 

Considering all the above-mentioned aspects, we present a 
comparative study between hydrogen transfer processes in the 
CHdCH,', CHdCH,', and CH,/CH,- systems, which are 
taken as the simplest models where hydride (H-), hydrogen 
(H'), and proton (H+) transfers can take place between two car- 
bon fragments. For the sake of clarity, these three processes 
are illustrated in eqs. [I]-[3]. 

[I] CH, + CH,f + [CH,-H-CH3IC + CH,f + CH, 

[2] CH, + CH,' + [CH,-H-CH,]' + CH,' + CH, 

[3] CH, + CH3- + [CH,-H-CH,]- + CH3- + CH, 

Equation [ I ]  formally shows the transfer of a H- between 
two CH3+ fragments, through a [CH3-H-CH3IC transition state. 
Accordingly, eq. [2] illustrates the transfer of a formal H' 
between two CH3' fragments, through the [CH3-H-CH3]' tran- 
sition state. Finally, eq. [3] represents the formal transfer of a 
HC between two CH3- fragments, through a [CH,-H-CH,]- 
transition state. Several studies can be found in the literature 
dealing with these simple H-transfer models between carbons, 
although the extent of the treatment differs substantially from 
one system to another due to the particular electronic charac- 
teristics of each system. 

Proton transfer between CH4 and CH3- has been theoreti- 
cally investigated from different viewpoints (4-6). In this sys- 
tem, the transition state is characterized by a symmetric linear 
structure, with an optimized distance between the two carbons 
involved in the Hc-transfer event of ca. 2.9 A. 

The potential hypersurface of the hydrogen transfer 
between CH4 and CH,' has also been experimentally investi- 
gated (7) and a number of theoretical studies have tried to 
reproduce the experimental hydrogen abstraction barrier and 
provide some structural information about the different sta- 
tionary points along the potential energy surface (8-13). In this 
case, the H' transfer is found to evolve again through a sym- 
metric linear transition state structure, where an average 2.7 h. 
optimized distance between the two carbons can be encoun- 
tered. 

On the other hand, computation of the unrestricted potential 
energy surface for the interaction between CH, and CH,' does 
not permit one to naturally study the hydride transfer in this 
system (14). This is because the structure having the H- in a 
position midway between the two CH,' fragments is not a 
transition state but a minimum in this potential energy surface. 

For this minimum to exist, the possibility of different isomers 
has been widely investigated experimentally (15-18) and has 
been well characterized theoretically (19-23). In particular, 
evidence for the existence of a C, symmetry isomer has been 
presented, this isomer having a distance between the two car- 
bons of about 1.96 A. Also, a D3, symmetry isomer can be 
located at different levels of theory although it is not a mini- 
mum at correlated levels (224.  In this isomer the two carbon 
atoms come within 2.42 A of one another. Because these spe- 
cies are minima, the study of the hydride transfer process in 
this system can only be achieved if the potential energy sur- 
face is constrained to a given C-C distance larger than the 
2.42 A found for the D3d isomer, as has recently been reported 
(14). 

From the collection of results discussed above it is evident 
that these systems show wide structural diversity due to the 
singular electronic features of each system. Thus, enforced by 
the fact that hydride transfer in the CH,/CH3+ system can only 
take place under constrained C-C distance conditions, all 
three systems under study will be constrained to a given dis- 
tance between the two carbons throughout the work. The final 
aim of this contribution is to gain a deeper insight into the 
characterization of the electronic nature of the transferring H 
and to try to contribute to the elucidation of the particular con- 
ditions under which it can be formally termed as hydride, 
hydrogen, or proton. 

Computational details 

The present work has been performed by means of ab initio 
molecular orbital calculations at the Hartree-Fock (HF) level, 
and electronic correlation effects have been introduced at the 
MP2 and CISD levels of theory. The restricted HF method 
was employed for closed-shell systems while the unrestricted 
HF method was used for the ope;;shell system. To minimize 
basis set effects, the 6-31 1++G basis set (24) was used 
throughout. Restricted geometry optimizations were carried 
out using Schlegel's method (25), by means of the Gaussian 
92 program (26). For MP2 and CISD calculations, generalized 
densities (27) were always used. 

The topological Bader analysis (28) (including construction 
of charge density maps, location and characterization of bond 
critical points, gradient vector fields, Laplacian maps, and 
charge density difference maps between different levels of 
theory) was carried out through the use of the Electra program 
(29). In addition, Bader atomic charges were calculated using 
the Proaim package (30). 

A charge density redistribution analysis was performed by 
computing the quantum molecular similarity measures 
(QMSMs) of the systems at the different stationary points. The 
QMSM is defined as the overlap integral between two electron 
density distributions 

141 S,, = rIp,(r)p,(r)dr 

where pA and p, are, respectively, the electron density distri- 
butions of two molecules A and B (3 1). The similarity of den- 
sity distributions pA and p, at a given relative orientation of 
molecules A and B can then be evaluated by computing the 
Euclidean distance between QMSMs as 
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Scheme 1 

anti-bonding 

non-bonding 

bonding 

This methodology has recently emerged as a very useful tool 
for tackling all kinds of charge density redistribution problems 
(32). QMSM calculations were performed by means of the 
Messem program (33). 

Structural analysis 

As initially noted by Bader and co-workers ( l) ,  the number of 
electrons involved in the forming and breaking of bonds 
directly affects the strength of the interaction among the three 
reacting moieties along the reaction coordinate. These elec- 
trons systematically occupy the three molecular orbitals that 
result from the interaction of those three fragments implicated 
in the transfer process, namely, the H donor (a CH3 fragment), 
the transferring H, and the H acceptor (the other CH3 frag- 
ment). These three orbitals are depicted in Scheme 1 .  

In hydride transfer (where only two electrons are involved 
in the bond breaking and forming) the HOMO is the labelled 
bonding orbital in Scheme 1, while in proton transfer (where 
four electrons are involved in the forming and breaking bonds) 
the two additional electrons are accommodated in thelabelled 
nonbonding orbital. The consequences of this electronic dis- 
position on the structure of the transition states for the different 
processes have already been derived by Bader and co-workers 
(1): in hydride transfer, the three fragments cement together in 
a strong, short, highly covalent, and relatively nonpolarizable 
bond; in contrast, the resulting repulsion of the two additional 
electrons in proton transfer will lead to a weaker, longer, more 
ionic, and more polarizable three-center bond. 

As mentioned above, Williams et al. (2) derived the same 
conclusions from a simplified Walsh diagram on the basis of 
qualitative molecular orbital theory. Quantitative results were 
also provided by Pain and Williams (3) in their theoretical 
comparison of structurally related hydride and proton transfers 
in the HNCHJCHNH' and HNCHJCHNH- systems. In that 
study, they found that the transition states for hydride and pro- 
ton transfers are very similar, the main difference 1 ing in the 
shorter C-C distance for hydride transfer (2.68 ) as com- 
pared to that for proton transfer (2.9 1 A). 

1 
This trend is also followed by the hydrogen and proton 

transfer systems considered in this study, but in this particular 
structural series a comparative study from complete relaxation 
of all systems is not possible because no transition state exists 
for the hydride transfer between CH, and CH,'. Thus, at this 
stage, in order to include hydride transfer in the comparative 
analysis, all transfer processes were constrained to evolve 

within a fixed C-C distance of 3.2 A. The selection of this 
value comes from our previous experience in the constrained 
hydride transfer model system (14), to obtain a hydride trans- 
fer with a significant barrier at the three levels of theory 
employed. Under this constraint, the concept of stationary 
point is lost and thus, throughout this work, it will be referred 
to as the reactant complex at the point on the reaction coordi- 
nate where the hydrogen to be transferred begins to "notice" 
the polarization effect of the H-acceptor CH3 fragment, and as 
the transition state at the point on the reaction coordinate 
where the hydrogen being transferred is midway between the 
two CH3 fragments. Moreover, the use of a uniform structural 
constraint for the three types of transfer under study appears to 
have an additional advantage in that this will permit analyzing 
the processes from the same structural reference and perform- 
ing the comparative study from equal structural conditions. In 
this sense, the three simple models chosen as being represen- 
tative of hydride, hydrogen, and proton transfers between two 
carbons become structural artifacts in an attempt to understand 
the particular electronic characteristics of each H transfer 
under the same structural environment. 

On this basis, the main structural parameters of all reactant 
complexes and transition states, at the three different levels of 
theory used, have been collected in Table 1. The nomenclature 
C' and C' stands for the two carbons at the left and right side of 
the H being transferred (H,), respectively, under the conven- 
tion that H, is initially attached to c', so the transfer process 
proceeds from left to right. 

For reactant complexes, the most interesting structural 
parameter turns out to be the distance between C' and H,, 
denoted as R(c'-H,). This distance reveals clearly the 
strength of the polarization effect on the c'-H, bond of the 
CH, fragment in reactant complexes due to the presence of a 
CH3', CH3', or CH3- fragment at the constrained C-C dis- 
tance of 3.2 A. This polarization effect will strongly influence 
the transfer process because the larger the polarization effect, 
the smaller the distance that must be covered by the migrating 
H, atom. Taking HF as the reference level of theory, an order- 
ing of the strength of the polarization effect due to the pres- 
ence of the three different CH3 fragments can be established, 
CH3' > CH3- > CH3', which in turn translates into an ordering 
of the travelling distance for the H, being transferred, 0.9510 
(H-) < 1.0166 (H') < 1.0568 (H'). Inclusion of the correlation 
energy tends to enhance the above-mentioned polarization 
effect on the c'-H, bond in reactant complexes, giving rise to 
a reduction of the distance to be covered for the transferring 
H,. In essence, the ordering obtained at the HF level is main- 
tained qualitatively when electron correlation is included to 
some extent, although MP2 seems to exaggerate the polariza- 
tion effect with respect to the trend obseived at the CISD level 
of theory. 

Among the other structural parameters reported, the main 
differences are found in the H-C'-H, angle for reactant com- 
plexes, where for proton transfer in the CH4/CH3- system it 
gives the largest value in comparison with those values found 
for reactant complexes for the other two processes, due to the 
presence of a repulsive interaction induced by the two addi- 
tional electrons furnished by the CH,- fragment. Another 
important difference evident from this table is the progressive 
opening of the H-C-H, angle for transition states, due to the 
different amount of electron charge density being accumu- 
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Table 1. Structural parameters (distances in A and angles in degrees) for the reactant complexes and the transition states at the HF, Mp2, 
and CISD levels using the 6-3 1 l++G*" basis set. 

Reactant complex Transition state 

System R(c'-H,) R(c'-H) R(Cr-H) LH-c'-H, LH-Cr-HI R(C-H) LH-C-H, 

CISD 
CH,/CH,+ 1.1482 1.0858 1.087 1 106.62 9 1.48 1.0832 97.47 
CH,/CH,. 1.0793 1.0893 1.0784 109.74 91.91 1.0834 103.20 
CH,/CH,- 1.1033 1.0947 1.1078 110.35 1 12.47 1.0995 1 10.37 

Table 2. Characterization of the bond critical points (BCP) of the charge density surface for the transition state at the HF, MP2, and 
CISD levels using the 6-3 1 l++Ga* basis set. Locations of the BCP from the corresponding H atom (r,) are in au, charge density at the 
BCP (p(r,)) in e/au3, and Laplacian of the charge density at the BCP (V2p(r,)) in e/au5. Also given are the resulting eigenvalues of the 
Hessian matrix (h, ,  I.,,, and h). 

Bond System 

C-HI [CH3-H,-CH,]' 
[CH,-H,-CH,]. 
[CH,-H,-CH,l- 

C-H [CH3-H,-CH,]' 
[CH,-H,-CH,l. 
[CH,-HI-CH,]. 

MP2 
C-H, [CH3-H,-CH,]' 1.28 10 0.074 1 -0.029 1 -0.1027 -0.1027 0.1763 0.5825 

[CH,-H,-CH,] 1.0877 0.0873 -0.0775 -0.1425 -0.1425 0.2075 0.6867 
[CH3-HI-CH3]- 0.9685 0.0913 -0.0916 -0.1579 -0.1579 0.224 1 0.7046 

C-H [CH,-H,-CH,]' 0.6732 0.2873 -1.0586 -0.8227 -0.7999 0.5640 1.4587 
[CH,-H,-CH,] 0.7305 0.2768 -0.9442 -0.7 193 -0.71 10 0.4862 1.4794 
[CH3-HI-CH3]- 0.779 1 0.2573 -0.8058 -0.6277 -0.5986 0.4206 1.4924 

CISD 
C-H, [CH,-HI-CH,]' 1.3089 0.0738 -0.0244 -0.0994 -0.0994 0.1744 0.5700 

[CH3-HI-CH,] 1.0936 0.0875 -0.07 10 -0.1433 -0.1433 0.2156 0.6647 
[CH,-H,-CH3]- 0.9443 0.0924 -0.1007 -0.1627 -0.1627 0.2247 0.7241 

C-H [CH,-HI-CHI]+ 0.6754 0.2916 - 1.0868 -0.8378 -0.8 122 0.5632 1.4876 
[CH3-HI-CH,] 0.7395 0.2794 -0.96 15 -0.7215 -0.7 120 0.4720 1.5286 
[CH,-H,-CH,]- 0.7983 0.2590 -0.823 1 -0.623 1 -0.5905 0.3905 1.5956 

lated along the C-H,-C region of space depending on each indi- of correlation energy to the electronic energy of molecules and 
vidual Drocess. Interestingly, geometrical Darameters obtained complexes (32~) .  - "  - 
at the CISD level are intermediate betwee; HF and MP2 struc- 
tures regardless of the process, which reflects the well-known 
fact that MP2 calculations usually exaggerate the contribution In performing the compxative electronic analysis, more atten- 
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Fig. 1. Electron density maps for the (a) [CH3-HI-CH3]+, 
(b) [CH3-H,-CH,]', and (c) [CH3-HI-CH3]- transition states of the 
corresponding systems at the HF level. 

tion will be paid to transition states, because it is at the transi- 
tion state point of the reaction coordinate where the migrating 
H, reaches the midpoint between the two carbons in all three 
systems, and thus it is more suitable for comparative purposes. 
References to the results obtained at reactant complexes will 
be made in those cases where significant information can be 
extracted. To seek such a goal, electron density contour maps 
for the three midpoint H transfers of the systems under study 
have been gathered in Fig. 1, in a plane containing the maxi- 
mum number of atoms. These maps clearly offer an attractive 
visual way of distinguishing among what are commonly 
termed hydride (Fig. la), hydrogen (Fig. lb), or proton (Fig. 
lc) transfers, depending on the accumulation of charge 
isodensity lines around the H, being transferred. 

The influence of correlation energy on the charge density 
map of each particular H-transfer has been estimated by 
depicting electron density difference maps. The fact that the 
three systems are constrained to a common C--C distance is 
found especially useful in this kind of analysis. Figure 2 shows 
this effect when correlation energy has been included at the 
MP2 level. Similar maps are obtained from the CISD electron 
densities but, as mentioned above, the MP2 level appears to be 
more suitable for visual purposes as the effect of correlation 
energy is found to be more exaggerated. The general trend 
shown by this figure is that inclusion of the correlation energy 
generally corrects the well-known exaggeration of the weight 
of ionic structures at the HF level. In valence bond language, 
HF exaggerates the contribution of the C+ H- C+ structure in 
the hydride transfer (14a), while it overestimates that of the 
C- H+ C- structure in the proton transfer. This can be observed 
in Fig. 2: at the [CH3-H,-CH,]' transition state (Fig. 2a), a 
diminution of the charge density around H, is found when cor- 
relation energy is added, and it is in turn accumulated in those 
regions around the carbons; on the contrary, correlation 
energy concentrates charge density around H, for the [CH3-H,- 
CH3]- system (Fig. 2c) while it is depleted in the central 
regions of the C-H, interaction. Moreover, it turns out that 
correlation energy has a smaller effect on the overall charge 
density distribution of the [CH3-H,-CH3]' system (Fig. 2b). 

More precise quantitative information on the topological 
features of electron density maps can be extracted by locating 
and characterizing the bond critical points (BCPs) among the 
different C-H bonds of the three systems under consider- 
ation. The results of this analysis are collected in Table 2. 
Focusing our attention first on results obtained for the C-H, 
bond in the three systems, several general trends are exhibited: 
( i )  the location of the C-H, BCP from H, provides informa- 
tion on the spatial coverage of the particular H, electronic 
domain, being found to obey the following order rc(C-H-) > 
rc(C-Ha) > r,(C-H'), where a formal electronic character 
has been assigned to each HI; (ii) the value of the charge 
density at the C-H, BCP increases in the order p(r,)(C-H-) 
< p(r,)(C-H') < p(rc)(C-H'); (iii) the values of the Lapla- 
cian of the charge density at this C-H BCP follow the order 1 V~~(~,)(C-H-) > V~~(~,)(C-H')  > V ~(r,)(c-H+), indicat- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

Fig. 2. Electron density difference maps between MP2 and HF 
(pMP2 - pHP) for the (a) [CH3-H,-CH3]+, (b) [CH3-H,-CH3]', and 
( c )  [CH,-H,-CH3]- transition states of the corresponding systems. 
Positive values are represented by solid lines and negative values 
by broken lines. 

ing an increasing local concentration of the charge density in 
this direction; and (iv) the IX,(/X? values also follow the same 
trend found for electron densities of the BCPs. The whole 
ensemble of these results indicates that some amount of elec- 
tron density tends to be accumulated in regions closer to H, 
when going from H-, H', and H+, and that the class of atomic 
interaction between H, and the two carbon atoms is represen- 
tative of so-called intermediate interactions (28a). 

The same analysis can be performed for the six equivalent 
lateral C-H bonds and, interestingly, a completely opposite 
trend is observed: (i) location of the C-H BCP is closer to the 
H atom for hydride transfer in the [CH3-HI-CH,]' transition 
state, and it progressively moves further away in the systems 
representative of hydrogen and proton transfers. (ii) At the 
same time the value of the charge density at the C-H BCP 
decreases in the same direction, and (iii) the Laplacian value 
becomes less negative, both factors being evidence of a pro- 
gressive local depletion of electron density, which is also 
related to the fact that the C-H bond distance is increased in 
the same direction (Table 1). (iv) Finally, in this case IXlI/X3 
gives values that are larger than unity, which, together with the 
relatively large values of the charge density and Laplacian, are 
clearly representative of the formation of typical C-H cova- 
lent bonds (28a). 

The effect of correlation energy on the localization and 
characterization of BCPs can also be extracted from Table 2. 
Thus, what was qualitatively observed from the electron den- 
sity difference maps discussed above (Fig. 2) can now be 
quantitatively evaluated. In general, all the differences among 
the topological features of the three types of H, are now 
reduced. With respect to the HF level, (i) the most remarkable 
effect is that the location of the C-H, BCP is found to be 
clearly closer to the H-, while it moves apart from H+. In a 
wider sense, this indicates that the formal H-, atomic basin is 
significantly contracted, that of the formal H+ is clearly 
expanded, and that of the formal H' suffers only small differ- 
ences; (ii) while an increment of the electron density is 
encountered at the C-H- BCP, smaller electron density val- 
ues are found at the C-H+ BCP and no significant differences 
appear at the C-H' BCP; (iii) values of the Laplacian of the 
charge density become more negative at the C-H- BCP and 
less negative at the C-H+ BCP; finally (iv) IX,I/X3 values at 
the C-H, BCPs follow the same trend found for the electron 
densities. In summary, introduction of the effect of correlation 
energy makes the differences in the electronic nature of the 
three types of H, being transferred even more diffuse than they 
were at the HF level. 

From the above results it turns out that the larger the 
hydride character of the transferring H, the larger the proton 
character of the lateral Hs. This statement is clearly reflected 
in Table 3, where a Bader atomic charge population analysis at 
the reactant complexes and transition states is presented. 
Among other population analyses, Bader atomic charges have 
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Mestres et al. 

(a) Fig. 3. Gradient vector fields for the (a )  [CH,-H,-CH,]', 
(b) [CH3-H,-CH3]', and (c) [CH3-H,-CH3]- transition states of the 
corresponding systems at the HF level. 

the advantage of being consistent with the topological descrip- 
tion of the particular electron density distribution. 

Comparing first the charges on H, (q,,) at the transition 
states for the three systems, a gradual gain of positive charge is 
observed in going from the hydride, to the hydrogen, and 
finally to the proton transfer. However, neither does the 
hydride acquire an atomic charge of - 1 nor does the proton 
acquire a charge of +l .  On the contrary, it is found that differ- 
ences in the electronic nature of the formally transferring H-, 
H', and H+, despite being evident, are very subtle. As deduced 
from the topological analysis of Table 2, computation of 
Bader atomic charges on correlated electron density distribu- 
tions would still lead to a more electronically similar H,. 

On the other hand, comparison of the atomic charges-of the 
six equivalent lateral Hs (9,) in the transition state leads to the 
same trend observed in the BCP analysis of Table 2: q, 
changes to a less positive value when going from the system 
representative of hydride transfer to that of proton transfer. As 
a result, an interesting crossed relationship between each H, 
and its lateral H partner is found: while qH in the [CH3-H,- 
CH3]+ transition state has a value close to q ~ ,  in the [CH3-H,- 
CH3]- transition state, q, in the [CH3-H,-CH3]- transition state 
approaches q,, in the [CH3-H,-CH3]+ transition state. 

The atomic charges of H,, H' (lateral Hs attached to c'), and 
Hr (lateral Hs attached to C? at reactant complexes (Table 3) 
provide a means of characterizing the evolution of each indi- 
vidual atomic charge along the reaction coordinate. This evo- 
lution can be visually reproduced by constructing what are 
called charge migration diagrams, as recently done in an elec- 
tronic analysis of the hydride transfer in the CH4/CH3+ system 
(14b). Focusing our attention on the transferring H,, for the H- 
in the CH4/CH3+ system, a net gain of negative charge is 
observed at the HF level when going from the reactant com- 
plex to the transition state. For the H~' being transferred in the 
CH4/CH3' system a clear accumulation of negative charge is 
also observed. Finally, a completely opposite evolution is 
observed for the transferring H+ in the CH4/CH3- system. In 
this case, an increase in positive charge is evident. 

In Fig. 3 are presented the gradient vector fields for the 
three systems under study. The diagrams again provide a nice 
visual means of distinguishing between the hydride (left), 
hydrogen (center), and proton (right) transfers based upon the 
spatial extent of each particular H, atomic basin. This figure 
clearly exhibits the limits of integration for computing the 
Bader atomic charges presented in Table 3. These limits were 
actually revealed when the location of BCPs was described 
(Table 2). Obviously, the relative size of the atomic basins is 
directly related to the atomic charges obtained from the Bader 
atomic charge population analysis (Table 3): the H, atomic 
basin is reduced from the formal H- to H+ (which translates 
into a progressive loss of electron density), while the lateral H 
atomic basins are expanded (which gives a gradual gain of 
negative charge). Finally, although not reported, the effect of 
the electron-correlation energy on these maps tends to reduce 
the perceptible differences between the three H, atomic basins 
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Fig. 4. Laplacian maps for the (a )  [CH3-H,-CI13]+, (b) 
[CH3-H,-CH,]', and (c )  [CH3-H,-CH3]- transition states of the 
corresponding systems at the HF level. Positive values are 
represented by solid lines and negative values by broken lines. 

(as was already extracted from the topological analysis of 
Table 2), which merely reflects the widely discussed fact that 
HF exaggerates the contribution of ionic structures. 

A last stage in the topological electronic analysis is accom- 
plished here by presenting the Laplacian maps for the three 
systems studied (Fig. 4). The usefulness of the Laplacian of 
the charge density lies in the fact that it exhibits the atomic 
shell structure and thus can be used as a visual tool to recog- 
nize distortions of these shells due to interactions with the 
neighbouring atomic nuclei. Moreover, its sign also reveals 
important information on where a local concentration of 
charge (negative values) or a local depletion of charge (posi- 
tive values) occurs. On this basis, it is interesting to observe 
the polarization effect on the s shell of formal H- (left), which 
appears clearly distorted from its original spherical symmetry, 
by adopting a football shape due to the interaction with the 
formal CH3+ fragments. The presence of positive Laplacian 
values between the lines connecting the carbons and the cen- 
tral H- also gives a hint of the kind of long-range interaction 
that takes place at the [CH3-H,-CH3]+ transition state. Further- 
more, the successive addition of one electron into the last sys- 
tem to yield the [CH3-H,-CH3]' and [CH3-H,-CH3]- transition 
states produces an accumulation of charge density on the 
C-Ht-C region that is manifested by the presence of negative 
Laplacian values all along this region and by the progressively 
stronger overlapping of the Ht s shell with the adjacent carbon 
shells. Thus, the subtle electronic differences between the 
three systems become evident from this point of view. 

Charge density redistribution analysis 

To complete the Bader electronic analysis, which is in wide- 
spread use at present, a charge density redistribution analy- 
sis is proposed using the methodology developed by Carb6 
and co-workers (31), briefly outlined in the methodology 
section. 

Table 4 collects the values of the quantum molecular simi- 
larity measures (QMSMs) for reactant complexes and transi- 
tion states together with the Euclidean distances between the 
two electron density distributions. A recent detailed study on 
the interpretation of QMSM reveals that this is actually a 
quantitative measure of the concentration of the electron den- 
sity (32e): the larger the value of the QMSM, the more glo- 
bally concentrated is the charge density in the molecule. 
Therefore, comparing QMSM values between reactant com- 
plexes and transition states, a general trend is found showing 
that the electron density is slightly more concentrated for reac- 
tant complexes than in transition states, regardless of the level 
of theory employed to obtain the particular electron densities. 
This is what, in principle, could be expected from a qualitative 
point of view, as the H, migrates from the reactant complex to 
the transition state. 

The result that QMSM values decrease only slightly when 
going from reactant complexes to transition states is due to the 
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Table 3. Bader atomic charge populations (q,,, q,, and qHr) for reactant 
complexes and (q,, and q,) transition states at the HF level using the 6-31 l++G*' 
basis set. 

Reactant complex Transition state 

System  HI   HI q ~ r  ' ?HI  '7, 

CH4/CH,' -0.2152 0.0443 0.2553 -0.2320 0.1672 
CH4/CH3. -0.0049 -0.0438 0.0114 0.0449 -0.0043 
CHJCH; 0.2217 -0.1147 -0.2064 0.3479 -0.1589 

Table 4. Quantum molecular similarity measures (QMSM) for 
reactant complexes and transition states, together with the 
Euclidean distance between these points at the HF, MP2, and 
CISD levels using the 6-3 1 1 ++G" basis set. 

System QMSMRc QMSMTS ~ R C , T S  

CISD 
CH4/CH3+ 63.75761 63.70567 0.3355 
CH4/CH3 - 63.68628 63.59179 0.3508 
CH4/CH; 63.68534 63.59494 0.2005 

fact that the main contribution to the global charge redistribu- 
tion arises from those few electrons involved in the breaking 
and forming bonds, i.e., two for H-, three for H', and four for 
H+ transfer processes. The Euclidean distances provide a 
quantitative measure of the change undergone by the electron 
density along the reaction coordinate. The most interesting 
result is that hydride and hydrogen transfers experience about 
the same amount of charge density redistribution, while in the 
proton transfer process this redistribution is noticeably 
smaller. This is perfectly related to the changes in atomic 
charges observed from Table 3 and provides a quantitative 
measure of the fact that the formal hydride and the hydrogen 
are somehow travelling with a reasonable amount of charge 
density around them, while the proton leaves part of its initial 
charge density when moving from the reactant complex to the 
transition state. 

Concluding remarks 

This comparative electronic analysis between hydrogen trans- 
fers in the CH4/CH3+, CH4/CH3', and CH4/CH3- systems, con- 
strained to a fixed carbon+arbon distance, has clarified, from 
both qualitative (visual) and quantitative points of view, the 

subtle differences existing among the electronic natures of the 
formally termed hydride, hydrogen, and proton entities being 
transferred. Due to the fact that the chosen distance between 
carbons is not the natural distance at which the different pro- 
cesses occur, direct extrapolation of the present quantitative 
results has to be done with some care. However, the overall 
trends observed in this study are not likely to change qualita- 
tively. 

The particular features of each transfer have been revealed 
by a topological electronic analysis. It has been shown that, 
from a qualitative point of view, this kind of analysis is able to 
provide clear visual information by building up the electron 
density, gradient vector field, and Laplacian maps. Quantita- 
tive data can also be obtained by locating and characterizing 
the bond critical points on the three-dimensional electron den- 
sity surface and calculating the atomic charges by integration 
of the electron density inside each atomic basin as delimited 
by its zero-flux surface. Finally, a charge density redistribu- 
tion analysis is proposed as a natural extension of the widely 
established classical Bader electronic analysis. 

All analyses have revealed that, although electronic singu- 
larities can be identified, differences between the electronic 
nature of the transferring hydride, hydrogen, and proton 
appear to be very subtle and rather diffuse in this aspect. In the 
end, what ultimately determines the formal kind of hydrogen 
transfer taking place is the a priori knowledge of the number of 
electrons involved in the breaking and forming bonds. On this 
basis, a hydrogen transfer involving the rearrangement of two, 
three, or four electrons can be formally called hydride, hydro- 
gen, or proton transfer, respectively, without the assumption 
that what is really being transferred is a true hydride, hydro- 
gen, or proton. 

Acknowledgements 

We are indebted to Professor Richard F.W. Bader for kindly 
providing us with a copy of his Proaim package. Many helpful 
comments from Professor Gerry M. Maggiora are gratefully 
acknowledged. 

References 

1. C.G. Swain, R.A. Wiles, and R.F.W. Bader. J. Am. Chem. Soc. 
83, 1945 (1961). 

2. I.H. Williams, A.B. Miller, and G.M. Maggiora. J. Am. Chem. 
SOC. 112,530 (1990). 

3. A.E. Pain and I.H. Williams. J. Chem. Soc. Chem. Commun. 
1417 (1991). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

4. (a)  Z. Latajka and S. Scheiner. Int. J. Quantum Chem. 29, 285 
(1986); (b)  S. Scheiner and Z. Latajka. J. Phys. Chem. 91, 724 
(1987); (c)  A.D. Isaacson, L. Wang, and S. Scheiner. J. Phys. 
Chem. 97, 1765 (1993). 

5. R.V. Stanton and K.M. Merz, Jr. J. Chem. Phys. 101, 6658 
( 1994). 

6. B. Kallies and R. Mitzner. J. Mol. Model. (Electronic Publica- 
tion), 1 ,68 (1995). 

7. J.M. Tedder. Angew. Chem. Int. Ed. Engl. 21,401 (1982). 
8. M.J.S. Dewar and E. Haselbach. J. Am. Chem. Soc. 92, 590 

(1970). 
9. M.T. Rayez-Meaume, J.J. Dannenberg, and J.L. Whitten. J. Am. 

Chem. Soc. 100,747 (1978). 
10. M. Sana, G. Leroy, and J.L. Villaveces. Theor. Chim. Acta, 65, 

109 (1984). 
11. E. Wiinsch, J.M. Lluch, A. Oliva, and J. Bertrdn. J. Chem. Soc. 

Perkin Trans. 2,211 (1987). 
12. C. Musgrave, J.K. Perry, R.C. Merkle, and W.A. Goddard 111. 

Nanotechnology, 2, 187 (199 1). 
13. (a)  M.R. Pederson. Chem. Phys. Lett. 230, 54 (1994); (b)  D. 

Porezag and M.R. Pederson. J. Chem. Phys. 102,9345 (1995). 
14. (a)  J. Mestres, A. Lledbs, M. Duran, and J. Bertrdn. J. Mol. 

Struct. (Theochem), 260, 259 (1992); (b)  J. Mestres, M. Duran, 
and J. Bertrin. Theor. Chim. Acta, 88,325 (1994). 

15. (a)  G.A. Olah, G. Klopman, and R.H. Schlosberg. J. Am. Chem. 
Soc. 91, 3261 (1969); (b)  G.A. Olah, Y. Halpern, J. Shen, and 
Y.K. Mo. J. Am. Chem. Soc. 93, 1251 (1971). 

16. (a)  K. Hiraoka and P. Kebarle. J. Am. Chem. Soc. 98, 6119 
(1976); (b) Adv. Mass Spectrom. 7b, 1408 (1978). 

17. J. Weiner, G.P.K. Smith, M. Saunders, and R.J. Cross, Jr. J. Am. 
Chem. Soc. 95,4115 (1973). 

18. L.I. Yeh, J.M. Price, and Y.T. Lee. J. Am. Chem. Soc. 111,5597 
(1989). 

19. L. Radom, D. Poppinger, and R.C. Haddon. Carbonium ions. 
Edited by, G.A. Olah and P.v.R. Schleyer. Wiley-Interscience, 
New York. 1976. 

20. H.-J. Kohler and H. Lischka. Chem. Phys. Lett. 58, 175 (1978). 
21. R.A. Poirier, E. Constantin, J.C. Abbe, M.R. Peterson, and I.G. 

Csizmadia. J. Mol. Struct. (Theochem), 88,343 (1982). 
22. (a)  K. Raghavachari, R.A. Whiteside, J.A. Pople, and P.v.R. 

Schleyer. J. Am. Chem. Soc. 103, 5649 (1981); (b)  P.v.R. 
Schleyer and J.W. de M. Carneiro. J. Comput. Chem. 13, 997 
(1992); (c) P.R. Schreiner, S.-J. Kim, P.v.R. Schleyer, and H.F. 
Schaefer III. J. Chem. Phys. 99, 3716 (1993); (d)  J.W. de M. 
Carneiro, P.v.R. Schleyer, M. Saunders, R. Remington, H.F. 

Schaefer 111, A. Rauk, and T.S. Sorensen. J. Am. Chem. Soc. 
116, 3483 (1994). 

23. J. Wilkie and I.H. Williams. J. Chem. Soc. Perkin Trans. 2, 
1559 (1995). 

24. (a)  R. Krishnan, J.S. Binkley, R. Seeger, and J.A. Pople. J. 
Chem. Phys. 72, 650 (1980); (b)  T. Clark, J. Chandrasekhar, 
G.W. Spitznagel, and P.v.R. Schleyer. J. Comput. Chem. 4, 294 
(1983); (c)  M.J. Frisch, J.A. Pople, and J.S. Binkley. J. Chem. 
Phys. 80,3265 (1984). 

25. (a)  H.B. Schlegel. J. Comput. Chem. 3, 214 (1982); (b)  Theor. 
Chim. Acta, 66, 333 (1984). 

26. M.J. Frisch, G.W. Trucks, M. Head-Gordon, P.M.W. Gill, 
M.W. Wong, J.B. Foresman, B.G. Johnson, H.B. Schlegel, 
M.A. Robb, E.S. Replogle, R. Gomperts, J.L. Andres, K. 
Raghavachari, J.S. Binkley, C. Gonzalez, R.L. Martin, D.J. Fox, 
D.J. Defrees, J. Baker, J.J.P. Stewart, and J.A. Pople. Gaussian 
92, Revision A. Gaussian, Inc., Pittsburgh, Pa. 1992. 

27. (a)  N.C. Handy and H.F. Schaefer 111. J. Chem. Phys. 81,5031 
(1984); (b)  K.B. Wiberg, C.M. Hadad, T.J. LePage, C.M. 
Breneman, and M.J. Frisch. J. Phys. Chem. 96,671 (1992). 

28. (a)  R.F.W. Bader. Atoms in molecules: a quantum theory. 
Oxford University Press, Oxford, U.K. 1990; (b) Chem. Rev. 
91, 893 (1991). 

29. J. Mestres. Electra. Institut de Quimica Computacional, Univer- 
sitat de Girona, Girona, Spain. 1994. 

30. F.W. Biegler, R.F.W Bader, and T. Tang. J. Comput. Chem. 3, 
317 (1982). 

31. (a)  R. Carb6, L. Leyda, and M. Arnau. Int. J. Quantum Chem. 
17, 1185 (1980); (b)  J. Mestres, M. Soli, M. Duran, and R. 
Carb6. J. Comput. Chem. 15, 1113 (1994); (c)  E. Besalli, R. 
Carb6, J. Mestres, and M. Soli. In Topics in current chemistry: 
molecular similarity I. Vol. 173. Edited by K. Sen. Springer- 
Verlag, Berlin. 1995. 

32. (a)  M. Soli, J. Mestres, R. Carb6, and M. Duran. J. Am. Chem. 
Soc. 116, 5909 (1994); (b)  M. Soli, J. Mestres, M. Duran, and 
R. Carb6. J. Chem. Inf. Comput. Sci. 34, 1047 (1994); (c) M. 
Soli, J. Mestres, R. Carb6, and M. Duran. J. Chem. Phys. 104, 
636 (1996); (d)  J. Mestres, M. Soli, R. Carbb, F.J. Luque, and 
M. Orozco. J. Phys. Chem. 100, 606 (1996); (e) M. Soli, J. 
Mestres, J.M. Oliva, M. Duran, and R. Carb6. Int. J. Quantum 
Chem. 58, 361 (1996); Cf) J.M. Oliva, R. Carb6, and J. Mestres. 
Adv. Mol. Sim. In press. 

33. J. Mestres, M. Sol&, E. Besalfi, M. Duran, and R. Carb6. 
Messem. Institut de Quimica Computacional, Universitat de 
Girona, Girona, Spain. 1993. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Variability of shapes and properties of atoms 
in molecules: a case study of the carbonyl 
oxygen 

Boris B. Stefanov and Jerzy Cioslowski 

Abstract: A comparative study of carbonyl oxygen atoms in diverse molecular environments is presented. The variability 
of shapes of oxygen atoms is quantified with a newly developed similarity measure that confirms the qualitative 
conclusions of visual assessment. Electronic properties of these atoms, such as charges, energies, and dipole moments, 
are computed and their possible correlations with the atomic shapes are studied. Factors that affect atomic shapes are 
investigated and found to be distinct from those influencing electronic properties of atoms in molecules. The kinetic 
energies of the atoms under study correlate poorly with the atomic charges. The second-neighbor effects on the atomic 
energies and charges are approximately additive. Both the theoretical considerations and the numerical results definitively 
rule out the possibility of the shapes of atomic basins unambiguously determining the properties of atoms in molecules. 
The consequences of this observation for the recently contemplated approaches to the prediction of electronic properties of 
large molecules are discussed. 

Key words: atoms in molecules, properties of -; similarity of -; transferability of -. 

Resume : On prCsente les rCsultats d'une Ctude comparative des atornes d'oxygkne de carbonyles dans divers 
environnements moltculaires. On a quantifiC la variabilitC des formes des atornes d'oxygkne ?i l'aide d'une mesure de 
similaritt dtveloppCe rCcemment qui confirme les conclusions qualitatives de l'attribution visuelle. On a calculC les 
propriCtCs Clectroniques de ces atomes, telles que les charges, les Cnergies et les moments dipolaires et on a CtudiC leurs 
corrClations possibles avec les formes atorniques et on a trouvC qu'elles sont diffkrentes de celles qui influencent les 
propriCtCs Clectroniques des atomes dans les molCcules. La relation entre les Cnergies cinCtiques des atomes examints 
et leurs charges atomiques n'est pas bonne. Les effets du deuxikme voisin sur les Cnergies et les charges atomiques 
sont approximativement additifs. Les considCrations thCoriques ainsi que les rCsultats numCriques permettent d'Climiner 
dtfinitivement la possibilitC d'utiliser les formes des bassins atomiques pour dCterminer sans ambigu'itk les propriCtCs des 
atomes dans les molCcules. On discute des consCquences de cette observation sur les approches contemplCes rCcemment 
pour prCdire les propriCtCs Clectroniques de grosses molCcules. 

Mots elks : atomes dans les molCcules, propriCtCs des; similaritCs des; transfCrabilitC des. 

[Traduit par la redaction] 

Introduction 
The introduction of the theory of atoms in molecules (AIM) 
by Richard W.F. Bader ( I )  has marked the advent of a 
new era in modem chemistry. The ability to discern atoms 
and functional groups within molecules has paved the way 
for quantitative understanding of chemical concepts. Conse- 
quently, properties such as charges and energies of atoms (1, 
2), covalent bond orders (3),  and electronegativities in situ (4) 
have been defined in a rigorous manner. Even more impor- 
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tantly, the meaning of fundamental concepts such as chemical 
bonds (1) and steric crowding (5) has been elucidated. 

The process of identifying atoms in molecules commences 
with topological analysis of the electron density p(r). In the 
course of this analysis all critical points at which the electron 
density gradient V p(r) vanishes are identified. Local maxima 
in p(r) are called attractors, as they constitute the termini to 
most gradient paths, i.e., lines that are tangent at each point to 
V p(r). The attractors usually coincide with the nuclei present 
in a given molecule, although nonnuclear attractors are oc- 
casionally seen (6). The gradient paths that extend between 
attractors are known as bond paths or, more generally, at- 
tractor interaction lines. Each attractor interaction line passes 
through a bond critical point at which V p(r) vanishes and 
the electron density Hessian has two negative eigenvalues. 

The Cartesian space J? can be divided into disjoint atomic 
basins (inA), each containing an attractor and all the gradient 
paths that terminate at it. An atom in a molecule is defined 
as the union of a nuclear attractor and its basin (1). The 
atomic zero-flux surface, which is a boundary of an atom, 
encompasses all the bond critical points associated with the 
respective attractor, together with all the gradient paths for 
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which those bond critical points serve as the termini. In other 
words, the atomic zero-flux surface nA is tangent everywhere 
to V p(r). One should note that each sheet of a given zero- 
flux surface is shared by two atoms. This sharing indicates 
the presence of either chemical bonding (1) or a strong steric 
repulsion (5) between these atoms. 

A one-electron property PA of an atom A in a molecule is 
given by the integral of the corresponding property density 
pp(r) over the atomic basin QA 

Since 2 = UAQA, the sum rule 

is satisfied. The zero-flux property of the atomic boundaries 
{nA) is a necessary and sufficient condition for the atoms in 
molecules to satisfy all theorems of quantum mechanics (1). 
In particular, the atomic virial theorem relates the energy EA 
of an atom in a molecule to its kinetic energy TA by 

Like their intuitively defined counterparts, functional 
groups obtained by combining the atoms of Bader's theory 
are approximately transferable among sufficiently similar 
molecules. This important property has been empirically ver- 
ified in a series of recent computational studies. In partic- 
ular, the approximate transferability of charges and dipole 
moments (7), molar volumes (8), heats of formation (9), po- 
larizabilities (lo), and magnetic susceptibilities (1 l )  of the 
methyl and methylene groups in normal hydrocarbons has 
been demonstrated. A method for a theoretical construction 
of polypeptide molecules from groups of atoms clipped from 
smaller systems has been proposed (12) on the basis of the 
observation that electronic properties of the glycil group are 
approximately transferable among several di- and tripeptides 
(12). An even bolder approach to the prediction of electronic 
properties of large systems has been put forward recently.' 
In that approach, large molecules are assembled from atomic 
fragments taken from a relatively small library of prototype 
atomic basins (which are extracted from calculations on small 
chemical species). After docking, the zero-flux surfaces of 
these prototype, almost-transferable atoms are adjusted to as- 
sure their perfect matching. Electronic properties of the ad- 
justed atoms are obtained through semiempirical correlations 
that, for each prototype atomic basin, relate quantities such 
as the charge, the multipole moments, and the total energy 
to the extent of surface adjustment. In turn, electronic prop- 
erties of the entire molecules are computed by summations 
over their constituent atoms, eq. [2]. 

Using the intuitively desirable "building blocks of chem- 
istry" and thus appealing in its simplicity and elegance, the 
aforementioned method is nevertheless theoretically flawed, 
as it invokes the assumption that the shape of an atom (or, 
more precisely, the atomic zero-flux surface nA) uniquely 

C. Breneman, personal communication. 

determines the electron density within its basin QA and con- 
sequently all of its electronic properties (see ref. 1, p. 3). 
The fallacy of this assumption is readily exposed by the fol- 
lowing argument: Let p(r) be the electron density within a 
given atomic basin RA, and V p(r) be the corresponding elec- 
tron density gradient. p(r) uniquely determines the atomic 
zero-flux surface nA. Let or be an arbitrary positive constant 
different from one and p(r) = ap(r) be the electron density 
within the basin RA of a hypothetical atom A. Since the field 
of V p(r) is collinear with that of V p(r), 

and 

n, = n, 

At the same time, any one-electron property PA of the hypo- 
thetical atom A is related to that of A by 

meaning that atoms with identical zero-flux surfaces and 
basins can differ in electronic properties. The above result is 
not surprising considering that the relationship between p(r) 
with QA and nA corresponds to a noninvertible k' --t 3 
mapping and therefore is not bijective. One could argue, how- 
ever, for the possibility of statistically significant correlations 
between nA and PA of cheniically realizable atoms A. In this 
paper, using the example of oxygen atoms in carbonyl com- 
pounds, we dispel this notion as well. 

Details of calculation 
Electronic properties of 21 molecules with the general struc- 
ture RICOR2, where R, ,  R2=H, CH3, NH2, C1, CN, or OH, 
were calculated at the MP2/6-3 11G** level of theory with the 
GAUSSIAN~Z (13) suite of programs. All geometries were fully 
optimized. In cases where several conformers were possible 
for a given system, the conformer with the lowest energy was 
selected for the present study. The newly developed varia- 
tional approach (14) to the determination of atomic surfaces 
were used, producing properties of atoms in molecules with 
accuracy exceeding (au). Calculations of the atomic 
similarity index (15) were carried out with the recently pro- 
posed algorithm (16). 

Shapes of oxygen atoms in carbonyl 
compounds 

The difference between the shapes of two atoms A and B that 
are parts of molecules X and Y, respectively, can be readily 
assessed with the similarity measures obtained by 
maximizing the similarity index (15) 

over all possible angular orientations of A with respect to B. 
In eq. [6],  px(r) and pY(r) are the electron densities in X and 
Y, respectively, and QAB = RBA = QA n n, is the common 
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Stefanov and Cioslowski 

Fig. 1. Similarities between the carbonyl oxygen atoms in the systems under study. The notation RI/R2 is used to represent 
the molecule RICOR2. 
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I . . .  . . .  I 
0.992 0.994 0.990 0.990 

Similarity 

I . .  I 
0,992 0.994 0.998 0.998 

Similarity 

part of the atomic basins fiA and fiB. Such a similarity mea- 
sure satisfies the inequality 

identical atoms connected to different first neighbors can be 
as low as 0.6 (15). On the other hand, similarities in excess 
of 0.99 are often found for pairs of atoms with identical first 
but different second neighbors. Although the oxygens of the 
present study represent the latter case, the second-neighbor 
effects are clearly discernible in the computed values of sim- 
ilarity measure thanks to the excellent numerical accuracy of 
our calculations. 

Inspection of Fig. 1 reveals the lack of sensitivity of the 
atomic shapes to electronic effects due to substituents on the 
carbonyl carbon. In other words, these shapes are almost en- 

with the RHS equality attained only for A and B possessing 
identical shape. The fact that SA(X),B(Y) measures similarity 
of atomic shapes (rather than similarity of electron densities 
within atomic basins) is clearly demonstrated by its invari- 
ance with respect to linear scaling of p(r). 

It has been shown that the similarities SA(X),B(Y) of formally 
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Fig. 1 (conrirzued). 
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tirely determined by steric effects. This phenomenon is well 
illustrated by the fact that the magnitudes of SA(X),B(Y) are 
almost identical for the HCHO vs. NH2CONH2 and HCHO 
vs. CH3COCN pairs (Fig. 1) despite the presence of two 
electron-donating groups in NH2CONH2 and the combina- 
tion of one weakly donating and one strongly withdrawing 
group in CH3COCN. Consequently, in all cases displayed in 
Fig. 1, the most similar oxygens are found in systems with 
substituents of comparable sizes (see HCOCN vs. HCONH2, 
OHCOOH vs. NH2COOH, ClCOOH vs. NH,COCl, etc.) 

"7s l a  
HlCh3 - 

ClCI 1-J CHW,",", - 
The aforedescribed trends are also observed in the simi- 

larity graph (Fig. 2), in which the relation X +- Y denotes the 
fact that, from among all systems under study other than X 
itself, Y possesses the carbonyl oxygen most similar to that in 
X. In the present case, the similarity graph consists of seven 
disjoint subgraphs. The compatibility of substituents within 
each of the three classes, namely "small" (H and CH3), "mid- 
size" (NH2, CN, and OH), and "large" (Cl), is evident. Vi- 
sual inspection of the computed zero-flux surfaces leads to 
the same conclusion. Therefore, one can unequivocally state 
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Fig. 1 (concluded). 
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Fig. 2. Relations of maximal similarity between the carbonyl 
oxygen atoms in the molecules under study. See the text for 
an explanation of the notation X t Y. 

HCHO t, CH3CH0 - CH3COCH3 

HCOCN - NH2CH0 - HCOOH 

NH2COCI - ClCOOH - COCI2 

ClCOCN t-- CNCOOH - NH2COCN - CO(CN)* 

NH2COOH - CO(OH)2 - CH3COCl - HCOCl 

that the shapes of oxygen atoms in carbonyl compounds are 
determined almost exclusively by the combined bulkiness of 
their second neighbors, the bulkiness of a given substituent 
being determined by the magnitude and the spatial extent of 
its electron density. 

Charges, kinetic energies, and dipole 
moments of the carbonyl oxygens 

The calculated charges Q of oxygen atoms span the broad 
range of -1.18 - -0.94 (Table l), in agreement with the 
large variation in Q that has been found in a recent study 
on carbonyl compounds (17). The electronic effects of the 
substituents on Q are conspicuous. Compared to hydrogen, 
OH, NH2, and, to a lesser extent, CH3 are electron donating 
to the oxygen, C1 has almost no effect on the oxygen charge, 
and CN is strongly electron withdrawing. These trends are 
in agreement with the commonly accepted signs and magni- 
tudes of the inductive effects elicited by these substituents. 
The energies of the carbonyl oxygens (equal to the negative 
kinetic energies T, Table 1) are also markedly influenced by 
the electronic properties of the substituents. In general, the 
oxygen atom is destabilized by electron withdrawal. How- 

0.992 0.994 0.998 0.998 
Similarity 

Fig. 3. The kinetic energy T vs. the charge Q of the carbonyl 
oxygens in the molecules under study. 

75.65; ' . . , I 
-1.20 -1.10 -0.90 

Charge (a")-loo 

ever, the correlation between T and Q is quite poor (Fig. 
3). 

The formation of the carbonyl group is accompanied by 
a longitudinal polarization of the oxygen atom that lifts its 
spherical symmetry. The resulting atomic dipole moment is 
dominated by the component pz parallel to the CO bond. 
This component varies by as much as 20% in the series 
of molecules under study (Table 1). Inspection of Figure 4 
reveals the absence of any correlation between the atomic 
charge and pZ. 

Although the charges and kinetic energies of the oxygen 
atoms in the RICOR2 systems fall between those of the oxy- 
gens in RICORl and R2COR2 in almost all instances (the 
only exceptions being the cases of R1 = H or OH and R2 = 
Cl), they often deviate significantly from the arithmetic aver- 
ages of the properties pertinent to the symmetrically substi- 
tuted compounds (Fig. 5). The slopes of the T vs. Q plots for 
the individual R1COR2, RICOR1, R2COR2 triads are highly 
variable. In other words, the effects of the second neighbors 
on the properties of the carbonyl oxygen atom are approxi- 
mately additive, but the individual contributions of the sub- 
stituents to Q and T appear to be totally uncorrelated. 
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Table 1. The calculated MP216-311G** properties of the carbonyl oxygen atoms in RlCOR2 molecules (S,,, is a 
shorthand for SOIR,COR~~.OIR~COR~~)~ 

RI R? s11.12 s12.22 SI 1.22 Q T I4 

Fig. 4. The longitudinal component p, of the dipole moment 
vs. the charge Q of the carbonyl oxygens in the molecules 
under study. 

0.44 - 1 . . 2 

-1.20 -1.1 0 -0.90 
Charge (au)-l.OO 

Conclusions 
The main conclusion of the present study is that the factors 
that influence shapes of atoms in molecules are distinct from 
those that determine their electronic properties. The shapes 
of atoms in molecules (as quantified by the atomic similarity 
measure) are affected predominantly by the sizes of their 
neighbors. The electronic properties of the second neigh- 

bors, such as their propensity toward electron donation or 
withdrawal, appear to be irrelevant in this case. Conversely, 
charges of atoms in molecules correlate well with the ability 
of the second neighbors to withdraw or donate electrons. 

Several of the trends observed for the carbonyl oxygen 
are expected to carry over to other atoms. In general, atoms 
with more negative charges tend to possess lower energies, 
but the correlation is rather poor. There is no correlation 
whatsoever between the shapes and the electronic properties 
of atoms in molecules. Although the influences of the second 
neighbors on the electronic properties of a given type of atom 
are approximately additive, the additivity is far from being 
quantitative. There appears to be no correlation between the 
individual contributions of the second neighbors to the atomic 
charge and the respective contributions to the atomic kinetic 
energy. 

Our study unequivocally demonstrates that any approach 
to the calculation of electronic properties of molecules that is 
based solely on docking of atoms or molecular fragments fol- 
lowed by the adjustment of their zero-flux surfaces is bound 
to fail. This is so because the knowledge of these surfaces 
alone is insuflcient for the determination of properties of 
atoms (or fragments) in molecules. On the other hand, one 
can envision formalisms that would successfully predict elec- 
tronic properties of molecules by employing approximately 
transferable electron densities taken from a limited number of 
standard types of atomic basins. However, in such approaches 
the atomic surfaces would be derived from the adjusted elec- 
tron densities and thus would play only a secondary role. 
To reiterate, the electron densities within atomic basins un- 
ambiguously determine the shapes of atoms in molecules. 
The converse is not true from both theoretical and practical 
standpoints. 
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Stefanov and Cioslowski 

Fig. 5. The kinetic energy T vs. the charge Q of the carbonyl oxygens in the triads RICORl (a), R2COR2, (a), and 
RlCOR2 (0). See Fig. 1 for the notation used for the individual systems. The points corresponding to the arithmetic 
average of the properties of the symmetric species are denoted by asterisks. 
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Fig. 5 (concluded). 
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Charge and energy redistribution in 
sulfonamides undergoing conformational 
changes. Hybridization as a controlling 
influence over conformer stability 

Curt M. Breneman and Lawrence W. Weber 

Abstract: The redistribution of charge and electronic kinetic energy was studied during rotation about the S-N bonds of 
sulfonamide and fluorosulfonamide. The rotational potentials and electronic topological features of both compounds were 
evaluated at the HFl6-31G* level of theory and their electron densities partitioned into atomic contributions using FASTINT, an 
updated version of the PROAIM program. The results indicate that the stability of each rotamer is strongly dependent upon the 
hybridization of the sulfonamide nitrogen. The hybridization of the nitrogen was determined by examination of the positions and 
magnitudes of the electrostatic and Laplacian minima in the nonbonded region of the sulfonarnide nitrogen atom. Independent 
assessments of hybridization were made using nitrogen pyramidalization altitudes. The rotational barriers in these compounds 
were found to arise mainly from energetic penalties resulting from adding electrons to already electron-rich sulfonyl oxygens 
while removing electron density from other more electronegative atoms. The fluorine-substituted analogue provided an example 
in which the sulfur and oxygen atoms were much less electron rich, causing an enhancement of the nitrogen rehybridization 
effects. The extent of covalent bonding between pertinent pairs of atoms in sulfonamide and fluorosulfonamide was assessed 
throughout the rotational pathway using the BONDER program. In contrast with much existing dogma, all of these findings were 
consistent with the same general model of charge and energy flow that has been shown to determine the internal rotational 
barriers in amides. 

Key words: sulfonamide, electron density analysis, rotational barrier, hybridization, atoms-in-molecules calculations. 

RCsumC : On a examink la redistribution de charge et d'tnergie cinCtique Clectronique accompagnant les rotations autour de 
liaisons S-N des sulfonamide et fluorosulfonamide. On a CvaluC les potentiels rotationnels et les caractCristiques topologiques 
Clectroniques des deux composCs au niveau HFl6-3 lG* de la thCorie et on a effectuC une rkpartition des densitCs Clectroniques en 
contributions atomiques, en utilisant FASTINT, une version amCliorCe du programme PROAIM. Les rCsultats indiquent que la 
stabilitC de chaque rotamkre depend beaucoup de l'hybridation de l'azote du sulfonamide. L'hybridation de l'azote a CtC 
dCterminCe par l'examen des positions et des amplitudes des minima Clectrostatiques et des laplaciens dans la region non liCe de 
l'atome d'azote du sulfonamide. Des Cvaluations independantes de l'hybridation ont CtC faites en faisant appel aux altitudes de la 
pyramidalisation de l'azote. On a trouvt que les barrikres rotationnelles de ces composCs proviennent principalement des 
pCnalitCs CnergCtiques qui rCsultent d'additions d'Clectrons aux atomes d'oxygknes du sulfonyle dCji riche en electrons 
accompagntes d'une diminution de la densite Clectronique d'autres atomes plus ClectronCgatifs. L'analogue portant un atome de 
fluor est un exemple dans lequel les atomes de soufre et d'oxygkne sont beaucoup moins riches en Clectrons; ceci provoque une 
augmentation des effets de rehybridation de l'azote. Le degrC de liaison covalente entre les paires appropriCes d'atomes du 
sulfonamide et du fluorosulfonamide a Ctt tvaluC sur l'ensemble de la voie rkactionnelle en faisant appel au programme BONDER 

MalgrC tous les dogmes existants, toutes ces observations sont en accord avec le modkle gCnCral d'Ccoulement de la charge et de 
1'Cnergie qui prCvaut dans la determination des barrikres rotationnelles internes dans les amides. 

Mots clds : sulfonamide, analyse de la densite Clectronique, barrikre rotationnelle, hybridation, calculs d'atomes dans les 
molicules. 

[Traduit par la rCdaction] 
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Until the advent of the Atoms in Molecules (AIM) electron 
density partitioning technique (I), it had been difficult to iden- 
tify and separate the underlying factors responsible for the rel- 
ative stabilities of different molecular conformations. Most 
current models of molecular stability are based either upon 
stereoelectronic factors, as in the anomeric effect, or on a mix- 
ture of steric effects, field effects, inductive effects, and "res- 
onance" effects. Work in our laboratory and those of others 
has shown that it is often more useful to observe changes in the 
ab initio molecular electron density distributions of molecules 
undergoing conformational changes. The results of such elec- 
tron density analyses have even more predictive power when 
the torsionally induced electron density flow is examined on 
an atom by atom basis. The interatomic kinetic energy density 
flow that governs the conformational preferences of amides 
has been elucidated in this manner (2). Since it is often diffi- 
cult and sometimes impossible to get good experimental elec- 
tron density distribution data for a desired set of molecular 
conformations, such data are often obtained through HFl6- 
31G* ab initio calculations. Direct analysis of intramolecular 
molecular electron density flow is one technique in which it 
matters little whether the electron density information came 
from high-quality X-ray results2 or from good ab initio quan- 
tum mechanical calculations. This progress is indicative of the 
large changes that have taken place in the field of molecular 
modeling in the past few years. Until recently, molecular 
orbital models were mostly used to formulate qualitative inter- 
pretations of experimental results, and often found their great- 
est uses as conceptual tools (4). The current computational 
environment has made it possible to determine ab initio accu- 
rate electron densities for medium-sized molecules in a rea- 
sonable amount of time. This flexibility has allowed chemists 
to make the necessary improvements to go beyond the orbital 
picture, providing in many cases reliable and comprehensive 
chemical information independent of experiment. 

One application in which modern theoretical methods excel 
is that of reexamining unusual bonding situations. One such 
bond type that has received a considerable amount of recent 
attention is that of hypemalent bonding in oxidized sulfur-con- 
taining compounds (5). As a result of this interest, several 
groups have attempted to probe the phenomenon of hyperval- 
ent bonding and its sensitivity to structural perturbations. One 
fundamental question that was addressed by Reed and 
Schleyer (5) concerns whether d-orbital participation involves 
dsp3 or d2sp3 hybridization, or if "negative hyperconjugation" 
is a better description of the bonding situation. From the 
results of that work, Schleyer was able to conclude that the 
"negative hyperconjugation" model provided the superior 
description of hypemalent bonding. An even more satisfying 
explanation is available through the use of AIM charge and 
energy flow analysis. The basis of this model of stability is that 
charge will flow from one atomic basin and into another in 
response to geometric changes that provide a means for rehy- 
bridization of the atoms involved and an energetic motivation 
for such charge flow. This means that in any conformation, 
atomic electron populations and their associated kinetic ener- 
gies shift from one atom to another in such a way that the 

energy of the whole molecule is lowered. This is actually 
restatement of the Variational Principle, but it is usually not 
applied with respect to individual atoms in molecules. In the 
case of a simple amide, alignment of the nitrogen "lone pair" 
region with the carbonyl T-system allows a small amount of 
high-energy electron density to be passed from the nitrogen to 
the carbonyl group; this shift of <0.1 electron is enough to 
lower the electron repulsion within the nitrogen lone pair suf- 
ficiently to allow sp2 rehybridization to take place. The conse- 
quent nitrogen hybridization causes a much larger electron 
withdrawal through the C-N a-bond. For this reason, the 
amide nitrogen has a greater electron population (and inte- 
grated electronic' kinetic energy) in the planar conformation 
than in either of the rotational transition states. The electron 
density gained by the nitrogen originates principally from the 
carbonyl carbon. In that investigation, it was determined that 
the electron density transferred to the nitrogen resulted in a 
150 kcaYmol stabilization of that atom at the cost of 132 
kcaYmol of destabilization of the rest of the molecule, 120 
kcal of which came at the expense of the carbonyl carbon. The 
difference between 150 and 132 (18 kcaYmol) corresponds to 
the rotational barrier of formamide. Within the AIM para- 
digm, atomic volume definition is unique and discrete bound- 
aries can be identified between atoms. When this interatomic 
surface moves in response to changes in the charge density 
distribution of the molecule, individual atomic populations 
and energies change (2). This accounts for the fact that while 
the charge distributions implied by examining the various 
canonical forms from resonance theory have come under seri- 
ous scrutiny (6), many predictions made using that model are 
still sound. Indeed, if only electrostatic potential-derived 
monopoles are considered to represent "atomic charges," the 
resonance model for charge distributions generally holds true. 
This so-called external view of a molecular charge distribution 
(2) remains a beneficial educational tool that is still useful for 
describing qualitative effects. To get a full description of the 
electron density and electronic kinetic energy distribution 
throughout a molecule, however, an electronic topological 
approach such as Bader's Theory of Atoms in Molecules (7) 
must be applied. 

Methods 

SCF (8) calculations were performed either on a Vaxcluster 
running an early VMS version of the GAUSSIAN-90 (9) package 
or on a SUN 41330 workstation running a later UNIX version 
of GAUSSIAN-90 (10). Numerical integrations were performed 
on either the SUN 41330 workstation or an IBM RS16000 320h 
workstation. In this work, a set of rotationally constrained 
structures were optimized by the Berny method at the HFl6- 
31G* (1 1) level of theory.' Checkpoint files penerated by 
GAUSSIAN-90 were then used by the psichk90 program to 
obtain wave function files compatible with PROAIM and 
FASTINT. 

The PROAIM program developed by Bader and co-workers 
(7) formed the basis for our locally developed code FASTINT.' 
The FASTINT program has more realistic distance and integral 

- -- - 

Experimental electron densities can be observed by low- 
temperature wide-angle scattering X-ray analysis, a rather tedious 
procedure; also, for an electron diffraction investigation, see 
ref. 3. 

The choice of contracted Gaussian basis sets for molecular 
calculations has been reviewed by Ahlrichs and Taylor (12). 
T. Lepage. Yale University, 1988. Unpublished. 
C.M. Breneman and M. Rhem. FASTINT. 1992. 
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cutoffs than the original PROAIM program and calculates fewer 
properties, but this combination of modifications allows the 
calculation of numerous atomic properties of the electron den- 
sity within atomic basins up to 40 times faster than the original 
PROAIM code. Since both PROAIM and FASTINT utilize the same 
basic theory, which has been extensively treated in the litera- 
ture, only an overview of the method is presented here. 

It is important to emphasize that the key to molecular parti- 
tioning lies in the requirement that the resulting atomic pieces 
be valid quantum subsystems. A valid quantum subsystem is 
defined as a fragment of a larger system that behaves as a sep- 
arate entity, and gives unique values for all of the operators 
associated with the larger system. In an atomic quantum sub- 
system, these values would be quantities like electronic 
kinetic energy, electron population, electric multipole 
moments, and electrostatic potentials. Quantum subsystems 
are said to be valid if the electron density within each separate 
atomic volume independently obeys the Virial Theorem 
(-VIT = 2, where V is potential energy and T is kinetic 
energy). For this condition to be met, the atomic fragments 
must be bound by surfaces of zero net flux in electron density 
(p), and contain an attractor (a nucleus). In the general sense, a 
zero-flux surface defines a region of space where the net flux 
of electron density normal to the surface is zero. A more prac- 
tical definition states that the flux of electron density normal 
to such a surface is zero at all points on that surface. This can 
be summarized by the expression Vp-N = 0, where N is the 
surface normal vector. 

Determination of an atomic zero-flux surface begins with 
mapping the electronic topology of the molecule. Electronic 
topology mapping involves finding all of the stationary (criti- 
cal) points in p, and identifying them according to their signa- 
tures. A critical point6 signature is defined as the number of 
negative curvatures minus the number of positive curvatures 
in p at that stationary point. For generality, a prefix of "3" des- 
ignates the dimensionality of the problem. Consequently, 
atomic nuclei are (3, 3) critical points, bond critical points 
have (3, - 1) signatures, ring critical points have (3,l) signa- 
tures, and cage critical points have (3,-3) signatures. With the 
exception of (3,3) nuclear critical points, all of the other criti- 
cal points exist on interatomic zero-flux surfaces. Interatomic 
surface definition routines make use of the fact that (3,- 1) 
(bond) critical points represent local maxima of electron den- 
sity on each interatomic surface. Consequently, all points on 
the path followed by a steepest descent walk originating in any 
direction perpendicular to the bond path are on an interatomic 
zero-flux surface. Both Bader's original PROAIM program (7) 
and our later FASTINT program5 make use of this kind of surface 
definition. Once defined, the zero-flux surfaces provide 
boundaries for integration of the electron density properties of 
each separate atom within a molecule. 

After partitioning of a particular molecular electron density 
distribution has taken place, the atomic overlap matrices for 
each atom could be used to calculate covalent bond orders 
using the recently introduced BONDER (13) program. Calcula- 
tion of these covalent bond orders involves the following 
steps: 

1. Evaluation of the atomic overlap matrices 

As defined by the two negative curvatures and the single positive 
curvature, which is aligned along the bond path. 

where (4 ,  1 I i 5 N )  are the occupied Hartree-Fock spin- 
orbitals, N is the number of electrons, and 5, is the atomic 
basin of the atom A. 

2. Determination of localized spin-orbitals, (4 ,  1 I i 5 N}, 
which are related to the Hartree-Fock spin-orbitals through a 
unitary transformation C. 

and maximization of the localization sum, eq. [3] 

3. Calculation of the covalent bond orders, eq. [4] 

A combination of FASTINT and BONDER techniques can be 
used to give atomic populations and energies, as well as the 
covalent bond order between two atoms. Taken together with 
the values of p, v ~ ~ ,  and electrostatic potentials in crucial 
regions of space, we are able to arrive at a set of conclusions 
concerning the factors that control rotational preferences in 
conformationally flexible molecules. 

Results and discussion 

Exhaustive examination of the electron density distributions 
around the sulfur and amino groups of sulfonamide and 
fluorosulfonamide were performed at 10" increments of rota- 
tion about each S-N bond, as defined by the H6-N5-S2- 
Hl(F1) dihedral angle as well as at each minimum and at both 
nitrogen inversion and N-H rotational transition states. 

Sulfonamide Fluorosulfonamide 

The results show that the mechanism of conformer stabili- 
zation in sulfonamides is very similar to that reported earlier 
for amides (6), in which stabilization of the amide nitrogen 
was found to occur through a withdrawal of electron density 
from an adjacent polarized atom. In the case of an amide, this 
atom is the carbonyl carbon. Such a result is not without con- 
troversy, however. Catalan and co-workers (14) reported that 
there is no similarity between amide and sulfonamide bond- 
ing. Catalan has also stated that the hybridization of the amino 
nitrogen in sulfonamide should have very little effect on the 
total energy of the sulfonamide system. In an effort to address 
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Fig. 1. Sulfonamide rotational potential vs. torsional angle. 
10 

H6-NS-S2-H1 Torsional Angle (degrees) 

Fig. 2. Fluorosulfonamide rotational potential vs. torsional angle. 

0 30 60 90 120 150 180 210 240 270 300 330 360 

H6-NS-S2-F1 Torsional Angle (degrees) 

these points, ab initio calculations and electron density distri- 
bution analyses (2) were performed on both sulfonamide and 
fluorosulfonamide. The introduction of fluorine into the sys- 
tem allowed us to alter the normal electron populations of the 
sulfur and oxygens and to observe the effects on each atom 
during sulfur-nitrogen bond rotation. Prior to evaluating the 
interatomic charge flow data, the relative energies of each con- 
former were examined and the geometric stationary points 
were characterized. The rotational potentials shown in Figs. 1 
and 2 were found to be quite similar in shape for sulfonamide 
and fluorosulfonamide. The important difference between the 
two curves is that the geometries at which the molecules reach 
their global and relative minima are reversed. The relative 
minimum of sulfonamide occurs at an H-N-S-H dihedral angle 
285" while the global minimum occurs at 115". In fluorosul- 
fonamide, the relative minimum occurs at the corresponding 
H-N-S-F dihedral of 110" while the global minimum occurs at 
291". This means that sulfonamide is most stable when its 

Fig. 3. Sulfonamide relative population by atom vs. torsional angle. 

0.04 

3 
r \  

H6-NS.SZ.Hl Torsional Angle (degrees) 

,,-rat 0 (HI) n-re1 0 (04)  
.................... n-relo (52) - - - - - n-re1 0 (amino) 
--....-... n-re1 0 (03)  

Fig. 4. Fluorosulfonamide relative population by atom vs. 
torsional angle. 

H ~ - N s . S Z . F ~  Torsional Angle (degrees) 

n.rel 0 (FI) n-re1 0 (04) 
,,,,..,,.,,, ,,,.,.,, n-re1 0 (S2) - - - - - n-re1 0 (amino) 
..-....... n-re1 0 (03) 

nitrogen lone pair is syn to the sulfur-hydrogen bond. The 
substitution of a fluorine atom for the hydrogen in fluorosul- 
fonamide causes the global and relative minima to reverse in 
energy ordering. In this case, the molecule is most stable when 
the nitrogen lone pair is trans to the sulfur-fluorine bond. It is 
also important to note that the minima in both sulfonamide and 
fluorosulfonamide are very near their respective amino nitro- 
gen inversion transition states, indicating a propensity for pla- 
narization of the nitrogen. 

Upon examination of the FASTINT atomic integration results, 
an obvious intramolecular charge shift trend was observed. 
The data shown in Figs. 3 and 4 show a charge shift taking 
place between the sulfur and the amino group at geometries 
corresponding to both minima in fluorosulfonamide and the 
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Breneman and Weber 

Fig. 5. Sulfonamide relative energy by atom vs. torsional angle. 

H6-NS-S2-H1 Torsional Angle (degrees) 

~ - ~ ~ l  0 (HI) E-re1 0 (04 )  
.,...,,,,.,,. ,,,, ,., E-relO(S2) ----- E-re1 0 (amino) 
.--.---..- E-re1 0 (03 )  

Fig. 6. Fluorosulfonamide relative energy by atom vs. torsional 
angle. 

H6-N5-SZ-F1 Torsional Angle (degrees) 

relative minimum in sulfonamide. At these geometries, the 
amino group is observed to gain electron population, while the 
sulfur population is depleted by a similar amount. The other 
atoms within the molecules show little change when compared 
to the sulfur and nitrogen. A less clear charge redistribution 
occurs at the conformer that corresponds to the sulfonamide 
global minimum conformation. 

The relative energy by atom curves shown in Figs. 5 and 6 
illustrates the electronic kinetic energy flow that comes about 
as a result of charge redistribution in Figs. 3 and 4. It is impor- 
tant to note that the kinetic energy flow closely follows the 

Fig. 7. Sulfonamide total energy and amino group energy vs. 
torsional angle. 

.603 34 4-1 -56.08 
0 100 200 300 400 

H6.NS.SZ.Hl Tors iona l  Aog lc  (dcgrccsl 

Fig. 8. Fluorosulfonamide total energy and group energy vs. 
torsional angle. 

g 
EIRHF) 

--t- E (amino) 

H6-N5-SZ-F1 Tors ions l  Ang le  (dcgrccsl 

charge flow from atom to atom during S-N bond rotation. 
The charge and energy transfer interactions are mainly taking 
place between the sulfur and amino groups, with the amino 
group reaching a minimum in energy while the sulfur is reach- 
ing a maximum in energy. The maximum charge and energy 
transfer is observed near the minimum energy structures of 
both molecules. This is to be expected, because motion of 
electrons from a less electronegative atom (S) to a more elec- 
tronegative atom (N) is favorable for the whole molecule as 
the amino group approaches planarity. 

The pronounced sulfur-nitrogen interactions shown in Figs. 
3-6 led us to focus our attention directly on the sulfur atoms 
and the amino groups. The data in Table 1 were used to 
directly compare the relative electronegativities of the sulfur 
atom and the amino group within sulfonamide and fluorosul- 
fonamide during sulfur-nitrogen bond rotation. Since this def- 
inition of electronegativity describes how efficiently an atom 
or an atomic fragment stabilizes electron density, the slope 02 
a line on an energy vs. electron population plot should give a 
relative electronegativity of the atom or atomic fragment. 
When the relative sulfur and amino group energies were ana- 
lyzed with respect to their relative electron populations, the 
best-fit least-squares slopes showed that the amino group was 
1.08 and 1.16 times more electronegative than the sulfur atom 
in sulfonamide and fluorosulfonamide, respectively ( R ~  > 
0.999 in each case). Therefore, for a given amount of electron 
density transferred, the amino group would gain 8-16% more 
stability than was lost by the sulfur. 
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Table 1. Charge properties. 

Total Population Population Population Population Population Population 
Torsion energy (e) (e) (e) ( 4  (e) (el 

Sulfonamide 
H6-N5-S2-HI E,,, (kcal) n (Hl) n (S2) n (03) n (04) n (N5) n (H6) 

0 
30 
60 
90 

120 
150 
180 
210 
300 
330 

Relative min 284.7 
Global min 114.7 

TS 1 223.8 
TS2 277.9 

Fluorosulfonamide 
H6-N5-S2-F1 

0 
30 
60 

120 
150 
180 
210 
270 
300 
330 

Global min 290.8 
Relative min 1 10.4 

TS 1 96.2 
TS2 219.7 

This electronegativity difference suggests that the rotation- 
ally induced changes in the amino group and sulfur energies in 
sulfonamide and fluorosulfonamide should be examined in 
greater detail. Figures 7 and 8 show that the amino groups 
become more stable at those geometries where both sulfona- 
mide and fluorosulfonamide are most stable. Additionally, the 
data in Table 1 show that the sulfur energy varies in the oppo- 
site way at those same conformations. Thus, there is evidence 
that sulfur destabilization is occurring in unison with the stabi- 
lization of the amino group. If relative electronegativity 
changes are affecting the stabilization of the amino group and 
the destabilization of the sulfur, then the bond connecting them 
is the most likely place to look for changes. 

The data in Tables 2 and 5 clearly show that the sulfur- 
nitrogen bond gets shorter when both sulfonamide and fluoro- 
sulfonamide are in their most stable geometries. This bond 
length contraction implies that the bond is increasing in s char- 
acter as the amino group becomes sp2 hybridized. It is also 
important to note that for all conformers, the nitrogen-sulfur 
bond length in fluorosulfonamide is shorter than in sulfona- 

mide. Additional geometric data are shown in Tables 3, 4, 
and 6. 

The last column in Table 1 shows that the amino group alti- 
tude decreases as the group approaches planarity at the most 
stable geometries of both sulfonamide and fluorosulfonamide. 
At these geometries, (i) the amino group gains electron popu- 
lation while the sulfur atom loses electron population; (ii) the 
amino group becomes more stable while the sulfur atom 
becomes less stable; (iii) the sulfur-nitrogen bond shortens, 
and (iv) the amino group is most planar. These observations 
point to the conclusion that nitrogen rehybridization to a more 
nearly sp2 structure increases its electronegativity and gains 
overall stability for the molecule. 

Further study of the amino nitrogens revealed additional 
im ortant information. The local minima in the Laplacian k' (V p) and electrostatic potential were located in the "lone pair 
region" of space of the nitrogen by using a gradient search pro- 
cedure. It can be seen in Table 1 that the nitrogen lone pair 
Laplacian and electrostatic potential minima approach a max- 
imum value (least negative) at geometries where both sulfona- 
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Table 1. (continued). 

Population Atom energy Atom energy Atom energy Atom energy Atom energy Atom energy Atom energy 
(e) (au) (au) (au) (au) (au) (au) (au) 

Sulfonamide 
)I (H7) E (HI) E (S2) E (03) E (04) E (N5) E (H6) E (H7) 

0.534 
0.537 
0.528 
0.52 1 
0.532 
0.552 
0.569 
0.571 
0.534 
0.535 

Relative min 0.526 
Global min 0.529 

TS 1 0.558 
TS2 0.5 17 

Fluorosulfonamide 
n (H7) 

0.525 
0.527 
0.529 
0.51 1 
0.521 
0.536 
0.537 
0.503 
0.525 
0.530 

Global rnin 0.520 
Relative rnin 0.510 

TS I 0.498 
TS2 0.530 

mide and fluorosulfonamide are most stable. The positions of 
these maxima imply that nitrogen lone pairs exhibit the least 
"amine" character and thus are least basic at those geometries. 
These results also imply that the nitrogen lone pair has become 
more "p"-like and very slightly delocalized. One interpretation 
of these observations is that the delocalization of a small 
amount of T electron density allows the more electronegative 
amino group to withdraw a large amount of a electron density 
from the less electronegative sulfur thereby increasing the 
amino group's overall electron population. This results in 
rehybridization of the amino nitrogen from sp3 to nearly sp2, 
thus increasing the s character of the sulfur-nitrogen bond. 
The amino group therefore becomes more planar and conse- 
quently more stable. The sulfur, having lost electron popula- 
tion, would be destabilized to a lesser degree, causing the 
molecule to become more stable overall. 

This leaves but one question: Where did the small amount of 
delocalized nitrogen lone pair density go? The S-F bond 
length data given in Table 5 show that in fluorosulfonamide, 
the nitrogen lone pair could possibly have been partially 

donated into the sulfur-fluorine bond. This hypothesis is sup- 
ported by the fact that in the global minimum structure, the 
sulfur-fluorine bond is favorably oriented with respect to the 
nitrogen lone pair to allow delocalization of the lone pair into 
the S-F antibonding orbital. This donation of nonbonded 
electron density would account for the observed increase of 
the S-F bond length. In sulfonamide, however, we do not see 
the corresponding S-H bond-elongation effect to such a large 
extent. sulfonamide is most stable when its nitrogen lone pair 
is syn to the sulfur-hydrogen bond but anti to the vector sum 
of the sulfonamide S-0 bonds. It is reasonable to postulate 
that the global minimum in sulfonamide may be controlled by 
the best electron sink available for the amino lone pair elec- 
trons. Since fluorine is more electronegative than oxygen, we 
can conclude that the fluorine is acting as a more efficient 
electron sink in fluorosulfonamide than the two oxygens are in 
sulfonamide. The effect of this sink is also revealed in the bar- 
rier to rotation in fluorosulfonamide. Figures 1 and 2 show 
that the fluorine substitution in fluorosulfonamide causes the 
nitrogen to undergo greater changes in hybridization and 
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Table 1. (conclnded). 

LP EP LP LP EP LP Laplacian LP Laplacian LP EP LP EP 
torsion Laplacian minimum angle distance distance angle Pyramidal 

Sulfonamide 
Eslal DelA2(rho) LP E,,,, DelA2 DelA2 Esla, EsIal Nitrogen 

LP-N-S-H 1 min (kcal) LP-N-S LP-N LP-N LP-N-S altitude (au) 

-118.61 
-88.95 
-57.69 
-25.81 

5.38 
35.28 
63.08 
9 1.72 

107.44 
213.97 

Relative min 180.00 
Global min 0.04 

TS 1 108.75 
TS2 179.96 

Fluorosulfonamide 
E,,,, 

LP-N-S-F 
DelA2(rho) 

min 
LP Es,,, 
(kcal) 

DelA2 
LP-N-S 

DelA2 
LP-N 

E,I,I E,I,I Nitrogen 
LP-N LP-N-S altitude (au) 

-1 17.7 
-87.1 
-54.1 

8.1 
35 
62.7 
92 

167.4 
187.5 
213.5 

Global min 180.2 
Relative min -0.2 

TS 1 0.0131017 
TS2 103.5047 18 

energy than sulfonamide. The cause of this phenomenon is 
also seen in the sulfur-nitrogen bond lengths in Tables 2 and 5. 
The fact that the sulfur-nitrogen bond lengths are shorter for 
all conformers when compared to sulfonamide suggests that 
the more electronegative nitrogen underwent a greater degree 
of rehybridization in fluorosulfonamide than in similar geom- 
etries for sulfonamide. In sulfonamide, the two S-0 bonds 
are not a good electron acceptor since the energy of its a* non- 
bonding orbital is higher than that of the S-0 and S-F bonds 
in fluorosulfonamide. Consequently, in fluorosulfonamide, 
donation of electron density into the sulfur-fluorine bond is 
more favorable, thus allowing the nitrogen to rehybridize more 
than the nitrogen in sulfonamide. 

For this new model of sulfonamide stability to be valid, it 
must be able to reconcile Catalan's (14) recent results, which 
state that the hybridization of the amino nitrogen does not 
appear to be important to the total energy of the system. He 

reported testing this idea by looking at the extreme examples 
of totally sp2 hybridized vs. totally sp3 hybridized nitrogen 
atoms during the rotation about the S-N bond in sulfona- 
mide. We must conclude that by not allowing his nitrogen 
atoms to change hybridization during rotation, Catalan inad- 
vertently biased the results of his analysis. 

To further address these points, the nitrogen rehybridization 
scenario proposed in this work was further tested by compar- 
ing the values of p and V2p at the sulfur-nitrogen bond critical 
points in each conformer. Covalent bond orders were also cal- 
culated using the BONDER (13) method. On the basis of these 
data, it was possible to assess the degree and type of bonding 
between each pair of atoms. The results of the critical point 
electron density analyses are shown in Figs. 9 and 10. Both of 
these plots show increases of electron density (p) at the sulfur- 
nitrogen bond critical points for both sulfonamide and fluoro- 
sulfonamide when the torsional angles approached those of 
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Table 2. Bond lengths in sulfonamide during N-S rotation (6-31G*). 

Bond distances (angstroms) 

Geometry H1-S2 03-S2 0 G S 2  N5-S2 N5-H6 N5-H7 

Global min 
Relative min 
Rotational TS 
Inversion TS 
0" 
30" 
60" 
90" 
120" 
150" 
180" 
210" 
300" 
330" 

Fig. 9. Sulfonamide S-N bond critical point electron density vs. 
torsional angle. 

0 . 2 3 5 4 .  , . , . $ .  , . , . , . , . , . , . , . , . I  
0  3 0  6 0  9 0  1 2 0 1 5 0 1 8 0 2 1 0 2 4 0 2 7 0 3 0 0 3 3 0 3 6 0  

H6.NS.SZ.Hl Tonlonsl  Angle (degrees) 

Fig. 10. Fluorosulfonamide S-N bond critical point electron 
density vs. torsional angle. 

H6.NS.SZ-F1 Torslorrpl Angle (degrees) 

the minimum energy geometries. These increases in p indicate 
an increase in the total bond order of the sulfur-nitrogen bond 
at those minimum energy geometries. This observation is con- 
sistent with the hypothesis that donation of a small amount of 

Fig. 11. Relative covalent bond order of S-N bond of 
sulfonamide vs. torsional angle. 

nonbonded electron density from the nitrogen lone pair into 
the antibonding orbital of the sulfur-oxygen, sulfur-fluorine, 
or sulfur-hydrogen bonds is required to enable a compara- 
tively larger withdrawal of a density from the sulfur by the 
amino group. The withdrawal of this a density along the sul- 
fur-nitrogen bond would be expected to increase the s charac- 
ter of the bond, resulting in its growing shorter (Table 2). 

The value of v2p  at a bond critical point can be interpreted 
as describing the relative nature (ionic or covalent) of a bond. 
The Laplacian data in Table 1 show that in sulfonamide and 
fluorosulfonamide, the v 2 p  at the bond critical point is at its 
most positive value where geometric evidence shows that 
nitrogen rehybridization to nearly sp2 is taking place. These 
data imply that the covalent sulfur-nitrogen bond order is 
decreasing and the bond is becoming more ionic at these 
geometries. This observation further supports the hypothesis 
that suggests that electron withdrawal along the sulfur-nitro- 
gen bond takes place during nitrogen rehybridization. 

The BONDER results in Figs. 11 and 12 are consistent with 
the Laplacian results, and reveal that the S-N covalent bond 
order decreases dramatically at the most stable geometries of 
both sulfonamide and fluorosulfonamide. This implies that 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.8

8.
24

1.
94

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1280 Can. J. Chem. Vol. 74, 1996 

Table 3. Bond angles in sulfonamide during N-S rotation (6-31G*). 

Bond angles 

Geometry H1-S2-03 H1-S2-04 H1-S2-N5 03-S2-N5 04-S2-N5 S2-N5-H6 S2-N5-H7 H6-N5-H7 

Global min 
Relative min 
Rotational TS 
Inversion TS 
0" 
30" 
60" 
90" 
120" 
150" 
180" 
210" 
300" 
330" 

Table 4. Dihedral angles in sulfonamide during N-S 
rotation (6-3 lG*). 

Torsion angle 

Conformer H7-N5-S2-H1 

Global min 
Relative min 
Rotational TS 
Inversion TS 
0" 
30" 
60" 
90" 
120" 
150" 
180" 
210" 
300" 
330" 

Fig. 12. Relative covalent bond order of S-N bond of 
fluorosulfonamide vs. torsional angle. 

less electron density is being shared between the two nuclei at 
these geometries and is therefore being more tightly held by 
the sulfur and the nitrogen. In the cases of sulfonamide and 
fluorosulfonamide, it is the more electronegative amino group 
which is becoming the anionic partner of the ionic portion of 
the bond, and is therefore acting as an electron sink. This a 
polarization is manifest by increases of the electron density (p) 
at the sulfur-nitrogen bond critical points and by the more 
ionic sulfur-nitrogen bond apparent in Figs. 9 and 10. The 
increased ionic character of the sulfur-nitrogen bond was 
established by comparing the p and v~~ results with the 
BONDER covalent bond orders. The observed relationship 
between the total bond order and the value of p at the bond 
critical point allows separation of the total bonding scheme 
into variable ionic and covalent parts. 

Thus, the results of p, v ~ ~ ,  and BONDER analysis all support 
the hypothesis that when a nitrogen is allowed to rehybridize 
by donating a small amount of its lone pair electron density 
into the a* orbital of another bond, the resulting increase of 
amino group electronegativity causes a large flux of a electron 
density towards the nitrogen. This, in turn, results in the stabi- 
lization of the entire molecule, since the more electronegative 
amino group becomes stabilized at the expense of the sulfur. 

Conclusions 

Upon examination of charge density flow during rotational 
isomerism of sulfonamide and fluorosulfonamide, the redistri- 
bution of electron density and electronic kinetic energy 
between the sulfur and nitrogen atoms was found to be the 
controlling factor over conformational stability. The results 
showed that, in sulfonamide, at least one minimum was 
strongly dependent upon the hybridization of the amino nitro- 
gen atom, whereas in fluorosulfonamide, both minima were 
clearly hybridization controlled. These results lead to the first 
conclusion: the total stabilization of both molecules is directly 
related to the redistribution of charge density between the su1- 
fur and amino nitrogens in a manner analogous to forrnarnide 
stabilization. 
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Table 5. Bond lengths in fluorosulfonamide during N-S rotation (6-31G*). 

Bond distances (angstroms) 

Geometry F1-S2 03-42 0 6 S 2  N5-S2 N5-H6 N5-H7 

Global Min 
Relative Min 
Rotational TS 
Inversion TS 
0" 
30" 
60" 
120" 
1 50" 
180" 
210" 
270" 
300" 
330" 

Table 6. Bond angles in fluorosulfonamide during N-S rotation (6-31G*). 

Bond angles 

Geometry F1-S2-03 F1-S2-04 F1-S2-N5 03-S2-N5 04-S2-N5 S2-N5-H6 S2-N5-H7 H6-N5-H7 

Global min 
Relative min 
Rotational TS 
Inversion TS 
0" 
30" 
60" 
120" 
150" 
180" 
210" 
270" 
300" 
330" 

Table 7. Dihedral angles in fluorosulfonamide during 
N-S rotation (6-31G*). 

Conformer 

Torsion angle 

H7-N5-S2-F1 

Global min 
Relative min 
Rotational TS 
Inversion TS 
0" 
30" 
60" 
120" 
150" 
180" 
210" 
270" 
300" 
330" 

The sulfur-nitrogen bonds were found to be shortest at 
those geometries where both sulfonamide and fluorosulfona- 
mide became most stable. This implied that in both molecules, 
the sulfur-nitrogen bond increased in s character, with the 
more stable conformers having the most s character. 

The positions and magnitudes of electrostatic and Laplacian 
( v ~ ~ )  minima in the vicinity of the nitrogen "lone pair" region, 
as well as the amino group pyramidalization altitudes were 
found to be reliable indicators of nitrogen hybridization. The 
fluorosulfonamide results demonstrated that the donation of a 
small amount of electron density from nitrogen's lone pair into 
the antibonding orbital of the sulfur-fluorine bond allowed for 
a comparatively larger withdrawal of o density away from the 
sulfur atom to the more electronegative amino group. This, in 
turn, allowed the rotating nitrogen atom in fluorosulfonamide 
to undergo larger changes in hybridization at the minimum 
energy geometries. 

All of the results presented in this work indicate that nitro- 
gen rehybridization controls the torsional preferences in sul- 
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fonamide and fluorosulfonamide. The concept of dynamic 
relative electronegativity was found to rationalize the geome- 
try of one minimum of sulfonamide and both minima of 
fluorosulfonamide. Within this interpretation, individual 
atomic stabilities are rearranged to serve the "greater good" of 
the total molecule. In this case, providing the more electrone- 
gative amino group with more electron density transferred 
from the less electronegative sulfur atom allows the nitrogen 
to rehybridize and stabilize the entire molecule. 

The fact that fluorosulfonamide has a greater rotation bar- 
rier than sulfonamide is a direct result of the fluorine substitu- 
tion in fluorosulfonamide. The fluorine acts as an excellent 
lone pair electron sink thereby allowing the amino nitrogen to 
rehybridize to a larger degree than is possible in sulfonamide. 
This result is seen in Tables 2 and 5 where the sulfur-nitrogen 
bonds in fluorosulfonamide are shown to be consistently 
shorter than those in sulfohamide at all geometries. 

Through the implementation of these theoretical-computa- 
tional methods, the dissimilar views of amide and sulfonyl sta- 
bility control (resonance, negative hyperconjugation, p-d back 
bonding (3), etc.) have been replaced by one mechanism. 
Amide and sulfonyl stability were found to be controlled by 
the redistribution of electron density and its associated kinetic 
energy, thereby satisfying the intermolecular needs of the most 
relatively electronegative fragment. The result is the overall 
stabilization of the entire molecule. 

Full PROAIM integration data for all rotamers have been 
deposited as supplementary material7 
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1995 Syntex Award Lecture 
Correlation and prediction of rate constants 
for organic reactions1 

J. Peter Guthrie 

Abstract: Marcus theory provides a framework for correlating rate and equilibrium constants, and thus the possibility of 
predicting rate from structure. This had been successful for a number of simple reactions, including the addition of hydroxide to 
carbonyl compounds, enolate formation from carbonyl compounds, and aldol addition and elimination reactions. The theory can 
be extended, as Multidimensional Marcus Theory, to cover concerted reactions such as E2 eliminations, the water-mediated 
proton switch, or the breakdown of the tetrahedral intermediate in amide hydrolysis. We have now found that Marcus theory can 
be applied not only to inter-molecular reactions but also to intra-molecular reactions. This is illustrated for aldol condensation 
and esterllactone formation. 

Key words: Marcus theory, concerted reactions, intramolecular reactions, aldol condensation, ester formation, proton transfer. 

Resume : La thCorie de Marcus offre un s y s t h e  pour Ctablir des corrClations entre les constantes de vitesse et dlCquilibre et, de 
ce fait, la possibilitC de faire des pridictions relatives aux vitesses ii partir des structures. Cette approche a CtC couronnke de succks 
pour un certain nombre de rCactions simples, y compris l'addition de l'ion hydroxyde ii des composks carbonylks, la formation 
d'Cnolates 5 partir de composCs carbonylks et les rkactions d'addition et d'klimination aldoliques. On a ktendue la thiorie, sous 
la forme de la thCorie multidimensionnelle de Marcus, pour couvrir les rCactions concertkes, comme les Climinations E2, 
1'Cchange de protons avec l'eau comme mCdiateur ou 1adCpyramidalisation de l'intermkdiaire tCtraCdrique lors de l'hydrolyse des 
amides. On a trouvC que la thCorie de Marcus peut &tre appliquCe, non seulement aux rCactions inter~nolCculaires mais aussi aux 
rCactions intramolCculaires. On illustre ce point par la condensation aldolique et le formation d'esterllactone. 

Mots clCs : thCorie de Marcus, reactions concertCes, rkactions intramolCculaires, condensation aldolique, formation d'ester, 
transfert de proton. 

[Traduit par la ridaction] 

Introduction nisms involving simultaneous participation of two or three 

There are two aspects to the problem of explaining the chemi- 
cal origins of enzymic catalysis, as may be seen by examining 
the simple Michaelis Menton mechanism (1) for enzyme 
action, eq. [ I ] .  This is despite the fact that, as written, this sim- 
ple mechanism is so oversimplified that it is necessarily wrong 
for any real enzyme. An enzyme must bind its substrate using 
non-covalent interactions (hydrophobicity, electrostatics, 
hydrogen bonding, etc.) and then cause reaction within an 
enzyme substrate complex to occur much faster than reaction 
would occur for the same mechanism with the same reacting 
groups in an intermolecular reaction (2). It is generally 
believed that this rate enhancement is achieved by using more 
elaborate, more concerted mechanisms in the enzymic reac- 
tion than are observed in the non-enzymic process. Mecha- 
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catalytic groups are often proposed (3). Since enzymes 
involve rate phenomena, they are part of the larger problem of 
predicting the rates of organic reactions from the structures of 
the reactants. Since concerted reactions with several groups 
simultaneously involved are often suggested, the question of 
what controls when a reaction is stepwise and when it is con- 
certed is clearly relevant. Finally, the question of how much 
faster an intramolecular reaction is than is the corresponding 
intermolecular reaction is clearly at the heart of the problem of 
explaining enzymic catalysis (4). 

[ l ]  E + S  + ES 
kcat 

F E + P  
K,, 

This paper will be focused on three conjectures that drive 
my current research. These are to varying degrees still 
unproven and even controversial, but, I will argue, worthy of 
exploration and rigorous test. They are part of the general 
problem of understanding the chemical origins of enzymic 
catalysis. The conjectures are: 
1. Marcus Theory is generally applicable to organic 
chemistry, and intrinsic barriers are transferable. Marcus 
Theory permits prediction of a rate constant given the corre- 
sponding equilibrium constant and the intrinsic barrier evalu- 
ated for a similar reaction. Equilibrium constants are in 

Can. J. Chem. 74: 1283-1296 (1996). Printed in Canada I Imprimt au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74. 1996 

principle predictable from the structures of the species 
involved. 
2. Multidimensional Marcus Theory allows the concerted- 
ness or otherwise of a process to be predicted as well as the 
rate of the process. By generalizing Marcus Theory to more 
than one potentially concerted bond-makingrheaking process 
it is possible to calculate the nature and rate of the observable 
reaction. 
3. The effective molarity of an intramolecular reaction 
can be predicted given the equilibrium constant if data for 
intermolecular analogs are available. Intra- and inter- 
molecular reactions are governed by the same Marcus 
intrinsic barrier. Suitable extensions to the concept of the 
work term allow Marcus Theory to be applied to intramolecu- 
lar reactions. 

These conjectures, and the evidence supporting them, will 
now be discussed in turn. 

Conjecture 1 : Marcus Theory is generally 
applicable to organic chemistry, and 
intrinsic barriers are transferable 

Marcus developed a theory relating rate and equilibrium for 
chemical reactions (5-7). In its simplest form this is expressed 
in eq. [2] 

This equation can be interpreted in terms of Fig. 1, which illus- 
trates the situation for a reaction with two reactants and two 
products. The reactants must diffuse together, and the cost of 
bringing them together in an encounter complex is called the 
work term, w,. This includes the entropic cost of bringing the 
two species together, as well as any electrostatic or other 
interactions between them, any partial desolvation required to 
get them close enough to react, and any conformational 
changes needed to achieve the reactive conformation. Simi- 
larly, the products are initially formed in an encounter com- 
plex, which differs from the products free in solution by 
another work term, w,. Reaction occurs within the encounter 
complex and converts the encounter complex of reactants to 
the encounter complex of products. Marcus Theory applies to 
this reaction within an encounter complex, and thus involves a 
free energy change, AGO,,,, and a free energy of activation, 
AG~,,,, which need not be the same as the observable values, 
AGO,,, and AG',,,. 

Marcus Theory bvolves a parameter, the intrinsic barrier, 
which I symbolizeG. This can be interpreted as the kinetic bar- 
rier that would result if there were no thermodynamic barrier, 
Fig. 2. Now it is simple algebra to calculate 6 given AGO,,, 
and AG',,,, or to calculate any of t h ~ t h r e e  quantities given the 
other two. The problem is to obtain G for a new reaction where 
one does not know both AGO,,, and AG',,,. The approxima- 
tion I have used is that for a class of "similar" reactions, where 
variation is "far enough" from the reaction center, and the 
intrinsic barrier is "approximately" constant and thus transfer- 
able. The weasel words in quotes are strikingly reminiscent of 

Fig. 1. Model for a reaction, A + B + A,B + C,D =+ C + D 
used in applying Marcus Theory. The reactants come together in 
an encounter complex (A,B) at a free energy cost w,, and react 
within this complex to form (C,D), the encounter complex of 
products, which then separate, releasing free energy wp. Marcus 
Theory applies to reactions within the encounter complex where 
AG~,,, is determined by AGO,,, and the intrinsic barrier,E. 

Fig. 2. Interpretation of the intrinsic barrier as the free energy of 
activation when AGO,,, = 0, even though AGoobs is not zero in 
the case illustrated. 

those used for the Hammett or Taft equations and, analogously 
to those cases, we have found that the assumption of transfer- 
able intrinsic barriers is good enough to permit the use of Mar- 
cus Theory for a wide range of organic reactions. 

There have been numerous treatments of relations between 
rate and equilibrium, summarized in Jencks' acronym (8) 
BEMA HAPOTHLE (9-16). Marcus provided an equation 
that, if one knew the intrinsic barrier, allowed prediction of 
rate from equilibrium. He also provided a way, at least for sys- 
tems where there was an identity reaction, to predict the intrin- 
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sic barrier. His equation has proven to be more general than the 
derivation seemed to justify. 

It turns out that the work term and the intrinsic barrier are 
generally subject to covariance, so that if both are allowed to 
vary, many pairs of values will give very similar fits to the 
data. I calculated the work term for the most realistic practi- 
cal model, and then varied only the intrinsic barrier. This 
means that the intrinsic barriers I report do depend on the 
model used for the work term, and this must be kept in mind 
whenever intrinsic barriers from different studies are com- 
pared. 

To go the next step and apply the theory to concerted reac- 
tions we will need equations for the free energy at each point 
along the reaction coordinate. Several models have been used 
to provide such equations. One of the commonest is the 
inverted parabola model (10, 17-20) illustrated in Fig. 3 and 
eq. [3]. This model has the shape dictated by chemical intu- 
ition at the transition state, but looks unrealistic at the reactant 
and product ends. A model that is equivalent as far as the 
expression for transition state energy is concerned involves 
two intersecting parabolas with the same curvature (20), as 
illustrated in Fig. 4 and eq. [4]. This model seems intuitively 
more satisfying at the reactant and product ends, but seems too 
cusplike at the transition state. A third model, which seems 
likely to be more realistic at the three places where we think 
we know something, is based on a quartic equation (21-23), 
Fig. 5 and eq. [5]. 

- AGO' 
AG'= G 1 +- AGO ( 4 4 G ) =  ~ ( 1 + 8 ( % ) + 1 6 ( ~ ) )  

The first general examination of the applicability of Marcus 
Theory to organic chemistry was by Hine (24), who showed 
that for a wide range of organic reactions, the available data 
seemed to fit quite well to the Marcus model, with transfer- 
able intrinsic barriers. In his examination of the reaction of 
hydroxide with carbonyl compounds, he was limited at that 
time to data for additions to aldehydes and ketones, since 
these were the only compounds available. We were able to 
determine equilibrium constants for addition to esters (25, 
26), thioesters (27), and amides (28), by an indirect method 
based on thermochemistry and thermodynamics (29). With 
additional data we were able to show that the Marcus correla- 
tion extended over 20 powers of 10 in equilibrium and 10 

Fig. 3. Inverted parabola model for energy as a function of 
reaction coordinate. The reaction coordinate is a bond order 
coordinate, defined to be 0.0 at the reactants and 1.0 at the 
products. 

Fig. 4. Two intersecting parabola model for energy as a function 
of reaction coordinate. Both parabolas have the same curvature. 
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Fig. 5. Quartic model for the energy as a function of the reaction 
coordinate. 

powers of 10 in rate (27); admittedly there were signs of dis- 
persion into slightly different correlations for different groups 
of compounds. A more recent version of this correlation is 
shown in Fig. 6. The model for the encounter complex used in 
this plot involves partially desolvated hydroxide ion in contact 
with one of the two faces of the carbonyl group. The hydrox- 
ide ion must have lost one of its hydrogen-bonded waters in 
order to be ready to react with the carbonyl. The energy of this 
hydrogen bond is estimated from the difference in pKa for 
water between water and DMSO (30). pK, values for small, 
nonpolarizable acids are expected to be about the same in the 
two solvents: 1 pK, unit higher because of the lower dielectric 
constant of DMSO (31); and 1 pKa unit lower because of the 
greater basicity of DMSO (3 1). The source of the difference, 
which is commonly observed, is that DMSO cannot donate 
hydrogen bonds. In this way we can estimate that the energy 
of one of the three hydrogen bonds to hydroxide ion is 7.13 
kcaVmol (32). Using this model, which we believe is more 
realistic, we find that the most reactive compounds deviate 
from the curve defined by less reactive species. I will argue 
(33) that this is because the reaction is in fact hydroxide as 
general-base-catalyzing attack by water, and that only for 
very reactive aldehydes is there evidence that the intrinsic bar- 
rier is smaller. Direct attack will give way to general base cat- 
alyzed attack when direct attack of hydroxide on the carbonyl 
becomes so fast that the main barrier would be fonnation of 
the complex with partial desolvation of the hydroxide. Under 
these circumstances, general-base catalysis provides a way to 
avoid this encounter complex, which would be a high-energy 
intermediate 

The Marcus relation can also be used to correlate rate and 
equilibrium constants for enolate formation (32), as shown in 

Fig. 6. Rate-equilibrium correlation for hydroxide addition to 
carbonyl compounds. Calculated for reaction within an encounter 
complex, with partially desolvated hydroxide. (0) amides, esters, 
and thioesters; (A)  aldehydes. For the more reactive esters and 
aldehydes, the reaction is actually hydroxide-catalyzed attack of 
water with the hydroxide acting as general base. Only for the very 
most reactive aldehydes is the intrinsic barrier actually lower. The 
line is drawn using the average intrinsic barrier. 

l o g  K 

Fig. 7. The model used for the work term in these calculations 
is that hydroxide ion must be in one of two locations above or 
below the plane of the carbonyl group (24) and must have lost 
one of its waters of hydration. The intrinsic barrier for this pro- 
cess is 7.83 t 0.1 1 kcallmol. 

We next examine a ca rbon~arbon  bond-forming reaction, 
the aldol condensation. The detailed mechanism that we use 
for this analysis is shown in Scheme 1. For the intermolecular 
aldol addition, the step to which Marcus analysis should be 
applied involves reaction of the enolate of one component with 
the other component in an encounter complex, to give the 
anion of the aldol/ketol. The pKa of the ketol can be estimated 
from linear free energy relations (27); the pK,'s of the carbon 
acids have been determined by Keefe and Kresge (34). For the 
aldol elimination, the step to which Marcus analysis should be 
applied involves expulsion of hydroxide from the reactive 
confonnation of the ketol enolate to give the encounter com- 
plex of enone with partially desolvated hydroxide; see Scheme 
2. The reactive conformation of the ketol enolate has the 
C-0 bond that is to cleave perpendicular to the plane of the 
enolate. The pKa's of the ketols as carbon acids were estimated 
by linear free energy relations starting from the pK, of 4- 
methoxybutanone, which was determined from the rate of 
exchange (35) by means of the Marcus relation for enolate 
formation described above (27). 
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Fig. 7. Rate-equilibrium correlation for hydroxide-catalyzed 
enolate formation from aldehydes and ketones. The reaction was 
within an encounter complex with partially desolvated hydroxide 
ion. The line is calculated using an average value for the intrinsic 
barrier. 

l o g  K 

Scheme 1. Detailed mechanism for the aldol addition: horizontal 
arrows represent the C-C bond-forming process, while vertical 
arrows represent successive approximations to the microscopic 
bond-forming process, shown in the lowest line of the scheme. 

0- 
I P !? 0- 

R - G  H + R--%" - 
C R-G+; 
H 

I 
H H 

Scheme 2. Detailed mechanism for the aldol elimination step: 
horizontal arrows represent the dehydration process, while 
vertical arrows represent successive approximations to the 
microscopic bond-breaking process, shown in the lowest line of 
the scheme. 

When the rate and equilibrium constants for the micro- 
scopic rate-determining step for aldol addition are plotted, Fig. 
8, we find that they are in reasonable accord with the Marcus 
Theory. The intrinsic barrier in free energy terms is 13.89 ? 
0.80 kcallmole (32). The scatter reflects either the inadequacy 
of our assumption of constant intrinsic barrier, or that there are 
effects that we have not yet allowed for. 

Similarly, when rate and equilibrium constants for the 
microscopic rate-determining step in the aldol elimination 
reaction are plotted, Fig. 9, we find that these too are in good 
accord with Marcus Theory. The intrinsic barrier, in free 
energy terms, is 14.13 2 0.49 kcallmol (32). 

One of the attractive potentials of Marcus Theory is the pos- 
sibility of predicting rates of reactions that have not yet been 
carried out. Based on equilibrium data for addition of other 
nucleophiles to trifluoroacetophenone (36), and information 
about the properties of acetone as a carbon nucleophile (37), I 
predicted the equilibrium constant for the aldol reaction of 
acetone with trifluoroacetophenone and, from this, the rate 
constant for the microscopic step (32). This step was predicted 
to be 9 x lo3 times faster than the analogous rate constant for 
acetone plus acetophenone, for which we have measured the 
overall rate constant (38). 

Testing this prediction proved to be a challenge because of 
the high reactivity of trifluoroacetophenone towards all 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chern. Vol. 74,1996 

Fig. 8. Rate-equilibrium correlation for aldol addition. The 
reaction occurs within an encounter complex of enolate and 
carbonyl addend, and leads to the aldolate or ketolate anion. The 
line is based on the average value of the intrinsic barrier. 

0 I I 
0 0 50 100 150 

log K 

nucleophiles including hydroxide ion. The detailed kinetics 
have been worked out, and the rate constant for the reaction of 
acetone enolate with a,a,a-trifluoroacetophenone can be cal- 
culated; as predicted it is much faster than the corresponding 
rate constant for acetone plus acetophenone (38). The actual 
rate ratio is 7.5 x lo3. The magnitude of the problem posed by 
this system is illustrated in Scheme 3, which shows the species 
that had to be considered in the analysis. Although trifluoroac- 
etophenone is far more reactive in terms of the microscopic 
rate constant, it is actually less reactive in terms of the observ- 
able behavior under normal synthetic conditions because 
so much of the total trifluoroacetophenone is tied up as the 
carbonyl hydrate anion. 

The successful prediction of a large rate enhancement 
means that application of Marcus Theory to aldol reactions has 
passed a stringent test. It suggests quite strongly that we have a 
general way to make approximate predictions of the rate con- 
stants for new reactions. 

This conformity to Marcus Theory can be shown to apply 
to other carbon-carbon bond-forming reactions. We have 
determined rate and equilibrium constants for a set of Claisen 
condensations in methanol, which we believe is the first such 
study to have been carried out (39). Although the range of 
equilibrium and rate constants available so far is limited, the 
data are consistent with a single value of the intrinsic barrier, 
G = 15.4 + 1.1 (in methanol). Thus it seems as if a wide range 
of reactions of carbonyl compounds will fit the Marcus 
pattern, with transferable intrinsic barriers, although the 
barriers may differ somewhat from one class of reaction to 
another. 

Fig. 9. Rate-equilibrium correlation for the aldol elimination 
reaction. The reaction starts with the conformation of the aldol or 
ketol enolate that has the OH group, which is to depart 
orthogonal to the plane of the enolate and leads to partially 
desolvated hydroxide ion in an encounter complex with the 
enone. The line is based on the average value of the intrinsic 
barrier. 

When the intrinsic barrier is large, as in the examples above, 
then curvature in the line relating rate and equilibrium is 
slight. Nonetheless, the Marcus curve involves only one 
adjustable parameter, where a simple linear correlation 
requires two. Marcus theory directs one to look at the micro- 
scopic rate-determining step within an encounter complex if 
one is to find a rate-equilibrium correlation. This gives a 
guide to improved predictability. 

This has been a brief summary of our contributions to the 
application of Marcus Theory to organic reactions, which in 
combination with studies from other laboratories (5, 18, 24, 
40-87), provides the basis for carrying on with the first con- 
jecture. Although the application of Marcus theory is still not 
universally accepted, and has been vigorously challenged 
(88), there seems at the very least to be enough evidence to 
support a strong effort to test it further by examining addi- 
tional reactions. 

Conjecture 2: Multidimensional Marcus 
Theory allows the concertedness or 
otherwise of a process to be predicted 
as well as the rate of the process 

We now turn to an examination of the requirements for a reac- 
tion to be concerted as opposed to stepwise, and of a method 
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Guthrie 

Scheme 3. Acetone plus trifluoroacetophenone. 

for predicting both concertedness and the rate constant for the 
concerted reaction. The method that I have developed for this 
purpose is Multidimensional Marcus Theory, a generalization 
of the theory to two, three, or even four reaction coordinate 
dimensions, as well as an energy dimension. Other approaches 
to handling concerted reactions in terms of multidimensional 
reaction coordinates have been reported in the literature (55, 
63, 69, 89, 90). 

The theory is based on four postulates: 
1. Reactants are in equilibrium with starting material or prod- 
uct at each point along each reaction coordinate. This is the 
essential assumption in transition state theory. 
2. At each section through the reaction hypersurface for 
which only one reaction coordinate changes, Marcus Theory 
will apply. This follows directly if Marcus Theory is 
applicable to simple organic reactions and postulate 1 is 
obeyed. 
3. The intrinsic barrier for any reaction coordinate is indepen- 
dent of the values of the other reaction coordinates. This pos- 
tulate is necessary to reduce the amount of empirical 
information needed to a manageable level. It seems to be jus- 
tified by experience. 
4. For any reaction coordinate chosen as progress variable, at 
fixed values of the other coordinates, the free energy will be a 
quartic function of the progress variable. This is a generaliza- 
tion of the quartic function assumption used for simple reac- 
tions. 

If a reaction can be described by two reaction coordinates, 
then the position of the transition state can be presented in 
terms of a reaction square, as illustrated in Fig. 10. These have 
become familiar as Albery (9 1) -More O'Ferrall(92) - Jencks 
(93) diagrams. The position of the transition state on such a 
diagram shows whether the transition state is central (a highly 

Fig. 10. Two-dimensional reaction coordinate diagram. x and y 
are the two edge coordinates. [0,0] is the starting point, [1,1] is 
the product, and [1,0] and [0,1] are the corner intermediates 
corresponding to reaction along only one edge coordinate. 

concerted reaction) or on an edge (a fully stepwise reaction) or 
has an intermediate character. Energy is of course a third 
dimension at right angles to the two shown. 

If a reaction requires three reaction coordinates for a 
satisfactory description, then one needs a reaction cube (89, 
94-96), as illustrated in Fig. 1 1. Although energy is again an 
additional dimension at right angles to the other three, there is 
no simple way to show the energy for every point, although it 
is possible to show the contour for a particular value of the 
energy. The position of a transition state within the cube 
shows the nature of the transition state as we saw for the 
square. There are now three possibilities; a fully concerted 
reaction will have a transition state near the center of the cube; 
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Fig. 11. Three-dimensional reaction coordinate diagram. x, y, 
and z are the three edge coordinates. [0,0,0] is the starting point, 
[1,1,1] is the product, [1,0,0], [0,1,0], and [0,0,1] are the corner 
intermediates corresponding to reaction along only one edge 
coordinate, and [1,1,0], [1,0,1], and [O,I, I] are the corner 
intermediates corresponding to reaction along two edge 
coordinates. 

a reaction that is concerted in only two dimensions will have a 
transition state near the center of one of the 6 faces of the cube; 
a fully stepwise reaction will have a transition state located on 
one of the 12 edges of the cube. 

Finally, if a reaction requires four reaction coordinates for a 
satisfactory description, and numerous reactions seem to need 
this many, then one needs a reaction hypercube. It is difficult 
to draw a four-dimensional figure on two-dimensional paper. 
To do so (97) we project one of the dimensions to a vanishing 
point in the center of the cube involving the other three dimen- 
sions. This leads to the diagram shown in Fig. 12. Fortunately 
we have found that one will essentially never encounter an 
actual reaction for which the transition state involves con- 
certed change in four reaction coordinates at once. At least for 
a very symmetrical case it is possible to prove that the require- 
ments for such a concerted reaction are so severe that they are 
unlikely ever to be met (98). It may still be very useful to use 
the four-dimensional version of Multidimensional Marcus 
Theory to find out which reduced dimensional region of the 

Fig. 12. Four-dimensional reaction coordinate diagram. w, x,  y, 

and z are the four edge coordinates. [0,0,0,0] is the starting point, 
[1,1,1,1] is the product, [1,0,0,01, [0,1,0,0,1, [0,0,1,0], and 
[0,0,0,1] are the corner intermediates corresponding to reaction 
along only one edge coordinate, [ l ,  1,0,0], [1,0,1,0], [I ,O,O, I], 
[O, 1,1,0], [O, 1.0, I], and [0,0,1,1] are the corner intermediates 
corresponding to reaction along two edge coordinates, and 
[1,1,1,0], [1,1,0,1], [1,0,1,1], and [0,1,1,1] are the corner 
intermediates corresponding to reaction along three edge 
coordinates. 

full reaction coordinate space is relevant to the nature of the 
transition state. 

Qualitatively, what one observes is that concerted reactions 
occur when a concerted path permits the reaction to avoid 
unstable intermediates. If the corner intermediates are not high 
energy relative to both starting material and product, then 
there is little advantage to be gained by avoiding them, and 
reaction is likely to be stepwise. If one intermediate is much 
higher energy than the others, then it will be avoided, and a 
lower dimensional or stepwise path will be followed. 

The equations needed to prescribe the energy at each place 
in the reaction hyperspace can be deduced from the four pos- 
tulates, but become increasingly complex as the number of 
dimensions rises. These equations, in their full mathematical 
beauty, are shown in eq. [6]. 
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where 

with Zii being the Kronecker delta. 
I have published several examples of the use of this 

approach to describe organic reactidns. The first attempt at a 
two-dimensional version of Multidimensional Marcus Theory 
was used to describe the E2 elimination of ethyl, isopropyl, 
and tert-butyl bromides (23). This work led to a qualitative and 
semi-quantitative prediction of the nature and energy of the 
transition state, using only information from solvolysis reac- 
tions and estimated energies of the carbocation and carbanion 
"corner intermediates." o n e  disturbing feature of this work is 

u 

that to obtain sensible free energies of activation the intrinsic 
barrier for removal of a proton from carbon to give a localized 
carbanion had to be small, ca. 1 kcaltmol. This was disturbing 
because increasingly it was being suggested in the literature 
that the intrinsic barrier for proton transfer between oxygen 
and oxygen or oxygen and nitrogen was 5 kcaYmol(99-102), 
which would lead to free energies of activation for elimination 
reactions that were too high. I will return to this point. 

Two-dimensional Multidimensional Marcus Theory was 
also applied to ester interchange reactions where an aryl ester 
reacts with an aryloxide ion (103). This analysis showed that 
the interchange reactions with anions of acidic phenols were 
concerted displacements, even though the hydrolysis reactions 
of the analogous aryl acetates followed the standard tetrahe- 
dral intermediate mechanism. pK, values that would give the 
limiting stepwise mechanisms, either via a tetrahedral inter- 
mediate or via an acylium ion, could be deduced as well (103). 

More recently I have applied Multidimensional Marcus 
Theory to proton transfer reactions involving oxygen or nitro- 
gen species, and to water-mediated proton switch reactions in 
which a proton migrates from one atom of a molecule to 
another without ever escaping into solution (104). Such mech- 
anisms have been shown to be important in exchange reactions 
that can be followed by nrnr, and in carbinolamine forming 
processes. As I stated above, my examination of the E2 reac- 
tion, combined with a common organic prejudice that proton 
transfer along a preformed hydrogen bond should be very easy 
(24, 42, 43, 102, 105-107), led me to expect a small intrinsic 
barrier for "fast" proton transfers.   ow ever examination of the 
classic data from Eigen (108) on such proton transfers, inter- 

preted in terms of the classic Eigen mechanism, with a chem- 
ical step preceded and followed by diffusional steps, showed 
that application of Marcus theory to the chemical step required 
a barrier of 4-5 kcallmol. The way in which this apparent 
intrinsic barrier fits the data is shown in Fig. 13. This was a 
serious problem. The resolution came when I read a paper by 
Berg and Jencks (109). In this paper it was shown that the rate 
of proton exchange in amines was limited by the energy cost 
of moving a water out of contact with the amine, leaving a 
water-sized hole, into which a different water could diffuse. 
The activation energy for moving the water out was deter- 
mined by the cavitation energy, the hydrogen bond energy, 
and the dispersion forces between amine and water. This gives 
a total very similar to the observed free energy of activation 
for exchange and also to the activation energy for diffusion. 
Suddenly the answer to the conundrum was clear. The Eigen 
mechanism could not lead to a contact hydrogen-bonded pair, 
because loss of the last water molecule separating the acid and 
base would be too slow, leading to a rate constant of about lo7 
M-' s-', while the observed process has a rate constant greater 
than lo9 M-I s-I. This water would be held by two hydrogen 
bonds, each worth just over 3 kcallmol, and both would have 
to be lost in order for the last water to move out of contact with 
the acid and base. This meant that the proton transfer was a 
two-dimensional process involving motion of one proton to 
the bridging water and one from it. Analysis in terms of the 
appropriate square diagram permitted calculation of the acti- 
vation energy for the proton transfer, giving results within 1 
kcal of the true value, with an intrinsic barrier of 1 kcaltmol. A 
similar model, but with two bridging water molecules, permit- 
ted calculation of the rates of water-mediated proton switch 
reactions (104). 

An examination of amide hydrolysis (1 10, 11 I), in collabo- 
ration with R.S. Brown and co-workers, led to a successful 
description of the alkaline hydrolysis in terms of a proton 
switch to give an anionic zwitterion that could then expel 
amine. The analysis suggested that the rate-limiting step was 
the proton switch, with breakdown of the anionic zwitterion 
being a very fast process (1 10, 112). This mechanism is shown 
in Scheme 4. 

The application of Multidimensional Marcus Theory is 
much less advanced than the application of Marcus Theory. I 
hope that the mathematical and computational tools that I have 
developed will facilitate this approach. Thus far the results are 
very promising, and further testing on other reactions is an 
important goal for research in my laboratory. 

Conjecture 3: The effective molarity of an 
intramolecular reaction can be 
predicted given the equilibrium 
constant if data for intermolecular 
analogs are available. Intra- and inter- 
molecular reactions are governed by 
the same Marcus intrinsic barrier 

Now I will turn to the final conjecture, concerning intramolec- 
ular reactions. It is commonly found that intramolecular reac- 
tions are fast relative to their intermolecular analogs (4). The 
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Fig. 13. Rate-equilibrium correlation for proton transfer 
reactions involving acetic acid with (left to right) 
hydrazine, imidazole, aniline, and m-chloroaniline. The 
line is calculated for the mechanism AH + B + AH,B + 
A,HB + A + HB with Marcus Theory applied to the 
second step and the first and third processes being 
diffusion controlled. The line is calculated with an average 
intrinsic barrier of 5.23 kcal/mol. 

4 I I 
4.0 -2 0 00 2.0 4.0 

l o g  K 

Scheme 4. Mechanism for breakdown of the tetrahedral 
intermediate in the base-catalyzed amide hydrolysis. 

size of the rate enhancement is measured by the "effective 
molarity," which is the ratio of the first-order rate constant for 
the intramolecular reaction to the second-order rate constant 
for the analogous intermolecular reaction. Effective molarities 
can range from quite small, to very large, 10' or even 
larger (4). 

We have studied a series of intramolecular aldol reactions 
(1 13, 114), illustrated in Scheme 5. The striking phenomenon 
is that cyclization of 2,5-hexanedione to form a five membered 
ring ketol is very similar thermodynamically to cyclization of 
2,6-heptanedione to form a six-membered ring ketol, yet is 
1000 times slower. There is clearly not a simple rate-equilib- 
rium correlation in terms of overall rates and equilibria. This is 
a situation governed by Baldwin's rules (1 15-1 18): the prob- 

Scheme 5. Inter- and intra-molecular aldol condensations. 

lem is that it is difficult to get the stereoelectronically required 
alignment of the planar carbonyl and planar enolate in order to 
form a five-membered ring, and much easier to get such an 
alignment to form a six-membered ring. In terms of Baldwin's 
rules, a 5-(en01 endo)-exo-trig reaction is forbidden while a 6- 
(en01 endo)-exo-trig reaction is allowed (118). We analyze 
these reactions in terms of a mechanism analogous to that used 
for the intermolecular aldols but, in place of encounter com- 
plex formation of enolate and carbonyl component, we have 
rotation to a conformation with the reacting atoms in van der 
Waals contact and able to react by a simple conrotatory 
motion, as shown in Scheme 6. The energies of the reactive 
conformations, with the reacting groups eclipsed for hex- 
anedione, or in what is equivalent to a 1,3-diaxial arrangement 
for heptanedione, were calculated by M M ~ ~  (1 19-1 21) for the 
neutral enols. When Marcus Theory is applied to the micro- 
scopic rate and equilibrium process defined above, we find 
that the intrinsic barrier so calculated is the same as for the 
intermolecular aldol reaction. 

In work that is still in progress we are examining lactone 
formation. The classic study of this process was by Storm and 
Koshland (l22), who reported the series shown in Scheme 7; 
to the data reported by Storm and Koshland we have added the 
rate and equilibrium constants (123) for 3-hydroxyvaleric 
acids-valerolactone. The rate enhancements became quite 
dramatic as they moved along the series. The challenge was to 
see if these reactions also could be explained in terms of Mar- 
cus Theory with the same intrinsic barriers as for intermolec- 
ular reactions. We interpret these reactions in terms of the 
detailed reaction mechanism shown in Scheme 8. To apply 
Marcus Theory we must know the energies of the tetrahedral 
intermediates, and estimate pK, values for all the protonated 
species encountered on the reaction path. 

We are in the course of determining the energies of the 
tetrahedral intermediates for a series of lactonizations by our 
indirect thermodynamic method (25, 26, 29, 124) We start 
with the heats of formation for the corresponding orthoesters, 
determined by reaction calorimetry using the process in eq. 

AS contained in MM3(89) as obtained from QCPE. 
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Scheme 6. Detailed mechanism for an intramolecular aldol condensation. 

Scheme 7. Intramolecular esterification. 

[8]. Then, by methods we used before, we could calculate the 
heats of formation for the liquids, heats of vaporization (125), 
entropies, free energies of transfer (126), and thus free ener- 
gies of formation in aqueous solution. Then we could calcu- 
late the (small) free energy changes for the hypothetical 
hydrolysis reactions replacing 0CH3 by OH (29), eq. [9] and 
arrive at the free energies of formation of the tetrahedral inter- 
mediates. 

pK, values were estimated by linear free energy relations, as 
we have previously described (27). pKBH+ values for the lac- 
tones are less well defined because there are no equilibrium 
studies of protonation of which I am aware. There are studies 
of methyl transfer equilibria relating cations, which show that 
the lactones are more basic than simple esters (127). Values of 

Fig. 14. Calculated reaction coordinate diagram for the acid- 
catalyzed formation of ethyl acetate from ethanol and acetic 
acid. The mechanism assumed is the same as in Scheme 8. 
Activation barriers for proton transfers assume diffusion 
control in the favorable direction. Encounter complex 
formation is assumed to be diffusion controlled, and the 
equilibrium constant for encounter complex formation is 
estimated following Hine. The free energies of activation for 
the addition of alcohol and the expulsion of water were based 
on previously determined intrinsic barriers. The observed free 
energy of activation is shown and is within 2 kcal of the 
calculated value. Note that for this process expulsion of water 
is the rate-limiting step. 
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Scheme 8. Mechanism for intramolecular esterification. 

0 OH 

pKBH+ for the lactones were estimated, but are unavoidably observed value. An additional complication is that the rate- 
uncertain. determining steps are expected to be different in these two 

The intrinsic barriers for addition of water (33, 103) or reactions; because of the lower intrinsic barrier for methoxide 
methanol (103) (or hydroxide or methoxide) to carbonyl expulsion, attack of the alcohol is only rate limiting when lac- 
groups are known, and so we have all the information to cal- tone formation is strongly favored thermodynamically. 

culate the full reaction coordinate diagram. We will focus on 
the cases of ethyl acetate and 2-endo-hydroxy[2.2. llbicyclo- 
heptane-6-endocarboxylic acid. Figs. 14 and 15 show the cal- 
culated free energy levels for intermediates and transition 
states, as well as the experimentally observed transition state 
level. The model used for the carbon-xygen bond-making/ 
breaking processes was as shown in eq. 1101; by using Multi- 
dimensional Marcus Theory we could allow for either general 
or specific acid catalysis and either simple attack by water or 
hydroxyl or general-base-catalyzed attack, with water as gen- 
eral base. Clearly we are able to come quite close to the 

Two examples do not constitute general proof but it is very 
encouraging that the first two cases to have been examined fit 
a pattern involving intrinsic barriers for intramolecular reac- 
tions that are the same as for the intermolecular analogs. If the 
intrinsic barrier is in general the same for an intramolecular 
reaction as for the analogous intermolecular reaction, then 
once we have the energies of the intermediates and products 
for the two reactions, and know the intrinsic barrier for the 
type of reaction involved, we can calculate the effective 
molarity for the kinetic process. In principle, and increasingly 
readily in practice, it will be possible to calculate the energies 
of stable species from structure, so our results hold out the 
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Fig. 15. Calculated reaction coordinate diagram for the 
acid-catalyzed formation of lactone from 6-endo-hydroxy- 
[2.2.1]bicycloheptane-2-endocarboxylic acid. The 
mechanism assumed is the same as in Scheme 8, and the 
calculations were as described in the legend to Fig. 14. The 
observed free energy of activation is shown and is within 1 
kcal of the calculated value. Note that for this process 
addition of the alcohol is the rate-limiting step. 

prospect of a complete explanation for intramolecular rate 
enhancements. 

Although the conjectures that currently drive my research 
are still incompletely proven and controversial, the evidence to 
date is encouraging and will guide further research as I seek 
additional tests of these ideas. 
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Solid phase microextraction - a unique tool 
for chemical measurements1 

Tadeusz Gorecki, Anna Boyd-Boland, Zhouyao Zhang, and Janusz Pawliszyn 

Abstract: The paper presents recent advances in solid phase microextraction (SPME). The method utilizes a small fused silica 
fibre coated with a suitable polymeric stationary phase for analyte extraction from various matrices. The fibre is mounted in a 
syringe-like holder for protection. SPME has been used for the characterization of polymeric coating properties. Infinite-dilution 
weight-fraction activity coefficients have been determined for five solutes in two different stationary phases. Their values 
correlate well with the structure of the analytes and the coating. Other SPME uses include simultaneous determination of 60 
pesticides in liquid matrices. A comparison between SPME, liquid extraction, and Soxhlet extraction for the analysis of Atrazine, 
Simazine, and Metolachlor in well water, as well as Metolachlor in soil samples, produced similar results for all three methods. 
The solvent-free character of SPME enables its use as sample introduction technique for fast GC analysis. Separations of BTEX 
in less than 9 s, and of volatile compounds described in EPA method 624 in 2.5 min, are described. SPME has also been used for 
the analysis of tetraethyllead and Pb(I1) in water. Before the analysis, lead is derivatized with sodium tetraethylborate, and the 
tetraethyllead formed is extracted from sample headspace. Sub-ppb detection limits have been achieved with FID. Finally, SPME 
has been coupled to HPLC with the use of a specially designed interface. The combination has been tested on samples of 
polyaromatic hydrocarbons and surfactants in water. Very good precision of retention times and peak areas has been achieved. 

Key words: solid phase microextraction, coating characterization, pesticide analysis, fast GC, lead and organolead compounds, 
SPMEIHPLC. 

Resume : Dans ce travail, on prCsente les rCsultats rCcents obtenus en microextraction en phase solide (MEPS). La rnCthode fait 
appel ii une petite fibre de silice fondue recouverte d'une phase stationnaire polymCrique appropriCe permettant de faire 
l'extraction de l'analyse ii partir de diverses matrices. Pour sa protection, la fibre est montCe dans un recipient en forme de 
seringue. La MEPS a CtC utiliste pour la caractkrisation de propriCtCs de recouvrements polymCriques. On a dttermint les 
coefficients d'activitC a dilution infinie de la fraction massique pour cinq solutCs, dans deux phases stationnaires diffkrentes. Les 
valeurs prCsentent une bonne corrilation avec la structure des analytes et du recouvrement. La dktermination de 60 pesticides 
dans des matrices liquides est une autre utilisation des MEPS. Une comparaison de la MEPS avec l'extraction liquide et 
l'extraction au Soxhlet pour l'analyse de l'Atrazine, de la Simazine et du MCtolachlore dans l'eau de puits, ainsi que du 
MCtolachlore dans des Cchantillons de sols, ont conduit i des rCsultats semblables pour les trois mCthodes. Compte tenu du &:t 

que les MEPS n'impliquent aucun solvant, cette mCthode peut Ctre utilisCe comme technique d'introduction des Cchantillons 
pour des analyses en CG rapides. On dCcrit la sCparation du BTEX en moins de 9 s et celle des composCs volatils dCcrits dans la 
mCthode de I '<< EPA 624 )) en 2,5 min. On a aussi utilisC la MEPS pour l'analyse du tCtraCthylplomb et du Pb(I1) dans l'eau. Avant 
I'analyse, le plomb est transform6 en dCrivC l'aide de tCtraCthylborate de sodium et le tCtraCthylplomb form6 est extrait de 
I'tchantillon. On a atteint des limites de dCtection infirieures au ppb avec le <<FIDD. Enfin, on a coup16 la MEPS i la CLHP ii 
l'aide d'une interface dessinCe i cette fin. On a CvaluC la combinaison sur des Cchantillons d'hydrocarbures polyaromatiques et 
d'agents de surface dans l'eau. On a obtenu de trks bonnes prCcisions pour les temps de rttention et pour les surfaces sous les 
pics. 

Mots elks : microextraction en phase solide, caractkrisation du revctement, analyse des pesticides, CG rapide, composCs du 
plomb et organoplombCs, MEPSICLHP. 
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Fig. 1. Schematic diagram of the commercial SPME device. 
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Introduction 

Analysis of trace components in natural liquid samples 
requires, in most cases, isolation and preconcentration of the 
analyte from the matrix. In the case of organic compounds, this 
is usually done by liquid-liquid extraction (including Soxhlet 
extraction), solid phase extraction, or headspace extraction 
(1). All these methods suffer from numerous drawbacks. Liq- 
uid-liquid extraction (LLE) requires large quantities of high- 
purity solvents, which are expensive to purchase and dispose 
of, and pose health and environmental hazards. Methods based 
on LLE are very laborious and time consuming. Their multi- 
stage character increases the potential risk of errors. 

Solid phase extraction (SPE) is a much more modem 
approach. In this method analytes are isolated from the liquid 
matrix by adsorption onto a specially formulated material, 
usually packed in a cartridge or immobilized in a disk-shaped 
support. Application of SPE allows the time required for sam- 
ple preparation to be significantly cut compared to LLE. How- 
ever, the method is not completely solvent free, as a certain 
amount of solvent is necessary to liberate the trapped analytes 
prior to their chromatographic analysis. In many cases the elu- 
ate must be further concentrated by controlled evaporation of 

the solvent, which can pollute the atmosphere. Analyte losses 
may also occur at this stage. Suspended solids may cause 
plugging of the cartridges. The biggest SPE drawback, how- 
ever, is the strong dependence of the breakthrough volumes on 
matrix composition. 

Headspace extraction is, by its nature, limited to volatile 
and semivolatile analytes. Except static headspace, the 
method is difficult to automate. Dynamic headspace tech- 
niques are multistage, thus potentially error prone. Foaming 
can be a significant problem when analyzing natural samples. 
In some variations (closed-loop stripping analysis) small 
amounts of solvent have to be used for analyte desorption. 

Solid phase microextraction 

Solid phase microextraction (SPME) is a new approach, intro- 
duced about 6 years ago (2). It addresses most of the disadvan- 
tages of the methods mentioned above. SPME utilizes a small 
fused silica fibre, usually coated with a suitable polymeric sta- 
tionary phase, for analyte extraction from a matrix. The fibre 
is mounted for protection in a syringe-like device. As the sta- 
tionary phase is a liquid, analytes are absorbed by it until an 
equilibrium is reached in the system. The amount extracted 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Gorecki et al. 

under such conditions is dependent on the partition coefficient 
between the sample and the coating. No total extraction 
occurs, thus problems related to breakthrough or limited sam- 
ple capacity are virtually nonexistent. 

Figure 1 presents the commercial SPME device, produced 
by Supelco, Inc. (Bellefonte, Pa.). The fibre, glued into a piece 
of stainless steel tubing, is mounted in a special holder. For 
protection during storage or piercing of a septum the fibre is 
withdrawn into the needle. During extraction the fibre is 
exposed to the sample by depressing the plunger. The analytes 
are allowed to partition into the coating for a predetermined 
time, and the fibre is then retracted into the needle. The whole 
device is next transferred to a GC, and the fibre is inserted into 
a hot injector, where thermal desorption of the trapped ana- 
lytes takes place. The entire process is very simple and 
straightforward. It can be easily automated by using a properly 
modified syringe autosampler, commercially available from 
Varian (Varian Associates, Sunnyvale, Calif.). 

SPME combines sample isolation and preconcentration into 
a single step, eliminating many potential sources of error. The 
technique is completely solvent free. Handling of the sample is 
minimal. Owing to the simple, cylindrical geometry of the sor- 
bent, no plugging can occur. The potential matrix effects can 
be accounted for by standard addition. The technique requires 
no instrumental modifications, as regular GC injectors are 
used for analyte desorption. SPME has been used for many 
applications, including the determination of substituted ben- 
zene compounds (3, 4), caffeine in beverages ( 3 ,  volatile 
organic compounds in water (6), polyaromatic hydrocarbons 
and polychlorinated biphenyls (7), chlorinated hydrocarbons 
(8), and phenols (9, 10). Sampling can be carried out directly 
from liquid samples, from their headspace, or from headspace 
over solid samples (1 1). Another promising field is application 
of SPME for the analysis of organic air pollutants (12). 

The heart of SPME is the coating. Its physicochemical char- 
acteristics determine the suitability of the technique for the 
analysis of various classes of compounds. Six different coat- 
ings are currently available from Supelco: 7 pm, 30 pm, and 
100 p m  thick poly(dimethylsiloxane), 85 p m  thick poly(acry- 
late), 65 p m  thick poly(dimethylsiloxane)ldivinylbenzene, 
and 65 p m  thick Carbowaxldivinylbenzene. Fibres coated 
with poly(dimethylsi1oxane) are suitable for the analysis of 
nonpolar and moderately polar analytes. Poly(acry1ate) coated 
fibres work best for analytes of intermediate to high polarity. 
Fibres containing divinylbenzene are best suited for the 
extraction of volatile polar and nonpolar compounds. New 
coatings are still being developed. Finding ones that are suit- 
able for specific groups of analytes among the many possible 
polymers is not a trivial task. It requires a simple, cost-effec- 
tive, and time-efficient method for characterization of parti- 
tion and (or) adsorption properties of these materials. 
Interestingly, SPME offers new ways to characterize the prop- 
erties of polymers used not only as coatings, but also as sta- 
tionary phases in chromatography. 

Application of SPME for physicochemical 
measurements (ref. 13) 

Sorbent materials, used as stationary phases or coatings, are 
essential in the development of SPME, GC, and HPLC. The 
GC stationary phases are usually characterized by Kovats 

Indexes and Rohrschneider-McReynolds constants (14). 
These parameters are obtained by using standardized probe 
solutes, each representing a group of organic compounds. A 
similar concept is used for the characterization of coating 
materials for SPME. However, instead of conventional param- 
eters, infinite-dilution activity coefficients of probe solutes are 
used to study the absorption or adsorption properties of 
selected coating materials. 

The measurements of infinite-dilution activity coefficients 
of solutes in a stationary phase are usually made by a static 
gravimetric method or by a dynamic GC method. Both of 
these methods suffer from many disadvantages, including the 
large quantity of the phase required in the static method or the 
need to prepare a chromatographic column coated with the 
phase under examination in the GC method. Nowadays, the 
latter method is normally used for the determination of infi- 
nite-dilution activity coefficients. 

SPME can be another tool for studying the properties of sta- 
tionary phases. It has some advantages of both the static and 
the GC methods, while minimizing their drawbacks. The sta- 
tionary phases of interest can be coated on fibres made of suit- 
able materials (fused silica, stainless steel, etc.). The process 
of making fibres is much easier than that of columns. It 
requires very little material. The SPME device with a selected 
fibre coating can be used to extract a group of probe com- 
pounds, which are then separated on a standard commercially 
available column and quantified by a GC-MS. No extrapola- 
tion is necessary, as very low analyte amounts can be accu- 
rately determined. 

The probe solutes used are McReynolds test solutes for GC 
stationary phases: benzene, butanol, 2-pentanone, nitropro- 
pane, and pyridine. The measurements consist of two steps. 
The first step is to measure the partition coefficients of the 
probe solutes between the stationary phase and the gas phase 
at near-infinite-dilution concentration levels. Then, from the 
partition coefficients, the corresponding activity coefficients 
are determined using the following equation: 

where Wy," is the virial corrected weight fraction infinite dilu- 
tion activity coefficient of the solute; wyp" is the weight frac- 
tion infinite dilution activity coefficient; pY is the solute 
saturated vapor pressure at tem erature T; B,, is the second E virial coefficient of the solute; v, is the bulk solute molar vol- 
ume used to correct the second virial coefficient, R is the gas 
constant; pL and ML are the density and the molecular weight 
of the stationary phase, and KR is the partition coefficient of 
the solute. 

The measurement of KR by SPME is straightforward. A gas 
sample is prepared by spiking no mass of a solute into a capped 
vial of a volume Vg. SPME sampling is then performed until 
equilibrium is reached between the coating and the gas phase. 
If the volume of the vial is sufficiently large, the concentration 
change of the solute in the vial before and after SPME is neg- 
ligible. The partition coefficient of the solute between the 
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Table 1. The weight-fraction infinite-dilute activity coefficients of five probe compounds 
('"y,,") and their virial corrected counterparts ("'y,,") in two coatings at four different 
temperatures. 

SPB- I SPB-50 
Temperature 

Analyte ("c) ln "yPm In "y," ln "yPm In "y," 

Benzene 25.00 1.7 1 1.72 0.56 0.57 
40.00 1.69 1.71 0.81 0.82 
80.00 1.57 1.60 0.46 0.50 

100.00 1.53 1.58 0.55 0.6 1 

Nitropropane 25.00 
50.00 
80.00 

100.00 

Pyridine 25.00 1.29 1.29 0.34 0.34 
50.00 1.21 1.21 0.60 0.6 1 
80.00 1.91 1.92 0.32 0.33 

100.00 1.64 1.66 0.39 0.4 1 

"Not calculated because v10 and Ell values are unavailable. 

coating and the gas phase can be calculated from the following 
equation: 

where Cf  and Cg are the solute concentrations in the coating 
and the gas phase at equilibrium, respectively; nf and no are the 
mass extracted by the fibre coating and the mass spiked into the 
vial, and Vf and V, are the volumes of the coating and the vial. 
To ensure that the concentration of the solute in the vial does 
not change during the measurement, the vial that contains the 
gas mixture has a volume about lo6 times larger than the vol- 
ume of the fibre coating. During the SPME measurements, the 
concentration of the solute in the fibre coating must be very 
low to ensure the validity of the assumption of infinite dilution. 

Table 1 summarizes the infinite-dilution weight-fraction 
activity coefficients (In '"7;) and their virial corrected counter- 
parts (In "7;") of the five McReynolds solutes measured by 
SPME in two polymeric coating materials: one is 7 p m  
poly(dimethy1siloxane) bonded phase (equivalent to SPB-l), 
the other is 15 pm 50% phenyl-substituted poly(dimethy1si- 
loxane) (equivalent to SPB-50). The weight-fraction infinite- 
dilution activity coefficients of the five probe compounds are 
indicators of how these compounds interact with the coating 
materials, thus can be used to characterize the properties of the 
coating. The '"7," values of the five compounds in the 50% 

phenyl poly(dimethy1siloxane) are quite different from those 
in poly(dimethylsi1oxane). The most obvious change is the 
substantial decrease of In "'7' values for benzene and pyri- 
dine. Compared to the poly(dimethylsiloxane) coating, the 
50% phenyl coating provides a physicochemical "environ- 
ment" more similar to their own molecular structure because 
of a large number of phenyl groups. Since the structural differ- 
ences between the solutes and the solvent become smaller, the 
In "'y," values also become smaller. 

Similar phenomena, although on a smaller scale, are also 
observed for nitropropane and 2-pentanone. In this case, the 
m--electrons of both compounds are interacting with phenyl 
groups and their delocalized m--electrons. The only compound 
with little change in In "'y," values is 1-butanol, which is the 
least polar among the compounds without a ring structure, and 
also the only compound without m--electrons. It is interesting 
to point out that for the four compounds (benzene, 2-pen- 
tanone, nitropropane, and pyridine) whose In "y; values are 
reduced substantially in the 50% phenyl poly(dimethylsi1ox- 
ane) coating, the temperature dependence of In "y," is also less 
apparent. This is another indication that these solutes in the 
50% phenyl poly(dimethylsiloxane) coating are in an environ- 
ment more similar to their own molecular structure than in the 
other coating. 

The above empirical discussion is not intended to explain in 
detail why and how the In "yPm values change. It indicates, 
however, that solution properties of the coating materials can 
be characterized by the In "y," values of the five probe com- 
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Fig. 2. Structures of pepticides analyzed i n  the combined method 

ORGANONITROGEN ORGANOCHLORINE ORGANOPHOSPHORUS 

Thiocarbamates Nitroanilines Diphenyl aliphatics Phosphate Phosphorodithioate 
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pounds. SPME, while based on the coatings for extraction of 
analytes, provides at the same time a new, simpler way for 

be broadly classified into three groups: organophosphorus, 
organochlorine, and organonitrogen. Within each of these 
groups, several classes of analytes were examined. Figure 2 
shows the structures of the classes and lists the target pesti- 
cides that have been analyzed. These pesticides represent a 
broad range of organic compounds with widely different sol- 
ubilities in water and polarities. 

The development of SPME methods for different pesticides 
must thus be a carefully optimized process that considers the 
affinity of different classes of analytes for different coatings. It 
was observed that nitrogen-containing herbicides and organo- 
phosphorus pesticides were generally better extracted by the 
poly(acry1ate) coated fibre (22, 23), whereas the organochlo- 
rine pesticides were generally better extracted by the 
poly(dimethylsiloxane) coated fibre (24). A wide linear range, 
typically over several orders of magnitude, is achievable for 
the organochlorine, organophosphorus, and organonitrogen 
pesticides. The methods developed have detection limits 
within the range required by the US EPA for most analytes 
when an FID detector is used. The use of a more selective 
detector, such as an ECD, NPD, or ion trap MS, enables detec- 
tion limits that are considerably better than conventional EPA 
methods can achieve (i.e., low ppt levels). The precision of the 
methods is good, with RSDs of less than 20% for all analytes 
with all detectors. 

In spite of the fact that some pesticides are better extracted 
by the poly(dimethylsi1oxane) coating, and others by the 

evaluating the properties of coating materials. 
Once the suitability of the given coating is confirmed, 

SPME can be used for the analysis of many different types of 
compounds. The scope of the technique can be broadened by '. 

new, nonconventional approaches to the analysis. Following is 
a brief presentation of some of the latest achievements in prac- 
tical applications of SPME. 

Application of SPME to pesticides 
analysis 

In the United States alone over 100 million hectares of agricul- 
tural land is treated with pesticides annually to prevent crop 
damage from a variety of insects, fungi, and noxious weeds 
(15). Pesticides are also frequently used for industrial and 
domestic purposes. The extensive use of pesticides has led to 
environmental concern because of their persistence and conse- 
quent presence in air, soil, and water. Typical concentration 
levels of pesticides in contaminated waters range from low ppt 
to low ppb ( 1 6 2 1 )  Pesticides are classified as either herbi- 
cides, insecticides, or fungicides. SPME has been successfully 
applied to the analysis of pesticides falling mainly into the first 
two groups. 

In total 60 different pesticides have been analyzed by SPME 
methods developed in our laboratory. The target analytes can 
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Fig. 3. Total ion chromatogram (TIC) of orange juice spiked with 60 pesticides, analyzed by 
SPME. 1, o,o,o-TEP; 2, Dichlorovos; 3, EPTC; 4, Butylate; 5, Vernolate; 6, Pebulate; 
7, Molinate; 8, Thionazin; 9, Propachlor; 10, Ethoprofos; 11, Cycloate; 12, Trifluralin; 
13, Benfluralin; 14, Sulfotep; 15, Phorate; 16, a-BHC; 17, Dimethoate; 18, Simazine; 
19, Atrazine; 20, P-BHC; 21, Propazine; 22, Lindane; 23, Profluralin; 24, Diazinon; 
25,6-BHC; 26, Disulfoton; 27, Terbacil; 28, Iprofenfos; 29, Metribuzin; 30, Methyl Parathion; 
31, Heptachlor; 32, Fenchlorovos; 33, Fenitrothion; 34, Bromacil; 35, Isoxathion; 36, Aldrin; 
37, Metolachlor; 38, Chloropyrifos; 39, Ethyl Parathion; 40, Isopropalin; 41, Pendimethalin; 
42, Heptachlor epoxide; 43, Endosulfan I; 44, Prothiofos; 45, p,pf-DDE; 46, Dieldrin; 
47, Oxadiazon; 48, Oxyfluorofen; 49, Endrin; 50, Endosulfan 11; 51, p,pf-DDD; 52, Endrin 
aldehyde; 53, Famphur; 54, Endosulfan sulfate; 55, p,p'-DDT; 56, Hexazinone; 57, Endrin 
ketone; 58, EPN; 59, Methoxychlor; 60, Azinphos-methyl. 

TIC 

13:28 28:88 26 :48 33 :28 

Time (min) 

poly(acry1ate) coating, all the analytes can be extracted with 
both of the phases, so the choice of coating need not prohibit 
successful screening of all the target analytes by either of the 
commercially available fibres. This last fact enabled develop- 
ment of a method for the combined analysis of 60 pesticides in 
one mixture (25). Although it is not possible to achieve base- 
line separation of all the compounds with a relatively short 
chromatographic analysis, the use of MS detection enables 
resolution of all the analytes by selecting appropriate masses 
for quantitation. For some analytes the detection limits with 
one coating are substantially lower than for the other coating, 
but generally they are similar, and in all cases better than those 
required by the US EPA. 

Environmental samples can be modified by altering the 
ionic strength or adjusting the pH of the sample in order to 
increase the amount extracted by the fibre coating. It was 
found that for many analytes, the addition of sodium chloride 
to the sample increased the amount extracted (18-21). This 
often allows the analyst to improve the extraction of analytes 
of particular interest whilst still allowing for detection of the 
other analytes present in the sample (ones for which salt addi- 
tion does not affect the amount extracted, or reduce it). In gen- 
eral, there was no significant effect on the extraction efficiency 
at any pH in the range 2-1 1. The advantage of the SPME 

method over many other methods is that samples with any pH 
in the above range can be analyzed with confidence, and if pH 
modification of a matrix is required for other reasons, the 
method will not be affected. 

The combined method has been applied for quantitative 
analysis of the 60 pesticides from water and as a screening 
procedure for the detection of low ppb levels of the target ana- 
lytes in soil and other matrices. Figure 3 illustrates a chro- 
matogram of the 60 target pesticides spiked into an orange 
juice sample and detected by SPME and GC-MS. Analyzing 
such a wide variety of analytes at once allows for rapid screen- 
ing of environmental samples as well as an accurate determi- 
nation of the pollutants that may be present. Quantitation of 
analytes in complex matrices can generally be performed by 
the use of the standard addition procedure. 

Recently a comparison of LLE, immunoassay methods, and 
the SPME method for the analysis of Atrazine, Simazine, and 
Metolachlor was undertaken with the Canadian Ministry of 
Agriculture. Over 100 well-water samples were analyzed by 
the methods and the results were generally found to agree for 
the three techniques4 A comparison was also made between 

A.A. Boyd-Boland, S. Clegg, and J. Pawliszyn. Unpublished 
results. 
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Gorecki et al 

Fig. 4. Schematic diagram of the injector 1, injector body; 2, 
washer; 3, septum; 4, nut; 5 ,  needle guide; 6,0.53 mm i.d. fused 
silica capillary; 7, nut; 8, ferrule; 9, heater (0.057 mm 0.d. 
resistive wire); 10, butt connector; 11, relay; 12, capacitor; 13, 
switch. 

carrier gas , 
supply line 

GC column A 

SPME, liquid extraction (using hexane), and Soxhlet extrac- 
tion for the analysis of Metolachlor in a contaminated core 
sample. The SPME extraction simply involved suspending the 
sample in water, stirring the slurry and exposing the SPME 
fibre directly to the slurry. The results obtained by all three 
methods were the same: 1.8 mg (Metolach1or)kg (soil). This 
indicates that for relatively water-soluble analytes, such as 
Metolachlor, the SPME method can be used for quantitative 
analysis of soil samples by simply suspending the soil in 
water. Obviously this represents a considerably easier analysis 
procedure for pesticides in soil than those currently used. 

Apart from vastly simplifying sample preparation, SPME 
can offer other advantages over existing techniques. Of great 
importance is the solventless injection. It allows, among oth- 
ers, a significant reduction of the analysis time, as discussed in 
the following paragraph. 

SPME as a sample introduction technique 
for fast GC (refs. 26, 27) 

Theoretical considerations (28) indicate that desorption of the 
analytes from the fibre can be very fast (<1 s). It is therefore 
possible to produce a very narrow injection band, compatible 
with the requirements of fast GC. To achieve fast desorption, 
the fibre must be heated very rapidly. Regular GC injectors 
(split/splitless, programmed-temperature vaporization injector 
(PTV), septum programmable injector (SPI)) are not capable 
of doing this, even when the fibre is rapidly introduced to a hot 
injector. A dedicated injector, presented schematically in Fig. 
4 (25), was therefore designed and built. A segment of a fused 
silica capillary, 6, connected to the injector base and equipped 
with a heater, 9, coiled along the fused silica capillary consti- 

tutes the low-volume part where desorption takes place. The 
GC column is inserted through a butt connector, 10, into the 
capillary, 6. The injector is rapidly heated by discharging the 
capacitor, 12. The switch, 13, is mounted in such a way that 
the capacitor is discharged simultaneously with fibre with- 
drawal from the needle. Very low mass and heat capacity of 
the heated part of the injector assure heating rates better than 
1000°C/s. Under optimized conditions, the injector enabled 
isothermal separation of a BTEX mixture (benzene, toluene, 
ethylbenzene, o, m, p-xylene) in less than 9 s using a 15 pm 
PDMS coated fibre and a 4 m x 0.25 mm x 0.25 pm SPB-5 
column (27). 

Fast separation of more complex mixtures requires columns 
of higher efficiency, therefore 2.5 m x 0.1 mm x 0.6 pm Vocol 
and SPB-1 columns were used for the separation of volatile 
organic compounds listed in EPA method 624: purgeables 
A (trichlorofluoromethane, 1,l-dichloroethene, dichloro- 
methane, 1, 1-dichloroethane, trichloromethane, tetrachloro- 
methane, trichloroethene, 1,2-dichloropropane, 2-chloroethyl 
vinyl ether, 1,1,2-trichloroethane, tetrachloroethene, dibromo- 
chloromethane, chlorobenzene), purgeables B (1,2-dichloro- 
ethene, 1,2-dichloroethane, 1 , 1,l -trichloroethane, benzene, 
bromodichlbromethane, cis- 1,3-dichloropropene, toluene, 
trans- 1,3-dichloropropene, ethylbenzene, tribromomethane, 
1,1,2,2-tetrachloroethane), and purgeables C (chloromethane, 
vinyl chloride, bromomethane, chloroethane). Both isother- 
mal and temperature-programmed separations were per- 
formed. Ion traps MS and FID were used for detection. In 
isothermal runs, purgeables A and B were separated in slightly 
above 4 min. Purgeables C, which are gases at room tempera- 
ture, could not be efficiently separated in isothermal runs. 

Figure 5 presents temperature-programmed separation of 
all 28 compounds on the Vocol column. The analysis is com- 
pleted in ca. 2.5 min, compared to about 20 min required for 
regular separation (6). Together with cooling down and equil- 
ibration, this time is comparable to the sampling time required 
(4-5 min). It is therefore potentially possible to analyze 10-12 
samples per hour. In the regulatory purge-and-trap method the 
analysis of one sample requires at least half an hour, hence the 
analytical throughput can be considerably improved by the 
application of SPME coupled with fast GC. 

The repeatability of retention times is excellent. All com- 
pounds can be easily quantified when using ion trap MS for 
detection, even though one pair of compounds (benzene and 
1,2-dichloroethane) coelutes on the Vocol column. Precision 
of peak area determination is generally good (much below 
10% RSD), except for the early eluting peaks, in which case 
the number of data points acquired by the ion trap MS system 
per peak (3-4) is insufficient for accurate determination. 
When using FID, precision is directly related to peak area: it is 
very good for larger peaks, and worse for small peaks. Com- 
pared to ion trap MS, FID provides considerably worse sensi- 
tivity, as most of the components of the purgeables mix are 
organohalogen compounds. It should be possible to obtain 
much better results, without the need to use ion trap mass 
spectrometry, by the application of selective detectors (ECD 
or ELCD for organohalogens, PID for aromatics). 

Fast desorption of the analytes from the fibre can be 
achieved not only by rapidly heating the injector, but also by 
heating the fibre directly. This can be accomplished by using a 
hollow fibre equipped with an internal microheater. Figure 6 
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Fig. 5. Separation of purgeables A, B, and C on a VOCOL column. Conditions: 
0°C-30°/min-70°C; 2.1 atm, dedicated injector, capacitor voltage 24 V, MS detector, 
mass range 45-250. 1, chloromethane; 2, vinyl chloride; 3, bromomethane; 4, chloroethane; 
5, trichlorofluoromethane; 6, 1,l-dichloroethene; 7, dichloromethane; 8, 1,2-dichloroethene; 
9, 1,l-dichloroethane; 10, trichloromethane; 1 1, l,l,l-trichloroethane, 12, tetrachloromethane; 
13, benzene; 14, 1,2-dichloroethane; 15, trichloroethene; 16, 1,2-dichloropropane; 
17, bromodichloromethane; 18, 2-chloroethyl vinyl ether; 19, cis-l,3-dichloropropene; 20, toluene; 
21, trans-l,3-dichloropropene; 22, l,l,2-trichloroethane; 23, tetrachloroethylene; 
24, dibromochloromethane; 25, chlorobenzene; 26, ethylbenzene; 27, tribromomethane; 
28, 1,1,2,2-tetrachloroethane. 

TIC 

Time (min) 

presents the design of such an internally heated fibre, based on 
a commercial SPME holder (Supelco, Inc.). A 0.32 mm i.d. 
fused silica capillary, flame sealed at one end, is used as the 
fibre. The microheater, made of a 0.05 mm 0.d. Ag wire, is 
coiled around another fused silica microcapillary (0.075 mm 
i.d., 0.15 mm 0.d.). One end of the heating wire is passed 
inside the microcapillary, and the other is outside, which 
yields excellent electrical insulation between the two leads. 
The entire heating assembly is inserted inside the 0.32 mm 
fused silica capillary. 

An internally heated fibre prepared in this way was custom 
coated with poly(dimethylsi1oxane) stationary phase and 
tested on a BTEX mixture in air. Very good repeatability of 
retention times was achieved. The analysis time, equal to - 10 
s, is comparable to the best results obtained with the dedicated 
injector. Repeatability of peak areas was worse than for the 
regular fibre used with the dedicated injector, probably 
because of inferior properties of the custom-made coating. The 
biggest advantage of the internally heated fibre is that no car- 
ryover is observed when using this device. 

SPME coupled to GC is mainly suited for the analysis of 
volatile and semivolatile organic compounds of low to inter- 
mediate polarity. However, the scope of applications can be 
significantly broadened by using different approaches either to 
the extraction step, or to the final determination. One such pos- 

sibility is derivatization of otherwise nonvolatile analytes, 
presented below. 

Determination of tetraethyllead and 
inorganic lead in water by SPMEIGC 
(ref. 29) 

Alkylleads and inorganic lead are extremely dangerous envi- 
ronmental pollutants. In the environment alkyllead com- 
pounds are mostly of anthropogenic origin, but they may also 
be produced from biological transformation of pb2+. Tetraeth- 
yllead is still used in many parts of the world as an additive to 
gasoline. Inorganic lead is ubiquitous and can be found in air, 
water, and soils. Speciation of alkyllead compounds at low 
levels found in the environment is not a trivial problem. SPME 
seems very attractive for this task, as it requires virtually no 
sample preparation and is capable of achieving very high sen- 
sitivity and low detection limits. There are many established 
methods of pb2+ determination, yet at trace levels they usually 
require very expensive instrumentation. None of the spectro- 
metric methods of use (GFAAS, ICP-MS) can be adopted for 
field measurements. Electrochemical methods, especially 
anodic stripping volatammetry, are known for their high sen- 
sitivity and relatively low price, but they require clean, 
organic-free samples. Environmental samples usually require 
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Gorecki et al 

Fig. 6. Schematic diagram of the Supelco SPME device modified to accommodate the 
internally heated fibre. 

Leads connected to capacitive 
discharge supply 

holder bod plunger wilh grooves 

silicone rubbor 

/ \ 

0.32 mm I.D. / \ 

/ 
/ 

mineralization prior to the analysis, a task that is not easily 
accomplished in the field. 

Rapsomanikis (30) pioneered the use of sodium tetraethyl- 
borate (STEB) for ethylation of ionic alkyllead, alkylmercury, 
as well as inorganic lead and mercury in the aqueous phase. 
The resultant organometallic compounds are poorly soluble in 
water and have relatively high vapour pressure, hence they 
should be easily extracted by SPME. Headspace extraction is 
favourable, since it avoids problems related to extraction of 
unwanted large molecular weight compounds that can be 
present in the sample. Tetraethyllead was chosen as a repre- 
sentative of alkyllead compounds, as its use is the most wide- 
spread, and it is the product of inorganic lead ethylation. 

Experiments were performed using GC-FID and GC - ion 
trap MS. It has been found that tetraethyllead is easily 
extracted from the headspace over aqueous samples. With vig- 
orous stirring, equilibrium is reached after -7.5 min. The 
response for FID was found to be linear in the entire range 
examined, from 0.1 to 100 p,g/L, as evidenced by the value of 

the correlation coefficient R > 0.998. The precision of tetraeth- 
yllead determination at the 50 ppb level was very good, RSD 
being equal to 2.4%. Ion trap MS offered excellent detection 
limits (below 5 ppt), yet its response to tetraethyllead was non- 
linear due to secondary fragmentation of unstable ions stored 
in the trap. 

Derivatization of pb2+ was performed by adding STEB 
solution to a pH buffered sample. The evolved tetraethyllead 
was extracted by SPME from the headspace over the sample. 
The system reached equilibrium after -15 min. The FID 
response was linear in the entire range examined, from 0.2 to 
1000 ppb. The detection limit was found to be -200 ppt pb2+. 
It was slightly adversely affected by the non-zero blank value, 
most probably related to the reagent used. Precision of the 
determination at a 50 ppb level, as estimated by the value of 
the RSD = 5.04%, was very good. 

Ion trap MS confirmed the identity of the derivatization 
product. Figure 7 presents the mass spectrum of the product 
found after SPME extraction of a pH buffered sample contain- 
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Fig. 7. Comparison of the mass spectrum of the derivation product (a )  with library spectrum of 
tetraethyllead (b). 

18@~ Tetraethy 1 lead CAS 78-88-2 * 

3 I F 

m a s s  ( a m u )  

ing 20 ppb pb2+ and the derivatization reagent, and the library 
spectrum of tetraethyllead. The agreement is excellent. Ion 
trap MS response in the 5-100 ppb range was nonlinear for the 
reasons described above. 

The results obtained indicate that SPME can be an invalu- 
able tool for alkyllead and inorganic lead speciation in water. 
Native non-ionic alkyllead compounds can be analyzed first, 
followed by addition of the derivatizing reagent and determi- 
nation of ionic alkyllead compounds and inorganic lead. 
According to the literature, it should be possible to use a sim- 
ilar procedure for the determination of other organometallic 
compounds, including those of mercury and tin (31). The 
whole procedure can be easily performed in the field with the 
use of a portable GC. 

Determination of inorganic lead in water by SPME illus- 
trates how the technique can be used for analytes that normally 
would not be amenable to extraction from water into an 
organic phase. Derivatization to a form that can be extracted 
by an SPME device can also be performed in other ways. For 
example, H ~ ~ +  can be electrochemically reduced to H ~ O  using 
a thin, gold-plated wire in place of the regular SPME fibre. 
The metallic mercury formed dissolves in the gold layer form- 
ing an amalgam. Mercury can then be liberated from the gold 
layer by rapidly heating the wire to a high temperature. Exper- 
iments of this kind were performed using an ion trap MS as the 
detector. Rapid heating of the wire was achieved by discharg- 
ing a capacitor directly through the wire, using a modified ver- 
sion of the injector presented in Fig. 4. Initial experiments 
demonstrated that the method is feasible and very sensitive. At 
the same time it allows speciation of mercury by choosing a 
proper potential during the reduction step. 

Derivatization broadens the scope of SPME to compounds 
that cannot be extracted by regular SPME procedures. How- 
ever, there are a number of compounds that can be easily 
extracted, but cannot be analyzed by GC due to nonvolatility 
or thermal instability. These compounds include pharmaceuti- 
cal products, peptides, proteins, etc. Obviously, other separa- 
tion and determination techniques should be used in such 
cases, including SFC, CE, and HPLC. 

Coupling to HPLC 

Coupling of SPME to HPLC (32) is a natural extension of the 
method, enabling new, exciting applications. However, in 
contrast to GC, the existing instrumentation cannot be used for 
this purpose without modification of the sample introduction 
system. 

Thermal desorption is not feasible in conjunction with 
HPLC. The alternative is solvent desorption. To accomplish 
this, a special interface was designed and built. Schematic dia- 
gram of this interface is presented in Fig. 8. The heart of the 
device is a custom-made desorption chamber with three ports 
in a T-configuration, connected to a six-port valve in place of 
the sampling loop. With the valve in the "load" position, the 
desorption chamber is at atmospheric pressure. This enables 
the fibre assembly to be safely inserted to the chamber via the 
finger-tight PEEK union (c). The union seals the steel tubing 
in which the fibre is mounted strongly enough to withstand 
pressures up to 4500 psi (1 psi = 6.9 kPa). After switching the 
valve to the "injection" position, the mobile phase flows along 
the fibre upwards to avoid air bubbles being introduced to the 
system. The analytes present in the sample partition from the 
coating to the mobile phase and are swept away to the column. 

Theoretical considerations (32) indicate that with properly 
selected solvent (one for which the affinity of the analytes is 
high) the desorption process can be very fast, the time required 
being less than 1 s. This has been proven in an experiment in 
which the desorption chamber was connected directly to the 
HPLC detector. For benzo[a]pyrene and CH3CN/H20 90110 
used as the mobile phase, the desorption volume was 0.2 FL. 
This volume increased rapidly with increasing water content 
in the mobile phase due to poor solubility of benzo[a]pyrene 
in water. 

The applicability of the method for real-life analysis was 
verified on a sample of 13 polycyclic aromatic hydrocarbons 
(PAH) listed in the EPA method 525. A 100 ppb standard 
solution of the PAHs in water was sampled with a 7 Fm thick 
PDMS fibre for 30 min, followed by the HPLC analysis. The 
results were compared to those obtained for loop injection. 
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Gorecki et al. 

Fig. 8. Design of the SPME-HPLC system: (a) stainless steel (SS) T-joint; (b) SS tubing; 
(c) poly(ether ether ketone) (PEEK) tubing; (d) two-piece finger-tight PEEK union; 
(e) PEEK union with tubing. 

Desorption ' 3: (d) 
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Figure 9 illustrates the chromatograms obtained for both sam- 
ples. The agreement between the retention times of the ana- 
lytes is excellent, which indicates that the interface does not 
contribute significantly to extracolumn effects. The differ- 
ences in the relative peak areas for some of the analytes are 
related to the differing affinity of the analytes towards the 
coating. 

The repeatability of retention times and peak areas was 
examined for a sample of four PAHs (fluoranthene, pyrene, 
benz[a]anthracene, and benzo[a]pyrene). Relative standard 
deviations were very good, below 5% for retention times and 
below 7% for peak areas. This indicates that SPME coupled to 
HPLC can be used for both qualitative and quantitative analy- 
sis. Additionally, it has been found that there is no carryover 
when using solvent desorption for liberation of PAHs from the 
fibre coating. Small carryover was usually observed when 
thermal desorption was used for the liberation of PAHs from 
the coating in the GC analysis. 

Coupling of SPME to HPLC is still a new technique, in the 
initial stage of development. A commercially available inter- 
face has been introduced by Supelco only recently. The results 
obtained so far indicate that it has a great potential. The appli- 
cability of the technique for samples not amenable to GC anal- 
ysis has been verified in our laboratory using the example of 
surfactants in water (33). Very good sensitivity was obtained 
without complicated sample pretreatment. Work is under way 
on new, exciting applications. 

Conclusions 

Although still a young technique, SPME has proven its suit- 
ability for many analytical tasks. Since the commercialization 
of the technique in 1993, the number of papers published, uti- 
lizing this technique, has been growing very rapidly. This does 
not mean, however, that all its potential has already been 
explored. This paper presents some of the many new possibil- 
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Fig. 9. Separation of PAH mixture 525 with solvent gradient by 
(a) 1 KL loop injection of a 100 ppm solution, and (b) fibre 
injection; 7 p n  PDMS fibre, 30 min extraction from a solution 
containing 100 ppb of each compound spiked into water. 
Chromatographic conditions: ODs column, 25 cm x 2.1 mm 
i.d., 5 Km particle diameter, flow rate 0.2 mLlmin, detection 
UV, 254 nm, solvent program, CH,CNIH,P (80120, vlv), linear 
gradient to 100% CH,CN in 15 min. Peak identification: 1, 
acenaphthylene; 2, fluorene; 3, phenathrene; 4, anthracene; 
5, pyrene; 6, benz[a]anthracene; 7, chrysene; 8, 
benzo[b]fluoranthene; 9, benzo[k]fluoranthene; 10, 
benzo[a]pyrene; 11, dibenzo[ah]anthracene; 12, 
indeno[l,2,3-cdpyrene; 13, benzo[g,h,i]perylene. 

I I I I I 

0 5 10 15 20 min 

ities offered by SPME. They include basic physicochemical 
research permitting easy characterization of the properties of 
stationary phases, simultaneous determination of 60 pesticides 
representing all the groups currently in use, fast separations 
made possible without complicated and expensive instrumen- 
tation, and analysis of entirely new types of analytes, normally 
not amenable to GC analysis, by utilization of derivatization in 
the aqueous phase, or coupling of SPME with HPLC. In our 
laboratory we are still developing new applications and 
approaches to SPME. Some of the possibilities include in situ 
derivatization SPME/electrochemistry and direct coupling of 
SPME with a mass spectrometer. We expect the scope of 
applications to be significantly broadened when new coatings 

are introduced to the market. SPME still remains a fascinating 
and promising new technology. 
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Bis(pyridine)dif luoroboron9 
tris(pyridine)fluoroborong and other 
(pyridine)haloboron cations. A systematic 
NMR study 

Melvin J. Farquharson and J. Stephen Hartman 

Abstract: The adducts pyrBF,Br and pyrBFBr, (pyr = pyridine) form fluoroboron cations by displacement of Br- by excess 
pyridine, the ease of cation formation being pyr,BFc >>pyr,BFBr+ > > p y r 3 ~ ~ 2 + .  C1- can be displaced from pyrBF,Cl and 
pyr.BFCl,, but much less readily, to form pyr,BFc, pyr2BFC1+, and, under forcing conditions, a few percent of p y r , ~ ~ ' + .  Non- 
fluorine-containing mixed boron trihalide adducts of pyridine also form haloboron cations by heaviest-halide-ion displacement, 
for example pyrBC11, giving pyr,BClI+, the ease of displacement always being I- > Br- > C1-, and displacement always 
occurring more readily from mixed boron trihalide adducts than from unmixed-halogen adducts. The mechanistic implications of 
this are discussed. ortho Substituents greatly reduce the ability of pyridine to displace heavy halide ion, so 2-methylpyridine 
gives 2-Mepyr,BF: and 2-Mepyr,BFBr+ but not 2-Mepyr,BFCl+ or 2 - ~ e ~ ~ r , ~ ~ ' + ,  while 2,6-dimethylpyridine does not form 
any haloboron cations. '9 spin-lattice relaxation times of the fluoroboron cations are much shorter than those of neutral boron 
trihalide adducts in the same solution, and provide a further diagnostic test for their presence. 

Key words: fluoroboron cations, pyridines, mixed boron trihalide adducts, fluorine- 19 NMR, boron- 11 NMR. 

RCsumC : Les adduits pyrBF,Br et pyr.BFBr, (pyr = pyridine) forment des cations du fluorobore par dkplacement de  B r  par 
l'excks de pyridine; la facilitk de formation du cation est la suivante : pyr,BF,+ >>pyr,BFBr+ > > p y r 3 ~ ~ 2 + .  I1 est possible de 
dkplacer le C1- des adduits pyr.BF,Cl et pyrBFCl,, pour former les pyr,BFc, pyr,BFCl+, et en fo r~an t  les conditions quelques 
pour cents du p y r 3 ~ ~ ' + ,  mais la rkaction est beaucoup plus lente. Les adduits de la pyridine avec des trihalogknures mixtes du 
bore ne contenant pas de fluor forment aussi des cations halobores par le dkplacement de l'halogene le plus lourd; par exemple, 
le pyr.BC11, conduit au pyr,BClI+, la facilitk de dkplacement est I-> B r >  C1-et le dkplacement se fait toujours plus facilement 
8 partir d'adduits trihalogknures mixtes du bore qu'8 partir d'adduits non melanges d'halogknures de bore. On discute des 
implications mkcanistiques de ces rksultats. Les substituants ortho ralentissent beaucoup la facilitk de la pyridine 8 dkplacer les 
ions halogknures lourds; ainsi, la 2-mkthylpyridine conduit aux 2-Mepyr,BF,+ et 2-Mepyr,BFBr+, mais pas aux 2-Mepyr,BFClf 
ou 2 - ~ e ~ ~ r , ~ ~ ' +  alors que la 2,6-dimkthylpyridine ne forme aucun cations halobore. Les temps de relaxation spin-rkseau du ' 9 ~  

dans les cations du fluorobore sont beaucoup plus courts que ceux des adduits trihalogknures de bore neutres dans la m&me 
solution et ils fournissent une mkthode supplkmentaire pour diagnostiquer leur presence. 

Mots clks : cations du fluorobore, pyridines, adduits des trihalogknures mixtes du bore, RMN du 1 9 ~ ,  RMN du "B. 

[Traduit par la rkdaction] 

Introduction [ 1 I D.BF,Br + D' + DD'BF,+ + Br- 

In previous work (1, 2) we have shown that R3N.BF2Br 
adducts selectively and readily undergo bromide ion displace- 
ment by neutral (D') and anionic (Z) donors of low steric hin- 
drance to give difluoroboron cations D2BF2+ and DD'BF2+ and 
neutral adducts R3N.BF2Z (eq. [l]). 
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We noted the contrast of the high reactivity of R3N.BF,Br 
with the lack of reactivity of the R3N.BFBr2 and R3N.BBr3 
adducts present in the same solutions, and the extremely slow 
chloride ion displacement from R3N.BF2Cl. In our prelimi- 
nary communication (1) we noted that pyridine was particu- 
larly effective as a displacing ligand (D' in eq. ['I.]), reacting 
much faster than any trialkylamine to displace bromide ion, 
consistent with steric hindrance rather than base strength of 
the attacking species being the decisive factor in the reaction. 
Many (R3N)(substituted pyridine)BF2+ ions form readily in 
this way from R3N.BF2Br (2). We now report studies of heavy 
halide ion displacement from pyridine.BF,,X,-, adduct sys- 
tems that demonstrate even greater acceleration of heavy 
halide ion displacement when a low steric hindrance pyridine 
is the donor molecule in D.BF2Br as well as the attacking 

Can. J. Chem. 74: 1309-1320 (1996). Printed in Canada 1 Imprimi au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

ligand D'. We also report formation of the less easily formed 
cations D,BFBrf, D2BFClf, and D,BF~+ from pyr.BFX2 (X = 
C1, Br) according to eq. [2]. 

D.BFX2 + Dm ----+ DD'BFX' + X- 

Pyridine-fluoroboron cations had not been reported until 
our work ( l ) ,  although speculation about their formation has 
appeared (3). Systematic formation of these cations, by a 
halide ion displacement process analogous to that used by 
Ryschkewitsch and co-workers for the formation of hydrobo- 
ron cations and heavier-halogen haloboron cations (4), 
requires mixed boron trihalide adducts (5) as starting materi- 
als. Unmixed-halogen boron trihalide adducts of pyridine and 
substituted pyridines have been known for a long time (6), and 
much has been known about tetrahedral boron-nitrogen com- 
pounds including various cations (7). The mixed boron triha- 
lide adducts of 4-methylpyridine (4-Mepyr) were reported in 
1972 from this laboratory (8), and are formed in a manner sim- 
ilar to aliphatic tertiary amine - mixed boron trihalide adducts 
(5, 9). Despite reports of a much wider range of boron cations 
in recent years, including many cations with three- and even 
two-coordination at boron (lo), and extensive use of "B NMR 
to study such species (1 l), there were only a few scattered 
reports of four-coordinate fluoroboron cations and little was 
known about them until our method of synthesis starting from 
mixed boron trihalide adducts (1, 2, 9). 

Experimental section 

General 
Pyridine, 2-methylpyridine, and 4-methylpyridine (BDH) 
were purified by fractional distillation and stored over KOH. 
The other substituted pyridines and other Lewis bases (BDH 
and Aldrich) were used as supplied. Moisture-sensitive mate- 
rials were handled under dry nitrogen in a glove bag and (or) 
on a Schlenk line. Mixed boron trihalide adducts of the 
pyridines, precursors of the haloboron cations, were formed in 
solution as described for the corresponding adducts of ali- 
phatic tertiary amines (2, 9). Difluoroboron cation salts con- 
taining these pyridines were isolated in a similar manner to 
the corresponding quinuclidine-containing (R,N),BFzf salts 
(2), and are moderately stable in water and ethanol. The only 
major difference was the use of the BF,,Cl,-, rather than 
the BF,,Br,-,, adduct system because pyr.BFBr2, unlike 
R3N.BFBr2, reacts with pyridine to form pyr2BFBrf along 
with pyr,BF2+. Use of the less reactive pyr.BFr,C1,-,, system 
and keeping the reaction time short gave pyr2BF2+ with negli- 
gible pyr2BFClf. When isolation of salts of the cations was not 
being undertaken, the entire cation formation procedure could 
be carried out in 5 mm NMR tubes, using 1 mL and 50 KL 
syringes to inject various reagents. 

Halogen exchange and fluoroboron cation formation reac- 
tions were monitored in CDCl, solution by and "B NMR, 
supplemented by positive ion fast atom bombardment mass 
spectrometry (FAB). Elemental analyses for carbon, hydro- 
gen, and nitrogen were consistently satisfactory but those for 

fluorine were erratic, some being in error by several percent, 
perhaps due to interference by boron. 

Isolation of D2BF2+ salts 
Typically, water was added to a chloroform solution contain- 
ing cations and neutral adducts, and extracted the ionic spe- 
cies preferentially. Evaporating the water extract under 
vacuum, followed by redissolving the residue in chloroform, 
eliminated all D.BF,,X,-,, species and any excess amine. 
Direct addition of hexane or petroleum ether to the new chlo- 
roform solution gave immediate precipitation of the cation 
salt, but of low purity. Higher purity material was obtained by 
slow evaporation of solvent, or by two-layer exchange: care- 
ful addition of a hexane or petroleum ether layer over the 
CDC1, layer and allowing the system to stand. The material 
was then recrystallized from acetone. Closed ground-glass 
vessels were used past the stage of redissolving in chloroform, 
to avoid hydrolysis. The pyridine-containing D2BFZf cations 
have a shorter lifetime in water than the tertiary-amine cations 
(2), so the time in contact with water was minimized. (This 
method is not successful if B-Cl or B-Br bonds are present, 
since cations containing C1 or Br are much more susceptible to 
hydrolysis.) The isolation of doubly charged cations and 
mixed-donor cations will be reported elsewhere (12). Elemen- 
tal analyses (performed by Guelph Chemical Laboratories 
Ltd.) are as follows: pyr2BF2.BPh4: found: C 77.55, H 6.18, N 
5.42, F 7.50; calcd.: C 77.60, H 5.75, N 5.32, F 7.22. 
pyr2BF2.PF6: found: C 34.53, H 2.92, N 7.93, F 43.44, calcd.: 
C 34.13, H 2.86, N 7.96, F 43.18. (4-Mepyr),BF2,BPh4: 
found: C 77.76, H 6.46, N 4.98, F 3.76; calcd.: C 78.01, H 
6.18, N 5.05, F 6.85. 

Instrumentation 
Most 1 9 ~  spectra were obtained at 56.4 MHz on a Bruker WP- 
60 multinuclear Fourier Transform NMR spectrometer as 
described previously (2). Some were obtained at 188.29 MHz 
on a Bruker CXP-200 instrument in order to resolve overlap- 
ping multiplets. Typically, 8K FIDs were obtained with 100- 
500 30" pulses covering a 10 000 Hz spectral width; 0.5 Hz of 
line broadening was applied and 8K of zero filling was added 
before transforming into 8K spectra. "F chemical shifts are 
accurate to k0 .1  ppm and were internally referenced to C6F6 
as a secondary standard (-162.7 ppm from CFCI,), and are 
reported in ppm from CFC1,. 

' 9 ~  spin-lattice relaxation time studies were performed at 
ambient temperature on the WP-60 spectrometer at 56.4 MHz 
using the Nicolet TI Program I1 (developed by J.W. Cooper) 
with a (180" - T - 90"-D2-),, pulse sequence; 150-250 scans 
were obtained for each of 10-15 T values, with a 12 s relax- 
ation delay (D,) between each sequence. Typical runs were 6- 
10 h in length. Auto shimming was applied, and T values were 
sequenced in a random order. Errors in TI values vary with 
concentration of the various species, and are generally less 
than 10%. Solution viscosity measurements were carried out 
on the NMR samples after the TI determinations were com- 
pleted, using a small-scale (0.5 mL volume) home-built Ost- 
wald viscometer. 

"B NMR spectra were obtained on a Bruker WH-400 
multinuclear Fourier Transform NMR spectrometer operating 
at 128.38 MHz. A spectral width of 10 000 Hz was used to 
obtain an 8K FID. The FIDs with 8K of zero filling were trans- 
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Farquharson and Hartrnan 

formed with 0.5 Hz of line broadening into 8K spectra. "B 
chemical shifts are accurate to ?O. 1 ppm and were referenced 
to external Et,O.BF,, which was prepared by reaction of BF, 
with diethyl ether and fractional distillation of the liquid 
adduct. 

Calculations of "F and "B chemical shifts and ' ' B - ~ ~ F  
coupling constants were carried out using empirical "pair- 
wise interaction" parameters (13, 14) as described previ- 
ously (2). Calculated values agreed well with experimental 
values and were helpful in assigning haloboron cation reso- 
nances. 

Positive ion fast atom bombardment mass spectra (FAB 
spectra) were obtained on an AEI MS-30 mass spectrometer 
as described previously (2), with glycerol or tetramethylene- 
sulfone as matrix liquid. The FAB spectrum of pyr,BF2+.PF6- 
has been reported elsewhere as part of a study of gas phase dis- 
placement reactions in FAB (Fig. 2a of ref. 15). There are 
major peaks at rnlz 207 (pyr,BF,+) and 128 (pyrBF,+) as well 
as a cluster peak of two cations and an anion at rn lz 559 
([pyr2BF2+I2.PF6-). Most FAB spectra had peaks due to glyc- 
erol (e.g., rn lz 93, 85, and 277) removed by spectral subtrac- 
tion. Verification of the isotope cluster patterns was carried 
out by the BMASROS scheme in some cases to further con- 
firm the identity of the assigned species. In the later stages of 
this work we obtained FAB spectra directly on the adductlcat- 
ion CDC1, solutions themselves. The spectra are highly selec- 
tive for the cations over the neutral adducts, despite the neutral 
adducts usually being present in higher concentrations. This 
direct use of FAB is very useful in monitoring these systems 
and complements solution NMR, although FAB spectra can 
be complicated by reactions occurring in the gas phase (15, 
16). Our FAB studies will be reported in detail elsewhere. 

Results 

Reactions of pyr.BF,X,,(X = C1, Br) 
Pyr.BF,Br in CDCI, solvent undergoes extremely rapid dis- 
placement of bromide ion by pyridine at ambient temperature 
to give pyr2BF2+ (eq. [I]). Interestingly, a well-resolved 
pyr,BF,+ 19F 1 : 1 : 1: 1 quartet can be observed even before all of 
the uncomplexed BF,,Br3,, (present since the mixed boron tri- 
halide adducts form only under excess-Lewis-acid conditions 
(2, 9)) is quenched by reaction with pyridine, at a stage when 
rapid halogen exchange is occurring among most species and 
usually only broad and exchanging 1 9 ~  NMR signals can be 
observed at ambient temperature. This shows that pyr,BF,+ is 
less susceptible to fluorine exchange than the other species 
present, and also indicates that the reaction to form pyr,BF,+ is 
competitive with donor-acceptor bond formation, normally 
considered to be diffusion controlled. This is striking and 
unusual behaviour compared to boron trihalide adduct sys- 
tems that we have studied previously. 

The reaction to give pyr2BF,+ is far too fast for ambient 
temperature 1 9 ~  NMR monitoring of the changes in a solution 
containing excess pyridine, as could be done in corresponding 
aliphatic amine systems (2). Instead, the reaction was moni- 
tored by the addition of successive increments of pyridine, fol- 
lowed by equilibration each time before obtaining the 1 9 ~  

spectrum (Fig. 1). Equilibration of most species, including 
pyr,BFBr+ from pyr.BFBr,, is achieved within 10 min to 1 h at 
ambient temperature, depending on the concentration of 

Table 1. NMR parameters of pyr,BFz+ and pyrDfBF; cations." 

Donors Chemical shifts" 
J(I l ~ - l c l ~ )  

D D ' "F "B (Hz) 

PY' PY' 
2-Mepyr 
2-Etpyr 
2,4-Me2pyr 
Quinoline 
3-Mepyr 
3,5-Me2pyr 
4-Mepyr 
4-Phpyr 
HMPA 
TMU 
DMSO 
r-BuNC 
MeBenzoate 
DMAC 
NO,- 

2-Mepyr 2-Mepyr 
2-Etpyr 
2,4-Me,pyr 
3-Mepyr 
3.5-Mezpyr 
4-Mepyr 
DMSO 
TMU 
I-BuNC 

2-Etpyr 2-Etpyr 
3-Mepyr 
4-Mepyr 

2,4-Mezpyr 2,4-Me2pyr 
3,s-Me,pyr 
4-Mepy r 

3-Mepyr 3-Mepyr 
4-Mepyr 

3,s-Me,pyr 3,s-Me,pyr 
4-Mepyr 

4-Mepyr 4-Mepyr 

"In CDCI, or CHCI,. 
I, 1 9  F, ppm to high frequency of CFCI,; "B, ppm to high frequency of 

external Et20.BF,. 

uncomplexed yridine. Figure l a  shows large 1: 1: 1: 1 quartets 
(arising from 'B-19F coupling) for all of the fluorine-contain- 
ing mixed boron trihalide adducts pyr.BF,,Br3-,, (n = 1-3), all 
of which along with pyr.BBr, are formed in situ by halogen 
redistribution when pyrBF, is reacted with uncomplexed 
BBr, (2, 5, 9). Just enough pyridine had been added to com- 
plex with all of the uncomplexed Lewis acid. The large 1: 1: 1: 1 
quartet of pyr.BF,Br persists indefinitely under these condi- 
tions. A small 1 : 1 : 1 : 1 quartet of pyr.BF,Cl is also present in 
Fig. la, showing that some C1,Br exchange occurs between 
pyr.BF,Br and the CDC1, solvent. NMR parameters of the 
D,BF,+cations are given in Table 1, and those of the boron tri- 
halide adducts D.BX,,Y3-, (n  = C 3 )  in Table 2. 

Addition of successive increments of pyridine initially 
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Farquharson and Hartman 1313 

Table 2. NMR parameters of pyridine - boron trihalide adducts" 

Adduct 

(i) I9F chemical shiftsc 

(ii) "B chemical shiftsd 

(iii) "B-I9F coupling constants (Hz) 

(iv) pK, values for the pyridine basese 
8.79 

"CDCI, solution, ambient temperature. 
"F chemical shifts were incorrectly recorded in ref. 8. 

'In ppm to high frequency of CFCI,. 
'1n ppm to high frequency of external Et20.BF,. 
'From ref. 33. 

affects only the pyr.BF,Br adduct; its "F NMR signal shrinks 
while that of pyr,BF,+ grows, in accord with eq. [ l ]  (Figs. lb- 
Id). There is also a slight gain in intensity of the pyr.BF,Cl res- 
onance as C1,Br exchange between pyr.BF,Br and solvent pro- 
ceeds. After the pyr.BF,Br adduct is consumed, further 
pyridine reacts with the BFBr, adduct, giving initially 
pyr,BFBr+ (Fig. le) and eventually under stronger reaction 
conditions pyr3BF2+ (Fig. lfl, consistent with eq. [2]. At the 
same time a trace of pyr,BFCl' is formed (Fig. le), apparently 
from pyr.BFBr2 by C1,Br exchange with solvent to give 
pyr.BFClBr, followed by displacement of the remaining Br by 
pyridine. 

"B NMR spectra confirm the above peak assignments since 
the characteristic "B splitting patterns and "B-'~F coupling 
constants allow unambiguous matchin of "B resonances to f the corresponding "F resonances. An 'B 1:2: 1 triplet at 2.0 
ppm, J("B-"F) = 48.4 Hz, assigned to p r BF Br, is replaced 
by another 1:2:1 triplet at 1.7 ppm, J(ZB-l%) = 22.9 Hz, 
assigned to pyr,BF,+, in the early stages of the reaction 

sequence of Fig. 1. In the later stages, the 1: 1 doublet of 
pyr.BFBr, and the 1:2:1 triplet of pyrBF,Cl disappear and 
new 1:l doublets appear that are assigned to pyr,BFBr+, 
pyr,BFCl+, and p y r 3 ~ ~ ' +  (Fig. 2 and Table 3). Considerable 
pyr,BBr,+ is also formed in the later stages. The pyr2BBr2+ 
peak was assigned, and the others confirmed, by chemical 
shift calculations using pairwise interaction NMR parameters 
as described below. 

The pyr.BF,C13-,, system reacts much more slowly with 
excess pyridine than the pyr.BF,Br3-,, system. Again the most 
reactive species is the one with a single heavy halogen, 
pyr.BF,Cl, giving pyr2BF2+. Stepwise displacement of C1- 
from pyr.BFC1, is possible, first giving pyr,BFCl+. Initial 
attempts to get conversion of pyr.BFCl,, first to pyr,BFCl+ 
and then to p y r 3 ~ ~ , + ,  were carried out by heating samples in 
capped NMR tubes at 40°C for several days. "F NMR moni- 
toring showed that reaction of pyr.BF2C1 to give pyr,BF,+ is 
complete before any appreciable reaction of pyr.BFC1, occurs. 
Several days at 40°C give appreciable conversion of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74 ,  1996 

Fig. 2. 128.4 MHz "B NMR spectrum of the solution of 
pyr.BF,,Br,_,, plus excess pyridine that gave rise to the I9F NMR 
spectrum of Fig. If (D = pyridine). 

Fig. 3. Positive ion fast atom bombardment (FAB) mass 
spectrum of pyr2BFClf, obtained directly from a solution of 
adducts and cations. Peaks at T T ~ Z  greater than 82 are enhanced 
by a factor of 4 (D = pyridine). 

pyr.BFC1, to pyr2BFC1+, but also reversion of pyr,BF,+ to 
pyrBF,Cl. It is of interest that the pyr,BF,+ formation reaction 
(eq. [I]) is reversible, and that the reverse as well as the for- 
ward reaction is faster for pyr,BF,+ than for pyr2BFC1+. Com- 
plete conversion of pyrBFC1, to pyr,BFCl+ was achieved by 
carrying out the reaction in a sealed tube at 1 10°C, but only a 
few percent conversion to p y r 3 ~ ~ 2 +  by further chloride dis- 
placement was possible even under these forcing conditions. 
The FAB spectrum of pyr,BFCl+, obtained directly from 
CDC1, solution following heating in a sealed tube, is shown in 
Fig. 3. 

Attempted isomerization of pyr.BF, to pyr2BF2+.BF,- 
BF, complexes of a few Lewis bases, including HMPA.BF3 

(17) and TMU.BF3 (18), can undergo reaction to form small 
amounts of their ionization isomers D2BF2+.BF,- in solution. 
Preliminary attempts to form pyr2BF2+.BF,- by disproportion- 
ation of pyr.BF3 in the absence of a heavier boron trihalide, by 
analogy with these cases, were unsuccessful. The "F NMR 
spectra of pyr.BF3 and 2-MepyrBF, did not change following 
(i) refluxing in toluene or (ii) refluxing in toluene with the 
addition of 1,1,1,3,3,3-hexamethyldisilazane, which has a 
high affinity for fluoride ion (19) and which we hoped would 
act as an irreversible extractant for F from pyr.BF3, giving 
three-coordinate pyr.BF2+ that further pyridine could attack. 
With 1,1,1,3,3,3-hexamethyldisilazane present, 15 min of 
reflux in toluene did remove some fluorine from the adducts as 
shown by the presence of a small "F NMR peak assigned to 
Me3SiF (larger in the 2-Mepyr case than with pyr itself), and 
the pyr.BF, resonances were broadened, suggesting some 
chemical exchange, but no I'F signals arising from boron cat- 
ions or BF,- could be observed. 

19F spin-lattice relaxation 
Figure 4 shows variations in ''F NMR spin-lattice relaxation 

Fig. 4. Changes in the "F spin-lattice relaxation times of the 
species present in the pyrBF,,Br,_,, system (0.8 M in total adduct 
species; CDC1, solvent; D = pyridine) following additions of 
pyridine. Some species are formed and consumed as shown in 
Fig. 1, so T, values of these could be obtained only at certain 
stages of the pyridine titration process. 

MICROLITERS P Y R l D l N E  
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Table 3. NMR parameters of pyridine-containing 
monofluoroboron cations." 

Donors 

(a) DD'BFBr' 
PY' 

(b) DD'BFCI' 
PY' 

PY' 
2-Mepyr 
2-Etpyr 
2,4-MeZpyr 
3-Mepyr 
3,s-MeZpyr 
Quinoline 
N-Mepiperidine 
Me,NEt 
Quinuclidine 
Me3N 
2-Mepyr 
3-Mepyr 
4-Mepyr 
2.4-MeZpyr 
3,s-Me,pyr 
Quinuclidine 
4-Mepyr 
2,4-MeZpyr 
3,s-MeZpyr 
3-Mepy r 
4-Mepyr 
Quinuclidine 
4-Mepyr 
3.5-Me2pyr 
2-Etpyr 
4-Mepyr 
Me3N 
Quinuclidine 
Me,NEt 

PY' 
Quinuclidine 
3-Mepyr 
4-Mepy r 
Me,N 
Quinuclidine 

Chemical 
shifts 

(ppm)" 
J("B-'"F) 

I ~ F  "B (HZ) 

"Formed from D.BFX2 in CDCI, or CHC1,. 
b 19 F, ppm to high frequency of CFCI,; "B, ppm to high frequency of 

external Et20.BF,. 
'Will form only when 2-Mepyr is part of the original D.BFBrZ. 2- 

Mepyr as a free base cannot displace bromide to give DD',BF". 

times of the various fluorine-containing species present at var- 
ious stages of the titration of the pyr.BF,,Br,,, adduct system 
with excess pyridine, as described above and shown in Fig. 1. 
Some species disappear while others appear after further ali- 
quots of pyridine are added and the solution is reequilibrated. 
T I  values of individual species change greatly as solution vis- 
cosity changes with the addition of more pyridine, but the sig- 
nals assigned to all three of the fluoroboron cations 
consistently have by far the shortest T ,  values. Moreover 
pyr,BFZ+, the only one of these cations that can be detected 
throughout the titration, shows far less variation in T ,  than the 
neutral adducts. T I  values depend on molecular tumbling, 
which is very dependent on solution viscosity, which in turn is 
dependent on solute concentration and on the amount of pyri- 
dine added. Therefore relative T I  values of different species 
present in the same solution should be compared rather than 
absolute values (i.e., compare points lined up vertically in Fig. 
4, corresponding to different species present in the same solu- 
tion). Viscosity, determined using a small-scale (0.5 mL) Ost- 
wald viscometer, increases as the more viscous pyridine is 
added to the CDCI, solution. This is consistent with the 
decreases in T, of the same species as successive portions of 
pyridine are added (Fig. 4). Note that p y r 3 ~ ~ 2 +  has by far the 
smallest TI  value, while D2BFZ+ and D,BFBrf species have 
intermediate values and the pyr.BF,,Br,-, adducts have the 
largest values. 

Substituted-pyridine and mixed-donor fluoroboron 
cations 

Various mixed- and unmixed-donor D2BF2+ cations such as 
(pyr)(4-Mepyr)BF,+ can be readily formed by titrating one 
pyr.BF,,X3-,, system with another (or the same) pyridine base. 
Non-ortho-substituted pyridines including 3-Mepyr, 4- 
Mepyr, and 4-Phpyr give very similar chemistry, and "F and 
"B NMR parameters, to pyridine itself when incorporated 
into BF,,X3-,, adducts and DZBF2f cations. Table 1 includes 
NMR parameters for many such ions. As with the pyridine 
system itself, C1- displacement from D.BF,CI occurs much 
less readily than Br- displacement from D.BF,Br. Rates of C1- 
displacement vary in the order 3-Mepyr r pyr > 4-Mepyr > 4- 
Phpyr but the differences are not large. 

Reaction is much slower when the pyridine has an ortho 
substituent. Thus reaction of 2-Mepyr.BF,Br with 2-Mepyr 
requires 1-2 h at ambient temperature for complete formation 
of (2-Mepyr),BFZf, similar to bromide displacement from ter- 
tiary-amine (quinuclidine and trimethylamine) BFZBr adducts 
(2). We could form 2-Mepyr,BFBrf but not 2 - ~ e ~ ~ r , ~ ~ ' +  
from 2-Mepyr.BFBr,, and we could not form 2-MePyr,BFClf 
from 2-Mepyr.BFC1,. The Zethylpyridine (2-Etpyr) BF,,Br3-, 
system reacts somewhat more slowly than the 2-Mepyr sys- 
tem. 

Although 2,6-dimethylpyridine and 2,4,6-trimethylpyri- 
dine readily form mixed boron trihalide adducts D.BF,,X3-,1 
(X = C1, Br), we have not been able to detect any NMR sig- 
nals consistent with their incorporation into difluoroboron 
cations, either as the only donor (D2BFZf) or with another 
less sterically hindered donor (DD'BFZf). The presence of a 
second, less sterically hindered, pyridine in solution with 
adducts of 2,6-Me,pyr or 2,4,6-Me3pyr merely replaces the 
more hindered pyridine from its adducts, without any cation 
formation. Adducts of these highly hindered pyridines are 
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highly reactive, and frequently coagulation of the solvent 
occurs in the presence of excess base, under heating condi- 
tions that are successful in forming fluoroboron cations from 
less hindered pyridine adduct systems. All of the above is 
consistent with the greater ease of dissociation of highly ster- 
ically hindered adducts compared to unhindered ones. AHf 
values for formation of BF3 adducts with highly hindered 
pyridines are much lower than with less hindered ones: 
pyr.BF3, 25.0 kcallmol; 2-Mepyr.BF3, 23.2 kcallmol, 2,6- 
Me2pyrBF3, 17.5 kcallmol (20). Catalysis of side reactions 
at elevated temperatures, by the traces of uncomplexed 
boron trihalide formed by dissociation of the 2,6-Me,pyr 
and 2,4,6-Me3pyr adducts, likely causes the coagulation of 
solvent. 

Various Lewis bases of low steric hindrance other than 
pyridines, such as dimethyl sulfoxide and tetramethylurea, can 
also displace halide ion from pyr.BF,X. Table 1 includes 
NMR parameters of various (pyr)D'BF,+ ions formed in this 
way. We previously reported NMR parameters of similar 
mixed-base cations (R,N)(pyr)BF; and (R3N)(D')BF2+, 
formed by attack of pyridines and other donors on R3N.BF2Br 
(2). 

Non-fluorine containing haloboron cations from 
pyr.BX,Yh(X, Y = CI, Br, I) 

The adduct systems pyr.BC1,,13-, and pyrBC1,,Br3-, readily 
form haloboron cations via selective displacement of the 
heaviest halogen, and we have observed these ions by "B 
NMR, supplemented by FAB. "B chemical shifts are given in 
Table 4, along with values calculated from pairwise interac- 
tion parameters (13, 14) which support our assignments. 

Figure 5 shows "B NMR spectra of the enormously reac- 
tive pyr.BC1,13-,, system. Initially a large amount of uncom- 
plexed BC1,,13-,, (n = 0 - 3) is present, as well as pyr.B13 and 
pyr.BC11, (Fig. 5a). B13 is the strongest Lewis acid of the 
boron trihalides and complexes preferentially with the limited 
amount of pyridine, followed by the next strongest Lewis acid 
of this series, BClI,. Negligible BC1,I or BC13 seems to be 
complexed, illustrating the pronounced changes in Lewis acid 
strength across the series. Minor peaks are present as well. 
Addition of enough pyridine to complex practically all of the 
boron trihalide gives a simple spectrum with all of the 
pyr.BC1,13-, adducts as the only major boron-containing spe- 
cies (Fig. 5b). The spectrum looks much like the "B spectrum 
of any D~BCl,,I,_,, adduct system, since chemical shifts depend 
more on the number and type of halogens than on the specific 
donor molecule (5, 9, 14). A small amount of uncomplexed 
BC13 remains. 

Addition of further pyridine leads to disappearance of the 
pyr.BC1,I and pyr.BC11, signals (Figs. 5c and 5 4 ,  and consid- 
erable precipitate formation. It appears that haloboron cations 
are forming but are largely being precipitated so that their 
NMR signals do not become large. Small peaks are present 
that can be assigned to pyr2BC1,+, pyr,BClI+, and pyr,BI,+, 
consistent with calculated chemical shift values. The only 
adducts still present at the end of the process are the unmixed- 
halogen ones pyr.B13 and pyr.BC13 (Fig. 56). This high selec- 
tivity, favouring reaction of the BC1,I and BClI, adducts to 
give the BCl,+ and BClI+ cations, was also observed in the 
much less reactive quinuclidine. BCl,13, system (Fig. 7 of ref. 
2). Thus iodide displacement occurs as in eq. [3]. 

Table 4. Observed and calculated "B chemical shifts of some 
pyridine-haloboron cations. 

Observed" Calculatedb 

"CDC1, solution; ppm to high frequency of external Et,O.BF,. 
painvise interaction calculations. 

'Not observed. However, the 4-Mepyr analogue (as the bromide) has an 
"B shift of 6.2 ppm. 

'Insufficient data to determine meaningful qdOnor, ,,,,, pairwise terms 
involving 3-Mepyr and 4-Mepyr. 

Again the heaviest halide ion is preferentially displaced. We 

cannot exclude some C1- displacement from pyrBC13. 
Of the minor peaks present in Fig. 5a, three unidentified 

peaks disappear as pyridine is added. These apparently arise 
from three-coordinate boron species, possibly pyr.BCl,+, 
pyr.BClI+, and pyr.BI,+. Another peak at about 5.2 ppm 
increases in size as pyridine is added but never becomes 
major. This peak is tentatively identified as BC1,- in Fig. 4a on 
the basis of its chemical shift (21), but as the system becomes 
pyridine-rich (Figs. 5c and 56) it is more likely to arise from a 
pyridine-rich species such as p y r 3 ~ ~ 2 + ,  p y r 3 ~ ~ 1 2 + ,  or even 
p y r , ~ ~ + ,  all of which are predicted to absorb in this range 
(Table 4). We synthesized 4 - ~ e ~ ~ r , ~ , +  as its bromide salt 
(22) and found its "B chemical shift in CDCl, to be 6.2 ppm. 
Since 4-Mepyr cations have similar "B NMR parameters to 
the corresponding cations of pyr itself this is a reasonable esti- 
mate for p y r 4 ~ 3 + ,  but does not exclude p y r 3 ~ ~ 2 +  or p y r 3 ~ ~ 1 2 + .  

In contrast to the pyr.BC1,13,, system, the pyr.BC1,Br3-11 
system reacts slowly with excess pyridine. The rate of cation 
formation is comparable to the formation of pyr2BF2+ from 
pyr.BF,Cl, and both pyr,BCl,+ and pyr,BClBr+ are formed, 
consistent with B r  displacement from both pyrBC1,Br and 
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Fig. 5. 128.4 MHz "B NMR spectra of the pyr.BCI,,I,-,, system 
(0.8 M in total boron species; CDCI, solvent; D = pyridine). 
(A) Insufficient pyridine to complex all of the Lewis acid; 
(B) approximately equimolar pyridine and Lewis acid; (C) and 
(D), increasing excess of pyridine over total boron trihalide. 

pyr.BC1Br2. Again it is the mixed boron trihalides that react 
preferentially and the heavier halide ion that is selectively dis- 
placed. Because of precipitate formation we do not have as 
complete a picture of these systems as of the fluorine-contain- 
ing systems. 

Discussion 

General 
With pyridine as the Lewis base, D,BF2+ formation is strik- 
ingly accelerated compared to the R3N-donor systems (1, 2), 
and additional reactions occur to give pyr2BFBrf, pyr2BFClf, 
and p y r 3 ~ ~ 2 f .  Low donor steric hindrance is critical, as con- 
firmed by the pronounced drop in efficiency of halide ion dis- 
placement when the attacking pyridine has a 2-substituent, and 
by the absence of any displacement when either the attacking 
or the already-bonded pyridine is 2,6-disubstituted. This is 
consistent with earlier work by Ryschkewitsch and co-work- 
ers showing the importance of steric hindrance on formation 
of hydroboron and heavy-halogen haloboron cations by halide 
ion displacement (4). With 4-methylpyridine as donor they 
were able to displace all bromines from a BBr, adduct in 
refluxing toluene, giving the D ~ B ~ ~  ion (22). The effects of 
steric hindrance on other substitution reactions about boron 
(23), and similar effects with pyridine ligands about other cen- 
tral atoms (24), have been well documented. Pronounced 
steric effects on reactivity and equilibrium constants are 
well established in a wide range of coordination complexes 
(25, 26). The only previously reported D2BFClf cation 
was prepared by the reaction of elemental fluorine with 
(Me3N),BH2+.CI- (27). 

Many species might exist as both ionic and covalent iso- 
mers, such as CH3CN.SbC1,, which is reported to be present as 
the ionic (CH3CN),SbC1,+.SbC1; in nitrobenzene (28) but as 
the covalent adduct in nitromethane (29). The possibility of 
ionization isomers of Lewis acid-base complexes is easily 
overlooked. NMR, supplemented by FAB, is powerful in iden- 
tifying haloboron cations and is useful in clarifying situations 
in which either ionic or covalent isomers (or both together) 
may be present. It should be kept in mind that unexpected 
ionic structures can be generated from neutral precursors (30). 
There have recently been several reports of replacement of a 
halide ion by a neutral ligand to give a cationic complex (31). 

NMR parameters 
Steric hindrance affects NMR parameters (25, 32), as 
observed in our and 'B NMR studies of the mixed boron 
trihalide adducts (9). More pronounced effects occur in the 
fluoroboron cations (Table 1) than in the neutral adducts 
(Table 2). Thus successive methyl substitution in the pyridine 
2-position causes high-frequency (low-field) shifts of 8.1 and 
5.2 ppm ( 1 9 ~ )  and 0.4 and 0.3 ppm ("B) in the series pyr2BF2+, 
(pyr)(2-Mepyr)BF,+, 2-Mepyr2BF2+, compared to shifts of 
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only 2.9 ppm ( 1 9 ~ )  and -0.1 ppm ("B) on going from pyrBF, 
to 2-Mepyr.BF,. (Other BF,,X,-,, adducts do show greater ' 9 ~  

shifts as the donor changes from pyr to 2-Mepyr, however 
(Table 2), perhaps reflecting greater steric requirements of the 
heavier halogens compared to fluorine.) r~zeta and para substi- 
tution on pyridine has very little effect on chemical shift. 
" B - I ~ F  coupling constants are not as large as those of the cor- 
responding more hindered tertiary-amine cations, and they 
increase appreciably as the pyridine steric hindrance increases, 
e.g., pyr,BF,+, 22.9 Hz; (pyr)(2-Mepyr)BF,+, 25.4 Hz; 2- 
Mepyr,BF,+, 28.8 Hz (cf. (q~inuclidine)~BF,+, 39.5 Hz (2)). 
There is no correlation of NMR parameters or of reactivity 
with the pK, values of the pyridines (33), which are listed in 
Table 2. 

Chemical shifts of many nuclei are not linearly additive 
with respect to the substituent groups, but nevertheless may be 
"pairwise additive," i.e., the chemical shift can be expressed as 
a sum of pairwise terms q,,, associated with substituents i and 
j and independent of all other substituents. The sum is taken 
over all possible pairs of substituents about the central atom, 
excluding the nucleus being observed in the NMR experiment 
(13). We showed that pairwise additivity applies to "F and "B 
chemical shifts and also to " B - ' ~ F  coupling constants in the 
mixed tetrahaloborate anions (21), and extended this to a wide 
range of boron trihalide adducts (14) and more recently to tri- 
alkylamine-haloboron cations (2). The halogen-halogen q,,, 
terms that apply to the tetrahaloborate anions are also applica- 
ble to the neutral adducts and the haloboron cations, with addi- 
tion of donor-halogen q,,, terms for the adducts, and also 
donor-donor qld  terms for the cations. Chemical shifts for tri- 
alkylamine-haloboron cations (2) and pyridine-haloboron cat- 
ions, calculated using our q,,, terms (Table 5), agree well with 
experiment, the average deviation from the observed value 
being less than 0.5 ppm, although there are greater discrepan- 
cies with a few heavy-halogen-containing species. For the typ- 
ical haloboron cation pyr,BCII+, all possible pairwise 
combinations of boron substi?uents are: 1 pyr,pyr; 2 pyr,Cl, 2 
pyr,I and 1 C1,I. Using values from Table 5, this gives qpyr,pyr + 
2qpyr,c, + 2q,,, + qc,,! = :1.6 pprn for the "B chemical shift, 
as llsted in Table 4. Palrwlse interaction parameters have been 
used as a purely empirical method for identifying new boron 
(34) and other element (35) species. When there is a wide 
chemical shift range, assignments are unambiguous. Since the 
range of "B chemical shifts of the haloboron cations (exclud- 
ing pyr2B12+) is only 12 ppm and overlaps the range of neutral 
adducts and tetrahaloborate anions, a few peak assignments 
remain ambiguous. 

Spin-lattice relaxation 
The distinctive short 1 9 ~  spin-lattice relaxation times (T17s) of 
the fluoroboron cations (Fig. 3) support our structures, since 
fluorine in any D2BF2+ or D,BFX+ ion is in the middle of a 
chain and can move much less freely than fluorine on the ter- 
minal boron of any D.BF,,X,-,, adduct. Ti's are frequently pro- 
portional to 1/7,, where 7, is the correlation time for molecular 
reorientation. 7, is proportional to ?, r being the effective 
molecular size. Rapid rotation is possible about the D-B 
bond of D.BF,,X,-,, adducts, i.e., the effective molecular size 
of the BFnX,, portion of the adduct is small, and hence TI 
should be relatively long. Substitution of fluorine with succes- 
sive chlorines or bromines increases the moment of inertia of 

Table 5. Pairwise substituent NMR parameters q,, for four- 
coordinate boron species.'' 

"F "B I I B - I ~ F  
chemical chemical coupling 

shift shift constant 

F, F 
F, C1 
F, Br 
CI, C1 
CI, Br 
CI, I 
Br, Br 
Br, I 
I, I 
PY', F 
pyr, C1 
pyr, Br 
PY', 1 
PY', PY' 
Me,N, F 
Me,N, Cl 
Me,N, Br 

Me,N, I 
Me,N, PYr 
Me,N, Me,N 

Q> F 
Q, Cl  
Q, Br 
Q> 
Q7 PY' 
Q, Me,N 
Ql Q 
2-Mepyr, F 
2-Mepyr, CI 
2-Mepyr, Br 
2-Mepyr, I 
2-Mepyr, pyr 
2-Mepyr, Me,N 

2-Mepyr, Q 
2-Mepyr, 2-Mepyr 

"Based on data for tetrahaloborate anions, neutral adducts, and 
haloboron cations. "F values refer to chemical shifts in ppm to high 
frequency of CFCI,; "B, values refer to chemical shifts in ppm to high 
frequency of external Et,O.BF,. pyr = pyridine, Q = quinuclidine, 2- 
Mepyr = 2-methylpyridine. 

*Only one example of this interaction was available to calculate this q, 
value. 

the rotating group and slows the rotation, so that these adducts 
have successively shorter Tl's as the number of heavy halo- 
gens increases. Rotation is far more restricted when a BF, 
group is between two large adduct molecules. Such fluorines 
are not free to rotate rapidly about either D-B bond because 
rotation is restricted by the second donor, which extends far 
out into the surrounding solvent. Hence the fluoroboron cat- 
ions should have shorter T,'s than the neutral adducts, as 
observed. The even shorter T,, by another factor of 2, of 
p y r 3 ~ ~ 2 +  compared to pyr2BF2+ and pyr2BFX+, is consistent 
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with three large groups anchoring the boron in place, further 
restricting the motion of the lone fluorine. The slower fluorine 
motion in the cations results in more efficient spin-lattice 
relaxation via a more favourable distribution of motional fre- 
quencies (36). This TI method is of general applicability in 
confirming the presence of any fluoroboron cation containing 
at least two donor molecules. While a number of factors 
including ion pairing (37) could affect TI values in these sys- 
tems, a T, much shorter than all others in the same solution 
should be valuable in identifying fluoroboron cation reso- 
nances, especial1 in the many oxygen-donor systems in which 
splittings due to "B-19F couplings are not resolved so assign- 
ments cannot be based on such splittings. 

Mechanistic implications 
The striking ability of one heavy and two light halogens on 
boron to maximize the ease of displacement of the heavy halo- 
gen can be attributed to stabilization of the transition state or 
reactive intermediate by .rr bonding from halogen to boron (2). 
Such .rr bonding is far more important with fluorine than with 
the heavier halogens, which makes BF, the weakest Lewis 
acid of the BX, series (6). We tentatively excluded a dissocia- 
tive mechanism and three-coordinate intermediate on several 
grounds (2), and suggested an S,2 reaction with a five-coordi- 
nate transition state: 

Lowering of the energy of the transition state, by maximiza- 
tion of halogen-to-boron .rr bonding when the D.BF2 unit 
becomes planar, is crucial to high selectivity. As in a three- 
coordinate intermediate, the stabilization by .rr bonding should 
become greater as the number of fluorines increases, and can 
account for the high selectivity. 

The far greater reactivity of pyr.BF,Br with pyridine, com- 
pared to quinuclidine.BF,Br with quinuclidine, will to some 
extent arise from the decreased steric hindrance of pyridine 
compared to quinuclidine, but the proposed transition state 
also predicts far greater reactivity of pyrBF,Br, independent 
of steric effects. Pyridine already attached to boron should be 
able to stabilize the transition state of eq. [4] due to the addi- 
tional .rr bonding that is possible from pyridine to boron: 

Thus pyridine acts much like fluorine in providing .rr bonding 
to stabilize the transition state, whereas a trialkylamine nitro- 
gen cannot participate in .rr bonding, so that already bonded 
pyridine accelerates the reaction. This can also explain the 
observation that the mixed-donor cation (pyr)(Q)BF,+ (Q = 
quinuclidine) forms much more readily when the tertiary 
amine Q reacts with pyr.BF,Br, than when pyridine reacts with 
Q.BF,Br, despite steric effects in the transition state being 
essentially the same (2). The proposed five-coordinate transi- 
tion state can also help to account for the readiness of p y r 3 ~ ~ 2 +  

and pyr,BFXf (X = C1, Br) to form, while the corresponding 
trialkylamine species do not. As the number of fluorines avail- 
able to stabilize the transition state by .rr bonding decreases, 
the number of pyridines increases to compensate. One fluorine 
and one pyridine in the trigonal planar part of the transition 
state may be almost as effective as two fluorines in providing 
.rr bonding to boron. (The lower steric hindrance of pyridine 
compared to quinuclidine is of course also important, and its 
importance should increase as the number of Lewis base mol- 
ecules in the cation increases from two to three.) 

Recently the mechanism of reaction of boron trifluoride 
with pyridine has been analysed in detail by Ou, Wallace, and 
Janzen (38) on the basis of Janzen's coordination model of 
reaction mechanisms (39). The analysis, involving a set of 
plausible dissociation and recombination steps for the case of 
a 2:l excess of BF, over pyridine, provides insight into why 
pyr,BF,+ should be much slower to undergo chemical 
exchange than other species including free BF,, pyr.BF,+, 
BF,, and the fluorine-bridged pyr.BF,--F--BF, that are 
expected to be present under excess-Lewis-acid conditions. 
Their analysis is in accord with our observation of a well- 
defined 1 : 1: 1 : 1 ' 9 ~  quartet for pyr2BF2+, together with broad 
' 9 ~  signals consistent with rapid chemical exchange among 
other fluorine-containing species, in the presence of an excess 
of Lewis acid. 

The most important difference between the mixed boron tri- 
halide adducts and BF, adducts is that heavy halide ion is a 
favourable leaving group, while fluoride ion must be trans- 
ferred among other species and does not exist independently 
in solvents such as CDC1,. Janzen's coordination model (39), 
which rationalizes the reactions of a wide range of inorganic 
fluorides, does not allow displacement of naked F but only F 
transfer. The ready formation of pyridine-fluoroboron cations 
from the mixed boron trihalide adducts, but not from pyr.BF3, 
is in accord with displacement of heavy halide ion in a manner 
that cannot be duplicated by fluoride ion. 

Even in non-fluorine-containing D.BX,Y adducts the tran- 
sitions state would be preferentially stabilized if the lightest 
available halogens were involved in the planar D.BX2 unit, 
since .rr bonding from halogen to boron decreases in the order 
F >> C1> Br > I (6). The heaviest halogen, least able to partic- 
ipate in .rr bonding stabilization of the transition state, would 
always be preferentially lost, as observed. The relative B-X 
bond strengths, B-F >> B-Cl > B-Br > B-I, are also 
important in favouring the loss of the heaviest halogen but this 
cannot be the sole effect because the same heavy halogen is 
lost much less readily from the unmixed rather than the mixed 
boron trihalide adducts. Because free fluoride is never dis- 
placed, halogen redistribution involving fluorine requires the 
presence of at least traces of uncomplexed Lewis acid so that a 
transitory B-F-B bridge can form (21, 38-40). 

The minor "B NMR peaks in Fig. 5n, which disappear as 
pyridine is added, may arise from pyrBCl,+, pyrBCIIf, and 
pyrBI,+. The existence of these species would be favoured by 
stabilization due to .rr bonding from pyridine to boron. No sim- 
ilar "B peaks were observed in the corresponding quinuclid- 
ine.BCl,,I,-,, system (2) in which .rr bonding from the donor is 
not possible. Any such stabilization of pyridine-containing 
three-coordinate boron cations would be another factor 
favouring ready formation of the four-coordinate boron cat- 
ions, since they could easily add another pyridine molecule to 
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form pyr2BX2+. If an analogous pyr.BF,+ species can form 
readily, as proposed by Janzen and co-workers (38), this 
would be a factor favouring the observed facile formation of 
pyr2BF2+ even when Lewis acid is present in excess. 

Conclusions 
Various 4-coordinate fluoroboron and other haloboron cations 
can be detected in solution under mild conditions by displace- 
ment of the heavier halogen as halide ion from pyridine - 
mixed boron trihalide adducts. Displacement of the heavy 
halogen is easiest when there are one heavy and two light halo- 
gens on boron. It is not yet clear whether kinetic or equilibrium 
factors are predominant in determining the reactivity patterns 
in these systems. While many cationic species can be prepared 
by the reactions described here, firm conclusions on mecha- 
nism must await further work. 
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Halide ion trapping of nitrenium ions 
formed in the Bamberger rearrangement of 
N-arylhydroxylamines. Lifetime of the parent 
phenylnitrenium ion in water 

James C. Fishbein and Robert A. McClelland 

Abstract: The acid reactions of five arylhydroxylamines (Ar = 2,6-Me2C6H3, 2,5-Me2C6H3, 2-MeC6H4, 2-C1C6H4, and C6H5) 
have been studied at constant ionic strength (NaC104) in the presence of varying amounts of NaBr and NaCI. Each system 
resulted in the corresponding p-aminophenol, the product of Bamberger rearrangement, as the only detectable product in the 
absence of halide. 'The addition of halide ion reduced the yield of this product, with the appearance of the corresponding 
p-haloaniline, o-haloaniline (where appropriate), and the parent aniline (predominantly with bromide). Rate constants for the 
reaction were measured in the case of the parent and 2,6-dimethyl systems and showed small decreases (chloride) or increases 
(bromide) with increasing halide concentration. These changes did not correlate with the change in products, implying that the 
rate variations were caused by specific salt effects. Product data were analyzed by a mechanism involving rate-limiting 
formation of the appropriate arylnitrenium ion followed by product-determining steps involving trapping by the solvent or by the 
added halide. The possibility that a portion of the halide-trapped products were derived from a pre-association mechanism was 
also included. Kinetic analyses then produced kBr:kw and kcl:kw ratios for two limiting cases, one involving pre-association with 
an equilibrium constant K,, = 0.3, and one ignoring pre-association. From an azide:water ratio (kAz:kw) previously determined 
for the 2,6-dimethylphenylnitrenium, kBr was concluded to lie in the range (4-5) x lo9 M-I s-I for all of the nitrenium ions of this 
study. This range for kB, then led to k, values of (1-2) x lo9 s-I (2.5-Me2), (2-3) x 10' s-' (2-Me), and (4-8) x lo9 s-' (parent 
and 2-Cl), where the ranges reflect uncertainties in the exact value of kBr and in the contribution from pre-association. The 
lifetime of the parent phenylnitrenium ion in water at one molar ionic strength is concluded to lie in the range 125-250 ps. 

Key words: nitrenium ion lifetime, phenylhydroxylamine, phenylnitrenium ion, Bamberger rearrangement. 

Resum6 : Operant B force ionique constante (NaC104) en presence de quantitCs variables de NaBr et de NaC1, on a Ctudie les 
rkactions d'addition de cinq arylhydroxylamines (Ar = 2,6-Me2C6H3, 2,5-Me2C6H3, 2-MeC6H4, 2-C1C6H4 et C6H5). Pour 
chaque systkme, en l'absence d'halogtnure, le seul produit dktectable est le p-aminophCno1 correspondant, le produit du 
rearrangement de Bamberger. L'addition d'haloginure diminue le rendement en ce produit et il y a apparition de la 
p-halogtnoaniline correspondante, de 1'0-halogCnoaniline (dans les cas approprits) et de I'aniline parente (en prkdominance 
avec le bromure). On a mesurC les constantes de vitesse dans les cas des systkmes parent et 2.6-dimCthylCs et celles-ci diminuent 
(chlorure) ou augmentent (bromure) 1Cgkrement avec une augmentation de la concentration de I'halogCnure. I1 n'y a pas de 
corrClation entre ces changements et les changements dans les produits; ceci implique que les variations dans le vitesses sont 
provoquCes par des effets de sel spCcifiques. Les donntes relatives aux produits ont CtC analysCes B l'aide d'un mCcanisme 
impliquant la formation de l'ion arylnitrknium appropriC dans I'Ctape dCterminant la vitesse, suivie par des Ctapes determinant la 
nature des produits qui impliquent un piCgeage par le solvant ou par I'halogCnure ajoutC. On a aussi inclus la possibilitC qu'une 
partie des produits dCrivant d'un piCgeage de I'halogCnure dCrive d'un mCcanisme de prC-association. Les analyses cinCtiques 
ont alors conduit aux rapports kgr : k, kc, : k, pour les deux cas limites, l'un impliquant une prCassociation avec une constante 
dlCquilibre, K,, = 0,3, et l'un ne tenant pas compte d'une prC-association. En se basant sur un rapport azoture : eau (kAz : k,) 
dCterminC antkrieurement pour le 2,6-dimCthylphCnylnitrCnium, on a conclu que la valeur de kBr est d'environ (4-5) x 10' M-I 

s-' pour tous les ions nitrtnium examinks au cours de cette Ctude. Ces valeurs de kgr conduisent alors B des valeurs de k, de 
(1-2) x lo9 s-' (2,5-dimkthyle), (2-3) x lo9 s-I (2-mCthyle) et (4-8) x lo9 s-I (parent et 2-C1) dans lesquelles les domaines sont 
un reflet des incertitudes dans la valeur exacte de kB, et de la contribution de la prC-association. Le temps de vie de l'ion 
phtnylnitrCnium parent dans l'eau, ti une force ionique molaire, est de l'ordre de 125-250 ps. 

Mots elks : temps de vie des ions nitrknium, phCnylhydroxylamine, ion phCnylnitrCnium, rkarrangement de Bamberger. 
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Scheme 1. 
+ 

NHOH N H-OH2 
I I 

Bamberger reported 100 years ago that N-phenylhydroxyl- 
amine and its derivatives rearrange in aqueous acid solutions 
to give 4-aminophenols (1). With the parent compound (1) in 
aqueous sulfuric acid, 4-aminophenol (2) was the exclusive 
product observed, while both 4-chloroaniline and 2-chloro- 
aniline were also formed with HCl as the acid (1, 2). A study 
by Ingold and co-workers in the 1950s showed that despite the 
formation of these chloroanilines, the rate was independent of 
chloride ion concentration (3). This ruled out mechanisms 
with N-0 bond fission concerted with chloride ion attack and 
was more consistent with an SN-1 type of mechanism. 
Detailed studies carried out within the last 25 years have elab- 
orated on this suggestion and have lead to the mechanism of 
Scheme I. Key features are the activation of the hydroxyl- 
amine by 0-protonation to form 3, followed by N-0 bond 
fission with loss of water to form an intermediate nitrenium 
ion 4. This cation is trapped at the para position (i.e., through a 
carbenium resonance contributor 5) to give the intermediate 6, 
the tautomer of the ultimate ~roduct .  In the case where the 
para position is substituted with a methyl group, the imino- 
cyclohexadienol (e.g., 4-hydroxy-4-methyl-2,5-cyclohexadi- 
enone imine) can be observed, although this slowly hydrolyzes 
to the ketone (4). . , 

One important finding was that the reaction occurs in an 
intermolecular fashion, since rearrangement of 1 in ~ ~ ' ~ 0  
resulted in full incorporation of solvent oxygen into the prod- 
uct p-aminophenol(5). This same study also showed that there 
was no exchange of 180 into unreacted starting material, 
establishing that N-0 bond fission is not reversible (5) 
(although a similar study with N- 1-naphthylhydroxylamine (6) 
suggests that this is not always the case). Detailed kinetic stud- 
ies showed that the reaction was first order in phenylhydroxyl- 
amine and first order in H+ to pH 1-2, with the rate then 
becoming independent of acidity to acids with Ho of about - 1, 
at which point the rate began to increase again (7-9). Spectral 
measurements suggested that the initial levelling was associ- 
ated with protona?con to the unreactive N-protonated hydrox- 
ylamine 7, with p ~ a N  = 1.90 for the parent system (7,9). The 
acid catalysis at higher acidities was explained by a mecha- 
nism involving a diprotonated intermediate PhN+H20+H2 (7, 

lo), although a medium or salt effect could not be ruled out 
(9). 

The occurrence of an SN1-type mechanism leading to an 
arylnitrenium ion as an intermediate was suggested by several 
pieces of evidence, including solvent isotope effects (9) and 
entropies of activation (7,8) in addition to the previously men- 
tioned experiment in HC1 by the Ingold group (3). Substituents 
in the aromatic ring have a significant effect, with large nega- 
tive p values consistent with the development of considerable 
positive charge in the ring in the transition state for the reac- 
tion. As one example, log kH for the rearrangement of meta- 
substituted phenylhydroxylamines had a p value of -5.8 (7). 
Arylnitrenium ions have also been proposed as intermediates 
in the solvolysis of a number of hydroxylamine derivatives - 
sulfonates ArNR-0S02CF3 (1 l), sulfates ArNR-0S03- (12), 
carboxylates ArNR-OOCR' (13-15) - as well as N-chloro- 
anilines (16). As in the Bamberger rearrangement, these com- 
pounds solvolyze in water to products derived from addition 
of the solvent at the ring carbon para to the nitrogen, and large 
negative p values in the range -5 to -9 are observed. 

Evidence that arylnitrenium ions can have lifetimes in 
water that make them viable as intermediates has appeared 
only recently. The first such experiment involved N-(2,6- 
dimethylpheny1)hydroxylamine (8) undergoing its Bam- 
berger rearrangement in the presence of azide ion (17). Two 
products were observed, the expected p-aminophenol 10 and 
the p-azidoaniline 11. The latter formed in increasing relative 
amount with increasing concentration of azide, but did so 
with no increase in the rate of reaction. This is classic evi- 
dence for an intermediate, in this case the nitrenium ion 9, 
which forms in a rate-determining step and then partitions 
between the solvent and the added nucleophile in very fast 
reactions. The product data were fit by the standard equation 
for such a competition furnishing the partitioning ratio kA,:kw 
as 7.5 M-'. With carbenium ions as electrophiles, the 
assumption has been widely employed that azide ion reacts at 
the diffusion limit with kA, approximately equal to 5 x lo9 
M-' s-' (1 8-20). The same assumption for arylnitrenium ions 
provided the lifetime of the 2,6-dimethylphenynitrenium ion 
(9) in water (llk,) as 1.5 ns. This number does indicate that 
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Scheme 2. 

this nitrenium ion can exist as a free cation in water, although 
its lifetime is very short. 

The Novak group has more recently applied the azide-clock 
approach to a number of arylnitrenium ions formed in the sol- 
volysis of sulfate, pivalate, and N-chloro derivatives (21-23). 
With the above assumption for azide, they found lifetimes 
varying from the picosecond to the microsecond region. Sub- 
stituents in the aryl ring exerted significant effects, but the life- 
times did not correlate well with the IT+ value of the substituent 
(22). Unlike the case of the Bamberger rearrangement, these 
experiments form the nitrenium ion initially as an ion pair with 
the leaving group. With the more reactive nitrenium ions evi- 
dence was presented that the solvent and azide reactions were 
occurring at the ion-pair stage (23). We have also reported 
such a situation with some N-aroyloxy-2,6-dimethylphenylhy- 
droxylamines (24, 25). 

Arylnitrenium ions have not been observed under super- 
acid conditions (26-28) although there have been reports of 
their spectroscopic characterization following the two-elec- 
tron oxidation/deprotonation of diarylamines (29, 30) and a 
dimethylamino-stabilized biphenyl derivative (3 1). Within the 
last three years several examples have been detected in laser 
flash photolysis experiments (32-37). These included stabi- 
lized examples - the 4-biphenylyl- and 2-fluorenylnitrenium 
ions and their N-acetyl derivatives - that were sufficiently 
long-lived to be studied in aqueous solution (35, 36). These 
experiments furnished absolute rate constants for the reaction 
with water and azide ion, and indeed kAz values of 5 x lo9 
M-' s-' were obtained, verifying the application of the "azide- 
clock" approach in competition kinetic experiments. Similar 
experiments have also verified the applicability of this 
approach to carbenium ions (38, 39). 

In this paper we consider the Bamberger rearrangement of 
the parent N-phenylhydroxylamine (I), and the four deriva- 
tives 8,12-14 in the presence of chloride ion and bromide ion. 

NHOH NHOH NHOH 

The principal objective of this research was to provide an esti- 
mate for the lifetime of the parent phenylnitrenium ion in 

aqueous solutions. Recent research in our laboratories has 
established that this nitrenium ion is formed photochemically 
in aqueous acid solutions following irradiation of phenyl azide 
by rapid protonation of the so-formed singlet phenylnitrene 
(40). The phenylnitrenium ion, however, is too short-lived to 
be detected by laser flash photolysis using excitation sources 
with nanosecond pulse widths, although the cation might be 
detectable with faster systems. In principal, the Ingold data 
(3) from the 1950s should be capable of supplying a 
ch1oride:water partitioning ratio kcl:kw. However, examina- 
tion of these data shows that there is uncertainty since the 
amount of trapping by chloride ion is small and there is the 
possibility that salt effects may be perturbing the data. A sec- 
ond uncertainty is the value for kc, that would be used to con- 
vert the trapping ratio to an absolute rate constant for the 
solvent. Our approach therefore was to work from the 2,6- 
dimethyl system (8) where the k,,:k, previously measured 
provides a good estimate of k,. Ideally we would have liked to 
have measured kAz:kw for the parent phenylhydroxylamine. 
This, however, proved not to be possible since the acidities 
required for sufficient free azide ion to be present (pH > 4) 
were too low for the Bamberger rearrangement to occur at a 
significant rate. In this case, significant quantities of oxidation 
products are formed even with rigorous dearation (7, 9) and 
these complicate the analysis. One approach we considered 
was to move to a phenylhydroxylamine derivative where the 
phenylnitrenium ion forms by simple ionization, as has been 
done by the Novak group (21-23). This, however, adds the 
complication of trapping at the stage of an ion pair (23, 25). 
The formation of the nitrenium ion from the 0-protonated 
hydroxylamine avoids this problem since the leaving group 
simply becomes part of the solvent in the solvation shell. 
Finally, our choice of substrates was dictated by a desire to 
avoid systems where thepara position was substituted. In this 
way we obtained one major product, thep-aminophenol, from 
the reaction with solvent. 

Results 

Experiments were carried out at 25°C in aqueous solutions 
containing 0.5% acetonitrile and a mixture of HClO,, NaC104, 
and either NaCl or NaBr. The total ionic strength was main- 
tained constant at 1 M. The concentration of the hydroxyl- 
amine was lo4 M, and reactions were carried out until there 
was complete disappearance of this substrate. Products were 
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analyzed quantitatively by HPLC, by comparison of peak 
areas with areas obtained for authentic samples. Sets of exper- 
iments were conducted with the same concentration of HC104, 
and with varying concentrations of NaCl or NaBr starting from 
0 M. The acid concentration was chosen to give a rate of reac- 
tion sufficient to avoid the formation of oxidation products, 
and mass balances for the nucleophilic products were in gen- 
eral excellent. The experimental data, product yields as a func- 
tion of [NaCl] or [NaBr , are provided in Tables S1-S8 as 
supplementary material> The following provides a brief 
description of the pertinent results with each hydroxylamine. 

N-(2,6-Dimethylpheny1)hydroxylamine (8) 
With chloride ion present, two products were observed, 
4-amino-3,5-dimethylphenol (10) and 4-chloro-2,6-dimethyl- 
aniline (15). Rate constants were measured in a set of solu- 
tions containing 0.000324 M HC104, ionic strength = 1 M, by 
following a change in optical density at 280 nm in the UV 
absorbance spectra. The values of kobs showed a small 
decrease on increasing chloride concentration, amounting in 
total to an 8% decrease on proceeding from 0 M to 0.888 M 
NaCl. 

With bromide ion present, three products were observed, 
4-amino-3,5-dimethylphenol (lo), 4-bromo-2,6-dimethyl- 
aniline (16) and 2,6-dimethylaniline (17). As shown in eq. [ l] ,  
both 16 and 17 are attributed to bromide ion trapping of the 
nitrenium ion to form the initial adduct 18, followed by either 
tautomerization to 16 or reaction with a second bromide ion to 
give 17  and Brz. The aniline is the product of formal reduction 
of the hydroxylamine. The occurrence of such a reaction was 
first reported by Pelecanou and Novak (4 1). Evidence for this 
mechanism in the present case is the increase in the ratio of the 
reduction product to the adduct ([17]:[16] with increased con- 
centration of bromide ion. 

Rate constants were again measured in the set containing 
0.000324 M HC104. In this case there was a small, nonlinear, 
increase in kobs with increasing bromide concentration. Over- 
all, from 0 M to 0.475 M [Br-], kobs increased by 25%. 

N-Phenylhydroxylamine (1) 
With both halides, the only product derived from the solvent 
was 4-aminophenol (2), with 2-aminophenol not detected 
(<0.5%) in any experiments. With chloride ion present, 4- 
chloroaniline (19) and 2-chloroaniline (20) were also 
obtained, in relative yields that were independent of the con- 
centration of the chloride ion: [20]:[19] = 0.444 * 0.016. Sim- 
ilarly, 4-bromoaniline (21) and 2-bromoaniline (22) were 
observed with bromide ion, in a relative amount [22]:[21] = 

Supplementary material mentioned in the text can be purchased 
from: The Depository of Unpublished Data, Document Delivery, 
CISTI, National Research Council Canada, Ottawa, Canada 
KIA 0S2. 

0.614 5 0.018. A small amount of the parent aniline (23) was 
also formed. We presume that this is arising from the mecha- 
nism of eq. [I], although here it can be noted that the ratio of 
reduction product to adduct does not change with bromide 
conentration. This may imply that there is another mechanism 
in operation for the reduction product. 

In the reaction with chloride present, rate constants msa- 
sured at constant acidity and ionic strength showed a small 
decrease with increasing chloride concentration. The rate con- 
stant at [Cl-] = 0.93 M was 12% smaller than the one in the 
absence of chloride. With bromide ion present, small increases 
in rate constant were observed. The rate constant at [Br-] = 
0.95 M was 13% larger than the one in the absence of bromide. 

N-(2-Methylpheny1)hydroxylamine (13) 
As with the parent compound, the only product derived from 
the solvent was the pam adduct, 4-amino-3-methylaniline 
(24). With chloride ion present, both thepara adduct 4-chloro- 
2-methylaniline (25) and the ortho adduct 6-chloro-2-methyl- 
aniline (26) were observed, in a ratio [26]:[25] = 0.089 * 
0.005. The decreased ortho:para ratio compared to the parent 
system is undoubtedly associated with the increased steric 
congestion in this system where orrho addition requires three 
substituents on adjacent carbons of the aromatic ring. A small 
amount (maximum of 2%) of 2-methylaniline (27) was also 
observed. With bromide ion, the only bromide-containing 
product formed was the para adduct, 4-bromo-2-methyl- 
aniline (28), no orrho adduct (6-bromo-2-methylaniline (29) 
being detectable. In this case, substantial amounts (up to 12%) 
of the reduction product 2-methylaniline 27 were also formed. 

N-(2,s-Dimethylpheny1)hydroxylamine (14) 
In this case the only product that was quantitatively analyzed 
was the solvent adduct, 4-amino-2,5-dimethylphenol (29). 
With chloride ion, the HPLC traces showed the presence of 
only one other product. Since this could be shown not to be the 
parent aniline, we presume that it corresponds to the para 
adduct 4-chloro-25-dimethylaniline (30). The absence of the 
ortho adduct 2-chloro-3,6-dimethylaniline (31) makes sense, 
since this product requires four substituents at adjacent car- 
bons. With bromide, the parent aniline was observed, along 
with one other product that we assume to be the para adduct. 

N-(2-Chloropheny1)hydroxylamine (12) 
With this compound, just the reaction in the presence of 
chloride was studied. Three products were observed, 4- 
amino-3-chlorophenol(32), 2,4-dichloroaniline (33), and 2,6- 
dichloroaniline (34). The latter two formed in a ratio [34]:[33] 
= 0.27. 

Discussion 

We start by considering whether the halide-derived products 
are indeed obtained by trapping at the stage of an arylnitre- 
nium ion. The evidence comes from a comparison of products 
and kinetics, the combination of these two experiments being 
carried out in this work with the parent hydroxylamine and the 
2,6-dimethyl derivative. In each case, both halides were exam- 
ined, with the kinetic experiments being performed under the 
same conditions as the product analyses. A constant acid con- 
centration was employed, to ensure that rate variations could 
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Fishbein and McClelland 

Scheme 3. 

&AH e x -  

not be attributed to changes in acidity. The ionic strength was 
also maintained constant, with NaC104 being replaced with an 
equivalent amount of NaCl or NaBr. In the case of chloride, 
the observed rate constants with both hydroxylamines actually 
decreased slightly with increased chloride content. Thus here 
there is no correlation with the appearance of chloride prod- 
ucts. With bromide, however, increases in kobs were observed. 
In the 2,6-dimethyl case this amounted to a 25% increase in 
kobs at the highest concentration of bromide employed. At this 
concentration, however, 80% of the products are due to bro- 
mide trapping, and this requires a 400% or 5-fold increase in 
kobs if the bromide products are due to some bimolecular 
mechanism. With the parent compound, a 13% increase was 
observed in kobs at the highest [Br-1. Under these conditions 
50% of the products are due to the bromide reaction, so a dou- 
bling in kobs is required if the reaction is bimolecular. These 
data therefore exclude the possibility that all of the bromide 
trapping is due to a bimolecular reaction. The slight rate 
increase that is observed may be caused by a specific salt 
effect associated with replacing perchlorate by halide. A slight 
contribution from a slow bimolecular process is also possible. 
Whatever the case, the majority of the products must be 
derived from reaction at the stage of the arylnitrenium ion. 

We therefore analyze the product data according to the 
mechanism of Scheme 3, with rate-limiting formation of the 
arylnitrenium ion followed by product-determining steps 
involving trapping by the solvent or by the added halide. A 
recent paper from the Novak group (23) has demonstrated that 
pre-association can account for a significant portion of the 
products from added nucleophiles in the case of nitrenium ions 
with lifetimes in the region of the ones of this study, and such a 
possibility has been incorporated in Scheme 3. Pre-association 
involves the formation of a nucleophile-substrate complex 
prior to the formation of the nitrenium ion. In Scheme 3 this is 
shown as occurring at the stage of the neutral hydroxylamine, 
but a mechanism in which this takes place after protonation 
would be equivalent. As in the Novak study, Scheme 3 is writ- 
ten such that the nitrenium.halide pair, once formed, only 
reacts with the halide counterion. To explain the lack of kinetic 
dependence on halide concentration this mechanism also 
requires that the halide-substrate complex react to form nitre- 
nium ion at the same rate as the substrate alone. This was also 
true with the systems involved in the Novak study (23). 

In terms of this mechanism, the fractional yield of the 
p-aminophenol is given by eq. [2]. 

The second term on the right-hand side of this equation repre- 
sents the decrease in the p-aminophenol product due to pre- 
association with the halide, while the first term represents the 
decrease associated with trapping of the free nitrenium ion. 
Equation [2] contains two adjustable parameters, kx:kw and 
K,,, and in principle these can be provided by nonlinear least- 
squares fitting to the experimental data. Our fitting program, 
however, failed to perform such an operation, since with the 
scatter in the experimental data the fits to eq. [2] were about 
equally as good for values of K,, ranging upwards from 0 to 
0.4-0.6. The problem in the case of systems that show a sig- 
nificant decrease inp-aminophenol, such as 2,6-dimethyl with 
both halides, is that most of this decrease is due to trapping of 
the free nitrenium ion. Thus. a small contribution from me- 
association cannot be distinguished experimentally fromLthe 
case where there is none. In the case of systems where there is 
a smaller decrease in p-aminophenol, the problem is that the 
data cannot be extended to high enough halide concentrations 
to unequivocally define K,,. 

The association constant K,, has been assumed to be 0.3 
M-' at 20°C (42, 43). (Novak et al. (23) found that a value of 
0.25 provided a better fit to their data at a higher temperature, 
50°C.) Accordingly, we took K,, as 0.3 and fit to eq. [2] with 
the trapping ratio as the adjustable parameter. The kx:kw ratios 
so produced are given in Table 1, along with ones obtained 
assuming no pre-association (i.e., K,, = 0). As noted above, 
the two values of K,, in most cases resulted in fits to the exper- 
imental data that were indistinguishable. Figure 1 shows the 
"best" case for pre-association, the parent plus bromide sys- 
tem, where the line produced with K,, = 0.3 produces a mar- 
ginally better fit. 

The mechanistic model including pre-association results in 
lower values for kx:kw compared with the one that ignores pre- 
association. This effect can be quite significant with substrates 
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Table 1. Trapping ratios for aryinitrenium ions." 

Can. J. Chem. Vol. 74, 1996 

Parameter 

With K,, = 0 
kB,:kw (M-') 
kc,:kw (M-I) 
kc,$,, 

With K ,  = 0.3 
kBr:kw (M-I) 
kc,:kw (M-') 
k,r:kc, 
10-9kw (s-') 

"Ionic strength = 1.0 M, 25OC. 
'~ rorn  k,,,:k, = 7.5 (K,, = 0) to 7.0 (K,, = 0.3). with k,,, = 5 x 10'M-' s-I. 
'Lower limit uses the value of k,,:k, obtained with K,, = 0, and k,, = 4 x 10' M-' s-I. Upper limit uses the 

value of k,,:k, obtained with K,, = 0.3, and k,, = 5 x 10'' M-' s-I. 
"Taken to be same as parent, since k,,:k, values are, within experimental error, the same. 

Fig. 1. Fractional yields of p-aminophenol in the reaction of 
N-phenylhydroxylamine in the presence of bromide ion. The two 
lines have been drawn according to eq. [2] with K,, = 0 and 0.3, 
with the latter providing the better fit to the experimental data. 

0.5 
0.0 0.2 0.4 0.6 0.8 1.0 

[Bromide] 

where trapping is relatively inefficient. For example, with the 
parent system, kx:kw values calculated with Kas = 0.3 are -50% 
of the ones with Kas = 0. With systems where there is more 
efficient trapping, the effect is relatively smaller. 

With the 2,6-dimethyl derivative, a value fork, of 6.8 x 10' 
s-' is obtained using the previously determined kAz:kw ratio of 
7.5 M-' (17), with the assumption, now supported by direct 
measurements involving flash photolysis (35,36), that kAz is 5 
x lo9 M-' s-'. Inclusion of pre-association with Kas = 0.3 
reduces kAz:kw by only 7% to 7.0 M-l, and results in a slightly 
larger value of kw of 7.1 x 10' s-'. These kw values in turn pro- 
vide rate constants for the two halides, k , as (4.14.3) x lo9 
M-' s-' and kcl as (1.5-1.8) x lo9 M-' s-8 The lower value of 
each pair is the one obtained from the analyses with Ka, = 0.3, 
the higher value from models with no pre-association. Thus, 
even with the 2,6-dimethylphenylnitrenium ion, the rate con- 
stants for the two halides exceed lo9, and the value for bro- 
mide approaches the azide limit. 

We argue that these two rate constants are likely already 
very close to their limits. The evidence comes from the obser- 
vation (Table 1) that, within each mechanistic model, the 
ratios kB,:ka are relatively constant, in spite of a considerable 
variation in nitrenium ion stability. If the reaction of the 2,6- 
dimethylphenylnitrenium ion with one or both of the halides 
was not occurring close to the limit, the further increases in 
reactivity that accompanied the change to the more reactive 
nitrenium ions should have appeared experimentally as a nar- 
rowing of the difference between the two halides. That the 
ratio remains constant at -2 suggests that the situation has 
been reached with all of the nitrenium ions of this study where 
the rate constants are at their limit. Limiting rate constants 
below 5 x lo9 M-l s-l have been suggested for cation-anion 
combination reactions, for cases where the anion component 
is well hydrated (44, 45). In the present case the order C1- < 
Br- 5 N3- certainly follows the order of diminishing hydra- 
tion. 

In consequence, kw values have been calculated in two 
ways, a lower limit based on the higher k .k ratio obtained 

Bri w1 with Kas = 0 and a value of kBr = 4 x lo9 M- s- , and an upper 
limit based on the lower kBr:kw ratio obtained with Kas = 0.3, 
and a value of kBr = kAz = 5 x lo9 M-I SF'. These values are 
given in Table 1. Figure 2 shows a plot of log kw versus log kH, 
where kH is the second-order rate constant for H+ catalysis of 
the formation of the nitrenium ion from the neutral hydroxyl- 
amine (see Scheme 1). With the uncertainty ink,, this plot is 
scattered, although there is a general correlation that increased 
kH results in smaller k,. There is, however, a significantly 
smaller variation in the latter, a reflection of the very different 
response of nitrenium ion formation and decay to changing 
substituents. 

Our analysis results in a value of kw for the parent phenyl- 
nitrenium ion in the range (4-8) x lo9 s-I, corresponding to a 
lifetime in water of 250-125 ps. Novak et al. previously esti- 
mated kw for the N-acetylphenylnitrenium ion as 1.7 x 10" 
s-l, based on a correlation of log (kA,:kw) with enthalpies 
calculated using ab initio methods (22). Considering that 
there is some uncertainty in the latter number, the 
kw(NCOCH3):kw(NH) ratio = 20-40 does appear consistent. 
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Fishbein and McClelland 

Fig. 2. Linear free energy correlation. The constant k ,  represents 
the hydration of arylnitreniurn ions. Values are from this work 
with the exception of 4-Me, which is taken from ref. 23. The 
constant kH refers to the H+-catalyzed formation of the nitreniurn 
ion from the neutral hydroxylamine. Values are taken from ref. 8 
with the exception of 4-Me, which is from ref. 9. 

Log k"+ 

The other systems where this ratio has been obtained (23) 
are arylnitrenium ions substituted with a T donor at the 
para position: 4-C1, kw(NCOCH3):kw(NH) = 8; 4-Me, 
kw(NCOCH3):kw(NH) = 6; and 4-Ph, kw(NCOCH3):kw(NH) = 
3. Such substituents localize positive charge at the para carbon 
away from the nitrogen, and should therefore attenuate the 
effect of the electron-withdrawing acetyl group. This effect is 
especially important with 4-Ph, which provides an unexpect- 
edly large amount of stabilization and results in relatively 
small difference in the the lifetimes of the N-acetyl and NH 
ions. 

Experimental section 

The N-arylhydroxylamines were prepared from the corre- 
sponding nitroarenes by zinc reduction in methano1:water con- 
taining ammonium chloride, followed by recrystallization 
from benzene:petroleum ether (7, 8). Products were commer- 
cially available or were obtained from catalytic hydrogenation 
of the appropriate nitro compound. Details of the HPLC sepa- 
rations and quantitative determinations of products have been 
previously published (24). In the present case, analyses were 
performed on a Waters Microbondapak C18 column, except 
for N(-2-chlorophenyl)hydroxylamine where a Hamilton PRP 
polyvinylstyrene column was employed. Quantitative mea- 
surements were based on standard curves constructed with at 
least three points. Product identifications were verified by 
spiking the reaction mixtures with authentic samples. Rate 
constants were measured as previously described (7-9), by 
following the change in optical density at an appropriate wave- 
length in the UV. 
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Carbon-1 3 chemical shifts of alkene carbons in 
2-acylidene-3,5-diaryl-2,3-dihydro-l,3,4- 
thiadiazoles and related benzothiazoles and 
-selenazoles, and their relationship to other 
push-pull alkenes 

Jennifer L. Mueller, Martin S. Gibson, and J. Stephen Hartman 

Abstract: Carbon-13 chemical shifts of alkene carbons are observed in the ranges 78-109 ppm (Cu) and 154-164 ppm (CP) for 
a series of 11 2-acylidene-3,5-diaryl-2,3-dihydro-1,3,4-thiadiazoles, 3 2-acylidene-3-alkyl-2,3-dihydrobenzothiazoles and 2 
2-acylidene-3-alkyl-2,3-dihydrobenzoselenaz0les of known geometry, indicating appreciable charge polarization in these 
compounds as in other push-pull olefins. Substitution that promotes more extensive charge delocalization results in the C a  
signal shifting to the higher-frequency end of the chemical shift range. The observed shifts are compared with those calculated 
according to the Pretsch scheme. 

Key words: carbon-13 NMR, chemical shifts, push-pull olefins, 1.3.4-thiadiazoles, benzothiazoles, benzoselenazoles. 

RCsumC : On a observe les dtplacements chimiques du I3c des carbones des alcknes dans des rCgions allant de 78 B 109 ppm 
(Ca) et 156 i 164 (CP), d'une sCrie de 11 2-acylidkne-3,5-diaryl-2,3-dihydro-1,3,4-thiadiazoles, de 3 2-acylidkne-3-alkyl- 
2, 3-dihydrobenzothiazoles, et de 2 2-acylid~ne-3-alkyl-2,3-dihydrobenzostlnazoles de gComCtries connues; ces rCsultats 
indiquent qu'il existe une polarisation importante de la charge dans ces composCs, comme dans les autres olefines (( push-pull D. 

La substitution qui provoque la plus grande dklocalisation conduit B un dkplacement du signal C a  vers les plus grandes 
frCquences de la plage des dkplacements chimiques. On a compart les dkplacements chimiques observts avec ceux calculCs B 
l'aide du schCma de Pretsch. 

Mots cle's : RMN du carbone-1 3, dCplacements chimiques, olCfines (( push-pull )), 1,3,4-thiadiazoles, benzothiazoles, 
benzostltnazoles. 

[Traduit par la rtdaction] 

Introduction 

We have synthesized a number of 2-acylidene-3,5-diaryl-2,3- 
dihydro-l,3,4-thiadiazoles 1 and thioacyl analogues 2 in 
which, for the most part, the 3-aryl substituent is either 2,4- 
dibromophenyl or phenyl(1-5). Recently, from spectroscopic 
and X-ray crystallographic studies, it has been possible to 
assign (Z) configurations to these compounds and to confirm 
that they exist in the s-cis conformation (shown) as a result of 
stabilization through an S...O interaction (6). The main fea- 
tures of the four com ounds studied (6) are (a) short S...O con- 
tacts (2.463-2.691 1 ), (b) C(5)-S ... 0 and S...O=C bond 
angles of approximately 165" and 1 00°, respectively, and (c) 
evidence of delocalization within the C(5)-C=C-C=O struc- 
tural unit, but with C=O bond lengths close to normal. The 
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energy associated with the "nonbonded" or "closed shell" 
S...O interaction need be no more than a few kcallmol to 
account for the overwhelming predominance of the s-cis con- 
former (6-8). 

1 2 
Compounds such as 1 and 2 can be viewed as push-pull al- 

kenes (9) in which the heterocyclic ring provides donor sub- 
stituents and the acyl or the thioacyl substituent provides the 
acceptor. Push-pull alkenes have polarized charge distribu- 
tions that arise from electron delocalization through the donor 
- double bond - acceptor system; the resulting n-electron dis- 
tributions include large contributions from C-C single 
bonded formulae in the resonance hybrid such as those shown 
below for 1. In this example, the resonance description implies 
some aromatic character on the heterocyclic ring. In the 
absence of a generally used notation for the olefinic carbons of 
push-pull olefins, in this paper we denote the olefinic carbon 
with acceptor groups CCY and the carbon with donor groups 
CP. 

Can. J. Chem. 74: 1329-1334 (1996). Printed in Canada 1 Irnprirnt au Canada 
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Related conjugated systems (push-pull polyenes) have 
recently become important in the study of nonlinear optical 
properties because these properties are enhanced by large 
changes in dipole moment and hence in charge distribution 
between the ground and excited states (10). 

Push-pull alkenes have been widely studied by 'H NMR 
s ectroscopy since the 1960s (9, 1 l), and less extensively by f' ' C NMR spectroscopy (12-19).~ Of the I3c NMR studies, the 
results of Kleinpeter and co-workers (12) span a fairly wide 
variety of compounds, while other workers have contributed 
data from more restricted ranges of compounds determined by 
their synthetic or other interests (13-19). In all cases, the alk- 
ene carbons of the push-pull system have 13c chemical shifts 
at the outer limits of the alkene range: significantly more 
shielded (i.e., to low frequency) for the acceptor-substituted 
carbon C a  and less shielded (i.e., to high frequency) for the 
donor-substituted carbon CP, relative to the chemical shift 
range for the corresponding alkene without donor or acceptor 
substituents. These shifts are readily discernible even when 
not explicitly assigned (18). The shift difference between the 
two olefinic carbon atoms has been attributed to the sizable 
partial positive and negative charges that exist on these atoms, 

and its numerical value (ACPCa in our notation) has been 
used by some authors as a sensitive, if non-additive, parameter 
for this charge separation (12). Changes in ACPCa can be 
closely related to changes in charge separation within subsets 
of similar compounds (12), but ACPCa cannot in general be 
related solely to charge separation because of the many factors 
that contribute to I3c chemical shifts (20). Quite large chemi- 
cal shift differences can occur between pairs of olefinic car- 
bons in olefins themselves, in the absence of electron-donating 
or -accepting substituents, because hydrocarbon substituents 
can have significant effects on chemical shift (20). Thus the 
significant part of ACPCa in a push-pull olefin, from the point 
of view of charge separation, must be that part which is over 
and above what would be observed in the corresponding 
hydrocarbon of identical structure. 

13c NMR spectroscopy thus, within the aforementioned lim- 
itations, provides an indication of charge separation within the 
push-pull systems of 1 and 2. It was of interest to us in that it 
may indicate any effects of modification resulting from het- 
eroatom "nonbonded" or "closed shell" interactions, which can 
result in conformational preference (6-8, 21). We now report 
I3c NMR data for the series of compounds 1 and 2 and for the 
related benzothiazoles 3 and benzoselenazoles 4 and 5 (7). 

Experimental and reference to previous NMR spectra revealed that transfor- 
mations had occurred, were excluded from the study. A fresh 

Compounds were taken from our collection of crystallized sample of one of these  compound^, 2-benzylidene-2,3-dihy- 
Samples assembled over the years (1-7) which had been stored dro-3,5-diphenyl- 1 ,3,4-thiadiazole, was this had mp 
at room temperature in the dark. All were in good condition. 122-1240~ (lit. (5) mp 121-1240~). 
Two related compounds, where melting point determinations All I3c NMR spectra were run on saturated solutions in 

CDC13 at 50.3 MHz on a Bruker AC-200 multinuclear Fourier 
Also, S.S. Gandhi and M S .  Gibson. Unpublished results. Transform NMR spectrometer at 27"C, with a spectral win- 
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Mueller et al. 1331 

Table 1. I3C NMR chemical shifts of the push-pull alkenes 1 and 2." 

Compound Ar R1 R' C=S C = O  Cct Cp (C-2) C-5 ACpCct 

H 

H 

H 

H 

Me 

Me 

Ph 

Ph 

Ph 

COMe 

COOEt 

H 

H 

Me 

Me 

Ph 

OEt 

Me 

Ph 

Me 

Ph 

C,H,N0,(4) 

Me 

OEt 

Ph 202.8 
(229.0) 

Ph 200.6 
(229.0) 

"In ppm from TMS; CDCI, solution. Calculated shifts are in parentheses. 

dow of 12 500 Hz and 16 K of data memory, using the J-mod- 
ulated spin echo sequence, and using the centre peak of the 
CDC1, 1 : 1 : 1 triplet (77.0 ppm from TMS) as an internal refer- 
ence. Compound l b  was also run in CDC1,-DMSO-d, (5:1, 
v/v); this gave upfield shifts of 1.1-1.6 ppm for all signals, 
resulting in a change in ACPCa of only 0.4 ppm from the 
value in CDCI,. Several of the compounds (lc,  If, l h ,  2a, 2b, 
3b) fail to display the expected number of CH carbon signals 
in the aromatic region of the 13c spectrum, and we attribute 
this to the coincidental superposition of signals. 

Carbon- 13 chemical shift calculations, using the approach 
of Pretsch et al. (22), were carried out using the Chemintosh 
program (Softshell International Ltd., Grand Junction, Colo- 
rado, U.S.A.). However, this program as currently set up does 
not incorporate selenium in its calculations and in fact pro- 
vides invalid values for selenium-containing  compound^.^ 

Results 

The pertinent carbon- 13 chemical shifts for compounds in the 
series 1 and 2 are summarized in Table 1, and for those in the 

E. Pretsch, personal communication. 

series 3-5 in Table 2. Calculated chemical shifts (22) are 
included in parentheses. From Table 1, it is apparent that C-2 
and C-5 in the thiadiazole ring have fairly similar chemical 
shifts. Our assignments are based on the consideration that 
replacing the acceptor-end olefinic carbon (Ca)  by nitrogen as 
in 6 (Ar = 2,4-dibromophenyl) should have a greater effect on 
the shift of C-2 than on that of C-5. The spectrum of 6 shows 

6 
the two signals of interest at 156.3 and 165.0 ppm, thus 
enabling the assignment of C-5 in the related compound l a  as 
the lower-frequency signal at 154.2 and C-2 as the higher-fre- 
quency signal at 158.2 ppm. This is consistent with chemical 
shift calculations. 

Replacing the 2,4-dibromophenyl substituent by phenyl, as 
in l a  and l b  and in 2a and 2b, gives no significant change in 
chemical shifts of the olefinic carbons. Accordingly, we 
assign C-2 (CP) as the signal to high frequency from C-5 for 
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Table 2. I3C NMR chemical shifts of the push-pull alkenes 3-5." 

Compound R' R~ C=S C=O C a  (3 (c-2) ACPCa 

5 Me NHPh 186.5 
(1 88.2) 

"In ppm from TMS; CDCI, solution. Calculated shifts are in parentheses. 

Cp,  resulting in a decrease in ACPCa of approximately 22 
ppm. These effects display a trend towards increasing delocal- 
ization of the negative charge as one or more phenyl groups 
are incorporated in the structure, and are most significant for 
l g  and lh.  This is related to the ability of phenyl groups to sta- 
bilize a negative charge in the anions of phenylacetone and 
deoxybenzoin. However, competing steric effects can also 
arise from a substitution. These lead to some angle widening 
in the push-pull system to accommodate the a substituent, a 
shortening of the S...O distance, and some variation in C=C 
bond lengths, all of which will affect the resonance system (6). 

The presence of a nitro group in l i  has only a small effect on 
the corresponding shifts in l h  as this group is unable to partic- 
ipate directly in the push-pull system. Thus, the C=O and C a  
shifts move slightly to lower frequency and the CP shift 
slightly to higher frequency. A similar effect has been noted 
elsewhere when comparing 4-nitrobenzoyl with benzoyl as 
acceptor in other push-pull systems (12, 23), and Kleinpeter 
and co-workers have correlated C a  and CP shift changes to 
Hammett a values for nitro and other substituents. 

The entries for lj and lk  show the effect of further carbonyl 
substitution at Ca.  For l j ,  we see small higher-frequency 
shifts for C=O and CP and a marked higher-frequency shift 
for C a  (20.3 ppm) relative to lb,  resulting in a drop of approx- 
imately 16 pprn in ACPCa This is to be expected given the 
greater ability of two carbonyl groups to delocalize negative 
charge (and hence to lower the energy barrier to rotation about 
the C=C bond: lj shows one 'H signal at 6 2.04 for the six 
methyl protons at ambient temperature, with evidence of 
restricted rotation at lower temperatures (6)). Discounting the 
change in 3-substituent, we next compare lk  with Id. Here C a  
moves to higher frequency by 10.5 pprn and CP moves to 
higher frequency by only 0.9 ppm, resulting in a decrease in 
ACPCa of 9.6, indicative again of the weaker acceptor ability 
of carboxylic ester groups than of keto groups; indeed, the 
effect of the two ester groups is little more in terms of chemi- 
cal shift than that of one acetyl group, as in l a  or lb,  as also 
observed by others (9). 

The last two entries in Table 1 show that changing the 3- 

the remaining compounds in the series lb-lk. This becomes 
ambiguous only when the difference between the chemical 
shifts for C-2 and C-5 is small, e.g., for l e  and lg ,  but here the 
decision is less crucial as its influence on A C B C ~  is minimal. 
The same considerations apply to our assignAents for 2a and 
2b since it is unlikely that the shift positions of C-2 and C-5 
would be reversed by substituting a thioacyl for an acyl group. 
In fact the shift difference between C-2 and C-5 widens 
slightly in the thioacyl series. Again, these assignments are 
consistent with the values calculated using the approach of 
Pretsch et al. 

Discussion 

Table 1 shows changes in the chemical shifts of the olefinic 
carbons within the series of thiadiazoles of general formulae 1 
and 2. The shifts for C=O, Ca,  and CP are virtually the same 
for l a  and lb,  but in l c  small shifts to lower frequency are 
noted for both C=O and Ca .  Changes in bond length within 
the C=C-C portion of the push-pull systems are likely to be 
involved (6), resulting in a change in the resonance description 
of lc .  The similar but more marked effect seen in I d  can be 
ascribed to resonance of the ester group and the resulting 
decreased ability of this group to lower electron density at Ca.  

The entries for l e  and lf show the effect of methyl substitu- 
tion at Ca.  Comparing l e  with l a ,  we note a small higher-fre- 
quency shift of C=O, a higher-frequency shift for Ca ,  and a 
shift to lower frequency for CP, leading to a decrease in 
ACPCa of about 11 ppm. Discounting the change in 3-aryl 
substituent, we compare If with l c  and observe a higher-fre- 
quency shift for C=O, higher-frequency shift for Ca ,  and 
lower-frequency shift for CP resulting in a decrease in ACPCa 
of 13 ppm. For the effects of phenyl substitution at Ca,  we 
compare l g  with lb,  and l h  with lc .  For the former, the C=O 
shift moves slightly to higher frequency, C a  moves to higher 
frequency, and CP to lower frequency, with a decrease in 
ACPCa of approximately 19 ppm; for the latter, the corre- 
sponding changes are a higher-frequency shift of C=O, a 
higher-frequency shift of Ca,  and a lower-frequency shift of 
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aryl substituent from 2,4-dibromophenyl to phenyl does not 
significantly affect the carbon shifts of interest. The C=S car- 
bon signals appear notably to higher frequency from C=O, as 
is typical (refs. 13; 20, pp. 233-235; and Table 4.41). The C a  
shifts for 2a and 2b are some 20 pprn to higher frequency of the 
corresponding shift in lc,  while the CP shifts are only slightly 
to higher frequency. This is consistent with other observations 
(12) that the C=S group is a better electron acceptor than the 
C=O group and this is thought to be associated with the 
greater tendency of the thiocarbonyl group to form C-S 
single bonds, and so assume negative charge despite the 
lower electronegativity of sulfur relative to oxygen. 

One other compound in this series, the thiadiazole 7, is of 
interest. In this compound, substitution at C a  is modified by 
inclusion of the a carbon atom within a rhodanine ring, which 
features a carbonyl group (acceptor) and sulfur atom (arguably 
a donor). This compound exhibits signals that we assign as fol- 
lows: 83.8 pprn (Ca or C-2), 155.3 pprn (CP, with C-5 
assigned on the same basis as before at 149.9 ppm), and sig- 
nals at 189.2 and 166.1 ppm, assigned to C=S and C=O, 
respectively. For this compound, ACPCa is 69.5 ppm, indicat- 
ing appreciable charge separation; this cyclic substitution pat- 
tern creates a weak acceptor. 

Similar effects are noted in Table 2 for analogous benzothi- 
azole and benzoselenazole derivatives 3-5. Comparisons of 3a 
and 3c (which exhibits virtually the same shifts as 3a) with 3b, 
and of 4a with 4b, reveal the same small higher-frequency 
shift of the carbonyl carbon noted in the thiadiazole series, 
while very small higher-frequency shifts for C a  and CP are 
noted between corresponding pairs when selenium is substi- 
tuted for sulfur as donor atom in the ring. These lead to slightly 
smaller values of ACPCa for 4a and 4b than for 3a and 3b, 
perhaps because of modification of the resonance system 
resulting from the larger size of the selenium atom. Finally, the 
C=S carbon signal for 5 is significantly to lower frequency of 
the C=S shifts observed for 2a and 2b as a result of resonance 
of the thioamide group, mirroring the differences noted in the 
series la- ld  above. For all compounds listed in the tables, the 
olefin carbon shift more sensitive to substituent effects in the 
push-pull system is Ca,  as expected since the donor portion of 
the molecules is substantially unchanged for the compounds 
within each table. 

It has been observed that cyclization in the donor portion of 
related push-pull alkenes causes an increase in shift differ- 
ences between C a  and C p  as well as an increased barrier to 
rotation about the C=C bond (12). As an example, the five- 
membered -SCH2CH2S- group was compared with two MeS- 
groups. Abstracting the relevant chemical shifts from that 
work (12) for comparison with l c  (for which ACPCcr is 74.9,  
we find comparable shifts for the -SCH2CH2S- compound of 
108.2 (Ca) and 168.0 (CP), with an ACPCa of 59.8. The 
larger shift difference for l c  (and for 3b and 4b) would suggest 
that the five-membered heterocyclic rings explored in our 

work are less effective donors than the -SCH2CH2S- group, 
and that the barrier to rotation about the C=C bond would be 
correspondingly increased. 

It is of interest to compare the shift differences observed for 
push-pull alkenes with related compounds lacking the accep- 
tor group. An example is provided by 1,l-dipiperidinoethene, 
8 (24), and its 2-benzoyl derivative 9 (23). For the former, the 
data are C a  68.2 and CP 164.1 (ACPCa 95.9), while for the 
latter the data are C a  83.8 and CP 164.1 (ACPCa 84.6), i.e., 
C a  is the carbon markedly affected by the substitution. Incor- 
porating an acceptor diffuses the charge separation since the 
negative charge can now be delocalized away from Ca ,  and 
the value of ACPCa is somewhat decreased. 

The magnitude of the charge separation in the double bond 
is largely dependent on the donor substituents. The piperidino 
group is a powerful donor, so 8 and 9 give large ACPCa val- 
ues. The parent methine base 10 (chemical shift data not avail- 
able due to instability) would have C a  somewhat further to 
higher frequency. For compound 11, which contains a phenyl 
substituent on Ca ,  the relevant experimental 6 values are C a  
90.6, and CP 142.8 (ACPCa = 52.2). Allowing for the shift to 
higher frequency associated with this substitution at Ca,  esti- 
mated 6 values for C a  and C p  of 10 of approximately 75-80 
pprn and 150-160 pprn would be of the right order (and are not 
inconsistent with calculated values: 76.9 and 149.2 pprn). On 
this basis, the acceptors that most effectively delocalize the 
negative charge associated with Ca  are two acetyls (lj), acyl- 
phenyl combinations (lg,  lh ,  and li), and thiobenzoyl(2a and 
2b), while the least effective are ethoxycarbonyl (Id) and the 
rhodanine unit (7). 

The Pretsch-Chemintosh calculation scheme, which is 
based on additivity rules covering a wide variety of carbon 
atom types (22), is very convenient but gives at best a semi- 
quantitative estimate of the olefinic carbon chemical shifts in 
our compounds. Many calculated values are within 5 pprn but 
discrepancies can be much greater (Tables 1 and 2). As noted 
by Pretsch and co-workers themselves, their approach is 
unable to accommodate the presence of multiple and strongly 
interacting functional groups with any great accuracy. An 
obvious example of this in the present work is the calculated 
chemical shifts of the N-aryl carbons in compounds such as l b  
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(actual aromatic CH carbon shifts, 125.5-130.7 ppm; calcu- 
lated values ortho, 112.0; tneta, 129.0, para, 118.9). The cal- 
culations are based on model compounds in which the 
nitrogen lone pair is available for delocalization into the ben- 
zene ring, whereas in our compounds it is incorporated into the 
n system of the heterocycle push-pull olefin instead. 

The conclusion of Kleinpeter et al. (12), that changes in the 
parameter ACPCa within closely related series of push-pull 
olefins give a useful qualitative picture of differences in 
charge separation within the series, is supported by our work. 
The Pretsch chemical shift calculation scheme is useful but 
provides no new insights. At the level of accuracy possible 
with this scheme, no specific "push-pull" term is required. 
More sophisticated calculations might well require such a term 
but it would not be large since olefinic carbon shifts and 
ACPCa in push-pull olefins arise primarily as a sum of the 
individual substituent effects. 

Considering that the chemical shift observed in liquids is 
merely the isotropic average of the three components of the 
chemical shift tensor, and each component can vary indepen- 
dently with changes in structure (25), it is perhaps surprising 
that observed chemical shifts agree as well as they do with val- 
ues from purely empirical calculation schemes. We certainly 
cannot detect the hoped-for small chemical shift effects arising 
from nonbonded interactions (6, 7) because of much larger 
variations due to other factors. 

Conclusions 

The Pretsch 13c chemical shift calculation scheme, like other 
correlation schemes, is a useful empirical guide to the assign- 
ment of "C chemical shifts. Despite becoming less accurate in 
polyfunctional compounds and not taking into account steric 
effects (22), this scheme predicts the existence of large chem- 
ical shift differences between the olefinic carbons of push-pull 
olefins. The discrepancies between observed and calculated 
ACPCa values are generally less than 15 ppm. Given the inac- 
curacies inherent in this calculation method, no special term 
for charge buildup effects in push-pull olefins need be applied. 
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Methoxy-(2-trimethylsily1)et hoxycarbene. 
Reactions with Michael acceptors, with 
hydroxylic compounds, and with 
miscellaneous functional groups 

1 David L. Pole, Pradeep K. Sharma, and John Warkentin 

Abstract: Methoxy-(2-trimethylsilyl)ethoxycarbene reacts with two equivalents of dimethyl acetylene dicarboxylate, methyl 
propiolate, phenyl acetylene, or phenyl isocyanate without rearrangement of the carbene group. N-Phenylmaleimide captures the 
carbene with I: 1 -stoichiometry. The structure of the product implies that a migration of the trimethylsilylethyl group from 
oxygen to carbon accompanies that reaction. A mechanism for that complex rearrangement is proposed. Phenol and tert-butyl 
alcohol afford the orthoformates expected from overall insertion of the carbene into the OH bond. 

Key words: dialkoxycarbene, insertion into 0-H, C-H bonds, rearrangement, N-phenylmaleimide, dialkoxyoxadiazoline. 

RCsumC : Le mCthoxy-(2-trimCthylsilyl)Cthoxycarbkne rkagit avec deux Cquivalents d'acCtylknecarboxylate de dimCthyle, de 
propiolate de mCthyk, de ph6nylacCtylkne ou d'isocyanate de phCnyle sans rCarrangement du groupe carbkne. Le N- 
phCnylmalCimide capture le carbkne avec une stoechiometrie 1 : 1. La structure du produit implique qu'une migration du groupe 
trimCthylsilylCthyle de I'oxygkne au carbone accompagne cette rkaction. On propose un mCcanisme pour ce rearrangement 
complexe. Le phCnol et l'alcool terf-butylique conduisent aux orthoformates attendus pour une insertion globale du carbkne dans 
la liaison OH. 

Mots elks : dialkoxycarbkne, insertion dans les liaisons OH et CH, riarrangement, N-phenylmalCimide, dialkoxyoxadiazoline. 

[Traduit par la redaction] 

Introduction 

The ready availability of 2,2-dialkoxy oxadiazolines ( I ) ,  par- 
ticularly from a precursor such as 2-acetoxy-2-methoxy-5,5- 
dimethyl-~3-1,3,4-oxadiazoline (1) (2) by means of substi- 
tution reactions with hydroxylic nucleophiles, prompted us 
to synthesize (3) 2-methoxy-5,5-dimethyl-2-(2-trimethylsi- 
lyl)ethoxy-A3- 1,3,4-oxadiazoline (2), Scheme 1. Analogous 
oxadiazolines undergo thermolytic fragmentation to N2, ace- 
tone, and a dialkoxycarbene (2), which, in the case of 2, would 
be methoxy(2-trimethylsilyl)ethoxycarbene (3, Scheme 1). 
Dialkoxycarbenes have nucleophilic properties (4) that are the 
result of conjugative delocalization in the singlet ground state. 
In the case of 3 ,  it seemed likely that the P-trimethylsilylethyl 
group would confer unusual properties onto the carbene itself, 
and particularly onto adducts of the carbene, if significant 
charge were to reside on the trimethylsilyl group, as  illustrated 
with the "no bond" contributor 4b in terms of a dipolar adduct 
with a carbonyl compound. 
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W e  now report that the chemistry of 3 includes an unusual 
feature that appears to reflect the p-effect (5) of the trimethyl- 
silyl group in a ketene acetal intermediate. 

Methods, results, and discussion 

2-~ethox~-5,5-dimeth~l-2-(2-trimeth~lsil~l)ethox~-~~- 1,3,4- 
oxadiazoline (2) was prepared readily from crude 2-acetoxy- 
2-methoxy-5,5-dimethyl-~3-1,3,4-oxadiazoline (1) (2) by 
treating it with 2-(trimethylsily1)ethanol in dichloromethane 
containing catalytic p-toluenesulfonic acid (3). 

Thermolysis of 2 in dry benzene at 110°C was complete in 
24  h. Carbene trapping reactions were carried out in sealed 
glass ampoules containing 0.20-0.35 g of 2 (ca. 0.08 M)  and 
excess substrate in dry benzene. The products were separated 
from excess substrate and (usually) from one another by chro- 
matography. Structures were established by 'H and 13c NMR 
spectroscopy, infrared spectroscopy, and mass spectrometry, 
including high-resolution MS. 

Thermolysis of 2 in the presence of dimethyl acetylenedi- 
carboxylate (DMAD) afforded the 2: 1 adduct 6 as a mixture of 
diastereomers that could not be  separated (Scheme 2). The 
structure was established from the infrared spectrum as well as  

Can. J. Chem. 74: 1335-1340 (1996). Printed in Canada / Imprim6 au Canada 
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Scheme 1. 

Me0 OAc Me0 O~ 
X 
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+N H+ 3 

Me Me 

I' X 
0 HOCH2CH2SiMe 03 llO°CD MeOv0-~iMe3 . . 
+N PhH 3 

Me Me 

Scheme 2. 

L 

5 
E-E E 

OMe 

Scheme 3. 

the 'H and I3c NMR spectra, with reference to the analogous 
2:l adduct from reaction of DMAD with dimethoxycarbene 
(6b). The diastereomer ratio, estimated by averaging the 
heights of the larger and smaller methoxy signals in the 
'H NMR spectrum, was 1.4. An exact mass determination on 
the most intense fragment signal (Mf - C0,Me) was per- 
formed, the molecular ion signal being undetectable. Chemical 
ionization MS, with NH3, afforded both Mf + H and Mf + NH, 
signals. 

Formation of 6 presumably involves the cycloaddition of 
1: 1 adduct 5 to a carbonyl double bond of DMAD (6). Adduct 
5, which can also be written as a singlet vinylogous dialkoxy- 
carbene, is presumably equilibrated with the corresponding 
cyclopropene (7), Scheme 2. 

Thermolysis of 2 in the presence of methyl propiolate 
afforded the ketal of an enynone (9a). The E-geometry at the 
double bond followed from the coupling constant between the 
vinylic protons (15.7 Hz) and the rest of the structure could be 
assigned with confidence on the basis of the NMR, IR, and MS 

evidence. Product 9a can be accommodated with a mechanism 
similar to that in Scheme 2, except for a proton transfer step, 
Scheme 3. Proton transfer from an alkyne to a nucleophilic 
site, as in 7, is known (6b, 8). Apparently the intermediate 
dipolar adduct (7), which can also be expressed as a vinylcar- 
bene, is more basic than carbene 3 and is protonated by the ter- 
minal alkyne to afford a short-lived ion pair (8) that collapses 
to 9. 

Phenyl acetylene reacted with carbene 3 to afford 9b, a 
product similar to 9a. Again, a large coupling constant (16 Hz) 
between vinylic protons indicated the E-geometry at the dou- 
ble bond. 

Attack of carbene 3 on N-phenylmaleimide involved migra- 
tion, at some stage, of the trimethylsilylethyl group. This 
result was immediately evident, for the characteristic signal 
from OCH, of the 0CH2CH,SiMe3 group was absent in the 
'H NMR spectrum of the product. That product was eventu- 
ally identified as 13 on the strength of 'H and 13c NMR spec- 
troscopy, which showed, unambiguously, a CH2C0 group 
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Scheme 4. 

(N-ph pe OMe 0 OMe 0 

3 0 L  N-ph intermol. 

Me3Si 10 0- .roton \ll (10 + tran? 10) ?XN-P~ Me@ + P ~ N - P ~  OH 

12 

1,3- T M S C H , C H ~ ~ ~ ~ ~ ~  
l1 migration, inversion with %lN-ph Me3Si #TN-ph H 0 

[2,3] sigmatropic 
rearrangement - 

both CH, groups 
invert 

with a large J,,,,, but no other proton couplings. With the vinyl 
signals of N-phenylmaleimide no longer present, it was clear 
that the CC double bond was the site of attack, rather than car- 
bonyl carbon, as in the case of attack of dimethoxycarbene on 
anhydrides (9). Analogy to attack at c(sp2) sites that are elec- 
tron poor (3,4j, 6b) suggests that the first step is formation of a 
dipolar intermediate 10, which then undergoes rearrangement 
to 13. The mechanism of that rearrangement probably involves 
intermolecular proton transfer, between two units of 10 to 
form 11 and (or) its "enol", 12 (Scheme 4). There are many 
examples of similar intermolecular atom (or group) transfers 
in the literature (10, 11). While rearrangement of 11 to 13 
could also be intermolecular, it is allowed to be a concerted, 
suprafacial reaction provided that the migrating methylene 
carbon is inverted in the process (12), Scheme 4. However, the 
geometry required is hard to attain, and the mechanism does 
not assign any special function to the TMS group. 

There is another mechanistic option, in which the Me,Si 
group migrates from one CH, group of the ethyl fragment to 
the other, in concert with migration of the TMSCH,CH, moi- 
ety from oxygen to carbon. This [2, 31 sigmatropic rearrange- 
ment (12, 13), which is also illustrated in Scheme 4, requires 
inversion of both methylenes of the trimethylsilylethyl group. 
There is some precedent in the literature for such a complex 
rearrangement (13c) but whether or not it operates in the 
present case will not be known until one of the CH, groups of 
TMSCH,CH, is labelled. Such exchange of labelled methyl- 
ene groups is known from, for instance, the solvolysis of (2- 
bromoalky1)silanes (14). In Scheme 4 it is also assumed that a 
dipolar intermediate such as 10 is equilibrated with cyclopro- 
panone ketal(14) at 1 10°C. 

Phenyl isocyanate captured carbene 3 with 2: 1 stoichiome- 

try to afford hydantoin 18, Scheme 5. It was readily identified 
with reference to the spectra of the dimethoxy analogue (from 
dimethoxycarbene) that had been reported by Hoffmann's 
group (6c). For example, the infrared spectrum showed carbo- 
nyl absorption (1825 and 1750 cm-I) consistent with the 
hydantoin ring system and the I3c NMR spectrum showed 
carbonyl carbons in the expected range of chemical shifts. A 
molecular ion signal could not be found in the MS, a feature 
also consistent with the structure that, as the "ketal" of an 
amide, would be expected to lose an alkoxy group. Formation 
of 18 is rationalized in terms of Hoffmann's mechanism for 
formation of the corresponding dimethoxyhydantoin from 
reaction of dimethoxycarbene with phenyl isocyanate, 
Scheme 5. Whether or not the dipolar intermediate 15 is equil- 
ibrated with the corresponding iminooxirane (16) and a-lac- 
tam (17), Scheme 5, is not known. 

As expected, carbene 3 was intercepted with phenol and 
with tert-butyl alcohol by overall OH insertion, Scheme 6. 
The orthoformates so formed were sensitive to hydrolysis and 
their purification by chromatography failed. Orthoformate 19, 
from phenol, was assigned on the basis of 'H NMR spectros- 
copy alone while orthoformate 20, from tert-butyl alcohol, 
was assigned on the basis of 'H and I3c NMR spectra. 

In summary, thermolysis of oxadiazoline 2 affords carbene 
3. The latter acts as a nucleophile toward a,P-unsaturated car- 
bonyl compounds but it also reacts with phenyl acetylene. 
During reaction of 3 with N-phenylmaleimide, the trimethyl- 
silylethyl group is transferred from oxygen to carbon in a 
novel [2, 31 type of rearrangement of a ketene acetal. Whether 
or not the trimethylsilylethyl group will migrate during other 
reactions of 3 is under investigation. 

Evidence for operation of the p-effect of the TMS group on 
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Scheme 5. 

NPh 
-1 
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Scheme 6. 

M e o ~ 0 m s i M e 3  P hOH MeO-0- 1-BuOH, Me0y0mSiMe3 
H OPh .. SiMe3 

OC(CH313 

the properties of carbene 3 or on the properties of dipolar inter- 
mediates (5, 7, 10, 15) was not obtained from studies of the 
final products but the operation of such an effect on the rate 
constants and equilibrium constants (e.g., 10 * 14) is not 
excluded. 

Experimental 

'H NMR and ',c NMR spectra were obtained with solutions in 
CDCI, containing TMS. The former were run at 200 MHz and 
the latter at 50 MHz unless otherwise specified. Infrared spec- 
tra of oils were obtained from thin films of neat materials 
while those of solids were obtained by the KBr pellet method. 

2-~ethox~-5,5-dimeth~l-2-(2-trimeth~lsil~l)ethox~-A~- 
1,3,4-oxadiazoline (2) 

To a solution of crude 1 (7.5 g, 39.9 mmol, 68% pure, contain- 
ing l-(l-acetoxy-l-methyl)ethyl-2-methoxycarbonyldiazene 
(1) in dry CH2C12 (75 mL) under argon was added 2-(trimeth- 
ylsily1)ethanol (3.21 g, 27.1 mmol). Molecular sieves (2 g, 
4 A) and p-toluenesulfonic acid (0.5 16 g, 2.71 mmol) were 
added and the resulting mixture was stirred for 15 h. After fil- 
tration and concentration in vacuo, a viscous yellow oil was 
obtained. Column chromatography (silica gel, ether:hexane, 
1:6) afforded 2 as a colourless oil, 3.2 g, 48%; Rf 0.38 (ether: 
hexane, 1:6); IR (cm-I): 2989-2840, 1577 (N=N); 'H NMR, 
6: 0.27 (s,9H),0.97(t, J=8 .3Hz,2H) ,  1.48 (s,6H),3.40(s, 
3H), 3.67-3.86 (m, 2H, diasterotopic OCH,); ',c NMR, 
6:-1.48, 18.10, 24.03, 51.76, 62.48, 118.65, 137.10; MS (EI) 
mlz: 231 (M+ - CH,, 2), 129 (M+ - 0CH2CH2SiMe3, 13), 
84 (33), 73 (100); MS (EI, HR): 231.1159; calcd. for 
Cl,H2,N203Si - CH,: 231.1 165; MS (CI, NH,) d z :  231 
(M+ - CH3, 2), 194 (8), 166 (14), 149 (16), 106 (5),90 (loo), 
60 (8). 

Dihydrofuran diastereomers 6 
A solution of 2 (0.35 g, 1.42 mmol) and DMAD (0.41 g, 2.89 

mmol) in dry benzene (35 mL) was heated at 110°C in a sealed 
tube for 24 h. Removal of the solvent and chromatography of 
the residue (Chromatotron, 2 mm plate, 5% EtOAc in hexane) 
afforded 6 (0.39 g, 62%) as a pale yellow oil. R,. 0.1 1 (10% 
EtOAc in hexane); IR (cm-I): 3006-2844,2110 (CSC),  1733 
(C=O); 'H NMR (major diasteromer) 6: 0.04 (s), 0.8-1.0 (m, 
overlap with signal from minor isomer), 3.40 (s, 3H), 3.56 
(s, 3H), 3.62-3.75 (m), 3.76 (s, 3H), 3.82 (s) and 3.84 (s) over- 
lapping with signals from minor isomer; 'H NMR (minor 
diastereomer) 6: 0.04 (s), 0.8-1.0 (m), 3.39 (s, 3H), 3.55 (s, 
3H), 3.62-3.75 (m), 3.78 (s, 3H), 3.82 (s), 3.84 (s), diastereo- 
mer ratio 1.4:1.0, from the three sets of distinct methoxy 
singlets; 13c NMR (6): -1.56, 17.71, 17.86, 17.87, 51.50, 
51.76, 52.88, 52.99, 62.18, 62.37, 77.44, 78.66, 99.66, 99.71, 
123.03, 123.12, 135.18, 140.98, 152.56, 152.57, 153.64, 
159.79, 161.66; MS(E1) mlz: 413 (M+ - OCH,, 12), 385 (M+ 
- C02Me, loo), 372 (lo), 327 (M+ - 0CH2CH2SiMe3, 13), 
281 (15), 253 (8), 157 (46), 11 1 (12), 89 (22), 73 (98), 59 (40); 
MS (CI, NH,) m/z: 462 (M+ + NH,, 48), 445 (M+ + H, 63), 413 
(M+ - OCH,, 16), 385 (M+ - C02Me, 100). 

Ketal9a 
A solution of 2 (0.25 g, 1.02 mmol) and methyl propiolate 
(0.175 g, 2.08 mmol) in dry benzene (10 mL) was heated in a 
sealed tube at 1 10°C for 20 h. The oil that remained after 
removal of the solvent was chromatographed (Chromatotron, 
2 mm Si02 plate, 10% EtOAc in hexane) to afford 0.21 g 
(62%) of 9a as a colourless oil. R,. 0.28 (10% EtOAc in hex- 
ane); IR (cm-'): 3001-2838, 2238 (CGC), 1727 (C=O), 
1436; 'H NMR (6): 0.02 (s, 9H), 0.92 (m, 2H), 3.92 (s, 3H), 
3.57 - 3.63 (m, 2H, diastereotopic OCH,), 3.73 (s, 3H), 3.75 
(s, 3H), 6.28 (d, J = 15.7 Hz, IH), 6.74 (d, J = 15.7 Hz, 1H); 
',c NMR (6): - 1.45, 17.99,49.73,50.85,5 1.86,61.44,77.12, 
80.93, 95.08, 124.81, 142.73, 152.97, 165.85; MS (EI) mdz: 
269 (M+ - CO,Me, 1 1), 217 (9), 21 1 (M+ - 0CH2CH2SiMe3, 
loo), 183 (9), 151 (9), 113 (lo), 89 (15), 73 (72), 59 (12); 
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MS (EI, HR) m/z: 211.0582; calcd. for CloHllOj  (M' - 
OCH,CH,SiMe,): 2 1 1.0606. 

Ketal9b 
A procedure like the one described above, with phenylacety- 
lene instead of methylpropiolate and involving elution of a 
radial chromatography plate with 2% EtOAc in hexane, 
afforded 9b as a colourless oil. R, 0.53 (10% EtOAc in hex- 
ane); IR (cm-'): 3010- 2835,2104 (CZC), 986; 'H NMR (6): 
0.02 (s, 9H), 0.90-1.10 (m, 2H), 3.39 (s, 3H), 3.80-3.95 
(m, 2H), 6.30 (d, J =  16 Hz, lH), 7.04 (d, J =  16 Hz, lH), 
7.30-7.65 (m, 10H); ',c NMR (6): - 1.60, 17.48, 54.43, 
60.73, 85.77, 97.54, 120.97, 127.85, 128.15, 128.24, 128.55, 
128.63, 128.74, 129.03, 13 1.88, 132.92, one expected signal 
not seen; MS (EI) m/z: 349 (M' - CH,, 15), 247 (M' - 

OCH,CH,SiMe,, loo), 215 (12), 187 (16), 160 (21), 73 (72); 
MS (HR) m/z: 247.1 131; calcd. for C18Hlj0  (M' - 
OCH,CH,SiMe,): 247.1 123. 

Thermolysis of 2 in presence of N-phenylmaleimide 
A solution of 2 (0.300 g, 1.22 mmol) and N-phenylmaleimide 
(0.234 g, 1.35 mmol) in dry benzene (5 mL) was heated at 
110°C in a sealed tube for 24 h. Removal of the solvent and 
chromatography of the residue (Chromatotron, 1 mm plate, 
5% EtOAc in hexane) gave 13 (0.28 g, 69%) as a white solid, 
mp 127-128"C, from EtOAc-hexane. Rf 0.28 (15% EtOAc in 
hexane); IR (crn-I): 2955-2840, 17 17 (C=O), 1688 (C=O); 
'H NMR (6): 0.02 (s, 9H), 0.32-0.51 (m, 2H), 2.08 (t, J = 8.5 
Hz, 2H), 2.78 (d, J =  18.4 Hz, lH), 3.32 (d, J = 18.4 Hz, 1H) 
3.81 (s, 3H), 7.20-7.55 (m, 5H); ',c NMR (gated, 75 MHz) 
6: - 1.97 (q, 'J = 119 Hz, (CH,),Si), 10.54 (t, 'J = 118 Hz, 
SiCH,), 28.91 (t, 'J = 132 Hz, CH,), 37.40 (t, 'J = 135 Hz, 
CH,), 53.38 (q, 'J = 148 Hz, OCH,), 56.52 (s, quat), 126.37 
(rn), 128.82 (m), 131.73 (rn), 129.17 (m), 170.09 (t,'J= -6.5 
Hz (CH,CO), 174.15 (s), 174.61 (s); MS (EI) m/z: 318 (M' - 
CH,, loo), 305 (M+ - CO, 65), 290 (90), 274 (M+ - CO,Me, 
26), 246 (35), 233 (M' - Me,SiCHCH,, 24), 201 (26), 171 
(12), 119 (15), 89 (31), 84 (40), 73 (77); MS (EI, HR) d z :  
318.1 152; calcd. for CljH,,NO,Si (M' - CH,): 318.1 161; 
MS (CI, NH3) d z :  351 (M' + NHj, loo), 334 (M' + H, loo), 
3 18 (M' - CH,, 43), 305 (26), 290 (1 8)). 

Hydantoin 15 
A solution of 2 (0.410 g, 1.67 mmol) and phenyl isocyanate 
(0.460 g, 3.84 mmol) in dry benzene (6 mL) was kept at 110°C 
for 24 h. Removal of the solvent and chromatography on SiO, 
(Chrornatotron, 1 rnm plate, 2% EtOAc in hexane) afforded 18 
(0.5 1 g, 77%) as a colourless oil. R, 0.43 (15% EtOAc in hex- 
ane); IR (cm-'): 3030-2840, 1825 (C=O), 1750 (C=O); 
'H NMR (6): 0.03 (s, 9H), 0.91-0.96 (rn, 2H), 3.56 (s, 3H), 
3.85-3.90 (m, 2H), 7.20-7.64 (m, 10H); 13c NMR (6) :  - 1.5 1, 
17.91, 52.32, 62.98, 103.66, 125.20, 126.14, 127.08, 128.50, 
128.98, 129.12, 130.66, 133.38, 152.28, 165.66; MS (EI) d z :  
339 (15), 281 (M' - OCH,CH,SiMe, - OCH,, loo), 223 
(33), 192 (34), 73 (72); MS (HR) d z :  281.0931; calcd. for 
C16H ,,N,O, (M' - 0CH2CH2SiMe3): 28 1.0926. 

Orthoformate 19 
A solution of 2 (0.20 g, 0.81 mmol) and phenol (0.096 g, 1.0 
mmol) in dry benzene (10 rnL) was kept at 110°C for 24 h. 
Extraction of excess phenol with cold dilute base, drying of the 

benzene layer, and removal of the benzene left 0.12 g, ca. 
58%, of crude 19 as an oil. R, 0.50 (10% EtOAc in hexane); 'H 
NMR (6): 0.03 (s, 9H), 0.95 - 0.99 (m, 2H), 3.43 (s, 3H), 3.73 
- 3.80 (rn, 2H), 5.12 (s, lH), 7.18-7.32 (m, 5H). 

Orthoformate 20 
A solution of 2 (0.25 g, 1.02 rnmol) and ter-t-butyl alcohol 
(0.12 g, 1.62 mmol) in dry benzene (10 rnL) was kept at 1 10°C 
for 20 h. Concentration of the solution in vacuo afforded 
0.17 g (83%) of 20 as a colourless oil. R, 0.62 (10% EtOAc in 
hexane); IR (cm-I): 2972-2836, 1250, 1093, 1055, 860; 'H 
NMR (6): 0.03 (s, 9H), 0.85-0.95 (rn, 2H), 1.23 (s, 9H), 3.23 
(s, 3H), 3.52-3.57 (m, 2H), 5.24 (s, 1H); ',c NMR (6): -1.50, 
17.92, 28.67, 49.73, 60.47, 109.12, one expected signal not 
seen. 
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Scheme 1. Reaction pathway and list of synthesized compounds. 

R'NCO R'NCO 

X 0 

R'NCX R'NCO . . 
C C z 4 N -  CONHR' 

permitted us to observe a transposition occurring during the 
second attack. The assignment of the structures was supported 
by an X-ray study. The relative stability of the 3-monosubsti- 
tuted-2-iminooxazolidines vs. their urea isomers was esti- 
mated using molecular and quantum mechanics. 

Results and discussion 

5-Substituted-2-amino-2-oxazolines 1 were allowed to react 
with an equimolar quantity of aryl- or (iso)propylisocyanates 
at 0°C in ethanol (Scheme 1). The reaction products were 
the5-substituted-3-arylcarbamoyl-2-iminooxazolidines2(a-6) 
or the 5-substituted-3-(iso)propylcarbamoyl-2-iminooxazo- 
lidines 2(ef). 5-[(l-Phenyl-4-piperaziny1)methyll-3-arylthio- 
carbamoyl-2-iminooxazolidines 2(g, h) were obtained in the 
same way from arylisothiocyanates. We noticed that the nature 
of the C-5 substituent of 2-amino-2-oxazolines had no influ- 
ence on the advancement of the reaction. In particular we tried 
to avoid the conversion of 2-iminooxazolidines 2 into ureas by 
an intramolecular N-N' rearrangement. As already described, 
this rearrangement is essentially quantitative after heating (1, 
4). We observed that the use of ethanol as a solvent, the choice 
of anhydrous conditions, and the rigorous control of the tem- 
perature increased the yields in compounds 2. All compounds 
except 2e and 2f were insoluble in ethanol, and a rapid separa- 
tion from the reaction mixture minimized the isomerization. 

The structure of 2a was established by X-ray crystallogra- 
phy (Fig. 1). The exocyclic C(17)-N(19) bond is 1.251(5) A. 
An electron delocalization occurs on bonds N(16)-C(17) = 
1.391(5) A and C(17)-O(18) = 1.344(5) A (C(15)-N(16) = 
1.449(5) A and C(14)-O(18) = 1.344(5) A). The five-mem- 
bered heterocycle is almost planar, C(14) and C(15) being, 
respectively, a distance of -0.083(4) and 0.013(4) A from the 
mean plane defined by N(16), C(17), 0(18), and N(19). The N- 
phenylcarbamoyl moiety is coplanar with the heterocycle 
(C(15)-N(16)-C(20)-O(2 1) = 1.7(3)", N(16)-C(20)-N(22)- 

Fig. 1. Stereoscopic view of molecule 2a and numbering of 
atoms. 

C(23) = 176.0(3)", C(20)-N(22)-C(23)-C(24) = 2.0(4)"). 
The oxygen atom of the amide group O(21) points away 

from N(19). The amide group is trans. There are two short dis- 
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Scheme 2. 213-Monosubstituted phenylcarbamoyl compounds, 
H-bonds indicated by dotted lines. 

Table 1. Energy (kJ mol-') after minimization with 
MOPACIMNDO. 

X = S X = S  X = O  X = 0 
Series Y = S  Y = O  Y = S  Y = O  

I I Z  375.28 130.50 216.44 -26.29 
I I E  379.54 125.52 241.85 -9.4 1 
I1 345.77 93.46 214.77 -38.58 
111 340.08 101.62 199.30 -39.29 

When Y = S, the S...H-N,,,,, hydrogen bond in form I1 is 
avoided from the final minimized structure. 

The second part of the work concerns the behaviour of the 
5-substituted-3-phenylcarbamoyl- 2(a-c), the 5-[(1-phenyl-4- 
piperaziny1)methyll-3-propyl- 2e, and the 5-[(1-phenyl-4- 
piperazinyl)methyl]-3-phenylthiocarbamoyl-2-iminooxazoli- 
dine 2g towards isocyanates and phenylisothiocyanate 
(Scheme 1). 

The reaction of 2(a-c) with phenylisocyanate and the reac- 
tion of 2e with propylisocyanate led to the 2,3-diphenylcar- 
bamoyl-2-iminooxazolidines 3(a-c) and to the 2,3-dipro- 
pylcarbamoyl-2-iminooxazolidine 3e. 

The structure of 3a was established by X-ray crystallogra- 
phy (Fig. 2). The exocyclic C(17)-N(19) bond is 1,272(3) A. 
As in 2a, an electron delocalization occurs on bonds N(16)- 
C(17) = 1.368(3) A and C(17)-O(18) = 1.333(3) A (C(15)- 
N(16) = 1.463(4) A and C(14)-O(18) = 1.476(4) A). Con- 
trary to 2a, the five-membered heterocycle is not perfectly pla- 
nar, C(14) and C(15) being, respectively, a distance of 
-0.256(4) and 0.100(4) A from the mean plane defined by 
N(16), C(17), 0(18), and N(19). The phenylcarbamoyl moiety 
at N(16) is in the same plane as these four atoms (C(15)- 
N(16)-C(29)-O(30) = 0(1)", N(16)-C(29)-N(31)-C(23) = 
- 172(1)", and C(29)-N(3 1)-C(32)-C(33) = - 170(1)"). The 
terminal phenyl ring makes an angle of 161(1)" with this 
plane. Consequently the electron delocalization observed in 
the oxazolidine ring expands in the lateral chain up to nitrogen 
N(3 1). 

The oxygen atom of the amide group O(30) points opposite 
to N(19). The amide group including C(29) and N(3 1) is trans. 
There are two short distances N(19) ... N(31) = 2.712(4) A and 
N(19) ... H(131) = 1.91(4) A with an angle N(19) ... H(131)- 
N(31) = 137(4)" characteristic of an intramolecular H-bond. 
Consequently, as in 2a, there is a pseudo six-membered cycle 
N(19), C(17), N(16), C(29), N(31), H(131). 

The configuration at the imine bond is Z. The orientation of 
the second phenylcarbamoyl moiety at N(19) is defined by the 
four torsion angles O(18)-C(17)-N(19)-C(20) = -20(1)", 
C(17)-N(19)-C(20)-O(21) = -58(1)", N(19)-C(20)-N(22)- 
C(23) = - 172(1)", and C(20)-N(22)-C(23)-C(24) = -40(1)". 
The mean-plane of atoms N(19), C(20), 0(21), and N(22) 
makes an angle of 122(1)" with that of the heterocycle and an 
angle of 34(1)" with the terminal phenyl ring. 

The piperazine ring is chair with N(7) and N(10) -0.543(5) 
and 0.695(5) A away from the mean plane defined by C(8), 
C(9), C(l I), and C(12). The orientation of the phenyl ring vs. 
the piperazine ring is defined by the torsion angle C(2)-C(1)- 
N(7)-C(8) = -2(1)". The orientation of the oxazolidine ring 

tances N(19) ... N(22) = 2.700(4) A and N(19) ... H(122) = 
1.900(4) A with an angle N(l9) ... H(122)-N(22) = 138(3)" 
characteristic of an intramolecular H-bond. Consequently 
there is a pseudo six-membered cycle N(19), C(17), N(16), 
C(20), N(22), H(122). 

The piperazine ring is chair with N(7) and N(10) -0.6 19(3) 
and 0.685(3) A away from the mean plane defined by C(8), 
C(9), C(l  I), and C(12). The orientation of the phenyl ring vs. 
the piperazine ring is defined by the torsion angle C(2)-C(1)- 
N(7)-C(8) = 27.8(3)". The orientation of the oxazolidine ring 
vs. the piperazine ring is defined by the two torsion angles 
C(9)-N(10)-C(13)-C(14) = 173.7(3)" and N(10)-C(13)-C(14)- 
C(15) = 172.5(3)". 

The C(1)-N(7) bond is 1.406(5) A. The bond angles 
around N(7) are 118.6(3)", 118.6(3)", and 11 1.4(3)". N(10) is 
hybridized sp3 with its lone pair axial. 

To gain information about the relative stability of the 
3-monosubstituted-2-iminooxazolidines vs. their urea isomers 
we performed energy calculations using molecular and quan- 
tum mechanics . 

The compounds were built and roughly minimized using 
the MM2* force field implemented in MacroModel and, as the 
parameters are of poor quality for conjugated systems, the 
compounds were fully minimized using MOPACIAMl. 

Compounds I (X = 0 )  can exist as Z or E isomers, but only 
the Z isomers were found by X-ray crystallography (Scheme 
2). Accordingly, at least for oxazolidines, the E isomers 
appeared less stable than their Z counterparts (Table 1). On the 
other hand, concerning the intramolecular N-N' rearrange- 
ment of I into the corresponding ureas I1 / 111, it appears in all 
cases that form I is the least stable isomer and, except when 
X = S and Y = 0 ,  that form 111 is the most stable one. When 
X, Y = 0 ,  the two tautomeric forms have almost the same 
energy. This could explain the equilibrium between I1 and 111 
evidenced by the X-ray structure. 
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Fig. 2. Stereoscopic view of molecule 3a and numbering of 
atoms. 

H-N 
\3 

vs. the piperazine ring is defined by the two torsion angles 
C(9)-N( 10)-C(13)-C(14) = 78(1)" and N(10)-C(13)-C(14)- 
C(15) = 172(1)". The C(1)-N(7) bond is 1.403(4) A. The 
bond angles around N(7) are 115.4(3), 118.3(3), and 
113.1(3)". N(l0) is in an intermediate hybridization state 
between sp2 and sp3 with its lone pair axial. 

Both reactions of 2a with propylisocyanate and of 2e with 
phenylisocyanate led to the same 2,3-disubstituted compound 
3i and showed a transposition during the second attack in one 
of the reactions of 2. As suitable crystals could not be 
obtained, the structural assessment of 3i was based on the 'H 
NMR spectra of the reaction products. For the monosubsti- 
tuted compounds the 'H 6 of the NH-CO groups were the 
following (Schemes 2 and 3): 

formula I and a phenyl substituent, 6 = 11.6 -+ 0.1 pprn 
(singlet) 

formula I and a propyl substituent, 6 = 9.1 pprn (singlet) 

formula I1 and an aryl substituent, 6 = 9.3 pprn (triplet, 
3~ = 5.4 Hz) (9). 

For the symmetrically disubstituted compounds, the 'H 6 were 
as follows: 

phenyl substituents, 6 NH endo = 10.7 pprn and 6 NH exo = 
7.5 + 0.1 pprn (all singlets) 

Scheme 3. 2,3-Disubstituted-2-iminooxazolidines, H-bonds 
indicated by dotted lines. 

Table 2. Energy (kJ mol-I) after minimization with 
MOPACIMNDO and MOPACIAM I .  

Structure MOPAC/MNDO MOPACIAM 1 

propyl substituents, 6 NH erzdo = 8.5 pprn and S NH exo = 
5.1 pprn (all triplets, 3~ = 5.5 and 6.0 Hz). 

For the unsymmetrically disubstituted compound 3i, we found 
a triplet at 6 = 8.6 pprn ('J = 5.4 Hz) and an NH singlet at S = 
7.1 ppm, which could be explained by the alkyl substituent on 
the endo nitrogen and by the aryl substituent on the exo nitro- 
gen (formula V). 

To verify this assumption, energy calculations were per- 
formed using quantum mechanics (Table 2). Even if molecu- 
lar mechanics is not adapted to highly conjugated 
heteroatomic systems, calculations using the MM2* force 
field (with and without the GBISA continuum solvation model 
(13) in chloroform) were performed and showed that form V is 
always more stable than form IV ( A E  = 30 kJ1mol with chlo- 
roform and 10.7 kJ1mol without solvent). 

In the particular case of 2g, when the second reactant was 
the phenyl- or the propylisocyanate, only 2a or 2e was 
obtained. As an oxidation of the thiocarbonyl function was 
suspected, we repeated the reaction of 2g with 4-chlorophe- 
nylisocyanate. Thus 2d was isolated and we suppose that, in 
this case, a transposition followed by an elimination took 
place. In the case of 2g, when the second reactant was phenyl- 
isothiocyanate, we isolated only the starting material. We did 
not know whether a transposition/elimination had occurred, or 
no reaction at all. However, we proved that the latter (no reac- 
tion) had occurred by mixing 2g with 4-methylphenylisothio- 
cyanate and isolating the starting oxazolidine 2g unchanged. 

Conclusion 

In this work the reactions of some 2-amino-2-oxazolines with 
isocyanates and arylisothiocyanate, giving, in a first step, 3- 
ary~alkylcarbamoyl- and 3-arylthiocarbamoyl-2-iminooxazo- 
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and 4-H). Anal. calcd. for CI7Hl7N,O3: C 65.60, H 5.47, N 
13.50; found: C 65.43, H 5.51, N 13.38. 

5-(1-Morpholinomethyl)-3-phenylcarbarnoyl-2-iminooxazoli- 
dine (2c): mp 130°C (ethanol); yield: 27%; IR (KBr) cm-I: 
3285 (NH), 1700 (C=O), 1680 (C=N); I H  NMR (chloroform- 
d) 6 ppm: 11.56 (s, IH, NH), 7.27 (m, 5H, Ar-H), 5.98 (s, lH, 
NH), 4.66 (m, lH, 5-H), 4.15 and 3.77 (2 dd, 2H, J =  10.4,8.2, 
7.4 Hz, 4-H), 3.69 (t, 4H, J  = 4.7 Hz, OCH,), 2.60 (m, 6H, 
NCH,). Anal. calcd. for CI,H,,N,03: C 59.21, H 6.58, N 
18.42; found; C 59.12, H 6.62, N 18.30. 

5-[(I -Plzetzyl-4-piperazirzyl)methyl]-3-[(4-chloro)phenylcar- 
barnoyll-2-irnitzooxazolidine (24 :  .mp 117°C (diisopropyl 
ether); yield: 95%; IR (KBr) cm-I: 3320 (NH), 1685 (C=N); 
'H NMR (chloroform-d) 6 ppm: 11.65 (s, lH, NH), 7.24 (m, 
9H, Ar-H), 6.01 (s, lH, NH), 4.74 (m, lH, 5-H), 4.65 and4.15 
(2dd,2H, J =  10.4, 8.2,6.7 Hz,4-H),3.22and2.71 (2m,4H 
each, NCH,). Anal. calcd. for C21H24N502C1: C 60.94, H 5.80, 
N 16.93, C1 8.59; found: C 60.82, H 5.87, N 16.71, C1 8.60. 

5-[(I -Phenyl-4-pipernzinyl)methyl]-3-propylcarbamoyl-2- 
iminooxazolidine (2e): To a cold (0°C) stirring solution of 
5.2 g (0.02 mol) of 5-[(I-phenyl-4-piperaziny1)methyll-2- 
amino-2-oxazoline in 100 mL of anhydrous ethanol under 
argon was added slowly 1.7 g (0.02 mol) of propylisocyanate. 
The reaction mixture was stirred for 2 h at room temperature. 
No precipitate formed during the reaction. After evaporation 
to dryness the solid was washed with ether and recrystallized 
from diisopropyl ether; mp 119°C; yield: 86%; IR (KBr) cm-I: 
3340 (NH), 1690 (C=O), 1685 (C=N), 'H NMR (chloro- 
form-d) 6 ppm: 9.14 (t, lH, J =  5.4 Hz, NH), 7.19 (m, 5H, Ar- 
H), 5.77 (s, lH, NH), 4.65 (m, lH, 5-H), 4.12 and 3.70 (2 dd, 
2H, J  = 10.4, 8.2, 7.8 Hz, 4-H), 3.21 and 2.68 (2 m, 12H, 
NCH,), 1.52 (m, 2H, CH,), 0.93 (t, 3H, J =  7.4 Hz, CH,); ',c 
NMR (chloroform-d) 6 ppm: 156.19 (CO), 153.03 (C-2), 
151.15, 129.16, 119.94, 116.18 (Ar), 73.52 (C-5), 61.15 (C-5- 
CH,), 53.91, 49.10 (CH, pip), 47.64 (C-4), 41.77 (NH-CH,), 
23.02 (CH,CH,), 11.50 (CH,CH3). Anal. calcd. for 
C18H27N502: C 62.61, H 7.83, N 20.29; found: C 62.43, H 
7.90, N 20.03. 

5-[(I -Plzenyl-4-piperazirzyl)methyl]-3-isopropylcarbarnoyl-2- 
irnitzooxazolidine (2f): mp 122°C (diisopropyl ether); yield: 
86%; IR (KBr) cm-': 3295 (NH), 1700 (C=O), 1685 (C=N); 
'H NMR (chloroform-d) 6 ppm: 9.04 (d, lH, J =  7.2 Hz, NH), 
7.04 (m, 5H, Ar-H), 5.79 (s, lH, NH), 4.64 (m, lH, 5-H), 4.11 
and 3.72 (2 dd, 2H, J  = 10.2, 8.4, 7.3 Hz, 4-H), 3.98 (m, lH, 
CH), 3.20 and 2.66 (2 m, 10H, NCH,), 1.18 (d, 6H, J =  6.7 Hz, 
CH,); 13c NMR (chloroform-d) 6 ppm: 153.49 (CO), 149.51 
(C-2), 148.51, 126.48, 117.23, 113.49 (Ar),70.78 (C-5), 58.51 
(C-5-m2), 51.24, 46.43 (CH, pip), 44.91 (C-4), 39.52 (NH- 
CH), 20.32 (CH,). Anal. calcd. for C18H27N502: C 62.61, H 
7.83, N 20.29; found: C 62.52, H 7.82, N 20.14. 

5-[(l-Phenyl-4-piperazinyl)methyl]-3-plzetzyltlziocar-bamoyl- 
2-iminooxazolidine (2g): mp 117°C (diisopropyl ether); yield: 
72%; IR (KBr) cm-I: 3320 (NH), 1685 (C=N); 'H NMR 
(chloroform-d) 6 ppm: 13.62 (s, lH, NH), 7.24 (m, 10H, Ar- 
H), 6.41 (s, lH, NH), 4.74 (m, lH, 5-H), 4.65 and 4.15 (2 dd, 
2H, J =  10.4, 8.2, 6.7 Hz, 4-H), 3.22 and 2.71 (2 m, 4H each, 

NCH,); I3c NMR (chloroform-d) 6 ppm: 177.52 (CS), 155.5 1 
(C-2), 151.05, 138.62, 129.10, 128.67, 126.19, 124.40, 
119.88, 116.12 (Ar), 73.22 (C-5), 60.97 (C-5-CH,), 53.88, 
49.06 (CH, pip), 52.33 (C-4). Anal. calcd. for C,,H,,N,OS: C 
63.80, H 6.33, N 17.72, S 8.11; found: C 63.77, H 6.37, N 
17.71, S 8.12. 

5-[(I -Phenyl-4-piperazinyl)methyl]-3-[(4-methyl)pherzylthio- 
carbamoyll-2-irninooxazolidine (2h): mp 135°C (diisopropyl 
ether); yield: 69%; IR (KBr) cm-': 3280 (NH), 1680 (C=N); 
'H NMR (chloroform-d) 6 ppm: 13.44 (s, lH, NH), 7.15 (m, 
9H, Ar-H), 6.34 (s, lH, NH), 4.69 (m, 2H, 5-H and 4-H), 4.13 
(1 dd, lH, J =  10.0,6.8 Hz, 4-H), 3.21 and 2.70 (2 m, 4H each, 
NCH,), 2.33 (s, 3H, CH,); I3c NMR (chloroform-d) 6 ppm: 
177.70 (CS), 155.51 (C-2), 151.05, 136.07, 136.01, 129.28, 
124.55, 119.85, 116.12, 116.03 (Ar), 73.21 (C-5), 60.97 (C-5- 
CH,), 53.87,49.06 (CH, pip), 52.36 (C-4), 2 1.04 (CH,). Anal. 
calcd. for C,,H,,N,OS: C 64.52, H 6.64, N 17.10, S 7.82; 
found: C 64.86, H 6.58, N 17.27, S 7.69. 

General procedure for the preparation of 5-substituted- 
2,3-diphenylcarbamoyl-2-iminooxazolidines 3(a-c) and 
5-[(1-phenyl-4-piperaziny1)methyll-2,3- 
dipropylcarbamoyl-2-iminooxazolidine 3e 

From the corresponding 5-substituted-2-amino-2-oxazolines 
1: to a cold (0°C) stirring solution of 0.1 rnol of 2-amino-2- 
oxazoline in 200 mL of dry acetone under argon was slowly 
added 0.2 rnol of phenyl- or propylisocyanate. The reaction 
mixture was stirred for 24 h at room temperature. The col- 
lected solid was recrystallized from a suitable solvent. 

From the corresponding 5-substituted-3-phenylcarbamoyl- 
2-iminooxazolidines 2: to a cold (0°C) stirred solution of 0.01 
rnol of 2-iminooxazolidine in 100 mL of dry acetone under 
argon was slowly added 0.01 rnol of phenyl- or propylisocy- 
anate. The reaction mixture was stirred for 3 h at room temper- 
ature. The collected solid was recrystallized from a suitable 
solvent. 

5-[(I -Phenyl-4-piperazirzyl)methyl]-2,3-diphenylcarbarnoyl- 
2-irninooxazolidine 3a: mp 168°C (C,HCl,); yield: 67%; IR 
(KBr) cm-': 3410, 3250 (NH); 1715, 1660 (C=O); 1640 
(C=N); 'H NMR (chloroform-6) 6 ppm: 10.76 (s, lH, NH), 
7.4 (s, lH, NH), 7.21 (m, 15H, Ar-H), 4.82 (m, lH, 5-H), 
4.15 and3.90 (2 dd, 2H, J =  10.7, 8.6, 7 Hz,4-H), 3.10and 
2.70 (2 m, 10H, NCH,); I3c NMR (chloroform-d) 6 ppm: 
155.59 (C-2), 152.74 (N,-CO), 148.69 (N,,,,-CO), 150.77, 
139.37, 137.34, 128.72, 128.52, 123.70, 122.50, 119.90, 
118.63, 118.48, 115.19 (Ar), 76.26 (C-5), 59.28 (C-5-CH,), 
53.21, 48.09 (CH,-pip), 46.21 (C-4). Anal. calcd. for 
C,8H30N603: C 67.47, H 6.02, N 16.87; found: C 67.47, H 
6.02, N 16.82. 

5-(1 -Phenoxymethyl)-2,3-diphenylcarbamoyl-2-imirzooxazo- 
lidine 3b: mp 156°C (CH30H); yield: 84%; IR (KBr) cm-I: 
3410,3280 (NH); 1715,1645 (C=O); 1620 (C=N); I H  NMR 
(chloroform-d) 6 ppm: 10.71 (s, lH, NH), 7.61 (s, lH, NH), 
7.24 (m, 15H, Ar-H), 5.02 (m, lH, 5-H), 4.19 (m, 4H, 4-H); 
I3c NMR (chloroform-d) 6 ppm: 155.60 (C-2), 153.20 (N,,,- 
CO), 148.69 (N,,,,-CO), 157.77, 138.10, 137.10, 129.62, 
128.97, 123.78, 122.96, 121.90, 120.01, 119.06, 114.72 (Ar), 
75.42 (C-5), 67.23 (OCH,), 44.97 (C-4). Anal. calcd. for 
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C,,H,,N,O,: C 66.98, H 5.12, N 13.02; found: C 67.14, H 
5.02, N 13.22. 

5-(1 -Morpholit~omethyl)-2,3-diphenylcarbamoyl-2-inzinoox- 
azolidine 3c: mp 172°C (CH,OH); yield: 50%; IR (KBr) cm-l: 
3410,3280 (NH); 1715,1645 (C=O); 1620 (C=N); 'H NMR 
(chloroform-d) 6 ppm: 10.75 (s, lH, NH), 7.54 (s, IH, NH), 
7.35 (m, 10H, Ar-H), 4.81 (m, lH, 5-H), 4.14 and 3.90 (2 dd, 
2H, J =  10.5, 8.6, 7 HZ, 4-H), 3.65 (t, J = 4.6 Hz, 4H, OCH,), 
2.59 (m, 6H, NCH,); I3c NMR (chloroform-d) 6 ppm: 155.55 
(C-2), 152.81 (N,,,-CO), 148.88 (N,,,,-CO), 139.53, 137.53, 
128.88, 128.64, 123.80, 122.60, 119.99, 118.60 (Ar), 76.26 
(C-5), 66.20 (OCH,), 59.86 (C-s-m,), 53.90 (NCH,), 46.29 
(C-4). Anal. calcd. for C2,H2,N,04: C 62.41, H 5.91, N 16.55; 
found: C 62.52, H 76.20, N 16.60. 

5-[(I -Phenyl-4-piperazinyl)n1ethyl]-2,3-dipropylcarbatnoyl- 
2-iminooxazolidine 3e: mp 121°C (heptane); yield: 42%; IR 
(KBr) cm-I: 3410, 3300 (NH); 1700, 1635 (C=O); 1640 
(C=N); 'H NMR (chloroform-d) 6 ppm: 8.55 (t, lH, J = 5.5 
Hz,NH),7.17(m,5H,Ar-H),5.ll(t,lH,J=6Hz,NH),4.83 
(m, lH, 5-H), 4.15 and 3.84 (2 dd, 2H, J =  10.3, 8.2, 7.2 Hz, 
4-H), 3.19 and 2.68 (2m, 14H, NCH ), 1.55 (m, 4H, CH,CH,), 
0.92 (t, 6H. J = 7.3 Hz, CH2CH3); ',c NMR (chloroform-d) 
6 pprn: 158.90 (N,,r,-CO), 152.65 (Nelldo-CO), 15 1.09 (C-2), 
151.78, 129.08, 119.78, 116.05 (Ar), 75.98 (C-5), 60.18 (C-5- 
CH,), 54.07,49.14 (CH, pip), 46.92 (C-4), 42.23,41.86 (NH- 
CH,), 22.99, 22.93 (CH2CH3), 1 1.4 1, 1 1.32 (CH2CH3). Anal. 
calcd. for C2,H3,N6O3: C 61.40, H 7.91, N 19.53; found: C 
61.35, H 8.0, N 19.56. 

5-[(l -Phenyl-4-piperazinyI)methyl]-2-propylcarbat~zoyl-3- 
phenylcarbamoyl-2-iminooxazolidine 3i 

Preparation of 3i was conducted following the same procedure 
as described above for 2,3-disubstituted-2-iminooxazolidines, 
either from 2a with propylisocyanate or from 2e with phenyl- 
isocyanate; mp 126°C (CCI,); yield: 75%; IR (KBr) cm-': 
3410,3250 (NH); 1700,1645 (C=O); 1640 (C=N); 'H NMR 
(chloroform-d) 6 ppm: 8.57 (t, lH, J = 5.4 Hz, NH), 7.72 (m, 
10H, Ar-H), 7.06 (s, lH, NH), 4.72 (m, lH, 5-H), 4.10 and 
3.89 (2 dd, 2H, J = 10.3, 8.2, 7.2 Hz, 4-H), 3.25 (m, 2H, NH- 
CH,), 3.13 (m, 4H, NCH,), 2.71 (m, 6H, NCH2), 1.58 (rn, 2H, 
CH,CH,), 0.92 (t, 3H, J = 7.4 Hz, CH2CH3); I3C NMR (chlo- 
roform-d) 6 ppm: the assessment of 13C NMR chemical shift 
for quaternary carbons in 3i was made using the QUAT non- 
decoupled technique (observation of I3c-l~ couplings). Thus 
C(2) was coupled with H-C(4) and H-C(5) (,J = 2 HZ in the 
two cases). Then N,,,d,-CO was coupled with H-C(4) ( 3 ~  = 4.1 
Hz). The quaternary carbons of the phenyl rings were coupled 

with the corresponding meta protons (,J = 9.1 and 8.5 Hz). 
Nevertheless we did not observe any coupling for N,,x,-CO, 
which permitted us to assign it as: 156.31 (N,,,-CO), 153.98 
(N ,,, ,,-CO), 15 1.06 (C-2), 15 1.55, 138.39, 129.04, 128.94, 
123.57, 119.73, 118.98, 116.01 (Ar), 76.33 (C-5), 60.03 (C-5- 
CH,), 54.05, 49.09 (CH, pip), 46.88 (C-4), 41.94 (NH-CH,), - 
22.92 (CH2CH3), 11.39 (CH2CH3). Anal. calcd. for 
C2,H3,N60,: C 64.66, H 6.90, N 18.10; found: C 64.45, H 
7.02, N 17.72. 
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Preparation, spectroscopic properties, and 
ion chemistry of 3-diazo-I ,I ,I -trif luoro-2- 

Paolo Strazzolini, Angelo G. Giumanini, Alberto Gambi, Giancarlo Verardo, 
and Giovanni Cerioni 

Abstract: The title compound (1) is prepared in satisfactory yield by reacting CH2N, with tnfluoroacetic anhydride in Et,O; the 
d-analog was obtained by exchange with D,O. 'H, I3c,  "N , 170, and 1 9 ~  NMR spectra of 1 were studied, as well as  its IR 
spectrum. A single isomer is present corresponding to the more stable Z configuration. The structural assignment was made on 
the basis of quantum mechanical calculations, which revealed that the Z form is some 13.4 kJ mol-' more stable than the E form 
and the activation energy for the E + Z transition is 64.2 kJ mol-'. Mass spectra under different experimental conditions were 
recorded and breakdown pathways of the parent ion of 1 charted. 

Key words: 3-diazo- 1,1,1-trifluoro-2-propanone; 3-d-3-diazo-l,l, 1-trifluoro-2-propanone; structure; 'H, "c, 1 5 ~ ,  170, and "F 
NMR: EI-MS. 

RksumC : On a prCparC le composC mentionnC dans le titre (1). avec un rendement satisfaisant, en faisant rCagir le CH2N2 avec de 
I'anhydride trifluoroacttique dans 1'Cther; on a obtenu l'analogue deutCrC par tchange avec du D20 .  On a CtudiC les spectres 
RMN du 'H, du "c, du du 170 et du ' 9 ~  ainsi que son spectre IR. I1 n'existe qu'un seul isomkre correspondant a la 
configuration Z la plus stable. On a fait les attributions de structure en se basant sur des calculs de mCcanique molCculaire 
quantique; ils ont mis en Cvidence que la forme Zest environ 13.4 kJ mol-I plus stable que la forme E et que l'knergie d'activation 
pour la transition E + Zest  Cgale 64,2 kJ mol-I. On a enregistrC les spectres de masse dans diverses conditions et on prCsente 
les voies de dCcomposition de l'ion parent du compost 1. 

Mots clPs : 3-diazo- I ,  I ,  1-trifluoropropan-2-one; 3-d-3-diazo- 1 , 1,l-trifluoropropan-2-one; structure; RMN du 'H, du I3C, du 
I'N, du 170 et du 1 9 ~ ;  SM-IE. 

[Traduit par la rCdaction] 

Introduction 

One of the simplest diazoketones is 3-diazo- 1, 1 , 1 -trifluoro-2- 
propanone (I), bp 25°C at 133 Pa (I),  which was described in 
1953 as being the product (62.5% yield) of the reaction of 
CF3COCl with CH2N2. Surprisingly, after that distant birth the 
compound has not received any attention, as can be established 
by its remarkable absence in the Chemical Abstracts. In view 
of the synthetic potential of this small building block, we set 
out to find a convenient synthetic procedure for it, to record 
and study some of its spectroscopic and mass spectrometric 
properties, also with the purpose of elucidating its actual struc- 
ture. 

Results and discussion 

Compound 1, for which E and Z geometric isomers may be 
expected, due to a possibly restricted rotation about the 
(0)C-C(H) bond of the five-center T system, may be 
described by a suitable mixing of the canonical formulas la-c 
(here reported for the Z isomer, Scheme I). 

It could be easily obtained from (CF3CO),0 and CH2N2 in 
ether solution; careful evaporation of the solvent and the 
formed methyl trifluoroacetate (2), followed by a conven- 
tional distillation at slightly reduced pressure, gave 1 in good 
yield. The yellowish liquid obtained was conveniently ana- 
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lyzed by GC at relatively low injector and column tempera- 
tures, using an FID detector, and found to be homogeneous; 
use of an electron capture detector proved to be suitable, 
whenever a magnification of the sensitivity is required: the 
approximate ratio of the responses of the two detectors was 
found to be close to ca. 50. Under these conditions, the peak 
for 1 was highly symmetric and the EI-MS spectra at 70 eV 
recorded along the elution profile showed an absolutely con- 
stant pattern. Derivatives of diazoalkanes are expected to yield 

Can. J. Chem. 74: 1348-1359 (1996). Printed in Canada1 Imprimt au Canada 
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Scheme 1. 

mixtures of geometric isomers, which may interconvert more 
or less rapidly (2). The free energy of activation AG,,, is essen- 
tially determined by its AH,,, term, which is in turn strictly 
related to the amount of energy necessary to break the IT-com- 
ponent of the relevant C-C bond. Thus a higher AG,,, is an 
indication of a larger IT bond order between these two centers, 
which in valence bond (VB) descriptive terms corresponds to a 
larger contribution of the mesomeric form lc .  Interconversion 
of geometric isomers of the respective positive ion, obtained 
by electron impact, is generally so fast that mass spectrometry 
is unable to generate different spectra for any two isomers. 

Pure 1 appeared to be relatively thermally stable: in fact, a 
chlorobenzene solution did not show any sign of transforma- 
tion after 2 h at reflux. Differential scanning calorimetry 
(DSC) in nitrogen atmosphere revealed that exothermic reac- 
tions with traces of molecular oxygen set in at 117.1°C and 
148.0°C; the compound underwent a strong exothermic 
decomposition at 199.0°C. The deuterio analog of 1 (d-1) 
could be easily obtained by repeated exchanges with D 2 0  
without any catalyst at room temperature during 15 min. This 
is a fortunate event because base-catalyzed exchange (3) may 
induce a haloform reaction (4). 

Admission of 1 through a GC column into the electron 
impact ion source of a mass spectrometer, with the precaution 
of keeping the temperatures of all sections of the whole system 
as low as possible and injecting the smallest amount that can 
generate clean spectra in order to avoid thermal and collision- 
induced decompositions and material exchanges, produced a 
simple spectrum at 70 eV, consisting essentially of the parent 
ion at m/z  138, a peak at m/z 69, and one at m/z  41. Under these 
conditions the appearance of peaks at m/z  110 (loss of N,) and 
91 were minimized and practically negligible, as well as the 
quasimolecular ion MH' at m/z 139 (S), which appeared 
related to a peak at m/z 70 (Fig. 1). Wulfman and Poling (5) 
had already found that no loss of N, is present in the mass 
spectra of ethyl diazoacetate and dimethyl diazomalonate 
recorded in an all-glass system. 

The spectrum of 1 obtained at the ionization energy value of 
20 eV is reported in Fig. 2: slightly less stringent working con- 
ditions produced a richer fragmentation pattern, which is made 
up of the true spectrum of 1 superimposed with the product(s) 
of its thermal decomposition in the ion source, a fact which 
may well affect most of the reported spectra of diazoketones 
(5). Thus, the ion 4 at m/z 110 (1 - N,) is most likely the par- 
ent ion in the fragmentation process of the Wolff rearrange- 
ment product trifluoromethyl ketene (3), essentially yielding 
the cascade at m/z 91,82, and 63 (Scheme 2). 

Metastable ion, MIKE, and B'/E experiments ruled out any 
appreciable contribution of the observable m/z 110 ion (4) to 
an electron impact induced decomposition of the parent ion of 

Fig. 1. EI (70 eV) mass spectrum of 1 (GC inlet). 

Fig. 2. EI (20 eV) mass spectrum of 1 (GC inlet). 
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Scheme 2. 

I rearr. 
MlKE - CO T MIKE 1- co 

- CO 
C,HF?+ - O=C=CHCF?+ 

MIKE c3~o7 + 

m/z 63 m/z 9 1 m/z 7 1 

Scheme 3. 

1. A MIKE spectrum correctly related the appearance of the Fig. 3. EI mass spectrum of d-1 (recorded in the same conditions 
peak at m/z 69 to this parent ion. The great efficacy in perform- of the spectrum in Fig. 1). 
ing a hydrogen abstraction upon ion-molecule exchange is 

I00 - also borne out by examination of the spectrum of Fig. 2, where 
the MH' ion (5) is definitively outstanding, as well as its 
decomposition product at m/z 70 (Scheme 3). 

Molecules having the CF, group frequently show the corre- 
sponding positive ion at m/z 69 (6) in their mass spectra: con- 
firmation of the ion composition comes from the 
accompanying presence of the ions at m/z 50 (7) and 31 (8); 
but the ion at m/z 41, whose composition should be C2H0, - x .- 
indicated as its possible precursor an ion of composition $ 
C2HN20 (9) isobaric with CF, (Scheme 4). Confirmation of .z 50 - 

the hypothesis came from the spectrum of partially deuterated .; 
1, admitted into the ion source under exactly the same condi- 3 ,x tions of the spectrum of Fig. 1, showing a doubling of the ion 
at m/z 69, now accompanied by the ion at m/z 70; similar split- 
ting was observed for the ion at m/z 41 (Fig. 3). 

From the ratio of the intensity of the peaks at m/z 138 and 
139, the relative incidence of the ion decomposition paths a 
and b was calculated to be ca. 1.33: 1.00. Accurate mass mea- 
surements of the ion at m/z 69 gave a final confirmation of our 
observations. The ion at m/z 71, whose intensity is strictly 0 

30 40 50 60 70 80 90 1W 110 120 I30 140 
related to the appearance of the Wolff product, was found to 
originate from the ion at m/z 91 by loss of HF from the appro- m/z 

42 

52 

11, m , 8 , ' I ! '  

69 

70 

139 

2 ,  

138 

92 

1 . ,1 11 ,I I l l  
I ' l r l ' I  
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Scheme 4. 

Scheme 5. 

priate MIKE experiment. Incidentally, extensive Wolff rear- 
rangement was correlated (ref. 2, p. 124) with the presence of a 
Z conformer in the mixture actually undergoing decomposi- 
tion. When neat CF3COCDN, was admitted into the ion source 
through a nonpolar silicon rubber column in an amount such 
that ion-molecule collisions were minimized, as can be ascer- 
tained by the invariancy of the ion at m/z 138 vs. 139 or 69 vs. 
70 intensity ratios, these ratios could be considered a good 
indication of the isotopic composition of the material reaching 
the ion source. Identical amounts of the protic substance, as 
determined by the electron multiplier counts, reduced to the 
purely isotopic content the peaks at r d z  139 and 70, a proof of 
the practical absence of ion-molecule collision with hydrogen 
donation to the ion. The 70 eV spectrum for the deuterated 
molecule could therefore realistically be reconstructed. From 
this spectrum the ratio of the fragmentation ions CF3 vs. 
COCDN, could be determined: this ratio should also hold for 
the protic ion. Moreover, the ion at rn/z 4 1 of the protic mate- 
rial moved to n~/z  42 for the deuterated molecule. The ratio of 
intensities of m/z 41 vs. m/z 138 was very close to the ratio 
m/z 42 vs. m/z 139, respectively, for the protic and deuterated 
molecule: an indication both for the quality of the obtained 
spectrum of the latter and for the essential correspondence of 
the two fragmentations even in terms of cleaving propensities. 

A chemical ionization positive ion spectrum of 1 was 
obtained in CH, as ionizing gas (Fig. 4). The quasimolecular 
ion (MH', m/z 139) was the base peak, with little decomposi- 
tion taking place. Of interest, some 20% as intense as this was 
a peak at m/z 140 (MH,'). The main decomposition pathway 
leads to the ion at m/z 91, with the intermediacy of loss of HF 
from MH', followed by loss of N? Interestingly, the direct loss 
of N, from MH' was definitively a minor process, perhaps a 
valuable indication for experiments in condensed phase. A 
negative ion spectrum (Scheme 5), on the other hand, exhib- 
ited only two ions: the base peak being at m/z 110 (12) with a 
companion at m/z 1 11 (11); an ion of very minor intensity was 

Fig. 4. CI-(CH,+) mass spectrum of 1. 

present in the neighbourhood of the parent ion at m/z 137. 
Although 1 is made up of a good cluster of electronegative 
atoms, it appears unable to accommodate an extra electron in a 
reasonably stable anion of the same composition. The same 
and only loss of N, occurred both from the parent ion and the 
negative quasimolecular ion (10). 

Ions kept in a mass trap may often pick up hydrogen by 
collision with unionized donors present there, due to the 
relatively long time of residence, eventually showing decom- 
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1352  

Table 1. NMR data'' for: F3C,,,(C,b,=~)~Ic,HN,a,=N,b, (1). 

Can. J. Chem. Vol. 74 ,  1 9 9 6  

'H 5.86s (v,,' = 4.2 Hz) 

I3C C(a) 116.0q (vlI2 = 2.7 Hz) 

C(b, 176.2qd (vlIz = 2.0 HZ) 

c,c, 56.ld (v,,, = 12.3 Hz) 

"0 432.0s (v,,? = 224 HZ) 

'J("C-'~F) = 288.6 
'J(I3C-'H) undetected 
'J('~C-'H) = 4.5 
'J('~C-"F) = 37.3 
'J(13C-'H) = 207.0 
3J('3C-19F) undetected 

"6 values in pprn (internal references: 'H, HMDS; I3C, central line of CDCI, triplet; and 
"F, CCI,F; external references: "N, neat CH,NO, and ''0, deionized H,O); s = singlet, 
d = doublet, q = quartet, and qd = quartet of doublets; J values in Hz, v,, = half-height 
line width. 

Fig. 5. EI (70 eV) mass spectrum of 1 obtained from an ion trap 
mass spectrometer (GC inlet). 

position of the quasimolecular ion MH+. This process was 
most efficient when our 1 was admitted to one such spectrom- 
eter (Fig. 5): the M+ disappeared altogether, to be replaced by 
the MH', which decomposed to d z  91 by loss of N, followed 
by fast loss of HF. Beside the base peak at d z  69, the fragmen- 
tation of MH' showed a peak at d z  70, assumed to have the 
composition CF3H', and one at d z  113. The latter, for which 
we assume the composition C,F30,, was possibly generated 
by the collision of the parent ion of 1 or the ion C3H,F3N,0+ 
(MH') with neutral CF3COOH, somehow admitted into the 
ion trap. 

NMR spectroscopy data are collected in Table 1. The 
'H NMR spectrum of 1 at room temperature in CDC13 exhib- 
ited only one peak at 5.86 pprn with a line width at half-height 
of 4.2 Hz, a location in close agreement with those reported (6) 
for a-protons of a-diazoketones. I3c NMR signals can be eas- 
ily assigned from their shifts and 'H and couplings. The 
13c NMR chemical shifts of carbonyl groups in a-diazo- 
ketones are shielded compared to normal ketones, e.g., ace- 
tophenone (196.9 ppm) (7) and w-diazoacetophenone (1 86.4 
ppm) (8); an analogous shielding is observable also for 1 
(1 76.2 ppm) compared to 1,l ,1-trifluoroacetone (1 87.7 ppm) 
(7). The same effect, but in a more pronounced fashion, is 
exhibited by aldehydes, e.g., acetaldehyde (200.5 ppm) (7) vs. 
diazoacetaldehyde (184.1 and 183.8 pprn for the E and Z 
forms, respectively) (8). On the contrary, this shielding is 
strongly reduced by the contemporary presence of another 
conjugated group as is the case for, e.g., ethyl acetate (170.3 
ppm) (7) vs. ethyl diazoacetate (167.6 ppm) (8). The large 
upfield shift usually observed (9) for the Cips0 is partly relieved 
by the carbonyl group through the contribution of resonance 
formulas l c ,  as discussed below for the "0 NMR results. The 
value of ' ~ ( l 3 ~ - 1 , )  is quite high for an sp3 hybridized atom and 
higher than other 'J( I ~ ~ - I , )  measured for some diazo com- 
pounds (8), thus reflecting both a contribution of canonical 
formula l c  as well as the electron-withdrawing effects of the 
diazo and trifluoroacetyl groups (7). Owing to the lack of 
literature data, it is difficult to get information from the 
n J ( ~ 3 C - ~ 9 F )  values; nevertheless, we can observe that 
is identical for 1 and l , l ,  1-trifluoroacetone (10): the large 
value observed for the latter coupling constant has been attrib- 
uted to a r-bond contribution between carbon and fluorine. 
The value of 2~(~3c-~9F, fits a rough correlation observed (10) 
between ' 5 ( 1 3 ~ _ 1 9 ~ )  and 2~(13C-19F). Neither 3~(13C-19F) nor 
3~(~3C-1H, has been measurable and we do not have a definite 
rationale for this observation. The Cipx0 signal shows a remark- 
able half-height line width (12.3 Hz), which seems not to be 
due to slow exchange between cisoid and transoid rotamers, 
since on going down to -60°C neither any splitting nor any 
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Strazzolini et al 

Scheme 6. 

F 

.+)+ - - etc. 
+ - 

F -N=N N=N 

H H 

line sharpening was observed. Kaplan and Meloy (1 1) experi- 
mentally determined a Z:E ratio of 9: 1 for diazoacetone, theo- 
retically confirmed by Csizmadia et al. (12). A further 
significant increase of this ratio in the case of 1 might prevent 
observation of the less favoured rotamer by NMR. A possible 
explanation for the large values observed for the half-height 
line width of C,,),, and for the signal of the 'H spectrum could 
thus be that in our system vicinal couplings and ' J ( I ~ _ I ~ ~ ) ,  
respectively, have values so small as to prevent their observa- 
tion but large enough to cause broadening of the respective 
lines. 

The 1 9 ~  NMR shift is better compared with 1, 1,l-trifluoro- 
acetone and CF3COOEt (6 = -83 and -78 ppm, respectively) 
(10) or with CF3COCF=CF, (6 = -80.1 ppm) (13), all 
reflecting similar situations. 

A certain amount of literature data on ''N NMR for diazo 
groups is available, but only five entries concern diazoketones 
or diazoesters (8). We observe that both nitrogen atoms are 
more shielded for these two classes than for diazoalkanes. A 
full rationalization of variation of shielding in diazo groups 
resulting from structural variations has not yet been reached, 
except for the case of the effects observed when a conjugation 
among diazo and electron-withdrawing groups was present 
(14). In our case, there is a close similarity of 1 5 ~  chemical 
shifts with ethyl diazoacetate (6 = - 132.6 and +3.6 ppm for 
N(,) and N(b), respectively) (15). We have also measured, at 

3 natural isotopic abundance, 2 ~ ( 1 5 N - ~ H )  and J ( I s ~ - I ~ )  values. For 
diazo compounds we are aware of only one other observation 
(15) of such couplings, i.e., for an 1 5 ~  enriched sample of ethyl 
diazoacetate, in which values were found to be 2.8 and 1.0 Hz 
for '~(ls,-l,, and 3~(15N-IH), respectively. The 2 ~ ( 1 5 N _ l H ,  value 
observed for 1 (1.8 Hz, some 64% the value of 2.8 Hz reported 
in the quoted paper) is in favour of an increased charge on N(,, 
compared with N(,) of diazoacetate, since an effective removal 
of the lone pair from the nitrogen atom causes a significant 
reduction of the values for 2 ~ ( ~ 5 N - ~ H ,  (ref. 11, p. 72). 

170 NMR data are in agreement with the previously dis- 
cussed importance of the resonance structure lc .  The strong 
shielding observed for the carbonyl group of diazoketones, in 
comparison with ketones lacking the diazo group, has in fact 
been shown to be due to this reason (16). Moreover, we 
observe for 1, compared with l , l ,  1-trifluoroacetone (17), a 
A6170 of ca. 160 ppm whilst for a-diazoketones this A6I70 is 
usually smaller, ca. 1 10 ppm (16b). In this case, the CF, group 
operates in a direction that is opposite to that observed when 
comparing acetone ( 18) and 1,1,1-trifluoroacetone, the latter 
being actually deshielded by ca. 20 ppm compared to the 
former. A possible explanation could be found in the not neg- 
ligible importance of hyperconjugative resonance formulas, 

such as 13, which further contribute to diminish the double 
bond character of the carbonyl group of 1 (Scheme 6). Support 
for the possibility of a contribution of formulas 13, particu- 
larly 13b, to the real structure of 1 can be found also in the high 
value found for IJ(I~~-I~~), as previously discussed. 

An absorption maximum was found in the UV spectra of 1 
recorded in EtOH, CHC13, and c-hexane in the range 273-278 
nm; a large increase of the value for the extinction coefficient 
was observed in c-hexane. In addition, a shoulder was quite 
evident both in EtOH at 247 nm and c-hexane (256 nm), but 
was absent in CHC13 (Table 2). The location of the maxima 
and shoulders are those expected from literature data for 
diazoketones (ref. 2, pp. 115, 116). 

The room temperature IR spectra of liquid 1 and its deuter- 
ated analog are reported in Figs. 6 and 7, respectively. The 
spectrum of compound 1 (Fig. 6) exhibits a system of two 
bands both in the vcH region and in the V N N  region. The spectra 
of solid 1 showed only the lower frequency component in the 
vcH region, the position of this band being consistent with a 
hybrid sp2 carbon. Also the infrared gas-phase spectrum 
shows only one component with an AB-hybrid type contour, 
confirming the planar skeleton of the molecule. The disap- 
pearance of the higher frequency component can be explained 
either on the basis of a change in the Fermi resonance, 
although in this case the total disappearance would be difficult 
to explain, or, better, by the presence of molecular associates 
in the liquid phase. The band at lower frequency is definitive1 Y broader. Compound d-1 exhibited a vcD band at 2350 cin- , 
which may be compared with a value of 23 12 cm-' found for 
3-diazo-3-d-2-propanone (1 9). 

The IR spectra of diazoketones are characterized by a band 
around 2100 cm-' (ref. 2, pp. 116, 117) attributed to the vNN 
fundamental, and H- and D-a-diazoketones present a band in 
the range 2 104-2 1 14 cm-I (20). The strong band at 2 134 cm-' 
should be assigned to the stretching of the NN bond: the rela- 
tively high value of the frequency of this absorption indicates 
the importance of mesomeric structures with a triple bond 
between the nitrogen atoms. This result may be ascribed to the 
effect of the very electronegative nature of the substituent on 
the neighbouring carbon atom; in fact, the absorption fre- 
quency is quite close to that observed for the CN tri le bond P (21). The relatively high frequency (ca. 1670 cm- ) of the 
absorption band of the C=O group seems to favour an 
increased contribution of resonance hybrids with a carbon- 
oxygen double bond, in comparison with other diazoketones 
and in contrast with the results of the 170 NMR spectroscopy. 
However, as discussed by Foffani and co-workers (22), a car- 
bonyl4iazo group field interaction can be of significance and 
help to overcome the apparent contrast between the results 
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Table 2. UV properties of 1 in c-hexane, CHCI,, and EtOH. 

Solvent Wavelength (nm) log E Concentration (mol L-') 

EtOH 

Fig. 6. IR spectrum of neat liquid 1 

Wave number/cm-' 

obtained by the two different spectroscopic methods. The The NMR data and IR spectral features in the CH (CD) 
higher frequency component of the band system about 2180 stretching, as well as other characteristic absorptions in other 
cm-' is present also in the solid state and in the gas phase and regions, induced us to favour the hypothesis of the presence of 
its intensity does not depend on the temperature; it might be a single isomer, possibly in the Zconfiguration. Simultaneous 
assigned to a Fermi resonance of (1277 + 900) or (1137 + presence of two conformers in equilibrium was observed for 
1043) cm-I combination bands with the near fundamental. other diazoketones in a number of studies by several authors 
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Strazzolini et al. 

Fig. 7. IR spectrum of neat liquid d-1, from which background of traces of 1 was subtracted. 

Wave number/cm-' 

Fig. 8. Geometric structure of the Z form of 1. 

using various physical techniques (1 1, 23, 24): determination 
of the dipole moments and theoretical calculations (25) then 
allowed more precise inferences about the actual structures 
present at equilibrium. The Z form was always more stable 
than the E one. To achieve more certain and detailed informa- 
tion on the actual structure of l ,  we then moved in two differ- 
ent directions. The IR spectrum of 1 in the gas phase was 
recorded and studied in greater detail. Theoretical calcula- 
tions, on the other hand, were carried out in order to produce 
information on the geometry of the E and Z forms of 1, their 
energies, and the activation enthalpy of the E + Z transforma- 
tion. Energy values for the different conformers of 1 are 
reported in Table 3 and the optimized geometric structures in 
Table 4. 

The theoretical approach was based on Hartree-Fock ab ini- 
tio calculations aimed at elucidating the conformational and 
vibrational spectroscopic side of the problem of the structure 
of 1, using the GAUSSIAN 92 computer program package (26). 
The geometric structure of the Z form of compound 1 is 
reported in Fig. 8 and is drawn with cp = 0 = 0"; the structure of 
the E form is obtained when the dihedral angle 0 (defined as H- 
(2,)-C,,,-C,,,) is 180". The other dihedral angle cp (defined as 
F-C(,)-C(,)-C(,)) is relative to the rotation of the CF3 group and 

Fig. 9. Interconversion energy barrier of the two conformers 
(E and Z) of 1. 

may range from 0" to 60". The z-axis, not shown in the repre- 
sentation of the molecule, points out of the plane of the C- 
(C0)-CHN, core. 

The calculations showed that the more stable configuration 
is a (Z)-1, having cp = 0 = 0"; on the other hand, in the case of 
(E)-1, the less stable configuration, a minimum of energy is 
achieved when cp = 60" and 0 = 180". From the data collected 
in Table 3 the enthalpy difference between the two conforma- 
tions is found to be 13.4 kJ mol-l, a result amply justifying the 
appearance of only (Z)-1 at equilibrium. The barrier to inter- 
conversion of (E)-1 to (Z)-1 is evaluated at 64.2 kJ mol-', a 
value that compares well with others previously determined 
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Table 3. Energy values for the different conformers of  1 .  

- - - 

0 0 -596.353 7171 
0 90 -596.322 5833 
0 180 -596.346 1034 
30 0 -596.353 6074 
30 90 -596.324 4636 
3 0 180 -596.347 1571 
60 0 -596.353 5397 
60 90 -596.326 8949 
60 180 -596.348 667 1 

"Units are degrees for angles and hartrees for energy. 

Table 4. Optimized structures for  (2)-1 and (E)-1." 

L(F-c(a)-ctbl) 1 10.899 1 10.7907 
L(c(a)-c(b~-c(~)) 115.9039 117.5965 
4c(k,1-c(c)-H) 128.6748 121.9559 
L(c(cl-c(b)-O) 125.7204 123.2658 
L ( C ( ~ I - C ( ~ I - N ( ; ~ )  1 14.95 14 121.7421 
L(H-c(c,-Nca)) 1 16.0000 1 16.0000 

"Bond distances are given in Angstroms and bond angles in degrees. 

(Fig. 9). Interestingly, the angle cp, associated with the confor- 
mation of the CF, group, showed peculiar and definite prefer- 
ences: a CF bond invariable lies in the plane of the .rr-core 
centers on the less hindered side, i.e., pointing towards the H in 
(2)-1 and the 0 in (E)-1. These results were obtained thanks to 
the use of a relatively high theoretical level, employing the 6- 
3 1 lG(d,f) large basis set. Bond lengths (Table 4) appeared to 
be uninfluenced by configuration, as well as all but two angles 
showing large variations (L(Co,-C(,,-H), L(C~b,-C,,,-N,,,)), 
corresponding to rotations of H and the N, group about C,,, in 
the plane of the molecules. Since the (E)-1 shows practically 
ideal sp%rbital alignments of the substituents about the car- 
bon center, the closer approach of N, to 0 in (2)-1 may well be 
due to an electrostatic interaction. 

Once the geometric optimization was achieved, we resumed 
computation of vibrational frequencies by determining the 
second derivatives of the energy with respect to the Cartesian 
nuclear coordinates and then transforming to mass-weighted 
coordinates. The intensities of the vibrational modes are eval- 
uated along with the computed fundamentals. To compare the 
observed IR spectrum of 1 with the calculations relative to the 
(E)-1 and (2)-1 forms, we considered the synthetic spectra 

obtained from the four strongest vibrations of the two forms, 
the computed wave numbers having also been scaled by ca. 
10% in order to compensate for the harmonicity of the calcu- 
lated values. The intensity patterns of the spectra, reported in 
Fig. 10, allowed the attribution of the Z configuration (6 )  to 
our product 1. The band shapes in the gas phase spectrum may 
be classified as AB-hybrid envelopes and pure C-type pro- 
files, confirming the planarity of the molecule. 

Experimental 

General methods 
All reagents used were commercially available (Aldrich, 
Milano-I) and were used as received unless otherwise speci- 
fied. Trifluoroacetic anhydride was freshly distilled prior to 
use; anhydrous K2C03 was activated by heating at 250°C dur- 
ing 4 h. Careful determinations of bp were made by observing 
the slow distillation temperature of the center cut of a suitable 
amount of pure 1. GC analyses were carried out with a Carlo 
Erba HRGC as chromatograph using a 0.32 mm i.d. x 30 m 
Supelcowax" 10 (0.25 pm phase film) or a 0.32 mm i.d. x 30 
m supelchemTM SE-54 (0.25 pm phase film) fused silica cap- 
illary column (Supelchem, Milano-I); operative conditions 
were: injection temperature 150°C, isothermal elution at 85°C 
or 50°C respectively, detection temperature 200°C. Quantita- 
tive analyses for the determination of the concentration of 
solutions of 1 were performed by the internal standard tech- 
nique (chlorobenzene), using the ~ u ~ e l c o w a x ~ ~  column: 
under these conditions, quite suitable in assessing the purity of 
1, complete D/H exchange occurred when d-1 of at least 95% 
isotopic purity was chromatographed in an isotherm at 85°C. 
An analogous observation was made with 3-diazo-3-d-2-pro- 
panone (19). During this experiment we observed that the 
molecular ion of 1 has a great propensity to pick up a hydrogen 
atom in the collisions even with unionized molecules of 1: in 
isotopic analysis it is therefore mandatory to inject the least 
amount that can be easily detected in order to avoid mistakes. 
The phenomenon was also confirmed by the use of an ion trap 
mass spectrometer. IR spectra were recorded on a Nicolet 
FTIR Magna 550 spectrophotometer using the KBr technique. 
In the case of the gas phase IR spectrum, a 5.0 cm path length 
cell filled with ca. 10 kPa of substance was employed. All cal- 
culations were carried out using a CRAY C90 computer sys- 
tem. UV spectra were recorded with a Jasco digital 
spectrophotometer UV-visible UVIDEC-505 equipped with a 
derivative scanner model DER-1 and a optical path of 1 cm; 
spectral data are reported in Table 2. NMR spectra were 
recorded using a Varian VXR-300 spectrometer equipped 
with a 10 mm broad-band probe or a 5 mm ('H and I9F) probe, 
at room temperature (probe temperature = 294 K) and at natu- 
ral isotopic abundance for all nuclei, or, alternatively, a Bruker 
AC-200 spectrometer. Solutions of 1 were generally ca. 4.0 M 
in CDC13 and spectroscopic parameters for each nucleus 
examined were as follows. 'H and I3c spectra were obtained 
under routine conditions, at a nominal frequency of 299.249 
and 75.429 MHz, respectively. Proton chemical shifts are 
reported in ppm on the 6 scale relative to TMS as an internal 
reference (0.00); carbon chemical shifts are reported in ppm 
relative to the center line of the CDCl, triplet (77.00). The 19F 
spectra were recorded at 282.203 MHz, pulse length 5.0 p s  
(ca. 45"), spectral width 50 kHz, acquisition time 0.3 s, relax- 
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Strazzolini et al 

Fig. 10. Gas phase IR spectrum of 1 (a), in comparison with the synthetic spectra of the four strongest calculated 
fundamentals (see text) for the Z (b) and E (c) forms. 

I I I I I I I I I I I I I 
I 

3500 3000 2500 2000 1500 1000 500 

Wave number / cm-I 

ation delay 4 s, collecting 16 scans; the signal was referenced 
to internal CC1,F. ' 5 ~  spectra were recorded at 30.406 MHz. 
In the INEPT sequence, pulse length was 24.0 ps  (90°), spec- 
tral width 15 kHz, acquisition time 2.0 s, relaxation delay 2.0 s, 
the J value used was 1.8 Hz; 3200 and 3840 scans, respec- 
tively, for the 'H decoupled and coupled spectra were col- 
lected and the signals were related to external CH3N02. The 
170 spectra were recorded at a nominal frequency of 40.662 
MHz, pulse length 28 ps (ca. 90°), spectral width 36 kHz, 
acquisition time 10 ms, preacquisition delay 100 ps, collecting 
15 000 scans; the spectra were recorded on a spinning sample 
without lock and decoupling. The signal-to-noise ratio was 
improved by applying a 30 Hz exponential broadening factor 
to the FID prior to transformation; the data point resolution 
was improved to 0.08 ppm by zero filling to 18 000 data 
points. The signal was referenced to external deionized water. 
Coupling constants are reported in hertz (Hz). All NMR data 
are collected in Table 1. MS spectra in the EI positive and neg- 
ative ion mode were obtained with a Fisons TRIO-2000 mass 
spectrometer operating at 70 or 20 eV. CI spectra using CH, 
were obtained from the same instrument. The ion source fila- 
ment was switched on just before peak elution in order to keep 

the ion source chamber temperature as low as possible. The 
actual amount of 1 injected was also kept as low as possible 
in order to avoid collision-induced decompositions and ion- 
molecule reactions. Notwithstanding these precautions, we 
observed that the peak intensities of the ions at rn/z 138 and 
1 10 differed conspicuously when revealed on different instru- 
ments, a fact apparently due to the thermal reactions linked to 
the geometry and actual temperature of the ion sources. Fur- 
thermore, the intensity ratios of peaks related to the fragmen- 
tation of the ion at d z  110 also changed drastically. Accurate 
mass measurements and metastable ion studies were per- 
formed on a double focusing, reverse geometry, VG ZAB2F 
spectrometer (VG, Altrincham, UK): metastable ion transi- 
tions were studied by means of mass-analyzed ion kinetic 
(MIKE) spectra; product and precursor ion spectra were 
obtained by B/E = const. and B2/E = const. linked scans, 
respectively. Metastable scanning MIKE and B2/E spectra 
allowed us to rule out formation of the ion at d z  110 from the 
parent ion, derived from 1. The ion trap mass spectrometer 
used for some experiments was a GC-MS Varian Saturn oper- 
ating with a filament current of 10 pA and a target value set at 
20 000. The temperatures of different sections of the instru- 
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ment were carefully set between 60 and 150°C in order to 
obtain reproducible results. Tabulated mass spectra report the 
five most intense peaks with bracketed relative intensities. 
DSC data were obtained on a Du Pont TA2000 DSC module, 
operating with a heating rate of 10°C/min in a N, atmosphere 
(N, flow: 10°C/min). 

Preparation of CHzNz 
An alcohol-free anhydrous ethereal solution of CH2N2 was 
prepared and titrated essentially according to a described pro- 
cedure (Method 3) (27), with minor modifications: solid KOH 
(6.6 g) was dissolved in 2-(2-ethoxyethoxy)ethanol (150 mL) 
avoiding the addition of H,O; the required amount of ~ i a z a l d ~  
(Aldrich) was dissolved in 225 mL- of Et20 and the ethereal 
solution of CH,N, obtained was made anhydrous by passing it 
twice over 10 g anhydrous K,CO,. 

3-Diazo-l,l,l-trifluoro-2-propanone ( I )  
A 0.33 M ether solution of CH,N, (182 mmol) was slowly 
added from a dropping funnel with all parts made of polished 
glass and using a PTFE stopcock and cork to a well-stirred 
ether solution of trifluoroacetic anhydride (85 mmol) of simi- 
lar molarity kept at ca. 0°C in a dry argon atmosphere in a 
well-ventilated hood. At the end of the addition, when also gas 
evolution had subsided, the solvent was gently removed, by 
heating 'at 40°C in a stream of argon, through a 50 cm Vigreux 
column. When the solution was suitably concentrated, it was 
finally kept at ca. 16 kPa in order to eliminate all the solvent. A 
final distillation of the residual oil gave a GC homogeneous 
liquid, 64% yield, bp 70°C at 20 kPa (lit. (1) bp 25°C at 133 
Pa), mp (uncorrected) 0°C. Inversion of the order of addition 
of reactants, as well as the use of one equivalent of Et3N to 
neutralize forming acidity, led to much lower conversions. 
Compound 1 was found to be stable in refluxing chloroben- 
zene. Differential scanning calorimetry in air showed two 
transitions before the decomposition curve, likely due to reac- 
tion with oxygen, at ca. 117 and 148°C; thermal decomposi- 
tion of 1 occurred very rapidly in inert atmosphere at ca. 
202°C. UV properties of 1 are reported in Table 2; the IR spec- 
trum is reported in Fig. 6; NMR data are collected in Table 1; 
mass spectra are reported in Figs. 1, 2, 4, and 5. Negative ion 
MS of 1 (CH,, 70 eV): m/z 137 (M- - H, I%), 112 (I), 11 1 
(21), 110 (loo), and 69 (2). 

3-d-3-Diazo-l,l,l-trifl~~oro-2-propnnone (d-I) 
Suitably anhydrous NaCl and Na,SO, were obtained by stor- 
ing in vacuo at 200°C for 4 h before use. 'H and I3c NMR 
spectra were initially recorded on a solution containing pure 1 
(2.03 mmol), CH,I, (1.05 mmol, internal proton standard, SH = 
3.89 ppm and Sc = -66.26 ppm), and TMS in CDC1, (2.0 
mL). The integral ratio observed for H singlet peaks was 
0.93:1.00 (1 vs. CH,I,). This solution was equilibrated five 
times at room temperature, for 15 min each time, with D 2 0  
(1.0 mL) containing NaCl (1.0 mmol), then finally dried over 
Na,SO,, 'H NMR spectrum: ratio H(1):H(CH212) = 0.0028 
(indicating a practically complete H/D exchange); 13c NMR 
spectrum: C(=O), C(F,), and C(H212) resonated at the same 
frequencies with patterns unchanged from the original solu- 
tion; C-D (triplet, JcD = 30.1 Hz) at 55.70 (central peak) ppm. 
H-D interchange was equally successful when neat 1 was 
shaken five times during 15 min at room temperature with the 

same ratio of D,O (NaCl) and subsequently dried over 
Na,SO,. The IR spectrum of d-1 is reported in Fig. 7 and the 
EI mass spectrum in Fig. 3. 
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Probe of cadmium(ll) binding on soil fulvic acid 
investigated by 3 ~ d  NMR spectroscopy 

Kun H. Chung, Seog W. Rhee, Hyun S. Shin, and Christopher H. Moon 

Abstract: Binding of cadmium(I1) on soil fulvic acid (FA) was investigated over a range of fulvate-to-cadmium concentration 
ratios (8 - 59 equiv. mol-l) using 'I3cd NMR spectroscopy. The 'I3cd chemical shift of cadmium bound on fulvate was observed 
in a more downfield region (6 -20.4 to - 15.6) than that bound on synthetic polymers, poly(acrylic acid) (PAA: 6 -36.6 to 
-38.2), poly(methacrylic acid) (PMAA: 6 -34.0 to -25.4), and poly(viny1 benzoic acid) (PVBA: 6 -34.7 to -31.2). The 
calculated values of individual chemical shifts for the species CdL' and CdLz (L: carboxylate) formed in Cd(I1)-carboxylate 
systems (e.g., acetate, benzoate) are 6 -22 to -24 and 6 -39 to -40, respectively. The relative downfield shift of cadmium(I1)- 
fulvate suggests that functional groups (e.g., hydroxyl and neutral N donor) other than carboxylates may be involved in cadmium 
coordination. The chemical shifts of cadmium complexes of hydroxycarboxylates (e.g., glycolate) or carboxylates containing 
neutral N donor (e.g., picolinate) were generally observed in more downfield regions than their carboxylate counterparts. 

Key words: fulvic acid, polyfunctionality, binding sites, chemical shift, Il3cd NMR. 

RCsurnC : On a CtudiC, par spectroscopie de RMN du Il3cd, les sites de liaison du cadmium(I1) sur l'acide fulvique (AF) impur 
en utilisant un intervale de concentration de fulvate : cadmium (8-59 Cquiv. mol-'). On a observC que les dCplacements 
chimiques du Il3cd, du cadmium liC au fulvate, se situent a champ plus faible (6 -20.4 i - 15,6) que les polymkres synthttiques, 
acide polyacrylique (APA : 6 -36,6 2 -38,2), acide polymtthacrylique (APMA : 6 -34.0 i -25,4) et acide polyvinylbenzoique 
(APVB : 6 -34,7 h -3 1,2). Les valeurs calculCes des dtplacements chimiques individuels des espkces CdL+ et CdL, 
(L = carboxylate) formCes dans le s y s t h e  Cd(II)+arboxylate (acetate, benzoate par exemple) sont respectivement 6 -22 h -24 
et 6 -39 5 -40. Le dtplacement chimique relativement faible du complexe cadmium(I1)-fulvate suggkre que des groupes 
fonctionnels (par exemple hydroxyle et un donneur neutre d'azote) autres que les carboxylates peuvent &tre impliquis dans la 
coordination du cadmium. Les diplacements chimiques des complexes de cadmium des hydrocarboxylates (par exemple le 
glycolate) ou des carboxylates contenant des donneurs neutres d'azote (par exemple un picolinate) sont gkntralement observts i 
des champs plus faibles que leur contrepartie carboxylates. 

Mots clPs : acide fulvique, polyfonctionnalitC, sites de liaison, dCplacement chimique, RMN du lI3cd. 

[Traduit par la rtdaction] 

Introduction 

Heavy metal contamination of the environment is caused by 
the wide usage of heavy metals in industries to meet the 
demands of modern society. In wastewater matrices, the spe- 
ciation of some heavy metals is dominated by organic com- 
plexes, and their characterization is an important aspect of 
speciation in such matrices (1). In soil matrices, the biological 
availability of environmental trace metals is influenced 
strongly by complexes formed with soil organic matters such 
as humic substances (2). Complexation of trace metals by 
humic substances is also important in determining their fate in 
the environment (3). 

Studies of the complexation of trace metals (e.g., cu2+, 
cd2+, pb2+) with humic substances are reported in the literature 
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(4-8). The stability constants of the complexes thus formed 
have been evaluated using many different modeling tech- 
niques, leading to some conflict in the information obtained 
(9, 10). One cause of uncertainty is in regard to the nature of 
metal ion binding by humic substances. From the results of 
base titration, Stevenson et al. indicated the formation of 1 : 1 
and 1:2 complexes (CuL' and CuL,: L are active sites) when 
cu2+ ions are bound to humic acid (2). Marinsky and Anspach 
found CuL, to be predominant when cu2+ ion is complexed to 
PMAA gel at a higher neutralization range (1 1). More recently 
a joint study with Miyajima was carried out by us on cad- 
mium(I1) binding by PAA using potentiometric titration, and 
the preliminary result shows the formation of 1 : 1 and 1:2 com- 
plexes. By contrast, Perdue and Lytle applied a multiligand 
model for binding of proton and metal ions by humic acid 
(12). 

In this work, we report the result of our study of the binding 
of cadmium(I1) by a soil fulvic acid as characterized by '13cd 
NMR spectroscopy. ll3cd NMR spectroscopy has been used 
in studies of the structure and dynamics of inorganic and bio- 
inorganic molecules (13-16). The utility of '13cd NMR as a 
metallobioprobe is due to the ability of cadmium(I1) ion to 
form corn lexes over a range of conformation and ligand 
numbers: 'lCd has a spin of l i Z  with no quadrupolar contri- 

Can. J. Chem. 74: 1360-1365 (1996). Printed in Canada / ImprimC au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Chung et al 

bution to cause NMR relaxation, which broadens the NMR 
signals. A chemical shift range of over 900 ppm has been 
observed for 'I3cd, depending upon the nature, number, and 
geometric arrangement of the coordinated ligands (17-22). 
Fulvic acids possess a variety of functional groups that can 
bind with metal ions (3). Several types of carboxylic acids, 
polyfunctional carboxylic acids, and synthetic polymers were 
used as model ligands in this study. 

Experimental 

Materials 
Fulvic acid used in the experiment was isolated from air-dried 
soil from the Okchun Basin as described previously (23). 
Briefly, humic substances were extracted from air-dried soil 
(1.5 kg) with 15 dm3 of 0.1 mol dm-3 NaOH under N, atmo- 
sphere. The humic acid fraction was separated by acid precip- 
itation (pH 1) with 6 mol dm-3 HCl. The FA fraction 
remaining in the supernatant was isolated by sorbing it on a 
column of XAD-8 resins. The sorbed FA fraction was eluted 
with 0.1 mol dm-3 NaOH, and converted to a protonated form 
using a cation exchange column of Dowex 50x8  (HC) to 
remove Na+. The protonated final product was freeze-dried (C: 
51.2 +- 0.5%, H: 4.5 +- 0.2%, 0 :  41.0 t- 1.0%, N: 2.2 +- 0.1%, 
and S: 0.2 t- 0.1%). PAA (MW: 5000 daltons) and organic 
acids were purchased from Aldrich and were used without 
further purification. PMAA and PVBA were prepared by a 
radical polymerization technique with AIBN (azobisisobutyro- 
nitrile) in ethanol solution and characterized according to pro- 
cedures given in the literature (24). Cadmium solution was 
prepared by dissolving Cd(C104),.6H20 (Alfa) in doubly 
deionized water. The isotopically enriched cadmium solution 
was prepared by dissolving 95.8% "3~d-enriched metal (Iso- 
tec Inc.: Product No. 77-066-01-7; 0.5 g) in an aliquot of hot 
concentrated HC104, then diluting with doubly deionized 
water to 0.10 mol dm-3. 

Instrumentation 
The lI3cd NMR investigation was performed on a Brucker 
AM 300 spectrometer operating at 66.576 MHz. All NMR 
measurements were made with an outer 10 mm NMR tube 
containing the sample solutions, and a sealed 5 mm inner tube 
with 0.1 mol dm-3 Cd(C104), aqueous (D20) solution; 0.1 mol 
dm-3 Cd(C104), was the reference material and D,O solvent 
was used as an external lock to keep the field of homogeneity. 
The temperature of the samples was kept constant at 24°C by 
flowing heated air around the tube mounted coaxially in the 
probe head. Positive chemical sifts are downfield from the ref- 
erence and indicate decreased shielding. The spectra for Cd(I1) 
- organic acids were obtained using a 30" pulse width (6 ~ s ) ,  
acquisition time of 0.885 s, and a relaxation delay of 2.2 s (0.2 
s for Cd(I1)-polymers and Cd(I1)-fulvate). The spectra of 
Cd(I1)-polymers and Cd(I1)-fulvate required 50 000-60 000 
transients. The solid state " 3 ~ d  NMR spectrum was obtained 
from ca. 0.5 g of a freshly prepared moist precipitate of 
Cd(I1)-fulvate using MAS technique. The delay time was 5 s 
and the rotor speed was set at 4.0 kHz (collected number of 
scans, 1500). 

Sample preparation 
Stock solutions of FA, PMAA, PAA, and PVBA (50.0 cm3, 

0.30 equiv. dm-3) were prepared as follows: 1.990 g of FA was 
dissolved in 8.0 cm3 of 1.0 mol dm-3 NaOH and diluted with 
doubly ionized water to a final volume of 50.0 cm3 and the pH 
adjusted to 6.0. The total acidity of the acids was measured by 
pH titration (25) and these values were used to obtain stock 
solutions with the same concentration given in equiv. dm-3: 
The measured total acidity of FA, PMAA, PAA, and PVBA is 
7.6, 12, 14, 7.0 mequiv. g-i, respectively. An initial sample 
solution was prepared by mixing 4.0 cm3 of the stock solution 
with 1.0 cm3 of 0.1 mol dm-3 cadmium perchlorate solution 
(95.8% lI3cd-enriched). Subsequently all other sample solu- 
tions of a series were prepared by dilution of the initial solu- 
tion with the stock polymer solution, thereby changing the 
cadmium concentration in the sample while kee ing the poly- 
mer concentration constant at 0,24 equiv dm-! The sample 
solutions were kept in darkness over 2 days, with occasional 
shaking, to equilibrate. Approximately 2 cm3 of each sample 
was placed in a 10 mm NMR tube for NMR analysis. A series 
of sample solutions were also prepared for each organic acid 
used as model ligand, where Cd(C10,)2 was kept constant at 
5.56 x mol dm-3 and the organic acid concentration was 
varied from 0.025 to 0.6 mol dm-3. All the sample solutions 
were adjusted to pH 6.0 using HC104 and NaOH (carbonate 
free, Baker Co.), and the pH was measured using a glass elec- 
trode coupled to a digital pH meter (Metrohm type 632). 

Results and discussion 

The 'I3cd NMR spectra of Cd(I1)-fulvate were obtained over 
a fulvate-to-cadmium ratio of 8-59 equiv. mol-I and they are 
shown in Fig. 1. At concentration ratios of 8 equiv. mol-I and 
above (up to 59 equiv. mol-I), Cd(I1)-fulvate remained stable 
in solution, and it was possible to obtain a single averaged 
chemical shift. A plot of the chemical shiftchange (6 -20.4 to 
- 15.6) versus fulvate-to-cadmium ratio is shown in Fig. 2. 
Below 8 equiv. mol-', the Cd(I1)-fulvate formed precipitates. 
The spectrum of a freshly prepared precipitate of Cd(I1)-ful- 
vate is shown in Fig. 3. A freeze-dried precipitate gave a very 
broad and unresolved spectrum, but moistening the precipitate 
with a little water (wlw 15%) produced a spectrum of good 
signal-to-noise ratio with a chemical shift of 6 -25 for the 
solid sample. 

Majidi et al. investigated the metal-algae binding site using 
Il3cd NMR spectroscopy, and observed a chemical shift of 
6 - 10 to - 18 for cadmium(I1) bound on cell walls, indicative 
of the metal uptake by carboxylate groups (26). In the charac- 
terization of Cd(I1) binding sites on Datura innoxia, Ke and 
Rayson obtained chemical shift data indicative of carboxy- 
late-Cd(I1) interaction in a 2: 1 ratio (27). The observed chem- 
ical shift of Cd(I1)-fulvate in solution (6 -20.4 to - 15.6) and 
as solid (6 - 25) seem to indicate that the bound cadmium ions 
are coordinated to carboxylate groups. Recently, an investiga- 
tion of Cd(II)-carboxylate systems (mono- and di-carboxylic 
acids) in aqueous solution was carried out using Il3cd NMR 
spectroscopy (28). A single averaged chemical shift was 
obtained even at reduced temperature (25" to -90°C in etha- 
nol), showing that the species formed in Cd(II)-carboxylate 
systems are undergoing rapid exchange in solution. Using 
known stability constants, the individual chemical shifts were 
calculated to be in the range 6 -22 to -24 and 6 -39 to -40 
for CdLC and CdL, (L = carboxylate) species. In Cd(II)-car- 
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Fig. 1. Il3cd NMR spectra of cadmium(I1) bound on FA in 
aqueous solution: [FA], = 0.24 equiv. mol-' and pH = 6. 

[Cd], dL = 3.06~10-2M 

[Cd], = 1.02~1 0-2M -1 8.9 ppm 

[Cd], = 6.1 2x1 0-3M 
-1 7.6 ppm 

[Cd], = 4 .08~10-~M 1 \ -1 5.6 ppm 

, . , . I . , ' ,  

60 40 20 0 -20 -40 -60 
PPM 

boxylate systems, an increase in the carboxylate-to-cadmium 
ratio caused the chemical shift to move towards an u~f i e ld  
region: the cadmium ion becomes more shielded when coordi- 
nated water molecules are displaced by carboxylates. How- 
ever, quite the opposite trend was observed for the Cd(I1)- 
fulvate system: an increase of fulvate-to-cadmium ratio caused 
the chemical shift to move towards a downfield region (less 
shielding). From surface pressure and viscosity measure- 
ments, ~ h o s h  and ~chn i t i e r  proposed a model changing 
humic substances from a flexible "linear molecule" to a rigid 
"spherocolloid" (29). The '13cd NMR spectra of cadmium 
bound on synthetic model polymers PAA, PMAA, and PVBA 
were obtained at the concentration ratio 12 to 118 equiv. 
mol-'. The l13cd NMR spectra of Cd(I1)-PAA and -PMAA 
are shown in Fig. 4 as examples. In the Cd(I1)-PAA system, an 
increase in the PAA-to-cadmium ratio caused the chemical 
shift towards an upfield region (more shielding) in a manner 
observed in Cd(II)-carboxylate systems. However, quite dif- 
ferent chemical shift changes were observed in the Cd(I1)- 
PMAA and -PVBA systems: an increase of polymer-to-cad- 
mium ratio caused the chemical shift to changk to a downfield 
region (less shielding). The cause for this apparent difference 

Fig. 2. Plots showing the Il3cd chemical shift changes due to 
variation of the [polymer]/[Cd(II)] ratio: (a )  FA, (b) PMAA, ( c )  
PVBA, and (4 PAA. 

[polymer]/[Cd(l[)], (equiv, mol-l) 

Fig. 3. ' I3cd MAS NMR spectrum of Cd(I1)-fulvate precipitate. 

-25 ppm 

Cd-FA [water ( w h )  = 15x1 

I " ~ ' " " ~ I  . . a . . . . l . . . . * . . , , l . . . . k . , . .  

100 0 -1 00 
PPM 

in the chemical shift change behaviour of PMAA and PVBA, 
and PAA remains unclear. Different chemical shift behavior 
was also reported for the binding of sodium ion on PMAA and 
PAA investigated by 2 3 ~ a  NMR, and this was attributed to 
their structural differences (30). 

The '13cd NMR chemical shift is highly sensitive to the 
types of donor atoms, coordination number, and geometry 
(17-22). The results of the '13cd NMR study with model car- 
boxylate ligands (monomers and polymers) show that when 
the coordination environment of the cadmium ion is made up 
solely of carboxylates and water molecules, then the chemical 
shifts seem to appear at a more upfield region (more shielding) 
than for Cd(I1)-fulvate. This apparent difference in the chem- 
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Fig. 4. lI3cd NMR spectra of cadmium(I1) bound on PAA and PMAA in aqueous solution: [polymer], = 0.24 equiv. 
mol-I and pH = 6 

PAA PMAA 

-34.0 ppm ' 
-36.6 ppm 

[Cd], = 2 . 0 4 ~ 1 0 . ~  M 

[Cd], = 2 .04~10'~  M -32.1 ppn 

[Cdl = 1 .53~10'~  M 

[Cd], = 1.02X10-2 M 

[Cd], = 1.02X 10.' M 

-37.1 Ppm 

[Cd], = 8 .16~10'~  M 

[Cdl= 8 .16~10 .~  M 

-37.4 ppm 

[Cd], = 6.12~10" M 

[Cd], = 4.0&~10-~ M 

[Cdl = 4 . 0 8 ~ 1 0 ' ~  M 

[Cd], = 2 .04~10'~  M [Cd], = 2 .04~10'~  M 

1 ' 1 ' 1 1 1 1 1 1 1 1  1  I ' I ' I n I b I r ( ~  I .  

60 40 20 0 -20 -40 -60 60 40 20 0 -20 -40 -60 
PPM PPM 

ical shift may be caused by the presence of a diversity of func- 
tional groups (carboxylate, phenolic -OH, alcoholic -OH, and 
minor amounts of N) of fulvic acid, creating a multiligand 
coordination environment for the cadmium ion. There are sev- 
eral examples of cadrnium(I1) complexes formed by other 
model ligands that gave chemical shifts in more downfield 
regions. One such example may be coordination of cad- 
mium(I1) by a malonate-like moiety of fulvic acid. This moiety 
is shown in one of the average structures proposed for Suwan- 
nee River fulvic acid by the U.S. Geological Survey (3 1). Mal- 

onate is capable of forming a six-membered chelate ring (r15) 
with cadmium ion. An increase of the malonate-to-cadmium 
ratio caused the chemical shift to change more gradually 
towards an upfield region and approached a steady value of 6 
-19 (28), which lies close to the chemical shift range of 
Cd(II)-fulvate. The second group of examples may be com- 
plexes of cadmium(I1) formed by hydroxycarboxylic acids as 
ligands: specifically those with an -OH attached to the a- and 
@-carbons (e.g., glycolic, gluconic, 3-hydroxybutanoic, and 
malic acids) are observed in a more downfield region than 
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Fig. 5. Plots showing the lI3cd chemical shift change of Cd(I1)- 
hydroxycarboxylate and ~arboxyla te  complexes: (a) glycolic 
acid, (b) gluconic acid, (c) malic acid, ( 4  3-hydroxybutanoic 
acid, (e) acetic acid, (n propanoic acid, and ( 4  succinic acid. 

[Ligand] (mol h3) 

their carboxylic acid counterparts (e.g., acetic, propanoic, and 
succinic acids). Plots of chemical shift change versus ligand 
concentration are shown in Fig. 5.  The changes for cad- 
mium(I1) complexed to those ligands capable of forming five- 
and six-membered chelate rings (-q4 and -q5) are displayed 
more downfield. It has been suggested that a probable strong 
copper(I1) binding site may include the phenolic group (4, 5 ,  
32). A salicylate-like moiety may be a possible strong binding 
site for cadmium ion, but this was not investigated due to pre- 
cipitate formation. Other possible examples are those com- 
plexes of cadmium coordination by a neutral N donor: The 
minor sites of fulvic acid are said to include neutral N donors. 
The soil fulvic acid contained approximately 2.2% nitrogen, 
and the proposed average structure included a neutral N donor 
(23). The chemical shift changes of complexes of cadmium(I1) 
coordinated to carboxylic acids containing a neutral N donor 
(e.g., nicotinic, picolinic, and dipicolic acids) are shown in 
Fig. 6. Much larger downfield shifts are observed in these 
cadmium(I1) complexes: cadmium(I1) ion is deshielded by 
coordinating the neutral N donor group of these ligands (17, 
18, 33). 

Summary 

'13cd NMR spectroscopy has been applied to a study of cad- 
mium(I1) binding by a fulvic acid. The chemical shifts of 
Cd(I1)-fulvate seem to reflect the rapidly exchanging condi- 

Fig. 6. Plots showing the ""d chemical shift change of Cd(I1)- 
carboxylates possessing a neutral N donor: (a) picolinic acid, (b) 
methylpicolinic acid, (c) dipicolinic acid, and ( 4  nicotinic acid. 

[Ligand] (mol h3) 

tions in aqueous solution and involve many species that 
formed by a diversity of functional groups of fulvic acid. 
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The acid-catalyzed demetalation of 1 -(tri-n- 
butylstanny1)-2-phenylethyne. A surprisingly 
small P-stannyl effect 

I. Egle, V. Gabelica, A.J. Kresge, and 1.1. Tidwell 

Abstract: Rates of conversion of 1-(tri-11-butylstanny1)-2-phenylethyne to phenylethyne in HzO and D,O solutions of perchloric 
acid were found to be proportional to acid concentration, giving the hydronium ion rate constant kH+ = 1.85 x lo-' M-I s-I and the 
isotope effect kHJkD+ = 3.10. The magnitude of this isotope effect suggests that the reaction occurs by rate-determining hydron 
transfer to the substrate, producing a vinyl carbocation; this carbocation then loses its tributylstanny l group, giving 
phenylacetylene as the only detectable aromatic product. The hydronium ion rate constant, when compared to the rates of 
protonation of phenylethyne and I-(trimethylsily1)-2-phenylethyne, gives a P-stannyl stabilizing effect of FAG*= 6.6 kcal 
mol-I and a differential P-stannyVP-silyl effect of FAG*= 3.2 kcal mol-I. These stabilizations are very much smaller than 
previously reported P-stannyl effects. Possible reasons for the difference are suggested. 

Key words: P-stannyl effect, P-silyl effect, carbocation stabilization, protodemetalation. 

RCsumC : On a trouvt que les vitesses de conversion du I-(tri-n-butylstanny1)-2-phtnyltthyne en phCnylCthyne, en solutions 
d'acide perchlorique dans du H,O et dans du D20 ,  est proportionnelle B la concentration d'acide; la constante de vitesse de l'ion 
hydronium kH+ = 1,85 x 10-2 M-' s-I et I'effet isotopique kH+lkD+ = 3,10. L'amplitude de cet effet isotopique suggkre que la 
reaction se produit par une ttape dtterminant la vitesse au cours de laquelle il y a transfert d'un hydron au substrat conduisant B 
la formation d'un carbocation vinylique; ce carbocation perd alors son groupe tributylstannyle ne donnant que du 
phCnylacCtyl6ne comme seul produit aromatique pouvant &tre dttecte. Lorsqu'on compare la constante de vitesse de I'ion 
hydronium aux vitesses de protonation du phtnyltthyne et du I-(trimCthylsily1)-2-phCnyltthyne, on en dtduit l'effet stabilisant 
du groupe P-stannyle, FAG'= 6,6 kcal mol-I, ainsi que la difftrence entre les effets P-stannyle et P-silyle, FAG" 3,2 kcal 
mol-I. Ces stabilisations sont beaucoup plus faibles que celles rapportCes antkrieurement pour les effets P-stannyles. On suggkre 
diverses raisons possibles pour la difference. 

Mots clgs : effet P-stannyle, effet P-silyle, stabilisation du carbocation, protodCmttallation. 

[Traduit par la rtdaction] 

It is well known that silyl substituents in the P-position stabi- 
lize carbocations strongly (for reviews, see ref. l), and other 
Group IV A metals lying below silicon in the periodic table 
have even more powerful effects. For example, a stannyl sub- 
stituent in the P-position was found to accelerate the rate of 
solvolysis of a cyclohexanol ester over that of the unsubsti- 
tuted substrate by a factor much in excess of 1 0 ' ~  (2), and the 
remarkably large stannyllsilyl rate ratio of lo8 was observed in 
the protonation of metalated acetylenes (3). We were surprised 
to discover, therefore, that the stannyl group in 1-(tri-rz-butyl- 
stanny1)-2-phenylethyne raises the rate of vinyl cation forma- 
tion by protonation of this substance, eq. [ l ]  l (X = SnBu,), 
over that for phenylacetylene, eq. [ l ]  X = H, by a factor of only 
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6.5 x lo4, and that comparison with the corresponding silyl 
system, eq. [ I ]  X = SiMe,, gives a stannyllsilyl rate ratio of 
only 2.1 x 10'. 

Experimental section 

Materials 
I-(Tri-n-butylstanny1)-2-phenylethyne was prepared by treat- 
ing lithium phenylacetylide with tributyltin chloride (4). All 
other materials were best available commercial grades. 

Kinetics 
Rates of demetalation of 1-(tri-n-butylstanny1)-2-phenyl- 
ethyne were determined by monitoring the decrease in its 
absorbance at A = 266 nm. Measurements were made using a 
Cary 2200 spectrometer whose cell compartment was thermo- 
statted at 25.0 + 0.05"C. Reactions were initiated by adding 
10-p,L aliquots of acetonitrile solutions of substrateto 3-mL 
quantities of perchloric acid solutions contained in quartz 
cuvettes, which had first been allowed to come to temperature 
equilibrium with the spectrometer cell compartment. The sub- 
strate was poorly soluble in both acetonitrile and aqueous 
acids, and dissolution was promoted by a few seconds' immer- 
sion in an ultrasonic bath. The kinetic data conformed well to 
the first-order rate law and observed rate constants were eval- 

Can. J. Chem. 74: 13661368 (1996). Printed in Canada / ImorimC au Canada 
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uated by least-squares fitting of an exponential function. Acid 
concentrations of the reaction mixtures were determined by 
titrating weighed aliquots. 

Results and discussion 

Reaction mechanisms 
Rates of reaction of 1-(tri-n-butylstanny1)-2-phenylethyne 
were measured in H 2 0  and D,O solutions of perchloric acid 
over the concentration range [Acid] = 0.03 - 0.2 M. The data 
are summarized in Table ~ 1 '  and are displayed in Fig. 1. It 
may be seen that observed first-order rate constants are accu- 
rately proportional to acid concentration in both solvents. Lin- 
ear least-squares analysis of the data gave the hydronium ion 
rate constants k,+ = (1.85 f 0.04) x lo-' M-I s-I and k,+ = 
(5.96 0.20) x M-' s-', whose ratio provides the isotope 
effect kHlkD = 3.10 f 0.12. 

Isotope effects on hydron transfer from the hydronium ion 
consist of an inverse (kHlkD < 1) secondary component in addi- 
tion to the normal (kHlkD > 1) primary component (51, and 
overall values consequently tend to be small. The effect deter- 
mined here is, in fact, close to the maximum expected value, 
and this provides strong evidence that the process under exam- 
ination is indeed a rate-determining hydron transfer from the 
hydronium ion to the substrate, as shown in eq. [I]. 

The cation formed in this process will then either be cap- 
tured by water, giving an en01 that will subsequently tautomer- 
ize to a stannyl-substituted ketone, as shown in eq. [2], or the 
cation will lose its stannyl group giving phenylacetylene and 

+ 
[2] PhC =CHSnBu3 

I 
H20 b PhC=CHSnBu3 
-H+ 

tributylstannanol, as shown in eq. [3]. HPLC analysis of spent 
reaction mixtures showed phenylacetylene to be the only aro- 

+ 
[3] PhC =CHSnBu3 H20 b PhC=CpH + HOSnBu3 

-H+ 

matic product formed, indicating that the reaction is indeed a 
demetalation as shown in eq. 131. 

Reactivity 
The presently determined rate constant for the protonation of 
l-(tri-n-butylstanny1)-2-phenylethyne, when compared to the 
rate of protonation of its unmetalated analog, phenylacetylene 
(6), shows that the stannyl group accelerates the rate of reac- 
tion some 65 000-fold and gives a P-stannyl effect of ~ A G ' =  
6.6 kcal mol-I. Comparison with the corresponding trimethyl- 
silyl analog, l-(trimethylsilylj-2-phenylethyne (7), shows the 
stannyl substituent to be better than the silyl group by a factor 
of 210 and gives a differential P-stannyVP-silyl effect of 
6AG' = 3.2 kcal mol-l. 

Table SI  of rate data may be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National Research 
Council Canada, Ottawa, Canada K1A OS2. 

Fig. 1. Relationship between rates of protonation of 1-(tri-n- 
butylstanny1)-2-phenylethyne and acid concentration in aqueous 
perchloric acid solution at 25OC; 0: H,O, A: D,O. 

These are substantial effects, but they pale in comparison to 
the much larger P-stannyl stablizations observed in other sys- 
tems (2, 3). The difference between the present result and the 
previously reported stannyl/silyl rate ratio of 5.1 x lo7, corre- 
sponding to ~ A G ' =  10.5 kcal mol-', is especially striking, for 
in both cases the reaction examined involved proton addition 
to a carbon-carbon triple bond. 

There are, however, important differences between the 
present and this previous system. The previous study involved 
proton addition to a trimethylsilylacetylene with either an- 
other trimethylsilyl group or a tributylstannyl group at the 
other end, eq. [4], while in the present case addition was to a 
phenylacetylene with the metallic group at the other end, eq. 
[5]. In the previous system therefore, the vinyl cation formed 
had its positive charge next to a silyl substituent, whereas in 

the present case the charge was next to a phenyl group. Since 
silicon is not very effective at stabilizing an adjacent positive 
charge (11, while phenyl stabilizes such charge very well, 
there would be less demand for additional stabilization from 
the metallic substituent in the phenyl system and the p-metal 
effect would consequently be reduced. A similar phenyl- 
induced reduction of the P-silyl effect has been found in the 
protonation of additionally substituted trimethylsilylacety- 
lenes, eq. [6], where a change from R = Me or n-Bu to R = Ph 

cut the P-silyl effect in half, from ~ A G ' =  6.5 kcal mol-' to 
SAG'= 3.4 kcal mol-' (8). 

Another difference between the previous study involving 
proton addition to acetylenes and the present work is that the 
previous reactions were carried out in chloroform solution 
while in the present case the solvent was water. Water is much 
more polar than chloroform and consequently much better at 
solvating ions such as the vinyl cations formed in these reac- 
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tions. The stabilization provided by the better solvation in the 
present case would once again reduce the demand for additional 
stabilization from the metal and lead to a smaller p-metal effect. 

A reaction mechanism in which proton addition to the acet- 
ylene is concerted with metallic group loss would also lead to a 
reduced p-metal effect, for such a process would lower the 
amount of positive charge generated on the substrate in the 
position p to the metal. It is unlikely, however, that the metal- 
lic group would leave unassisted as a free cation, and such a 
process would consequently probably involve nucleophilic 
displacement at the metal by a water molecule, as shown in eq. 
[7]. In the transition state of this process, the attacking water 

molecule would be taking on positive charge, and that would 
contribute an additional normal (k,lk, > 1) component to the 
solvent isotope effect. The large solvent isotope effect actually 
observed is consistent with this explanation. On the other 
hand, it is not clear why such nucleophilic assistance should 
not have occurred in the previously studied systems, reducing 
the magnitude of the P-silyl effect there as well. Nucleophilic 
assistance by the carboxylic acid proton donor was in fact sug- 
gested in one of the previous studies (3) as a possible explana- 
tion for the observation that the rate of reaction decreased with 
increasing bulk of the aliphatic ligand attached to the metal, 

Table 1. Summary of silyl and stannyl effects." 

Substrate k,  N-' s-' Relative rate 6AGi/kcal mol-I 

P~C-CH' 2.86 x lo-' I .oo o 
PhC-CSiMe,' 8.93 x loM5 312 3.4 
PhCeCSnBu, 1.85 x lo-' 64,700 6.6 

"Aqueous solution at 25OC. 
hReference 6 
"Reference 7. 

i.e., that the tributylstannyl substrate, eq. [4] R = Bu, was less 
reactive than the trimethylstannyl substrate, eq. [4] R = Me. 
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Acid-catalyzed hydrolysis of 4mdiazo-3- 
isochromanone: the effect of coplanarity on 
the carbon protonat ion of a-phenyl-am 
carbonyldiazo compounds 

E.A. Jefferson, A.J. Kresge, and S.W. Paine 

Abstract: Hydrolysis of the cyclic a-phenyl-a-carbonyl-diazo compound, 4-diazo-3-isochromanone, in dilute aqueous 
perchloric acid solutions was found to give the hydronium ion isotope effect kH+lkD+ = 2.12, which shows that this reaction 
occurs by rate-determining hydronation of the substrate on the carbon atom a to its diazo group. Comparison of the rate constant 
obtained, kH+ = 2.48 x M-I S-I, with that for the corresponding acyclic analog, methyl phenyldiazoacetate, indicates that the 
cyclic compound is 57 times less reactive. Semi-empirical AM1 molecular orbital calculations suggest that this difference in 
reactivity is caused by enforced near-coplanarity of the diazo and phenyl groups in the cyclic substrate, as opposed to a staggered 
arrangement of these groups in the acyclic analog; this coplanarity then enhances delocalization of negative charge from the 
diazo a-carbon atom into the phenyl group, which reduces the negative charge density on the a-carbon atom and slows the rate 
of reaction. 

Key words: hydrolysis, diazoalkanes, charge delocalization, AM 1 calculations 

RCsumC : On a trouvC que l'hydrolyse du composC a-phCnyl-a-carbonyldiazo cyclique, 4-diazo-3-isochromanone, en solutions 
diluCes d'acide perchlorique est accompagnCe d'un effet isotopique de l'ion hydronium kHJk,+ = 2,12 qui indique que I'Ctape 
diterminant la vitesse de reaction implique une hydronation du substrat au niveau de I'atome de carbone en a du groupe diazo. 
Une comparaison de la constante de vitesse obtenue, kH+ = 2,48 x M-I S-', avec celle de l'analogue acyclique correspondant, 
le phCnyldiazoacCtate de mCthyle, indique que le composC cyclique est 57 fois moins reactif. Des calculs semi-empiriques 
d'orbitales molCculaires AM1 suggkrent que cette diffkrence de rCactivitC rCsulte du fait que, dans le substrat cyclique, les 
groupes diazo et phCnyles sont maintenus dans une position pratiquement coplanaire alors que, dans I'analogue acyclique, ils 
adoptent un arrangement dCcalC; cette coplanCritC augmente la dClocalisation de la charge negative de I'atome de carbone en a du 
diazo vers le groupe phCnyle, ce qui a pour effet de rCduire la densite de la charge nCgative au niveau de I'atome de carbone en a 
et de rCduire la vitesse de la reaction. 

Mots clks : hydrolyse, diazoalcanes, dClocalisation de la charge, calculs AMl .  

[Traduit par la rCdaction] 

There is much current interest in the chemistry of ketenes (see, 
for example, ref. l), which are a useful class of substances that 
can be made by the Wolff rearrangement of a-carbonyldiazo 
compounds (for a brief review, see ref. 2). The utility of a-car- 
bonyldiazo compounds in this respect, however, is limited by 
the fact that they also undergo facile acid-catalyzed hydroly- 
sis. Information on the nature of this acid-catalyzed reaction, 
especially how its rate depends on substrate structure, is con- 
sequently of some practical value. 

In this paper we report the results of an investigation of the 
hydrolysis of 4-diazo-3-isochromanone, 1, catalyzed by the 
hydronium ion in aqueous solution. We have found that this 
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reaction is substantially slower than the corresponding hydrol- 
ysis of the acyclic analog, methyl phenyldiazoacetate, 2 (3). 

Semi-empirical AM1 molecular orbital calculations suggest 
that this difference in reactivity is due to an enforced near- 
coplanarity of the diazo and phenyl groups in the cyclic sub- 
strate 1, as opposed to a staggered structure adopted by the 
acyclic substance 2. 

Experimental section 

Materials 
4-Diazo-3-isochromanone was prepared by diazo transfer 
from p-acetamidobenzenesulfonyl azide to 3-isochromanone 

Can. J. Chem. 74: 1369-1372 (1996). Printed in Canada I ImprimC au Canada 
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using a literature procedure (4). The product, an orange solid, 
mp 48-49"C, was obtained in 63% yield. Its spectral properties 
are: IR, vlcm-I: 2092 (C=N,), 1692 (C=O); 'H NMR (200 
MHz, CDCI,); Slppm: 7.41-6.92 (m, 4H, Ar), 5.32 (s, 2H, 
CH,); NMR (50 MHz, CDCI,); Glppm: 164.93 (CO), 
133.88 (CN,), 128.98 (Ar), 125.48 (Ar), 125.23 (Ar), 124.59 
(Ar), 122.33 (Ar), 1 18.7 1 (Ar), 69.8 1 (CH,); MS (EI); mle: 174 
(58, M+), 146 (12, M+ - CO), 118 (55, M+ - CON,), 90 (100, 
C6H,CH,); HRMS: M+, for C,H6N,0,, mle: 174.0429 (calcd.), 
174.0422 (found). 

4-Hydroxy-3-isochromanone was obtained by conjugate 
addition of water to the ketocarbene produced by photodedia- 
zotization of 4-diazo-3-isochromanone and subsequent keton- 
ization of the lactone en01 so produced, eq. [ l] ,  in analogy to a 
corresponding set of reactions that convert methyl phenyldi- 
azoacetate to methyl mandelate, eq. [2] (5). A solution of 4- 
diazo-3-isochromanone (100 mg) in acetonitrile (0.3 mL) and 
water (3.0 mL) was photolyzed for 30 min through a Pyrex fil- 
ter in a Rayonet apparatus operating at A = 300 nm. Removal of 
the solvent by rotary evaporation and recrystallization of the 
residue from ethanol-pentane gave a colorless solid, mp 82- 
83"C, in 64% yield. Its spectral properties are: ' H  NMR (200 
MHz, CDC1,); Glppm: 7.67-7.23 (m, 4H, Ph), 5.42-5.16 (m, 
3H, CH, + CH), 3.51 (s, lH, OH); NMR (100 MHz, 
CDCl,); Slppm: 173.55 (CO), 133.94 (Ph), 129.25 (Ph), 
127.75 (Ph), 124.44 (Ph), 123.66 (Ph), 69.23 (CHOH), 67.86 
(CH,); HRMS: M', for C,H80,, nzle: 164.0473 (calcd.), 
164.0477 (found). 

All other materials were best available commercial grades. 

Kinetics 
Rates of hydrolysis of 4-diazo-3-isochromanone were deter- 
mined spectroscopically by monitoring the decrease in strong 
absorbance of the diazo compound at A = 304 nm. Measure- 
ments were made using a Cary 2200 spectrometer whose cell 
compartment was thermostatted at 25.0 t 0.05"C. The rate 
data fit the first-order rate law well, and observed first-order 
rate constants were calculated by nonlinear least-squares fit- 
ting of an exponential function. 

Results 
The hydrolysis of 4-diazo-3-isochromoanone catalyzed by the 
hydronium ion is expected to occur according to eq. [3], giving 

N., OH 

4-hydroxy-3-isochromoanone, 3, as the reaction product. This 
was confirmed here by subjecting a spent reaction mixture to 
HPLC analysis. Only one product was found, and spiking with 
an authentic sample showed it to be 3. 

Rates of this hydrolysis reaction were measured in H,O and 
D 2 0  solutions of perchloric acid over a range of acid concen- 
trations. The data are summarized in Table 1. Observed first- 
order rate constants proved to be accurately proportional to 
acid concentration, and linear least-squares analysis gave the 
hydronium ion catal tic coefficients kH+ = 2.48 x M-I s-' 

and kD+ = 1.17 x 10-'M-' s-', whose ratio provides the isotope 
effect k,+lkD+ = 2.12. 

Semi-empirical AM1 molecular orbital calculations were 
performed to obtain minimum energy structures for 4-diazo-3- 
isochroinanone and methyl phenyldiazoacetate. 4-Diazo-3- 
isochromanone was found to be a nearly planar molecule with, 
as Fig. 1 shows, its diazo and carbonyl groups situated only 
small distances to one side and the other of the benzene ring. 
The dihedral angles between the diazo group and its benzene 
ring and carbonyl group substituents produced by these calcu- 
lations are listed in Table 2, and selected charge distributions 
obtained from the molecular potential field (8) are given in 
Table 3. 

For methyl phenyldiazoacetate, two minimum energy struc- 
tures were found, corresponding to s-cis and s-trans isomerism 
about the bond connecting the diazoalkane and carbomethoxy 
groups. The s-trans isomer was marginally the more stable, 
with a difference in heats of formation of SAH, = 0.94 kcall 
mol-'. As Figs. 2 and 3 show, both isomers had markedly non- 
planar structures with diazo and carbonyl groups strongly dis- 

Molecular orbital calculations posed to opposite sides of the benzene ring. The relevant 
semi-empirical AM 1 (6) molecular orbital calculations were dihedral angles are listed in Table 2, and selected distri- 
performed using the program MOPAC 93 (7) in conjunction with butions are given in ~ ~ b l ~  3, 
a Hewlett Packard 755 com~uter .  The geometries of the singlet " - 
ground state for all molecules studied were fully optimized, ~ i ~ ~ ~ ~ ~ i ~ ~  
and energy minima were identified as having all positive 
eigenvalues and all positive vibrational frequencies. The present results show that the hydronium-ion-catalyzed 
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Table 1. Rates of hydrolysis of 4-diazo-3-isochromanone in 
aqueous perchloric acid solutions at 25'C." 

"Ionic strength = 0.10 M. 

Fig. 1. AM1 opti~nized structure of 4-diazo-3-isochro~nanone. 
The black atoms are oxygen; dark gray, nitrogen; light gray, 
carbon; and white, hydrogen. 

hydrolysis of 4-diazo-3-isochromanone occurs with a substan- 
tial kinetic isotope effect in the normal direction: kH+lkD+ = 
2.12. This indicates that hydron transfer is rate determining in 
this reaction and implies that the process occurs by the stan- 
dard mechanism for diazoalkane hydrolysis, involving rate- 
determining hydronation on a-carbon followed by rapid dis- 
placement of nitrogen by a molecule of water, eq. [4] (9). 
Another mechanism sometimes found for diazoalkane hydrol- 
ysis consists of rapid and reversible a-carbon protonation fol- 
lowed by rate-determining loss of nitrogen, but such a scheme 
would give an inverse isotope effect, kH+lkD+ < 1 (lo), con- 
trary to what has been observed. 

It was found previously (3) that the hydronium-ion-cata- 
lyzed hydrolysis of the acyclic analog of the presently studied 
substrate, methyl phenyldiazoacetate, also gives an isotope 
effect in the normal direction, kH+lkD+ = 2.72, and that this 
reaction therefore also occurs by rate-determining hydron 
transfer to carbon. Comparison of rate constants for the two 
substrates shows that 4-diazo-3-isochromanone is 57 times 
less reactive than its acyclic counterpart. 

This difference in reactivity can be understood in terms of 
the structures produced by the AM1 calculations carried out 
here. Diazoalkanes undergo a-carbon protonation because the 
diazo group delocalizes negative charge onto the a-carbon 

Table 2. Dihedral angles between the diazo group and its phenyl 
and carbonyl substituents in AM1 optimized structures. 

Substance 

Dihedral angleldegrees 

Diazo and Diazo and 
phenyl carbony l 

4-Diazo-3-isochro~nanone 14.9 10.4 
Methyl s-trans-phenyldiazoacetate 39.5 6.7 
Methyl s-cis-phenyldiazoacetate 46.3 2.9 

Table 3. Charge distributions based on AM1 optimized 
structures." 

Net chargelelectron 

Phenyl Carbonyl 
Substance a-Carbon group group 

4-Diazo-3-isochromanone -0.4 19 +0.001 -0.309 
Methyl s-trans-phenyldiazoacetate -0.573 +O. 195 -0.320 
Methyl s-cis-phenyldiazoacetate -0.596 +0.2 19 -0.35 1 

aCalculated by the method of ref. 8. 

Fig. 2. AM1 optimized structure of methyl s-cis 
phenyldiazoacetate; atoms as in Fig. 1. 

atom, as shown in resonance structure 4, and it is reasonable to 
expect that the rate of reaction will be governed by the magni- 
tude of the negative charge on this atom, being greater than the 
greater charge. This charge, however, can also be delocalized 
further into an adjacent phenyl group, as shown by resonance 
structure 5, and this further delocalization will reduce the reac- 
tion rate. 

Such further delocalization will be most efficient when the 
p-orbital of the a-carbon atom bearing the negative charge is 
parallel to the p-orbitals of the phenyl group and the dihedral 
angle between the phenyl and diazo groups is zero. The AM1 
structures determined here show a fairly small dihedral angle 
for the cyclic substrate, 4-diazo-3-isochromanone, but consid- 
erably larger ones for its acyclic analog, methyl phenyldiazo- 
acetate (see Table 2). If, as is commonly believed, the strength 
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of such conjugative interactions varies as the cosine of the 
dihedral angle squared, then this interaction will be 93% of its 
maximum zero-dihedral-angle value for the cyclic substrate 
but only 60% and 48% of that value for the acyclic s-trans and 
s-cis analogs. These expectations are supported by the charge 
densities listed in Table 3: it may be seen that the negative 
charge on the a-carbon atom rises from -0.419 electron for 
the cyclic substrate to -0.573 for the acyclic s-trans analog 
and further to -0.596 for the acyclic s-cis substrate. These 
changes, moreover, occur at the expense of reductions in neg- 
ative charge in the phenyl group, which becomes progres- 
sively more positive along the cyclic to acyclic s-trans to 
acyclic s-cis series. 

Negative charge can also be delocalized from the a-carbon 
atom into an adjacent carbonyl group, as shown in resonance 
structure 6, and the small dihedral angles between the diazo 
and carbonyl groups listed in Table 2 indicate that this delo- 
calization is quite efficient. It is interesting that this delocal- 
ization becomes stronger in going from the cyclic to the 
acyclic substrates, in compensation for the weakened delo- 
calization into the phenyl groups. The changes in the carbo- 
nyl group interaction are small, however, because the 
structure of this part of the system is not very different in the 
cyclic and acyclic substrates, and the extent of delocalization 
into the phenyl group remains the dominant effect control- 
ling reactivity. 
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Fig. 3. AM1 optimized structure of methyl s-trans 
phenyldiazoacetate; atoms as in Fig. 1. 
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Carbon protonation of some phenylynamines in 
concentrated aqueous perchloric acid 
solution. Lowering of the upper limit for the 
p K, of phenylynammonium ions 

A.J. Kresge and S.W. Paine 

Abstract: Rates of carbon protonation of five phenylynaniines (PhC--CNH?, PhC=CNHIPr, PhC=CNHC6F5, 
PhC=CN(CH2CH2CN),, and PhC=CNMeC6Fj) were determined in concentrated aqueous perchloric acid solution and the data 
were analyzed by the Cox-Yates method using the Xo acidity function. The extrapolated hydroniuni-ion catalytic coefficients so 
obtained are consistent with values measured directly in dilute acid solution, and the slopes of the Cox-Yates plots are similar to 
predictions made with the aid of Marcus rate theory for reactions originating from free ynarnine initial states but unlike those 
predicted for reactions starting from nitrogen-protonated ynarnmonium ion initial states. This shows that none of these 
phenylynamines are protonated in even the most acidic solutions used (4 M) and sets new upper limits as low as pK, 5 -3.1 for 
the conjugate acids of these ynarnines. Comparison of the pK, limit for PhC=CNH3+ with a literature value for the 
corresponding saturated compound, PhCH,CH,NH,+, gives a base-weakening effect for the phenylethynyl group of at least 12.5 
pK units. 

Key words: acetylenic arnines, concentrated acids, Xo excess acidity scale, Cox-Yates method, Marcus rate theory. 

Resum6 : OpCrant en solutions concentries d'acide perchlorique aqueux, on a dttermini les vitesses de protonation des carbones 
de cinq phinylynamines (PhC--CNH,, PhC--CNH'Pr, PhC=CNHC6F5, PhC=CN(CH2CH2CN), et PhC=CNMeC6F5) et on 
a analysi les donnCes en faisant appel B la rnithode de Cox-Yates de la fonction d'aciditi X,. Les coefficients catalytiques 
extrapolts de l'ion hydronium ainsi obtenus sont en accord avec les valeurs rnesuries directement en solution dilute d'acide et 
les pentes des courbes de Cox-Yates sont semblables B celles qui sont predites B l'aide de la thCorie des vitesses de Marcus pour 
des rkactions qui ont I'ynamine libre initiale comrne origine; elles diffkrent toutefois des valeurs prCdites pour des riactions dont 
les Ctats initiaux sont les ions ynarnmonium de l'azote protoni. Ce risultat dimontre qu'aucune de ces phtnylynamines n'est 
protonCe, m&me dans les solutions les plus acides utilisies (4 M) et fixe de nouvelles limites supirieures pour les pK, des acides 
conjuguis de ces ynarnines qui pourraient ne pas dipasser -3.1. Une cornparaison de la lirnite du pK, du PhC=CNH3+ avec une 
valeur tirte de la littirature pour le cornposi saturC correspondant, PhCH2CH2NH,+, suggire que le groupe phCnylithynyle aurait 
au effet d'abasissement de la basicitt d'au rnoins 12,s unitis de pK. 

Mots clPs : amines acCtylCniques, acides concentrks, Cchelle d'aciditi en exces Xo, rnCthode de Cox-Yates, thiorie des vitesses de 
Marcus. 

[Traduit par la ridaction] 

Previous work performed in our laboratory has shown that the 
acetylenic group has remarkably strong acid-strengthening (1) 
and base-weakening (2) effects (for theoretical analyses, see 
ref. 3). The magnitude of these effects could not be assessed 
directly by standard methods for determining acid-base disso- 
ciation constants because the substances involved, ynols 1 and 
ynamines 2, have very short lifetimes in solution. Some infor- 
mation could be obtained, however, from the rate profiles of 
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the rapid reactions of these substances in acidic and basic solu- 
tions. It was found, for example, that the carbon protonation of 
ynamines to form keteniminium ions, 3, eq. [I], was first- 
order in hydronium ion, and that the direct dependence of rate 

on hydronium ion concentration showed no sign of the satura- 
tion expected when nitrogen protonation converts the ynamine 
to the much less reactive ynammonium ion, 4, eq. [2]. This set 
an upper limit on the pK, of the ynamine conjugate acid equiv- 
alent to the highest acid concentration used. 

This previous work was done in dilute perchloric acid solu- 
tions up to an acid concentration of 0.1 M. We have now 
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Table 1. Summary of experimental data for the carbon 
protonation of phenylynamines in aqueous perchloric acid 
solution at 25OC. 

k , + l ~ - '  S-I 

Substrate m Conc. acid Dilute acid 

"Reference 2b. 

extended that study by examining the carbon protonation of 
some phenylynamines in concentrated perchloric acid solu- 
tions up to 4 M. Our results still provide no evidence of nitro- 
gen protonation. 

Experimental section 

Materials 
Phenylynamines were generated as before (2) by flash pho- 
tolytic photodecarbonylation of the corresponding phenylami- 
nocyclopropenones, eq. [3], 

directly in the acid solutions where the rate measurements 
were made. The phenylcyclopropenones used were samples 
that had been prepared before (2b). All other materials were 
best available commercial grades. 

Kinetics 
Rates of reaction of phenylynamines were determined using 
both conventional (microsecond) (4) and laser (nanosecond) 
(5) systems that have been described before. For primary and 
secondary ynamines, the rise in absorbance at X = 260-270 nm 
due to ketenimine product formation was monitored, and for 
tertiary ynamines, which do not give ketenimine products, the 
drop in ynamine absorbance at X = 300 nm was monitored. All 
of the rate data except some for 1-(N-isopropy1amino)-2-phe- 
nylacetylene conformed well to the first-order rate law, and 
observed first-order rate constants were determined by nonlin- 
ear least-squares fitting of single exponential expressions. 1- 
(N-1sopropylamino)-2-phenylacetylene was the most reactive 
ynamine studied, and its lifetime in the three most concen- 
trated acid solutions used was comparable to the duration of 
the flash photolysis laser pulse. The data were therefore ana- 
lyzed by fitting a double exponential function; the faster of the 
two rate constants so obtained, k = 5 x lo7 s-', could be attrib- 
uted to formation of the ynamine during the laser pulse, and 
the second, to the carbon protonation reaction of present inter- 
est. 

The temperature of the reacting solutions was controlled at 
25.0 t 0.05"C. 

Fig. 1. Relationship between acid concentration and observed 
first-order rate constants for the carbon protonation of 1-(N- 
methyl-N-pentafluorophenylamino)-2-phenylacetylene in 
aqueous perchloric acid solutions at 25OC. The line drawn is 
based on data of ref. 2b for the concentration range [acid] = 0.02- 
0.10 M. 

Results 

Rates of carbon protonation of the five phenylynamines listed 
in Table 1 were measured in aqueous perchloric acid solution 
over the concentration range [acid] = 0.1-4 M.' Four to eleven 
different acid concentrations were used and duplicate or trip- 
licate measurements were made at each concentration. The 
data are summarized in Table s 1 .3 

As Fig. 1 illustrates, rates of reaction in these concentrated 
acid solutions increased more rapidly than in direct proportion 
to acid concentration. This is commonly the case for proton 
transfer to carbon, and acidity functions are therefore gener- 
ally used to correlate the data. The Cox-Yates Xo scale (6) 
appears to be the best function currently available for this pur- 
pose (7), and the present data were consequently analyzed 
using the standard Cox-Yates function, shown in eq. [4], 

where kH+ is the hydronium-ion catalytic coefficient applica- 
ble in dilute solution and m is a slope parameter. Figure 2 
shows that the data conform well to this relationship. The 
parameters determined by these correlations are listed in Table 
1; it may be seen that the hydronium-ion catalytic coefficients 
obtained in this way are consistent with values determined 
before from rate measurements made in dilute acid solutions 
(2b). 

[Acid] = 0.04-1.6 M for 1-(N-isopropylamino)-2- 
phenylacetylene; above 1.6 M, rates of reaction of this substance 
become too fast to be determined accurately by our laser flash 
photolysis system. 
Table S 1 may be purchased from: The Depository of Unpublished 
Data, Document Delivery, CISTI, National Research Council, 
Ottawa, Canada KIA 0S2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Kresge and Paine 

Table 2. Predicted Cox-Yates slopes for the carbon protonation of phenylynarnines. 

m 

Substrate CI Pre-equilibrium Rate-deterrning step Overall 

Fig. 2. Cox-Yates correlations for the carbon protonation of 
phenylynarnines in concentrated perchloric acid at 25°C: 
0 ,  PhC=CNH2; A, P~CECNH'P~;  U, PhC=CNHC6Fj; 
0, PhC=CN(CH2CH2CN),; A, PhC=CMeC6F,. 

Discussion 

Figure 2 shows that rates of reaction for all of the phenyl- 
ynamines examined here give linear Cox-Yates plots with 
positive slopes. This is the behavior expected for simple car- 
bon protonation of these substances with free ynamine as the 
initial state, as opposed to the negative slopes that might be 
anticipated if significant nitrogen protonation were taking 
place. In the latter situation, the initial states of the reactions 
would be phenylynammonium ions, 4, eq. [5], whose equilib- 
rium ionization to free ynamine prior to the rate-determining 

carbon-protonation step would contribute a negative compo- 
nent to the Cox-Yates slope. This negative component would 
be offset by a positive contribution for the rate-determining 
step, but it is unlikely that this positive contribution would be 
strong enough to cancel the negative component completely. 

These considerations can be put on a quantitative basis by 
making numerical estimates of the slopes involved, using our 
current, fairly good understanding of phenomena in concen- 
trated acids, as outlined, for example, in a recent review (8). It 
is known that the magnitude of Cox-Yates slopes for the equi- 

librium protonation of amines increases in inverse proportion 
to the number of positively charged N-H bonds available for 
solvolytic stabilization of the amine conjugate acids through 
hydrogen bonding to water molecules, and that the nominal 
values m = 1.00, nz = 1.20, and tn = 1.40 generally apply to pri- 
mary, secondary, and tertiary amines, respectively. This leads 
to the negative Cox-Yates slopes m = - 1.00, - 1.20, and 
- 1.40 for the equilibrium ionization of the corresponding 
phenylynamines in the first step of the reaction scheme of eq. 
[5]. The subsequent rate-determining carbon-protonation step 
puts positive charge back on the amine nitrogen atom, but now 
there is one less N-H bond in the reaction product than there 
was in the ynammonium ion in the pre-equilibrium step and 
tn = 1.20 will consequently apply to primary phenylynamine 
systems and m = 1.40 to secondary systems. For tertiary 
ynamines, whose carbon-protonation products have no posi- 
tively charged N-H bonds, we shall use tn = 1.70, borrowed 
from the carbon protonation of olefins and aromatics whose 
cationic products also have no positively charged N-H 
bonds. 

The tn values for reaching the transition states of the rate- 
determining steps of the process of eq. [5] will of course be 
lower than these estimates for full carbon protonation because 
only a fraction of the positive charge will have been placed on 
the ynamine at the transition state. This fraction may be iden- 
tified with the Bronsted exponent a for the process (9), and an 
estimate of a may be supplied by Marcus rate theory (10). The 
relevant Marcus relationships are given by eqs. [6] and [7], 

[6] AG* = wr + (1 + AG~/~AG*,)~AG*, 

in which AG* is the free energy of activation, w' is the work 
required to bring the reactants together to form a reaction com- 
plex, AGO is the free energy of reaction within this reaction 
complex, and AG*O is the intrinsic reaction barrier. Elimina- 
tion of AGO between eqs. [6] and [7] leads to eq. [8], and use of 
AG* derived from the hydronium ion catalytic coefficients of 

[8] a = 4 (AG* - W ' ) / ~ A G * ~  

Table 1 together with w' = 8.1 1 kcal mol-I and AG*~ = 3.26 
kcal mol-I (26) gives the a values listed in Table 2. These 
results may then be used to estimate m for the rate-determining 
carbon protonation step as the product of a and tn for full car- 
bon protonation, and m for the overall reaction of eq. [5] may 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J.  Chern. Vol. 74,  1996 

be evaluated as the sum of m for the pre-equilibrium step plus 
that for the carbon-protonation step. These results are also 
listed in Table 2. 

It may be seen that all of the values of t7z predicted in this 
way are negative, in strong contrast to the positive values actu- 
ally observed. Values of m predicted for the carbon-protona- 
tion step, on the other hand, are much more similar to the 
observed results and they also provide a similar pattern of 
dependence on the structure and reactivity of the substrate. 
The mean difference between observed tn values and those 
predicted for the carbon-protonation step is only (Sm) = 0.1, 
whereas that between observed and predicted overall m values 
is an order of magnitude greater, (Sm) = 1.0. It would appear 
safe to conclude, therefore, that no significant amount of nitro- 
gen protonation of these phenylynamines had occurred up to 
the highest acidity used and that the ynamines were in their 
free unprotonated forms in the initial states of the reactions 
studied. 

This conclusion allows us to set upper limits on the pKa's of 
the conjugate acids of these ynamines. On the rather conserva- 
tive assumption that 10% nitrogen protonation could not have 
been detected, these limits are pKa = -2.7 for phenylynamine, 
pK, = - 1.6 for the N-isopropyl derivative (which unfortu- 
nately could not be studied in acids as concentrated as the 
other ynamines because its rate of carbon protonation became 
too fast), pKa = -2.9 for the other secondary ynamine, and 
pK, = -3.1 for the tertiary ynamines. 

Comparison of this limit for the pKa of the conjugate acid of 
phenylynamine, 5, with pKa = 9.8 for that of 2-phenylethyl- 
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Platinum(l1) complexes of the tridentate 
thioether ligands RS(CH,),S(CH,),SR 
(R = Et, iPr, Ph). Structures of 
[PtCl(iPrS(CH2)3S(CH2)3SiPr)][BF4]g 
[PtI(PhS(CH,),S(CH2),SPh)][BF4], and 
[Pt(PPh3)(iPrS(CH2)3S(CH2)oSiPr)][BF4]2~CH2Cl, 

Stephen J. Loeb and James R. Mansfield 

Abstract: The tridentate thioether ligands RS(CH,),S(CH,),SR (L1, R = Et; L2, R = iPr, L3, R = Ph) were synthesized by 
nucleophilic addition of thiolate, SR-, to the ditosylate TSO(CH,)~S(CH~)~OTS. The complexes [PtX(Ln):I[BF4] were prepared by 
displacement of 1,5-COD from [PtX2(1 ,5-COD)] (X = Cl, I) in the presence of one equivalent of AgBF, and one equivalent of 
thioether ligand. [P~cI(L')][BF,] crystallized in the monoclinic space group P2,lc with a = 10.409(6), b = 14.180(4), c = 
13.726(8) A, P = 104.49(4)", V =  1961(2) A3, and Z =  4. The structure refined to R = 5.62% and R,, = 6.86% for 2121 reflections 
with FO2 > 3u(FO2). [P~I(L'):[[BF~] crystallized in the monoclinic space group P2,ln with a = 13.415(4), b = 12.350(5), c = 
14.316(5) A, P = 107.48(3)", V =  2262(1) A3, and Z =  4. The structure refined to R = 4.85% and R,, = 6.33% for 2168 reflections 
with FO2 > 3u(FO2). In both compounds, the thioether ligand acts as a tridentate chelator occupying three of the four sites of the 
square-planar Pt(I1) complex. Variable temperature 1 3 ~ [ ' ~ ]  NMR verified that there are three possible stereoisomers for these 
complexes resulting from inversion at sulphur: meso-A, meso-B, and race~~lic. Thermodynamic parameters were calculated for 
the interconversion among isomers of [P~cI(L~)][BF,] by a full line-shape analysis. Removal of chloride ligand from 
[PtC1(L2)][BF4] with Ag' in the presence of PPh, yielded the phosphine adduct [P~(PP~,)(L~)][BF,],, which crystallized in the 
triclinic space group PT with n = 13.266(3), b = 11.315(2), c = 13.970(2) A, a = 106.04(2)", (3 = 84.95(2)", y = 86.56(2)", V =  
1999.7(7) A3, and Z =  2. The structure refined to R = 4.22% and R,, = 5.38% for 4493 reflections with F: > 3u(FO2). Unlike the 
two halide complex structures, which crystallized in the meso-B form, [P~(PP~,)(L')][BF~], crystallized in the racernic form. 

Key words: tridentate thioether ligand, crystal structure, platinum(I1) halide, dynamic NMR spectroscopy. 

Resume : On a synthttist les coordinats thioethers tridentates RS(CH,),S(CH),),SR (L', R = Et; L2, R = iPr, L3, R = Ph) par 
addition nuclCophile de thiolate, SR-, sur le ditosylate TsO(CH,)~S(CH~)~OTS. On a prtpark les complexes [PtX(Ln):I[BF4] par 
deplacement du 1,5-COD i partir du [PtX2(I,5-COD)] (X = Cl, I) en prtsence d'un equivalent de AgBF, et d'un equivalent de 
coordinat thioether. Le compos6 [P~cI(L~)][BF~] appartient au groupe d'espace monoclinique P2,lc avec a = 10,409(6), b = 
14,180(4), c = 13,726(8) A, P = 104,49(4)", V =  1961(2) A3 et Z =  4. On a affink la structure jusqu'i des valeurs de R = 5,62% et 
de R, = 6,86% pour 2 121 rtflexions avec F: > 3u(Fo2). Le compost [P~I(L~):I[BF,] appartient au groupe d'espace monoclinique 
P2,ln avec n = 13,415(4), b = 12,350(5), c = 14,316(5) A, P = 107,48(3)", V =  2262(1) A3 etZ= 4. On a affint la structurejusqu'5 
des valeurs de R = 4,85% et de R,, = 6,33% pour 2 168 reflexions avec FO2 > 3u(FO2). Dans les deux composts, le coordinat 
thioether agit comme un chelatant tridentate occupant trois des quatre sites d'un complexe de Pt(I1) carrt plan. La RMN du 
1 3 ~ { 1 ~ ~  i temperature variable permet de verifier que ces complexes ont trois sttrto-isomkres possibles : miso-A, miso-B et 
racimique. On a calculC les paramktres thermodynamiques pour l'interconversion des isomkres du [PtC1(L2)][BF4] par une 
analyse de la forme totale. L'enlkvement du chlore du coordinat [PtC1(L2)][BF4] par l'ion Ag' en presence de PPh, conduit 5 
l'adduit phosphine [P~(PP~, ) (L~)~[BF~] ,  qui cristallise dans le groupe d'espace triclinique P i  avec a = 13,266(3), b = 11,3 15(2), 
c = 13,970(2) A, a = 106,04(2)", P = 84,95(2)", y = 86,56(2)", V =  1999,7(7) A3 et Z  = 2. On a affine la structure jusqu'i des 
valeurs de R = 4.22% et de R,, = 5,38% pour 4493 rtflexions avec FO2> 3u(F;). Contrairement aux structures des deux 
complexes halogtnes qui cristallisent dans la forme meso-B, le complexe [P~(PP~,)(L~):I[BF~],  cristallise sous la forme 
racimique. 

Mots clis : coordinat thiokther tridentate, structure du cristal, halogtnure de platine(II), spectroscopie de RMN dynamique. 

[Traduit par la redaction] 
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Scheme 1. 

Scheme 2. 

L', R = Et; L2, R = iPr; L3, R = Ph 

Introduction 

Macrocyclic thioether ligands such as 1,4,7,10,13,16-hexathia- 
cyclohexadecane, [ 1 8]aneS6, 1,4,8,11 -tetrathiatetradecane, 
[14]aneS4, and 1,4,7-trithiacyclononane, [9]aneS3 have been 
used to enforce a homoleptic MS, environment at a metal cen- 
tre and are therefore ideal for studying the electronic effects of 
coordinated thioethers (1-4). 

However, if one wishes to study the effect thioether coordi- 
nation has on the reaction chemistry of a metal, at least one 
coordination site must remain unoccupied or contain a labile 
ancillary ligand (5). To this end, we have prepared a series of 
simple, open-chain, tridentate thioether ligands designed to 
coordinate to a metal centre in a meridional fashion and hence 
occupy three of four coordination sites of a four-coordinate, 
square-planar complex. This paper describes the synthesis of 
these ligands, preparation of platinum(I1) complexes of the 
type [PtX(RS(CH,),S(CH2),SR):l[BF4] (L', R = Et; L ~ ,  R = 
iPr, L,, R = Ph; X = C1, I, PPh,), and the characterization of 
these species in the solid state by X-ray diffraction and in solu- 
tion by variable temperature I3c NMR spectroscopy. 

Experimental section 

[PtC12(1,5-COD)] (6) and [Pt12(1,5-COD)] (6) were prepared 

by literature methods. 1-Bromopropanol, sodium sulfide 
nonahydrate, p-toluenesulphonyl chloride, thiophenol, 2-pro- 
panethiol, 1,5-cyclooctadiene, K2PtC14, and all deuterated sol- 
vents were purchased from Aldrich and used as received. All 
reactions were carried out under an atmosphere of N2 using 
standard Schlenk techniques, and all solvents were dried and 
degassed prior to use. 'H, I'c( ' H I ,  3 ' ~ ( ' ~ ] ,  and 1 9 5 ~ t ( ' ~ ]  
NMR spectra were recorded at 300.1, 75.4, 121.5, and 64.5 
MHz on a Briiker AM300 spectrometer locked to the deuter- 
ated solvent. Variable temperature ',c NMR line-shape fitting 
calculations were performed using a locally modified version 
of DNMR3 (7). Infrared spectra were recorded on a Perkin- 
Elmer 781 grating spectrometer. GC-MS experiments were 
performed on a Hewlett-Packard HP 5970 Series MSD cou- 
pled to an HP 5890a gas chromatograph. Elemental analyses 
were performed by Canadian Microanalytical Services, Delta, 
British Columbia. 

Synthesis of 4-thiaheptane-1,7-diol 
The following is a modification of the literature preparation 
(8). 3-Bromopropanol (64.9 g, 476 mmol) and Na2S.9H20 
(54.8 g, 228 mmol) were refluxed in anhydrous ethanol (750 
mL) for 18 h. The mixture was cooled, filtered, and the solvent 
removed in vacuo. The resulting liquid was extracted with 
CH2C12, filtered, and the solvent removed in vacuo. The 
resulting clear, oily liquid was vacuum distilled (bp 134- 
138"C, 1 Torr (1 Torr = 133.3 Pa)). Yield 23.3 g, 65%. 'H 
NMR (CDCI,) 6: 3.64 (s, 2H, OH), 3.61 (t, 4H, OCH,, , J =  6.2 
Hz), 2.54 (t, 4H, SCH,, = 7.2 Hz), 1.74 (q, 4H, CH,). 
1 3 ~ ( ' ~ ]  NMR (CDC1,) 6: 60.91 (CH,OH), 31.88 (SCH,), 
28.36 (CH,). 

Synthesis of 4-thia-l,7-heptaneditosylate.CH,CI, 
4-Thiaheptane- l,7-diol (22.65 g, 15 1 mmol) was dissolved in 
freshly distilled, dry pyridine at 0°C and p-toluenesulphonyl 
chloride (57.50 g, 302 mmol) added over a period of 2 h. The 
reaction mixture was poured over ice (900 g) and set aside 
until the ice melted. The resulting sticky white solid was fil- 
tered and then dissolved in CH2C12 (300 mL). This solution 
was washed with 0.1 M HCl(aq) (2 x 160 mL) and distilled 
water (2 x 100 mL). The aqueous fractions were collected and 
washed with fresh CH,Cl, (100 mL). The combined organic 
portions were then dried over anhydrous MgS04, treated with 
decolourizing charcoal, filtered, and the solvent removed in 
vacuo. The resulting liquid was dissolved in an equal volume 
of diethyl ether and cooled to - 10°C for 12 h. The crystallized 
white solid was collected and washed with anhydrous ethanol 
(50 mL) and dried in vacuo. Yield 38.42 g (59%). 'H NMR 
(CDCl,) 6: 7.78 (d, 4H, aromatic, = 8.0 HZ), 7.34 (d, 4H, 
aromatic), 4.10 (t, 4H, OCH,, ,J= 6.0 HZ), 2.46 (t, 4H, SCH,, 

= 7.1 Hz), 2.44 (s, 6H, CH,), 1.86 (q, 4H, CH,). 1 3 ~ ( ' ~ ]  
NMR (CDC1,) 6: 144.83, 132.86, 129.84, 127.81 (aromatic), 
68.64 (CH,O), 28.75 (SCH,), 27.77 (CH,), 21.61 (CH,). Anal. 
calcd. for C2,H28C1204S3: C 49.3 1, H 5.5 1, S 18.80; found: C 
51.59, H 5.58, S 20.14. 

Synthesis of 3,7,11-trithiatridecane, L' 
Na metal (1.55 g, 67.4 mmol) was dissolved in anhydrous eth- 
anol (700 mL) and ethanethiol (4.9 mL, 4.1 1 g, 66.2 mmol) 
was added to this solution. This mixture was then added drop- 
wise over 2 h to a slurry of 4-thiaheptane- l,7-ditosylate (14.2 
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g, 33.3 mmol) in anhydrous ethanol (200 mL). The reaction 
mixture was stirred overnight at 40°C. The solvent was 
removed in vacuo and the residue redissolved in CH,Cl, (200 
mL). The CH,Cl, solution was washed with water (130 mL), 
dried over anhydrous MgSO,, filtered, and the solvent 
removed in vacuo. The resulting clear, viscous liquid was vac- 
uum distilled (bp 115-122"C, 1 Torr). Yield 6.16 g (78%). 'H 
NMR (CDCl,) 6: 2.47 (t, 4H, EtSCH,, = 7.2 Hz), 2.47 (t, 
4H, CH,SCH,), 2.38 (q, 4H, CH,CH,, ,.I = 7.4 Hz), 1.70 (q, 
4H, SCH,CH,), 1.10 (t, 6H, CH,). ' 3 ~ { ' ~ ]  NMR (CDC13) 6: 
30.45 (EtSCH,), 29.96 (CH,SCH,), 28.90 (SCH,CH,), 25.24 
(CH3CH,), 14.41 (CH,). MS, mle: 238. Anal. calcd. for 
CIOH2,S3: C 50.37, H 9.30, S 40.33; found: C 50.20, H 9.21, S 
39.40. 

Synthesis of 2,12,-dimethyl-3,7,ll-trithiadecane, L2 
Na metal (1.23 g, 53.5 mmol) was dissolved in anhydrous eth- 
anol (550 mL) and 2-propanethiol(4.6 mL, 3.77 g, 49.5 mmol) 
was added to this solution. This mixture was then added drop- 
wise over 4 h to a slurry of 4-thiaheptane-l,7-ditosylate (10.5 
g, 24.5 mmol) in anhydrous ethanol (50 mL). The reaction 
mixture was stirred overnight at 40°C and then the solvent 
removed. The residue was redissolved in CH2C1, (160 mL) 
and the solution filtered. The filtrate was washed with water (2 
x 100 mL), dried over anhydrous MgSO,, treated with acti- 
vated charcoal, filtered, and the solvent removed in vacuo. The 
resulting amber viscous liquid was vacuum distilled to give a 
clear colourless oil (bp 122-129"C, 1 Torr). Yield 4.62 g 
(71%). 'H NMR (CDCl ) 6: 2.87 (m, 2H, CH, ,.I = 6.7 Hz), 
2.58 (t, 4H, CH,SCH,, ' J  = 7.2 Hz), 2.57 (t, 4H, i-PrSCH,), 
1.81 (q, 4H, SCH,CH,) 1.22 (d, 12H, CH,). ' ~ { ' H ]  NMR 
(CDCl,) 6: 34.73 (CH), 30.94 (i-PrSCH,), 29.64 (CH,SCH,), 
29.24 (SCH,CH,), 23.32 (CH,). MS, mle: 266. Anal. calcd. for 
C12H26S3: C 54.08, H 9.83, S 36.09; found: C 54.37, H 10.15, 
S 35.55. 

Synthesis of 1,9-diphenyl-1,5,9-trithianonane, L3 
Na metal (1.25 g, 54.4 mmol) was dissolved in anhydrous eth- 
anol (600 mL) and thiophenol (5.4 mL, 5.74 g, 52.1 mmol) 
was added to this solution. This mixture was then added drop- 
wise over 3 h to a slurry of 4-thiaheptane-l,7-ditosylate (1 1.1 
g, 26.0 mmol) in anhydrous ethanol (100 mL). The reaction 
mixture was stirred overnight at room temperature and then 
the solvent removed. The residue was redissolved in CH,Cl, 
(160 mL) and the solution filtered. The filtrate was washed 
with water (2 x 100 mL), dried over anhydrous MgSO,, 
treated with activated charcoal, filtered, and the solvent 
removed in vacuo. The resulting dark amber oil was vacuum 
distilled to give a clear colourless oil (bp 209-212"C, 1 Torr). 
Yield 5.99 g (69%). 'H NMR (CDCl,) 6: 7.38 (m, 4H, aro- 
matic), 7.23 (m, 6H, aromatic), 3.04 (t, 4H, PhSCH,), 2.63 (t, 
4H, CH,SCH,, 7.1 HZ), 1.92 (q, 4H, SCH,CH,). ' 3 ~ { ' ~ ]  
NMR (CDC13) 6: 135.98, 128.99, 128.67, 125.74 (aromatic), 
32.16 (PhSCH,), 30.5 1 (CH,SCH,), 28.55 (SCH,CH,). MS, 
mle: 334. Anal. calcd. for CI8H2,S3: C 64.62, H 6.63, S 28.75; 
found: C 64.54, H 6.5 1, S 27.84. 

Synthesis of [P~c~(L')][BF,] 
L' (0.616 g, 2.583 mmol) was dissolved in CH,Cl, (20 mL) 
and this solution was added to a flask containing [PtCI,(1,5- 
COD)] (0.787 g, 2.103 mmol) and AgBF, (0.419 g, 2.152 

mmol). This mixture was stirred for 2 h and then filtered 
through Celite to remove precipitated AgCl(s). The volume of 
the solution was reduced to ca. 4 mL and small portions of 
diethyl ether added until a light yellow precipitate formed. The 
mixture was then cooled to - 10°C for 12 h. The pale yellow 
microcrystals formed were collected and washed with diethyl 
ether. Yield 0.919 g (79%). A satisfactory elemental analysis 
could not be obtained for this material. 

Synthesis of [P~c~(L~)][BF,] 
L, (1.456 g, 5.463 mmol) was dissolved in CH,C1, (15 mL) 
and this solution was added to a flask containing [PtC1,(1,5- 
COD)] (2.006 g, 5.361 mmol) and AgBF, (1.066 g, 5.476 
mmol). This mixture was stirred for 1 h and then filtered 
through Celite to remove precipitated AgCl(s). The solvent 
was removed and the residue left under vacuum to remove 
traces of 1,5-COD. The residue was dissolved in CH,CI, (4 
mL) and small portions of diethyl ether were added until a 
light yellow precipitate formed. The mixture was then cooled 
to - 10°C for 12 h. The yellow microcrystals formed were col- 
lected and washed with diethyl ether. Yield 2.856 g (91%). 
Anal. calcd. for C12H26BC1F4PtS3: C 24.69, H 4.49, S 16.47; 
found: C 24.69, H 4.6 1, S 16.60. 

Synthesis of [P~cI(L~)][BF~] 
L, (0.560 g, 1.67 mmol) was dissolved in CH2C1, (5 mL) and 
this solution was added to a flask containing [PtC1,(1,5- 
COD)] (0.624 g, 1.67 mmol) and AgBF, (0.324 g, 1.67 
mmol). This mixture was stirred for 1 h and then filtered 
through Celite to remove precipitated AgCl(s). The solvent 
was removed and the residue was left under vacuum to 
remove traces of 1,5-COD. The residue was dissolved in 
CH,Cl, (2 mL) and small portions of diethyl ether were 
added until a light yellow precipitate formed. The product 
was collected and washed with diethyl ether and isolated as 
the CH,Cl, solvate. Yield 0.724 g (67%). Anal. calcd. for 
C,,H,,BCl,F,PtS,: C 30.97, H 3.28, S 13.05; found: C 30.85, 
H 3.32, S 10.29. 

Synthesis of [P~T(L~)][BF,] 
L, (0.603 g, 1.80 mmol) was dissolved in acetone (6 mL) and 
this solution was added to a slurry of [PtI,(1,5-COD)] (1.000 
g, 1.80 mmol) in acetone (20 mL). AgBF, (0.375 g, 1.83 
mmol) was added and the solution was stirred for 3 h and then 
filtered through Celite to remove precipitated AgCl(s). The 
volume of the solution was reduced to ca. 10 mL and the solu- 
tion cooled to - 10°C for 12 h. The resulting yellow micro- 
crystals were collected and washed with diethyl ether. Yield 
0.936 g (70%). Anal. calcd. for C18H,,BF41PtS3: C 29.08, H 
2.98, S 12.94; found: C 29.86, H 3.09, S 12.73. 

Synthesis of [P~(PP~~)(L~):I[BF,],  
To a flask containing [P~c~(L*)][BF,] (0.297 g, 0.509 mmol) 
and triphenylphosphine (0.134 g, 0.51 1 mmol) was added 
CH,Cl, (15 mL) with stirring. After 1 h, AgBF, (0.100 g, 
0.514 mmol) was added and the mixture was stirred for an 
additional hour during which time a white precipitate of 
AgCl(s) formed. The solution was filtered through Celite and 
the solvent removed in vacuo. The resulting clear colourless 
oil was redissolved in a minimum volume of CH,Cl, and 
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1380 Can. J .  Chem. Vol. 74,1996 

Table 1. Crystal data and details of data collection and refinement for [PtC1(L2)][B~,], [PtI(L3)][~~,], and 
[pt(PPh3)(L2) I[BF,12. CH2C12. 

Formula ClZHZ6C1BF,PtS, C,8H,2BF,IPtS3 ClIH2,C1BF4PtS, 
Colour and form Orange-yellow plate Orange block Yellow block 
Formula weight 583.86 743.35 982.44 
Crystal system Monoclinic Monoclinic Triclinic 
a (A) 10.409(6) 13.415(4) 13.266(3) 
b (A) 14.180(4) 12.350(5) 1 1.3 15(2) 
c (A) 13.726(8) 14.3 16(5) 13.970(2) 
a (O) - - 106.04(2) 
I3 (") 104.49(4) 107.48(3) 84.95(2) 
r (O) - 86.56(2) 

v (A3) 1961(2) 2262(1) 1999.7(7) 
Space group P21 ,lc (No. 14) P2,lrz (No. 14) p i  (NO. 2) 
z 4 4 2 
p calcd. (g ~ m - ~ )  1.98 2.18 1.63 
Radiation, h (A) 0.7 107 0.7 107 0.7107 
P (cm-') 76.98 78.54 38.83 
Temperature (OC) 24 24 24 
Data collected 2707 3 196 5260 
Unique data used 2121 2168 4493 
Significance test F,' > 3o(~,') F," >o(F:) F,' > 3o(FO2) 
No. of variables 166 254 433 
Goodness of fit 2.28 1.84 1.75 
R(F,), % 5.62 4.85 4.22 
R,,(F0), % 6.86 6.33 5.38 

diethyl ether was added slowly until a white powder precipi- 
tated. The solid was collected and washed with diethyl ether. 
Yield 0.334 g (73%). Anal. calcd. for C3,H,,B2F8PPtS3: C 
40.15, H 4.60, S 10.71; found: C 39.95, H 4.70, S 10.23. 

General X-ray crystallography 
Diffraction experiments were performed on a four-circle 
Syntex P2, diffractometer with graphite monochromatized 
Mo Ka radiation. Initial unit cell constants and orientation 
matrices were obtained from 15 machine-centred reflections 
selected from rotation photographs. Partial rotation photo- 
graphs around each axis were used to determine the crystal 
system. Following this, 30 high-angle reflections were used 
to obtain the final lattice ~arameters and orientation matrices 
for data collection. Instrument parameters, crystal data, and 
data collection parameters are summarized in Table 1. The 
intensities of three standard reflections were recorded every 
197 reflections and showed no statistically significant 
changes over the duration of the data collections. The inten- 
sity data were collected in four shells (28 < 30°, 40°, 45", 
and 50"). Empirical absorption coefficients were calculated 
and absorption corrections applied to the data. The data were 
processed using the TEX~AN software package running on an 
SGI Challenge XL computer system.2 Refinements were 
carried out by using full-matrix, least-squares techniques on 
F by minimizing the function Zw(lFoI -  IF,^)^, where w = 

TEXSAN-my Structure Analysis Package, Molecular Structure 
Corp., The Woodlands, Tex. 1985. 

llo2(F0) and Fo and Fc are the observed and calculated struc- 
ture factors. Atomic scattering factors (9) and anomalous dis- 
persion terms (10, 11) were taken from the usual sources. 
Fixed H-atom contributions were included with C-H dis- 
tances of 0.95 A and thermal parameters 1.2 times the isotro- 
pic thermal parameter of the bonded C atoms. No H atoms 
were refined, but all values were updated as refinement 
continued. 

X-ray structure determination of [P~cI(L~)][BF,] 
Pale yellow crystals of [P~cI(L~)][BF,] suitable for X-ray dif- 
fraction were grown by vapour diffusion of diethyl ether into 
a CH2C12 solution of the complex. Preliminary photography 
was consistent with a monoclinic crystal system. Observed 
extinctions were consistent with space group P2,lc. A total of 
2707 reflections were collected and 2 12 1 reflections with F: 
> 3 4 ~ 2 )  were used in the refinement. The position of the 
platinum atom was determined using a Patterson synthesis 
and remaining non-hydrogen atoms were located from suc- 
cessive difference Fourier calculations. In the final cycles of 
refinement, the BF,- anion was input as a rigid group and all 
non-hydrogen atoms were assigned anisotropic thermal 
parameters. This resulted in R = 5.62% and R, = 6.86% at 
convergence. A goodness-of-fit calculation resulted in a value 
of 2.28, and a final difference Fourier map calculation 
showed a maximum residual of +2.5 e/A3 associated with the 
Pt atom; largest trough was -2.1 e/A3. Atomic positional 
parameters and selected bonding parameters are summarized 
in Tables 2 and 3. Thermal parameters and hydrogen atom 
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Loeb and Mansfield 

Table 2. Positional parameters and B(eq) for [P~CI(L~)][BF,]. 

Atom x Y z me¶] 

Table 3. Selected bonding parameters for [P~CI (L~)  I [BF,]. 

Distances (A) 
Pt(1)-Cl(2) 2.327(4) Pt(1)-S(l) 2.302(3) 
Pt(1)-S(2) 2.256(4) Pt( 1 )-S(3) 2.306(4) 
S(l)-c(l) 1.84(2) S(l)-c(7) 1.83(2) 
s(2)-c(3) 1.79(2) s(2)-c(4) 1.77(2) 
S(3)-C(6) 1.80(3) S(3)-C( 10) 1.81(2) 
c (  1 )--c(2) 1.47(3) c(2)--c(3) 1.56(3) 
c(4)-c(5) 1.26(4) c(5)--c(6) 1.4 l(4) 
C(7)-C(8) 1.49(2) C(7)--C(9) 1.58(2) 
C( 10)-C(l1) 1.53(3) C(I 0)-C( 12) 1.51(3) 

Angles (") 
Cl(2)-Pt(1)-S(1) 85.8(1) Cl(2)-Pt(1)-S(2) 173.3(2) 
Cl(2)-Pt(1)-S(3) 87.5(1) S(1)-Pt(1)-S(2) 89.8(1) 
S(1)-Pt(1)-S(3) 170.9(2) S(2)-Pt(1)-S(3) 97.4(2) 
Pt(1)-S(1)-C(1) 106.3(6) Pt(1)-S(1)-C(7) 107.6(5) 
Pt(1)-S(2)-C(3) 108.0(8) Pt(1)-S(2)-C(4) 112.3(8) 
C(3)-S(2)-C(4) lOO(1) Pt(1)-S(3)-C(6) 112(1) 
Pt(1 )-S(3)-C(1O) 1 1 1.5(6) C(6)-S(3)-C(10) lOl(1) 
C( I )-S(1)-C(7) 104.6(8) S(1)-C( 1)-C(2) 1 18(1) 
C(1)-C(2)-C(3) 113(2) S(2)-C(3)-C(2) 1 13(2) 
S(2)-C(4)-C(5) 132(2) C(4)-C(5)-C(6) 128(2) 
S(3)-C(6)-C(5) 1 18(2) S(1)-C(7)-C(8) 109(1) 
S(1)-C(7)-C(9) 109(1) C(8)-C(7)-C(9) 11 l(1) 
S(3)-C(l0)-C(l1) 109(1) S(3)-C( 10)-C(12) 117(1) 
C( 11)-c(10)-c(12) 1 lO(2) 
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parameters are deposited as supplementary material in Tables 
S-1 and S-2.3 

Scheme 3. 

Can. J .  Chem. Vol. 74, 1996 

X-ray structure determination of [P~I(L~))[BF,] 
Orange-yellow crystals of [P~I(L~)][BF,] suitable for X-ray 
diffraction were grown by vapour diffusion of diethyl ether 
into an acetone solution of the complex. Preliminary photog- 
raphy was consistent with a monoclinic crystal system. 
Observed extinctions were consistent with space group P21/n. 
A total of 3 196 reflections were collected and 2168 reflections 
with F: > 3 4 ~ 2 )  were used in the refinement. The position 
of the platinum atom was determined using a Patterson synthe- 
sis and remaining non-hydrogen atoms were located from suc- 
cessive difference Fourier calculations. In the final cycles of 
refinement, all non-hydrogen atoms were assigned anisotropic 
thermal parameters. This resulted in R = 4.85% and R,,, = 
6.33% at convergence. A goodness-of-fit calculation resulted 
in a value of 1.84, and a final difference Fourier map calcula- 
tion showed a maximum residual of 1.5 e/A3 associated with 
the Pt atom; largest trough was - 1.9 e/A! Atomic positional 
parameters and selected bonding parameters are summarized 
in Tables 4 and 5. Thermal parameters and hydrogen atom 
parameters are deposited as supplementary material in Tables 
S-3 and S-4.3 

X-ray structure determination of [P~(PP~,)(L~)][BF,], 
Orange-yellow crystals of [P~(PP~,)(L') )[BF,], suitable for X- 
ray diffraction were grown by vapour diffusion of diethyl ether 
into a 2: 1 CH'C1,-acetone solution of the complex. Prelimi- 
nary photography was consistent with a triclinic crystal sys- 
tem. Space group PT was assumed initially and verified by a 
successful structure solution and refinement. A total of 5260 
reflections were collected and 4493 reflections with F: > 
3u(FO2) were used in the refinement. The position of the plat- 
inum atom was determined using a Patterson synthesis and 
remaining non-hydrogen atoms were located from successive 
difference Fourier calculations. In the final cycles of refine- 
ment, all non-hydrogen atoms were assigned anisotropic ther- 
mal parameters. This resulted in R = 4.22% and R,, = 5.38% at 
convergence. A goodness-of-fit calculation resulted in a value 
of 1.75, and a final difference Fourier map calculation showed 
a maximum residual of +2.4 elA3 associated with the Pt atom; 
largest trough was - 1.6 elA3. Atomic positional parameters 
and selected bonding parameters are summarized in Tables 6 
and 7. Thermal parameters and hydrogen atom parameters are 
deposited as supplementary material in Tables S-5 and S-6.3 

Results and discussion 

Synthesis 
The three open-chain ligands were easily prepared by a three- 

' Supplementary Tables S-l through S-6 may be purchased from: 
The Depository of Unpublished Data, Document Delivery, 
CISTI, National Research Council Canada, Ottawa, Canada 
KIA 0S2. Tables S-2, S-4, and S-6 have also been deposited with 
the Cambridge Crystallographic Data Centre, and can be obtained 
on request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge, CB2 IEZ, U.K. Structure factor amplitudes are no 
longer being deposited and may be obtained from the author. 

Scheme 4. 

X = CI, I, PPh3; R = Et, iPr, Ph 

step process from commercially available starting materials 
according to eqs. [I]-[3] (R = Et, iPr, Ph; Ts = tosylate). 

[I] 2 BrCH,CH,CH,OH + Na,S + S(CH,CH,CH,OH), + 2 NaBr 

[2] S(CH,CH,CH20H)2 + TsCl + S(CH2CH2CH20Ts), + 2 HCl 

[3] S(CH,CH,CH20Ts), + 2 RSH + S(CH,CH,CH,SR), 
+ 2 NaTs 

The ligands L', L', and L3 are colourless oils that can be iso- 
lated in good yields and are pure by NMR and elemental anal- 
ysis after one vacuum distillation. The 'H and '" NMR 
spectra of these compounds are first order at the field strength 
employed and peak assignments were straightforward except 
for a slight overlap of the H1 and H3 protons for L'. The 
1 3 c { ' ~ )  NMR spectrum of L' exhibits two distinct reso- 
nances for the corresponding C1 and C3 nuclei. 

The IR spectrum of L2 showed characteristic peaks attribut- 
able to an iPr group at u = 1370, 1390 cm-', which were useful 
for identification purposes in the complexation studies. Mass 
spectra (EI) of all three ligands showed a parent M+ ion at the 
appropriate m/e value and observed fragmentation patterns 
were consistent with the assigned structures. The yellow- to 
orange-coloured complexes [PtX(L)I [BF,] were easily pre- 
pared by reacting an acetone or CH2C12 suspension of 
[PtX2(1,5-COD)] with one equivalent of L and one equivalent 
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Loeb and Mansfield 

Table 4. Postional parameters and B(eq) for [P~I(L~)~[BF,] .  

Atom x Y z B(eq) 

of AgBF,. After removal of precipitated AgC1, the complexes 
were isolated by recrystallization from acetone or CH2C12 
and diethyl ether. Dicationic complexes of the type 
[Pt(PPh,)(L) I [BF,], were prepared by treating the complexes 
[PtX(L)][BF,] with a further equivalent of AgBF, in CH,C12 
solution in the presence of one equivalent of PPh,. 

Stereochemical considerations 
A system containing three chiral centres can have a maximum 
of 8 (2,) stereoisomers. For a system containing three chiral 
centres and a potential internal plane of symmetry, this maxi- 
mum is reduced to three pairs of possible diastereomers (see 
Scheme 5). All three are possible in this system, although they 
need not be present in equal proportions. When coordinated to 
Pt the two terminal sulfur atoms, S( l )  and S(3), are chiral cen- 
tres and, depending upon which lone pair is coordinated to the 
metal centre, can be of either R or S absolute configuration. 
The central S(2) sulfur atom will also be a chiral centre ifthe 
two terminal S-atoms are of opposite configuration and the 
absolute configuration at S(2) can be designated noting that R 
chiral groups have precedence over S chiral groups. If this is 
the case, that S ( l )  and S(3) are of opposite configuration, a 
plane of symmetry exists through the Pt-S(2) bond perpen- 
dicular to the square plane and these are meso diastereomers. 
Since there are two possible sets of meso diastereomers, we 
have arbitrarily designated the isomers with all three lone pairs 

on the same side of the metal square plane as meso-A (SSW 
RRS) and the isomers with two terminal S-atoms on the same 
side of the square plane and the central lone pair on the oppo- 
site side as the meso-B isomer (SSWRRS). The third possibil- 
ity is that the terminal S-atoms have the same absolute 
configuration, which orients the R-groups and necessarily the 
lone pairs on opposite sides of the square plane. In this situa- 
tion, S(2) is not a chiral centre and the two possible conforma- 
tions are enantiomers (RR and SS) and are therefore referred to 
as racernic. 

X-ray structures of [P~cI(L~)][BF,], [P~I(L~)][BF,], and 
[ p t ( p p h 3 > ( ~ ~ > : 1 [ ~ ~ 4 1 2  

An ORTEP drawing of the cation [P~cI(L~)]+ is shown in Fig. 1 
with the atom numbering scheme. The geometry at the Pt(I1) 
centre is a slightly distorted square planar with the S-atoms of 
L' occupying three of the sites and a chlorine atom filling the 
fourth site opposite the central S(2) atom of the thioether 
ligand. The ligand is in the meso-B conformation in this struc- 
ture which positions the S-isopropyl groups on the same side 
of the square plane, a syn arrangement. The terminal S-atoms 
are chemically equivalent and the Pt-S(l) and Pt-S(3) dis- 
tances are equal within experimental error: Pt-S(1), 2.302(3) 
A; Pt-S(3), 2.306(4) A. The Pt-S(2) distance of 2.256(4) A 
is significantly shorter than the two terminal Pt-S bonds, pre- 
sumably due to the trans influence of the chloride ligand. 
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Table 5. Selected bonding parameters for [PtI(L1)][BF,]. 

Distances (A) 
Pt(1)-I(1) 2.602(2) Pt(1)-S(I) 2.293(4) 
Pt(1)-S(3) 2.289(4) Pt( 1)-S(2) 2.280(5) 
s (  l)-c( 1) 1.76(2) s (  1 )-c(7) 1.83(2) 
S(3)-C(6) 1.85(2) S(3)-C(13) 1.78(2) 
S(2)-C(3) 1.82(2) S(2)-C(4) 1.80(2) 
c (  1 )-c(2) 1.48(3) C(2)-C(3) 1.54(3) 
c(4)-c(5) 1.50(3) C(5)-C(6) 1.51(3) 
c(7)-c(8) 1.35(2) C(7)-C( 12) 1.34(2) 
c(8)-c(9) 1.34(3) C(9)-C( 10) 1.34(3) 
C(10)-C(l1) 1.42(3) C(11)-C(12) 1.36(3) 
C( 13)-C( 14) 1.35(2) C(13)-C( 18) 1.41(2) 
C(14)-C(15) 1.38(3) C(15)-C( 16) 1.33(3) 
C ( 1 6 ) 4 ( 1 7 )  1.30(3) C(17)-C(18) 1.36(3) 

Angles (O) 
I(1)-Pt(1)-S(1) 84.0(1) I(1)-Pt(1)-S(3) 86.0(1) 
I(1)-Pt(1)-S(2) 170.8(2) S(1)-Pt(1)-S(3) 169.6(2) 
S(1)-Pt(l)-S(2) 97.3(2) S(2)-Pt(1)-S(3) 93.0(2) 
Pt(1)-S(1)-C(1) 114.4(7) Pt(1)-S(1)-C(7) 108.2(6) 
C( I )-S( 1)-C(7) 100.1(9) Pt(1)-S(3)-C(6) 1 1 1.0(6) 
Pt( 1)-S(3)-C( 13) 108.5(7) C(6)-S(3)-C(13) 100.8(8) 
Pt(1)-S(2)-C(3) 113.9(7) Pt( 1 )-S(2)-C(4) 109.6(6) 
C(3)-S(2)-C(4) 97( 1 )  S(1)-C(1)-C(2) 119(1) 
C( 1)-C(2)-C(3) 1 17(2) S(2)-C(3)-C(2) 113(1) 
S(2)-C(4)-C(5) 115(1) C(4)-C(5)-C(6) 1 16(2) 
S(3)-C(6)-C(5) 115(1) S(1)-C(7)-C(12) 117(1) 
S( 1)-C(7)-C(8) 122(2) C(8)-C(7)-C(12) 12 l(2) 
C(7)-C(8)-C(9) 1 19(2) C(8)-C(9)-C( 10) 120(2) 
C(9)-C( 10)-C( 1 1) 121(2) C(l0)-C(l1)-C(l2) 1 16(2) 
C(7)-C(l2)-C(l1) 122(2) S(3)-C(13)-C( 14) 1 19(2) 
S(3)-C(13)-C(18) 118(1) C(14)-C(13)-C(18) 122(2) 
C(13)-C(14)-C(15) 1 17(2) C(14)-C(15)-C(16) 121(2) 
C(15)-C(16)-C(17) 121(2) C(16)-C(17)-C(18) 123(2) 
C( 13)-C( 18)-C(17) 1 15(2) 

There is a very slight tetrahedral distortion evident in the trans 
angles of 173.3(2)" for Cl(1)-Pt(1)-S(2) and 170.9(2)" for 
S(1)-Pt(1)-S(3). 

An ORTEP drawing of the cation [pt1(L3)]+ is shown in Fig. 2 
with the atom numbering scheme. The geometry at the Pt(I1) 
centre is a slightly distorted square planar with the S-atoms of 
L3 occupying three of the sites and an iodine atom filling the 
fourth site opposite the central S(2) atom of the thioether 
ligand. The ligand is in the meso-B conformation in this struc- 
ture which positions the S-phenyl groups on the same side of 
the square plane, a syn m a n  ement. The terminal S-atom dis- 
tances, Pt-S(1) 2.293(4) ,f and Pt-S(3) 2.289(4) A, are 
equivalent within experimental error and the Pt-S(2) distance 
is significantly shorter at 2.280(5) A due to the trans influence 
of the iodide ligand. The Pt-1(1) distance is 2.602(2) A. 
There is a very slight tetrahedral distortion evident in the trans 
angles of 170.8(2)" for I(1)-Pt(1)-S(2) and 169.6(2)" for S(1)- 
Pt(1)-S(3). 

An ORTEP drawing of the dication [ P ~ ( P P ~ , ) ( L ~ ) ] ~ +  is shown 
in Fig. 3 with the atom numbering scheme. The geometry at 
the Pt(I1) centre is a slightly distorted square planar with the S- 

atoms of L2 occupying three of the sites and the triphenylphos- 
phine P(l) atom filling the fourth site opposite the central S(2) 
atom of the thioether ligand. The ligand is in the racemic con- 
formation in this structure, which positions the S-isopropyl 
groups on opposite sides of the square plane, an anti arrange- 
ment. In this conformation, the chemically equivalent, termi- 
nal Pt-S bonds, although very similar, are significantly 
different: Pt-S(l), 2.343(2) A, Pt-S(3), 2.328(2) A. The 
Pt-S(2) distance of 2.339(2) A is also similar to but still sig- 
nificantly different from the terminal Pt-S bond distances. 
There is a very slight tetrahedral distortion evident in the trans 
angles of 170.98(9)" for P(1)-Pt(1)-S(2) and 176.3 l(7)" for 
S(1)-Pt(1)-S(3). 

A number of bonding parameters change systematically as 
the ancillary ligand changes from C1 to I to PPh,. The most 
obvious is the bond distance for the central S-atom trans to the 
ancillary ligand in which the Pt-S(2) distance lengthens from 
2.256(4) to 2.289(4) to 2.339(2) A on changing the trans 
ligand from C1 to I to PPh,. This simply follows from the vari- 
ation in trans effect; P > I > C1. The terminal Pt-S bond dis- 
tances also lengthen but to a lesser degree due to this change in 
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Loeb and Mansfield 1385 

Scheme 5. 

CT? S-R-CI 

LA, 
ryA ', 

S-R-CI 

i .*"' I 

rTx, ', 

S-R-CI 

racemic 
(RRf'SS) 

Fig. 2. ORTEP drawing of [PtI(PhS(CH,)3S(CH,)flh)]+ cation 
showing the atom-numbering scheme. Thermal ellipsoids of 30% 
probability are shown. 

Fig. 1. ORTEP drawing of the P~CI(L')]+ cation, showing the atom- Fig. 3. ORTEP drawing of [P~(PP~,)(L')]'+ cation showing the 
numbering scheme. 'Thermal ellipsoids of 30% probability are atom-numbering scheme. Thermal ellipsoids of 30% probability 
shown. are shown. 

trans effect for the ancillary group. There appear to be only 
small structural differences due to a change in S-R substituent 
and only a slight variation in terminal Pt-S distances for the 
two observed ligand conformations, meso-B and racemic. 
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Table 6.  Positional parameters for [Pt(PPh,)(L')][BF,],. 

Atom x Y z B(eq) 

Evaluation of the fluxional behaviour of [P~CI(L~)][BF,] analysis and as such has two lone pairs with which to bind to 
by NMR spectrosco y P the metal centre. Exchange between the lone pair bound to the 

The room temperature H and ' 3 ~ { ' ~ }  NMR spectra of the metal and the uncoordinated lone pair amounts to inversion at 
[PtX(L)In+ complexes are characteristic of a system that is sulfur and interconverts absolute configurations at sulfur. The 
exchanging on the NMR time scale. Each coordinated sulfur three possible isomers, meso-A, meso-B, and racemic, can be 
atom is in a tetrahedral environment as seen from the X-ray interconverted by inversion at sulfur as outlined in Scheme 5. 
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Loeb and Mansfield 

Table 7. Selected bonding parameters for [Pt(PPh,)(L2)][BF4],. 

Distances (A) 
Pt( 1)-S(I) 2.343(2) Pt( 1 )-S(2) 
Pt(l)-S(3) 2.328(2) Pt(1)-P(1) 
s(l)-C(l) 1.840(9) s (  1 )-c(7) 
s(2)-c(3) 1.83(1) S(2)-C(4) 
S(3)-C(6) 1.85(1) S(3)-C(10) 
P(l )-C( 13) 1.838(9) P(1)-C(19) 
P(l )-C(25) 1.826(8) c (  1 )-c(2) 
C(2)-C(3) 1.53(2) c(4)-c(5) 
C(5)-C(6) 1.47(2) C(7)-C(8) 
C(7)--C(9) l.Sl(1) C(IO)--C(II) 
C(10 )4 (12 )  1.54(2) C(13)-C(14) 
C(13)-C(18) 1.39(1) C(14)-C(15) 
C ( 1 5 ) 4 ( 1 6 )  1.36(2) C(16)-C(17) 
C(17)4 (18 )  1.39(1) C( 19)-C(20) 
C ( 1 9 ) 4 ( 2 4 )  1.40(1) C(20)-C(2 1) 
C(2 1)-C(22) 1.36(2) C(22)4 (23 )  
C(23)-C(24) 1.38(1) C(2.5)-C(26) 
C(25)-C(30) 1.37(1) C(26)-C(27) 
C(27)-C(28) 1.40(2) C(28)-C(29) 
C(29)4 (30 )  1.42(1) 

Angles ( O )  

S(1)-Pt(1)-S(2) 85.50(8) S(I)-Pt(l)-S(3) 
S(1)-Pt(1)-P(1) 85.9 l(8) S(2)-Pt(l)-S(3) 
S(2)-Pt(1)-P(l) 170.98(9) S(3)-Pt(1)-P(1) 
Pt(1)-S(1)-C(1) 106.6(4) Pt(1)-S(1)-C(7) 
C(1)-S(1)-C(7) 103.8(4) Pt(1)-S(2)-C(3) 
Pt(1)-S(2)-C(4) 114.1(4) C(3)-S(2)-C(4) 
Pt(1)-S(3)-C(6) 113.9(4) Pt(1)-S(3)-C(1O) 
C(6)-S(3)-C(10) 102.7(5) Pt(1)-P(1)-C(l3) 
Pt(1)-P(1)-C(l9) 1 12.5(3) Pt(1)-P(1)-C(25) 
C(l3)-P(1)-C(l9) 105.6(4) C(13)-P(1)-C(25) 
C(19)-P(1)-C(2.5) 106.3(4) S(1)-C(1)-C(2) 
C( 1)-C(2)-C(3) 1 16.6(8) S(2)-C(3)-C(2) 
S(2)-C(4)-C(5) 123(1) C(4)-C(5)-C(6) 
S(3)-C(6)-C(5) 1 18.5(9) S(1)-C(7)-C(8) 
S(1)-C(7)-C(9) 109.1(6) C(8)-C(7)-C(9) 
S(3)-C(l0)-C(l1) 108.4(7) S(3)-C(10)-C(12) 
c(l l)-c(lo)-c(l2)  112(1) P(1)-C(l3)-C(l4) 
P(1)-C(l3)-C(l8) 1 18.5(6) C(14)-C(13)-C(18) 
C(13)-C(14)-C(15) 120.7(8) C(14)-C(15)-C(16) 
C(15)-C(16)-C(17) 121(1) C(16)-C(17)-C(18) 
C(13)-C(18)-C(17) 120.6(8) P(1)-C(19)-C(20) 
P(l )-C(19)-C(24) 121.1(7) C(20)-C(19)-C(24) 
C( 19)-C(20)-C(2 1) 120(1) C(20)-C(2 1)-C(22) 
C(21)-C(22)-C(23) 120(1) C(22)-C(23)-C(24) 
C(19)-C(24)-C(23) 120.2(9) P(1)-C(25)-C(30) 
P(1)-C(25)-C(26) 120.5(7) C(26)-C(25)-C(30) 
C(25)-C(26)-C(27) 120.7(9) C(26)-C(27)-C(28) 
C(27)-C(28)-C(29) 121.3(9) C(28)-C(29)-C(30) 
C(25)-C(30)-C(29) 1 19.6(8) 

At elevated temperatures (380 K), the 'H and I3c NMR spec- In Fig. 4, it can be seen that the high-temperature I3c NMR 
tra of the complex [P~cI(L~):I[BF,] are simple and first order. spectrum contains five resonances, some of which show ' 9 5 ~ t  
For example, a simple doublet due to the methyl protons is satellites, and at this temperature the sulfur atoms can be con- 
observed at 6 1.53 ppm in the 'H NMR spectrum while the sidered to be in an "averaged planar" conformation as a result 
same methyl groups exhibit single resonance at 6 21.14 in the of rapid inversion at the coordinated S centres on the NMR 
I3c NMR spectrum. time scale. As the temperature is lowered, these five reso- 
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Fig. 4. Variable temperature ' 3 ~ { 1 ~ ]  NMR spectra of [P~CI(L~)][BF,]. Spectra from 240 to 
340 K were recorded in CD3CN. Spectra at 360 and 380 K were recorded in DMSO-d6 and the 
septet at 6 39.5 is due to residual solvent. 

nances broaden and collapse in turn. At lower temperatures, rate resonances. The three sets of resonances observed for 
the single peak for the methyl groups has become a six-line each of the ligand backbone, methylene carbons, and the iso- 
system and all the other resonances have split into three sepa- propyl methine carbons can be assigned to separate reso- 
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Loeb and Mansfield 

Table 8. '3C{1H) NMR spectroscopic data for platinum(I1) complexes at 230 K (CD,CN). 

Complex" Population (5%) C(1) C(2) C(3) C(4) C(5lh 

"Isomers are listed in order of population from highest to lowest. 
'Two values are listed for prochiral methyls of the iso-propyl groups. 
'Aromatic carbon resonances for complexes of L' could not be resolved and are not listed 

nances from each of the three possible isomers, meso-A, meso- 
B, and racemic (Scheme 5). The observation of six methyl res- 
onances is due to the prochiral nature of the isopropyl groups. 
Since prochiral groups attached to a chiral centre are inequiv- 
alent and, barring chance overlap, anisochronous, the methyl 
groups of each isomer are inequivalent, giving rise to the 
observed six-line pattern. 

A full line-shape fitting calculation was performed on the 
methine carbon resonance of [ptc1(L2)] [BF,]. Spectra at nine 
temperatures from 230 to 340 K were fitted and the corre- 
sponding exchange coefficients used in an Arrhenius-type plot 
to calculate thermodynamic parameters for the interconver- 
sions shown in Scheme 5. The methine carbon resonance was 
used since it had the smallest 2~,, ,C coupling. The populations 
used in the calculations were 0.107, 0.775, and 0.118 for the 
resonances at 8 39.35, 42.09, and 44.13, respectively, and the 
relaxation (T2) was calculated from the peak width at half- 
height of the largest methine peak at 230 K. A plot of ln(k/TJ 
versus 1/T yielded a straight line of the form y = rnx + b, where 
AH* = -mR and AS* = R[b - ln(k,lh)]. Values of AG*,, = 
56.6 + 4.2 kJ/mol, AH = 56.2 ? 3.6 kJ/mol, and AS = - 1.3 + 
8.3 kJ/mol were obtained. These results are in general agree- 
ment with those obtained for bidentate thioether ligands on 
Pt(I1); for example, a AG* value of 65.6 kJ/mol has been 
reported (1 2) for [PtC1,(MeS(CH,)3SMe)]. 

All the Pt(I1) complexes in this series exhibit the type of 
fluxional behaviour diagrammed for [P~cI(L')][BF,] in 
Scheme 5. Once the nature of the fluxional process was under- 
stood, peak assignments in the 1 3 c { ' ~ }  NMR spectra of the 
other complexes were relatively straightforward and are sum- 
marized in Table 8. All three isomers were not always 
observed. For the complex [P~(PP~,)(L~)][BF,], only one 
isomer was observed while for [P~I(L~)][BF,] and 
[P~cI(L~)][BF,] only two isomers were observed at low tem- 
perature. There are two possible explanations for this: first, the 
populations of the unobserved isomers are much smaller than 
those of the observed isomers at the low-temperature limit; 

secondly, the peaks due to the minor isomers are still too broad 
for observation at low temperature. The former is more likely 
since the barrier to inversion at sulfur is likely very similar for 
all isomers. Attempts to observe these isomer distributions 
using I9jPt or 3 1 ~  NMR spectroscopy were unsuccessful. The 
19jPt NMR spectrum (300 K) of [Ptc1(L2):l [BF,] showed a sin- 
gle resonance at -398 1 ppm with a width at half-height of 30 
Hz. At lower temperatures, this peak broadened but could 
not be resolved. The ,'P NMR spectrum (300 K) of 
[ P ~ ( P P ~ ~ ) ( L ~ ) ] [ B F  1, exhibited a single resonance at 13.8 ppm 
with coupling to 19'~t of 297 1 Hz, but again only a single peak 
was observed even at low temperature. 

Conclusions 

The thioether ligands RS(CH,)3S(CH,)3SR (R = Et, iPr, 
Ph) are easily synthesized by nucleophilic addition of 
thiolate, SR- (R = Et, iPr, Ph), to the dito- 
sylate TsO(CH,),S(CH,),OTs. Complexes of the type 
[PtX(RS(CH,),S(CH,),SR)][BF,] can be readily prepared by 
displacement of 1,5-COD from [PtX,(1,5-COD)] (X = C1, I) 
in the presence of one equivalent of AgBF, and the thioether 
ligand. As designed, these ligands act as tridentate chelators 
occupying three coordination sites of a square-planar Pt(I1) 
complex. The dynamic behaviour of these complexes, pro- 
duced by the presence of rapidly inverting chiral thioether 
centres bound to platinum, can be rationalized in terms of a 
simple model describing a maximum of three pairs of dia- 
stereomers. The thermodynamic parameters obtained for this 
process are in good agreement with other simpler systems 
involving Pt(I1)-bound thioether ligands. 

Finally, preliminary synthetic experiments have shown that 
these simple halide complexes can act as starting materials for 
the preparation of square-planar complexes with three sites 
occupied by thioether donors and the fourth site available for 
ancillary two-electron donors. This basic coordination geom- 
etry should be applicable to more reactive square-planar sys- 
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tems such as Rh(1) and Ir(1) and offers the opportunity to study 
the effect of a thioether coordination sphere on bound sub- 
strates in an "open coordination site." In this regard, prelimi- 
nary results show that [Rh(L)(CO)][BF,] can be prepared 
fairly easily and the chemistry of this and other Group 9 com- 
plexes will be reported in the future. 
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etudes des reactions d'oxydation du n-heptane 
et de I'isooctane 

Yves Simon, Gerard Scacchi et Franqois Baronnet 

RCsum6 : Dans le but d'aboutir 6 une meilleure comprehension du mtcanisme des phinomknes d'autoinflammation et afin 
d'amiliorer I'adtquation moteur-carburant, nous avons Ctudit les mtcanismes d'oxydation de deux hydrocarbures d'indices 
d'octane trks difftrents : le n-heptane (indice : 0) et l'isooctane (indice : 100). L'ttude exptrimentale a Ctt mente, 6 923 K, en  
utilisant un montage comprenant un rtacteur continu auto-agitC par jets gazeux. Les micanismes d'oxydation du n-heptane et de 
l'isooctane ont ttt sirnplifits en utilisant en premier lieu des considirations purement cinitiques, puis grice B un logiciel de 
simulation de mecanismes rtactionnels. Le comportement trks difftrent de ces deux hydrocarbures a finalement C t i  attribut j. la 
prtsence, dans les produits de reactions d'oxydation de l'isooctane, d'alcknes qui agiraient comme des composts antidetonants 
en formant des radicaux stabilisis par resonance. 

Mots cle's : :taction d'oxydation, 11-heptane, isooctane, auto-inflammation, modilisation 

Abstract: The oxidation mechanisms of two alkanes that have quite different octane numbers: n-heptane (0) and isooctane (loo), 
were investigated to obtain a better understanding of the chemical mechanism of autoignition phenomena and to improve the 
compatibility of the available fuels with the engines. The experimental study was performed at 923 K in a setup equipped with a 
jet-stirred reactor. The oxidation mechanisms of n-heptane and isooctane were simplified first by a purely kinetic analysis based 
on the product formation and then by using a software of simulation of reaction mechanisms. The very different behaviour of 
these two hydrocarbons was explained by the presence, in the products of isooctane oxidation, of alkenes, which would have an 
antiknock effect due to the formation of resonance-stabilized radicals. 

Key words: oxidation reaction, n-heptane, isooctane, autoignition, modelling. 

[Traduit par la ridaction] 

introduction 

Une meilleure comprChension de l'auto-inflammation spon- 
tanCe des mClanges air-hydrocarbure en fin de cycle de com- 
pression, 2 l'origine du phCnornkne de cccliquetis,,, devrait 
permettre I'amClioration de I'adCquation moteur-carburants 
dans le cas des moteurs a allumage coinmandt. Si les 
problkmes lies 8 l'approvisionnement CnergCtique avaient dCji 
suscite des recherches dans les annCes 70 (1, 2), le dCveloppe- 
ment des carburants sans plomb, nkcessaires lors de l'utilisa- 
tion de pots catalytiques, a donnC depuis quelques annCes une 
nouvelle impulsion j. ces recherches (3,4). 

Par ailleurs, la rnodClisation des phCnomenes complexes 
dans les chambres de combustion des moteurs, incluant les 
phtnomenes d'echange de chaleur, de transfert de matiere, de 
turbulence ..., fait appel B des codes de calcul particulierement 
complexes. Si un modele cinCtique suffisamment complet est 

R e p  le 30 juin 1995.' 

Y. Simon: G. Scacchi et F. Baronnet. Dipartement de chimie- 
physique des rtactions, Unit6 de recherche associLe no 328 du 
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industries chimiques, 1, rue Grandville, BP 45 1, 54001 Nancy 
Cedex, France. 

1. Revision r e p e  le 29 mars 1996. 
2. Auteur 6 qui adresser toute correspondance. Telephone: 

83 17 5 1 22. Fax: 83 37 81 20. 

nCcessaire de manikre B Etre predictif, il doit rester d'une 
dimension limitCe (au maximum quelques dizaines de proces- 
sus ClCmentaires) pour pourvoir Etre insCrC dans les codes de  
calcul. Ceci nCcessite donc une comprChension fondamentale 
des phCnomknes et paramktres gouvernant les dClais d'auto- 
inflammation et en aucun cas un modkle empirique ne peut 
suffire. 

Dans cette optique, il nous a semblC intkressant dlCtudier les 
rnCcanismes d'oxydation de deux hydrocarbures d'indices 
d'octane trks diffirentes : le n-heptane (indice : 0) et l'isooc- 
tane (indice : 100) qui sont les references des Cchelles d'indice 
d'octane des essences. 

Le mCcanisme d'oxydation des hydrocarbures est trks 
largement dkpendant de la tempkrature de la phase gazeuse 
au moment de l'auto-inflammation. Malheureusement, les 
mesures de temptrature effectuCes in situ dans les chambres 
de combustion sont trks imprkcises, comme le montrent les 
Ctudes de J.J. Marie et M.J. Cottereau (5 ) .  Cette tempCrature 
varie selon les auteurs de 800 K j. 1100 K. Nous avons 
donc choisi, pour cette Ctude, une tempkrature moyenne de  
923 K. 

Pour conserver, h cette temptrature relativement ClevCe, des 
avancements de reaction raisonnables, nous avons opt6 pour 
l'utilisation de la technique du rkacteur continu auto-agitC par 
jets gazeux. 

Conditions experimentales 

L'oxydation du n-heptane et de l'isooctane a CtC CtudiCe ii 923 
K dans un rCacteur continu auto-agitC parjets gazeux. Ce rCac- 

Can. J. Chern. 74: 1391-1402 (1996). Printed in Canada / Imprim6 au Canada 
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Fig. 1. SchCma de l'appareillage expCrimental. A. 1 ,  A.2 : Ampoules d'Cchantillonnage B : Ballon de rCserve d'air 
C.1, C.2 : Capteurs de pression V.1 : Vanne de rigulation V.2, V.3 : Vannes d'arr&t VP : Vanne pointeau S : Volume 
tampon. 

Seringue Refrigerant RBacteur 

teur sphtrique, en silice, a un volume de 23 cm3 et posskde huit 
injecteurs. Le chauffage du rCacteur est assurC par deux 
coquilles demi-sphCriques rCalistes avec des rksistances Clec- 
triaues isolCes de mariue ccThermocoax>> 

Le rCacteur est aliment6 par deux circuits d'alimentation en 
rkactifs distincts: l'un en hydrocarbure et l'autre en air (voir 
Fig. 1.). 

L'air est stock6 dans un ballon de rCserve B et debite dans le 
rCacteur en passant par la vanne de rCgulation V 1 dont l'ouver- 
ture et la fermeture sont commandCes par un rCgulateur Clec- 
tronique de manikre ?i conserver une pression totale constante 
dans le reacteur (mesurCe par le capteur C2). La pression dans 
le ballon de stockage B est mesuree par le capteur C1. On 
determine alors le flux molaire d'air entrant dans-le rCacteur en 
mesurant la variation de pression dans le ballon de rCserve, lor- 
sque celui-ci est isolC. 

L'hydrocarbure est, par contre, inject6 sous forme liquide 
entre le rCacteur et le prkchauffage d'air grlce B un pousse- 
seringue. Au contact de l'air prCchauff6, l'hydrocarbure liquide 
s'tvapore et est entrainC, sous forme gazeuse, 2 1'intCrieur du 
r~acteur, ou le mClangeage est assurC par les huit injecteurs. 

Les composCs CtudiCs, n-heptane et isooctane, sont liquides 
a tempkrature ambiante. Pour eviter la condensation de ces 
r~actifs  dans les canalisations en verre de l'appareillage 
exphimental, il convient de travailler avec des pressions par- 
tielles de n-heptane et d'isooctane inferieures i leurs tensions 
de vapeur a tempkrature ambiante qui sont de l'ordre de 40 
Torr (1 Torr = 133,3 Pa). En consCquence, nous avons choisi 
de fixer la pression partielle de ces deux hydrocarbures B 20 
Torr dans le rCacteur. 

La pression partielle de l'oxygene a CtC choisie de f a ~ o n  2 
obtenir un rapport HCIO, de 112; soit une pression partielle 
d'air de 200 Torr. 

La prise d7Cchantillon s'effectue dans deux ampoules de 
chromatographie A1 et A2 montCes en sCrie ii la sortie du rCac- 

teur. Nous avons utilise, pour 1'Ctude des produits de rCaction 
condensables, une ampoule mttallique h quatre voies dont 
1'CtanchCitC est assurCe par un joint en Teflon. Cette ampoule, 
rCalisCe au Laboratoire, permet de supprimer la dissolution de 
ces composCs dans les graisses utiliskes sur les robinets des 
ampoules de verre. 

Ces ampoules sont encadrCes par deux vannes Clectromag- 
nCtiques V2 et V3 qui se ferment successivement afin d'isoler 
le flux gazeux sortant du rCacteur. Le contenu des ampoules 
d'tchantillonnage est analyst par chromatograhie en phase 
gazeuse. 

Enfin, le circuit se termine par une vanne pointeau VP qui 
permet de modifier le debit total des gaz dans le rCacteur. 

Resultats experimentaux 

Les produits de reaction ont CtC dosCs par chromatographie en 
phase gazeuse pour des temps de passage dans le rCacteur vari- 
ant de 0, l  ii 0,9 s dans le cas de 1'Ctude de l'oxydation du n- 
heptane et de 0 , l  ?i 1,l s pour celle de l'isooctane. L'avance- 
ment de la reaction varie de 5% i 45% pour les deux hydrocar- 
bures CtudiCs. 

Cas de l'oxydation du rz-heptane 
Cette Ctude a permis d'identifier et de doser 16 produits d'oxy- 
dation differents : hydrogkne, methane, Cthylkne, Cthane, 
propkne, butkne- 1, pentkne- 1, hexhe-  1, heptkne- 1, heptkne-3 
cis et trans, eau, monoxyde et dioxyde de carbone, Cthanal, 
propanal. Les courbes de formation des produits de rCaction (a 
l'exception de H, dont la formation, quoique notable, est trks 
irreproductible) sont reprCsentCes sur les figures 2, 3 et 4. I1 
faut noter que 1'Cthylene n'a CtC dosC que pour des temps de  
passage infkrieurs 2 0,5 s car, au-deli, la quantitC dlCthylkne 
formCe est trop importante et sature le dttecteur du chro- 
matographe. 
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Simon et al. 

Fig. 2. Oxydation du n-heptane B 923 K. Courbes de formation 
de CH,, C,H,, C,H,, C,H,, 1-C,H, et 1-C5H,,. 

P(Ton) 

4 1 C2H4 

Fig. 3. Oxydation du rz-heptane ?I 923 K. Courbes de formation 
de H,O, CO, CO, et I-C,H,,. 

Fig. 4. Oxydation du n-heptane ?I 923 K. Courbes de formation 
de CH,CHO, C,H5CH0, 1-C7H,,, 3-C7H,, cis et [vans. 

P(Torr) 

C2HSCHO 

, CH3CHO 

0.1 
3-C7H14 trans 

Fig. 5. Oxydation du n-heptane a 923 K. Repartition des produits 
de reaction les plus importants en fonction du temps de passage. 

Fig. 6. Oxydation du 11-heptane ?I 923 K. RCpartition des produits 
de reaction mineurs en fonction du temps de passage. 

C2HSCHO 
C2H6 

3-C7H14 trans 
CH3CHO 

0 3-C7H14 CIS 

Les ccdiagrammes horizontaux>> correspondant aux produits 
de rkaction sont reprCsentCs sur les figures 5 et 6. Ces dia- 
grammes sont tracks en portant le pourcentage molaire du pro- 
duit considCrk par rapport a l'ensemble des produits doses 
(rkactifs non compris) en fonction du temps de passage. Sur 
ces diagrammes, le caractkre primaire de la formation d'un 
composk est caractCris6 par une courbe ne passant pas par 
l'origine, alors que, au contraire, le caracthe secondaire se  
distingue par une courbe passant par l'origine. Ces figures 
montrent que seuls deux produits de reaction sont secon- 
daires : 1'Cthanal et le propanal.3 

3. Un produit de reaction est dit <<primaire>> lorsqu'il est formi B 
partir des riactifs ou radicaux libres uniquement. I1 est dit 
c<secondaire>> lorsqu'il est form6 B partir des produits primaires. 
Un produit primaire se caractirise par une vitesse de formation 
initiale non nulle, alors qu'un produit secondaire posskde une 
vitesse de formation initiale nulle. 
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Fig. 7. Oxydation de l'isooctane B 923 K. Courbes de formation 
de iso-C,H,, CH,, C3H6, C2H4, C2H6 et dimkthyl-4,4 penthe-2. 

Cas de I'oxydation de I'isooctane 
Dans cette ktude. nous avons identifiC et dosC Cgalement 16 - 
produits de reaction diffkrents : hydrogkne, mCthane, Cthylkne, 
Cthane, propkne, propane, isobutkne, isobutane, dimCthy1-2,4 
penthe-1, dimethyl-2,4 pentkne-2, dimethyl-4,4 pentkne-2, 
trimethyl-2,4,4 pentkne-1, trimCthy1-2,4,4 pentkne-2, eau, 
monoxyde et dioxyde de carbone. Les courbes de formation de 
ces composCs ( B  l'exception de H?, pour la raison dCja invo- 
quCe) sont rePr6sentCei sur les figures 7, 8 et 9 et les ccdia- 
grammes horizontauxn correspondant sur les figures 10 et 11. 
Ces figures montrent que seuls deux produits de rCaction sont 
secondaires : 1'Cthylkne et le propane. Contrairement B 1'Ctude 
de la rCaction d'oxydation du n-heptane, aucun aldehyde n'a 
pu Etre identifie ici. 

Exploitation des resultats 
experimentaux 

Les rCactions d'oxydation des hydrocarbures dependent forte- 
ment de la tempCrature et I'analyse de la 1ittCrature fait appa- 
raitre deux types de mCcanismes fondamentalement diffkrents 
en fonction du domaine de temperature explore : 

(i) un mCcanisme dit de ((haute tempe'rature>>, valable au- 
dessus de 1000 K, proposC par Westbrook, Pitz et coll. (6-15) 
et Warnatz (16-1 8). 

(ii) un mecanisme dit de ccbasse teinpe'mture>>, valable au- 
dessous de 800 K et qui constitue l'aboutissement des travaux 
de Fish (19-22) dans les annCes 60 puis repris par Quinn et 
Halstead (2) dans les annCes 70 et enfin Cox et Cole (23) en 
1985. 

La prCsence de ces 2 mCcanismes rCsulte de la rCversibilit6 
du processus: 

Ces mCcanismes peuvent &tre schCmatisCs de la f q o n  suivante 
(SchCma 1) : 

Schema 1. MCcanisme gCnCral de I'oxydation des alcanes. 

terminaison oxydation 

CH3' + alckne alcbne + H' 

t Haute temperature 

(-02) t l(+02) l ~ a s s e  temperature 

4 (+R02'. -02) 

6 aldChyde 
R02' (+RH) b R02H -\ RO. - + 

+ + r ' 
R' OH' 

-9 1' (+O2) .OOQOOH 12 (+RH) 
alckne + H02' 42 'QOOH k HOOQOOH 

I branchements 

alcknes + HO. 
+ produits oxygCnts 
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Simon et al. 

Fig. 8. Oxydation de l'isooctane ?i 923 K. Courbes de formation 
de CO, CO,, H,O et dimkthyl-2,4 penthe-1 + dimkthyl-2,4 
pentkne-2. 

Fig. 9. Oxydation de l'isooctane 2 923 K. Courbes de formation de 
C,H,, iso-C,H,,,, trimithyl-2,4,4 penthe-1 et trimCthy1-2,4,4 
penthe-2. 

Le radical alcoyle R'  est form6 par le processus d 'amor~age B 
partir de la molCcule d'hydrocarbure RH. Ce radical de dCpart 
R' peut Stre, dans le cas du n-heptane : 1-C7HI5', 2-c7Hl5', 3- 
C7H,,' ou 4-C7H,,' et dans le cas de l'isooctane : 'CH,- 
C(CH,),CH,-CH(CH3),, (CH3)3C-CH'-CH(CH3)2, (CH3),C- 
CH,-~'(CH,), ou (CH,),C-CH,-CH-(CH,)(CH,'). 

Nous avons donc tent6 d'Ctablir, 5 partir de considCra- 
tion purement cinktiques puis en utilisant les rCsultats 
expkrimentaux, quels sont les processus importants dans 
les mCcanismes d'oxydation des deux hydrocarbures 
CtudiCs : le n-heptane et l'isooctane. Plus particulikrement, 
nous avons essay6 de dCterminer l'importance relative des 
deux mCcanismes d'oxydation de haute et basse tempe'ra- 
ture. 

Cas de l'oxydation du n-heptane 
En considkrant le mCcanisme d'oxydation de chaque radical 

Fig. 10. Oxydation de l'isooctane ?i 923 K. RCpartition des 
produits de rCaction les plus importants en fonction du temps 
de passage. 

Fig. 11. Oxydation de l'isooctane i 923 K. RCpartition des 
produits de rkaction mineurs en fonction du temps de passage. 

alcoyle form6 par l'initiation, nous avons calculC le rapport 
entre la vitesse de rCaction V, suivant le mCcanisme de basse 
tempe'rature et la vitesse de rzaction VH suivant le mCcanisnle 
de haute tempe'rature. Les calculs ont CtC menCs en Ccrivant 
1'AEQS pour les diffkrents radicaux libres, et en utilisant des 
constantes de vitesse, soit tirtes de la litttrature, soit estimCes 
par les mCthodes de la cinttique thermochimique (24). Ce cal- 
cul fournit, dans le cas du n-heptane, une valeur du rapport 
VB/VH variant entre 0,4 et 1,8 suivant le radical R' de dCpart 
consid6rC. Ces rCsultats semi-quantitatifs montrent que les 
calculs cinktiques ne permettent pas de privilCgier l'un des 
deux micanismes. 

Cependant, ce mCcanisme d'oxydation peut &tre simplifik 
en analysant les rCsultats fournis par llexpCrience et plus par- 
ticulikrement, le caractkre primaire ou secondaire des produits 
formCs. Prenons le cas de l a  dCcomposition du radical alcoy- 
loxy RO' (Schema 2) : 
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Schema 2. Formation et dCcomposition des radicaux RO'. 

Can. J .  Chem. Vol. 74, 1996 

/ 5 (+RH) 
R02' 

6 \  7 
b R02H ---t RO' + r' alcane 

+ + alcbne 

OH' aldehyde 

Les radicaux alcoyles r' se dCcomposent essentiellement par 
rupture d'une liaison C-C pour former, entre autres, du 
mkthane, de llCthane, et surtout de I'Cthylkne. Tous les 
produits formCs par la sCquence rCactionnelle regroupant les 
processus 5, 6 et 7 sont secondaires puisque provenant de la 
dCcomposition d'un produit primaire : l'hydroperoxyde 
R02H. Or, les diagrammes horizontaux (Figs. 5 et 6) montrent 
sans ambigui'tC que I'Cthylkne est primaire, alors que 1'Cthanal 
et le propanal sont secondaires. Cette skquence de processus 
semble donc minoritaire. La production d'kthylkne est due, 
pour la plus grande part, au mCcanisme de haute tempCrature 
et seule la formation des aldChydes, prCsents en faible 

quantitC, pourrait provenir essentiellement de cette voie. 
Dans le cas de la voie rkactionnelle reprCsentCe par les pro- 

cessus 4 et 7 tous les produits formks sont primaires, ce qui est 
en dksaccord avec l'allure des diagrammes horizontaux rela- 
tifs aux aldehydes (Fig. 6.). De plus 1'Cthanal et le propanal ne 
sont formCs e ~ ~ ~ r i m e n t a l e m e n t  qu'un faible quantitk, alors 
que la formation d'Cthylkne est bien plus importante. Cette 
skquence rkactionnelle peut donc Etre Cgalement considCrke 
comme minoritaire. 

ConsidCrons, maintenant, la formation de produits de rCac- 
tion i partir des processus 8, 9 et 10 (Schema 1) et prenons 
l'exemple du radical heptknyl-2, not6 R(2)' (SchCma 3) : 

Schema 3. DCcomposition d'un des radicaux RO,' dans l'oxydation du 11-heptane. 
9a 

./ 
'QaOOH heptbne-1 +H02' 

3 ' 5  10 
R(2)' + O2 d+ R(2)02' & 'QcOOH -----+ pentbne-1 + Cthanal + OH' 

La comparaison des constantes de vitesse des processus 
d'isomCrisation des radicaux R(2)02' montre que les valeurs 
de ces constantes sont similaires. En considCrant que chaque 
radical .QO,H ne posskde qu'une seule voie de dCcomposi- 
tion possible, les vitesses d'isomerisation et de dCcomposition 
sont Cgales. La vitesse de formation de l'heptkne conjugue 
(processus 9a ou 9b) par dkcomposition d'un radical 'QO,H, 
ainsi que celles du penthe-1 ou encore de 1'Cthanal (proces- 
sus 10) sont du mEme ordre de grandeur. 

La formation de 1'Cthanal est secondaire et ne peut pas Etre 
interpr6tCe par cette sCquence de processus. De plus, la vitesse 
de formation de penthe-1 par cette voie est thkoriquement 
identique i celle de l'Cthana1, alors qu'expkrimentalement, la 
production de pentkne-1 est 17 fois plus grande que celle de 
1'Cthanal. Ces deux produits de rkaction ne sont donc mani- 
festement pas formCs par cette voie. 

De mEme, les vitesses de formation d'Cthana1, d'heptkne-1 
et d'heptkne-2 sont thkoriquement voisines. La part de pro- 
duction d'Cthanal par cette voie est, comme nous l'avons vu, 
trks faible dans la production totale d'kthanal qui ne 
reprksente pas plus de 2% des produits formCs par la rCaction. 
L'heptkne-1 et l'heptkne-2 ne sont donc produits, par cette 
voie, qu ' i  1'Ctat de traces dans le milieu rCactionne1 et leur 
mkcanisme de formation, n'ayant aucune influence cinCtique, 
pourra Etre nCgligk. 

Les rkactions d'isomCrisation des radicaux R(2)02' pour- 
ront donc &tre nkgligCes dans le mCcanisme final. Des raison- 
nements similaires peuvent Etre faits dans le cas des trois 
autres radicaux alcoyles formCs par l 'amor~age. En rksumC, 
ces simplifications portent exclusivement sur le mecanisme 
de basse tempe'rature qui se rCvkle Etre presqu'entikrement 

minoritaire. Le mecanisme d'oxydation du n-heptane peut 
alors &tre reprCsentC par le schema general suivant (Schema 
4). 

Cas de l'oxvdation de I'isooctane 
De f a ~ o n  i dCterminer l'importance relative des deux mCca- 
nismes de haute et basse tenzye'rature, nous avons dCtermink, 
en utilisant la mEme mCthodologie que pour le n-heptane, le 
rapport V,/V, pour chacun des 4 radicaux alcoyles formCs par 
l 'amor~age.  Le rapport obtenu pour les diffkrents rddicaux R' 
varie de 0,2 i 2,6. Ces rCsultats, trop proches de 1, ne per- 
mettent donc pas de conclure i une prkdominance d'un des 
deux mkcanismes par rapport B l'autre. 

Nous avons, alors, comme celi  a CtC fait pour l'oxydation 
du n-heptane, tent6 de simplifier le mCcanisme rCactionne1 en 
utilisant les rCsultats expCrimentaux. Nous avons vu, lors de 
I'interprCtation des rCsultats experimentaux de l'oxydation du 
n-heptane, que les courbes de formation des aldChydes appor- 
taient de prCcieux renseignements sur l'importance d'un 
grand nombre de processus de ce mCcanisme d'oxydation. Par 
contre, 1'Ctude expkrimentale de la reaction d'oxydation de 
l'isooctane n'a pas permis de rCvCler la prksence d'aldkhydes. 
Nous avons alors tent6 de dkterminer les processus nCglige- 
ables, par la seule comparaison des courbes de formation des 
hydrocarbures. 

Reprenons le cas de la dkcomposition du radical RO' 
prCsentCe sur le schkma 2. Les radicaux r' se dCcomposent ici 
pour former : CH,, C,H6, C,H8, isoC,H8 et isoC,H,,. 

La voie rkactionnelle reprCsentCe par la sCrie de processus 
5, 6 et 7 conduit B la formation de produits de rCaction secon- 
daires. Or, les diagrammes horizontaux (Figs. 10 et 11) mon- 
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Simon et al 

Schema 4. Mecanisme d'oxydation du n-heptane, simplifiC en tenant compte des resultats experimentaux. 

alckne 
+ 

terrninaison t CH3' 

alckne 
+ 
H' -+ oxy 

trent que CH,, C3H,, isoC4H8 et isoC,H,, sont de caractkre 
primaire et que seul C3H8 pourrait itre form6 par un mCca- 
nisme secondaire. Cette voie rCactionnelle semble donc pren- 
dre une part nCgligeable dans la formation de la plupart des 
hydrocarbures, mais peut cependant expliquer la formation de 
propane secondaire. La proportion de propane form6 Ctant 
infkrieure i 0,1%, nous pourrons globalement nCgliger la 
sCquence de processus prCcCdente. 

Par contre, la voie passant par les processus 4 et 7 conduit 
uniquement i la formation de produits primaires et rien ne per- 
met donc de conclure sur l'importance relative de cette 
sCquence de processus. 

Analysons, maintenant, le cas des processus 8, 9 et 10 
(SchCma 1). Par similitude avec le raisonnement Ctabli dans le 
cas de l'oxydation du n-heptane, nous pouvons supposer que 
les vitesses de formation de produits issus de la dCcomposition 
d'un mime radical 'Q0,H sont approximativement Cgales (les 
constantes de vitesse des processus dlisomCrisation d'un radi- 
cal RO,' sont voisines). Prenons le cas du radical RO,' form6 
i partir du radical (CH3),C-CH'-CH(CH,), (SchCma 5) : 

Schema 5. DCcomposition d'un des radicaux RO?' dans 
l'oxydation de l'isooctane. 

/ 
propkne + neopentanal 

RO?' isobutkne + isobutanal 

Si ces rkactions sont majoritaires dans la formation du 
propkne, de l'isobutkne et du trimCthyl-2,4,4 pentkne-2, nous 
devrions obtenir expkrimentalement des pressions partielles 
voisines pour ces 3 alcknes; ce qui n'est pas le cas. En effet, 
pour un temps de passage de l'ordre de 0,2 s on observe : 2,5 
Torr d'isobutkne, 0,7 Torr de propkne et 2 x Torr de 
trimCthyl-2,4,4 pentkne-2. 

Nous pouvons donc supposer que, dans la formation 
d'isobutkne et de propkne, la plus grande part est fournie par le 
mCcanisme de haute tempe'rature et considCrer la voie prCcC- 
dente comme minoritaire. Des raisonnements identiques peu- 
vent i tre faits pour les voies utilisant les trois autres radicaux 
R' possibles. 

L'Ctude des rCsultats expkrimentaux a ainsi montrC que le 
mCcanisme haute tempLrature ttait prCpondCrant dans le 

t haute temperature 

ibasse temperature 

7 r ' 
6 b R O '  + 

+ aldehydes 
OH' (secondaires) 

mCcanisme d'oxydation de l'isooctane. Ce micanisme peut 
&tre schCmatisC de la f a ~ o n  suivante (SchCma 6). 

Modelisation des reactions d'oxydation 
du n-heptane et de l'isooctane 

L'approche prCcCdente a permis un certain nombre de simpli- 
fications concernant particulikrement le mecanisme de basse 
tempe'rature. Cependant, nous n'avons pas pu conclure sur 
l'importance de certaines voies rCactionnelles par un raisonne- 
ment bask uniquement sur les rCsultats expCrimentaux directs. 
Afin d'aller au-deli dans la simplification de ces mCcanismes, 
nous avons simulC ces rCsultats expkrimentaux. 

Les mCcanismes d'oxydation simplifiCs reprCsentCs sur les 
schCmas 4 et 6 ont servi i modCliser les rksultats expbrimen- 
taux griice au logiciel de simulation MORSE mis au point au 
DCPR (25, 26). Ce logiciel permet, i partir d'un mtcanisme 
thCorique, d'obtenir les concentrations courantes de tous les 
produits de rCaction et donc les courbes de formation de ces 
produits. Ces courbes peuvent alors &tre comparCes aux 
courbes de formation expkrimentales. 

Le mCcanisme de dCpart ayant servi i cette simulation com- 
porte 199 processus Cltmentaires dans le cas de l'oxydation du 
n-heptane et 152 processus dans le cas de l'oxydation de 
l'isooctane. Ces mCcanismes, non exhaustifs, ne comportent 
essentiellement que des processus primaires ( h  l'exception des 
processus de formation de CO, CO, et du processus 6), don- 
nant naissance i d e s  produits de rCaction identifiCs expCrimen- 
talement. Les constantes de vitesse ont CtC ajustCes 
raisonnablement de f a ~ o n  i obtenir des courbes de formation 
thCoriques aussi proches que possible des courbes expCrimen- 
tales (Figs. 12 et 13). I1 convient, cependant, de remarquer que 
les courbes de formation expCrimentales reflktent l'interven- 
tion de processus secondaires dks que l'avancement devient 
notable (20% d'advancement i 0,3 s), ce qui explique 1'Cloi- 
gnement croissant avec le temps de passage, entre les courbes 
expkrimentales et thCoriques. I1 n'a, par contre, pas CtC possi- 
ble de simuler quantitativement les courbes de formation de 
CO, CO,, et dans une moindre mesure H,O, en utilisant un 
mecanisme primaire rbaliste. 

L'analyse de sensibilitk, effectuCe sur les constantes de vi- 
tesse a alors permis de simplifier considCrablement ces 
mkcanismes, par la recherche de processus nigligeables. 
Ainsi, le mCcanisme d'oxydation du n-heptane ne comporte 
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1398 Can. J. Chern. Vol. 74, 1996 

Fig. 12. Oxydation du n-heptane a 923 K. Courbes de formation Fig. 13. Oxydation de l'isooctane B 923 K. Courbes de formation 

simulCes. simulCes. 

SchCma 6. MCcanisme d'oxydation de l'isooctane, simplifiC en tenant compte des 
rCsultats expCrimentaux. 

alctne alcbne 
+ + 

terminaison t CH3' H' + oxydation 

*;\ /r f haute temperature 

lbasse temperature 

4 7 r- 
R02' 2RO' + 

+(R02) + aldehyde 

0 2  

SchCma 7. MCcanisme final d'oxydation du n-heptane et de I'isooctane. 

H02' 
+ 

alcbne conjuguC (+'2) 

oxydation t H' + alcbne alcbne + CH3' + terminaison 

plus finalement que 76 processus tltmentaires et celui de ture. Ce schCma final correspond, par ailleurs, celui 
I'isooctane 7 1 processus tltmentaires (tableaux 1 et 2). Dans reprksentant les mtcanismes d'oxydation du n-heptane et de 
les deux cas, les processus d'oxydation du radical R'  suivant l'isooctane dans des conditions de pression plus ClevCes (27). 
le micanisme de basse tempe'rature se sont avCrCs etre 
nkgligeables. Les deux mCcanismes d'oxydation du n-heptane Discussion et conclusion 
et de l'isooctane relkvent donc d'un schCma identique 
(SchCma 7), correspondant au mCcanisme de haute tempe'ra- Les mtcanismes primaires d'oxydation du n-heptane et de 
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Simon et al. 

Tableau 1. MCcanisme d'oxydation du 11-heptane 923 K 

Processus 

RH + 0, + R1' + HO,' 
RH + 0? + R2. + H02' 
RH + 0, + R3'+  HO,. 
RH + O? + R4' + HO; 
R1' + R2' 
R1' + R3' 
R1' + R4' 
R2' + R3' 
R2' + R1- 
R3' + R1' 
R4' + R1' 
R3' + R2' 
1-CsHll. + 2-C5Hll' 
2-CsHll* + 1-CsHll* 
RI' + 0? + heptkne- 1 + HO,' 
R2' + 0, + heptkne-1 + HO,' 
R2' + O1 + heptkne-2 + HO,. 
R3' + 0? + heptkne-2 + HO,' 
R3' + 0, + heptkne-3 + HO?' 
R4' + Oz + heptkne-3 + HO,' 
R 1 ' + heptkne- 1 + H' 
R2' + heptkne-1 + H' 
R2' + heptkne-2 + H' 
R3' + heptkne-2 + H' 
R3. + heptkne-3 + H' 
R4' + heptkne-3 + H' 
C,H; + CzH, + H. 
1-C3H7' + propkne + H' 
1 -C,H,' + butkne- 1 + H' 
1-C,H,,' + pentkne-1 + H' 
2-C5Hl , '  + C,H5' + propkne 
R1' + C,H, + 1-C5Hll' 
R2' + propkne- 1 + 1 -C,H,' 
R3' + butkne-1 + 1-C,H,' 
R4' + pentkne- 1 + CzH5- 
R3' + hexttne- 1 + CH,. 
1-C5Hll' + C2H, + 1-C3H7' 
1 -C,H9' + CzH, + CzHs' 
1-C3H7' + C,H, + CH,' 
RH + H ' +  H, + R1' 
RH + H' + H, + R2' 
RH + H- + Hz + R3' 
RH + H' + Hz + R4. 
RH + C,H,' + C,H, + R1' 
RH + C2Hj' + CZH6 + R2' 
RH + C,H; + CzH6 + R3' 
RH + C,H; + C,H, + R4' 
RH + HO?' + H,O, + R1' 
RH + HO,' + H20, + R2' 
RH + HO,' + H,O, + R3' 
RH + HO,' + HzO, + R4' 
RH + CH,' + CH, + R1' 
RH + CH,' + CH, + R2- 
RH + CH,' + CH, + R3- 
RH + CH,' + CH, + R4- 
RH + O H ' +  H,O + R1' 

Tableau 1 (suite etfin). 

k (cm3, mol, s) Processus k (crn3, mol, s) 
- 

RH + OH' + H,O + R2' 
RH + OH' + H,O + R3' 
RH + OH' + H,O + R4' 
H' + 0, + OH' + 0: 
H' + HO,' + OH' + OH- 
0: + HO,' + OH' + 0, 
CH,- + 0: + CH,O + H' 
CH,O + 0: + HCO' + OH' 
CH,O + H' + HCO' + H, 
CH,O + OH' + HCO' + H,O 
HCO' + 0: + CO, + H' 
HCO' + 0, + CO + HO, 
C,H; + 0: + CH,CHO + H' 
CH,CHO + 0: + CH,' + CO + OH' 
CO + OH' + CO, + H' 
CO + HO,' + CO, + OH' 
CH,' + CH,' + C2H6 
CH,' + C,H,' + C3H8 
H' + HO,' + H, + 0, 
HO; + HO,' + H,O, + 0, 

NOTA : RH reprtsente la rnoltcule de n-heptane. RI',  R2', R3. sont 
respectivernent les radicaux hepttnyles 1, 2, 3 et 4. 

l'isooctane sont donc tout ii fait sirnilaires, y compris les 
ordres de grandeur des constantes de vitesse des processus 616- 
rnentaires et ne perrnettent pas d'expliquer 1'Ccart de compor- 
ternent entre ces deux hydrocarbures. I1 faut noter Cgalernent 
que, pour des temps de passages identiques, ces deux reactions 
posddent des taux de conversion tout fait comparables. La 
seule difference qui peut Ctre observee dans les reactions 
d'oxydation du n-heptane et de l'isooctane se situe au niveau 
des produits primaires fortne's p a r  la re'action (essentiellernent 
des olCfines). On rernarque, en effet, que la reaction d'oxyda- 
tion du TI-heptane forme essentiellernent des hydrocarbures 
insatures en chaine lineaire (Cthylene, propkne, butene-1 ...), 
alors que la reaction d'oxydation de l'isooctane forrne aussi 
des hydrocarbures insatures ramifies (isobutene, dimethyl- 
pentenes, trimethylpentknes). Les produits oxygenes forrnes 
par I'oxydation de ces deux hydrocarbures sont de mCme 
nature et produits en quantites equivalentes. 

En fait, la vitesse de reaction est Ctroiternent dependante des 
constantes de vitesse des processus d'arnor~age, de propaga- 
tion et de terminaison. Les processus d 'amorpge ou de 
branchernent des reactions d'oxydation du n-heptane et de 
l'isooctane sont de rnCrne nature et ont des constantes de vi- 
tesse voisines. I1 en est de rnCrne des processus de propagation, 
puisque les reactions d'isornerisation : 

souvent rendues responsables de la difference de comporte- 
ment des hydrocarbures, ont ici disparu. Seule la nature des 
processus de terminaison sernble donc pouvoir expliquer, ici, 
la difference de cornporternent entre le n-heptane et I'isooc- 
tane et plus particulikernent la formation de radicaux libres 
t r b  peu rCactifs (stabilises par resonance). 
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Tableau 2. Mkcanisme d'oxydation de l'isooctane i 923 K. 

Can. J. Chern. Vol. 74, 1996 

Tableau 2 (suite et fin). 

Processus k (cm3, rnol, s) 

RH + 0, + R1'+ HO,' 
RH + 0, + R2. + HO,. 
RH + 0, + R3' + HO,. 
RH + 0, + R4' + H0,- 
R1' + R3' 
R1' + R4' 
R3' + R1' 
R4' + R1' 
R2' + 0, + trirnkthyl-2,4,4 pentkne-2 + H0,- 
R3' + 0, + trirnkthyl-2,4,4 pentene-1 + HO,' 
R3' + 0, + trirnkthyl-2,4,4 pentkne-2 + HO,' 
R4' + 0, + trimkthyl-2,4,4 penthe-1 + HO,' 
R1- + isobutkne + isoC4H9- 
R1- + dirnkthyl-2,4 pentkne-1 + CH,' 
R2' + dimkthyl-2.4 pentkne-2 + CH,' 
R2' + dirnkthyl-4.4 pentkne-2 + CH,' 
R3' + isobutkne + tertC4H9' 
R4' + propkne + neoC,H,,- 
R4' + dimkthyl-4,4 pentkne-1 + CH,' 
isoC4H9- + propene + CH,' 
neoC,H, ,' + isobutene + CH, 
R2' + trirnkthyl-2,4,4 pentkne-2 + H' 
R3' + trimkthyl-2,4,4 pentkne-2 + H' 
R3' + trirnkthyl-2,4,4 pentkne-1 + H' 
R4' + trimkthyl-2,4,4 pentkne-1 + H' 
isoC4H9' + H- + isobutkne 
tertC4H9' + H- + isobutkne 
RH + OH- + R1' + H,O 
RH + OH' + R2' + H,O 
RH + OH' + R3' + H,O 
RH + OH' + R4' + H,O 
RH + HO,' + R1' + H,O, 
RH + HO,' + R2' + H,O, 
RH + HO; + R3' + H,O, 
RH + HO,' + R4- + H,O, 
RH + H' + R1' + H2 
RH + H' + R2' + H2 
RH + H' + R3' + H2 
RH + H- + R4' + H2 
RH + CH,' + R1' + CH, 
RH + CH,' + R2' + CH, 
RH + CH,' + R3' + CH, 
RH + CH; + R4' + CH, 
RH + isoC4Hg' + isobutane + R1- 
RH + isoC,&- + isobutane + R2' 
RH + isoC4Hg' + isobutane + R3' 
RH + isoC4Hg- + isobutane + R4' 
RH + tertC4H9' + isobutane + Rl'  
RH + teK4H9' + isobutane + R2' 
RH + teK4H9' + isobutane + R3- 
RH + tertC,HgA -+ isobutane + R4' 
RH + neoC,H,,' + neopentane + R1' 
RH + neoC,H,,' + neopentane + R2' 
RH + neoC,H,,' + neopentane + R3' 
RH + neoC,H,,' + neopentane + R4' 
H' + 0, + OH' + 0: 
H' + HO,' + OH- + OH' 

Processus k (cm3, rnol, s) 

0: + HO,' + OH' + O2 2,0 x 1013 
CO + OH' + CO, + H' 1,2 x 10" 
CO + HO,' + C02 + OH' 4,8 x 10' 
CH; + 0: + CH,O + H' 7,o x 1013 

CH,O + 0: + HCO' + OH' 5,2 x 10" 
CH,O + H' + HCO' + H, 2,9 x 10" 
CH,O + OH' + HCO' + H,O 1,6 x loi3 
HCO' + 0, + CO + HO,' 3,O x 10l2 
HCO' + 0: + CO, + H' 3,0 x 10" 
CH,' + CH,' + C?H, 5,O x 10" 
tertC,H,' + H' + isobutane 1,0 x lo1, 
H0,- + HO,' + H20, + 0, 2,O x lo1" 
HCO. + H* + co + H? 2,o x 1014 
tertC4H9' + CH,' + neopentane 1,0 x 10" 

NOTA : RH reprtsente la moltcule d'isooctane. Rl ' ,  R2', R3'  et 
R4' sont respectivement les radicaux' CH,-C(CH,),-CH,-CH(CH3),, 
(CH,),C-CH'-CH(CH3)I, (CH3)3C-CH?-C'(CH,)Z et (CH,),C-CH,- 
CH(CHJ(CHZ') 

Tableau 3. Indice d'octane recherche de melange 
des produits form& par l'oxydation du n-heptane. 

Produit % <<Initial>> IORM (ref. 28) 

~ t h ~ l e n e  20 - 

Propkne 8 - 
Butkne- 1 5 1 44 
Penttne- 1 3 119 
Heptene- I 3 68 
Heptene-3 1,7 - 
Hexene- 1 1,3 97 

Les alcknes formes par ces reactions pourraient, par I'inter- 
mediaire de processus secondaires, inhiber ou non la reaction 
d'oxydation. En effet, la comparaison des tableaux 3 et 4 mon- 
tre que les produits majoritaires des reactions d'oxydation du 
n-heptane et de l'isooctane sont : l'tthylkne, le propkne et 
l'isobutkne. Le propkne est present en quantites voisines dans 
les deux cas (8% pour le n-heptane et 7% pour l'isooctane). Sa 
presence ne peut donc pas expliquer la difference de compor- 
tement existant entre le n-heptane et l'isooctane. Par contre, le 
produit majoritaire de l'oxydation de  l'isooctane est 
l'isobutkne (31%) qui conduit h la formation du radical 
isobutknyle stabilise par resonance, alors que l'oxydation du 
n-heptane forme essentiellement de  l'ethylbne (20%) qui lui 
ne forme pas de radicaux stabilises. 

De plus, la comparaison de l'indice d'octane recherche de 
melange (IORM) des alcbnes produits par les r6actions d'oxy- 
dation du n-heptane et de l'isooctane (Tableaux 3 et 4) montre 
que les produits form& par la rCaction d'oxydation de l'isooc- 
tane ont des indices d'octane plus e l e v 6  que ceux produits par 
la rkaction d'oxydation du n-heptane, en particulier 
l'isobutkne (IORM : 170) form6 en trks grande quantite. 

L'oxydation de l'isobutkne est trks difficile, car elle conduit 
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Tableau 4. Indice d'octane recherche de mClange des produits 
formCs par l'oxydation de l'isooctane. 

Produit % ccInitiala IORM (28) 

Isobutkne 
Propkne 
DimCthyl-4,4 pentkne-2 
TrimCthyl-2,4,4 pentkne- 1 
TrimCthyl-2,4,4 pentbne-2 
DimCthyl-2,4 penthe-1 

+ 
DimCthyl-2,4 pentkne-2 

au radical isobutknyle, stabilisC par resonance. Plusieurs Ctu- 
des d e  rCactions d e  pyrolyse (29) ou d'oxydation ( 3 0 , 3 l )  ont, 
e n  effet, montrC le caractkre inhibiteur des radicaux allyliques. 
L e  caractkre antidetonant d e  1'CthylterbutylCther et  du mC- 
thylterbutylCther a, par ailleurs, CtC expliquC par la formation 
d'isobutkne (32-34). 

En  dehors de leur participation aux terminaisons, les radi- 
caux allyliques s'oxydent plus difficilement que les radicaux 
alcoyles. ConsidCrons, par exemple, la rCaction d'oxydation 
d e  deux alcknes, l'un conduisant B un radical allylique e t  
l 'autre B un radical alcoyle. Ces deux radicaux peuvent, soit 
rCagir avec le  reactif RH, soit avec l'oxygkne, suivant le  
schema : 

r alckne + 0 2  + rad. allylique + H02' 

1 
rad. allylique + RH + R' + alckne E = 1 8 3  kcaUmol(35) 

rad. allylique + O2 rad. peroxyallylique 
-2 

alckne + 0 2  ---k rad. alcoyle insaturi + H02' 

1' 
rad. alcoyle insaturk + RH -----+ R' + alckne E' = 10,4 kcallmol (35) 

2' 
rad. alcoyle insaturC + 0 2  rad. peroxyalcoyle 

-2' 

On note, entre les processus 1 et 1' une difference d'Cnergie 
d'activation de 8,4 kcallmol en faveur du processus 1' qui est 
donc plus facile que le processus 1. D'autre part, Benson (36) 
signale que la  constante dlCquilibre d e  la rCaction 2' est 
supCrieure d e  deux ordres d e  grandeur par rapport B celle d e  la 
rCaction 2 B 763  K. 

En  conclusion, tous les processus d e  propagation consom- 
mant les radicaux formCs par dCcomposition des produits pri- 
maires d e  reaction seront plus rapides si ces radicaux ne sont 
pas stabilisCs par resonance. Au contraire, une concentration 
ClevCe d e  radicaux stabilisCs par rksonance fera apparaitre d e  
nouvelles terminaisons. 

La diffkrence d'indice d'octane entre le n-heptane et 
l'isooctane pourrait donc s'expliquer par la  presence d e  radi- 
caux stablisCs par resonance formCs par dCcomposition des 
produits primaires d e  rCaction et plus particulikrement par les 
alcknes. 
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Determination of the visible spectra of 
electrode reaction products in strongly 
absorbing media by diffusion-controlled 
chronoabsorptometry 

David H. Jones and A. Scott Hinman 

Abstract: Chronoabsorptometry under diffusion-controlled conditions has been applied to determination of the difference in 
molar absorptivity between electrode reaction products and reactants. The technique allows complete determination of the 
ultraviolet-visible spectra of reaction products that are stable on the time scale of a few hundred milliseconds. The technique was 
implemented with a reflectance cell that employs quartz light pipes to minimize optical absorbance of the bulk solution without 
obstructing the current path between counter and working electrodes. The spectrum of one-electron oxidized chloro-(5, LO, 15,20- 
tetraphenylporphinato)Fe(III) is determined with the new technique and compared with that obtained by conventional thin-layer 
spectroelectrochemistry. 

Key rvords: spectroelectrochemistry, chronoabsorptometry, thin-layer spectroelectrochemistry. 

RCsum6 : On a applique la chronoabsorptomCtrie sous des contrales par diffusion h la determination de la difference 
dlabsorptivitC molaire entre les rCactifs et les produits de la reaction h I'tlectrode. La technique permet de faire une 
determination complttte des spectres UV-visibles des produits rCactionnels qui sont stables h I'Cchelle de temps de quelques 
centikmes de millisecondes. La technique a CtC appliquee h l'aide d'une cellule de reflectance qui fait appel h des conduits de 
lumittre en quartz pour minimiser I'absorption optique de I'ensemble de la solution sans interferer avec le champ du courant entre 
les electrodes de rCfCrence et de travail. Faisant appel h cette technique, on a determine le spectre du chloro-(5,10,15,20- 
tCtraphCnylporphinate)Fe(III) oxydt par un electron et on I'a compare h celui obtenu par la technique conventionnelle de 
spectroClectrochimie en couche mince. 

Mots elks : spectro~lectrochirnie, chronoabsorptomCtrie, spectroClectrochimie en couche mince. 

[Traduit par la rCdaction] 

Determination of the uv-visible spectra of electrochemical 
reduction or oxidation products of highly coloured species is 
most frequently accomplished using thin-layer spectroelectro- 
chemical techniques. The short optical pathlength in thin-layer 
cells facilitates high optical throughput, which is important in 
maintaining good signal-to-noise ratios. There is, however, a 
finite time required to achieve complete electrolysis of the 
thin-layer cavity due to mass transport limitations (1). In prac- 
tice, even this theoretical minimum time requirement is rarely 
achieved because of the high solution resistance associated 
with the thin-layer cavity (2). This delays the onset of electrol- 
ysis at points in the thin-layer cavity positioned furthest from 
the counter electrode with respect to those positioned closer to 
the counter electrode. The effect is particularly severe in 
highly resistive nonaqueous media, and increases as the work- 
ing electrode dimensions increase. Thin-layer techniques are 
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thus not well suited to determining the spectra of electrochem- 
ically generated products of limited stability. 

Chronoabsorptometry under conditions of semi-infinite lin- 
ear diffusion has been widely used for the in situ study of 
redox processes (3,4), and affords access to much shorter time 
scales than are feasible with thin-layer techniques. In single 
potential step chronoabsorptometry, the potential is stepped to 
a region where the redox reaction under investigation pro- 
ceeds at a diffusion-controlled rate (Cottrell experiment) and 
the absorbance of the diffusion layer is monitored as a func- 
tion of time. In double potential step chronoabsorptometry, the 
potential is stepped back to the original value after a time, t = 
T ,  and absorbance is similarly monitored. Studies have nor- 
mally employed a single wavelength, with the object of char- 
acterizing the kinetics of the redox process, rather than 
determining the spectra of products. Wavelengths are usually 
chosen where the electroactive precursor has negligible absor- 
bance. This condition ensures maximum light throughput and 
therefore optimum signal-to-noise ratios in the absorbance- 
time transients ( 5 ) .  

When the starting material limits the optical throughput at 
the desired wavelength, consideration must be given to either 
shortening the optical pathlength, or reducing the concentra- 
tion. Lowering the concentration will improve the optical 
throughput but will also reduce the absorbance change pro- 

Can. J. Chem. 74: 1403-1408 (1996). Printed in Canada / Imprilni au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chern. Vol. 74, 1996 

Fig. 1. Details of the chronoabsorptornetric cell. 
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Pt Mirror Teflon 
Working Seal 
Electrode 

Side View 

duced on electrolysis. In addition, effects due to impurities or 
adsorption may become more significant under conditions of 
high dilution. 

Some workers using optically transparent electrodes 
(OTEs) have reduced the optical pathlength by using a light 
pipe (e.g., a quartz rod) to transmit light to within a short dis- 
tance of the OTE surface without loss of throughput (5-7). 
With a transmission geometry, however, the light pipe 
obstructs the current path between the working and counter 
electrodes (5). With highly resistive solutions, or with very 
short optical pathlengths, this approach can result in uneven 
potential distribution at the electrode surface and limit the util- 
ity of the absorbance-time transients (5-7). 

In the present work, we have incorporated the light pipe 
concept into a spectroelectrochemical cell employing a reflec- 
tance, rather than a transmission, geometry. This approach 
facilitates reduction of the total optical pathlength with little or 

incidence with respect to the electrode surface normal. When 
strongly absorbing species necessitate the use of more dilute 
solutions, the increased sensitivity of the reflectance geometry 
can help to compensate for the resulting smaller optical 
changes. 

Our objective in this work was to demonstrate for the first 
time the utility of chronoabsorptometry for determining the 
complete visible spectrum of an electrochemically generated 
species on a time scale not normally accessible to thin-layer 
techniques. Also, we wished to demonstrate the feasibility of 
this approach to strongly absorbing and highly resistive solu- 
tions. The one-electron oxidation of chloro-(5,10,15,20-tetra- 
phenylporphinato)iron(III) (TPPFeCl) in CH2C12 containing 
0.1 M tetra-n-butylammonium perchlorate (TBAP) was cho- 
sen as the test system. TPPFeCl is strongly absorbing (E,,, = 
1.2 x lo5) and its reversible one-electron oxidation has been 
well characterized. 

no obstruction of the current path between the counter and 
working electrodes. Also, the absorbance change using reflec- Experimental 
tance is- increased over that observed in transmission-experi- Cell design 
ments by a factor of 2/cos 8 (4), where 8 is the angle of Figure 1 presents a schematic of the spectroelectrochemical 
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Fig. 2. Schematic of the instrumentation and optics utilized for chronoabsorptometric 
measurements. 

Light-free Box lnl 

I Folding I .. ,-+ p-iq-fp 
Quartz 

Xe Arc I-I Electrode I 
Lamp 

Scope 7 
cell used for chronoabsorptometric measurements. The work- 
ing electrode is a 7 mm diameter Pt disk silver soldered to the 
end of a brass shaft. This is press fitted into a Teflon seal. The 
electrode surface is polished to a mirror finish with 0.3 k m  
alumina polishing powder. The cell body is a Teflon block 
machined to accept the working electrode and other compo- 
nents illustrated in the figure. Two 5 mm diameter quartz rods, 
polished flat and clear at their ends, serve to guide incident 
radiation onto and then away from the Pt mirror electrode. 
Their longitudinal axes are oriented at 45 degrees with respect 
to the electrode surface normal. The quartz rods can be posi- 
tioned to achieve total mean optical pathlengths as small as 3.5 
mm, although this smallest optical pathlength maximizes the 
obstruction to the current path between the counter and work- 
ing electrodes. In this work, the quartz rods were positioned to 
achieve a total mean optical pathlength of 1 cm. 

Instrumentation and procedure for chronoabsorptometric 
experiments 

Figure 2 illustrates the optical and instrumental configuration 
employed for chronoabsorptometric experiments. Light from a 
75 W Xe arc lamp is focused onto the entrance slit of a GCA- 
McPherson model EU-701 monochromator. Monochromatic 
light from the monochromator passes through one of the 
quartz rod light pipes in the spectroelectrochemical cell and is 
specularly reflected from the Pt mirror working electrode 
through the second light pipe. Light emerging from the cell is 
reflected by a folding mirror onto a Hamamatsu R268 photo- 
multiplier tube (PMT). 

The PMT anode current is taken to a Keithley model 427 
current amplifier. The output of the current amplifier is moni- 
tored with a Macintosh I1 computer fitted with a G.W. Instru- 
ments Macadios I1 input-output analog-digital interface card. 

Macintosh I I  
Computer 

A Think Pascal control program that accessed the Macadios I1 
input-output and data-manipulation libraries was written to 
allow the generation of successive double potential steps of 
variable potential and duration with simultaneous collection 
of up to a 1000 point array at a fixed rate of 5 ms per point with 
real-time signal averaging. The generated potential step was 
fed to the adder input of a Hi-Tek model DT2101 potentiostat 
that controlled the working electrode potential with respect to 
the reference potential. The data arrays from the experiments 
could be saved as Microsoft Excel files that could then be fur- 
ther processed with a Microsoft Excel spreadsheet. Absor- 
bance changes are calculated according to AA = log(I,/12), 
where I, is the light intensity reaching the detector immedi- 
ately prior to the application of any potential step, and I2 is the 
intensity following the potential step. 

Other experiments 
Conventional time-resolved thin-layer reflectance spectro- 
electrochemistry was employed to obtain the spectrum of one- 
electron oxidized TPPFeCl for comparison with that obtained 
by chronoabsorptometry. The spectroelectrochemical cell, 
instrumentation, and procedure have been described in detail 
elsewhere (8, 9). 

The diffusion coefficient of TPPFeCl was obtained by chro- 
noamperometry in the same cell as used for the chronoabsorp- 
tometry experiments. The electrode area was first calibrated 
by chronoamperometric oxidation of K,Fe(CN)6 in 1 M KC1 
using the well-established diffusion coefficient for the 
F ~ ( c N ) ~ ~ -  species ( 10). 

Reagents and solutions 
TPPFeCl (1 1) was synthesized according to literature proce- 
dures. CH,C12 was shaken with alumina, distilled from P205 
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onto CaH,, and stored over CaH, until ready for use. TBAP 
(Fluka) was recrystallized froin isopropanol-water and dried 
at 80°C in vacuo for several days prior to use. All solutions for 
spectroelectrochemical experiments employed 0.1 M TBAP, 
and a home-built aqueous saturated calomel electrode was 
used throughout. The TPPFeCl concentration was 1.0 mM for 
the thin-layer spectroelectrochemical measurements. The 
TPPFeCl concentrations for chronoabsorptometric experi- 
ments were 1.06 x 10-% for data recorded at 410 and 430 nin, 
2.10 x M for experiments at 370 and 390 nm, and 9.44 x 
lo-' M for all other experiments. 

Results and discussion 

For a reversible electrode reaction, the absorbance observed 
on appliation of a potential pulse is proportional to the total 
charge passed during the experiment (12). Chronoabsorptom- 
etry may thus be viewed as the optical analog of chronocou- 
lometry. Winograd et al. (13) have considered transmission 
geometry where only the product of the electrochemical reac- 
tion absorbs and shown that the absorbance-time profile is 
given by multiplying the chronocoulometric charge-time pro- 
file by EIIIFA. Here, e is the molar absorptivity of the redox 
product, n is number of electrons, and A is electrode area. 
Where the potential pulse is sufficient to drive the surface con- 
centration of the reactant to zero, this leads to 

In eq. [I], C i s  the bulk concentration of the reactant, and D is 
its diffusion coefficient. Where both product and reactant 
absorb, e is replaced by the difference in  molar absorptivity 
(14) between product and reactant, Ae = eproduct-ereactan,, and, 
if a reflectance geometry is used, the response is multiplied by 
21cos 0 (4) to account for the increased optical pathlength. 
Equation [ 11 thus becomes 

4 ~ e C D ' ~ ~ t ' l '  
[21 M ( t )  = 

T"' cos e 

If the concentration and diffusion coefficient of the electro- 
chemical reactant are known, then the slope of a plot of AA(t) 
vs. t1'"ields Ae. Since the molar absorptivity of the reactant is 
determinable by conventional methods, the molar absorptivity 
of the product may be obtained. 

For a double potential step experiment, where the potential 
is returned to its initial value after a time T, the cumulative 
absorbance change at times t > T may similarly be derived by 
applying the considerations of refs. 12-14 to the known (15) 
chronocoulometric response. This leads to 

4 ~ ~ ~ ~ 1 1 2 ( ~ 1 1 2  - + (t - 7)112) 
[3] AA(t > 7) = AA(7) - 

.rr1I2 COS e 

Letting 7"' - t"' + (t - T ) " ~  = +, a plot of AA vs. + for data 
obtained on the reverse step should have a slope equal in mag- 
nitude but opposite in sign to that for the AA vs. t'I2 plot for the 
forward step. The plot intercepts the ordinate at AA = AA(T), 
and the abscissa at + = T " ~ .  This provides criteria for revers- 
ibility and lack of complications associated with the electrode 

Fig. 3. Absorbance-time transient at 410 nm obtained for double 
potential step chronoabsorptometry of TPPFeCl in CH,CI, 
containing 0.1 M TBAP. The data are an average of 64 
experiments. 

Time 1 ms 

reaction. By analogy to chronocoulometric theory, the ratio of 
the absorbance change at time t = 27 to that observed at t = T 

provides a simpler criterion. For a reversible system without 
complications, this ratio is given by 

In CH,Cl, containing 0.1 M TBAP, TPPFeCl undergoes a 
reversible one-electron oxidation with a half-wave potential of 
1.13 V vs. SCE. The oxidation product has been formulated as 
an iron(II1) porphyrin T-cation radical (16). Figure 3 illus- 
trates the absorbance-time transient observed for TPPFeCl 
during a 1 s potential pulse to 1.3 V vs. SCE, followed by a 
return of the potential to its initial value of 0.9 V. The data 
were recorded at 4 10 nm, close to the 415 nm absorbance 
maximum of TPPFeCl. The solution in the chronoabsorpto- 
metric cell had an absorbance of approximately 1.2. of the 
wavelengths examined, this represents the worst case in terms 
of optical throughput, and hence in terms of noise. 

Prior to further processing, the data of Fig. 3 were smoothed 
using an 11 point Savitzky-Golay quadratic smoothing rou- 
tine (17). After smoothing, the ratio of the absorbance change 
at time 27 to that at 7, AA(~T)IAA(T), was 0.43, in good agree- 
ment with the theoretical value of 0.4 14 for a reversible reac- 
tion. Figure 4 presents the smoothed AA values plotted against 
t"' for times t < 7, and against + for times t > 7. The best-fit 
lines from linear least-squares regression are also shown in the 
figure. Good linearity is apparent for both the forward and 
reverse steps. For the forward step, the slope of the least- 
squares line was -5.82 x absorbance units~s"~.  A slope 
of 5.83 x absorbance unitsls"' was obtained for the 
reverse step. The nearly identical magnitudes of the two slopes 
are as expected for a reversible electrode process. As is appar- 
ent in the figure, the intercepts of the plots are also close to the 
values expected for a reversible process. 

In the present example, we have employed a relatively long 
duration pulse of 1 s. It is clear, however, that accurate deter- 
minations of AA transients can be made on a considerably 
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Fig. 4. Plots of absorbance change versus t"' or + obtained from 
the data of Fig. 3. The broken lines represent a linear least- 
squares fit. 

Fig. 5. Ultraviolet-visible spectrum of TPPFeCl (solid line) and 
its one-electron oxidation product (circles) calculated from 
chronoabsorptometric data. 

shorter time scale. For instance, the slope of the AA vs. t'I2 plot 
obtained using only data from the first 500 ms of the transient 
of Fig. 3 was 5.84 x absorbance units/sl". This is within 
0.4% of that obtained using all of the data recorded during the 
1 s pulse. With additional signal averaging and careful atten- 
tion to uncompensated solution resistance, which can delay the 
redox reaction during the early portions of the potential pulse, 
time scales much less than 500 ms should be accessible. Other 
workers (3, 4), for instance, have obtained accurate absor- 
bance time transients from potential pulses on the order of a 
few milliseconds or less, although these experiments are nor- 
mally carried out in more conductive solutions, and at wave- 
lengths where bulk solution absorbance is negligible. 

The uv-visible spectrum of TPPFeCl is shown in Fig. 5 
together with the spectrum of the corresponding iron(II1) por- 
phyrin n-cation radical from the chronoabsorptometric Ae 
values and the measured E values of the unoxidized porphyrin. 
The relative standard deviations of the molar absorptivities for 
the n-cation radical were calculated from the standard devia- 
tions of the slopes of the AA vs. t1I2 plots. These were all less 
than 5%. 

Fig. 6. Time-resolved thin-layer spectroelectrochemistry 
associated with the oxidation of 1 mM TPPFeCl in CH,Cl, 
containing 0.1 M TBAP. The time between each spectrum is 2.7 s. 

Figure 6 illustrates the time-resolved uv-visible spectral 
changes associated with electrolysis at 1.3 V vs. SCE of a 
1 mM TPPFeCl solution in a thin-layer spectroelectrochemi- 
cal cell. The oxidation proceeds with isosbestic points to pro- 
duce a final spectrum of the iron(II1) porphyrin n-cation 
radical. Comparison between the final spectrum of Fig. 6 and 
the reconstructed spectrum of the iron(II1) porphyrin n-cation 
radical shown in Fig. 5 shows excellent agreement between 
spectra obtained by the two techniques. 

It is clear that the described chronoabsorptometry experi- 
ment is capable of determining complete uv-visible spectra of 
electrochemically generated species that are stable on the time 
scale of a few hundred milliseconds. To the authors' knowl- 
edge, this is the first time chronoabsorptometry has been 
applied under conditions where the bulk solution possesses 
significant absorbance, and the first time it has been applied to 
determine the difference in molar absorptivity between elec- 
trochemical reactants and products. We are currently applying 
the technique to determination of the spectra of several metal- 
loporphyrin oxidation products that have proved too unstable 
to characterize under thin-layer spectroelectrochemical condi- 
tions. 
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Electroreduction de derives dinitres 
aromatiques. V. influences du materiau 
d'electrode et de systemes redox sur les 
reductions du 4,4'-dinitrodibenzyle et de 
l'acide 4,4'-dinitrostilbene-2,2'-disulfonique 

Anne-Marie Martre, Guy Mousset, Veronica Cosoveanu et Virginia Danciu 

RCsumC : Ce travail concerne les reductions du 4,4'-dinitrodibenzyle et de l'acide 4.4'-dinitrostilbkne-2,2'-disulfonique dans 
diffkrentes conditions expCrimentales. D'une part, il a CtC envisagt, sur plusieurs matCriaux d'Clectrode (Ctain, monel, mercure), 
la rkduction Clectrochimique directe ou en presence d'un couple rCdox ( ~ i ~ + / T i ~ +  ou ~ n ~ / ~ n ' + )  ce qui entraine des changements 
dans la nature ou les proportions relatives des produits formts et d'autre part, la rCduction chimique en solution par le rCducteur 
sn0 prCalablement ClectrogCnCrC. Les meilleures conditions d'obtention de di- et de mono-amines sont prCcistes, elles 
correspondent respectivement des rendements de l'ordre de 90% pour les diamines, de 70% pour le 4-amino-4'-nitrodibenzyle 
et de 50% pour l'acide 4-amino-4-nitrostilbkne-2.2'-disulfonique. Une Ctude analytique priliminaire, sur Clectrode de mercure 
et dans les milieux des synthkses (H'SO, 5 N - EtOH 50/50, H'SO, 2,s N et HCI 5 lo%), a permis de prCciser et de comparer les 
caractkristiques Clectrochimiques des dCrivCs dinitrCs et de chacun des composCs TiOSO,, TiCI,, SnCl,, promoteurs des couples 
rCdox utilisCs. 

Mots clPs : 4,4-dinitrodibenzyle, acide 4,4'-dinitrostilbkne 2,2'-disulfonique, Clectrochimie, reduction, systkmes rCdox ~ i~+/Ti ,+  
et ~n ' /~n '+ .  

Abstract: This work concerns the electrochemical and chemical reductions of 4,4'-dinitrodibenzyl and 4,4'-dinitrostilbene 2,2'- 
disulfonic acid under various experimental conditions. On the one hand, the electrochemical reduction is realized on Sn, monel, 
and Hg electrodes with or without the presence of a redox couple, and on the other hand, the chemical reduction is performed by 
mean of an electrochemically generated reducing agent (Sno). According to the type of redox couple used ( ~ i ~ + / ~ i "  or Sno/Sn'+), 
important changes in the nature and the ratio of reaction products are observed. The best conditions for obtaining di- or mono- 
ainines are defined, they correspond to 90% yield for the diamines, 70% and SO%, respectively, for 4-amino-4'-nitrodibenzyl and 
for 4-amino-4'-nitrostilbene-2,2'-disulfonic acid. The electrochemical behavior of the dinitro derivatives and of TiOSO,, 
TiCl,, and SnClz used as precursors of the redox couples is studied under conditions of macroscale electrolyses (5 N H2S04 - 
EtOH 50/50,2.5 N H2S0,, and 10% HC1). 

Key words: 4,4'-dinitrodibenzyl, 4,4'-dinitrostilbene 2,2'-disulfonic acid, electrochemistry, reduction, ~i'+/Ti,+ and Sn"/sn2+ 
redox systems. 

Introduction mise au point de nouvelles synthkses (1-13 et rCfCrences 

La rCduction des dCrivCs nitrCs aromatiques a donne lieu 
depuis longemps a de multiples travaux et actuellement il en 
existe de nombreux qui ont encore comme objectif une 
meilleure connaissance des mCcanismes des rCactions ou la 

R e ~ u  le le' decembre, 1995. 

A.-M. Martre et G. Mousset.' Laboratoire d'electrochimie 
organique, UniversitC Blaise Pascal de Clermont-Ferrand, Unit6 
associCe au Centre national de la recherche scientifique No 434, 
Thermodynamique et Clectrochimie en solution, 24 Avenue des 
Landais. 63 177 Aubikre, France. 
V. Cosoveanu et V. Danciu. UniversitC Babes Bolyai, FacultC de 
chimie et chimie industrielle, Collectif de Recherches Chimiques, 
Str. Arany Janos, nr. 11, 3400 Cluj-Napoca, Roumanie. 

1. Auteur auquel la correspondance doit &tre adressCe. 
TClCphone : 73.40.71.60. TClCcopie : 73.27.44.43. 

citCes). 
Dans le cadre de recherches effectuCes depuis quelques 

annCes sur la reduction de dCrivCs dinitrCs aromatiques, nous 
nous sommes dCjh intCressCs au 4,4'-dinitrodibenzyle 
(DNDB) et a l'acide 4,4'-dinitrostilbkne-2,2'-disulfonique 
(DNSS). Sur Clectrode de mercure, nous avons prtcisC leurs 
caractkristiques Clectrochimiques dans plusieurs milieux, 
l'importance des phCnomknes d'adsorption la surface de 
1'Clectrode et l'influence d'additions de molCcules tensio- 
actives (14-16). Nous avons Cgalement compare leurs rCduc- 
tions Clectrochimiques (par transfert direct d'Clectrons ou en 
prCsence d'un couple rCdox) et chimiques par un rCducteur 
prealablement ClectrogCnCrC (16, 17). Une Ctude des cinC- 
tiques d'ClectrorCduction du DNDB en milieu hydroal- 
coolique acide (18), sur des Clectrodes de Sn, Cu et Pb, en  
conditions potentiostatique et galvanostatique, a permis 
d'observer des modifications dans les mCcanismes de rCduc- 

Can. J. Chem. 74: 1409-1417 (1996). Printed in Canada / Imprime au Canada 
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Martre et al 

Fig. 1. Voltammogrammes de rtduction sur Clectrode de mercure, v = 0,l V s-I. A : milieu H,SO, 5 N - EtOH a 60°C; (a) SnCI,, c = 5 
x lo-' M; (6) TiOSO,, c = 5,6 x M ;  (c)  DNDB, c = 2 x lo4 M. B : milieu HISO, 2,5 N a 30°C; (a) SnCI?, c = 1,3 x lo-' M; 
(b) TiOSO,, c = 9 x 10-3 M; (c )  DNSS, c = 1 x M. 

d'une forte adsorption qui a CtC confirmCe par les mesures de 
capacitC diffkrentielle (16). Sur le voltammogramme, les deux 
pics de faible intensitt, B +0,04 V et -0,80 V, sont de nature 
capacitive et dClimitent la zone d'adsorption 1 dCsorption du 
dCrivC nitrC et (ou) de ses produits de rtduction. 

En milieu HCl B lo%, le potentiel de la rCduction de I'acide 
dinitrostilbkne disulfonique est trks proche de celui de l'oxy- 
dation des ions C1- ce qui emp&che la dktermination prCcise de 
ce potentiel situC vers 0 V. 

Les trois courbes des Fig. 1A et 1B permettent de comparer 
les riductions de chaque dCrivC dinitrC h celles des couples 
rCdox dans les conditions utilisCes. Les Ccarts relatifs de leurs 
potentiels, en particulier celui de la rCduction des hydroxyl- 
amines, laissent prCvoir des effets diffkrents sur les mCcanis- 
mes et par consCquent sur la nature des produits de rCduction. 

B. Influence des couples redox et du 
materiau d'electrode sur la nature des 
produits formes 

Comme dans la partie analytique, les Clectrolyses a poten- 
tie1 constant du DNDB sont rCalisCes en solution H,SO, 5N 
- EtOH 50150 5 60°C et 2 une concentration 1 x M en 
raison de sa trks faible solubilitC et celles du DNSS, ?i 30°C 
en milieux H,SO, 2,5 N ou HCl i lo%, avec une concentra- 
tion de 2 x M. Elles sont rCalisCes sur Clectrodes de 
mercure, Ctain et monel. L'influence de la nature de 1'Clec- 
trode sur la riduction de dCrivCs nitrCs a dCjB fait l'objet de 
quelques travaux (45-50). Suivant les matCriaux, sur 
lesquels la rCduction des ions H+ en hydrogkne est plus ou 
moins difficile, on peut s'attendre j. des mCcanismes dif- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



141 2 Can. J .  Chem. Vol. 74, 1996 

fkrents d'tlectronation-protonation ou d'hydrogtnation Clec- 
trocatalytique (5 1-55). 

~ lec tro l~se s  sur Clectrode de mercure 

Re'ductioiz du dinitrodibenzyle 
Eiz absence de couple re'dox, nous avons montrC dans une 
Ctude prCctdente (17), que la rCduction tlectrochimique a un 
rendement faradique de 90% calculC par rapport h la rtduction 
en diamine et conduit h l'obtention de 75% de DADB, 1% de 
DNDB, 9% du produit amino-hydroxylt HO-R-R-NH, et 2% 
du produit dihydroxylC HO-R-R-OH avec 

En pre'sence de TiOSO,, nous avons vu dam cette m&me 
Ctude que le pourcentage de DADB peut atteindre 92% tandis 

qu'il reste 2-5% de compost5 de dCpart. L'absence de  produits 
hydroxylts permet d'isoler un DADB trks pur. 

Eiz pre'sence de SnC12, le potentiel choisi pour 17Clectrolyse 
est celui de la rtduction de ~ n " ,  E = -0,40 V, et la rtaction 
est effectute jusqu'h la consommation d'une quantitt d'tlec- 
tricitt correspondant h celle ntcessaire au passage du dtrivC 
dinitrC en dCrivC diaminC. Aprks extraction, le produit brut de 
rtaction est analyst par chromatographie en phase vapeur 
(CPV), RMN et spectromttrie de masse couplte h la CPV. Sa 
composition comprend une quantitC de DADB qui ne dCpasse 
pas 50%, celle du dCrivt amino-hydroxylC HO-R-R-NH2 peut 
atteindre 38% et le dtrivt HO-R-R-OH n'existe qu'h l'ttat de 
traces. Ces composts n'ont pu &tre sCparCs les uns des autres. 
Parmi les sous-produits formts, la spectromttrie de masse 
indique pour quatre d'entre eux (1 1% au total), des masses 
molaires respectives M = 258, M = 257, M = 257, M = 256 ce 
qui permet, compte-tenu de la fragmentation, d'tcrire les for- 
mules 

Pour les molCcules de masses M = 257 et M = 256, on pour- 
rait envisager des structures N-Cthoxyltes. Toutefois, dans la 
fragmentation du compost de masse M = 257, un pic h m/z = 
134 correspondant h l'ion radical 

nous fait penser que la position du groupement Cthoxy sur 
l'atome d'azote est peu probable. 

La formation des dCrivts hydroxylts a CtC Ctudite dans un 
travail prtctdent (17). Celle des composts tthoxylts peut &tre 
expliqute par l'hypothkse de mCcanismes faisant intervenir, 
en premier lieu, des rtactions de protonation compCtitives de 
la fonction hydroxylamine qui conduisent h des structures de 
type quinone-imine ou h des attaques nuclCophiles justifiant la 
substitution en position 4 ou 4' par des fonctions hydroxyles : 

En prtsence d'Cthano1, nous obtenons des composts qui 
posskdent un groupement -OC2H5 en position 3. Nous n'avons 
pas mis en Cvidence le dCrivt hydroxylC correspondant qui 
rksulterait d'une transposition de l'hydroxylamine. Une telle 
fixation prCfCrentielle du groupement Cthoxy a dtjh Ctt notCe 
dans le cas de la rtduction de nitronaphtalknes substituts en 
milieu H2S04-EtOH 50150 (56). 

Le pourcentage tlevC de ces sous-produits formCs avec le 
couple rCdox sn"/sn2+ alors qu'avec ~ i ~ + / T ' i ~ +  11s ' ne sont 
observCs qu'h l'ttat de traces, peut &tre lit5 au fait que les sels 
d'ttain rtduisent trks lentement les hydroxylamines en amines 
(57), ce qui permet aux attaques nuclCophiles de se dCvelop- 
per. 

Re'duction de l'acide dinitrostilb2ne disulfotzique 
En milieu H2S04 2,5 N, au potentiel de -0,05 V, la rtduction 
du DNSS en DASS est totale. Le produit de rtduction prtcipi- 
te au fur et h mesure de sa formation en cours d'tlectrolyse ce 
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Martre et al. 

qui permet de l'isoler de manikre simple par filtration avec un 
rendement de l'ordre de 90%. Aucun autre composC n'est 
detect6 en fin d'expirience. 

Alors que dans le cas du DNDB, la prCsence de TiOSO, 
amCliore le rendement de la rkaction en diamine en facilitant 
les contacts rCducteur - dCrivC dinitre puisque ce dernier est 
trks peu soluble dans l'eau, sa prCsence n'a pas d'intCrCt pour 
le DNSS. De m&me, des essais effectuks avec SnC1, au poten- 
tie1 E = -0,20 V, c'est-%-dire avant sa rCduction en sn0, n'ont 
pas modifiC de manikre sensible les rksultats. Le DASS est 
form6 avec un rendement similaire B celui obtenu sans couple 
redox ce qui montre que le cation sn2+ ne rCduit pas le dCrivC 
dinitrC. Nous avons vCrifiC par ailleurs que dans les m&mes 
conditions, un contact prolong6 entre le DNSS et SnCl, 
n'entraine pas la formation de DASS. La spectromCtrie de 
RMN permet de dCtecter, en plus du dCrivC diaminC, la 
prCsence d'un autre compose de structure symCtrique identifii 

la dihydroxylamine par spectromCtrie de masse (m12z = 200). 
Lorsque la rCduction est rCalisCe au potentiel de -0,40 V cor- 
respondant B la formation de sn0, le derive diaminC est obtenu 
de manikre presque exclusive. 11 est accompagnC seulement de 
traces de dihydroxylamine. 

En milieu HC1, au potentiel de -0,lO V, il se forme Cgale- 
ment un prCcipitC dont l'analyse confirme qu'il s'agit de 
DASS. Une Ctude par RMN de l'ensemble des produits mon- 
tre, en plus du DASS, la prCsence de la dihydroxylamine et 
parfois du composC amino-nitrC mais toujours en trks faibles 
quantites. 

~ lec tro l~se s  sur Clectrode de monel 
L'Clectrode de monel - alliage de nickel (213) et de cuivre 
(113) - est utilisCe B 1'Cchelle industrielle a cause de sa bonne 
rCsistance B la corrosion en milieu acide et de son coct relative- 
ment faible. Nous avons dejB CtudiC la reduction du nitroben- 
zkne en aminophCnol sur cet alliage (risultats non publiCs). La 
surtension de l'hydrogkne, peu importante sur ce type de 
matkriau, laisse supposer une compCtition entre le micanisme 
d'hydrogknation Clectrocatalytique et celui d'klectronation- 
protonation. Ainsi, au potentiel imposC E = -0,65 V 60°C 
aprks une consommation dlClectricitC Cgale 5 quatre fois la 
valeur thCorique, la proportion de DNDB rCduite est seulement 
de 50%. Si le rendement faradique n'est pas trks intkressant, le 
produit de rCduction est essentiellement le DADB pur avec un 
rendement par rapport au DNDB de l'ordre de 45%. 

Avec cette electrode comme avec 1'Clectrode de mercure, la 
prCsence de TiOSO, favorise grandement la formation du 
DADB dont le pourcentage atteint 90% si la concentration en 
TiOSO, est suptrieure au double de celle en DNDB initial. 
Aux concentrations moindres en couple rCdox, son effet est 
partiel, ainsi pour 6 x M, le rendement en DADB et de 
76% et l'on retrouve 6% de DNDB non reduit. Des produits 
secondaires apparaissent, en particulier les composCs hydro- 
xylCs. 

Duns le cas du  DNSS, le potentiel imposC de -0,30 V, bien 
que faiblement nCgatif, ne permet pas non plus d'Cviter la 
reduction du proton ce qui empCche que la riduction soit com- 
plkte et abaisse le rendement faradique. Le produit obtenu est 
un mClange de diamine avec en moindres proportions de la 
dihydroxylamine et des dCrivCs amino-nitrC et dinitrt non 
rCduit. La prksence de TiOSO, favorise la formation de 
diamine qui prCcipite au cours de 1'Clectrolyse. Le spectre de 

RMN du solide isole aprks sa transformation en sel de sodium 
confirme ce resultat. Seules des raies supplCmentaires corre- 
spondant a des traces de dihydroxylarnine sont visibles sur le 
spectre. 

~ lec tro l~se s  sur Clectrode d'etain 
La rkductiotz du DNDB, en milieu H,SO,EtOH 50150 5 
60°C, est effectuCe au potentiel de -0,65 V. La rCaction est 
lente mais I'intensitC du courant dCcroit rkgulikrement en 
fonction du temps. La quantitC d'electricite nCcessaire pour 
rCduire le derive dinitrC en totalit6 est supCrieure ii la valeur 
thCorique de 12 electrons par molCcule ii cause de la surtension 
d'hydrogkne de 1'Clectrode. Le rendement maximum en 
DADB n'exckde pas 50%. L'analyse chromatographique des 
produits de rCduction indique la formation de nombreux com- 
posCs, les principaux ont CtC identifies griice 2 la spectromCtrie 
de masse couplCe B cette technique. Le DADB est toujours 
accompagnC des composCs mono et dihydroxylCs HO-R-R- 
NH, et HO-R-R-OH dans des proportions respectives de 
l'ordre de 18% et 8%. Les quatre composCs CthoxylCs sont 
Cgalement formis, leur pourcentage total peut atteindre 15% 
et l'on peut envisager, B 1'Ctat de traces, l'existence des com- 
posCs HO-R'-R'-NH, (M = 301) et HOHN-R-R'-NH, (M = 
272) avec 

10C2H5 

et celle dCrivCs mono-nitrosCs (M = 256). La prCsence de ces 
derniers a pu Ctre confirmCe par voltammCtrie cyclique en 
milieu DMF. Nous retrouvons dans ces conditions un compor- 
tement semblable celui observC lors de la reduction sur Clec- 
trode de mercure en prCsence de SnCl,. 

En prCsence de TiOSO,, B des concentrations supCrieures B 
2 x M et au mCme potentiel de -0,65 V, la formation de 
DADB est favorisCe au detriment de tous les produits secon- 
daires qui se foment en son absence. Le rendement en DADB 
atteint 90%. I1 est bien cristallise et c'est pratiquement le seul 
produit qui soit extrait. 

Au cours des e'lectrolyses du DNSS, rCalisCes en milieu 
H2S04 2,5 N au potentiel de -0,65 V, un dCp6t se forme sur 
1'Clectrode. En fin de reaction, il est facilement dCtachable et 
laisse la surface de 1'Ctain trks brillante. Les analyses des 
extraits obtenus soit B partir de ce dCpBt soit de 1'Clectrolyte 
donnent des compositions similaires : la proportion de DASS 
est toujours majoritaire, les autres produits formCs sont des 
composCs di- et mono-nitrCs et de la dihydroxylamine. 

La prCsence de TiOSO, n'apporte pas de modifications : le 
dCp6t sur 1'Clectrode se forme de la m&me manikre et les pro- 
duits obtenus sont les mCmes. 

En milieu HCl, des essais a plusieurs potentiels dans le 
domaine d'utilisation possible compris entre -0,50 et  
-0,90V n'ont pas mis en Cvidence d'effets significatifs de ce 
paramktre sur les produits formCs, essentiellement le DASS 
avec des quantitCs plus ou moins importantes de dihydroxy- 
lamine. 

La chromatographie liquide haute performance (HPLC), 
par analyse de paires d'ions sur silices greffkes (58-63), s'est 
avCrCe Ctre performante tant au niveau analytique, dans le 
suivi des rCductions par les analyses d'tchantillons pCrio- 
diquement prClevCs, qu'au niveau prkparatif pour la separation 
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Fig. 2. Analyse par HPLC au cours d'une reduction Clectrochimique du DNSS sur Clectrode 
d'Ctain en milieu HCI j. 10% avec enregistrement du gradient de concentration de la phase mobile. 

temps / min 

des differents composCs de l'extrait. La figure 2 montre un 
exemple de chromatogramme obtenu au cours d'une rCduc- 
tion en milieu HCl. Elle correspond B l'analyse d'un prClkve- 
ment pendant une Clectrolyse sur Clectrode d'Ctain aprks 
consommation de 11 Clectrons par molCcule. Les pics corres- 
pondant aux diffirents produits sont nettement caracttrises. 
Cette mCthode nous a permis Cgalement de sCparer les com- 
posCs (Fig. 3) et en particulier d'isoler la dihydroxylamine (pic 
1) afin de pouvoir l'analyser par spectromCtrie de masse par 
ionisation Clectrospray. La diamine correspond au pic 3 du 
chromatogramme. Le pic 2 n'a pas CtC identifiC avec certitude 
mais comme aucun autre composC n'est detect6 sur les spec- 
tres de RMN, on peut envisager que ce pic corresponde une 
forme de la diamine obtenue par Cchange de cations Na+ et 
Bu4N+ par suite de la presence du rCactif Bu4NH2P0, dans les 
Cluants. Cet Cchange intervient en solution avec formation de 
paires d'ions qui posskdent des temps de rCtention differents 
en HPLC. Cette hypothkse est confortCe par le fait que la spec- 
tromCtrie de masse met en Cvidence un composC [DASS + 
Bu,N]- (mdz = 6 10,s). 

C. Reduction chimique par le reducteur 
snO electrogenere 

Les effets trks differents des couples rCdox Ti3+/~i4'  et snO/ 
sn2+ sur les rCductions Clectrochimiques nous ont incitCs h les 
comparer B ceux obtenus en rCductions chimiques par les deux 
rCducteurs ~ i ~ '  et snO prkalablement ClectrogCnCrCs. 

Reduction chimique du DNDB 
Le chlorure stanneux est rCduit Clectrochimiquement sur 

nappe de mercure au potentiel de -0,50 V B 60°C, dans la 
solution H2S04 5 N - EtOH. Ensuite, aprks arr&t de 1'Clec- 
trolyse, le DNDB, solubilisC dans une petite quantitC de DMF 
dCsoxygCnC, est introduit dans cette solution. Aprks la rCduc- 
tion, l'extrait obtenu est toujours ma1 cristallisC, de couleur 
rouge foncC, il est pfiteux et adhkre aux parois de verre. Les 
m&mes mCthodes d'analyses que prCcCdeinment - RMN, 
CPV et spectromttrie de masse couplCe B la CPV - ont 
Cgalement permis de caractkriser les produits formCs. Le 
pourcentage de DADB n'est pas supCrieur 2 50% et l'on 
retrouve les mCmes sous-produits qu'en rCduction Clectro- 
chimique sur Clectrode d'Ctain ou sur Clectrode de mercure en 
prtsence de SnCl,, c'est-&dire les composCs hydroxylCs, 
principalement HO-R-R-NH2 de l'ordre de 15% et quelques 
pourcents de HO-R-R-OH. Les composCs CthoxylCs se for- 
ment aussi, leurs pourcentages varient entre 15 et 20%. Plu- 
sieurs experiences avec des rapports S~'/DNDB differents 
n'ont pas permis d'obtenir le dCrivC amino-nitrC (ANDB) 
meme B 1'Ctat de traces alors que sa proportion pouvait attein- 
dre 70% avec Ti3+ (17); ceci peut &tre expliquC ici par la len- 
teur de la rCduction de l'hydroxylamine ce qui permet au 
rCducteur de rCagir sur les deux groupements NO2 en prioritC. 
La quantitC de DNDB non rCduit est fonction de la proportion 
relative de snO. 

Des essais de sCparation sur colonne de silice n'ont pas 
donnC de rCsultats totalement satisfaisants. En effet, 
l'extrait est difficilement solubilisC dans 1'Cluant et les pro- 
duits hydroxylCs n'ont pu &tre stparCs du DADB, qui n'est 
donc pas obtenu aussi pur qu'en rCduction chimique par 
Ti3'. 
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Fig. 3. Separation par HPLC des produits formCs lors d'une rCduction Clectrochimique du 
DNSS sur Clectrode d'etain en milieu HC1. ( 1 )  dihydroxylamine; (2) [DASS + Bu,N]-; (3) 
DASS; (4) ANSS. 

temps / min 

Reduction chimique du DNSS 
La riduction chimique du DNSS a CtC rCalisCe dans les deux 
milieux H,SO, 2,5 N et HCl h 10%. Le rCducteur snO est prCa- 
lablement ClectrogCnCrC sur Clectrode de mercure i partir du 
chlorure stanneux au potentiel de -0,50 V. 

Au cours de la reaction, pour des rapports S~'/DNSS de 
l'ordre de 611, il se forme un prCcipitC composC principalement 
de diamine avec une faible quantitC de dCrivC amino-nitrC 
(ANSS). La solution est traitCe aprks filtration selon le mode 
operatoire dCcrit en partie experimentale et nous identifions 
les composCs mono- et di-aminks dans un rapport 65/35 
accompagnCs de DNSS non rCduit qui peut atteindre 15 B 20%. 
Au total, la proportion ANSSIDASS est voisine de 60140 soit 
1Cgkrement infkrieure i celle de 85/15 obtenue pour la rCduc- 
tion par ~ i ~ +  dans les m&mes conditions (16). Cette diffirence 
peut s'expliquer par le fait que ~ i ~ +  est un rCducteur beaucoup 
plus efficace que SnO pour la rkduction des hydroxylamines 
(57). 

La comparaison de ces rCsultats avec ceux de la reduction 
du dinitrodibenzyle montre d'importantes diffkrences. En 
effet, la rCduction chimique du DNDB par SnO ne conduit pas B 
la formation du composC mono-aminC mais B celle de com- 
posCs hydroxylks. Cette constatation peut Etre interprCtCe par 
le fait que la reduction de l'hydroxylamine, toujours lente, 
intervient dans une zone de potentiel relativement plus ntga- 
tive (entre -0,40 et -0,75 V) dans laquelle se situe celle du 
systkme Sn2+/Sno, ce qui ne favorise pas le transfert d'Clec- 
trons et permet h des reactions de substitutions de se dCvelop- 
per, rendant la formation du dCrivC mono-aminC plus difficile. 

Au contraire, dans le cas du DNSS, 1'Ctude analytique a mon- 
trC qu'en raison de sa conjugaison, ce dernier est rCduit en 
milieu acide vers 0 V, en une Ctape unique mettant en jeu 12 
Clectrons par molCcule. De plus, la solubilitC du DNSS, beau- 
coup plus grande que celle du DNDB, permet un meilleur con- 
tact avec le rCducteur ce qui favorise le transfert dlClectrons et 
par consCquent la formation du dCrivC mono-amid. 

Conclusion 

Le 4,4'-dinitrodibenzyle Ctant trks peu soluble en milieu 
aqueux, la prCsence d'un couple rCdox accClkre dans tous les 
cas la rkduction Clectrochimique vraisemblablement en raison 
d'associations de type donneur-accepteur qui facilitent les 
Cchanges Clectroniques. Chaque type de rCducteur garde 
cependant sa spCcificitC et conduit h des mCcanismes dif- 
fCrents qui influent sur la sClectivitC des rkactions. Ainsi, quel 
que soit le matCriau de l'klectrode, TiOS04 favorise la forma- 
tion de la diamine et permet de l'obtenir pure avec un rende- 
ment supCrieur B 90%. L'effet de SnC12 est different. La 
quantitC de diamine n'exckde pas 50% des produits formCs et  
elle est toujours accompagnke de composts hydroxyles et 
CthoxylCs. 

Sur cathode de mercure, la diamine est le seul produit de 
rCduction de l'acide 4,4'-dinitrostilbkne 2,2'-disulfonique en 
milieu H,SO,. Elle est obtenue avec un tr6s bon rendement et  
l'intervention de TiOSO, ou SnC1, n'a pas d'effet sur la rCac- 
tion. L'utilisation d'klectrodes solides, mieux adaptCes en vue 
d'applications industrielles, permet Cgalement cette synthkse. 
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Sur 1'Clectrode d'Ctain, le DASS est form6 avec un meilleur 
rendement que sur 1'Clectrode de monel mais sur cette der- 
nikre, les rCsultats sont amCliorCs par l'action du couple rCdox 
Ti3+/Ti4+ en solution. Les produits secondaires sont identifits 
dans chaque cas et des mCthodes de dosage et de separation 
des produits (photodensitomCtrie, HPLC), mises au point pour 
cette Ctude, se sont avCrCes bien adaptCes et perforrnantes. 

La mCthode Clectrochimique permet de gCnCrer de rnanikre 
simple des rCducteurs dont le choix oriente la sClectivitC de la 
synthkse. Ainsi, dans le cas du DNDB, le rCducteur ~ n '  con- 
duit aux rn&mes produits que ceux obtenus par rCduction Clec- 
trochimique sur electrode d'Ctain ou sur electrode de mercure 
en prCsence de chlorure d'Ctain tandis qu'en choisissant la pro- 
portion du rCducteur Ti3+, il est possible de preparer le com- 
posC amino-nitrC rCsultant de la rCduction d'un seul 
groupement nitrC. Les rCsultats sont diffkrents dans le cas du 
DNSS pour lequel 1es deux rCducteurs ~ n '  et Ti3+ permettent la 
synthese de l'acide amino-nitrostilbkne disulfonique. Le ren- 
dement est 1Cgkrement supCrieur avec ~ i ~ + .  Les rCsultats ne 
sont pas modifiCs par la nature du milieu acide, H,S04 ou HCl 
B 10%. 

Partie experimentale 

Les principales caractkristiques des produits et des solvants 
ainsi que les techniques utilisCes et les conditions des expCri- 
ences ont dCjB CtC dCcrites (14, 16, 17). 

Appareils - conditions des expkriences - produits 
Nous rappelons seulement que les cellules Clectrochimiques 
sont thermostatkes A 60°C pour la reduction du DNDB et ?I 
30°C pour celle du DNSS. Les dimensions des plaques consti- 
tuant les cathodes solides sont respectivement 40 x 50 mm 
pour celle de monel et 50 x 35 mm pour celle d'etain. La 
cathode de mercure a une diamktre de 72 mm. Les potentiels 
sont indiquCs par rapport B 1'Clectrode de reference au calomel 
saturC (ECS) et, dans toutes les Clectrolyses, l'anode est une 
plaque de plomb. 

Le 4,4'-dinitrodibenzyle est un produit industriel recristal- 
lisC dans le tolukne et le 4,4'-dinitrostilbkne-2,2'-disulfonate 
de sodium est un produit commercial TCI. Les dCrivCs 
diaminCs, qui ont perrnis de confirmer l'identification des pro- 
duits de reduction, sont respectivement d'origines Aldrich et 
Lancaster. Pour chaque composC, les deux formes, acide et sel 
de sodium, ont la m&me abrCviation dans le texte, soit DNDB 
et DNSS pour les dinitrCs et DADB et DASS pour les 
diaminCs. Le sulfate de titanyle TiOSO,, xH,SO,, xH,O est un 
produit Aldrich. Le cornplexe tetrachlorure de titane - tCtrahy- 
drofurane et le chlorure stanneux dihydratC sont des produits 
Fluka. 

Extraction, separation et caracterisation des produits de 
reduction 

Aprks les electrolyses ou les reductions chirniques, des 
polarographies ou des voltammCtries cycliques effectuCes sur 
la solution permettent de dCtecter la prCsence des composes 
rCductibles (dCrivCs amino-nitrC et dinitrC non rCduit). 

Les solutions d'Clectrolyses sont concentrCes puis neutra- 
lisCes par une solution de soude et CvaporCes. Les produits de 
rkduction du DNDB sont extraits B 1'Cther tandis que ceux du 
DNSS le sont avec du DMF. L'identification et la composition 
des extraits secs sont dCterminCes par spectrornCtrie de RMN 

'H (CDCI,), chromatographie en phase vapeur (CPV) et spec- 
tromCtrie de masse couplCe B la CPV pour le DNDB. Dans le 
cas du DNSS, les caractkristiques de RMN 'H (DMSO-d,) des 
DNSS, DASS et ANSS ont CtC dCtermintes dans une Ctude 
prCcCdente (l6),  celles de la dihydroxylamine (dkplacements 
chimiques (en ppm) par rapport au TMS, avec les m&mes con- 
ventions que pour les autres dCrivCs) sont : 7,06 ( 2 ~ ( ~  " "), 
doublet J = 2,4 Hz), 6,16 ( 2 ~ ( ~  " 5'), doublet J = 2,4 Hz et 
doublet J = 8,2 Hz), 6,75 ( 2 ~ ( ~ " ~ ' ) ,  doublet J = 8,2 Hz), 6,86 
( 2 ~ ' "  "'), singulet), 5,O 1 singulet). 

Les produits sont sCparCs par chromatographie sur colonne 
de silice et analyses par chromatographie sur couche mince 
sur plaque de silice avec comme Cluants le mClange tolukne- 
acCtone 80120 ou tolukne-mCthanol 90110 dans le cas du 
DNDB et le mClange DMF-chloroforme 50150 dans le cas du 
DNSS. La mise au point d'une mCthode par photodensitom& 
trie associCe a cette dernikre a permis le dosage des acides 
mono- et di-aminostilbknes disulfoniques (64). Le DASS, qui 
est insoluble en milieu acide, peut Ctre is016 de la solution par 
filtration rnais sa purification et sa caractkrisation spec- 
troscopique nkcessitent sa mise sous la forme de sel de 
sodium. 

La chromatographie liquide B haute performance (HPLC), 
technique nouvelle dans cette Ctude, a CtC effectuCe sur un 
appareil Gilson CquipC de deux pornpes avec chambre de 
mClange, d'une vanne d'injection Rheodyne de 20 pL pour les 
mesures analytiques et de 500 p,L pour les ~Cparations de pro- 
duits. Un dCtecteur spectrophotomCtrique UV 1 17 permet deux 
dCtections simultanCes, les longueurs d'onde choisies corre- 
spondent aux maxima d'absorbance du DNSS (X = 354 nm) et 
du DASS (X = 340 nm). Pour les mesures analytiques, la co- 
lonne de silice greffCe de chaines octadCcyle C18, de granu- 
lomCtrie 5 pm, est de type Spherisorb, sa dimension est 100 x 
4,6 mm. Pour les ~Cparations 2 1'Cchelle prkparative, la co- 
lonne est de modkle Rainin Instrument Company DYN FAST 
PCLC C18, de granulomktrie 3 p,m, de dimension 50 x 21,4 
mm. La phase mobile est un mClange eau-methanol contenant 
le contre-ion. L'eau est dCionisCe, distillCe et passCe dans une 
cartouche Millipore. Le methanol, de qualit6 RS pour HPLC 
Carlo Erba, est dCsaCrC aux ultra-sons. Le rCactif de paire 
d'ions est une solution aqueuse d'hydrogCnophosphate de 
tCtrabutylammonium (Bu,NH,PO,) et les Cluants sont prC- 
pares suivant la mCthode dCcrite par S.K. Hammond et al. 
(62). Les analyses chromatographiques sont programmCes par 
le logiciel GILSON 7 15 GME. Le composC est mis en solution 
dans 1'Cluant aqueux et injectC. Les meilleurs rCsultats sont 
obtenus en gradient de concentration de 22% i 60% d'Cluant 
mCthanolique en 8 rnin, suivi d'un palier B 60% pendant 3 min 
et du retour aux conditions initiales en 2 min avec rCCquili- 
brage de la colonne. 
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intramolecular Diels-Alder reactions of 
2H-thiopyran dienes 

Dale E. Ward, Thomas E. Nixey, Yuanzhu Gai, Matthew J. Hrapchak, 
and M. Saeed Abaee 

Abstract: A systematic survey of IMDA reactions of 4-[tris(2-methylethyl)silyl]oxy-2H-thiopyran derivatives with potential 
dienophiles tethered at the C-2, C-3, C-5, and C-6 positions is presented. Cycloaddition was not observed with a C3 or C4 tether 
and an unactivated terminal olefin as dienophile. IMDA adducts could be obtained when dienophiles activated by a 
carbomethoxy group were employed. Compounds having the activated dienophile attached via a C3 tether to C-2 of the 2H- 
thiopyran gave adducts with high stereoselectivity. Substrates having the dienophile attached to C-3 with a C j  or C, tether 
cyclized readily. With an (E)-enoate as the dienophile, the stereoselectivity was poor (endo:exo = 1.1-2.5: 1) and essentially 
independent of reaction conditions (i.e., thermal vs. Lewis acid mediated). With the (a-enoate,  a 7: 1 mixture of enclo:e.ro IMDA 
adducts was obtained under thermal conditions; with Lewis acid catalysis, isomerization of the dienophile was competitive with 
cycloaddition. Type I1 IMDA adducts were not observed with C-5 tethered substrates. Compounds having the dienophile 
attached to C-6 via a C j  or a five-atom tether also failed to give IMDA adducts. No evidence for isomerization of the 2H- 
thiopyran dienes by [1,5] sigmatropic rearrangement was observed. The etzclo adducts from IMDA reactions of the C-3 tethered 
substrates can be desulfurized to obtain synthetically useful trarzs-fused hydrindans and decalins with angular methyl groups. 

Key words: intramolecular Diels-Alder, 2H-thiopyran, cis-substituted 1,3-diene surrogate, trntls-octahydro-3a-methyl-IH- 
indene derivatives, trcirls-decahydro-4a-methylnapthalene derivatives. 

RCsumC : On prCsente une Ctude des rCactions DAIM des dCrivCs du 4-[tris(2-mCthylCthyl)silyl]oxy-2H-thiopyrane avec des 
diknophiles potentiels attach& en positions C-2, C-3, C-5 et C-6. On n'observe pas de cycloaddition avec des laisses de 3 ou 4 
atomes de carbone et une olCfine terminale dCsactivCe comme dienophile. Les adduits DAIM peuvent Ctre obtenus lorsque l'on 
utilise des dienophiles activCs par un groupe carbomCthoxy. Les composCs ayant le diCnophile attach6 par une laisse de 3 
carbones attachCe au carbone en position 2 du 2H-thiopyrane donne des adduits avec une trks grande stCrCosClectivitC. Les 
substrats ayant un diCnophile attach6 en C-3 avec une laisse de 3 ou 4 atomes de carbone se cyclisent rapidement. Si on utilise un 
(E)-Cnoate conime diCnophile on obtient une faible stCrCosClectivit6 (et~clo : exo = 1,l-2,5 : I ) qui est independante des conditions 
de rCaction (c.-i-d., thermique versus une catalyse par acide de Lewis). Avec un (a-Cnoate on obtient un mklange d'adduits 
DAIM etlclo : eso dans la proportion de 7 : 1 par voie thermique tandis que la catalyse par un acide de Lewis conduit une 
compCtition entre I'isomCrisation du diCnophile et la cycloaddition. On n'a pas observe d'adduits DAIM de type I1 avec les 
substrats liCs en C-5. Les composCs ayant un diCnophile attach6 en C-6 via une liesse de 3 ou de 5 atomes de carbone ne donnent 
pas non plus d'adduits DAIM. On n'a pas pu mettre en evidence I'isomCrisation des diknes 2H-thiopyranes par rearrangement 
sigmatropique [1,5]. Les adduits etldo obtenus h partir des reactions DAIM des substrats liCs en C-3 peuvent &tre dCsulfurisCs 
pour obtenir des hydrindanes condenses en position rrntls et des dCcalines avec des groupes niCthyles angulaires trks utiles en 
synthkse. 

Mots elks : Diels-Alder intramolCculaire, 2H-thiopyrane. substitut pour les diknes s~~bstituks en position cis, dCrivCs trc~tzs- 
octahydro-3a-mCthyl- I H-indkne, dCrivCs rratls-dCcahydro-4a-mCthy lnaphtalkne. 

[Traduit par la redaction] 

Introduction of wide generality, atom economy, and predictable regio- and 
stereoselectivity contribute to the unrivaled synthetic utility of 

Despite its long history ( l ) ,  the Diels-Alder reaction contin- this reaction, One of the few limitations of the ~ i ~ l ~ - ~ l d ~ ~  
ues to be of fundamental importance to the theory and practice reaction is the poor reactivity associated with cis-substituted 
of organic chemistry (2). The increase in molecular complex- dienes (3). As a consequence, certain stereochemical arrays 
ity resulting from the simultaneous formation of two u-bonds are not readily generated by a Diels-Alder cycloaddition (see 
and up to four stereogenic centers coupled with the attributes schelne 1). -, 

In an effort to address this problem, we have been investi- 
gating a strategy involving the use of 2H-thiopyrans as func- 

D.E. ward,' T.E. Nixey, Y. Gai, M.J. Hrapchak, and M S .  tional equivalents to cis-dienes (4-8). Previous work has 
Abaee. Department of Chemistry, University of Saskatchewan, established that the Diels-Alder adducts from reactions of 2H- 
1 10 Science Place, Saskatoon, SK S7N 5C9, Canada. thiopyrans with dienophiles are, after desulfurization, synthet- 
' Author to whom correspondence may be addressed. ically equivalent to adducts derived (in principle) from unre- 

Telephone: (306) 966-4656. Fax: (306) 966-4730. Internet: active cis-dienes (Scheme 1). We have developed methods for 
WardD@sask.usask.ca the preparation of a wide variety of substituted 2H-thiopyrans 

Can. J. Chem. 74: 1418-1436 (1996). Printed in Canada 1 ImprimC au Canada 
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Scheme 1. 

TMSO 

wh - 
CDCI3, 60 "C 0 - 

I 0  

TMSO a 
(4-9) and have systematically investigated their Diels-Alder 
reactivity under a variety of conditions (4-8). The reactions of 
2H-thiopyrans bearing suitable activating substituent(s) with 
reactive dienophiles (e.g., maleic anhydride, maleimide) give 
predominantly elldo adducts in good yield (4,5). The reactions 
are slower using less reactive dienophiles (e.g., acrylate, cro- 
tonate) and modest yields are obtained because thermal 
decomposition of the diene competes effectively with cyclo- 
addition (5). Lewis acid mediated reaction at lower tempera- 
tures is often satisfactory in these cases (6, 7). 

The intramolecular Diels-Alder (IMDA) reaction has 
emerged as a powerful synthetic method for the stereoselec- 
tive construction of polycyclic ring systems in a single step 
(10). The attenuated reactivity of cis-substituted dienes also 
limits the scope of the IMDA reaction, although not as 
severely as the intermolecular counterpart (lo).' Relatively 
few examples of IMDA reactions involving conformationally 
mobile (i.e., capable of s-cis and s-tratts conformers) cis- 
dienes (12) or 1,l-disubstituted- 1,3-dienes (1 3) have been 
reported. Many of these examples involve particular structural 
elements that favor an s-cis conformation of the diene despite 
the cis substitution. Because (a-dienes often undergo IMDA 
cyclization with a much higher degree of stereoselectivity than 
the corresponding (E) isomers (lo), the incorporation of a ( a -  
diene moiety to serve as a stereochemical control element in an 
IMDA reaction can be an attractive tactic (10). However, this 
approach is limited by the reduced reactivity of (a-dienes, 
which can preclude IMDA reaction3 in favor of competitive 
pathway(s) including the loss of stereochemical integrity by 
[1,5] sigmatropic rearrangement and (or) diene isomeri~ation.~ 
Preliminary results on the feasibility of using 2H-thiopyrans as 
surrogates for cis-dienes in IMDA reactions to address this 
limitation were reported (8). In this paper we present a full 

An often cited report (120) claims similar IMDA reactivity for the 
methyl esters of (2E,7E)- and (2E,7Z)-2,7,9-decatrienoic acid. 
Interpretation of these results in light of those of Roush ( 1  1) leads 
to the conclusion that the 7E isomer is considerably more reactive 
than the 72 isomer. 

' For examples, see refs. 120, 12b, and 13c. 
For examples, see refs. 12j, 12m, and 12n. 

Fig. 1. Possible IMDA adducts from 4-(triisopropylsily1)oxy-2H- 
thiopyran dienes with dienophiles attached at various positions. 

<-. tether C-2 tether f TIP SO@^)^ 

T'ps0&\-5 tether C-3 tether T ~ P s o $ J / ~ ~  

(CH2)n R 

account of our investigations of IMDA reactions of 2H-thio- 
pyrans.s 

Results and discussion 

Our previous work on intermolecular Diels-Alder reactions of 
2H-thiopyrans had established the 4-(triisopropylsilyl)oxy 
derivative as a moderately reactive but somewhat unstable 
diene (4-8). A systematic study of the reactivity of this diene 
in IMDA reactions was undertaken. A series of substrates with 
various dienophiles attached to each of the four possible posi- 
tions of 4-(triisopropylsilyl)oxy-2H-thiopyran by a 3- or 4- 
atom tether were required (Fig. 1). Because our goal was to 
evaluate IMDA reactivity, we adopted a simple synthetic 
strategy to produce all of the isomeric compounds from com- 
mon intermediates. 

Unactivated terminal alkene dienophiles were chosen for 
the first series of substrates. The desired compounds were pre- 
pared from the known p-ketoester 1 (15) according to Scheme 
2.6 Alkylation (16) of 1 with 5-bromopentene (17) or 6-bro- 
mohexene (17) gave 2a and 2b, respectively, in modest yields 
along with products of 0-alkylation and ring fragmentation 
(18)- he decarboxylation of compounds such as 2 can be dif- 
ficult (16b), and only a modest yield of 3 was obtained from 2 
even using the recommended conditions (166). Dehydrogena- 
tion of 3 by reaction with N-chlorosuccinimide (NCS) accord- 
ing to the known procedure (19) proceeded with poor 
regioselectivity, as expected (20), to give inseparable 1.2: 1 
mixtures of 4 and 5, respectively. The mixtures of 4d5a and 
4b15b were individually converted into 1.2: 1 mixtures of 6a/ 
7a and 6bl7b by treatment with triisopropylsilyl trifluoro- 
methanesulfonate (TIPSOTf) and Et,N (5). Alternatively, CuI 
mediated conjugate addition (21; ;ee also ref. 166) of the 
Grignard reagent derived from 5-bromopentene or 6-bromo- 

-- - 

For a recent example involving IMDA reaction of 3H- 
benzofuro[3,2-clthiopyran diene, see ref. 14. 
Reactions in Schemes 2-4 were not optimized. Considerable 
literature precedent suggests that many of these transformations 
would proceed in high yield if conditions were optimized for the 
particular substrate. Because our objective was to assess IMDA 
reactivity, the synthetic scheme was chosen to achieve diversity 
(as opposed to selectivity) and synthetic reactions were typically 
performed only once or twice using the published procedures "as 
is." 
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Scheme 2. 
a: NaH, NaI, RX, acetone, reflux; b: LiI, 20% DMFvaq,, reflux; 
c: NCS, pyridine, CH,CI,; d: TIPSOTf, Et3N; e: MnO,, CH2C12; 
f: RMgBr, CuI, DMS. 

OTIPS 

7a n = 3  
7b n = 4  

9a n = 3  
9b n = 4  

d 

OTlPS 

d 

hexene to 8 (21) followed by decarboxylation of the resulting 9 
produced 10. Treatment of 10 with NCS gave separable mix- 
tures of 11 and 12 with the former predominating by a ratio of 
ca. 2.5:l. The 6- and 2-substituted 2H-thiopyrans 13 and 14 
were readily derived from 11 and 12, respectively, by reaction 
with TIPSOTf. Individual solutions of the IMDA substrates 
6a/7a, 6b/7b, 13a, 13b, 14a, and 14b in degassed C6D6 Or 
C6D5CD3 containing 2,6-di-tert-butyl-4-methylphenol (BHT) 
were heated in sealed NMR tubes at temperatures up to 200°C 
for several days, resulting in complete decomposition of the 
substrates. The reactions were monitored by 'H NMR and, in 
no case, was the presence of an IMDA adduct indicated. Only 
products arising from desilylation (i.e., 4,5,11,12) and oxida- 
tion (i.e., 15,16) were detected (4, 5). 

In an effort to enhance the IMDA reactivity, substrates with 
methyl 2-alkenoates as activated dienophiles were investi- 
gated. The preparation of compounds with the dienophile teth- 
ered at C-3 and C-5 of the 2H-thiopyran is outlined in Scheme 
3.6 Because of the low yields previously obtained in the decar- 

Scheme 3. 
a: NaH, NaI, RX, acetone, reflux; b: (Ph,P),Pd(O), morpholine, 
THF; c: NCS, pyridine, CH2C12; d: (i) HCLO,, acetone, 
(ii) Ph3P=CHC02Me, MeOH; e: TIPSOTf, Et3N. 

OTlPS 

boxylation of 2 and 9, we began with the known ally1 P- 
ketoester 17 (22). The Pd(0) catalyzed decarboxylation of 
alkylated derivatives of 17 is reported to be much more effi- 
cient than LiI-DMF decarboxylation of the analogous methyl 
esters (22). Alkylation of 17 with 2-(3-bromopropy1)-1,3- 
dioxolane (23) or 2-(4-bromobuty1)- l,3-dioxolane (24) gave 
18a and 18b, respectively, in good yields. In each case, decar- 
boxylation of 18 proceeded smoothly to give 19, which 
reacted with NCS and pyridine to produce an inseparable mix- 
ture of enones 20 and 21 with a slight excess of the former. 
The individual mixtures of 20d21a and 20bl21b were treated 
with aqueous acid to provide the corresponding aldehydes, 
which were immediately olefinated under conditions to maxi- 
mize the proportion of (a-enoate formed (25). In both cases, a 
separable 1.7: 1 mixture of (E)-enoates and (a-enoates was 
obtained. Neither the (E)-enoates (22 and 23) nor the ( a -  
enoates (24 and 25) could be separated from each other and 
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Ward et al 

Scheme 4. 
a: Mn02, CH,Cl,; b: (i) RMgBr, CuI, DMS, (ii) (Ph,P),Pd(O), 
morpholine, THF; c: (i) HClO,, acetone, (ii) Ph,P=CHCO,Me, 
MeOH; d: NCS, pyridine, CH2C1,; e: TIPSOTf, Et,N. 

TlPSO 

were isolated in the same ratio as that of the precursors 20 and 
21 (i.e., 22:23 and 24:25 = ca. 1.25: 1). The individual mixtures 
of 22d23a, 22b/23b, 24a/25a, and 24b/25b were converted in 
the usual way into the corresponding mixtures of 2H-thio- 
pyran isomers 26d27a, 26b/27b, 28d29a, and 28b/29b, 
respectively. 

The preparation of 2H-thiopyrans with an activated dieno- 
phile attached at C-2 and C-6 is outlined in Scheme 4.6 Conju- 
gate addition of the Grignard reagent prepared from 2-(3- 
bromopropy1)- l,3-dioxolane to 32 (22) gave 33 in good yield. 
Hydrolysis and Wittig reaction of 33, as described above, gave 
a separable 1.8: 1 mixture of 34 and 35, respectively. Oxidation 
of 34 with NCS gave 36 and 37 (2: 1); a similar oxidation of 35 
provided 38 and 39 (1.5: 1). The IMDA substrates 40-43 were 
prepared by reaction of TIPSOTf with 3639 ,  respectively. 

The trienes 2 6 2 9  and 40-43 were produced in near quanti- 
tative yield as judged by 'H NMR immediately after work-up; 
however, they were used immediately without further purifi- 
cation because of instability. In general, these IMDA sub- 
strates were highly prone to oxidation and were readily 
converted to the corresponding 4H-thiopyran-4-ones (i.e., 30, 
31, 44) upon heating in solution (or even on standing, espe- 
cially neat). In the presence of BHT (4, 5), degassed solutions 
of the trienes at elevated temperatures were relatively stable 
towards oxidation for several days. The results of attempted 
IMDA reactions of 2 6 2 9  and 4 M 3  are presented in Table 1. 

A C6D6 solution of a 1.2: 1 mixture of 26d27a containing 
BHT (0.15 equiv.) was heated at 140°C. After 96 h, the 'H 
NMR spectrum of the reaction mixture-indicated the absence 
of 27a and the presence of two products along with 26a and a 
small amount of 30a. Product isolation was facilitated by 
treatment of the crude reaction mixture with HF(,,, to hydro- 
lyze the silyl en01 ethers. The two IMDA adducts 45 and 46 
were obtained in 55% and 43% yields, respectively (based on 
23a). In light of these results, analysis of the 'H NMR spec- 
trum of the mixture of 26d27a obtained by treatment of 22d  
23a with TIPSOTf (1.2 equiv.) in the presence of Et,N 
revealed the presence of a small amount (< 10%) of the same 
two products observed above and indicated that TIPSOTf 
alone could promote the IMDA r e a ~ t i o n . ~  Reaction of the 
mixture of 22d23a with TIPSOTf (2 equiv.) for 2 h followed 
by HF work-up gave 45 (44%) and 46 (42%) in good yield 
(based on 23a) in addition to recovered 22a (8 1 % based on 
22a). Similar results were obtained in a Lewis acid catalyzed 
reaction. Addition of EtAlCl, (0.4 equiv.) to a C6D6 solution 
of a 1.2: 1 mixture of 26d27a resulted in consumption of 26a 
within 3 min ('H NMR) and 45 (38%) and 46 (34%) were iso- 
lated in 38% and 34% yields, respectively, after HF work-up 
and chromatography. Heating a 1.2: 1 mixture of 28d29a as 
above (140°C, 96 h) gave the IMDA adducts 47 (70%) and 48 
(10%). However, reactions promoted by TIPSOTF or EtA1Cl2 
gave product mixtures and yields similar to those obtained 
from 26d27a, indicating that isomerization of the dienophile 
occurs faster than IMDA reaction under these cond i t i~ns .~  

Because of the short tether length and enforced unfavorable 
regiochemistry, type I1 IMDA adducts from 26a (and 28a) 
were not expected (27). However, Diels-Alder adducts could, 
in principle, be derived from 26a by initial rearrangement to 
27a by a [1,5] sigmatropic H migration (or other mechanism)? 
To  test this possibility, isomerically pure 26a was prepared 
from 22a recovered from the TIPSOTf mediated IMDA reac- 
tion of the 26d27a mixture. No IMDA adducts were detected 
after heating a C6D6 solution of 26a containing BHT (0.15 
equiv.) at 140°C for 4 days. Further heating up to 180°C only 
resulted in extensive decomposition. Similarly, treatment of 
26a with EtAlC1, failed to produce any IMDA adduct. 

' For examples of silyl triflate mediated Diels-Alder reactions see 
ref. 26. 
47 was shown to be stable to the EtAlCl, reaction conditions. 
For an example of isomerization of 2H-thiopyrans under similar 
conditions, see ref. 5. 
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Table 1. Attempted IMDA reactions of 4-(triisopropylsily1)oxy-2H-thiopyran dienes. 

Can. J. Chem. Vol. 74, 1996 

Entry Substrate(s) Conditions" IMDA adduct(s) (% yield)" 
- -  

Thermal ( 150-200°C) 

Thermal (140°C. 96 h) 
TIPSOTf (2 h) 
EtAICI, (3 min) 

Thermal (140-1 80°C) 
TIPSOTf (24 h) 
EtAIC1, (30 min) 

Thermal (170°C, 60 h) 
EtAICl, (30 min) 

Thermal (140°C, 96 h) 
TIPSOTf (24 h) 
EtAIClz (3 min) 

Thermal ( 140-1 80°C) 
TIPSOTf (24 h) 
EtAIC1, (30 min) 

Thermal ( 140-1 80°C) 
TIPSOTf (24 h) 
EtAlCl? (30 min) 

Thermal (175"C, 17 h) 
TIPSOTf (13 h) 

EtAlC1, (7 h) 
Thermal ( 140- 180°C) 

TIPSOTf (24 h) 
EtAlCl? (30 min) 

Thermal (1 80-2 1O0C, 17 h) 
Thermal (80- 180°C) 

EtAIClz (30 min) 
Thermal (80-1 80°C) 

EtAICI, (30 min) 

None 
None 
None 

45 (53 ,  46 (43) 
45 (44), 46 (42) 
45 (38), 46 (34) 

Nonec 
None 

49 (40), 50 (15) 
49 (37). 50 (14) 
49 (48), 50 (19) 
47 (70). 48 (10) 
45 (44), 46 (43) 
45 (34), 46 (27), 

47 (30), 48 ( t r a ~ e ) ~  
None 
None 

49 (ca. 25%)' 
None 
None 
None 

51 (86) 
51 (17) 
51 (34) 
None 
None 
None 

51 (30), 52 (33) 
None 
None 
None 
None 

"See experimental section. 
"Isolated yield based on the appropriate starting enone. 
'This result likely due to inefficient deoxygenation (see text). 
"Detected by 'H  NMR but not isolated. 
'This compound was not pure; other isomers, if present, were not isolated. 

Disappointingly, the expected IMDA adducts were not 
detected after heating C6D6 solutions of 1.3: 1 mixtures of 26bl 
27b or 28b129b at 140-1 80°C over several days. Only the oxi- 
dation products 30b and 31b were isolated after the usual HF 
work-up. Alternatively, EtA1C12 mediated reaction of a similar 
mixture of 26bJ27b gave 49 and 50 in 40% and 15% yields, 
respectively (based on 23b). Similar treatment of 28b129b also 
produced 49 (ca. 25%) but any isomeric adducts, if present, 
could not be isolated. No IMDA adducts were detected or iso- 
lated after individual treatment of 22bl23b or 24b125b with 
excess TIPSOTf in the presence of Et,N even after prolonged 
reaction times (24 h). To clarify the IMDA reactivity of 27b, a 
selective synthesis of 23b was undertaken using our newly 
developed protocol (9). Thus, tin hydride mediated addition of 
55 (28) to 54 gave 23b directly in 45% yield (Scheme 5 ) .  Heat- 
ing a degassed C6D6 solution of 27b (prepared from 23b) in a 
preheated oil bath at 170°C for 60 h resulted in the completed 
disappearance of 27b and the adducts 49 and 50 were isolated 

in 37% and 14% yield, respectively, after HF work-up. The 
previous failure of a mixture of 26bl27b to produce the same 
adducts under similar conditions is attributed to inefficient 
deoxygenation of the reaction solution, resulting in an 
increased rate of oxidation of the trienes at the expense of 
IMDA reaction. Treatment of 27b with EtAlC1, gave 49 
(48%) and 50 (19%) in a similar ratio and yield as previously 
obtained from a mixture of 26bl27b. 

Attempted IMDA reaction of 40 under thermal (140- 
1 80°C, several days), EtAlCl,, or TIPSOTf mediated condi- 
tions led only to decomposition. Similar results were obtained 
with 42. Alternatively, 41 gave 51 as the only product after 
heating at 175°C for 17 h. The same product was obtained 
from 41 under Lewis acid mediated conditions. Thermal reac- 
tion of 43 is slow at 175°C and heating up to 210°C gave 52 
(33%) along with 51 (30%). The formation of 51 in this reac- 
tion is due to competitive isomerization of 43 to 41 under the 
reaction conditions. 
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Ward et al. 

Scheme 5. 

Scheme 6. 
a: 2-Mercaptoethanol, NaH, THF; b: acryloyl choride or methyl 
fumaryl chloride, pyridine, CH,CI,; c: NCS, CCI,; d: TIPSOTf, 
Et,N. 

The failure of 4 0  and 4 2  to produce adducts (cf. 27, 29) is 
presumably the result of the unfavorable regiochemistry 
enforced by the short tether, thereby increasing the activation 
energy for IMDA reaction and precluding cycloaddition in 
favor of other pathways. T o  examine the possibility of effect- 
ing IMDA reaction of a C-6 tethered substrate that would 
allow favorable regiochemistry, compounds 6 2  and 6 3  were 
prepared according to Scheme 6. Addition of 2-mercaptoetha- 
no1 to 56  (19) produced 57, which was acylated with acryloyl 
chloride or methyl fumaryl chloride to give the unstable1' 58 
and 59, respectively. Individual treatment of 58 and 59 with 
NCS produced a mixture" of 60a,b and 61a,b, respectively, 
which were converted into the corresponding 2H-thiopyrans 
by reaction with TIPSOTf. Adducts from INIDA reaction of 
62a  and 63a  would be  synthetically equivalent (via desulfur- 
ization) to adducts from an analogous intermolecular Diels- 
Alder reaction. Thus 2-mercaptoethanol represents a potential 
temporary tether of the diene to the dienophile.I2 Unfortu- 
nately, all attempts to  effect IMDA reaction of 6 2  and 6 3  under 
thermal (in C6D6 Or (cD~),so) '~ o r  EtAlC1, mediated condi- 
tions failed to  produce any adducts. Presumably the 5-atom 
tether, the preference for an s-trans ester conformation (30), 

"' These compounds were very prone to elimination to give 56 and 
other by-products. 

' I  Chlorination under these conditions is precedented (20). 
" For a review of the use of silicon-based temporary tethers in 

IMDA reactions, see ref. 29. 
l 3  For a review of solvent effects in IMDA reactions see ref. 30. 

Fig. 2. Typical ,J(,,, and 'J(,,, coupling constants for 2H-thiopyran 
Diels-Alder adducts. 

and the instability of 6 2  and 6 3  combine to favor other path- 
ways in competition with IMDA reaction. 

The IMDA adducts1"5-52 were identified on the basis of  
their spectroscopic properties (IR, MS, 'H and I3c NMR). In 
all cases, the spectral data were fully consistent with the pro- 
posed structure. In general, spectral features (especially 'H 
and I3c NMR) for 45-52 were similar to those from adducts 
obtained by intermolecular Diels-Alder reactions of 4-(triiso- 
propylsily1)oxy-2H-thiopyran with acrylate and crotonate 
dienophiles (7). Stereochemical assignments were based o n  
the previously established trends (5, 7) in the 3 ~ , H  and 4~H1.1 

coupling constants outlined in Fig. 2. 
Desulfurization of the IMDA adducts can potentially pro- 

vide synthetically useful compounds. For example, trans- 
fused angularly methylated hydrindans (64) and decalins (65) 
are available by reactions of the endo adducts 4 5  and 49, 
respectively, with Raney nickel (see Scheme 7). The synthetic 
utility of such a process will be dependent on the degree to 
which the diastereoselectivity (i.e., endo vs. exo) of the IMDA 
reaction call be controlled. Interestingly, the endo selectivities 
in the reactions of 27a  (ca. 1.1: 1) and 2 7 b  (ca. 2.5: 1 )  are essen- 
tially independent of the reaction conditions (i.e., thermal vs. 
Lewis acid mediated) and are lower than 29a  ( 7 : 1 ) . ' h s  
expected, only a single isomer results from cycloaddition of  
4 1  and 43. 

" In principle, the same products could result from sequential 
Michael reactions (31). We favor a IMDA mechanism at present, 
because in no case have we detected or isolated the 
products from the "initial" Michael reaction. For a discussion see 
ref. 7. 

I s  For comparison, the uncatalyzed intermolecular Diels-Alder 
reaction between 4-(triisopropyIsilyl)oxy-2H-thiopyran and 
methyl acrylate is slightly endo selective (ca. 1.7:l); no adduct 
was obtained with methyl crotonate (7). Under Lewis acid 
mediated conditions (7), the reaction is exo selective with both 
methyl acrylate (1-1.6:l) and a crotonate derivative (2.5:l). In 
comparison to IMDA reactions of related acyclic dienes, thermal 
IMDA reactions of the methyl esters of (2Z,7E)- and (2E,7E)- 
2,7,9,-decatrienoic acids (i.e., C, tether) are unselective and the 
endo stereoselectivity for cycloaddition of the (2E,7E) isomer 
(but not the (2Z,7E) isomer) increases dramatically with Lewis 
acid catalysis (32a). Similarly, the uncatalyzed IMDA reactions 
(2Z.8E)- and (2Z,8E)-2,8,1O-undecatrienoates (i.e., C, tether) are 
also unselective but the erldo stereoselectivity for both isomers 
increases to ca. 9:l under EtAlCl, mediated conditions (32b). 
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Scheme 7. 

RaNi RaNi 
MeOH MeOH 

I 
M ~ ~ ~ c  64a a-OH ~ ~ 0 ~ ;  65a a-OH 

64b P-OH 65b P-OH 

In conclusion, we have systematically investigated the 
IMDA reactions of derivatives of 4-(triisopropylsilyl)oxy-2H- 
thiopyran with potential dienophiles tethered at the C-2, C-3, 
C-5, and C-6 positions. Cycloaddition was only observed 
when dienophiles activated by a carbomethoxy group were 
employed. Compounds having the dienophile attached to C-2 
with a C, tether gave adducts with high stereoselectivity. Sub- 
strates having the dienophile attached to C-3 via a C3 or C, 
tether cyclized smoothly. With an (E)-enoate as the dieno- 
phile, the stereoselectivity was poor (endo:exo = 1.1-2.5: 1) 
and essentially independent of reaction conditions (i.e., ther- 
mal vs. Lewis acid mediated). With the (Z)-enoate, a 7: 1 mix- 
ture of endo:exo IMDA adducts was obtained under thermal 
conditions; with Lewis acid catalysis, isomerization of the 
dienophile was competitive with cycloaddition. Type I1 IMDA 
adducts were not observed with C-5 tethered substrates. Com- 
pounds having the dienophile attached to C-6 via a C3 or a 5- 
atom tether also failed to give IMDA adducts. No evidence for 
isomerization of the 2H-thiopyran derivatives by [1,5] sigma- 
tropic rearrangement was observed. The endo adducts 
obtained from the C-3 tethered substrates can be desulfurized 
to obtain synthetically useful trans-fused angularly methyl- 
ated hydrindans,and decalins. 

Experimental 

General methods 
All solvents were distilled prior to use. Pyridine and Et3N were 
distilled from CaH, and stored over KOH pellets. Anhydrous 
solvents were distilled under argon as follows: DMSO and 
DMF from CaH, under reduced pressure ( 10- 15 Torr; 1 Torr = 
133.3 Pa) and stored over 3.A molecular sieves; ether and tet- 
rahydrofuran (THF) from benzophenone potassium ketyi; 
benzene, toluene, and CH,Cl, from P,O, and stored over 3A 
molecular sieves; MeOH from Mg(OMe),. Benzene solutions 
were degassed by bubbling argon through the solvent (solu- 
tion) followed by three freeze-thaw cycles under high vacuum 
(0.01 Torr). Unless otherwise noted, reactions were carried out 
under an atmosphere of argon and reaction temperatures refer 
to the bath. Concentration refers to removal of volatiles at 
water aspirator pressure on a rotary evaporator. 

Preparative TLC was carried out on glass plates (20 x 20 
cm) precoated (0.25 mm) with silica gel 60 F,,,. Materials 
were detected by visualization under an ultraviolet lamp (254 
nm) and (or) by treating a 1 cm vertical strip removed from the 
plate with a solution of phosphomolybdic acid (5%) contain- 
ing a trace of ceric sulfate in aqueous sulfuric acid (5% v/v), 
followed by charring on a hot plate. Flash column chromatog- 
raphy (FCC) was performed according to Still et al. (33) with 
Merck Silica Gel 60 (40-63 p m )  Medium pressure chroma- 
tography (MPC) was performed with minor modifications of 

the procedure reported by Taber (34). All mixed solvent elu- 
ents are reported as v/v solutions. 

Spectral data 
High-resolution (HRMS) spectra (exact mass measurement) 
were obtained on a double focussing VG 70E instument. Low- 
resolution mass spectra (LRMS) were recorded on a VG-70E 
or a single sectored, magnetic scanning MS- 12. EI ionization 
was accomplished at 70  eV and CI at 50 eV with ammonia or 
isobutane as the reagent gas; only partial data are reported. IR 
spectra were recorded on a Fourier transform interferometer 
using a diffuse reflectance cell; only diagnostic peaks are 
reported. Unless otherwise noted, NMR spectra were inea- 
sured in CDC1, solution at 300 MHz for 'H and 75 MHz for 
I3c. For I H  NMR, residual CHC1, in CDC1, was employed as 
the internal standard (7.26 6); for 13c NMR, CDC1, was 
employed (77.0 6). The 'H NMR chemical shifts and coupling 
constants were determined assuming first-order behavior. 
Multiplicity is indicated by one or more of the following: s 
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br 
(broad), ap (apparent); the list of coupling constants (4 corre- 
sponds to the order of the inultiplicity assignment. 'H NMR 
spectra were normally obtained with a digital resolution of 
0.244 Hz/pt (sweep width = 4000 Hz, FID = 32 K data points) 
and coupling constants are reported to the nearest 0.5 Hz. The 
'H NMR assignments were made on the basis of chemical 
shift and multiplicity and were confirmed, where necessary, 
by homonuclear decoupling and (or) NOE experiments. The 
multiplicity of ',c NMR signals refers to the number of 
attached H's (i.e., s = C, d = CH, t = CH,, q = CH,) and was 
determined by J-modulation (35). The 13c assignments were 
made on the basis of chemical shift, multiplicity, and consis- 
tency within a series of similar structures. Assignments for 13c 

signal of the same multiplicity and similar chemical shift (i.e., 
A6 < 1 ppm) are tentative. Elemental analyses were performed 
using a Perkin-Elmer 2400 CHN elemental analyzer. 

Materials 
Compounds 1 (15), 8 (21), 17 (22), 32 (22), 55 (28), 56 (19), 5- 
bromopentene (l7), 6-bromohexene (l7), 2-(3-bromopropy1)- 
1,3-dioxolane (23), 2-(4-bromobuty1)- 1,3-dioxolane (24), 4- 
[(trimethylsilyl)oxy]-2H-thiopyran ( 3 ,  and methyl fumaryl 
chloride (36) were prepared as reported. All other reagents 
were commercially available and, unless otherwise noted, 
were used as received. 

Gerzeral procedure for alkylation of 1 and 17 (16) 
NaH (1.2 equiv.) was added to a solution of NaI (1.0 equiv.) 
and the P-ketoester 1 or 17 in acetone (5 mL/mmol of P- 
ketoester). After stirring for 5 min at room temperature (rt), 
the alkyl halide (3 equiv.) was added and the reaction mixture 
was heated under reflux for 24 h. The resulting mixture was 
diluted with H20,  extracted with CH,Cl, (x3), and the com- 
bined organic layers were dried over Na,SO,, concentrated, 
and fractionated by FCC to give the products 2 or 18. 

General procedure for decarboxylatiotz of 2 and 9 (16b) 
LiI (3 equiv.) was added to a solution of the P-ketoester in 
20% (v/v) aqueous DMF (6 mL1mmol of P-ketoester) and the 
reaction mixture was heated under reflux until the starting 
material was consumed (3-5 days). The cooled (rt) reaction 
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mixture was diluted with CH,Cl, and washed with water. The 
aqueous layer was extracted with CH,CI, (x2) and the com- 
bined organic layers were dried over Na,SO,, concentrated, 
and fractionated to give the products. 

Gerzeral procedure for decarDoxylation of 18 and the product 
from conjugate additior~ to 32 (22) 

A solution of tetrakis(triphenylphosphine)palladium(O) (0.05 
equiv.), morpholine (10 equiv.), and the ally1 P-ketoester in 
THF (8 mL/mmol of P-ketoester) was stirred at rt for 24 h. The 
reaction mixture was concentrated and fractionated to give the 
products. 

General procedure for dehydrogerzatiotz of 3, 10, 19, 34, and 
35 (1  9, 20) 

NCS (1.00 equiv.) was added to a stirred solution of the sub- 
strate and pyridine (1.05 equiv.) in CH,Cl, (20 mL/mmol of 
substrate). After stirring for 10-30 min, the reaction mixture 
was washed with water, dried over Na,SO,, concentrated, and 
fractionated by FCC to give the products. 

General procedure for corljugate addition to 8 and 32 (21) 
A solution of the alkyl bromide (2.0 equiv.) in THF (1 mL/ 
mmol of bromide) was added to a stirred suspension of Mg 
turnings (2.2 equiv.) in THF (2 mL/mmol of bromide) and the 
resulting mixture was heated under reflux for 90 min (on occa- 
sion I2 crystals were added to initiate the reaction) and then 
was allowed to cool to rt. 

Dimethyl sulfide (1.3 mL/mmol of CuI) was added drop- 
wise over 5 min to a suspension of CuI (2.1 equiv.) in THF 
(0.65 mL/mmol of CuI) at -23OC. The resulting mixture was 
cooled to -78"C, and the Grignard reagent prepared above 
was added dropwise over 5 min. After 1.5 h, a solution of 8 or 
32 in dimethyl sulfide (2 mL/mmol of ketoester) was added 
dropwise over a 10 min period. The reaction mixture was 
stirred at -78°C for 1.5 h and then was diluted with ether, 
warmed to O°C, washed with NH4ClJ,,, and with H,O, dried 
over Na,SO,, concentrated, and fract~onated to give the prod- 
ucts. 

General procedure for Wittig homologation of 21 and 33 
A solution of the acetal and HCIO, (0.3 M, 3 equiv.) in acetone 
(50 mL/mmol of acetal) was stirred at rt for 48 h. Half-satu- 
rated NaHCO,(,,, (ca. 1 mL) was added and most of the ace- 
tone was evaporated at reduced pressure. The resulting 
mixture was diluted with H,O, extracted with CH,Cl, (x2), 
and the combined organic layers were dried over Na,SO, and 
concentrated to give a crude aldehyde(s) ('H NMR). Methyl 
(triphenylphosphorany1idene)acetate (1.2 equiv.) was added 
to the solution of crude aldehyde(s) in MeOH (20 mL/mmol of 
acetal). After stirring for 3.5 h, the reaction mixture was con- 
centrated and fractionated to give the E and Zenoates (ca. 1.5- 
2: 1). 

General procedure for preparation of 
4-[tris(2-methylethyl)silyl]oxy-2H-thiopyrans 

TIPSOTf (1.2 equiv.) was added to a solution of the enone and 
Et,N (2.4 equiv.) in CH,CI, (ca. 10 mL/mmol of enone). The 
reaction was monitored by TLC and, when the enone was 
completely consumed (typically 10-20 min), the reaction mix- 
ture was diluted with CH,Cl,, washed with saturated 

NaHCO,(,,,, dried over Na,SO,, concentrated, and placed 
under high vacuum (ca. 0.1 Torr) for 2 h. The crude products 
were characterized by 'H NMR, which, in each case, indicated 
essentially complete conversion of the enone to the silyloxy 
diene(s). The dienes were unstable (especially neat) and were 
used directly without further purification. 

General procedure for Diels-Alder reactions 

Thermal reactiotz: A solution of the crude silyloxy diene(s) 
(0.1-0.2 mmol) and BHT (0.15 equiv.) in C6D6 or C6D,CD3 (1 
mL) was degassed by several freeze-thaw cycles and sealed 
under vacuum in an NMR tube. The mixture was heated in an 
oil bath and the progress of the reaction was monitored by 'H 
NMR. When the diene was consumed, the reaction mixture 
was concentrated and the residue was dissolved in CH,CN (2 
mL) and HF (48-5 1% aqueous solution; 70 pL) was added. 
After stirring for 5 min, the reaction mixture was diluted with 
CH2Cl,, washed with saturated NaHC03(,,,, dried over 
Na,SO,, concentrated, and fractionated to give the products. 

Lewis acid catalyzed reaction: EtA1Cl2 (1 M solution in hex- 
anes, O.&1 equiv.) was added to a solution of the silyloxy 
diene(s) (0.1-0.2 mmol) in C6D, or CH2CI, (1-2 mL) at rt. 
After a suitable reaction time, the mixture was diluted with 
CH,Cl,, washed with saturated NaHC03(,q,, dried over 
Na,SO,, and concentrated. The residue was dissolved in 
CH3CN (2 mL) and HF (48-51% aqueous solution; 70 pL) 
was added. After stirring for 5 min, the reaction mixture was 
diluted with CH2C12, washed with saturated NaHCO,(,,,, dried 
over Na,SO,, concentrated, and fractionated to give the prod- 
ucts. 

TlPSOTf catalyzed reaction: In this case the general procedure 
for the preparation of the silyloxy dienes was followed except 
1.5-2.0 equiv. of TIPSOTf was used. After stirring for several 
hours, the reaction mixture was diluted with CH2CI2, washed 
with saturated NaHC03(,S,, dried over Na,SO,, and concen- 
trated. The residue was d~ssolved in CH3CN (2 mL) and HF 
(48-51% aqueous solution; 70 pL) was added. After stirring 
for 5 min, the reaction mixture was diluted with CH,Cl,, 
washed with saturated NaHCO,(,,,, dried over Na,SO,, con- 
centrated, and fractionated to give the products. 

IMDA reaction of 26a/27a 
IMDA adducts were obtained after PTLC (0.8% MeOH in 
CH2C1,). Thermal reaction of a 1.2: 1 mixture of 26a and 27a 
(prepared from a 1.2: 1 mixture of 22a and 23a; 37.8 mg, 0.157 
mmol) at 140°C for 96 h gave 45 (9.3 mg, 55%) and 46 (7.4 
mg, 43%). Lewis acid catalyzed reaction of a similar mixture 
of 26a and 27a (prepared from a 1.2: 1 mixture of 22a and 23a; 
55 mg, 0.23 mmol) for 10 min gave 45 (9.4 mg, 38%) and 46 
(8.5 mg, 34%). TIPSOTf catalyzed reaction (2 h) of a 1.2:l 
mixture of 22a and 23a (24 mg, 0.1 mmol) gave 45 (4.8 mg, 
44%) and 46 (4.5 mg, 42%). In each case a fraction containing 
a mixture of 22a and 30a ('H NMR), which could be further 
purified, was obtained. 

IMDA reaction of 28aL29a 
IMDA adducts were obtained after PTLC (50% ether in hex- 
ane). Thermal reaction of a 1.2: 1 mixture of 28a and 29a (pre- 
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pared from a 1.2: 1 mixture of 24a and 25a; 18 rng, 0.075 
mmol) at 140°C for 96 h gave 47 (5.7 mg, 70%) and 48 (0.8 
rng, 10%). Lewis acid catalyzed reaction of a similar mixture 
of 28a and 29a (prepared from a 1.2: 1 mixture of 24a and 25a; 
22 mg, 0.092 rnrnol) for 10 rnin gave 45 (3.4 mg, 34%), 47 (3.0 
mg, 30%), and 46 (2.7 mg, 27%). TIPSOTf catalyzed reaction 
(24 h) of a 1.2: 1 mixture of 24a and 25a (14.6 mg, 0.061 
mmol) gave 45 (2.9 mg, 44%) and 46 (2.8 mg, 43%). In each 
case a fraction containing a mixture of 22a (24a in the thermal 
reaction) and 30a (31b in the thermal reaction) ( 'H NMR) was 
obtained but not further purified. 

I M D A  reaction of 27b 
IMDA adducts were obtained after FCC (20-75% EtOAc in 
hexane). Thermal reaction 27b (prepared from 23b; 58 mg, 
0.23 mmol) at 170°C for 60 h gave 49 (23 mg, 40%) and 50 (8 
mg, 14%) along with 23b (1 1 rng, 19%) and 30b (1 1 mg, 
19%). Lewis acid catalyzed reaction of 27b (prepared from 
23b; 13 rng, 0.041 rnmol) for 30 rnin gave 49 (5 mg, 48%) and 
50 (2 rng, 19%) along with 23b (2 rng, 19%) and 30b (0.8 rng, 
8%). A similar reaction of a 1.3: 1 mixture of 26b and 27b (pre- 
pared from a 1.3: 1 mixture of 22b and 23b; 46 rng, 0.181 
rnmol) for 30 min gave 49 (8 mg, 40%) and 50 (3 mg, 15%). 
No adducts were obtained in TIPSOTf catalyzed reactions. 

I M D A  reaction of 28b and 296 
No adducts were obtained from attempted thermal or TIPSOTf 
catalyzed reactions of a 1.3:l mixture of 28b and 29b. A 
EtAlCl, mediated reaction of a 1.3: 1 mixture of 28b and 29b 
(prepared from a 1.3: 1 mixture of 24b and 25b; 23 rng, 0.089 
mrnol) for 30 min gave 49 (3 rng, slightly impure; ca. 25%) 
after fractionation (PTLC; 50% ether in hexane). Other iso- 
mers, if present, could not be isolated. Fractionation (PTLC; 
50% ether in hexane) of an attempted thermal reaction of a 
1.3: 1 mixture of 28b and 29b yielded a 1 : 1 mixture of 30b and 
31b. 

I M D A  reaction of 41 
IMDA adducts were obtained after PTLC (50% ether in hex- 
ane). Thermal reaction of 41 (prepared from 37; 11 rng, 0.046 
rnrnol) at 175OC for 17 h gave 51 (9.5 mg, 86%). Lewis acid 
catalyzed reaction of 41 (prepared from 37; 11.8 rng, 0.049 
mmol) for 30 min gave 51 (8.1 mg, 68%). TIPSOTf catalyzed 
reaction (13 h) of 37 (1 1.8 rng, 0.049 rnmol) gave 51 (2 mg, 
17%). 

I M D A  reaction of 43 
IMDA adducts were obtained after PTLC (1% MeOH in 
CH,Cl,). Thermal reaction of 43 (prepared from 39; 21.6 rng, 
0.090 mmol) at 180°C for 9 h and 2 10°C for 1 1 h gave 52 (7.2 
mg, 33%) and 51 (6.5 rng, 30%). Due to the previously estab- 
lished propensity for isornerization of the enoates, Lewis acid 
mediated IMDA reactions were not attempted. 

Methyl tetrahydro-4-oxo-3-(4-petztenyl)-4H-thiopyran-3-car- 
boxylate (2a): 192 mg (48%) from 1 (261 rng, 1.50 rnrnol) 
after FCC (25% ether in hexane): IR v,,,: 3075, 1729, 1712, 
1201 cm-I; 'H NMR 6: 5.75 ( lH,  dddd, J =  6.5, 6.5, 10.5, 17 
Hz, HC-4'), 5.00 (lH, br d, J  = 17 Hz, HC-5'), 4.95 (lH, br d, 
J  = 10.5 HZ, HC-5'), 3.77 (3H, S, H3CO), 3.27 (lH, dd, J  = 3, 
13.5 Hz, HC-2), 3.00-2.75 (4H, m, HC-5, HC-6), 2.71 (lH, d, 

J  = 13.5 Hz, HC-2), 2.04 (2H, ap dt, J  = 6.5, 6.5 Hz, HC-3'), 
1.92 (lH, ap dt, J=4 .5 ,  13.5 Hz, HC-1'), 1.64 (lH, ap dt, 
J =  4.5, 13.5 Hz, HC-l'), 1.42 (lH, ap dtt, J =  12, 4.5, 7 HZ, 
HC-2'), 1.21 (lH, ap dtt, J  = 12, 4.5, 7 Hz, HC-2'); I3c NMR 
6: 205.3 (s, C-4), 17 1.5 (s, OZCO), 138.0 (d, C-4'), 1 15.0 (t, 
C-5'), 63.0 (s, C-3), 52.4 (q, CH,O), 43.2 (t, C-5), 38.6 (t, 
C- 1'), 33.9 (t, C-2), 33.9 (t, C-3'), 30.8 (t, C-6), 23.8 (t, C-2'); 
LRMS (CI, NH3), mn/z (relative intensity): 260 ([M+18]+, loo), 
243 ([M+l]+, 85), 192 (12), 173 (16). 

Methyl 3-(5-hexenyl)-tetrahydro-4-oxo-4H-tlziop~~ra~z-3-car- 
boxylate (26): 185 mg (42%) from 1 (300 mg, 1.72 mmol) 
after FCC (25% ether in hexane): IR v,,,,: 3074, 1730, 1712, 
1201 cm-I; ' H  NMR 6: 5.77 (lH, ap ddt, J =  10.5, 17, 6.5 Hz, 
HC-5'), 4.95 (2H, m, HC-67, 3.77 (3H, s, H3CO), 3.28 ( lH,  
dd, J =  2.5, 14 Hz, HC-2), 3.00-2.75 (4H, m, HC-5, HC-6), 
2.71 (lH, d, J  = 14 Hz, HC-2), 2.08-1.98 (2H, m, HC-4'), 
1.98-1.86 ( lH,  rn, HC-1'), 1.70-1.60 (IH, m, HC-l'), 1.45- 
1.10 (4H, m, HC-2', HC-3'); "C NMR 6: 205.4 (s, C-4), 171.5 
(s, O=CO), 138.6 (d, C-5'), 1 14.6 (t, C-6'), 63.0 (s, C-3), 52.4 
(q, CH,O), 43.2 (t, C-5), 38.6 (t, C-1'), 34.2 (t, C-2), 33.4 (t, C- 
4'), 30.8 (t, C-6), 29.1 (t, C-3'), 24.0 (t, C-2'); LRMS (CI, 
NH,), m/z (relative intensity): 274 ([M+18]+, loo), 257 
([M+l]+, 84), 173 (24). 

Tetrnl1~~dro-3-(4-pentenyl)-4H-thiopyra1-4-0ne (3a): 41 mg 
(29%) from 2a (189 mg, 0.78 rnrnol) after FCC (35% ether in 
hexane): IR v,,,: 3074, 1715, 1424, 914 crn-I; 'H NMR 6: 
5.76 ( lH,  ddt, J =  10, 17, 6.5 Hz, HC-4'), 5.034.90 (2H, m, 
HC-57, 2.98-2.88 (3H, m, HC-2, H,C-6), 2.74-2.60 (4H, rn, 
HC-2, HC-3, H,C-5), 2.04 (2H, ap dt, J  = 6.5, 7 Hz, H2C-3'), 
1.90-1.82 ( lH,  rn, HC-l'), 1.42-1.30 (3H, m, HC- If, H2C-2'); 
',c NMR 6: 210.4 (s, C-4), 138.3 (d, C-4'), 114.8 (t, C-5'), 
52.9 (d, C-3), 43.8 (t, C-5), 35.9 (t, C- l'), 33.6 (t, C-3'), 3 1.0 (t, 
C-2), 28.9 (t, C-6), 26.2 (t, C-2'); LRMS (CI, NH,), rn/z (rela- 
tive intensity): 202 ([M+18]+, loo), 185 ([M+l]', 48), 116 
(75). 

3-(5-Hexenyl)tetralzydro-4H-thiopyrc~n-4-one (3b): 57 mg 
(48%) from 2b (154 rng, 0.60 rnrnol) after FCC (35% ether in 
hexane): IR v,,,: 3016, 1707, 1464, 965 crn-I; 'H NMR 6: 
5.75 (lH,ddt, J =  10, 17, 6.5 Hz,HC-5'), 5.044.89 (2H, m, 
H,C-6'),2.98-2.88 (3H, m, H,C-6, HC-2), 2.76-2.58 (4H, m, 
HC-2, HC-3, H2C-5), 2.04 (2H, dt, J  = 6.5, 7 HZ, H2C-4'), 
1.93-1.82 ( lH,  m, HC-l'), 1.44-1.24 (5H, m, HC-1', H2C-2', 
H,C-3'); I3c NMR 6: 210.4 (s, C-4), 138.7 (d, C-5'), 114.5 (t, 
C-6'), 52.9 (d, C-3), 43.8 (t, C-5), 35.9 (t, C- If), 33.5 (t, C-4'), 
31.0 (t, C-2), 29.2 (t, C-6), 28.8 (t, C-3'), 26.4 (t, C-2'); LRMS 
(EI), mn/z (relative intensity): 198 ([MI+, 49), 180 (1 l), 116 
(loo), 95 (22), 88 (28). 

2,3-Dihydro-5-(4-petztetzyl)-4H-thiopyran-4-one (4a) and 
2,3-dihydr0-3-(4-petztenyl)-4H-thiopyran-4-011e (Sa): 9.7 mg 
(46%; as a 1.2: 1 mixture of 4a and 5a, respectively) from 3a 
(21 mg, 0.12 mrnol) after PTLC (50% ether in hexane): 'H 
NMR 6 for4a: 7.15 (lH, s, HC-6), 5.79 ( lH,  ddt, J =  10, 17, 
6.5 Hz, HC-4'),5.074.92 (2H, m, H,C-5'), 3.19-3.13 ( 1 H, m, 
HC-2), 2.77-2.71 (lH, rn, HC-3), 2.29 ( lH,  ap t, J  = 7.5 Hz, 
HC-l'), 2.14-2.00 (2H, m, HC-3'), 1.64-1.37 (2H, m, HC-2'); 
6for5a: 7.35 (lH,d, J  = 10Hz,HC-6), 6.11 (lH,d, J =  lOHz, 
HC-5), 5.79 (lH, ddt, J =  10, 17, 6.5 Hz, HC-4'), 5.074.92 
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(2H, m, H,C-5'), 3.31 (lH, dd, J = 4 ,  13.5 Hz, HC-2), 3.05 
(lH, dd, J =  9, 13.5 HZ, HC-2), 2.53 (1H, dddd, J  = 4,5.5, 8 ,9  
Hz, HC-3), 2.14-2.00 (2H, m, H,C-3'), 1.86 ( 1 H, dddd, 
J =  5.5, 5.5, 10.5, 13.5 Hz, HC-l'), 1.64-1.37 (3H, m, HC-l', 
H,C-2'); ',c NMR 6 for 4a: 193.6 (s, C-4), 140.3 (d, C-6), 
138.5 (d, C-4'), 134.8 (s, C-5), 114.7 (t, C-5'), 38.4 (t, C-3), 
33.6 (t, C-3'), 30.8 (t, C-1'), 28.2 (t, C-2'), 27.3 (t, C-2); 6 for 
5a: 196.2 (s, C-4), 145.1 (d, C-6), 138.2 (d, C-49, 123.2 (d, C- 
3), 114.9 (t, C-5'), 45.1 (d, C-3), 33.3 (t, C-3'), 31.8 (t, C-1'), 
27.6 (t, C-2), 26.3 (t, C-2'). 

5-(5-Hexenyl)-2,3-dihydro-4H-thiopyrnn-4-one (4b) and 3- 
(5'-hexeny1)-2,3-dihydro-4H-thiopyraiz-4-one (Sb): 15.2 mg 
(71%; as a 1.2: 1 mixture of 4b and 5b, respectively) from 3b 
(22 mg, 0.1 1 mmol) after PTLC (50% ether in hexane): 
'H NMR 6 for 4b: 7.14 (IH, br s, HC-6), 5.79 (lH, ddt, J = 10, 
17, 6.5 Hz, HC-5'), 5.04-4.90 (2H, m, H,C-6'), 3.19-3.13 
(2H, m, H2C-2), 2.77-2.71 (2H, m, H,C-3), 2.32-2.34 (2H, m, 
H,C- 1'), 2.1 1-2.00 (2H, m, H,C-49, 1.64-1.30 (4H, m, H,C- 
2', H,C-3'); 6 for 5b: 7.35 (lH, d, J  = 10 Hz, HC-6), 6.1 1 (lH, 
d , J =  10Hz,HC-5),5.79(1H,ddt,J= 10, 17,6.5Hz,HC-5'), 
5.04-4.90 (2H, m, HC-6'), 3.31 (lH, dd, J =  4, 13.5 Hz, HC- 
2), 3.04 (lH, dd, J =  8.5, 13.5 Hz, HC-2), 2.52 (IH, dddd, 
J  = 4,5.5, 8.5,9 Hz, HC-3), 2.1 1-2.00 (2H, m, H,C-4'), 1.90- 
1.80 ( 1  H, m, HC-l'), 1.64-1.30 (5H, m, HC-l', H,C-2', H,C- 
3'); I3c NMR 6 for 4b: 193.6 (s, C-4), 140.0 (d, C-6), 138.9 (d, 
C-5'), 135.0 (s, C-5), 114.4 (t, C-6'), 38.4 (t, C-3), 33.6 (t, C- 
4'), 3 1.1 (t, C-1'), 28.6 (t, C-3'), 28.5 (t, C-29, 27.3 (t, C-2); 6 
for 5b: 196.3 (s, C-4), 145.1 (d, C-6), 138.7 (d, C-5'), 123.1 (d, 
C-5), 1 14.6 (t, C-6'), 45.2 (d, C-3), 33.6 (t, C-4'), 3 1.7 (d, C- 
l'), 28.8 (t, C-3'), 27.9 (t, C-2), 26.4 (t, C-2'). 

4-[[Tris(l -methylethyl)silyl]oxy]-5-(4-penteny1)-H- 
tlziopymn (6a) and 4-[[tris(l -methylethyl)silyl]oxy]- 
3-(4-pentetzy1)-2H-thiopyran (7a) 

Obtained as a 1.2: 1 mixture of 6a and 7a from a 1.2: 1 mixture 
of 4a and 5a: 'H NMR (C,D5CD,) 6 for 6a (partial data): 5.87 
(lH, s, HC-6), 5.78-5.68 (lH, m, HC-4'), 5.05-4.91 (2H, m, 
HC-5'), 4.62 ( lH, t, J  = 5.5 HZ, HC-3), 2.99 (2H, d, J  = 5.5 Hz, 
HC-2); 6 for 7a (partial data): 5.95 (lH, d, J  = 10 Hz, HC-6), 
5.87 (lH, d, J =  10 Hz, HC-5), 5.78-5.68 (IH, m, HC-4'), 
5.054.9 1 (2H, rn, HC-5'), 3.0 1 (2H, s, HC-2). 

5-(5'-Hexeny1)-4-[[tris(l -rnethylethyl)silyl]oxy]- 
2H-thiopyran (6b) and 3-(5'-hexeizy1)-4-[[tris(l- 
methylethyl)silyl]oxy]-2H-thiopyl-an (7b) 

Obtained as a 1.2: 1 mixture of 6b and 7b from a 1.2: 1 mixture 
of 4b and 5b: 'H NMR (C,D5CD,) 6 for 6b (partial data): 5.86 
(1H, s, HC-6), 5.75-5.65 (lH, m, HC-5'), 5.01-4.87 (2H, m, 
HC-6'),4.61 (lH, t ,J=5.5Hz,HC-3),2.99(2H,d,J=5.5Hz, 
HC-2); 6 for 7b (partial data): 5.92 (lH, d, J  = 10 Hz, HC-6), 
5.84 (lH, d, J  = 10 Hz, HC-5), 5.75-5.65 (lH, m, HC-5'), 
5.0 1-4.87 (2H, m, HC-6'), 3.04 (2H, s, HC-2). 

Methyl tetrahydro-4-0~0-2-(4-pentenyl)-4H-thiopyratz-3-car- 
boxylnte (9a): 310 mg (88%) from 8 (250 mg, 1.45 mmol) 
after FCC (20% EtOAc in hexane): IR v,,,: 3075, 1746, 17 14, 
1649, 1609 cm-'; 'H NMR (a 1:2 mixture of keto:enol tau- 
tomers) 6: 12.69 (0.7H, s, HO[enol]), 5.88-5.68 (lH, m, HC- 
4'), 5.044.91 (2H, m, HC-5'), 3.88 (2H, s, H,CO[enol]), 3.88 
(lH, s, H3CO[keto]), 3.48-3.41 (1.3H, m, HC-2, HC-3[keto]), 

3.02-2.80 (1.7H, m, H,C-6[enoll, HC-6[keto]), 2.70-2.43 
(2.3H, m, H,C-5, HC-6[keto]), 2.17-1.95 (2H, m, H,C-3'), 
1.77-1.39 (4H, m, H,C-l', H,C-2'); 13c NMR 6 for keto form: 
203.7 (s, C-4), 168.8 (s, OC=O), 137.7 (d, C-4'), 1 14.8 (t, C- 
5'), 64.5 (d, C-3), 52.1 (q, CH,O), 45.7 (d, C-2), 42.4 (t, C-5), 
32.8 (t, C-I' or C-3'), 32.7 (t, C-3' or C-1'), 26.6 (t, C-6), 25.7 
(t, C-2'); 6 for en01 form: 172.5 (s, C-4), 171.6 (s, OC-O), 
138.4 (d, C-4'), 1 14.3 (t, C-5'), 102.6 (s, C-3), 5 1.5 (q, CH,O), 
36.1 (d, C-2), 35.0 (t, C-5), 32.8 (t, C-3'), 30.5 (t, C- l'), 27.1 (t, 
C-2'), 19.8 (t, C-6); LRMS (EI), d z  (relative intensity): 242 
([MI+, 21), 173 (73), 141 (77), 83 (100). 

Methyl 2-(5-hexetzyl)tetrahydro-4-oxo-4H-thiopyran-3-car- 
boxylate (9b): 190 mg (85%) from 8 (150 mg, 0.871 mmol) 
after FCC (20% EtOAc in hexane): IR v,,,: 3074, 1746, 1714, 
1649, 1609 cm-'; 'H NMR (a 1:2 mixture of keto:enol tau- 
tomers) 6: 12.64 (0.7H, s, HO[enol]), 5.85-5.67 (lH, m, HC- 
5'), 5.01-4.88 (2H, m, H,C-6'), 3.74 (2H, s, H,CO[enol]), 3.74 
(IH, s, H,CO[ketol), 3.45-3.36 (1.3H, m, HC-2, HC-3[keto]), 
3.00-2.77 (1.7H, m, H2C-6[enol], HC-6[keto]), 2.67-2.41 
(2.3H, m, H,C-5, HC-6[keto]), 2.08-1.97 (2H, m, H,C-47, 
1.74-1.28 (6H, m, H,C-l', H,C-2', H,C-3'); ',c NMR 6 for 
keto form: 203.9 (s, C-4), 169.0 (s, OC=O), 138.5 (d, C-5'), 
1 14.6 (t, C-6'), 64.8 (d, C-3), 52.3 (q, CH,O), 46.0 (d, C-2), 
42.7 (t, C-5), 33.4 (t, C-1'), 33.4 (t, C-4'), 28.3 (t, C-3'), 26.9 (t, 
C-6), 26.1 (t, C-2'); 6 for en01 form: 172.7 (s, C-4), 171.9 (s, 
OCrO), 138.9 (d, C-5'), 1 14.3 (t, C-6'), 102.9 (s, C-3), 5 1.7 
(q, CH,O), 36.4 (d, C-2), 35.6 (t, C-5), 33.7 (t, C-4'), 30.8 (t, 
C-1'), 28.2 (t, C-3'), 27.6 (t, C-2'), 20.0 (t, C-6); LRMS (EI), 
t d z  (relative intensity): 256 ([MI+, 12), 197 (24), 173 (62), 141 
(62), 84 (100). 

Tetrnhydro-2-(4-pentenyl)-4H-thiopyl-aiz-4-one (IOU): 45 mg 
(33%) from 9a (180 mg, 0.743 mmol) after b FCC (30% Y ether in hexane): IR v,,,: 3075, 1712, 1643 cm- ; 'H NMR 6: 
5.77 (lH, dddd, J =  6.5,6.5, 10.5, 17 Hz, HC-4'),5.00 (lH, br 
d, J  = 17 Hz, HC-5'), 4.96 (1 H, br d, J  = 10.5 Hz, HC-5'), 3.07 
(lH, dddd, J =  3.5, 6.5, 6.5, 10.5 Hz, HC-2), 3.00-2.82 (2H, 
m, H,C-6), 2.73 (1 H, ddd, J  = 1,3.5, 14 Hz, HC-3), 2.68-2.55 
(2H, m, H2C-5), 2.43 (lH, dd, J =  10.5, 14 Hz, HC-3), 2.10- 
2.00 (2H, m, H2C-3'), 1.65-1.45 (4H, m, H,C-1', H,C-2'); I3c 
NMR 6: 208.7 (s, C-4), 138.1 (d, C-4'), 1 15.0 (t, C-5'), 50.7 (t, 
C-3), 44.7 (d, C-2), 43.4 (t, C-5), 35.0 (t, C-1'), 33.3 (t, C-3'), 
28.1 (t, C-6), 26.0 (t, C-2'); LRMS (EI), d z  (relative inten- 
sity): 184 ([MI+, 40), 141 (39), 128 (52), 115 (100). 

2-(5-Hexeizy1)tetrahydl-o-4H-thiopyran-one (lob): 87 mg 
(74%) from 9b (142 mg, 0.554 mmol) after fractionation by 
FCC (30% ether in hexane): IR v,,,: 3075, 1713, 1640 cm-'; 
'H NMR 6: 5.77 (lH, dddd, J =  6.5, 6.5, 10.5, 17.5 Hz, HC- 
5'), 4.99 (lH, br d, J =  17.5 Hz, HC-6'), 4.94 ( lH,  br d, 
J =  10.5 Hz, HC-6'), 3.06 (lH, dddd, J=3 .5 ,  6.5, 6.5, 10.5 
Hz, HC-2), 3.00-2.82 (2H, m, H,C-6), 2.73 (lH, ddd, J  = 1, 
3.5, 14 Hz, HC-3), 2.68-2.55 (2H, m, H,C-5), 2.43 (lH, dd, 
J  = 10.5, 14 Hz, HC-3), 2.10-2.00 (2H, m, H,C-4'), 1.65- 
1.35 (6H, m, H,C-l', H,C-2', H,C-3'); I3c NMR 6: 208.7 (s, 
C-4), 138.6 (d, C-5'), 1 14.6 (t, C-6'), 50.7 (t, C-3), 44.7 (d, C- 
2), 43.4 (t, C-5), 35.5 (t, C-1'), 33.5 (t, C-4'), 28.5 (t, C-3'), 
28.1 (t, C-6), 26.3 (t, C-2'); LRMS (CI, NH,), m/z  (relative 
intensity): 216 ([M + IS]+, loo), 198 (36), 141 (19), 115 (24), 
83 (28). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

2,3-Dihydro-6-(4-pentenyl)-4H-thiopyrar-4-one ( l l a )  and 
2,3-dihydro-2-(4-pentenyl)-4H-thiopyra--one (12a) 

l l a  (13 mg, 40%) and 12a (6 mg, 18%) were obtained from 
10a (33 mg, 0.18 mmol) after FCC (50% ether in hexane). 

For l l a :  IR v,,,: 3075, 1655, 1571 cm-I; 'H NMR 6: 6.08 
(IH, s, HC-5), 5.78 (IH, ap ddt, J =  10.5, 17, 7 Hz, HC-4'), 
5.08-5.98 (2H, m, H2C-5'), 3.19-3.14 (2H, m, H2C-2), 2.67- 
2.62 (2H, m, H2C-3), 2.39 (2H, ap t, J =  7 Hz, H2C-l'), 2.10 
(2H, ap dt, J  = 7, 7 Hz, H2C-3'), 1.70 (2H, ap tt, J  = 7, 7 Hz, 
H,C-2'); "C NMR 6: 144.3 (s, C-4), 164.6 (s, C-6), 137.5 (d, 
C-47, 121.9 (d, C-5), 1 15.5 (t, C-5'), 37.6 (t, C-l'), 36.8 (t, C- 
3), 32.8 (t, C-3'), 27.8 (t, C-2 or C-2'), 27.4 (t, C-2 or C-2'); 
LRMS (EI), m/z (relative intensity): 182 ([MI+, 73), 128 (loo), 
126 ( 4 3 ,  100 (loo), 85 (64). 

For 12a: IR v,,,: 3075, 1661, 1548 cm-I; 'H NMR 6: 7.42 
( lH ,d ,  J =  10Hz,HC-6),6.16(1H,d, J =  10Hz,HC-5),5.76 
(lH, dddd, J  = 7, 7, 10.5, 17 Hz, HC-4'), 5.054.95 (2H, m, 
H2C-5'), 3.53-3.45 (lH, m, HC-2), 2.78 (IH, dd, J =  3.5, 16 
Hz, HC-3), 2.58 (lH, dd, J =  11.5, 16 Hz, HC-3), 2.07 (2H, ap 
dt, J =  7 , 7  Hz, H2C-3'), 1.78-1.68 (2H, m, H2C-l'), 1.58-1.47 
(2H, m, H2C-2'); I3c NMR 6: 194.6 (s, C-4), 145.6 (d, C-6), 
137.7 (d, C-4'), 123.4 (d, C-5), 1 15.3 (t, C-5'), 44.5 (t, C-3), 
43.0 (d, C-2), 33.3 (t, C-I' or C-3'), 33.2 (t, C-1' or C-3'), 25.8 
(t, C-2'); LRMS (EI), m/z (relative intensity): 182 ([MI', 22), 
154 (82), 126 ( 3 3 ,  113 (78), 86 (100). 

6-(5-Hexenylj-2,3-dihyclro-4H-thiopyran-4-one ( l lb )  and 2- 
(5'-hexenyl)-2,3-clihyclro-4H-thiopyran-4-one (126) 

l l b  (45 mg, 60%) and 12b (15 mg, 20%) were obtained from 
l o b  (76 mg, 0.38 mmol) after FCC (60% ether in hexane). 

For l l b :  IR v,,,: 3074, 1653, 1571 cm-'; 'H NMR 6: 6.08 
(lH, s, HC-5), 5.78 (IH, ap ddt, J =  10.5, 17, 7 Hz, HC-5'), 
5.064.96 (2H, m, H,C-6'), 3.18-3.13 (2H, m, H,C-2), 2.67- 
2.62 (2H, m, H,C-3), 2.38 (2H, ap t, J  = 7 Hz, H,C-l'), 2.07 
(2H, ap dt, J =  7, 7 Hz, H2C-4'), 1.66-1.55 (2H, m, H,C-2'), 
1.48-1.38 (2H, m, H,C-3'); I3c NMR 6: 194.4 (s, C-4), 164.9 
(s, C-6), 138.3 (d, C-5'), 121.7 (d, C-5), 114.9 (t, C-6'), 38.2 (t, 
C-l'), 36.8 (t, C-3), 33.3 (t, C-4'), 28.1 (t , C-2'), 28.1 (t, C-3'), 
27.4 (t, C-2); LRMS (EI), tn/z (relative intensity): 196 ([MI+, 
241, 167 (22), 141 (46), 128 (loo), 100 (99). 

For 12b: IR v,,,: 3075, 1663, 1548 cm-I; 'H NMR 6: 7.42 
(lH, d, J =  IOHz, HC-6), 6.16 (lH, d, J =  IOHz, HC-5), 5.78 
(IH, dddd, J  = 7, 7, 10.5, 17 Hz, HC-5'), 5.054.95 (2H, m, 
H2C-6'), 3.53-3.45 (lH, m, HC-2), 2.78 (lH, dd, J =  3.5, 16 
HZ, HC-3), 2.58 (lH, dd, J =  11.5, 16 Hz, HC-3), 2.12-2.01 
(2H, m, H2C-4'), 1.71 (2H, m, H,C-l'), 1.51-1.35 (4H, m, 
H,C-2', H,C-3'); I3c NMR 6: 194.7 (s, C-4), 145.7 (d, C-6), 
138.4 (d, C-5'), 123.4 (d, C-5), 114.8 (t, C-6'), 44.5 (t, C-3), 
43.1 (d, C-2), 33.8 (t, C-l'), 33.4 (t, C-4'), 28.4 (t, C-3'), 26.0 
(t, C-2'); LRMS (EI), m/z (relative intensity): 196 ([MI', 1 I), 
168 (9), 139 (lo), 113 (52), 86 (100). 

4-[[Tris(l -methylethyl)silyl]oxy]-6-(4'-pe1ltenyl)-2H-thi- 
opy-ran (13a): 'H NMR (C,D5CD3) (partial data) 6: 5.86 (lH, 
d, J =  1 Hz, HC-5), 5.64 (IH, ddt, J =  10.5, 17, 7 Hz, HC-4'), 
4.984.88 (2H, m, HC-5'), 4.52 (IH, dt, J  = 1, 6.5 Hz, HC-3), 
3.11 (2H, d, J  = 5.5 HZ, HC-2). 

6-(5'-Hexenylj-4-[[tris(l -methylethyl)silyl]oxy]-2H -thi- 
opyran (13b): 'H NMR (C6D,CD3) (partial data) 6: 5.87 (IH, 
d, J =  I Hz,HC-5),5.68 (lH,ddt, J =  10.5, 17,7 Hz,HC-5'), 

4.984.88 (2H, m, HC-6'), 4.53 (lH, dt, J =  1 ,  5.5 Hz, HC-3), 
3.12 (2H, d, J  = 5.5 HZ, HC-2). 

4-[[Tris(l -methylethyl)silyl]oxy]-2-(4'-pentenyl)-2H-thiopy- 
ran (14a): 'H NMR (C6D5CD,) (partial data) 6: 5.97 (lH, d, 
J  = 10 Hz, HC-6), 5.87 (lH, dd, J  = 1, 10 Hz, HC-5), 5.63 (lH, 
ddt, J  = 10.5, 17, 7 Hz, HC-4'), 4.974.87 (2H, m, HC-5'), 
4.77 (IH, dd, J  = 1, 6.5 Hz, HC-3), 3.17 (IH, br ddd, J =  6.5, 
6.5, 6.5 HZ, HC-2). 

2-(5'-Hexeny1)-4-[[tri.r(l -methylethyl)silyl]oxy]-2H-thiopy- 
ran (14b): 'H NMR (C6D5CD3) (partial data) 6: 5.97 (lH, d, 
J  = 10 Hz, HC-6), 5.87 (lH, dd, J  = 1 ,  lOHz, HC-5), 5.68 (lH, 
ddt, J  = 10.5, 17,7 Hz, HC-5') 4.984.88 (2H, m, HC-6'), 4.78 
(IH, dd, J =  1,6.5 HZ, HC-3), 3.17 (lH, ddd, J =  6.5, 6.5, 6.5 
HZ, HC-2). 

2-Propenyl 3-[3-(1,3-dioxola11-2-yl)propyl]tetrahyclro-4-oxo- 
2H-thiopyran-3-cnrboxylate (18a): 591 mg (75%) from 17 
(500 mg, 2.50 mmol) after FCC (60% ether in hexane): IR 
v,,,: 1727, 17 11, 1129 cm-'; 'H NMR 6: 5.92 (lH, dddd, 
J =  5.5, 5.5, 10.5, 17 Hz, HC-2'), 5.35 (lH, br d, J =  17 Hz, 
HC-3'), 5.26 (lH, br d, J =  10.5 Hz, HC-3'), 4.83 (lH, dd, 
J  = 4.5, 4.5 Hz, HC-2"'), 4.68 (2H, br d, J  = 5.5 Hz, H2C- l'), 
3.98-3.79 (4H, m, H,C-4"', H,C-5"'), 3.31 (IH, dd, J =  2.5, 
13.5 Hz, HC-2), 2.99-2.74 (4H, m, H2C-5, H2C-6), 2.73 (IH, 
d, J =  13.5 Hz, HC-2), 1.97 (lH, ddd, J = 4 . 5 ,  12, 12.5 Hz, 
HC-1"), 1.74 (IH, ddd, J = 4 . 5 ,  12, 12.5 Hz, HC-I"), 1.70- 
1.62 (2H, m, H2C-3"), 1.55-1.25 (2H, m, H,C-2"); I3c NMR 
6: 205.1 (s, C-4), 170.6 (s, OC=O), 13 1.5 (d, C-2'), 1 19.1 (t, 
C-3'), 104.2 (d, C-2"'), 66.1 (t, C- 1'), 64.9 (t ~ 2 ,  C-4"', C-5"'), 
63.0 (s, C-3), 43.2 (t, C-5), 38.4 (t, C-1"), 34.2 (t, C-2 or C-3"), 
34.0 (t, C-2 or C-3"), 30.8 (t, C-6), 19.1 (t, C-2"); LRMS (EI), 
m/z (relative intensity): 314 ([MI', 5), 252 (23), 199 (44), 141 
(74), 114 (100). 

2-Propenyl 3-[4-(1,3-dioxolarz-2-y1)butylltetrahydro-4-0x0- 
2H-thiopyran-3-ccrrboxylate (18b): 1.35 g (79%) from 17  
(1.04 g, 5.20 mmol) after FCC (35% EtOAc in hexane): IR 
v,,,,: 1730, 1712, 1129 cm-'; 'H NMR 6: 5.90 (IH, ap ddt, 
J =  17, 10,4.5 HZ, HC-2'), 5.35 (lH,dddd, J =  1.5, 1.5, 1.5, 17 
HZ, HC-3'), 5.26 (IH, dddd, J =  1.5, 1.5, 1.5, 10 HZ, HC-3'), 
4.82 (lH, dd, J=4 .5 ,4 .5  Hz, HC-2"'),4.67 (2H, br d, J = 5 . 5  
Hz, H2C-l'), 4.00-3.78 (4H, m, H,C-4"', H2C-5"'), 3.29 (IH, 
dd, J  = 2.5, 13.5 Hz, HC-2), 3.01-2.73 (4H, m, H,C-5, H2C- 
6), 2.72 (IH, d, J =  13.5 Hz, HC-2), 1.99-1.88 (IH, m, HC- 
I"), 1.75-1.12 (7H, m, HC-I", H,C-2", H,C-3", H,C-4"); I3c 

NMR 6: 205.3 (s, C-4), 170.7 (s, OC=O), 13 1.5 (d, C-2'), 
119.1 (t, C-3'), 104.4 (d, C-2"'), 66.0 (t, C-l'), 64.9 (t ~ 2 ,  C- 
4"', C-5"'), 63.0 (s, C-3), 43.2 (t, C-5), 38.6 (t, C-I"), 34.3 (t, 
C-2), 33.5 (t, C-4"), 30.9 (t, C-6), 24.4 (t, C-2" or C-3"), 24.3 
(t, C-2" or C-3"); LRMS (EI), m/z (relative intensity): 328 
([MI+, 34), 31 1 ( 2 3 ,  268 (25), 267 (loo), 244 (29), 240 (22). 

3-[3-(1,3-Dioxolan-2-yl)propyl]-tetrahydro-4H-thiopyratz-4- 
one (19a): 453 mg (74%) from 18a (835 mg, 2.66 mmol) after 
FCC (60% etherlhexane): IR v,,,: 1707, 1422, 1140 cm-'; 'H 
NMR 6: 4.84 (lH, dd, J  = 4.5,4.5 Hz, HC-2"), 3.98-3.80 (4H, 
m, H2C-4", H2C-5"), 3.00-2.60 (7H, m, H2C-2, HC-3, H,C-5, 
H2C-6), 1.96-1.85 (IH, m, HC- l'), 1.7C1.62 (2H, m, HC-3'), 
1.45-1.35 (3H, m, HC-l', H,C-2'); I3c NMR 6: 210.2 (s, C-4), 
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104.3 (d, C-2"), 64.9 (t ~ 2 ,  C-4", C-5"), 53.0 (d, C-3), 43.9 (t, 
C-5), 35.8 (t, C-3'), 33.8 (t, C-1'), 31.0 (t, C-2), 29.2 (t, C-6), 
21.4 (t, C-2'); LRMS (CI, NH,), m/z (relative intensity): 248 
([M+18]+, 54), 231 ([M+l]+, 27), 213 (82), 73 (100). 

3-[4-(1,3-Dioxolan-2-yl)butyl]-4H-thiopyran-4-one (19b): 
576 rng (61%) from 18b (1.28 g, 3.90 rnrnol) after FCC (35% 
ether in hexane): IR v,,,: 2949,2876, 1708, 1140, 1026 crn-'; 
'H NMR 6: 4.83 (lH, dd, J = 4.5, 4.5 Hz, HC-2"), 4.00-3.80 
(4H, rn, H2C-4", H,C-5"), 3.00-2.91 (3H, rn, HC-2, H2C-6), 
2.75-2.62 (4H, rn, HC-2, HC-3, H2C-5), 1.95-1.84 (lH, m, 
HC- l'), 1.69-1.61 (2H, rn, H2C-40, 1.49-1.27 (5H, rn, HC- l', 
H2C-2', H,C-3'); 13c NMR 6: 210.3 (s, C-4), 104.5 (d, C-2"), 
64.9 (t X2, C-4", C-5"), 52.9 (d, C-3), 43.8 (t, C-5), 35.9 (t, C- 
l'), 33.7 (t, C-4'), 31.0 (t, C-2), 29.4 (t, C-6), 26.9 (t, C-2'), 
24.0 (t, C-3'); LRMS (EI), m/z (relative intensity): 244 ([MI+, 
55), 182 (loo), 154 (30), 126 (43 ,  116 (73), 99 (88). 

5-[3-(1,3-Dioxolan-2-yl)propyl]-2,3-dihydro-4H-thiopy- 
ran-$-one (20a) and 3-[3-(1,3-dioxolan-2-yl)propyl]-2,3- 
dihydro-4H-thiopyran-4-one (21a): 132 rng (55%; as a 1.1 : 1 
mixture of 20a and 21a, respectively) from 19a (242 rng, 1.05 
rnrnol) after FCC (40% EtOAc in hexane): 'H NMR 6 for 20a: 
7.16 (lH, br s, HC-6), 4.84 (lH, t, J = 4 Hz, HC-2"), 3.98-3.80 
(4H, m, H2C-4", H2C-5"), 3.18-3.12 (lH, rn, HC-2), 2.76- 
2.70(1H, rn, HC-3), 2.32(1H, t, J =  7.5 Hz, HC-l'), 1.73-1.61 
(2H, rn, H2C-3'), 1.60-1.50 (2H, rn, H,C-2'); 6 for 21a: 7.35 
( l H , d , J =  lOHz,HC-6),6.10(1H,d,J= lOHz,HC-5),4.85 
(lH, t, J = 4 Hz, HC-2"), 3.98-3.80 (4H, rn, H2C-4", H,C-5"), 
3.30 (lH, dd, J =  3.5, 13.5 Hz, HC-2), 3.04 (lH, br dd, J =  9, 
13.5 HZ, HC-2), 2.52 (lH, dddd, J = 3.5, 5.5, 8, 9 Hz, HC-3), 
1.88 (lH, dddd, J =  5.5, 5.5, 10, 13 Hz, HC-l'), 1.73-1.61 
(2H, rn, H2C-37, 1.60-1.50 (2H, rn, H,C-2'), 1.48-1.40 (lH, 
m, HC-1'); I3c NMR 6 for 20a: 193.5 (s, C-4), 140.5 (d, C-6), 
134.5 (s, C-5), 104.4 (d, C-2"), 64.9 (t ~ 2 ,  C-4", C-5"), 38.3 (t, 
C-3), 33.3 (t, C-3'), 30.9 (t, C-1'), 27.3 (t, C-2), 23.3 (t, C-2'); 6 
for 21a: 74, 196.0 (s, C-4), 145.1 (d, C-6), 123.2 (d, C-5), 
104.2 (d, C-2"), 64.9 (t ~ 2 ,  C-4", C-5"), 45.2 (d, C-3), 33.7 (t, 
C-3'), 31.6 (t, C-1'), 27.9 (t, C-2), 21.4 (t, C-2'). 

5-[4-(1,3-Dioxolan-2-yl)butyl]-2,3-dihydro-4H-thiopyran- 
$-one (20b) and 3-[4-(1,3-dioxolan-2-yl)butyl]-2,3-dihydro- 
4H-thiopyran-$-one (21b): 198 rng (31%; as a 1.3: 1 mixture of 
20b and 21b, respectively) from 19b (635 rng, 2.60 mrnol) 
after FCC (50% EtOAc in hexane): IR v,,,: 2943, 1775, 1713, 
1661,1352,1176,1140 crn-'; 'H NMR 6 for 20b: 7.15 (lH, s, 
HC-6), 4.85 (lH, dd, J = 2.5,5 Hz, HC-2"), 4.10-3.20 (4H, rn, 
H2C-4", H2C-5"), 3.19-3.13 (2H, rn, H,C-2), 2.77-2.7 1 (2H, 
rn, H,C-3), 2.31-2.26 (2H, m, H,C-l'), 1.75-1.60 (2H, m, 
H,C-4'), 1.60-1.40 (4H, rn, H,C-2', H2C-3'); 6 for 21b: 7.35 
(lH, d, J =  10 HZ, HC-6), 6.10 (lH, d, J =  10 Hz, HC-5), 4.85 
(1 H, dd, J = 2.5, 5 Hz, HC-2"), 4.10-3.20 (4H, rn, H,C-4", 
H,C-5"), 3.32 (IH, dd, J = 4 ,  13 HZ, HC-2), 3.04 (lH, dd, 
J = 9, 13 Hz, HC-2), 2.56-2.48 (IH, rn, HC-3), 1.93-1.80 (lH, 
rn, HC-l'), 1.75-1.60 (2H, m, H,C-4'), 1.60-1.40 (5H, m, HC- 
l', H,C-2', H,C-3'); ',c NMR 6 for 20b: 193.5 (s, C-4), 145.1 
(d, C-6), 134.8 (s, C-5), 104.5 (d, C-2"), 64.8 (t ~ 2 ,  C-4", C- 
5"), 38.4 (t, C-3), 33.7 (t, C-4'), 31.2 (t, C-1'), 28.9 (t, C-27, 
27.2 (t, C-2), 23.7 (t, C-3'); 6 for 21b: 196.2 (s, C-4), 140.2 (d, 
C-6), 123.1 (d, C-5), 104.4 (d, C-2"), 64.8 (t ~ 2 ,  C-4", C-5"), 
45.1 (d, C-3), 33.7 (t, C-4'),31.7 (t, C-1'), 28.0 (t, C-2), 26.9 (t, 

C-2'), 23.9 (t, C-3'); LRMS (EI), in/z (relative intensity): 242 
([MI+, 3), 197 (31, 114 (9),99 (28),73 (100),56 (19), 45 (15). 

Methyl (E)-6-(3,4-dihydro-4-oxo-2H-thiopyran-5-y1)-2- 
hexenoate (22a), methyl (E)-6-(3,4-dihydro-4-oxo-2H- 
thiopyran-3-y1)-2-hexenoate (23a), methyl (2)-6-(3,4- 
dihydro-4-oxo-2H-thiopyran-5-yl)-2-hexenoate (24a), 
and methyl (2)-6-(3,4-dihydro-4-o~o-2H-thiopyran-3-~1)- 
2-hexenoate (25a) 

A 1.2: 1 mixture of 22a and 23a (3 1 rng, 35%) and a 1.2: 1 mix- 
ture of 24a and 25a (18 mg, 2 1 %) were obtained from a 1.2: 1 
mixture of 20a and 21a (84 mg, 0.37 rnmol) after PTLC (50% 
ether in hexane, developed x2) 

For 22al23a: 'H NMR 6 for 22a: 7.16 (lH, br s, HC-69, 
6.94 (lH, dt, J =  15.5,7 Hz, HC-3), 5.82 (lH, dt, J =  15.5, 1.5 
Hz, HC-2), 3.72 (3H, s, H,CO), 3.19-3.13 (2H, rn, HC-2'), 
2.77-2.7 1 (2H, rn, HC-3'), 2.29 (2H, ap t, J = 7.5 Hz, H2C-6), 
2.20 (2H, ap ddt, J = 1.5, 7.5, 7 Hz, H2C-4), 1.59 (2H, ap tt, 
J = 7.5,9 Hz, H,C-5); 6 for 23a: 7.35 (lH, d, J = 10 Hz, HC- 
6'), 6.94 (lH, dt, J = 15.5,7 Hz, HC-3), 6.09 (lH,d, J = 10 Hz, 
HC-5'), 5.82 (lH, dt, J = 15.5, 1.5 Hz, HC-2), 3.72 (3H, s, 
H3CO), 3.29 (1 H, dd, J = 4, 13.5 Hz, HC-2'), 3.03 (1 H, dd, 
J = 9, 13.5 Hz, HC-2'), 2.57-2.48 (lH, m, HC-3'), 2.26-2.19 
(2H, m, H,C-4), 1.89-1.81 (lH, m, HC-6), 1.62-1.50 (3H, m, 
H2C-5, HC-6); 13c NMR 6 for 22a: 193.4 (s, C-4'), 167.0 (s, 
C-I), 148.9 (d, C-3), 140.8 (d, C-6'), 134.2 (s, C-5'), 121.2 (d, 
C-2), 51.4 (q, CH30), 38.3 (t, C-3'), 31.8 (t, C-6), 30.9 (t, C-4), 
27.4 (t, C-5), 27.2 (t, C-2'); 6 for 23a: 195.8 (s, C-4'), 167.0 (s, 
C-1), 148.5 (d, C-3), 145.2 (d, C-6'), 123.1 (d, C-5'), 121.4 (d, 
C-2), 5 1.3 (q, CH,O), 45.0 (d, C-3'), 32.0 (t, C-4), 3 1.7 (t, C- 
6), 27.8 (t, C-2'), 25.5 (t, C-5). 

For 24aJ25a: 'H NMR 6 for 24a: 7.17 (lH, br s, HC-6'), 
6.22 (lH, dt, J = 11.5, 7.5 HZ, HC-3), 5.78 (IH, dt, J = 11.5, 
1.5 Hz, HC-2), 3.7 1 (3H, s, H3CO), 3.19-3.13 (2H, m, H2C- 
2'), 2.77-2.71 (2H, rn, H2C-3'), 2.69-2.61 (2H, rn, H,C-4), 
2.32 (2H, ap t, J =  7.5 Hz, H2C-6), 1.63-1.52 (2H, m, H,C-5); 
6 for 25a: 7.35 (lH, d, J =  10 Hz, HC-6'), 6.22 (lH, dt, 
J =  11.5, 7.5 HZ, HC-3), 6.10(1H, d, J =  lOHz, HC-5'), 5.78 
(lH, br d, J =  11.5 Hz, HC-2), 3.71 (3H, s, H3CO), 3.31 (lH, 
dd, J = 3.5, 13.5 Hz, HC-2'), 3.05 (IH, dd, J = 8.5, 13.5 Hz, 
HC-2'),2.69-2.6 1 (2H, rn, H2C-4), 2.60-2.50 (1 H, rn, HC-3'), 
1.87 (IH, dddd, J=5.5,5.5,  10, 13 Hz, HC-6), 1.64-1.48 (3H, 
m, H2C-5, HC-6); ',c NMR 6 for 24a: 193.5 (s, C-4'), 166.8 
(s, C-1), 150.2 (d, C-3), 140.7 (d, C-6'), 134.4 (s, C-S'), 119.6 
(d, C-2), 5 1.0 (q, CH,O), 38.4 (t, C-3'), 31.1 (t, C-6), 28.5 (t, 
C-4), 28.3 (t, C-5), 27.3 (t, C-2'); 6 for 25a: 196.0 (s, C-4'), 
166.8 (s, C-1), 149.7 (d, C-3), 145.2 (d, C-6'), 123.1 (d, C-5'), 
119.9 (d, C-2), 51.0 (q, CH,O), 45.0 (d, C-3'), 31.8 (t, C-6), 
28.7 (t, C-4), 27.8 (t, C-2'), 26.4 (t, C-5). 

Methyl (E)-7-(3,4-dihydr0-4-oxo-2H-thiopyran-5-y1)-2- 
heptenoate (22b), methyl (E)-7-(3,4-dihydro-4-oxo-2H- 
thiopyran-3-y1)-2-heptenoate (23b), methyl (2)-7-(3,4- 
dihydro-4-oxo-2H-thiopyran-5-yl)-2-heptenoate (24b), 
and methyl (Z)-7-(3,4-dihydr0-4-oxo-2H-thiopyran-3-~1)- 
2-heptenoate (25b) 

A 1.3: 1 mixture of 22b and 23b (64 mg, 3 1%) and a 1.3: 1 rnix- 
ture of 24b and 25b (36 rng, 17%) were obtained from a 1.3: 1 
mixture of 20b and 21b (198 mg, 0.818 mrnol) after PTLC 
(50% ether in hexane). 

For 22bl23b: IR v,,,: 293 1, 1721, 1658, 1435, 1272, 1202, 
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1175 cm-I; 'H NMR 6 for 22b: 7.14 (lH, s, HC-6'), 6.95 ( lH,  
dt, J = 15.5,7 Hz, HC-3), 5.78 (lH, br d, J = 15.5 Hz, HC-2), 
3.70 (3H, s, H,CO), 3.15-3.09 (2H, m, H,C-2'), 2.73-2.67 
(2H, m, H,C-3'), 2.26-2.14 (4H, m, H,C-4, H,C-7), 1.561.30 
(4H, m, H,C-5, H,C-6); 6 for 23b: 7.36 (lH, d, J = 10 Hz, HC- 
6'),6.95 (lH,dt, J =  15.5,7Hz,HC-3),6.07(lH,d, J =  lOHz, 
HC-57, 5.78 (IH, br d, J = 15.5 Hz, HC-2), 3.70 (3H, s, 
H3CO), 3.26 (lH, dd, J = 4 ,  13 Hz, HC-2'), 3.01 (lH, dd, 
J = 8.5, 13 Hz, HC-2'), 2.52-2.44 (lH, m, HC-3'), 2.26-2.14 
(2H, m, HC-4), 1.88-2.75 (lH, m, HC-7), 1.56-1.30 (5H, m, 
H,C-5', H,C-6, HC-7); I3c NMR 6 for 22b: 193.5 (s, C-4'), 
167.0 (s, C-1), 149.3 (d, C-3), 140.4 (d, C-6'), 134.6 (s, C-5'), 
121.0 (d, C-2), 51.4 (q, CH,O), 38.3 (t, C-3'), 31.7 (t, C-4), 
31.0 (t, C-7), 28.5 (t, C-6), 27.7 (t, C-5), 27.2 (t, C-2'); 6 for 
23b: 196.1 (s, C-4'), 167.0 (s, C-1), 149.1 (d, C-3), 145.1 (d, 
C-6'), 123.1 (d, C-5'), 121.1 (d, C-3), 51.4 (q, CH,O), 45.1 (d, 
C-3'), 3 1.9 (t, C-4), 3 1.7 (t, C-7), 27.9 (t, C-2' or C-5), 27.8 (t, 
C-2'0r C-5), 26.4 (t, C-6); LRMS (EI), m/z (relative intensity): 
254 ([MI+, l l ) ,  194 (27), 155 (20), 139 (13), 127 (33), 114 
(100). 

For 24bl25b: IR v,,,: 2927, 1720, 1658, 1437, 1 199, 1 174 
cm-l. I , H NMR 6 for24b: 7.13 (lH, br s, HC-6'), 6.18 (lH, dt, 
J =  12, 8 Hz, HC-3), 5.74 (lH, br d, J =  12 Hz, HC-2), 3.66 
(3H, s, H3CO), 3.16-3.10 (2H, m, H,C-2'), 2.73-2.66 (2H, m, 
H2C-3'), 2.65-2.58 (2H, m, H,-C4), 2.3 1-2.20 (2H, m, H,C- 
7), 1.60-1.30 (4H, m, H,C-5, H2C-6); 6 for 25b: 7.33 (lH, d, 
J =  10 Hz, HC-6'), 6.18 (lH, dt, J =  11.5, 8 Hz, HC-3), 6.07 
(lH, d, J = 10 Hz, HC-5'), 5.74 (lH, br d, J = 11.5 Hz, HC-2), 
3.66 (3H, s, H,CO), 3.28 (IH, dd, J = 4, 13 Hz, HC-2'), 3.01 
(1 H, dd, J = 9, 13 Hz, HC-2'), 2.65-2.58 (2H, m, H,C-4), 
2.53-2.44 (lH, m, HC-3'), 1.87-1.78 (IH, m, HC-7), 1.60- 
1.30 (5H, m, H,C-5, H2C-6, HC-7); I3c NMR 6 for 24b: 193.5 
(s, C-4'), 166.8 (s, C-1), 150.5 (d, C-3), 145.1 (d, C-6'), 134.8 
(s, C-5'), 119.5 (d, C-2), 51.0 (q, CH,O), 38.4 (t, C-3'), 31.0 (t, 
C-7), 28.8, 28.7, and 28.6 (t x3, C-4, C-5, C-6), 27.2 (t, C-2'); 
6 for 25b: 196.1 (s, C-4'), 166.8 (s, C-1), 150.3 (d, C-3), 140.2 
(d, C-6'), 123.1 (d, C-5'), 119.4 (d, C-2), 51.0 (q, CH,O), 45.1 
(d, C-3'), 3 1.7 (t, C-7), 28.7 (t, C-4 or C-5), 28.6 (t, C-4 or C- 
5), 27.8 (t, C-2'), 26.6 (t, C-6); LRMS (EI), m/z (relative inten- 
sity): 254 ([MI+, 7), 194 (40), 155 (lo), 127 (22), 1 14 (loo), 
113 (32). 

Methyl (E)-7-(3,4-dih~ydro-4-oxo-2H-thiopyran-3-y1)-2- 
heptenoate (23b) 

From 54: A solution of Bu,SnH (0.3 mL, 1. I mmol) and AIBN 
(10 mg, 0.06 mmol) in dry deoxygenated benzene (5 mL) was 
added over 30 min to a solution of 54 (126 mg, 1 mmol) and 55 
(382 mg, 1.5 mmol) in dry deoxygenated benzene (15 mL) 
heated under reflux in an oil bath preheated to 90°C. After 8 h, 
the reaction mixture was concentrated and fractionated by 
MPC (25% ethyl acetate in hexane) to give 23b (1 16 mg, 45%) 
and 54 (23.5 mg, 19%). IR v,,,: 2930, 1721, 1658, 1554, 
1272, 1202 cm-I; 'H NMR 6: 7.33 (lH, d, J = 10 Hz, HC-6'), 
6.91 (lH, dt, J =  15.5, 7 Hz, HC-3), 6.07 (lH, d, J = 10 Hz, 
HC-5'), 5.78 (lH, dt, J =  15.5, 1.5 HZ, HC-2), 3.68 (IH, S, 
H3CO), 3.27 (1 H, dd, J = 3.5, 13.5 Hz, HC-2'), 3.00 (lH, ddd, 
J =  0.5, 9, 13.5 Hz, HC-2'), 2.52-2.44 (lH, m, HC-3'), 2.18 
(2H, ap ddt, J = 1.5,7,7 Hz, HC-4), 1.88-1.76 (1 H, m, HC-7), 
1.56-1.30 (5H, m, H,C-5, H,C-6, HC-7); 13c NMR 6: 196.0 
(s, C-4'), 167.0 (s, C-1), 149.1 (d, C-3), 145.1 (d, C-6'), 123.1 
(d, C-5'), 121.1 (d, C-2), 51.4 (q, CH30), 45.1 (d, C3), 31.9 (t, 

C-4), 3 1.7 (t, C-7), 27.9 (t, C-2' or C-5), 27.8 (t, C-2' or C-5), 
26.4 (t, C-6); LRMS (EI), m/z (relative intensity): 254 ([MI+, 
20), 223 (9), 195 (12), 1 14 (loo), 86 (91). 

Methyl (E)-6-[4-[[tris(l-methylethyl)silyl]oxy]-2H- 
thiop.yran-5-yl]-2-heptenoate (26b) and methyl (E)- 
6-[4-[[tris(l -methylethyl)silyl]oxy]-2H-thi0pyran-3-~1]- 
2-heptenoate (27b) 

Obtained as a 1.3: 1 mixture from a similar mixture of 22b and 
23b: 'H NMR 6 for 26b: 6.96 (IH, dt, J = 15.5, 7 Hz, H-3), 
6.05 (lH, S, H-6'), 5.80 (lH, d, J =  15.5 Hz, H-2), 4.76 (lH, t, 
J = 7 Hz, H-37, 3.70 (3H, s, H,CO), 3.19 (2H, d, J = 7 Hz, 
H,C-2'), 2.25-2.15 (4H, m, H2C-4, H,C-7), 1.52-1.38 (4H, m, 
H;C-5, H2C-6), 1.30-0.90 (2 IH, m, (H,C),CHSi); 6 for 27b: 
6.96 (lH, dt, J = 15.5, 7 HZ, H-3), 6.18 (lH, d, J = 10 Hz, H- 
6') ,5.94(1H,d,J= 10Hz,H-5'),5.80(1H,d,J= 15.5Hz,H- 
2), 3.70 (3H, s, H,CO), 3.25 (2H, s, H,C-2'), 2.25-2.15 (4H, 
m, H2C-4, H2C-7), 1.52-1.38 (4H, m, H,C-5, H,C-6), 1.30- 
0.90 (21H, m, (H3C),CHSi). 

Methyl (E)-6-[4-[[tris(l-methylethyl)silyl]oxy]-2H-thiop~y- 
ran-3-yl]-2-heptenoate (27b): 'H NMR 6: 6.97 (lH, ddd, 
J = 7 , 7 ,  15.5Hz,HC-3),6.18 ( lH,d ,  J =  10Hz,HC-6'),5.95 
(lH, d, J = 10 HZ, HC-5'), 5.82 (1H, dt, J = 15.5, 1.5 Hz, HC- 
2), 3.73 (3H, s, H3CO), 3.28 (2H, s, H,C-2'), 2.26-2.18 (4H, 
rn, H2C-7, H,C-4), 1.50-1.38 (4H, m, H,C-5, H,C-6), 1.30- 
0.90 (21H, m, (H,C),CHSi). 

Methyl (Z)-6-[4-[[tris(l-methylethyl)silyl]oxy]-2H- 
thiopyran-5-yl]-2-heptetzoate (28b) and methyl (Z)- 
6-[4-[[tris(l -nzethylethyl)silyl]oxy]-2H-thiopy mn-3-yl]- 
2-hepterzoate (29b) 

Obtained as a 1.3: 1 mixture from a similar mixture of 24b and 
25b: 'H NMR 6 for 28b: 6.21 (1k1, dt, J = 15.5, 7 Hz, H-3), 
6.05 (IH, S, H-6'), 5.78 (IH, d, J =  15.5 HZ, H-2), 4.76 (lH, t, 
J = 7 HZ, H-3'), 3.70 (3H, S, H,CO), 3.19 (2H, d, J = 7 Hz, 
H,C-2'), 2.78-2.60 (2H, m, H2C-4), 2.23-2.13 (2H, m, H,C- 
7), 1.52-1.38 (4H, m, H,C-5, H,C-6), 1.30-0.90 (21H, m, 
(H,C),CHSi); 6 for 29b: 6.21 (IH, dt, J = 11.5, 7 Hz, H-3), 
6.18 (lH, d, J =  10 HZ, H-67, 5.94 (lH, d, J =  10 Hz, H-5'), 
5.78 (lH, d, J = 11.5 HZ, H-2), 3.70 (3H, s, H3CO), 3.25 (2H, 
s, H,C-27, 2.69 (2H, m, H,C-4), 2.23-2.13 (2H, m, H,C-7), 
1.52-1.38 (4H, m, H,C-5, H,C-6), 1.30-0.90 (21H, m, 
(H,C),CHSi). 

Methyl (E)-6-(4-oxo-4H-thiopy1'an-3-yl)-2-hexenoate (30a) 
A solution of a 1.2: 1 mixture of 26a and 27a (8.3 mg, 0.021 
mmol) in C,D,CD, (0.5 mL) was heated at 75°C for 24 h. 
'H NMR of the reaction solution showed essentially complete 
conversion to 30a. The mixture was concentrated and fraction- 
ated by PTLC to give 30a (4 mg, 75%). IR v,,,: 3024, 1718, 
1605, 1272 cm-I; 'H NMR 6: 7.74 (lH, dd, J = 4, 10 Hz, HC- 
6'), 7.54 ( lH,  d, J = 4 HZ, HC-2'), 7.05 (IH, d, J =  10 HZ, HC- 
5'), 6.98 (lH, dt, J = 15.5,7 Hz, HC-3), 5.86 (lH, dt, J =  15.5, 
1.5 Hz, HC-2), 3.72 (3H, s, H3CO), 2.64-2.58 (2H, m, H,C-6), 
2.28 (2H, ap ddt, J = 1.5, 7, 7 Hz, H2C-4), 1.80-1.70 (2H, rn, 
H,C-5); LRMS (CI, NH,), m/z (relative intensity): 256 
([M+18]+, 25), 239 ([M+l]+, loo), 83 (25). 

Methyl (E)-7-(4-oxo-4H-thiopyratz-3-yl)-2-heptenoate (30b) 
Obtained as a minor by-product ( ~ 2 0 %  yield) from thermal 
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J = 3, 19 Hz, HC-lo), 2.77 (lH, d, J = 11 Hz, HC-l), 2.65 (lH, 
d, J =  11 Hz, HC-l), 2.62 (lH, br dd, J =  3, 19 Hz, HC-10) 
2.61-2.55 (2H, rn, HC-4, HC-4a), 2.21-2.12 (lH, rn, HC-8), 
1.85-1.77 (lH, rn, HC-5), 1.70-1.40 (3H, rn, HC-6, H2C-7), 
1.36-1.23 (lH, rn, HC-6), 1.10-0.85 (2H, rn, HC-5, HC-8); 
13 C NMR 6: 2 12.2 (s, C-9), 172.6 (s, OCeO), 52.7 (d, C-4), 
52.3 (q, CH30), 47.9 (t, C-lo), 46.5 (s, C-8a), 39.4 (d), 37.0 
(d), 34.8 (t), 34.5 (t), 31.8 (t), 25.6 (t), 22.8 (t); LRMS (CI, 
NH,), m/z (relative intensity): 272 ([M+18]+, 20), 255 
([M+ I I+, loo), 226 (21), 209 (33). 

Methyl (2S*,4aS*,5R*,8aS'v,9R*)-octahydro-4-oxo-2,5- 
methano-2H-I-benzothiopyran-9-carboxylate (51): IR v,,,: 
1730,1442,1289,1202 cm-I; 'H NMR 6: 3.71 (3H, s, H3CO), 
3.56-3.49 (2H, rn, HC-2, HC-8a), 3.14-3.10 (lH, rn, HC-9), 
2.71-2.56 (3H, rn, H2C-3, HC-5), 2.44 (lH, dd, J =  3.5, 3.5 
Hz, HC-4a), 2.13-1.45 (6H, rn, H2C-6, H2C-7, H2C-8); 6 in 
CDC13/C6D6: 2.85 (IH, ddd, J = 2, 3, 5 HZ, HC-9 ), 2.45 (lH, 
ddd, J = 2,3.5, 19.5 Hz, Ha$-3), [irradiation of HC-2 reveals 
4 

JHexoC.3,~~.9 = 2 HZ and 3~HC4,Hc.9 = 5 HZ]; l3c NMR 6: 212.2 
(s, C-4), 173.3 (s, OC=O), 52.3 (q, CH30), 50.8 (d, C-4a), 
49.2 (d, C-9), 43.3 (t, C-3), 35.7 (d, C-2 or 8a), 35.3 (d, C-2 or 
8a), 30.7 (t, C-8), 29.1 (d, C-5), 28.5 (t, C-6), 13.9 (t, C-7); 
LRMS (EI), d z  (relative intensity): 240 ([MI', loo), 208 (19), 
181 (67), 113 (62), 81 (61). 

Methyl (2S*,4aS*,5R*,8aS*,9S*)-octahydro-4-0~0-2,5- 
methano-2H-I-benzothiopyrnn-9-carboxylate (52): IR v,,,: 
1730, 1712, 1436, 1177 crn-'; 'H NMR 6: 3.79 (3H, s, 
H3CO), 3.52-3.48 (lH, rn, HC-8a), 3.49-3.44 (lH, rn, HC- 
2), 3.13 (lH, dd, J =  2, 12 Hz, HC-9), 2.81 (lH, dd, J =  3, 
19.5 HZ, HC-3), 2.56 (IH, dd, J = 3 . 5 ,  19.5 HZ, HC-3), 
2.58-2.49 (2H, rn, HC-4a, HC-5), 2.28-2.18 (lH, rn, HC- 
7), 2.04-1.86 (lH, m, HC-7), 1.76-1.67 (lH, rn, HC-8), 
1.66-1.53 (lH, rn, HC-8), 1.48-1.38 (lH, rn, HC-6), 1.32 
(lH, ddd, J = 4 ,  4, 14 Hz, HC-6), [irradiation of HC-2 
reveals 3~Hc-5,Hc-9 = 12.5 HZ]; I3c NMR 6: 212.8 (s, C-41, 
172.0 (s, OC=O), 51.8 (q, CH30), 51.5 (d, C-4a), 48.8 (t, 
C-3), 46.7 (d, C-9), 35.3 (d, C-2), 34.1 (d, C-8a), 30.8 (t, C- 
8), 27.6 (d, C-5), 26.0 (t, C-6), 15.4 (t, C-7); LRMS (EI), 
d z  (relative intensity): 240 ([MI+, 90), 161 (22), 127 (87), 
113 (47), 80 (100). 

2,3-Dihydro-3-(methoxymethyl)-4H-thiopyran-4-one (53) 
A solution of anhydrous ZnBr2 in ether (0.25 M, 0.16 mL, 
0.040 mrnol) was added to a solution of chlorornethyl methyl 
ether (91 l L ,  96 mg, 1.2 rnmol) and 4-trirnethylsilyloxy-2H- 
thiopyran (186 rng, 1.00 mmol) in dry CH2C12 (5 rnL) at rt. 
After stirring for 30 min, the mixture was poured onto satu- 
rated NaHC03 and extracted with CH2C12. The combined 
organic layers were washed with H20, dried over Na2S04, 
concentrated, and fractionated by MPC (30% EtOAc in hex- 
ane) to give 56 (10 rng, 9%) and 53 as a clear oil (110 mg, 
70%): IR v,,,: 3029, 1657, 1555, 1204, 1 1 18 crn-'; 'H NMR 
6: 7.42 (lH, dd, J =  1.5, 10 Hz, HC-6), 6.15 (lH, d, J = 10 Hz, 
HC-5), 3.74 (lH, dd, J=4.5,9.5 HZ, HC-l'), 3.59 (lH, dd, J =  
9,9.5Hz,HC-1'),3.37 (3H,s,H3CO), 3.33 (lH,ddd, J =  1.5, 
4.5, 13.5 Hz, HC-2), 3.26 (lH, dd, J = 11, 13.5 Hz, HC-2), 
2.87 (lH, dddd, J = 4.5, 4.5, 9, 11 Hz, HC-3); 13c NMR 6: 
193.8 (s, C-4), 146.3 (d, C-6), 123.7 (d, C-5), 69.6 (t, C-1'), 
59.0 (q, CH30), 45.8 (d, C-3), 29.7 (t, C-2); LRMS (EI), d z  

(relative intensity): 158 ([MIf, 81), 126 (22), 125 (15), 113 
(72), 86 (loo), 58 (37). 

2,3-Dihydro-3-methlyene-4H-thiopyran-4-one (54) 
TFA (0.25 rnL) was added to a solution of 53 (100 rng, 0.63 
rnrnol) in CH2C12 (2 mL) at rt. After stirring for 5 days, the 
reaction mixture was concentrated and filtered through a short 
column of silica gel eluting with C6H6. The filtrate was con- 
centrated and the residue dissolved in CH2C12 (2 rnL). Et3N 
(0.25 rnL) was added and after stirring for 1-3 days, the reac- 
tion mixture was concentrated and fractionated by FCC (20% 
ether in hexane) to yield 54 as an oil (60 rng, 75%): IR v . 
3033, 2900, 1786, 1729, 1658, 1611, 1540, 1167 crn-l;'fi 
NMR 6: 7.48 (lH, br d, J =  10 Hz, HC-6), 6.25 (lH, br d, J = 
10 Hz, HC-5), 6.06 (lH, br s, HC-l'), 5.51 (lH, br s, HC-1'), 
3.87 (2H, br s, H2C-2); I3c NMR 6: 185.2 (s, C-4), 146.3 (d, 
C-6), 139.0 (s, C-3), 124.5 (d, C-5), 123.4 (t, C-1'), 34.2 (t, C- 
2); LRMS (CI, NH,), m/z (relative intensity): 144 ([M+18]+, 
4), 127 ([M+lIf, loo), 126 (14), 97 (4). 

2-(2-Hydroxyetlzylthio)-tetrahydro-4H-thiopyran-4-one (57) 
2-Mercaptoethanol (0.13 rnL, 1.8 mrnol) was added to a sus- 
pension of NaH (3 mg, 0.1 rnrnol) in THF (5 rnL). Compound 
56 (100 rng, 0.80 rnrnol) was added and the mixture was 
stirred at rt for 10 h. The reaction mixture was concentrated 
and the residue dissolved in CH2C12; the solution was washed 
with H20 (x3), dried over Na2S04, concentrated, and fraction- 
ated by FCC (35% EtOAc in hexane) to give 57 (92 mg, 55%): 
'H NMR 6: 4.27 (IH, br t, J = 4 . 5  Hz, HC-2), 3.64 (lH, s, 
HO), 3.52 (2H, ap t, J = 6 Hz, H2C-2'), 3.04 (1 H, ddd, J = 6.5, 
7, 14 Hz, HC-6), 2.85 (lH, dd, J =  4.5, 14.5 Hz, HC-3), 2.72- 
2.55 (2H, rn, HC-6, HC-l',), 2.55-2.38 (4H, rn, HC-3, H2C-5, 
HC-1'); 13c NMR 6: 206.4 (s, C-4), 61.1 (t, C-2'), 49.5 (d, C- 
2), 48.1 (t, C-3), 42.9 (t, C-5), 34.4 (t, C-1'), 26.0 (t, C-6); 
LRMS (EI), d z  (relative intensity): 192 ([MI+, lo), 115 (loo), 
87 (41), 73 (35). HRMS d z  calcd. for C7H1202S2: 192.0279; 
found: 192.0278. Anal. calcd. for C7H1202S2: C 43.72, 
H 6.29; found: C 42.92, H 6.34. 

2-[(Tetrahydro-4-0~0-2H-thiopyran-2-yl)thio]ethyl 
propenoate (58) 

Compound 57 (75 mg, 0.39 mmol) was added to a stirred solu- 
tion of acryloyl chloride (70 rng, 0.77 mrnol) and pyridine (0.6 
rnL, 0.8 mrnol) in CH2C12 (3 mL) at rt. After 5 h, the reaction 
mixture was washed with H 2 0  (5 mL), dried over Na2S04, 
concentrated, and fractionated by FCC (25% EtOAc in hex- 
ane) to give 58 (43 rng, 45%; note: higher yields are obtained if 
the reaction is conducted at 0°C): 'H NMR 6: 6.45 (IH, dd, 
J =  1.5, 17.5 HZ, HC-3), 6.15 (lH, dd, J =  10.5, 17.5 HZ, HC- 
2), 5.85 (lH, dd, J =  1.5, 10.5 Hz, HC-3), 4.55-4.20 (3H, rn, 
H2C-l', HC-2"), 3.28-3.14 (2H, m), 3.13-2.95 (2H, m), 3.10- 
2.95 (2H, rn), 2.90-2.55 (4H, m). 

2-[(Tetrahydro-4-0~0-2H-thiopyran-2-yl)thio]ethyl methyl 
(E)-butendioate (59) 

Methyl fumaryl chloride (535 rng, 4 mrnol) was added drop- 
wise to a solution of 57 (517 mg, 2.7 mmol) and pyridine (0.3 
rnL, 4 mmol) in CH2C12 at 0°C and the mixture was stirred at rt 
for 4 h. The mixture was diluted with CH2C12, washed with 
water, dried over Na2S0,, concentrated, and fractionated by 
FCC (30% EtOAc in hexane) to give 59 (1.02 g, 89%): 'H 
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1.22 (2H, m), 0.77 (3H, s, H3CC-7a); I3c N M R  6:  176.1,7  1.6, 
51.3,45.3,43.4,41.6,32.6,28.3,25.4,23.8, 19.2, 18.0;LRMS 
(CI, NH,), m/z (relative intensity): 2230 ([M+18]+, 61), 227 
([M+ I I+, 24), 195 ( loo) ,  135 (56), 130 (67). 

Methyl ( I S  :g,R*,4aR'"8aS *)-decahydro-4-hydroxy-4a- 
methyO2aplzthalene-1 -carboxylate (65a) a n d  methyl 
(1  S 54S*,4aR *,8aS *)-decahydro-4-hydI-oxy-4a- 
methylnaphthalene-1 -carboxylate, (65b) 

Raney Ni (0.15 m L )  was added to  a stirred solution of 49 (12.5 
mg, 0.049 mmol) in M e O H  (2  mL)  and the resulting suspen- 
sion heated under reflux for 1 h. The  reaction mixture was fil- 
tered through Celite with the aid of MeOH. T h e  combined 
filtrate and washings were concentrated and fractionated by  
M P C  (20% ethyl acetate in hexane) to  give 65a (5.3 mg, 48%) 
and 65b (5.3 mg, 48%). 

For 65a:  IR v,,,: 3480,2927,2862,1735,  1436, 1 17 1 cm-I; 
'H NMR 6:  3.65 (3H, s, H,CO), 3.32 ( l H ,  dd, J =  4.5, 11 Hz, 
HC-4), 2.23 ( l H ,  dt, J = 4,  11 Hz, HC- l ) ,  2.02-1.09 (13H, m), 
0.85 (3H, s, H,C); 13c N M R  6: 176.6, 78.5, 51.4, 45.7, 44.4, 
38.8,37.1,29.0,28.0,26.2,25.2,21.2, 10.3; L R M S  (CI, NH3), 
m/z (relative intensity): 244 ([M+18]+, loo), 227 ([M+l]+, 4 3 ,  
209 (50), 194 (26). 

For  65b:  IR v,,,: 3513,2926,2859,1735,  1443,1153 cm-'; 
'H N M R  6: 3.65 (3H, s, H3CO), 3.36 ( l H ,  br  s, HC-4), 2.30 
( l H ,  ddd, J = 4 ,  4 ,  12 Hz, HC-I) ,  1.92-1.00 (13H, m), 0.87 
(3H, s, H3C); ',c N M R  6: 176.4, 74.4, 51.2,45.0, 39.1, 37.8, 
34.8, 27.6, 26.3, 25.7,23.9, 2 1.4, 16.7; L R M S  (CI, NH,), ndz  
(relative intensity): 244  ([M+18]+, 37), 227 ([M+l]+, 3 l) ,  209  
(100). 

Acknowledgements 
Financial support from the Natural Sciences and Engineering 
Research Council of Canada and the University of Saskatch- 
ewan  is gratefully acknowledged. 

References 
1. 0 .  Diels and K. Alder. Justus Liebigs Ann. Chem. 460, 98 

(1928). 
2. (a) F. Fringuelli and A. Taticchi. In Dienes in the Diels-Alder 

reaction. Wiley, New York. 1990; (b) W. Carruthers. In 
Cycloaddition reactions in organic synthesis. Pergamon, 
Oxford. 1990; (c) G. Desimoni, G. Tacconi, A. Barcoa, and G.P. 
Pollini. In Natural product synthesis through pericyclic reac- 
tions. ACS Monograph 180. American Chemical Society, 
Washington. 1983; ( 4  B.M. Trost and I. Flemming (Editors). 
Comprehensive organic synthesis. Vol. 5. Pergamon Press, 
Oxford. 199 1. Chap. 4. 

3. (a) J.G. Martin and R.K. Hill. Chem. Rev. 61,537 (1961); (b) J. 
Sauer. Angew. Chem. Int. Ed. Engl. 6, 16 (1967). 

4. D.E. Ward, W.M. Zoghaib, C.K. Rhee, and Y. Gai. Tetrahedron 
Lett. 31, 845 (1990). 

5. D.E. Ward, Y. Gai, and W.M. Zoghaib. Can. J. Chem. 69, 1487 
(1991). 

6. D.E. Ward and Y. Gai. Tetrahedron Lett. 33, 185 1 (1992). 
7. D.E. Ward and Y. Gai. Can. J. Chem. 70,2627 (1992). 
8. D.E. Ward and T.E. Nixey. Tetrahedron Lett. 34, 947 (1993). 
9. D.E. Ward, Y. Gai, and Y. Lai. Synlett, 261 (1996). 

10. (a) W.R. Roush. In Comprehensive organic synthesis. Vol. 5. 
Edited by B.M. Trost and I. Flemming. Pergamon, Oxford. 1991. 
Chap. 4.4; (b) W.R. Roush. In Advances in cycloaddition. Vol. 2. 
Edited by D.P. Curran. JAI Press, Greenwich, Conn. 1990. p. 91; 

(c) M.J. Taschner. In Organic synthesis: theory and application. 
Vol. 1. Edited by T. Hudlicky. JAI Press, Greenwich, Conn. 
1989. p. 79; (4 D. Craig. Chem. Soc. Rev. 16, 187 (1987); (e) A. 
Fallis. Can. J. Chem. 62, 183 (1984); (f) E. Ciganek. Org. React. 
32, 1 (1984); (g) D.F. Taber. hi Intramolecular Diels-Alder and 
ene reactions. Springer-Verlag, Berlin. 1984; (h) L.A. Paquette. 
In Asymmetric synthesis. Vol. 3. Edited by J.D. Morrison. Aca- 
demic Press, New York. 1984. Chap. 7; (i) G. Brieger and J.N. 
Bennett. Chem. Rev. 80,63 (1980); 0') R. Funk, and K.P.C. Voll- 
hardt. Chem. Soc. Rev. 9,41 (1980); (k) W. Oppolzer. Synthesis, 
793 (1978); (1) Angew. Chem. Int. Ed. Engl. 16, 10 (1977); (m) 
G. Mehta. J. Chem. Educ. 53, 551 (1976); (11) R.G. Carlson. 
Annu. Rep. Med. Chem. 9 ,270 (1974). 

11. W.R. Roush, A.I. KO, and H.R. Gillis. J. Org. Chem. 45, 4264 
(1980). 

12. (a) K.R. Buszek. Tetrahedron Lett. 36, 9125 (1995); (b) P.A. 
Wender and T.E. Smith. J. Org. Chem. 60, 2962 (1994); (c) S.F. 
Martin, Y. Liao, Y. Wong, and T. Rein. Tetrahedron Lett. 35, 
691 (1995); ( 4  M. Sodeoka, H. Yamada, and M. Shibasaki. J. 
Am. Chem. Soc. 112, 4906 (1990); (e) S.-S.P. Chou and S.-J. 
Wey. J. Org. Chem. 55, 1270 (1990); (f) S. Wattanasin, F.G. 
Kathawala, and R.K. Boeckman. J. Org. Chem. 50, 3810 
(1985); (g) M. Yoshida, H. Nakai, and M. Ohno. J. Am. Chem. 
Soc. 106, 11 33 ( 1984); ( h )  M. Koreeda and J.I. Luengo. J. Org. 
Chem. 49, 2079 (1984); (i) S.F. Martin, S.A. Williamson, R.P. 
Gist, and K.M. Smith. J. Org. Chem. 48, 5170 (1983); (j) R.K. 
Boeckman, and T.R. Alessi. J. Am. Chem. Soc. 104, 3216 
(1982); (k) S.G. Pyne, M.J. Hensel, and P.J. Fuchs. J. Am. 
Chem. Soc. 104, 5719 (1982); (1) M.E. Kuehne, T.H. Matsko, 
J.C. Bohnert, L. Motyka, and D. Oliver-Smith. J. Org. Chem. 
46, 2002 (1981); (rn) W. Oppolzer, C. Fehr, and J. Warneke. 
Helv. Chim. Acta, 60, 48 (1977); (n) R.F. Borch, A.J. Evans, 
and J.J. Wade. J. Am. Chem. Soc. 99, 1612 (1977); (o) H.O. 
House and T.H. Cronin. J. Org. Chem. 30, 1061 (1965). 

13. (a) T.K. Park, I.J. Kim, S.J. Danishefsky, and S. de Gala. Tetra- 
hedron Lett. 36, 1019 (1995); (b) J.D. Winkler, H.S. Kim, and 
S. Kim. Tetrahedron Lett. 36, 687 (1995); (c) M.Y. Chu-Moyer, 
S.J. Danishefsky, and G.K. Schulte. J. Am. Chem. Soc. 116, 
11213 (1994); (4 R.W. Jackson and K.J. Shea. Tetrahedron 
Lett. 35, 1317 (1994); (e) I. Hanna, J.-Y. Lallemand, and P. 
Wlodyka. Tetrahedron Lett. 35, 6685 (1994); (f) A. Tahri, D. 
Uguen, A. De Cain, and J. Fischer. Tetrahedron Lett. 35, 3945 
(1994); (g) R.V. Bonnert and P.R. Jenkins. J. Chem. Soc. Perkin 
Trans. 1, 413 (1989); ( h )  K.J. Shea and C.D. Haffner. Tetrahe- 
dron Lett. 29, 1367 (1988); (i) E.J. Corey, P.D.S. Jardine, and 
J.C. Rohloff. J. Am. Chem. Soc. 110, 3672 (1988); (j) J.-F. He 
and Y.-L. Wu. Tetrahedron, 44, 1933 (1988); (k) F.E. Ziegler, 
B.H. Jaynes, and M.T. Saindane. J. Am. Chem. Soc. 109, 8115 
(1987); (1) P. Magnus, C. Walker, P.R. Jenkins, and K.A. 
Meanar. Tetrahedron Lett. 27, 651 (1986); (rn) K.C. Nicolaou 
and W.S. Li. J. Chem. Soc. Chem. Commun. 421 (1985); (n) 
P.R. Jenkins, K.A. Menear, P. Barraclough, and M.S. Nobbs. J. 
Chem. Soc. Chem. Commun. 1423 (1984); (o) K.J. Shea and 
P.D. Davis. Angew. Chem. Int. Ed. Engl. 22,419 (1983). 

14. T. Saito, T. Shizuta, H. Kikuchi, J. Nakagawa, K. Hirotsu, H. 
Ohmura, and S. Motoki. Synthesis, 727 (1994). 

15. (a) E.A. Fehnel and M. Carmack. J. Am. Chem. Soc. 70, 1813 
(1948); (b) N.G. Rule, M.R. Detty, J.E. Kaeding, and J.A. 
Sinicropi. J. Org. Chem. 60, 1665 (1995); (c) S. Tamai, H. 
Ushirogochi, S. Sano, and Y. Nagao. Chem. Lett. 295 ( I  995). 

16. (a) T. Takemura and J.B. Jones. J. Org. Chem. 48, 791 (1983); 
(b) S. Lane, S.J. Quick, and R.J.K. Taylor. J. Chem. Soc. Perkin 
Trans. 1,893 (1985); (c) H. Matsuyama, Y. Takei, and M. Koba- 
yashi. Bull. Chem. Soc. Jpn. 59, 2657 (1986); ( 4  H. 
Matsuyama, Y. Miyazawa, Y. Takei, and M. Kobayashi. J. Org. 
Chem. 52, 1703 (1987); (e) T. Fujisawa, B.I. Mobele, and M. 
Shimizu. Tetrahedron Lett. 32,7055 (1991). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74.  1996 

17. G.A. Krause and K. Landgrebe. Synthesis, 885 (1984). 
18. R.J. Batten, J.D. Coyle, R.J.K. Taylor, and S. Vassiliou. J. 

Chem. Soc. Perkin Trans. 1, 1177 (1982). 
19. C.H. Chen, G.A. Reynolds, and J.H. Van Allan. J. Org. Chem. 

42,2777 (1977). 
20. V.K. Kansal and R.J.K. Taylor. J. Chem. Soc. Perkln Trans. 1, 

703 (1984). 
21. S. Lane, S.J. Quick, and R.J.K. Taylor. J. Chem. Soc. Perkin 

Trans. 1, 2549 (1984). 
22. G. Casy, A.G. Sutherland, R.J.K. Taylor, and P.G. Urben. Syn- 

thesis, 767 (1989). 
23. E. Vedejs, M.J. Arnost, and J.P. Hagen. J. Org. Chem. 44, 3230 

(1979). 
24. (a) S.U. Kulkarni and V.D. Patil. Heterocycles 18, 163 (1982); 

(b) J.K. Baker and T.L. Little. J. Med. Chem. 28,46 (1985). 
25. H.O. House, V.K. Jones, and G.A. Frank. J. Org. Chem. 29, 

3327 (1964). 
26. (a) H. Lamy-Schelkens and L. Ghosez. Tetrahedron Lett. 30, 

5891 (1989); (b) H. Lamy-Schelkens, D. Giomi, and L. Ghosez. 
Tetrahedron Lett. 30,5887 (1989). 

27. K.J. Shea, S. Wise, L.D. Burke, P.D. Davis, J.W. Gilman, and 
A.C. Greeley. J. Am. Chem. Soc. 104,5708 (1982). 

28. D.T. Witiak, K. Tomita, and R.J. Patch. J. Med. Chem. 24, 788 
(1981). 

29. M. Bols and T. Skrydstrup. Chem. Rev. 95, 1253 (1995). 
30. (a) M.E. Jung. Synlett, 186 (1990); (b) M.E. Jung and J. 

Gervay. J. Am. Chem. Soc. 113,224 (1991). 
31. R.D. Little, M.R. Masjedizadeh, 0 .  Wallquist, and J.I. 

McLaughlin. Org. React. 47, 315 (1995). 
32. (a) W.R. Roush, H.R. Gillis, and A.I. KO. J. Am. Chem. Soc. 

104, 2269 (1982); (b) W.R. Roush and H.R. Gillis. J. Org. 
Chem. 47,4825 (1982). 

33. W.C. Still, M. Kahn, and A. Mitra. J. Org. Chern. 43, 2923 
(1978). 

34. D.F. Taber. J. Org. Chem. 47, 1351 (1982). 
35. D.W. Brown, T.T. Nakashima, and D.L. Rabenstein. J. Magn. 

Reson. 45, 302 (1 98 1). 
36. K.A. Walker, M.R. Boots, J.F. Stubbins, M.E. Rogers, andC.W. 

Davis. J. Med. Chem. 26, 174 (1983). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Molecular motion in crown ethers. Application 
of I3c and *H NMR to the study of 4- 
carboxybenzo-24-crown-8 ether and its KNCS 
complex in solution and in the solid phase1 

G.W. Buchanan, A. Moghimi, and C.I. Ratcliffe 

Abstract: Large-amplitude solid phase molecular motion has been detected in the macrocyclic ring of the title crown either via 
I3c CPMAS NMR. To study the details of the dynamic processes, two selectively deuterated d4 derivatives have been prepared 
and examined via 'H NMR as a function of temperature. A phase change occumng around 277 K has been verified by differential 
scanning calorimetry (DSC) and a model for the motional processes has been developed involving equivalent two-site flips of the 
CD, groups. The amplitude of the CD, motions apparently decreases the closer the group is to the aromatic ring. The influence 
of KNCS complexation on the I3c CPMAS spectrum and on I3c spin lattice relaxation times in solution has been explored. 

Key words: macrocyclic ethers, solid phase dynamics. 

RCsumC : La spectroscopie de RMN et de CPMAS du I3c a permis de dtceler un mouvement moltculaire de grande amplitude 
dans la phase solide du macrocycle de 1'Cther couronne mentionnC dans le titre. Dans le but d'ttudier le dttail du processus 
dynamique, on a choisi de prtparer deux dtrivts deuttrts d4 et on les a ttudits par RMN du 'H en fonction de la temperature. I1 
se produit un changement de phase vers 277 K que I'on a pu verifier par calorimCtrie B balayage difftrentiel (CBD) et on a mis au 
point, pour ce mouvement, un modble impliquant deux sites Cquivalents de pliage des groupes CD,. L'amplitude des 
mouvements des groupes CD, dtcroit apparemment lorsque le groupe est trbs prbs du cycle aromatique. On a ttudit l'influence 
de la complexation par le KNCS sur le spectre CPMAS du 13c et sur les temps de relaxation spin-rCseau en solution du 13c. 

Mots clis : tthers macrocycliques, dynamique dans la phase solide. 

[Traduit par la rtdaction] 

Introduction 

Complexes of macrocyclic polyethers (crown ethers) are 
widely recognized as models for molecular recognition. Typi- 
cally, these free macrocycles have highly flexible geometries 
in solution, and thus can adapt their conformations for opti- 
mum complexation of guest species. 

Recent work from these laboratories has shown that a sub- 
stantial degree of motional freedom also exists in the solid 
state for several complexes of 18-crown-6 (1-6) and 12- 
crown-4 (7) ether systems. 
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The first indication that motion might be taking place in the 
24-crown-8 ether macrocycle in the solid phase came from a 
comparison of the normal and dipolar dephased (8) 13c 
CPMAS NMR spectra of a copolymer of styrene and 4-vinyl- 
benzo-24-crown-8 (below). 

Normally, resonances for protonated carbons are lost in the 
dipolar dephased experiment. The dipolar dephased spectrum 
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of this material, however, showed a substantial residual inten- 
sity for some of the CH2-0 resonances indicative of some 
large-amplitude motion in the polyether macrocyle. 

To examine the details of such motion in the 24-crown-8 
macrocycle, a simpler molecular network that is solid over a 
wide range of temperatures is required. The 4-carboxybenzo- 
24-crown-8 molecule, 1, meets these criteria. 

Experimental 

Materials 
The synthesis of 1 was carried out starting with commercially 
available 3,4-dihydroxybenzaldehyde (Aldrich), which was 
condensed with 1,20-dichloro-3,6,9,12: 15,18-hexaoxatetrade- 
cane. The resulting aldehyde was oxidized to 1. Details follow. 
Initially, heptaethylene glycol was prepared according to the 
procedure outlined below. 

A 1 L round-bottom three-necked flask, equipped with a 
condenser and a dropping funnel, was charged with diethylene 
glycol (Aldrich) (660.0 g, 6.2 mol) and crushed NaOH pellets 
(80.0 g, 2 mol), and was heated to 100°C while stirring under a 
nitrogen atmosphere for 2 h until most of the base had dis- 
solved. Then 1,2-bis(2-ch1oroethoxy)ethane (Aldrich) (187.1 
g, 1.0 mol) was added dropwise to the mixture over a period of 
2 h while keeping the temperature at about 120°C. After 
refluxing for 4 h, the reaction mixture was cooled to room tem- 
perature and the water produced in the reaction was removed 
at reduced pressure. The resulting concentrate was diluted 
with CH2C12 (200 mL) and the NaCl was removed by filtra- 
tion. The solution was dried over anhydrous Na2S04 and, after 
removal of the drying agent, the solvent was removed by roto- 
evaporation. Fractional distillation at reduced pressure (0.7 
Tom; 1 Tom= 133.3 Pa) yielded 135.0 g (41.4%) of heptaeth- 
ylene glycol, bp 240-250°C. ',c NMR (CDCl,), 6,: 72.4, 
70.3,70.1, 61.3. CIMS: M + 1 at 327 (100%). 

Heptaethylene glycol was converted to 1,20-dichloro- 
3,6,9,12,15,18-hexaoxatetradecane according to the following 
method. Thionyl chloride (52.5 mL, 0.72 mol) was added 
dropwise with stirring to cooled heptaethylene glycol (108.6 g, 
0.33 mol) under nitrogen. The mixture was stirred at room 
temperature for 14 h, then refluxed for 26 h. The excess thio- 
nyl chloride was removed at reduced pressure; the residue was 
poured onto ice (50 g) and then washed with CH2C12 (3 x 100 
mL). The combined extracts were washed with saturated 
NaHCO, (3 x 20 mL), saturated NaCl(30 mL), and water (2 x 
20 mL) and were dried over Na2S04. Following solvent 
removal at reduced pressure, fractional distillation yielded 
60.0 g (50.0%) of 1,20-dichloro-3,6,9,12,15,18-hexaoxatet- 
radecane, bp 190-200°C (0.4 Tom). I3c NMR (CDCl,), 6,: 
7 1.3, 70.6, 70.5,42.7. CIMS: M + 1 at 363 (62%). 

4-Formylbenzo-24-crown-8 ether was prepared as follows: 
3,4-dihydroxybenzaldehyde (2.35 g, 0.017 mol) and 18- 
crown-6 (0.1 g, 0.0003 mol) were dissolved in 500 mL of dry 
acetonitrile in a 1 L round-bottom two-necked flask equipped 
with a condenser, under N2 atmosphere. To this was added 
K2C03 (7.05 g, 0.05 1 mol) and 1,20-dichloro-3,6,9,12,15,18- 
hexaoxatetradecane (6.20 g, 0.017 mol) and the reaction mix- 
ture was refluxed for 5 days. Upon cooling, the mixture was 
filtered and the solvent was removed by rotoevaporation. Sub- 
sequent column chromatography on silica gel (grade 60,230- 
400 mesh) eluting with ethyl acetate yielded 4-formylbenzo- 

24-crown-8 ether (3.6 g, 50.0%) as a pale yellow oil. ',c NMR 
(CDCl,), 6,: 191.2, 154.9, 149.6, 130.6, 127.1, 112.7, 111.9, 
71.7, 71.5, 71.3, 71.2, 71.1, 69.9, 69.8, 69.6. CIMS: M + 1 at 
429 (100%). 

Oxidation to 1 was carried out starting with Ag20 (5.0 g, 
0.022 mol) dissolved in 500 mL of 0.73 M NH,OH in a 1 L 
Erlenmeyer flask covered by aluminum foil and stirred for 5 
min. To this was added, dropwise, 4-formylbenzo-24-crown-8 
ether (5.0 g, 0.012 mol) dissolved in 10 mL of absolute etha- 
nol. After 30 min, the mirror started to form. The mixture was 
stirred for 16 h at room temperature, then filtered and washed 
with CH2C12 (6 x 50 mL). Evaporation of the solvent from the 
organic phase gave 1.5 g of mostly unreacted aldehyde. The 
aqueous phase was then acidified to pH 2 and washed with 
CH2C12 (4 x 100 mL). The solvent was removed by rotoevap- 
oration, and the solid residue was kept under vacuum with 
occasional gentle warming to yield 3.0 g (56.3%) of 1, mp 87- 
89°C. I3c NMR (CDCl,), 6,: 170.6, 153.7, 148.6, 124.9, 
122.6, 115.3, 112.6, 71.9, 71.5, 71.4, 71.1, 71.0, 70.9, 70.4, 
69.9, 69.8, 69.6, 69.4. High-resolution MS: m/z calcd. for 
C21H32010 (M'): 444.1996; found: 444.1967 (12.9%). 

Preparation of 1 - I  I ,  11'-d, 
Initially, it was necessary to prepare the 7,7,14,14-d4 deriva- 
tive of 1,20-dichloro-3,6,9,12,15,18-hexaoxatetradecane. 
This was prepared as outlined schematically in Fig. 5 (a) and 
described below. 

Ethylene glycol (3.1 g, 0.05 mol) and ethyldiazoacetate 
(10.5 mL, 0.10 mol) were dissolved in CH,C12 (100 mL), and 
the stirred solution was cooled in an ice bath. After addition of 
3 drops of the catalyst BF,.O(Et),, an exothermic reaction 
occurred and the evolving N2 gas was allowed to escape. Stir- 
ring was continued for another 30 min until no further gas had 
evolved. The solvent was then removed by rotary evaporation 
and the oily residue (1 1.5 g) was subjected to column chroma- 
tography on silica gel (grade 60, 230-400 mesh) using 1:l 
hexane:diethyl ether as eluant. This gave 8.0 g (68.4 %) of 1,2- 
bis(ethy1acetoxy)ethane. ',c NMR (CDCl,), 6,: 170.3, 70.9, 
68.6, 14.2. CIMS: M + 1 at 235 (100%). 

Triethylene glycol- 1 ,8-d4 was then prepared as follows. All 
glassware for this reaction was dried in an oven overnight at 
110°C. A I L round-bottom three-necked flask equipped with 
a strong magnetic stirrer, condenser, and a dropping funnel 
was charged with 500 mL anhydrous THF. Lithium aluminum 
deuteride (2.0 g, 0.048 mol) was added to the flask while the 
THF was being vigorously stirred under an N2 atmosphere. 
The flask was then cooled in an ice-salt bath and 1,2-bis- 
(ethy1acetoxy)ethane (1 1.8 g, 0.050 mol) dissolved in 20 mL 
of anhydrous THF was added over a period of 45 min. Two 
additional aliquots of 50 mL of dry THF were added to the 
reaction mixture to reduce the viscosity. The ice bath was 
removed and the temperature of the stirred reaction mixture 
was allowed to rise to 40°C over a period of 1 h. The excess 
LiAlD, was decomposed via slow addition of 1 mL of H20 to 
the cooled reaction mixture. Subsequently, dilute (20%) 
H2S04 (1 8 mL) was added dropwise to decompose the lithium 
alkoxide complex. The clear upper organic layer was sepa- 
rated and combined with the organic layers resulting from 
washing the lower viscous aqueous slurry with 3 x 50 mL of 
fresh THF. The solvent was removed by rotoevaporation and 
the resulting crude product was dissolved in 50 mL of H20 
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Fig. 1. Structures and numbering schemes for 1 and deuterated 
derivatives. 

and washed with CH2C12 (20 mL). The water was removed by 
evaporation at reduced pressure and the residue was left under 
vacuum for 3 h, to yield 6.2 g of crude triethylene glycol- 1,8- 
d4. 

This glycol was then converted to 1,8-dichloro-3,6-dioxa- 
octane- 1 ,8-d4, via reaction with thionyl chloride by standard 
methods to yield 5.92 g (80%) of product as a pale yellow liq- 
uid. I3c NMR (CDCl,), 8,: 71.2. 50.6, 40.3 (quintet due to 
' 3 ~ - 2 ~  coupling). This dichloride was then condensed with 
diethylene glycol as described previously to yield heptaethyl- 
ene glycol-7,7-14,14-d4. Subsequent conversion to the 
7,7,14,14-d4 derivative of 1,20-dichloro-3,6,9,12,15,18- 
hexaoxatetradecane was carried out with SOCl,. This material 
was then reacted with 3,4-dihydroxybenzaldehyde and oxi- 
dized using the same methods as for the nondeuterated com- 
pounds to yield 1-ll , l lf-d4. High-resolution MS: d z  calcd. 
for C2,Hz8Ol,D4: 448.2247; found: 448.2260 (7.7%). 

Preparation of 1-13, 13'-d4 
In this case it was necessary to synthesize the 10,10,11,11- 

Fig. 2. (a):  400 MHz 'H solution NMR spectrum of alphatic 
region of 1. (b): 100 MHz I3c solution NMR spectrum of alphatic 
region of 1. 

d4 derivative of 1,20-dichloro-3,6,9,12,15,18-hexaoxatetra- 
decane as described below. 

tert-Butanol (250 mL) was placed in a 500 mL round-bot- 
tom three-necked flask equipped with a condenser and a drop- 
ping funnel. To this was added a 57% suspension of NaH in 
mineral oil (4.88 g, 0.116 mol) and the mixture was stirred at 
room temperature under an N2 atmosphere for 20 min. A mix- 
ture of ethylene glycol-d6 (Cambridge Isotope Laboratories 
Inc.) (4.0 g, 0.058 mol) and 1,2-bis(2-ch1oroethoxy)ethane 
(Aldrich) (112.24 g, 0.600 mol) was added dropwise to the 
reaction flask over 1 min and the reaction mixture was 
refluxed for 5 days. After cooling, 200 mL H20 was added and 
the mixture was extracted with CH2C12 (3 x 100 mL). The 
organic phase was then dried over anhydrous Na2S04. Subse- 
quent removal of the drying agent and solvent evaporation 
were followed by fractional distillation at reduced pressure to 
give a crude product, bp 180-210°C (0.5-0.7 Torr). This 
material was then subjected to column chromatography on sil- 
ica gel (grade 60, 2 3 M 0 0  mesh) using 1:l hexane:diethyl 
ether as eluent, to give 2.57 g (12.7%) of the 10,10,11,11-d, 
derivative of 1,20-dichloro-3,6,9,12,15,18-hexaoxatetrade- 
cane. 13c NMR (CDCl,), 6,: 7 1.4,70.8,70.7, 70.6,70.5,69.7 
(quintet), and 42.7. CIMS: M + 1 at 367 (42%). 

Subsequently 1-13.13'-d4 was prepared in analogous fash- 
ion to that described previously. High-resolution MS: d z  
calcd. for C21H28010D4 (M'): 448.2247; found: 448.2244 
(4.6%). 
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Fig. 3. Normal (upper) and dipolar dephased (lower) I3C CPMAS NMR spectra of the 
CH,-0 region of 1, 1-1 1,ll'-d,, and 1- 13,13'-d,. 

1 1-11.11'-d4 1-13,13'-d4 

Table 1. "C NMR chemical shifts for 1 (6, from TMS). Spectra 

Solution (M.O1)" Solid phase (M. 1) 

C 1 
C2 
C3 
C4 
C5 
C6 
C7 
C7' 
C8 
C8' 
C9 
C9' 
C10 
C10' 
C11 
C11' 
C12 
C12' 
C13,13' 
Carboxyl 

- - - 

"0.1 M in CDC1,. 
b~ssignments may be interchanged. 

Table 2. "C NMR spin lattice relaxation timesa (T,(s) for 1 and 
1 KNCS . 

"At 100 MHz for 0.1 M solutions in DMSO-de 

( a )  Solution NMR spectra 
These spectra were obtained using a Bruker AMX-400 spec- 
trometer equipped with a 5 mm inverse probe and an Aspect 
X32 computer. An Aspect 3000 processing controller was 
employed and all standard microprograms used are in the 
Bruker Software Library. 

'H-'H COSY experiments were run using N-type phase 
cycling with a 45O mixing pulse. Free induction decays were 
acquired over 1024 data points for each of the 256 values of 
the evolution time, with a digital resolution of 5 Hdpoint. The 
raw data were zero filled in F1 prior to transformation using 
the qsine window function for both F1 and F2. The matrix was 
symmetrized about the diagonal. 

For the 'H-'~c HETCOR experiments, the free induction 
decays were typically acquired over 1024 data points for each 
of the 512 values of the evolution time, with a digital resolu- 
tion of ca. 8 Hdpoint in F2 and 4 Hdpoint in F1. The raw data 
were zero filled in F1 prior to transformation using the sine 
window function for both F1 and F2. The proton relaxation 
delays were set to 1 s. For one-bond couplings, delays were set 
to emphasize couplings of 140 Hz, while for the long-range 
HETCOR experiments, delays were set to correspond to cou- 
plings of 5 Hz. 

13c Tl's were measured at 100.6 MHz using the inversion- 
recovery method (9). In the NOESY experiments, the mixing 
times were selected to be consistent with the l/Tl criterion 
(10) and, for 1, this time was set at 0.3 s. 

(b)  I3c CPMAS spectra 
Solid state 13c CPMAS (cross-polarization - magic angle 
spinning) NMR spectra were obtained at 45.3 MHz on a 
Bruker CXP-180 spectrometer with a 4.24 T cryomagnet, 
using a Doty Scientific Inc. 7 mm MAS probe (spin rate ca. 4.1 
kHz) or  at 50.29 MHz on a Bruker MSL-200 spectrometer 
with a 4.71 T cryomagnet, using a Chemagnetics 7 mm pencil 
probe (spin rate ca. 3.3 kHz). 'H 90" pulse lengths were typi- 
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Fig. 4. (a) Normal and (b) dipolar dephased 45.3 MHz I3c 
CPMAS NMR spectra of 1.KNCS 

(a) 

cally 4.5 FS, cross-polarization times were 1-3 ms, and recy- 
cle times were 1 4  s. Dipolar dephased spectra (8) were 
obtained by interrupting the 'H decoupling for 40 FS immedi- 
ately after the cross-polarization sequence and before starting 
the data acquisition. Chemical shifts were measured relative 
to external solid hexamethylbenzene (HMB) and then cor- 
rected to the TMS scale (HMB methyl resonance at 16.9 
P P ~ ) .  

(c) ' H  spectra 
These spectra were obtained at 46.05 MHz as a function of 
temperature using a Bruker AMX-300 spectrometer, equipped 
with a high-power transmitter, using a variable temperature 
N, gas flow probe (5 mm coil) and a Eurotherm temperature 
controller. A phase-alternated quadrupole echo pulse 
sequence (1 1) was employed, with a delay time of 30 p,s 
between X and Y pulses of 2-2.2 p,s. 

(d) Differential scanning calorimetry (DSC) 
A Seiko SSC5200 instrument was used for the DSC studies. 
The heating rate was 10°C per minute from -50°C to +1 10°C, 
with a nitrogen flow rate of 50 mL per minute. The cooling 
rate was 5°C per minute. Samples were analyzed in a crimped 
aluminum sample pan, and were heated gently for 1 h under 
vacuum to remove any trace of solvent before the DSC mea- 
surements were performed. 

Results and discussion 
The structures and numbering schemes for 1 and two selec- 
tively deuterated d, derivatives are shown in Fig. 1. 

Solution 13c NMR spectrum of 1 
To aid in the analysis of the solid phase 13c spectrum of this 
material, it is useful to examine the features of the solu- 
tion counterpart. The 'H solution spectrum can in turn 
be employed to aid in the analysis of the13c spectrum via 
HETCOR connectivities. 

The aromatic region of the 400 MHz 'H spectrum appears 
as an AMX pattern for protons 3, 5, and 6. H5 is coupled 
vicinally with H6 and then via a pathway to H3, giving a 
doublet of doublets centered at 7.88 ppm. H3 is centered at 
7.61 ppm while H6 is at 6.91 ppm. The C3, C5, and C6 reso- 
nances can then be assigned directly via the 'J HECTOR 
experiment. The quaternary carbons can be readily assigned 
via long-range HETCOR and the result are consistent with 
expectations based on well-documented effects of carboxyl 
and ether functions on 13c shieldings (12). 

In the aliphatic region, for each 0-CH,-CH,-0 network, the 
four protons represent an AA'BB' spin system (13) and hence 
the patterns are rather complex. The solution 'H and 13c spec- 
tra of the aliphatic regions of 1 are presented in Fig. 2. For 
assignment of the methylene carbon resonances, a partial 
analysis can be obtained by starting with results of a H-'H 
NOESY experiment. In this experiment, there are connections 
between the H3 and H6 aromatic resonances and the aliphatic 
multiplet (4H integration) centered at 4.22 ppm. Thus it 
appears that the most deshielded aliphatic CH,-0 resonances 
correspond to those at C7 and C7', which are closest to the 
aromatic ring, a result in accord with several earlier investiga- 
tions (13-15). Subsequent 'H-'H COSY can be used to assign 
protons at the 8 and 8' sites, and 'J HETCOR establishes the 
resonances for the directly bonded carbons. Selective deuter- 
ation at the 1 1,ll '  and 13,13' sites permitted assignments for 
these protons and carbons as well as those on C12,12'. The 
solution 13c NMR data are summarized in Table 1. The only 
resonances that cannot be unambiguously attributed are those 
for the 9,9' and 10,lO' sites. 

A comparison of the spin lattice relaxation times (TI) for 1 
and the KNCS complex in DMSO-d6 solution at 298 K is pre- 
sented in Table 2. The reduction of the observed Tl's for the 
CH,O sites of the KNCS complex is consistent with a decrease 
in the mobility of the macrocycle upon complexation with the 
cation, assuming that we are in the motional narrowing region 
and that dipole-dipole relaxation is dominant (9, 16) for these 
carbons. Likewise, in both free 1 and its KNCS complex there 
is more mobility at sites 10-13' than at sites 7-9'. 

Solid phase 13c spectra 
The normal and dipolar dephased 13c CPMAS NMR spectra 
of the aliphatic region of 1 and its selectively deuterated deriv- 
atives are shown in Fig. 3. Carbons with attached protons dis- 
appear from the spectrum, unless the C-H bonds involved 
are undergoing reorientations that reduce the dipolar coupling, 
in which case the lines are still present but with reduced inten- 
sity. 

For 1, the most notable feature of the dipolar dephased 
spectrum is the residual intensity observed in the CH,O car- 
bon region, resonating at values exceeding 70 ppm. There is a 
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Fig. 5. Synthetic routes to selectively deuterated derivatives of 1. 

(a) 

Can. J. Chern. Vol. 74. 1996 

ED + cl ~ o n o ~ l  
NaH 

(1) OH 9 KzCO,, CH3CN 

(2) AgzO, NH4OH VVV 

disappearance of the most shielded resonances in the region 
67.5-69.0 ppm, indicating that there is no large-amplitude 
motion present for these most shielded carbons. Using the 
solution assignments as a guide, we attribute the most shielded 
CH20 lines to sites 7,7' and 8,8', which are in the closest prox- 
imity to the aromatic ring of 1. It is intuitively reasonable that 
the least amount of motion in the 24-membered ring of 1 
would be in the region of the macrocycle that is most closely 
bonded to the rigid aromatic moiety. 

The spectra of the deuterated molecules show some subtle 
changes in relative intensities of the features. The CD, carbon 
lines should be affected by spin-spin coupling and residual 
dipolar coupling (17) and thus have intensity spread over a 
broader range (as a quintet) than the protonated species, 
though this is not resolved here. Furthermore, the spectra of 
the CD, carbons should remain unchanged in intensity in the 
dephased spectrum. Recall that only 2 out of the 14 CH,O car- 
bons are affected in this way. 

It is of interest to contrast these results with those obtained 
for the KNCS complex of 1 (Fig. 4) where almost all of the 

CH,O intensity in the dipolar dephased spectrum has disap- 
peared, indicating that complexation of the macrocycle with 
the K+ ion has now also reduced the mobility of the methylene 
carbons at sites 9,9' to 13,13' in the solid phase. 

The 1 1 , l  1'-d4 and 13,13'-d4 derivatives of 1 were synthe- 
sized specifically to further explore the details of the motion of 
the macrocycle in the solid state by NMR. The synthetic 
scheme for their synthesis is depicted in Fig. 5. 

Solid state 2~ NMR results 
(I = 1) NMR in solids is dominated by a perturbation in 

the Zeeman interaction by the quadmpole coupling tensor 
that arises from the interaction of the nuclear quadmpole 
moment with the electric field gradient (efg) tensor (1 8, 19). 
With a nuclear spin of 1 there are three energy levels and 
hence two transitions, displaced equally on either side of the 
Zeeman frequency by the quadmpolar interaction. The 
powder lineshape has either two or three pairs of characteris- 
tic features (edges, shoulders, and peaks) separated by fre- 
quencies 
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Buchanan et al 

Fig. 6. 2~ NMR quadrupole echo spectra of (a) 1- l 1,l 1'-d4 and (b) 1-1 3, 13'-d4 as a 
function of temperature (the sharp isotropic liquid line has been truncated in most of 
the spectra). 

w 
qb - - -  /L 
/\ 1: 

200 kHz 
I I 

Av, = 3x12 
[I] Av, = 3x(1 + q)14 

Av, = 3x(1- q)14 

where x is the quadrupolar coupling constant in Hz and the 
asymmetry parameter 

The Avii are proportional to the absolute magnitudes of the 
principal axis components of the effective quadupole coupling 
tensor. 

The dynamics of the molecule can cause narrowing of the 
NMR lineshape in a manner that is dependent on the spe- 

cifics of the motion, such as the rate and the axis of reorienta- 
tion (19-24). In the fast-motion limit (rates about lo7 jumpsls) 
the line takes on a shape characteristic of an averaged effective 
tensor. We have given rather more detailed descriptions of the 
theory, as applied to crown ethers, before (6,7). 

In our previous papers (6, 7) it was possible to analyze the 
NMR data in terms of very specific dynamical models, 

largely because the systems studied were chosen for their 
apparent simplicity, symmetry, and known crystal structures. 
In the present compound we have neither symmetry nor a crys- 
tal structure, and in any case the benzoic acid group incorpo- 
rated into the ring is expected to prevent overall rotation of the 
macrocycle. Thus from the outset it was anticipated +at there 
could be difficulty in defining an exact dynamic model. 

Nevertheless the results show conclusively that there is a 

large-amplitude motion of the CD, groups, and several other 
useful conclusions can be drawn. Inspection of the spectra 
(Fig. 6) of d4 derivatives of 1 immediately shows several 
things. 

(a )  At low temperatures (<270 K) the lines have the charac- 
teristic parameters corresponding to CD, groups that are vir- 
tually static except for a small amount of narrowing due to 
small-amplitude librational motions. Within experimental 
error the quadrupole coupling tensors for 1- 1 1,l 1'-d4 and 1- 
13, 13'-d4 are identical with x = 16.3 -+ 1.0 kHz and q = 0.065 
2 0.009. These values compare favourably with the values 
determined previously for 18-crown-6 and 12-crown-4 ether 
complexes (6,7). 

(b) In both cases there is a fairly sudden change from a 
nearly static lineshape to a dynamically averaged one between 
265 and 277 K. This is strongly indicative of a solid-solid 
phase transition and indeed such a transition was later con- 
firmed by Differential Scanning Calorimetry (DSC) for the 
undeuterated material (vide infra). 

(c)  Slight distortions of the static lineshape just below the 
phase transition also indicate the onset of a slow motion even 
in the low-temperature phase. 
(d) Above the phase transition all the spectra show an iso- 

tropic central line whose intensity grows with increasing tem- 
perature. This is distinctly liquid-like behaviour and we 
strongly suspect that, although the crystals appeared to be dry, 
they contained small pockets of occluded solution. This 
should not cause any change in the lineshapes from the solid 
material, but any narrow features of the solid spectrum could 
be obscured by the presence of this isotropic line. 
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Fig. 7. Temperature dependence of the widths of pairs of features 
of the lineshapes of (a)  1-1 l,llf-d4 and (b)  1-13,13'-d,. The solid 
lines and their broken extrapolations do not represent rigorous 
mathematical fits. 

( e )  Neglecting the isotropic line, we see that above the phase 
transition the solid spectra all show the effects of rapid 
dynamic averaging. However, the various features of the line- 
shapes show continuous variation with increasing tempera- 
ture. The spectra are fairly complicated, with more than one 
tensor lineshape superimposed, and in many cases it is not 
immediately apparent which components are associated with a 
particular tensor. This is particularly so for the 1-13,13'-d4 
case, where at 347 K, for example, three pairs of features can 
be discerned but these do not conform to a single tensor pat- 
tern. Note that in each case there are potentially four different 
tensors, since the lack of symmetry makes the four deuteriums 
inequivalent. 

Fortunately, things become much clearer with the aid of 
plots of the approximate widths of the airs of discernable fea- I' tures (peaks, shoulders, edges) of the H spectra as a function 
of temperature (Fig. 7). These plots show the phase transition 
very clearly, since all the components except Av, are discon- 
tinuous. The continuity of Av,, its identical value in both 
cases, and the fact that it shows the least variation over the 
whole temperature range is particularly informative. From 

I previous work (6) we know the orientation of the eft tensor in 
the CD, group, viz. the u component along the C-D bonds 
and the ax component perpendicular to the CD, plane. Conse- 
quently the fact that Av, shows little variation suggests that 
the principal mode of motion causing line narrowing is about 

Fig. 8. Calculated lineshapes of (a)  1-1 1,l 1'-d4 and (b)  1-13,13'- 
d, derived from the summation of the two tensors determined at 
various temperatures. 

200 kHz 

an axis parallel to the xx component. This also means that the 
two deuteriums on a CD, group behave identically, i.e., their 
dynamically averaged tensors will be identical. Thus we 
should see no more than two overlapping tensors in each line- 
shape, corresponding to each of the two CD, pairs at the 
primed and unprimed sites. Furthermore this xx component 
will be common to all the averaged tensors. With this in mind 
it is easy to pick out two sets of parameters corresponding to 
two tensors for the 1- 1 1,1 1'-d4 case, where five components 
are visible between 278 and 315 K. Also it is relatively easy to 
determine where the less obvious components should be by 
extrapolation (broken lines in Fig. 7). Similarly, extrapola- 
tions help to find the five components needed to define the two 
tensors 1-1 3,13'-d,. 

We can now also see the reason for the initial difficulty in 
assignment of components for the 1-1 3,l 3'-d4 case; various 
components cross at particular temperatures and in these 
regions the features arising from the two components coa- 
lesce. The very narrow components are also obscured by the 
isotropic "liquid" line. 

Figure 8 shows simulated spectra based on the sums of two 
tensor lineshapes. The comparison with experiment is remark- 
ably good. 

Considering the fact that the aromatic ring fixes the mole- 
cule so that overall molecular rotation is highly unlikely, the 
most probable motion of the CD, groups about an axis parallel 
to the direction of the xx component would be an upldown 
two-site flip, as part of a conformational change in the macro- 
cycle. c his-implies a dynamic disorder in the room tempera- 
ture phase that would likely show up as partial occupancy of 
two sites for each C atom in an X-ray crystal structure. This 
type of flip was found to be involved in the dynamics of 18- 
crown-6.2CH2(CN), and 12-crown-4.LiNCS (6, 7). Since no 
crystal structure is available in the present case, we do not 
know if the two sites are symmetry equivalent, so a unique 
model cannot be developed. 

Two possibilities exist. ( i )  If the molecule has two inequiv- 
alent conformations with an energy separation AE, they will 
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Fig. 9. Differential scanning calorimetry of 1 

TEMP (%) (Heating) q 

v -4.68 mW 

-4.5 - 2 1.70 mllmg 
\ second run - - - - - - - - - --/-- - - - -  

\ 
f 

\ I 
2.3 C \,I 

-8 - -4.66 mW 

15.7 mllmg 

then have different populations. This could account for the 
temperature dependence of the averaged lineshape. However, 
after developing the equations describing the averaging for 
this kind of situation, we found that no one value of AE will 
simultaneously fit all the data if the flip angle for each CD2 is 
kept constant with temperature. If the model is relaxed by 
allowing the angles to increase with temperature, then a unique 
fit is no longer possible (though an upper limit to AE of about 
0.85 Wlmol can be estimated). 

(ii) Alternatively, if the two sites were equivalent, one can 
derive their angular separation using a simple two-site model. 
Here the temperature dependence arises from an increasing 
flip angle. A situation in which the two sites are symmetrical 
could arise if the molecule has a mirror plane in the crystal, 
perhaps the plane defined by the aromatic ring. Equivalent 
two-site flips are a simple case to treat and many examples are 
known (19, 24-26). We will simply give the equations that 
relate the averaged efg tensor components Vi: to the static ten- 
sor components V,, and the half-angle P between the two sites: 

- 1  1.5. 

melting point 87-890C 

' I 
l I  87.1C 

\ 

The static components themselves have a small temperature 
dependence due to small-angle librational motions, so "static" 
values for 300 and 350 K were obtained by extrapolation from 
low temperatures. The averaged values at these two tempera- 
tures were taken from the plots in Fig. 7 and the corresponding 
values of p were calculated. Two values of P will fit the equa- 
tions but in all cases the larger value can be discarded as being 
unrealistic. The calculated values of 2P (below) give an idea 
of the amplitude of the two-site flip. 

Sites 300 K 350 K 

V,' = Vyy sin2p + V ,  cos2p 

V,' = V ,  cos2p + V ,  sin2p 

If this model is applicable,. three things are evident from 
these p values. (i) The amplitude of motion increases with 
increasing temperature as expected. (ii) The amplitude at sites 
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13/13' is greater than at 1111 l', implying greater flexibility the 
further the CD, unit is from the aromatic ring. This also is intu- 
itively reasonable. (iii) The significant difference between 11 
and 11' or between 13 and 13' must reflect crystal packing 
effects (different environments). 

Differential scanning calorimetry (DSC) results 
Figure 9 shows the DSC results. The melting point in the vicin- 
ity of 87°C is clearly evident along with a phase change at 
272.3 K (average of two runs). The phase change is in the tem- 
perature range indicated by the 2~ solid state NMR findings. 
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Excited state carbon acid dissociation and 
competing photorearrangements of 5H- 
dibenzo[a,c]cycloheptene derivatives 

David Budac and Peter Wan 

Abstract: The first examples of dissociating excited state carbon acids were reported by our group. A necessary structural 
feature is the 5H-dibenzocycloheptene ring system where the incipient carbanion is formally an antiaromatic system in So. In this 
work, structure-reactivity studies of the excited singlet state carbon acid dissociation and competing formal di-a-methane 
rearrangement of several 5H-dibenzo[a,c]cycloheptene derivatives have been camed out in order to gain more insights into the 
photochemistry displayed by these compounds. Photolysis of 7-deuterio-5H-dibenzo[n,c]cycloheptene (9) in aqueous solution 
showed that the photogenerated carbanion is allylically delocalized. Derivative 7 was found to be less reactive than 3 with 
respect to carbon acid dissociation whereas 8 was unreactive. Ethanolamine (in CH3CN) was found to be an effective base in 
catalyzing carbon acid dissociation for 3.7, and 9, as indicated by higher yields of deuterium incorporation and rates of 
fluorescence quenching. Binaphthyl derivatives 10 and 11 displayed contrasting photobehaviour. Photolysis of binaphthyl 11 
resulted in only efficient (a ,  = 0.47) formal di-a-methane rearrangement under all conditions and no evidence was found for 
carbon acid dissociation, even in the presence of ethanolamine as base. On the other hand, the formal di-a-methane reaction was 
very inefficient for binaphthyl10 ( a ,  < 0.001). Due to the conformational rigidity inherent in 10, the methylene protons at the 
3-position are NMR resolvable as pseudo-axial and pseudo-equatorial protons. Photolysis in the presence of ethanolamine (in 
D20-CH,CN) resulted in stereoselective deprotonation of the pseudo-axial proton (a,, .= 0.02), as indicated by deuterium 
exchange studies. The results show that excited state carbon acid dissociation is an observable general reaction of dibenzo and 
dinaphtho cycloheptenes only if more favourable photochemical pathways are not competing. 

Key words: excited state carbon acid, di-a-methane rearrangement, carbanion, stereoelectronic effect, fluorescence quenching. 

Resume : Notre groupe de travail a dCji publiC une Ctude sur les premiers exemples de dissociation acide du carbone dans l'ttat 
singulet. Le systkme cyclique 5H-dibenzocycloheptkne est une caracteristique structurale nCcessaire dans laquelle le carbanion 
naissant est formellement un systkme anti-aromatique de type So. Dans ce travail nous avons rCalisC des Ctudes de structure- 
rCactivitC sur la dissociation acide du carbone dans 1'Ctat singulet excite et le rearrangement di-a-methane formel compCtitif de 
plusieurs dCrivCs des 5H-dibenzo[fl,c]cycloheptknes. Cette Ctude devrait nous permettre d'acquirir de nouvelles connaissances 
sur la photochimie de ces composCs. La photolyse du deutCro-5H-dibenzo[a,c]cycloheptkne (9) en solution aqueuse montre que 
le carbanion gCnCrC photochimiquement est dClocalisC en position allylique. On a trouvC que le composC 7 est moins rCactif que 
le composC 3 en ce qui a trait i la dissociation acide du carbone tandis que le composC 8 ne montre aucune rCactivitC. Les vitesses 
d'extinction de la fluorescence et les rendements ClevCs obtenus lors de l'incorporation du deutCrium montrent que 
l'kthanolamine est une base efficace pour catalyser la dissociation acide du carbone des composts 3,7  et 9. Les derives 
binaphtyles 10 et 11 exhibent i l'oppost un comportement photochimique. La photolyse du binaphtyle 11 conduit uniquement k 
un rearrangement di-a-methane formel efficace ( a ,  = 0,47) dans toutes les conditions et on n'a pas pu mettre en evidence la 
dissociation acide du carbone m&me en presence d'kthanolamine utilisCe comme base. Par ailleurs, la rCaction di-a-mCthane 
formelle est inefficace avec le binaphtyle 10 ( a ,  < 0,001). En raison de la rigiditt conformationelle inhCrente du compost 10, les 
protons CthylCniques en position 3 sont rCsolvables, en RMN, comme des protons pseudo axial et pseudo Cquatorial. Les Ctudes 
rCalisCes sur 1'Cchange de deuterium indiquent que la photolyse en prCsence d3Cthanolamine (dans le D20-CH3CN) conduit B 
une dCprotonation stlective du proton pseudo axial (a,, .= 0.02). Les rCsultats montrent que la dissociation acide du carbone 
dans 1'Ctat excite est une rtaction gCnCrale des dibenzo et dinaphto cycloheptknes et n'est observable uniquement qu'en 
l'absence d'un processus photochimique plus favorable. 

Mots elks : acide carbonique dans 1'Ctat excitC, rkarrangement di-a-methane, carbanion, effet stCrtotlectronique, extinction de la 
fluorescence. 
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Scheme 2. 

1448 

Scheme 1. 

Introduction 

Carbanions and their associated carbon acids have been stud- 
ied extensively in the ground state because of their fundamen- 
tal importance in organic chemistry (1). Very little 
experimental data is available for excited state carbon acids 
although Forster cycle calculations of hydrocarbons related to 
fluorene (1) suggest that the benzylic protons of these systems 
are very acidic in the excited singlet state (pK,(Sl) = -6) (2). 
However, it is known that fluorene and related compounds do 
not undergo benzylic C-H bond exchange upon excitation 
(2) and it has been suggested that this is due to the short life- 
times of excited singlet since C-H bond dissociation is 
known to be intrinsically slow (1, 2). We published the first 
examples of dissociating excited state carbon acids (from the 
5-position) in 5H-dibenzo[a,&ycloheptene (2) and 5H- 
dibenzo[a,c]cycloheptene (3) (3, 4a). We discovered that in 
order to observe excited state carbon acid dissociation, the 
incipient carbanion should be formally antiaromatic in the 

ground state (3, 4a). Carbanions generated from 2 and 3 (2a 
and 3a, respectively) satisfy this requirement whereas the flu- 
orenyl carbanion from 1 does not. We offered a rationalization 
based on the relative stabilities of 4n vs. 4n + 2 T systems in 
the excited state in order to explain the difference in carbon 
acid reactivity observed in these benzannelated systems (3, 
4a). 

Of particular interest was the finding that in addition to 
excited state proton exchange observed for 3 at the 5-position, 
a competing formal di-T-methane rearrangement to give 
dibenzonorcaradiene 4 was also observed (Scheme 1) (4a). In 
100% CH,CN, only rearrangement to 4 was observed. Addi- 
tion of D,O (acting as the base) resulted in a decrease in the 
yield of 4 and formation of 5. Using 6-deutero-5H- 
dibenzo[a,c]cycloheptene (6), we showed that formation of 4 

via S ,  involved an initial 1,7-hydrogen shift followed by elec- 
trocyclic ring closure, which gave 4a (Scheme 2) (4a). Forma- 
tion of 4 via TI  involved a true di-T-methane pathway, which 
gave 4b (Scheme 2) (4a). The general mechanistic problem of 
competition between a true di-T-methane pathway versus one 
involving initial sigmatropic shift followed by electrocyclic 
ring closure was originally delineated by Zimmerman and Pin- 
cock (4b). 

Additional studies of this interesting reaction are warranted. 
To this end, we have prepared several derivatives of 3. Com- 
pounds 7 and 8 were prepared to study the effect of substitu- 

tion at the 6-position on photoreactivity whereas 9 was 
prepared to probe the degree in which the initially photogener- 
ated carbanion at position 5 (3a) is delocalized into the 7-posi- 
tion. Finally, the more unusual binaphthyl systems 10 and 11 
were prepared for exploratory studies into the effect of using 
highly benzannelated chromophores on the photochemistry. 
The results of this study provide new insights into understand- 
ing the reactivity of excited state carbon acids based on the 
dibenzo[a, c]c ycloheptene system. 

Results and discussion 

Syntheses 
The parent compound 3 was prepared via a literature method 
and described in our previous study (4a). The 6-methyl and 
6-phenyl-5H-dibenzo[a,clcycloheptenes (7 and 8) were pre- 
pared by reaction of MeLi or PhLi with ketone 12 according to 
the procedure of Tolbert and Ali (5). The synthesis of 
7-deuterio-5H-dibenzo[a,c]cycloheptene (9) is outlined in 
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Scheme 3. 

Scheme 3. Conversion of phenanthrene (13) to 
dibenzo[a,c]cycloheptane (16) followed literature methods 
(6-8). Bromination of 16 with NBS gave 17, which was hydro- 
lyzed in H20-CH3CN to give 18. Oxidation of 18 with Jones 
reagent provided the known ketone 19. Simple functional 
group manipulations via alcohol 20 gave the required 9. 'H 
(360 MHz) NMR, 2~ NMR, and MS are consistent with the 
assigned structure. The 'H spectrum was identical to the spec- 
trum for 3 except for the lack of the resonance signal at the 7- 
position (6 6.7) and associated proton couplings. The 2~ NMR 
showed one major signal at 6 6.7 along with several minor res- 
onances including a signal at 6 3.05 (= 4%) representing deu- 
terium at the 5-position (formation of 5), indicating some 
isomerization had taken place during the dehydration step 
(Fig. 1). The minor amount of 5 present does not interfere with 
the product studies to be performed for this compound. 

Scheme 4 outlines the synthesis of 3H-cyclohepta[2,1- 
a:3,4-a'ldinaphthalene (10). The initial step involves bromina- 
tion of 2-methylnaphthalene (21), to give 22 (9), followed by 
formation of the Grignard reagent and subsequent coupling 
with 22 using NiC12(PPh3), catalyst (10) to give 23. Bromina- 
tion of 23 with NBS gave dibromide 24. Bestmann and Both 
(11) prepared 10 in two steps from 24. However, numerous 
attempts by us to duplicate their method were unsuccessful. 
Therefore, we adapted published methods by Mislow and 
McGinn (12) for converting 24 to 27. The key step is the treat- 
ment of 24 with KCN, which initially gave the dicyano deriv- 
ative. Under the action of cyanide ion, a Thorpe-Ziegler 
condensation of the dicyano groups gave aminonitrile 25. 
Standard hydrolysis of 25 gave 26, which was converted to 27 
using standard methods. Treatment of 27 with PBr3 gave bro- 
mide 28, which was then converted to 10 using potassium tert- 
butoxide. 

Fig. 1. *H NMR of synthesized 9 showing a small amount (4%) 
of the deuterium at the 5-position due to 5. 

Since we anticipated that the steric requirements of the two 
naphthalene rings would impart a substantial twist on the 
cycloheptene ring thereby locking it into a fixed conformation 
(from analysis of molecular models), we decided to obtain an 
X-ray crystal structure of 10. Crystals of 10 were grown in tol- 
uene-EtOH and the X-ray parameters of the solved structure 
are listed in Table 1 with the ORTEP drawing shown in Fig. 2. 
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Scheme 4. 

mcH3 BrdCCI4 12, Fe + dCH3 2. 1. Compound Mwenzenelether 22 

21 22 NiC12(Ph3P), 

NBS . %CH2Br CH2Br H20/EtOH KCN . @ / \  - / \  

\ / \ I  \ /  

Table 1. Crystallographic data for 10. Fig. 2. ORTEP diagram of 10 showing the twisted cycloheptene 
ring giving rise to two 'H NMR differentiable protons at the 

Formula C,6H23 3-position, H7B (H,,) and H7A (H,). 
Molecular weight 292.38 glmol 
Crystal system Monoclinic 
Space group P2,ln (no. 14) 
Cell dimensions 

a (A) 8.5545(6) 
b (A) 18.8395(17) 
C (A) 9.7556(6) 
a (deg) 90 
P (deg) 94.960(7) 
Y (deg) 90 

v (A3) 1566.347 
z 4 
T ("C) 20 
1 (A) Cu(1.540562) 
Pobrd (g d-l) 1.225 
P o ~ P ~  (g d-l) 1.240 
p (cm-') 4.97 
R(FJ 0.0508 
U F O )  0.0499 

The crystal structure confirms many of the predictions based 
on simple molecular models. The naphthalene rings have a 
dihedral angle of 64' and the cycloheptene ring is highly dis- 
torted, with the methylene carbon (3-position of 10) protons 
taking up pseudo-axial and pseudo-equatorial positions proton (H7B, Fig. 2 )  is oriented above the plane of the oppo- 
(labelled as H7B and H7A, respectively, on the ORTEP dia- site naphthalene ring, which should result in an upfield shift of 
gram, Fig. 2 ) .  The crystal structure also indicates that the axial this proton relative to the equatorial proton (H7A, Fig. 2 ) .  
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Budac and Wan 

Fig. 3. 'H (360 MHz) NMR of the aliphatic region of 10 showing the higher 
field resonance of H, (8 2.95) versus He, (S 3.32). Note also the larger 
coupling of Ha, (2.2 Hz) to H, compared to that of He, (<I  Hz) to H,. 

H, (= H9 of Fig. 2) 

Indeed, two proton signals are observed for the methylene car- 
bon, one for the axial proton (8 2.95, H7B = H,,), and one for 
the equatorial proton (8 3.32, H7A =He,) (Fig. 3). The larger 
allylic coupling constant (2.2 Hz) observed in the former sug- 
gests that our assignment is correct since the magnitude of 3- 
carbon allylic couplings (to H9 of Fig. 2) depend on the angle 
between the allylic protons (H7A and H7B) and the vinyl pro- 
ton (H9 of Fig. 2) and is largest when they are orthogonal (13). 

As far as we are aware, 3H-cyclohepta[2,1-b:3,4-b'ldinaph- 
thalene (11) has not been reported in the literature. The syn- 
thetic route that was used (Scheme 5) is similar to that 
employed for the synthesis of 10. The required 2-bromo-3- 
methylnaphthalene (31) was prepared via an established liter- 
ature method from commercially available 29 (14). Coupling 
of 31 was then attempted using the procedure employed for 23. 
However, only a minor amount of coupling product was 
observed. The yield was enhanced considerably by concurrent 
addition of one equivalent of 1,2-dibromoethane with two 
equivalents of Mg during formation of the Grignard reagent. 
The remaining steps were identical to those used in Scheme 4. 
A major undesired product obtained in the last step was the 
ring-opened isomer 38 (45% yield in last step), which proved 
difficult to separate from the required 11 via chromatography. 
However, repeated recrystallization of the mixture in toluene- 
EtOH provided 11 with >98% yield by GC and NMR. The 'H 
(360 MHz) NMR showed the expected three signals (8 3.37, 
(d) H3; 6.42, (m) H4; and 6.81 (d) H5) outside the aromatic 
region. Indeed, the splitting patterns observed for these signals 
resemble the patterns observed for the parent system 3 and is 
unlike that observed for 10. Thus, it was not possible to resolve 
pseudo-axial or pseudo-equatorial protons at the methylene 
position of 11, which is consistent with a much more flexible 
ring system compared to 10. 

Product studies 

7-Deuterio-SH-dibenzo[a,c]cycloheptene (9) 
In our initial report (4a) of the excited state carbon acid behav- 

iour observed for 3, the question of extent of delocalization of 
photogenerated 3a was not addressed. Carbanion 3a is for- 
mally antiaromatic (5) and therefore should be a less delocal- 
ized carbanion in the ground state. The extent to which 
delocalization of photogenerated 3a is observed would pro- 
vide insight into the question of whether 3a is generated ini- 
tially on the excited state surface or the photoreaction is 
completely diabatic, in which case little delocalization of the 
carbanion is expected. Photochemical 1,3-hydrogen shifts of 
allylic systems catalyzed by mines in dihydronaphthalenes 
and dihydrophenanthrenes have been reported by Laarhoven 
and co-workers (15) although, in their examples, it is not well 
established whether a photogenerated carbanion is a required 
intermediate. Reaction via initial electron transfer to form rad- 
ical ion pairs seems to be the likely mechanism. 

Direct photolysis (254 nm; 15 min) of 9 in 100% CH3CN 
resulted in a complex product mixture consisting of 4a and 4b 
(total of 64%) and minor amounts of 9-deuterophenanthrene 
(6%) and 6 (6%), as determined by 'H NMR. These products 
are expected based on initial formation of 4 via formal di-n- 
methane rearrangement, which on direct photolysis involves 
initial 1,7-hydrogen shift followed by electrocyclic ring clo- 
sure (4a). Formation of 5 was not observed at all conversions. 
Direct photolysis of 9 in 50% H20-CH3CN under otherwise 
identical conditions gave 5 as the major product (30%), 4a and 
4b (18%), and traces of 6 (4%) and 9-deuterophenanthene, as 
determined by 'H NMR (Fig. 4). The efficient formation of 5 
in 1: 1 H20-CH3CN is consistent with reaction via carbanion 
3a in this solvent, which now competes with the formal di-n- 
methane rearrangement (4a). Thus, photogenerated carbanion 
3a is significantly delocalized to position 7 (Scheme 6). 

6-Methyl-5H-dibenzo[a,c]cycloheptene (7) 
Direct photolysis of 7 in 100% CH3CN (254 nm, 15 rnin) gave 
three products (Scheme 7). The major product observed was 
cyclopropane 40 (25%), which is the product expected via di- 
n-methane rearrangement from T,. Minor products 41 and 42 
(3% each) can be thought to arise via secondary photolysis of 
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Scheme 5. 

NBS - CH2Br 

40, the former via carbene extrusion and the latter via initial 
bond cleavage of the cyclopropane followed by a hydrogen 
shift. Triplet sensitization of 7 in 100% with 2-benzoylbenzoic 
acid at 350 nm where 7 does not absorb gave only 40, consis- 
tent with the expectation that this cyclopropane is formed via 
T,. The rearrangement product expected from S, (viz. 39), via 
initial 1,7-hydrogen shift, was not observed in direct photoly- 
sis experiments of 7. One possible reason is the increased 
steric demand for such a shift when the methyl group is present 
at the 4-position. Another is an increased rate of intersystem 
crossing for this compound, which is suggested by a much 
lower fluorescence quantum yield and lifetime (vide infra). 

Photolysis of 7 was carried out in H20-CH3CN to deter- 
mine if this system exhibited excited state carbon acid behav- 
iour as was observed for 3. Direct photolysis of 7 in 25% H,O 
- CH3CN (254 nm, 15 min) gave about the same product mix- 
ture as observed on photolysis in 100% CH3CN shown in 

Scheme 7 (higher % H 2 0  could not be used due to the low sol- 
ubility of this compound). In contrast, addition of H 2 0  (acting 
as a base) competed for rearrangement products in the photo- 
chemistry of 3, resulting in a lower yield of formal di-n-meth- 
ane products when water is added to CH3CN (4a). Photolysis 
of 7 in 25% D 2 0  - CH3CN showed =lo% deuterium incorpo- 
ration in recovered 7, significantly less than what was 
observed for 3 under similar conditions. Thus substitution of a 
methyl group at the 4-position also results in decreased effi- 
ciency with respect to carbon acid dissociation. 

6-Phenyl-5H-dibenzo[a,c]cycloheptene (8) 
Direct photolysis of 8 in 100% CH3CN (254 nm, 30 min.) 
gave only minor products and the substrate could be recovered 
essentially unchanged. Analysis of the photolysate by 'H 
NMR gave no evidence for any trace of cyclopropanes 
expected from rearrangement of the cycloheptene ring system. 
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Fig. 4. 'H NMR of product mixture from direct photolysis of 9 in 1: 1 H,O-CH,CN 
for 15 min (254 nm). 

Photolysis in 40% D 2 0  - CH3CN gave no measurable deute- 
rium incorporation in substrate. Thus, substitution of a phenyl 
group at the 4-position not only retards carbon acid dissocia- 
tion, but also the formal di-T-methane reaction. 

3H-Cyclohepta[2, I -a:3,4-a']dinaphthalene (10) 
Photolysis of 10 in 100% CH3CN (254 nm, 4 h) gave only 
trace yields (<5%) of the expected formal di-T-methane rear- 
rangement product 43 based on 'H (360 MHz) NMR (eq. [I]). 
Since extended photolysis failed to result in buildup of 43, it is 
likely that 43 is unstable and returns to 10 either thermally or 
photochemically. Simple molecular models show that 43 is 
highly strained because the cyclopropyl ring forces the two 

naphthalenes into a more planar geometry, which is unfavour- 
able due to the interaction of the pen-hydrogens. Photolysis of 
10 in 50% D,O - CH,CN for 1 h resulted in no observable 
deuterium inc&poration. Under these conditions, 3 exchanged 
significantly (4a). The highly twisted cycloheptene ring sys- 
tem may account for the lack of excited state carbon acid dis- 
sociation since the T systems of the naphthalene rings and the 
alkene moiety are not well disposed for conjugation as in 3. 

Recent studies from our group (16) have shown that pri- 
mary amines such as ethanolamine (EA) and n-propyl amine 
efficiently catalyze the excited state proton exchange of 2 and 
related compounds. To determine if 10 exhibited excited state 
carbon acid dissociation in the presence of a stronger base, 

10 43 (trace) 44 

photolyses were carried out in 10% (5.0 M EA - D20)- and Ha, (Fig. 5). Analysis of the reaction mixture by 2~ NMR 
CH3CN. A series of 'H (360 MHz) NMR spectra of the prod- showed that deuterium incorporation takes place predomi- 
uct mixture showed that the axial proton (Ha,) is selectively nantly at the axial position (H,), with only minor deuteration 
replaced on photolysis (Fig. 5). The equatorial proton (He ) at Heq and H5 at higher conversion (Fig. 6). A plot of relative 
and vinyl protons H4 and H5 exhibited little change in their rej- deuterium incorporation into 10 at the three positions Ha,, HFq, 
ative intensities except at high conversion whereupon the sig- and H5 is shown in Fig. 7. It is clear that deuteration at the axlal 
nal due to H5 and He, started to show depletion compared to H4 position occurs much more efficiently. This is consistent with 
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Scheme 6. 

Scheme 7. 

deprotonation at this position as the primary photochemical 
reaction, to generate a carbanion that is hydrogen bonded to 
the base. Exchange of the departing proton with deuteron in 
the hydrogen-bonded complex followed by deuteration results 
in deuterium incorporation exclusively at the axial position. A 
free carbanion intermediate is unlikely as we have shown that 
the photochemical exchange of suberene (2) involves a high 
degree of internal return (4a). Subsequent deuteration at Heq 
and H, is most likely a secondary photochemical reaction. 

Shown in Scheme 8 is the proposed mechanism for the deu- 
terations observed in Fig. 7. Stereoelectronic preference for 
deprotonation of the axial proton (H,,) allows for maximum 
overlap of the incipient carbanion with the alkene and one of 
the naphthalene rings (note that delocalization of the negative 
charge to the other allylic position converts it to its enantiomer 
and hence would not be distinguishable by NMR). Similar 
stereoelectronic effects have been noted for ground state reac- 
tions involving proton (17) and hydrogen (18) abstractions 
from carbon. Deuteration at Heq can arise via either a sigmat- 

ropic 1,3-shift of D,, or a photoinduced ring flip of the cyclo- 
heptene ring system. Deuteration at H, can arise via a 1,3-shift 
of He,. The greater yield of D, is consistent with competition 
of 1,3-shifts since a primary isotope effect would be expected, 
resulting in a higher yield of D, over Deq It is not possible to 
rule out a contribution from a photo-induced ring flip although 
such a contribution would be very minor considering that Deq 
is formed in only very small amounts even on prolonged pho- 
tolysis. In addition, we have not ruled out dideuteration via the 
carbanion obtained from deprotonation of He, of 44 or ring 
opening of deuterated 43 as responsible for the signals at D, 
and Deq. 

3H-Cyclohepta[Z, 1-b:3,4-bl]dinaphthalene (11) 
Photolysis of 11 in 100% CH,CN efficiently gave the corre- 
sponding formal di-T-methane rearrangement product 45 in 
>90% yield (eq. [2]), according to both 'H NMR and GC. 
The 'H NMR exhibited three new aliphatic proton resonances 
at 6 0.18 (lH), 1.63 (lH), and 2.77 (2H) with splitting pat- 
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Budac and Wan 

Fig. 5. 'H (360 MHz) NMR spectra of photolysis of 10 in 10% (5 M EA - D,O)-CH,CN as a 
function of photolysis time. Each spectrum represents about 30 min photolysis at 254 nm. 

terns that are clearly assignable to 45 (see experimental sec- 
tion). UV-VIS traces of the reaction in 100% CH3CN also 
show a clean and efficient reaction with good isosbestic 
points (Fig. 8). The cyclopropane product 45 has a longer 
wavelength absorption (330-360 nm) than 11 that is consis- 
tent with its more planar structure, allowing for better conju- 
gation of the two naphthalene rings. The much more efficient 
formal di-T-methane rearrangement observed for 11 com- 
pared to 10 is consistent with a less sterically demanding and 
less strained ring system in 11; i.e., ring closure to 45 does 
not lead to the kind of steric interactions as expected for 10 
for which the formal di-T-methane product was formed only 
in trace yield. 

Photolysis of 11 in 10% (5 M EA in D,O) - CH3CN 

resulted in no observable deuterium incorporation into sub- 
strate by GC-MS; only efficient rearrangement to 45 was 
observed with no observable change in efficiency compared to 
a photolysis in 100% CH3CN. It would appear that binaphthyl 
cycloheptenes are prone to formal di-T-methane rearrange- 
ment unless steric effects prohibit the reaction as in 10. In such 
a case, use of an arnine base promotes excited state carbon 
acid dissociation. The above results show that excited state 
carbon acid dissociation is highly sensitive to structure effects 
and is observed only in the most favourable cases where com- 
peting reactions are absent. This may in part be due to the 
inherently slow rates of carbon acid dissociation that cannot 
compete with much faster photochemical pathways when they 
are feasible. 

Quantum yield measurements Rayonet RPR 100 photochemical reactor (Table 2). The pho- 
Quantum yields for deuterium exchange (a,,) and for formal tochemical exchange reaction of 5,5-dideuterosuberene in 1: 1 
di-T-methane rearrangement ( 0  ) were measured in low con- H,0-CH3CN was used as secondary actinometer (@ = 0.035) 

p. 
version (<25%) experiments using 254 nm photolysis in a (3b). Analyses for deuterium incorporation were carried out 
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Fig. 6. Representative 'H NMR spectrum taken after photolysis 
of 10 in 10% (5 M EA - D,O)-CH,CN showing formation of 
three deuterated products, with deuteration of H, (to give 44) 
being the major pathway. Although the peaks assigned for D,, and 
D, are broad and weak, they grow in intensity with prolongd 
photolysis. 

Fig. 7. Plot of relative yield of deuteration at the Ha,, Heq, and H5 
positions of 10. 

Hax 
A Heq 

H5 

Photolysis Time (min) 

by 'H (360 MHz) NMR and by GC for formal di-n-methane 
rearrangement products. For 3, 7, and 10, quantum yields for 
exchange (a,,) increased significantly from using D 2 0  as 
base to ethanolamine (EA) without affecting a, to any mea- 
surable degree. 

Fluorescence measurements 
In previous studies (3, 4a) of excited state carbon acid disso- 
ciation, fluorescence measurements provided a direct method 
for measuring rates of deprotonation of carbon acids in S,  
since we found that fluorescence quenching by added bases 
(in CH3CN) was the direct result of deprotonation of the C-H 
bond. These fluorescence quenching rate constants (k ) were 
equatable to k,, the bimolecular rate constant for C-?I bond 
deprotonation by the base. Related compounds such as fluo- 
rene and diphenylmethane which failed to undergo carbon 
acid dissociation also had no measurable kg values (3,4a). 

Fluorescence parameters for 3,7,8,  10, and 11 are given in 
Table 3. Substitution of 3 at the 6-position with methyl or phe- 
nyl substituents resulted in a decrease in a,. This is presum- 
ably caused by additional internal conversion pathways due to 
rotations of the 6-substituent. The fluorescence emission spec- 
tra of 3 and 7 are structureless and essentially identical with 
broad A,,, = 360-370 nm. However, the fluorescence emis- 
sion of 8 consists of two bands at 340 nm and 370 nm, each 
with a different excitation spectrum. This observation along 
with the fact that biexponential decays were observed in life- 
time measurements (Table 3) for this compound is consistent 
with emission from two distinct chromophores, viz. biphenyl 
and stilbene moieties (Fig. 9). One of the factors responsible 
for lack of carbon acid diisociation of 8 mav be due to-the effi- 
cient energy transfer to the stilbene excited state, which is 
unreactive. However, a detailed photophysical study is 
required to completely understand the nature of the excited 
states available for this compound. 

The fluorescence excitation and emission spectra of 10 and 
11 in CH3CN are broad and essentially structureless (Fig. 10). 
Although the fluorescence quantum yields ( a 3  are the same, 
their fluorescence lifetimes differ substantially, consistent 
with the general observation that binaphthyls joined at the 1- 
position are short-lived (=2 ns) whereas those joined at the 2- 
position are much longer lived (=30 ns) (19). The 15 ns life- 
time measured for 11 is consistent with an efficient formal di- 
n-methane rearrangement occumng for this compound 
whereas the photoinert 10 (in CH3CN) has a measured lifetime 
essentially the same as other nonreactive 1,l'-binaphthyls 
reported in the literature (19). 

The fluorescence quenching rate constants of 3 by primary 
amines EA and H2NCH2CH,NH2 are more than an order of 
magnitude larger than for H20, consistent with the much 
higher basicity of the amines (Table 4). The increased 
quenching efficiency for EA is reflected in the higher quan- 
tum yield for deuterium incorporation when EA is used in the 
exchange studies (Table 2). A similar observation is made for 
7 although in this case quenching with H 2 0  was small and a 
kq could not be reliably calculated. No fluorescence quench- 
ing was observed using H 2 0  as base for all of 8, 10, and 11, 
consistent with the complete lack of deuterium exchange for 
these compounds when photolyzed in D20-CH3CN. Use of 
EA as quencher resulted in fluorescence quenching only for 
10 (kq = 0.86 x lo9 M-' s-I) consistent with deuterium incor- 
poration observed only for this compound in EA-D20- 
CH3CN. However, its kq value is an order of magnitude 
smaller than for 3, indicating that binaphthyls are intrinsically 
weaker excited state carbon acids even in favourable cases 
such as 10. 
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Fig. 8. UV-VIS traces for the photolysis of 11 in 100% CH3CN, showing clean and efficient 
formation of 45. 
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Scheme 8. 

D+ transfer 

photo-induced "ring flip" 

Summary respect to this reaction. Use of EA as base resulted in 
enhanced rates of carbon acid deprotonation for 3 and 7. Stud- 

Study of excited state carbon acid dissociation of 9 has shown ies of binaphthyls 10 and 11 have shown that excited state car- 
1 that the photochemically generated carbanion 3a is allylically bon dissociation is observable even in naphthocycloheptene 
I delocalized. Carbon acid dissociation of 3 was found to be systems if formal di-n-methane rearrangement is retarded and 

highly sensitive to substituents at the 6-position since 7 was a suitable base such as EA is used. Thus the positive results 
found to be less reactive and 8 completely unreactive with observed for 10 indicate that excited state carbon acid dissoci- 
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Table 2. Quantum yields for deuterium incorporation (a,,) and product formation (a,) for 3, 7, 
8, 10, and 11. 

Compound Solvent a,," @P" 

"Quantum yields for deuterium incorporation (a,,) and for product formation (a,) (formal di-rr-methane 
rearrangement) were measured by photolyzing samples at 254 nm in a Rayonet RPR 100 reactor using the 
carbon acid exchange reaction of 5,5-dideuterosuberene in 1:1 H 2 0  - CH,CN as secondary actinometer (a,, 
= 0.035) (36). Analyses were performed by 'H (360 MHz) NMR for a,, and GC for a , .  

bMeasured in 25% D 2 0  - CH,CN for comparison with 7 since 7 was found to be insoluble in more 
aqueous mixtures. 

'Estimated based on 'H (360 MHz) NMR. No formal di-rr-methane rearrangement products were observed. 
Instead, photodecomposition to several minor products was observed as shown by GC. 

"Estimated based on 'H (360 MHz) NMR. 

Table 3. Fluorescence parameters measured for 3, 7, 8, 10, and 
11." 

Table 4. Rates of fluorescence quenching (k,) measured for 3, 7, 
8, 10, and 11 in CH,CN from Stern-Volmer analysis." 

Compound f Compound Quencher k,, lo9 (M-' s-') 

"Measured at ambient temperature (20 f 2°C) in dry CH,CN (he, = 
260-280 nm, hem = 360-370 nm, depending on the substrate). 

bFluorescence quantum yields were measured relative to 3 as the 
secondary standard since the spectra distributions were all similar. 

'Measured via single photon counting. All decays were good first order 
unless otherwise indicated. 

"From ref. 4, for comparison purposes. 
'Measured using 2 as reference ( a ,  = 0.86 f 0.05) (36). 
Weasured using 7 as reference. 
8Biexponential decays observed. At h,, = 260 nm and he, = 370 nm, 

the short-lived component accounted for 63% of the emission. The 
percentage of the emission from each component changed with am 
consistent with the presence of two emitting chromophores for this 
compound, as observed in the steady-state fluorescence spectra. 

ation is a general reaction for larger benzannelated cyclohep- 
tenes but reaction efficiency will be reduced compared to the 
parent systems 2 and 3. 

Experimental section 

3 H,O 
H?NCH,CH,OH (EA) 
H,NCH,CH,OCH, 

7 H,O 
E A 

8 H,O 
E A 

10 H,O 
E A 

11 H,O 
E A 

"Measured at ambient temperature (20 k 2°C) in dry CH,CN. 
%om ref. 4, for comparison purposes. 
'Estimate upper limit. No observable quenching up to 0.2 M EA in 

CH,CN. 

Finnigan 3300 (CI) or Kratos Concept 1H instrument (EI). GC 
was performed on a Varian 3700 gas chromatograph using a 
SE-54 capillary column and a Hewlett-Packard 3390A inte- 
grator. Preparative thin layer chromatography (TLC) was car- 
ried out on 20 x 20 silica gel GF Uniplates (Analtech). IR 
spectra were obtained on a Perkin-Elmer 283 spectrophotom- 
eter using NaCl solution cells. UV spectra were obtained on a 
Cary 5 spectrophotometer. 

General Materials 
'H and 13c NMR spectra were taken on Perkin-Elmer R32 (90 Phenanthrene (13), 2-benzoylbenzoic acid, 2-methylnaphtha- 
MHz), Bruker WM250 (250 MHz), or AM360 (360 MHz) lene (21), diphenic anhydride and 2-methylnaphthalene- 
spectrometers. 2~ NMR spectra were obtained on the Bruker bis(hexachlorocyclopentadiene) adduct (29) were purchased 
AM360 instrument. MS, GC-MS, and HRMS were taken on a from Aldrich. 
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Budac and Wan 

Fig. 9. Fluorescence excitation and emission spectra observed for 8 indicative of two emitting chromophores. 

Wavelength (nm) 

Fig. 10. Fluorescence excitation and emission spectra of 10 and 11 in 100% CH,CN (A,, = 280 nm; A,, = 400 nm). 

250 300 350 400 450 500 

Wavelength (nm) 

7,7-Dichlorodibenzo[a,c]bicyclo[4,1,O]heptane (14) 6-Chloro-5H-dibenzo[a,c]cyclohepten-5-ol(15) 
The method of Halton and Officer (6) was used for the synthe- Alcohol 15 was prepared from 14 following the procedure of 
sis of 14 from 13. The 'H NMR of the material obtained was Coburn and Jones (7). The 'H NMR of the product was iden- 
identical to the literature spectrum (6). tical to the literature spectrum (7). 
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6,7-Dihydro-5H-dibenzo[a,c]cycloheptene (1 6) 
Alcohol 15 (2.4 g, 0.0098 mol) was converted to 16 using the 
procedure of Griffin and Horn (8). A clear oil (1.5 g, ~ 8 0 %  
yield) with a purity of 99% by GC was obtained, 'H NMR (90 
MHz) 6: 1.9-2.6 (m, 6H, (CH,),), 7.1-7.4 (m, 8H, arom.); MS 
(CI) (rnlz): 195 (M++l). 

5-Bromo-6,7-dihydro-5H-dibenzo[a,c]cycloheptene (1 7) 
Hydrocarbon 16 (0.5 g, 0.0026 mol) was brominated with 
NBS in CCl, in the presence of benzoyl peroxide (50 mg). The 
reaction mixture was refluxed overnight. Upon cooling, the 
solution was filtered and evaporated to give crude 17 (=50%), 
as indicated by a new multiplet at 6 5.0 assignable to the ben- 
zylic proton substituted with bromine. The crude bromide was 
used without further treatment in the next step. 

6,7-Dihydro-5H-dibenzo[a,c]cyclohepten-5-ol(18) 
All of the bromide 17 from the previous step was dissolved in 
1:l H20-CH3CN (40 mL) and gently refluxed for 1 h. Upon 
addition of NaCl, the mixture was extracted with CH2C12, 
which gave the crude alcohol 18 in 100% conversion by 'H 
NMR. This material was used in the next step without further 
treatment. The multiplet at 6 5.0 of 17 moves upfield to 6 4.6 
consistent with substitution of bromine by H20. 

6,7-Dihydro-5H-dibenzo[a,c]cyclohepten-5-0 (19) 
The crude alcohol (18) (1.0 g, 0.0048 mol) was dissolved in 
ether (40 mL) and 20 mL of 10% chromic acid added dropwise 
over a 10 min period. After stimng the solution overnight, the 
organic layer was separated and the aqueous layer washed 
with 2 x 50 mL ether. The organic layers were combined and 
washed with saturated sodium bicarbonate and saturated NaCl 
solutions. Drying and evaporation of the solvent gave crude 
ketone 19 (0.60 g, 60%). Purification of 19 was achieved by 
column chromatography (silica), first eluting with hexanes to 
wash out nonpolar components of the product mixture and 
then with 50% CH2C12-hexanes for the final separation. The 
material obtained was ~ 9 5 %  pure by GC with the 'H NMR 
identical to the literature spectrum (7), 6: 2.90 (s, 4H, 
CH2CH2), 7.19-7.72 (m, 8H, arom.). 

5-Deuterio-6,7-dihydro-5H-dibenzo[a,c]cyclohepten-5-01 
(20) 

Ketone 19 (1.5 g, 0.0072 mol) was reduced with LiAlD, (0.3 
g) in ether to give 20 (1.5 g, loo%), whose 'H NMR was iden- 
tical to that of 18 except for the absence of the methine proton 
resonance and its associated couplings. 

7-Deuterio-5H-dibenzo[a,c]cycloheptene (9) 
Alcohol 25 (200 mg, 0.95 mmol) was dissolved in 50 mL tol- 
uene in a round-bottom flask and fitted with a Dean-Stark trap. 
After addition of 20 mL 85% H,PO, the reaction mixture was 
refluxed for 3 h, cooled, poured onto ice, and the aqueous frac- 
tion extracted with hexanes (2 x 50 mL). The organic fractions 
were combined and washed with saturated sodium bicarbon- 
ate. Drying and evaporation of the solvent provided crude 9 as 
an oil. Kugelrohr distillation gave a clear oil (1 10 mg, 60%) 
with >97% purity by GC (96% deuterium at the 7-position by 
2~ NMR, see Fig. l), 'H NMR (360 MHz) 6: 3.08 (br s, 2H, 
CH2),6.27 (t, J=6.9Hz, lH, vinyl),7.22-7.32(m, lH,arom.), 
7.35-7.44 (m, 5H, arom.), 7.53-7.62 (m, IH, arom.), 7.71- 
7.77 (m, lH, arom.); MS (CI) (rnlz): 194 (M++l). 

6-Methyl-5H-dibenzo[a,c]cycloheptene (7) and 6-phenyl-5H- 
dibenzo[a,c]cycloheptene (8) 

Both 7 and 8 were prepared from diphenic anhydride via the 
procedure used for the synthesis of 8 by Tolbert and Ali (5). 
Purification of 7 and 8 was achieved using column chromatog- 
raphy (silica) with hexanes as eluent. A clear oil was obtained 
for 7 with apurity of >97% by GC, UV (CH,CN) A,,, (E): 238 
nm (36 700), 254 (1 1 600), 292 (1330); 'H NMR (360 MHz) 
6: 2.10 (d, J = 1.6 HZ, 3H, CH,), 3.02 (s, 2H, CH,), 6.36 (q, J 
= 1.6 Hz, lH, vinyl), 7.23-7.41 (m, 6H, arom.), 7.54-7.59 (m, 
lH, arom.), 7.69-7.73 (m, lH, arom.); MS (CI) (rnlz): 207 
(M++l). Pure 8 was a white solid, purity >98% by GC, mp 82- 
83°C (lit. (5) mp 92-94°C); UV (CH CN) A,,, (E): 228 nm 1 (21 400), 250 (28 500), 293 (16 300); H NMR (250 MHz) 6: 
3.28 (br s, lH, CH), 3.76 (br s, lH, CH), 6.88 (s, lH, vinyl), 
7.25-7.78 (m, 13H, arom.); MS (CI) (mlz): 269 (M++l). 

1 -Bromo-2-methylnaphthalene (22) 
Bromination of 2-methylnaphthalene (21) (50 g, 0.35 mol) at 
the 1-position was carried out using the procedure of Adams 
and Binder (9). Distillation of the crude product mixture gave 
22 as a clear oil (71 g, 91%); 'H NMR (90 MHz) 6: 2.56 (s, 
3H, CH,), 7.2-7.8 (m, 5H, arom.), 8.2-8.3 (m, lH, arom.); MS 
(CI) (rnlz): 221 (M++ 1, 7 9 ~ r ) ,  223 (M++l, " ~ r ) .  The spectro- 
scopic data agree with literature values (9, 20). 

2,2'-Dimethyl-1,l'-binaphthyl(23) 
Coupling of 22 (178 g, 0.8 1 mol) via the Grignard reagent was 
carried out according to the method of Maigrot and Mazaley- 
rat (10). U~eac t ed  21 and 22 were removed by Kugelrohr dis- 
tillation to give crude 23 (86 g, 38%). Further purification was 
achieved by elution through a silica gel flash column with hex- 
anes to provide 23 with >95% purity by GC. The 'H NMR (90 
MHz) agreed with the literature spectrum (20). 

2,2'-Bis(bromomethy1)-1,11-binaphthyl (24) 
Bromination of 23 (86 g, 0.30 mol) with NBS using the proce- 
dure for 17 above gave 24 (114 g, 85%). The product was 
recrystallized in 1:3 benzene-hexanes to give yellowish crys- 
tals with a purity of >95%. The 'H NMR (90 MHz) agreed 
with the literature spectrum (20). 

5-Cyan0-4-amino-3H-cyclohepta[2,1 -a:3,4-a1]dinaphtha- 
lene (25) 

To a refluxing solution of KCN (40 g) in 30% H20 - EtOH 
(160 mL) was added a 200 mL acetone solution of 29 (24 g, 
0.055 mol) via an addition funnel over 2 h period. After addi- 
tion, most of the acetone was removed by leaving one of the 
necks of the round-bottom flask open. The solution was then 
refluxed overnight. The reaction mixture was poured into 2 L 
of water and the precipitate filtered to give crude 25 (11 g, 
60%), IR (CH2C12) (cm-I): 3495,3390 (NH,), 2163 (CN); 'H 
NMR(90MHz) 6: 3.11 (d, J =  12Hz, IH), 3.37 (d, J =  12Hz, 
lH), 5.07 (br s, 2H, NH,), 7.0-8.1 (m, 12H arom.); MS (CI) 
(rnlz): 333 (M++l). This material was used in the next step 
without further purification. 

3H-Cycloheptan-4-one[2,1 -a:3, 4-al]dinaphthalene (26) 
Preparation of 26 from 25 (16 g, 0.048 mol) was accomplished 
using the procedure of Mislow and McGinn (12). Recrystalli- 
zation of 26 (12 g, 80%) in acetone gave a brown powder 
(purity >95%) that by 'H NMR (90 MHz) is consistent with 
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26; IR (CH,Cl,) (cm-'): 1710 (s, carbonyl str.); 6: 3.61 (two 
overlapping doublets, both J = 15 Hz, 4H, 2CH2), 7.1-7.6 (m, 
8H, arom.), 7.8-8.0 (m, 4H, arom.); MS (CI) (rnlz): 309 
(M++1). 

3H-Cycloheptan-4-ol[2, I -a:3,4-af]dinaphthalene (27) 
Reduction of 26 (2 g, 0.0065 mol) with LiAlH, in THF gave 
alcohol 27 (1.8 g, 40%). The product was shown to be suffi- 
ciently pure for the next step by 'H NMR (90 MHz), 6: 1.55 (s, 
lH, OH), 2.1-3.1 (m, 4H, 2CH2), 4 .34.7 (m, lH, CH), 7.1- 
7.6 (m, 8H, arom.), 7.8-8.0 (m, 4H, arom.); MS (CI) (mlz): 
293 (M+ - OH). 

4-Bromo-3H-cyclohepta[2, I -a:3,4-af]dinaphthalene (28) 
The alcohol 27 (2 g, 0.0065 mol) was dissolved in CHC13 (100 
mL) and PBr3 (2 g) added dropwise with a pipette. The result- 
ing mixture was refluxed overnight and poured into 200 mL of 
water. The organic layer was separated and the aqueous por- 
tion extracted with CH,Cl,. The combined organic extracts 
were dried over MgS0, and the solvent evaporated off to 
obtain crude 28 (2.2 g, 90%), 'H NMR (90 MHz), 6: 2.5-3.4 
(m, 4H, 2CH2), 4 .54.8 (m, lH, CHBr), 6.9-8.1 (m, 12H, 
arom.). 'This material was used in the next step without further 
treatment. 

3H-Cyclohepta[2,1-a:3,4-af]dinaphthalene (10) 
Bromide 28 (2.2 g, 0.0059 mol) was dissolved in 150 mL t- 
BuOH with 2 g of t-BuO-K+ and refluxed overnight. The 
reaction mixture was then poured into 100 rnL water and the 
resulting solution extracted with CH,Cl,. Evaporation of the 
solvent gave crude 10 (1.2 g, 70%). The material was recrys- 
tallized from toluene-EtOH to give colourless crystals with a 
purity >99% by GC (mp 166-168"C, (lit. (11) mp 163- 
164°C)); UV (CH3CN) A,,, ( E ) :  208 nm (sh, 38 900), 225 (77 
600), 251 (35 300), 303 (10 600); 'H NMR (360 MHz), 6: 
2.96 (ddd, J = 12.8, 5.6, 2.2 Hz, axial CH), 3.33 (ddd, J = 
12.9, 7.9, 0.6 Hz, equatorial H), 6.42 (ddd, J = 9.8, 7.9, 5.6 
Hz, lH, vinyl), 6.72 (dd, J=9.7,2.3 Hz, lH, vinyl),7.09-7.11 
(m, 2H, arom.), 7.19-7.24 (m, lH, arom.), 7.29-7.35 (m, lH, 
arom.), 7.41-7.56 (m, 4H, arom.), 7.84-7.83 (m, 4H, arom.) 
(the 'H NMR was essential identical to that reported in ref. 
11); 13c NMR, 6: 33.9 (CH,), 124.3, 125.3, 125.4, 125.5, 
125.6, 126.5, 127.1, 127.8, 127.9, 128.1, 128.6, 128.8, 129.5, 
134.8, 130.3, 131.5, 132.0, 133.0, 135.4, 143.6; MS (EI) 
(mlz): 292 (M'). 

2-Bromo-3-methylnaphthalene-bis(hexachlorocyclopentadi- 
ene) adduct (30) 

The procedure discussed by Smith et al. (14) was used to make 
30 and 31. Commercially available 29 (200 g) was brominated 
according to the procedure used for 21. The product 30 (196 g, 
85%) was used in the next step without purification, 'H NMR 
(90 MHz), 6: 2.39 (s, 3H, CH,), 3.48 (d, J = 9 Hz, 2H, 2CH), 
3.89 (d, J =  9 Hz, 2H, 2CH), 7.58 (s, lH, arom.), 7.93 (s, lH, 
arom.); MS (EI) (rnlz): 766 (M'). 

2-Bromo-3-methylnaphthalene (31) 
The brominated product 30 (100 g, 0.13 mol) was heated 
using a bulb-to-bulb distillation setup on a rotary evaporator 
(aspirator vacuum) with a cooled trapping bulb as the receiv- 

ing flask connected above the flask containing 30. A heat gun 
was used to effect distillation, which gave 31 as an oily white 
solid (23 g, 80%). Recrystallization from hexanes gave pure 
31 as white crystals, 'H NMR (90 MHz), 6: 2.49 (s, 3H, CH3), 
7.3-7.8 (m, 5H, arom.), 8.01 (s, lH, arom.); MS (EI) (rnlz): 
220, 222 (M+). 

3,3'-Dimethy1-2,2'-binaphthyl(32) 
As in the synthesis of 23, the method of Maigrot and Maza- 
leyrat (10) was used to make 32, with the modification that 
during preparation of the Grignard, one equivalent of 1,2- 
dibromoethane was added and an extra equivalent of Mg was 
used. Unreacted 31 and 2-methylnaphthalene (21) from 
incomplete bromination were removed from the desired 32 by 
Kugelrohr distillation. The residue was purified by passing 
through a silica gel column using hexanes, to give a yellowish 
brown solid ( ~ 4 0 %  yield from 31), 'H NMR (90 MHz), 6: 
2.17 (s, 6H, 2CH3), 7.3-7.9 (m, 12H, arom.); MS (CI) (rnlz): 
283 (M++l). 

3,3'-Bis(bromomethy1)-2,2'-binaphthyl(33) 
Bromination of 32 (4.5 g, 0.016 mol) with NBS using the 
same procedure as for 23 gave 33 as an oil (6 g, 85%) that 
solidified on standing. The product was sufficiently pure to 
be taken to the next step without further treatment, 'H NMR 
(90 MHz), 6: 4 .24.6 (m, 4H, CH,Br), 7.3-8.1 (m, 12H, 
arom.). 

5-Cyano-4-amino-3H-cyclohepta[2, I -b:3,4-bf]dinaphtha- 
lene (34) 

Cyclization of 33 (0.5 g, 0.001 1 mol) was carried out using 
the method outlined for 25. The product 34 (0.15 g, 40%) was 
obtained as a brown solid (>90% pure); IR (CH,Cl,) (cm-I): 
3500, 3400 (m, NH,), 2190 (m, CN); 'H NMR (90 MHz), 
6: 2.15 (d, J =  13 Hz, lH), 2.66 (d, J =  13 Hz, lH), 5.00 (br s, 
2H, NH,), 7.1 - 8.2 (m, 12H, arom.); MS (CI) (rnlz): 333 
(M++l). 

3H-Cycloheptan-4-one[2,I-b:3:4-bf]dinaphthalene (35) 
Ketone 35 (4.5 g, 80%) was prepared from 34 (6 g, 0.018 mol) 
according to the method described for 26 (6 g, 80%); IR 
(CH,Cl,) (cm-'): 1720 (s); 'H NMR (250 MHz), 6: 3.4-3.9 
(m, 4H, overlapping doublets, 2CH2), 7.5-7.6 (m, 4H, arom.), 
7.74 (s, 2H, arom.), 7.8-8.0 (m, 4H, arom.), 8.13 (s, 2H, 
arom.); MS (CI) (rnlz): 309 (M++l). 

3H-Cycloheptan-4-ol[2, I -b:3,4-bf]dinaphthalene (36) 
Standard LiAlH, reduction of ketone 35 (3 g, 9.7 mmol) gave 
alcohol 36 (2.7 g, 40%), which was purified by passing 
through a silica gel column with hexanes followed by CH,Cl,, 
to give 36 in >95% purity; 'H NMR (90 MHz), 6: 2.1-3.1 
(m, 5H, 2CH2 and OH), 4.32 (quintet, J = 6 Hz, 1H), 7.2-8.0 
(m, 12H, arom.). 

4-Bromo-3H-cyclohepta[2, I -b:3,4-bf]dinaphthalene (37) 
Reaction of 36 (2.5 g, 8.1 mmol) with PBr3 using the method 
described for 28 gave 37 (2.6 g, 85%). Purification was carried 
out by passing the material through a silica gel column using 
hexanes, to give 37 in >95% purity, 'H NMR (90 MHz), 
6: 2.8-3.5 (m, 4H, 2CH2), 4.6-4.9 (m, lH, CHBr), 7.3-8.4 
(m, 12H, arom.). 
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3H-Cyclohepta[2,1 -b:3,4-bl]dinaphthalene (11) 
As in the synthesis of 10, elimination of HBr from 37 (0.5 
g, 1.3 mmol) using t-BuO-K+ gave 11 (0.22 g, 55%). The 
major by-product (45%) was 38, as shown by GC and 
'H NMR. Purification of 11 was achieved by repeated 
recrystallization from toluene-EtOH, which gave a purity of 
~ 9 9 %  (by GC), mp = 169-170°C; UV (CH,CN) A,,, ( E ) :  

209 nm (sh, 24 700), 219 (40 loo), 260 (59 500), 280 (sh, 
36 100) 303 (sh, 13 600); 'H NMR (360 MHz), 6: 3.37 (d, J 
= 6.9 Hz, 2H, CH,), 6.42 (dt, J = 10.2, 6.9 Hz, lH, vinyl), 
6.81 (d, J = 10.3 Hz, lH, vinyl), 7.47-7.58 (m, 4H, arom.), 
7.68 (s, lH, arom.), 7.81 (s, lH, arom.), 7.83-8.01 (m, 4H, 
arom.), 8.09 (s, lH, arom.), 8.25 (s, lH, arom.); 13c NMR, 
6: 33.4, 124.3, 125.4, 126.1, 126.3, 126.8, 127.4, 127.7, 
127.9, 129.1, 129.8, 130.1, 132.3, 132.0, 132.4, 132.7, 
134.5, 138.2, 142.0; HRMS (EI) (rnlz): 292.1254 (calcd. 
292.1252). By-product 38 was isolable from the fractional 
recrystallizations, 'H NMR (90 MHz), 6: 2.63 (s, 3H, CH,), 
7.3-7.7 (m, 5H, arom.), 7.8-8.2 (m, 5H, arom.), 8.30 (s, lH, 
arom.), 9.08 (s, lH, arom.), 9.13 (s, lH, arom.); MS (CI) 
(rnlz): 293 (M++ 1). 

X-ray crystallography 
X-ray diffraction studies involving 10 were performed using a 
Nonius diffractometer with 0-20 scan for collection of data 
(1613 reflections). Of these reflections 1372 were used to 
refine the structure. NRC Solver (21) was used to solve the 
crystal structure and the SHELX least-squares program (22) was 
used to refine the structure. X-ray crystallographic data are 
given in Table 1 and an ORTEP drawing in Fig. 2., 

Product studies 
Preparative photolyses were carried out in a Rayonet RPR 100 
photochemical reactor using 254, 300, or 350 nm (for triplet 
sensitization) lamps and 100 or 200 rnL quartz tubes (Pyrex 
tubes for triplet sensitization). Analytical runs were carried out 
in 3 mL Suprasil quartz cuvettes on an optical bench using an 
Oriel 200W Hg arc lamp and an Applied Physics monochro- 
mator set at either 254 or 280 nm with 5 nm slits. Solutions for 
preparative photolyses were cooled with a cold finger 
( ~ 1 5 ° C )  and purged with argon before and during the photol- 
ysis. Analytical runs were purged with argon prior to irradia- 
tion. In general, any effect of oxygen in the photoreactions was 
minimal. A number of runs were repeated in the absence of 
light to check for thermal reaction and none were observed. 
Representative examples of photolysis experiments are pro- 
vided below. 

Photolysis of 3 in D20-CH3CN and EA-D20-CH3CN 
Photolysis of 3 (30 mg) in 25% D,O - CH3CN solution (254 

Tables of fractional atomic coordinates, interatomic distances, 
bond angles, and anisotropic temperature parameters are available 
and can be purchased from: The Depository of Unpublished Data, 
Document Delivery, CISTI, National Research Council Canada, 
Ottawa, Canada KIA 0S2. With the exception of the table of 
anisotropic temperature parameters, these supplementary data 
have also been deposited with the Cambridge Crystallographic 
Data Centre, and can be obtained on request from The Director, 
Cambridge Crystallographic Data Centre, University Chemical 
Laboratory, 12 Union Road, Cambridge, CB2 lEZ, U.K. 

nm, 15 min) gave 4 (30%), 5 (49%), and phenanthrene (5%), 
as indicated by 'H NMR (360 MHz). Photolysis of 3 in 10% (5 
M EA - D,O) - CH3CN for 5 rnin gave 4 (14%), 5 (40%), and 
phenanthrene (I%), thereby demonstrating base catalysis of 
deuterium incorporation. 

Photolysis of 9 in 100% CH3CN and 50% H20 - CH3CN 
Photolysis of 9 (50 mg) in 100 mL of 100% CH3CN with 254 
nm lamps (15 min.) gave products shown in or derived from 
Scheme 6, as indicated by NMR of the photolysate, 6: 
-0.14, 1.59 (two isomers of 4a, 6%), 2.57 (4b, 58%), 6.31 (6, 
6%), 7.83 (9-deuterophenanthrene, 6%). Photolysis of 9 in 
50% H,O - CH3CN under otherwise identical conditions gave 
a different product mixture, NMR, 6: -0.14, 1.59 (two iso- 
mers of 4a, 2%), 2.57 (4b, 16%), 3.08 (5,50%), 6.31 (6,4%), 
7.83 (9-deuterophenanthrene, 1%). 

Photolysis of 7 in 100% CH3CN 
Photolysis of 7 (50 mg) in 100 mL of 100% CH,CN (254 or 
300 nm, 15 min) gave three major products according to GC- 
MS and 'H NMR: 40 (25% at 254 nm; 4% at 300 nm), 42 (3% 
at 254 nm; 13% at 300 nm), and 41 (3% at 254 nm; 4% at 300 
nm). The products were not separated and the 'H NMR (360 
MHz) signals that could be assigned to each compound are 
listed as follows: 40, 6: 0.07 (m, lH, cyclopropyl methylene 
proton), 1.45 (dd, J = 9.0, 3.8 Hz, cyclopropyl methylene pro- 
ton), 1.65 (s, 3H of CH,), 2.34 (dd, J = 9.0, 5.0 Hz, cyclopro- 
pyl methine proton); 42,6: 2.11 (m, 3H of CH,), 2.80 (m, axial 
H of CH,), 3.05 (dd, J = 13.1, 8.2 Hz, equatorial H of CH,), 
6.08 (m, lH, vinyl H); 41, 6: 2.75 (d, J = 1.0 Hz, CH,), 6.68 
(m, aryl H at C10). Additional studies using 'H COSY NMR 
showed the required correlations in the assigned signals. 

Photolysis of 7 in D20-CH3CN and EA-D20-CH3CN 
Photolysis of 7 (30 mg) in 25% D,O - CH3CN (254 nm, 15 
min) gave 40 (22%), 42 (3%), and 41 (3%) according to GC 
and 'H NMR. Integration and comparison of the 'H NMR sig- 
nals due to the protons at the vinyl and 5-position of 7 in unre- 
acted substrate and in photolyzed material gave =lo% 
deuterium incorporation at the 5-position. Photolysis in 10% 
(5 M EA - D,O) - CH3CN (254 nm; 30 min.) gave 40 (29%), 
42 (4%), and 41 (1 2%). GC-MS and NMR analysis of the 
product mixture indicated extensive deuterium incorporation 
in the starting material 7 (73% at the 5-position) and in 51 
(36% at the cyclopropyl positions). A 5 rnin photolysis 
resulted in 36% deuterium incorporation at the 5-position in 
recovered 7. 

Photolysis of 8 in 100% CH3CN and D,O-CH3CN 
The product mixture obtained after irradiation of 8 (50 mg) in 
either CH3CN or 50% D20 - CH3CN was complex (GC and 
'H NMR) with no major product (taken up to 20% conver- 
sion). Analysis by GC-MS of recovered 8 showed no measur- 
able deuterium incorporation. Due to the complexity of the 
product mixture and the lack of excited state carbon acid 
behaviour, no further experiments were carried out to delin- 
eate the photochemistry of this compound. 

Photolysis of 10 in EA-D20-CH3CN 
Photolysis of 10 (50 mg) in 10% (5 M EA - D,O) - CH3CN 
(254 nm, 1 h) gave a trace of 43 and deuterium incorporation 
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predominantly at Ha, of 10 (Fig. 5). Kinetic runs were carried 
out by photolyzing 300 mg of 10 in 400 mL of 10% (5 M EA - 
D20) - CH,CN and withdrawing samples at different photol- 
ysis times for analysis by 'H and 2~ NMR. The results are 
shown in Figs. 5-7. 

Photolysis of 11 in 100% CH3CN and EA-D,O-CH3CN 
Photolysis of 11 (30 mg) in 100 mL 100% CH3CN (254 nm, 
30 min) gave 45 (44%) as the only product by GC and 'H 
NMR. Product 45 was not separated from 11 but was charac- 
terized based on the characteristic cyclopropyl ring protons in 
the 'H NMR of the photolysate, 6: 0.18 (td, J = 5.4, 4.2 Hz, 
methylene proton of cyclopropyl ring), 1.63 (td, J = 8.9, 4.1 
Hz, methylene proton of cyclopropyl ring), 2.77 (dd, J = 8.9, 
5.0 Hz, methine protons of cyclopropyl ring), 7.89 (s, 2H, 
arom.), 8.63 (s, 2H, arom.). The remaining eight aromatic 
protons were in the same region as those for 11; GC-MS 
(CI) (mlz): 293 (M++l). Photolysis of 11 in 10% (5 M EA in 
D20)  - CH3CN using a quartz cuvette showed no deuterium 
incorporation in recovered 11 by GC-MS when the conver- 
sion to 45 was taken to 25%. Photolysis of 11 in 100% 
CH,CN under identical conditions also resulted in 25% con- 
version to 45. 

Triplet sensitization of 7 in 100% CH3CN 
A solution of 7 (40 mg) and 2-benzoylbenzoic acid (1 g) in 100 
mL 100% CH3CN was photolyzed at 350 nm in a Pyrex tube 
for 1 h. After photolysis, CH3CN was evaporated and the res- 
idue taken up in CH2C12. The sensitizer was removed by 
extraction of with aqueous NaOH. The major product was 40 
(lo%), as indicated by GC and 'H NMR. 

Quantum yields for deuterium exchange and di-n- 
methane rearrangement 

Quantum yields for deuterium exchange (a,,) and formal 
di-n-methane rearrangement (@ ) were measured using 
semi-preparative photolyses in a kayonet reactor using 254 
nm lamps. The substrate (lo4 mol) dissolved in the appro- 
priate solvent in a 100 mL quartz tube was irradiated to 
give 5-20% conversion. The amount of deuterium incorpo- 
ration was calculated by 'H NMR (360 MHz) and GC was 
used to monitor for yield of formal di-n-methane products. 
Light intensities were measured by using the exchange 
reaction of 5,5-dideuterosuberene in 50% H 2 0  - CH3CN 
(a,, = 0.035 +- 0.005) (3). Light intensities varied by less 
than 5% during the day and were typically 1.57 x lo4 ein- 
steins-min, which is similar to light intensities measured 
with potassium ferrioxalate used in previous studies. 

Fluorescence measurements 
Steady-state fluorescence spectra (uncorrected) were taken on 
a Perkin-Elmer MPF-66 fluorescence spectrophotometer at 
ambient temperature (20 +- 2°C). The fluorescence quantum 
yields of 3,7, 10, and 11 were measured using 2 (@, = 0.86 +- 
0.05 in CH3CN) (3b) as the secondary fluorescence standard. 
Due to its low fluorescence intensity, the fluorescence quan- 
tum yield of 8 was measured relative to 7. Fluorescence life- 
times (7) measured were measured using the time-correlated 
single-photon counting technique on a Photon Technology 
International (PTI) LS-1 instrument with a hydrogen flash 
lamp. Analyses were carried out using software supplied by 

PTI. All decays were good first order except for decays 
observed for 8 (Table 3). 
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Hydrogen isotope fractionation between 
methanol and diphenylphosphine or 
dimethylphosphine in the gas phase and in 
aprotic solvents 

Andrzej Wawer and Jerzy Szydrowski 

Abstract: DIH fractionation factors between MeOH and Ph2PH in dilute solutions of tetrachloroethylene, benzene, 
tetrahydrofuran, pyridine, and acetonitrile and TM fractionation factors between MeOH and Me,PH vapors were measured. The 
experimental results agree very well with values calculated from the statistical theory of isotope effects formulated by Bigeleisen 
and Mayer. There are correlations between observed fractionation factors and solvent polarity, and the interaction energy of 
methanol with the given solvent. Another correlation has been found between enthalpy of the exchange reactions and the 
interaction energy between methanol and the given solvent. 

Key words: isotope effects, fractionation factor, diphenylphosphine, methanol. 

RCsumC : On a mesure les facteurs de fractionnement DM entre le MeOH et le PH2PH, dans des solutions diluees de 
tCtrachloroethylbne, de benzene, de tttrahydrofurane, de pyridine et d'acttonitrile, ainsi que les facteurs de fractionnement TM 
entre les vapeurs de MeOH et de Me2PH. Les resultats experimentaux sont en bon accord avec les valeurs calculCes sur la base 
de la thCorie statistique des effets isotopiques formulde par Bigeleisen et Mayer. I1 existe des correlations entre les facteurs de 
fractionnement observts et les polarites des solvants ainsi que 1'Cnergie d'interaction du methanol avec un solvant donne. On a 
aussi observe une correlation entre I'enthalpie des reactions d'kchange et l'energie d'interaction entre le mithan01 et le solvant 
donne. 

Mots clis : effets isotopiques, facteur de fractionnement, diphtnylphosphine, methanol. 

[Traduit par la rtdaction] 

Introduction energy (ZPE) of H-isotope exchanging molecules. It is inter- 

A knowledge of tritiudprotium or deuteriudprotium frac- 
tionation factors in H-exchanging systems is an important aid 
to understanding the mechanism of chemical and biochemical 
reactions, and the effects of molecular structure and intermo- 
lecular interactions ( 1 4 ) .  A great deal of interest has been 
devoted to the determination of the D/H fractionation between 
compounds with exchangeable H-atoms and protic solvents 
(3, 4). Hydrogen isotope partitioning between chemical spe- 
cies dissolved in aprotic solvents has been less thoroughly 
studied (4). A cardinal rule in the theory of isotope effects is 
that isotope substitution does not change the force field (5 ) .  On 
the other hand it is clear that change of aprotic solvents will 
modify the force field and lead to differences in the zero-point 

esting to ask just which physicochemical properties of aprotic 
solvents determine isotope fractionation. 

Phosphines interact very weakly with their environment (6) 
and this simplifies further discussion. For the present study we 
chose the alcohol-phosphine system and have studied WD 
fractionation between diphenylphosphine (DPP) and metha- 
nol (MA) in benzene, tetrachloroethylene, tetrahydrofuran, 
pyridine, and acetonitrile. Due to the very low vapor pressure 
of DPP, gas phase exchange reactions with methanol could not 
be carried out. Instead, the exchange of tritium between 
dimethylphosphine (DMP) and MA vapors has been studied. 
The high sensitivity of the radiometric determination of tri- 
tium makes such measurements possible even at low vapor 
pressure. This system forms a convenient reference as well. 

- - - - 
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carried out in the same manner as for CH,OH and H2S vapors 
(7). In all experiments the ratio of the partial vapor pressure of 
DMP to MA was kept equal to 1.5. The total pressure was 
always smaller than the saturated vapor pressure of any of the 
components at the given temperature. The radioactivity of 
DMP was measured in the internal GM gas counter (7) with a 
standard deviation of 5 1.5%. 

Most HID exchange experiments employed an NMR tech- 
nique. MeOD (product of Isotope Distribution Center, 99.75% 
of D), Ph2PH (Aldrich product), and solvents were carefully 
dried and degassed. The samples were sealed in NMR tubes. 
Concentrations of the solutions, in which D-exchange between 
DPP and MA was studied, was about 1 movdm3. All opera- 
tions were canied out in a glove box in a dry nitrogen atmo- 
sphere. The 'H spectra were recorded by a JEOL Co FX 90Q 
spectrometer equipped with a temperature probe. The PH 
(doublet at 5.08 ppm, 'J,, = 2 16 Hz) (10) and OH signals were 
observed separately. All NMR conditions for quantitative 
determination of the PH/PH ratio were fulfilledlo ("I" is an 
integrated intensity of the signal). The reproducibility of the 
PH/PH was better than 1%. Temperature was determined to 
better than k0.5"C. 

The tritium fractionation factor for the gas phase reaction: 

is calculated from the equation: 

where A, denotes specific tritium radioactivity at isotope 
e uilibrium. Because only and were measured, 

%A A, was determined from the isotope balance relation (7). 
The deuterium fractionation factors for the reaction: 

are defined as 

where m and n are the numbers of moles of MA and DPP, 
respectively; subscripts H and D refer to H and D isotopomers 
at isotope equilibrium. For the exchange process studied we 
can define the following material and isotope balance rela- 
tions: (I) m = mH + m,, (11) n = nH + n,, (111) mH = n,, and (IV) 
PH1mH = PH/nH. Relation (111) is valid in the present case 
because the exchange reactions are canied out with fully deu- 
terated methanol (CH30D). Starting from eq. [4] and using the 
above relations, in a few successive steps m,, mH,.nD, and n, 
can be eliminated. At first, n, is eliminated by using relation 
(111), then the use of (IV) eliminates m,, and in the next step 
using (I) we eliminate m,. Finally, defining nH = nPHn/(PH + 
pH) from (11), (111), and (IV), we obtain eq. [5] expressed in the 
experimentally measured values only: 

m and n are as defined above and PH(OH) denotes the integrated 

intensities of the PH(0H) hydrogen signals. The standard 
deviation of aD was + 1%. 

Calculations 

It is interesting to compare the experimental fractionation fac- 
tor with the theoretical value expressed in terms of the reduced 
partition function ratio (RPFR), (sls'Y(5): 

RPFR is given by the equation: 

ui 1 - exp(-u,l) u,l - ui 
[71 (SIS'Y= H 7 exp - 

ui 1 - exp(-u,) 2 

where ui = hco,JkT, and oi are the normal mode vibrational 
frequencies; the prime refers to the light isotopic molecule. 

The calculation of the fractionation factor for the 
exchange between methanol and DPP in solution encounters 
certain difficulties. To begin with, the vibrational spectra of 
liquid MA are complex due to strong hydrogen bonding, and 
spectral data for methanol in the solvents of interest are 
incomplete. To our best knowledge there are no vibrational 
data for DPP. On the other hand, gas phase vibrational data 
for both methanol and DMP are available. The gas phase 
spectra of MeOHfMeOD reported by Serralah, Mayer, 
and Gunthard (11) have been used for the calculation of 
(s /s ' )~, ,~~(v)  (7). The gas phase spectra of Me2PH were 
studied by Durig and Saunders (12) and those of Me2PD by 
Clark and Drake (13). However, the assignments proposed 
by both sets of authors are doubtful. A better assignment, 
confirmed by a subsequent force field calculation, was given 
by McKean and McQuillan (14). Their data were used in our 
calculation of (s/s1)fDMP(v). 

Results and discussion 

The experimental fractionation factors of deuterium and tri- 
tium over the temperature range of 283-330 K are collected 
in Table 1. Calculated values are also presented in Table 1. 
The experimental points deviate by 1-1.5% from the calcu- 
lated ones. The fractionation factor, a,,,,, was used as 
the reference point for discussion of isotope fractionation in 
solution. It is equal to the ratio of aM,Mp(v)/aDppmMp(v) 
in which experimental values of aM,,,(v) and the esti- 
mated D m  fractionation factor between DPP and DMP, 
aDppmMp = 0.98, at 250-330 K have been used. In addition, 
for greater completeness, the fractionation factors between 
liquid MA and DPP determined earlier (9) have also been 
included. 

For all systems studied the fractionation factors are much 
larger than unity, which means that deuterium(tritium) accu- 
mulates in the hydroxyl group of methanol regardless of its 

- ~ 

solvation character.   here is relatively little change between 
gas phase and solution values. The temperature dependence of 
the fractionation factors between methanol and diphenylphos- 
phine in gas and in solution is shown in Fig. 1. The fraction- 
ation factors decrease regularly on going from gas to 
acetonitrile. In every case the temperature dependence can be 
described by a simple linear relation, 
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Table 1. Experimental fractionation factors of deuterium in exchange reaction between diphenylphosphine and methanol in 
various solvents. 

Fractionation factor ci for MA/DPP system 
- - 

TIK 
.. 

v v 

250.0 2.42 - 
273.0 - - 
283.0 2.22 2.23 (3.15) 
298.0 2.16 2.16,(3.03) 
303.0 - - 
312.0 2.09 2.08,(2.90) 
329.0 2.04 2.03 (2.80) 

- -  - - - 

*.* 
v III TCE Benzene 

2.28 2.48 - 
- 2.16, - - 

2.28 - 2.25 2.20, 
2.2 1, 2.03 2.18, 2.14 
- 2.00 - 

2.14 - 2.1 1, 2.07, 
2.08 - 2.05 2.02, 

THF P Y ~  ACN 

v': calculated values for MA/DMP system using eqs. [6 ]  and [7]. 
v": recalculated from the experimental gas phase tritium fractionation factor for the MA/DMP system (in parentheses) using the 

Swain-Bigeleisen relation (refs. 29, 30) with the exponent 1.42. ... 
v : gas phase deuterium fractionation factor for the MA/DPP system calculated from tritium fractionation factor. 
111: deuterium fractionation factor in pure liquid MA/DPP system (ref. 9). 

Fig. 1. Temperature dependence of the experimental fractionation factor in 
isotope exchange reaction of diphenylphosphine with methanol in various 
solvents (W gas phase; 0 tetrachlorethylene; A benzene; + tetrahydrofuran; 
V pyridine; acetonitrile). 

temperature 1TT x 1 o3 

A 
[8] In a&mpP = + B 

and A and B values are collected in Table 2. Equation [8] 
enables us to calculate isotope effects on the enthalpy changes 
for reaction [ I ]  or [3]. Values ranging between 1.4 and 1.7 
Idlmol are reported in Table 2. It is worth noting that A(A@) 
for deuterium exchange between methanol and hydrogen sul- 
phide (2.4 Wlmol) (7) is remarkably larger than that observed 
for the present solutions. Such a result could have been antic- 
ipated from the ZPE differences. There is a much smaller 
change in ZPE for the Ph2PH/Ph2PD pair than for the 
HSWHSD one. Another interesting observation is the rela- 
tively small change in A(A@) that occurs in the series from 

vapor through the range of solvents, C2C14 to pyridine (Fig. 1). 
Before entering upon the discussion of these effects, let us 

first consider the experimental conditions. Usually the mole 
fractions of MA and DPP in C6H6, (CH2)40, C5H5N, and 
CH3CN were in the range of 0.04-0.08 and only in C2C14 solu- 
tion were they larger (0.10-0.15). In such dilute solutions DPP 
exists mainly as monomer. It was shown earlier (6) that DPP 
interacts as a weak proton donor with various electron donors 
(for example tri-n-butylphosphine or diethylphosphide) with 
an energy of about 3 Idlmol. It is likely in the present case that 
the interaction of DPP with the solvents used is also weak, and 
results in small or negligible differences between individual 
cases. The same refers to the solutions of deuterated DPP. 
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Table 2. The values of A and B parameters in the In aD = 
AIT + B equation for the MA/DPP system and enthalpy changes 
A ( M )  in various solvents. 

Solvent A (K) B A ( u )  (kJ/mol) 

Vapor* 
vapor" 
Vapor"' 
C2C14 
C6H6 
(CH2)4O 
CH,CN 

C5H5N 

(v)' ,  (v)", (v)"' have the same meaning as in Table 1. 

Fig. 2. The correlation between the fractionation factor and 
hydrogen bond energy for the given rnethanol-solvent system 
(temperature 298 K). 

- 0'9 9 

0.6 

0 5 10 15 

hydrogen bond energy (kJImol) 

i 

3 0.8 7 )  

For MA, on the other hand, the OH group interacts with the 
T-electrons of C2C14 and C6H6 and interacts via O-H ... 0 and 
O-H ... N hydrogen bonds with (CH,),O, C5H5N, and 
CH,CN. These interaction energies (6, 15-19) and, conse- 
quently, the solvation energies differ greatly and this should 
affect the observed fractionation factor. As can be seen from 
Fig. 2 there is a correlation between the fractionation factor 
and hydrogen bonding energy (15, 18,19). An especially good 
correlation is found between the fractionation factor and the 
Reichardt ET parameters (20) (Fig. 3). It is worth noting that an 
excellent correlation between fractionation factor and hydro- 
gen bond energy was found earlier for HX, + DX (X = F, C1, 
Br, I) exchange reactions (21). Analysis of the isotope effect 
calculated from the vibrational data nicely confirms the sug- 
gested one-to-one correspondence between isotope effect and 
force field. The strongest correlation is with the stretching 
force constant. Even small changes in hydrogen bonding seri- 
ously affect the stretching force constant and this is reflected in 
the isotope effect. Therefore these results clearly show how the 
given solvent influences the intermolecular force field 
between methanol and solvent. The second correlation, which 
is evident between the fractionation factor and ET, shows that 

" TCE 

Fig. 3. The correlation between the fractionation factor and 
Dimroth-Reichardt parameters of the solvent (temperature: 
298 K). 

d 
C 

'a 
2 
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the isotope effect may be a very sensitive indicator of the elec- 
tron charge distribution. In general, ET parameters define the 
electron acceptor properties of the solvent and therefore this 
correlation is surprising. We would more likely expect a cor- 
relation with Gutman DN parameters (22). In this particular 
case ET increases from TCE to pyridine; the isotope effects 
decrease in the same direction. ~ tmeans ,  again, thatthe inter- 
action between solvent and solute molecules seriously affects 
the solute force field. However, this time it is not the specific 
interaction centered on the hydrogen atom (more correctly, the 
OH bond) but the interaction involving oxygen electrons. 

As far as the enthalpies of reaction are concerned, we 
observe some differences over the range of solvents studied. 
The changes are small but the tendency is clear: more polar 
solvents lower the enthalpy change. In general A(AH) values 
correlate poorly with solvent based on electron 
charge distribution. 

It is worth noting that previously determined fractionation 
factors for the neat liquid MA/DPP system are consistent with 
the present results. They are placed between acetonitrile and 
pyridine, in qualitative agreement with the correlations 
described above (hydrogen bond energy in liquid methanol is 
reported as 9.3 kcaVmol (23)). It may be of some interest to 
compare the fractionation factor for the liquid MA/DPP sys- 
tem with those existing in the literature concerning hydrogen 
exchanges in OH, NH, SH, and PH groups. Most of these reac- 
tions were carried out with water; therefore the present result 
should be recalculated. This can easily be done since the frac- 
tionation factor between liquid methanol and water has been 
accurately determined (aMrn = 1.12 at 298 K (24)). The sim- 
ple calculation gives aWIDpp = 1.81. Since water is used as the 
reference substance it would be more appropriate to take the 
reciprocal of the latter, hence a,,,,, = 0.55. This is a very low 
value when compared with exchanges in OH and NH groups 
where, in most cases, values close to unity have been reported 
(25). For systems with very strong hydrogen bonding, frac- 
tionation factors much smaller than unity have been found 
(26). Although a small fractionation factor between H,S and 
water in the gas phase (aHS,, = 0.46 (27)) has been also 
reported, its low value comes from the low stretching force 
constant of the SH bond. On the other hand, a,,,,, can be 
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I fairly well compared with the value 0.61 reported for PH,(gas) 
, I + HDO(1iquid) exchange (28). It seems, therefore, that the 

I peculiar properties of the PH bond and very weak intermolec- 
ular interactions involving this group are responsible for the 
small value presently reported. 

In conclusion, it seems that the most striking feature of the 
results obtained is the role of the solvent and its effect on the 
fractionation factor and enthalpy changes. We suggest that it is 
not the specific interaction between the OH(0D) group of 

I 

I methanol and the solvent but the charge redistribution of each 
molecule in the solvent shell that determines the force field 
shifts that result in the final isotope fractionation factor. 
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The thermolysis of E-halodisilanes: a 
preference for 1,2=Si Si-0 rearrangement or 
Si-0 cleavage over Si=O bond formation 

Christopher ROOS, Graham A. McGibbon, and Michael A. Brook 

Abstract: Tris(trimethylsily1)-2,2,2-trifluoroethoxysilane 6, tris(trimethylsily1)-2-fluoroethoxysilane 7, and tris(trimethylsily1)- 
2-chloroethoxysilane 8 were synthesized and characterized by 'H, "C and '9Si NMR, IR spectroscopy, and EI and CI mass 
spectrometry. Thermodynamic considerations would suggest that, as a result of the driving force provided by the formation of a 
Si-F or Si-Cl bond, the thermolyses of these compounds would lead to the formation of bis(trimethylsily1)silanone 4. To 
examine this question, gas chromatography - mass spectrometry was as used a detection technique for products resulting from the 
high-pressure thermolyses of 6-8. The elimination of (Me,Si),SiCl appears to be the major thermolytic pathway of 
decomposition for 8 at ambient or higher pressures, although it is accompanied by the formation of other products, some of which 
could have arisen from the addition of various halosilanes to a silanone. Neither 6 nor 7 thermolyzed cleanly; the former 
compound was essentially unreactive under the thermolysis temperatures used (850°C). Of the products produced in the 
thermolysis of 7, no evidence for the formation of the silanone was obtained. Independently, mass spectrometry was used to study 
unimolecular reactions of molecular ions derived from 6-8. The major route to solitary ions appears to involve a 1,2-trimethylsilyl 
migration from Si to 0 (9+10) prior to decomposition, for example, of the mlz 346 parent ion in the decomposition of 6. The 
preparation of the ionized silanone may be a minor pathway. Some of the other fragmentation pathways for 6-8 are discussed. 

Key words: gas phase thermolysis, ion rearrangements, silyl group migration, silanone, halosilane. 

RCsume : On a synthCtisC le tris(trimtthylsily1)-2,2,2-trifluorosilane 6, le tris(trimCthylsily1)-2-fluoroCthoxysilane 7, et les 
tris(trimCthylsily1)-2-chloroCthoxysilane, 8, et on les a caractCrists par la RMN du 'H, du ',c et du 2 9 ~ i ,  par la spectoscopie IR et 
par spectromCtrie de masse sous IC et IE. Les considtrations thermodynamiques portent h penser que la thermolyse de ces 
composCs pourrait conduire i la formation de bis(trimCthylsilyl)silanone, 4, en raison de la force directrice crCC par la formation 
des liaisons Si-F ou Si-Cl. Pour vCrifier cette hypothese, on a utilisC comme technique de dktection, la spectromCtrie de masse 
couplCe h la chromatographie en phase gazeuse, pour les produits rksultant des thermolyses h haute pression des composCs 6 8 .  
L'Climination du (Me3Si),SiC1 semble &tre le processus thermolytique principal de dCcomposition du composC 8 h tempkrature 
ambiante ou h de plus hautes pressions, bien qu'il se forme d'autres produits dont quelques uns proviennent de l'addition de 
divers halosilanes sur la silanone. Ni le composC 6 ni le composC 7 ne subissent nettement la thermolyse; le premier composC ne 
rCagit pas du tout aux tempkratures de thermolyse utilisCes (850°C). On n'a pas pu mettre en Cvidence la prisence de silanone 
parmi les produits rCsultants de la thermolyse du composC 7. D'une f a ~ o n  independante on a utilisC la spectromCtrie de masse 
pour Ctudier la riaction unimolCculaire des ions molCculaires produits par les composts 6-8. La principale voie d'acces aux ions 
solitaires semble impliquer une migration 1,2-trimCthylsilyl a partir de Si 2 0 (9+10) avant la dCcomposition, par exemple, de 
l'ion parent i mlz 346 rCsultant de la dCcomposition du composC 6. La prCparation de la silanone ionisCe peut &tre un processus 
minoritaire. On discute de quelques autres voies de fragmentation. 

Mots cl6s : thermolyse en phase gazeuse, riarrangement des ions, migration du groupe silyle, silanone, halosilane. 

[Traduit par la ridaction] 

Introduction 

Since the turn of the century when Kipping first described 
materials alleged to contain the Si=O bond (1) (originally 
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named silicones in analogy to ketones, now called silanones), 
much effort has been expended trying to observe these elusive 
species. The intermediacy of free silanones has been proposed 
for many reactions (2-9; however, see ref. 10). Much of the 
evidence for silanone formation is inferred from the presence 
of small silicone cyclics in reaction mixtures. Thus, hexa- 
methylcyclotrisiloxane @,) and octamethylcyclotetrasiloxane 
(D,) have been observed in the thermosylates of silylketenes 
(Scheme lA, 11) and silylperoxides (Scheme lB, 12), in the 
thermal decomposition of siloxetanes (Scheme lC, 13), as 
products of retroene reactions (14), and in other reactions 
(Scheme ID, 15, 16). Some of the clearest evidence for sil- 
anone formation results from the thermal decomposition of 
D,; Me#- formation is inferred from the initial first-order 
kinetics for the formation of D, (17, 18). 

Can. J .  Chem. 74: 147s1479 (1996). Printed in Canada / Imprimt au Canada 
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Scheme 1. 

Scheme 2. 
*. 

Me3SiF + CO, + CF, - C,F, + polymer 

I 
CO + COF, 

T 

Although a few simple silanones (R2Si=0, R = H, Me, Hal) 
have been characterized by a variety of spectroscopic tech- 
niques, including infrared spectroscopy at low temperature 
(19, 20), the bulk of the present knowledge of silanone prop- 
erties originates from studies on transients (21,22); the radical 
anion of (tBu),Si=O has also been reported (23). Thus, unlike 
other silicon-based reactive intermediates (21), silanones con- 
stitute one of the few classes of compounds for which syn- 
thetic routes to stable species have yet to be developed. 

Fluoride-induced reactions 
A variety of silicon-based, reactive intermediates have been 
generated by the rearrangement of suitable precursor mole- 
cules. Rearrangements and other reactions at silicon can be 
driven by the addition of silylnucleophiles (24). Many cleav- 
age reactions involving Si-X (X = C, 0 ,  etc.) (25, 26) are 
known in silicon chemistry to be promoted by the formation of 
the very strong Si-F bond (-160 kcal mol-I) (27). For 
instance, the rate of extrusion of Si-F from fluoroalkylsilanes 
has been measured (28,29) and this approach has been used to 

drive the formation of bis(trimethylsily1)diphenylsilene from 
(tris(trimethy1silyl)methyl)diphenylfluorosilane (30) via loss 
of Me3SiF. 

We have previously demonstrated that the thermal decom- 
position of esters can be facilitated by the formation of Si-F 
bonds (31). The decomposition of F3CC02SiMe3 1 occurs at 
<725"C to give Me3SiF whereas the nonfluorinated com- 
pound H3CC02SiMe3 was stable to >800°C. Similar results 
were observed with alkylsulfonic ester derivatives. The 
observed products from 1 are explained by the mechanisms 
proposed in Scheme 2. The reactions occur quite cleanly in 
spite of the fact that several features of these compounds dis- 
favour reaction. For instance, the transition state must be a 5- 
membered ring 2 with a non-optimal geometry. Moreover, the 
thermodynamics of the formation of the three-membered ring 
are not very favourable. 

The remarkable lack of side reactions in the examples 
shown above suggested the use of a similar mechanism to cre- 
ate silanones under comparably mild conditions and with as 
few by-products as possible. In this respect, compounds of 
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Scheme 3. 

SiMe, 

Me,Si +. CR, - Oligomers x ' 
3 SiMe, 

X = CI. F I 

Scheme 4. 

SiMe, 

,C"2F 
Me,Si\ /H CCI, Me3Si\ ,CI Me3Si\ ,O 

Me3Si - S! Me3Si - St - Me3Si - S\ 
I SiMe, 
I siM, \ 

7 
I 5 SiMe, 

NEt3 'a 
Me,Si\ ,O -JCH"' 

R,X=H,F ,C I  Me,Si-S( 8 
SiMe, 

I 

type 3 have several potential advantages (Scheme 3). A signif- 
icant driving force for the reaction should be the formation of a 

I Si-X bond. Although the absolute value for the Si=O 
r-bond strength is somewhat controversial ( a + r  Si- 90- 
190 kcal mol-' estimated (21, 32, 33), 38-63 kcal mol-' 
r-bond experimental (17, 18, 34)), our estimate of the overall 
enthapy of the decomposition of 3 (Scheme 3, X = F) is -42 
kcal mol-I (Si=O bond strength = 191 kcal mol-' (T 63 + 
a 128 kcal mol-')) (21, 27). Secondly, the reaction should 
occur in a 6-membered ring transition state with a near optimal 
geometry (Scheme 3). This would yield bis(trimethylsily1)sil- 
anone 4, which will presumably oligomerize (8, 9). Thirdly, if 
followed, this reaction mechanism would yield at least two 
gaseous products (at room pressure). By removing the gaseous 
products, the probability of reactions between silanone and the 
by-products would be reduced and, additionally, the reaction 
would be forced to the product side. Finally, the entropy of the 
reaction should be very favourable, producing three molecules 
from one. 

Our exploration of the thermal behaviour of compounds of 
type 3 is presented below. By changing the number and the 
kind of halides substituted at carbon-2 of the ethoxy group, we 
have attempted to relate the influence of halide substitution to 
thermal reactivity at different pressures. In addition to silanone 
formation, this study allows the exploration of other reaction 
pathways that could be initiated by Si-X bond formation: sil- 
icon compounds are known to undergo rearrangements in the 
gas phase (35). The reactions were examined using direct ther- 

molysis and, additionally, molecular ions under mass spectro- 
metric conditions. 

Results and discussion 

Preparation of compounds 
The sisyl (tris(trimethylsily1)silyl) derivatives 6-8 were pre- 
pared from the readily available compound (Me,Si),SiCl 5 
(Scheme 4). The reaction of the appropriate haloalcohols with 
5 in the presence of base led to excellent yields of the com- 
pounds 6-8. These compounds possess the requisite 1,6- 
halosilane relationship. 

Unimolecular reactions of ions derived from 6-8 
We initially chose to examine compounds 6-8 under condi- 
tions in which decomposition is unimolecular, in a sector field 
mass spectrometer. Under gas phase conditions, organosilicon 
ions have a high proclivity to rearrange (35). Therefore, in 
contrast to carbon-based ions, the reaction mechanisms 
involving silicon ions are, with some exceptions, poorly 
understood (36) in spite of the fact that labelling experiments 
have been utilized. 

The mass spectra reported below were obtained on a ZAB- 
R spectrometer with BEIE2 geometry (37). We have examined 
the spectra of ions from the ion source and, additionally, meta- 
stable ion (MI) mass spectra to get more detailed information 
about the most energetically favourable dissociation pathways 
of the molecular and daughter ions. Very low vapour pressure 
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Scheme 5. 

SiMe, l ,.:..- 

13 
Reionization J ~ F  

/ I I B SI 
rnlz 190 

A 1 

A Q Me,Si ,CF2 I 
F Me,Si 11 

Neutralization 
I mlz 346 mlz 263 

I 1,2-SiMe, Shift 

SiMe, SiMe, 
+ I l I 

Me,Si\ ,0, -Im+ Me3Si \Si .O, - CH2CF, Me,Si \ +. ,O 
Si SiMe, - - SI 

I 
14 E I 

10 Me,Si ,CF2 Me,Si 12 mlz 190 F 
I mlz 346 

rnlz 174 

pyrolysis experiments were also performed.3 The products 
were analysed by subsequent ionization and MSMS experi- 
ments (metastable ion (MI)/collisionally activated dissociation 
(CAD), and Neutralization Reionization Mass Spectrometry 
(NRMS)) (38). The suggested structures for the ions in the var- 
ious spectra below were based on comparison with examples 
for decomposition of related organosilicon ions (Scheme 5) 
(36, 37, 39). 

Normal mass spectra of 6-8 
The electron impact (EI) mass spectrum of 6 showed a molec- 
ular ion peak (M+; rnlz 346). Although in the EI mass spectra 
of 7 and 8 only relatively weak molecular ion peaks were 
observed, the chemical ionization spectra (CI) clearly showed 
peaks for the protonated molecules (mlz 3 10 and 327, respec- 
tively). The fragment ion peaks and corresponding abun- 
dances are reported in the experimental section. For 6, 7, and 
8, peaks at rnlz 263, 131, and 117 were observed with similar 
abundance ratios in the EI spectra; not surprisingly, all spectra 
showed an abundant rnlz 73 peak (Me,Si+). A high-resolution 
measurement of rnlz 263 from 6 indicated the elemental com- 
position Si,C9Hz,0, which could correspond to either of the 
ions 11 and 12 (Scheme 5). We note that these ions are the Si- 
and 0-trimethylsilylated ions of bis(trimethylsilyl)silanone, 
respectively. 

MI and CAD mass spectra 
Clearly, the ability to determine and distinguish isomeric ion 

Attempts to pyrolyze 6 in the mass spectrometer up to 520°C led 
to no significant change in its EI spectrum, consistent with its 
behavior in the DSC. Above this temperature minor changes in 
the intensities appeared but due to instrumental limitations it was 
not possible to raise the temperature any further than 580°C. 

structures would allow reaction mechanisms to be tested. MI 
mass spectra provide information about the most favourable 
(low energy) decomposition pathways. Therefore, MI spectra 
of rnlz 346 and 263 from 6 were obtained. 

The MI mass spectrum of the rnlz 346 ion 9 and (or) 10 
showed rnlz 263 as the only intense peak. This decomposition 
step involving the loss of 83 mass units may be explained by 
the a-cleavage of the C-0 bond and the loss of the radical 
'CH2CF3 (Scheme 5B,E) (40) with a prior or concomitant 1,2- 
SiMe, shift to yield 11 and (or) 12. The latter is expected to be 
more stable than the former since the positive charge is on the 
silicon, although 11 cannot be excluded; the parent system 
H,SiO+ has been shown to favour the 0-protonated silanone 
structure, HzSi=OHf, analogous to 12 (41). 

There was also a very weak peak (5% of base peak rnlz 263) 
at rnlz 190 in the MI spectrum of the molecular ion of 6 
(Scheme 5A). This fragment was not observed in the MI spec- 
trum of rnlz 263. The most optimistic interpretation for the 
mlz 190 peak is that its origin is the ionized silanone 
(Me,Si),Si=O*+ 13 formed by a mechanism (Scheme 5A) 
analogous to that shown in Scheme 3. Based on the ionization 
potentials of the three proposed products, if formed, the sil- 
anone would be expected to be observed as the charged spe- 
cies; the relative ionization potentials are (Me,Si),Si=O 8.47 
e ~ , ~  Me,SiF 10.31 eV (31), and CHzCF2 10.29 eV (42). 
Unfortunately, due to its low intensity, we could not investi- 
gate the mlz 190 ions produced by metastable dissociation of 
the molecular ions in the second field free region of the instru- 
ment. Instead MI and CAD spectra were obtained from ions 
mlz 190 generated in the ion source. 

CAD is commonly employed for ion structure determina- 
tion (40). For CAD to be reliable, precursors leading to ions of 

Calculated using MOPAC (AMl), see experimental section. 
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unambiguous structure are required. Unfortunately, such pre- 
cursors are not available in this case. Moreover, the propensity 
for organosilicon ions to rearrange renders CAD a less than 
definitive probe of structure (35). Perhaps not surprisingly, 
therefore, the CAD spectrum provided little help in establish- 
ing the structure of the rnlz 190 ion. 

NRMS is a technique that can facilitate structure determina- 
tion and may also be utilized for the preparation of elusive 
neutrals. In the hope of observing a neutral silanone 4 from ion 
rnlz 190, a NRMS experiment (43) was performed (Scheme 
5F). Unfortunately, in the experiment on rnlz 190, no survivor 
ion was observed. It is therefore impossible to draw a firm con- 
clusion regarding the stability of the neutral (44). 

The CAD spectrum of mlz 346 from 6 was dominated by 
rnlz 263 and 174. Although the direct extrusion of 
TMSOCH2CF3 from 9 giving rnlz 174 is possible, a more 
likely scenario is that rnlz 174 arises from the rearranged rnlz 
346 ion 10 by direct bond cleavage yielding Me,SiSiSiMe,+' 
14, a silylene radical cation (Scheme 5G). 

The base peak in the CAD spectrum of rnlz 263 is rnlz 73 
SiMe,', leaving the structural elements of the silanone as the 
neutral. The picture is complicated, however, by the observa- 
tion of abundant peaks at rnlz 117, 13 1, 147,175, and 189. The 
latter two of these, which correspond to the elimination of 
Me,SiH and Me$, respectively, are also observed in the MI 
spectrum of rnlz 263 from 6, indicating that rearrangement 

I ~ takes place prior to dissociation (Scheme 5D). 

1 Fragmentation pathways 
Based on the results from 6, there are two low-energy, decom- 
position pathways occurring under these conditions.~he first, 
albeit minor pathway, may involve the desired decomposition 
of the molecular ion 9 to, among other things, the silanone 
derivative (Me3Si),Si=Oo+ (Scheme 5A). Our results, how- 
ever, do not the distinction between this structure and 
the isomeric silylene derivative Me,SiSiOSiMe,'+ (Scheme 
5D). Calculations on the parent compounds (H replacing Me 
groups) suggest that while the two structures are-nearly iso- 
energetic, there is an extremely high energy banier to inter- 
conversion (32).5 Thus, if the silanone is formed in the 
rearrangment, it is unlikely to isomerize. The second and 
major pathway involves initial migration of SiMe, in the 
molecular ion to give 10. Subsequent daughter ions are consis- 
tent with this proposal (Scheme 5). We believe the presence of 
strong rnlz 263 peaks in the normal mass spectra of 6-8 sug- 
gests the Me,Si Si+O migration is occurring in the decompo- 
sition paths of ions derived from all three molecules. 

Thermolysis under ambient or elevated pressure: GC-MS 
characterization 

The compounds 6-8 were also thermolysed at higher pressure 
in a sealed tube for the purposes of comparison with the low- 
pressure thermolysis results described above. Under such con- 
ditions, more complex reactions will clearly occur. While it 
was impossible under such circumstances to conclusively 
determine if silanones were present, we report here prelimi- 

' The high banier is present for the neutrals and in this argument we 
assume that a reasonably high banier to interconversion will also 
exist for the analogous ion; the simplest silanone/silylene cations 
and neutrals do not interconvert in similar MS experiments (41). 

nary results that are consistent with product derived from sil- 
anones, arising from the reaction shown in Scheme 3. 

DifSerential scanning calorimetjy (DSC) 
To determine the decomposition temperatures of the three 
compounds, DSC measurements (45) of each were taken from 
25-600°C. Compound 6, showed essentially no reactivity in 
this temperature range whereas 7 showed endothermic signals 
at 297°C and 320°C and an exothermic signal at 322-327°C. 
The DSC of 8 shows an exothermic signal between 220 and 
250°C and a sharp endothermic signal at 264.6"C. 

Sealed tube thermolysis 
The three compounds were thermolysed in sealed tubes above 
their decomposition temperatures: 6 was heated at 8 5 0 " ~ , ~ 9 ~  7 
and 8 at 350°C for a period of 10 min, respectively. The ther- 
molysis of 6 yielded a brown solid, the constituents of which 
could not be ascertained, 7 a colourless oil, and 8 a yellow oil. 
The volatile products of the latter two compounds were sepa- 
rated under vacuum and analysed by mass spectrometry; the 
oils were analysed by GC-MS (45). Only the major products 
are taken into consideration in the discussion. 

Compounds 7 thermolysed to a number of products (Table 
1, Table 3) most of which were minor components. There 
were two primary products in addition to recovered starting 
material (total yield 75%). In addition to the difficulties in 
identifying the structure of silicon-containing ions mentioned 
above, fluorine-containing compounds often have the charac- 
teristic of showing a weak molecular ion peak in their mass 
spectra. The proposed structures of the two species 15 and 16 
shown in ~ a b l e l  are consistent with the mass spectral data. 
The formation of 15 and 16 could have arisen from the inser- 
tion of (Me,Si),Si:, analogous to 14 (vide supra), into the 
starting material and (Me,Si),SiF, respectively. No peak at 
rnlz 190 was observed in the mass spectra of any of the com- 
pounds. The presence of fluorine-containing fragments that do 
not contain the CH,CH, fragment in 15 suggests that while - - 

extrusion of Si-F compounds is occurring, it 1s the wrong sili- 
con that is undergoing reaction for formation of the silanone 
(i.e., FSi(SiMe,),. versus FSiMe,). 

The decomposition of 8 was not nearly as clean as that of 7 
as can be seen from Table 4. The major product of the thermol- 
ysis of 8 could be clearly identified as tris(trimethylsily1)chlo- 
rosilane 5 by comparison to the GC and MS data of the pure 
compound. Three other compounds are of particular interest. 
For instance, the compound obtained at 9.1 min could be an 
addition product of silanone 4 and chlorotrimethylsilane with 
rnlz 298 (M+) as highest ion mass (17, Table 2). The remaining 
two, the products 18 and 19 at 1 1.8 and 17.2 min, respectively, 
have peaks at rnlz 299 and thus also incorporate the constitu- 
ents of (Me,Si),Si=O and a halosilane. One can envision 
higher molecular weight products containing these fragments 
that could have arisen during the thermolysis. Although many 
pathways could lead to 19, it is not only tantalizing but reason- 
able to consider the possibility that it was indeed formed from 
the addition of 5 to the silanone. Otherwise, its formation 
would have to involve C-0 bond cleavage, a rearrangement, 
and a bimolecular hydrogen, methyl, or chloride exchange. 

It was not possible to establish the threshold decomposition 
termperature for 6. 
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Scheme 6. 

Me$, .O 
Si 

// + Me,SiCI + I 
- 

SiMe, 

SiMe, 

Table 1. Major product distribution of the thermolysis of 7. 

Time (min) % Composition Proposed structure 

Table 2. Major product distribution of the thermolysis of 8. 

Time (min) % Composition Probable structure 

9.1 6.4 17 (Me,Si),SiClOSiMe, 
11.5 28.1 5 (Me,Si),SiCl 
11.8 5.8 18 Cl," 3 x SiMe,, 0 
17.2 14.8 19 C1," 3 x SiMe,, 0 

"The indication CI, indicates the fragment contains C1 as shown by the 
isotopic pattern for 35CIP7CI. 

Similarly, the other products could arise by addition of a sil- 
anone to a halosilane. 

The mechanistic proposal outlined above suggested that the 
formation of a Si=O bond could be driven by the formation of 
a Si-halogen bond (Scheme 6A). While the migration of a halo- 
gen to a Si(SiMe,), group seems to have been the dominant pro- 
cess in the decomposition of 8, and may also be occurring in the 
thermolysis of 7, it was not the desired reaction (Scheme 6C). 
Nonetheless, the product mixture from 8 contains species that 
are likely to have arisen from the coupling of silanone 4 with 
halosilanes (Scheme 6B,D) suggesting that silanone formation 
is a minor reaction pathway in this thermolysis. 

Conclusion 

High-pressure thermolysis 
There is little experimental evidence to support the involve- 

CI 

B 
Me,Si,\ .O, 

4 Si I SiMe, 
SiMe, 

SiMe, 

19 
ment of the six-membered transition state as more than a 
minor decomposition pathway (Scheme 3) for compounds 
6 8 .  The reaction products of the sealed tube thermolysis of 8 
were the most encouraging; many adducts could have arisen 
from a silanone addition or insertion reaction. The major prod- 
uct of decomposition, however, was (Me,Si),SiCl, which 
would have involved a five-membered transition state if 
formed in a unimolecular reaction. 

In the case of the fluoro compounds 6 and 7, none of the 
products of a sealed tube thermolysis showed any indication 
of involving silanones in their formation. Although low reac- 
tivity is often associated with fluoroalkanes (the "Teflon 
effect"), reflecting the strength of the CF bond, it is somewhat 
surprising that the even greater bond strength of the SiF bond 
that would be formed in reactions like that in Scheme 3 was 
not strongly manifested in the reactions examined. We 
attribute this observation to a kinetic stability, and believe our 
original proposal that it should be possible to drive this reac- 
tion on enthalpic grounds remains valid: a more reactive 
intramolecular fluoride delivery system is needed. 

Ion decomposition 
At low pressures, the unimolecular decomposition of all three 
compounds followed two major pathways. The most impor- 
tant of these seemed to involve a Si+O SiMe, migration prior 
to subsequent decomposition. The minor pathway might 
involve the desired decomposition to silanone. 

Experimental 

For preliminary quality checks, 'H NMR spectra were 
obtained on a Varian EM-390 (90 MHz) continuous wave 
spectrometer with Si(CH,), or CHCl, as an external reference. 
Otherwise, 'H and 13c NMR spectra were obtained on Bmker 
AC-200 (200.1 MHz for 'H NMR or 50.3 MHz for I3c NMR) 
spectrometer. Spectra were referenced to the solvent signal of 
chloroform (contaminant in CDCl,, at 7.24 ppm for 'H NMR; 
at 77.0 ppm (t) for I3c NMR) or C6H6 in benzene-d, (at 7.15 
ppm (br) for 'H NMR). 2 9 ~ i  NMR were performed on a Bruker 
AC-300 (at 59.63 MHz for silicon) using tetramethylsilane as 
external standard. NMR data are given in ppm and coupling 
constants are recorded in hertz. The abbreviations s = singlet, 
d = doublet, t = triplet, dd = doublet of doublets, dt = doublet 
of triplets, m = multiplet, and br = broad are used in reporting 
the spectra. Infrared spectra of a neat film on a KBr window or 
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of solids as KBr pellets were run on a Perkin-Elmer 283 spec- 
trometer or on a BioRAD FTS 40 spectrometer equipped with 
a SPC 3200 data station; peaks are noted as strong s, medium 
m or weak w. The IR data are given in cm-'. Ultraviolet-visi- 
ble spectra were recorded on a Hewlett Packard HP 8451A 
Diode Array spectrophotometer. 

EI (70 eV), CI (NH,), and high-resolution mass spectra 
were obtained on a VG analytical ZAB-E mass spectrometer 
with a VG11-250 data system. The theoretical mass of the 
molecular ion was calculated from the masses of the most 
common isotopes (46). Pyrolysis - mass spectrometric exper- 
iments and metastable ion (MI), collisional activated dissoci- 
ation (CAD), and neutralization-reionization (NRMS) mass 
spectrometry were performed on a VG Analytical ZAB-R 
instrument that has BElE2 geometry (B=magnetic, E=electric 
sector). N,N-Dimethylaniline was used for neutralization 
while O2 was used as a collision gas (transmission = 70% at 
each collision) for reionization and CAD. 

Gas chromatography - mass spectrometry was performed 
on a Hewlett Packard 5890 Series I1 gas chromatograph, using 
a DB-5, 30 m column, 0.20 mm i.d., attached to a Hewlett 
Packard 597 1A mass selective detector. Gas chromatography 
was performed on a Hewlett Packard 5890 gas chromatograph 
with a TCD detector and a Hewlett Packard 3393A integrator 
using a SPB-1, 30 m, 1.0 bm i.d. column and helium as refer- 
ence and camer gas. Melting and decomposition points were 
measured by a General V4.1 C DuPont 2 100 differential scan- 
ning calorimeter (DSC). 

Sources of materials 
2-Chloroethanol, 99% C1CH2CH20H; triethylamine, 99+% 
(CH3CH2),N; 2,2,2-trifluoroethanol, 99+% F3CCH20H; and 
tris(trimethylsilyl)silane, 97% (Me,Si),SiH were obtained 
from Aldrich and were used from a freshly opened bottle with- 
out further purification. The purity was checked by TLC, 
'H NMR, and GC. 1,1,1,3,3,3-Hexamethyldisilazane, 98% 
((CH3)3)2SiNH, was obtained from Aldrich and was distilled 
before use. CDC1, (99.8 at.% D), cyclohexane-d12 (99.6 at.% 
D), and benzene-d6 (99.6 at.% D) were obtained from Isotec 
Inc. and were used without purification from a new fresh bot- 
tle or from freshly opened ampoules. 

Purification of solvents 
Hexanes and diethyl ether were freshly distilled over sodium- 
benzophenone under a nitrogen atmosphere. Carbon tetrachlo- 
ride was stirred hot with 10% by volume of concentrated alco- 
holic KOH, washed with water, dried over CaC12, and freshly 
distilled from P205 under a nitrogen atmosphere (47). 

General experimental procedures for synthesis 
Due to the instability of the reagents towards hydrolysis, all 
syntheses were performed with dry glassware under an atmo- 
sphere of anhydrous nitrogen. Addition and transfer of solvents 
and reagents were done using syringe-septa techniques or using 
a glove-bag that was dried with anhydrous phosphorus pentox- 
ide (P205) and continuously purged with anhydrous nitrogen. 

The reactions were followed by thin-layer chromatography 
(TLC) using a closed TLC chamber, hexanes-ther (1:2) as 
solvent, and Merck plastic-backed aluminum oxide, 60 F254 
neutral (type E) precoated, 6.5 x 2.5 mm TLC sheets. For the 
separation and purification of the products a Chromatotron 

(model 7924T) of Harrison Research Inc. was used. The 
plates, 0.1 or 0.4 mm thick, were prepared with silica gel 60 
PF254, containing gypsum. 

Synthesis of tris(trimethylsilyl)chlorosilane ((Me3Si),SiC1) 5 
The method of Biirger et al. (48) was used to synthesize 5 as 
follows: In a 50 mL round-bottom flask equipped with reflux 
condenser, tris(trimethylsily1)silane (8.63 mL, 0.028 mol) was 
added dropwise with stirring to dry CCl, (1 1.6 mL, 0.12 mol) 
and stirred for 20 h. After the evaporation of HCCI, and excess 
CCl,, 6.45 g (0.0228 mol, 76%) of a white solid remained. The 
product was cleaned by sublimation; mp -50°C (48); IR 
(KBr) v: 2952 s, 2924 s, 1458 w, 1257 m, 1247 s, 839 vs, 746 
w, 692 m, 622 cm-'; 'H NMR (CDCI,, 200 MHz) 6: 0.21 (s); 
MS (mlz reported for the 2 8 ~ i  and 3 5 ~ ~  isotope (%)): EI mlz: 
282 (8) (M'), 267 (30), 247 (20), 174 (loo), 159 ( 3 3 ,  131 
(23), 117 (15), 73 (70), 59 (10); CI mlz: 282 (12), 264 (13), 191 
(68), 174 (25), 133 (28), 90 (loo), 73 (20), 52 (17). 

Synthesis of tris(trimethylsily1)-2,2,2-triJluoroethoxysilane 
((Me3Si)3SiOCH2CF3) (6) 

In a 50 mL two-neck round-bottom flask 5 (1.00 g, 3.54 mmol) 
was dissolved in dry hexanes (3 mL). Slowly 2,2,2-trifluoro- 
ethanol (0.51 mL, 7.06 mmol) and triethylamine (0.49 mL, 
3.53 mmol) were added dropwise with stimng. The reaction 
mixture formed two layers. After 24 h of vigorous stirring, the 
solid was filtered off and the solvent and remaining reagents 
were removed under vacuum. A white waxy solid (0.873 g, 
2.54 mmol, 72%) remained. The product was purified on the 
Chromatotron using hexanes as solvent; mp 1 12°C; bp 3 11°C; 
IR (KBr) v: 2952 s, 2855 m, 1454 w, 1397 w 1290 s, 1246 s, 
1 156 vs, 1130 vs, 964 m, 835 vs, 762 m, 724 m, 688 m, 622 
w, 543 w cm-'; 'H NMR (CDCI,, 200 MHz) 6: 0.18 (s, 27 H), 
3.74 (q, 2 H, ,J,, = 8.6 Hz); ',c NMR (CDCl,, 50.3 MHz) 6: 
109.39 (s), 65.61 (q, 'J,~ = 35.6 Hz), 0.02 (s); " ~ i  NMR 
(CDCl,, 59.6 MHz) 6: 12.13 (s), - 14.76 (s); MS (mlz reported 
for the 2 8 ~ i  isotope (%)): EI mlz: 346 (6) (M+), 331 (lo), 263 
(33), 251 (32), 247 (19), 193 (32), 174 (loo), 159 (23), 131 
(29), 73 (48), 59 (4); CI, mlz: 364 (9) (M+-NH,), 348 (3), 33 1 
(13), 264 (43), 210 (lo), 191 (33), 174 (25), 148 (16), 133 (14), 
90 (loo), 73 (38), 59 (15); HRMS calcd. for C,lH2gOSi4F3: 
346.1248; found: 346.1261. 

Synthesis of tris(trimethylsily1)-2-Jluoroethoxysilane 
((Me3Si),Si0CH2CH2F) (7) 

Synthesis similar to 6:  5 (1.646 g, 5.83 mmol), with dry hex- 
anes (5 mL), 2-fluoroethanol (0.68 mL, 0.012 mol), triethyl- 
amine (0.81 mL, 5.81 mmol), with 1.644 g (5.3 mmol, 91%) of 
a white waxy solid remaining; mp 122°C; bp 296°C; IR (KBr) 
v: 2951 s, 2895 m, 2857 w, 1449 w, 1397 w, 1368, w, 1246 vs, 
1123 vs, 1104 s, 1055 m, 937 m, 866 vs, 838 vs, br, 71 1 m, 688 
s, 623 m, 469 w cm-'; 'H NMR (CDCl,, 200 MHz) 6: 0.18 (s, 
27 H), 3.67 (dt, ,J,-, = 27.43, ,J,-, = 4.4 Hz), 4.38 (dt, 'J,-, = 
47.6, ,J,-, = 4.3 Hz); ',c NMR (CDCl,, 50.3 MHz) 6: 83.09 
(s), 66.94 (d, 'J,-~ = 21.0 HZ), 0.20 (s); 2 9 ~ i  NMR (CDCl,, 
59.6 MHz) 6: 5.70 (s), - 15.61 (s); MS (mlz reported for the 
2 8 ~ i  isotope (%)): EI, mlz: 263 (23), 251 (6), 193 (7), 175 (9), 
131 (44), 117 (1 I), 73 (100); CI, mlz: 328 (48), 31 1 (loo), 264 
(98), 251 (30), 192 ( l l ) ,  148 (13), 128 (13), 90 (45),73 (17); 
HRMS (no molecular ion was visible (in EI)) calcd. for 
C9H2,0Si4: 263.1 139; found: 263.1 142. 
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Table 3. Product distribution of the thermolysis of 7." 

Time (min) % Composition Probable structure Mass spectral fragments 

"Peaks at m/z 131, 117, 99, and 101 are indicative of a (Me,Si),Si group. 

Synthesis of tris(trirnethylsilyl)2-chloroethoxysilane 
((Me,Si),Si0CH2CH2Cl) (8) 

Synthesis similar to 6: 5 (1.00 g, 3.54 mmol), dry hexanes (3 
mL), 2-chloroethanol (0.47 mL, 7.01 mmol), triethylamine 
(0.49 mL, 3.53 mmol), 24 h reaction, 0.8982 g (0.0028 mol, 
80%) of a white waxy solid remained; mp 87°C; bp 264°C; IR 
(KBr) v: 295 1 s, 2893 m, 2850 w, 1395 w, 1377 w, 1298 w, 1245 
s, 1193 w, 11 12 s, 1084 s, 1045 m, 836 vs, 789 w, 744 w, 709 
m, 688 m, 622 w cm-I; 'H NMR (CDCl,, 200 MHz) 6: 0.18 (s, 
27H),3.51 (t,2H,3~H-H=5.8Hz),3.78(t,2H,3~H-H=5.6Hz); 
13c NMR (CDCl,, 50.3 MHz) 6: 0.23 (s), 44.99 (s), 68.01 (s); 
2 9 ~ i  NMR (CDCI,, 59.6 MHz) 6: 5.70 (s), - 15.61 (s); MS (rnl 

z reported for the * ' ~ i  and 3 5 ~ 1  isotope (%); *ions containing 
3 7 ~ 1  isotope): EI, mlz: 3 1 1 * (2), 263 (24), 209* (43), 190 (8), 
189 (lo), 175 (15), 159 (7), 147 (6), 131 (49), 117 (15), 93 ( l l ) ,  
73 (80), 59 (20); CI, rnlz: 327* (loo), 31 l*  (25), 264 (80), 226 
(12), 209* (14), 148 (lo), 90 (27), 73 (12). 

Synthesis of trirnethylsilyl-2-chloroethoxysilane 
(Me3SiOCH2CH2Cl) (20) 

This compound was prepared for purposes of comparison with 
the thermosylate of 8. In a 50 mL two-neck round-bottom 
flask with nitrogen inlet and nitrogen outlet with bubble 
counter, hexamethyldisilazane (4 mL, 3.06 g, 18.9 rnmol) was 
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Table 4. Product distribution of the thermolysis of 8. 

Time (rnin) % Composition Probable structurea Mass spectral fragmentsb 

299 (5, Cl), 279 (Cl,, 2). 211 (Cl, 18), 191 (loo), 167 (16), 
147 (13), 131 (Cl,, 7), 117 (Cl, 21), 93 (Cl, 12), 73 (80) 

19 (Me,Si),SiClOSi(SiMe,), 299 (CI, 5), 297 (Cl, 11), 267 (2), 247 (1 I), 209 (Cl, lo), 
189 (83), 173 ( 9 ,  165 (Cl, 7), 145 (Cl, 9). 131 (8), 117 (5), 
101 ( 9 ,  73 100) 

"20 (Me,SiOCH,CH,CI) was not observed. 
q h e  designation C1 indicates the fragment contains chlorine; there is a corresponding peak 2 amu higher with an abundance in the correct ratio for 

15C1P7CI. 

added dropwise under stirring into 2-chloroethanol (2.54 rnL, 
3.052 g, 37.8 mmol). The evolution of a gas (basic on pH 
paper) and the formation of a white solid was observed. After 
no more evolution of gas (NH,) was observed, a cooling trap 
(acetone - Dry Ice) was added to the gas outlet and a smooth 
stream of nitrogen was passed through the system for 24 h. 
Every 6 h the trap was emptied. The first fraction had to be 
cleaned by distillation due to contamination by starting mate- 
rial; the last three fractions were pure product: 4.962 g (3.25 
mmol, 86%) of a colourless liquid were obtained; 'H NMR 
(CDCl,, 200 MHz) 6: 0.11 (s, 9H), 3.78 (t, 2 H, 3 ~ H - H  = 6.1 
HZ), 3.51 (t, 2 H, 3 ~ H - H  = 6.1 HZ). 

Reactions 

MI/CAD and NRMS experiments 
These experiments were performed as previously reported 
(37). 

Thermolysis at ambient pressure 
DSC experiments of 6,7,  and 8 were performed in a tempera- 
ture range from 25 to 600°C. 6 showed no reactivity in this 
temperature range, whereas 7 showed an endothermic signal 
at 320°C that changed to exothermic. The DSC of 8 showed an 
exothermic signal between 220 and 250°C and a sharp endo- 
thermic signal at 265°C. 

Thermolysis at elevated pressure 
6 (0.066 g, 0.19 mmol), 7 (0.062 g, 0.20 mmol), or 8 (0.06 g, 
0.18 mmol) was independently sealed in a quartz tube with a 
volume of 25.5 cm3 under pressure of lo6 Torr (1 Torr = 
133.3 Pa). 6 was heated at 850°C, 7 and 8 at 350°C for 10 min. 
6 yielded a dark brown solid, 7 a colourless oil, and 8 a yellow 
oil. The tubes were cooled with liquid nitrogen, opened, and 
connected to a distillation apparatus. The volatile products 
were separated under vacuum. The remaining oils were ana- 
lyzed by GC-MS. The chromatogram of 7 and 8 showed 39 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Roos et al. 

1. R. Robison and F.S. Kipping. J. Chem. Soc. 93,439 (1908); F.S. 
Kipping and L.L. Lloyd. J. Chem. Soc. 79,449 (1901). 

2. T.J. Barton and W.D. Wulff. J. Am. Chem. Soc. 101, 2735 
(1979). 

3. D. Tzeng and W.P. Weber. J. Am. Chern. Soc. 102, 1451 (1980). 
4. W.F. Goure and T.J. Barton. J. Organomet. Chem. 199, 33 

( 1980). 
5. I.M.T. Davidson and I.T.J. Wood. J. Chem. Soc. Chem. Com- 

rnun. 550 (1982). 
6. N. Wiberg. J. Organornet. Chern. 273, 141 (1984). 
7. G. Manuel, G. Bertrand, W.P. Weber, and S.A. Kazoura. Organo- 

rnetallics, 3, 1340 (1984). 
8. M. Trornmer, W. Sander, and A. Patyk. J. Am. Chem. Soc. 115, 

11775 (1993). 
9. A.G. Brook, S.C. Nyburg, F. Abdesaken, B. Gutekunst, G. 

Gutekunst, R. Krishan, R.K.M.R. Kallury, Y.C. Poon, Y.-M. 
Chang, and W. Wong-Ng. J. Am. Chern. Soc. 104,5667 (1982). 

10. T.J. Barton, S.K. Hoekman, and S.A. Burns. Organometallics, 1, 
721 (1982). 

11. T.J. Barton and B.L. Groh. J. Am. Chem. Soc. 107,7221 (1985). 
12. A.V. Tomadze, N.V. Yablokova, V.A. Yablokov, and G.A. 

Razuvaev. J. Organomet. Chem. 212,43 (1981). 
13. L.E. Gusel'nikov, Z.A. Kerzina, Yu.P. Polyakov, and N.S. 

Nametkin. Zh. Obshch. Chim. 52,457 (1982). 
14. T.H. Lane and C.L. Frye. J. Organomet. Chem. 172,213 (1979); 

T.J. Barton and S. Bain. Organometallics, 7,528 (1988). 
15. N. Wiberg, G. Preiner, and 0. Schieda. Chem. Ber. 114, 3518 

(1981); G. Mark1 and M. Horn. Tetrahedron Lett. 1477 (1983); 
A.G. Brook, W.J. Chatterton, J.F. Sawyer, D.W. Hughes, and 
K. Vorspohl. Organometallics, 6, 1246 (1987). 

16. G. Hussmann, W.D. Wulff, and T.J. Barton. J. Am. Chem. Soc. 
105, 1263 (1983). 

17. I.M. Davidson and J.F. Thompson. J. Chem. Soc. Chern. Com- 
mun. 251 (1971). 

18. I.M. Davidson and J.F. Thompson. J. Chem. Soc. Faraday 
Trans. 1,2260 (1975). 

and 57 compounds, respectively, most of them with less than 3 
area%. The MS fragment patterns of the major products are 
shown in Table 3 and Table 4, respectively, with spectral 
assignments when these are clear; only the major products 
were taken into consideration in the discussion. 

AM1 calculations of 4 
Semi-empirical calculations of 4 were carried out on a 
Comptech 88486133 MHz computer system with DOS 6.2 as 
operating system using HyperchemTM (AM1) under MS Win- 
dows. The initial geometries were obtained by molecular 
mechanics calculations using PC-Model (version 3.1; Serena 
Software; Bloomington, Ind.) under DOS 6.2. 
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(Alkylthio)- and (phenylthio)methoxycarbenes 
from oxadiazolines 

Hui-Teng Er, David L. Pole, and John Warkentin 

Abstract: w our 2-methoxy-5,5-dimethyl-A3-1,3,4-oxadiazolines bearing an alkylthio or arylthio group at C2 were prepared. The 
oxadiazolines undergo thermolysis at 60-80°C in solution to afford the corresponding oxythiocarbene intermediates. In the 
absence of carbene traps, dimers of the carbenes were formed. The carbenes were trapped with ethyl crotonate, with 
dichloromaleic anhydride, with dimethyl acetylenedicarboxylate, and with phenyl isocyanate. Phenyl isocyanate traps 
methoxy(methy1thio)carbene to form two types of adducts, both fundamentally different from the product obtained from reaction 
of dimethoxycarbene with phenyl isocyanate. All of the adducts have structures consistent with nucleophilic behaviour of the 
carbenes. 

Key words: oxythiocarbene, oxadiazoline, thermolysis, nucleophilic. 

RCsumC : On a prepare quatre 2-m~thox~-5,5-dim~th~l-A~-1,3,4-oxadiazolines portant un groupe alkylthio ou arylthio en C2. 
Les oxadiazolines subissent une thermolyse vers 60 ti 80°C, en solution, pour conduire aux oxythiocarbknes intermediaires 
correspondants. En presence de pikges ti carbkne, il y a formation des dimkres des carbknes. Les carbknes peuvent &re piCgCs par 
le crotonate d'ethyle, l'anhydride dichloromalCique, 1'acCtylknedicarboxylate de dimkthyle et l'isocyanate de phknyle. 
L'isocyanate de phCnyle pikge le mkthoxy(m~thy1thio)carbkne pour former deux nouveaux types d'adduits qui sont tous deux 
fondamentalement diffkrents du produit obtenu par rkaction du dimkthoxycarbkne avec l'isocyanate de phknyle. Tous les adduits 
ont des structures qui sont en accord avec le comportement nuclCophile des carbknes. 

Mots clis : oxythiocarbkne, oxadiazoline, thermolyse, nuclkophile. 

[Traduit par la redaction] 

Introduction 

Singlet carbenes bearing donor substituents can have ambi- 
philic or nucleophilic properties (1). These properties result 
from conjugative donation of electron density into the for- 
mally vacant p-orbital of the singlet, Scheme 1. The impor- 
tance of the dipolar contributor is a factor that determines the 
philicity of the carbene carbon. Dimethoxycarbene, for exam- 
ple, attacks phenyl isocyanate (2) as depicted in Scheme 2, and 
it reacts with maleic anhydrides (3) as shown in Scheme 3. The 
products are readily accounted for in terms of initial carbonyl 
addition to form a dipolar intermediate. 

The availability of the exchange method (Scheme 4) for 
synthesis of various dioxy oxadiazolines from 2-acetoxy-2- 
methoxy-A3-1,3,4-oxadiazolines (1) (4) suggested that it 
might be possible to prepare 2-alkylthio- and 2-arylthio-2- 
methoxy-~3-1,3,4-oxadiazoline analogues of 2, Scheme 4. 
Their thermolysis would be expected to take the cyclo- 
reversion - ylide fragmentation sequence that 2,2-dialkoxy 
oxadiazolines appear to follow (2a, 3-3,  leading to (alkyl- 
thio)methoxycarbene analogues of 3a and corresponding 
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Scheme 1. 
+ 

(ary1thio)methoxycarbene analogues of 36, Scheme 4, for 
convenient study of their chemical reactions. Such carbenes 
have not been reported, to the best of our knowledge. 

Methods, results, and discussion 

2 -  Acetoxy-2- methoxy- 5,s- dimethyl- A3- 1,3,4- oxadiazoline 
(1) containing ca. 30% of acyclic by-product 4 was prepared 
by oxidation of the methoxycarbonyl hydrazone of acetone 
with pbIV acetate in CH2C12 as previously described (4), 
Scheme 5. 

Treatment of the mixture of 1 and 4 with the appropriate 
thiol (Scheme 6) afforded 5 contaminated with 4. Destruction 
of 4 with aqueous base and chromatography of the residue 
afforded pure 5 in yields ranging from 44 to 80% for the 
exchange step of Scheme 6. Their spectroscopic properties are 
given in the experimental section. 

Thermolysis of compounds 5a-c in benzene was followed 
by 'H NMR spectroscopy. Disappearance of 5 was first order 
in each case and the first-order rate constants were the same 
within experimental error: k(60°C) = 2.07(+ 0.09) x S-'. 

While the effect of the sulfur-bound group (R) at C2 on the 
thermolysis rate constant is very small, the sulfur atom itself 
has a significant rate-enhancing effect, for 2,2-dimethoxy-5,s- 

Can. J. Chern. 74: 148G1489 (1996). Printed in Canada / Irnprimt au Canada 
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Scheme 2. 

(Me0)2C: + PhN = C = 0 --3 

I 

Scheme 3. 

OMe 0 

X,Y= H, Me, CI, Br, for example, in various combinations 

Scheme 4. 

I L 
a:  R= alkyl 6: R= aryl 

Scheme 5. Me0 -SR 
\S/ 

M e 0  H ' Pb(OAc), Me0 

-4 CH2C12 / HOAC OAC 4- 
scheme 6. 

M e 0  OAc M e 0  SR 

OXN 1. RSH , 
,)- $ CH2C12/p-TSA 

2. HO-, H20  
1 5 

Table 1. Yields and isomer ratios. 

Oxadiazoline Thermolysis product E : Z  

a: R= Ph, 6: R= CH2Ph, c: R= Et, d :  R= Me 

dimethyl-~3- 1,3,4-oxadiazoline undergoes thermal cyclore- 
version with a comparable rate constant at a temperature 40" 
higher, i.e., 100°C (2a). One potential source of the rate 
enhancement by a thio substituent is the polarizability of sul- 
fur. Most likely, negative charge develops at positions 2 and 5 
of the oxadiazoline as the ylide-like transition state (6) devel- 
ops. Sulfur substitutents exert an anion-stabilizing role, as in 
anion equivalents generated from 1,3-dithiane. A second 
source of the rate enhancement could be a ground state energy 
difference between thio and oxy analogues. The 2,2- 
dimethoxy oxadiazoline has four electronegative moieties 
attached to C2, compared to three plus a sulfur-bound group 
for 5a-5c. Clumping electronegative groups on the same car- 
bon atom has the surprising effect of increasing thermody- 
namic stability (6). 

Thermolysis of 5 in benzene afforded the corresponding 
carbene dimers 7 and 8 (Scheme 7), in yields ranging from 55 
to 65%. The E:Z ratios ranged from 1.2 to 1.8, Table 1. 

Preliminary assignment was based on the observation that 
the major product was eluted first during chromatography and 
that it ought to be the E isomer, in which all dipole vectors 
should cancel. That assignment was subsequently confirmed 
by means of the single crystal X-ray structure of 7b.' The fact 
that carbene dimers and acetone were major products suggests 
that all four oxadiazolines (5) fragment thermally to form N, 
and a carbonyl ylide, and that the latter fragments efficiently 
to afford the appropriate carbene and acetone (Scheme 7). A 
competitive 1,3-dipolar cycloreversion of 5a afforded methyl 
phenylthio carbonate (9) and, presumably, 2-diazopropane, 
Scheme 8. 

In the I3c NMR spectra of the carbene dimers, the vinyl 

Publication of the crystal and molecular structures will be delayed 
in the expectation that the data could be made more meaningful by 
inclusion of the structure of a Z  isomer. 
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Scheme 7. 

Me0  SR x Me0 SR Me0 M e 0  
+ "- )+sR + )+OMe 

RS OMe RS SR 

7 8 

0: R= Ph, 6: R=CH2Ph, c: R= Et, d :  R=Me 

Scheme 8. 

Scheme 9. 

Me0  SMe Me0 

X Me0 SMe 
E-E 

5d 11 
/ 

IvIew a1v1 
Me0  SMe \ I 

carbon signals are near 6 = 143 in 7(a-6) and 8(a-6). For com- 
parison, the vinylic signals of 1,2-dimethoxy-1,2-diphenoxy- 
ethenes occur near 6 = 138, and those of tetraalkoxyethenes 
near 6 = 141 (7). 

Experiments designed to intercept reactive intermediates 
were revealing. Initial cycloreversion to N2 and a carbonyl 
ylide (10) was inferred for the case of 5d from a reaction with 
dimethyl acetylenedicarboxylate (DMAD). The reaction mix- 
ture was complex, but it was possible to isolate what is for- 
mally the ylide-DMAD adduct ( l l ) ,  Scheme 9, along with 
some carbene-DMAD adduct (14). This result indicates that a 
concerted mechanism recently proposed by Smith (8), leading 
from a 2,2-dialkoxyoxadiazoline analogue of 5 directly to car- 
bene, N2, and acetone, may not be general. However, there is 
an alternative mechanism for formation of 11, involving 
cycloaddition of a carbene-DMAD dipolar adduct to acetone. 
The fact that the acetone concentration started at zero, and 
remained below the final DMAD concentration throughout, 
makes that mechanism less likely. Nevertheless, additional 
experiments are needed to secure the origin of 11. 

Cycloadducts from an ylide intermediate were not obtained 
with the other trapping agents, ethyl crotonate, dichloromaleic 
anhydride, or phenyl isocyanate. Possibly the fragmentation of 
the ylide to carbene and acetone is fast and only very reactive 
dipolarophiles can compete at relatively low concentrations 
(ca. 0.1 M). The overall 1:2 stoichiometry leading to 14 
(Scheme 9) for reaction of (methoxy)methylthiocarbene with 
DMAD has been reported for the case of dimethoxycarbene by 
Hoffmann et al. (9). A dipolar adduct similar to 13, with vinyl 

carbene character, was proposed (9), Scheme 9. The reason for 
addition to a carbonyl group of DMAD in the second step, 
rather than to the triple bond, is not well understood. Steric 
hindrance may be responsible, in part. 

Ethyl crotonate intercepted carbene intermediates although 
not their carbonyl ylide precursors. Thus, thermolysis of 5a in 
the presence of ethyl crotonate afforded four diastereomeric 
ethyl cyclopropanecarboxylates (IS), Scheme 10, in 26% total 
yield. The diastereomers could not be separated but the rela- 
tive yields (1:2:1.6:3.2) could be obtained from the 'H NMR 
spectrum of the mixture by integration of the four methoxy 
signals. The EI and the CI mass spectra gave the appropriate 
[MI+ and [M + HI+ signals. Both carbene dimers (7c, 8c) were 
detectable as minor coproducts, indicating that reaction of 
(ethy1thio)methoxycarbene with ethyl crotonate is relatively 
slow. Formation of all four diastereomers of 15 is in keeping 
with a stepwise mechanism of cyclopropanation, as proposed 
by Hoffmann (9) to account for the observation that dimeth- 
oxycarbene reacts with diethyl maleate to afford only the trans 
product of cyclopropanation. 

Thermolysis of 5a in dry benzene containing ethyl croto- 
nate gave two diasteromeric cyclopropanes (16a, 16b) in 
yields of 35 and 7%. Again, separation of those diastereomers 
was not achieved and the spectra of the individual isomers 
were gleaned from the spectra of the mixture. Assignment of 
structure 16a to the major diastereomer is tentative (Scheme 
10). 

An important feature that determines the different outcomes 
of trapping with DMAD and trapping with ethyl crotonate is 
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Scheme 10. 

Me0 SEt E ~ S  OMe E ~ S  OMe E ~ S  OMe E ~ S  OMe 

+ LCO~E~ + c H 3 > L  ,,.. CO2Et + c H 3 > , L  ,,.. C02Et 

CH3 
15 (26%in total) 

Me0 SPh 
P ~ S  OMe PhS OMe 

~ 0 2 ~ 1  
A C 0 2 E t  + 

A C H ~  CH2 

Scheme 11. 

- 
5 
(b: R= CH2Ph, c: R= Et, d :  R= Me) 

Scheme 12. 

Me0 SR Me0 SR 

X 

4; + - 
5 

J- NHPh 
18 O 

M e O h N H P h  
19 SR 0 

(a:R= Ph, d:R= Me) 
an intense broad carbonyl band in the infrared spectrum. The 

the thermal instability of cyclopropenes. Thus, whereas both 'H NMR in each case, a 
reactions presumably result initially in formation of a three- (8 = 8.3, J 2. 8 Hz) corresponding to the oxindol~l aryl hydro- 
membered ring, cyclopropenes with ester groups at C1 and C2 gen nearest the phenylcarbamOyl group. N-Ac~l  indoles 

are thermally labile (lo), Scheme 9, whereas cyclopropanes also have an especially deshielded aryl hydrogen for the same 

are relatively robust. The former therefore undergo eventual the proximity the arnide carbOnyl Oxygen to an aryl 

irreversible reaction through a dipolar intermediate (Scheme hydrogen separated from it by five bonds (1 1). An analogous 

9), to afford 1 :2 adducts. product (20) had already been observed, from reaction of 2- 
Reactions of the carbenes with dichloromaleic anhydride do diazopropane with phenyl isocyanate (12).   he fact that the 

not mimick the ones with ethyl crotonate: Overall insertion 211 adduct was a minor product was surprising, ~offmann's 
into the ring C-0 bond occurs, presumably by nucleophilic group (2b) having identified only a 2: 1 adduct from reaction of 

addition to carbony1 carbon (3) followed by 1,2-acyloxy dimethox~carbene with phenyl isocyanate. Also surprising 
migration, Scheme 1 1. The structure of 17d was secured by Was the fact that Hoffmann's product was apparently a hydan- 
means of single crystal X-ray diffraction.3 Possible reasons for toin (Scheme 2) whereas ours, from methoxy(methylthio)car- 
the failure of ethyl crotonate to undergo analogous attack bene, was clearly an oxindole. Thermolysis of 2,2-dimethoxy- 
include the lower reactivity of esters to anhydrides 5,5-dimethyl-~3- 1,3,4-oxadiazoline in benzene containing 

and a slower follow-up step that might not compete well with phenyl isocyanate afforded the Hoffmann hydantoin (65% 

reversal. yield), confirming that dimethoxycarbene and methoxy- 
Themolysis of 5a and of 5d in benzene containing excess (methylthio)carbene, each generated thermally from an oxadi- 

phenyl isocyanate afforded three products in each case. Cen- azoline precursor, afford quite different 2: 1 adducts with phe- 

trifugal chromatography led to ready separation of a rapidly "yl 
eluting minor product identified as 2:l adduct 18a from 5a, Equally surprising was the finding that the major products 
and 18d from 5d, Scheme 12. N-Phenylcarbamoyl oxindoles from thermolysis of 5d (or 5a) in the presence of phenyl iso- 

as 18 are readily recognized, having NH absorption and cyanate were 2:2 adducts (19) obtained as mixtures of dia- 
stereomers. In the case of 19a the diastereomers were 
separable by chromatography but 19b could not be separated. 

Publication of the details will be delayed in the expectation that an Attempts to grow a single crystal from either diastereomer of 
analogous structure, from either a bis(alky1thio)carbene or an 
alkoxyaminocarbene, will become available for comparisons. 19a, for single crystal X-ray diffraction, were not successful. 
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The spectra fit the oxindole structure (19) well, for diastereo- 
meric products would be expected in each case, 19a, 19d. In 
both cases, the I3c NMR spectra and the IR spectra suggested 
carbonyl groups in different environments. Those features rule 
out the 1,4-piperazine-2,5-diones (21) and their isomers 22. 
The ring carbonyl group and the other amide carbonyl group 
are in quite different environments and the 'H NMR spectra 
rule out the isomeric 23. Structures such as 23 should also 
show the characteristic low-field doublet (ca. 8.3 ppm, J ca. 8 
Hz) of carbamoyl oxindoles, outlined above. Moreover, com- 
pounds 19 showed a broad singlet (6 = 7.6 and 8.3 for 19a and 
19d, respectively) in the 'H NMR spectra, as expected for NH 
of an amide. Finally, the mass spectra included peaks at m/z = 
119 and m/z = 120, for 19a and 19d, respectively, attributable 
to PhNCO and PhNHCO fragments expected from 19, but not 
from 23, as well as the appropriate molecular ions. 

phMA+NPh 
Me0 SPh 

What structural features and mechanisms might account for 
the very different behaviours of dimethoxycarbene and meth- 
oxy(methy1thio)carbene toward phenyl isocyanate? The con- 
nectivities of the products suggest a common first step: 
nucleophilic addition of the carbene to carbonyl carbon of the 
isocyanate to form a dipolar intermediate, as suggested by 
Hoffmann et al. (2b), Scheme 13. Presumably such an inter- 
mediate is equilibrated with the corresponding a-lactam and 
iminooxirane (not illustrated). We postulate that the dipolar 
intermediate of Scheme 2 is more stable than its analogue 24, 

Scheme 13. 

because the resonance contributors in the cationic portion of 
the former are equivalent and because the carbonyl double 
bond is much stronger than the thiocarbonyl double bond. As a 
consequence, the rate constant for intramolecular ring closure, 
to form the dialkoxy analogue of 25, could be small enough to 
permit it to undergo intermolecular reaction (Scheme 2) with 
phenyl isocyanate to afford the hydantoin. On the other hand, 
24 cyclizes rapidly to 25, which cannot aromatize to 26 
intramolecularly because a concerted 1,3-H shift would have 
to be antarafacial (13). It can accumulate, therefore, to react 
with 25 in an acid-base reaction, generating ion pair 27. Col- 
lapse of the latter would generate the observed diastereomeric 
2:2 adducts, 19, Scheme 13. While this explanation is attrac- 
tively simple, it is not unique and must be regarded as tenta- 
tive. 

Experimental 

'H NMR spectra were run with CDC13 or C6D6 solutions, with 
a 200 or a 300 MHz Bmker spectrometer, and 13c spectra 
were acquired at 50 MHz with a Bruker AC200 spectrometer. 
Infrared spectra were taken from solutions in CCl,, in a cell of 
0.5 mm path length, with a Biorad FTS-40 spectrophotometer. 
Solvent absorptions were subtracted. The IR bands are 
labelled qualitatively with the symbols s and m for strong and 
medium intensities, respectively. Weaker bands are not 
labelled and very weak bands are not included. Raman spectra 
were obtained from neat samples, with a Jobin Yvon/ISA 
Mole S-3000 spectrometer. 

2-~ethox~-5,5-dimeth~l-2-~hen~lthio-~~-l,3,4- 
oxadiazoline (5a) 

A solution of p-toluenesulfonic acid (pTSA, 0.40 g) in ben- 
zene (15 mL) was refluxed for about 1 h in a flask fitted with a 
Dean and Stark trap containing molecular sieves in the water 
trapping arm. After the solution had cooled, a solution of 2- 
acetoxy-2-methoxy-5,5-dimethyl-~3-oxadiazoline (1) con- 
taining 4 (total weight 5.0 g, 64% 1 by 'H NMR assay) and 
thiophenol (2.0 mL) in dichloromethane (10 mL) was added. 
More dichloromethane (30 mL) was used to rinse traces of 
thiophenol solution into the flask containing pTSA and the 
reaction solution so obtained was refluxed under N2 for 16 h. 
The solution was, cooled, KOH pellets were added, and the 
heterogeneous mixture was stirred rapidly for 2 h. Water was 
added and the mixture was shaken vigorously before the 
organic layer was separated and extracted several times with 

PhNCO 24 25 
24 -->I8 

27 (ion pair) H 
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water. Drying over MgS0, and evaporation of the solvents left 
a residue that was chromatographed (Chromatotron, 4 mm 
plate, hexane) to afford the title compound as a white solid 
(69%), mp 38-39°C. IR (CCI,) cm-': 3064,2993,2943,2895, 
2838, 1477, 1441, 1366, 1264, 1238, 1204, 1128s, 1064s, 
1025, 976m, 959m, 911, 826, 692, 628, 581, 516, 479. 'H 
NMR (200 MHz, CDCI,) 6: 1.14 (s, 3H), 1.50 (s, 3H), 3.52 (s, 
3H), 7.28-7.34 (m, 3H), 7,57-7.63 (m, 2H). ',c NMR (50 
MHz, CDC1,) 6: 22.6, 25.0, 52.2, 122.8 (C5), 128.8, 129.0, 
129.2, 135.7, 137.2. MS (EI) m/z: 207 (M+ - OCH,, 5), 153 
(MeOCHSPh+, 24), 129 (M+ - SPh, 69), 109 (C6H5S+, 100). 

2-~enz~lthio-2-methox~-5,5-dimeth~l-~~-1,3,4- 
oxadiazoline (5b) 

The procedure described above was followed. From 15 g of 1 
plus 4 (63% I), benzyl mercaptan (5.9 mL), pTSA (1.0 g), and 
CH,Cl, (120 mL) there was obtained, after refluxing over- 
night, a liquid product that was chromatographed (Chroma- 
totron, 4 mm plate, 5% EtOAc in hexane) to afford 5.58 g 
(44%) of 5b as a clear liquid. IR (CCl,) cm-': 3087, 3031, 
2992,2941,2839,173 1,1603, 1496,1457,1368, 1237,1203, 
1 124s, 1069s, 979m, 910,828,703m, 625,583,465. 'H NMR 
(200 MHz, CDCI,) 6: 1.53 (s, 3H), 1.57 (s, 3H), 3.40 (s, 3H), 
4.09 (d, ,J= - 12.7 HZ, lH), 4.20 (d, ,J= - 12.7 Hz, lH), 7.24 
-7.36 (m, 5H). ',c NMR (50 MHz, CDCI,) 6: 23.1,24.8,34.8, 
51.5, 122.6 (C5), 127.1, 128.4, 128.9, 136.6, 137.1. MS (EI) 
m/z: 221 (M+ - OCH,, 2), 183 (M+ - N, - C3H5, 5), 167 
(MeOCHSCH,Ph', 14), 135 (PhCH,CS', 17), 133 (M+ - N, 
- PhCH,, 37), 129 (M' - SCH2Ph, 62), 91 (loo), 73 (70). MS 
(CI, NH,) m/z: 270 (M' + NH,). 

2-~th~lthio-2-methox~-5,5-dimeth~l-~~-1,3,4- 
oxadiazoline (5c) 

The exchange method described above was used, with impure 
oxadiazoline 1 (15.0 g of 1 + 4, containing 10.5 g, 0.056 mol of 
I), ethanethiol (4.69 mL, 0.062 mol, 97% pure), and pTSA 
(1.06 g, 5.6 mmol, dried by azeotropic distillation of a benzene 
solution) in CH,Cl, (120 mL). Heating at reflux for 17 h, cool- 
ing, addition of KOH pellets (ca. 2 g), and stirring for several 
hours caused a change in colour to pale yellow. Addition of 
water, shaking, separation, and drying of the organic phase 
and evaporation of the solvent left a residual oil that was chro- 
matographed on silica gel (5% EtOAc in hexane) to afford 5c 
as a clear liquid (6.05 g, 57%). IR (CCl,) cm-': 2991, 2938, 
2874, 2837, 1456m, 1371, 1268, 1237, 1203m, 1180, 1124s, 
1070s, 977m, 910m, 827,685,580,486. 'H NMR (200 MHz, 
CDC1,) 6: 1.35 (t, J =  7.5 Hz, 3H), 1.54 (s, 3H), 1.57 (s, 3H), 
2.81 (dq, J = 7.5 and -12.9 Hz, lH), 2.95 (dq, J = 7.5 and 
- 12.9 Hz, lH), 3.44 (s, 3H). 'H NMR (200 MHz, C6D6) 6: 
1.17 (t, J = 7 . 4 H z ,  3H), 1.20(s, 3H), 1.27 (s, 3H), 2.66(dq, J 
=7.4and -13.0Hz, lH),2.88 (dq, J=7.4and -13.0Hz, lH), 
3.20 (s, 3H). I3c NMR (50 MHz, CDCI,) 6: 15.2, 23.0, 24.5, 
24.7, 51.3, 122.0 (C5), 136.9 (C2). MS (EI) m/z: 129 (M+ - 
SEt, 8), 105 (lo), 84 (28). MS (CI, NH,): 189 (M' - H). 

2-~ethox~-2-meth~lthio-5,5-dimeth~l-~~-1,3,4- 
oxadiazoline (5d) 

A solution of p-toluenesulfonic acid (1.0 g, 0.005 mol) in ben- 
zene (30 mL) was refluxed in a Dean and Stark apparatus. The 
dried portion was added to a solution of 2 (15 g of 1 (63%) 
containing 4) in dry CH,Cl, (120 mL). Cold methyl mercap- 

tan, collected in a Dry Ice trap after passage of the gas through 
a tube packed with anhydrous MgSO,, was added from a 
syringe. The reaction vessel was sealed and maintained at 
45°C overnight in an oil bath. Its contents were then trans- 
ferred to a 250 mL flask containing ca. 2 g of KOH pellets. 
Vigorous stirring for a few hours, followed by addition of 
water, shaking, separation, extraction of the organic phase 
with water, drying, and removal of the solvent, left a residue 
that was subjected to column chromatography to afford pure 
5d as a clear liquid, 7.08 g (80%). IR (CCl,) cm-': 2993,2940, 
2893, 1561, 1459, 1437, 1367, 1237, 1203, 1124, 1072s, 999, 
980, 910, 827, 702, 682, 626, 581. 'H NMR (200 MHz, 
CDC1,) 6: 1.55 (s, 3H) 1.57 (s, 3H), 2.33 (s, 3H), 3.46 (s, 3H). 
'H NMR (200 MHz, C6D6) 6: 1.20 (s, 3H), 1.25 (s, 3H), 2.09 
(s, 3H), 3.20 (s, 3H). ',c NMR (50 MHz, CDC1,) 6: 12.9,23.2, 
24.9, 51.4, 122.6 (C5), 136.6 (C2). MS (EI) m/z: 176 (M+, l), 
145 (M+ - OCH,, 3), 129 (M+ - SCH,, 24), 90 (34), 75 (100). 
MS (CI, NH,) 177 (M+ + H). 

Thermolysis of 2-methoxy-5,5-dimethyl-2-phenylthio-~3- 
1,3,4-oxadiazoline in benzene 

A solution of 5a (0.209 g, 0.878 mmol) in benzene (10 mL) 
was refluxed overnight under N2 in a Dean and Stark appara- 
tus. The residue left after evaporation of the solvent con- 
sisted of methyl phenylthio carbonate 9 (0.0103 g, 7%), E- 
1,2-dimethoxy-l,2-di(pheny1thio)ethene 7a (0.0467 g, 35%), 
and the corresponding Z isomer 7b (0.0267 g, 20%), as deter- 
mined by chromatographic separation (Chromatotron, 1 mm 
plate). 

A similar thermolysis, in whichp-xylene served as 'H NMR 
standard for integration, gave k(60°C) = 2.04 x s-' and 
yields (not isolated) of 8, 48, 40, and 62% for 9, 7a, 7b, and 
acetone, respectively. Methyl phenylthio carbonate was a 
clear liquid. IR (CCl,) cm-I: 3066, 3008, 2954, 2888, 2836, 
1730s, 1584, 1480, 1435, 1189m, 1143s, 1093, 1025, 689, 
673, 556, 532. 'H NMR (200 MHz, CDC1,) 6: 3.84 (s, 3H), 
7.39-7.42 (m, 3H), 7.51-7.55 (m, 2H). ',c NMR (50 MHz, 
CDCI,) 6: 54.5, 127.6, 129.2, 129.6, 134.8, 170.2. MS (EI, 
GCMS) m/z: 168 (M', 38), 137 (M' - OCH,, 3), 124 (16), 
109 (loo), 91 (32), 78 (22), 69 (23), 65 (37). An authentic sam- 
ple, synthesized by treating methyl chloroformate with 
thiophenol in the presence of pyridine, had matching spectral 
characteristics. 

E Dimer of (methoxy)phenylthiocarbene, 7a 
The E dimer was a white solid, mp 53-55°C. IR (CCl,) cm-': 
3065, 3007, 2963, 2932, 2892, 2830, 1796, 1718, 1657, 
1583m, 1479m, 1442m, 1265, 1206s, 1146s, 1121, 1081, 
1023, 1003, 954, 909, 870, 832, 692s, 520. 'H NMR (200 
MHz, CDC1,) 6: 3.55 (6H), 7.17-7.42 (m, 10H). ',c NMR (50 
MHz, CDCI,) 6: 58.5, 126.7, 129.0, 129.5, 133.6, 142.8. MS 
(EI) m/z: 304 (M+, loo), 261 [(PhS),COMe', 91 1, 218 (32), 
195 (13), 153 (28), 109 (PhS', 75). 

Z Dimer of (methoxy)phenylthiocarbene, 8a 
Clear liquid. IR (CCl,) cm-': 3066, 3004, 2965, 2935, 2894, 
2832, 1774, 1725, 1581m, 1479m, 1442, 1264, 1198s, 1122 
br, 1085, 1025m, 1006, 959, 880, 692m, 566. 'H NMR (200 
MHz, CDC1,) 6: 3.67 (s, 6H), 7.15-7.36 (m, 10H). ',c NMR 
(50 MHz, CDCI,) 6: 58.6, 126.4, 128.3, 129.1, 134.2, 143.2. 
MS (EI) m/z: 304 (M', loo), 26 1 (90), 195 (14), 109 (75). 
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Thermolysis of 5a in presence of ethyl crotonate 
A solution of 5a (0.1201 g, 0.504 rnmol) and ethyl crotonate 
(Aldrich, 96%, predominantly E isomer, 0.08 mL, 0.60 mmol) 
in benzene (10 mL) was sealed into a 100 mL glass tube that 
was then heated in an oil bath (70°C) overnight. The solvent 
was removed and the residue was chromatographed (Chroma- 
totron, 1 mm plate, washed with Et,N in hexane, elution with 
hexane). Five products were isolated: a pair of ethyl cyclopro- 
pane carboxylates, 16a and 16b, 9, and the carbene dimers 7a 
and 8a. 

E,Z-Ethyl2-methoxy-3-methyl-2-phenylthiocyclopropanecar- 
boxylate (16a): Major product, 0.0469 g, 35% yield, clear oil. 
IR (CCl,) cm-': 3064, 2981m, 2965m, 2934m, 2903, 2878, 
2829, 1735s, 1584, 1480m, 1444m, 1416, 1367, 1318s, 
1265m, 1228m, 1201m, 1170 br, 11 17m, 1098m, 1049m, 
1024, 998m, 91 1, 864, 692. 'H NMR (200 MHz, CDC1,) 6: 
1.25 (d, J = 6.4 Hz) overlapping 6 1.27 (t, J = 7.1 Hz), sum 6H, 
1.83(d,J=6.8Hz, lH),2.27(5lines, lH),3.37(~,3H),4.181 
(q, J = 7.1 Hz) overlapping 4.188 (q, J = 7.1 Hz), sum 2H, 
7.15-7.28 (m, 3H), 7.44-7.48 (m, 2H). ',c NMR (50 MHz, 
CDCI,) 6: 14.2, 28.9, 36.5, 54.9, 60.9, 78.2, 110.7, 126.1, 
128.6, 128.8, 134.7, 168.7. MS (EI) d z :  266 (MC, 3), 235 (M' 
- OCH,, 18), 220 (loo), 205 (25), 193 (85), 157 (89), 129 
(43 ,  109 (50), 69 (47). MS (CI, NH,) d z :  284 (M' + NH,, 
74), 267 (M' + H, 39). 

Z,E-Ethyl2-methoxy-3-methyl-2-phenylthiocyclopropanecar- 
boxylate (16b): Minor diastereomer, ca. 7%. This product was 
obtained as a mixture with 16a and only a part of the 'H NMR 
spectrum was assignable. 'H NMR (200 MHz, CDCI,) 6: 1.15 
(t, J =  7.1 Hz, 3H), 1.27 (m), 1.87 (d, J = 7 . 2  Hz, IH), 2.03 (5 
lines, 1 H), 3.48 (s, 3H), 4.02 (m, 2H), 7.17-7.58 (m). 

Thermolysis of 5a in presence of phenyl isocyanate 
A solution of 5a (0.204 g, 0.858 mmol) and phenyl isocyanate 
(0.19 rnL, 1.7 mmol) in benzene (8 mL) was sealed into a glass 
tube that was then immersed overnight in an oil bath kept at 
70°C. Evaporation of the solvent left a residue that was chro- 
matographed (Chromatotron, 1 mm plate) on SiO, with hex- 
ane. After the first product (18a) had been eluted the solvent 
was gradually changed to 5% EtOAc in hexane. Two addi- 
tional products, diastereomers 19a, were eluted slowly. Yields 
of isolated materials were 10, 39, and 28%, respectively. 

3-Methoxy-l-phenylcarbamoyl-3-phenylthio-oxindole, (18a): 
White solid, 0.0335 g, mp 139-140°C, 10%. IR (CCI,) cm-': 
3260, 3064, 2948, 2891, 2832, 1748s, 1600m, 1552s, 1503, 
1470m, 1448, 1340, 1310, 1277, 1243, 1204, 1163m, 11 12, 
1088, 1022, 970, 913, 693m, 574, 505. 'H NMR (200 MHz, 
CDC1,) 6: 3.56 (s, 3H), 7.03-7.15 (m, 3H), 7.33-7.58 (m, 9H), 
8.32(d, J=8.3Hz,  lH), 10.36(s, br, 1H). I3cNMR (50MHz, 
CDCI,) 6: 53.8,87.9, 116.8, 120.7, 124.2, 124.5, 124.7, 124.8, 
128.8, 129.1, 130.0, 130.9, 136.6, 136.8, 138.5, 149.0, 173.6. 
MS (EI) d z :  314 (3), 281 (15), 162 (loo), 119 (52), 91 (18). 
MS (CI, NH,) d z :  391 (M' + H). 

Major diastereomer of oxindole 19a: White solid, mp 169- 
171°C, 39% (isolated). IR (CCI,) cm-': 341 1, 3362, 3063, 
3034,2962,2943,2891,2833, 1746s, 1718m, 1604m, 1527s, 

1468, 1442m, 1336, 1311, 1279, 1243, 1183, 1158, 1086 br, 
1075m, 986, 909s, 692m, 660, 503. 'H NMR (200 MHz, 
CDCI,) 6: 3.52 (s, 3H), 3.58 (s, 3H), 6.86-7.54 (m, 20H). I3c 
NMR(50MHz,CDC13)6:51.2,54.2,87.7,99.0, 111.7, 119.6, 
119.9, 123.5, 124.6, 124.8, 125.1, 128.6, 128.7, 128.8, 129.0, 
129.6, 129.9, 130.3, 136.1, 136.8, 137.4, 139.7, 162.2, 172.2. 
MS (EI) d z :  447 (18), 433 (26), 405 (53,272 (13), 162 (loo), 
146 (37), 120 (65), 1 10 (8 l), 109 (67), 77 (40). MS (CI, NH,) 
d z :  560 (M' + NH,). 

Minor diastereomer of oxindole 19a: White solid, mp 171- 
173"C, 28% (isolated). IR (CCl,) cm-I: 3413, 3396, 3061, 
2961, 2891, 2830, 1744s, 1719m, 1604m, 1525s, 1468, 
1442m, 1337, 1312m, 1281, 1243, 1193, 1117, 1087, 1087, 
1066 br, 986,947,909,824,691m, 504. 'H NMR (200 MHz, 
CDCI,) 6: 3.62 (s, 3H), 3.68 (s, 3H), 6.80 (m), 7.01-7.38 (m, 
13H), 7.5 1-7.55 (m, 4H), 7.62 (s, br, 1 H). I3c NMR (50 MHz, 
CDCI,) 6: 51.4, 53.6, 87.7, 99.6, 112.1, 119.6, 123.2, 124.2, 
124.6, 125.0, 128.5, 128.7, 128.8, 129.0, 129.4, 129.6, 129.8, 
130.0, 136.4, 137.0, 137.3, 139.5, 161.9, 171.9. MS (EI) d z  
(rel. intensity): 433 (MC - SPh, 22), 405 (34), 272 (13), 162 
(loo), 110 (26), 109 (31), 77 (32). MS (CI, NH,) d z :  560 (M+ 
+ NH,). 

Thermolysis of 2-benzylthio-2-methoxy-5,5-dimethyl-~3- 
1,3,4-oxadiazoline in benzene 

A solution of 5b (0.1553 g, 0.615 mmol) in benzene (10 mL) 
was refluxed overnight under N, in a Dean and Stark appara- 
tus. The final solution contained acetone and the E and Z iso- 
mers of 1,2-bis(benzy1thio)- 1,2-dimethoxyethene. Chroma- 
tography of the latter (Chromatotron, 1 mm plate, hexane) 
afforded the E isomer 7b followed by the Z isomer 8b. The 
ratio E:Z ranged from 1.38 to 1.19 from three runs. 

E-1,2-Bis(benzy1thio)-1,2-dimethoxyethene (7b): White solid, 
mp 82-84"C, 0.0205 g, 32% yield. IR (CCI,) cm-': 3086, 
3064,3031,3003,2962,2933,2894,2827,17 16, 1601,1496, 
1454, 1427, 1263, 1238, 1203s, 1136s, 1112, 1071, 954m, 
915,871,700,672,561,472. 'H NMR (200 MHz, CDC1,) 6: 
3.21 (s, 6H), 3.75 (s, 4H), 7.15-7.30 (m, 10H). 13c NMR (50 
MHz, CDCI,) 6: 35.9,57.9, 126.9, 128.3, 128.8, 138.6, 143.5. 
MS (EI) d z :  332 (M+, 4), 241 (Mf - CH,Ph, 4 3 ,  91 
(PhCHZC, 100). MS (CI, NH,) d z :  333 (M+ + H). 

Z-1,2-Bis(benzy1thio)-1,2-dimethoxyethene (8b): Yellow oil, 
0.0173 g, 27% yield. 'H NMR (200 MHz, CDCI,) 8: 3.54 (s, 
6H), 3.63 (s, 4H), 7.19-7.3 1 (m, 1 OH). ',c NMR (50 MHz, 
CDCI,) 6: 37.1, 58.6, 127.0, 128.3, 129.0, 137.9, 144.1. MS 
(EI) d z :  332 (MC, 6), 241 (MC - CH,Ph, 68), 91 (PhCHZC, 
100). MS (CI, NH,) d z :  333 (MC + H, 100). 

Thermolysis of 5b in presence of dichloromaleic anhydride 
A solution of 5b (0.2046 g, 0.8106 mmol) and dichloromaleic 
anhydride (0.150 g, 0.898 mmol) in benzene (10 mL) was 
heated overnight at 80°C in a sealed tube. Removal of the sol- 
vent and Kugelrohr distillation of the residue gave a yellow 
crystalline product, 3,4-dichloro-6-benzylthio-6-methoxy- 
2H-pyran-2,5-(6H)-dione (17b), mp 69-70°C, 75%. The prod- 
uct did not survive an attempt at chromatography on silica gel. 
IR (CCI,) cm-I: 3087,3032,2949,2894,2840, 1762s, 1721% 
1583s, 1497, 1457, 1414, 1273m, 1234m, 1196m, 1163s, 
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1040, 982m, 908, 885, 701s, 666m. 'H NMR (200 MHz, 
CDCI,) 6: 3.54 (s, 3H), 3.75 (s, 2H), 7.29 (s, br, 5H). I3c NMR 
(50 MHz, CDC1,) 6: 35.0, 52.5, 108.9, 127.7, 128.7, 129.1, 
135.0, 136.8, 141.3, 152.6, 173.5. MS (EI) d z :  337 (3), 335 
(7), 333 (10) (M+ + H), 259 (IS), 214 (1 l), 212 (65), 210 (94), 
185 (13), 183 (70), 181 (loo), 123 (23), 91 (20). MS (CI, NH,) 
m/z: 354 (16), 352 (65), 350 (100) (M+ + NH,), 337 (8), 335 
(25), 333 ( 3 3 ,  (M+ + H). 

Thermolysis of 5c in benzene 
A solution of 5c (0.1629 g, 0.856 mmol) in benzene (ca. 1 mL) 
was sealed into an NMR tube. Therrnolysis at 60°C, followed 
by 'H NMR spectroscopy, gave k(60°C) = 2.1 x s-I. Ace- 
tone and the diastereomeric 1,2-bis(ethy1thio)- 1,2-dimethoxy- 
ethenes were predominant products. Separation of the latter 
(Chromatotron, hexane) gave E-l,2-bis(ethy1thio)-l,2- 
dirnethoxyethene (7c, 0.0304 g, 38%) and the Z isomer (Sc, 
0.0250 g, 27%) as clear liquids. 

E-1,2-Bis(ethy1thio)-1,2-dimethoxyethetze (7c): IR ( G C R I R )  
crn-I: 2976m, 2940s, 2887,2832, 1457 br, 1383, 13 10, 1267, 
1188, 1079 br, 975, 937, 904, 825, 762, 712. Raman (neat) 
cm-l: 158 1.4, 653.4. 'H NMR (200 MHz, CDC1,) 6: 1.25 (t, 
J=7.3Hz,6H),2.66(q,J=7.3Hz,4H),3.61 (s,6H). I3cNMR 
(50 MHz, CDC1,) 6: 15.1,25.4,58.0, 143.1. MS (EI) d z :  208 
(M+, 15), 193 (M+ - CH,, 4), 179 (M+ - CH,CH,, 29), 165 
(13), 135 (3), 49 (100). MS (CI, NH,) tn/z: 209 (M+ + H). 

Z-1,2-Bis(ethy1thio)-1,2-dimethoxyethene (8c): IR (GCIFTIR) 
cm-I: 2972, 2939m, 2887, 2836, 1579, 1457, 1381, 1265, 
1194s, 11 14 br, 1026, 967, 863, 764. Raman (neat) cm-I: 
1596, 655.7. 'H NMR (200 MHz, CDC1,) 6: 1.27 (t, J = 7.3 
Hz, 6H), 2.65 (q, J = 7.3 Hz, 4H), 3.68 (s, 6H). I3c NMR (50 
MHz, CDCl,) 6: 14.7, 26.4, 58.8, 143.4. MS (EI) tn/z: 208 
(M', 83), 193 (M+ - CH,, 15), 179 (M' - CH,CH3, loo), 165 
(44), 135 (2). MS (CI, NH,) m/z: 209 (M+ + H). 

Thermolysis of 5c in the presence of dichloromaleic 
anhydride 

A solution of 5c (0.197 g, 1.03 mmol) in benzene (10 mL) con- 
taining dichloromaleic anhydride (0.190 g, 1.14 mmol) was 
heated at 70°C overnight. Kugelrohr distillation of the residue 
left after removal of the solvent afforded 17c, mp 7 1-74°C. IR 
(CCl,) cm-I: 2950, 2881, 1807, 1761s, 1722m, 1583, 1458, 
1266, 1236, 1196, 1160m, 1102, 1040s, 982, 909, 886, 827, 
667, 527,478. 'H NMR (200 MHz, CDCl,) 6: 1.24 (t, J = 7.5 
Hz, 3H), 2.52 (dq, J = - 12.8 Hz, 7.5 Hz, lH), 2.60 (dq, J = 
- 12.8,7.5 Hz, lH), 3.69 (s, 3H). 13c NMR (50 MHz, CDC1,) 
6: 13.6,24.7, 52.5, 109.0, 136.6, 141.2, 152.7, 173.6. MS (EI) 
m/z: 275 (M+ + H, 2), 273 (M+ + H, 4), 271 (M' + H, 6), 235 
(M+ - 3 5 ~ 1 ,  6), 213 (13), 21 1 (28), 209 (19), 185 (20), 183 
(73), 18 1 (100). MS (CI, NH,) m/z: 292 (4), 290 (13), 288 (20), 
(M+ + NH,), 275 (20), 273 (93,271 (loo), (Mf + H). 

Thermolysis of 5d in benzene 
A solution of 5d (0.37 g, 2.1 mmol) in benzene (15 mL) was 
refluxed overnight. Chromographic separation of the products 
(Chrornatotron, 2 mm plate, hexane) gave the E and Z dimers 
of (methoxy)methylthiocarbene, 0.1225 g (32%) and 0.1005 g 
(27%), respectively, both oils. 

E-1,2-Bis(tnethy1thio)-1,2-dimethoxyethene (7d): IR (GC/ 
FTIR) cm-': 3005, 2963, 2938rn, 2909, 2839, 1445, 1319, 
1203s, 1143s, 1023s, 960,807. 'H NMR (200 MHz, CDC1,) 6: 
2.20 (s, 6H), 3.63 (s, 6H). I3c NMR (50 MHz, CDCl,) 6: 14.5, 
58.2, 142.8. MS (EI, GCMS) d z :  180 (M', lo), 165 (M+ - 
CH,, 22), 137 (M+ - CH3C0, 74), 75 (100). MS (CI, NH,) 
m/z: 181 (M++ H). 

Z-1,2-Bis(methy1thio)-1,2-dimethoxyethee (8d): IR (GCI 
FTIR) crn-l: 3002, 2938m, 2838, 1584, 1445, 1315, 1194s, 
11 15 br, 1030,964, 866. 'H NMR (200 MHz, CDC1,) 6: 2.21 
(s, 6H), 3.68 (s, 6H). I3c NMR (50 MHz, CDC1,) 6: 15.3,58.8, 
143.0. MS (EI, GCMS) m/z: 180 (M+, lo), 165 (M+ - CH,, 
23), 137 (M+ - CH,CO, 79), 75 (100). MS (CI, NH,) m/z: 
18 1 (M+ + H). 

Thermolysis of 5d in the presence of dichloromaleic 
anhydride 

A solution of 5d (0.2077 g, 1.18 mrnol) and dichloromaleic 
anhydride (0.22 g, 1.3 mmol) in benzene (10 mL) was kept at 
80°C, overnight, in a sealed tube. Evaporation of the solvent 
and Kugelrohr distillation of the residue gave 0.2575 g of 17d 
(85%) as a yellow solid, mp 89-91°C. IR (CCl,) cm-': 3502, 
2995, 2948, 2839, 1805rn, 1762s, 1721s, 1631, 1584s, 1460, 
1436, 1271s, 1236s, 1196s, 1162 br, 1042 br, 962, 909, 887, 
826, 670rn, 596,526. 'H NMR (200 MHz, CDCl,) 6: 2.06 (s, 
3H), 3.70 (s, 3H). I3c NMR (50 MHz, CDCl,) 6: 12.9, 52.2, 
108.6, 136.5, 141.2, 152.6, 172.7. MS (EI) d z :  256 (M', 2), 
225 (M+ - OCH,, 2), 223 (5), 221 (M+ - 3 5 ~ 1 ,  15), 213 (3), 
21 1 (13), 209 (M+ - SCH,, 18), 199 (13), 197 (IS), 185 (9), 
183 (45), 181 (71). MS (CI, NH,) d z :  278 (6), 276 (20), 274 
(28), 261 (15), 259 (56), 257 (100). Structure 17d was con- 
firmed by single crystal X-ray diffraction. 

Thermolysis of 2,2-dimethoxy-5,5-dimethyl-A3-1,3,4- 
oxadiazoline in the presence of phenyl isocyanate 

A solution of the oxadiazoline (4) (0.010 g, 0.063 rnmol) and 
phenyl isocyanate (0.05 1 g, 0.43 mmol) in benzene (0.5 mL) 
was degassed by means of freeze-pumpthaw cycles and 
sealed under vacuum into a glass tube. The tube was immersed 
in an oil bath, kept at 100°C, for 4 days. It was then opened, 
and the volatiles were distilled off under vacuum, with the 
maximum pot temperature limited to 100°C. The residue was 
chromatographed (Chromatotron, silica, hexanes) on a plate 
that had been pretreated with triethylamine in hexanes (1:20). 
The yield of the Hoffmann hydantoin (2) was 65% (by 'H 
NMR), mp 13 1-132°C (lit. (2) mp 129-130°C). 

5,5-Dimethoxy-l,3-diphenyl-2,4-itnidazolidinedione (hydan- 
toin): 'H NMR (200 MHz, CDC13) 6: 3.56 (s, 6H), 7.24-7.57 
(m, 8H), 7.61 (d, J =1.5 Hz, 2H). NMR (50 MHz, CDC1,) 
6: 52.5, 103.9, 125.3, 126.1, 127.2, 128.6, 129.0, 129.1, 130.5, 
133.2, 152.3, 165.3. MS (EI) d z :  28 1 (M+ - OMe), 193, 165, 
116. The I3c NMR spectrum is in excellent agreement with 
that reported by Hoffmann et al. (2b) for the analogue fromp- 
tolyl isocyanate. 

Thermolysis of 5d in the presence of phenyl isocyanate 
A solution of 5d (0.50 g, 2.4 mmol) and phenyl isocyanate 
(0.63 mL, 5.8 mmol) in benzene (25 rnL) was refluxed under 
N, for 16 h. The benzene was evaporated and methanol was 
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added (stirring for 1 h) to destroy excess isocyanate. Excess 
methanol was evaporated and the residue was chromato- 
graphed. Three products, a 2: 1 adduct (18d, 8%) and diastere- 
omeric 2:2 adducts (19d, 34%, mp 181-182°C (MeOH), 
diastereomer ratio 2: 1) were found. 

3-Methoxy-3-methylthio-l-phenylcarbamoyloxirldole (18d): 
Melting point 106-108°C. IR (CCl,) cm-I: 3298 br, 3259 br, 
3 145, 3082, 2959, 2931, 1748s, 1601s, 1553s, 1501, 1466m, 
1448m, 1339m, 131 1, 1277m. 1242m, 1209, 1166m, 1154, 
1108m, 1087, 1024,691,677,575,506. 'H NMR (300 MHz, 
CDCI,) 6: 2.38 (s, 3H), 3.43 (s, 3H), 7.14-7.61 (m, 9H), 8.37 
(d, J = 8.0 Hz, lH), 10.48 (br, 1H). I3c NMR (50 MHz, 
CDC1,)6: 10.9,53.1, 117.0, 120.6, 124.4, 124.7, 125.1, 129.1, 
131.2, 136.9, 138.8, 149.1, 174.1. MS (EI) d z :  328 (Mf, 6), 
281 (M' - SCH,, 48), 207 (4), 162 (loo), 146 (6), 119 (24). 
MS (CI, NH,): 346 (Mf + NH,, 14), 329 (Mf + H, 17). 

Major diastereomer of oxindole 19d: IR (CCI,, v,,,) cm-': 
3414 br, 3061, 2931, 2832, 1746s, 1604m, 1525s, 1465, 
1442m, 1338, 1309, 1279, 1243, 1196, 1180, 11 17, 1095 br, 
1073, 690. 'H NMR (200 MHz, CDCl,) 6: 2.12 (s, 3H), 2.39 
(s, 3H), 3.33 (s, 3H) 3.54 (s, 3H). Minor diastereomer: 2.13 (s, 
3H), 2.36 (s, 3H), 3.40 (s, 3H), 3.53 (s, 3H); composite signals: 
7.08-7.61 (m), 8.23 (s, br), 8.41 (s, br). ',c NMR of 2:l mix- 
ture (50 MHz, CDCl,) 6: 10.8, 12.5, 51.2, 51.3, 53.4, 53.9, 
82.6, 83.1, 96.6, 96.7, 109.0, 110.0, 11 1.0, 112.4, 112.8, 
119.8, 119.9, 123.9, 124.6, 124.7, 124.9, 125.1, 129.1, 129.2, 
130.8, 136.4, 136.6, 140.1, 162.9, 163.1, 172.9. MS (EI) d z :  
387 (Mf - OMe, 4), 371 (Mf - SMe, 85), 343 (loo), 298 
(lo), 270 (40), 210 (43 ,208  (99), 162 (94), 119 (19), 77 (20). 
MS (CI, NH,) d z :  436 (Mf + NH,). 

Therrnolysis of 5d in the presence of dimethyl 
acetylenedicarboxylate 

A solution of 5d (0.329 g, 1.87 mmol) and DMAD (0.46 mL, 
3.7 mmol) in benzene (20 mL) was heated at 70°C for 16 h in 
a sealed tube. Thin-layer chromatography of the residue left 
after removal of the benzene showed five compounds. Only 
three of them were characterized, a minor compound that had 
the NMR properties expected for dihydrofuran 11, and an 
inseparable mixture of diastereomers 14. 

2-Methoxy-5,5-dimethyl-2-methylthio-3,4-bis(methoxycar- 
bony1)-2,s-dihydrofuran (23): Clear liquid, 6% yield. 'H 
NMR (300 MHz, CDCl,) 6: 1.54 (s, 3H), 1.57 (s, 3H), 2.1 1 (s, 
3H), 3.48 (s, 3H), 3.81 (s, 3H), 3.86 (s, 3H). I3c NMR (50 
MHz,CDCl,) 6: 13.1,26.0,27.3,51.3,52.5, 52.7, 88.5, 116.7, 
137.7, 141.8, 162.2, 163.0. 

cis- and trans-2,s-Dimethoxy-3,4-bis(methoxycarbony1)-5- 
[methyl(3-propiolato)]-2-methylthio-2,5-dihydrofuran (14, 
10%): Isomer ratio 1.7: 1 .O; spectroscopic properties those of 
the mixture. IR (CCl,) cm-': 3008,2952,2894,2839, 1730 br, 
1681, 1458, 1436, 1328, 1266 s, 1235 m, 1183, 1116, 1098, 
1077,1038,1020,988,956,918,873,692,578. 'H NMR (300 
MHz, CDC1,) 6: 2.12 (s), 2.13 (s), 3.49 (s), 3.62 (s), 3.63 (s), 
3.81 (s), 3.85 (s), 3.91 (s). I3c NMR (75 MHz, CDCl,) 6: 12.4, 
12.6,52.8,52.9,53.0,53.1,77.9,78.1,78.3,78.6, 102.1, 118.8, 
132.9, 133.0, 143.1, 143.3, 152.8,159.5, 159.6, 161.7.MS (EI) 
m/z: 374 (Mf , 2), 343 (9), 327 (loo), 315 (7), 157 (61), 59 (22). 
MS (CI, NH,): 392 (M' + NH,, 7), 375 (Mf + H, 8). 
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Structural diversity in thallium chemistry: 
structures of four chlorothallate(lll) salts 
including a novel compound containing three 
geometrically different anions 

Margaret Ann James, Jason A.C. Clyburne, Anthony Linden, Bruce D. James, 
John Liesegang, and Vilma Zuzich 

Abstract: Four new thallium-containing salts with different alkyl ammonium cations have been prepared and characterized by 
X-ray crystallography: 1: bis@-toluidinium) pentachlorothallate(III), [CH3C6H4NH3], [TICl,], M = 597.9, monoclinic, P2,lc, 
a = 7.515(2), b = 21.376(6), c = 12.769(2) A, P = 92.13(2)", V =  2050(1) A3, Z  = 4, D,,,, = 1.937 Mg m-3, p = 8.512 mm-I, T =  
293(1) K, R = 0.046; 2: 1,5-pentanediammonium pentachlorothallate(III), [NH3(CH2),NH3] [TlCl,], M = 485.83, orthorhombic, 
P21212,, a = 13.226(2), b = 13.595(2), c = 7.628(2) A, V =  1371.6(3) A3, Z = 4 ,  D,,,, = 2.352 Mg m-3, p = 12.84 mm-I, T =  173(1) 
K, R = 0.025; 3: pentakis(2-adamantaneammonium) bistetrachlorothallate(III) hexachlorothallate(III), [C,,H,,N], [TlCl,],- 
[T1C16], M = 1870.75, monoclinic, P2,, a = 16.466(5), b = 25.985(2), c = 7.724(3) A, P = 90.14(3)", V =  3305(2) A3, Z =  2, 
D,,,, = 1.880 Mg m-3, p = 7.978 mm-I, T  = 173(1) K ,  R = 0.056; 4: bis(piperazinium) decachlorodithallate(III) trihydrate, 
[NH2C4H8NH2], [T1,C1,,]~3H20, M = 993.62, monoclinic, C2/c, a = 14.154(3), b = 15.445(3), c = 13.228(3) A, 0 = 114.44(1)", 
V  = 2632.7(9) A3, Z  = 4, D,,,, = 2.506 Mg m-3, p = 13.39 mm-I, T  = 173(1) K ,  R = 0.026. For most of the salts examined, 
formation of [ ~ 1 ~ 1 , ] ~ -  is possible; however, no isolated   TIC^,]^- anions were observed. In most cases, high coordination 
numbers at thallium were observed (CN = 6), and these can be achieved via formation of anionic chains or through dimerization, 
giving [T1,Cllo]4. Of particular interest is the solid state structure of salt 3 in which there are three geometrically different 
chlorothallate ions. Extensive hydrogen-bonding networks are observed in each structure. 

Key words: thallium, thallium(II1) chlorides, chlorothallate, hydrogen bonding, alkyl ammonium cations. 

Resume : On a prtpart quatre nouveaux sels contenant du thallium et difftrents cations alkylammonium et on les a caracttrists 
par diffraction des rayons X: 1, pentachlorothallate(III) de bis@-toluidinium), [CH3C6H4NH3], [TlCl,], M = 597,9, 
monoclinique, P2,lc, a = 7.5 15(2), b = 21,376(6), c = 12,769(2) A, P = 92,13(2)", V =  2050(1) A3, Z =  4, Dcalc = 1,937 Mg m-3, 
p = 8,5 12 mm-l, T =  293(1) K, R = 0,046; 2, pentachlorothallate(III) de pentane- l,5-diammonium, [NH3(CH2),NH3] [TlCl,], 
M = 485,83, orthorhombique, P2,2,2,, a = 13,226(2), b = 13,595(2), c = 7,628(2) A, V =  1371,6(3) A3, Z  = 4, D,,,, = 2,352 Mg 
m", p = 12,84 mm-I, T =  173(1) K, R = 0,025; 3, bist~trachlorothallate(III) hexachlorothallate(III) de pentakis(adamantane-2- 
ammonium), [CloHl8N], [TlCI,], [TIC16], M = 1870,75, monoclinique, P2,, a = 16,466(5), b = 25,985(2), c = 7,724(3) A, 0 = 
90,14(3)", V =  3305(2) A3, Z  = 2, D,,,, = 1,880 Mg m-3, p = 7,978 mm-I, T  = 173(1) K ,  R = 0,056; 4, trihydrate du 
dtcachlorodithallate(III) de bis(piptrazinium), [NH2C4H8NH2], [T1,Cl,,]~3H2O, M = 993,62, monoclinique, C2/c, a = 
14,154(3), b = 15,445(3), c = 13,228(3) A, P = 114,44(1)", V =  2632,7(9) A3, Z =  4, D,,,, = 2,506 Mg m-3, p = 13,39 mm-I, T =  
173(1) K, R = 0,026. Pour la plupart des sels examints, la formation de [ ~ l ~ l , ] ~ - e s t  possible; toutefois, aucun anion [T~CI,]~- n'a 
C t t  isolt. Dans la plupart des cas, on a observt des nombres de coordination tlevts pour le thallium (NC = 6) et on peut arriver i 
ceux-ci par le biais de la formation de chaines anioniques ou par une dimtrisation conduisant B du [TI,CI,,]~. La structure du sel 
3 B l'ttat solide est particulikrement inttressante parce qu'elle comporte trois ions chlorothallates gtomttriquement difftrents. 
Dans chacune des structures, on a observe des rtseaux Ctendus de liaisons hydrogknes. 

Mots clis : thallium, chlorures de thallium(III), chlorothallate, liaison hydrogkne, cations alkylammoniums. 

[Traduit par la rCdaction] 

I Received January 1, 1996. 

I M.A. ~ames'  and J.A.C. Clyburne. Department of Chemistry, Mount Saint Vincent University, Halifax, NS B3M 256, Canada. 
A. Linden. Institute for Organic Chemistry, University of Ziirich, CH-8057 Ziirich, Switzerland. 
B.D. James, J. Liesegang, and V. Zuzich. Faculty of Science and Technology, La Trobe University, Bundoora, Vic. 3083, Australia. 

1 ' Author to whom correspondence may be addressed. Phone: (902) 457-6141. Fax: (902) 457-0579. E-mail: Margaret.James@MSVU.ca 

Can. J. Chern. 74: 149&1502 (1996). Printed in Canada / ImprimC au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



James et al. 

Introduction 

Thallium, like most other main group metals and metalloids, 
can form a variety of polychlorinated anions (l) ,  including 
[TlC14]-, [T~cI,]~-, and [T~c&]~-, all three species occurring in 
solutions of thallium(II1) chloride in the presence of excess 
chloride ion (2). Perhaps the most interesting observation con- 
cerning the polychlorinated anions of thallium involves those 
with the TlC15 stoichiometry, which, when it is observed in 
solid samples isolated from donor solvents, might be expected 
to have the sixth coordination site of the metal occupied by a 
solvent molecule. Thus, discrete [ ~ 1 ~ 1 , ] ~ -  anions are rarely 
observed in the relatively small number of these compounds 
that have been characterized by X-ray crystallography. For 
example, DMSO (3) and water (4) have been shown to coor- 
dinate to [ ~ l ~ l , ] ~ -  fragments, giving six-coordinate species; 
however, in the calcium salt, Ca[TlCl,](H20),, it is the cal- 
cium(11) ion, rather than the thallium centre, which engages 
the base (water), high coordination at thallium being realized 
via dimerization of two [ ~ 1 ~ 1 , ] ~ -  fragments to give the 
[ ~ 1 , ~ 1 , , ] ~ -  anion (5). An alternative mode of achieving high 
coordination at thallium is illustrated in the solid state struc- 
ture of the salt Cs2T1C1,, where the sixth coordination site 
around thallium is occupied by a chloride ion from a neigh- 
bouring pentachlorothallate group, thus forming a chain of 
[ ~ 1 ~ 1 , ] ~ -  units (6). To date, the only complete report of a dis- 
crete [ ~ 1 ~ 1 , ] ~ -  ion is in the structure of the 4-chloropyridinium 
derivative (7). In addition, the tetraethylammonium salt 
[Et4N],[TlC1,] is reported to be isomorphous (and presumably 
isostructural) with its indium analogue, which contains an iso- 
lated pentacoordinate [1nc1,12- ion (8). 

Investigations into the hydrogen-bonding arrangements that 
might be generated in solids arising from the interaction of thal- 
lium(II1) chloride with other large organic base cations yielded 
some crystalline materials having apparent TlCl, stoichiome- 
try. This paper reports the structures of four of these materials. 

Experimental 

Compounds 14  were synthesized by mixing solutions (molar 
ratio indicated) of the appropriate arnine hydrochloride salts 
(ca. 5% excess) with thallium(II1) chloride in a minimum vol- 
ume of concentrated hydrochloric acid, warming as necessary. 
Solid materials that precipitated immediately were removed 
by filtration and the filtrates were allowed to evaporate slowly 
in an air stream. Generally, several crops of crystals were 
obtained, and these were isolated by filtration and dried in a 
vacuum desiccator. Elemental analyses were performed by 
Atlantic Microlabs Inc., Norcross, Ga. 

1: Bis(p-toluidinium) pentachlorothallate(III), (1 : 1, 2nd crop, 
mp 190-192"C, yellow prisms). Anal. calcd.: C 28.12, H 3.37, 
N 4.69, C1 29.64%; found: C 28.23, H 2.99, N 4.46, C1 
29.93%. 

2: I,5-Pentanediammonium pentachlorothallate(III), (1 : 1,3rd 
crop, mp 266-268"C, colourless prisms). Anal. calcd.: C 
12.36, H 3.32, N 5.77, C1 36.49%; found: C 12.33, H 3.30, N 
5.73, C1 36.58%. 

3: Pentakis(2-adamantaneammonium) bis[tetrachlorothal- 
late(III)] hexachlorothallate(III), (2: 1, 2nd crop, mp 262- 

263"C, slightly yellow prisms). Anal. calcd.: C 32.10, H 4.85, 
N 3.74, C1 26.53%; found: C 34.03, H 5.19, N 3.86, C1 
27.18%. 

4: Bis(piperazinium) decachlorodithallate(III), (1: 1,2nd crop, 
mp 250-251°C, colourless prisms). Anal. calcd.: C 9.67, H 
3.04, N 5.64, C1 35.68%; found: C 9.64, H 3.04, N 5.52, C1 
35.75%. 

Crystallography 
Data for compound 1 were collected using a C A D 4  four-cir- 
cle diffractometer and a Rigaku AFC5R system for 2-4. Cell 
constants and orientation matrices for data collection were 
obtained from least-squares refinements using a number of 
carefully centred reflections (1,25; 2 4 2 4 )  in the 20 ranges 1, 
24"-30"; 3 ,38"40°;  and 2 and 4, 39"40°. For compound 1, 
an empirical absorption correction (DIFABS) (9) was used; 
for compounds 2-4, semi-empirical absorption corrections 
based on azimuthal scans of several reflections (10) were 
applied. Lorentz and polarization corrections were also 
applied. The intensities of three representative reflections 
were measured after every 150 reflections. Significant decay 
was observed only for 3 (ca. 15%) and a linear correction fac- 
tor was calculated to account for this. Equivalent reflections 
were merged, apart from those from Friedel pairs for the non- 
centrosymmetric structures 2 and 3. 

The structures were solved by Patterson methods (ll), 
which revealed the positions of the thallium atoms. All 
remaining non-hydrogen atoms were located in Fourier expan- 
sions of the Patterson solution (12). Except for 3, described 
below, all of the non-hydrogen atoms were refined anisotropi- 
cally. All hydrogen atoms bonded to carbon and nitrogen were 
fixed in geometrically calculated positions with a C-H or N-H 
distance of 0.95 A. Hydrogen atoms bonded to oxygen in com- 
pound 4 were fixed in positions indicated by difference elec- 
tron density maps. Each hydrogen atom was assigned an 
isotropic temperature factor having a value 1.2 x Ueq of the 
atom to which it was bonded. Hydrogen atoms were not 
included for the disordered cation of compound 3 (see below). 
Extinction corrections were applied for 2 and 4 only. The final 
cycles of full-matrix least-squares refinements (13) were 
based on the observed reflections and variable parameters 
listed in Table 1 and converged with unweighted and weighted 
factors defined by: 

and 

All calculations were performed using the TEX~AN crystallo- 
graphic software package (14). Figures are presented as ORTEP 
plots (50% probability ellipsoids) (15). 

Structures 2 and 3 crystallized in non-centrosymmetric 
space groups. For 2, the data collection included the measure- 
ment of the Friedel opposites of all reflections in the unique 
octant, but for 3, severe decomposition of the crystal pre- 
cluded the measurement of any Friedel opposites. The correct 
choice for the direction of the polar axis was confirmed in each 
case by an additional refinement of the completed structures 
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Table 1. Crystallographic data. 

Formula 

M 
Crystal size/mm3 

TIK 
Radiation 

Scan type 
System 

Space group 
a/ A 
bl A 
CIA 
PI0 

v/A3 
z 

DJMg m-3 
Transmission 
coefficients 

20,,,(") 
F(OO0) 
Cl/mrn-' 

Measured reflections 
Unique reflections 

Observed reflections 
( I  > 3o(I)) 

Parameters refined 
Weighting scheme 

p-factor 
1 OOR 
1 OOR, 

Goodness of fit 
Max, min peak in 

difference maple 

14H20C15N2T1 

597.89 
- 

293(1) 
Mo K, 

h = 0.71069 A 
Wl20 

Monoclinic 
P2,lc 

7.515(2) 
2 1.376(6) 
12.769(2) 
92.13(2) 
2050(1) 

4 
1.937 

0.813-1.222 

C,H,,Cl5N2TI 

485.83 
0.22 x 0.27 x 0.27 

173(1) 
Mo K, 

h = 0.71069 A 
W120 

Orthorhombic 

C50H90C114N5T13 

1870.54 
0.20 x 0.25 x 0.32 

173(1) 
Mo K, 

h = 0.71069 8, 
W 

Monoclinic 

P2, 
16.466(5) 
25.985(2) 
7.724(3) 
90.14(3) 
3305(2) 

2 
1.880 

0.759-1.000 

C8H24C110N4T12.3H20 
993.48 

0.25 x 0.30 x 0.38 
173(1) 
Mo K, 

h = 0.71069 A 
a12 0 

Monoclinic 
C21c 

14.154(3) 
15.445(3) 
13.228(3) 
114.44(1) 
2632.7(9) 

4 
2.507 

0.525-1 .OOO 

using the program CRYSTALS (16) in which it is possible to 
refine the enantiopole, or Flack's x, parameter (17, 18). This 
parameter converged to -0.01 l(6) for 2 and 0.24(4) for 3. The 
reliability of this parameter for 3 is poor, but the correct direc- 
tion of the polar axis was further confirmed by the refinement 
of the inverse structure, which resulted in significantly higher 
R-factors (R = 0.063, R, = 0.059). 

The refinement of compound 3 presented special difficul- 
ties. One of the cations exhibited disorder over two sites hav- 
ing a common centroid. It was not possible to successfully 
build the disordered cation from the electron density peaks 
alone; therefore a rigid group was constructed to represent the 
idealized cation by combining several cyclohexane templates 
from the database of the TEXSAN program. Two of these ada- 
mantane rigid groups were then oriented to two sets of three 
electron density peaks that could be identified as belonging to 
the two disordered orientations of the cation. The result agreed 
well with the original peaks observed in this region, and it was 
possible to refine the individual isotropic temperature factors 
of the atoms within the rigid groups, but attempts to relax the 
rigid group constraints led to unsatisfactory results. 

The atoms of the anions of 3 were refined anisotropically, 

while the atoms of all cations were refined isotropically. 
Attempts to refine the ordered cations anisotropically did not 
reduce the R-factor significantly and led to several of these 
atoms having non-positive definite displacement parameters. 
It is possible that all of the cations, and not just one, are disor- 
dered to some extent. 

Differential scanning calorimetry curves for compound 2 
were obtained using a Mettler-Toledo TA 8000 instrument 
after sealing a crystalline sample (ca. 10 mg) in a standard alu- 
minum pan. Several heatingxooling cycles (10°C min-') 
were carried out that showed that the phase change profiles 
were reversible. Integration of the 45°C endotherm was per- 
formed with the instrument software. 

Discussion 

Four new salts containing polychlorothallate anions have been 
isolated and characterized by X-ray crystallography. In gen- 
eral, the products are easily prepared and isolated from acidic 
solution. Crystal data are presented in Table 1, and fractional 
atomic coordinates for each of the chlorothallate(III) com- 
pounds 1-4 are presented in Tables 2-5, respectively. Perti- 
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James et al. 

Table 2. Fractional atomic coordinates and equivalent isotropic temperature 
factors (A2) for compound 1. Ueq is defined as one third of the trace of the 
orthogonalized Uij tensor. 

Atom x Y z u ~ q  

Table 3. Fractional atomic coordinates and equivalent isotropic temperature 
factors (A2) for compound 2. Ucq is defined as one third of the trace of the 
orthogonalized U,. tensor. 

Atom x Y z 4, 

nent bond lengths and angles for the chlorothallate anions of parameters for all atoms including hydrogens; anisotropic 
each salt are presented in Table 6. Hydrogen bonds (N-H--- thermal parameters of nonhydrogen atoms where applicable; 
C1) are evident in each structure, and these are summarized in isotropic temperature factors of hydrogen atoms and other 
Table 7. The following information has been deposited for atoms where applicable; bond lengths, bond angles, and tor- 
compounds 1-4:~ complete experimental details; positional sion angles. 

Copies of material on deposit may be purchased from: The Depository of Unpublished Data, Document Delivery, CISTI, National Research 
Council Canada, Ottawa, Canada KIA OS2. With the exception of anisotropic thermal parameters and torsion angles, these data have also 
been deposited with the Cambridge Crystallographic Data Centre, and can be obtained on request from The Director, Cambridge Crystallographic 
Data Centre, University Chemical Laboratory, 12 Union Road, Cambridge, CB2 lEZ, U.K. 
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Table 4. Fractional atomic coordinates and equivalent isotropic temperature 
factors (A') for compound 3. U,, is defined as one third of the trace of the 
orthogonalized Uji tensor. 

Atom x Y z Ucs 
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James et al 

Table 4 (concluded). 

Atom x Y z uc/cg 

c(33) 0.524(2) 0.079(1) 0.168(4) 0.094(9) 
c(34) 0.546(1) 0.0198(8) 0.166(3) 0.053(6) 
c(35) 0.471(1) -0.0097(9) 0.2 17(3) 0.059(6) 
c(36) 0.409(1) 0.000 1(8) 0.075(3) 0.047(5) 
c(37) 0.434(1) -0.01 6 l(8) -0.095(3) 0.048(5) 
COW 0.493(1) 0.0742(8) -0.142(3) 0.054(6) 
C(39) 0.513(1) 0.0159(8) -0.143(3) 0.052(6) 
C(40)b 0.581(1) 0.002(1) 0.029(3) 0.067(7) 
C(4 I ) ~  0.381(1) 0.3050(6) 0.424(2) 0.05(1) 
C(42)b 0.4099(9) 0.346 l(7) 0.554(2) 0.04(1) 
C(43)b 0.352(1) 0.3478(7) 0.709(2) 0.06(1) 
C(44)b 0.265(1) 0.3613(7) 0.646(2) 0.06(1) 
C(45)" 0.2363(9) 0.3202(8) 0.5 16(3) 0.09(2) 
C(46)b 0.295(1) 0.3185(7) 0.360(2) 0.04(1) 
C(47)b 0.41 l(1) 0.399 l(7) 0.465(3) 0.08(2) 
C(48)' 0.325(1) 0.4127(6) 0.40 l(3) 0.08(1) 
C(49)b 0.267(1) 0.4143(7) 0.556(3) 0.05(1) 
C(50)b 0.296(1) 0.37 16(8) 0.27 l(2) 0.06(1) 
C(5 I ) ~  0.381(1) 0.3090(6) 0.565(2) 0.035(8) 
~ ( 5 2 ) ~  0.296(1) 0.3287(7) 0.6 16(2) 0.05(1) 
~ ( 5 3 ) "  0.2378(8) 0.3227(8) 0.46 l(3) 0.034(9) 
C(54)b 0.270(1) 0.3542(7) 0.307(2) 0.05(1) 
C(55)b 0.355(1) 0.3346(7) 0.256(2) 0.040(9) 
C(56)b 0.4131(8) 0.3405(7) 0.410(2) 0.034(8) 
C(57)b 0.301(1) 0.3858(7) 0.667(2) 0.05(1) 
C(58)b 0.334(1) 0.4 174(5) 0.5 13(3) 0.08(1) 
C(59)b 0.275(1) 0.4 1 14(7) 0.358(3) O.lO(2) 
C(60)b 0.4 19(1) 0.3977(7) 0.462(3) 0.05(2) 

"Origin defined by fixing the y coordinate of TI(1). 
'Disordered atom with site occupation factor of 0.5. 

Table 5. Fractional atomic coordinates and equivalent isotropic temperature 
factors (A') for compound 4. U,, is defined as one third of the trace of the 
orthogonalized U,, tensor. 

Atom x Y z 
ucq 

T1 0.06037(1) 0.24618(1) 0.12933(2) 0.01 154(7: 
c1( 1) 0.25 158(9) 0.23607(8) 0.1919(1) 0.0 183(4) 
Cl(2) 0.03437(9) 0.08415(8) 0.1025(1) 0.0161(4) 
Cl(3) 0.07339(9) 0.41455(7) 0.1614(1) 0.0 120(4) 
CI(4) 0.0065(1) 0.27350(8) -0.0746(1) 0.0208(5) 
Cl(5) -0.1 1889(8) 0.24906(8) 0.1336(1) 0.0130(4) 
o( 1) 0.3278(3) 0.3950(2) 0.3728(3) 0.019(1) 
O(2Y 0.0 -0.1275(3) 0.25 0.0 19(2) 
N(1) 0.2902(3) 0.5554(3) 0.63 1 l(3) 0.014(2) 
N(4) 0.1745(3) 0.4526(3) 0.4375(4) 0.013(2) 
c(2) 0.2858(4) 0.4594(3) 0.638 l(4) 0.0 17(2) 
c(3) 0.1870(4) 0.4240(9) 0.5496(4) 0.014(2) 
c(5) 0.1765(5) 0.5492(3) 0.43 lO(5) 0.0 19(2) 
c(6) 0.2761(4) 0.5854(4) 0.5 184(4) 0.020(2) 

"Atom O(2) lies on a 2-fold axis. 
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Table 6. Important bond lengths (A) and angles (") for 
the chlorothallium fragments. 

Table 6 (continued). 

Compound 3 

Compound 1 

Symmetry operators: 
(i) -x, -y, -z, (ii) 1 -x, -y, -z 

Compound 2 

Symmetry operators: 
(i) 1/2 - x,  1 - y, -1/2 + z (ii) 1/2 - x, 1 - y, 1/2 + x 

Symmetry operators: 
(i) x ,  Y, -1 + z (ii) x, Y, 1 + z 
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James et al. 

Table 6 (concluded). Table 7 (concluded). 

Compound 4 

I Symmetry operators: (i) -x, y, 112 - z 

I 
I Table 7. Hydrogen-bond geometry (A,') for the four thallium- 
i containing salts. 

D-H...A 

Compound 1 
N(1)-H(IOl)..€l(5)' 
N(l)-H(102).~€1(1)ii 
N(1)-H(102)..€1(3) 
N(1)-H(103)..€1(2) 
N(2)-H(201)..€1(4) 
N(2)-H(201)..€1(5) 
~(2)-~(202)..€1(6)' 
N(2)-H(203)..€1(1)'" 

Symmetry code: (i) 1-x, -y, -z; (ii) -x, -y, -Z; (iii) 1 + x, Y, z 

Compound 2 
N(1)-H(101)..€1(4) 
N(1)-H(102)..€l(l)' 
N(1)-H(102)..€1(3) 
N(1)-H(102)-Cl(3)' 
N(1)-H(103)..€1(5)" 
N(2)-H(20 1 )..€1(3)"' 
N(2)-H(202)~~€1(2)" 
N(2)-H(202)..€1(5y1' 
N(2)-H(203)..€l(l)' 
N(2)-H(203)..€1(4)" 

Symmetry code: (i) 112 - x, 1 - y, -112 + z; (ii) x, y, -1 + z; 
(iii) -x, 112 + y, 112 - z; (iv) 112 - x, -y, -112 + z; (v) 112 + X, 
112 - y, 1 - 2. 

Compound 3 
~(1)-~(61)..€1(32)' 
N(1)-H(6 1)..€1(34)' 
N(1)-H(62)...Cl(ll)' 
~(1)-~(62)..€1(14)" 
~(1)-H(63)..€1(12)' 
~(2)-~(64). .€1(14)~~~ 
~(2)-H(65)..€1(3 1)" 
N(2)-H(66)..€1(36)" 
N(3)-H(67)..€1(32) 
N(3)-H(68)..€1(34)' 
N(3)-H(69)..€1(35) 
N(4)-H(70)..€1(33)' 
N(4)-H(70)..€1(35) 
N(4)-H(7 1)..€1(3 1)" 
N(4)-H(72)..€1(13) 
N(4)-H(72)..€1(36) 

For the disordered 
D-.A 

N(41)'..€1(23) 
N(5 1)'..€1(23) 
N(41)..€1(24) 
N(5 1)..€1(24) 
N(41)..€1(33) 
N(5 1)-Cl(33) 
N(41)..€1(35) 
N(5 1)..€1(35) 

cation: 
D-.A 

3.26(2) 
3.29(2) 
3.23(2) 
3.30(2) 
3.24(2) 
3.18(2) 
3.26(2) 
3.25(2) 

Symmetry code: (i) 1 + x, y, z; (ii) 1 + x, y, 1 + z; (iii) 1 - X ,  

112 + y, -z; (iv) 1 -x ,  112 + y, 1 - z; (v)x, y, -1 + z. 

Compound 4 
N(1)-H(12)-Cl(3)' 3.288(4) 2.39 157 
N(4)-H(4 1)..€1(3) 3.377(4) 2.78 122 
N(4)-H(41)..€1(3)" 3.25 l(4) 2.43 145 
N(4)-H(4 1)++€1(5)" 3.282(4) 2.84 110 

Symmetry code: (i) x, 1 - y, -112 + Z; (ii) -x, Y, -112 - z; 
(iii) -112 + x, 112 - y, -112 + Z; (iv) x, -Y, 112 - Z. 

To make a comparison of the structural features of the four 
salts, it is first useful to consider the structure of 4-chloropyri- 
dinium pentachlorothallate(III), which has a discrete pentaco- 
ordinated [ ~ 1 ~ 1 , ] ~ -  anion (7). This anion exhibits a slightly 
distorted square pyramidal geometry with TI-Cl distances 
that range from 2.443(4) to 2.551(5) A, the shortest distance 
being the apical T1-Cl bond. The two longest basal TI-Cl 
bonds are involved in hydrogen bonds to the cation, giving 
cation-anion-cation units. 
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The asymmetric unit of salt 1 (Fig. 1) contains two sym- 
metry-independent p-toluidinium cations and a [ ~ 1 ~ 1 ~ ] ~ -  
fragment. In the structure, two chlorine atoms lie on crystallo- 
graphic inversion centres, and therefore each forms a bridge 
between two thallium centres. In this way, the chlorine atoms 
form a distorted octahedron about each thallium tom, giving 
the overall stoichiometry for the anions of [TICI,CI,,~C~,, d2-. 
The two bridging T1-Cl distances are long (2.8073(7) and 
2.7986(7) A)) while the terminal TI-Cl distances are close to 
2.5 A, which is typical of six-coordinated Tl(II1) (19). A pro- 
jection of the structure on the (001) plane (Fig. 2) shows that 
the chlorothallate(III) anions form infinite, one-dimensional 

Fig. 2. Packing diagram of salt 1 (projection on (001) plane) 
showing the anionic cis chains. 

cis-linked (zigzag) chains (i.e., a Wells type (ii) chain) (20) 
that run parallel to the a axis (Fig. 2). Structural features for 
the cation are consistent with previous studies (21). The cat- 
ions lie approximately parallel to the (100) planes, and they 
are linked via hydrogen bonds to the anionic chain such that 
all chlorine atoms act as hydrogen-bond acceptors. The 
anionic chains are not cross-linked by any hydrogen bonds. 

Compound 2 contains a [ T ~ c I ~ ] ~ -  anion and a pentanediam- 
monium dication in its asymmetric unit (Fig. 3). The anions 
are distorted square pyramidal, with four terminal TI-Cl 
distances varying from 2.482(1) to 2.530(1) A, while the 
T1-Cl(3) distance is longer (2.655(1) A). The angles made 

Fig. 3. Asymmetric unit (ORTEP) of salt 2. Hydrogen atoms on carbon centres have been 
removed for clarity. 
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James et al 

Fig. 4. Packing diagram of salt 2 (projection on (100) plane) illustrating the formation of the anionic 
chains through bridging Cl(3) sites. Hydrogen atoms on carbon centres have been removed for 
clarity. 

between the apical T1-Ll(4) bond and those bonds in the Table 8. Cell Constants for compound 2 at different temperatures. 
basal plane vary from 85.52(5) to 103.1 2(5)". The calculated 
distance of the T1 atom from the basal plane is 0.388(1) A, Temperature, OC a, A b, A c, A 
while the mean deviation of the four basal C1 atoms from the 
plane is 0.037 (2) A. 

Each [ ~ 1 ~ 1 , ] ~ -  anion is related to another by a twofold screw 
axis along the c axis, giving a T1---Cl(3') contact distance of 
3.225(5) A. Thus Cl(3) forms a lopsided bridge between two 
thallium centres, and the longer T1-Cl(3) distance 2.655(1) A 
is typical for a TlCl asymmetric bridging bond (5). A helical or 
zigzag anionic chain extending along the c axis is formed (Fig. 
4), but the contact distances suggest considerably weaker 
[ ~ 1 ~ 1 , ] ~ - - - - [ ~ 1 ~ 1 , ] ~ -  interactions than those in both 1 and 
Cs2TlC15. Each chain of poly [ ~ 1 ~ 1 , ] ~ -  cross links via hydro- 

en bonding from N(1)-H to Cl(3) (N(1)---Cl(3) = 3.306(5) 1) in one chain to Cl(3') (N(1)---(C13') = 3.283(5) A) in a 
neighbouring chain, thus forming a planar hydrogen-bonded 
network parallel to the ab plane. There are no T1---Cl-TI inter- 
actions between the anionic chains. The N(l) hydrogen atoms 
are also involved in hydrogen bonding to C1(1), C1(4), and 
Cl(5) (Table 7). All five chlorine atoms are hydrogen-bond 
acceptors from the N(2) hydrogen atoms, although not from 
the same asymmetric unit. The overall result is a complex 
three-dimensional network of hydrogen bonding connecting 
anions and cations within the ab layers and between the layers 
(Fig. 4). An alternative way of describing this system would be 
as an anion---cation---anion linkage where the anion is poly 
[ ~ i c i , ] ~ - .  

compound 2 crystallizes in a non-centrosymmetric space 
group (the absolute structure has been determined) with two 
cell dimensions of comparable length. Such compounds may 
display piezoelectric effects. Several halogenometallate com- 
pounds have been shown to undergo order-disorder phase 
transitions (such as K2SnCl,) (22) and hydrogen-bonded 
materials constitute a significant group of piezoelectric com- 
pounds. For example, in methylammonium trichloromer- 

Fig. 5. Differential scanning calorimetry curve for salt 2. 

curate(II), N-H---Cl hydrogen bonding appears to be the 
ordering mechanism by which ferroelectricity is established 
(23). Although piezoelectricity has not been confirmed for salt 
2, measurements of the cell constants at three different tem- 
peratures (Table 8) suggest that the parameters a and b might, 
at some point, become equal and thus convert the unit cell to a 
tetragonal system, especially since the b axis contracts with 
increasing temperature. A phase transition was not observed 
in the differential scanning calorimetry data (Fig. 5) between 
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Fig. 6. Asymmetric unit (ORTEP) of salt 3. Hydrogen atoms on carbon centres have been 
removed for clarity. 

room temperature and -180°C, but a significant endothermic Fig. 7. Packing diagram of salt 3 (projection on (001) plane). All 
event (ca. 2.2 kJ mol-'), which might be associated with ion hydrogen atoms have been removed for clarity. Thin lines 
reorientation, was observed at 45°C. A marked "shoulder" between anions and cations represent hydrogen bonding. An 
observed on this peak near 35°C suggests that there may be a additional set of cations has been added in the lower left side of 
gradual approach to the transition, similar to that proposed by the figure, as well as an extra   TIC^,]'- in the middle of the figure 
Stramme for sodium perchlorate (24). This, together with a to illustrate the anionic columns and cation---anion---cation 
smaller (possibly second-order) transition at ca. 58"C, indi- chains which run parallel to the c axis. 
cates that the thermal behaviour of the material is complex. In 
view of its high melting point (266°C) this compound is wor- 
thy of further investigation as a phase change material. 

The asymmetric unit of salt 3 (Fig. 6) contains two structur- 
ally different [TlCl,]- groups and one [ ~ 1 ~ 1 ~ ] ~ -  fragment, 
together with five 2-adamantaneammonium groups, one of 
which is disordered. The tetrahedral geometry of one of the 
[TlCl,]- groups is regular, whereas the other (Tl(1)) is severely 
distorted (Table 6). The distorted tetrahedral [TlCl,]- anion 
weakly bridges two regular [ T I C ~ ~ ] ~ -  octahedra via two long 
TI---C1 contacts. This allows the distorted tetrahedral species 
to adopt a pseudo-octahedral geometry. In turn, each [ ~ 1 ~ 1 , ] ~ -  
fragment bridges two distorted [TlCl,]- fragments. The bridg- 
ing Tl--Cl bond lengths of the [T1c1613- ions are 2.657(5) and 
2.667(5) A, and the bridging Tl(1)---C1 contacts are 3.1 15(5) 
and 3.109(5) A. The bridges therefore have the same asym- 
metric nature as those observed in compound 2. The [ ~ 1 ~ 1 ~ ] ~ -  
and [TlCI,]- ions thus form a chain parallel to the c axis by ver- 
tex sharing such that the linkages are cis related in both the 
[TlCl,]- and [ T ~ c I ~ ] ~ -  species (Fig. 7). To our knowledge, this 
type of chain has not been described previously for chloro- 
thallate anions. 

The hydrogen-bonding network in compound 3 is complex. 
Two of the chlorine atoms in the regular tetrahedral [TlCl,]- 
anion are not involved in N-H---Cl hydrogen bonding (Table N(4). The N(3) and N(4) containing cations are also involved 
7). The disordered cation (N(51)) is hydrogen bonded to two with hydrogen bonding to the distorted [TlCl,]- anion. The 
of the regular [TlCI,]- fragments as well as to two of the chlo- N(l) and N(2) containing cations are hydrogen bonded to the 
rine atoms in the [ ~ 1 ~ 1 ~ ] ~ -  species. In addition, this latter anion distorted [TlCl,]- groups as well as to the [TlCl 13- moiety. As 
receives hydrogen bonds from the cations containing N(3) and a result, there is a chain of anionic --[T~cI~~----[TIc~~I---- 
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Fig. 8. Formula unit (ORTEP) of salt 4. Hydrogen atoms on the carbon centres have 
been removed for clarity. 

[T~cI,]~--- units hydrogen bonded to four of the five surround- 
ing adamantaneammonium cations that thus forms a thick col- 
umn running along the c axis. The regular tetrahedral [TlCI,]- 
ion and the disordered cation (Fig. 7) form another chain via 
hydrogen bonding, giving a cation---anion---cation linkage. 
The two chains run parallel to each other, and these are cross- 
linked through hydrogen bonding via the disordered cation. 
The regular tetrahedral [TlCl,]- ion engages in hydrogen 
bonding with only the disordered cation. 

The asymmetric unit of salt 4 contains the [TlCl,] fragment, 
one piperazinium cation, and 1.5 water molecules. The for- 
mula unit is related to the asymmetric unit by a twofold axis: 
the anion has twofold symmetry and one of the water mole- 
cules lies on a twofold axis. The resulting solid state structure 
(Fig. 8) is thus composed of piperazinium cations, H 2 0  mole- 
cules, and [TI,CI,,]& anions, the dimeric alternative to 
[ ~ 1 ~ 1 , ] ~ - .  The dimerization results in the thallium centres hav- 
ing distorted octahedral coordination, and the bridging TI-Cl 
distances are 2.562(1) and 2.894(1) A. Alternating layers of 
cations and anions are clearly visible (Fig. 9) in the projection 
on the (001) plane. The cations are involved in hydrogen bond- 
ing to water molecules and to the chlorine atoms of the anion. 
The dimeric anion in salt 4 is similar to those observed previ- 
ously in CaTlCl,(H,O), and in "pyridinium enneachlorodi- 
thallate(II1)" (25). The piperazinium dication adopts the 
"chair" conformation and displays structural parameters com- 
parable to those in previous reports (see for example, ref. 26). 
The unique water molecule plays a central role in the hydro- 
gen-bonding array. Its hydrogen atoms interact with the termi- 
nal C1 atoms of different [ ~ l , ~ l , , ] ~  units, while the oxygen 
atom interacts with the piperazinium N-H group. In addition, 
the symmetrical water molecule (O(2)) links the anion chains 
in the c-direction. 

Conclusion 
Three of the compounds (1,2, and 4) possess the TlCl, stoichi- 
ometry, but none contains the isolated [ ~ 1 ~ 1 , ] ~ -  anion. In addi- 
tion, three of the structures reported here (1,2,  and 3) possess 

Fig. 9. Packing diagram of salt 4 (projection on 001 plane). 
Hydrogen atoms on the carbon centres have been removed for 
clarity. 

anions that are linked into chains, all of the "vertex-sharing" 
type. In general, the factors that govern the formation of any 
particular chain in these anionic coordination complexes are 
not known. In the case of the chlorothallates, however, it is 
clear that entrv of a chloride ion into the metal's coordination 
sphere is often favoured over that of water, but this trend is 
cation dependent, as shown by the contrasting structures of the 
potassium and rubidium salts that have the [TlCl,(H,O)] for- 
mula (4). As a result, catenation of some type so as toproduce 
a polynuclear system is more often observed than the mono- 
nuclear [TICI,:OH,]~- anion. In the context of the structures 
for compounds having the TlCl, stoichiometry, the non-chain 
arrangement in the 4-chloropyridinium salt (7) now appears to 
be the exception rather than the rule, although the chain 
observed in compound 2 is probably rather weak. The steric 
requirements o f  the cation may also have a significant 
influence on the structure adopted around the thallium centre. 
Recently, a series of arene[SbC13], complexes has been 
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examined, and the steric demands of the arene as well as the 
formation of C1,Sb---Cl-SbC1, contacts were identified as key 
factors affecting the observed solid state structural features 
(27). Hydrogen-bonding arrangements observed in all four 
chlorothallate structures reported here also have an unpre- 
dictable effect on the structure of the resulting thallium anion, 
but it is likely that a subtle balance exists between TI---Cl and 
N-H---Cl contact formation. In view of these diverse effects, 
a careful crystallographic reexamination of other salts contain- 
ing weakly coordinating anions including the tetraethylammo- 
nium pentachlorothallate(1II) salt would be of interest (8). 
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~ The synthesis and high-resolution 
NMR spectroscopy of ethyl N-(2- 
triphenylmethylthio)ethanoyl-0-(4'-[4"-(I "- 
bis(2"'-chloroethyl)amino)phenyl]butanoyl}- 
L-seryl-S-benzyl-L-cysteine: a chelate- 
chlorambucil complex for use as a ligand 
for 9 9 m ~ ~  radio-imaging 

Russell A. Bell, Donald W. Hughes, Colin J.L. Lock, and John F. Valliant 

Abstract: A potential agent for the imaging of tumours has been synthesized from the antineoplastic agent chlorambucil. 
Standard peptide coupling techniques were used to synthesize a tripeptide covalently coupled to chlorambucil in 10 steps. The 
final product was characterized by high-resolution NMR spectroscopy. 

Key words: ethyl N-triphenylmethylthioethanoyl-O-{4'-[4"-(1"-bis(2"'-chloroethyl)amino)phenyl]butanoyl)-~-seryl-S-benzyl- 
L-cysteine, NMR spectroscopy, synthesis, radio-imaging agent. 

Resum6 : Utilisant l'agent antinCoplasique, on a synthCtisC un agent pouvant Cventuellement servir dans l'imagerie des tumeurs. 
On a utilisk les techniques standard de couplage des peptides pour synthetiser, en 10 Ctapes, un tripeptide liC d'une faqon 
covalente 2 du chlorambucil. On a caract6risC le produit final h l'aide de la spectroscopie RMN 2 haute risolution. 

Mots clis : N-triphCnylm~thylthio~thanoyl-0-{4'-[4"-(1"-bis(2"'-chloroCthyl)amino)phCnyl)butanoyl])-~-sCryl-S-benzyl-~- 
cystkine d'Cthyle, spectroscopie RMN, synthkse, agent pour radio-imagerie. 

[Traduit par la rCdaction] 

Introduction 

There are a number of approaches to the synthesis of techne- 
tium complexes that may act as radio-imaging agents. Of 
these, one of the most important is the synthesis of relatively 
small molecules that can chelate the technetium atom and that, 
typically, have three, four, or five coordinating atoms (1, 2). 
Examples are the ligands based on the N,Nf-bis(mercapto- 
ethyl) ethylenediamine framework, which has two nitrogen 
and two sulphur coordinating atoms (3). A second, important 
method is to bind one of these small chelating groups to a bio- 
logically significant molecule, often through a spacer chain. 
The biological molecule should have a well-defined receptor 
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in the human body and, preferably, the nature of the binding 
site in the biological molecule should be known. The chelant 
group is bound to the biological molecule at a position distant 
from the binding site, and one hopes that the chelated metal is 
sufficiently far away that it does not interfere markedly with 
binding of the combined molecule to the receptor. Radio- 
imaging agents based on monoclonal antibodies, naturally 
occumng biological molecules, and drugs have all been pre- 
pared (4). An increasingly popular, third alternative is to syn- 
thesize relatively small polypeptides, with one end providing 
the site that binds to the receptor and the other end providing 
the chelant groups. In this paper we describe a combination of 
the two last procedures where we have used a tripeptide to pro- 
vide the chelant group and the anti-cancer drug chlorambucil 
( 5 , 6 )  as the biological molecule. 

Results and discussion 
The first method used to try to synthesize 1 (see Fig. 1) was to 
make the tripeptide fragment and attach chlorambucil subse- 
quently. This led, however, to an inseparable mixture, despite 
the coupling method used.3 In the successful approach the pro- 

The methods used the following combinations of coupling 
reagents: oxalyl chloride - dimethylformamide , DCC-DMAP, 
EDAC-HCl-DMAP. 

Can. J. Chem. 74: 1503-151 1 (1996). Printed in Canada 1 Imprime au Canada 
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Fig. 1. Ethyl N-(2-triphenylmethy1thio)ethanoyl-0-14'-[4"-(1"- 
bis(2"'-chloroethy 1)amino)pheny llbutanoy 1) -L-seryl-S-benzyl-L- 
cysteine, 1. 

tected dipeptide L - S ~ ~ - L - C ~ S ~  was coupled to chlorambucil 
before the addition of the mercaptoethanoic acid fragment. 

The synthesis of the dipeptide-chlorambucil molecule is 
outlined in Fig. 2. The ethyl ester of S-benzyl-L-cysteine, 3, 
was produced as the tosylate salt. The free amine of the 
cysteine derivative was subsequently coupled to N-tert-bu- 
toxycarbonyl-L-serine, in 80% yield, with ethyl-3-(3-dime- 
thyl-amino)propylcarbodiimide hydrochloride (EDAC-HCl). 
The use of the water-soluble carbodiimide resulted in a product 
that could be isolated bv recrvstallization. This was in contrast 
to reactions in which the coupling reagent was dicyclohexyl- 
carbodiimide (DCC), where repeated chromatography was 
required in order to remove residual dicyclohexylurea. The 
protected dipeptide 5 contained a free hydroxyl group and was 
now ready for formation of the chlorambucil ester 6 .  The initial 
approach, which had limited success, was the preparation of 
the ester through the acid chloride (8). The improved proce- 
dure used EDAC-HCl and 4-dimethylaminopyridine (DMAP) 
as coupling reagents and gave 6 in 7 1 % yield. 

N-Hydroxysuccinimido-2-(triphenylmethylto)ethanoate, 8, 
has been reported to be a useful material with which to intro- 
duce protected mercaptoethanoic acid into a molecule (9). The 
literature ~rocedures for the ~rotection and activation of mer- 
captoethanoic acid are low-yield reactions that leave the final 
product contaminated with starting material and (or) dicyclo- 
hexylurea. In our approach to the protection of mercaptoeth- 
anoic acid (Fig. 3), the acid and triphenylcarbinol were 

In this paper we have used a number of abbreviations. These are: 
AcOH, acetic acid; ACQ, acquire; BIRD, bi-linear rotation 
decoupling; Bn, benzyl; Boc, tert-butoxycarbonyl; COSY, 
correlation spectroscopy; DCC, dicyclohexylcarbodiimide; DCI, 
direct injection chemical ionization; DMAP, 
dimethylaminopyridine; EDAC, ethyl-3-(3- 
dimethylamino)propylcarbodiimide; Et, ethyl; FID, free 
induction decay; HMBC, heteronuclear multiple bond 
correlation; HMQC, heteronuclear multiple quantum coherence; 
HRDEI, high-resolution direct injection electron impact; HSQC, 
heteronuclear single quantum coherence; NMR, nuclear magnetic 
resonance; NOESY, nuclear Overhauser effect spectroscopy; 
TFA, trifluoroacetic acid; TLC, thin-layer chromatography; 
TOCSY, total correlation spectroscopy; Tr, triphenylmethyl; 
TsOH, p-toluenesulphonic acid. In addition, the standard three- 
letter abbreviations for amino acids are used (7). 

dissolved in a mixture of acetic acid and dichloromethane, fol- 
lowed by the addition of boron trifluoride etherate. The use of 
dichloromethane as a cosolvent allowed reaction to occur at 
ambient temperatures rather than at 80°C, as the literature sug- 
gested, and resulted in a very pure product that was obtained in 
high yield. Compound 8 was produced by coupling 7 and N- 
hydroxysuccinimide in acetronitrile with EDAC-HC1: the 
product precipitated in high yield and purity in a short reaction 
time. 

The addition of the final fragment, 8, required the removal 
of the carbarnate on the dipeptide-chlorambucil adduct (Fig. 
4) and this was accomplished with trifluoroacetic acid and tri- 
ethylsilane (9). The product, 9, after extraction with acqueous 
sodium carbonate solution, was coupled to 8 and gave the tri- 
peptide-chlorambucil adduct, 1. The overall yield from S- 
benzyl-L-cysteine was 30%. Compound 1 was subjected to 
high-resolution NMR analysis. 

NMR spectroscopy 
The Bruker DRX-500 spectrometer, with its gradient capabil- 
ity, allowed the acquisition of two-dimensional spectra in 
remarkably short time periods. The gradient-COSY (10-13) 
and HSQC (14-16) spectra for compound 1 were each 
acquired in 5.5 min on approximately 15 mg of sample. The 
majority of the aliphatic 'H and I3c signals of 1 were assigned 
(Tables 1 and 2) by the aforementioned two-dimensional tech- 
niques and these were consistent with assignments made for 
the synthetic precursors. There remained several assignments 
in both the proton and carbon atom spectra of 1 that could not 
be made unambiguously. Consequently, a Heteronuclear Mul- 
tiple Bond Correlation (HMBC) (17) experiment and a Het- 
eronuclear Multiple Quantum Coherence - Total Correlation 
Spectroscopy (HMQC-TOCSY) (18) experiment were per- 
formed (Figs. 5 and 6). 

The use of the HMBC pulse sequence with a low-pass J fil- 
ter allowed proton resonances to be correlated with neighbour- 
ing carbon atom resonances through spin coupling 
interactions of 'JH-,  and 3 ~ H _ ( 3  (Fig. 5). The initial use of the 
HMBC experiment was to assign the four carbonyl signals 
that corresponded to the two amide and two ester groups. The 
ethyl ester carbonyl peak (C-24) was assigned by correlation 
of the quartet of the methylene group of the ester (4.146 ppm) 
and the carbon atom signal at 169.9 ppm. The amide carbonyl 
signals were assigned by the observation of a two-bond corre- 
lation with the adjacent a proton signal. The a proton chemi- 
cal shifts had been assigned previously to the appropriate 
amino acid by use of the COSY experiment. The remaining 
carbonyl signal belonged to the ester between the chloram- 
bucil unit and the serine hydroxyl group. The HMBC experi- 
ment also facilitated the assignment of all the carbon atom 
signals in the aromatic systems as well as confirming the 
assignments of H-6, H- 12, and H- 19. 

The HMQC-TOCSY experiment (Fig. 6) was used to cor- 
roborate the 'H and I3c assignments. For example, the proton 
resonance at 4.382 ppm was assigned as the a proton of serine 
(H-9). In the HMQC-TOCSY experiment, H-9 exhibited a 
HMQC correlation to C-9, the carbon to which it is directly 
bound. As a result of the TOCSY portion of the pulse 
sequence, H-9 also showed correlation with H-8 and H- 10, the 
amide and p protons of serine, respectively. The proton signal 
assigned as H-10 also correlated to its directly bound carbon 
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Bell et al. 

Fig. 2. The synthetic pathway to ethyl N-tert-butoxycarbony1-0-{4'-[4"-(1"-bis(2"'-chloroethyl)amino)phenyl]butanoyl]-~-seryl-S- 
benzyl-L-cysteine, 6. 

10% Na2CO3 - H 2 N 4 0 E t  

L n  Reflux, 48 h CH2C12 
SO; * [ 'SBn 1 

EDAGHCI / CH2C12 

Fig. 3. Synthesis of O-(N-hydroxysuccinimido)-2-(triphenylmethylthio)ethanoate, 8. 

EDAGHCI / DMAP 
P 

Chlorarnbucil 

I atom. As a result, all the proton and carbon atom signals within 
I the serine portion of the molecule could be assigned. The 

results of the HMQC-TOCSY experiment were consistent 
with the assignment made in Tables 1 and 2. 

The one-dimensional NOE difference spectra and the two- 
dimensional NOESY (19) spectra of 1 in CDCl, were entirely 

1 consistent with the assignments presented above. The pres- 
ence of strong NOES between H-9 and H-22, and between H-8 
and H-6 and the complete absence of NOES between H-9 and 

I H-6, and H-9 and H-23, showed the anticipated preponderance 

of the Z geometric isomers of the two amide groups. Other- 
wise the molecule appeared to be relatively flexible with no 
particularly demanding conformational preferences. Thus the 
ortho protons on each of the aromatic rings showed NOES to 
side-chain protons that were on carbon atoms one, two, and 
three bonds removed from the ring but there was no evidence 
for NOES over longer distances. Likewise there were no 
observable NOES between one set of aromatic protons and 
another that might have arisen from any possible stacking of 
the aromatic rings. 
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Fig. 4. The deprotection of 6 to yield 9 and subsequent coupling to 8 to yield ethyl N-(2-triphenylmethy1thio)ethanoyl-0- 
(4'-[4"-(l"-bis(2"'-chloroethyl)amino)phenyl]butan0y1)-~-se-~-benzy1-~-cysteine, 1. 

Fig. 5. The gradient HMBC spectrum of 1. 

1. TFA / Et3SiH 
w 

2. 10% Na2C03 / CH2CI2 
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Bell et al. 

Fig. 6. The HMQC-TOCSY spectrum of compound 1. 

Thus, the synthesis of 1 was completed in 10 steps with 30% 
overall yield. A combination of two-dimensional NMR tech- 
niques was used to assign completely the proton and carbon 
atom spectra. As a result of the spectrometer's gradient capa- 
bility the entire collection of spectra, 'H, I3c, COSY, HMQC, 
HMBC, HMQC-TOCSY, were collected within 6 h on a mod- 
erately dilute sample (15 mg/mL). The use of this compound 
as a reagent for the early detection of breast cancer is currently 
being investigated. 

Experimental section 

Analytical TLC was performed on silica gel 60-F254 (Merck) 
with detection by long-wavelength ultraviolet light. Chroma- 
tography was performed with a chromatotron (Harrison 
Research model 7924T) that used a 4 mm plate (EM Science 
silica gel 60 PF254 that contained gypsum). All commercial 
reagents were used as supplied. Solvents were distilled, under 
nitrogen, from calcium hydride. Nitrogen was dried by passing 
it through calcium sulphate. All reactions were protected from 
light and carried out under a slow flow of nitrogen. Solvents 
were evaporated with a rotary evaporator (20 Torr; 1 Torr = 
133.3 Pa) at elevated temperatures (30-50°C). 

The NMR spectra of 1 were recorded on a Bmker Avance 
DRX-500 spectrometer. Proton spectra were acquired at 
500.130 MHz with a 5 mm broadband inverse probe with tri- 
ple axis gradient capability. Spectra were obtained in eight 
scans in 32K data points over a 4.006 kHz spectral width 
(4.096 s acquisition time). Sample temperature was main- 
tained at 30°C by a Bmker Eurotherm variable temperature 
unit. Gaussian multiplication (line broadening: -1.5 Hz, 

Gaussian broadening: 0.2) was used to process the free induc- 
tion decay (FID), which was zero-filled to 64K before Fourier 
transformation. 

Proton COSY two-dimensional NMR spectra were 
recorded in the absolute value mode with the pulse sequence 
90"-tI45"-ACQ and included pulsed field gradients for 
coherence selection. Spectra were acquired in one scan for 
each of the 256 FIDs that contained 2K data points in F2 over 
the previously mentioned spectral width. The 'H 90" pulse 
width was 6.6 ps. A 1.0 s relaxation delay was employed 
between acquisitions. Zero-filling in F1 produced a 1K x 1K 
data matrix with a digital resolution of 3.91 Hzlpoint in both 
dimensions. During two-dimensional Fourier transformation a 
sine-bell squared window function was applied to both dimen- 
sions. The transformed data were then symmetrized. 

Carbon- 13 NMR spectra were recorded at 125.758 MHz 
with a 5 mm broadband inverse probe with triple axis gradient 
capability. The spectra were acquired over a 28.986 kHz spec- 
tral width in 32K data points (0.577 s acquisition time). The 
I3c pulse width was 4.0 ps (30' flip angle). A relaxation delay 
of 0.5 s was used. Exponential multiplication (line broaden- 
ing: 4.0 Hz) was used to process the FID, which was zero- 
filled to 64K before Fourier transformation. 

Inverse detected 'H-'~c two-dimensional chemical shift 
correlation spectra were acquired in the phase-sensitive mode 
and used the pulsed field gradient version of the HSQC pulse 
sequence. The FIDs in the F2 ('H) dimension were recorded 
over a 3.655 kHz spectral width in 1K data points. The 128 
FIDs in the F1 (I3c) dimension were obtained over a 21.368 
kHz spectral width. Each FID was acquired in two scans. The 
fixed delays during the pulse sequence were a 1.0 s relaxation 
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Table 1. The proton NMR assignments for ethyl N-(2-triphenylmethyl- 
thio)ethanoyl-0-(4'-[4"-(I "-bis(2"'-chloroethyl)amino)phenyl]butanoyl]-L- 
seryl-S-benzyl-L-cysteine, 1. 

Chemical shift, 8 Proton J(Hz) 

7.39b7.180 H-aryl 
7.016 H-16 3 ~ 1 6 , 1 7  = 8.8 
6.761 H-8 3 ~ 8 , 9  = 7.0 
6.679 H-22 3~22 ,23  = 7.6 
6.58 1 H-17 
4.663 H-23 
4.382 H-9 
4.146 H-25 
4.151 H- 10Aa 
4.009 H- 1 OB 3 ~ A X  = 4.9 

3 ~ B X  = 6.4 
2 ~ A B  =-11.2 

3.646 H-28 
3.678-3.563 H-19, H-20 
3.1 17 H - ~ A  2 ~ 6 A , 6 B  = -15.9 
3.065 H - ~ B  
2.872 H-27, 
2.814 H-27, 3 ~ A X  = 4.9 

3JBX = 5.7 
2 ~ A B  = -13.9 

2.491 H- 14 3~13 ,14  = 7.8 
2.299 H-12 3 ~ 1 2 , 1 3  = 7.5 
1.848 H-13 
1.225 H-26 3~25,26 = 7.1 

'In the case of diastereotopic pairs of protons, the symbols A and B refer to the 
downfield and upfield signals, respectively, where these could be resolved. 

delay and a polarization transfer delay of 1.786 ms. The 90" 'H 
pulse was 6.6 ps  while the 13c 90" pulse was 11.6 ps. The data 
were processed with a sine-bell squared window function 
shifted by n/2 in both dimensions and linear prediction to 256 
data points in F1 followed by zero-filling to 1K. 

The pulsed field gradient version of the HMBC pulse 
sequence was used to acquire the inverse detected 'H-'~c 
two-dimensional chemical shift correlation spectra through 
two- and three-bond coupling interactions in the absolute 
value mode. The FIDs in the F2 ('H) dimension were recorded 
over a 3.655 kHz spectral width in 1K data points. The 128 
FIDs in the F1 (13c) dimension were obtained over a 21.368 
kHz spectral width. Each FID was acquired in two scans. The 
fixed delays during the pulse sequence were a 1.0 s relaxation 
delay, a 3.3 ms delay for the low-pass J-filter, and 0.08 s delay 
to allow evolution of the long-range coupling. The 90" 'H 
pulse was 6.6 ps  while the 13c 90" pulse was 11.6 ps. The data 
were processed with a sine-bell window function in both 
dimensions and linear prediction to 256 data points in F1 fol- 
lowed by zero-filling to 1K. 

The HMQC-TOCSY spectra were acquired in the phase- 

sensitive mode. The FIDs in the F2 ('H) dimension were 
recorded over a 4.006 kHz spectral width in 1K data points. 
The 128 FIDs in the F1 (13c) dimension were obtained over a 
21.368 kHz spectral width. Each FID was acquired in 32 
scans. The fixed delays during the pulse sequence were a 1.0 s 
relaxation delay, a 0.3 s delay between the BIRD pulse and 
HMQC pulse sequence, and 3.571 ms for polarization trans- 
fer. The TOCSY s in lock was 100 ms. The 90" 'H pulse was f 6.6 ps  while the ' C 90" pulse was 11.6 ps. The 'H spin lock 
90" pulse width was 27.0 ps. The data were processed with a 
sine-bell squared window function shifted by n/2 in both 
dimensions and linear prediction to 256 data points in F1 fol- 
lowed by zero-filling to 1K. 

Proton-proton NOE difference spectra were obtained by 
subtraction of a control FID from an on-resonance FID. The 
decoupler in the control FID irradiated a position in the spec- 
trum where there was no proton signal. The on-resonance FID 
was obtained while the proton of interest was selectively satu- 
rated. In both cases the same decoupler power and duration of 
saturation (5.0 s) were used. This saturation period also served 
as the relaxation delay for both the control and on-resonance 
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Bell et al. 

Table 2. The carbon-13 NMR assignments for ethyl 
N-triphenylmethylthioethanoyl-0- (4'-[4"-(1"-bis(2"'- 
chloroethy1)arnino)pheny llbutanoy 11-L-seryl-S-benzy 1-L- 
cysteine, 1. 

Chemical Carbon Chemical Carbon 
shift (ppm) atom shift (ppm) atom 

I FIDs. The decoupler was gated off during acquisition. Eight 
1 scans were acquired for both the control and on-resonance 
I FIDs and were repeated four times for a total of 32 scans for 

the final difference spectrum. A 90" 'H pulse width of 6.6 p,s 
was used. The FIDs were processed with exponential multipli- 
cation (line broadening: 4.0 Hz) and were zero-filled to 64K 
during Fourier transformation. The sample was not degassed. 

Two-dimensional NOESY spectra were acquired in the 
phase-sensitive mode with use of the pulse sequence: 90"- t,- 
90"-T-90"-ACQ. Phase-sensitive data were obtained with 
time proportional phase incrementation (TPPI) (20, 21). The 
mixing time T was 0.8 s. In the F2: dimension 2K data points 
were used during the acquisition of the 256 FIDs. Each FID 
was acquired in 32 scans over 4.006 kHz spectral width using a 
1.0 s relaxation delay. Zero-filling in the F1 dimension pro- 
duced a 1K x 1K data matrix after 2-D Fourier transformation 

1 

I of the phase-sensitive data. This resulted in an F2 digital reso- 
I 

1 lution of 3.91 Hzlpoint. During the 2-D Fourier transform a 
sine-bell window function shifted by 3~/2 was applied to both 
dimensions. The transformed data were not symmetrized. 

The compounds used in this study were dissolved in CDCl, 
(Isotec, Inc.) to a concentration of approximately 15.0 mg/mL. 
Chemical shifts are reported in ppm relative to TMS. The 
residual solvent signals at 7.24 and 77.0 ppm were used as 

I internal references for the 'H and 13c spectra, respectively. 
I 
I 

All other NMR spectra were recorded on a Bmker AC-200 
I spectrometer. Proton spectra were acquired at 200.133 MHz 

with a 5 mm dual frequency probe. Spectra were obtained in 
eight scans in 16K data points over a 2.403 kHz spectral width 
(3.408 s acquisition time). Spectra were acquired at ambient 
probe temperature. The free induction decay (FID) was pro- 
cessed with exponential multiplication (line broadening: 0.1 
Hz) and was zero-filled to 32K before Fourier transformation. 

Carbon-13 NMR spectra were recorded at 50.323 MHz with 
the 5 mm dual frequency probe. The spectra were acquired 

over a 12.195 kHz spectral width in 16K data points (0.672 s 
acquisition time). The 13c pulse width was 1.5 p,s (42" flip 
angle). A 0.5 s relaxation delay was used. The FIDs were pro- 
cessed with exponential multiplication (line broadening: 3.0 
Hz) and zero-filled to 32K before Fourier transformation. 

Synthetic procedures 

2-(Triphenylmethy1thio)ethanoic acid, 7 
Triphenylcarbinol (24 g, 92.3 mmol) and mercaptoethanoic 
acid (8.5 g, 92.4 mmol) were dissolved in dichloromethane 
(50 mL) and glacial acetic acid (50 mL). A deep red solution 
was formed when boron trifluoride etherate (16 mL, 130 
mmol) was added. The solution was allowed to stir at room 
temperature for 1 h, during which a precipitate formed. The 
dichloromethane was removed in vacuo and water (100 mL) 
was added to the residue. The product was collected by filtra- 
tion and washed with water (3 x 100 mL), acetonitrile (50 
mL), and cold diethyl ether (20 mL). The product was recrys- 
tallized from benzene. Yield: 26.68 g, 87%; mp 155-157°C 
(lit. (9) mp 158.5-160.0°C); TLC: R, = 0.33 (10:90 v:v 
CH,OWCH,Cl,); 'H NMR (200 MHz) (CDCI,, 6: 7.25 (m, 
15H, aryl), 2.90(s, 2H, S-CH,); ',c NMR (50 MHz) (CDC13), 
6: 175.77 (COOH), 144.09-128.05 (C-aryl), 67.44 (CPh3), 
34.67 (S-CH,). 

O-(N-Hydroxysuccinimido)-2-(triphenylmethylthio)- 
ethanoate, 8 

N-Hydroxysuccinimide (1.72 g, 15 mmol) was added to 2- 
(triphenylmethy1thio)ethanoic acid (5.01 g, 15 mmol) in ace- 
tonitrile (20 d ) .  Solid ethyl-3-(3-dimethy1amino)propylcar- 
bodiimide hydrochloride (EDAC-HCl) (3.16 g, 16.5 mmol) 
was added to the mixture and the solution.became transparent 
after 5 min. Shortly thereafter a precipitate was seen. After the 
suspension was allowed to stir for 2 h the precipitate was col- 
lected by filtration. The colourless solid (3.88 g, 60%) was 
washed with cold acetonitrile (15 mL). After cooling the fil- 
trate to 4°C overnight an additional crop of product was col- 
lected by filtration (1.62 g, 25%); mp 183-185°C; TLC: R, = 
0.46 (2:98 v:v CH30WCH2C12); 'H NMR (200 MHz) (CDC13, 
6: 7.17 (m, 15H, H-aryl), 3.08 (s, 2H, S-CH,) 2.47 (s, 4H, 
CH,-C=O),); I3c NMR (50 MHz) (CDC13), 6: 165.0 ((CH,- 
C=O),), 163.00 (SCH,COON), 143.49 (C-ipso), 129.42 (C- 
ortho), 128.17) C-meta), 127.08 (C-para), 67.98 (CPh3), 
3 1.35 (S-CH,), 25.45 ((CH2-C=O),). 

Ethyl S-benzyl-L-cysteine p-toluenesulphonate, 3 
p-Toluenesulphonic acid (10.8 g, 56.8 mmol) was added to S- 
benzyl-L-cysteine (3.0 g, 4.2 mmol) in absolute ethanol (100 
mL). The mixture was heated to reflux for 48 h. The solution 
was then evaporated to dryness and diethyl ether (100 mL) 
was added. The resulting white precipitate was collected by 
filtration and washed with ether (200 mL). Yield: 4.67 g, 80%; 
mp 131-134°C: 'H NMR (200 MHz) (CD30D), 6: 7.299 (m, 
9H, H-aryl), 4.155 (q, 2H, 0CH2CH3), 4.102 (m, lH, H,N- 
CH), 3.752 (s, 2H, SCH2Ph), 2.886 (m, 2H, CH-CH,S), 2.319 
(s, 3H, CH3-Ph), 1.232 (t, 3H, 0CH2CH3); 13c NMR (50.3 
MHz) (CD,OD), 6: 169.12 (CO,Et), 143.15 (C-S03H 
(pTsOH-para C) 141.90 (Bn-ipso C), 138.61 (pTsOH-ips0 C), 
130.16 (pTsOH-meta C), 129.85 (Bn-ortho C), 129.66 
(pTsOH-ortho), 128.42 (Bn-para C), 126.95 (Bn-meta C), 
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Ethyl N-tert-butoxycarbonyl-~-seryl-S-benzyl-~-cysteine, 5 
Aqueous sodium carbonate (40 mL of 10%) was added to a 
suspension of 3 (5.0 g, 12.2 mmol) in dichloromethane (80 
mL). The mixture was shaken until everything dissolved. The 
aqueous layer was back-extracted with dichloromethane (2 x 
40 mL) and the organic layers combined and dried over anhy- 
drous sodium sulphate. The organic layers were combined and 
evaporated to dryness. The resulting yellow oil was then 
diluted with dichloromethane (50 mL). N-tert-Butoxycarbo- 
nyl-L-serine (2.27 g, 1 1.1 mmol) and EDAC-HCl(2.33 g, 12.2. 
mmol) were added to this solution. The solution was stirred 
under nitrogen and protected from light for 16 h. The solution 
was extracted with 1 N HCl(2 x 20 mL), 1 N NaHC03 (2 x 20 
mL), and distilled water (2 x 20 mL). The organic layer was 
evaporated to dryness and the resulting solid recrystallized 
from acetonitrile. Yield: 3.7 g, 80%; mp 78-79°C; TLC: Rf = 
0.58 (10:90 v:v CH30WCH2C12); 'H NMR (200 MHz) 
(CDCl,), 6: 7.308 (s, 5H, H-aryl), 5.485 (d, = 7.15, lH, 
amide NH), 4.740 (m, lH, CHCH,S), 4.155 (q, 2H, 
0CH2CH3), 4.066 (m, lH, CHCH20H), 3.688 (s, 2H, 
SCH2Ph), 3.650 (m, 2H, CHCH20H), 2.851 (m, 2H, 
CHCH2S), 1.751 (bs, OH), 1.436 (s, 9H, C(CH,),), 1.243 (t, 
3 J18,19 = 7.12, 3H, 0CH2CH3); 13c NMR (50 MHz) (CDC13), 

6: 171.18 (COOEt), 170.54 (amide C=O), 155.78 (carbarnate 
C=O), 137.42 (C-ipso), 128.86 (C-ortho), 128.03 (C-meta), 
127.17 (C-para), 80.36 (CtBu), 62.89 (OCH2CH3), 61.91 
(CH20H), 55.34 (CHCH2S), 51.74 (CHCH20H), 36.27 
(SCH2Ph), 32.97 (CHCH2S), 28.19 (C(CH3),), 13.95 
(OCH2CH3); MS (NH3-DCI), mlz (RI%): 444 (15, M+1+ 
NH,), 427 (100, M+1), 327 (30, M+l -Boc). 

Ethyl N-tert-butoxycarbonyl-0-/4'-[4"-(1"-bis(2"'- 
chloroethyl)amino)phenyl]butanoyl)-~-seryl-S-benzyl-~- 
cysteine, 6 

A solution of EDAC (100 mg, 0.52 mmol) and DMAP (6 mg, 
10 mol%) in dichloromethane (5 mL) was added to 5 (200 mg, 
0.47 mmol) and chlorambucil (136 mg, 0.45 mmol) in dry 
dichloromethane (15 mL). The reaction was stirred under a 
nitrogen atmosphere and protected from the light for 6 h. The 
solution was then extracted with 1 N HCl (2 x 10 mL), 1 N 
NaHCO, (2 x 10 mL), and distilled water (2 x 10 mL). The 
organic layer was concentrated and the product purified by 
chromatography (1% CH30H in CH2C12) to yield a colourless 
oil. Yield: 237 mg, 71%; TLC: Rf = 0.80 (5:200 v:v CH30W 
CH2C12); 'H NMR (200 MHz) (CDCI,), 6: 7.269 (s, 5H, H- 
aryl), 6.997 (d, 2H, aniline-meta), 6.997 (d, lH, amide NH), 
6.584 (d, 3 ~ =  8.77,2H, aniline-ortho), 5.210 (m, 3 ~ =  7.18, lH, 
Boc-NH), 4.7 10 (m, 1 H, CHCH,O), 4.43 1 (m, 3H, CH-CH20 
and CHCH2S), 4.154 (q, 2H, 0CH2CH3), 3.659 (s, 2H, 
SCH2Ph), 3.609 (m, 8H, CH2CH2Cl), 2.893 (m, 2H, 3 ~ A x  = 
4.90, 3 ~ B x  = 5.71, 2 ~ A B  = -19.6, CH2S), 2.497 (t, 2H, 
3 J = 7.77, CH2Ph), 2.307 (t, 3~ = 7.68, 2H, C(0)CH2), 1.852 
(m, 2H, CH2CH2CH2), 1.434 (s, 9H, C(CH3),), 1.233 (t, 3~ = 
7.16, 3H, 0CH2CH3); 13c NMR (50 MHz), 6: 173.18 
(C(0)CH2CH2CH2), 170.12 (C(0)OCH2CH3), 168.96 
(arnide-C(O)), 154.37 (Boc-C(O)), 144.26 (aniline-ipso), 
137.52 (aniline-para), 130.33 (benzyl-ipso), 129.60 (benzyl- 
ortho), 128.85 (benzyl-meta), 128.52 (aniline-meta), 127.21 

(benzyl-para), 1 12.08 (aniline-ortho), 80.60 (C(CH3),), 63.79 
(CH20C(0)), 61.85 (OCH2CH3), 53.49 (CH2C1), 5 1.79 
(CHCH,S and CHCH20), 40.43 (NCH,), 36.47 (SCH2Ph), 
33.80 (CH2Ph), 33.21 (C(0)CH2 and CHCH,S), 28.18 
(C(CH,),), 26.41 (CH2CH2CH2), 14.00 (OCH2CH3); MS 
(HRDEI), calcd.: 7 1 1.2540; found: 7 1 1.2526. 

Ethyl N-(2-triphenylmethy1thio)ethanoyl-0-14'-[4"-(1"- 
bis(2"'-chloroethyl)amino)phenyl]butanoyl}-~-seryl-S- 
benzyl-L-cysteine, 1 

Triethylsilane was added dropwise to a solution of 6 (50 mg, 
0.070 mmol) in trifluoroacetic acid, TFA (5 mL), until the yel- 
low solution became colourless. The reaction mixture, which 
was protected from light, was allowed to stir for 2 h before the 
TFA was removed in vacuo. The resulting oil was diluted with 
dry dichloromethane (20 mL) and the reaction mixture 
extracted with aqueous Na,C03 (10 mL, 10%). The aqueous 
layer was back-extracted with dichloromethane (2 x 10 mL) 
and the organic layers combined and evaporated to dryness. 
The resulting oil was diluted to 10 mL with dichloromethane 
and compound 8 (28 mg, 0.064 mmol) was added together 
with freshly distilled diisopropylethylamine (9.1 mg, 0.070 
mmol). The reaction was stirred under nitrogen and protected 
from light for 24 h. The product was isolated by chromatogra- 
phy (1% CH30H in CH2C12). Yield: 33 mg, 50%; TLC: Rf = 
0.71 (2:98 v:v CH,0WCH2C12). Anal. calcd.: C 64.7, H 5.9, N 
4.5%; found: C 65.2, H 6.1, N 4.6%. For NMR data see Tables 
1 and 2. 
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A gas-to-solid phase methanolysis method for 
the analysis of small amounts of 
oligosaccharides 

Daniel Derbie Asres and Helene Perreault 

Abstract: A gas-to-solid phase methanolysis method for the analysis of oligosaccharides is presented. The advantages of using 
this new gas-to-solid phase method, as opposed to conventional bulk phase techniques, are described, along with comparisons of 
results obtained from both techniques. The reliable bulk phase methanolysis methods are used as benchmarks for assessing the 
extent of completion of the gas-to-solid reactions. Gas chromatographic - mass spectrometric (GC-MS) data show that, in 
general, higher temperatures and longer reaction times are required for completion of the gas-to-solid methanolysis process than 
for completion of the bulk phase reaction. On the other hand, the gas-to-solid procedure requires only minimal amounts of 
substrate that would be difficult to characterize using bulk phase methanolysis due to losses during clean-up procedures. Gas-to- 
solid methanolysis reactions of permethylated di- and trisaccharides were investigated (GC-FID and GC-MS), following initial 
experiments performed in order to characterize the GC retention times and mass spectra of permethylated standard 
monosaccharides. Conversion of neutral disaccharides, as well as neutral and acidic trisaccharides, to their respective 
monosaccharides was successful using the gas-to-solid method. The GC-FID and GC-MS traces show that the gas-to-solid 
method gives a cleaner reaction than the bulk phase method. 

Key words: oligosaccharides, methanolysis, permethylation, gas chromatography - mass spectrometry, mass spectrometry. 

Resume : Le dCveloppement et l'optimization d'une mCthode phase gazeuse - phase solide pour la mCthanolyse 
d'oligosaccharides sont dCcrits. En se basant sur un mCthode de mCthanolyse conventionnelle pour fins de comparaison, le degrt 
de complCtion des reactions phase gazeuse - phase solide a pu Ctre Ctudit en fonction du temps et de la tempkrature. Les rtsultats 
d'analyses par chromatographie 2 phase gazeuse couplCe 2 la spectromttrie de masse (GC-MS) montrent qu'en gtntral, la 
mCthanolyse compl2te en phase gazeuse - phase solide requiert plus de temps et des temperatures plus ClevCes que la 
mCthanolyse conventionnelle en phase liquide. La mCthode phase gazeuse - phase solide a CtC appliquCe 2 des di- et 
trisaccharides permtthylCs, apres que des standards de monosaccharides permCthylCs ait CtC CtudiCs relativement 2 leurs temps 
de retention en chromatographie gazeuse couplCe 2 un dCtecteur 2 ionisation par flamme (GC-FID) et en GC-MS. La mCthode 
de mCthanolyse phase gazeuse - phase solide permet de briser les liens glycosiques au sein d'oligosaccharides neutres et 2 
caractere acide. De plus, cette mCthode permet d'utiliser des quantitCs de substrat moindres qu'avec la mtthode de mCthanolyse 
conventionnelle en phase liquide grice 2 I'omission des procCdures d'extraction nCcCssaires en phase liquide. 

Mots clLs : oligosaccharides, mCthanolyse, permCthylation, chromatographie gazeuse - spectromktrie de masse, spectromCtrie de 
masse. 

Introduction MS experiments can also be used to indicate branching pat- 

Structural analysis of oligosaccharides by mass spectrometry 
(MS) and tandem mass spectrometry (MS-MS) is useful for 
providing information on the total molecular weight and 
sequence of monosaccharides, but with limited ability in the 
latter case for distinguishing between different hexose or pen- 
tose isomers. In some cases (1-3), MS-MS allows for precise 
determination of the sequence of monosacharides by compar- 
ison with compounds of known structure, although this proce- 
dure becomes impossible in the absence of standards. Tandem 
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terns in oligosaccharides (4,s). 
The important and characteristic carbohydrate features left 

uncertain after direct mass spectrometric analysis of an oli- 
gosaccharide are the position and anomericity of glycosidic 
bonds and, most often, the exact nature of the monosaccha- 
rides involved in the sequence. Some differentiation between 
different types of hexoses (e.g., mannose vs. glucose vs. galac- 
tose, etc.) by methods using mass spectrometry can be 
achieved, provided that chemical modification such as peri- 
odic acid oxidation (6) is performed prior to mass spectral 
analysis. 

Sugar composition of a given oligosaccharide molecule 
may also be determined by means of methanolysis (7, 8) or 
acetolysis (9) followed by chromatographic analysis. These 
methods break the glycosidic bonds between sugar units 
(monosaccharides) and the products obtained can then be sep- 
arated by chromatography and identified according to their 
GC retention times and mass spectra using GC-MS. In gen- 
eral, native (underivatized) monosaccharides present a prob- 
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lem in routine chromatographic analysis since they 
decompose at the high temperatures used in GC. Moreover, 
they contain no chromophores for ultraviolet (UV) detection 
in high-performance liquid chromatography (HPLC). It is 
therefore necessary to perform derivatization following meth- 
anolysis or acetolysis. Trimethylsilylation (10) has so far been 
the most popular method used to derivatize monosaccharides 
for GC with flame ionization detection (FID), and for GC-MS 
analysis, although methylation ( l l ) ,  acetylation (12), and 
other methods have also been used. For HPLC-UV analysis, it 
is preferable to label the monosaccharides obtained from gly- 
cosidic cleavage with chromophores. Examples of reagents 
that have been used for this purpose include benzoyl chloride 
(13), benzoyl anhydride (14), 4-nitrobenzoyl chloride (IS), 
and benzyl chloride. 

This paper reports a new gas-to-solid phase methanolysis 
procedure that minimizes the amount of substrate required for 
determination of sugar content. The method was used to 
cleave ~l i~osacchar ides  that were permethylated prior to 
methanolysis. A very thin layer of solid substrate, containing a 
few nanomoles of the material, was deposited on the walls of 
an open capillary tube and exposed to the gas phase reagents. 
The products remained as solids on the surface of the tube and 
pumping at high vacuum was used to remove excess reagents 
and by-products. For this technique to be successful the 
reagents used must boil at much lower temperatures than those 
at which the substrates melt or decompose. Cleavage of the 
disaccharide lactose ( a  and P) was studied in order to deter- 
mine the conditions necessary for complete reaction. Permeth- 
ylated lactoses were sufficiently volatile to be analyzed by GC 
and could be observed in the chromatograms in cases where 
methanolysis remained incomplete. Permethylated trisaccha- 
rides and higher order carbohydrates did not elute at tempera- 
tures up to 275°C. Conditions that yielded complete 
methanolysis of lactose (gas-to-solid, 80°C, 18 h) also seemed 
to break all glycosidic bbnds in trisaccharides, judging from 
the absence of disaccharide peaks in the corresponding chro- 
matograms. 

The compounds of interest for this study were investigated 
by fast atom bombardment (FAB) MS, GC-FID, and GC-MS. 
FAB-MS experiments were useful for the determination of the 
molecular weights of permethylated substrates. The FID and 
total ion current (TIC) chromatograms provided retention 
times, whereas the mass spectra obtained from GC-MS anal- 
yses were useful for elucidation of some structural features. 

Experimental 

Chemicals 
Monosaccharides L(-)fucose, ~(+)galactose, ~(+)glucose, 
and N-acetyl neuraminic acid (sialic acid) were obtained from 
Sigma Chemicals (St. Louis, Mo.). Lactoses ( a  and P) were 
also purchased from Sigma. Trisaccharides 2'-fucosyllactose 
and 6'-sialyllactose were obtained from Oxford Glycosystems 
(Ros'edale, N.Y.). Methyl iodide was obtained from Aldrich 
Chemicals (St. Louis, Mo.) and 0.5 M methanolic HCl was 
purchased from Supelco Inc. (Bellafonte, Pa.). Solvents were 
glass distilled or HPLC grade and were obtained from Pierce 
Chemicals (Rockfort, Ill.; dimethyl sulfoxide) and Mallinck- 
rodt (Paris, Ky.; chloroform, dichloromethane, acetonitrile, 
and methanol). 

Permethylation of mono-, di-, and trisaccharides 
The method.employed was derived from that of Larsson et al. 
(1 1). Briefly, the saccharides (10-25 nmol) were dissolved in 
dimethyl sulfoxide (200 pL), and NaOH powder (10 mg) was 
added. The mixture was sonicated for 10 min and methyl 
iodide (50 pL) added, followed by sonication at room temper- 
ature for 2.5 h. Water (1.5 mL) chloroform (1.5 mL) were 
added to the reaction mixture and the chloroform layer, con- 
taining the permethylated compounds, was extracted 3 times 
with water (1.5 mL). The solvent was then evaporated in 
vacuo, and the residue redissolved in acetonitrile or dichl6- 
romethane to give a concentration of ca. 0.2 nmol/pL. 

Conventional bulk phase methanolysis 
The method used in this study is a modification of the tech- 
nique introduced by Fournet et al. (7) and reviewed by Dell et 
al. (9). The permethylated di- and trisaccharides (10-25 nmol) 
in acetonitrile (ca. 100 mL) were placed in screw-cap culture 
tubes and the solvent evaporated in vacuo. Methanolic HC1 
(0.5 M, ca. 20 pL) was added to the substrate and the mixtures 
heated at 65°C for 3 h. Methanol and hydrochloric acid were 
removed under vacuum and the methanolysis products were 
redissolved in dichloromethane for GC-MS analysis. 

Gas-to-solid reactions 
These reactions were conducted with an adapted model of the 
apparatus developed by Vath for microderivatization of pep- 
tides and proteins (16) and later used by Domon, Vath, and 
Costello (17) and Perreault and Costello (5) for derivatization 
of glycosphingolipids. The use of this apparatus has been 
described elsewhere (18). Briefly, the apparatus is built based 
on a hydrolysis tube (Pierce Chemicals, Rockford, Ill.) modi- 
fied by the addition of a reagent well in its middle section. A 
model of the apparatus is shown in Diagram 1. A few microli- 
tres of solution of the substrate are placed in a melting-point 
capillary and the solvent is evaporated under vacuum. The 
reagent is deposited in the well and the capillary tube is 
inserted in the main cavity of the apparatus. The reagent is fro- 
zen with liquid nitrogen, and the apparatus evacuated and 
sealed. The reagent is then allowed to thaw and degas under 
vacuum, and the freeze-pump-thaw cycle is repeated. The 
apparatus is then placed in an oven and the reaction allowed to 
take place at a pre-chosen temperature. At the end of the reac- 
tion time, the reagent well is frozen again and any condensa- 
tion on the walls of the apparatus removed by evacuation. The 
capillary tube containing the product is removed, and the prod- 
uct transferred to a 10 cm3 screw-cap culture tube with sol- 
vent. The solvent, remaining reagent, and any by-products are 
removed under vacuum. The sample is then redissolved in 
either acetonitrile for FAB analysis, or dichloromethane for 
GC-MS analysis. 

Gas-to-solid method for methanolysis 
The permethylated di- and trisaccharides (10-15 nmol) were 
deposited on the walls of a melting point capillary tube open at 
one end by evaporation from a solution. Methanolic HCl (0.5 
M, 250 pL) was pipeted into the reagent well of the reaction 
apparatus. The reaction was completed following the general 
procedure described above (1 8) by heating at 80°C for periods 
of time varying from 6 to 22 h. 
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Diagram 1. Apparatus used for gas-to-solid phase rnethanolysis (16-18). 

Thin layer of substrate 

I \ Melting point capillary tube, 2 mm i.d. 
(equipped with a "condensationu compartment),-, 

/ I , ( vacuum Lopcock 

/ 
Reagent Compartment Y 

To pump 

GC-FID analyses 
Aliquots of solution (1 pL) of permethylated/methanolyzed 
compounds in dichloromethane (ca. 0.2 nmol/pL) were 
injected into a Varian 3400CX gas chromatograph equipped 
with a megabore (530 pm film thickness, 3 m long DB- 1 col- 
umn (100% methyl-silicone); J&W Scientific), a flame ioniza- 
tion detector, and a Varian Star 4.0 Windows-based data 
system. 

GC-MS analyses 
Two different GC-MS systems were used in this study. Chro- 
matographs in both systems were equipped with DB-5 col- 
umns (95% methyl-, 5% phenyl silicone; J&W Scientific) with 
250 mm i.d. and 0.25 pm film thickness. The first GC-MS 
system consisted of a Varian 3400 chromatograph and Finni- 
gan Mat Ion Trap Detector 800. The DB-5 column described 
above was 60 m long and the data system used was Finnigan 
Mat ITDS, version 4.10. The second GC-MS apparatus used 
consisted of a Hewlett Packard (HP) 5890 chromatograph (30 
min long DB-5 column) linked to a HP 5988A quadrupole 
mass analyzer. For both GC-MS instruments, repetitive 1 s 
scans were effected on a range of 50-650 Da. Electron impact 
(EI) ionization sources were kept at 260°C and electron energy 
was set at 70 eV. 

For all three of the chromatographs used, oven temperatures 
were programmed as follows: Initial temperature of 80°C kept 
constant for 10 min, followed y a linear temperature ramp to 
280°C at the rate of 7"C/min, and temperature held constant at 
280°C for 10 min. 

Fast atom bombardment (FAB) analyses 
FAB experiments were performed with a VG Analytical 
7070E mass spectrometer of E-B geometry. The matrix used 
was 3-nitrobenzyl alcohol (Sigma, St. Louis, Mo.). The FAB 
gun (XeO) was operated at 8 kV with a current of 1 mA. Con- 
ventional scans were at the rate of 2sldecade and the m/Z range 
convered was from 50 to 1000 Da. The data system used was 
PDP1 1-based 11-2505 from VG Analytical. 

Results and discussion 

Four different monosaccharides were investigated in order to 
lay the groundwork for the methanolysis of larger species. Per- 
methylation of D(+)-galactose, D(+)-glucose, L(-)-fucose, and 
N-acetylneuraminic acid was carried out and the products ana- 

lyzed by gas chromatography and mass spectrometry. Elec- 
tron impact mass spectral data on these compounds have been 
reported in the MS libraries of the National Institute for Sci- 
ence and Technology (NIST) (19). These reference spectra 
were used for comparison purposes with the data obtained in 
this study. GC-MS retention times of the permethylated 
monosaccharides were measured for further comparison with 
those of methanolysis products. 

Permethylated monosaccharides 
Permethylation of perm galactose and perm glucose was 
expected to produce anomeric compounds in each case, due to 
the formation of a and p methyl glycosides. Determination of 
molecular weights by FAB-MS showed that both glucose and 
galactose had been pentamethylated, possibly suggesting a 
closed ring with an a or b methoxy group on C1. The anomer- 
icity of the C1-OCH, bonds was not differentiable by either 
EI or FAB when samples were introduced as a mixture of ano- 
mers. In fact, permethylated  gal galactose and  gal glucose 
produced very similar FAB fragmentation patterns GC-MS 
analysis provided more details on these aspects and will be 
discussed later. 

The permethylation and (or) methanolysis products were 
analysed by GC-FID prior to GC-MS since this technique 
was much more rapid owing to the use of a shorter column (3 
m) than that used for GC-MS (30 and 60 m). 

The GC-FID chromatograms obtained for permethylated 
 gal galactose and  gal glucose each showed the presence of 
two major compounds, possibly the a and P glycosides of 
each species. The data are reported in Table 1, columns B and 
C. Permethylation of galactose yielded products eluting over 
the 12.8-13.5 min time range. The major peak at 13.30 min in 
fact covers two peaks (resolved on a longer column as will be 
shown later) and corresponds to the two principal forms of the 
products while minor peaks at 13.02 and 13.48 min possibly 
correspond to isomers of the main products. The two major 
forms of permethylated glucose elute earlier than galactose. 
The main products from permethylated galactose are observed 
at 12.54 and 12.97 min, respectively, whereas a less important 
product elutes at 12.70 min. Three injections were performed 
for each sample and there is a corresponding 20.05 min error 
on retention time values reported. 

The GC-MS results obtained for the permethylated 
monosaccharide standards galactose and glucose showed the 
same general trends in both total ion current (TIC) and FID 
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Table 1. Retention times of peaks observed in the GC-FID chromatograms of permethylated standards and methanolysis 
products (system used: Varian 3400CX GC). Error: k0.05 min. Abbreviations: Gal = galactose, Fuc = fucose, Glc = 
glucose, PME = permethylated, Met = methanolyzed, Lact. = lactose (a  and (or) P), F'L = fucosyllactose, SL = 
sialyllactose, C = conventional method, G = gas-to-solid method, rt = retention time. 

E F G H 
A B C D PME Lact., PME 2'-F'L PME 2'-FL PME 6'-SL 

PME Fuc PME Glc PME Gal PME S.A. Met. CG Met. C Met. G Met. G 
(rt, f i n )  (rt, min) (rt, min) (rt, min) (a ,  f i n )  (rt, min) (rt, f i n )  (rt, min) 

10.90 
1 1.25 

12.54 
12.70 

(minor) 
12.97 

13.30 
13.48 

(minor) 

Table-2. Retention times observed in the GC-MS TIC chromatograms of permethylated standards and 
methanolysis products (system used: Varian 3400 GCPinnigan Mat ITD-800). Error: M.05 min. 
Abbreviations: See Table 1 caption. 

E F G 
A B C D PME Lact. PME 2'-F'L PME 6'-SL 

PME Fuc PME Glc PME Gal PME S.A. Met. G Met. G Met. G 
(rt, min) (rt, min) (rt, min) (rt, min) (rt, min) (a, f i n )  (rt, min) 

traces. The capillary columns used for GC-MS in this study 
were longer (30 min and 60 m instead of 3 m for GC-FID) and 
had a narrower bore, such that longer retention times were 
observed and better resolution and efficiency were achieved. 
Also, inversions of relative peak intensities from FID to TIC 
chromatograms were observed due to the difference in relative 
detection efficiencies (FID current vs. TIC). The data are 
reported in Table 2, columns B and C. 

Interestingly, permethylated galactose (chromatogram 
shown in Fig. la)  yielded two major peaks instead of the one 
peak observed in GC-FID owing to the increase in resolution. 
The electron impact spectra taken at the apex of both peaks are 
somewhat different (Fig. 2) and could be interpreted as making 

up two components of the spectrum found in the literature 
(19a, b) for methyl 2,3,4,6-tetra-0-methyl (P and a) D-galac- 
topyranoside. The main difference between the spectra of Fig. 
2 is the occurrence of abundant ions at d z  88 (Fig. 2a, corre- 
sponding to 27.13 min retention time) while these ions do not 
appear significantly in the other spectrum (Fig. 2b). Also, ions 
at d z  11 1 are present only in the spectrum of Fig. 2a. Library 
spectra of tetramethylated D-galactose, non-methylated in 
position 1, were searched and indeed contain abundant d z  
11 1 ions (19c). However, significant higher mass ions of these 
library spectra could not be found in the spectrum of Fig. 2a 
and therefore the possibility of undermethylation was rejected. 
In support of this, an undermethylated product would have a 
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Diagram 2. Suggested structures for the m/z 101 ions observed in the case of 
permethylated (a)  gal galactose (Fig. lb) and (b) L(-)fucose (Fig. 46). 

Fig. 1. Portions of the GC-MS total ions chromatograms 
obtained for permethylated (a)  gal galactose and (b) 
~(+)glucose. Data obtained with the Varian 3400 
GCIFinnigan Mat ITD-800 MS system. 

(a) (27.13 (b) 126.18 

Retention times, min 

higher boiling point than its permethylated analog, and there- 
fore elute later, which is the reverse of what is observed here. 
Ions with d z  11 1 have been observed in the FAB spectra of 
permethylated oligosaccharides and glycolipids (3, 5) and 
interpreted as cyclic aromatic ions. The d z  88 ions, also 
observed in Fig. 2a, are found as the major ions in the library 
spectra of permethylated galactose (19a, b). The spectrum of 
Fig. 2b, which features predominant d z  101 and 155 ions and 
corresponds to the apex of the second peak of Fig. la ,  could 
not be matched with any spectrum of the NIST library (19). 
Diagram 2a suggests a possible structure for the ions at d z  
101 observed in Fig. 2b, whose precursor would be non- 
cyclic. Globally, permethylation of D-galactose according to 
these results would yield two unresolved anomers, pyrano- 
sides according to the reference spectra (19a, b) (peak at 27.13 

Fig. 2. Electron impact mass spectra recorded at the apex of the 
GCtTIC peaks observed in Fig. l a  (a) Peak at 27.13 min; (b) 
peak at 27.37 min. 

min in Fig. la) ,  and another product, possibly acyclic but not 
yet characterized (peak at 27.37 min in the same figure). 

As for GC-MS analysis of permethylated glucose, two 
intense and well-separated peaks were found in the TIC trace 
(Fig. lb), which was very similar to that obtained by GC-FIB. 
The mass spectrum at the maxima of the first peak of impor- 
tance (26.18 min) corresponded well with the library spectra 
of methyl 2,3,4,6-tetra-0-methyl (a- and P) glucopyranose 
(19d, e) .  The second peak, at 26.82 min, showed absence of 
d z  88 ions and predominance of mdz 101 species, suggesting 
again the formation of a permethylated product that is differ- 
ent from the pyranosidyl anomers, as suggested in the case of 
galactose. 

In the case of fucose, two major peaks were also obtained in 
the FID (Fig. 3) and TIC traces. The spectrum of the first 
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Asres and Perreault 

Fig. 3. Portion of the GC-FID chromatogram obtained for 
permethylated L(-)fucose. 

Retention time, rnin 

Fig. 4. Electron impact mass spectra obtained from GC-MS of 
permethylated L(-)fucose. (a) Peak at 24.07 min; (b) peak at 
24.47 min. 

loo (a) 88 1 

eluted compound (Fig. 4a) features the rearrangement ion 
peak at m/z 88 and corresponds with the library spectra of 
methyl 2,3,4-tri-0-methyl-6-deoxy-a- and -P-mannopyrano- 
side (19f,g). The spectrum of the other product (Fig. 4b) again 
showed predominant ions at m/z 101 and no significant ions at 
m/z 88. Diagram 2b shows how the ionic species at m/z 101 
could be formed from acyclic permethylated fucose. As in the 
case of galactose and glucose, this product has not yet been 
further characterized. Retention times obtained by GC-FID 

and GC-MS for permethylation of fucose are shown in col- 
umn A of Tables 1 and 2. 

Permethylation of sialic acid yielded a more complicated 
chromatographic picture than the other monosaccharides. The 
most abundant peak in the GC-FID chromatogram had its 
centroid at 22.01 min (see Table 1, column D) and was almost 
0.73 rnin wide at half height (in comparison, fucose peaks 
have a half-height width of 0.09 min). The GC-MS results 
obtained for the permethylation of sialic acid (Table 2, column 
D) resemble those obtained by GC-FID and show that the 
main peak occurs at around 39 min, and is almost 1 min wide 
at half height. The mass spectra taken from one end (3853 
min) and the other (39:09 min) are shown in Fig. 5, (a) and (b). 
They are similar to each other in spite of variations in the rel- 
ative ionic abundances. No major structural differences can be 
deduced from comparison of these spectra; however, they can 
be used qualitatively to verify the presence of a sialic acid 
related residue upon methanolysis of an unknown oligosac- 
charide. The main component of permethylated sialic acid has 
a predicted molecular weight of 407 (see structure in Fig. 5), 
and there are molecular ions at m/z 407 in both spectra of Fig. 
5. Ions at m/z 422 are possibly formed from opening of the ring 
upon methylation as illustrated by the proposed structures, 
also in Fig. 5. No ions indicating undermethylation (m/z 392) 
are observed and therefore the large GC peak widths presum- 
ably arise form the presence of two compounds (MW 407 and 
MW 422). 

Perrnethylated disaccharides and rnethanolysis 
This second section of the study was aimed at clarifying two 
general points, (i) the ability to identify the products according 
to their retention times, elution patterns, and mass spectra and 
(ii) the degree of completion and success of the gas-to-solid 
phase methanolysis. It was important to first establish reten- 
tion times for permethylated a -  and p-lactose, the dimers 
under investigation, on the GC-FID and GC-MS systems. It 
was also important to determine the molecular weight of the 
permethylation and methanolysis products by FAB-MS. The 
FAB spectra of permethylated a- and p-lactose were very 
similar and exhibited [M + H - CH30H]+ (m/z 423) ions as 
well as "B1" ions resulting from glycosidic breakage (16). 

In GC-FID, permethylated a- and p-lactose produced 
almost identical chromatograms, each with two peaks at the 
same retention times (see Table 1, column E, and Fig. 6a). As 
there was no difference between the results obtained for the 
two lactose isomers, only the data for p-lactose have been 
reported. The two peaks possibly arise from anomeric methyl 
glycosides on the glucose ring. If this is the case the a -  and P- 
methylated anomeric products have the same retention times 
for both a -  and p-lactoses. 

With the use of a longer GC column (30 m), two well- 
resolved major peaks were obtained for each of the permethy- 
lated lactoses. Although the spectra of permethylated lactose 
species were not found in NIST library, the spectrum of a sim- 
ilar compound 2,3,4,6-tetra-0-methyl a-D-glucopyranosyl 
2,3,4,6-tetra-0-methyl a-D-glucopyranoside (19h), closely 
matched the spectra observed here. Since identical products 
were obtained whether the substrate was a -  or p-lactose, it 
appears that the permethylation process isomerizes the glyco- 
sidic bonds. 

GC-MS results obtained with the 60 m column showed the 
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Fig. 5. Electron impact mass spectra obtained from GC-MS analysis of 
permethylated sialic acid; (a) peak at 38.53 min; (b)  peak at 39.09 min. Data 
obtained with the Varian 3400 GClFinnigan Mat ITD-800 MS system. 

m/z 407 m/z 422 

presence of four peaks instead of two (Fig. 7); the four peaks 
appeared in two pairs. For each pair of peaks, the mass spectra 
at the maxima showed different fragment ions from one spec- 
trum to the other. The first spectrum of each pair (identical) 
resembled that of that of the permethylated disaccharide found 
in the library (19h); the second spectrum of each pair (also 
identical) could not be matched with library data; the combi- 
nation of the two spectra in each pair gave rise to a spectrum 
much better matched to the library data (19h) than that taken 
from the first peak only. The permethylation products giving 
rise to the second peaks in each pair have not yet been further 
characterized. 

Bulk-phase methanolysis, performed according to a well- 
established method (7), yielded 100% glycosidic bond cleav- 

age in both cx- and p-lactoses. GC-FID analysis of methano- 
lyzed cx- and p-lactose gave rise to three main peaks at 
retention times 13.04, 13.17, and 13.38 min and no peaks at 
around 22 min, the average retention time of permethylated 
lactoses with this GC-FID system. According to Table 1, col- 
umn C, the first peak corresponds to a form of permethylated 
glucose, the second to one of permethylated galactose, and the 
third to a minor form observed in the chromatogram of per- 
methylated galactose. 

Gas-to-solid phase methanolysis required longer reaction 
times and slightly higher temperatures than the conventional 
method (see experimental section), but gave rise to a complete 
reaction. The GC-FID chromatograms of Fig. 6 show the 
results at the beginning (a), at an intermediate stage (b), and at 
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Fig. 6.  Portions of the GC-FID traces obtained for methanolysis of p-lactose (permethylated); 
(a) before reaction, permethylated p-lactose; (b)  after 2 h of gas-to-solid phase reaction; 
(c) after 6 h of gas-to-solid reaction; and (d) completed reaction after 18 h of gas-to-solid 
reaction. 

the end of the reaction (c). The peaks obtained from breakage 
of the glycosidic bonds in both a- and p-lactose correspond to 
those.observed for products from the conventional methanol- 
ysis method. For either the a or p disaccharide, the three peaks 
obtained in the chromatograms of the reaction products appear 
at the same retention times and with similar relative intensities, 
meaning that the products from one isomer are possibly iden- 
tical to products from the other isomer. The important fact here 
is that products obtained from both bulk and gas-to-solid phase 
methanolysis are the same, and although the reaction comple- 

Retention time, min 

tion time was longer with gas-to-solid conditions, the sub- 
strate never went into solution and no work-up procedure was 
required for recovery of the methanolysis products. Moreover, 
the FID trace of the gas-to-solid reaction products exhibited 
less background noise and showed that products were cleaner 
than when performing methanolysis using the conventional 
method, with the same amount of substrate. 

The GC-MS TIC trace of bulk phase methanolysis products 
from either permethylated a-lactose or p-lactose (Fig. 8a) 
again shows three peaks, whose corresponding mass spectra 
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Fig. 7. GC-MS total ion chromatogram of permethylated 
p-lactose, performed on the Varian 3400 GCFinnigan 
Mat ITD-800 MS system. 

Retention time, min 

are shown in Fig. 8b, c, and d. The peaks obtained appear at the 
same retention times and with the same relative intensities 
(identical chromatograms) whether the products originate 
from methanolysis of permethylated a-lactose, p-lactose, or 
methanolysis of a permethylated mixture of the two isomers. 
The mass spectrum corresponding to the earliest of the three 
peaks (Fig. 8b) and corresponding to a retention time of 26.73 
matched the library spectra of permethylated a- and P-glucose 
(19d, e ) .  The second peak to appear in the chromatogram 
(27.18 min) has a mass spectrum (Fig. 8c) that is qualitatively 
similar to the first one and matches the library spectrum of per- 
methylated a- and P-galactose (19a, 6). The third peak (27.35 
min) is wider than both first ones and produces a mass spec- 
trum (Fig. 8 4  that contains ions at d z  173 and 205, suggest- 
ing the presence of undermethylated species formed during 
methanolysis. Given the large peak width, and given also the 
presence of ions at d z  187 and 2 19 in the spectrum, it is rea- 
sonable to suggest that two compounds coelute and produce 
the third peak: an undermethylated form of galactose, and 
another uncharacterized form of permethylated galactose. The 
spectrum of Fig. 8d indeed resembles a combination of the 
spectrum of Fig. 2b (one of the forms of permethylated galac- 
tose) and the spectrum of undermethylated galactose (19c). 

Trisaccharides 
Permethylated fucosyllactoses and sialyllactoses were not suf- 
ficiently volatile as intact compounds for GC-FID or GC-MS 
analysis under the operating conditions used in this study. 
Therefore, gas-to-solid phase methanolysis was effected using 
the optimal conditions found for the complete breakage of the 
permethylated lactoses, i.e., 18 h at 80°C. 

2'-Fucosyllactose 
In Table 1, columns A, F, and G, a comparison has been 
attempted between the GC-FID retention times observed for 
permethylated fucose, galactose, and glucose as well as meth- 
anolysis products of permethylated 2'-fucosyllactose. An 
important point is raised by comparing the cleanliness of the 

chromatograms between that of the conventional bulk phase 
methanolysis method (Fig. 9a) and the trace of the gas-to- 
solid-phase products (Fig. 96 and c). The chromatogram of 
Fig. 9c, showing almost complete methanolysis, is less ambig- 
uous, contains fewer products, and is thus easier to character- 
ize than that of Fig. 9a. Bulk phase methanolysis gives rise to 
a hexoselfucose ratio that is higher than that of the gas-to-solid 
method. However, peaks observed at ca. 19.5 min in the chro- 
matograms and interpreted as arising from fuc-hex moieties 
(from incomplete methanolysis) are present in the chromato- 
gram of the bulk phase products (Fig. 9a) whereas they are 
absent from the other chromatogram (Fig. 9c). The contribu- 
tion of fucosyl units to these disaccharide products explains 
the lower fucose/hexose abundance ratio for bulk phase prod- 
ucts. Lactose-related products, occurring at 22.3-22.4 min, are 
observed in Fig. 9a and b, whereas in the third chromatogram 
they are in very low abundance, suggesting again that the 18 h 
gas-to-solid reaction yielded almost complete methanolysis. 

Data in Table 1 show that the number of possible products 
formed increases with the number of glycosidic bonds broken 
around a given monosaccharide residue. In 2'-fucosyllactose 
(Diagram 3a), the galactose moiety is originally attached to 
two sugar rings, whereas the glucose is bonded only to one 
residue. Table 1 shows a larger spreading of galactose-related 
peaks than peaks derived from glucose-related species. This 
spreading of products could possibly be attributed to distribu- 
tion of anomericity upon glycosidic breakage. 

The GC-MS analysis of gas-to-solid phase methanolysis 
products of 2'-fucosyllactose was performed on the Varian 
3400 GCFinnigam Mat ITD-800 system. The TIC trace (Fig. 
10a) was very similar to that of Fig. 9c, in that two major pairs 
of peaks were obtained, the first for fucose-related residues at 
around 24 min, and the second at ca. 26-27 rnin for glucose- 
and galactose-related residues. The large fucose peak appear- 
ing at 11.01 min in Fig. 9c is now separated on the longer GC 
column, producing two peaks 8 s apart. The pattern of hexose 
compounds is similar to that of the FID trace. Column F in 
Table 2 lists the peaks observed with this particular GC-MS 
system for permethylated fucosyllactose. The mass spectra of 
the fucosyl entities from methanolysis of 2'-fucosyllactose 
(Fig. 10, b and c) both exhibit characteristics of the library 
spectra of a- and p-fucose (19J g). 

6'-Sialyllactose 
The last compound investigated in this study was 6'-sialyllac- 
tose (structure given in Diagram 3b). GC-FID results for the 
methanolysis products (gas-to-solid phase method) show that 
four peaks appear in the hexose retention time zone, i.e., from 
13.0 to 13.8 min. Their respective retention times are 13.04, 
13.44, 13.66, and 13.80 min, as presented in Table 1, column 
H. The four peaks do not coincide entirely with respect to 
retention times (rt) with those of methanolyzed lactose and 
fucosyllactose, and it appears that three galactose species are 
formed whereas only one glucose species is observed at rt = 
13.04. The peaks corresponding to sialic acid arises at rt = 
21.98 min, while the permethylated sialic acid standard 
showed its major peak at rt = 22.01 rnin (Table 1, column D). 

The GC-MS analysis of the methanolysis products of per- 
methylated sialyllactose showed the same pattern for both the 
TIC and FID traces. Mass apectra were obtained for each of 
the major peaks in the trace. The glucose- and galactose- 
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Fig. 8. GC-MS (a) total ion chromatogram, and (b), (c), (4 mass spectra obtained for methanolyzed 
I p-lactose. Varian 3400 GCFinnigan Mat ITD-800 MS system. 

25100 27100 29:00 

Retention time, min 

Peak at 26.73 min 

Peak at 27.50 min 

Fig. 9. Portions of the GC-FID chromatograms obtained for methanolysis products of 2'-fucosyllactose. (a) Conventional bulk phase 
methanolysis method; (b) gas-to-solid-phase method (6 h); and (c) gas-to-solid, 18 h. 
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Diagram 3. Structures of (a) 2'-fucosyllactose and 
(b) 6'-sialyllactose. 

related species produced spectra similar to the corresponding 
library data (19a, b; 19d, e ) ;  also, minor peaks indicated the 
presence of small amounts of undermethylated products. 

The spectrum assigned to the sialic acid moiety was also 
very similar to that of the permethylated sialic acid standard 
discussed above. Results obtained for methanolysis of 6'-sia- 
lyllactose using the conventional bulk phase reaction method 
yielded the same FIDRIC pattern as products from the gas-to- 
solid method; however, the reaction was never as complete 
since low amounts of permethylated lactose and what are 
believed to be sialyl-hexoses appeared in the chromatograms. 
The gas-to-solid method, on the other hand, yielded clearer 
traces, exempt from these residual dimeric compounds. As for 
fucosyllactose, the optimal conditions found for lactoses were 
used in order to complete methanolysis. 

The FAB mass spectra obtained for permethylated 
monosaccharides, disaccharides, and trisaccharides all exhib- 
ited [M + El]+ and [M + H - CH30H]+ ions, as well as frag- 
ment ions arising from cleavage of the glycosidic bonds (B, 
and B, ions) (3, 17). Interestingly, permethylated compounds 
that produced more than one chromatographic peak in GC- 
FIC or GC-MS produced spectra that seemed to reflect the 
presence of individual compounds in FAB. In other words, the 
isomeric forms were indistinguishable by FAB. The nonsepa- 
rated products obtained from methanolysis of a- or p-lactose, 
2'-fucosyllactose, and 6'-sialyllactose were also characterized 
by FAB. The spectra obtained showed sets of [M + HI+ and 

Fig. 10. GC-MS (a) total ion chromatogram, and (b), 
(c) mass spectra obtained for the methanolysis products of 
2'-fucosyllactose, using the gas-to-solid reaction method. Varian 
3400 GClFinnigan Mat ITD-800 MS system. 

' O0 1 (b) l e a  Retention time, min 

[M + H - CH,OH]+ ions that corresponded in the proper pro- 
portions to the monosaccharides contained in the substrates. 
The lower m/z portions of the spectra were obscured by the 
presence of matrix-related peaks that often coincided with 
fragment ions associated with the analytes. 

Conclusion 

It has been demonstrated that it is possible and useful to per- 
form gas-to-solid phase methanolysis of small oligosaccha- 
rides. In general, the gas-to-solid methanolysis method 
described here produces cleaner chromatographic traces than 
bulk phase techniques, although longer reaction times and 
higher temperatures are required for complete reaction. One of 
the most important features of using the gas-to-solid appara- 
tus, as already point out for other derivatization methods pre- 
viously developed (5, 16-18), is that less starting material is 
required than for a bulk phase reaction in order to produce 
equally clear and informative mass spectra and (or) chromato- 
graphic traces. Owing to avoidance of bulk-phase work-up 
procedures and direct contact with the reagent(s), the loss of 
reacted material is minimized, its purity maximized, and prod- 
ucts can be analyzed by GC or MS by sampling them directly 
out of the reaction capillary after addition of solvent. In our 
hands, the amount of substrate needed for successful metha- 
nolysis/analysis has been estimated to be 10 times less than the 
quantity required for conventional bulk phase methods. 
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The chromatographic and mass spectral behavior of the sub- 
strates and methanolysis products has been closely examined 
since the use of higher resolution GC techniques often led to 
separation of a peak, previously thought to be single compo- 
nent, into two peaks with different mass spectra. In some cases 
the spectra of the separated components could not be reason- 
ably matched to spectra in the NIST library. Electron impact 
and fast atom bombardment mass spectra of permethylated 
monosaccharides and methanolysis products have convention- 
ally been interpreted as arising from single components. High- 
resolution gas chromatography now indicates that some of 
these products exist in forms other than the cyclic anomers to 
which library spectra are assigned (19). It is also noted that, for 
a given type ofhexose contained in an oligosaccharide, meth- 
anolysis yields products whose diversity and retention times 
vary with the position and number of substituent(s) on the ring. 

The scope of this study was to evaluate the performance of 
gas-to-solid phase methanolysis and to use the method to sum- 
marily characterize the sugar contents of small oligosaccha- 
rides. At this point in our study, only FAB-MS and GC-MS 
(electron imuact) have been used to characterize the methanol- 

A ,  

ysis products, whose exact chemical nature remains uncertain. 
However, at this stage and from a bioanalytical viewpoint, 
comparison of retention times, peak patterns, and mass spectra 
gives rise to sufficient information to provide a good estimate 
of the sugar contents. Further characterization of the metha- 
nolysis products is underway by means of insolating individ- 
ual components using HPLC and capillary electrophoresis 
(CE) and analyzing their structures by FAB-MS-MS and 
nuclear magnetic resonance (NMR). These studies should help 
to clarity structural uncertainties highlighted above. ~ u t u r e  
work will also be directed toward application of this gas-to- 
solid phase methanolysis method to the determination of sugar 
contents of oligosaccharides originating from glycoproteins 
and glycosphingolipids. 
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An estimate of the spin-spin coupling 
constant, J('H,'~c), in gaseous benzene 

Ted Schaefer, Guy MI. Bernard, and Frank E. Hruska 

Abstract: An excellent linear correlation (r  = 0.9999) exists between the spin-spin coupling constants 1 ~ ( ' ~ , ' 3 ~ ) ,  in benzene 
dissolved in four solvents (R. Laatikainen et al. J. Am. Chem. Soc. 117, 11006 (1995)) and Ando's solvation dielectric function, 
E/(E - 1). The solvents are cyclohexane, carbon disulfide, pyridine, and acetone. 'J('H,'~c) for gaseous benzene is predicted to 
be 156.99(2) Hz at 300 K. 

Key words: spin-spin coupling constants, 'J('H,'~c) for benzene in the vapor phase; spin-spin coupling constants, solvent 
dielectric constant dependence of 'J('H,'~c) in benzene; benzene, estimate of 'J('H,'~c) in the vapor; nuclear magnetic reso- 
nance, estimate of 'J(~H,'~c) in gaseous benzene. 

Resume : I1 existe une excellente corrklation linkaire (r  = 0,9999) entre les constantes de couplage spin-spin 'J('H,'~c) du 
benzkne dissous dans quatre solvants (R. Laatikainen et al., J. Am. Chem. Soc. 117, 11006 (1995)) et la fonction de solvatation 
diklectrique d'Ando, E(E - 1). Les solvants sont le cyclohexane, le disulfure de carbone, la pyridine et llacCtone. On prkdit que 
'J('H,'~c) pour le benzkne i l'ktat gazeux sera 156,99(2) Hz, i 300 K. 

Mots clks : constantes de couplage spin-spin, 'J('H,~~C); dkpendance des constantes de couplage de benzkne sur la constante 
diklectrique du solvant; benzkne, kvaluation de 'J('H,'~c) en phase vapeur; resonance magnetique nuclkaire. 

[Traduit par la rkdaction] 

Introduction 

Since the time of its estimate as 159 t 5 Hz (l) ,  the precision 
of the measurement of 'J('H,'~c) = 'J in benzene has steadily 
improved. In 1983 it was remarked that the precision had now 
improved by three orders of magnitude: the value of 'J in neat 
benzene was given as 158.354(1) Hz (2). More recently, 'J 
was measured for a number of solutions of benzene (3). The 
root-mean-square error in the spectral peak assignments was 
an order of magnitude lower than that of 1983. 

Progress in the computation of spin-spin coupling constants 
has also been made, as described in a recent review (4). How- 
ever, it appears that "J is rather more difficult to compute accu- 
rately from first principles (5) than is the nuclear shielding 
constant (6). Nevertheless, for first-row elements, values of 
increasing are being calculated. In particular, reasonably good 
numbers for "J(H,C) and "J(H,H) have appeared (4) for the 
isolated ethylene molecule, judging by the coupling constants 
measured for solutions in CCl, (7). 

It is well known (8) that many coupling constants are sol- 
vent dependent. Perturbations by the surrounding medium 
vitiate any stringent comparisons between theory and experi- 
ment unless the former can include perturbations or the latter 
can measure them. Benzene, of course, is an important mole- 
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cule in chemistry and therefore accurate computations of 
"J('H,'~c), "J('H,'H), and "J('~c, '~c) may well appear in the 
near future. While the medium dependence of "J(H,H) is small 
(3), that of 'J is significant. It is shown below that a good num- 
ber for ' J in isolated benzene can be deduced, a number prob- 
ably difficult to measure with high precision in the vapor 
phase. 

Results and discussion 
Table 1 displays 'J in four solvents (3) of various dielectric 
constants, E, and the function (E - 1 ) / ~  = x for the pure sol- 
vent; also as corrected for the presence of the benzene solute 
molecules. The quantity x comes from the solvation model of 
Ando and Webb (8), which also allows for a minor quadratic 
dependence of 'J on x. A linear dependence of 'Jon x is found, 
as in eqs. [ I  ] and [2]. The correlation coefficient is 

somewhat higher for eq. [2], which uses the x values adjusted 
for the presence of the solute. The standard deviation for eq. 
[ I ]  is 0.015 Hz, that for eq. [2] is 0.006 Hz. The second equa- 
tion yields 'J as 156.99 Hz for the vibrating molecule at 300 K 
and x = 0, that is, for E = 1. Note that 0 5 x 5 1 for media of 1 
5 E 5 100 and that a relatively nonpolar dielectric such as 
cyclohexane has an x - 0.5. 

'J for neat benzene is not included; it is known that, in 
dielectric continuum models of the solvent, benzene behaves 
as if it had a varying e ,  sometimes as high as 7.5 (9): the 'J of 
158.380 Hz in neat benzene implies an effective dielectric 
constant of 4.1. The satisfactory inclusion of the pyridine solu- 
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Schaefer et al. 

Table 1. 'J('H, "C) in benzene at 300 K in a number of solvents, 
and some dielectric functions. 

Solvent ' J/Hza E* (E - I)/& eC (E - I)/& 

"From ref. 3. 
b~ielectr ic  constant of the solvent. 
'Dielectric constant of the solution, 5 mol% in benzene, whose 

dielectric constant is taken as 2.27. 

tion in the correlation suggests that any complex formation 
between benzene and pyridine molecules favors the one in 
which the pyridine C-H bonds interact with the benzene IT 

electrons and not vice versa (3). 
The hybridization model (10) of one-bond coupling con- 

stants between protons and carbon-13 nuclei, in which ' J  is 
proportional to the fractional s character of the carbon hybrid 
orbital used in the C-H bond, must be modified to accommo- 
date the increase ' J  caused by electronegative substituents as, 
for example, in methane derivatives. One explanation (1 1, 12) 
of the increase in ' J  attributes it to an increase in the effective 
nuclear charge of the carbon atom, corresponding to an 
increase in s electron density at the nucleus, presumably also 
to an increased polarity of the C-H bond. It is therefore inter- 
esting, yet perhaps coincidental, that our self-consistent 
isodensity - polarizable continuum model or SCI-PCM (13, 
14) computations (15) yield increasing polarity of the -C-H+ 
bonds of benzene as the dielectric constant of the medium 
rises. As an example, for single point MP2/6-31G* computa- 
tions (on correlation gradient geometries of the isolated mole- 
cule) a linear relationship exists between ' J  and the total 
Mulliken charge on the carbon atom (r = 0.995) if the dielec- 
tric constants in Table 1 are employed in the computations. 

Another possibility, that the solvent dependence of ' J  is 
dominated by changes in the C-H bond length, likely can be 
discounted because it appears that, in methane at least, an 
increase of 0.1 A in the length would augment ' J  by only 1.2 
Hz (16). A change of more than 1% in the benzene geometry in 
solution is probably an upper limit (17, 18). Qualitatively, 

however, one might expect an increase in the C-H bond 
length as its polarity increases. 
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Gaussian- and Slater-type bases for ground 
and certain low-lying excited states of positive 
and negative ions of the atoms H through Xe 
based on the generator coordinate 
Hartree-Fock method 

A.B.F. da Silva and M. Trsic 

Abstract: We applied a discretized version of the generator coordinate Hartree-Fock (GCHF) method to generate Gaussian- and 
Slater-type functions for mono positive and mono negative ions of the atoms H through Xe. The basis sizes for Slater-type 
functions are (12s, lop, 106) for positive ions, and (13s, 1 lp, 106) for negative ions. In the case of Gaussian-type functions the 
bases are (18s, 12p, 116) for both positive and negative species. Ground and excited state Hartree-Fock energies are calculated 
with these bases and the results compared with the best atom-optimized calculations and numerical HF results available. A 
discussion on the role of weight functions in the evaluation of electronic energies emphasizes the integral character of the GCHF 
method. 

Key words: Slater-type bases, Gaussian-type bases, generator coordinate Hartree-Fock, atomic ions. 

RCsumC : On a appliqut une version numCrique de la mCthode de la coordonnke gineratrice Hartree-Fock (GCHF) pour gCnCrer 
des fonctions des types de Gauss et de Slater des mono-ions tant positifs que nCgatifs des atomes allant de H ?i Xe. Les tailles des 
ensembles de base pour les fonctions de type Slater sont (12s, lop, 106) pour les ions positifs et (13s, l lp ,  106) pour les ions 
nCgatifs. Dans le cas des fonctions de type de Gauss, les bases sont (l8s, 12p, 116) tant pour les espkces positives que nCgatives. 
Utilisant ces bases, on a calcult les Cnergies Hartree-Fock de Ctats tant fondamentaux qu'excitts et on a compare les rCsultats 
avec les meilleurs rtsultats disponibles de calculs optimisCs des atomes et de rCsultats numtriques de HF. Une discussion sur le 
r6le des fonctions de pois dans 1'Cvaluation des Cnergies Clectroniques met en relief le caractkre inttgral de la mCthode du GCHF. 

Mots clis : fonctions du type de Slater, fonctions du type de Gauss, coordonnCe generatrice Hartree-Fock, ions atomiques. 

[Traduit par la rCdaction] 

1. Introduction 

The generator coordinate (GC) method for the nuclear bound 
state was introduced in 1957 by Griffin and Wheeler (1). In 
this method the variational trial function is an integral trans- 
form over a nucleonic wave function and a weight function 
depending on a parameter (generator coordinate), i.e., f(a). In 
such a manner, the common variational principle, SElSa = 0, 
was, a priori, made more powerful with the requirement 
SElSfla) = 0, leading to an integral equation. Most applica- 
tions in nuclear physics (for a review see, for instance, Wong 
(2)) relied on the Gaussian overlap approximation (GOA), 
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although there were some attempts at numerical solution (3), 
and later Lathouwers discussed the GC method against the 
background of the Fredholm theory of linear integral equa- 
tions (4). 

Perhaps the earliest application of GC to electrons in a 
molecular (hydrogen mclecule) system was due to Laskowski 
(5) .  In 1978 Chattopadhyay et al. (6) applied the method to 
several model problems, including the He atom, with special 
emphasis on various aspects of the discretization technique. 
Further developments in discretization techniques were made 
by Broeckhove, Deumens and co-workers (7). 

On the other hand, as early as 1968, Somorjai (8) had intro- 
duced the integral transform method, closely related to GC, 
for atomic and molecular systems. In the applications, Somor- 
jai chose explicit forms forfla) (such as the delta function), 
which led to a variational treatment for the integration limits. 
An extensive bibliography on the method may be found in ref. 
9. In the context of this method, accurate correlated functions 
for two- and three-electron atomic systems were obtained by 
Thakkar et al. (10). 

The generator coordinate Hartree-Fock (GCHF) method 
was introduced in 1986 (1 l), and one of the first applications 
was in the generation of Gaussian- and Slater-type orbital 

Can. J. Chem. 74: 1.526-1534 (1996). Printed in Canada 1 Imprimt au Canada 
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da Silva and Trsic 

(GTF and STF) universal basis sets for the first and second 
rows of the periodic table (12, 13). Later, da Silva and Trsic 
presented GTF and STF universal basis sets encompassing the 
atoms from H through Xe for atomic and molecular nonrela- 
tivistic calculations (14, 15). Also, the GCHF method was 
recently tested successfully in the generation of universal 
Gaussian basis sets for relativistic calculations (16-19). Here 
it is important to mention that the concept of the universal 
basis set was first introduced by Silver, Wilson, and Nieuw- 
poort (20). 

In this work we are extending the bases of ref. 4 to embrace 
the positive and negative ions of the atoms H through Xe. The 
total HF energies of the ground and some excited states are 
calculated and compared with the best HF values available. 
We also present a further discussion on the importance of the 
weight functions in evaluating atomic energies. 

2. Results and discussion 

2.1. Total energies 
The total energies reported in this section were calculated by 
using Slater-type functions (STF) and Gaussian-type func- 
tions (GTF) generated with the GCHF method. In this meth- 
odology, the one-electron functions are chosen as integral 
transforms, i.e., 

where the +i are the generator functions (they may be STF, 
GTF, or other types of functions), thefi are the weight func- 
tions, and a is the generator coordinate. Using eq. [I]  to build 
a Slater determinant for the multi-electronic wave function, 
and minimizing the total energy E with respect to fi, one 
obtains the Griffin-Wheeler-HF (GWHF) equations or inte- 
gral HF equations (1 1, 14). 

The GWHF equations are solved by discretization through a 
technique called integral discretization (21), which preserves 
the continuous representation (integral character) of the Gen- 
erator Coordinate Method (GCM) (1, 22). This technique is 
implemented through a relabelling of the generator coordinate 
space, i.e., 

Here, an equally spaced N-point mesh {a,] is selected for each 
s, p, and d symmetry. The integration range is then character- 
ized by an initial point, a,,,, an increment, AR, and N (dis- 
cretization point number). The scaling factor A is the same (A 
= 6.0) for all calculations. We also note from eq. [2] that the 
numerical integration of the GWHF equations provides a set 
{ai] and simultaneously an exponent set {ai] for the basis 
functions. 

Since eq. [ I  ] represents a continuous and infinite superposi- 
tion, we do not need, in the GWHF equations, to specify the 
principal quantum numbers, n, for the various symmetries of 
the generator functions, +i, as the weight functions,f,, distin- 
guish the n states. Thus, our bases in this work consist of the 
simplest Is, 2p, and 3d STF or GTF. 

The basis size for STF positive ions is (12s, lop, 106) with 

the following discretization parameters (i.e., orbital expo- 
nents): 

Symmetry Qmin AQ N 

The GTF (18s, 12p, 1 16) basis for positive ions is generated 
with: 

Symmetry Qmin AQ N 

The basis size for STF negative ions is (13s, 1 lp,  106) with 
discretization parameters as follows: 

Symmetry Qmin AQ N 

The GTF (1 8s, 12p, 1 16) basis for negative ions is generated 
with: 

Symmetry Qm,, AQ N 

The basis sets (discretization parameters) for STF and GTF 
positive ions are the same as those we previously employed 
for neutral atoms (14). This coincidence was to be expected, 
as the ionization produces orbital contraction, and thus the 
bases for the neutral atoms were adequate for describing the 
total energies for ground and low-lying excited states of posi- 
tive ions. For negative ions, therefore, it was not possible to 
describe the total energies by employing the same basis sets as 
for neutral atoms. This is a consequence of the entrance of one 
electron in the frontier atomic orbital, making it more diffuse; 
thus, lower values for a,,, are required for STF and GTF 
bases. 

In Tables 1 4  we present the total STF and GTF HF ener- 
gies for ground and low-lying excited states of positive and 
negative ions. Our results are compared with the numerical 
results of Koga et al. (23) and, only when numerical results are 
not available, with the atom-optimized values of Clementi and 
Roetti (24). One can see from Tables 1 4  that our STF energy 
values (ground and low-lying excited states) compare very 
favorably with the numerical results and with the atom-opti- 
mized results of Clementi and Roetti, often being lower than 
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Table 2. Low-lying excited state energies (au) of the STF and GTF bases for positive ions. 

STF energy Virial GTF energy Virial Clementi- 
(12% lop, theorem 12p, theorem Roetti energy 

Ion Configuration State 106)" S T F ~  116)" GTP (24)  (CR) 

Sc' [Ar] 4s0 3d2 3~ 1.7 (-4) 3.8 (-6) 1 .O (-2) 4.1 (-6) -759.509 74  
Sc' [Ar] 4s' IS 1.1 (-4) 2.7 (-6) 1.1 (-2) 3.9 (-6) -759.461 97 
Ti+ [Ar] 4s0 3d3 4F 3.6 (-4)' 1.0 (-6) 1.1 (-2) 7.6 (-6) -848.186 39 
Ti' [Ar] 4s2 3d' 2~ 5.0 (-5) 3.6 (-7) 1.2 (-2) 8.6 (-6) -848.056 22 
V' [Ar] 4s2 3 8  F 1.8 (-4) 3.5 (-6) 1.3 (-2) 6.2 (-6) -942.498 22 
Cr' [Ar] 4s' 3d' 6~ 2.0 (-4)' 5.2 (-6) 1.4 (-2) 2.6 (-6) -1043.096 3 
Cr+ [Ar] 4s2 3d3 4F 0.0 5.1 (-6) 1.5 (-2) 2.4 (-6) -1042.889 7 
Mn' [Ar] 4s0 3 d  5~ 1.0 (-4)' 5.1 (-6) 1.6 (-2) 1.3 (-5) -1 149.520 5 
Mn+ [Ar] 4s2 3d' ' D  3.0 (-4) 5.1 (-6) 1.7 (-2) 1.3 (-5) -1 149.368 7 
Fe' [Ar] 4s' 3d5 4.0 (-4) 3.8 (-6) 2.0 (-2) 2.1 (-5) -1262.125 2 
Co+ [Ar] 4s' 366 5D 9.0 (-4) 1.9 (-6) 2.4 (-2) 2.4 (-5) -1381.008 9 
Ni+ [Ar] 4s2 3d7 4F 7.0 (-4) 2.2 (-7) 2.8 (-2) 2.2 (-5) -1506.431 7 
Cu' [Ar] 4s2 3 d  F 1.1  (-3) 1 . 1  (-6) 3.2 (-2) 1.6 (-5) -1638.479 1 
As+ [Ar] 4s2 3di0 4p2 I D  1.5 (-3) 1.2 (-6) 5.0 (-2) 1.5 (-6) -2233.839 0 
As' [Ar] 4s' 3d1° 4p2 ' S  1.5 (-3) 9.9 (-7) 5.0 (-2) 2.1 (-6) -2233.767 7 
Se+ [Ar] 4s' 3dI0 4p3 ' D  1.8 (-3) 2.4 (-7) 5.5 (-2) 2.4 (-6) -2399.477 4 
Se+ [Ar] 4s2 3dI0 4p3 ' P  1.9 (-3) 8.4 (-8) 5.5 (-2) 2.5 (-6) -2399.424 5 
Br+ [Ar] 4s2 3d1° 4p4 ' D  2.2 (-3) 2.3 (-6) 6.1 (-2) 9.9 (-6) -2571.987 1 
Br' [Ar] 4s2 3d1° 4p4 'S 2.1 (-3) 2.4 (-6) 6.1 (-2) 1 .O (-5) -2571.901 4 
Zr' [Kr] 5s04d3 F 3.5 (-2)' 2.5 (-5) 7.6 (-2) 6.4 (-5) -3538.766 3 
Zr+ [Kr] 5s24d' ?D 4.6 (-3)' 2.5 (-5) 1.1 ( - 1 )  6.5 (-5) -3538.694 8 
Nb' [Kr] 5s' 4d3 5~ 9.0 (-4) 2.8 (-5) 1.3 ( - 1 )  6.7 (-5) -3753.350 5 
Nb' [Kr] 5s24d2 3~ 1.9 (-3)' 2.8 (-5) 1.3 ( - 1 )  6.7 (-5) -3753.202 8 
Mo' [Kr] 5s' 4d' 6~ 1.7 (-3) 2.8 (-5) 1.5 ( - 1 )  6.5 (-5) -3975.236 2 
Mo' [Kr] 5s2 4d3 4F 1.9 (-3) 2.8 (-5) 1.5 ( - 1 )  6.4 (-5) -3975.045 9 
Tc' [Kr] 5 s 0 4 d  5~ 2.1 (-2)' 2.5 (-5) 1.4 ( - 1 )  6.1 (-5) -4204.522 8 
Tc+ [Kr] 5s24d' 5D 9.1 (-3) 2.5 (-5) 1.7 ( - 1 )  6.0 (-5) -4204.3 12 9 
Ru+ [Kr] 5s' 4 d  6~ 1.3 (-2) 1.8 (5 )  1.9 (-1) 5.5 (-5) -444 1.267 8 
Ru' [Kr] 5s2 4d5 1.4 (-2) 1.7 (-5) 2.0 (-1) 5.4 (-5) -4441.121 6 
Rh+ [Kr] 5s' 4d7 5F 1.5 (-2) 6.6 (-6) 2.2 ( - 1 )  5.0 (-5) -4685.567 2 
Rh' [Kr] 5 s 2 4 d  5~ 1.5 (-2) 6.6 (-6) 2.2 (-1) 5.0 (-5) -4685.345 0 
Pd' [Kr] 5s' 4 d  4F 3.1 (-2) 7.0 (-6) 2.5 (-1) 4.7 (-5) -4937.55 1 0 
Pd' [Kr]5s24d7 4F 1.6 (-2) 6.9 (-6) 2.4 ( - 1 )  4.7 (-5) -4937.273 7 
Ag' [Kr] 5s' 4 8  3~ 1.8 (-2) 2.1 (-5) 2.7 (-1) 4.7 (-5) -5197.261 2 
Ag' [Kr] 5s2 4 d  F 1.8 (-2) 2.1 (-5) 2.7 (-1) 4.8 (-5) -5 196.957 9 
Cd' [Kr] 5s24$ 2~ 1.6 (-2) 3.3 (-5) 2.9 (-1) 5.4 (-5) -5464.476 7 

"This column shows AE = IE(NHF) - E(calcu1ated) 1. 
q h i s  column shows the values of A = 12 + virial ratiol. 
'Calculated energy is lower than CR energy. 

those obtained with the latter. Our GTF energies are only 
slightly above the STF values in spite of a rather modest 
increase in the number of basis functions. 

For the case of positive ions (Tables 1 and 2), we notice a 
better performance for both STF and GTF bases for excited 
states than for ground states when compared with the Clementi 
and Roetti results. Also for positive and negative ions, the STF 
energy values are close to the numerical results and competi- 
tive with the excited state values of Clementi and Roetti. This 
capacity to describe excited states with the GCM was com- 
mented on in previous papers (6, 14, 21). 

We would also like to make a comparison between the STF 
energy results obtained in this work for the ground state of cat- 
ions and anions and the STF energy results obtained recently 

by Koga et al. (25) using doubly even-tempered basis sets for 
the same ionic species. Here it is important to pay attention to 
the fact that we are working with universal STF basis sets, and 
thus the sizes of our basis sets are always the same, namely, 
(12s, lop, lOd) for the cations and (13s, 1 lp,  lOd) for the 
anions. In his work, Koga is working with atom-adapted basis 
sets, and thus his STF basis set size increases with increase in 
Z (atomic nuclear charge). 

For the cations with s and p orbitals, Koga's basis set size 
varies from (7s, 5p) to (1 ls, 7p) for C+ through Ca+. For the 
cations with s, p, and d orbitals, Koga's basis size varies from 
(1 ls, 7p, 5 4  to (l3s, 12p, 8 4  for Sc+ through Xe+. In general, 
for the cations, our STF energy results are on average one dec- 
imal figure more accurate than Koga's results but, although 
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Table 3. Total ground state energies (au) of the STF and GTF bases for negative ions. 

STF energy Virial GTF energy Virial Numerical-HF 
lip, theorem ( 1 %  U p ,  theorem energy (23) 

Ion Configuration State 1 Od)" S T F ~  I id)" G T F ~  (NHF) 

H- 
Li- 
B- 
c- 
N- 
0- 
F 
Na- 
Al- 
S i- 
P- 
s- 
c1- 
K- 
sc- 
Ti- 
v- 
Cr- 
Mn- 
Fe- 
co-  
Ni- 
Cu - 
Ga- 
Ge- 
As- 
Se- 
B r- 
Rb- 
Y- 
Zr- 
Nb- 
Mo- 
Tc- 
Ru - 
Rh- 
Pd- 
Ag- 
In- 
Sn- 
Sb- 
Te- 
1- 

1 s2 
[He] 2s2 
[He] 2s2 2p2 
[He] 2s2 2p3 
[He] 2s2 2p4 
[He] 2s2 2pS 
[He] 2s2 2p6 
[Ne] 3s2 
[Ne] 3s' 3p2 
[Ne] 3s2 3p3 
[Ne] 3s2 3p4 
[Ne] 3s2 3pS 
[Ne] 3s2 3p6 
[Ar] 4s2 
[Ar] 4s2 3 8  
[Ar] 4s2 3d3 
[Ar] 4s2 3 d  
[Ar] 4s2 3dS 
[Ar] 4s2 3d6 
[Ar] 4s' 3d7 
[Ar] 4sZ 3d8 
[Ar] 4s2 3d) 
[Ar] 4s2 3d1° 
[Ar] 4s2 3dI0 4p2 
[Ar] 4s2 3d1° 4p3 
[Ar] 4s2 3dI0 4p4 
[Ar] 4s' 3dI0 4pS 
[Ar] 4s2 3dI0 4p6 
[Kr] 5s2 
[Kr] 5s2 4dZ 
[Kr] 5s2 4d3 
[Kr] 5s2 4 d  
[Kr] 5s2 4dS 
[Kr] 5s2 4d6 
[Kr] 5s2 4 8  
[Kr] 5s2 4d8 
[Kr] 5s2 4d) 
[Kr] 5s2 4d1° 
[Kr] 5s' 4dI0 5pZ 
[Kr] 5s' 4dI0 5p3 
[Kr] 5s2 4d1° 5p4 
[Kr] 5s2 4dI0 5pS 
[Kr] 5s2 4dI0 5p6 

"This column shows A E  = I E(NHF) - E(calcu1ated) I. 
This CO~UINI shows the values of A = ( 2  + virial ratiol. 

our results are better for the cations lighter than Zr', one has to 
recognize that Koga used smaller basis sets. From Zr+ on, 
Koga's basis set size becomes more similar to our universal 
basis size (l2s, lop, 106). 

The average errors in our STF energies with respect to the 
numerical HF energies for the cations are, respectively, 
0.000 012,0.000 121,0.001 36, and 0.023 87 millihartrees for 
the first, second, third, and fourth rows. The average errors in 

the energies found by Koga are 0.0004, 0.0063, 0.061, and 
0.113 millihartrees for the respective first-, second-, third-, 
and fourth-row cations. 

For the anions, Koga's basis set size varies from (8s, 6p) to 
(1 ls, 9p) for B- through C1-, and for K- it is (12s, 8p). For SC- 
through I-, it varies from (12s, 8p, 66) to (14s, 13p, 96). When 
we compare our STF energy results with Koga's results for the 
anions, we notice that our results are on average one decimal 
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da Silva and Trsic 1531 

Table 4. Low-lying excited state energies (au) of the STF and GTF bases for negative ions. 

STF energy Virial GTF energy Virial Clementi- 
(1 3s, 1 l p ,  theorem (1% 12p, theorem Roette energy 

Ion Configuration State 106)" STF~ 1 Id)'' G T F ~  (24)  (CR) 

B- 
B- 
c- 
c- 
N- 
N- 
Al- 
Al- 
S i- 
S i- 
P- 
P- 
sc- 
Ti- 
v- 
Cr- 
Ni- 
Ge- 
As- 
As- 
Y- 
Nb- 
Mo- 
Te- 

[He] 2s' 2p2 
[He] 2s2 2p2 
[He] 2s2 2p3 
[He] 2s' 2p3 
[He] 2s' 2p4 
[He] 2s' 2p4 
[Ne] 3s' 3pZ 
[Ne] 3s' 3pZ 
[Ne] 3s' 3p3 
[Ne] 3s' 3p3 
[Ne] 3s' 3p4 
[Ne] 3s' 3p4 
[Ar] 4s' 3d3 
[Ar] 4s' 3dl 
[Ar] 4s' 3 8  
[Ar] 4s' 3d6 
[Ar] 4s' 3d'" 
[Ar] 4s' 3d'" 4p3 
[Ar] 4s' 3d1" 4p4 
[Ar] 4s' 3d1" 4p4 
[Kr] 5s' 4d3 
[Kr] 5s' 4 8  
[Kr] 5s' 4d6 
[Kr] 5s' 4d7 

"This column shows AE = IE(NHF) - E(calcu1ated) 1. 
q h i s  column shows the values of A = 12 + virial ratio 1 .  
'Calculated energy is lower than CR energy. 

figure more accurate than Koga's results from H- to Se-. From 
B r  to Ag-, both STF basis set sizes become more similar and, 
in general, our results have the same accuracy as Koga's 
results. From In- on, Koga's results become more accurate 
than our results, but he is working with a slightly larger basis 
set (l4s, 13p, 96) than our universal basis set (13s, 1 lp, 106). 

The average errors in our STF energies with respect to 
the numerical HF limits for the anions are, respectively, 
0.000 044,0.001 757,0.0026, and 0.3784 millihartrees for the 
first, second, third, and fourth rows. Koga found, for the 
respective first-, second-, third-, and fourth-row anions, the 
following average errors in the energies: 0.000 68, 0.0063, 
0.087, and 0.1 12 millihartrees. 

In conclusion, we would like to say that comparison of our 
results with Koga's results brings to attention the fact that 
when we are developing a universal basis set instead of a fully 
optiniized basis set, we face the penalty of using, mainly for 
lighter atomic systems (from H through Ca), a larger number 
of basis functions than a fully optimized basis set needs to 
obtain the same degree of accuracy. Indeed, our experience in 
developing universal basis sets always showed that this pen- 
alty is reduced when we work with atomic systems from the 
third row on (14, 16-19). 

2.2. The role of the weight functions in the evaluation of 
the total electronic energies 

Since the GWHF equations are obtained from the minirniza- 
tion of the functional E with respect to the weight functions,J, 
the description off, governs the quest for the total energies for 
any atomic system. Achieving the best HF energy for an 
atomic system means obtaining the best description of J 
through the numerical approximation outlined in Sect. 2.1. 

The quest for the best weight function associated with any 
atomic orbital is implemented by the integral discretization 
described previously, and the discretization parameters amin, 
An, and N are responsible for attaining the best weight func- 
tion. When the GCHF method is employed to generate basis 
sets, the number of points N determines the size of the basis 
and, certainly, the larger the value of N, the lower is the ground 
state energy obtained. But the chosen value of N is a compro- 
mise between accuracy and size of the basis set. 

In ref. 14 we presented a series of weight functions gener- 
ated by the integration mesh of the neutral atoms, H through 
Xe, and discussed some practical aspects and properties of the 
weight functions. All the observations of that paper are valid 
with respect to the weight functions of the positive and nega- 
tive ions studied here but, at this time, we add a few relevant 
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Fig. 1. The 2s Gaussian weight functions for Be', Be, Li, and Li-. The point nmi, = -0.55 for s functions is 
indicated. 

remarks especially related to the ionic species, and we will 
focus our remarks on the Gaussian weight functions. 

In Fig. 1 we have plotted the Gaussian 2s weight functions 
for the isoelectronic species Be' and Li and Be and Li-. It 
appears that the integration interval with R,, = -0.55 is sat- 
isfactory for the Be+ and Be species, but it is not adequate for 
the alkaline atom, and it is particularly insufficient for the neg- 
ative ion of Li. This is a feature that also appears for the high- 
est occupied orbital of the other alkaline atoms considered, 
i.e., Na through Cs. For this reason, it was necessary to shift 
R,, for the GTF basis set of the negative ions to R,, = -0.75 
for s symmetry (R,, for s symmetry STF weight functions 
was shifted to -0.21). Thep and d symmetry weight functions 
also required a revision of the integration limits for the nega- 
tive ions (see discretization parameters in Sect. 2.1). 

In Fig. 2 we show how the Gaussian 2s weight functions 
obtained in this work for the species Li and Li- compare with 
the corresponding fully integrated weight functions. Both for 
Li (this work) and Li- (this work) there appears the need for 
higher values of the weight functions to compensate the trun- 
cation of the integration range. In view of our goal of generat- 
ing "universal" (a unique set of exponents to be used for all 
atoms under consideration) bases of tractable size, we opted to 
retain R,, values that, in a few cases, did not accomplish a 
complete numerical integration. It is relevant to point out that 
this limitation of the R,, values has little effect on the total 
HF energy, even for the alkaline atoms and negative ions. Of 

numerical integration ranges were adequate. This is illustrated 
in Fig. 3 with the example of the Gaussian 2p weight functions 
for neutral and charged fluorine atoms. 

3. Concluding remarks 

We have obtained STF and GTF basis sets for mono-charged 
positive and negative atomic species from H through Xe. Our 
bases stand comparison with numerical results and the best 
atom-optimized bases available, both for ground and low- 
lying excited states. 

The bases for the positive ions are the same as those that we 
generated in ref. 14 for neutral atoms. In the case of the nega- 
tive ions, the numerical integration range, which defines a 
basis set, was shifted to lower values of the generator coor- 
dinate to accommodate the need for very diffuse orbitals. 

The weight functions play a very important role in evaluat- 
ing the total electronic energies. In fact, plots of the weight 
functions will provide adequate ranges for the numerical inte- 
gration of the GWHF equations, and consequently we will 
have accurate basis sets for atomic species. 

A penalty is faced when we are developing universal 
instead of fully optimized basis sets, mainly when we are 
working with atoms of the first and second rows. The penalty 
is characterized by the number of extra basis functions needed 
in the universal basis set to obtain the same degree of accuracy 
as in a fully optimized basis set. 

course, the present selection of lower limits fo;the numerical ~cknow~edgements 
integration range should be reconsidered with caution if prop- 
erties demanding very diffuse orbitals were of interest (26). We would like to acknowledge the financial support of CNPq, 
Otherwise, for most of the atoms and ions considered, the FAPESP, and FINEP (Brazilian Agencies). 
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da Silva and Trsic 

Fig. 2. Comparison of the Gaussian 2s weight function for Li and Li- for the universal bases (this work) 
and the complete integration range. 

Fig. 3. Plot of the 2p Gaussian weight functions for F, F, and F 
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Spectroscopic and crystallographic studies of 
phosphino adducts of indium(ll1) iodide 

Martyn A. Brown, Dennis G. Tuck, and Edward J. Wells 

Abstract: Indium(II1) iodide forms both 1: 1 and 1 :2 adducts with triphenylphosphine, depending on the reaction conditions, and 
especially on the solvent used. The complex In13.PPh3 involves four-coordination at indium; the structure is trigonal, with a = 
15.105(4) A, c = 16.769(7) A, V =  3313(2) A3, Z  = 6, and space group ~ 3 .  Crystals were also obtained in which In13.PPh3 and 
In13(PPh3), are present in a 1: 1 ratio; these are also trigonal, a = 15.473(4) A, c = 41.701(7) A, V =  8646.1(1.8) A3, Z  = 3 + 3 and 
space ~ 3 .  The 1:2 adduct has approximately D3,, symmetry in the In13P2 kernel. The bond distances and angles are 
discussed; in particular, the In-P bonds are extremely weak in the 1:2 adduct. This compound has been shown by 3 1 ~  NMR to 
undergo complete dissociation in solution to In13.PPh3 and PPh,. The addition of R4NI (R = n-C3H7, n-C4Hg) causes quantitative 
conversion to Id4-  and free Ph,P. Similar experiments are reported for the compound In13(dppe) (dppe = 1,2- 
bis(diphenylphosphino)ethane), whose structure is an infinite chain of InI, units linked through In-P-C2H4-P-In coordination. 
The crystal structure showed that InI,(dppe) cocrystallizes with an equimolar quantity of dppe; these crystals are cubic, a = 
41.445(14) A, b = 15.944(8) A, c = 16.533(11) A, P = 102.02(4)", V =  10 685(9)'A3, Z =  4 + 4, space group C21c. Solid state and 
solution phase results are discussed in terms of the coordination chemistry of indium(II1). 

Key words: indium, phosphorus, coordination chemistry, multinuclear NMR, X-ray crystallography. 

Resum6 : L'iodure d'indium(II1) rCagit avec la triphtnylphosphine pour former, suivant les conditions expkrimentales et 
particulikrement du solvant utilist, des adduits 1 : 1 ou 1 : 2. Le complexe In13.PPh3 implique un tttracoordination au niveau de 
I'indium; la structure est trigonale, groupe d'espace ~ 5 ,  avec a = 15,104(4) et c = 16,769(7) A, V =  3313(2) A3 et Z =  6. On a aussi 
obtenu des cristaux dans lesquels In13.PPh3 et In13(PPh3), sont prCsents dans un rapport de 1 : 1; ces cristaux sont trigonaux, 
groupe d'espace ~ 3 ,  avec a = 15,473(4) et c = 41,701(7) A, V  = 8646.1(1,8) A3 et Z  = 3 + 3. La symCtrie de l'adduit 1 : 2 est 
approximativement D3,, et elle comporte un noyau In13P2. On discute des longueurs et des angles des liaisons; dans l'adduit 1 : 2, 
on note, en particulier, que les liaisons In-P sont extremement faibles. Faisant appel a la RMN du 3 ' ~ ,  il a CtC dCmontrC que, en 
solution, ce composC subit une dissociation complkte en Id3-PPh, et en PPh,. L'addition de R4NI (R = n-C3H7, n-C4Hg) 
provoque une conversion quantitative en Id4-  et de PPh, libre. Des experiences semblables ont CtC effectutes avec le compost! 
In13(dppe) (dppe = 1,2-bis(diphtny1phosphino)Cthane) dont la strcture correspond une chaine infinie d'unitCs InI, likes par une 
coordination P-C,H4-P-In. La structure cristalline montre que le In13(dppe) cocristallise avec une quantitC Cquimolaire de dppe; 
ces cristaux sont cubiques, groupe d'espace C21c, avec a = 41,445(14), b = 15,944(8) et c = 16,533(11) A, P = 102,02(4)", V =  10 
685(9) A3 et Z  = 4 + 4. On discute des rksultats obtenus ?i l'ttat solide et en solution en termes de la chimie de coordination de 
l'indium. 

Mots clis : indium, phosphore, chimie de coordiantion, RMN multinoyaux, cristallographie, rayons X. 

[Traduit par la rCdaction] 

Introduction vant to this paper are the range of coordination numbers that is 

The formation of adducts with neutral or anionic donor ligands 
is an important feature of the chemistry of the elements of 
Group I11 (or 13), with both applied and fundamental implica- 
tions (1). The behaviour of derivatives of indium(II1) halides 
and pseudo-halides has been of especial interest in this labora- 
tory. The features of the problem which are most closely rele- 
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possible, a id  the dissociation which can occur in nonaqueous 
solvents, involving loss of either halide or neutral ligand (2). 
Each of these processes is strongly affected by the nature of 
both halide and neutral donor atom, and by the solvent. Halide 
effects are also clearly seen in both the solid state and solution 
chemistry of anionic indium(II1) complexes (1). 

The present paper reexamines some of the early work (2) on 
triphenylphosphine and bis(dipheny1phosphino)ethane (dppe) 
adducts of indium(II1) iodide, using the experimental tech- 
niques of X-ray crystallography and multinuclear magnetic 
resonance which were not previously available. The new 
information on the solution phase behaviour of these sub- 
stances is relevant to other work in this laboratory on adduct 
formation and dissociation of the derivatives of Group I11 and 
IV halides with ortho- and paraquinones.3 

M.A. Brown, D. Boucher, and D.G. Tuck. Unpublished results. 

Can. J .  Chem. 74: 1535-1549 (1996). Printed in Canada 1 Imprime au Canada 
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Experimental section 

General techniques 
Indium(II1) iodide was prepared by reacting gram quantities of 
the elements in refluxing xylene (3). Triphenylphosphine and 
bis(dipheny1phospino)ethane (Aldrich) were recrystallized 
before use. Solvents were distilled from suitable drying 
agents, and stored over molecular sieves. 

Microanalysis was by Guelph Chemical Laboratories Ltd. 
Phosphorus-3 1 and indium-1 15 NMR spectra were recorded 
on Bruker AC 200L and 300L instruments, operating at 8 1.0 
and 43.8 MHz, respectively. The reference standards for these 
nuclei were, for ,'P, 85% H3P04 = 0 and, for "'~n, InC1,- = 0 
(4). Infrared spectra were run on a Nicolet 4DX instrument. 
Raman spectra of finely ground solids were recorded with a 
Jobin Yvon S3000 spectrometer. Mass spectrometry involved 
heated samples in a Shimadzu 14-B spectrometer operating in 
the EI mode, with Sun Sparc software. 

Conductivity measurements were made on a YSI 3400 
model 3 1 conductivity bridge, using a YSI cell with Pt-Ir alloy 
electrodes coated with platinum black. Solutions were approx- 
imately 1 mmol L-'. The cell constant was checked with a 1 
mM aqueous solution of KC1 after conditioning the electrodes 
for ca. 5 min. 

I Preparative 

(i) Triphenylphosphine adducts 

I A solution of InI, (0.99 g, 2 mmol) in ethyl acetate (50 mL) 
I was added dropwise to a stirred solution of Ph,P (1.20 g, 4.6 
I mmol) in the same solvent. The yellow solid which precipi- 

tated was collected after 1 h, washed with ethyl acetate, and 
dried in vacuo. This solid is InI,(PPh,),, yield 1.56 g, 77%. 
Anal. calcd. for C36H3,P21n13 C 42.4, H 2.96; found: C 42.2, H 
2.80. The mass spectrum of this compound (sample temp. 
100°C) showed important ions based on mle 262 (Ph,P+), 183 
(Ph,P+-2), and 108 (PhP+), but no peaks attributable to InI, or 
its derivative ions were observed. 

When this product was recrystallized from cyclohexane, 
colourless crystals of the 1: 1 adduct In13.PPh3 were obtained. 
Anal. calcd. for C1,H,,P1nI3: C 28.5, H 2.00; found: C 28.5, H 
1.90. The mass spectrum again has significant peaks at d e  
262, 183, and 108, but no ions derived from InI,. 

Recrystallization from ethyl acetate gave yellow crystals, 
whose analysis corresponded to an equimolar mixture of 
InI,.PPh, and In13(PPh3),. Anal. calcd. for C54H45P31n216 C 
36.5, H 2.55: found: C 37.5, H 2.61. The composition of these 
crystals was confirmed by X-ray crystallography (see below). 

(ii) Bis(dipheny1phosphino)ethane adduct 
The procedure followed that for triphenylphosphine, using 

I 
ethyl acetate as solvent; the white powdery product was 
InI,(dppe), yield 1.05 g, 59%. Anal. calcd. for C,6H24P21n13: C 
34.9, H 2.71; found: C 34.7, H 2.80. The mass spectrum had 
important features at d e  398 (diphos+), 262, 183, and 108 
(Ph,P+ and derivatives). The molar conductivity of this com- 
pound in dichloromethane was 3.8 ohm-' mol-' cm2. 

Recrystallization from a mixture of ethyl acetate and tolu- 
ene (5050, vlv) gave, on cooling, crystals suitable for X-ray 
study. This study, and the results of elemental analysis, 
showed that these crystals contained equimolar quantities of 

InI,(dppe) and dppe. Anal. calcd. for C5, H4, P4 InI,, C 48.3, H 
3.74; found: C 48.8, H 3.83. 

Crystallographic analysis 
(i) In the study of InI,.PPh,, 1, a colourless crystal mounted 
on a glass fibre was sited in a Rigaku AFC6S diffractometer, 
equipped with graphite monochromated Mo-Ka radiation (A = 
0.7 1069 A) and a rotating anode generator. Cell constants, and 
orientation matrices for data collection, were obtained from 
least-squares refinements, using 20 carefully centred reflec- 
tions in the range 8.59 < 20 < 16.07". Based on the systematic 
absences hkl: - h + k + 1 # 3n , the space group was uniquely 
identified as R3 (No. 148), and this was confirmed by subse- 
quent solution and refinement of the structure. Details of the 
intensity collection for all substances studied are given in 
Table 1. 

The intensities of three representative reflections were mea- 
sured after every 150 reflections. Over the course of data col- 
lection, the standards increased 1%, and a linear correction 
factor was applied to the results. The linear absorption coeffi- 
cient (53.3 cm-') was such that an absorption correction using 
PSI Scan was applied, with transmission factors ranging from 
0.80 to 1.00. The results were also corrected for Lorentz and 
polarization effects. The structure was solved by direct meth- 
ods, and expanded using Fourier techniques. The non-hydro- 
gen atoms were refined anisotropically; hydrogen atoms on 
carbon were included in ideal positions but were not refined. 
The final cycle of full-matrix least-squares refinement was 
based on 555 observed reflections (I > 3u(I)) and 7 1 variable 
parameters, and the solution converged at R = 0.034 and R, = 
0.029. A final Fourier difference map calculation showed no 
peaks of chemical significance; the maximum and minimum 
peaks corresponded to 0.68 and -0.45 e A-,, respectively. 
(ii) The structural study of crystals of InI,.PPh, + In13(PPh3),, 
2, followed essentially the same procedure. The space groups 
are identical. No decay correction was applied, since the inten- 
sities of three representative reflections remained constant 
throughout the data collection, indicating crystal and elec- 
tronic stability. The data were corrected for absorption, 
Lorentz, and polarization effects. The structure was solved by 
direct methods. The indium, iodine, and phosphorus atoms 
were refined anisotropically, and carbon atoms were refined 
isotropically; hydrogen atoms on carbon were initially 
included in ideal positions, and subsequently refined isotropi- 
cally. After several cycles of refinement, the structure con- 
verged to R = 0.047 and R,, = 0.036. A final Fourier difference 
map calculation showed no peaks of chemical significance. 
(iii) Similar methods were used in the characterization of 
In13(dppe) + dppe, 3. Corrections were made for decay 
(-0.4%), Lorentz and polarization effects, and for absorption 
(range 0.747-1.000). Indium, iodine, and phosphorus atoms 
were refined anisotropically, and carbon atoms isotropically. 
The structural refinement converged at R = 0.060, R,, = 0.060. 
The maximum and minimum peaks in the final Fourier map 
were +0.43 and -0.72 e A-3, and there were no peaks of 
chemical significance. 

In each set of calculations, neutral-atom scattering factors 
were taken from Cromer and Waber (5). Anomalous disper- 
sion effects were included in the calculations (6); the values 
for Af' and Af" were those published by Cromer (7). All cal- 
culations were performed using the TEXSAN (8) crystallo- 
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Brown et al. 1537 

Table 1. Summary of crystal data, intensity collection, and structural refinement. 

1 2 3 

Chemical formula C18H,213P1n C,,H,,I,PIn + C,oH3013P21n C26H24P2 + C26H2413P21n 

M 757.82 757.82 + 1020.13 398.43 + 893.96 
Crystal system Trigonal Trigonal Cubic 
Space group R3(No. 148) RS(NO. 148) C2/c 
a1 A 15.105(4) 15.473(4) 41.445(14) 
bl A - - 15.944(8) 
CIA 16.769(7) 41.701(7) 16.533(11) 
PI0 - - 102.02(4) 
VIA' 3313(2) 8646.1 ( 1.8) 10685.3(9.5) 
Z 6 3 + 3  4 + 4 
F(OO0) 2076 4980 4992 
Dta,Cg cm.' 2.28 2.05 1.60 
Crystal dimensions/mm 0.1 x 0.1 x 0.1 0.1 x 0.1 x 0.1 0.1 x 0.1 x 0.1 
Abs. coeff./cm-' 53.3 41.3 23.3 
28" (max) 50 50 50 
Total reflections measured 1428 3661 8704 
Unique data used 1297 3408 8536 
TI0C 23 23 23 
No. of parameters 7 1 13 1 282 
R 0.034 0.047 0.060 
R,, 0.029 0.036 0.060 
Max. shiftlerror in final cycle 0.03 4.7 0.02 
Max., min. peaks in final difference map Ie A-3 0.68, -0.45 1.05, -1.41 0.43, -0.72 

Table 2. Positional parameters and isotropic thermal parameters for non- 
hydrogen atoms in In13.PPh3 (1). 

Atom x Y z B(eq) 

I(1) 0.14273(8) -0.04921 (8) 0.38241(7) 5.71(3) 
I( 1 *) 0.04921 (8) 0.19 194(8) 0.38241(7) 5.71(3) 
I( 1 *) -0.19194(8) -0.14273(8) 0.38241(7) 5.71(3) 
In( 1 )  o.oooo o.0000 0.3465(1) 3.66(3) 
p(1) 0.0000 0.0000 0.1913(4) 3.31(9) 
c(1) 0.0206(9) -0.1006( 10) 0.1508(8) 3 3 4 )  
C(2) 0.091(1) -0.080(1) 0.0922(9) 4 3 4 )  
(33) 0.105(1) -0.157(1) 0.065 l(9) 5.9(5) 
(34) 0.052(1) -0.255(1) 0.098(1) 6.6(6) 
C(5) -0.018(1) -0.273(1) 0.156(1) 5.5 
C(6) -0.032(1) -0.196(1) 0.1829(9) 4.6(4) 
c (  1 *) 0.1006(9) 0.1212(10) 0.1508(8) 3.5(4) 
C(l*) -0.1212(9) -0.0206( 10) O.l508(8) 3 3 4 )  
C(2*) 0.080( I) 0.170(1) 0.0922(9) 4.5(4) 
C(6') . -0.0164(1) 0.032(1) 0.1829(9) 4.6(4) 
c(3*) 0.157(1) 0.263(1) 0.065 l(9) 5.9(5) 
c(5*) 0.273(1) 0.256(1) 0.156(1) 5 3 5 )  
C(3*) -0.263(1) -0.105(1) 0.065 l(9) 5.9(5) 
C(5*) -0.256(1) 0.018(1) 0.156(1) 5 4 5 )  
c(4*) 0.255(1) 0.306(1) 0.098(1) 6.6(6) 
C(4*) -0.306(1) -0.052(1) 0.098(1) 6.6(6) 
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Table 3. (a) Bond distance (A) and (b)  angles (deg) in InI;PPh, (1). 
(a) 

- - 

Atom Atom Distance Atom Atom Distance 

Atom Atom Atom Angle Atom Atom Atom Angle 

Table 4. Positional parameters and isotropic thermal parameters for non- 
hydrogen atoms in In13.PPh3 + InI,(PPh,), (2). 

Atom x Y z 

Can. J. Chern. Vol. 74, 1996 
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Brown et al. 

Table 5. (a) Bond distances (A) and (b) angles (deg) in In1;PPh3 + InI,(PPh,), (2). 
(a) 

Atom Atom Distance Atom Atom Distance 

Atom Atom Atom Angle Atom Atom Atom Angle 

graphic software package. The structure of the molecules are These data can be purchased from: The Depository of 
shown in Figs. 1, 2, and 3; the positional parameters are in Unpublished Data, Document Delivery, CISTI, National 
Tables 2,4, and 6 and important bond distances and angles in Research Council Canada, Ottawa, Canada KIA OS2. The data fro 
Tables 3 , 5 ,  and 7. H-atom coordinates have also been deposited with the Cambridge 

Tables of hydrogen-atom coordinates and thermal parame- Crystallographic Data Centre, and can be obtained on request 

ters, and anisotropic thermal parameters for other atoms, are from The Director, Cambridge Crystallographic data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, available as supplementary data.4 CB2 lEZ, U.K. 
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Can. J. Chem. Vol. 74. 1996 

Table 6. Positional parameters and isotropic thermal parameters for non- 
hydrogen atoms in InI,(dppe) + dppe (3). 

Atom x Y z B(eq) 
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Brown et al. 

Table 6 (concluded). 

Atom x Y z 

Table 7. (a) Bond distances (A) and (b) angles (deg) in InI,(dppe) + dppe (3). 
(a) 

Atom Atom Distance Atom Atom Distance 
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Can. J. Chern. Vol. 74. 1996 

Table 7 (concluded). 

Atom Atom Atom Angle Atom Atom Atom Angle 

Results and discussion rahedral. The indium(II1)-iodine bond distance (2.677(1) A) is 
in keeping with the values in the literature for other four-coor- 

Crystallographic studies dinate derivatives, for which the range is 2.68 t 0.04 A (9). 
The structure of In13.PPh3, 1 (Fig. l), shows that the More particularly, the results reported for In13.PHPh, @(In-I) 
stereochemistry at both indium and phosphorus is close to tet- (avg.) = 2.673(5) A, r(1n-P) (avg.) = 2.599(9) A), and for 
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Brown et al. 

Fig. 1. The molecular structure of In1,-PPh,, showing the 
numbering system; ORTEP diagram, with 30% probability 
ellipsoids. 

In13.PHBut2 (r(1n-I) (avg.) = 2.674(5) A, r(1n-P) = 2.586(6) 
&(lo) are in good agreement with the values in Table 3. 

The substance 2 is unusual, in that the lattice contains equal 
proportions of In13.PPh3 and In13(PPh3),. There are some 
important differences between the results for the In13.PPh3 
moiety (Table 5) and those for the pure compound given in 
Table 3. The In-I bond distance of 2.691(2) A is significantly 
longer than in 1, as is In-P (2.616(9) compared with 2.603(7) 
A). There are also interesting changes in the bond angles; 
I-In-I, which is 115.1 l(3)" in the isolated molecule in 1 
changes to 113.92(5)" in the mixed lattice, while the corre- 
sponding values for In-P-C are 11 1.8(5)" and 110.18(1)", so 
that the molecule is slightly flattened at both pseudo-tetrahe- 
dral sites in this mixed lattice, relative to the pure substance. 

The 1:2 complex is directly comparable with the compound 
In13(PMePh2),, for which r(1n-I) = 2.736(4), 2.762(2), 
2.776(2) A, and r(1n-P) (avg.) = 2.716(4) A (1 1). Both show a 
significant lengthening of the In-I bond relative to the values 
for the various 1: 1 adducts, in keeping with the increased coor- 
dination number at indium (cf. ref. 9). Surprisingly, the two 
In-P bonds are of quite different lengths (2.86(1) and 2.99(1) 
A), and these values are both much larger than the average of 
2.65 A derived from work on In13(PMePh2),, InBr3(PMe2Ph), 
(1 l), InC13(PMe3), (12), and InC13(PPh3), (13). We return to 
these results below. 

The structure of compound 3 reveals the presence of an infi- 
nite chain in which planar In13 units are linked by bridging 
dppe.bidentate donors. The presence of isolated dppe mole- 
cules allows a comparison between the coordinated and the 
free state. Apart from a slight contraction of the P--C6H5 
bonds, there are in fact no significant differences; the total P-P 
distance is essentially constant at -5.2 A in the two molecules. 
It is also interesting to compare the structure of [InI,(dppe)], 
with that of (In13)3(dppe)2 (12), which represents a sub-unit of 
the infinite chain structure. The stereochemistry at indium and 

phosphorus is almost identical in both cases, and the average 
bond distances in (InI,),(dppe), (r(1n-I) = 2.731(15) A, r(1n- 
P) = 2.809(10) and r(P-C6H5) = 1.83(1) are very close to 
those in Table 7. 

The values for In-P bond length in these adducts call for 
some comment. We first note that the P-C bond distances in 
all the present structures give an average value of 1.84 A, 
which is close to the sum of the covalent radii (0.77 + 1.10 = 
1.87 A), in keeping with the expected formation of single 
bonds. The covalent radius of indium in tetrahedral InX4- spe- 
cies (X = C1, Br, I) can be calculated from the known average 
In-X bond lengths (2.350(2), 2.479(2), 2.71(1) for X = C1, 
Br, and I, respectively (14)) as 1.36(2) A, in which case r(1n- 
P) in a tetrahedral environment should be ca. 2.46 A, which is 
significantly smaller than the values found in the present work 
for In13.PPh3 in 1 and 2 (2.603(7), 2.616(9) A) (Tables 3 and 
5). For the five-coordinate species, r(1n-P)(avg.) = 2.92(5) in 
2 and 2.76(1) in 3 , again substantially greater than that calcu- 
lated. An alternative approach uses the conventional single 
bond covalent radii for these elements (15), from which r(1n- 
I ) =  1.50 + 1.33=2.83& andr(1n-P)= 1.50+ 1.09=2.59A. 
These values therefore substantially underestimate r(1n-I) in 
both four- and five- coordinate species, while the calculated 
r(1n-P) is slightly lower than the experimental value in 
In13.PPh3, and significantly so in the other adducts. The large 
bond distance in the five-coordinate molecules implies the 
presence of very weak In-P interactions in these species in the 
crystalline state, which has important implications for the 
solution studies reported below. 

NMR studies on In13(PPh3), 
The 3 ' ~  resonance of a solution of In13(PPh3)2 in CDC13 at 293 
K is a broad singlet, half width approximately 33 Hz, - 16.85 
ppm from the reference solution of 85% H3P04 = 0; the com- 
parable values for PPh, under the same conditions are 6 = 
-5.44 ppm and o , ,  = 7.5 Hz. Both the chemical shift (Fig. 
4A) and the line width (Fig. 4B) of a solution of the 1:2 com- 
plex change with temperature until, at 213 K, the half width is 
ca. 100 Hz, and the chemical shift is - 15.5 ppm. Below this 
temperature, the precipitation of crystalline material, identi- 
fied as the 1: 1 complex In13.PPh3, was observed, and the slight 
maximum observed in Fig. 4A at 223 K may have been caused 
by the presence of small quantities of solid in the solution 
phase at this temperature. 

The significant line width, the increase of this with decreas- 
ing temperature, the precipitation of In13.PPh3, and the change 
in the average chemical shift towards the value for free PPh,, 
are all in keeping with the existence in solution of the equilib- 
ria 

The change in the line width with decreasing temperature indi- 
cates that the rapid exchange observed at room temperature is 
being slowed, but clearly we were not able to achieve condi- 
tions under which the signals of the individual species could 
be observed. 

The effect of adding PPh3 to a solution of In13(PPh3), in 
CDC1, (0.1 M, room temp.) is illustrated in Fig. 5. For reasons 
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Fig. 2. The structure of 2 showing the numbering system for (A) In13.PPh3 and (B) In13(PPh3),; 
ORTEP diagram, with 30% probability ellipsoids. 

that will be discussed below, this diagram shows both the aver- 
age 3 L ~  chemical shift (5A) and the width at half-height (5B) as 
a function of the mole ratio of Ph3P to the 1:l complex 
In13.PPh and both parameters move monotonically as a func- 

3: 
tion of thls ratio. The limiting chemical shift (-5.4 ppm) is 
identical to that for free PPh3. The changes in T,,, show that 
the exchange processes in solution persist over the range stud- 
ied, while the sharpening at high ligand: complex ratios indi- 
cates that the overall exchange is enhanced under these 
conditions. 

When iodide ion, in the form of either n-Pr4NI or n-Bu4NI, 
is added to a solution of In13(PPh3), in CDCl,, two important 

phenomena are observed. The 3 1 ~  chemical shift (Fig. 6A) 
changes linearly as I- is added, to a point of inflexion at which 
the quantities of iodide and complex are equal. The 3 1 ~  reso- 
nance at this point, and subsequently, is at -5.2 ppm, indicat- 
ing the presence of free PPh3 in the solution. The line width 
also changes during the addition of iodide, with the results 
shown in Fig. 6B. The point of inflexion again occurs when 
equimolar quantities of I- and In13(PPh3), are present. The line 
width beyond that point (wIl2 = 23 Hz) is similar to that for 
free PPh, under the same conditions. 

Studies of the "5~n  resonance of these solutions showed 
that no signal could be detected with a solution of In13(PPh3), 
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Brown et al. 

Fig. 3. The structure of 3 showing the numbering system for (A) 
InI,(dppe) and (B) dppe; ORTEP diagram, with 30% probability 
ellipsoids. 

in CDCI,, which is in keeping with earlier observations by 
many workers that this resonance is only detectable in species 
of high symmetry because of the high nuclear spin (I = 912). As 
I- was added, however, a signal was detected at -980 ppm rel- 
ative to InC14- = 0 (see ref. (14), indicating the formation of 
1111,-in the solution. The intensity of this signal increased with 
further addition of R4NI, and again reached a maximum when 
the concentration of In13(PPh3), and R4NI were equal. Further 
addition of R4NI caused the precipitation of R4N[In14], identi- 
fied by the characteristic Raman spectrum (139 s, 186 w cm-l; 
cf. lit. values u, = 139, u3 = 186 cm-I (16)), and in the case of 
n-Pr4N[In14] by indium analysis (calcd. In 14.2%; found: In 
14.0). These results all show that the process [3] takes place, 

Fig. 4. Effect of temperature on 3 ' ~  NMR spectrum of a solution 
of In13(PPh3),, 0.1 M in CDC1,; (A) change in chemical shift, (B) 
change in line width at half-height. 

apparently quantitatively, under the conditions used. 
The 1:l complex In13.PPh3 is insufficiently soluble in 

CDC13 for 3 1 ~  investigations, but results were obtained with 
solutions in acetone. The 1:l adduct in this solvent shows a 
sharp resonance at room temperature at -28.8 ppm, w,, = 
16.5 Hz. This is significantly sharper than the 1:2 species 
(wlIZ = 105 HZ), and we conclude that the dissociation and 
ligand exchange are absent in this solution, so that eq. [2] lies 
to the left. The effect of adding PPh3 to this solution is shown 
in Fig. 7. As with the 1:2 adduct, there are changes in both 6 
and wl12 The chemical shift of a mixture containing equimo- 
lar quantities of In13.PPh3 and PPh3 is -23.5 ppm, to be 
compared with the value for a solution of the 1 :2 complex in 
CDC13 of - 16.85 ppm. Given the effect of solvent on the 
equilibria involved, there is little to be gained by discussing 
this difference; the more important point is that addition of 
PPh3 to In13.PPh3 shifts the resonance towards that of the 1:2 
complex. The increasing half width (Fig. 7B) with addition 
of ligand is evidence of ligand exchange, in keeping with eq. 
[I]. 

Dissociative equilibria involving In13(PPh3), 
The present results, and those from the earlier investigations 
(2), show clearly that eqs. [I], [2], and [3] describe partially 
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Fig. 5. Effect of adding PPh, to a solution of InI,(PPh,), (0.1 M 
in CDC1,) at room temperature; (A) change in ,'P chemical shift, 
and (B) change in line width. 

Mole ratio PPh3:ln13PPh3 

the solution chemistry of InI,(PPh,),. For this system, the pos- 
sible equilibria can be summarized as 

We note first that the dissociation into ionic species is estab- 
lished by the small but significant electrical conductivity in 
nitromethane and nitrobenzene (2). Such dissociation is ger- 
mane to the present discussion only to the extent that free or 
associated charged species can be assumed to be present in the 
solvents used in the NMR investigations. 

The preparative scale work on the InI,/PPh, system showed 
that the reaction between these substances in ethyl acetate 
gives the 1:2 complex, which on recrystallization from the 
same solvent yields an equimolar solid lattice of 1:2 and 1:l 
adducts that is also in keeping with the existence of this same 
equilibrium in ethyl acetate. Recrystallization of a solution of 
the 1:2 complex from cyclohexane gives only the 1:l adduct. 
These effects, which have been discussed elsewhere (I), are a 
general feature of the adducts of indium trihalides and related 
compounds, and serve to emphasize the difficulty of identify- 
ing the "most stable" species in a series of possible adducts 
and (or) coordination numbers. 

A quantitative analysis of the various results is hindered by 
the different solvents which were necessarily used in the vari- 

Fig. 6. Effect of adding n-Bu,NI to a solution of InI,(PPh,), (0.1 
M in CDCI,) at room temperature; (A) change in ,'P chemical 
shift, (B) change in line width. 

E 
0 .- 
(I) 
.c 

Mole ratio ~ - B ~ ~ N l : l n l ~ ( P P h ~ ) ~  

ous aspects of the work, and by the different concentration 
ranges involved (- lo-, M for conductivity measurements, 
< lo-, for molecular weight determination, > 10-I M for NMR 
studies, and >1 M in the preparative work). We take as a start- 
ing point the molecular weight determinations reported earlier 
(2) for two different sets of conditions. In chloroform at room 
temperature, the observed value is 6 14, and in benzene at the 
freezing point (5S°C), Mobs = 526. If the only significant equi- 
librium is that of eq. [I], then 

where M,, M I ,  and ML are the molecular weights of 
InI,(PPh,),, In1,-PPh, and PPh, respectively, and x is the 
degree of dissociation of InI,(PPh,),. A value of Mobs = 526 
corresponds to x -+ 1 (M, = 1020, MI = 758, ML = 262 to the 
nearest integer), and the result for chloroform is rather similar, 
so that the conclusion is that, at such dilutions, InI,(PPh,), 
undergoes essentially complete dissociation to the 1: 1 com- 
plex and free triphenylphosphine. This interesting result cor- 
relates nicely with the weak In-P bonding in the 1:2 complex 
(see above). 

The ,'P NMR results show that the various phosphorus- 
containing species are undergoing rapid exchange under all 
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Fig. 7. Effect of adding PPh, to a solution of InI,.PPh, (0.1 M) 
in acetone at room temperature; (A )  change in ,'P chemical shift, 
(B) change in line width. 

1.0 1.2 1.4 1.6 1.8 20 22 

Mole ratio PPh3:ln13.PPh3 

the conditions studied. The presence of substantial quantities 
of free PPh3 as the result of the dissociation discussed above 
provides an obvious mechanism for this exchange. The 
observed chemical shift in any of these solutions is the 
weighted average of the individual shifts of the contributing 
species 

where pi is the fractional population of the 3 1 ~  spins present as 
the ith species with characteristic chemical shift 6 ,  and one 
should therefore be able to calculate pi or 6 ,  depending on the 
assumptions made. If we assume that this solution is com- 
pletely dissociated into In13PPh3 and PPh3, following the 
results just discussed, then from 

where the subscripts refer to the 1:2 and 1: 1 complexes and the 
free ligand, we have p2 = 0, and p, = pL = 0.5, so that 

[8] 6,,, = 0.56, + 0.5 (-5.44) = - 16.85 pprn 

from which 6 ,  = -28.2 pprn in CDC13. The value in acetone is 
-29.0 pprn (see above), and the agreement is satisfying 

(assuming no large solvent effect), so that the 3 ' ~  NMR results 
are in keeping with the molecular weight determinations in 
that both imply complete dissociation via eq. [I]. 

The addition of Ph3P to a solution of In13(PPh3)? can then be 
treated as increasing the concentration of PPh3 in a solution 
initially containing equimolar quantities of In13.PPh3 and 
PPh3. For this reason, Fig. 5 deals with the results in terms of 
the mole ratio of these two components. A quantitative analy- 
sis of the chemical shift results in Fig. 5 appears impossible in 
the absence of a value for 62, but the curve cannot be repro- 
duced by assuming that PPh3 is being added to In13-PPh, with- 
out formation of the 1:2 complex. The more acceptable model 
assumes the formation of the 1 :2 complex by the reverse of eq. 
[I], which then leads to the conclusion that 6, must be close to 
6,, and, given the weak long-range nature of this In-P interac- 
tion in the solid state, this seems reasonable. It was not possi- 
ble to further analyze the NMR results to derive the 
equilibrium constant for eq. [I]. 

The addition of R4NI to a solution of In13(PPh3), causes 6,,, 
to move in a linear fashion, reaching a constant value when the 
quantity of I- added is equal to the initial quantity of 
In13(PPh3), (Fig. 6). Given the complete dissociation of the 
latter at [I-],, = 0, we can write 

for the limit at [I-],, = [In13L2],. For intermediate conditions, 
where the quantity of added I- = x , for complete conversion, 
one has 

which leads to a linear plot, as is observed in Fig. 6. This quan- 
titative formation of In14- is in keeping with the known behav- 
iour of indium(II1)-iodide systems, in which this tetrahedral 
anion is observed as an extremely stable species (I), and in the 
present situation much favored over the In13-PPh3 adduct. 

NMR studies of InI,(dppe) 
In view of the differing crystalline forms of this substance, it is 
important to note that all NMR studies discussed below refer 
to solutions of the compound In13(dppe), as initially prepared 
(see Experimental). The 3 ' ~  spectrum of a 0.1 M solution of 
this compound in CDC13 at room temperature is a sharp sin- 
glet, with 6 = - 15.9 pprn and w , , ~  = 5 Hz. The corresponding 
shift for dppe in the same solvent is - 13.0 ppm, and the small 
change caused by coordination is in keeping with the struc- 
tural similarities between free and bound ligand in the solid 
state (see above). The effect of lowering the temperature is 
illustrated in Fig. 8; the signal broadens gradually, with a 
sharp change at 223 K corresponding to the appearance of 
solid material, while the chemical shift changes by about 2 
pprn over the same range. The studies of triphenylphosphine 
adducts of In13 discussed above clearly demonstrate that the 
four-coordinate species is thermodynamically more stable 
than the five-coordinate derivative, and the spectrum of 
In13(dppe) can be interpreted in this light. A non-fluxional 
four-coordinate mononuclear complex would show two 3 1 ~  

resonances, as would a five-coordinate species with apical and 
equatorial phosphorus atoms; the observation of a single sharp 
resonance at room temperature and the relatively small tem- 
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Fig. 8. Effect of temperature on ,'P NMR spectrum of a solution 
of InI,(dppe) (0.1 M in CDCl,); (A) change in chemical shift, 
(B) change in line width. 

Fig. 9. Effect of adding dppe to a solution of InI,(dppe) (0.1 M 
in CDC1,) at room temperature; change in ,'P chemical shift. 

-14.5 1 4  

Mole ratio dppe:ln13(dppe) 

Scheme 2. 

Scheme 1. 

perature effect in the spectra of InI,(dppe) itself are taken as 
evidence of the presence of the rapidly interconverting species 
(Scheme 1). 

Ring-opening processes of this type have been shown to be 
a feature of the solution chemistry of other indium(II1) com- 
pounds, and reflect the changes in coordination numbers asso- 
ciated with different ligand environments (17-19). The 
chemical shift observed is then the appropriately weighted 
average of the individual shifts of IA and IB and there will be 
two values for Pb and P, in IA. The broadening of the signal 
with decreasing temperature (Fig. 8B) indicates the expected 
slowing of the exchange process, but it was not possible to 
identify these as separate resonances in the temperature range 
available to us. The addition of dppe (Fig. 9) produces a small 
change in 6 ,  and the curve approaches asymptotically a value 

of ca. - 14.5 ppm. In the absence of a bonding interaction 
leading to higher complexes between In13(dppe) and free 
ligand, one would expect the linear relationship seen at low 
dppe concentrations in Fig. 9. There is an obvious deviation 
from this as the quantity of dppe is increased, but it is clear that 
an extrapolation to the chemical shift for free dppe would 
require the addition of large excess of this ligand. The addition 
of dppe (Fig. 9) also causes line broadening, and a shift in 6,bS 
that is almost linear with the dppe: complex ratio and corre- 
sponds to an averaging of 6 ,  and sc,  the chemical shifts of the 
free ligand and the complex at low [dppe]. But at high ligand: 
complex mole ratios, sobs falls away from this linearity, which 
may be due to the formation in solution of species in which 
1111, is coordinated by two dppe ligands. In view of the prepar- 
ative and crystallographic results, which show that In13(dppe), 
(InI,),(dppe),, and [In13(dppe)], are readily interconverted, 
and that indium is five-coordinate in at least two of these sys- 
tems, such a complex would likely involve two monodentate 
ligands present in small but not insignificant proportions 
(Scheme 2). The average ,'P chemical shift in such a species 
would presumably lie between the values for dppe (- 13.0) 
and In13(dppe) (- 15.9 ppm). 

The addition of strong u-donor ligands, such as dimethyl 
sulphoxide, dimethylformamide, pyridine, or y-picoline, to a 
solution of In13(dppe) in CDC1, leads to the quantitative 
release of free dppe, as 'shown by the ,'P chemical shift 
changes. As in the In13-PPh, system, addition of iodide ion, as 
n-Bu,NI, also results in the release of dppe and the formation 
of In1,-, by the Il51n resonance at -980 ppm. There is a quan- 
titative difference from the In13/PPh3 case, in that the depen- 
dence of 6 on the complex: iodide mole ratio is not linear (Fig. 
10). Extrapolation of the initial and final linear portions of this 
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Fig. 10. Effect of adding n-Bu,NI to a solution of InI,(dppe) (0.5 
M in CDCl,) at room temperature; change in ,'P chemical shift. 

Mole ratio n-Bu4NI:ln13(dppe) 

graph gives a point of  inflexion at a mole ratio of I-: complex = 
0.5, which can be interpreted in  the following way. Firstly, w e  
note that direct nucleophilic attack by I- on a five-coordinate 
In13(dppe) (structure IB) would involve the formation of a six- 
coordinate InI,P2 intermediate, which seems most unlikely in 
the context of the known coordination chemistry of 
indium(II1). An  interaction between I- and four-coordinate 
In13(dppe) (i.e., structure IA) might appear more favorable, 
but this would not give the reaction stoichiometry observed, 
and it may well be  that steric blocking by dppe at the 
indium(II1) centre would prevent this reaction pathway. W e  
therefore propose that the first step is the weak dissociation of 
the complex. 

[ I l l  InIAdppe) 9 InI, + dppe 

It is known that in  non-coordinating solvents, the dimerization 

lies completely to the right. T w o  spectroscopic studies (20,21)  
have shown that adduct formation by Ga2X6 ( X  = C1, Br) 
involves as  a first step the coordination of  the donor at one of 
the metal atoms of the dimer, and that dissociation of the latter 
(i.e., the reverse of eq. [12]) is not a prerequisite. For the 
present system, one then has 

as the final step, so  that the overall stoichiometry is 

[14] 2 InI,(dppe) +I- + Id4-  + 2 dppe + 112 In21, 

in keeping with the results shown in Fig. 10. The  differences in 
the behaviour of InI,(PPh,) and In13(dppe) in  this respect are 
therefore a consequence of the different initial interactions, 
which are themselves a function of the coordination chemistry 
of indium(II1). 

General conclusions 
The  preparative studies on  In13 - PPh3 adducts demonstrate 
that here, as in other related systems, the influences of both 
solvent and ligand on  apparently simple equilibria are com- 
plex, and not readily predictable with our present knowledge. 
The detailed information obtained from the NMR investiga- 
tions for  both PPh3 and dppe derivatives emphasizes the diffi- 
culty of interpreting such matters in a quantitative manner. 
The  most important general conclusion is that the interactions 
of  such seemingly simple molecules are much more compli- 
cated than is apparent from a superficial examination, and that 
further studies of  related systems would be  profitable. 
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Synthesis of glycosylated cationic porphyrins 
as potential agents in photodynamic therapy 

Khalid Driaf, Robert Granet, Pierre Krausz, Mourad Kaouadji, Franqois 
Thomasson, Albert Jose Chulia, Bernard Verneuil, Marenglen Spiro, 
Jean-Claude Blais, and Gerard Bolbach 

Abstract: Trisalkylpyridiniurn porphyrins substituted by one glycosyl (glucosyl, maltosyl, and lactosyl) moiety have been 
prepared in acceptable yields. These glycosylated cationic porphyrins have been synthesized from pyrrole condensed with 
4-pyridinecarboxaldehyde, and suitable ortho- orpara peracetylglycosyloxybenzaldehyde derivatives in refluxing propionic 
acid - Ac20 followed by action of alkyliodide in DMF. Deprotection of the glycosylated moieties led to a new class of 
representative glycosylated porphyrins. 

Key words: porphyrins, cationic, glycosylated; phototherapy, cancer. 

RCsumk : On a prCparC des tris(alky1pyridiniurn)porphyrines substituCes par une portion glycosyle (glucosyle, maltosyle et 
lactosyle) avec des rendements acceptables. On a synthttist ces porphyrines cationiques glycosylCes a partir de pyrrole condens6 
avec un pyridine-4-carboxyaldChyde et des derives ortho- ou para-peracCtylglycosyloxybenzaldChydes approprits, par reflux 
dans de l'acide propanoi'que - Ac20, suivi par l'action d'un iodure d'alkyle dans le DMF. La dkprotection des portions 
glycosylCes conduit a une nouvelle classe de porphyrines glycosyltes representatives. 

Mots cle's : porphyrines, cationique, glycosylC; photothhapie, cancer. 

[Traduit par la rkdaction] 

Introduction cient photosensitizing effect, porphyrins must exhibit excel- 

Tetrapyrrolic macrocycles and their metallic complexes have 
been long investigated largely on account of their thermo- or 
photocatalytic properties. The continuing progress in porphy- 
rin chemistry in recent years has caused a growing interest for 
such compounds. Porphyrins and their analogs have attracted 
much attention as phototherapeutic (1) and anti-HIV agents 
(2). 

Photosensitizing porphyrins are a potential treatment in 
tumor therapy. Photodynamic therapy is based on the principle 
that these porphyrins become concentrated in tumor cells and, 
upon subsequent irradiation with visible light in the presence 
of oxygen, specifically destroy the cells (3). To have an effi- 
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lent hydrophilic properties (4). Thus it is of great interest to 
synthesize new water-soluble molecules. 

Cationic porphyrins are highly soluble and the presence of a 
carbohydrate moiety improves specific receptor targeting (5) 
and increases plasmatic life time (6). The presence of hydro- 
philic and hydrophobic parts in the compounds facilitates 
membrane penetration. In addition, cationic porphyrins have 
different binding modes with nucleic acids than have neutral 
porphyrins due to their enhanced affinity for DNA (7). These 
porphyrin-DNA interactions are of great importance in photo- 
dynamic therapy (PDT) (8), anticancer therapy (9), selective 
cleavage of nucleic acids (lo), and as antiviral agents (HIV-1) 
(1 1). Since the first work of Mironov et al. (12), a vast and 
ever-increasing literature on glycosylated porphyrins has been 
reported (13), although, until now, no work has been devoted 
to unsymmetrical 0-glycosylated cationic porphyrins. In a 
preliminary paper we reported the first synthesis of alkyl pyri- 
dinium 4-yl porphyrins bearing a carbohydrate moiety (14). In 
connection with our research program on glycosylated por- 
phyrins we have extended the range of structures of glycosyl 
and alkyl substituents. In the present paper we report full 
experimental data concerning the synthesis and characteriza- 
tion of a series of free base cationic glycosylated porphyrins 
based on tris 4-(alkyl pyridiniumyl) porphyrin. These unsym- 
metrical molecules contain one meso-phenyl group bearing a 
mono- or disaccharide in the ortho or para position and three 
meso-alkyl pyridinium groups with a linear or branched alkyl 
chain. 

Results and discussion 
Synthesis 
The different porphyrins were prepared according to the gen- 

Can. J .  Chern. 74: 155G1563 (1996). Printed in Canada 1 Irnprirnk au Canada 
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Scheme 1. 

AcO OAc Ac 

i : Aceronc I NaOH 

ii : CHzCIz 1 Hz0  I ( C ~ ~ - ( C H Z ) ~ - C H Z ) ~ N +  , Br- I NazC03 
a and b refer to orfho and para substitution respectively. 

era1 route outlined in Schemes 1 and 2. The suitably glycosy- 
lated benzaldehydes 1-3 were synthesized following different 
pathways (Scheme 1). Aldehyde l a  was prepared from com- 
mercially available helicin (2-(P-D-glucopyranosyloxy)benz- 
aldehyde) by acetylation at 0°C during 1.5 h with acetic 
anhydride in dry pyridine (yield 90%). 4-(2,3,4,6-Tetra-0- 
acetyl-P-D-glucopyranosyloxy)benzaldehyde l b  was synthe- 
sized from 2,3,4,6-tetra-0-acetyl-a-D-glucopyranosyl bro- 
mide and 4-hydroxybenzaldehyde (2.5 equiv.) in acetone in 
the presence of 7% aqueous NaOH. After 24 h, the expected 
compound was obtained in 40% yield. Treatment of hydroxy- 
benzaldehyde with bromoacetylated maltosyl or lactosyl in the 
same manner gave products 2a,b and 3a,b in low yields; there- 
fore, another route to prepare these compounds was selected. 
2,3,6,2',3',4',6'-Hepta-0-acetyl-P-D-maltosyl or lactosyl benz- 
aldehydes were produced by reaction of ortho or para hy- 
droxybenzaldehyde with bromoacetylated maltosyl or lactosyl 
in phase transfer catalysis. This reaction was carried out in a 
biphasic system of water-chloroform (1 : 1) in the presence of 
1 M aqueous Na2C03 and tetraoctylammonium bromide as 
catalyst. After the usual work-up, glycosylated benzaldehydes 
2a,b and 3a,b were obtained with an improved yield for the 
para compounds. Compounds with the disaccharidic substitu- 
ent in the ortho position did not have a similar result probably 
due to steric hindrance. 

With the suitably glycosylated benzaldehydes, pyridyl por- 
phyrin derivatives were then synthesized (Scheme 2). Unsym- 
metrical porphyrin derivatives 4a,b, 5a,b, and 6a,b with three 
pyridyls and a protected mono- or disaccharide glycosylated 
group were prepared following the method of Little et al. (15). 
These syntheses were carried out by condensation of la,b- 

I b : R , = H .  R, = OGlucOAc 
Za : R, = OMaltOAc, R, = H 
2b : R, = H, R, = OMaltOAc 
3a : R, = OLactOAc, R, = H 
3b : R, = H. % = OLactOAc 

OGlucOAc = AcO 

OMaltOAc = 

AcO 
OLactOAc = 

A 

3a,b (1 equiv.) with 4-pyridinecarboxaldehyde (2 equiv.) and 
pyrrole (2.6 equiv.) in propionic acid with 10% acetic anhy- 
dride, which sewed to prevent deacetylation of the glycosy- 
lated moiety. The yields of chromatographically pure 
porphyrins were about 6-7%. Such yields are acceptable in 
comparison to other similar preparations (10a). Attempts to 
use Lindsey's method (16) (condensation of aldehydes and 
pyrrole in the presence of BF3-Et20 in CH2C12 followed by 
addition of DDQ) did not lead to the expected compounds 
4a,b-6a,b. 

Treatment of glycosylated pyridylporphyrins 4a ,b4a ,b  
with a large excess of methyl iodide in dry DMF gave the 
expected cationic glycosylated N-methylpyridinium porphy- 
rins 7a,b-9a,b. These compounds were purified by precipita- 
tion in diethyl ether. In a second series of experiments, the 
alkyl substituents of pyridyl porphyrins 4a,b were modified. 
Thus, when treated with a large excess of either isopropyl 
iodide or n-octyl iodide, 4a and 4b  yielded the corresponding 
cationic porphyrins 10a,b as well as l l a , b  in about 70% yield. 
N-Isopropyl derivatives 10a and l o b  were purified as 
described for 7a,b-9a,b; however, n-octyl porphyrins were 
extracted with the mixture n-BuOH-AcOH-H20 (4: 1 :5) 
(upper phase) due to their lower polarity with respect to the N- 
methyl and N-isopropyl homologues. 

Finally, compounds 411 were deprotected with Et3N- 
MeOH-H20 (10: 10: 1) at O°C, which after purification, led to 
the unprotected porphyrins 12-19 in nearly quantitative 
yields. 

Acetylated cationic porphyrins were soluble in water with 
the exception of the n-octyl derivatives (l la,b),  which were 
soluble in organic solvents such as chloroform, methylene 
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Scheme 2. 

1a.b : R = GlucOAc 
2a.b : R = MaltOAc 

7 q b : R - G l u c O A c ; R ' = M e  
8 q b  : R = MaltOAc ; R' = Me 
g a b :  R=Lsc tOAc;R '=Me 

1 0 a b  : R - GlucOAc ; R' = I-Pr 
l l a b :  R=GlucOAc;R'=n-Ckt 

15a.b : R' = Me : R' = GlucOH 
16a.b : R' = Me ; R' = MaltOH 
17a,b : R' = Me ; R' = LactOH 
1Ra.b : R' = i-Pr ; R" = GlucOH 
191,b : R' = n&t ; R" = GlucOH 

4a,b : R GlucOAc 
5a.b : R = MaltOAc 
6a.b : R = LactOAc 

12a,b : R" = GlucOH 
13a.b : R' = MaltOH 
14a.b : R" = LactOH 

i : EtCOOH / (Ac0)20, refltq 1.5 h 
ii : R'-I / DMF. 
i i i  and iv : Et3N-MeOH-Hz0 (10: 10: 1). 
a and b refer to ortho andpura substitution respectively. 

X = OAc : GlucOAc 

X = H : GlucOH 

X = OAc : MaltOAc 

X = H : MaltOH 

x = OAc : LactOAc 

X = H : LactOH 
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chloride, and ether. The disaccharide acetylated cationic por- 
phyrins 8a,b and 9a,b were slightly soluble in methylene chlo- 
ride. All deacetylated neutral and cationic porphyrins were 
water soluble. 

Mass analysis 
Conventional mass spectral analysis (EI and CI) of relatively 
nonvolatile compounds such as porphyrins requires consider- 
able heating of the sample, which can lead to its degradation. 
Consequently, ionization modes such as SIMS, FAB, and 
MALDI (Matrix Assisted Laser Desorption Ionization) were 
used for characterization of the porphyiins. 

Acetylglycosylated neutral porphyrins were analyzed in the 
SIMS mode (positive and negative). Acetylglycosylated cat- 
ionic porphyrins were characterized by FAB mass spectrome- 
try. The mass spectra of the deacetylated porphyrins, both 
neutral and cationic, were obtained in the MALDI mode, the 
FAB mode being ineffective. In addition to the protonated 
(positive mode) or deprotonated (negative mode) molecules, 
an ion corresponding to elimination of an acetylated sugar unit 
was observed in the SIMS spectrum of acetyl glycosylated 
porphyrins (4a,b4a,b). Acetylated cationic porphyrins 
(7a ,b l l a ,b )  were characterized by FAB MS in positive 
mode. In all cases, a protonated quasi molecular ion (M + H)+ 
was detected. In addition, peaks corresponding to an elimina- 
tion of one, two, and three alkyl groups ( ~ e , i - P r ,  or n-Oct) 
were observed. 

In the MALDI mass spectra of deacetylated porphyrins 
(12a,b19a,b) the molecular peak (M - 31-)+ was always 
observed; no fragment ions were observed. 

'H NMR analysis 
The 'H NMR data of pyridyl and alkylpyridinium porphyrins 
were recently published (4) but to the best of our knowledge 
there exists no information about the 'H NMR of glycosylated 
pyridyl orphyrins. P The H NMR of porphyrins 4a,b, 7a,b, 10a,b, and l l a , b  
were measured at 200 MHz in DMSO-d6. The detailed reso- 
nance assignments are based on integration, selective homo- 
nuclear decoupling, as well as NOE and 2D homonuclear 
COSY experiments. According to the two substituted phenyl 
ring groups of ortho-tetra-0-acetylglucosyl or para-tetra-0- 
acetylglucosyl, significative shifts occur for the phenyl sub- 
stituent as well as for the carbohydrate moiety, the pyridinyl 
units, and the macrocycle. Such differences in the NMR spec- 
tra are consequent to the orientation of the osidic unit with 
respect to the tetrapyrrolic ring. In the series of related com- 
pounds characterized by p-tetra-0-acetylglucosyl substitution 
(4b, 7b, lob,  and l l b ) ,  the 'H NMR spectrum is readily 
assigned because of the relative high symmetry (C,, group) of 
each molecule (Tables 1 and 2). This is well illustrated in the 
'H NMR of 4b, taken in CDCl,, by the occurrence of only two 
sets of protons appearing as doublets (J  = 5.3 Hz) at 6 9.04 (H- 
2,6) and 6 8.15 (H-33) of the pyridinyl moieties and at 6 8.10 
(H-2,6) and 6 7.36 (H-3,5) with Jorrho = 8.7 Hz for thep-disub- 
stituted phenyl ring. Due to their proximity, the pyrrole pro- 
tons are divided into 2 x 4H exhibiting either a doublet or a 
singlet. Pyrrole rings in which one proton is near the p-(tetra- 
0-acetylglucosyloxy)phenyl and the other is close to a pyri- 
dine have their proton resonances split into two doublets ( J  = 
4.5 Hz) at 6 8.91 (H-3,7) and S 8.81 (H-2,8); in parallel and 

due to symmetry, pyrrole rings surrounded by two pyridinyl 
substituents display uncoupled protons appearing as-a singlet 
at 6 8.83 (H- 12,13,17,18). Finally, as for p-(tetra-0-acetylglu- 
cosyloxy)benzaldehyde l b ,  the carbohydrate exhibits the 
expected well-resolved resonances at 6 4.05 (H-5), 4.30 (H- 
6,), and 4.41 (H-6,). The remaining sugar protons are respon- 
sible for the overlapped multiplet centered at 6 5.35 (H-1,2 and 
H-3 or H-4) near to the triplet at 6 5.30 (H-3 or H-4). Change 
in the substitution of the phenyl ring, by the sugar from the 
para to the ortho position with respect to the porphyrin, results 
in considerable changes in the 'H NMR chemical shifts and 
(or) in patterns relative to most of the nuclei. This phenome- 
non reflects a diminished symmetry induced by the orientation 
of the sugar that in turn leads to an unsymmetrical folded 
structure because of steric hindrance. Such magnetic perturba- 
tions are encountered in the 'H NMR spectra of the related 
series of compounds, 4a, 7a, 10a, and l l a ,  containing ortho- 
tetra-0-acetylglucosyloxyphenyl substituent. In comparison 
with the 'H NMR data of the above-mentioned 4b. those rela- 
tive to the homologue 4a show striking differences in connec- 
tion with each part of the molecule (Table 2). The pyridinyl 
protons (H-33) close to the macrocycle are shifted downfield 
by 0.67 ppm, in contrast to the unaffected H-2,6 (6 9.06). The 
P-pyrrole proton signals are converted into three doublets ( J  = 
4.9 Hz) at 6 8.94 (H-3), 8.90 (H-7), 8.84 (H-2,8) as well as two 
singlets at 6 8.83 and 8.78 for H-12,13,17,18. All the sugar 
protons experience a particularly pronounced shielding from 
-0.28 pprn (H-6,) to - 1.19 pprn (H-2). These nuclei are 
obviously located well within the range of the shielding cur- 
rent above the porphyrin macrocycle. Two acetyl groups that 
would otherwise show a larger shift towards 2.0 pprn are also 
influenced by the ring current (6 1.26 and 6 -0.97). It is 
worthwhile noting that the latter group, exhibiting a negative 
chemical shift value like the typical inner NH protons (6 
-2.88), can be unambiguously identified as Ac0-2 as pre- 
dicted by the space-filling model. The 'H NMR spectra of 
ortho- and para-protected monoglucosides 4a and 4b taken in 
DMSO-d6 (Table 1) exhibit chemical shift variations generally 
entitled solvent effects. This behavior seems to be due to the 
binding of the polar solvent in the hindered cavity of the mac- 
rocycle as indicated by the significative upfield shift (AS 
-0.10 to -0.14 ppm) experienced by the NH groups in both 
compounds. As a consequence, all the pyrrolic protons are 
shifted downfield by +0.10 to +0.13 pprn in the para isomer. 
Conversely, only one P-proton of the macrocycle, H-2, dis- 
plays a significative upfield shift (AS -0.11 ppm) in the ortho 
derivative. This phenomenon probably results from the 
change in the geometry of the macrocycle, whose deformation 
in the presence of DMSO is more pronounced in 4b than in 4a 
because the orientation of the sugar moiety close to the por- 
phyrin ring in the ortho isomer prevents the solvent effect to 
be clearly expressed on the P-protons. In both compounds, 
however, the most significant chemical shift variations 
recorded in the polar solvent are those relative to the pyridinyl 
and the osidic protons as well as to two particular acetyl 
groups in 4a  only. Such variations may be partially understood 
in terms of some combination of steric effect and anisotropy. 
A consideration of the anisotropy of the sulfoxide function, 
which acts to cause shielding or deshielding of the protons 
lying in or out of the cone, seems to be more probable. Regard- 
less of the nature of the effect, the pyridinyls H-3,5 undergo an 
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Table 1. 'H NMR spectra of glycosylated porphyrins 4a,b, 5a,b, and 6a,b (6, pprn(J,Hz)). 

H 4aa 4ba 4ab 4bb 5ab 5bb 6ab 6bb 

Pyrrols 
2 8.84 d (4.9) 
3 8.94 d (4.9) 
7 8.90 d (4.9) 
8 8.84 d (4.9) 
12.13 8.83 s' 
17.18 8.78 s' 

N-H -3.88 s 

Pyridin 4-yls 

2,6 9.06 br d (5.6) 

Aryl 
2 
3 7.70 br d (7.5) 
4 7.80 dt (7.5, 1.6) 
5 7.52 dt (7.5, 1.6) 
6 8.02 dd (7.5, 1.6) 

0-Glycosyl 
1 4.84 d (7.8) 
2 4.16 br t (8.6) 
3 4.62 br t (9.1) 
4 4.70 br t (10.2) 
5 3.66 ddd (8.6, 5.0, 2.4) 

6, 4.02 dd (12.2, 2.4) 
6~ 4.1 1 dd (12.2, 5.2) 

1' 
2' 
3' 
4' 
5' 

6 ' A  

6'D 

0-Acetyls 
1.97 s 
1.85 s 
1.26 s 

-0.97 s 

5.49 d (8.0) 
4.32 br t (10.2) 
4.83 t (9.4) 
Under H,O peak 
3.684.10 m 
3.684.10 m 
4.29 br d (1 1.2) 

4.53 d (7.9) 
4.71 dd (10.0, 7.9) 
5.02 dd (10.1, 3.8) 
5.09 br d (3.7) 
3.684.10 m 
3.684.10 m 
3.684.10 m 

'CDCI,. 
"DMSO-d6. 
'Assignments with the same superscript in one column may be interchanged. 
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Table 2. 'H NMR spectra of glucosides 7a,b, 10a,b, and lla,b in DMSO-d, (6, ppm (J, Hz)). 5? 
2 

H 7a 7b 10a lob l l a  l l b  2 

Pyrrols 
2 8.82 d (5.0) 8.98 d (5.6) 8.70-8.79 m 8.95-9.25 m 8.83 d (4.9) 9.01 d (4.9) 
3 9.04 d (5.0) 8.99 d (5.6) 8.80-8.90 m 8.95-9.25 m 9.07 d (4.9) 9.1 1 d (4.9) 
7 9.01 d (4.9) 8.99 d (5.6) 8.80-8.90 8.95-9.25 m 9.04 d (4.9) 9.11 d (4.9) 
8 8.90 d (4.8) 8.98 d (5.6) 8.70-8.79 m 8.95-9.25 m 8.92 d (4.9) 9.01 d (4.9) 
12,13 9.16 br so 9.14 br s 9.00-9.22 m 8.95-9.25 m 9.19 br so 9.17 s 
17,18 9.13 br so 9.14 br s 9.00-9.22 m 8.95-9.25 m 9.16 br so 9.17 s 
N- H -3.06 s -3.05 s -3.07 s -2.96 s -3.03 s -3.00 

Aryl 
2 8.18 d (8.8) 8.25 d (8.1) 
3 7.70 d (8.4) 7.47 d (8.8) 7.66 d (8.6) 7.50 d (8.1) 
4 7.94 dt (8.4, 2.2) 7.89 dd (8.6, 7.1) 
5 7.56 br t (8.4) 7.47 d (8.8) 7.52 dt (7.1, 2.3) 7.50 d (8.1) 
6 8.02 dd (8.4, 2.2) 8.18 d (8.8) 8.00 dd (7.1, 2.3) 8.25 d (8.1) 

"Assignments with the same superscript in one column may be interchanged. 
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upfield shift by -0.56 pprn in 4a in contrast with those in 4b, 
which occur at lower field by +0.29 pprn along with the 2,6- 
protons, displaced by only +O. 12 ppm. Finally, the paramag- 
netic shifts associated with several osidic protons are more 
striking than those related to the above-mentioned nuclei. This 
is well illustrated by the marked dependence of H- 1 and H-5, 
which are shifted downfield by +0.72 and +0.54 ppm, respec- 
tively, for 4a and +0.61 and +0.40 pprn respectively for 4b. 

Replacement of the protected monoglucosyl substituent by 
a protected diglycosyl group has no significative consequence 
on the chemical shift values relative to the other parts of the 
glycosides. In comparison with monoglucosides 4a,b, the 
behavior of the P-D-glucosyl protons of the (l+4) diglyco- 
side-protected maltosides 5a,b and lactosides 6a,b, is similar 
except for the H-4 upfield shift due to the loss of the corre- 
sponding acetyl group replaced by the interglycosidic linkage 
(Table 2). As expected, the P-D-glucosyl protons are more 
shielded in the ortho compounds 5a and 6a than in the para 
homologues 5b and 6b because of the above-mentioned mac- 
rocycle ring current (Table 1). They are shifted upfield by ca. 
0.2-1.4 pprn for maltoside 5a and by ca. 0 .14.9 pprn for lac- 
toside 6a, the highest A6 values obviously corresponding to H- 
2. Shielding of the latter proton in maltoside 5a (6 3.72) and in 
lactoside 6a (6 4.32) seems also to be related to the orientation 
of the second sugar unit: a-glucose for maltoside 5a and P- 
galactose for lactoside 6a. Such a difference for the related 
proton in the two bioses is cancelled when there is no steric 
hindrance between the osidic part and the porphyrin core as 
indicated by the H-2 6 values of 5.16 pprn in maltoside 5b and 
5.18 pprn in lactoside 6b. 

In comparison with the spectra of the non-cationic series run 
in DMSO-d6 (Table I), only two sets of protons moved in the 
cationic group (Tables 2 and 3). Besides the expected lowfield 
displacement for the pyridinium nuclei H-2,6 (A6 0.3M.45) 
and H-3,5 (A6 0.584.77) (See Experimental), all the P-pyr- 
rolic protons generally exhibited a significative deshielding 
falling between 0.10 and 0.28 ppm. The most affected nuclei 
(H-12,13,17,18) were obviously those surrounded by two pyri- 
diniumyl rings and, consequently, by the electron-withdraw- 
ing pyridinium nitrogens, which thus were prevented from 
increasing the electron density in the porphyrin macrocycle. 

UV-visible 
The data in Table 4 show that the visible absorption bands 
have positions that in a first approximation are identical to the 
corresponding non-glycosylated porphyrins even when the 
substituent is a disaccharidyl group. For the para-glycosylated 
porphyrins in the pyridyl series as well as in the alkylpyridin- 
ium series, the relative intensities of the Q(II1) and Q(I1) bands 
show an etio type ( E ~ ~ ~ / E ~ ~  > 1). These observations are in inter- 
esting contrast to ortho-glycosylated porphyrins for which 
normal pure etio spectra were not always observed. For neutral 
ortho peracetyl glycosylated porphyrins 4a, 5a, and 6a, the 
ratio of E ~ ~ ~ I E ~ ~  < 1 corresponds to pure phyllo type. For the 
other ortho-glycosylated porphyrins 7a-19a, the ratio of 
E ~ ~ ~ I E ~ ~  is always lower than that of the corresponding para 
compound measured in the same solvent. Thus the spectra of 
ortho-glycosylated porphyrins tend toward phyllo-type por- 
phyrins. 

This phenomenon could result from steric interaction 
between the glycosyl substituents and the macrocycle, which 

would affect the solvation (17). However, a significant macro- 
cyclic distortion (18) caused by the steric hindrance of the gly- 
cosylated substituents is strongly supported by these results. 

Conclusions 

In this paper we describe the synthesis and characterization of 
a new class of water-soluble porphyrins that can be considered 
as potential agents in cancer phototherapy. These cationic tet- 
rapyrrolic macrocycles are 0-glycosylated in order to increase 
cell membrane interactions. Substitutions in the ortho or para 
positions lead to further insights into cell membrane interac- 
tion. The various lipophilic substituents, such as methyl, iso- 
propyl, and n-octyl, allow for increased penetrability of the 
porphyrins across the cell membrane. 

The present strategy may be easily used for preparation of 
other cationic glycosylated porphyrins, which could interact 
more specifically with the cellular glycans. The PDT activity 
of these novel porphyrins is currently under investigation. 

Experimental section 

General methods 
The UV-visible spectra were recorded on a Hewlett Packard 
8452A spectrophotometer using 1 or 0.1 cm quartz cells. The 
rotatory dispersions were measured in chloroform at 22OC in a 
10 cm cell with a Jasco (DIP-370) polarimeter. Melting points 
were determined by capillary tube apparatus and were not cor- 
rected. Proton NMR spectra were recorded on a Bnker AC 
200 (200 MHz) or on Bnker 300 WM FT (300 MHz) instn- 
ment with tetramethylsilane as internal standard. The chemi- 
cal shifts are given in pprn and coupling constants in Hz in the 
indicated solvent. 

SIMS mass spectra were recorded on a time-of-flight instn- 
ment as reported previously (19). MALDI mass spectra were 
performed with a home-built linear time-of-flight instrument 
using a nitrogen laser (20). Samples were prepared by mixing 
equal volumes of the porphyrin solution (ca. lo4 M in THF or 
H20) and a matrix solution (ca. 10-I M 2,5-dihydroxybenzoic 
or cyano-4 hydroxycinnamic acid in THF or H20-acetonitrile 
1:4 VN).  One microlitre of the final solution was deposited 
onto a stainless steel probe and introduced in the mass spec- 
trometer. 

FAB' mass spectra were performed on ZAB 2 -BEQ at the 
"Service Central d'AnalyseW CNRS Solaize using meta- 
nitrobenzyl alcohol as matrix, and E.1 mass spectra at the 
"Laboratoire Dtpartemental d'AnalyseW Limoges on a Shi- 
madzu QP 1000 apparatus. 

Elemental analyses were carried out by the "Service 
Rtgional de Microanalyse" UniversitC Pierre et Marie Curie, 
Paris. 

Chemicals 
All solvents and reagents were purchased from Aldrich, Pro- 
labo, or Janssen. Pyrrole was distilled under reduced pressure 
immediately before use. Acetic anhydride was distilled and 
kept over calcium chloride. DMF was distilled over CaH, 
under reduced pressure and kept over 4A molecular sieves. 

Chromatography 
Analytical thin-layer chromatography (TLC) was performed 
on silica gel (Merck, 60F15,) or PEI-Cellulose F (Merck). Col- 
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Driaf et al. 

Table 3. 'H NMR spectra of rnaltosides 8a,b and 9a,b in DMSO-d, (6, pprn (J, Hz)). 

Pyrrols 
2 
3 
7 
8 
12,13 
17,18 
NH 

N-Alkyl pyridinium 4-yls 
2,6 

Aryl 
2 
3 
4 
5 
6 

4.99 br d (4.0) 
Under Me peak 
5.09 t (10.1) 
4.87 t (9.6) 
3.804.40 rn 
3.8W.40 rn 

4.53 br d (8.0) 
Under Me peak 
5.02 dd (10.1, 3.5) 
5.09 br d (3.5) 
3.654.10 rn 
3.654.10 rn 

"Assignments with the same superscript in one column may be interchanged. 

umn chromatography was carried out with silica gel 60ACC panol; C: ethyl acetate - petroleum ether (2: 1); D: chloro- 
(1540  p,m) (Merck), or with Sephadex LH20 (Pharmacia) as forn+thanol (955); E: methylene chloride - ethanol (955); 
stationary phase, preparative HPLC on reverse phase (Lichro- F: acetic acid - pyridine (1 :I); G: acetic acid - methanol- 
prep RP18: 1 5 4 0  p,m) (Merck). The following solvent sys- water (3:2: 1); H: n-butanol- acetic acid - water (4: 15 )  (upper 
tems were used as eluents: A: ethyl acetate - petroleum ether phase); I: methanol-water (7:3); J: methanol-water (955); 
(1: 1); B: ethyl acetate - petroleum ether (1 : 1) + 1% of 2-pro- and K: acetone-water (9: 1). 
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Table 4. UV-visible spectra of glycosylated porphyrins 4 1 9 .  

Compound Soret bands Q(Iv) Q(III) Q(II) Q(1) E (III)/& (11) 

"In CH,CI,. 
q n  (CH,),CO:H,O (1: 1). 

Synthesis 

2-(2,3,4,6-Tetra-0-acetyl-P-~-glucopyranosyloxy)- 
benzaldehyde ( l a )  

Acetylation of salicylaldehyde P-D-glucoside (helicin) was 
carried out according to the literature (21). Helicin (500 mg, 
1.76 mmol) and 1.34 mL (14.2 mmol) of acetic anhydride in 1 
mL of pyridine were stirred at 0°C for 1.5 h. After evaporation 
of the solvent, the crude product was dissolved in ethyl acetate 
(40 mL) and washed several times with ice water (3 x 50 mL). 
The organic extract was then dried on MgSO,, filtered, and 
concentrated under reduced pressure. The crude product was 
recrystallized in ethanol to give 720 mg, (90%) of la. Rf 0.41 
(SiO,, eluent: A); mp 142°C (lit.(22) mp 142°C); [a], -30 (c 
= 0.5, CHCI,). 'H NMR (C6D6) 6: 10.60 (s, lH, CHO), 7.91 
(dd, lH, J = 7.8 and 1.9 Hz, H-6 Ar), 7.08 (dt, lH, J = 7.4 and 
1.9 Hz, H-4 Ar), 6.89 (dd, 1 H, J = 8.3 and 0.6 Hz, H-3 Ar), 
6.74 (dt, IH, J =  7.9 and 0.6 Hz, H-5 Ar), 5.46 (dd, lH, J = 9.0 
and 7.9 Hz, H-2 ose), 5.37 (t, lH, J =  9.8 Hz, H-3 ose), 5.22 (t, 

IH, J = 9 . 8  Hz, H-4 ose), 4.68 (d, lH, J=7 .5 ,  H-1 ose), 4.16 
(dd, lH, J =  12.3 and 5.1 Hz, H-6* ose), 3.97 (dd, lH, J =  12.3 
and 2.5 Hz, H-6B ose), 3.23 (ddd, lH, J = 7.6, 5.1 and 2.5 Hz, 
H-5 ose), four singlets integrating each for three protons at 
1.69, 1.68, 1.66, and 1.65 (4 AcO). MS (EI) m/z: 452 M+, 409 
(M - AcO)+, 122 (M - GlucOAc + H)+. Anal. calcd. for 
C2,H2,Ol,: C 55.75, H 5.3 1; found: C 55.66, H 5.42. 

4-(2,3,4,6-Tetra-O-acetyl-P-~-glucopyranosyloxy)- 
benzaldehyde ( l b )  

Glucosylation of p-hydroxylbenzaldehyde was carried out 
according to the literature (23). 2,3,4,6-Tetra-0-acetyl-a-D- 
glucopyranosyl bromide (800 mg, 1.94 mmol, 1 equiv.) andp- 
hydroxybenzaldehyde (610 mg, 5 mmol, 2.6 equiv.) were 
mixed in 40 rnL of acetone and 10 mL of (7%) aqueous NaOH 
and then stirred at room temperature for 24 h. Afterward, the 
solution was added to 100 mL of ice water and stirred for 1 h. 
The precipitated crude product was then recrystallized from 
MeOH-H20 (1: 1); 350 mg (40%) of l b  were obtained. Rf 0.3 1 
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(SiO,, eluent: A); mp 144°C (lit.(21) mp 144-145°C); [a], 
-33.5 (c = 0.5, CHCI,). 'H NMR (CDCI,) 6: 9.90 (s, lH, 
CHO),7.85 (d,2H, J=8.5Hz,H-3,5Ar), 7.10(d,2H, J=8 .5  
Hz, H-2.6 Ar), 5.20-5.40 (m, 4H, H-1, H-2, H-3, and H-4 ose), 
3.90 (ddd, 1 H, J = 10.0, 5.6, and 2.6 Hz, H-5 ose), 4.15 (dd, 
lH, J =  12.0 and 5.6 Hz, H-6, ose), 4.27 (dd, lH, J =  12.0 and 
2.6 Hz, H-6, ose), three singlets at 2.06 (X3H), 2.05 (X6H), 
2.03 (X3H) (AcO). MS (EI) d z :  452 (M + H)+, 121 (M- 
GlucOAc)+. Anal. calcd. for C,,H2,0,,: C 55.75, H 5.31; 
found: C 55.61, H 5.38. 

General procedure for preparation of maltosyl and lactosyl 
benzaldehyde 

All per-0-acetylglycobiosylbromides were prepared from per- 
acetylated compounds according to the standard procedure 
(24) by using 33% HBr in acetic acid. Reaction times do not 
exceed 30 min (23). The crude products were used without 
further purification. To a solution of acetylated a-glycobiosyl- 
bromide (3 g, 4.29 mmol, 1 equiv.) and tetraoctylammonium 
bromide (2.34 g, 4.29 mmol, 1 equiv.) in CH,Cl, (14.5 mL) 
were added 1 M Na2C03 aqueous solution (14.5 mL) and 
hydroxybenzaldehyde (1.37 mL, 13 mmol, 3 equiv.). The two- 
phase reaction mixture was vigorously stirred at room temper- 
ature for 2.5 h. The complete conversion was shown by TLC 
(SiO,, eluent C). CH,Cl, (50 mL) was then added and the 
organic phase was successively washed with 1 M NaOH aque- 
ous solution (50 mL), water (2 x 100 mL), and a saturated 
solution of NaCl (40 mL). The combined organic extracts 
were then dried on MgSO,, filtered, and concentrated under 
reduced pressure to afford crude products. The purification of 
the products was achieved by using column chromatography 
(SiO,, eluent B) and then by preparative high-pressure liquid 
chromatography (HPLC) using I and J as eluents for maltosyl 
and lactosyl compounds, respectively. 

2-(2,3,6,2',3',4',6'-Hepta-0-acetyl--)benzal- 
dehyde (2a): 1.1 1 g, (35%); Rf 0.40 (SiO , eluent B); mp 141- 
143OC; [a], +19.6 (c = 0.35, CHCI,). 'H NMR (CDCI,) 6: 
10.3 (s, lH, CHO), 7.85 (dd, lH, J =  7.7 and 1.6 Hz, H-6 Ar), 
7.56 (ddd, lH, J =  8.4,7.8, and 1.8 Hz, H-4 Ar), 7.24 (dd, lH, 
J=8.4andl.OHz,H-3Ar),7.14(brt, lH,J=7.8Hz,H-5Ar), 
5.43 (d, lH, J=4.0Hz,  H-l'ose), 5.37(t, IH, J =  10.7Hz, H- 
30, 5.35 (t, lH, J = 8.1 Hz, H-3 ose), 5.24 (d, IH, J = 7.4 Hz, 
H-1 ose),5.17 (d,J=7.4Hz,H-2ose),5.04(t, lH,J=9.7Hz, 
H-4' ose), 4.86 (dd, 1 H, J = 10.5 and 4.0 Hz, H-2' ose), 4.50 
(dd, lH, J=  12.1 and2.8Hz,H-6aose),4.25 (ddd, lH, J=6.6, 
3.9, and 1.4 Hz, H-5 ose), 4.20-4.30 (m, lH, H-6, ose), 3.79- 
4.10 (m, 2H, H-6', and H-6', ose), 3.84-3.96 (m, lH, H-5' 
ose), four singlets at 2.09 (3H), 2.07 (3H), 2.04 (9H), 2.02 
(3H), 2.00 (3H)(CH3CO). MS (EI) d z :  741 M', 410 (M - 
GlucOAc)', 121 (M - MaltOAc)'. Anal. calcd. for 
C33H40019: C 53.51, H 5.41; found: C 53.55, H 5.49. 

4-(2,3,6,2',3',4',6'-Hepta-O-acetyl-P-~-maltosyloxy)benzal- 
dehyde (2b): 1.58 g, (50%); Rf 0.36 (SiO,, eluent B); mp 131- 
132°C; [a], +44.27 (c = 0.38, CHCI,). 'H NMR (C6D,) 6: 9.62 
(s, lH, CHO), 7.52 (d, lH, J =  8.7 Hz, H-2,6 Ar), 6.82 (d, lH, 
J=8.7,H-3,5Ar), 5.85 (dd, lH, J=  10.3 and9.8Hz, H-3'ose), 
5.48(d, lH,J=3.9Hz,H-lrose),5.38(t, lH,J=9.1 Hz,H-3), 
5.35 (t, lH, J = 10.0 Hz, H-4'ose), 5.25 (dd, IH, J =  9.2 and 
7.6Hz,H-2ose),5.04(dd, lH, J =  10.6and3.9Hz,H-2'ose), 

4.86 (d, lH, J = 7.6 Hz, H-1 ose), 4.41 (dd, lH, J = 12.4 and 
3.9 Hz, H-6a ose), 4.32 (d, lH, J = 12.0 and 2.4 Hz, H-6b ose), 
4.26 (d, lH, J = 12.1 and 2.8 Hz, H-6'b ose), 4.12-4.20 (m, 
1 H, H-5' ose), 4.09 (dd, 1 H, J = 12.2 and 4.9 Hz, H-6'b ose), 
3.83 (dd, lH, J = 9.4 and 8.7 Hz, H-4 ose), 2.84 (ddd, lH, J = 
7.5, 4.5, and 2.7 Hz, H-5 ose), six singlets at 1.96 (3H), 1.82 
(3H), 1.80 (3H), 1.73 (3H), 1.70 (3H), 1.67 (6H) (CH,CO). 
MS (EI) d z :  741 M', 410 (M - GlucOAc)+, 121 (M - Malt- 
OAc)'. Anal. calcd. for C33H40019: C 53.51, H 5.41; found: C 
53.46, H 5.59. 

2-(2,3,6,2',3',4',6'-Hepta-O-acetyl-P-~-lactosyloxy)benzal- 
dehyde (3a): 1.27 g, (40%); Rf 0.34 (SiO,, eluent B); mp 125- 
126°C; [a], -20.6 (c = 0.38, CHCI,). 'H NMR (DMSO-d6) 6: 
10.15 (s, lH, CHO), 7.71 (br d, IH, J =  7.4 Hz, H-6 Ar), 7.69 
(br t, lH, J = 7.4, H-4 Ar), 7.23 (br d, lH, J = 7.4 Hz, H-3 Ar), 
7.20(brt, lH, J=7.4Hz,H-5Ar),5.64(d, lH, J=7.9Hz,H- 
1ose),5.33(t,lH,J=9.1Hz,H-3),5.24(d,1H,J=3.4Hz,H- 
4' ose), 5.17 (dd, lH, J = 9.7 and 3.5 Hz, H-3' ose), 5.07 (dd, 
lH,J=9.7 and8.1 Hz,H-1 ose),4.86(brt, lH,J=9.5Hz,H- 
2'ose), 4.78 (d, lH, J = 7 . 9  Hz, H-lrose),4.37 (brd, lH, J =  
10.3 Hz, H-6a ose), 3.98-4.28 (m, 5H, H-5, H-6b, H-5', H-6'a, 
and H-6'b oses), five singlets at 2.10 (3H), 2.04 (3H), 2.01 
(12H), 1.90 (3H)(CH3CO). MS (EI) d z :  741 M+, 698 (M - 
CH3CO)', 121 (M - LactOAc)'. Anal. calcd. for C33H4001g: 
C 53.51, H 5.41; found: C 53.12, H 5.45. 

4-(2,3, 6,2',3',4',6'-Hepta-O-acety~-P-~-~actosyloxy)benzal- 
dehyde (3b): 1.7 g, (54%); Rf 0.32 (SiO,, eluent B); mp 86°C; 
[a], -26.55 (c = 0.59, CHC1,). 'H NMR (CDCl,) 6: 9.93 (s, 
lH, CHO), 7.85 (d, lH, J =  8.5 Hz, H-2,6 Ar), 7.09 (d, lH, J=  
8.5,H-3,5 Ar),5.37 (d, lH, J = 3 . 1  Hz,H-4'ose),5.33 (t, lH, 
J =  8.4 Hz, H-3 ose), 5.26 (dd, lH, J = 10.7 and 7.5 Hz, H-2), 
5.23 (brd, lH, J =  8.0Hz,H-1 ose),5.14(dd, lH, J=  10.0and 
7.7Hz,H-2'ose),4.99(dd, lH, J =  10.3and3.1 Hz,H-3'ose), 
4.53 (br d, IH, J = 7.8 Hz, H-1' ose), 4.52 (br d, lH, J = 11.6 
Hz, H6a ose), 4.17 (dd, lH, J = 11.0 and 5.9 Hz, H-6'a ose), 
4.07 (br d, lH, J = 11.4 Hz, H-6b ose), 4.17 (m, IH, H-6'b 
ose), 3.80-3.95 (m, 3H, H-4, H-5, and H-5' ose), four singlets 
at 2.16 (3H), 2.09 (3H), 2.07 (12H), 1.98 (3H) (CH,CO). MS 
(EI) d z :  741 M', 698 (M - CH,CO)', 121 (M - LactOAc)'. 
Anal. calcd. for C33H40019: C 53.51, H 5.41; found: C 53.49, 
H 5.46. 

General procedure for formation of pyridyl porphyrins 4a,b, 
5a,b, and 6a,b 

In a typical experiment, a mixture of per-0-acetyl glycosy- 
lated benzaldehyde (3.3 mmol) in propionic acid (30 mL) and 
acetic anhydride (3 mL) was heated under reflux with vigor- 
ous stirring. To this solution was added slowly 4-pyridinecar- 
boxaldehyde (2 equiv.) and freshly distilled pyrrole (2.6 
equiv.). After 1.5 h, the solvent was evaporated to dryness and 
the crude product was purified by chromatography on SiO, 
using CHC1, and then D as eluents. 

5-[2-(2,3,4, 6-Tetra-0-acetyl-P-D-glucopyranosy~oxy)phenyl]- 
10,15,20 tris(4-pyridy1)porphyrin (4a): l a  (1.5 g, 3.3 mmol), 
4-pyridinecarboxaldehyde (0.635 mL, 6.6 mmol), and pyrrole 
(0.610 mL, 8.8 mmol) afforded pure product 4a 150 mg, (6%); 
Rf 0.22 (SiO,, eluent D). UV-visible (see Table 4). 'H NMR 
(see Table 1). MS (SIMS positive) d z :  965 (M + H)+, 
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634 (M - GluOAc + H)+ and SIMS (negative) d z :  963 (M - 
H)-, 632 (M - GlucOAc - H)-. Anal. calcd. for 
C5,H4,N7OlO~O.5H2O: C 67.89, H 4.77, N 10.08; found: C 
67.82, H 4.74, N 10.01. 

5-[4-(2,3,4, 6-Tetra-0-acetyl-P-D-glucopyranosyloxyIphenyl]- 
10,15,20 tris(4-pyridy1)porphyrin (4b): l b  (1.5 g, 3.3 mmol), 
4-pyridinecarboxaldehyde (0.635 mL, 6.6 mmol), and pyrrole 
(0.610 mL, 8.8 mmol) gave 4b 150 mg, (7%); Rf 0.18 (SiO,, 
eluent D). UV-visible (see Table 4). 'H NMR (see Table 1). 
MS (SIMS positive) d z :  965 (M + H)+, 634 (M - GluOAc + 
H)+ and SIMS (negative) d z :  963 (M - H)-, 632 (M - 
GlucOAc - H)-. Anal. calcd. for C5,H4,N7010~H20: C 67.27, 
H 4.82, N 9.98; found: C 67.19, H 4.80, N 9.95. 

5-[2-(2,3,6,2',3',4',6'-Hepta-0-acetyl--he- 
nyl]-10,15,20 tris(4-pyridy1)porphyrin (Sa): 2a (2.45 g, 3.3 
mmol), pyridinecarboxaldehyde (0.635 mL, 6.6 mmol), and 
pyrrole (0.610 mL, 8.8 mmol) gave 5a 166 mg, (6%); Rf 0.33 
(SiO,, eluent E). UV-visible (see Table 4). 'H NMR 
(see Table 1). MS (SIMS positive) d z :  1253 (M + H)+, 
634 (M - MaltOAc + H)+ and SIMS (negative) d z :  1251 
(M - H)-, 632 (M - MaltOAc - H)-. Anal. calcd. for 
C67H61N7018.H20: C 63.35, H 5.00, N 7.72; found: C 62.85, 
H 4.93, N 7.22. 

5-[4-(2,3,6,2',3',4',6'-Hepta-0-acetyl--he- 
nyll-10,15,20 tris(4-pyridy1)porphyrin (Sb): 2b (2.45 g, 3.3 
mmol), pyridinecarboxaldehyde (0.635 mL, 6.6 mmol), and 
pyrrole (0.610 mL, 8.8 mmol) gave 5b 193 mg, (7%); Rf 0.28 
(SiO,, eluent E). UV-visible (see Table 4). 'H NMR (see 
Table 1). MS (SIMS positive) d z :  1253 (M + H)+, 634 (M - 
MaltOAc + H)+ and SIMS (negative) d z :  1251 (M - H)-, 
632 (M - MaltOAc - H ) .  Anal. calcd. for 
C67H61N7018.2H20: C 62.47, H 5.09, N 7.61; found: C 61.98, 
H 4.89, N 7.15. 

5-[2-(2,3,6,2',3',4',6'-Hepta-O-acetyl-~-lactosyloxy)phe- 
nyll-10,15,20 tris(4-pyridy1)porphyrin (6a): 3a (2.45 g, 3.3 
mmol), pyridinecarboxaldehyde (0.635 mL, 6.6 mmol), and 
pyrrole (0.610 mL, 8.8 mmol) gave 6a 193 mg (6%); R, 0.31 
(SiO,, eluent E). UV-visible (see Table 4). 'H NMR 
(see Table 1). MS (SIMS positive) d z :  1253 (M + H)+, 
634 (M - LactOAc + H)+ and SIMS (negative) d z :  1251 
(M - H)-, 632 (M - LactOAc - H)-. Anal. calcd. for 
C67H61N70,8.2H20: C 62.47, H 5.09, N 7.61; found: C 62.23, 
H 5.12, N 7.69. 

5-[4-(2,3,6,2',3',4',6'-Hepta-O-acetyl- Phe- 
nyll-10,15,20 tris(4-pyridy1)porphyrin (6b): (3b) (2.45 g, 3.3 
mmol), pyridinecarboxaldehyde (0.635 mL, 6.6 mmol), and 
pyrrole (0.610 mL, 8.8 mmol) gave 6b, 193 mg (7%); R, 0.25 
(SiO,, eluent E). UV-visible (see Table 4). 'H NMR (see 
Table 1). MS (SIMS positive) d z :  1253 (M + H)+, 634 (M - 
LactOAc + H)+ and SIMS (negative) d z :  125 1 (M - H)-, 632 
(M - LactOAc - H)-. Anal. calcd. for C67H61N7018.0.5H20: 
C 63.80, H 4.95, N 7.77; found: C 63.95, H 4.65, N 7.67. 

General method for alkylation of pyridyl porphyrins 
4a, b - 6a, b 

To a stirred solution of porphyrins 4a,b, 5a,b, or 6a,b in 

freshly distilled DMF was added a large excess of alkyl iodide 
and the reaction mixture was heated at 40°C for 3 h for meth- 
ylation and at 100°C for 12 h and 24 h for isopropylation and 
n-octylation, respectively. The reaction progress was moni- 
tored using TLC. After the reactions were complete, the tri- 
methyl and triisopropyl pyridinium porphyrins 7a,b, 8a,b, 
9a,b, and 10a,b were precipitated with diethyl ether. After fil- 
tration the compounds were dissolved in methanol and precip- 
itated again with diethyl ether. The compounds were then 
washed several times with diethyl ether and by CH,Cl, for 
7a,b and 10a,b. All the products were dried under reduced 
pressure. For trisoctyl derivatives lla,b, DMF was removed 
under reduced pressure, coevapored with dry toluene, and the 
resulting compound was dissolved in n-BuOH-AcOH-H20 
(4: 15)  (upper phase) and then extracted with diethyl ether. 

5-[(2-(2,3,4,6,-Tetra-O-acetyl-~-glucopyranosyloxy)phe- 
ny1)-lO,15,20 tris(4-N-methylpyridiniumyl)]porphyrin, tri- 
iodide (7a): 4a (20 mg, 0.021 mmol) and 1.3 mL of methyl- 
iodide gave 25 mg of 7a (90%); R, 0.3 (SiO,, eluent G). UV- 
visible (see Table 4). 'H NMR (see Table 2). MS (FAB+) d z :  
1010 (M + H)+, 994 (M - CH3)+, 979 (M - 2CH3)+, 964 
(M - 3CH3)+. Anal. calcd. for C,8H,4N701013~3H20: C 48.25, 
H 4.19, N 6.79; found: C 48.19, H 4.23, N 6.69. 

5-[(4-(2,3,4,6,-Tetra-O-acetyl-~-glucopyranosyloxy)phe- 
ny1)-10,15,20 tris(4-N-methylpyridiniumyl)]porphyrin, tri- 
iodide (7b): 4b (20 mg, 0.021 mmol) and 1.3 mL of methyl- 
iodide gave 26 mg of 7b (94%); R, 0.27 (SiO,, eluent G). UV- 
visible (see Table 4). 'H NMR (see Table 2). MS (FAB+) d z :  
1010 (M + H)+, 994 (M - CH3)+, 979 (M - 2CH3)+, 964 
(M - CH3)+. Anal. calcd. for C58H,4N701013~4H20: C 47.65, 
H 4.27, N 6.71; found: C 47.33, H 4.20, N 6.77. 

5-[(2-(2,3,6,2',3',4',6'-Hepta-O-acetyl-~-~-maltosyloxy)phe- 
ny1)-10,15,20 tris(4-N-methylpyridiniumyl)]porphyrin, tri- 
iodide (8a): 5a (20 mg, 0.016 mmol) and 1.5 mL of methyl- 
iodide gave 24 mg of 8a (90%); Rf 0.75 (cellulose, eluent H). 
UV-visible (see Table 4). 'H NMR (see Table 3). MS (FAB+) 
d z :  1298 (M + H)+, 1282 (M - CH3)+, 1267 (M - 2CH3)+, 
1252 (M - 3CH3)+. Anal. calcd. for C70H70N701813~2.5H20: 
C 48.79, H 4.39, N 5.69; found: C 48.66, H 4.28, N 5.72. 

5-[(4-(2,3,6,2',3',4',6'-Hepta-O-acetyl-P-~-maltosyloxy)phe- 
ny1)-lO,15,20 tris(4-N-methylpyridiniumyl)]porphyrin, tri- 
iodide (8b): 5b (20 mg, 0.016 mmol) and 1.5 mL of methyl- 
iodide gave 25 mg of 8b (93%); Rf 0.70 (cellulose, eluent H). 
UV-visible (see Table 4). 'H NMR (see Table 3). MS (FAB+) 
d z :  1298 (M + H)+, 1282 (M - CH3)+, 1267 (M - 2CH3)+, 
1252 (M - 3CH3)+. Anal. calcd. for C70H70N701813~4H20: C 
48.04, H 4.49, N 5.60; found: C 47.99, H 4.55, N 5.45. 

5-[(2-(2,3,6,2',3',4',6'-Hepta-O-acetyl-~-~-lactosyloxy)phe- 
ny1)-10,15,20 tris(4-N-mathylpy ridiniumyl)]porphyrin, tri- 
iodide (9a): 6a (20 mg, 0.016 mmol) and 1.5 mL of methyl- 
iodide gave 24 mg of 9a (90%); R, 0.68 (cellulose, eluent H). 
UV-visible (see Table 4). 'H NMR (see Table 3). 
MS (FAB+) d z :  1298 (M + H)+, 1282 (M - CH3)+, 1267 
(M - 2CH3)+, 1252 (M - 3CH3)+. Anal. calcd. for 
C70H70N701813~5H20: C 47.55, H 4.56, N 5.55; found: 
C 47.68, H 4.72, N 5.45. 
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5-[(4-(2,3,6,2',3',4',6'-Hepta-O-acetyl-~-lactosy1oxy)phe- 
ny1)-lO,15,20 tris(4-N-methylpyridiniumyl)]porphyrin, tri- 
iodide (9b): 6b (20 mg, 0.016 mmol) and 1.5 mL of methyl- 
iodide gave 25 mg of 9a (93%); Rf 0.63 (cellulose, eluent 
H). UV-visible (see Table 4). 'H NMR (see Table 3). 
MS (FAB') d z :  1298 (M + H)', 1282 (M - CH3)', 1267 
(M - 2CH3)', 1252 (M - 3CH3)+. Anal. calcd. for 
C70H70N701813~3.5H20: C 48.29, H 4.46, N 5.63; found: C 
48.09, H 4.33, N 5.80. 

5-[(2-(2,3,4,6-Tetra-O-acetyl-~-~-glucopyranosyloxy)phe- 
ny1)-lO,15,20 tris(4-N-isopropylpyridiniumyl)]porphyrin, tri- 
iodide (1Oa): 4a (10 mg, 0.01 mmol) and 1 mL of iso- 
propyliodide gave 14 mg of 10a (93%); Rf 0.80 (cellulose, 
eluent F). UV-visible (see Table 4). 'H NMR (see Table 2). 
MS (FAB') d z :  1094 (M + H)', 1050 (M - iPr)', 1007 
(M - 2iPr)', 964 (M - 3iPr)'. Anal. calcd. for 
C64H66N701013.4.5H20: C 49.43, H 4.86, N 6.31; found: C 
49.32, H 4.56, N 6.74. 

5-[(4-(2,3,4,6-Tetra-O-acetyl-~-glucopyranosyloxy)phe- 
ny1)-l0,15,20 tris(4-N-isopropylpyridiniumyl)]porphyrin, tri- 
iodide (lob): 4b (15 mg, 0.016 mmol) and 1.5 mL of iso- 
propyliodide gave 21 mg of 10b (93%); Rf 0.75 (cellulose, 
eluent F). UV-visible (see Table 4). 'H NMR (see Table 2). 
MS (FAB+) d z :  1094 (M + H)', 1050 (M - iPr)', 1007 
(M - 2iPr)+, 964 (M - 3iPr)'. Anal. calcd. for 
C,H66N701013~6H20: C 48.59, H 4.97, N 6.20; found: C 
48.02, H 4.85, N 6.54. 

5-[(2-(2,3,4,6-Tetra-O-acetyl-P-~-glucopyranosyloxy)phe- 
ny1)-10,15,20 tris(4-N-n-octylpyridiniumyl)]porphyrin, tri- 
iodide (lla):  4a (20 mg, 0.02 1 mmol) was reacted with 3.8 mL 
of n-octyliodide. The crude compound was dissolved in 10 mL 
of n-BuOH-AcOH-H20 (4: 15 )  and extracted with 40 mL of 
diethyl ether to give 26 mg of l l a  (76%); Rf 0.27 (Si02, eluent 
H). UV-visible (see Table 4). 'H NMR (see Table 2). MS 
(FAB') d z :  1304 (M + H)', 1190 (M - n-oct)', 1077 (M - 
2n-oct)', 964 (M - 3n-oct)'. Anal. calcd. for 
C79H96N701013~6H20: C 52.94, H 6.07, N 5.47; found: C 
52.88, H 5.98, N 5.44. 

5-[(4-(2,3,4, 6-Tetra-0-acetyl-P-D-glucopyranosy1oxy)phe- 
ny1)-I 0,15,20 tris(4-N-n-octylpyridiniumyl)]porphyrin, tri- 
iodide (llb): 4b (15 mg, 0.016 mmol) and 3 mL of n- 
octyliodide were reacted. The crude compound was dissolved 
in 8 mL of n-BuOH-AcOH-H20 (4:1:5) and extracted with 
30 mL of diethyl ether to give 21 mg of l l b  (80%); Rf 0.20 
(SiO,, eluent H). UV-visible (see Table 4). 'H NMR (see 
Table 2). MS (FAB') d z :  1304 (M + H)', 1190 (M - n-act)+, 
1077 (M - 2n-oct)', 964 (M - 3n-act)+. Anal. calcd. for 
C79H96N70,013~7H20: C 52.41, H 6.12, N 5.42; found: C 
52.36, H 6.09, N 5.14. 

General procedure for deacetylation of compounds 4-11 
Ten milligrams of protected mono (4,7, 10, and 11) or disac- 
charide (5, 6, 8, and 9) compounds were dissolved, respec- 
tively, at 0°C in 15 mL or 30 mL of Et3N-MeOH-H20 
(10: 10: 1) and the reaction mixtures were stirred vigorously for 
24 h. Deacetylations were followed by TLC. After complete 
deacetylation the solvent was evaporated and passed through a 

Sephadex column using methanol as eluent. The products 
were then precipitated from methanol-ether (1 5 ) .  

5-[2-(P-D-Glucopyranosyloxy)phenyl]-l0,15,20 tris(4-pyri- 
dy1)porphyrin (12a): 8 mg (96%); Rf 0.75 (SiO,, eluent F). 
UV-visible (see Table 4). MS (MALDI) d z :  797 (M + H)'. 
Anal. calcd. for C4,H3,N,O6.5H2O: C 63.72, H 5.35, N 11.06; 
found: C 63.70, H 5.23, N 11.15. 

5-[4-(P-D-Glucopyranosyloxy)phenyl]-10,120 tris(4-pyri- 
dy1)porphyrin (12b): 8 mg (96%); Rf 0.72 (SiO,, eluent F). 
UV-visible (see Table 4). MS (MALDI) m/z: 797 (M + H)'. 
Anal. calcd. for C4,H3,N7o6.3.5H20: C 65.72, H 5.16, N 
1 1.42; found: C 65.88, H 5.03, N 1 1.58. 

5-[2-(P-D-Maltosyloxy)phenyl]-10, 15,20 tris(4-pyridy1)por- 
phyrin (13a): 7 mg (92%); Rf 0.72 (cellulose, eluent H). UV- 
visible (see Table 4). MS (MALDI) d z :  959 (M + H)'. Anal. 
calcd. for C53H47N7011.6H20: C 59.71, H 5.58, N 9.20; 
found: C 59.50, H 5.82, N 9.05. 

5-[4-(P-D-Maltosyloxy)phenyl]-10, 15,20 tris(4-pyridyl)]por- 
phyrin (13b): 7 mg (92%); Rf 0.67 (cellulose, eluent H). UV- 
visible (see Table 4). MS (MALDI) d z :  959 (M + H)'. Anal. 
calcd. for C53H47N70,1-3H20: C 62.90, H 5.28, N 9.69; 
found: C 63.02, H 5.12, N 9.52. 

5-[2-(P-D-hctosylony)phenyl]-10,15,20 tris(4-pyridyl)]por- 
phyrin (14a): 7 mg(92%); Rf 0.85 (cellulose, eluent H). UV- 
visible (see Table 4). MS (MALDI) d z :  959 (M + H)+. Anal. 
calcd. for C53H47N701,.8H20: C 57.76, H 5.76, N 8.90; 
found: C 57.48, H 5.82, N 8.55. 

5-[4-(P-D-hctosyloxy)phenyl]-10,15,20 tris(4-pyridy1)por- 
phyrin (14b): 7 mg (92%); Rf 0.30 (Si02, eluent H). UV-visi- 
ble (see Table 4). MS (MALDI) d z :  959 (M + H)'. Anal. 
calcd. for C53H47N7011~5H20: C 60.74, H 5.48, N 9.35; 
found: C 60.15, H 5.24, N 9.56. 

5-[(2-(P-D-Glucopyranosy1oxy)phenyl)-l0,,20 tris(4-N- 
methylpyridiniumyl)]porphyrin, triiodide (15a): 8 mg (91%); 
Rf 0.18 (SiO,, eluent F). UV-visible (see Table 4). MS 
(MALDI) d z :  841 (M - 31-)'. Anal. calcd. for 
C50H46N70613-10H20: C 42.84, H 4.75, N 6.99; found: C 
42.52, H 4.83, N 6.55. 

5-[(4-(P-D-Glucopyranosy1oxy)phenyl)-10,520 tris(4-N- 
methylpyridiniumyl)]porphyrin, triiodide (15b): 8 mg (9 1 %); 
Rf 0.14 (SiO,, eluent F). UV-visible (see Table 4). MS 
(MALDI) d z :  841 (M - 31-)'. Anal. calcd. for 
C50H,6N70613-7.5H20: C 44.26, H 4.53, N 7.23; found: C 
44.35, H 4.42, N 7.50. 

5-[(2-(P-D-Maltosy1oxy)phenyl)-10,15,20 tris(4-N-methylpy- 
ridiniumyl)]porphyrin, triiodide (16a): 7 mg (86%); Rf 0.39 
(cellulose, eluent H). UV-visible (see Table 4). MS 
(MALDI) d z :  1003 (M - 31-)+. Anal. calcd. for 
C56H56N701113'8.5H20: C 43.76, H 4.79, N 6.38; found: C 
43.82, H 4.66, N 6.59. 
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ridiniumyl)]porphyrin, triiodide (16b): 8 mg (98%); Rf 0.42 
(cellulose, eluent H). UV-visible (see Table 4). MS (MALDI) 
4 . :  1003 (M - 31-)+. Anal. calcd. for C56H56N701113.9H20: 
C 43.51, H 4.82, N 6.34; found: C 43.55, H 4.95, N 6.20. 

5-[2-(P-D-hctosyloxy)phenyl)-10,15,20 tris(4-N-methylpyri- 
diniumyl)]porphyrin, triiodide (17a): 7 mg (86%); Rf 0.50 
(cellulose, eluent H). UV-visible (see Table 4). MS 
(MALDI) d z :  1003 (M - 31-)+. Anal. calcd. for 
C56H56N701113'12H20: C 42.04, H 4.04, N 6.13; found: C 
41.98, H 5.19, N 6.04. 

5-[4-(P-~-hctosyloq)pheny/)-l0,15,20 tris(4-N-methylpyri- 
diniumyl)]porphyrin, triiodide (17b): 8 mg (98%); Rf 0.28 
(cellulose, eluent H). UV-visible (see Table 4). MS 
(MALDI) d z :  1003 (M - 31-)+. Anal. calcd. for 
C56H56N701,13'1 1H20: C 42.52, H 4.97, N 6.20; found: C 
42.50, H 4.86, N 6.18. 

~-[(2-(~-~-G~ucopyranosy~oxy)pheny~)-l0,15,20 tris(4-N-iso- 
propylpyridiniumyl)]porphyrin, triiodide (18a): 8 mg (91%); 
Rf 0.76 (SiO,, eluent F). UV-visible (see Table 4). MS 
(MALDI) d z :  925 (M - 31-)+. Anal. calcd. for 
C56H58N70613'9H20: C 45.82, H 5.22, N 6.68; found: C 45.22, 
H 5.14. N 6.77. 

5-[(4-(P-D-Glucopyranosyloxylphenyl)-10, 1 5 2  tris(4-N-iso- 
propylpyridiniumyl)]porphyrin, triiodide (18b): 8 mg (9 1 %); 
Rf 0.70 (SiO,, eluent F). UV-visible (see Table 4). MS 
(MALDI) d z :  925 (M - 31-)+. Anal. calcd. for 
C56H58N70613.12H20: C 44.19, H 5.43, N 6.44; found: C 
44.70, H 5.55, N 6.29. 

5-[(2-(P-D-Glucopyranosyloxylphenyl)-/0,15,20 tris(4-N-n- 
octylpyridiniumyl)]porphyrin, triiodide (19a): 8 mg (90%); 
Rf 0.51 (SiO,, eluent K). UV-visible (see Table 4). MS 
(MALDI) d z :  1135 (M - 31-)+. Anal. calcd. for 
C7,H88N70613'13.5H20: C 48.47, H 6.59, N 5.57; found: C 
48.55, H 6.66, N 5.43. 

5-[(4-(P-D-Glucopyranosyloxylphenyl)-l0,15,20 tris(4-N-n- 
octylpyridiniumyl)]porphyrin, triiodide (19b): 8 mg (90%); 
Rf 0.44 (SiO,, eluent K). UV-visible (see Table 4). MS 
(MALDI) d z :  1135 (M - 31-)+. Anal. calcd. for 
C71H88N70613-10.5H20: C 50.00, H 6.44, N 5.75; found: C 
50.52, H 6.1 1, N 5.95. 
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3,4-Disubstituted derivatives of 1,2,5- 
thiadiazole 1 ,I -dioxide. Ethanol addition 
reactions and electroreduction of 3-methyl-4- 
phenyl and 3,4-dimethyl derivatives in 
acetonitrile and ethanol solvents 

Jose Alberto Caram, Maria Virginia Mirifico, SClvia Lucia Aimone, 
and Enrique Julio Vasini 

Abstract: 3-Methyl-4-phenyl- l,2,5-thiadiazole 1,l-dioxide (TMP), as well as 3,4-dimethyl- 1,2,5-thiadiazole 1,l-dioxide 
(TMM), react with ethanol (EtOH), which adds to one of their C=N double bonds. The equilibrium constants for the addition 
reaction are measured in mixed acetonitrile (ACN) - EtOH solvents by means of UV spectroscopy in the case of TMP, and by 
I3c NMR spectroscopy in the case of TMM, since TMM presents only terminal UV absorption. Both equilibrium constants are 
also estimated through cyclic voltammetry (CV) experiments. In the case of TMP, the ethanol molecule adds to the C=N bond 
located on the methyl-substituted side of the substrate, according to 13c NMR spectroscopy and CV results. The electroreduction 
characteristics of the substrates and their ethanol addition products are studied using CV techniques in ACN, EtOH, and 
ACN-EtOH solvent mixtures. The radical anion formed by the first electron transfer to TMM is unstable and decomposes 
rapidly while that corresponding to T M P  undergoes a relatively slow homogeneous second-order reaction with the substrate 
(k = 3 x lo2 M-' S-I). The equilibrium constant for EtOH addition and the voltammetric properties of the substrates are compared 
with those of the previously studied 3,4-diphenyl derivative (TPP). 

Key words: electrochemistry, thiadiazoles, structure-reactivity relations, kinetics. 

RCsumC : Le 1,l-dioxyde de 3-methyl-4-phCnyl-1,2,5,thiadiazole (TMP) aussi bien que le 1,l-dioxyde de 3,4-dimCthy1-1,2,5- 
thiadiazole (TMM) rkagissent avec le methanol qui s'additionne sur une de leurs doubles liaisons. On a mesurC les constantes 
d'Cquilibre de la rCaction d'addition dans un mClange d'acktonitrile et d'Cthanol comme solvant (ACN)-EtOH, en faisant appel 
B la spectroscopie UV dans le cas du TMP et B la spectroscopie de RMN du 13c dans le cas du TMM puisque ce dernier ne 
prCsente que des absorptions terminales en UV. On a Cgalement CvaluC les constantes dlCquilibre B l'aide d'expkriences de 
voltamCtrie cyclique. Dans le cas du TMP, la molCcule d'Cthano1 s'additionne sur la double liaison C=N situCe du c8tC du 
mCthyle substituC sur le substrat en accord avec les rCsultats obtenus par spectroscopie de RMN du I3c. Faisant appel aux 
techniques de CV dans du ACN, EtOH et du ACN-EtOH comme solvants, on a CtudiC les caractCristiques de 1'ClectrorCduction 
des substrats et de leurs produits rCsultant de l'addition de 1'Cthanol. L'anion radicalaire form6 lors du premier transfert 
dlClectron vers le TMM est instable et se dCcompose rapidement tandis que le T M P  correspondant donne avec le substrat, une 
rCaction d'ordre deux homogbne relativement lente (k = 3 x 10' M-' s-I). On a compark les constantes d'Cquilibre de l'addition 
d'Cthano1 et les propriCtCs voltamCtriques des substrats avec celles dCrivCs 3,4-diphCnyles (TPP) CtudiCs prCcCdemment. 

Mots clis : Clectrochimie, thiadiazoles, relations structure-rCactivitC, cinktiques. 

[Traduit par la rCdaction] 

Introduction interesting chemical properties and a variety of applications as 

The 1,l-dioxides of 1,2,5-thiadiazoles belong to a group of 
heterocycles containing the sulfamide moiety that present 
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biologically active compounds and as fine chemicals. A 
detailed review has been written by Aran et al. (1). Several 
pharmacological uses have been suggested and patented for 
1,2,5-thiadiazole 1 , 1-dioxides, but their chemical properties 
are largely unexplored and "only a heterogeneous series of 
generally unrelated reactions are known" (1). 

Our previous work has shown, through UV and 'H and 
13c NMR spectroscopy (2), that 3,4-diphenyl-1,2,5-thiadia- 
zole 1,l-dioxide (TPP) in acetonitrile (ACN) - ethanol 
(EtOH) solvent mixtures is in equilibrium with the thiadiazol- 
ine (3-ethoxy-3,4-diphenyl- 1,2,5-thiadiazoline 1,l -dioxide: 
TPPHeOEt) formed through the addition of ethanol to one of 
its C=N double bonds. The formation equilibrium constant at 
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25.0°C is 3.3 M- ' .~  Thus T P P  exists in EtOH solution as the 
thiadiazoline TPPH-OEt.  

TPP (3, 4) is voltametrically reduced in ACN solution, in 
two successive peaks, to a radical anion and to a dianion at ca. 
-0.8 V (vs. Ag' (0.1 M ACN) / Ag), while TPPHaOEt in 
EtOH presents two reduction peaks at ca. - 1.7 and - 1.9 V. 

In this work, the EtOH addition reactions and the electrore- 
duction properties of the related compounds 3-methyl-4- 
phenyl- 1,2,5-thiadiazole 1,l-dioxide (TMP) and 3,4-dime- 
thyl- l,2,5-thiadiazole 1,l-dioxide (TMM) are studied in ACN 
and in EtOH solution and compared with those of TPP. Inter- 
esting differences related to the presence of a methyl group 
bonded to a very electron-deficient carbon atom are observed. 

Experimental 

T M P  and T M M  were synthesized, purified, and characterized 
according to published procedures (5). Standard methods of 
purification were used for ACN and EtOH solvents. 

'H and 13c NMR spectra were measured with a Bruker 200 
MHz instrument. 

Conventional cyclic voltammetry techniques were 
employed. A L.Y.P. M2 potentiostat, a 3-module L.Y.P. 
sweep generator, and a Houston Omnigraphic 2000 pen 
recorder were used. 

Voltammetric experiments were performed in an undivided, 
gas-tight, glass cell swept by purified nitrogen. The cell was 
kept in a dry glove box, where all solution preparation and 
other experimental manipulations were made. The reference 
electrode (r.e.) was Ag' (0.1 M ACN)/Ag. It was separated 
from the cell solution by a porous-glass plug. A 2 cm2 Pt foil 
was the counter electrode and the working electrode (w.e.) was 
a Teflon encapsulated vitreous carbon disk of 0.074 cm2. 

Bulk electrolysis experiments were performed in a divided 
cell. The anodic and cathodic compartments were separated by 
a sintered glass plate. The cathode was a vitreous carbon rod 
(0.3 cm diameter and 1.5 cm length) and the anode was a 8 cm2 
Pt foil. The reference and the working electrode described 
above for cyclic voltammetry were included in the cathodic 
compartment and were used to measure the concentration of 
the substrate at convenient intervals during the electrolysis. 

Results and discussion 

(a) T M P  

Voltammetric and bulk electrolysis results in ACN solution 
The results of typical voltammetric experiments performed 
with solutions of T M P  in ACN are shown in Fig. l a  and b. 
Published results corresponding T P P  are also included in Fig. 
l c  for comparison. As can be observed, under the experimen- 
tal conditions of Fig. la ,  T M P  presents two redox couples 

Fig. 1. Cyclic voltammograms, current function vs. potential, 
for TMP (at selected low and high experimental concentration) 
and for TPP. ACN solvent; 0.25 M NaCIO, supporting 
electrolyte; vitreous carbon disk w.e.; Ag'(O.1 M ACN)IAg r.e.; 
v = 0.2 V s-'. (a )  TMP: 1.06 mM; (b) TMP: 13.7 mM; (c )  (....) 
TPP: 1.51 mM. 

(IcDa; IIcDIa), which, as in the case of TPP, can be assigned to 
the charge transfers: 

TMP + e = TMP' IcAa El 

The first couple is clearly observed under all experimental 
conditions. The second couple (IIcDIa) is always less intense 
and less well defined than the first. It is distinctly observed at 
low concentrations and high sweep rates, but its current inten- 
sity decreases at the higher experimental concentrations. 
Under the conditions of Fig. l b  it is no longer observable. This 
behavior, although less pronounced, was also observed with 
T P P  and was related to interactions of the dianion of T P P  
with the cations of the supporting electrolyte and to adsorption 
processes (4). Only the processes related to the first couple 
will be studied in this work. 

The current function of the cathodic peak (Ic) of the first 
couple does not change appreciably with concentration 
(in the range 1.06-37.7 mh4, i (Ic) v-lI2 C'IA (V s-')-In 
(mol ~ m - ~ ) - '  = 83 i 6). The diffusion coefficient, calculated 
with the equation for a reversible voltammetric wave, is 
1.7 x lo-' cm2 s-', which is similar to that found for T P P  
(1.2 x lo-' cm2 s-'). 

Controlled potential electrolysis experiments at -0.9 V in 
ACN solvent were run with T M P  initial concentrations 
([TMP],) of 21 and 2.2 mh4. A duplicate electrolysis experi- 
ment with 2.2 mh4 T M P  in which water (1.55 M) was added 
to the ACN solvent was also performed. All three experiments 
were coincident, within the experimental error (Fig. 2), indi- 
cating that ca. 0.4 electrons/mol T M P  are consumed in the 
bulk electrolysis. 
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Fig. 2. Bulk electrolysis of TMP in ACN solution. Number of 
moles of electrons vs. relative concentration of TMP as 
measured through the voltammetric current intensity of peak Ic at 
several intervals during the electrolysis. [TMP],: V:21 mM; 
0:2.2 mM; 0:2.2 mM + 1.55 M water. 

From the very beginning of the electrolysis experiments, the 
catholyte solution develops a dark red-brown color that origi- 
nates near the cathode and increases in intensity as the electrol- 
ysis progresses. The color intensity decreases and turns 
yellowish on exposure of the electrolyzed solution to air. Thin- 
layer chromatographic analysis of the solution at the end of the 
experiments reveals a complex mixture. Initial efforts to iso- 
late the components have been unsuccessful, but our work in 
this direction continues in connection with additional studies 
on the homogeneous reaction kinetics of TMP. 

The first charge transfer for TMP takes place at a more neg- 
- ative potential than that of TPP = 0.16 

V). This can be related to structural characteristics of the sub- 
strates and the radical anions formed. 

van der Waals molecular models and X-ray crystal studies 
of both compounds (6) show that the two phenyl rings of TPP 
cannot be accommodated in the plane of the heterocycle (TPP 
dihedral angles: phenyl-phenyl = 5 1.9'; phenyl-heterocycle = 
34.2 and 41.4'), and that the methyl group in TMP hinders the 
planar disposition of the phenyl ring and the heterocycle to a 
very similar extent (TMP dihedral angle: phenyl-heterocycle 
= 40.9'). It is reasonable to suppose that the electron trans- 
ferred to the substrates to form the radical anions should favor 
a location associated with an electron-deficient heterocyclic 
carbon atom bonded to a phenyl group (because of charge dis- 
persal reasons). Since more stabilization energy will be gained 
by delocalizing the additional electron, the phenyl ring 
involved should be more in the plane of the thiadiazole ring 
than in that of the parent neutral compound. This can be 
achieved in TPP by the concerted rotation of both rings, but it 
is not possible in TMP. 

The peak current intensity ratio (Ri= i ,,lip,,) of the first cou- 
ple is always smaller than unity an8  decreases when the 
cathodic switching potential is made increasingly negative. Ri 
is also a function of TMP concentration and sweep rate as 

Fig. 3. Influence of sweep rate and concentration in the ratio of 
anodic to cathodic peak current intensity (R,) of the first 
voltammetric couple of TMP for a constant switching potential 
E, = - 1.04 V; ACN solvent; 0.25 M NaC10, supporting 
electrolyte; vitreous carbon disk w.e.; Agf(O.l M ACN)/Ag r.e. 
[TMP]: 0:37.7; 0:13.7; A:9.13; V:3.61; 0:1.06 mM. The dotted 
line represents the result of a digital simulation for a radical- 
substrate reaction mechanism with rate constant k = 3 x lo2 M-' 
s-' (see also Fig. 6). 

shown in Fig. 3 for a constant switching potential (- 1.04 V) 
that does not include the second couple. 

The data shown in Fig. 3 suggest the consumption of 
TMP; by a second-order reaction that, at a constant sweep 
rate; causes the decrease of R, with increasing concentration, 
reflecting the increase in reaction rate; conversely, Ri tends to 
increase up to unity when the time window is decreased 
through an increase of the sweep rate. The dotted line in Fig. 3 
represents the results of a digital simulation for a radical-sub- 
strate second-order reaction, which is justified in the follow- 
ing: 

The mechanism of the reaction can be further characterized 
through the slopes 6Ed6 log (v) and 6EdS log [TMP]. Figure 
4 shows the dependence of the potential of peak Ic with sweep 
rate at several TMP concentrations. A 28.5 mV1dec (r = 
0.986; 9 points) 6Ed6 log (v) slope is observed for [TMP] = 
37.7 mM for the whole range of experimental sweep rates. At 
lower concentrations the slope is similar for the lower sweep 
rates, but 6Ed6 log (v) tends to zero when the sweep rate is 
increased. Finally, for [TMP] = 1.06 mM, the peak potential 
does not change with sweep rate. 

The 6416 log[TMP] slope is shown in Fig. 5 for sweep 
rates of 0.005,0.01, and 0.02 V s-', in the concentration range 
in which irreversible voltammetric signals are observed. The 
observed slopes are 43, 34, and 29 mVIdec, respectively. 
Given the observed 6E 6 log(v) slope, the expected 6EJ6 

L' log[TMP] slopes for t e well-known simple second-order 
reaction mechanisms are either 19.7 or 29.6 mVldec (7). 

Obviously the slopes are closer to 29.6 mVIdec, which cor- 
responds to a radical-substrate reaction. The discrepancy 
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might be due to a more complex mechanism or it may be an 
artifact due to the complex reaction observed in the controlled 
potential electrolysis experiments. This seems reasonable 
since the slope departs increasingly from the expected value at 
decreasing sweep rates. 

If the radical-substrate reaction is accepted as the dominant 
mechanism, a rate constant, k , ,  for the reaction: 

[ I ]  TMP' + TMP = products 

can be calculated from the sweep rate (v,) at which the E, vs. 
log (C v-I) slope changes (7), or, as is shown in Fig. 6, a more 
detailed view of the fitness of the radical-substrate mechanism 
can be furnished by a digital simulation that takes into account 
the electron transfer El, followed by reaction [I] and a fast 
electroreduction of the product (i.e., p,,,,,,, >> E,). The sim- 
ulation results, indicated in Fig. 6 with a solid line, correspond 
to k, = 3 x 1 o 2 ~ - '  s-I. 

The methyl protons of TMP, being bonded to a very elec- 
tron-deficient carbon atom, are weakly acidic. Thus, the radi- 
cal-substrate reaction might consist of a proton transfer 
(reaction [I]). The reaction will also be driven forward by the 
fast electroreduction of the radical TMPH' at E3 > E,. 

Anions of the 3-0x0 derivatives of 1,2,5-thiadiazole 1,l- 
dioxides are well known (1). Anion I- has a similar structure 
although it must be much less stable. Follow-up reactions 
involving anion I- such as an aldolic-type condensation (reac- 
tion [2]), are also possible and have been observed in related 
compounds (8). The consumption of the substrate by the fol- 
low-up reactions can account for the reduced number of elec- 
trons per mole observed in the electrolysis experiments. 

Voltammetric results in EtOH and ACN/EtOH solutions 
The voltammetric results in EtOH solvent are presented in Fig. 
7a (solid line). The results obtained with TPP (4), which have 
already been discussed, are included for comparison (Fig. 7a; 
dotted line). As was the case for TPP, the EtOH molecule adds 
to one of the C=N double bonds of TMP to form a thiadia- 
zoline: 

[3] TMP + EtOH = TMPH-OEt 

which is voltarnmetrically reduced in two peaks (IIIc and IVc) 
that are very similar to those found with the TPP substrate. 

When EtOH is added to ACN solutions of TMP, the volta- 
mmograms evolve in time in essentially the same way as was 

TMP'- TMPH' 

E3 TMFH' + e 7 TMFH- 

121 1- + TMP + 

DIM- 

observed for TPP (4), that is, the TMP voltammetric peaks and disappearance of peak IIc, while peak IVc increases. After 
are observed initially and peak IVc at - 1.94 V starts to the disappearance of peak IIc, peak IIIc appears at c a  - 1.65 V 
develop (Fig. 7b, solid line). This is followed by the decrease and grows while the current intensity of peak Ic decreases 
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Fig. 4. Peak potential for the first couple of TMP (EJc), vs. Ag' 
(0.1 M ACN)/Ag, as a function of sweep rate for several 
concentrations of TMP in ACN solution; 0.25 M NaCIO, 
supporting electrolyte; vitreous carbon disk w.e. [TMP]: 0:37.7; 
D13.7; A:9.13; V:3.61; 0:1.06 mM. Solid line through 0 is a 
least-squares regression (r: 0.986; slope: 28.5 mV1dec); solid line 
through 0 is the average of peak potentials for [TMP] = 1.06 mM 
(Ep (mean) = -0.933 V). 

Fig. 5. Peak potential for the first couple of TMP (Epic), vs. 
Ag'(O.1 M ACN)/Ag, as a function of the concentration of TMP for 
several sweep rates in ACN solution; 0.25 M NaCIO, supporting 
electrolyte; vitreous carbon disk w.e. Sweep rates: 0:0.005; 
@:0.010; A:0.020 V s-'. The concentration ranges from the highest 
experimentally used to the lowest in which irreversible peaks are 
still observed at each sweep rate. Solid lines are least-squares 
regressions with the following slopes and regression coefficients: 43 
mVIdec; r = 0.975 (8 points); 34 mVIdec, r = 0.941 (7 points); A:29 
mVIdec, r = 0.943 (5 points). 

I 

0.005 0.01 0.02 0.03 0.05 

CIM 

slightly. Finally an equilibrium voltammogram is obtained 
(Fig. 7b, dotted line). 

The time evolution described can be interpreted by a reac- 

Fig. 6. Peak potential for the first couple of TMP (Epic), vs. Ag+ 
(0.1 M ACN)/Ag as a function of the ratio of TMP concentration 
to sweep rate in ACN solution. [TMP]: 0:37.7; 0:13.7; A:9.13; 
V:3.61; 0:1.06 mM; (-): digital simulation with k = 
3 x 10' M-I s-I. 

Fig. 7. Cyclic voltammograms at 0.1 V s-' of: (a) TMP in ethanol; 
(b) in ACN-EtOH, 7.5 wt.% EtOH. (a) (-): 5.05 mM TMP in 
EtOH; (....): 3.16 mM TPP in EtOH, included for comparison. (b) 
Voltammograms of 3.65 mM TMP in ACN-EtOH, 7.5 wt.% EtOH. 
(-): 15 min after solution preparation; (. . . .): equilibrium 
voltammogram, 10 days after solution preparation. 

-2.0 -1.5 -1.0 -0.5 

E I V  

tion mechanism essentially identical to that proposed for 
TPP in ACN-EtOH solvent mixtures. Thus at peak I (Fig. 
7b) TMP is reduced and the radical anion formed reacts 
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Table 1. Experimental voltammetric results and calculated values of the equilibrium 
constant KT,, (uncontrolled room temperature, ca. 20°C) for the reaction: TMP + 
EtOH = TMPH.OEt. 

with EtOH. The product is further reduced at a potential 6 = 26.5 ppm. The direction and magnitude of the observed 
E3 > E l .  shift (A6 = 8.9 pm) is in agreement, according to the additiv- 

ity rules for "C chemical shifts (9, with the addition of 
TMP' + EtOH = TMPH' + EtO- C, MeOH to the C=N double bond on the methyl "side" of the 

molecule. Thus the thiadiazoline TMPHeOEt has the struc- 
TMPH ' + e- = TMPH- E, ture: 

If some TMPHaOEt has been formed through reaction [3], 
it reacts with the strong EtO- base: 

EtO- + TMPH-OEt = EtOH + TMP-OEt- c5 

The remaining TMP; is further reduced at E2 (peak IIc). 
The anions produced at E3 and C5 (TMPH- and TMP-OEt-) 
are further reduced at peak IVc. If some TMPH-OEt remains 
it will be reduced at peak IIIc: 

TMPH.OEtY = TMPH' + EtO- c, 
The TMPH' formed in C6 will be immediately reduced to 

TMPH- (E,). 
Thus, once peak IIc is no longer observed, peak Ic will be a 

two-electron E1C4E3 peak, and its intensity will depend on the 
T M P  concentration. Likewise, peak IIIc will be a two-electron 
E4C6E3 peak and its current intensity will depend on the actual 
TMPHeOEt interfacial concentration, i.e., its bulk concentra- 
tion minus the depletion caused by reaction C5. 

The equilibrium constant of reaction [3], kmp, can be calcu- 
lated using the same relation of peak intensities used for T P P  
(4), specifically: 

[TMPH - OEt] 
KTMP = [EtOH] [TMP] 

The experimental peak intensities and calculated KTMP for 
several EtOH concentrations are shown in Table 1. 

The equilibrium constant KTMP was also calculated using 
UV spectral measurements and a Hildebrand-type equation, as 
has been done with TPP. The details will be reported else- 
where, but the spectroscopically measured value, 1.4 M-' at 
25.0°C, agrees with the voltammetric value of Table 1. 

The resonance of the heteronuclear methyl substituent in 
I3c NMR measurements of T M P  is, in benzene-d6 solution, 
observed at 6 = 17.6 ppm, and in methanol-d4 solution at 

It can be observed that the T-system of TMPH-OEt is very 
similar to that of TPPH-OEt,  This rationalizes the above- 
mentioned similarities between the voltammetric responses of 
both thiadiazolines. The similarity of the delocalization 
energy increment in going from the thiadiazoles to the thiadi- 
azolines is also shown in the values of the equilibrium con- 
stants of the EtOH addition reactions. Thus, kTPP is 
approximately two times larger than KTMp, as can be expected 
if only symmetry factors are important. 

(b) T M M  

Voltammetric results for TMM in ACN solutions 
The cyclic voltammetry of T M M  in ACN solutions results in 
a single, diffusional, totally irreversible voltammetric peak at 
ca. - 1.00 V under all experimental conditions. The peak 
shifts cathodically 30 mVldec of sweep rate and its potential 
does not depend on the substrate concentration. Its current 
function (i, v-'I2 c') decreases slightly but steadily with the 
increase in concentration from 7 1 A V-' s'I2 mol-' cm3 at 1.01 
mM, to 66 at 11.2 mM, and then drastically to 40 A V-' s1I2 
mol-' cm3 at the highest concentration used (17.1 mM). This is 
apparently related to an increase in the rate of fouling of the 
electrode with increasing concentration. In effect, the second 
voltammetric cycle at all concentrations shows a decrease in 
current intensity that increases in magnitude when the concen- 
tration is increased. The current is restored to its first-cycle 
value when the electrode surface is cleaned. 

These results suggest a one-electron charge transfer fol- 
lowed by a fast chemical reaction and allow the calculation of 
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a diffusion coefficient, D(,,,, = 1.2 x cm2 s-', which is 
similar to those of TPP and TMP. Thus, as seems reasonable 
because of the lack of delocalization possibilities, the radical 
anion of TMM is unstable. 

Voltammetric results for TMM in EtOH solutions 
As found for TPP and TMP, the current intensity of the volta- 
mmetric peak of TMM in ACN-EtOH solvent mixtures 
decreases initially with time and reaches a stable equilibrium 
value that is lower the higher the EtOH concentration. No new 
peaks are observed and, since a thiadiazoline is formed accord- 
ing to the NMR evidence given below, it must be concluded 
that the 3,4-dimethyl thiadiazoline can not be reduced at 
potentials more anodic than the solvent cutoff. 

The 'H NMR spectrum of TMM provides evidence of an 
addition reaction of EtOH to one of the C=N double bonds of 
TMM. A single methyl signal at 6 = 2.63 ppm is observed in 
ACN-d3, while two methyl signals are present in ethanol-d6, at 
6 = 2.35 ppm (assigned to the methyl on the unsubstituted side) 
and 1.68 ppm (assigned to the methyl on the ethoxyl-substi- 
tuted side). In ACN-d3%thanol-d6 solvent mixtures the origi- 
nal substrate methyl signal is also observed at 2.62 ppm. A 
study (at an uncontrolled room temperature of ca. 20°C) of the 
relative intensities of these three signals in ACN-d3%thanol- 
d6 solvent mixtures with 13.3, 30.0, and 60.0 wt.% ethanol-d6 
allowed an evaluation of KT,, = 0.3 M-' (individual measure- 
ments were 0.26, 0.30, and 0.32 M-', respectively). 

UV-VIS spectroscopic techniques cannot be used to study 
the addition reaction, since TMM presents only terminal 
absorption at A < 300 nm, but an equilibrium constant can be 
estimated from voltammetric experiments if the equilibrium 
peak current intensity (corrected for the viscosity change of 
the solvent by means of independent measurements of the 
intensity of the ferrocene couple in the same solvent mixtures, 
as already described (4)) of the TMM peak in ACN-EtOH sol- 
vent mixtures is taken as a measure of its equilibrium concen- 
tration. 

Four voltammetric experiments in ACN-EtOH solvent 
mixtures with 9.9, 21, 42, and 75.6 wt.% EtOH were per- 
formed. The KTMM values (uncontrolled room temperature, ca. 
20°C) calculated were 0.16, 0.15, 0.18, and 0.20 M-'. Due to 
the assumptions involved, this estimate of KTMM can be con- 
sidered to be in reasonable agreement with the more direct 
NMR experiments. 

Influence of the addition of acids in the voltammetry of TMP 
and TMM in ACN, EtOH, and mixed ACN-EtOH solvents 

TMP or TMM in ACN + acid: Experiments in which several 
concentrations of dry trifluoracetic acid (TFAcH) were 
added to ACN solutions of TMP or TMM were performed. 
In both cases a kinetic prepeak (ppIc), anodic to the first 
charge transfer, developed when less than equimolecular 
quantities of acid were added. The prepeak current intensity 
increased with increasing relative concentrations of acid and 
finally replaced the original peaks of the substrate when the 
relative concentration of acid ([TFAcH]/[TMP] or [TFAcH]/ 
ITMM]) was 2 or greater. The current intensity of the pre- 
peak under these conditions is twice that of the original 
peak Ic of the substrate. 

At low ratios of acid to substrate concentration, the prepeak 

can be interpreted as the reduction of the substrate, followed 
by protonation of the radical anion, i.e., for TMP: 

TMP + e- = TMP' El 

TMP' + 2 TFAcH = TMPH' + (TFAc),H- c7 

The TMPH' radical can be further reduced to the anion and 
protonated to the thiadiazoline (TMPH,) or it can dispropor- 
tionate to form TMPH2 and regenerate the substrate, which 
will be reduced at E,. 

Reaction C7 includes the well-known homoconjugation 
reaction of anions in ACN (10). 

TMP, TPP, or TMM in ETOH + acid: Similar results are 
obtained if TFAcH is added to solutions of TPP or TMP in 
EtOH solvent. A prepeak (ppIIIc) develops and its associated 
current intensity increases on increasing the acid concentra- 
tion. The original peaks (IIIc and VIc, Fig 7a) are completely 
replaced by the prepeaks (which double the current intensity 
of each original peak) when the acid concentration is more 
than twice that of the substrate. The prepeaks are interpreted 
as above by equations similar to El and C7, in which TMP is 
replaced by TMPH-OEt. 

As already discussed, the voltammetric electroreduction of 
TMMHeOEt takes place beyond the solvent potential cutoff. 
The addition of TFAcH to solutions of TMM in EtOH solvent 
does not cause the appearance of new voltammetric peaks. 

TMP or TPP in mixed ACN-EtOH + acid: In mixed ACN- 
EtOH solvents to which TFAcH (with ratios [TFAcH]/[TMP] 
or [TFAcH]/[TPP] ca. 4) has been added, it is possible to 
record voltammograms in which only both prepeaks, ppIc and 
ppIIIc, are observed. 

Since ppIc responds to the concentration of the thiadiazole 
([TPP] or [TMP]) and ppIIIc to the concentration of thiadia- 
zoline ([TPPH.OEt] or [TMPH-OEt]), it follows that equi- 
librium constants for the EtOH addition reactions to TPP and 
TMP (KT,, and KTMP) can be measured voltammetrically in 
these mixed solvent solutions. KTMp, for example, can be 
expressed as: 

[TMPH.OEt] - i(pp111c)/v'/~ 
KTMP = [EtOH][TMP] - (i(pp~~)lv1/2) x [EtOH] 

The experimental results are given in Table 2. The calcu- 
lated equilibrium constants for TMP and TPP agree with 
those calculated from the complex mechanism in mixed 
ACN-EtOH solvents for TMP (above) and TPP (4). 
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Table 2. Experimental voltammetric results for (a) TMP and (b) TPP in mixed 
ACN-EtOH solvents with added trifluoroacetic acid (TFAcH). Calculated values for 
the equilibrium constants of the EtOH addition reactions (uncontrolled room 
temperature, ca. 20°C). idvIR values are the mean of seven values measured at sweep 
rates between 0.01 and 0.5 V s-I. 
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Polyhalide anions in crystals. Part 2. 1,- 
asymmetry and N-H...l bonding: triiodides of 
the Me2NH2+, Ph21+, tropanium, N,N,Nf,Nf-Me4= 
I ,2=ethanediammonium, N,N,Nf, Nf-Me4=l ,3- 
propanediammonium, N=Me=piperazinium(2+), 
and N,Nf-Me2-piperazinium(2+) cations, and 
M~,NH,I' 

Katherine N. Robertson, T. Stanley Cameron, and Osvald Knop 

Abstract: Crystal-structure determinations are reported for Me2NH213, (Ph,I)I,, tropaniurn.1,. [Me,HN(CH,),NHMe,](I,),, 
[Me2HN(CH2)3NHMe2](13)2, (N-Me-piperazinium) (I,),.H,O, (N,Nf-Me2-piperazinium)(I,),, and Me,NH,I. The features of 
these and relevant literature structures are used to (1) classify triiodide structures by their ion-packing types; (2) analyze the 
relationship between the two 1-1 bond lengths d and d* in the 1,- anion; and (3) examine the effect of N-H(N) ... I hydrogen 
bonding on the symmetry of the 1,- anion. It is found that the d,d* relationship can be represented to a high degree of correlation 
by the power function d* - do = K(d - do)* (d* 2 d, do = d(1-I) in I,(g)) based on the 3c4e model of the anion. An empirical 
correlation is shown to exist between the H(N) ... I and N...I distances both for unbranched and branched N--;H(N) ... I bonds. 
Comparison of the degree of asymmetry of 1,- in two samples, one containing H-bonded 1,- anions, the other with H-bonding 
absent, leads to the conclusion that while H-bonding is a factor affecting 1,-symmetry, it is not apreferential factor. The four 1:2 
title triiodides have structures of, or related to, the CdI, type, in which the anions form infinite pseudo-hexagonal channels. The 
positioning of the divalent cations on the axes of these channels gives rise to an interesting "vernier" effect governed by the 
cation length and H-bonding ability. Bonding in centrosymmetric I, rings in (Ph,I)I, and (Ph,I)I is examined. 

Key words: crystal structures, hydrogen bond, iodine-iodine bonds, polyhalide anions, triiodides. 

RCsumC : On a dCterminC les structures de Me,NH,I,, (Ph,I)I,, tropanium.I,, [Me,HN(CH,),NHMe,](I,),, 
[Me,HN(CH,),NHMe,](I,),, (N-Me-pipCrazinium)(I,),.H,O, (N,N'-Me2-pipCrazinium)(I,), et Me,NH,I. On a utilisk les 
caractCristiques de ces structures et d'autres apparentCes tirtes de la littkrature pour (1) classifier les structures des triiodures 
selon l'empilement de leurs ions; (2) analyser la relation entre les deux longueurs des liaisons I-I, d et d* de l'anion 1,- et (3) 
examiner l'effet des liaisons hydrogkne N-H(N) ... I sur la symCtrie de l'anion I,-. On a trouvt que, en se basant sur le modble 
3c4e de l'anion, la relation d,d* peut &tre reprCsentCe, avec un degrC Clevt de corrtlation, par une fonction de puissance d* - do 
= K(d - do)* (d* 2 d, do = d(1-I), pour 12(g)). On a montrC qu'il existe une corrtlation empirique entre les longueurs des 
liaisons H(N) ... I et N...I, pour les liaisons N-H(N) ... I tant linkaires que ramifites. Une comparaison du degrC d'asymCtrie du 1,- 
dans deux tchantillons, l'un contenant des anions 1,- avec des liaisons hydrogkne et l'autre dans lequel elles sont absentes, 
permet de conclure que, m&me si les liaisons hydrogbne affectent la symttrie de I,-, il ne s'agit pas du facteurprkfZrentie1. Les 
quatre triiodures 1 : 2 mentionnks dans le titre ont tous des structures du type (ou d'un type apparentC) CdI, dans lesquelles les 
anions foment des canaux pseudo-hexagonaux infinis. Le positionnement des cations divalents sur les axes de ces canaux donne 
lieu B un effet inttressant de vernier qui est gouvernt par la longueur du cation et par la possibilitC de former des liaisons 
hydrogkne. On a examine la formation des liaisons dans les cycles I, centrosymCtriques du (Ph,I)I, et du (Ph,I)I. 

Mots c l b  : structures cristallines, liaison hydrogbne, liaisons iode-iode, anions polyhalogCnts, triiodures. 

[Traduit par la redaction] 
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' For Part 1 see ref. 1. 
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Robertson et al. 

In Part 1 (1) we showed that the type of ion packing in triio- 
dides of compact, quasi-spherical cations generally depends 
on the volume V ,  that is occupied in the crystal structure by 
one formula unit. Given the relative constancy of the amount 
of space occupied by the 1,- anion, V, represents a global mea- 
sure, largely independent of the details of the cation shape, that 
can be used for classification and prediction of ion coordina- 
tion in such structures. This is analogous to the use of the cat- 
ionJanion size ratio for classifying structures consisting of 
spherical or quasi-spherical ions, e.g., alkali and similar 
halides. Although the ion-packing trend in the triiodide set in 
Part 1 was unmistakable, more detailed conclusions were pre- 
cluded by the limited number and selection of suitable struc- 
tures that were available; in particular, only cationJanion = 1 
compounds were considered. Since the dependence of the ion- 
packing type on V, was not the only interesting aspect of the 
triiodides studied in Part 1 that suffered from lack of structural 
information, we now supply, as a partial remedy, a number of 
crystal-structure determinations of both 1 : 1 and 1 :2 organoca- 
tion triiodides and of Me2NH21 (Table 1). 

tropanium (I+) diphenyliodoniurn ( I + )  

These determinations provide a significant and varied addition 
to the meagre body of information on hydrogen bonding to 
iodine. Based on these and literature results we examine, in the 
Discussion, the relationship of the two I...I bond lengths in 1,- 
anions; the effect of N-H ... I bonding on the symmetry of I,-; 
the effect of hydration on ion packing in KIX2.H20 (X = I, Br, 
Cl); and the geometry of, and bonding in, the diphenyliodo- 
nium cation. 

Crystal data of the title compounds are assembled in Tables 
2 and 3, the positional parameters of nonhydrogen atoms in 
Table 4, and interatomic distances and bond angles in Table 5. 
Positional parameters and isotropic temperature factors of 
hydrogen atoms (Table A), anisotropic thermal parameters of 
nonhydrogen atoms (Table B), and the I...I bond lengths in a 
number of relevant triiodide structures (Table C) have been 
deposited.3 

Individual structures 

2MI 
In this simple structure the ion packing is of a distorted CsCl 

This material can be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National Research 
Council Canada, Ottawa, Canada KIA 0S2. Tables A and C have 
also been deposited with the Cambridge Crystallographic Data 
Centre, and can be obtained on request from The Director, CCDC, 
University Chemical Laboratory, 12 Union Road, Cambridge 
CB2 lEZ, U.K. 

Table 1. Compounds discussed in this paper." 

Code Compound Reference 

This work 
2MI 
2MI3 
TrI3 
2PhII3 
Mpip213w 
2Mpip213 
4Men213 
4Mpr213 

Literature 
A13 
MC13 
4MI3 
Q13 
Da213 
a-2MC1 
P-2MC1 
2PhICl 
2PhIBr 
2PhII 
2PhITB 
2PhIN 
2PhIX 
pip2IC 12 

Me,NH,I 
Me,NH,I, 
Tropanium 1,b 
(ph21)13 

N-Me-piperazinium(2+) (I,),-H,O 
trans-N, N1-Me,-piperazinium(2+) (I,), 
[Me,HN(CH,),NHMe,l (I,), 
[Me,HN(CH,),NHMe,l (I,), 

NH413 
1-Me-cytosinium I, (MCYTRI) 
Me4NI, 
Quinuclidinium I, 
Dabco(2+) (I,),' 
a-Me,NH,Cl (DMEACLOI) 
P-Me2NH2C1 (DMEACL) 
(Ph,I)Cl (DPIOCL) 
(Ph,I)Br (DPIODB 10, DPIODBOl) 
(Ph,I)I (DIRZOT, DIRZOTO1) 
(Ph,I) tetraphenylborate (HEYZUG) 
(Ph,I)NO, (PIODON) 
(Ph,I) EtOCS,d (VATRAJ) 
Piperazinium(2+) (ICI,), (PIPCLI) 
KI,-H,O 
KIBr;H,O 
KICl;H,O 

"In parentheses, structure code in the Cambridge Crystallographic Data 
Base. 

b8-Me-8-azoniabicyclo[3.2.1]octane I,. 
'1,4-Diazoniabicyc1o[2.2.2]octane (I,),. 
dDiphenyliodonium xanthate, Ph,-ethylxanthogenate iodane. 

type (Fig. 1). The cations (of symmetry C2) are H-bonded to I- 
anions to form discrete centrosymmetric ring dimers 
[...I...H(N) - N - H(N) ...I,' of symmetry C2, The structure 
may in fact be regarded as a molecular crystal consisting of 
these neutral rin dimers located at points of a primitive lattice k defined by a' = 2 (a + b), b' = $(-a + b), c' = c. 

The H(N) ... I bonds are short, 2.51 A; H(N)-I-H(N) - 75". 
The difference between the H-bond system in 2MI and that in 
the other known Me2NH2X halide structure, 2MC1, is repre- 
sented schematically in Fig. 2. In the ordered, orthorhombic 
low-temperature P-2MC1 a C2 rotation of alternate cations 
about one of their N-H ... Cl bonds will convert the infinite H- 
bonded chain into a set of discrete ring dimers such as are 
found in 2MI. In the high-temperature tetragonal a-2MC1 the 
orientational disorder of the cations gives rise to a variety of 
local situations, some of which will correspond to ring dimers 
and others that may be viewed as short segments of the p- 
2MC1 chain. The H-bond connectivity in a-2MCl is thus sta- 
tistically intermediate between those of 2MI and p - 2 ~ ~ 1 . 4  

For H-bonding in other Me,NH,+ salts see, for example, the 
MeCN and Et,CO solvates of Me,NH,BPh, (16), 
(Me,NH,),SnCl, (1 7, 18), and (Me,NH,),[InCl,]Cl (19). 
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Can. J. Chem. Vol. 74, 1996 

Table 2. Crystal data of the univalent-cation triiodides." 

Parameter 2MI 2MI3 Tr13 2PhII3 

Formula 
fw 
Crystal size, mm3 
@range, degb 
P M ~ ,  cm-I 
Max/minc 
a, A 
b, A 
c,  A 
P. deg 
v, A3 
P C ,  g/cm3 
Space group 
F(000), e 
h, k, 1 rangesd 
Reflections: 

total measured 
unique total 

100Rmerg 
d/r1pe 
100R; 100R, 
G.O.F. 
Residual e.d! 

C2H81N 
173.0 
0.4 x 0.4 x 0.3 
2-23120 
54.5 
1.00-0.59 
1 1.026(4) 
9.993(3) 
5.514(2) 
110.08(3) 
571(1) 
2.014(4) 
C2lm (no. 12) 
320 
0112, 0110, -616 

C2HaI3N 
426.8 
0.4 x 0.3 x 0.25 
2-2312 1 
100.3 
0.94-0.68 
6.423(1) 
9.946(2) 
14.5 12(2) 
90 
927(1) 
3.058(3) 
Pccn (no. 56) 
744 
on ,  0110, 0115 

C8H1613N 

506.9 
0.8 x 0.2 x 0.2 
2-23/25 
68.3 
1.00-0.8 1 
12.835(2) 
13.531(2) 
7.864(1) 
90 
1366(1) 
2.465(2) 
P2,2,2, (no. 19) 
920 
0114, 0114, 018 

CIZHIJ, 
661.8 
0.5 x 0.2 x 0.25 
2-23\20 
76.6 
1.00-0.60 
14.987(3) 
17.785(2) 
6.029(1) 
90.07 (2) 
1607(1) 
2.735(2) 
P2,la (no. 14) 
1176 
0116, 0119, -616 

"Z = 4 for all four compounds. For further details see Experimental. 
< 0 < em,ln. The lattice parameters and orientation matrices were obtained by least squares from the 

setting angles 0 of suitable n reflections. 
'Maximum and minimum transmission factors applied. 
d0/12 stands for h = 0 through h = 12 etc. 
'Data/restraints/parameters; I > 3a(I). 
'kesidual electron density (e/A3) in final difference map. 

Fig. 1. 2MI: projection on (001). 

2MI3 
The ion packing in this orthorhombic structure is of the NaCl 
type (Fig. 3). Interestingly, the NaCl arrangement is obtained 
directly from the corresponding undifferentiated atom 
arrangement in Fm3m by subgroup descent and splitting the 
undifferentiated atoms positions into two fourfold sets: FmTm, 

Fig. 2. (A) [...I...H-N-H...], ring dimers in 2M1, in a plane 
approximately ll(20i). (B) Portion of the planar zigzag 
[...Cl...H-N-H...], chain in P-2MC1, in the (00 1) plane. 
Breaking the H...Cl bonds at the marked points followed by 
rotation about the fictitious C2 axes converts the chain into a 
sequence ( C )  of [...Cl...H-N-H...], ring dimers analogous to 
those in 2MI. Large circles, halogen atoms; small circles, N and C 
atoms, the latter eclipsed in the projection. H atoms not shown. 
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Robertson et al. 

Table 3. Crystal data of the divalent-cation triiodides." 

Parameter 

Formula 
fw 
Crystal size, mm3 
0-range, degb 
P M ~ ,  cm-I 
Max/minc 
a, A 
6, A 
c, A 
a, deg 
P. deg 
Y 7  deg 
v, A3 
z 
pc, glcm3 
Space group 
F(000), e 
h, k, I rangesd 
Reflections: 

total measured 
unique total 

100Rmerg 
d/r1pe 
100R; 100R," 
G.O.F. 
Residual e.d! 

C5H 1 6 ~ 6 ~ 2 ~  

88 1.6 
0.7 x 0.3 x 0.25 
2-25123 
99.1 
1.00-0.42 
14.09 l(3) 
7.351(4) 
18.725(3) 
90 
106.62(1) 
90 
1858(1) 
4 
3.151(2) 
P2,ln (no. 14) 
1544 
0116, 018, 0122 

C6H I 

877.6 
1.50 x 0.15 x 0.1 
2-23123 
100.8 
1.00-0.52 
8.451(1) 
12.196(2) 
9.454(1) 
90 
108.78(1) 
90 
923(1) 
2 
3.159(1) 
P2,la (no. 14) 
768 
019, 0113, -10110 

P2,la (no. 14) 
772 

C7H2016N2 
893.7 
0.8 x 0.2 x 0.2 
2-25122 
92.0 
1.00-0.44 
9.989(1) 
26.5 16(2) 
7.755(1) 
95.37(1) 
96.85(1) 
84.75(1) 
2024(1) 
4 
2233(1) 
P l  (no. 2) 
1576. 
0110, -29129, -818 

"For footnotes b-f see Table 2. 
EFull matrix on F2, SHELXL-93 (cf. Experimental). For I > 20(0,  R1 = 0.032, rvR2 = 0.091; all data, R1 = 0.058, 

wR2 = 0.105; G.O.F. on F2, 1.10. 

The ion packing in this chiral orthorhombic structure is of the 
anti-NiAs type, similar to that in 4MI3 and Q13 (Table 1 of ref. 
1 >: (ao + co> + a,,,, ( -ao + c0) + bo + CH; 2bd(ao2 
+ c ~ ~ ) ' ~ ~  = 1.798 + aHlcH = 1.633 (ideal), adco  = 1.632 + 
43= 1.732 (ideal). The smaller internal angle in the base of the 
pseudohexagonal cell is 63.0" instead of the ideal 60". 

The anions are arranged in homogeneous layers 11(010), and 
ditto for the cation centroids (Fig. 4). Unlike the arrangement 
in 4MI3 and QI3, the I, units are inclined to all three crystal- 

Fig. 3. 2MI3: projection on (100). Black circles, H(N) atoms. 8(c) 2 Fmmm, 8 0  2 Cmca, 8(e) [abc + cab] + Abma, 
Broken lines indicate H(N) ... 1(2) bonds. 8(e) 2 Pccn, 4(c) + 4(4,  with I(1) in 4(c) and N in 4(4,  i.e., 

(a, a, a) + (i, a, y) and (& i, a) -+ (a, $, y). Both the cation and the 
anion have C2 symmetry. The discrete anion is slightly bent. 

\ ,  I \ , / 1 \ 

-x .---a ---,&--- & Each of the two H(N) atoms is involved in a bifurcated 
H(N) ... 1(2),1(2A) bond. This results in the formation of 
[...I...H(N)...I...] helices Ila and, in turn, of H-bonded twisted 

C 

QuQ 
\ 

I' -x--- 
x . - ? k  --_ 

H(N) ', ---.xl- - w2 
double chains Ilb. The chains are separated from one another 
by layers of CH, groups. Each terminal atom of an anion par- ---x* ticipates in an H-bond to the H(N) atoms of different cations, 

I \ and the two terminal atoms of each anion are H-bonded to the 

d - A  two H(N) atoms of the same associated cation. The H(N) ... I 
bonds are appreciably longer than the unbranched H(N) ... I 
bonds in 2M1, 2.96 and 3.08 A, respectively, as against 
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1576 

Table 4. Positional parameters (x104) and isotropic temperature factors (A2) of nonhydrogen atoms." 

Can. J. Chem. Vol. 74, 1996 

Atom x Y z 4 Atom x Y z Be, 
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Robertson et at. 1577 

Table 4 (concluded). 

Atom x Y z Be, Atom x Y z 
B e ,  

"Parameter values of atoms in special positions are not multiplied by lo4 

Fig. 4. TrI3: projection on (100). Black circles, H(N) atoms. 
Broken lines indicate H(N) ... 1(2) bonds. 

lographic axes. The anion is bent, I(2)-I(1)-1(3) = 176.0°, and 
discrete, the inter-anion I...I separations being all greater than 
4.4 A. 

In the cation (of symmetry C,), the H(N) atom is in axial 
position on the N atom of the 6-membered ring. The H-bond 
between H(N) and I(2A), 2.77 A, is bent, N-H(N)-I(2A) = 
162". The H-bonding is restricted to cattan pairs. 

trosymmetric rings of I atoms formec! by the terminal 1(3) 
atoms of the anions and the 1(4) atoms of the cations (Fig. 
5 ~ ) . ~  The I...I distances in these [...1(3)...1(4)...], rings, 3.51 1 
and 3.667 A, respectively, qualify for weak I...I bonding inter- 
actions; they and the almost right I(3)-I(4)-I(3A) and I(4)-I(3)- 
I(4A) angles, 88.7" and 91.3", respectively, are strongly rem- 
iniscent of similar distances and bond angles in higher orga- 
noammonium polyiodides (20). The rings are dimensionally 
closely similar to the corresponding Ph21(p-I),IPh2 ring 
dimers in 2PhII (Figs. 5C and 6), except that the simple I- ions 
in 2PhII are now replaced by the somewhat bent 13- anions 
approximately perpendicular to the ring plane (Fig. 5B; angle 
between ring plane and I(3)-I(2), 87"). The implications of 
the dimensional changes that are observed on replacing I- by 
I,- are discussed below. The shortest inter-anion I...I distance 
is 1(2) ... I(2B) = 3.852 A, across an inversion centre; I(1)-I(2)- 
I(2B) = 153". 

The cation symmetry is C,. The I(4)--C(ll) and I(4)- 
C(21) bond lengths, and the C(11)-I(4)-C(21) and C(P)-C(a)- 
C(Pf) bond angles, are compared to those in other Ph21C salts 
in Table 6. The phenyl rings R1 and R2 are satisfactorily pla- 
nar, the respective mean deviations of the C atoms from the 
best planes through the R1 and R2 skeletons being 0.007[4] 
and 0.008[4] A; the deviations of the 1(4) atom from these 
planes are -0.026 and 0.168 A, respectively. The R21R1 
angle is 77.8" compared to 93.5" in 2PhII. 

Mpip213w, 2Mpip213, and 4Men213 
The structures of these 1:2 triiodides show striking similarities 
(Table 7, Fig. 7). The anions, which are roughly Ilc, project on 
(001) into honeycombs of pseudohexagonal cells the centres 
of which are occupied by the projected cations. In turn, the 
projected cations divide the projections on (001) into triangu- 
lar tilings. The structures can thus be viewed as monoclinic 
variants of the CdI, structure, with the cation centroids exactly 
or close to coplanar and at the comers of the pseudohexagonal 
cells.6 The anions in these cells are in positions corresponding 
to +(:, 2 z) in the CdI, aristotype, but the z coordinate is not 

- 

2PhII3 
The geometry of these rings is analogous to that of the 

In this monoclinic structure layers of cations 11(010) alternate [...N-H(N)...I...], rings in 2MI (cf. above). 
with layers the mean perpendicular In Fig. 7 the pseudohexagonal cells are defined by the (i, 0.0) and 
like layers being ib = 8.89 A (Fig. 5A). An interesting feature (0, i, 0) points of the corresponding pseudo-orthohexagonal cells 
of the structure is the occurrence of four-membered cen- shown. 
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Table 5. Interatomic distances (A) and bond angles (deg) in the title compounds. 

Atoms Distance Atoms Angle 
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Robertson et al. 

Table 5 (concluded). 

Atoms Distance Atoms Angle 

I(l0) ... I(l1G) 4.338(2) N(1)-H(N1)-I(l2E) 163 
I(21) ... I(12B) 4.496(2) N(2)-H(N22)-I(22A) 158 
1(2O)..I(lOB) 4.535(2) N(2)-H(N2 1)-0 171 
N(1) ... I(12E) 3.46(1) A -X -y -2 

( 1  I ( 2 E )  2.47 
N(2) ... I(22A) 3.57(1) B x I , + y  4 - z  
H(N22) ... I(22A) 2.60 
H(N22F) ... I(22E) 2.60 C i + x  i - y  4 + z  
N(2) ... 0 2.79(2) 
H(N21) ... 0 1.78 D x y l + z  
O...O(F) 2.94(2) E x l + y  z 
O...I(12B) 3.70(1) F -X 1 - y -2 

O...I(21A) 4.26(1) G -X -y 1 - 2  

2Mpip213 
I(1)-1(3) 2.832(1) I(2)-I(1)-1(3) 179.27(4) 
I( 1 )-I@) 3.091(1) I(1)-I(2)-I(3A) 162.44(3) 
I(2) ... I(3A) 3.637(1) N-H(N)-1(2) 163 
N...1(2) 3.50(1) H(N)-I(2)-I(1) 92 
H(N) ... I(2) 2.5 1 A x y z - 1  

4Men213 
I(1)-1(3) 2.837(1) I(2)-I(1)-1(3) 179.35(4) 
I( 1 )--I(2) 2.056(1) I(1)-I(2)-I(3A) 161.90(3) 
I(2) ... I(3A) 3.755(1) N-H(N)-1(2) 171 
N...1(2) 3.538(8) H(N)-I(2)-I(1) 110 
H(N) ... I(2) 2.53 A x y z - 1  I 
4Mpr213 
I(30)-I(32) 2.899(2) I(l1)-I(l0)-I(l.2) 177.67(5) 
I(10)-I(12) 2.913(2) I(21)-I(20)-I(22) 178.03(5) 
I(40)-1(4 1 ) 2.919(2) I(31)-I(30)-I(32) 178.65(6) 
I(40)-I(42) 2.921(2) I(4 1)-I(40)-I(42) 179.29(6) 
I(20)-I(22) 2.934(2) I(30G)-I(32G)-I(12C) 166.25(5) 
I(20)-1(2 1) 2.937(2) I(32G)-I(12C)-I(10C) 170.59(5) 
I(30)-1(3 1) 2.950(2) I( 10C)-I(l1C)-I(22) 174.79(5) 
I(10)-I(l1) 2.961(2) I(l1C)-I(22)-I(20) 173.48(5) 
I(22) ... I(l1C) 3.766(2) I(20)-I(21)-I(4lB) 173.45(5) 
1(12),..1(32A) 3.865(2) I(21)-I(41B)-I(40B) 159.23(6) 
I(21) ... I(41B) 4.0 12(2) I(30)-1(3 1)-I(42D) 166.15(5) 
I(42) ... I(21C) 4.257(2) 1(3 1)-I(42D)-I(40D) 155.66(5) 
I(32) ... I(1 1C) 4.372(2) N(1 1)-H(1 1)-I(l1) 155 
I(l1) ... I(31) 4.392(2) N(12)-H(12)-I(12E) 149 
I(3 1) ... I(42D) 6.1 lO(2) N(21)-H(21)-I(21F) 164 
N(1 1) ... I(1 1) 3.59(1) N(22)-H(22)-I(22) 161 
H(1 1) ... I(l1) 2.65 H(l1)-I(l1)-I(l0) 98 
N(12) ... I(12E) 3.81(1) H(12)-I(12E)-I(10E) 108 
H(12) ... I(12E) 2.90 H(21)-1(2 1 F)-I(20F) 103 
N(21) ... I(21F) 3.57(1) H(22)-I(22)-I(20) 94 
H(21) ... I(21F) 2.58 C X - 1  Y z 
N(22) 4 2 2 )  3.59(1) D x + l  Y z 
H(22) ... I(22) 2.61 E x y l + z  
A I - x  I - y  -Z F x Y z - 1  
B 2 - x  -y 2 - z  G -X 1 - y  -z 

well defined (i.e., not close to i) because the rod-like anions, and thus qualifying for weak [...I bonding interactions such as 
aligned roughly 1(001), extend vertically into the adjacent are observed in linear polyiodide chains (e.g., refs. 20-23). 

I cells. This results in the formation of anion strings with inter- The structures may therefore also be regarded as consisting of 
anion [...I separations between -3.58 and -3.76 A (Table 5) anion channels Ilc containing the cations. 

1 
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Fig. 5. (A) 2PhII3: projection on (001). (B) the centrosymmetric [...1(3)...1(4)...], ring 
dimer in 2PhII3. (C )  The corresponding [...1(1)...1(2)...], ring dirner in 2PhII. The 1-1 
bond lengths are in A. 

Fig. 6. I, ring dirners in 2PhII (top) and 2PhII3 (bottom): 
comparison of bond lengths and angles. Atom numbering in 2PhII as 
in ref. 6; in 2PhII3, as in Table 4. 

The above three structures are closely related to the struc- 
ture of the unsubstituted piperazinium salt pip2IC12 reported 
almost 40 years ago (10). Its triclinic P i  unit cell T, which con- 
tains the heteroatomic trihalide ahion IC1,-, can be trans- 
formed into the "orthohexagonal" C i  cell 0 shown in Fig. 7 0  
by 

The inter-anion C 1 ... C 1 separation in the IC1,- strings llco is 
-3.3 A. 

While the above three triiodide structures are of the same 
ion-packing type, their particular features differ. The simplest 
of the three, 2Mpip213, can be derived from the CdI, aristo- 
type by P3m1 3 C2lm 3 P2,Ia; the alternating orientations of 
the cations and the anions are most directly described in terms 
of the dichromatic space group Pc2,1a-C2/m[P2,la. The 
anions, almost Ilc, form hexagonal channels which enclose the 
cations lengthwise. The centrosymmetric trans cations are 
attached to the walls of the channels by short N-H(N) ... 1(2) 
bonds (N ... 1(2) = 3.50 A, H(N) ... 1(2) = 2.51 A, N-H(N)-1(2) = 
163") roughly perpendicular to the channel axis (Fig. 8A). The 
asymmetric, practically linear anions are arranged in strin s 
Ilc, in which the end-to-end 1(2) ... I(3A) separation is 3.637 1 ; 
this is the shortest inter-anion I...I distance in the structure. The 
anion strings are not completely straight, I(1)-I(2)-I(3A) = 
162.4". 

The P2,la unit cell of 4Men213 is dimensionally closely 
similar to that of 2Mpip213. The overall organization of the 
two structures is the same (Figs. 7A, B and 8), and the H-bond 
geometries are comparable: in 4Men213, N...I(2) = 3.54 A, 
H(N) ... 1(2) = 2.53 A, N-H(N)-I(2) = 171". The inter-anion I...I 
distance in the anion chains is slightly longer in 4Men213, 
1(2) ... I(3A) = 3.780 A, but the chains are not straighter than in 
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Robertson et al. 

Table 6.  Bond lengths (A) and angles (deg) in diphenyliodonium 
cations." 

Compound d(1-4)  C(a)-I-C(a') C(P)-C(a)-C(p) 

2PhIX 2.152(7) 90.6(3) 123.0(8) 
2.106(8) 123.1(8) 

Weighted mean 2.105[24] 92.5[13] 122.8[8] 

"See Table 1 for codes and references. The cation in all the above 
compounds is of C,  symmetry, with the exception of 2PhITB, in which 
the cation symmetry is C,. 

2Mpip213. The 1-1 bond lengths in the asymmetric but prac- 
tically linear anion are almost the same as in 2Mpip213. The 
H-bond to the 1(2) atom in the two structures would be 
expected to weaken the I(1)-I(2) bond (cf. ref. l), and this is 
in fact observed: I(1)-1(2) = 3.05-3.09 A, I(1)-1(3) = 2.83- 
2.84 A. 

The one important difference between the two structures is 
in the positioning of the cation in the hexagonal channels Ilc 
relative to the anions. While the arrangements of the anion 
strings are almost identical, the presence of the extra N-Me 
groups in 4Men213 displaces the cation along the channel axis 
in such a way that the Me groups are at the same vertical 
height Ilc as the gaps in the anion chains. More precisely, the 
cation centre on the channel axis is shifted with respect to the 
midpoint of the nearest 1(1) positions in the associated anion 
string by 62 = -0.034 - 0.32 A in 2Mpip213 but by 62 = 
-0.253 - 2.41 A in 4Men213. This "vernier" effect in the 
more or less rigid anion framework depends on the length of 
the cation as well as on the number and positions of the N- 
methyls and thus on the opportunity for H-bond formation. It 
is present also in Mpip213w (Fig. 9, see below), where the off- 
set 62 = -0.026 - 0.49 A accommodates the piperazinium 
ring (rather than the single terminal N-Me group or the H20 
molecule) in the gap between successive anions in the associ- 
ated chain. The effect is also evident, though in a more com- 
plicated way because of the approximate match of the cation 
and anion lengths, in the 4Mpr213 structure (Fig. 10, see 
below). 

In Mpip213w the c edge is doubled? but the gross features 
of the structure strongly resemble those of 2Mpip213. The 

' This doubling corresponds to a doubling of the Cd12 cell: ~ 3 r n l +  
pC3m 1 3 Cc2/m. 

Fig. 7. Four Cd1,-type structures projected on (001). (A)  
2Mpip213, P2,la. (B) 4Men213, P2,la. (C) Mpip213w, P2,ln; 
H20 molecules omitted for clarity. (D) pip2IC12, C i  (see text). 
Black circles, H(N) atoms; dotted lines, H(N) ... I bonds. Broken 
lines indicate the hexagonal tesselations. 

anions again form hexagonal channels Ilc, but the cations 
enclosed in these channels are now joined by the water mole- 
cules to form centrosymmetric cat ...(H20)2...cat dimers (Fig. 
9). The H(N1) and H(N22) atoms are bonded to the anions, 
while H(N21) is bonded to the water molecule. The structure 
contains two anions, a1 = I(11)-I(10)-I(12) and a2 = I(21)- 
I(20)-I(22), both asymmetric and slightly bent. In the anion 
strings Ilc (Fig. 9), the end-to-end inter-anion I...I separations 
are 1(1 I) ... I(22D) = 3.578 A and I(21) ... I(12) = 3.71 1 A. All 
the other inter-anion I...I distances are >4.3 A. 

The N-H(N) ... I bonds are short and bent; the N-H(N) ... 0 
bond is almost straight (Table 5). The 0...0 distance in the 
centrosymmetric H20 pair is 2.94 A. Since the H(0) atoms 
were not seen in the difference map, the H-bonding at the 
water molecules is not established. However, it is plausible to 
assume that the observed 0.. .0 separation corresponds to an 
0-H ... 0 bond with the H(0) atom disordered across the 
inversion centre. Thus, with the O...H(N21)-N(21) bond 
fixed (H(N21)-0-O(F) = 113") and an 0-H(0) bond pointed 
at O(F), the electron-density maxima expected at - 1 A at 0 in 
the directions of the remaining two "tetrahedral" bond angles 
should corres ond to a H each and that between the two oxy- P gen atoms to 2 H (totalling 2 H on each oxygen), not easily dis- 
cernible in a room-temperature hydrate structure. 
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Table 7. Title compounds with Cd12-type structures." 

Parameter Mpip213w 2Mpip213 4Men213 pip21C 1 2b 

a (or b), A 7.35 (= b) 
b (or a), A 14.09 (= a) 
c,  A 9.37 x 2 
P 106.6" 
v,, A' 465 
b/a (or ah)' 1.917 (= ah) 
2b(a2 + c2)-lnd 1.178 
Cation centroid at e 

"For accurate values see Tables 2 and 3. 
qransformed cell, see text. Parameter ratios are for the triclinic axes. 
Tdeally, fi= 1.732. 
qdeally, 1.633; the value for Mpip213w is for ;c. 
'0.005, 0.409, 0.274; corresponds to -0, - f ,  -0 in the ic = 9.37 A cell. 

Fig. 8. (A )  2Mpip213. (B) 4Men213. Projections on (100). Filled circles, H(N) 
atoms. H-bonds are indicated by dotted, 13- chain connectivity by broken lines. 

4Mpr213 
The coincidence, in 2Mpip213,4Men213, and pip2IC 12, of the 
cation centre of symmetry with a crystallographic inversion 
centre results in a simple Cd12-type structure. In 2Mpip213 the 
cation is noncentrosymmetric, but two of its H(N) atoms are in 
a trans conformation, rendering the cation quasi-centrosym- 
metric. Although the cation noncentrosymmetry leads to a 
doubling of c, the packing arrangement still retains the CdI, 
character. In 4Mpr213, however, centrosymmetry of the cation 
is precluded by the odd number of CH, groups in the cation 
skeleton and the cation can adopt not even a quasi centrosym- 
metric conformation. As a consequence the structural arrange- 
ment in 4Mpr213 (Fig. 10) differs significantly from those in 
the other three structures, even though there are similarities in 
the gross features (compare Figs. 8 and 10). 

The structure consists of two cations, c l  and c2, and four 

anions, al-a4. The anions are only slightly distorted (Table 5). 
Two of them, a1 and a2, are H-bonded to the cations; a3 and a4 
do not participate in H-bonding. The anions form infinite 
quasi-linear strings approximately ll(130) (Fig. 10). Each 
string consists of four-anion segments, ...[ a3 ... a1 ... a2 ... a41 ..., 
in which the inter-anion I...I separations range from 3.77 to 
4.01 A (Table 5, Fig. 11). The anion sequences in adjacent 
strings are antiparallel by virtue of the crystallographic inver- 
sion centres. The terminal anions a3 and a4 in the four-seg- 
ment are kinked with respect to the central anions a1 and a2. 
The inter-anion separation between successive four-segments, 
I(31C) ... I(42B), is 6.1 1 A, i.e., the four-segments in the chains 
are discrete. The shortest I...I distance between the chains is 
I(42) ... I(21C) = 4.26 A. 

The cation N-C-C-C-N skeleton is planar to 0.097[55] A in 
c l  and to 0.062[17] A in c2. Cation c l  is H-bonded exclu- 
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Robertson et al. 

Fig. 9. Mpip213w: projection on (010). Filled circles: large, 0 atoms; small, H(N) atoms. 
Hydrogen bonds are indicated by dotted lines, anion connectivity in the chains by broken 
lines. For codes see Table 5. 

Fig. 10. 4Mpr213: projection on (001). For atom code see 
Table 5. The centre atoms of the anions, I(n0) (n = W), are not 
numbered. Broken lines connect anions in the four-anion 
segments (see text). 

sively to a l ,  and c2 exclusively to a2 (Figs. 1 1 and 12). Anions 
of the same type are H-bonded in stacks Ilc, so that all the 
cross-stapled anions are located in sheets approximately 
ll(130). These sheets occur in pairs, with the cations sand- 
wiched inside a pair (cf. projection on (OOl), Fig. 10). The H- 
bonds in each cation are ipsolateral, but the cation orientations 
vis-2-vis their associate anions in a sandwich alternate as a 
result of the displacement, along the string, of the anion 

sequences in the sandwich-forming strings by half the four- 
segment period. Three of the H(N) ... I bonds are short, -2.6 A, 
N-H(N)-I - 155-1 64". The fourth bond, H(12) ... I(12E), is 
longer, -2.90 A, N-H(N)-I = 149". 

Discussion 

1, asymmetry revisited 
In reports of crystal structures containing 13- the observed 
asymmetry of the anion is often duly noted but accepted with- 
out further comment as an experimental fact. The approximate 
constancy of the sum of the two 1-1 bond lengths d(1-I) and 
d*(I-I) (d* 2 d) in weakly asymmetric anions has been com- 
mented upon by various authors, as has the regularity of the 
variation of d* with d, but otherwise little effort appears to 
have been made to investigate, systematically, the specific 
causes of the asymmetry beyond referring to the easy polariz- 
ability of the iodine atom. While it is possibl~e that in practice 
detailed attributions cannot be made. it still seems worthwhile 
to see what can be said about the effect of particular factors 
influencing the geometry of the 13- anion in crystals. Since 
large departures from centrosymmetry are sometimes associ- 
ated with the presence of X-H(X) ... I hydrogen bonds in the 
triiodide structures (cf. ref. I), it is natural to ask, can H-bond- 
ing be singled out as preferentially responsible for such distor- 
tions in the simultaneous Dresence of other factors 
(distribution and magnitude of Coulombic and dipolar interac- 
tions in the crystal, inter-anion I...I bonding interactions)? 

Given the variety of anion environments in triiodides, an 
answer at present can be attempted only in statistical terms. To 
this end we have assembled (Table C) a d,d* sample from 25 
discrete (see below) 13- anions with demonstrated or probable 
N-H(N) ... I bonds (sample HB) and a corresponding sample 
from 21 discrete anions in structures in which H-bonding is 
absent (sample NHB). The HB set covers reasonably com- 
pletely the reported H-bonded anions, while the NHB set rep- 
resents a more or less random selection of I,- anions with 
statistically significant (in terms of the stated esd's) asymme- 
try. Neither set contains anions with crystallographic symrne- 
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Fig. 11. 4MPr213: a four-anion segment and N-H(N) ... I motif, viewed 
approximately perpendicular to (130), the c axis vertical in the page. The code 
letters correspond to those in Fig. 10. The separation between successive four- 
anion segments in a chain (i.e., beyond 1(3 1G) and I(42B), respectively) is 4.11 A. 

try other than C, or Cs (anion in m).8 The two sets are presented 
in the d* vs. d plots of Figs. 13A, B and again in Fig. 13C, 
where the bond-length difference A = d* - d is plotted against 
the mean bond length C = i(d + d*). 

The two samples contain appreciable scatter, but both a 
visual examination and a nonparametric test statistic Z = 
rs(n - 1)'12 based on Spearman's rank correlation coefficient 
rs show9 unmistakable correlation of d and d*, as does in a dif- 
ferent way the A vs. 2 plot. To show whether or not HB and 
NHB come from the same population, i.e., whether or not H- 
bonding is a preferential factor affecting the symmetry of the 

anion, we shall assume that 13- is a 3c4e system in which p-p 
bonding dominates (24,25) and in which the two bond lengths 
can be related by 

[I.] d* - do = K(d - do)"' 

(the difference power fit DPF of ref. 26). Here do is the asymp- 
totic lower limit of the 1-1 bond length, taken as the d(1-I) in 
the free I, molecule, 2.667 A.1° Regressing d* - do on d - do 
we obtain 

Sample n P K, A c 0, A d,, A 

HB 24* 0.918 0.09182 0.80219 0.018[11] - 7% range 2.933 
HB ** 24* 0.918 0.05652 1.14433 0.01 1[6] - 8% range 2.930 
NHB 21 0.726 0.09304 0.77715 0.017[14] - 11% range 2.930 
HB+NHB 45* 0.873 0.08906 0.81410 0.017[14]-7%range 2.931 

*No. 15 of Table C not included in the regression. 
**Reverse regression, d - do on d* - d,. The HB and NHB sets are replotted in a rectified form in 

Fig. 14. 

Two conclusions can be immediately drawn from these 
results. Both samples conform to the model function, HB 
closely, NHB adequately (the lower correlation for NHB 
stems from the scatter, not from inadequacy of the DPF func- 
tion), hence the 3c4e hypothesis is not contradicted. Secondly, 
the difference between the HB and the HB + NHB regressions 
amounts to only the thickness of the HB regression line in Fig. 
14, and the difference between NHB and HB + NHB, over the 
observed range, is very small. Thus, HB and NHB sample the 
same d,d, * population and the effect of H-bonding on the 13- 

Deviations of the anion from nonlinearity have not been taken 
into account. However, in HB and NHB the difference between 
d + d* and the distance between the terminal atoms of the anion 
does not exceed -0.014 A - 0.3% of d + d* (for no. 1) and in 
most cases is much smaller. 
r,(HB) = 0.906, r,(NHB) = 0.79 1 ; 2 is approximately a 
standardized normal variable. 

symmetry cannot, statistically, be claimed to be a preferential 
factor, i.e., the variation of d* with d follows eq. [ l ]  regardless 
of the nature of the factor(s) responsible for the I,- asymmetry. 
A large asymmetry may appear for a variety of reasons, not 
only because of H-bonding, even though in the present HB 
and NHB samples the asymmetry in the H-bonded anions 
exceeds that in the non-bonded anions (d*(HB),,, - 
d*(NHB),,, - 0.08 A, A(HB),,, - A(NHB),, - 0.1 A). 

lo The 3-parameter CSBO (constant sum of bond orders, eq. [4] of 
ref. 26) function would be theoretically more appropriate but, as 
explained in ref. 26, in practice the DPF and CSBO fits are 
statistically indistinguishable. Besides, the ground-state 1-1 
bond length in 12(g) is unlikely to be reduced by laboratory 
intervention: application of external pressure appears to have 
negligible effect on d(1-I) in 12(s) (27-29). A more 
encompassing discussion of comprehensive d,d* sets in trans 
bonds of polyiodide ions is planned for a sequel in this series. 
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Robertson et al. 

Fig. 12. Hydrogen bonding and cation geometry in 4Mpr213 
(50% probability thermal ellipsoids, bond lengths in A). For code 
letters see Table 5. 

Conformity of HB and NHB to eq. [ I ]  makes it possible to 
estimate the bond length de = d = d* in the centrosymmetric I,- 
in crystals. The best estimate from the above regressions is 
2.9311. [ I [ . ]  A." Adding to the 3 a  of this value an assumed rep- 
resentative correction of 0.02 A for the effect of thermal 
motion raises this estimate to an upper limit of 2.98 A, which 
still falls -0.06 A short of the ab initio (effective core poten- 
tial) value of 3.044 A (25), making the latter an overestimate.12 

In principle, an estimate of de should be obtainable directly 
from the experimental d(1-I) values for 13- anions of crystal- 
lographic symmetry (or subsymmetry) C ,  and also C2 and C, 
(anion halved by m), provided the 1-1-1 angle deviates only 
slightly from 1800. '~ In practice, however, the centre atom of 
the anion may be positionally disordered about the inversion 
centre (cf. for example refs. 31 and 32). Unless this possibility 
has been specifically ruled out, an asymmetric 13- anion may 
be incorrectly included in a sample of genuinely centrosym- 
metric anions. Secondly, uncorrected de values as low as 2.89 
A and as high as 2.95 A have been reported for anions of crys- 

" A previous (30) estimate is 5.85[5] A for 2 2  = 2de. 
'' The lack of correction for thermal motion is responsible for some 

of the scatter in Fig. 14 and for some of the d values falling 
appreciably below de in Fig. 13, well below the experimental esd's 
of the respective 1-1 bond lengths. However, barring a 
transcription error in ref. 33, we are unable to explain the gross 
misfit of point Z in the plots of Figs. 13A and 14. This d,d* pair, 
2.868(6), 2.902(6) A, pertains to an 1,- anion in a zigzag 
"polyiodide" chain, which is inside a maltohexaoside antiparallel 
double helix and in which the inter-anion I...I separations are long, 
-4.05 A. The d,d* in the other 1; anion of the chain in what 
otherwise appears to be a well-determined (p-nitrophenyl a- 
maltohe~aoside),.Ba(I,)~.27 H20 structure, are unexceptionable. 

l 3  Conversely, anions of C2 and C, (anion halved by rn) symmetry 
with 1-14 angles appreciably smaller than 180" can be used to 
evaluate the angle dependence of d,. 

tallographic Ci symmetry, so the validity of a & estimate may 
depend critically on the adequacy of sampling. These prob- 
lems are circumvented by using eq. [ I  ] and asymmetric anions 
only, although the uncertainty in kstimating the thermal cor- 
rection may well wipe out whatever diffzence there may exist 
between the two estimates, de(PDF) and de(ci).14 In any event, 
a comprehensive sample of asymmetric anions will always be 
larger than a comprehensive sample of symmetric anions. 

The bond orders of the d(1-I) = d(s) bond can be estimated 
from eq. [:I] in the form (cf. ref. 26) 

s* = 1 - s. Conversely, 

The total range of d(1-I) in the 13- anions is thus d, - do = 
0.264 A. The bond order over the observed d range is indicated 
in Fig. 14. 

Is the I; anion discrete? 
We now return to the question, are the 1,-anions in the HB and 
NHB samples discrete? Increasing asymmetry of the anion 
depends on an increased interaction of the anion with its sur- 
roundings in the c,rystal. Since such interaction is always 
present and the anion cannot be asymmetric without it, the 
question of when an anion may be regarded as discrete, i.e., 
minimally affected by its neighbours in the crystal, is inextri- 
cably linked to the degree and nature of this interaction and to 
the presence of features in the crystal structure that would 
indicate directional bonding interaction, such as bonding to 
another 13- at admissible I...I distances and 1-1-1 bond angles 
(i.e., close to 180" or 90"). The limit below which an I...I dis- 
tance may be regarded as bonding (and the anion as no longer 
discrete) is difficult to preassign unambiguously. For linear or 
quasi-linear I - I - I...I configurations it will be in the vicinity 
of 4 A, while for right-angle configurations this limit may be 
appreciably shorter. In either case the limit will depend on the 
particulars of the structure and a discretelnondiscrete assign- 
ment will at times be arbitrary. 

With decreasing inter-anion I...I contacts the 13- ions may 
merge into anion polyiodide oligomers, chains or networks, 
with an attendant redistribution of the atom charges, e.g., with 
the formation of asymmetric local I...I - I - I aggregates in 
which the three-atom groups may no longer conform to the 
above regression function for "discrete" (i.e., 3c4e) 13- anions. 
The applicability of an (adjusted) extension of this function 
beyond the present d,d* range is a matter for another investi- 
gation. 

Hydrogen bonding 
Since the range of N-H(N) ... I geometries is not well estab- 
lished, it is useful to collect the results of this and previous 

l4 For a general discus_sion of equivalence of the de obtained from a 
d + d* sample, the de from a d = d* sample, and the d, obtained 
from the combined sample, see ref. 26. 
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Fig. 13. Correlation of d(1-I) and d*(I-I) bond lengths in 1,- anions. Structures with (A)  and 
without (B)  N-H(N) ... I bonds. (C) HB + NHB points replotted as A vs. 2. The 45" line in A and 
B corresponds to d = d*. For number code see Table C. 

- NHB HB 
0 NHB 2. o5 

3. 

Fig. 14. Rectified correlation of d(1-I) and d*(I-I) in I,-. Regression lines, 
eq. [I] .  HB set: 13- in structures containing N-H(N) ... I bonds. NHB set: 1,- 
in structures without N-H(N) ... I bonds. Broken lines, bond order s ( 4  
corresponding to the d(1-I) bond length, cf. eq. [3]. For point Z see text. 

investigations (1-3) in Fig. 15. The H(N) atom has been 
located only in a few cases and then not too accurate1 
ical esd on the H(N) ... I bond length being 0.02-0.04 ~y~~~~ 

on the N-H(N)-I angle; where the H(N) atom was placed geo- 
metrically, the N-H(N) distance was taken to be mostly 1.02 
A. On the assumption that, with increasing d(N ... I), the 
H(N) ... I interaction weakens and d(N-H(N)) converges to its 
free value, a synthetic d(N ... I) = 4.50 A, d(H(N) ... I) = 3.48 A 
point was added to the set of Fig. 15, in order to ensure mono- 
tonic behaviour, and the augmented set was fitted paraboli- 
cally: 2 = 0.97, d(H(N) ... I) = -9.25 + 5.22d(N ... I) - 0.5314 
( d ( ~  ... I ) )~ .  The a of this convenience fit, 0.03 A - 7% of the 
actual d(H(N) ... I) range, is comparable to the experimental 
esd's of the individual d(H(N) ... I) values. In the present sam- 

ple, d(N ... I) in unbranched N-H(N) ... I bonds extends over 
-0.35 A, and over -0.43 A for d(H(N) ... I). 

The locus of the points for the bifurcated N-H(N) ... 21 
bonds in .Fig. 15 appears to be shifted by 0.15-0.2 A toward 
shorter N...I distances. The scatter here is appreciable and, if 
these few points were the only evidence, the existence of a 
correlation might well be questioned. However, support 
comes from the branched 0-H(0) ... I bonds in K13.H20, the 
structure of which was determined by single-crystal neutron 
diffraction (13). The asymmetrically trifurcated 0-H(0) ... 31 
and the asymmetrically bifurcated 0-H(0) ... 21 bonds fur- 
nish five accurate d(0  ... I), d[H(O) ... I] pairs, with d(0  ... I) 
ranging from -3.66 to -3.88 A and d[H(O) ...I.] from 2.915 
to 3.287 A. Unconstrained quadratic regression yields 
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Robertson et al. 

Fig. 15. Correlation of the H(N) ... I and N...I distances in 
N-H(N) ... I bonds in triiodide structures, and of H(0) ... I and O...I in 
KI,.H,O (neutron diffraction). For regression lines see text. Large 
filled circles, unbranched N-H(N) ... I bonds; open circles, branched 
N-H(N) ... I bonds; small filled circles, branched 0-H(0) ... I bonds 
(read O...I for N...I on the horizontal axis). Some of the N-H-I angles 
in the unbranched bonds deviate appreciably from 180". 

d(H(0) ... I) = -41.48 + 21.95d(O ... I) - 2.6825(d(0 ... I))', ? = 
0.996, a = 0.007[4] A - 2% of range. This is a highly signif- 
icant correlation and one based on a fully internally consistent 
set of interatomic distances from the same structure and 
involving the same oxygen atom. The corresponding correla- 
tion curve (Fig. 15) is compatible with the d(N ... I), d(H(N) ... I) 
points for the branched bonds; given the scatter of that set, the 
difference between d(N ... I) and d(0  ... I) is inconsequential, 
and ditto for d(H(N) ... I) and d(H(0) ... I). 

Ion packing in triiodide structures 
As pointed out previously (I), the ion-packing type of an 
(unsolvated) 1: 1 triiodide of a compact, symmetric cation can 
be related to the volume Vl per formula unit: at small V, the 
NaCl type (at times strongly distorted) prevails, with the anti- 
NiAs type at intermediate V,, and the CsCl type at large V, val- 
ues. This rough scheme (now enlarged, Table 8) appears to 
hold up to V, - 400 A3, though with the inclusion of additional 
structures the lack of a clear-cut classification in the interme- 
diate, V, - 300 A, region becomes increasingly apparent. A 
closer analysis of factors other than cation volume at play in 
the transition region will have to await further accumulation of 
structural information. This is true a fortiori of the few 1:2 tri- 
iodide structures with cations suitable for our purpose that 
have been reported to date (Table 8). As would be expected, 
CdI, and C a b  are the principal aristotypes of the 1:2 com- 
pounds. 

With cations smaller than Rb', hydration of the 1:l triio- 
dides is favoured under ordinary conditions, strongly for Li' 
and Na', less so for K'; KI,.H20 appears to be at the dividing 
line between the anhydrous and the hydrated salts. The struc- 
tures of the mixed-anion monohydrates KIBr2.H20 and 
KIC12.H20 are also known (Table l), but the effect of the sin- 
gle H20 molecule on the packing type is not discussed in the 

Table 8. Ion packing in simple triiodide structures." 

Compound V,, A3 Type catIan 

1:l Triiodides 
MI, (M = T1, NH,, Rb, Cs) (2, 34) 16&190 
2MI3 232 
4MI3 295 
MCI3 310 
N-Et-pyridinium I, (35) 310 
Me,PI, (1) 314 
HMTI, (36) 317 
Q13 318 
Tr13 341 
l,2,4-Me,-pyridinium I, (35) 353 
MHMTI, (32) 354 
Et,NI,(I) (37) 380 
Et,NI,(II) (37) 383 
1 -Azoniapropellane I, (1) 389 
MeE6PhN1, (38) 410 

[NaCl] 
NaCl 
anti-NiAs 
[wurtzite] 
not clear 
CsCl 
CsCl 
anti-NiAs 
anti-NiAs 
CsCl 
CsCl 
CsCl 
CsCl 
CsCl 
CsCl 

1:2 Triiodides 
[Zn(NH,),I(I,), (39) 429 

b 

Da213 435 [c*21 
2Mpip213 462 CdI, 
Mpip213w 465 CdIz 
4Men213 484 CdI, 
4Mpr213 506 Not clear 
[Ni(N-Me-irnidazole),I(I,), (40) 1013 C*Z 

"See Table 1 for codes and references; cattan, number of nonequivalent 
cations to number of nonequivalent anions. HMT, hexamethylenetetram- 
monium(l+); MHMT, 1-Me-hexamethylenetetrammonium(l+). Brackets 
indicate strong distortion of ideal packing type. 

bArrangement of cation and anion centroids strongly reminiscent of that 
in a-quartz (low-temperature, same space group). 

original papers. We therefore take advantage of this serendip- 
ity to examine these trihalides in the light of the above con- 
cerns. 

The three structures are compared, in matching projections, 
in Fig. 16. In K13.H20 (neutron diffraction) the packing is of 
the CsCl type, with the anions in sheets ll(100) and the H20 
molecules and the K+ ions alternating in infinite zigzag 
[...K...OH,...], chains Ila. The two 0-H bonds and two K 
atoms at a mean K...O distance of 2.76[1] A coordinate the 0 
atom tetrahedrally, so that the structure can be formulated as a 
distorted CsCl arrangement of [H,O(K,,),]+ cations and I - 
anions. The shortest inter-anion 1...1 separation is 3.960(3) A, 
between mutually perpendicular anions, i.e., the anions are 
discrete. The H(l) atom is involved in an asymmetrically tri- 
furcated 0-H(l) ... I(3A), I(3B), I(2B) bond and H(2) in an 
asymmetrically bifurcated 0--H(2) ... I(1), I(1C) bond (see 
under Hydrogen bonding). l5 

The KIBr2.H20 structure is of the anti-NiAs type. Its Pnnm 
unit cell 0, like those of the isostructural4MI3 and QI3, can 

1 Atom numbering as in the original reference. A, x, 1 - y, 2 + z; B, 
1 +x,  1 - y , ;+z ;c ,  1 +x,y,z .  
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Fig. 16. KIX2.H20 structures (Table 1). (A )  KIC12.H20, P2,lm, projection on 
(OlO), anti-NiAs type. (B) KIBr2.H20, Pnnm, projection on (OlO), anti-NiAs 
type. (C) K13.H20, PC, projection on (loo), CsCl type; in the projection, atom 
I(2B) coincides with I(2A), and I(3B) with I(3A). Circles: large, halogen atoms; 
stippled, K; small open, 0 ;  small filled, H. Lines: solid, reported unit cells; 
broken, ion-packing cells; dotted, 0-H(0) ... X bonds (established or putative) 
and shortest K...O contacts. In the A and B ion-packing cells the anions at the 
cell comers represent two vertically superposed anions each, with their centre I 
atoms at y = 0 and 1. Atom numbering as in the original references. 

A B C 

be converted into a pseudohexagonal cell H by the transforma- 
tion described in ref. 1 (aoHlcoH = 2.775, ideal fi = 1.732; 
2bd(ao2 + co2)'I2 = 2.015). All the atoms are located in 002 
mirror planes at z = 0, i. Half the anions are -Ilb and half are 
-11(010). The oxygen atom is coordinated by two K atoms 
( 0  ... K, 2.75(2) A), two Br(1) atoms ( 0  ... Br(l), 3.64(2) A), and 
two Br(2) atoms ( 0  ... Br(2), 3.60(2) A).16 The two H atoms, 
though not located, unless positionally disordered must also be 
in the mirror planes and involved in a symmetrically bifur- 
cated bond each, H(1) ... Br(l),Br(l'), H(2) ... Br(2),Br(2'). The 
near coordination of the oxygen atom is thus tetrahedral. 
The ... O...K...sequences form zigzag chains Ilc, and the 
.. .an... O...an...O... sequences form folded chains Ilb. 

The monoclinic P2,lm unit cell of the simple KIC12.H20 
structure itself constitutes a distorted quasi-hexagonal anti- 
NiAs cell. The similarity with the aristotype is even more evi- 
dent in the transformed cell of Fig. 16A ( d c  = 1.842, 2bl(a2 + 
c2)'" = 2.106). The anions are approximately in 010 planes. 
The coordination of the 0 atom again is tetrahedral, with the 
two K atoms at 2.77 and 2.84 A, respectively.16 The two mir- 
ror-related H atoms were not located, but from geometric con- 
siderations they are almost certain to engage in trifurcated H- 
bonds: O...C1=3.41 and3.68A, 0.. .1=3.86A.TheKandO 
atoms form planar zigzag chains in 020 planes at y = 2i. 

The shortest K...O distance is almost the same in the three 
structures, 2.75-2.77 A. The hydrated KC ion can thus be 
regarded as a composite cation and the structures can be refor- 
mulated as [K(OH,)]+IX;. This is consistent with the ion 
packing types found for the three monohydrates: the anti-NiAs 

l6 The interatomic distances and angles were calculated, or 
recalculated, from the atom coordinates in the original references. 
They do not always agree exactly with the distances and angles 
tabulated there. 

type corresponds to the smaller V, values, 167 and 174 A3 (for 
X = C1 and Br, respectively), and the CsCl type to V1 = 201 A3 
for X = I. A direct comparison of the mixed-halide salts with 
triiodides cannot be made because of the anion size mismatch, 
but it should be noted that CsBr3, CsIBr,, CsBrI,, and Cs13 
(V, = 156, 164, 174, and 190 A3, respectively; refs. 34,4145) 
have all been reported as having the strongly distorted NaC1- 
type Pnma structures, while CsIC12 (V, = 141 A3, refs. 46 and 
47) is rhombohedral, R3m, i.e., of a packing type characteristic 
of ABX, (X = 0 ,  S, Se, Te) compounds with small cations and 
considered to represent a transition type between NaCl and 
CsC1. This is in agreement with the general observation that 
the anti-NiAs triiodides have larger V, values than the dis- 
torted-NaC1 triiodides (1). However, the V, = 201 A3 of 
K13.H20, which can be compared with the other triiodides in 
Table 8, is too small to be expected, on the V, criterion, to cor- 
respond to a CsC1-type packing. The reason for this discrep- 
ancy is not clear at present. 

Bonding in 2PhII3 
It is instructive to examine in some detail the changes that 
occur in the centrosymmetric [...I(cat)...I(an)...], ring dimer 
when the simple I- anion in 2PhII is replaced by the terminal 
1(3) atom of the I,- anion perpendicular to the ring plane in 
2PhII3 (Figs. 5B, C and 6). The mean I(cat) ... I(an) distance in 
2PhI1, 3.44 A, is lengthened in 2PhII3 to 3.59 A, i.e., by 0.15 
A - 4.5%. This increase is attributable to the weakening of 
the I(cat) ... I(an) bonding interaction attendant on the 
decrease of the full anionic charge of - 1 e on I- to a partial 
charge on I(3). The net (Mulliken) charge E on a terminal 
atom of a free, linear symmetric I,- anion has been estimated 
from ab initio calculations (25) to be -0.54 e. However, on 
1(3) it must be less, owing to the strong asymmetry of the 
anion. The asymmetry arises (though probably not exclu- 
sively) from a weakening of the I(3)-1(1) bond in conse- 
quence of an 1(2) ... I(2B) bonding interaction at the other end 
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Robertson et al. 

of the anion in the 2PhII3 crystal (Fig. 5A; this point is dis- 
cussed in ref. 1). 

On the assumption that the bonding in 13- is of the 3c4e type, 
i.e., throughp,-p, overlap (25), the interaction of I(3) with 1(4) 
and I(4A) would be through the px, p, orbitals on I(3) perpen- 
dicular to the I(3)-1(1) bond. This is supported by the close- 
ness of the I(4)-I(3)-I(4A) angle to 90". Some electron density 
might thus be diverted from the p, orbital on 1(3) to px and p,, 
further weakening the 1(3) ... 1(4) and 1(3) ... I(4A) bonding inter- 
actions. '' 

A conspicuous feature of the 2PhII3 and 2PhII structures is 
the coplanarity of the I-<(a) bond with the centrosymmetric 
ring dimer. Similar planarity is observed in 2PhIC1 and 
2PhIBr, isostructural with 2PhI1, and also in ~ P ~ I N . ' ~  In the 
latter, the cation is part of an infinite, ipsolateral (cis) zig- 
zag ... O(2") ... I[C(a),C*(a)] ... O(2) ... I '[C('),C*(')] ... chain; 
C(a)-I-C(d) = 92.03(3)", O(2)-I-O(2") = 110.6(4)", with the 
asymmetric IC(a)C(a')0(2)0(2") unit almost planar (mean 
deviation from the best plane, 0.07[5] A). 

The planarity of the I+ coordination and the closeness of the 
C(a)-I-C(a') angle to 90" suggest that the bonding at the 1' 
atom, too, utilizes principally the p orbitals, so that the 
I+-C(a) bond will be of the p(1) - sp3(c) type. When the X 
atoms completing the ring dimer are replaced by more diffuse 
ligands, e.g., in 2PhITB, the C(a)-I-C(a') angle appears to 
increase, i.e., the bond character begins to change fromp(1) to 
sp3(1). While this interpretation is consistent with the observed 
coordination geometry at the If atom, the geometric evidence 
that can be adduced at present in support of the above interpre- 
tation leaves something to be desired. This is due in part to the 
difficulty of locating, with sufficient accuracy, a C atom next 
to an I atom. Not only are the bond-length and bond-angle 
comparisons involving the C atoms tenuous, but, more gener- 
ally, reliable means for 1 - 4  bond lengths of different orders 
do not exist as yet, thus preventing calibration of the observed 
I-C distances in the Ph,I+ structures. 

The wei hted means of d[I-C(a)] and C(P)-C(a)-C(P'), 
2.105[24] k' and 122.8[81°, respectively (Table 6), appear to fit 
in well with the findings of Domenicano et al. (48, 49) on the 
effects of exocyclic substitution on the benzene ring. 

Information from "'I NQR spectra 
A number of triiodides (as well as heteroatomic trihalides) 
have been studied by ','I NQR spectroscopy (50-53). By a 
fortunate coincidence they include 2MI3 and the previously 
(1) reported 4MI3. 

Only two resonances were detected in the room-temperature 
spectrum of 2MI3 in the 7 M 0 0  MHz frequency region (52, 
53). These were assigned as the v, resonance frequencies of 
the centre and the terminal atoms, respectively, of a symmetric 
13- anion, consistent with the result of our structure determina- 

l7 The question of how the presence of I...I bonding interactions 
perpendicular to the 1,- axis affects the strength of the 1-1 bond 
in the anion, of crucial importance for bonding in the higher 
polyiodide anions, will be discussed in a later paper in this series. 
The mean deviations of the C(a) atoms from the halogen-ring 
planes are 0.06[2], 0.12[1], 0.13[5], and 0.21[3] A for 2PhIC1, 
2PhIBr, 2PhI1, and 2PhII3, respectively. In 2PhIN the mean 
deviation of the C(a) atoms from the I-O(2)-O(2") plane is 
0.16[4] A. 

tion (Table 4). The two resonances persisted down to dry ice 
and liquid-nitrogen temperatures, pointing to the absence of a 
structural transition in the observed temperature range. 

The 4MI3 structure at room temperature contains two non- 
equivalent centrosymmetric 13- anions. These would be 
expected to give rise to six resonances in the above frequency 
region, analogous to Et4N13(I) (37, 52, 53). However, fifleen 
resonance lines were observed in the 140-400 MHz region of 
the 4MI3 spectrum at liquid-nitrogen temperature, s i x  of 
which were present also in the -77°C spectrum but disap- 
peared at ca. - 60°C; between ca. - 196°C and -60°C their 
frequencies varied smoothly with temperature (52, 53). In 
contrast, only the six lines were reported in the 77 K spectrum 
of ref. 50. The presence of the 15 lines was interpreted as aris- 
ing from 3 nonequivalent asymmetric 13- anions in the 4MI3 
crystal. The apparent discrepancy between the two sets of 
spectra and the expectation from the room-temperature crystal 
structure can be reconciled if one recalls that in the room-tem- 
perature structure the cations are positionally disordered and 
the Uii values of some of the I atoms are unusually high. It is 
therefore reasonable to assume that on cooling the structure 
will progressively order until somewhere below -77°C an 
orderdisorder transition temperature is reached. The inability 
to observe more than six lines in the liquid-nitrogen spectrum 
of ref. 50 might have been due to instrumental factors or to 
rapid cooling of the sample that may have quenched the order- 
ing process. 

Conclusions 
The results of the structure determinations of the title com- 
pounds have been used to consolidate the body of structural 
information on triiodides of small compact monovalent and, in 
particular, divalent cations. The general conclusions arising 
from the present and the preceding (1) investigations are as 
follows. 

1. The ion-packing type of a triiodide of a small, compact 
cation can be related to the volume V, per formula unit. This 
permits a rough classification (Table 8): in 1:l triiodides, 
small V, values correspond to the (distorted) NaCl type, inter- 
mediate V, values to the anti-NiAs type, and large Vl values 
(up to Vl - 400 A3) to the CsCl type. In the intermediate range 
the classification is not clear-cut and at present only provi- 
sional. 

A comparable classification of 1:2 triiodide structures is 
tenuous owing to the paucity of data. Of the four 1:2 title com- 
pounds, three are clearly of the CdI, type, with strings of 13- 
anions forming hexagonal channels, which accommodate the 
cations. The cation centroids are positioned on the channel 
axes in a wav that minimizes steric interference with the chan- 
nel framework, i.e., the cation position relative to the gaps 
between successive anions in the strings varies with the cation 
geometry (the "vernier" effect). The fourth 1:2 structure, 
though more complex, is related to the other three. 

2. The information on N-H(N) ... I bonds provided by the 
structures of the title compounds has made it possible to dem- 
onstrate an unmistakable correlation between the H(N) ... I and 
N...I distances, both in unbranched and branched H-bonds 
(Fig. 15). 

3. On the supportable assumption that the 13- anion is a 3c4e 
system we have established the validity of the functional rela- 
tionship between the two 1-1 bond lengths, d(1-I) and 
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d*(I-I), in the ion: d* - do = K(d - do)', where d" r d and 
do is the bond length in the free I, molecule. Analysis of the 
available data for discrete 13- ions in crystals shows that the 
asymmetry of the anion can arise from various factors resident 
in the crystal, of which H-bonding is one but not apreferential 
one (Figs. 13 and 14). 

4. An insight into the bonding in the centrosymmetric I4 ring 
in the (Ph21)13 structure can be gained from a comparison with 
the structures of (Ph21)I and other Ph,I+ salts. 

Experimental 

The title compounds were prepared by combining a solution of 
the appropriate iodide in a suitable solvent (mostly MeOH) 
with a stoichiometric amount of an MeOH solution of iodine, 
and allowing the resulting solution to crystallize by controlled 
evaporation at room temperature. The triiodides were recrys- 
tallized if required. However, controlling the size and quality 
of the crystals was not without problems, as large crystals had 
to be sectioned, not always with entirely gratifying results. 

A Rigaku AFC5R system (2.4 kW sealed Mo-anode tube, 
X(Mo Ka) = 0.710 690 A, graphite monochromator; T = 
21(2)"C) was used in the data acquisition. All intensities were 
corrected for Lorentz, polarization, absorption ($-scans), and 
secondary extinction as well as for time-decay effects when 
appropriate. The anisotropic temperature factor is defined as 
e ~ p [ - 2 . r r ~ ( ~ , , h ~ a * ~  + ... + 2U2,klb*c* + ...)I. The structures 
were solved by direct methods (54) and refined by full-matrix 
least squares using the TEXSAN-TEXRAY software package (55) 
except for 4Men213, where the s ~ ~ w a - 9 3  system (56) was 
used to model cation disorder (see below). The function mini- 
mized was Zw(lF,I -  IF,^)', with unit weights. Since the H 
atoms were placed geometrically (C-H, 1.08 A, N-H, 1.02 
A) and not refined (Ui,,(H) = 1.2Ue,(C, N) of the attached 
atom), no esd's are quoted on distances and angles involving 
H atoms. The residual electron-density maxima were all close 
to the iodine atoms. 

Tables of structure factors are available from the Editorial 
Office. 

Tr13 
The absolute structure parameter for the reported structure was 
-0.02(2). The thermal motion of the cation conforms moder- 
ately well to the rigid-body-motion model: rms(UC) = 0.0045 
A2, rms[esd(UC)] = 0.0064 A2 with all C atoms included; with 
the N-methyl carbon omitted, rms(UC) = 0.0037 A2, 
rm~[esd(U~)] = 0.0063 A2. The largest mean amplitude about a 
principal axis of libration was 5.5". The mean librational cor- 
rection to the bond lengths in the cation skeleton was 0.008[2] 
A; that to the bond angles did not exceed 10.151". 

4Men213 
Straightforward refinement without constraints in p2,la gave 
an acceptable structure, but some of the Uii of the cation 
atoms, in particular UII(C), were large and the C-N and C- 
C distances not reasonably close to expectation. Various 
attempts to resolve the difficulty by modelling positional dis- 
order in the cation were made, none of them satisfactory. In 
the end the C-N and C-C distances were constrained and 
the structure refined in SHELXL-93, with the results as reported 
in Tables 4, A, and B. In this instance the function minimized 

was wR2 = { Z [ W ( F ~  - F 2 ) 2 ] ~ [ ~ ( ~ ~ ) 2 ] } 1 ' 2  and the weight- 
ing scheme was w-' = $(F;) + (0.0427~)' + 7.74~,  p = 
[(~,2>,,, + 2 F c 2 1 ~ .  
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Synthesis of 1 -alkoxy-lY2,3,4-tetra- 
hydrocarbazoles by mercury(l1) mediated 
heterocyclization of 2-cyclohex-2'-enyl-N- 
alkylanilinesl 

K.C. Majumdar and U. Das 

Abstract: The title compounds 3(a-i) were synthesized in high yields by the mercury(I1) mediated heterocyclization of 
2-cyclohex-2'-enyl-N-alkylanilines 2(a-g), which in turn were obtained by the acid-catalyzed amino Claisen rearrangement of 
3-N-alkylanilinocyclohexenes l(a-g).  Additional supporting evidence for the structure of product 3 was obtained from chemical 
transformations. 

Key words: 1-alkoxy tetrahydrocarbazole, mercury(I1) mediated heterocyclization, amino Claisen rearrangement, 3-N- 
methylanilinocyclohexene. 

RCsumC : On a synthttisC les composCs mentionnCs dans le titre, 3a-i, avec des rendements Clevis par le biais de 
I'httCrocyclisation catalysCe par le mercure(I1) de (2-cyclohex-2'-Cnyl)(N-alkyl)anilines, 2a-g, qui ont CtC par ailleurs obtenues 
par un riarrangement amino de Claisen, catalysC par les acides, des 3-N-alkylanilinocyclohexknes, la-g. Des transformations 
chimiques ont permis d'obtenir des donnees additionnelles relatives B la structure du produit 3. 

Mots clks : 1-alkoxytCtrahydrocarbazole, hCtCrocyclisation catalysCe par le mercure(II), riarrangement amino de Claisen, 
3-N-mCthylanilinocyclohexkne. 

[Traduit par la redaction] 

Introduction 

Organomercurials (2) have been known since 1852 and many 
synthetic routes to these compounds presently exist. The abil- 
ity of these compounds to accommodate a wide variety of 
functional groups and to tolerate quite diverse reaction condi- 
tions is well documented (3). Of the various processes involv- 
ing organomercurials, solvomercuration-demercuration is the 
most widely used in organic synthesis (4). Aminomercura- 
tion-demercuration has been utilized for the synthesis of nitro- 
gen heterocycles by employing unsaturated amine compounds 
(5). In the case of solvomercuration and aminomercuration, 
reduction is essential to get rid of mercury from the initial 
product (6). 

During our work on sigmatropic rearrangements (7) we 
became interested in the cyclization of 2-(2'-cyclohexeny1)-N- 
methylaniline 2; however, our attempt failed (8) although such 
a scheme had worked fairly well with oxygen analogues (9). 
We then considered mediation of mercury(I1) for this hetero- 
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cyclization. Herein we report the results of this investigation. 
The starting materials 2-(2'-cyclohexeny1)-N-alkylanilines 

2(a-g) were prepared by the acid-catalyzed aza-Claisen re- 
arrangement of 3-N-alkylanilinocyclohexenes l(a-g), by 
refluxing in ethanolic hydrochloric acid (10). The tertiary 
amines 1 were prepared from 3-bromocyclohexene and the 
appropriate amines by refluxing in acetone in the presence of 
anhydrous potassium carbonate (Scheme 1). 

Results and discussion 

It has been reported (6a, 11) that aminomercuration reactions 
can be performed in aqueous THF as well as under anhydrous 
conditions with no detectable formation of oxymercurated 
products. Our attempt to react substrate 2a with mer- 
cury(I1)acetate in aqueous tetrahydrofuran or under anhydrous 
conditions resulted in the formation of only an amine com- 
plex. Barluenga et al. (12) established that aminomercuration 
of olefins with mercury(I1) acetate is an irreversible process 
that only leads to kinetically controlled products, whereas 
oxymercuration leads to thermodynamically controlled prod- 
ucts. Hence for the problem under consideration, our attention 
has been to divert the reaction by reducing the lone pair avail- 
ability on the nitrogen of substrate 2a. To achieve this a small 
amount of acetic acid was added to the reaction mixture. Reac- 
tion was monitored by thin-layer chromatography (tlc); start- 
ing material was consumed in 48 h with precipitation of 
metallic mercury. Workup and chromatographic separation 
furnished 3a, mp 51°C in 80% yield, along with 10% of 
another product, mp 180°C, which is considered to be an N- 

Can. J. Chem. 74: 1592-1596 (1996). Printed in Canada / Imprime au Canada 
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Scheme 1. 

Reagents: i. CH3COCH3-K,C03/A; ii. EtOH-HCVA 

mercurated complex from its 'H NMR and IR data. When an 
excess of acetic acid is added to the reaction mixture, com- 
pound 3a is exclusively obtained. 

The product 3a showed absence of N-H (free) and indicated 
the presence of an ether linkage at 1050 and 1250 cm-'. The 'H 
NMR spectrum of 3a exhibited two singlets at 6 3.45(3H) and 
6 3.72(3H) indicating the presence of -OCH3 and -NCH3, 
respectively. The triplet at 6 4.5(1H) is very characteristic and 
is assignable to the hydrogen at C-1 of the tetrahydrocarbazole 
derivative 3a. The mass spectrum of compound 3a showed a 
molecular ion at mle 215 and a base peak mle 184 (M - 3 l), 
among others. The 13c spectrum of compound 3a shows the 
presence of all 14 carbons in the molecule. From the DEPT 
experiment the presence of five C-H signals as well as one 
-OCH3 and one -NCH3 signal can be established. In addition it 
also reveals the presence of three -CH, signals. All these data 
are accommodated in terms of the following ',c assignments: 
6: 18.790 (C3), 20.930 (C4), 26.996 (C2), 28.874 (-NCH,), 
55.241 (-OCH,), 70.214 (Cl), 108.563 (C8), 112.042 (C4a), 
118.285 (C6), 118.472 (C5), 126.136 (C4b), 127.467 (C7), 
133.655 (C la), 137.166 (C8a). These assignments were fur- 
ther supported by HETCOR experiment. Protonated carbon 
resonance assignments were established by direct correlation 
with proton resonances by HETCOR with normal one-bond 
C-H coupling, and nonprotonated resonances (C4a, C4b, C8a, 
and C9a) were assigned convincingly by comparison with lit- 
erature chemical shifts of the indole alkaloid, indoloquinoliz- 
ideine (13). The above spectral data and elemental analysis 
suggested this to be 1-methoxy-9-methyl-1,2,3,4-tetrahydro- 
carbazole 3a (Scheme 2). The following transformations were 
carried out to get further supporting evidence in favour of 
structure 3a. Dehydrogenation of product 3a with DDQ in 
refluxing xylene for 12 h afforded 1-methoxy-9-methyl carba- 
zole, 4, a viscous oil, in 83% yield. The same reaction when 
conducted for a longer period (20 h) with excess of DDQ fur- 
nished N-methyl carbazole (14), 5, mp 85"C, yield 30%, and 

carbazole, 6, mp 242"C, yield 60%. Dehydrogenation of prod- 
uct 3a with palladized charcoal in refluxing diphenyl ether 
gave only carbazole 6 in 20% yield (Scheme 3). 

The reaction was repeated in ethanol and n-propanol to give 
products 3b and 3c as viscous oils in 85% and 75% yields, 
respectively. The reaction was generalized by using various 
substrates 2(b-g) to give products 3(d-i) in 70-82% yields 
(Scheme 2). 

Mercuric acetate is a well-known oxidizing and dehydroge- 
nating agent (15). The formation of 3 from 2 is easily explica- 
ble by "pathway a" through species 7, 8, 9, 10, and 11. 
Intermediate 11, being very unstable under the reaction condi- 
tions, becomes dehydrogenated by mercury(I1) acetate to 
product 3. An alternative "pathway b," where oxidation of 2 
by mercury(I1) acetate may give an imine 12 followed by 
cyclization to intermediate hexahydrocarbazole 11, may also 
be considered. 

The reaction of substrate 2a with mercuric acetate in meth- 
anol at room temperature without the addition of acetic acid 
(48 h) furnished product 3a in 30% yield. This reaction also 
gave oxidized product 5 (30%, mp 85°C) along with another 
inseparable mixture of products (Scheme 2). An attempt to 
cyclize 2 in a stronger acid, viz. trifluoroacetic acid, also gave 
the same product 3 but at a much faster rate (16 h instead of 24 
h). We were also unsuccessful in our attempt on a similar 
cyclization of the N-acetyl derivative of 2, in which there is no 
hydrogen on the nitrogen, to form the imine 12. 

Several alkoxycarbazoles, including 1-methoxycarbazole, 
are natural alkaloids (16) and their syntheses involve longer 
routes. It may be noted here that the simple heterocyclization 
reported here affords 1-alkoxytetrahydrocarbazoles in a single 
step and high yields. By using different alcohols as solvent, 
the reaction gives different 1-alkoxytetrahydrocarbazoles. 
The reaction has been found to be regioselective and a general 
one for the synthesis 1-alkoxytetrahydrocarbazoles. 

Experimental 

Melting points were determined in a sulphuric acid bath and 
are uncorrected. IR spectra were run on a Perkin-Elmer 1330 
apparatus using KBr discs, and UV absorptions were recorded 
on a Hitachi 200-20 spectrometer for solutions in absolute eth- 
anol. 'H NMR spectra were determined for deuteriochloro- 
form solutions with SiMe, as internal standard on Bruker WH- 
400 (400 MHz) or Jeol Fx-100 (100 MHz) instruments at the 
Indian Institute of Chemical Biology, Calcutta, and on a 
Bruker AC-250 (250 MHz) spectrometer at the Universitat 
Konstanz, Germany. Elemental analyses and recording of 
mass spectra were carried out by R.S.I.C.(CDRI), Lucknow. 
Silica gel (60-120 mesh) and neutral alumina were obtained 
from SRL, India. Extracts were dried over anhydrous sodium 
sulphate. Petroleum ether refers to the fractions of bp 60- 
80°C. Compound l a  was prepared according to a published 
procedure (10). 

General procedure for the preparation of 
3-N-alkylanilinocyclohexenes l(b-g) 

A mixture of N-alkylaniline (0.1 mol) and 3-bromocyclohex- 
ene (0.1 mol) in dry acetone (150 rnL) was refluxed in the 
presence of anhydrous potassium carbonate (10.0 g, excess) 
for 5 h. The reaction mixture was then cooled, filtered, and 
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Scheme 2. 

a, H CH3 
b, H CH3 
c, H CH3 
d, 6-CH3 CH3 
e, 6-Br CH, 

Scheme 3. 

Reagents: i. H~(OAC),-R~OH, AcOH 

Me OMe 

\ iii & 
Reagents and conditions: 

i. DDQlxylene, A, 12 h 
ii. DDQ(excess)/xylene, A, 20 h 

iii. Pd-C, Ph20, A 

evaporated. The residue was extracted with chloroform and 
the extract washed with brine, dried, concentrated, and sub- 
jected to column chromatography over silica gel using petro- 
leum ether as eluant. 
Compound lb: yield 90%, viscous liquid; A,,,: 210 (log E 

3.20), 238 (2.60), 28 1 (2.00) nm; v,,: 3020, 2920, 1620, 
1520,1400, 1110,810cm~'; ' H N M R ( ~ O O M H Z ) ~ :  1.48-1.84 
(m, 4H), 1.96-2.08 (m, 2H), 2.24 (s, 3H), 2.76 (s, 3H), 4.20- 
4.60 (br s, lH), 5.52-5.80 (m, lH), 5.80-6.08 (m, lH), 6.60- 
7.24 (m, 4H). Anal. calcd. for C14H19N: C 83.53, H 9.51, N 
6.96%; found: C 83.32, H 9.22, N 6.75%. 

Compound lc: yield 92%, mp 50°C; A,,,: 207 (log E 3.20), 

Scheme 4. 

Pothwoy b I -H+ 

264 (3.30), 312 (2.10) nrn; v,,: 3020, 2920, 1520, 1340, 
1250, 720 cm-'; 'H NMR (100 MHz) 6: 1.52-1.84 (m, 4H), 
1.84-2.12 (m, 2H), 2.76 (s, 3H), 4.20-4.52 (br s, lH), 5.52- 
5.76 (m, lH), 5.80-6.08 (m, lH), 6.60-7.40 (m, 4H). Anal. 
calcd. for C13H,6BrN: C 58.66, H 6.06, N 5.26%; found: C 
58.88, H 5.81, N 5.55%. 

Compound Id: yield 89%, viscous liquid; A,,: 209 (log E 

3.20), 253 (2.80) nm; v,,: 3020,2920, 1590, 1310, 1250,720 
cm-'; 'H NMR (100 MHz) 6: 1.52-1.84 (m, 4H), 1.92-2.08 
(m, 2H), 2.30 (s, 3H), 2.66 (s, 3H), 3.52-3.76 (br s, 1 H), 5.64- 
6.00 (m, 2H), 6.88-7.32 (m, 4H). Anal. calcd. for C14H,,N: C 
83.53, H 9.51, N 6.96%; found: C 83.31, H 9.72, N 7.19%. 
Compound le: yield 89%, viscous liquid; A,,,: 207 (log E 

3.00), 260 (3.00) nm; v,,,: 3020,2920, 1380, 1320,800 cm-'; 
'H NMR (100 MHz) 6: 1.14 (t, 3H, J = 7 HZ), 1.48-1.84 (m, 
4H), 1.96-2.12 (m, 2H), 3.28 (q, 2H, J =  7 Hz), 4.24-4.52 (br 
s, lH), 5.52-5.72 (m, lH), 5.80-6.00 (m, lH), 6.64-7.24 (m, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Majumdar and Das 

5H). Anal. calcd. for C14HlgN: C 83.53, H 9.51, N 6.96%; 
found: C 83.83, H 9.66, N 6.72%. 

Compound If: yield 92%, viscous liquid; X,,,: 209 (log E 

3.00), 261 (3.00), 308 (2.20) nm; v,,,: 3020, 2920, 1590, 
1490, 1390,740 cm-'; 'H NMR (100 MHz) 6: 1.12 (t, 3H, J =  
7 Hz), 1.44-1.84 (m, 4H), 1.96-2.12 (m, 2H), 2.22 (s, 3H), 
3.22 (q, 2H, J = 7 Hz), 4.124.44 (br s, lH), 5.56-5.66 (m, 
lH), 5.66-6.00 (m, lH), 6.60-7.16 (m, 4H). Anal. calcd. for 
C1,H2,N: C 83.67, H 9.83, N 6.50%; found: C 83.96, H 9.51, 
N 6.79%. 

Compound lg :  yield 88%, viscous liquid; X,,: 208 (log E 

3.00), 261 (2.90) nm; v,,,: 3010, 2920, 1390, 790 cm-'; 'H 
NMR (100 MHz) 6: 0.78-1.02 (t, 3H), 1.16-1.80 (m, 8H), 
1.96-2.08 (m, 2H), 2.26 (s, 3H), 3.08-3.48 (t, 2H), 4.184.46 
(br s, lH), 5.62-6.06 (m, 2H), 6.64-7.18 (m, 4H). Anal. calcd. 
for C17H2,N: C 83.89, H 10.35, N 5.75%; found: C 83.69, H 
10.50, N 6.04%. 

General procedure for the preparation of 2- 
(2'-cyclohexeny1)-N-alkylanilines 2(a-g) 

Compound 2a was prepared according to a published proce- 
dure (10). A mixture of compound l(b-g) (0.1 mol), concen- 
trated HCl(0.8 mL), and ethanol (10 mL) was refluxed for 15 
h. After neutralization and extraction with CHC13, the solvent 
was evaporated and the rearranged mines were isolated by 
column chromatography over silica gel using petroleum ether 
as eluant. 

Compound 2b: yield 88%, viscous liquid; X,,,: 21 1 (log E 

3.20), 248 (2.70), 300 (2.10) nm; v,,,: 3400, 3010, 2920, 
1500, 1390, 800 cm-'; 'H NMR (100 MHz) 6: 1.56-1.88 (m, 
4H), 2.04-2.16 (m, 2H), 2.24 (s, 3H), 2.84 (s, 3H), 3.04-3.72 
(br s, 2H), 5.60-5.84 (m, lH), 5.88-6.08 (m, lH), 6.56 (d, lH, 
J = 8 Hz), 6.80-7.08 (m, 2H); d z :  201 (M+). Anal. calcd. for 
C14H19N: C 83.53, H 9.51, N 6.96%; found: C 83.79, H 9.70, 
N 7.22%. 

Compound 2c: yield 50%, viscous liquid; X,,: 209 (log E 

3.20), 256 (3.00), 309 (2.10) nm; v,,: 3400, 3020, 2900, 
1390, 1120, 790 cm-'; 'H NMR (100 MHz) 6: 1.60-2.00 (m, 
4H), 2.04-2.20 (m, 2H), 2.84 (s, 3H), 3.12-3.40 (br s, lH), 
3.40-4.08 (br s, lH), 5.56-5.88 (m, 1H), 5.88-6.12 (m, lH), 
6.50 (d, lH, J = 8 Hz), 7.12-7.36 (m, 2H). Anal. calcd. for 
C13H16BrN: C 58.66, H 6.06, N 5.26%; found: C 58.92, H 
5.79, N 4.98%. 

Compound 2d: yield 50%, viscous liquid; X,,: 211 (log E 

3.20), 248 (2.70), 300 (2.10) nrn; v,,: 3380, 3020, 2920, 
1400, 750 cm-'; 'H NMR (100 MHz) 6: 1.32-1.96 (m, 4H), 
2.00-2.12 (m, 2H), 2.34 (s, 3H), 2.78 (s, 3H), 2.92-3.02 (m, 
lH), 3.48-3.92 (br s, lH), 5.60-5.84 (m, lH), 5.84-6.08 (m, 
lH), 6.80-7.16 (m, 3H); d z :  201 (M'). Anal. calcd. for 
C14H19N: C 83.53, H 9.51, N 6.96%; found: C 83.78, H 9.20, 
N 6.70%. 

Compound 2e: yield 90%, viscous liquid; X,,,: 209 (log E 

3.20), 247 (2.80), 293 (2.20) nm; v,,,: 3400, 3020, 2920, 
1580, 1400,740 cm-'; 'H NMR (100 MHz) 6: 1.24 (t, 3H, J = 
7 Hz), 1.60-1.88 (m, 4H), 2.00-2.16 (m, 2H), 3.16 (q, 2H, J =  

7 Hz), 3.32-3.56 (m, lH), 3.56-3.96 (br s, lH), 5.56-5.80 (m, 
lH), 5.84-6.08 (m, lH), 6.56-6.76 (m, 2H), 7.00-7.24 (m, 
2H); d z :  201 (M+). Anal. calcd. for C14H19N: C 83.53, H 9.51, 
N 6.96%; found: C 83.85, H 9.22, N 7.22%. 

Compound 2f: yield 90%, viscous liquid; X,,,: 210 (log E 

3.20), 247 (2.80), 299 (2.20) nm; v,,,: 3380, 3020, 2920, 
1400, 1260,800 cm-'; 'H NMR (100 MHz) 6: 1.24 (t, 3H, J = 
7 Hz), 1.60-1.88 (m, 4H), 2.00-2.12 (m, 2H), 2.22 (s, 3H), 
3.14 (q, 2H, J = 7 Hz), 3.28-3.64 (br s, 2H), 5.60-5.80 (m, 
lH),5.88-6.08 (m, lH),6.56(d, lH, J=8Hz) ,  6.80-7.00(m, 
2H); d z :  215 (M+). Anal. calcd. for Cl5H2,N: C 83.67, H 9.83, 
N 6.50%; found: C 83.48, H 10.01, N 6.75%. 

Compound 2g: yield 66%, viscous liquid; X,,,: 210 (log E 

3.30), 233 (3.10), 296 (2.50) nm; v,,,: 3400, 3040, 1600, 
1400, 1320, 750 cm-'; 'H NMR (100 MHz) 6: 0.84-1.08 (t, 
3H), 1.40-1.88 (m, 8H), 2.00-2.16 (m, 2H), 2.24 (s, 3H), 3.12 
(t, 2H, J = 7 Hz) 3.15-3.64 (br s, 2H), 5.64-6.04 (m, 2H), 6.58 
(d, lH, J = 8 Hz), 6.84-7.04 (m, 2H); d z :  243 (M+). Anal. 
calcd. for C17H2,N: C 83.90, H 10.35, N 5.75%; found: C 
84.20, H 10.55, N 5.96%. 

General procedure for the preparation of l-alkoxy-9- 
alkyl-1,2,3,4-tetrahydrocarbazoles 3(a-i) 

A solution of Hg(I1) acetate (1.60 g, 5 mmol) in alcohol (50 
mL) was added to a stirred solution of compound 2(a-g) (5 
mmol) and glacial acetic acid (0.3 mL) in the same alcohol (10 
mL) at room temperature. Stirring was continued for 24 h dur- 
ing which time a black precipitate of mercury separated out. 
This was filtered off and the solvent was removed. The residue 
was extracted with chloroform. The chloroform extract was 
washed successively with sodium bicarbonate solution and 
brine, and dried (Na2S04). Solvent was removed and the vis- 
cous oil obtained was subjected to column chromatography 
over silica gel using petroleum ether as eluant. 

Compound 3a: yield 80%, mp 50°C; X,,: 242,295 nm; v,,: 
2930, 1611, 1470, 1383, 1310, 1080 cm-'; 'H NMR (400 
MHz) 6: 1.70-2.10 (m, 3H), 2.22-2.30 (m, lH), 2.50-2.72 (m, 
lH), 2.78-2.90 (m, lH), 3.45 (s, 3H), 3.72 (s, 3H), 4.50 (t, lH, 
J = 2.9 Hz, J = 3.6 Hz), 7.03-7.55 (m, 4H); 13c NMR (vide 
supra); d z :  215 (M'). Anal. calcd. for C14H17NO: C 78.10, H 
7.96, N 6.51%; found: C 78.41, H 8.16, N 6.73%. 

Compound 3b: yield 85%, viscous liquid; v,,: 2950, 1660, 
1600, 1472, 1385, 1320, 1090 cm-'; 'H NMR (100 MHz) 6: 
1.20-1.35 (t, 3H), 1.75-3.10 (m, 6H), 3.70 (s, 3H), 3.44-3.82 
(m, 2H), 4.60 (t, lH), 7.00-7.60 (m, 4H); d z :  229 (M'). Anal. 
calcd. for C15HlgNO: C 78.56, H 8.35, N 6.11%; found: C 
78.88, H 8.01, N 6.36%. 

Compound 3c: yield 75%, viscous liquid; v,,,: 2950, 1470, 
1380, 1315, 1085 cm-'; 'H NMR (100 MHz) 6: 0.92-1.05 (t, 
3H), 1.64-2.84 (m, 8H), 3.72 (s, 3H), 3.40-3.84 (m, 2H), 4.60 
(t, 1H) 6.96-7.56 (m, 4H); d z :  243 (M+). Anal. calcd. for 
C16H21NO: C 78.97, H 8.70, N 5.76%; found: C 79.26, H 8.40, 
N 5.99%. 

Compound 3d: yield 80%, mp 58°C; X,,,: 208 (log E 2.70), 
216 (3.00), 282 (2.20) nm; v,,: 3000, 2960, 2840, 1500, 
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1100, 800 cm-'; 'H NMR (250 MHz) 6: 1.76-2.24 (m, 4H), 
2.42 (s, 3H), 2.56-2.76 (m, 2H), 3.42 (s, 3H), 3.68 (s, 3H), 
4.48 (t, lH, J  = 2.9 Hz, J  = 3.6 Hz), 7.04 (d, lH), J  = 2 Hz), 
7.20-7.36 (m, 2H); mdz: 229 (M+). Anal. calcd. for C15H19NO: 
C78.56,H8.35,N6.11%;found:C78.36,H8.55,N6.40%. 

Compound 3e: yield 78%, mp 80°C; A,,,: 206 (log E 3.00), 
235 (3.20), 291 (2.20) nm; v,,,: 3000, 2960, 1480, 1100, 800 
cm-'; 'H NMR (100 MHz) 6: 1.76-2.28 (m, 4H), 2.48-2.84 
(m, 2H), 3.48 (s, 3H), 3.68 (s, 3H), 4.40-4.64 (br s, lH), 7.12 
(d,lH,J=8Hz),7.24-7.36(dd,lH,J=2Hz,J=8Hz),7.60 
(d, lH, J  = 2 Hz); d z :  293, 295 (M'). Anal. calcd. for 
C,,HI6BrNO: C 57.16, H 5.48, N 4.76%; found: C 57.41, H 
5.19, N 5.02%. 

Compound 3f: yield 7096, mp 96°C; A,,,: 208 (log E 2.70), 
216 (3.00), 282 (2.30) nm; v,,,: 3010, 2960, 2880, 1460, 
1080, 780 cm-'; 'H NMR (100 MHz) 6: 1.76-2.24 (m, 4H), 
2.48-2.84(m,5H),3.24(~,3H),3.94(~,3H),4.36-4.56(brs, 
IH), 6.84-7.00 (m, 2H), 7.32 (dd, IH, J  = 2 Hz, J  = 8 Hz); md 
z: 229 (M'). Anal. calcd. for C15H19NO: C 78.56, H 8.35, N 
6.1 1 %; found: C 78.83, H 8.56, N 5.86%. 

Compound 3g: yield 75%, viscous liquid; A,,,: 209 (log E 

3.00), 229 (3.30), 288 (2.60) nm; v,,,: 2920, 1440, 1380, 
1080, 780 cm-'; 'H NMR (100 MHz) 6: 1.28-1.44 (m, 3H), 
1.84-2.24 (m, 4H), 2.56-2.88 (m, 2H), 3.44 (s, 3H), 4.00-4.28 
(m, 2H), 4.44-4.60 (br s, 1 H), 7.12-7.60 (m, 4H); d z :  
229(M+). Anal. calcd. for C15H19NO: C 78.56, H 8.35, N 
6.11%;found: C78.33,H8.12,N6.24%. 

Compound 3h: yield 80%, viscous liquid; A,,: 209 (log E 

2.80), 231 (3.00), 293 (2.30) nm; v,,,: 2920, 1400, 1080,790 
cm-l. 1 , H NMR (100 MHz) 6: 1.24-1.44 (m, 3H), 1.80-2.16 
(m, 4H), 2.40 (s, 3H), 2.56-2.80 (m, 2H), 3.44 (s, 3H), 3.96- 
4.32 (m, 2H), 4.40-4.56 (br s, lH), 7.04 (d, lH, J  = 2 Hz), 
7.20-7.36 (m, 2H); rdz: 243 (M'). Anal. calcd. for C16H2,NO: 
C 78.97, H 8.70, N 5.76%; found: C 78.76, H 8.85, N 6.01%. 

Compound 3i: yield 82%, mp 82°C; A,,,: 209 (log E 3.00), 
216 (2.70), 234 (2.80) nm; v,,: 3000,2960,2840, 1100,780 
cm-'; 'H NMR (250 MHz) 6: 0.97 (t, 3H, J  = 7.3 Hz), 1.31- 
1.46 (m, 2H), 1.55-2.28 (m, 6H), 2.43 (s, 3H), 2.55-2.86 (m, 
2H), 3.45 (s, 3H), 3.94-4.17 (m, 2H), 4.47 (t, lH, J =  3.3 Hz, J  
= 3.6 Hz), 6.98 (d, lH, J  = 2 Hz), 7.01 (d, IH, J  = 2 Hz), 7.13 
(d, lH, J  = 8 Hz). Anal. calcd. for C18H2,NO: C 79.66, H 9.28, 
N 5.16%; found: C 79.96, H 8.96, N 5.44%. 

Aromatization of 3a with DDQ, 4 
The compound 3a (0.43 g, 2 mmol) was refluxed with DDQ 
(1.12 g, 4 mmol) in dry xylene (20 mL) for 12 h. The reaction 
mixture was cooled and filtered, and the residue was washed 
with chloroform (100 mL). The filtrate was washed with 10% 
potassium hydroxide solution and water, and dried (Na2S04). 
The solution was then passed through a column of basic alu- 
mina and was eluted with chloroform to give a viscous oil. 

Treatment of 3a with Pd-C in diphenyl ether, 6 
To a solution of 3a (0.43 g, 2 mmol) in diphenyl ether (10 mL) 
was added 1 g of palladium charcoal (10%) and the mixture 
was heated at reflux for 4 h. The reaction mixture was filtered, 
diphenyl ether was removed, and the remaining mass was 
purified by column chromatography over basic alumina. Elu- 
tion with petroleum ether furnished 6. 

Compound 6: yield 20%, mp 242°C; mixture mp and co-ir 
with authentic sample showed this to be carbazole. 
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The chemistry of cyclohexenediones produced 
by the blackleg fungus 

M. Soledade C. Pedras 

Abstract: Several oxidation products of metabolites produced by avimlent isolates of Phoma lingam, the blackleg fungus, are 
reported; in addition, the profile of metabolites common to P. lingam and P. wasabiae is clarified. 

Key words: cyclohexenedione, Phoma lingam, P. wasabiae. 

Resume : On a LtudiC plusieurs produits d'oxydation tires des metabolites produits par des isolats avimlents du Phoman lingam, 
un champignon; de plus, on a clarifiC le profil des metabolites communs au P. lingam et au P. wasabiae. 

Mots clis : cyclohex~nedione, Phoma lingam, P. wasabiae. 

[Traduit par la redaction] 

Recent work on the so-called weakly virulent, avirulent, or 
nonaggressive isolates of the blackleg fungus (Leptosphaeria 
maculans (Desm.) Ces. et de Not., asexual stage Phoma lin- 
gum (Tode ex Fr.) Desm.) led to the isolation of several metab- 
olites having a cyclohexenone ring as a common structural 
feature (1-3). Most importantly, this work revealed an 
unknown relationship between P. lingam and P. wasabiae. 
This unforeseen relationship2 was also supported by analysis 
of particular DNA sequences of isolates of both species (3). As 
a consequence of that work, it was proposed that the avirulent 
isolates of P. lingam be formally reclassified (4). 

As part of our continuing studies of the chemistry of the 
blackleg fungus,3 it was important to determine the phytotox- 
icity of the cyclohexenones 1, 2, 5-8 produced by avirulent 
isolates. During the purification of these metabolites, unex- 
pected products resulting from the slow oxidation of 5d5b  and 
6 were identified. Here is reported the transformation of 
phomaligadiones 5 and 6 and phomaligin A (7) to phomaligols 
1 and 2, and the intermediates of these oxidative transforma- 
tions, as well as the products of reaction of phomaligadiones 5 
and 6 with diazomethane. These results allow an important 
clarification regarding the structures of metabolites common 
to P. wasabiae and P. lingam. In addition, the implications of 
these findings on the biogenesis of the cyclohexenone-con- 
taining metabolites is discussed and the structures of metabo- 
lites common to P. wasabiae and P. lingam are noted. 
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M.S.C. ~edras. '  Department of Chemistry, University of 
Saskatchewan, 110 Science Place, Saskatoon, SK S7N 5C9, 
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'There are more than 2000 species in the genus Phoma. 
For a recent review of blackleg chemistry see ref. 4; for a 
recent review of blackleg biology see ref. 5. 

Results and discussion 

Phomaligols A (1) and A, (2), phomaligadiones A (5d5b) and 
B (6), and phomaligin A (7) were obtained from culture 
extracts of P. lingam, as previously described (1,3). Phomali- 
gadiones constituted an inseparable yellowish mixture 
(5a:5b:6, ca. 3:1:2), homogeneous by TLC and HPLC, which 
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Table 1. NMR dataa for hydroperoxides 3 and 4 in CDCl,. 

3 4 
Position 
no. S, 6, HMBC 6, 6, HMBC 

- 172.4 
- 84.6 
- 202.8 
- 81.0 
- 192.0 

5.67, s 102.0 C-1, C-4, C-5 
- 176.2 

2.46, ddq 39.90 C-7, C-9, C-10, C-11 
(6.8, 7.0, 7.0) 
1.68, m 26.6 C-7, C-8, C-10, C-1 1 
1.47, m 
0.94, t 11.4 C-7, C-8, C-9, C-11 
(7.5) 
1.13, d 16.2 C-7, C-8, C-9, C-10 
3.89, s 56.9 C- 1 
1.60, s 21.7b C-3, C-4, C-5 
1.59, s 21.9b C-1,C-2,C-3 
8.60, br s - 

- 

- 

- 
- 
- 

5.71, s 
- 

2.48, ddq 
(6.8, 7.0, 7.0) 
1.71, m 
1.48, m 
0.94, t 
(7.5) 
1.17, d 
3.90, s 
1.61, s 
1.57, s 
8.70, br s 

"Data recorded at 500 ('H NMR) and 125.8 ("c NMR) MHz, respectively. Values in parentheses refer to J,, in Hz. 
'May be interchanged. 

decomposed to a rather complex reddish mixture on standing. 
To determine the products resulting from decomposition of 
phomaligadiones, a solution of the mixture was left standing 
for 4 weeks at room temperature. Preparative TLC (CH2C12- 
MeOH, 97:3) of this mixture recovered 40% of phomaliga- 
diones and four additional compounds. Analysis of the 'H and 
13c NMR spectra of each compound revealed the structures of 
these components: phomaligols A (1) and A, (2), and the cor- 
responding hydroperoxides 3 and 4. The structures of phoma- 
ligols A (1) and A, (2) were readily assigned by comparison of 
the 'H and 13c NMR spectra, and the optical rotation of each 
compound with data obtained previously (1). The structures of 
the hydroperoxides 3 and 4 were assigned from analysis of the 
spectroscopic data (NMR in Table 1) and reduction of the 
hydroperoxide groups to the corresponding alcohols, as 
described below. 

The 'H NMR spectra of compounds 3 and 4 were similar 
(within 0.05 ppm) to those of the corresponding alcohols 1 and 
2 (I), except for H-6 at 5.67 pprn in 3 (5.53 pprn in 1) vs. 5.71 
pprn in 4 (5.53 pprn in 2), and the D20 exchangeable signals at 
8.60 pprn in 3 (2.62 pprn in 1) vs. 8.70 pprn in 4 (3.44 pprn in 
2). The molecular formula (Cl,H200,, obtained by HRCIMS) 
of each new compound, together with 'H and 13c NMR data, 
indicated that they might be hydroperoxides. Structures 3 and 
4 were elucidated by analysis of the HMBC (6) and HMQC (7) 
spectra of each compound and by reduction of the hydroperox- 
ide groups to the corresponding alcohols. Analysis of the 
HMBC and HMQC spectra of 3 and 4 indicated key correla- 
tions (Table 1) similar to those previously observed for 1 and 2 
(1). For example, in compound 3 the methyl groups at 6, 1.60 
(H3-13) and 1.59 (H3- 14) showed correlations with the carbo- 
nyl carbon at Ec 202.8 (C-3); the methyl group at 6, 1.59 dis- 
played additional correlations with carbons at Ec 84.6 (C-2) 

and 6c 172.4 (C-1). The latter carbon (C-1) showed further 
correlations with an OMe group at 6, 3.89 (H3-12) and a 
methine proton at 6, 5.67. The methine proton (H-6) was 
attached to a carbon at 6c 102.0 (C-6) and displayed further 
correlations with carbons at Ec 192.0 (C-5) and 81.0 (C-4) 
ppm. The methyl group at 6, 1.60 (H3-13) displayed an addi- 
tional long-range correlation with the latter carbon (C-4). Sim- 
ilar correlations indicated in Table 1 were observed in 
compound 4. 

Finally the relative configurations of the C-2 and C-4 
stereogenic centers of compounds 3 and 4 were assigned 
after reduction of the respective hydroperoxide groups with 
P(OMe)3 and comparison of the spectroscopic data and optical 
rotation of each reaction product with those of 1 and 2, respec- 
tively. Based on these results the relative configuration of 
compound 3 is trans, like that of 1, and the relative configura- 
tion of compound 4 is cis, as is that of 2. Similarly to phoma- 
ligadiones, phomaligin A (7) oxidized on standing. In 
attempting to purify a sample of 7, which had been previously 
purified and stored at 0°C for several months, only 30% was 
recovered; alcohols 1 and 2, (10%) and 8 (30%) were isolated, 
along with several minor unidentified products. A rearrange- 
ment of 7 to 8, followed by oxidation and hydrolysis of the 
NHCH2CH20H group, would explain the spontaneous trans- 
formation of 7 to 1 and 2. 

Following the characterization of the oxidation products of 
phomaligadiones 5 and 6,  their reaction with diazomethane 
was examined. The reaction products were identified as the 
methyl ethers 9 and 10 and the adduct 11. Methyl ethers 9 and 
10 were initially characterized by 'H NMR spectroscopy as a 
mixture (9110, 3:l). The 'H NMR spectrum of this mixture 
showed the expected resonances for two isomeric methyl 
ethers; however, the position of the newly introduced (0)Me 
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Table 2. NMR dataa for compounds 9 and 11 in CDCl,. 

9 11 
Position 
no. 6, 6, HMBC S, 6, HMBC 

12 
13 
14 
15 
Others 

- 172.7 - 
- 112.8 - 
- 163.3 - 
- 79.2 - 
- 195.4 - 
5.42, s 96.1 C-1, C-4, C-5 
- 175.6 - 
2.45, ddq 40.1 C-7, C-9, C-10, C-1 1 
(6.8, 6.8, 7.0) 
1.72, m 26.6 C-7, C-8, C-10, C-1 1 
1.47, m 
0.96, t 11.3 C-7, C-8, C-9, C-11 
(7.5) 
1.14, d 16.3 C-7, C-8, C-9, C-10 
(7.0) 
3.77, s 56.2 C-1 
1.84, s 24.0 C-3, C-4, C-5 
1.59, s 9.5 C-1, C-2, C-3 
3.74, s 61.2 C-3 
- - 

166.1 
116.8 
194.0 
82.6 
191.5 
- 123.5 
175.8 
2.50, ddq 40.0 C-7, C-9, C-10, C-1 1 
(6.8, 6.8, 7.0) 
1.70, m 26.7 C-7, C-8, C-10, C-11 
1.49, m 
0.96, t 11.4 C-7, C-8, C-9, C-1 1 
(7.5) 
1.16, d 16.4 C-7, C-8, C-9, C-10 
(7.) 
3.90, s 61.9 C- 1 
1.50, s 23.7 C-3, C-4. C-5 
1.90, s 9.0 C-1, C-2, C-3 
3.41, d 40.1 
(4.1) 
12.6, br s - 

"Data recorded at 500 ('H NMR) and 125.8 ("c NMR) MHz, respectively. Values in parenthesis refer to J,, in Hz. 

14 CH3 group in each isomer could not be determined unambiguously 
15 (i.e., C-3 or C-5). Further separation of the mixture of 9 and 10 

yielded sufficient amounts of 9 to allow the unambiguous 
assignment of this structure. Firstly, the 'H NMR spectrum of 
9 (Table 2) displayed the resonances seen for the major prod- 
uct present in the initial mixture of 9 and 10, that is, a sec-butyl 
group (9 hydrogens) in addition to two Me groups (SH 1.84 

9 and 1.59), two Me(0) groups (S"3.74 and 3.77), and a vinylic 
10 CH3 proton at SH 5.42. The proton decoupled 13c NMR spectrum 

14 CH3 (Table 2) of compound 9 showed the expected 15 resonances, 
which corroborated the presence of 2 x Me, 2 x Me(O), and a 
sec-butyl group, as indicated in the 'H NMR spectrum. In 
addition, signals attributable to four carbonyl groups or equiv- 
alents (Sc 195.4, 175.6, 172.7, and 163.3), two sp2 carbons (Sc 
112.8 and 96.1), and one oxygenated quaternary carbon (Sc 
79.2) confirmed that 9 was a methylated derivative of 516. The 
EIMS of compound 9 revealed the molecular ion expected for 

CH3 11 Cl5HZ2O5 at m/z 282. Finally, the structure of compound 9 was 

14 CH3 unambiguously assigned on the basis of its HMBC spectral 
data (Table 2). The location of the Me(0) at C-3 and not at C- 
5 was deduced from the long-range correlations of C- 3 (6, 
163.3) with the methyl groups at SH 3.74 (H3-15), SH 1.84 (H3- 
13), and SH 1.59 (H3-14), as well as the correlation of the low- 
est field carbonyl carbon (Sc 195.4, C-5) with the methyl 
group at SH 1.84 (H3-13). Although insufficient sample was 
recovered to obtain complete spectroscopic data for 10, the 'H 

12 NMR data attributable to the minor isomer of the methylation 
10 CH3 product mixture indicated the proposed structure. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

The major product of the reaction of phomaligadiones 516 
with diazomethane was a bright yellow oil (11). The HREIMS 
of product 11 suggested the molecular formula C15H22N205, 
consistent with the formation of an adduct of 516 (C14H2005) 
with CH2N2. Analysis of the 'H NMR spectrum of 11 showed 
the expected resonances for the cyclohexenedione substituents 
also present in the starting material (516): one see-butyl group 
(9 hydrogens), two Me groups (6, 1.90 and 1.50), and one 
Me(0) group (6, 3.90). Two new signals at 6, 3.41 (d, 3H) 
and 12.6 (bs, lH, D20 exchangeable) were attributed to the 
addition of CH2N2 to cyclohexenediones 516, resulting in a 
=N-NH-Me substituent. The locations of the 2 x Me, MeO, 
see-butyl-C(=O)O, and 2 x C=O groups on the cyclohexene- 
dione were determined to be identical to those observed in 516, 
by analysis of the proton decoupled 13c NMR and HMBC 
spectral data (Table 2). Consequently, the N-methylhydrazone 
(=N-NH-Me) could only be located at C-6 (Sc 123.5). In this 
way the structure of the major product was established as 
adduct 11 .~  

The products of the reaction of phomaligadiones 516 with 
diazomethane allowed further conclusions with respect to 
metabolites produced by P. wasabiae. It was reported that a 
compound named wasabidienone A, on treatment with diaz- 
omethane, yielded two Me ethers (1: 1) having structures 9 and 
10 (8). Later on, analysis of the p-nitrobenzoate derivative of 
wasabidienone A by X-ray crystallography allowed the 
assignment of its stereogenic centers (9). Based on these 
results (8,9) the tautomeric forms 12 and 13 were assigned to 
wasabidienone A. Furthermore, it was reported that wasabidi- 
enone A on standing on a TLC plate decomposed to a brown- 
ish material, which was identified as a mixture of compounds 
14 (purple) and 15 (colorless) (10). The structure of compound 
15, including absolute configuration, was determined by X-ray 
crystallography (10). The purple compound 14 had been pre- 

No literature precedent was found for this mode of reaction of 
diazomethane (T. H. Black, Aldrichimica Acta, 16 ,3  (1983)). It 
may be a simple protonation of diazomethane, followed by 
enolate attack on the electrophilic terminal nitrogen. 

viously reported as a metabolite of P. wasabiae (115 but, 
interestingly, 15  was never reported to be present in cultures 
of P. wasabiae. The NMR, IR, and optical rotation data 
reported for compound 15 are in close agreement with data 
obtained for phomaligol A (1) (1). In conclusion, wasabidi- 
enone A and phomaligadiones appear to be the same com- 
pound, existing, at least in CDCl,, as a tautomeric mixture, 
described more accurately as 5 and 6, since the resonances 
corresponding to C-2 in the former, and C-6 in the latter, are 
clearly due to sp3 carbons (I), and not sp2 carbons as in 12 and 
13. The data obtained for methyl ether derivatives 9 and 10 are 
in complete agreement with data reported previously (8); how- 
ever, Soga et al. did not report adduct 11 (8). Because the con- 
ditions used to prepare these methyl ethers were not specified 
in that report (8), it is not possible to comment on those results. 
Our previous work (3) indicated that some of the compounds 
isolated from cultures of P. lingam were also present in cul- 
tures of P. wasabiae. Now it is clear that the profile of metab- 
olites common to P. wasabiae and P. lingam is much broader; 
not only phomaligols (1, 2) and phomaligadiones (5, 6) are 
present in liquid cultures of both species, but also wasabidi- 
enones Bo (16) and B, (17) (12) were present in similar liquid 
cultures. 

Biogenetically, metabolites 1, 2, 5-8 may derive from a 
pentaketide that is further methylated and oxidized; however, 
the results reported here indicate that metabolites 1 and 2 can 
also result from non-enzymatic oxidation of 5-7.6 Further- 
more, this work has uncovered a relationship for metabolites 
1,2,7, and 8; that is, 8 could result from a non-enzymatic rear- 
rangement of 7, and could then be further oxidized to 1 and 2 
(7 + 8 + 1 + 2). In fact, it is likely that the reddish pigments 
characteristic in liquid cultures of avirulent blackleg isolates 
(13) are most likely oxidation products of the metabolites 1-8 
and (or) related ones such as 14. The phytotoxicity of these 
metabolites to canola susceptible to blackleg was evaluated; 
phomaligols 1 and 2 did not cause obvious lesions even at rel- 
atively high concentrations M), whereas 7 and 8 caused 
only slight lesions at similar concentrations. 

Experimental 

General 
All chemicals were purchased from Aldrich Chemical Com- 
pany, Inc., Madison, Wis. All solvents were HPLC grade and 
used as such. Preparative TLC: Merck Kieselgel60 F254, 20 x 
20 cm x 0.25 mm; analytical TLC (Merck Kieselgel 60 FZ54, 
aluminum sheets) 5 x 2 cm x 0.2 mm; compounds were visu- 
alized by exposure to UV and by dipping the plates in a 5% 
aqueous (wlv) phosphomolybdic acid solution containing a 
trace of ceric sulfate and 4% (vlv) H2S04, followed by heating 
at 200°C. Flash column chromatogra hy: Merck silica gel, 
grade 60, mesh size 230-400, 60 1 NMR spectra were 
recorded on a Bruker AMX 500 or AM 300 spectrometer; 6 

In the course of this work a reddish polar material was isolated, 
but due to further decomposition, its structure could not be 
assigned. 
The only indication that enzymatic oxidation might occur arises 
from detection of 1 and 2 in 2-3-day-old cultures, while 516 
accumulated in 7-9-day-old cultures. 
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values were referenced to CHC13 (7.24 ppm) for 'H (500 
MHz), and referenced to CDC13 (77.0 ppm) for 13c (125.8 
MHz). Mass spectra (MS) were obtained on a VG 70-250 SEQ 
hybrid mass spectrometer or on a Finnigan Mat model 4500 
mass spectrometer (high resolution (HR), electron impact (EI), 
fast atom bombardment (FAB), or chemical ionization (CI) 
with ammonia as carrier gas), employing a solid probe in both 
cases. 

Air oxidation of phomaligadiones A (5d5b) and B (6) 
A solution of phomaligadiones A (5d5b) and B (6) (28 mg in 
CHC13-MeOH, 1: 1, 1 mL) was left standing for 4 weeks at 
room temperature. Preparative TLC (CH2C12-MeOH, 97:3, 
multiple development) of that mixture gave phomaligols 1 (2 
mg; Rf 0.42, hexane-EtOAc, 1: 1) and 2(1 mg; Rf 0.28, hexane 
-EtOAc, 1:1), hydroperoxides 3 (3 mg; Rf 0.46, hexane- 
EtOAc, 1: 1) and 4 (1 mg; Rf 0.34, hexane-EtOAc, 1:1), and a 
mixture of phomaligadiones 5d5b  and 6 (12 mg; Rf0.60, hex- 
ane-EtOAc, 1 : 1). 

Reaction of phomaligadiones A (5a/5b) and B (6) with 
diazomethane 

Diazomethane in ether was added (excess) to a stirred solution 
of phomaligadiones A (5d5b) and B (6) (8 mg in CH2C12, 1 
mL) at room temperature. After 30 min the solvents were 
removed with a stream of nitrogen and the reaction products 
were separated by preparative TLC (CH2C12-MeOH, 97:3, 
developed twice) to give a mixture of compounds 9 and 10 in 
one band (2 mg, 3: 1) and adduct 11 (3.2 mg). Compounds 9 
and 11 were further purified separately by preparative TLC 
(hexane-EtOAc, 7:3, multiple elution) to yield pure 9 (1.7 mg; 
Rf 0.75, hexane-EtOAc, 1:1), 10 (0.5 mg; Rf 0.5, hexane- 
EtOAc, 1 : l), and 11 (2.1 mg; R, 0.75, hexane-EtOAc, 1: 1). 

Reduction of hydroperoxides 3 and 4 
P(OMe)3 (2 mg in CH2C12, 1 mL) was added to a solution of 
the hydroperoxide 3 (2.4 mg in CH2C12, 1 mL) at room tem- 
perature. The solvent was immediately evaporated and the 
reaction product was purified by preparative TLC (hexane- 
EtOAc, 1: 1, multiple elution) to give a pure compound (1.5 
mg), identical to phomaligol A (1) in all respects, including 
optical rotation. Similar reaction with hydroperoxide 4 yielded 
a pure compound (1.1 mg), identical to phomaligol A, (2). 

Phomaligol A hydroperoxide (3): colorless oil; HRCIMS m/z 
(relative intensity) measured: 30 1.1282 (301.1287 calcd. for 
C14H21(3J); FABMS m/z (relative intensity): 301 ([Mcl]' 100; 
'H and C NMR, see Table 1. 

Phomaligol Al hydroperoxide (4): colorless oil; HRCIMS d z  
(relative intensity) measured: 30 1.1283 (301.1287 calcd. for 
CI4H2]o7); FABMS m/Z (relative intensity): 301 ([M+l]+ 100; 
'H and I3c NMR, see Table 1. 

Compound 9: light yellow film; 'H NMR (CDCl,) 6:5.44(s), 
3.88(s), 3.72(s), 2.45 (ddq, J = 6.8, 7.0, 7.0 Hz), 1.84(s) 
1.72(m), 1.59(s), 1.47(m), 1.13(d, J=7.0Hz), 0.90(t, J=7.5). 

Compound 10: light yellow oil; EIMS m/z (relative intensity): 
282 ([MI+, 9%), 198 (20%), 155 (30%); 'H and 13c NMR, see 
Table 2. 

Adduct 11: yellow oil; HREIMS m/z (relative intensity) mea- 
sured: 3 10.1529 (310.1526 calcd. for C,,H22N20,); EIMS d z  
(relative intensity): 310 ([MI+, 15%), 209 (40%), 154 (28%); 
'H and 13c NMR, see Table 2. 
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Interaction between tetracyanoethylene and 
naphthalene in reverse micelles of AOT in n- 
hexane. The electron-donor properties of AOT 

M.A. Biasutti and Juana J. Silber 

Abstract: The electron donor-acceptor (EDA) interaction between TCNE and naphthalene (Naph) in rz-hexane and reverse 
micelles of AOT in n-hexane was studied by UV-visible spectroscopy with the aim of determining the influence of the micellar 
media on the EDA interaction. The spectra of the mixtures of TCNE-Naph in 11-hexane show two typical maxima at 418 and 534 
nm, assigned to the formation of a T-IT EDA complex. In the micellar media a new band is observed at 398 nm. When the spectra 
of TCNE in 11-hexane are studied in the presence of AOT two new bands at 398 and 4 18 nm are detected. These bands are 
consistent with an EDA interaction between TCNE and AOT as 11-donor. The stability constants of this interaction were 
calculated for AOT concentrations below the CMC and in the micellar media at different W (W= [H,O]I[AOT]). The results give 
evidence of the tendency of AOT to interact very strongly with electron acceptors. Moreover, in the system TCNE-Naph in the 
micellar media it is shown that Naph and AOT compete to form a complex with TCNE. The formation constants of the 
complexes of AOT-Naph in the micelle system were determined at W = 0 and 5. Despite the competition of AOT for TCNE the 
stability constant for the complex TCNE-Naph is higher than in homogeneous media, probably due to the high local 
concentration of the acceptor in the micelle. 

Key rvords : reverse micelles, aerosol-OT, tetracyanoethylene, naphthalene, electron donor-acceptor complexes. 

RCsumC : Afin de determiner l'influence du milieu micellaire sur l'interaction donneur d'tlectron-accepteur (DEA) et faisant 
appel 5 la spectroscopie UV-visible, on a CtudiC I'interaction DEA entre le TCNE et le naphtalkne (Naph) dans l'hexane et 
des micelles inverses d'aCrosol-OT (AOT) dans l'hexane. Les spectres des mClanges de TCNE-Naph dans l'hexane prCsentent 
deux maximums typiques a 418 et 534 nm, attribuCes a la formation d'un complexe T-.ir DEA. Dans le milieu micellaire, 
on observe une nouvelle bande B 398 nm. Lorsqu'on a CtudiC les spectres du TCNE dans l'hexane en presence d'AOT, 
on a dCtectC deux nouvelles bandes B 398 et 41 8 nm. Ces bandes sont en accord avec une interaction DEA entre TCNE et 
AOT comme donneur n. On a calcule les constantes de stabilitC de cette interaction pour des concentrations d'AOT inftrieures 
B la CMC et, dans le milieu micellaire B differentes valeurs de W (W = [H20]1[AOT]). Les rksultats fournissent des indications 
sur la tendance de AOT interagir trks fortement avec les accepteurs d'Clectrons. De plus, on a montrC que, dans le systkme 
TCNE-Naph en milieu micellaire, Naph et AOT sont en competition pour former un complexe avec TCNE. On a determink 
les constantes de formation des complexes AOT-Naph W = 0 et 5. MalgrC la compCtition de AOT pour TCNE, la constante 
de stabilitC pour le complexe TCNE-Naph est plus ClevCe dans le milieu homogkne, probablement en raison de la concentration 
locale plus ClevCe de I'accepteur dans la micelle. 

Most cle's : micelles inverses, atrosol-OT, tCtracyanoCthkne, naphtalkne, complexes d'Clectron donneur-accepteur. 

[Traduit par la rCdaction] 

Introduction 

Tetracyanoethylene (TCNE) is a well-known n acceptor that 
forms intensely colored complexes with alkenes and aromatic 
hydrocarbons. The color arises from electron donor-acceptor 
(EDA) complexes (1). For weak donors such as alkylbenzenes 
it has been shown that the complexes have only partial transfer 
of a n electron from the aromatic hydrocarbon to TCNE. On 
the other hand, with strong donors such as nickel carbonyl or 
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iodide ion complete electron transfer occurs and the stable 
TCNE anion is formed (2). The acceptor properties of TCNE 
as well as its multiple applications in organic chemistry have 
been comprehensively reviewed (3). As in the case of other 
polycyano compounds, TCNE is used in the preparation of 
novel materials with unusual electrical and (or) magnetic 
properties (4). Some of the most studied EDA complexes of 
TCNE are with aromatic hydrocarbon donors such as alkyl- 
benzene (5-7) and naphthalenes (4, 8, 9). 

Multiple charge transfer bands are observed for alkylben- 
zene-TCNE complexes (5-7) as well as for polynuclear aro- 
matic TCNE complexes (5, 8, 9). The presence of two charge 
transfer bands for alkyl-substituted benzenes with TCNE has 
been rationalized as due to the interactions with the T (b,) and 
T (b2) orbitals of the benzene ring (4, 7) or to isomeric com- 
plexes (10). In the case of naphthalenes the two bands are 
attributed to charge transfer transitions *n t nu and *n t n,, 
of the naphthalene ring with TCNE (1, 9). 

Can. J. Chem. 74: 1603-1608 (1996). Printed in Canada I ImprimC au Canada 
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The aim of the present contribution is to study the influence 
of the reverse micelles of AOT in n-hexane on the interaction 
between TCNE and naphthalene (Naph) by UV-visible spec- 
troscopy. The complex of TCNE-Naph has been recognized 
as a model system for studying and understanding the interac- 
tion between TCNE and other donors (9). Moreover, since this 
EDA complex has well-characterized properties and spectra in 
several media, its behavior in a micellar system could give 
information about its microenvironment. 

Reversed micelles have received considerable attention in 
recent years, mainly because of the possibility of performing 
chemical reactions essentially in an organic phase, but hosting 
the reactive species in the water pool, e.g. enzymatic reactions, 
photoelectron transfer reactions, proton transfer, singlet oxy- 
gen photosensitization, or inverse microemulsion polymeriza- 
tion (1 1). In previous work we studied the micropolarity of 
reversed micelles of AOT in n-hexane by following the solva- 
tochromic behavior of chromophores of betaines (12). We 
showed that in these systems the polarity, as well as the hydro- 
gen bond donor ability, of the AOT polar heads are the deter- 
mining factors for inclusion of betaine probes in the micelle 
interface. 

It is widely recognized that such properties of a solute as the 
electronic spectra, capability of forming EDA complexes, and 
chemical reactivity are dependent on the polarity of the solvent 
(13). In this sense, the main objective of this work was to 
examine what effect the AOT reverse micelle microenviron- 
ment may have on the stability constant of the TCNE-Naph 
EDA complex. In the course of this investigation a strong 
interaction between TCNE and AOT was also found. The 
spectral properties of this interaction were examined. They 
show that AOT is a strong electron-donor compound in homo- 
geneous and micellar media. 

Experimental 

Sodium 1,4-bis(2-ethylhexyl)sulfosuccinate (AOT) was ob- 
tained from Fluka A. G. and further purified by the procedure 
described in ref. 14. Tetracyanoethylene (TCNE), 98%, and 
naphthalene (Naph) from Aldrich were purified by sublima- 
tion under vacuum. 8-Hydroxy- 1,3,6-pyrenesulfonic acid tri- 
sodium salt (Pyranine) from Kodak was used as received. n- 
Hexane (Sintorgan, HPLC quality) was dried by distillation 
over metallic sodium just before use. 

Water was first distilled over potassium permanganate and 
then bidistilled until a conductivity of 0.3-0.5 pmho cm-' at 
298 K was reached. 

The solutions were prepared by weighing and dilution. 
Water was added to the appropriate solution by a calibrated 
microsyringe. The micelle solutions were completely stable 
for at least a day. 

The absorption spectra were measured by using a Cary 17 
spectrophotometer or HP 8452A and 1 cm path length cells. 
The working temperature was 25 2 0.5"C. Fluorescence mea- 
surements were carried out with an Aminco Bowman spectro- 
fluorometer. 

Results and discussion 

1. Absorption spectra of TCNE-Naph in n-hexane 
Since the absorption spectrum of TCNE in n-hexane shows 

Fig. 1. Absorption spectra of (-..--) 1 x LO-' M TCNE, (-----) 
0.3 M Naph, and (- ) mixture of 1 x 10" M TCNE and 0.3 
M Naph in n-hexane. 

Table 1. Stability constants, K,(l), and E values for the complex 
1 : 1 TCNE-Naph in different solvents, T = 298 K. 

Solvent 1 (nm) Ks( 1) E (M-' cm-I) 

n-Hexane 4 18 3.70 f 0.20 1963 f 67 
534 3.80 f 0.26 1831 f 82 

CHC1," 432 1.07 
558 0.97 

CCI," 430 3.79 
560 4.23 

" ~ r o r n  ref. 5 

one band at 260 nm while Naph exhibits bands only below 3 10 
nm, the region between 350 and 650 nm constitutes an excel- 
lent region for the study of the mixture. 

The absorption spectrum of TCNE-Naph in n-hexane is 
shown in Fig. 1. The spectrum exhibits two maxima, one at 
418 nm and the other at 534 nm. Similar bands were observed 
for this complex using CHC13 and CCl, as solvents (5) and 
they have been assigned to the -rr--rr* electron donor-acceptor 
complex between TCNE and Naph. 

Assuming a 1: 1 complex, the stability constant, Ks(l), was 
determined spectrophotometrically by following the change 
of absorbance of these new bands, working at constant 
[TCNE], = 2 x M and varying [NaphIo from 3 x loL2 to 20 
x lo-' M. The value of K,(1) was calculated by an iterative 
procedure previously described (15). The results are shown in 
Table 1 where the values of the stability constants reported in 
other solvents are included for comparison. 

It is seen that the K, values obtained at both wavelengths are 
similar and consistent with the formation of the 1:l complex 
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Biasutti and Silber 1605 

Fig. 2. Absorption spectra of TCNE- Naph complex in reverse Fig. 3. Absorption spectra of TCNE in AOT-n-hexane at [AOT],,: 
micelles of AOT-n-hexane at [AOT],; (- ) 0.029; (----) (al)  0.0; (n2) 0.002; (a3) 0.003; (a4) 0.066; (a5) 0.132; (a6) 
0.036; (..........) 0.054; (-.-.-) 0.076; (-..-) 0.092 M. 0.198; (a7),0.200 M; [TCNE], = 2 x lo4 M, W = 10. (b) 
[TCNE], = 2 x lo4 M, [Naph], = 0.32 M, W = 0. Spectrum of TCNE-free AOT-n-hexane; [AOT], = 0.200 M. 

with the two characteristic charge tranfer bands (1, 9). Also, Table 2. Position of the maximum UV-visible absorption band 
the magnitude of Ks(l) in n-hexane is similar to that in CCI, of TCNE with different "n" donors. 
but is greater than in the more polar CHCl,, as expected for 
weak EDA complexes (16). Solvent System I. ,,,l(nm) I.  ,,,/(nm) 

2. Effects of the AOT addition on TCNE-Naph interaction 
in the micellar region 

The typical spectral changes obtained upon addition of AOT to 
TCNE-Naph solution in n-hexane are shown in Fig. 2. 

A band at about 534 nm is still observed although its inten- 
sity decreases when the surfactant concentration increases. At 
concentrations higher than 0.06 M in AOT this band practi- 
cally disappears. On the other hand, the band present origi- 
nally at 418 nm for the TCNE-Naph system is seen to split into 
two with maxima at 416 and 398 nm. An isosbestic point is 
detected at 435 nm. 

The observed decrease in intensitv of the 534 nm band with 
increase in AOT concentration may be due to a competitive 
interaction of AOT with TCNE. It is well known that TCNE 
can interact with n donors such as alcohols, ethers (17), and 
amines @a), giving n-n* type EDA complexes (16). As well, 
in the previously studied I,-AOT system (18) we found that 
AOT may act as a "n" donor, probably through the free elec- 
tron pair on carbonyl gr0up.s present in the ester functions. 
Also, an n-n* EDA interaction have been proposed between 
AOT and 7,7,8,8-Tetracyanoquinodimethane (TCNQ) in sev- 
eral organic solvents (19). Thus, it may be that AOT competey 
with Naph in the association with TCNE. Certainly, the spec- 
tra of TCNE in AOT-n-hexane systems (Fig. 3) show two 
bands at 398 and 416 nm that increase in intensity with 

CH30H" TCNE-CH30H 412 394 
c,H,c~,~ TCNE-2-BzNHPy 417 390 
(C,H,)O" TCNE - (C2H5)0 347 
W = Od TCNE - AOT 416 398 
W = TCNE - AOT 416 398 
W =  lod TCNE - AOT 416 398 
W = 20d TCNE - AOT 416 398 

"See footnote 2. 
'Reference 20. 
'Reference 17. 
"[TCNE], = 2 x lo4 M, [AOT] = 0.02 M in n-hexane. 

nm develops, and an isosbestic point is observed at 278 nm. 
The spectrum of AOT in n-hexane at the highest concentration 
used is also shown in Fig. 3. New bands appear in the mixture 
at higher wavelength that those of the donor or the acceptor. 
Thus, the system TCNE-AOT in n-hexane shows the charac- 
teristic features that can be expected on formation of an EDA 
complex (16). 

When the bands in the visible region for TCNE-AOT in n- 
hexane are compared with the absorption maxima positions 
for the system of TCNE with n-donors such as methanol,* 
aminopyridines (20), and diethyl ether (17) (Table 2), they all 
show similar spectra. Furthermore, it can also be concluded 

increasing AOT concentration. Moreover, the 26 1 nm band of 
TCNE in hexane decreases in intensity as a new band at 283 ' M.A. Biasutti and J.J. Silber, unpublished results. 
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that the absorption band at 398 nm, which appears in the spec- 
tra of TCNE-Naph in AOT-hexane (Fig. 2), is due to interac- 
tion between TCNE and AOT. This interaction competes with 
TCNE-Naph complex formation in the reversed micelle 
medium. On the other hand, the band at 418 nm is probably 
due to the contribution of both interactions, TCNE - Naph and 
TCNE - AOT. 

From the position of the absorption bands of the TCNE- 
AOT complex in n-hexane and using the empirical correla- 
tions found by Frey (21) for .rr or n-donor-TCNE complexes, 
(eq. [I]), the value of the molecular ionization energy (ID) of 
AOT can be estimated. 

[ I 1 A,, (nm) = 1240 (nm/eV) / 0.8 1 OID - 4.28 

Values of 9.2 and 8.9 eV, which are quite typical for n-donors 
(2 l) ,  are obtained. However, these values are much lower than 
the gas-phase ID expected for the lone pair of a typical carbox- 
ylate ester (i.e., 10.10 eV for ethyl acetate) or even of a ketone 
(i.e., 9.69 eV for acetone) (22). On the other hand, AOT shows 
other properties such as its vibrational spectra (23) that are not 
those of a typical carboxylate, due to the asymmetric attach- 
ment of the sulfonate group to the succinate backbone and 
interactions with the Na' counterion. Also, even in "dry" 
hydrocarbon solution the polar head of AOT is expected to be 
partially hydrated (24). The combination of all these factors 
may account for the unusual donor behavior of AOT as com- 
pared with common esters. 

On the other hand, this condition may arise from through- 
space oxygen-oxygen interactions when the succinate moiety 
is in an appropriate conformation (25). This may also explain 
the fact that the peaks in the 398-418 doublet are much nar- 
rower than a typical charge transfer band and resemble an 
intramolecular electronic-vibronic tran~ition.~ This would 
require a preferred and a rather fixed gauche conformation of 
the carboxylate groups, as has actually been observed (26,27), 
particularly in nonpolar solvents. 

It is noteworthy that the position of the maxima in the spec- 
trum of TCNE in the system AOT-hexane is independent of 
W(= [H,O/AOT]) as shown in Table 2. This indicates that 
TCNE is anchored in a similar microenvironment regardless 
of the amount of water in the micellar core. This is an impor- 
tant fact in considering where TCNE is located in the micelle, 
as discussed below. 

3. Interaction TCNE-AOT in hexane 
To obtain a quantitative description of the interactions 
between TCNE and AOT, studies were performed at different 
AOT concentrations in 12-hexane, below the CMC concentra- 
tion (i.e., 0.4 x M) (27, 28). 

In solutions of TCNE and AOT where the initial AOT con- 
centration is below the CMC and consequently of the order of 
the initial [TCNJZ],, it can be assumed that a 1:l complex 
between AOT and TCNE (eq. [21) is formed. 

K,(2) 
[2] TCNE + AOT - (TCNE..AOT) 

EDA complex 

We thank a referee for suggesting this possibility. 

Table 3. Stability constants, K,(2), and E values for the complex 
I :  l TCNE-AOT in n-hexane, T = 298 K. 

W K,(2) (M-') & (M-' cm-I) 

The stability constant, Ks(2), was determined spectrophoto- 
metrically by following the changes of absorbance of the band 
at 398 nm working at constant [TCNE], = 2 x loJ M and 
varying [AOT],in the range 1 x to 2.5 x loJ M. Value of 
Ks(2) = 2530 M-I amd E = 416 cm-I M-' were obtained. The 
high value of KS(2) indicates a very strong interaction. These 
high values for the association constant of the complex are 
also unusual when comparing complexes formed between 
TCNE and donors such as ethers or alcohols (17). However, 
we have found a very high constant for the complex between 
AOT and I? (13). Moreover, although no Ks(2) values were 
calculated, it has been shown that AOT interacts so strongly 
wirh TCNQ (19) that the spectra of the anion radical of this 
acceptor is detected in reverse micelle systems. 

On the other hand, the results obtained at AOT concentra- 
tions higher than the CMC, ([AOT], = 1 x 10-50 5 x lo-' M 
and [TCNEIo = 2 x 10" M) at W 5 and 10 are shown in Table 
3. As can be observed, Ks(2) in the micellar system is some- 
what smaller than in the homogeneous solution of AOT in 
hexane below the CMC. It should be noted that variations in 
Ks(2) are observed up to W = 10. Thereafter, this stability con- 
stant is independent of water concentration. This behavior is 
characteristic of solutes that are located at the interface or for a 
process that occurs in the interfacial region of AOT reverse 
micelles. Previous studies performed by other authors (29) 
with 2-naphthol, located in the interfacial region of AOT 
reversed micelles, have shown how a substrate residing in the 
interface experiences environment changes induced by addi- 
tion of water, due to the competition between the hydroxy 
group of the naphthol and water regarding localization in the 
vicinity of AOT ester groups. In this case, the changes were 
also more significant at W < 10. Recently, we found that the 
properties probed by 1-methyl-8-oxyquinolinium (12) and I, 
(18) in AOT reverse micelles in n-hexane are more significant 
in the micelle domain at W < 10 than at higher values of W. 

Below W 5 10 hydration of the AOT polar heads can be 
considered as the key process involving AOT. Thus, hydrogen 
bonds between water and AOT species could compete with 
the specific interaction between TCNE and AOT species and 
this may be the reason for the observed magnitude and varia- 
tion in the Ks(2) values. At values of W higher than 10, water 
forms "pools" with normal water properties (30) and no addi- 
tional changes are observed. 

4. Possible localization of TCNE in the reverse micelles 
of AOT 

From the high stability constant calculated for the TCNE- 
AOT complex it can be assumed that most of the TCNE is in 
the micelle interior. As well, from the evolution of the band at 
283 nm in the presence of increasing concentrations of AOT 
(Fig. 3) and the concomitant decrease in the typical band of 
TCNE in hexane at 261 nm it can be inferred that TCNE is 
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Biasutti and Silber 

moving to a more polar environment that is near the interface. 
Positron annihilation techniques in reversed AOT micelles 

in benzene (3 1 )  have shown that 63.7% of the TCNE is local- 
ized in the interfacial region but on the organic side of the 
micelle. Also, TCNE seems to show much less affinity with 
AOT in benzene than in hexane. This can be easily rational- 
ized on the basis of the well-known T-T interaction between 
TCNE and benzene (32). On the other hand, since n-hexane 
can be considered as a relatively inert solvent, the conclusion 
that TCNE will be in the micelle interior toward the interface 
seems quite reasonable. 

An independent means of estimating the location of TCNE 
in the AOT- iz-hexane micelle was attempted using fluores- 
cence quenching studies. Pyranine was used as a fluorescent 
probe and TCNE as a quencher. This probe has a negative 
charge and is expected to reside in the water pool. The mea- 
surements were performed by excitation at 375 nm and 
observing the emission at 425 nm. A large decrease in the flu- 
orescence intensity was found, which indicates that TCNE can 
locate close the water pool. Unfortunately, no quantification of 
this effect could be performed because of the intense absorp- 
tion of the TCNE-AOT band (-398 nm) at the emission and 
excitation wavelengths that overlap with the observed fluores- 
cence. 

It can be concluded that the main driving force for the resi- 
dence of TCNE in the micelle interior is formation of a strong 
complex between TCNE and AOT. 

5. TCNE-Naph interaction in AOT-hexane reversed 
micellar system 

In light of the results hitherto presented, the decrease in the 
absorption of the 534 band of the TCNE-Naph complex (Fig. 
2) can be ascribed to the competition from the TCNE-AOT 
complex formation. 

As can be observed in Fig. 4, by increasing the Naph con- 
centration at constant AOT and TCNE concentrations, the 
band at 534 nm increases, its intensity while the band at 392 
nm decreases, showing again the competition between Naph 
and AOT for TCNE. 

When water is added to TCNE-Naph in AOT-hexane solu- 
tion in the range of W from 0 to 10 (Fig. 5), the intensity of the 
band at 534 nm decreases. Its A,,, shifts bathochromically 
(about 6-8 nm) as expected for a T-T* type transition. On the 
other hand, for W .= 10 - 20 the changes are negligible. An 
isosbestic point is observed at =430 nm. Moreover, the inten- 
sity of bands at 418 and 398 nm increases and, whereas the 
first one remains in the same position, the second shifts hypso- 
chromically as would be expected for an n-n4: type transition. 
The changes are much more significant in the micellar domain 
(at W < 10) than in the microemulsion domain. 

Since for W > 5 the intensity of the band at 534 nin is quite 
small, the quantitative study of the TCNE-Naph interaction 
was performed at W 5 5. The Ks(l) values calculated in the 
micellar medium were 20 f 2 M-' (E = 2 12 2 17 M-' cm-') 
and 13 2 2 M-' (E = 229 2 15 M-' cm-I) for W = 0 and 5, 
respectively. To understand the observed magnitude of Ks(l) 
in the micelle medium there are two effects that should be 
taken into account. One is the partition process of the solute 
and the other is the polarity of the medium. 

Thus, the increment found for Ks(I) values in the micellar 
phase with respect to the homogeneous medium (Table 1) inay 

Fig. 4. Effect of variable concentration of Naph on the absorption 
spectra of TCNE- Naph complex in reverse micelles of AOT- 
n-hexane. [Naph], = (- ) 0.043; (- - -) 0.069; (-.-.-) 
0.143; (-..-..-) 0.178; (-----) 0.309 M; [TCNE], = 2 x lo4 M, 
W = 0, [AOT] = 0.02 M. 

0.30 

Fig. 5. Absorption spectra of TCNE- Naph complex in reverse 
micelles of AOT-n-hexane at W (1) 5 ;  (2) 10; (3) 20. [TCNE], = 
2 x M; [Naph], = 0.29 M; [AOT] = 0.02 M. 

be due to a variation in the local concentration of the reactants 
in the micellar phase. Actually a solute in this kind of system is 
distributed essentially among three environments or three sol- 
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ubilization sites (33). These are (i) the micellar water pools, 
(ii) the reversed micellar interface, and (iii) the organic contin- 
uum. While Naph will be partitioned between the micellar 
interface and the organic medium, TCNE may be mostly in the 
micellar interface, as discussed before. The TCNE-Naph com- 
plex formation should be produced in the micelle interior and 
near the interface, where the local concentration of TCNE is 
greater than in the bulk. 

On the other hand, as has already been determined (12), the 
micropolarity of these micelles increases on water addition. 
Thus, if the complex is formed in the micelle interior a 
decrease in Ks(l) values is expected, as is actually observed. 
The same polarity effect on the stability constants was found 
by other authors (6) for the TCNE - hexamethylbenzene com- 
plex in CH2C12 and CCl,. 

Conclusions 

The observed decrease in intensity of the band assigned to the 
TCNE-Naph complex at 534 nm by increasing the AOT con- 
centration has been shown to be due to the competitive inter- 
action between TCNE and AOT. The A,,, of absorption bands 
for the TCNE-AOT complex are consistent with the formation 
of an EDA complex where AOT may act as an n-donor. How- 
ever, the ionization potential inferred from this interaction is 
lower than that expected for a common ester function and the 
association constants are much higher than for common oxy- 
gen donors. This gives the AOT-n-hexane systems quite 
unique behavior. AOT was also previously found to act as a 
good electron donor for a a acceptor such as 1, (1 8). Therefore 
any studies referring to the reverse micelle of AOT-hexane 
must take into account the possibility of AOT competing with 
a probe or a solute for a given acceptor. This effect may not be 
at all important for reverse micelles of AOT-benzene (31). 
The stability of the TCNE-AOT complex is higher in homo- 
geneous media (at [AOTIo < CMC) than in the micellar 
domain. This shows that TCNE resides in a more polar envi- 
ronment, namely, the micelle interface. The effect of water 
addition is only noticeable until W 10, that is, while the 
polar heads of AOT are involved in the hydration process. 

Despite the competition of AOT for TCNE, the apparent 
stability constant of the TCNE-Naph complex is greater in the 
micellar media than in n-hexane. This is mostly attributed to 
an increase in the local concentration of AOT in the micelle. 
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Synthesis of 5-(1 -azidovinyl) and 
5-[2-(1 -azirinyl)] analogs of 2'-deoxyuridine 

Rakesh Kumar, Leonard I. Wiebe, and Edward E. Knaus 

Abstract: The regiospecific addition of bromine azide to the vinyl substituent of 5-vinyl-3',5'-di-0-acetyl- (or tert- 
butyldimethylsily1)-2'-deoxyuridines (2) yielded the corresponding 5-(1-azido-2-bromoethyl)-3',5'-di-O-protected-2'- 
deoxyuridines (3). Treatment of the 5-(1 -azido-2-bromoethyl) compounds 3 with t-BuOK, to effect the base-catalyzed 
elimination of HBr, afforded the corresponding 5-(I-azidoviny1)-2'-deoxyuridines (4,7). Thermal decomposition of 5-(1- 
azidoviny1)-2'-deoxyuridine (7) at 1 10°C in dioxane yielded 5-[2-( 1 -azirinyl)]-2'-deoxyuridine (9). 5-( 1 -Azidoviny 1)-2'- 
deoxyuridine (7) exhibited appreciable in vitro antiviral activities againist herpes simplex virus type 1 (HSV-1) and varizella 
zoster virus (VZV). Athough 7 increased the length of survival of HSV-1 brain-infected mice, it did not decrease the mortality 
rate relative to placebo. 5-[2-(1-Azirinyl)]-2'-deoxyuridine (9) was an inactive antiviral agent. 

Key words: azidovinyl, azirinyl, 2'-deoxyuridine, antiviral activity. 

RCsumC : L'addition rCgiospCcifique de l'azoture de brome sur le substituant vinylique des 5-vinyl-3'-di-0-acCtyl- (ou tert- 
butyldimCthylsilyl)-2'-dCsoxyuridines (2) conduit aux 5-(1-azido-2-bromoCthyl)-3',5'-protCgC-2'-dCs0xyuridines (3). Le 
traitement des composCs 3 par le t-BuOK provoque une Climination basocatalysCe de HBr qui conduit aux 5-(1-azidoviny1)-2'- 
dCsoxyuridines (4,7). La dCcomposition thermique de la 5-(azidoviny1)-2'-dCsoxyuridine (7), j. 1 10°C, dans le dioxane, foumit 
de la 5-12-(1-azirinyl)]-2'-dCsoxyuridine (9). La 5-(1-azidoviny1)-2'-dCsoxyuridine (7) prCsente des activitCs antiviral in vitro 
apprCciables contre le virus de l'herpks simplex de type I (HSV-1) et le virus zoster varizella (VZV). M&me si le composC 7 
augmente le temps de survie des souris dont le cerveau a CtC infect6 au HSV-I, il ne diminue pas le taux de mortalit6 par rapport 
au placebo. Le 5-[2-(1-azirinyl)]-2'-dCsoxyuridine (9) n'est pas actif comme agent antiviral. 

Mots clis : azidovinyle, azirinyle, 2'-dCsoxyuridine, activitC antivirale, 

[Traduit par la rkdaction] 

The development of new methods for the synthesis of 2'-deoxy- 
uridines that possess novel vinyl moieties at the C-5 position 
and exhibit potent antiviral activity represents an important 
area of drug design. 5-Vinyl-2'-deoxyuridine ( l a )  has been 
shown to exhibit potent antiviral activity against herpes sim- 
plex virus type- 1 (HSV- l), type-2 (HSV-2), and vaccinia virus 
(1). Among the many 5-substituted pyrimidine nucleosides that 
have been studied, (E)-5-(2-halovinyl)-2'-deoxyuridines 
( lb ;  X = I (IVDU); X = Br (BVDU); X = C1 (CVDU)) are 
among the most active and selective in their action against 
HSV-1 (2). Incorporation of a methyl substituent at the l-posi- 
tion of the 5-(2-bromovinyl) moiety of BVDU ( lc)  (3), or a 
chloro substituent at the 1-position of the 5-vinyl moiety of 
VDU (16) (4), reduced activity against HSV-1. Structure- 
activity correlations for a group of 5-substituted-2'-deoxy- 
uridines indicated that optimum antiviral activity against HSV- 
1 occurs when the C-5 substituent is unsaturated and conju- 
gated with the uracil ring, is not larger than four atoms in length, 
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has the (E) stererochemisty, and possesses a hydrophobic elec- 
tronegative atom (3). 

As part of an investigation to design broad-spectrum antivi- 
ral agents, an azido substituent located at the 1-position of a 5- 
vinyl moiety attracted our attention. The azido substituent 
possesses desirable physicochemical properties, relative to 
other substituents used routinely in structure-activity correla- 
tion studies, such as electronic (inductive effect F value), 
steric size (molar refractivity value), and lipophilic (T-value) 
effects, respectively (5), viz: N3, 0.30, 10.2, 0.46; H, 0.00, 
1.03,0.00; Me, -0.04,5.65,0.56; F, 0.43,0.92,0.14; C1,0.41, 
6.03,0.71; Br, 0.44, 8.88,0.86; I, 0.40, 13.94, 1.12; OH, 0.29, 
2.85, -0.67. Thus, the electronic effect of azido is between 
that of OH and I, the steric effect is between that of Br, and I, 
and the lipophilic effect is between that of F and Me. These 
physical data suggest an azido group is a good isostere of I, Br, 
and C1. Furthermore, the azido group maybe capable of elec- 
trostatic binding to an enzyme, such as thymidine kinase, that 
is not possible with a halogen such as I, Br, or C1. In a previous 
study, it was reported that short exposure ( 4  min) of 5-(1-azi- 
dovinyl)-2'-deoxyuridine treated FM3A thymidine positive 
(TK+) cells to irradiation at X = 254 nm enhanced the cyto- 
static effect 5-fold due to inhibition of thymidine synthase 
(TS). This photoaffinity approach may open new perspectives 
for the treatment of cutaneous disorders such as malignant 
melanoma with respect to azido-based chemotherapeutic 
agents that show increased cytostatic activity against HSV TK 
gene-transfected tumor cells upon short (1-5 min) UV light 
exposure (6). It was also envisaged that the 1-azidovinyl sub- 
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stituent should undergo intramolecular cyclization to yield 2'- 
deoxyuridine compounds possessing novel C-5 heterocyclic 
ring systems. We now report the synthesis of the novel 5-(1- 
azidoviny1)-2'-deoxyuridine (7) and the related 5-[2-(1-aziri- 
nyl)] (9) analog. 

In, R = -CH=CH2 
lb, R = (Q-CH=CHX 
lc, R = (E)-C(Me)=CHBr 

J Id, R = -C(Cl)=CH, 

Our initial attempts to synthesize 5-(1-azidoviny1)-2'-deoxy- 
uridine (7, Scheme 1) by treatment of 5-(1-azido-2-bromo- 
ethyl)-2'-deoxyuridine ( 3 4  with either t-BuOK or NaOH 
using DMSO or DME as solvent gave a low yield of 7 (1 1%) 
and the bicyclic compound 10 (66%), which could not be sep- 
arated by silica gel column chromatography. 3',5'-Di-0- 
acetyl- (3a) and 3',5'-di-0-tert-butyldimethylsilyl-5-(1-azido- 
2-bromoethy1)-2'-deoxyuridine (36) were therefore prepared 
to protect the sugar hydroxyl groups, which decreases the 
number of equivalents of base required to effect the base-cat- 
alyzed elimination of HBr from the 5-(1-azido-2-bromoethyl) 
moiety. The regiospecific addition of bromine azide to the 5- 
vinyl substituent of the 2'-deoxyuridine derivative (2a and 26) 
afforded the corresponding 5-(1-azido-2-bromoethy1)-2'- 
deoxyuridine analog (3n, 88%) and 36 (82%), respectively. 
The 13c NMR (J modulation) spectrum of 3a  provided conclu- 
sive evidence for the regiospecific addition of bromine azide 
across the 5-vinyl substituent of 2a. Compound 3a is a mixture 
of two diastereomers, which differ in configuration (R and S) 
at the C-1 carbon atom of the 5-(1-azido-2-bromoethyl) 
moiety. For example, the bromine atom present in 3a is 
attached to a methylene carbon that showed dual resonances at 
6: 33.97 and 34.46, whereas the azido substituent is attached to 
a methine chiral carbon that exhibited dual resonances at 6: 
58.21 and 58.33. This regiospecific addition is consistent with 
reports that unsymmetrical olefins, capable of halonium ion 
formation, were found to favor an unsymmetrical bridged 
intermediate even in solvents having a high dipole moment (7, 
8). Reaction of the 3',5'-di-0-acetyl derivative 3a with t- 
BuOK in THF gave rise to three products. Thus, the direct 
elimination of HBr afforded 5-(1-azidoviny1)-3'3'-di-0- 
acetyl-2'-deoxyuridine (4a, 27%, Path A) whereas, intra- 
molecular cyclization reactions gave rise to the bicyclic 
products 5-(3',5'-di-O-acetyl-2'-deoxy-~-~-ribofuranosyl)- 
furano[2,3-dpyrimidin-6(5H)-one (5, 13%, Path B) and 3- 
azido-2,3-dihydro-5-(3',5'-di-O-acetyl-2'-deoxy-~-~-ribofur- 
anosyl)furano[2,3-dpyrimidin-6(5H)-one (6, 2.8%, Path C), 
respectively. 

The base-catalyzed intramolecular cyclization reaction of 
3a to 6, as illustrated in Scheme 2, is analogous to the reported 
conversion of 5-[2-[(methylsufonyl)oxy]ethyl]uracil to 2,3- 
dihydrofurano[2,3-4-pyrimidin-6(5H)-one using t-BuOK in 
DMSO (9). The mechanism responsible for the formation of 
the bicyclic compound 5 proceeds via an elimination reaction 
involving expulsion of HN3 from 6 as illustrated in Scheme 3 

since treatment of 6 with a saturated solution of NH, in MeOH 
gave the bicylic derivative 10, rather than the azido compound 
11 (see Scheme 1). To prevent the formation of the bicyclic 
products 5 and 6, the N-3 position of 5-(1-azido-2-bromo- 
ethyl)-3',5'-di-0-acetyl-2'-deoxyuridine (3a) was protected 
by reaction of 3a with benzoyl chloride in dry pyridine, which 
gave the N-3 benzoyl derivative (3c) in 93% yield. Reaction of 
3c with t-BuOK in THF yielded the 5-(1-azidovinyl) analog 
4c in higher yield (39%) than that obtained using 3a (27%). A 
similar reaction of the 5-(1-azido-2-bromoethy1)-3',5'-di-0- 
tert-butyldimethylsilyl analog 36 gave the 5-(1-azidovinyl) 
product 46 (45%). Deprotection of 4a (NH,-MeOH) and 4b 
(n-Bu,NfF-THF) yielded 5-( 1-azidoviny1)-2'-deoxyuridine 
(7) in 76 and 86% yield, respectively. Thermal decomposition, 
using a procedure similar to that reported by Jordan (10) for 
the conversion of a-azidostyrene to phenylazirine, of the 5-(1- 
azidovinyl) compounds 4a-c in dry toluene at 1 10°C afforded 
the corresponding 5-[2-(1-azirinyl)] analogs 80-c in 24, 84, 
and 54% yield, respectively. The possibility that the 5-[2-(1- 
azirinyl)] compounds (8, 9) may undergo a [2 + 21 cycloaddi- 
tion reaction to produce dimeric products 12 was ruled out 
since the fast atom bombardment (FAB) spectrum of 8a  and 9 
did not exhibit a molecular ion or mass fragmentation pattern 
indicating a dimeric structure 12. The FAB spectra (8a, 9) 
exhibited the expected M + 1, 5-[2-(1-aziriny1)luracil and 
sugar fragment, ions. Attempts to remove the 3',5'-protecting 
groups present in compounds 8a-c using NH3 in MeOH (8n, 
8c), NaHC03 in dry MeOH (8a, 8b), or p-toluenesulfonic acid 
(8c) were unsuccessful. In contrast, reaction of 86 with n- 
Bu,N+F in THF afforded 5-[2-( 1 -azirinyl)]-2'-deoxyuridine 
(9) in 25% yield. The optimum yield of 9 was obtained by 
thermal decomposition of 5-(1-azidoviny1)-2'-deoxyuridine 
(7) in dioxane (37% yield). 

OAC 
The in vitro antiviral activities of 5-(1-azidoviny1)- (7), 5- 

[2-(1-azirinyl)]-2'-deoxyuridine (9), and the related bicyclic 
analog 5-(2'-deoxy-~-~-ribofuranosyl)furano[2,3-~pyrimi- 
din-6(5H)-one (10) were determined against four viruses 
(herpes simplex virus type 1 (HSV-l), type 2 (HSV-2), 
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Kurnar et al. 

Scheme 1. 

0 0 0 N3 0 

CH2=CHt1: - . I .HZ=.. tL: - ii Br-CH2-ftI: Path iii A H~+~,A~: 

OH 1 a ROV 2a,  OR R = Ac " O V  3a, R OR = Ac, R' = H 
OR 

4a,  R = Ac, R' = H 
2b, R = TBDMS 3b, R = TBDMS, R' = H 4b, R = TBDMS, R' = H 

3c, R = Ac, R' = Bz 4c, R = Ac, R' = Bz 

I I 

OAc OAc 

iii (3a)  
Path C 

I I 

OH OR 

7 8,a, R = Ac, R' = H 

iii (3a) 
Path B iv (4a and 4b)  

Reagents: i, ferf-Butyldimethylsilyl chloride, imidazole, DMF, 25°C; ii, N-bromosuccinimide, sodium azide, DME, -5°C; iii, 
f-BuOK, THF, 0°C; iv, NH,, MeOH, 25°C (4a), 11-Bu,N+ F, THF (40); v, toluene, 110°C; vi, NH3, MeOH, 25°C ( 8 4  8c); 
NaHCO,, MeOH, 4°C (8a,8c); p-toluenesulfonic acid, MeOH, 25°C (Sb), n-Bu,N+ F, THF (80); vii, dioxane, 110°C; viii, 
NaOH, or I-BuOK, DMSO, 25°C. 

v ' I lv 

Scheme 2. 

OAc 
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Scheme 3. 

I 
OAc 

6 

OAc 

5 

cytomegalo virus (CMV), and varizella zoster virus (VZV)). 
The 5-(1-azidovinyl) compound (7) exhibited appreciable in 
vitro activity against HSV-1 (IC,, = 0.4 p,M) and VZV (IC,, = 
0.1 p,M), but was inactive against HSV-2 (IC,, = 150 p,M) and 
CMV (IC,, > 20 p,M), relative to the reference drug IVDU 
(HSV- 1, IC,, = 0.02 p.M; HSV-2, IC,, = 70 p.M; VZV, IC,, = 
0.001-0.002 p,M; CMV, IC,, > 20 p,M (6). Elaboration of 5- 
(1-azidoviny1)-2'-deoxyuridine (7) and 5-vinyl-2'-deoxyuri- 
dine ( l a )  to the corresponding 5-[2-(1-azirinyl)] (9) and bicy- 
clic analog (10) provided compounds that were inactive in the 
in vitro assays against HSV- 1, HSV-2, VZV, and CMV. These 
results suggest that an acyclic C-5 substituent may be essential 

I for broad spectrum antiviral activity. The observation that the 
I 5-[2-(1-azirinyl)] compound (9) was an inactive antiviral 

agent was unexpected since the I-azirinyl ring system is con- 
jugated with the 5,6-olefinic bond and it is an electronegative 
hydrophobic moiety. The finding that the 5-[2-(1-azirinyl)] 
compound (9) is inactive is consistent with earlier studies that 
showed that 5-(2,2-dihalocyclopropy1)- and 5-(2-halocyclo- 
propy1)-2'-deoxyuridines exhibit either weak antiviral activity 
against HSV-1 and HSV-2, or that they are inactive (1 1, 12). 

The in vivo effect of 5-(1-azidoviny1)-2'-deoxyuridine (7), 
acyclovir as a reference drug, and a placebo upon the mortality 
of mice inoculated intraperitoneally with HSV-1 was deter- 
mined. Treatment was initiated at 24 h post-inoculation using a 
twice daily 50 mgkg ip dose of the test compound (7 or acy- 
clovir), or placebo, for 7 days. The percent mortality and mean 
day of death (MDD) were determined. Although, the 5-(1-azi- 
dovinyl) compound (7) did not protect the mice (93% mortal- 
ity), the MDD was increased to 8.1 days (' < 0.001) relative to 
placebo (MDD = 6.1 days). In contrast, acyclovir administra- 
tion as described above resulted in a decreased mortality (27%, 
P < 0.1) with a MDD of 6.8 days, which was not statistically 
different from placebo. The in vivo ability of 5-(1 -azidovinyl)- 
2'-deoxyuridine (7) to increase the length of survival (NIDD), 
but not mortality, could be due to its rapid catabolism (13) and 
(or) its limited ability to cross the blood brain barrier. The in 
vivo metabolism, biodistribution, and pharrnacokinetics of 7 
have not been investigated to date. 

Experimental 

Melting points were determined with a Buchi capillary appa- 
ratus and are uncorrected. Nuclear magnetic resonance spectra 
( 'H NMR, I3c NMR) were determined on a Bruker AM-300 
spectrometer using Me,Si as an internal standard ('H NMR). 
The assignment of all exchangeable protons (OH, NH) was 
confirmed by the addition of D20.  13c NMR spectra were 
acquired using the J modulated spin echo technique where 
methyl and methine carbon resonances appear as positive 

peaks and methylene and quaternary carbons appear as nega- 
tive peaks. Fast atom bombardment (FAB) and high-resolu- 
tion electron impact (EI) mass spectra were determined on an 
AEI-MS-12 and AEI-MS-50 spectrometer, respectively. Pre- 
parative thin-layer chromatography (PTLC) was performed 
using Whatman PLK5F plates, 1.0 mm in thickness, and silica 
gel column chromatography was carried out using Merck 
7734 silica gel (60-200 mesh). 5-Vinyl-3',5'-di-0-acetyl- 
2'-deoxyuridine (2a) (1) and 5-(1-azido-2-bromoethy1)-2'- 
deoxyuridine (36) (14) were prepared using literature pro- 
cedures. 

5-Vinyl-3',5'-di-O-tert-b~tyldimethylsilyl-2~- 
deoxyuridine (2b) 

Imidazole (0.55 g, 8.0 mmol) and tert-butyldimethylsilyl 
chloride (TBDMSCI) (0.60 g, 4.0 mmol) were added to a solu- 
tion of l a  (0.5 g, 2.0 mmol) in DMF (20 mL) and the reaction 
was allowed to proceed at 25°C with stirring for 36 h. 
Removal of the solvent in vacuo and purification of the prod- 
uct by elution from a silica gel column using chloroform- 
methanol (99: I, vlv) as eluent gave 2b as a viscous oil (0.80 g, 
82.5%); 'H NMR (CDCI,) 6: 0.09,O. 10 and 0.1 1 (three s, 12H 
total, SiMe,), 0.90 and 0.92 (two s, 9H each, CMe3), 2.00-2.08 
and 2.28-2.36 (two m, 1H each, H-2'), 3.75-3.91 (m, 2H, H- 
5'), 3.964.02 (m, lH, H-4'), 4.384.42 (m, lH, H-3'), 5.24 (d, 
JCis= 11 Hzofd,  J ,,,,, =2.1 Hz, 1H,CH=CHH'),6.0(d,J,r of,s 

= 18 Hz of d, J ,,,,, = 2.1 Hz, 1 H, CHECHH'), 6.28-6.32 (m, 
lH, H-l'), 6.35 (d, J,,,,,= 18 H z o f  d, J,, = 11 Hz, lH, 
CH=CHH'), 7.66 (s, lH, H-6), 8.32 (s, lH, NH). 

5-(1-Azido-2-bromoethy1)-3s'-di-0-acetyl-2'- 
deoxyuridine (3a) 

N-Bromosuccinimide (15 mg, 0.084 mmol) was added in 
small aliquots to a precooled suspension at -5"C, prepared by 
mixing a solution of 2a (25 mg, 0.074 mmol) in DME (4 mL) 
with a solution of sodium azide (1 8.2 mg, 0.28 mmol) in water 
(100 p,L). The initial yellow color observed faded away after 
each addition. After all of the 5-vinyl compound 2a had been 
consumed, the reaction mixture was allowed to stand at 0°C 
for 30 min, prior to pouring onto ice-water (5 mL) and extrac- 
tion with dichloromethane (3 x 25 mL). The dichloromethane 
extract was washed with cold water (5 mL), dried (Na2S0,), 
and the solvent was removed in vacuo to yield a residue that 
was purified by elution from a silica gel column using chloro- 
form-methanol (99: 1, vlv) as eluent to yield 3a as a viscous oil 
(22 mg, 88%); 'H NMR (CDCI,) (mixture of two diastereo- 
mers in a ratio of 1:l) 6: 2.06-2.22 (m, 7H, H-2', MeCO), 
2.45-2.57 (m, lH, H-2"), 3.52-3.62 and 3.62-3.72 (1: 1 ratio) 
(two m, 1H total, CHH'Br), 3.75-3.88 (m, IH, CHH'Br), 
4.24-4.45 (complex m, 3H, H-4', H-5'), 4.84-4.96 (m, lH, 
CH(N3)CH2Br), 5.20-5.24 (m, lH, H-37, 6.28-6.40 (m, lH, 
H-1'), 7.64 (s, lH, H-6), 9.48 (s, lH, NH); 13c NMR (CDC1,) 
6: 20.59, 20.71 and 20.84 (CH3CO), 33.97 and 34.46 
(CH(N3)CH2Br), 37.91 (C-2'), 58.21 and 58.33 (CH(N3)- 
CH,Br), 63.86 and 63.90 (C-5'), 74.29 (C-3'), 82.63 and 82.68 
(C-l'), 85.14 and 85.42 (C-4'), 11 1.01 and 11 1.17 (C-5), 
137.86 (C-6), 149.57 and 149.66 (C-2 C=O), 161.49 (C-4 
C=O), 170.33 and 170.41 (CH,CO). 

5-(1-Azido-2-bromoethy1)-3s-di-0-tert- 
butyldimethylsilyl-2'-deoxyuridine (3b) 

Reaction of 2b with N-bromosuccinimide, using the procedure 
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outlined for the preparation of 3a, and purification of the prod- 
uct by silica gel column chromatography using chloroform- 
methanol (98:2, vlv) as eluent afforded 3b as a viscous oil (0.8 
g, 82.5%). Anal. calcd. for C23H,2BrN505Si2.3/2H20: C 
43.73, H 7.17, N 11.08; found: C 43.55, H 6.98, N 10.81. 

5-(l-Azido-2-bromoethyl)-3-benzoyl-3',5'-di-O-acetyl-2'- 
deoxyuridine (3c) 

Benzoyl chloride (0.17 g, 1.21 mmol) and diisopropylethyl- 
amine (74 mg, 0.6 mmol) were added to a solution of 3a (0.2 g, 
0.43 mmol) in dry pyridine (10 mL) at 0 4 ° C  with stirring. 
The reaction mixture was allowed to warm to 25"C, the reac- 
tion was allowed to proceed at 25°C for 6 h, ice-water (5 mL) 
was added, and the solvent was removed in vacuo. The residue 
obtained was purified by silica gel column chromatography 
using hexane - ethyl acetate (70:30, vlv) as eluent to yield 3c 
(0.225 g, 93%) as a viscous oil; 'H NMR (CDC1,) 6: 2.15-2.32 
(m, 7H, H-2', COMe), 2.50-2.62 (m, 1 H, H-2"), 3.60-3.73 (m, 
lH, CHH'Br), 3.80-3.88 (m, lH, CHH'Br), 4.304.34 (m, lH, 
H-4'), 4 .364.50 (m, 2H, H-5'), 4.914.98 (rn, lH, CHN,), 
5.23-5.28 (m, lH, H-3'), 6.28-6.38 (m, lH, H-1'), 7.46-8.14 
(m, 6H, benzoyl hydrogens, H-6). Anal. calcd. for 
C22H22BrN508: C 46.81, H 3.93; found: C 46.59, H 4.00. 

5-(l-Azidovinyl)-3',5'-di-O-acetyl-2'-deoxyuridine (4a), 5- 
(3',5'-di-0-acetyl-2'-deoxy-~-~-ribofuranosyl)furano- 
[2,3-dlpyrimidin-6-(5H)-one (S), and 3-azido-2,3- 
dihydro-5-(3',Sr-di-0-acetyl-2'-deoxy-P-D- 
ribofuranosyl)furano[2,3-apyrimidin-6(5 (6) 

Potassium tert-butoxide (0.21 g, 1.87 mmol) was added to a 
suspension of 3a (0.42 g, 0.9 13 mmol) in dry THF (60 mL) at 
-5°C with stirring. The cooling bath was removed and the 
reaction mixture was stirred at 5°C for 24 h. Removal of the 
solvent in vacuo gave a residue that was dissolved in dichlo- 
romethane (25 mL), washed with cold water (10 mL), the 
dichloromethane fraction was dried (Na,S04), and the solvent 
was removed in vacuo. The reaction mixture was separated by 
silica gel column chromatography using chloroform-methanol 
(99: 1, VIV) as eluent to give three products as viscous oils that 
eluted in the following order: 

Fractiotz 1 (44:  (93 mg, 27%); 'H NMR (CDC1,) 6: 2.12 and 
2.14 (two s, 3H each, COMe), 2.15-2.28 (m, lH, H-2'), 2.5- 
2.57 (m, 1 H, H-2"), 4.284.30 (m, 1 H, H-47, 4.364.42 (rn, 
2H, H-5'), 5.10 (d, J ,v,,,, = 2 Hz, lH, C(N3)=CHHM), 5.26-5.30 
(m, lH, H-37, 6.31-6.36 (m, lH, H-1'), 6.40 (d, J ,,,,, = 2 Hz, 
lH, C(N3)=CHH'), 7.9 (s, lH, H-6), 9.88 (s, IH, NH); ',c 
NMR (CDCl,) 6: 20.45 (CH,CO), 20.86 (CH3CO), 38.06 (C- 
2'), 63.96 (C-5'), 74.35 (C-3'), 82.63 (C-l'), 85.44 (C-4'), 
102.0 (C(N3)=CH2), 108.84 (C-5), 135.97 (C(N3)=CH2), 
136.84 (C-6), 148.89 (C-2 C*), 159.97 (C-4 C=O), 170.18 
and 170.33 (CH3CO). Anal. calcd. for C,5H17N507-3/4H20: C 
45.85, H 4.74, N 17.82; found: C 46.09, H 4.71, N 18.19. 

Fraction 2 (5): (40 rng, 13%); 'H NMR (CDCI,) 6: 2.06-2.22 
(m, 7H, CH3C0, H-2'), 2.97-3.06 (m, IH, H-2"), 4.304.52 
(m, 3H, H-4', H-5'), 5.23-5.28 (m, lH, H-37, 6.35 (dd, J =  6 
Hz, lH, H-1'), 6.60 (d, J = 2.5 Hz, lH, OCH=CH), 7.42 (d, J 
= 2.5 Hz, lH, OCH=CH), 8.43 (s, lH, H-6); ',c NMR 
(CDCI,) 6: 20.74 (CH,CO), 20.83 (CH,CO), 39.31 (C-2'), 

63.61 (C-5'), 73.97 (C-3'), 83.31 (C-1'), 88.61 (C-4'), 104.37 
and 105.90 (C-2, C-3a), 136.12 (C-4), 144.88 (C-2), 154.37 
(C-6), 170.21 (CH,CO), 170.36 (CH,CO), 171.95 (C-7a). 
Anal. calcd. for CI5H,,N2O7. 1 H20: C 50.84, H 5.1 1, N 7.90; 
found: C 50.8 1, H 4.84, N 8.21. 

Fraction 3 (6): (10 mg, 2.8%); 'H NMR (CDCl,) 6: 2.02-2.18 
(m, 7H, CH3C0, H-2'), 2.86-2.94 (m, lH, H-2"), 4.324.52 
(complex m, 3H, H-4', H-5'), 4.64 (d, J,,,, = 11 of d, Jvic = 2.7 
Hz, lH, furanyl CHCHH"), 4.8 (d, J ,,,,, = 1 1 Hz of d, J,, = 6.4 
Hz, lH, furanyl CHCHH"), 5.12 (dd, J,, = 6.4 of d, J,, = 2.7 
Hz, 1 H, furanyl CHN,), 5.20-5.24 (m, 1 H, H-3'), 6.26 (dd, J = 
6 Hz, 1 H, H-1'), 8.23 (s, 1 H, H-6); ',c NMR (CDC13) 6: 20.81 
(CH,CO), 29.67 (C-2), 39.05 (C-2'), 57.40 (C-3), 63.54 (C- 
5'), 73.82 (C-3'), 83.08 (C-1'), 88.02 (C-4'), 102.52 (C-3a), 
139.20 (C-4), 155.62 (C-6), 170.39 (CH,CO), 176.86 (C-7a). 
Anal. calcd. for CI5Hl7N5O7. 114H20: C 46.93, H 4.59; found: 
C 46.72, H 4.80. 

5-(l-Azidovinyl)-3',5'-di-O-tert-butyldimethylsilyl-2'- 
deoxyuridine (4b) 

Potassium tert-butoxide (0.29 g, 2.6 mmol) was added as a 
suspension of 3b (0.78 g, 1.32 mmol) in dry THF (350 mL) at 
-5°C with stirring. The cooling bath was removed and the 
reaction mixture was stirred at 5°C for 2 h. Removal of the sol- 
vent in vacuo gave a residue that was dissolved in chloroform 
and washed with water (20 mL), the chloroform fraction was 
dried (Na,SO,), and the solvent was removed in vacuo. Puri- 
fication of the residue by elution from a silica gel column 
using chloroform-methanol (99: 1, vlv) as eluent yielded 4b as 
a viscous oil (0.305 g, 45%); 'H NMR (CDC1,) 6: 0.098,0.10, 
and 0.12 (three s, 12H total, Me2Si), 0.90 and 0.91 (two s, 9H 
each, Me3C), 2.00-2.10 and 2.32-2.40 (two m, 1H each, H- 
2'), 3.80-3.84 (m, 2H, H-5'), 4.004.04 (m, lH, H-4'), 4.40- 
4.44 (m, lH, H-37, 5.08 (d, J ,,,,, = 2 Hz, lH, C(N3)=CHH'), 
6.25 (d, J ,,,,, = 2 Hz, lH, C(N3)=CHH'), 6.28 (dd, J = 6 Hz, 
lH, H-1'), 7.92 (s, lH, H-6), 8.90 (s, lH, NH). Anal. calcd. for 
C23H41N505Si2: C 52.73, H 7.89, N 13.37; found: C 52.72, H 
8.30, N 13.57. 

5-(1-Azidoviny1)-3-benzoyl-37-di-0-acetyl-2'- 
deoxyuridine (4c) 

Reaction of potassium tert-butoxide (90 mg, 0.8 mrnol) with 
3c (0.225 g, 0.4 mmol), using the procedure described for the 
preparation of 4b, and purification of the product using chlo- 
roform-methanol (98:2, vlv) as eluent afforded 4c as a viscous 
oil (75 rng, 39%). Anal. calcd. for C22H21N508-1/2H20: C 
53.65, H 4.49, N 14.22; found: C 53.64, H 4.39, N 13.89. 

Method A 
A solution of 4a (50 mg, 0.13 1 mmol) in a saturated solution 
of ammonia in methanol (5 mL) was stirred at 25°C for 6 h. 
Removal of the solvent in vacuo yielded a residue that was 
purified by silica gel column chromatography using chloro- 
form-methanol (90: 10, vlv) as eluent to yield 7 (30 mg, 76%) 
as a solid; mp 153-155°C (dec.); 'H NMR (CD30D) 6: 2.20- 
2.40 (m, 2H, H-2'), 3.70-3.90 (m, 2H, H-5'), 3.94-4.00 (rn, 
IH, H-47, 4.384.45 (m, IH, H-3'), 5.03 (d, J = 2 Hz, lH, 
C(N3)=CHH'), 6.08 (d, J = 2 Hz, lH, C(N3)=CHH'), 6.30 
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(dd, J=  6 Hz, IH, H-1'), 8.36 (s, lH, H-6); I3c NMR (CD,OD) 
6: 4 1.62 (C-2'), 62.7 1 (C-5'), 72.2 1 (C-3'), 87.01 (C- l'), 89.10 
(C-4'), 10 1.54 (C(N,)=CH,), 109.38 (C-5), 139.03 
(C(N3)=CH2), 140.65 (C-6), 15 1.32 (C-2 CEO), 163.03 (C-4 
C--0). Anal. calcd. for C ,  ,H,,Nj0,~3/4H20: C 42.79, H 4.72, 
N 22.68; found: C 43.09, H 4.4 1, N 22.47. 

Method B 
A solution of tl-Bu,NCF (0.5 mL of a 1 M solution) in THF 
was added to a solution of 4b (0.17 g, 0.33 mmol) in THF (60 
mL) and the reaction was allowed to proceed with stirring for 6 
h at 25°C. Removal of the solvent in vacuo and purification of 
the product as described in Method A gave 7 (90 mg, 86%). 
The mp and 'H NMR spectrum for 7 were identical to that of 7 
prepared according to Method A above. 

5-[2-(l-Azirinyl:1]-3',5'-di-O-acetyl-2'-deoxyuridine (8a) 
A solution of 40 (90 mg, 0.237 mmol) in dry toluene (25 mL) 
was heated at 1 10°C for 3 h. Removal of the solvent in vacuo 
gave a viscous oil that was purified by silica gel column chro- 
matography. Elution with chloroform-methanol (97:3, v/v) 
gave impure 8a, which was further purified by PTLC using 
chloroform-methanol (9.55, vlv) as development solvent. 
Extraction of the ultraviolet visible spot yielded 8a as a pale 
yellow foam (23 mg, 28%); 'H NMR (CDCI,) 8: 1.56 and 1.62 
(two d, J,,,,, = 8.4 Hz, 1H each, azirinyl hydrogens), 2.10 and 
2.12 (two s, 3H each, COMe), 2.22-2.32 and 2.64-2.74 (two 
m, 1H each, H-2'), 4.30-4.50 (m, 3H, H-4', H-5'), 5.25-5.29 
(m, lH, H-3'), 6.32 (dd, J = 6 H z ,  lH, H-1'), 8.25 (s, IH, H-6), 
9.45 (br s, lH, NH); ',c NMR (CDCI,) 6: 17.25 (azirinyl 
CH,), 20.75 and 20.80 (CH,CO), 38.58 (C-2'), 63.58 (C-5'), 
74.03 (C-3'), 83.19 (C- 1'), 86.40 (C-4'), 103.08 (C-5), 144.66 
(C-6), 148.91 (C-2 C=O), 158.89 (azirinyl C-2), 159.16 (C-4 
P O ) ,  170.12 and 170.30 (CH,CO); MS (FAB) tn/z: 352 (M 
+ l), 201 (3',5'-di-0-acetyl-2'-deoxyribosyl), 151 (5-[2-(1- 
aziriny1)Juracil); MS (HRMS), calcd. for C9H,,0, (3'5'-di-0- 
acetyl-2'-deoxyribosyl): 20 1.0762; found: 20 1.075 1 ; calcd. 
for C6H,N,0, (5-(2-(1-aziriny1)luracil): 15 1.038 1 ; found: 
151.0382. Anal. calcd. for C,,H17N,07: C 51.28, H 4.87; 
found: C 50.98. H 4.92. 

5-[2-(l-Aziriny~~1]-3',5'-di-O-tert-butyldimethylsilyl-2'- 
deoxy uridine (8b) 

A solution of 4a (0.1 g, 1.9 mrnol) in dry toluene (25 mL) was 
heated at 110°C for 2 h. Isolation of the product, as described 
for the preparation of 8a, gave a residue. Purification of this 
residue by silica gel column chromatography using chloro- 
form-methanol (98:2, vlv) as eluent afforded 8b (80 rng, 84%) 
as a viscous oil; 'H NMR (CDCl,) 8: 0.09, 0.10, and 0.1 1 
(three s, 12H total, Me2Si), 0.82-0.98 (m, 20H, Me$, azirinyl 
hydrogens), 2.02-2.14 and 2.42-2.50 (two m, 1H each, H-2'), 
3.76-3.92 and 3.94-4.02 (two m, IH each, H-5'), 4 . 0 U . 0 8  
(m, 1 H, H-4'), 4.37-4.43 (m, l H, H-3'), 6.26 (dd, J = 6 Hz, 1 H, 
H-l'), 8.27 (s, IH, H-6), 9.50 (s, IH, NH). Anal. calcd. for 
C,,H4,N30,Si2.5/4H20: C 53.30, H 8.26, N 8.10; found: C 
53.72, H 8.7 1, N 7.78. 

5-[2-(l-Azirinyl)]-3-benzoyl-3',5'-di-O-acetyl-2'- 
deoxyuridine (&) 

A solution of 4c (40 mg, 0.082 mmol) in dry toluene (10 mL) 
was heated at 1 10°C for 2 h. Isolation and purification of the 

product, as described for the preparation of 8a, yielded 8c as a 
foam (20 mg, 54%); 'H NMR (CDCl,) 6: 1.62 and 1.68 (two 
d, J,,,,, = 8.4 Hz, 1H each, azirinyl hydrogens), 2.08 and 2.16 
(two s, 3H each, MeCO), 2.25-2.36 and 2.63-2.73 (two m, IH 
each, H-2'), 4.32-4.52 (m, 3H, H-4', H-5'),5.23-5.27 (m, IH, 
H-3'), 6.30 (dd, J = 6 Hz, 1 H, H- l '), 7.46-7.95 (m, 5H, ben- 
zoyl hydrogens), 8.32 (s, lH, H-6). Anal. calcd. for 
C,,H,,N,08.1/2H,0: C 56.89, H 4.76, N 9.04; found: C 
56.49, H 4.75, N 8.87. 

Method A 
A solution of 7 (80 mg, 0.27 mmol) in dry dioxane (50 mL) 
was heated at 110°C for 2 h. Removal of the solvent in vacuo 
gave a residue that was purified by silica gel column chroma- 
tography using chloroform-methanol (90: 10, vlv) as eluent to 
give 9 (27 mg, 37%) as a light yellow hygroscopic solid; 'H 
NMR (CD,OD) 6: 1.46 and 1.50 (two d, J ,,,,, = 8.4 Hz, 1H 
each, azirinyl hydrogens), 2.28-2.48 (m, 2H, H-2'), 3.74-3.80 
and 3.84-4.02 (two m, IH each, H-5'), 3.96-4.00 (rn, lH, H- 
4'), 4.404.44 (m, 1 H, H-3'), 6.26 (dd, J = 6 Hz, 1 H, H- l'), 
8.94 (s, lH, H-6); ',c NMR (CD30D) 6: 16.35 (azirinyl C-3), 
42.23 (C-2'), 62.06 (C-5'), 7 1.31 (C-3'), 87.89 (C-1'), 89.37 
(C-4'), 102.67 (C-5), 150.09 (C-6), 151.13 (C-2 C--0), 
160.33 (C-4 C--0), 161.75 (azirinyl C-2); MS (FAB) n7/z: 
267 (M'), 1 17 (deoxyribosyl), 15 1 (5-[2-(1-aziriny1)luracil). 
Anal. calcd. for CI,H,3N,0,- 1/2H20: C 47.82, H 5.10, N 
15.21; found: C 47.96, H 4.92, N 14.83. 

Method B (9) 
A solution of n-Bu4N+F (0.1 mL of a 1 M solution) in THF 
was added to a solution of 8b (40 mg, 0.08 mmol) in THF (20 
rnL) and the reaction was allowed to proceed with stirring for 
6 h at 25°C. Removal of the solvent in vacuo and elution of the 
product from a silica gel column using chloroform-methanol 
(90: 10, V/V) as eluent afforded 9 as a pale yellow solid (8 mg, 
25%). The 'H NMR spectrum for 9 was identical to that of 9 
prepared using Method A. 

Reaction of 5-(1-azido-2-bromoethy1)-2'-deoxyuridine 
with sodium hydroxide 

A solution of NaOH (5 mg, 0.12 rnrnol) in water (12 kL) was 
added to a solution of 3d (34 mg, 0.09 mmol) in DMSO (5 mL) 
at ice-bath temperature with stirring. The reaction mixture was 
then stirred for 1 h at 25°C. Removal of the solvent under high 
vacuum gave a residue that was purified by silica gel column 
chromatography using chloroform-methanol (95:5, vlv) as 
eluent to yield a mixture of 7 (3 mg, 11%) and 10 (15 mg, 
66%). The 'H NMR spectrum for this mixture of 7 and 10 was 
identical to that of 7 and 10 prepared by other methods 
described in this study. 

Reaction of 3-azido-2,3-dihydro-5-(3',5'-di-0-acetyl-2'- 
deoxy-P-D-ribofuranosyl)furano[2,3-dlpyrimidin- 
6(5H)-one (6) with methanolic ammonia 

A solution of 6 (0.379 g, 1.0 rnmol) in a saturated solution of 
ammonia in methanol (10 rnL) was stirred at 25°C for 5 h. 
Removal of the solvent in vacuo and purification of the resi- 
due obtained by elution from a silica gel column using chloro- 
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form-methanol (88:12, vlv) as eluent afforded 10 (0.202 g, 
80%), which was identical ( 'H NMR) to the spectral data 
reported previously (1 5) .  
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Kim Gracie, Dale Turner, and R. Palepu 

Thermodynamic properties of micellization of 
sodium dodecyl sulfate in binary mixtures of 
ethylene glycol with water 

Abstract: Micellar properties of sodium dodecyl sulfate (SDS) in aqueous mixtures of ethylene glycol (EG) were determined 
using techniques such as conductivity, density, EMF, surface tension, viscosity, ultrasonic velocity, and spectroscopy 
(fluorescence). The effective degree of disssociation of micelles ( a )  was determined using three different methods. 
Thermodynamics of micellization were obtained from the temperature dependence of critical micelle concentrations (cmc) 
values. The difference in Gibbs energies of micellization ( A G ~ )  of SDS, between water and mixed solvent systems, was 
calculated to evaluate the influence of cosolvent on the micellization process. Surfactant aggregation numbers (N,) obtained from 
static fluorescence quenching methods indicated a decrease in the aggregation numbers with increasing concentration of 
ethylene glycol in the binary solvent mixtures. In addition, the micropolarity of the micellar interior was determined from the 
pyrene I,II:, ratios. These values were consistent with a decrease in the micropolarity surrounding the probe molecule as the EG 
content in the solvent mixture was increased. 

Key worrls: thermodynamics, micellization, aggregation numbers, ultrasonic velocity, degree of dissociation. 

Resume : Faisant appel ii des techniques telles que conductivitC, densitC, FEM, tension superficielle, viscositC, vitesse 
ultrasonique et spectroscopie (fluorescence), on a dktermink les propriCtCs micellaires du dodkcylsulfate de sodium (DSS) en 
solutions aqueuses d'kthyleneglycol (EG). On a dkterminC le degrC effectif de dissociation des micelles ( a )  en faisant appel ii 
trois mCthodes diffirentes. On a obtenue les donnCes thermodynamiques relatives h la micellisation h partir de la dCpendance des 
valeurs cccnlcn sur la tempCrature. Afin d'Cvaluer l'influence du cosolvant sur le processus de micellisation, on a calculC la 
diffkrence des Cnergies de Gibbs de micellisation ( A G ~ )  du DSS, entre I'eau et des systemes de solvants mixtes. Les nombres 
d'agrCgation des agents de surface (N,) ont CtC obtenus par des mCthodes de piegeage statique de la fluorescence; ils indiquent 
que les nombres d'agrkgation diminuent avec une augmentation de la concentration de I'Cthyleneglycol dans les mClanges 
binaires de solvant. On a de plus determink la micropolarit6 de l'intkrieur micellaire h l'aide des valeurs des rapports 11/13 du 
pyrene. Ces valeurs sont en accord avec une diminution de la micropolaritk aux environs de la molCcule sonde lorsque la quantitk 
d'EG dans le mtlange de solvant augmente. 

I 

Mots cl4s : thermodynamique, micellisation, nombres d'agregation, vitesse ultrasonique, degrC de dissociation. 

[Traduit par la rCdaction] 

Introduction 

It is well known that the micellar properties of both anionic or 
cationic surfactants are significantly influenced by the pres- 
ence of various nonelectrolytes in solution (1, 2). There has 
recently been much research dealing with the effects of non- 
aqueous polar solvents on the formation of cationic micelles 
(3-22). Micel!e or liquid crystal formation has been reported 
to occur in such solvents as hydrazine (3, 4), glycerol (5, 6), 
ethylene glycol (7, 8), and formamide (9-18), where all of the 
aforementioned solvents have high cohesive energy, dielectric 
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constant, and a high degree of hydrogen bonding. Evans and 
co-workers (19) have indicated that the ability of a solvent to 
form hydrogen bonds is a necessary condition of micelle for- 
mation. However, it has been shown in the literature that the 
unique structure of water (H-bonding) is not a necessary con- 
dition for the aggregation process (23-26). Micelle formation 
has been reported in solvents such as acetone, acetonitrile, and 
dimethyl sulfoxide (18, 27,28) where there is very little or no 
hydrogen bonding. 

We recently investigated (29) the inicellar properties of a 
cationic surfactant, hexadecylpyridium bromide (CPBr), in 
binary mixtures of water and ethylene glycol (EG) as a func- 
tion of increasing percentage of EG in the solvent system. The 
present study deals with the effects of ethylene glycol on the 
micellar properties of sodium dodecyl sulfate (SDS) in water 
employing such techniques as conductivity, EMF, fluores- 
cence spectroscopy, surface tension, density, ultrasonic veloc- 
ity, and viscosity. Measurements were performed up to 60 
wt.% of EG in the binary mixtures. Our results are consistent 
with the formation of aggregate in solvent mixtures containing 
less than 60% EG; beyond this concentration no aggregate for- 

Can. J. Chem. 74: 161G1625 (1996). Printed in Canada / Imprimt au Canada 
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Gracie et al 

Table 1. Micellar properties of SDS in ethylene glycol + water mixtures. 

Wt.% cmc/cmc,, Method 1 Method 2 Method 3 

mation was observed. In the present study EG was regarded as 
a cosolvent rather than a cosurfactant forming mixed micelles. 

Experimental section 

Sodium dodecyl sulfate (BDH) was crystallized several times 
from hot methanol, further purified through Soxhlet extraction 
using diethyl ether for 72-100 h, and dried under vacuum. 
Freshly opened bottles of ethylene glycol (Aldrich 99%) were 
used. Water was nanopure. 

Equilibrium surface tension (y) measurements were per- 
formed on a Cahn Dynamic Contact angle analyzer model no. 
312 using the Wilhelmy plate technique. The solutions were 
placed in a thermostated beaker to maintain a constant temper- 
ature of 298-3 18 K. Viscosities of SDS in EG-H,O mixtures 
at various concentrations were determined using modified Ost- 
wald or Cannon-Fenske viscometers and a viscosity bath 
(Koehler Instrument). Conductivity measurements were made 
in a thermostated jacketed beaker with a dip cell having a cell 
constant of 0.978 cm-I and an automatic conductivity CDM83 
bridge operating at 1000 Hz. The conductivity titrations con- 
tained at least 20-25 different concentrations of surfactant at a 
fixed solvent composition and were measured at different tem- 
peratures. Density measurements were obtained using an 
Anton-Parr digital densimeter DMA45 operating in the static 
mode. The instrument was calibrated with nanopure water and 
dry nitrogen. 

 he sodium-ion activities were measured using a Fisher Na' 
ion electrode coupled with a double junction reference elec- 
trode (Fisher Scientific 13-620-47). Ammonium nitrate solu- 
tion was used in the outer chamber of the double junction 
reference electrode to prevent the precipitation of potassium 
dodecyl sulfate. The solutions of surfactant were prepared, in 
the mixed solvent system, on a molal basis and converted to 
other units using the density data. 

Luminescence quenching measurements were carried out 
on a Shimadzu specrtrofluorophotometer RF- 150 1. The probe 
used was pyrene (Aldrich 99%) and it was held at a constant 
concentration of ~2 x M. The quencher used was l-hexa- 

Fig. 1. Specific conductance (K) vs. concentration of SDS in 
aqueous mixtures of ethylene glycol. 

0 

0.00 0.01 0.02 0.03 0.04 

Concentration / mol C' 

Results 

Conductivity 
The critical micellar concentration (cmc) values were esti- 
mated from the break points in the plots of specific conduc- 
tance ( K )  versus the concentration of surfactant (Fig. I), and 
are presented in Table 1. The effective degree of dissociation 
of the counterion (a) was calculated from the ratio of the 
slopes before and after the cmc in the plots of K and versus C. 
To distinguish between a proper or cooperative micelle forma- 
tion and a more gradcal association (premicellar aggregation) 
prior to the cmc, the differential equivalent conductance 
(Ah,,): 

decylpyridinium bromide (CPBr) a-nd the concentration was K, - K; 
held low enough so as not to interfere with the assembly of the [ I ]  Ah,, = 
micelles. Ratios of the intensities of the first and third peaks C, - C; 
were measured using a Perkin Elmer MPF-66 fluorescence 
spectrophotometer to determine the micropolarity of the (where K, - K; and C ,  - ~f represent the increment in con- 
micellar interior. ductivity and the increment in concentration, respectively) 

1Jltrasonic velocities were measured with a Nusonics was plotted against the mean concentration. For a normal 
(model 6080) concentration analyzer using the sing-around micellization process the plot of Ah,, VS. mean concentration 
method. (C, + ~ $ 2  decreases vertically over a narrow concentration 
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Gracie et al. 

Table 2. Apparent molar quantities and activation energies. 

Wt.% An E, before cmc E, after cmc A vm urn 
EG (S cm' mol-') (kJ mol-') (kJ mol-I) (cm' mol-') (bar-' cm.' mol-I) 

where E,. is the dielectric constant of the mixed solvent system 
(EG + H,O) and T is the absolute temperature. The values of E,  

were obtained from the literature (35). Once y was found, the 
plots of E vs. log a were analysed by linear regression to cal- 
culate the values of Y and E' in different solvent mixtures. 
Rearranging the Nernst equation gives 

which enables the calculation of Naf activity at all concentra- 
tions studied above the cmc. In this range, Naf activity is given 
by: 

where C,,, is the concentration at the crnc and C is the bulk 
concentration of SDS. By differentiating the above equation 
with respect to C and assuming y to be constant above the cmc, 
it can be shown that: 

where daldC is the slope of log a vs. concentration after the 
crnc and y was calculated using the Davies equation with con- 
centration equal to the critical micellar concentration. 

In method 3 (34), the a value was determined by studying 
the effects of an increasing electrolyte concentration on the 
cmc. The crnc values, in the presence of an electrolyte, were 
determined using visible and fluorescence spectroscopic 
methods. The a values were obtained from the following equa- 
tion: 

cmc cmc + C 
1 [lo] log-=- ( I -a ) log[  cmcO cmc , I ]  

where cmc, is the crnc in the absence of salt and C,  is the salt 
concentration. The slope of a plot of log (cmclcmc,) vs. log 
[(crnc + C,)/cmco] is equal to -(1 - a) ,  from which the values 
of a were obtained (Fig. 4). 

Fig. 4. Log (cmc/cmc,) vs. log [(cmc + C,)lcmc,) plot for SDS in 
10% EG + 90% H,O mixtures. 

0.0 0.1 0.2 0.3 0.4 0.5 

log [(cmc + C,)/cmc,] 

authors derived a relationship between the bulk quencher con- 
centration and the intensities as a function of the quencher 
concentration: 

where I, is the intensity in the absence of quencher, I is the 
intensity at bulk quencher concentration [Q], and [MI is the 
micellar concentration and is inversely proportional to the 
slope of a plot In ( Id0 vs. quencher concentration (Fig. 5) .  
Therefore the aggregation number (N,) can be defined as fol- 
lows: 

CsDS - crnc 
[12] N,= 

[MI 

Luminescent quenching The application of the TurreYekta method depends on 
The static fluorescence quenching method originally proposed agreement with two experimental criteria (37, 38); firstly, the 
by Turro and Yekta (36) was used in determining the aggrega- luminescent probe and quencher must be solubilized in the 
tion numbers of the micelles in the presence of additives. The micelle and be immobile, i.e., they must remain in the micelle 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74, 1996 

Table 3. Aggregation numbers (N,) ,  size of SDS micelles, and I,lI, pyrene ratios. 

11/13 
0.05 M SDS 

% EG N, ( f 3 )  R (A3) o, (A') V/n,l, 11113 EG in EG 

Fig. 5. In ( I d 0  vs. quencher concentration in binary mixtures of Fig. 6. Surface tension of SDS in 10% EG + H,O mixtures at 
EG + H,O containing 50  mM SDS. 298 K. 

Quencher Concentration 

during the lifetime of the probe, and, secondly, quenching 
must be much faster than the decay of the liminescence inten- 
sity so that liminescence is observed only from those micelles 
that contain a probe and no quencher. 

Generally, the application of the Turro-Yekta equation to 
the determination of micellar aggregation numbers is valid for 
p robe~uencher  pairs such as ruthenium tris(bipheny1) chlo- 
ride - 9-methylanthracene (9-MA) and pyrene - cetylpyridin- 
ium ion (CP') in micellar systems whose aggregation numbers 
are less than 80. Aggregation numbers (N,)  of SDS, deter- 
mined at various EG + H 2 0  binary mixtures by the static fluo- 
rescence quenching method, and the pyrene 11/13 ratios are 
presented in Table 3. The hydrophobic chain volume of the 
micelle (v) and the critical chain length (I,) were obtained 
using Tanford's equations (39) 

Log Concentration 

where n is the number of carbon atoms of the chain. The 
micellar radius (R) and the surface area per head group (a,) 
were obtained assuming spherical shape. The values of R and 
a, along with the values of critical packing parameter 
(vl(a,l,)), a parameter known to control the micellar shape 
(40), are presented in Table 3. 

Surface tension 
A representative plot of the surface tension (y), at 298 K, of 
solution of SDS in a binary mixture of EG + H 2 0  versus the 
log of the bulk phase concentration of surfactant is shown in 
Fig. 6. 

The maximum surface excess concentration, T,,,,, the min- 
imum area per surfactant molecule, A,,,, (m'), at the surfac- 
tant-solvent interface, and the value of the surface pressure at 
cmc, II,,,,, were obtained using the surface tension data and 
the following equations: 
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Gracie et al. 

Table 4. Surface excess concentrations (T,,,,,), minimum area per molecule (A,,,), and 
surface pressure at the cmc (ll,,,) for sodium dodecyl sulfate in aqueous mixtures of 
ethylene glycol. 

Composition T,,,.,,X A,,,,,J 
(wt.% of EG) T (K) (106/(mol m-')) (10~~/m') ll,,, (mN m-') 

[I61 Amin=lINaT ,,,, 

and 

[171 ncmc = YO - Y,,, 

where v is the number of ions per surfactant molecule, R is the 
gas constant, Na is Avogadro's number, and yo is the surface 
tension of the pure solvent. In eq. [15] the term C is used in 
place of activity because it is assumed that for dilute solution 
the value of the mean activity coefficient of SDS is approxi- 
mately equal to 1. The values of n,,,,, Amin, and T,,, are pre- 
sented in Table 4. 

Viscosity 
Plots of the solution viscosity (q) vs. SDS concentration in 
various mixtures of EG and H,O (Fig. 7) indicate that the cmc 
is the point of intersection of the two linear portions of the 
plots. 

Information on the hydrodynamic volume of the micelle can 
be obtained from values of intrinsic viscosity, where the in- 
trinsic viscosity of the micelle is defined by: 

Fig. 7. Plots of viscosity of SDS solution in EG + H,O mixtures 
as a function of SDS concentration. 

0.5 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 

Concentration SDS 

Table 5. Intrinsic viscosities as a 
function of ethylene glycol content. 

Solvent system [m (mL g-'1 

where q o  is the viscosity of the media at the cmc and C is the 
H2O 
10% EG 

total bulk surfactant concentration. By expressing the viscos- 20% EG 
ity above the cmc as a power series and limiting it to the qua- 30% EG 
dratic term the following equation is obtained: 40% EG 

where a ,  and a2  are constants. The intrinsic viscosities of the Apparent molar volumes 
micelle, equal to a,lqo, were obtained by fitting experimental Apparent molar volumes, $,, were determined from density 
data to eq. [19] and are presented in Table 5. data using: 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

where M is the molecular weight, d and do are the densities of 
the solution and the solvent, and m is the molality. When +, is 
plotted against c"~, the gradient approaches zero at higher sur- 
factant concentration and this limiting value is subjectively 
chosen as the apparent molar volume of the micelles (4;'") 
(4 1 ). 

An alternative method (42) is to fit the data to the following 
function: 

where a is an empirical constant. Rearrangement of eq. [21] in 
the following form: 

allows 4,"'" to be extrapolated from plots of 4, vs. 4 Jtn. 
The apparent molar volumes at infinite dilution, +:, were 

determined numerically or graphically using the following 
equation: 

where A, is the Debye-Hiickel constant for a 1: 1 electrolyte at 
298 K, and B, is an adjustable parameter. 

The volume change, AV, = 4:'' - +;, associated with the 
formation of aggregates decreases with increasing EG content 
(Table 2). 

Ultrasonic velocity 
Ultrasonic velocity (U) data were fitted to the following equa- 
tion: 

where Uo is the ultrasonic velocity in the pure solvent, G is 
Garnsey's constant, and C is the surfactant concentration. In 
the plots of U vs. C the intersection point of two straight lines 
at a definite surfactant concentration is taken as the cmc (Fig. 
8a). 

Adiabatic compressibility coefficients (P) were calculated 
employing the equation 

where U is the sound speed and d is the solution density (Fig. 
8b). 

Ultrasonic measurements of micellar solutions have been 
shown to be sensitive to the shape of the aggregate. In the 
present study, a definite break occurring at the cmc is indi- 
cated. The plot of adiabatic compressibility coefficient vs. 
concentration also shows a small but definite change in slopes 
at the cmc. 

Apparent molar cornpressibilities 
Apparent molar compressibilities, $,, were determined using 
the following equation: 

Fig. 8. Plots of ultrasonic velocity (Il) and adiabatic 
compressibilities (P) of SDS solutions in 10% EG + 90% H 2 0  
mixture. 

1544 

1539 

0.000 0.008 0.016 

Concentration 

Concentration 

where p and Po are the compressibility coefficients of the 
solution and the solvent. The apparent molar compressibility 
at infinite dilution (4;) and the micellar compressibility (+plC) 
(42, 43) values were obtained form the plots of 4, as a func- 
tion of concentration to calculate the compressibility change 
on micellization, AKmic (Table 2). 

Thermodynamics of micellization 
The Gibbs free energy of micellization was calculated using 
the equation 

[27] AGO,, = (2 - a)RT ln a?,,, 

where a is the effective degree of dissociation of the counter- 
ion (Na'), R is the gas constant, T is the absolute temperature, 
and a ?  is the mean activity of the counterion at the cmc. How- 
ever, in this study, a+,,,,, was replaced by X,,,,,. When calcu- 
lating AG;,~, at various temperatures, the temperature 
dependency of a was taken into account. The enthalpy and 
entropy of micellization (AH:, and AS:,) were calculated 
from the following equations: 
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Table 6. Thermodynamics of micellization of SDS in various ethylene glycol + 
water mixtures. 

C ~ C  AG(] AH0 ~ 9 )  AG, 
Wt.% (10.') (kJ mol-I) (kJ mol-I) (J K-' mol-I) (kJ mol-') 

The effect of a cosolvent or additive on the micellization 
process, given by AG'M, was calculated using the following 
equation: 

I The values of the aforementioned parameters are listed in 
Table 6. 

I 1 Discussion 
I 
I The values of the effective degree of dissociation (a)  obtained 

by different methods are in good agreement (Table 1). The EG 
in the present study is acting as a cosolvent and a structure- 

I breaking solute. Structure-breaking solutes are known to 
decrease the hydrophobic effect (considered to be the driving 
force for micellization). Structure breakers in the aqueous 
phase may disturb the dissolved hydrophobic group, causing a 
decrease in the entropy increase on micellization, resulting in 
larger cmc values as the content of EG increases. Another fac- 
tor that causes the cmc to increase with EG content is a 
decrease in the cohesive energy or the solubility parameter of 
water with the addition of EG. Also, a decrease in the dielec- 
tric constant of the aqueous phase would result in an increase 
in the repulsion between the ionic head groups, leading to a 
delayed micellization. The formation of pre-aggregates before 
the cmc would also increase the cmc. This is substantiated in 
the plot of AA vs. the mean concentration (Fig. 2a). The grad- 
ual association of monomers before the formation of micelles 
is well established in pure EG from electrochemical studies 
(44). The values of A, (Table 2) show a decrease with increas- 
ing concentration of EG, indicating an association of the sur- 
factant monomer with the EG cosolvent. The increase in the E, 
after the cmc is due to the counterion binding with the micelle. 
Other factors involved in the E, of conduction are the effective 
degree of dissociation of the counterion (a), the radius of the 
micelle, and the viscosity of the solvent system. At higher EG 
concentrations the effective degree of micellar dissociation (a) 
increases, resulting in more free Naf ions to carry the current, 
and also the aggregation numbers decrease with an increase in 
EG content, which allows for the lower value of E,. 

As the content of EG increases, the micellization process is 
less spontaneous, as indicated in the values of the Gibbs ener- 
gies of micellization (Table 6). The equation used in the cal- 
culation of AG;,, applies normally when the mean 
aggregation number is large but may not be valid at the higher 
EG content (9). Therefore, the values of AH:, and 
obtained in the present study, should only be viewed as an 
approximation. From analysis of the present data some gener- 
alizations can be drawn. As the EG content increases, the val- 
ues of become less positive, whereas the values of 
AH:, become increasingly negative, showing that at the 
higher EG contents becomes a more dominating factor. 

The positive values of AGO, indicate that the micellization 
process is less favorable in the EG + water mixtures. This is 
due to the hydrocarbon part of the surfactant being solvated by 
the hydrophobic part of the cosolvent and the hydrophilic part 
being solvated by water, so the ability of the cosolvent to asso- 
ciate is decreased. Also, as the amount of EG increases, the 
values of both nCmc and T,,, decrease (Table 4), which is 
indicative of the hydrocarbon chain of the surfactant interact- 
ing with the EG, producing a shift of the surfactant molecules 
from the interface to the bulk of the solution. 

For a spherical, rigid, uncharged, and unhydrated micelle 
the intrinsic viscosity value would be equal to 2.5 mL/g. How- 
ever, in reality the micelle is often highly charged and strongly 
hydrated, ranging in shape from spherical to rodlike (45). The 
properties that affect the intrinsic viscosity are non-sphericity, 
flexibility of the micelle, micellar charge, and micellar hydra- 
tion. 

From the values of [q] (Table 5) obtained in the present 
study, the degree of hydration of the micelles in pure H 2 0  
compared to hydration in the mixed solvent system (EG + 
H,O) decreases as the EG content increases, and above 30% 
EG the micelles are very small and highly charged. 

The decreasing values of AV,, as the EG content increases 
(Table 2) suggest that there is less free space in the interior of 
the aggregates in the presence of EG than with water. 

The compressibility charge on micellization, AK,,, is pos- 
itive and increases with EG content (Table 2); this indicates 
that in the presence of EG the interior of the micelle is more 
representative of a liquid hydrocarbon. 

The decrease in the critical pacing parameter (Table 3) indi- 
cates that the addition of EG favors the formation of smaller 
spherical micelles. The surface area per headgroup increases 
linearly with EG content, as shown in Fig. 9, and this may be 
attributed to the replacement of some water molecules in the 
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Fig. 9. Surface area per head groups (a,) of SDS micelles vs. EG 
composition. 

60 

58 

0 10 20 30 40 50 60 

EG concentration 

solvation layers of the micelle headgroups by the ethylene gly- 
col molecules, which are approximately 3.1 times larger than a 
water molecule. Analysis of the pyrene 1,/13 ratios (Table 3) 
gives information about the micropolarity of the environment 
surrounding the solubilized probe in the micelle. In the EG- 
H 2 0  binary system the 1,/13 ratios of the pyrene decrease with 
increasing EG content, indicating a lower polarity as sensed by 
the pyrene probe. At a given concentration of EG, in the pres- 
ence of micelles, the polarity decreases as compared to the sol- 
vent system, indicating the pyrene is solubilized in the 
hydrophobic core of the micelle. However, in the ternary mix- 
tures of SDS + EG + H 2 0  the 1,/13 ratios increase slightly with 
increasing EG content. This may be attributed to the inability 
of the pyrene to penetrate deep into the micelle, thereby sens- 
ing an increase in the polarity due to the location of the pyrene 
near the micelle-water interface or in the distribution of 
pyrene in the continuous phase. 

In conclusion, the addition of ethylene glycol produces (i) 
an increase in cmc, which is mainly due to an increase in sol- 
ubility of hydrocarbon tails of the surfactant; (ii) a decrease in 
the solvophobic effect (the difference in free energy for a 
hydrocarbon chain in oil and in the solvent in question) 
thereby decreasing the size of the SDS micelles; (iii) finally, a 
decrease in the micellar aggregation numbers, which may be 
attributed to the increase in the surface area per headgroup. 
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Theoretical and experimental approaches to 
the effects of solvation on the small internal 
rotational potential of benzal fluoride 

Ted Schaefer, Guy M. Bernard, Younes Bekkali, and David M. McKinnon 

Abstract: The internal rotational potential for benzal fluoride is computed at various levels of molecular orbital theory, including 
correlation-gradient, MP2 (frozen core) methods. The perturbations of the potential caused by solvents are calculated with the 
Onsager model (ellipsoidal cavity with I = 6 in the multipole expansion) as well as with the self-consistent isodensity - 
polarizable continuum model (SCI-PCM). Analysis of the 'H and "F nuclear magnetic resonance spectra in cyclohexane-'I,2 
and acetone-d6 solutions yields long-range spin-spin coupling constants from which the expectation values of sin2+ can be 
derived. These expectation values can be compared with those calculated from the theoretical internal rotational potential. 
Reasonable agreement is found for potentials obtained from MP216-3 IG* approaches in both solvent models. Long-range 
coupling constants between I9F and nuclei are also reported and provide very rough checks of the (sin2+) values. For the 
isolated molecule an additivity scheme based on the potential for benzyl fluoride reproduces much of the potential for benzal 
fluoride except for a deviation caused by the rather larger relative magnitude of the fourfold component in the latter. The 
minimum in the potential for benzal fluoride occurs for a torsional angle, +, of 90". corresponding to aconformation in which the 
C-H bond of the side chain lies in a plane perpendicular to the phenyl plane and is rationalized on the basis of electrostatic 
forces. The conformations of minimum energy for the benzyl and benzal fluorides and chlorides are compared and contrasted. 
The magnitudes of the internal potentials of the fluorides are only a little larger than thermal energies at 300 K and can become 
smaller than the latter in solution. 

Key words: NMR spectroscopy, of benzal fluoride; spin-spin coupling constants, long range in benzal fluoride; solvent effects, 
on internal rotational potential in benzal fluoride; molecular orbital computations, structure, internal rotational potential, and 
its solvent perturbations in benzal fluoride; benzal fluoride, 'H, "F, and NMR on, internal rotational potential, M O  
computations. 

RCsurnC : On a estimC le potentiel de rotation interne du fluorure de benzal h divers degrCs de la thCorie des orbitales 
molCculaires, incluant les mCthodes de corrClation-gradient, de MP2 (noyau gelt). On a calculC les perturbations du potentiel, 
provoquCes par le solvant, avec le modkle de Onsager (cavite ellipsoi'dale avec I = 6 dans ]'expansion multipolaire) aussi bien 
qu'avec le modkle harmonisable du continuum isodensitC - polarisable. L'analyse des spectres de RMN du 'H et du IYF, en 
solution dans le cyclohexane-d12 et dans I'acttone-d6 donne les constantes de couplage spin-spin h longue distance h partir 
desquelles on a dCduit les valeurs attendues de sin2+. On peut comparer ces valeurs attendues avec celles obtenues h partir du 
potentiel de rotation interne thCorique. On a obtenu un accord raisonnable pour les potentiels calculCs B partir de MP216-3 IG:!: 
dans les deux solvants modkles. On rapporte Cgalement les constantes de couplage h longue distance entre les noyaux de "F et de 
13 C et ces constantes constituent une vkrification grossikre des valeurs de (sin2+). Pour la molecule isolCe un schtma d'additivitt, 
bas6 sur le potentiel du fluorure de benzyle, reproduit B peu prks le potentiel du fluorure de benzal except6 la dkviation provoquCe 
par I'amplitude assez grande des quatre composCs dans le dernier. Le minimum du potentiel du fluorure de benzal se produit pour 
un angle de torsion, +, de 90" ce qui correspond B une conformation dans laquelle la liaison C-H de la chaine IatCrale est dans 
un plan perpendiculaire au phCnyle et on rationalise ceci sur la base des forces Clectrostatiques. Les conformations du minimum 
d'tnergie du benzyle et des fluorures et chlorures de benzal sont comparees et opposCes. Les intensitts des potentiels internes des 
fluorures sont seulement un petit plus ClevCes que les Cnergies thermiques ii 300 K et peuvent devenir plus petites que ces 
dernikres en solution. 

Mots elks : spectroscopie de RMN, fluorure de benzal; constantes de couplage spin-spin, longue distance dans le fluorure de 
benzal; effets de solvant, sur le potentiel de rotation interne dans le fluorure de benzal; calculs d'orbitales moltculaires, structure, 
potentiel de rotation interne et ses perturbations par le solvant dans le fluorure de benzal; fluorure de benzal, sur la RMN du IH, 
du I9F et du I3c, potentiel de rotation interne, calculs MO. 

[Traduit par la rkdaction] 
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Schaefer et al 

Table 1. ' H  and " F  nmr spectral parameters for benzal fluoride in  C , D , ,  and acetone-d6 solutions at 300 K. 

Solvent Solvent 

Parameter CfiD,:  Acetone-(1," Parameter 

' J ( H ,  C H )  
' J ( H ,  C H )  
" J ( H ,  C H )  
' J ( F ,  C H )  
' J ( F ,  C H )  
' J ~ F .  C H )  
Calcd. transitions 
Assigned 
Peaks observed 
Largest difference 
Root-mean-square 

deviation 

"For a 5.0 moll0 solution in C,D,, containing also 0.5 mol% TMS and 0.25 mo18 C,F,. 
"For a 2.5 mol% solution in acetone-(/, with TMS and C,F, as above. 
' I n  Hz at 300.135 14 MHz to high frequency of internal TMS. 
"In Hz at 282.362 62 MHz to high frequency of internal C,F,. 
'The standard deviations, uriless otherwise indicated, were 50.001 Hz. 

Introduction 

The primary purpose of this report is the characterization of 
the small (comparable to ambient thermal energies) internal 
rotational potential of benzal fluoride and its perturbation by 
polar and nonpolar media. To this end, molecular orbital com- 
putations on the isolated molecule, as well as those on the mol- 
ecule embedded in a dielectric continuum, are performed. An 
experimental approach to the solutions of benzal fluoride 
depends on the measurements of long-range nuclear spin-spin 
coupling constants, sensitive to the internal rotational poten- 
tial; these are described. 

A secondary purpose is the comparison of the theoretical 
and experimental data for benzal fluoride with those known 
for benzyl fluoride, benzyl chloride, and benzal chloride. 

That 2 should represent the stable conformer of benzal chlo- 

ride is an intuitive prediction from the known behaviour of 
benzyl chloride. A single C-C1 bond entails a low-energy 
conformer in which this bond sits in a plane peipendicular to 
that of the phenyl group ( 1 4 ) .  In sharp contrast, the C-F 
bond in benzyl fluoride seeks a region near the phenyl plane in 
order to minimize the molecular energy (5,6). Further (5-7), a 
sufficiently polar environment shifts the phase of the internal 
rotational potential of benzyl fluoride so as to produce a mini- 
mum at the perpendicular orientation of the C-F bond. Such 
an environment merely serves to further stabilize the per- 
pendicular conformer of the chloride (1,2). 

The description of benzyl fluoride rests on the conforma- 
tional dependence of the long-range spin-spin coupling con- 

stants between 'H and '" nuclei in the side chain and 'H or 
"C nuclei in the phenyl group. It is confirmed by molecular 
orbital computations of the internal barrier in the free mole- 
cule, as well as by computations of its alteration by solvents of 
low and high polarity. A similar approach is here described for 
benzal fluoride, a molecule not as yet characterized by any 
other physical methods. 

Experimental 

Benzal fluoride was prepared from benzyl alcohol and mor- 
pholinosulfur trifluoride (morph-DAST) by the standard pro- 
cedure (8). Dilute solutions of this compound in six solvents 
of varying polarities (see Tables 1 and 2 for details) were fil- 
tered into 5 mm 0.d. nmr sample tubes. The tubes were 
degassed by a minimum of five freeze-pump-thaw cycles on 
a vacuum line and were then flame-sealed to provide reason- 
ably symmetrical tops. 

'H, and proton-decoupled '" nmr spectra were 
obtained on a Bruker AM 300 spectrometer at 300 K. Shim- 
ming procedures employed the TMS or C6F6 free induction 
decays and yielded eak widths of about 0.04 Hz in the final Pg 'H  nmr spectra; the F peaks were generally somewhat wider. 
For 'H and "F spectra, 32 decays, each acquired for 41 s, were 
coadded and followed by zero-filling to twice or four times the 
original data table. Digital resolution was 0.012 Hzlpoint. 
Resolution enhancements, often 0.6 LB and -0.1 GB, were 
applied to the final data. The nmr spectra came from the 
Fourier transformation of between 200 and 2500 decays, 
employing acquisition times of 10-12 s and digital resolution 
between 0.012 and 0.54 Hz per point. 

The 'H and ' 9 ~  nmr spectra corresponded to a AA'BB'CR 
X2 spin system and were analyzed with the computer program 
NUMARIT (9), as modified for partial self-assignment by R. 
Sebastian and K. Marat (10). An attempted analysis of such 
spectra for the CS, solution proved unsatisfactory, most likely 
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Can. J. Chem. Vol. 7 4 , 1 9 9 6  

Table 2. I3C{'H) nuclear magnetic resonance parameters for benzal fluoride at 
300 K." 

Parameter C,D,, CC1, CS, CD,CI, (CD,),C=O CD,CN 

"All solutions were 5.0 mol% in benzal fluoride except for the acetone-d, solution, which 
was 2.5 mol%. In addition, each solution contained 0.5 mol% TMS and 0.25 mol% C6F6. The 
CCI, and CS, solutions also contained 10 mol% of C6D,2 as a lock material. 

bAt 75.4869 MHz, TMS at zero. 
'It is likely that 4J is negative (5. 6). 

because of a near identity of some chemical shifts in the proton 
region. The 1 3 ~ { 1 ~ ]  spectra consisted of simple first-order 
triplets. 

Molecular orbital computations on benzal fluoride 
employed the programs GAUSSIAN 92 ( 1 1 ) nd GAUSSIAN 94 ( 12). 
Various basis sets2 were employed in the HF SCF procedures. 
Internal rotational potentials were found by fixing the tor- 
sional angle + in 1 at values between 0" and 90" in steps of 
15", and optimizing the values of other angles and bond 
lengths, with the constraint, however, that the phenyl moiety 
remain planar. Correlation-gradient computations, MP216- 
3 lG* and MP216-3 lG**, frozen core, were also performed on 
the isolated molecule. Two types of computations of solvent 
perturbations of the conformational energies were used. The 
first used the program SCRF PAC (15), interfaced to our copy of 
GAUSSIAN 92 by R. Sebastian. This approach (16, 17) is based 
on an elliptical solvent cavity in a dielectric continuum and 
allows electric moments higher than dipole (up to 1 = 6). The 
SCI-PCM (self-consistent isodensity - polarizable continuum 
model) is apparently equivalent to a multipole moment expan- 
sion of infinite order (18, 19). It was implemented3 as given in 
our copy of GAUSSIAN 94. In these calculations the gas phase 
Hamiltonian is modified by the interaction of the electrons and 
nuclei of the solute with the reaction field of the solvent. It was 
of interest whether the two approaches to the energetic pertur- 
bations due to solvent are in approximate congruence. 

Some INDO MO FPT (20, 21) computations of coupling 
constants, particularly of 6 ~ ( ~ ,  H), 6 ~ ( ~ ,  F), and 5 ~ ( ~ ,  F), used 
the optimized 6-31G* geometries. Such calculations are not 

Descriptions of the various split-valence basis functions, their 
notation, references to them and to the MP2 method of assessing 
electron correlation are given in ref. 13. The semiempirical AM 1 
algorithm (14) was also used. 
An extensive review of methods based on solvent continua is 
available (18). 

quantitatively reliable, yet are useful in assessing the qualita- 
tive dependence of long-range coupling constants on confor- 
mational angles (22). 

Results and discussion 

Spectroscopic results 
Tables 1 and 2 present the 'H, 1 9 ~ ,  and I3c nmr spectral data 
obtained for benzal fluoride. Figure 1 displays the experimen- 
tal and simulated spectra of the ring protons for the acetone 
solution, while the detail of the central band of the rnethine 
proton is shown in Fig. 2, illustrating the spectral fit obtainable 
in the analysis. 

Internal motion and long-range coupling constants 
A number of long-range coupling constants between nuclei in 
the side chain and those in the phenyl moiety of benzene deriv- 
atives are strongly dependent, sometimes exclusively, on a u- 
T, or hyperconjugative, mechanism (23). These coupling con- 
stants are maximal in magnitude when the bonds in the side 
chain, carrying the nuclei, are situated in a plane perpendicular 
to that of the phenyl group. An example (23-25) is 6 ~ ( ~ ,  H) 
for the methyl protons in toluene, which can be written as 6~ = 
6 ~ 9 0  sin2+, where 6 ~ 9 0  corresponds to + = 90" (see 1 for the 
definition of +). Another is 6 ~ ( ~ ,  F) in benzyl fluoride and 
some of its derivatives (6, 26), as is 5 ~ ( C ,  F). The measured 
value of such a coupling constant is then determined by "J90 

and (sin2+), the expectation value of sin2+, which, in turn, 
depends on the potential governing how the bond in question 
samples the various angles + at a given temperature. If the 
potential has a simple + dependence, for example, is twofold 
in nature, then a knowledge of 6~ and its extremum yields the 
height of the potential directly (27). If, however, the potential 
contains a number of terms in +, an ambiguity arises in that a 
range of combinations of these terms will yield the same "1. 
Nevertheless, useful information about solvent perturbations 
of the potential can be gleaned from "J, as follows. 
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Schaefer et al 

Fig. 1. The nmr spectrum at 300 K and 300 MHz of the ring protons of benzal fluoride, as a 2.5 mol% 
solution in acetone-d6, is compared with the simulation based on the spectral parameters in Table 1. 

Fig. 2. The central band of the methine proton "triplet" for benzal fluoride in 
acetone-d, solution is shown at 300 MHz and 300 K. The linewidth at half 
height is ca. 0.04 Hz. There occur some small discrepancies in peak positions 
between experiment and simulation amounting to as much as 0.01 Hz in one 
instance. 

With reference to the data in Table 1, note that both 4 ~ ( ~ ,  average, now spend more time at larger torsional angles, + 
CH) and 6 ~ ( ~ ,  CH) decrease in magnitude in passing from the (see 1 and 2). Hence the "J(H,F) values must increase in mag- 
nonpolar C6D,? solution to that of the polar acetone-d6. At the nitude in the more polar solution, given that they contain large 
simplest level, this means that a polar environment shifts the components proportional to sin2+. This increase occurs. 
internal potential such that conformers, in which the C-H 
bond lies in the ring plane, are more populated than they are in Derivation of (sin2+) from "J 
the nonpolar medium. In consequence, the C-F bonds, on The assumption of a tetrahedral geometry at the side chain car- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1630 

Table 3. Theoretical internal rotational potentials (in kJ/mol) for benzal fluoride. 

Can. J. Chem. Vol. 74, 1996 

Basis" 

"Geometry-optimized at intervals of 15' in $I ($I = 0 corresponds to the conformer in which the C-H bond of the 
side chain lies in the phenyl plane) with the proviso that the atoms of the phenyl moiety remain in a plane. 

'The total computed energy at $I = 0 in au, that for AM1 being heat of formation. 
T h e  fits to V(@) = Z,,V,, sin'(nQ12) had residuals of less than 0.01 Idlmol. 
"Expectation values at 300 K. 
'Dipole moment in debye units, C-H bond in plane, conformer 2. 

bon atom implies (sin2+) = 1.5 - 2 (sin2$). Furthermore, write 
6 ~ ( ~ ,  CH) = 'J?, (sin2+) and 6 ~ ( ~ ,  CH) = 6 ~ ? o  (sin2$). Finally, 
on the assumption that 6 ~ 9 0  values are invariant to solvent, an 
assumption borne out for benzyl fluoride, for example (6), one 
has four values of 6~ in two solvents. These are sufficient to 

i determine 6 ~ 9 0  (H,CH) as -0.402(2) Hz, 6 ~ 9 ,  (F,CH) as 
-2.551(3) Hz, and that (sin2+) is 0.638(3) in C6DI2 and 
0.553(2) in acetone-d6 solutions (the errors are formal, based 

I simply on the standard deviations of the measured coupling 
 constant^.^ 

From Table 2, one may then deduce5 that 'J9, (F,C-4) is 
4.40(14) Hz. Unfortunately, the range of 'J(c, F) in the vari- 
ous solvents is very small, as compared to that (5) for 'J(c, F) 
in benzyl fluoride, a consequence of the different potentials for 
the two molecules. It was intended to obtain a good value for 
(sin2+) = 1.5 - (sin2$) in CS2 solution from 'J(c, F) because 
the 'H and "F nmr spectra did not yield to analysis - many of 
the lengthy solvent calculations had already been done for a 
dielectric constant of 2.64, close to that of the CS2 solution. 
Nevertheless, if the 'J(c, F) value for this solution is used, one 
finds (sin2+) = 0.60 -C 0.03. 

A check of this value is available from ,J(c, F). For benzyl 
fluoride it is very likely (5) that ,J(c, F) is proportional to A 
sin2$ + B sin2($/2), corresponding to a U,T term in sin2$ and a 
a term in sin2($/2). On the assumption that a similar propor- 
tionality holds for benzal fluoride, the values of ,J(c, F) in the 
C6D12 and acetone-d solutions yield ,J(c, F) = 3.07 sin2$ - B 1.92 sin2($/2). Here J(C, F) is taken as positive. If it is nega- 
tive the signs of the coefficients change but do not alter the 
value of (sin2$), namely, 0.443, obtained for the CS, solution. 

The INDO MO FPT computations agree that 6 ~ ( ~ ,  CH) goes as 
sin2+. For 6 ~ ( ~ ,  CH) such calculations yield numbers closely met 
by -2.73 sin2$ - 0.40 sin 2$, that is, the presence of the second, 
strongly polar, C-F bond is calculated to perturb the a-IT 
interaction of the first. However, for the MP216-3 IG* internal 
rotational potential (see below), (sin 2$) is only 0.26, introducing 
an error of less than 4% into the approximation used here, if 
INDO is correct. 
The nine values of 6 ~ g , ( ~ ,  CH, 6 ~ g p ( ~ ,  CH), and 5~!o(~,  C) now a 
available for toluene, benzyl fluor~de, and benzotrifluoride are 
discussed below. 

Hence (sin2+) is 0.614, within the range deduced from 'J(c, F) 
above. Again, it happens that ,J(c,F) has a small range, in 
contrast to ,J(c, F) in benzyl fluoride. 

A vanishing internal rotational potential would entail a 
(sin2+) of 0.5. A very large potential, with a minimum at + = 
0°, as in 2, would push (sin2+) towards zero. For a purely two- 
fold potential, the experimental values of (sin2+) correspond to 
a barrier of 2.9 kJ/mol in C6D,2 solution with 1 as the mini- 
mum, 2 as the maximum in the potential.6 In the polar acetone- 
d6 environment, the apparent twofold barrier drops to 1.0 
kJ/mol, with 1 still at the minimum. 

The experimental data indicate a small barrier to internal 
rotation and, most likely, that 1 is the conformation of lowest 
energy. Of course, a fourfold component in the potential does 
not contribute to the energy at + = 90". Nevertheless, although 
not expected to be larger in magnitude than the leading two- 
fold component, a fourfold component will alter (sin2+). In the 
section below, recourse is had to theoretical potentials for the 
isolated molecule as well as for the molecule embedded in a 
dielectric continuum. Comparison with experiment then 
arrives at a reasonable description of the internal rotation of 
the molecule in a vacuum and in solution. 

Theoretical internal rotational potentials 

(a) The isolated molecule 
Table 3 presents the computed internal rotational potentials, V, 
for various molecular orbital models, including first approxi- 
mations to electron correlation. Geometries were optimized 
for each torsion angle, +. Figure 3 plots the potentials. 

Except for the minimal basis set, all other potentials have a 
minimum at + = 90°, as in 1. The opposite signs of twofold, 
V2, and fourfold, V,, terms produce a global maximum in Vnot 
far from + = 45" when IV2/V41 is small enough; in conse- 
quence, 2, with + = Oo, represents a local minimum for the 
larger ab initio basis sets. The values of (sin2+) at 300 K range 
from 0.470 for the STO-3G potential to 0.638 for that from the 

These numbers come from a hindered rotor model or a classical 
averaging procedure (27-29); the two methods give the same 
(sin2+) values for barriers of this magnitude at 300 K, as expected. 
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Schaefer et al. 1631 

Table 4. Theoretical internal rotational potentials (in kJ1mol) for benzal fluoride as a function of basis set and dielectric constant with the 
Onsager niodel (SCRF PAC). 

6-3 1 G"l20.7" 6-3 lG'V2.64 6-3 1 1G*/20.7 6-3 1 1 G*/2.64 MP216-3 1 G*/20.7 MP216-3 1 G'V2.64 

"Geometry optimizations were stopped after five iterations. 
"Dielectric constants of 20.7 and 2.64 were used. 
'Expectation values at 300 K. 
"Total energy at 4 = 0". cr C-H bond in the phenyl plane. 
"Dipole moment in debye units at I$ values of 0" and 90". 

Fig. 3. The internal rotational potentials of benzal fluoride at 
various levels of molecular orbital theory are plotted as a 
function of the angle by which the C-H bond of the side chain 
twists out of the phenyl plane. Geometries were optimized at 
each torsion angle, which was increased in steps of 15". The 
potentials are given in Table 3. 

ANGLE (Degrees) 

correlation-gradient, MP2/6-3 1 G**, computations. The last 
number is coincidentally identical to that derived from the 
coupling constants in the nonpolar C6DL2 solution. In the 
absence of the following computations of solvent effects on 
the internal potential, the agreement might well have been 
taken as excellent. 

(b)  The molec~lle in solution 
Table 4 presents the Onsager or SCRF (15-17) computations 
of the internal rotational potential for dielectric constants of 
2.64 and 20.7, using a number of basis sets. Table 5 gives a 
somewhat larger data set for such computations, employing 

the more recent SCI-PCM approach (18, 19). The tables also 
contain expectation values of sin2+ at 300 K corresponding to 
the computed potentials, as well as dipole moments for con- 
formers 1 and 2. Figures 4 and 5 make comparisons of the 
potentials computed by the two solvent models for low and 
high dielectric constants, respectively, whereas Fig. 6 collates 
them for the SCI-PCM model using post-Hartree-Fock com- 
putations and four dielectric constants. 

The results mainly have the following pattern. For the iso- 
lated molecule, the internal rotational potential is dominated 
by V2, yielding a relatively deep minimum at + = 90" (con- 
former 1). V4 is rather smaller than V2 in magnitude, but of 
opposite sign, causing a maximum in the potential near + = 
40" (V4 itself, of course, is largest at 45"). In the presence of 
solvent, IV4/V21 increases and becomes larger than unity for a 
dielectric constant of 20.7 (acetone). Even at this solvent 
polarity, however, the minimum in the potential occurs at + = 
9O0, but only just, in some instances. At low dielectric con- 
stants the two models yield nearly coincident potentials (Fig. 
4); at high, the SCI-PCM method predicts a larger IV4/V21 than 
does the Onsager model (Fig. 5). In terms of 1 and 2, with 2 
having the higher theoretical dipole moment (Tables 3-5), a 
zero-order reaction field model entails the increasing energy 
of 1. That is, a conformer of higher dipole is increasingly sta- 
bilized as the dielectric constant of the surrounding continuum 
rises. Yet, an attempt to simulate this situation with the 
Onsager model, using 1 = 1 in the SCRF computations (dipole 
moment only), was unsuccessful. We have no explanation of 
this negative result. 

Table 6 presents a comparison of some (sin2+) values as 
derived from the theoretical potentials obtained from various 
levels of molecular orbital theory in the absence or presence of 
various dielectric continua. Both solvent models are repre- 
sented, as are the (sin2+) numbers inferred from long-range 
coupling constants. Best agreement between experiment and 
theory is found for the post-Hartree-Fock potentials. It 
appears unnecessary to go beyond MP216-31G*. The two sol- 
vent models give closely similar (sin2+) values at this level 
(use of the Onsager model with the GAUSSIAN suite of pro- 
grams requires an extra link to the SCRF PAC algorithm, 
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Table 5. Theoretical internal rotational potentials (in kJImol) for benzal fluoride as a function of basis set 
and dielectric constant using the SCI-PCM (18, 19). 

- 

"E is the dielectric constant; the Hartree-Fock calculations used geometry optimization while the MP2 computations were 
single point on the correlation-gradient geometry of the isolated molecule. 

"Expectation values at 300 K. 
'The total energy at I$ = 0'; the a C-H bond lies in the phenyl plane. 
d ~ h e  dipole moment in debye units at I$ = 0" and I$ = 90'. 

Table 6. Experimental and theoretical values of (sin2$) at 300 K. 

Basislmodel 

E" Onsager SCI-PCM Onsager SCI-PCM SCI-PCM Experiment 

1 .OO 0.6 12 0.657 0.638 
2.10 0.619 0.638" 
2.64 0.527 0.549 0.602 0.603 0.588 0.60(3)' 
20.7 0.47 1 0.504 0.570 0.560 0.549 0.553" 

"Dielectric constant. 
"Deduced from 'J(H, CH?) and 'J(H, F). 
'From 'J(C, F). 

whereas the SCI-PCM computations form part of GAUSSIAN 94 
and are easier to implement). 

Qualitative discussion of the internal rotational potential 

(a )  The isolated molecule 
As a preliminary, Fig. 7 shows the correlation-gradient, MP2/ 
6-3 lG**, structures of two conformations of benzal fluoride. 
These may well be of interest to molecular spectroscopists. 
The figure caption gives further information. 

A rationalization of the stability of the conformer of lowest 
energy in benzal fluoride goes as follows. It is convenient to 
begin with benzyl fluoride, whose most stable conformer has 
the C-F bond in the phenyl plane (5,6). In terms of perturba- 
tional molecular orbital theory, it is expected that a benzylic 
anomeric effect will stabilize the perpendicular conformer (the 
C-F bond in a plane perpendicular to the phenyl plane) 
because the n system of the ring then interacts best with the 

antibonding cr orbital of the C-F bond (4). An analogous 
interaction contributes to the stabilization of the perpendicular 
conformer of benzyl chloride (4), although it has recently been 
shown (3) that other donor-acceptor interactions between the 
cr and n orbitals of the ring and the cr orbitals of the CH,Cl 
group make significant contributions to its ~tabilization.~ 

Whatever the merits of such dissections of the energetic 
interactions between computed orbitals, a simple model based 
on electrostatics and on repulsive overlap of nonbonded atoms 
can also predict the conformer of lowest energy in benzyl flu- 
oride, benzyl chloride, and benzal fluoride. The stability of the 
in-plane conformer of benzyl fluoride has been attributed (4) 

These other interactions are based on a natural bond orbital 
approach (33) in which appropriate orbitals of the ring and side 
chain are removed from the Fock matrix during a recalculation of 
the molecular energy. 
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Schaefer et al 

Fig. 4. The solvent-perturbed MP216-31G* potentials from Tables 4 
and 5 are plotted for a dielectric constant of 2.64. The Onsager 
model used geometry optimization while the self-consistent 
isodensity - polarizable continuum model (18, 19) did not (not an 
option at this level in GAUSSIAN 94). At a low polarity the two models 
nearly coincide in their predictions (compare Fig. 6). The abscissa 
gives the angle by which the a C-H bond twists out of the phenyl 
plane. 

3 Free Molecule 

Angle (Degrees) 

Fig. 5. As in Fig. 4 but for a dielectric constant of 20.7. Here the 
SCI-PCM approach perturbs the potential more than does the 
Onsager approach (compare with Fig. 4). Both models lower the 
magnitude of the negative twofold component and somewhat 
increase that of the positive fourfold component with respect to the 
isolated molecule. 

\1/ 3 Free Molecule 

Angle (Degrees) 

Fig. 6. As in Fig. 4 but, from bottom to top, for dielectric constants 
of 1.0.2.0 (cyclohexane-d,,). 2.64 (CS,), and 20.7 (acetone-d6). The 
potentials come from SCI-PCM using single-point calculations with 
the correlation-gradient, MP216-3 IG*, geometries for the isolated 
molecule. 

1 Acetone 

4 Free Molecule 

4 

-4 

0 20 40 60 80 100 120 140 160 180 

Angle (Degrees) 

to the dominance of the attractive forces between the 'C-F 
and the ortho C--HC dipoles in this conformer. In terms of the 
simple model, these forces dominate the repulsive nonbonded 
forces: the sum of the van der Waals radii of hydrogen and flu- 
orine is 2.55 A whereas the interatomic distance would be 2.4 
A for a regular geometry. For benzyl chloride, however, the 
interatomic distance is again very near 2.4 A in the in-plane 
form, yet the sum of the van der Waals radii is 3.0 A, so that 
repulsive overlap is now dominant leading to the perpendicu- 
lar conformer as most stable.' 

Returning to benzal fluoride, the simple model predicts 1 as 
the least energetic because it brings both C-F bonds very 
close to the ortho C-H bonds, maximizing electrostatic 
attractions. By way of contrast, the conformer analogous to 2 
should be most stable for benzal chloride, as it is (3, 34), 
because it reduces the H, C1 distances to 3.0 A, very near the 
sum of the nonbonded radii. 

The requisite polarities of the C-H and C-F bonds in 
benzal fluoride are supported by molecular orbital computa- 

The simple model is not meant to replnce the more elaborate one 
based on molecular orbitals, of course. Thus, the perturbational 
model might account for the somewhat lower preference for the 
in-plane conformers of 4-fluorobenzyl fluoride, compared to the 
parent molecule (6), via an enhanced benzylic anomeric effect in 
the perpendicular form, fluorine being a 7~ donor. A valence bond 
model could attribute this to an enhanced contribution from a 
hyperconjugative bond, no-bond structure, whereas qualitative 
molecular orbital terminology would attribute the slight 
stabilization of the perpendicular form to a u-7~ interaction aided 
by the TI donor. 
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Fig. 7. The correlation-gradient, MP2/6-3 LC**, geometries (planar phenyl groups) are shown for two conformers for benzal 
fluoride. The hexagonal structure (internal angles) of the benzene moiety is less severely perturbed than by a methyl group; in 
toluene, the bond angle at the ipso position is 118.1" (30). The C-F bond lengths are 0.02 A smaller than for benzyl fluoride 
(6), in the MP2/6-3 1G" structure as well. The C-H and C-C bond lengths of the phenyl group are rather close to those 
claimed to be the best (corrected) theoretical values for benzene itself (31). The exocyclic C-C bond is somewhat shorter in the 
conformer in which the C-H bond lies in the phenyl plane, consistent with stronger U,T withdrawal in this conformer. As a 
matter of interest, the substitution structure of CHzFz (32) has a FCF angle of 108.2", a C-H length of 1.093(3) A, and a C-F 
length of 1.357(1) A. As to solvent effects on computed n~olecular structures, MP2/6-31G* calculations with the Onsager model 
for E = 20.7 (for which geometry optimizations were possible) gave negligible changes in the geometry of the phenyl ring but 
angle changes at the a carbon atom of up to 2" and a 0.006 lengthening of the C-F bond; the latter is perhaps just within the 
level of significance. 

m g l  FcF CCH =107.7 = 113.8 

tions. Figure 8 displays Mulliken charges on the atoms derived 
from the MP2/6-3 lG* computations for conformers 1 and 2. 
The magnitudes are dependent on the basis set, as expected, 
and would also change somewhat if alternative methods were 
used to allocate electron probabilities. Nevertheless, it is most 
unlikely that the signs of the charges would change. The posi- 
tive charge on the hydrogen of the methine C-H bond would 
then be an additional cause of thestability of 1 relative to 2 for 
benzal fluoride. 

Notice also that in conformer 2, in which the C-F bonds 
are closer to the perpendicular than in 1, more charge is with- 
drawn from the phenyl group (particularly at the ipso site) in 
line with cr, T acceptance by the side chain. The ~ s p ' - ~ s p ~  
bond also shortens somewhat in 1 (Fig. 7). The prediction is 
then that a T donor at theparn position would tend to stabilize 
2 relative to 1 and therefore to lower the internal rotational 
potential. On the other hand, electronegative substituents in 

the meta position could cause further polarization of the bonds 
o ~ h o  to the CHF, group and, on the electrostatic model, sta- 
bilize 1 relative to 2. Such polarization apparently stabilizes 
the in-plane conformers of the 3,5-dichloro and 35-difluoro 
derivatives of benzyl fluoride (6, 26). 

Whatever the merits of these adumbrations, it is interesting 
to note that addition of two potentials for benzyl fluoride, one 
being 120" out of phase with the other, yields a potential 
(curve (a) in Fig. 9) that approximates that of benzal fluoride 
(curve (b) in Fig. 9). However, the maximum near 4 = 40" in 
the latter, arising from a relatively large fourfold component, 
is a nonadditive component. 

(b) The molec~lle itz solutiotz 
The computed dipole moments, many of which are found in 
Table 5 ,  show, first, that the unstable conformer, 2, is some 
5% more polar than 1 and, second, that the solvent causes an 
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Fig. 8. The Mulliken total atomic charges are given for the isolated molecule in (a) ,  for a dielectric constant of 2.10 in (b), and 
20.7 in (c) .  The computations used the correlation-gradient optimized MP2/6-3 1G:" structure for the free molecule and the 
SCI-PCM procedure. The absolute charges will depend on the basis set. The cllcrtzges induced by solvent are of interest and are 
very similar for different bases and solvent models. 

increase in charge separation (see also Fig. 8). A simple reac- 
tion field model ( 3 3 ,  in which only the dipole of the solute 
molecule is considered (1 = 1 in the Onsager model), has AEV 
- AES = ( y 2 ~  - y 2 ~ ) ( &  - l)/a3(2& + 1). Here, AEV is the 
energy difference between conformers B and A, AES is the 
energy difference in the presence of a solvent of dielectric con- 
stant, E, and a' is the cube of the molecular radius. The dipole 
moment of benzyl fluoride (36) is reasonably well reproduced 
by the 6-31G:"asis (6). On the assumption that the dipole 
moment of benzal fluoride is also calculated reliably (Table 5), 
and taking is radius as 3.6 A (slightly larger than deduced for 
benzyl fluoride from its liquid density), one finds that, relative 
to the vapor and 2, the energy of 1 is raised by 0.7 kJ/mol in 
acetone-d6 solution and by 0.3 kJ/mol in CS, solution. In this 
deduction, the enhanced dipole moments in the solvents are 
employed (Table 5). Comparison with, for example, the com- 
puted pontentials in Fig. 7 or the twofold MP216-31G* terms 
in Table 5 implies that these dipole energies are too low by 
about a factor of three. Higher order terms in the multipole 
moment expansion appear to play an important role in the sol- 

vent effect, not surprising for a noncompact molecule in which 
charge is not localized in a few proximate bonds. 

In terms of an electrostatic model, the extent of the reduc- 
tion in the field between the charges on the peripheral atoms 
(Fig. 8), caused by the dielectric, is problematical. Intuitively, 
the reduction occurs and destabilizes 1 relative to 2. The con- 
formation of the latter aids hyperconjugative electron with- 
drawal from the phenyl group because the C-F bonds lie 
nearer the perpendicular (Fig. 8) and cause additional charge 
separation in the more polar media. 

The chemical shifts 
A considerable literature (37, 38) exists relating I3c and 'H 
chemical shifts to computed atomic charges in benzene deriv- 
atives. The computations are done on the isolated molecules, 
the shifts are measured in solution. The para proton shielding 
in monosubstituted benzenes is well correlated with the u 
electron density at the para hydrogen atom (37). With refer- 
ence to the proton chemical shifts in C6D12 and acetone-d6 
solutions in Table 1 and the computed u electron densities in 
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Fig. 9. In (6) the correlation-gradient, MP216-3 lG*, internal 
rotational potential of benzal fluoride is plotted as a function of 
the angle by which the a C-H bond twists out of the phenyl 
plane. In (a) the potential, obtained by adding two benzyl 
fluoride potentials (6), one shifted by 120" from the other in 
torsional angle, agrees quite well with (b), except in the region 
near 40"; the larger IV,/V,I ratio for benzal fluoride produces this 
divergence. 

Angle (Degrees) 

Fig. 8, one has the para ring proton less screened in acetone-d6 
solution by 0.215 ppm and the positive charge increased by 
0.0125 electron units. The ratio of these numbers is reasonable 
in that the screening of the proton in the hydrogen atom is 17.8 
ppm. It is interesting that the methine proton is descreened by 
0.443 ppm in passing from C6D,, to acetone-d6 solution, while 
the positive charge increases by 0.023 units. The two shift/ 
charge ratios, para and methine protons, are 17.2 and 19.3 
ppm/electron.9 Of course, a rigorous procedure would average 
the charges over the computed potential. 

Such comparisons might encourage an extrapolation of the 
shifts to the vapor using the charges computed for the isolated 
molecule (Fig. 8); gaseous shift values would be of interest to 
modem approaches to chemical shift calculations (40), rare 
though they still are for protons (40,41), but see ref. 39. How- 
ever, if computations on benzene itself are done, just as for 
those in Fig. 8, one finds again an increased charge of 0.012 on 
the protons. But the shift of benzene in C6Hl, is 7.21 1 ppm, is 
7.352 ppm in acetone-d6, and thus the decrease in screening is 
only 0.141 ppm. Hence the rough proportionality between 
increased positive charge and decreased screening noticed for 
the in benzal fluoride is likely a coincidence. 

It is conceivable that another basis set and a different 
method of deriving charges (42) from the density matrix could 
result in a consistent treatment of chargelshift ratios in ben- 
zene and its derivatives in solutions of various polarities; lead- 
ing to reliable shifts in the vapor phase. 

Turning to ',c shifts, that of benzene in solution is usually 
given as 128.5 ppm (8 value, relative to TMS). The screening 
of the para I3c nucleus is given as proportional to the n elec- 
tron charge in monosubstituted benzenes as well as to the total 
electron density (37). The n and total charges are linearly 
related (37). The chemical shifts of C-4 in Table 2 therefore 
mean that the CHF, group is an electron-accepting substituent, 
similar, in fact, to the CH,S=O group (43). As the polarity of 
the solvent increases, C-4 is deshielded, yet the computed total 
negative charge (Fig. 9) increasek Unfortunately, we do not 
have the n electron densities because of our parsimony in 
print-outs of the computer output. 

Other long-range coupling constants 

(a) 4 ~ ( ~ ,  CH) 
In toluene, 4 ~ ( ~ ,  CH,) can be written (25,44) as - 1.08 (sin2+) 
- 0.32 (cos2+), the second term representing a u electron con- 
tribution, the first the u,n mechanism. Both of the coefficients 
in this relationship will be altered by the electronegative fluo- 
rine substituents in benzal fluoride. The values of (sin2+) are 
known for the latter compound in C6D,, and in acetone-d6, 
with the result that 4 ~ ( ~ ,  CH) = -0.649 (sin2+) - 0.20 (cos2+). 
It is likely that the internal rotational potential in benzal fluo- 
ride is sensitive to para substituents, as it is in benzyl fluoride 
(6), so that 4 ~ ( ~ ,  CH,) in such derivatives may well be an 
alternative to 6 ~ ( ~ ,  CH) in assessing changes in the potential, 
as it is for benzyl fluoride derivatives (6, 26). 

(b) 4 ~ ( ~ ,  CH) 
The magnitudes of (sin2+) (see 2) in C,D,, and acetone-d6 
solutions are 0.432 and 0.474, respectively. Combined with 
the corresponding 4 ~ ( ~ ,  CH) numbers of -1.125(1) and 
- 1.226(1) Hz, one has 4 ~ 9 , ( ~ ,  CH) as -2.599 or -2.609 Hz. 
The implication, that 4 ~ ( ~ ,  CH) = 4 ~ 9 ,  (sin2$), calls to mind a 
similar functional relationship established for 4 ~ ( ~ ,  CH) in 
3,5-dichlorobenzyl fluoride (26), in which, however, an addi- 
tional, small, term in (sin2$) also occurs. 

"Jg0 values in toluene through benzotrijluoride 
From the numbers given here (5, 6, 25, 45) it appears that the 

CH,F 5.03(10) 2.85(1) 1 1.20(1) CH, 
I 

CHF, 4.39(15) 2.55(1) 1 0.94(1) CH2F 
I 

c F2 2.78(6) 1.3 l(3) 1 0.40(2) CHF, 

There is no theoretical basis for a correlation of the shielding of a 
nucleus with the electron population of the atom canying the 
nucleus in a molecule, but there may occur instances in which 
such a correlation occurs for protons (39) -perhaps in restricted 
cases as for the para proton in benzene derivatives. 

second fluorine substituent causes a rather larger perturbation 
of 5 '6~9,  than does the first. Thus, 6 ~ 9 , ( ~ ,  H) decreases in mag- 
nitude only from 1.20 Hz in toluene to 0.94 Hz in benzyl flu- 
oride but to 0.40 Hz in benzal fluoride; similar statements 
apply to 6 ~ 9 , ( ~ ,  F) and 'J,,(c, F). In terms of a hyperconjuga- 
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tive model, the a-.sr overlap of the C-H or C-F bond orbit- 
als with those of the phenyl group is reduced as the 
electronegative fluorine substituent polarizes the C-H or C- 
F bonds. A second fluorine substituent (changing CF,F to 
CHF, for 6 ~ ( ~ ,  H)  and CHF, to CF3 for 6 ~ ( ~ ,  F) and 5 ~ ( ~ ,  F)) 
is hence much more effective in reducing the a-.sr interaction, 
perhaps because a C-H bond responds more easily than a 
C-F bond to the perturbation. Reasonably linear correlations 
exist between the numbers in different columns above; their 
significance, if any, escapes us. 

Suggested experiments 
The internal rotational potential in benzal fluoride, small and 
sensitive to  solvent, is most likely sensitive also to substitu- 
ents, including those in meta and para positions. Such is the 
case with benzyl fluoride, in which electronegative meta sub- 
stituents stabilize the in-plane conformer (6, 26), whereas a 
weak .rr donor in the para position favors the perpendicular 
form of the molecule (6). The prediction is then that electrone- 
gative substituents in the meta position will lower the energy 
of 1 relative to 2 for benzal fluoride; the opposite will occur in 
the presence of a para .sr electron donor. Of course, the pres- 
ence of a solvent will alter the magnitudes of these relative 
energies. Useful contributions from molecular spectroscopists 
would entail the measurements of  these potentials for the gas- 
eous molecules, for comparison with the theoretical potentials 
and with the results of measurements in solution, as illustrated 
in this report. 
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Sulfonyl esters 7. The second and third 
sequences in the Trithioorthoformate Reaction 

Kashyapa Ananda Ginige, John Edward Goehl, and Richard Francis Langler 

Abstract: A previous report has established the intermediacy of a sulfide-sulfonate ester in the one-pot conversion of an aryl 
mercaptan and a sulfonate ester into the corresponding trithioorthoformate. This report describes evidence for the sequential 
intermediacy of a bissulfide-sulfonate ester and a dithiosulfene in the conversion of the sulfide-sulfonate ester into the 
trithioorthoformate. A new sulfonate ester is shown to give the highest yield of trithioorthoformate. 

Key words: single electron transfer, sulfonate esters, sulfenes. 

RCsumC : Une publication antkrieure a Ctabli la participation d'un ester sulfure-sulfonate comme produit intermtdiaire dans la 
conversion dans un seul rtcipient d'un mercaptan arylique et d'un ester sulfonate en trithioorthoformate correspondant. Cette 
publication dkcrit la preuve de la participation intermkdiaire skquentielle d'un ester bisulfure-bisulfonate et d'un dithiosulfkne 
dans la prkparation du trithioorthoformate. On montre qu'un nouvel ester sulfonate donne les rendements les plus t levts  de 
trithioorthoformate. 

Mots clis : transfert d'klectron unique, esters sulfonates, sulfknes. 

[Traduit par la rkdaction] 

Introduction 

In the course of exploratory work on reactions of mercaptans 
with sulfonic acid esters (I), we discovered the Trithioortho- 
formate Reaction (see eq. [l]). Scheme 1 outlines the pathway 
for the first sequence of the Trithioorthoformate Reaction, 
which produces the intermediate sulfide-sulfonate ester 2 as 
described earlier (2). We now disclose our findings and con- 
clusions about the processes that transform the sulfide-sul- 
fonate ester 2 into the trithioorthoforrnate 1. 

Results and discussion 

To support our view that sodium hydride serves as an electron- 
transfer agent, the eq. [ l ]  reaction was successfully rerun with 
sodium metal2 (vide eq. [2]), which, presumably, must react as 
such an agent. 

A. The second sequence of the trithioorthoforrnate 
reaction 

The intermediacy of sulfide-sulfonate ester 2 (Scheme 1) was 
established after it was isolated cleanly by means of column 
chromatography (2). We were unable to isolate any other inter- 
mediates in this way. However, we repeatedly observed the 
presence of p-tolyl thiolformate in column fractions from rou- 
tine reactions (vide eq. [3]). 
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K.A. Ginige, J.E. Goehl, and R.F. ~ a n ~ 1 e r . l  Department of 
Chemistry, Mount Allison University, Sackville, NB EOA 3C0, 
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and Fax: (506) 364-236 1. 
In early experiments ethanol was present. It was shown to be a 
spectator species (2). 

Given the pathway of the first sequence (Scheme l), it 
seemed very likely that the Trithioorthoformate Reaction pro- 
ceeds through sequential sulfide-sulfonate esters as shown in 
eq. [41. 

The failure to isolate 3, coupled with the isolation of p-tolyl 
thiolformate would be explained by assuming the hydrolysis 
of 3 during column chromatography as shown in Scheme 2. 
Note that unimolecular dissociation of sulfonic acid esters 
with CS bond rupture has some experimental precedent (3). 

Due to the apparent instability of 3 to column chromatogra- 
phy, we decided to gather evidence for the intervention of 
bissulfide-sulfonate esters like 3 by examining model sulfeny- 
lations with selected sulfones. Sulfone sulfenylations were 
selected in the hope that (i) -S02R would facilitate a-sulfeny- 
lation nearly as well as -S020Ar but that (ii) -S02R would be 
a significantly poorer nucleofuge than -S020Ar so that, in 
contrast to bissulfide sulfonate esters like 3, product bissulfide 
sulfones might withstand column chromatography. A series of 
experiments on phenyl methyl sulfone was initiated (vide eq. 
[5]). The low consumption of phenyl methyl sulfone (eq.[5]) 
demonstrates the importance of the SO,-0 linkage for the 
redox steps that produce disulfide in the Trithioorthoformate 
Reaction (Scheme 1). Subsequent exploration of sulfenyla- 
tions employed disulfide as portrayed in eq. [6]. To  avoid 
reaction that might accompany column chromatography, 4 
was routinely purified using double recrystallization, which 
permitted the preparation of clean product in 30% yield. Addi- 
tion of authentic trithioorthoformate 1 to the crude product of 
eq. [6] confirmed that 1 does not form in detectable amounts 
(60 MHz nmr) in that reaction. Scheme 3 presents the result 
when that reaction was worked-up using column chromatog- 
raphy. 

The trithioorthoformate 1 is a reaction product in reactions 
of sulfonic acid esters (eq. [I]) but an artifact produced by col- 
umn chromatography in reactions of sulfones (Schemes 3 and 
4). In addition to the evidence cited above, chromatography 

Can. J. Chem. 74: 1638-1648 (1996). Printed in Canada / Imprime au Canada 
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Ginige et al. 

Scheme 1. The first sequence of the Trithioorthoformate Reaction. 

itself provides an indication that 1 is an artifact in reactions 
producing 4. Typically, our reactions on sulfonates furnish 
both p-tolyl disulfide and the trithioorthoformate 1, which are 
eluted in immediately adjacent fractions using low-polarity 
solvents (e.g., see "Reaction of 2 with sodiump-tolyl mercap- 
tide in the presence of p-chlorophenol" in ref. 2). However, 
elution of the products from the reaction depicted in Scheme 3 
provided the disulfide and 1 separated by about 30 fractions. 

Furthermore, elution of 1 was intermittent, as was elution ofp- 
tolyl thiolformate, clearly suggesting reaction during column 
chromatography. In accord with this evidence, tertiary sulfone 
sulfides 5 are known to hydrolyse in aqueous acid (4) or in the 
presence of moist silica gel (5) .  

One might have expected the reactions given in eq. [6] and 
Scheme 3 to produce significant amounts of the trissulfide sul- 
fone 6a by base-induced sulfenylation of the carbanion 
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Scheme 2. 

derived from 4. No such compound was observed. Moreover, 
purification by column chromatography (Scheme 3) failed to 
furnish any known tetrathiomethane 7 (6), which would be 
expected to form from 6a by hydrolysis during column chro- 
matography. 

The failure of the carbanion derived from the bissulfide sul- 
fone 4 to sulfenylate under conditions which sulfenylate the 
carbanion derived from can be rationalized on the grounds 
that the carbanion derived from 4 would enjoy stronger induc- 
tive stabilization and would be more hindered, thus making it 
less reactive. 

Authentic 8 was available to us (7) 

An earlier result (8) provides evidence for the detrimental 
effect of anion stability on sulfenylation (see eq. [7]). Despite 
the much smaller size of the nitro group (relative to sulfonyl) 
only monosulfenylation of nitromethane was observed. Con- 
sistent with both anion stability and steric arguments, sulfe- 
nylation of the sulfone-sulfonate ester 9 (eq. [81) introduces 
only one thio-p-tolyl group. The viability of our proposed 
unimolecular dissociation of bissulfide sulfonates (Scheme 2) 
and bissulfide sulfones (Schemes 3 and 4) on moist silica gel 
rests, in large measure, on the stability of the cationic inter- 
mediates (ArS),+CH. The sulfide-sulfonic acid ester 2 would 
hydrolyse on moist silica gel to form ArSCCH2, which is less 
stable than (ArS),+CH. While 2 is moderatlely stable to col- 
umn chromatography, there is no doubt that some of it 
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NOH 

[7] CH3NOZ + z ( c H ~ - @ s ) ~  - HMPA cH3-@)- S C H ~ N O ~  

I h  
R T 

Scheme 3. 

30 min 
~ ( c H ~ - @ - s ) ~ c R s o ~ P ~  

Scheme 4. C
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Scheme 5. The second sequence of the Triorthoformate Reaction 

hydrolyses during chromatographic purification, explaining, 
in part, the modest yields (ca. 30%) routinely obtained from 
optimized reactions (2). Corresponding behaviour would 
transform the sulfone-sulfide-sulfonate ester 10 into 
ArS0,'CHSAr. The presence of the powerfully destabilizing 
SO, group would make that cation much less stable than 
ArS'CH,. In harmony with this view, 10 is stable to column 
chromatography. 

Given our experience with the Trithioorthoformate Reac- 
tion, in conjunction with the pKa's of butanesulfinic acid and 

benzenesulfinic acid (2.1 and 1.2, respectively (9)), it seemed 
reasonable to presume the following order of nucleofugalities 
for bissulfide sulfonyl compound hydrolyses: -SO,OPhCl-p > 
-SO,Ph > -SO,CH,. In an attempt to examine a sulfenylation 
that would give products with enhanced stability to column 
chromatography, the following reactions were conducted on 
dimethyl sulfone (eq. [9]). In the event, 11 and 12 were more 
stable to column chromatography. Reversibility for sulfone 
sulfenylations, under our reaction conditions, was established 
by the reaction shown in eq. [lo]. 

Because the methyl sulfones (eqs. [6] and [9]) and the meth- 
anesulfonates (Scheme 1) are similar in acidity4 and reactions 
at the a-carbon atoms are subject to similar steric congestion, 
the sulfones serve as good models for the methanesulfonates. 
It is now clear that (i) reversible sulfenylation, shown as 2*3 
in eq. [4], is almost certainly the second sequence of the 
Trithioorthoformate Reaction. Additionally, the absence of 
trissulfide sulfones 6a and 6b in product mixtures from reac- 
tions [6] and [9] along with the absence of hydrolysis products 
(including (ArS),C) expected from reaction during column 

"imethyl sulfone has a pK, of 31.1 and phenyl methanesulfonate 
has a pKa of 25.2 (10). 

chromatography strongly militates against the intervention of 
the trissulfide-sulfotlate ester 13 in the Trithioorthoformate 
Reaction (eq. [I]). 

13 
The second sequence is presented as Scheme 5 .  

B. The third sequence of the trithioorthoformate reaction 
A priori, there are four reasonable intermediates through 
which the bissulfide sulfonate ester 3 might be transformed 
into the trithioorthoformate 1, viz. (i) the trissulfide sulfonate 
13, which has already been dismissed from consideration, (ii) 
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Anion f r o m  3 X = - S O 2 0 P h C I - p  

Anion f rom 4 X -  -S02.Ph 

Anion f r o m  12 X =-SO .CH3 2  

( I )  SET ? - 
[13] ( c H ~ - @ - - s ) ~ c H s o ~ o P ~ c I - ~  (2 )  - O P ~ C I - ~ '  ( c H 3 ~ s ) 2 c n s 0 2  

a dithiocarbene, (iii) a dithiomethyl carbanion, and (iv) a 
dithiosulfene. 

The intermediacy of a dithiocarbene would follow from 
possible expulsion of a sulfonyl leaving group from a dithio- 
sulfonyl carbanion as in eq. [ 1 I]. 

Based upon the chromatographic instabilities of 3 and 4 
(rationalized in Schemes 2 and 4), it seems likely that 
-S020PhC1-I> and -SO,Ph have similar nucleofugalities. It fol- 
lows that the carbanions derived from 3 and 4 should be simi- 
larly reactive with respect to dissociation as shown in step 1 of 
eq. [ l  11. Since no sulfone reaction conducted at room temper- 
ature furnished any trithioorthoformate 1 prior to column 
chromatography, we have treated the anion from the bissulfide 
sulfone 4 with p-tolyl mercaptide anions in hot HMPA (eq. 
[121). 

A similar reaction on the carbanion derived from the bissul- 
fide sulfone 12 also failed to produce any trithioorthoformate 
1. We conclude that the carbanions derived from 4 and 12 have 
no effective way to reach 1 and that the Trithioorthoformate 
Reaction is unlikely to proceed through a dithiocarbene. In 
sharp contrast to these sulfone experiments, phenyl methane- 
sulfonate produces no 1 at room temperature but converts p- 
tolyl mercaptide anions into 1 in 40% yield at 100°C (2). 

The intermediacy of a dithiomethyl carbanion might be 
expected following single-electron transfer (SET) to the bis- 
sulfide sulfonate 3 (eq. [13]). However, the Trithioorthofor- 
mate Reaction completely consumes added NaH to produce 
carbanions and sulfenylated sulfonate esters. The bissulfide 
sulfonate 3 would be the strongest acid produced in the reac- 
tion and should be essentially quantitatively converted to the 
corresponding carbanion under the reaction conditions. This 
anion is an improbable one-electron acceptor. Desulfonylation 

of 14 would produce a very unstable carbanion5 and is an 
unlikely process at ambient temperature. The dithiomethyl 
carbanion will not be considered further as an intermediate for 
the third sequence of the Trithioorthoformate Reaction. 

A reasonable pathway involving dithiosulfene intermediacy 
is presented in Scheme 6. The chemistry of sulfenes has been 
the subject of a recent review (1 1). Sulfonic acid esters are 
well-established presursors for the formation of sulfenes (1, 
12). Attack by mercaptide anions at the sulfene carbon 
(Scheme 6) is known as "carbophilic" attack (1 1) and has 
ample precedent (13). PM3 computations on CH,SO, show it 
to have a near-degenerate pair of vacant frontier orbitals (Fig. 
1). The coefficients shown in Fig. 1, along with the calculated 
atomic charge at sulfur (+2.33), lead to the view that sulfur 
may serve as the hard-acid site in sulfene while carbon serves 
as the soft-acid site. Optimized PM3 results for (PhS),CSO, 
are very similar to those just presented for sulfene itself. Note 
that the third sequence of the Trithioorthoformate Reaction is 
only the second example of nucleophile-induced CS rupture in 
a sulfonate ester reaction (see ref. 14 for the first example). . 

With a complete pathway proposal in hand, we turned our 
attention to the design and construction of a superior sul- 
fonate. The Trithioorthoformate Reaction requires that the sul- 
fonate ester serve as (i) an effective oxidizing agent for 
mercaptide anions and (ii) the source of the methine carbon. 
The first molecule selected for synthesis was the bissulfonate 
150, which has a tribromophenyl-sulfonate linkage for oxida- 
tion (15) and a methanesulfonate group for methine carbon. 

The following pK,'s come from ref. 10: (PhS),CH, 22.8; 
2-phenyl-l,3-dithiocyclohexane, 30.6; PhSCH,, 42. 
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Scheme 6. Proposed third sequence of the Trithioorthoformate Reaction. 

Fig. 1. PM3 vacant frontier and near-frontier orbitals for sulfene 

The sulfone sulfonate 15b was also targeted for synthesis. It 
should be a good oxidizing agent but should be unable to 
deliver methine carbon because it cannot form a dithiosulfene 
(see Scheme 6). Our approach to the synthesis of 15b is pre- 
sented in eq. [14]. 

Earlier work (2) demonstrated that 2,4,6-tribrornophenyl 
methanesulfonate was smoothly reduced by sodium hydride in 
HMPA. Both 15a and 15b were reacted with sodium hydride 
to confirm that these tribromophenyl sulfonates were effective 
oxidizing agents (eq. [15]). Prior to the experiment on 15a, the 
highest yield6 of trithioorthoformate 1 (at room temperature) 
was 10.8 mol%, obtained with p-methylsulfonylphenyl meth- 
anesulfonate (2). The final experiments employed mixtures of 

Yields for this discussion are based on consumed sulfonic acid 
ester. 

p-tolyl mercaptan and p-tolyl disulfide in order to avoid 
exhausting the capacities of the sulfonate-esters to oxidize 
mercaptide anions (see first step, Scheme 5). 

In consonance with our results on sulfones, 15b furnished 1 
in very low yield6 (eq. [16]). Trithioorthoformate isolated 
from this reaction was undoubtedly an artifact resulting from 
column chromatography. 

Reaction with the bissulfonate ester 15a furnished the 
trithioorthoformate 1 in a yield6 that was twice the magnitude 
of that obtained with p-rnethylsulfonylphenyl methane- 
sulfonate (2) (eq. [17]). A complete detailed proposal for the 
pathway of the Trithioorthoformate Reaction has been 
advanced. Insights arising from the proposal have permitted 
the design of the best-known reagent, 15a, for the oxidative 
conversion ofp-tolyl mercaptan into the trithioorthoformate 1. 
Methods 
PM3 computations (16) on the two sulfene structures were 
fully optimized. 

Experimental 

General 
The ir spectra were recorded on a Perkin-Elmer 237B grating 
spectrophotometer. The nmr spectra were obtained on a 
Varian EM360A instrument using TMS as the internal stan- 
dard. Mass spectra were obtained on a Kratos MS 80 gc-rns 
system. Melting points were determined on a Gallenkamp 
MFB-595 capillary melting point apparatus and are uncor- 
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HMPA 
X - @ - S 0 2 0 ~ B r  + N O H  R T  Ho*Br 

11 51 Br Br 

rected. Quantitative analysis of mixtures was accomplished as 
described elsewhere (17). 

Standard work-up 
The crude reaction mixture was poured into water (100 mL) 
and 10% HCl(10 mL). The resultant mixture was washed with 
diethyl ether (three 100-mL aliquots). The combined ether 
layers were concentrated and the residue poured into water 
(100 mL). The resultant mixture was extracted with diethyl 
ether (three 100 mL aliquots). The combined ether layers were 
washed with 2.5% NaOH (100 mL), dried (MgSO,), and con- 
centrated. 

Trithioorthoformate reaction with Na metal 
Sodium metal (0.693 g, 30.1 mmol) was suspended in HMPA 
(hexamethylphosphoramide) (2) (30 mL). A solution of abso- 
lute ethanol (0.638 g, 13.8 mmol) in HMPA (10 mL) was 
added dropwise over 10 min. A solution ofp-tolyl mercaptan 
(1.698 g, 13.6 mmol) was added dropwise over 10 min. Upon 
completion of the addition the reaction mixture was stirred at 
ambient temperature for 5 min. p-Chlorophenyl methane- 
sulfonate (2.802 g, 13.6 mmol) was added and the reaction 
mixture stirred at room temperature for 4 days, by which time 
the sodium was completely consumed. 

Standard work-up furnished crude product (1.783 g), which 
was recrystallized from methanol (40 mL). Clean trithioortho- 
formate 1 (0.537 g, 1.4 mmol, 30.8%) was obtained and 
shown to be identical to authentic material by mp, nrnr, and 
double-spotted tlc. The mother-liquor concentrate was chro- 
matographed on silica gel (120 g) employing chloroform elu- 
tion (100-mL fractions). Fractions 4 and 5 were combined and 
concentrated affording p-chlorophenyl methanesulfonate 
(0.416 g). 

Preparation of p-tolyl thiolformate 
Authentic p-tolyl thiolformate was prepared as described else- 
where (18). 

Isolation of p-tolyl thiolformate from the trithioorthofortnate 
reaction 

Sodium hydride (0.679 g, 28.3 mmol) was suspended in 
HMPA (100 mL). p-Tolyl disulfide (3.375 g, 13.7 mmol) and 
then p-chlorophenyl methanesulfonate (2.828 g, 13.7 mmol) 
were added. The reaction mixture was stirred at ambient tem- 
perature for 1 h 10 min and subjected to standard work-up 
affording crude product mixture (3.633 g). 

Crude product was chromatographed on silica gel (370 g) 
employing carbon tetrachloride elution (40 100-mL fractions) 
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and then chloroform (20 100-mL fractions). Fractions 9-22 
were combined and concentrated, affording the trithioortho- 
formate 1 (1.591 g, 4.2 mmol). Recrystallized 1 was identical 
to authentic material by nmr, tlc, mp, and mixture mp. Frac- 
tions 23-25 were combined and concentrated, furnishing p- 
tolyl thiolformate (0.032 g, 0.2 mmol) that was identical to 
authentic material by ir and nmr. Fractions 26-28 were com- 
bined and concentrated, giving p-tolyl disulfide (0.143 g, 0.6 
mmol). Fractions 47-50 were combined and concentrated, fur- 
nishing the sulfide-sulfonate ester 2 (0.264 g, 0.8 mmol). 
Recystallized 2 had mp 74.6-75.2"C; ir (CHCl,): 1360, 1150 
cm-'; nmr (CDC1,) 6: 7.52 (2H, d, J = 8 Hz), 7.20 (4H, br s), 
7.!2 (2H, d, J = ~ - H z ) ,  4.40 (2H, s), and 2.32 (3H, s); ms mie, 
M. + 2: 330 (0.4%), 328 (1.2%). 137 (loo%), and 91 (8.3%). 
Anal. calcd. for C,,H,,ClO,S,: C 51.13, H 3.98; found: C 
5 1.03, H 4.00. Fractions 5 1 and 52 were combined and con- 
centrated, providing an equimolar mixture (0.238 g) of 2 and 
p-chlorophenyl methanesulfonate. Fractions 53-57 gave p-  
chlorophenyl methanesulfonate (0.456 g). 

Reaction of pherlyl methyl sulfone with p-tolyl mercuptalz 
Sodium hydride (1.636 g, 68 mmol) was suspended in HMPA 
(75 mL) (2). A solution of p-tolyl mercaptan (4.267 g, 34.4 
mmol) in HMPA (25 mL) was added dropwise over a period 
of 5 min. Phenyl methyl sulfone (2.136 g, 13.6 mmol) was 
added and the reaction mixture stirred at ambient temperature 
for 1 h 10 min. 

Standard work-up yielded crude product (1.047 g) that was 
chromatographed on silica gel (100 g), first employing 1:3 
methylene chloride - carbon tetrachloride elution (30 100-mL 
fractions) and then chloroform elution (100-mL fractions). 
Fractions 2 4  were combined and concentrated, affording p- 
tolyl disulfide (0.087 g). Fractions 12-20 furnished the bissul- 
fide sulfone 4 (0.037 g, 0.092 mmol, 0.6%). Recrystallized 4 
had mp 117.4-1 18.5"C; ir (CHCl,): 1360 and 1155 cm-I; nmr 
(CDCl,) 6: 8.00 (2H), 7.60 (3H), 7.31 (4H, d), 7.06 (4H, d), 
5.00 (lH, s), 2.33 (6H, s). Anal. calcd. for C21H2002S3: C 
62.96, H 5.03; found: C 63.09, H 5.20. Unchanged phenyl 
methyl sulfone (0.786 g) was recovered from fractions 2 1 4 1 .  

Routine preparation of bissuljide sulfone 4 
Phenyl methyl sulfone (1.506 g, 9.6 mmol) in HMPA (20 mL) 
(2) was added to a slurry of sodium hydride (0.470 g, 19.5 
mmol) in HMPA (10 mL) and the mixture stirred for 5 min. p-  
Tolyl disulfide (4.725 g, 19.2 mmol) was added and the reac- 
tion mixture stirred for 1 h 10 min. 

Standard work-up furnished crude product (4.624 g) that 
was recrystallized from methanol (41 mL) and carbon tetra- 
chloride (5 mL), affording off-white crystals (1.886 g). 
Recrystallized 4 was again recrystallized from methanol (16 
mL) and carbon tetrachloride (2 mL), affording clean sulfone 
bissulfide 4 (1.158 g, 2.8 mmol, 30%). 

Reaction of phenyl methyl sulfone with p-tolyl disuljide 
employing clzromatographic work-up 

A solution ofp-tolyl disulfide (3.149 g, 12.8 mmol) in HMPA 
(10 mL) (2) was added to a slurry of sodium hydride (0.310 g, 
12.9 mmol) in HMPA (10 mL). Phenyl methyl sulfone (1.000 
g, 6.4 mmol) in HMPA (10 mL) was added dropwise over 5 
min. The reaction mixture was stirred at ambient temperature 
for 30 min. 

Standard work-up yielded a yellow solid that contained the 
sulfone bissulfide 4 (50%), phenyl methyl sulfone (0.368 g, 
37%), and p-tolyl disulfide (1.392 g, 44%). The yellow solid 
was chromatographed on silica gel (300 g) employing 1:3 
methylene chloride - carbon tetrachloride (45 100-mL frac- 
tions) followed by chloroform (100-mL fractions). Fractions 
4-8 furnishedp-tolyl disulfide (1.392 g). Fractions 35-38,49- 
5 1, and 66-67 were combined and concentrated, providing the 
trithioorthoformate 1 (0.325 g, 0.8 mmol, 13%). Fractions 54- 
57 and 69-71 were combined, giving p-tolyl thiolformate 
(0.038 g, 0.3 mmol, 4%). Fractions 75-79 gave the bissulfide 
sulfone 4 (0.083 g, 0.2 mmol, 3%). Fractions 8 1-87 were com- 
bined and concentrated, yielding phenyl methyl sulfone (0.368 
8). 

Reaction of sulfone-sulfonic acid ester 9 with p-tolyl disuljide 
A solution of the sulfone-sulfonic acid ester 9 (1) (1.02 1 g, 4.0 
mmol) in dimethyl sulfoxide (DMSO, 10 mL) was added 
dropwise to a slurry of sodium hydride (0.188 g, 7.8 mmol) in 
DMSO (20 mL). Upon completion of that addition,p-tolyl dis- 
ulfide (0.97 1 g, 3.9 mmol) was added and the reaction mixture 
stirred at ambient temperature for 3 days. 

Standard work-up without base extraction furnished crude 
sulfone-sulfide-sulfonic acid ester 10 (1.922 g). The crude 
product was chromatographed on silica gel (170 g) employing 
chloroform elution (100 mL fractions). Fractions 7-13 gave 
clean 10 (1.344 g, 3.6 mmol, 88%). Recrystallized 10 had mp 
87.9-88.7"C; ir (CHCl,): 1390, 1345, and 1150 cm-I; nmr 
(CDCI,) 6: 7.65 (2H, d), 7.36 (5H, s), 7.16 (2H, d), 5.26 ( lH,  
s), 3.26 (3H, s), and 2.30 (3H, s); ms mle, M: - 1: 371 (6%), 
228 (70%), 135 (76%), 123 (100%). Anal. calcd. for 
C,,H,,O,S,: C 48.36, H 4.32; found: C 48.08, H 4.27. 

Reaction of dimethyl sulfone with p-tolyl disuljide 
A solution ofp-tolyl disulfide (3.141 g, 12.7 mmol) in HMPA 
(10 mL) (2) was added to a slurry of sodium hydride (0.309 g, 
12.8 mmol) in HMPA (10 mL). Dimethyl sulfone (0.604 g, 6.4 
mmol) in HMPA (10 mL) was added and the reaction mixture 
stirred at ambient temperature for 1 h 10 min. Standard work- 
up furnished a crude yellow oil (3.006 g). 

Crude product was chromatographed on silica gel (300 g) 
employing carbon tetrachloride (60 100-mL fractions), then 
chloroform (100-mL fractions), for elution. Fractions 9-17 
were combined and concentrated, giving p-tolyl disulfide 
(1.176 g). Fractions 65-67 yielded trithioorthoformate 1 
(0.042 g). Fractions 88-91 afforded the bissulfide sulfone 12 
(0.442 g, 1.3 mmol). Recrystallized 12 had mp 85.3-86.5"C; ir 
(CHCI,): 1320 and 1150 cm-'; nmr (CDCl,) 6: 7.55 (4H, d), 
7.20 (4H, d), 5.00 (lH, s), 3.10 (3H, s), and 2.40 (6H, s); ms 
mle 259 (36%), 137 (63%), and 91 (100%). Anal. calcd. for 
C1,H1,O2S,: C 56.77, H 5.35; found: C 56.7 1, H 5.39. Frac- 
tions 92-97 furnished a mixture of 12 (0.209 g, 0.6 mmol) and 
the sulfide-sulfone 11 (0.073 g, 0.3 mmol, 5%). The identity of 
11 was established by adding authentic material (7), which 
enhanced the appropriate signals in the nmr spectrum of the 
mixture. 

Reaction of biss~iljide sulfone I2 with p-tolyl mercaptan 
A solution ofp-tolyl mercaptan (0.138 g, 1.1 mmol) in HMPA 
(5 mL) (2) was added dropwise to a slurry of sodium hydride 
(0.035 g, 1.4 mmol) in HMPA (10 mL). After stirring for 5 
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min, the bissulfide sulfone 12 (0.499 g, 1.4 mmol) was added. 
The reaction mixture was stirred for 1 h 10 min and subjected 
to standard work-up, which provided a yellow oil (0.588 g). 

The crude product was chromatographed on silica gel (120 
g) employing carbon tetrachloride elution (1 5 100-mL frac- 
tions) followed by chloroform elution (100 mL fractions). 
Fractions 3-7 were combined and concentrated, furnishing 
impure p-tolyl disulfide. Recrystallization gave clean p-tolyl 
disulfide (0.1 13 g, 0.4 mmol, 3 1 %). Fractions 27-35 were 
combined and concentrated, affording a mixture of the bissul- 
fide sulfone 12 (0.303 g, 60%) and the sulfone sulfide 11 
(0.098 g, 0.4 mmol, 30%) (7). 

Preparation of p-chlorosulfo~zylphen_vl methanesulfo~znte 
4-(Methy1mercapto)phenyl methanesulfonate (2.030 g, 9.3 
mmol) ( I )  was suspended in glacial acetic acid (25 mL) and 
water (3 mL). C1, (ca. 200 mLlmin) was bubbled through the 
reaction mixture for 10 h. Icelwater cooling was used as nec- 
essary to maintain the reaction temperature below 30°C. 

Water (50 mL) was added and the resultant mixture washed 
with chloroform (three 50-mL aliquots). The combined 
organic layers were washed with 2.5% WIV sodium hydroxide 
(two 50-mL aliquots). The organic layer was dried and con- 
centrated. 

The residue was chromatographed on silica gel (200 g) 
employing 1:l methylene chloride - carbon tetrachloride 
(100-mL fractions) for elution. Fractions 9-1 1 were combined 
and concentrated, affording p-chlorophenyl methanesulfonate 
(0.128 g, 0.6 mmol, 7%). Upon recrystallization it was shown 
to be identical to authentic material by nmr, ir, mp, and mix- 
ture mp. Fractions 12-19 were combined, yielding p-chloro- 
sulfonylphenyl methanesulfonate (0.923 g, 3.4 mmol, 37%). 
Recrystallized sulfonyl chloride sulfonate ester had mp 83- 
84.5"C; ir (CHCI,): 1382, 1365, 1182, and 1152 cm-'; nmr 
(CDCI,) 6: 8.35 (2H, d), 7.70 (2H, d), and 3.33 (3H, s). 

Preparrrtion of p-(2,4,6-tribromophenoxysulfo1zylphen)ll) 
r~zethanesulforzate 15a 

Unchromatographed p-chlorosulfonylphenyl methanesulfo- 
nate (2.161 g) was added in small portions to acooled solution 
of 2,4,6-tribromophenol (1.993 g) and dry triethylamine 
(0.602 g) in dry pyridine (50 mL). The reaction mixture was 
stirred at ambient temperature for 5 days. 

Chloroform (100 mL) was added and the resultant mixture 
washed with 2.5% HCl (100-mL aliquots) until the aqueous 
pH remained acidic. The organic layer was washed with 2.5% 
NaOH (100 mL), dried (MgSO,), and concentrated. Crude 
product was dissolved in hot methanol (90 mL) and half of the 
methanol distilled off. The concentrated solution was stored at 
room temperature overnight. Bissulfonate 15a (2.413 g) had 
mp 121.1-121.7"C; ir (CHCl,): 1380 (br), 1190, 1180, and 
1155 cm-I; nmr (CDCI,) 6: 8.20 (2H, d), 7.80 (2H, s), 7.60 
(2H, d), and 3.30 (3H, s); ms mle, M: + 4: 568 (56%), 566 
(65%), 564 (65%), 562 (52%), 333 (53%), 331 (64%), 329 
(64%), 327 (54%), 235 (84%), 17 1 (8 1 %), 14 1 (loo%), and 79 
(76%). Anal. calcd. for Cl3H9Br3O6S2: C 27.63, H 1.60; 
found: C 27.64, H 1.5 1. 

Preparation of p-methyls~~lfonylpherzyl berzzyl sulfide 
Benzyl mercaptan (3.3 mL, 26 mmol) in HMPA (10 mL) (2) 
was added dropwise to a slurry of sodium hydride (0.639 g, 

26.6 mmol) in HMPA (30 mL). Upon completion of the addi- 
tion, p-chlorophenyl methyl sulfone (4.797 g, 25.2 mmol) was 
added and the reaction mixture stirred at ambient temperature 
for 1 h 10 min. 

Standard work-up furnished crude p-methylsulfonylphenyl 
benzyl sulfide, which was recrystallized from methanol, 
affording clean sulfone Sulfide (6.134 g, 22.0 mmol, 87%). 
p-Methylsulfonylphenyl benzyl sulfide had mp 128-130°C; ir 
(CHCI,): 1320 and 1155 cm-'; nmr (CDCl,) 6: 7.76 (2H, d), 
7.30 (25,  d), 7.28 (5H, s), 4.16 (2H, s), and 3.00 (3H, s); ms 
mle, M-: 278 (14%) and 91 (100%). Anal. calcd. for 
CI4Hl4O2S2: C 60.40, H 5.06; found: C 60.21, H 5.15. 

Preparation of p-chlorosufjonylphenyl methyl sulfone 
p-Methylsulfonylphenyl benzyl sulfide (0.965 g, 3.4 mmol) 
was suspended in glacial acetic acid (35 mL) and water (3 
mL). C12 (ca. 200 mLlmin) was bubbled into the reaction mix- 
ture for 45 min. Ice1 water cooling was employed as necessary, 
to maintain the temperature below 30°C. 

Chloroform (100 mL) was added and the reaction mixture 
washed with 2.5% WIV sodium hydroxide (two 50-mL ali- 
quot~) .  The organic layer was dried (MgSO,) and concen- 
trated. The residue was dissolved in dry refluxing carbon 
tetrachloride (150 mL) and 50 mL of solvent distilled off. 
Clean crystals of the sulfone-sulfonyl chloride (0.650 g, 2.5 
mmol, 74%) were obtained. The sulfone-sulfonyl chloride had 
mp 166.5-167.3"C; ir (CHCl,): 1360, 1175, and 1158 $m-'; 
nmr (CDCI,) 6: 8.06 (4H, s) and 2.83 (3H, s); ms mle, M. + 2: 
256 (8%), 254 (18%), and 219 (100%). Anal. calcd. for 
C7H7C10,S,: C 33.00, H 2.77; found: C 32.73, H 2.7 1. 

Preparation of p-(2,4,6-tribromophe1zoxysufjonyfpheny1) 
methyl sulforze 15b 

A solution of 2,4,6-tribromophenol (1.296 g, 3.9 mmol) and 
triethylamine (0.405 g, 4.0 mmol) in pyridine (50 mL) was 
cooled with an icelwater bath. p-Chlorosulfonylphenyl methyl 
sulfone (0.998 g, 3.9 mmol) was added in small portions over 
5 min. The reaction mixture was allowed to return to ambient 
temperature and stirred for 7 days. 

Chloroform (100 mL) was added and the resultant mixture 
washed with 2.5% HCl (100-mL portions) until the aqueous 
pH remained acidic. The organic layer was extracted with 
2.5% sodium hydroxide (100 mL), dried (MgSO,), and con- 
centrated. 

Crude sulfone sulfonate 150 was recrystallized from meth- 
anol (1 100 mL), affording clean product (1.238 g, 2.2 mmol, 
56%). Recrystallized 15b had mp 228.0-228.4"C; ir (KBr): 
1400, 13 10, 1195, 1 180, and 1 155 cm-'; nmr (CDC:,) 6: 8.16 
(4H, s), 7.66 (2H, s), and 3.10 (3H, s); ms mle, Me + 6: 552 
(0.7%), 550 (1.3%), 548 ( IS%),  546 (0.4%), 219 (50%), 155 
(77%), and 76 (100%). Anal. calcd. for CI3H9Br3O5S2: C 
28.43, H 1.65; found: C 28.52, H 1.5 1. 

Reaction of l 5 a  o r  15b with NuH-HMPA 
15a and 15b were each reacted with sodium hydride as 
described below for the bissulfonate 1%. 

The bissulfonate ester 15a (1.008 g, 1.78 mmol) in HMPA 
(2) (10 mL) was added dropwise to a slurry of sodium hydride 
(0.172 g, 7.1 mmol) in HMPA (20 mL). The reaction mixture 
was stirred at ambient temperature for 2 h 10 min. 

The reaction mixture was poured into water (50 mL) and 
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10% HC1 (10 mL). The resultant mixture was extracted with 
diethyl ether (three 50-mL aliquots). This extractive procedure 
was repeated twice, affording 2,4,6-tribromophenol (0.547 g, 
1.73 mmol, 97%). 

I The trithioorthoformate reaction with 15a o r  15b 
I 15a and 156 were each reacted with p-tolyl mercaptan and 

p-tolyl disulfide as described below for the bissulfonate 15a. 
p-Tolyl mercaptan (0.229 g, 1.8 mmol) in HMPA (2) (10 

rnL) was added dropwise to a slurry of sodium hydride (0.169 
g, 7.0 mmol) in HMPA (20 mL). Five minutes after comple- 
tion of the addition, p-tolyl disulfide (0.439 g, 1.8 mmol) was 
added. The bissulfonate ester 15a  (1.000 g, 1.8 mmol) was 
added and the reaction mixture stirred for 2 h 10 min. 

Standard work-up provided crude product (1.466 g). Crude 
product was chromatographed on silica gel (150 g) employing 
carbon tetrachloride elution (100-mL aliquots). Fractions 4-7 
were combined and concentrated, furnishing p-tolyl disulfide 
(0.191 g). Fractions 13-19 were combined and concentrated, 
yielding 2,4,6-tribromophenol (0.506 g, 1.5 mmol). Fractions 
23-37 were combined and concentrated affording the 
trithioorthoformate 1 (0.151 g, 0.4 mmol). 
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Furo-fused 2H-chromenes: synthesis and 
photochromic properties 

Jean-Luc Pozzo, Andre Samat, Robert Guglielmetti, 
Vladimir Lokshin, and Vladimir Minkin 

Abstract: New photochromic chromenes annulated with a furan ring have been synthesized. Thus, suitable heterocyclic phenols 
react with different propargylic alcohols in acidic medium to give the corresponding ethers, which cyclize into benzopyrans by 
thermal Claisen rearrangement. This synthetic approach was found to lead to a mixture of linear and angular chromenes that is 
strictly related to the nature of the phenol. However, regiospecificity could be obtained by reacting P-phenylcinnamaldehyde, in 
refluxing aprotic nonpolar solvents, with titanium(1V) salts of the former phenols. Electrocyclization of intermediately generated 
o-quinoid structures occurs on the a position towards the heterocyclic junction. All compounds exhibit photochromic behavior at 
room temperature. Furo-fused benzopyrans are particularly interesting with respect to naphthopyran parents in view of the 
bathochromically shifted and broadened absorption spectra of photoinduced forms. This trend is confirmed by the spectral data 
of several heterocyclospiro(7H-furo[3,2-fl chromenes). The achievable color depends significantly on the relative position of 
annulation on the chromenic moiety and substitution on the sp3 carbon atom. 

Key words: photochromisrn, heterocycle, regiospecificity, 2H-chromene, furan. 

R6surn6 : De nouveaux chromknes photochromiques annClCs par un noyau furanique, ont Ctt synthCtisCs. Ils sont obtenus par 
rCaction de phCnols htttrocycliques et d'alcools propargyliques en milieu acide. Les Cthers correspondants interrnkdiairement 
formCs se cyclisent en composCs benzopyraniques selon un rkarrangement thermique de Claisen. Cette approche synthitique 
conduit B l'obtention d'un mClange de rCgioisomeres angulaires et IinCaires. La rCgiospCcificitC est obtenue, en faisant rCagir les 
sels de titane(1V) de ces phCnols avec le P-phCnylcinnamaldChyde au reflux de solvants aprotiques apolaires. L'Clectro- 
cyclisation des o-quinoneallides n'est rCalisCe que sur la position en a de la jonction hCtCrocyclique. Tous les composCs obtenus 
manifestent h temptrature ambiante des propriCtCs photochromiques qui dCpendent significativement du type de rCgioisomkre et 
de la substitution sur le carbone sp3. L'annelation du motif benzopyranique par un noyau furanique conduit B un Clargissement 
significatif et h un dCplacement bathochromique important du spectre visible par rapport aux naphtopyranes correspondants. 
L'allure des spectres d'absorption dans le visible des formes ouvertes photoinduites de plusieurs hCtCrocyclospiro(7H-furo[3,2- 
flchromknes) confirme cette observation. 

Mots clis  : photochromisme, hCterocycle, rCgiospCcificitC, 2H-chromkne, furane. 

Introduction spiroheteroanalogs (spiropyrans) (3). Indeed, the first 
described chromenes, 2,2-dimethyl-[2H]-chromenes and their 

2H-1Benzo~~rans (or 2H-chr0menes) are an benzoannulated derivatives (naphthopyrans), showed photo- 
particularly attractive because chromic behavior only at low temperature (2) and, moreover, 

of their P~~~~~~~~~~~ properties. Indeed, 2H-chromenes led to undesirable by- products (4). In fact, interest in research 
a ring of the pyran (2). The in this field developed only recently with the demand for 

is UV leading to industrial applications of materials that undergo variable opti- 
cO1Oured ( " P ~ ~ ~ ~ ~ ~ ~ ~ ~ Y ~ ~ ~ ~ ~ ~ " ) .  The reverts cal absorption. For this purpose, the desirable properties could 
to its original form via a thermal pathway (Scheme 1). be summarized as follows: high efficiency for coloring in the 

Over Years 2H-chromenes were be near-ultraviolet region, low quantum yield for bleaching with 
interesting photochromic for and visible light, and fast thermal fading at ambient temperatures. 
intensive research studies were preferably devoted to their These kinds of requirements have led to several structural 

modifications in the chromene series. Particularly, improve- 
ment of photochromic properties was obtained by the annula- 

Received February 6, 1996. tion of the chromenic ring in the 7,8-positions ( 5 ) ,  by 
J.-L. Pozzo, A. Sarnat, and R. G~~lielrnetti . '  ~ ~ u i ~ e  de appropriate substitutions of the naphthopyran cycle (6, 7), 
Recherche No 158 du Centre national de la recherche replacing the alkyl groups on the csp3 carbon atom by cyclo- 
scientifique, Facultt des Sciences de Luminy, 13288 Marseille propyl groups (8), spiroadamantyl groups (9), and, overall, by 
CCdex 9, France. aryl groups (10, 11). This last kind of substitution is nearly 
V. Lokshin and V. Minkin. Institute of Physical and Organic indispensable for observing good photochromic properties. 
Chemistry, av. Stachky 19413, Rostov-on-Don, 344104 Russia. Our interest in benzopyran chemistry has been focused on 
' Author to whom correspondence may be addressed. the design and study of heterocycle-fused analogues, in order 

Can. J .  Chem. 74: 1649-1659 (1996). Printed in Canada I Imprim6 au Canada 
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Scheme 1. 

Scheme 2. 

PTSA - &yl OH Toluene Y 

PTSA 
+ * 

to modify the photochromic parameters (12, 13). Thus, the 
purpose of the present work was to introduce a furan ring in the 
C5-C6 position and to investigate its role with respect to pho- 
tochromic properties and especially to the shape of absorption 
spectra in the visible region, for useful industrial applications. 

Results and discussion 

There has long been an interest in the chemistry of 2,2-disub- 
stituted-[2H]-chromenes as a consequence of their widespread 
natural occurrence. These compounds can be obtained through 
a multistep sequence from chromanones, involving the Kabbe 
synthesis (14, 15). This method is not readily applicable to 2,2- 
diary1 analogues (10) and, alternatively, a thermal cyclization 
of propargylaryl ethers can be considered (16-18). This 
approach (method A), which appears particularly attractive 
because of availability of the starting phenols and chloro- or 
hydroxyalkynes, has been useful in synthesizing diaryl-naph- 
thopyrans (9). The reaction is considered to proceed via a 
Claisen-like [3,3]-sigmatropic rearrangement which is fol- 
lowed by enolization and a [1,5]-sigmatropic shift. An electro- 
cylization completes the process (19). 

The benzopyran derivatives were prepared by heating the 
appropriate hydroxy-benzofuran with 1,l-diphenylpropyn- 1- 
01 or 3-phenylbutyn-3-01 in an apolar organic solvent, such as 
toluene or xylene, in the presence of an acid catalyst under 
mild reaction conditions (Scheme 2). Sufficient time to com- 
plete the reaction varies between 2 and 6 h. Mixtures of the 
desired compounds were initially purified by flash chromatog- 
raphy. Nevertheless the "chromenylation" from furo-fused 
phenols is not markedly regiospecific since the two possible 
chromenes were obtained as outlined in Scheme 2. The differ- 
ence of polarity being very weak, the chromenes were eluted 
in the same fraction by flash chromatography. The mixtures 
were recrystallized several times with appropriate solvents so 
that we were able to isolate pure samples of all angular 
chromenes (3a-d), which were then fully characterized by 
electronic spectroscopy and 'H and I3c NMR. Some minor 
linear regioisomeric chromenes obtained from 2-hydroxy- 
.dibenzofuran la ,  i.e., compounds 40, b, were isolated after 
such specific recrystallization because of a sufficient amount 
in the starting mixture. 

Regioisomer distribution varies from 60140 to 90110 as 
listed in Table 1. The ratio between both isomers, 3 and 4, was 
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Pozzo et al. 

Table 1. Reaction conditions for the preparation of furofused 2H-chromenes. 

Regioisomer Melting point 
Phenolic substrate" ~ e t h o d "  Reagents Yield'(%) distributionc(%) Compound ( " 0  

l r i :  R = (CH), A 2n 4 6  6 1 
39 

A 2b 62' 64 
36 

B 5 39" 100 
l b :  R = (CH?), A 2b 26' 8 8 

12 
B 5 17" 100 

lc:  R = (CHJ5 A 2b 42' 90  
10 

B 5 3 1" 100 

"See scheme 2. 
"Method A: phenolic substrate and propargylic alcohol; Method B: phenolic substrate1 ~ i ' "  I P-phenylcinnamaldehyde 
'Calculated on mixrure of regioisomers purified by flash chromatography and based on propargylic alcohol. 
"Calculated on pure isolated compound based on P-phenylcinnamaldehyde. 
"Determined by HPLC. 
'Not isolated as a pure fraction. 

Fig. 1. 'H NMR spectrum (250 MHz, CDCI,) of the mixture 3a + 4a 

determined by HPLC using a reverse-phase C 18 column and regioisomers. For example, the spectrum of the angular isomer 
electron spectroscopy. Their structures were elucidated by (3a) displayed two doublets centred, respectively, at 6 7.03 
NMR spectroscopy and allow us to conclude that angular and 7.28 with a coupling constant of 8.6 Hz, each integrating 
chromene predominates in all cases. Indeed, both regioiso- for one proton and assigned to the protons H-5 and H-6 (see 
mers, angular and linear chromenes, are readily distinguish- Fig. 1) of the ring directly linked to the pyran moiety, whereas 
able in the mixture, using 'H NMR, by comparison with pure the spectra of the other possible chromene (4a) displayed two 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74, 1996 

Fig. 2. 'H NMR spectrum (250 MHz, CDCI,) of 40. 

singlets centered at 7.16 and 7.43 that were assigned to H-5 
and H-10, respectively (see Figs. 1 and 2). Furthermore, the 
chemical shift of the protons localized on the pyran ring are 
also characteristic and could easily be detected, being shielded 
with respect to the whole aromatic region. For the angular 
chromene, the 'H NMR spectrum displayed a doublet account- 
ing for one proton, at 6 6.19, with a coupling constant of 9.85 
Hz, which is typical for the proton a (H-2) to the quaternary 
carbon of the pyran ring. An upfield shift, in comparison, is 
observed for the linear chromene as shown by the chemical 
shift of the proton H-8 (6.08 ppm). The same effects and trends 
are observed for the other compounds 3b-d and 4b-d, with a 
downfield shift due to the presence of a second phenyl group. 

When starting from the naphthol derivatives, the synthetic 
route used has been reported to proceed in a regiospecific man- 
ner, leading to angular chromenes (10). With benzofuranic 
phenols, the lack of regiospecificity could be a consequence of 
the less marked difference of electron density at the aromatic 
termini of the [3,3] rearrangement. In fact, the ratio between 
angular and linear isomers varies as a function of starting phe- 
nolic substrates rather than of the propargylic compound. To 
understand these results, molecular modelling using semiem- 
pirical calculations was performed using the PM3 method. 
This showed, with no discrepancy, that there is no dramatic 
change of steric hindrance between the two possible cycliza- 
tions. Whatever the starting furo-fused phenol, the formation 
of one isomer could not be favoured by steric considerations. 

Scheme 3. 

net electronic charges 

.n bond orders 

The stability of the transition state could play a significant role 
in determining the orientation of the final product. The differ- 
ent reactivities observed between the phenols could not be 
totally explained by charge repartition calculations on phenols 
or on their corresponding propargylic ethers. On the other 
hand, the calculated IT-bond orders show a marked T-bond 
character between the C-4 and C-5 atoms rather than between 
the C-5 and C-6 atoms (Scheme 3) in the case of the cycloalkyl 
compound, whereas no difference was found for the corre- 
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Pozzo et al 

Scheme 4. Mechanistic pathway for method B. 

Scheme 5. 

sponding bonds of the 2-propargylicdibenzofuran derivative. 
According to the proposed reaction mechanism of this 
intramolecular cyclization, this could lead to the observed 
mixtures of linear and angular chromenes. 

Despite the report that this synthetic approach A is broadly 
applicable, it suffers, in our case, from the disadvantage of dif- 
ficult and lengthy purifications of both isomers. Alternatively, 
the condensation of a$-unsaturated carbonyl compounds 
with phenols has received much attention as a route to 
chromenes (1, 20). Another approach to obtain the desired 
compounds is to react a,P-unsaturated aldehydes with tita- 
nium(1V) salts of phenols (method B), as previously described 
for 2,2-dialkyl chromenes (21). However, the examples cited 
therein do not ensure the generality of this route, particularly 
concerning the furo-fused 2,2-diaryl-[2H]-chromenes. 

The reaction (Scheme 4) involves the formation of the tita- 
nium(1V) salt of the heterocyclic phenol by azeotropic distilla- 
tion of the ethanol formed. Then P-phenyl cinnamaldehyde is 
added and the reaction mixture is refluxed for ca. 3 h in tolu- 
ene. o-Quinoid intermediates are generated in situ but are 
never directly observed, presumably due to their easy cycliza- 
tion to benzopyran products. In our case, better yields were 
found using a stoichiometric amount of P-phenylcinnamalde- 
hyde 5, hydroxybenzofurans, and titanium tetraethoxide (22, 
23). New compounds were initially purified by flash chroma- 
tography. The remaining solids were recrystallized from 
appropriate solvents and fully characterized by 'H and I3c 
NMR and electron spectroscopy. Corresponding yields are 
listed in Table 1. With this synthetic pathway, no trace of lin- 

ear chromene was detected. An HPLC chromatogram of the 
crude reaction product and an 'H NMR study show without 
doubt that this method affords only the angular chromene. 
This regioselectivity could be explained by the less carban- 
ionic character at C-y relative to C-a,  arising from resonance 
stabilization (Scheme 5). The a,P-unsaturated carbonyl com- 
pound and heteroannulated phenolic substrate are each coor- 
dinated by the transition metal, which leads to univocal 
intramolecular reaction within the complex. 

The approach B to pyran ring formation, despite more dif- 
ficult work-up than with method A, appears to be the preferred 
means of preparing the title compounds regiospecifically. 

Photochromic properties 
All the described chromenes 3a-d and 4a, b exhibit photo- 
chromic behavior at room temperature in toluene. The max- 
ima of absorption in the visible spectra of the 
"photomerocyanines," with an accuracy of 2 nm, and the rate 
constants of thermal bleaching (ring closure) kA were deter- 
mined using flash photolysis coupled to a spectrometer. The 
"colorability" is a function of quantum yield of coloration and 
the molar absorptivity of the colored species (24) and is eval- 
uated by monitoring the absorbance A,, at A,,, and Ash imme- 
diately after the flash. The experimental conditions are 
reported in the corresponding section. The photochromic 
properties for compounds 3a-d and 4a, b are listed in Table 2 
and are compared with naphtho[2,l-blpyrans 6a, b (10, 25) 
previously synthesized (Scheme 6). 

Scheme 1 gives a very simple picture of photochromic equi- 
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Table 2. Spectrokinetic parameters of chromenes determined at 25OC in toluene (lo-' mol L-I). 

Compound" hrnaTb A, Colorability h ,  A, Colorability' k,(s-') (25°C) 

"See Schemes 2 and 6. 
" ~ a x i m u m  absorption wavelength (nm). 
'Shoulder (nm). 
d ~ h e r e  is a bathochromic shift of about 25 nm if a mixture isopentane/isopropanol is used as solvent 

(cf. Fig. 4). 
'Two kinetic constants were observed, the most important being underlined. 
 he most intense absorption band presents two maxima. 

Scheme 6 .  

Scheme 7. 

librium but the real phenomenon is more complex. For a com- 
plete understanding, it is necessary to take into account the 
electronic structures of open forms as well as their geometries. 
We are dealing here with different stereoisomers of cisoid con- 
figuration after the breaking of the C-0 bond and of trat~soid 
configuration after isomerization. The trarls isomer appears to 
be more stable because it minimizes the nonbonding interac- 
tions. The electronic distribution for photomerocyanines in 
chromenic series is believed to have mainly a quinoidal char- 
acter (25). For furo-fused benzopyran, the photomerocyanines 
obtained by UV irradiation are characterized by a visible 
absorption spectrum consisting of two maxima. One is 
observed near 420 nm and the other near 520 nm. Based on the 
spectral data given in Table 2, such heteroannulation induces 
important changes in comparison with the corresponding 3,3- 
diphenyl-[3H]-naphtho[2,1-blpyran 66,  which exhibits one 
absorption band centered at 432 nm (Fig. 3). The synthesized 

Fig. 3. Electronic absorption spectra of the colored forms of 
chromenes 6b (a) and 36 (0) (isopentanelisopropanol4: 1, 

= 1 0 - ~ ~ 0 1  L-I, 77 K). 

Wavelength (nm) 

compounds cover a much larger range of wavelengths, as 
shown in Fig. 3. Because the effects observed for compounds 
that are benzoannulated or possess a cycloalkyl moiety are 
very similar, the broadening of the visible absorption spectra 
is believed to be strictly related to the furan ring annulated 
directly to the benzopyran part of the molecule, rather than 
being an extension of the chromophoric system. This assump- 
tion is substantiated by spectral data of the furo-fused naph- 
thopyran derivative 7 (Scheme 7), for which the photochromic 
parameters are very close to those of parent compound 6b.  For 
this latter compound, the furan ring induces a slight effect, so 
it acts as a substituent. Introduction of a second phenyl group 
on csP3 causes a deeper color and a bathochromic shift in the 
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Scheme 8. 

CHO 

Scheme 9. 

visible spectra of their corresponding activated forms com- 
pared to the monoaryl substituted parents. This tends to cause 
an increase in the quantum yield for coloring in the ultraviolet 
light region, while providing a much slower thermal fade at 
ambient temperatures. Interestingly, Table 2 shows that visible 
absorption of 4a and 46 undergoes a bathochromic shift com- 
pared to that of 3a and 36, respectively. The effect on thermal 
bleaching rates is also important: a significant destabilization 
of the opened form is observed which could be explained by 
their electronic structures having a pronounced 2,3-benzo- 
quinoid character. Sometimes two kinetics are observed, 
attributed to different stereoisomers of the open form, the 
slower corresponding to the more thermally stable. The prop- 
erties of this series of 2H-chromenes make furo-fused com- 
pounds useful in photochromic applications such as lenses. 

To evaluate in a more general manner the influence of the 
annulation by a furan ring on the photoequilibrium parameters, 
we have prepared and studied some spiro(heterocyc10-furo- 

fused benzopyran)~ (8-11) having a five-membered heterocy- 
cle as the left moiety. These compounds were obtained 
through condensation of the corresponding heterocyclic salts 
with 4-formyl:5-hydroxy-2,3-tetramethylenebenzofuran (26) 
(Scheme 8) under previously described conditions (27-30). 
The spiropyrans present two heterocyclic parts linked together 
by a common tetrahedral sp3 carbon atom. After irradiation, 
both halves of the molecule give rise to a conjugated system 
responsible for a shift of the absorption towards the visible 
region. Although the structure of the "left" heterocycle has a 
major influence on the photochromic properties of spiropyr- 
ans, the phototransformation takes place on the chromene 
cycle and we could expect spectral changes for the furo-annu- 
lated derivatives similar to those observed in the case of the 
2,2-diphenyl-[2H]-chromenes. The measured A,,, of the col- 
ored forms of spiropyrans 8-11, compared to those of the ben- 
zoannelated compounds 12-15 (Scheme 9), are reported in 
Table 3. We observe that, effectively, whatever the structure 
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Table 3. Absorption wavelengths (nm) of the colored forms of furo-fused spiropyrans and the corresponding 
spironaphthopyrans determined in a isopentane/isopropanol mixture (4: 1) at 77 K. 

Compound" 8 12 9 13 10 14 11 15 

h,,, at 298 K 
in toluene 479, 589sh 531" 451, 568sh 4 9 0  440", 570shb 4 8 0 '  508, 590sh 545' 

"See Schemes 8 and 9. 
"rom ref. 3 1. 
'From ref. 32. 
dThe shift (about 30 nm) compared to the spectrum given in Fig. 4. is due to the solvent change. 

Fig. 4. Electronic absorption spectra of the colored forms of 
spiropyrans 14 (a) and 10 (b) (isopentane/isopropanol4: 1, 
c = 10"mol L-', 77 K). 

given for a standard concentration of mol  he elec- 
tronic spectra of colored forms of the chromenes were moni- 
tored on a Beckmann DU 7500 diode array spectrometer after 
irradiation by a Hg lamp (Arquantiel, 500 W). The electronic 
absorption spectra of spiropyrans at low temperatures were 
monitored on a Specord UV-visible spectrometer equipped 
with a thermostated cell. The irradiation source was a Hg 
DRS-250 lamp with a filter (A = 313 nm). 

The different solvents used were dried on molecular sieve 
(44). Flash chromatographic separations were performed on 
Merck 60H silica gel ( 5 4 0  m). Elemental analyses were per- 
formed by Microanalytical Services, University of Aix- 
Marseille 111. 

The starting 2-hydroxydibenzofuran was purchased from 
Aldrich. 5-Hydroxy-2,3-tetramethylenebenzofuran and 5- 
hydroxy-2,3-pentamethylenebenzofuran were prepared as 
described earlier (33). 2-Chloro-7-hydroxynaphtho[2,1- 
blfuran was obtained by demethylation, using boron tribro- 
mide, of the corresponding methoxy derivative, which was 
prepared according to the literature procedure (34). 

3 Generalprocedure forfuro-fused 2,2-disubstituted-2H-1-ben- 
? zopy rans 

Wavelength (nm) 

of the "left" heterocycle, the furo-annulation of the spiropyr- 
ans leads to the splitting into two bands of the electronic spec- 
tra with a significant bathochromic shift (Fig. 4). 

Experimental 

General experimental procedures 
Melting points were determined in capillary tubes on a Buchi 
510 apparatus and are uncorrected. 'H and I3c NMR spectra 
were recorded in deuterochloroform solution on a Bruker BM 
250 or AMX 400 apparatus. UV-visible spectra were recorded 
on a Beckrnan DU 7500 on solutions in spectrophotometric 
grade ethanol (Carlo Erba, ACS quality). Photochromic mea- 
surements for chromenes compounds were performed on solu- 
tions in spectrophotometric grade toluene (UCB) at 25°C ( 2  
0,2"C), monitored by a thermostat (Huber-ministat) using 
cylindrical cells having a 5 cm pathlength and a 10 mm sec- 
tion. The fading rate constants were measured at the A,,, of 
absorption of the colored form generated by flash photolysis 
(xenon tube, 50 ks, 150 J). The initial absorbances (Ao) were 

Method A: Propargylic alcohol (30 mmol) and phenol in slight 
excess (33-36 mmol) were dissolved in dry toluene (60 mL). 
Under an atmosphere of nitrogen, a catalytic amount of p-tol- 
uenesulfonic acid was added to the toluene solution, which 
was boiled under reflux for 3 h. The reaction solution was 
cooled and then washed sequentially with dilute (10%) 
sodium hydroxide and water. The organic layer was separated. 
The aqueous layer was extracted continuously with methylene 
chloride. The organic layers were combined, dried over anhy- 
drous magnesium sulfate, and then filtered. The solvent was 
removed under reduced pressure. The crude product was puri- 
fied by flash chromatography on silica gel using a 9 5 5  mix- 
ture of pentane and diethyl ether as eluent. The photochromic 
fractions were collected and the solvent was removed under 
reduced pressure. The crystalline residue was recrystallized 
twice from an appropriate solvent (the first time with decolori- 
zation by charcoal). 

Method B: Under an atmosphere of nitrogen, titanium tetra- 
ethoxide (2.4 g, 10.4 mmol) in dry toluene (10 mL) was added 
over 10 min to the heterocyclic phenol (10.4 mmol) in dry tol- 
uene (40 mL). When the addition was complete the reaction 
mixture was boiled (15 min) and then slowly distilled to 
remove ethanol. Solvent (20 mL) was collected. The reaction 
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mixture was allowed to cool to room temperature and P-phe- 
nylcinnamaldehyde (2.17 g, 10.4 mmol) in dry toluene (50 
mL) was added dropwise. When the addition was complete, 
the reaction mixture was boiled under reflux (2-5 h), allowed 
to cool, and poured into 2 M aqueous ammonium chloride 
solution (100 mL). The organic layer was separated, dried over 
anhydrous magnesium sulfate, and then filtered. The solvent 
was removed under reduced pressure. Further purification was 
done by flash chromatography on silica gel using pentane - 
diethyl ether (9.55) as eluent. The photochromic fraction was 
evaporated in vacuo to yield crystalline residue, which was 
recrystallized from an appropriate solvent. 

3-Methyl-3-phenyl-[3H]-benzofuro[3,2-f]chromene 3a: mp 
155°C (from heptane); UV (EtOH) A,,, (&/dm3 mol-I cm-I): 
204(30 540), 231(24 350), 251(15 880), 278(8350), 300(19 
880), 312(21 320), 344(6790), and 361(4540) nm; I H  NMR 
(400 MHz) 6: 1.80 (3H, s, CH,), 6.19 (1 H, d, J = 9.85 Hz, H- 
2), 7.03 (lH, d, J=  8.7 Hz, H-5), 7.24 (lH, m, H-lo), 7.27 (2H, 
m,H-4'),7.28(1H,m,H-6),7.31 (4H,m,H-3'),7,36(1H,d,J 
= 9.85 HZ, H-1), 7.40 (lH, td, .I8,,= 7.45 Hz, J9 0.9 Hz, H- 
9), 7.49 (4H, m, H-2'), 7.53 (lH, d, J = 7.5 Hz, H-8), and 7.93 
(lH, dd, Jlo,ll= 7.45 HZ, J9,11= 0.9 HZ, H-11); 13c NMR (100 
MHz) 6: 29.9 (CH3), 79.8 (C-3), 110.9 (C-lo), 11 1.2 (C-8), 
116.1 (C-5), 115.8 (C-la), 119.5 (C-1), 120.3 (C-llb), 121.7 
(C-11), 122.1 (C-6),124.5 (C-1 la), 125.3 (C-9), 126.7 (C-2'), 
127.4 (C-4'), 127.9 (C-2) 128.0 (C-3'), 147.9 (C-1'), 151.7 
(C-4a), and 157.3 (C-7a). Anal. calcd. for C22H1602: C 84.59, 
H 5.16; found: C 84.53, H 5.1 1. 

3,3-Diphenyl-[3H]-benzofuro[3,2-f]chromene 3b: mp 15 1 "C 
(from hexane-benzene); UV (EtOH) A,,, (&/dm3 mol-' cm-I): 
213(26 600), 228(23 520), 248(16 240), 257(13 410), 
280(8680), 301(19 480), 31 l(20 240), 346(4240), 360(3330), 
and 369(1920) nm; 'H NMR (400 MHz) 6: 6.39 (lH, d, J=  9.9 
Hz, H-2), 7.06 (lH, d, J = 8.8 Hz, H-5), 7.23 (lH, m, H-lo), 
7.25 (2H, m, H-4'), 7.30 (lH, d, J =  8.8 Hz, H-6), 7.32 (4H, m, 
H-3'),7.37 (lH, d, J=9 .9Hz ,  H-l),7.41 (lH, td, J8,9=7.8 HZ, 
J9,,,= 1.1 Hz, H-9), 7.49 (4H, m, H-2'), 7.51 (lH, d, J = 7.85 
Hz ,H-8) , and7 .99(1H,dd , J Ia l l=7 .8Hz ,  J9,11= 1.1 Hz,H- 
1 1); 13c NMR (100 MHz) 6: 82.4 (C-3), 1 11.7 (C-lo), 1 1 1.9 
(C-8), 115.8 (C-la), 116.3 (C-5), 120.0 (C-1 lb), 120.6 (C-1), 
122.2 (C-l 1), 122.6 (C-6), 124.4 (C- 1 la), 127.0 (C-9), 127.2 
(C-2'), 127.7 (C-4'), 128.2 (C-3'), 130.6 (C-2), 144.7 (C-1'), 
148.2 (C-6a), 151.3 (C-4a), and 157.0 (C-7a). Anal. calcd. for 
C27H1802: C 86.61, H 4.85; found: C 86.60, H 4.78. 

3,3-Diphenyl-8,9-tetramethylene-[3H]-benzofuro[3,2-f]chro- 
mene 3c: mp 183°C (from hexane); UV (EtOH) A,,, (&/dm3 
rnol-I cm-I): 210(26 990), 255(12 720), 303(16 880), 
337(3130), and 347(1700) nm; I H  NMR (400 MHz) 6: 1.86 
(4H, m, H-2", 3"), 2.67 (2H, m, H-1"), 2.77 (2H, rn, H-4"), 
6.19 (lH, d, J = 9.85 Hz, H-2), 6.79 (lH, d, J = 8.6 Hz, H-5), 
7.02 (lH, d, J = 9.85 HZ, H-1), 7.1 1 (lH, d, J = 8.6 HZ, H-6), 
7.26 (2H, m, H4'), 7.30 (4H, m, H-3'), and 7.46 (4H, rn, H-2'); 
I3c NMR (100 MHz) 6: 22.6 (C-2", 3"), 23.0 (C-1"), 23.7 (C- 
4"), 81.4 (C-3), 110.9 (C-6), 112.3 (C-5), 113.4 (C-9), 116.2 
(C-la), 120.8 (C-l), 125.4 (C-9a), 127.1 (C-2'), 127.5 (C-4'), 
128.1 (C-37, 128.5 (C-2), 145.2 (C-1'), 147.2 (C-6a), 148.3 
(C-4a), and 157.62 (C-8a). Anal. calcd. for C,,H,,O,: C 85.69, 
H 5.86; found: C 85.60, H 5.8 1. 

3,3-Diphenyl-8,9-pentamethylene-[3H]-benzofi~ro[3,2-f]chro- 
nzene 3d: mp 152°C (from toluene); 'H NMR (250 MHz) 6: 
1.75 (6H, m, H-2", 3", 4"), 2.79 (4H, m, H-1", 5"), 6.13 (lH, d, 
J =  9.85 HZ, H-2), 6.74 (lH, d, J =  8.65 HZ, H-5), 7.02 (lH, d, 
J=8.65 Hz,H-6),7.12(1H,d,J=9.85Hz,H-l),7.22(2H,m, 
H-4'), 7.30 (4H, m, H-3'), and 7.42 (4H, m, H-2'); I3c NMR 
(62.5 MHz) 6: 25.1, 28.6, 25.8, 27.9, 29.7 (CH,), 8 1.6 (C-3), 
110.8 (C-6), 112.5 (C-5), 113.6 (C-9), 116.6 (C-la), 120.8 (C- 
l), 125.8 (C-9a), 127.1 (C-2'), 127.3 (C-4'), 128.0 (C-3'), 
128.2(C-2), 145.0 (C-1'), 148.0 (C-6a), 148.8 (C-4a), and 
157.81 (C-8a). UV (EtOH) A,,, (&/dm3 mol-' cm-I): 209(35 
OOO), 224sh(20 050), 255(13 440), and 304(15 560) nm. Anal. 
calcd. for C,,H,,O,: C 85.68, H 6.16; found: C 85.49, H 
6.07. 

7-Methyl-7-phenyl-[7H]-benzofi~ro[2,3-g]chromene 4a: mp 
154°C (from heptane-toluene); UV (EtOH) A,,, (&/dm3 mol-' 
cm-I): 205(39 800), 226(30 160), 244(19 590), 253(19 580), 
268sh(10 220), 300(20 870), 312(20 870), 342(9950), and 
356sh(8500) nm. I H  NMR (250 MHz) 6: 1.78 (3H, s, 3H, 
CH,), 6.08 (lH, d, J=9 .7  Hz, H-8), 6.59 (lH, d, J=9 .7  Hz, H- 
9), 7.16 (lH, s, H-5), 7.25 (2H, m, H-4'), 7.27 ( lH,  m, H-3), 
7.32 (4H, m, H-3'), 7.40 (lH, td, J1,,= 8.2 Hz, J2,,= 1.1 HZ, H- 
2), 7.43 (lH, S, H-lo), 7.48 (lH, d, J =  8 HZ, H-1), 7.54 (4H, 
m, H-2'), and 7.85 (lH, d, J = 7.95 Hz, H-4); I3c NMR (62.5 
MHz) 6: 29.4 (CH3), 80.5 (C-7), 107.6 (C-5), 108.9 (C-lo), 
116.1 (C-l), 120.7 (C-4), 122.6 (C-3), 123.6 (C-9), 125.3 (C- 
2'), 126.9 (C-2), 127.1 (C-4'), 128.3 (C-3'), and 131.0 (C-8). 
Anal. calcd. for C22H1602: C 84.59, H 5.16; found: C 84.53, H 
5.1 1. 

7,7-Diphenyl-[7H]-benzofuro[2,3-glchromene 4b: mp 158°C 
(from hexane-benzene); UV (EtOH) A,,, (&/dm3 mol-I cm-'): 
212(37 540), 225(28 745), 250(27 410), 272(22 640), 307(11 
980), 320(13 540), 345(6520), and 354(2890) nm; 'H NMR 
(250 MHz) 6: 6.27 (lH, d, J = 9.8 Hz, H-8), 6.73 (IH, d, J = 
9.8Hz,H-9),7.17 (lH,~,H-5),7.22(1H,~,H-10),7.23(1H,t, 
J = 7.9Hz, H-3), 7.26 (2H, m, H-4'), 7.30 (4H, m, H-3'), 7.38- 
7.40 (2H, rn, H-1, 2), 7.46 (4H, m, H-2'), and 7.81 (IH, d, J =  
7.85 Hz, H-4); 13c NMR (62.5 MHz) 6: 85,7 (C-7), 108.5 (C- 
lo), 109.6 (C-5), 11 1.8 (C-l), 120.9 (C-4), 122.7 (C-3), 124.3 
(C-9), 127.3 (C-2'), 127.3 (C-2), 127.8 (C-4'), 128.4 (C-3'), 
and 130.5 (C-8). Anal. calcd. for C2,HI8O2: C 86.61, H 4.85; 
found: C 86.54. H 4.73. 

4-Chloro-9,9-diphenyl-[9H]furo[2', 1':5,6]naphtho[2,1 -b]- 
pyran 7 

This compound was prepared according to method A in 84% 
yield: mp 259°C (from toluene); UV (EtOH) A,,, 
mol-I cm-I): 222(28 770), 287(9660), 3 10(6930), 323(7510), 
355(7260), and 371(7740) nrn; I H  NMR (250 MHz) 6: 6.33 
(lH, d, J =  10 Hz, H-lo), 6.95 (lH, d, J =  0.7 Hz, H-5), 7.26 
(2H, m, H-4'), 7.28-7.32 (5H,m, H-7, 3'), 7.35 (lH, d, J = 10 
H~,H-ll),7.49(4H,m,H-2'),7.56(lH,dd,J,~=8.8Hz, JZ5 
= 0.7 Hz, H-2), and 7.83 (2H, m, H-1. 6); "C NMR (62.5 
MHz) 6: 83.1 (C-9), 102.9 (C-5), 112.0 (C-1), 118.4 (C-7), 
118.6 (C-11), 119.8 (C-2), 124.8 (C-6), 127.0 (C-2'), 127.6 
(C-4'), 128.1 (C-3'), and 128.7 (C-10). Anal. calcd. for 
C2,H,,02C1: C 79.3 1, H 4.19, C18.67; found: C 79.35, H 4.18, 
C1 8.55. 
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1',3',3'-Trimethyl-1,2-tetramethylenespiro[~-fi~ro[3,2-f]- 
2H-I-benzopyran-7,2'-indoline] 8 

This compound was synthesized according to standard proce- 
dure (27), using stoichiometric amount of 1,3,3-trimethyl-2- 
methyleneindoleninium perchlorate (Fischer's base) and 4- 
formyl-5-hydroxy-2,3-tetramethylenebenzofuran, in 52% 
yield: rnp 176-178°C (from ethanol); 'H NMR (250 MHz) 6: 
1.18, (3H, s, CH,), 1.32 (3H, s, CH,), 1.89 (4H, rn, H-2", 3'1, 
2.72 (2H, rn, H- 1"), 2.74 (3H, s, NCH,), 2.84 (2H, rn, H-4"), 
5.67(1H,d,J=10.35Hz,H-8),6.52(1H,d,J=7.7Hz,H-7'), 
6.56(1H,d,J=8.75H~,H-5),6.83(lH,td,J~~~~=6.7Hz,J,~,~ 
= 0.7 HZ, H-5'), 7.07 (lH, dd, Jt5,= 6.6 Hz, J:,,~,= 0.8 Hz, H- 
4'), 7.09 (lH, d, J =  8.8 HZ, ~ - 4 j ,  7.17 (IH, td, Jgr7'= 7.6 Hz, 
54',6'= ~ H z ,  H-6') and 7.27 (lH, d, J=  10.3 Hz, H-9j; I3c NMR 
(62.5 MHz) 6: 20.5-26.1 (gem-CH,), 22.7-22.9 (C-2", 3 7 ,  
23.2 (C-1"), 23.9 (C-4"), 29.2 (NCH,), 51.8 (c-3'), 103.8 (C- 
7), 106.9 (C-7'), 1 10.8 (C- 1), 1 10.9 (C-4), 1 1 1.4 (C-5), 1 12.8 
(C-9a), 118.6 (C-5'), 119.2 (C-9), 121.7 (C-6'), 124.8 (C-la), 
126.3 (C-9), 127.3 (C-4'), 137.1 (C-3'a), 148.4 (C-l'a), 149.0 
(C-3a), 150.3 (C-5a) and 155.5 (C-2). Anal. calcd. for 
C,,H,,NO,: C 80.83, H 6.78, N 3.77; found: C 80.72, H 6.85, 
N 3.68. 

3',3'-Dimethyl-1,2-tetramethylenespiro[~-fi~ro[3,2-f]-2H-l- 
benzopyran-7,l'-[2]oxaindane] 9 

1,3,3-Trimethyl-3H-isobenzofuryliurn perchlorate (2.61g; 10 
rnmol) (28) and 4-formyl-5-hydroxy-2,3-tetramethyleneben- 
zofuran (2.388; 11 mmol) were boiled under reflux for 5 min 
in 30 mL of acetic acid with 0.03 g of 70% perchloric acid. On 
cooling, the crude solution gave a precipitate, which was 
washed with diethyl ether and then dried. The solid was sus- 
pended in 30 mL of benzene, and totally dissolved by bubbling 
in dry ammonia. The solvent was removed under reduced pres- 
sure. The residue was chrornatographed on alumina using ben- 
zene as eluent. The photochrornic fraction (Rf =0.9) was 
recrystallized in heptane, affording the title compound in 75% 
yield: mp 213-214°C ; 'H NMR (400 MHz) 6: 1.55 (3H, s, 
CH,), 1.69 (3H, s, CH,), 1.9 (4H, m, H-2",3"), 2.74 (2H, rn, H- 
I"), 2.84 (2H, m, H-4"), 5.88 (lH, d, J = 9.70 Hz, H-8), 6.75 
(lH, d, J =  8.75 HZ, H-5), 7.21 (lH, d, J =  8.75 HZ, H-4), 7.29 
(lH, d, J = 9.65 Hz, H-9), and 7.38-7.46 (4H, m, H-4', 5', 6', 
7'); I3c NMR (100 MHz) 6: 22.5-22.6 (C-2", 3"), 22.9 (C-1"), 
23.7 (C-4"), 28.8-30.5 (gem-CH,), 86.0 (C-7), 105.8 (C-Ar), 
11 1.1 (C-4), 112.1 (C-5), 112.9 (C-Ar), 120.4 (C-4'), 121.1 
(C-8), 123.3 (C-7'), 123.78 (C-9), 125.0 (C-Ar), 128.1-129.7 
(C-5', 6'), 140.0, 147.1, 148.0, 149.6, and 155.3 (C-Ar). Anal. 
calcd. for C,,H,,O,: C 82.75, H 3.47; found: C 82.69, H 3.51. 

1',2'-Tetramethylenespiro[l,3-dithiolan 7'-7Hlfuro[3,2-f]- 
2H-1 -benzopyran] 10 

Methyl-1,3-dithiolylanium perchlorate (0.98g; 4,5 mmol) 
(29) and 4-formyl-5-hydroxy-2,3-tetramethylenebenzofuran 
(1.08g; 5 mrnol) were boiled under reflux for 5 min in 30 mL 
of acetic acid with a catalytic amount of 70% perchloric acid. 
On cooling, the crude solution gave a precipitate, which was 
washed with diethyl ether and then dried. The solid was sus- 
pended in 15 mL of benzene, and totally dissolved by bubbling 
in dry ammonia. The solvent was removed under reduced pres- 
sure. The residue was chromatographed on alumina using ben- 
zene as eluent. The photochromic fraction (Rf =0.8) was 
recrystallized in isopropanol (67% yield): mp 193-194°C; 'H 

NMR (250 MHz) 6: 1.87 (4H, m, H-2", 3"), 2.7 1-2.77 (4H, m, 
H-1", 4"),3.46-3.65 (4H, m, H-4,5), 6.09 (lH, d, J =  9.65 HZ, 
H-8'),6.74(1H,d, J=8.7Hz,H-5'), 6.94(1H,d, J=9 .65  Hz, 
H-97, and 7.18 (IH, d, J = 8.7 Hz, H-4'); "C NMR (62.5 
MHz) 6: 22.4-22.5 (C-2",3"), 22.8 (C-l"), 23.7 (C-4"), 40.0- 
40.1 (C-4, 5), 106.1 (C-Ar), 111.1-112.3 (C-4',5'), 112.7, 
112.8 (C-Ar), 123.2 (C-8',9'), 124.9, 147.2, 150.1, and 155.9 
(C-Ar). Anal. calcd. for C17H1602S2: C 64.55, H 5.1, S 20.25; 
found: C 64.43, H 5.17, S 20.36. 

5-Methyl-1',2'-tetran~etlzyletzespiro[beno-l,3-lithiol-2,T- 
7H-furo[3,2-f]2H-1 -Denzopyran] 11 

2,5-Dimethyl-l,3-benzodithiolylium perchlorate (35) and 
(1.62g; 6 mmol) 4-formyl-5-hydroxy-2,3-tetramethyleneben- 
zofuran (1.4 1g; 6,5 mrnol) were boiled under reflux for 35 min 
in 20 mL of acetic acid with a catalytic amount of 70% per- 
chloric acid. On cooling, the crude solution gave a brownish 
precipitate, which was washed with diethyl ether and then 
dried in vacuum. The solid was suspended in 20 mL of ben- 
zene, and totally dissolved by bubbling in dry ammonia. The 
solvent was removed under reduced pressure. The residue was 
chrornatographed on alumina using benzene as eluent. Further 
recrystallization from ethanol afforded the spiropyran in 66% 
yield: mp 191-192°C (from ethanol); 'H NMR (250 MHz) 6: 
1.87 (4H, m, H-2",3"), 2.31 (3H, s, CH,), 2.71 (lH, m, H-1"), 
2.8 (2H, m, H-4"), 6.37 (lH, d, J=9.65 Hz, H-8'), 6.69(1H, d, 
J =  8.7 Hz, H-5'), 6.94 (lH, d, J = 7 . 9 5  HZ, H-6), 7.07 (IH, d, 
J=9 .65  HZ, H-9'),7.09(1H, S, H-4), 7.15 ( lH,d,  J = 8  HZ, H- 
7), and 7.19 (lH, d, J=  8.7 Hz, H-4'); ',c NMR (62.5 MHz) 6: 
20.5 (CH,), 22.7-22.8 (C-2", 3"), 23.2 (C-1"), 24.1 (C-4,5), 
106.4 (C-Ar), 1 11.9-1 12.2 (C-4',5'), 1 12.9, 1 13.1 (C-Ar), 
121.6 (C6), 122.3 (C-8',9'), 125.4 (C-7), 127.1 (C-4), 136.4, 
137.7, 139.5, 147.8, 150.6, and 156.3 (C-Ar). Anal. calcd. for 
C,,H1802S2: C 69.80, H 4.80, S 16.95; found: C 69.80, H 4.75, 
S 16.9. 
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Shape-similarity analysis of 20 stable 
conformations of neutral p-alanine 

Gerard A. Heal, P. Duane Walker, Michael Ramek, and Paul G. Mezey 

Abstract: The family of 20 stable conformations of neutral p-alanine are analyzed in terms of their shape similarities using the 
topological Shape Group Method, a general molecular shape analysis technique as applied to the three-dimensional electronic 
density. Molecular electron densities are calculated using the 6-3 IG*" basis set, followed by the determination of the shape 
groups of local curvature patterns for the entire chemically relevant range of electron density contour surfaces. The results of the 
shape group analysis are represented by two-dimensional shape maps. Discretized grids of these maps generate numerical shape 
codes, and comparisons of these numerical codes serve as measures of shape similarity of the various conformers of 0-alanine. 
This technique is based on direct comparisons of the intrinsic shape features of molecules and requires no superposition of 
molecules for comparisons. Mathematically well-defined and unbiased similarity measures are obtained by this non-visual, 
computer-based method, useful for the detection, quantification, and analysis of electronic charge distribution similarities. The 
family of 20 stable conformers of p-alanine serves as a test case for the application of the methodology for a large number of 
conformers, representing a level of complexity analogous to that of typical conformational problems in computer-aided drug 
design and the screening of potential drug molecules for shape similarity. 

Key words: similarity measures, shape groups, p-alanine, conformation analysis, molecular shape, electron density. 

RCsumC : On a analysk la famille de 20 conformations stables de la p-alanine neutre en fonction des similitudes de leur forme, 
en utilisant la Mkthode de groupe de forme topologique. On a appliquk la technique d'analyse de la forme moltculaire gknerale 
h la densitk klectronique en trois dimensions. On a calcult les densitts moltculaires klectroniques en utilisant l'ensemble de base 
6-3 IG**, suivi d'une dktermination des groupes de forme du modele de courbure locale pour tout le domaine chimiquement 
caractkristique des surfaces de contour de la densit6 Clectronique. On reprksente les rksultats de l'analyse des groupes de forme 
par des diagrammes de forme en deux dimensions. Des grilles discontinues de ces diagrammes gknbrent des codes de forme 
numkrique et les comparaisons de ces codes numtriques servent de mesure de la similitude de forme des divers conformeres de 
la 0-alanine. Cette technique est baske sur la comparaison directe des caractkristiques de formes intrinsbques des moltcules et ne 
requiert pas, pour les comparaisons, la superposition des molecules. On a obtenu des mesures de similitude bien dtfinies 
mathkmatiquement et sans influence par cette methode non visuelle baske sur ordinateur, utile pour la dktection, la quantification 
et l'analyse des similitudes de distribution de la charge tlectronique. La famille des 20  conformbres stables de la 0-alanine sert 
de cas type pour I'application de la mtthodologie h un plus grand nombre de conformbres, reprksentant un niveau de complexitk 
analogue h celle des problttmes conformationnels typiques que l'on retrouve dans le dessin des mkdicaments assist6 par 
ordinateur et dans la protection des molkcules ayant un usage pharmaceutique potentiel en raison de la similitude de forme. 

Mots c l i s  : mesures de similitude, groupes de forme, p-alanine, analyse conformationnelle, forme molCculaire, densitk Clectro- 
nique. 

[Traduit par la rkdaction] 

1. Introduction particular molecular conformation must be contained in the 
klectron density; there is simply no other medium to encode 

Each molecule contains only a set of nuclei and an electron information. Hence, in principle, a detailed enough shape 
density distribution. The nuclear arrangement is fully reflected analysis of electronic density clouds should be able to reveal 
in the electron density, consequently, all information about a all information about the given conformation of the molecule. 

The actual relations between electron density shape properties 
and other physical and chemical properties may be rather 

Received April 15, 1996. complex and not well understood; however, even without a 
detailed understanding of these relations, correlations between 

G.A. Heal, P.D. Walker, and P.G. Mezey.' Mathematical shape and other properties have predictive value, if based on 
Chemistry Research Unit, Department of Chemistry, University 
of Saskatchewan, 110 Science Place Saskatoon, SK S7N 5C9, rigorous shape analysis. This fundamental principle of the 

Canada. existence of shape-property relations is the basis of the Shape 
M. ~ ~ ~ ~ k .  ~~~~i~~~ fiir physikalische und ~ h ~ ~ ~ ~ ~ i ~ ~ h ~  chemie, Group Method introduced earlier for molecular shape analysis 
Technische Universitat Graz, A-801 0 Graz, Austria. ( 1 4 ) .  The Shape Group Method extracts the essential shape 

information for the whole chemically relevant range of elec- ' Author to whom correspondence may be addressed. 
Telephone: (306) 966-4654. Fax: (306) 966-4730. Also at the tron and can be "tuned" to in any 

Department of Mathematics and Statistics, University of and at any desired spatial resolution. The technique is rigorous 
Saskatchewan. as it has no inherent limitation; the only practical limitations 

Can. J. Chem. 74: 166G1670 (1996). Printed in Canada / ImprimC au Canada 
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are the quality of the electron density used as input, and the 
spatial and density resolution set by the user ( 1 4 ) .  

Ramek (5) has shown via extensive ab initio SCF-type cal- 
culations, using both GAUSSIAN (6) and GAMESS (7-9) quantum 
mechanical program packages at the RHFl4-3 1G level, that as 
many as 38 stable conformers of the neutral species of P-ala- 
nine may exist, which include 20 conformational isomers with 
unique intrinsic geometry, disregarding optical isomers. These 
conformers involve a number of intramolecular interactions of 
different chemical nature that have been characterized in detail 
(5, 10). 

In this work, a systematic shape analysis using the Shape 
Group Method ( 1 4 )  has been carried out for the electronic 
densities of all 20 geometric conformations of p-alanine, 
excluding mirror images. The geometries were taken from ref. 
5, while the energies and electronic density distributions were 
recalculated using GAUSSIAN 92 (6) employing the 6-3 1G** 
basis set, in order to provide a more accurate electron distribu- 
tion for the various conformations, while still allowing for 
direct comparison between this and earlier works ( 5 ) .  The 
Shape Group technique ( 1 4 ) ,  as implemented in the computer 
program GSHAPE 90 (1 1, 12), has been applied to the computed 
electron densities of the 20 p-alanine conformers. 

Besides being an important test case of the methodology, a 
rigorous shape classification of the possible conformations of 
p-alanine is desirable in its own right, since this amino acid is 
of considerable biological interest. The molecule of p-alanine 
is found in animal brain and liver tissue, as well as in plants, 
fruits, and insect cuticle (13-17). Like y-amino butyric acid 
(GABA), p-alanine acts as an inhibitor in the nervous system 
(1 8-2 1) binding to the opiod receptors found in the brain. Fur- 
thermore, p-alanine can be enzymatically converted (22) into 
L-a-alanine, an amino acid that can be found in a large number 
of biologically important peptides. 

The next section of this paper contains a brief review of the 
theory and methodology employed, Sect. 3 contains the results 
and discussion, and a short summary is given in Sect. 4. 

2. A brief review of the Shape Group 
Method 

The Shape Group Method ( 1 4 )  is a technique of shape char- 
acterization based on local curvature features (geometrical 
properties) analyzed in terms of the patterns that various cur- 
vature domains of the electron density generate (topological 
properties). The Shape Group algorithm provides a detailed 
and mathematically rigorous characterization of three-dimen- 
sional functions in terms of a family of topological invariants. 
In the actual case, each three-dimensional contour surface of 
the electron density is partitioned into domains based on local 
curvature thresholds. Removal of all domains of a specific cur- 
vature classification from the original surface produces a new 
object that typically shows a new set of topological features. 
These topological features are described by the shape groups 
( 1 4 )  of the object, which are the homology groups (23,24) of 
the truncated surface. This technique has been used for the 
shape analysis of many molecular properties described by con- 
tour surfaces, including electron density functions or nuclear 
and electrostatic potential functions (4). 

Using the Shape Group Method, shape characterization of 
electron density is reduced to a two-dimensional (a, b) param- 

eter map where a represents the value of the electron density 
for the various contour surfaces and b is a threshold for the 
local curvature of the isodensity surface. The determination of 
these (a, b) parameter maps is automated through the GSHAPE 

90 package of computer programs (1 1, 12). 
Given a fixed nuclear configuration K, and a density thresh- 

old value a ,  a molecular isodensity contour (MIDCO) surface 
G(K,a) is made up of the collection of all points of the three- 
dimensional space where the electronic density p(K,r) is equal 
to the constant value a ,  

[ l ]  G(K,a )=  { r :  p ( K , r ) = a ]  

By varying the parameter a through a range of relevant elec- 
tron density values, a set of MIDCO surfaces is generated, 
each of which can then be classified based on its local shape 
characteristics. 

Specifically, each point on the surface G(K,a) is classified 
into one of three curvature domains D,(a,b), (J, = 0,1,2, 
depending on how curved the surface is at the particular point 
with respect to some reference curvature b. Curvature at each 
point of surface G(K,a) is determined by comparing the eigen- 
values of the local Hessian matrix of the surface to the curva- 
ture b of a reference tangent sphere with a radius 116, where b 
is a variable parameter. 

A point on the surface G(K,a) is then assigned to a domain 
D2(a,b) if both of the eigenvalues of the local Hessian matrix 
are less than b, to a domain Dl(a,b) if precisely one of the 
eigenvalues is less than b, and to a domain Do(a,b) if none of 
the eigenvalues is less than b. A domain D2(a,b) is said to be 
convex relative to reference curvature b. Similarly, a domain 
D,(n,b) is of the saddle type relative to reference curvature b, 
whereas a domain Do(a,b) is concave relative to reference cur- 
vature b. 

Truncation of all domains of a given type (J,, (J, = 0, 1,2, gen- 
erates a truncated surface that can be studied by simple topo- 
logical means, for example, truncation of all domains of the 
type D,(a, b) generates the truncated surface G,(a, b), where 
the reference to the nuclear configuration K is omitted from 
the notation: 

The resulting surface G,(a, b) may consist of a single con- 
nected surface with several holes or may form a set of several 
disjointed surfaces. The surfaces G,(a, b) are in general topo- 
logically more distinctive than the original surface G(a, b) and 
form the basis for evaluating similarities between MIDCO sur- 
faces and, hence, between electron densities. Each surface 
G,(a, b) is characterized by the corresponding homology 
groups H](J,(u, b) of algebraic topology (22), specifically, by 
using the one-dimensional Betti number, which is related to 
the number of holes (n,) on each surface G,(a, b). The one- 
dimensional Betti number is the rank of the one-dimensional 
shape group for each piece of the truncated surface. These 
Betti numbers are used as numerical shape descriptors for the 
electron density. The Betti numbers, one for each piece of the 
surface G,(a, b), are collected into a vector, which is then 
taken as the shape descriptor for a specified (a, b) pair of 
parameters. 

Although the curvature domain pattern changes as a func- 
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tion of both parameters a and b, there are invariance domains 
within a formal (a, b) parameter plane where there is no 
change in the shape group classification. In fact, for the entire 
density range and for the entire possible curvature range of 
each molecule, there are only a finite number of different 
shape groups. Consequently, it is possible to characterize in 
detail the shape of the entire electron density, described by a 
continuum of MIDCO surfaces, using a finite number of Betti 
numbers as shape descriptors. The parameter plane of electron 
density thresholds and reference curvature values can be rep- 
resented by a discretized grid, leading to a finite classification 
scheme by a numerical shape code (4). 

To simplify the task of shape comparison, the vectors repre- 
senting the sets of Betti numbers are encoded into a single 
shape integer L. For a given conformation K of a molecule and 
for a pair of parameters a and b, the unique shape integer L(K, 
a, b) is defined by the following formula: 

where Po = 0, and for i > 0, Pi is the ith prime number in the 
sequence 1,2,  3, 5, 7, 11, ... where 1 is taken as an "honorary 
prime"; each Betti number of value (i - 2) is assigned to the 
prime number Pi; the exponent k(i) is the number of discon- 
nected surface pikces having their one-dimensional Betti num- 
ber equal to (i - 2); and where the value of upper limit M is 
two greater than the largest first Betti number for any of the 
disconnected pieces of the MIDCO G(a). 

If the level of resolution is insufficient to ascertain the Dres- 
ence of one or more of the Dp curvature domains unambigu- 
ously, then a negative sign is assigned to the integer L(K, a, 6). 
Using the Prime Factorization Theorem one can decode this 
shape integer L(K, a, b), yielding the set of individual Betti 
numbers for the given pair of parameters a and b. 

The (a, b) parameter maps themselves have been standard- 
ized using a grid containing41 threshold values of density and 
21 threshold values for curvature (4, 1 1, 12). The usual density 
range covered varies from amin = 0.001 au to a,,, = 0.1 au. The 
curvature parameter b covers two ranges, from - 1 to - 
and from 1 to The negative region is associated with a 
reference tangent sphere curving inward against the isodensity 
surface, while the positive values of b are interpreted as the 
tangent reference sphere curving away from the isodensity 
surface. 

To accommodate the large variance in scale of both param- 
eters a and b, logarithmic transformations are used for the 
actual display of the (a, b) parameter maps. Since parameter b 
can take both positive and negative values, the logarithm of 
the absolute value of b is used. The value of log Ibl = -5, that 
is, b = o r b  = - is taken to represent b = 0, so the two 
ranges of b are regarded as connecting along a single line on 
the map. 

A detailed similarity analysis between molecular electron 
densities can be carried out by a simple comparison of the (a, 
b) parameter maps of any two molecular conformations, K and 
K' (4, 25, 26). By overlaying the two (a, b) parameter maps 
and assigning a value of 1 to each position (a, b) in the map 
where the two shape integers L(K, a, b) and L(K', a, b) match, 
and a value of 0 where the two shape integers are different, a 

binary map is generated that provides an overview of similar- 
ity between the two molecular electron densities. A total sim- 
ilarity measure is then given as 

[41 Xi, j )  = 1 1 A(i, j ,  a,, b 0  I ( N ,  Nb) 
V=l 

where N,  and N ,  are the number of thresholds for the a and b 
values, respectively, and 

Using this procedure, the shape features of the two electron 
densities can be compared by an algorithmic technique based 
on detailed shape analysis, providing a method that comple- 
ments the quantum similarity approaches of Carb6 et al. 
(27-35) and alternative techniques proposed earlier (36-50). 

The sensitivity of results obtained by a Shape Group analy- 
sis to the quality of electron density and the range of density 
considered has been studied earlier (12). The quality of basis 
set used in the computation of ab initio electron densities 
affects the results of shape analysis; however, for basis sets at 
and beyond the 4-31G level there is little change in the shape 
of the electronic density within the chemically relevant molec- 
ular density range of density domains (4). Hence, the approach 
of optimizing geometry at the 4-3 1G basis level and recalcu- 
lating energies (as well as densities) at the 6-31G** level is 
regarded as a practical, as well as sufficiently accurate, 
approximation for most applications. Shape group analysis of 
electron densities at the 6-3 1G** level has been shown to pro- 
vide excellent shape - toxicological activity correlations for a 
family of polycyclic aromatic hydrocarbons (5 I ) . ~  

Test calculations for a set of small molecules (12) have 
shown that most of the essential shape features relevant to 
molecular similarity analysis can be identified by taking the 
range 0.001-0.1 au (au = atomic unit) for electron density, and 
some computational savings can be achieved by reducing the 
wider range of density used in earlier studies. In most of the 
more recent Shape Group studies (25, 26), the standardized 
range of 0.001-0.1 au has been used universally for all mole- 
cules. 

3. Shape characterization and similarity 
analysis of the stable conformations of 
p-alanine 

Using the geometries of the 20 conformations of p-alanine, 
which represent local minima on the 4-3 1G potential energy 
surface (5), electron density distributions for these conforma- 
tions have been calculated using the 6-31G'k:* basis set as 
incorporated in the GAUSSIAN 92 program (6). Table 1 lists the 
absolute and relative 6-31G** energies of all 20 conforma- 
tional isomers. For consistency with earlier studies of these 
conformers, the numbering scheme follows that of ref. 5. Not 
surprisingly, the change of basis set from 4-3 1G to 6-31G4':* 

P.G. Mezey, Z. Zirnpel, P. Warburton, P.D. Walker, D.G. Irvine, 
D.G. Dixon, and B. Greenberg. To be published. 
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Table 1. Calculated 6-3 1G:*:+ energies of 
geometric isomers of p-alanine (with roman serial 
indices I, 11, 111, ... indicating the order of the 
4-3 1G energies of an earlier study (5)). 

Hartrees kJlmol(re1ative) 

I 
I1 
v 
IV 
VII 
I11 
XI 
VIII 
IX 
VI 
XI1 
X 
XI11 
XIV 
xv 
XVII 
XVIII 
XVI 
XIX 
XX 

causes some conformers to change position in the energy- 
ordered list. Conformer V, which contains the N...H-0 
hydrogen bond, is slightly more stabilized in the 6-31G** 
description and becomes the third most stable species. Inter- 
estingly, the energy difference between the two conformers 
lowest in energy, both of which contain a weak N-H ... P C  
interaction, is significantly larger with the 6-31G** basis set 
than in the 4-31G case. This matches well with the observation 
that polarization functions sometimes provide higher esti- 
mates for nonbonded intramolecular interactions (52). 

Figure 1 shows the nuclear positions of all 20 of these con- 
formers along with the molecular isodensity contour 
(MIDCO) corresponding to a constant electron density value 
of a = 0.1 au. Figures 2 and 3 are the selected examples of the 
(a, b)  parameter maps for conformations I and 11, respectively. 
Note that the single integer entries within these (a, b)  parame- 
ter maps follow the order of detection of each shape group type 
within each conformer, hence the actual comparison between 
(a, b) parameter maps involves decoding the single integer 
entries using the respective legend tables shown in the figures. 
Figure 4 shows the resulting similarity map of the overall sim- 
ilarity between these two conformers, which differ primarily 
in the orientation of the amino group. The similarity index 
resulting from this map is 0.824 out of a possible perfect match 
of 1.00. Whereas the high-density range of the MIDCOs 
shown in Fig. 1 does not provide many visual clues to shape 
differences in terms of local curvatures, the more diffuse, 
lower density contours C(Y,O.Ol) and C(Y,0.001), Y = I,II, 
shown in Fig. 5, reveal many subtle differences in the local 
curvatures of conformers I and I1 of p-alanine. 

Table 2 provides the similarity index of all pairwise similar- 
ity tests for the 20 conformations of p-alanine. The two most 
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Fig. 1. The 20 stable conformers of p-alanine: nuclear positions and the 0.1 au MIDCO surfaces. 

similar conformers based on this similarity criterion are con- indices larger than this value. This characterization is very rea- 
formers IV and XV having an overall similarity index of sonable, because V is the only conformer stabilized by the 
0.872. N...H-0 hydrogen bond, which has a major influence on reac- 

These indices immediately characterize V as an exceptional tion paths, potential barriers, bond lengths, and force constants, 
conformer: the similarity indices with all other conformers are as pointed out in ref. 5.  In a similar way, I11 and VI are also 
below 0.7, whereas all other conformer pairs consistently have characterized as unusual conformers that show only low sim- 
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Fig. 1 (coizcluded). 

X I V  

ilarity with any of the otherconformers: for 111, the highest sim- 
ilarity index is 0.815 for the pair IVIII, all other values are 
below 0.8; for VI, all indices are below 0.8. This classification 
does make chemical sense: I11 and V are the only conformers 
that cannot be transformed into a good approximation of any 
other form by a single internal rotation; for example, the con- 
version of I11 to 11, which was mentioned above, requires a 
reorientation of the amino as well as the carboxy group. By con- 

XIX  

trast, VI participates in several conformational equilibria 
involving internal rotation of a single functional group; some of 
these equilibria are discussed below. The low similarity indices 
for VI are a manifestation of a peculiarity of a different kind, 
namely, a considerable degree of local steric interference in the 
nuclear arrangement, resulting in a peculiar shape of the elec- 
tron density. This local steric congestion is manifested by the 
orientation of both the carboxy and the amino groups, and also 
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Fig. 3. The (a, b) parameter map for conformation I1 of p-alanine. 

(a,b) map of p-alanine conformation II 

-3.0 -2.0 -1.0 
0.00 

I I I I I I 1 I I  

-2.50 

m 
-5.00 

-2.50 

0.00 

Legend 

1 = -2 1 1  = 4 21 = 8 
2 =  0 12 = 04 22= 9 
3;. 0 0  13= 5 23 = 10 
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by the 6-3 1G** energies, as an indication of a formal "strain." 
In geometrical terms, VI shows the largest negative deviation of 
all p-alanine conformers for the two C-C-C-0 torsions from 
their respective average values and at the same time the largest 
positive deviation for the H-N-C-C torsions. In terms of energy, 
VI also exhibits the largest increase in relative energy when 
changing from the 4-3 1G to the 6-31G** wave function. 

As the case of VI shows, there is no strict relation between 
the similarity index values and the number of internal rotations 
necessary for the interconversion of the conformers involved. 
The following data strengthen this point: all conformer pairs, 
which can be transformed into each other by a rotation of the 
amino group only, are characterized by indices of 0.82 or 
higher; however, the pair XIYXVIII (differing in the amino 
and hydroxy group orientation) also ranks at 0.83. Rather than 
being linked to reaction paths, the similarity indices discussed 
here are obtained from a wide range of electron density values, 
hence they do reflect changes in intramolecular interactions 
rather accurately. 

This is not only true for the strong intramolecular N...H-0 
hydrogen bond in V, but also true for much more subtle 
intramolecular interactions, e.g., those introduced by changing 
the -COOH group from a syn- to an anti-periplanar orientation. 
In the syn case, which is present in conformers I-IV and VI- 
XII, the dipoles of the groups 0-H and C=O are in a very 
favorable orientation, which yields a stabilization of approxi- 
mately 30 kJImol. In the anti case, this favorable orientation is 
no longer present and, except for V, the carboxylic hydrogen 
atom is brought into the vicinity of other hydrogen atoms. If 
the C-C-COOH arrangement is planar or almost planar, only 
minor H-H repulsion occurs, since the hydrogen atoms neigh- 
boring the carboxylic hydrogen atom point out of the C-C- 
COOH plane, whereas a rotation of the COOH group out of the 
C-C-C plane results in considerable H-H repulsion. As a con- 
sequence, conformers XVII-XX, which represent the latter 
case, are high in energy and exhibit the largest deviations of 
the H-0-C-C torsion from planarity. Looking at the similarity 
indices of those conformers, which form such syn/anti pairs, 
i.e., YXIII, II/XIV, IVIXV, VUXVII, VIYXVI, IX/XVIII, 
X/XIX, and XIYXX, one finds values of 0.832-0.872 for a 
planar C-C-COOH arrangement, but values between 0.769 
and 0.826 for the nonplanar arrangement. 

Other examples demonstrating the sensitivity of these simi- 
larity indices in monitoring changes in intramolecular interac- 
tions are the reaction cycles involving the conformers 11, VI, 
and XI on the one hand and IV, IX, and XI1 on the other hand. 
The conformers in both sets are interconnected by an internal 
rotation of the carboxy group (in the latter case the mirror 
image of IV has to be considered, which is, however, charac- 
terized by the same numerical values as IV); in the case of 11, 
VI, and XI significant changes in the interaction between the 
amino and the carboxy group take place along the reaction 
path (6), whereas the trans orientation of the N-C-C-C skele- 
ton excludes such interactions in the case of IV, IX, and XII. 
The corresponding similarity indices mirror this difference: in 
one case they range from 0.77 1 to 0.795, whereas in the other 
case they are concentrated between 0.835 and 0.843. 

4. Summary 

In this work, the Shape Group Method ( 1 4 )  has been used to 
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Fig. 5. Three characteristic MlDCO surfaces, G(Y,O.l), 
G(Y,O.Ol), and G(Y,0.001), Y = I, 11, for conformations I and I1 
of p-alanine. The more diffuse, low density contours G(Y,O.Ol) 
and G(Y,O.OOl) show the differences in local curvatures resulting 
from the differences in the interactions between local charge 
density clouds. 

Conformation I Conformation ll 

analyze the electron density distributions of 20 symmetry- 
unique conformers of the neutral form of p-alanine. This par- 
ticular molecule has a number of well-documented conformers 
(5) as well as a variety of intramolecular interactions in various 
conformers (5, 10). In earlier studies, the Shape Group Method 
was successfully applied for the similarity analysis of various 
compounds (25) and for conformational changes limited to 
single rotations (26). This study is the first in which the shape 
similarities of a large number of conformers are analyzed in a 
systematic manner. 

The similarity indices obtained in the present study proved 
to be a good measure of similarity and a reliable tool for iden- 
tifying outstanding conformers using an automated, unbiased 
algorithm. Thzse similarity measures appear to be very sensi- 
tive to changes in nonbonded interactions. Detection of subtle 
changes in intra- or intermolecular interactions is expected to 
be of importance in computer-aided drug design, where the 
quantification of similarities or dissimilarities between differ- 

ently substituted or differently oriented local groups in various 
compounds is essential, providing discrimination in their abil- 
ity to bind to a known receptor. 
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The preparation and characterization of 
SeC13SbF6, improved syntheses of 
MC13(As/Sb)F6 (M = S, Se), and the X-ray 
crystal structure determination of 
SeC13AsF6 and a new phase of SBr3SbF6 

Jack Passmore, T. Stanley Cameron, Paul D. Boyle, Gabriele Schatte, 
and Todd Way 

Abstract: Alternative and, in some cases, improved syntheses of the salts MX3(AslSb)F6 (M = S, Se) and SC13(SbC16/AICI,) are 
described. In addition, the synthesis of SeC13SbF6 is reported. The compounds were characterized by FT-Raman spectroscopy 
and the X-ray crystal structures of SeC13AsF6 (also 7 7 ~ e  NMR)and a new phase of SBr3SbF6 were determined. Crystals of 
SeC13AsF6 and SBr3SbF6 are monoclinic, space group P2,lc with [values for SBr3SbF6 in brackets] a = 7.678(1) [8.137(1)] A, 
b = 9.380(3) [9.583(2)] A, c = 11.920(3) [12.447(2)] A, P = 98.19(2)' [97.36(1)1°, V =  849.72(3) [962.6(3)] A3, z = 4, 
D, = 2.925 [3.502] Mg m-3, R = 0.0525 [0.055], and R,,, = 0.0554 [0.060] for 115 1 [1472] observed reflections. 

Key words: MX3+ salts, FT-Raman spectroscopy, X-ray crystal structures of SeCI3AsF6, SBr3SbF6, and preparation of 
SeCI3SbF6. 

RCsumC : On decrit de nouvelles synthkses, quelquefois amCliorCes, des sels MX3(As/Sb)F6 (M = S, Se) et SCl3(SbCl6IA1C1,). 
On rapporte de plus la synthkse du SeC13SbF6. On a caractkrisk les composCs par spectroscopie Raman en transformation de 
Fourier et par diffraction des rayons X du SeC13AsF6 (aussi RMN 7 7 ~ e )  et d'une nouvelle phase du SeBr3SbF6. Les cristaux du 
SeC13AsF6 et du SBr3SbF6 sont monocliniques, groupe d'espace P2,lc avec [valeurs pour SBr3SbF6 entre crochets] a = 7,678(1) 
[8,137(1)], b = 9,380(3) [9,583(2)] et c = 11,920(3) [12,447(2)] A, P = 98,19(2)" [97,36( I)]", V =  849,72(3) [962,6(3)] A3, z =4,  
D, = 2,925 [3,502] Mg m-3, R = 0,0525 [0,055], et R,, = 0,0554 [0,060] pour 1151 [I4721 reflexions observees. 

Mots clks : sels de MX3+, spectroscopie Raman-FT, structures cristallines par diffraction des rayons-X de SeC13ASF6, SBr3SbF6 
et preparation de SeC13SbF,. 

[Traduit par la redaction] 

Introduction S, Se), the X-ray crystal structure of seCl3AsF6 and of a new 
phase of SBr,SbF,. The MX,+ (M = S, Se, Te; X = C1, Br, I 

During our work, we required AsF; and SbF; salts of MX3+ <excluding si3+)) salts have been extensively studied (3-9), 
(M = S, Se; X = C1, Br) as starting materials for the synthesis of and are of interest in terms of the structure of the cations them- 
M3X3+ salts (1, 2). We report below alternative and, in some selves, their solid state architectures, and degree of cation- 
cases, improved syntheses of MC13(As/Sb)F6 (M = S, Se) and anion interactions, and are starting reagents for both inorganic 
SC13(SbC16/AlC1,), the synthesis of SeC13SbF6, which was not and organic reactions (e.g., the chlorination of aromatic sys- 
reported previously, the FT-Raman spectra of MC13SbF6 (M = tems; see ref. 4). 
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Experimental 

General techniques and materials 
All reactions were carried out in a one-piece apparatus con- 
sisting of two or three thick-walled round-bottom flasks ( V  = 
25 mL) linked by a glass tube (0.d. 10 mm) incorporating a 
sintered glass filter disk (medium porosity). The three-bulbed 
vessel consisted of one primary bulb and two secondary bulbs, 
on the opposite side of the frit to the primary valve. The pri- 
mary bulb was fitted with a 180" Pyrex glass valve with PTFE 
piston (diameter, 5 mm; PTTI5, J. Young, London, U.K.), and 
each secondary bulb with a 90' Pyrex glass valve with PTFE 
piston (diameter, 5 mm; PTTISIRA, J.Young, London, U.K.). 

Can. J. Chem. 74: 167 1-1681 (1996). Printed in Canada / Imprimt au Canada 
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Further details regarding general techniques and apparatus are 
described in refs. 10 and 11. All apparatus were rigorously 
dried. Moisture-sensitive materials, crystals suitable for X-ray 
analysis, and all solid products were manipulated in a Vacuum 
Atmospheres Dri-Lab equipped with a Dri-Train (HE-493) 
and an internal circulating drying unit containing 1 kg of 3 A 
molecular sieves. 

Sulfur dioxide (Matheson) and AsF, (Ozark-Mahoning) 
were vacuum distilled and stored over CaH, and NaF, respec- 
tively. Chlorine (Air Liquid Canada) and bromine (Fisher) 
were vacuum distilled onto and stored over P40,0. Selenium 
(Johnson Matthey, 1-3 mm, amorphous, ground to a powder, 
99.999%), SeCl, (Johnson Matthey, 99.5%), S,CI, (Fisher 
Scientific), and AsF, (Ozark-Mahoning) were used as 
received. AgSbF6 (Aldrich, 98%) was used as received, han- 
dled in the dark, and used in glass vessels wrapped in alumi- 
num foil. Sulfur (precipitated; Fisher Scientific) was vacuum 
dried prior to use. Antimony pentafluoride (Ozark-Mahoning) 
was triple distilled in an all-glass apparatus and stored in a 
Pyrex glass vessel fitted with a Teflon valve (PTT15, J. Young, 
U.K.) (1 1). Aluminum trichloride (Fisher Scientific) was sub- 
limed under a nitrogen pressure of 40 mbar (1 bar = 100 kPa) 
through a section of granular A1 metal (Fisher Scientific, 8-20 
mesh) at a temperature of 175-180°C. The compound S3Br3- 
SbF6 was prepared as described in ref. 2. 

Preparation of SeC13AsF6 from SeCI,, and AsF, in SO, 
An excess of AsF, (2.497 g, 14.69 mrnol) was condensed onto 
SeCl, (2.197 g, 5.87 mmol) in SO, (8.9 g), producing a yellow 
solution over a white precipitate on warming to room temper- 
ature. The solution was filtered after stirring overnight, 
leaving 0.1 10 g of a less soluble product behind (AsC1,AsF6; 
IT-Raman). After removal of the volatile materials the result- 
ing white soluble solid product was identified as SeC13AsF6 
containing small amounts of AsCl,AsF6 (IT-Raman). Pure 
SeC13AsF6 (2.138 g, 5.71 mmol; 97.3% recovered yield based 
on SeCl,) was obtained after recrystallization of the crude 
product (2.671 g) from SO, (5.6 g). 

Crystals suitable for single-crystal X-ray diffraction were 
obtained from the reaction of selenium powder (1.007 g, 12.74 
mmol) with a mixture of AsF, (3.361 g, 19.78 mmol) and C1, 
(0.871 g, 12.28 mmol) in SO, (6.95 g) at -30°C originally 
designed to give Se6(AsF6), (cf. Te6(AsF6), (12)). Within 5 
min the color of the solution turned from green into yellow and 
a light-yellow precipitate, which dissolved upon stirring for 1 
h at room temperature. After stirring the light-yellow solution 
for 24 h at room temperature, slow removal of the solvent into 
the second bulb (AT = 20°C), produced large light-yellow 
crystals. Several light-yellow crystals were mounted in well- 
dried capillaries, flame-sealed under nitrogen atmosphere, and 
stored at -20°C prior to the X-ray analysis. The total product 
(3.466 g) consisted of 1.955 g (5.22 mmol) of crystalline 
SeC13AsF6 and 1.5 1 1 g (2.3 mmol) Se4(AsF6), (FT-Raman). 
The material has been stored at - 10°C under a dry nitrogen 
atmosphere for more than 1 year without noticeable decompo- 
sition. 

The identity of SeC13AsF6 was confirmed by single-crystal 
X-ray diffraction (see below) and its melting point (195°C 
vs.196"C reported in ref. 6). The FT-Raman spectrum of 
crystalline SeC1,AsF6 is shown in Fig. 1 and the frequencies 
listed in Table 1. The 7 7 ~ e  IT-NMR spectrum of SeC13AsF6 

prepared in situ from SeC1, (0.5261 g, 2.38 mmol) and AsF, 
(1.006 g, 5.92 mmol; 39.7% excess) in SO, (4.22 g), at 
-40°C showed one resonance at 6 = 1419 ppm. The NMR 
spectra were not obtained at lower temperatures since the 
compound precipitated out of solution and we were unable to 
obtain a 77Se NMR spectrum of redissolved SeC13AsF6 in 
SO,. 

Preparation of SeC13AsF6 from Se, CI,, and AsF, in AsF, 
or SO, 

Arsenic pentafluoride, AsF, (0.7 19 g, 4.23 mmol, 3.9% excess 
based on eq. [2]), was condensed onto selenium (0.2 19 g, 2.7 1 
mmol) in AsF, (8.67 g), forming a green solution on warming 
to room temperature. Chlorine C1, (0.297 g, 4.19 mmol, 2.7% 
excess based on eq. [2]), was added, the yellow solution 
stirred overnight, and the volatiles removed, giving a yellow 
solid with a few orange crystals that turned into a greenish 
looking powder after removing all of the solvent. The product 
turned into a white, slightly greenish solid upon grinding. The 
total product consisted of 0.969 g (cf. expected 1.014 g, 2.71 
mmol based on Se) of impure SeC13AsF6 (IT-Raman; X-ray 
powder diffraction). The impurity (reasonably green 
Se,(AsF6),) was not detected by these methods. 

In a similar experiment SO, was used as the solvent and in 
this case a green powder that contained the compound 
SeC13AsF6 (IT-Raman) was obtained. 

Preparation of SeC13SbF6 from SeCI,, and AgSbF6 in SO, 
SeCl, (1.3 18 g, 5.97 mmol) and AgSbF6 (2.06 1 g, 5.99 mmol) 
were added in the dark to one bulb of the two-bulb reaction 
vessel and the Teflon stem of the valve immediately replaced. 
Addition of SO, (5.37 g) gave a yellow solution with a white 
precipitate, which was stirred for 4 h at room temperature. The 
solution was filtered through the frit into the second bulb and 
the insoluble product (AgCl) left behind was washed with SO, 
until the solution became colorless. The volatile products 
were removed, giving a light-yellow soluble solid product 
(SeC13SbF6, 2.333 g) and a greyish-white insoluble product 
(AgCl, 0.885 g) (IT-Raman). Pure SeC13SbF6 (1.647 g, 5.71 
mmol; 65.5% recovered yield based on SeCI,) was obtained 
after recrystallization of the crude product (2.333 g) from SO, 
(5.8 g). The material was collected and stored at - 10°C in a 
sealed glass tube in a dry nitrogen atmosphere. 

Preparation of SC13AsF6 from S ,  CI,, and AsF, 
The salt SC13AsF6 was prepared from sulfur, chlorine, and 
AsF, by a modification of the method described in ref. 3. AsF, 
(1.732 g, 13.13 mmol) followed by C1, (2.949 g, 41.6 mmol) 
were condensed onto the sulfur (0.397 g, 1.55 mmol). A very 
exothermic reaction occurred upon warming the mixture 
slowly to room temperature over 1 h, leading to a red solution, 
likely SC13AsF6 dissolved in liquid AsCI,/Cl,, over a white 
precipitate. The mixture was stirred overnight and the vola- 
tiles removed, giving a crude product (SC1,AsF6 (1.683 g)) 
that was then dissolved in AsF, (7.427 g). Upon cooling this 
solution to - 15"C, a crystalline white solid was formed. The 
solution was filtered through the frit into the second bulb and 
the solvent was subsequently removed by evacuation, giving 
1.405 g (4.29 mmol; yield: 65.4% based on AsF,) of pure 
SC13AsF6 (IT-Raman, Table 1). The material is stable in a dry 
nitrogen atmosphere at - 10°C for at least 6 months. 
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Passrnore et al. 

Fig. 1. FT-Raman spectra of the SeC1,AsF6 and SeCI,SbF6 salts measured at 
room temperature in a melting point tube (resolution: 4 cm-I). The parameters for 
laser power (mW) and number of scans are: (A) 87 mW, 150; (B) 34 mW, 256. 

Preparation of SBr3SbF6 from S8, Br,, and SbF, in SO, 
The salt SBr3SbF6 (2.714 g, 5.35 mmol; yield: 92% based on 
sulfur) was prepared by reacting sulfur (1.491 g, 5.8 1 mmol) 
with Br, (1 1.74 g, 73.5 mmol, 5.4% excess based on S8) fol- 
lowed by addition of SbF, (18.07 g, 83.4 mmol, 7% excess 
based on S8) according to eq. [5b] and similar to the reaction in 
ref. 8. The products SBr3SbF6 and the reduced antimony fluo- 
ride (SbF3),.SbF, (13) were identified by IT-Raman spectros- 
COPY. 

Crystals of SBr3SbF6 were obtained from an attempt to 
grow crystals of S3Br3SbF6 (1.35 g, 2.36 mmol) by redissolv- 
ing the latter in SO, (12.5 g). To facilitate crystal growth, the 
solvent had to be removed very slowly over a period of 18 h 
with a temperature gradient of 3°C using bulbs cooled to 0°C 

0.04 - 

0.03 - 

0.02 - 

0.01 - 

and -3"C, respectively. The slow removal of the solvent was 
required by the high solubility of S3Br3SbF6, which during the 
course of the experiment partially decomposed to the crystal- 
line SBr3SbF6 (IT-Raman) and S,Br, (visually: red oil). The 
identity of SBr3SbF6 was further established by single-crystal 
X-ray diffraction. The material has been stored at - 10°C in a 
dry nitrogen atmosphere for at least a year without noticeable 
decomposition. The stability at room temperature is in the 
range of a few weeks, as indicated by the presence of bromine. 

Preparation of SC13 SbF6 from SBr3SbF6 and C1, in SO, or 
from AgSbF6, S,Cl,, and C1, in SO, 

ln one experiment a mixture of SO, (10.45 g) and C1, (0.703 g, 
9.91 mmol, large excess) was poured onto SBr3SbF6 (1.98 g, 

800 700 600 500 400 300 200 100 50 
(cm-1) 

I I I I I I I  
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2 

Table 1. FT-Raman frequencies (cm-l) of MX,AF6 (A = As, Sb ;  M = Se,  S ;  X = Cl,  Br)  and SC1,A1C14/SbC16 with relative peak heights in parentheses." m 
q 
P 

S C I , A I C I , ~ ~ ~  SCI,SbCl,'." SCI,ASF,"' s C l , S b ~ , d  SBr,AsF,/.j S B ~ , S ~ F ~  s~cI,AsF,"' SeCl,SbF,d SeBr3~sF,'."eBr,Sb~," Assignments" 

"The tentative assignments given were made on the basis of comparison between band positions, relative peak heights, and bond distances observed in related species 
"By comparison with AICI,, SbCI;, AsF; (CsAsF,), and SbF; (LiSbF,) salts, ref. 28. 
'No distinction between v,(SeBr,+) and v,(SeBr;) can be made. 
"The samples were measured in a melting point tube at room temperature. 
'Samples were measured in a 5 mrn NMR tube at room temperature. 
'Samples were measured in a 5 mm NMR tube at -lOO°C. 
xPreviously reported in ref. 4. 
"Previously reported in ref. 7. 
'Previously reported in ref. 29. 
'Previously reported in ref. 8. 
'Previously reported in ref. 9. 
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Passmore et al. 

Table 2. Fractional atomic positional parameters for SBr,SbF, and SeCI,AsF, with estimated 
standard deviations (esd's) in parentheses. 

Atom x Y z B,,," 

"B,, is the mean of the principal axes of the themlal ellipsoid. 

3.90 mmol) cooled to -30°C, yielding an immediate red solu- 
tion (probably bromine) with a white precipitate (SCl,SbF, , 
1.46 g, 3.91 mmol, 100.3% yield). The vessel was immersed in 
a -30°C ethanol bath and gradually allowed to warm to room 
temperature over a period of 4-6 h. The reaction described 
here is very temperature and time dependent, and the desired 
product will not be obtained if the reaction conditions are not 
met (see preparation of SC13SbC16). 

Alternatively, the compound can be prepared from the reac- 
tion of AgSbF, (4.0389 g, 1 1.75 mmol, 1.8% excess), S,C1, 
(0.7794 g, 5.77 mmol; density: 1.62 g/mL), and CI, (1.2932 g, 
18.23 mmol, 5% excess), in a three-bulbed vessel consisting of 
one primary bulb and two secondary bulbs located on the 
opposite side of the frit to the primary valve. AgSbF, was 
added to one of the secondary bulbs in the dry box and the 
valve closed. A slight excess of S,CI, was then added to the 
unused secondary bulb using a 1 mL siringe with an 18 gauge 
stainless steel needle in a fumehood. Excess S,Cl, was 
removed under a dynamic vacuum until the desired amount 
remained. SO, (14.6 g) was then added to the primary bulb, 
followed by C1,. The two solutions were mixed and then 
poured onto the solid, which had been cooled to -60°C. The 
resultant mixture was a pale yellow solution over a white pre- 
cipitate. The reaction was allowed to stir for 1 h, gradually 
warming from -60°C to 0°C. The soluble compound (3.829 g, 
10.28 mmol, 88.6% based on S2C12) was separated from the 
insoluble AgCl(1.861 g, 12.98 mmol, 112.5% based on S2C12) 

by repeated washing of the solvent through a medium-porosity 
sintered glass frit followed by solvent removal. The soluble 
white solid contained SCl3SbF, (FT-Raman, Table 1). The 
purity of the material may be improved by washing out the 
more soluble, unreacted excess AgSb6F. The material has 
been stored under a dry nitrogen atmosphere for 1 week at 
30°C, or indefinitely at - 10°C. 

Preparation of SC13 SbC16 from SBr3SbF, and C1, in SO2 
The compound was prepared by the reaction of SBr3SbF6 
(2.597 g, 5.12 mmol) with a mixture of C1, (1.287 g, 18 mmol, 
large excess) and SO, (2.425 g) at -20°C. The mixture was 
warmed to room temperature and allowed to stir for 18 h, giv- 
ing a white precipitate in a red solution. Removal of the vola- 
tiles yielded SC13SbC16 (2.393 g, 5.06 mmol, 98.85 % yield 
based on SBr3SbF6) as characterized by FT-Raman spectros- 
copy. Single-crystal X-ray diffraction produced a unit cell that 
was identical to the one previously reported in ref. 7. The sta- 
bility of the compound on storage is similar to the S b F 6  salt 
reported above. 

19F FT-NMR study of the reaction of SBr3SbF6 with CI, in  
so, 

The reaction was carried out in a 5-mm NMR tube fitted with 
a 90" J.Young valve. SO, (1.299 g, 20.2 mmol) and Freon- 1 1 
(0.0184 g, 0.134 mmol), as an internal reference, were con- 
densed onto the solid SBr3SbF6 (0.0441 g, 0.086 mmol). 
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Can. J. Chem. Vol. 74, 1996 

Table 3. Anionic bond distances (A) and angles (") and selected interionic angles 
(") for SBr3SbF6 (esd's in parentheses)." 

Interionic angles 
Br(1)-S(1)-F(2a) 
Br(1)-S(1)-F(3b) 
Br( 1 )-S( 1)-F(5c) 
Br(2)-S(1)-F(2a) 
Br(2)-S( 1)-F(3b) 
Br(2)-S(1)-F(5c) 

"The letters a, 6, c indicate symmetry-equivalent atoms: a, -.r, 1.0 - y, 1.0 - z; b, -x, 0.5 + 
y , O . 5 - z ; c , x , 0 . 5 - y , O . 5 + ~ .  

Table 4. Anionic bond distances (A) and angles (O)  and selected interionic angles 
(") for SeC13AsF6 (esd's in parentheses)." 

Interionic angles 
Cl(1)-Se(1)-F(2b) 
Cl( 1)-Se( 1)-F(5) 
Cl(2)-Se( 1)-F(3c) 
Cl(3)-Se(1)-F(2b) 
Cl(3)-Se( 1)-F(5b) 
F(2b)-Se(l )-F(S) 

"The letters 6, c indicate symmetry-equivalent atoms: b, .r, 0.500 - y, 0.500 + z; 
c, -x, 1.000 - y, -z. 

Finally, C1, (0.554 g, 7.8 mmol) was added and the NMR tube showed peaks attributable to Freon-1 1 (6 = 0 ppm) and the 
flame sealed under vacuum with the contents kept at - 196°C. anion, SbF6- (6 = - 1 10 ppm, Av,,, = 940 Hz). The chlorinated 
A similar sample was prepared, omitting the addition of Cl,, to sample showed peaks attributable to the internal standard 
determine the effects of Freon- 1 1 on the sample. Both samples Freon-1 1, SbF6- (6 = - 1 10 ppm), and SOF, (6 = +74 ppm; 
were allowed to warm to room temperature for 15 min prior to 0.018 mmol). The 1 9 ~  NMR spectrum of the chlorinated sam- 
measurement at both -60°C and -70°C. The control sample ple recorded again after standing at - 10°C for 5 days revealed 
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Passmore et al. 

Table 5. Average M-X bond distances (A), X-M-X bond angles (O), and the sum of the M.-F bond 
valencies (valence units, v.u.) in all known MX,(As/SbF,) salts (M = S, Se; X = C1, Br) and the neutral group 
15 M'X, trihalides. 

Cation SC1,' 
Anion AsF; " 

Average d(M-X) 1.970 2.096(2) 2.264(2) 2.258(3) 
Average L(X-M-X) 102.3 99.77(10) 96.0(1) 95.8(1) 
Sum of M.-F bond valencies" 0.28 0.45 0.88 0.84 

Neutral PCl; ~ s C l , /  SbCI,P 

Average d(M-X) 2.040( l)",", 2.162(1)".". 2.359(1)' 
Average L(X-M-X) 100.27(9) 98.6(4) 94.13(5) 

Cation SBr,' SBr,' SeBr,' TeBr,' 
Anion AsF; " SbF; s ~ F ; ~  ASF;" 

I 

Average d(M-X) 2.142(8) 2.148(2) [2. 143(3)]'.' 2.269(8) 2.432(3) 
Average L(X-M-X) 103.4(2) 103.53(8) [108.2(1 l)]'.' 102.73(3) 97.9(1) 
Sum of M.-F bond valencies" 0.17 0.25 0.44 0.69 

1 Neutral PBr,' AsBr," SbBr,crl SbBr,P 
I 

Average d(M-X) 2.220(3)"" 
Average L(X-M-X) 10 1.0(4) 

Abbreviations: 'X-ray diffraction (crystal); "'." Microwave spectroscopy. 
"Reference 3. 
%his work. 
'Reference 7. 
dReference 22. 
'Reference 30. 
%eference 3 1. 
"eference 32. 
"Reference 10. 
'~eference 21. 
'Reference 33. 
'~eference 34. 
'Reference 35. 
"'Reference 36. 
"It has been shown that the strength of the S(IV)-F and Se(1V)-F contacts can be assessed by the relative magnitude 

of the bond valences (S) in valency units (v.u.) and is directly correlated to the localization of positive charge. An increase of 
positive charge on an atom leads to an increase in the sum of bond valences around the atom and this is accompanied by the 
formation of additional bonds and contacts (interionic and (or) intracationic) equal to the charge on the atom. The bond 
valence S in valence units (v.u.) is given by: S = (RIRJN, where R is the observed bond distance (A), R, = 1.73 A and N = 4 
for Se(1V)-F and R,, = 1.55 A and N = 3.8 for S(IV)..F (see ref. 27). 

peaks at 6 = +74 ppm (SOF,; 0.05 mmol), 6 = +120 ppm 
(S0,BrF; 0.0 1 mmol). 

Preparation of SCI,AlCl, from S,Cl,, Cl,, and AlCI, 
'The salt SCl,AlCl, (1.04 g, 3.37 mmol, 90% yield vs. AlCl,) 
(FT-Raman) was prepared by adding AlCl, (0.99 g, 7.45 
mmol) to a secondary bulb of a three-bulbed vessel in the dry 
box. S,Cl, (1.01 g, 7.55 mmol, 200% excess) was added to the 
other secondary bulb as described above, followed by C1, 
(2.61 g, 36.7 mmol, 300% excess) via condensation. The bulb 
containing the solution was cooled to -80°C, preparing SCl, 
in situ (green solution over white precipitate). The AlCl, was 
then transferred into the cooled bulb containing the "SCl,", 

and the solution was allowed gradually to warm to room tem- 
perature over 4 h, yielding a green liquid over a white precip- 
itate, followed by filtration and removal of volatiles under 
dynamic vacuum. 

FT-Raman, 1 9 ~  and 7 7 ~ e  FT-NMR spectroscopy 
FT-Raman spectra were obtained from neat samples sealed 
under nitrogen atmosphere in dried melting point capillaries 
on an FT-IR spectrometer (Bruker IFS66) equipped with an 
FT-Raman accessory (Bruker FRA 106) using a Nd-YAG 
laser (emission wavelength: 1064 nm; maximum laser power: 
300 mW). The data were collected in the backscattering mode 
(180" excitation; resolution: 4 cm-I) at room temperature 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 7 4 ,  1996 

Fig. 2. Comparison of the two structures for the SBr,* cation. 
(A) in the monoclinic unit cell (the letters a, b, c, e, g, h, k, m 
indicate symmetry-equivalent atoms: a, -s, 1.0 - y, I .O - z ;  b, 
- s , 0 . 5 + y , 0 . 5 - z ; c , x , 0 . 5  -y ,0 .5+z ;e ,x ,1 .5 -y ,0 .5+z ;h ,  
l . 0 - x , 1 . 0 - y , l . 0 - z ; k , l . 0 - . ~ , 0 . 5 + y , 0 . 5 - ~ ; m , x , 1 . 0 0 +  
y, 1.00 + z ) ;  (B) in the orthorhombic unit cell (the letters a, b, c, e, 
j indicate symmetry-equivalent atoms: a, - 1.0 - x, 0.5 + y, -0.5 
- z; b, -0.5 - x, -y, -0.5 + z; C, -0.5 +x ,  -0.5 - y, - 1.0 + I ;  

e, 0.5 + x, -0.5 - y, - 1.0 - z; j, x, 1.0 + y, z) (21). Contacts that 
are less or slightly greater than the sum of the van der Waals radii 
for S-F % 3.27 A and for Br...F 5 3.32 A are included (26). The 
values for the angles Br-S-Br (O) are (the values from ref. 21 are 
given in brackets): Br(l)-S(1)-Br(2), 103.8 l(13) (105.5(2)); 
Br(1)-S(1)-Br(3), 103.86 (15) (101.1(2)); Br(2)-S(1)-Br(3), 
102.92(14) (101.6(2)) (additional angles including F atoms are 
given in the supplementary material). The thermal ellipsoids are 
scaled to enclose 50% of the probability density (ORTEP, included 
in the NRCVAX program package, see ref. 16). 

between 4200 and 70 cm-l. The 7 7 ~ e  NMR samples were pre- 
pared in situ and measured as outlined in ref. 2. The procedure 
for measuring "F FT-NMR spectra is described in ref. 2. 

Crystal structure determination 

Space group and cell dirllensioi~s 
The crystals of Ser3SbF6 are monoclinic, space gr9up P2,lc 
with a = 8.137(1) A, b = 9.583(2) A, c = 12.447(2) A, a = y = 
90.00°, P = 97.36(1)", V =  962.6(3) A3, Z = 4, Dx = 3.502 Mg 
m-3 and T = 291 K. Crystal size: 0.56 x 0.32 x 0.16 mm. 
Empirical formula: B:,F,SSb. FW = 507.5 1. F(000) = 903.89. 
X(MoK,) = 0.7 1069 A. k(MoK,) = 15.46 mm-l. 

'The crystals of SeC13+sF6 are mono$inic, space group 
P2,lc with a = 7.678(1) A, b = 9.380(3) A, c = 11.920(3) A, 
cr = y = 90.00°, P = 98.19(2)", V  = 849.72(3) A', Z (molecules 
per cell) = 4, Dx = 2.925 Mg m-3 and T =  291 K. Crystal size: 
0.1 x 0.2 x 0.15 mm. Empirical formula: As$13F6Se. FW = 
374.21. F(000) = 688. h(MoK,) = 0.71069 A. ~(MOK,)  = 
92.162 cm-I. 

Data collection, structure solution, refinement 
Crystals were examined in a dry box using a Wild M3 micro- 
scope of long focal length mounted outside the dry box. A 
number of crystals were flame sealed in rigorously dried cap- 
illary tubes. 

The data for SBr3AsF6 and SeCI3AsF6 were collected at 
room temperature on an Enraf-Nonius CAD-4 automated dif- 
fractometer operating in the ~ 1 2 8  (20,,,,, 50) scan mode with 
graphite-monochromated MoK, radiation. 

The data collection (1763 reflections) for SBr3SbF6 resulted 
in 1678 unique reflections, 1472 of which were considered 
observed (I r 0 . 5 ~  (I)). The crystal was indexed using the pro- 
gram D ~ ~ Z A X  (14). The structure was solved by automated 
Patterson interpretation routine (SHELXS 86; PATI- instruction) 
(15) and missing atoms were found by difference Fourier 
maps. The data were corrected for Lorentz and polarization 
effects. Refinement by full-matrix least squares led to residu- 
als of R = 0.055, R,, = 0.060 for 1472 observed reflections and 
100 parameters. All atoms were assigned anisotropic displace- 
ment parameters. The unit cell constants were obtained by 
least-squares refinement of the diffractor setting angles for 24 
well-centered reflections at 29" < 20 < 35". Calculations were 
performed using the PC implementation of the NRCVAX (16) 
program package. 

Cell constants and an orientation matrix for the data collec- 
tion for SeC13AsF6 were obtained from a least-squares refine- 
ment using the setting angles of 25 carefully centered 
reflections in the range 14" < 20 < 15". Of the 1664 reflections 
collected, 1484 were unique (R,,, = 0.058). The structure was 
determined by direct methods (SHELXS 86) and the data were 
corrected for Lorentz and polarization effects and for absorp- 
tion using the program DIFABS (17); the maximum and mini- 
mum corrections were 1.000 and 0.4 16, respectively. 
Refinement by full-matrix least squares with all atoms 
assigned anisotropic thermal parameters resulted in the final 
residuals R = 0.0525, R,,, = 0.0554 for 1151 observed reflec- 
tions (I r 3F (I)). 

Scattering factors for the structure determinations were 
taken from ref. 18 and effects of anomalous dispersion were 
included in F, using the values of Cromer (19). 
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1 Passmore et al 

I Fig. 3. Molecular packing of SeCI3AsF6. 

Fig. 4. Structure of the SeCI,' cation showing cation-anion 
contacts (includes contacts that are less or slightly greater than 
the sum of the van der Waals radii for Se.,.F 5 3.37 A and for 
Cl-.F 5 3.22 A). The values for the angles C1-Se-CI (O) are: 
Cl(1)-Se(1)-C1(2), 100.38(10); Cl(1)-Se(1)-C1(3), 98.39(10); 
Cl(2)-Se(1)-C1(3), 100.53(10) (additional angles including F 
atoms are given in the supplementary material). The thermal 
ellipsoids are scaled to enclose 50% of the probability density 
(ORTEP, included in the NRCVAX program package, see ref. 16). 
The letters b, c, d, 1, i indicate symmetry-equivalent atoms: b, x, 
0 .5 -y ,0 .5+z ;c , -x ,  1.0-y,-z;d, l .O+x,0.5-y,0.5+z; l ,  
-x , -y , -z ; i , I .O+x,y , -z .  

The final atomic coordinates are listed in Table 2. Available 
as supplementary material is a complete listing of thermal 
parameters, distances, and angles., 

Complete sets of data may be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA 0S2. The data 
have been also deposited with the Cambridge Crystallographic 
Data Centre and can be obtained on request from The Director, 
Cambridge Crystallographic Data Centre, University Chemical 
Laboratory, 12 Union Road, Cambridge, CB2 IEZ, U.K. 

Discussion 

We previously prepared MBr3AsF6 (M = S, Se, Te) by the sto- 
ichiometric reaction of M, Br,, and AsF, according to eq. [I]. 

The analogous reaction of selenium, chlorine, and arsenic pen- 
tafluoride according to eq. [2], leads to SeC13AsF6 containing 
small amounts of green Se8(AsF6), (1 I ) ,  although both FT- 
Raman spectroscopy and X-ray powder photography showed 
only the presence of SeC13AsF6. 

Pure, white SeC13AsF6 (in 97.3% yield) is best prepared by the 
reaction described in eq. [3]. 

SO, 
[3] 4 SeC1, + 6 AsF, + 4 SeCI,AsF6 + AsC14AsF6 

The soluble SeC1,AsF6 was separated from the less soluble 
AsC1,AsF6 by filtration and then recrystallized from SO2. The 
previously reported synthesis of SeC13AsF6 (6) involved the 
reaction of SeCI, (generated in situ from Se and C1,) and 
AsC14AsF6 (prepared in situ from AsF, and AsCl,) in AsC13 as 
solvent; no yields were given. 

SC13AsF6 was obtained in 65% yield in a similar reaction as 
described in ref. 3, but using stoichiometric amounts of 
reagents, as shown in eq. [4]. 

SO, 
[4] 118 S, + 2 AsF, + 3 C 1 2 4  SCI,AsF6 + AsC1, 

SBr,SbF6 was previously prepared by the reaction of sulfur, 
bromine, and antimony pentafluoride and described as pro- 
ceeding according to eq. [Sa] although the identity of the SbF, 
was not established (8). 

It was later shown that the reduced antimony fluoride product 
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was in fact (SbF,),.SbF, (10, 13). In this work, the reaction 
was carried out as described in eq. [Sb]. 

SO 
[5b] 314 S, + 9 Br, + 10 SbF, 3 6 SBr3SbF6 + (SbF,),.SbF, 

It was anticipated that the synthesis of SbF6- salts of MCl,' 
(M = S, Se) from the reaction of chalcogen, chlorine, and anti- 
mony pentafluoride would be unsuccessful due to chlorine 
incorporation into the anion. However, SC13SbF6 was pre- 
pared under carefully controlled temperature of -30°C, in 
quantitative yield by the chlorination of SBr3SbF6 according to 
eq. [6]. Warming to room temperature and stirring overnight 
led to SC13SbC16. 

SO 
[6] 2 SBr3SbF6 + 3 ~ 1 ~ 4  2 SCI,SbF, + 3 Br, 

The preferred route to MC13SbF6 (M = S, Se) with yields 

greater than 90%, is the reaction of SeCl, or SCl, (prepared in 

situ) with AgSbF6 according to eqs. [7] and [a]. 

SO 
[7] SeC1, + A ~ s ~ F , ~  SeCI,SbF, + AgCl 

SO, 
[8] 3C1, + S,CI, + 2 AgSbF,+ 2 SC1,SbF6 + 2 AgCl 

The SC13SbF6 was previously obtained from the reaction of 
SH3SbF6 (prepared from HF, H,S and SbF,) (20) and C1, in a 
TeflonIFEP vessel in unreported yields (5). The synthesis of 
SeC13SbF6 has not been reported. SC13SbC16 was previously 
prepared by the reaction of As,S, and SbCl, in SO, with unre- 
ported yields (7). The SCl3A1Cl4 was prepared as described in 
ref. 4 according to eq. [9], but was adapted from an open sys- 
tem under a stream of dry nitrogen to a closed leak-tight and 
moisture-free vacuum system. 

In conclusion, reasonable preparative routes have been 
developed to SC1,'and SeCl,' salts of MF6- (M = As, Sb) and 
to SC13SbC16 and SCl3A1Cl4. 

A possible reaction pathway for the reaction of SBr3SbF6 
and CI, leading to SC13SbF6 

The reaction described in eq. [6] which occurs at -30°C, 
may proceed by docation of the n* electrons from C1, to 
the empty n* orbitals of SBr3+, leadino to BrCl and SClBr,' 
as shown in e q  [lo]. The B~'*-c? may then undergo 
even more favorable reactions with SBrCl,' because of the 
partial negative charge on the chlorine atom leading to the 
observed products. 

-. 

/, ~r I ,Br /, ~r 
1101 c+\ --+ S --+ +S + BrCl 

Cl-C1 Br I 'e \ 
CI+ C1 

FT-Raman spectra of the MX,' salts 
The salts were all characterized by FT-Raman spectroscopy 
by comparison with previously reported spectra (see Table 1). 
The spectra of MC13SbF6 (M = S, Se) are reported here for 
the first time. Overall, our FT-Raman data are better than 
previously published data, and our spectra include measure- 
ments of relative peak intensities (Table 1). The FT-Raman 
spectrum of SeC13SbF6 allowed us to definitively assign the 
bands attributable to SeCl,' in SeC13AsF6 previously reported 
in ref. 6 (see Table 1 and Fig. 1). The symmetric and asym- 
metric SeCl stretching vibrations are assigned to the bands at 
437 and 418 cm-' (AsF6- salt) and at 433 and 410 cm-' 
(SbF6- salt), respectively. The asymmetric SeCl stretching 
vibration was previously assigned to the band at 390 cm-', 
which is also observed in our FT-Rainan spectrum of 
SeC13AsF6 but in fact belongs to a vibration of the 
anion since this band is missing in the FT-Raman spectrum 
of SeC13SbF6. In addition, the presence of the possible impu- 
rities AsC14AsF6 and SeCl, have been excluded by compari- 
son with their.FT-Raman spectra., 

The crystal structures of SBr3SbF6 and SeC13AsF6 
SBr3SbF6 is monoclinic, and isomorphous and isostructural 
with SBr3AsF6, and SeBr3AsF6. The previously reported 
structure of SBr3SbF6 was orthorhombic (21). The SBr,' cat- 
ion including distances and angles (in the caption of Fig. 2) 
and cation-anion contacts for both the monoclinic and orthor- 
hombic structure are shown in Fig. 2. Additional bond dis- 
tances and angles are listed in Table 3. The average S-Br 
bond distances and Br-S-Br angles in SBr3AsF6 and in both 
phases6 of SBr3SbF6 are identical (see Table 5). 

The X-ray crystal structure of SeC13AsF6 is isomorphous 
and isostructural with TeBr3AsF6 (22). The structure contains 
alternating sheets of cations and anions tilted slightly out of 
the a b  plane (Fig. 3). The SeC13+ cation in SeC13AsF, has 
approximately C3, symmetry. Figure 4 shows the SeCl,' cat- 
ion including distances and angles (in the caption of Fig. 4) 
and cation-anion contacts. Additional structural data are listed 
in Table 4. The observed average Se+-Cl distance and C1-Se- 
C1 angle in SeC13AsF6 (2.096(2) A, 99.77(10)") are similar to 
those found in SeC13SbC16 (2.10(1) A, 103.0(4)") (7), 
SeCl3A1Cl, (2.103 A, 99.2") (23), and SeC13AuC14 (2.121(3) 
A, 98.0(4)") (24), but the average Se+-C1 distance is signifi- 
cantly shorter than those found in SeCl3(MoOC1,) (2.148(2) 
A, no angles given) (25). With the structure of SeC13AsF6 
determined, the MX,' (M = S, Se; X = C1, Br) bond distances 
and angles in very weakly basic AsF6- and SbF6- salts and the 
relative strengths of the M...F interactions can now be coin- 
pared (see Table 5). They now all show the expected trends 

FT-Raman data for AsCl,AsF, and SeCl, (an-') with relative 
intensities in parentheses: AsCl,AsF,: 680 (46) [AsF6-1, 574 (6) 
[AsF,-], 523 (3,499, (442 (25), 42 1 (loo)],  (395 (9), 370 (21)) 
[AsF,], 239 (6), 186 (89), 153 (65); SeCI,: 387 (loo), 371 ( l a ) ,  
357 (53,341 (64), 216 ( 1  I ) ,  211 (1 I ) ,  168 (sh, 17), 161 (18), 128 
(38), 98 (42). For detailed assignments see ref. 28. 

"he two salts are different phases of SBr,SbF,. Their reciprocal 
lattices are not superilnposable and the Sb,..,Sb distances are 
significantly different (Sb....Sb A)): monoclinic, 5.578(1), 2 x 
6.238(1), 6.275(1), 6.819(1); orthorhon~bic, 2 x 5.822(6), 2 x 
6.326(4), 2 x 6.989(5), (from ref. 21). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Passmore et al 

discussed in ref. 10. T h e  bond distances of the group 16 cat- 
ions mirror the  trends seen in the neutral group 15 trihalides 
(see Table 5), and are  similar to  the M-X distances calculated 
by the Schomaker-Stevenson equation given in ref. 10. The  
bond distances in the cations are shorter than the isoelectronic 
neutral group 15 trihalides, consistent with the smaller size of 
M' ( M  = elements of  group 16) relative to that of  M' (M' = ele- 
ments of  group 15). T h e  shorter distances in the cation are 
reflected in the MX,' Raman bands, which are at a higher fre- 
quency than the corresponding neutrals, with correspondingly 
higher force constants ( N  m-') for the trihalide cations than the 
trihalide neutrals (e.g., SBr,' F, 201.1(2); PBr, F, 170.8(2); 
SeBr,' F, 168.1(1); AsBr, F, 164.2(2) (9)). A comparison of 
the Raman spectra of the MX,' and M'X, will be the subject of 
a future publication.7 The  X-M-X bond angles are conversely 
larger than those of  the isoelectronic X-M'-X neutrals, consis- 
tent with the predictions of VSEPR theory (37). T h e  larger 
effective electronegativity of the M+ relative to M' leads to a 
greater bond-bond repulsion, and a larger angle. 
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Differentiation of cerebroside isomers and 
study of fragmentation by liquid secondary ion 
mass spectrometry and mass spectrometry1 
mass spectrometry of selected derivatives 

Helene Perreault and Catherine E. Costello 

Abstract: The possibility of distinguishing two cerebroside isomers, whose structural variation is in the sugar rings, was 
investigated by liquid secondary ion mass spectrometry (LSIMS) and tandem mass spectrometry (MSIMS). In addition to the 
native materials, four types of derivatives of these cerebroside isomers were prepared and studied using these techniques. A first 
level of comparison between isomers consisted of seeking differences in the conventional LSIMS spectra. Native compounds, 
galactosyl and glucosyl ceramides, did not yield consistent and meaningful elements of comparison and a few nanomoles of 
material were required to produce significant spectra. Permethylated cerebrosides gave rise to abundant ceramide ions that do not 
reveal information about sugar structure; relative abundances of low-mass sugar-related ions allowed isomeric discrimination to 
a limited extent. Peracetylated and perbenzoylated derivatives of both cerebrosides yielded several sugar-related ions whose 
relative abundances in the spectra varied systematically between species and allowed distinction of glucosyl- from galacto- 
cerebrosides. At a second level of comparison, collision-induced dissociation (CID) M S N S  spectra of selected ions containing 
the hexosyl residues and observed in the LSIMS spectra were recorded to study the extent and pathways of fragmentation for 
each isomer. Native and permethylated compounds led to disappointing results; on the other hand, peracetylated and 
perbenzoylated derivatives yielded informative spectra where isomeric differentiation was possible, mostly owing to the 
production of carbohydrate-related product ions, whereas native and permethylated compounds only produced ceramide-related 
ions upon CID MSMS. 

Key words: glycosphingolipids, cerebrosides, derivatization, mass spectrometry, MSMS, LSIMS. 

Rbsurni : La spectromCtrie de masse a ionisation par bombardement d'ions (LSIMS) et la spectromCtrie de masse en tandem 
(MSMS) ont CtC utilisees dans l'ktude de la distinction de deux cCrCbrosides isomCriques. Les composCs natifs (non-dCrivCs) 
ainsi que quatre types de derives de ces cCrCbrosides ont CtC charactCrists ii l'aide de ces techniques. Une comparaison 
prCliminaire des deux isomkres a consist6 chercher les diffkrences apparaissant dans les spectres LSIMS conventionnels. Les 
composCs natifs, aussi dCsignCs sous le nom de glucosyl- et galactosyl-cCramide, ne produisent pas d'eltments spectraux 
inttressants permettant de faire la distinction entre isomkres; de plus quelques nanomoles de materiel sont requises pour produire 
des spectres qualitativement acceptables. Les cCrCbrosides permCthylCs produisent d'abondants ions caractkrisant la partie 
cCramide des composCs, mais ces ions ne sont pas utiles pour 1'Ctude de la portion hexosyl. Cette demikre produit toutefois des 
ions 2 trks basse masse dont I'abondance relative aide ii caractkriser l'hexosyl. Les dCrivts peracCtylts et perbenzoylCs des deux 
cCrCbrosides produisent plusieurs ions permettant de caractkriser la portion sucre. Les abondances relatives de ces ions varient 
systCmatiquement entre les deux diffkrentes espkces et permettent la distinction entre glucosyl- et galactosyl-cCrCbrosides. Dans 
une deuxikme series d'expkriences, les spectres MSMS obtenus de la fragmentation par collisions (CID) d'ions LSIMS 
prtstlectionnCs et contenant la portion sucre des molCcules ont CtC enregistres dans le but d'Ctudier les patrons de fragmentation 
des deux isomkres. Les cCrCbrosides natifs et permCthylCs ont produit des rCsultats non-significatifs; par contre, les composCs 
peracCtylCs et perbenzoylCs produisent des spectres contenant beaucoup d'information et rendant possible la differentiation des 
isomkres. 

Mots clks : glycosphingolipides, cCrCbrosides, dCrivC, spectromCtrie de masse, MSIMS, LSIMS. 
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Scheme 1. Compounds investigated in this study. 1: Galactosyl-cerarnide 
(galacto-cerebroside) and 2: glucosyl-cerarnide (gluco-cerebroside). 

Introduction itoyl cerebroside species whose structural difference resides in 

Cerebrosides constitute a specific class of glycosphingolipids 
(GSLs) and are formed by the combination of ceramides and 
monohexoside residues. Galacto-cerebrosides, which are the 
basis of formation of another important group of GSLs, the 
sulfatides, are commonly called "cerebrosides" with no further 
specification. Glucosyl ceramides, or gluco-cerebrosides, 
form an essential class of compounds since they precede for- 
mation of higher GSLs such as lactosides, globosides, ganglio- 
sides, and neolactosides, whose biological functions as 
receptors and exchangers in cell membranes have been well 
documented (1-3). Structural features of natural cerebrosides 
encompass the type of ceramide present in the molecule, and 
also the type of monohexoside linked to the latter by a glyco- 
sidic bond. Variations in ceramides can occur as differences in 
fatty acyl or sphingosine base chain length, degree of unsatur- 
ation, and hydroxylation at former sites of unsaturation, as in 
4D-hydroxysphinganine, formerly known as phytosphin- 
gosine (4). The structures of isomeric monosaccharides such 
as glucose and galactose can be determined by 'H nuclear 
magnetic resonance (NMR) ( 3 ,  provided that sufficient quan- 
tities of sample, in the milligram range (micromoles), are 
available. Mass spectrometry, owing to the recent advent of 
sophisticated ionization techniques and derivatization meth- 
ods, has significantly enhanced structural analysis of gly- 
cosphingolipids. In general, lower amounts of materials are 
required for mass spectral analyses than for NMR character- 
ization; however, detection limits vary, depending on the ion- 
ization technique used. So far, matrix-assisted laser 
desorption/ionization coupled to time-of-flight analyzers 
(MALDI-TOFMS) and electrospray ionization (ESI) have 
achieved the highest sensitivity for characterization of deriva- 
tized GSLs (6,7); the amounts of material detected were at the 
femtomole level. Due to low volatility, thermal lability, and 
polarity of GSLs, derivatization is often carried out prior to 
mass spectral analysis by any ionization method. We reported 
in an earlier study (8) that permethylation, peracetylation, and 
perbenzoylation enhance sensitivity by two orders of magni- 
tude in liquid secondary ion mass spectrometry (LSIMS) and 
MALDI-TOFMS; the same observation has also been made in 
ESI (7) for permethylated GSLs. We also reported on the com- 
plementarity of structural information obtained from LSIMS 
and MS/MS fragmentation of different types of derivatives of 
the same analyte (8). 

This paper focuses on isomeric discrimination of two palm- 

the monosaccharide moiety. Subnanomole to low nanornole 
levels of galactosyl and glycosyl ceramides were derivatized 
using four methods described previously (8) and were studied 
by positive LSIMS and tandem mass spectrometry (MS/MS) 
in order to investigate the possibility of isomeric discrimina- 
tion from mass spectral information. MALDI-TOFMS was 
used for molecular weight confirmation immediately follow- 
ing derivatization. 

Experimental 

Chemicals and reagents 
Galactosyl palmitoyl cerebroside or galactosyl N-palmitoyl 
(4E)-sphingenine (1 in Scheme 1) was obtained from Sigma 
Chemicals (St. Louis, Mo.) and used without further purifica- 
tion. Glucosyl palmitoyl cerebroside or glucosyl N-palmitoyl 
(4E)-sphingenine (2) was graciously provided by R. Duclos 
and synthesized according to a procedure described elsewhere 
(9). Reagents methyl iodide, benzoic anhydride, benzoyl chlo- 
ride, and N,N-dimethylaminopyridine (DMAP) were pur- 
chased from Aldrich (Milwaukee, Wis.), while dimethyl 
sulfoxide (DMSO) and acetic anhydride were obtained from 
Pierce Chemicals (Rockford, Ill.). HPLC-grade solvents (pyri- 
dine, toluene, hexane, chloroform, acetonitrile, and methanol) 
were obtained from Mallinckrodt (Paris, Ky). The LSIMS and 
MALDI matrices used in this study were, respectively, 3- 
nitrobenzyl alcohol (NBA) and 25dihydroxy benzoic acid 
(DHB), both purchased from Aldrich. 

Derivatization methods 
Bulk phase permethylation and gas phase peracetylation and 
perbenzoylation (using benzoyl chloride) were used as 
described previously (8). Perbenzoylation with benzoic anhy- 
dride and DMAP was performed in the liquid phase (8) due to 
low volatility of the reagents. Derivatization reactions were 
conducted using several aliquots of 800 pmol - 1 nmol of 
material to ascertain reproducibility between samples and 
consistency of the methods. Derivatized materials were dis- 
solved in acetonitrile to concentrations between 0.1 and 0.2 
nmol/kL. Products were verified and characterized using 
MALDI-TOFMS under the conditions described below. 

Mass spectrometry 
LSIMS spectra were recorded with a JEOL HXl lO/HX110 
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Scheme 2. Fragmentation pathways of cerebrosides according 
to the nomenclature developed by Domon and Costello (12). 

(E1B 1-E2B2) tandem instrument operated at +10 kV acceler- 
ating voltage with - 18 kV postacceleration at the detector. A 
JEOL cesium gun produced a primary beam of 15 keV Cs+ 
ions. For acquisition of conventional mass spectra, the resolu- 
tion was 1:3000 and the magnetic sector B 1 was scanned at a 
rate of about 25 sldecade. The data system used was a MS- 
MP7000MDMT (Complement, JEOL). Sample solutions of 
derivatized compounds (1 kL, 100-200 pmol) were mixed 
with 1 k L  NBA on an LSIMS chilled probe that has been 
described in detail elsewhere (10). The use of this probe 
allowed stability of the signal over longer time ranges than a 
conventional LSIMS probe and thus the spectra presented here 
result from integration of at least 3 scans. 

For collision-induced dissociation (CID) M S M S  experi- 
ments, 7 keV collisions were effected with helium in a cell 
located between E1B 1 (MS1) and E2B2 (MS2). The pressure 
of helium employed was sufficient to reduce the abundance of 
the precursor beam to 40% of its original value. MS/MS spec- 
tra were obtained by B/E scans of MS2 at the rate of about 40 
unitsls. Both MS1 and MS2 were tuned for 1: 1000 resolution. 

MALDI-TOF mass spectra were recorded with a modified 
Vestec VT2000 (Vestec Corp., Houston, Tex.). A detailed 
description of this instrument, its optical system, and data pro- 
cessing system has been made elsewhere (6, 11). Desorptionl 
ionization was accomplished using a nitrogen laser (Laser Sci- 
ence Inc., Newton, Mass.) with radiation at 337 nm. The sam- 
ple (ca. 3 pmol, in 1 k L  acetonitrile) was mixed with 1 k L  of a 
10 g/L solution of DHB matrix in water and applied to a pol- 
ished metal surface, in order to create a sampling area of about 
3 mm diameter. Ions were accelerated to +30 keV. 

Results and discussion 

The nomenclature system used here to describe fragmentation 
patterns of compounds 1 and 2 follows that developed by 
Domon and Costello (12) for GSLs. A few modifications were 
made to the nomenclature of long-chain cleavages with con- 
servation of the charge on the nitrogen atom of the ceramide 
moiety (8) and are applied in this study. Scheme 2 summarizes 
the description of fragmentations according to this system. 
The prime (') sign describes ions having lost one ROH mole- 
cule (water, methanol, acetic acid, benzoic acid, respectively, 
for native compounds; perrnethylated, peracetylated, and per- 
benzoylated derivatives). The double (") and triple ("') primes 
refer to loss of two and three ROH molecules, respectively. 

The slash (I) is employed to describe fragmentations occurring 
at more than one site. 

A comparison of conventional LSIMS spectra was accom- 
plished for native isomers and also for each type of derivative 
investigated in this study; any ion present in the conventional 
spectra and containing the hexosyl residue was investigated in 
more detail by CID MSMS.  Molecular ions [M+H]+ were not 
studied since their [M+H']+ homologs were generally more 
abundant in the LSIMS spectra and thus easier to characterize 
by MSMS.  The [M+H']+ ions arise with loss of ROH from the 
ceramide moiety (8). These ions have fewer degrees of free- 
dom than [M+H]+ and stand a better chance of yielding 
information on the carbohydrate moieties and their structural 
differences. 

Native isomers 1 and 2 produced very similar mass spectra, 
exhibiting [M+Y]+, [M+H']+, Zo, Z,', and W'IC, ions. A list of 
these ions and associated relative abundances is presented in 
Table 1, Column A. A quantity of sample of 10 nmol was 
required in order to obtain spectra where, overall, presence of 
NBA matrix ions did not interfere in the interpretation and 
molecular weight information could be obtained without 
ambiguity. With the exception of [M+H']+, fragment ions 
observed in these spectra did not contain the carbohydrate 
moieties of the molecules. M S M S  spectra of the latter species 
at m/z 682.5 were recorded (not shown), providing no infor- 
mation on glucosyl and galactosyl residues except ions at m / ~  
548, arising from 1 . 5 ~ o  cross-ring cleavages. Other ions 
observed are listed with their relative abundances in Table 2, 
Column A. The two spectra were so similar that they could not 
lead to any clear differentiation of isomers. 

Perrnethylation of 1 and 2 allowed a sensitivity increase of 
an average factor of 75 under the same experimental conditions 
with either LSIMS or MALDI-TOFMS. Thus, for LSIMS anal- 
ysis, it was possible to obtain informative spectra using 100 
pmol of permethylated material; see Table 1, Column B, for 
more detail on fragmentation. Differences between the con- 
ventional spectra of permethylated 1 and 2 reside in the relative 
abundances of Zo and W'/CI ions versus the [M+H]+ and 
[M+H']+ species. However, these differences cannot easily 
relate to sugar structures since neither Zo or W'IC, ions contain 
hexosyl residues. B1' ions also exhibit different relative abun- 
dances. We reported earlier (8) that highly unstable perrneth- 
ylated B1 ions, which could be studied by MS/MS, decompose 
mainly by loss of one methanol molecule to form Bl' ions at 
m/z 187. According to Table 1, Column B, this decomposition 
occurs in the ion source to a greater extent for 2 than for 1. The 
CID MS/MS spectrum of the B,' species from 1 displayed in 
Fig. 1 is very similar to that obtained for 2 (not shown). Small 
differences occur, for instance, in the relative abundance of 
product ions at m/z 89 and 155. The similarity between the two 
spectra suggests that the Bl' precursors may have the same 
structure. It would be possible to obtain this common structure 
by elimination of methoxy in position 4 (and H in 5) as illus- 
trated in Scheme 3, center line. Loss of a methanol molecule 
originating from positions 4 and 5 of the B,' sugar ring would 
indicate that, whether cis or trans, the elimination would 
proceed preferentially from sites 4 and 5 to form a conjugated 
double bond system. If this hypothesis holds and B,' ions of 1 
and 2 are identical, then m/z 187.1 ions generated from perm- 
ethylated manno-cerebroside should have a different structure 
because of the orientation of the methoxy in position 2. As no 
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Perreault and Costello 1685 

Table 1. Relative abundances" of ions observed in the LSIMS spectra of native and derivatized 1 and 2." 
- 

Form of compounds 

PerBz 
(Anh) 

PerBz 
(C1) Native PerMe Per Ac 

A B C D E 
(calcd. ndz) (calcd. ndz) (calcd. ndz) (calcd. tdz) (calcd. m/z) 

IonsIRelative 
abundance 

"Relative abundances vs. [M+H]+ and [M+H']+ added together; +5%. 
'The calculated n d z  appear in parentheses; the experimental rrdz values were within 0.05% of calculated values. 
Abbreviations: perMe = permethylated, PerAc = peracetylated, PerBz (Anh) = perbenzoylated with benzoic anhydride, PerBz(C1) = perbenzoylated with 

benzoyl chloride. 

manno-cerebroside was available for comparison, B ,'-equiva- 
lent (m/z 187.1) ions were generated from PME monosaccha- 
rides glucose, galactose, and mannose. The [M+HT']+ ions were 
used as precursors for this purpose. Domon et al. have recently 
shown that loss of methanol from PME monosaccharides 
occurs in position 1 (13). This suggests that B ," ions from PME 
1 and 2, as well as [M+H]+  ions from PME galactose and glu- 
cose, are formed from similar precursors at ndz 219, as illus- 
trated in the top portion of Scheme 3. Unimolecular 
dissociation MS/MS spectra of the [M+HU]+ ions of PME glu- 
cose, galactose, and mannose were recorded. PME glucose and 

mannose produced very similar spectra while the spectrum of 
PME galactose showed some minor differences, which were 
more accentuated than in the case of the B ,' ions of 1 and 2. 
These results suggest similar structures for the [M+HM]+ ions of 
glucose and mannose, which would be possible with elimina- 
tion of methoxy from position 2 (and H from 3) as shown in the 
bottom portion of Scheme 3. If the same 2,3-elimination 
occurred from the [M+H']+ ring of galactose, the resulting 
[M+Hn]+ ion would be structurally different. To summarize, it 
was difficult to draw structural information from the CID MSI 
MS spectra of the B ,' ions of PME 1 and 2. Similar CID MSI 
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Table 2. Relative abundances" of product ions observed in the CID MSlMS spectra of [M + H']' ions." 

Form of compounds 

PerBz 
(Anh) 

PerBz 
(C1) Native PerMe PerAc 

IonsRelative 
abundance 

A 
(calcd. tdz) 

B 
(calcd. d z )  

C 
(calcd. tdz) 

(790.6) 
2.0 1.8 
(732.6) 

4.0 10.1 
(547.5) 
3.5 10.1 
(365.3) 

D 
(calcd. ni/z) 

E 
(calcd. nlk) 

[M+H"]' 

M+H'-2R0 

1.5x,' 

1~5X,'/[C5,C,1h 

y ,' 

z,' 

[Cl ,C?I,' 

[c1.c,Ib'~[c53c61h 

[C,,C61,' 

[C?,C3IaJ 

WIC,' 

W'/[C,,C,I, 

W'R? , 
W'IC , 
Wf/CI-R,+H 

B, 

B I' 

B ,"-R,+H 

B ,-2R,+2H 

B ,"'-R,+H 

"Relative abundances vs. W'IC,. 
'The calculated d z  values appear in parentheses; the experimental values were measured as nominal. 
Abbreviations: PerMe, PerAc, PerBz (AnhICI): see footnote of Table I .  

MS spectra as these could lead to false conclusions since they information on the nature of a permethylated monosaccharide 
are easily linked to similar structures. In cases of doubt, uni- moiety than can CID MSIMS spectra. 
molecular dissociation MSIMS spectra can yield more accurate Table 2, Column B enumerates the CID product ions 
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Perreault and Costello 

Fig. 1. CID MSIMS spectrum of B,' ions generated from permethylated 1. An almost identical 
spectrum was obtained for B,' ions of 2. The intensities are reported relative to the precursor ions 
(ndz 187.1). 

Scheme 3. Speculative model for loss of methanol from B I  ions of permethylated 1 and 2 and 
[M+H']' ions of permethylated galactose, glucose, and mannose. Top line: nz/z 219 precursors 
to nz/z 187 ions. Middle line: unique structure proposed for the B,' ions of glycosyl- and 
galactosyl-cerebrosides, suggested by MSIMS CID results; on the right, speculative structure of 
the Bl '  ion of mannosyl-cerebroside. Bottom line: proposed structures for the [M+Ht']' ions of 
permethylated glucose, galactose, and mannose as suggested by the unimolecular dissociation 
MSIMS results. 

obtained for [M+H']+ precursors of 1 and 2 and their relative ative abundances are observed for [ ' x 5 ~ o ' ]  and [C,,C,],', 
abundances in the MS/MS spectra. Most ions observed in which are all produced from cleavages or eliminations in the 
these spectra (not shown) were not associated with the iso- vicinity of the isomeric center. One interesting species here is 
meric portion of the precursors. Some major differences in rel- [M+H1-2RO], which is more abundant when generated from 
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Fig. 2. LSIMS spectra of peracetylated (a) 1 and (b) 2. 

Scheme 4. Speculative model of loss of two RO radicals (R = 
methyl acetyl, benzoyl) by means of trans-elimination. 

a glucosyl residue. According to Scheme 4, elimination of two 
RO radicals could be favored for 2, providing more possible 
ways of undergoing trans-elimination to form a double bond 
(in either position 2 or 3). On the other hand, compound 1 
bears only one possible site for such elimination of the radi- 
cals. 

To summarize, permethylated cerebrosides yielded, under 
the experimental conditions employed in this study, restricted 
information relative to isomer recognition of species that dif- 
fer in the sugar moieties. In conventional LSIMS spectra, the 
relative abundance of d z  187 (B ,') ions can be an indicator for 

isomeric discrimination. However, permethylated GSLs are 
more useful in yielding molecular weight information on very 
small quantities of sample, and most abundant fragment ions 
are related to the ceramide moiety. Hence, permethylated 
GSLs can play a major role in differentiation of glycosphin- 
golipid species with isomeric ceramides (14). 

Peracetylated derivatives were the next investigated for 
their usefulness toward isomer discrimination. They yielded 
sensitivity improvement over native species comparable to 
that of permethylated derivatives. The conventional LSIMS 
spectra of 1 and 2 are shown in Fig. 2. The most distinct dif- 
ference between them lies in the relative abundances of B,  
ions at d z  331.1. In addition, [M+H']+ species resulting from 
loss of acetic acid from the protonated molecular ions are 
more abundant for 2 than for 1; production of U and W'IC, 
ions at m/z 628.4 and 264.3, respectively, is also observed to 
different extent for the two isomers. Column C of Table 1 
gives an overview of these data. CID MS/MS experiments 
were conducted on precursors B ,  and [M+H']+ and the corre- 
sponding spectra are displayed in Figs. 3 and 4, respectively. 
Peracetylated B ,  ions formed from oligosaccharides and gen- 
erated by FAB or LSIMS have been studied in the past, in 
view of their fragmentation behaviour under CID MS/MS 
conditions (15, 16). The B l  ions generated from cerebrosides 
in this study produced qualitatively the same fragmentation 
patterns as B ,  from oligosaccharides and Fig. 3 shows that rel- 
ative abundances in their M S M S  spectra vary from one iso- 
mer to the other. The most significant difference is production 
of more abundant B,' ions (m/z 271) from 2 than from 1, a 
trend that was also observed by Guevremont and Wright (15). 
In that study, the differences between the CID spectra of per- 
acetylated glucose and galactose were attributed to the differ- 
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Perreault and Costello 

Fig. 3. CID MSIMS spectra of B ,  ions generated from peracetylated (a)  1 and (b) 2. The 
intensities are reported relat~ve to the precursor ions (m/z 33 1 . I ) .  

Fig. 4. CID MSIMS spectra of [M + H']' ions generated from (a)  1 and (0) 2. The 
intensities are reported relative to the precursor ions ( t d z  850.6). 

8 - 

(a) : 

- 

P 
6 4 -  - - 
%' .- - 
m - 
d '31 ' 

97 271 
187 229 

, J?, , - J .  ', , 4 , . A, . -. , , 

El"-Ac,+H 
169 

B, 
Ac& 331.1 

Ac 
43 

Elw-Ac,+H 
109 

AcO 
0 Ac 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

Table 3. Relative abundances" of the product ions observed in the CID MSlMS 
spectra of B, ions of peracetylated derivatives". 

Form of compounds 

Peracetylated Perbenzoylated 

1 2  1 2  

Ions/Relative 
abundance 

B,-R,+H 

B I' 

B ,-CHOR 

B ,-RH 

B ,-CHOR,-RH 

B ,'-CHOR 

B ,'-R,+H 

B ," 
B ,'-2R,+2H 

B ,"-R,+H 

B ,'-CHOR,-R,+H 

B ,'-3R,+3H 

B ,"-CHOR 

B,"-2R,+2H 

B,'-CHOR,-2R,+2H 

B,"'-R,+H 

B,"-CHOR,-R,+H 

3.5A, 

RCO 

R+ 

B 
(calcd.ltdz) 

(475.1) 
- 

(457.1) 
10.4 6.7 

(445.1) 
23.4 9.0 

(473. I )  
14.3 16.8 

(339. I )  
11.7 10.1 

(323.1) 
9.1 9.0 
(353.1) 
6.5 5.1 
(335. I )  

122.7 47.8 
(249.1) 
- 

(231.1) 
100 100 

(219.1) 
- 

(145.0) 
- 

(201.1) 
49.4 20.2 

(127.0) 
- 

(1 15.0) 
- 

(109.0) 
6.5 5.6 

(97 .O) 
- 

(281.1) 
9.5 9.0 
(133.0) 
7.8 7.9 
(105.0) 

sat'd 77.5 

"Relative abundances vs. B,"-R,+H, i5%. 
?he m/z values in parentheses are the calculated monoisotopic values; the measured values 

were nominal and matched the values given above. 

ence in the tertiary structures of B, '  ions. In the structures to extent of interaction between acetyl groups in concerted 
proposed (15), acetate is lost in position 3, forming a conju- loss of ketene plus acetic acid ( d z  109, 169), and was differ- 
gated system with two double bonds in 1 and 3 instead of 1 and ent for the two B ,' isomers. Differences in relative abundances 
5 for "identical" species. Reactivity of B,' ions was attributed are also noticeable for m/z 109, 127, 259, and 289 ions. These 
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Perreault and Costello 

ions also appear in the conventional spectra of Fig. 2; however, 
matrix ions interfere with spectral interpretation with respect 
to relative ionic abundances, and its is necessary to perform 
M S M S  experiments in order to eliminate these interferences. 
Overall M S M S  results for B, species are summarized in Col- 
umn A of Table 3. In Fig. 4, the CID M S M S  spectra of 
[M+H'If species of both peracetylated compounds (m/z 850.6) 
appear relatively similar at first observation. For 1 the relative 
abundance of B, ions (ndz 331) equals that of m/z 332 ions. 
Compound 2 produces lower abundance B, ions, leaving spe- 
cies at m/z 332 dominant. The latter ions have been interpreted 
as W'/[C,,C,],. This region of the spectra is shown with more 
detail on the figure. 

Higher rates of B, cleavages for galacto- and than for gluco- 
cerebroside cannot be explained by lower extent of hydrogen 
bonding between the isomeric RO group in position 4 on the 
sugar ring and portions of the ceramides, since three-dimen- 
sional structures of both isomers (see Scheme 1 for reference) 
show the opposite trend. Relative reactivities of B ,  ions thus 
have to be invoked and can be related to extent of interaction 
between acetyl functions substituted on the rings. Other prod- 
uct ions of interest featuring in Fig. 2b are '"x,', resulting 
from cross-ring cleavages, and also [C,,C,]<, Z,', [C3,C4Ia, 
and W'IC,, the dominant species. Aromatic ions related to 
hexose groups are also observed, however, with similar rela- 
tive abundances for the two isomers. The loss of two RO 
radicals from the sugar ring occurs to a larger extent for 2 than 
for 1, as observed and discussed above for permethylated 
[M+H'If ions. In summary, it is possible to distinguish per- 
acetylated compounds 1 and 2 by MS and MSIMS, owing to 
more facile production of B ,  ions in one case than the other, 
differences in the dissociation patterns of these B, ions, and 
other minor differences between the MSIMS spectra of iso- 
meric precursor ions. Perbenzoylated derivatives of 1 and 2 
prepared using benzoic anhydride were also investigated in 
this study. These compounds, like their peracetylated analogs, 
bear only five acetyl groups since the amide function is not 
modified upon derivatization. Qualitative aspects of their 
LSIMS conventional spectra have been discussed elsewhere 
(8) and fragmentation is summarized in Column D of Table 1.  
Figure 5 allows a comparison of the spectra obtained for 
perbenzoylated 1 and 2. Protonated molecular ions [M+HIf 
(M+H on figure) are not clearly defined and form clusters 
along with other ions, among which they are the most abun- 
dant. Identification of the species is possible in light of 
[M+Hf]+ species (M+H' on figure, m/z 1098.7). U ions are not 
present in the spectra and, instead, formation of [M+H']+ and 
Zo ions is observed. It is possible to distinguish one spectrum 
from another in view of the relative abundances of B, ions at 
m/z 579.2. As observed with peracetylated derivatives, their 
formation is more favored for 1 than for 2. The CID MSIMS 
spectra of these isomeric B, ions are compared in Fig. 6. Qual- 
itatively, the same ions are observed in both spectra, however, 
with different relative abundances. The relative abundances of 
the ions at r d z  335 and 23 1 are reversed from one spectrum to 
the other. Other more subtle variations are also observed, such 
as the presence of ions at m/z 3 11 for 1 and not for 2, which 
rather produces ions at in/z 323. Collision-induced dissocia- 
tion pathways observed in Fig. 6 are similar to those observed 
for peracetylated 1 and 2 (Fig. 3), in that they involve losses of 
ROH, losses of R with proton transfer (-R,+H), and losses of 

other ester-related species. Product ions from cross-ring cleav- 
ages, 1 , 5 ~ o ,  are observed for both types of derivatives. CID 
MSIMS experiments were also performed to study [M + H']' 
ions (m/z 1098.7) of perbenzoylated 1 and 2 since they are the 
only other species in the conventional spectra (Fig. 5) to con- 
tain the sugar moieties. Ions whose relative abundances are 
above 0.5% are listed in Column D of Table 2. Although the 
two spectra were almost identical, production of B, ions was 
still more accentuated for 1 than for 2 and interesting struc- 
tural information could be obtained through W'IC,, [CI,C2Ib, 
Z,', ','x,', B,, and [C,,C3], ions among others. Compounds 1 
and 2 perbenzoylated in the bulk phase with benzoic anhy- 
dride can thus be distinguished, mainly owing to the relative 
abundances of B, ions and the CID M S M S  fragmentation 
patterns. 

Figure 7 shows the LSIMS conventional spectra obtained 
for 1 and 2, perbenzoylated in the gas phase using benzoyl 
chloride. These compounds bear six benzoyl groups instead of 
five as in the two last types of derivatives discussed. Almost 
no intact molecular ions are produced and instead [M + H']' 
species are observed. The spectra are dominated by abundant 
W', B,, Z,'-Bz,+H, B,"-Bz,+H, and Bz+ ions, as listed in 
Table 1, Column E. Metastable formation of W' ions, which 
are unique to spectra of such perbenzoylated GSLs (8), gives 
rise to a broad ion eak at apparent m/z 774, which in fact cor- P responds to 964.5-11202.7. Obvious differences between the 
two spectra of Fig. 7 reside in the relative abundances of 
[M+Y'If, W', and B, ions. Formation of B ,  is favored for 1 rel- 
ative to 2, following the same trend as observed for peracety- 
lated derivatives and compounds perbenzoylated with benzoic 
anhydride, while more extensive production of W' ions is 
observed for 2 than for 1. The CID M S M S  spectra of W' ions 
(m/z 964.5) are shown in Fig. 8. W' ions constitute the prod- 
ucts of the main fragmentation pathway of molecular species 
[M+H'If, and are also, when collided with helium, precursors 
of several significant ions, some of which also appear in the 
conventional spectra of Fig. 7. Relative abundances of W'IC, 
and B, ions follow the same tendency as observed in Fig. 7, 
i.e., the ratio B,: W'IC, decreases from 1 to 2. Besides Bz+ 
species, predominant ions in the spectra feature, among oth- 
ers, for example, W'/[C,,C,], species, which are formed in 
preference to W'IC, ions. Rupture of the [C,,C,], bond 
appears to be favored with benzoylated compounds, as was 
also observed with the m/z 488 product ions in Fig. 4 
(peracetylated derivatives). In the proposed structure of W' 
shown in Scheme 5, there is a double bond in [C,,C,], that 
appears to trigger cleavage of the [C,,C,], bond with proton 
transfer to the carbohydrate moiety. A structure for W'1 
[C,,C,], is proposed, also in Scheme 4. In Fig. 8, loss of a ben- 
zoic acid moiety (W", m/z 842) and of two benzoate groups 
(W'-2Bz0, m/z 722) must originate from the sugar ring, since 
no other benzoate moiety is present on the ceramide portion of 
W', and must form a double bond in the ring as illustrated 
above the Scheme 5. Two ion peaks resulting from cross-ring 
cleavage are observed. At m/z 414, w ' / ' ~ ~ x ~  is present in both 
spectra whereas w'P~'x~ at m/z 410 is relatively more abun- 
dant for 1 than for 2, and carbohydrate-related ions at m/z 231 
and 335 are relatively more abundant for 2 than 1. This last 
trend suggests a greater reactivity in the case of benzoylated 
glucose, which could be at the origin of the low abundance of 
B ,  ions in the conventional and M S M S  spectra. Another low 
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Fig. 5. LSIMS spectra of (a) 1 and (b)  2, perbenzoylated in the bulk phase using 
benzoic anhydride. 

Fig. 6. CID MSIMS spectra of B ,  ions generated from perbenzoylated (a) 1 and (b)  2. The 
intensities are reported relative to the precursor ions ( d z  579.2). 
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Perreault and Costello 

Fig. 7. LSIMS spectra of (a )  1 and (b)  2, perbenzoylated in the gas phase using 
benzoyl chloride. 

Fig. 8. CID MS/MS spectra of the W' ions generated by (a) 1 and (b)  2, perbenzoylated 
in the gas phase using benzoyl chloride. The intensities are reported relative to the 
precursor ions (m/z 964.5). 
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Scheme 5. Proposed structures for [M+H1]+, W', W'IC,, and W'/[C,,C2Ib ions 
generated from 1 and 2, perbenzoylated using benzoyl chloride. 

W'IC, 

mass ion peak (m/z 198) results from Zo and [C,,C,], cleav- 
ages, p to the double bond. These spectra are as informative as 
the CID MS/MS spectra of [M+H1] species (not shown). The 
latter produced the ions listed in Column E of Table 2. Differ- 
ences in the relative abundances of B ,  ions still constitute the 
main insight to isomer recognition. There is an inversion in the 
abundances of W' and W'IC, that could be attributed to rela- 
tive stabilities of these W-type ions with and without the iso- 
meric hexosyl residue attached. A new type of fragment is 
observed at m/z 500, and can be interpreted by two different 
structures; the first corresponds to Z,'-Bz,-H (Z, - 106), 
and the other to Y,' ions generated by [M+H1]+ ions having 
lost a benzoic acid molecule from the sugar ring instead of 
from position 2 of sphingosine. However, there is no evidence 
in the spectra that such precursors exist. The appearance of 
these unusual m/z 500 ions may to be due to a concerted elim- 
ination of hexose and benzaldehyde from the [M+H1] species, 
or to loss of benzaldehyde from Z,'. 

In brief, cerebrosides bearing six benzoyl groups yield inter- 
esting and informative fragmentation patterns and also allow a 
certain extent of isomeric comparison through observation of 
variations in the relative abundances of B, ions in LSIMS 

lated or glucosylated species, the study has not been extended 
to compounds with other types of hexosidyl residues, such as 
mannose or allose. The relative abundances of ions observed 
in this study may vary with the type of mass spectrometer 
used, due amongst other factors to the time frame of the instru- 
ment, energy of collisions in CID, and type of detection used. 
This type of study should be conducted with reference com- 
pounds in order to ascertain the relationship between isomeric 
form and abundance of the ions. It can also be extended to iso- 
meric discrimination of larger GSL, by studying their B,, ions 
and related species by conventional mass spectrometry and 
MSIMS (16, 17). For simple GSL molecules such as cerebro- 
sides, this study revealed that derivatization with benzoyl 
chloride amongst other techniques used yields the most infor- 
mative MS and MS/MS spectra for general structural informa- 
tion and discrimination between the galactosyl and glucosyl 
ceramide isomers. Moreover, these derivatives are strongly 
UV-absorbent, which allows detection of very small amounts 
of material in chromatographic and electrophoretic separation 
techniques. 
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Zirconium complexes of a cyclopentadienyl- 
amido ligand with a pendant amine donor via 
amine and alkane elimination 

Ying Mu, Warren E. Piers, Donald C. MacQuarrie, and Michael J. Zaworotko 

Abstract: Zirconium complexes of the multidentate ligand C ~ H ~ " " S ~ N ( H ) R  (SiNR = -SiMe,N-t-butyl; NMe = -CH,CH,NMe,, - - 
1) were prepared and characterized via amine and alkane elimination procedures. Reaction of 1 with Zr(NMe,), gave a mixture 
of bis-amido complexes 2 in which the ligand was 1.2 and 1,3 substituted. This mixture was converted to the analogous 
dichlorides 3 using Me,NH.HCI and 1,3-3 was purified at this stage; alternatively, 1,3-3 was obtained in one pot from 1 and 
Zr(NMe,), in ~ 7 0 %  yield. Conversion of 1,3-3 to dimethyl compound ( C ~ ~ ~ ' S ~ N R ) Z ~ ( C H , ) ~ ,  1 5 4 ,  was accomplished via 
reaction of the dichloride with methyllithium; methide abstraction with the Lewis acids B(C6F5), and [Ph3C]+[B(C6F5)4]- 
generated the cationic alkyls [ ( C ~ ~ ~ ' S ~ N R ) Z ~ ( C H , ) ] + [ R ' B ( C ~ F ~ ) , ] -  (R' = CH,, 6a; C6F5, 6b), which were characterized by 
NMR spectroscopy. Zirconium complexes containing 1 ligated as its 1,2 isomer were obtained from alkane elimination reactions 
between 1 and in situ prepared R,,ZrCI,.,, (R = CH,, n = 3; R = CH2SiMe,, 11 = 2). 1,2-3 and the methyl chloride complex 1,2- 
( C ~ ~ ~ ' S ~ N R ) Z ~ ( C H , ) C ~ ,  5, were obtained in 18 and 30% yield, respectively. Complex 5 was characterized by X-ray 
crystallography (monoclinic, space group P 2 1 / ~ ,  ~2 = 9.695 l(10) A, b = 14.3794(16) A, c = 14.364(3) A, V =  1990.3(5) A3, 
Z =  4, R = 0.046, R,, = 0.041.) 

Key words: amine elimination, Cp-amido, zirconium complexes. 

RCsumC : On a prtpart les complexes de zirconium du ligand multidentate c ~ H ~ ~ ' s ~ N ( H ) R  (SINR = -SiMe2N-I-butyl; NME = 
-CH,CH,NME,, I ) ,  et on les a caracttrists via les proctdts d'tlimination d'amine et d'alcane. La reaction du compost 1 avec le 
Zr(NMe2), donne un melange de complexes bis-amido dans lequel le ligand est substitue en 1,2 et 1.3. On a transforme le 
melange en dichlorures correspondants 3 en utilisant le Me,NH.HCI et on a purifit h ce stade le compose 1,3-3. On a obtenu 
alternativement le compost 1,2-3 dans un seul rtcipient h partir du compost 1 et du Zr(NMe,), avec un rendement de 70%. On 
a transform6 le compost 1,3-3 en compost dimtthylt ( C ~ ~ ~ ' S ~ N R ) Z ~ ( C H , ) ~  via la reaction du dichlorure avec le mtthyllithium; 
I'abstraction d'un methylure par un acide de Lewis B(C6F5), et par [Ph3C]+[B(C6F5),] a g tn t r t  les alkyles cationiques 
[c~~~'s~NR)z~(cH,] ' [R'B(c~F~),]-  (R' = CH,, 6a; C6F5, 6b) que I'on a caractCrisCs par la spectroscopie de RMN. Les 
complexes de zirconium contenant le compose 1 lie comme son isomere 1,2 sont obtenus h partir d'une reaction d'elimination 
d'alcane entre le compose 1 et le R,,ZrCl,.,, (R = CH,, n = 3; R = CH,SiMe,, 1 2  = 2) prtpare in situ. On a obtenu le compose 1,3- 
3 et le complexe de chlorure de mtthyle 1 , 2 - ( C p N M e ~ i ~ R ) ~ r ( ~ ~ , ) C 1 ,  5, avec respectivement des rendements de 18 et 30%. Le 
complexe 5 est caracttrise par cristallographie de rayons X (groupe d'espace monoclinique P 2,/(1, u = 9,6951(10) A, b = 
14,3794(16) A , c =  14,364(3)A, V =  1990,3(5)~3,Z=4,R=0,046,R, ,=0,041.)  

Mots elks : elimination d'amine, Cp-amido, complexes de zirconium. 

[Traduit par la redaction] 

Introduction 

The impact of metallocene-based catalyst technology on the 
polyolefin industry has been substantial in the past five years 
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and continues to expand (1). Deployment of these catalysts on 
an industrial scale has necessitated the synthesis of complex 
(and temperamental!) organometallic compounds on a multi- 
kilogram scale, a non-trivial technological achievement and 
one that continues to be developed by a number of specialty 
chemical companies. New methods for ligand attachment are 
thus of considerable current interest. 

Traditional methodology for attaching cyclopentadienyl, 
ansa-type bis-cyclopentadienyl and constrained geometry 
cyclopentadienyl-amido type ligands, involves generation of a 
group 1 or 2 metal salt of the ligand, followed by a salt elimi- 
nation reaction with a suitable group 3 or 4 metal halide. 
Although this strategy undeniably works for the majority of 
catalyst targets, it suffers from some disadvantages. In some 
instances, the dimetal salt of the desired ligand is unstable or 
formed in low yields. This is particularly the case for Cp- 
amido type ligands, which may be prone to Si-N bond cleav- 

Can. J. Chem. 74: 16961703 (1996). Printed in  Canada / Irnprirnt au Canada 
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Scheme 1. 

toluene - I 

2 MeLi Me 
Zrr-NR2 <- 

4 3 

age upon treatment with alkyllithium deprotonating agents. 
The subsequent reaction with transtion metal halides is sensi- 
tive to several variables in reaction conditions, such as temper- 
ature, the concentration of donor solvents, and the nature of the 
group 1 or 2 metal employed. Thus, specific conditions are 
required for attachment of different ligands where more gen- 
eral procedures would be desirable. Finally, the eliminated 
salts MX,, are sometimes difficult to remove completely from 
the products. 

To alleviate these problems, alternative strategies for ligand 
attachment have recently been reported. Taking a cue from 
some chemistry reported in the 60s by Chandra and Lappert 
(2), Teuben and co-workers (3) used amine elimination rather 
than salt elimination as a means to coordinate Cp-amido type 
ligands to group 4 metals. Other examples (4) of this method 
of ligand attachment have been re~orted since then. the most - 
significant being the synthesis by Jordan and co-workers of 
rac-(EBTHI)Zr(NMe,), via reaction between diproteo ethyle- 
nebis(tetrahydroindeny1) and Zr(NMe,), (5). In a nice exhibi- 
tion of synthetic ingenuity, the eliminated amine was allowed 
to remain in the reaction long enough to convert the kinetic 
products of the reaction to the thermodynamic (and desired) 
racemic product thus circumventing theproblem of having to 
separate out the meso isomer. 

While amine elimination is a promising method, potential 
problems associated with complete removal of eliminated 
amine persist. We have thus recently begun to examine alkane 
elimination as an alternative to the salt or amine elimination 
strategies described above. Although some examples of alkane 
elimination have been reported (6), this method has not been 
widely explored, perhaps because homoleptic alkyl com- 
plexes of early transition metals are somewhat unstable (7). 
We found that attachment of the tridentate Cp-amido ligand 

~ , ~ - c ~ H ~ ~ ~ s ~ N ( H ) R  (SiNR = -SiMe,N-t-butyl; NMe = 
-CH,CH,NMe,, 1) to scandium via alkane elimination from in 
situ generated S C ( C H , S ~ M ~ ~ ) ~ . ~ T H F  was facile (8). In this 
paper, we describe the synthesis of organozirconium deriva- 
tives of 1 via both amine and alkane elimination. 

Results and discussion 

Ligand attachment via amine elimination 
The ligand 1 was prepared as described in detail previously 
(8). 'H NMR spectra of these ligands are complex due to the 
presence of two isomers arising from 1,5-silatropic shifts (9) 
(Scheme 1) as well as various isomers of both 1,3 and 1,2 sub- 
stitution arising from 1,2 prototropic shifts (10) (not shown in 
the scheme). For 1, the ratio of 1,3:1,2 isomers was deter- 
mined to be =7:3. Ligand 1 was found to be sensitive to heat 
and moisture, precluding purification by distillation or column 
chromatography. In addition, attempted deprotonation with 
the usual reagents (n-BuLi, KH, i-PrMgBr) did not lead to 
pure salts of the ligands, preventing the use of traditional salt 
elimination reactions for ligand attachment. 

The rate of interconversion of the substitutional isomers, as 
well as the rates of reaction for each of the isomers with depro- 
tonating agents, will dictate which isomer will bind to a metal. 
In scandium complexes of 1, the 1,3 isomer attached almost 
exclusively. In contrast, the 1,2 isomer was active to a degree 
in amine elimination reactions between 1 and Zr(NMe,),; this 
chemistry is summarized in Scheme 1. The bis-amide deriva- 
tives 1,2-2 and 1,3-2 were formed in a = 1 9  ratio as an orange 
oil and were inseparable. Conversion of the bis-amides to the 
analogous dichlorides was carried out using Me,NH.HCl (3). 
At this stage, the 1,3 isomer of 3 could be purified by recrys- 
tallization, since the dichlorides were white crystalline solids. 
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Scheme 2. 

dissoc. 

inversion 

rotation - 
recoord. 

'BU 
X i; 

4 Me, 
Meb 

Complete removal of dimethylamine was affected by heating 
the crude solid product under dynamic vacuum for a brief 
period. Alkylation of the dichloride ~ , ~ - ( C ~ ~ ~ % S ~ N R ) Z ~ C ~ ~  
with methyllithium proceeded smoothly to yield 1,3-(cpNMe 
SiNR)Zr(CH,),, 1,3-4. 

Since the bis-amido complexes 2 were not readily purified, 
the stepwise procedure from Zr(NMe,), dichloride 1,3-3 was 
adapted to a "one-pot" process that dispensed with isolation of 
the amido intermediates (see Experimental). Yields of 1,3- 
( C ~ ~ ~ " S ~ N R ) Z ~ C ~ ,  from Zr(NMe,), and diproteo ligand 1 
were in the 65-75% range and, by 'H NMR spectroscopy, con- 
tained < 2% isomeric 1,2-3. 

Table 1 gives 'H and 1 3 ~ ( 1 ~ )  NMR data for new, isolated 
compounds. The geometry about the zirconium center in these 
complexes cannot be deduced from this data. We presume, 
based on models and the solid state structure of the scandium 
hydride dimer [ ( C ~ ~ ~ ~ S ~ N R ) S C H ] ,  (8), that an approximately 
trigonal bypyramidal geometry is present. Because of the pla- 
nar chirality associated with the unsymmetrical disubstitution 
of the Cp ring, groups with the same connectivity are diaster- 
eotopic in complexes 1,3-2,3, and 4, with the exception of the 

recently reported (8). The chemical shift for the zirconium 
methyl groups (0.56 and 0.57 ppm for 6a  and 6b, respectively) 
are characteristic of cationic zirconium methyl groups (13); 
other ligand signals also shift downfield relative to those in 4 as 
a consequence of bonding to the more electropositive zirco- 
nium center. Interestingly, only one diastereomeric cation is 
produced, suggesting that either one of the two diastereotopic 
methyl groups was abstracted preferentially or that the resulting 
methyl cation mixture rapidly isomerizes to one diastereomer. 

The cations 6a and 6b  were stable for a few hours in 
CD,Cl, before decomposition became apparent. The NMR 
tube scale reactions were quite clean but attempts to isolate 
these compounds in preparative scale reactions led to oily 
materials with complex NMR spectra. Since neither 3 nor 4 
exhibited significant activity towards propene polymerization 
upon activation with MAO,, the chemistry of these cations 
was not pursued further. 

9. Mu, I. Munro, and W.E. Piers, unpublished results. 

N-methyl groups on the pendant amine arm of the ligand. In 
each case, a single resonance for these groups was observed in 
both the 'H and the ' 3 ~ ( ' ~ )  NMR spectra at room tempera- 
ture. This suggests that the amine is either not coordinated to 
zirconium in these complexes, or undergoes a rapid equilibra- 
tion process on the NMR time scale. Since the amine arm of 
the 1,3-substituted ligand does coordinate in related scandium 
complexes, we favor the latter explanation; a plausible process 
which exchanges the N-methyl groups (but not the other dia- 
stereotopic groups in the molecule) is shown in Scheme 2. 
Dissociation of the amine, followed by inversion at nitrogen (a 
low barrier process) (1 l), bond rotation about C-N, and reco- 
ordination of the amine exchanges the N methyl groups. 

Since amine dissociation is likely a chemically significant 
process in these compounds, it is perhaps surprising that dim- 
ethyl complex 1,3-4 reacts rapidly with the Lewis acid activa- 
tors B(C6F,), and [Ph3C]+[B(C6F,),]- to effect methide 
abstraction (12) and produce the cationic alkyls [(cpNMe 
siNR)Zr(CH3)]+[R'B(C6F5),]- (R' = CH,, 6a;  C6F,, 6b) as 
shown in eq. [I]. Cations 6a  and 6 b  are isoelectronic with the 
neutral scandium alkyl derivative supported by 1,3-1, which we 

Ligand attachment via alkane elimination 
Our success in the use of alkane elimination protocols for gen- 
eration of organoscandium complexes led us to develop pro- 
cedures for ligand attachment to zirconium via this strategy. 
In the reactions we explored, the zirconium-containing prod- 
ucts isolated incorporated ligand 1 as its 1,2-substituted iso- 
mer. In situ generated R,,ZrCl,, (R = CH,, n = 3; R = 
CH,SiMe,, n = 2) was allowed to react with the diproteo 
ligand 1 as a mixture of its 1,2 and 1,3 substituted isomers. 
Yields of pure products were quite low and 1,3 products were 
observed only as minor components of the crude product mix- 
ture. These poor yields may be a reflection of the thermal 
instability of the in situ generated zirconium alkyls; for exam- 
ple, when solutions of the methyl reagent were allowed to 
warm to temperatures above O°C, discolouration ensued as the 
reagent decomposed. It is unclear why the 1,2 isomer of the 
ligand 1 appears to react faster with these zirconium alkyls 
than the 1,3 substituted species. 

Compounds 1,2-3 and 5 were identified by their distinct 
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1,2-1 9 1,3-1 
[21 ZrCI, + n RLi e N 

-2 R H  J \ ! r ~ N M e 2  

Fig. 1. ORTEP drawing of 1 , ~ - ( c ~ ~ ~ " s ~ N R ) z ~ ( c H , ) c ~ ,  5. 

7 

C 1 

NMR spectra and by an X-ray structural determination of 
methyl chloride 5. An ORTEP diagram of the molecular struc- 
ture of 5 is shown in Fig. 1 and crystal data, atomic coordi- 
nates, and selected metrical data are given in Tables 2 4 ,  
respectively. If the centroid of the cyclopentadienyl donor is 
viewed as occupying one coordination site, the geometry 
about zirconium in this complex is closest to being square 
pyramidal, although the chlorine ligand tilts --25-30" out of 
the basal plane. This geometry is favoured by the 1,2 substitu- 
tion on the cyclopentadienyl ring since the N1-Zr-N2 angle is 
9 1.98(23)" compared to N,mido-Sc-N,mine angles of 
1 1 1.74(17)" and 1 16.4 l(12)" in approximately trigonal-bipy- 
ramidal scandium complexes of 1,3-1. No disorder between 
the chloride and the methyl ligands was observed, nor was 
there any spectroscopic evidence for an isomer of 5 in which 
these ligands exchange positions. 

The zirconium chlorine (14) and zirconium carbon (15) 
bonds in 5 are comparable to analogous bonds ino Cp,ZrX, 
compounds. The Zr-N,,,,, distance of 2.078(6) A is much 
shorter than the Zr-N,,,,, length of 2.603(7) A. While the 
former is within the expected range (2.00-2.08 A) for zirco- 
nium amido nitrogen bond lengths (16), the latter is longer 
than normal (cf. the Zr-N distance of 2.434(3) A in (r18- 
COT)(-~~-COT)Z~(NH,) (17) and 2.42 l(9) A in a zirconium 
complex containing a pendant pyrrolidine donor (4a)). This is 
suggestive of a very weak donor bond between zirconium and 
the amine ligand and is consistent with the observed equilibra- 
tion of the diastereotopic N-methyl groups via the process 
given above in Scheme 2. 

In conclusion, amine elimination is an effective means of 
attaching the tridentate ligand c ~ ( H ) ~ ~ ~ s ~ N ( H ) R  to zirco- 
nium, yielding predominately complexes of the 1,3 isomer of 
the ligand. On the other hand, the products isolated from the 

alkane elimination reactions are 1,2-isomer ligated com- 
plexes. The poor yields of the latter reactions suggest that 
more well-defined and stable alkane derivatives of zirconium 
may be required to improve efficiency. 

Experimental 

General 
General techniques, drying of solvents, and analytical tools 
employed were as described previously (4a). All materials 
were purchased from Aldrich and used as recieved or purified 
by standard procedures ( 18). Zr(NMe2), (1 9), B(C,F,), (20), 
and Ph,CB(C,F,), (21) were synthesized according to pub- 
lished procedures. Microanalytical data were obtained from 
Oneida Research Services, Inc., One Halsey Road, Whites- 
boro, NY 13492; however, like others (22), we found it diffi- 
cult to obtain satisfactory analysis of carbon in these 
zirconium complexes due, presumably, to incomplete com- 
bustion. 

Synthesis of ( c ~ ~ ~ ~ s ~ N R ) z ~ ( N M ~ , ) , ,  1,3-2 
c p H N M e s i ~ ( H ) R  (2.32 g, 8.7 mrnol) in 25 mL of toluene was 
added to a solution of Zr(NMe,), (2.33 g, 8.7 mmol) in 10 mL 
of toluene at -78°C. The reaction mixture was allowed to 
warm to room temperature and then stirred at 40°C for 1 h. 
Solvent was removed and the residue was heated at 80°C 
under vacuum for several hours to remove the lower boiling- 
point impurities. [ ( c ~ ~ ~ ~ s ~ N R ) z ~ ( N M ~ , ) ~ ]  (3.66 g, 8.2 
mmol, 94%) was obtained as a yellowish oil that was >95% 
pure by 'H NMR. 

Synthesis of ( c ~ ~ ~ ~ s ~ N R ) z ~ c I , ,  1,3-3 

Merlzod A 
( C p N M % i ~ ~ ) ~ r ( ~ ~ e 2 ) ,  (3.66 g, 8.2 mmol) was dissolved in 
40 mL of THF. Anhydrous Me,NH.HCl (1.35 g, 16.5 mmol) 
was added to the solution at -78°C. The mixture was allowed 
to warm to room temperature and stirred until the solid 
Me,NH.HCl disappeared. The volatile materials were 
removed in vacuo and the residue was extracted with 50 rnL of 
toluene. Insoluble materials were removed by filtration and 
the toluene was removed to give the crude product as an off- 
white solid. Pure product (2.74 g, 6.42 mmol, 77.8%) was 
obtained by recrystallization from hexane. 

Merlzod B 
ZrC1, (2.62 g, 11.2 mmol) and LiNMe, (2.30 g, 45 mmol) 
were combined in a flask and 50 mL of Et,O at was added by 
vacuum transfer at -78°C. The mixture was allowed to warm 
to room temperature and stirred for 3 h at which time the mix- 
ture was cooled again to -78°C. A solution of CPHNM'- 
SiN(H)R (3.00 g, 1 1.26 mmol) in 20 mL of toluene was added 
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Table 1. 'H and 1 3 ~ { 1 ~ )  NMR data for isolated new compounds." 

'H and NMR data 1 3 ~ { ' ~ ]  NMR data 

Compound No. G(PPm) Assignment -'(Hz) G(PPm) Assignment 

6.33,6.10, 6.00 (m, 3H) CpH 2.4, 2.0 

m 2.84,2.81 (s, 12H) ZrN(CH3)2 
2.80,2.70 (m, 2H) NCH2 

Me\si yNMe2 2.45.2.15 (m, 2H) 
1,3-2 

NCH2CH2 
Me' \N/ybNMe2 2.12 (s, 6H) CH3NCH2 

ANMe2 1.28 (s, 9H) NC(CH3)3 
0.57, 0.53 (s, 6H) SiCH3 

6.42,6.39, 6.13 (m, 3H) CpH 2.6, 2.2 
3.48 (ddd, lH) NCH2 12.4, 12.4,6.4 
2.1 1 (ddd, 1 H) NCH2 6.2, 1.2 

Me 1,3-3 2.21 (ddd, lH) NCH2CH2 12.4, 12.4,6.4 
1.49 (ddd, 1 H) NCH2CH2 6.2, 1.2 
2.09 (s, 6H) CH3NCH2 
1.55 (s, 9H) NC(CH3)3 
0.57, 0.45 (s, 6H) SiCH3 

6.28,6.11,6.10 (m, 3H) 
2.99 (ddd, 1H) 

Me 
2.22 (ddd, 1H) 

m M e 2  1 ,  2.3 1 (ddd, 1H) 
1.57 (ddd, 1 H) 
1.86 (s, 6H) 
1.49 (s, 9H) 
0.53, 0.52 (s, 6H) 
0.00, -0.14 (s, 6H) 

Me 
6.62,6.43, 5.95 (m, 3H) CpH 

\ 3.02 (ddd, 1 H) NCH2 Me'~w 2.3 1 (ddd, 1 H) NCH2 
I , N M ~ ~  1,2-3 2.14 (ddd, 1H) NCH2CH2 

1.55 (ddd, 1 H) NCH2CH2 
CI 2.09 (s, 6H) CH3NCH2 

1.34 (s, 9H) NC(CH3)3 
0.45.0.27 (s, 6H) SiCH3 

6.32,6.29, 5.81 (m, 3H) 
2.89 (ddd, 1H) 
2.41 (ddd, 1H) 

1,2-5 2.24 (ddd, 1H) 
1.60 (ddd, 1 H) 
2.05 (s, 6H) 
1.27 (s, 9H) 
0.37, 0.3 1 (s. 6H) 
0.67 (s, 3H) 

OAll spectra recorded in C6D6. 

via syringe. The mixture was allowed to warm to room tem- added at -78°C. The mixture was stirred at room temperature 
perature and then stirred at 40°C for 1 h. Solvent was removed until the solid Me2NH.HCl disappeared and was worked up as 
and the residue was heated at 80°C for several hours to remove described above. Yield from ZrCl,, 3.3 1 g, 7.8 mmol, 69%. 
volatile materials. The residue was redissolved in THF (50 Anal. calcd. for CISH2,N2SiC12Zr: C 42.23, H 6.62, N 6.57; 
mL) and anhydrous Me2NH-HC1 (1.84 g, 22.5 mmol) was found: C 41.37, H 6.61, N 6.37. 
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Table 2. Summary of data collection and structure refinement details for 1,2-(CpN"'~i~R)~r(CH3)CI, 5. 

Empirical formula 
fw 
Crystal system 
Space group 
Crystal dimensions, mm 
Temp, OC 
a, A 
b, A 
c, A 
D> O 

v, A3 
z 
F(OO0) 

Cl,H3,N2SiCIZr 
406.19 
Monoclinic 
P 2,/a 
0.15 x 0.30 x 0.40 
2 1 
9.6951(10) 
14.3794(16) 
14.364(3) 
96.308( 15) 
1990.3(5) 
4 
848 

d,,,,, g cm-' 
p, cm-' 
h, k, 1 ranges 
No. unique reflections 
No. observed reflections 
(I 3.00) 
No. of parameters 
k value 
Min/Max transmission 
Max residual density, e A-' 
Min residual density, e A-3 
R, R,,. 
Goodness of f i t  

Table 3. Atomic parameters x, y, z and B,,, for 1,2-(CpNMC~iNR)zr(CH3)Cl, 5. 

Atom x Y z Bis," 

"Bi,, is the mean of the principal axes of the thermal ellipsoid. 

Synthesis of ( C ~ ~ ~ ~ S S ~ N R ) Z ~ ( C H ~ ) ~ ,  1,3-4 
( C ~ ~ ~ ~ S ~ N R ) Z ~ C ~ ,  (1.2 g, 2.8 mmol) was suspended in Et20 
(60 mL) and MeLi (4.0 mL of a 1.4 M solution in Et20, 5.6 
mmol) was added via syringe at -78°C. The mixture was 
stirred at -78°C for 4 h, then warmed slowly to room temper- 
ature. The solvent was removed and the product was extracted 
with hexanes. Insoluble materials were filtered off and the 
extract was reduced in volume to 2-3 mL and cooled to -40°C 
for several hours to precipitate the product. The pure product 
(0.74 g, 1.9 mmol, 69%) was obtained by cold filtration as an 
off-white crystalline solid. Anal. calcd. for C,,H3,N2SiZr: C 
52.93, H 8.88, N 7.26; found: C 52.32, H 8.74, N 7.23. 

I n  situ generation of [ ( C ~ ~ ~ ~ S ~ N R ) Z ~ M ~ ] + [ M ~ B ( C , F , ) , ] - ,  
6a 

( C ~ ~ ~ ~ S ~ N R ) Z ~ ( C H , ) ,  (25 mg 0.065 mmol) and B(C6F5)3 (33 
mg, 0.065 mmol) were loaded into a 5 mm NMR tube and dis- 
solved in CD2C12 ( ~ 0 . 8  mL). 'H, 13c, I 'B,  and 1 9 ~ ~ ~ ~  s ec ! - tra were recorded. 'H NMR (CD2C12, ppm): 7.03 (m, lH, J = 
2.6Hz,,J='2.2Hz, lHofC,H,), 6.42(m, lH, C5H3), 6.30(m, 
lH, ,J= 2.2 HZ, C5H3), 3.28 (ddd, lH, 2 ~ =  13.0 HZ, 3 ~ = 9 . 6  
HZ, 3~ = 5.2 Hz, NCH2CH ), 3.12 (ddd, lH, 3~ = 5.0 HZ, 
NCH2CH2), 3.01 (ddd, IH,'J = 15.4 Hz, NCH2CH2), 2.93 
(ddd, lH, 2~ = 15.4 Hz, NCH2CH2), 2.50 (s, 6H, N(CH3),), 
1.54 (s, 9H, NC(CH3),), 0.56 (s, 3H, ZrCH,), 0.47 (br, 3H, 
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Table 4. Slected bond distances and angles for 1,2- 
(cD~''"'s~NR)Z~(CH,)CI, 5. 

Bond lengths (A) 
2.5 175(23) Zr-C 16 
2.078(6) Zr-N2 
2.446(8) C1-C2 
2.467(8) C2-C3 
2.555(9) C3-C4 
2.567(9) C4-C5 
2.48 l(9) C1-C5 
2.1981(9) 

Bond angles ( O )  

132.76(17) Zr-Nl-Si 
77.98(16) zr-N I - ~ 8  
81.1(3) Si-N 1-C8 
9 1.98(23) Zr-N2-C 13 
9433) Zr-N2-C 14 
156.6(3) Zr-N2-C 15 
93.8(3) C13-N2-C14 
114.9(4) C 13-N2-C15 
101.0 Cp,,,,-Zr-N2 
104.5 Cp,,,,-Zr-C1 

BCH,), 0.46 (s, 6H, Si(CH,),). 1 3 ~ { 1 ~ }  NMR (CD2C12, ppm): 
137.4, 124.2, 121.7, 120.2, 108.6 (CjH3), 70.3 ( NCH,CH,), 
57.9 (NCMe,), 44.7, 44.2 (NMe,), 39.8 (ZrMe), 33.9 (BMe), 
33.0 (NCMe,), 25.1 (NCH,CH,), 1.04,0.02 (SiMe,). "B { I H  } 
NMR (CD,Cl,, ppm, referenced to BF,.Et,O at 0.0 ppm): 
-13.4. 1 9 F ( ' ~ }  NMR (CD,Cl,, ppm, referenced to at 0.0 
ppm): - 165.1 (t, 3~ = 23 HZ, p-C6Fj), - 167.7 (t, !WC6FS), 
- 133.1 (d, 3~ = 22 Hz, 0-C6Fj). 

In situ generation of [ ( c ~ ~ " ~ s ~ N R ) z ~ M ~ ] ' [ B ( c ~ F ~ ) ~ ] - ,  6b 
( c p N M e s i ~ ~ ) z r ( c ~ , ) ,  (25 mg, 0.065 mmol) and 
[Ph3C]+[B(C6Fj),]- (63 mg, 0.065 mmol) were loaded into a 
5 mm NMR tube and dissolved in CD,Cl, ( ~ 0 . 8  mL). 'H 
NMR (CD,Cl,, ppm): 6 7.03 (m, lH, ,J=2.6 Hz, ,J= 2.2 Hz, 
CjH3), 6.43 (m, lH, CjH3), 6.31 (m, lH, = 2.2 Hz, CjH3), 
3.29 (ddd, lH, = 13.0 HZ, 3~ = 9.6 Hz, 3~ = 5.2 HZ, 
NCH,CH,), 3.12 (ddd, lH, 3~ = 5.2 Hz, = 5.0 HZ, 
NCH,CH2), 3.01 (ddd, lH, 'J = 15.4 Hz, NCH,CH,), 2.93 
(ddd, lH, NCH,CH,), 2.50 (s, 6H, N(CH,),), 1.55 (s, 9H, 
NC(CH,),), 0.57 (s, 3H, ZrCH,), 0.47 (s, 6H, Si(CH,),). Par- 
tial 'H NMR (CD,Cl,, ppm, -40°C): 2.48, 2.46 (s, 6H, 
N(CH,),), 0.42, 0.40 (s, 6H, Si(CH,),). 1 3 ~ { 1 ~ }  NMR 
(CD,Cl,, ppm): 137.4, 124.2, 121.7, 120.2, 108.6 (CjH3), 70.3 
(NCH,CH,), 57.9 (NCMe,), 44.6,44.1 (NMe,), 39.8 (ZrMe), 
33.0 (NCMe,), 25.0 (NCH,CH,), 1.00, -0.07 (SiMe,). 
"B ( ' H )  NMR (CD,Cl,, ppm): - 15.1 (B(C6Fj);). 1 9 ~ ( ' ~ }  
NMR (CD,Cl,): - 163.2 (t, 3~ = 19.4 Hz, p-C6F5), - 167.2 (t, 
rn-C6F5), - 133.2 (d, = 19.4 Hz, 0-C6Fj). 

Synthesis of ~ , ~ - ( C ~ ~ " ~ S ~ N R ) Z ~ ( C H ~ ) C I ,  5 
ZrCl,(THF), (0.30 g 0.80 mmol) and solid MeLi (0.05 g, 2.4 
mmol) were combined in a flask and Et20 (30 mL) was vac- 
uum transferred in at -78°C. The mixture was warmed to 
-20°C and stirred for 1 h. A solution of C ~ H ~ ~ ' S ~ N ( H ) R  
(0.2 1 g, 0.80 mmol) in hexanes ( 10 mL) was added via syringe 

at -20°C. The mixture was slowly warmed to 0°C and stirred 
for 30 min, then warmed to room temperature. The solvent 
was removed and the residue was extracted with hexanes. The 
extract was reduced in volume to 2-3 mL and cooled to 
-40°C; the yellowish crystalline product (98 mg, 0.24 mmol, 
30%) was collected via filtration and dried in vacuo. Anal. 
calcd. for CI6H3,C1N2SiZr: C 47.31, H 7.69, N 6.90; found: C 
47.99, H 7.98, N 6.70. 

Synthesis of ~ , ~ - ( c ~ ~ ~ ~ s ~ N R ) z ~ c ~ , ,  1,2-3 
ZrCl,(THF), (0.10 g, 0.27 mmol) and solid TMSCH,Li (0.05 
g, 0.53 mmol) were combined in a flask and Et,O (20 mL) was 
vacuum transferred in at -78°C. 'The mixturewas allowed to 
warin to room temperature and stirred for 1 h. The Et,O was 
removed in vacuo and replaced with toluene (20 mL) and the 
undissolved solids were removed by filtration. A solution of 
c ~ H ~ ~ ~ s ~ N ( H ) R  (7 1 mg, 0.27 mmol) in 5 mL of toluene was 
added via syringe. The mixture was stirred at 60°C for 1 h, 
during which period a white precipitate formed. The solution 
was concentrated and a few mL of hexanes were added; the 
white solid was collected on a frit and dried under vacuum (20 
mg, 0.05 mmol, 18%). Anal. calcd. for CljH2,C1,N,SiZr: C 
42.23, H 6.62, N'6.57; found: C 41.85, H 6.76, N 6.42. 

X-ray c r  stallographic analysis of 1,2- 
(CpN&iNR)Zr(CH3)C1, 5 

Single crystals were mounted in thin-walled glass capillaries 
and placed on an Enraf Nonius CAD-4 diffractometer. Unit 
cell dimensions were determined via least-squares refinement 
of the setting angles of 24 high-angle reflections and intensity 
data were collected using the w-20 scan mode. Data were cor- 
rected for Lorentz, polarization, and absorption effects but not 
for extinction. Pertinent data collection and structure refine- 
ment parameters are presented in Table 2. The structure was 
solved using direct methods and all non-hydrogen atoms were 
refined with anisotropic thermal parameters. Aryl and methyl- 
ene hydrogen atoms were placed in calculated postions (DCPH 
= 1.00 A). Methyl hydrogen atoms were located via difference 
Fourier map inspection. Hydrogen atoms were given isotropic 
temperature factors based upon the atom to which they are 
bonded, and fixed during least-squares refinement. A weight- 
ing scheme based upon counting statistics was used with the 
weight modifier k in k~ , '  being determined via evaluation of 
variation in the standard reflections that were collected during 
the course of data collection. Neutral atom scattering factors 
were taken from International tables for X-ray crystallogra- 
phy (23). Values of R and R,,, are given by R = (F, - F,)IEF, 
and R,,, = [E(kv(F, - F,))~/E(WF;)]"~. All crystallographic 
calculations were conducted with the PC version of the 
NRCVAX program package (24) locally implemented on an 
IBM compatible 80486 computer. Anisotropic thermal param- 
eters and hydrogen atom parameters are available as supple- 
mentary material., 

'' Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
The table of hydrogen atom parameters has also been deposited 
with the Cambridge Crystallographic Data Centre, and can be 
obtained on request from The Director, Cambridge 
Crystallographic Data Centre, University Chemical Laboratory, 
12 Union Road, Cambridge, CB2 1 EZ, U.K. 
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Synthesis and biological evaluation of carbon- 
substituted C-4 derivatives of podophyllotoxin 

Yvonne Lear and Tony Durst 

Abstract: Several C-4 carbon-substituted analogues of podophyllotoxin, 1, were prepared by treatment of 1 with 
allyltrimethylsilane or trimethylsilylcyanide in the presence of boron trifluoride etherate. Alternatively, carbon substituents were 
introduced via additions to the carbobenzyloxy-protected C-4'-dimethylated podophyllotoxone. These 4'-dimethylated 
derivatives showed promising in vitro antitumour activity and were equally active against human colon cell line HT116 and two 
multidrug resistant cell lines. The alcohol 6 was evaluated in vivo but was found to be inactive. 

Key words: podophyllotoxin analogues, podophyllotox-4-one, C4 carbon substituted podophyllotoxins. 

Resum6 : On a prCparC plusieurs analogues de la podophyllotoxine 1 substituCs sur le carbone en position 4, en traitant le 
composC 1 avec I'allyltrimCthylsilane ou le cyanure de trimCthylsilane en presence de I'CthCrate de trifluorure de bore. 
Alternativement, on a introduit les substituants sur le carbone via des additions sur la podophyllotoxone dCmCthylte en C-4' et 
protCgCe par le groupe carbobenzyloxy. Ces dCrivCs dtmCthylCs en C-4' exhibent in vitro une activitC anti tumorale prometteuse 
et sont Cgalement actifs contre la ligne cellulaire du colon humain HT116 et contre deux lignes cellulaires rCsistantes a de 
nombreux medicaments. On a Cvalut I'alcool6 in vivo mais elle est inactive. 

Mots cle's : analogues de la podophyllotoxine, podophyllotox-4-one, podophyllotoxines substitukes en C4. 

[Traduit par la rCdaction] 

Introduction \ 

The clinical use of Etoposide 1 as an antitumour agent (1-3) 
has spurred interest in the modification of its aglycone podo- 
phyllotoxin 2 in order to furnish derivatives possessing supe- Bx H 0 
rior antitumour activity. These efforts have included a number 
of modifications at the C-4 position of the molecule. New 
derivatives have included ethers, esters (4), amines (5 ,  6), sul- 
fides, sulfoxides, and sulfones (7). Except for an isolated 
example described in 1960 (8), there appear to have been no 

i*o 0 - 

reports describing the synthesis of derivatives of podophyllo- 
toxin bearing carbon substituents at C-4. Such derivatives 
should have greater chemical stability than the typical podo- 
phyllotoxin derivatives since the C-4 heteroatom bond is sus- 

q0 
OCH, OCH, 

ceptible to heterolytic cleavage, which generates a benzylic 
carbocation intermediate and hence either new substitution or 0 H 

elimination products. 
This report describes the synthesis of several derivatives of 1 

4'-demethylpodophyllotoxin in which the OH bond at C-4 has 
been replaced by a carbon-carbon bond, and the evaluation of 
their biological activity. These new analogues retain the cru- 
cial structural features of the Etoposide aglycone, such as the OH - - 
trans-fused lactone (3) and the C-4' hydroxyl group on the 
pendant aromatic ring (9). In addition, these derivatives have (:m; il 
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the preferred P stereochemistry at C-4 for optimal activity 
(10). 

Results and discussion 

The desired carbon substituents at C-4 were introduced using 
either podophyllotoxin or 4'-0-carbobenzyloxypodophyllo- 
toxin as starting materials. Thus treatment of podophyllotoxin 
with allyltrimethylsilane in dichloromethane at 0°C in the 
presence of boron trifluoride etherate (1 1, 12), afforded 4-P- 
allyl-4-deoxypodophyllotoxin, 3, mp 131°C, in 95% yield. 
The 4-P-stereochemistry was expected since trapping of the 
intermediate benzylic cation should occur preferentially from 
the sterically less hindered P side. This was confirmed by the 
5.8 Hz coupling constant between H3 and H4, which is consis- 
tent with that observed for similar compounds (13). The cou- 
pling constants for the remaining C-ring protons (J,,, = 5.2 Hz 
and J,., = 14.3 Hz) show that the podophyllotoxin stereochem- 
istry has been retained. 

The intermediate 3 was readily converted to the alcohol 4 in 
90% yield by reaction with borane - methyl sulfide followed 
by NaOH-H202 work-up. Oxidation of 4 with Jones reagent 
gave the carboxylic acid 5. Both 4 and 5 were demethylated at 
C-4' using anhydrous HBr in dichloromethane to afford 6 and 
7, respectively. The demethylation of 5 to give 7 was highly 
problematic, giving low yields of the product 7, which was 
impossible, due to decomposition, to purify completely either 
by silica gel chromatography or recrystallization. The spectro- 
scopic properties of these compounds were in agreement with 
the assigned structures and are reported in the experimental 
section. 

OCH, vOcH, 
OR, 

12 R = O H  R1 = Cbz 

The preparation of the 4-cyano and 4-carboethoxy deriva- 
tives 10 and 11, respectively, has thus far been unsuccessful. 
The required 4-cyano-4-deoxypodophyllotoxin, 8, was 
obtained in 88% yield from 2 upon treatment with trimethyls- 
ilylcyanide and boron trifluoride etherate. Unfortunately, the 
demethylation of the 4'-methoxy group with HBr under the 
usual conditions afforded only a small amount of a highly 
insoluble product, tentatively assigned as 10 on the basis of its 
MS and 'H NMR data. Hydrolysis of 8 in refluxing ethanolic 
HCl gave 9 on the basis of MS and 'H NMR data; unfortu- 
nately 4'-0-demethylation of 9 to provide target compound 11 
using HBr or BBr, has not been successful. 
4'-0-Carbobenzyloxypodophyllotoxone, 13, available by 

pyridinium dichromate oxidation of the corresponding pro- 
tected 4'-0-carbobenzoxyepipodophyllotoxin 12 (lo), was 
converted into a compound presumed to be 15, in 80% yield, 
upon reaction with lithium phenylacetylide. This intermediate 
was not characterized but was hydrogenated over palladium to 
remove the Cbz protecting group and reduce the alkyne at C-4 
to give 17, mp 163-164"C, whose structure was verified by 
NMR and mass spectral data. In a model study, reaction of 
podophyllotoxone (8) with n-BuLi gave a mixture of 16 and 
its C-4 epimer as the major products. A single crystal X-ray 
diffraction determined that the minor isomer had the a geom- 
etry at C-4. Based on this result, it was concluded that the 
larger phenyl acetylide anion would also give mainly the P 
geometry, hence products 15 and 17. 

Biological evaluation 

The in vitro cytotoxicity of three of the above compounds was 
evaluated against the human colon cell line HCT 11 6 and two 
drug-resistant cell lines HCT 1 16NM46 and HCT 1 16NP35 
(Table 1). The former exhibits multidrug resistance to lipo- 
philic anticancer drugs such as taxol, Etoposide (VP-16), 
Teniposide (VM-26), doxorubicin, and vinblastine by overex- 
pressing p-glycoprotein, which acts as a cell surface drug 
efflux pump to limit the accumulation of the above-mentioned 
drugs in cancer cells. The latter line has reduced levels of 
topoisomerase I1 and is resistant to topoisomerase-active drugs 
such as Etoposide and Teniposide. The results of the tests and 
comparison to Etoposide and Teniposide are shown in Table 1. 

In these in vitro tests, the 4-hydroxypropyl derivative 6 was 
most active amongst the new structures against all three cell 
lines. While the alcohol 6 was approximately 4 times less 
active than Teniposide against the nonresistant strain, it was 
somewhat more active than Teniposide against the resistant 
strains. Compound 6 has comparable activity, with an IC,, of 
approximately 0.7 pM, against each of the three cell lines. The 
in vitro activity of the tertiary alcohol 17 is reduced by a factor 
of about 3 and that of the acid 7 by more than 10 relative to 6. 
Interestingly for 17, as for 6, the response of the multidrug- 
resistant cell lines is similar to that of the nonresistant line 
HCT 1 16. This indicates that 6 and 17 are not substrates for the 
p-glycoprotein efflux pump or they inhibit the pump. 

Compound 6 was subsequently evaluated in vivo against a 
distally implanted M109 tumour model in CDFl mice by 
administering it interperitoneally as a solution in H20  - car- 
bomethoxy cellulose at dosages ranging from 50 to 120 mg/ 
kg. Survival times at 50 and 80 mgkg were identical to that of 
the control group (testlcontrol, TIC = 100-105). At the highest 
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OCH, 

Table 1. In vitro toxicity of podophyllotoxin derivatives in 
human colon carcinoma cell lines. 

IC50 (pM) 
Compound 

tested HCTI 16 HCT116lVM46 HCT116lVP35 

6 0.76 0.76 0.66 
7 9.5 13 11  

17 2.2 2.4 2.2 
Etoposide 1.5 8.6 7.4 
Teniposide 0.18 0.92 0.76 

dosage employed the TIC fell to 87. The other C-4 substituted 
derivatives were not tested in vivo. Biological testing was 
carried out by Bristol-Myers Squibb following established 
protocol. 

Experimental 

NMR spectra were recorded on either A Varian XL 300 or 
Bruker AMX 500 spectrometer. Melting points were recorded 
on a Thomas Scientific melting point apparatus. THF was 
freshly distilled from sodium and benzophenone prior to use. 
Chromatography solvents were distilled routinely prior to use. 
Podophyllotoxin was donated by Bristol-Myers Squibb, Wall- 
ingford, Connecticut. 

4-P-Allyl-4-deoxypodophyllotoxin 3 
Podophyllotoxin, 2 (1 g, 2.4 mmol, 1 equiv.) was stirred with 
boron trifluoride etherate (750 pL, 2.5 equiv.) and allyltrime- 
thylsilane (80 pL, 2 equiv.) in dry CH,Cl, (1 mL) over 4 A 
molecular sieves at 25°C for 4 h. Water (3 mL) was added and 
the product was extracted with CH,Cl,, washed with H20, 
dried (MgSO,), and evaporated to give a white solid. Chroma- 
tography on silica gel (I: 1 hexane:ethyl acetate) and recrystal- 
lization from hexane - ethyl acetate afforded the pure 
compound (1.05 g, 95% yield); mp 137-138°C. IR: 1775 cm-' 
(lactone). 'H NMR (CDCl,): 6.73 (s, lH), 6.47 (s, lH), 6.29 (s, 
2H), 5.95 (s, lH), 5.94 (s, lH), 5.81 (m, lH), 5.1 1-5.15 (m, 
2H), 4.56 (d, J1,, = 5.2 Hz, IH), 4.234.30 (m, 2H), 3.77 (s, 
3H), 3.71 (s, 6H), 3.27-3.40 (m, lH), 3.05-3.09 (m, lH), 
2.96-3.01 (m, J2,3 = 14.3 Hz, J,,, = 5.8 Hz, IH), 2.57-2.60 (m, 

lH), 2.43-2.45 (m, 1H). I3c NMR (CDCl,): 175.1, 152.4, 
147.0, 146.9, 137.0, 136.6, 136.1, 133.0, 130.8, 116.9, 110.1, 
108.7, 108.4, 101.2, 69.0, 60.7, 56.2, 44.0, 42.2, 38.5, 37.7, 
36.1. HRMS calcd. for C25H2607: 438.1679; found: 438.168 1. 

4P-(3-Hydroxypropy1)-4-deoxypodophyllotoxin 4 
Borane methyl sulfide complex (100 pL 10 M solution) was 
added dropwise to a solution of 3 (925 mg, 2.1 mmol) in dry 
CH2C1, (.6 mL) at 0°C. The solution was stirred at 25°C for 4 
h, then diluted with 10 mL EtOH. The pH of the solution was 
maintained at 8 using 3 N aqueous NaOH while H,O, (0.3 mL, 
30% in H20) was added at 0°C. Water (10 mL) was added and 
the product extracted with CH2C1,, dried (MgSO,), and the 
solvent evaporated, leaving a white solid that was recrystal- 
lized from hexane -ethyl acetate to give the product (9 15 mg, 
95% yield); mp 1 18-1 19°C. IR: 3612, 1775 cm-'. 'H NMR 
(CDCl,): 6.69 (s, lH), 6.43 (s, 1 H), 6.25 (s, 2H), 5.92 (s, 1 H), 
5.90(s, lH) ,4 .53(d,J=4.8Hz,  lH),4.36(dd,J=8.5Hz,7.1 
Hz, lH), 4.084.13 (m, lH), 3.77 (s, 3H), 3.72 (s, 6H), 2.95- 
3.00 (m, lH), 2.85-2.95 (m, 2H). ',c NMR (CDC13): 175.1, 
152.4, 147.0, 146.8, 137.1, 136.2, 133.8, 130.5, 110.2, 108.8, 
108.5, 101.2, 69.0, 62.5, 60.7, 56.2, 44.1, 42.2, 39.3, 36.2, 
32.1, 29.7. HRMS calcd. for C25H2808: 456.1775; found: 
456.1773. 

4P-(3-Propanoic acid)-4-deoxypodophyllotoxin 5 
Jones reagent (2 mL, 0.4 M) was added dropwise to a solution 
of 160 mg 4 dissolved in acetone until an orange colour per- 
sisted. Stirring was continued for 15 min. The reaction mix- 
ture was brought to pH 7 using saturated NaHC0, solution. 
The mixture was extracted using CH,Cl,. The organic layer 
was washed with H,O, dried (MgSO,), and the solvent evap- 
orated. The product was isolated by column chromatography 
on silica gel using 5% MeOH, 63% ethyl acetate, and 32% 
hexanes as eluent and was recrystallized from hexane - ethyl 
acetate. Yield: 105 mg (66%); mp 197°C. IR (CH,CI,): 2600- 
3300 cm-'. 'H NMR: 6.77 (s, lH), 6.44 (s, lH), 6.24 (s, 2H), 
5.93 (s, lH), 5.91 (s, lH), 4.54 (br, 1H),4.36 (m, lH), 4.12 (m, 
IH), 3.77 (s, 3H), 3.71 (s,6H), 3.11 (br, 1H),2.98 (br, lH), 
2.41-2.49 (m, 2H),2.02-2.07 (m, lH), 1.86-1.90(m, 1H). ',c 
NMR: 177.2, 174.7, 152.5, 147.1, 137.2, 136.1, 132.7, 130.3, 
110.4, 108.8, 108.5, 101.3, 68.6, 60.8, 56.2, 44.1, 41.9, 38.5, 
36.1, 32.7, 27.7. HRMS calcd. for C25H2609: 470.1577; 
found: 470.1590. 

4P-(3-Hydroxypropy1)-4-deoxy-4'- 
demethylpodophyllotoxin 6 

A solution of 10 mL dichloroethane and 3 inL diethyl ether 
saturated with anhydrous HBr at 0°C was added to 750 mg 4. 
The solution was stirred at 0°C for 30 min and at 25°C for 90 
min. The solution was neutralized by adding solid K,CO,. The 
organic layer was diluted with CH,Cl, (10 mL) and washed 
with H,O (x3), with brine, dried (MgSO,), and the solvent 
evaporated. The compound was isolated by radial chromatog- 
raphy on silica with ethyl acetate as eluent and was recrystal- 
lized from CH,Cl,-hexane. Yield: 440 mg (60%); mp 129- 
130°C. IR: 3000-3500 (br) cm-'. 'H NMR (CDCl,): 6.69 (s, 
lH), 6.43 (s, lH), 6.27 (s, 2H): 5.92 (s, lH), 5.90 (s, lH), 4.52 
(d, J,,, = 4.7 Hz, lH), 4.304.33 (m, lH), 4.1 1 4 . 1 6  (m, lH), 
3.75 (s, 6H), 3.06 (m, lH), 2.96 (m, lH), 1.83 (m, lH), 1.70 
(m, lH), 1.54-1.69 (m, 4H). ',c NMR (CDCl,): 146.3, 131.7, 
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110.2, 108.8, 108.1, 101.2, 68.9, 62.6, 56.4, 44.0, 42.3, 39.3, 
36.1, 21.1, 29.7, 14.6. HRMS calcd. for C24H2608: 442.16 14; 
found: 442.1630. 

4P-(3-Propanoic acid)-4'-demethyl-4-deoxypodophyllo- 
toxin 7 

A solvent mixture of 25% ether in dichloroethane was satu- 
rated with HBr(g) at 0°C. The solvent mixture (10 rnL) was 
added to 95 mg 5 and stirred at 0°C for 30 min and at 25°C for 
2 h. The solution was neutralized with saturated NaHCO,, 
extracted with CH,CI,, dried (MgSO,), and evaporated. Chro- 
matography on silica gel (5% MeOH, 65% ethyl acetate, 30% 
hexanes as eluent) by preparative TLC and recrystallization 
from hexane - ethyl acetate yielded 20 rng (20%) of the 
impure dernethylated compound 7, which during each 
attempted purification decomposed considerably; rnp 198- 
200°C, 'H NMR: 6.69 (s, lH), 6.44 (s, lH), 6.27 (s, 2H), 5.92 
(d, IH), 5.90 (d, lH), 4.53 (d, lH), 4.314.33 (rn, lH), 4.12- 
4.18 (m, IH), 3.75 (s, 6H), 3.05-3.08 (rn, lH), 2.97 (d, lH), 
2.94 (s, 1H). I3c NMR: 191.0, 175.3, 146.3, 134.2, 133.0, 
131.0, 110.2, 108.8, 108.1, 101.2, 68.9,62.6, 56.4,44.0,42.3, 
39.3, 36.1, 32.1, 29.7. HRMS calcd. for C2,H2,09: 456.1420; 
found: 456.1440. 

4P-Cyano-4-deoxypodophyllotoxin 8 
Boron trifluoride etherate (120 pL, 2 equiv.) was added to a 
solution of podophyllotoxin (200 rng, 1 equiv.) and trirneth- 
ylsilyl cyanide (70 pL, 1.1 equiv.) in dry CH,Cl, (3 rnL) at 
0°C. The solution was stirred for 20 rnin at 0°C and at 25°C 
for 1.5 h, when TLC showed that no starting material 
remained. Water was added (10 rnL) and extraction carried 
out with CH,Cl,. The organic extracts were dried (MgSO,) 
and the solvent evaporated to leave a yellow solid that was 
pure by NMR (180 rng, 88%); rnp 158-159°C. IR: 2308, 
1784 crn-I. 'H NMR (CDCI,): 6.83 (s, lH), 6.56 (s, lH), 
6.27 (s, lH), 6.01 (s, lH), 5.99 (s, 1H),4.67 (d, J,, = 4 . 6  
Hz, lH), 4.454.50 (rn, lH), 4.35 (d, J = 9.4 Hz, IH),  4.21 
(d, J3,, = 5.1 HZ, lH), 3.80 (s, 3H), 3.74 (s, 6H), 3.05-3.15 
(rn, lH), 2.90-3.05 (rn, 1H). "C NMR (CDCI,): 172.6, 
152.4, 148.6, 147.7, 137.2, 134.4, 131.1, 122.1, 117.4, 
110.7, 108.2, 107.9, 101.7, 68.5, 60.6, 56.0, 43.3, 43.1, 33.5, 
33.0. HRMS calcd. for C,,H,,O,N: 423.1301; found: 
423.1314. 

4P-Carboethoxy-4-deoxypodophyllotoxin 9 
8 150 rng was refluxed in a solution of 3 mL HC1 in 6 mL eth- 
anol for 1 h. The solution was brought to pH 7 with saturated 
aqueous NaHC03 solution, extracted with CH,Cl,, dried 
(MgSO,), and the solvent was evaporated to yield 95 rng white 
solid (57% yield); rnp 138-139°C. IR: 1776, 1732 crn-I. 'H 
NMR: 7.1 1 (s, IH), 6.47 (s, IH), 6.07 (s, lH), 5.94 (s, lH), 
5.92 (s, IH), 4.44 (d, = 5.4 Hz, 2H), 4 .14.2  (rn, lH), 3.83 
(d, J = 9.2 Hz, IH), 3.78 (rn, IH), 3.77 (s, 3H), 3.72 (s, 6H), 
3.15-3.20 (rn, lH), 3.00 (dd, J, , = 5.4 Hz, J2,3 = 13.0 Hz, lH), 
1.25 (t, 3H). I3c NMR: 175.6 171.5, 153.0, 147.7, 147.2, 
135.6, 130.5, 121.7. 109.4, 108.9, 106.4, 101.3, 70.2, 61.0, 
60.8, 56.2,46.8, 46.4,42.2, 32.1, 29.7, 25.7, 14.2. HRMS 
calcd. for C25H2609: 470.1577; found: 470.1579. 

4'-0-Carbobenzyloxypodophyllotoxone 13 
A solution of 100 rng 4'-0-carbobenzyloxyepipodophyllo- 

toxin 12 (10) and 300 rng pyridinium dichrornate in 2 rnL dry 
CH,Cl, was stirred for 26 h at 25°C. Separation by silica gel 
colimn chromatography using hexane:ethyl acetate (1: 1) and 
recrystallization from CH,Cl,-hexane afforded 82 rng desired 

roduct (82% yield); rnp 99°C. IR (CH,Cl,): 1773, 1733 cm-I. 
'H NMR (CDCI,): 7.56 (s, IH), 7.34-7.44 (rn, 5H), 6.70 (s 
1 H), 6.42 (s, 2H), 6.1 1 (s, 1 H), 6.09 (s, 1 H), 5.27 (s, 2H), 4.8? 
(d, J,,? = 4.3 Hz, lH), 4.564.57 (rn, IH), 4.344.38 (rn, lH), 
3.71 (s, lH), 3.45-3.51 (rn, lH), 3.29 (dd, J1,, =4.3  Hz, J,,, = 
15.6 Hz, 1H). 13c NMR (CDCl,): 191.9, 172.6, 152.8, 151.7, 
147.8, 140.7, 134.9, 134.6, 128.1, 127.9, 109.4, 106.7, 105.8, 
102.1, 70.1, 66.6, 55.9, 46.3, 44.3, 43.0. FABMS (M + 1) 
calcd. 533.1369; found: 533.1397. 

4'-0-Carbobenzoxy-4-(phenylethyny1)- 
epipodophyllotoxin 15  

nBuLi (60 pL, 2 N in hexanes, 1 equiv.) was added to a solu- 
tion of penylacetylene (20 pL, 1 equiv.) in dry THF (2 rnL) at 
-78°C. A solution of 13 (90 rng, 1 equiv.) in dry THF (2 mL) 
was added and stirring continued at -78°C for 30 rnin. The 
reaction was quenched at -7S°C with saturated aqueous 
NH4C1. The mixture was allowed to warm to room tempera- 
ture and was extracted with CH,Cl,. The organic layer was 
washed with H20, dried (MgSO,), and the solvent evaporated, 
leaving 82 rng white solid. The mixture was used for the next 
step without further purification. 

4-Butyl-4-deoxypodophyllotoxin 16 
To a solution of podophyllotoxone (6) (250 rng, 0.6 mmol, I 
equiv.) in 3 rnL dry THF at -7S°C was added 250 pL n-BuLi 
(2.4 M in hexanes, 0.6 rnrnol, 1 equiv.). The solution was 
stirred at -78°C for 15 rnin, then quenched with saturated 
NH4C1. Chromatography on silica gel using hexane:ethyl ace- 
tate (1: 1) afforded 40 rng of the a-substituted isomer and 70 
rng of the @-substituted isomer. 
a Isomer: rnp 105-106°C. IR: 3425br, 1777 crn-l. 'H NMR: 
6.98 (s, lH), 6.52 (s, lH), 6.31 (s, 2H), 6.00 (s, IH), 5.96 (s, 
IH), 4.58 (d, J,,, = 4.69 Hz, lH), 4.274.38 (rn, 2H), 3.79 (s, 
lH), 3.71 (s, 6H), 3.22 (dd, J l S 2 = 4 . 9  Hz, J2., = 14.1 HZ, IH), 
2.88-2.97 (rn, lH), 1.77-1.84 (rn, 2H), 1.05-1.4 (rn, 4H), 0.89 
(t, 3H). I3c NMR: 175.4, 152.5, 147.9, 136.5, 135.1, 134.3, 
132.5, 110.5, 107.8, 104.9, 101.5, 72.9, 67.1,60.7,55.9,44.6, 
41.7, 39.4, 39.3, 27.8, 23.1, 13.9. 
@ Isomer: mp 110°C. IR: 3593 br, 1774 crn-'. ' H  NMR: 7.05 
(s, lH), 6.45 (s, lH), 6.29 (s, 2H), 5.96 (s, 2H), 4.56 (d, J1,, = 
4.9 Hz, lH), 4.45 (dd, lH), 4.27 (s, lH), 3.78 (s, 3H), 3.73 (s, 
6H), 3.08 (dd, J,,, = 4.9 Hz, J2,, = 14.9 Hz, IH), 2.98 (rn, lH), 
1.82-1.88 (rn, 2H), 1.2-1.4 (rn, 4H), 0.88 (t, 3H). 13c NMR: 
174.5, 152.5, 147.7, 147.4, 137.2, 136.3, 135.4, 131.3, 109.6, 
108.4, 106.0, 101.4, 74.6, 67.7, 60.7, 56.3, 44.6, 44.5, 44.4, 
39.4,27.2,23.25, 13.9. HRMS calcd. for C26H,o08: 470.1954; 
found: 470.1967. 

4-(2-Phenylethy1)-4'-demethylepipodophyllotoxin 17 
A mixture of 15 (70 rng) and 10% P d C  (25 rng) in ethyl ace- 
tate (5 rnL) was stirred under hydrogen atmosphere for 20 min, 
when TLC showed that no starting material remained. Recrys- 
tallization from CHC1, gave the desired product (25 rng, 45% 
yield); rnp 163-164°C. IR: 3529, 1778 crn-'. 'H NMR (ace- 
tone-d6): 8.00 (s, lH), 7.28 (s, lH), 7.18-7.25 (m, 2H), 7.12- 
7.15 (rn, lH), 6.47 (s, lH), 6.42 (s, 2H), 5.97 (s, 2H), 4.66 (a, 
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lH), 4.57 (d, lH, J,,, = 5.6 Hz), 4.42 (d, lH, J =  1.5 Hz), 4.40 
(s, lH), 3.70 (s, 6H), 3.36 (dd, lH, J1,, = 14.9 HZ, J2,3 = 5.7 
Hz), 3.14-3.21 (m, lH), 2.75-2.78 (m, IH), 2.17-2.21 (m, 
lH), I3c NMR (acetone-d6): 175.0, 147.9, 147.6, 147.5, 143.2, 
138.1, 135.8, 132.6, 132.2, 128.9, 126.3, 110.0, 107.2, 101.9, 
79.0, 74.2, 68.0, 56.5, 45.4, 45.0, 44.4, 41.4, 31.5. HRMS 
calcd. for C29H2808: 504.1780; found: 504.1764. 

Biological testing 
Biological testing was carried out at Bristol-Myers Squibb 
Laboratories. To determine in vitro cytotoxicity, the cell lines 
used were human colon carcinoma cell line HCT 116, the VM- 
26 resistant cell line HCT 1 16NM46, and the VP- 16 resistant 
cell line HCT116IVP35. Cells were plated and 24 h later drugs 
were added and serially diluted. After 72 h of continuous drug 
exposure, the tetrazolium dye XTT was added. Since dehydro- 
genase enzyme in live cells reduces the XTT to a form that 
absorbs light at 450 nm, spectrophotometric methods can be 
used to determine to percentage of live cells. The results in 
Table 1 reflect drug concentration required to inhibit cell pro- 
liferation to 50% of that of untreated control cells. 
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Oxidation pathways of hydroxydopamines and 
their chloride and bromide salts: an 
electrochemical study in acidic solutions 

~ Georgios Kokkinidis, Achilleas Papoutsis, and 
Evdoxia Coutouli-Argyropoulou 

Abstract: The anodic oxidation of 6-hydroxydopamine and 5-hydroxydopamine and their chloride and bromide salts was 
studied in aqueous acidic solutions. The electrodes used were Pt and Pt/M (UPD) (M = Bi, TI, Pb) modified surfaces. The 
electrochemical studies revealed that the first two-electron oxidation leads to formation of reactive quinoid intermediates. 
Reactions of these quinoid intermediates with nucleophiles yield substituted quinones that are not stable in solution. The 
reactions are initiated by the oxidation of the third hydroxyl group at more positive potentials. Cyclic voltammetry and rotating 
ring-disc electrode voltammetry were used to elucidate the reaction mechanisms. These techniques provide powerful tools to 
generate and detect transient intermediates and products and give valuable information regarding the pathways and mechanisms 
of the redox reactions. 

Key words: 6-hydroxydopamine, 5-hydroxydopamine, voltammetry, electrolysis, oxidation mechanism, nucleophilic attack. 

Resum6 : On a CtudiC l'oxydation anodique de la 6-hydroxydopamine, de la 5-hydroxydopamine et de leurs chlorures et 
bromures en solutions aqueuses acides. On a utilisC les Clectrodes Pt et PtIM (UPD)(M = Bi,Tl,Pb) B surfaces modifikes. Les 
Ctudes Clectrochimiques rtvttlent que la premittre oxydation B deux ilectrons conduit i la formation de quinoides intermediaires. 
Les rCactions de ces quinoides intermkdiaires avec des nuclCophiles donnent des quinones substitukes qui ne sont pas stables en 
solution. Les rkactions sont dCclenchCes par I'oxydation du troisikme groupe hydroxyle a des potentiels plus positifs. On a utilisC 
la voltamttrie cyclique et la voltamktrie i Clectrode B disque annulaire rotatif pour Clucider ces mCcanismes. Ces techniques 
fournissent des outils puissants pour gCnCrer et dCtecter les intermediaires transitoires et les produits, et donne des informations 
valables sur le processus et le mCcanisme des rCactions redox. 

Mots clks : 6-hydroxydopamine, 5-hydroxydopamine, voltamCtrie, Clectrolyse, mCcanisme d'oxydation attaque nuclCophile. 

[Traduit par la redaction] 

Introduction 

Increasingly, 6-hydroxydopamine is becoming an interesting 
compound in neuropharmacology because it is suspected to be 
the aberrant metabolite of neurotransmitter catecholamines 
that is highly toxic to the central nervous system (1-3). It has 
been postulated to be an autooxidation product of dopamine 
(4, 5). The intermediate dopamine quinone undergoes nucleo- 
philic attack by water at the C(6) position, which leads to 6- 
hydroxydopamine. This reaction is very slow and may only 
occur under electrochemical conditions in very acidic solu- 
tions (6-9). The high acidity hinders the intramolecular 
cyclization of dopamine quinone because it prevents the 
release of the proton from the protonated amino group of the 
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side chain, which, generally, is the first step toward the 
intramolecular cyclization reaction of catecholamines at pH > 
3 to produce indole derivatives (3,7-11). 

6-Hydroxydopamine is more easily oxidized than dopam- 
ine. The oxidation leads to the respective p-quinone, which is 
also susceptible to nucleophilic attack (12) and intramolecular 
cyclization (13, 14). Reactions of the p-quinone intermediate 
with nucleophilic groups of proteins (e.g., thiols) at physiolog- 
ical pH might be related to the neurotoxicity of 6-hydroxy- 
dopamine (12). 

Previous studies of the electrochemical behaviour of 6- 
hydroxydopamine are restricted to this first two-electron oxi- 
dation and the fate of the p-quinoid product in solution (6, 13- 
15). However, 6-hydroxydopamine-p-quinone can undergo 
further oxidation at more positive potentials at the free phe- 
nolic hydroxyl group, which might accelerate secondary reac- 
tions with nucleophiles. 

The present study was undertaken to give insights into the 
reactions involved in this potential range that might be of con- 
siderable interest for biologically relevant mechanistic infor- 
mation. In addition, 5-hydroxydopamine was also included in 
this study for the sake of comparison. To the best of our 
knowledge, 5-hydroxydopamine has not been studied electro- 
chemically so far. The study was carried out in acidic solu- 
tions to preclude intramolecular cyclization. The electrodes 

Can. J. Chem. 74: 1709-1717 (1996). Printed in Canada 1 Imprimt au Canada 
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Can. J .  Chem. Vol. 74,  1996 

Fig. 1. Cyclic voltammograms of (A )  6-OH-DA (10.~ M) and (B) 5-OH-DA (lo-' M) on Pt 
in 0.2 M HCIO, in the absence (- ) and presence (- - -) of 5 x lo4 M Bi(CIO,),. Scan 
rate vlmV s-': (1) 50; (2) 100; (3) 150; (4) 200. Insets: (C) Plots of jp vs. u"' for 6-OH-DA in 
the absence ( I )  and presence (2) of Bi(CIO,),. (D) Plots of E, vs. log u for 5-OH-DA in the 
absence (I) and presence (2) of Bi(CIO,),. 

E / V vs.  SHE 

used were Pt and Pt/M(UPD) modified surfaces. It is known 
that underpotentially deposited (UPD) adlayers of Pb, T1, and 
Bi on Pt improve markedly the kinetics of redox reactions (16- 
20) including the oxidation of catecholamines (20). 

Experimental 

Potentiostatic disc and ring-disc measurements were per- 
formed with a rotating Pt-Pt ring-disc electrode (EAD 10 000 
from Tacussel). The electrode was activated by applying a 
continuous sweep (v = 1 V s-') between the potentials of 
hydrogen and oxygen evolution in 0.2 M HCIO,. The cell was 
double walled and thermostated at 25 + 0. 1°C, except where 
stated otherwise. An Hg/Hg,SO,/Na,SO, (sat.) electrode, con- 

nected to the cell by a Luggin capillary and a Pt sheet served as 
the reference and the counter electrode, respectively. The 
solutions were thoroughly deoxygenated by purging the cell 
system with ultrapure nitrogen. Electrode potentials are given 
on the standard hydrogen electrode (SHE) scale. 

The electronic setup consisted of a Tacussel bipotentiostat 
(Bitpad), with function generators from Bank Electronics 
(VSG-72) and an HP 7046B X-Y ,, Y2 recorder. 

The supporting electrolyte was prepared from triply dis- 
tilled water and HCIO, (Merck, suprapure). Stock solutions of 
perchlorate salts of Pb, T1, and Bi were prepared from the 
respective oxides or carbonates (Merck, GR grade) and per- 
chloric acid. 

2,4,5-Trihydroxyphenethylamine hydrochloride (6-hydroxy- 
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, Scheme 1. 
l 

L one or two-electron* unknown 

(stable producr) 

~ H0&-cH2cH2h3 - ( 2 e t 2 H I  - one or two-electron unknown 
7 

H O ~  ' E=0.69 V oxidation products 

OH OH E=l.l V 

(electro-inactive) 

Fig. 2. Ring currents iR vs. ER at constant ED = 1.1 V for DA 
M) in 0.2 M HCIO, obtained with a Pt-Pt rotating ring-disc 

electrode in 0.2 M HC10, in the absence (- ) and presence 
(- - -) of 5 x 10" M Bi(CI0,)3 (IdEldrl = 25 mV s-'). Rotation 
frequency flHz: (1) 12.5; (2) 25; (3) 50. 

ER / V vs. SHE 

dopamine hydrochloride, 6-OH-DA.HCl), 2,4,5-trihydroxy- 
phenethylamine hydrobromide (6-hydroxydopamine hydro- 
bromide, 6-OH-DA-HBr), 3,4,5-trihydroxyphenethylamine 
hydrochloride (5-hydroxydopamine hydrochloride, 5-OH- 
DA.HCl), and 3,4-dihydroxyphenethylamine hydrochloride 
(dopamine hydrochloride, DA-HC1) were purchased from 
Sigma Chemical Co. (St. Louis, Mo.). Halide-free solutions of 
6-OH-DA, 5-OH-DA, and DA were prepared by replacing C1- 
ions with sulfates. This was achieved by adding the stoi- 
chiometric quantity of Hg2S0, to the respective solutions and 
filtering. It was determined that the residual halide concentra- 
tion was less than lo4 M. 

Table 1. Hydration rate constants of 5-OH-DA-o-quinone at 
different temperatures. 

Results and discussion 

Oxidation of 6-OH-DA and 5-OH-DA on P t  and 
Pt/M(UPD) electrodes 

The electrochemical oxidation of 6-OH-DA and 5-OH-DA 
was first studied in the absence of halide ions. Since these 
compounds are purchased as hydrochloride or hydrobromide 
salts, halide-free solutions were prepared following the proce- 
dure described in the experimental section. Figure 1 shows 
cyclic voltammograms of 6-OH-DA and 5-OH-DA obtained 
on Pt and Pt/Bi(UPD) electrodes as a function of scan rate. A 
single oxidation peak, which is diffusion controlled, is 
obtained. The reaction involved is a simple two-electron oxi- 
dation to the respective 6-OH-DA-p-quinone and 5-OH-DA- 
o-quinone. A second oxidation peak may appear at more pos- 
itive potentials (i.e., at around 1.1 V) corresponding to further 
oxidation of the hydroxy-quinones but this peak is nearly 
masked by the current due to platinum oxide formation. The 
oxidation peak of 6-OH-DA is followed on the reverse sweep 
by a reduction peak of equal height. In the case of 5-OH-DA 
the reduction peak greatly decreases in height, indicating that 
the electron-transfer reaction is followed by a rapid chemical 
reaction, i.e., the process proceeds via an EC mechanism. 

The anodic and cathodic processes at bare Pt are irrevers- 
ible. As can be seen in Fig. 1, the UPD of Bi improves the 
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Can. J. Chern. Vol. 74, 1996 

Fig. 3. Disc currents jD vs. ED and ring currents i, vs. ED at constant E, = 0.2 V for the oxidation of (A) 
6-OH-DA M) and (B) 5-OH-DA M) obta~ned with a Pt-Pt rotating ring-disc electrode in 0.2 
M HC10, in the absence (- ) and presence (- - -) of 5 x lo4 M Bi(ClO,), (IdEldtl = 25 mV s-I). 
Rotation frequencyflHz: (1) 12.5; (2) 25; (3) 50; (4) 100. Insets: (C) PIots ofj, vs. w1j2 (w = 2 4  for 
waves (I,) and (11,) of 5-OH-DA. (D) Plots of 1/N, vs. llw for 5-OH-DA at ED = 0.95 V at different 
temperatures TI0C: (1) 15: (2) 25: (3) 45. 

N 
I 3 I I I I I 1 

E Pt 
U 

2 - - - ~ t /  Biupd 

n 
a') 

4 
5. 

.m 

- 60 I 1 I I I I 

0 0.4 0.8 1.2 

ED / V vs. SHE 

reversibility of the redox reactions. This is readily verified by As discussed previously (22) for analogous redox systems, 
comparing the peak potentials for Pt/Bi(UPD) with those for the Bi(UPD) layer hinders the adsorption of the reacting mol- 
bare platinum. Furthermore, although the peak potentials for ecules, thus leading to the change of the reaction mechanism 
bare Pt depend linearly on log v, for Pt/Bi(UPD) they remain from an "inner-sphere" mechanism, involving adsorbed inter- 
constant at all potential scan rates (see inset D of Fig. 1). Also mediates on bare Pt, to an "outer-sphere" one without compli- 
for Pt/Bi(UPD) the difference between the peak potential and cations from the adsorption of the reacting molecules, which 
half-peak potential for both the anodic and cathodic branches favours faster electron exchange at the electrode-solution 
of the cyclic voltammograms is ==30 mV at all scan rates, interface. The UPD of Bi also improves the reversibility of the 
which is in good agreement with the theoretical value of 28.2 redox reactions of dopamine (DA) itself. This becomes evi- 
mV for a two-electron reversible process (21). Similar behav- dent from the ring voltammograms of DA, I, vs. ER at con- 
iour was also observed with T1 and Pb UPD adlayers. stant ED = 1.1 V where DA is oxidized to the open-chain 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Kokkinidis et al. 

Fig. 4. Disc voltarnrnograrns for the oxidation of ( 1 )  6-OH- 
DA.HBr M), (2) 6-OH-DA.HCI M), and (3) LiBr 

M) on Pt in 0.2 M HCIO, (IdEldrl = 25 rnV s-I). Rotation 
frequency f = 50 Hz. 

ED / V vs.  S H E  

quinone (Fig. 2). Under this condition, both DA and DA- 
quinone are collected by the ring electrode. A single oxida- 
tion-reduction wave is obtained on the Pt/Bi(UPD) ring. The 
slope of a plot of log [(iLVa - i)l(i - iL,J] VS. ER at w = 25 Hz is 
=32 mvldecade, which is in good agreement with the theoret- 
ical value (29.6 mvldecade) for reversible two-electron-trans- 
fer reactions exhibiting Nernstian behaviour. 

Figure 3 shows rotating ring-disc electrode (RRDE) volt- 
ammograms for 6-OH-DA and 5-OH-DA. The ring potential 
was kept at ER = 0.2 V where the oxidation of 6-OH-DA-p- 
quinone and 5-OH-DA-o-quinone are under diffusion control. 
The ring current was recorded as a function of the disc poten- 
tial. Note again the positive catalytic effect of Bi(UPD) on the 
anodic processes. As can be seen, a second oxidation wave 11, 
appears in the disc voltammograms of both compounds at 
around 1.1 V. Its height is about half of that of the first wave I, 
and does not depend linearly on the square root of the rotation 
rate, indicating kinetic character. Obviously, wave 11, corre- 
sponds to the oxidation of the third hydroxyl group of 6-OH- 
DA and 5-OH-DA at C(4) and C(3), respectively. Phenoxy 
radicals or phenoxonium cations are probably formed by los- 
ing one electron or two electrons, respectively, the fate of 
which is not predictable. 

In the case of 6-OH-DA, the ring currents remain constant 
in the whole disc potential range and the collection efficiency 
was found to be N = 0.20 (disc area = 0.126 cm2) as well as 
being independent of the rotation rate. This value is very close 
to the theoretical value (0.21) calculated according to Albery 
and Bruckenstein (23) from the geometric data of the electrode 
(r, = 0.20, ri = 0.22, and r3 = 0.24 cm). On the contrary, in the 
case of 5-OH-DA the collection efficiency is smaller than the 
theoretical value and depends on both the rotation rate and disc 
potential. 

The voltammetric behaviour of 6-OH-DA and 5-OH-DA 
described above is consistent with the mechanisms of 
Scheme 1. 

The oxidation of 6-OH-DA yields the corresponding p- 
quinone as the first product of reasonable stability. The solu- 
tion of 6-OH-DA after exhaustive electrolysis at 0.75 V pre- 
sents the oxidation wave 11, and a reduction wave of equal 
height and half-wave potential (of course on Pt/Bi(UPD) with 
the oxidation wave I, that is due to the reverse reaction. The 

Fig. 5. Cyclic voltammograrn of 6-OH-DA,HBr M) on Pt in 
0.2 M HC10,. Scan rate v = 150 rnV s-I. 

E / V vs. SHE 

oxidation of 5-OH-DA yields the corresponding o-quinone, 
which is not stable in solution. It undergoes fast hydration, 
most probably at the carbonyl group at position C(4). The 
hydrated 5-OH-DA-o-quinone is electro-inactive, as indicated 
by CV and rotating-disc electrode voltammetry of the solution 
after bulk electrolysis at 0.9 V. This behaviour is similar to 
that observed for ascorbic acid (24,25), the oxidation of which 
is followed by a pseudo-first-order chemical reaction due to 
the hydration of the carbonyl group of the oxidation product. 
Attempts to identify products of the second oxidation wave 11, 
were unsuccessful for both compounds. Bulk electrolysis at 
potentials on the plateau of wave 11, is difficult because of 
filming of the electrode by products of secondary reactions. 
However, in the case of 6-OH-DA an assumption could be 
made based on the results of the RRDE voltammetry. The fact 
that the currents of the ring electrode are constant, indepen- 
dent of the disc potential, enables us to assume the formation 
of a dimer by C(3) coupling of the phenoxy radical. Such a 
dimer should be reduced at the same potential with 6-OH-DA- 
p-quinone and this might explain why the ring currents remain 
unchanged when the sweep of the disc potential entered the 
region above 1.1 V. 

The rate of the hydration of 5-OH-DA-o-quinone was deter- 
mined from the ring-disc data by using the equation 

proposed by Albery and Bruckenstein (26) for the EC mecha- 
nism. In this equation Nk is the kinetic and N the ordinary col- 
lection efficiency and k  is the rate constant of the first-order 
chemical reaction. Values of N, = iRliD were evaluated from 
the ring-disc voltammograms of 5-OH-DA at ED = 0.95 V. 
Plots of l/Nk vs. llw (w = 2nj) at different temperatures are 
shown in inset D of Fig. 3. They are linear with a common 
intercept corresponding to the collection efficiency of the 
electrode (N = 0.20) and different slopes from which k ,  may be 
calculated. Values of k ,  are summarized in Table 1. The D val- 
ues needed for this calculation were determined from the 
Levich plots (jL VS.  of wave I, by means of the Gregory- 
Riddiford equation. The analysis taking into account the 
Arrhenius equation, results in a value of the activation energy 
E, of -6.000 cal mol-'. 
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Scheme 2. 

Br 
C H 2 C H 2 h 3  + 

(2e+2 
fi c H 2 c ~ 2 ~ ~  

0 peak llc, 1 HO ' OH 

Oxidation of 6-OH-DAeHBr and 6-OH-DA-HCI on Pt 
The oxidation of 6-OH-DA-HBr and 6-OH-DA-HCl gives two 
waves. Typical rotating disc voltammograms in 0.2 M HClO, 
are shown in Fig. 4. The height of wave 11, is almost equal to the 
height of wave I, for 6-OH-DAeHCl but its height is twice the 
height of wave I, for 6-OH-DAeHBr. Wave 11, appears in the 
potential range where the oxidation of the OH group of 6-OH- 
DA-p-quinone commences in the absence of nucleophiles. It is 
worth noting that its potential in the presence of B r  is less posi- 
tive than the oxidation potential of B r  itself. 

Electrogenerated quinones frequently undergo nucleophilic 
attack. The nucleophile usually reacts by a Michael 1,4-addi- 
tion to form a substituted hydroquinone (27,28). If the substit- 
uent is such that the potential for oxidation of the product is 
lower than the oxidation potential of the hydroquinone from 
which the quinone is formed, then further oxidation and fur- 
ther addition may occur. In the case of hydroxy-substituted 
quinones the electrochemical oxidation of the hydroxyl group 
may accelerate the addition reactions, showing the same 
general picture of phenolic oxidations (29, 30). The oxidation 
of .the hydroxyl group of electrogenerated 6-OH-DA-p- 
quinone probably enables the addition reactions of HBr and 

HCl to occur at a significant rate. The voltammetric behaviour 
indicates that products and kinetics of the reaction depend 
strongly on the nucleophile species. 

Figure 5 shows the cyclic voltammogram of 6-OH- 
DA-HBr. Peaks I, and I, correspond to the first two-electron 
oxidation-reduction, which in the presence of B r  form an 
almost reversible couple. After scanning through oxidation 
peak II,, reduction peak I, decreases in height and new peaks 
II,+, and II,,, appear at more positive potentials. Similar behav- 
iour was observed with 6-OH-DAeHCI, except that the reduc- 
tion peak II,,, does not appear in the cyclic voltammogram. 
The species responsible for reduction peaks II,., and 14, are 
probably the mono- and di-bromo-substituted 6-OH-DA-p- 
quinones. The initial two-electron oxidation of 6-OH-DA is 
followed by two successive bromination reactions at poten- 
tials above 1.0 V (Scheme 2). 

The bromination supposedly proceeds through a phenoxo- 
nium cation. It is assumed that the first attack of bromide 
occurs at C(6). Between the two possible phenoxonium cation 
intermediates, I is expected to be more stable than I1 because I 
has a more extented conjugation than I1 in which, further- 
more, the formation of a positive charge between two carbon- 
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Kokkinidis et al 

Fig. 6. Disc currents jo vs. ED and ring currents iR  vs. ED at 
constant ER = 0.1 V for the oxidation of 6-OH-DA M) 
obtained with a Pt-Pt rotating ring-disc electrode in 0.2 M HC10, 
(IdEldtl = 25 mV s-I). Rotation frequency fNz:  (1)  6.67; (2) 25; 
(3) 50. The dotted curves shows ring-disc voltammograms for 
LiBr M) at f = 25 Hz. 

I 1 I I 

0.4 0.8 1.2 

ED I V vs. SHE 

Scheme 3. 

C H ~ C H ~ ~  3 C H C H ~ ~  3 

- (2e+H+L "pZx 
0 peak Ila L 

OH 0 

0 
HO OH 0 

peak IIc 

X = C1: k2 = 180 s-1 

X = Br: k2 = 25 s-1 

Fig. 7. Disc currents jD vs. ED and ring currents iR vs. ED at 
constant ER = 0.2 V for the oxidation of ( I )  5-OH-DA.HC1 
M), (2) 5-OH-DA.HBr (lo-"), (3) 5-OH-DAIl2HBr M), 
and (4) LiBr M) obtained with a Pt-Pt rotating ring-disc 
electrode in 0.2 M HCIO, (IdEldtl = 25 mV s-I). Rotation 
frequency f = 50  Hz. 

ED / V vs. SHE 
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yls is disfavored. This assumption is supported by the fact that 
nucleophilic attack of glutathione on 6-OH-DA-p-quinone 
occurs at position C(6) (12). 

Although diffusion of B r  ions is faster than diffusion of 6- 
OH-DA molecules (compare, for instance, the j, of the two- 

electron oxidation wave I, of 6-OH-DA with the j, of the one- 
electron oxidation wave of B r  ions in Fig. 4), the amount 
reaching the electrode-solution interface probably is not suffi- 
cient for complete bromination at C(3). As a result, partial 
hydroxylation may take place in parallel with the second bro- 
mination reaction. The addition of water is followed by further 
oxidation, which yields a tetraoxo derivative. This explains 
why the limiting current on the plateau of wave 11, exceeds 
slightly the six-electron level at low rotation rates (see the disc 
voltammograms in Fig. 6) and the ring current exceeds the 
two-electron level, when the disc potential is on the plateau of 
wave 11,. On the other hand, this behaviour further supports 
our initial assumption that the first attack of bromide occurs at 
C(6) and not at C(3). Otherwise, there is no possible route that 
could explain the results of the RRDE voltammetry. 

In the case of 6-OH-DA-HC1, only the first addition of HCI 
is fast enough; therefore, the voltammetric behaviour cannot 
give insights into the subsequent reactions. After electrolyses 
at the potential of wave 11,, attempts to isolate products from 
the electrolyzed solutions by common work-up, extraction, 
and lyophilization of the aqueous solutions were unsuccessful. 
The halogenated 6-OH-DA-p-quinones are probably unstable 
in solution. They are transformed to electro-inactive species, 
as indicated by CV of the solutions after electrolyses, which 
are presumed polymeric in nature. 

Oxidation of 5-OH-DA-HCI and 5-OH-DA-HBr on Pt 
Figure 7 shows ring-disc voltammograms of 5-OH-DA-HCI 
and 5-OH-DA-HBr. The ring potential was kept at 0.2 V to 
collect all oxidation products formed at the disc. The oxidation 
of 5-OH-DA in the presence of C1- and Br- gives two waves I, 
and 11, of equal height. The initial two-electron oxidation at 
0.7 V is followed by a further two-electron oxidation-haloge- 
nation reaction (Scheme 3) at 1.1 V. The third anodic wave 111, 
that appears in the disc voltammogram of 5-OH-DA-HBr is 
due to the electrooxidation of unreacted Br- ions. As pointed 
out in the case of 6-OH-DAaHBr, the diffusion of Br- ions is 
much faster than the diffusion of hydroxydopamines. Wave 
111, matches quite well with that of authentic LiBr, and disap- 
pears after the prior removal of the half concentration of bro- 
mide from the solution of 5-OH-DA-HBr. It should be noted 
that the oxidation of Br- ions to Br2 clearly occurs at more pos- 
itive potentials (=I50 mV) than the oxidation-bromination 
reaction of 5-OH-DA-o-quinone. 

The nucleophilic attack of C1- and Br- ions occurs at posi- 
tion C(2) or C(6). The halogenated 5-OH-DA-o-quinone 
formed is reduced at less negative potentials than the 
unsubstituted 5-OH-DA-o-quinone. The broad peak 11, in the 

Fig. 8. Cyclic voltammograms of 5-OH-DA.HC1 (lo-") on 
Au in 0.2 M HCIO,. Scan rate v = 400 mV s-'. 

1.6 

E / V vs. SHE 

cyclic voltammogram of 5-OH-DA.HC1 (Fig. 8) corresponds 
to this reduction. This peak may only be observed at a Au elec- 
trode and at relatively fast scan rates. The halogenated 5-OH- 
DA-o-quinones react with 5-OH-DA or undergo hydration 
(Scheme 3). The CV and the RRDE voltammetry indicate that 
the hydration reaction is much faster than the reaction with 5- 
OH-DA (e.g., k,>> k3). Its rate is even faster than the hydration 
of 5-OH-DA-o-quinone (Scheme I) as can be concluded by 
the decrease of the ring currents at disc potentials above 1.0 V 
(Fig. 7). The rate of the hydration reaction was studied by the 
rotating ring-disc electrode. Values of N, as a function of the 
rotation rate were evaluated at ED = 1.30 V for 5-OH-DA-HC1 
and ED = 1.15 V for 5-OH-DAaHBr taking into account four- 
electron oxidation at the disc and two-electron reduction at the 
ring. 

The 1/N, vs. l/w plots are reasonably linear. The slopes give 
the following values of k,: 

For X = C1: k, = 180 -+ 30 s-' (25OC) 

For X = Br: k,  = 25.0 t 5.0 s-' (25°C) 

These values are, indeed, greater than the value of k, = 3.4 s-' 
(Table 1) determined for the hydration of the unsubstituted 5-  
OH-DA-o-quinone. The hydration rate constant of the bromo 
derivative is smaller than that of the chloro derivative. This 
may be attributed to the steric hindrance of the voluminous 
bromo substituent. On the other hand, this suggests that the 
hydration occurs at the carbonyl group C(3), which is near to 
the substituent. 

In conclusion, the electrochemical studies of 6-hydroxy- 
dopamine and 5-hydroxydopamine revealed that the first two- 
electron oxidation leads to formation of reactive quinoid inter- 
mediates. Reactions of these quinoid intermediates with 
nucleophiles yield substituted quinones that are not stable in 
solution. The reactions are initiated by the oxidation of the 
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third hydroxyl group. Cyclic voltammetry and rotating ring- 
disc electrode voltammetry were used to  elucidate the reaction 
mechanisms. These techniques provide powerful tools for 
generating and detecting transient intermediates and products 
and give valuable information regarding the pathways and 
mechanisms of the redox reactions. 
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Substituted tetra-2,3=pyrazinoporphyrazines. 
Part 11. Bis(tri-n=hexylsiloxy)silicon derivatives 

Svetlana V. Kudrevich and Johan E. van Lier 

Abstract: Dichlorosilicon complexes of substituted tetra-2,3-pyrazinoporphyrazines were obtained via condensation of 
2,3-dicyanopyrazine, 2,3-dicyano-5,6-diphenylpyrazine, 2,3-dicyanoquinoxaline, 2,3-dicyano-benzoV]quinoxaline, and 
2,3-dicyano-dibenzolf,h]quinoxaline with silicon tetrachloride in the presence of urea, quinoline, and tri-12-butylamine. 
Hydrolysis of the Si-C1 bond in concentrated H2S04, followed by treatment with 0.01 N NaOH and aqueous NH,, afforded the 
corresponding dihydroxides, which were converted to the bis(tri-n-hexylsiloxy)silicon derivatives via reaction with tri(n- 
hexy1)silane in 3-picoline (2,4,6-collidine) in the presence of tri-n-butylamine. The axial tri-n-hexylsiloxy substituents at the 
central silicon atom prevent aggregation in organic solvents, permitting detailed studies on the effects of structural modifications 
on the electronic spectra of tetraazaphthalocyanines. Our data show that each benzo ring addition, angularly condensed to the 
tetra-2,3-quinoxalinoporphyrazine, induces a hypsochromic shift (- 10-15 nm) of the main absorption maximum. 

Key words: phthalocyanine, aza analog, bis(tri-n-hexylsiloxy)silicon complex. 

Resume : Les dtrivts substituts des tttra-2,3-pyrazinoporphyrazines du dichlorosilice ont t t t  prtparts via la condensation 
du 2.3-dicyanopyrazine, 2,3-dicyano-5,6-diphenylpyrazine, 2,3-dicyanoquinoxaline, 2,3-dicyano-benzoV]quinoxaline et 
2.3-dicyano-dibenzoV;h]quinoxaline avec du tttrachlorure de silice en presence d'urte, de quinoltine et d'amine tri-n-butylique. 
L'hydrolyse de liaison Si-C1 dans du H,S04 concentrt, puis dans une solution de 0,01 N de NaOH et d'ammoniac, a produit 
des dihydroxydes appropriCs qui ont CtC transformts en dtrivts substituts de bis(tri-12-hexylsiloxy) via la reaction avec le 
tri-n-hexylsilane dans la 3-picoline (2,4,6-collidine) en prtsence d'amine tri-n-butylique. Les substituants axiaux tri-11- 
hexylsiloxy, attachts h l'atome de silicium central, empkchent complktement l'agrtgation des moltcules d'azaphtalocyanines 
dans les solvants organiques. Des etudes dttailltes de l'influence de la modification structurelle sur les spectres Clectroniques du 
tttraazaphtalocyanine ont ttC effectutes. I1 a CtC dtmontrt  que chaque anneau benzo angulaire, condenst au tttra-2,3- 
quinoxalinoporphyrazine, produit un dtplacement hypsochromique (- 10-15 nm) de la bande Q. 

Mots c l i s  : phtalocyanine, azaanalogue, complexe du bis(tri-n-hexylsi1oxy)silice. 

Introduction 
The potential applications of silicon phthalocyanine (PC), 
naphthalocyanine (Nc), and their aza analogs (azaPc's) to the 
sensitization and stabilization of semiconductor electrodes in 
photoelectrochemical cells (I), as media for optical data stor- 
age with a large capacity memory (2-6) and photosensitizers 
for photodynamic therapy of cancer (7- 15) have been exten- 
sively studied over the past decade. These applications require 
well-defined properties of the substituted PC's, including the 
solubility in lipophilic and hydrophilic media and absorbance 
in the required region of the visible spectrum. It is well known 
that phenyl substitution (16-18) and linear annelation (19-24) 
are effective means forfine tuning the visible spectra of the PC 
and azaPc macrocycles. The effect of angular annelation on 
the electronic spectra of PC and its analogs has more recently 
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E-mail: jvanlier@courrier.usherb.ca 

been addressed through the synthesis of a series of azaPc's dif- 
fering in the number of angularly condensed benzo rings (16, 
25, 26). Studies of the properties of these compounds permit- 
ted preliminary conclusions concerning the effect of aza sub- 
stitution and angular annelation on the electronic spectra of 
Nc. However, more detailed studies on the spectral properties 
of the angularly annelated Nc analogs were hampered due to 
aggregation of the dye molecules in solution. This problem 
was overcome through tert-butyl substitution on the periphery 
of the macrocycle (26). Although double angular annelation of 
octaazaNc's was shown to cause a hypsochromic shift of the 
Q-band of about 25 nm, aggregation of the molecules still 
interfered, preventing us from estimating the effect of sequen- 
tial annelation on the absorption maxima. Such substitutions 
appeared to be particularly useful in establishing the effect of 
phenyl substitution (linear and angular annelation) on the elec- 
tronic spectra of tetra-2,3-pyrazinoporphyrazine and tetra-2,3- 
quinoxalinoporphyrazine. It is well known that axial substitu- 
tion at the central silicon atom prevents the aggregation of PC 
molecules in solutions. In this report we address the synthesis 
of axially substituted silicon complexes of azaPc's. The avail- 
ability of a series of fully monomerized derivatives of tet- 
raazaPc, containing the same silicon central atom, with good 
solubility in a single solvent, i.e., chloroform, allowed us to 
establish the effect of structural modifications about the mac- 
rocycle on the spectral properties. 

Can. J. Chem. 74: 1718-1723 (1996). Printed in Canada 1 Imprime au Canada 
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Kudrevich and Van Lier 

Scheme 1. 

la-e 2a-e 

iii 
N 

l a , h ,  3u.k: RI = ~2 = H; l b ,  2) .  3b. 4b: R I  = ~2 = ~ h ;  l c ,  2c, 3c, 4c: RI,  ~2 = C 
Id, 2d, 3d, 4d :  R1, ~2 = ; l e ,  2e, 3e, 4e: ~ 1 ,  ~2 = 

i: SiC14, quinoline, urea, tri(n-butyl)amine; ii: (l)H2S04; (2) 0.01 N NaOH, aq. NH3;iii: tri(n-hexyl)- 
chlorosilane, 3-piwline, 2,4,6-collidine. 

Results and discussion 

The bis(tri-rz-hexylsiloxy)silicon azaPc's 4a-e were prepared 
via straightforward synthetic routes as outlined in Scheme 1. 
The precursors of substituted tetra-2,3-pyrazinoporphyra- 
zines, e.g., dinitriles of heterocyclic o-dicarboxylic acids, were 
prepared via dehydration of an appropriate diarnide (2,3-dicy- 
anoquinoxaline l c  (27)) or via the condensation of o-quinones 
with diaminomaleodinitrile (2,3-dicyano-5,6-diphenylpyra- 
zine l b  (28), 2,3-dicyano-benzoV]quinoxaline I d  (26), and 
2,3-dicyano-dibenzoV;h]quinoxaline l e  (28)). 

The synthesis of the carbocyclic analogs, e.g., Pc(Nc) 
dichlorosilicon complexes, starting from the corresponding 
1,3-diiminoisoindolines and silicon tetrachloride in tetrahy- 
dronaphthalene or quinoline, has previously been reported (1, 
13, 29, 30). In our hands, this procedure failed in the case of 
the heterocyclic diirninoisoindolines. Instead, we found that 
the corresponding o-dinitriles la-e are good starting materials 
for the synthesis of dichlorosilicon complexes. Compounds 
la-e were condensed with SiClj in the presence of urea using 

quinoline as a solvent and twofold excess of tri-rz-butylamine 
as an acceptor of evolving HC1. The products 2a-e contain 
impurities and their thorough purification without modifica- 
tion of the Si-C1 bond was unattainable. Due to their poor 
solubility in organic solvents, recrystallization of 2a-e was 
impossible and, as we noted before (26), azaPc's cannot be 
sublimated. IR spectra of 2a-e all feature a characteristic band 
about 480 cm-' (Si-CI stretch). The products were of suffi- 
cient purity to be used as intermediates for the preparation of 
the dihydroxysilicon complexes 3a-e. 

The hydrolysis of 2a-e was carried out by combining the 
methodology of Wheeler et al. (1) and Davison and Wynne 
(31). Heating 2a-e in concentrated H,SO, for 2 h did not 
result in decomposition, suggesting that the aromatic system 
of silicon octaazapc's is at least as stable as those of the car- 
bocyclic analogs (1, 32). IR spectra of compounds 3a-e fea- 
ture absorption bands at 3455-3475 cm-' (0-H) and 844-850 
cm-' (Si-0). The microanalyses of the dihydroxysilicon 
azaPc's samples, purified in a Soxhlet extractor, were indica- 
tive of contamination with silica. Pure analytical samples of 
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Table 1. Dichlorosilicon complexes of substituted tetra-2,3-pyrazinoporphyrazines. 

No. Compound Reaction temperature, OC h,,,, nm (in quinoline) 

2a Dichlorosilicon tetra-2,3-pyrazinoporphyrazine 
2b Dichlorosilicon tetra-2,3-(5,6-dipheny1pyrazino)porphyrazine 
2c Dichlorosilicon tetra-2,3-quinoxalinoporphyrazine 
2d Dichlorosilicon tetra-2,3-benzo1.J-quinoxalinoporphyrazine 
2e Dichlorosilicon tetra-2.3-dibenzolf,h]-quinoxalinoporphyrazine 

Table 2. Dihydroxysilicon complexes of substituted tetra-2,3-pyrazinoporphyrazines. 

Found" (calcd.) 
h,,,.,, nm(re1ative intensity) 

No. Formula % C % H % N % Si (in quinoline) 

"The samples were dried before analysing in vacuo (1 Tom) at 100°C for 4 h 

compounds 3a-e were obtained via hydrolysis of chromato- 
graphically purified bis(tri-n-hexylsiloxy)silicon complexes 
4a-e (1). Solubility of 3a-e in organic solvents is much lower 
than that of the corresponding dichlorosilicon analogs. The 
former compounds are barely soluble in quinoline and only 
micromolar concentrations, suitable for spectral analysis, 
could be obtained. The visible spectra of dihydroxysilicon 
complexes 3a-e exhibit maxima at somewhat shorter wave- 
lengths than their dichlorosilicon precursors, which is in 
accordance with literature data for the analogues SiPcClz and 
SiPc(OH), (29). The conversion of the dihydroxides 3a-e to 
the bis(tri-n-hexylsiloxy)silicon derivatives 4a-e was per- 
formed following the methodology of Wheeler et al. (1). Com- 
pounds 4a-e were purified chromatographically on silica gel 
and characterized by combustion analyses and spectroscopic 
data. 

Comparison of the electronic spectra in the visible region of 
bis(tri-n-hexylsi1oxy)SiPc 5 (A,,, 668 nm) (1) and its octaaza 
analog 4a (A,,, 624 nm), bis(tri-n-hexylsi1oxy)SiNc 6 (A,,, 
772 nm) (1) and its octaaza derivative 4c (A,,, 704 nm), shows 
that the magnitude of the hypsochromic shift due to the 
octaaza substitution of the CH groups adjacent to the por- 
phyrazine macro-ring increases from 1080 cm-' for the azaPc 
to 1250 cm-' for the azaNc. This indicates that linear annela- 
tion renders the PC aromatic system more responsive to aza 
substitution. Electron donating phenyl substituents, even when 
oriented out of the plane of the tetra-2,3-pyrazinoporphyrazine 
molecule, profoundly affect the absorption pattern. Thus, the 
octaphenyl-substituted compound 4b has a principal absorp- 
tion maximum at 645 nm (bathochromic shift of 2 1 nm relative 
to 4a).  It is interesting to note that the Soret band of 4b also 
undergoes a remarkable bathochromic shift. Addition of lin- 
early condensed benzo rings to 4a results in a red shift of the 
Q-band (corresponding to quinoxaline structure of 4c frag- 

Fig. 1. Electronic spectra of compounds 4c (-----), 4d (-), 
and 4e (- -) in chloroform (concentration -lo4 M). 

600 650 700 750 

Wavelength 

ments) of 1820 cm-'. The corresponding value for the car- 
bocyclic analogs 5 and 6 is 2015 cm-'. It is evident that the 
electron-withdrawing character of the exocyclic nitrogen 
atoms is responsible for the decrease in sensitivity of the PC 
aromatic system to the linear annelation. 

Figure 1 presents the visible region of the electronic spectra 
of compounds 4c (A,,, 704 nm), 4d (A,,, 688 nm), and 4e 
(A,,, 679 nm). Comparison of these spectra suggests that each 
angularly condensed benzo ring causes a hypsochromic shift 
of the main band of 10-15 nm. Compared to known metal 
complexes of the carbocyclic analogs of 4c and 4e, we also 
observe a blue shift of the Q-band of Nc upon double angu- 
lar annelation: vanadyl Nc absorbs at 817 nm (33), whereas 
the main absorption maximum of vanadyl tetra-2,3- 
(dibenzoV;h]naphthalo)porphyrazine is observed at 776 nm 
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Table 3. Bis(tri-n-hexyl siloxy)silicon complexes of substituted tetra-2,3-pyrazinoporphyrazines. A 
C 

R, on Found (calcd.) % 
1. 
0 Yield, silica gel k,,,,, nm (1% &) IJ 

No. Formula % (solvent) %C %H %N FAB MS, d z  (in chloroform) 'H NMR, 6 (in CDCI,) 0, 
3 
a 

4a C,H,N,,O,Si, 25 0.62 (CHCI,) 62.62 (62.79) 8.08 (7.56) 18.98 (19.54) 1148 (72. M') 624 (5.44). 597 (4.35). 9.72 (s. 2H-pyrazino). 0.74 (rn, E-CH,), 0.64 (t, CH,), $ 
566 (4.44), 337 (4.88) 0.19 (m, 6-CH,), -0.01 (rn, y-CH,), -1.38 (rn, P-CH,), 

-2.42 (rn, a-CH,) % 

4b Cl,8H,l,N,60,Si, 10 0.58 (toluene) 73.42 (73.85) 6.98 (6.77) 12.54 (12.76) 1757 (78, M'), 645 (5.42), 617 (4.42), 8.54 (m, 1,s-Ph), 8.25 (rn, 2,4-Ph), 7.88 (rn, 3-Ph), 
1457 (35, M' 584 (4.43), 369 (4.95) 0.82 (m, E-CH,), 0.55 (t, CH,), 0.02 (rn, 6-CH,), -0.02 
-C,,H,,OSi) (m, y-CH?), -1.22 (m, P-CH,), -2.33 (rn, a-CH,) 

4c C,,H9,NI6O,Si3 33 0.44 (toluene] 68.14 (67.72) 7.00 (7.03) 16.28 (16.63) 1348 (58, M'), 704 (5.60), 671 (4.53), 9.14 (m, 5,8-quinoxalino), 8.31 (rn, 6,7-quinoxalino), 
1047 (4, M' 646 (4.52), 361 (5.20) 0.88 (m, E-CH,), 0.46 (t, CH,), 0.21 (rn, 6-CH,), -0.06 
-C,,H,,OSi) (m, y-CH,), -1.15 (m, P-CH,), -2.27 (m, CX-CH,) 

4d C,,H,,,N,,O,Si, 28 0.84 (CHC1,) 70.85 (71.37) 6.91 (7.03) 13.89 (14.48) 1549 (51, M'), 688 (5.80), 656 (4.74), 8.93 (m, 5-benzolflquinoxalino), 8.55 (m, 6- 
1249 (30, M' 6 18 (4.76), 37 1 (5.25) benzolflquinoxalino), 8.08-8.3 1 (rn, 7,8,9,10- 
-C,,H,,OSi) benzolflquinoxalino), 0.86 (rn, E-CH2), 0.45 (t, 

CH,), 0.17 (m, 6-CH,), -0.01 (rn, y-CH,), -1.20 
(m,P-CH,), -2.34 (m, a-CH,) 

4e C,,8Hl,,N,602Si, 14 0.32 73.45 (74.19) 6.42 (6.34) 12.28 (12.82) 1749 (50, M'), 679 (5.56), 648 (4.80), 8.90 (rn, dibenzolf, h]quinoxalino, 8.05 (rn, dibenzolf, 
(toluene - 1449 (14, M' 624 (4.77), 375 (5.09) h]quinoxalino), 0.82 (rn. E-CH,), 0.45 (t, CH,), 0.15 
ethyl -C,,H,,OSi) (m, 6-CH,), -0.01 (rn, y-CH,), -1.17 (rn, P-CH,), 
acetate 4: 1) -2.40 (rn, a-CH,) 
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(19) (both spectra in 1-chloronaphthalene). The carbocyclic 
analog of 4b, e.g., unsubstituted tetra-2,3-(benzoV]naphth- 
alo)porphyrazine, is unknown. On the other hand, angular 
annelation does not have the same effect in the case of PC's. 
The Q-band maximum of PcCu is at 678 nm (in l-chloronaph- 
thalene) (34), 1,2-NcCu absorbs at 690 nm (in o-dichloroben- 
zene) ( 3 3 ,  and tert-butyl substituted octabenzoPcCu absorbs 
at 700 nm (in o-dichlorobenzene) (36). Therefore, each benzo 
ring, angularly condensed to the PC, causes a small shift of the 
main band, similar but of opposite sign to that observed for the 
Nc series. 

Finally, we prepared a series of silicon complexes of substi- 
tuted tetra-2,3-pyrazinoporphyrazines, featuring chloro-, 
hydroxy-, and tri(n-hexylsiloxy) axial ligands at the central 
atom. Tri(n-hexylsiloxy)silicon complexes are fully mono- 
merized in chloroform, permitting us to evaluate the effect of 
angular annelation of tetra-2,3-quinoxalinoporphyrazine on 
the shift of the Q-band maximum in the electronic spectrum. 
These data should be particularly useful in the design of new 
PC-related structures with fine tuned absorption maxima and 
selected solubility, as substrates for new materials. 

Experimental 

Materials and methods 
FAB-MS were obtained on an LG Autospec Q mass spectrom- 
eter from the Department of Chemistry, UniversitC de Mont- 
rCal. 'H NMR spectra were taken on a Bruker AC-300 (300 
MHz) spectrometer using CDCl, as a solvent. UV-VIS spec- 
tra were recorded with a Hitachi U-2000 spectrophotometer. 
IR spectra were obtained on a Perkin Elmer 1600 spectrometer 
using KBr plates. Preparative chromatography was conducted 
on 70-230 mesh silica gel (Aldrich). TLC was performed on 
0.25 mm thick Polygram SIL GNV-254 plates (Macherey- 
Nagel, Germany). The solvents quinoline, 3-picoline, and 
2,4,6-collidine were vacuum distilled from BaO under nitro- 
gen. 

2,3-Dicyanopyrazine l a  was obtained from a commercial 
source (Aldrich), 2,3-dicyano-5,6-diphenylpyrazine l b  (28), 
2,3-dicyanoquinoxaline l c  (27), 2,3-dicyano-benzolflquinox- 
aline I d  (26), and 2,3-dicyano-dibenzo[f,h]quinoxaline l e  
(28) were prepared by published methods. All the o-dinitriles 
were dried under high vacuum prior to complexation. 

Dichloro.silicon complexes 2a-e (Table 1). General procedure 
o-Dinitriles la-e (7.5 mmol) were triturated with 0.5 g of urea, 
then dry tri-n-butylamine (3.6 mL, 2.78 g, 15 mmol), freshly 
distilled quinoline (5 mL), and silicon tetrachloride (0.86 mL, 
1.28 g, 7.5 mmol) were added and the mixture was heated for 
0.5-2 h in a flask protected with a CaC12 tube. The mixture 
was allowed to cool, the precipitate was collected, thoroughly 
washed with hot ethanol, and air dried. Compound 20 appears 
as a dark blue powder, 2b as very dark green, 2c as greenish- 
black, and 2d and 2e as brownish-green powders. The prod- 
ucts contained some impurities but were suitable for use as 
intermediates for the preparation of bis[tri-(tz-hexylsi1oxy)sil- 
icon] complexes without further purification. IR spectra of 
2a-e all contain a band around 480 cm-' (m, Si-Cl). 

Dihydroxy.silicon complexes 3a-e (Table 2). General 
procedure 

Finely powdered 2a-e (1 g) were dissolved in concentrated 

H,SO, (100 mL) and stirred at 50°C for 2 h. The mixture was 
filtered over a glass filter without prior cooling, poured over 
ice, and neutralized with aqueous NH,. The precipitate was fil- 
tered, washed with hot water, acetone, and ethanol, resus- 
pended in a mixture of 0.01 N aqueous NaOH-pyridine 1: 1 
(v:v), stirred at 50°C for another 2 h, then filtered, thoroughly 
washed with water, and vacuum dried. An attempt was made 
to purify analytical samples in a Soxhlet extractor using pyri- 
dine and acetone, but microanalysis showed that the samples 
were still contaminated with silica. 

Hydrolysis of chromatographically purified bis[tri(n-hexyl- 
siloxy)silicon] complexes 4a-e (1) (see below) afforded pure 
samples of the hydroxides 3a-e. IR (KBr): 3455-3475 cm-I 
(0-H), 844-852 cm-' (Si-0). Compounds 3a-e are barely sol- 
uble in quinoline (only in spectral concentrations, - M). 

Bis[tri(n-hexylsiloxy)silicor?] complexes 4a-e (Table 3). 
General procedure 

A mixture of dihydroxides 3a-e (0.5 g, not Soxhlet-extracted), 
tri-n-hexylchlorosilane (2.5 mL), dry tri-n-butylamine (2 mL), 
and 50 mL of dry, freshly distilled solvent (3-picoline for 
3a-3d; 2,4,6-collidine for 3e) was heated to 120°C for 24 h. 
The mixture was cooled to room temperature and filtered (the 
weight of dry residue was taken into account when yields of 
4a-e were calculated). Methanol (25 mL) was added to the fil- 
trate and the complexes were precipitated upon addition of a 
few drops of water. Chromatography over silica gel afforded 
pure compounds 4a-e. These complexes are brightly coloured 
(4a, dichroic bluelred; 4b, grass green; 4c, dark green; 4d and 
4e, yellow-green) and are highly soluble in toluene, chloro- 
form etc. 
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Hydrogen vs. electron transfer mechanisms 
in the chain decomposition of phenacyl 
bromides. Use of isotopic labeling 
as a mechanistic probe 

Jocelyn Renaud and J.C. Scaiano 

Abstract: Ring-substituted a-bromoacetophenones react with alcohols in a chain reaction leading to the corresponding 
acetophenone, HBr, and the carbonyl compound from oxidation of the alcohol. Two different mechanisms, involving hydrogen 
or electron transfer by ketyl radicals, have been proposed in order to accommodate the unusual selectivities of these reactions. By 
studying the efficiency of isotope incorporation from deuterated alcohols, it has been possible to determine the relative 
contributions from both mechanisms. For example, electron transfer dominates in the case of 2-propanol, while hydrogen 
transfer is more important for methanol. The results demonstrate that ring substitution in the starting ketone is not a main 
contributing factor in the discrimination between the two mechanisms. The only parameter that seems to be playing a major role 
is the nature (reducing strength) of the ketyl radicals. 

Key words: dehydrobromination, charge transfer, isotope effect, ketyl radicals. 

RCsumC : Les a-bromoacCtophCnones ayant des substituants sur le cycle rCagissent avec les alcools selon une rCaction en chaine 
pour conduire B 1'acCtophCnone correspondante, au HBr et au composC carbony16 rksultant de l'oxydation de l'alcool. Dans le 
but d'expliquer la sClectivitC inhabituelle de ces rCactions, on propose deux mCcanismes diffkrents, impliquant le transfert 
d'hydrogkne ou d'Clectron par le radical cCtyle. L'Ctude de l'efficacitk de l'incorporation isotopique B partir des alcools deutCriCs, 
a rendu possible la dktermination des contributions relatives des deux mCcanismes. Par exemple, le transfert d'klectrons domine 
dans le cas du 2-propanol, tandis que le transfert d'hydrogkne est plus important dans le cas du mCthanol. Les rCsultats 
dCmontrent que la prCsence d'un substituant sur le cycle de la cCtone de dCpart n'est pas le facteur contributif principal dans la 
discrimination des deux mCcanismes. La nature (force rCductrice) du radical cCtyle semble &tre, dans ce cas, le seul paramktre 
important. 

Mols clks : dChydrobromination, transfert de charge, radicaux cCtyles. 

[Traduit par la redaction] 

Introduction Whi le  the phenacyl radical has  been written a s  a carbon- 
centered species, it can  also b e  written in its canonical form, a s  

T h e  photodecomposition of  a-bromoacetophenone and  related a n  oxygen-centered radical (4), i.e., 
phenacyl bromides provides a convenient source of  phenacyl 
radicals, reaction [ I ]  (1-3). These  radicals are  readily detect- ohcH? 0&H2 
able because they have a characteristic absorption band  in the  
500 n m  region (4). Bromine atoms, the  other intermediates [21 

I/- - produced in  this photoreaction, are  invisible in laser photolysis 
experiments,  but their presence can b e  confirmed by  adding x x // 
complexing reagents such a s  benzene o r  bromide ions (5-7). 

Recent  work has  suggested that the "oxy" form of  this rad- 
o ical m a y  account fo r  its absorption properties (4), which a re  

reminiscent of  those recently reported fo r  cumyloxyl  radicals 
Ill hv (8, 9). Whi l e  4-methoxyphenacyl radicals m a y  have a spin  

density a s  a high a s  0.3 at the carbonyl oxygen,  their reactivity 
x x i s  dominated by  the  radical character at  the  carbon site (1). 

Product studies o n  the addition of  phenacyl radicals t o  olefins 
show that these reactions lead to C-C bond  formation, thus 
showing typical carbon-centered radical behavior (10, 1 1). 

J. Renaud and  J.C. Scaiano.' Department of Chemistry, Methoxyphenacyl radicals have modest  reactivity; fo r  exam- 
University of Ottawa, Ottawa, ON, K1N 6N5, Canada. ple, the  addition o f  the p-methoxyphenacyl radical to the  

' Author to whom correspondence may be addressed. highly reactive double  bond  in 1,l-diphenylethylene occurs  
Telephone: (613) 562-5728. Fax: (61 3) 562-5 170. with a rate constant o f  9.4 x lo7 M-I s-' (1). In  addition, they 

Can. J .  Chem. 74: 1724-1730 (1996). Printed in Canada / ImprimC au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Renaud and Scaiano 

are also modest hydrogen abstractors: an example showing 
their low reactivity towards hydrogen abstraction is observed 
in various alcohol solvents and acetonitrile as solvents. Typi- 
cal half-lives for the p-methoxyphenacyl radical in solvents 
such as methanol, ethanol, 2-propanol, and acetonitrile are in 
the neighborhood of 10 IJ.S (1). 

Although these carbon-centered radicals seem to be rather 
unreactive, our work with a-bromoacetophenones shows that 
steady-state irradiation in alcohol solvents leads to remarkably 
rapid consumption of the starting material with concomitant 
formation of the corresponding acetophenone. Typically, irra- 
diation times for significant conversions are 20-50 times 
shorter in alcohols than in acetonitrile, thus suggesting the 
involvement of a chain reaction mechanism (3). 

It should be noted that other bromo compounds are known 
to be able to carry similar chains. Chain lengths greater than 10 
at temperatures between 30 and 60°C have been measured for 
systems studying the radical chain reaction of primary and 
secondary a-bromo esters by 2-propanol and 2-methyldiox- 
olane (12). Also, using vicinal dibromides as starting materi- 
als, one can generate two bromine atoms per chain 
propagation step (1 3). 

Earlier work reporting an exploratory study of this chain 
reaction mechanism for the dehydrobromination of ring-sub- 
stituted a-bromoacetophenones in alcohols suggested a more 
complex mechanism than that originally anticipated (3). What 
seemed to be a simple electron transfer chain process turned 
out to be a somewhat more complex mechanism. To rational- 
ize the unusual reactivitylselectivity of these reactions, we 
suggested a combination of two chain reactions involving 
hydrogen and electron transfer, taking place concurrently and 
competing for product formation. This chain reaction is medi- 
ated by the ketyl radicals derived by hydrogen abstraction 
from the alcohols by either the bromine atom or the phenacyl 
radical. In this article we make use of isotopic labeling in order 
to establish what fraction of the reaction proceeds by each 
mechanism; we combine these data with new and earlier 
results to provide a detailed understanding of these efficient 
reactions. 

Our initial work on phenacyl radicals was stimulated by our 
interest in the photoinduced yellowing of papers manufactured 
from ultra-high-yield pulps. The yellowing process results 
largely from photoinduced reactions involving the chro- 
mophores in lignin; among these, mono- and dimethoxyphe- 
nols, methoxyacetophenones, and aryloxyanisoles are 
believed to play an important role (14). The absorption of light 
leads to various unstable intermediates, such as aromatic 
ketone singlets and triplets, phenoxyl, phenacyl, and peroxyl 
radicals, and presumably singlet oxygen. Ultimately, yellow 
products such as quinones, oligomers, and other degradation 
products are formed (14, 15). The knowledge of the kinetics 
and mechanisms of the reactions of unstable intermediates, 
particularly phenacyl radicals, should advance our under- 
standing of lignin photochemistry in general, and ultimately 
lead to rational strategies to inhibit the photoyellowing of 
paper. 

Phenacyl radicals can be produced in lignin by several 
reactions, including the photocleavage of structures contain- 
ing the a-phenoxyacetophenone moiety. To study the behav- 
ior of this radical without the spectral and chemical 
interferences of the phenoxyl radical, ring-substituted deriva- 

tives of a-bromoacetophenones can be used as phenacyl pre- 
cursors, where the primary photoprocess involves cleavage 
of the a-C-Br bond to yield the phenacyl radical and a bro- 
mine atom, reaction [ I ] .  Ketones 1-5 are the subject of this 
work. 

Experimental 

Materials 
The various substituted a-bromoacetophenones were obtained 
from either Lancaster or Aldrich and were recrystallized from 
hexane before use. Bromide ions were added as (C4H9),NBr 
from Aldrich, which had suitable solubility in the alcohol sol- 
vents used. n-Dodecane was a BDH product, valerophenone; 
p-methoxyacetophenone, andp-cyanoacetophenone were pur- 
chased from Aldrich. Solvents were OmniSolv grade from 
BDH. Deuterated alcohol solvents were obtained from either 
Aldrich or Cambridge Isotope Laboratories. 

General techniques 

Competitive studies 
Typical samples were 3 mL, containing 2-10 mM concentra- 
tion of a ketone (1-5) in alcohol solvents. The samples were 
contained in Pyrex tubes and were deaerated (15 min) by bub- 
bling with oxygen-free nitrogen. The samples were irradiated 
with two to six RPR-3500 lamps; irradiations were carried out 
in a "merry-go-round" apparatus to ensure that all samples 
received the same irradiation dose. Irradiation times varied 
between 1 and 5 min and were adjusted in order to obtain 
around 20% conversion of the starting material. Calculations 
of conversions were done using n-dodecane as an internal 
standard. The temperature of the irradiation chamber was in 
the 30-35°C range. The product ratios were analyzed by GC 
and (or) by GC-MS. Product identification was achieved 
by comparison of GC retention times with authentic samples 
and (or) GC-MS analysis. 

Deuterium labeled product studies 
Typical samples were 1 mL, containing 2 mMpara-substituted 
a-bromoacetophenones in deuterated alcohol solvent. The 
samples were contained in Pyrex tubes and were deaerated (15 
min) by bubbling with oxygen-free nitrogen. The samples 
were irradiated as described above. Sodium carbonate was 
added to each sample to prevent any acid-catalyzed isotopic 
exchange between the ketone product and the solvent. Substi- 
tution patterns were analyzed by GC-MS. Control samples 
were prepared to ensure that isotopic substitution remained 
intact throughout the experiment. This was done using a 2 mM 
solution of p-methoxyacetophenone in CH30D, CD30H, and 
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CH3CHODCH3, adding 1 mM HBr, purging for 15 min with 
oxygen-free nitrogen, and irradiating at 350 nm with two 
lamps for 2 min. The only system that did show deuterium 
incorporation was that involving CH30D as the solvent. 
CD30H and CH3CDOHCH3 were considered "clean" systems 
since any exchange with the solvent would not alter the substi- 
tution pattern. Control experiments using CD3CHOHCD3 
were also carried out to verify that no atom transfer involving 
loss of hydrogen atom from the methyl group of the ketyl rad- 
ical to form CD,=C(OH)CD3 would interfere in the deutera- 
tion pattern of the final ketone. This was done with the 
compounds 1 and 2 and, for both sytems, the M+l peak was 
measured to be -lo%, as expected from the 13c abundance. 
All calculations of percentage electron transfer took into con- 
sideration the natural abundance of 13c, which was measured 
to be 9.5% (expected: 9.9% for 1-3) using authentic samples of 
the corresponding acetophenones. Furthermore, no M - 1 con- 
tribution were observed for any mass spectra during this anal- 
ysis. 

Quantum yields 
These were determined by two different experiments. In a first 
experiment, compound 1 was used as a starting material and 
the quantum yields were measured by comparing the ace- 
tophenone yields in cyclohexane with those obtained in alco- 
hols. Irradiations were carried out at 350 nm and product 
concentrations determined as indicated below. The quantum 
yield for the primary photocleavage of the C-Br bond in 
cyclohexane was taken as 0.35, the same value determined 
earlier in methanol solvent (2). The second experiment 
involved using a reference system as an actinometer. Vale- 
rophenone in benzene yields acetophenone with a quantum 
yield of 0.30 (16). Compound 4 was used as a starting material 
and the quantum yields were measured in methanol, ethanol, 
and isopropanol. Both systems had concentrations adjusted to 
have an absorption of 1.5 at 350 nm. Concentrations of 25 mM 
for the a-bromoacetophenone system and 100 mM for the ref- 
erence system were used throughout these experiments. 
Deaerated samples were irradiated side by side with one to six 
RPR-3500 lamps as described above. Irradiation times were 
varied between 10 s and 70 min. Calculations of conversions 
were done using n-dodecane as an internal standard. The ratios 
between acetophenone formation and internal standard were 
analyzed by GC and then plotted as a function of time. Com- 
paring slopes between the two systems permitted measure- 
ment of chain lengths. 

Gas chromatography 
The competitive studies of ketone photodecomposition in 
alcohol solvents and quantum yield experiments using vale- 
rophenone as a reference system were quantitatively analyzed 
on a Perkin Elmer model 8320 capillary gas chromatograph 
equipped with a flame ionization detector (FID) and a DB-5 
bonded-phase column of 15 m length (from J & W Scientific). 

GC-MS 
Analyses of samples, including those containing Bu4NBr, 
were quantitatively performed on a Fisons Instruments 8000 
series gas chromatograph with a capillary (DB-5, 15 m, 0.25 
mm) column coupled with a MD-800 series mass spectrometer 
equipped with an EI ion source and a Dynolite detector, and 

controlled by a DECl486 PC operating with Masslab software, 
release 1.12. 

Cyclic voltammetry 
Cyclic voltammetry measurements were carried out using a 
standard three-electrode cell with a glassy carbon working 
electrode 3 mm in diameter, a platinum coil counter electrode, 
and a platinum wire reference electrode in a Bu4NBF4 (0.1 M) 
- acetonitrile solution. The solvent for all measurements was 
distilled acetonitrile 'EM Science) containing 0.1 M tetrabutyl- 
ammonium perchlorate (TBAPIFluka) as the supporting elec- 
trolyte, which was recrystallized twice from a CH,Cl,-ether 
mixture. Solutions were deoxygenated with a stream of dry 
argon. Measurements were made using a PAR model 173 
potentiostat equipped with a PAR model 175 universal cell pro- 
grammer. Voltammograms were recorded on a HP 7045B X-Y 
recorder. All potentials are reported with respect to the satu- 
rated calomel electrode (SCE). The voltammogram obtained 
for a-bromoacetophenone (4) at 200 mV s-' showed two reduc- 
tion peaks. The first cathodic peak, located at -0.78 V with 
respect to the saturated calomel electrode, is relevant to the irre- 
versible reduction of compound 4, and its height (measured 
with respect to tRe monoelectronic wave of ferrocene) corre- 
sponds to the consumption of one electron per molecule. The 
second peak that was observed corresponds to the reduction of 
acetophenone as shown by comparison with an authentic sam- 
ple. The same cyclic voltammetric behavior was observed with 
compounds 1 and 2. The results obtained by these experiments 
are summarized in Table 4 and were done at the National 
Research Council under the supervision of Drs. A. Houmam 
and D.D.M. Wayner. 

Bond energy data analysis 
Bond energies for the various ketyl radicals were calculated 
using the NIST Structures and Properties Database and Esti- 
mation Program, software version 1.1 (17). 

Results and discussion 

It is well established that ketones 1-5 undergo efficient photo- 
decomposition in alcohol solvents upon broad band irradiation 
centered at 350 nm. For example, in the case of compound 1,  
the relative yields of p-methoxyacetophenone in various sol- 
vents were determined to be 1:4:97 for cyclohexane, metha- 
nol, and 2-propanol (3). Taking the quantum yield for the 
primary photocleavage of the C-Br bond in cyclohexane as 
0.35 (2), the overall quantum yields are 1.4 and 34 for metha- 
nol and 2-propanol, respectively, showing a long chain in 2- 
propanol and a short one in methanol. 

To achieve a better understanding of the chain lengths 
involved in these systems, valerophenone in benzene was cho- 
sen as an actinometer (l6), since it gave the same photoprod- 
uct as our compound 4 in the alcohol systems of interest. 
Figure 1 shows the results obtained in three alcohol solvents 
using six UV lamps. 

When comparing slopes for any given experiment with that 
for valerophenone (used as actinometer) one obtains relative 
chain lengths of 2.5 and 19 for methanol and ethanol, respec- 
tively, and a lower limit of 2 1  16 for isopropanol. In isopro- 
panol, the conversion was so high that very short irradiation 
times had to be employed in order to minimize any interfer- 
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Renaud and Scaiano 

Fig. 1. Acetophenone yield ratios as a function of time of 
irradiation for valerophenone as a reference and for compound 4 
in methanol, ethanol, and isopropanol irradiated with six RPR- 
3500 lamps. 

PrOH 

m I 
MeOH 

I I 

/ 

/ / Reference 

/ 

I I I 

0 10 20 3 0 40 5 0 
Time of irradiation (minutes) 

ence from the photoproducts; exposure times were of the order 
of seconds as opposed to minutes for the other two solvents. 
Depletion of the starting material led to nonlinear production 
of acetophenone even after 30 sec. Taking into consideration 
the quantum yield of acetophenone formation of 0.30 for 
100 mM valerophenone in benzene (16), values of 0.75, 5.7, 
and a lower limit of 2 3 5  were obtained as overall quantum 
yields of product formation. Again, short (or nonexistent) 
chain lengths in methanol and increasing chain lengths for eth- 
anol and isopropanol were shown. 

In a chain reaction mechanism involving photochemical ini- 
tiation, the chain length is inversely proportional to the square 
root of the light absorbed, i.e., 

Rate, a ( ~ a t e ~ l k , ) " ~  x k, x (conc. term) 

where the "concentration term" will usually contain one of the 
reactants. Rate, is the rate of initiation. The chain length, X, is 
given by: 

X = (RateJRate,) = kd(Rate, x k,)'I2 x (conc. term) 

For a reaction initiated photochemically, the rate of initia- 
tion will be directly proportional to the light intensity absorbed 
(I,) by the photoinitiator, 

Rate, a I, 

thus, 

In a first, rather rough, approximation, I, is proportional to 
the number of lamps used in the photoreactor, leading to: 

To verify this mathematical relationship, the number of 
lamps was varied in a series of experiments. Table 1 shows the 

Table 1. Chain lengths of compound 4 in various alcohol 
solvents. 

Solvent UV lamps Slope ratio Chain length 

MeOH I 5.3 1.6 
i-PrOH 2 263 79 
MeOH 6 2.5 0.75 
EtOH 6 19 5.7 
i-PrOH 6 >I 16 >35 

results obtained in methanol and isopropanol. These results 
are in agreement with the mathematical relationship derived 
above, and therefore the chain length increased when fewer 
lamps were used in the photoreactor. Table 1 also includes 
results obtained in ethanol using six UV lamps. 

It is well established that the primary photoprocess involves 
cleavage of the C-Br bond, as shown in eq. [I]. The radicals 
produced in this reaction can abstract hydrogen readily from 
alcohols and can initiate chain reactions by two distinct mech- 
anisms. Schemes 1 and 2 illustrate the mechanism in the case 
of methanol. 

Since both mechanisms involve the intermediacy of a com- 
mon radical (-CH,OH), they cannot function as independent 
chains and we presume one of them will normally dominate. 
The final products from both reactions should be the same. 
Scheme 2 represents an electron transfer mechanism, which 
we anticipated would be favored in the case of electron-defi- 
cient molecules such as 2. At low conversions, the reactions 
are quite clean, giving only the expected products. 

Scheme 1. Bromine atom mechanism (hydrogen transfer). 

k,  Br' + CH30H + HBr + ~ H , O H  

& 

ArCOCH, 

Scheme 2. Phenacyl radical mechanism (electron transfer). 

k5 ArCOCH,' + CH30H + ArCOCH, + ~ H , O H  

[A~COCH,B~]' % ArCOCH,' + Br- 

To  distinguish between the mechanisms of Schemes 1 and 
2, experiments were carried out in the presence of 10 mM bro- 
mide ions, added as Bu,NBr. We assumed that the mechanism 
of Scheme 1 would be heavily influenced, since bromine 
atoms form the less reactive intermediate Br2' by complex- 
ation with bromide, i.e., (6, 13, la), 

[3] Br' + Br- + Br2' 

We found that in methanol solvent, addition of bromide ion 
caused a 4.5 times decrease in product formation in the case of 
1, but this was reduced to only a factor of 2.0 in the case of 2. 
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These results suggest that the bromine atom mechanism must 
be dominant for 1 and possibly plays a role even in the case of 
the electron-deficient cyano-substituted compound 2. 

To determine the relative reactivity of ketones 1-5 towards 
ketyl radicals, we carried out a series of competitive experi- 
ments in which ketones 1-5 were .irradiated in pairs, and the 
ratio of products was examined for various ratios of starting 
materials. The product ratio for ketones A and B is related to 
the ratio of precursors according to: 

where k t  and k,B represent the values of k3 and k,, since these 
are the only steps in which the two ketones compete for reac- 
tion with the ketyl radical, i.e., 

Clearly, product formation in both reaction schemes is 
determined by reaction of the ketyl radicals with the a-bro- 
moacetophenones, regardless of which one is the predominant 
mechanism. 

Figure 2 shows plots according to eq. [4] for representative 
pairs of ketones in methanol, while Fig. 3 shows the corre- 
sponding plots for 1 and 2 in methanol, ethanol, and 2-pro- 
panol. The values of krAlk,B obtained from these studies have 
been summarized in Table 2. the para-substituted ketones fol- 
low the anticipated order of reactivity according to their elec- 
tron-accepting ability, i.e., p-CN > p-H > p-CH30. 

We were surprised by the results for 1-2 mixtures in the dif- 
ferent alcohols. These results (see Table 2) show that the selec- 
tivity order is 2-propanol > ethanol > methanol. Assuming that 
the better reducing agent (2-propanol) will react faster, one 
would have anticipated the lowest selectivity in this case. 

The fact that 1 is less reactive than 2 suggests that the reac- 
tion is not in the Marcus inverted region since the kinetics fol- 
low the normal dependence on driving force (1 9, 20), A more 
likely explanation for the unusual selectivity-structure depen- 
dence is that the hydrogen transfer mechanism of Scheme 1 is 
intrinsically less selective than the electron transfer process of 
Scheme 2. Further, we anticipate that the mechanism of 
Scheme 1 will be more likely to be favored over Scheme 2 in 
the case of methanol than for 2-propanol. This rationale is 
based on our analysis of bond energy data for the various ketyl 
radicals, where reaction [6] is not very sensitive to the detailed 
substitution pattern. 

Fig. 2.  Dependence of product ratios following 350 nm 
irradiation of 112 (e) and 412 (W)  mixtures in methanol. 

Fig. 3. Dependence of the product ratios following 350 nm 
irradiation of 112 mixtures in methanol, ethanol, and 2-propanol. 

0 I 2 3 4 5 6 

[ R 1 ~ r ] l [ R 2  Br] 

Table 2 .  Competitive studies of ketone photodecomposition in 
alcohol solvents at room temperature 

Substrates 

The AH, for reactions is 30.3, 27.7, and 27.2 kcal/mol for 
the radicals from methanol, ethanol, and 2-propanol, respec- 
tively (17). 

A quantitative approach to discriminating between these 
two schemes is to utilize deuterium-labeled alcohols, since 
both reaction pathways should give a distinct isotopic pattern. 
Under such isotopic labeling conditions, Schemes 1 and 2 
would yield the same product, acetophenone, with one unit 
mass difference, and Schemes 3 and 4 show the reaction prod- 
ucts for the case of compound 1 in CD,OH. 

A B Solvent k:lk? 

Methanol 
Methanol 
Methanol 
Methanol 
Ethanol 

2-Propanol 
Ethanol 

2-Propanol 
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Renaud and Scaiano 

Scheme 3. Bromine atom mechanism. 
k ,  

Br' + CD,OH + DBr + hD10H 

Scheme 4. Phenacyl radical mechanism. 
k 

ArCOCH?' + CD,OH 4 ArCOCHID + ~ D ~ O H  

(mlz) = 15 1 
k6 ~ D , O H  + ArCOCH2Br + CD20 + H+ + [ A ~ C O C H ~ B ~ ] '  

Table 3 shows the percentage of electron transfer measured 
for compounds 1 and 2 in three different deuterated alcohol 
solvents. The choice of substrates permitted study of both 
extremes of the electron-accepting capability of the par-a-sub- 
stituted family, and the choice of alcohols permitted study of 
both extremes of the electron-donating capability of the ketyl 
radicals. 

The percentage of electron transfer was determined by mea- 
suring and comparing the intensity (%TIC) of the molecular 
ion peaks corresponding to the parent and the mono-deuter- 
ated acetophenones. A measured natural abundance of I3c of 
9.5% was taken as the correction factor for adjusting these 
peaks. For example, the system studying the photochemistry 
of compound 1 in CD30H was analyzed as follows: 

Product formation resulting from Scheme 3 gives a molec- 
ular ion peak of 150. Correcting for the I3c content, the molec- 
ular ion peak now corresponds to: 

MI50 = Ml,o(ex,.) (1 + 9.5%) 

Product formation resulting from Scheme 4 gives a molec- 
ular ion peak of 15 1. Correction of this peak corresponds to: 

where the last multiplying factor takes into consideration the 
I3c abundance present in the mono-deuterated peak. 

Therefore the percentage of electron transfer (%et) is given 
by the following relationship: 

%et = MI,, 1 (MI,, + M,,,) x 100% 

and consequently the percentage of hydrogen transfer (%Ht) is 
given by: 

Clearly, these results demonstrate that the nature of the 
starting material is not a main contributing factor in the dis- 
crimination between the two schemes. The only parameter that 
seems to be playing a major role is the nature (reducing 
strength) of the ketyl radicals. 

Table 3. Percent of electron transfer measured for compounds 1 
and 2 in various deuterated alcohol solvents (I3C corrected). 

Compound CD30H CH3CDOHCH3 CH3CHODCH3 

Average 22 8 1 

2 23 88 
89 
87 
82 

Average 23 86 

Table 4. Reduction potentials" for compounds 1, 2, and 4 in 
acetonitrile - 0.1 M TBAP at 25"C, reported with respect to the 
saturated calomel electrode (SCE). 

Compound E (RBr / R.Br-) V vs. SCE 

"Estimated irreversible reduction potentials, see experimental section. 

Because of isotope effects, one can anticipate that the 
hydrogen transfer step in the overall mechanism (k3) will be 
the one that is going to be influenced the most by the nature of 
the deuterated solvent. This effect will explain the differences 
in percentage of electron transfer between the two isopropanol 
solvents. In the case of CH3CHODCH3, that step is slowed 
down to the degree of being unable to compete anymore with 
the electron transfer step (k6) and therefore we observe near- 
quantitative electron transfer for that system. 

Cyclic voltammetry experiments were performed on the 
para-substituted family in order to verify that the starting 
material is an unimportant parameter in the overall chain reac- 
tion mechanism. Table 4 summarizes the results obtained for 
the reduction potentials measured in acetonitrile. These results 
are in agreement with the previous statement that the nature of 
the substrate is of little consequence in determining the reac- 
tion pathway chosen during the photodecomposition. 

Conclusion 

In conclusion, the photoinitiated reaction of ring-substituted 
a-bromoacetophenones with alcohols involves an efficient 
chain reaction leading to the corresponding acetophenone, 
HBr, and the carbonyl compound from oxidation of the alco- 
hol. Two different mechanisms, involving hydrogen or elec- 
tron transfer by ketyl radicals, were proposed in order to 
accommodate the unusual selectivities of these reactions. 
Studies of isotope incorporation from deuterated alcohols 
leads to the conclusion that electron transfer (Scheme 2) dom- 
inates in the case of 2-propanol, while hydrogen transfer 
(Scheme 1) is most important for methanol.The results dem- 
onstrate that ring substitution in the starting ketone is not a 
main contributing factor in the discrimination between the two 
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mechanisms; the observation is further corroborated by the 
relatively minor variations observed (see Table 4) in the reduc- 
tion potentials. The only parameter that seems to be playing a 
major role is the nature (reducing strength) of the ketyl radi- 
cals. 
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Synthesis of chemically and functionally 
diverse scaffolds from pentaerythritol 

Stephen Hanessian, Hubli Prabhanjan, Dongxu Qiu, and Sudhir Nambiar 

Abstract: Pentaerythritol(2,2-bis-hydroxymethyl-propane- 1,3-diol) was converted into a series of mono-, di-, and trisubstituted 
derivatives, comprising ally1 ethers and amino-alkyl ethers, by systematic chemical manipulation of the hydroxy groups. The 
remaining hydroxymethyl group in the case of the trisubstituted analog was functionalized with ether groups bearing terminal 
o-carboxyl or o-alkene groups. These derivatives are versatile templates and scaffolds for single, double, or triple substitution 
with appropriate ligands forming amides and esters, and allowing the attachment of the w-alkene or o-carboxyl group to solid 
support for combinatorial chemistry. 

Key words: molecular diversity, scaffolds, templates and tris(2-aminoethy1)-pentaerythritol. 

RCsumC : Le pentaCrythritol(2,2-bis-hydroxymethyl-propane-1,3-diol) a CtC converti en une sCrie de dCrivCs mono-, di- et 
trisubstituis portant des groupes Cther allylique et Cther aminoalkyle par manipulation systkmatique des fonctions hydroxy. Le 
groupe hydroxymCthyle restant dans le cas des dCrivCs trisubstituks a CtC fonctionnalise par un des groupes ethers avec un groupe 
terminal carboxy ou alcinyle. Les derives sont utiles comme des sources de branchement des ligands pharmacologiquement 
actives par des liaisons amides ou ester. Des applications dans la chimie combinatorielle sur phase solide sont aussi 
envisageables. 

Mots elks : diversite moleculaire, tris(2-aminoethy1)-pentaerythritol. 

Recent interest in chemical diversity in conjunction with com- 
binatorial methods of lead structure generation has instigated a 
search for readily available polyfunctional organic molecules 
that can be manipulated in a systematic manner (for recent 
reviews, see ref. 1). Such molecules can be utilized as tem- 
plates or scaffolds onto which one can introduce variable func- 
tionality with spatially predetermined dispositions (2). For 
example, the incorporation of specific pharmacophores or 
related motifs at the extremities of such scaffolds can lead to 
binding at different receptor sites with potentially novel thera- 
peutic applications (3). Alternatively, the attachment of the 
template or scaffold molecule to a polymer support through 
one of its arms, allows the voluntary elaboration of one or 
more remaining chains in a parallel or combinatorial mode for 
the discovery of biologically active sequences on growing 
chains. In the case of templates capable of replicating out- 
wards from a core unit, it is possible to construct dendritic 
molecules (for selected examples, see ref. 4) with intriguing 
shapes and exciting physical properties. 

In connection with our interest in the general area of chem- 
ical and functional diversity (5), we wished to prepare organic 
templates capable of accommodating one, or more, bioactive 
molecules in order to release them in a sustained manner in a 
chemically or enzymatically induced process. Another objec- 
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tive was to prepare polyfunctional molecules that could allow 
us to generate clusters of immunologically relevant haptens on 
a given template. We have previously shown that pentaeryth- 
ritol can serve as an excellent anchor for clustering potential 
megacaloric nutrients upon its framework by ester linkages 
(6). 

We report herein our studies in the systematic manipulation 
of the readily available pentaerythritol (2,2-bis-hydroxyme- 
thyl-propane-1,3-diol) 1, and the introduction of versatile 
functionality through a series of 0-substitution and SN2 dis- 
placement reactions. 

In spite of the low cost and versatile structure of pentaeryth- 
ritol, relatively few differentially functionalized derivatives 
are known (7). Tetrabromo and tetraamino derivatives of pen- 
taerythritol have been known for many years (8). Recently, 
Neumann, Woulfe, and co-workers (9) reported the synthesis 
of a triamino analog of pentaerythritol in conjunction with 
novel routes to 1, 1,l -tris(aminomethyl)ethane (TAME), 
which is a well-known ligand for metal ions. Newkome et al. 
(10) recently reported the preparation of tetrakis (w-bro- 
moalky1)methanes from pentaerythritol, and their utilization 
in carbon extension reactions to generate functionalized cas- 
cade core molecules. Finally, Kremers and Meijer (1 1) uti- 
lized pentaerythritol for the preparation of chiral dendrimers 
in their racemic forms. 

Scheme 1 illustrates the sequence for the synthesis of 
monofunctionalized derivatives of tris(2-aminoethy1)pen- 
taerythritol proceeding via the intermediacy of the corre- 
sponding tris(2-azidoethyl) ether of pentaerythritol. A variety 
of ether and ester functions could be introduced on the remain- 
ing hydroxymethyl group without affecting the resident azido- 
ethyl groups. 

Stoichiometrically controlled silylation of pentaerythritol 1 

Can. J. Chem. 74: 173 1-1737 (1996). Printed in Canada 1 Imprimt au Canada 
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Scheme 1. 

HO OH HO OTBDPS -0 OTBDPS 
b 

HOJ'~ OTBDPS 

X a C - X - X - X d - 
HO OH HO OH 

NO O* H o w 0  O+oH 

9 R = allyl 
10 R =I  -octenyl 

a 0.5 equiv. TBDPSCI, DMF, 0 - 15OC. b. allyl bromide, DMF, NaH, O'C - r.t. c. O,, CH2C12, - 78OC ; NaBH, ,EtOH, r.t. d. MsCI, 

Pyridine, 0 OC - r.t. ; NaN,, DMF, 130°C. e. TBAF, THF, -10 'C - r.t. f. for 7 allyl bromide, DMF, NaH, O°C, r.t ; for 8, 1-  octenyl 

bromide, DMF, KH, TBAI, O'C - r.t g. Ph,P, THF, r.t. h. C,7H35COOH, DCC, CH2CI2, r.t. i. O,, MeOH, -78 OC ; PDC, DMF, 

r.t. j. for 13, BnOH, DCC, DMF, r.t; k for 14, MeOH, Dowex IR -H+, r.t. 

with tert-butylchlorodiphenylsilane in DMF (12) gave the 
monosilylated derivative 2 in 84% yield, which was trans- 
formed into the tri-0-ally1 derivative 3 under standard condi- 
tions. The allyl groups were oxidatively cleaved by ozonolysis 
and the resulting trialdehyde was reduced with NaBH, to give 
the triol 4 in good overall yield. 

Conversion to the triazido derivative 5 was accomplished 
by treating 4 with mesyl chloride in pyridine at 0°C to form the 
trimesyl ester, followed by displacement by azide ion. After 
removing the tert-butyldiphenylsilyl group in 5 with TBAF, 
the resulting alcohol 6 was converted to allyl and 1-octenyl 
derivatives 7 and 8 in high yields, by treating with allyl bro- 
mide and 1-octenyl bromide, respectively. Finally, reduction 
of the azido functions in 7 and 8 with triphenylphosphine in 
THF (13) afforded the desired scaffold molecules 9 and 10, 
respectively, as viscous light yellow syrups that were suffi- 
ciently pure to be used in subsequent transformations. 

The triazido derivative 6 could be easily esterified with a 
fatty acid. Thus, treatment with stearic acid in the presence of 
DCC and DMAP gave the stearoyl derivative 11 in high yield. 
The terminal double bond in 8 was ozonolyzed, and the result- 
ing aldehyde was oxidized to an acid 12 upon treatment with 
PDC. Esterification of the acid with methanol and benzyl alco- 
hol individually gave the respective ester derivatives 13 and 
14. 

We have used the monofunctional tris(2-aminoethyl) deriv- 
atives 9 and 10 as tripodal primary amines for amide bond for- 

mation with appropriate glycosylamino acid derivatives (14). 
Such clustered glycopeptide derivatives are interesting hap- 
tens for immunological studies in conjunction with the prepa- 
ration of artificial vaccines (15) against certain types of 
tumors. 

The preparation of a mono(aminoethy1) ether derivative of 
pentaerythritol involved a different strategy, which is illus- 
trated in Scheme 2. Controlled allylation of diol 15 (16) with 
allyl bromide in DMF gave the monoallylated derivative 16 in 
60% yield, which was in turn converted into diol 17, by ozo- 
nolysis of the double bond to an aldehyde and subsequent 
reduction with NaBH,. Treatment of 17 with tert-butylchlo- 
rodiphenylsilane in DMF led to the monosilylated derivative 
18 without any detectable disilylation, undoubtedly due to the 
neopentylic nature of the other hydroxymethyl group. Hydro- 
genolytic cleavage of the benzyl groups over Pd-C gave the 
triol 19 in high yield. 

In a parallel sequence of reactions similar to those leading 
to 18, the two hydroxyl groups in 15 could be allylated under 
conditions described for 3 to give 20. Oxidative cleavage of 
20, followed by reduction, gave a diol21 that was converted to 
22 by selective monosilylation. Mesylation of 22 followed by 
nucleophilic displacement with azide ion gave the azido ion 
derivative 23 in high overall yield. Treatment of 23 with thi- 
olacetic acid (17) gave the corresponding N-acetyl derivative 
24, which was subjected to hydrogenolysis to give the diol25. 

It was also of interest to prepare tris(l,l, 1-aminomethyl) 
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Hanessian et al: 1 

Scheme 2. Scheme 3. 

" O x H  NgN3 N%N3 - 
HO OTBDPS N3 OTBDPS N3 OH 

OTBDPS 

OTBDPS ' OTBDPS OTBDPS 

a. Allyl bromide (0.9 equiv.), DMF, NaH, 0 "C b. 03. CH2CI2 , 
-78 OC: NaBH.,, EtOH, r.t. c. TBDPS-CI, Imidazde, DMF, 0 "C-r.t. 

d. Allylbromide (5 equlv.), DMF. NaH. 0 OC. e. Hz . Pd-C. MeOH, r.t. 
1.  MsCI, bridine, 0 "C; NaN3. DMF. 130 "C. g. Thidacetic add, r.t. 

ethanol, a triamino pentaerythritol in which one hydroxyme- 
thy1 group was free for further elaboration into ether and acid 
groups with a view of conjugation to appropriate carriers or 
attachment to solid-phase matrices. The preparation of mono- 
O-benzyl triazido-trideoxy pentaerythritol and its reduction to 
the corresponding triamino derivative was described by 
Woulfe and co-workers (9), adopting the method of Fleischer 
(18) (NaN,, diethylene glycol, 120°C, followed by P d C ,  H, in 
methanol). 

- 

Our protocol started with the tri-mesylation of 2 and subse- 
quent displacement with sodium azide in DMF at 120°C to 
give 26 in good overall yield (Scheme 3). Treatment with flu- 
oride ion removed the silyl ether group to give the triazido- 
derivative 27, which was isolated as a syrup. Working in the 
mmol scale, we encountered no problems with the azido func- 
tions, although caution must be exercised at all times with 
polyazido compounds, especially with larger runs (8). The 1- 
octenyl ether 28 was readily by alkylation in the pres- 
ence of KH and tetrabutylammonium iodide in DMF at 0°C. 
Presumably, alkylation was accelerated by formation of the 
tetrabutylammonium alkoxide, which is more reactive than the 
corresponding potassium alkoxide (19). Ozonolytic cleavage 
of 28, followed by oxidation and esterification, gave the corre- 

a. MsCI, Pyridine, 0 "C; lhen NaN3 , DMF. 130 OC. b. TBAF, 
THF, -10 - 0 OC. c. l -  octenyl bromide. KH. TBAI, DMF . 0 OC - r.t. 
d. 03, CH2CI2, -78 OC; then PDC, DMF, r.t. e. BnOH, DCC, 
CH2Cl2, r.t. 1. Ph3P, THF, r.t. 

sponding carboxylic acid 29 and the benzyl ester 30. Finally it 
was possible to achieve chemoselective reduction of the azido 
group in 28 by treatment with triphenylphosphine to afford the 
corresponding triamino derivative 31. 

The functionally differentiated derivatives of pentaerythri- 
to1 shown in Schemes 1-3 should find utility in a number of 
areas relating to the expression of chemical diversity on poly- 
functional scaffolds and templates. The presence of carboxylic 
acid, alcohol, and olefinic groups on tethers of appropriate 
chain lengths should allow the attachment of these pentaeryth- 
ritol-derived motifs on solid supports and the further explora- 
tion of their chemistry. 

Experimental 

Melting points are uncorrected. 'H NMR spectra were 
recorded at 300 MHz in CDC13 (unless otherwise indicated), 
with CHC1, as reference. 13c NMR spectra were recorded at 
75 MHz in CDC13 (unless otherwise indicated), with CHC13 as 
reference. Wherever necessary, 'H NMR assignments were 
supported by appropriate homonuclear correlation experi- 
ments (COSY). IR spectra of samples were recorded as films. 
Mass spectra were recorded using electron ionization (EI) at 
70  eV or by the fast atom bombardment (FAB) technique. 
Chromatography was performed on 230-400 mesh silica gel 
by flash technique (20). Thin-layer chromatography (TLC) 
was performed on glass plates coated with a 0.02 mm layer of 
silica gel 60 F-254. All solvents were freshly distilled before 
use. 
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2,2-Bis-hydroxyn~ethyl-propane-1,3-diol mono tert- 
butyldiphenylsilyl ether (2) 

To a solution of pentaerythritol 1 (3.1 g, 22.5 mmol) in 150 mL 
anhydrous DMF was added recrystallized imidazole (1.56 g, 
24 mmol) followed by the dropwise addition of tert-butyl- 
diphenylchlorosilane (3.15 mL, 12 mmol). The solution was 
stirred for 24 h, poured into 600 mL water, and extracted twice 
with ethyl acetate. The organic phase was washed with brine 
and water, and the extracts were dried (MgSO,), filtered, con- 
centrated, and purified by silica gel flash column chromatog- 
raphy (EtOAc-hexanes, 1: 1) to give 2 as an oil that solidified 
on standing (3.76 g, 84%, on the basis of the reagent added). 
'H NMR (CDCI,) 6: 7.67-7.63 (m, 6H), 7.43-7.40 (m, 6H), 
3.7 1 (d, 2H), 3.63 (s, 2H), 2.75 (bn s, 1 H), 1.07 (s, 9H). I3c 
NMR (CDCI,) 6: 135.5-127.7 (Ph), 65.2, 64.4 (0-CH2-C), 
45.5 (C quat.), 19.3 (-CH,),). HRMS (EI), calcd. for 
C,,H,,O,Si (M+H): 375.1984; found: 375.1960. 

3-Allyloxy-2,2-bis-allyloxymethyl-propane-1-01 tert- 
butyldiphenylsilyl ether (3) 

To a solution of 2 (3.76 g, 10 mmol) in 150 mL anhydrous 
DMF was added allyl bromide (4.3 mL, 50 mmol). The reac- 
tion mixture was cooled in an ice-water bath, and sodium 
hydride (60%, 1.76 g, 45 mmol) was added in three portions. 
The solution was stirred overnight at room temperature, and 2 
mL of methanol was added dropwise. The solution was par- 
tially concentrated in vacuo, poured into cold water (500 mL), 
extracted with ethyl acetate, washed with water, dried over 
MgSO,, and concentrated. The residue was purified by silica 
gel flash column chromatography (EtOAc-hexanes, 1 :20) to 
give the tri-allylated product 3 as an oil (3.90 g, 66%). 'H 
NMR (CDCI,) 6: 7.70-7.67 (m, 5H), 7.42-7.37 (m, 5H), 5.86 
(m, lH), 5.28 (m, 6H), 3.97 (m, 6H), 3.7 (s, 2H), 3.49 (s, 2H), 
1.04 (s, 9H). HRMS (FAB), calcd. for C,,H,,O,Si 
[M-C(CH,),]: 437.2 124; found: 437.2 148. 

3-(2-Hydroxy-ethoxy)-2,2-bis(2-hydroxy-ethoxymethyl)- 
propane-1-01 tert-butyldiphenylsilyl ether (4) 

Ozone was bubbled through a solution of 3 (3.90 g, 7.9 mmol) 
in 150 mL dichloromethane-methanol 1 : 1 at -78°C until the 
solution was saturated. Argon was bubbled through the solu- 
tion for 15 min to remove the residual ozone and an excess of 
methyl sulfide was added. The solution was allowed to warm 
to room temperature and concentrated to a syrup that was dis- 
solved in ethanol (30 mL). Sodium borohydride (1.7 g, 45 
mmol) was added in four portions to the cooled solution at 
0°C. After stirring for 24 h at room temperature, the solution 
was acidified with 20% HCl to pH 6, then concentrated to a 
syrup that was partitioned between ethyl acetate and water. 
After the usual work-up, a syrupy material was obtained that 
was purified by silica gel flash column chromatography 
(EtOAc-hexanes, 1:20) to give the title product 4 as a syrup 
that solidified on standing (2.94 g, 76%). 'H NMR (CDC1,) 6: 
7.64-7.64 (m, 1 OH), 3.67 (m, 6H), 3.64 (s, 2H), 3.55-3.63 (m, 
12H), 1.06 (s, 9H). 13c NMR (CDCI,) 6: 135.4-127.5 (Ph), 
72.4, 69.8, 61.3 (0-CH2-C), 43.2 (C quat., t-Bu), 19.5 
((CH,),). HRMS (FAB), calcd. for C,,H,,O,Si (M+H): 
507.2773; found: 507.2780. 

3-(2-Azido-ethoxy)-2,2-bis(2-azido-ethoxymethyl)- 
propane-1-01 tert-butyldiphenylsilyl ether (5) 

To a solution of 4 (506 mg, 1 mmol) in anhydrous pyridine 

(5 mL) at 0°C was added mesyl chloride (0.248 mL, 3.6 
mmol) dropwise. The reaction mixture was stirred for 4 h at 
25"C, water (1 mL) was added after recooling the reaction 
mixture to O°C, and stirring was continued for 30 min. The 
mixture was poured into ice-water and extracted twice with 
ethyl acetate. The combined organic layers were washed suc- 
cessively with 20% HCI and water, dried over MgSO,, con- 
centrated to a syrup, which was dissolved in anhydrous DMF 
(5 mL), and NaN, (390 mg, 6 mmol) was added. The mixture 
was heated at 130°C in an oil bath for 5 h, then cooled to room 
temperature. The contents of the flask were poured into ice- 
cold water, extracted with ethyl acetate, the organic layers 
were washed with water, dried over MgSO,, concentrated, and 
the residue was purified by silica gel flash column chromatog- 
raphy (EtOAc-hexanes, 1:25) to give 5 as an oil (501 mg, 
86%). 'H NMR (CDCI,) 6: 7.7-7.43 (lOH), 3.75 (s, 2H), 3.63 
(m, 6H), 3.55 (s, 6H), 3.3 (m, 6H), 1.1 (s, 9H). 13c NMR 
(CDCI,) 6: 135.4-127.4 (Ph), 70.3, 68.9, 61.7 (0-CH2-C), 
50.6 (-CH,N,), 45.9 (C quat.), 26.7 (C quat., t-Bu), 19.3 
(-(CH,),). HRMS (EI), calcd. for C,,H,,O,Si [M-C(CH,),]: 
524.2 188: found: 524.213 1. 

3-(2-Azido-ethoxy)-2,2-bis(2-azido-ethoxyniethyl)- 
propane-1-01 (6) 

To a solution of 5 (58 1 mg, 1 mmol) in anhydrous THF (5 mL) 
was added tetra-n-butylammonium fluoride (2 mL, 1 M in 
THF) dropwise at 0°C. The solution was stirred overnight and 
then concentrated. The residue was purified by silica gel flash 
column chromatography (EtOAc-hexanes, 1: 1) to give 6 as a 
semi-solid (33 1 mg, 97%) that was used as such in subsequent 
steps. 'H NMR (CDCI,) 6: 3.7 (s, 2H), 3.6-3.50 (t, 6H), 3.42 
(s, 6H), 3.3 (m, 6H). I3c NMR (CDCI,) 6: 70.05 (C-CH,- 
CH2N3), 69.9 (C-CHI-0), 64.1 (C-CH2-OH), 50.2 (CH2N3), 
42.5 (C quat.). HRMS (FAB), calcd. for C1,H2,N90,, (M+H): 
344.1779: found: 344.1794. 

3-[3-(2-Azido-ethoxy)-2,2-bis(2-azido-ethoxymethyl)- 
propoxyl-propene (7) 

To a solution of 6 (1.24 g, 7.2 mmol) in anhydrous DMF (10 
mL) was added allyl bromide (1 mL, 10 mmol), the solution 
was cooled to O°C, and NaH (400 mg, 60% in oil) was added. 
The reaction mixture was stirred for 24 h at room temperature, 
methanol (3 mL) was added, and stirring was continued for 30 
min. Solvent was removed under vacuum and the residue was 
partitioned between ethyl acetate and water. The organic lay- 
ers were washed with water, dried, and concentrated to a syrup 
that was purified by silica gel flash column chromatography 
(EtOAc-hexanes, 1: 10) to give 7 as an oil (1.93 g, 7 1%). ]H 
NMR (CDCI,) 6: 5.80 (m, lH), 5.15 (m, 2H), 3.95 (m, 2H), 
3.62 (t, 6H), 3.52 (s, 6H), 3.47 (s, 2H), 3.33 (s, 6H). This prod- 
uct was used in the next step as such. 

3-[3-(2-Azido-ethoxy)-2,2-bis(2-azido-ethoxymethyl)- 
propoxyl-oct-1-ene (8) 

To a solution of 6 (342 mg, 1 mmol) in anhydrous THF (5 mL) 
was added 5 mg of tetrabutylammonium iodide and 1-octenyl 
bromide (0.5 mL, 3 mmol) followed by KH (250 mg, 30% in 
oil) at O°C. The reaction mixture was stirred for 48 h at room 
temperature and processed as for 7. Purification by silica gel 
flash column chromatogra hy (EtOAc-hexanes, 1: 15) gave 8 P as an oil (368 mg, 81%). H NMR (CDC1,) 6: 5.81 (m, lH), 
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Hanessian et al: 1 

4.91 (m, 2H), 3.61 (t, 6H), 3.49 (s, 6H), 3.3-3.41 (s, lOH), 2.04 
(m, 2H), 1.34-1.6 (m, 8H). ',c NMR (CDC1,) 6: 138.9 
(=CH), 114.0 (=CH2), 71.3, 70.3, 69.6, 68.7, (0-CH2-C), 
50.6 (CH,N,), 44.9 (C quat.), 33.6 (CH,CH=CH,), and 28.8, 
25.9, 24.3 (alkyl chain CH,). HRMS (EI), calcd. for 
C19H360,N9 (M+H): 454.2890; found: 454.2920. 

3-[3-(2-Amino-ethoxy)-2,2-bis(2-amino-ethoxymethyl)- 
propoxyl-propene (9) 

To a solution of 7 (1.9 g, 4.96 mmol) in 50 mL of anhydrous 
THF was added PPh, (5 g). The mixture was stirred for 24 h at 
room temperature and 2 mL of water was added. Stirring was 
continued for another 24 h and the solvents were removed 
under vacuum. The residue was dissolved in water (20 mL), 
filtered over Celite, and the insolubles were washed with 
water. The combined water phase was washed with ethyl ace- 
tate and the organic phase was processed as usual to give 9 as a 
syrup (0.9 g, 60%). I H  NMR (CD,OD) 6: 5.80 (m, lH), 5.16 
(m, 2H), 3.88 (m, 2H), 3.45 (m, 14H), 2.75 (m, 4H), 1.99 (m, 
6H). I3c NMR (CDCl,) 6: 134.8 (=CH), 116.2 (=CH,), 
73.1, 72.1, 69.8, 69.7, 69.6, 69.1 (0-CH2-CH2N3), 45.3 (C 
quat.), 41.5 (CH,), HRMS (FAB), calcd. for C14H,,N304 
(M+Na): 328.2 192; found: 328.22 12. 

3-[3-(2-Amino-ethoxy)-2,2-bis(2-amino-ethoxymethyl)- 
propoxyl-oct-1-ene (10) 

A solution of 8 (80 mg, 0.17 mmol) in 5 mL of anhydrous 
THF was treated with PPh, in a similar fashion as for 
compound 9 to afford 10 as a syrup (58 mg, 79%). I3c NMR 
(CDCl,) 6: 140.05 (=CH), 114.86 (=CH,), 72.60 (0-CH,- 
CH,NH,), 71.04 (C-0- CH,), 70.62 (0-CH,-C), and 70.53 
(0-CH,(CH,),). HRMS (FAB), calcd. for CI9H,,O4N9 
(M+HSCH,CH(OH)CH,OH+H): 485.3600; found: 485.3448. 

Heptadecanoic acid 3-(2-azido-ethoxy)-2,2-bis(2-azido- 
ethoxymethy1)-propyl ester (11) 

A solution of 6 (80 mg, 0.2 mmol) in dichloromethane-EtOAc 
(5 mL, 1:l) was treated with stearic acid (140 mg), DCC (40 
mg, 0.2 mmol), and DMAP (5 mg) for 24 h at room tempera- 
ture. The mixture was diluted with dichloromethane (10 mL), 
washed with water, dried (MgS04), and evaporated. The resi- 
due was purified by silica gel flash column chromatography 
(EtOAc-hexanes, 1:9) to give 11 as a semi-solid (106 mg, 
81%). 13c NMR (CDCl,) 6: 70.3 (C-CH,-CH,N,), 69.2 
(C-CH,-O), 50.5 (CH2N,) and 43.8 (C quat.). HRMS (FAB), 
calcd. for C,9H56N905 (M+H): 610.4376; found: 610.4404. 

7-[3-(2-Azido-ethoxy)-2,2-bis(2-azido-ethoxymethyl)- 
propoxyl-heptanoic acid methyl ester (13) 

Ozone was bubbled through a solution of 8 (453 mg, 1.0 
mmol) in 10 mL dichloromethane-methanol (1:l) at -78OC 
until TLC showed completion of the reaction. Argon was bub- 
bled through the solution for 15 min to remove the residual 
ozone and an excess of methyl sulfide was added. The solution 
was allowed to warm to room temperature and concentrated to 
give an aldehyde intermediate. IR cm-I (film): 2100 (N,), 
1740 (CHO). This residue was dissolved in dry DMF (5 mL), 
and treated with PDC (1.34 g). After being stirred for 24 h, the 
mixture was partitioned between ethyl acetate and water, and 
the organic layers were washed with water, dried (MgSO,), 

and evaporated. Purification of the residue by silica gel flash 
column chromatography (EtOAc-hexanes, 3:7) gave 12 as a 
syrup (404 mg, 92%); IR cm-I (film), 2100 (N,), 1730 
(COOH); A solution of 12 (210 mg, 0.42 mmol) in methanol 
was treated with freshly generated IR-120 (H') resin (200 mg) 
at room temperature for 24 h. The resin was filtered off, 
washed with methanol, and the filtrate and washings were 
concentrated. Purification of the residue by silica gel flash col- 
umn chromatography (EtOAc-hexanes, 1:9) gave 13 an a 
syrup (171 mg, 70%). IR cm-' (film): 2100 (N,). 'H NMR 
(CDCI,) 6: 3.60 (m, 6H), 3.47 (s, 6H), 3.50 (s, 2H), 3.41 (s, 
3H), 3.31 (t, 2H), 3.25 (t, 6H), 2.30 (t, 2H), 1.67-1.33 (8H). 
13c NMR (CDCI,) 6: 71.0, 69.3, 68.5 (CH,CH,N,), 50.5 
(CH,OCH, CH,N,), 44.7 (C quat.). HRMS (FAB), calcd. for 
CI9H3,o6N9 (M+H): 486.2799; found: 486.2788. 

7-[3-(2-Azido-ethoxy)-2,2-bis(2-azido-ethoxymethyl)- 
propoxyl-heptanoic acid benzyl ester (14) 

A solution containing 12 (150 mg, 0.3 mmol), DCC (80 mg, 
0.4 mmol), benzyl alcohol (50 mg, 0.4 mmol), and 4-pyrroli- 
dinopyridine (10 mg) in 10 mL of dry dichloromethane was 
stirred for 24 h. The reaction mixture was diluted with 25 mL 
of dichloromethane, the organic layers were successively 
washed with dilute HCl, NaHCO,, and water, dried (MgSO,), 
and evaporated. Purification of the residue by silica gel flash 
column chromatography (EtOAc-hexanes, 1:9) gave 14 
as a syrup (100 mg, 60%). IR cm-' (film), 2100 (N,); 'H 
NMR (CDCl,) 6: 7.35 (s, 5H), 5.12 (s, 2H), 3.62 (m, 6H), 
3.49 (s, 6H), 3.41 (s, 2H), 3.38 (t, 2H), 3.13 (t, 6H), 
2.36 (t, 2H), 1.60-1.33 (m, 8H). 13c NMR (CDCI,) 6: 70.36 
(CH,(CH,),COOBn). 69.7 (CH,CH,N,), 68.7 (CH,CH,N,), 
65.99 (CH,O-alkyl), 66.0 (CH,Ph), 50.6 (CH,OCH,CH,N,), 
44.5 (C. quat.). HRMS (FAB), calcd. for C,H3,o6N, 
(M-N,): 533.2889; found: 533.2667. 

3-Allyloxy-2,2-bis(benzyloxy-methyl)-propane-l-o1 
(16) 

To a cooled (0°C) solution of 15 (7.1 g, 22.4 mmol) in dry 
DMF (180 mL) was added sodium hydride (4.8 g) and ally1 
bromide (1.9 mL, 20 mmol), and the mixture was stirred over- 
night at 0°C. The reaction mixture was quenched by adding 5 
mL of methanol and stirring was continued for 1 h. Solvents 
were removed under vacuum and the residue was purified by 
flash chromatography on silica gel column (EtOAc-hexanes, 
2:8) to afford 16 (4.8 g, 60%) as a syrup. 'H NMR (CDCl,) 6: 
7.36-7.25 (m, IOH), 5.85 (m, lH), 5.16 (m, 2H), 4.49 (s, 4H), 
3.92 (m, 2H), 3.76 (s, 2H), 3.55 (s, 4H), 3.52 (s, 2H), 2.8 (br s, 
1H). 13c NMR (CDCI,) 6: 140.01 (=CH), 139.8-126.7 (Ph), 
115.1 (=CH,), 44.1 (C quat.). HRMS (FAB), calcd. for 
C,,H,,O, (M+H): 357.2076; found: 357.2065. 

2,2-Bis(benzy1oxy-methyl)-3-(2-hydroxy-ethoxyl- 
propane-1-01 (17) 

Compound 16 (1.83 g, 5.1 mmol) was subjected to ozonolysis 
to give an aldehyde that was subsequently reduced with 
NaBH as described above, to give 17 (1.184 g, 64%) as a 4' syrup. H NMR (CDCI,) 6: 7.34-7.27 (m, lOH), 4.45 (s, 4H), 
3.62 (br s, 4H), 3.54-3.49 (m, 8H), 2.7 (br s, 2H). I3c NMR 
(CDCI,) 6: 140.01 ( = a ) ,  138.8-126.4 (Ph), 72.9, 71.9, 
70.2, 69.9, 64.6, 60.9 (-CH,O-), 44.5 (C quat.). HRMS (EI), 
calcd. for C21H2805 (M+H): 361.2021 ; found: 361.2015. 
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2,2-Bis(benzy1oxy-methyl)-3-(2-hydroxy-ethoxy)- 
propane-1-01 mono tert-butyldiphenylsilyl ether (18) 

To a cooled solution of 17 (2.0 g, 5.5 mmol) in dry DMF (30 
mL) was added tert-butyldiphenylchlorosilane (2.3 mL) and 
imidazole (2.8 g). The mixture was stirred at room temperature 
and monitored by TLC. After 6 h, ether (100 mL) was added, 
the organic layers were washed with water dried (MgSO,), and 
evaporated. Purification of the residue by silica gel flash col- 
umn chromatography (EtOAc-hexanes, 3:7) gave 18 (2.3 1 g, 
69%) as a syrup. 'H NMR (CDC1,) 6: 7.76-7.27 (m, IOH), 
4.50 (s, 4H), 3.79 (s, 2H), 3.76 (t, 2H), 3.59 (s, 2H), 3.59 (s, 
4H), 3.52 (t, 6H), 2.3-2.5 (br s, 1H), 1.06 (s, 9H). I3c NMR 
(CDCI,) 6: 140.1-127.0 (Ph), 72.6,72.4,68.8,68.0,65.7,62.7 
(CH,), 44.1 (C quat.), 18.1 (C quat., t-Bu), 16.18 (-(CH,),). 
HRMS (FAB), calcd. for C3,H4,0,Si (M+H): 599.8; found: 
599.3. 

2-(2-Hydroxy-ethoxymethyl)-2-hydroxymethyl-propane- 
1,3-diol mono tert-butyldiphenylsilyl ether (19) 

A methanolic solution of 18 (0.9 g, 1.5 mmol) was hydrogeno- 
lyzed in presence of 10% Pd/C (400 mg). Work-up and purifi- 
cation by silica gel flash column chromatography (EtOAc- 
hexanes, 3:7) gave 19 (0.433 g, 69%) as a syrup. 'H NMR 
(CDCI,): 6: 7.69-7.20 (m, lOH), 4.12 (dd, 2H), 3.73 (t, 2H), 
3.71 (s, 4H), 3.55 (s, 4H), 2.98 (brs, 3H), 1.09 (s, 9H). I3c 
NMR (CDCl,) 6: 139.1-126.7 (Ph), 44.4 (C quat.), 19.5 (C 
quat., t-Bu), 16.6 (-CH,),). HRMS (FAB), calcd. for 
C,,H,,O,Si (M+Na): 441.5, found: 441.3. 

3-(3-Allyloxy-2,2-bis-benzyloxy-methyl-propoxy)- 
propene (20) 

Allylation of the dibenzylated diol 15 (15) (5.1 g, 16.4 mmol) 
in dry DMF, essentially as described for 2, gave 20 (5.51 g, 
88%) as an oil. 'H NMR (CDCI,) 6: 7.33-7.24 (m, ]OH), 5.80 
(m, 2H), 5.15 (m, 4H), 4.5 1 (s, 4H), 3.97 (m, 4H), 3.57 (s, 4H), 
3.54 (s, 4H). ',c NMR (CDCl,) 6: 139.8-127.0 ( = C H  and 
Ph), 114.7 (=CH2), 44.1 (C quat.); HRMS (FAB), calcd. for 
C2,H3,O4 (M+H): 396.5292; found: 396.5298. 

2-[2-(2-Azido-ethoxymethyl)-3-benzyloxy-2-(benzyloxy- 
methyl)-propoxyl-ethanol tert-butyldiphenylsilyl ether 
(23) 

Compound 20 (0.9 g, 2.2 mmol) was ozonolyzed and reduced 
with NaBH,, as described above, to give the diol 21 (0.68 g, 
74%) as a syrup. A solution of 21 (0.2 g, 0.5 mmol) was 
monosilylated, essentially as described above for 17, to give 
22 (0.280 g, 84%) as a syrup. Compound 22 (1.1 g, 1.7 mmol) 
was mesylated and the resulting product was subsequently dis- 
placed with azide ion, essentially as described for 5, to give the 
azido derivative 23 as an oil (0.843 g, 74%). IR cm-' (film): 
2100 (N,). I H  NMR (CDC1,) 6: 7.74-7.23 (m, IOH), 4.49, 
4.48 (s, 4H), 3.76 (s, 2H), 3.56 (m, 1 OH), 3.24 (m, 2H), 1.1 (s, 
9H). I3c NMR (CDCl,) 6: 136.7-126.4 (Ph), 44.4 (C quat.), 
19.4 (C quat., t-Bu), 18.5 (-CH,),). HRMS (FAB), calcd. for 
C3,H,,O5N3Si (M+H): 668.4; found: 668.5. 

N-{2-[2,2-B680is(benzyloxy-methyl)-3-(2-hydroxy- 
ethoxy)-propoxyl-ethyl)-acetamide tert- 
butyldiphenylsilyl ether (24) 

The azido compound 23 (123 mg, 0.19 mmol) was dissolved in 
a minimum volume of dichloromethane, thiolacetic acid 

(3 mL) was added at room temperature, and the reaction mix- 
ture was stirred for 48 h, then concentrated. Purification of the 
residue by silica gel flash column chromatography (EtOAc- 
hexanes, 7:3) gave 24 (102 mg, 78%) as a syrup. 'H NMR 
(CDC1,) 6: 7.71-7.24 (m, IOH), 5.82 (br s, IH), 4.49 (s, 4H), 
3.77 (s, 2H), 3.30-3.56 (m, 14H), 1.82 (s, 3H), I .  I (s, 9H). 13c 
NMR (CDCI,) 6: 137.4-127.0 (Ph), 44.7 (C quat.), 23.5 
(CH,CONH), 20.4 (C quat., t-Bu), 17.4 (-CH,),). HRMS 
(FAB), calcd. for C41H5306NSi (M+H): 684.3; found: 684.5. 

N-{2-[3-(2-680Hydroxy-ethoxy)-2,2-bis-hydroxymethyl- 
propoxyl-ethyl)-acetamide tert-butyldiphenylsilyl ether 
(25) 

The benzyl groups in 24 (0.4 g, 0.58 mmol) were hydrogeno- 
lyzed as described above for 19 to give 25 (0.210 mg, 70%) as 
a syrup. 'H NMR (CDCI,) 6: 7.69-7.24 (m, Ph), 6.19 (br s, 
NH), 3.70 (s, -CH,OTBDPS), 3.73-3.40 (m, CH,), 2.63 (br s, 
OH), 1.96 (s, OCOCH,), 1.1 (s, t-Bu). I3c NMR (CDCI,) 6: 
170.8 (-), 135.8-128.3 (Ph), 45.3 (C quat.), 23.9 
(CH,CONH), 20.4 (C quat., t-Bu), 19.4 (-CH,),). HRMS 
(FAB), calcd. for C,,H,,O,NSi (M+H): 504.278 1 ; found: 
504.2798. 

3-Azido-2,2-bis-azidomethyl-propane-1-01-tert- 
butyldiphenylsilyl ether (26) 

Tri-0-mesylation and subsequent azide displacement of the 
trio1 2 (4.4 g, 11.8 mmol), essentially as described for 5, gave 
26 as a syrup (3.01 g, 57%). IR cm-' (film): 2100 (N,). 'H 
NMR (CDC1,) 6: 7.65-7.43 (m, IOH), 3.49 (s, 2H), 3.38 (s, 
6H), 1.10 (s, 9H). I3c NMR (CDCI,) 6: 135.5-127.7 (Ph), 
61.8 (CH,OTBDPS), 5 1 .O (CH,N,), 45.14 (CCH,N,). HRMS 
(FAB), calcd. for C, I H280N,Si (M+H): 450.2 186; found: 
450.2238. 

3-Azido-2,2-bis-azidomethyl-propane-1-ol(27) 
The silyl group in 26 (450 mg, 1.0 mmol) was removed by 
treating with TBAF in THF, as described above for 6, to give 
27 as a syrup (200 mg, 95%). IR cm-I (film): 2100 (N,). 'H 
NMR (CDCI,) 6: 3.54 (m, 2H), 3.38 (s, 6H), 1.75 (m, 1H). I3c 
NMR (CDC1,) 6: 62.04 (CH,OH), 51.4 (CH,N,), 44.41 
(CCH,N,). HRMS calcd. for C,H,,ON, (M+H): 212.1008; 
found: 2 12.0987. 

8-(3-Azido-2,2-bis-azidomethyl-propoxy)-oct-l-ene (28) 
]A solution of 27 (356 mg, 1.1 mmol) in 5 mL of THF was alk- 
enylated as described for 8, to give 28 as a syrup (285 mg, 
53%). IR cm-' (film): 2100 (N,). I H  NMR (CDCI,) 6: 5.82 
(m, 1 H), 4.97 (m, 2H), 3.41 (t, 2H), 3.33 (s, 6H), 3.25 (s, 2H), 
2.04 (dd, 2H), 1.58-1.30 (m, 8H). I3c NMR (CDC1,) 6: 138.9 
(CH=), 114.1 (<HZ), 71.4 (CH,O-alkyl), 68.7 (OCH,- 
(CH,),CH=CH,), 51.4 (CH,N,), 44.6 (CCH,N,). HRMS 
(FAB), calcd. for C13H2,0N, (M+H): 322.2103; found: 
322.2 130. 

7-(3-A~ido-2,2-bis-azidomethyl-propoxy)-heptanoic acid 
(29) 

Compound 27 (150 mg, 0.46 mmol) was subjected to ozonol- 
ysis to give an aldehyde that was subsequently oxidized to a 
carboxylic acid, in a similar fashion as described for 12, to 
give 29 as a syrup (73 mg, 72%). IR cm-I (film), 2100 (N,). 
1700 (COOH), 'H NMR (CDCI,) 6: 3.42 (t, 2H), 3.30 (s, 6H), 
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3.26 (s, 2H), 2.36 (m, 2H), 1.65-1.34 (m, 8H). I3c NMR 
(CDCI,) 6: 71.32 (CH,O-alkyl), 68.91 (OCH,(CH,),COOH), 
51.6 (CH2N3), 44.7 (CCH2N3). HRMS (FAB), calcd. for 
C12H,,03N9 (M+H): 340.1845; found: 340.1786. 

7-(2-Azido-2,2-bis-azidomethyl-propoxy)-heptanoic acid 
benzyl ester (30) 

The carboxylic acid function in 29 (210 mg, 0.6 mmol) was 
esterified with benzyl alcohol as described for 14, to give 30 as 
a syrup (155 mg, 60%). IR cm-' (film): 2100 (N,). I H  NMR 
(CDCI,) 6: 7-7.26 (m, 5H), 5.12 (s, 2H), 3.40 (t, 2H), 3.32 (s, 
6H), 3.25 (s, 2H), 2.36 (m, 2H), 1.66-1.25 (m, 8H). '" NMR 
(CDCI,, 6: 154.5 (COOBn), 128.42-128.1 (Ph), 7 1.3 (CH,O- 
alkyl), 68.8 (OCH,(CH,),COOBn), 65.9 (CH,Ph), 51.5 
(CH2N3), 44.6 (C quat.). HRMS (FAB), calcd. for CI9H2,N9O3 
(M+H): 430.4824; found: 430.4795. 

8-(3-Amino-2,2-bis-aminomethyl-propoxy)-oct-l-ene (31) 
Triphenylphosphine (0.4 g) was added to a solution of 28 (850 
mg, 2.6 mmol) in dry THF and the reaction mixture was 
processed as usual to give the triamino compound 31 as a 
syrup (380 mg, 60%). I3c NMR (CDC13) 6: 140.1 (CH=), 
114.8 (==CH,). HRMS (FAB), calcd. for CI,H3,03N3 
(M+HSCH,CH(OH)CH,OH+H): 352.2633; found: 352.2598. 

Summary 

The readily available pentaerythritol was systematically func- 
tionalized to give a series of azido, azidoalkyl, carboxyalkyl, 
and o-alkenyl derivatives either as single substituents or in 
combination. These derivatives are versatile scaffolds and 
templates for further elaboration with a variety of ligands to 
produce chemical and molecular diversity. 
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Synthesis of clustered D-GalNAc (Tn) and 
~-Galp(l j3)GalNAc (T) antigenic motifs using 
a pentaerythritol scaffold 

Stephen Hanessian, Dongxu Qiu, Hubli Prabhanjan, Gurijala V. Reddy, and 
Boliang Lou 

Abstract: The tris(aminoethy1) and triarnino derivatives of pentaerythritol have been used as scaffolds or templates for the 
attachment of immunologically relevant carbohydrates such as ~-Galp( l+3)GalNAc (T) and GalNAc (Tn), through amide 
linkages with the respective a-glycolyl and a-N-acetyl-L-serinyl glycosides. These clustered glycosidic motifs are intended as 
haptens for use in the preparation of tumor specific carbohydrate antigens and vaccines. 

Key words: glycoside synthesis, 2-thiopyridyl carbonate, glycosyl donors and glycopeptide motifs 

RCsumC : Les dtrivts du tris(aminomtthy1) et triamino du pentatrythritol ont ttC utilisCs comme points d'attachement pour des 
carbohydrates immunoactifs tel que D-Gal@(] +3)GalNAc (T) et GalNAc (Tn) via des liens peptidiques avec des glycosides 
a-glycolyl et a-N-acetyl-L-serinyl. Ces motifs branchts ont CtC prtparts avec l'intention de les utiliser cornme des haptens et 
ulttrieurement cornme des vaccins contre des turneurs portant des rnarqueurs carbohydrates antigkniques. 

Mots clis : Synthkse de glycoside, de carbonate 2-thiopyridyl, donneurs de glycosyles et motifs glycopeptidiques. 

The importance of specific carbohydrate antigens in under- 
standing the etiology of cell surface phenomena during the 
proliferation of various types of cancers has been amply doc- 
umented (1). Indeed, tumor-associated antigens are expressed 
to varying degrees on the surface of cancer cells, and their 
presence can be quantitatively related to tumor progression 
(2). Such tumor-associated antigens are D-GalNAc (Tn) (3,4) 
and Thomsen-Friedenreich antigen D-Galp(l+3)GalNAc (T) 
(3, 5), which are present as terminal units in glycoproteins 
expressed on the cell surface (6). Their presence, either alone 
or as sialyl glycosides such as sialyl Tn (7), and their overex- 
pression has been demonstrated to be linked with certain types 
of tumors (see, for example, ref. 8). 

In view of the immunological specificity of such tumor- 
associated antigens, we considered the incorporation of Tn and 
T glycosidic motifs in bi- and trianternary structures and their 
use as potential antigens. Administration of such antigens to 
patients in remission may produce enough circulating tumor- 
specific antibodies to protect them from recurring tumors. The 
notion of a "cancer vaccine" has been a subject of great inter- 
est over the years, and the prospects for its realization is a 
much sought after goal (9). 

The potential ofclustered antigens for cooperative binding 
to several protein receptors has been previously discussed, 
principally by Lee et al. (10a) and by Peter et al. (lob). The 
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attachment of Tn and T glycosides to amino acid backbones 
has been described by Hakomori and co-workers (1 I ) ,  Ogawa 
and co-workers (12), Ciommer and Kunz (13), and Paulsen et 
al. (14). Examples with other backbones have been reported 
(see, for example, ref. 15). 

In this paper, we report the synthesis of novel di- and tri- 
haptenic clusters composed of Tn and T glycosides attached to 
linker arms derived from pentaerythritol(16). In the preceding 
paper (16) we described the synthesis of various podands pre- 
pared from pentaerythritol by suitable chemical modification. 
We have now selected two triamino derivatives 1 and 2 to 
form clusters containing two and three Tn and T carbohydrate 
residues that are glycosidically attached to serine and glycolic 
acid spacers 3 and 4 (Scheme 1). The length of the spacer 
between the cluster and the terminal carboxylic acid may have 
an influence on the efficacy of its coupling with proteins, and 
ultimately on its immunogenicity. Thus, we chose ally1 and 1- 
octenyl chains as sources for the terminal carboxylic acids. 

Synthesis of Galp(l+3)GalNAc disaccharides 
The synthesis of the disaccharide 7 was done by a classical 
Koenig-Knorr reaction with 2,3,4,6-tetra-0-acetyl-a-D-galac- 
topyranosyl bromide 5 as a glycosyl donor and tert-butyl- 
dimethylsilyl 2-azido-2-deoxy-4,6-0-isopropylidene-a-D- 
galacto-pyranoside 6 (17b) as acceptor (Scheme 2). Glycosi- 
dations with Ag,C03-AgC10, as promoter in dichlo- 
romethane afforded 71% of the desired disaccharide 7, 
accompanied by about 13% of the (1+6) disaccharide 7a. The 
formation of the latter was due to the intramolecular migration 
of the isopropylidene group of the acceptor molecule, thus 
exposing the 6-hydroxyl group as a competing nucleophile. 
With Hg(CN), in a mixture of toluene and nitromethane (2: 1) 
the yield was modest and variable amounts of the (1+6) di- 
saccharide were also formed. Stereochemistry and position of 
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Hanessian et al: 2 

Scheme 1. charide using different glycosylation and protective group 
strategies (17u-A. Generally, 4,6-0-benzylidene protected 

Scheme 2. 

AcO 
OTBDMS 

AcO N3 

a. Ag2C03, AgCIO,, CH2CI2, r.1. b. Bu,NF, THF, -20 OC 

the glycosidic linkage in 7 were ascertained from the chemical 
shifts of H-1 and H-3 protons in 'H NMR spectrum. A doublet 
at 6 4.6 1 (J,,' = 8.0 Hz) and a doublet of doublets at 6 3.2 1 were 
confirmative of a p (1+3) linkage in 7. In addition, the chem- 
ical shift of the quaternary carbon in the acetal group was very 
different in 7 and 7a (13c 6 98.9 ppm and 110.7 ppm, respec- 
tively). After treatment with aqueous acetic acid and subse- 
quent acetylation, the 'H NMR spectrum of the peracetylated 
compound obtained from 7a showed a very clear downfield 
shift (6 4.56) for the H-3 proton due to the presence of an ester 
group, while the peracetate of 7 showed a doublet of doublets 
for H-3 at a relatively high field (6 3.48) indicating that the C- 
3 hydroxyl was not esterified but glycosidically linked. Treat- 
ment of disaccharide 7 with tetrabutylammonium fluoride in 
THF at -20°C removed the silyl protection at the anomeric 
position to give 8 in high yield. 

There are several reports on the synthesis of this disac- 

acceptors have given better results, perhaps due to a lesser ten- 
dency to undergo intramolecular migration to form a 3,4-0- 
acetal. However, Kinzy and Schmidt (176) used 2-azido-2- 
deoxy-4,6-0-isopropylidene-P-D-galactopyranoide 6 as the 
glycosyl acceptor and reported disaccharide formation in 
high yield with 2,3,4,6-tetra-0-benzoyl-a-D-galactopyranosyl 
trichloroacetimidate as a glycosyl donor and BF,-OEt as the 
promoter. By contrast, Paulsen and Paal (17c) also observed 
acetal migration.' 

Stereoselective synthesis of a-serinyl and a-glycolyl 
glycosides of Tn and T 

For the synthesis of Tn and T haptens with N-protected 
L-serine benzyl ester (18; see also refs. 17u, 6, e) we used our 
recently developed ( 1 9 ) ~  1,2-cis-selective glycosylation reac- 
tion in which the new anomeric 2-thiopyridyl carbonates 
(TOPCAT) were used as glycosyl donors. The 2-thiopyridyl 
carbonate derivatives 11 and 12 were easily prepared from the 
respective 1-OH precursors 8 and 10 by treatment with di- 
(thiopyridy1)carbonate 9 in the presence of triethylamine 
(Scheme 3).4 Glycosidations of the N-Cbz protected L-serine 
derivative 3 with 11 and 12 in dry CH,Cl, in the presence of 
AgOTf (20) afforded the desired a-glycosides 13 and 16 as 
major products and in acceptable yields accompanied by the 
corresponding P-glycosides as minor products. With benzyl 
glycolate 4 as the glycosyl acceptor, and TOPCAT as the leav- 
ing group, the glycolic ester a-D-glycosides 19 and 23 were 
formed as major products. The anomeric configurations of the 
above mentioned glycosides were ascertained by 'H NMR 
studies. 

The TOPCAT glycosyl donors offer a number of distinct 
advantages in stereocontrolled glycoside synthesis (19). They 
are easily prepared and purified by column chromatography to 
give stable, often crystalline, products of defined stereochem- 
istry. They can be activated under mild conditions with silver 
triflate to generate reactive oxonium ion species, which lead to 
1,2-cis glycosides as major products when in the absence of 
participating groups as in 11 and 12. The presence of a chro- 
mophore and the generation of pyridine 2-thione as the reac- 
tion progresses allows easy monitoring by TLC. The 
fragmentation of the leaving group into a stable heterocycle 
and carbon dioxide constitutes an excellent driving force for 
the reaction. 

The azido groups in 13 and 16 were reducedby treatment 
with hydrogen sulfide in aqueous pyridine (21), and the result- 
ing amine was acetylated in presence of Ac,O-pyridine to 
give 2-acetamido derivatives 14 and 17, respectively. Reac- 
tions catalyzed by thiolacetic acid (22) also gave the desired 
products in similar yields. Hydrogenolytic cleavage of the 
benzyloxycarbonyl groups in 14 and 17 with PdJC afforded 
the glycosyl amino acid derivatives, which were transformed 
to the N-Boc protected derivatives 15 and 18. The N-Boc 
group was found to be compatible with the method of amide 

For a recent review on anomeric activation by the 
trichloroacetimidate method, see ref. 17g. 
Also, S. Hanessian, B. Lou, and H.K. Hoan, unpublished results. 
For other syntheses of glycosides related to 11 and 12, see, ref. 
12a. For recent reviews on 0-glycosyl amino acids, see ref. 186. 
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Scheme 3. 

8 AcO N3 3 

c 13 R =N3 ; R' = Bn; R2 =Cbz 
d ( 14 R =NHAc ; R' = Bn; R2 =Cbz 

15 R =NHAc ; R' = H; R2 =Boc 

AcO OAc a AcO OAc b 

k G & O H  g Ace AcoeoisQ 7 NHR' 

N3 N3 

10 12 

< 16 R =N3 ; R' = Bn; R2 =Cbz 
d (17 R =NHAc ; R' = Bn; R' =Cbz 

18 R =NHAc ; R' = H; R2 =BOC 

e (  19 R, R 1 =  C(Me),; R2 = N ~ ; R ~ = B ~  
c ( 20 R = R' = OAc; R2 =N3 ; R3 = Bn 
d ( 21 R = R' = OAc; R2 =NHAc ; R3 = Bn 

22 R = R' = OAc; R2 =NHAc ; R3 = H 

23 R = N 3 ; R 1 = B n  
d C 24 R = NHAc ; R' = Bn 

~ ~ R = N H A C ; R ' = H  

1 a. Et3N, CH2C12, r.t. b. AgOTf, CH2C12, r.t. c . H2S , aq. pyridine . Ac20, pyridine or CH3COSH d. PdlC on activated carbon 

i ( for 15 and 18 followed by Boc anhydride. Et3N, r.t.) e. aq.AcOH, 60°C (for 20 followed by Ac,O, pyridine, r.t. ) . 

bond formation (vide infra). It was not possible to use the N- 
acetyl serinyl glycosyl amino acids for coupling to the tri- 
amines because of the known propensity of the acetyl group 
for participation (1 la) .  

Treatment of either 11 or 12 with benzyl glycolate in the 
presence of AgOTf led to the corresponding a-D-glycosides 19 
and 23 as the preponderant anomers. Acid hydrolysis of the 0 -  
isopropylidene group in 19 followed by treatment of the result- 
ing diol 20 with thiolacetic acid and peracetylation gave 21. 
Similar reduction and N-acetylation of the azido functions in 
20 and 23 gave the corresponding 2-acetamido-2-deoxy com- 
pounds 21 and 24, respectively, in good yields. Hydro- 
genolytic cleavage of the benzyl ester groups with Pd-C 
afforded the free carboxylic acid derivatives 22 and 25. 

Synthesis of Tn and T clusters 
Having successfully accomplished the synthesis of haptenic 
carboxylic acids, we next addressed the amide couplings with 
1 and 2. The initial coupling reactions using EDC and EEDQ 
as activators were very slow. Variations in the stoichiometry 
of the reagents and the activators, or variations in the reaction 
time, did not result in improvement in yield. We, therefore, 
investigated conditions for amide formation using the mixed 
anhydride method. The procedure consisted in initial activa- 
tion of the respective acids with isobutyl chloroformate in the 
presence of N-methylmorpholine to form the mixed anhydride 
in DMF at 0°C for 30 min followed by addition of the amines. 
Monitoring the reactions by TLC showed that the desired 

products were formed in less than 30 min, accompanied with 
some urethanes arising from unreacted amines. 

With a 1: 1 solvent mixture of DMF and THF, coupling of 
triamines 1 and 2 with Tn and T-serinyl derivatives 18 and 15 
proceeded smoothly to afford trimeric and dimeric products in 
each case. Chromatographic purification of products 26, 32 
and 29, 35 including a Tn-hapten was not possible because of 
very close Rf values. These products were separated after con- 
version to N-acetyl derivatives and removal of protecting 
groups to give trimers 28,31, and their corresponding dimers 
34 and 37 (Scheme 4). Similar treatment of the serinyl T 
motifs with the triamine 2 gave 38 and 41. 

Characterization of the major amide coupling products 
containing three T and Tn units each showed the expected 'H 
and I3c NMR signals for both the linker and hapten moieties. 
The serine-containing Tn motifs 26, 29, 32, and 35 were 
treated with TFA to remove the N-Boc groups and the prod- 
ucts were acetylated to give fully 0 -  and N-acetylated deriva- 
tives (Scheme 4). The isopropylidene groups in the T 
derivatives 38 and 41 were cleaved with TFA to give 39 and 
42, respectively. Treatment of the Tn clusters NaOMe in 
methanol and chromatographic purification led to dimeric 
(34, 37, and 43) and trimeric (28, 31, and 40) target com- 
pounds in high yields. Similar treatment of 39 and 42 gave 
the trimeric and dimeric Tn clusters 40 and 43, respectively 
(Scheme 4). 

Coupling of the glycolyl Tn motif 25 to 2 gave the expected 
trimeric hapten 44 (Scheme 5). The expected trimeric prod- 
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Hanessian et al: 2 

Scheme 4. 

c 26 R = Ac; R' = BOC; R~ =X 
(_ 27 R = R' = Ac; R4 =X 

28 R = H ; R' = Ac: R4 = X 
C 29 R =  Ac; R' = Boc; R4 = Y 
C- 30 R = R' = Ac; R4 = Y 

31 R = H; R' = Ac; R4 =Y 

RO OR R'O OR' R O w O q  RO 
YHR' 

R O w O q  !HR3 
AcHN 

RO AcHN i 

O c A ~ O ~ ~ o  
RO OR R'O OR2 

R o w O q  RO YHR' 0 X OR4 
o . ,&coN~~ 

c 32 R = Ac; R' = BOC; R4= X 
C 33 R =  R' =AC; R4=x  

34 R = H ; R' = Ac; R4 = X 
35 R = Ac; R' = Boc; R4 = Y 

C- 36 R = R 1 = A c ;  R 4 = Y  
37 R = H ;  R1=Ac; R 4 = Y  

c 41 R = Ac; R' , R' = =Me2; R3 = Boc, 
t, c 38 R = Ac; R'  , R2 = CMe,; R3 = BOC 

( _ 3 9  R =  R ' = R 2 =  R3=Ac )] c ( _ 4 2 R = ~ ' = ~ 2 = ~ 3 = ~ ~  
43 R =  R ' = R 2 =  H ;  R3=Ac 

40 R =  Fil=R'= H :  R3=Ac 

a. i-BuOCOCI, THF, DMF, N-rnethylrnorpholine, -20°c, r.t. b. TFA, then Ac20-Pyr. c. MeONa, MeOH 

ucts 46 and 48 were formed by coupling of 1 and 2 with 22, 
respectively. Variable amounts of coupling products contain- 
ing two glycolyl T units 50 and 52 and a urethane moiety on 
the unreacted amino group were also formed. Chromato- 
graphic separation in each of the above couplings gave gly- 
colic Tn and T trimeric clusters 44, 46, and 48, and dimers 50 
and 52. Treatment of these products individually with sodium 
methoxide gave the desired T and Tn clustered motifs 45, 47, 
49, 51, and 53 after chromatographic purification. 

In summary, glycoside synthesis using the 2-thiopyridyl 
carbonate group as a glycosyl activator (19) has been success- 
fully applied to the stereoselective synthesis of a-serinyl and 
carboxymethyl glycosides of Tn and T. These were clustered 
on a pentaerythritol template to give di- and tri-haptenic 
motifs, which have been coupled to KLH and HSA as carrier 
proteins. Results pertaining to their immunological properties 
will be reported in due course. 

Experimental 

Melting points are uncorrected. 'H NMR spectra were 
recorded at 300 MHz in CDCI, (unless otherwise indicated), 
with CHC1, as reference. 13c NMR spectra were recorded at 
75 MHz in CDC1, (unless otherwise indicated), with CHC13 as 
reference. Wherever necessary, 'H NMR assignments were 

supported by appropriate homonuclear correlation experi- 
ments (COSY). IR spectra of samples were recorded as films. 
Mass spectra were recorded by using electron ionization (El) 
at 70 eV or fast atom bombardment (FAB) techniques. Optical 
rotations were measured at 25°C at the sodium line. Flash 
chromatography was performed on 230-400 mesh silica gel 
(23). Thin-layer chromatography (TLC) was performed on 
glass plates coated with a 0.02 mm layer of silica gel 60-F- 
254. All solvents were freshly distilled before use. 

tert-Butyldimethylsilyl0-(2,3,4,6-tetra-O-acetyl-p-~- 
galactopyranosy1)-(l+3)-2-azido-2-deoxy-4,6- 
isopropylidene-P-D-galactopyranoside (7) 

A suspension of 5 (16.3 g, 39.7 mmol) and 4 A molecular 
sieves (7 g) in dichloromethane (75 mL) was stirred for 6 h at 
room temperature. A mixture of 6 (9.7 g, 27 mmol), silver car- 
bonate (10.8 g, 39.7 mmol), silver perchlorate (8.25 g, 39.7 
mmol), and 4 A molecular sieves (14 g) in dichloromethane 
(100 mL) was prepared separately, and was treated with the 
above mixture containing 5 at 5-10°C. The stirred reaction 
mixture was permitted to attain room temperature and after 9 h 
the insolubles were filtered off (Celite), washed with CH2C12, 
and the filtrate and washings were concentrated. Flash column 
chromatography (EtOAc-hexane, 4:6) of the residue over sil- 
ica gel column gave 7 (13.2 g, 71%); [a], +38.4 (c  0.68, 
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Scheme 5. 

Can. J. Chern. Vol. 74. 1996 

ACHN I 

RO OR X 
R O q  CONH/VO OR' 

AcHN 
O J  

b C  
44 R = Ac ; R' = 1- octenyl 

45 R = H ; R' = 1-octenyl 

RO OR OROR 

RO OR OROR R O w O q  

RO AcHN 

(, AYH 

( C H , ) ~ C H C H ~ O C O N ~  

X 
0 OR' 

a. i-BuOCOCI, THF, DMF, Nmethylmorpholine, -20°c, r.t, b. MeONa, MeOH 

46 R = Ac; R'  = X 50 R = Ac; R' = X 

CHC13). IR cm-I (film): 2130 (N3), 1725 (C=O), I H  NMR 
(CDCl,) 6: 5.36 (d, J4,,,, = 2.4 HZ, H-4'), 5.28 (dd, J2,,3, = 10.4 
HZ, H-2'), 4.98 (dd, J2,3 = 10.5 HZ, J3,,# = 3.3 HZ, H-3'), 4.63 
(d, J,,, = 8.0 HZ, H-1), 4.46 (d, J1T,2' = 7.5 HZ, H-1'), 4.17 (d, 
J3,4=3.3Hz,H-4),3.64(dd,J2,3= 10.6H~,H-2) ,3.25(dd,J~,~ 
= 10.7 Hz, J3,4 = 3.3 Hz, H-3), 3.21 (s, H-5), 2.15, 2.08, 2.03, 
1.98 (OAc), 1.47, 1.417 (s, C(CH3),), 0.92 (s, tert-butyl), 0.12, 
0.14 (s, CH3). 13c (CDC1,) 6: 170.2, 170.0, 169.3 (CO), 102.9 
- 1 ' )  98.9 (C(CH3),), 97.2 (C-1), 80.1, 70.8, 68.5, 67.5, 
66,7, 66.3, 64.1, 62.6, 61.2 (ring carbons), 28.8, 25.6, 20.5, 
20.4, 18.6, and 17.8 (CH3). HRMS (FAB), calcd. for 
C,,H,,O,,Si (M+H): 690.2950; found: 690.2977. 

R' = X = allyl ; R' = Y = 1- octenyl 

S-2-Pyridyl 3-0-(2,3,4,6-tetra-o-acetyl)-@-~- 
galactopyranosyl)-2-azido-2-deoxy-4,6-0- 
isopropylidene-D-0-galactopyranosyl thiocarbonate (11) 

A solution of 7 (2.1 g, 3.0 mmol) in dry THF (25 mL) was 
treated with TBAF (4 mL, 1 M solution in THF) at -20°C for 
3 h. The mixture was diluted with ethyl acetate (20 mL), and 
the organic layer was processed by washing with water, drying 
over MgSO,, filtering, and concentration. Flash column 
chromatography (EtOAc-hexane, 1: 1) of the residue over sil- 
ica gel gave an anomeric mixture of 2-azido-2-deoxy-3-0- 
(2,3,4,6-tetra-0-acetyl-~-~-galactopyranosyl)-4,6-O-isopro- 
pylidene-D-galactopyranose 8 as solid (1.3 g, 86%), which was 
directly used in the next step. Compound 8 (2.0 g, 3.48 mmol), 
2.60 g (1 0.4 mmol) of di-(2-thiopyridy1)carbonate 9, 1.5 mL of 

b C  51 R = H ;  R ' = X  

Et3N, and 50 mL of dichloromethane were stirred at room 
temperature for 24 h and concentrated. Flash chromatographic 
purification of the residue over silica gel (EtOAc-hexane, 2:8) 
gave 2.28 g (92%) of the desired product 11 as crystals, mp 
97-99°C; [a], +28.0 (c 1.3, CHC13). IR cm-I (film): 2130 
(N3), 1750 (C-0). 'H NMR (CDCl,) 6: 8.63-8.61 (m, pyr-H- 
6), 7.76-7.74 (m, pyr-H-3 and H-4), 7.34-7.26 (m, pyr-H-5), 
5.47 (d, JIT2 = 8.4 HZ, H- 1), 5.40 (d, J3,,4, = 3.3 HZ, H-4'), 5.3 1 
(dd, J1,, ~ 7 . 8  HZ, J2',3'= 10.5 HZ, H-2'), 5.03 (dd, J23 = 10.5 
Hz, J3,,# = 3.3 HZ, H-3'), 4.72 (d, J1,,2' = 7.8 HZ, H-lr),'4.28 (d, 
J3.4 = 3.3 Hz, H-4), 3.894.18 (m, H-5', H-6', H-6, and H-2), 
3.45 (dd, J2,3 = 10.5 HZ, J3,4 = 3.3 Hz, H-3), 3.40 (br s, H-5), 
2.17, 2.09, 2.05, 2.00 (OAc), 1.51, 1.46 (s, C(CH3),). I3c 
NMR (CHCl,) 6: 170.09, 170.04, 169.96, 169.18, and 167.86 
(CO), 150.2, 137.2, 129.4, 123.7 (Py), 102.68 (C-1') 99.17 
(C(CH3),), 95.16 (C-1), 80.1, 70.9, 70.8, 68.6, 67.4, 67.2, 
66.8, 62.1, 61.3 (ring carbons), 28.8, 24.2, 20.5, 20.4, 20.3, 
and 18.5 (CH3). HRMS (FAB), calcd. for C2,H3,0,,N4SNa 
(M+Na): 735.1795; found: 735.1838. 

48 R = Ac; b  C 52 R =  Ac; R~ = 
53 R = H ;  

R ' = Y  R ' = Y  

S-2-Pyridyl3,4,6-tri-O-acety1-2-azido-2-deoxy-~- 
galactopyranosyl thiocarbonate (12) 

A mixture of 320 mg (1.04 mmol) of 3,4,6-tri-0-acetyl-2- 
azido-2-deoxy-D-galactopyranose 10, 777 mg (3.12 mmol) of 
di-(2-thiopyridy1)carbonate 9, and 435 p,L (3.12 mmol) of 
Et3N in 8 mL of CH2C12 was stirred at room temperature for 
30 h. Concentration and flash chromatographic purification of 
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Hanessian et al: 2 

the residue over a silica gel column (EtOAc-hexane, 1 : 1)  gave 
330 mg (72%) of the desired product 12; [a], +27.8 (c 1.1, 
CHCI,); IR cm-I (film): 2130 (N,), 1750 (C=O). 'H NMR 
(CDCl,) 6: 8.64-8.62 (m, pyr-H-6), 7.78-7.76 (m, pyr-H-3 and 
H-4), 7.36-7.26 (m, pyr-H-5), 5.59 (d, J,,, = 8.4 Hz, H-1), 5.38 
(dd, J4,,=0.9 Hz, J4,,=3.3 Hz, H-4), 4.90 (dd, J3.,= 10.8 HZ, 
J3,, = 3.3 Hz, H-3), 4.14 (m, H-6), 4.02 (dt, J,,, = 0.9 Hz, = 
6.8 Hz,H-5),3.87 (dd, J l , , =8 .4H~ , J2 ,3=  10.9Hz,H-2),2.18, 
2.08, 2.04 (OAc). ',c NMR (CHC1,) 6: 170.03, 169.69, 
169.33 (CO), 150.1, 137.3, 128.2, 123.7 (Py), 94.7 (C-1), 71.7, 
71.2, 65.9, 60.7 (ring carbons), 59.5 (C-2), and 20.3 (CH,). 
HRMS (FAB), calcd. for C18H,,0gN4S (M+H): 469.1029; 
found: 469.1039. 

Benzyl N-carbobenzyloxy-L-serinyl 3-0-(2,3,4,6-tetra-0- 
acetyl-~-~-galactopyranosyl)-2-azido-2-deoxy-4,6-0- 

I isopropylidene-a-D-galactopyranoside (13) 

To a mixture of 11 (480 mg, 0.67 mmol) and 3 (330 mg, 1 
mmol) in 20 mL of dichloromethane were added powdered 4A 
molecular sieves and 260 mg (1 mmol) of AgOTf. The mix- 
ture was stirred at room temperature for 2 h. After addition of 
0.5 mL of pyridine, the mixture was concentrated. Flash chro- 
matographic purification of the residue over silica gel 
(EtOAc-hexane, 1: 1)  gave 13 and its P anomer (375 mg, 63%, 
alp, 5: 1). For 13 (300 mg): mp 70-72"C, [a], +59.1 (c 1.0, 

1 
CHCI,); IR cm-I (film): 2130 (N,), 1750 (C=O). 'H NMR 

I (CDCI,) 6: 7.36 (m, Ph), 5.80 (d, J = 8.2 Hz, NH), 5.38 (d, 
.I4,,,, = 2.7 Hz, H-4'), 5.30 (dd, J,, ,. = 7.9 Hz and J,,,,, = 10.4 

1 Hz, H-2'), 5.19 and 5.10 (s, CH,P~), 5.0 (dd, J,,, = 10.5 Hz 

I and .I3,,,, = 3.3 Hz, H-3'), 4.88 (d, J,,, = 3.3 Hz, H-1), 4.61 (d, 
JIr,. = 7.9 Hz, H-1'), 4.53 (m, Ser a-H), 3.70-4.30 (m, H-2, 
H-2, H-4, H-5', H-6, H-6' and Ser P-H), 3.40 (m, H-5 ), 2.14, 1 2.05, 2.02, 1.97 (OAc), 1.44, 1.37 (s, C(CH3),) ' C  NMR 
(CDCI,) 6: 170.0, 169.9, 169.5, 169.2 (CO), 128.5, 128.4, 
128.2, 128.1, 127.9 (Ph), 102.7 (C-1'). 99.6 (C(CH3),), 98.7 

I (C-1), 76.7,70.8, 70.6, 69.3, 68.1, 67.5, 66.9, 66.7, 62.9, 62.3 
and 60.1,57.9 (C-2), 54.4 (CNH in Ser), 29.1,20.8,20.4, 17.9 

I 

I (CH,). HRMS (FAB), calcd. for C4,H5,0,,N4 (M+H): 
887.3 198; found: 887.3258. 

Benzyl N-carbobenzyloxy-L-serinyl 3-0-(2,3,4,6-tetra-0- 
acetyl-~-~-galactopyranosyl)-2-acetarnido-2-deoxy-4,6- 
0-isopropylidene-a-D-galactopyranoside (14) 

I Hydrogen sulfide gas was passed through a solution of 13 (2.9 
g, 3.77 mmol) in pyridine-water (3: 1, 30 mL) for 1 h at 0°C. 
The mixture was stirred for 10 h at room temperature and 
evaporated. The dry residue was stirred for 5 h in 30 mL of 
pyridine - acetic anhydride (2: 1, 30 mL). Water (10 mL) was 
added and the mixture was further stirred for 1 h and extracted 
with ethyl acetate. The organic layers were successively 
washed with dilute HCl, saturated sodium carbonate, and 
water, dried over MgSO,, and concentrated. The residue was 
purified over a silica gel column to afford compound 14 (2.4 g, 
8 I%), which was directly used in the next step. 

N-tert-Butoxycarbonyl-L-serinyl 3-0-(2,3,4,6-tetra-0- 
acetyl-~-~-galactopyranosyl)-2-acetarnido-2-deoxy-4,6- 
0-isopropylidene-a-D-galactopyranoside (15) 

A suspension containing 14 (2.2 g, 2.44 mmol) and PdC 
(lo%, 500 mg) in dry THF-methanol(20 rnL, 1: 1) was stirred 
for 10 h under hydrogen. The catalyst was filtered off and 

washed with methanol. The combined filtrate and washings 
were concentrated to a residue that was redissolved in 30 mL 
of dry methanol and treated with 0.9 g of tert-butoxycarbonyl 
anhydride and 0.5 mL of Et,N. After 4 h at room temperature, 
the solvents were removed and the residue was purified by 
flash chromatography over silica gel (toluene-MeOH-AcOH, 
15:l:l) to give 15 (1.6 g, 84%) as a syrup; [a], +79.5 (c 1.0, 
MeOH). 'H NMR (CD30D) 6: 7.2 (m, Ph), 5.37 (d, J4',3, = 2.9 
Hz, H-4'), 4.80-5.10 (m, H-2' and H-3'), 4.44 (d, J,,, = 3.6 Hz, 
H-1), 4.40 (dd, J,,, = 10.8 HZ, and .I3,, = 3.6 Hz, H-3), 3.98 (dd, 

= 3.1 HZ and J2,, = 11.4 HZ, H-2), 2.13, 2.04, 2.03, 2.00, 
1.96 (OAc), 1.46, 1.40 (s, C(CH3),). I3c NMR (CD,OD) 6: 
178.5, 172.0, 171.9, 171.5, 171.2, 171.1 (CO), 129.9, 129.2, 
126.3 (Ph), 103.8 (C-1'), 100.1 (C(CH,),), 99.9 (C-1), 77.3, 
72.6, 71.9, 70.3, 70.1, 69.9, 68.8, 64.2, 63.8, 62.6, 29.6, 28.8, 
23.3,21.9,20.9,20.6,20.5, and 18.9. HRMS (FAB), calcd. for 
C3,H5,OIgN,Na (M+Na): 801.2905; found: 801.3020. 

Benzyl N-carbobenzyloxy-L-serinyl 3,4,6-tri-0-acetyl-2- 
azido-2-deoxy-a-D-galactopyranoside (16) 

To a mixture of 12 (1.045 g, 2.3 mmol) and N-benzyloxycar- 
bonyl-L-serine benzyl ester 3 (0.913 g 2.77 mmol) in 50 mL of 
dichloromethane were added 3 g of powdered 4A molecular 
sieves and 1.25 g (3.46 mmol) of AgOTf at room temperature 
and the mixture was stirred for 4 h. The mixture was treated 
with 0.2 mL pyridine, then filtered through a bed of Celite and 
concentrated. Flash chromatographic purification of the resi- 
due over silica gel (EtOAc-hexane, 1: 1) gave 0.88 g (69%) of 
a 5: 1 a : p  anomeric mixture of the desired product that was eas- 
ily separable. For the a anomer 16 (0.7g); [a], +75.8 (c 1.1, 
CHCI,) (lit. (17d) [a], +73.5; ( l l a )  [a], +92.6). IR cm-' 
(film): 2120 (N,), 1750 (C-0). I H  NMR (CDC1,) 6: 7.37- 
7.26(m,Ph),5.85(d,J=8.0,NH),5.36(d,J4,,=3.1 Hz,H-4), 
5.24-5.18 (m, H-3 and CH,Ph), 4.88 (d, J, , = 3.7 Hz, H-1), 
4.63-4.60 (m, Ser a-H), 4.16-3.98 (m, H-5, H-6 and Ser P-H), 
3.56 (dd, J, = 3.4Hzand J= 11.2, H-2) 2.12,2.05, 1.99 (OAc). 
I3c NMR (CDCl,) 6: 170.3, 169.8, 169.5, 169.2 (CO), 155.7, 
135.9, 134.8, 128.5, 128.4, 128.1, 127.9 (Ph),99.1 (C-1), 69.8, 
67.7, 67.2, 67.0, 57.13, 54.13, 54.3, and 20.5. LRMS (FAB), 
calcd. for C3,H3,0,,N4 (M+H): 643.2; found: 643.2. 

Benzyl N-carbobenzyloxy-serinyl3,4,6-tri-0-acetyl-2- 
acetarnido-2-deoxy-ol-n-galactopyranoside (17) 

The azido group in compound 16 (1.5 g) was reduced and the 
resulting amine was subsequently acetylated, essentially as 
described for 14, to give 17 as a syrup (1.16 g, 77%); [a], 
+53.7 (c 1.0, CHCl,). 'H NMR (CDCl,) 6: 7.37-7.34 (m, Ph), 
5.85 (d, J =  8.0 Hz, NH), 5.62 (d, J = 9 . 1  Hz, NH), 5.37 (d, 
J,,, = 3.3 Hz, H-4), 5.12-5.19 (m, CH,Ph), 5.03 (dd, J = 2 . 8  
and J =  11.4 Hz, H-3),4.78 (d, J l , ,=3.6 Hz, H-l),4.454.62 
(m, Ser a-H), 3.854.12 (m, H-5, H-6 and Ser P-H), 4.47 (dd, 
J = 3.52 Hz and J =  11.4 Hz, H-2), 2.14, 1.99, 1.98, 1.90 (OAc 
and NAc). I3c NMR (CDCI,) 6: 171.5-169.5 (CO), 135.3, 
134.7, 128.9, 128.7, 128.5 128.1 (Ph), 99.9 (C-1), 70.2, 69.1, 
68.9,68.7, 68.6, 62.6,54.8,48.1, 23.5,20.2, and 20.1. HRMS 
(FAB), calcd. for C32H39N2013 (M+H): 659.2477; found: 
659.2452. 

N-tert-Butoxycarbonyl-L-serinyl 3,4,6-tri-0-acetyl-2- 
acetarnido-2-deoxy-a-D-galactopyranoside (18) 

Hydrogenation of 17 (3.6 g, 5.6 mmol) using P d C  (0.8 g) gave 
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a product that was converted into the N-Boc derivative, essen- 
tially as described for 15, to give 18 as an amorphous solid (2.1 
g, 73%); [a], +73.7 (c 1.0, CHC1,). 'H NMR (CDC1, + 2 drops 
of CD30D) 6: 5.33 (d, J4,, = 3.0 HZ, H-4), 5.10 (dd, J3 ,2  = 11.4 
HZ, J3,4 = 3.1 HZ, H-3), 4.93 (d, = 3.0 HZ, H-1), 4.38 (dd, 
J 2 , 1 = 3 . 0 H ~ a n d J 2 , 3 =  11.6Hz,H-2),3.804.18(rn,H-5,H-6, 
Ser a -  and P-H), 2.1 1, 2.02, 1.96, 1.94 (OAc and NAc), 1.42 
(s, tert-butyl). I3c NMR (CDC1, + 2 drops CD,OD) 6: 173.9, 
172.2, 172.1, 171.9 (CO), 99.5 (C-1), 80.5, 70.2, 69.7, 69.1, 
68.6, 68.5, 67.9, 62.8, 56.8, 28.8, 27.8, 22.7, 20.6, 20.5, and 
19.5. HRMS (FAB), calcd. for C22H34N2013Na (M+Na): 
557.5074; found: 557.5 132. 

Benzyloxycarbonylmethyl3-0-(2,3,4,6-tetra-0-acetyl-~- 
D-galactopyranosy1)-2-azido-2-deoxy-4,6-0- 
isopropylidene-a-D-galactopyranoside (19) 

Glycosylation of benzyl glycolic ester 4 (0.4 g, 2.4 mmol) with 
11 (1.4 g, 1.96 mmol), essentially as described for 13, gave the 
a anomer 19 (0.60 g, 59%) along with the P anomer (0.12 g, 
12%). For the a anomer, [a], +47.0 (c 0.36, CHCl,). IR cm-' 
(film): 2100 (N,), 1750 (C=O). 'H NMR (CDC1,) 6: 7.33- 
7.54 (m, Ph), 5.36 (d, J4T3' = 3.4 Hz, H-4'), 5.26 (dd, .I2',,* = 
10.44 HZ, H-2'), 5.15 (s, CH2Ph), 5.05 (d, J1,, = 3.6 Hz, H-1), 
4.95 (dd, J3:,, = 10.4 HZ, H-3'), 4.68 (d, Jl,,y = 8.0 HZ, H-1'), 
4.37 (d, J4,, = 3.1 Hz, H-4), 4.1 (dd, J=  16.3 Hz, CH,COOBn), 
3.96 (dd, H-2), 3.83 (dd, J, 2 = 10.8 HZ, H-3), 2.13, 2.02,2.00, 
1.95 (OAc), 1.38, 1.43 (~(cH,),). I3c NMR (CD,OD) 6: 
170.7, 169.9, 169.3, 169.1 (CO), 134.9, 128.4, 128.3 128.2 
(Ph), 102.8 (C-1'), 99.0 (C(CH,),), 98.9 (C-1), 70.9, 70.7, 
68.4, 68.3, 66.8, 66.7, 64.9, 63.2, 62.4, 61.3, 58.2, 29.1, 20.5, 
20.4, and 18.0. HRMS (FAB), calcd. for C,H4,Ol6N, (M+H): 
725.7082; found: 725.3496. 

Benzyloxycarbonylmethyl3-0-(2,3,4,6-tetra-0-acetyl-~- 
~-galactopyranosyl)-2-acetamido-2-deoxy-4,6-di-0- 
acetyl-a-D-galactopyranoside (21) 

Compound 19 (300 mg, 0.4 mmol) was dissolved in acetic 
acid-water (8:2, 100 mL), and the solution was heated at 60°C 
for 4 h and concentrated. Acetylation in the presence of Ac,O 
and pyridine followed by flash chromatographic purification 
over silica gel column gave the fully acetylated derivative 20 
as an amophous solid (289 mg, 90%); [a], +78.4 (c 1.1, 
CHCl,). A mixture of 20 (0.563 g, 0.73 mmol) and thiolacetic 
acid (6 mL) was stirred for 48 h at room temperature after 
which time TLC showed that the reaction was complete. Con- 
centration of the reaction mixture and flash column chroma- 
tography of the residue over silica gel (EtOAc-hexane, 7:3) 
gave the product 21 (369 mg, 65%); [a], +8.1 (c 0.49, 
CHCl,). 'H NMR (CDCl,) 6: 7.35-7.26 (m, Ph), 6.21(d, J = 
9.3 HZ, NH), 5.35 (d, J4,, = 2.7 Hz, H-4), 5.31 (d, J,,,,, = 3.3 
HZ, H-4'), 5.16 (s, CH,Ph), 5.04 (dd, H-2'), 4.90 (dd, H-3'), 
4.84(d,J1,2=3.58H~,H-l),4.57 (d, J1,,2'=7.7 Hz, H-11),4.53 
(dd, H-2), 3.92 (dd, H-3), 2.12,2.10, 2.02 (2), 2.01, 1.97, 1.93 
(OAC and NAc). HRMS (FAB), calcd. for C3SH46N0,g 
(M+H): 784.2688; found: 784.2664. 

Carboxymethyl 3-0-(2,3,4,6-tetra-0-acetyl-P-D- 
ga1actopyranosyl)-2-acetamido-2-deoxy-4,6-di-0- 
acetyl-a-D-galactopyranoside (22) 

To a cooled (0-10°C) solution of 21 (213 mg, 0.27 mmol) in 
THF-methanol ( l : l ,  10 mL) was added PdIC 10% (100 mg) 

followed by addition of 100 FL of acetic acid. The mixture 
was hydrogenated for 2 h, and the catalyst was filtered off and 
washed with methanol. The combined filtrate and washings 
were concentrated to a syrup that was purified by flash column 
chromatography over silica gel (EtOAc-MeOH, 15: 1) to yield 
22 as an amorphous solid (179 mg, 90%); [a], +28.1 (c 0.5, 
CHC1,). 'H NMR (CD30D) 6: 5.40 (d, J4,, = 3.3 Hz, H-4), 
5.34 (d, J4j3, = 3.3 HZ, H-4'), 5.04 (dd, J3j2, = 10.5 HZ, H-3'), 
4.96 (dd, JYs3' = 10.5 HZ, H-2'), 4.84 (s, CH,COOH), 4.79 (d, 
J,,T = 3.8 HZ, H-1), 4.75 (d, J1,,2, = 7.5 Hz, H-1'), 4.42 (dd, 
H-2), 1.93-2.12 (OAc and NAc). I3c NMR (CD30D) 
6: 171.2-177.9 (COCH,, and NHCOCH,), 99.1, 102.4 (C-1, 
C-1'), 75.1, 72.3, 71.8, 71.3, 70.3, 68.8, 68.7, 67.8 (ring car- 
bons), 62.3, 63.9 (C-6, C-6'), 20.4-23.2 (7 COCTH,, and 
NHCOCTH,). HRMS (FAB), calcd. for C2,H,gN0,9Na 
(M+Na): 7 16.2041; found: 716.2014. 

Benzyloxycarbonylmethyl3,4,6-tri-0-acetyl-2-azido-2- 
deoxy-a-D-galactopyranoside (23) and its P anomer 

Glycosylation of benzyl glycolate 4 (0.5 g, 3.0 mmol) with 12 
(1.36 g, 2.9 mmol), essentially as described for 13, gave 23 
along with the P anomer (0.972 g, 70%; a :P,  >4:1) as an 
inseparable mixture. 'H NMR (CDCl,) 6: 7.37-7.26 (m, Ph), 
5.15 (d, J1,,=3.7 Hz, H-la),4.54(d, J1 ,2=8.0H~,H-1P) ,3 .73 
(dd, I,,, = 3.5 Hz, J2,, = 11.1 Hz, H-2a), 2.13, 2.05, and 2.02 
(OAc). 13c NMR CDCl,) 6: 102.2 (C-lP), 98.0 (C-la). 
HRMS (FAB), calcd. for C,lH,60,0N3 (M+H): 480.1616; 
found: 480.1666. 

Benzyloxycarbonylmethyl3,4,6-tri-0-acetyl-2-acetamido- 
2-deoxy-a-D-galactopyranoside (24) 

Treatment of compound 23 (a$, >4: 1; 0.9 g, 1.88 mmol) with 
thiolacetic acid (16 mL), in a similar fashion as described for 
compound 21, afforded 24 as an oil after chromatogra hic sep- P aration (0.64 g, 69%); [a], +80.0 (c 1.0, CHCl,); H NMR 
(CDC1,) 6: 7.35-7.34 (m, Ph), 6.18 (d, J =  9.5 Hz, NH ), 5.38 
(d, J,,, = 3.2 Hz, H-4), 5.20(dd, J,, = 3.2 Hz, and J,,, = 11.4 
Hz, H-2), 5.19 (s, CH,Ph), 4.91 (d, J l ,  = 3.7 Hz, H-1), 4.62 
(m, H-2), 4.044.25 (m, H-5, H-6, a id  OCH,COO-), 2.16, 
2.03, 1.99, 1.99 (OAc and NAc). I3c NMR (CDCI,) 6: 170.7, 
170.4, 170.2, 169.4 (CO), 128.6, 128.3,98.6 (C-1), 68.1,67.3, 
67.1, 66.9, 64.6, 61.6,47.3, 23.1, 20.6, and 20.5. HRMS (EI), 
calcd. for C23H3001 (M+H): 495.1725; found: 495.1725. 

Carboxylmethyl3,4,6-tri-0-acetyl-2-acetamido-2-deoxy- 
a-D-galactopyranoside (25) 

Hydrogenation of 24 (50 mg, 0.1 mmol), in a similar proce- 
dure as described for compound 22, gave 25 as an amorphous 
solid (38 mg, 94%); [a], +101.0 (c 1.0, CHCl,). 'H NMR 
(CDC1, + 2 drops of CD,OD) 6: 5.33 (d, J,,, = 3.3 Hz, H-4), 
5.17 (dd, J3,4 = 3.3 Hz and J3,, = 1 1.4 HZ, H-3), 4.82 (d, I,,, = 
3.5 Hz, H-l), 4.49 (dd, J,,, = 3.5 Hz and J2,, = 1 1.4 HZ, H-2), 
3.82-4.17 (m, H-5, H-6, and OCH,COO-), 2.12, 2.00, 1.94, 
1.92 (OAc, NAc). ',c NMR (CDC1, + 2 drops of CD,OD) 6: 
171.5, 170.7, 170.5 (CO), 97.8 (C-1), 68.3, 67.1, 66.4, 61.5, 
47.0, 22.3, 20.4, and 20.3. HRMS (FAB), calcd. for 
CI6H,,Ol ,NNa (M+Na): 428.1 168; found: 428.1 127. 

Compounds 28 and 34 
To a cooled solution of 18 (320 mg, 0.624 mmol) in dry THF- 
DMF (1: 1 ,3  mL) was added N-methylmorpholine (63 mg) fol- 
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Hanessian et al: 2 

lowed by isobutyl chloroforrnate (196 ILL) at -20°C. Stirring 
was continued at -20°C until a fine precipitate was observed 
(20 min). After 5 rnin, a solution of the triarnine 1 (48 rng, 0.15 
mmol) in dry DMF (1 rnL) was added and stirring was contin- 
ued for 1 h. The reaction mixture was diluted with dichlo- 
rornethane (20 rnL) and washed successively with saturated 
NaHC0, solution and water, dried (MgSO,), and evaporated to 
a syrup. Flash chromatography of the residue on silica gel 
(CH2CI2-MeOH, 955)  gave an inseparable 1: 1 mixture of 26 
and 32 (170 mg, 65%) as an amorphous solid. A solution of this 
mixture (360 rng) in 5 rnL of TFA was stirred for 3 h at room 
temperature, after which toluene (10 mL) was added and the 
solvents were removed in vacuo. The residue was acetylated 
(Ac,O-pyridine; 5 rnL, 1:2) to give 27 and 33 as a mixture of 
trirner and dirner, respectively (280 mg). A portion of the above 
mixture (200 mg) was treated with NaOMe in methanol (4 rnL) 
for 12 hat room temperature. The base was neutralized with IR- 
Hf resin, filtered, washed with methanol, and concentrated. 
The residue was chrornatographed on silica gel (CH,Cl,- 
MeOH, 1:l) followed by purification on Sephadex-LH-20 
(CH,CI,-MeOH, 3:2) to give 28 (15 rng, 80% from 27) and 34 
(I00 mg, 65% from 33) as amorphous solids. For 28: [a], +56.3 
(C 1.0, MeOH). 'H NMR (CD30D) 6: 5.85 (m, CH,=CH), 
5.27-5.1 (rn, CH,=CH), 4.83 (d, = 3.3 Hz, H- 1), 4.60 (m, 
Ser a-H), 4.25 (dd, J, = 3.7 Hz and J2,, = 10.9 HZ, H-2), 3.93- 
3.74 (m), 3.45-3.25-'(m), 2.04, 2.02, 1.95 (NAc). I3c NMR 
(CD,OD) 6: 174.1, 172.0, 172.5 (NHCO), 136.2 (CH,=CH), 
116.6 (CH,=CH), 100.0 (C-I), 73.4, 72.6, 70.9, 70.8, 70.6, 
70.2, 69.8, 69.5, 62.9, 51.4,46.7,40.5, 22.9, and 22.7. HRMS 
(FAB), calcd. for C42H73021N7Na (M+Na): 1034.4758; found: 
1034.4809. For 34: [a], +62.9 (c 1.0, MeOH). 'H NMR 
(CD30D) 6: 5.89 (m, CH,=CH), 5.21 (m, CH2=CH), 4.8 1 (d, 
J,,, = 3.3 Hz, H-1), 4.61 (m, Ser a-H), 4.26 (dd, J2 = 3.7 Hz 
and J2,, = 10.9 HZ, H-2), 3.90-3.65 (m), 3.5-3.3'(m), 2.04, 
2.02, 1.94 (NAc). I3c NMR (CD30D) 6: 173.8, 173.2, 172.0 
(CO), 136.5 (CH,=CH), 116.7 (CH,=CH), 100.1 (C-1), 73.4, 
72.9, 70.9, 70.8, 70.3, 69.8, 69.6, 62.8, 54.8, 51.5, 49.7,46.8, 
40.6,40.5, 23.0, 22.9, 22.8, and 22.7. 

Compounds 31 and 37 
A solution of 18 (56 1 mg, 1.08 mmol) in dry THF-DMF (3 
mL, 1:l) was coupled with triarnine 2 (128 mg, 0.34 mmol in 
dry DMF, 2 mL) as described for compounds 26 and 32, to 
afford a mixture of 29 and 35 (380 mg, 76%) as an amorphous 
solid. A portion (255 mg) was treated with TFA, followed by 
N-acetylation as described for 27 and 33 to give 205 mg of 30 
and 36 as a syrupy mixture which was treated with NaOMe, as 
described for 28 and 34, to give 31 (120 mg) and 37 (20 mg). 
For 31: [a], +73.4 (c 0.5, MeOH). 'H NMR (CD,OD) 6: 5.80 
(m, CH2=CH), 4.95 (rn, CH=CH,), 4.83 (d, J,,, = 3.7 Hz, H- 
l),4.60 (m, Sera-H), 4.20 (dd, J2,, = 3.7 Hz,J2,,= 10.9 HZ, H- 
2), 4.77-3.28 (m), 2.05, 2.02 (NAc), 1.88-1.31 (m, CH,). I3c 
NMR (CD30D ) 6: 174.5, 174.0, 172.2 (CO), 140.2 
(CH2=CH), 1 14.9 (CH2=CH), 99.5 (C-1), 72.6, 70.7, 69.8, 
69.3, 68.9, 62.4,62.3, 54.7, 51.2,40.4, 23.1, and 22.8. HRMS 
(FAB), calcd. for C,8H,o102,N, (M+Na): 1394.6653; found: 
1394.6628. For 37: [a], +68.0 (c 0.25, MeOH). 'H NMR 
(CD30D) 6: 5.80 (m, CH,=CH), 4.95 (m, CH=CH,), 4.82 
(d, J1 , ,=3.6Hz,H-l) ,4 .61 (m,Sera-H),4.20(dd, J2,' =3.6  
Hz, J2,3 = 11.1 HZ, H-2), 3.91-3.7 (rn), 3.48-3.29 (m), 2.05, 
2.04, 2.02 (s, NAc), 1.89-1.32 (m, CH,). I3c NMR (CD30D) 

6: 174.6, 174.1, 172.1 (CO), 140.2 (CH,=CH), 114.9 
(CH,=CH), 99.4 (C-1), 72.7, 72.6, 70.7, 70.6, 69.9, 69.2, 
68.9, 62.4, 54.7, 51.1, 40.3, 23.0, and 22.3. HRMS (FAB), 
calcd. for C47H83021N7Na (M+Na): 1104.5538; found: 
1104.5463. 

Compounds 38 and 41 
Compound 15 (850 rng, 1.09 rnrnol) was coupled with the tri- 
amine 2 (102 mg, 0.27 mmol) following the procedure 
described above, to give compound 38 after chromatographic 
separation (180 mg, 25%) and 41 (250 rng, 35%) as amor- 
phous solids. For 38: [a], +52.0 (c 0.5, CHCI,); IR crn-' 
(film): 3450 (NH), 1750 (C=O). 1230 (ester), 1670 and 1540 
(amide). 'H NMR (CD,OD) 6: 5.80 (m, CH,=CH), 5.37 (d, 
J11'3 = 2.7 Hz, H-4'), 4.48 (m, Ser a-H), 4.16-3.3 (m), 2.14- 
2.04, 2.03, 1.99, 1.92 (OAc and NAc), and 1.45-1.34 (rn, 
-CH,(CH,), CH-). I3c NMR (CD,OD) 6: 172.7, 172.0, 171.9, 
171.5, 171.1 (CO), 140.1 (CH,=CH), 114.8 (CH,=CH), 
103.7 (C-1'), 100.7 (C-1), and 100.1 (CMe,), 77.1,72.6, 71.9, 
71.1,70.9, 70.5,70.3, 69.9,68.8,67.6, 64.5, 63.8, 62.7,40.6, 
34.8,30.1,29.6,28.8,23.3,20.9,20.7,20.4,and 19.0.For41: 
[a], +5 1.2 (c 0.25, CHCI3); IR cm-I (film): 3450 (NH), 1750 
(C=O). 1230 (ester), 1670 and 1540 (amide). 'H NMR 
(CD,OD) 6: 5.80 (m, 1 H, CH2=CH), 5.37 (d, J,,,, = 2.0 HZ, 
H-4'), 4.82 (m, Ser a-H), 5.1-3.3 (m), 2.14, 2.03, 1.99, 1.97, 
1.92 (OAc and NAc), and 1.45-1.34 (m, -CH, (CH2)4 CH-). 
13c NMR (CHC1, + CD30D) 6: 172.8, 172.0, 171.9, 171.5, 
17 1.1 (CO) 140.1 (CH,=CH), 1 14.8 (CH,+H), 103.7 (C- 
l'), 100.6 (C-1), 100.1 (CMe,), 77.1, 72.6, 71.2, 71.0, 70.9, 
70.3, 69.9, 68.8, 67.6, 64.5, 63.8, 62.6,40.6, 30.1,29.6, 28.8, 
23.4, 20.9, 20.7, 20.5, and 19.0. 

Compounds 40 and 43 
The N-t-Boc group and 0-isopropylidene groups in 38 (130 
mg, 0.05 rnmol) and 41 (400 mg, 0.21 mmol) were individu- 
ally removed by treating each compound with TFA followed 
by N- and 0-acetylation, to give 39 (98 mg, 77%), [a], +25 (c 
0.5, MeOH) and 42 (286 mg, 72%), [a], +51.2' (c 0.25, 
MeOH). Treatment of 39 (75 mg, 0.028 mmol) and 42 (120 
mg, 0.21 mmol) with NaOMe in MeOH, as described above, 
gave 40 (42 rng, 79%) and 43 (69 mg, 78%), respectively. For 
40: [a], +47.2 (c 0.25, H20). 'H NMR (CD30D +D,O) 6: 5.84 
(m, CH,=CH), 5.39 (d, .Ic,, = 3.3 Hz, H-4'), 4.90 (m, 
CH2=C), 4.86 (d, J1,2 = 3.5 Hz, H-1), 4.57 (m, Ser a-H), 4.42 
(d, J1T,2'=7.5H~,H-l ') ,4.33(dd, J2, ,=3.5Hz, J2,,= 10.9Hz, 
H-2), 3.30-4.00 (m), 2.09, 2.01 (NAc), 1.25-1.60 (m, 
-CH,(CH2), CH-). I3c NMR (CD30D+D20) 6: 174.7, 173.6 
(CO), 140.6 (CH,=CH), 115.0 (CH,=CH), 105.6 (C-1'), 
99.9 (C-1). HRMS (FAB), calcd. for C76H13,043N9Na (M 
+Na): 1880.8267; found: 1880.8214. For 43: [a], +35.2 (c 
0.25, H,O). 'H NMR (CD30D +D,O) 6: 5.85 (m, CH2=CH), 
5.03 ( d ,  J,,,,, = 3.3 Hz, H-4'), 4.90 (m, CH,=C), 4.83 (d, J,,, = 
3.5 Hz, H-1), 4.57 (m, Ser P-H), 4.42 (d, J1,,2'= 7.5 Hz, H-1'), 
4.31 (dd, J2,' = 3.5 Hz, J2,3 = 10.9 HZ, H-2), 4.28-3.27 (rn), 
2.04, 1.99-1.96 (NAc), 1.54- 1.30 (m, -CH,(CH,),CH-). I3c 
NMR (CD30D + D,O) 6: 175.0, 174.6, 172.1 (CO), 140.9 
(CH2=CH), 115.0 (CH2=CH), 105.6 (C-1'), 99.2 (C-1), 
78.1, 76.0, 73.7, 72.8, 71.9, 71.7, 70.5, 70.4, 69.6, 69.5, 68.6, 
62.1, 61.9, 54.7,40.2, 34.1, 29.5,29.1, 23.1, and 22.8. HRMS 
(FAB), calcd. for C,9H,0303,NNa (M+Na): 1428.6589; found: 
1428.6445. 
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Compound 44 
To a solution of 25 (46 mg, 0.107 mmol) in dry DMF (3 mL, 
1:l) cooled to -20°C was added N-methylmorpholine (10 
mg), followed by isobutyl chloroformate (14 pL). Stirring was 
continued at -20°C until a fine precipitate was observed (20 
rnin). In a separate flask, a solution of the triamine 2 (10 mg, 
0.026 mmol) in dry DMF (1 mL) was mixed under anhydrous 
conditions with N-methylmorpholine (5 kL). This solution 
was gradually added to the above solution of 25 at -20°C 
under argon during a period of 10 min. Stirring was continued 
at room temperature for 90 min with occasional monitoring by 
TLC. The reaction mixture was diluted with dichloromethane 
(20 mL), washed successively with saturated NaHC0, solu- 
tion and water, dried (MgSO,), and evaporated to a syrup. 
Flash chromatography of the residue on silica gel (CH,Cl,- 
MeOH, 955)  gave 44 as an amorphous solid (30 mg, 60%); 
[a], +72.3 (c 2.0, CHC13); IR cm-' (film): 3450 (NH), 1750 
(C-0). 1230 (ester), 1670 and 1540 (amide). 'H NMR 
(CD30D) 6: 5.76 (m, CH,==CH), 5.36 (d, J,,, = 2.8 Hz, H-4), 
5.16 (dd, J3,, = 11.6 Hz, H-3), 4.95 (m, CH,=CH), 4.88 
(d, J,,, = 3.4 Hz, H-1), 4.58 (m, H-2), 4.2-3.2 (m, H-5, OCH, 
and NCH,), 2.14-1.95 (OAc, NAc), 1.60-1.20 (m, 
-CH,(CH,),CH-). 13c NMR (CD30D) 6: 170.9, 170.8, 170.6, 
170.3, 169.1 (COCH,, and NHCOCH,), 138.7 (CH,=CH), 
114.1 (CH2=CH), 98.2 (C-1), 76.8, 76.3, 69.7, 69.6, 69.5, 
67.8, 66.8, 66.7, 61.6, 60.3, 38.8, 33.5, 28.7, 28.6, 25.8, 22.5, 
20.5, and 20.4. HRMS (FAB), calcd. for C70Hll,036N6S~- 
HSCH,CHOHCH,OH, (M+CH,SHCHOHCH,OH): 
1644.6838; found: 1644.6869. 

Compound 45 
The acetyl groups in compound 44 (20 mg, 0.01 13 mmol) 
were removed by treatment with NaOMe in methanol (2 mL) 
as described for 28 and 34, to give 45 (15 mg, 96%) as a syrup; 
[a], +32.3 (c 1.0, MeOH), 'H NMR (CD30D) 6: 5.80 (m, 
CH,=CH), 4.90 (m, H-4, and CH,==CH), 4.37 (dd, .I3,, = 
3.6 Hz, and J3,, = 11.0 Hz, H-3), 3.91 (d, J1,, = 2.8 Hz, 
H-1), 3.81 (m, H-2), 3.82-3.28 (m, H-5, H-6, CH,), 
2.02 (NAc), 1.6C1.20 (m, -CH,(CH,),CH-). HRMS (FAB), 
calcd. for C5,H940,7N6SNa.HSCH2CHOHCH20H, (M+Na+ 
CH,SHCHOHCH,OH): 1289.5785; found: 1289.5646. 

Compounds 47 and 51 
A solution of 22 (200 mg, 0.3 mmol) in DMF was treated with 
triamine 1 (45 mg, 0.14 mmol) in dry DMF, in a similar fash- 
ion as described for compound 44, to give 46 (93 mg, 41%); 
[a], +50.7 (c 1.1, MeOH) and 50 (76 mg, 30%); [a], +36.2' (c 
0.9, MeOH) each as an amorphous solid. The 0-acetyl groups 
in compounds 46 (190 mg, 0.08 mmol) and 50 (60 mg) were 
removed by treating separately with NaOMe, as described 
above for compounds 28 and 34, to give 47 (1 18 mg, 92%) and 
51 (40 mg, quant.) as syrups after chromatographic separation. 
For 47: [a], +82.5 (c 0.25, H,O); 'H NMR (CD30D-D,O, 1: 1) 
6: 5.90 (m, CH,=CH), 5.25 (m, CH,=CH), 4.87 (d, J1,, = 3.1 
Hz, H- 1), 4.5c3.30 (m, H- 1'; H-4, H-5, H-5', H-6, H-6'), and 
2.02 (NAc). 13c NMR (D,O) 6: 175.0, 172.1 (NHCOCH,), 
135.4 (CH2=CH), 118.1 (CH2=CH), 105.8 (C-1'), 99.0 (C- 
l), 78.1, 76.1, 73.8, 73.3, 72.3, 71.8, 70.6, 69.7, 67.3, 62.2, 
39.7, and 23.1. HRMS (FAB), calcd. for C62H106040N6Na 
(M+Na): 1597.5569; found: 1597.5498. For 51: [a], +66.0 
(c 0.5, H,O). 'H NMR (CD30D-D,O, 10:l) 6: 5.89 (m, 

CH2=CH), 5.29 (m, CH2=CH), 4.87 (d, J1,, = 3.6 Hz, H-1), 
4.50-3.30 (m), 2.02 (NAc), 0.90 (d, J =  6.8 Hz, CHCH,). ',c 
NMR (D,O) 6: 175.0,172.1 (NHCOCH,), 135.5 (CH,=CH), 
117.9 (CH,=CH), 105.9 (C-1'), 99.1 (C-l), 78.2, 76.1, 73.9, 
73.3, 72.3, 72.2, 71.9, 71.1, 70.6, 69.9, 69.8, 67.3, 62.2, 62.1, 
39.7, 28.8, 23.1, and 19.3. HRMS (FAB), calcd. for 
C51H,g030N5Na (M+Na): 1274.5437; found: 1274.5417. 

Compounds 49 and 53 
A solution of 22 (303 mg, 0.43 mmol) in dry DMF was treated 
with triamine 2 (58 mg, 0.15 mmol) essentially in the same 
fashion as described for compound 44, to give 48 (173 mg, 
50 %); [a], +40.6 (c 1.1, MeOH) and 52 (61 mg, 16%); [a], 
+82.0 (c 1.8, MeOH) each as an amorphous solid after chro- 
matographic separation. The 0-acetyl groups in 48 (73 mg, 
0.03 mmol) and 52 (91 mg, 0.05 mmol) were removed by 
treating separately with NaOMe, in a similar fashion as 
described above for compounds 28 and 34, to give 49 (42 mg, 
84%) and 53 (56 mg, 90%) as amorphous solids. For 49: [a], 
+52.8 (c 1.1, H20). 'H NMR (D,O) 6: 5.87 (m, CH,=CH), 
4.98 (m, CH,=CH), 4.96 (d, J,,, = 3.3 Hz, H-1), 4.53 (d, J1,, = 
7.7 Hz, H- 1'), 3.94 (d, H-4), 4.4-3.4 (m), 2.13 (NAc), 1.46- 
1.23 (m, CH,(CH,),CH). ',c NMR (D,O) 6: 174.3, 171.3 
(NHCOCH,), 139.9 (CH,=CH), 114.0 (CH,=CH), 104.3 
(C-1'), 97.7 (C-1), 78.9, 77.8, 72.3, 71.7, 71.1, 70.7, 69.8, 
68.5, 68.4, 66.1, 60.8, 48.7, 45.0, 38.5, 28.4, 27.9, 25.4, and 
22.0. HRMS (FAB), calcd. for C67H116040N6Na (M+Na): 
1667.7079; found: 1667.7135. For 53: [a], +47.3 (c 1.0, 
H,O); 'H NMR (D20) 6: 5.7 (m, CH2=CH), 4.98 (m, 
CH,=CH), 4.96 (d, J,,, = 3.1 Hz, H-1), 4.43-3.0 (m), 2.09 
(NAc), 1.41-1.27 (m, -CH,(CH,),CH), 0.88 (d, CHMe,). I3c 
NMR (CD30D) 6: 173.8, 172.3, 170.7 (OCONH and 
NHCOCH), 139.1 (CH,=CH), 113.7 CH,=CH), 104.2 (C- 
l'), 97.3 (C-1), 76.4, 74.6, 74.4, 72.1, 70.8, 70.7, 70.6, 69.9, 
69.0, 68.9, 68.5, 65.8, 65.7, 60.6, 60.4, 60.3,47.8,44.7, 38.1, 
32.8, 28.1, 27.9, 27.8, 27.2, 25.0, 21.7, and 17.9. HRMS 
(FAB), calcd. for C56H99030N5Na (M+Na): 1344.6240; found: 
1344.6198. 

Summary 

Immunologically relevant carbohydrates such as D-Gal- 
NAc(Tn) and D-Galp(l+3)GalNAc(T) have been attached to 
triamino and tris(aminoethy1) pentaerythritol-based scaffolds 
through amide linkages with the aim of generating clustered 
haptenic motifs for use as tumor-specific carbohydrate anti- 
gens and vaccines. 
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The generator coordinate Dirac-Fock method 
applied to beryllium-like atomic species 

F.E. Jorge and A.B.F. da Silva 

Abstract: The recently formulated generator coordinate Dirac-Fock method for relativistic closed-shell atoms is applied 
to the Be atom and Be-like ions Ne6+, Ar14+, and Sn46+ in order to assess its efficacy for light atomic systems. The Dirac- 
Fock equations are integrated numerically in the generator coordinate Dirac-Fock method so as to generate Gaussian basis 
sets for the atomic species under study. The results obtained with the application of the generator coordinate Dirac-Fock 
method in this work for Dirac-Fock-Coulomb and Dirac-Fock-Breit energies for Be-like ions are in excellent agreement 
with Declaux's benchmark numerical calculations, and are better than the Dirac-Fock-Coulomb and Dirac-Fock-Breit 
energies obtained with even-tempered Gaussian-type function calculations. For the Be atom, the Dirac-Fock-Coulomb 
energy result obtained with the generator coordinate Dirac-Fock method is lower than the corresponding value obtained 
with the Declaux's numerical finite-difference program. 

Key words: Dirac-Fock-Coulomb energy, Dirac-Fock-Breit energy, Gaussian basis sets, generator coordinate Dirac-Fock 
method. 

Resume : La mCthode de la coordonnCe gtntratrice Dirac-Fock rtcemment formulie, pour les atomes ayant une couche 
Clectronique relativement complkte, est appliquCe a I'atome de Be et aux ions ressemblant h l'atome de Be : Ne6+, ArI4+ et 
Sn46+ dans le but de vCrifier I'efficacitC de cette mCthode pour les systkmes atomiques ltgers. Les Cquations de Dirac-Fock 
sont intCgrCs numkriquement dans la mtthode de la coordonnCe gCnCratrice Dirac-Fock de f a ~ o n  a gCnCrer l'ensemble de 
base de Gauss pour les espkces atomiques CtudiCes. Les rksultats obtenus avec la mCthode de la coordonnCe gCnCratrice 
Dirac-Fock pour les Cnergies Dirac-Fock-Coulomb et Dirac-Fock-Breit pour les ions du type Be sont en parfait accord 
avec les calculs numCriques de rCfCrence de Declaux et sont meilleurs que les Cnergies de Dirac-Fock-Coulomb et 
Dirac-Fock-Breit obtenues avec les calculs avec les fonctions de Gauss Cgalement tempCrCs. Dans le cas de I'atome 
de Be, 1'Cnergie de Dirac-Fock-Coulomb obtenue avec la mCthode de la coordonnke gCnCratrice Dirac-Fock est plus basse 
que I'Cnergie correspondante obtenue avec le programme de diffirences finies numkrique de Declaux. 

Mots clPs : Cnergie Dirac-Fock-Coulomb, Cnergie Dirac-Fock-Breit, ensembles de base de Gauss, mCthode de la 
coordonnCe gCnCratrice Dirac-Fock. 

[Traduit par la rCdaction] 

1. Introduction atomic and molecular calculations. Besides, the GTF that sat- 

Ab initio Dirac-Fock (DF) self-consistent-field (SCF) calcu- isfy the boundary conditions for the finite nucleus automat- 

lations for many-electron atoms have been carried out either ically satisfy the condition of the so-called kinetic balance 

by using numerical finite-difference or basis set expansion for a finite speed of light (6). 

methods ( 1 4 ) .  Slater-type functions (STF) and Gaussian- In this letter we apply the generator coordinate Dirac-Fock 

type functions (GTF) that satisfy the relativistic boundary (GCDF) method developed recently for us ( 7 7  8) to calcu- 

conditions have been used for ab initio DF calculations on late the ground state Dirac-Fock-Coulomb (DFC) and Dirac- 

atoms. However, as relativistic atomic and molecular calcula- Fock-Breit (DFB) energies of Be, Ne6+, ~ r ' ~ + ,  and ~ n ~ ~ +  in 

tions are based on the Dirac equation whose solutions for an order to evaluate its efficacy for light atomic systems. Our 

electron in a finite nucleus have been shown to be Gaussian results for the total DFC and DFB energies obtained with the 

(5, 6), the GTF are the natural choice for ab initio relativistic GCDF method surpass previous calculations for Ne6+, ArI4+, 
and Sn46+ using even-tempered GTF (9), and are competi- 
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- 
tive with the results obtained by usingDeclaux3s numerical 
finite-difference program (9). For the case of the Be atom, 
the DFC energy computed with our GTF is lower than the 
corresponding value obtained by both even-tempered GTF 
and numerical finite-difference calculations. 

The GTF exponents generated here with the GCDF method 
for Be, Ne6+, Ar14+, and Sn46+ represent the first set of GTF 
exponents for these species obtained directly from a rela- 
tivistic environment (code), as the usual procedure in rela- 
tivistic calculations, so far, has been to employ GTF expo- 
nents obtained from a nonrelativistic environment by varia- 
tional optimization or other techniques and cany them over 
to relativistic calculations (9-16) as suggested primarily by 

Can. J. Chem. 74: 1748-1752 (1996). Printed in Canada I Imprim6 au Canada 
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Matsuoka and Huzinaga (16). In that pioneer work, Matsuoka 
and Huzinaga showed that the same set of well-tempered 
GTF exponents obtained for a nonrelativistic atom could be 
carried over to the relativistic calculation. 

2. Theoretical 
In a previous paper we introduced the GCDF method for 
closed-shell atoms (7), and afterwards we included the Breit 
interaction term in the GCDF formalism in order to per- 
form DFB calculations (8). This methodology is a result of 
applying the generator coordinate (GC) formalism (17), orig- 
inally formulated for applications in nuclear physics, to the 
DF equations. For this purpose we chose the radial large and 
small components, PtlK(r) and QnK(r), respectively, as inte- 
gral transforms, viz. 

[ l l  p d r )  = / xk(r, y)f;k(y)dy 

and 

where Xk and X; are, respectively, the large (L) and small 
(S) generator functions (GTF or STF), f,k and f& are, re- 
spectively, the large and small weight functions, and y is the 
generator coordinate. In the GCDF method, although we re- 
sorted to a discretization technique for the solution of the 
integral DF equations 

= J E,1KskL( yl i l )~k(q)dq 

and 

the continuous character of the original GC formalism (17) 
was retained. This was achieved by simply choosing equally 
spaced discretization points in an attempt to find an ade- 
quate numerical integration of the eqs. [3]. This approach 
is referred to as integral discretization (ID) (18) in contrast 
to the procedure of variationally optimizing orbital expo- 
nents, common in nonrelativistic calculations. The ID is im- 
plemented through a relabelling of the generator coordinate 
space y 

In the new generator coordinate space O, an equally spaced 
N-point mesh {Ow} is selected, and the integration range is 
characterized by a starting point Omin, an increment A@, and 
N (number of points). 

After the integral discretization, eqs. [3], for symmetry 
type K, take the form 

where the overlap matrix is given by 

The DFC and the DFB matrices are 

and 

respectively. Where the one-electron part oK is 

The two-electron part t,, which consists of the matrices of 
two-electron Coulomb and exchange interactions, is given by 

The frequency-independent Breit interaction leads to the term 
bK in the matrix SCF equation, eq. [5], viz. 

The one- and two-electron matrix elements in eqs. [9]-[ll] 
are expressed in terms of the generator coordinate y, and 
have been shown elsewhere (7, 8). In the GCDF method the 
bK term is introduced in the SCF procedure according to the 
previous work of Quiney et al. (19), which showed that there 
is no necessity for the bK term to be treated as a first-order 
perturbation, as was widely believed. Later, Ishikawa et al. 
(20) developed the DFB SCF method including the bK term 
in the SCF procedure, as suggested by Quiney et al. (19), 
using GTF basis sets. 

3. Some considerations about the 
even-tempered exponents and 
the ID technique 

In this section we would like to draw attention to the simi- 
larity between the even-tempered technique and the ID tech- 
nique used in the GCDF method. The definition for the 
even-tempered exponents is ( = ap'-I, where a and P are 
constants to be determined, and i = 1,2,.  . . , N. Thus, the 
increment A( is A( = kitl - ki = aPi-'(P - 1) = t i@ - 1). 
i.e., the basis function exponent ti times a constant. In our 
case, the ID technique was proved to be particularly efficient 
with a relabelling technique of the generator coordinate space 
y (see eq. [4]) with Gaussian generator functions, namely, 
yi = exp(AOi), and Ay = yitl - yi = exp(AOi)[exp(AAO - I)] 
= yi[exp(AAO)-11, i.e., again a basis function exponent times 
a constant. Despite the similarity between the two techniques, 
the even-tempered formula never aimed at the solution of a 
continuous problem (the parameters a and P are generally 
determined variationally), whereas our discretization param- 
eters are determined through numerical integration in order 
to adequately simulate eqs. [3]. Thus, the even-tempered gen- 
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eration of basis function exponents is unrelated to ours. In- 
deed, the application of the two techniques to study the same 
atomic system will lead (for a finite basis set of fixed size) to 
different energy values, because the basis function exponents 
generated by each technique would be different. 

It is important to mention that through our technique we 
are always able to generate accurate universal basis sets for 
a large number of atomic species (12-15, 21). On the other 
hand, to generate a universal basis set variationally with the 
even-tempered formula is almost impossible, as trying to do 
that implies finding variationally a unique set of parame- 
ters a and p that can describe the energy of a considerable 
number of atoms. This is the reason why papers published 
in the literature in which even-tempered basis sets are deter- 
mined variationally always have one different set of parame- 
ters a and p for each orbital symmetry in each atomic system 
studied. In a unique case, Silver and Nieuwpoort in 1978 in- 
deed generated a universal even-tempered basis set for 10 
atoms using Slater-type functions, but the parameters a and 
p were chosen quite arbitrarily instead of being determined 
variationally (22). 

4. Results and discussion 
The DFC and DFB SCF calculations on Be and Be-like 
species Ne6+, ArL4+, and Sn46+ are performed by using the 
closed-shell GCDF method presented briefly in Sect. 2. The 
finite nuclear model of uniform proton charge distribution 
and kinetic balance constraints (5, 6, 19) are used in our cal- 
culations in this work. The atomic masses used for Be, Ne, 
Ar, and Sn nuclei are, respectively, 9.0, 20.0, 39.948, and 
118.69 amu. The speed of light c is in all calculations taken 
to be 137.0370 au. 

The GTF exponents generated here with the GCDF method 
for Be atom and Be-like ions can easily be reproduced by 
using eq. [4] and the discretization parameters Omin (starting 
exponent), A@ (increment), and N (number of exponents) 
shown in Tables 1-5 for each atomic species studied. The 
scaling parameter A in eq. [4] is used in all calculations as 
6.0. From the discretization parameters shown in Tables 3-5, 
we notice that the starting exponent can differ from one ion 
to another, despite having a unique (universal) set of GTF 
exponents used for Ne6+, Ari4+, and Sn46+. For each atomic 
species studied, we increased the number of exponents per 
s1 /2  symmetry until a total DFC energy value was obtained 
with an accuracy comparable to (or better than) that obtained 
with the numerical finite-difference program. Afterwards, we 
used the same set of exponents to perform the corresponding 
DFB calculations. 

Table 1 shows the convergence pattern for Be, and Tables 
2-5 display the results for DFC and DFB energies (EDFC 
and EDm, respectively), 1s and 2s DFC and DFB orbital 
energies ( E ~ ~  and E Z ~ ,  respectively), and the Breit interaction 
energy (EB) obtained with the GCDF method and other ap- 
proaches for Be, Ne6+, Ar14+, and Sn46+. EB(SCF) denotes the 
variational Breit interaction energy computed as the differ- 
ence between EDFB and EDFC. EB(PT) is the first-order Breit 
interaction energy evaluated perturbatively (1, 9). 

Table 1 displays the convergence pattern of the DFC, DFB, 
and EB energies for the Be atom. One can see from Table 1 
that the Be DFC and DFB energies converge to the lowest 

Table 1. Convergence pattern for the DFC, DFB, and E, 
energies of the Be atom (in hartrees). 

"The discretization parameters used in all calculations are 0,,, = -0.64 
and A 0  = 0.1 19. 

"ED, represents the Dirac-FockXoulomb energy. 
'ED,, represents the Dirac-Fock-Breit energy. 
"E, represents the variational Breit interaction energy. 

Table 2. Calculated DF energies for the Be atom (in hartrees)." 

GTF Numerical 
(this work) Even-tempered finite-difference 

N = 2Sb GTF (9) calculationsc 

E -14.575 189 86 -14.575 189 13 -14.575 189 49 
E I ~  -4.732 941 -4.732 935 
E2s -0.309 310 0 -0.309 308 4 
EDFc -14.575 893 06 -14.575 891 57 -14.575 891 97 
E1.r -4.733 500 -4.733 493 -4.733 498 
Ezs -0.309 323 0 -0.309 321 1 -0.309 322 1 
EB(scF, +7.032 0(-4) +7.024 4(-4) 

E~o, +7.024 8(-4) +7.024 8(-4) 

"Entries of the form a(b) are to be interpreted as a x lob. 
"0 ,,,, = -0.64 and A O  = 0.1 19. 
'Obtained from ref. 9. 

limit of -14.575 893 06 and - 14.575 189 86 hartrees, respec- 
tively, when the basis set size reaches N = 28. It is interesting 
to mention that for N = 21 the Breit interaction energy has 
already converged whereas the DFC and DFB total energies 
have not yet done so. 

Table 2 contains several energy results for the Be atom 
computed with the GCDF method and other approaches. 
From Table 2 we can see that the DFC and DFB energy 
results obtained with the GCDF method are lower, respec- 
tively, by 1.49 and 0.73 yhartree than their counterparts ob- 
tained with even-tempered basis set (9), and by 1.09 and 
0.37 phartree than those obtained by using the numerical 
finite-difference method (9). The excellent performance of 
our GTF basis set in describing the DFC energy for the Be 
atom is attributed to the proper representation of the wave 
function inside the nucleus due to the higher numerical ac- 
curacy of the Gaussian basis functions generated here with 
the GCDF method. This evidence is not completely new, as 
in a previous paper Parpia and Mohanty (23) already verified 
the possibility of basis set functions being able to better rep- 
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Table 3. Calculated DF energies for the Ne6+ ion (in hartrees)." 

GTF Numerical 
(this work) Even-tempered finite-difference 

N = 31" GTF (9) calculationsc 

"Entries of the form a(b) are to be interpreted as a x lob. 
%mi, = -0.10 and A@ = 0.104. 
'Obtained from ref. 9. 

Table 4. Calculated DF energies for the ~ r " "  ion (in hartrees)." 

GTF Numerical 
(this work) Even-tempered finite-difference 

N = 32h GTF (9) calculations' 

"Entries of the form a(b) are to be interpreted as a x 10" 
'Om,, = -0.1 0 and A@ = 0.104. 
'Obtained from ref. 9. 

Table 5. Calculated DF energies for the snj6+ ion (in hartrees). 

GTF Numerical 
(this work) Even-tempered finite-difference 

N =  31" GTF (9) calculationsb 

= -0.10 and AO = 0.104. 
'Obtained from ref. 9. 

resent the wave function inside the nucleus than numerical 
finite-difference calculations. The DFC and DFB orbital en- 
ergies computed with the GCDF method for Be are slightly 
lower than the corresponding DFC and DFB orbital energies 
obtained with the other two approaches. The EB obtained for 
Be with the GCDF method is in good agreement with the 
other values obtained with the even-tempered GTF and the 
perturbative approach (9). 

Tables 3-5 display the results for the Ne6+, ArI4+ , and 
Sn46+ ions using our GTF basis set generated with the GCDF 
method, the even-tempered GTF basis set (9), and the nu- 
merical finite-difference method (9). Here, it is interesting to 
draw attention to the fact that for Ne6+, Ar14+, and Sn46+ we 
have generated, with the GCDF method, a universal Gaussian 
basis set to describe this set of positive ions, while the even- 
tempered basis sets have a different set of parameters a and 
p for each one of the three positive ions studied, and these 
parameters are obtained variationally in a nonrelativistic en- 
vironment. One can see from the footnotes of Tables 3-5 that 
Omin and A@ are always the same for the three ionic species 
studied here. From these tables, we see that our DFC ener- 
gies are always better than the even-tempered GTF results 
and are very close to the results obtained with the numerical 
finite-difference method. On the other hand, our DFB ener- 
gies obtained for these ionic species are always lower than 
the DFB energies obtained with the even-tempered GTF basis 
set and the numerical finite-difference method. For the three 
ions studied, the DFC and DFB orbital energies obtained with 
our GTF are in excellent agreement when compared to the 
corresponding orbital energies obtained with the numerical 
finite-difference approach. Besides, the EB computed with 
our GTF is in good agreement with the perturbative approach 
despite the EB obtained with the perturbative approach being 
slightly larger in magnitude than the EB results obtained with 
the GCDF method. According to Ishikawa (9), the difference 
between the EB calculated variationally and that calculated 
by using the perturbative approach indicates that first-order 
perturbation calculations overestimate the EB,  and the error 
is not negligible for a moderately high-Z atom (for Sn46+ the 
difference is au). Quiney et al. (19) pointed out that this 
difference may be attributed to the inclusion of higher-order 
( a 4 . .  .) covariant contributions in the SCF treatment of the 
Breit interaction that are absent in the first-order perturba- 
tion treatment. 

We attribute the high accuracy of our GTF basis set, pre- 
sented in this work for Be-like atomic species, to the ID 
technique of the GCDF method. In the GCDF, the ID tech- 
nique is implemented inside the D F  equations, and thus the 
GTF exponents are generated directly from a relativistic en- 
vironment. We believe the reason why our DF energy results, 
obtained here for Be-like atomic species with the GCDF 
method, are better than the even-tempered basis set coun- 
terparts (9) is related to the fact that the ID technique of 
the GCDF method is implemented directly inside the D F  
equations. It is important to mention that the even-tempered 
GTF exponents used by Ishikawa (9) were originally inside a 
nonrelativistic environment, and afterwards transferred to the 
relativistic environment in order to perform DF calculations. 
Thus we see that the GCDF method is able to provide very 
accurate Gaussian basis sets for relativistic calculations, as 
presented here for light atomic systems and previously for 
heavy atoms (7, 8). 

5. Conclusion 
The DF energy values reported in this work for Be-like 
atomic species show that with a careful numerical integration 
of the DF equations in the GCDF method we are able to gen- 
erate very accurate GTF to be used in relativistic atomic and 
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molecular calculations. With the GCDF method, the GTF 
exponents are generated by the discretization of the integral 
DF  equations with the best numerical integration as a goal. 
Thus, in the GCDF formalism, the GTF exponents are not 
parameters to be variationally optimized as usual. The GCDF 
method represents an algorithm capable of generating GTF 
exponents directly from a relativistic environment (code). 

The DFC and DFB energies obtained in this work with the 
GCDF method are competitive in accuracy with the corre- 
sponding values obtained with the numerical finite-difference 
method and better than the DFC and DFB energies obtained 
with an even-tempered GTF basis set. The excellent DFC 
and DFB energy results obtained here for the Be atom, when 
compared to the numerical finite-difference counterpart, are 
attributed to the higher accuracy of our GTF basis set due to 
the implementation of the ID technique inside the relativistic 
environment. 
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The chemistry of thujone. XIX.' Acid-promoted 
ring cleavage of thujone-derived 
cyclopropylcarbinols 

James P. Kutney, Yong-Huang Chen, and Steven J. Rettig 

Abstract: Thujone-derived cyclopropylcarbinols can cleave via three distinct pathways: the exo cleavage, the endo cleavage, 
and the interesting cyclopropylcarbinyl rearrangement. Factors determining which pathway is adopted under specific conditions 
are discussed. A short sequence leading to synthesis of the sesquiterpene (+)-P-cyperone is described. 

Key words: thujone, cyclopropylcarbinols, cyclopropylcarbinyl rearrangement, P-cyperone synthesis. 

RCsumC : Les cyclopropylcarbinols dCrivCs de la thujone peuvent subir trois clivages distincts : le clivage exo, le clivage endo et 
I'intCressant rkarrangement cyclopropylcarbinyle. On discute des facteurs qui determinent le processus suivi dans des conditions 
spkcifiques. On decrit une courte sequence conduisant i la synthkse du sesquiterpttne (+)-P-cyperone. 

Mots clis : thujone, cyclopropylcarbinols, cyclopropylcarbinyle, rkarrangement, synthkse de la P-cypCrone. 

[Traduit par la redaction] 

In continuing the development of the monoterpene thujone 
( I ) ~  as an efficient chiral building block (I), we discovered a 
novel procedure for functionalizing thujone and its derivatives 
of general structure (i) by ozonation (Fig. 1) (2). The ozonation 
procedure provides two valuable intermediates of general 
structures (ii) and (iii) amenable for synthetic exploitation. 
The cyclopropylcarbinols have been applied in the synthesis 
of antifeedant polygodial derivatives (2) and the fragrance 
compounds damascone and damascenone (2, 3). The cyclo- 
propyl ketone derivatives, on the other hand, have been uti- 
lized in the synthesis of ambergris fragrances (2). In this 
article, we would like to detail our recent studies on acid-pro- 
moted ring cleavage of thujone-derived cyclopropylcarbinols. 

Cleavage reactions, exo and endo 

It is well known that cyclopropylcarbinols can be readily 
cleaved in the presence of acids (4). Thujone-derived non- 
symmetrically substituted cyclopropylcarbinols of structure 
(ii) in Fig. 1 are expected to produce two regioisomers. For 
example, the nucleophilic attack of halide X- at C5 in (ii) will 
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This natural product is actually a mixture of two epimers, 
(-)-a-thujone (a-methyl at C-4) and (+)-P-thujone (P-methyl 
at C-4) in a ratio of 10: 1 ,  respectively. However, any base- 
catalyzed condensation at C-4 leads to only one chiral isomer 
with the angular methyl group in a P orientation as shown in 
partial structure (i) (Fig. 1). 

lead to a homoallylic halide of a cyclohexyl skeleton, through 
cleavage of the C5-C1 bond (i.e., endo cleavage); the 
nucleophilic attack of halide X- at C6 will form a homoallylic 
halide of a cyclopentyl skeleton, through cleavage of the 
C6-C 1 bond (i.e., exo cleavage) (Fig. 2). 

When the thujone-derived alcohol 2 was treated with con- 
centrated hydrochloric acid in methylene chloride, homoal- 
lylic chloride 3 was obtained in 85% yield by the exo-cleavage 
pathway. The putative endo-cleavage product 4 was not iso- 
lated. In brief, the 'H NMR spectrum of 3 showed two methyl 
singlets at 6 1.63 and 1.70 ppm, indicating the presence of an 
isopropylidene group, and a multiplet (2H, octet) at 6 3.55 
ppm, characteristic of the A/B portion of an ABX system, cor- 
responding to the chloromethylene group. 

conc. HCI pi 
3 & 

2 

9 

Treatment of another thujone-derived cyclopropylcarbinol 
5 with concentrated HCl also gave the exo-cleavage product 6 
as the major product (75% yield), the endo-cleavage product 
was not isolated. 

Stirring of chloride 6 in the presence of silica gel in methyl- 
ene chloride overnight regenerated the starting ketol 5 exclu- 
sively. The P orientation of the chloromethyl group of the exo- 
cleavage products was therefore verified. 

Can. J. Chem. 74: 1753-1761 (1996). Printed in Canada I Imprime au Canada 
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Fig. 1. 

(ii) (iii) 0 

Fig. 2. 

HCI - 
0 - 

- 
5 

6 

CH,C12, r.1. 
H + 

- 
6 5 

The hydrochloric acid promoted exo-cleavage reaction is 
applicable to other thujone-derived cyclopropylcarbinols with 
a saturated sp3-hybridized C3 centre. For example, compound 
7 was converted to chloride 8 in the synthesis of drimane anti- 
feedant analogues (2). In a sequence leading to synthesis of 
the rose oil fragrances, P-damascone and P-damascenone (2, 
3), thujone derivative 9 was converted into 10. 

It appears that the nucleophilic attack of chloride is concur- 
rent with the cleavage of the C-C bond. Otherwise, if the 
C-C bond cleavage preceded the chloride attack, the endo- 
cleavage pathway would generate a more stable secondary 
carbocation as its intermediate and might become the domi- 
nant pathway. This conclusion is consistent with the previous 
observation with regard to the stereochemistry of the acid-pro- 
moted cleavage of I-alkoxymethyl bicycl0[3.l.O]hexanes (5). 

Therefore, the preference for this exo cleavage is very likely 
due to the more exposed and accessible nature of the C6 meth- 
ylene compared to the C5 methine in the cyclopropyl ring. 

However, the regioselectivity of ring cleavage is altered 
under the same experimental conditions, when thujone- 
derived cyclopropylcarbinols are sp2-hybridized at C3. Thu- 
jonol ( l l ) ,  which is a mixture of C4 epimers ( l l a  and l l p  in 
a ratio of 10:l ), was treated with concentrated hydrochloric 
acid at room temperature to give carvacrol (12) (6) and the 
chloro-enone 13 in 40 and 45% yields, respectively. 

The chloro-enone 1 3  was rather unstable and therefore the 
'H NMR spectrum obtained was always contaminated with 
extra signals due to the presence of carvacrol(12). However, a 
"difference spectrum" between the "contaminated spec- 
trumMand the spectrum of 12 clearly revealed all signals of 13. 

drimane antifeedant 

- 7 8 

CI 

- 
NC 

- rose oil fragrances 
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Fig. 3. A formal synthesis of (+)-P-cyperone (17). 

l lDr 

KOH, EtOH 
0 

CH2C12 
0 

11 15 

Fig. 4. The ring cleavage reaction of 15 via the endo-type cleavage pathway. 

This difference spectrum of 13 showed a multiplet (doublet of 
triplet) at 6 4.06 ppm (lH, J = 4.4 and 9.8 Hz) corresponding to 
the methine proton at the chlorine bearing carbon (C5), and a 
broad singlet at 6 5.95 ppm (1H) due to the olefinic proton at 
C2. The splitting pattern of the methine at C5 indicated that 
the methyl group and the chlorine are in the trans configura- 
tion. The nucleophilic attack of the chloride anion from the 
back side of the cleaving C1-C5 bond should afford the 
designated P orientation of the chlorine as shown in 13. 

Thujonol(11) was also treated with concentrated hydrobro- 
mic acid in methylene chloride. Carvacrol(l2) and the bromo- 
enone 14 were isolated in 10 and 85% yields, respectively. The 
latter (14) is much more stable than the analogous chloro- 
enone 13. The 'H NMR spectrum of 14 is very similar to that 
of 13. A multiplet (doublet of triplet) signal at 6 4.19 ppm ( J  = 
4.4 and 10.2 Hz) is due to the methine proton at the bromine- 

lishing that a significant amount of racemization was not 
occurring in the conversion of 11 to 14. 

Another thujone-derived cyclopropylcarbinol also pro- 
ceeded via the endo-cleavage pathway when treated with 
hydrobromic acid. Hydroxy-enone 15, obtained from Robin- 
son annulation of thujone (11) with ethyl vinyl ketone (EVK), 
was treated with hydrobromic acid in methylene chloride. 
Bromo-dienone 16 was isolated in 91% yield (Fig. 3). Com- 
pound 16 was previously reduced to (+)-P-cyperone (17) by 
tributyltin hydride in an earlier synthesis of (+)-P-cyperone 
from thujone (2). Thus, a new sequence to (+)-P-cyperone was 
completed in four steps using ozonation of thujone, Robinson 
annulation of thujonol ( l l ) ,  acid-promoted ring cleavage of 
15, and radical-mediated reduction of 16. 

The formation of 16 is similar to that of 13 and 14. The ring 
cleavage reaction generates an unstable intermediate that then 
rearranges to the more stable dienone 16 with a fully conju- 
gated dienone system (Fig. 4). 

The reason for the endo-cleavage selectivity in the thujone- 
derived intermediates that possess an unsaturated system in 
ring A, that is, an sp2-hybridized center at C3, is not well 
understood. Perhaps the interaction of the double bond exo to 
the bicyclo[3.1 .O]hexane and the C 1-C5 bond in hydroxy- 
enone 15 and thujonol(l1) leads to the weakening of C1-C5 
and eventually its facile cleavage under acidic conditions. 

bearing carbon (C5) while a broad singlet at 6 5.97 ppm is 
clearly due to the olefinic proton at C2. The specific rotation of The cyclopropylcarbinyl rearrangement 
14 was measured to be +42 (c = 0.29, C H C ~ ~ ) ,  thereby estab- Previous studies have shown that 1-alkyoxymethyl bicy- 
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clo[3.l .O]hexanes can be cleaved through the endo-cleavage 
pathway by using non-nucleophilic conditions. There are 
examples in the literature showing the use of other solvolysis 
conditions (5). The poor nucleophilicity of the attacking 
groups such as H,O and HOAc under this set of conditions 
may allow the ring cleavage reaction to occur in a less syn- 
chronized mechanism so that, in the transition state, the C-C 
bond cleavage to a carbocationic species becomes more pre- 
dominant than bond formation between the carbon atom and 
the incoming nucleophile. The endo-type cleavage proceeds 
through a more stable transition state because the tertiary cen- 
ter C5 accommodates the developed partial charge better than 
the secondary center C6. Therefore, the endo-type cleavage 
prevails. 

When the thujone-derived cyclopropylcarbinol 2 was 
treated with a catalytic amount of p-toluenesulfonic acid in 
dioxane:H,O (1:1), a novel rearrangement product 18 was 
obtained in 85% yield. The two expected exo- and endo-cleav- 
age products 19 and 20 were not isolated. The absence of any 
signals at 6 3 .04 .0  pprn in the NMR spectrum clearly 
revealed that the product obtained could not be a primary or 
secondary alcohol. The 'H NMR spectrum contained a one- 
proton broad singlet at 6 5.33 pprn corresponding to the ole- 
finic proton, and five methyl singlets at 6 0.87, 1.01, 1.17, 
1.21, and 1.22 ppm. From the chemical shifts, it is obvious that 
none of the methyl groups is adjacent to the double bond. 

To confirm the structure of 18, a series of chemical conver- 
sions was carried out. Treatment of 18 with m-CPBA in meth- 
ylene chloride produced a crystalline epoxide 21 in 90% yield. 
The NMR spectrum showed that the singlet olefinic signal at 6 
5.33 pprn is replaced by the proton signal of the epoxide ring at 
6 2.85 ppm. The orientation of the epoxide in 21 and, in turn, 
confirmation of the structure 18 were subsequently estab- 
lished by the X-ray crystal analysis of 21 (Fig. 5). The cis A/B 
ring junction in 21 and the p-orientation for the epoxide ring 
are clearly revealed. Details of the X-ray analysis will be pub- 
lished elsewhere. 

When epoxide 21 was further treated with LAH in THF, an 
unexpected product, the allylic alcohol 22, was obtained in 

almost quantitative yield. The mass spectrum showed its 
molecular ion peak at m/z 194, corresponding to a loss of an 
acetone molecule (m/z = 58) from 21. The IR spectrum dis- 
played hydroxyl absorptions at 3100-3650 cm-I while the 'H 
NMR spectrum indicated only three methyl singlets at 6 0.82, 
1.02, and 1.14 ppm, a one-proton singlet at 6 3.80 pprn corre- 
sponding to the allylic tertiary proton a to the hydroxyl group, 
and two olefinic one-proton singlets at 6 5.06 and 5.21 ppm. 
The p orientation of the hydroxyl group in 22 is clear from the 
mechanistic argument shown in Fig. 6. 

Allylic alcohol 22 was subjected to allylic oxidation by 
manganese dioxide (7) in methylene chloride at room temper- 
ature to provide enone 23 in 70% yield. The mass spectrum 
showed the molecular ion peak at m/z 192. Its UV spectrum in 
methanol displayed an intense absorption at 235 nm (log E = 
4.0) and a weaker one at 278 nm (log E = 2.5). The IR spectrum 
indicated a conjugated carbonyl absorption at 1710 cm-I. The 
'H NMR spectrum confirmed the disappearance of the allylic 

tertiary proton signal previously noted in the spectrum of 22. 
To achieve a more conventional hydride-catalyzed opening 

of the epoxide, the p orientation of the epoxide ring in 21 dic- 
tates hydride attack from the very hindered concave a face. 
Consequently, the fragmentation reaction shown in Fig. 6 
becomes the exclusive pathway. The epoxide 21 was treated 
with "superhydride" (lithium triethylborohydride) in order to 
see if the reduction rather than the fragmentation would take 
place. Again, the allylic alcohol 22 was obtained as the only 
product. 

The rearrangement from 2 to 18 is a mechanistically novel 
process, a stepwise description of which is shown in Fig. 7. 
Initially the cyclopropylcarbinyl cation (i) is formed by a pro- 
ton-catalyzed elimination of the hydroxyl group in 2. The fol- 
lowing 1,3-shift of the methylene on the cyclopropane ring 
would result directly in a spiro-cyclopropylcarbinyl cation 
(ii). The alternative rearrangement, via the cyclobutyl car- 
bocation indicated, could also afford the cation (ii). This cat- 
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Kutney et al 

Fig. 5. Single crystal X-ray structure of epoxide 21 (PLUTO drawing). 

Fig. 6. Mechanism of the fragmentation of epoxide 21. 

Fig. 7. The mechanism of the cyclopropylcarbinyl rearrangement reaction. 

a p ,  % p % - pi% 3 

2 (9  (ii) 

(iii) 18 

ion (ii) further cleaves regioselectively to form a more stable 
homoallylic cation (iii) and the latter, upon reaction with 
water, converts to 18. The particular transformation between 
two cyclopropylcarbinyl cations in a manner similar to that 
between (i) and (ii), normally referred to as the cyclopropyl- 
carbinyl rearrangement, was also termed as the "cyclopropane 
sliding reaction" by a Japanese group who studied this type of 
transformation in greater detail with their system (8). Mecha- 
nistic proposals involving this interesting reaction are also 
available in the literature (9) It seems that the thermodynamic 
stabilities among three carbocations (i), (ii), and (iii) deter- 
mine the outcome of the solvolysis reaction. 

Acetic acid treatment of 2 at 85°C also produced the cyclo- 
propylcarbinol rearrangement product 24 in 60% yield in 
addition to the exo-cleavage product 25 in 6% yield. The 
competition of exo cleavage in this case is likely, because 25 
may only slowly convert to the cyclopropylcarbinyl-like cat- 
ion (i) shown in Fig. 7 once it is formed. The exo-cleavage 

roduct 19 could not be isolated in the previous reaction. The 
'H NMR spectrum of 24 is similar to that of 18, except that 
an additional three-proton signal at 6 1.97 ppm due to the 
acetyl group was noted. For the minor product 25, a two-pro- 
ton multiplet (octet) signal at 6 3.92-4.25 ppm, which has a 
splitting pattern characteristic of the A/B portion of an ABX 
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system, can be assigned to the methylene attached to the ace- 
tate group. 

The rearrangement reaction is applicable to other thujone- 
derived cyclopropylcarbinols but rather specific conditions 
are required. For example, ketol 26 was converted into prod- 
uct 27 in 87% yield by employing a catalytic amount of p-tol- 
uenesulfonic acid in a dioxane:water (1: 1) mixture. However, 
rather surprisingly, treatment of 26 with acetic acid gave 
mainly the exo-cleavage product 28 (56%) and the endo- 
cleavage product 29 (14%). Although a very minor peak at 6 
5.17 ppm in the 'H NMR spectrum of 28 indicated a possible 
presence of the rearrangement product 30, the very minor 
amount prevented its isolation. 

Summary 

In summary, acid-promoted ring cleavage reactions of thu- 
jone-derived cyclopropylcarbinols proceed through three 
distinct pathways, including the exo cleavage, endo cleav- 
age, and the novel cyclopropylcarbinyl rearrangement reac- 
tion. Both reaction conditions and substrate structures 
influence which pathway becomes dominant. The availabil- 
ity of these diverse cleavage patterns allows a more versa- 
tile utilization of such thujone-derived cyclopropyl- 
carbinols as chiral synthetic intermediates in subsequent 
synthetic routes to various natural products and related 
compounds. 

, OAc 

Experimental 

Commercially available reagent grade solvents were used for 
chromatography without further purification. Unless other- 
wise stated, all reaction products were purified by "flash chro- 
matography" using silica gel (23W00 mesh) supplied by E. 
Merck Co. with air pressure to obtain a suitable flow (10). 
Thujone was distilled from Western red cedar leaf oil, which 
was generously donated by Intrinsic Research and Develop- 
ment Incorporated. 

Melting points were measured using a Kofler block melting 
point apparatus and are uncorrected. Optical rotations were 
recorded on a Perkin-Elmer 141 automatic polarimeter in 
chloroform solution using a quartz cell of 10 cm path length 
with the concentration (in g/100 mL) given in parentheses. The 
ultraviolet spectra were recorded on Cary 15 or Perkin-Elmer 
Lambda 4B UVNIS spectrometers using quartz cells of 1 cm 
path length. The infrared spectra were recorded on Perkin- 
Elmer 710,71OB, and 1710 spectrometers in chloroform solu- 
tion using NaCl cells of 0.1 mm path length or as thin film 

using NaCl plates. The 'H NMR spectra were obtained from 
Bruker WH-400 or Varian XL-300 spectrometers with deute- 
riochloroform as solvent and the chemical shifts are reported 
in the delta (6) scale in ppm relative to tetramethylsilane. The 
low- and high-resolution mass spectra were recorded on AEI- 
MS-9 and KRATOS-MS-50 spectrometers, respectively, 
using the electron impact ionization method while the chemi- 
cal ionization mass spectra were recorded on a Delsi Nermag 
R10-1 OC spectrometer using ammonia as carrier gas. Ele- 
mental analyses were performed by Mr. P. Borda, Microana- 
lytical Laboratory, University of British Columbia. 

Chloride 3: the exo cleavage 
Alcohol 2 (100 mg, 0.420 mmol) in methylene chloride (5.0 
mL) was stirred with concentrated hydrochloric acid (5.0 mL) 
at room temperature for 30 min. Separation and concentration 
of the methylene layer gave the crude product, which was 
chromatographed with ethyl acetate:hexanes (1:8, v/v) to 
afford 3 as a colorless oil (92 mg, 85%). 

The physical properties of 3 are as follows: [a]i5 +33.5 
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Kutney et al. 

(c = 1.00, CHC1,). IR v,,, (film): 2910 (C-H stretching) cm-I. 
'H NMR (400 MHz, CDC1,) 6: 0.75-1.85 (22H, m, including 
0.84 (3H, s), 1.04 (3H, s), 1.22 (3H, s), 1.63 (3H, s), and 1.70 
(3H, s)), 2.04-2.55 (3H, m), 3.40-3.75 (2H, m). MS d z :  
2561254 (M', 4.8114.8%), 241 (12.8%), 239 (37.6%), 203 
(96.4%), 109 (100%). High-resolution mass measurement: 
calcd. for c 1 6 ~ 2 7 3 7 ~ 1 :  256.1772; found: 256.1763; calcd. for 
c , ~ H , , ~ ~ c ~ :  254.180 1 ; found: 254.1801. 

Chloroketone 6: the exo cleavage 
Ketol 5 (78 mg, 0.33 mmol) in methylene chloride (5.0 mL) 
was stirred with concentrated hydrochloric acid (5.0 mL) at 
room temperture for 30 min. Water (20 mL) was added to 
quench the reaction. After methylene chloride extraction (2 x 
10 mL), drying over magnesium sulfate, and evaporation of 
solvent in vacuo, the crude product was chromatographed with 
ethyl acetate:hexanes mixture (1:8, vlv) to afford the starting 
ketol5 (15 mg, 19%) and chloride 6 (51 mg, 74%). 

The physical properties of 6 are as follows: [&I: +1.4 x 10, 
(c = 0.50, CHC1,). IR v,,, (film): 1700, 1641 cm-I. 'H NMR 
(400 MHz, CDCI,) 6: 1 .OO (3H d, J = 7.0 Hz), 1.05 (lH, m), 
1.24 (lH, m), 1.44 (3H, s), 1.58-1.80 (7H, including 1.60 
(3H, s) and 1.71 (3H, s)), 2.10 (6H, m), 3.45-3.65 (2H, m). MS 
d z :  2561254 (M', 0.6%12.2%), 239 (0.5%), 218 (34.6%), 203 
(18.4%), 133 (85.0%), 41 (100%). High-resolution mass mea- 
surement: calcd. for c , , H , ~ o ~ ~ c ~ :  254.1437; found: 254.1437; 
calcd. for C ~ , H , ~ O ~ ~ C ~ :  256.1408; found: 256.1412. 

Carvacrol(12) and chloroenone 13: the endo cleavage 
Thujonol (11) (500 mg, 2.98 mmol) was treated with concen- 
trated hydrochloric acid (25 mL) in methylene chloride (25 
mL) at room temperature for 1.5 h. The methylene chloride 
solution was separated, dried over magnesium sulfate, and 
concentrated in vacuo. Column chromatography with ethyl 
acetate:hexanes (1:20, vlv) provide chloro-enone 13 (252 mg, 
45%) and carvacrol(12) (177 mg, 40%). 

The physical properties of 12 are as follows: IR (film) v,,,: 
3400 (0-H stretching) cm-'. 'H NMR (400 MHz, CDC1,) 6: 
1.22(6H, d, J =  6.6Hz), 2.21 (3H, s), 2.82(1H, septet, J=6 .6  
Hz),3.96(lH, bs),6.66 (lH,d, J =  1.8 Hz),6.72(1H,dd, J =  
1.8 and 7.1), 7.04 (lH, d, J = 7.1 Hz). MS d z :  150 (M', 
35.5%), 135 (loo%), 107 (15.6%). High-resolution mass mea- 
surement: calcd. for C,,H,,O: 150.1045; found: 150.105 l .  

The physical properties of 13 are as follows: IR (film) v,,, 
1675 (C=O stretching), 1630 (C=C stretching) cm-I. IH 
NMR (400 MHz, CDCI,) 6: 1.09 (6H, d, J = 7.2 Hz), 1.30 (3H, 
d,J=7.8Hz),2.43 (lH,septet, J=7.2Hz),2.54(lH,m),2.78 
(2H, m), 4.06 (lH, dt, J = 4.4 and 9.8 Hz), 5.95 (lH, bs) ppm. 
MS d z :  1881186 (M', 5.8%119.1%), 151 (loo%), 135 
(15.9%). 

Carvacrol(12) and bromoenone 14: the endo cleavage 
Thujonol(11) (600 mg, 3.57 mmol) in methylene chloride (25 
mL) was stirred with concentrated (48%) hydrobromic acid 
(25 mL) for 1.5 h at room temperature. The organic layer was 
separated, dried over magnesium sulfate, and concentrated in 
vacuo. The crude product was purified by column chromatog- 
raphy using ethyl acetate:hexanes (1:15, vlv) mixture to pro- 
vide bromoenone 14 (700 mg, 85%) and carvacrol (12) (51 
mg, 10%). 

The physical properties of 14 are as follows: [el: +42 (c = 

0.29, CHCl,). UV (MeOH, c = 20 mgL) A,,,: 234 nm (log E = 
3.95). IR (film) v,,,: 1670 (C=O stretching), 1630 (C=C 
stretching) cm-I. 'H NMR (400 MHz, CDC1,) 6: 1.1 1 (6H, d, J 
= 6.8 Hz), 1.34 (3H, d, J = 7.1 Hz), 2.43 (lH, septet, J = 6.8 
Hz), 2.55 (IH, m), 4.19 (lH,dt, J=4 .4  and 10.2 Hz), 5.97 (lH, 
bs). MS d z :  2321230 (M', 1.1%11.3%), 151 (loo%), 135 
(33.6%), 123 (60.2%). High-resolution mass measurement: 
calcd. for C , , H , , O ~ ~ B ~  and C , ~ H , ~ O ~ ~ B ~ :  232.0287 and 
230.0130; found: 232.0280 and 230.01 16. 

Hydroxyenone 15: Robinson annulation 
To 1-dimethylaminopentan-2-one iodomethane salt (2.84 g, 
9.44 mmol) in ethanol (80 mL) was added the solution of ketol 
11 (1.43 g, 8.51 mmol) in ethanol (20 mL). After potassium 
hydroxide (0.92 g, 80% pure, 13 mmol) was added, the mix- 
ture was refluxed under nitrogen for 3 h. Concentration of the 
reaction mixture in vacuo gave a yellow oil that was chro- 
matographed using ethyl acetate:hexanes mixture (1: 1, vlv) to 
provide compound 15 as a colorless oil (636 mg, 32%). 

The physical properties of 15 are as follows: [a]: +90.3 (c 
= 2.03, CHC1,). UV (MeOH, c = 40.6 mgL) A,,,: 248 nm (log 
E = 4.04). IR (film) v ,,: 3200-3600 (0-H stretching), 1645 
(C=O stretching) cm'. 'H NMR (400 MHz, CDCI,) 6: 0.76 
(1 H, t, J = 4.7 Hz), 1.1 1 (3H, s), 1.20 (6H, s), 1.67 (3H, s) ppm. 
MS d z :  234 (M', 1.2%), 216 (31.5%), 201 (48.0%), 173 
(34.7%), 59 (100%). High-resolution mass measurement: 
calcd. for C,,H,,O,: 234.1619; found: 234.1613. 

Bromodienone 16: the endo cleavage 
Hydroxy-enone 15 (39 mg, 0.17 mmol) in methylene chloride 
(5 mL) was stirred with concentrated (48%) hydrobromic acid 
(5 mL) at room temperature for 3 h. The methylene chloride 
layer was separated and the aqueous layer was extracted with 
methylene chloride (5 mL). The combined methylene chloride 
solution was dried over magnesium sulfate and concentrated 
in vacuo. Column chromatography of the crude product 
afforded bromo-dienone 16 (45 mg, 91 %). 

The physical properties of 16 are as follows: [&I: +420 (c = 
1.00, CHCI,). UV (MeOH, c = 20 mgL) A,,,: 293 nm (log E = 
4.40). IR (film) v,,,: 1660 (C=O stretching), 1620 (C=C 
stretching) cm-'. 'H NMR (400 MHz, CDC1,) 6: 1.12 (6H, d, J 
= 6.0 Hz), 1.17 (3H, s), 1.86 (3H, s), 2.00-2.90 (7H, m), 4.14 
(lH, dd, J = 6.0 and 10.0 Hz), 6.31 (lH, s). MS d z :  2981296 
(M', 80.0%188.5%), 217 (loo%), 175 (56.3%). High-resolu- 
tion mass measurement: calcd. for C , ,H , ,O~~B~:  296.0775; 
found: 296.0768. 

Alcohol 18: the cyclopropylcarbinyl rearrangement 
To the solution of alcohol 2 (80 mg, 0.34 mmol) in a 
dioxane:water mixture solvent (4.00 mL, 1:1, vlv) was added 
p-toluenesulfonic acid hydrate (20 mg, 0.10 mmol, 0.30 
equiv.). The mixture was heated at 85°C for 1 h and cooled to 
room temperature. Water (10 mL) was added and methylene 
chloride (2 x 10 mL) was used to extract the aqueous solution. 
The methylene solution was washed with brine (10 mL), dried 
over magnesium sulfate, and concentrated in vacuo. Column 
chromatography of the crude product with ethyl acetate:hex- 
anes mixture (1:8, vlv) gave homoallylic alcohol 18 (70 mg, 
87%). 

The physical properties of 18 are as follows: [a]: +45.2 (c 
= 1.00, CHCl,). IR v,,, (film): 3100-3650 (OH stretching) 
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cm-'. 'H NMR (400 MHz, CDC1,) 6: 0.88 (3H, s), 1.02 (3H, 
s), 1.07-1.70 (18H, m, including 1.18 (3H, s), 1.21 (3H, s) and 
1.22 (3H, s)), 2.05-2.45 (4H, m), 5.33 (lH, bs). MS d z :  236 
(M', 0.1%), 218 (1.6%), 203 (5.0%), 178 (7.1%), 163 (loo%), 
135 (21.1 %). High-resolution mass measurement: calcd. for 
C16H2,0: 236.2140; found: 236.2145. 

Epoxyalcohol 21: epoxidation 
To a solution of alcohol 18 (172 mg, 0.729 mmol) in chloro- 
form (5.0 mL) was added m-CPBA (243 mg, 80% pure, 11 
mmol, 1.5 equiv.). The mixture was stirred at room tempera- 
ture for 1 h. After addition of methylene chloride (5.0 mL) and 
washing with sodium bicarbonate solution (10 mL, lo%), the 
mixture was dried over magnesium sulfate and concentrated in 
vacuo. Column chromatography of the crude product with 
ethyl acetate:hexanes mixture (2:8, vlv) gave epoxide 21 (159 
mg, 87%). 

The physical properties of 21 are as follows: mp: 82-84°C. 
[a]: +56.7 (c = 1.00, CHCl,). IR v,,, (film): 3700 (0-H 
stretching) cm-'. 'H NMR (400 MHz, CDCI,) 6: 0.70-1.70 
(24H, m, including 0.80 (3H, s), 0.98 (3H, s), 1.20 (3H, s), 1.24 
(3H, s) and 1.3 1 (3H, s)), 1.75-2.02 (2H, m), 2.04-2.15 (lH, 
dd, J = 7.2 and 13.6 Hz), 2.85 (lH, s). MS d z :  252 (M', 
0.2%), 234 (4.1%), 219 (6.9%), 194 (17.9%), 179 (19.8%), 161 
(19.3%), 123 (loo%), 109 (90.4%). High-resolution mass 
measurement: calcd. for C16H2,02: 252.2089; found: 
252.2088. Anal. calcd. for C,6H2,02: C 76.14, H 11.18; found: 
C 76.14, H 1.05. 

Allylic alcohol 22: reductive fragmentation by LAH 
Epoxide 21 (30.3 mg, 0.583 mmol) in anhydrous THF (1.0 
mL) was added in a dropwise manner to a slurry of LAH (1 8.4 
mg) in THF (1.0 mL) under nitrogen. The mixture was then 
heated at about 70°C (bath temperature) for 2 h. After cooling 
to room temperature, ethanol (5.0 mL) was added and stirring 
continued for 10 min. Subsequently, water (15 mL) was added 
and the resulting mixture was extracted with ethyl acetate (2 x 
10 mL). The ethyl acetate solution was dried over magnesium 
sulfate and concentrated in vacuo. Column chromatography of 
the crude product with ethyl acetate:hexanes mixture (1:8, vlv) 
gave allylic alcohol 22 (20 mg, 87%). 

The physical properties of 22 are as follows: [a]i5 +5.4 (c = 
1.00, CHCI,). IR v,,, (film): 3100-3650 (0-H stretching), 
3060 (C-H stretching, olefinic), 1650 (C=C stretching) cm-'. 
'H NMR (400 MHz, CDCI,) 6: 0.82 (3H, s), 1.02 (3H, s), 
1.05-1.72 (1 3H, m, including 1.14 (3H, s)), 1.78 (lH, t, J = 
8.8), 2.20-2.60 (2H, m). MS d z :  194 (M', 13.1%), 179 
(21.6%), 161 (13.0%), 123 (loo%), 109 (85.5%). High-reso- 
lution mass measurement: calcd. for Cl3HZ20: 194.1670; 
found: 194.166 1. 

Enone 23: allylic oxidation by MnO, 
Allylic alcohol 22 (29 mg, 0.15 mmol) in methylene chloride 
(2.0 mL) was treated with manganese dioxide (65 mg, 0.75 
mmol). The slurry was stirred at room temperature for 72 h. 
After filtering the slurry and washing with methylene chloride 
(10 mL), the methylene chloride solution was concentrated in 
vacuo. Column chromatography of the crude product gave 
enone 23 (8.0 mg, 67% based on recovery) and starting allylic 
alcohol 22 (17 mg, 59% recovery). 

The physical properties of 23 are as follows: [a]t5 +57 (c = 

0.58, CHCl,). UV (MeOH), c = 23 mgL) A,,,: 235 nm (log E 

= 4.0), 278 (log E = 2.5). IR v,,, (film): 1710 (C=0 stretch- 
ing), 1635 (C=C stretching) cm-'. 'H NMR (400 MHz, 
CDC1,) 6: 0.75-1.70 (16H, m, including 0.85 (3H, s), 1.07 
(3H, s), and 1.22 (3H, s)), 2.35-2.65 (2H, m), 5.37 (3H, bs), 
6.07 (3H, bs). MS n~/z: 192 (M', 49.9%), 177 (20.3%), 149 
(28.9%), 123 (80.7%), 68 (100%). High-resolution mass mea- 
surement: calcd. for C13H2,0: 192.1514; found: 192.15 15. 

Acetates 24 and 25: the cyclopropylcarbinyl 
rearrangement 

A solution of alcohol 2 (60 mg, 0.26 mmol) in acetic acid (2.5 
mL) was heated at 65°C for 2 h. After cooling to room temper- 
ature, methylene chloride (10 mL) was added and the mixture 
was extracted with 10% sodium bicarbonate solution (10 mL). 
The methylene chloride solution was dried over magnesium 
sulfate and concentrated in vacuo. Column chromatography of 
the crude product with ethyl acetate:hexanes mixture (1:25, 
VIV) yielded acetate 24 (41 mg, 60% based on recovery), ace- 
tate 25 (4.0 mg, 6% based on recovery), and the starting alco- 
hol 2 (2.9 mg, 5%). 

The physical properties of 24 are as follows: [a]: +4 1.7 (c 
= 1.00, CHCl,). IR v,,, (film): 1735 (C=O stretching), 1650 
(C=C stretching) cm-I. 'H NMR (400 MHz, CDC1,) 6: 0.85 
(3H, s), 1 .OO (3H, s), 1.03-1.60 (16H, including 1.15 (3H, s), 
1.38 (3H, s), and 1.45 (3H, s)), 1.97 (3H, s), 2.02-2.35 (2H, 
m), 2.39-2.62 (2H, AB type, J = 7.2 Hz), 5.26 (lH, s). MS 
d z :  218 (M-HOAc, 37.0%), 203 (loo%), 175 (16.7%), 
147 (21.5%). High-resolution mass measurement: calcd. for 
C '6HZ6 (C 18H3002 - HOAC): 2 18.2034; found: 2 18.2030. 
Chemical ionization (NH, as carrier gas): 279 (M + H'), 219, 
203. 

The physical properties of 25 are as follows: [a]t5 +63 (c = 
0.20, CHCI,). IR v,,, (film): 1730 (C=0 stretching) cm-'. 'H 
NMR (400 MHz, CDCI,) 6: 0.75-1.80 (22H, m, including 0.85 
(3H, s), 1.03 (3H, s), 1.14 (3H, s), 1.61 (3H, s) and 1.69 (3H, 
s)), 2.01 (3H, s),2.10-2.32(2H, m), 2.39 (lH, t, J = 5 . 6  Hz). 
MS d z :  278 (M', 0.3%), 218 (26.0%), 203 (100%). High- 
resolution mass measurement: calcd. for C,8H3002: 
278.2246; found: 278.2248. 

Ketol27: the cyclopropylcarbinyl rearrangement 
To the solution of ketol 26 (82 mg, 0.37 mmol) in a diox- 
ane:water mixture solvent (4.00 mL, 1:1, vlv) was added p- 
toluenesulfonic acid hydrate (22 mg, 0.1 1 mmol, 0.30 equiv.). 
The mixture was heated at 85°C for 3.8 h. After cooling to 
room temperature, the mixture was diluted with water (10 mL) 
and extracted with methylene chloride (2 x 10.0 mL). The 
methylene solution was extracted with brine (10 mL), dried 
over magnesium sulfate, and concentrated in vacuo. Column 
chromatography of the crude mixture with ethyl acetate:hex- 
anes mixture (2:17, vlv) gave product 27 (72 mg, 87%). 

The physical properties of 27 are as follows: [a]i5 + 11 1 (c 
= 1.00, CHCI,). IR v,,, (film): 3050-3650 (0-H stretchin ) 
1700 (C=O stretching), 1650 (C=C stretching) cm-'. 'i 
NMR (400 MHz, CDC1,) 6: 1.10-1.90 (13H, m, including 
1.20 (3H, s) and 1.23 (6H, two singlets)), 1.95-2.60 (7H, m), 
2.75 (lH, dd, J = 8.8 and 17 Hz), 5.20 (lH, bs). MS d z :  222 
(M', 2.8%), 204 (13.6%), 189 (lo%), 147 (loo%), 133 
(34.6%), 106 (47.4%). High-resolution mass measurement: 
calcd. for C1,H2,O2: 222.1620; found: 222.16 18. 
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Keto-acetates 28 and 29 
A solution of alcohol 26 (65.2 mg, 0.294 mmol) in acetic acid 
(2.5 mL) was heated at 8S°C for 2 h. After cooling to room 
temperature, methylene chloride (10 mL) was added and the 
mixture was extracted with 10% sodium bicarbonate solution 
(10 mL). The methylene chloride solution was dried over mag- 
nesium sulfate and concentrated in vacuo. Column chromatog- 
raphy of the crude product with hexanes:ethyl acetate (1:8, 
V/V) yielded acetate 27 (44 mg, 56%) and acetate 28 (1 l mg, 
14%). 

The physical properties of 28 are as follows: [a]t5 + 63.0 
(C = 1.00, CHCl,). IR urn,,. (film): 1735 (C=O stretching of 
the acetate group), 1705 (C=O stretching) cm-'. 'H NMR 
(400 MHz, CDCI,) 6: 1.28 (3H, s), 1 .SO-1.85 (8H, m, includ- 
ing 1.59 (3H, s) and 1.70 (3H, s)), 1.92 ( lH ,  m), 2.06 (3H, s), 
2.10-2.60 (7H, m), 3 .954.20  (2H, m). MS m/z: 264 (Mf, 
0.1%), 204 (23.6%), 189 (13.2%), 147 (loo%), 134 (85.1%), 
119 (44.4%). High-resolution mass measurement: calcd. for 
C,,H2,03: 264.1725; found: 264.1720. 

The physical properties of 29 are as follows: [a]t5 = + 30 
(c = 0.66, CHCI,). IR urn,,. (film): 1710 (C=O stretching) 
cm-'. 'H NMR (400 MHz, CDC1,) 6: 1.17 (3H, s), 1.40-1.80 
(SH, m, including 1.65 (3H, s), and 1.72 (3H, s)), 1.90-2.80 
(12H, m, including2.10(3H, s)) ,5.19(lH,dd,  J=4.2and10.2 
Hz). MS m/z: 204 (M - HOAc, 43.5%), 189 (19.2%), 147 
(91.9%), 133 (loo%), 1 19 (54.4%), 105 (51.2%). High-reso- 
lution mass measurement calcd. for C14H2,0 (M - HOAc): 
204.15 14; found: 204.1508. Chemical ionization (NH,): 282 
(M + NH,'), 265 (M + Hf), 222 (M - HOAc + NH,+), 205 
(M- HOAc + H+). 

support, and to Intrinsic Research and Development Inc. for 
generous samples of Western red cedar oil. 

References 

1. J.P. Kutney, Y.H. Chen, and S.J. Rettig. Can. J. Chem. 74, 666 
(1996). 

2. J.P. Kutney. In Stereoselective Synthesis (part I). Vol. 14. Edited 
by Atta-ur-Rahman. Studies in Natural Products Chemistry 
Series, Elsevier Science Publishers, Amsterdam. 1994. pp. 389- 
447. 

3. P. Gunning. Ph.D. thesis, University of British Columbia, 1991. 
4. (a) S. Sarel, J. Yovell, and M. Sarel-Imber. Angew. Chem. Int. 

Ed. Engl. 7, 577 (1968); (b) H.N.C. Wong, M.-Y. Hon, T. 
Hudlicky, C.-W. Tse, and Y.-C. Yip. Chem. Rev. 89, 165 (1989); 
(c) Z. Rappoport, (Editor). The chemistry of the cyclopropyl 
group. John Wiley & Sons, New York. 1987. 

5. (a) M.S. Paren, W.S. Mellon, H.K. Schnoes, and H.F. DeLuca. 
Bioorg. Chem. 13, 62 (1985); (b) H.E. Paren, H.F. DeLuca, and 
H.K. Schnoes. J. Org. Chem. 45, 3523 (1980). 

6. (a) M.S. Carpenter and W.M. Easter. J. Chem. Soc. 20, 401 
(1955); (0) E. Zavarin and A.B. Anderson. J. Chem. Soc. 20,83 
(1955). 

7. I.M. Goldman. J. Org. Chem. 34, 1979 (1969). 
8. (a) K. Hayano, H. Shirahama, and T. Matsumoto. Bull. Chem. 

Soc. Jpn. 63, 628 (1990); (b) K. Hayasaka, T. Ohshikazu, H. 
Shirahama, and T. Matsumoto. Tetrahedron Lett. 26, 873 
(1990); (c) T. Fujita, T. Ohtsuka, H. Shirahama, and T. 
Matsumoto. Tetrahedron Lett. 23,4091 (1982). 

9. (a) W.D. Closson and G.T. Kwiatkowski. Tetrahedron, 21, '2779 
(1965); (b) W.G. Dauben, L.E. Friderich, P. Obserhanli, and E.I. 
Aoyagi. J. Org. Chem. 37, 9 (1972); (c) R.W. Thies, and J.E. 
Billigmerier. J. Org. Chem. 38, 1758 (1973); (d) R.W. Thies and 
H.J. ~ h i h .  J. Org. Chem. 42,280 (1977). 

Acknowledgement 10. W.C. Still, M. Kahn, and A. Mitra. J. Org. Chem. 43, 2923 
(1978). 

We would like to express our gratitude to the Natural Sciences 
and Engineering Research Council of Canada for financial 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Novel, air-stable, lanthanide catalysts for the 
hetero Diels-Alder reaction 

Claude Spino, Laurel Clouston, and David Berg 

Abstract: Novel, air-stable, yttrium and ytterbium complexes were found effective in the catalysis of the typical hetero Diels- 
Alder reaction of crotonaldehyde and ethylvinyl ether. They represent an attractive solution to the problem of ligand lability in 
the realm of lanthanide catalysts. 

Key words: lanthanide, catalyst, hetero Diels-Alder, yttrium, ytterbium. 

RCsumC : Deux nouveaux complexes d'yttrium et d'ytterbium, stable a l'air, se sont avCrCs trks efficace comme catalyseurs 
d'une rkaction typique de Diels-Alder hCtCro impliquant la crotonaldChyde et 1'Cther d'ethylevinyle. 11s repkentent une 
solution attrayante au problkme chronique de la labilitC des ligands chez les catalyseurs de lanthanide. 

Mots clis : lanthanide, catalyseur, Diels-Alder hCtCro, yttrium, ytterbium. 

I 

I Lanthanides are increasingly used in organic synthesis as mild 

I reagents and catalysts that can spare many sensitive functional 
groups (1 and, for reviews, 2). Catalytic systems based on lan- I thanide metals have been found for many organic reactions, ~ including the Friedel-Crafts reaction, acetal and ether forma- 
tion, reduction and oxidation, and the Diels-Alder cycloaddi- 

I tion or, more particularly, the hetero Diels-Alder reaction 

I involving an oxygen on the dienophile or diene (1, 3). Com- 
plex and sensitive molecules give high yields of products with 
few side reactions, testimony to the mildness of these catalysts 
(1-3). Asymmetric versions of the latter type of Diels-Alder 
reactions have been limited to only a few isolated examples 
(4-6) with little success in the cycloaddition of vinyl ethers to 
a,P-unsaturated aldehydes (3). All of the lanthanide com- 
plexes tried as catalysts were in fact either NMR shift reagents 
or commercially available complexes designed for other uses 
(1-3). Part of the obstacle to achieving high asymmetric induc- 
tion with lanthanide catalysts can be attributed to the lability of 
the ligands around the metal. In reality, this lability confers a 
degree of uncertainty about the actual structure of the active 
catalyst. In addition, it may impair induction because of ligand 
displacement during catalysis. 

We felt that a necessary step in designing efficient lan- 
thanide catalysts for that reaction was to find suitable ligands 
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with low lability and to make complexes of a well-defined 
structure. Only then could we rationally design chiral com- 
plexes with the hope of increasing the enantioselectivities so 
far achieved with lanthanide systems. We describe herein our 
success in synthesizing two novel, air-stable, and effective 
yttrium and ytterbium complexes that show low ligand lability 
and are efficient catalysts for the hetero Diels-Alder reaction. 
To the best of our knowledge, these are the first examples of 
well-defined hexadentate2 ligand-metal complexes of a lan- 
thanide or yttrium that are effective catalysts.3 Their stability 
in air is a good indicator of low ligand lability and we believe 
they are strong forerunners of chiral complexes. 

The rationale for using tripodal ligands was to contribute 
extra stability to the complex, in effect "locking" the ligand in 
place.4 Well-defined monomeric tripodal structures would 
thus provide a solid base from which to design and develop 
highly effective chiral catalysts. Starting from the observation 
that lanthanide complexes derived from trifluoromethy1-P- 
diketone-type ligands are effective catalysts for the hetero 
Diels-Alder reaction ( l , 2 ,  8), we initially believed that deriv- 
atives such as ligand 2 would be well suited for our purpose, 
being tripodal in nature, easily prepared, and easily altered for 
the eventuality of chiral design. Ligand 2 was prepared in 80% 
purified yield by refluxing 1,1,l-trifluoroacetoacetate in a 
benzene solution of tris(aminoethy1)amine 1 with concurrent 

The complex is hexadentate assuming there is no interaction 
between the arene ring and the metal. This interaction may exist 
and would be interesting. It has not yet been examined. 
Similar but non-catalytic heptadentate lanthanide complexes can 
be found in ref. 7. 
Even though a "hinging motion" is possible, it is unlikely that 
more than one arm would do this at any one time. "Hinging" 
specifically refers to partial dissociation of one arm, i.e., bidentate 
to monodentate for that arm. 

Can. J. Chem. 74: 1762-1764 (1996). Printed in Canada 1 Imprim6 au Canada 
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Table 1. Efficiency of the different catalysts on the hetero Diels-Alder of 8 and 9. 
I 

I Entry Catalyst Conditions" Time (h) Conversionh Yield' 

I 3 A 96 0 0 
2 7a  A 72 98 95 
3 76 A 96 80 80 
4 Y b(fod), A 96 98 90 
5 ZnC1, A 48 98 46 
6 BF, Et20 A 48 98 12 
7 7a  B 96 69 69 
8 Yb(fod), B 96 69 65 
9 7a  C 96 89 89 
10 7 b  C 96 89 89 
11 Y b(fod), C 96 0 0 

! "Method A = ethylvinyl ether as solvent, 2 mol% catalyst; Method B = method A + dioxane 
(0.5 equiv.) (similar results if 7 is prepared in a coordinating solvent); Method C = method A + 
deliberately exposed to air for 7 days. 

hDisappearance of starting materials analysed by gas chromatography. 
'Isolated yield after distillation. 

1 
I Scheme 1. Scheme 2. 

removal of water (Scheme 1). The metal complex 3 was pre- 
pared by mixing the ligand with a solution of yttrium tris(bis- 
trimethylsily1)amide (9) in tetrahydrofuran. It was charac- 
terized by single-crystal X-ray diffraction. 

We were surprised to find that this complex showed no cat- 
alytic behaviour toward the cycloaddition reaction of croton- 
aldehyde and ethylvinyl ether (see Table 1). Several factors 
could be responsible for this lack of activity and we suspected 
that either the imine nitrogen or the coordinating amine nitro- 
gen could electronically saturate the metal and thereby lower 
its Lewis acidity. Nevertheless, we reasoned that the needed 
ligand should possess the unaltered trifluoromethyl-P-dike- 
tone functionality. Such units could be linked by the end 
methyl group via a number of linkers, thereby leaving the P- 
diketone unit intact. 1,3,5-Tribromomesitylene 5 caught our 

(a) LAH, THF 

(b) HBr, H20 LDA, THF 
HO,C C02H n-BuLi 

attention as being a useful linker because of its relative ease of 
preparation and high reactivity toward alkylation. 

We looked at several ligands before ultimately settling for 
the tribenzyltrifluoroacetoacetate ligand 6 (Scheme 2). Ligand 
6 was thus prepared starting from 1,3,5-benzenetricarboxylic 
acid 4. The aluminium salts resulting from the reduction of 4 
with LAH are directly treated with aqueous hydrobromic acid 
to give an 80% yield of 5. 

The dianion of 1, 1 , l-trifluoroacetylacetone was generated 
using slight modifications of a standard procedure (10). 
Though its reactivity was lower than that of non-fluorinated P- 
diketones, effective alkylation in THF at room temperature 
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Fig. 1. Partial NMR spectrum of yttrium complex 7a showing a 
coordinated THF molecule. 

with tribromomesitylene 5 could be achieved. The tripodal 
ligand 6 was thus obtained in 40% yield after recrystallization 
and sublimation at 140°C / Torr (1 Torr = 133.3 Pa). 

The metal complexes 7a (M = Y) and 7 b  (M = Yb) were pre- 
pared by mixing the ligand with a solution of yttrium or ytter- 
bium tris(bistrimethylsily1)amide in toluene (9). In each case, 
an instantaneous reaction occurred with concomitant precipi- 
tation of the complex, which was washed several times with 
toluene. Unfortunately, we could not grow crystals of ade- 
quate quality to perform a single-crystal X-ray crystallo- 
graphic analysis on either of the complexes and neither were 
soluble in non-coordinating solvents. To secure the structure 
of the yttrium complex 7a, we prepared it in THF and isolated 
the powdery material by simple reduced pressure evaporation 
of the solvent. Although no X-ray quality crystals could be 
grown, the proton NMR analysis of the complex in benzene-d6 
was unequivocal and established the coordination of a mole- 
cule of THF (Fig. 1). Mass spectral data, Exact Mass measure- 
ment, and elemental analysis on this compound were 
satisfactory. The structure of the ytterbium complex 7 b  was 
inferred only from mass spectral data and by analogy to 7a.  

Catalytic activities were tested on the hetero Diels-Alder 
cycloaddition of crotonaldehyde and ethylvinyl ether, the lat- 
ter serving as solvent, with 2 mol% of catalyst (Table 1). In 
each example involving lanthanide or yttrium catalysts, with 
the exception of 3, the isolated yields of the respective dihy- 
dropyran product 10 were excellent, testimony to their mild- 
ness (entries 2 4 ) .  In contrast, zinc chloride and BF3-etherate 
gave 46 and 12% isolated yield, respectively, of 10 (entries 5 
and 6). The thermal reaction proceeds at 175°C to give product 
10 in 87% yield (8). The same reaction can also be canied out 
under high-pressure conditions (15 kbar (1 bar = 100 Wa), 
75"C, 24 h) to give 89% of the endo adduct (1 1). 

Each reaction was monitored by gas chromatography at spe- 
cific time intervals. The yttrium catalyst 7a  was superior to all 
others, including the commonly used Yb(fod), (12), having 
the fastest conversion rate and giving a good isolated yield of 
10 (entry 2). As expected, the product isolated was regiochem- 

ically and diastereomerically pure (racemic) and was derived 
from the endo approach of the dienophile as verified by proton 
NMR (12a). If dioxane was utilized as an internal standard for 
quantitative work, the reaction rate between 8 and 9 dropped 
(entries 7 and 8), indicating a competition for the active site 
between the coordinating solvent and crotonaldehyde 8. We 
found that when the complexes 7  were prepared in or came in 
contact with coordinating solvents, the reaction rate dropped 
also, presumably due to the incorporation of a coordinating 
solvent molecule. In turn, this coordinating solvent molecule 
may compete with crotonaldehyde for the active site or simply 
reduce the Lewis acidity of the complex. More importantly, 
both catalysts 7  remained active even after several days of 
exposure to the ambient air (entries 9 and lo), even though the 
complexes may have picked up water molecules from expo- 
sure to air. A 3-month-old sample of complex 7a  stored in an 
opened vial still retained complete catalytic activity. In con- 
trast, all other catalysts including Y b ( f ~ d ) ~  had to be kept in a 
rigorously dry atmosphere to remain active (entry 11). The air 
and moisture stability of these complexes is undoubtedly 
linked to the low pK, coupled with the tripodal nature of the 
ligand 6. 

In conclusion, we have prepared the first lanthanide com- 
plexes that possess a tripodal ligand and are active catalysts. 
Their high stability, even in air, is not only desirable in terms 
of handling but is also very promising as a base from which to 
develop chiral catalysts showing high asymmetric induction. 
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H.I. Schiff 

1995 Fisher Scientific Award Lecture 
Reflections of an atmospheric chemist 
wondering why he won an analytical chemistry 
award1 

Abstract: The author recalls his scientific career starting with electrochemistry and gas phase kinetics and leading, largely by 
serendipity, to atmospheric chemistry and measurements in the atmosphere using rockets and stratospheric balloons. The 
scientific problems met along the way required measurements with instruments that were not commercially available and 
required development of new methods and techniques. These included mass spectrometry, chemiluminescence, and tunable 
Diode Laser Absorption Spectrometry (TDLAS) to measure trace concentrations of gases in the lower and upper atmosphere. 
TDLAS is considered to be the method of choice where freedom from interferences, high sensitivity, and fast time response are 
required. Lead salt laser diodes operate in the near infrared where most molecules of atmospheric interest have strong 
fundamental absorptions. The research groups at York University and at Unisearch Associates have been pioneers in applying 
this powerful technique to atmospheric measurements in a variety of environments including the pristine air over the Pacific, at 
the top of Mauna Loa, at the Grand Canyon, and the polluted air of Los Angeles and other major cities. The results of recent 
measurements of the emissions of two strong greenhouse gases, CF, and C2F6, from Quebec aluminium refineries are described. 
More recently a family of instruments based on near-infrared laser diodes have been developed that can make remote-sensing 
measurements of a number of pollutants in ambient air and industrial stacks. Examples of passive, on-road, remote-sensing 
measurements of automobile exhaust emissions of CO and CO, and of in-stack emissions of HF are presented. Another remote- 
sensing instrument that has been developed is an improved visible and UV Differential Optical Absorption Spectrometer 
(DOAS) capable of measuring, remotely and simultaneously, a number of important pollutants. Examples of measurements of 
NO, NO,, 0,. benzene, and toluene are presented. 

Key words: air measurements, instruments, remote sensing. 

Resume : L'auteur fait un historique de sa carrikre scientifique en partant de I'Clectrochimie et de la cinCtique en phase gazeuse 
conduisant, en grande partie par un heureux hasard, h la chimie atmosphCrique et aux mesures dans I'atmosphkre h I'aide de fusCes 
et de ballons IancCs dans la stratosphkre. Les problkmes scientifiques rencontrCs exigeaient des mesures h l'aided'instruments non 
disponibles commercialement et requCraient de nouvelles mCthodes et de nouvelles techniques. Celles-ci comprennent la 
spectromCtrie de masse, la chimiluminescence et la spectromCtrie d'absorption au laser h diode adjustable (SALDA) pour mesurer 
les trks faibles concentrations des gaz prCsents dans la basse et la haute atmosphkre. La SALDA est considCrC comme Ctant une 
mCthode de choix lorsqu'une rCponse rapide sans interfkrence et de grande sensibilitk est requise. Les lasers h diodes aux sels de 
plomb opkrent dans le proche infra-rouge, 18 oh les molCcules d'un intCrtt atmosphCrique ont de fortes absorptions fondamentales. 
Les groupes de recherche de I'universitC York et de I'Unisearch Associates ont CtC les pionniers dans l'application de cette 
puissante technique aux mesures atmosphCriques de divers Ccosystkmes incluant I'air du Pacifique, non polluC par la civilisation, 
le sommet du Mauna Loa, le Grand Canyon et l'air polluC de Los Angeles et des grandes villes. On dCcrit les rCsultats de mesures 
rCcentes des Cmissions de deux gaz h effet de serre, CF, et C2F6, produites par les raffineries d'aluminium du QuCbec. Plus 
rCcemment on a mis au point une famille d'instruments basks sur les lasers h diodes opCrant dans le proche infra-rouge et qui 
permettent de mesurer h distance un grand nombre de polluants dans l'air ambiant et dans les cheminCes industrielles. On prCsente 
des examples de tClCmesures passives, sur la route, des gaz d'Cmission des voitures, CO et CO,, et des Cmissions de HF h I'intCrieur 
des cheminCes. Un autre instrument de tClCmesure mis au point, est un spectromktre d'absorption optique diffkrentielle (SAOD) 
operant dans le visible et dans 1'UV et capable de mesurer h distance et simultanCment, un nombre important de polluants. On 
prCsente des exemples de mesure du NO, du NO,, du 0,. du benzkne et du tolukne. 

Mots elks : mesures de l'air, instruments tC1Cmesure. 
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Being named the Fisher Scientific Award Lecturer in analyti- 
cal chemistry came as quite a surprise. Although my scientific 
career has taken a number of paths since I was awarded a Ph.D. 
in electrochemistry, many years ago, none of them bore the 
signpost "Analytical Chemistry." So receiving this award has 
made me reflect on how this unlikely event could have 
occurred. 

It probably began when Gerhard Herzberg visited my labo- 
ratory in 1950 while I was a post-doctorate fellow at NRC with 
Dr. E.W.R. Steacie. I had been working on the gas phase kinet- 
ics of hydrogen atoms, which I made by passing hydrogen gas 
through an electric discharge. When Herzberg asked me to 
flow nitrogen through the apparatus I was amazed to find the 
entire apparatus filled with a bright yellow glow. He told me I 
was looking at "active nitrogen," which had been discovered 
around the turn of the century by Lord Rayleigh. Some 2000 
papers had been written about active nitrogen but no one had 
been able to identify the chemically reactive species. N3, 
which Kistiakowsky, an eminent Harvard kineticist and one of 
the pioneers of the atom bomb, had called nozone, was one 
popular suggestion. 

A mass spectrometer seemed to me to be a likely analytical 
method for identifying the reactive species. Commercial mass 
spectrometers were not available in the 1950s so when I got 
my first academic appointment at McGill I built a mass spec- 
trometer with help from Fred Lossing of NRC. The chemically 
reactive species turned out to be atomic nitrogen (1) and the 
glow was a result of the chemiluminescent reaction: 

Since this was the only mass spectrometer in Quebec I supple- 
mented my meagre assistant professor's salary by analyzing 
samples for a number of pharmaceutical and chemical compa- 
nies in the Montreal area. 

My research group went on to investigate the chemical 
kinetics of nitrogen atoms, oxygen atoms, and ozone. The next 
surprise came when the US Air Force offered to support my 
research, which I could not imagine would be of any interest to 
them. It turned out that the Russians had just launched "Sput- 
nik" and the space race was on. This was before NASA had 
been established, and the three US military services were 
vying with one another to launch the first USA object into 
space. One question being asked was what sort of environment 
that object would encounter. The speculation was that a great 
deal of the oxygen and nitrogen might be present in the disso- 
ciated, atomic state but nobody really knew how these species 
might react with their hardware. The only research on the reac- 
tions of these atomic gases was that of an unknown assistant 
professor at a Canadian university who had been publishing 
papers on these reactions. So I suddenly found I was an atmo- 
spheric chemist. 

One of the reactions we studied was that of 0 atoms with 
NO (2, 3), which was also accompanied by chemilumines- 
cence. 

But this time the glow is greenish. The intensity of the light is 
first order in the concentrations of both 0 and NO and so, if 
you know the concentration of NO, you can use the intensity of 

the glow to determine the concentration of 0 atoms. We per- 
formed the first chemical titration of the upper atmosphere by 
releasing 25 kg of NO from a rocket at.a height of 90 km over 
the desert at White Sands, New Mexico, and produced a green 
glow in the night sky about 2 km in diameter. It was bright 
enough to frighten the natives and produce headlines, of 
numerous sightings of UFOs, in the papers the next day. This 
experiment not only provided the first direct evidence for the 
presence of 0 atoms in the upper atmosphere but also gave an 
estimate of their concentration. 

A related reaction that we studied (4) was between NO and 
0 3 ,  which also produces a glow, this time in the red part of the 
spectrum: 

The intensity of the glow was also found to be first order in the 
concentration of both reactants. We used this property in the 
laboratory to measure the concentrations of either NO or O3 by 
adding an excess of the other reagent and monitoring the light 
intensity. I was, however, not smart enough to recognize the 
commercial possibilities of this finding, but Arthur Fontijn, 
who had been working on this project as a post-doctorate fel- 
low, was, as is usually the case, smarter than his research 
director. When he went to Aerochem in New Jersey he devel- 
oped a commercial instrument for measuring NO based on this 
reaction that has since become the standard method around the 
world for measuring this important atmospheric pollutant. 
Arthur won the American Chemical Society award some 15 
years ago for this development. 

In 1972 the US government appointed me to a panel of 20 
so-called experts to advise them on the environmental impacts 
of a fleet of supersonic aircraft (SSTs), designed to fly in the 
stratosphere. The chemists on the panel concentrated on the 
effects of water vapour from the contrails of these aircraft. But 
Harold Johnston, a prominent kineticist at the University of 
California, Berkeley, chastised the rest of us for failing to rec- 
ognize that NO from the exhausts, rather than H,O, consti- 
tuted the major threat to the ozone layer. I was particularly 
guilty for this oversight because I had been studying these 
reactions in the laboratory. When I pointed out that no one 
knew how much NO was naturally present in the atmosphere, 
Johnston maintained that this did not matter. I had difficulty in 
understanding that there would be any major effects if the nat- 
ural atmosphere contained hundreds of times as much NO as 
the SSTs would add. So I returned from this meeting deter- 
mined that we had to measure the natural amount of NO in the 
stratosphere. 

The commercial instruments based on the chemilumines- 
cence of NO with O3 were simply not sensitive enough for 
such measurements and so Brain Ridley, working with me as a 
post-doctorate fellow, designed and built a highly sensitive 
version of this instrument (5, 6). With funding from the US 
government we flew this instrument on a balloon in. 1974 and 
made the first measurement of NO in the stratosphere (5, 6) 
over the altitude range of 2 0 4 0  km. It turned out that the mix- 
ing ratio of NO in the stratosphere was indeed very low and 
the proposed fleet of SSTs, according to our understanding of 
atmospheric chemistry at that time, did, indeed, pose a threat 
to the ozone layer. 

Of course the fleet of SSTs never materialized, aside from 
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the few Concordes made by the French and English, and atten- 
tion switched to chlorofluorocarbons (CFCs), used primarily 
as propellants in spray cans and as refrigerants, as the major 
threat to the ozone layer. I had the privilege of chairing the US 
Academy of Science Panel that reported on this threat (7) and 
led to the banning of nonessential uses of these chemicals in 
the USA and Canada. 

Our laboratory now extended into the earth's atmosphere 
and we were looking for better and more universal methods for 
measuring trace species in the atmosphere. A promising new 
technique involved the use of tunable diode laser spectroscopy 
(TDLAS). Tunable diode lasers are small crystals, about 1 
mm2 in area, made of Pb containing small amounts of Group 4 
elements such as Se S, Te, Sn. When a current is passed 
through these crystals at temperatures below 170 K they emit 
laser radiation in the mid-infrared region between about 3 and 
20 km. Changing the current through these diodes changes the 
wavelength of the radiation, permitting scanning the spectrum 
of the absorbing molecule over individual rotational-vibra- 
tional lines. 

This technique had been used for laboratory high-resolution 
spectroscopic studies but had not previously been applied to 
atmospheric measurements although some laboratory work 
performed at McMaster University had shown its potential for 
air measurements. Since most molecules of atmospheric inter- 
est have strong, fundamental absorption in the 3-20 k m  spec- 
tral region, it provides a universal method for measuring 
atmospheric gases. The high spectral resolution provides 
unequivocal identification of the selected gas free of interfer- 
ences from other gases. The technique is also capable of mak- 
ing measurements in less than a second with sensitivities in the 
sub parts per billion concentration levels. 

Our first successful use of this method was to make mea- 
surements of nitrogen oxides in the stratosphere with a 
TDLAS instrument carried on a balloon that flew to 35 km 
above the earth's surface. It then became apparent that this 
technique had applications for air measurements at ground 
level and might be of some commercial interest. So in 1980 we 
started a spin-off R&D company, called Unisearch Associates, 
and I suddenly found myself in the business world. My atmo- 
spheric interests had descended from the upper atmosphere 
through the stratosphere and troposphere to ground level and 
now, some of my academic colleagues would maintain, to the 
nether regions of crass commercialization. 

~ n i s e i c h  received its first contract from the Coordinating 
Research Council, a funding agency jointly sponsored by the 
three US auto manufacturers and five major oil companies. 
With their support we built a TDLAS system (8) and used it to 
measure a number of pollutants in the Los Angeles area. We 
were pioneers in the application of TDLAS to atmospheric 
measurements. Unisearch has sold TDLAS instruments to the 
Planck and the Fraunhoffer Institutes, to NASA, AES, OME, 
and the British Meteorological Service as well as a number of 
universities. We have also used our instruments to make mea- 
surements of pristine air over the Pacific from NASA aircraft 
(9-1 1) as well as from our mobile laboratory on the top of 
Mauna Loa, Hawaii, at the Grand Canyon, and in the polluted 
air of downtown Los Angeles (12). 

One example of the use of the mid-infrared TDLAS system 
was a series of measurements of the emissions of CF, and C2F6 
from aluminium smelting (13). These two perfluorocarbons 

are potent greenhouse gases, thousands of times stronger than 
CO,. But, since the mixing ratios of these gases in the atmo- 
sphere are only about 80 pptv for CF, and 2 4  pptv for C2F6, 
they were not formerly believed to contribute significantly to 
global warming until it was recognized that there are no 
known removal processes for these compounds from the 
atmosphere. Their atmospheric lifetimes have been estimated 
to be at least 10 000 years and, as has happened in other cases 
such as nuclear waste disposal, there is a disproportionate con- 
cern about putting potentially harmful substances into the 
environment that will remain there for thousands of years. 

The main source of CF, and C2F6 in the atmosphere appears 
to be the aluminium industry. Aluminium is produced by the 
reduction of alumina, A1203. in electrolytic cells. The alumina 
is dissolved in a mixture of molten cryolite (Na,A1F6) and 
AIF,. Both anodes and cathodes are carbon. Normally, oxygen 
is released at the anode where it forms CO and CO,. Periodi- 
cally, however, when the concentration of alumina in the cell 
drops below a certain level, the voltage of the cell rises and 
fluoride ions are also discharged at the anode to form the per- 
fluorocarbons, which are emitted in a sort of a burp, known as 
an anode event, that lasts anywhere from about 2 to 20 min. 
The amount of gas emitted depends both on the frequency and 
the duration of these anode effects. 

Determination of the contribution of the PFCs to global 
warming requires a knowledge of current emissions from alu- 
minium production. Such data were largely lacking in the 
early 1990s, and in 1992 1'Association de 1'Industrie de 1'Alu- 
minium de Quebec commissioned Unisearch Associates to 
make measurements of emissions from eight smelter sites in 
Quebec. The TDLAS was the instrument of choice since it 
allowed unequivocal measurements of the two gases in the 
presence of a very complex mixture with high precision and 
time resolution. 

Figure 1 gives one example of the measurements (13) dur- 
ing several anode events. A large data base was accumulated 
with approximately 700 h of measurements and more than 
200 000 individual observations. 

When the emissions from each of the measured sites were 
combined with the respective production figures for each of 
the sites, an estimate could be made of the total annual emis- 
sions of these gases from Canadian aluminium production. 
We were also able to estimate that the contribution of these 
emissions to global warming from Canadian sources amounts 
to approximately 0.4% compared to the total contribution of 
other greenhouse gases. 

Recently two new families of remote-sensing instruments 
have been developed by Unisearch. Most instruments that are 
currently being used to measure air quality are point-source 
monitors that sniff the air at a sampling point. Monitoring the 
emissions from stacks also uses these point-source instru- 
ments to sample the emissions by sucking out aliquots of the 
stack gases in a rather cumbersome extraction process. 
Remote-sensing instruments using optical techniques are rap- 
idly gaining popularity over these point-source monitors for 
air quality networks, for area monitoring from landfills to 
entire cities, and for perimeter monitoring around industrial 
sites. For stack monitors, optical techniques are continuous, 
relatively simple, and can be readily adopted to process con- 
trol functions. Remote-sensing monitors can also be used for 
passive, on-road monitoring of automobile exhausts. 
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Fig. 1. The measurements of CF, and C,F, emissions from an aluminium smelter 
showlng two "anode events." 

0 120 240 360 480 600 720 
seconds 

We have developed a remote-sensing system based on tun- 
able diode lasers (14, 15) but of the type used for the fibre 
optics communication industry and in domestic products such 
as CD players and laser printers. These laser diodes are based 
on Group V elements such as GA, As, and P, which emit radi- 
ation in the near-infrared (NIR) region between 0.59 and 2.5 
1J.m Unlike the Pb salt diodes they operate at ambient temper- 
atures that can be controlled by small thermoelectric coolers. 
Moreover, they are of sufficiently high quality that high-fre- 
quency modulation techniques, which can be built with "off- 
the-shelf' television components, can be used. These features 
can be exploited to reduce both the size and cost of the instru- 
ment and to increase its sensitivity. The response of the system 
for most gases is in the range of a few parts per million per 
meter, which is more than adequate for most industrial appli- 
cations. Another advantage of operating in the near-infrared is 
that pressure broadening does not present as large a problem as 
it does at the longer wavelengths, which makes it suitable for 
remote sensing at atmospheric pressure. Some of the gases that 
absorb in this spectral region include HF, HC1, CH,, H2S, CO, 
CO,, CO, NH,, C,H,, C2H4, and NO,. 

Three versions of the instrument have been developed - 
the LASAIR-R for remote sensing, the LASAIR-S for in-stack 
monitoring, and the LASAIR-P for point-source monitoring. 
All three versions use a common control unit that contains the 
diode laser and its temperature and current control circuits; the 
detector and its circuitry; the connectors to the launching and 
receiving optical fibres; the interface to the computer for auto- 
matic control, and data acquisition and logging; and a refer- 
ence cell containing a known concentration of the gas. 

The laser beam is brought to one or more of the measure- 
ment stations by fiber optics. A fiber optic multiplexer can be 
used to split the beam for operating several sensors at the same 
time in a time-sharing mode as shown in Fig. 2. A single con- 
troller can also contain and control several lasers that can feed 
the combined light to a single or several sensors simulta- 
neously, providing a great deal of versatility and economy. 
This controller can be located at any suitable location within 
the site, such as the control room of a plant, and does not have 

to be protected from harsh climatic or hazardous environ- 
ments. Since none of the sensors' heads have electrical parts 
or components, they can be mounted in an explosive or haz- 
ardous location and operated in virtually any climatic or envi- 
ronmental condition. 

The point-source version of the instrument draws the mea- 
sured air continuously through a White or Herriot-type multi- 
pass cell. The cell can be located either within the controller 
itself or at some remote location. A remote location can be 
chosen for one or more of the multipass cells if desired, and 
connected to the controller by fiber optics. 

A 4 in. Schmidt-Cassgrain telescope is used in the 
LASAIR-R version to both transmit the beam to a retroreflec- 
tor and to receive the returned beam. The use of a single tele- 
scope to both transmit and receive also provides the advantage 
of easy alignment as well as providing a very stable configu- 
ration that is insensitive to vibrations. An example of measure- 
ments made with the LASAIR-R is provided by an on-road 
intercomparison study of automobile exhausts (16). The inter- 
comparison was made at the Ford Motor Company Dearborn 
Proving Grounds between the on-board monitoring systems 
installed in a Ford Aerostar test vehicle and LASAIR-R. The 
Aerostar contains an on-board, variable path, multi-pass 
FI'IR, able to make continuous emissions of CO and C0,. 
Comparisons were made of the concentrations of CO and 
CO,. The on-board computer system controls engine air-to- 
fuel ratios and controls and monitors numerous engine operat- 
ing parameters. These engine parameters, when combined 
with the emission data from the FI'IR, provide a comprehen- 
sive and accurate account of the vehicle emissions and the 
conditions that produced them. The Aerostar van was operated 
at speeds in the range 15-35 mph, airlfuel rations (A) between 
0.8 and 1.0, and with the gear set in lst, 2nd, or 3rd during a 
pass by. This provided CO emissions in the range 0.05--8%. 
Over 120 passes were monitored to provide a comprehensive 
data set with a minimum of 6 measurements under identical 
conditions for statistical validation. The LASAIR measure- 
ments were made across a 25 ft single traffic lane. 

Figure 3 shows some real-time data for two passages of the 
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Fig. 2. Schematic of LASAIR system showing several possible sensors operating from a 
common controller. 

L A S A . [ R - R :  REMOTE SENSING 
CONFIGURATION 
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Fig. 3. Real-time remote-sensing measurements of CO and COz 
in an automobile exhaust made with a LASAIR-R instrument 
across a 25 ft test track. The upper curve is with the test vehicle 
operating at an air-to-fuel ratio of 1.0 and the lower curve with 
the vehicle operating at a fuel-to-air ratio of 0.8. 
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test vehicle, one when the vehicle was operated with an air-to- 
fuel ratio, X, of 0.8 and the other with X = 1. Measurements 
were made of CO and of CO, along with the power incident on 
the detectors at a sampling rate of 80 Hz and were averaged 
into 0.1 data points. The passage of the car was determined by 
the power dropping to less than 90% of its value. This sig- 
nalled the data processing to start. To prevent an event being 
falsely identified if a cat or a person walked across the beam, 
values of CO, before and after the power drop were compared. 
If CO, increased by less than 5% after the beam was inter- 
rupted, the interruption was not identified as a motor vehicle 
event. We presumed that the cat does not give out this much 
CO,. Passage of the vehicles is clearly indicated as are the 
increases in both CO and CO,. For the case of stoichiometry 
the CO is very much smaller than for X = 0.8. As CO goes 
down, CO, goes up. 

Figure 4 shows the comparison between the COICO, ratio 
measured by the LASAIR-R and the on-board equipment with 
a vehicle speed of 35 mph. Each point represents the average 
of 6 passes of the vehicle under identical conditions. Good 
agreement is found for all data sets with the slopes of the 
regression lines indicating that the absolute values of the CO/ 
CO, ratios by the two instruments agrees to within +3%, and 
the linearity was also excellent (R" 0.95). The very small off- 
set is probably due to the fact that the two instruments were 
not intercalibrated. 

The LASAIR-S was developed for in-stack monitoring and 
process control. The diode laser and detector are both mounted 
in a control unit at some suitable location inside the plant. The 
laser beam is then transmitted to the stack by fibre optics, 
launched across the stack, and returned to the detector by fibre 
optics. Two options are available for transmission across the 
stack. One is an open path with the launching optics and the 
retroflector offset from the stack to prevent exposure to the 
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Fig. 4. Scatter diagram of the comparison between the COICO, 
ratios measured with the remote-sensing LASAIR-R and the on- 
board FTIR instrument taken on the Ford Motor Company 
Dearborn Proving Grounds. The speed of the vehicle was 35 mph 
and the air-to-fuel ratio was varied between 0.8 and 1.0. Data 
obtained at 10 Hz have been averaged over the time (-0.5 s) 
during which the exhaust plume impacted the measurement path. 

SLOPE = 0.9819 
INTERCEPT = 0.0157 

0 
0 0.2 0.4 0.6 0.8 

OBE COIC02 

exhaust gases and temperature. An example of measurements 
made with the cross-stack version of the LASAIR-S is again 
provided by the aluminium industry. An installation was made 
in an aluminium smelter in Quebec for monitoring HF emis- 
sions from a 4 m stack. The complete installation was made in 
less than 1 h. The control unit and laser were located more than 
1.5 km from the stack installation. In one test, the emissions 
from 120 pots were passed through up to 9 filter packs before 
being vented through the stack. The number of filters on line at 
any one time could be changed and variations due to such 
changes were monitored. Figure 5 shows the results of this test 
made in February, 1995. The HF level of about 2 ppmv was the 
normal operating level. The value decreased between 14:45 
and 15:OO as some of the pots were shut off. The HF levels 
then rose between 15:OO and 16:OO as filters were removed in 
succession until all nine had been removed to produce an HF 
level of about 7 ppmv, after which the filters were reinstalled. 
Figure 6 shows an intercomparison made of HF mixing ratios 
measured by the LASAIR-S and an EPA-approved, wet chem- 
ical technique in the stack emissions from the same aluminium 
smelter. The agreement is excellent with the LASAIR provid- 
ing considerably better precision than the wet chemical 
method. 

Another remote-sensing instrument that has been developed 
by Unisearch, called the SENSAIR, is capable of measuring a 
number of pollutants simultaneously (17, 18). It is based on 
optical absorption in the visible and ultraviolet portion of the 
spectrum and has the generic name of Differential Optical 
Absorption Spectroscopy (DOAS). 'The method was originally 
developed by Professor Uli Platt of Heidelberg University and 
has been used successfully to make a number of important 
atmospheric measurements. Of particular interest these days is 
the ability of DOAS to measure aromatic compounds such as 
benzene, toluene, and the xylenes, which cannot be monitored 
adequately by alternative remote-sensing techniques such as 
Fourier Transform Infrared (FTIR) because of interference 
from ubiquitous water vapour and carbon dioxide. The con- 
ventional DOAS system uses a telescope to transmit a beam of 
broad-band light through the atmosphere. The transmitted 

Fig. 5. Observed variation in the HF signal measured by the 
LASAIR-S in the stack emissions of an aluminium smelter when 
the number of filters in the stack were reduced from 9 filters at 
- 15:00, reduced again to 5 filters at 15:40, and subsequently 
increased back to 9 filters at - 16:OO. 

HF at ABI 
February 6. 1995 

14:30 1500 1530 16:OO 16:30 
Time [EST] 

Fig. 6. Comparison of the HF mixing ratios measured by the 
LASAIR-S and the EPA-approved wet chemical method in the 
stack emissions of an aluminium smelter. The changes in the HF 
mixing ratio were created by removing recycled alumina from 
several of the stack filter units. 

7.0 

SLOPE = 1.07 
R2 = 0.97 

0.0 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

WET CHEMICAL HF (ppmv) 

beam is then received by a similar telescope at the other end of 
a long path and disbursed by a spectrograph. Light paths of 
500 m are commonly used for most molecules at concentra- 
tions encountered in rural and urban conditions. So we cannot 
claim to have invented this technique. What we think we have 
done is to make some very major improvements. 

Our instrument has overcome the inconvenience of having 
to provide power and water cooling for the light source sepa- 
rated by long distances from the receiver, by the use of a ret- 
roreflector. The same telescope, shown schematically in Fig. 
7, is used to both send the beam to a retroreflector and to 
receive the reflected light beam. The use of a single telescope 
has the additional advantage of ensuring that the sending and 
receiving optics remain coaxial, getting double the optical 
path for the same distance. We incorporated into this telescope 
a baffle that can be rotated to block the outgoing beam and that 
detects the light being emitted by the lamp. This gives, in 
essence, a zero path length and acts to provide the zero absorp- 
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Schiff 1771 

Fig. 7. Schematic of the SENSAIR-DOAS remote-sending telescope. The telescope both launches the optical beam to a retroretlector placed 
at the other end of the optical path and directs the reflected beam to the fibre optic cable connected to the analysing spectrometer. A shutter can 
be activated to direct the beam directly into the telescope, which provides a zero-path reading. A calibration cell can also be inserted into the 
optical path. 

I 
XENON LAMP 3N 
XvZ MOUNT 

SHUTTER 
A C T U A T O R  

tion in Beer's Law expression. In addition, a reference gas cell 
can be placed in front of the fiberoptic cable entrance for cali- 
bration. Since both outgoing and reflected beams traverse the 
same path the effect of air turbulences are minimized. In fact, 
the main problem encountered with any long-path measure- 
ment is the turbulence or scintillations of the air along the path 
that occur at time scales of 0.1-1 Hz. 

In the original design, Platt and his group solved this prob- 
lem by replacing the exit slit of the spectrometer by a rotating 
disc containing some 20 radial slits. Only one slit at a time is 
exposed to the spectrometer. Since the rotational speed of the 
disc is about 300 rpm, successive spectra are obtained at a fre- 
quency of about 100 Hz, which is much faster than the fre- 
quency of air turbulences. Several tens of thousands of scans 
are added over 10-15 min to get the desired sensitivity. The 
problems inherent with the wheel include the need to have all 
the slits identical in order to co-add successive spectra and, 
second, the rotational speed of the wheel must be maintained 
to a very high degree of accuracy for the same reason. These 
requirements add considerably to the size and cost of the sys- 
tem. Furthermore, the slits do not remain vertical as the wheel 
rotates, causing distortion of the spectrum. Each instrument 
must therefore be calibrated for each gas to be measured - not 
a trivial task. 

We have "uninvented" the wheel. We have replaced it by a 
miniature, electrochemically swept slit, which provides a 
repetitive, bidirectional sweep of the spectrum in which the 
change of wavelength is linear with respect to time. The 
replacement of the wheel by a linear scanner reduces both the 
size and cost of the instrument. In addition, since the slit is 
always vertical and its displacement linear it is no longer nec- 
essary to calibrate the instrument for each gas; literature spec- 
tra can be incorporated into the library of the data-processing 
computer. 

An example of some measurements made with this system 
is provided by a study we made to determine practical detec- 
tion limits of the system for a number of important pollutant 
gases. Determining detection limits of a remote-sensing 
instrument in a polluted atmosphere can be a controversial 
issue. At trace levels close to the detection limit, it may be dif- 
ficult to separate real variations in pollutant levels from the 
variations due to residual noise sources in the system. The 
least ambiguous method appears to be simultaneous measure- 
ments using two long-path instruments mounted side by side 
and probing essentially the same air mass. 

Two DOAS telescopes and spectrometers were set up side 
by side on the second floor of the Unisearch facilities, both 
directed to the same retroreflector located on the roof of a 
neighboring building, providing a total path length of 3 14 m. 
The surrounding area, in suburban Toronto, is a light indus- 
trial zone with considerable vehicular traffic, providing a real- 
istic situation where there is considerable variation in the 
pollutant concentrations. The study was made for a number of 
gases including NO, NO,, 0 3 ,  benzene, and toluene. Figure 8 
is a time plot of some of the toluene data taken with the two 
instruments. The very variable toluene peaks starting at 07:30 
correspond with the start of daily industrial activity in this area 
and appear quite frequently. Figure 9 is a scatter plot of the 
same data. From this plot a standard error of 1.88 ppbv and a 
detection limit of 1.3 ppbv toluene for a single instrument are 
obtained. 

In conclusion, I have tried to show you why I have never 
considered myself to be an analytical chemist. I have always 
been interested in trying to solve particular scientific problems 
- the nature of active nitrogen, the composition of the atmo- 
sphere, and the reactions that occur in that large laboratory 
either naturally or as a result of human activities. To answer 
these questions I needed to make measurements. In most cases 
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Fig. 8. Some real-time measurements of toluene made with two SENSAIR-DOAS 
instruments operating over a 314 m path in suburban Toronto in January. The variable 
toluene peaks starting at 07:30 correspond to the start of daily industrial activity in this 
area. 

200 r---- pP 

Fig. 9. Scatter diagram for the measurements of toluene made simultaneously 
over the same air path by two SENSAIR-DOAS instruments. 

+ 

++ 
Standard E m r  = 1.88 (ppbv) w 
S l o p  = 1.04 + 

DOAS I (ppb) 
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the instruments required to make these measurements simply 
were not available. So we had to design and build them. For- 
tunately for me, I always had students and colleagues who 
were much more skillful at this than I was. 

If that makes me eligible for this prestigious award then all I 
can do is to thank the Society. Life is full of surprises! 
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The decomposition of aliphatic N-nitro amines 
in aqueous sulfuric acid. Bisulfate as a 
nucleophile' 

Robin A. Cox 

Abstract: In aqueous sulfuric acid, aliphatic N-nitro amines decompose to N,O and alcohols. An excess acidity analysis of the 
observed rate constants for the reaction shows that free carbocations are not formed. The reaction is an acid-catalyzed SN2 
displacement from the protonated aci-nitro tautomer, the nucleophile being a water molecule at acidities below 82-85% H,S04, 
and a bisulfate ion at higher acidities. Bisulfate is the poorer nucleophile by a factor of about 1000. Twelve compounds were 
studied, of which results obtained for nine at several different temperatures enabled calculation of activation parameters for both 
nucleophiles. The reaction appears to be mainly enthalpy controlled. The intercept standard-state rate constants are well 
correlated by the u* values for the alkyl groups; the slopes are negative, with a more negative value for the slower bisulfate 
reaction. Interestingly the m'm* slopes also correlate with u*, although the scatter is bad. 

Key words: N-nitro amines, excess acidity, bisulfate, nucleophiles, acid-catalyzed, kinetics. 

RCsumC : En solution dans I'acide sulfurique aqueux, les N-nitroamines aliphatiques se dCcomposent en N,O et en alcools. Une 
analyse des constantes de vitesse de ces rkactions par la mCthode de l'excks d'aciditC montre qu'il ne se forme pas de 
carbocations libres. La rkaction est une substitution SN2 acidocatalyske sur le tautomkre aci-nitro proton6 dans laquelle le 
nuclCophile est une molCcule d'eau B des aciditCs infkrieures B 82-85% de H,S04 et un ion bisulfate B des aciditks supkrieures. 
Comme nuclkophile, le bisulfate est mille fois moins efficace. On a Ctudik 12 composCs; les rksultats obtenus B diverses 
temperatures avec 9 d'entre eux ont permis de calculer les parametres d'activation pour les deux nuclCophiles. I1 semble que la 
rCaction est principalement contrBlCe par I'enthalpie. Dans les cas des groupes alkyles, les valeurs de u* permettent d'ktablir une 
bonne corrClation avec l'ordonnke i I'origine des constantes de vitesse de 1'Ctat standard; les pentes sont negatives et elles le sont 
encore plus pour la rCaction plus lente du bisulfate. I1 est intCressant de noter que les pentes nl'm* donnent aussi une bonne 
corrClation avec u*, mkme si I'kparpillement est mauvais. 

Mots clPs : N-nitroamines, excks d'aciditC, bisulfate, nuclkophiles, acidocatalysC, cinktique. 

[Traduit par la rCdaction] 

Introduction 

As part of a continuing interest in the mechanisms of organic 
reactions in strong acids (I), this paper is concerned with the 
decomposition of monoalkyl nitramines to alcohols and 
nitrous oxide that takes place in concentrated aqueous sulfuric 
acid media. 

Little information is available in the open literature con- 
cerning this functional group, probably because military 
explosives are often alkylnitramines, the two best known 
being RDX and HMX (2). In contrast, the parent molecule 
nitramide, NH2N02, has been widely studied, and the results 
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NO2 0 2 N - N ~ N ~ N - N 0 2  
RDX 

NO2 
HMX 

have contributed greatly to the theory of acid-base catalysis 
(3). Interest in nitramide continues to this day (4-6). The re- 
arrangement of aromatic nitramines to nitroanilines has also 
received some attention (7). 

Apart from one early study (8), all of the information on the 
acid-catalyzed hydrolysis of alkylnitramines comes from the 
group of L. L. Kuznetsov (9-1 1) in what was then the Soviet 
Union. Kuznetsov's papers were published without an affilia- 
tion being given, which probably means that the work was car- 
ried out at a military facility; I eventually managed to track 
him down in Leningrad in 1987 and was able to discuss this 
work with him, as far as was possible through an interpreter in 
a hotel lobby with a KGB minder in the middle distance, and I 
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Fig. 1. Excess acidity plot of log log kJ, - log C,+ vs. X for the 
reaction of N-nitroethylamine in sulfuric acid at 15 and 40°C. For 
convenient reference a wt.% H2SOI concentration scale is 
included at the top, and a line of unit slope at the right. 

O/O l+S04 w/w ( 2 5 O )  

- I I I I ,  I  ( 
0 20 40 50 60 70 80 90 98 

I  I I 1 

CK$!+NHN02 t C H 3 C H 2 0 H  + N20 
F' 

think that he is in substantial agreement with the analysis in 
this paper. 

The results are analyzed using the excess acidity method 
(l), which has been widely applied to organic reactions in sul- 
furic acid in recent years, most recently to aromatic hydrogen 
exchange (12), phenylazo ether cleavage (13), imidazole 
cyclizations (14), and the hydrations of fluorinated alkyl vinyl 
ethers (15). 

Results 
The excess acidity method works by examining plots of of log 
k+ - log CH+ against X, where k+ are observed rate constants as 
a function of acidity for the reaction in question. CH+ is the 
molar proton concentration and X the excess acidity of the 
medium (1); values are given in Cox and Yates (16). If these 
plots are linear the reaction mechanism is A 1 or A-S,2, and if 
curved, A2 (1). Such a plot for the decomposition of N-nitro- 
ethylamine in sulfuric acid at two temperatures is shown in 
Fig. 1. This curves downward up to an acidity of -85% 
H,SO,, and then starts to curve upward; this means that the 
reaction mechanism is clearly not A1 or A-S,2. Once a mech- 
anism is identified in this way as being A2, the species reacting 
with the protonated substrate at the transition state (Nu) can be 
positively identified by plotting log kg - log CH+ - log a,, 
against X (a = molar activity), trying different Nu until linear- 
ity is achieved (1). This is shown for the same N-nitroethyl- 
amine data in Fig. 2. A preliminary double linear regression 
using the most plentiful data, that for N-nitromethylamine at 
25°C (9-1 l), with X as one variable and log aH,o as the other, 
gave the slope in the water activity, r, as being 0.965 5 0.058, 
i.e., below -85% H2S0, Nu is one water molecule. The line 
deviates upwards after this point but, as shown, the deviant 
points become linear on the assumption that the Nu changes to 
one bisulfate ion above this acidity. 

The N-nitroalkylamines in this study are identified by alkyl 
group in Table 1. The rate constants as a function of sulfuric 
acid concentration at 15, 25,40, and 60°C used were those of 
Kuznetsov and co-workers (9), together with some additional 
data from his group for 5 at 25, 35,45, and 55°C (lo,  1 I), and 
some values obtained by Lamberton and co-workers for 1, 3, 

Fig. 2. Excess acidity plot for the reaction of N-nitroethylamine 
in sulfuric acid at several temperatures, assuming reaction with 
one water molecule (left axis and lines) or with one bisulfate ion 
(right axis, two rightmost lines). 

4, 5, and 7 in dilute acid at 85°C (8). The data obtained by dif- 
ferent groups at different times are in excellent agreement, as 
can be seen from Fig. 2. The results for the parent compound 9 
are taken from the following paper (6). Tables 2 and 3 give the 
slope (m*m*) and intercept (log k,250) data obtained from the 
Fig. 2 plots for 2,4-8, and 10-12. With results at several tem- 
peratures available for these compounds, activation parame- 
ters can be obtained as described previously (17), and these 
are also given in Tables 2 and 3. Since temperature-corrected 
values of X, log CH+, log and log CHso,- were used, these 
refer only to the reaction mechanism, medium effects having 
been eliminated (1, 17). 

Because data for 1 and 3 were only available at 85"C, the 
data in Tables 2 and 3 were used to evaluate log kossO values 
for the reaction with H 2 0  for the other compounds as well, and 
all of these intercept data are collected in Table 1. Also given 
there is statistical information regarding the data fit; for 
greater accuracy the program used rejects any points that have 
a 95% or greater probability of not being part of the same data 
set as the other points (points in parentheses in Fig. 2 and 
Table 1). Included in Table 1 are a *  values for the different 
alkyl groups obtained from ref. 18a; values for the alkyl 
groups not directly listed there (8 and 10) were calculated 
according to the procedure given in ref. 18b. 

Linear free energy relationship plots against a *  for the stan- 
dard-state intercept log ko values are given in Fig. 3. The p* 
values (slopes) are - 1.7 150.19 for the 25°C intercepts and 
- 1.29 ? 0.1 1 for the 85°C ones, both for Nu = H 2 0  and 
including results obtained for 9 (6), and -2.79 5 0.35 for the 
25"C, Nu = HS0,- case. 

Discussion 

The mechanism proposed for the decomposition of the alkyl- 
nitramines is shown below, an A2 reaction with Nu being one 
water molecule below, and one bisulfate ion above, -85% 
H2S0,. Initial tautomerization to the aci-nitro form, proposed 
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Table 1. R in RNHNO,, u:" and log k,,X5' values, and statistical data. 

Compound R u:*" log k,?'" f oyc Mi 

"From ref. 18a. 
"For the Nu = H,O reaction. Measured directly for 1 and 3, obtained from ref. 6 for 9, and 

calculated using the activation data given in Table 2 for the rest. 
'Root-mean-square error of the fit. 
 umber of data points. The number rejected by the program, if any, is given in parentheses, 

see text. 
'Only 85°C data available. 
/Estimated, see ref. 18b. 
xData for the parent compound are from the following paper, ref 6. 

Table 2. Intercepts, slopes, and activation parameters for the Nu = H,O reaction. 

Compound log k,,?5" 

"In kcal mol-I. 
"In cal mol-I K-I. 

by analogy with the well-established mechanisms for base-cat- 
alyzed nitramide decomposition (4), is followed by proton- 
ation and rate-determining SN2 attack. 

+ $0 KT - + ,OH K ~ ~ +  n +f,bH2 
RHN-N - R-N=N + H+ - 

'0- b - 

LN.,/. slow 

ROH R-NU + H20 + N20 
J 

The curvature seen in Fig. 1 immediately eliminates the pre- 
viously proposed mechanisms for this process. Lamberton 
thought that fast nitrogen protonation was followed by rate- 
determining cleavage to a carbocation and NH2N02, which 
subsequently decomposed to water and N 2 0  (8). This is an A1 
process that would not give the Fig. 1 curvature, and if instead 
the NH2N0, decomposition was rate determining, the differ- 
ent alkylnitramines would all decompose at the same rate, con- 

trary to observation. Kuznetsov gives a mechanism like the 
one shown, except that the rate-determining log k, step is 
given as A1 carbocation formation, without nucleophile 
involvement (9). Apart from the lack of Fig. 1 curvature 
already mentioned, formation of free carbocations like +CH, 
in these aqueous reaction media seems, on the face of it, highly 
unlikely. 

Derivation of an excess acidity rate equation for the pro- 
posed mechanism is not difficult (1, 6), it is log kg - log CH+ 
- log a,, = log(koKTIKsH+) + m*rn2: X, where the term defini- 
tions have already been given, except for KT and KSH+ which 
refer to the two equilibria in the reaction scheme above. This is 
the equation which gives the straight-line Fig. 2 plots. How- 
ever, the intercepts, referred to for simplicity as log k, in the 
tables, and the AH* and AS* values derived from them, are in 
fact composites of log k, and these two equilibrium constants. 
Further separation is unfortunately not possible, since the two 
K's are not known. Not a lot is known about the nitro-aci-nitro 
tautomerism of the KT process in any case (except that the pKT 
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Table 3. Intercepts, slopes, and activation parameters for the Nu = HS0,- reaction. 

Compound log k,,?" mi.m* ~9~ 

"''See Table 2 

Fig. 3. Linear free-energy correlations with a* for the intercept 
data in the tables. 

for nitramide itself has recently been estimated to be -6 (4)). 
However, it is reasonable to assume that it is fast, since proton 
transfers to and from nitrogen and oxygen, known to be fast 
(19), are involved; only proton transfers at carbon (and possi- 
bly sulfur (20)) are slow. Protonation constants for alkylnitra- 
mines are not known either, beyond the fact that no signs of 
equilibrium protonation are visible in the acidity range cov- 
ered by the experiments. In any event the OH group of the aci- 
nitro tautomer, at which protonation leads to further reaction, ' is unlikely to be the most basic site in the molecule. 

Bisulfate ion is not normally thought of as being nucleo- 
I philic, and it is clear from Fig. 2 that for this reaction it is in 
/ fact some 1000 times worse than water as a nucleophile in the 

standard state (i.e., at X= 0), since the vertical separation of the 
H 2 0  and HS0,- lines in Fig. 2 is about three log units. (A more 

I detailed calculation, averaging over all the compounds in this 
work that have data for both, gives the difference in nucleophi- 
licity between 55.34 M water and 1 M bisulfate as being 
3.03 150.056 log units in these sulfuric acid media.) Consider- 
ation of the concentrations of the various species in aqueous 

sulfuric acid (21) means that the change in nucleophile occurs 
at 82-85 wt.% H2S04, a concentration at which mechanistic 
changes take place for many reactions (1, 2 1). 

The activation parameters in Tables 2 and 3 indicate that the 
observed differences in reaction rates are primarily due to dif- 
ferences in the enthalpy of activation for the different com- 
pounds. In the Nu = H 2 0  case the entropies of activation are 
all the same, averaging to - 13.39 ? 0.37 cal mol-I K-'. 
Although it may not look like it, the entropies of activation in 
the Nu = HS0,- case are not statistically different from one 
another either, when account is taken of the larger errors, and 
on weighting the numbers with their errors these average to 
-10.6 -+ 2.3 cal mol-' K-'. This is less negative than for the 
Nu = H20 case, as would be expected since charge destruction 
is taking place when Nu = HS0,-, freeing up solvating spe- 
cies; in fact I would have expected it to be zero or even posi- 
tive, as has been found for amide hydrolysis (22). The m*mx 
values in Tables 2 and 3 are near one; nz'" which refers to the 
equilibrium protonation behavior of the substrate, is unknown 
but for oxygen protonations a value of less than one would be 
expected (16). However, since m* also contains an unknown 
contribution from the nitro-nci-nitro tautomerism, further 
comment as to the value of m* (referring to the transition state) 
seems unjustified, beyond noting that the combined values 
seem acceptable according to what is known about them (1, 
16, 22). 

The relative reactivity order given in Tables 1 and 2 and 
Fig. 3 for compounds 1, 3, 4, 5, and 12 is in exact agreement 
with the order found in very recent theoretical calculations 
(SCF-MO AM1) concerning the reactivity of these molecules 
under acidic conditions, t-Bu > i-Pr > Et > Me > CH2C02H 
(23)."he p* values for the LFER plots in Fig. 3 seem about 
right for this type of reaction (18), and it is apparent that the 
differences between the different alkyl groups are due to polar 
rather than steric interaction with the reaction center. Poorer 

"ne of the referees comments that H:Me (and t-Bu:Me) rate ratios 
are very large in many solvolysis reactions, and thus it is quite 
surprising that the point for the H substituent (nitramide itself) 
falls on the same line with the other substituents. This is 
comparison of a base attack with the nucleophilic attack under 
consideration here (see following paper (6)), and thus too much 
significance should not be attached to this agreement as it  may 
well be fortuitous (the activation parameters for nitramide (6) are 
quite different from those in Table 2). 
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agreement for the i-Pr and t-Bu derivatives 3 and 1 might have 
been expected because of the anticipated steric effect of these 
groups; it is unfortunate that only very few experimental mea- 
surements are available for these two compounds, and only at 
85°C (8). The fact that the points for 1 and 3 do fall on the line 
is an argument in favor of an early transition state for the reac- 
tion, diminishing the importance of steric effects; the fact that 
single water molecules (rather than two or three acting in con- 
cert) act as nucleophiles is another argument for an early tran- 
sition state, as discussed previously (1). 

The p* for the bisulfate reaction is more negative than that 
for the water reaction, implying greater influence for the sub- 
stituents, which probably means that the weaker bisulfate 
nucleophile is putting more demand on them. The p* for the 
faster water reaction at 85°C is less negative than the value at 
25°C. Interestingly the m*m* values in Table 3 are also lin- 
early correlated with a*, although with some scatter; for clar- 
ity these plots are not included in Fig. 3. For Nu = H,O the 
slope is 0.126 5 0.023 (intercept 0.961 -+ 0.008, correlation 
coefficient 0.89) and for Nu = HS0,- it is 0.294 + 0.039 
(intercept 0.931 I? 0.017, correlation coefficient 0.94). Since 
these m*m* values are already LFER slope parameters (1), it is 
difficult to know what interpretation to put upon this observa- 
tion, but it is worth noting that behavior like this has been seen 
before, in a+ plots (24), and so there may in fact be one. 
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The acid-catalyzed decomposition of nitramide 

Robin A. Cox 

Abstract: Much attention has been paid to the base-catalyzed decomposition of nitramide, but despite this it was not certain 
that a corresponding acid-catalyzed reaction even existed before the work described in this paper. The excess acidity method has 
been applied to nitramide decomposition rate constants obtained in aqueous perchloric acid media, and to a lesser extent in 
aqueous hydrochloric and sulfuric acids. This analysis shows that the decomposition in dilute acid solution is actually a 
base-catalyzed reaction, with water acting as the base (perhaps in a cyclic process involving two water molecules), with 
rate constants in good agreement with previous estimates. However, in more concentrated acid media a true acid-catalyzed 
reaction can be dissected out. Activation parameters are given for both mechanisms, and it is shown that the acid-catalyzed 
process is similar to the acid-catalyzed decomposition of alkylnitramines. In sulfuric acid the reaction is slightly faster than it is 
in the other acids, due to the presence of a base-catalyzed process involving sulfate. 

Key words: nitramide, excess acidity, acid-catalyzed, base-catalyzed, kinetics. 

RCsurnC : M&me si on s'est beaucoup interesse h la decomposition du nitramide catalysee par les bases, il n'est pas certain qu'une 
reaction acidocatalysee correspondante ait CtC rapportee avant celle dkcrite dans ce travail. On a applique la mCthode de I'excks 
d'acidite aux constantes de vitesse de dCcomposition du nitramide obtenues dans un milieu d'acide perchlorique aqueux et, h un 
degrC moindre, dans des solutions aqueuses d'acides chlorhydrique et sulfurique. Cette analyse dkmontre que la dCcomposition 
en solution acide dilue est, en fait, une reaction catalyste par les bases dans laquelle l'eau agit comme base (possiblement dans un 
processus cyclique impliquant deux molCcules d'eau), pour laquelle les constantes de vitesse sont en bon accord avec les 
Cvaluations antkrieures. Toutefois, dans des milieux acides plus concentres, on peut mettre en evidence une vraie reaction 

I acidocatalyske. On rapporte les paramtttres d'activation pour les deux mCcanismes et on demontre que le vrai processus 
i acidocatalysC est semblable h la dCcomposition acidocatalysee des alkylnitramines. Dans l'acide sulfurique, la reaction est 
I ICgttrement plus rapide que dans les autres acides; on attribue cette difference h la presence d'un processus catalyse par les bases 
I impliquant I'ion sulfate. 

Mots clis : nitramide, excks d'aciditC, acidocatalys6, catalysk par les bases, cinetique. 

[Traduit par la redaction] 

Introduction 

In connection with a recent study of the decomposition of 
alkylnitramines to alcohols and nitrous oxide that takes place 
in aqueous sulfuric acid media ( I ) ,  it was also of interest to 
find out what happens to the parent compound nitramide, 
NH,NO,, under similar conditions. Although wholly inor- 
ganic, nitramide has the status of an "honorary" organic mol- 
ecule amongst physical organic chemists, because of the 
contribution that the study of the base- and buffer-anion-cata- 
lyzed decomposition of this molecule has made to our under- 
standing of acid-base catalysis (2). However, in spite of the 
many studies that have been made of this molecule, there is 
still new information to be obtained. Quite recently a whole 
new base-catalyzed decomposition mechanism was discov- 

ered for nitramide in strongly basic media (3). Theoretical cal- 
culations seem unable to agree on such basic matters as 
whether or not the molecule is twisted (4). It has only recently 
been discovered that the oxygens in the molecule are more 
basic than the NH, nitrogen, according to gas-phase protona- 
tion and ab initio studies (5). 

Only two groups have reported kinetic studies of the 
decomposition of nitramide in acidic media, Marlies and La 
Mer (in 1935), and more recently the group of M. N. Hughes. 
The first group studied the reaction in dilute aqueous hydro- 
chloric acid solutions at 25°C (6), and the second used aque- 
ous perchloric, hydrochloric, and sulfuric acids at several 
temperatures (7). This paper is concerned with an excess acid- 
ity analysis (8) of these results, and represents an extension of 
the excess acidity kinetic method to perchloric and 
hydrochloric acid media, from the sulfuric acid solutions used 
almost exclusively until now. 
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Results and discussion 

The available rate constants, k+, as a function of acid concen- 
tration and temperature (6, 7) are plotted against X in the 
excess acidity format, as log k+ - log CH+, in Fig. 1. (The data 
quoted as being measured at a temperature of ?43" in Fig. 1 are 
said to be 35°C values in the original paper (7), but this almost 
certainly is in error, since assuming a temperature of 43°C 
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Fig. 1. Excess acidity plots of log k ,  - log C,+ vs. X for the 
decomposition of nitramide in aqueous perchloric acid at several 
temperatures (lower) (7), and (upper) for the decomposition in 
aqueous sulfuric and hydrochloric acids at a temperature thought 
to be 43°C (7), and in aqueous hydrochloric acid at 25OC (6). 

gives excellent agreement for these data with all of the rest; see 
below.) The excess acidities X for sulfuric and perchloric acid 
are from Cox and Yates (9), and values for hydrochloric acid 
are also available (10); all are corrected to the reaction temper- 
ature as before (1 1). Values of C,+ are simply the acid molari- 
ties for the monobasic acids (10); quoted values are used for 
sulfuric acid (9), and all are corrected to temperature via the 
densities. 

It is obvious from Fig. 1 that a sharp initial drop in rate is 
followed by a shallow increase. Nitramide is known to react 
with water alone (2,3); Hughes realized this and subtracted the 
neutral water values from his data (7). This does not really 
change the Fig. 1 curvature, except for the initial points. 
Hughes reports that these corrected rate constants show good 
linearity with Ho, which he took as evidence for acid catalysis, 
but the resulting slopes are very shallow at -0.3 (7). Marlies 
and La Mer (6) report similar behavior for their data. The pic- 
ture is evidently more complicated than this, according to the 
Fig. 1 curvature; Fig. 1 does not represent an acid-catalyzed 
reaction with water acting as a base, since the plots would 
curve downwards rather than upwards in that case (1, 8). Con- 
sequently it was decided to develop an excess acidity rate 
equation for neutral water reacting with neutral nitramide in 
these acid media, to see if this could account for the observed 
behavior. 

The mechanism of Scheme 1 is proposed for the water-cat- 

Fig. 2. Excess acidity plots according to eq. [3], assuming 
reaction with two water molecules only, for the decomposition of 
nitramide in aqueous perchloric acid at (bottom to top) 30.6, 
41 .O, (probably) 43,45.6, and 59.8"C. 

alyzed reaction. Initial tautomerization to the aci-nitro form 
(1, 3) is followed by reaction with water in the rate-determin- 
ing step. The two-water-molecule cyclic transition state is pro- 
posed on the basis of no evidence whatever, beyond the fact 
that it looks very plausible, involving no charge transfer, and 
by analogy with other cyclic proton transfers of this type com- 
monly proposed (12, 13). In fact the analysis in this paper is 
unable to distinguish between one and two water molecules, 
good agreement with the experimental results being obtained 
on either assumption. 

The rate equation derivation is straightforward (8). Using 
the terminology of Scheme 1, and with C = molar concentra- 
tion, a = molar activity, and f = molar activity coefficient: 

where k,,, are the observed rate constants and f, is the activity 
coefficient of the transition state. Substituting a, = KTas and 
as = Csfs into eq. [ l ]  and taking logs gives 

and it is known that all types of log activity coefficient ratio 
terms such as the rightmost one in eq. [2] are linear in X (8, 9, 
14), so this becomes 

[3] log k,,, - 2 log a,,, = log(ko KT) + nlX 

Plots of the perchloric acid data according to eq. [3] are shown 
in Fig. 2. Water activities at 25°C are available for all three 
acid systems from several sources (15); the 25°C data were 
used because as yet only water activities in sulfuric acidcan be 
calculated at other temperatures (16). (This is not a major 
problem because the water activities in sulfuric acid at differ- 
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Scheme 1. 

0 KT 
L 

+ ,OH 
H,N-~: HN=N, + 2 H 2 0  16 

0- 0- slow 

Scheme 2. 

/ ent temperatures are almost the same as one another at the rel- 
: atively low acidities used here, and presumably the behavior of 
I perchloric and hydrochloric acids would be similar.) The val- 
1 ues of the excess acidity X used are corrected to the reaction 
I temperature (1 l), which means that the same slope m applies 
/ at all temperatures (1 1), and thus all the lines in Fig. 2 are nec- 
i essarily parallel. 

As can be seen from Fig. 2, the data are linear in eq. [3] but 
only up to a point, beyond which an upward deviation is appar- 
ent. Two water molecules are assumed to be involved; since 
the variation of water activity with acidity is barely observable 
in these dilute acid solutions, plots on the basis of one water 
(or any other number) look just the same. The different inter- 
cepts obtained at the different temperatures enable activation 
parameters for the reaction to be calculated; they are AH* = 
19.67 2 0.68 kcal mol-' and AS* = -29.1 ? 2.3 cal mol-' 
K-'. This large negative AS* seems quite reasonable for the 
cyclic transition state proposed. (The ?43" data in Fig. 2 agree 
very well with the rest if the temperature is assumed to be 
43"C, but certainly do not if the quoted temperature of 35°C 
(7) is used.) The slope m is 0.557-CO.017, but the magnitude of 

. . . this number is not meaningful as there is nothing with which to . .  . . . .  . .  . 
:, . . I  
, . ,  . . compare it; this is the first use of eq. [3] in kinetic analysis. 

' . ' 1  Using the activation parameters to calculate a standard-state 
1 (i.e.. X = 0) value for kwo gives a value of 3.16 x lo-' s-I at 

25°C (value in 55.34 M-water), which compares adequately 
with listed values, e.g., (4.632 ? 0.015) x s-I (3, 17), and 
the value of (4.741 ? 0.002) x lo-' s-I, which is the intercept 
of a plot of the data of Marlies and La Mer (6) against [HCl]. 

Since the values in Fig. 2 deviate upwards at the higher acid- 
ities, it is reasonable to assume that an acid-catalyzed process 
is taking over, and by analogy with the alkylnitramines (1) the 
mechanism in Scheme 2 is proposed, with one water molecule 

acting as a base. (This might also be a cyclic process; imagine 
a proton added to Scheme 1.) A rate equation for this is readily 
derived (8). Using the terminology of Scheme 2: 

Substituting aTH+ = aTaH+/KTH+, aT = KTas, aH+ = CH+fH+, and 
as  = CJs into eq. [4] and taking logs gives 

[5] log k,,,- log CH+- log = log(k0KT / KT,+) 

+ 1°g(fdH+ If*) 

It is known (8) that log(fsf,+u+) = m*log(fJH+/fSH+) = 
m*m*~,  so eq. [S] becomes 

[6] log k,,, - log CH+- log aH,o = log(koKT / KTH+) + m*m* X 

The perchloric acid data are plotted according to eq. [6] in 
Fig. 3. As can be seen, the points that deviate from linearity in 
Fig. 2 become linear in Fig. 3, so the supposition that the 
mechanism changes from a water-catalyzed process to an 
acid-catalyzed one is justified. (All the lines in Fig. 3 are par- 
allel for the same reason as given above for Fig. 2.) As before, 
standard-state (8) activation parameters can be calculated 
from the intercepts at different temperatures: AH* = 29.7 2 
1.3 kcal mol-' and AS* = - 1.0 -C 4.3 cal mol-' K-'. These are 
different from the alkylnitramine values (1) in that the activa- 
tion enthalpy is somewhat higher and the activation entropy 
considerably less negative. A closer correspondence cannot 
really be expected, since the reaction under consideration here 
is a base attack rather than a nucleophilic one; perhaps the 
transition state is later here, thus partaking more of the larger 
number of species present in the product state (two species 
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Fig. 3. Excess acidity plot according to eq. [6], assuming an 
acid-catalyzed reaction with one water molecule, for the 
decomposition of nitramide in aqueous perchloric acid at (bottom 
to top) 30.6,41.0, (probably) 43,45.6, and 59.S°C. 

become three), and explaining the much less negative AS* 
1 value. The latter value also rules out any type of cyclic mech- 

anism for the acid-catalyzed process. 
From the activation parameters can be calculated log ko'50 = 

I -7.48 -+ 0.1 1 and log k,s5' = -3.758. These numbers, with the 
m*m* slope of 0.972 t 0.01 8, fall on the same cr* correlation 1 lines as the 11 alkylnitramines studied in the previous paper 

I (see Fig. 3 of ref. 1). This may be a coincidence, but it is cer- 
tainly suggestive with respect to the interpretation of this reac- 

I tion as a true acid-catalyzed decomposition. 
The standard curve-fitting computer program used (18) fits 

all 33 perchloric acid data points simultaneously (none were 
rejected (1)) using 6 coefficients, 2 being equivalent to the 
AH* and AS* values (intercepts) and 1 to the m value (slope) 
of eq. [3] and Scheme 1, and 2 to the AH* and AS* and 1 to the 
m*m* of eq. [6] and Scheme 2; the overall fit was very good, 
with a root-mean-square difference of only k0.045 between 
the experimental points and the theoretical fit. 

Far fewer data at only one (uncertain) temperature were 
available for the nitramide decomposition in hydrochloric acid 
(7); using only three coefficients (Scheme 1 slope and inter- 
cept, Scheme 2 intercept, slope assumed to be one) gave the fit 
to the HCl data indicated by the lines through the squares in 
Fig. 4. The Scheme 1 slope was 0.496 -+ 0.018, not that differ- 
ent from the perchloric acid number given above, and the 
intercept is equivalent to a log k, value of - 3.47, again not that 
different from the value of -3.65 that can be calculated from 
the perchloric acid data at 43°C. As can be seen from Fig. 4, 
the data of Marlies and La Mer (6) do not extend to high 
enough acidities to show an acid-catalyzed process. 

Figure 4 also shows that the results obtained in sulfuric acid 
(7) are consistently above those obtained at the same tempera- 
ture in hydrochloric acid (and in perchloric acid). Accordingly 
the hydrochloric acid results were used to calculate values for 
the overall rate constants at the sulfuric acid X values, on the 
assumption that the water and acid-catalysis rates should be 
the same in the two acids, and these were subtracted from the 
experimental numbers. Assuming that the resulting difference 

Fig. 4. Excess acidity plots according to the mechanisms 
established in perchloric acid for the decomposition of nitramide 
in aqueous hydrochloric (6,7) and sulfuric (7) acid media, in the 
latter case illustrating the reaction with sulfate ion. 

represents a sulfate ion base-catalyzed process, sulfate con- 
centrations (19) were subtracted from these and the resulting 
corrected log k,,, - log CSO4'- values are plotted in the upper 
part of Fig. 4. The slope of this line is zero, which means that 
activity coefficient effects are unimportant, and the intercept 
is -3.157 2 0.007, which means that sulfate as a base catalyst 
(pK, = 1.99 (20)) has a catalytic coefficient of 7.0 x lo4 M-' 
s-', rather better than that of water (pK, = - 1.74), kH,O = 3.16 
x s-' at 25°C in 55.34 M water, see above. 
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A deuterium NMR study of guest molecular 
dynamics in tris(5-acetyl-3-thienyl) methane 
inclusion compounds 

Paul S. Sidhu, Jason Bell, Glenn H. Penner, and Kenneth R. Jeffrey 

Abstract: Deuterium nuclear magnetic resonance (NMR) spectra and spin-lattice relaxation times (TI)  are used to investigate the 
guest molecular dynamics of tris(5-acetyl-3-thienyl) methane (TATM) inclusion compounds. The seven guests: acetonitrile, 
nitromethane, dimethyl sulfoxide, benzene, mesitylene, orrho-xylene, and para-xylene show a wide variety of motional 
behaviour. The reorientation of acetonitrile in TATM and nitromethane in TATM were both modelled as precession on a cone, the 
base of which is moreelliptical in shape for nitromethane, as would be expected considering their molecularsymmetries. DMSO 
in TATM does not undergo any reorientation other than methyl rotation at the temperatures investigated. At low temperatures, the 
'H lineshape and the deuterium spin-lattice relaxation time both depend on the rate of methyl rotation. Activation barriers of 11.7 
(50.4)  kJ/mol and 11.2 (20.5)  kJ/mol were found from the two techniques, respectively. Benzene undergoes sixfold 
reorientation about the principal molecular axis; however, the rate is still greater than 10' Hz down to 1 13 K. The spin-lattice 
relaxation time profile does not reach a minimum on decreasing temperature to 112 K, while the slope of this plot provides an 
activation energy of 4.1 (20.4)  kJ/mol for the sixfold reorientation. The deuterium NMR spectra of mesitylene-cl, in TATM can 
be simulated using a model where the guest occupies two different sites in the TATM lattice, with the guest molecules performing 
in-plane C3 rotation either very rapidly (k > lo8 HZ) or very slowly (k < lo3 Hz), with the relative populations of each changing 
with temperature. Another model proposed suggests the possibility that there is a continuous distribution of motional rates, the 
median of which is increasing with temperature. This second model is more realistic; however, too many parameters are present 
to consider a detailed fit. Finally, both o-xylene andp-xylene are rigidly held in the TATM clathrate, while rotation of the methyl 
groups is rapid. 

Key words: inclusion compounds, solid state deuterium NMR spectroscopy, molecular dynamics. 

Rksumk : On a utilist les spectres de rtsonance magnCtique nucleaire du deuterium (RMN) et les temps de relaxation spin-rCseau 
(T,) pour Ctudier la dynamique de l'invite molCculaire des composCs d'inclusion du tris(5-acetyl-3-thi6nyl)mCthane (TATM). 
Les sept invites (acetonitrile, nitromethane, dimkthylsulfoxyde, benzkne, mCsitylkne, orrho-xylkne et porn-xylkne) presentent 
des comportements de mouvement trks differents. On a dCveloppC un modkle pour la rkorientation de I'acCtonitrile et du 
nitromkthane dans le TATM; il implique la precession sur un cBne dont la forme de la base est plus ellipso'idale dans le cas du 
nitromethane, comme on pourrait s'y attendre en considerant les symetries molCculaires. Dans le TATM, aux tempkratures 
Ctudikes, le DMSO ne subit pas de reorientation autre que la rotation du methyle. A basses temperatures, la forme de la raie du 'H 
et le temps de relaxation spin-rkseau du deuterium dependent tous les deux sur la vitesse de rotation du methyle. Sur la base de 
donnCes obtenues a I'aide de chacune de ces deux techniques, on a CvaluC que les barrikres d'activation sont respectivement de 
11,7 (50,4)  et de 11,2 (20.5) kJ mol-I. Le benzkne subit une reorientation sextuple autour de l'axe molCculaire principal; 
toutefois, h des temperatures allant jusqu'h 1 1  3 K, la vitesse est encore superieure h 10' Hz. Le profil du temps de relaxation spin- 
rCseau n'atteint pas de minimum lorsqu'on abaisse la tempkrature jusqu'i 112 K; la pente de cette courbe fournit une Cnergie 
d'activation de 4 , l  (20,4)  kJ mol-I pour la reorientation sextuple. On peut simuler les spectres de RMN du deuterium du 
mCsitylkne-d, dans le TATM en faisant appel h un modkle dans lequel I'invitC occupe deux sites differents dans reseau de TATM 
et les moltcules invitCes subissant des rotations C3 dans le plan qui peuvent Etre trks rapides (k > lo8 Hz) ou trks lentes (k < lo3 
Hz); les populations relatives de chacune varient avec la temperature. Un autre modkle a t t e  propose; il suggkre la possibilitC 
d'une distribution continue des vitesses de mouvement dont la mCdiane augmenterait avec la tempkrature. Ce dernier modkle est 
plus rkaliste; toutefois, pour le moment, il manque trop de paramktres pour pouvoir considkrer la possibilitC d'effectuer un 
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ajustement dCtaillC. Enfin, les xylknes, tant oriho que para, sont fermement maintenant dans le clathrate de TATM alors que la 
rotation des groupes mCthyles est rapide. 

Mots cle's : composCs d'inclusion, spectroscopie RMN du deuterium i I'Ctat solide, dynamique molCculaire. 

[Traduit par la rCdaction] 

Introduction 

Inclusion compounds are structures in which one type of mol- 
ecule (the "host") forms cages, or cavities, in a regular or 
repeating pattern, on the molecular scale. In some cases, a 
"guest" molecule of the right dimensions is able to occupy the 1 

cages of the host, and an interaction of appreciable strength 
can occur (1). In general, there is a larger proportion of host to 
guest molecules, and the structure is held together by van der 
Waals forces, or in some cases by hydrogen bonding. Inclu- 
sion compounds are generally prepared by dissolving the solid 
host in a solution of the guest, with subsequent slow evapora- 
tion of the excess solvent. The enclathrated guest molecule 
generally experiences considerable motional freedom in its 
cage. These dynamics can be investigated through a number of 
techniques, such as deuterium NMR spectroscopy (2, 3), I3c 
CPIMAS (magic angle spinning) NMR (4, 5), relaxation time 
measurements (6, 7), X-ray crystallography (8, 9), and differ- 
ential scanning calorimetry (10, 11). The study of the dynam- 
ics of a guest molecule in a clathrate compound provides 
insight into the guest-host interaction. For example, when 
they involve hydrogen bonding, the potential for rotation is 
undoubtedly hindered. These intermolecular forces are impor- 
tant because they determine the stability (or instability) of the 
inclusion compound. 

In the last decade, deuterium NMR has become a very pop- 
ular technique for the study of dynamic processes in the solid 
state (12). This method makes possible the investigation of dif- 
ferent motional modes occurring over a wide range of rates of 
reorientation. Dynamic processes occurring with rates in the 
range lo3-lo8 Hz (i.e., when the motional rate is comparable 
in magnitude to the deuterium quadrupolar coupling constant) 
can be studied by lineshape analysis of the deuterium NMR 
spectrum of a polycrystalline powder (13). For motion on the 
order of, and greater than, 10' Hz (when the rate approximates 
the deuterium Larmor precession frequency), the lineshapes 
become independent of the exchange rate, and an analysis of 
the deuterium spin-lattice relaxation time as a function of tem- 
perature is used to discriminate among the types and rates of 
motion (14). With the availability of computer programs (15) 
capable of simulating 'H lineshapes as a function of motional 
rates, molecular geometry, and dynamic models, deuterium 
NMR spectroscopy has developed into an excellent probe for 
the study of dynamic processes. In addition, selective deutera- 
tion of the deuterium isotopomer at specific sites in the mole- 
cule makes this technique even more attractive (16). 

In this paper, the molecular motion of seven guest mole- 
cules: acetonitrile, nitromethane, dimethyl sulfoxide, mesity- 
lene, benzene, o-xylene, and p-xylene, in the host tris(5- 
acetyl-3-thienyl) methane are studied. 

Tris(5-acetyl-3-thienyl) methane (TATM), 1 , was first syn- 
thesized by Yakubov et al. in 1973, from 2-acetyl thiophene 
and chloroform, in the presence of excess aluminum chloride. 
It was also noted that TATM forms inclusion compounds on 
recrystallization from various solvents (17). In 1977, Bin Din 

I 

and Meth-Cohn found that TATM forms 2: 1 host:guest clath- 
rates with a wide variety of organic compounds (18). The 
guest molecules reside in cavities formed by the TATM mol- 
ecules. Furthermore, their study, to that point in time, failed to 
reveal a solvent that was not incorporated. Although the pure 
host compound melts at about 5S°C, TATM inclusion com- 
pounds generally melt at temperatures above 100°C. 

Recently, four crystal structures of TATM with various 
guests have been reported (19-22). In the presence of guest 
molecules, the TATM molecules generally take up a lattice of 
triclinic symmetry. In each of the crystal structures, there was 
only one guest molecule per unit cell. In addition, their inabil- 
ity to precisely identify the positions of the guest atom led 
them to conclude that the guest molecules are disordered. The 
TATM molecules form cavities of different sizes and shapes, 
depending on the guest molecule included. To the best of our 
knowledge, no further studies on TATM inclusion compounds 
have been reported. 

Theoretical background 

Solid state deuterium NMR spectroscopy is one of the princi- 
pal techniques used to study guest motion in inclusion com- 
pounds. Deuterium (nuclear spin I = 1) has a nuclear 
quadrupole moment, and it is the interaction of this moment 
with the electric field gradient arising from the surrounding 
charge distribution that gives rise to the quadrupolar coupling. 

In a typical deuterium NMR experiment, the external 
applied magnetic field strength, and therefore the nuclear Zee- 
man interaction, is sufficiently strong that the quadrupole 
interaction may be treated as a perturbation. The resulting 
NMR spectrum is a doublet symmetrically placed about the 
Larmor frequency with a quadrupole splitting of 

3e2qe 
[ l ]  Av,=- (3 COS'P - 

4h 
1 + -q sin2p cos 2a )  

The electric field gradient (EFG) in the principal axis system 
(PAS) is described in terms of its principal component eq and 
the asymmetry parameter -q, where 

and 

V is the electric potential at the nucleus, while the quantity eQ 
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is the magnitude of the nuclear quadrupole moment. The 
angles a and P describe the orientation of the PAS in the lab- 
oratory frame of reference defined by the applied magnetic 
field. In aliphatic compounds, the electric field gradients are 
usually axially symmetric (7 = 0) about the bond axis, with 
coupling constants given by x = e2qQlh = 170 kHz. In aromat- 
ics, the EFGs are slightly asymmetric, with q - 0.05 and cou- 
pling constants x = e2qQlh = 185 kHz are typical. 

In a powder, the C-D bonds are randomly distributed, and 
the resulting spectrum is a superposition of doublets corre- 
sponding to the many possible bond directions. The resulting 
powder pattern, often referred to as a "Pake doublet," has two 
90" orientation spikes that are separated by 3e2qQ/4h. 

If molecular motion occurs, the angles a and P become time 
dependent. In an isotropic system, the average quadrupolar 
interaction is zero, and a single spectral line at the Larmor fre- 
quency is observed. To consider the effects of molecular 
motion in an anisotropic environment, it is convenient to use 
two transformations of coordinates. The first transforms from 
the PAS to a conveniently defined time-independent interme- 
diate frame, while the second transforms from the intermediate 
frame to the lab frame. The intermediate frame is chosen so 
that its z-axis coincides with an axis of motional symmetry. In 
a powder sample, the observed spectrum will reveal the influ- 

I ence of both the motion about axes of motional symmetry and 
the random orientation of these axes in the laboratory frame. 

1 Motional narrowing occurs when the rate of motion, k, is 
greater than the quadrupole coupling constant. When the 
motional rates are of the order of the QCC, the lineshapes can- 
not easily be predicted analytically, and are highly sensitive to I the reorientation rate and the details of the motional process. 

1 Fortunately, elaborate computer programs, such as MXQET 

(15), have been developed to simulate deuterium quadrupolar 
split powder patterns in this intermediate regime. 

The simplest type of motion involves exchange of a deute- 
rium nucleus between three or more equivalent sites. In the 
fast rate limit, the asymmetry parameter averages to zero, and 

I 

the spectrum is compressed by a factor of %(3 cos20 - l), 
where 0 is the angle between the X-D bond and the rotation 
axis. In between the two extremes, a slow evolution of the 
spectrum from one form to the other is observed. Examples 
include three-site exchange of the deuterons in a methyl group 
(14) (0 = 70S0), and in-plane six-site exchange of the deuter- 
ons on a benzene ring (23) (0 = 90"). 

An example of asymmetric motion is exchange of a deu- 
teron between only two equivalent sites. When k > 10' Hz, a 
non-zero asymmetry parameter is observed. For instance, con- 
sider the two-site exchange of the ortho and nzeta deuterons of 
a monosubstituted benzene ring (24) (0 = 60"). The effective 
asymmetry parameter q and the quadrupolar coupling constant 
x in the averaged spectrum depend on the angle 0 for the 
motion involved (25). 

Enclathrated guest molecules often undergo a precessional 
type of motion. It can be thought of as rotation of the principal 
symmetry axis on a cone, which may have a circular or ellip- 
tical shape. This type of motion usually has a very small acti- 
vation energy, and is only encountered in the fast rate limit at 
working temperatures. The motion can most simply be broken 
down into two components: precession on a circular cone and 
a two-site libration (26). 

A further complicating factor in considering the motion of 

guest molecules is the possibility of unequal populations of the 
sites taken up by the exchanging deuterium nucleus (27). Since 
this leads to more or less preferred orientations for the guest, it 
introduces asymmetry into the powder spectrum. The justifica- 
tion for unequal populations can be either a non-uniform guest- 
host interaction, or when arotation axis is not a symmetry axis. 

The quadrupolar interaction and the molecular reorientation 
also determine the deuterium spin-lattice relaxation rate, 
which can be written as (in the case where the static EFG is 
axially symmetric) 

The influence of the molecular motion is contained in the 
spectral density functions, J, and J2, which are defined with 
respect to the direction of the applied magnetic field. Torchia 
and Szabo have derived expressions for the spectral density 
functions encompassing a wide variety of models of molecular 
reorientation (14). It is often convenient to assume that the 
correlation function describing the motion is exponential, and 
to analyze TI data using the general BPP (Lorentzian) spectral 
density functions (28). The resulting equation is 

K is a constant that depends on the static quadrupolar coupling 
constant and the mode of molecular reorientation, while wo is 
the Larmor precession frequency. The use of this equation is 
really an oversimplification, which averages over any angular 
dependence of the spin-lattice relaxation. Assuming that the 
molecular motion is a rate-activated process 

In this equation, T, is interpreted as the correlation time for the 
motion (T, a k-I), T, is the correlation time at infinite temper- 
ature, and E, is the activation energy for the motion causing 
modulation of T,. 

Experimental 

TATM was prepared according to the method of Yakubov et 
al. (17). 2-Acetyl thiophene and chloroform (6.2 equivalents) 
were refluxed for 24 h, in the presence of excess aluminum 
chloride (2.5 equivalents). After refluxing, 10% HCl was 
added to dissolve the remaining AlCl,. The TATM was then 
extracted with chloroform, and the organic phase was washed 
with saturated NaCl aqueous solution. Following this proce- 
dure, the organic phase was dried, filtered, and excess CHC1, 
was removed by rotary evaporation. The resulting plaque was 
then recrystallized from ethanol. Finally, heating under vac- 
uum for 12 h at 130°C removed enclathrated ethanol. The 
resulting amorphous solid was ground to yield an orange pow- 
der that had a broad melting point range of 5248°C.  The 
purity was confirmed by solution NMR. 

Mesitylene-d, was prepared according to a literature proce- 
dure (29), which involved refluxing 10 mL of dry DMSO-d6 
with mesitylene (5 mL), for 24 h at 100°C, in the presence of 
sodium hydride (0.5 g). The reaction mixture was washed with 
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D20, and then with ordinary water. Finally, the organic layer 
was dried over sodium. The extent of deuteration of the methyl 
groups, approximately 67%, was determined by 'H and 
NMR. All other deuterated guest compounds were obtained 
commercially (Aldrich). 

Inclusion compounds were prepared by dissolving approx. 
200 mg of the host solid in 2-3 mL of the deuterated guest, fol- 
lowed by slow evaporation. Verification of inclusion was done 
by ' H  NMR of isotopically normal dissolved inclusion com- 
pound. Samples were packed in 5 mm 0.d. NMR tubes that had 
been cut to lengths of 2-3 cm. 

The deuterium spectra and spin-lattice relaxation tlmes were 
determined using a home-built, phase-coherent pulsed NMR 
spectrometer operating at 44.7 MHz. The spectrometer was 
used with a 50 mm bore, 6.1 T (BrukerINalorac) superconduct- 
ing magnet. The nuclear signal was digitized in a Nicolet 
Explorer digital oscilliscope, which was interfaced to an IBMI 
pc. The computer was programmed to provide automatic tem- 
perature regulation for the sample and data acquisition. The 
sample probe was designed to study powder samples over a 
temperature range of - 160 to 200°C. The sample chamber was 
surrounded by a thick-walled copper container. Channels had 
been milled into the copper vessel, and cold N, gas was passed ' through these, to cool the sample chamber. The temperature of 

1 the sample was electronically regulated to within ?O.l°C over 
the course of a measurement by a heater wound nonconduc- 
tively on the copper vessel and a copper-constantan thermo- 
couple attached to it. A second separate thermocouple located 
near the sample itself was used to record the actual sample tem- 
perature, which was known to within +0.5"C. 

The deuterium NMR spectra were obtained using the qua- 
drupolar echo pulse sequence (30): ( ~ r / 2 ) , , - ~ ~ - ( 7 ~ / 2 ) ~ - ~ ~ -  
acquire. The length of the ~r12 pulses were approximately 3.5 
ps. At each temperature, the echo signals were collected using 

I a TQ value of 50 ps, and the echo signals were Fourier trans- 
formed, after applying a linebroadening of 100 Hz, to obtain 
the spectra. To obtain symmetric spectra the signal collected in 
the imaginary channel was set to zero before Fourier transfor- 
mation. Between 400 and 1000 scans were acquired and co- 
added for each spectrum. 

The deuterium Ti data were acquired using an inversion 
recovery pulse sequence modified for quadrupolar nuclei: 
(~r),-~-(~rI2),,-~~-(7~/2),-~~-acquire. Typically, 12 values 
of T were used to determine T, at each temperature. The pulse 
spacing, TQ, for the TI determination was 50 ps. The time 
between repetitions of the pulse sequence was always greater 
than 5TI. The amplitude of the signal for each T value was 
determined from the integral over the echo peak. These echo 
integrals were fit using a nonlinear least-squares algorithm 
employing an exponential fitting function to obtain the rele- 

1 vant relaxation time parameters. 
Lineshape simulations of quadrupolar echo spectra were 

1 carried out by standard methods using the program MXQET 
I 

(15). Simulated spectra were visually matched to experimental 

1 lineshapes These simulations took into account the effects of 
finite pulses and the pulse spacing, T ~ .  

Results and discussion 

Acetonitrile-TATM and nitromethane-TATM 
Acetonitrile and nitromethane are two guest molecules of 

Fig. 1. Deuterium NMR spectra for the acetonitrile-d,-TATM 
inclusion compound, at various temperatures, together with 
simulations. 

Experimental Simulated 

A x m  $;I& = 129.0 kHz 

q = 0.125 
xa = 136.5 kHz 

; I 3 E 3  fi 
xm = 139.2 kHz 

I I I I I I I I I I 

-60.0 0.0 50.0 60.0 0.0 M.0 

Frequency (kHz) Frequency (kHz) 

TATM somewhat related in that their respective dynamic 
characteristics are similar. The deuterium NMR powder spec- 
tra, along with simulations, for acetonitrile-d3-TATM and 
nitromethane-d3-TATM are presented in Figs. 1 and 2 respec- 
tively. It is clearly evident, from the observed spectral averag- 
ing, that they both exhibit methyl rotation with rates greater 
than lo8 Hz, down to 173 K. 

The other type of common motion is precession of the prin- 
cipal molecular symmetry axis, which affects both xeff and 
qeff Although the precessional motion is best described as dif- 
fusion within a cone, where the possible angles, I), are gov- 
erned by a distribution function g($), a simpler model was 
used, in which the molecule is allowed to precess about a cone 
of half-angle I). 

Many guest molecules in inclusion compounds undergo this 
type of precessional motion. A more realistic description of 
the reorientation would be a small-amplitude whole-body 
librational motion, but the model of precession employed here 
gives a simple analytical model. The precession can be 
thought of as a rotation of the principal symmetry axis on a 
cone, the base of which is either circular or elliptical. This type 
of motion has a very small activation energy, and the rate of 
reorientation is usually of the same order as the rate of vibra- 
tional motion of a molecule inside a potential energy well, 
about 10" Hz. 

The motion can be broken down into two components, pre- 
cession on a circular cone (corresponding to the angle 0), and a 
two-site libration (the magnitude of which is proportional to 
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Fig. 2. Deuterium NMR spectra for the nitromethane-d3-TATM 
inclusion compound, at various temperatures, together with 
sin~ulations. 

Experimental Simulated 

xd = 98 4 kHz 

-60.0 0.0 60.0 -60.0 0.0 50.0 

Frequency (kHz) Frequency (kHz) 

i Scheme 1. 
I 

circular two-site elliptical 
cone + jump cone 

the angle +), which transforms the circular base cone into an 
elliptical cone (see Scheme 1). In the elliptical case, the pre- 
cession leads to a non-zero asymmetry parameter, since it is 
motion in a preferred direction. 

We calculated the matching ,H NMR simulations by allow- 
ing the guest molecule to reorient between two sites + degrees 
apart. On top of this, we incorporate the circular cone wobble by 
simply using a motionally averaged effective quadrupolar cou- 
pling constant, and calculating the angle 0 from xeff / x,,,,~, = (3 
cos20 - 1)/2. Rather than reporting the angles 0 and + at each 
temperature, we have chosen to present values of the spectral 
asymmetry -q (proportional to +) and the effective quadrupolar 
coupling constant (inversely proportional to +), as these param- 
eters can be measured easily from the deuterium powder spec- 
trum. From simulations, we were able to extract the angles 0 and 
+, for both guests, at each temperature. As mentioned before, 
the angle + is directly proportional to the spectral asymmetry 
observed, while the angles 0 and +together determine the aver- 
aging of x,,, observed in the experimental 'H powder spectrum. 
In Fig. 3, we plot the effective asymmetry parameter, -qeff, and 

Fig. 3. Graph of the effective asymmetry, r lcss ,  and the effective 
quadrupole coupling constant, xerr,  as "unction of temperature, 
for TATM guests acetonitrile and nitromethane. The lines serve as 
a guide to the eye. Legend:  aceto ton it rile) : open square; 
 nitrome me thane) : open triangle;  aceto ton it rile) : Filled square; 
 nitrome me thane) : filled triangle. 

Temperature (k) 

the effective quadrupole coupling constant, xeff, for each guest, 
as a function of temperature. 

A number of trends are evident from Fig. 3. First, the effec- 
tive asymmetry parameter observed for nitromethane-+ 
TATM is greater than that for acetonitrile-4,-TATM, at all 
temperatures studied. This suggests that the cone on which 
nitromethane precesses, 2, is much more elliptical than that for 
acetonitrile, 3. This is to be expected, based on acomparison of 
their molecular symmetries. Nitromethane would prefer to 
librate parallel to the NO, plane, because a parallel libration 
minimizes the motion of the oxygen atoms, compared to a per- 
pendicular libration. Acetonitrile, with its axial symmetry, 
should show no preferred precessional direction. The reason 
that the spectra of acetonitrile show some asymmetry (note that 
-q " +), is due to its non-uniform interaction with aTATM cav- 
ity of low symmetry. 

Nitromethane: Acetonitrile: 

As far as the effective quadrupole coupling constants are con- 
cerned, Fig. 3 shows that xeff is much greater for acetonitrile 
(than nitromethane) at all temperatures investigated. This is a 
surprising result, as one would have expected acetonitrile, 
being a smaller molecule than nitromethane, to show more 
motional averaging (i.e., a smaller effective quadrupole cou- 
pling constant). Therefore, this trend may instead be due to the 
size, or symmetry. of the host's cavity. In the four determina- 
tions of crystal structures from X-ray diffraction available for 
TATM inclusion compounds, the shape of the host cavity is dif- 
ferent for each of the four included guests (19-22). If the 
TATM cavity formed to enclose nitromethane is larger than 
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Fig. 4. Simulated and experimental 'H NMR spectra for dimethyl 
sulfoxide-d6 in the TATM inclusion compound, at the temperatures 
indicated. The threefold flipping rates determined from the 
simulations are also given. 

Experimental Simulated 

Fig. 5. A plot of the rate of internal rotation of the methyl groups 
of dimethyl sulfoxide in TATM, determined independently from 
'H NMR spectra and deuterium-spin lattice relaxation time data. A 
best fit solid line for the 'H NMR spectral data is included. The 
dotted line joins the T, data points. Legend: open square: 2~ NMR 
spectral data; asterisk: spin-lattice relaxation time data. 

J I 
I I I I I I I I I I 

.260.0 0.0 260.0 .260.0 0.0 260.0 

Frequency (kHz) Frequency (kHz) 

that to enclose acetonitrile, nitro-methane would be more easily 
able to engage in large-amplitude librational motions. This 
would spectrally manifest itself as a smaller effective quadru- 
pole coupling constant for nitro-methane, which is observed 
experimentally. In addition, from X-ray crystallographic data, 
it was noted that the TATM molecules were unable to com- 
pletely enclose benzene in the benzene-TATM inclusion com- 
pound (20). Thus TATM may not only form a larger host cavity 
for nitromethane, but it may instead be unable to completely 
enclose the nitromethane guest, which would again result in 
greater molecular motion, and consequently a smaller effective 
quadrupole coupling constant. 

Dimethyl sulfoxide - TATM 
The deuterium NMR powder spectra of dimethyl sulfoxide-d6 
in the TATM inclusion compound are presented in Fig. 4, 
along with simulations. The spectrum at room temperature is a 
Pake doublet with an effective quadrupolar coupling constant 
xeff = 5 1.3 kHz. This implies that the motion giving rise to line- 
shape changes below 143 K is internal rotation of the methyl 
groups of DMSO. Indeed, the 'H NMR spectra were simulated 
on the basis of this model. The rate of methyl rotation is indi- 
cated along with each spectrum in Fig. 4. Note that we were 
only able to obtain spectra down to a rate of 1.2 x lo6 Hz (at 
97.3 K). Below this temperature, in the intermediate exchange 
regime, the intensity of the echo becomes very weak, as the 
effective transverse relaxation time approaches the magnitude 
of the interpulse spacing (50 ~ s )  in the quadrupole echo pulse 
sequence. This precluded the acquisition of spectra below 97 

K. By plotting In k vs. 1000/T (Fig. 5), we calculate an activa- 
tion barrier to methyl rotation of 11.7 (20.4) kJ/mol. This 
compares to an activation energy of 12.0 kJ/mol determined 
for dimethyl sulfoxide in the gas phase (3 1). In the solid state, 
the two methyl groups of pure DMSO are crystallographically 
and dynamically inequivalent (32). It was determined from 
variable temperature proton spin-lattice relaxation times that 
the activation energy for the C, rotation of one methyl group 
was 13.3 kJ/mol (7, = 5.6 x lo-', s), while the other methyl 
group had a significantly higher activation barrier of 21.7 kJ/ 
mol (7, = 6.8 x s) (33). In the TATM inclusion com- 
pound and in the gas phase, the activation energy is deter- 
mined primarily by intramolecular interactions, whereas in the 
pure solid the rotation of one of the methyl groups must be sig- 
nificantly hindered by intermolecular forces. 

In addition, note that the spectrum at 142.9 K has an effec- 
tive asymmetry parameter qeff = 0. This implies that the 
methyl groups are not distorted from tetrahedral geometry, in 
contrast to acetone in TATM, where the dihedral angle 
between two of the deuterons goes from 120" to 124", giving 
rise to an asymmetry parameter q = 0.14, when the methyl 
rotation rate is in the fast rate limit (34). 

From the deuterium NMR spectra, there seems to be no 
motion other than methyl rotation present that is causing mod- 
ulation of the lineshape. This again is in contrast to acetone in 
the same host, where the guest was observed to undergo two- 
fold flips about the carbonyl bond (34). The lack of a similar 
motion in DMSO may be due to the fact that dimethyl sulfox- 
ide is much larger than acetone. Therefore, DMSO would 
likely interact more strongly with the TATM host molecules, 
and be more restricted in its motion. 

The spin-lattice relaxation time data for dimethyl sulfoxide- 
d6 in TATM appears in Fig. 6. Only one minimum is observed, 
due to the internal rotation of the methyl groups. Proof of this 
statement comes from a consideration of the activation energy 
determined from the best-fit curve, which is 11.2 (20.5) kJ/ 
mol, as compared to 1 1.7 (k0.4) kJ/mol determined from 2~ 

spectral simulations. The correlation time at infinite tempera- 
ture is 2.7 x lo-', s, and the constant K (see eq. [5]) is approx- 
imately 8 x 10'' s -~ .  

It is possible to derive explicit expressions for T, and the 
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Fig. 6. Deuterium spin-lattice relaxation times for perdeuterated 
dimethyl sulfoxide, in TATM, plotted against 10001T. From the 
best fit curve, a barrier to rotation of 11.2 (50.5) kJ1mol was 
determined. 

spin-lattice relaxation time minimum value by considering the 
situation where a C-D bond can jump between three equiva- 
lent sites. The expression for T, is (14): 

where 7, = (3k)-], wo is the deuterium Larmor precession fre- 
quency, and wQ = 3x14. The angles 0 and + describe the orien- 
tation of the static magnetic field in the crystal-fixed axis 
system. The C-D bond makes an angle @ with respect to the 
C3 rotational axis. The angular functions A; and Bi depend on 0 
and 0, and are given in ref. 14. It is the cos 3+ term in eq. [71 
that, in principle, leads to non-exponential recovery of the 
magnetization; however, this effect is small, and it is reason- 
able to average over the angles 0 and +. The angle @ is set to 
109.5", the tetrahedral angle. This leads to: 

Thus, the constant K in eq. [5] is iven by 1~115. Using the 
value of K from the T, fit of 8 x 10'0 s-', we calculate that the 
static quadrupolar coupling constant should be about 174 kHz 
(for @ = 109.5"). If the angle between the C-D bond and the 
threefold axis is increased to 1 1 1 S o ,  the calculated value for x 
would increase to approximately 178 kHz, in good agreement 
with the experimental value, determined from the splitting of 
the deuterium NMR spectrum, as 178.2 kHz. This compares 
with a static deuterium quadrupole coupling constant of 177 
kHz determined for DMSO-d6 in the DMSO-kaolinite interca- 
lation compound, obtained from 2~ solid state NMR spectra 
(35). 

In addition, the value of the TI minimum is given (36) by: 

Fig. 7. Deuterium NMR spectrum of benzene-d6 in the TATM 
inclusion compound at 294 K. 

FREQUENCY (KHz) 

If we use the experimental value of 178.2 kHz for the quadru- 
polar coupling constant, and the deuterium spectrometer fre- 
quency of 44.667 MHz, the value of TI at the minimum should 
be about 2.2 ms. This compares with the experimental value of 
3.2 ms at about 148 K. The DMSO-d6 guest in the kaolinite 
intercalate was found to go through a TI minimum of approx- 
imately 7.2 ms, around 205 K (35). 

It would be useful to compare the motion of DMSO-d6 in 
TATM with that of pure dimethyl sulfone, S02(CH3),. It is 
known that dimethyl sulfone, with its tetrahedral geometry, 
undergoes jumps about its unique C2 axis to exchange the two 
methyl groups and the two oxygens, respectively (37). In com- 
parison, DMSO is a molecule of much lower symmetry (C,). It 
has no proper axis of symmetry about which to reorient. This 
is accompanied by a lack of motion, to the best of our knowl- 
edge, of the DMSO molecule in TATM, other than methyl 
rotation, at the temperatures investigated. The activation 
energy for methyl rotation in dimethyl sulfone was found from 
'H spin-lattice relaxation time measurements to be 17.0 kJ/ 
mol (7, = 1.5 x l0-I3 S) (38). 

Benzene-TATM 
The room temperature deuterium spectrum of benzene-d6, in 
the TATM inclusion compound, is shown in Fig. 7, and it indi- 
cates that the benzene molecules are likely performing in- 
plane 60" jumps about the molecular C6 axis. This type of 
reorientation results in a 'H spectrum that is 50% of the width 
of the static spectrum (i.e., %(3 cos20 - 1) = 0,50), with no 
change in lineshape (0 - 90"). The appearance of the spec- 
trum does not change from room temperature down to 1 13 K, 
suggesting that the sixfold reorientation is proceeding at a rate 
greater than 10' Hz to the lowest temperature measured. The 
populations of the six sites are equal, as they must be by the 
symmetry of the guest molecule. However, xeff is 86.8 kHz at 
room temperature and 92.9 kHz at the lowest temperature 
measured (1 13 K). This suggests that the benzene molecules 
are engaged in small-amplitude librational motions while in 
the TATM cavity, to cause further spectral averaging on top of 
the C6 reorientation. The experimental value of x,,,,~, at 1 13 K 
is 185.8 kHz, which is a typical value for a static aromatic deu- 
teron. The value of the static quadrupole coupling constant as 
a function of inverse temperature is depicted in Fig. 8. At low 
temperatures, the graph is becoming flat, suggesting that the 
precessional motion is being frozen out. 

The deuterium spin-lattice relaxation times for benzene-d6- 
TATM also appear in Fig. 8. Notice that the TI curve does not 
reach a minimum down to the lowest temperature measured. 
The motion is always in the extreme narrowing limit (i.e., w o ~ c  
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Sidhu et al. 

Fig. 8. Graph of 'H spin-lattice relaxation time for the benzene- 
c1,-TATM clathrate, along with the effective quadrupole coupling 
constant at each temperature. 

<< 1.) This complements the 2~ spectral data, as it indicates 
that the rate of sixfold rotation is likely larger than the Larmor 
precession frequency (-4 x lo7 Hz) down to 115 K. The lack 
of a T I  minimum precluded us from performing a complete T ,  
fit; however, the slope of the curve provided us with an activa- 
tion energy of 4.1 (50.4) kJ/mol for the C6 rotation of ben- 
zene-d6 in TATM. This compares with an activation energy of 
16.5 kJ/mol (39) and 16.8 kJ/mol (40), for pure, solid ben- 
zene, determined from 'H powder NMR and relaxation time 
measurements, respectively. When benzene is in an inclusion 
compound, E, varies from 4.0 kJ/mol in the tri-ortho-thy- 
motide clathrate (41), to 24.9 kJ/mol in l,3-cyclohexanedione 
(39). A consequence of the very low activation barrier for the 
reorientation of benzene in TATM is that we were unable to 
slow the reorientation rate below even 10' Hz down to 1 13 K. 

An X-ray determination of the crystal structure was per- 
formed on benzene-TATM (20). This study indicated that the 
TATM thienyl rings did not completely enclose the benzene 
molecule, as they do for ethanol, hexane, and ethyl acetate (19, 
21,22), where the thienyl rings form globular cavities in which 
the guest resides. The inability of TATM to completely sur- 
round the benzene guest may give an indication of why the 
benzene-TATM activation energy is very low compared to 
most other studies of the dynamics of benzene. 

Mesitylene-TATM 
The NMR spectra of mesitylene-d9 (deuterated on the 
methyl groups) in TATM appear in Fig. 9. It is expected that 
mesitylene (1,3,5-trimethyl benzene) would reorient by 120" 
in plane rotational jumps to exchange the methyl groups about 
the molecular C3 axis. However, this type of motion (or 60" 
jumps for that matter) leads to simulations that do not match 
the experimental spectra at intermediate rates (lo4-lo6 HZ). 

A model that may be considered is that there are two 
dynamically distinct types of mesitylene molecules. One is 
performing C3 rotation at a rate that is fast on the spectral 
time scale (k > 10' Hz), and the other is rotating slowly (k < lo3 
Hz). There are no mesitylene molecules in the intermediate 
exchange region. This model would require the existence of 
two different sites in the TATM lattice. The proportion of 
these two sites (and hence the ratio of the two dynamically dif- 

Fig. 9. Simulated and experimental 'H NMR spectra for 
mesitylene-d9 in the TATM inclusion compound, at the 
temperatures indicated, along with the percent populations of fast 
moving ( P , )  and slow moving (P2)  mesitylene molecules. 

Experimental Simulated 

I I I I I I I I I I 

-60.0 0.0 50.0 40.0 0.0 50.0 

Frequency (kHz) Frequency (kHz) 

ferent types of mesitylene molecules) is changing with tem- 
perature. At high temperatures, most of the mesitylene 
molecules are moving rapidly, while at the lowest temperature 
the majority are in the rigid lattice limit. The percentage of 
molecules moving rapidly (P,), and the percentage moving 
slowly (P,), at each temperature, are indicated with the simu- 
lations in Fig. 9. Note that this model contradicts information 
obtained for other TATM inclusion compounds, by X-ray 
crystallography, which suggests that there is only one guest 
molecule per unit cell in all four TATM inclusion compounds 
investigated to this point. 

However, it is important to note that this model is the sim- 
plest one we could consider. There may be a continuous dis- 
tribution of jump rates. The molecules that are performin C3 F rotation at rates between approximately lo4 Hz and 10 Hz 
would contribute very little to the overall spectral intensity, 
compared to the molecules rotating rapidly or slowly, due to 
the fact that the echo intensity is attenuated considerably for 
molecules in the intermediate exchange region. This model is 
physically more reasonable, because small differences in the 
guest-host interaction from one cavity to the next could result 
in a distribution of motional rates. In Fig. 10, the normalized 
echo intensity is plotted as a function of jump rate, calculated 
for in-plane 120" jumps of the mesitylene molecule. it can be 
seen that the echo (and thus spectrum) intensity, at 5 x lo4 Hz, 
falls to only 15% of that at very fast C3 motional rates. There- 
fore there would be very little contribution to the spectral 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74, 1996 

Fig. 10. Plot of normalized echo intensity, as a function of jump 
rate, calculated for in-plane C-, rotation of a mesitylene molecule. 

rate (Hz) 

Fig. 11. Simulated 'H spectra for C-, rotation of a mesitylene 
molecule, with an equal population distribution over five rates, 
weighted by the echo attenuation at each rate. 

Frequency (kHz) 

intensity at intermediate rates, where the agreement between 
simulated and experimental spectra is at its weakest. It would 
seem instructive to investigate this matter further. 

In Fig. 11, we present simulations based on equal popula- 
tions of mesitylene molecules over five rates, with the distri- 
bution slowly changing from faster rates to slower rates 
(corresponding to a decrease in temperature). Although the 
populations of the five sitesfrates are equal in each spectrum 
(as indicated in the figure), the contributing spectra have been 
properly weighted according to the attenuation of the echo 
intensity at intermediate rates. By comparing these simula- 
tions with the experimental spectra in Fig. 9, it can be seen that 

Fig. 12. A: Experimental 'H NMR spectrum for o-xylene-d,,- 
TATM at room temperature. B: Experimental 'H NMR spectrum 
for p-xylene-d,,-TATM at room temperature. 

0. 0 

FREQUENCY (KHz) 

0. 0 

FREQUENCY (KHz) 

the agreement is quite good. This model is somewhat more 
elaborate than the one described above, but it is more realistic 
to consider the population distribution as Gaussian, rather than 
the rectangular one we have chosen. However, there are sim- 
ply too many variables to consider a detailed lineshape fit with 
this scheme. 

ortho-Xylene-TATM 
The % spectrum of o-xylene-d,, (o-dimethylbenzene) in the 
TATM inclusion compound, at room temperature, is depicted 
in Fig. 12A. Note that there are two spectral components, aside 
from the isotropic-type line at zero frequency. The inner com- 
ponent (xeff = 47.4 kHz) is typical of methyl groups that are 
undergoing fast methyl rotation. Because xeff is less than 56.7 
kHz, the guest molecule is probably undergoing a librational 
motion, of half angle 0 = 19.3" at room temperature. The outer 
component corresponds to the four static phenyl deuterons, 
with a non-zero static asymmetry parameter q = 0.06 com- 
monly observed for aromatic deuterons. Their effective qua- 
drupolar coupling constant was found to be 165 kHz. This is 
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Table 1. Host-guest ratios for TATM inclusion compounds, 
determined from ' H  NMR solution spectra of isotopically normal 
clathrates dissolved in CDCI,, along with experimentally observed 
melting points. 

Guest molelcule Host:guest ratio Melting point ("C) 

Acetone 2: 1 99- 1 04 
Acetonitrile 2: 1 103-1 06 
Benzene 2.1 115-1 18 
1,2-Dichloroethane 2: 1 116-1 19 
Dimethylforn~amide 2: I 105- 108 
Dimethyl sulfoxide 2: 1 113-1 16 
Mesity lene 2: 1 79-8 1 
Methylene chloride 2: 1 107-1 14 
Methylene bromide 2: 1 1 1 4 1  16 
Methylene iodide 2: 1 1 1  1-1 13 
Nitromethane 2: 1 106- 109 
Pyridine 2: 1 114117  
Toluene 2: 1 116-1 18 
ortho-Xylene 2: 1 1 1  1-1 12 
ineta-Xylene 2: 1 8 4 8 6  
pam-Xylene 2: 1 9 4 9 5  

smaller than a typical value of 190 ( 5 5 )  kHz for aromatic deu- 
terons, also suggesting some motional averaging due to a libra- 
tional motion (a librational angle of 17.2" is implied). 

para-Xylene-TATM 
The 'H spectrum of p-xylene-d,, (pdimethy1benzene)- 
TATM, at room temperature, is shown in Fig. 12B. Note the 
general similarity to the spectrum of o-xylene-TATM. The 
inner component, again from the six methyl deuterons, is 
indicative of methyl rotation as the only motion being present. 
The quadrupolar coupling constant, 50.5 kHz, indicates that 
the guest is wobbling, about an axis normal to the ring plane, 
with a half angle 0 = 15.7" at room temperature. The x,,,.value 
for the ring deuterons is 175 kHz (suggesting 0 = 13.3"), again 
indicating a partial averaging due to the wobbling motion. 

Summary 

In summary, we have investigated the dynamic behaviour of 
acetonitrile, nitromethane, dimethyl sulfoxide, benzene, mesi- 
tylene, ortlzo-xylene, and para-xylene, included in a solid 
TATM host, by deuterium NMR lineshape and T, analysis. 
The reorientational motion of each guest molecule is restricted 
to some degree, the extent of which is influenced by the guest- 
host interaction. Acetonitrile, nitromethane, dimethyl sulfox- 
ide, ortho-xylene, and par-a-xylene undergo reorientation of 
the methyl groups, in addition to some degree of overall libra- 

I tional motion of the molecule. Benzene and mesitylene reori- 
I 
1 ent about an axis perpendicular to the phenyl ring plane. 

Acknowledgements 

We are very grateful to the Natural Sciences and Engineering 
Research Council of Canada (NSERC), for financial support. 
In addition, we would like to thank Professor Otto Meth-Cohn 
for providing us with his procedure for the synthesis of 
TATM. 

References 

I. J.F. Brown Jr. Sci. Am. 82 (1962). 
2. G.H. Penner, J.M. Polson, C. Stuart, G. Ferguson, and B. 

Kaitner. J. Phys. Chern. 9 6 , s  121 (1992). 
3. S.J. Heyes. J. Phys. Chern. 95, 1547 (1991). 
4. K. Muller. Magn. Reson. Chern. 30,228 (1992). 
5. J.A. Ripmeester. J. Inclusion Phenom. 6, 31 (1988). 
6. R.E. Wasylishen and M.L.H. Gruwel. Z. Naturforsch. A: Phys. 

Sci. 47, 1073 (1992). 
7. M.R. Macintosh, B. Fraser, M.L.H. Gruwel, R.E. Wasylishen, 

and T.S. Cameron. J. Phys. Chern. 96,8572 (1992). 
8. S. Cerrini, G. Pochetti, F. Gallese, and E. Possagno. Acta. Crys- 

tallogr. Sect. C. Cryst. Struct. Commun. C49, 1087 (1993). 
9. A.E. Arnmah, K. Suzuki, S. Fujii, K. Tomita, Z. Asfori, and J. 

Vicens. Acta. Crystallogr. Sect. C: Cryst. Struct. Commun. 
C48, 1474 (1992). 

10. R. Clement, C. Mazieres, M. Gourdji, and L. Guibe. J. Chen~. 
Phys. 67,5381 (1977). 

I I .  Y. Chatani, H. Anraku, and Y. Taki. Mol. Cryst. Liq. Cryst. 48, 
219 (1978). 

12 (a) L.W. Jelinski. Annu. Rev. Mater Sci. 15, 359 (1985); (b) 
D.A. Torchia. Annu. Rev. Biophys. Bioeng. 13, 125 (1984); (c) 
H.W. Spiess. Adv. Polym. Sci. 66,23 (1985). 

13. R.J. Wittebort, E.T. Olejniczak, and R.G. Griffin. J. Chem. 
Phys. 86,541 1 (1978). 

14. D.A. Torchia and A. Szabo. J. Magn. Reson. 49, 107 (1982). 
15. J.S. Greenfield, A.D. Ronemus, R.L. Vold, R.R. Vold, P.D. 

Ellis, and T.R. Raidy. J. Magn. Reson. 72, 89 (1987). 
16. A.F. Thomas. Deuterium labelling in organic chemistry. 

Meredith Corp., New York. 197 1 .  
17. A.P. Yakubov, Y.K. Sudarushkin, L.I. Belenkii, and Y.L. Gold- 

farb. J. Org. Chern. (USSR), 9, 1549 (1973). 
18. L. Bin Din and 0 .  Meth-Cohn. J. Chern. Soc. Chem. Commun. 

21,74 1 (1977). 
19. P.H. Van Rooyen and H.M. Roos. Acta. Crystallogr. Sect. C: 

Cryst. Struct. Commun. C47, 2468 (1991). 
20. P.H. Van Rooyen and H.M. Roos. Acta. Crystallogr. Sect. C: 

Cryst. Struct. Commun. C47.2718 (1991). 
2 1. H.M. Roos and J.L.M. Dillen. Acta. Crystallogr. Sect. C: Cryst. 

Struct. Commun. C48, 1882 (1992). 
22. J.L.M. Dillen and H.M. Roos. Acta. Crystallogr. Sect. C: Cryst. 

Struct. Commun. C48,2229 (1992). 
23. A.E. Aliev, K.D.M. Harris, and A. Mahdyafar. J. Chern. Soc. 

Faraday Trans. 91,2017 (1995). 
24. M.H. Frey, J.A. DiVerdi, and S.J. Opella. J. Am. Chem. Soc. 

107,731 1 (1985). 
25. D.T. Amm, S.L. Segel, and K.R. Jeffrey. Can. J. Phys. 64, 22 

(1986). 
26. S.J. Heyes and C.M. Dobson. Magn. Reson. Chern. 28, S37 

(1 990). 
27. D. Reichert and H. Schneider. Z. Phys. Chem. 190,63 (1995). 
28. N. Bloembergen, E.M. Purcell, and R.V. Pound. Phys. Rev. 73, 

679 ( 1948). 
29. T.S. Chen, J. Wolinska-Mocydlarz, and L.C. Leitch. J. Labelled 

Compd. 6, 285 (1 970). 
30. J.H. Davis, K.R. Jeffrey, M. Bloon~, M.I. Valic, and T.P. Higgs. 

Chern. Phys. Lett. 42, 390 (1976). 
31. H. Dreizler and G. Dendl. Z. Naturforsch. A: Astrophys. Phys. 

Phys. Chern. 20A, 143 1 (1965). 
32. S. Jurga. Ser. Fiz. (Uniw. Adama Mickiewicza Poznaniu), 41 

(1980). 
33. T. Hasebe and R. Sato. Fukushima Daigaku Kyoikugakubu 

Ronshu, Rika Hokoku, 46, 19 (1990). 
34. P.S. Sidhu, J. Bell, G.H. Penner, and K.R. Jeffrey. Can. J. Chem. 

73,2196 (1 995). 
35 S. Hayashi. J. Phys. Chem. 99,7120 (1995). 
36. A. Abragam. The principles of nuclear magnetism. Oxford Uni- 

versity Press, London. 1961. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1794 Can. J. Chem. Vol. 74, 1996 

37. C. Schmidt, S. Wefing, B. Blumich, and H.W. Spiess. Chem. 40. E.R. Andrew and R.G. Eades. Proc. R. Soc. London Ser. A: 
Phys. Lett. 130, 84 (1986). 218,537 (1 953). 

38. F. Koksal and S. Bahceli. Z. Naturforsch. A: Phys. Phys. Chem. 41. A.E. Aliev, K.D.M. Harris, and A. Mahdyarfar. J. Chem. Sot. 
Kosmophys. 39A, 548 (1984). Faraday Trans. 91,2017 (1995). 

39. J.H. Ok, R.R. Vold, R.L. Vold, and M.C. Etter. J. Phys. Chem. 
93,7618 (1989). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Conformational behaviour of highly hindered 
ethanes: meso- and racemic=2,2,2',2'- 
tetramethyl-I ,I 'mbiindanyl 

T. Bruce Grindley, Paula J. MacLeod, James A. Pincock, 
and T. Stanley Cameron 

Abstract: MM3(94), AMI, and STO-3G calculations on racemic 2,2,2',2'-tetramethyl- I, 1'-biindanyl ( I )  show that seven 
minima are present on its conformational potential energy surface. 1 crystallizes in the space group Pbcn (no. 60) with cell 
parameters a = 1 1.190(7), b = 1 1.679(7), c = 13.19( 1) A, V = 1724(3) A3, Z = 4, R = 0.0357, R,, = 0.0362 in the conformation 
predicted to be the global minimum by STO-3G and AM 1, but not by MM3(94). Application of the Karplus equation and 
observation of a deshielded proton signal indicate that the same conformation is the major species present in solution, perhaps 
along with another conformation. The nleso isomer 2 shows evidence of slow exchange between conformers in its room 
temperature NMR spectra. Barriers to exchange were obtained from I3c NMR coalescence experiments and from 'H NMR line 
shape analysis of the exchanging AB pattern. The potential energy surface for 2 was calculated as for 1 and used to determine the 
nature of the process observed. The slow exchange was calculated to be between two enantiomeric conformers. The populated 
conformers for both 1 and 2 had the benzene rings from the two halves of the dimer stacked in an offset manner and the 
favourable interactions associated with this stacking may be a factor in the relative stabilities of these conformations. 

Key words: MM3, molecular mechanics, hindered rotation, dialkyldiphenylethanes, X-ray crystal structure. 

RCsumC : Des calculs MM3(94), AM 1 et STO-3G sur le 2,2,2',2'-tttramCthy1-I, 1'-biindanyle ( I )  mettent en Cvidence la 
prtsence de sept minimums sur sa surface d'Cnergie potentielle conformationnelle. Le composC 1 cristallise dans le groupe 
d'espace Pbcrz (no. 60) avec a = 1 1,190(7) et b = 1 1,679(7), c = 13,19(1) A, V =  1724(3) A3, Z= 4, R = 0,0357, R,,. = 0,0362, dans 
la conformation qui est prCdite par le minimum global d'Cnergie par STO-3G et AMI,  mais pas par la mCthode MM3(94). 
L'application de 1'Cquation de Karplus et I'observation d'un signal correspondant B un proton dtblindC indiquent que la m&me 
conformation serait l'espkce majeure prCsente en solution; il est possible qu'une autre conformation lui soit associCe. Dans le cas 
de I'isomkre r71Pso,2, les spectres RMN B la temperature ambiante suggkrent qu'il existe un Cchange lent entre les conformkes. 
On a determine les bari-ieres pour 1'Cchange h partir d'expCriences de coalescence des spectres RMN du I3c et d'une analyse de 
la forme des raies des spectres RMN du 'H du patron AB des atomes qui s'tchangent. Comme dans le cas du produit 1, on a 
dCtermin6 la surface de I'Cnergie potentielle du composC 2 et on I'a utilisCe pour determiner la nature du processus observC. On 
a calculC que I'Cchange lent se fait entre les deux conformkres Cnantiomkres. Les conformkres les plus populeux des composCs 1 
ainsi que 2 comportent des noyaux benzkniques des deux parties du dimkre empilees de f a ~ o n  dCcalCe; il est possible que les 
interactions favorables associCes h cet empilement soient un facteur dans les stabilitCs relatives de ces conformations. 

Mots clks : MM3, mCcanique molCculaire, rotation emp&chCe, dialkyldiphCnylCthanes, dktermination d'une structure cristalline, 
diffraction des rayons-X. 

[Traduit par la rCdaction] 

Introduction 

The relative importance of aryl-aryl interactions in the aggre- 
gation of compounds containing aromatic rings has attracted 
considerable attention (1, 2). The two molecules discussed in 
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this publication can exist in conformations that have two ben- 
zene rings either stacked in an offset face-to-face stack or dis- 
tant from each other. Calculations on benzene dimers in the 
gas phase using electrostatic plus nonbonded terms suggested 
that the offset face-to-face stack was one of the most favour- 
able geometries for these interactions, only slightly less 
favourable than the best arrangement, the edge-to-face dimer 
(3,4). Recently, high-level ab initio calculations with electron 
correlation have indicated that the parallel-displaced dimer, 
fairly similar in geometry to the offset stack possible here, is 
the most stable arrangement, 9.6 kJ mol-' more stable than 
two monomers (5). 

The title compounds 1 and 2, two of the six products from 
the photolyses of 2,2-dimethyl-1-indanyl acetate and pivalate, 
were isolated by column chromatography on silica gel (6). 
These two compounds are the diastereomeric dimers formed 
from coupling of 2,2-dimethyl- 1-indanyl radicals; the former 

Can. J .  Chem. 74: 1795-1 809 (1996). Pr~nted in Canada / Imprime au Canada 
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is a racemic mixture of compounds having (R,R) or (S,S) con- 
figurations at the two new stereogenic centres, while the latter 
is a meso (R,S) compound. The former mixture will be called 
the racemic dimer. 

Surprisingly, the 'H NMR spectra of these very similar 
dimers were very different at room temperature; one contained 
only sharp lines while the other consisted of broadened sig- 
nals. It will be demonstrated that the signals were broadened 
because of slow exchange between conformations arising 
from barriers to rotation about the C-C bond joining the two 
halves of the symmetrical dimer. The variable temperature 'H 
and I3c NMR spectra of both dimers have been investigated 
and an X-ray diffraction analysis was performed on dimer 1, 
establishing its structure unambiguously. 

There has also been considerable interest about various 
properties of compounds having highly congested sp3-sp3 
single bonds. Large barriers to rotation (>40 kJ mol-I) about 
this type of single bond have been observed in many com- 
pounds (7-12) and a number of compounds, particularly sub- 
stituted triptycene or dihydroanthracene derivatives, even 
have high enough barriers that two conformational isomers 
can be isolated (7). In most of the compounds with high barri- 
ers, the two carbon atoms in the bond about which rotation is 
hindered are quaternary. Barriers about bonds between two 
tertiary carbons are normally much lower; for instance, the 
barrier for rotation about the bond between the two isopropyl 
groups in 2,3-dimethylbutane is about 18 kJ mol-' (10). Where 
higher barriers were observed about bonds between two ter- 
tiary carbons, several very large groups have always been 
present at both ends of the bond and the barriers observed have 
often resulted from correlated motion of several groups (8, 1 1, 
13-15). There has also been considerable interest in bond 
lengths (16, 17), in bond dissociation energies (1 1, 15), and in 
the applicability of molecular mechanics calculations (1 8) to 
compounds containing sterically congested bonds of this type. 

The potential energy surface for rotation around the central 
carbon-carbon bond in dimers 1 and 2 was evaluated, using 
both the AM1 semi-empirical method and the MM3(94) 
molecular mechanics force field. Surprisingly, the results of 
AM1 calculations were in closer agreement with experimental 
observations on which conformers were populated and on the 
size of the barriers between conformers, even though the 
geometries predicted for the saturated parts of the molecules 
were much poorer than predicted by MM3. The causes of these 
surprising observations will be discussed. 

Results and discussion 

Racemic dimer (1) - crystallography 
One of the dimers (1) crystallized easily from hexanes, the 
other resisted all attempts at crystallization and remained an 
oil. The crystal structure was solved by direct methods and 

Fig. 1. ORTEP representation (50% probability) of an (R,R) 
molecule of 2,2,2',2'-tetramethyl- I, 1'-biindanyl from the X-ray 
crystal structure of racemic 1. 

Table 1. Positional parameters and B(eq) for 2,2,2',2'-tetramethyl- 
I, 1'-biindanyl. 

Atom x Y z B(eq)" 

- 

"B(eq) is one-third of the trace of the orthogonalized B,, tensor. 

refined to R = 3.57%. Full details of the structure solution have 
been deposited.3 The atomic coordinates are given in Table 1 
and some structural data are located in Table 2. An ORTEP rep- 
resentation of one of the molecules in the unit cell is given in 
Fig. 1 where the structure pictured is the R,R stereoisomer. 
The crystalline sample is the racemic compound 1. In the crys- 

' Lists of atomic coordinates, bond lengths and angles, torsion 
angles, and anisotropic thermal parameters may be purchased 
from: The Depository of Unpublished Data Document Delivery, 
CISTI, National Research Council Canada, Ottawa, Canada 
K1A OS2. The lists of atomic coordinates and bond lengths 
and angles have also been deposited with the Cambridge 
Crystallographic Data Centre, and can be obtained on request 
from The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 lEZ, U.K. 
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Gr~ndley et al. 1797 

Fig. 2. A 400 MHz 'H NMR spectrum of the racemic dimer 1 in 
chloroform-d at 20°C. 

tal, the two halves of the dimer are related by a crystallo- 
graphic twofold axis through the central $(I)-C(1') bond. 
The C(1) - C(1') bond length is 1.554(5) A, though the effec- 
tive esd is larger than the value because of the twofold 
axis. The five-membered ring is in an envelope conformation. 
As expected, the four carbon atoms of this ring, C(l), C(3), 
C(4), and C(9), that are part of, or bonded to, the aromatic ring 
are coplanar with a mean deviation from !he least-squares 
plane of 0.003(3) A. The fifth atom is 0.537 A from the plane. 
The two halves of the molecule, connected through the C(1)- 
C(1') bond, have a C(9)- C(1)- C(1')- C(9') torsion angle of 
-23.0(6)". The unit cell contains two S,S molecules and two 
R,R molecules. 

I Racemic dimer (1) - NMR results 
The 'H NMR spectrum of the racemic dimer at 20°C, shown in 

Fig. 2, is simple because the two halves of the molecule are 
equivalent by virtue of its C, symmetry. No significant 
changes in the spectrum were observed upon heating or cool- 
ing in the range from -60°C to +45"C. The methyl groups 
give rise to two singlets at 1 .OO and 1.30 ppm. The protons of 
the CH, group appear as an AB quartet (J  = - 15.0 Hz) cen- 
tered at 2.80 ppm, very close to the chemical shift of the meth- 
ylene group hydrogens in 2,2-dimethylindane, 2.75 ppm. The 
geminal coupling constant is assumed to have a negative sign 
(19). The CH signal is a singlet at 3.07 ppm, with a I3c satel- 
lite 61.0 Hz to higher frequency. The satellite at lower fre- 
quency was obscured by the methylene signals. Confirmation 
that this small peak, having approximately 0.5% of the inten- 
sity of the main peak, was indeed a I3c satellite, was obtained 
by recording the spectra at both 250 and 400 MHz, and also by 
measuring ' J~, ,  from the coupled I3c NMR spectra. The value 
obtained was 122 Hz, twice the separation of the satellite from 
the main CH signal. The satellite signal was not split, indicat- 
ing that the H(1)-H(1') vicinal coupling constant was <1 Hz. 
The aromatic region consists of two doublets and two triplets 
as expected for a first-order pattern of a 1,2-disubstituted aro- 
matic ring. The absorption of one pair of ortho hydrogens is 
considerably shielded, appearing as a doublet at 6.52 ppm. In 
comparison with the chemical shift of the two equivalent 
ortho hydrogens of 2,2-dimethylindane, a very large AS of 
-0.65 is observed. The 13c NMR solution spectrum, shown in 
Fig. 3a, contains 11 signals, consistent with the C2 molecular 
symmetry. 

A CPJMAS 13c NMR spectrum of this dimer in the solid 
state is shown in Fig. 3b. The spectrum is very similar to the 
solution spectrum, except that spinning side bands from the 

Fig. 3. (a) A 62.5 MHz I3c NMR spectrum of the racemic dimer 1 in chloroform-d 
at 20°C. (b) A CPlMAS I3c NMR spectrum at 100 MHz of the racemic dimer 1 in the 
solid state. Spinning side bands are indicated with an X. 
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Table 2. Selected data about the conformational minima for the racemic dimer." 
(0) 

Conformer 

a 1 a2 a3 

Feature MM3 AM 1 STO-3G MM3 AM 1 STO-3G MM3 AM 1 

Relative energy 

"Note that conformers in the a and c  families have C1 symmetry while those in the b family have no symmetry. 
'With respect to the global MM3 minimum, conformer a2. 
'With respect to the global AM1 minimum, conformer c l .  
dWith respect to the global STO-3G minimum, conformer c l .  
'The signs of the torsional angles for the crystal structure have been reversed in this column to match those from the calculations, which are for the (S,S) 

enantiomer. The crystal structure diagram (Fig. 1) and the coordinates of 1  (Table I), are of the (R,R) enantiomer. 

aromatic carbons are present. Chemical shift anisotropies of 
aromatic carbons are much larger than those of the aliphatic 
carbons (20), making removal of spinning side bands of aro- 
matic carbons by MAS more difficult. 

Theoretical calculations for the racemic dimer (1) 
The coordinates for several conformations of the (S,S) diaste- 
reomer of the racemic dimer (1) were initially generated using 
the molecular mechanics program p~mode l .~  These coordi- 
nates were used as input for calculations using MM3(94) (21) 
in which the carbons in the benzene rings were treated as con- 
jugated (type 2 carbons). All conformational minima had the 
five-membered rings in envelope conformations, with one 
atom, C(2) or C(2'), out of the plane. Thus, in all conforma- 
tional minima, two torsional angles in each of these rings, 
C(1)-C(2)-C(3)-C(4) and C(3)-C(2)-C(1)-C(9), were calcu- 
lated to be large, of approximately equal magnitude between 
27" and 40°, and of opposite sign. The potential energy surface 
was explored by performing dihedral angle driver calculations 
using the angles C(2)-C(1)-C(1')-C(2'), C(1)-C(2)-C(3)-C(4), 
and C(1')-C(2')-C(3')-C(4'). Three unique families of confor- 
mations were found, termed families a, b, and c, which for the 
S,S stereoisomer have both C(1)-C(2)-C(3)-C(4) and C(1')- 

PCMODEL Version 4.0. A molecular mechanics package by K.E. 
Gilbert and J.J. Gajewski, Indiana University. Available from 
Serena Software, Box 3096, Bloomington, IN 47402-3076, 
U.S.A. 

C(2')-C(3')-C(4') torsional angles positive, one positive and 
one negative, and both negative, respectively. When this angle 
is positive in an (S,S) diastereomer, the flap of the five-mem- 
bered ring envelope, that is, C-2 or C-2', is directed away from 
the other half of the dimer and the bond joining the two halves 
of the dimer, C(1)-C(l'), is in a quasi-axial orientation with 
respect to that five-membered ring. This will be termed an 
"out" orientation of the five-membered ring. When the angle 
is negative and the same bond, C(1)-C(ll), is now quasi- 
equatorial, the envelope is flapped toward the other half of the 
dimer in what will be termed an "in" orientation. 

The a or "out,out" family contained three minima with 
C(2)-C(1)-C(1')-C(2') torsional angles of 101.4" (al),  170.5" 
(a2), and 294.9" (a3). ATOMS representations of two con- 
formers of the "out,out" family, a1 and a2, are shown in Fig. 4. 
The a2 is calculated to be the global minimum, but a1  is only 
1.1 W mol-' higher in energy. The third minimum, a3, is 17.2 
kJ mol-' higher. The second or "out, in" family contains two 
minima with C(2)-C(1)-C(1')-C(2') torsional angles of 136.0" 
(b l )  and 295.8" (b2) calculated to be 22.6 and 28.1 kJ mol-I, 
respectively, higher in energy than the global minimum (a2). 
The third or "in,inW family contains two minima with C(2)- 
C(1)-C(1')-C(2') torsional angles of 139.6" (cl) and 302. 1" 
(c2) calculated to.be 15.6 and 58.1 kJ mol-' higher in energy 
than the global minimum (a2). Information about these con- 
formations is shown in Table 2. 

The coordinates for the seven MM3 minima were used as 
input for AM1 (22) calculations and geometry optimizations 
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Table 2 (concluded). 

(b)  

Conformer 

Crystal 
Feature MM3 STO-3G MM3 AM 1 MM3 AM1 STO-3G structuree MM3 

Relative energy 

were performed. Results are also shown in Table 2. There are 
several significant differences from the MM3 results. Most 
importantly, the conformer stability order is changed. The c l  
is now the global minimum, 0.3 kJ mol-' more stable than the 
MM3 global minimum a2. This conformation (cl) has a dihe- 
dral angle for C(2)-C(1)-C(1')-C(2') similar to that in the solid 
state (13 1.0"). However, other geometric features are not reli- 
ably reproduced. First, the AM1 five-membered rings were 
unrealistically flat, as indicated by the small torsional angles 
through C(2) and C(2'). As a result, two of the higher energy 
MM3 minima were not AM 1 minima but changed during the 
optimization process to other conformers, c2 to b2, and b l  Lo 
a2. In addition, the central C(1)-C(1') bond length, 1.520 A, 
was considerably shorter than the bond length observed by X- 
ray diffraction (1.554 C). This bond length was, however, well 
reproduced by the MM3(94) force field (1.555 A). 

STO-3G optimizations were performed on several of the 
low-energy conformations. These calculations give the same 
stability order as AM1 but, unlike the AM1 method, also 
reproduce reasonably well the nonplanar geometry of the five- 
membered rings observed in the X-ray structure of 1. For the 
absolute values of the four largest torsional angles in the five- 
membered rings, the STO-3G results average 0.7" lower than 
the X-ray results, AM1 results average 15.4" low, and MM3 
results average 3.2" high. Agreement between the calculated 

and experimental C(1)-C(1') bond lengths was also reason- 
ably good, 1.565 A in c l ,  compared to 1.554(5) A in the X-ray 
results and 1.555 and 1.520 A by MM3 and AM1, respec- 
tively. In meso- l,2-di-tert-butyl- l,2-diphenylethane, the cen- 
tral C-C bond length varies from 1.573 to 1.577 A in 
different molecules in the unit cell, while it is 1.589 A in the 
racemic isomer (15), suggesting that the current molecules are 
less strained. In addition, the critical C(2)-C(1)-C(1')-C(2') 
angle is only 1.6" larger in the STO-3G results than measured 
by X-ray diffraction. 

Discussion for the racemic dimer (1) 
The lowest energy MM3 minimum is not the conformer 
observed experimentally. The X-ray structure combines a 
C(2)-C(1)-C(1')-C(2') torsional angle of 13 1.0(4)" with sym- 
metry-related C(1)-C(2)-C(3)-C(4) and C(1')-C(2')-C(3')- 
C(4') torsional angles of -3 1.9(3)", opposite in sign to that of 
the C(2)-C(1)-C(1')-C(2') torsional angle, and therefore this 
structure belongs to the "in,in" conformational family. Con- 
former c l  fits the X-ray data fairly closely, even though it was 
calculated to be 15.6 kJ mol-I less stable than a2 and 14.5 kJ 
mol-' less stable than a l .  In contrast, both the AM1 and STO- 
3G methods calculate that c l  is the global minimum, if only by 
a slight amount. 

There are two pieces of evidence that indicate that the pop- 
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Fig. 4. ATOMS representation of MM3 geometries of conformers of the racemic dimer (1): 
from the a or "out,out" family: (a) the a1 conformer, (b) the a2 conformer; and from the c or 
"in,inn family: (c) the c l  conformer. 

ulated conformations in solution are either c l  alone or a cl-  
a2  mixture. The H(1)-H(1') 3 ~ H , H  value, obtained from a I3c 
satellite of the H(l), H(1') is <1 Hz, consistent with a dihedral 
angle close to 90". By MM3, this angle is calculated to be 
95.0" (104.5" by AM1 and 98.7" by STO-3G) in c l ,  but 
153.9" (145.1" by AM1 and 132.8" by STO-3G) and 72.5" 
(95.1" by AM1 and 86.4" by STO-3G) in a 1  and a2, respec- 
tively. If conformation a 1  is significantly populated, an 
observable 3 ~ H . 1 , H . 1 r  value would have been obtained. How- 
ever, conformation a2 would also give a very small coupling 
constant, particularly if the STO-3G torsional angle is close 
to the actual angle. In addition, an ortho hydrogen was 
shielded by 0.65 ppm, consistent with its presence in the 
shielding cone of a second benzene ring. Models show that 
this arrangement is only possible in c l ,  not in a 1  or a2. Thus, 
experimental evidence indicates that c l  is the global mini- 
mum, but perhaps only by a small amount. The MM3 ener- 
gies must be incorrect by at least 16 kJ mol-' in disfavouring 
the offset n-stacked conformer c l .  The AM1 and STO-3G 
energies fit the experimental observations well. 

In the global minimum (cl) ,  the two phenyl rings are 

slightly tilted away from being parallel with each other and are 
offset such that one of the two ortho hydrogens from each ben- 
zene ring lies over C(8) and C(9) at the end of the other ben- 
zene ring. Distances of this hydrogen to these two carbons are 
2.86 and 2.81 A, respectively, from MM3. However, the 
smaller C(2)-C(1)-C(1')-C(2') torsional angle in the X-ray 
structure brings the two rings slightly closer together. Dis- 
tances between planes of about 3.5 A have previously been 
calculated to be optimal for offset n stacking (3,4). 

NMR results for the meso dimer (2) 
The NMR spectra of this compound were surprisingly com- 
plex. The 'H NMR spectrum at 25°C is shown in Fig. 5b. 
Broadened signals were observed that can be interpreted only 
in terms of a conformational barrier to interconversion of Saxis- 
related conformers, largely by rotation about the C(1)-C(1') 
bond. The broad signals split, then sharpened as the tempera- 
ture was lowered. The 'H NMR spectrum at -40°C is shown 
in Fig. 5c. Assignments for the low-temperature spectrum 
were made on the basis of integration and a HETCOR experi- 
ment. As summarized following, the low-temperature spec- 
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Grindley et al 

Fig. 5. 400 MHz 'H NMR spectra of the tneso dimer 2: (a) at +45OC; (O) at 
+25"C; (c) at -40°C. 

trum was consistent with a structure that had no symmetry. 
Four signals assigned to methyl groups appeared at 1.35, 1.09, 
1.00, and 0.82 ppm. In comparison, the methyl groups in 2,2- 
dimethylindane absorb at 1.18 ppm. Therefore, one methyl 
group is significantly shielded and another somewhat 
deshielded. A singlet at 2.32 pprn integrates for two protons 
and is assigned to the methylene group in one of the five-inem- 
bered rings; the methylene groups in 2,2-dimethylindane 
absorb at 2.75 ppm. The two protons in this methylene group 
are accidentally isochronous. An AB quartet with absorptions 

I 

at 3.07 and 2.65 pprn and J = - 16.1 Hz is assigned to the 
I methylene group in the other five-membered ring. Unlike the 
/ other signals, a resonance at 3.17 pprn due to the two methine 

protons was relatively sharp at room temperature. It decreased 
in intensity and broadened slightly upon cooling and then split 
at about -30°C into two distinct bands that sharpened into an 
AB quartet, with Av = 0.0270 ppm and JA, ,  = 2.0 Hz at 
-55°C. The remainder of the signals are assigned to the aro- 
matic protons and it is evident that there are more than four 
environments for aromatic protons in the populated conformer 
at -40°C, consistent with lack of symmetry. An interesting 

feature was a doublet at 6.07 pprn assigned to an ortho proton. 
The A6 value of - 1.10 pprn for this signal with respect to the 
value for the ortho protons of 2,2-dimethylindane is consider- 
ably larger than that observed for the corresponding signal 
from the racemic dimer. 

The 'H NMR spectrum recorded at 45°C is shown in Fig. 
5a. By this temperature, the signals of the aromatic protons 
have coalescesed. In the methyl group region of the spectrum, 
a sharp signal due to a pair of methyl groups is now superim- 
posed on the broad hump arising from the coalescence of the 
signals of the two remaining methyl signals, which had a 
much larger chemical shift difference at -40°C. The methine 
signals have not quite reached coalescence at this temperature. 

The I3c NMR spectrum of this coinpound at room temper- 
ature also contained broadened signals. In contrast, at -40°C, 
22 sharp lines were observed, one for each of the carbon atoms 
in the molecule. Chemical shifts and assignments have been 
given previously (6). 

The magnitude of the barrier to conformational motion was 
obtained by two methods in order to give a wide range of rate 
constants. Rate constants at temperatures from 15 to 47°C 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74,  1 9 9 6  

were obtained from the coalescence temperatures of most of 
the aliphatic I3c NMR (62.5 MHz) signals using equations [ l ]  
and [2] (23). 

T is the coalescence temperature of the signals. The Av values 
were taken from the -40°C spectra and assumed to be temper- 
ature invariant. The I3c NMR spectra were recorded from 
-40°C to 55"C, increasing the temperature in 5" steps except 
close to a coalescence point where they were recorded at inter- 
vals of 2°C or around 47"C, in 1" intervals. 

Rate constants from -30°C to - 15°C were obtained by line 
shape analysis of the coalescence of the AB pattern due to 
H(1) and H(1') using the program Quabex (24) modified to run 
on a PC. The chemical shift differences for this AB pattern 
were measured from -60°C to -35°C and the linear plot (r = 
0.9998) was extrapolated into the exchange region. The results 
of both treatments are shown in Table 3. The values of AH* 
and AS* for the conformational motion were determined from 
a plot of ln(k1Q vs. 1IT as outlined in eq. [3]. The values 
obtained from this analysis are AH* = 42.8 5 1.8 kJ mol-' and 
AS* = -61.6 2 6.5 J K-I mol-I. The uncertainties are based 
on the regression analysis only. These values yield a AG* of 
6 1.2 kJ mol-' at 298 K. 

k AH* AS* 
[3] In (- ) = 23.76 - - + -  

T 8.31 T 8.31 

As will be discussed later, the NMR data for the meso dimer 
provided considerable information about the structure of the 
low-temperature conformer and the kinetics of the hindered 
rotation. 

Theoretical calculations for the meso dimer (2) 
As with the racemic dimer, coordinates for a conformer of the 
nteso dimer (2) from pcmode14 were used as initial input for 
MM3(94) (2 1) and then minima on the MM3 potential energy 
surface were found by driving C(2)-C(1)-C(1')-C(2'), C(1)- 
C(2)-C(3)-C(4), and C(1')-C(2')-C(3')-C(4') torsional angles. 
Again, all conformational minima had the five-membered 
rings in envelope conformations, with one atom, C(2) or C(2'), 
out of the plane. In numbering the molecule on which cal- 
culations were performed, C(l)  and C(1') are (S) and (R) 
stereogenic centres, respectively. Three unique families of 
conformations were found that can be defined by the sign of 
the C(1)-C(2)-C(3)-C(4) and C(1')-C(2')-C(3')-C(4') torsional 
angles. In one type of family, termed family d, these angles 
were both positive, which results in the flap of one envelope 
being directed towards the other half of the dimer, while the 
flap of the other envelope is directed away from the other half 
of the dimer. Thus, family d will be called the "in,outn family. 
There is also a fourth family of conformations, termed the d' or 
"out,in" family, that is enantiomeric to the "in,outV family (d). 
In the second unique family (e), the angle in the ring contain- 
ing the (S) stereogenic centre was positive and the angle in the 
other ring negative, which results in both envelopes being 

Table 3. Kinetic data from NMR measurements for the meso 
dimer. 

Signal Av (Hz) T (K) A& (kJ mol-') kc (s-I) 

W I ) ,  Wl ' )  3.9 
W I ) ,  WI')  3.7 
W I ) ,  WI')  3.4 
H(1). H( l f )  3.1 
H(1). H(1') 2.9 
H(l) ,  H(1') 2.6 
H(l) ,  H(1') 1.9 
c(2) ,  c(2') 14.3 
c(3) ,  (33') 63.9 
2 CH, 77.3 
2 CH3 124.0 
( I ) ,  ( I '  370.1 

"From line shape analysis. 
"Coalescence temperature. 
'From the coalescence equation, eq. [I]  

flapped away from the other half of the dimer. This family is 
the "out, out" family. The third family (f) has %,in" confor- 
mations for the five-membered rings. Saddlepoints on the sur- 
face were found by taking the approximate maxima on 
dihedral angle drives between minima and minimizing those 
points using full-matrix Newton-Rapson minimization in 
MM3. Confirmation that these points were indeed saddle- 
points was provided by the presence of single imaginary fre- 
quencies in the calculated vibrational spectra. In some cases, it 
was necessary to use dihedral angle intervals as small as 1" in 
order to find the saddlepoints. Additional grid points for the 
potential energy surface were generated by first driving C(2)- 
C(1)-C(lf)-C(2') from saddlepoints between the d and e fam- 
ilies and between the d and f families from 0" to 360°, then 
taking points every 20" along these cuts and driving C(1)- 
C(2)-C(3)-C(4) and C(1')-C(2')-C(3')-C(4') slightly beyond 
the values found in the d ,  e, and f families. The four-dimen- 
sional energy surface was approximated as a three-dimen- 
sional surface by representing the changes in the two five- 
membered rings by means of the average of the difference 
between the C(1)-C(2)-C(3)-C(4) and C(1')-C(2')-C(3')-C(4') 
torsional angles. Using this approximation, conformations in 
the d family have differences close to 0°, those in the e family 
have average differences between 30" and 40°, similar to the 
actual sizes of the torsional angles, while those in the f family 
have average differences between -30" and -40". The d' 
family would also have average differences close to 0°, in this 
case arising from differences between negative values 
whereas these angles both are positive in the d family. The 3D 
interpolation function in the program Sigmaplot was used to 
provide data at regular intervals. A contour representation is 
shown in Fig. 6. Cuts across the 3D potential energy surface 
are shown in Fig. 7. 

There are three unique minima in the d family, termed d l ,  
d2, and d3, in order of increasing C(2)-C(1)-C(1')-C(2') tor- 
sional angle, and two pairs of two unique minima related by 
centres of symmetry in each of the e family and f families, 
termed e l ,  e2, e2', and el', and f l ,  f2, f2', and fl', respectively, 
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in order of increasing C(2)-C(1)-C(1')-C(2') torsional angle. 
Selected information about these minima are given in Table 4. 
Similar information about the saddlepoints has been depos- 
ited.3 

Two minima, d 2  and e l ,  with C(2)-C(1)-C(1')-C(2') tor- 
sional angles of 155. 1" and 8 1.7" and H-C(1)-C(1')-H tor- 
sional angles of 158.5" and 72.2", respectively, are calculated 
by MM3 to have about the same stability, and to be consider- 
ably more stable than the other five minima. The broadening in 
the NMR spectra arises from slow interconversions of con- 
formers that exchange nonequivalent positions for identical 
atoms in the two halves of the dimer. In theory, this can occur 
by interconversion of conformers related by a centre of sym- 
metry, for instance, e l  and e l '  or f2 and f2' or by interconver- 
sion of conformers from enantiomeric families, for instance, 
d l  and dl', or d 2  and d2'. Saddlepoints are named by using 
letters to indicate conformational family, numbers to indicate 
the order of increasing torsional angle, and with an s added to 
indicate a saddlepoint. For instance, ds2 is the saddlepoint in 
the d conformational family between d l  and d 2  and des l  is the 
saddlepoint between d l  and e l .  The lowest energy pathway on 
the surface that interconverts e l  and e l '  involves passing from 
e l  (0.0 kJ mol-I) over a barrier (es2) of 17.9 kJ mol-' to reach 
e2 (8.9 kJ mol-I), then over another barrier (es3), the centre of 
this conformational family, 11.5 kJ mol-' higher in energy 
than e l  to reach e2' then over the enantiomer of the first barrier 
(es2') to el'. To interconvert d 2  and d2', one route proceeds 
from d 2  (0.10 kJ mol-I) over a barrier (des2) of 54.5 kJ mol-I, 
to e2 (8.9 kJ mol-I), then to e2' as before, and over the des2' 
barrier to d2'. An alternative athway proceeds from d 2  over a P barrier (ds2) of 28.1 kJ mol- to d l  (7.0 kJ mol-I), then over a 
barrier (desl) of 34.2 kJ mol-I to e l ,  then over a barrier (des3') 
of 32.2 kJ mol-' to d3', and finally over a barrier (ds3') of 57.6 
kJ mol-I, to d2'. 

The seven minima from the MM3 calculations were used as 
input for AM1 calculations and geometry optimizations were 
performed. Data on energy minima are listed in Table 4. Three 
MM3 minima, d l ,  e2, and fl, were not AM1 minima, all min- 
imizing to e l .  The global minimum, e l ,  is the same by both 
methods; however, AM1 suggests that the five-membered 
rings are virtually planar, which is unlikely. By MM3, the sec- 
ond lowest minimum, d2, is almost equal in stability to the 
lowest; AM1 calculates that this conformation is 24.7 kJ 
mol-' less stable and makes d 3  the second most stable confor- 
mation. Experimental evidence to be discussed following indi- 
cates that d 2  is not populated significantly, in contrast to the 
results of the MM3 calculations. 

STO-3G calculations were performed on the lowest energy 
MM3 conformers and the results are given in Table 4. Again, 
the STO-3G results were closer to the AM1 results in energy 
but to the MM3 results in geometry. Conformer e l  was the 
global minima. 

Discussion for the meso dimer (2) 
The low-temperature NMR spectra indicate that conformers 
with smaller C(2)-C(1)-C(1')-C(2') dihedral angles, that is, e l  
and (or) d l ,  are significantly more populated than the others. A 
2.0 Hz coupling constant was measured between the protons 
on C(1) and C(1') that corresponds to an H-C(1)-C(1')-H angle 
of 65" or 11 l o  using the Altona version (25) of the Karplus 
equation with electronegativities of 2.3 for C(Me),CH, and 

2.41 for phenyl.s Differences between the bond angles and 
bond lengths along the coupling pathway in this molecule in 
comparison with those in the unstrained saturated model com- 
pounds used to develop the equation causes some uncertainty 
in the values of the calculated angles. However, the calculated 
value for the H - 1 ) - 1 - H  torsional angle of 158.5" 
present in d 2  is 10.7 Hz. The small observed magnitude of 
3JH,H is only consistent with populated minima with H-C(1)- 
C(1')-H torsional angles close to 65". On the MM3 potential 
energy surface, d l  and e l ,  with H-C(1)-C(1')-H torsional 
angles of 68.3" and 72.2", respectively, are consistent with this 
observation. The major difference between these two is in the 
direction of puckering of the five-membered rings; d l  is an 
"in,outm structure while e l  is an "out,out" structure. In these 
two conformers, which have C(2)-C(1)-C(1')-C(2') torsional 
angles of 74 and 82", one ortho hydrogen lies over the other 
aromatic ring in its shielding cone. This geometric relation- 
ship explains the observation of a very large A6 value of 
- 1.10 ppm for one ortho aromatic proton. This value is much 
larger than those observed for stacking in the adenine dinucle- 
otide ApA (26) or for adenine-naphthalene stacks (1). More- 
over, in these conformers, the benzene ring containing the 
shielded hydrogen has the correct orientation to shield one 
methyl group (0.36 ppm shielding observed) and a methylene 
group (0.43 ppm shielding observed). 

Because the rneso compound shows temperature-dependent 
NMR spectra, Saxis-related conformers must have two substan- 
tial barriers separating them on the potential energy surface. 
The Saxis-related conformers have C(2)-C(1)-C(1')-C(2') tor- 
sional angles that deviate from 180" by equal amounts in 
opposite directions. Two substantial barriers are necessary to 
observe rate effects because the conformers can be intercon- 
verted by rotation about the central bond through either 180" 
or 0" and both directions of rotation must be slowed. A p  is 
42.8 kJ mol-I for the smaller of these two barriers as deter- 
mined by variable temperature NMR experiments. The MM3- 
calculated~potential energy surface is shown in Figs. 6 and 7. 
Barriers calculated for passing through the C(2)-C(1)-C(lf)- 
C(2') torsional angle of 0" were much larger than the observed 
barrier and it can be assumed that the interconversion process 
does not follow this route. The MM3-calculated potential 
energy surface does not contain a barrier for rotation around 
the C(1)-C(1') bond through C(2)-C(1)-C(1')-C(2') torsional 
angles of 180" that is nearly as large as the observed barrier. In 
particular, as outlined in the results section, the largest barrier 
(es2) for interconverting the global minima, e l  to el', is 17.9 
kJ mol-I. Therefore, the barrier calculated by the MM3(94) 
program is about 25 kJ mol-' too small. Part of this difference 
must lie in the fact that MM3 does not account for aryl-aryl 
interactions. Stabilizing those conformations that have offset 
n-n stacking will increase the barrier by the amount of the 
stabilization, which has been calculated to be about 9 kJ mol-' 
(3). 

The NMR results suggest that the barrier to conformational 
interconversion includes a contribution from a substantial 
negative value of the entropy of activation (AS* = -61.6 + 
6.5 J K-' mol-I). Conformer entropies are evaluated by MM3 

We thank Dr. J.S. Grossert for a basic computer program that 
calculates 3 ~ H , H  values based on Altona's equation (25). 
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Fig. 6. A contour diagram of the MM3(94) potential energy surface for the meso dimer (2). 
The Y-axis is the difference between the C(1)-C(2)-C(3)-C(4) and C(1)'-C(2)'-C(3)'-C(4)' 
torsional angles divided by two. The locations of individual conformers on this surface are 
indicated with the letters used to describe them in the text. 

Torsional Angle C(2)-C(l )-C(l ')-C(2') (') 

and the saddlepoints for interconversion were found to have 
substantially less positive entropies than the minima. The AS* 
values for the equilibria of the global minima with the two 
saddlepoints most likely to be barriers are, e l  e es2, - 19.0 J 
K-I mol-I, and e l  e es3, -32.2 J K-' mol-I. While these 
values are considerably less than the value obtained from the 
NMR data, calculation of these values does indicate that a 
negative entropy of activation does make a significant contri- 
bution to the barrier. 

On the AM1 potential energy surface, the global minimum, 
e l ,  is considerably more stable than the other two minima, 
consistent with the NMR observations that the most populated 
conformations have C(2)-C(1)-C(lf)-C(2') torsional angles 

that are in the 60"-80" region. The AM1 surface curve shows 
two significant barriers to interconversion between the +86.0° 
and - 86.0" conformers. There is a very large barrier to rota- 
tion through 0" and a smaller barrier of 54.6 kJ mol-' for rota- 
tion about 180". The size of the barrier to rotation through 
180" is in reasonable agreement with that obtained by NMR 
measurements of 42.8 kJ mol-I. 

Additional compounds 
During the photochemical studies, analogous diastereomeric 
dimers 3 and 4 were isolated where the aromatic ring was sub- 
stituted with a methoxy group in the 5-position, and dimers 5 
and 6 when a methoxy group was in the 6-position. In each 
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Fig. 7. Cuts through a 3D representation of the MM3(94) potential energy surface of 2: (a) the d conformational family, where 
C(I)-C(2)-C(3)-C(4) and C(1)'-C(2)'-C(3)'-C(4)' torsional angles have the same sign, resulting in an average difference close to 
0"; (6) the e conformational family, where the C(1)-C(2)-C(3)-C(4) torsional angles are positive and the C(1)'-C(2)'-C(3)'-C(4)' 
torsional angles are negative, resulting in an average difference close to the value in the first ring. 

3 
Torsional Angle C(2)-C(l )-C(l ')-C(2') (') 

) Fig. 8. ATOMS representations of the MM3 geometries of the rrleso dimer (2): (a )  from 
I thee or "out,out" family, the e l  conformer; (b) from the d or "in,outn family, the d2 

conformer. 

case, one of the dimers was crystalline and gave sharp signals reported in the literature. Orliac-Le Moing et al. (27) have 
in the NMR at room temperature. The other was an oil and obtained both the racemic and rneso forms of bis-1,l'-(2,2- 
gave broadened NMR signals at room temperature. Low-tem- dimethyl-1-indanol) (7 and 8, respectively) from the coupling 
perature NMR spectra of the methoxy rneso dimers 4 and 6 of the radical anions produced by electrochemical reduction of 
were very similar to those of the unsubstituted rneso dimer. the monomeric ketone. Both dimers were crystalline. The 

Compounds very similar to dimers 1 and 2 have been structure of the racemic coinpound was established by X-ray 
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Table 4. Selected data about the conformational minima for the rneso dimer. 
( a )  

Conformer 

d l  d2 d3 

Feature MM3 STO-3G MM3 AM1 STO-3G MM3 AM 1 STO-3G 

Relative stability (kJImo1) 

C(2)-C(1)-C(1')-C(2') 
H-C(1)-C(1')-H 

C(1)-C(9)-C(4)-C(3) 
C(9)-C(4)-C(3)-C(2) 
C(4)-C(3)-C(2)-C(l) 
C(3)-C(2)-C( I)-C(9) 
C(2)-C( 1 )-C(9)-C(4) 

C( 1')-C(9')-C(4')-C(3') 
C(9')-C(4')-C(3')-C(2') 
C(4')-C(3')-C(2')-C( 1 ') 
C(3')-C(2')-C( 1 ')-C(9') 
C(2')-C( 1 ')-C(9')-C(4') 

C(2)-C(1)-C(9), sp3 
C( 1 )-C(2)-C(3), sp3 
C(2)-C(3)-C(4), sp' 
C(3)-C(4)-C(9). sp2 
C( 1 )-C(9)-C(4). sp2 

C(1)-C(1') (A) 
~ ( 1 ) - ~ ( 2 )  (A) 

"With respect to the global MM3 minimum, conformer e l .  
'With respect to the global AM1 minimum, conformer el.  
'With respect to the global STO-3G minimum, conformer el 

OMe OMe 
\ \ 

crystallography. Although no numerical details were reported, 
the structure shown has the two OH groups approximately anti 
across the central C-C bond, with the two phenyl rings 
gauche and also the two C(CH3)2 groups gauche. The structure 

7 and 8 

presented suggests that the torsional angle involving the phe- 
nyl rings is considerably less than 60" while that involving the 
C(CH3), groups is considerably more than 60". This structure 
is probably similar to conformer c l ,  with a C(2)-C(1)-C(1')- 
C(2') torsional angle of 10 1.4" (MM3) or 97.6" (AM I). 

The authors of this work did not observe broadened lines in 
the ' H  NMR spectrum of the meso dirner (8), which contained 
singlets at 1.04 ppm (2 x CH3) and 1.38 ppm (2 x CH3), and at 
2.47 ppm (2 x CH,). This absence of broadening in a spectrum 
that is consistent with S, or S, symmetry indicates that the bar- 
riers to interconversion of the Saxis-related conformers in this 
compound are reduced in comparison to that in 2. Two differ- 
ent barriers lie on the potential energy surface shown in Fig. 5, 
either of which could have been responsible for the broaden- 
ing observed in the spectra of 2. The strain energy of the tran- 
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Table 4 (concl~~ded).  

(0) 
- 

Conformer 

Feature 

Relative stability (kJ/mol) 

sition state (TS) for rotation with a C(2)-C(1)-C(1')-C(2') 
angle of 180" would not be increased as much as that of the 

in solution. For these compounds, the most stable conforma- 
tions have the tert-butyl groups are far apart as possible. In the 
X-ray structure of 10, the two phenyl rings adopt the offset T- 
stacked arrangement with the planes of the phenyl rings close 
to parallel. 

Crystallographic studies have been reported for a series of 
1,l'-diphenyl- I, 1'-bicycloalkyl systems 11 (n = 2-5), which 

minima or the other TS by introduction of additional substitu- 
ents because in this 180" TS the new substituents are perfectly 
staggered. Thus, the barrier for going over the 180" TS should 
become smaller because the strain energies of the minima on 
the potential energy surface for rotation are greater. This argu- 
ment suggests that the 180" TS is the barrier that slows rotation 
in 2. 

The conformational properties of 9 and 10, the noncyclized 
analogues of 1 and 2, have been investigated by means of 
molecular mechanics calculations, X-ray crystallography, and 
NMR measurements (15). In contrast to the current observa- 
tions, in the solid state and solution, the meso compound 9 was 
present in the anti conformation, whereas the racemic com- 
pound 10 had the phenyl groups gauche in the solid state and 

included 1,l'-diphenyl-1,I'-bicyclopentyl (17,28). The major 
focus of this work was studying bond lengths as a function of 
steric interactions. The bicytlopentyl compound has a central 
C-C bond length of 1.575 A. The energy as a function of the 
C(2)-C(1)-C(1)'-C(2)' torsional angle was determined by 
MM2 (28) and by AM1 calculations (17). The MM2 method 
correctly predicted that the gauche conformation would be 
more stable than the trans conformation for the bicyclopentyl 
derivative, and the reverse would be true for the other three but 
the AM1 method gave an incorrect answer for the bicyclohe- 
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ptyl derivative. The central C-C bond lengths in 9 and 10 
were 1.573-1.589 A (15), considerably longer than those in 1. 
Thus, compounds 1 and 2 are probably considerably less 
strained than their noncyclic analogues. 

Conclusions 

MM3(94) and STO-3G calculations indicate that the confor- 
mational potential energy surface for racemic-2,2,2',2-tetra- 
methyl-l,lf-biindanyl (1) contains seven minima, one of 
which is present in the solid state and this conformer probably 
is also the major contributor in solution. These conformers 
arise from restriction to rotation about the bond joining the two 
indanyl units and also from restriction to motion in the two 
hindered five-membered rings. 

The potential energy surface for the meso diastereomer (2) 
is more complex, containing 14 minima in pairs related by 
centres or planes of symmetry. Variable temperature NMR 
spectra show that the Saxis-related conformers are undergoing 
interconversion at a rate that is slow on the NMR time scale at 
room temperature. NMR arguments based on the Karplus 
equation and the observation of the signal of a proton that has a 
large deshielding suggest that a single pair of S,-related con- 
formers are the major species present in solution. 

The STO-3G results reproduce accurately the geometries 
and energies of the minima for these two compounds. 
MM3(94) results are in good agreement with the X-ray geom- 
etries but the relative stabilities of the conformers are far from 
those observed experimentally. Apparently, MM3 does not 
handle this type of mixed aromatic-aliphatic compound well. 
The AM1 results are in good agreement with observed con- 
former energies but the geometries are so poor in the saturated 
portion of the conformers that the energy agreement must be 
regarded as fortuitous. The global minima for both 1 and 2 
have the benzene rings from the two halves of the molecules 
stacked in an offset manner. This effect may have been a factor 
in the poor performance by MM3(94). 

Experimental 

Proton ('H) and carbon ("c) NMR spectra at 250 and 62.8 
MHz were obtained in CDC1' on an Bruker AC 250 F NMR 
spectrometer in automation mode; proton NMR spectra at 400 
MHz were obtained on a Bruker AMX-400. Chemical shifts 
are reported in parts per million (6) relative to tetramethyl- 
silane (0.00) as an internal standard. The "C NMR spectrum 
of the solid sample was measured on a Bruker AMX-400 
NMR spectrometer with magic angle spinning at 5 kHz. 

Line shape analysis for the exchange of the H(l)  and H(1)' 
signals of the ~neso dimer (2) was done by means of the pro- 
gram Quabex (24) modified to run on a PC and compiled with 
Microsoft Fortran Powerstation. The output of this program 
was a two-dimensional matrix containing chemical shifts and 
intensities that were plotted using Sigmaplot. Chemical shift 
differences in the exchange region were obtained by an 
extrapolation of the very linear ( r  = 0.9998) plot of chemical 
shift difference against temperature using points every 5°C 
from -35 to -60°C. 72 values in the exchange re,' oion were 
initially obtained by fitting the signals at -35"C, assuming 
that the rate of exchange was negligible. However, the 72 
value obtained was too great to fit the peaks from - 15 to 

-26°C. It was found that the peak at - 15°C was not very sen- 
sitive to the value of the exchange rate but was very dependent 
on the value of 72. Therefore, this peak was fit by adjusting 
the 72 value using an approximately correct k value. Then, 
this value of 72, 0.18 s, was used to fit the other spectra. 

Materials 
The preparation and characterization of compounds 1-6, 
except for the low-temperature data for compound 2 given 
below, have been described previously (6). 

X-ray structure determination 
Racemic compound 1 forms white, air-stable needles with 
approximately square cross sections. The X-ray data were col- 
lected with a Rigaku AFC5R four-circle diffractometer 
attached to a 2.4 kW X-ray generator. Crystal data: C22H26, 
fw = 290.45, F(000) = 632, crystal size 0.20 x 0.20 x 0.40 mm; 
a = 11.190(7), 0 = 11.679(7), c = 13.19(1) A, V =  1724(3) A', 
space group POcn (no. 60), Z = 4, pc = 1.1 19 g cm-'; Mo K a  
(graphite monochrometer) A = 0.7 1069 A, = 0.582 cm-I, 
1416 unique measured reflections to 22 (max) of 46" with 643 
observed (I > 3 4 4 ) .  The cell dimensions were determined 
from 20 well-centered reflections with 20 range 12-26". The 
data were corrected for Lorentz and polarization effects but 
three azimuthal scans each showed less than 2% variation in 
intensity and no absorption corrections were applied. 

The structure was solved by direct methods, which revealed 
the positions of all non-hydrogen atoms. The non-hydrogen 
atoms were refined anisotropically. All of the hydrogen atoms 
were placed in geometrically calculated positions with a C-H 
distance of 0.95 A, their positions were not refined, and they 
were assigned fixed isotropic temperature factors with a value 
of 1.2 x Be, of the atom to which each was bonded. The final 
cycle of full-matrix least-squares refinement6 (29) was based 
on 634 observed reflections (I > 3u(4)  and 101 variable 
parameters, and converged (largest parameter shift was 
0.0002 times its esd) with unweighted and weighted agree- 
ment factors of: R = CIIFoI - IF,II / CIFoI = 0.0357, R,,. = 
[(Cw(lFoI - IF,I)' / CWF~' ) ]~ '~  = 0.0362. The standard devia- 
tion of an observation of unit weight7 was 1.73 1. The weight- 
ing scheme was based on counting statistics and included a 
factor ( p  = 0.01) to downweight the intense reflections. Plots 
of w(lFoI -  IF,^)^ versus IFoI, reflection order in data collec- 
tion, sin 011, and various classes of indices showed no unusual 
trends. A correction for secondary extinction was applied 
(coefficient = 6.95 x The maximum and minimum 
peaks in the final difference Fourier map corresponded to 0.10 
and -0.1 1 e k3, respectively. 

Neutral atom scattering factors for non-hydrogen atoms 
were taken from Cromer and Waber (30) and the scattering 
factors for hydrogen atoms were taken from Stewart, David- 
son, and Simpson (31). Anomalous dispersion effects were 

Function minimized: Cw(lF,,I - IF,I)', where ,v = ~F,~I .~~(F , ' )  --= 

[u'(F,) + @FJ~)']-', F,' = S(C - RB)ILp and cr2(FOz) = [S2(C + 
R'B) + @F,')~]IL~', S = scan rate, C =  total integrated peak count, 
R = ratio of scan time to background counting time, B = total 
background count, Lp = Lorentz-polarization factor, p = p-factor. 

' Standard deviation of an observation of unit weight: [C,r(lF,I - 
IF,I)'/(N, - N,)]"', where No = number of observations, N,, = 
number of variables. 
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included in F,,,, (32); the values for Af' and Af" were those of 
Cromer and Ibers (33). All calculations were performed using 
the TEXSAN (34) crystallographic software package of Molecu- 
lar Structure Corporation. 
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Reflection in the "H NMR spectrum of 3 7 ~ l p 5 ~ ~  
isotope effects on the "'F NMR chemical shifts 
of I -chloro-2,4=dif luorobenzene. An isotope 
effect over five bonds 

Ted Schaefer, Guy M. Bernard, and Frank E. Hruska 

Abstract: In an ABX high-resolution NMR spectrum the detection of combination peaks in the X region yields only the 
chemical shift of X, JAX + J,,, and the positive quantities ([(v, - v,) +;(.IAx - J,,)]'+ J,,'} 'I' = 2C,. However, the presence 
of an additional isotopic perturbation on v, - v,, the difference between the resonance frequencies of A and B, yields two X 
spectra; therefore four quantities, C. Hence all quantities in the surd become available from the composite X spectrum. A 
generalization to ABMRX spin systems, applicable to the 'H and 1 9 ~  NMR spectra of the two isotopic molecules of I -chloro-2,4- 
difluorobenzene, is possible. It turns out that, from the H-5(X) spectrum alone, the following spectral quantities are extractable: 
the two values of v, - v, where A and B are the ' 9 ~  nuclei; .JAB; JAX and JJB with their relative signs; JMx and J,, where M and 
R are H-3 and H-6. No 37~1/35C1 isotope effect is detectable on the 'H  shielding nor on any coupling constants. F-2 undergoes an 
isotope shift of - 1.64(3) ppb. The isotope shift, over five formal bonds, of F-4 is -0.54(3) ppb (larger shielding in the presence 
of 3 7 ~ 1 ) .  This magnitude is three times larger than that over four formal bonds in another molecule, 2,6-dichloro-4-fluorophenol. 

Key words: 'H NMR, of I-chloro-2,4-difluorobenzene, isotope effects in NMR, reflection of 3 7 ~ 1 / 3 5 ~ 1  isotope effects on I9F 
shielding in the 'H NMR spectrum of I-chloro-2,4-difluorobenzene; isotope effects in NMR, over three and five bonds by 3 7 ~ 1 /  
3 5 ~ 1  on 1 9 ~  shielding in 1-chloro-2,4-difluorobenzene; I9F NMR, ' 7 ~ 1 / 3 s ~ 1  isotope effects over three and five bonds in l-chloro- 
2,4-difluorobenzene. 

RCsumC : Dans un spectre RMN ABX h haute rCsolution, la dCtection des raies de combinaison dans la rkgion de X ne fournit que 
le dCplacement chimique de X, J,, + J,, et les quantitks positives ([v, - v,) 5 :(J,, - J,,)]' + J,,') 'I' = 2C,. Toutefois, en 
presence d'une perturbation isotopique additionnelle sur v, - v,, la diffkrence entre les frkquences de resonance de A et de B, il 
est possible d'obtenir deux spectres de X et donc quatre quantitCs C. Toutes les quantitks deviennent donc disponibles h partir du 
spectre composC de X. I1 est possible de faire une gCnCralisation aux systkmes de spin ABMRX et de l'appliquer aux spectres 
RMN du 'H et du I9F de deux molCcules isotopiques du 1-chloro-2,4-difluorobenzkne. En fait, sur la base du spectre de 
seulement H-5(X), il est possible d'extraire les valeurs spectrales suivantes : les deux valeurs de v, - v, dans lesquelles A et B 
sont les noyaux 19F; .JAB; JAX et J,, et leurs signes relatifs; J,, et J,, pour lesquelles Met  R sont H-3 et H-6. I1 n'est pas possible 
de dCtecter l'effet isotopique ' 7 ~ 1 / 3 5 ~ 1  sur le blindage du 'H ou sur l'une quelconque des constantes de couplage. Le F-2 subit un 
dkplacement isotopique de - 1,64(3) ppb. Le diplacement isotopique, sur cinq liaisons formelles, du F-4 est de -0,54(3) ppb (un 
blindage plus important en prCsence de 3 7 ~ I ) .  Cette valeur est trois fois plus importante que celle sur quatre liaisons formelles 
dans une autre molkcule, le 2,6-dichloro-4-fluorophCno1. 

Mots clPs : RMN du 'H, I -chloro-2,4-difluorobenzkne; effets isotopiques en RMN, rkflexion des effets isotopiques 37~1/35C1 SUL. 

le blindage du I9F dans les spectres RMN du I -chloro-2.4-difluorobenzkne; effets isotopiques en RMN, h travers trois et cinq 
liaisons par ' 7 ~ 1 / 3 5 ~ 1  sur le blindage du I9F Fans le I-chloro-2,4-difluorobenzkne; RMN du 1 9 ~ ,  effets isotopiques 3 7 ~ 1 / 3 5 ~ 1  ii 

travers trois et cinq liaisons dans le 1 -chloro-2,4-difluorobenzkne. 

[Traduit par la rkdaction] 

Introduction formal bonds on an 1 9 ~  nmr chemical shift in a benzene deriv- 
ative. Examples of 4 , 3 ~ ~ ( 3 7 1 3 5 ~ 1 )  have recently been given 

One aim of this re ort is to establish the existence of an from this laboratory ( 1  ), A second aim concerns a discussion i ' .  unprecedented "CV ' ~ 1  Isotope effect, 5 A ~ ( 3 7 1 3 5 ~ l )  over five of the structure of high-resolution nmr spectra arising from a 
class of spin systems described (2) as ABMRX... . The sim- 

Received April 24, 1996. plest member of this class, ABX, illustrates most of the basic 
principles of spectral analysis (2-5). It is true that computer 

T. Schaefer,' G.M. Bernard, and  F.E. Hruska. Department of analysis of nmr spectra is now a universal practice; yet an 
Chemistry, University of Manitoba, Winnipeg, MB R3T 2N2, 
Canada. understanding of the fundamental properties of the spectrum, 

as consequences of the high-resolution Hamiltonian, can even ' Author to whom correspondence may be addressed. today provide a more rapid or, indeed, correct (7), conver- 
Telephone: (204) 474-9321. Fax: (204) 275-0905. E-mail: gence in the machine analysis of a given spectrum. 
schaefe@cc.umanitoba.ca 
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Scheme 1. 

For example, it turns out that the 3 7 ~ 1 / 3 5 ~ 1  isotope effect on 
the 1 9 ~  nmr spectrum of the title molecule can be determined 
from the 'H nmr spectrum alone. In fact, for an ABX spectrum, 
in which the chemical shifts, but not the coupling constants, of 
nuclei A and (or) B undergo a secondary isotope effect, the lat- 
ter can be determined from the X spectrum under certain cir- 
cumstances, as discussed further below. 

Some properties of ABMRX ... spectra 

( a )  The ABX spectrum (refs. 2-6) 
Concentrating on the X region, there occur two transitions of 
equal intensity, separated by JAx + JBx, as shown in Scheme 1. 
These transitions carry half the total intensity of the X spec- 
trum. Four additional transitions can occur. They are also cen- 
tered on vx, the resonance frequency of nucleus X. Their 
intensities can be deduced from eqs. [I]-[5], where C > 0 , 0  5 

0 5 180. 

[2] 2 ~ ( + + )  sin 20(+$) = JAB 

[3] 2 ~ ( ? 4 )  = {[(v, - v,) ? +(J,, - 5,,)12 + J,,'}~'~ 

In these equations, v, - v, is the positive difference in the res- 
onance frequencies of nuclei A and B and P is a probability of 
transition. The intensities of peaks f ,  and f6, the so-called com- 
bination lines, depend on the relative magnitudes of JAB and C. 

It follows that the X spectrum yields vx and JAx + JBx. Sup- 
pose now that v, and (or) v, undergo a small secondary iso- 
tope shift due, for example, to the presence of chlorine 
isotopes in the molecules. If the coupling constants do not dis- 
play a detectable isotope effect (all known isotope effects on 
coupling constants arise from 'Hl2H or ' w 3 H  substitution, 

none being found to date due to "heavier" substitutions (8)), 
then the sample of these molecules will display an X spectrum 
for each of the chlorine isotopes. Hence four quantities C are 
available and are related to four spectral quantities, namely, 
JAB, JAx - JBx, and the two differences in chemical shift. The 
C values follow from differences in the peak frequencies 
shown in Scheme 1. The X spectrum now yields most spectral 
parameters of interest, with the exception, of course, of the 
individual values, v, and v,. 

(6 )  The ABMRX ... spectrum 
B y  an obvious extension of eqs. [I]-[5], one has, for instance, 
eq. [6], where m, r, x... can each be 2:. Suppose, as above, that 
the X region displays combination lines. The spectrum of 
nucleus X consists of a superposition of the patterns in 
Scheme 1, the centres of which are displaced from vx by mJMx 
+ dRX. The number of positive constants C(m, r, x...) is 2", 
where n is the number of M, R, and X nuclei. The spectral 
quantities in the surd of eq. [6] increase in number only as (n + 
2). Consequently, for an ABMX spectrum, as an example, 
there exist four C values in the X region. These values yield v, 
- v, and the coupling constants JAB, <Ax, and JBx, together 
with the relative signs of the latter two.- 

If an isotope effect on v, - v, exists, then its magnitude is 
also available from the X spectrum or from any of the other 
spectral regions M, R... displaying combination peaks. This 
statement follows because now the number of C parameters 
becomes 2"+', and the number of quantities within the surd is 
(n + 3). 

Similar generalizations can be made for ABM,,R,X, ... and, 
indeed, for AB,M,,R,X, ... spin systems (9). 
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Table 1. T h e  'H and "F nmr spectral parameters of I-chloro-2,4-difluorobenzene in acetone-d, at 300 K. 
- - 

Parameter Value" Parameter V a1 ue" 

J J z ~  6.830",s 
J26 8.523(2) 

4 J 3 ~  2.897(2) 
"46 5.762(2) 
SJ2s -1.558(4) 
5J36 0.320(2) 
Root-mean-square 

error 0.005 
Largest difference 0.009 

"For a 5.0 mol% solution in acetone-d,, containing also 0.5 mol% of TMS and 0.25 mol% of C,F,. 
'This column refers to an analysis of the spectrum from the 35CI molecules. 
'This column refers to the molecules containing "CI atoms. 
"In Hz to high frequency of internal C,F, at 282.362 64 MHz. 
'In Hz to high frequency of internal TMS at 300.134 93 MHz. 
/Numbers in parentheses are the standard deviations in millihertz. 
%s determined from the many repeated spacings in the "F spectral region. 

Recognition of patterns of the kind discussed here has three 
advantages. First, if A and B represent, say, "F nuclei (see 
below), then only, say, 'H spectra are needed for a fairly com- 
plete analysis: by no means do all laboratories carry "F 
probes. Second, excellent initial magnitudes of spectral 
parameters for an iterative computer analysis are then avail- 
able, even when MRX... are not quite "first-order" spins. 
Third, this approach has a significant pedagogical value. 

Experimental 

A dilute solution of 1-chloro-2,4-difluorobenzene (Aldrich) in 
acetone-d6 (see Table 1 for details) was filtered into a 5 mm 
0.d. nmr sample tube. The tube was degassed by five freeze- 
pump-thaw cycles and was then flame-sealed to yield a rea- 
sonably symmetric top. The 'H and "F nmr spectra were 
obtained with a Bruker AM 300 spectrometer at a probe tem- 
perature of 300 K. As many as 64 free induction decays were 
coadded, using 16-32 K data points and acquisition times of 
40 s for spectral regions of 200 Hz. Zero-filling and resolution 
enhancement procedures gave linewidths at half-height of as 
little as 0.04 Hz. 

Results and discussion 

Spectral analysis 
Spectral analytical procedures employed the program NUMARIT 

(10) as extensively reworked by R. Sebastian and K. Marat 
(1 1). During these procedures it was found that slight inconsis- 
tencies existed between 'H and "F transitions, originating in 
very small changes in the chemical shift differences between 
the "F nuclei, that is, the difference in chemical shift changed 
a little between the time of recording the 'H nmr spectrum and 
that of acquiring the "F nmr data. We believe this change was 
caused by very small temperature variations, with the conse- 
quence that the fluorine shielding altered slightly and differen- 
tially: slight alteration of solvent effects. However, the 
spectral parameters in Table 1 are fairly reliable even though 

their standard deviations are somewhat larger than normal. It 
may also be noted that, probably because of the complexity 
introduced by the chlorine isotope effects, a satisfactory itera- 
tive fit, using the partially self-assigning computer program, 
was not easily forthcoming until the underlying spectral struc- 
ture was ascertained as described below. 

The l9J? parameters reflected in the spectrum of H-5 
If the composite 'H and "F nmr spectrum is treated as arising 
from an ABMRX system, then it is clear from eq. [6] that in 
the, say, X spectrum for a given chlorine isotope, eight quan- 
tities C(m, r, x )  are available (compare with the discussion of 
the ABX system) because m, r, and x can each be 2;. This 
statement assumes that the so-called combination peaks (the 
weak peaks in Scheme 1,  for example, for an ABX system) are 
detectable. The differences in the surd of eq. [6] can now be 
found in terms of the quantities C in a number of ways. One 
direct procedure (one has eight equations with which to work) 
involves elimination of all but one of these differences and so 
forth. This straightforward, if tedious, algebra was performed 
for the X spectrum (H-5) of 1. 

1 
'The subspectra of H-5 are indicated in Fig. 1. They are eas- 

ily picked out, as is also illustrated in Fig. 1. Finally, the fre- 
quency differences between the centres of the subspectra yield 
sums and differences of coupling constants of H-5(X) with H- 
3(R) and H-6(M). Of course, J,, + J,, is repeated four times 
if no isotopic perturbation of this sum is present, as is strongly 
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Schaefer et al. 

Fig. 1. The nmr spectrum at 300 MHz and 300 K of H-5 of 1-chloro-2,4- 
difluorobenzene, as a 5 mol% solution in acetone-& is displayed at the top. Beneath it 
is shown the simulated spectrum using the spectral parameters in Table 1. The 
subspectra corresponding to various spin states of H-3, nucleus R, and H-6, nucleus 
M, are indicated by stick spectra. Each subspectrum contains a more intense set, 
corresponding to " ~ 1 ,  of six peaks and a less intense set, corresponding to 3 7 ~ ~ ,  of 
.fo~lr. peaks. Because no detectable isotope effect on the coupling constants exists, the 
peaks separated by J,, + JBX (X = H-5) coincide for the molecule containing 3 5 ~ ~  or 

i "CI (see Scheme I). The combined 'H and "F nrnr spectra do not correspond exactly 
to a spin system, ABRMX, for a given isotope of chlorine in the sense that the internal 
proton chemical shifts are not all exceedingly large compared to "J('H, 'H); that is, 
"J('H, 'H) on the off-diagonals of the Hamiltonian matrix do somewhat affect the 
spectrum, the intensities more than the frequencies, as expected from perturbation 
theory. However, treatment as an ABMRX situation leads to a clear decomposition of 
the spectrum of H-5 and a set of reasonably accurate constants, C (see text), from 
which the internal fluorine chemical shifts of the isotopic molecules can be derived, as 
can all the spin-spin coupling constants involving H-5; also JAB. Note that, in each 
subspectrum, the C values are C(r; m, ?:). 

indicated by the spectrum (at a linewidth of about 0.04 Hz no their relative signs, J A R  - J B R ,  J A M  - J B M ,  J A B ,  the two values 
evidence of a doubling of the peaks separated by J A X  + J B X  of v A  - vB corresponding to the two kinds of isotopically 
was observable). From the H-5 spectrum in Fig. 1, therefore, labelled molecules (16 C values in total), as well as J M X  and 
the following spectral parameters are obtained: J A x ,  J B x  and J M R .  From the M and R regions individual values of J A M ,  J B M ,  
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JAR, and JBR follow, together with relative signs. The separa- 
tions between these peaks and their intensities are determined 
by the same eight C values extracted from the X region, but by 
different combinations of them, so that the peak intensities 
may be undetectable. In fact, the combination peaks vanish in 
the M(H-6) and R(H-3) spectral regions of the present mole- 
cule. 

Returning to the X(H-5) spectrum, the spectral parameters 
extracted from the C values differed by no more than 0.01 Hz 
from those obtained in the iterative analysis presented in Table 
1. The internal chemical shifts of the fluorine nuclei, obtained 
from the H-5 spectrum, differed by 0.3 l(2) Hz or 1 . l(1) ppb, 
being larger in the presence of 3 7 ~ 1 .  These numbers3 represent 
I"F(37/35C1) - 5AF(37/35Cl)l. The known range of 3~~ in flu- 
orobenzene derivatives is 1.58-1.61 ppb (1) and therefore 
implies the existence of a finite 5 A ~ ,  about 0.5 ppb, in the mol- 
ecule under discussion. Of course, the actual shifts of the I9F 
nuclei are required to establish this number and are obtainable 
only from the I9F nmr spectrum. 

yielding 5 ~ ~ ( 2 ~ 1 ' ~ )  as - 11 ppb in fluorobenzene-4-d and 
4 ~ ~ ( 2 ~ 1 ' ~ )  as -8 ppb in fluorobenzene-3-d (12). 
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DISQUAC characterization of the carbonyl- 
oxygen interactions in binary liquid organic 
mixtures containing linear molecules: ketones 
and a monoether, diether, or triether 

J.A. Gonzalez, J.M. Fernandez Martinez, I. Garcia de la Fuente, and 
J.C. Cobos 

Abstract: The available data in the literature on vapor-liquid equilibria, excess Gibbs energies, and excess enthalpies for linear 
ketones + linear mono- or poly-ether mixtures are examined in terms of the DISQUAC group contribution model. Interaction 
parameters are reported. The quasichemical interchange coefficients are independent of the compounds in the systems; the 
dispersive interchange coefficients depend on the intramolecular environment of the carbonyl and (or) oxygen groups. Proximity 
effects, which seem to lead to an important increase of the interaction parameters, are briefly considered in treating systems 
including 1-methoxy-2-propanone or dimethyl carbonate molecules. DISQUAC consistently describes the experimental data of 
the mixtures investigated. The rather good representation obtained for vapor-liquid equilibria at high temperatures is 
noteworthy. A discussion in terms of effective and reduced dipole moments of binary mixtures containing carbonyl and oxygen 
groups in the same or different molecules is also presented. 

Key words: liquids, mixtures, thermodynamics, dipole moments, group contributions. 

Resume : Faisant appel au modkle de contribution de groupe aDISQUACn, on a examint les donntes disponibles dans la 
litttrature relatives aux tquilibres vapeur-liquide, aux tnergies de Gibbs en excks et aux enthalpies en excks pour des cttones 
lintaires + des mtlanges de mono- ou poly-tthers lintaires. On a dttermint les paramktres d'interaction. Les coefficients 
d'tchange quasichimiques sont indtpendants de la nature des composts dans les systkmes; les coefficients d'tchange dispersifs 
dtpendent de l'environnement intramoltculaire du groupe carbonyle et (ou) des oxygbnes. Dans le traitement des systkmes 
comportant des moltcules de 1-mtthoxypropan-2-one ou du carbonate de dimtthyle, on a brikvement considtrt des effets de 
proximitt qui semblent conduire h une augmentation importante des paramktres d'interaction. La mtthode DISQUAC dtcrit 
d'une f a ~ o n  consistante les donntes exptrimentales des mtlanges ttudits. La reprtsentation relativement bonne obtenue pour les 
tquilibres vapeur-liquide i temptrature t levte  mtrite d'&tre notte. On prtsente aussi une discussion en terme de moments 
dipolaires effectifs et rtduits des mtlanges binaires contenant des groupes carbonyles et des oxygknes dans les memes moltcules 
ou dans des moltcules difftrentes. 

Mots clPs : liquides, mtlanges, thermodynamique, moments dipolaires, contributions de groupes. 

[Traduit par la rtdaction] 

I. Introduction 
DISQUAC (1, 2) is a group contribution method widely and 
successfully applied to many classes of mixtures using inter- 
action parameters that are assumed to be structure dependent. 
This assumption improves predictions, mainly in the case of 
branched and cyclic molecules, and for the first members of 
homologous series. Moreover, it is remarkable that, for a given 
system, the same set of interchange coefficients can be used to 
represent rather accurately the thermodynamic properties: 
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low-pressure fluid phase equilibria; vapor-liquid (VLE), liq- 
uid-liquid (LLE), or solid-liquid (SLE), equilibria; excess 
functions, such as Gibbs energies, cE, enthalpies, H ~ ,  or heat 
capacities at constant pressure, c:; as well as the related par- 
tial molar excess quantities at infinite dilution. 

On the other hand, systems are investigated in order of 
increasing complexity of molecular structure and intermolec- 
ular interactions. Attention is paid to the electronic structure 
and configuration of the organic molecules. Proximity and 
other intramolecular effects: steric hindrance, polarity, polar- 
izability, and induction, are more carefully examined than 
usual. 

An example of the philosophy of application of the model is 
the so-called COIO project, in which mixtures containing the 
carbonyl (CO) and (or) the oxygen ( 0 )  groups are investigated 
in order to characterize intra- and inter-molecular effects 
related to the presence of the CO and 0 groups in the same or 
in different molecules. Up to now, the following classes of 
systems have been treated: 

Can. J .  Chem. 74: 1815-1823 (1996). Printed in Canada/ ImprimC au Canada 
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Fig. 1. Excess functions, cE (0) and H~ (0), at 398.15 K for the 
acetic anhydride (1) + n-octane (2) system. Points, experimental 
results (1 1); solid lines, DISQUAC calculations. 

Fig. 2. VLE at 388.30 K for the 2-propanone (1) + diethyl ether 
(2) system. Points, experimental results (22); solid lines, 
DISQUAC calculations (x, and y ,  are, respectively, the mole 
fractions in the liquid and vapor phases) . 

CH3-(CH2),,-,-O-(CH2)I,III-CH3 + n-alkanes, or + cyclo- 
hexane (3) 

CH3-(CH2),1-I-CO-(CH2),,,-1-CH3 + tz-alkanes, or + cyclo- 
hexane (4) 

CH3-(CH2),l-,-COH + n-alkanes, or + cyclohexane (5, 6) 

H(CH,),,-,-COO-(CH,),,,H + n-alkanes, or + cyclohexane 
(7 

CH3-(CH,),,-,-OCOO-(CH,),,,-,-CH3+n-alkanes,or+ cyclo- 
hexane (8, 9) 

CH3-(CH2),l~,-CO-O-CO-(CH2)IlIII-CH3 + n-alkanes (10) 

Table 1. Relative group increments for niolecular volumes, rG = 
VG/VcH, and areas q, = AJA,,,." 

Group r~ 40 

CH," 
CH?" 
0' 
CO" 

"V,,, = 17.12 x 10.' m' mol-'; A,,, = 2.90 x lo-' m' mol-'. 
'Reference 15. 
'Reference 3. 
"Reference 13. 

Polyethers and cyclic molecules, ethers or ketones, have 
been also studied in the framework of DISQUAC (3, 4). 

Figure 1 is an example of the ability of DISQUAC to repre- 
sent the recent data on excess functions at very high tempera- 
tures by Haan et al. (1 1) using our interchange coefficients 
published five years ago (10) (see also Fig. 2). It is noteworthy 
that the acetic anhydride + n-octane mixture shows a miscibil- 
ity gap at room temperature, and that the same interaction 
parameters give an excellent description of the LLE coexist- 
ence curve of the acetic anhydride + ti-heptane system (10). 

The aim of this work was to develop the DISQUAC treat- 
ment of binary liquid organic mixtures containing linear 
ketones and linear mono- or poly-ethers. Previously, linear 
ketones + 2,5-dioxahexane systems were treated by assuming 
structure-dependent interchange coefficients for those con- 
tacts involving the carbonyl group (12-14). The zeroth 
approximation of DISQUAC was used for the carbonyl-oxy- 
gen (12) and oxygen-aliphatic contacts (15). The carbonyl- 
aliphatic contacts were represented by quasichemical inter- 
change coefficients only with coordination number, z, equal to 
10 (13, 14). DISQUAC interchange coefficients now being 
available for the interactions between the aliphatic group and 
the CO or 0 groups (3,4), we report in this paper those for the 
CO-0 contacts. 

2. The DISQUAC model 

2.1 Theory 
In the framework of DISQUAC, mixtures of linear ketones 
with linear ethers are regarded as possessing three types of 
surface: (i) type a, aliphatic (CH,, CH, in ketones and ethers); 
(ii) type e, oxygen ( 0  in ethers); and (iii) type k, carbonyl (CO 
in ketones). 

'The equations used to calculate G~ and H~ are the same as 
in other applications (16). The reference value was chosen as 
coordination number, that is, z = 4. 

The temperature dependence of the interaction parameters 
is expressed in terms of the dispersive (DIS) and (or) 
quasichemical (QUAC) interchange coefficients c::; and 
C$,)JAC, where s, t = a, e, or k, and 1 = 1 (Gibbs energy) or 1 = 2 
(enthalpy). Heat capacity coefficients, 1 = 3, have not been 
considered. 

2.2 Assessment of geometrical parameters 
When DISQUAC is applied, the total relative molecular vol- 
umes, ri, surfaces, q,, and the molecular surface fractions, a,i, 
of the compounds present in the mixture are usually calculated 
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Table 2. Interchange coefficients, dispersive C::,: and quasichemical elAC (1 = 1, 
Gibbs energy; 1 = 2, enthalpy) for contacts (a, e) (Type a, CH,, CH2 in t7-alkanes; 
Type e, 0 in linear mono- or polyethers) for the ethers considered in this work (3). 
The coordination number used for the QUAC part is z = 4. 

Ether c::,? DIS CQUAC CQUAC 
Cnu.2 nc. 1 ae.2 

Methyl butyl ether 10.60 18.20 3.40 5.60 
Diethyl ether 10.60 18.20 3.30 5.00 
Dipropyl ether 10.60 18.20 2.80 2.90 
Dibutyl ether 10.60 18.20 2.60 1.50 
2,5-Dioxahexane 10.60 18.20 3.50 5.90 
3,6,9-Trioxaundecane 10.60 18.20 2.90 3.70 

Table 3. Interchange coefficients, dispersive C::: and 
quasichemical c,":" (1 = 1, Gibbs energy; 1 = 2, enthalpy) for 
contacts (a, k) (4) (Type a, CH,, CH2 in tz-alkanes; Type k, CO in 
linear ketones); tz and t ~ z  represent the number of C atoms of the 
t7-alkyl group attached to the ketone under consideration. The 
coordination number used for the QUAC part is z = 4. 

(n ,  nn) C,":: C,D:S2 c$"= @"A" 
rl .2 

(1, 1) 2.90 5.05 6.08 8.25 
(1, 2) 3.25 6.16 5.35 6.35 
(1, 23) 3.3 1 6.92 5.29 5.94 
(2, 2) 3.60 7.27 4.62 4.46 
(2, 23) 3.65 8.03 4.56 4.04 
(23, 23) 3.7 1 8.79 4.50 3.63 

additively on the basis of the group volumes VG and surfaces 
AG, as recommended by Bondi (1968) (17). As volume and 
surface units, the volume VCH4 and surface ACH4 of methane 
are taken arbitrarily (15). The geometrical parameters for the 
groups referred to in this work are collected in Table 1. 

2.3 Estimation of the interaction parameters 
The three types of surface generate three pairs of contacts: 
(a, el; (a, k), and (e, k). 

The (a, e) contact has been described in the past using DIS 
coefficients only, i.e., on the basis of the random mixing 
approximation (c:; = 15.73, c:,': = 29.04) (15). DISQUAC 
improves the representation of the experimental data, espe- 
cially that of HE. The differences between random mixing and 
DISQUAC calculations increase with the oxygen surface frac- 
tion (3). The DIS and QUAC parameters needed in this work 
are listed in Table 2. 

The (a, k) contacts have been described previously in terms 
of the quasichemical approximation with z = 10, assuming that 
the interaction parameters change regularly with the structure 
of the ketones (13, 14). Application of DIS and QUAC coeffi- 
cients (Table 3; (4)) improves mainly the coexistence curves 
of liquid-liquid equilibria for the 2-propanone + n-alkane sys- 
tems (Gonzfilez et al., unpublished results). 

Hence, because the (a, e) and (a, k) parameters are known, 
only the DIS and QUAC interchange coefficients for the (e, k) 
contacts need to be fitted. 

The general procedure used by us in the fitting of any set of 
interaction parameters has been described in detail elsewhere 
(18-20). However, in the present case the adjustment of the 
interchange coefficients is more complicated due to the lack of 
experimental data on GE, as the QUAC enthalpic parameters 
depend on the first QUAC interchange coefficients. For this 
reason, we kept constant the C:;fC coefficients for all the 
systems investigated. Moreover, in order to keep a lower num- 
ber of interaction parameters, we also made the 
c($$~ coefficients independent of the compounds in the 
mixture. After several calculations develo ed to study the J' change in the symmetry of the GE and H curves with the 
interaction parameters, we finally took c:;;~ (I = 1,2) = 0.50 
together with the corresponding C:is, (I = 1, 2) coefficients 
(Table 4). 

For systems containing the longer symmetrical linear 
monoethers, say from dipropyl ether, calculations show that 
the main contributions to the excess functions are due to 
the aliphatic-CO and aliphatic-0 contacts. Thus, the 
c ~ L ~ / ~ ~ ~ ~  interchange coefficients obtained on the basis of 
the available data for alkanones + dibutyl ether mixtures can 
be used. In the case of shorter symmetrical monoethers, di- 
methyl or diethyl ether, such contributions decrease rather 
quickly with the size of the alkanone, when, moreover, size 
effects become very important. So different interaction param- 
eters are needed. The C;ls2 coefficients were estimated using 
the HE data by Hirobe for the 2-propanone + diethyl ether mix- 
ture (21)* and taking into account, for such parameters, a vari- 
ation with the size of the alkanone similar to that encountered 
previously. On the other hand, for nonsymmetrical linear 
monoethers (n-0-m) + n-alkane mixtures the interchange 
coefficients are mainly determined by the shortest group n (n, 
nl are the numbers of aliphatic groups attached to the oxygen 
atom) (3). For the actual mixtures, this is still valid. So, we 
consider two groups of different DIS enthalpic parameters 
depending on the tz, rn values: n 5 2 and n, m 2 3 (Table 4). In 
exchange, the c ~ ~ ~ ,  coefficients can be considered as indepen- 
dent of the monoether. This is possible due to the smooth vari- 
ation observed for such parameters from the 2-propanone + 
diethyl ether mixture to the 2-heptanone + dibutyl ether sys- 
tem (the only mixtures under consideration characterized by a 
set of VLE data (22, 23)). This variation agrees fairly well 
with the inductive effect observed in the CtiS2 coefficients in a 

Cf. ref. 34 
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Table 4. Interchange coefficients, dispersive C::,: (I = 1, Gibbs energy; 1 = 2, enthalpy) for contacts (e, k) (this work) (Type e, 0 in 
linear mono- or poly-ethers; Type k, CO in linear ketones). The coordination number used for the QUAC part is z = 4; and 
C$yrC = CQUAC CL.? = 0.50. 

Ketone" 

n-0-m 
(n, rn 2 3) 

01s C,,,? 0.90 0.96 1.02 1.10 1.70 3.50 3.50 2.0 1 5.15 9.10 
Cgs " .85 2.75 3.60 4.55 4.55 4.55 4.55 3.60 4.55 4.55 

1-0-2-0- 1 
CE: -3.20~ -2.35'' -2.49 -2.62 -2.66 -2.81 -2.81 -1.87 -0.12 0.14 
C:,:" 1.85 2.75 3.60 4.55 4.55 4.55 4.55 3.60 4.55 4.55 

2-0-2-0-2-0-2 
C::,: -6.50'' -3.80' -2.60" -1.50' -1.00 -0.15" -0.15 0.80" 2.82 4.16 

"The figures or letters mean the number of al~phat~c groups attached to the CO or 0 groups (e.g., 1C04 is 2-hexanone; 1-0-2-0-1 is 2.5-dioxahexane). 
bEstirnated values. 

Table 5. Molar excess Gibbs energies GE (T; X ,  = 0.5) for linear ketones (1) + 
monoethers (2) systems at various temperatures, T (K), and equimolar composition. 
Comparison of experimental results (exp) with DISQUAC values calculated (calcd.) 
using the coefficients from Tables 2 4  (N is the number of experimental data of each 
system). 

G ~ / J  mol-' 0, (p)" 

System TIK N Exp Calcd. Exp" Calcd.' 

2-Propanone + 298.06" 13 447 453 0.0006 0.0023 
diethyl ether 

338.19" 13 444 44 1 0.0007 0.0022 
388.30" 13 440 414 0.0009 0.0080 

2-Heptanone + 363.15' 15 323 324 0.0029 0.0029 
dibutyl ether 393.22' 14 34 1 3 12 0.0140 0.0067 

3-Heptanone + 363.15' 15 269 296 0.0007 0.0066 
dibutyl ether 393.15' 14 273 289 0.0010 0.0052 

4-Heptanone + 363.15' 13 259 28 1 0.0026 0.0058 
dibutyl ether 393.15' 13 264 269 0.00 12 0.0020 

"Relat~ve standard dev~at~ons in pressure. eq. [I]. 
bValues obta~ned when data are correlated using an equatlon of the Redlich-K~ster type. 
'DISQUAC results. 
"~eference 22. 
'Reference 23. 

series with a given monoether (Table 4). It is noteworthy that 
while these parameters depend on the position of the CO group 
in the ketone molecule (values can be obtained by interpola- 
tion of those for the 2-ketone and for the corresponding 
symmetrical molecule), this does not occur for the 
cDIS ,,,, coefficients. 

Finally, we remark that polyethers were treated as mono- 
ethers; i.e., we made no distinction between the different oxy- 

gen atoms present in the polyether. In the case of mixtures of 
noncyclic monoethers with n-alkanes, the interchange coeffi- 
cients are obtained by ignoring 0 atoms when ascertaining the 
n and m values of the n-0-m groups in polyethers, or as an aver- 
age of the various types of n-0-m groups present. For example, 
both 0 atoms in 2,5-dioxahexane are of the 1-0-3 type, and the 
parameters used are those for methyl propyl ether (3). How- 
ever, such rules cannot be kept for the mixtures under study. 
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Table 6. Molar excess enthalpies HE for linear ketones (1) + oxaalkanes (2) systems at 298.15 K 
and equimolar composition. Comparison of experimental results (exp) (28) with DISQUAC 
calculations (calcd.) using the coefficients from Tables 2 4 .  Also listed is a comparison between 
experimental standard deviations (exp) for HE, o(HE), (eq. [2], obtained when data are correlated 
using a Redlich-Kister equation type) with DISQUAC results (N is the number of data points of 
each system). 

H ~ J  mol-' Calcd. 

System N Exp. Calcd. Exp. I" 11" 

2-Propanone + diethyl ether 505' 504 
565" 

2-Butanone + dibutyl ether 3 2 849 859 4.2 16.0 
2-Pentanone + dibutyl ether 24 670 693 4.3 18.0 
2-Hexanone + dibutyl ether 20 562 564 2.8 6.1 
2-Heptanone + dibutyl ether 22 478 479 2.5 4.8 
2-Octanone + dibutyl ether 20 426 435 2.9 8.1 
2-Nonanone + dibutyl ether 26 386 377 2.4 7.7 
3-Pentanone + dibutyl ether 2 1 599 605 2.4 8.5 
4-Heptanone + dibutyl ether 22 433 435 2.5 13.0 
5-Nonanone + dibutyl ether 20 36 1 365 1.2 11.0 
2-Pentanone + 2,5-dioxahexane 19 -99 -97 0.6 3.5 34.0 
2-Hexanone + 2,5-dioxahexane 23 -46 -43 0.8 3.7 9.7 
2-Heptanone + 2,5-dioxahexane 25 2 1 25 0.9 8.5 3.1 
2-Octanone + 2.5-dioxahexane 19 86 92 1 .O 12.0 15.0 
2-Nonanone + 2,5-dioxahexane 20 160 164 1.4 12.0 18.0 
3-Pentanone + 23-dioxahexane 20 -9 1 -90 1 .O 2.5 20.0 
4-Heptanone + 2,5-dioxahexane 25 110 114 1 .O 9.6 8.9 
5-Nonanone + 2,5-dioxahexane 19 260 266 1.6 11.0 7.0 
2-Heptanone + 3,6,9-trioxaundecane 18 83 77 1.2 11.0 
2-Nonanone + 3,6,9-trioxaundecane 18 197 207 1.5 4.6 
4-Heptanone + 3,6,9-trioxaundecane 2 1 206 204 1.7 5.4 
5-Nonanone + 3,6,9-trioxaundecane 20 336 342 1.8 6.0 

"DISQUAC results using coefficients from Tables 2 4 .  
"Values obtained using the quasichemical approximation for the carbonyl-aliphatic interactions (13, 14); 

the zeroth approximation for the ether-aliphatic (15) and ether-carbonyl (12) interactions (the 
carbonyl-aliphatic and ether-carbonyl interactions are assumed to be represented by structure-dependent 
interchange coefficients; see text and ref. 12). 

'Reference 2 1 .  
"Reference 29. 

3. Comparison with experiment 

A detailed comparison between experimental data and calcu- 
lated values from the DISQUAC model for the thermody- 
namic properties VLE, GE, and HE is presented in Tables 5 and 
6 and in Figs. 2-7. 

We note that for the sake of major clarity, Table 5 lists the 
relative standard deviations in pressure, u,  (P) defined by: 

where N stands for the number of data points for each system. 
Similarly, Table 6 also lists the standard deviation for HE, 
u(HE) defined by: 

[2] u(HE)1~ mol-I = [IIN C (HE,, - H:,~,)'] I/' 

We note the rather good description obtained for the VLE 
data at very high temperatures. For GE at equimolar composi- 
tion, differences between experimental and calculated values 
do not exceed 10% (Table 5). We also note, as mentioned 
above, that no distinction is made for homomorphic ketones 
when calculating GE for a given ether. 

Larger discrepancies are found for HE of mixtures of 
ketones with 2,5-dioxahexane. Much better results can be 
obtained using different QUAC and DIS enthalpic parameters 
for each system of this type. In this case, the interchange coef- 
ficients vary in a rather erratic way, indicating inaccuracies in 
the experimental data, which may explain some of the 
observed discrepancies. 

Predictions for GE and HE at equimolar composition and T =  
298.15 K for several alkanones + linear monoethers are shown 
in Figs. 8 and 9. 
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Fig. 3. H E  at 298.1 5 K for CH,-CO-(CH,) ,,+, -CH, ( I )  + dibutyl 
ether (2) systems. Points, experimental results ( 0 ,  t l  = 2; 0, 
n = 3; A, n = 4; a, n = 5; A, n = 6 (28)); solid lines, DISQUAC 
calculations. 

Fig. 5. H E  at 298.15 K for CH,-CO-(CH,),,+,-CH, ( I )  + 2,5- 
dioxahexane (2) systems. Points, experimental results ( 0 ,  tz = 3; 
0, t l  = 4; A, tz = 5; a, n = 6; W, tz = 7 (28)); solid lines, 
DISQUAC calculations. 

Fig. 4. H E  at 298.15 K for CH3-(CH2),,+,-CO-(CH,),I+I-CH3 ( I )  
+ dibutyl ether (2) systems. Points, experimental results ( 0 ,  n = 
2; 0, tt  = 3; A, n = 4 (28)); solid lines, DISQUAC calculations. 

Fig. 6. H E  at 298.15 K for CH,-(CH,),,_,-CO-(CH2),,_,-CH, ( I )  + 
2,5-dioxahexane (2) systems. Points, experimental results ( 0 ,  tz = 2; 
0, n = 3;  A, n = 4 (28)); solid lines, DISQUAC calculations. 

4. Discussion [3] CJ- = [FJ.2/4.rre,a3kB~ ' I2 

The linear ketones + dibutyl ether systems behave similarly to 
mixtures of these ketones with acommon n-alkane: H€ is rather 
large and positive, lower than for the latter systems, and falls in 
the order 2-propanone > 2-butanone > 2-pentanone (Tables 6 
and 7). This effect is primarily due to the fact that, although the 
actual dipole moments of the ketones listed above are approx- 
imately constant (Table 8), the effective dipole moment 
decreases as the length of the aliphatic chain increases (Table 8) 
and this weakens the ketoxy interactions in the condensed 
phase. In fact, the effective polarity of a molecule is reasonably 
well correlated by the dimensionless ratio (24) 

or equivalently, by virtue of the corresponding states princi- 
ple, with 

where is the effective dipole moment and the permanent 
electric dipole moment, eo is the permittivity of vacuum, a is 
an appropriate molecular size parameter (say, the effective 
hard sphere diameter), N A  is the Avogadro constant, kB is the 
Boltzmann constant, T is the thermodynamic temperature, and 
V, the critical molar volume. To characterize the effective 
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Fig. 7. H%t 298.15 K for CH,-(CHJ ,,+, -CO-(CHI) ,,,+, -CH, ( I )  
+ 3,6,9-trioxaundecane (2) systems. Points, experimental results 
( O , n =  l , t r l = 5 ; n , r l =  l , t r l=7;  A , n = m = 3 ; V , n = t n = 4  
(28)); solid lines, DISQUAC calculations. 

Fig. 8. DISQUAC predictions for cE at equimolar composition 
and 298.15 K for linear ketones + linear monoethers vs. n, the 
number of carbon atoms in the ketone (the ethers are represented 
by u-0-v, where u and v are the numbers of aliphatic groups 
attached to the oxygen atom). 

polarity of a molecule with k, it is also possible to define a 
reduced dipole moment (25) according to: 

where E is the interaction potential. This expression may 
advantageously be transformed, by virtue of the corresponding 
states principle, to: 

where Tc is the critical temperature. Since critical molar vol- 
ume data are much scarcer than critical pressure data PC, one 
may use alternatively: 

Fig. 9. HE at equimolar composition and 298.15 K for linear 
ketones + linear monoethers vs. 11, the number of carbon atoms in 
the ketone. Points, experimental results ( 0 ,  ketones + 4-0-4 (28); 
2-propanone + 2-0-2: (21), A (29)); solid lines DISQUAC 
predictions (the ethers are represented by u-0-v, where u and v 
are the numbers of aliphatic groups attached to the oxygen atom). 

Table 7. Experimental excess enthalpy, H ~ ,  at equimolar 
composition and 298.15 K for some systems involved in the 
COIO project. 

System 

Dibutyl ether + n-C, 
2,5-Dioxahexane + n-C, 
3,6,9-Trioxaundecane + n-C, 
2-Propanone + 11-C, 
2-Butanone + n-C, 
2-Pentanone + n-C, 
3-Pentanone + n-C, 
2-Heptanone + n-C, 
4-Heptanone + n-C, 
Methyl ethanoate + n-C, 
Ethyl ethanoate + n-C, 
P1.opy1 ethanoate + 11-C, 
Dimethyl carbonate + n-C, 
Diethyl carbonate + n-C, 
1 -Methoxy-2-propanone + n-C, 

"Reference 3. 
"Reference 13. 
'Reference 14. 
"Reference 30. 
"References 8, 9. 
IT = 303.15 K. ref. 26. 

The above-mentioned lowering of H ~ ,  due to the destruction 
of dipole-dipole interactions in the pure liquid ketones, is now 
compensated in part by the creation of new dipole-dipole 
interactions between the ketones and the ether. For those mix- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chern. Vol. 74, 1996 

Table 8. Critical properties, pressure, PC, temperature, T,, volume, V,, and dipole moments, P, 
reduced dipole moments, p*, and effective dipole moments, p, for some molecules used in this 
work. 

- 
Compound PC" /at m T," /K V," /L mol-'  ID CI ' CI 

2-Propanone 
2-Butanone 
2-Pentanone 
3-Pentanone 
2-Hexanone 
2-Heptanone 
Methyl acetate 
Ethyl acetate 
Propyl acetate 
Dimethyl carbonate 
Diethyl carbonate 
Dibutyl ether 
2,5-Dioxahexane 
3,6,9-Trioxaundecane 

"Reference 3 1. 
bReference 32. 
'Value estimated by Joback's method (33). 

Fig. 10. Excess functions at temperature Tfor  l-methoxy-2- 
propanone (1) + solvents (2) systems. Points, experimental 
results (0, G~ of the I-methoxy-2-propanone (1) + 
methylcyclohexane (2) mixture at 318 K (27); 0, H~ of the 
I -methoxy-2-propanone ( 1) + n-hexane (2) mixture at 303.15 K 
(26)); solid lines, DISQUAC calculations. 

tures containing 2,5-dioxahexane or 3,6,9-trioxaundecane, HE 
is eventually negative for the shorter ketones, indicating the 
presence of strong forces between dissimilar molecules. For a 
common ketone, we note that the forces are stronger in the 
case of the diether because H E  (2,5-dioxahexane) < H E  (3,6,9- 
trioxaundecane) (Table 6). This may be because the effective 
dipole moment of the diether is larger than that of the triether 
(Table 8). 

On the other hand, comparing H E  of systems containing n- 
heptane and homomorphic polar molecules (i.e., dimethyl car- 
bonate (-0-CO-0- group), ethyl acetate (-CO-0- group), or 3- 
pentanone (-CO- group)) (Table 7), we note that each atom 
attached to the carbonyl group, while decreasing the overall 
dielectric dipole moment, increases the dissimilarity between 
the force fields of the polar compounds and the alkane, and 
hence also HE. 

It is also possible to compare mixtures containing esters or 
organic carbonates and n-alkanes with those of linear ketones 
and dibutyl ether (-0- group), or 2,5-dioxahexane (two - 0 -  
groups), respectively. In this case, we observe that when the 
two oxygen atoms and the -CO- group belong to the same 
molecule (the former directly attached to the latter, or sepa- 
rated by a number of aliphatic groups as in the l-methoxy-2- 
propanone + n-hexane mixture (26)), HE is larger than when 
the -CO- and - 0 -  groups belong to different molecules (Tables 
6 7 ) .  

However, comparison of the interchange coefficients is 
rather difficult because mixtures containing carbonates or 
esters with n-alkanes are characterized, in terms of DIS- 
QUAC, by only one contact, while those of ketones + oxaal- 
kanes have three contacts. 

The natural continuation of the CO/O project is to inves- 
tigate proximity effects, analyzing systems including two 
functional groups in the same molecule, namely -CO- and - 0 -  
groups (ketoethers), or the -CO- and -CO-0- groups 
(ketoesters). We expect that the proximity effects may lead to 
an important increase of the interchange coefficients. In fact, 
in a previous step we examined the 1-methoxy-2-propanone + 
n-hexane mixture (26) (Fig. 10) and the limiting case of the 
dimethyl carbonate + n-alkane systems (8, 9), assuming that 
the carbonate molecule is composed of two aliphatic groups, 
two oxygen atoms, and the -CO- group. For the l-methoxy-2- 
propanone + n-hexane mixture, we obtained c L ~ ,  = 5.0; 
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C:;fc = 2.0 and c:& = 12.0; c:&" = 10.0 (the Gibbs 
energy parameters calculated using VLE data for the 1-meth- 
oxy-2-propanone + methylcyclohexane system (27) and 
assuming this molecule as  an n-alkane (8)). This increase in 
the interchange coefficients may be due to stronger dipole- 
dipole interactions in the 1-methoxy-2-propanone molecule 
than those in the mixtures treated above. For dimethyl carbon- 
ate + n-alkanes mixtures, the behaviour is similar. The inter- 
change coefficients are c::!, = 14.2; C2;fC = 28.2 and 
cDIS 

ek,2 = 28.5; c:&'~ = 36.5. 
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On the dissociation energy of Ti(OH,)+. 
An MCSCF, CCSD(T), and DFT study 

A. Irigoras, J.M. Ugalde, X. Lopez, and C. Sarasola 

Abstract: The dissociation energy of the Ti(OH,)+ ion-molecule complex was calculated by the multiconfigurational self- 
consistent field theory, coupled cluster theory, and two density functional theory based methods, using both all-electron basis sets 
and effective core potentials. The calculations show that approximate density functional theory gives results in better agreement 
with experiment than either the multiconfigurational self-consistent field theory or the coupled cluster theory, with both all- 
electron basis sets and effective core potentials. Nevertheless, the optimized geometries and harmonic vibration frequencies are 
very similar, irrespective of the level of theory used. The interconfigurational energy ordering of the two valence electronic 
configurations dn-'s and dn-'s' of the 4~ electronic state of the titanium cation were also calculated and are discussed. 

Key words: ab initio, dissociation energy, ion-molecule complex, effective core potentials, transition metals. 

Resume : On a calculC l'knergie de dissociation du complexe ion-molCcule, Ti(OH,)+, a I'aide de la thCorie de champ 
autocohCrent rnulticonfigurationnel, de la thCorie de I'agrCgat couplt et de deux mCthodes basCes sur la thCorie de la densite 
fonctionnelle, utilisant des ensembles de base de tous les Clectrons ainsi que tous les potentiels effectifs des noyaux. Les calculs 
montrent que la theorie approximative de la densit6 fonctionnelle conduit h des rksultats qui sont en meilleur accord avec les 
donnCes expkrimentales que ceux obtenus a I'aide tant de la thCorie du champ autocohkrent multiconfigurationnel que de la 
thCorie de l'agrCgat coup16 incorporant les ensembles de base de tous les Clectrons ainsi que tous les potentiels effectifs des 
noyaux. NCanmoins, les gComCtries optimisCes et les frCquences de vibration harmonique sont trks semblables, quel que soit le 
niveau de la thCorie utilist. On a aussi calculC l'ordre des Cnergies interconfigurationnelles des deux configurations Clectroniques 
de valence dn-'s et dn-,s' de 176tat Clectronique 4~ des cations du titane et on en discute. 

Mots clPs : ab initio, Cnergie de dissociation, complexe ion-molCcule, potentiels effectifs des noyaux, mCtaux de transition. 

[Traduit par la redaction] 

1 Introduction 

Solvation of first-row transition metal ions by water has been 
the subject of much recent research work. Both experimental 
and theoretical methods have been used to gain insight into the 
bonding energies of water molecules to transition-metal posi- 
tive ions. The Ti(OH,)+ cluster, in particular, was studied ear- 
lier by both experimentalists and theoreticians. Thus, the bond 
dissociation energy of the Ti(OH,)+ complex was first 
reported by Magnera et al., obtained by the use of collision- 
induced dissociation in a triple-quadrupole mass spectrometer 
(1). They gave a value of 38.0 + 3 kcal/mol. Later, Dalleska et 
al. (2) reported the bond dissociation energies of water mole- 
cules from first-row transition-metal positive ions as deter- 
mined by collision-induced dissociation in a guided ion beam 
mass spectrometer. The threshold energy for the collision- 
induced reactions is equivalent to the 0 K bond dissociation 
energy;' therefore, their value for the dissociation energy of 

Received May 14, 1996. 

A. Irigoras, J.M. Ugalde,' X. Lopez, a n d  C. Sarasola. Kimika 
Fakultatea, Euskal Herriko Unibertsitatea, P.K. 1072,20080 
Donostia, Euskadi, Spain. 

' Author to whom correspondence may be addressed. 
Telephone: +34-43-2 16 600. Fax: +34-43-2 12 236. 
E-mail: ugalde@sq.ehu.es 
P.B. Armentrout, personal communication. 

the Ti(OH,)+ ion-molecule complex at 0 K is 36.9 2 1.4 
k c a ~ m o l . ~  Simultaneously, ab initio molecular orbital theory 
was also used to estimate the dissociation of Ti(OH,)'. Rossi 
and Bauschlicher (3) reported calculations with the modified 
coupled pair functional (MCPF) method and a fairly large 
basis set. They obtained a value of 38.3 kcal/mol, using for the 
zero-point vibrational energy (ZPVE) correction the corre- 
sponding energy correction of the Cu(OH,)+ system. Magnus- 
son and Moriarty (4) used both Moller-Plesset (MP) 
perturbation theory and truncated configuration interaction 
(CI) methods with a variety of basis sets. Their results show, 
as indeed do those of Rossi and Bauschlicher, that in every 
case the dissociation energy of the Ti(OH,)+ is overestimated 
with respect to the experimental value of Dalleska et al. 

During recent years, however, there has been increasing 
interest in the use of gradient-corrected approximate density 
functionals (5,6). In particular, there is growing evidence that 
approximate functionals yield accurate bonding energies for 
both the first- (7, 8) and second-row (9) transition metal com- 
plexes. Thus, in this work we consider the bonding energy of 
Ti(OH,)+. Our goal is to determine the reliability of the 
approximate density functionals BLYP and B3LYP used 
in conjunction with effective core potentials and valence 
basis sets of double- and triple-zeta quality. Comparison 
of available experimental data, with respect to both BLYP 
and B3LYP and multiconfigurational self-consistent field 
-- 

See Table 3 of ref. 2. 
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(MCSCF) and coupled cluster (CCSD(T)) calculations with 
all-electron double-zeta and triple-zeta basis sets and effective 
core potentials, will be made. Inclusion of corrections due to 
the zero-point vibrational energy and to the basis set superpo- 
sition energy, estimated with the counterpoise method (10) 
will also be explicitly considered. 

2 Methods 

All calculations reported in this paper have been carried out 
with the GAMESS ( 1 1) and the G A U S S I A N ~ ~ ~ D F T  ( 12) suites of 
programs. 

2.1 Level of theory 
Both ab initio molecular orbital MCSCF and CCSD(T) meth- 
ods and BLYP and B3LPY approximate density functional 
theory (DFT) methods have been used in the present study. For 
the MCSCF calculations, a full optimization at the Hartree- 
Fock level of theory was initially carried out to properly select 
the active space window. In particular, we chose six orbitals, 
corresponding to the five 3d and the one 4s valence orbitals of 
titanium, to allocate three electrons. This active space will be 
denoted, as usual, (316). Both Tit and Ti(OHJt have been 
fully optimized at this level of theory, while for the H,O only 
the Hartree-Fock level was used. These structures were con- 
firmed to be true minima by inspection of the force constants 
matrix, evaluated at the corresponding level of theory. 

The singles and doubles, with a noniterative estimate for the 
triples, coupled cluster (CCSD(T)) calculations were carried 
out at the CCD optimized structures. Also, at this level of the- 
ory the zero-point vibrational energy corrections (AZPVE) 
were taken from a frequency calculation at the CCD level of 
theory. 

The approximate DFT methods that were used are associ- 
ated with the well-known Becke ( 5 )  and Lee, Yang, and Parr 
( 6 4  (BLYP) approximate functionals and the three-parameter 
hybrid approximate functional of Becke (1 3): 

where a,, = 0.20, a ,  = 0.72, and (1, = 0.81, and LSD stands for 
the Slater exchange (14), B88 is the Becke 1988 exchange 
functional correction (5), LYP stands for the gradient-cor- 
rected correlation functional of Lee, Yang, and Parr (6d), and 
VWN for the local correlation functional of Vosko, Wilk, and 
Nusair (1.5). The choice of these two approximate DFT meth- 
ods was largely motivated by their satisfactory performance as 
reported recently (8, 16) for transition-metal-containing sys- 
tems. 

2.2 Basis sets 

2.2.1 All-electron Oasis sets 
As indicated by Hay and co-workers (17), good uncontracted 
basis sets are normally too large for application to molecules 
and, so, need to be appropriately contracted. In the present 
paper three different contracted basis sets (IS), two of double- 
zeta plus polarization quality, namely the DZVP and DZVP2 
given by Salahub and co-workers (19), and one of triple-zeta 
plus polarization quality were used for the calculations. The 

triple-zeta-quality basis set, TZVP, used in the present paper 
is, for the titanium, that given by Schafer, Hubert and Ahlrichs 
(20), supplemented by the two 4p polarization functions opti- 
mized by Wachters (2 1) for the excited states and augmented 
with a diffuse s function (with an exponent 0.30 times that of 
the most diffuse s function on the original set) and one diffuse 
d function (optimized by Hay (22)). For both the oxygen and 
hydrogen we have taken the standard 6-3 1 l++G(d,p) basis set 
of Pople and co-workers (23). 

2.2.2 Effective core potetltials (ECP) 
The use of atomic effective core potentials (ECP) and model 
potentials (MP) to eliminate chemically inactive atomic core 
electrons from quantum mechanical calculations has become 
routine during the past decade (24). Because of the economic 
advantage associated with reduced size of the basis sets that 
can be achieved with the ECP method and corresponding 
nodeless pseudo-orbitals, the SKBJ relativistic compact effec- 
tive potentials (24) were used. These consider the first 10 elec- 
trons of the titanium and the first 2 electrons of the oxygen to 
be part of the core, and the rest are described by the SKBJC 
valence basis set. Three different sets have been built from the 
standard SKBJC set. The smallest one has 'one extra heavy 
atom polarization function on the oxygen (SKBJC(d)); the 
intermediate one has one extra d polarization function on the 
oxygen and one p-type polarization function on the hydrogens 
(SKBJC(d,p)); finally, the largest one has a d polarization 
function on the oxygen plus two p polarization functions on 
the hydrogens (SKBJC(d,2p)). The contractions for these 
three sets are as follows: 

Since the importance of relativistic effects decreases 
steadily from the third-row transition-metal series to the first, 
it is customarily (3, 4) assumed that these are sufficiently 
small for titanium not to be considered explicitly in the all- 
electron basis sets. Therefore, the dissociation energies 
reported in this paper for all-electron basis sets were calcu- 
lated as the difference between the energy of the isolated 
monomers and the complex, without considering relativistic 
effects, but including both BSSE and ZPVE corrections. All 
the structures shown in this paper have been confirmed to be 
true minima by a frequency calculation at the corresponding 
computational level. Further, these calculations have provided 
us with the zero-point vibrational energy (ZPVE) corrections. 

3 Results 

Discussion here is directed at finding out which of the meth- 
ods used can be selected as a computational strategy that is 
economical and, at the same time, reliable. Multiconfigura- 
tional methods are adequate to describe properly the different 
configurations that arise from the nonequivalence of d orbitals 
in dn-?s?, dn-1 s, and d" states (25). On the other hand, DFT, a 
monoconfigurational method that includes correlation and that 
seems to work properly for these kinds of systems (7-9, 
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Table 1. Total (E) (in au) and relative energy (A,,). (in eV) and 
expectation value of the S^? operator for the sd' and d3 electronic 
configurations of Ti'('F) calculated with the B3LYP and various 
basis sets and ECPs. 

Electronic 
configuration E 0') A,d 

SKBJC(d) sd2 
d3 

DZVP sd? 
d3 

DZVP2 sd2 

TZVP sd2 
d3 

16), is computationally a less demanding method than the cor- 
related ab initio MCSCF and CCSD(T) methods. 

3.1 Ti+ 
It was pointed out earlier (26) that the correct prediction of the 
interconfigurational energy ordering of the two valence elec- 
tronic configurations, dn-Is and c ~ " - ~ s ~ ,  of transition-metal 
atoms is crucial for the accurate description of the dissociation 
energies of the clusters. In particular, the ground state of the 
Ti+ cation is the 4~ state, which corresponds to the 3d24s1 elec- 
tronic configuration, and the first excited state, the 'F(3d3), 
lies 0.10 eV above (27). However, it has been demonstrated 
(28) that subtraction of the relativistic corrections from the 
energies of both states switches the stability order, rendering a 
4 ~ ( 3 d 3 )  ground state with the 'F(3d24s1) being the first excited 
state, 0.07 eV above. 

Inspection of Table 1 reveals that the B3LYP method 
describes correctly the above-mentioned energy ordering. 
Thus, for the all-electron basis function sets used in the present 
research, of which neither accounts for the relativistic effects, 
the 4 ~ ( 3 d 3 )  state should be found to be the ground state, as is 
the case, and 4~(3d24s ' )  the first excited state. But, for the 
SKBJ(d) effective core potential, which does account for the 
relativistic effects, the 'F(3d24s1) is predicted to be the ground 
state. Nevertheless, it is particularly worth noting that, for the 
all-electron basis functions, the relative energy difference is 
overestimated with respect to the experimental energy cor- 
rected for relativistic effects. The best relative energy is 
obtained at the B3LYPtTZVP level of theory, ASd = 0.19 eV, 
which is to be compared with the relativistic corrected experi- 
mental energy of 0.07 eV. However, for the ECP the relative 
energy difference is only slightly underestimated. Indeed we 
predict a difference of 0.06 eV, while the experimental value is 
0.1 eV. This again raises the question of the legitimacy of 
employing effective core potentials derived from atomic HF 
calculations in approximate DFT methods, a question that was 
addressed recently, and has been given an empirical justifica- 
tion (9, 29). 

Results obtained with the MCSCF and CCSD(T) methods, 
collected in Tables 2 and 3, respectively, also deserve a short 
comment. It is observed that both, irrespective of whether 
effective core potentials or all-electron basis sets are used, pre- 

Table 2. Total ( E )  (in au) and relative energy (A,,)) ( in  eV) for 
the scl' and el3 electronic configurations of Ti'('F) calculated at 
MCSCF(316) level with various basis sets and ECPs. 

Electronic 
configuration E A,,! 

SKBJC(d) scl' 
d3 

DZVP scl' 
d' 

DZVP2 sc12 
cP 

TZVP scl' 
d3 

Table 3. Total (E) (in au) and relative energy (A,,) (in eV) for 
the scl' and d electronic configurations of Ti+('F) calculated at 
the CCSD(T) level with various basis sets and ECPs. 

Electronic 
configuration E A,,) 

SKBJC(d) scl' 
d 

DZVP sd' 
d 

DZVP2 sd' 
d 

TZVP scl' 

Table 4. MCSCF(316) optimized relevant geometric data for the 
'B2 state of the Ti(OH2)' ion-molecule complex with various 
basis sets. Distances are in angstroms and angles in degrees. 

Basis set R(Ti-0) r(0-H) <TiOH 

SKBJC(d) 2.200 0.968 127.0 
SKBJC(d,p) 2.194 0.963 126.8 
SKBJC(d,2p) 2.196 0.962 126.4 
DZVP 2.178 0.95 1 126.4 
DZVP2 2.185 0.950 126.6 
TZVP 2.196 0.95 1 126.6 

dict a 'F(3d24sl) ground state, with the 'F(3d3) state lying 
more than 0.2 eV above. While this energy ordering is quali- 
tatively correct for the ECPs, it should be regarded as incorrect 
for the all-electron basis, for which the 'F(3d3) should be the 
lowest energy state, as stated above. Notice, also, that the 
qualitatively correct energy level ordering prediction obtained 
with the ECPs is unsatisfactory from a quantitative point of 
view, since the experimental energy difference is 0.1 eV while 
the MCSCF theory predicts 0.24 eV and the CCSD(T) theory 
0.72 eV. 

3.2 Ti(OH,)+ 
Tables 4, 5, and 6 show the optimized geometry of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



lrigoras et al. 

Table 5. B3LYP and BLYP approximate density functional theory optimized geometries 
for the corresponding ' B ,  and 'B? states of the Ti(OHZ)' ion-molecule complex with 
various basis sets. Distances in A and angles in degrees. 

BLYP B3LYP 

Basis set R(Ti-0) r(0-H) <TiOH R(Ti-0) r(0-H) iTiOH 

SKBJ(d) 2.107 0.999 127.0 2.109 0.989 127.0 
SKBJ(d,p) 2.104 0.995 126.9 2.107 0.985 126.9 
SKBJ(d,2p) 2.097 0.996 126.8 2.108 0.985 127.0 
DZVP 2.1 07 0.984 126.4 2.103 0.973 126.6 
DZVP2 2.105 0.985 126.4 2.099 0.974 126.6 
TZVP 2.1 15 0.97 1 126.4 2.106 0.982 126.2 

Table 6.  CCD relevant data for the ' B ,  state of whether an all-electron basis function set or an effective 

of the Ti(OH2)+ ion-molecule complex with various basis sets. core potential is used. 
Distances are in angstroms and angles in degrees. 

Basis set R(Ti-0) r(0-H) <TIOH 

SKBJC(d) 2.149 0.993 127.3 
SKBJC(d,p) 2.148 0.984 127.2 
SKBJC(d,2p) 2.150 0.982 127.4 
DZVP 2.173 0.970 127.0 
DZVP2 2.177 0.970 127.2 
TZVP 2.166 0.968 125.6 

Ti(OH2)+ ion-molecule complex at various levels of theory. 
Data are given only for the 'B2 state; however, it is worth not- 
ing that a "' state, nearly degenerate in energy and with a 
nearly coincident optimum geometry, has also been found in 
every case. Inspection of the data of Tables 4-6 reveals that 
both the approximate density functionals BLYP and the hybrid 
procedure B3LYP yield a shorter Ti-0 bond length than the 
MCSCF(316) method, for the basis set investigated. This is a 
tendency reported recently for hydrogen-bonded complexes 
(30) and for charge-transfer complexes (3 1). However, for our 
ion-molecule complex the discrepancies between the approx- 
imate density functional and molecular orbital theories are not 
as severe as those found for the above-mentioned systems. On 
the other hand, for the coupled cluster (CCD) theory Ti-0 
and 0-H optimized distances lie in between MCSCF and 
DFT values, as shown in Table 6. The largest discrepancy with 
the ECPs is found for the SKBJC(d), for which the B3LYP 
method predicts a Ti-0 bond length 0.091 A shorter than that 
of the MCSCF(316) method. Nevertheless, it should be pointed 
out that the 0-H bond is predicted to be -0.035 A larger by 
both of the DFT-based methods used in the present paper. The 
agreement found for the TiOH bond angle for all the methods 

1 is also remarkable, see column 4 of Tables 4 and 6 and col- 
umns 4 and 7 of Table 5. 

In summary, thc MCSCF(316) method predicts a bond 
length close to 2.2 A for the Ti(OH,)+ ion-molecule complex, 
the CCD theory prediction lies in the range between 2.18 and 
2.15 A, depending on the basis set used, and both of the DFT- 
based methods used predict it to be around 2.1 A, irrespective 

3.3 Dissociation energies 
Table 7 shows the electronic energies, zero-point vibrational 
energy corrections, basis set superposition error energy cor- 
rections, and the dissociation energies of the Ti(OH,)+, calcu- 
lated at various levels of theory. In every case, the dissociation 
energy has been calculated as the energy difference between 
the 4 ~ ,  state of the Ti(OH,)+ and the most stable electronic 
configuration of the 4~ state of the Tif plus the energy of one 
water molecule. In addition, both the zero-point vibrational 
energy correction and the basis set superposition error energy 
correction have been taken into account. 

Inspection of Table 7 reveals that both approximate density 
functional based methods, BLYP and B3LYP, overestimate 
slightly the dissociation energy of the 'B, state of Ti(OH,)+, 
with respect to the best experimental value of 36.9 kcallmol. 
The best value obtained using DFT with ECPs was obtained 
using the B3LYP/SKBJC(d,2p) method, i.e., 37.9 kcallmol, 
only 1 kcallmol higher than experiment. However, it should be 
mentioned that provision of the basis set superposition energy 
error must be taken into account, in order to arrive at such a 
good estimate, for it can be as large as 2.3 kcallmol. When all- 
electron basis sets are used with our approximate DFT meth- 
ods, the BSSE error appears to be smaller than for ECPs, and 
the dissociation energies are even closer to the experimental 
value. Remarkably, at the B3LYPlTZVP level of theory we 
obtain Do = 36.7 kcallmol, only 0.2 kcaVmol below the exper- 
imental result. Notice that for the all-electron basis set, both 
the BLYP and B3LYP lead to estimates of Do within the error 
bars of the experimental value, namely 36.9 2 1.4 kcallmol. In 
addition, the B3LYP method also fits the estimate for Do, 
using the SKBJC(d,2p), within the error bars. These data con- 
tribute to the mounting evidence that B3LYP also performs 
reliably for open-shell transition-metal-containing com- 
pounds (8,9,  16). 

On the other hand both molecular orbital theory methods, 
MCSCF(316) and CCSD(T), with ECPs severely under- 
estimate the dissociation energy of the title compound by 7.7 
and 6.7 kcallmol, at the MCSCF(3/6)/SKBJC(d,2p) and 
CCSD(T)/SKBJC(d,2p) levels of theory, respectively. Using 
all-electron basis sets instead of ECPs does not remedy the 
apparent weakness of the method, although it improves the 
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Table 7. Total energies E (in hartreelparticle), zero-point vibrational energy 
corrections AZPVE (in kcallmol), basis set superposition error corrections BSSE (in 
kcallmol), and dissociation energies D,, (in kcallmol), for the Ti(OH2)+ ion-molecule 
complex. 

Method 

BLYP SKBJC(d) 
SKBJC(d,p) 
SKBJC(d.7-p) 
DZVP 
DZVP2 
TZVP 

B3LYP SKBJC(d) 
SKBJC(d,p) 
SKBJC(d,2p) 
DZVP 
DZVP2 
TZVP 

MCSCF(316) SKBJC(d) 
SKBJC(d,p) 
SKBJC(d,2p) 
DZVP 
DZVP2 
TZVP 

CCSD(T) SKBJC(d) 
SKBJC(d,p) 
SKBJC(d,2p) 
DZVP 
DZVP2 
TZVP 

AZPVE BSSE Do 

estimate. Notice that at the MCSCF(316)RZVP level of theory ~ the dissociation energy is still underestimated by 7.2 kcallmol, 
and by 4.0 kcallmol at the CCSD(T)RZVP level of theory. 
This is suggestive of the slower convergence of the CCSD(T) 
method with the basis set, with respect to the B3LYP. Hence, 
in the small basis sets used in this work, it yields poorer agree- 
ment with experiment. However, this might not be so in the 
complete basis set. It is worth pointing out that both the 
MCSCF and CCSD(T) calculations are affected by a notice- 
ably large BSSE error of 3.6 kcallmol, when ECPs are used 
(3). 

Finally, our calculations highlight one more interesting 
point. Namely, the approximate AZPVE value of 1.7 kcallmol, 
used by Rossi and Bauschlicher (3) for the first-row transition- 
metal positive water clusters is well justified, even for approx- 
imate density functional based methods. 

4 Conclusions 

Our calculations show that the approximate DFT functionals 
BLYP and B3LYP, with both double-zeta-quality all-electron 
basis sets and effective core potentials, coi~ectly predict the 
energy ordering of the two electronic configurations associ- 
ated with the ground 9 state of Ti'. However, the calculated 
relative energies are overestimated with respect to their corre- 
sponding experimental values for every all-electron basis set 

used in the present study. On the other hand, for the SKBJC(d) 
effective core potentials of Stevens et al. (24), a good estimate, 
only 0.04 eV smaller, of the true experimental interconfigura- 
tional energy is obtained. Both the MCSCF and CCSD(T) 
method perform more poorly than the B3LYP procedure, 
yielding only a qualitative correct estimate for A,,, with the 
SKBJC(d) effective core potential. All-electron basis sets are 
not successful even in predicting the expected energy level 
ordering. 

Optimum molecular geometries of the 4 ~ 2  state of the 
Ti(OH,)+ ion-molecule complex do not depend appreciably 
on the basis sets used, but they do depend on the method. 
Thus, the MCSCF method leads to the largest Ti-0 optimum 
bond distances, namely 2.2 A, DFT yields the shortest, around 
2.1 A, and CCSD(T) predicts an in-between value, close to 
2.15 A. 

Finally, the dissociation energy of the Ti(OH2)+ ( 4 ~ 2 ) ,  is 
best reproduced at the B3LYPRZVP level of theory, and 
reasonable estimates are obtained at both the BLYPI 
SKBJC(d,2p) and B3LYP/SKBJC(d,2p) levels of theory. On 
the other hand, both molecular orbital theory methods, 
MCSCF and CCSD(T), severely underestimate the dissocia- 
tion energy. 

Therefore, it is concluded that the B3LYP method used in 
conjunction with either the SKBJC effective core potentials or 
triple-zeta-quality basis sets represents a feasible computa- 
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tional strategy to deal with the molecular and electronic struc- 
tures of the first-row transition-metal ligand complexes. In 
particular, it should be an efficient and accurate method to aid 
in understanding recent experiments (32) on primary reactions 
of Ti' with small molecules in the gas phase. Such work is in 
progress in our laboratory. 
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Aqueous nonelectrolyte solutions. Part XIV. 
D-ice and D-hydrate freezing points of 
deuterium oxide - ethylene oxide solutions 
and the formula of congruent ethylene oxide 
D-hydrate 

David N. Glew and Norman S. Rath 

Abstract: D-ice freezing temperatures and D-hydrate formation temperatures have been measured by the dynamic cooling 
method for deuterium oxide - ethylene oxide (EO) solutions containing from 0 to 95.5 mol% EO. The D-ice and the congruent 
EO D-hydrate freezing temperatures exhibited standard errors (SEs) on a single measurement of 0.004"C and 0.017"C, 
respectively. The D-ice-D-hydrate eutectic temperature was observed at 1.500°C with standard error (SE) 0.002"C and at 
composition 2.207 mol% EO with SE 0.010 mol% EO. 'The congruent EO D-hydrate was found to freeze at 13.242"C with SE 
0.007"C and at composition 12.60 mol% EO with SE 0.07 mol% EO. The formula of the congruent EO D-hydrate was 
E0.6.93D,O with SE 0.045 mol D,O/mol EO. Only one type of D-hydrate was found over the whole composition range down to 
-23°C: the shoulder of the D-hydrate freezing curve above 40 mol% EO resulted from the high activity coefficients of dilute 
deuterium oxide in concentrated EO solutions. Equations and best values for the D-ice freezing temperatures and the D-hydrate 
formation temperatures together with their SEs were evaluated by the method of least squares. Properties of EO D-hydrate are 
compared with those of EO hydrate. 

Key words: clathrate D-hydrate of ethylene oxide, freezing of deuterium oxide - ethylene oxide, ethylene oxide D-hydrate, 
formula of ethylene oxide D-hydrate. 

RCsumC : Faisant appel h la mCthode de refroidissement dynamique, on a mesurC les tempkratures de congClation de la glace-D 
et de formation d'hydrate-D de solutions d'oxyde d'Cthylkne (OE), contenant de 0 h 95,5 mol% d'OE, dans l'oxyde de 
deuterium. Les erreurs standards (ES) sur une mesure unique des tempCratures de congClation de la glace-D et des hydrates-D 
d'OE apparentCs sont respectivement de 0,004"C et de 0,017"C. On a observC la tempkrature eutectique de la glace-D-hydrate- 
D h 1 ,500°C, avec une erreur standard (ES) de 0,002"C, et h une composition de 2,207 mol% d'OE, avec une erreur standard de 
0,010 mol% sur I'OE. On a trouvC que l'hydrate-D de I'OE apparent6 gkle h 13,242"C, avec une ES de 0,007"C, et h une 
composition de 12,60 mol% d'OE, avec une ES de 0,07 mol% sur I'OE. La formule de l'hydrate-D de I'OE apparent6 est 
0E.6,932D20, avec une ES de 0,045 mol D,O/mol OE. En abaissant la tempCrature jusqu'h -23°C on n'a observe qu'un seul 
type d'hydrate-D sur I'ensemble de la plage de compositions : 1'Cpaulement de la courbe de congClation de I'hydrate-D au-dessus 
de 40 mol% d'OE rCsulte de coefficients dlactivitC ClevCs de l'oxyde de deutCrium diluC dans les solutions concentrCes d'OE. On 
a fait appel h la mCthode des moindres carrCs pour dCterminer les equations et les meilleures valeurs pour les tempiratures de 
congClation de l'eau-D, les tempkratures de formation de I'hydrate-D ainsi que leurs ES. On a comparC les propriCtCs de 
I'hydrate-D de I'OE avec celles de l'hydrate de I'OE. 

Mots clis : clathrate hydrate-D d'oxyde d'ithylkne, congClation d'oxyde de deuterium - oxyde d'Cthylkne, formule de I'hydrate- 
D de l'oxyde d'Cthylkne. 

[Traduit par la rCdaction] 

Introduction 

This work was part of earlier studies on aqueous nonelectro- 
lyte solutions and the gas hydrates (1) and was a direct exten- 
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sion of work on EO hydrate reported recently (2). Deuterium 
oxide and EO liquids were miscible in all proportions, as in the 
water-EO system, and the enthalpies of mixing of deuterium 
oxide or water with EO were quantitatively similar (3). Solid 
EO D-hydrate was formed on cooling EO - deuterium oxide 
solutions over a very wide composition range. This study of 
the freezing behavior of EO - deuterium oxide solutions was 
made to define the stability of EO D-hydrate relative to that of 
EO hydrate. 

In an earlier comparison of D-hydrates of krypton and 
xenon (4) with their hydrates (5, 6), the solid gas hydrates 
were formed only from dilute solutions of the gases in highly 
aqueous-rich phases. By contrast, in this work the formation 

Can. J. Chem. 74: 1830-1835 (1996). Printed in Canada 1 Imprimt au Canada 
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Glew and Rath 

Table ID. (ITS-90). Variation of temperature for freezing of D-ice with composition and the 
eutectic temperature. 

Run-RD EO mf TFDI Run-RD EO mf TFDI Eutectic 
no. (mol%) (deg C) no. (mol%) (deg C) (deg C) 

of EO D-hydrate from its solutions was directly comparable 
with that of EO hydrate over a wide range of liquid composi- 
tion, extending from highly aqueous-rich phases to highly EO- 
rich phases. 

A recent study (7) of the similar completely miscible aque- 
ous tetrahydrofuran (THF) system has compared the melting 
temperatures of THF D-hydrate with THF hydrate over a more 
limited range of liquid composition. 

A valuable review of the clathrate hydrates, including work 
on both EO hydrate and EO D-hydrate up to 1973, has been 
given by Davidson (8). 

Extending our work on the water-EO system (1,2), we now 
report measurements of D-ice freezing points and of D- 
hydrate formation temperatures from deuterium oxide solu- 
tions of EO. Just as the EO hydrate data were presented (2) in 
Tables 1-3 and Fig. 1, similar EO D-hydrate data are pre- 
sented here in Tables 1D-3D and Fig. 1D; Fig. 2D is the dif- 
ference of Fig. 1D minus Fig. 1. 

Experimental 

Materials 
All materials were as described earlier (1, 2). EO was selected 
from the production of Dow Chemical Canada, Limited, and 
had impurities 4 0  ppm by wt. Deuterium oxide was obtained 
from Atomic Energy of Canada, Limited; analysis 99.72 
mol% D,O, 0.28 mol% H20; complete isotopic analyses have 
been given earlier (1). 

Apparatus and procedure 
The method of use of the freezing point cell has already 
been described (2). Some D-ice freezing points of EO solu- 
tions were earlier reported and analysed in a different manner 
(1). 

Calibration of thermocouple of freezing point cell 
The freezing point cell thermocouple was calibrated against a 
standardized (IPTS-48) platinum resistance thermometer 
between +15 and -25°C (1, 2). Calibrations were made prior 
to and at the end of the runs using deuterium oxide solutions. 
The SE on a single temperature determination, due only to 
electrical instrumental effects, (i) was 0.0035"C between -6.5 
and +6S°C, (ii) was 0.0070°C between -13 and -6.5 and 
between 6.5 and 13.0°C, and (iii) was 0.014"C between -26 
and -13 and between 13 and 15°C. These estimates are mini- 
mum values for the SE for the three recorder ranges. 

The original experimental temperatures, measured on the 
International Practical Temperature Scale of 1948 (IPTS-48), 
have been converted to the International Temperature Scale of 
1990 (ITS-90), using the differences in Table 4 by Goldberg 
and Weir (9). This conversion has a root-mean-squared bias of 
less than 0.0004"C over the range -25 to +15"C, about an 
order of magnitude smaller than our most precise measure- 
ments. Temperatures and equations are reported in units of 
degree Celsius (ITS-90). 

Measurement of temperature for freezing of D-ice 
As for freezing ice (2), the freezing of D-ice from dilute EO 
solutions of deuterium oxide generally exhibited larger super- 
coolings (-0.3-0.6"C) than those shown for the formation of 
D-hydrate (-0.005-0.15"C) from the same solutions. Table 
1D lists the D-ice freezing temperatures corrected for bias, 
assuming the same bias, -0.0126"C, found for freezing ice 
from water under the same conditions (2). 

Measurement of temperature for formation of eutectic 
The eutectic temperature was measured directly on solutions 
initially freezing D-ice and initially forming D-hydrate, using 
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Table 2D. (ITS-90). Variation of temperature 
for formation of D-hydrate with composition. 

Run-RD EO mf TFDH 
no. (mol%) (deg C) 

Table 2D (cot~cl~~rled).  

Run-RD 
no. 

a final small cooling differential of -O.l°C. The six observed 
eutectic temperatures are listed in Table 1D. 

Measurement of temperature for formation of D-hydrate 
With the developed cooling technique of the freezing point 
cell, the preselected temperature differential applied for the 
first formation of D-hydrate was -0.4"C, and for subsequent 
formations was reduced to -O.l°C. EO D-hydrate formation 
temperatures listed in Table 2D were extrapolated to zero 
supercooling (2). 

In contrast to work on EO hydrate, many fewer runs were 
made on the formation of EO D-hydrate and very few measure- 
ments were repeated. In the congruent region, temperatures for 
D-hydrate formation were measured on the least sensitive 
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Glew and Rath 

Fig. ID. Freezing point curve of EO D-hydrate. 

Ethylene oxide fraction (mol%) 

recorder range with largest SE. As a result random errors of mea- 
surement for EO D-hydrate are somewhat larger than those for 
EO hydrate. 

Results and Discussion 

Measurement of freezing of D-ice 
Table 1D lists corrected temperatures for freezing of D-ice 
from deuterium oxide solutions containing between zero and 
2.1876 mol% EO. The first column shows the run RD-number, 
the second column the solution composition, and the third the 
corrected temperature for freezing D-ice from the solution. 
The 36 measurements for freezing D-ice from EO solutions 
are best represented by the three-parameter equation, 

where the freezing temperature TFD, is in degree Celsius and C 
is the solution concentration of EO in mol% EO. Least-squares 
estimates of the SE on the parameters are shown in parenthe- 
ses and the estimated SE on a single D-ice freezing point 
determination is 0.0037"C with 30 degrees of freedom. 

The nine freezing points of 99.72 mol% deuterium oxide 
without EO give a mean temperature of 3.800°C with SE 
0.0007"C and with SE on a single measurement 0.0020°C. 
The perfect agreement between the mean of the replicates and 
the regression is fortuitous, recognising that the minimum SE 
estimate from thermocouple calibration was 0.0035"C (1, 2). 

Measurement of formation of eutectic 
The eutectic temperature 1 .500°C, with estimated SE 
0.0020°C, is the mean of the six measurements listed in Table 

lD, with initial solution compositions between 2.0758 and 
2.7502 mol% EO. The SE for a single eutectic temperature 
measurement is 0.0049"C. 

The eutectic composition 2.207 mol% EO, with SE 0.010 
mol% EO, is estimated from the directly observed mean eutec- 
tic temperature together with the intersections of the curves for 
freezing of D-ice and for formation of D-hydrate. The D-ice- 
D-hydrate intersection estimate for the eutectic temperature is 
1.477"C, with bias -0.023"C below the best observed mean 
value: this negative bias arises from the two biases for D-ice 
freezing and for D-hydrate formation. 

Bias of the temperature for formation of D-hydrate at 2.207 
mol% EO is at least -0.023"C, identical with that at the EO- 
water eutectic (2). 

Measurement of formation of D-hydrate 
Table 2D lists measurements of the formation temperature for 
EO D-hydrate from deuterium oxide solutions containing 
between 2.1876 and 95.5000 mol% EO. The first three col- 
umns show the RD-number, the solution composition, and the 
temperature for D-hydrate formation. Measurement precision 
justifies four decimal places for solution mol% EO, and three 
places for D-hydrate formation temperature "C. Figure 1D is a 
plot of these measurements showing the EO D-hydrate "freez- 
ing point" curve. 

The measurements in Table 2D, shown in Fig. ID, exhibit a 
continuous envelope at all compositions, without discontinui- 
ties of value or of slope: this confirms EO D-hydrate has a 
structure I type lattice (2) over the whole range of solution 
composition. 

Regression analysis of data in Table 2D involves taking 13- 
16 adjacent measurements around a predefined solution com- 
position and making a local analysis of D-hydrate formation 
temperature as a polynomial function of solution composition. 
The best-fit residuals are random and reconfirm the continuity 
of the measurements. Since the number of runs forming D- 
hydrate are many fewer than those forming hydrate, the num- 
ber of D-hydrate measurements used in each regression is 
made to extend over about the same composition range as that 
used for the hydrate (2). 

Estimates of temperature for formation of D-hydrate 
Eutectic point data are listed in the first row of Table 3D. Esti- 
mates of the EO D-hydrate formation temperature with com- 
position are listed in Table 3D and are defined by the 33 best- 
fit regression analyses at the compositions shown in column 
one. Estimates of the temperature for formation of D-hydrate, 
TFDH; its SE, SE TFDH; the SE on a single D-hydrate measure- 
ment, SE Tabs; the slope of the TFDH envelope, and its SE are 
listed in columns two to six, respectively. In column seven the 
numbers separated by a dash indicate the number of measure- 
ments and of parameters used in the best model. 

Errors of D-hydrate measurement are greatest at lowest 
temperatures for the most EO-rich (Deuterium oxide-dilute) 
solutions, as seen in the final row of Table 3D. Column four 
shows the progressive change of SE To,, with increase both of 
D-hydrate formation temperature and of deuterium oxide con- 
tent of the solution. The lower SE To,, from 40 to 25 mol% EO 
and below 8 mol% EO derives from the use of more sensitive 
and accurate recorder ranges. In contrast, the higher SE Tabs in 
the congruent region between 9 and 22 mol% EO mainly 
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Table 3D. (ITS-90). Estimates of temperature for formation of D-hydrate with composition: value, slope, and errors. 

Solution 
composition 
(mol% EO) 

Temperature 
for 

formation of 
D-hydrate 

Tr DH 
(deg C) 

Standard 
error on 

T F D H  

SE TFDH 
(deg C) 

0.0020 
0.0058 
0.0050 
0.0050 
0.0067 
0.0050 
0.0062 
0.0054 
0.0066 
0.0066 
0.0067 
0.0072 
0.0065 
0.0074 
0.0072 
0.0073 
0.0075 
0.0077 
0.0049 
0.005 1 
0.0057 
0.0064 
0.0077 
0.0073 
0.0076 
0.0076 
0.0078 
0.0070 
0.0067 
0.0105 
0.0097 
0.0065 
0.0121 
0.028 1 

Standard 
error on a 

single 
measurement 

SE To,, 
(deg C) 

Slope of 

TFDH 
envelope 

(deg C/mol%) 

Standard 
error 

of 
slope 

(deg C/mol%) 

- 

0.0161 
0.0 154 
0.0103 
0.0106 
0.0065 
0.0076 
0.0083 
0.0039 
0.0037 
0.0060 
0.0057 
0.0042 
0.0047 
0.0037 
0.0032 
0.0029 
0.0025 
0.00 19 
0.00 1 1 
0.00 15 
0.00 12 
0.0009 
0.0015 
0.00 15 
0.0022 
0.0025 
0.0018 
0.0025 
0.0055 
0.0070 
0.0060 
0.0151 
0.0589 

Number 
of data 

- 

number of 
parameters 

6- 1 
15-4 
15-4 
15-4 
13-5 
13-6 
14-6 
15-7 
16-5 
15-5 
16-6 
15-7 
14-5 
16-7 
1 4 6  
13-5 
13-5 
13-6 
13-7 
13-6 
13-7 
13-6 
13-5 
13-7 
13-6 
13-7 
13-7 
13-5 
13-6 
13-6 
13-5 
13-4 
1 3 4  
13-3 

reflects use of the least sensitive recorder range. Over the very 
wide solution composition range 9-90 mol% EO, the SE on a 
single D-hydrate temperature determination is 0.018"C, and is 
sensibly constant. 

The congruent temperature 13.242"C, with SE estimate 
0.0065"C, is determined at the maximum of the D-hydrate for- 
mation curve representing 14 measurements with solution 
compositions between 7.7480 and 20.9993 mol% EO. The 
temperature for formation of EO D-hydrate, TFDH, is best rep- 
resented by the five-parameter equation, 

[2] TFDH = 13.242 + 0.0000D - 0 . 0 2 9 4 0 ~ ~  + 
(0.0065) (0.0042) (0.00088) 

0.00268 1 D' - 0 . 0 0 0 0 9 8 ~ ~  
(0.000203) 0.000027) 

where TFDH is in "C and D = (mol% EO-12.604) = (C-12.604) 

mol% EO. Least-squares estimates of the SE on the parame- 
ter are shown in parentheses and the SE on a single hydrate S 
temperature measurement is 0.017"C with 9 degrees of free- 
dom, in good agreement with estimates from adjacent regres- 
sions. 

The congruent composition 12.604 mol% EO, with SE 
0.071 mol% EO, is determined as the composition for zero 
slope of eq. [2], and the SE from the error on that slope. For- 
mula for the congruent EO D-hydrate is E0.6.93D20 with SE 
0.045 mol D20/mol EO. 

Congruent EO D-hydrate comprises 6.63E0.46D20 per 
unit cell, with EO molecules occupying mainly the six tetra- 
kaidecahedral sites and filling about one third of the two 
dodecahedra1 sites. These estimates for the formula of EO D- 
hydrate are insignificantly different from those for the EO 
hydrate (2). 
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Glew and Rath 

Fig. 2D. Stability difference of EO D-hydrate and EO hydrate. 

Ethylene oxide fraction (mol%) 

The slope of the D-hydrate formation curve in the EO-rich 
region is negative and passes through a narrow minimum at 
20-22 mol% EO and through a wide maximum at about 50 
mol% EO. The small absolute values of the negative slopes 
between 14 and 65 mol% EO reflect (i) a high enthalpy change 
for crystallization of EO D-hydrate from solution (lo), 
together with (ii) positive and high Raoult-law activity coeffi- 
cients for deuterium oxide in these EO-rich solutions (2). 

Comparison of EO D-hydrate with EO hydrate 
The congruent solution for EO D-hydrate contains 12.605 
mol% EO with SE 0.07 1 mol% EO, while that for EO hydrate 
contains 12.644 mol% EO with SE 0.021 mol% EO. The con- 
gruent composition difference of -0.039 mol% EO with the 
combined SE of 0.074 mol% EO shows that the difference is 
not statistically significant and could arise by pure chance at a 
probability level of greater than 50%. This clearly shows that 
the formula E0.6.93D20 for EO D-hydrate is not significantly 
different from the better determined formula EO.6.9 1H20 for 
EO hydrate (2). 

At any given solution composition the formation tempera- 
ture of EO D-hydrate is always higher than that of EO hydrate, 
indicating a greater stability of the D-hydrate relative to its 
solutions than that of the hydrate relative to its solutions. The 
temperature difference for formation of D-hydrate minus that 
for formation of hydrate provides a quantitative measure of the 
greater stability of the D-hydrate compared with the hydrate. 

Figure 2D shows a plot of this temperature difference (TFDH - 
T,,) against solution composition evaluated at 48 EO frac- 
tions. The stability difference is 2.47"C at 2.207 mol% EO in 
the most EO-dilute region, the minimum stability difference is 
2.16"C at the congruent point, and the greatest stability differ- 
ence is 4.58"C at 95.00 mol% EO in the extreme EO-rich 
region. 

We note that the composition dependence of the negative 
temperature difference curve, - (TFDH - TFH), has a geometri- 
cally similar shape to that of its constituent formation curves 
Fig. 1D for D-hydrate and Fig. 1 for hydrate (2). This requires 
that the envelope of the EO D-hydrate formation curve have a 
numerically smaller slope than that of the EO hydrate forma- 
tion curve at all equal EO fractions. 

Comparison of Table 3D with Table 3 (2) confirms that the 
absolute values of the slope for the EO D-hydrate formation 
curve are invariably slightly smaller than those for the EO 
hydrate at the same composition: this requires that the 
enthalpy change for formation of the EO D-hydrate from deu- 
terium oxide solutions of EO be numerically larger than that 
for formation of the EO hydrate from water solutions of EO 
(10). 

Comparison with THF D-hydrate and THF hydrate 
In the study of the aqueous THF system (7) the difference of 
the melting temperature of THF ~ - h ~ d r a t e  minus that of THF 
hydrate is about 2.5"C with SE OS°C over the composition 
range 2.0-37.3 mol% THF. This temperature difference is 
similar to the values found here for the EO hydrates. The mea- 
surements (7) are not of sufficient accuracy to confirm or deny 
a minimum difference of temperature at the congruent compo- 
sition, although this would be expected from enthalpy change 
considerations (1 0). 
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Chiral synthesis of (+)-8'-demethyl abscisic 
acid1 

Patricia A. Rose, Bo Lei, Angela C. Shaw, M. K. Walker-Simmons, 
Scott Napper, J. Wilson Quail, and Suzanne R. Abrams 

Abstract: An enantioselective synthesis of (+)-8'-demethyl ABA (2) is described. The chiral intermediate 7 was prepared by 
yeast reduction of a substituted monoprotected cyclohexa-2,5-dien-1,4-dione (9) synthesized through a phenol oxidation. The 
scope and limitations of the phenol oxidation is described. 8'-Demethyl ABA shows ABA-like activity in wheat embryo 
germination inhibition, showing that the 8'-methyl group is not essential for biological activity. 

Key words: abscisic acid, phenol oxidation, yeast reduction 

RCsumC : On dCcrit une synthkse CnantiosClective de I'acide (+)-8'-dCmCthyl-abscisique (AAB) (2). On a prCparC I'intermCdiaire 
chiral7 par reduction, B I'aide de levures, d'une cyclohexa-2,5-dikne-1,4-dione substituCe monoprotCgCe (9) obtenue par 
oxydation d'un phCnol. On dCcrit la gCnCralitC et les limitations de I'oxydation des phCnols. L'acide 8'-dCmCthyl-abscisique 
prCsente une activitk semblable B celle de I'AAB comme inhibiteur de la germination des embryons de blC; ce resultat dCmontre 

01 ue. que le groupe 8'-mCthyle n'est pas essentiel ii I'activitC biolo,'q 

Mots clks : acide abscisique (AAB), oxydation des phCnols, reduction par des levures 

[Traduit par la rCdaction] 

Introduction 

The plant hormone (+)-(S)-abscisic acid (ABA, 1) regulates a 
wide range of processes in plants, including transpiration 
through controlling stomata1 aperture and responses to envi- 
ronmental stress. In developing seeds, ABA affects accumula- 
tion of proteins, acquisition of desiccation tolerance, 
maintenance of dormancy, and inhibition of germination (for 
reviews on ABA action in plants, see ref. I ) .  We have used 
optically active analogs of the hormone to probe the mecha- 
nisms by which ABA triggers different physiological effects 
such as germination inhibition and induction of genes in plants 
(2, 3). Enantiomerically pure molecules are required for these 
investigations, as previous studies have shown that the enanti- 
omers of ABA can have different effects in the same tissue, 
and optically pure analogs can be either ABA agonists or 
antagonists depending upon the enantiomer tested (4). 
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In this phase of our research we undertook to synthesize and 
test the optically pure ABA analog 2, which lacks one of the 
geminal methyl groups of ABA, the 8'-carbon atom (follow- 
ing the conventional ABA numbering system). The aim was to 
provide analogs that could be used for differential screening to 
relate physiological and molecular effects in plant tissues. 
Methyl groups on the six-membered ring are important for 
activity. Racemic 8'-demethyl ABA had earlier been prepared 
and, in an assay looking at the growth inhibition of rice seed- 
lings, was found to have moderate activity ( 5 ) .  Both enanti- 
omers of the analog missing the 7'-methyl group are 
completely inactive in germination inhibition of excised 
wheat embryos, while the optically active analogs missing 
both of the geminal methyls have some activity (3). 

In addition, the analog 2 is a probe for differentiating 
between the activity conferred by ABA and its oxidized 
metabolites. The major pathway of ABA metabolism is 
through oxidation of the 8'-methyl group, transiently afford- 
ing 8'-hydroxy ABA, 3, which then cyclizes through an inter- 
nal Michael addition to phaseic acid (4). While 4 is generally 
considered to be inactive (6), a method for trapping the open 
form 3 has recently been developed, and it was found to be as 
active as ABA in increasing very long chain fatty acid produc- 
tion in Brassica embryos (7). 

We had previously developed the synthesis of (+)-2',3'- 
dihydroABA (5) (S), which is oxidized in a plant cell culture at 
the 8'-carbon to give 8'-hydroxy-2',3'-dihydroABA, 6. This 
metabolite cannot cyclize to form phaseic acid. Analog 5 was 
found to be as active as ABA in germination inhibition of 
wheat embryos (2) and in inducing freezing tolerance in plant 
cells; however, its metabolic product 6 was inactive (9). Com- 
pound 6 appeared to exist in equilibrium with the hemi-ketal 
formed through the 4'-carbonyl. The lack of activity of the 
metabolite may arise from inactivity of the predominant ring- 
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closed form. Compound 5 did not conclusively answer the 
question of whether ABA or 8'-hydroxy ABA was the active 
plant hormone in the wheat embryo assay. 8'-Demethyl ABA 
2 cannot be oxidized to an 8'-hydroxy ABA intermediate, as it 
is missing the 8'-methyl group, making it a useful tool for dif- 
ferentiating between the activity of ABA and its metabolites. 

We report here an enantioselective synthesis of (+)-8'-dem- 
ethyl ABA, 2, its activity in inhibiting wheat embryo germina- 
tion, and its effect in reducing transpiration in wheat seedlings. 

Results and discussion 

Abscisic acid type compounds are readily synthesized by reac- 
tion of the appropriate cyclohexenone derivatives with side 
chains containing lithium acetylides. 'The dienoic side chain is 
generated by reduction of the propargylic alcohol with RedAl. 
Standard functional group manipulations afford a wide variety 
of analogs (10). 

For the synthesis of 8'-demethyl ABA 2, we decided to pre- 
pare chiral ring synthon 7 with the intention that the new chiral 
centre, generated through lithium acetylide addition to the car- 
bonyl, would be formed stereoselectively. The preferred con- 
formation for 7 presumably has the methyl group equatorial, to 
avoid 1,3-diaxial interactions between an axial methyl group 
and the ketal (Fig. 1). In the preferred conformation, the less 
hindered side of attack should be from the same face as the 
methyl group. 

We synthesized the key intermediate 7 from 2,6-dimeth- 
ylphenol in two steps: the first a phenol oxidation and the sec- 
ond a stereoselective yeast reduction. We had previously 
modified a phenol oxidation procedure for the synthesis of an 
achiral cyclohexadienone analog of ABA, 8 (1 1). The key 
intermediate for this synthesis, 9, was prepared directly 
through an oxidation of 2,6-dimethyl phenol. The oxidation 

Fig. 1. Conformations of enone 7. 

7, equatorial methyl 7, axial methyl 

was a modification of Pelter's iodobenzene diacetate oxida- 
tion of phenols in methanolic solution (12), which affords 
quinone mono-dimethyl ketals. Replacing methanol with 
ethylene glycol and adding hexane to form a biphasic re- 
action mixture directly gave the more stable ethylene ketal 
in good yield. 

As an aside, because the ethylene ketal is more convenient 
for synthetic purposes, we explored the scope of this reaction. 
This procedure worked for a number of phenols (entries 1-5, 
7, Table I) in moderate yield. Unsubstituted phenol underwent 
oxidation to give the desired product (as determined by GC- 
MS), but the product was not stable to the work-up conditions 
(entry 5). Oxidation of meta-substituted phenols showed the 
steric limitations of this reaction. The introduction of one tneta 
substitutent lowered the yield of ketalized product signifi- 
cantly (entry 8), whereas 3,5-dimethyl phenol (entry 9) pro- 
duced only the quinone. Presumably, steric hinderance of the 
rneta substituents hinders the formation of the 1,3-dioxolane 
ring. Phenols substituted with electron-withdrawing groups at 
either the ortho (difluoromethyl group) or meta (trifluorome- 
thy1 group) positions were unreactive, with only starting mate- 
rials being recovered. The introduction of manipulable 
functional groups to the ring system can be accomplished, 
however, through an ally1 group (entry 4) or a protected 
hydroxy methyl group (entry 7). Although Zhydroxymethyl- 
6-methylphenol decomposed under the reaction conditions 
(entry 6), oxidation of its tert-butyldimethylsilyl ether gave 
the ketalized product in 67% yield (entry 7). This is a facile 
reaction that provides highly functionalized molecules in one 
step, and should prove to be useful in the synthesis of natural 
products and their analogs. 

The second step in the synthesis of 8'-demethyl ABA was 
an enantioselective yeast reduction of the quinone monoketal 
9 to introduce the chiral centre. Yeast reductions have previ- 
ously been carried out under non-deketalizing conditions, and 
have been shown to reduce electron-deficient double bonds in 
reasonable yields and with good stereoselectivity (13). We 
were able to reduce quinone monoketal 9 in 50% yield (92% 
ee) to enone 7, with little epimerization of the newly formed 
chiral centre, hydrolysis of the ketal, or overreduction of the 
second double bond. 

The remaining steps in the synthesis of 8'-demethyl ABA 
closely follow those previously reported for the synthesis of 
ABA (14), with the exception of combining the alkyne addi- 
tion and subsequent reduction of the triple bond into one step 
(see Fig. 2). Enone 7 was reacted with the lithium anion of cis- 
(5-tert-butyldimethylsiloxy-3-methylpent-3-enyne) (8), 10, to 
give one diastereomer and after the alkyne addition was com- 
plete, ~ e d a l '  was added directly to the reaction mixture, 
reducing the triple bond to a trans double bond, as well as 
cleaving the silyl protecting group, to give dienol 11 in a one- 
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Table 1. Iodobenzene diacetate oxidation of phenols in ethylene 
glycol-hexane. 

Entry Phenol Product Yield (%) 

6 Decomposed 

"Yield based on GC analysis. 

pot reaction in 38% yield. Yields for the ~ e d a l @  reduction of 
the isolated alkyne were very low when the reaction was car- 
ried out independently. The bulky protecting group on the 
alcohol of the pentenyne chain was found to be necessary for 

obtaining high diastereoselectivity when reacted with chiral 
enone 7. Addition of the lithium dianion of the unprotected 
alcohol gave a mixture of both cis and trans addition products. 
Assuming addition is only occurring at the less hindered face 
of the ketone (Fig. I), either the remote bulky protecting group 
is contributing to the increased diastereoselectivity, or possi- 
bly the lithium anion of the unprotected alcohol is chelating 
with the oxygens on the ketal to facilitate addition from either 
face. 

Dienol 11 was deketalized in 83% yield under standard con- 
ditions to give enone 12, which was then oxidized to the alde- 
hyde with MnO,, and then to the ester (15) to give the methyl 
ester of 8'-demethyl ABA, 13, in 35% yield over the two steps. 
Other oxidants gave unwanted isomerization of the cis double 
bond. Methyl ester 13 could be analyzed on a Chiralcel OD 
HPLC column, showing that no racemization of the 6'-methyl 
group of ketone 7 had occurred during addition of the side 
chain, and, using preparative HPLC, the compound was puri- 
fied to greater than 99% ee. The methyl ester was cleaved 
using porcine liver esterase (to avoid possible aromatization of 
the ring under alkaline hydrolysis conditions) to give the 
desired (+)-8'-demethyl abscisic acid, 2. 

The stereoselectivity of the yeast reduction and diastereose- 
lectivity of alkynylation were proven through an X-ray crystal 
structure of Mosher's ester 14, made from an intermediate of 
which we had made quantities while trying to improve reduc- 
tion of the triple bond. Compound 14 was prepared by reacting 
enone 7 with the lithium anion of 10 to give one diastereomer, 
15, in 83% yield (see Fig. 3). Alkyne 15 was deprotected in 
succession with Bu,NF, to remove the silyl group, and then 
with pTsOH to remove the ketal, to form acetylenic alcohol 
16. The C1-hydroxy group of 16 was then coupled with R-(+)- 
a-methoxy-a-(trifluoromethy1)phenyl acetic acid using DCC 
to form the crystalline Mosher's ester. The X-ray structure is 
displayed in the PLUTON~:! (16) drawing in Fig. 4 and shows 
the chiral center of enone 7 (generated by the yeast reduction) 
to be R, and relationship of the side-chain and 9'-methyl group 
of 2 to be cis, as shown. 

Biological results 
The effectiveness of compound 2 compared to (+)-ABA (1) as 
a germination inhibitor was determined with isolated wheat 
(cultivar Brevor) embryos. The compounds were tested over a 
range of concentrations and the concentrations required to 
inhibit embryo germination by 50% were 0.05 FM for (+)- 
ABA and 0.5 FM for (+)-8'-demethyl ABA. In a wheat seed- 
ling transpiration assay, 8 h after applying 100 p,M (+)-ABA 
as a root drench, the transpiration rate of the seedlings was 
reduced by 80%. 8'-Demethyl ABA applied at 100 p M  con- 
centration reduced transpiration by 45% under the same con- 
ditions. This strong activity of an analog that has no 8'-methyl 
group available for oxidation suggests that ABA itself is the 
active hormone in germination inhibition, and transpiration 
reduction. These results do not preclude 8'-hydroxy ABA 
from also being biologically active, and investigations are 
ongoing to determine the biological activity of 8'-hydroxy 
ABA in wheat. 

Experimental 

General 
Melting points were determined with a microscope hot stage 
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Rose et al 

Fig. 2. Synthesis of (+)-8'-dernethyl ABA 2. 

I 

10% HCI 1. MnO, 
* 

2. Mn02, NaCN, 
AcOH, MeOH 

apparatus and are uncorrected. I H  NMR spectra were recorded 
on a ~ r u k k r  AMX-500 spectrometer, employing CDC13 as sol- 
vent with CHC13 as reference, unless otherwise specified. For 
clarity, the conventional ABA numbering system is employed 
in assignments of peaks in the 'H NMR spectra. IR spectra 
were obtained with a Perkin Elmer 237B instrument or a Per- 
kin-Elmer Paragon 1000 FTIR. Optical rotations were 
obtained from a Perkin-Elmer 141 polarimeter. Flash column 
chromatography was performed using E. Merck silica gel 60 
(230 - 400 mesh). High-resolution electron impact (HREIMS) 
mass spectra were recorded with a VG 70-250SEQ double- 
focusing hybrid spectrometer. Elemental analyses were car- 
ried out by the Microanalytical Laboratory of the University of 
Saskatchewan. Commercially available compounds were used 
in this work without further purification. Tetrahydrofuran was 
distilled over sodium and benzophenone (indicator). Fleisch- 
mann's brand bakers' yeast was used in the yeast reduction 
reaction. The wheat embryo germination assay was carried out 
as previously reported (8). The transpiration assay was carried 

1 out as previously reported (17). 

X-ray analysis of 14 
Crystal data: C,,F30,H,,, M,=450.45, monoclinic, P2,, n = 
11.91(2), b = 7.612(3), c = 12.50(1) A, P=105.71(1)", V = 
109 l(2) A3, Z = 2, F(000) = 472, D, = 1.372 Mg m-" p = 0.1 1 
mm-I, crystal dimensions 0.68 x 0.12 x 0.09 (mm). Intensity 
data were measured at 123(2) K on an Enraf-Nonius CAD-4 
diffractometer, using graphite monochromatized MoK, (X = 

0.71073 A) radiation. Intensity data were collected with o 
scans to a maximum 2 0  angle of 49.7". The unit-cell dimen- 
sions were obtained by a least-squares fit of 25 centered 
reflections in the range 17 5 2 0  5 29". The scan width, A o ,  
for each reflection was (1.20 + 0.35 tan 0 ) "  with a scan speed 
of 0.40-2.74" min-I. Three standard reflections were moni- 
tored every two hours for intensity and two standard reflec- 
tions were monitored every 200 reflections for orientation. A 
total of 2 130 reflections were measured, of which 2022 were 
unique (Rmerge = 0.046) with index range h - 14/+13, k 0/+8,1 
0/+14, and 1328 were observed (1)2o(Z)). Intensities were cor- 
rected for Lorentz and polarization factors, but no correction 
was made for absorption. 

The structure was solved by direct methods and refined 
using full-matrix least-squares techniques, minimizing the 
function to R = 0.112 and R,, = 0.103, S = 3.40. Final  lo),,, 
was 0.000. In the final difference map Ap,,,, = 0.79 e A - ~  and 
Apmi, = -0.92 e k3. The function minimized was Cwith w = 
l.0/(02(F) + 0.0001 F ~ ) .  Because the crystal was weakly dif- 
fracting and the number of observed reflections was too small 
for anisotropic refinement, isotropic temperature factors were 
used for all non-hydrogen atoms. Once the non-hydrogen 
atoms were refined, H-atoms were placed in calculated posi- 
tions on the corresponding C and 0 atoms (d(C-H) = 1.00, 
d(0-H) = 0.80 A) and not refined. The Uiso of each hydrogen 
atom was assigned as equal to the Uiso of the attached atom 
plus 0.01. The configuration of the molecule was determined 
from the known configuration of Mosher's acid. All calcula- 
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Fig. 3. Synthesis of Mosher's ester 14. 

I 

DCC 

F 

0 

Fig. 4. P L U T O N ~ ~  drawing of Mosher's ester 14. 
,- 

tions were performed with the NRCVAX crystallographic pro- 
gram package (18). The atomic scattering factors were taken 
from the International Tables for X-ray Crystallography 
(1974) (19). 

Detailed atomic coordinates, bond distances and angles 
have been deposited at the Cambridge Crystallographic Data 
Center. These data can be obtained, on request, from the 
Director, Cambridge Crystallographic Data Centre, 12 Union 
Road, Cambridge, CB2 IEZ, U.K. 

General procedure for the preparation of quinone 
monoketals 

2,6-Dimethyl-4,4-ethyletzedioxycyclohexa-2,5-die1z01ze (9) 
Iodobenzene diacetate (20.29 g, 0.063 mol) was suspended in 
hexane (250 ml), mechanically stirred, and cooled with an 
external ice bath. To the suspension was added 2,6-dimethyl 
phenol (3.66 g, 0.030 mol) in anhydrous ethylene glycol (20 
mL). The ice bath was removed and the mixture stirred for 2 h 
before being quenched with H 2 0  (200 mL). The two phases 
were separated and the aqueous layer was extracted with ether 
(200 mL). The organic layers were combined and washed with 
5% NaHC03 and saturated NaCl solution, dried over MgSO,, 
and concentrated. Distillation under vacuum removed most of 
the iodobenzene by-product and the residue was purified by 
flash chromatography (5% EtOAc - hexane) to give 3.38 g 
(63%) of product as a solid. Recrystallization from ether-hex- 
ane gave a white crystal, mp 4749°C. IR (CHC13) v,,,, cm-': 
1715 (C=O), 1630 (C=C). 'H NMR, 6: 6.39 (s, 2H, H-3, H- 
5), 4.18 (s, 4H, OCH,CH,O), 1.86 (s, 6H, Me). I3c NMR, 6: 
186.4,138.3 (2C), 135.5 (2C), 98.8,65.3 (2C), 15.4 (2C). HRE- 
IMS: (M') at m/z 180.0786 (CIOH1203 requires 180.0786). 

2-Methyl-4,4-ethylerzedioxycyclohexa-2,5-die1zotze (Table I ,  
entry 2): IR(neat) v,,, cm-I: 1720 (C=O), 1680, 1650 
( C = C ) . ] ~ ~ ~ ~ , 6 : 6 . 5 8 ( d d ,  lH,J=10.0,3.1Hz,H-5),6.38 
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(m, lH, H-3), 6.13 (d, IH, J  = 10.0 Hz, H-6), 4.11 (s, 4H, 
OCH,CH,O), 1.85 (d, 3H, J  = 1.6 Hz, vinyl Me); I3c NMR, 6: 
185.9, 142.9, 138.6, 136.0, 128.9,99.0,65.7 (2C), 15.4; HRE- 
IMS: [M'] at m/z 166.0644 (C,HloO, requires 166.0630). 

4,4-Ethylenedioxycyclol7exa-2,5-dienone (entry 5): IR(neat) 
~ , , ,cm-~:  1680(C=0).1~NMR,6:6.60(d,2H,J=10.1Hz, 
H-3, H-5), 6.14 (d, 2H, J  = 10.1 HZ, H-2, H-6), 4.12 (s, 4H, 
OCH,CH,O); I3c NMR, 6: 185.3, 143.2, 129.0, 98.2, 65.8; 
HRE~MS: [M'] at m/z 152.0462 (C,H,O, requires 152.0734). 

2-Benzyl-4,4-ethylenedioxycyclohexa-2,5-dienone (entry 3): 
IR(neat) v,,, cm-l: 1680 (C=O), 1650 (C=C). 'H NMR, 6: 
7.29-7.17 (m, 5H, phenyl H), 6.58 (dd, lH, J  = 10.0, 3.1 Hz, 
H-5), 6.16 (d, lH, J =  10.0 Hz, H-6), 6.12 (m, lH, H-3), 4.07- 
4.03 (m, 4H, OCH,CH,O), 3.59 (d, 2H, J  = 0.8 Hz, CH,); I3c 
NMR, 6: 185.2, 142.9, 139.4, 139.2, 137.9, 129.4, 128.9, 
128.6, 126.4,99.1,65.7,34.9; HREIMS: [M'] at m/z 242.0934 
(C,,H,,O, requires 242.0943.) 

2-Allyl-6-Methyl-4,4-ethylerzedioxycyclohexa-2,5-dienorze 
(entry 4): IR(neat) v,,, cm-I: 1685 (C=O), 1650 (C=C). ' H  
NMR, 6: 6.36 (m, IH, CH=CHH), 6.32 (m, lH, CH=CHH), 
5.78 (m, lH, CH=CHH), 5.15 (m, lH, H-3), 5.07 (m, IH, H- 
5), 4.08 (s, 4H, OCH,CH,O), 3.00 (dd, 2H, J  = 6.8, 1.1 Hz, 
CH,), 1.85 (d, 3H, J  = 1.4 Hz, CH,); "C NMR, 6: 185.8, 
138.4, 138.3, 138.0, 135.9, 134.4, 117.6,99.1,65.6 (2C), 32.9, 
15.7; HREIMS: [M'] at m/z 206.0946 (C,,HI4O3 requires 
206.0943). 

2-(tert-Butyldimethylsiloxymethyl)-6 methylphenol 
Hydroxymethyl-6-methylphenol (20) (3.1 g, 0.022 mol) was 
dissolved in 30 mL CH2C1, and cooled to 0°C. tert-Butyldi- 
methylsilylchloride (1.2 eqiiv. 4.0 g) and imidazole (1.2 equiv. 
1.8 g) were added, and the reaction vessel removed from the ice 
bath. After 1 h, the mixture was filtered and the filtrate washed 
with 1 M HC1 and brine solution, and then dried over Na,S04. 
The crude material was purified by flash chromatography (3% 
ether in hexane) yielding 3.9 g (69% yield) of product. IR v,,, 
cm-I: 3350 (O-H). 'H NMR, 6: 8.15 (s, lH, O-H), 7.05 (d, lH, 
J  = 7.3 Hz, phenyl H), 6.79 (d, lH, J=7.1 Hz, phenyl H), 6.72 
(t, lH, J=7.3 Hz, phenyl H), 4.89 (s, 2H, CH,OSi), 2.25 (s, 3H, 
PhCH,), 0.94 (s, 9H, SiC(CH,),), 0.15 (s, 6H, Si(CH,),). HRE- 
IMS: [M'] at m/z 252.1544 (CI JH2202Si requires 252.1546). 

2-(tert-Butyldimethylsiloxymethyl)-4,4-ethylenedioxy-6- 
methyl-cyclohexa-2,5-diene-I-one (entiy 7): IR v,,,, cm-l: 
1645 (C=O). I H  NMR, 6: 6.6 1 (m, 1 H, =CH), 6.40 (m, 1 H, 
=CH),4.39 (d, 2H, J =  1.6 Hz),4.12 (m, 4H), 1.84 (d, 3H, J = 
1.3 Hz), 0.90 (s, 9H, SiC(CH,),), 0.07 (6H, s, Si(CH,),). I3c 
NMR, 6: 185.6 (C=O), 139.36, 138.7, 137.1, 135.7, 99.8, 
65.3,60.0,26.1,26.1, 18.5, 15.3, -9.5. HREIMS: [M'] at m/z 
3 10.1607 (C16H2604Si requires 3 10.1600). 

4,4-Ethylenedioxy-5,6,7,8-tetrahydronaphtlza-2,5-dienone 
(entry 8): IR(neat) v,,,, cm-I: 1675 (C=O), 1645, 1620 
(C=C). 'H NMR, 6: 6.63 (d, lH, J  = 10.0 Hz, H-5), 6.10 (d, 
lH, J  = 10.0 Hz, H-6), 4.15 (m, 4H, OCH,CH,O), 2.28 (m, 
4H, CH,), 1.65 (m, 4H, CH2). 13c N M R ; ~ :  185.2, 150.3, 
142.4, 134.6, 127.7, 99.8, 66.2 (2C), 22.8, 22.0, 21.4 (2C). 
HREIMS: [M'] at ndz 206.0939 (Cl2HI4O3 requires 
206.0943). 

Synthesis of 8'-demethylABA 

(6R)-2,6-Dinzethyl-4,4-ethyle1zedioxycj~c1ohexa-2-eno1ze (7) 
Sucrose (25 g) was dissolved in 1.0 L of 0.1 M HEPES buffer 
(pH 6.5) and warmed to 45°C. Yeast (50 g) was added and the 
mixture was shaken for 30 min. 2,6-Dimethyl-4,4-ethylene- 
dioxycyclohexa-2,5-dienone (2.13 g) in ethanol (10 mL) was 
added dropwise. The fermentation mixture was shaken at 
room temperature and the reduction monitored by GC. After 
the reaction was completed (typically 3 4  h), 200 mL ether 
was added and the mixture was filtered through a pad of 
celiteo. Alternatively, centrifugation for 20 min at 10 000 rpm 
effectively removed the yeast cells. The filtrate was extracted 
with large quantities of ether (3 x 400 mL) to avoid emulsions. 
The combined ether extracts were dried over MgS0, and con- 
centrated. Column chromatography (5% EtOAc - hexane) 
gave 1.08 g (50% yield) product as a colorless liquid. [a];' 
+3 1.8 (CHCl,, c 2.0). IR (CHCl,) v,,,, cm-I: 1682 (C=O). I H  

NMR, 6: 6.32 (m, lH, H-3), 3 .874 .08  (m, 4H, OCH,CH,O), 
2.73 (m, lH, H-6), 2.15 (ddd, lH, J  = 2.1, 4.8, 13.3 Hz, H- 
5ax), 1.98 (t, lH, J =  13.0 Hz, H-Seq), 1.77 (d, 3H, J =  1.5 Hz, 
=CCH,), 1.14 (d, 3H, J  = 7 Hz, CH,). I3c NMR, 6: 201.37 
(C=O), 140.63 (C=), 137.20 (C=), 104.59, 65.06, 64.73, 
41.56, 39.50, 15.77, 15.01. HREIMS: (M') at m/z 182.0950 
(C loH1403 requires 182.0950). 

(+)-8-(IE,3Z)-(8R,9R)-8-(5-Hydroxy-3-methylpent-l,3-die- 
nyl)-7,9-dinzethyl-l,4-dioxaspiro[4.5]dec-6-en-8-ol, 11 

A solution of known alkyne 10 (8) (2.1 g, 9.9 mmol) in dry 
THF (40 mL) was cooled in a Dry Ice - acetone bath under an 
argon atmosphere. 12-Butyllithium (Aldrich, 0.63 M in hexane, 
5.6 ml, 8.9 mmol) was added dropwise with stirring. A solu- 
tion of ketal 7 (1.29 g , 7.1 mmol) in dry THF (20 mL) was 
added dropwise. After the addition was complete, the reaction 
solution was allowed to warm to room temperature (over 45 
min). The reaction mixture was then cooled in an ice bath, and 
sodium bis(2-methoxyethoxy) aluminium hydride ( ~ e d a l ~ ,  
Aldrich, 3.4 M in toluene, 4.1 mL, 14.2 mmol) in THF (20 
mL) was added dropwise. The reaction solution was allowed 
to warm to room temperature. After 1.5 h, the reaction was 
cooled to 0°C and water was added carefully to destroy the 
excess reducing agent. The THF was removed and the aqueous 
layer extracted with ether three times. The pooled organics 
were dried over Na2S04 and concentrated. Purification by 
flash chromatography eluting with ether afforded alcohol 11 
(760 mg, 38%). IR (CHC1,) v,,, cm-l: 3600 (O-H). I H  NMR 
(C6D6), 6: 6.80 (d, IH, J =  15.7 Hz, H-5), 5.63 (d, lH, J =  15.8 
Hz, H-4), 5.52 (s lH, H-3'), 5.4 1 (t, 1 H, J  = 5.8 Hz, H-2), 4.1 
(t, 2H, J  = 5.8 Hz, H-1), 3.61-3.46 (m, 4H, OCH,), 2.20 (m, 
lH, H-6'), 1.90 (d, lH, J =  13.5 Hz, H-5'), 1.80 (dm, lH, J =  
13.7 Hz, H-5'), 1.65 (s, 3H, =CCH,), 1.63 (s, 3H, =CCH,), 
0.90 (d, 3H, J  = 7.8 HZ, CH,). NMR (C6D6), 6: 144.16, 
133.68, 129.79, 127.50, 125.57, 106.15, 77.41, 64.62, 64.34, 
58.40, 40.29, 40.18, 20.52, 17.59, 15.58. HREIMS: [M'] at 
mnz 280.1693 (C16H2404 requires 280.1675). 

(+) - ( IE ,3Z) - (4R ,5S) -4 -Hydroxy -4 - (5 -hydroxy -3 -~en t -  
1,3-dieny1)-3,5-dimethylcyclohex-2-enone, 12 

Compound 11 (106 mg), 10% HCI (10 mL), and THF (10 mL) 
were stirred at room temperature for 1.5 h. The mixture was 
diluted with water and extracted into ether (3 x 30 ml). The 
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combined organics were washed with brine, dried over 
Na,S04, and concentrated. The crude material (74 mg, 83%) 
was carried through to the next step. [a];' +246.4 (MeOH, c 
0.84). IR (neat) v,,,,, cm-l: 3380 (br 0-H), 1705 (C=O). ' H  
NMR, 6: 6.69 (d, IH, J  = 15.8 Hz, H-5), 5.89 (s, IH, H-3'), 
5.66 (d, lH, J =  15.7 Hz, H-4), 5.62 (t, 1 H, J =  6.9 HZ, H-2), 
4.28 (d, 2H, J  = 6.9 Hz, H-I), 2.41 (ddd, IH, J  = 0.9, w COU- 
pling to H-3', 4.2, 16.8 Hz, H-S'eq), 2.3 1-2.38 (m, IH. H-6'), 
2.21 (dd, lH, J =  13.2, 16.8 Hz, H-Sfax), 1.92(d, 3H, J =  1.1 
Hz, =CCH,), 1.84 (d, 3H, J  = 0.8 Hz, =CCH,), 0.99 (d, 3H, 
J  = 6.7 Hz, H-9'). "C NMR, 6: 198.15, 165.24, 134.13, 
129.63, 128.14, 128.05, 127.41, 77.48, 58.34, 43.06, 41.24, 
20.61, 18.46, 15.04. HREIMS: [M'] at tnz  236.1393 
(Cl,H2003 requires 236.1412). Anal. calcd. for C14H,()03: C 
7 1.14, H 8.54; Found: C 7 1.02, H 8.56. 

(+)-(IE,3Z)-(4R,5R)-4-Hydr-oxy-4-(4-cnihmhq-3-t1zeth- 
ylbutyl-1,3-dienyl)-3,5-dimethylcyclohes-2-e1zorze, 13 

A mixture of MnO, (15 equiv. 4.1 mmol, 352 mg) and diene 
12 (64 mg, 0.27 mmol) in 15 mL of acetone was stirred at room 
temperature for 1.5 h. The suspension was filtered and the cake 
of MnO, washed with excess ether. After concentration, 50 mg 
of aldehyde was recovered and directly reacted in the follow- 
ing manner. To the aldehyde (50 mg, 0.21 mmol) in MeOH (10 
mL) was added sequentially Mn0, (3.2 mmol, 274 mg), NaCN 
(0.65 mmol, 25 mg), and AcOH (0.21 mmol, 12 mL). The 
reaction was stirred at room temperature for 1.5 h. The suspen- 
sion was filtered and washed with MeOH. After concentration, 
the residue was partitioned between Et,O and H 2 0  and the 
organic layer washed with saturated NaCl solution, dried over 
Na2S0,, and concentrated. The crude product was purified on 
a Chromatotron eluting with ether, giving 25 mg (35% yield 
over the two steps) of the desired ester. Analysis on chiral 
HPLC (semiprep Chiralcel OD column, 10% IPA in hexane, 
flow rate of 4 mLImin) showed the product to be a 87: 13 mix- 
ture of enantiomers. Preparative separation of the major enan- 
tiomer gave ester 13 with greater than 99% ee. [a];' +359.4 
(MeOH, c 1.38). IR (CHCI,) v,,,,, cm-I: 3450 (br 0-H), 3600 
(sharp OH), 1660 (C=O, enone), 1705 (C=O, ester). 'H 
NMR, 6: 7.81 (d, IH, J =  16.2Hz, H-5), 6.00 (d, lH, J =  16.2 
Hz, H-4), 5.92 (s, IH, =CH), 5.73 (s, IH, =CH), 3.68 (s, 3H, 
COOCH,), 2.35-2.45 (m, 2H), 2.19-2.26 (m, 2H), 1.99 (d, 
3H, J  = 1.0 Hz, =CCH,), 1.95 (d, 3H, J  = 1.2 Hz, =CCH3), 
1.00 (d, 3H, J  = 6.5 Hz, H-9'). ',c NMR, 6: 197.83, 166.39, 
164.62, 149.24, 133.72, 129.29, 127.70, 118.42,77.53, 51.21, 
43.01, 41.22, 21.10, 18.40, 15.10. HREIMS: [M+] at n~/z 
264.1368 (C15H2004 requires 264.1362). 

(+)-(IE,3Z)-(4R,5R)-4-Hydroxy-4-(4-~~1r60~~~-3-nzethyI6~1tyl- 
1,3-dierzyl)-3,5-dimethylcyclohex-2-e11one, 2 

Optically pure ester 13 (28.7 mg, 0.11 mmol) was dissolved in 
methanol (12 drops) and potassium phosphate buffer (0.1 M, 
pH 7.5, 2.5 mL), porcine liver esterase (EC 3.1.1.1, Sigma E- 
3128, 200 mL), and KOH solution (1 M, added dropwise to 
adjust the pH to 8.0) were added and the solution stirred over- 
night. 10% HC1 was added until the pH was lower than 3 and 
the mixture was repeatedly extracted with ethyl acetate (6 x 10 
mL) to obtain the product from the resultant emulsion. The 
combined ethyl acetate phases were extracted with saturated 
aqueous NaHC03 (3 x 25 mL). The aqueous phases were acid- 
ified with HCI and extracted with ethyl acetate (3 x 25 mL). 

The ethyl acetate extracts were washed with brine and dried 
over Na,SO Evaporation gave 24 mg (89% yield) of pure 
product.-[a]$ +430.3 (MeOH, c 2.30). IR (CHCI,) v,,, cm-': 
3000-3500 (0-H), 1675 (C=O), 1650 (C=O). 'H NMR 
(CD,OD), 6: 7.72 (d, lH, J =  16.2 HZ, H-5), 6.09 (d, lH, J =  
16.2 Hz, H-4), 5.91 (s, 1H. =CH), 5.74 (s, IH, =CH), 4.86 
(b.r, 1 H, -OH), 3.29-2.25 (m, 3H, H5 and H6), 2.02 (d, 3H, J  = 
1 .O Hz, =CCH,), 1.95 (d, 3H, J  = 1.2 Hz, =CCH,), 1.03 (d, 
3H, J  = 6.5 Hz, H-9'); NMR (DMSO-d,): 6: 201.02, 
169.38, 169.19, 150.89, 130.47, 128.13, 121.65, 119.72, 
78.37, 43.81, 42.57, 21.17, 19.14, 15.45. HREIMS: [M+] at 
in/z 250.1198 (C14H1804 requires 250.1205). 

Synthesis of Mosher's ester 14 

(+)-8-(4Z)-(8S, 9R)-8-(5-tert-B~~t~~ldimetl1~~lsiloxy-3-t~1etl1yl- 
yent-3-etz-l-yt1yl)-7,9-dimethyl-1,4-clioxc1syi1'0[4.5]dec-6- 
en-8-01, 15 

A solution of known alkyne 10 (8) (2.1 g, 10.2 mmol) in dry 
THF (40 mL) was cooled in a Dry Ice - acetone bath under an 
argon atmosphere. n-Butyllithium (Aldrich, 0.63 M in hexane, 
6.4 mL, 10.2 mmol) was added dropwise with stirring. The 
reaction solution was kept at -78°C for 1 h. A solution of 
enone 7 (930 mg, 5.1 mmol) in dry THF (20 mL) was added 
dropwise. After the addition was complete, the reaction solu- 
tion was allowed to warm to room temperature (over 45 min), 
quenched with water, and extracted into ether. The pooled 
organics were washed with brine and dried over Na,SO,, Sep- 
aration by flash chromatography eluting with ether-hexane 
(30:70) gave alkyne 15 in 83% yield (1.65 g). Alkyne 15 
showed the following spectral properties: [a];0 +122.2 
(MeOH, c 1.70). IR (neat) v,,,,, cm-': 3440 (0-H). 'H NMR 
(C6D6), 6: 5.78 (dt, 1 H, J  = 1,6.2 HZ, H-2), 5.42 (s, lH, H-3'), 
4.48 (m, 2H, H-1), 3.42-3.57 (m, 4H, OCH,), 2.13 (d, IH, J =  
13.3 Hz, H-Sfax), 1.89 (s, 3H, =CCH,), 1.85 (dt, 1 H, J  = 2. I ,  
13.4 Hz, H-S'eq), 1.69 (s, lH, OH), 1.64 (s, 3H, =CCH,), 
1.21 (d,3H,J=6.7Hz,H-9'),0.99(~,9H,Si'Bu),O.l3(s,3H, 
SiCH,). ',c NMR (C,D,), 6: 142.39, 138.1 1, 125.30, 1 18.06, 
105.94,93.69,84.60,73.73,64.60,64.31,62.61,40.47,39.85, 
26.13, 22.84, 18.47, 17.72, 16.33, -4.98. HREIMS: [M'] at 
tn/z 392.2402 (C,,H,,O,Si requires 392.2383). Anal. calcd. 
for C,,H,,O,Si: C 67.31, H 9.25; found: C 67.13, H 9.16. 

(+)-4Z-(4S,5R)-4-Hydroxy-4-(5-hydroxy-methylpeizt-3-ei1- 1- 
~itzyl)-3, 5-ditnetlzylcyclohex-2-etzotze, 16 

To an ice-cooled solution of alkyne 15 (900 mg, 0.2.3 mmol) 
in dry THF (50 mL) under argon was added, dropwise, tet- 
rabutylammonium fluoride (1.0 M in THF, 3.45 m, 3.45 
mmol). The reaction solution was allowed to warm to room 
temperature. After 0.75 h, water was added and the aqueous 
layer extracted three times with ether. The pooled organics 
were dried over Na2S0, and concentrated. The crude product 
was directly treated with 10% aqueous HCI (25 mL) in THF 
(25 mL), and was stirred at room temperature for 0.5 h. After 
addition of water, the mixture was extracted three times with 
ether, and the combined organic extracts were washed with 
brine, dried over Na2S04, and purified by flash chromatogra- 
phy eluting with ether. Acetylenic alcohol 16 was produced in 
87% yield (470 mg) over two steps. IR (neat) v,,,,, cm-': 3605 
(s, OH), 3400 (br, 0-H). 'H NMR, 6: 5.92 (dt, 1 H, J  = 1.4,6.8 
Hz,H-2),5.81 (s, lH,H-3 ' ) ,4 .26(dd,2H,J=0.8 ,6 .8Hz,H-  
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I), 2.74 (bs, lH, -OH), 2.43 (rn, 3H), 2.1 1 (d, 3H, J = 1.1 Hz, 
=CCH3), 1.87 (d, 3H, J = 1.0 HZ, =CCH,), 1.20 (d, 3H, J = 
6.0 Hz, H-9'). I3c NMR, 6: 198.62, 163.86, 136.91, 126.31, 
120.17,90.62, 85.57, 72.75,60.85,43.42,41.01,22.96 18.76, 
15.91. HREIMS: [Mf] at m/z 234.1234 (C14H1803 requires 
234.1256). 

Mosher's ester; 14 
Acetyleneic alcohol 16 (0.36 inrnol, 84 rng), DCC (0.36 mrnol, 
74 rng), R-(+) a-methoxy a-(trifluoroinethy1)phenyl acetic 
acid (0.32 mrnol, 76 mg), and DMAP (0.04 rnmol, 4 rng) were 
added to 5 rnL of CH,Cl, and stirred at room temperature over- 
night. The CH,Cl, was washed with water and 10% HC1, dried 
over Na,SO,, and concentrated. Purification on a Chroma- 
totron, eluting with 75:25 ether-hexane gave 34 mg recovered 
starting material and 78 rng of product (8 1 % based on recov- 
ered starting material). Analysis of enantiotopic purity by 
chiral HPLC (Serniprep Chiralpak AS column, 25% IPA in 
hexane, flow rate 2 rnllmin) showed an 85: 15 ratio of diastereo- 
mers after recrystallization from ether-hexane, which could be 
purified to >99% ee by preparative chiral HPLC; rnp 129-130. 
[a];' +227.3 (CHCl,, c 2.39). IR (CHCI,) v,,,, cm-I: 3600 
(OH), 1750 (C=O, ester), 1665 (C=O, enone). 'H NMR, 6: 
7.48 (m, 2H, aromatic), 7.39 (rn, 2H, aromatic), 5.88 (dt, lH, 
J =  1.2,7.3Hz,H-2),5.81 (s, lH,=CH),4.96(dd, IH, J=7.3 ,  
12.1 HZ, H-1), 4.91 (dd, lH, J = 7.3, 12.1 HZ, H-1), 3.52 (s, 
3H, OCH,), 2.61 (bs, 2H, OH), 2.33-2.46 (rn, 3H), 2.09 (d, 
3H, J = 1.0 Hz, =CCH ), 1.89 (s, 3H, =CCH,), 1.19 (d, 3H, 13 J =  5.8 Hz, H-9'). C NMR, 6: 198.03, 166.45, 162.74, 

1 132.12, 130.18, 129.99, 129.70, 128.56, 128.45, 127.27, 
I 

126.66, 124.52, 122.06, 92.14, 84.98, 72.91, 63.99, 55.47, 
43.38, 40.95, 22.93, 18.58, 15.83. HREIMS: [Mf] at m/z 
450.16 12 (C,,H,,O,F, requires 450.1654). 
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A solid state NMR and X-ray crystallographic 
investigation of dynamic disorder in solid 
tetrahydronaphthalene derivatives 

Glenn A. Facey, Terrence J. Connolly, Corinne Bensimon, and Tony Durst 

Abstract: The solid state disorder of two tetrahydronaphthalene derivatives, N-methyl-N-methoxy-5,6,7,8-tetrahydro-l- 
naphthamide and 5,6,7,8-tetrahydro-l-naphthoic acid, was studied by solid state NMR and single crystal X-ray diffraction. 
The X-ray crystal structure of N-methyl-N-methoxy-5,6,7,8-tetrahydro-I-naphthamide was obtained at 123 K. It indicated 
the presence of two distinct molecular conformations. Solid state I3C CPIMAS NMR data using the dipolar dephasing 
technique revealed that the two conformations of the molecule are dynamically disordered, while solid state 'H NMR data, 
collected on a specifically deuterated analog, were used to determine the populations of each conformation as well as an 
apparent activation energy. Solid state NMR experiments were also used to show that 5,6,7,8-tetrahydro-I-naphthoic acid 
possesses the same type of dynamic disorder. 

Key words: deuterium NMR, solid state NMR, dynamic disorder, X-ray, tetrahydronaphthalene derivatives 

Resume : Faisant appel h la RMN i 1'Ctat solide et j. la diffraction des rayons X sur un cristal unique, on a CtudiC 
le dtsordre h 1'Ctat solide de deux dCrivCs du tktrahydronaphthalkne, le N-mCthyl-N-mCthoxy-5,6,7,8-tCtrahydro-1- 
naphthamide et de I'acide 5,6,7,8-tktrahydro-I-naphthoi'que. On a dCterminC la structure cristalline du N-mCthyl-N- 
mtthoxy-5,6,7,8-tktrahydro-I-naphthamide h 123 K. Elle indique la prtsence de deux conformations molCculaires 
distinctes. Les donntes de la RMN CP/MAS du I3C h I'ttat solide, obtenues en utilisant la technique du dCphasage 
dipolaire, ont rtvklt que les deux conformations de la molCcule sont dynamiquement dCsordonnCes; on a utilist les 
donntes de la RMN du ?H h 1'Ctat solide, obtenues h I'aide d'un analogue spkcifiquernent deutCrC, pour determiner les 
populations de chacun des conform&res ainsi qu'une Cnegie d'activation apparente. On a aussi utilisC les exptriences 
de RMN j. I'ttat solide pour montrer que l'acide 5,6,7,8-tktrahydro-l-naphtoi'que prtsente le meme type de dCsordre 
dynamique. 

Mots clis  : RMN du deutkrium, RMN h 1'Ctat solide, dCsordre dynamique, rayons X, dCrivCs tttrahydronaphtalknes. 

[Traduit par la rkdaction] 

Introduction technique unable to distinguish between static disorder and 

The structural characterization of molecules is typically 
tackled with a broad arsenal of techniques including all forms 
of spectroscopy, mass spectrometry, and diffraction. Often 
chemists will put a great deal of effort into the growth of 
single crystals suitable for X-ray diffraction analysis, as this 
technique is often the one that will prove, beyond doubt, the 
structure of the material in question. In this contribution, we 
would like to illustrate that although often essential, single 
crystal X-ray diffraction data can be open to interpretation 
and that in such instances solid state NMR spectroscopy is 
an essential complementary technique needed to fully char- 
acterize the solid state structure. Single crystal X-ray diffrac- 
tion is a technique sensitive to long-range order. The collec- 
tion of data takes hours or days. These two facts render the 
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dynamic disorder. 
Unlike single crystal diffraction techniques, solid state 

NMR spectroscopy is a technique sensitive to shoit-range 
order. Typical data collection times for a single transient are 
on the hundreds of microseconds to tens of milliseconds time 
scale. These two facts make this technique sensitive to molec- 
ular motions and, as a result, the distinction between static 
and dynamic disorder is possible. Also, it has the advantage 
that polycrystalline powders rather than single crystals can 
be used. This study involves the structural characterization of 
the two tetrahydronaphthalene derivatives 5a and 6a (Scheme 
1). It demonstrates the complementary nature of single crystal 
X-ray diffraction and solid state NMR spectroscopy. 

Background 
'H is a spin I = 1 nucleus having three Zeeman states. The 
pure Zeeman states are perturbed by the electric quadrupolar 
interaction, producing two resonance frequencies for each 
crystallographically unique deuteron. The difference in fre- 
quency between the two resonances is determined by the 
quadrupolar coupling constant, x = (e2Qq//h), and the ori- 
entation of the electric field gradient tensor at the nuclear 
site with respect to the static magnetic field. For deuterons 
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Scheme 1. Reagents: (a) K2C03, THF:D20, A; (b) LiAIH4, THF; 
(c) (i) I IBuL~,  TMEDA, Pentane, A, (ii) C02(s),  (iii) HCI; (d) H?, PdC,  HOAc; 
(e) (i) SOCI,, CH2CI,, A, (ii) (MeO(Me)NH2+CI-, Et3N, CH2CI2. 

OMe 

attached to carbon atoms the electric field gradient tensor, 
Vij ,  is very often axially symmetric with its largest compo- 
nent, VZZ = eq, parallel to the C-D bond and, since Vij has 
a trace of zero, V,, = (V?, + V,,) with Vy, = VTaT. In the cases 
where axial symmetry is not present, it is conventional to 
assign VZz > V,, > V,,. It is useful to define an asymmetry 
parameter, q, where q = (V,,, - V,,)/VZZ where 0 5 q 5 1. 

The 'H NMR spectrum .of a single crystal consists of a 
sharp doublet for every crystallographically distinct deuteron 
whose splitting depends on the orientation of the crystal with 
respect to the magnetic field. For polycrystalline powders, 
where all orientations of the crystals are represented equally, 
the result is an envelope or powder spectrum from the sum of 
all possible doublets. The lineshape for such spectra can be 
readily calculated (1). In general, the spectra are symmetric 
about the centre with three pairs of singularities separated by 
frequencies, Av:,,Avry, and A V , ~ ~ ,  where AvZZ > Avy, > Avx,.. 
The frequency separations are proportional to the principal 

. . components of Vij and are given by: 

I 

1 The negative signs are added to the frequency differences to 
maintain a trace of zero. 

The electric quadrupolar interaction, dominating the line- 
shapes of solid state 'H NMR spectra, is exceedingly sensi- 
tive to molecular motions (2). The motions give rise to an 
averaged electric field gradient tensor and modify the shape 
of the powder spectrum. The effects can be grouped into 
three categories based on the rates of the molecular motion: 

(a) Slow motlons: These are motions occurring on a time 
scale much longer than the reciprocal line width of the static 
spectrum (-lo4 SKI). The effects are negligible on the NMR 

spectrum as there is essentially no change in the electric field 
gradient tensor during the course of the quadrupolar echo 
measurement. 

(b) Intermediate rate motions: These are motions that 
occur on a time scale of the same order as the reciprocal 
line width of the static spectrum (-lo4-lo7 s-I). These 
motions have a profound effect on the observed lineshape 
(3-6). The lineshapes are very sensitive to the spacing be- 
tween the pulses in the quadrupolar echo experiment (7) as 
well as to the rate and mechanism of the molecular motion. 
Although reduced significantly in amplitude compared to the 
rigid spectrum, the intermediate rate spectra can be simu- 
lated (8-10) in order to confirm a particular mechanism of a 
molecular motion or to determine its rate at the temperature 
of the measurement. 

(c)  Fast molecular motions: These motions occur on a 
time scale much shorter than the reciprocal line width of the 
static spectrum (>lo7 s-I). The motion gives rise to an av- 
eraged electric field gradient tensor and spectra take on the 
same type of lineshape as those for rigid systems with the 
frequency differences between pairs of spectral singularities 
reduced. Such spectra are insensitive to the rate of the mo- 
tion but may often be used to confirm the mechanism for the 
molecular motion. Fast motion limit spectra may be temper- 
ature dependent in cases where the population ratio for the 
sites occupied during the motion changes with temperature 
(1 1). 

Experimental 
All solid state NMR spectra were acquired on a Bruker ASX- 
200 solid state NMR spectrometer. Solid state 13C CP/MAS 
spectra were acquired using a Bruker MAS probe with 7 mm 
0.d. zirconia rotors. The 'H n/2 pulses were 3.6 (IS, and 1 
ms contact times were used. The spinning rate was set at 
4000 Hz and was stable to within 2 Hz. In some cases the 
spinning side bands were suppressed (12). The solid state 'H 
NMR spectra were acquired using a Bruker wideline probe 
accepting 5 mm 0.d. glass tubes. The quadrupolar echo tech- 
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nique (13) was used with 3.2 ps n12 pulses and an interpulse 
delay of 35 ps. The receiver was gated on 33 ps after the 
second pulse and the data were left shifted to the top of the 
echo before Fourier transformation. Although the temperature 
was regulated with the variable temperature control unit of 
the spectrometer, it was measured directly by placing a ther- 
mocouple on the rf coil containing the sample immediately 
after data collection. The reported temperatures are accurate 
and precise to within 1 degree. *H TI measurements were 
made using the inversion-recovery technique with magneti- 
zation being sampled with a quadrupolar echo. In all mea- 
surements at least 10 recovery times were used and the Ti's 
were calculated using the three-parameter nonlinear fit pro- 
vided by the software of the spectrometer. 

The single crystal X-ray data for 6a were collected at 123 
K on a Rigaku diffractometer with Cu K a  radiation using the 
03-20 scan technique to a maximum 20 value of 100". The 
cell constants and an orientation matrix for data collection 
were obtained from least-squares refinement using the set- 
ting angles of 25 reflections in the range 80" < 20 < 100". A 
total of 1297 reflections was collected. The unique set con- 
tained only 1 195 reflections. The standards were measured 
after every 150 reflections. No crystal decay was noticed. 
The data were corrected for Lorentz and polarization effects, 
no correction being made for absorption. The structure was 
solved by direct methods. All non-hydrogen atoms were re- 
fined anisotropically. The maximum and minimum peaks in 
the final difference Fourier map corresponded to 0.460 and 
-0.440 e1A3, respectively. 

All materials used for this study were prepared according 
to Scheme 1 (14) and the details dealing with the synthesis 
will be published elsewhere. 

Results and discussion 
The single crystal X-ray diffraction data (deposited as sup- 
plementary material)' for 6a taken at 123 K show that the 
compound crystallizes in the space group P21/a  with four 
molecules in the unit cell. The cell constants are as fol- 
lows: a = 8.6171 A; b = 12.2350 A; c = 11.2223 A, and 
p = 102.937". An ORTEP plot of the structure is given in 
Fig. 1. The structure shows a molecular confirmation where 
the carbonyl bond is almost normal to the plane of the aro- 
matic ring, thus leaving a great deal of void space around the 
methylene carbons in the 6 and 7 positions. Another very ob- 
vious feature of the crystal structure is that there are two sets 
of coordinates found for each of the carbons in the 6 and 7 
positions of the cyclohexene moiety. This indicates that there 
are two conformations of the cyclohexene ring present in the 
crystal. The disorder was refined using fixed thermal param- 
eters and letting the occupancies for the four sites occupied 
by carbons 6 and 7 refine. The results gave occupancies close 
to 0.75:0.25. The occupancies were then fixed to these values 

Supplementary rnaterial can be purchased frorn: The Deposi- 
tory of Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA 0S2. These 
data have also been deposited with the Cambridge Crystallo- 
graphic Data Centre, and can be obtained on request from The 
Director, Carnbridge Crystallographic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge, CB2 lEZ, 
U.K. 

Fig. 1. ORTEP plot of the crystal structure of 6a at 123 K 
refined under the assurnption that the population ratio is 
0.75:0.25. 

and the thermal parameters refined. It is interesting to note 
that the thermal parameters are not equal for each of the two 
conformations, the major conformation having much larger 
thermal parameters than the minor one. One possible expla- 
nation of this may be that the local intermolecular forces 
for each of the sites may be different, allowing one of the 
conformations to have slightly more mobility than the other. 
The X-ray data are unable to confirm whether the structure 
is rigid with both conformations present (static disorder) or 
whether the two conformations are exchanging dynamically 
with one another (dynamic disorder). 

The solid state I3C CPIMAS NMR spectrum of 6a taken 
at room temperature is shown in Fig. 2A. The spectrum is 
highly resolved, each nonequivalent carbon giving rise to a 
resonance. The only coincidental overlap occurs for the res- 
onances of the carbons in the 6 and 7 positions on the cyclo- 
hexene ring. The carbonyl carbon and the N-methyl carbon 
are broadened from partially unaveraged dipolar interactions 
between I3C and (15). If there was a static disorder in 
the structure at room temperature, one might expect to ob- 
serve two resonances for each carbon atom in the molecule, 
one set for each of the two nonequivalent conformations (16). 
Furthermore, the intensities of the lines would approximately 
represent the population ratio of the conformers present. This 
does not seem to be the case. The I3C CPIMAS spectrum ac- 
quired with dipolar dephasing is given in Fig. 2B. In dipolar 
dephasing experiments (17) a short delay (40 ps in this case) 
is inserted between the contact pulse and the beginning of the 
acquisition. During this delay the 13C - ' H  dipolar interac- 
tions are only partially averaged by the magic angle spinning. 
Also, the magnetization due to carbon nuclei having large 
13C - 'H  dipolar interactions dephases and the corresponding 
resonances are absent from the frequency domain spectrum. 
This is true for fairly rigid carbon atoms directly bound to 
protons. Carbon atoms not bearing protons or methyl car- 
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Fig. 2. (A) I3C CPIMAS NMR spectrum of 6a at room 
temperature. (B) Same as A with a 40 ps dipolar dephasing 
delay. In both traces the first-order spinning side bands were 
suppressed (12). 

bons whose dipolar interactions with protons are averaged 
as a result of fast methyl group rotation, will show up in 
the spectrum, albeit slightly attenuated. The data in Fig. 2B 
show that not only do the carbonyl, methyl, and quaternary 
aromatic resonances survive the dephasing delay, but the 6 
and 7 methylene carbons of the cyclohexene ring do as well. 
This can be the case only if the I3C - 'H  dipolar interac- 
tions for these methylene carbons are averaged by some sort 
of molecular motion. Therefore, we can conclude that the 
nature of the disorder present in the structure at room tem- 
perature is dynamic rather than static. This, however, does 
not prove whether or not the disorder observed at 123 K in 
the X-ray data is static or dynamic in nature. 

The analogue to 6a labelled with deuterium on the 7 po- 
sition, 6b, was prepared to address the dynamic nature of 
the structural problem. The wideline solid state 2H NMR 
spectra of 6b are given in Fig. 3 as a function of tempera- 
ture. At all temperatures the width of the powder spectrum 
is narrower than one would expect for a completely rigid 
system (18). Furthermore, at all temperatures above 178 K, 
the 2H NMR spectra are in the fast motion limit. That is, the 
molecular motion is occurring at a rate much greater than 
the reciprocal width of the rigid powder spectrum (expected 
to be -260 kHz) (18). Spectra collected below 178 K are 
in the intermediate motion regime. The separation between 
the spectral singularities at the top, middle, and base of the 
powder spectra are plotted against temperature in Fig. 4. One 
can see that one splitting (the separation of the middle shoul- 
ders) remains essentially constant throughout the entire tem- 
perature range. This indicates that the axis of the molecular 
motion must lie parallel to one of the two principal compo- 
nents of the electric field gradient tensor perpendicular to the 
C-D bond. Furthermore, the lineshape observed at 300 K 
is characteristic of a two-site exchange between equally pop- 
ulated sites with the C-D bond subtending the tetrahedral 
angle over the course of the motion. (18) These observations 

Fig. 3. Broadline solid state 2H NMR spectra of 6b recorded 
as a function of temperature. The relaxation delay was greater 
than the TI by at least a factor of 5. 

H 
100 kHz 

are consistent with the model depicted in figure 5. In this 
model, the cyclohexene moiety undergoes a transformation 
akin to the chair to chair inversion of cyclohexane. The sites 
however must not be equally populated over the entire tem- 
perature range as this would leave the spectra invariant with 
temperature. As the temperature is lowered one site becomes 
more populated than the other. The frequency differences 
between the singularities of the fast motion lineshape are 
determined by the eigenvalues of the averaged electric field 
gradient tensor. These are calculated by taking the weighted 
average of the electric field gradient tensors for each of the 
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Fig. 4. Plot of the frequency differences, AvkX, Av;,, and 
AV>~,  between the features of the solid state 'H spectra of 6b 
as a function of temperature. 

-50 
150 200 250 300 

Temperature (K) 

Fig. 5. Model depicting the inversion of the cyclohexene 
moiety. 

Slte 1 Site 2 

D D 

sites occupied over the course of the molecular motion, then as follows: 
diagonalizing the averaged tensor if necessary. To do this 
calculation we must define all of the electric field gradient 0 1 2  

tensors in a common axis system.  his is most conveniently 4 1  V(a7 P)  19 = [gi: 012 ::: 1 
accomplished by choosing an axis defined by the motion and 

0 3 2  a33 
then redefining each of the tensors with respect to this new 
axis system in terms of the Euler angles, a, P, and y (19). where nu = nji. Each of the matrix elements are defined as 
The electric field gradient for each of these sites is defined follows: 

(51 a1 1 = (cos'a cos2p cos'y + sin2a sin2y - 2 sin a cos a cos p sin y cos y)Vxx + (sin'a cos" cos'y + cos2a sin2y 

+ 2sin a cos a cos p sin y cos y)Vyy + (sin'p cos2y)vzz 

[6] a22 = (cos'a cos2p sin'y + sin'cx cos'y + 2sin a cos a cos p sin y cos y)Vxx + (sin'a cos'p sin2y + cos'a cos'y 

- 2sin a cos a cos B sin y cos y)Vyy + (sin2p s i n ' y ) ~ ~ ~  

[71 a33 = (cos2a sin2p)vxx + (sin'a  sin'^)^^^ + (cos2p)vZZ 

[8] 012 = (-cos'a cos'p sin y cos y + sin2a sin y cos y + sin a cos a cos ~(sin'y - c o s ' y ) ) ~ ~ ~  

+ (-sin'a cos2p sin y cos y + cos'a sin y cos y + sin a cos cx cos p(cos2y - sin2y))vyy + (-sin'pcos y sin y)VzZ 

[9] a13 = (cos2a cos p sin p cos y - sin a cos a sin p sin y)Vxx + (sin2a sin P cos P cos y + cos a sin a sin P sin y)Vyy 

+ (-sin p cos P cos y)VZz 

[lo] a23 = (-cos2a cos P sin P sin y - sin a cos a sin P cos y)Vxx + (-sin'a sin P cos P sin y + sin a cos a sin P cos y)Vyy 

+ (sin P cos sin y)VZz 

For the two-site model described in Fig. 5, we can define an axis normal to the plane defined by the two-site exchange with 
the origin on the carbon atom and then define the Euler angles with respect to this axis. We have a1 = 0°, P I  = 90°, and 
yl = -54.75" for one site and a2 = 0". pz = 90". and y2 = 54.75" for the second site. Substituting the values of a and into 
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eqs. [5]-[lo], we get: 

sin", vyy + cos2y, VZZ sin y, cos y,(Vyy - VZz) 

sin y, cos y,(Vyy - VZZ) cos'y, VYy + sin'y, Vzz 

0 0 

I Let the populations of the two sites equal P I  and P2. The weighted average of Vi(yi) is given by: 

sin2yvyy + cos2yVZZ sin y cos y(VYy - VzZ)(P?- - P I )  0 

[I21 V(Y) = sin y cos y(Vyy - VZZ)(P2 - P I )  
- I + sin2yvZz 

0 0 vxx 1 
The eigenvalues, h, can be obtained by diagonalization. 

We can express the components of the unaveraged electric 
field gradient tensor, V,,, in terms of x and q then set y to 
one half of the tetrahedral angle. The frequency splittings, 
AvkX, Av'yy, and AvkZ in the averaged spectrum can then be 
expressed as follows: 

If we know the quadrupolar coupling constant and asym- 
metry parameter for the rigid spectrum and have measured 
the splittings in an averaged spectrum, we can directly eval- 
uate the populations of the sites at a given temperature. Un- 
fortunately, x and q are not available in the literature and our 
equipment did not allow the measurement of spectra at suf- 
ficiently low temperatures for their experimental determina- 
tion. However, these data have been reported for cyclohexane 
(20) (X = 173.7 f 1.7 kHz and q 5 0.01). If we assume that 
these parameters are not significantly different for our case, 
we can take x = 174 kHz and q = 0 and obtain the popu- 

I lations from eqs. [14] and [16]. The ratio of populations is 
expected to follow the Boltzman distribution, hence a plot of 

1 In( P I  /PI) VS. 1/T should be linear with slope -AE/R, where 
AE is the energy difference between the two conformations 
and R is the gas constant. These data are plotted in Fig. 6A 
and the energy difference obtained is 3.2 f 0.3 kJ/mol. 

'H TI relaxation times were measured as a function of 
temperature. When dominated by the quadrupolar interaction, 
in the case ~f a two-site exchange, the rate of relaxation can 
be described by (21): 

Fig. 6. ( A )  Plot of the population ratios calculated from eqs. 
[I41 and [I61 for 6b as a function of temperature. (B) Same 
as A for 5b. 

ln(P1 /P2) vs. 1000/T 
1 I I I 1 
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where wo is the angular Larmor frequency and T, is the cor- 
relation time. The TI 'S  were calculated from the inner singu- 
larities of the powder spectra. A plot of log TI vs. reciprocal 
temperature is presented in Fig. 7. A T I  minimum is observed 
at -196 K. This minimum occurs when COOT, = 0.6158 and 
can be used to determine the correlation time at the tem- 
perature of the minimum. The correlation time at 196 K is 
3.19 ns. The slope of the line in the high-temperature regime 
can be used to evaluate an activation barrier from the Arrhe- 
nius relation. The activation barrier was evaluated at 12.3 f 
0.2 kJ/mol. We can compare this to that measured for cy- 
clohexene in solution (22.2 kJ/mol) (22). Strictly speaking, 
activation energies and correlation times evaluated in this 
way assume that the populations remain equal throughout 
the entire temperature range, therefore the activation barrier 
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Fig. 7. Plot of ln(TI) vs. (1000/T) for the 'H data collected 
for 6b. 

and correlation time presented here are best referred to as 
"apparent." The relatively low "apparent" activation energy 
evaluated here may be due to the large amount of void space 
in the vicinity of the cyclohexene moiety of 6b in the crystal 
lattice. 

If we make the reasonable assumption that 6b is struc- 
turally identical to 6a, we can conclude that the disorder 
observed in the X-ray diffraction data is dynamic in nature. 
By extrapolation of the data in Fig. 6B we can estimate the 
populations of the two conformations to be approximately 
86:14. Based on this information, the initial 0.75:0.25 pop- 
ulation ratio used in the X-ray diffraction data was replaced 
by 86:14 and a further refinement carried out. This modi- 
fication, however, made very little difference to the atomic 
coordinates or thermal parameters. 

The solid state I3C CPhIAS NMR spectrum of 5a taken 
at room temperature is shown in Fig. 8A with the corre- 
sponding dipolar dephased spectrum in Fig. 8B. Unlike the 
I3C CPMAS dipolar dephased spectrum of 6a, the spec- 
trum of 5a does not show any significant intensity for the 
methylene carbons in the 6 and 7 positions. This observation 
can mean one of two things. Either the system is rigid with 
one or more conformations or there is a similar conforma- 
tional exchange as observed for 6a except that the population 
difference is very close to unity. In either case the net 
I3C - ' H  dipolar interaction would still be large and the I3C 
signal for the methylenes would be expected to decay signif- 
icantly during the 40 ~s dipolar dephasing delay. 

The wideline solid state 2H NMR spectra of 5b are given in 
Fig. 9 as a function of temperature. As with 6b, the spectra 
are narrower than expected for a completely rigid system. 
Also similar to the 2H spectra of 6b, the spectra are temper- 
ature dependent and in the fast-motion limit. This eliminates 
the hypothesis that the system is completely rigid. A plot of 
the spectral frequency separations as a function of tempera- 
ture are given in Fig. 10. The data are very similar to those 
in Fig. 4, indicating that the motion is of the same type as 
that observed for 6b. If we assume the same model for dy- 
namic disorder as in 6b and that the quadrupolar coupling 
constant for the rigid system is 174 kHz with q = 0,  then the 

Fig. 8. (A) "C CP/MAS NMR spectrum of 5a at room 
temperature. (B) Same as A with a 40 ps dipolar dephasing 
delay. The peaks marked with an asterisk are spinning side 
bands. 

Dipolar Dephasing 

* 

Fig. 9. Broadline solid state 'H NMR spectra of 5b recorded 
as a function of temperature. The relaxation delay was 10 s. 

H 
100 kHz 
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Facey et al. 1851 

Fig. 10. Plot of the frequency differences, Av',,, Av;,, and 
Av;,, between the features of the solid state 'H spectra of 5b 
as a function of temperature. 

300 

Temperature (K)  

populations can be calculated as before and the energy dif- 
ference between the two conformations evaluated. The data 
are plotted in Fig. 6B and give hE = 6.1 + 0.2 kJ/mol. From 
both the I3C and 'H solid state NMR data it is apparent that 
5b undergoes an exchange akin to a chair-to-chair inversion 
of the cyclohexene ring in the solid state where one of the 
conformations is highly favoured with respect to the other. 
The fact that the population difference for 5b is larger than 
that for 6b may suggest that for the case of the acid there 
is less void space around the cyclohexene ring in the crystal 
lattice. 

Conclusion 
The X-ray crystal structure obtained for 6a shows a molec- 
ular conformation where the carbonvl bond is almost normal 
to the plane of the aromatic ring. This conformation leaves 
a great deal of void space around the cyclohexene moiety, 
giving it the freedom to undergo molecular motions. The 
crystal structure shows that there are two distinct confor- 
mations present but is unable to confirm whether they are 
disordered statically o r  dynamically. Solid state I3C CP/MAS 
data taken at room temperature reveal that the disorder is dy- 

namic at room temperature, and the 'H NMR data are able 
to evaluate the population ratios as  a function of temperature 
as well as  determine an apparent activation barrier based on 
a simple two-site ring inversion. The 2H NMR data for 5b 
support the notion that the same sort of ring inversion oc- 
curs in this compound; however, the population differences 
are much larger. The large population difference is consistent 
with the absence of methylene signals in the I3C CP/MAS 
spectrum with dipolar dephasing. 
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Fonctionnalisation du 8-pyronene, un nouveau 
synthon terpenique 

Marie Jeanne Quirin, Martine Taran et Bernard Delmond 

Resume . Le 6-pyronkne, un synthon terpCnique nouvellement accessible ii partir du myrckne, compost5 dCveloppC 
industriellement, a CtC diversement fonctionnalisC. I1 constitue une matiere premiere 1ntCreswnte pour accCder i des 
~ntermkdiaires actuellement utilisCs dans la synthitse de parfums et de rCtlno'ide5. De plus, de nouveaux composCs terpCniques 
possCdant un squelette cyclogCranyle particulier ant CtC prCparCs. 

Mots clis : terpitnes, pyronenes, dCrivCs cyclogCranyles, parfums. 

Abstract: &Pyronene, a terpenic synthon recently made industrially available from myrcene, has been characterized. It is an 
excellent raw material for the preparation of numerous intermediates used in the synthesis of perfumes and retinoids. 
Furthermore, new terpenic compounds including the cyclogeranyl skeleton have been prepared. 

Key words: terpenes, pyronenes, cyclogeranyl derivatives, perfumes. 

[Journal translation] 

Introduction 

Les pyronknes (SchCma 1) sont des hydrocarbures diiniques, 
possedant le squelette 1,1,2,3-tCtramCthylcyclohexane, obte- 
nus - essentiellement les isomkres ci 1 et (3 2 - lors de la 
pyrolyse de I'a-pinkne (1). 11s rCsultent alors d'une isomCrisa- 
tion thermique des alloocimknes formCs intermkdiairement 
(2). 

Schema 1. 

travaux (6) rCalisCs h ce jour concernant la chimie du 8-pyro- 
nkne 4 nous avons entrepris d'analyser la rCactivitC de ce com- 
posC. 

Lors d'un travail precCdent (7) nous avons Ctudie son 
Cpoxydation et montrC que 1'Cpoxy-pyronkne 5 (SchCma 2) 
Ctait un synthon (8) permettant d'accCder des intermediaires 
importants (P-cyclocitral6, @-ionone 7) utilisCs par les indus- 
tries des parfums et des cosmCtiques. 

Schema 2. 

Le y-pyronkne 3 a Cte prCparC (3) avec un bon degrC de puretC 
lors de la dCgradation d'Hoffman des sels d'ammonium de l 'a- 
cyclogeranyle amine; cependant ce type de reaction rCalisCe sur 
1e chlorhydrate de la dimethyl (3-cyclogCranyle amine (4) con- 
duit h un melange de y-pyronkne 3 et de 8-pyronkne 4. Le 8- 
pyronene 4 (1,l-dirnethyl-2,3-dirnkthylkne cyclohexane) peut 
&(re cependant obtenu de manikre plus spkcifique et avec une 
excellente puretC B partir du mycene (3, rnatikre prernikre prC- 
parCe industriellernent h partir du P-pinhe.  

Aussi compte tenu de cette disponibilitk rCcente et du peu de 
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TClCphone: 56 84 69 95. TCICcopie: 56 84 64 22. 

5 6 7 

Nous prksentons dans ce memoire diffkrents aspects de la 
rCactivitC du 8-pyronttne 4, rnettant en jeu le systkme diCnique 
et conduisant, selon les rCactifs, a des produits issus d'une 
addition- 1,2 ou d'une addition- 1,4. 

Nous inontrerons en particulier, que de nouveaux composCs 
terpkniques appartenant h la sCrie "iso" (SchCma 3) et dont le 
squelette cyclogCranyle differe de la sCrie normale par une 
localisation diffkrente de la chaine latkale fonctionnelle (R), 
peuvent &tre preparks h partir de ce composC. 

Schema 3. 

serie normale serie "iso" 

Resultats 

Dihydroxylation du 6-pyronhe 4 
Nous avons rCalisC la dihydroxylation du 8-pyronttne 4 par le 
permanganate de potassium en milieu basique aqueux (9). 

Can. J. Chem. 74: 1852-1856 (1996). Printed in Canada Illnpr~lnC au Canada 
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Quirin et al 

Apres 15 h d'agitation ternptrature arnbiante, on observe la 
formation exclusive du diol 8 que l'on isole par flash-chro- 
matographie, avec un rendement de 60% (Schtrna 4). 

SchCma 4. 

La localisation du systkme dihydroxylC sur le squelette a pu 
Stre dCduite d'une ex Crience de RMN 2D (10) mettant en jeu P les corrklations 'HI' C B travers des couplages a longue dis- 
tance ('Jet 3. Nous observons en particulier des corrClations 
de type 3~ entre d'une part le carbone quaternaire hydroxylC B 
80,l ppm et les protons du groupement gem-dimCthyle a 0,89 
ppm et d'autre part le carbone sp' de type mkthylene B 110,7 
ppm avec les protons allyliques appartenant au cycle et rCson- 
nant B 2,3 1 ppm. 

Comme lors de 1'Cpoxydation par les peracides (7), cette 
rCaction n'est pas stCrCosClective, cependant on note une addi- 
tion sClective sur le mCthylkne en -2, que l'on peut interpreter 
par un effet Clectronique (+I) prCpondtrant du groupement 
genz-dimCthyle sur cette double liaison. 

Compte tenu de la haute rtgiosClectivitC de cette rkaction, le 
diol 8, sans purification ultkrieure, a t t t  transforme, via son 
hydroxy-tosylate 9, puis traitement de celui-ci a l'alumine en 
Cpoxy-pyronkne 5, avec un rendement global de 52%. Cela 
constitue une voie d'acces nouvelle et stlective a I'tpoxy- 
pyronene 5 prCcurseur (6) du P-cyclocitral6 et de la P-ionone 
7. 

Hydroboration du 6-pyronene 4 
Kane et Von Genk (1 1) avaient prCcCdemrnent rCalisC l'hydro- 
boration du 6-pyronkne par la diborane gCnCrC in situ dans le 
diglyme. 11s obtiennent avec un rendement mediocre les 
alcools correspondants a l'hydroboration respectivement des 
deux doubles liaisons. Nous avons, en ce qui nous concerne, 
rialis6 cette rCaction dans le tktrahydrofuranne en utilisant du 
diborane gCnCrC hors du rtacteur. Dans ces conditions et aprks 
oxydation en milieu basique (H,O,lOH-) on isole avec un ren- 
dement de 47% un melange (24176) constituC par du cyclohex- 
ane mCthano1-3,3-dimCthy1-2-mtthylkne 10 ("iso"-y-cyclo- 
geraniol) et du y-cyclogCraniol 11 (SchCma 5). 

SchCma 5. 

11 rCsulte de l'addition sur le mtthylene en -2, plus encombre 
stkriquement par le voisinage du groupement gem-dimtthyle. 

Les composts hydroxylCs 10 et 11 aisCment stparks par 
chromatographie sur alumine (6% H20) sont oxydCs par le 
chlorochromate de pyridinium respectivement en "ison-y- 
cyclocitral 12 (Rdt 81%) et y-cyclocitral 13 (Rdt 87%). Ces 
aldChydes trait& en prtsence d'alumine s'isomCrisent quanti- 
tativement en "ison-P-cyclocitral 14 et P-cyclocitral 15. 

L'alcool 10 ainsi que les aldthydes 12 et 14 sont des com- 
posCs intdits possCdant un squelette cyclogCranyle avec une 
position diffkrente de la chaine fonctionnelle ("iso" cyclogtra- 
nyle). 

Hydrobromation du 6-pyronene 4 
Par analogie avec les rCactions rCalisCes sur le myrckne, le 6- 
pyronkne 4 a CtC trait6 par une solution d'acide bromhydrique 
B 48% en prCsence de bromure cuivreux (12). La rtaction est 
complkte au bout de 2 h et nous mettons en Cvidence sur le brut 
reactionnel un mClange (70130) des deux dCrivCs bromCs 16 et 
17; l'addition d'acide bromhydrique sur le complexe 6- 
pyronkne-Cu2Br2 a lieu prCfCrentiellement sur la double liai- 
son la plus rCactive pour ce type de rkaction. 

Cependant si on prolonge le temps de rCaction nous consta- 
tons 1'Cvolution du dCrivC bromC 17 qui subit une rCaction de 
dtbromhydratation en y-pyronene 3. Sa disparition est totale 
au bout de 20 h; seul subsiste le brornure d'"isoW-P-cyclogCra- 
nyle 16, qui sans &tre is016 est trait6 successivement par de 
I'acCtate de potassium puis LiAlH, pour conduire a 1'"iso"-P- 
cyclogeraniol 18 avec un rendement de 33% par rapport au 6- 
pyronkne. Ceci constitue une nouvelle voie d'accks plus spCci- 
fique pour cet alcool Cgalement inCdit. 

Addition du chlorure de benzene sulfknyle au 6-pyronene 
4 

La rCaction du chlorure de benzkne sulftnyle (13) a -70°C sur 
le 6-pyronkne 4 en solution dans du dichloromCthane conduit 
quantitativement h un mClange (56144) des chlorosulfures 19 
(adduit - 1,4) et 20 (adduit - 1,2) que nous ne pouvons sCparer 
efficacement en raison de leur trks faible stabilitC (SchCma 6). 
Lors de cette rCaction mettant en jeu un rnkcanisrne ionique via 
un ion Cpisulfonium, on note de nouveau l'addition exclusive 
sur le rntthylkne -2 plus riche en Clectrons. 

SchCma 6. 

Par contre, lorsque l'on utilise un agent d'hydrobora- 
tion hautement rCgiosClectif, le 9-BBN (bora-9-bicy- 
clo[3,3,l]nonane) qui est trks sensible a l'encombrement 
stCrique de la double liaison, nous inversons la rCgiochimie 
de cette rCaction et obtenons les alcools 10 et 11 dans un rap- 
port 67133 avec un rendement de 42%. L'alcool minoritaire 

Cependant par un chauffage de 3 h au reflux du dichlo- 
romethane, nous initions une isomCrisation totale de l'adduit - 
1,2 en adduit -1,4 que l'on peut alors isoler par flash-chro- 
matographie. Sa reduction par AlLiH, a 0°C dans 1'Cther 
anhydre conduit avec un rendement de 80% au phtnylcy- 
clogCranylsulfure 21, intermkdiaire particulikrement impor- 
tant (14) pour accCder via la sulfone correspondante B la 
vitamine A et a divers rCtino'ides. 

Addition de thiols au Bpyronhe  4 
Le 6-pyronkne 4 a CtC trait6 dans un premier temps par le 
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Quirin et al. 

Aprks 1 h d'agitation a temperature ambiante la solution est 
traitCe pendant 1 h avec 2 mL d'une solution de NaOH 3 N et 
1,4 mL d'H202 30%. 

Aprks extraction 2 l'Cther, lavage (NaCl saturC) et sCchage 
(MgSO,), les solvants sont CvaporCs. Le produit brut est puri- 
fiC par chromatographie sur colonne d'alumine dCsactivCe 
(6% d'H,O). On obtient 725 mg (Rdt 47%) d'un melange (241 
76; CPG) constituC par les alcools 10 et 11. 

Avec le 9-BBN 
A une solution de 1,36 g (10 mmol) de 6-pyronkne 4 dans 3 
mL de THF on ajoute 22,7 mL (1 1,1 mmol) d'une solution 0,5 
M de 9-BBN dans du THF, puis on porte au reflux pendant 6 h. 
Aprks refroidissement on ajoute 6 mL dlCthanol et 2 mL d'une 
solution de soude 6 N, puis goutte B goutte 4 mL (35,3 mmol) 
d'H,O, B 30% et on agite pendant 1 h i 50°C. 

concentration et extraction au pentane, les phases 
organiques sont lavCes (NaCl saturC), sCchCes (Mg SO,), puis 
CvaporCes sous pression rCduite. 

On isole 647 mg (Rdt 42%) d'un produit brut constituC par 
un mClange (67133; CPG) des alcools 10 et 11 que l'on sCpare 
par chromatographie sur alumine (6% H20) en Cluant avec le 
mClange ether de pCtrolelCther (812 2 614). 

10 : RMN 'H (6) : 1,07 (3H, s), 1,10 (3H, s), 3 5 9  et 3,66 
(CH,OH), 4 3 9  et 4,81 (CH,=); RMN I3c (6) : 21,5 (CH,), 
26,6 (CH3), 29S (CH3), 31,8 (CH,), 3790 (C), 41,6 (CHI, 41,9 
(CH2), 65,7 (CH,OH), 103,l ( a , = ) ,  157,O (C=). Anal. calc. 
pour C I O H I 8 0  : C 77,92, H 11,69; trouvCe : C 78,10, H 11,58. 

11 : RMN 'H (6) : 0,86 (3H, s), 0,95 (3H, s), 3 5 5  et 3,86 
(CH?OH), 4,75 et 4,94 (CH,=C); RMN I3c (6) : 23,l (CH,), 
26,4<CH3), 2 8 3  (CH,), 3 1,9 (CH,), 33,9 (C), 364  (CH,), 5 6 3  
( a ) ,  5 9 3  (CH,OH), 111,5 (CH,=), 1473 (C=). 

Oxydation de l'alcool 10 
A une solution de 690 mg (3,2 mmol) de chlorochromate de 
pyridinium dissous dans 6,6 mL de CH,Cl, on ajoute 322 mg 
(2,l mmol), d'alcool 10, puis on agite pendant 45 min 2 
tempCrature ambiante. 

Le mClange est ensuite "flash" chromatographi6 sur alumine 
dCsactivCe. On isole 260 mg (Rdt 81%) d'"ison-y-cyclocitral 
12 qui s'isomCrise quantitativement en "isow-P-cyclocitral 14 
au contact prolong6 (1 nuit) avec de l'alumine en suspension 
dans de 1'Cther de petrole. 

12 (liquide incolore) : RMN 'H (6) : 0,92 (3H, s), 1,04 (3H, 
s),4,65 et4,93 (CH2=),9,60(1H, d); RMN I3c (6) : 20,2 (CH,), 
26,8 (CH,), 28,O ( a 3 ) ,  28,2 (CH3), 37,8 (C), 40,9 (CH,), 54,6 
( a ) ,  109,l (CH,=), 152,3 (C=), 203,7 (CHO). Anal. calc. 
pour CIOHl60 : C 78,94, H 10,53; trouvCe : C 78,84, H 10,61. 

14 (liquide jaune clair) : RMN 'H  (6) : 1,05 (6H, s), 2,06 
(3H, s), 10,09 (lH, s); RMN 13c (6) : 12,3 ( a 3 ) ,  18,O (CH,), 
2 3 2  (CH,), 27,2 (2 X m 3 ) ,  36,4 (C) ,  3 8 3  (CH,), 132,8 (-1, 
161,7 (e), 192,O (CHO). Anal. calc. pour CIOHI60  : C, 
78,94, H 10,53; trouvCe : C 79,11, H 10,45. 

Oxydation de l'alcool 11 
A une solution de 965 mg (4,5 mmol) de chlorochromate de 
pyridinium dissous dans 10 mL de CH,Cl, on ajoute 440 mg 
(2,9 mmol) d'alcool 11, puis on agite pendant 45 min B 
temptrature ambiante. 

Le melange est ensuite "flash" chromatographi6 sur alu- 
mine dCsactivCe. On isole 377 mg (Rdt 87%) de y-cyclocitral 

13 qui par contact prolong6 (1 nuit) avec de l'alumine en sus- 
pension dans 1'Cther de pCtrole slisomCrise quantitativement 
en P-cyclocitral 15. 

13 : RMN 'H (6) : 0,87 (3H, s), 0,99 (3H, s), 2,60 (lH, m), 
4,62 et 4,82 (CH,=), 9,75 (lH, dl; RMN I3c (6) : 22,7 (CH,), 
25,9 (CH3), 28,O ( a 3 ) ,  34,8 (0,3393 (CH,), 3773 (CH,), 66,4 
(CH), 112,3 (CH,=), 143,3 (C=), 202,7 (CHO). 

15 : RMN 'H (6) : 1,15 (6H, s), 2,04 (3H, s), 2,14 (2H, t), 
10,08 (IH, s); RMN 13c (6) : 18,l (CH,), 18,6 (CH,), 27,2 ( 2 x  
CH3), 32,4 (C) ,  35,l (CH,), 40,1 (CH,), 13939 (-1, 1555 
(-1, 191,l (CHO). 

Hydrobromation du 6-pyronkne 4 
A une solution de 250 mg de CuBr dissout dans 12,s mL 
d'HBr 48% sont ajoutCs 900 mg (6,6 mmol) de 6-pyronkne-4. 
Aprks 20 h d'agitation, la phase organique est extraite 2 
1'Cther. Aprks Cvaporation des solvants le mClange dissout 
dans 10 mL d'acCtone est trait6 avec 2 g d'acktate de potas- 
sium pendant 24 h. Aprks addition d'Cther, la solution orga- 
nique est filtree, concentrCe et additionnke 2 une suspension de 
610 mg d7A1LiH, dans 50 mL d'Cther anhydre a 0°C. Aprks 3 
h d'agitation, le milieu est verse sur de la glace, acidifiC et 
extrait B 1'Cther. Aprks Cvaporation des solvants, on isole 335 
mg (Rdt 33%) d'"ison-P-cyclogCraniol 18 (liquide incolore). 

18 : RMN 'H (6) : 0,93 (6H, s), 1,59 (3H, s), 3,99 (2H, s); 
RMN ',c (6) : 12,9 (CH,), 19,3 (CH,), 27,8 (2x CH,), 28,7 
(CH,), 34,6 (C), 39,3 (CH2), 63,7 (CH,), 129,6 (0, 137,8 (C). 
Anal. calc. pour CIOHI8O : C 77,92, H 11,69; trouvCe : 77,04, 
H 12,oo. 

Addition du chlorure de benzene sulfenyle au 6-pyronsne 
4 

6-pyronkne 4 (1,632 mg; 12 mmol) est ajoutC 2 -70°C B une 
solution de 10 mL de dichloromCthane contenant 10 mmol de 
chlorure de benzkne sulfknyle, prepare 2 partir de thiophenol 
et de N-chlorosuccinimide, puis le mClange est laissC revenir 2 
temperature ambiante. Aprks Cvaporation du solvant, le rCsidu 
est repris par CCl, puis filtrC. Aprks concentration on obtient 
2,8 g (Rdt - 100%) d'un mClange (56144; RMN 'H) constituC 
par les chlorosulfures 19 et 20. 

IsomCrisation de 20 en 19 
Le mClange brut des chlorosulfures est repris dans 10 mL de 
dichloromCthane, puis chauffk au reflux pendant 3 h. Aprks 
Cvaporation du solvant, on obtient 2,6 g (93%) du compost5 19 
(huile). 

19 : RMN 'H (6) : 1,19 (6H, s), 3,72 (2H, s), 4,23 (2H, s), 
7,26-7,36 (5H, Ph); R M N ' ~  C (6) : 19,O (CH,), 28,4 (2 x 
CH3), 2 8 3  (CH,), 31,7 ( 0 4 1 ,  35,3 (C), 39,1 (CH,), 45,7 
(CH,), 126,O (CH, Ph), 128,6 (2 x CH, Ph), 129,O (2 x CH, 
Ph), 133,6 (C) ,  137,9 (C) ,  138,9 (C). 

Reduction du chlorosulfure 19 
Chlorosulfure 19 (670 mg; 2,38 mmol) est ensuite ajoutC B 0°C 
2 une suspension de 280 mg de LiAlH, dans 15 mL d'Cther 
anhydre. Aprks 6 h d'agitation, le milieu est versC sur de la 
glace, acidifiC et extrait B 1'Cther. 

Apres Cvaporation des solvants, on rCcupkre 470 mg (Rdt 
80%) de phCnylcyclogCranyl sulfure 21. 

21 : RMN 'H (6) : 1,09 (6H, s), 1,74 (3H, s), 3,61 (CH,SPh), 
7,lO-7,33 (5H, Ph); RMN 13c (6) : 19,3 (CH,), 20,3 (CH,), 
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28,7 (2 x CH,), 32,6 (CH,), 33,O (CH,SPh), 34,6 (0, 39,4 
(CH,), 125.3 (CH, Ph), 128,2 (2 x CH, Ph), 128,7 (2 x CH, 
Ph), 131,9 (C), 133,6 (C) ,  139,O (C) .  

Addition de thiophenol au 6-pyronene 4 
A 4,033 g (29,6 mmol) de 6-pyronkne 4 sont ajoutts 500 mg 
d'AIBN, puis 5 mL (48,7 mmol) de thiophCnol. Le mtlange 
rCactionne1 est ensuite port6 a 90°C pendant 4 h, puis diluC 2 
l'tther et lavt successivement avec une solution de NaOH 1 N 
et une solution saturte de NaC1. La phase organique aprks 
stchage (MgS04) est concentrCe. On rtcupkre 6,6 g (Rdt 90%) 
d'un mtlange (70130; RMN) des sulfures 22 et 21. 

Leur stparation peut &tre rCaliste par chromatographie sur 
gel de silice imprtgnte de 5% d'AgN0,. 

22 (liquide incolore) : RMN 'H (6) : 0,94 (6H, s), 1,44 (3H, 
s), 3,47 (CH,SPh), 7,12-7,36 (5H, Ph); RMN I3c (6) : 13,3 
((331, 19,5 (CH,), 28,O (2 X CH3), 30,O (CH,), 3570 (C),38,7 
(CH,), 39,5 (CH,), 125,l (C) ,  126,4 (CH, Ph), 128,7 (2 x CH, 
Ph), 13 1,l (2 x CH, Ph), 136,9 (C), 138,9 (C) .  Anal. calc. pour 
CI6H2,S : C 78,05, H 8,94; trouvte : C 78,20, H 8,57. 

Addition de l'ethanethiol au 6-pyronene 4 
A 4,040 g (30 mmol) de 6-pyronkne 4 sont ajoutts 500 mg 
d'AIBN, puis 4,4 mL (60 mmol) d'tthanethiol. Ce mtlange 
rtactionnel est agitC a 50°C pendant 5 h, puis dilut a l'tther et 
lavt successivement avec une solution de NaOH 1 N et une 
solution saturte de NaC1. La phase organique est stchte sur 
MgSO,, puis concentrte. On rtcupkre 5,65 g (Rdt 95%) d'un 
mtlange (60140; RMN) des sulfures 24 et 23 que l'on stpare 
par chromatographie sur colonne de gel de silice. 

24 (liquide incolore) : RMN 'H (6) : 1,00 (6H, s), 1,25 (3H, 
t), 1,65 (3H, s), 2,47 (2H, q), 3,14 (2H, s); RMN 13c (6) : 13,4 
(CH3), 15,O (CH,), 19,4 ((3,)) 25,6 (CH,), 28,O (2X m 3 ) ,  
29,7 ((32),34,9 (C),35,1 ( a 2 ) ,  3 9 3  (CH,), 1263 (0, 137,2 
(C) .  Anal. calc. pour Cl2H2,S : C 72,73, H 11,l l ;  trouvte : C 
72,81, H 11,07. 

23 : RMN 'H (6) : 1,06 (6H, s), 1,28 (3H, t), 1,73 (3H, s), 
2,55 (2H, q), 3,20 (2H, s); RMN I3c (6) : 14,8 (CH,), 19,O 
(CH,), 2092 (CH3), 27,7 (CH,), 28,7 (2x m 3 ) ,  3096 (CH,), 
32,8 ( m 2 ) ,  34,6 (0, 3 9 3  (0, 13 1.9 (C) ,  1333 (C) .  

Obtention du derive iodC 26 
A 530 mg (3,5 mmol) d'iodure de sodium, 4 mL (6,4 mmol) 
d'iodure de mtthyle en solution dans 3 mL d'acttonitrile on 
ajoute 523 mg (2,6 mmol) de sulfure 24. Le milieu est agitt 
pendant 15 h a temptrature ambiante et on obtient aprks chro- 

matographie sur gel de silice (Cluant ether de pttrole), 550 mg 
(Rdt 80%) d'iodure d'"iso"-P-cyclogtranyle 26. 

26 (huile colorte) : RMN H (6) : 1,06 (6H, s), 1,75 (3H, s), 
3 3 0  (2H, s); RMN I3c (6) : 1 5 2  (CH,), 19,6 (CH,), 28,3 (2x 
( 3 3 1 ,  32,5 (CH,), 3 5 3  ( 0 , 3 9 3  (CH,), 5877 (CH,), 124,6 (C), 
142,7 (C) .  Anal. calc. pour C,,Hl,I : C 45,45, H 6,44; trouvte 
: C 46,30, H 7,10. 
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Stereoselectivity of directed epoxidations of 
22-hydroxy-~*~-sterol side chains 

Thomas G. Back and Denise L. Baron 

Abstract: A series of 22-hydroxy-A''-sterols comprising (3~,5a,6~,22S)-6-methoxy-3,5-~y~l0-25,26,27-trinorcholest-23-en- 
22-01 (6), (3~,5a,6~,22S,23E)-6-methoxy-3,5-cyclo-26,27-dinorcholest-23-en-22-ol (7), 3P,5a,6P,22R)-6-methoxy-23- 
methyl-3,5-cyclo-25,26,27-trinorcholest-23-en-22-ol(10), 3~,5a,6~,22S,23~-6-methoxy-3,5-cyclo-26,27-dinorcholest-23-en- 
22-01 ( l l ) ,  and 3~,5a,6~,22R)-6-methoxy-3,5-cyclo-26,27-dinorergost-23-en-22-ol (12) were subjected to epoxidation with 
/)I-chloroperbenzoic acid and [err-butyl hydroperoxide in the presence of either vanadyl acetoacetonate or molybdenum 
hexacarbonyl, and the rhreo:eryrhro ratios of the products were determined. The results are of relevance for the synthesis of 
sterols with oxygenated side chains, such as brassinolide (I).  The oxidations of 6 and 7 were er.y~hro selective with all three 
oxidants, especially with the vanadium-catalyzed system. Peracid oxidation of the 22-[err-butyldimethylsilyl ether (8) and 22- 
pivaloate (9) of alcohol 7 showed similar elyrhro selectivity to that of the parent compound 7. Allylic alcohol 10 gave exclusively 
the eryrhro epoxide with all three oxidants, while 11 and 12 were threo-selective under all three conditions. Molecular modeling 
indicated that eryrhro selectivity in the vanadium-catalyzed epoxidation of 10 was consistent with a destabilizing interaction 
( ~ ( 1 . 2 1  strain) between the getn-methyl and C(2 I) methyl groups in the conformation required for formation of the rhreo-isomer. 

The ttrreo-selective peracid oxidations of 11 and 12 were attributed to A' ' .~)  strain between the cis-methyl groups and C(20) in the 
conformation required for formation of the etyrhm-epoxide. The differences in the calculated energies of conformations leading 
to the rhreo- and eryrhro epoxide diastereomers of substrates containing no gem or cis substituents proved too small to permit 
reliable prediction of diastereoselectivity. 

Key words: 22-hydroxy-A'3-stero~s, brassinosteroids, allylic alcohols, epoxidation, diastereoselectivity 
I 

R6sumC : On a soumis une sCrie de 22-hydroxy-Ax-st~rols, comportant les (3P,5a,6P,22S)-6-mCthoxy-3,5-cyclo-25,26,27- 
trinorcholkst-23-Cn-22-01(6), (3~,5a,6~,22S,23E)-6-mCthoxy-3,5-cyclo-26,27-dinorcholkst-23-en-22-ol(7), 3P,5a,6P,22R)-6- 
mCthoxy-23-mCthyl-3,5-cyclo-25,26,27-trinorcholCst-23-Cn-22-ol (lo), 3P,5a,6P,22S,23~-6-mCthoxy-3,5-cyclo-26,27- 
dinorcholkst-23-en-22-01 ( l l ) ,  et 3~,5a,6~,22R)-6-mCthoxy-3,5-cyclo-26,27-dinorergost-23-n-22-o (12), i une Cpoxydation 
par I'acide tn-chloroperbenzo'ique et l'hydroperoxyde de re,?-butyle, en prksence soit d'actoacCtonate de vanadyle soit 
d'hexacarbonyle de molybdkne; on a dCterminC les rapport rhrio/e'ryrhro des produits obtenus. Les rtsultats prCsentent de 
I'importance pour la synthkse de stCrols portant des chaines IatCrales oxygCnCes, comme le brassinolide (1). Les oxydations des 
composes 6 et 7 sont tryrhro-stlectives avec chacun des trois oxydants, particulikrement avec le systkme catalysC par le 
vanadium. Les oxydations du 22-terr-butyldimCthylsilyloxyde (8) et du 22-pivaloate (9) de I'alcool7 par le peracide donnent des 
iryrhr-o-sClectivitCs semblables B celle du composC parent (7). L'alcool allylique 10 conduit exclusivement B I'Cpoxyde e'tyrhro 
avec chacun des trois oxydants alors que les composCs 11 et 12 sont thrPo-sClectifs dans les trois conditions expCrimentales. La 
modClisation molCculaire indique que 1'e'r)~thr.o-sClectivitC observte lors de I'Cpoxydation du produit 10 catalysCe par le 
vanadium pourrait &tre le rksultat d'une interaction dkstabilisante (tension A('.')) entre le gem-dimCthyle et les groupes mCthyles 
en C(2 1 ) dans la conformation requise pour la formation de I'isomkre rhrio. Les oxydations tkrio-sClectives des composCs 11 et 
12 obtenues avec le peracide sont attribuCes B une tension A('.') entre les groupes cis-mCthyles et le C(20) dans la conformation 
requise pour la formation de 1'Cpoxyde itythro. Les diffkrences des Cnergies calculCes des conformations conduisant aux 
Cpoxydes thrio et it:yrhro diastCrComkres des substrats ne contenant pas de substituants getu ou cis sont trop faibles pour 
permettre de faire des predictions satisfaisantes de la diastCrCosClectivitC. 

Mots clPs : 22-hYdroxy-~"-st~rols, brassinostCro'ids, alcools allyliques, Cpoxydation, diastCrCosClectivitC. 

[Traduit par la rCdaction] 

Introduction opment of new methods for their preparation (1). Among such 
compounds, brassinolide (1) (2) and related brassinosteroids 

1 The discovery of numerous biologically active sterols contain- are of particular interest because of their powerful plant 
I ing oxygenated side chains has prompted interest in the devel- growth activity (3). The four contiguous stereo- 

centers at C(20), C(22), C(23), and C(24) and the vicinal diol 
Received May 27, 1996. moiety at C(22) and C(23) in the side chains of these com- 
T.G. ~ a c k '  and D.L. Baron. Department of Chemistry, pounds provide the principal challenge in their synthesis. A 
University of Calgary, Calgary, AB T2N I N4, Canada. number of strategies for this purpose have been reported (4), 
' Author to whom correspondence may be addressed. some of which exploit stereoselective epoxidations of appro- 

Telephone: (403) 220-6256. Fax: (403) 289-9488. E-mail: priate unsaturated substrates ( 5 ) ,  usually followed by reduc- 
tgback@acs.ucalgary .ca tion or reaction with carbanion nucleophiles. The hydroxyl- 

Can. 1. Chem. 74: 1857-1867 (1996). Printed in Canada I 11nprirnC au Canada 
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Scheme 1. 

0 H 

= M 
0 OMe 

Brassinol~de (1) 

directed epoxidation of allylic alcohol 3, followed by epoxide 
opening of 4 with an isopropyl nucleophile (Scheme I), pro- 
vides an exceptionally concise synthesis of the brassinolide 
side chain (6), but results in unfavourable diastereoselectivity 
in the epoxidation step unless a chiral oxidant is employed. 
Since this and other epoxide-based methods offer potential 
access to new brassinolide analogues and to stereoisomers that 
are of interest in structure-activity studies, as well as to other 
sterols possessing oxygenated side chains, a more detailed 
investigation of the stereoselectivity of the key epoxidation 
step was undertaken. Thus, allylic alcohols 6 1 2 ,  prepared as 
shown in Scheme 2, were subjected to three different epoxidiz- 
ing conditions, in order to systematically observe the effects of 
substituents at the t (trans), g (gern), and c (cis) positions, as 
well as the effect of blocking the alcohol functionality through 
silyl ether or ester formation. 

The directing effect of the hydroxyl group in the epoxida- 
tion of allylic alcohols with peracids was first noted by 
Henbest and Wilson (7). Subsequently, hydroxyl-directed 
vanadium-catalyzed epoxidations with tert-butyl hydroperox- 
ide were reported, as well as those using other transition metal 
catalysts such as molybdenum and titanium, thereby providing 
improved diastereoselectivity in many instances (8). The 
inclusion of chiral, tartrate-based ligands with titanium cata- 
lysts gave rise to the widely employed Sharpless method for 
the enantioselective epoxidation of allylic alcohols (9). 

The diastereoselectivity of peracid- and vanadium-cata- 
lyzed epoxidations has been studied with both cyclic and 
acyclic substrates. Several early models for the peracid epoxi- 
dation of allylic alcohols were proposed by Sassiver and 
English (lo), Whitham and co-workers (1 l), and Chautemps 
and Pierre (12). In most cases, secondary acyclic allylic alco- 
hols afford threo-epoxides preferentially, and the stereoselec- 
tivity is enhanced by the presence of a cis substituent. 
However, erythro selectivity is often observed when a substit- 
uent is present in the gem position. More recently, Sharpless 
and co-workers (ad, 13) proposed a revised model for peracid 

Scheme 2. 

epoxidations with a preferred dihedral angle (0-C-C-C=) of 
120" that accommodates the stereoelectronic requirement for 
back-side attack by the olefinic T-bond upon the peroxide 
moiety of the peracid. Thus, the two conformations 13 and 14 
lead to tl~reo and erythro epoxides, respectively, as shown in 
Scheme 3. 

On the other hand, vanadium-catalyzed epoxidations with 
tert-butyl hydroperoxide are generally erythro selective, with 
enhancement or reversal of this stereoselectivity observed 
with bulky genz or cis substituents, respectively (ad, 13, 14). A 
preferred dihedral angle (0-C-C-C=) of 50" has been sug- 
gested for these types of oxidations (ad, 13), leading to threo 
and erythl-o epoxides via conformations 15 and 16, respec- 
tively (Scheme 3). Molybdenum-catalyzed epoxidations 
resemble those of peracids when trarzs alkyl groups are 
present, and are intermediate in stereoselectivity between per- 
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Back and Baron 

Scheme 3. 

peracid eooxidat~on 

R 
I threo 

Rt 

0 -  -H 
OH 

14 erythro 

Ar 

vanadium-catalvzed epoxidation r t-Buo 1 

threo 

' J  erythro 
L 

acid- and vanadium-catalyzed epoxidations with many other 
types of allylic alcohols. The observed stereoselectivity has 
been rationalized by consideration of allylic strain (A-strain) 
and other interactions in the transition states derived from con- 
formations corresponding to 13-16 (8d, 13, 14, 15). 

Results and discussion 

The Cram addition products 6, 7, and 10-12, along with 
smaller amounts of their anti-Cram epimers, were obtained by 
the addition of the appropriate Grignard reagent or organo- 
lithium compound to aldehyde 2b (Scheme 2). The silyl ether 
8 and pivaloate 9 were prepared by silylation and esterification 
of 7. Products 6 ,7 ,  and 10-12 were then subjected to epoxida- 
tion with tn-chloroperbenzoic acid (MCPBA), and with tert- 
butyl hydroperoxide in the presence of catalytic amounts of 
either vanadyl acetoacetonate, or molybdenum hexacarbonyl. 
Compounds 8 and 9 were oxidized only with MCPBA. The 
results are shown in Table 1. 

The configurations of the epoxide products in Table 1 were 
determined by spectroscopic methods and (or) by their 
stereospecific conversion to more easily identified products. 
Thus, erythro-17 was treated with isopropylmagnesium chlo- 
ride and cuprous cyanide (16) to give diol 24, which under- 

went a stereospecific Corey-Winter deoxygenation (17) to the 
known (Z)-olefin 25 (18). The erytht-o epoxide 18 has been 
reported previously (6), and both it and evthro-22 afforded 
the same erythro diol 26 when reduced with lithium borohy- 
dride in the presence of titanium tetraisopropoxide (19), 
thereby confirming the assignment of stereochemistry to 
etgthro-22. Similar treatment of threo-22 produced the diaster- 
eomeric threo-diol 27. Epoxides 19 and 20, obtained from 
epoxidation of silyl ether 8 and pivaloate 9, respectively, were 
identified by comparison with the products of silylation and 
pivaloylation of the known erythro epoxide 18 (6). Etythro-21 
was subjected to regioselective ring-opening with mesitylene- 
selenolate (20), followed by Corey-Winter reaction of the 
resulting diol 28 to afford the olefin 29, which was shown to 
be the (Z) isomer by NOE experiments. Finally, the threo- 
epoxide 23 was reduced with lithium borohydride - titanium 
tetraisopropoxide to diol30, which was in turn converted into 
the known sterol 31 (21). These transformations are shown in 
Scheme 4. 

The following results are evident from Table 1. The unsub- 
stituted allylic alcohol 6 and the trans-allylic alcohol 7 
afforded the corresponding erythro epoxides with modest 
diastereoselectivity using MCPBA or Mo-catalysis, and with 
very high selectivity with V-catalysis. While erythro selectiv- 
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Scheme 4. 

OH i-PrMgCI Corey-Winter 
CuCN (cat.) 

M M M 
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+SeAr - 
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Table 1. Epoxidation of allylic alcohol derivatives 6-12. 

% Yield (threo:erytht-o ratio)" 

Substrate Epoxide MCPBA VO(a~ac)~lr-BuO0H Mo(CO),lt-Bu00H 

6 17 100 (36:64) 93 (<5:95) 58 (26:74) 
7 18 87 (40:60) 90 (<5:95) - (40:60) 
8 19 67 (26:74) - - 

9 20 77 (34:66) - - 

10 21 98 (<5:95) 85 (<5:95) 57 (<5:95) 
11 22 88 (>95:5) 93 (65:35) 60 (>95:5) 
12 23 72 (9 1 :9) 78 (81:19) 82 (93:7) 

"Isolated yields are reported 
"atio was obtained by NMR integration. 

ity is expected in the V-catalyzed system because of the desta- 
bilizing strain between R and R, in conformation 15 
(Scheme 3) that leads to the threo epoxide, the effect is usually 
small when R, = H. Moreover, the threo selectivity that is gen- 
erally observed in the peracid epoxidations of other allylic 
alcohols can be attributed to strain between R and R, in 
conformation 14, although it is again small when R, = H. Thus, 
the observation of erythro selectivity in the peracid oxidations 

of 6 and 7, and its magnitude in the V-catalyzed cases, are 
somewhat atypical. 

Furthermore, the alcohol group of the substrate is believed 
to act as an H-bond donor to the hydroxylic peracid oxygen 
atom (84,  and is thus responsible for the directing effect 
observed in the peracid epoxidation of allylic alcohols. Protec- 
tion of the allylic alcohol moiety might therefore be expected 
to change the diastereoselectivity by disrupting its H-bonding 
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Back and Baron 

Table 2. Molecular modeling of allylic alcohol derivatives 6 1 2 .  

Substrate 

D.A." of En,,, 8.2 9.1 24.3 21.5 19.2 -158.1 -158.5 
Global ~,~ ,b  236.2 235.5 257.0 303.4 240.1 240.2 239.9 
E of 13 (D.A. = -120") 240.6 239.8 - - 252.0 245.7 246.1 
E of 14 (D.A. = 120") 244.9 244.6 - 249.6 266.1 269.4 
E of 15 (D.A. = -50") 239.3 238.3 - - 254.1 246.0 246.2 
E of 16 (D.A. = 50") 243.1 242.4 - - 246.8 247.9 248.2 
AE (14 - 13) 4.3 4.8 - - -2.4 20.4 23.3 
AE (16 - 15) 3.8 4.1 - - -7.3 1.9 2.0 

"Dihedral angles (D.A.) refer to 0-C(22)-C(23)-C= and are given In degrees; the D.A. is positive when C(23) moves 
clockwise relative to C(22) while sighting from C(22) to C(23). 

"Energ~es ( E )  are given In k.J mol-'. 

ability and freeing it from the constraints of the models in 
Scheme 3. Bulky 0-protecting groups could further affect the 
stereochemistry by altering the preferred conformation 
through increased steric interactions. Surprisingly, however, 
neither silylation nor esterification of the hydroxyl group of 7 
(i.e., to give 8 and 9, respectively) had a significant effect upon 
the stereochemical outcome of the peracid epoxidation. Block- 
ing the hydroxyl group is therefore not a useful strategy for 
changing the erythro:threo ratio and does not provide a means 
for realizing threo diastereoselectivity in this reaction. 

The gem-substituted allylic alcohol 10 afforded the erythro- 
epoxide as essentially a single stereoisomer with all three oxi- 
dation methods. The predominant formation of this product is 
consistent with literature precedents, although the very high 
diastereoselectivity observed is unusual in the peracid oxida- 
tion. 

Compounds 11 and 12, the two substrates investigated that 
possess cis substituents, afforded the corresponding threo- 
epoxides as the major products with all three oxidation meth- 
ods. This is attributed to destabilization of the erythro confor- 
mation 14 in the peracid oxidation by strain between R 
and R,, but the cause is less obvious in the case of the less 
stereoselective V-catalyzed process. 

In an attempt to gain further understanding of the stereose- 
lectivity of the above oxidations, we subjected compounds 6 
12 to molecular modeling with MacroModel (Version 4.5). 
Energy minimizations in the MM2 mode followed by Monte 
Carlo searches to determine the conformations corresponding 
to the global energy minima were performed for each com- 
pound. The results are shown in Table 2. It is noteworthy that 
the dihedral angle 0-C(22)-C(23)-C(24) is relatively small for 
6 1 0  (8.2"-24.3"), where R, = H, indicating a roughly syn- 
coplanar geometry as shown in conformation 32. In contrast, 
the dihedral angle in the cis-substituted compounds 11 and 12 
is - 158.1" and - 158.5", respectively, indicating an essen- 
tially anti-coplanar conformation 33. Evidently, substantial A- 
strain between the hydroxyl group and the cis substituent 
results from replacement of H by Me in the cis position. This 
destabilizes the syn conformation 32 relative to 33 and leads to 
rotation about the C(22)-C(23) bond. On the other hand, A- 
strain is not significantly increased by silylation or esterifica- 

tion of the alcohol moiety in 8 and 9, where the syn conforma- 
tion 32 persists despite the relatively bulky 0-substituents. 

33 (anti) 

We next investigated conformations 13-16 for each of the 
allylic alcohols 6, 7, and 10-12, in order to identify any A- 
strain or other strongly destabilizing interactions. We envis- 
aged that appropriately rotationally restricted conformations 
of the free alcohols could serve as models for their complexes 
with peracids or vanadium catalysts, and for the ensuing tran- 
sition states, since the 0-C(22)-C(23)-C(24) dihedral angles 
shown in 13-16 are required for stereoelectronic reasons, as 
explained earlier. The dihedral angles of compounds 6 ,7 ,  and 
10-12 were therefore constrained to - 120°, 120°, -50" and 
50°, corresponding to the ideal conformations for threo and 
erythro epoxidations with peracids (13 and 14, respectively) 
and V-catalyzed tert-butyl hydroperoxide (15 and 16, respec- 
tively). The resulting energies are shown in Table 2. Com- 
pounds 8 and 9 were omitted from consideration because they 
lack a free hydroxyl group to direct the epoxidation. 

The most striking differences in the calculated energies 
(AE) of the erythro- and threo-forming conformations were 
observed in the V-catalyzed epoxidation of 10 (-7.3 kJ/mol) 
and in the peracid oxidations of 11 and 12 (20.4 and 23.3 kT/ 
mol, respectively). The predicted and observed erythro selec- 
tivity in the former case is attributed to A('*') strain and the 
associated unfavourable steric interaction between the gem- 
methyl and C(21) methyl groups in the thrfo conformation 15, 
where the nearest contact is only 2.242 A. The strong threo 
selectivity of 11 and 12 is consistent with substantial 
strain in the erythro conf?rmations 14, where the closest con- 
tacts of 2.036 and 2.009 A, respectively, are between the cis- 
methyl groups and the C(20) hydrogen atoms. 

In contrast to the above cases, the differences in energies 
between the threo- and erythro-forming conformations in the 
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other examples in Table 2 are relatively small (AE is less than 
5 kJ/mol). This suggests that more subtle secondary steric and 
stereoelectronic effects, as well as factors such as solvation 
and the possibility of reactions proceeding via higher energy 
conformations (Curtin-Hammett principle), can play a deter- 
mining role in deciding the stereochemical outcome. The fact 
that the other examples in Table 2 predict modest threo 
selectivity, which it will be recalled is generally observed in 
the peracid oxidations of other allylic alcohols, while the cor- 
responding erythro diastereomers were actually favoured with 
substrates 6 1 0 ,  demonstrates that caution must be used in 
attempts to predict the stereochemistry of these processes in 
the absence of strongly directing cis or getn substituents. 

In summary, of the steroidal allylic alcohols that were stud- 
ied, those lacking both cis and genz substituents (6 and 7) dis- 
played strong erythro selectivity in vanadium-catalyzed 
epoxidation and modest erythro selectivity with the other oxi- 
dants investigated. Silylation or esterification o.f the hydroxyl 
group of 7 (to give 8 and 9) did not significantly alter the 
course of the peracid epoxidation. The presence of a gem sub- 
stituent in 10 resulted in the essentially exclusive formation of 
the erythro diastereomer with all three oxidants, while cis-sub- 
stituted substrates 11 and 12 provided the only cases of threo 
selective epoxidations. Molecular modeling indicated A" .~ )  
strain in 14 as the cause of threo selectivity in the peracid oxi- 
dations of 11 and 12, and A('.') strain between the gem-methyl 
and C(21) methyl groups in 15  as the reason for erythro selec- 
tivity in the V-catalyzed oxidation of 10. However, modeling 
results proved inconclusive in attempts to rationalize the 
stereoselectivity of the other examples investigated. 

Experimental section 

Melting points were obtained on an A.H. Thomas hot-stage 
apparatus and are uncorrected. FT-IR spectra were recorded 
on a Mattson 4030 spectrometer. Proton (200 MHz) and "C 
NMR (50 MHz) spectra were acquired on a Bruker ACE 200 
spectrometer, with deuteriochloroform as the solvent and 
residual chloroform as the internal standard. Other NMR spec- 
tra were obtained on a Bruker AM 400 instrument and are so 
indicated. Only selected signals are reported in 'H NMR spec- 
tra. Low- and high-resolution mass spectra were obtained on a 
Kratos MS80 or a VG 7070 mass spectrometer. Elemental 
analyses were carried out by Ms. D. Fox of the Chemical 
Instrumentation Laboratory. Analytical TLC was carried out 
with Merck aluminum sheets coated with silica gel 60 F-254, 
and the spots were visualized with UV light, or by spraying 
with a 9% ammonium molybdate (VI) tetrahydrate solution in 
16% aqueous sulfuric acid followed by heating for a few min- 
utes. Preparative TLC was performed on Analtech 20 x 20 cm 
glass plates coated with I mm of silica gel GF. Flash chroma- 
tography was carried out according to the method of Still et al. 
(22). Radial chromatography was done on a model 7924T 
Chromatron using glass plates coated with 2 mm of Merck sil- 
ica gel 60 PF-254. 

2-Propenyllithium (23), (E)-1-propenylmagnesium bro- 
mide (24), and 2-methyl-1-propenyllithium (25) were pre- 
pared according to literature methods. Vinylmagnesium 
bromide was purchased from the Aldrich Chemical Co. 2-Pro- 
penyllithium and 2-methyl-I-propenyllithium were titrated 
with diphenylacetic acid (26), (E)-  1-propenylmagnesium bro- 

mide was titrated using 1,10 phenanthroline and sec-butyl 
alcohol (27), and n-butyllithium was titrated with 2,5- 
dimethoxybenzyl alcohol (28). Aldehyde 2b (29), allylic alco- 
hol 7 (6), and di-(2,4,6-trimethylphenyl) diselenide (30) were 
synthesized according to literature methods. All other reagents 
were obtained from commercial sources and used without fur- 
ther purification. Anhydrous THF was obtained by distillation 
from lithium aluminum hydride. Anhydrous benzene, pyri- 
dine, DMF, and ether were obtained by distillation froin cal- 
cium hydride. 

(3p,5a,6p,22S)-6-Methoxy-3,5-cyclo-25,26,27- 
trinorcholest-23-en-22-oI(6) and its (22R) isomer 

Vinylmagnesium bromide in THF (10.5 rnmol) was added 
dropwise to a solution of aldehyde 2b (3.00 g, 8.73 mmol) in 
120 mL of dry THF at -78°C. The mixture was stirred for 1 h 
and then was quenched with aqueous NH,Cl and diluted with 
ether. The aqueous layer was extracted with ether and the 
combined ether extracts were washed with aqueous NaHC03 
and NaCl solutions, dried (MgS04), and evaporated in vacuo. 
The products were separated by flash chromatography (elu- 
tion with 5% ethyl acetate - hexanes) to afford 2.02 g (62%) of 
6; mp 102-103°C (from hexanes) (lit. (31) mp 107-108°C) 
and 0.46 g (14%) of the 22R epimer; mp 122-123°C (from 
hexanes) (lit. (31) mp 124-125S°C). 

(3p,5a,6P,22S,23E)-6-Methoxy-3,5-cyclo-26,27- 
dinorcholest-23-ene 22-tert-butyldimethylsilyl ether (8) 

Allylic alcohol 7 (6) (152 mg, 0.392 mmol), tert-butyl- 
dimethylsilyl chloride (154 mg, 1.02 mmol) and imidazole 
(107 mg, 1.57 mmol), were stirred in 3 mL of dry DMF at 
65°C for 5 h. The mixture was diluted with ether, washed sev- 
eral times with water, dried (MgS04), and purified by flash 
chromatography (elution with 5% ethyl acetate - hexanes) to 
give 173 mg (88%) of silyl ether 8: Rf 0.75 (7% ethyl acetate - 
hexanes); mp 150-153°C (from ether); IR (Nujol): 1250, 
1 124, 1096, 1027, 1004,965,773 cm-'; 'H NMR (200 MHz) 
S: 5.51 -5.46 (m, 2 HJ4.104.08 (m, 1 H), 3.33 (s, 3 H), 2.78 
(t, J=2 .8Hz ,  1 H), 1.67 (d, J=4 .2Hz ,3H) ,  1.03 (s, 3H),0.90 
(s, 9 H), 0.88 (d, J =  5.8 Hz, 3 H), 0.72 (s, 3 H), 0.02 (s, 3 H), 
-0.02 (s, 3 H); mass spectrum, nz/z (relative intensity): 500 
(0.3, M+), 499 (0.3), 485 (2), 443 (14), 185 (100). Anal. calcd. 
for C32H5602Si: C 76.73, H 11.27; found: C 76.77, H 10.96. 

(3p,5a,6f3,22S,23E)-6-Methoxy-3,5-cyclo-26,27- 
dinorcholest-23-enyl22-pivaloate (9) 

Allylic alcohol 7 (6) (134 mg, 0.347 mmol), trimethylacetyl ' 
chloride (213 pL, 1.73 mmol), and 4-dimethylaminopyridine 
(8.7 mg, 0.07 1 mmol) were stirred in 4 mL of dry pyridine at 
room temperature for 2.5 h. The mixture was then diluted with 
ether and water, washed with 10% HC1 and NaHC03 solution, 
dried (MgSO,), and purified by flash chromatography (elution 
with 10% ethyl acetate - hexanes) to afford 87 mg (53%) of 
ester 9: Rf0.50 (7% ethyl acetate - hexanes); mp 159.5-162°C 
(from ether); IR (KBr): 1726, 1281, 1165, 1097 cm-'; 'H 
NMR (200 MHz) 6: 5.64-5.30 (rn, 3 H), 3.32 (s, 3 H), 2.77 (t, 
J =  2.7 Hz, 1 H), 1.69 (d, J =  5.9 Hz, 3 H), 1.23 (s, 9 H), 1.02 (s, 
3 H), 0.99 (d, J = 6.8 Hz, 3 H), 0.75 (s, 3 H); mass spectrum, 
nz/z (relative intensity): 470 (44, M+), 455 (12), 438 (17), 415 
(23), 283 (63), 57 (100). Anal. calcd. for C31HS003: C 79.10; H 
10.71; found: C 78.86, H 10.63. 
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Back and Baron 

3~,5a,6~,22R)-6-Methoxy-23-methyl-3,5-cyc10-25,26,27- 
trinorcholest-23-en-22-01 (10) and its (22s) isomer 

Aldehyde 2b (1.5 g, 4.4 mmol) in 15 mL of dry THF was 
added over 45 min to a solution of 2-propenyllithium (6.5 mL 
of a 0.87 M solution in ether, 5.6 mmol) at -78°C. The reac- 
tion was quenched after 2 h and 15 min with aqueous NH,Cl. 
The mixture was diluted with ether and the aqueous layer was 
extracted once with ether. The combined ether extracts were 
washed with aqueous NaHCO,, dried (Na,SO,), and evapo- 
rated under vacuum. The products were separated by flash 
chromatography (elution with 0-10% ethyl acetate - hexanes) 
to afford 1.15 g (68%) of the less polar 22R allylic alcohol 10 
and 486 mg (29%) of the more polar 22s epimer. The 22R iso- 
mer had Rf 0.59 (20% ethyl acetate - hexanes); mp 100- 
102.5"C (from hexanes); IR (KBr): 3468, 1650, 1642, 1077, 
968,896 cm-'; 'H NMR (200 MHz) 6: 4.99 (m, 1 H), 4.93 (m, 
1 H), 4.1 1 (m, 1 H), 3.34 (s, 3 H), 2.78 (m, 1 H), 1.67 (s, 3 H), 
1.03 (s, 3 H), 0.81 (d, J=6 .2Hz ,  3 H), 0.75 (s, 3 H);massspec- 
trum, d z  (relative intensity): 386 (13, M'), 371 (lo), 354 (12), 
331 (22), 283 (100). Anal. calcd. for C26H4202: C 80.77, H 
10.95; found: C 80.93, H 10.90. 

The 22s isomer had Rf 0.4 1 (20% ethyl acetate - hexanes); 
mp 105-107°C (from hexanes); IR (KBr): 3474, 1643, 1098, 
1016,970, 897,756 cm-'; 'H NMR (200 MHz) 6: 4.93 (m, 1 
H),4.91 (m, 1 H),4.13(d,J=3.9Hz, 1 H),3.33 (s,3H),2.78 
(t, J =  2.7 Hz, 1 H), 1.78 (s, 3 H), 1.03 (s, 3 H), 0.96 (d, J =  6.9 
Hz, 3 H), 0.77 (s, 3 H); mass spectrum, rn/z (relative intensity): 
386 (14, M'), 371 (13), 354 (lo), 331 (26), 283 (100). Anal. 
calcd. for C26H4202: C 80.77, H 10.95; found: C 80.58, H 
1 1.08. 

3P,5a,6P,22S,23Z)-6-Methoxy-3,5-cyclo-26,27- 
dinorcholest-23-en-22-01 (1 1) and its (22R) isomer 

Aldehyde 2b (200 mg, 0.581 mmol) in 1 mL of dry THF was 
added to a solution of (E)-1 -propenylmagnesium bromide (2.0 
mL of a 1.2 M solution in THF, 2.3 mmol) at -78°C. The 
reaction was worked up after 2 h and the product was purified 
as in the preparation of 6, to afford 176 mg (78%) of the 22s 
isomer 11 and 36 mg (16%) of the 22R isomer. The 22s isomer 
11 had Rf0.53 (20% ethyl acetate - hexanes); mp 135-137°C 
(from acetone-methanol) (lit. (32) mp 136.5-137.5"C). The 
22R isomer was a solid foam that had: RfO. 17 (20% ethyl ace- 
tate - hexanes). The spectra of both epimers were in good 
agreement with those reported in the literature (32). 

3~,5a,6~,22R)-6-Methoxy-3,5-cyclo-26,27-dinorergost- 
23-en-22-01 (12) and its (22s) isomer 

Aldehyde 2b (205 mg, 0.60 mmol) in 3 mL of dry THF was 
added to a solution of 2-methyl-1-propenyllithium (4.4 mL of 
a 0.26 M solution in ether, 1.2 mmol) at -78°C over 5 min. 
The mixture was stirred for 8 h and then was worked up and 
purified as in the preparation of 6, providing 46 mg (23%) of 
starting material 2b, 136 mg (57%) of the 22R isomer 12 and 
45 mg (19%) of the 22s isomer. The 22R isomer 12 was a solid 
foam that had Rf0.51 (20% ethyl acetate - hexanes); IR (KBr): 
3461, 1098, 968 cm-'; 'H NMR (200 MHz) 6: 5.33 (br d, J = 
8.1 Hz, 1 H), 4.45 (d, J = 8.1 Hz, 1 H), 3.33 (s, 3 H), 2.78 (t, 
J = 2 . 5  Hz, 1 H), 1.72 (s, 3 H), 1.66 (d, J = 0 . 8  Hz, 3 H), 1.02 (s, 
3 H), 0.96 (d, J = 6.0 Hz, 3 H), 0.72 (s, 3 H); ',c NMR (50.3 
MHz) 6: 133.6 (C), 127.3 (CH), 82.4 (CH), 70.6 (CH), 56.5 
(CH), 56.4 (CH,), 52.7 (CH), 48.0 (CH), 43.4 (C), 42.8 (C), 

41.9 (CH), 40.2 (CH,), 35.3 (C), 35.1 (CH,), 33.4 (CH,), 30.6 
(CH), 27.9 (CH,), 25.9 (CH,), 25.0 (CH,), 24.2 (CH,), 22.8 
(CH,), 21.5 (CH), 19.3 (CH,), 18.2 (CH,), 13.1 (CH,), 12.3 
(CH,), 12.1 (CH,); mass spectrum, d z  (relative intensity): 
400 (2, M'), 385 (3), 368 (3), 350 (7), 284 ( 5 9 ,  253 (56), 85 
(100). Exact Mass calcd. for C27H4,O2: 400.3341; found: 
400.3336. The 'H NMR spectrum was in agreement with a lit- 
erature spectrum of the 22R isomer prepared by a different 
method (33). 

The 22s isomer had Rf0.35 (20% ethyl acetate - hexanes); 
mp 138-142°C (from hexanes); IR (KBr): 3347, 1673, 1098, 
1015,986,970 cm-'; 'H NMR (200 MHz) 6: 5.27 (br d, J=9 .6  
Hz, 1 H), 4.41 (dd, J = 9.6, 3.7 Hz, 1 H), 3.33 (s, 3 H), 2.77 (t, 
J=2.6Hz,1H),1.76(d,J=l.lHz,3H),1.74(d,J=1.2Hz, 
3 H), 1.03 (s, 3 H), 1.01 (d, J=  6.3 Hz, 3 H), 0.75 (s, 3 H); mass 
spectrum, m/z (relative intensity): 400 (1, M'), 382 (1 l), 367 
(8), 350 (24), 335 (14), 327 (15), 253 (100). Anal. calcd. for 
C27H4402: C 80.94, H 1 1.07; found: C 80.7 1, H 1 1.1 1. 

Epoxidation of allylic alcohol 6 with MCPBA - typical 
procedure 

Allylic alcohol 6 (61 mg, 0.16 mmol) was treated with 
MCPBA (169 mg of 50%, 0.49 mmol) in 1 mL of dichlo- 
romethane for 2 h. After dilution with dichloromethane, the 
mixture was washed several times with K,CO, solution and 
dried (MgSO,). The volatile material was removed in vacuo 
and the residue was purified by flash chromatography (elution 
with 10% ether - hexanes) to afford 63 mg (100%) of an 
unseparated mixture of threo- and elythro epoxides 17 in the 
ratio of 36:64 as determined by 'H NMR integration of their 
H-22 signals at 6 3.62 and 3.92, respectively. The signal from 
the erythro epoxide 17 was assigned by comparing the spec- 
trum of the above mixture with the spectrum of the pure 
erythro diastereomer prepared by the vanadium-catalyzed 
procedure (see below). The diastereomers were separated by 
means of preparative TLC (50% ether - hexanes) of their cor- 
responding benzoates. 

The elythro benzoate had Rf 0.5 1 (50% ether - hexanes); 
mp 80-82°C (from ethyl acetate - methanol); IR (Nujol): 
1719, 1268, 1098,710 cm-'; 'H NMR (400 MHz) 6: 8.04 (dd, 
J=8.3 ,  1.1 Hz,2H),7.58(t ,J=7.5Hz, 1 H),7.48(dd,J=7.7, 
7.7 Hz, 2 H), 5.04 (dd, J=  5.7, 1.4 Hz, 1 H), 3.31 (s, 3 H), 3.1 1 
(m, 1 H), 2.87 (dd, J=5.3 ,2 .6  Hz, 1 H), 2.83 (dd, J =  5.3,3.8 
Hz, 1 H), 2.75 (t, J =  2.7 Hz, 1 H), 1.26 (d, J = 6.8 Hz, 3 H), 
1.02 (s, 3 H), 0.79 (s, 3 H); 13c NMR (50.3 MHz) 6: 165.7 
(C=O), 133.1 (CH), 130.1 (C), 129.6 (CH), 128.4 (CH), 82.3 
(CH), 75.2 (CH), 56.5 (CH), 56.3 (CH,), 52.4 (CH), 51.0 
(CH), 47.9 (CH), 46.7 (CH,), 43.3 (C), 42.7 (C), 40.2 (CH,), 
38.1 (CH), 35.3 (C), 34.8 (CH,), 33.3 (CH,), 30.5 (CH), 28.0 
(CH,), 24.9 (CH,), 24.0 (CH,), 22.8 (CH,), 21.5 (CH), 19.3 
(CH,), 13.6 (CH,), 13.0 (CH,), 12.1 (CH,); mass spectrum, 
d z  (relative intensity): 492 (12, M+), 477 (1 l), 460 (15), 437 
(19), 105 (100). Exact Mass calcd. for C32H4404: 492.3240; 
found: 492.3226. 

The threo benzoate had Rf 0.43 (50% ether - hexanes); mp 
132- 133°C (from hexanes-methanol); IR (Nujol): 1723, 
1602, 1584, 1267, 1098,757,709 cm-I ; 'H NMR (400 MHz) 
6:8.08(dd,J=8.2, 1.1 Hz,2H),7.58(t ,J=7.5Hz, 1H),7.47 
(dd,J=7.8,7.6Hz,2H),5.07(m,lH),3.32(~,3H),3.24(m, 
lH) ,2 .82(dd,J=4.5 ,4 .5Hz,  lH) ,2 .75( t , J=2 .6Hz ,  l H ) ,  
2.61 (dd, J =4.8, 2.7 Hz, 1 H), 1.27 (d, J =  6.8 Hz, 3 H), 1.02 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J .  Chem. Vol. 74, 1996 

(s, 3 H), 0.78 (s, 3 H); mass spectrum, m/z (relative intensity): 
492 (6, M'), 477 (7), 460 (7), 437 (12), 205 (53), 105 (100). 
Anal. calcd. for C32H4404: C 78.0 1, H 9.00; found: C 77.63, H 
8.76. 

Epoxidation of allylic alcohol 6 with vanadyl 
acetylacetonate and tert-butyl hydroperoxide - typical 
procedure 

Allylic alcohol 6 (48 mg, 0.13 mmol) and VO(acac), (0.4 mg, 
0.001 mmol) were dissolved in 5 mL of toluene followed by 
the addition of tert-butyl hydroperoxide (0.50 mL of a 90% 
solution). After 12 h at room temperature the mixture was fil- 
tered through Celite and evaporated in vacuo. Flash chroma- 
tography (elution with 10% ether - hexanes) of the crude 
material afforded 47 mg (93%) of 17 with a threo:erythro ratio 
of <5:95 as determined by 'H NMR integration. Epoxide 17 
was isolated as a pure diastereomer after recrystallization from 
ether, mp 128-130°C; R 0.52 (50% ether-hexanes); IR (KBr): 
3474, 1093,1085 cm-'; 'H NMR (200 MHz) 6: 3.92 (br s, 1 H, 
22-H), 3.33 (s, 3 H, ), 2.97-2.88 (m, 2 H), 2.83-2.76 (m, 2 H), 
1.03 (s, 3 H), 0.98 (d, J =  6.5 Hz, 3 H), 0.75 (s, 3 H); mass spec- 
trum, m/z (relative intensity): 388 (44, M'), 373 (60), 356 (73), 
333 (100). Anal. calcd for C,,H,,O,: C 77.27, H 10.37; found: 
C 76.87, H 10.34. 

Epoxidation of allylic alcohol 6 with molybdenum 
hexacarbonyl and tert-butyl hydroperoxide - typical 
procedure 

tert-Butyl hydroperoxide (0.5 mL of 90%) was added to a mix- 
ture of 6 (47.7 mg, 0.13 mmol) and Mo(CO), (0.4 mg, 0.001 
mmol) in benzene at 60°C. The reaction mixture was filtered 
through Celite after 8 h and the solvent was removed in vacuo. 
Purification of the crude product by flash chromatography 
(elution with 10% ether - hexanes) afforded 29 mg (58%) of 
the mixture of threo- and erythro epoxides 17 in the ratio of 
26:74, as determined by 'H NMR integration. 

Epoxidation of compounds 7-12 
These epoxidations were performed by the same procedures as 
described above for 6. The yields and ratios of diastereomers 
are shown in Table 1, and the properties of the products are 
given below. 

Threo and erythro epoxides 18 
These compounds were reported previously (6) 

Threo and erythro epoxides 19 
The mixture of diastereomers had Rf 0.50 (7% ethyl acetate - 
hexanes); 'H NMR (200 MHz) 6: (threo isomer): 3.33 (s, 3 H), 
3.14(brd,J=6.9Hz,lH),2.79-2.73(m,3H), 1.32(d,J=5.2 
Hz, 3 H), 1.03 (s, 3 H), 0.98 (d, J = 6.5 Hz, 3 H), 0.92 (s, 9 H), 
0.73 (s, 3 H), 0.051 (s, 3 H), 0.046 (s, 3 H). Signals from the 
major erythro isomer were identified by comparison with 
those of an authentic sample prepared by silylation of pure 
erythro-18. Emythro-19: Rf 0.50 (7% ethyl acetate - hexanes); 
mp 175-179°C (from etherxthanol); IR (KBr): 1248, 1132, 
1099,1084,836,773 cm-I; 'H NMR (200 MHz) 6: 3.48 (m, 1 
H),3.33 (s,3H),2.90(dq, J=5.2,2.2Hz, 1 H),2.78 (t, J = 2 . 7  
Hz,lH),2.61(dd,J=5.4,2.1Hz,1H),1.32(d,J=5.2Hz,3 
H), 1.03(s,3H),0.98(d,J=6.5Hz,3H),0.90(s,9H)0.75 (s, 
3 H), 0.055 (s, 3 H), 0.049 (s, 3 H); mass spectrum, m/z (rela- 

tive intensity): 459 (4, M' - t-Bu), 427 (1 l), 335 (12), 283 
(25), 253 (60), 73 (100). Anal. calcd. for C,,H,,O,Si: C74.36, 
H 10.92; found: C 74.17, H 1 1.03. 

Threo and erythro epoxides 20 
The mixture of diastereomers had Rf 0.43 (50% ether - hex- 
anes); 'H NMR (200 MHz) 6: (threo isomer) 4.8 14 .78  (m, 1 
H),3.33(~,3H),2.85-2.79(m,3H), 1.32(d,J=4.8Hz,3H), 
1.25(s,9H), 1.13(d, J=6 .9Hz,3H) ,  1.03 ( s , 3 H ) , 0 . 7 5 ( ~ , 3  
H). Signals from the major erythro isomer in the mixture were 
identified by comparison with those of an authentic sample 
prepared by treatment of pure erythro-18 with pivaloyl chlo- 
ride in refluxing pyridine in the presence of 4-dimethylamino- 
pyridine. Erythro epoxide 20: Rf 0.43 (50% ether - hexanes); 
mp 166-168°C (from ether); IR (KBr): 1731, 1162, 1 154, 
1096, 108 1 cm-I; 'H NMR (200 MHz) 6: 4.79 (dd, J = 5.3, 1.3 
Hz, 1 H),3 .32(~,3H),3.02(dq,J=5.2,2 .1  Hz, 1 H),2.77(t, 
J=2.6Hz,lH),2.67(dd,J=5.3,2.1Hz,lH),l.30(d,J=5.2 
Hz, 3 H), 1.22 (s, 9 H), 1.10 (d, J =  6.8 Hz, 3 H), 1.03 (s, 3 H), 
0.75 (s, 3 H); I3c NMR (100.6 MHz) 6: 177.6 (C=O), 82.3 
(CH), 73.8 (CH), 58.2 (CH), 56.5 (CH), 56.5 (CH,), 53.7 
(CH), 52.4 (CH), 47.9 (CH), 43.3 (C), 42.6 (C), 40.3 (CH,), 
39.1 (C), 37.8 (CH), 35.3 (C), 34.8 (CH,), 33.3 (CH,), 3 0 5  
(CH), 28.0 (CH,), 27.2 (CH,), 24.9 (CH,), 24.0 (CH,), 22.7 
(CH,), 2 1.5 (CH), 19.2 (CH,), 17.2 (CH,), 13.4 (CH,), 13.0 
(CH,), 12.0 (CH,); mass spectrum, ndz (relative intensity): 
486 <26, M'), 47 1 (35), 454 (33), 43 1 (100). Exact Mass calcd. 
for C3,HSoO4: 486.3709; found: 486.3662. 

Erythro epoxide 21: Rf 0.71 (50% ether - hexanes); mp 118- 
119.5"C (from acetonitrile); IR (KBr): 3506, 1131, 1101, 793 
cm-l.  1 , H NMR (200 MHz) 6: 3.82 (br s, 1 H), 3.34 (s, 3 H), 
3 .07(d , J=4 .8Hz, lH) ,2 .78( t , J=2 .8Hz, lH) ,2 .67(d , J=  
4.8 Hz, 1 H), 1.33 (s, 3 H), 1.03 (s, 3 H), 0.91 (d, J =  6.3 Hz, 3 
H), 0.75 (s, 3 H); mass spectrum, m/z (relative intensity): 402 
(9, M'), 387 ( l l ) ,  372 (31), 357 (40), 317 (71), 289 (88), 55 
(100). Anal. calcd. for C26H4203: C 77.56, H 10.51; found: C 
77.43, H 10.70. 

Threo epoxide 22: Rf 0.18 (50% ether - hexanes); mp 149- 
150°C (from ether); IR (KBr): 3410, 1084, 840, 803, 749 
cm-~ .  , I HNMR (200MHz) 6: 3.61 (dd, J = 6 . 1 ,  5.0Hz, lH), 

3.33 (s, 3 H), 3.13 (dq, J=5 .6 ,4 .4  Hz, 1 H), 3.02 (dd, J=4 .4 ,  
6.2Hz, 1H),2.78(t ,J=2.7Hz, 1 H), 1.34(d,J=5.6Hz,3H), 
1.05 (d, J = 6 . 3  Hz, 3 H ) ,  1.03 (s, 3 H), 0 .74(s ,3  H); mass 
spectrum, mnlz (relative intensity): 402 (23, M'), 387 (33), 370 
(31), 358 (19), 347 (55). 303 (68), 289 (74), 105 (99), 91 
(100). Anal. calcd. for C,,H,,O,: C 77.56, H 10.51; found: C 
77.77, H 10.39. 

Erythro epoxide 22: Rf 0.29 (50% ether - hexanes); mp 124- 
126°C (from ether); IR (KBr): 3383, 1091, 1075,966 cm-I; 'H 
NMR (200 MHz) 6: 3.65-3.58 (m, lH), 3.33 (s, 3 H), 3.17 
(dq, J = 5.6,4.1 Hz, 1 H), 2.96 (dd, J =  7.7,4.1 Hz, 1 H), 2.78 
(t, J = 2.7 Hz, 1 H), 1.37 (d, J = 5.6 HZ, 3 H), 1.08 (d, J = 6.3 
Hz, 3 H), 1.03 (s, 3 H), 0.77 (s, 3 H); mass spectrum, m/z (rel- 
ative intensity): 402 (48, M'), 387 (7 l) ,  370 (63), 347 (81), 
149 (100). Anal. calcd. for C26H4203: C 77.56, H 10.51; 
found: C 77.53, H 10.27. 

Threo arid erythro epoxides 23 
The mixture of diastereomers was separated after conversion 
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Hz, 3 H), 0.73 (s, 3 H); I3c NMR (50.3 MHz) 6: 82.4 (CH), 
76.5 (CH), 74.3 (CH), 56.6 (CH,), 56.4 (CH), 52.5 (CH), 48.0 
(CH), 43.3 (C), 42.6 (C), 40.3 (CH,), 37.3 (CH), 35.2 (C), 35.1 
(CH,), 33.3 (CH,), 30.6 (CH), 27.9 (CH,), 25.7 (CH,), 24.9 
(CH,), 24.0 (CH,), 22.8 (CH,), 21.4 (CH), 19.3 (CH,), 13.1 
(CH,), 12.1 (2 X CH,), 9.6 (CH,); mass spectrum m/z (relative 
intensity): 404 (45, M'), 389 (55), 372 (48), 349 (100). Exact 
Mass calcd. for C26H4403: 404.3290; found: 404.3252. 

3~,5a,6~,22R,23S)-6-Methoxy-3,5-cyclo-23-methyl-24- 
(2,4,6-trimethylphenylse1eno)-25,26,27- 
trinorcholestane-22,23-diol(28) 

Sodium borohydride (25 mg, 0.66 mmol) was slowly added to 
a solution of erythro epoxide 21 (88 mg, 0.22 mmol) and di- 
(2,4,6-trimethylphenyl) diselenide (47 mg, 0.12 mmol) in 8 
mL of ethanol. After 6 h, the mixture was diluted with water, 
extracted several times with ether, and dried (K,CO,). The 
volatile material was removed in vacuo and the residue was 
purified by flash chromatography (elution with 10% ether - 
hexanes) to afford 105 mg (80%) of diol28: Rf0.38 (20% ethyl 
acetate - hexanes); mp 153-155°C (from acetonitrile); IR 
(KBr): 3575,3484,1205,1095,1080,850,792 cm-I; 'H NMR 
(400 MHz) 6: 6.94 (s, 2 H), 3.59 (d, J = 6.2 Hz, 1 H), 3.34 (s, 3 
H), 3.04(d, J =  11.5 Hz, 1 H), 2.85 (d, J =  11.5 Hz, 1 H), 2.78 
(t, J = 2.7 Hz, 1 H), 2.60 (s, 1 H, exchanged with D,O), 2.56 (s, 
6 H), 2.27 (s, 3 H), 2.08 (d, J =  6.2 Hz, I H), 1.30 (s, 3 H), 1.03 
(s, 3 H), 0.99 (d, J = 6.7 Hz, 3 H), 0.75 (s, 3 H); mass spectrum, 
m/z (relative intensity): 602 (6, M+, " ~ e ) ,  584 (4), 384 (lo), 
352 (16), 329 (43), 289 (49), 200 (78), 119 (100). Anal. calcd. 
for C,,H,,O,Se: C 69.86, H 9.04; found: C 69.78, H 8.9 1. 

3~,5a,6~,22E)-6-Methoxy-3,5-cyclo-23-methyl-24-(2,4,6- 
trimethylphenylseleno)-25,26,27-trinorcholest-22-ene 
(29) 

n-Butyllithium in hexanes (0.25 mmol) was added dropwise to 
a solution of 28 (83 mg, 0.14 mmol) in 6 mL of dry THF. After 
5 min, 1 ,l'-thiocarbonyldiimidazole (43 mg, 0.24 mmol) was 
added and the mixture was refluxed for 4 h. It was quenched 
with aqueous NH,Cl and extracted several times with ether. 
The ether layers were washed with water, dried (Na,SO,), 
concentrated in vacuo, and purified by flash chromato- 
graphy (elution with 10% ether - hexanes) to give 70 
mg (80%) of 3P,5a,6P,22R,23R)-6-methoxy-3,5-cyclo-23- 
methyl-24-(2,4,6-trimethylphenylseleno)-25,26,27-trinorchol- 
estane-22,23-thionocarbonate: R10.63 (50% ether - hexanes); 
mp 164.5-165.5"C (from ethanol); IR (KBr): 1597, 1313, 
1272, 1156, 1098, 1086 cm-I; 'H NMR (200 MHz) 6: 6.95 (s, 
2H),4.64(s, 1 H), 3.34(s,3 H),3.06(brs,2H),2.79(m, 1 H), 
2.56 (s, 6 H), 2.28 (s, 3 H), 1.62 (s, 3 H), 1.04 (d, J =  7.4 Hz, 3 
H), 1.03 (s, 3 H), 0.70 (s, 3 H); "c-NMR (100.6 MHz) 6: 
191.1 (C=O), 142.4 (C), 139.0 (C), 129.0 (CH), 127.2 (C), 
91.23 (C), 91.15 (CH), 82.3 (CH), 56.6 (CH,), 56.3 (CH), 52.5 
(CH), 47.7 (CH), 43.3 (C), 42.8 (C), 39.9 (CH,), 37.9 (CH), 
35.1 (CH,), 35.0 (C), 33.3 (CH,), 30.5 (CH), 29.4 (CH,), 28.3 
(CH,), 26.2 (CH,), 24.9 (CH,), 24.3 (2 x CH,), 24.1 (CH,), 
22.7 (CH,), 21.4 (CH), 20.9 (CH,), 19.2 (CH,), 13.5 (CH,), 
13.1 (CH,), 11.9 (CH,); mass spectrum, m/z (relative inten- 
sity): 644 (1, M', 8 0 ~ e ) ,  628 (3), 596 (4), 369 (15), 337 (16), 
283 (28), 197 (52), 119 (100). The thionocarbonate (30 mg, 
0.046 mmol) was refluxed in 5 mL of trimethylphosphite for 
72 h. The mixture was diluted with chloroform and washed 

several times with water. The chloroform layer was left under 
a stream of nitrogen for 14 h to remove traces of trimeth- 
ylphosphite. After evaporation of the remaining solvent in 
vacuo the residue was purified by flash chromatography (elu- 
tion with 5% ethyl acetate - hexanes) to afford 16 mg (6 1 %) of 
olefin 29 as an oil: Rf 0.49 (7% ethyl acetate - hexanes); IR 
(KBr): 1098, 1016, 849 cm-I; 'H NMR (200 MHz) 6: 6.93 (s, 
2H),4 .97(d,J=9.8Hz,  IH) ,3 .40(d,J=10.7Hz,  1H),3.34 
(s, 3 H), 3.27 (d, J =  10.7 Hz, 1 H), 2.77 (m, 1 H), 2.58 (s, 6 H), 
2.26 (s, 3 H) superimposed on 2.26-2.15 (m, 1 H), 1.82 (d, J = 
1.2 Hz, 3 H), 1.03 (s, 3 H), 0.79 (d, J = 6.5 Hz, 3 H), 0.69 (s, 3 
H); irradiation of the peak at 6: 4.97 (H-22) produced a 3.3% 
enhancement of the signal at 6: 1.82 (olefinic CH3) and vice 
versa (3.4% enhancement); I3c NMR (100.6 MHz) 6: 143.3 
(C), 138.1 (C), 135.5 (CH), 128.5 (C), 128.41 (C), 128.36 
(CH), 82.4 (CH), 56.6 (CH,), 56.5 (CH), 56.4 (CH), 48.1 
(CH), 43.4 (C), 42.7 (C), 40.2 (CH,), 35.4 (C), 35.2 (CH), 34.9 
(CH,), 33.4 (CH,), 30.5 (CH), 29.8 (CH,), 28.0 (CH,), 25.0 
(CH,), 24.5 (CH,), 24.2 (CH,), 23.2 (CH,), 22.8 (CH,), 21.6 
(CH), 20.9 (CH,), 20.6 (CH,), 19.3 CH,), 13.0 (CH,), 12.5 
(CH,); mass spectrum, m/z (relative intensity): 568 (5, M+, 
"se), 536 (9), 337 (94), 253 (57), 119 (100). Exact Mass 
calcd. for C35H520Se: 568.3 190; found: 568.3228. 

3P,5a,6P,22R,23R)-6-Methoxy-3,5-cyclo-26,27- 
dinorergostane-22,23-diol (30) 

The threo epoxide 23 (1 19 mg, 0.29 mmol) was treated with 
titanium(1V) isopropoxide (145 pL, 0.486 mmol) and lithium 
borohydride (25 mg 1.1 mmol) according to the procedure for 
the conversion of erythro-18 or eiythro-22 into diol26, except 
that the crude product was purified using radial chromatogra- 
phy (elution with 30% ether - hexanes) to give 91 mg (76%) 
of diol 30: Rf 0.46 (20% ethyl acetate - hexanes); IR (KBr): 
3417, 1099,998,757 cm-'; 'H NMR (200 MHz) 6: 3.56 (d, J =  
8.0 Hz, 1 H), 3.49 (s, 1 H, exchanged with D,O), 3.42 (dd, J = 
7.8, 2.6 Hz, 1 H), 3.33 (s, 3 H), 2.78 (t, J = 2.8 Hz, 1 H), 2.04 
(br s, 1 H, exchanged with D,O), 1.03 (s, 3 H), 1.02 (d, J =  5.3 
Hz, 3 H), 0.92 (d, J=6 .2Hz ,  3 H), 0.87 (d, J = 6 . 8  Hz, 3 H), 
0.74 (s, 3 H); I3c NMR (100.6 MHz) 8: 82.4 (CH), 77.0 (CH), 
74.3 (CH), 56.6 (CH,), 56.4 (CH), 52.6 (CH), 48.0 (CH), 43.4 
(C), 42.6 (C), 40.3 (CH,), 37.6 (CH), 35.2 (C), 35.1 (CH,), 
33.4 (CH,), 30.6 (CH), 29.2 (CH), 27.9 (CH,), 24.9 (CH,), 
24.1 (CH,), 22.8 (CH,), 21.5 (CH), 20.3 (CH,), 19.3 (CH,), 
14.7 (CH,), 13.1 (CH,), 12.2 (2 x CH,); mass spectrum, m/z 
(relative intensity): 418 (30, M'), 403 (3 l), 386 (24), 363 (59), 
289 (75),41 (100). Exact Mass calcd. for C,,Hd603: 418.3447; 
found: 418.3419. 

(3P,22R,23R)-26,27-dinorergost-5-ene-3,22,23-triol (31) 
Diol 30 (7.4 mg, 0.018 mmol) and p-toluenesulfonic acid 
(0.283 mL of a 0.0125 M solution in 1,4 dioxane, 0.0354 
mmol) were heated in 1 mL of 19-dioxane:water (5: 1) for 4 h 
at 70°C. The 1,4 dioxane was removed in vacuo and the resi- 
due was diluted with ether, washed several times with water, 
dried (MgSO,), and evaporated under vacuum. The crude 
material was purified by flash chromatography (elution with 
&lo% methanol - chloroform) to give 5 mg (69%) of 31, 
which was recrystallized from methanol - ethyl acetate: Rf 
0.10 (25% ethyl acetate - benzene); mp 215-217°C (lit. (21) 
mp 219-221°C); ' H  NMR (200 MHz) 6: 5.36 (m, 1 H), 3.59- 
3.42 (m, 3 H), 2.30-2.23 (m, 2 H), 1.02 (d, J = 6 . 9  Hz, 3 H), 
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Back and Baron 

1 .02(~ ,3H)0 .93(d , J=6 .2Hz ,3H) ,0 .87(d , J=6 .8Hz ,3H) ,  
0.71 (s, 3 H). 
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5-Perf luoroalkyldipyrromethanes and 
porphyrins derived therefrom 

I Tilak P. Wijesekera 

Abstract: Acid-catalyzed condensation of pyrrole and perfluoroalkyl aldehydes produced, in a single step, a,@-unsubstituted 5- 
perfluoroalkyldipyrromethanes, which were isolated and characterized for the first time. These dipyrromethanes were used as 
the key intermediates in the synthesis of trans-perfluroalkylporphyrins as well as meso-tetrakis(perfluoroalkyl)porphyrins. The 
two-step procedure described here provides access to a wide variety of porphyrins with trat~s perfluoroalkyl groups. 

Key words: 5-perfluoroalkyldipyrromethanes, perfluoroalkylporphyrins, electron-deficient porphyrins. 

RCsumC : La condensation acido-catalyste du pyrrole et des aldehydes perfluoroalkylCs produit en une seule Ctape les 5- 
perfluoroalkyldipyrromCthanes non substituts en positions a , P  que I'on a isolCs et caractCrisCs pour la premikre fois. Ces 
dipyrromCthanes sont utilisCs comme intermkdiaires clts dans la synthkse des trans perfluoroalkylporphyrines et des tnt!so- 
tCtrakis(perfluoroalkyl)porphyrines. Le proctdC en deux Ctapes que I'on dCcrit dans cette publication donne accks ?I une grande 
variCtC de porphyrines avec le groupe perfluoroalkyle en position trans. 

Mots elks : 5-perfluoroalkyldipyrromtthanes, perfluoroalkylporphyrines, porphyrines pauvres en Clectrons. 

[Traduit par la ridaction] 

Introduction 

Electron deficiency created at the metal center has been shown 
to increase the catalytic activity of porphyrinatoiron(II1) com- 
plexes towards hydroxylation of alkanes by oxygen and other 
oxidants (1). The electron-withdrawing groups most com- 
monly employed at the rneso positions are the perhalophenvls, 
because of the ease of accessibility of nzeso-tetraphenylporphy- 
rins by the direct condensation of pyrrole and the corresponding 
aldehyde (2), and the ease of functionalization of the P positions 
of a preformed meso-tetraphenylporphyrin (3). However, due 
to the practical implications of the high cost (and the high mass 
per iron center) of catalysts carrying perfluorophenvl groups, 
our attention was directed towards the synthesis of metallopor- 
phyrin systems having perfluoroa&lgroups at the meso posi- 
tions. We report here a general synthetic route to trans- 
perhaloalkylporphyrins (S), using the key intermediates, 5-per- 
fluoroalkyldipyrromethanes (3), which were prepared and iso- 
lated for the first time (4) by the direct condensation of pyrrole 
and the appropriate perfluoroalkyl aldehyde. 

Results and discussion 

Although acid-catalyzed co-condensation of pyrrole and an 
aldehyde produces meso-aryl or meso-alkyl porphyrins in 
good yields (5, 6), attempts to prepare meso-tetrakis(triflu0- 
romethyl)porphyrin, even under harsher reaction conditions, 
lead only to very small quantities of porphyrin. However, the 
reaction of 2 equivalents of pyrrole (1) and one equivalent of 

I Received May 16, 1996. 

I T. ~ijesekera.' Chemicals Technology Division, Research & 
Development Department, Sun Company Inc., P.O. Box 1135, 
Marcus Hook, PA 1906 1, U.S.A. 

' Telephone: (610) 859-1782. Fax: (610) 859-1645. 

trifluoroacetaldehyde (2, R '  = CF,; as the methyl or ethyl 
hemiacetal) in refluxing THF and concentrated HCl (50: 1) 
produced the 5-trifluoromethyldipyrromethane 3a  in yields up 
to 70% (see Scheme 1). Reaction times greater than 2-3 h and 
(or) stronger acid conditions generally led to increased quan- 
tities of oxidized and (or) polymerized by-products, but no 
porphyrin could be detected. Substitution of heptafluorobu- 
tyraldehyde (2, R '  = C,F,; as the hydrate) for trifluoroacetal- 
dehyde in the above condensation reaction gave the 
corresponding 5-heptafluoropropyldipyrromethane 3b in up to 
50% yield. The purified dipyrromethanes were found to be 
stable in the refrigerator for several months. 

5-Perfluoroalkyldipyrromethanes 3n and 3b were co-con- 
densed separately with trifluoroacetaldehyde, heptafluorobu- 
tyraldehyde, and pentafluorobenzaldehyde, in CHCl, under 
acid conditions, to give, after oxidation with 2,3-dichloro-5,6- 
dicyano-l,4-benzoquinone (DDQ), the electron-deficient por- 
phyrins 5a-d. Of the several acid catalysts that were previ- 
ously employed for such condensations (7), montmorillonite 
K10 clay (8) not only gave the best isolated yields of the por- 
phyrins, but also facilitated the purification procedure, since 
most of the polypyrrolic impurities were adsorbed on the clay. 
Condensation of the dipyrromethanes with perfluoroalkyl 
aldehydes 4b and 4c required longer reaction times (15-20 h) 
at reflux temperature, and the yields of the porphyrins were 
lower (5-lo%), compared with the condensations with pen- 
tafluorobenzaldehyde 4a. 

The two-step procedure described here provides, for the 
first time, a general method for the synthesis of porphyrins 
that carry perfluoroalkyl groups at opposite meso positions 
while the other two meso positions may have the same or dif- 
ferent perhalocarbyl groups. As such, it differs from the 
recently published syntheses (9) of meso-tetrakis(perfluor0- 
alkyl)porphyrins, where 2-(hydroxymethy1)pyrroles are sub- 
jected to tetramerization followed by cyclization. This allows 
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Scheme 1. 

THF / c. HCI 
2 lo\ + RICH0 . 

N reflux 
H 

us to compare the effect of perhaloalkyl groups on the catalytic 
activity of porphyrinatoiron(II1) systems with that of other 
electron-withdrawing groups. Iron insertion and P-halogena- 
tion of the meso-perfluorocarbylporphyrins 5a-d were carried 
out using modifications of literature procedures (2) and the 
catalytic studies using such complexes have been reported 
elsewhere (10). 

Experimental 

Methods and materials 
Tetrahydrofuran chloroform and pyrrole were dried and dis- 
tilled under argon just prior to use. Trifluoroacetaldehyde, 
methyl hemiacetal, and heptafluorobutyraldehyde hydrate 
(both technical grade) were purchased from Lancaster Synthe- 
sis Inc. and pentafluorobenzaldehyde was purchased from 
Aldrich Chemical Co. and used without further purification. 
Column chromatography was carried out on neutral alumina 
(Fisher A950160-325 mesh) using the solvents indicated. 
Absorption spectra of the porphyrins were obtained using a 
Hewlett-Packard model 8452A diode array spectrophotome- 
ter. 'H and NMR spectra were recorded on a Bruker MSL- 
300 instrument. Fast Atom Bombardment (FAB) high-resolu- 
tion mass spectral analyses were carried out at the analytical 
laboratories of M-SCAN Inc. of West Chester, Pennsylvania, 
using a VG Analytical ZAB 2SE high-field mass spectrome- 
ter. Microanalyses were performed at Oneida Research Ser- 
vices Inc. of Whitesboro, New York. Melting points of the 

new compounds were obtained using a Fisher-Johns hot-stage 
melting point apparatus, and are uncorrected. 

5-Trifluoromethyldipyrromethane (3a) 
Pyrrole (3.35 g, 50 mmol), trifluoroacetaldehyde methyl 
hemiacetal (3.58 g, 27.5 mmol), and concentrated hydrochlo- 
ric acid (2 mL) were refluxed in degassed tetrahydrofuran 
(100 mL) in an argon atmosphere for 2 h. The reaction mixture 
was cooled, then neutralized with NaHC0,; the organic layer 
was diluted with CHC1, and washed with saturated NaHC03 
and water. The dark orange-colored oil remaining after 
removal of the solvent was repeatedly extracted with low-boil- 
ing petroleum ether to separate the desired dipyrromethane 
product from the colored impurities. Petroleum ether was 
removed and the resulting oil was chromatographed on neutral 
alumina using CH,CI,-hexane (1:l) for elution. The eluate 
was evaporated to dryness when the pure dipyrromethane 
solidified. The isolated yields varied between 50 and 70% 
depending on the purity of the commercially available techni- 
cal grade trifluoroacetaldehyde methyl hemiacetal, anaerobic 
conditions of the reaction, and the method and extent of neu- 
tralization of the acid catalyst prior to isolation; mp 63-65°C; 
' H  NMR (CDCI,, 300 MHz) 6 ( m). 7.96 (bs, 2H), 6.73 (s, PB ' 2H), 6.24 (m, 4H), 4.80 (q, 1H); F NMR (CDCl,, 282 MHz) 
6 (ppm): -68.05 (d). Accurate Mass calcd. for CIOH9N2F3: 
214.0718; found by HRMS (FAB): 214.0712 (AM = -2.7 
ppm). Anal. calcd. for C,,H9N,F3: C 56.08, H 4.24, N 13.08; 
found: C 55.88, H 4.20, N 12.95. 
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5-Heptafluoropropyldipyrromethane (3b) 
This was prepared in 35-50% yields by reacting pyrrole and 
heptafluorobutyraldehyde, hydrate under conditions similar to 
those described above. Due to the high solubility of colored 
impurities in petroleum ether, prepurification prior to chroma- 
tography was avoided. This resulted in product purities of 
-95% (GC) after one filtration through neutral alumina 
(CH,Cl,-hexane 1 : 1 as the eluent) and was used for the por- 
phyrin syntheses without further purification. Analytical sam- 
ples were prepared by the slow chromatography of the above 
material on neutral alumina using CH2C1,-hexane 1:2 as the 
eluent; mp 6466°C; 'H NMR (CDCl,, 300 MHz), 6 (pprn): 
8.12 (bs, 2H), 6.75 (s, 2H), 6.23 (s, 2H), 6.19 (q, 2H), 4.92 (t, 
1H); ' 9 ~  NMR (CDCl,, 282 MHz) S (pprn): -82.86 (m, 3F), 
- 115.21 (m, 2F), - 127.1 1 (t, 2F). Accurate Mass calcd. for 
C12H9N,F7: 3 14.0654; found by HRMS (FAB): 3 14.065 1 
(AM = -0.9 pprn). Anal. calcd. for C,,H9N2F7: C 45.87, H 
2.89, N 8.92; found: C 46.10, H 3.02, N 8.70. 

5,15-Bis(pentafluoropheny1)-10,20- 
bis(trifluoromethyl)porphyrin (5a) 

Trifluoromethyldipyrromethane (3a; 1.07 g, 5 mmol, in 10 mL 
CHC1,) and pentafluorobenzaldehyde (4a; 989 mg, 5 mmol, in 
10 mL CHCI,) were added to degassed CHC1, (200 mL) con- 
taining activated montmorillonite K-10 (7.5 g) and stirred at 
room temperature under argon for 24 h. A solution of DDQ (1 
g) in benzene (60 mL) was added while gently heating the solu- 
tion, and heating in air was continued for a further 1 h. The clay 
was removed by filtration (directly into a solution of DDQ (600 
mg) in benzene (20 mL)), and was washed thoroughly with hot 
CHC1,. The filtrate was refluxed for 90 min, solvent removed, 
and the residue was redissolved in CHC1, and chromatographed 
on neutral alumina using CHC1, as the eluent. The solution was 
evaporated to dryness, the residue redissolved in CH,Cl,, and 
the porphyrin crystallized from CH,OH; yield: 478 mg; 24.1 %. 
UV-VIS, A,,, nm (log E): 406 (5.21), 506 (4.12), 538 (3.93, 
586 (3.76), 638 (3.83); 'H NMR (CDCl,, 300 MHz) S (pprn): 
9.71 (d, 4H), 8.91 (d, 4H), -2.73 (bs, 2H), ' 9 ~  NMR (CDCl,, 
282MHz) 6 (pprn): -36.12 (s, 6F), - 136.17 (dd,4F), - 150.37 
(t, 2F), - 160.58 (t, 4F). Accurate Mass calcd. forC34HloN4F16: 
778.0650; found by HRMS (FAB): 778.0630 (AM = -2.6 
pprn). Anal. calcd. for C34HloN4F16: C 52.46, H 1.30, N 7.20; 
found: C 52.23, H 1.43, N 7.12. 

5,10,15,20-Tetrakis(trifluoromethy1)porphyrin (5b) 
Trifluoromethyldipyrromethane (3a; 2.14 g, 10 mmol), triflu- 
oroacetaldehyde methyl hemiacetal (technical grade, 2.2 g, 
16.9 mmol), and activated montmorillonite K-10 clay (10 g) 
were placed in dry degassed CHC1, (500 mL) and heated at 
reflux under argon for 20 h. The reaction mixture was allowed 
to cool, a solution of DDQ (2 g) in benzene (60 mL) was 
added, and heating at reflux was continued for a further 1 h. 
The hot solution was filtered to remove the clay, then washed 
with hot CH,OH, and more DDQ (1 g in 60 mL benzene) was 
added and refluxed for a further 12-15 h. The solvents were 
removed under reduced pressure, the solid was redissolved in a 
minimum amount of hot CHCI,, and the solution was passed 
through neutral alumina. The forerunning porphyrin was 
eluted with CHCI,, the solvent evaporated under reduced pres- 
sure, and the product crystallized from CH,Cl,-CH,OH to iso- 
late 165 mg (5.7%). UV-VIS, A,,, nm (log E): 404 (5.08), 5 10 

(3.94), 544 (3.94), 594 (3.63), 648 (3.92); 'H NMR (CDCl,, 
300 MHz) S (pprn): 9.61 (s, 8H), -2.09 (bs, 2H); NMR 
(CDCI,, 282 MHz)) 6 (pprn): -40.86 (s; 12F). Accurate Mass 
calcd. for C,,H,,N,F,,: 582.0714; found by HRMS (FAB): 
582.0735 (AM = 3.6 ppm). Anal. calcd. for C2,HION4FI2: C 
49.50, H 1.73, N 9.62; found: C49.47, H L .79, N 9.64. 

5,15-Bis(heptafluoropropy1)-10,20- 
bis(pentafluoropheny1)porphyrin (5c) 

This porphyrin was prepared by reacting S-heptafluoropropyl- 
dipyrromethane (3b; 3.14 g, 10 mmol) and pentafluorobenz- 
aldehyde (1.96 g, 10 mmol) in refluxing CHC1, (400 mL) 
using activated montmorillonite K10 clay (10 g) as the cata- 
lyst. Reaction times of 8-10 h were sufficient and the yields 
varied between 10 and 15%. UV-VIS, A,,,, nm (log E): 406 
(5.26), 506 (4.09), 540 (3.98), 584 (3.73), 638 (3.92); 'H NMR 
(CDCI,, 300 MHz) S (pprn): 9.58 (d, 4H), 8.92 (d, 4H), -2.58 
(bs, 2H); 1 9 ~  NMR (CDCl,, 282 MHz) 6 (pprn): -8 1.22 (br t, 
6F), - 84.27 (m, 4F), - 12 1.97 (br t, 4F), - 138.73 (t, 4F), 
- 153.10 (t, 2F), - 163.37 (t, 4F). Accurate Mass calcd. for 
C,,H,,N,F,,: 978.0522; found by HRMS (FAB): 978.0535 
(AM = 1.3 ppm). Anal. calcd. for C38HION4F24: C 46.65, H 
1.03, N 5.73; found: C 46.40, H 1.20, N 5.89. 

5,10,15,20-Tetrakis(heptafluoropropy1)porphyrin (5d) 
This porphyrin was prepared by reacting S-heptafluoropropyl- 
dipyrromethane (3b; 1.57 g, 5 mmol) and heptafluorobutyral- 
dehyde, hydrate (technical grade, 1.3 g) in refluxing CHCI, 
(200 mL) using activated montmorillonite Kl0 clay (5 g) as the 
catalyst, under the conditions described for 5b. Purification by 
chromatography on neutral alumina using CH2C12-hexane 
(1:2) as the eluent gave 230 mg (9.3%). UV-VIS, A,,, nm (log 
E): 404 (5.01), 5 10 (3.98), 544 (3.91), 592 (3,701,646 (3.89); 'H 
NMR (CDCl,, 300 MHz) 6 (pprn): 9.50 (s, 8H), - 2.30 (bs, 2H); 

NMR (CDCI,, 282 MHz) 6 (pprn): - 80.4 (t, 12F), - 8 1.3 
(br s, SF); - 119.6 (br s, SF). Accurate Mass calcd. for 
C3,H,,N4F28 (M + H): 983.0537; found by HRMS (FAB): 
983.0548 (AM = 1.2 ppm). Anal. calcd. for C32HION4F28: C 
39.12, H 1.03, N 5.70; found: C 39.40, H 1.18, N 5.53. 
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Selection of new Fe(lll)/Fe(ll) chelating agents 
as catalysts for the oxidation of hydrogen 
sulfide to sulfur by air 

Arthur E. Martell, Ramunas J. Motekaitis, Dian Chen, Robert D. Hancock, 
and Derek McManus 

Abstract: The removal and oxidation to sulfur of H,S, contained in a broad range of sour gas streams including natural gas, by 
a Fe(III)IFe(II) chelate system imposes several requirements on the iron chelate that is employed as the redox catalyst. The 
solution of the catalyst must be neutral or mildly alkaline to efficiently absorb H,S from the gas passed through the solution. The 
stability of the iron(II1) chelate must be high enough that solid Fe(OH), not precipitate at the pH employed. Also the stability of 
the iron(I1) chelate must be high enough to prevent the precipitation of FeS from the reaction mixture. The difference in 
stabilities of the Fe(II1) and Fe(I1) chelates must be low enough so that the Fe(II1) form can be reduced by HS- and that the Fe(II1) 
chelate can be regenerated by aeration of the solution at alkaline pH. An unexpected result of this study is that chelating agents 
designed for high stability of iron(II1) chelates do not form satisfactory redox catalysts. Ligands that form suitable iron 
complexes as catalysts have both oxygen and nitrogen donors. All complexes investigated are readily reoxidized from the ferrous 
to the ferric chelate by air. 

Key words: iron chelates, stability constants, redox potentials, hydrogen sulfide, redox catalysts. 

RCsurnC : L'utilisation d'un systeme de chtlate Fe(III)/Fe(II) pour I'enlevement et l'oxydation du H,S (en S )  contenu dans 
une grande varittt de sources de gaz aigres impose plusieurs limitations sur la nature du chtlate de fer a utiliser comme 
catalyseur rtdox. Pour que le H,S soit absorb6 efficacement ?I partir du gaz qui barbote dans la solution de catalyseur, il faut que 
celle-ci soit neutre ou Itgtrement alcaline. La stabilitt du chtlate de fer(II1) doit Ctre suffisamment t levie  pour que le Fe(OH)3 ne 
prtcipite pas au pH utilist. I1 faut aussi que la stabilitt du chelate de fer(I1) soit suffisamment Clevte pour prtvenir la prtcipitation 
du FeS A partir du mtlange rtactionnel. La difference dans les stabilitts des chtlates Fe(II1) et Fe(I1) doit Etre suffisamment basse 
pour que la forme Fe(II1) puisse Ctre rtduite par HS- et que le chtlate Fe(II1) puisse Etre regknCrt par atration de la solution a un 
pH alcalin. Cette ttude a conduit 5 un resultat inattendu; les agents chtlatants dtveloppts pour donner des chtlates de Fe(I1) de 
grand stabilitk ne donnent pas de catalyseurs rtdox satisfaisants. Les coordinats qui foment  des complexes de fer approprits 
comme catalyseurs comportent la fois des oxygknes et des azotes comme donneurs. Tous les complexes examines peuvent 
facilement Ctre rtoxydts en chtlate ferrique sous I'action de I'air. 

Mots elks : chtlates de fer, constantes de stabilitt, potentiels rtdox, sulfure d'hydrogtne, catalyseurs redox. 

[Traduit par la rtdaction] 

Introduction 

Iron(II1) chelate systems are used as catalysts for the removal 
of H2S from various gas streams including natural gas and for 
the oxidation of H2S to S, by air. The reaction is usually car- 
ried out in two steps. In the absorber, H2S is absorbed from the 
gas by a neutral or mildly alkaline solution of the catalyst and 
is oxidized by the ferric chelate to sulfur, S,, which is eventu- 
ally removed by filtration or other means, while the catalyst is 
converted to the ferrous form of the complex. The reduced cat- 
alyst is then oxidized by air in a separate part of the apparatus, 
called the oxidizer. In most cases the catalyst used commer- 
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Telephone: (409) 845-20 I 1. Fax: (409) 845-47 19. 

cially is an iron(III)/iron(II) chelate, and the chelating agent is 
an aminopolycarboxylic acid, such as NTA (nitrilotriacetic 
acid), EDTA (ethylenediaminetetraacetic acid), or HEDTA 
(N-hydroxyethylethylenediamine-N,NT,N"-triacetic acid), but 
such information is for the most part proprietary. The use of 
iron chelates of aminopolycarboxylic acids as catalysts in this 
process is covered by a number of patents, only a few of which 
are cited here (1-3). 

Significant operating costs are incurred in the process due 
to the oxidation and eventual loss of the chelating ligand, 
which then has to be continuously replenished. The oxidation 
is probably a radical reaction, and two papers describing this 
problem in detail have been published (4, 5 ) .  This paper 
describes the chelating agents that form iron(III)/iron(II) che- 
late systems that promise to be effective catalysts for hydro- 
gen sulfide oxidation. The choice of chelating agent is 
controlled by the conditions required for carrying out an effi- 
cient industrial process. The questions involved in the possible 
oxidative degradation of the chelating agent are not addressed. 
Such studies would require a separate, in-depth, study of the 
oxidation of the iron chelates involved. 

Can. J. Chem. 74: 1872-1879 (1996). Printed in Canada / ImprimC au Canada 
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Fig. 1. Plot of log K, for complexes of Fe" against log K ,  for the corresponding complexes 
of ~ e ~ ' .  This type of diagram shows the relative preference of Fef3 for the harder ligands 
containing negative oxygen donors (0) compared to the softer ligands containing a mixture of 
nitrogen and oxygen donors (0). 
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In Fig. 1 are plotted the log equilibrium constants (formation 
constants) of 24 ligands with ferric and ferrous ions. The equi- 
librium constants used are for one mole of ligand per mole of 
ferric ion or ferrous ion. Since the scales of the ordinate and 
abscissa are the same, it is seen that a change in the nature and 
number of donor groups increases the stabilities of the ferric 
complexes much more than the ferrous complexes. Also, since 
the ~ e ~ +  is a small hard acid (on the HSAB scale) (6, 7) it pre- 
fers to coordinate to an oxygen donor ligand with negative 
oxygen donor groups such as hydroxamate, phenolate, and 
catecholate donor oxygens. Where the ligand has some of the 
softer nitrogen donors, the stability of the ferrous chelate 
increases with basicity, but not as much as that of the ferric 
chelate. Thus the data in Fig. 1 seem to divide into two groups: 
those with ligands having only oxygen donors, with a high 
ratio of Fe(III)/Fe(II) stabilities, and those with both oxygen 
and nitrogen donors, with a lower ratio of Fe(III)/Fe(II) stabil- 
ity constants. The factors governing the stabilities of metal 
chelates have been described in detail (8, 9). 

An important consideration is the coordination number of 
the metal ion, since the most stable complexes will be formed 
when the number of donor atoms of a ligand matches the 
requirement of the metal ion, provided of course that the donor 
atoms are sterically available to combine with the metal ion. 
Most of the complexes of Fe(I1) and Fe(II1) are octahedral, 
with a coordination number of six for a metal ion, matched by 
the coordinating donor groups supplied by a hexadentate 
ligand. Some complexes of the ~ e ' +  ion, however, are seven- 
coordinate, probably due in part to steric problems associated 
with the ligand. To appreciate such steric effects, MM calcu- 
lations were carried out using the MM program SYBYL (10). 
The Fe(II1) was modeled using the TAFF force field (lo), with 
ideal Fe-0 and Fe-N bond lengths of 2.00 and 2.38 A, 

Fig. 2. Structure of Fe(I1) complex of EDTA generated by 
Molecular Mechanics calculation and the program SYBYL. 

coordinated water 
increases coordination 

number to seven 

0 
A 

[Fe(EDTA)H,OIm 
structure generated 
by MM calculation 

respectively: and Fe-0 and Fe-N force constants of 100 
kcal, mol-' A-I.  The angle bending force constants around the 
Fe, which are the N-Fe-N, N-Fe-0, and 0 -Fe -0  angle bending 
force constants, were set to zero, and the geometry was gener- 
ated by van der Waals repulsion between the donor atoms. 
Trial coordinates for the MM calculations were either taken 
from crystal structures, or were generated with the model- 
building facility of SYBYL. The resulting coordinates were 
plotted with PLUTON (1 1). Figure 2 shows the results of this 
molecular mechanics simulation of the Fe(II1) chelate of 
EDTA in aqueous solution. The seven-coordinate structure 
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agrees well with the crystal structure described earlier for the 
Fe(II1)-EDTA chelate ( 12). 

Because the absorber solution must be neutral or mildly 
alkaline, the possible precipitation of FeS and of Fe(OH), 
are important considerations. Since the solubility product of 
FeS is lo-'' ' (13), it seems that FeS would precipitate if the 
concentration of [ ~ e ~ + ]  exceeds lo-" (assuming [HS-] to be 
lo-' M and taking log K?_a of H,S as 14.3; the solubility prod- 
uct of FeS is obtained from the displacement equilibrium 
constant log [M][H,s]/[H+]' = 3.0). This places a lower limit 
on the stability constant of the ferrous chelate of the chelating 
agent selected. Similarly, if the solubility product of 
Fe(OH), is (14), it can be shown that Fe(OH), would 
precipitate at pH 8.5 if the concentration of ferric ion is 
greater than M. Thus the stability of the Fe(II1) chelate 
must be higher than that which would allow the precipitation 
of Fe(II1) as Fe(OH), (in other words the pM (-log [MI) 
must be higher than 22.9). 

In this paper the pM (-log [MI) of a metal ion is calculated 
for a metal buffer system in which there is an equal amount of 
the free chelating agent and metal chelate. Most metal chelates 
described below have 1: 1 stoichiometry of metal ion M to 
chelating agent L; thus the stability constant K = [MLI/[MI[lJ]. 
When [L] = [ML], log K = -log [MI and the analogy to a 
hydrogen ion buffer is complete. When the 1igand:metal sto- 
ichiometry is 2: 1 or 3: 1, the excess free ligand necessary to 
form a metal buffer solution is proportionally higher. The 
excess free ligand used in this paper is an equivalent amount 
(100%) of that needed to form the metal complex. 

The standard reduction potential E,, of ferric to ferrous ion 
under standard conditions is +0.770 V ( 15). Since pM is -log 
[MI, the half cell for the reduction of iron at pH 8.5 in the pres- 
ence of 100% excess ligand is 

For the reduction of sulfur, the reaction is 

and the standard reduction potential is +O. 141 V (15). 
The above equation is written in terms of HS- since the lat- 

ter is virtually the only form at pH 8.5. Since the first dissoci- 
ation constant of H,S is (14) 

E = E, - 0.0295 log [H,s]/[H+]' 

E = 0.14 1 - 0.0295 log lo6.', [HS-]/~O-'.~ 

Assume that [HS-] is approximately lo-, M, a reasonable con- 
centration. 

For the overall reaction the reduction potential of the iron che- 
late and the oxidation potential of HS- are employed: 

For the two-electron redox reaction at pH 8.5 the conditional 
equilibrium constant may now be calculated. 

[3] log Kc = (0.993 - 0.059 A pM)/0.0295 

Thus the values of the conditional constants Kc for the equilib- 
rium 

were calculated for Tables 1 and 2, for pH 8.5, 100% excess 
ligand, and assuming the concentration of HS- to be lo-' M. 

The conditions used for Tables 1 and 2, and which apply to 
the conditional equilibrium constant Kc, specify pH 8.5, which 
corresponds to the pH used in the Wheelabrator "Low-Cat" 
process. The use of a much lower pH, such as 7.0, used in the 
Dow "Sulferox" system, would result in much lower s'- and 
OH- concentrations, and therefore the precipitation of FeS and 
Fe(OH), would occur less readily. Thus, chelating agents 
labeled in Table 1 with (S) and (OH) and in Table 2 as (bor- 
derline), would be satisfactory. The rate of absorption of H,S, 
however, would be slower, and a larger absorber vessel would 
be needed. 

Another condition that may be employed for this process is 
the use of a lesser amount of excess ligand. The reduction of 
100% excess ligand to 10% excess would reduce the pM value 
of the catalyst system by an order of magnitude. This change 
could be tolerated better in the low pH process, where the 
demands on the chelating agent to keep the iron in solution are 
not so stringent. 

Because certain aminopolycarboxylate chelates are now in 
use commercially to form the iron chelate catalysts for this 
process, it seems appropriate to compare these systems with 
other aminopolycarboxylates. Table 1 compares 10 amino- 
polycarboxylates for which the stabilities meet the require- 
ments for the oxidation of H,S to S, at pH 8.5 and 10-3 M 
[HS-1. The structures and names of the ligands are indicated in 
Plate I .  It is seen that the reaction is favorable for all ligands 
listed in Table 1 with conditional constants that vary between 
10' and It is seen that TMDTA and EGTA are unsatisfac- 
tory ligands because they do not prevent the precipitation of 
Fe(OH), at pH 8.5. Also, NTA calculates out as a marginal 
ligand with respect to both FeS and Fe(OH)3 precipitation. 
The fact that it is being successfully used in industrial applica- 
tions indicates that the operating conditions are at least a little 
different from those used in the calculations. In some cases an 
additive is used to increase the complexation of iron(II1). 

A larger variety of chelating agents are listed in Table 2, 
including ligands with very basic oxygen donors designed to 
form very stable Fe(II1) chelates. The structures and names of 
these ligands are given in Plate 2. It is noted that the stabilities 
of the Fe(I1) complexes of four of these ligands have not been 
measured. Their values are estimated (extrapolated) from the 
stability constants of other transition divalent metal com- 
plexes with the same ligands. The accuracy of this approxima- 
tion is considered adequate. It is seen in Table 2 that the 
stabilities of the Fe(II1) chelates of TETA and ACAC are not 
high enough to prevent precipitation of Fe(OH),. The most 
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Martell et al. 

Plate 1. 

Aminopolycarboxylic Acids: Names, Acronyms, Formulas 

Nitrilotriacetic acid. H3L (NTA) 
N(-2-hydroxyethy1)ethylenediamine- 
N,N',Nt-triacctic acid, H3L (HEDTA) 

Ethylenedinitrilotctraacetic acid, H4L Roconic-propylenediaminetetraacetic acid, 
(EDTA) H4L (PDTA) 

Hacernic- l,2-dimcthylethylenediamine- trans- I ,2-diaminocyclohexanetetraacetic 
tetraacctic acid, H4L (DMEDTA) acid, kI4L (CDTA) 

'I'rimethylenediminetetraacetic acid Oxybis(cthylenenitrilo)tetraacetic acid 
H4L (TMDTA) H4L (EEDTA) 

Ethylenebis(oxyethylenenitrilo)tetraacetic acid, k14L (EGTA) 

Diethylenetriaminepentaacetic acid. IIsL (DTPA) 

Triethylenetetraminehexaacetic acid, H6L (TTHA) 
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Plate 2. 

Miscellaneous Chelating Agents: Names, Acronyms, Formulas 

1,4,7,1 0-tetraazacyclododecane- I ,4,7,10-tetraazacyclotridecane- 
N,N',N",N'"-tetraacetic acid, I-14L (DOTA) N,N',Nm',N"'-tetraacetic acid, H4L (TRITA) 

HOOCCH CH2COOH 

CH2COOH 

1,4,8,1 1 -tetraazacyclotetradecane- N-(2-hydroxybenzylethylenediamine- 
I N,N',NU,N"'-tetraacetic acid, H4L (TETA) N,N',N'-triacetic acid, H4L (HBET) 

N,N'-bis(20hydroxyben~yl)ethylenediamine- Racemic-ethylene-N,N'-bis(2- 
N,N'-diacetic acid, H4L (HBED) hydroxyphenylglycinc, H4L (EHPG) 

N,N'-bis(2-methyl-3-hydroxy-5-hydroxyn1ethyl 1,2-dihydroxybenzene, catechol 
4-pyridy1methyl)ethylenediamine-N,N'-diacetic H2L (CAT) 
cid, H4L (PLED 

1,8-dihydroxynaphthalene-4-sulfonic acld Acetylacetone, 2,4-pentanedione 
E13L (DHNS) I-1L (ACAC) 
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Martell et al 

Table 1. Stability constants of Fe(I1) and Fe(II1) chelates, pM's, and log Kc'so for the 
arninopolycarboxylic acids. 

Log K,," pM' 

Fe" Fe3+ Fe" Fe" ApM E(Fe3+ + Fe")" Log K," 

NT A 8.05 15.9 8.0 (S)" 20.8 (OH)' 12.8 0.0 13 7.98 
HEDTA 12.2 19.8 10.9 23.7 12.8 0.013 7.98 
EDTA 14.30 25.10 12.6 25.2 12.6 0.025 8.38 
PDTA 15.50 26.0 13.1 23.6 10.5 0.149 12.58 
DMEDTA 17.8 28.05 14.0 25.0 11.0 0.1 19 1 1.56 
CDTA 18.90 30.00 15.0 26.2 11.2 0.107 11.16 
TMDTA 13.46 21.61 11.4 19.6 (OH)' 8.2 0.285 17.17 
EEDTA 14.20 24.7 12.7 23.2 10.5 0.149 12.58 
EGTA 11.20 20.50 10.4 19.1 (OH)' 8.7 0.255 16.16 
DTPA 16.40 28.00 14.2 25.6 11.4 0.096 10.78 
TTHA 17.00 26.80 18.9 23.7 4.8 0.486 23.97 

"Kc are the conditional constants for the reaction 2 Fel"L + H S  2Fe"L + H' + S(s) at pH 8.5 and HS- taken as 
M. 

"Log K,,. taken from NIST Critical Stability Constant Database No. 46. 
'For 100% excess ligand. 10-'M ~ne~al chelate. 
"E for reduction of ferric to ferrous ions taken from pM values of the metal ions and the equation E = 0.770 - 0.059 

log [~e"]l[Fe"]. 
"(S) and (OH) indicate propensity for FeS and Fe(OH), formation, respectively. 

Table 2. Stability constants of Fe(I1) and Fe(II1) chelates, pM's, and log Kc'so for other ligands. 

Log KM," pM' 

Fez+ F ~ Z +  Fe" ApM E(Fe3+ + Fe")" log Kc" 

I DOTA 20.22 39.40 16.3 35.4 19.1 -0.360 -4.63 (weak) 
1 TRITA 17.6 27.50 13.5 23.4 9.9 +O. 184 13.76 

TETA 13.32 26.50 9.5 22.6 (OH)" 13.1 -0.005 7.37 
HBET 15.0 (est.) 32.02 10.9 27.9 17.0 -0.236 -0.44 (weak) 

i 
I HBED 22.7 (est.) 39.01 15.7 32.1 16.4 -0.200 0.78 (weak) 
I EHPG 20.6 (est.) 35.54 14.2 29.1 14.9 -0.1 1 1 3.89 (borderline) ~ PLED 17.9 (est.) 30.80 13.7 26.6 12.9 +0.007 7.78 

CAT 8.3 20.4 4.4 (S)'  25.3 20.9 -0.466 -8.22 (weak) 
DHNS 8.99 19.84 7.0 (S)' 25.5 18.5 -0.324 -3.41 (weak) 
ACAC 5.07 9.30 6.9 (S)' 21.3 (OH)' 14.4 -0.082 4.77 

"Kc are the conditional constants for the reaction 2 Fel"L + HS- *2Fe1'L + Hi + S(s) at pH 8.5 and HS- raken as 
M. 

"Log K,, taken from NIST Critical Stability Constant Database No. 46. 
'For 100% excess ligand, 10.' M metal chelate. 
d~ for reduction of ferric to ferrous ions taken from pM values of the metal ions and the equation E = 0.770 - 0.059 

log [Fe'+]/[F$+]. 
'(S) and (OH) indicate propensity for FeS and Fe(OH)3 formation, respectively. 

remarkable feature of the data in Table 2 is that the chelating 
agents that form very stable Fe(II1) chelates are not suitable for 
the oxidation of H,S to S,. Any ligand that produces a condi- 
tional constant lower than lo4 is considered too weak an oxi- 
dizing agent. This behavior may be rationalized on the basis of 
the fact that the Fe(II1) chelate is very stable, compared to the 
Fe(I1) chelate, and the metal ion therefore prefers to remain in 
the ferric form. A successful ligand is one that stabilizes the 
Fe(I1) form sufficiently so that it is only moderately less stable 

than the Fe(II1) chelate. The best measure of the relative 
effects of the ligand on these metal ions is the difference in pM 
values, since pM takes into account environmental consider- 
ations such as pH and concentration. 

The reoxidation of the ferrous to the ferric chelate by air, 
which takes place in the oxidizer vessel, involves the follow- 
ing reaction: 
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and the equilibrium constant, in the form of a concentration 
constant, is 

where all solution species are expressed as molar concentra- 
tion, except the concentration of O2 which is expressed as par- 
tial pressure. 

If one takes pH 8.5 as the operating pH and employs 0.20 as 
the partial pressure of oxygen in air, and substitutes these val- 
ues in eq. [4], one obtains an equation for the corresponding 
conditional constant. 

[F~"'L] 
K', = K'( 10-~~)(0.2) = 

[F~"L] 

[F~"'L] 
log K', = log K' - 34.7 = log - 

[F~"L] 

The emf corresponding to the overall reaction can be consid- 
ered as the sum of the emf's of the half reactions for the oxi- 
dation of the iron chelate and the reduction of 0 2 .  For the 
latter, 

E is +1.229 V for unit molality of H+ and unit partial pressure 
of O2 (15). 

E = 1.229 - 0.0 1479 log ll(0.2) - 0.059 (8.5) = 0.727 

For the whole reaction, E', is therefore: 

[5] E', = E(F~"L + F~"'L) + 0.727 V 

Therefore, K', can be expressed by the following: 

[6] log K', = E,lO.O 1479 

The values of log K', are given in Table 3 for oxidation of the 
ferrous chelates of the 21 systems described in Tables 1 and 2. 
It seems that, for all the chelate systems considered, whether or 
not they are satisfactory for the oxidation of H,S in the 
absorber, the equilibrium constants for the oxidation reactions 
are very positive, and the oxidation of all the ferrous chelates 
to the ferric form is highly favored. The authors have checked 
the use of several iron chelates as catalysts in the oxidation of 
H,S to S by air and have not encountered any difficulties due 
to slow kinetics. Although all phases of the reaction were ade- 
quately rapid, the reoxidation of the ferrous to the ferric che- 
late seemed to be the slower part of the process. The slowest 
part of the reoxidation is the dissolution of oxygen from air to 
the aqueous phase. This part of the process may be maximized 
by the use of an appropriate gas-liquid contacting device. 

Although all the constants listed in Table 3 are highly posi- 
tive, they do not provide information on the kinetics of reac- 
tion, except that the oxidation step is highly favored. 

Table 3. Conditional equilibrium constants" for the oxidation of 
ferrous chelates to the ferric form by air in  the presence of 100% 
excess ligand at pH 8.5. 

Ligand E(Fe" + ~e")" E, (reaction) log K',".' 

NTA -0.0 13 0.7 14 48.3 
HEDTA -0.0 13 0.7 14 48.3 
EDTA -0.025 0.762 47.5 
PDT A -0.149 0.578 39.1 
DMEDTA -0.1 19 0.608 41.1 
CDTA -0.107 0.620 41.9 
TMDTA -0.285 0.442 29.9 
EEDTA -0.149 0.578 39.1 
EGTA -0.255 0.472 31.9 
DTPA -0.096 0.63 1 42.7 
TTH A -0.486 0.241 16.3 
DOTA +0.360 1.087 73.5 
TRIT A -0.184 0.543 36.7 
TETA +0.005 0.732 49.5 
HBET +0.236 0.963 65.1 
HBED +0.200 0.927 62.7 
EHPG +O. 1 1 1 0.838 56.7 
PLED +0.007 0.720 48.7 
CAT +0.466 1.193 80.7 
DHNS +0.324 1.05 1 7 1.06 
AC AC +0.082 0.809 54.7 
- 

"Equilibrium constant for the reaction: 4Fe" + O2 + 4Ht + 4Fe3+L + 
2Hz0 at pH 8.5 and Po, of 0.20 (air) in the presence of 100% excess 
ligand. 

"Oxidation potential of the Fe(II)/Fe(III) chelate couple in the presence 
of 100% excess ligand. 

'Calculated from the equation E, = 0.059/11 log Kc. 

Conclusions 

To form Fe(II)/Fe(III) chelates that are useful as catalysts for 
the oxidation of H2S to S, a chelating agent must: 

1 .  Function in the neutral or mildly alkaline pH range to rap- 
idly absorb H2S gas. 

2. Form sufficiently stable Fe(II1) chelates that are not con- 
verted to Fe(OH)3 at alkaline pH. 

3. Form sufficiently stable Fe(I1) chelates to prevent precip- 
itation of FeS from alkaline solution. 

4. The Fe(II1) chelates are generally more stable than the 
Fe(I1) chelates, the ApM values varying between 5 and 13 for 
the amino carboxylic acids and up to 21 for the other ligands. 
If the Fe(II1) chelate is too stable relative to the Fe(I1) chelate 
(ApM > 16), the catalyst is ineffective. (The chelate prefers to 
remain in the Fe(II1) state.) 

5. Favorable redox reactions are associated with conditional 
constants that vary over a wide range of numerical values. At 
pH 8.5 and [HS-] of M, the conditional constant may vary 
between lo4 and 10'~. 

6.Because all the ligands listed in Tables 1 and 2, and in Fig. 
1, have Fe(II1) stability constants that are higher than those of 
Fe(Ii), oxidation of the Fe(I1) chelate to the Fe(II1) chelate by 
air is a highly favored reaction. While there are ligands that 
stabilize the ferrous form more than the ferric chelates, such 
ligands are not useful in this process and are not discussed 
here. 
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Glossary 

ACAC 
AEIDA 
CAT 
CDTA 
CH,CONHO- 
CH,COO- 
DFB 
DHNS 
DIPIC 
DMEDTA 

DOTA 

DTPA 
EDT A 

EEDTA 
EGTA 
EHPG 

Gly 
HBED 

HBET 

HEDT A 

I HID A 
IDA 

I Kojate 
I NTA 
I ox'- 
I PDTA , PIC 

PLED 

I TETA 

Tiron 

acety lacetone, 2,4-pentanedione 
N-(2-arninoethyl)iminodiacetic acid 
I,?-dihydroxybenzene, catechol 
rr.crrzs- l,2-diaminocyclohexanetetraacetic acid 
acethydroxamic acid anion 
acetic acid anion 
desferriferrioxamine-B 
1,8-dihydroxynaphthalene-4-sulfonic acid 
dipicolinic acid 
rncer~zic- 1-2-dimethylethylenediaminetetraacetic 
acid 
1,4,7,1 0-tetraazacyclododecane-N,N',N",Nf"-tet- 
raacetic acid 
diethylenetriaminepentaacetic acid 
ethylenedinitrilotetraacetic acid, ethylenediamine- 
tetraacetic acid 
oxybis(ethylenenitrilo)tetraacetic acid 
ethylenebis(oxyethylenenitrilo)tetraacetic acid 
mcernic-ethylene-N,N'-bis(2-hydroxyphenylgly- 
cine) 
glycine 
N,N'-bis(2-hydroxybenzyl)ethylenediamine-N,N1- 
diacetic acid 
N-(2-hydroxybenzyl)ethylenediamine-N,N',Nf-tri- 
acetic acid 
N-(2-hydroxyethyI)ethylenediamine,N,N',N'-triace- 
tic acid 
N-(2-hydroxyethyl)iminodiacetic acid 
iminodiacetic acid 
kojic acid anion 
nitrilotriacetic acid 
oxalic acid anion 
I-crce~nic-propylenediaminetetraacetic acid 
picolinic acid 
N,N'-bis(2-methyl-3-hydroxy-5-hydroxymethyl-4- 
pyridy1methyl)ethylenediamine-N,N'-diacetic acid 
1,4,8,1 1 -tetraazacyclotetradecane-N,NJ,N",N"'-tet- 
raacetic acid 
3,5-disulfocatechol 

TMDTA trimethylenediaminetetraacetic acid 
TRITA 1,4,7,1 0-tetraazacyclotridecane-N,Nf,N",N"'-tet- 

raacetic acid 
TTH A triethylenetetraminehexaacetic acid 
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Total synthesis of isodeoxypodophyllotoxin 
using the Me,Sn radical initiated 
carbocyclization 

Stephen Hanessian and Sacha Ninkovic 

Abstract: The lactone portion of the podophylotoxin framework was assembled from a free-radical carbocyclization 
reaction, and the target structure was constructed based on intramolecular Friedel-Crafts reaction. In addition to 
isodeoxypodophyllotoxin, there were formed unusual tri- and tetracyclic compounds. 

Key words: free-radical carbocyclization, C-Sn bond cleavage, podophyllotoxin analog. 

ResurnC : La partie lactone de la structure de la podophyllotoxine a CtC synthCtisCe en utilisant une carbocyclisation 
radicalaire. La structure entikre a CtC construite en applicant une rCaction de Friedel et Crafts intramolCculaire. En plus de 
1'isodCoxypodophyllotoxine, on isole des produits tri- et tttracycliques. 

Mots clis : carbocyclisation radicalaire, scission de la liaison C-Sn, analoque de la podophyllotoxine. 

[Traduit par la rCdaction] 

Introduction Fig. 1. The podophyllotoxin family. 

Over the years, the lignans (1) have been recognized as chal- 
lenging targets for organic synthesis, particularly because of 
their unusual structures and interesting biological properties 
(2) (Fig. 1). A number of methods have been devised for the 
construction of this class of molecules (I), and several efforts 
have culminated in the total synthesis of podophyllotoxin 1 
(3), steganacin 2 (4), their derivatives (3, and related com- 
pounds (6). These efforts have led to the development of the 
antitumor drugs (7) etoposide and teniposide which are gluco- 
sides of epipodophyllotoxin 4. These semi-synthetic mole- 
cules are currently in use for treatment of a variety of tumors, 
including small cell lung carcinoma (8), testicular cancer (9), 
and malignant lymphoma ( 10). 

Ward (3a) has recently reviewed the synthesis of molecules 
having the podophyllotoxin skeleton. To the best of our 
knowledge only 2,3-dibenzylbutyrolactones (1 1)' have been 
synthesized using a radical cyclization approach. More 
recently, a tributyltin hydride mediated carbocyclization pro- 
vided the aryltetralin unit present in the isopicropodophyllo- 
toxin skeleton (5a). 

We recently reported that the trimethylstannyl radical adds 
to terminal olefins of a variety of dienes and trienes, leading to 
a number of interesting carbocyclic and heterocyclic systems 
of the tetrahydrofuran and pyrrolidine types (12). We have 
also reported a novel oxidative cleavage of the C-Sn bond 
with ceric ammonium nitrate (CAN) resulting in an aldehyde 

Received May 2 1, 1996. 
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For a synthesis via C-H insertion reaction, see ref. 1 Ic. 

OH 

0 
Me0 

Me0 OMe 
OMe Me0  

Podophyllotoxin, 1 Steganacin, 2 

0 

Me0 OMe Me0  
OMe OMe 

lsodeoxypodophyllotoxin, 3 Epipodophyllotoxin, 4 

or acetal depending upon the conditions used (temperature, 
time, solvent, etc). This approach to the construction of 3,4- 
disubstituted tetrahydrofurans was applied to the total synthe- 
sis of the lignan antibiotic burseran (13) and to the kainoids 
(14). 

We describe herein a total synthesis of racemic isodeoxy- 
podophyllotoxin 3 using trimethylstannyl radical addition to a 
dienic system for the construction of the dibenzylbutyrolac- 
tone motif as well as the aryltetralin unit. 

Results and discussion 

A disconnective route to the intended target is shown in Fig. 
2 in which one of the two critical steps involves a free radical 
mediated carbocyclization (bond a) to an acrylate ester. The 

Can. J. Chem. 74: 1880-1888 (1996). Printed in Canada / lmprimt au Canada 
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Hanessian and N~nkovic 

Fig. 2. Disconnective analysis. Scheme 1. 

OMe 

, construction of the tetracyclic system involves a reaction of 
I the Friedel-Crafts type as a second step (bond b ) where an 
! important stereochemical issue must be addressed. 
I Our synthesis started with the treatment of diene 6, obtained 

from alcohol 5 and acrylic acid, with trimethyltin radical gen- 
erated according to Stork and Sher (15) (Scheme 1). This gave 
lactone 7 in 46% yield in a 4: 1 trans/cis ratio, with the uncyc- 
lized reduced compound as a side-product. Although attempts 
to significantly increase the yield failed, a modest level of 
improvement resulted when it was found that the proportion of 
uncyclized by-product could be minimized by a slow addition 
of sodium cyanoborohydride to a refluxing solution of diene 6 
over a period of 9 h. Thus, lactone 7 and its cis isomer were 
formed in an optimized yield of 53%. Separation by recrystal- 
lization afforded the major trans-lactone 7 in a ratio greater 
than 5O:l. The structure of 7 was unambiguously proved by 
single crystal X-ray analysis and by nOe experiments. The 
remaining cis-lactone could be epimerized to the trans-lactone 
7 (>9:1) under basic conditions. 

Although the radical carbocyclization proceeds exclusively 
in a 5-exo-trig mode (16), the observed selectivity favoring the 
trans isomer differs from the Me+-mediated carbocycliza- 
tion of dienes leading to tetrahydrofurans and pyrrolidines, 
which give the cisltrans products in ratios of 2: 1 (12, 13). The 
classical chairlike and boatlike transition states may probably 
not apply in the radical carbocyclizations of lactones since 
they would involve a rather rigid ester moiety. 

At this stage of the synthesis, we had to address the problem 
of selective cleavage of the C-Sn bond with CAN, being cog- 
nizant of the fact that aryloxymethyl ethers are oxidized to the 
corresponding quinones under the same general oxidative con- 

?' acrylic acid 
EDC, Et3N - Me3SnCl 

P 

HO DMAP, CH2CI2 O 0 NaCNBH, 
5 95% 6 53% 

;'"dAr:. Dibal . 99% Me3sn-'epd -- 
2. PPTS, 

7 isopropanol 8 R = H  
98% 9 R = Me2(CH) 

H O - ~ A :  H O - , , , ~ A ~ '  
1. CAN, MeOH 

2. NaBHI q0 O 0 
44% 4"' 22, 

ditions at low temperature and in a relatively short time (17). 
In addition, the problem of oxidative coupling (170) loomed 
as a major obstacle to the intended sequence. We were encour- 
aged, however, by our previous results (12), since chemose- 
lective oxidative cleavage of the trimethylstannyl group was 
possible in the presence of an electron-rich aryl group as in our 
previously published total synthesis of burseran (13). 

Attempts to selectively cleave the C-Sn bond in 7 under 
the CAN conditions led to decomposition. The main differ- 
ence in comparison to the precursor to burseran (13) is that the 
y position to the stannyl group bears a carbonyl group in 7. 
Thus, the selective CAN oxidative destannylation of y-stannyl 
lactones presented a case that warranted further study. To ver- 
ify this hypothesis, the lactone was reduced to the hemiacetal 
8 and protected as acetal9 (1.5: 1 favoring the P anomer vs. the 
ct anomer) under acidic conditions. To our satisfaction, 
chemoselective cleavage of the trimethylstannyl group was 
achieved by slow addition of CAN at O°C, giving the aldehyde 
derivative directly and without affecting the aromatic moiety. 
The alcohols 10 and 11 were obtained in 44 and 22% yield, 
respectively, after reduction with sodium borohydride. The 
stereochemical relationships in 10 and 11, respectively, were 
confirmed by nOe experiments. It is possible that the presence 
of the electron-withdrawing carbonyl group reduces the reac- 
tivity at the C-Sn center, thus leading to undesired reactions 
in the attempted oxidative cleavage of 7. Another possibility 
could involve the formation of a highly reactive P-dicarbonyl, 
which under the CAN conditions could further react giving 
dimerization and oligomerization products (18). 

The trimethoxybenzyl group was introduced by treatment 
of aldehyde 12, obtained from PCC oxidation of alcohol 10 
with 3,4,5-trimethoxyphenyl lithium (19), producing an 
epimeric mixture of adducts 13 that was acetylated to afford 
the epimeric benzylic acetates 14 (Scheme 2). Our hope was 
that under acidic conditions, the Friedel-Crafts cyclization 
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Scheme 2. 

2: TFA , 98% \ 2 
0 

Can. J. Chem. Vol. 74.1996 

Scheme 3. 

OMe 

r A r l  
LI 

w 0 0  - TFA 

2. Ac20 . 88% 7 0 CH2CI2 

would be directed by the P-isopropoxy group, thus leading to 
the 1,2-cis/2,3-trans stereochemistry found in the podophyllo- 
toxin type skeleton (Fig. 1). Treatment of 14 with trifluoroace- 
tic acid gave the hemiacetall5 in only 27% yield accompanied 
by a tetracyclic by-product 16 (45%). Extensive NMR studies 
corroborated the isodeoxypodophyllotoxin-type structure for 
15. Oxidation of 15 with PCC gave isodeoxypodophyllotoxin 
3. The by-product 16 arising in the Friedel-Crafts reaction had 
been formed as a result of an attack of the aromatic ring on the 
anomeric carbon, most probably via the intermediate oxocar- 
benium ion. 

To  clarify the nature of this cyclization, we attempted the 
same reaction with a similar substrate (Scheme 3). When alco- 
hol 10 was protected as a pivaloyl ester and treated with TFA, 
the only result observed was aromatic substitution at the ano- 
meric position leading to the tricyclic compound 18 in quanti- 
tative yield. This structure now has an oxygen atom of the 
tetrahydrofuran directly connected to a benzylic carbon. It was 
thus possible to cleave this C-0 bond by hydrogenolysis to 
give compound 19 with a cis configuration at C3lC4 in which 
one of the two alcohol functions is protected. Since we were in 
possession of both anomers 10 and 11, we decided to verify if 
the orientation of the isopropoxy group had an influence on the 
stereochemical outcome of the Friedel-Crafts reaction. Thus, 
following the identical sequences as for 10, oxidation of alco- 
hol 11 and subsequent treatment with 3,4,5-trimethoxyphenyl 
lithium produced one epimer of adduct 21 (Scheme 4). Protec- 
tion of the alcohol was accomplished with trifluoroacetic 
anhydride to give 22. When treated with TFA, adduct 22 

underwent Friedel-Crafts ring closure to afford hemiacetal 15  
in 41% yield, accompanied by the acetal23 (15%). It is inter- 
esting that in the case of 22 the major products arise from the 
expected Friedel-Crafts cyclization of the methylene- 
dioxyaryl moiety onto the benzylic cation generated on the 
other trimethoxyaryl moiety. In the case of 14, however, the 
analogous Friedel-Crafts cyclization occurred to the extent of 
only 27%, the major product being the bridged compound 16  
( A :  1 of isomeric acetals). This product may form in part in a 
competing Friedel-Crafts condensation on an incipient oxo- 
carbenium ion, which may result from the facile trifluoroace- 
tolysis of the 1,2-trans glycoside in the medium compared to 
22. It is also possible that one of the epimers of the benzylic 
acetates (2: 1 ratio) in 14 is kinetically more prone to solvolysis 
to generate a benzylic cation intermediate to give 15. Com- 
pound 16  was found to be a mixture of a major and a minor 
acetate in a ratio of >8: 1, unlike the 2: 1 ratio of the original 14, 
which corroborates the above-stated hypothesis. The forma- 
tion of the hemiacetal 15  may be the result of the aqueous 
work-up wherein the corresponding anomeric isopropoxy (or 
trifluoroacetate group) is cleaved. Finally, the possibility of 
neighboring group participation by the anti-oriented benzylic 
acetate in 14 may also play an important role in the predomi- 
nance of kinetically labile intermediates. Thus, the anomeric 
configuration in 14 and 22 and the nature of the benzylic ester 
may have an important kinetic influence in these Friedel- 
Crafts condensations with regard to their rates of solvolysis 
and aqueous hydrolysis upon work-up. 

The preferential oxidative cleavage of the C-Sn bond in 
the presence of the electron-rich aromatic ring in compound 9 
is intriguing. In an effort to study the influence of the disposi- 
tion of the aromatic ring vis-a-vis the trimethylstannyl group, 
we prepared model compounds in which the distance between 
the aryl group and the site of oxidative cleavage was varied 
(Scheme 5 and Table 1). There are several interesting obser- 
vations emerging from this study. First, normal conditions 
(12, 13) (10 equiv. CAN, RT) cannot be utilized for the 
destannylation of compounds containing an electron-rich aro- 
matic moiety due to competing reactions. When the substi- 
tuted aromatic ring is replaced by a phenyl group, cleavage of 
the C-Sn bond under the above-mentioned conditions is 
achieved effectively leading, to dimethyl acetals as major 
products (entries 1 and 5). However, when a slow addition of 2 
equivalents of CAN (condition b) over a period of 1.5 h at 0°C 
was carried out, destannylation occurred without affecting the 
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Hanessian and Ninkovic 

Scheme 4. Table 1. Chain extension study. 

1. PCC, CH2C12. 68% 
2. 3,4,5-trimethoxyphenyllithium 

11 
85% 0 

3. TFAA,Et3N 60% with 
30% SM recovered 

21 R = H  

Entry Ar n Conditions Product, yields 

Decomp. 

Decomp. 

1 PCC, CH2C12~ 
3 "10 equiv.  CAN 10 h, RT. 

"slow addition, 2 equiv.  CAN 1.5 h, ODC. 

sensitive methylendioxyphenyl group (entries 3 and 4), while 
starting materials were completely recovered when Ar = Ph 
using the same conditions (entries 2 and 6). This suggests a 
probable involvement of a complexation between Ce(1V) of 
CAN and the electron-rich aromatic moiety in dilute solutions, 
thus permitting a faster destannylation. When on the other 
hand, n > 3 (entries 7 and 8), the methylenedioxyphenyl ring is 
preferentially attacked, leading to side reactions. In these cases 
the Ce(1V) is not effective in selectively cleaving the C-Sn 
group due to the longer distance separating it from the Me3Sn 
function. 

We believe that the mechanism of the chemoselective 
destannylation begins with a homolytic fragmentation of the 
stannyl radical cation generated by the electron transfer from 
CAN, producing an alkyl radical and Me++. A cerium (1V)- 
coordinated nitrate ester intermediate would then be formed 
after attack of a second molecule of CAN; this intermediate 
could then fragment in two different ways. The first could lead 
to the aldehyde and involve an intramolecular p-elimination 
while the second could produce nitrate esters by a ligand trans- 
fer from CAN. The intermediacy of an organocerium interme- 
diate in which a C-Ce bond is involved cannot be ruled out. 
Nitrate esters and methyl ethers can be isolated in some 
instances, depending on the nature of the trimethylstannyl 
compound (12). 

We have described a novel route to the podophyllotoxin 

skeleton that results in the epi-isomer as the major product. 
Friedel-Crafts cyclization in some oxonium ion intermediates 
leads to intriguing, di-, tri-, and tetracyclic structures. 

Experimental section3 

Acrylic acid 3-benzo[l,3]dioxol-5-yl-allyl ester 6 

Method A 
To a solution of methylenedioxy cinnamyl alcohol (2.0 g) and 
acrylic acid (6 mL, 6 equiv.) in dichloromethane (70 mL) was 
added, at O°C, triethylamine (10 mL, 3 equiv.), EDC (7.0 g, 3 
equiv.), and DMAP (cat). The reaction mixture was stirred at 
room temperature for 10 h and then poured into a separatory 
funnel containing 200 mL of ether and 20 mL of a 10% solu- 
tion of HC1. The organic phase was washed twice with 20 mL 
of 10% HCl, four times with 20 mL of saturated sodium bicar- 
bonate, and once with 30 mL of brine. The organic phase was 
dried (MgSO,) and concentrated. Flash chromatography (10- 
20% ethyl acetate - hexane) gave 2.63 g (97%) of diene 6. 

Method B 
To a solution of rnethylenedioxy cinnamyl alcohol (2.14 g) in 
dichloromethane (200 mL) was added at - 15°C over a period 
of 10 min a solution of acryloyl chloride (5 mL, 5 equiv.) in 
dichloromethane (50 mL). The reaction mixture was brought 
to 0°C over 1 h and poured into a separatory funnel containing 
350 mL of ether and 75 mL of a 10% solution of HC1. The 
organic phase was washed with 10% HCl, then with saturated 
sodium bicarbonate (40 mL), and finally with brine (50 mL). 
The organic phase was dried (MgSO,) and concentrated. Flash 

Scheme 5. 

Ar CAN, MeOH 
k ? ~ n ~ e ~  w 

OMe 

~ ~ d 0 M e  

Nomenclature from AUTONOM, Beilstein Institute, Copyright 
1990- 199 1, Frankfurt, Germany. 
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chromatography (10-20% ethyl acetate - hexane) gave 2.29 g 
(82%) of diene 6. 'H NMR (CDCI,) 6: 6.94 (d, lH, J  = 1.6 Hz, 
H arom), 6.83 (dd, IH, J  = 7.9 and 1.6 Hz, H arom), 6.76 (d, 
lH, J =  7.9 Hz, H arom), 6.59 (d, lH, J =  15.9 Hz, Hbenzyl), 
6.45 (dd, lH, J =  17.3 and 1.6 Hz, O,CCH=CH,), 6.2-6.1 (m, 
2H, OCH,CH and H,C=CH), 5.96 (s, 2H, 0-CH,-0), 5.85 
(dd, IH, J  = 9.8 and 1.5 Hz, O,CCH=CH,), 4.79 (dd, 2H, J  = 
6.6 and 1.3 Hz, OCH,). The compound was used immediately 
due to its instability. 

(3,4-trans)-4-Benzo[l,3]dioxol-5-~~lrnethyl-3-(trimethylstan- 
nylrnetlzy1)-dihydrofuran-2-one (7) 

To a refluxing solution of diene 6 (5 1 mg) and trimethyltin 
chloride (64 mg, 1.5 equiv.), in tert-butanol (25 mL) was 
added a solution of sodium cyanoborohydride (75 mg) and 
AIBN (cat. 10%) in a 4: 1 methanolltert-butanol (5 mL) solu- 
tion over a period of 9 h. After completing the addition, the 
reaction mixture was heated under reflux for 30 min more and 
then cooled to room temperature. Ammonium hydroxide 
(10% solution) was added until the solution became clear. The 
reaction mixture was then poured into a separatory funnel con- 
taining 40 mL of ether. The organic phase was next washed 
with brine (10 mL), dried (MgSO,), and concentrated. Flash 
chromatography (10-20% ethyl acetate - hexane) gave 46 mg 
(53%) of compound 7 as a 1:4 cis/trans mixture. The isomers 
were separated by recrystallization in methanol to give com- 
pound 7. The structure of 7 was substantiated by x-ray crystal- 
lography. 'H NMR (CDC1,) 6: 6.75 (d, lH, J  = 7.8 Hz, H 
arom), 6.62-6.57 (m, 2H, H arom), 5.95 (s, 2H, 0-CH,-0), 
4.22(dd, lH, J = 9 . 1  and7.0Hz, Hl),3.83 (dd, lH, J =  1.6Hz, 
H,'),2.92(dd, lH, J =  13.8 and4.9Hz, Hbenzylic),2.55 (dd, 
1 H, J  = 13.8 and 9.0 Hz, H benzylic), 2.45-2.30 (m, 2H, H I  
and H,), 1.07 (dd, 1 H, J  = 13.1 and 5.2 Hz, CH,Sn), 0.87 (dd, 
lH, J  = 13.1 and 9.5 Hz, CH,Sn), 0.13 (s, 9H, (CH,),Sn); I3c 
NMR (CDC1,) 6: 180.0 (C=O), 147.8, 146.3 (2 C - 0  arom), 
131.7 (C quat. arom), 121.4, 108.7, 108.3 (C-H arom), 100.9 
(0-CH,-0), 70.6 (CH,O), 47.4,43.6 (C-3 and C-4), 37.6 (CH, 
benzylic), 10.9 (CH,-Sn), -9.0 (CH,Sn); MS (FAB+) for 
C16H2,04Sn: 383 (M - Me). Anal. calcd. for CI6H2,o4Sn: C 
48.40, H 5.57; found: C, 48.55, H, 5.63. 

Epimerization of 7 
A solution of lactone 7 (170 mg, 1:2 trans/cis) and DBU (7 
equiv., 0.45 mL) in toluene (13 mL) was refluxed for 30 h. 
After cooling to room temperature, the reaction mixture was 
poured into a separatory funnel containing 35 mL of ether and 
7 mL of a 10% solution of HCl. The organic phase was washed 
with 6 mL of HC1 (lo%), then with saturated sodium bicar- 
bonate, and finally with brine, and was dried (MgSO,) and 
concentrated. Flash chromatography afforded 145 mg (85%) 
of a 9: 1 trans/cis mixture of compound 7, which could be fur- 
ther recrystallized in methanol to afford a white crystalline 
solid (>50: 1 trans/cis). 

(3,4-trans)-4-Benzo[l,3]dioxol-5-ylmethyl-3-(trimethy1st~1n- 
nylmethy1)-tetrahydrofiu-an-2-ol(8) 

Lactone 7 (2.3 g) was dissolved in toluene (125 mL, 0.04 M) 
and the solution was cooled to -78°C before adding slowly a 
solution of DIBAL in toluene (1.0 M solution, 1.2 equiv., 7 
mL). The reaction was followed by TLC and, after 15 min, ice 
cubes were added until gas evolution stopped. A few drops of 

water were added, after which the reaction mixture was 
brought to 0°C and stirred for 30 min at the same temperature. 
After adding ether (150 mL) and stirring for another 90 min at 
room temperature, magnesium sulfate was added and the mix- 
ture was filtered. Flash chromatography (40% ethyl acetate - 
hexane) afforded 2.3 g (99%) of lactol8. 'H NMR (CDCl,) 6: 
6.73-6.57 (m, 3H, CH arom), 5.92 (s, 2H, OCH,O), 5.26 and 
5.03 (2 d, lH, J  = 4.6 and 3.3 Hz, CH anom. a and P), 4.07- 
3.47 (m, 2H, CH,O), 2.95-1.86 (m, 5H, CHCH,SnMe,, 
CHCH,CO,Me, CH,CO,Me), 0.99-0.72 (m, 2H, 
CH,SnMe,), 0.19-0.01 (CH,Sn(CH,),); MS (FAB+) for 
Cl6H2,O4Sn: 385 (M- Me). 

(3,4-trans)-5-[5-lsopropoxy-4-(trinzethylstannylmethyl)- 
tetrahydrofi~ran-3-yltnethyl]-benzo[l,3]dioxole (9) 

Hemiacetal 8 (400 mg) and PPTS (30 mg) were dissolved in 
dry 2-propanol (10 mL, 0.1 M) and the solution was stirred 
vigorously for 24 h. The solvent was removed under reduced 
pressure until1 1 mL of 2-propanol was left. Ether (20 mL) was 
added and the organic phase was washed with saturated 
sodium bicarbonate and then with brine. The organic phase 
was dried (MgSO,), filtered, and concentrated. Flash chroma- 
tography (20% ethyl acetate - hexane) gave 435 mg (98%) of 
acetal 9 as an inseparable 1:1.5 a ,@ mixture of anomers. 'H 
NMR (CDCl,) 6: 6.72 (d, lH, J  = 7.7 Hz, H arom), 6.64-6.58 
(m, 2H, H arom), 5.92 (s, 2H, 0-CH,-0), 4.98 (d, 1 H, J  = 4.5 
Hz, 0-CH-0 cis), 4.77 (d, lH, J  = 2.5 Hz, 0-CH-0 trans), 
3.96-3.81 (m, 2H, Me2CH0 and CH,O cis/trans), 3.62 (dd, 
lH, J  = 8.3 and 8.3 Hz, CH,O trans), 3.50 (dd, lH, J  = 8.1 and 
8.0 Hz, CH,O cis), 2.86-2.80 (m, lH, H benzyl cis/trans), 
2.57 (dd, lH, J  = 13.7 and 9.2 Hz, H benzyl trans), 2.36 (dd, 
lH, J =  13.9 and 10.1 Hz, H benzyl cis), 2.30-1.90 (m, 2H, H, 
and H3 cis/trans), 1.22 and 1.15 (d, 6H, (CH3),CH0 trans), 
1.14-1.1 (m, 6H, (CH,),CHO cis), 0.94-0.80 (m, 2H, CH,Sn 
cis/trans), 0.09 (s, 9H, Me,Sn cis/trans); ',c NMR (CDCl,) 6: 
147.5, 145.7, 134.5 and 134.4 (C quater. arom cis/trans), 
121.3, 121.2 (C arom cis/trans), 109.6, 108.9, 108.2, 108.1 
(OCHO trans, C arom cisltrans, OCH,O cis), 103.2 (OCHO 
cis), 100.7 (OCH,O trans), 71.8, 7 1.6 (C-4 cis/tratzs), 68.9, 
68.3 (Me,CHO cis/trans), 50.9, 49.8 (C-2, C-3 tmtzs), 48.3, 
47.2 (C-2, C-3 cis), 38.8,38.5 (C-benzyl cis/trans), 23.8,23.8, 
21.7 ((CH,),CHO cis/tratzs), 14.8, 8.9 (CH,Sn trans1 
cis),-9.0, -9.5 ((CH,),Sn cis/trans); MS (FAB+) for 
C ,,H,,O,Sn: 427 (M - Me), 368 (M+H - Me -2-propanol). 

(2,3-trans-3,4-trans)-4-Benzo[l,3]dioxol-5-ylmethyl-2-iso- 
propoxytetrahydrofuratz-3-carbaldehyde 12  and (2,3-cis- 
3,4-trans)-4-benzo[1,3]dioxol-5-ylmethyl-2-isopropoxy- 
tetrahydrofurarz-3-carbaldehyde (20) 

Acetal9 (90 mg) was dissolved in 4 mL (0.05 M) of methanol 
and cooled to 0°C. Slow addition of CAN (cerium ammonium 
nitrate, 2 equiv., 230 mg in 5 mL of methanol) was done with a 
syringe pump over a period of 1 h. After the addition was com- 
pleted, saturated ammonium chloride (2 mL) was added and 
the mixture was poured into a separatory funnel with 10 mL of 
ether. Work-up was done by washing with water and then with 
brine (5 mL). The organic phase was dried (MgSO,) and con- 
centrated. Flash chromatography (2040% ethyl acetate - 
hexane) gave 35 mg (59%) of an inseparable mixture of alde- 
hydes 12 and 20 (2: 1), 4 mg of alcohol 11 (6%), and 8 mg of 
alcohol 10 (12%). 
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Hanessian and Ninkovic 

(2,3-trans-3,4-trans)-(4-Betzzo[l,3]dioxol-5-ylmethyl-2-iso- 
propoxytetrahydrofitran-3-y1)-methanol10 and (2,3-cis- 
3,4-trans)-(4-benzo[1,3]dioxol-5-ylmrthy1-2-is0pr0p0xy- 
tetrahydrofuran-3-yl)-rnethanol (ll) 

The aldehyde (35 mg) was dissolved in methanol (1.2 mL, 0. I 
M), the reaction mixture was cooled to O°C, and sodium boro- 
hydride (3 equiv., 14 mg) was added. After 1 h a saturated 
ammonium chloride solution was added followed by the usual 
work-up. Flash chromatography (3040% ethyl acetate - hex- 
ane) gave 19 mg of alcohol 10 (53% yield) and 10 mg of alco- 
hol 11 (29% yield). 
For alcohol 10: 'H NMR (CDC1,) 6: 6.7 1 (d, lH, J =  7.9 Hz, H 
arom), 6.65 (d, lH, J =  1.6 Hz, H arom), 6.71 (dd, lH, J =  7.9 
and 1.6 Hz, H arom), 5.91 (s, 2H, OCH,O), 5.09 (d, lH, J  = 2.2 
Hz, OCHO), 3.94-3.84 (m, 2H, Me,CHO and H,), 3.64 (dd, 
lH, J =  8.6 and 8.4 Hz, H,), 3.53-3.46 (m, 2H, CH,OH), 2.80- 
2.64 (m, 2H, H benzyl), 2.17-2.10 (m, lH, H,), 2.03-1.99 (m, 
lH, H,), 1.21 andl.15 (2 d, 6H, J = 6.1 Hz, (CH,),CHO ); ',c 
NMR (CDCl,) 6: 147.6, 145.8 (2 C-0  arom), 134.1 (C tert. 
arom), 121.3, 108.9, 108.1, and 105.0 (3CH arom and OCHO), 
100.7 (0-CH2-0), 71.5,69.0,63.4,53.8,42.6,38.7,23.6,21.6 
(Me,CHO, C-3, C-4, CH,OH, C benzyl, C-5 , (CH,),CHO); 
HRMS for C16H2,05 - 1, calcd.: 293.1389; found: 293.1398; 
MS (FAB+) for CI6H2?05: 293 (M- I), 233 (M- 1 -2-pro- 
panol). 
for alcohol 11: 'H NMR (CDC1,) 6: 6.72 (d, lH, J  = 7.9 Hz, H 
arom),6.68 (d, IH, J =  1.6Hz, Harom),6.62(dd, lH, J = 7 . 8  
and 1.6 Hz, H arom), 5.92 (s, 2H, OCH,O), 5.26 (d, 1 H, J  = 5.2 
Hz, OCHO), 4.01 (dd, lH, J =  8.2 and 8.1 Hz, H,), 3.91 (qq, 
lH, J  = 6.2 and 6.1 Hz, Me,CHO), 3.78 (dd, lH, J  = 11.8 and 
2.6 Hz, CH,OH), 3.59-3.52 (m, 2H, CH,OH and H,), 2.81- 
2.69 (m, 2H, H benzyl), 2.54-2.45 (m, lH, H,), 1.97-1.93 (m, 
1H,H2), 1.18and ~.~~(~~,~H,J=~.~Hz,(CH,),CHO);'~C 
NMR (CDCI,) 6: 147.6, 145.9 (2 C-0  arom), 133.7 (C  tert. 
arom), 121.4, 108.9, 108.1, and 104.2 (3 CH arom and 
OCHO), 100.7 (0-CH,-0), 69.4,50.7, and 38.7 (Me,CHO, C- 
3, and C-4), 7 1.8, 59.6, 39.2 (CH,OH, C benzyl, and C-5 ), 
23.5 and 21.7 ((CH,),CHO); HRMS (FAB+) for CI6H2,O5 
-H, calcd.: 293.1389; found: 293.1379; MS (FAB+) for 
C16H2205: 293 (M - 1). 

(2,3-trans-3,4-trans)-4-Benzo[l,3]dioxol-5-ylmethyl-2-iso- 
propoxytetrahydrofitran-3-carbaldehyde (12) 

Into a solution of alcohol 10 (12 1 mg) and molecular sieves in 
dichloromethane (0.1 M, 4.2 mL) was added PCC (2 equiv., 
180 mg) at 0°C. The reaction mixture was brought to room 
temperature, stirred for 2 h, filtered over Celite-silica gel, and 
concentrated. Flash chromatography (30% ethyl acetate -hex- 
ane) gave 96 mg (80%) of aldehyde 12. v,,, : 2960, 2925, 
1720, 1495, 1485, 1435, 1370, 1360, 1240, 1090, 1030,920, 
800 cm-' ; ' H NMR (CDC1,) 6: 9.46 (d, lH, J  = 1.4 Hz, CHO), 
6.79-6.59 (m, 3H, H arom), 5.93 (s, 2H, OCH,O), 5.42 (d, IH, 
J = 2 . 1  Hz,OCHO),4.01-3.87and3.71 (manddd,3H,J=8.3 
and 8.2 Hz, CH,O, Me,CHO), 2.81-2.71 (m, 4H, 2 H benzyl, 
CHCH, benzyl, and CHCHO), 1.22 and 1.16 (2 d, 6H, J  = 6.2 
Hz and 6.1 Hz, (CH,),CHO); I3c NMR (CDCI,) 6: 199.2 
(CHO), 147.8, 146.1, (2 C - 0  arom), 133.4 (C tert. arom), 
121.5, 109.0, 108.3, and 101.8 (3 CH arom and OCHO), 100.9 
(0-CH,-0), 69.7, 64.1, and 41.9 (Me2CH0, CHCHO, and 
CHCH, benzyl), 7 1.6, 38.3 (CH,O and CH2 benzyl), 23.6 and 
2 1.7 ((CH,),CHO). 

(2,3-trans-3,4-trans)-[(4-Bet~zo[1,3]dioxol-5-ylmethyl-2-iso- 
propoxytetrahydrofuratz-3-yl)]-(3,4,5-trimetlzoxyphenyl)- 
methanol (13) 

BuLi (2.4 M in hexane, 3.9 equiv., 0.45 mL) was added at 
-78°C to a solution of 3,4,5-trimethoxy-1-bromobenzene 
(18) (0.27g, 4 equiv.) in THF (6 mL). After stirring for 1 h at 
the same temperature, a solution of aldehyde 12 (80 mg) in 
THF (5 mL) was added to the reaction mixture over a period of 
5 min. Stirring was continued for another hour at -78°C and 
the reaction was quenched by the addition of ice cubes. The 
mixture was then poured in ether (30 mL), washed with water 
and then with brine, dried over magnesium sulfate, and fil- 
tered. Evaporation of the solvent and flash chromatography of 
the residue afforded 80 mg (63%) of compound 13 as a 1:1 
mixture of benzylic alcohols. v,,, : 3440, 2930, 1585, 1490, 
1450, 1325, 1230, 1180, 1120, 1030, 1000, 920, 800, 730 
cm-'; 'H NMR (CDCI,) 6: 6.63-6.27 (m, 5H, Harom), 5.91- 
5.86 (m, 2H, OCH,O), 5.32,4.98,4.69, and 4.27 (4 d, 1 H+ 1 H, 
J = 1.5, 1.7,6.1, and 8.8 Hz, OCHO and CHOH benzyl), 4.10- 
3.60 (m, 12H, 3 (CH3)0, Me,CHO and CH,O), 2.72-2.05 (m, 
4H, 2 H benzyl, CHCH, benzyl and CHCH benzyl) 1.25-0.98 
(m, 6H, (CH,),CHO); "C NMR (CDCI,) 6: 153.2, 153.1, 
147.5, 145.7, 138.2, 138.1, 137.6, 137.2, 134.4, 134.2 (7 C 
quat. arom), 121.2, 108.7, 108.6, 107.9, 105.0, 104.6, 103.6, 
103.1, 92.9 (5 CH arom and OCHO), 100.8 (0-CH,-0), 75.8, 
74.9, 68.9, 68.7 (Me,CHO, CHOH benzyl), 72.3, 71.6 
(CH,O), 60.8, 58.3, 57.9, 56.0, 55.9,43.1, 41.7 (CHCH, ben- 
zyl, CHCHOH benzyl, 3 CH30), 39.7 and 38.9 (CH, benzyl), 
23.7, 23.6, 21.6 and 21.4 ((CH,),CHO); MS (FAB+) for 
C,5H3,08: 460 (M). 

(2,3-trans-3,4-trans)-Acetic acid-[(4-benzo[l,3]dioxol-5- 
ylmethyl-2-isopropoxytetrc~hydrofuran-3-yl)-]-(3,4,5-tri- 
methoxypheny1)-methyl ester (14) 

Into a solution of alcohol 13 (80 mg) in dichloromethane (3.5 
mL) was added acetic anhydride (2 equiv.), triethylamine (3.5 
equiv.), and DMAP (cat) at O°C. The reaction mixture was 
brought to room temperature over 1 h and poured into a sepa- 
ratory funnel containing 30 mL of ether. The organic phase 
was then washed three times with HCl (lo%), twice with 7 mL 
of saturated sodium bicarbonate, and once with 8 mL of brine. 
The organic phase was dried (MgSO,), filtered, and concen- 
trated. Flash chromatography (20-30% ethyl acetate - hex- 
ane) gave 77 mg (88%) of compound 14 as an isomeric 
mixture of benzylic acetates. 'H NMR (CDCl,) 6: 6.72-6.50, 
6.32-6.23 (m, 5H, H arom), 5.94-5.90 (m 2H, OCH,O), 5.73, 
5.41, 5.10, and 4.81 (4 d, 2H, J  = 8.3, 10.1, 1.5, and 1.7 Hz, 
OCHO and CHOAc), 3.94-3.62 (m, 12H, 3 (CH,)O, 
Me,CHO, CH,O), 2.82-1.94 (m, 7H, CHCH, benzyl, 
CHCHOAc, CH, benzyl, and O,CCH,), 1.39, 1.22, 1.15, and 
0.87 (4 d, 6H, J = 6.1 Hz, (CH,),CHO); MS (FAB+) for 
C2,H3409; 502 (M), 443 (M-2-propanol), 383 (M-2-pro- 
panol - O,CCH,). 

(trans-trans)-5-(3,4,5-Trimethoxyphe,zya,6,8,8a,9- 
hesn hydrofuro[3'-4'-6,7]nap htho[2,3-d][1,3]dioxol-6-91 
(15 and 16) 

Trifluoroacetic acid (50 equiv.) was added to a solution of 14 
(65 mg) in dichloromethane (12 mL) at 0°C. The reaction mix- 
ture was stirred for 30 min at the same temperature, poured 
into ether (25 mL), and washed with 5 mL of saturated sodium 
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bicarbonate and then with 6 mL of brine. The organic phase 
was dried (MgS04), filtered, and concentrated. Flash chroma- 
tography (3040% ethyl acetate - hexane) gave 14 mg (27%) 
of compound 15 and 25 mg of compound 16 (45%) in an iso- 
meric ratio of >8 to 1. 
For compourzd 15: 'H NMR (CDC13) 6: 6.61 (s, lH, CH 
arom), 6.41 (s, 2H, CH arom), 6.35 (s, 1 H, CH arom), 5.89 (d, 
1 H, J  = 1.3 Hz, OCH,O), 5.87 (d, 1 H, J  = I .4 Hz, OCH,O), 
5.14 (d, lH, J  = 4.2 Hz, HOCHO), 4.35 (dd, lH, J = 7.8 and 
7.7 Hz, CH,O), 4.06 (d, lH, J = 11.6 Hz, CH benzyl), 3.90 (s, 
3H, CH,O), 3.80(m, 2H, 2CH,O), 3.59 (dd, lH, J = 9 . 8  and 
8.1 Hz, CH20), 3.00 (dd, lH, J = 15.2 and 4.6 Hz, CH, ben- 
zyl), 2.73-2.57 (m, 2H, CH, benzyl, CHCH, benzyl), 1.99 
(dd, lH, J  = 11.9, 4.2 Hz, CHCH benzyl); HRMS for 
C22H2407, calcd.: 400.1522; found 400.1525. 
For comnpourzd 16: ' H  NMR (CDCl,) 6: 6.61 and 6.47 (2 s, 4H, 
CH arom), 6.70 and 6.58 (2 s, CH arom minor), 5.93-5.90 (m, 
OCH,O minor), 5.88 (s, 2H, OCH,O), 5.64 (d, lH, J  = 10.6 
Hz, CHOAc), 5.50 (d, lH, J  = 10.7 Hz, CHOAc minor), 4.25- 
4.19 and 3.88-3.62 (m, 12H, 3 (CH,)O, PhCHO, CH,O), 3.15 
(d, IH, J  = 16.9 Hz, CH, benzyl), 2.84 (dd, lH, J  = 16.9 and 
2.3 Hz, CH, benzyl), 2.72 (s, lH, CHCH, benzyl), 2.50 (d, lH, 
J  = 10.6 Hz, CHCHOAc), 2.12 (s, 3H, O,CCH,); HRMS for 
C24H2608, calcd.: 442.1628; found: 442.1602; MS (EIIHR) for 
C,4H,608 ; 442 (M), 382 (M+H - OAc). 

Isodeoxypodoplzyllotoxin (3) 
PCC oxidation of the hemiacetal 15 (15 mg) was done follow- 
ing the same procedure as for compound 10. Isodeoxypodo- 
phyllotoxin 3 (12 mg) was purified by chromatography with 
30% ethyl acetate - hexane to give an amorphous solid. 'H 
NMR (CDCl,) 6: 6.60 (s, IH, CH arom), 6.41 (s, 2H, C H  
arom), 6.35 (s, lH, CH arom), 5.90 (d, lH, J = 1.3 Hz, 
OCH,O), 5.89 (d, lH, J =  1.4 Hz, OCH,O), 4.52 (dd, lH, J =  
8.6 and 6.2 Hz, CH20), 4.06 (d, lH, J = 10.4, CH benzyl), 3.99 
(dd, lH, J =  10.0 and 8.7, CH,O), 3.85 (s, 3H, CH,O), 3.82 (s, 
6H, 2 CH,O), 3.01-2.91 and 2.68-2.47 (m, 4H, CH, benzyl, 
CHCH, benzyl, CHCH benzyl); HRMS for C,,H,,07, calcd.: 
398.1366; found: 398.1378. 

Compound 18 
To a solution of alcohol 10 (15 mg) in pyridine (0.05 M, 1 mL) 
at O°C, was added pivaloyl chloride (3 equiv.) and the reaction 
mixture was stirred overnight at room temperature. Ice cubes 
were added at 0°C and the reaction mixture was stirred 20 min 
at the same temperature and 15 min at room temperature 
before the solvent was removed under reduced presure. Flash 
chromatography (10% ethyl acetate - hexane) afforded 12 mg 
(62%) of 17. 'H NMR (CDCI,) 6: 6.78-6.58 (m, 3H, H arom), 
5.92, 5.91 (2 s, 2H, OCH,O), 5.02 (d, lH, J  = 2 Hz, OCHO), 
4.01-3.83, 3.65 (m, dd, 5H, CH,O-Piv, 2 H,, Me,CHO), 2.84 
(dd, lH, J =  13.8,6.3 Hz, Hbenzyl), 2.64 (dd, lH, J =  13.8 and 
8.3 Hz, H benzyl), 2.19-2.09 (m, 2H, H, and H,), 1.26-1.13 
(m, 6H, (CH,),CHO), 1.19 (s, 9H, t-Bu). 

Ester 17 (12 mg) was dissolved in dichloromethane (1 mL) 
and the trifluoroacetic acid (20 equiv.) was added at room tem- 
perature. The reaction mixture was stirred for 10 min, then 
poured into ether (50 mL), and the organic phase was washed 
with a saturated sodium bicarbonate solution and then with 
brine, dried over magnesium sulfate and filtered. The solvent 
was evaporated and the residue was purified by flash chroma- 

tography (20% ethyl acetate - hexane) to give 10 mg (>98%) 
of compound 18. 'H NMR (CDCI3) 6: 6.63 (s, lH, H arom), 
6.60 (s, lH, H arom), 5.90, 5.89 (2 d, 2H, OCH,O), 4.61 (s, 
lH,OCHPh),4.164.01, 3.65 (m,d ,4H,  J =  ~ . Y H z ,  CH,O- 
Piv, 2 H4), 3.13-3.06, (m, lH, H benzyl), 2.78 (dd, lH, J = 
13.9and2.3 Hz, Hbenzyl),2.56-2.51,2.43 (m,dd,2H, J=8 .5  
and 7.0 Hz, H,, H,), 1.22 (s, 9H, t-Bu); 13c NMR (CDC1,) 
6:178.4 (C=O), 147.6, 145.7 (2 C-Otert. arom), 132.5, 127.5 
(2 Ctert. arom), 109.2, 107.8, (2 CH arom), 100.9 (0-CH,-0), 
78.1 (PhCHO), 71.1, 63.7 (2 CH,O), 45.9, 36.1 (2 CH aliph.), 
38.8 (Ctert of t-Bu), 37.8 (CH, benzyl), 27.2 (t-Bu). 

[1,3] (trans)-2,2-Dir~~ethylpr-opionic acid 7-hydroxymethyl- 
5,6,7,8-tetrahydro-rznphtl10[2,3-d]dioxol-6-ylester (19) 

Compound 18 (3.5 mg) was dissolved in ethyl acetate (1 mL), 
PdJC (10%) was added, and the mixture was hydrogenated 
under 45 psi (1 psi = 6.9 kPa) for 3 days. The reaction mixture 
was filtered over Celite and the filtrate was concentrated to 
afford compound 19 (98%); 'H NMR (CDCI,) 6: 6.55 (s, 2H, 
H arom), 5.88 (s, 2H, OCH,O), 4.26, 3.93, 3.76, 3.64 (dd, dd, 
dd, dd, 4H, J = 11.0 and 5.8, 11.0 and 7.8, 10.9 and 7.3, 10.9 
and 7.2 Hz, CH20), 2.80-2.58 (m, 4H, H benzyl), 2.48-2.37, 
2.29-2.18 (m, 2H, CH aliph.), 1.21 (s, 9H, t-Bu); I3c NMR 
(CDCI,) 6:178.4 (C=O), 145.8, 127.4, 127.2 (2 C-Otert. 
arom, 2 Ctert. arom), 108.8, 108.7 (2 CH arom), 100.5 ( 0 -  
CH,-0), 64.5, 63.5 (2 CH,O), 38.7, 37.9, 33.9, 3 1.3, 29.9 (2 
CH aliph., Ctert of t-Bu, 2 CH, benzyl), 27.1 (t-Bu); HRMS 
for C18H2405, calcd.: 3 19.1545; found: 319.1566; MS (FAB+) 
for C18H2405; 3 19 (M- 1) .  

(2,3-cis-3,4-trans)-4-Be1zzo[1,3]dioxol-5-yl1~1ethyl-2-iso~~ro- 
poxytetmhydrofilran-3-carboldehyde (20) 

To a solution of alcohol 11 (130 mg) in dichloromethane (8 
mL, 0.06 M) and molecular sieves, was added PCC (3 equiv., 
290 mg). The reaction mixture was stirred for 2 h at room tem- 
perature then filtered over Celite and concentrated. Flash chro- 
matography (20% ethyl acetate - hexane) gave 88 mg of 
aldehyde 20 (68% yield). v,,,, : 2960, 1715, 1485, 1435, 1240, 
1100, 1030,920 cm-'; 'H NMR (CDCl,) 6: 9.46 (d, lH, J =  2.7 
Hz, CHO), 6.70 (d, 1 H, J  = 7.9 Hz, H arom), 6.64-6.59 (m, 
2H, 2 H arom), 5.90 (s, 2H, OCH,O), 5.42 (d, lH, J  = 5.3 Hz, 
OCHO), 4.09 (dd, 1 H, J = 8.3 and 8.3 Hz, H4), 3.83 (m, I H, 
Me,CHO), 3.63 (dd, lH, J  = 8.5 and 6.2 Hz, H4), 3.19-3.06 
and 2.8 1-2.52 (2 m, 4H, 2 H benzyl, H, and H,), 1.13 and 1.07 
(2 d, 6H, J  = 6.2 Hz, (CH,),CHO); "C NMR (CDCI,): 199.3 
(CHO), 147.7, 146.1, (2 C - 0  arom), 133.0 (C tert. arom), 
12 1.6, 109.0, 108.2, and 102.2 (3 CH arom and OCHO), 100.8 
(0-CH,-0), 69.8, 61.2, and 39.5 (Me,CHO, C-3, and C-4), 
71.5, 39.5 (C benzyl and C-5 ), 23.4 and 21.7 ((CH,),CHO). 

[(2,3-cis-3,4-trans)-(4-Benzo[l,3]dioxol-5-yl1nethyl-2-iso- 
propoxytetr~~lzydrofi1ra1~-3-yl)-]-(3,4,5-trinzethoxyphenyl)- 
rnethanol(21) 

BuLi (2.4 M in hexane, 3.9 equiv., 0.5 mL) was added at 
-78°C to a solution of 3,4,5-trimethoxy-1-bromobenzene 
(18) (0.300 g) in THF (10 mL). After stirring for 1 h at the 
same temperature, a solution of aldehyde 20 (87 mg) in THF 
(5 mL) was added to the reaction mixture over a period of 5 
min. It was then stirred for another hour at -78°C and the reac- 
tion was quenched by the addition of ice cubes. The mixture is 
then poured into ether (30 mL), washed with water and then 
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Hanessian and Ninkovic 

with brine, dried over magnesium sulfate, and filtered. The 
solvent was evaporated and the residue was purified by flash 
chromatography to afford 90 rng (70%) of 21. v,,, : 3490, 
2945, 1595, 1505, 1495, 1450, 1420, 1360, 1240, 1130, 1040, 
930 crn-'; 'H NMR (CDCl,) 6: 6.63-6.59 and 6.40-6.35 (rn, 
5H, H arorn), 5.89 (rn, 2H, 0CH20), 5.35 and 5.06 (2 d, 
1 H+ lH, J = 6.1 and 1.8 Hz, OCHO and CHOH benzyl), 4.09- 
3.8 1 (m, 1 1 H, 3 CH,O, Me2CH0, and H,), 3.62 (dd, 1 H, J = 
10.3 and 5.2 Hz, H4), 2.82-2.70 (rn, lH, H,), 2.25-2.13 (m, 
3H, 2 H benzyl and H2) 1.25 andl.18 (2 d, 6H, J = 6.2 Hz, 
(CH,),CHO). I3c NMR (CDCl,) 6: 153.1, 147.5, 145.7, 138.3, 
136.8, 134.2 (7 C quat. arom), 121.3, 108.8, 107.8, 104.6, 
103.8, and 102.5 (5 CH arorn and OCHO), 100.8 (0-CH,-0), 
7 1.5 (C-5), 70.8, 69.6 (Me,CHO, CHOH benzyl), 60.8, 56.1, 
56.0, 40.9, 37.9 (C benzyl, C-2, C-3, 3 CH,O), 23.7 and 21.8 
((CH,),CHO); MS (NBA) for C25H3208; 461 (M + 1). 

(2,3-cis-3,4-trans)-Trifluoroacetic acid [(4-benzo[l,3]dioxol- 
5-ylmethyl-2-isopropoxytetraIzydrofuran-3-j~l)-]-(3,4,5-tri- 
tnethoxjlphenylj-methyl ester- (22) 

Into a solution of alcohol 21 (57 rng) in dichloromethane (0.05 
M, 2.5 rnL) was added trifluoroacetic anhydride (1.5 equiv., 
0.027 mL) and triethylarnine (3.5 equiv., 0.061 rnL) at 0°C. 
The reaction mixture was warmed to room temperature over 1 
h and poured into a separatory funnel containing 30 mL of 
ether. The organic phase was washed with HCl (lo%), satu- 

1 rated sodium bicarbonate, and then with brine. The organic 
1 phase was dried (MgS04), filtered, and concentrated. Flash 

chromatography (20-30% ethyl acetate - hexane) gave 43 rng 
(60%) of compound 22 as well as 17 rng (30%) of starting 
material. 'H NMR (CDCl,) 6: 6.72-6.55 (rn, 5H, H arom), 
6.03 (d, lH, J = 9.2 Hz, PhCHO), 5.93 and 5.92 (2 s, 2H, 
OCH,O), 4.80 (d, lH, J = 4.6 Hz, OCHO), 3.99 (dd, lH, J = 
8.2 and 8.2 Hz, H,), 3.87 (s, 6H, 2 (CH,)O meta), 3.85 (s, 3H, 
MeOpam) 3.72-3.60 (rn, 2H, Me,CHO, H,), 3.01 (dd, lH, J=  
13.3, 3.7 Hz, H benzyl), 2.68-2.46 (m, 3H, H benzyl H3 and 
Hz) 1.11 and 0.91 (2 d, 6H, J = 6.2 Hz, (CH3),CH0 ); ',c 
NMR (CDC1,) 6: 153.1, 147.7, 146.0, 138.5, 133.6, 132.8 (7 
Cquat. arorn, C=O), 121.5, 108.9, 108.1, 104.5, 101.6 (5 CH 
arorn and OCHO), 100.8 (OCH,O), 81.0 (CH benzyl), 71.2 
(CH,O), 68.8, 60.8, 56.1, 53.8 (3 CH,O, Me,CHO, C-2, C-3), 
40.5 (CH, benzyl), 23.5 and 2 1.4 ((CH,),CHO). 

Compollnd 15 and (trans-trans)-6-isopropoxy-5-(3,4,5-tri- 
metlzoxyplzenyl)-5,5a,6,8,8a,9-hexahydro- 
fi~r0[3',4':6,7]naphtho[2,3-d][1,3]dioxole (23) 

After dissolving compound 22 (40 mg) in dichloromethane 
(0.03 M, 2.5 rnL), trifluoroacetic acid (6 equiv., 0.033 mL) 
was added at - 15°C. The reaction mixture was stirred over- 
night at room temperature, poured into ether (25 rnL), and 
washed with saturated sodium bicarbonate, then with brine. 
The organic phase was dried (MgSO,), filtered, and concen- 
trated. Flash chromatography with 2040% ethyl acetate - 
hexane gave 12 mg of compound 15 (41 %) and 5 mg of com- 
pound 23 (15%). PCC oxidation of 15 gave isodeoxypodo- 
phyllotoxin. 
For compound 23: 'H NMR (CDC1,) 6: 6.59 (s, IH, CH 
arom), 6.37 (s, 2H, CHarom), 6.31 (s, lH, CHarom), 5.87 (d, 
lH, J =  1.3Hz,0CH2O),5.86(d, lH, J =  1.4Hz,0CH20),  
4.81 (d, lH, J = 4 . 3  Hz,OCHO),4.25 (dd, lH, J=7 .7and7 .7  
Hz, CH,O), 4.06 (d, lH, J = 11.9, CH benzyl), 3.85 (s, 3H, 

CH,O), 3.80(rn,7H, 2CH,O,Me,CHO), 3.57 (dd, 1H,J=9.5 
and 8.1 Hz, CH20), 2.97 (dd, 1 H, J = 14.9 and 4.6 Hz, CH, 
benzyl), 2.69 (dd, lH, J = 14.9 and 14.3 Hz, CH, benzyl), 
2.59-2.50 (rn, lH, CHCH, benzyl), 1.97 (ddd, lH, J = 16.1, 
11.7, 4.2 Hz, CHCH benzyl), 1.18 and 1.09 (2 d, 6H, J = 6.1 
and 6.2 Hz, (CH,),CHO); I3c NMR (CDC1,) 6: 153.1, 146.0, 
145.9, 140.7, 137, 133.4, 129.2 (8 Cquat. arorn), 109.6, 108.5, 
106.1, 101.1 (4 CH arorn and OCHO), 100.8 (OCH,O), 72.4 
(CH,O), 77.2, 69.1, 60.9, 56.1, 54.3, 46.5, 37.7 (3 CH,O, 
Me2CH0, CHCH, benzyl, CHCH benzyl, CH benzyl), 34.1 
(CH, benzyl), 23.7 and 22.3 ((CH,),CHO); HRMS for 
C2,H3,07, calcd.: 442.1992; found: 442.2002; MS (EIIHR) for 
C,,H3,07: 442 (M), 382 (M-2-propanol), 35 1 (M-2-pro- 
pan01 - MeO). 
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Studies on the interaction of selenite and 
selenium with sulphur donors. Part 5. 

Christopher Milne and John Milne 

Abstract: The oxidation of thiocyanic acid by selenous acid has been shown to take place in an analogous way to that found for 
selenous acid oxidation of most thiols and thiolates to give the corresponding selenotrisulfide and disulfide products. 

H,Se03 + 4 HSCN = Se(SCN), + NCSSCN + 2 H 2 0  

The products of this reaction have been studied by IR, Raman, and Se-77, C-13, and N-15 NMR spectroscopy. The vibrational 
spectra of the solid Se(SCN), have been assigned based on S-bonded thiocyanate ligands and, through NMR and vibrational 
spectroscopy, both this linkage isomer and the isomer with N- and S-bonded thiocyanate have been identified and characterized 
in solutions of Se(SCN),. A complex combination of scalar relaxation processes, involving chemical exchange and quadrupolar 
effects, accounts for the line broadening observed in the carbon-13 NMR spectra. 

Key words: selenite, thiocyanate, selenium dithiocyanate, Se-77, N- 15, and C-I3 NMR; Raman spectroscopy; linkage 
isomerism. 

RCsumC : On montre que l'oxydation de l'acide thiocyanique par l'acide selCnieux suit une voie analogue A celle trouvee pour 
l'oxydation de la plupart des thiols et des thiolates par l'acide sClCnieux pour donner les sClCnotrisulfures correspondants et des 
produits disulfurCs. 

H,Se03 + 4 HSCN = Se(SCN), + NCSSCN + 2 H,O 

On a CtudiC les produits de cette reaction par la spectroscopie IR, Raman et par la RMN du Se-77, du C- 13 et du N- 15. On a 
attribuC les spectres de vibration du Se(SCN)2 solide en se basant sur les ligands thiocyantes lies par le soufre, et au moyen de la 
RMN et de la spectroscopie vibrationnelle dans des solutions de Se(SCN),, on a identifie et caractCrisC cet isomitre de liaison et 
I'isomitre oh le thiocyanate est liC par l'azote et le soufre. Une combinaison complexe du processus de relaxation scalaire, 
impliquant un Cchange chimique et des effets quadrupolaires, est reponsable de 1'Clargissement de la raie observC dans les 
spectres de RMN du C-13. 

Mots cle's : selenite; thiocyanate; dithiocyanate de sC1Cnium; RMN du Se-77, du N-15 et du C- 13; spectroscopie Raman; isomCrie 
de liaison. 

[Traduit par la rCdaction] 

Introduction acid usually reacts cleanly with thiolic compounds to give 
selenotrisulfide and disulfide products (2). 

Selenium dithiocyanate was first prepared by Ohlberg and van 
der Meulen (I)  from selenous acid and thiocyanic acid. They 

i21 H,Se03 + RSH = RSSeSR + RSSR + H,O 
proposed that the main reaction was represented by 

I 

[ l ]  3 H,Se03 + 7 HSCN = 3 Se(SCN)? + 5 H,O + HCN + H,SO, 

as supported by chemical analysis of the products. Selenous 
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although some exceptions are known (3). Selenium dithiocy- 
anate, as the solid and in solution, and the course of reaction 
[I] have not been studied by vibrational and NMR spectro- 
scopic methods and this was of interest in relation to other 
thiol oxidations by selenous acid studied in this series (2d, 3a). 
Oxygen- and sulphur-bonded selenium (11) species have been 
observed in the course of the oxidation of sulfite and thiosul- 
fate ions by selenous acid. Such linkage isomerism may arise 
in selenium dithiocyanate with both N and S bonding to sele- 
nium(I1) possible, in addition to stereoisomerism arising from 
the cis or traizs arrangement of the CN groups with respect to 
the SSeS plane. Stereoisomerism has been observed in solid 
selenopentathionates (4) but no evidence for it has been found 

Can. J .  Chem. 74: 1889-1895 (1996). Prinred in Canada 1 Imprime au Canada 
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in solution phase (2d). Solid selenium dithiocyanate contains 
isolated Se(SCN), molecules with S-bonding to Se(I1) and a 
cis arrangement of the CN groups (5). No spectroscopic char- 
acterization of Se(SCN), has been done and the reported sto- 
ichiometry (1) of the SeO,/SCN- reaction is exceptional 
compared to that of other reactions of SeO, with thiolates. This 
work was undertaken to explore the parallel with other work 
on SeO, oxidation of thiolates and extend our understanding of 
Se(I1) chemistry. 

Experimental section. 

Materials 
Freshly ground vitreous selenium (BDH), selenium dioxide 
(Aldrich), analyzed by titration (3n), trifluoroacetic acid (3 
M), ammonium thiocyanate (Mallincrodt), and I3c and 1 5 ~  

enriched potassium thiocyanate (Cambridge Isotope Laborato- 
ries) were used directly. Dioxane and THF were treated with 
cuprous chloride to remove peroxide. These solvents as well as 
acetonitrile were distilled from phosphorus pentoxide to 
remove traces of water. Acetic acid was treated with acetic 
anhydride, then distilled. Dimethyl formamide was distilled 
from fresh Drierite. All boiling temperatures were within 
accepted ranges. 

Preparations 
Selenium dithiocyanate was prepared from solutions of sele- 
nium dioxide in dilute hydrochloric acid and aqueous thiocy- 
anate (I), mixed at 0°C. The yellow crystals, which were 
thoroughly washed with glacial acetic acid and ether, were sta- 
ble over a period of months at -5OC. The X-ray powder pat- 
tern confirmed that the product was identical with that 
characterized by Ohlberg and Vaughan (5). All solutions 
decomposed, producing red selenium, over a period of hours. 
Decomposition was accelerated by the presence of water. 

Thiocyanogen, 0.2 M in a 1:20: 13 mole ratio acetic anhy- 
dridelacetic acidlcarbon tetrachloride solution was prepared 
by a standard method (6). 

Methods 
Raman spectra were measured as described previously (3). 
The mass spectrum was measured with a VG 7070E spectrom- 
eter. Selenium-77, carbon-13, and nitrogen-15 NMR spectra 
of solutions were measured on a Bruker AMX 500 spectrom- 
eter operating at 95.47, 125.77, and 50.69 MHz respectively. 
Carbon-13 spectra were also measured on Varian FT300 
(75.46 MHz) and Gemini 200 (50.31 MHz) spectrometers. 
Sample concentrations were generally of the order of tenth 
molar. Selenium-77 spectra were taken using conditions 
described previously ( 2 4 .  Normally at least 500 transients 
were taken, giving a signal-to-noise ratio (SIN) of 10. Nitro- 
gen- 15 spectra were measured using a 26 IJ-s pulse width and a 
15 s pulse delay. Spectra were made up from 120 transients, 
giving SIN of 8. At the end of an experiment no decomposition 
of the sample was observed. Spectral resolution was between 
0.4 and 1.2 Hzldata point. The chemical shifts were measured 
from C H ~ ' ~ N O ?  Carbon-13 spectra were taken with a 16 IJ-s 
pulse width and a 10 s pulse delay. A SIN of 20 was achieved 
with 32 transients. Spectral resolution was 0.5-1.2 Hzldata 
point. The MAS Se-77 NMR spectra were measured at 38.16 
MHz on a Bruker ASX200 spectrometer using a 120 s pulse 

delay with a 4 ys  pulse width. The spectral resolution was 44 
Hzldata point. At 5 kHz spin rate SIN was 6 for 12 transients 
while at 2 kHz, SIN was 6 for the strongest signal with 57 tran- 
sients. Although no CP  enhancement of the signal was possi- 
ble via protons, the spectrum was obtained easily. 

Results and discussion 

Selenothiocyanate, SeSCN-, formation constant 
Elemental selenium dissolves to a small extent in solutions of 
thiocyanate (29 + 4 mg Se in 100 mL 0.20M NH,SCN). 
Gravimetric analysis gives K = 4 x for the equilibrium, 

This is comparable to the formation constant for the sele- 
nothiosulfate (3.6 x ( 2 4 )  but is much smaller than that 
observed for 2-hydroxyethanethiolate (0.382 (7)) and sulfite 
(0.515 (3)). There is an inverse relationship between the 
seleno-anion formation constant and the proton dissociation 
constant of parent sulphur acid. Thiocyanic acid (8) and the 
hydrogen thiosulfate3 anion are moderately strong acids while 
2-mercaptoethanol and the hydrogen sulfite ion, especially the 
HS03- tautomer, which is the principal species in solution (9), 
are weak acids. 

The reaction of selenous acid with thiocyanic acid 
When selenous acid is added to aqueous thiocyanic acid in the 
molar ratio of 1:4 (I), a yellow coloured solution is formed 
from which slowly precipitate golden needles of selenium 
dithiocyanate (1). When this reaction is monitored by Se-77 
NMR at 3"C, only the selenous acid signal at 1292 pprn is 
observed and this decreases in intensity with time. The solu- 
bility of Se(SCN), in water is insufficient to permit observa- 
tion of the signal for this product. The C- 13 NMR spectrum of 
the solution exhibits initially a strong broad resonance with a 
half-height line width (rvIl2) of 45 Hz at 130.5 ppm that lies 
close to the chemical shift for aqueous SCN- at 134 ppm (lo),  
for which we found wI12= 13 Hz. The breadth and shift of this 
signal shows that thiocyanate is undergoing exchange with 
species such as the Se0,SCN- ion and SeO(SCN),, which are 
likely intermediates on the way to Se(SCN),, judging from the 
mechanism for reaction of thiols with H , S ~ O ~ ~ .  A very weak 
signal is also observed at 104.4 pprn (wit, = 2 Hz), which 
grows in intensity with time as the broad signal weakens and 
shifts down field to 132.7 pprn and Se(SCN), precipitates. A 
solution of dithiocyanogen 0.20 M in 1120113 acetic anhy- 
dridelacetic acidJcarbon tetrachloride (6) gave a narrow chem- 
ical shift (PV~/,= 2.2 Hz) at 108.9 pprn and the narrow signal in 
the aqueous H,Se03-thiocyanate solution is due to this spe- 
cies. The 5.5 pprn difference in chemical shift results from sol- 
vent effects. No other signals were observed. The reaction of 
H,SeO, with thiocyanic acid in 1:4 molar ratio leads to the 
typical products of H,SeOdthiol reactions (2). 

[4] H,SeO, + 4 HSCN = NCSSeSCN + NCSSCN + 3 H,O 

In as much as no signal at 167.9 ppm, which would indicate 
the presence of CN- ion, was observed even after a day of 

". Milne, unpublished. 
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Milne and Milne 

standing, dithiocyanogen appears to be stable in water under 
these conditions and no decomposition to cyanide and sulfate 
ion as reported by Ohlberg and Van der Meulen (1) was 
observed. 

Crystalline selenium dithiocyanate 
X-ray powder diffractometry confirms the orthorhombic unit 
cell found in earlier photographic w o ~ k  (5) with more p~ecise 
unit cell Gimensions (a = 9.908(1) A; b = 13.047(2) A; c = 
4.4 17(3) A). Refinement of the powder intensities under Prznza 
symmetry (Z = 4) gives atomic positions consistent with those 
reported and shows that the molecule has C, symmetry, that 
the CN groups are cis with respect to the SSeS plane, and that 
the SCN groups are linear." 

The Raman spectrum of solid Se(SCN), is shown in Fig. 1 
and the IR and Raman spectra are listed in Table 1 along with 
a partial assignment of the bands. The crystal structure shows a 
central Se with S-bonded thiocyanate ligands and C, symme- 
try for which 15 vibrational modes are expected (8A' + 7A"). 
The three A' stretching modes, v(SeS), v(SC), and v(CN), are 
readily assigned by comparison with comparable modes for 
other selenotrithionate species ( 2 4  30, 7) and for thiocyanate 
ion (1 1) and by their ease of observation by Raman spectros- 
copy where symmetric modes are usually strong, at 359, 678, 

I and 2 14 1 cm-I, respectively. The band at 340 cm-I is assigned 
I to the A" SeS stretching mode, which lies below theAt'stretch- 
I ing mode in bis(2-hydroxyethanethio1)selenium (v(A') = 396 

1 cm-'; v(A") = 372 cm-'(7)). Both the A' and A" Sex, stretch- 
I 
I 

ing frequencies for the related Sex, molecules (X = C1, F) (1 2) 

I and the relative Raman intensities of these two SeS2 stretching 
~ modes in Fig. 1 support this assignment. The weak IR band at 

2068 cm-' is the A" CN stretching mode. The in- and out-of- I plane symmetric and asymmetric SCN deformation modes are ' assigned to the four peaks at 409,440,457, and 480 cm-I, 
which are close to this mode in the SCN- spectrum (1 1). The 
SeSC deformation modes are probably masked by the SeS 
stretching bands. The strong band at 168 cm-I is assigned to 
the SSeS deformation mode, which is found in the spectra of 
the se(s203),'- ion (26) and SeC1, (12) at 162 and 165 cm-I, 
respectively. The peaks at 110 and 131 cm-' are assigned to 
the A' and A" torsional modes and the remaining low-fre- 
quency bands at 59,74, and 104 cm-I probably arise from lat- 
tice modes. 

The electron impact mass spectrum of Se(SCN)2 shows the 
characteristic isotopic intensity profile of Se (49124191918 for 
isotopes 80/78/82/76/77; respectively) for the parent molecu- 
lar ion (centred at 196), SeSCN (mass: 138), SeS (mass: 112), , Se (mass:bO). Species like SeN, SeN2, SeNC, and Se(NC), are 

I not observed, indicating that N-bonded Se is either of low sta- 
bility or not present. In addition, fragments such as CN, S, 

, SCN are present in addition to HNCS, resulting from traces of 
water in the spectrometer itself. 

The Se-77 NMR spectrum of crystalline Se(SCN), at a 
MAS spin rate of 5 kHz consists of a single line at 997 ppm, 
which is the isotropic chemical shift. The single line at this 
spin rate indicates that only one site exists for the Se atoms in 
the unit cell, consistent with the reported crystal structure (5), 
and that the site is highly isotopric. At 2 kHz MAS spin rate, 
five lines are observed. The line intensities of the side bands 

'' C. Bensimon and J. Milne, unpublished. 

1891 

Fig. 1. The Raman spectrum of crystalline Se(SCN)?. 

I r I I I I 

relative to the isotropic line intensity were used to calculate 
the chemical shift tensors by the Herzfeld-Berger method (13) 
giving u , ~  = -124 + 4, u2? = -12 2 2 and u33 = 136 ? 6 
ppm. These chemical shift tensors are among the smallest 
observed (14) and are unusual in a compound of such low 
symmetry. This may be a reflection of the ionic character of 
the Se(I1)-SCN bond. The electronegativity of the thiocyan- 
ate group has been reported to be comparable with that of 
chlorine (15). 

Solutions of selenium dithiocyanate 
Selenium dithiocyanate exhibits generally low solubility (1) 
and solutions precipitate red selenium within an hour at labo- 
ratory temperatures, especially in the presence of water. Satu- 
ration solubilities at 25OC, estimated to be 0.15 ? 0.3 M, are 
found for acetone, acetonitrile, dioxane, and tetrahydrofuran, 
which are among the best solvents for the compound. Decom- 
position was more rapid in acetone. The concentrations were 
sufficient for the measurement of IR, Raman, and NMR spec- 
tra provided that solutions were made up cold and run imme- 
diately. 

NMR spectroscopy 
The Se-77 NMR chemical shifts and intensities of Se(SCN), 
in acetonitrile, acetic acid(HOAc), trifluoroacetic acid, 
(HOTFA), dimethyl formamide(DMF), dioxane, and tetrahy- 
drofuran(THF) are listed in Table 2. In all cases except for 
HOTFA, two signals are observed with the least shielded the 
most intense. The chemical shifts are consistent with those of 
Se(I1) compounds where the ligand has electronegativity 
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Table 1. IR and Raman spectra of Se(SCN)2, solid and in solution. 

Can. J .  Chem. Vol. 74. 1996 

Solid In THF 
In AN In D SCN-" (SCN); Assignment 

Raman IR' Raman IR' Raman Raman Rarnan Raman (Se(SCN),) 

59(7) - - - - - - 

74(4) - - - A - - Lattice modes 

104(3) - - - - - - 

1 lO(3) - A 

- - - - 

131(8) - - A 

- - A - - I T 

168(8) - 160(0) - - - - - 6 (SSeS) 
- - 270( 1 ) - - 270( 1 ) - - 

339(2) - 348(7) - 350(10) 350(10) - - I 
359(10) - 365(10) - 368( 10) 360(10) - - f v (SeSJ 

409(0) - 410(0, br) A - - 396(10) 
440(0) 450(1) - - - - 
457(1) - - - 460(2) 458(0, sh) - 6 (SCN) 
480(0) 488( 1) A - - 485" - 
- - - - - - - 

I 489(6)' - 1  
- - 570(0) - 580(0) - - - 
- 669(w) - - - - A - I 

678(1) 676(w) 670(0) - 680(0) 670(2, br) 75 l(8) I (  
v (SC) 

- - - 799(m) - - - - 
I - - - J' 938(2) - v(S=C) 

- - - 994(w) - - - - 

- - - - - - 1235(1)E - 
A - 1778(va) - - - v(N=C) 

- 2068(m) - 2028(m) - - - - v(C N), 
2141(7) 2145(s) 2148(3) 2 149(s) 2150(1) 2 150(3, br) 2063(10) 2 152(6) v(C N), 

"2 M KSCN. 
"0.2 M (SCN), in I :20: 13 Ac,O/HOAc/CCI,. 
'To 650 cm-I. 
"Calculated from the overtone at 1235 cm-' and v(SC). 
'v(SS). 
'Masked by solvent. 
Qvertone (6(SCN) + v(SC)). 

Table 2. Se-77 chemical shifts for Se(SCN)?. 
- - 

Chemical shifts" w, ,?' 
Solvent T("C) ( P P ~ )  (Hz) 

Acetronitrile 27 960(1 .O), 1002(1.5) 29/36 
Dioxane 27 968(1.0), 1018(1.8) 30130 
Dioxane 27 967(1 .O), 1018(1.23) 69/47 

(0.04% HOTFA) 
THF 27 987(1 .O), 1040(1.7)" 45/38 
HOAc 27 963(1 .O), 1007(1.5) 55/84 
DMF -33 993(1.0), 1041(3.3) 35/80 
HOTFA 27 993 
Solid 27 997 

"6 referred to 6(MezSe) = 0.0 ppm; intensities in parentheses. 
"Weak signals developed over I h at 960 and 1054 ppm. 
'Half-height line widths; same respective order as chemical shifts 

above 3.0 (16, 17). Comparison of the Raman spectra of these 
solutions (vide infra) with that of crystalline Se(SCN)? show 
that S-bonded Se(SCN), is present. Two types of isomerism, 
rotational (4) and linkage (2d, 3), are expected for thiocyanate 
bound to Se(I1). Rotational isomers with CN groups cis or 
trans to the SeS2 plane have only been observed in solids (4) 
and are unlikely in solution due to the expected low barrier to 
rotation about the SeS bond. For the SS bond, this barrier, 
which is probably higher than or comparable to that for the 
SeS bond, is estimated to be 25-38 kJ mol-' (18) and 
restricted rotation about the SS bond in 1,2-dithiane is rapid on 
the proton NMR time scale at ambient temperatures (19). In 
solution both the selenotrithionates and selenopentathionates 
exhibit 0- and S-bonded linkage isomerism (2d,3) and sele- 
nium dithiocyanate apparently forms N- and S-bonded iso- 
mers in a similar fashion. Three isomers are possible, 
NCSSeSCN(SS), NCSSeNCS(NS), and SCNSeNCS(NN), 
and in analogous cases (3a, 20) all are observed. The observa- 
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Milne and Milne 

Table 3. N-15 chemical shift (6). half height line widths ( w ~ , ~ ) ,  and peak areas (A) of 
Lorentzian curve-resolved peaks for solutions of Se(SCN),. 

- -- - 

61" WI,Z 6; W I , ~  6," rv,,z 
Solvent (ppm) (Hz) A,"  (ppm) (Hz) A2h (ppm) (Hz) A," 

THF -100.3 740 1.0 -1 12.5 247 0.86 -1 17.6 233 1.36 
Dioxane -94.7 997 1.0 -102.5 362 0.85 -106.1 253 1.35 

- - - - - - 

"8,: N-15 bound to Se; 6>: N-I5 terminal in the NS isomer; 6,: N-15 terminal 
"Normalized to the area of the 6,  shift. 

tion of just two signals is probably due to the presence of just 
the SS and NS isomers. It is not possible to assign either signal 
unequivocally to the SS isomer on the basis of the chemical 
shift for the solid, which is known to contain the SS isomer, 
because of the uncertainty in the solid to solution shift, which 
is usually of the order of 10 pprn (14). The chemical shift for 
the solid, 997 ppm, lies between the two signals observed in 
the solution spectra. Since the shift range for Se(I1) bonded to 
nitrogens (1 128-1394 pprn (21)) is in general higher than that 
of Se(I1) bonded to sulphurs (430-687 pprn (2 I)), as expected 
on the basis of the electronegativity difference between N and 
S, the more deshielded signal above 1000 pprn is assigned to 
the NS isomer and the more shielded signal, to the SS isomer. 
The signal intensities show that more of the NS isomer than 
the SS isomer is present in all solutions. 

The N-15 NMR spectra of Se(SCN), in THF and dioxane 
solutions show two peaks (THF: - 100.3, - 1 17.6 ppm; diox- 
ane: -94.7, - 106.1 ppm) with a distinct shoulder or skewing 
to the less screened side of the stronger peak. The spectrum of 
a 0.2 M solution of Se(SCN), in THF is shown in Fig. 2. Curve 
resolution of the spectral envelope, assuming Lorentzian line 
shapes, shows three signals. The chemical shifts, half-height 
line widths, and relative peak areas for the curve-resolved 
peaks are given in Table 3. The SS isomer will exhibit a single 
N-15 resonance while the NS isomer is expected to give two 
N-15 signals, one for terminal N and the other for N bonded to 
Se. The nitrogen bonded to C and Se is expected to be less 
shielded than the terminal nitrogen and the signal to low field 
is therefore assigned to N-15 in the N-bonded thiocyanate 
moiety of the NS isomer, while the nearly overlapped signals 
to high field arise from the S-bonded thiocyanates in both the 
SS and NS isomers. The signal areas of the peaks for the NS 
and SS isomers are consistent with the areas determined from 
Se-77 NMR spectra and show that the NS isomer is present in 
higher concentration than the SS isomer. Upon cooling the 
THF sample to 223 K, the less shielded signal disappears, the 
signal at - 117.6 pprn shifts to - 1 19.6 ppm, and the half- 
height line width decreases to 220 Hz. The SS isomer is appar- 
ently favoured at lower temperatures. 

The C- 13 NMR spectrum of Se(SCN), (natural abundance 
nitrogen) in THF consists of a single broad resonance at 1 15.9 
pprn (wl12 = 13 1 Hz at 1 1.74 T). The most likely origin of the 
signal breadth is scalar relaxation due to chemical exchange 
and spin coupling to the quadrupole of nitrogen-14, with other 
relaxation processes playing a minor role. Both scalar relax- 
ation processes are important. Spectra taken at lower field 
strengths give narrower signals (wlI2 = 70 Hz at 7.044 T; wl12 = 
40 Hz at 4.696 T). This behaviour is characteristic of broaden- 
ing due to chemical exchange and not coupling to a quadrupo- 

in the SS isomer. 

Fig. 2. Nitrogen-15 NMR spectrum of Se(SCN), dissolved in 
THF. Vertical lines indicate the position and maximum intensity 
of the N-15 bands in the SS and NS isomers. The Lorentzian 
lineshapes are indicated by dashed lines. 

I 

lar relaxed nucleus (22). On the other hand, decrease in 
temperature results in narrowing of the C- 13 signal down to T 
= 207.5 K, as shown in Table 4 and Fig. 3, which is typical of 
relaxation by coupling to a quadrupolar nucleus (22). Assum- 
ing that the half-height line width is inversely related to the 
correlation time and directly related to the rate of the correla- 
tion process, a plot of In(w,,J vs. 10"~should yield a straight 
line giving the activation energy for the process. The plot in 
Fig. 3 shows that the line width is governed by several pro- 
cesses and that as the temDerature is lowered chemical 
exchange begins to play a more important role with the line 
eventually broadening with decrease in temperature. The lim- 
iting slope at the highest temperatures measured (decomposi- 
tion occurred rapidly at elevated temperatures) gives an 
activation energy of 15 kJImol, which is low and consistent 
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Fig. 3. A plot of the logarithm of the half-height line width vs 
temperature (K) showing the transition from the quadrupole 
relaxation broadening to chemical exchange broadening. 

with a facile process such as tumbling of the solute in a weakly 
solvating solvent. The halfheight line widths for thiocyanogen 
(see above) and thiocyanate ion (0.2 M KS"CN in H,O) are 
2.2 and 13 Hz, respectively, and, since, in media of compara- 
ble viscosity, Se(SCN)2 with its larger size would be expected 
to tumble more slowly and exhibit an even narrower signal due 
to quadrupolar relaxation, it is apparent that chemical 
exchange must contribute significantly to the signal broaden- 
ing. Thiocyanogen and the thiocyanate ion are not expected to 
undergo chemical exchange but Se(SCN), may undergo inter- 
molecular and intramolecular thiocyanate exchange. No evi- 
dence for separate signals due to the SS and NS linkage 
isomers is observed in the '" spectrum and, in spite of qua- 
drupole broadening effects, some indication of these isomers 
would be expected in view of their observation in the ' 5 ~  

NMR spectrum. This indicates that the C-13 signals for the 
various carbon environments in the isomers of Se(SCN), must 
differ by less than 2 ppm. Reported carbon-13 chemical shifts 
for ethylthiocyanate and isothiocyanate and the N- and S- 
bonded thiocyanate ligand in Co(II1) complexes differ by 16.7 
and 18.2 ppm, respectively (10). 

Table 2 shows that the half-height line widths of the Se-77 
signals are greater in acetic acid than those measured in THF 
and dioxane. Addition of trifluoroacetic acid to a dioxane solu- 
tion of Se(SCN)2 in dioxane leads also to signal broadening. A 
single narrow signal is observed for Se(SCN), dissolved in 
100% trifluoroacetic acid, indicating that rapid exchange 
between linkage isomers is occurring. The exchange is pro- 

Table 4. Variation in the half-height 
line width of the "C NMR signal for 
Se(SCN)? in THF with temperature. 

moted by acid and no doubt occurs via the formation of thio- 
cyanic and isothiocyanic acids, both of which are known (8) 
and may be readily formed by the protonation of the N-bonded 
and S-bonded Se(SCN)? isomers and cleavage of the bond to 
Se. 

[ 3 ]  NCSSeSCN + H+ = NCSSef + HNCS 

[4] HNCS = HSCN 

[ 5 ]  NCSSe+ + HSCN = NCSSeNCS + H+ 

While the N- 15 NMR spectra for Se(SCN)2 in THF measured 
at low temperature show an increase in SS isomer concentra- 
tion, the Se-77 spectra for DMF solutions at -33°C indicate a 
decrease in SS isomer concentration. A consideration of the 
relative intensities of the SS and NS isomer Se-77 NMR peaks 
in Table 2 shows that, in general, the SS isomer concentration 
falls with decreasing acidity of the solvent. This is consistent 
with the expected Bronsted and Lewis acidity of Se(SCN),. 
The SS isomer with two terminal nitrogens is expected to 
exhibit stronger basicity towards the proton than the NS iso- 
mer with a single terminal nitrogen and a more weakly basic 
terminal sulphur. Therefore the SS isomer would be favoured 
in acidic media. In more basic media it might be expected that 
the Se atom would act as a Lewis acid centre and that the NS 
isomer would be a stronger Lewis acid than the SS isomer on 
the basis of the greater electronegativity of nitrogen compared 
to sulphur. This would result in a higher relative concentration 
of the NS isomer in DMF due to coordination by the basic sol- 
vent at Se(I1). 

Vibrational spectroscopy 
The Raman spectra of Se(SCN), in acetonitrile, dioxane and 
THF, each of which provides a particular vibrational spectral 
window to observe the isomers present in solution, are listed 
in Table 1. The IR spectrum of the solution in THF is also 
given, as well as the spectra for solid Se(SCN)2, the thiocyan- 
ate ion, and thiocyanogen. The Raman spectra of the 
Se(SCN), solutions exhibit a strong parallel with that of the 
solid compound, indicating the presence of the SS isomer. 
Few additional bands are observed, which might be attributed 
to the NS isomer, or more correctly the N-bonded NCS group 
in the NS isomer, since the bands arising from the S-bonded 
group are probably very similar to related bands in the SS iso- 
mer. Additional bands in the Raman spectrum of the solution 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Milne and Milne 1895 

compared to that of the solid are observed at 270,570, and 938 
cm-' and the low-frequency member of the SeS stretching 
bands at 350 cm-I increases in relative intensity when the 

I Se(SCN), is in solution. The IR spectrum of the T H F  solution 
~ r o v i d e s  inore substantial evidence of the Dresence of the NS 
isomer. The strongest band in this spectrum is observed at 
1778 cm-I, which is readily attributed to the N-bonded thiocy- 
anate, and a weak peak at 994 cm-', which may be due to an 
overtone. Judging from the frequency of the C N  stretching 
mode in the N-bonded isomer, the C N  bond adopts consider- 
able double bond character when thiocyanate is N-bonded, 
consistent with a resonant form having a non-linear SeNC 
bond angle and doubly bonded terminal sulphur. 

The additional bands in the Rarnan spectrum are readily 
assigned on the basis of structure B. The band at 270 cm-I is 
assigned to G(N=Se-S). The increase in intensity of the peak 
at 350 cm-I, which coincides with the asymmetric SeS stretch- 
ing mode, is attributed to G(Se-N=C). The comparable mode 
in BrCN, which is the closest isoelectronic s ecies with which P comparison can be made, lies at 342 cm- (23). The weak 
Raman bands near 570 cm-' are assigned to G(S=C=N) and 
that at 938 cm-' to terminal C=S stretching. These latter 
modes may be coinpared with those of carbonyl sulfide (OCS), 
which has a related electronic structure with double bonds to 
sulphur and oxygen for which the 6(S=C=0) and (C=S) are 
at 520 and 859 cm-I, respectively. 

I 
I Conclusion 

It is remarkable that, in spite of the complex mechanism 
involved (2c, footnote 4), SeO, reacts with thiols and thiolate- 
derived inorganic species like ~ ~ 0 ~ ' -  ( 2 4  and SO,'- (30) to 
give, in apparently 100% yield, the selenotrithionate deriva- 
tive. and, with few exceptions (3), a disulfide oxidation prod- 
uct. Thiocyanate has now been shown to behave in an entirely 
analogous way, giving selenium dithiocyanate and thio- 
cyanogen. Like the seleno-pentathionate and -trithionate spe- 
cies, Se(SCN)2, which is S-bonded in the solid state (5), forms 
NS-bonded and SS bonded linkage isomers in solution. 
Thiocyanate is well known as an arnbidentate ligand in metal 
coordination chemistry (10) and several covalent thiocyanates 
and isothiocyanates are known. Se(I1) may also bind to the 

SCN group over sulphur or nitrogen. Unfortunately Se(SCN), 
decomposes slowly in solution and further studies on the 
chemistry of this interesting Se(I1) species will be difficult. 
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S. Ahmed and S.K. Saha 

Electrochemical study of the reaction between 
progressively alkylated thiazine leucodyes and 
Fe(lll) on a glassy carbon electrode 

Abstract:An electrochemical investigation on five progressively alkylated thiazine dyes in the presence of Fe(II1) ions is 
reported. The theory of the catalytic regeneration mechanism involving an electrode reaction followed by a coupled chemical 
reaction is applied to derive kinetic parameters of homogeneous reaction. The second-order rate constant for the reaction of 
thiazine leucodyes with Fe(II1) ions was found to increase from 0.25 x lo4 to 1.6 x lo4 dm3 mol-' s-' upon monomethylation and 
to vary from 0.7 x lo4 for the dimethyl derivative to 1.4 x lo4 dm3 mol-I s-I for the tetramethyl one. The electron-donating nature 
as well as the hydrophobic characteristics of the methyl group influence the kinetics of the homogeneous reaction. 

Key words: cyclic voltammetry, thiazine dyes, ferric ion, catalytic regeneration, kinetics. 

RCsumC : Operant en presence d'ions Fe(III), on a effectuC une Ctude electrochimique de cinq colorants de la thiazine de plus en 
plus alklyCs. Afin de dCterminer les paramktres cinttiques de la reaction homogtne, on a appliquC la thCorie du mCcanisme de la 
rCgCnCration catalytique impliquant une reaction i 1'Clectrode suivie par une rCaction chimique couplie. On a trouvC que la 
constante de vitesse du deuxitme ordre des leucocolorants de la thiazine avec les ions Fe(II1) passe de 0,25 x 10' j. 1,6 x I0 dm3 
mol-' s-I par monomethylation et qu'elle passe de 0,7 x lo4 pour le dCrivC dimCthylC i 1,4 x 10 dm3 mol-' s-' pour le dCrivC 
tCtramCthylC. Le caractkre Clectrodonneur ainsi que les caractkristiques hydrophobiques du groupe mCthyle influencent tous les 
deux la cinCtique de la rCaction homogtne. 

Mots c l i s  : voltamptromCtrie cyclique, colorants de la thiazine, ion ferrique, rCgCnCration catalytique, cinttique. 

[Traduit par la redaction] 

1. Introduction 

The most successful photogalvanic (PG) cell for solar energy 
conversion is the ferrouslthionine cell, yet this too is far from 
having ideal conversion efficiency (1, 2). In this PG cell the 
photoreduction of thionine (Th) by Fe(I1) ions produces semi- 
thionine (S) and Fe(II1) ions. Semithionine rapidly dispropor- 
tionate~ to Th and leucothionine (L). The advantage of the 

above system lies in achieving partial selectivity of charge car- 
riers for appropriate electrodes. However, greatest efficiency 
would be obtained with a PG cell in which each electrode is 
perfectly selective for a different couple. Unfortunately, in 
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homogeneous solution, thermal back reaction of electron 
transfer also takes place. This dissipation of free energy con- 
stitutes a considerable problem in the use of the ferrouslthion- 
ine PG cell for any practical purposes (3). The following 
reaction scheme adequately summarizes the whole process, 
including the relevant recombination reactions (pH 3) (4): 

Back reaction 

[3] S + Fe(II1) + Th + Fe(I1) + Hf 

[4] L + Fe(II1) + S + Fe(I1) + 2Hf 

However, the homogeneous reaction scheme is very com- 
plicated and must be properly characterized. Solubility as well 
as aggregation characteristics of dyes are important criteria 
that control PG output. Alkyl substitution in dyes affects both 
these characteristics, and this prompted us to utilize some pro- 
gressively alkylated thiazine dyes for a detailed study on 
homogeneous reactions with Fe(II1) ions. In view of this, an 
electrochemical technique was adopted with the aid of dc vol- 
tammetry. An electrode reaction coupled with a chemical 
reaction is an interesting subject of investigation for electro- 
chemists (5) .  The electrochemical reduction of progressively 
alkylated thiazine dyes to the corresponding leucodyes at the 
stationary electrode in the presence of Fe(II1) ions may be 
described as a so-called "catalytic regeneration mechanism," 

Can. J. Chem. 74: 1896-1902 (1996). Printed in Canada I ImprimC au Canada 
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Ahrned and Saha 

according to which an initial electroactive species is regener- 
ated by the homogeneous chemical reaction. This mechanism 
can be represented by the following scheme (5): 

If applied judiciously, this technique yields kinetic parameters 
of the chemical reaction from a simple electrochemical exper- 
iment. Although thermal back reactions have been studied in 
considerable detail by a flash photolysis technique (4, 6-8), 
the former technique has been applied only recently for the 
homogeneous reaction relevant to the ferrouslthionine PG 
cell. Kinetic parameters were also determined using an 
indium-doped SnO, electrode, assuming a pseudo-first-order 
reaction condition to prevail even though the experimental 
result did not always conform with theory (9). The present 
study was undertaken in view of the pivotal importance of the 
nature of the electrode surface in such a study and also to 
examine the role of hydrophobic interaction, if any, on the 
reaction kinetics. In this paper, we summarize the results of 
such an electrochemical study on the reaction between various 
alkyl derivatives of thiazine leucodyes with Fe(II1) on a glassy 
carbon electrode that has been found to behave well in the 
present set of systems. 

2. Experimental 

Five progressively alkylated thiazine dyes, viz., thionine, 
azure C, azure A, azure B, and methylene blue, that are used 
for the present study were supplied by Aldrich Chemical Co., 
U.K. All other chemicals were of analytical grade (Aldrichf 
B.D.H.) and used as received. The structures of the dyes are 
given below: 

Thionine(Th): R1  = R' = R' = R4= H 
Azure c (Azc ) :R1  = R'= R3 = H; R4 = CHI 
Azure A(AZA):R' = R' = H; R' = R4 = CH3 
Azure B(AzB):R1 = H; R" RR3 = R4 = CH 3 

Methylene blue (MB):R' = R' = R3 =R4 = CH3 

All the dyes were found to contain coloured impurities and 
were purified over a chromatographic column of silica gel 
using a chloroform-methanol mixture as eluent. Azure C was 
extracted efficiently with an 8:2 chloroform-methanol mix- 
ture whereas azure A was extracted with a 7:3 solvent mixture. 
All other dyes were eluted by less polar solvent mixtures than 
that used for azure A. Finally, the dyes were recrystallized and 
dried at 50°C under vacuum. Final purities of dye samples 
were checked by TLC using an 8:2 water - acetic acid mixture 
as the mobile phase, and the purities of all the dyes except AzC 
were found to be excellent. The commercial sample of AzC 
contained a high percentage of insoluble materials in addition 
to other coloured impurities. Even after repeated chromato- 
graphic treatment, the sample gave a faint additional spot on 

the TLC plate, indicating the presence of a small amount of 
impurity. Although this dye could not be purified up to the 
level of other four dyes, various analyses (spectral and analyt- 
ical) showed that the final purity of the dye was satisfactory. 

For electrochemical experiments, the supporting electrolyte 
was sulphuric acid. All solutions were purged with pure nitro- 
gen before the experiment. Cyclic voltammetric experiments 
were carried out employing a BAS cyclic voltammograph 
(CV-27, U.S.A.). The working electrode was a glassy carbon 
microelectrode (MF-2012, BAS, diam. 3.2 mm) with a plati- 
num wire as auxiliary electrode. Potentials were measured 
with respect to the saturated calomel electrode. All measure- 
ments were done at a constant pH of 2.0 and at room temper- 
ature (25 2 1°C). 

3. Results and discussion 

A cyclic voltammogram of azure C (5.0 x lo-' mol dm-3 in 0.1 
mol dm$ H2S0,) is shown in Fig. 1A. Voltammograms of all 
other dyes are similar and consistent with reversible two-elec- 
tron transfer systems within the range of potential scan (v) of 
5-100 mV s-I. Data pertaining to the position of peak poten- 
tials and current ratios, ip,/ip,, for the five thiazine dyes are 
shown in Table 1. Current vs. (scan rate)'I2 plots deviate from 
linearity above scan rates of 100 mV s-' (plots not shown, see 
Table 1). 

The peak potentials (E,, and E,,) are not sensitive to scan 
rates and AEp7s do not vary up to a scan rate of 300 mV s-I 
except for AzC. This shows that the electrode processes are 
very fast and the quasi-reversibility is apparent only in AzC. 
Previous reports available for Th and MB were, however, con- 
sistent with the present observation (9-12). Diffusion coeffi- 
cient (Do) values are determined from cyclic voltammetry 
measurements as 3.05 x 2.66 x 4.40 x 4.90 x 

and 5.7 x lo4 cm2 s-' for Th, AzC, AzA, AzB, and MB, 
respectively (determined from the slopes of i,, vs. v1I2 plots at 
slow scan rates, employing the Randles-Seveik equation (5)). 

Interestingly, the Do value increases regularly upon pro- 
gressive alkylation of the dye molecule, with the only excep- 
tion being AzC. On the other hand, the Fe(II)/Fe(III) system 
exhibits irreversible electron transfer at the GC electrode in 
the potential range of 0.3-0.6 V (Fig. 2). But the couple is no 
longer electrochemically active in the presence of thiazine 
dyes, which of course have much higher heterogeneous kinet- 
ics (k,(Th) = 5 x cm s-I, k, (Fe) = 3.1 x cm s-' on a 
gold foil electrode (4)). 

On the other hand, voltammograms of thionine and its 
derivatives in the presence of varying amounts of Fe(II1) ions 
(5.0 x - 1.0 x mol dm-3) show striking changes from 
those obtained in the absence of Fe(II1) ions. The observed 
catalytic current results from the regeneration of dyes from the 
reduced leucodyes by reaction with Fe(II1) ions. Representa- 
tive voltammograms of AzC are shown in Fig. lb,c. Along 
with the catalyltic regeneration of thiazine dyes in the pres- 
ence of Fe(II1) ions, which of course is believed to be the 
major process occurring in the system, a certain amount of 
semithiazines may also be present via a dismutation equilib- 
rium (8). These semithiazines were oxidized at the GC elec- 
trode to give the small anodic peak current at higher positive 
potential on the reversed scan (Fig. lb). Although the Fe(II)/ 
Fe(II1) couple is electrochemically inactive at the GC elec- 
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Table 1. Electrochem~cal data from cycl~c voltammetry of th~az~ne dyes (5 x lo-' ~nol dm-' in 0.1 mol dm-' H,SO,). 

Scan rate E,,, E ~ c  a% (Epill -Epc) PL 
i "-11' 

Dye (mV s-I) (v) (v) ( v )  rp./lpL (v) 0 058/AEp 
,nV"?s!/> 

AzC 

i 5 0.300 0.270 0.030 0.870 0.028 5.54 1.93 
10 0.300 0.268 0.032 0.850 0.029 6.00 1.81 
20 0.298 0.265 0.033 0.840 0.030 6.17 1.76 

AzB 40 0.297 0.262 0.035 0.840 0.035 6.93 1.66 
60 0.295 0.260 0.035 0.770 0.040 7.59 1.66 

100 0.294 0.260 0.034 0.730 0.042 8.01 1.70 
200 0.293 0.258 0.035 0.660 0.042 8.05 1.66 
300 0.293 0.257 0.036 0.580 0.045 8.04 1.6 1 

. . .. 
. . 

. . .  
5 0.215 0.183 0.032 0.840 0.028 6.78 1.81 

10 0.215 0.182 0.033 0.8 10 0.030 6.75 1.76 
20 0.214 0.181 . 0.033 0.750 0.032 7.27 1.76 

MB 40 0.212 0.180 0.032 0.610 0.032 7.75 1.81 
60 0.210 0.180 0.030 0.6 10 0.035 8.20 1.93 

100 0.205 0.175 0.030 0.630 0.036 9.0 1 1.93 
200 0.197 0.165 0.032 0.660 0.038 10.86 1.81 
300 0.195 0.160 0.035 0.650 0.040 10.97 1.66 

trode in the presence of thiazine dyes, its adverse effect on the 
voltammograms of the latter by increasing the background 
current cannot be ignored. To confirm that the experimental 
results conform to the theory of catalytically coupled reactions 
(EC') of the type shown in eqs. [S] and [6] as a major process, 
it is necessary to draw a diagnostic plot of the current function 
against the potential scan rates. 

This correlation can be seen by simply plotting i,,lvll' as a 
function of log v (13). A representative diagnostic plot for AzB 
is shown in Fig. 3. In the absence of any Fe(1II) ions, the plots 
for all the dyes are linear and parallel to the potential scan rate 

axis up to I00 mV s-' (Fig. 3a). This is expected for a diffu- 
sion-controlled reversible electrode process. However, at 
higher scan rates the observed upward shift of the plot is 
indeed the manifestation of positive deviation from the linear 
relationship of i,, with v"' (Table 1) for almost all the dyes. 
On the other hand, in the presence of Fe(II1) ions (5.0 x - 
1.0 x lo-' mol dm-.'), the diagnostic, the diagnostic plots are 
similar for all dyes and are indicative of an EC' type of cou- 
pled catalytic chemical reaction. The catalytic regeneration of 
dyes as a major process is particularly apparent at lower scan 
rates as the reaction gets sufficient time for generation of dyes 
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Ahmed and Saha 

Fig. 1. Cyclic voltammograms of AzC (5 x mol dm-" in the presence of various concentrations of ~ e ~ + :  (a) 0, 
(0) 8 x 1 04, (c) 1.5 x 1no1 dm-'. Supporting electrolyte: 0.1 mol dm-3 H?SO,. 

I 

I I t I n 1  I I I I I I  I A l l 1  

0 4  0.2 0 '0.9 0.7 0.5 0.3 0.1 0.5 0.3 0.1 

POTENTIAL (mV us. SCE ) 

Fig. 2. Cyclic voltammograms of FeCI, (in the presence of 0.1 

/ mol dm-' H,SO,) at a GC electrode. Concentration of Fe(II1): (1) 
2 x 1 04, (2) 4 x 1 04, (3) 6 x 1 04, (4) 8 x 1 o4 mol dm -! Scan 
rate: 5 mV s-'. 

0 8 0.4 0 0 0 4 0 . 8  
Polent ia l  ( m v  v s .  SCE ) 

from the reduced leucoforms by reaction with Fe(II1) ions, 
consistent with the theoretical model (14, 15). However, when 
the scan rate increases, the ratio of kinetic current in the pres- 
ence of Fe(II1) to the cathodic peak current in the absence of 
Fe(III), idlip,, should tend towards unity. But this situation was 
not attained in the present study even at a sweep rate of 300 
mV s-I (Fig. 3). Similar results were also observed by previous 
workers for the intermolecular electron transfer of Cyto- 
chrome C in presence of pse~rdornonas Cytochrome C551 (13) 

and for the homogeneous reaction of leucothionine with 
Fe(II1) (9). Whereas we failed to identify any other mecha- 
nisms of coupled chemical reactions than EC' to be operative 
in the present systems, the exact reason for the above remains 
uncertain. 

Despite the simplified approach in view of the above and 
the complicated back reaction in the present systems, attempts 
have been made to derive kinetic information form the 
observed data. Using a working curve (Fig. 14 of ref. 14) of 
ik/id VS. the kinetic parameter, (kfla)"', we plotted the data of 
kfla (where a = nFIRT) against llv, which should be linear 
under first-order conditions (Fig. 4). The result shows marked 
deviation from the predicted linearity at slower scan rates, 
which is consistent with loss of first-order conditions. The 
reactant dye is not in sufficiently large excess and so is con- 
sumed to a considerable extent in the diffusion layer during the 
time period of a slower scan rate. Second-order kinetics is 
probably followed and the situation is identical to one that 
occurred in the intermolecular electron transfer of cytochrome 
C(13). Moreover, the initial slope of each curve (Fig. 4) at infi- 
nite scan rates is proportional to the true pseudo-first-order rate 
constant kp, 

k: = (nFIRT) (initial slope) 

Drawing tangents to the above curves at llv -+ 0 yields values 
of k: for each experiment. An alternative method of finding 
k," is to calculate the effective pseudo-first-order rate constant 
k;, from each kfla value at a given scan rate where, 

k; = (FIRT) v (k,Ja) (ref. 13) 
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Fig. 3. Diagnostic plots of current functions i lv"' vs. log v for AzB (5  x mol dm-"n 0.1 mol 
dm" H'SO,) at various concentrations of ~e': (a)  0, (b) 2 x lo4. (c) 4 x lo4, (4 6 x lo4, ( e )  8 x 
1 04, (f) 1 x lo-' mol dm?. 

1 1.5 2.0 2.5 

log S / ~ V  C' vs. SCE 

Plotting k; as a function of llv and extrapolating to llv + 0, 
one can evaluate the pseudo-first-order rate constant, kp, at 
infinite scan rate. This latter method seems to be more conve- 
nient, and data for thionine are plotted in Fig. 5. (Similar plots 
for all other dyes are submitted as supplementary material.)' 
The nature of the plots is again similar for all five dyes and also 
similar to those observed by Hill and Walton for intermolecu- 
lar electron transfer in cytochrome C(13). Finally, k:' values at 
infinite scan rates and for varying concentrations of Fe(II1) are 
plotted against the concentrations of Fe(II1) ions in order to 
examine the second-order rate constants, k,, for the homoge- 
neous reaction of Fe(II1) with various leucodyes. These plots 
are linear, indicating that the homogeneous reaction is first 
order with respect to Fe(II1) ions and, indeed, the overall reac- 
tion is of second order (inset of Fig. 5). However, a striking 
feature is that, unlike Th, slopes of the plots for all other dyes 
decrease drastically at low Fe(II1) concentrations (at CFecrrl, < 
2.0 x lo4 mol dm-' for AzC, AzA and at C,(!,,, < 4.0 x lo4 
mol dm-3 for AzB, MB), resulting in the deviation of the plots 
from linearity. This result suggests that at low Fe(II1) concen- 
trations the actual scheme of reaction should be more complex 

These figures can be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA OS2. 

Table 2. Second-order rate constants of the homo- 
geneous reaction between thiazine dyes and Fe" ions. 

Leucodyes k? x 104 (dn? mol" s-') 

Th 
AzC 
AzA 
AzB 
MB 

than the one shown in eqs. [5] and [6] and supports the hypoth- 
esis that the return of leucodyes to the corresponding thiazine 
dyes by Fe(II1) ions occurs by a two-step process via the for- 
mation of semithiazine as an intermediate species. Conversion 
of semithiazines to the corresponding thiazine dyes may occur 
either by Fe(II1) or through the dismutation equilibrium (as 
mentioned before), forming leuco dyes and the original dyes. 
The latter process is, however, more significant at low Fe(II1) 
concentrations (8). Nevertheless, observed gradients of the 
straight lines are significant and the second-order rate con- 
stants, k?, derived from these data are depicted in Table 2. 

The table shows that the k, value for thionine is 0.25 x lo4 
dm' mol-' s-', which is the lowest among all the dyes used. 
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Ahmed and Saha 

Fig. 4. Plots of kinetic parameter, kdn,  against Ilv for the AzB-Fe(II1) system at various concentrations of 
~ e ~ ' :  (a) 2 x lo4, (6 )  4 x lo4, (c) 6 x lo4, (d) 8 x lo", (e) 1 x lo-' mol dm-' (in presence of 0.1 mol dm-j 
H2S04). 

Upon progressive alkylation of the dyes this value increases 
regularly with an exception only for AzC, which gives the 
highest value of 1.6 x lo4 dm3 mol-' SF'. Regular increase of k, 
with progressive alkylation of the dye molecule would indeed 
be expected from the electron-donating nature of a methyl 
group. However, in the present systems, while the first methyl 
group brings about a sixfold increase of the rate, the second 
one causes a twofold decrease, and adding the third and the 
fourth has only a small effect (1.4-fold increase with each 
methyl). In fact, the leucodye with four methyl groups is oxi- 
dized more slowly than the dye with only one methyl group. It 
seems apparent that factors other than the electron-donating 
effect of the methyl group are involved. Substitution of hydro- 
gens on the nitrogen of a dye molecule by methyl groups intro- 
duces hydrophobicity in the molecule as well. It has also been 
shown that a hydrophobic environment in the presence of cer- 
tain micelles delays back electron transfer in solution (4, 16) 
while substitution with ionic or  polar groups, for example dis- 
ulfonated thionine, shows faster back electron transfer in PG 
cells (17, 18). Thus, increased hydrophobicity due to alkyla- 
tion of the present dyes may in turn slow down the electron 
transfer reaction with Fe(II1) ions in aqueous solution to some 

extent. These two mutually opposite effects of the methyl 
group may thus be responsible for the observed variation of 
rates. It is also important to note in this context that the formal 
potential values (EO') for progressively methylated dyes are 
0.205, 0.175, 0.207, 0.281, and 0.196 V (average values for v 
between 5 and 100 m V  s-', Table I),  respectively, and the 
observed lowest value of l?' for AzC is consistent with the 
above results. However, one can infer from the foregoing 
result that, with the exception of AzC, the PG output will 
decrease continuously with alkyl substitution in the dye mole- 
cule. All previous reports showed that P G  output for the 
Fe(I1)-MB cell is always less than that for the Fe(I1)-thionine 
cell. An earlier report of second-order rate constants (mea- 
sured by flash photolysis) ranged from values of 0.47 x lo3 to  
1.0 x 10"m3 mol-' s-' for various modified thiazine dyes (7). 
Ferreira and Harriman report a value of 9.0 x lo4  dm3 mol-' 
s-' for the Fe(II1)-thionine system by a similar flash photoly- 
sis technique (8). On the other hand, with the help of an elec- 
trochemical method similar to one applied in the present 
study, Murth and Srivastava estimated the value as  4.0 x l o 5  Y dm3 mol-' s- for the reaction between Fe(II1) ions and leuco- 
thionine (9). While a close comparison between data reported 
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Fig. 5. Effective pseudo-first-order rate constant, k;, as a function of reciprocal scan rate 
extrapolated to 11" -+ 0, for experiments with the Th-Fe(II1) system: (1) 2 x lo4, (2) 4 x 
lo4, (3) 6 x lo4, (4) 8 x lo4, ( 5 )  1 x lo-' mol dm-' ~ e "  (in the presence of 0. l mol 
dm-"H,~O,) (lower figure). Pseudo-first-order rate constant, k:, as a function of the 
concentrations of ~ e "  with the same system (upper figure). 

by different methods and under different conditions is not 6. J.C.M. Brokken-Zijp and M.S. de Groot. Chem. Phys. Lett. 76, 
always valid, the general trend of the present result is satisfac- 1 (1980). 
tory and, especially, the observed variation of k, due to  pro- 7. D.W. Hay, S.A. Martin, S. Ray, and N.N. Lichtin. J. Phys. 

gressive alkylation of the dye  molecule demonstrates the Chem. 85, 1474 (1981). 

usefulness of [he ~omparatively simpler electrochemical tech- 8. M.I.C. Ferreira and A. Harriman. J. Chem. Soc. Faraday Trans. 

nique adopted in the present investigation. 1,173, 1085 (1977). 
9. A.S.N. Murthy and T. Srivastava. J. Chem. Soc. Faraday Trans. 
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Fig. 1. (a)  He1 photoelectron spectrum of 4 obtained at ambient 
temperature (the vertical lines mark the HAM13 IEs calculated 
with the AM1 optimized equilibrium structure); (0) He1 
photoelectron spectrum of 4 obtained at a laser power level of 26 
W; (c) He1 photoelectron spectrum of the pyrolysate of 4 
obtained at a laser power level of 46 W; (d) spectrum obtained by 
subtracting (b) from (c); (e) He1 photoelectron spectrum of furan 
obtained at a laser power level of 47 W; (fl He1 photoelectron 
spectrum of 1,3-cyclohexadiene obtained at a laser power level 
of 47 W; (g) spectrum obtained by subtracting (fl from (cn; ( h )  
spectrum obtained by subtracting (e) from (g) (the solid vertical 
lines mark the HAM13 IEs calculated with the AM1 optimized 
equilibrium structure; the broken lines correspond to the negative 
of the MO energies calculated for the HFl6-3 lG"* optimized 
equilibrium structure). 

oped pes - C W  C 0 2  laser apparatus, w e  undertook to prepare 1 
in the gas phase and obtain its pe spectrum. In this communica- 
tion, we report the results of a study on the pyrolysis of 11- 
oxatricyclo[6.2.1.02~7]undeca-2,9-diene (4). 

W e  chose to prepare and study 4 (9) with the expectation 
that its pyrolysis in a 1-2 mnl hot zone of a quartz nozzle (3-5) 
would yield 1 and furan, a stable product that would be easily 
identified by photoelectron spectroscopy. The  photoelectron 
spectra of 4 along with its pyrolysate obtained at two laser 
power levels are displayed in Fig. 1 .  Figure 1 ( a )  is the pe 
spectrum of 4 obtained at ambient temperature. The seven 
lowest ionization energies (IEs) (8.98, -9.54, 10.02, 11.06, 
11.26, 1 1.53, and 1 1.69 eV) calculated with HAM13 (10) - 
the equilibrium optimized structure of 4 obtained with AM1 
(1 1) was used in this case - are marked on the spectrum as 
solid lines, indicating that this combination of coinputational 
methods yields the IEs with good accuracy and allowing the 
molecular orbitals of  4 to be characterized.Spectra (6) and ( c )  
were obtained at laser power levels of 26 W (the tip of the noz- 
zle is 5 5 0  5 50°C) and 4 7  W(850 + 50°C), respectively. It is 
seen that the latter one differs significantly from spectrum (a) .  
Spectrum (b) (scaled by 0.7), not (a ) ,  was subtracted from ( c )  
to obtain the difference spectrum (4' .  In this way, the effect of 
potential changes in the spectrum of 4 induced by the high 
temperature would be minimized although the signals due to 1 
and furan would be reduced to some extent as well. Spectra of 
authentic samples of furan and 1,3-cyclohexadiene - the lat- 
ter compound is formed from 1 via a 1,3-hydrogen shift (8) - 
were also obtained at 47 W and are displayed as spectra (e) 
and 0, respectively. Spectrum (g) is obtained by subtracting 
0 (scaled by 0.28) from spectrum ( 4 .  This operation reduces 
the shoulder at 8 eV of the lowest IE peak found in (d) and 
brings out the lowest IE  bands of furan at 9.00 and 10.38 eV, 
respectively. Spectrum (h) is obtained by subtracting the spec- 
trum of furan (e), scaled by 0.4) from (g). There are no sharp 
bands centered at 9.60 eV in spectra (g) and ( h )  that are char- 
acteristic of the pe spectrum of 1-buten-3-yne (12), indicating 
that the retro Diels-Alder reaction of 1 observed by Runge and 
Sander (8) does not occur to a significant extent under the 
experimental conditions employed in this study. That 1 does 
not dimerize is indicated by the fact that spectra ( g )  and (h) d o  
not exhibit a band at 9.6 e ~ ,  a peak seen in the spectrum (not 
shown; obtained at 4 7  W)  of an authentic sample of 5 (13) that 
exhibits two low-IE bands of equal intensity at 8.40 and 9.60 
eV.  That the experimental pe spectrum (the vertical IEs of the 
two low-lying bands are 8.4 and 10.4 eV) obtained in this 
study correlates with the HAM13 IEs (the four lowest ones at 
8.60,9.89, 11.40, and 12.00 eV calculated with the AM1 opti- 
mized C2 structure are indicated with solid lines) and the neg- 
ative of the energies of the four highest occupied MOs (8.64, 
9.96, 12.6 1, and 13.12 eV,  shown as broken lines) of the opti- 
mized C, structure obtained at the HFl6-3 1G:>* level of theory 
( a )  indicates that 1 is obtained from 4 and (6) provides support 

- -  - 

We recognize that care should be exercised when difference 
spectra are obtained, especially when fairly featureless spectra are 
involved. Because the spectra acquired in this study differed in 
intensity, scaling was required to obtain the difference spectra. 
When spectrum (cl) was obtained by subtracting (b )  from (c), 
special attention was paid to the region at I0 eV to ensure that the 
subtraction did not yield a negative baseline. This criterion was 
also used in the other cases. That the low-1E band of furan is 
cleanly recovered in the difference spectrum (cl) and the two low- 
IE bands of spectrum ( h )  are roughly equal in area, in our view, 
validates the process. 
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Communication 

Fig. 2. (a) Optimized equilibrium structure of 1 obtained at the 
HFI6-3 IG:':" level of theory; (6) a display of the HOMO of 1; 
(c) a display of the HOMO-] of 1. 

that 1 is a chiral allenic singlet species (6). The  optimized equi- 
librium C2 structure calculated at the ab initio HFl6-31G** 
level of theory using Gaussian 9 4  (14) is displayed as Fig. 
2(a). As seen from a comparison of several selected geometri- 
cal parameters, the ab inito and AM 1 optimized C2 structures 
of 1 are similar (HF16-31G'$*: C1-C2 1.306 A, C3-C4 
1.526 A, C4-C5 1.572 A, L C 1 -C2-C3 133.9", L H7-C 1-C2- 
C 3  141.4", L C6-C1-C2-C3 -26.0"; AMl:  C1-C2 1.320 A, 
C1-C6 1.504 A, C4--C5 1.542 A, L C1-C2-C3 134.8', L 
H7-C 1-C2-C3 151.3", L C6-C1-C2-C3 -23.4") with the larg- 
est difference seen in the H7-C1-C2-C3 dihedral angles. The 
C6-C 1-C3-C4 dihedral angles of the structures obtained at the 
HFl6-31G** and AM1 levels of theory are -47.8' and 
-43.7", respectively, approximately half the angle expected 
for an allene. Thus, the twist angles for the double bonds of the 
HF16-31G**' and AM1 structures are 20.7' and 22.S0, well 
within the value required to maintain effective overlap of adja- 
cent 13 orbitals. The  HOMO and HOMO- 1 of 1 calculated with 
AM1 and visualized with ~ ~ ~ e r ~ h e m ~  are displayed as Figs. 

2(b) and 2(c), respectively. The HOMOIHOMO-1 gap of 1 is 
surprisingly large (calculated 1.3 eV,  experimental 2 eV) 
given that 2,3-pentadiene optimized with the C2-C3-C4 angle 
fixed at 134" exhibits a HOMOIHOMO- I gap of 0.15 eV.  This 
study also indicates that 4 may be useful for generating 1 in 
matrix isolation experiments. 
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1995 Alcan Award Lecture 
New intermediates in the homolytic and 
heterolytic splitting of dihydrogen' 

Robert H. Morris 

Abstract: Some of the research of the author and his research group into the structure and reactions of dihydrogen complexes of 
transition metals is reviewed. The characterization of osmium complexes that can be regarded as having intermediate structures 
on the way to the homolytic splitting and to the heterolytic splitting of dihydrogen is described. The properties of an iridium 
complex with novel short proton-hydride contacts is also reviewed. 

Ke)) words: transition metal, dihydrogen, hydride, complexes, NMR, neutron diffraction, osmium, iridium. 

Resume : On prCsente une revue des travaux de recherche effectuCs dans les laboratoires de l'auteur sur la structure et les 
rCactions des complexes dihydrogCnCs des mCtaux de transition. On dCcrit la caracterisation des complexes de l'osmium qui 
peuvent &tre considCrCs comme possCdant des structures intermediaires entre celles conduisant aux ruptures de la liaison H-H 
du dihydrogkne soit homolytiques soit hCtCrolytiques. On passe aussi en revue les propriCtCs d'un complexe d'iridium qui 
comporte de nouveaux contacts courts hydrons-hydrure. 

Mots elks : mmal de transition, dihydrogkne, hydrure, complexes, RMN, diffraction des neutrons, osmium, iridium. 

[Traduit par la rCdaction] 

Introduction 

The reaction of dihydrogen gas with soluble transition metal 
complexes is an important step in many catalytic hydrogena- 
tion steps (1). The product of the reaction with H2 is one of at 
least three complexes (Scheme 1). 

The initial product, intermediate, or transition state contains 
a dihydrogen ligand coordinated side-on with a short H-H 
distance (2) (referred to as an - q 2 - ~ ,  ligand (3)). This complex 
might then undergo an oxidative addition reaction where the 
H-H bond is split homolytically to give, when starting with a 
six-coordinate dihydrogen complex, a seven-coordinate dihy- 
dride product (4).3 Alternatively, if there is a suitable base 
present, the dihydrogen bond is split heterolytically to give a 
six-coordinate metal hydride product and a protonated base. 
This last reaction is an important feature of dihydrogen chem- 
istry since H2(g) is not an acid (pKa -- 35) while dihydrogen 
complexes can be very acidic with pKa values of less than 0 
(4). This lecture explores the structures and reactions of dihy- 
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There is an intermolecular homolytic splitting reaction as well; 
see ref. 4. 

Scheme 1. Homolytic splitting (oxidative addition) and heterolytic 
splitting of the H-H bond in dihydrogen complexes. 

HOMOLY TIC L HETEROLYTIC 
(OXIDATIVE 
ADDITION) J NH\ 

drogen complexes and intermediates on the way to the dihy- 
dride or monohydride products. 

Types of dihydrogen complexes 

Several hundred stable dihydrogen complexes have been 
prepared since the discovery of the first complex 
W(H2)(C0)3(P'Pr3)2 by Kubas et al. at Los Alamos National 
Laboratory in 1984 (2). Most have the metal in the d6 electron 
configuration, i.e., Cr(O), Mo(O), W(O), Mn(I), Tc(I), Re(I), 

Can. J. Chem. 74: 1907-1915 (1996). Printed in Canada / Imprime au Canada 
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Fig. 1. Bonding components of the dihydrogen ligand to transition 
metals. 

Bonding in Dihydrogen Complexes 

o Bonding M I  M:: H 3 C X H  + H 
H  

Fe(II), Ru(II), Os(II), Co(III), Rh(III), Ir(II1). We reported the 
determination of the structure of the Fe(I1) complex trans- 
[Fe(H2)(H)(dppe),]BF4, dppe = PPh,CH,CH,PPh,, by single 
crystal X-ray diffraction in 1985 (3). In the same year Crabtree 
and co-workers reported the existence of iridium dihydrogen 
complexes including an Ir(II1) complex [I~(H,),(H),(PCY,)~]+, 
which is proposed to have two dihydrogen ligands (5) .  
Some unstable dihydrogen complexes with the metal in 
the d 6  configuration were also reported that year (6-8). 
A few stable complexes are known with the metal ion in 
other d configurations including the d 4  Re(II1) complex 
[Re(H,)(H),(CO)(PMe,Ph),]+, also reported by Crabtree's 
group (9). 

Bonding 
There are two important components to the bonding in dihy- 
drogen complexes (Fig. 1). The first is the donation of a elec- 
trons from HZ into an empty metal orbital. If this were the only 
interaction it would be written as a three-centre, two-electron 
bond as in boron hydride chemistry. However strong main- 
group Lewis acids do not form stable H, complexes; for exam- 
ple the CH,+ion has only transient existence at low tempera- 
ture. The second crucial component is T-back-donation from a 
filled d orbital into the empty a* orbital of H,. The energy of 
these d electrons is an important determinant in the reactivity 
of the dihydrogen ligand. For example, the higher the energy 
of these d electrons, the more likely it is that the H, ligand will 
undergo homolytic cleavage. 

Two methods that we have found to be useful for estimating 
the energies of the T-bonding d orbitals are to determine the 
infrared spectrum and the redox potentials of the correspond- 
ing dinitrogen complexes (10, 11). Since the a and T compo- 
nents in M(H,) and M(N,) bonds are similar, the N, complexes 
are indicators of the properties of the H, complexes (Fig. 2). 

Electrochemical potentials E,,,(M(N,)+) of less than 0.5 V 
(versus NHE) and v(N,) values of less than 2050 cm-' suggest 
that the complexes are too reducing to make stable H, com- 
plexes; instead, homolytic splitting occurs to give a dihydride. 
Redox potentials greater than 2 V and v(N,) greater than 2200 
cm-I indicate that there is not enough back-bonding to stabi- 
lize the q 2 - ~ ,  ligand with respect to loss of H , . ~  Therefore we 

These guidelines for the stability of dihydrogen complexes do not 
take into account the relative stabilities of products of dihydrogen 
loss or oxidative addition of the H-H bond. In certain cases the 
formation of products is particularly favorable for reasons other 
than the electronic considerations given here. Then these simple 
guidelines break down. 

Fig. 2. N, stretching wave numbers and electrochemical potentials 
of dinitrogen complexes are indicators of the properties of 
corresponding dihydrogen complexes. 

H  H 
L., 

+Hz 
L ...,$ J "'I//~ \\""' .,,,\\I- 

L/hj%L L I ~ L  ,+, 
L o  Lo  L o  

dihydride stable loss of H2 

hydridic acidic 

Scheme 2. Synthesis of dihydrogen complexes from H, gas 
(routes i, ii, and iii) or by adding a proton to a hydride complex 
(routes iv and v). 

M = Ru, 0 s  M = Fe. Ru, 0 s  

c 1  

(v) 1 ether 
HBF, 

C1 

choose metal ions and ligands (guided by Lever's additive 
electrochemical parameters for ligands as mentioned below) 
that give properties in the intermediate region. In an attempt to 
make very acidic dihydrogen complexes we try to work at the 
2 V limit. 

Synthesis of dihydrogen complexes 
Scheme 2 illustrates two general methods for generating dihy- 
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drogen complexes. The first involves the reaction of metal 
complexes with dihydrogen gas (reactions i, ii, and iii). In the 
second (routes iv and v) a proton is added to a metal hydride 
complex to produce the H, ligand in the reverse of the hetero- 
lytic splitting reaction. The reactant in step i is a coordinatively 
unsaturated complex [MCl(dppe),]PF,, where M is either Ru 
or Os, with interesting d i~ to r t ed t r i~ona l  bipyramidal struc- 
tures. These react rapidly with 1 atin (101.3 kPa) H, to give 
complexes with dihydrogen trans to the chloride ligand in 
trans-[M(H,)Cl(dppe),]PF6, M = Ru, 0 s  (12). The complexes 
with dihydrigen trans to hydride in trans-[M(H,)H(dppe),]+ 
are prepared by reacting trans-MCl(H)(dppe), with Na+ under 
1 atm H,, reaction (ii). A third reaction with H,(g) (reaction iii) 
converts the chloride complex to the hydride complex in the 
presence of NaBPh,. This reaction is not well understood. 

The reactions of acid with the appropriate metal hydrides 
- -  - 

(steps iv, v) result in the formation of the same dihydrogen 
complexes as produced above with H2 Reaction v involves a 
rearrangement after the protonation step. In this lecture I will 
concentrate on the chemistry with M being 0 s  and the chelat- 
ing phosphine ligand, dppe. 

Homolytic splitting of dihydrogen 

First I will look at intermediate structures on the way to the 
homolytic splitting of dihydrogen, reaction [I]. This reaction 
is favoured by metal ions with high d-electron energies and 
ligands that push electrons onto the metal ion. Both of these 
effects increase back-donation into the a* orbital of the H2 
ligand. Metals that form strong M-H bonds and ligands with 
the correct bite angles will favour the oxidative addition prod- 
uct while ligands with 90' angles will favour the reactant. 

It is important to understand these factors since such reac- 
tions are found in several industrial catalytic processes. 
Related chemical reactions such as the homolytic splitting of 
carbon-hydrogen and silicon-hydrogen bonds follow similar 
principles. In addition, several fluxional rearrangements of 
metal hydride complexes involve the reverse of this reaction 
(4). 

Determination of H-H distances in the 
solid state 

How does one know when there is a short H-H distance? The 
question can be answered most precisely for solid samples. If 
large crystals are available, a neutron diffraction structure 
determination is done by the group of T.F. Koetzle at the 
Brookhaven National Laboratory. Hydro ens are located ? accurately by use of this method because H nuclei diffract 
neutrons as well as any other nucleus. Such structure determi- 
nations over the last 8 years have revealed that a continuum of 
H-H distances i: possible from short distances of 0.85 A to 
long ones of 1.8 A fou?d in dihydride complexes. The 0.85 A 
bond lengths are 0.1 1 A longer than that of free H, gas. Occa- 
sionally the H atoms are located in X-ray diffraction studies of 
smaller crystals but the H-H distances so obtained are not as 
accurate due to the difficulty in detecting the two electrons of 
H2 buried in the cloud of electrons of the transition metal. 
Solid state NMR has been applied by Zilm and Millar (13) to 

Fig. 3. Structures of four osmium complexes whose structures trace 
out the oxidative addition of Hz. 

Homolytic Splitting of H2: 
Intermediate Structures 

d (HH) 1.00(3) 

[0s(I32)H(dppe)df 
1 

d (HH) 1.34(2) A 

[Os(Hz)(OAc)(en)21t 
3 

complexes containing H-H distances of less than 1.1 A. 
Infrared spectroscopy will occasionally reveal the weak H-H 
mode found between 3000 and 2400 cm-' in - q 2 - ~ ,  complexes 
(14). However, often ligand vibration overtones obscure these 
bands. Usually dihydride complexes can be identified by an 
M-H stretching mode with wave number between 2200 and 
1500 cm-'. The method of inelastic neutron scattering pro- 
vides definitive proof for the existence of a short H-H dis- 
tance when peaks due to quantum mechanical tunneling of 
nuclei through H-H librational barriers are observed (15). 

Recently structures have become available for osmium 
complexes that illustrate the continuum of H-H distances 
possible (Fig. 3). The structures trace out a possible trajectory 
for the homolytic splitting reaction. All of these complexes 
have seven atoms coordinated to the central osmium. Com- 
plex trans-[O~(H~)H(dppe)~]+ (1) at the top of the figure is 
octahedral with the dihydrogen ligand occupying one site on 
OS(II).' At the bottom of the figure is an example of an Os(1V) 
polyhydride complex Os(H),(PMe,Ph), (4) with no H-H 
bonding (16). The other two complexes have intermediate 
structures where the H-H splitting has been arrested. When 
the trans hydride ligand in 1 is replaced by chloride in 
[Os(H,)Cl(dppe),]+ (2) the H-H distance lengthens from 1.0 

P.A. Maltby, R.H. Morris, W. Klooster, T.F. Koetzle, J.S. Ricci, 
and A. Albinati. In progress. 
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Fig. 4. Plot of d(HH) determined in the solid state versus the 
J(H,D) coupling constant measured on the corresponding HD 
complex in solution. 

to 1.22(3) A (17). The origin of this effect is a combination of 
an increase in a-Lewis acidity of the osmium and an increase 
in d-T electron energy. When the dppe ligands are replaced by 
ethylenediamine (en) ligands in trans-[Os(H,)(OAc)(en),]+ 
(3), while retaining a similar T-base (02CCH3-versus Cl] 
trans to the H2 ligand, the H-H distance lengthens to 1.34 A 
(18). As discussed later, the en ligands make the 0 s  centre 
considerably more reducing than the one containing the dppe 
ligands. 

Determining H-H distances in solution 

It is a more challenging problem to estimate H-H distances in 
solution. Yet this is important if we are to correlate structure 
with reactivity -for example, acidity, as expressed by the pK, 
of the H2 complex. We have found that the J(H,D) coupling of 
the HD ligand as observed in the 'H NMR spectrum of the 
complex M(HD)L,, correlates smoothly with the H-H dis- 
tance determined by neutron diffraction studies (Fig. 4). We 
have good evidence that these complexes maintain the same 
structure in solution as in the solid state although there might 
be a small effect in replacing H by D. As indicated on the scale, 
a short H-H distance of 0.80 A corresponds to a large J(H,D) 
of 32 Hz while dihydrides have couplings of less than 5 Hz. A 
relationship that holds for a large number of complexes is 

In principle, the minimum TI value, Tlmin, of the H nuclei of 
the H2 ligand should provide an accurate H-H distance in 
solution since in many cases dipolar relaxation of one H by its 
close neighbour dominates so that T, is proportional to ~ ( H H ) ~  

T,"'~" must be corrected to account for the contributions to the 
relaxation rate from other dipolar nuclei. 

Fig. 5. Scales relating J(H,D) and T,(min) NMR parameters with 
H-H distance. 

d(HH) 
> 

0.8 1.1 1.6 2.0 A 
H-H H ....... H 

I 
M 'M/ 

H\ M /H Slow motion of Hz: 

Tl min slow 
> 

4 18.5 175 660 ms* 

Fast  Hz spinning: 

M Tlminfast - 
16 74 ms* 

H-D H .--.... D 
I 

M 'M/ H\M/DJ (HD) 
< I 

35 18 2 1 Hz 

" At 400 MHz, corrected for dipolar contributions from other 
nuclei 

(19). The TImin value is found by varying the temperature. If 
the H nuclei of the H2 ligand have slow motion relative to the 
correlation frequency of tumbling of the complex in solution 
(approximately the spectrometer frequency), then the scale in 
Fig. 5 can be used to relate Tlmln(slow) at 400 MHz to ~ ( H H ) . ~  
Note how sensitive T,mln(slow) is to the H-H distance. As the 
distance elongates from 0.8 to 1.6 A the TImin value changes 
from 4 to 175 ms. Equation [3] is applied if the motion is 
known to be slow: 

where v is the spectrometer frequency in MHz and Tlmin 
(slow) is in seconds (20). 

Unfortunately the dihydrogen ligand often has fast motion 
relative to 400 MHz and this makes the interpretation of TImin 
difficult. If the H2 is rapidly spinning like a propeller then the 
scale for TImin(fast) applies (21). For a given H-H distance, 
the T, values measured are 4 times longer when there is fast 
spinning and a different equation is used to determine d(HH). 

If the type of motion is not known, then a measured T,""" value 
of 16 ms, for example, could correspond to either a 1.08 A H2 
ligand with no extra motion or a 0.85 A H2 ligand with fast 
spinning relative to 400 MHz. Other types of motion such as 
hopping between sites could result in the calculation of dis- 
tances between these two values. Therefore other spectro- 
scopic methods need to be developed to elucidate the nature of 
the H2 motion. 

I will now illustrate examples of complexes in the fast-spin- 
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Fig. 6. Dihydride and dihydrogen tautomers of 
[Ru(H,)(C,Me,)(dppm)]BF, in equilibrium. 

ning and slow-motion regimes. The single crystal neutron 
diffraction structure of trans-[Fe(H,)H(dppe),]BPh, was 
reported in 1989 (22). The H-H distance was 0.82(1) A. 
Later it was discovered that the librational motion of the Hz 
ligand even at 15 K in the solid state results in an underestima- 
tion of the H-H distance. This was traced to the crystallo- 
graphic computer program fitting an ellipsoid to nuclear 
density smeared out, because of the librational motion, into the 
shape of a banana. If a "banana correction" is applied the H- 
H distance lengthens to about 0.85 A. This value is then in bet- 
ter agreement with the distance of 0.90(1) A determined by 
Zilm's group (13) using solid state NMR methods. In solution 
the large J(H,D) value of 32 Hz in trans-[Fe(HD)(D)- 
(dppe),]BF, in acetone-d6 is consistent with a short H-H dis- 
tance. When the observed T,""" value of 0.017 s at 400 MHz is 
substituted, only eq. [4] for fast spinning gives a distance of 
0.88 A, which agrees with the neutron and solid state NMR 
studies. 

The complex [Ru(H,)(C,Me,)(dppm)]BF, has an elongated 
H, ligand with a high barrier to spinning (23). The neutron 
structure shows that the dihydrogen ligand has an unusual 
elongation with a d(HH) of 1.10(1) A. The H-H vector lies 
parallel to the C,Me, ligand. In this orientation the H, ligand 
benefits from overlap of its a *  orbital with the filled dn-bond- 
ing orbital of Ru(I1) in the three-legged piano stool. Since 
there is no similar concentration of n-bonding electrons if the 
H, rotates 90°, a barrier results. In this respect the Hz ligand is 
acting as a compass needle (24) to indicate the orientation of 
n electron density. 

The J(H,D) value of 21 Hz for [Ru(HD)(C5Me5)- 
(dppm)]BF, also indicates the presence of an elongated Hz 
ligand with d(HH) = 1.05 A (see eq. [2]). Of the two possible 
distances (1.10 and 0.90 A, for slow and fast spinning, respec- 
tively) calculated from the T,""" value (18 ms at 400 MHz), the 
longer distance is the logical one. In fact it was chosen 2 years 
before (25) the neutron structure was reported (23). 

This system provides an interesting example of homolytic 
H, splitting. A dihydride tautomer and dihydrogen tautomer 
are in equilibrium (Fig. 6). Such tautomers become important 
when comparing the kinetics of proton transfer (see below). 

The heterolytic splitting of dihydrogen 

The existence of dihydrogen complexes allows a systematic 
study of the factors that determine the kinetics and thermody- 
namics of proton transfer in hydrogenation reactions. 

As indicated earlier, acidic dihydrogen complexes have 
positive electrochemical potentials arising from combinations 
of electron-withdrawing ligands and a positive charge. Very 
acidic but stable dihydrogen complexes have E,,,(MN,) near 

to 2 V vs. NHE. However, such positive Ell, values mean that 
there is little dn+u* back-bonding to the Hz ligand and there- 
fore a strong H-H bond. This can lead to a complex that is 
not as acidic as might be expected on the basis of E,,, values . - 

alone (see below). 
A better knowledge of the heterolytic splitting of Hz will 

serve us in many ways. There are industrial processes that rely 
on this reaction, including the recovery of nickel from nickel 
ores and the formation of methanol from synthesis gas. 
Nature's hydrogenase enzymes allow bacteria to utilize 
hydrogen as their fuel source. 'The action of this enzyme relies 
on a complex of nickel and probably iron and could involve 
the deprotonation of a dihydrogen complex at nickel (26) or 
iron. Understanding the heterolytic splitting of the H-H bond 
helm to unravel the factors involvkd in the more com~lex 
electrophilic cleavage of carbon-hydrogen bonds, a very 
promising way to functionalize methane gas (27, 28). 

To my knowledge I am the "third generation" of chemists 
working in this area in Canada. The first was Jack Halpern 
when he was at the University of British Columbia. The sec- 
ond is Brian James, my Ph.D supervisor, also at U.B.C. 

Kinetic and thermodynamic aspects of 
the acidity of dihydrogen complexes 

An important kinetic feature of this chemistry is that a dihy- 
drogen complex transfers a proton to a base more rapidly than 
a related dihydride complex. This is demonstrated by cooling 
an interconverting mixture of dihydrogen and dihydride forms 
of [Ru(C,H,)H,(dppe)]+ in CD,Cl, until the rate of exchange 
is nil (at approx. 240 K). When a strong base, NaOEt, is added 
to this mixture, only the dihydrogen tautomer is deprotonated 
(eq. [51) (25). 

+ [Ru(C,H,)(H),(dppe)]BF, + NaOEt + 

+ [Ru(C,H,)(H),(dppe)]BF, + HOEt + NaBF, 

There is a small kinetic barrier to deprotonation of the -q2-~ ,  
tautomer because there is little rearrangement of the complex 
on going to the monohydride product Ru(C,H,)(H)(dppe); 
both complexes are formally six-coordinate Ru(II), of the 
class RuX,L, (29). There is a larger barrier to rearrange the 
dihydride tautomer, formally a seven-coordinate Ru(1V) com- 
plex (RuX,L3), into the monohydride RuX,L, product. 

Heinekey's group and my own have attempted to estimate 
the pKa values of dihydrogen complexes in order to gain a 
semi-quantitative understanding of the heterolytic splitting 
reaction. In this lecture I will illustrate this approach 
by a study of the acidity of the complexes trans- 
[ ~ s ( ~ , ) ~ ( d p p e ) , ] ~ + ,  where the pK, varies dramatically as 
a function of the trans ligand, L = C1- (2) and H- (1) (17). 
These acidic dihydrogen complexes are titrated with bases 
PMe,Ph and Ru(C5Me5)(H)(PPh3),, respectively. The pKa 
of the conjugate acid forms on the extrapolated aqueous 
scale are known: 6.5 for HPMe,Ph+ and 11.1 for 
[Ru(C5Me5)(H),(PPh3),]+. These are chosen because they do 
not displace the H, ligand and their relative concentrations are 
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readily determined by NMR spectroscopy. Bulky phosphines 
are particularly useful in the titration of dihydrogen complex 
acids (eq. [6]): 

The equilibrium constant for eq. [6] can be obtained by use of 
I H  and 3 1 ~  NMR spectroscopy. The pKa of 2 with dihydrogen 
trans to chloride is determined to be 7.4. 

There is a large increase in pK, when H2 is trans to hydride 
in 1 compared to when it is trans to chloride in 2. Even the 
most basic phosphine PrBu3 is not sufficiently basic to depro- 
tonate 1.7 Therefore the complex Ru(C5Me5)(H)(PPh3), was 
used as the base (eq. [7]). 

cis and trans-Os(H),(dppe), + [Ru(C,Me,)(H),(PPh,),]+ 

The pKa of 1 is thus determined to be approximately 13.6. 
An important factor that makes 1 much less acidic than 2 is 

the stronger H-H bonding in the former complex. We have 
evidence that the H-H distance is significantly shorter in 1 in 
solution. The H-D coupling constant of [Os(HD)(D)(dppe),IC 
(1-d,) is 25.5 Hz and b use of eq. [2] this corresponds to an 
H-H distance of 1 .OO 1. This is in agreement with the 1 .OO A 
distance from the TI method by use of eq. [4] for a fast-spin- 
ning H, ligand. It is also consistent with the distance in the 
solid state as measured by neutron diffraction (1.00 A) when 
this distance has been corrected for librational motion. The 
J(H,D) value of 2-dl is 13.9 Hz, which corresponds to a d(HH) 
in solution of 1.20 A. This almost coincides with the H-H 
distance of 1.22(3) A determined by neutron diffraction. The 
Tl(min) value gives a distance of 1.35 or 1.08 A when eqs. [3] 
and [4] are applied, respectively. Since the other methods give 
d(HH) values between these limiting values, this suggests that 
the H2 ligand has a motional frequency near to 400 MHz. In 
this case there is independent evidence that the frequency of 
the motion of the H2 ligand is similar to that of the tumbling of 
the molecule from plots of In TI versus 1IT. These curves do 
not have the usual "V" shape and so eqs. [3] or [4] do not 
apply. A spectral density function needs to be determined to 
describe the as yet undefined motion of the H2 ligand in the 
molecule so that the H-H distance can be calculated from the 
T, data. In summary, the best estimates of the H-H distances 
for 1 and 2 are 1.00 and 1.20 A, respectively. The shorter 
H-H distance for 1 results in a less acidic complex. 

Very acidic, stable dihydrogen complex 

When L is changed to CH3CN in trans-[~s(~,)(~)(d~~e),]~~ 
then a very acidic complex trans-[0~(H~)(CH,CN)(dppe)~l- 
(BF4),, 5, is obtained (30). The complex was found by low- 
temperature X-ray diffraction to have an H-H distance of 
0.9(1) A. When the isolated dihydrogen complex is dissolved 
in dry CH2C12 and treated with dry diethyl ether, it is partially 
converted into the monohydride complex trans-[Os(H)- 
(CH3CN)(dppe),](BF4) according to eq. [8]. 

Table 1. The properties of three osmium dihydrogen complex 
with H-H distances increasing from 1 to 5 to 2. 

Complex 1 5 2 

Ligand H- CH,CN C 1- 
J(H,D), Hz 25.5 21.4 13.9 
d(HH), .A 1 .o 1.1 1.2 
PK, 13.6 -2 7.4 
E,,, V, vs. Fc'lFc -0.20 +0.58 -0.13 
AHBDE{M(H2)), kcal mol-' 80 77 73 

Complex 5 is completely deprotonated by water. Therefore 
the pK, of 5 is near to that of protonated ether, which has been 
estimated to be -2.3 on the aqueous scale. 

To determine whether the acidity of dihydrogen complexes 
depends on the H-H bond length it is necessary to estimate 
the latter for the complexes in solution. As described above, 
the coupling constant J(H,D) is the best indicator. The H-H 
distances increase with L in t r a n s - [ ~ s ( ~ , ) ~ ( d ~ ~ e ) , ] ~ ~  as: H- < 
CH,CN < C1- (Table 1). 

The H-atom abstraction energy, 
AH,,,{M(H,)) as an indicator of H-H 
bonding 

Tilset and Parker have described how metal-hydride bond dis- 
sociation energies, AHBDE(MH), of complexes MHL, can be 
determined by measuring the pK, of the hydride complex, 
pKa(MHL5) and the electrochemical potential of the conjugate 
base hydride, EI,2(ML,IML5-) (31, 32). We made use of an 
identical thermochemical cycle to determine the bond dissoci- 
ation energies (BDE) for dihydrogen complexes, MH2L5 (eqs. 
191-[ 131) (1 1,33). 

[lo] [MHL,]- + MHL, + e-, AG = 23.1EI,,(MH/MH-) 

[ l l ]  H + +  e- + H', AG = constant 

+ constant 

Thus the free energies of deprotonation of the dihydrogen 
complex (eq. [9]), the oxidation of the deprotonated complex 
(eq. lo), and the reduction of the proton (eq. [ l  I]) combine to 
produce the free energy of the H-atom abstraction reaction 
(eq. [12]). The constant in the corresponding enthalpy expres- 
sion, AHBDE{M(H2)}, has been determined from the 
AHBDE{MH} of known metal hydrides to be 66 as in eq. [13]. 

[13] AH,,,{M(H,)] = 1.37 pK,{M(H,)) + 23.1 E,,(MWMH-) + 66 

kcaVmol (pseudo aqueous) V vs. C ~ , F ~ + ~ O  in THF ' HP'Bu~' has a pK, of 12.1. 
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Morris 

The calculation of AHBDE(M(H2)) values that are larger than 
those expected for metal hydride bonds (55-75 kcal mol-') 
should signal the presence of H-H bonding since not only do 
M-H but also H-H bonds have to be broken when the H 
atom is abstracted from the dihydrogen complex (1 1). 

The values required to calculate this energy for the 
complexes trans-[~s(~,)~(d~~e),]~+ are listed in Table 1. 
The electrochemical potentials of the complexes trans- 
[OsH(L)(dppe),]+ increase with L in the order H- < C1- < 
CH3CN. The AH,,, values decrease as d(HH) increases. The 
AHBDE values for 1 and 5 are large enough to suggest the pres- 
ence of H-H bonding while that for 2 is of the magnitude typ- 
ical of an osmium hydride BDE. Therefore there appears to be 
little H-H bonding in 2, which has a stretched H-H distance 
of 1.2 A. This work and the work on the corresponding ruthe- 
nium complexes (12) is the first to illustrate the importance of 
the trans ligand on the acidity of a dihydrogen complex. The 
general conclusion from this work is that there is little H-H 
bonding in dihydrogen complexes that have d(HH) 2 1.1 A. 

The effect on the acidity of changing the cis ligand 
from dppe in 5 to en in t r a n s - [ ~ s ( ~ ~ ) ( ~ ~ ~ ~ ~ ) ( e n ) ~ ] ~ + ,  6, 
en = NH2CH,CH2NH2 (18), can be predicted by use of 
eq. [13] and Lever's additive electrochemical method (34). 
The d(HH) in 6 is calculated by use of eq. [2] and J(H,D) of 
17.7 Hz to be 1.2 A. The E , ,  value for the conjugate base 
hydride form of 6 can be predicted to be -0.8 5 0.2 V vs. 
Fc+/Fc. Therefore the pK, of 6 is estimated to be 17 5 3. 
Thus a dramatic decrease in acidity is predicted with the 
replacement of two dppe ligands with two electron-donating 
en ligands. 

/ Intermediate structures in proton 
transfer from dihydrogen complexes 

Figure 7 is arranged to show three structures that appear to 
trace out the trajectory of proton transfer from the dihydrogen 
ligand to a base. The top two structures show the positions of 
the anions in the solid state structures of 2 and 5. These have a 
fluoride of the anion in proximity to the H2 ligand, with the 
more acidic complex, 5, having the shorter d(HF) of 2.5 A. 
The anion is poised, as a stronger base might be, to receive a 
proton from the dihydrogen ligand in the heterolytic splitting 
reaction. The complex 1, with a less acidic H2 ligand, does not 
have a close H2-F interaction. 

The third structure of Fig. 7 can be viewed as being pro- 
duced by transfer of a proton from an unstable iridium dihy- 
drogen complex to the nitrogen of a coordinated 
mercaptopyridine ligand (35). The novel feature of this struc- 
ture is that the proton and hydride remain in close proximity 
(d(HH) 1.75 A), even in solution. 

The complex [1r(H...HNC5H4S),(PCy3),]BF ,, 7, is pre- 
pared by reacting Ir(H)5(PCy3)2 with [HNC,H,SH]BF, in 
CH2C12 (35). In a 'H NMR experiment, irradiation of the 
hydnde resonance of 7 in CD2C12 produces a large nuclear 
Overhauser enhancement of 11 % in the NH signal. Therefore 
the proton on nitrogen and the hydride on iridium are in close 
proximity (Fig. 8). A distance of 1.75 5 0.05 A is calculated 
by use of eq. [3] and the minimum TI  value of the hydrogens 
on N and Ir. 

When complex 7 in CD2C12 is treated with D2 gas at 1 atm, 
both the NH and IrH positions are rapidly deuterated (eq. [14]). 

Fig. 7. Structures that appear to trace out the trajectory of 
heterolytic splitting of dihydrogen. 

We propose that this reaction proceeds via the formation of an 
unobserved tautomeric complex containing a dihydrogen 
ligand. Such a complex might readily exchange H2 with D2. 
Heterolytic splitting of the D2 complex produces the deuter- 
ated product (Scheme 3). 

It appears that the proton-hydride interaction is crucial for 
fast H2/D2 exchange. When complex 7 is dissolved in THF-d, 
under D2 gas, no exchange is observed under the conditions 
where exchange is complete with 7 in CD2C12. Since THF is a 
better hydrogen-bond acceptor than the iridium hydride, the 
complex adopts a new conformation where the pyridinium 
groups have rotated in order to hydrogen bond to the THF 
( ~ i ~ . .  8). Now when the hydride resonances are irradiated, 
there is no nuclear Overhauser enhancement of the NH reso- 
nances and instead there is a weak enhancement of the peaks 
of the C-H groups ortho to the sulfur in the mercaptopyridin- 
ium ligands. 

Both Crabtree's group'(36) and our group discovered, inde- 
pendently, this type of proton-hydride interaction. It is turning 
out to be a common phenomenon in chemistry. We recently 
described the synthesis of iridium complexes with short pro- 
ton.. .hydride-. .proton contacts. The search is now on for 
exampies of short intermolecular proton...hydride interac- 
tions. 

Conclusions 

In the homolytic splitting of dihydrogen, there is a continuum 
of structures possible, with H-H distances ranging from 0.8 
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Fig. 8. Structure of 7 in CD,C12 and THF. 

7 in CH2C12 7 in THF 
nOe(H,.H) 1 1 % nOe(H-H) 0% 
d(H-H) 1.75 A 
Exchange with D2 No exchange with Dp 

Scheme 3. A mechanism to exp'kain H,/D, exchange in complex 7. 

A (dihydrogen complexes) to 1.1 A (elongated dihydrogen 
complexes) to 1.3 A (compressed dihydrides) to > 1.6 A (dihy- 
drides). The energy of the d electrons is an important factor in 
determining the degree of activation of the H-H bond. The 
energy barrier to homolytic splitting can be high or low or the 
splitting can be arrested at structures M(H...H) anywhere 
between those of dihydrogen and dihydride complexes. The 
coupling constant J(H,D) and eq. [2] appear to be the best way 
of determining H-H distances in solution. The T, method 
should in principle give accurate H-H distances but the anal- 
ysis is complicated by the undefined motion of the H, ligand. 
In certain cases the H, ligand has been shown to be spinning 
rapidly like a propeller so that eq. [4] with  fast f fast spinning) 
is appropriate for calculating d(HH), while in other cases the 
motion of the ligand is slow relative to the tumbling of the 
molecule. Other methods are needed to probe the motion of the 
H, ligand in solution. 

For the heterolytic splitting of dihydrogen, a wide range of 
pK,(M(H,)) values is possible: from. -2 to greater than 17. 
The trans ligand has a large effect on the acidity of the H, 
ligand. Stable but very acidic complexes can be prepared and 
these will be tested as catalysts for new reactions. Hydrogen- 
atom abstraction enthalpies, AHBDE(M(H2)), which are calcu- 
lated from El,, and pK,, reflect the amount of H-H bonding 
in dihydrogen complexes. Energies greater than or equal to 80 
kcal mol-I, which are observed for dihydrogen complexes 

with d(HH)<l .1 A, suggest the presence of significant H-H 
bonding while values of less than 75 kcal mol-I, which are 
observed for complexes with d(HH) greater than 1.1 A, are 
more consistent with M-H bonding alone in a "compressed 
dihydride." If AHBDE values can be predicted, then the acidity 
of dihydrogen complexes can be predicted by use of Lever's 
parameters. 

New principles have been uncovered in the kinetics and 
mechanisms of proton transfer. Dihydrogen complexes have 
higher kinetic acidity than dihydrides. Stages of proton trans- 
fer from dihydrogen to a base are modeled in crystal struc- 
tures. The proton transfer can be arrested in new IrH.. .HN 
interactions. 

It is amazing how such simple complexes can have such a 
rich chemistry. There is the promise of more to come. 
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1996 Noranda Award Lecture 
Thermal properties of solids: ~ t u d e  in 
three-part anharmonyl 

Mary Anne White 

Abstract: The harmonic oscillator is a useful starting point for understanding many intermolecular interactions, and i t  
successfully predicts many properties. However, anharmonic terms in the interaction potential are responsible for several 
observed phenomena. This review summarizes our recent experimental investigations of three thermal properties of molecular 
solids that result from anharrnonic intermolecular interactions, viz. thermal expansion, Griineisen parameters, and thermal 
conductivity. 

Key words: anharmonicity, thermal expansion, Gruneisen parameter, thermal conductivity. 

RCsumC : L'oscillateur harmonique est un point de depart utile pour la comprehension de plusieurs interactions molCculaires et 
elle permet de prCdire avec succks plusieurs propriCtCs. Toutefois les termes anharmoniques dans le potentiel d'interaction sont 
responsables de plusieurs phCnom6nes observCs. Cette revue rCsume nos rCcentes recherches expCrimentales sur les trois 
propriCtCs des solides molCculaires qui rtsultent des interactions molCculaires anharmoniques 2 savoir I'expansion thermique, 
les parambtres de Gruneisen et la conductivitC thermique. 

Mots clis : anharmonicitC, expansion thermique, parambtre de Gruneisen, conductivitC thermique. 

[Traduit par la rCdaction] 

Introduction 

Advancing understanding of forces is one of the common 
themes binding physical scientists. In principle, if we knew all 
intermolecular forces exactly, including their orientational 
dependence and how to handle many-body interactions, we 
could calculate virtually all properties of matter. However, we 
do not know all intermolecular potentials and, even for simple 
cases like the rare gases, mathematically exact potentials may 
not be achievable. 

All is not lost, however, as we can understand many physi- 
cal properties with very simple potentials. For example, even a 
square-well potential explains condensation of gases. How- 
ever, a square-well has no sensitivity to intermolecular dis- 
tance at the bottom of the well, and there are much better 
simple potentials. 

One example is the Lennard-Jones "6-12" potential, 
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where the intermolecular potential, +, is expressed in terms of 
the intermolecular separation, r. A Lennard-Jones potential can 
satisfactorily fit experimental observables such as sublimation 
energy, and it has the further advantage of being differentiable. 

As useful as the Lennard-Jones potential is, many proper- 
ties of matter can be considered using an even simpler poten- 
tial, that of a harmonic oscillator as shown in Fig. 1 for Ar-Ar 
interactions, in comparison with a more accurate Ar-Ar 
potential derived from properties of solid and gaseous argon 
(I). The harmonic potential stems from Hooke's law consid- 
erations of intermolecular forces, viz. 

[2] F(r') = - kr' 

where F(r') is the restoring force and r' is the deviation from 
equilibrium intermolecular separation. As can be seen in Fig. 
1, the harmonic potential is a good approximation near the 
minimum in the potential. Since atoms (and molecules) in sol- 
ids far below their melting points are quite close to their lattice 
sites, i.e., near their minimum-energy positions, the harmonic 
approximation can be very useful in the solid state. For 
example, many of the features of lattice dynamics, including 
temperature dependence of heat capacity, can be well approx- 
imated starting from the harmonic potential. 

Despite the great utility of the harmonic oscillator, many 
important properties arise from anharmonicity. Even rare gas 
solids are highly anharmonic, due to the presence of hard 
short-range interactions, as shown in Fig. 1. 

Can. J. Chem. 74: 1916-1921 (1996). Printed in Canada I Imprim6 au Canada 
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Fig. 1. Intermolecular potentials and thermal expansion for Ar. 
The solid line represents the Barker-Fisher-Watts potential for 
Ar-Ar interactions, using parameters from fits to solid and 
gaseous properties (I) ,  and the broken line is a harmonic potential 
fit to the bottom of the Barker-Fisher-Watts well. (0) The 
average intermolecular separation for the harmonic potential, 
where different positions correspond to different thermal energies 
for the system. (8) The average intermolecular separation for the 
anharmonic Barker-Fisher-Watts potential, showing thermal 
expansion. 

One of several observable consequences of anharmonicity 
is thermal expansion. As shown schematically in Fig. 1, a har- 
monic solid maintains the same lattice spacing as the temper- 
ature is increased, whereas an anharmonic solid generally 
shows an increase in lattice spacing with increasing tempera- 
ture. Thermal expansion, 9 is defined as 

where j is a dimension in a given direction, a lattice parameter, 
or the volume, and deviation of cij from the harmonic value of 
zero can be a direct measure of anharmonicity in the interac- 
tion potential. 

Phonon-phonon interactions also result from anharmonic- 
ity. As a phonon of wave vector q moves through a lattice, 
some atoms are closer to each other than at their equilibrium 
distance while others are farther apart. If another phonon of 
wave vector q tries to pass through this part of the lattice, it 
will experience different elasticity and concomitant variation 
in the refractive index in the compressed region due to anhar- 
monic terms in the intermolecular potential; the phonon q can 
be reflected from this, as if from a diffraction grating. If the 
wave vector is conserved, the reflected phonon has wave vec- 
tor q": 

and this is referred to as an N-process (N stands for "Normal"). 
If q and q' are so large that the resultant wave vector q" would 
lie outside the first Brillouin zone, then 

where G is a reciprocal lattice vector and this is called a U-pro- 
cess (U stands for Umklapp, indicating that the phonons turn 
back in this process (3)), which can lead to thermal resistance. 

Phonon-phonon interactions lead to several important conse- 
quences: phonons have finite lifetimes; phonon energies are 
not sharply defined; phonon energies can be altered. Further- 
more, the phonon-phonon collision probability depends on 
the number of phonons so the lifetimes of phonons will 
depend on the temperature. An observable consequence is that 
thermal conductivity, K ,  of a real solid is finite (K = - for a 
harmonic solid) and temperature dependent. Furthermore, 
phonon-phonon interactions destroy the harmonic solid's 
dynamical independence of different lattice modes, and this 
could further affect thermal conductivity. 

A useful parameter to consider when discussing anharmo- 
nicity is the Griineisen (4) "constant," y, which can be defined 
for mode j in terms of the frequency wj and the volume, V: 

For a harmonic solid w i  is independent of volume and there- 
fore y = 0; thus deviations of y from zero can indicate anhar- 
monic interactions. 

Further manifestations of anharmonicity are that elastic con- 
stants of real solids depend on temperature and pressure (i.e., 
adiabatic and isothermal elastic constants are not the same); the 
heat capacity of a real solid rises above the Dulong-Petit value 
at high temperatures (5); spin-lattice interactions in a solid 
depend on anharmonicity (6). A recent review (7) shows the 
importance of anharmonicity in atomic displacement parame- 
ters (Debye-Waller factors) determined by X-ray diffraction. 

Complete understanding of anharmonicity is not sufficient 
to understand all properties of solids; for example, anharmo- 
nicity alone is insufficient to explain behaviour near a displa- 
cive phase transition. Nevertheless, quantification of 
anharmonicity can lead to better understanding of many prop- 
erties of materials, particularly with respect to interactions 
between phonons. It has been pointed out that molecular 
dynamics is superior to analytical methods that treat anharmo- 
nicity as a perturbation (8). Other methods also can be used: 
for example, a density functional approach has recently been 
used to study phononic properties of monatomic solids near 
the melting point (9). 

Several aspects of anharmonicity have been summarized 
already (lo), and the purpose of the present report is to review 
our experimental studies of properties associated with anhar- 
monic effects in molecular solids. 

Although the majority of the more than 14 000 000 chemi- 
cal substances catalogued to date by Chemical Abstracts con- 
tain molecular units, our understanding of structural and 
dynamical properties of molecular solids is less complete than 
that of simpler atomic and metallic materials. The major dif- 
ference between atomic and molecular solids lies in the 
degrees of freedom. Whereas atomic systems have only trans- 
lational or lattice vibrational degrees of freedom, molecular 
systems also can have orientational and internal degrees of 
freedom. The former can in certain circumstances lead to ori- 
entationally disordered phases, and the latter can be associated 
with optical phonons that can play an important role in several 
physical properties. One of the purposes of our research has 
been to study the interplay between physical properties, espe- 
cially those associated with thermally activated processes, and 
intermolecular potentials. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Can. J. Chem. Vol. 74, 1996 

Experimental methods 

In the work to be described, several physical properties have 
been determined experimentally. Thermal expansion, a, was 
determined from variable-temperature X-ray or neutron 
powder diffraction with Rietveld fitting procedures (1 1,12). 
Thermal conductivity, K, was determined by steady-state 
determinations of the temperature gradient (dTldr) of single 
crystals of cross-sectional area A with a quantified heat flux 
(q), according to the definition of K: 

Although the Griineisen parameter, y, can be determined 
through eq. [6], it was calculated here from the thermody- 
namic definition, which for the volume Griineisen parameter is 

where a, is thermal expansion, V, is the molar volume, xT is 
the isothermal compressibility (= - V-' (aV/aP)T), and C, is 
the molar heat capacity at constant volume. An expression 
analogous to eq. [8] gives yi, where j is one of the unit cell 
directions. 

Inclusion compounds 

Inclusion compounds are materials that are composed of more 
than one chemical component, with one species forming a host 
lattice in which one or more other species can reside as guests. 
For the situation of guest species trapped in the host lattice, 
Powell (14) coined the term clathrate. Examples include clath- 
rate hydrates (H,O as the host lattice; see ref. 15 for a review 
of structures) and several hydrogen-bonded organics. Through 
slight changes in the structure of the host and (or) guest spe- 
cies, inclusion compounds offer an opportunity to examine the 
role of guest-host interactions in determining properties asso- 
ciated with anharmonicity, such as thermal conductivity, ther- 
mal expansion, and the Griineisen parameter. 

A mystery concerning the thermal conductivity of a clath- 
rate hydrate became apparent in 1981 (16): the thermal con- 
ductivity of tetrahydrofuran clathrate hydrate was found to be 
considerably less than that of ice, but even more puzzling was 
the temperature dependence, d d d T  > 0 for 100 K < T < 250 K. 
For a simple crystalline solid this temperature range should 
correspond to phonon-phonon interactions determining the 
mean phonon free path A (i.e,, phonon-phonon collisions limit 
the phonon lifetimes and the thermal conductivity), and ther- 
mal-activation of uhonons would be exuected to lead to lower 
thermal conductivity at higher temperatures, i.e., d d d T  < 0. 
Our measurement of the thermal conductivity of tetrahydrofu- 
ran (THF) clathrate hydrate down to 15 K showed (13) contin- 
uous decrease in thermal conductivity with decrease in 
temperature, more like what is observed in aperiodic systems 
such as glasses (17) than what had been the observed behav- 
iour for crystalline solids. The low thermal conductivity of 
THF clathrate hydrate is consistent with Tse's observations 
(18) of increased thermal expansion and low-temperature 

Griineisen parameter for THF clathrate hydrate relative to ice 
Ih, both indications of enhanced anharmonicity in the crystal 
potential. Our understanding of the temperature dependence 
of the thermal conductivity of clathrate hydrates is that the 
heat-carrying acoustic phonons have their mean free paths 
shortened by motions of the guest species (19). The cages 
within a clathrate hydrate are rather isotropic, such that even 
polar guests such as THF do not succumb to positional order- 
ing forces except at low temperatures, as shown by dielectric 
measurements (20) and analysis of the heat capacity of the 
guests (21). On the basis of a resonance interaction between 
the acoustic phonons of the host lattice and the optic modes 
associated with the guest molecules, we have successfully fit 
the temperature dependence of the thermal conductivity of 
THF clathrate hydrate (1 9). 

An ideal test of this model would be to remove the guest 
species from the clathrate hydrate and determine the thermal 
conductivity of the "empty" clathrate. However, although 
there are many different phases of "ice" under different condi- 
tions, the clathrand (empty clathrate) is not a stable structure. 
There are only a few inclusion compounds that are known to 
exist in the same structure both with and without guests. One 
of these, Dianin's compound (4-(3,4-dihydro-2,2,4-trimethyl- 
2H-1-benzopyran-4-yl)phenol, I), met both this criterion and 

our additional requirement, viz. it is possible to grow rather 
large (mm dimensions in every direction) crystals both with 
and without guests. A further advantage of Dianin's host lat- 
tice became known as we studied various structural and 
dynamic properties: Dianin's compound can include either 
mobile guests (ethanol molecules reside two per cage and 
explore the cages of the host with liquidlike degrees of free- 
dom as evidenced by heat capacity analysis (22) and solid state 
NMR (23)) or guests that are more rigidly trapped (one carbon 
tetrachloride molecule can be included per cage, and appar- 
ently the fit is rather tight so the CC1, molecule just librates at 
an average frequency of about 35 cm-' (24)). Many of the 
results of our structural, thermal, and dynamical investigations 
of Dianin's compound and its clathrates have been summa- 
rized previously (25). In light of the present emphasis, we 
draw attention to the slight increase in thermal expansion with 
mobile ethanol guests, relative to the clathrand and the clath- 
rate with the less mobile CCI, molecules as guests (see Fig. 2) 
(24, 26). However, the effect of the guest on the volume 
Griineisen parameter is that y, is enhanced almost equally for 
ethanol and CCl, guests (27); see Fig. 3. (Of course a and y 
are both anisotropic, and we have studied their directional 
dependences (24, 26, 27) but it does not resolve this apparent 
contradiction.) 

Most striking is the effect of the guest on thermal conduc- 
tivity: there is more thermal resistance (lower K) when the 
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Fig. 2. The temperature dependence of the volume thermal 
expansion, a ,  for: (.......) Dianin's compound; (- - - -) CCI, 
clathrate of Dianin's compound; ( ) ethanol clathrate of 
Dianln's compound. The curves were derived from fits to the 
volume as a function of temperature (from refs. 24 and 26). 
giving an uncertainty in a,of ?3 x K-'. 

Fig. 3. The temperature dependence of the volume Griineisen 
parameter, y,, for: (.......) D~anin's compound; (- - - -) CCI, 
clathrate of Dianin's compound; ( ) ethanol clathrate of 
Dianin's compound. Reproduced from ref. 27 with permission of 
Institute of Physics Publishing. 

Fig. 4. The temperature dependence of the thermal conduct~vity, 
K, for: (0) Dianin's compound; (A) CCI, clathrate of Dianin's 
compound; (0) ethanol clathrate of Dianin's compound, with data 
from refs. 28 and 29; uncertainty in K 1s ? 10%. 

TI  K 
more mobile ethanol guests are present, but the presence of 
CCl, guests leaves K virtually the same as for the clathrand 
(28,29); see Fig. 4. We have interpreted this in terms of short- 
ened lifetimes for the acoustic phonons when a mobile guest is 
present in the clathrate, i.e., showing that guest mobility 

enhances the anharmonic interactions in the system (29). Per- 
haps even more surprising is our finding that the thermal con- 
ductivity of the clathrand is low, with a positive temperature 
coefficient. Given the flexibility of the Dianin molecule, 1, we 
interpret this as the effect of the parent molecule's optic 
phonons in attenuating the transmission of heat-carrying 
acoustic phonons (28). 

We have recently extended our investigations to the more 
symmetrical host molecule, hexakis(phenylthio)benzene, 2 

(abbreviated HPTB) and its CBr, clathrate. In this case the 
host molecule and clathrate are not isomorphous (space 
groups Pi and R3, respectively (12)), so direct comparisons 
are more difficult. For example, the higher thermal expansion 
and Gruneisen parameter of HPTB relative to HPTB.2CBr4 
are not necessarily indicative of enhanced anharmonicity, as 
packing interactions will play an important role here (30). 
Nevertheless, our recent investigations of the thermal conduc- 
tivity of HPTB.2CBr4 show it to be similar to THF clathrate 
hydrate and Dianin's compound, viz. K small and ( d ~ / d T )  > o . ~  

To summarize our conclusions concerning properties of 
inclusion compounds: we find rather large values of thermal 
expansion (which is evidence of the softness of the potential at 
large intermolecular distances), Gruneisen parameters that are 
considerably greater than zero, and low thermal conductivities 
with positive temperature coefficients, all indications that the 
crystal potential in these systems is rather anharmonic. We 
interpret d ~ / d T >  0 as an indication of coupling between heat- 
carrying acoustic phonons and optic modes associated with 
the guests and (or) the host lattice. Although we do not know 
the physical origins of the coupling, if the lattice was perfectly 
harmonic such interactions could not take place. There is other 
evidence showing that this interaction can be "tuned" to some 
extent: in the urea-hexadecane inclusion compound, Ross has 
found ( d ~ / d T )  = 0 in the high-temperature phase in which the 
guests are more disordered, and ( d ~ / d T )  < 0 in the low-tem- 
perature (presumably ordered) phase (31). 

D. MichaIski and M.A. White. Unpublished work. 
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Fig. 5. The temperature dependence of the volume Gruneisen 
parameter, y ,  for CBr,. Reproduced with permission from ref. 
33. 

Single-component molecular systems 

Although inclusion compounds can be useful in the context of 
delineating intermolecular interactions, there are a great many 
single-component molecular systems that also have interesting 
properties. Brief mention is made here of two systems that we 
have investigated recently, CBr, and C,,. 

Solid state properties of tetrahedral molecules or molecular 
ions, especially methane and ammonium salts and their deuter- 
ated isotopomers, have been investigated extensively (32), 
largely because of the possibility of orientational disorder 
associated with only weak anisotropy in the intermolecular 
potential. CBr, is an interesting system to study because, 
unlike CH, and NH,', it can be treated classically. As part of 
our analysis of the thermal conductivity of the inclusion com- 
pound HPTB.2CBr4, we required data for the subambient heat 
capacity of CBr,. Finding none in the literature, we measured 
this; details are published elsewhere (33). With that data, we 
were able to determine the volume Gruneisen parameter, y,, 
for CBr,, as shown in Fig. 5. The important feature here is the 
increase in y, as T + 0, in contrast with what one might pre- 
dict (i.e., y, + 0 as T + 0 due to increased harmonicity). In 
solid carbon dioxide a similar low-temperature elevation of 
the Griineisen parameter has been associated with the presence 
of low-frequency librational modes (34), and our heat capacity 
analysis also shows the presence of low-frequency librational 
modes in CBr,, corresponding to an Einstein oscillator of char- 
acteristic temperature 5 6 0  K (33). 

For C,, we have a rather different situation with respect to 
lattice dynamics. Whereas the internal modes and external 
modes are close in frequency range in CBr,, the rather rigid 
C,, molecule leads to internal modes that are at much higher 
frequencies than the external (whole-molecule) modes. C6, 
has other interesting features, namely, a transition at about 260 
K from a high-temperature orientationally disordered phase to 
a low-temperature phase in which there is still appreciable 
dynamical orientational disorder; the kinetic barrier to orienta- 
tional order in this phase leads to a glassy phase transition (T, 
= 90 K), and concomitant anomalous behaviour in a number 
of physical properties, including thermal conductivity (35), 
heat capacity (36), and thermal expansion (37). Our recent 
determinations (38) of the Gruneisen parameters of C6, are 
shown in Fig. 6. This figure includes both y(overall), i.e., as 
determined from eq. [8] using the total heat capacity, and 
?(external), determined from eq. [8] using only the external 
mode contributions to the heat capacity. y(externa1) is small 

Fig. 6. The temperature dependence of: (a)  the overall Griineisen 
parameter, y(overal1) and (b) the external Griineisen parameter, 
y(externa1) for C6,,. Reprinted from ref. (38), Solid State 
Communications, 94, M.A. White, C. Meingast, W.I.F. David, and 
T. Matsuo, "Anharmonic Interactions in C6@ as Determined by the 
Gruneisen Parameter", 481-484, Copyright 1995, with kind 
permission from Elsevier Science Ltd, The Boulevard, Langford 
Lane, Kidlington OX5 IGB, U.K. 

for T > T,, reflecting the anomalously small thermal expansion 
in this temperature range due to the temperature dependence 
of the degree of orientational disorder. Below T , ?(overall) - 
y(externa1) = 3, showing C,, to be exceptional& anharmonic, 
especially given the low relative temperature (as low as 8 d 5 ,  
where 8,, is the Debye characteristic temperature). We 
attribute this to low compressibility of C,, due to its hard core, 
compared with, for example, a rare gas solid (38). Indeed, 
?(overall) for C6" is very similar to y, for graphite (39), which 
shows that low-temperature interactions in C6" are dominated 
by the (isotropic) intermolecular potential. Furthermore, 
intramolecular Griineisen parameters, determined by IR and 
Raman spectroscopy through the method of eq. [6], range 
from -0.04 to 0.09 (40, 41), showing that internal modes do 
not contribute significantly to anharmonicity in C6". 

Conclusions 

Our experimental investigations of thermal expansion, Gru- 
neisen parameters, and thermal conductivity show molecular 
solids to be rather anharmonic in their intermolecular poten- 
tials. This is especially the case when there are low-frequency 
modes, for example, associated with orientational disorder or 
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libration of molecular units. Of the properties investigated, the 
most important is thermal conductivity, especially as it 
changes greatly in both magnitude and temperature depen- 
dence from one material to another. On the basis of our exper- 
iments, we suspect that coupling between heat-carrying 
acoustic phonons and low-frequency optic phonons may be 
responsible for the low thermal conductivities and positive 
temperature coefficients observed in several molecular sys- 
tems. Anharmonicity likely plays a role in this coupling; direct 
investigations of phonon-phonon interactions in molecular 
systems would be very useful in delineating the mechanism. 
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A facile synthesis of metalla- 
octafluorocyclopentane complexes of 
ruthenium and nickel 

Waltraud Gasafi-Martin, Gabriele Oberendfellner, and Konrad von Werner 

Abstract: Reduction of the dihalogeno complexes RuCl,(PPh,), and NiBr,L, (L = tertiary phosphine) with sodium 
hydride in MeCN in the presence of tetrafluoroethylene gives complexes containing five-membered MC,F8 rings. 1,2- 
Dihydrotetrafluoroethane is a by-product of these syntheses, especially when hydrogen is added. The M--C bonds of the 
metalla-perfluorocyclopentane complexes are remarkably stable against hydrogenolysis. 

Key words: metalla-octafluorocyclopentanes of ruthenium(I1) and nickel(I1). 

Resume : La rkduction des complexes dihalogtnCs RuCl,(PPh,), et NiBr,L, (L = phosphine tertiaire) avec de l'hydrure de 
sodium dans MeCN, en prCsence de tCtrafluoroCthhne, conduit 3 des complexes contenant des cycles MC4F8 ti cinq chainons. Le 
1,1,2,2-tCtrafluoroCthane est un sous-produit de ces synthkses, particulihrement lorsqu'on ajoute de l'hydrogkne. Les liaisons 
M-C des complexes du mCtalla-perfluorocyclopentane sont particulihrement stables vis-3-vis de l'hydrogknolyse. 

Mots cle's : mCtalla-octafluorocyclopentanes du ruthtnium(I1) et du nickel(I1). 

[Traduit par la redaction] 

Metal(0) complexes of group VIII metals are known to react 
with tetrafluoroethylene (TFE) to give a variety of different 
products by means of oxidative additions to the metal center. 
Typical reactions and products are listed below: 

(i) Formation of a side-on bonded complex: (Ph,P), Pt(r(,- 
c2F4) 

(ii) Insertion of TFE into a metal-metal bond: (OC), Co- 
CF2CF2-Co (CO), (2). 

(iii) Bridging of two metal centers by two molecules of TFE: 

(iv) Coupling of two TFE units at the metal center, resulting 
in the formation of MC4F8 rings: Fe(C,F,)(CO,) (4), 
Ru(C4F8)(CO),(PPh3), (S), and Ni(C4F8)(1 .S-COD) (6). 

We have shown that sodium hydride in acetonitrile is a very 
efficient reagent for the reduction of dihalide complexes of 
group VIII metals, affording metal(O)+arbonylphosphine 
complexes of nickel, palladium, and ruthenium in high yield 
when the reaction is performed under CO (7). We now have 
extended the reduction with NaH to the preparation of metal- 
laoctafluorocyclopentane derivatives of nickel(I1) and ruthe- 
nium(I1) (see Table 1). Starting materials were RuCl,(PPh,), 

and NiBr,L, (L = tertiary phosphine or diphosphine) and tet- 
rafluoroethylene. In contrast, similar reactions of 
PdCl,(PPh,), or FeBr,(PPh,),, with two equivalents of PPh, 
added to the iron compound, did not result in the formation of 
MC4F8 complexes in the presence of TFE. The method also 
failed to work with the nickel complexes L,NiBr2 (L,: N,N'- 
chelating ligand). However, NiC4F8 (bipy) could be obtained 
from NiC,F8(PPh3), by means of ligand exchange in MeCN in 
good yield. 

We believe that the formation of the metallaoctafluorocy- 
clopentane complexes occurs through the following reaction 
sequence: (a) displacement of halide ions by hydride to give 
dihydridocomplexes, (6) reductive elimination of hydrogen 
resulting in the formation of metal(0) complexes, (c)  sequen- 
tial coupling of two molecules of TFE at the metal(0)center. 

It is interesting to note that all of the crude reaction mixtures 
obtained from the NaH reactions contained some 1,2-dihy- 
drotetrafluoroethane, the hydrogenation product of TFE. A 
further point of interest concerns the fact that (Ph,P),NiC4F8 is 
formed even in the presence of carbon dioxide, acetaldehyde, 
or hydrogen. When the reaction was run under simultaneous 
application of TFE and hydrogen (10 bar each; 1 bar = 100 
Wa), the yield of the complex rose to 30%. 

The observation that 1,2-dihydrotetrafluoroethane is 
always found can be explained by assuming the following 
reaction sequence: 
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Table 1. Metalla-octafluorocyclopentane complexes of ruthenium(I1) and nickel(I1). 
- - 

/ C F 2 \ ~ ~ ,  Reaction conditions "F N M R  
LnM I - Yield 
\ 7 2  T(OC) 0 )  (%I Colour a-CF, P-CF2 Solvent 

CF, 

1 Ru(C4F,)(PPh,)4 30 12 33 Pale yellow -47.6 -60.5 CD,CN 
L,Ni(C,F,) 36.7 Hz, 'J(~F)tmils (m) 

17.2 Hz, 'J(PF)cis 
2 L = PPh, 40 12 20 Pale yellow -28.1 -6 1.4 CDCI, 

(broadened)" 
3 L2 = Ph2P(CH)2)2PPh2 50 10 30 Yellow -26.1 -60.4 CD,CN 

t, 28.1 Hz, 'J(PF) 
4 L, = Ph2P(CH,)3PPh? 50 7 35 Yellow -24.5 -60.4 CDCI, 

t, 29.5 Hz, 'J(PF) 
5 L2 = 2.2'-Bipyridine 20 1 75 Yellow -3 1.3 -6 1.6 Acetone-clh 

"At 282.4 MHz and 30°C. F (ppm), upfield from CF,CO,H (external reference); F CF,C02H = -77.5 ppm vs. CFCI,. 
bunresolved coupling, 'J (PF). 

Table 2. Elemental analyses. 

Calculated Found 

Compound Formula C H F M C H F M 

The unsaturated species L,,[M] is required for metallacycle 
formation. A high excess of tetrafluoroethylene will favour the 
formation of the metallacycle, whereas an addition of hydro- 
gen should be expected to favour the formation 1,2-dihydro- 
tetrafluoroethane. 

The metal-carbon bonds of the complexes 1 4  are very sta- 
ble against hydrogenolysis. Complex 1 did not react with 
hydrogen (20 bar) in toluene solution even in the presence of a 
very active hydrogenation catalyst (2% palladium on A1203) 
up to 60°C. Hydrogenation of 2 with the same catalyst in 
MeCN gave a surprising result: hydrogenation of the triphe- 
nylphosphine ligands set in at ca. 100°C; however, the NiC4F, 
group was still intact. 

Experimental part 

All reactions and work-up procedures were carried out under 
dry nitrogen or argon, using carefully dried solvents. MeCN 
was distilled from P40,,, through a $olumn, and the main run 
was stored over molecular sieve (3 A). 

Typical procedure for the synthesis of 1-4 
A stainless steel autoclave (150 mL), equipped with manome- 
ter, gas inlet, a thermocouple for temperature control, and a 
PTFE-coated stirring bar, was charged with a solution of 
(Ph3P),RuC12 (or of a nickel complex L2NiBr2) in anhydrous 
MeCN (3.0 mmol of the complex in 50 mL solvent). Sodium 
hydride (6.6 mmol), as a 20% suspension of NaH in DAB9 
mineral oil (obtained from Merck), was added with a syringe. 

The autoclave was closed, cooled to O°C, and pressurized with 
TFE (10 bar), and the reaction was carried out with stirring 
under the conditions given in Table 1. After cooling to room 
temperature and releasing the pressure, the contents of the 
autoclave were transferred to a flask and the solvent was 
removed in vacuo. The residue was stirred with toluene (50 
mL) at 40°C and filtered through a frit that contained 2 g of 
Celite. In the case of 3 and 4, a mixture of toluene (40 mL) and 
CH2C12 (10 mL) was used. The filtrate was concentrated under 
vacuum and crystallization was induced by adding ether and 
(or) n-hexane and cooling. The product was collected on a frit, 
washed with cold n-hexane, and dried in vacuo. Recrystalliza- 
tion from CH2C12 and n-hexane and drying at 50°C at 
mbar finally gave the pure products. 

We did not attempt to fully optimize the yields. 

Synthesis of 2,2'-bipyridine- 
nickelaoctafluorocyclopentane, 5 

2,2'-Bipyridine (85.9 mg, 0.55 mmol) was added to a stirred 
solution of complex 2 (392 mg, 0.5 mmol) in 5 mL of MeCN. 
The solution soon became cloudy. After 1 h, n-hexane (2 mL) 
was added and the crystalline product was filtered off, washed 
with 5 mL of cold n-hexane, and dried at mbar 
(yield: 253 mg). The element analyses of the complexes 1-5 
are shown in Table 2. 

Spectra 
The IR spectra of all products in Nujol were measured with a 
Perkin Elmer 882 spectrophotometer. The bands observed for 
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the compounds 2,3, and 5 in the region of 1300-750 cm-' are 
in good agreement with the data reported in ref. 6 (maximum 
deviation: 15 cm-I), although the methods of preparation were 
different. The spectra of 3 and 4 are very similar. The  ruthe- 
nium complex 1 showed the following bands in the above 
region: 1306 w, 1261 m, 1210 w, 997 w, 916  w, 852 w, 799 s. 

' 9 ~  NMR spectra were measured with a Bruker A C  300 
instrument at 30°C. The  couplings reported in Table 1 are 
based on the following assumptions: 

1: (AMX,), spin system, where A is 3 1 ~  cis to a-CF,, M is 
3 ' ~  trans to a-CF, and X is of a-CF,. 

2,3, and 4: (AX,), spin system, where A is 3 1 ~  and X is 1 9 ~  

of a-CF,. 
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Direct syntheses of 
pentakis(trifluoromethyl)cyclopentadienide 
salts and related systems1 

Richard D. Chambers, Alex J. Roche, and Julian F.S. Vaughan 

Abstract: The well-established synthesis of heptafluorobut-2-ene 2 from hexachlorobutadiene 1 and potassium fluoride has 
been further investigated, and novel dienes 3 and a triene 4 have been observed. Remarkably, the potassium salt of 
pentakis(trifluoromethyl)cyclopentadienide 7 has been isolated from this system. Salt 7 has also been obtained directly from 2. 
Cyclopentadiene 6 has been isolated from salt 7 by distillation from sulphuric acid. Bi- and tri-cyclic analogues of 7 have also 
been obtained, i.e., 9 and 10, by reaction of 2 with perfluorocyclopentene. 

Key words: heptafluorobut-2-ene, pentakis(trifluoromethyl)cyclopentadienide 5H-pentakis(trifluoromethyl)cyclopentadiene. 

RCsumC : On a CtudiC 2 nouveau la synthbse bien connue de l'heptafluorobut-2-kne 2 2 partir de 1'hexachlorobutadibne 1 et du 
fluorure de potassium; on a observC la formation de nouveaux dibnes 3 et d'un trikne 4. D'une f a ~ o n  remarquable, on a isolC 
de ce systbme le pentakis(trifluoromCthyl)cyclopentadiCnure de potassium 7. Par distillation du sel7 en prksence d'acide 
sulfurique, on a isolC le cyclopentadikne 6 2 partir du sel7. La rkaction du composC 2 avec le perfluorocyclopentkne a permis 
aussi d'obtenir les analogues bi- 9 et tricycliques 10 du composC 7. 

I Mots clPs : heptafluorobut-2-ene, pentakis(trifluoromCthyl)cyclopentadiCnure, 5H-pentakis(trifluoromethyl)cyclopentadikne. 

1 [Traduit par la redaction] 

There is a wide interest in methodology for the introduction of 
trifluoromethyl and other perfluoroalkyl groups into organic 
compounds (2), and we are concerned with the alkene (2)-2H- 1 heptafluorobut-2-ene 2 as a potential "building block.' for this ' purpose. This F-alkene is especially significant because it can ' be obtained directly from hexachloro-l,3-butadiene 1, by sim- 
ple displacement using potassium fluoride in an aprotic sol- 
vent. This synthesis was described in 1963 by Maynard (3), 
from the du Pont Co., and has subsequently been used by other 
workers, including this laboratory (4). However, in recent fur- 
ther investigation of this reaction, we have discovered some 
remarkable new products. 

The overall procedure involves heating hexachloro-1,3- 
butadiene 1 with anhydrous potassium fluoride in an aprotic 
solvent; Maynard (3) described N-methyl-2-pyrrolidinone and 
we have found that sulpholan is very satisfactory (4). The 
products vary significantly with reaction conditions, and we 
have now identified and separated from 2 two interesting new 
fluorinated dienes 3a and 3b, and even a triene 4. These com- 
pounds were separated by fractional distillation and the stereo- 
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chemistry of the major diene isomer 3a follows from I9F NMR 
coupling constant data, since it is known that 5 ~ ( c i s - ~ ~ 3 , ~ ~ 3 )  
values are greater than 10 Hz, 5 ~ ( t r a n s - ~ ~ 3 , ~ ~ 3 )  values are 
typically less than 2 Hz, and 4 ~ ( t r a n s - ~ ~ 3 , ~ )  coupling con- 
stants are less than for 4 ~ ( c i s - ~ ~ 3 , ~ )  ( 3 ,  as shown in Fig. 1. In 
contrast, we were unable to deduce the structure of the minor 
isomer 3b (see experimental section) because the splitting in 
the 19F NMR spectrum was insufficiently resolved. 

The mechanism of formation of the dienes 3a and 3b, and 
the triene 4 is outlined in Scheme 1, arising from fluoride ion 
initiated oligomerization of 2, and other evidence for this pro- 
cess stems from the fact that these compounds may also be 
obtained directly from 2 by heating with fluoride ion in a 
sealed system. 

We have also examined the filtered sulpholan residue from 
the preparation of 2, and, remarkably, the I9F NMR spectrum 
showed only one sharp resonance at EF = -50 ppm! It is 
unlikely that we would have been able to identify this compo- 
nent from this unusual signal, except for the fact that we had 
already synthesized various salts of the pentakis(trifluor0- 
methy1)cyclopentadienide (6), and these had given similar I9F 
NMR signals. FAB mass spectroscopy confirmed the pres- 
ence of potassium (m/z 39 (loo%), in the positive ion spec- 
trum), and showed only a m/z 405 (100%) peak in the negative 
ion spectrum, which is consistent with 7. Thus we had 
obtained potassium pentakis(trifluoromethyl)cyclopentadien- 
ide 7 in one step from hexachloro-1,3-butadiene and potas- 
sium fluoride! This is amusing to those of us who were 
seeking syntheses of 7 because, in our own laboratory, it is 
clear that we have been disposing of samples of 7 with the res- 
idue, following the synthesis of 2! 

5H-Pentakis(trifluoromethyl)cyclopentadiene (6) has been 

Can. J. Chem. 74: 1925-1929 (1996). Printed in Canada I Irnprime au Canada 
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Scheme 1. 

4 

Reagents and conditions: i, KF, sulpholan, 190°C. 

Fig. 1. 1 9 ~  NMR coupling constant data. 

Scheme 2. 

Several 

F3C CF3 

described by Laganis and Lemal (7) in several steps, starting 
with a valence isomer of tetrakis(trifluoromethy1)thiophene 
(5) (Scheme 2), and they also showed that 6 is a very strong 
acid (pKa 5 -2). However, we have now been able to isolate 
and characterize the acidic diene 6 by distillation from the sul- 
pholan residue, after the addition of concentrated sulphuric 
acid. 

The mechanism of formation of 7 is probably that outlined 
in Scheme 3, essentially derived from 2. The cyclization step 
to give 6 is extremely interesting because, as a 5-endo-trig pro- 
cess, it is formally "disallowed" by the Baldwin rules (8). It 
seems more appropriate, therefore, to regard the process as an 

initial electrocyclic ring closure, to give 6, followed by elimi- 
nation of the acidic proton by fluoride ion, now acting as a 
base. In confirmation of this mechanism, we have also shown 
that 7 can be obtained by reaction of 2 with caesium fluoride in 
sulpholan in a sealed tube. Again this is a direct route to 7 from 
easily accessible starting materials. 

Furthermore, a variety of salts may be obtained by reaction 
of an aqueous solution of the appropriate halide withthe acidic 
diene 6 (Scheme 4). Single crystal X-ray structural analyses of 
tetraalkylammonium salts of 7 confirmed the product struc- 
ture. However, rotation within the crystal, even at low temper- 
atures, prevents a precise determination of bond lengths and 
angles. 

The results described above pointed the way to a synthesis 
of a variety of more complex fluorocarbon salts. For example, 
we have shown that reaction of fluoride ion with 2 in the pres- 
ence of perfluorocyclopentene 8 gave a mixture of two novel 
salts 9 and 10, while the diene 3 in the presence of 8 with flu- 
oride ion gave only 9. These compounds were characterized 
by ' 9 ~  NMR and FAB mass spectrometry, which is a particu- 
larly valuable tool with these-and related systems.   ow ever, 
attempts to obtain the corresponding dienes from 9 and 10, by 
distillation from concentrated sulphuric acid, has, so far, led to 
products too complex to separati, although GLCMS revealed 
the presence of the desired dienes, but accompanied by other 
unidentified products. 

Experimental 

'H NMR spectra were recorded on a Bruker AC250 spectrom- 
eter operating at 250.13 MHz, a Varian Gemini VXR2OO 
spectrometer operating at 199.98 MHz, or a Varian VXR400S 
spectrometer operating at 399.96 MHz. 1 9 ~  NMR spectra were 
recorded on the Bruker AC250 spectrometer operating at 
235.34 MHz or on the Varian VXR400S spectrometer operat- 
ing at 376.29 MHz. 13c spectra were recorded on the Varian 
VXR400S spectrometer operating at 100.58 MHz, or the 
Varian Gemini VXR200 spectrometer operating at 50.29 
MHz. All spectra were recorded with TMS and fluorotrichlo- 
romethane as internal references. The J values are given in Hz. 
GLCMS mass spectra were recorded on a Fisons Trio 1000 
spectrometer linked to a Hewlett Packard 5890 series I1 gas 
chromatograph fitted with a 20 m cross-linked methyl silicone 
capillary column. All GLCMS mass spectra were generated 
by electron impact. FAB mass spectra were recorded using a 
VG7070E spectrometer, and glycerol as a solvent. FTIR spec- 
tra were recorded on a Perkin Elmer 1600 series FTIR spec- 
trometer. Solid samples were run as KBr discs, liquid samples 
were run as thin films between KBr plates, and volatile sam- 
ples were run in a gas cell fitted with KBr plates. 

Reaction of 1 with potassium fluoride 
The method used was essentially that used by Maynard (3), 
using hexachlorobuta-l,3-diene 1 (334 g, 1.3 mol), potassium 
fluoride (600 g, 10.2 mol), and sulpholan (2 L). The volatile 
products were collected at liquid air temperatures, and 
fractional distillation gave (Z)-2H-heptafluorobut-2-ene 2 

I (105.1 g, 45%); bp 7-8°C (lit. (3) bp, 7-10°C); vma,lcm- : 
1220, 1310; 6,(250 MHz; CDCl,): 5.45 (dq, J 28.3 and 5.3, 
CH); 6,(235 MHz; CDCI,): -61.6 (3 F, s, CF3CH), -76.2 (3 
F, s, CF3CF), - 119.9 (1 F, s, CF); 6,(100 MHz; CDCI,): 
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Scheme 3. 

Reagents and conditions: i ,  CsF, sulpholan, 190°C. 

I Scheme 4. 

Reagents and conditions: i ,  98% H2S0,; ii, H20; iii, 
Y-Hal. 

101.3 (q, J 39.1, CH), 116.2 (qd, J 272.5 and 38.3, CF,CF), 
119.5 (q, J269.5, CF,CH), 150.8 (dqq, J283.3,41.2 and 5.9, 
CFCF,); d z  182 (M', 23%), 163 (54), 1 13 (90), 69 (100). 

A higher boiling fraction (bp 78-80°C) was shown by 
GLCMS to contain three components, and preparative scale 
GLC (SE30/40°C) produced a 4:l mixture of two isomers of 
5H-perjluoro-3,4-bis(trif2uoromethyl)hexa-2,4-diene 3a and b 
(13.2 g, 6%). For the diene mixture (Anal. calcd. for C8HF,3: 
C 28.0, H 0.3%; found: C 28.0, H 0.2%); X,,(CH,CN)/nm: 
295; &/dm3 mol-' nm-l: 1148; vmaXlcm-': 1400, 130CL1200. 
The major isomer was confirmed as the (Z, E) isomer (3a). 
6,(250 MHz; CDC1,): 6.68 (q, J 6.3, CH); SF(235 MHz; 

CDCl,): -60.8 (3 F, dqq, J 16.1, 1.8, 1.0, CF3C-3), -62.3 (3 
F, sept, J 1.8, CF,C-4), -68.7 (3 F, m, J 1.8,6-CF,), -70.4 (3 
F,dsept, J8.6and 1.0, 1-CF,), -105.0(1 F,qq, J16.1 and8.6, 
CF); d z :  343 (M' - 1, 21%), 293 (loo), 243 (98), 69 (50). 
The stereochemistry of the minor isomer 3b has not been con- 
firmed as yet; 6,(250 MHz; CDCI,): 6.41 (q, J 6.7, CH); 
6,(235 MHz; CDCI,): -56.7 (3 F, S, CF3C-3), -62.1 (3 F, S, 

CF3C-4), -64.6 (3 F, S, 1-CF,), -68.3 (3 F, S, 6-CF,), 
-101.8 (1 F, S, CF); d z :  343 (M' - 1, 20%), 293 (50), 69 
(100). In the original diene distillate there was a component 
(1% by GLCMS) identified as 7H-perjluoro-3,4,5,6-tetra(tri- 
f2uoromethyl)octa-2,4,6-triene 4; d z :  505 (M' - 1, 2%), 467 
(33), 321 (66), 69 (100). The residual sulpholan solution was 
shown to contain potassium pentakis(trif2uoromethyl)cyclo- 
pentadienide (7) (12.9 mmol, 3%) (by ' 9 ~  NMR integrated 
against an internal standard of 1,1,1-trifluorotoluene); 6,(235 
MHz; CDCI,): -49.8 (s, CF,); FAB+ d z :  39 (M', loo%), 
FAB - d z :  405 (M', 100%). 

The residual sulpholan solution was filtered and 98% sul- 
phuric acid (750 mL, 14.1 mol) was added dropwise under 
reduced pressure. Volatile products were collected at liquid air 
temperatures, and were shown by GLCMS to contain one 
compound identified as 5H-pentakis(trif2uoromethyl)cyclo- 
pentadiene (6) (4.5 g, 86%); vmaXlcm-': 2977, 1664, 145& 
1000; 6,(250 MHz; CDCI,): 4.80 (q, 55.6, CH); 6,(235 MHz; 
CDCl,): -57.1 (6 F, S, 2-CCF,), -60.2 (3 F, S, 5-CCF,), 
-60.9 (6 F, s, 1-CCF,); 6c(100 MHz; CDCI,): 58.4 (q, J 32.1, 
C-5), 1 19.2 (q, J 275.1, CF,C-5), 120.2 (q, J 272.4, CF,C- I), 
122.6 (q, J 284.1, CF3C-1) 139.7 (q, J 40.4, C-1), 139.8 (q, J 
40.3, C-2); d z :  406 (M', 2%), 69 (100). 

H20 (100 mL) was added to 6,  producing hydronium pen- 
takis(trif2uoromethyl)cyclopentadienide (1 1.1 mmol, quant.); 
6,(235 MHz; D20): -5 1.4 (s, CF,). On addition of aqueous 
tetraethylammonium iodide (15.9 g, 64.4 mmol), a precipitate 
formed, which was recrystallized (diethyl ether - hexane), 
giving colourless crystals identified as tetraethylammonium 
pentakis(trif2uoromethyl)cyclopentadienide (5.7 g, 83% from 
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Scheme 5. 

Reagents and conditions: i, sulpholan, CsF, 1 10 "C. 

Table 1. Formation of salts of anion 7. 

Salt used Product Yield (%) 

Et4NI Et4N+ C5(CF3),- 83 
Et4NBr Et,N' CS(CF3); 80 
Pr4NI Pr4N+ Cs(CF3); 80 
Bu4NI Bu4Nf Cs(CF3)C 86 
KI Kf CS(CFj),- 15" 
CsF Cs' C5(CF3); 12" 
Tl(CH,CO,) T1+ C,(CF,); 15" 

"Products were continuously extracted (dichloromethane) due to some 
solubility of these products in water, and this resulted in lower yields. 

potassium pentakis(trifluoromethyl)cyclopentadienide); mp 
241°C (dec.); v,,,lcm-I: 3050, 1200, 1150; 6,(250 MHz; 
CDCI,): 1.42 (3 H, tt, J7.2 and 1.9, CH,), 3.51 (2 H, q, J7.2, 
CH,); 6c(100 MHz; CDC1,): 15.7 (s, CH,), 53.1 (t, J 2.6, 
CH,), 1 10.2 (q, J 19.2, CCF,), 124.7 (q, J 27 1.3, CF,); 6,(235 
MHz; CDCl,): -50.9 (s, CF,); FAB+ d z :  130 (M+, 100%); 
FAB- d z :  405 (M', 100%). Anal. calcd. for C18H20F15N: C 
40.4, H 3.7, N2.6%; found: C40.1, H 3.9, N2.9%. 

General procedure for salt formation 
As above, an aqueous solution of the desired halide salt (typi- 
cally 500% excess) was added to the aqueous hydronium 
pentakis(trifluoromethyl)cyclopentadienide solution. This 
mixture was stirred for 1 h, before extraction (dichlo- 
romethane) and recrystallization (ether-hexane). 

Tetrapropylammonium pentakis(trifluoromethyl)cyclopenta- 
dienide: mp 141-142°C; v,,,lcm-': 3100, 1350, 1225; 6,(250 
MHz; CDCI,): 0.96 (3 H, t, J 7.2, CH,), 1.70 (2 H, sext, J 7.2, 
CH3CH2), 3.01 (2 H, m, NCH,); 6c(100 MHz; CDC1,): 15.3 
(s, CH,), 31.0 (s, CH3CH2), 55.2 (s, NCH,), 110.1 (q, J 19.0, 
CCF,), 123.3 (q, J 270.5, CF,); 6,(235 MHz; CDCl,): -50.9 
(s, CF,); FAB+ d z :  186 (M', 100%); FAB- d . :  405 (M+, 
75%), 91 (solvent, 100). Anal. calcd. for C22H28Fl,N: C 44.7, 
H4.7, N2.4%; found: C44.8, H4.6, N2.4%. 

Tetrabutylammonium pentakis(trijluoromethyl)cyclopentadi- 

enide: mp 118-1 19°C; ~,,,lcrn-~: 3050, 1500, 1225, 1150; 
6,(250 MHz; CDCI,): 0.95 (3 H, t, J 7.2, CH,), 1.33 (2 H, 
sext, J 7.2, CH3CH2), 1.60 (2 H, pent, J 7.2, NCH,CH,), 3.1 1 
(2 H, m, NCH,); 6c(100 MHz; CDC1,): 13.1 (s, CH,), 19.2 (s, 
CH3CH2), 23.4 (s, NCH2CH2), 58.5 (s, NCH,), 109.6 (q, J 
18.5, CCF,), 123.7 (q, J 269.9, CF,); 6,(235 MHz; CDCI,): 
-50.1 (s, CF,); FAB+ d z :  242 (M', 100%); FAB - d z :  405 
(M', 100%). Anal. calcd. for C26H36F15N: C 48.2, H 5.6, N 
2.2%; found: C 48.2, H 5.7, N 2.0%. 

Potassium pentakis(trifluoromethyl)cyclopentadienide: mp 
>330°C; v,,,lcm-': 1500, 1200, 1050; 6,(235 MHz; CDCl,): 
-49.8 (s, CF,); FAB+ d z :  39 (M+, 100%); FAB- d z :  405 
(M+, 100%). Anal. calcd. for KCloF15: C 27.0%; found: C 
27.1%. 

Caesium pentakis(trifluoromethyl)cyclopentadienide: mp 
>330°C; v,,,l~rn-~: 1500, 1250, 1100; 6,(235 MHz; CDCl,): 
-49.9 (s, CF,); FAB+ m/z: 133 (M+, 100%); FAB- d z :  405 
(M+, 100%). Anal. calcd. for CsCloF,,: C 22.3%; found: C 
22.3%. 

Thallium pentakis(trijluoromethyl)cyclope&adienide: mp 
>330°C; v,,,lcm-': 1450, 1200, 1100; 6,(235 MHz; CDCI,): 
-49.8(s, CF,); FAB+ d z :  93 (solvent, loo%), 205 (M', 
41%); FAB- d z :  405 (M+, 100%). Anal. calcd. for T1CloF15: 
C 19.7%; found: C 19.6%. 

CsF and 2 in a sealed system 
A Carius tube containing 2 (1.18 g, 4.68 mmol), caesium flu- 
oride (6.00 g, 39.47 mmol), and sulpholan (10 rnL) was heated 
and rotated at 190°C for 3 days. Volatiles were removed under 
reduced pressure, and the sulpholan residue was shown by 1 9 ~  

NMR (integrated against an internal standard of 1, 1,l -trifluo- 
rotoluene) and FAB mass spectrometry to contain caesium 
pentakis(trifluoromethyl)cyclopentadienide (0.28 mmol, 13%), 
as above. 

Synthesis of 9 and 10 
A Carius tube containing 2 (0.7 g, 3.8 mmol), perfluorocyclo- 
hexene 8 (1.04 g, 4.9 mmol), caesium fluoride (2.00 g, 13.2 
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mmol), and sulpholan (20 mL) was heated and rotated at 
1 10°C for 5 days. Volatiles were removed under reduced pres- 
sure, and the sulpholan residue was shown by ' 9 ~  NMR (inte- 
grated against an internal standard of 1,1,1 trifluorotoluene) 
and FAB mass spectrometry to contain caesium pe$uoro- 
1,2,3-trihydro-4,5,6-trimethylpentalenide 9 (0.4 mmol, 20%); 
6,(235 MHz; CDCI,): -49.7 (3 F, s, 5-CCF,), -52.5 (6 F, 
S, 4-CCF,), -97.7 (4 F, S, 1-CF,), -121.1 (2 F, S, 2-CF,); 
FAB+ m/z: 133 (M', 100%); FAB- m/z: 417 (M', 100%); 
and caesium pe$uoro-1 -methyl-2,3,4,5,6,7-hexahydrodicy- 
clopenta(b,d]cyclopentadienide 10 (0.2 mmol, 7%); 6,(235 
MHz; CDCI,): -54.4 (3 F, s, CF,), -98.4 (4 F, s, 2-CF,), 
- 100.1 (4 F, S, 4-CF,), - 122.2 (4 F, S, 3-CF,); FAB+ m/z: 
133 (M', loo%), FAB- m/z: 429 (M', 29%), 395 (100). 

Synthesis of 9 
A Carius tube containing perfluorocyclohexene 8 (1.04 g, 4.9 
mmol), caesium fluoride (2.00 g,13.2 mmol), (Z,E) and (52)- 
5H-perfluoro-3,4-dimethyl-2,4-diene 3 (1.6 g, 4.7 mmol), and 
sulpholan (20 mL) was heated and rotated at 1 10°C for 5 days. 
The volatiles were removed under reduced pressure, and the 
sulpholan residue was shown by ' 9 ~  NMR (integrated against 
an internal standard of 1,1,1 trifluorotoluene) and FAB 
mass spectrometry to contain caesium pe$uoro-1-methyl- 
2,3,4,5,6,7-hexahydrodicyclopenta[b,d]cyclo-pentadienide 9 
(1.9 mmol, 41 %), as above. 

Attempted protonation of 9 and 10 
Sulphuric acid (98%, 50 mL) was added dropwise to a sul- 
pholan (20 mL) solution containing caesium perfluoro-1,2,3- 
trihydro-4,5,6-trimethylpentalenide 9 (0.98 mmol) and cae- 
sium perfluoro-l-methyl-2,3,4,5,6,7-hexahydrodicyclopenta- 
[b,dcyclopentadienide 10 (0.34 mmol) under reduced pres- 
sure. Volatile products were collected in a trap maintained at 

liquid air temperatures, and were shown by GLCMS to con- 
tain greater than 10 different compounds, two of which have 
been proposed on the basis of their GLCMS data as 5H-per- 
fluoro-1,2,3-trihydro-4,5,6-trimethylpentalena-4,6-diene, m/z: 
368 (MC - CF2, 86%), 349 (MC - CF3, 54), 318 (M+ - 
CF,CF,, 1 OO), and 1 H-pe$uoro-1 -methyl-2,3,4,5,6,7-hexa- 
hydrodicyclopenta[b,d]cyclopenta-8,9-diene, m/z: 380 (M+ - 
CF,, 34%), 361 (M' - CF, 16), 330 (M' - CF2CF2, 49). 
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Monomeric and dimeric V(II1) complexes 
supported by organic amides 

Pietro Berno, Mark Moore, Ravinder Minhas, and Sandro Gambarotta 

Abstract: Reaction of VCl,(THF), with two equivalents of R,NLi (R = Cy, Me,Si) yielded the two corresponding complexes 
(Cy,N),V(p-Cl),Li(THF), (1) and [(Me,Si),V],VCI(THF) (2). Both complexes decomposed in hot toluene. In the case of 
complex 1 the reaction led to dimerization and formation of the dimeric [(Cy,N),V(pCI)], (3). Reaction of 2 with NaBH, 
yielded the unprecedented borohydride derivative [(Me3Si)2N],V(BH,)(THF) (4). The structures of all the complexes were 
elucidated by X-ray analysis. 

Key words: vanadium, trivalent, amide, borohydride, dinuclear. 

RCsumC : La rCaction du VCI,(THF), avec deux Cquivalents de R,NLi (R = Cy, Me,Si) conduit aux deux complexes 
correspondants (Cy,N),V(pCI),Li(THF), (1) et [(Me,Si)zN],VC1(THF) (2). Les deux complexes se dCcomposent 
dans le tolubne bouillant. Dans le cas du complexe 1, la rCaction conduit i une dimerisation et la formation du 
dimbre [(Cy,N),V(p-CI)],, 3. La rtaction du compost 2 avec le NaBH, conduit au dtrivC borohydrure inconnu 
[(Me,Si),N],V(BH,)(THF), 4. Les structures de tous les complexes ont CtC Clucidtes par diffraction des rayons X. 

Mots clis : vanadium, trivalent, amide, borohydrure, dinucltaire. 

[Traduit par la rtdaction] 

Introduction 

There has been a steady growth of interest in the recent litera- 
ture (1) in the chemistry of medium-valent vanadium com- 
plexes and, in particular, those containing the metal in the 
oxidation state +3. This is probably due to the rich and diver- 
sified chemical reactivity displayed by these derivatives which 
includes dinitrogen fixation (2), possible relevance for de- 
sulfurization processes (3), and formation of precursors for 
hydrogenation (4) and of reactive moieties such as nitrides (5), 
carbenes (6), alkyls (7), and hydrides (5c, 8). In fact, this par- 
ticular oxidation state of vanadium combines a medium Lewis 
acidity with the presence of available d electrons, which 
together contribute to its fairly high reactivity. Last but not 
least, trivalent vanadium seems to play an important role in 
some naturally occurring systems such as vanadium nitrogen- 
ase (9) and others (see for example ref. lo), where remarkable 
transformations are carried out in a catalytic manner and under 
mild reaction conditions. 

Anionic organic arnides seem to be particularly versatile 
supporting ligands with which to study the chemistry of tri- 
valent vanadium. There are several characteristics that make 
them unique. First of all, there is a virtually unlimited possibil- 
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ity of fine tuning the steric hindrance via the appropriate selec- 
tion of the substituents attached to the nitrogen atom. Their 
rather strong reducing power (1 1) and electronic flexibility 
allow the stabilization of a rather wide range of oxidation 
states and, in particular, of the lower states. Finally, these 
ligands are readily available via simple deprotonation of com- 
mercially available primary or secondary amines. 

We recently reported the preparation of several V(II1) 
complexes supported by nitrogen-donor-based ligands and 
described their involvement in dinitrogen activation (2, 12) 
and hydrogen transfer processes (4, 5c). These findings 
encouraged us to extend further the chemistry of these deriva- 
tives toward further functionalization and in particular to 
attempt the preparation of hydrides and alkyls. In this perspec- 
tive, complexes such as (R,N),VCl, containing a chlorine 
atom that should be easy to replace, will be the most promising 
starting materials. 

In this paper we describe the convenient and straightfor- 
ward preparation of monomeric and dimeric V(II1) halide 
complexes supported by organic amides and the transforma- 
tion of one of them into an unusual borohydride derivative. 

Experimental 

All operations were performed under the inert atmosphere of a 
nitrogen-filled dry-box (Vacuum Atmosphere) or by using 
standard Schlenk techniques. Cy,NLi (13) and VCl,(THF), 
(14) were prepared according to published procedures. NaBH, 
(Aldrich) was used as received. (Me,Si),NLi (Aldrich) was 
recrystallized from hexane. Infrared spectra were recorded on 
a Mattson 9000 FTIR instrument from Nujol mulls prepared in 
the dry-box. Samples for magnetic susceptibility measure- 
ments were weighed inside the dry-box equipped with an ana- 
lytical balance, and sealed into calibrated tubes. Magnetic 
measurements were carried out with a Gouy balance (Johnson 
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Matthey) at room temperature. The magnetic moment was cal- 
culated following standard methods (15), and corrections for 
underlying diamagnetism were applied to the data (16). Ele- 
mental analyses were carried out with a Perkin Elmer PE 2400 
CHN analyzer. Ratios between heavy atoms were determined 
by X-ray fluorescence by using a Philips XRF 2400 instru- 
ment. 

Preparation of (Cy,N),V(p-CI),Li(THF), (1) 
Freshly prepared Cy2NLi (6.96 g, 37.1 mmol) was added to a 
red suspension of VCl,(THF), (6.94 g, 18.6 mmol) in THF 
(100 mL) at -30°C. The color immediately turned green and 
the resulting suspension was stirred overnight at room temper- 
ature. After evaporation to dryness, toluene (120 mL) was 
added to the solid residue. The resulting suspension was fil- 
tered and the solution was concentrated to small volume. The 
addition of diethyl ether (150 mL) caused the precipitation of a 
dark microcrystalline solid (3.7 g, 5.8 mmol, 31%). Crystals 
suitable for X-ray analysis were obtained upon addition of 
hexane to a concentrated THF solution of 1 and storage at 
-25°C. IR (Nujol mull, cm-I): 2671(br), 1449(vs), 1365(sh), 
1343(m), 1248(br), 1 162(s), 1145(s), 1 121 (br), 1034(vs), 
980(w), 955(vs), 890(vs), 842(s), 804(m), 779(m), 728(w), 
698(vs), 587(s), 5 13(s), 45 l(w). Anal. calcd. (found) for 
C32H6002N2C12LiV: C 60.66(60.11), H 9.54(8.99), N 
4.41(4.21). peff = 2 . 6 8 ~ ~ .  

Preparation of {[(CH3)3Si]2N}2VCl(THF) (2) 
A suspension of VCl,(THF), (7.06 g, 18.9 mmol) in THF (80 
mL) was treated at room temperature with (Me3Si),NLi (6.3 g, 
38 mmol). The color rapidly turned deep blue-green. After 
stirring for 3 h at room temperature, the solvent was evapo- 
rated in vacuo. The residual solid was redissolved in hexane 
(70 mL) and the resulting solution was filtered and allowed to 
stand overnight at -30°C. Dark blue-green crystals of 2 sepa- 
rated (7.9 g, 16.4 mmol, 87%). IR (Nujol mull, cm-l): 
1462(vs), 1376(m), 1249(s), 1001 (w), 906(s), 890(s), 846(s), 
784(m), 759(w), 690(m), 665(s). Anal. calcd. (found) for 
C16H,N2ClSi40V: C 40.10(39.91), H 9.25(9.17), N 
5.85(5.72). peff = 2 . 7 9 ~ ~ .  

Preparation of [(Cy,N),V(p-Cl)], (3) 
Solid Cy2NLi (24.98 g, 133.4 mmol) was added to a red sus- 
pension of VC13(THF), (24.92 g, 66.7 mmol) in THF (200 mL) 
at -30°C. The resulting dark green suspension was stirred 
overnight at room temperature. After evaporation of the sol- 
vent in vacuo, the dark brown solid residue was suspended in 
toluene (250 mL) and the resulting solution was boiled and fil- 
tered while hot. Dark brown crystals of 3 (14.98 g, 17 mmol, 
5 1 %) separated after allowing the resulting brown solution to 
stand at -25°C for 2 days. IR (Nujol mull, cm-I): 2667(br), 
1449(vs), 1364(sp), 1343(m), 1296(w), 1285(w), 1250(s), 
1160(s), 1146(s), 11 19(vs), 1067(w), 1037(vs), 980(w), 
956(vs), 890(s), 841(s), 803(w), 778(m), 697(s), 612(w), 
585(m), 5 14(s), 495(w), 484(w), 449(w), 424(w). Anal. calcd. 
(found) for C2,H,N2C1V: C 64.48(64.31), H 9.92(9.77), N 
6.27(6.22). peff = 1 . 7 9 ~ ~ .  

Preparation of {[(CH3)3Si]2N}2V(BH,)(THF) (4) 
A solution of 2 (3.0 g, 6.3 mmol) in THF (100 rnL) was stirred 
with NaBH, (1.9 g, 50.2 mmol) for 24 h at room temperature. 

The resulting deep blue mixture was filtered and the solvent 
evaporated in vacuo. The oily residue was dried overnight in 
vacuo at room temperature and the resulting solid was redis- 
solved in hexane. The mixture was filtered to remove the 
small amount of insoluble material, concentrated, and allowed 
to stand at -30°C. Dark blue crystals of 4 (0.160 g, 0.3 mmol, 
6%) were obtained. IR (Nujol mull, cm-'): 2434(s), 2396(s), 
2240(m), 2134(s), 1463(s), 1373(s), 1351(w), 1243(vs), 
1167(w), 1129(m), 1020(w), 999(s), 881(v br), 663(s), 441(s). 
The extreme air sensitivity prevented elemental analysis 
determination. peff = 2.9 1 p,. 

X-ray crystallography 
Data were collected in the temperature range -144 to 
- 161°C. The w-20 scan technique was used for suitable air- 
sensitive crystals mounted on glass fibers. Cell constants and 
orientation matrices were obtained from the least-squares 
refinement of 25 centered reflections. The intensities of three 
standard reflections, measured after every 150 reflections, 
showed no statistically significant decay over the duration of 
the data collections. Data were corrected for Lorentz and 
polarization effects, but no absorption corrections were 
applied to the data except for complex 4. In this case, absorp- 
tion corrections (DIFABS) significantly improved the agree- 
ment factors. The structures of 1, 2, and 3 were solved by 
direct methods by locating all the non-hydrogen atoms.   heir 
positions were refined anisotropically. Hydrogen atom posi- 
tions were introduced at their calculated positions except for 
complex 4 where the positions of the hydrogens connected to 
the boron atom were located from difference Fourier maps. 
The data were processed using the TEXSAN software package 
on a Digital VAX workstation. Refinements were carried out 
by using full-matrix least-squares techniques on F, minimiz- 
ing the function Cw(lFoI -  IF,^)^, where w = ~ F , ~ / c J ~ ( F ~ )  and 
F, and F, are the observed and calculated structure factors. 
~ i o m i c  scattering factors and anomalous dispersion terms 
were taken from the usual sources (Cromer and Waber) (17). 
Details on the data collections and structure refinements are 
listed in Table 1. The final atomic coordinates are given as 
supplementary material.2 Selected bond distances and angles 
are given in Table 2. 

Results 

According to Scheme 1, the reaction of VCl,(THF), with two 
equivalents of R2NLi (R = Cy, (CH3),Si) led to the formation 
of the corresponding derivatives (Cy2N)2V(y-C1),Li(THF)2 
(I)  and {[(CH3),Si],NJ2VCI(THF) (2). In both cases, the reac- 
tions were instantaneous and were accompanied by a rapid 
color change to dark green or blue-green. The two complexes 
were isolated in crystalline form. The formulation of the two 
species was indicated by the values of the combustion analy- 

Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada K I A  0S2. 
Tables of atomic coordinates and bond lengths and angles have 
also been deposited with the Cambridge Crystallographic Data 
Centre, and can be obtained on request from The Director, 
Cambridge Crystallographic Data Centre, University Chemical 
Laboratory, 12 Union Road, Cambridge, CB2 IEZ, U.K. 
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Table 1. Crystal data and structure analysis results. 

Formula 
Formula weight 
Space group 
0 (A) 
b (A) 
c (A) 

(deg) 
P (deg) 
r (d$ 
V (A3) 
z 
Radiation (Mo Kcr, A) 
7- (OC) 
Dcalcd (g cmJ) 
Funlcd ) 
R, R,,. 

C,,H,,,OZNZVCl?Li 
633.63 
P2,ln (No. 14) 
14.188(1) 
17.1 13(1) 
14.499(2) 

C2,H4,N2VCI 
447.02 
P2,ln (No. 14) 
9.3 lO(1) 
2 1.5 129(9) 
12.680(2) 

C ,6H,80BNZVSi, 
458.66 
P2,ln (No. 14) 
11.732(1) 
19.199(1) 
12.086(1) 

R = Z I  F, I - I F,II IZ I F,, I ; R,,. = [(z( I F, I - I F, l )'ICLV F , ~ I " ~  

Table 2. Selected bond distances (A) and angles (deg). 

V1-Cll = 2.375(1) 
V1-C12 = 2.355(1) 
Vl-Nl = 1.902(3) 
V1-N2 = 1.864(3) 
N1-C9 = 1.459(5) 
N 1-C 15 = 1.474(4) 
Lil-01 = 1.920(7) 
Lil-02 =1.916(6) 
Li 1-C11 = 2.344(6) 
Li 1-C12 = 2.400(7) 
N1-Vl-CI1 = 106.0(1) 
N1-VI-C12 = 113.25(9) 
N1-VI-N2 = 120.9(1) 
N2-V1-Cl1 = 105.55(9) 
N2-V 1-C12 = 1 12.30(9) 
C11-V1-C12 = 94.89(4) 
Vl-Cll-Li 1 = 85.6(2) 
Vl-C12-Li 1 = 84.8(1) 
C11-Li LC12 = 94.5(2) 
V1-Nl-C9 = 131.1(2) 

Vl-Cll = 2.276(2) 
Vl-01 = 2.034(3) 
V1-N1 = 1.918(4) 
V1-N3 = 1.953(3) 
N1-Sil = 1.741(4) 
Nl-Si2 = 1.745(4) 
Cll-Vl-01 = 95.2(1) 
Cll-Vl-N1 = 106.9(1) 
Cll-Vl-N3 = 114.8(1) 
01-Vl-Nl = 113.2(1) 
01-V1-N3 = 100.5(1) 
N1-Vl-N3 = 122.7(1) 
Si 1 -N 1 -Si2 = 120.5(2) 
V1-N 1-Si1 = 122.2(2) 
Vl-NI-Si2 = 1 14.9(2) 

Vl-Cll = 2.391(2) 
V l -Xl l a  = 2.347(2) 
Vl-N1 = 1.856(4) 
V1-N2 = 1.875(4) 
Cll-Vl-N1 =105.7(1) 
C11-V1-N2 = 113.3(1) 
C11-V I-Cl la = 92.85(5) 
VI-C11-Vla = 87.15(5) 
C 1-N 1-C7 =116.0(4) 
V1-N1-C1 = 107.0(3) 
V1-N1-C7 = 137.0(3) 
Vl-N2-C13 = 111.7(3) 
Vl-N2-C18 = 131.2(3) 
C13-N2-C18 = 117.0(4) 
Nl-V1-N2 = 120.8(2) 
Vl..Vla = 3.266(2) 

ses. The X-ray fluorescence spectrum confirmed the presence 
of chlorine in the expected ratio with the metal centers. Both 
complexes are paramagnetic at room temperature with mag- 
netic moments as expected for the d2 electronic formulation of 
V(II1) metal centers. 

The chemical connectivity of both complexes was eluci- 
dated by X-ray analysis. Complex 1 features a vanadium atom 
residing in the center of a distorted tetrahedron (N 1-V 1 -N2 = 
120.9(1)", N 1-V1-Cl1 = 106.0(1)", C11-V1-C12 = 94.89(4)") 
defined by the two nitrogen atoms of the two arnide groups 
(V 1-N1 = 1.902(3) A, V 1-N2 = 1.864(3) A) and two chlo- 

rides (Vl-C11 = 2.375(1) A, V1-C12 = 2.355(1) A). Similar 
to the case of the closely related titanium derivative 
[(Cy2N),Ti(p-Cl),(Li(TMEDA)] (18), the distortion of the 
coordination geometry is probably due to the large steric bulk 
of the amide groups since the angle subtended at vanadium by 
the two amide groups is significantly wider than expected for a 
normal tetrahedral angle. The two chloride :toms bridge to 
one lithium cation (C11-Li1 = 2.344(6) A, C12-Lil = 
2.400(7) A) forming an almost planar VC1,Li core (torsion 
angle Vl-Cll-Lil-C12 = 3.7(2)"). Two molecules of THF 
complete the tetrahedral coordination geometry of the alkali 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Berno et al 

Scheme 1. 

vacuum 
d 

-THF 
-LiCl 

Fig. 1. ORTEP plot of 1. Thermal ellipsoids are drawn at the 50% Fig. 2. ORTEP plot of 2. Thermal ellipsoids are drawn at the 50% 
1 probability level. probability level. 

L L C  
C 8 

cation (Lil-01 = 1.920(7) A, Lil-02 = 1.916(6) A). The 
coordination geometry around each amide nitrogen atom is 
trigonal planar (C9-N 1 -C 15 = 1 14.2(3)", C9-N 1 -V 1 = 
13 1.1 (2)", C 1.5-N1-V I = 11 3.6(2)"), possibly suggesting some 
extent of n-interaction of the amide groups with the metal cen- 
ter. 

The structure of complex 2 was more straightforward and 
predictable, consisting of a tetrahedral vanadium atom also 
placed in the center of a distorted tetrahedron (NI-V1-N3 = 
122.7(1)", Nl-Vl-C11 = 106.9(1)", N1-V1-01 = 1 13.2(1)", 
C11-V1-01 = 9.5.2(1)") defined by tyo  nitrogen atoms of two 
amide ligands (Vl-Nl = 1.918(4) A, Vl-N3 = 1.9.53(3) A), 
one chlorine (Vl-C11 = 2.276(2) A), and one oxygen atom of 

one molecule of THF (Vl-01 = 2.034(3) A). Even in this 
case the distortion of the coordination geometry around vana- 
dium is probably due to the large steric bulk of the two amide 
groups. The V-Cl and V-0 distances are in the expected 
range for such bonds. The coordination geometry around each 
nitrogen atom is trigonal planar, again suggesting the possibil- 
ity of some extent of n-interaction with the metal center (Sil- 
N1-V1 = 122.2(2)", Si2-N1-V1 = 114.9(2)", Sil-N1-Si2 = 
102..5(2)"). 

Both complexes were extremely air sensitive but stable at 
room temperature in both the solid state and solution under 
inert atmosphere. Nevertheless, a rather rapid color change to 
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Fig. 3. ORTEP plot of 3. Thermal ellipsoids are drawn at the 50% 
probability level. 

Fig. 4. ORTEP plot of 4. Thermal ellipsoids are drawn at the 50% 
probability level. 

brown was observed upon heating toluene solutions of both 
complexes. While in the case of complex 2 this behavior may 
be attributed to the dissociation of THF from the coordination 
sphere of the metal center, in the case of complex 1 the thermal 
instability was unexpected since the heating should lead only 
to desolvation of the lithium cation. Nevertheless, the color 
change indicated that a reaction involving the vanadium center 
probably occurred. After suitable work-up, a new brown crys- 
talline material 3 was isolated. Conversely, in the case of com- 
plex 2 the thermolysis led only to intractable solutions. The 
combustion analysis and X-ray fluorescence of 3 clearly indi- 
cated the loss of one chlorine atom per vanadium atom with 
respect to 1. These data were in agreement with the formula- 

tion [(Cy,N),VCI],. Further, the magnetic moment calculated 
on the basis of the proposed formula was found to be consid- 
erably reduced with respect to the value expected for ad '  elec- 
tronic configuration of the V(II1) metal center, possibly 
indicating the presence of a magnetic coupling between the 
metal centers. To unambiguously characterize the complex, 
the molecular structure was elucidated by an X-ray analysis. 

Complex 3 is dimeric and consists of two distorted tetrahe- 
dral vanadium centers linked together by two bridging chlo- 
rides, forming a planar V,CI, core (torsion angle V 1-C11-V la- 
Clla = 0.0"). The coordination geometry around each vana- 
dium center is distorted tetrahedral (Nl-Vl-N2 = 120.8(2)", 
N1-VI-C11 = 105.7(1)", CI1-V 1-Clla = 92.85(5)", N2-Vl- 
Cll = 113.3(1)") and is define{by two nitrogens of two amide 
groups (Vl-N1 = 1.856(4) A, V 1-N2 = 1.875(4) A) and 
two bridging chlorides. The V-Clo distances (VI-CI1 = 
2.391(2) A, V1-Clla = 2.347(2) A) are normal although 
slightly longer than in complexes 1 and 2. As in the cases of 
complexes 1 and 2, the distortion of the tetrahedral geometry 
around the metal centers can be ascribed to the large steric 
bulk of the amides. The coordination geometry around each 
nitrogen atom is also trigonal planar (Vl-N1-C1 = 107.0(3)", 
V 1-N 1 -C7 = 137.0(3)", C I-N 1 -C7 = 1 16.0(4)"), again sug- 
gesting some extent of minteraction between the nitrogen 
atoms and the metal center. The intermetallic distance (V 1- 
V l a  = 3.266(2) A) is rather long and excludes the presence of 
a direct bonding interaction. 

Chlorine replacement reactions were attempted with 
NaBH,. While in the case of 1 and 3 the work-up afforded 
only intractable materials, a clean reaction was observed with 
2. The reaction proceeded smoothly, resulting in the formation 
of a deep blue solution from which a new complex 
( [(CH,),Si],N],V(BH,)(THF) (4) was isolated in low yield as 
a homogeneous crystalline mass. Unfortunately, the extreme 
air sensitivity prevented the obtaining of reproducible and 
meaningful values of the combusion analysis data. The mag- 
netic moment, calculated on the basis of the formula where the 
chlorine atom of 2 has been replaced by a BH,- group, was as 
expected for the d 2  electronic configuration of a V(II1) metal 
center. The IR spectrum of these species shows a rather 
unusual pattern with three intense absorptions at 2434, 2396, 
and 2134 cm-I and a medium-intensity band at 2240 cm-'. 
This spectrum is not in agreement with any of those com- 
monly observed for the -ql-, -q2-, and -q3-bonded BH, groups 
(19). Since we were unable to understand the spectroscopic 
data and to obtain meaningful analytical data we have under- 
taken a crystallographic analysis. 

The molecular structure of 4 was elucidated by X-ray anal- 
ysis. The complex is virtually isostructural with complex 2, 
with comparable bond distances (V 1-Nl = 1.876(8) A, V 1- 
N2 = 1.940(8) A, V 1-01 = 2.057(7) A) and angles (N I -V 1- 
N2 = 113.9(4)", N1-Vl-01 = 119.0(4)", N2-V1-01 = 
99.3(3)"). Even in this case the tetrahedral coordination geom- 
etry around the vanadium center is distorted. The V-B dis- 
tance is rather long (VI-B1 = 2.38(2) A) and falls in the 
expected range for a -q2-bonded BH, group. The hydrogen 
atom positions for the BH, group were obtained from differ- 
ence Fourier maps. Although the crystal structure was not of 
sufficient accuracy to permit drawing definite conclusions 
about the positions of the hydrogen atoms, it indicates, as an 
interesting possibility, that the bonding mode of the BHC 
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group may be regarded as somewhat intermediate between $- 
BH, and the limiting case of an aggregation of a V-H com- 
plex with BH3. In fact, the two bridging hydrogens were found 
to possess significantly different bond distances with the vana- 
dium and boron centers. In particular, one of the two bridging 
hydrogens was found in the normal bonding range with the 
boron atom ( B  1-H47 = 0.943 A) while the second was sig- 
nificantly closer to the vanadium center (V I-H48 = 1.7 1 l (7 )  
A) and significantly further from the boron atom ( B  1-H48 = 
1.43(7) A). 

Complex 4 represents one of the rare examples of a vana- 
dium borohydride derivative (20) and we are actively investi- 
gating its chemical reactivity. 

Supplementary information available 
A full list of atomic coordinates, anisotropic thermal parame- 
ters, bond distances and angles for 1, 2, 3, and 4 has been 
deposited.' 
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I Observation of buttressing effect and hindered 
rotation about c(sp2)-c(sp2) single bond in 
styrenes coordinated to a ruthenium cation, 
Cp(diphosphine)Ru+ 

Kenzo Ohkita, Hideo Asano, Hideo Kurosawa, Toshikazu Hirao, Yohko Miyaji, 
and lsao lkeda 

Abstract: Complexes of (rl5-cyclopentadieny~)(bis(di-p-tolylphosphino)ethane)mthenium(11) cation with some styrenes 
containing tneta or para substituents were prepared and their NMR spectra examined in detail. Variable-temperature NMR 
studies on the unsubstituted and para-substituted styrene analogues demonstrated occurrence of a restricted rotation about the 
C(sp2)-c(sp2) single bond of the styrenes where one of the orrf~o hydrogens of the styrene phenyl group receives a very large 
diamagnetic shielding effect by one of the phosphine tolyl groups. Similar studies on the meta-substituted styrene complexes 
showed existence of two unequally populated conformational isomers arising from the similar restricted rotation where the nzeta 
substituent in the dominant isomer was placed further away from the C=C group. The origin of such conformational isomerism 
was deduced to be the buttressing effect of the meta substituent transmitted via the ortho-hydrogen atom. 

Key words: buttressing effect, hindered rotation, Ru-styrene complex. 

RCsumC : On a prCparC un certain nombre de complexes du cation (rl5-cyclopentadi~ny~)(bis(di-p-tolylphosphino)Cthane)- 
ruthCnium(I1) avec quelques styrknes contenant des substituants en mkta et enpara et on a examink leurs spectres RMN en dCtail. 
Les Ctudes de RMN B tenipCrature variable des analogues para-substituCs et non substituCs ont dCmontrC, dans les cas oh les 
hydrogknes en orthodu groupe phCnyle du styrkne subissent un important blindage diamagnktique de la part de I'un des groupes 
tolyles de la phosphine, il existe une rotation restreinte autour de la liaison ~ ( s p ~ ) - ~ ( s p ~ )  des styrknes. Des ttudes semblables 
avec les complexes de styrknes substituCs en rne'ta mettent en Cvidence l'existence de deux isomkres conformationnels dont les 
populations sont semblables; cette situation dCcoule de l'existence d'une rotation restreinte qui, dans l'isomkre dominant, 
Cloigne le substituant me'ta du groupe C=C. On a dCduit que l'origine de cette isomCrie conformationnelle est liCe a l'effet de 
conlpression du substituant en mkta qui est transmis par le biais de l'atome d'hydrogkne en ortho. 

Mots clks : effet de compression, rotation emp&chCe, complexe Ru-styrhne. 

[Traduit par la ridaction] 

Introduction as well as substituted styrenes that was made possible by their 

Complexation of organic molecules to a metal center often 
brings about a unique opportunity to study new conforma- 
tional and stereodynamic aspects of these molecules (1). 
Detailed examinations of solution dynamics of such metal 
complexes by means of NMR spectroscopy are of particular 
relevance to development of stereoselective, metal-mediated 
organic transformations (2a-d) and dynamic supramolecular 
devices (2e). We describe here a clear observation of hindered 
rotation about the ~ ( s p ~ ) - ~ ( s p ~ )  single bond of unsubstituted 
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complexation to a (q5~cyclopentadienyl)(b~(di-p-tolyiphos- 
phino)ethane)ruthenium(II) cation. The hindered rotation 
about a C ( S ~ ~ ) - C ( S ~ ~ )  single bond has been a subject of some 
variable-temperature NMR studies on metal-free organic 
compounds (3), but its extension to metal-coordinated ana- 
logues is still limited. 

Results and discussion 

We previously reported (4) generation and stability estimation 
of a series of substituted styrene complexes [RU($- 
C,H,)(dtpe)(CH,=CHC6H4Y)]BF4 (dtpe = bis(di-p-tolyl- 
phosphino)ethane). In the present work we have examined 
variable-temperature 'H NMR aspects of complexes 1-5. The 
bis(di-p-toly1phosphino)ethane ligand was employed for the 
sake of 'H NMR simplicity. Thus, the 'H NMR resonances at 
room temperature of the unsubstituted and substituted styrene 
analogues can readily be interpreted as those having four non- 
equivalent phosphine-tolyl groups as well as four nonequiva- 
lent CH2CH2 protons arising from the chiral nature of the mol- 
ecule; for typical room temperature spectra of l ,  2, and 3, see 

Can. J. Chern. 74: 1936-1944 (1996). Printed in Canada I ImprimC au Canada 
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Scheme 1. 

Figs. 1, 2a, and 3a; detailed assignments are described in the 
experimental section. 

A particularly interesting feature in these spectra at room 
temperature is that the ortho-hydrogen resonance of the sty- 
rene ligand occurred at considerably higher field (e.g., 6 6.37 
and 6.33 for 1 and 2, respectively; marked HO in Figs. 1 and 
2a) than those of the free styrene (upfield shift, AS = ca. 1 
ppm). The large upfield shift suggests proximity of the ortho- 
hydrogen(s) to some face(s) of the phosphine-tolyl ring. This 
was confirmed by an analysis of variable-temperature 'H 
NNIR spectra described later. The solid state structure of 4 
shown in Fig. 4, albeit with large R values (R = 0.102, R,, = 
0.143) due to disorders about the BF, group, also indicates 
proximity of one ortho-hydrogen atom of the styrene to one 
phosphine-tolyl. The distance from the ortho hydrogen of the 
m-C,H,Clogroup to the nearest tolyl ring is roughly estimated 
to be 2.6 A. Next we show that the coordination geometry of 
the styrene in Fig. 4 is most likely maintained in 1-5 also in 
solution. 

The first step of the structural determination in solution is 
unambiguous assignment of the ortho-hydrogen resonances of 
the phosphine-tolyls (6 6.5 1, 7.22, 7.46, 7.72) made by a 2D 
3 1 ~ - 1 ~  COSY spectrum of 1 (Fig. l), where it is only these 
resonances among the aromatic proton signals that show 
appreciable spin-spin couplings with 3 1 ~  nuclei. Figure 1 
shows that the P' nucleus (6 -68.9) correlates with the ortho 
hydrogens at 6 7.22 and 7.46 and the p2 nucleus (6 -62.6) 
with those at 6 6.51 and 7.72. Moreover, the 3 1 ~ - ' ~  COSY 
spectrum indicates that the vinyl hydrogen Hg (Scheme 1; the 
C ring omitted) at 6 3.45 shows spin-spin coupling with the P P nucleus, whereas the vinyl hydrogen Ht at 6 1.54 does so 
with the other phosphorus nucleus p2, suggesting spatial prox- 
imity between Hg and P', and Ht and p2. 

Next we carried out NOE experiments. Thus, selective irra- 
diation of the peak at 6 7.46 due to the ortho hydrogens of one 

particular phosphine-tolyl group (a in Scheme 1) led to 1% 
increase of the ortho-hydrogen peak (6 6.37) of styrene. The 
ortho-hydrogen resonance of this particular tolyl group (a) 
also had an NOE correlation (1 %) with the resonance due to 
Hg. We thus presume that the C=C bond is oriented nearly 
parallel to the P-P vector also in solution, in accordance with 
the orientation of the C=C bond in analogous series of com- 
plexes (5). 

All the 'H NMR spectra showed remarkable temperature 
dependency. Typical variable-temperature spectra of the 
methoxy analog 2 are shown in Fig. 2. With decrease of the 
temperature, both the osho (6 6.33 at 25°C) and the meta (6 
6.62 at 25°C; marked Hm) hydrogen resonances of p-methox- 
ystyrene became broader with some chemical shift change. 
Most significantly, the ortho-hydrogen resonance disappeared 
at ca. -45°C (with a 400 MHz instrument) and remained 
unobservable down to ca. -70°C below which it reappeared 
as two broad signals with equal intensity (1H each) at quite 
distant chemical shift! from one another (6 5.1 and 6.8; Fig. 
2d, marked H0 and HO). These became two doublets at 6 5.06 
and 6.86 at -95°C (Fig. 2e). Similarly, the meta-hydrogen 
resonance split into two doublets, albeit with smaller separa- 
tion (6 6.32 and 6.67; marked Hm and Hm'), at -95°C. This 
smaller separation is in agreement with the coalescence of 
these meta-hydrogen resonances at lower temperature 
(-66°C) than that of the ortho-hydrogen resonances. 

These observations can be best attributed to a restricted 
rotation about the C ( S ~ ~ ) - C ( S ~ ~ )  single bond of the styrene 
ligand (Scheme 1, Y = OMe) at the lower temperature.' As 
shown in Fig. 2, other proton resonances of 2 such as those of 
the vinylic and the tolyl ring protons also changed their chem- 
ical shifts to a smaller extent with decrease of the temperature. 
A few phosphine-tolyl proton resonances also began to 
broaden or disappear from ca. -80°C. The observation of 
small temperature dependency of the chemical shifts of most 
of the resonances may be attributed to a change of the degree 
of ion pair contacts and (or) a small change of internal ligand 
geometries (e.g., twisting about the P-C(toly1) bond). Disap- 
pearance of the phosphine-tolyl proton resonances suggests 
commencement of a restricted rotation about the P-C bond at 
the very low temperature. At any rate, the appearance of one 
ortho-hydrogen resonance of the styrene at an extraordinarily 
high field (6 5.06) clearly indicates fixation of the ortho 
hydrogen (HO) in front of the phosphine-tolyl ring a (Scheme 
1). Further NOE experiments to confirm this assumption at the 
low temperatures gave no satisfactory results. Assuming the 

One reviewer raised the possibility that the temperature- 
dependent 'H NMR aspects are attributed to rotation of the olefin 
molecule about the Ru-Cc axis (Cc is center of C=C bond). This 
is assumed to be an unlikely path since molecular models suggest 
extremely severe steric strains during this rotation. Moreover, it is 
only the styrene ortho and nzeta proton resonances that had split 
into two resonances upon lowering of the temperature. The 
chemical shifts of the other protons should also have been 
affected by this rotation and therefore would have undergone 
splitting. Unfortunately, experiments to confirm spin-spin 
coupling connectivity between H0 and HO' or Hm and Hm' at the 
low temperature, which is consistent with the path shown in 
Scheme 1, were unsuccessful owing to extreme broadness of 
these proton resonances ( 4 ~ H H  is usually less than 3 Hz). 
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Fig. 1. 3 ' ~ - ' ~  COSY spectrum of 1 at 25°C in CD,CI,. X denotes solvent signal, and Y H20  signal. Note that the 
magnetic field becomes higher to the left of the ' H  chemical shift axis. 

I I I I I I I I 
I 2 3 4 5 6 7 8 PPM 

chemical shift difference of the ortho and meta hydrogens of 2 approximate AG* values for the rotation at the coalescence 
observed at -95°C to be those corresponding to the frozen temperature (-50°C and -66°C) were calculated (6) as 40.4 
state and ignoring chemical shift change with temperature, and 40.2 kJ/mol, respectively. 
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Fig. 2. 'H NMR spectra (400 MHz) of 2 in CD2CI2 at 2S°C (a), -40°C (b), -66OC (c), -80°C (4, and 
-9S°C ( e ) .  X denotes solvent signal, and Y H,O signal. 
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Scheme 2. 

The low-temperature NMR spectra of the unsubstituted sty- 
rene analog 1 likewise showed separate resonances at 6 5.09 
and 6.92 for the ortho hydrogens of styrene, although observa- 
tion of a consistent variable-temperature behavior of the meta- 
hydrogen resonances was hampered by their overlapping with 
other aromatic proton resonances. Thus, the hindered rotation 
about the C-C single bond is also apparent in the unsubsti- 
tuted styrene. 

The meta-fluoro- and meta-bromostyrene complexes also 
showed temperature-dependent NMR spectra (see Fig. 3), 
which are similar to those of the unsubstituted and para-sub- 
stituted styrene complexes in one sense, but different from the 
latter in the other. The difference arises from occurrence of 
two rotational isomers with unequal population (Scheme 2). 

In the ' 9 ~  NMR spectra of 3, a single signal for meta-fluo- 
rine atom observed at room temperature at 6 -50.2 (relative to 
PhCF3, ddd, JH = 6.2,8.3, 10.5 Hz) split into two broad signals 
at 6 -50.6 and -49.5 in a 64:36 ratio at -95°C. In the 'H 
NMR spectra, with decrease of the temperature, a doublet for 
the ortho hydrogen vicinal to F (6 5.74, JF = 10.5 HZ, AS = 
1.38, at room temperature; marked H0 in Fig. 3a) became 
broader, disappeared (Fig. 3c), and then reappeared at 6 4.5 at 
ca. -70°C (600 MHz instrument; Fig. 3 4 .  Significantly, the 
intensity of the doublet (J = 10 Hz) at 8 4.44 at -95°C (Fig. 
3e) corresponded to only ca. 0.6 atom H. In addition, a doublet 
for the other ortho hydrogen acS 6.27 (JH = 7 HZ; AS = 0.91) at 
room temperature (marked H"') reappeared at -95°C as a 
broad doublet at 6 4.96 (Fig. 3e; marked HO') having an inte- 
gration corresponding to ca. 0.4 atom H. Thus, these results 
suggest the isomer ratio A/B = 64/36 where the doublet at 6 
4.44 in Figure 3e corresponds to H0 in A and the doublet at 6 
4.96 to H0 in B. Unfortunately, it was unable to detect a lower 
field component of each ortho-hydrogen resonance pair, 
namely H0 in B and H0 in A, which should possess an integra- 
tion value of 0.36 H and0.64 H, respectively, possibly because 
of overlapping with aromatic signals at normal chemical 
shifts. 

The 'H NMR spectral aspect of meta-bromostyrene com- 
plex 5 at -95°C (Fig. 3f) was different from that of the meta- 
fluoro analog in that the resonances due to almost only one iso- 
mer were discernible. Thus, a singlet at 6 5.88 (AS = 1.68) at 
room temperature due to the ortho hydrogen vicinal to Br dis- 
appeared on lowering the temperature (from ca. -40°C), and 
reappeared at ca. -65°C as a very broad signal at ca. 6 4.7. 
Finally at -95°C this became a singlet at 6 4.48 (HO in Fig. 3f) 
possessing an integration value corresponding to more than 
0.9 atom H. In Fig. 3f we were unable to unambiguously define 
any doublet signal, in the range 6 4.0-6.5, assignable to the 
other ortho hydrogen (H"') that would have received a higher 

field shift by the phosphine-tolyl ring a relative to the 6 6.59 
resonance (25°C). It might have been hidden in other stronger 
resonances. The 'H NMR spectrum at -95°C of the meta- 
chlorostyrene analog 4 also showed the existence of almost 
only one isomer (6 4.30 for the ortho-hydrogen vicinal to C1; 
at room temperature, 6 5.73, A6 = 1.67). Thus, the almost 
exclusive isomer in 4 and 5 at -95°C is the rotamer A in 
which the halogen atom is placed further away from the C- 
bond.3 This also corresponds to the solid state structure of 4 
(Fig. 4). The degree of predominance of this isomer might 
have been enhanced particularly at the lower temperature 
judging from the considerable upfield shift of the ortho-hydro- 
gen singlet for H0 on lowering the temperature. The cause of 
the observed isomer distribution in the meta-halogen-substi- 
tuted styrene complexes may be steric in origin. Molecular 
models based on the structure of 4 suggested that the steric 
hindrance to the substituent Y by Cp in B is less significant 
than that by the phosphine-tolyl group in A. Thus, inter-ligand 
repulsions would play little significant role, if any, in deter- 
mining the conformational preference. We explain the trend in 
the rotamer preference of the complexes in terms of internal 
steric strain in the styrenes, as follows. 

Of two vinylic hydrogens (Hc, Hg) of styrene, Hc is closer to 
the ortho position than is Hg. Therefore, in both A and B one 
ortho hydrogen close to Hc is thought to receive greater steric 
constraints than the other ortho hydrogen close to Hg. Since in 
the meta-substituted styrenes the ortho hydrogen next to the 
substituent Y (HO) is expected to be pushed away from Y, this 
particular ortho hydrogen would exert a larger steric hin- 
drance to the vinylic hydrogens than does the other one (HO'), 
resulting in the conformer involved in A being more stable 
than that in B. It is then understandable that the complex hav- 
ing the larger substituent (Y = C1, Br) showed a larger A:B 
ratio than that having the smaller substituent (Y = F). 

Concluding remarks 

The present observation of the hindered rotation about the 
C-C single bond in styrenes was made possible by the large 
chemical shift difference of the ortho-hydrogen resonances 
undergoing coalescence, which in turn was brought about by 
the complexation of styrenes to the arylphosphine-ruthenium 
center. The close disposition of the styrene-aryl group to the 
phosphine-tolyl group proposed here may also have its origin, 
to some extent, in an aromatic edge-face interaction (8). 

We also found that the distribution of the two rotamers aris- 
ing from the meta-substituted styrenes depends on the steric 
bulk of the meta substituent. An indirect steric effect of a sub- 
stituent group on a remote position transmitted over sp2-car- 
bon frameworks has attracted attention as a buttressing effect, 
particularly in studies of barriers to racemization of axially 
dissymmetric aromatic molecules (9). However, transmission 
of this effect via an intermediary hydrogen atom, which has 
clearly been confirmed in the present study, has rarely been 
detected (9b), particularly in a ground state event (10). 

An X-ray structure determination of a styrene derivative 
containing two alkoxy substituents at the meta and para positions 
(7) revealed the existence of a conformer analogous to A. 
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Fig. 3. 'H  NMR spectra in CD2CI2 of 3 at 25OC (a ) ,  - 15°C (b) ,  -40°C (c), -70°C (4, and -95°C ( e )  and of 5 at -95°C (f). 
The spectra (a)-(d) were taken with a 600 MHz instrument, and ( e )  and (f) with a 400 MHz one. X denotes solvent signal, and 
Y H 2 0  signal. 
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Fig. 4. Molecular structure of [RU(~~-C,H~)(~~~~)(CH,=CHC~H,CI-~)] BF4 with 
thermal ellipsoids at 50% probability levels for non-hydrogen atoms. Relevant 
hydrogens are shown only for convenience at the idealized positions. The anion 
and CH,CI, of crystallization are omitted. 

Experimental 

Most of commercially available reagents were used without 
further purification. Silver tetrafluoroborate (purity 90%) was 
used after drying under vacuum. 1,2-Bis(di-p-tolylphos- 
phino)ethane (dtpe) was prepared from tri-p-tolylphosphine 
and sodium metal in liquid ammonia followed by treat- 
ment with 1,2-dichloroethane (11). Preparation of ~ u ( 7 ' -  
C,H,)(dtpe)Cl was carried out according to the literature (12). 
'H NMR spectra were obtained on JEOL GSX-400 and Bruker 
AM600 spectrometers. Chemical shifts were referenced to 
CHC1, (6 7.27) in CDC1, and CHDCI, (6 5.30) in CD,Cl,. ,'P 
NMR spectra were obtained on a GSX-400 spectrometer oper- 
ating at 162 MHz and chemical shifts were referenced to exter- 
nal P(OMe), (6 0.00). "F NMR spectra were obtained on a 
GSX-400 spectrometer operating at 376 MHz and chemical 
shifts were referenced to PhCF, (6 0.00). 

Preparation of [(r15-~5~5)~u(dtpe)(~~2=~~C6~5)]BF4 
(1) 

To a solution of 150 mg (0.229 mmol) of RU($-C,~,)(dtpe)Cl 
and 80 mg (0.77 mmol) of styrene in 5 mL of acetone, 70 rng 
(0.32 mmol) of silver tetrafluoroborate in 5 mL of acetone was 
added under inert atmosphere. The resulting dark red solution 
was stirred until the color turned yellow (ca. 1 h) and filtered. 
The filtrate was evaporated under reduced pressure. The resi- 
due was extracted with 3 rnL of CH,Cl, and purified through a 
short Florisil column. To the eluent was added n-hexane to 
give 160 mg (86%) of pale yellow fine needles. These were 
washed with ether and n-hexane; rnp 145°C (dec.). 'H NNIR 

(dm, Jp = 39 Hz, 1H) and 2.95 (dm, Jp = 42 Hz, 1H) (each 
PCHHCH,P), 3.45 (m, 2H, PhCH= and =CHH cis to Ph), 
4.63 (s, 5H, C,), 6.37 (d, JH = 7 HZ, 2H, ortho-H of Ph), 6.51 
(dd, J, = 7 Hz, J p  = 1 1 HZ, 2H, ortho-H of tolyl), 6.91 (d, J H  = 
7 Hz, 2H, meta-H of tolyl), 7.1-7.5 (m, 13H), 7.72 (dd, J, = 7 
Hz, Jp = 11 Hz, 2H, ortho-H of tolyl). The following ortho-H 
resonances of the other tolyl groups were defined by the ,'P- 
'H COSY spectrum 6: 7.22 and 7.46. ,'P NMR (CD,CI,, 
25°C) 6: -62.6 (d, Jpp = 25 Hz), -68.9 (d). Anal. calcd. for 
C4,H4,P,BF4Ru: C 63.63, H 5.59; found: C 63.1 1; H 6.00. 

[ ( q 5 - ~ 5 ~ 5 ) ~ u ( d t p e ) ( ~ ~ 2 = ~ ~ ~ 6 ~ 4 ~ ~ e - p ) ] ~ ~ 4  (2) 
This compound was prepared sim~larly as pale yellow fine 
needles of 2.CH,Cl, (59%); mp 156155°C (dec.). 'H NMR 
(CD2C12, 25°C) 6: 1.45 (ddd, JH = 2.5, 8.0 HZ, Jp = 15 HZ, I H, 
=CHH trans to Ar (Ar = C,H40Me)), 1.9 1 (m, 1 H, PCHH-), 
2.25 (s, 3H), 2.40 (s, 3H), 2.47 (s, 3H) and 2.49 (s, 3H) (each 
CH,), 2.45 (m, lH), 2.81 (dm, Jp = 37 Hz, 1H) and 2.93 (dm, 
Jp = 40 Hz, 1H) (each PCHHCH,P), 3.40 (dd, J, = 2.5, 13 Hz, 
lH, =CHH cis to Ar), 3.53 (ddd, JH = 8.0, 13 HZ, J p =  11 HZ, 
1H,ArCH=),3.73(s,3H,OCH3),4.63(s,5H,Cp),6.33(d,JH 
= 8 Hz, 2H, ortho-H of Ar), 6.52 (dd, JH = 7 Hz, Jp = 1 1 Hz, 
2H, ortho-H of tolyl), 6.62 (d, JH = 8 Hz, 2H, meta-H of Ar), 
6.93 (d, JH = 7 Hz, 2H, meta-H of tolyl), 7.1-7.5 (m, 10H), 
7.72 (dd, JH = 7 HZ, Jp = 11 HZ, 2H, ortho-H of tolyl). ,'P 
NMR (CD,Cl,, 25°C) 6: -62.5 (d, Jpp = 23 HZ), -68.6 (d). 
Anal. calcd. for C4,H4gOP,BF4Cl,Ru: C 58.33, H, 5.33; 
found: C, 58.61, H 5.53. The presence of CH,Cl, of crystalli- 
zation was confirmed by the 'H NMR spectrum in CDC1,. 

(CD2C1,, 25°C) 6: 1.54 (dd, J, = 5 H;, Jp = 16 Hz, lH, <HH 
trans to Ph), 1.92 (m, lH, PCHH-), 2.25 (s, 3H), 2.41 (s, 3H), [ ( q 5 - ~ 5 ~ 5 ) ~ u ( d t p e ) ( ~ ~ 2 = ~ ~ ~ 6 ~ 4 ~ - m ) l ~ ~ 4  (3) 
2.55 (s, 3H) and 2.57 (s, 3H) (each CH3), 2.48 (m, lH), 2.86 3 was prepared similarly as pale yellow fine needles of 3.112 
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CH2C12 (78%); mp 133°C (dec.). ' H  NMR (CD2C12 25°C) 6: 
1.54 (ddd, JH = 3.0,s. 1 Hz, Jp = 17 Hz, lH, =CHH t;-ans to Ar 
(Ar = C6H4F)), 1.89 (m, 1 H, PCHH-), 2.26 (s, 3H), 2.4 1 (s, 
3H), 2.46 (s, 3H) and 2.48 (s, 3H) (each CH,), 2.48 (m, IH), 
2.85 (dm, Jp = 34 Hz, 1H) and 2.97 (dm, Jp = 38 Hz, 1H) (each 
PCHHCH2P), 3.29 (dt, JH = 8, 12 HZ, Jp = 12 HZ, lH, 
ArCH=), 3.46 (dd, JH = 3, 12 Hz, lH, =CHH cis to Ar), 4.70 
(s, 5H, C,,), 5.74 (d, JF = 10.5 Hz, lH, ortho-H of Ar), 6.26 (d, 
JH = 7 Hz, lH, ortho-H' of Ar), 6.50 (dd, JH = 7 Hz, Jp = 1 1 Hz, 
2H, ortlzo-H of tolyl), 6.76 (dd, JH = 7 Hz, JF = 8 Hz, 1 H, para- 
H of Ar), 6.91 (d, JH = 7 Hz, 2H, meta-H of tolyl), 7.09 (dt, JH 
= 7 Hz, JF = 6 Hz, lH, meta-H of Ar), 7.18 (dd, J H  = 7 Hz, Jp = 
10 Hz, 2H, ortho-H of tolyl), 7.4-7.5 (m, 8H), 7.7 1 (dd, JH = 7 
Hz, Jp = I1 Hz, 2H, ortho-H of tolyl). ,'P NMR (CD2C12, 
25°C) 6: -62.7 (d, Jpp = 23 HZ), -68.9 (d). 1 9 ~  NMR 
(CD2C12, 25°C) 6: -50.22 (ddd, JH = 6, 8, 11 Hz, lF, CF), 
-89.78 (q, JBF = 9.5 Hz, 4F, BF,). Anal. calcd. for 
C,, 5H45P2BF5ClRu: C 59.91, H 5.20; found: C 60.09, H 5.21. 
The presence of 112 mol of CH,Cl, of crystallization was con- 
firmed by the 'H NMR spectrum in CDC1,. 

[ ( r 1 5 - ~ 5 ~ 5 ) ~ u ( d t p e ) ( ~ ~ 2 = ~ ~ ~ 6 ~ 4 ~ l - m ) ] ~ ~  (4) 
Compound 4 was prepared similarly as pale yellow fine nee- 
dles (75%); mp 137-139°C (dec.). 'H NMR (CD,C12 25°C) 6: 
1.52 (ddd, JH = 3, 8.1 Hz, Jp = 16 Hz, lH, =CHH tt-ans to Ar 
(Ar = C6H4C1)), 1.82 (m, lH, PCHH-), 2.25 (s, 3H), 2.40 (s, 
3H), 2.46 (s, 3H) and 2.47 (s, 3H) (each CH,), 2.45 (m, lH), 
2.83 (dm, Jp = 35 Hz, 1H) and 3.01 (dm, Jp = 39 Hz, 1H) (each 
PCHHCH2P), 3.18 (ddd, JH = 8.3, 13 Hz, Jp = 12 Hz, 1 H, 
ArCH=), 3.52 (dd, JH = 3, 13 Hz, lH, =CHH cis to Ar), 4.7 1 
(s, 5H, C,), 5.73 (s, lH, ortho-H of Ar), 6.48 (dd, JH = 7 Hz, Jp 
= 11 Hz, 2H, ortho-H of tolyl), 6.52 (d, JH = 7 Hz, lH, ortho- 
H' of Ar), 6.92 (d, JH = 7 Hz, 2H, meta-H of tolyl), 7.0-7.5 (m, 
12H), 7.72 (dd, JH = 7 Hz, Jp = 11 Hz, 2H, ortho-H of tolyl). 
,'P NMR (CD2C12, 25°C) 6: -62.7 (d, Jpp = 23 HZ), -68.6 

I 
(d). Anal. calcd. for C4,H4,P2BF4C1Ru: C 61.04, H 5.24; 

1 Found: C 60.57, H 5.3 1. 

[ ( r 1 5 - ~ 5 ~ 5 ) ~ u ( d t p e ) ( ~ ~ 2 = ~ ~ ~ 6 ~ 4 ~ r - m ) ] ~ ~  (5) 
This compound was prepared similarly as pale yellow fine 
needles (85%); mp 137°C (dec.). 'H NMR (CD,Cl,, 25°C) 6: 
1.50 (ddd, JH = 3, 8.3 Hz, Jp = 17 Hz, 1 H, = C H H  trans to Ar 
(Ar = C6H4Br)), 1.79 (m, 1 H, PCHH-), 2.25 (s, 3H), 2.40 (s, 
3H), 2.48 (s, 3H) and 2.49 (s, 3H) (each CH,), 2.48 (m, lH), 
2.85 (dm, Jp = 36 Hz, 1H) and 3.01 (dm, Jp = 38 Hz, 1H) (each 
PCHHCH2P), 3.18 (ddd, JH = 8.3, 13 Hz, Jp = 12 Hz, 1 H, 
ArCH=), 3.52 (dd, JH = 3, 13 HZ, lH, =CHHcis to Ar), 4.72 
(s, 5H, C,), 5.88 (s, lH, ortho-H of Ar), 6.48 (dd, JH = 7 Hz, Jp 
= 11 Hz, 2H, ortho-H of tolyl), 6.59 (d, JH = 7 Hz, lH, ortho- 
H' of Ar), 6.90 (d, JH = 7 Hz, 2H, meta-H of tolyl), 7.03 (t, JH 
= 7 Hz, lH, meta-H of Ar), 7.16 (m, 3H), 7.23 (d, JH = 7 Hz, 
2H, meta-H of tolyl), 7.4-7.5 (m, 6H), 7.72 (dd, JH = 7 Hz, Jp 
= 11 Hz, 2H, ortho-H of tolyl). NMR (CD,Cl,, 25°C) 6: 
-62.7 (d, Jpp = 24 Hz), -68.7 (d). Anal. calcd. for 
C,,H4,P,BF4BrRu: C 58.00, H 4.98, found: C 57.77, H 5.24. 

X-ray structure determination of 4.CH2Cl, 
A yellow prismatic crystal with approximate dimensions of 
0.40 x 0.30 x 0.20 mm was mounted in a glass capillary. All 
measurements were made on a Rigaku AFC 5R diffractometer 
with graphite monochromated Mo K a  radiation and a 12 kW 

Table 1. Crystallographic data for 4 .CH,CI,. 

Formula 
Space group 
0,  A 
o, A 
c, A 
P. deg 
v, A3 
z 
d(calcd.), g cm" 

Fooo 
Radiation 
Temperature 
Scan type 

2e,,,;,,, deg 
No. of total reflections 
No. of unique reflections 
No. of observations 
No. of variables 
R 
R,, 

C,,H,,P,BF,CI,Ru 
P2, lc 
17.693(3) 
17.434(4) 
18.177(2) 
1 15.020(9) 
5080(1) 
4 
1.220 
1912 
MoKa 
Ambient 
0-28 
55.2 
12489 
12109 
3 178(1> 3.0o(I)) 
496 
0.102 
0.143 

rotating anode generator. Cell constants and an orientation 
matrix for data collection were obtained from a least-squares 
refinement using the setting angles of 24 centered reflections. 
Omega (w) scans of several intense reflections, made prior to 
data collection, had an average width at half-height of 0.30" 
with a take-off angle of 6.0". Scans of (1.21' + 0.35 tan 8)" 
were made at a speed of 24.0°/min (in w). Corrections for 
Lorentz and polarization effects were applied to the intensity 
data. 

All calculations were made with the TEXSAN crystallo- 
graphic software package of the Molecular Structure Corpora- 
tion, Woodlands, Tex. The structure was solved by heavy- 
atom methods and refined by the full-matrix least-squares pro- 
cedure, the function minimized being CW(~F,I-IF,~)~. Only 
the non-a-weighted least-squares procedure was performed, 
because a-weighted calculations yielded larger R values and 
more distorted BF4 geometries. These results may have arisen 
both from disorder about the BF4 ion and the low quality of the 
crystal, as is evident in the fact that only 114 of the independent 
reflections were observed as significant. Experimental data for 
the X-ray diffraction analysis are shown in Table 1.4 
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~ Micelle-induced change of mechanism in 
the reaction of muonium with acetone 

John M. Stadlbauer, Krishnan Venkateswaran, Hugh A. Gillis, 
Gerald B. Porter, and David C. Walker 

Abstract: Muonium atoms add to the 0 atom of the carbonyl group of acetone to give the muonated free radical 
(CH~)~C-O-MU when the reaction takes place in water or hydrocarbons, but not when the acetone is localized in micelles. 
Micelles have no effect on the formation of muonated cyclohexadienyl radicals when muonium reacts with benzene under 
similar conditions. The addition reaction with acetone appears to have been subsumed by a faster alternative reaction in 
the micellar environment. Evidence is presented for this interpretation rather than for an inhibition of the radical or for 
a shift in the muon level-crossing resonance spectrum with hydrogen (muonium) bonding, though major shifts are seen 
for the spectrum of this radical in pure solvents of widely different dielectric constant. It is suggested that muonium's 
"abstraction" reaction takes over in micelles because significant micelle-induced enhancement effects were previously 
observed in that type of reaction. The data are consistent with a rate constant for the abstraction reaction of muonium with 
acetone in micelles of >6 x lo8 M-' SKI. 

Key words: muonium, kinetic isotope effects, micelle enhancement, HMu-addition, H M u  abstraction. 

RCsumC : Lorsqu'on opkre en solution dans I'eau ou dans les hydrocarbures, les atomes de muonium s'ajoutent h I'atome 
d'oxygkne du groupe carbonyle de l'acitone pour conduire h un radical muone (CH~)~C-O-MU;  ce n'est toutefois pas 
le cas lorsque l'acitone est localisie dans des micelles. Les micelles n'ont aucun effet sur la formation de radicaux 
cyclohexadiinyles muonts lorsqu'on fait riagir des atomes de muonium avec le benzkne, dans des conditions semblables. 
I1 semble que, dans un environnement micellaire, la riaction d'addition sur l'acitone est dipassi  par une autre riaction 
plus rapide. On prisente des rLsultats confortant cette interpretation plut6t que celle faisant appel h une inhibition du 
radical ou h un diplacement du spectre de risonance de croisement au niveau du muon avec une liaison hydrogkne 
(muonium); toutefois, on observe des diplacements pour les spectres de ce radical dans des solvants purs de constantes 
diilectriques fort diffirentes. On suggkre que la riaction d'<(enlkvementn des muonium se produit dans des micelles en 
raison des effets de rehaussement induit par les micelles qui ont i t6  observis antirieurement dans ce type de riaction. Les 
donnies sont en accord avec une constante de vitesse, pour la riaction d'enlkvement du muonium avec l'acitone dans les 
micelles, qui serait supirieure h 6 x loX M-' s-I. 

Mots clis : muonium, effets isotopiques cinitiques, rehaussement par les micelles, addition Wmuonium, enltvement 
H/muonium. 

[Traduit par la ridaction] 

Introduction 
Muonium (Mu) is the hydrogen isotope with a short-lived 
positive muon of one-ninth the mass of a proton as its nu- 
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cleus. In aqueous solution it reacts like H, undergoing a 
variety of reaction types including reduction, substitution, 
combination, addition, and abstraction. In the case of 'H  re- 
acting with acetone as a solute in acidified water, both "ad- 
dition" and "abstraction' reactions occur, the former with 
kH = 0.9 x lo6 M-I s-I and the latter with kH = 1.7 x lo6 
M-' s-' (l(a)). A recent value puts the total kH some 40% 
lower, in strongly acid solution (l(6)). 

The Mu analogues are given by eqs. [ l ]  and [2], 

[2] Mu + (CH3)?CO ---, MuH + CH~COCH, 

but with reaction [ l ]  evidently dominant ( 2 4 ) .  Its reaction 
rate (kM = 8.7 x 10' M-I s-I at pH = 1 (5). and 1.1 x 
lo8 M-I s-' a t pH = 7 (6)) corresponds to a ,kinetic isotope 
effect (kMlkH) of -45 for the overall rate and -125 for the 
addition reaction. 

The (CH3)2~-O-Mu radical produced in reaction [ l ]  has 
been thoroughly characterized by high-field muon spin- 

Can. J. Chern. 74: 1945-195 1 (1996). Printed in Canada / Irnprirnt au Canada 
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rotation (pSR) studies of pure liquid acetone (2) and con- 
centrated aqueous solutions (3). It has also been well char- 
acterized by level-crossing resonance spectroscopy (pLCR) 
in the neat liquid state (7) and in dilute solutions in hexane 
and in water (4). It has an isotropic muon hyperfine coupling 
constant (Ap) of 26.1 MHz in neat acetone. This is 9 times 
larger than that of the analogous H-atom adduct (A,,), even 
after compensation for the 3.18-fold higher nuclear moment 
of p+ compared to p+ [8]. This is by far the largest hyperfine- 
coupling isotope effect yet encountered. It has been variously 
attributed to the much smaller moment of inertia of Mu com- 
pared to 'H  in the rotation of 0-Mu about the C-0 bond 
axis (2), and to the greater hyperconjugation of the Mu iso- 
tope resulting from its higher librational frequency (3). 

Another unique trait of the muonated free radicals formed 
when Mu adds to acetone is the fact that A,, changes 
markedly with the molecular dipole of the solvent involved. 
A,, is largest in water (3), intermediate in neat liquid acetone 
(2), and smallest in hydrocarbons (4). The increase from neat 
acetone to water has been ascribed to "muonium bonding," 
isotopomeric hydrogen bonding (3). In effect, the electro- 
static bonding of MU&+ in C-0-Mu to an 06- of water re- 
duces the moment of inertia (and the librational frequency) 
more than in neat acetone. There is also more muonium 
bonding to the 0 of acetone in neat liquid acetone than in a 
hydrocarbon solvent, hence the further decrease in Ap.5 This 
observed solvent effect on the hyperfine coupling of Mu re- 
quires that a full range of pLCR fields be covered in the 
present study, because the (CH~)~C-O-MU free radical in the 
micellar phase could have an A,, intermediate between that 
in a pure hydrocarbon and that in water. 

Surfactants are amphiphilic molecules that aggregate into 
roughly spherical micelles as their concentration passes 
through a critical micelle concentration. Organic solutes are 
invariably solubilized within these micelles, but Mu is not 

1 preferentially localized there (9, 10). Thus rate enhancements 
have been shown not to arise simply from "concentration am- 
plifications." Instead, Mu diffuses indiscriminately in and out 
of the micellar phase, reacting with solutes according to non 
confined competitive kinetics. 

In a Letter published a few years ago (4) we noted that the 
pLCR signal at 1840 MHz, corresponding to the Mu radical 
of eq. [l] from acetone in water, was missing when a large 
excess of micelles was added to the solution. In the present 
study we analyse the reason for this by exploring the effect 
of added surfactants as a function of their concentration UD 

through the critical micelle concentration. We also look to see 
if, in those earlier experiments, there was merely a shift in 
the position of the level-crossing resonance due to a change 
in the polarity of the microenvironment. 

Experimental 
Muonium atoms form at the end of some muon tracks when 
water is bombarded by high-energy positive muons. They 
react as free thermalized Mu atoms with solutes present, but 

Ap also increases (8), actually more than does A,, on moving 
from neat acetone to its solutions in water, so that A,lA,,. 
falls from 9.0 to 4.5. Perhaps this suggests Mu bond~ng IS 

somewhat weaker than H bonding. 

not with the water itself. The muons decay with mean life- 
times of 2.2 ps, so if the chemical lifetime of Mu is of the 
order of a microsecond, then the pSR technique can be used 
to watch reactions of Mu and to evaluate its reaction rate 
constant kM. The pLCR technique, on the other hand, is used 
to directly observe only those muons that are already incor- 
porated into free Mu radicals on the ps time scale of muon 
becay. 

The present studies use only pLCR, conducted on the 
M20B surface muon channel at the TRIUMF cyclotron 
using the Helios superconducting magnet in longitudinal- 
field mode. The technique was fully described previously 
(1  1). At certain fields (BR in eq. [3]) a muon-proton spin 
flip-flop occurs 

that results in loss of muon spin polarization due to resonance 
between the proton (AH) and muon (Ap) hyperfine couplings 
in a free radical, where the ys are the magnetogyric ratios of 
the muon and the proton. pLCR allows the determination of 
both the identity (1 I, 12) and yield (13) of free radicals that 
contain the muon as a Mu atom bonded in the a, P, or y posi- 
tions of a free radical. The pLCR spectrum is determined by 
measuring the muon's "asymmetryA as a function of applied 
longitudinal magnetic field. The ordinate (A+ - A-) is the 
difference in observed asymmetry when a small flip-field is 
added or subtracted to the main longitudinal field. This gives 
the plots a differential appearance with a resonance centered 
where the difference count rates cross the baseline. A com- 
puter fitting program then draws the lines and calculates the 
best resonance field (BR), amplitude (Amp), and linewidth 
(a) (see Fig. 1) .  

All solutions for these experiments were composed of 
reagent-grade chemicals (acetone, benzene, hexane, heptane, 
and decyltrimethylammonium bromide, hereafter DTAB) and 
triply distilled water. They were thoroughly deoxygenated 
by bubbling with pure nitrogen immediately before being 
pumped under nitrogen into the reaction cell. For the major 
series of experiments, samples of stock solutions of ace- 
tone in water at 100, 27, 10 mM were used with various 
amounts of the micelle-forming surfactant (DTAB) added. 
The actual concentration of micelles present was calculated, 
approximately, from the relationship, [micelle] = ([surfac- 
tant] - CMC)IA, where A is the aggregation number of the 
surfactant (48 for DTAB) and CMC the critical micelle con- 
centration (65 mM for DTAB). DTAB was chosen because 
its solubility is relatively high and it forms large micelles to 
accommodate many acetone molecules. The concentration of 
DTAB was increased from 10 to 500 mM, corresponding to 
micelle concentrations of zero to 9.1 mM. 

Results 

1. pLCR spectra of Mu-acetone radicals 
Figure 1 shows the pLCR spectra obtained for 27 mM solu- 
tions of acetone in water, and in solutions of DTAB below 
and above its CMC. The signal clearly decreases with in- 
creasing micelle concentration. These spectra correspond to 
resonances involving the six equivalent Hp atoms as reported 
previously for the (CH3)2 C-0-MU radical (4, 7). 
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Stadlbauer et al. 

Fig. 1. pLCR spectra of 27 mM acetone in: (i) water alone (O), (ii) with 25 mM DTAB 
added (A) ,  and (iii) with 50 mM DTAB added (x). 

0.003 -7 1 1 I I I I 

L o n g i t u d i n a l  M a g n e t i c  F ie ld  (Tesla)  

The pLCR spectrum of this Mu radical shifts considerably 
as a result of changes to its microenvironment. Spectra were 
obtained for the radical in neat acetone (1540 G) and in var- 
ious concentrations of water (-1820 G) and hexane (-1425 
G). Figure 2(a) shows this variation of BR, displayed as a 
function of the dielectric constant of the solvent. The latter 
is not the ideal parameter to use as a measure of the actual 
degree of hydrogen bonding (muonium bonding here), but 
the plot shows the strong dependence of hyperfine splittings 
on solvent polarity. The magnitude of BR is proportional to 
the difference between Ap and AH, as in eq. [3], but it can, 
presumably, be almost totally attributed to changes in Ap, 
with AH = 56 MHz (4, 7), as shown in Fig. 2(b), because 
the H-atoms are attached to C and can exhibit no hydrogen 
bonding. (It should be noted that because Mu is attached to 
a C atom in Mu radicals from acrylamide, styrene, and most 
others studied so far, none of them show LLCRS that shift 
with the nature of the solvent or change when the solute is 
solubilized by micelles.) 

Our data show no evidence for replacement of the Mu 
radical in water (at -1820 G) by a buildup at a lower field 
(corresponding to BR in a hydrocarbon) as the majority of 
acetone molecules get localized at micellar phases as surfac- 
tant is progressively added to an aqueous solution of ace- 
tone. The only resonances found were centered at 1820 G, 
with nothing at lower fields. Most experiments were scanned 
from 1200 to 2200 G, and occasionally from 600 to 2200 G. 

2. Yields of Mu radical (PR) from aqueous solutions of 
acetone as surfactant was added 

Radical yields were determined using eq. [4] (13), 

Fig. 2. Plots of ( a )  BR and (b) A, against the dielectric 
constant of the solvent, for the Mu radical from acetone 
in water and hexane solutions, and as neat acetone. (A, is 
calculated using eq. [3] with AH = 56 MHz.) a 

0 10 20 30 40 50 60 70 80 90 100 
Dielectric Constant 

20 1- I I d  

0 10 20 30 40 50 60 70 80 90 100 
Dielectric Constant 
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Fig. 3. Data of Table 1, showing the effect of increasing surfactant concentration on 
the observed yields of the Mu radical from acetone in water at: (i) 100 mM (A), 
(ii) 27 mM ( o), and (iii) 10 mM (@) concentrations. 

Radical Yield vs. [surf] DTAB 

I 
CMC 

Table 1. Yields of Mu radicals formed in aqueous acetone 
solutions of 100, 27, and 10 mM concentration to which 
increasing amounts of the micelle-forming surfactant DTAB was 
progressively added. 

[Ac]/mM [DTAB]/mM [mic]/mM P," 

"P, is the radical yield (fraction of incident muons seen as radicals) 
calculated from Amp(AB)' of the pLCR spectra at 1820 G using eq. [4]. 

where As is the intrinsic asymmetry of the apparatus, and v, 
is the LCR frequency, proportional to ApApIBR. For a given 
resonance, PR ci and all yields for a given res- 
onance can be normalized by comparison with neat acetone 
using the published yield of 0.41 (4). 

Table 1 shows the Mu-radical yields obtained at three con- 

centrations of acetone (100, 27, and 10 mM) for surfactant 
additions up through the CMC to micelle concentrations of 
9 mM. These data are plotted as PR against the surfactant 
concentration in Fig. 3. 

Errors in PR range from about 10% when the yields are 
high, to -50% as they merge into the background. However, 
a clear trend is seen for all three acetone concentrations - 
the yield decreasing markedly as micelles form and solubilize 
the acetone molecules. At a concentration of 100 mM not 
all of the acetone is encapsulated in the micelles, even at 
the highest DTAB concentrations. This can explain why the 
radical yield drops to only -25%, because there remains 
a high concentration of acetone in the water able to react 
with some Mu to form the observed radical product still 
in the aqueous phase. At 10 mM, on the other hand, the 
acetone concentration was so low that many of the muons 
in Mu decay before Mu reacts chemically, which results in 
PR dropping off prematurely. Only at 27 mM is a complete 
scavenging curve seen. 

3. Yields of Mu-benzene radicals (PRb) obtained in 
micelle solutions of benzene 

pLCR studies of neat liquid benzene have established that the 
muonated cyclohexadienyl radical, resulting from Mu addi- 
tion into the benzene ring, has its H resonance at BR 
20 780 G [I2]. This can be used to ca&brate the asymmetry 
characteristics of the apparatus, as in the last line of Table 
2. Virtually the same pLCR spectrum was obtained here for 
benzene solubilized in aqueous micelles, as in Fig. 4. This 
figure also shows the effect of adding 50 mM acetone to the 
50 mM benzene in the 9 mM micelle. (All concentrations are 
moles per litre of total solution.) Only a small decrease in 
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Stadlbauer et al. 

Fig. 4. pLCR spectra of 50  mM benzene in 0.5 M DTAB solution: (i) with no added acetone 
( O ) ,  and (ii) with 50  mM acetone added (A).  

Longitudinal Magnetic Field (Tesla) 

Table 2. Yields of Mu radicals in benzene solutions to which 
micelles and acetone were added. P,, is the Mu-cyclohexadienyl 
radical observed at B, = 20 780 G, whereas B, (as in Table 1) 
would correspond to the Mu radical from acetone at 1820 G. 

[Ac]/mM [Bz]/mM [DTAB]/mM [mic]/mM P,, 

0 pure 0 0 [O.82le 

T h e  value of 0.82 has already been established for the radical yield in 
neat liquid benzene (14). It was used here to put all P ,  values on an 
absolute basis - as a normalizing factor for the actual asymmetry of the 
apparatus (As, in eq. [4]). 

amplitude is evident. When this latter solution was scanned 
in the 1200-2200 G range, no resonance was observed cor- 
responding to the (CH&C-O-MU radical. 

Table 2 gives the actual yields of the Mu-benzene radi- 
cals in solution taking PRb = 0.82 in neat benzene (14). The 
yield of PRb = -0.16 in the micelles is in reasonable accord 
with the yield of Mu in water previously established for a 
solute present at more than three solutes per micelle, on av- 
erage, when the micelle concentration was -9 mM (9). It is 
similar to the Mu-radical yield found for 10 mM acetone in 
water (Table 1). Evidently there is no significant loss of Mu- 
benzene radicals by encapsulating the benzene in micelles. 
This is in sharp contrast to acetone. Furthermore, acetone 
competes with the benzene for Mu when both solutes are 
localized in the micelles, but only weakly. (In the case of the 
150 mM acetone experiment there was far too much acetone 

for it to be significantly accommodated by 9 mM micelles, 
which may account for a negligible further decrease.) 

4. Related Mu-radical searches 
To check the ~ossibilitv that localization of acetone in mi- 
celles may greatly enhance the fraction of acetone molecules 
in the "enol" form, pLCR scans were run from 11 000 to 
13 000 G, where Hp resonances typically occur when Mu 
adds to a vinyl group. None was found. The region around 
19 000-20 000 G was also studied in the event Mu added 
to the C of acetone's carbonyl to form an oxyl radical, but, 
again, no resonances were detected. 

yLCR's scans ,were performed on acetophenone in the 
1200-2200 G range looking for carbonyl addition, and 
around 20 000 G for benzene ring-addition. Resonances were 
found only for the latter, showing that addition occurs at the 
benzene ring at least an order of magnitude faster than to a 
ketone carbonyl group. (These findings removed the possi- 
bility of checking whether the carbonyl radical of acetophe- 
none would be curtailed like that of acetone when solubilized 
by micelles, so at the present time there are no data on other 
carbonyl compounds to compare with acetone.) 

Discussion 
The gross suppression by micelles noted earlier (4) is con- 
firmed here by the observation of a gradual decrease of the 
Mu radical by progressive addition of surfactants to aqueous 
solutions of acetone. It is also now shown that the radical was 
not missed previously due to a shift in the pLCR spectrum 
of this Mu radical as the microenvironment of the acetone 
changes from water to micelle. 

There is, nevertheless, a strong shift in Ap on switching 
from water to pure hexane as solvent (as in Fig. 2). But, 
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even if the acetone radical moves between the aqueous and 
micellar phases as rapidly as photo-excited acetone seems to 
do (15), the fluctuation in coupling constant should not wipe 
out the signals here. This is because, in the pLCR technique, 
there is involved only the particular state, and thus its cou- 
pling constant, of the species that exists at the very moment 
when the muon decays. 

Under almost identical conditions the Mu radical formed 
by reaction of Mu with benzene as solute was not suppressed 
by addition of micelles (Table 2), so the inhibition of the rad- 
ical spectrum of acetone was not caused by spurious effects 
such as exclusion of Mu from the hydrophobic phase of the 
micelle, nor from interference by impurities in the surfac- 
tants. Also. micelles were found to enhance. not reduce. the 
overall rate of reaction of muonium with acetone - by a 
factor of about 250, in fact (4). Consequently, the radicals 
are not "missing" because of subsequent reactions of Mu 
radicals with the surfactants or their impurities. 

It seems to be a case of an alternative faster reaction taking 
over when the interaction of Mu with acetone takes place 
within a micelle (or at its Stern-layer interface). Two other 
Mu-addition radicals are possible to envisage, though they 
seem unlikely, under the strained orientated localization of 
acetone in the Stern layer: first, a greatly enhanced occur- 
rence of the en01 tautomer of acetone, CH2=C(OH)CH3, 
giving the C H ~ ( M U ) - C ( C H ~ ) ~ H  radical; and second, pre- 
ferred addition to the C of C=O rather than the 0, giving 
the oxyl radical (cH~)~c(Mu)o. The former might be ex- 
pected to have a pLCR in the range 1 1  000-13 000 G, which 
is where vinyl adducts of Mu generally occur (12, 13, 15), 
but none was found here. Possible occurrence of the Mu-oxyl 
radical was also searched for (at -20 000 G where Mu-thiyl 
radicals have resonances (16)) but, again, none was detected. 
pLCR can readily observe oxyl and thiyl radicals where ESR 
cannot due to rapid electron spin relaxations. 

The most likely explanation for the present results seems 
to be for the abstraction reaction (eq. [2]) to supersede the 
normal addition reaction (eq. [I]) when the reaction occurs 
in micelles. This cannot be checked directly because the dia- 
magnetic product of eq. [2] is not observable by pSR tech- 
niques (17); but there are good reasons for speculating along 
these lines - it is specifically abstraction reactions that have 
previously been seen to show large micelle-induced enhance- 
ments (9), and Mu is expected to react to some extent by 
this mechanism because this is the predominant reaction of 
its heavy isotope H, even in water (1). 

A micelle-controlled mechanism would be given by reac- 
tions [5]-[7], 

[6] Mu(,,) + rnic = Mu(mic) 

[TI Mu(mic) + Ac(mic) * D 

where R represents the observed radicals at 1820 G (eq. [I]), 
and D the diamagnetic abstraction product (MuH) of eq. [2]. 
(Ac is acetone and mic the micelles.) 

A steady-state treatment for short-lived Mu within the 
micelles, as in eq. [a], 

leads to eq. [9] for the ratio R/D of product yields, 

and thus to eq. [lo], 

as the inverse of the fraction of Mu atoms leading to radicals 
(Ro being the value of R with no surfactant added). 

A major problem in trying to extract k7 by "fitting" 
the data to eq. [ lo] is the fact that the fraction of ace- 
tone in the aqueous phase relative to the micellar phase 
is a nonlinear function of [mic] because micelles undoubt- 
edly become saturated with acetone (perhaps after 10 or 
20 molecules). Some indication of the magnitude of k7 
that is required to explain these data can, nevertheless, 
be gleaned from the observation that for 100 mM ace- 
tone (and 27 mM) the yield of radicals is halved by some 
2.5 0.5 mM of micelles (1 50-250 mM DTAB, as in Fig. 3). 
Leigh and Scaiano have determined an equilibrium constant 
of 52 for photochemically excited triplet acetone molecules 
at low concentrations in sodium dodecyl sulphate micelles, 
based on an escape rate of lo8 s-I (in ref. 15). If we take 
this 52 as an upper limit (because of the saturation effect) 
for our ground-state acetone in DTAB (similar in size, just 
of opposite charge), and the lo8 s-' as a lower limit for kP6 
for muonium (estimated previously as -5 x 10' in CTAB 
[9]), then we can proceed with an "order-of-magnitude" esti- 
mation in the following way. We take [A~(~~,):I/[Ac~~,):l[mic] 
< 52 and put k-6 > 10' s-I, and use kS = 1 x 10' M-I s-I 
(6) and k6 E 5 x 10'' M-I s-I (9, 10) as published. For the 
limiting lower case, we also neglect k7[Ac(mic)] relative to 
kP6 in the denominator of eq. [lo], as if Mu generally does 
not react on encountering an acetone, even within a micelle. 
This gives a lower limit for k7 of 6 x 10' M-' s-I. 

Despite the obvious uncertainties in this estimate of k7, 
all of its assumptions work in the same sense - a lower 
limit. It implies that Mu and acetone react very much faster 
within the micelle, consistent with observed micelle-induced 
rate enhancement of abstraction reactions (4). Also, the value 
k7 > 6 x lo8 M-' s-I is not unreasonably high considering 
the fact that the abstraction reaction of Mu with 2-propanol 
undergoes a micelle-induced enhancement to k >10l0 M-' 
s-' (9). 

Our basic conclusion is that the "addition" reaction of Mu 
is subsumed by a faster competitive reaction for acetone in 
micelles, with "abstraction" a realistic alternative. 
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Homoleptic carbonyl cations of palladium(l), 
palladium(ll), platinum(ll), and gold(l) - 
simplified synthetic routes to their 
fluoroantimonate(V) salts 

Changqing Wang, Sun Chau Siu, Germaine Hwang, Christian Bach, 
Bianca Bley, Matthias Bodenbinder, Helge Willner, and Friedhelm Aubke 

Abstract: The original synthetic routes to the new noble metal carbonyl cations [Au(CO),]+ and [ M ( C ~ ) , ] ~ + ,  M = Pd or Pt, as 
[Sb,F, ,]-salts are multi-step procedures that involve corrosive reagents and require commercially unavailable starting materials. 
We report here two general simplifications: (i) the sole use of liquid antimony(V) fluoride as reaction medium in a single-step 
carbonylation process, and (ii) the use of the commercially available chlorides AuC1, and MCl,, M = Pd or Pt, as starting 
materials, in addition to the binary fluorosulfates Au(SO,F),, Pd[Pd(S03F)6], and Pt(SO,F),. The simplified routes developed 
here for [Au(CO),][Sb,F,,] and [M(CO),:I[Sb,F,,],, M = Pd or Pt, should make these new reagents more easily available for 
wider use in synthesis. In addition, these routes are found suitable for the generation of new carbonyl cations of electron-rich 
metals. 

Key words: metal carbonyl cations of Au(I), Pd(I), Pd(II), and Pt(I1); solvolysis reactions in liquid SbF,, reductive carbonylation 
in liquid SbF,; carbonylations in strong acidic media. 

RCsumC : La premikre voie de synthkse des nouveaux cations carbonyles de mCtal [Au(CO),]+ et de [M(CO),]~+, M = Pd ou Pt, 
sous forme de sels de [Sb,F, ,I-est une synthkse en plusieurs Ctapes impliquant des agents corrosifs et qui requiert des produits de 
depart non disponibles commercialement. Nous rapportons deux simplifications gCnCrales : (i) I'emploi uniquement du fluorure 
d'antimoine(V) liquide comme milieu rkactionnel dans une reaction de carbonylation en une Ctape et (ii) l'utilisation de AuCl,, 
et de MCl,, M = Pd ou Pt, comme produits de ddpart disponibles commercialement en plus des fluorosulfates binaires 
Au(SO,F),, Pd[Pd(SO,F),], et Pt(SO,F),. La mCthode simplifiCe dCveloppCe ici pour la synthkse du [Au(CO),][Sb,F,,] et du 
[M(CO),][Sb,F,,],, M = Pd ou Pt, devrait rendre ces nouveaux rCactifs plus facilement accessibles pour des synthkses de plus 
grande envergure. De plus on a trouvC que ces nouvelles mCthodes sont plus approprites pour gCnCrer les nouveaux cations 
carbonyles de mCtaux riches en Clectrons. 

Mots ~ 1 6 s  : cations de mktal carbonyle de Au(I), Pd(I), Pd(II), et Pt(I1); reactions de solvolyse dans du SbF, liquide; carbonylation 
rCductive dans du SbF, liquide; carbonylations dans des milieux fortement acides. 

[Traduit par la redaction] 

Introduction 

While three carbonyl chlorides of platinum(II), among them 
cis-Pt(CO),Cl,, are the very first transition metal carbonyl 
compounds to be reported (I), thermally stable, uncharged 
binary (homoleptic) carbonyls of platinum (2, 3) as well as of 
palladium (2, 4) and gold (5) are still unknown (6). Transient 
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fragments of all three metals containing carbon monoxide 
have been obtained by co-condensation of CO and the corre- 
sponding metal atom vapors (7) and studied by matrix iso- 
lation techniques only. 

Recently, evidence has been obtained by us for the exist- 
ence of the thermally stable homoleptic carbonyl cations 
[Au(CO),]+ (8, 9) and [M(co),]~+, M = Pd or Pt (10, 11). 
The cations are generated either in solution of superacids (8, 
10) or obtained in the solid state as [Sb2Fll]- salts, 
[ A U ( C O ) ~ I [ S ~ ~ F ~ ~ I  (9) and [M(CO),:I[Sb2Flll, (1 11, M = Pd 
or Pt. As surprising as are the existence and the relatively high 
thermal stability of these ennea fluoro diantimonate(V) salts 
(usually well beyond 100°C), are the structural, spectroscopic, 
and bonding features of the metal carbonyl cations. Their 
molecular geometries, linear (Dm,,) for [Au(CO)~]+ (9) and 
square planar for [M(co),]~+, M = Pd or Pt (1 I), are unprece- 
dented among thermally stable transition metal carbonyls. 
Their average CO stretching vibrations occur at significantly 
higher wave numbers, between 2235.5 and 2260 cm-' (8-lo), 
than are found for free CO (2143 cm-') (12, 13). Likewise, 13c 
chemical shifts are found at lower frequencies than CO (184 

Can. J. Chem. 74: 1952-1958 (1996). Printed in Canada 1 Imprime au Canada 
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ppm) (14) while high-frequency shifts are usually observed for 
transition metal carbonyls relative to CO (15). 

Homoleptic mononuclear carbonyl cations in thermally sta- 
ble salts are uncommon and prior to our work were limited to 
the hexacarbonyl cations in group 7 of the type [M(CO),]+, 
M = Mn, Tc, or Re, with [AlCl,]- or [FeCI,]- as anion (16). 
The noble gas formalism or the effective atomic number rule, 
which holds for the above-mentioned cations of the type 
[M(CO),]+, M = Mn, Tc, or Re, is usually valid for binary 
metal carbonyls (6). However, in [Au(CO),]+ there are 14 and 
in [M(co),]'+, M = Pd or Pt, 16 electrons associated with the 
central metal ion. This departure from the 18 electron count 
does not seem to cause unusual reactivity, a tendency towards 
metal-metal bonding resulting in cluster formation, or strong 
reducing power, as are commonly associated with such low 
electron counts in organo transition metal compounds (6). 

There are, however, strong similarities in structural and 
spectroscopic features between the carbonyl cations and the 
isoelectronic cyanide anions [Au(CN),]- and [M(cN),],-, M = 
Pd or Pt (17, 18), which in turn suggest that CO in the homo- 
leptic carbonyl cations acts predominantly as a a-donor 
ligand. IT-Back donation, the second component of a syner- 
getic M-CO bonding (6), appears to be reduced to insignifi- 
cance (19), judging by the various criteria cited above. 

A consequence of the predominant a-bonding and the con- 
comitant reduction in IT-back-bonding in metal carbonyl cat- 
ions is the presence of positive partial charges on the carbon 
atom of the carbonyl group (electrophilic carbon) and the jux- 
taposition of positive partial charges on both the metal and the 
adjacent C-atoms (19). 

Hence it is expected that homoleptic carbonyl cations will 
display different reactivities than do neutral carbonyls or the 
carbonylate anions, including the highly reduced carbonylates 
(20). Nucleophilic attack either on the metal center, resulting 
in a displacement of CO by the nucleophile, or on the adjacent 
C-atom is now possible, which in the latter case should lead to 
a chemical modification of the coordinated CO ligand. 

So far very little is known about the reactivity of metal car- 
bony1 cations. No systematic study has been undertaken. The 
only reported reaction is the substitution of CO by acetonitrile 
(9) according to: 

[ I ]  [AU(CO)~:I[S~~F~ 11 + 3 CH3CN 

which leads to the structurally characterized product 
[Au(NC,H,),I[SbF,l (9). 

A contributing reason for the lack of such systematic reac- 
tivity studies are the multi-step synthetic procedures used (8- 
11) in their synthesis. The highly reactive and corrosive 
reagents employed, among them SO,, HS03F, and elemental 
fluorine, as well as the unavailability of many reagents and 
starting materials from commercial sources, severely limit 
synthetic work, frequently on account of safety concerns. 

The purpose of this publication is to report on simplified 
procedures for syntheses of salts of the carbonyl cations of 
Au(I), Pd(I), Pd(II), and Pt(I1) with [Sb,F, ,I- as the anion in all 

instances. The reaction medium chosen is liquid antimony 
pentafluoride, SbF,, which is commercially available. The 
general synthetic procedure, solvolysis in liquid SbF, at 
slightly elevated temperatures (60-80°C) in the presence of 
gaseous CO at 0.5-2.0 atmospheres of pressure (1 atm = 101.3 
kPa), has recently been reviewed by us (21). Two types of 
metal derivatives are used as starting materials: (i) binary 
metal fluorosulfates, whose syntheses are well known (22), 
and (ii) binary metal chlorides, which are all commercially 
available. Hence the syntheses of all known carbonyl-cation- 
containing salts of gold, palladium, and platinum from com- 
mercially available starting materials should be possible. 

Experimental 

(a) Chemicals 
Palladium(I1) chloride and platinum(I1) chloride were donated 
to us by Prof. B.R. James, University of B.C. Gold(II1) chlo- 
ride was obtained from Johnson and Mathey. All three metal 
chlorides were manipulated and stored inside a dry box. They 
were used without further purification. Antimony pentafluo- 
ride, SbF,, was obtained from Atochem North America and 
purified by distillation methods as described (9, 11). The 
binary fluorosulfates Pd[Pd(SO,F),] (23), Pt(SO,F), (24), 
Au(SO,F), (25), and [Pd2(p-CO),](SO,F), (26) were synthe- 
sized by oxidation of the metal powders (all obtained from the 
Ventron Corporation) with bis(fluorosulfuryl)peroxide, 
S206F2, in fluorosulfuric acid as reported (23-26). S2O6F2 was 
obtained by the catalytic (AgF,) fluorination of SO, (27) and 
HS0,F technical grade (Orange County Chemicals) was puri- 
fied by distillation as described before (28). Carbon monoxide 
was obtained from Medi Gas Inc. 

(b) Instrumentation 
Infrared spectra were recorded with a Bomem M.B-102 
F.T.1.R instrument. Raman spectra were recorded with Bruker 
FRA-106 FT Raman accessory mounted on an optical bench 
of a Bruker IFS-66v instrument. 

Gaseous and volatile reagents and products were manipu- 
lated and measured in a vacuum line of known volume. Pres- 
sure measurements were made with a Setra capacity 
manometer type 280E (Setra Instruments, Acton, Mass.). Syn- 
thetic reactions were carried out in various glass reactors (10 - 
50 mL volume) fitted with Teflon stem valves (Young, Lon- 
don, U.K.) and Teflon-coated stirring bars. Solid materials 
were manipulated inside a Vacuum Atmosphere Corp. Drilab 
filled with dry N2. Microanalyses were performed by Mr. P. 
Borda, Department of Chemistry, U.B.C. 

(c) Synthetic reactions 
The synthetic procedures and the methods of product isolation 
were adopted from the previously reported solvolytic conver- 
sions of Au(CO)SO,F and cis-M(CO),(SO,F),, M = Pd or Pt 
(lo), to [Au(CO),l[Sb,F, 11 (9) and [M(CO),:I[Sb,F, 11, (1 1) in 
liquid antimony(V) fluoride in a CO atmosphere. The identifi- 
cation of known products was accomplished by the mass bal- 
ance of the reaction, volumetric CO-uptake measurements, 
microanalysis for carbon only, the determination of melting or 
decomposition points, a comparison of the vibrational spectra 
with the published precedents (9, 1 l), and the characterization 
of by-products by their vibrational spectra. 
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To illustrate the synthetic procedure, the synthesis of 
[Au(CO),] [Sb,F, , I 2  (9) starting either from Au(SO,F), or from 
AuC1, is described below in detail. The solvolytic conversion 
of [Pd,(p-CO),](SO,F), to the previously unknown [Pd,(k- 
C0),][Sb2F1 , I 2  is also described below. The remaining reac- 
tions leading to [M(CO),][Sb,F, ,I2, M = Pd or Pt, are carried 
out in an identical manner and on a comparable small scale. 

(i) The synthesis of [Au(CO),][Sb,F,,] frorn Au(S03F), 
About 3 mL SbF, was distilled onto 224 mg (0.494 mmol) of 
A u ( S O ~ F ) ~  in vacuo. The 50 mL round-bottom flask was 
warmed to room temperature. No reaction between the orange 
Au(SO,F), and clear, colorless SbF, was observed. Carbon 
monoxide (4.85 mmol) was admitted to the reaction vessel. 
The mixture was warmed to 65°C to facilitate stirring. The 
solid present changed color from orange to brown after 10 
min. White particles were visible in the mixture after 30 min. 
After 45 min, the solution turned dark yellow. The solid was 
gradually consumed at this stage. The solution was clear and 
colorless after 2 h and no solid appeared to be present. Heating 
was stopped and the solution was left stirring for 20 h. 

At ambient temperature the solution separated into a white, 
cloudy, viscous upper layer and a light brown, oily lower 
layer. Warming the mixture to 80°C caused the two layers to 

I 
combine to form a clear, colorless solution, but the brown oil 
returned upon cooling the reactor to room temperature. Infra- 
red spectra of the volatile materials in the reactor were 
obtained at - 196"C, -78"C, and 20.5"C. The volatiles were 
found to be CO, CO,, S,O,F,, and possibly Sb,F,SO,F, 
respectively. The excess SbF, was removed in vacuo, leaving 
a white solid. CO (3.18 mmol) was removed from the reactor. 

In total, 1.67 mmol CO appeared to react with 0.494 
mmol Au(SO,F),. The white solid was identified as 
[Au(C0),][Sb2FI ,]  by comparison of its vibrational spectra to 
published data (9). The conversion reaction proceeds quantita- 
tively. 

(ii) The synthesis of [Au(C0),][Sb2FI ,] from AuCI, 
To 100.3 mg (0.33 mmol) of finely ground, yellow-orange, 
crystalline AuC13, contained in a reaction vial of an approxi- 
mate volume of 100 mL, an excess of about 3 mL of purified 
SbF, was added in vacuo. The CO pressure was adjusted to 
about 0.6 atm. Upon warming the reaction mixture, first to room 
temperature and then to 60-70°C, in order to reduce the vis- 
cosity of SbF,, the crystals turned black immediately and then 
slowly became white in color. After heating for 5 days no fur- 
ther change in color and CO-uptake was noted, and the reaction 
was judged to be complete. The excess of SbF, was removed in 
vacuo overnight, with the reactor at 55°C. In the highly volatile 
gaseous fraction only CO and COF, could be detected by IR 
spectroscopy. The white solid residue was identified as 
[Au(CO),][Sb,F, ,I, which had formed in quantitative yield. 

(iii) The synthesis of [Pd,(p-CO),][Sb,F,,], 
An amount of 27.2 mg (0.058 mmol) of orange-colored crys- 
talline [Pd,(k-CO),](S03F),, used previously to obtain sam- 
ples for the crystal structure determination by X-ray 
diffraction (26), was finely ground inside the dry box and 
transferred to a one-part reactor of an approximate volume of 
50 mL. After weighing, approximately 2 mL of SbF, were 
added in vacuo. The reactor was kept at room temperature 
without stirring but with occasional shaking by hand, resulting 

in a swirling of the mixture. As time went by, the color of the 
suspension turned lighter, and became uniformly yellow after 
6 months. After removal of all volatiles, 67.3 mg (expected 
were 68.4 mg) of a yellow powder was left behind. On heating 
in a melting point capillary the compound started to decom- 
pose at 115°C and gray spots appeared. At 145°C the material 
had turned uniformly dark. Carbon analysis: calcd. for 
COFI ,Sb,Pd: 2.05%; found: 2.05%. Vibrational spectra: (a) 
IR, i in cm-l: 2032 vw, 2006 vs, 1970 w, 1349 vw, 1186 vw, 
1045 vw, 884 vw, 721 vs, 708 s, 682 VS, 648 s, 569 vs, 492 ms, 
390 m. (b) Raman, A i  in cm-I: 2048 vs, 734 vw, -7 10 vw, sh, 
696 vs, 68 1 s, 643 vs, 57 1 ms, 409 m, 296 w, b, 248 w, 228 w, 
135 vw, 82 w. Abbreviations: i = wave number, A i  = Raman 
shift, s = strong, m = medium, w = weak, v = very, b = broad 
and sh = shoulder. 

Results and discussion 
There are two general alternative routes of great simplicity 
found for all three fluoroantimonate(V) salts [Au(CO),] [Sb,- 
F, , I  and [M(CO),] [Sb,F, , I 2 ,  M = Pd or Pt as described below. 

As best illustrated by the original synthesis of 
[Au(CO),][Sb,F, ,] (8, 9), the original approach is cumber- 
some and experimentally demanding. Starting with the syn- 
thesis of gold(II1) fluorosulfate (24) according to: 

both the purification of the solvent, HS0,F (28), and the syn- 
thesis of bis(fluorosulfuryl)peroxide, S,O~F, (27), by the cat- 
alytic fluorination of sulfur trioxide with elemental fluorine, 
are demanding procedures that require specially developed 
equipment (26, 27). Furthermore, by-products of the catalytic 
fluorination may be extremely hazardous (27b); however, 
their formation can be avoided according to a recent study 
(27c). The subsequent reductive carbonylation of Au(S03F), 
according to: 

is straightforward, facile, and completed within a few hours, 
but nucleophilic displacement of one mole of CO by S 0 3 F  on 
heating or on solvent removal according to: 

[41 [ A ~ ( C ~ ) ~ ] + ( S O I V )  + S 0 3 F  Au(CO)S03F + CO(,) 

will produce Au(CO)S03F in quantitative yield (8) that will, 
after isolation by sublimation, convert in liquid SbF, to the 
final product [Au(CO),][Sb,F, , I  in a CO atmosphere of 580 
mbar (1 bar = 100 kPa) according to: 
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Two additional complications are encountered in the reduc- 
tive carbonylation of Pt(SO,F), (24) and the mixed valency 
compound Pd[Pd(SO,F),] (23). The rather slow reduction of 
Pt(SO,F), in HS0,F by CO produces a solid, yellow interme- 
diate of the composition [Pt(CO),I[Pt(SO,F),], which has 
been isolated and characterized (29). This intermediate will 
convert completely under slightly more forcing conditions to 
white cis-Pt(C0),(S03F),. The reductive carbonylation of 
Pd[Pd(SO,F),] in HS0,F produces, in addition to cis- 
Pd(CO),(SO,F), a second isomer with bridging CO groups 
according to the IR spectrum (10) which has so far not been 
isolated in pure form. Both forms of Pd(CO),(SO,F), are, 
however, easily converted in liquid SbF, and in the presence 
of CO to [Pd(CO),][Sb,F, , I 2  (I  I). 

These complications, the use of HS0,F as solvent and the 
necessity to isolate the metal carbonyl fluorosulfates as inter- 
mediates, are all avoided when liquid SbF, is used as reaction 
medium. The reductive carbonylation of the binary fluorosul- 
fates of palladium, platinum, and gold proceeds in a straight 
foward manner as, for example, . 

[ A U ( C O ) ~ I [ S ~ ~ F ~  + C02 + S205F2 + Sb2F9(S03F) 

The rather low volatility of SbF, requires prolonged heating of 
the product mixture to -65°C in vacuo during the product iso- 
lation. This causes no problems, because [Au(CO),][Sb,F, ,I, 
as well as [M(CO),][Sb,F, ,I2, M = Pd or Pt, shows sufficient 
thermal stability well beyond 100°C. 

The simplified synthetic procedure, initially developed for 
the preparation of [Au(CO),:I[Sb,F, , I  and [M(CO)4:l[Sb,F, ,I,, 
M = Pd or Pt, has found two recent applications, which have 
significantly expanded the field of homoleptic metal carbonyl 
cations: (i) The solvolysis of Hg(S03F), (30) in liquid SbF5 in 
a CO atmosphere resulted in the isolation (3 1) and subsequent 
structural characterization (32) of [Hg(CO),][Sb,F,,],, the 
first thermally stable carbonyl derivative of a post-transition 
metal. (ii) Reductive carbonylation of M(SO,F),( M = Ru (33) 
or 0 s  (34), in liquid SbF, allowed for the first time the isola- 
tion of [M(CO),][Sb,F, ,I, (33 ,  M = Ru or 0s .  In the first case, 
carbonylation of Hg(S03F), in HS0,F was unsuccessful 
while, in the case of ruthenium and osmium, carbonyl fluoro- 
sulfates of the divalent metals were obtained as intermediates 
but they have so far not been isolated and completely charac- 
terized (35). 

These synthetic reactions (3 1, 32, 35) as well as the synthe- 
ses of [Au(CO),][Sb2FIl] and [M(CO),][Sb,F,,],, M = Pd or 
Pt, described here, still require binary fluorosulfates as starting 
materials. Their preparation is best accomplished by metal 
oxidation with S206F2 in HS0,F as reaction medium (23-25, 
30,33,34). Hence neither the use of HS0,F nor the difficulties 
involved in the synthesis of S206F2 are completely avoided. 
Therefore a further simplification of the synthetic methodol- 
ogy is desirable. 

Such a simplification is achieved when the metal chlorides 
AuC1, and MCl,, M = Pd or Pt, are employed instead of the 
corresponding fluorosulfates. A precedent is seen in the 

reported solvolytic conversion of IC1, into [ICI,] [SbF,] (37). 
The conversion reaction of AuCl,, formulated as: 

is expected and solid [Au(CO),][Sb,F,,] is indeed formed 
and identified by comparison with an authentic sample (9). 
The mixed fluoride-chloride by-product formulated as 
SbF,Cl is, unlike Sb,F,(SO,F) (38), not fully characterized 
and corresponds in its composition to materials encountered 
by Ruff and Plato (39) during the original synthesis of SbF, 
from SbCl, and HF and later described in more detail by Ruff 
(40). 

Somewhat surprising is the observation, by gas phase IR, of 
COF, instead of COCI,, which is usually obtained in the 
reductive carbonylation of AuCl, to give Au(C0)Cl (41-43). 
Since COF, can be prepared from COCl,, phosgene, and a 
mixture of Sb(II1) and Sb(V) fluorides (44), it is assumed that 
initially formed phosgene is quantitatively converted to carbo- 
nyl fluoride by reaction with an excess of SbF,. Alternatively, 
the initial conversion of the starting material AuC1, to AuF, by 
SbF, may be considered. The synthesis of [Au(CO),][Sb2Fl1] 
from AuF,, CO, and SbF, as reaction medium is known (9) 
and will produce COF, as by-product. As in the solvolysis of 
AuCl,, a black-brown color also develops here (9) immedi- 
ately after combining the reagents. The nature of this black 
intermediate is unclear at the moment, but the disappearance 
of the black color as the reaction progresses provides an indi- 
cation of when the conversion has gone to completion. Finally, 
a white solid product, suspended in SbF,, is formed. 

Black-brown intermediates that are similar in appearance 
are observed in the solvolysis reactions of PdCl, and PtCl,, 
which proceed according to: 

[M(CO)$[Sb2F1 + 2 SbF4CI, M = Pd or Pt 

In this case, the black-brown particles form as soon as the 
metal halide powders come in contact with SbF, even before 
CO is added, and it will take several days before sizable quan- 
tities of the white final products form. 

Attempts to characterize the black intermediates by vibra- 
tional spectroscopy have been unsuccessful. The opaque 
powders do not scatter Raman light very well and give very 
poorly resolved FT-IR. As is in case of the solvolyses of 
AuC1, and AuF, (9), the slow disappearance of the black 
intermediates, allows monitoring the course of the reaction. 
Since all carbonylation reactions of metal halides in liquid 
SbF,, appear to be heterogeneous processes, starting materi- 
als, intermediates, and final products are suspended rather 
than completely dissolved in liquid SbF,. It is advisable to 
react small amounts at a time, to use a large excess of SbF,, 
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and to grind the solid metal chlorides very finely inside a dry 
box before use. In case of solvolysis reactions in SbF5 that 
involve fluorosulfates, it is advisable to reuse SbF, after prod- 
uct separation. The by-product formed, Sb,F,(SO,F) (38), is 
found to reduce the viscosity of antimony(V) fluoride (45) 
and hence facilitate the reaction. A potential dilutant, 
C4F9S02F, has so far found use only in the isolation of 
[Hg(CO),][Sb,F,,], where it is used to dissolve some of the 
excess of SbF, in a decanting procedure (32). 

It is noticeable that solvolysis reactions in SbF, and in a CO 
atmosphere proceed very slowly, where the oxidation state of 
the metal does not change as in the conversion of MCl,, M = 
Pd or Pt, into [M(co),]~+ salts. Since in MCI, the divalent 
metal ion is in a square-planar environment in both the CY and 
p- forms (6), the conversion involves square-planar substitu- 
tion, seemingly on solids. Hence the long reaction times are 
not surprising. 

The remaining four synthetic reactions discussed here 
involve reductive carbonylation and solvolysis. All are consid- 
erably faster and are suggested to proceed via initially formed 
"naked" metal ions as intermediates (21). The "naked" metal 
cations are strong Lewis acids that are stabilized by coordina- 
tion to CO to produce [Au(CO),][Sb,F, ,I, from either AuC13 
or Au(SO,F)~ (25), or [M(CO),] [Sb,F, ,I,, M = Pd or Pt, from 
either Pd[Pd(S03F)6] (23) or from Pt(S03F), (24). Hence the 
obvious advantage to produce the [M(CO),][Sb,F, M = Pd 
or Pt, from commercial reagents is in part offset by rather long 
reaction times and the necessity to react small quantities at a 
time as discussed above. 

While all reactions discussed so far lead to previously 
known compounds in a simpler, more direct way, this is not 
the case in the solvolysis of c-[Pd2(p-CO)2](S03F)2 (26) with 
an excess of SbF,, which results in the formation of a new 
compound c-[Pd,( p-CO),] [Sb,F, ,I ,  according to: 

25"C, 6 min 'r 
To avoid oxidation of palladium, which is in the formal oxida- 
tion state +1, by SbF,, the reaction is allowed to proceed at 
room temperature and requires reaction times of several 
months. Only very small quantities are reacted, because only 
small amounts of c-[Pd,(p-CO),](S03F), had been available 
and the objective was to obtain IR and Raman spectra of 
[ P ~ ~ ( F - C O ) ~ I [ S ~ ~ F I  11,. 

We previously reported the molecular structure of [Pd,(p- 
CO),](S03F), (26). During attempts to provide a complete 
vibrational analysis for the cyclic [P~ , (~-co) , ]~+  cation, 
which has D?, symmetry, two Raman active fundamentals, v5 
and v6, remalned undetected. They are expected to be weak, to 
occur at ~ 6 0 0  cm-I, and may perhaps be accidentally degen- 
erate. For [Pd,(p-CO),][Sb,F , I 2  all bands (listed in the exper- 
imental section) between 500 and 700 cm-I are best attributed 
to Sb-F stretching vibrations according to precedents (9, 1 1, 
32). 

A clearer picture is found in the CO stretching region 
where the mutual exclusion principle is followed. In the IR 

spectrum the asymmetric CO stretch v7 (BI,) is shifted from 
1977 cm-I with a I3c satellite at =I940 cm-' for the fluoro- 
sulfate to 2006 cm-I with a I3c satellite band at --I970 for 
the [Pd,(p-CO),][Sb,F, , I .  The Raman active vl  (A,) stretch 
shifts from 2027 to 2048 cm-' for the pair of coipounds. 
Hence i,,(CO) has increased from 2002 cm-I for [Pd2(p- 
CO),](SO,F), to 2027 cm-I for [Pd,(p-C0),:l[Sb2F,,],. 
Both values are well outside the range of 5 (CO) between 
1700 and 1850 cm-I commonly (6, 136, 46) quoted for 
bidentate, symmetrically bridging CO groups in neutral mol- 
ecules. 

The noncoincidence of IR and Raman active modes is con- 
sistent with the retention of D,, symmetry for the [Pd2(p- 
CO),]-metallo cycle in both compounds. As in [Pd2(p- 
CO),](SO,F), (26) where, according to the molecular struc- 
ture, bidentate, weakly bridging fluorosulfate groups are 
present, no vibrational coupling between individual cations is 
apparent for [Pd,(p-CO),][Sb,F, ,I, in the $CO) region. This 
is in contrast to observations for previously reported acetate 
derivatives determination (47, 48) where two [Pd,(p-c0),12+ 
cations are linked by bidentate bridging acetate groups into 
tetranuclear clusters of the type [Pd,(p-CO),(p-CH3C02),] . 2  
CH,CO,H according to a crystal structure determination (47, 
48). Extensive anion bridging, alternating with CO bridging, is 
also suggested for the halides of the type [Pd(p-CO)(p-X)],,, 
X = CI or Br (49,50), even though the molecular structures are 
so far unknown. 

In contrast to the clean synthesis of [Pd,(p-CO),:I[Sb,F, ,I, 
from the fluorosulfate precursor reported here, the solvolysis 
in SbF, in the presence of CO and at 70°C produces 
[Pd(CO)4:I[Sb2F,l]2 rather easily. But since the starting mate- 
rial [Pd,(p-CO),](SO,F), is difficult to obtain, this is not a 
recommended synthetic route. 

To conclude this report, a few exploratory reactions in liq- 
uid antimony(V) fluoride are briefly summarized. While cis- 
M(CO),(SO,F),, M = Pd or Pt, are converted cleanly in SbF, 
to [M(CO)4][Sb2Fl ,],,'M = Pd or Pt, in a CO atmosphere as 
discussed above, in the absence of CO different reactions 
occur. cis-Pt(CO),(S03F), is solvolyzed cleanly in SbF, to 
give a white, crystalline solid of the composition 
Pt(CO),(Sb,F, ,),. Attempts to determine its molecular struc- 
ture failed, because the crystals did not diffract. Both i CO 
stretches are shifted by -+20 cm-' relative to cis- 
Pt(CO),(S03F), but both remain Raman and IR active, which 
would be consistent with a bent Pt(CO), moiety. 

In contrast, cis-Pd(CO),(S03F), converts in SbF, to a mix- 
ture of [Pd(CO)41[Sb2Fll12 and c-[Pd2(p-CO)21[Sb~Flll~, 
according to the vibrational spectra. No attempt is made to 
separate the mixture because both components are known 
compounds. 

When Au(CO)(SO,F) (8) is dissolved in SbF, in the 
absence of additional CO, a pale yellow oil results after the 
removal of the excess of SbF, in vacuo (9). The composition 
of this oil varies from one preparation to the next and the sol- 
vated cation [Au(CO)]+ is so far only identified in solution of 
HS03F or of magic acid, HS03F-SbF, (9), but not in the solid 
state. 

The solvolytic conversion of a halide into a fluoroanti- 
monate salt in the presence of CO allows the generation of the 
well-known (16a, 51) cations [M(C0)6]+, M = Mn or Re, and 
their stabilization as [Sb,F, ,I- salts according to: 
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0.5-0.8 atm CO 

The reactions proceed in a more facile manner than in the orig- 
inal syntheses, which employ AIC13 as Lewis acid and AlC14- 
as counteranoin at CO pressures of 200 atm, necessitating the 
use of an autoclave (5 1) .  

While the reaction of Re(CO),Cl in SbF5-CO is very 
straightforward, in the case of Mn(CO),Cl, a large excess of 
CO must be admitted to the reactor before slowly warming the 
reaction mixture from - 196°C to 25"C, in order to avoid side 
reactions and the formation of colored materials. The vibra- 
tional spectra obtained for the two [M(C0)6][Sb,F, ,] salts, M 
= Mn or Re, do not differ significantly in the CO stretching 
region from previous reports (12, 52). 

It is illustrated by the synthesis of [Ir(C0)6][Sb,F, , I 3  that 
reductive carbonylation of a binary halide in SbF5 can lead to 
salts with new homoleptic carbonyl cations according to: 

2 [Ir(C0)61[Sb2F1 , I 3  + 3 COF, 

Details on this reaction and the spectroscopic identification of 
the [ I ~ ( c o ) ~ ] ~ +  cation will be published shortly (53). 

Summary 

The simplified synthetic approaches to the noble metal carbo- 
nyl salts [Au(CO),I[Sb2FI , I  (9) and [M(CO),I[Sb,F, , I 2  ( 1  11, 
M = Pd or Pt, reported here should facilitate wider use of these 
salts in synthesis. Their chemistry, which has so far remained 
largely unexplored, promises to be interesting. It remains to be 
seen how many more metal carbonyl cations can be generated 
in liquid SbF5 in addition to [H~(CO),]~+ (31, 32) and 
[M(co)~]'+, M = RU Or 0 s .  
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The energetics of the oxidative addition of 
trisubstituted silanes to photochemically 
generated ( q 5 - ~ 5 ~ 5 ) ~ n ( ~ ~ ) ,  

Bentley J. Palmer and Ross H. Hill 

Abstract: The rates for the oxidative addition reaction of trisubstituted silanes (Et,SiH, Et,MeSiH, EtMe,SiH, Et,SiH,) to 
photochemically generated ( q 5 - ~ , ~ , ) ~ n ( ~ 0 ) 2  (R, = H,, Me,, H,Me) species have been measured for the temperature range 
70 - 125 K. The reactions were carried out in either neat silane or a 50150, by volume, mixture of methylcyclohexane and silane. 
The activation energies, determined using Arrhenius law, varied from 2 to 35 kJlmol. The kinetic data fit an isokinetic 
relationship with an isokinetic temperature of 102 ? 6 K. The results are interpreted in terms of a variation in the loss of solvation 
prior to the oxidative addition. When the solvating molecule is methylcyclohexane, then loss of the solvent molecule precedes 
oxidative addition. In cases where solvation is by the silane, the incomplete loss of this silane precedes the oxidative addition. 

Key words : mechanism, oxidative addition, solvation. 

RCsumC : OpCrant a des tempkratures allant de 70 B 125 K, on a mesurk les vitesses de la rtaction d'addition oxydante de silanes 
trisubstituks (Et,SiH, Et,MeSiH, EtMe2SiH et Et,SiH,) B des espkces gCnCrCes photochimiquement (q5-C5~,)~n(CO),  (R, = 
H,, Me,, H,Me). Les rkactions ont CtC effectuCes soit en prksence de silane pur, soit dans un mClange 50150 par volume de 
mCthylcyclohexane et de silane. Les energies d'activation, dCterminCes ti l'aide de la loi d'Arrhenius, varient de 2 B 35 kJ mol-I. 
Les donnCes cinCtiques s'ajustent B une relation isocinttique avec une temptrature isocinttique de 102 ? 6 K. On interprkte les 
rksultats en termes d'une variation dans la perte de solvatation avant l'addition oxydante. Lorsque la molCcule effectuant la 
solvatation est le mCthylcyclohexane, la perte de la molCcule de solvant prickde alors l'addition oxydante. Dans les cas oh la 
solvatation se fait par le silane, la perte incomplkte de ce silane prtckde l'addition oxydante. 

I 
1 Mots clks : mmCcanisme, addition oxydante, solvatation. 

[Traduit par la rCdaction] 

' Introduction 

Oxidative addition by d6 systems is very important in catalytic 
(1) and stoichiometric processes including, for example, C-H 
activation by ( q 5 - ~ 5 ~ 5 ) ~ e ( ~ ~ ) ~ ~ e 3  (2). In solution, the oxi- 
dative addition of trisubstituted silane to ( q 5 - ~ 5 ~ 5 ) ~ n ( ~ ~ ) ,  
and ( q 5 - ~ 5 ~ e 5 ) ~ n ( ~ ~ ) 2  has been shown to result from ir- 
radiation of the corresponding tricarbonyl (3,4). 

In this paper we report the results of an experimental study 
of the oxidative addition of trialkyl silanes to d6, 16e- unsatur- 
ated species. The organometallic reagents were generated at 
low temperature by the irradiation of ( q 5 - ~ 5 ~ 5 ) ~ n ( ~ ~ ) ,  (R, = 
H,, Me,, H,Me) species. The photochemical and thermal reac- 
tions are summarized in eqs. [ l ]  and [2], respectively. It is also 
possible that the 1 6 e  intermediate may react with the photo- 
generated CO (eq. [3]). The reaction eqs. [I]-[3] neglect the 
possible involvement of solvation by the glass. In a low-tem- 

perature glass it is possible to cause the photochemical reac- 
tion, CO dissociation, to occur at a rate substantially faster 
than the subsequent thermal oxidative addition of the trialkyl- 
silane. Consequently, at low temperatures, reaction [ l ]  can be 
made to occur faster than reaction [2] thereby accumulating 
( q 5 - ~ 5 ~ 5 ) ~ n ( ~ ~ ) 2 .  This was demonstrated previously by 
Wrighton and co-workers (5-7). As long as the back reaction 
with free CO is too slow to compete for the dicarbonyl, the rate 
of eq. [2] is directly measurable. 

Since the above studies were released several significant 
Received February 2, 1996. contributions to our understanding of the oxidative addition 

reaction have appeared (8-1 1). Of particular interest have 
This paper is dedicated to Professor Howard C. Clark in been the contributions to understanding the role of the solva- 
recognition of his contributions to Canadian chemistry. 

tion of the coordinatively unsaturated intermediate in these 
B.J. Palmer and R.H.  ill.' Department of Chemistry, Simon studies. These studies do prompt one to question the effect of 
Fraser University, Burnaby, BC V5A 1S6, Canada. the low-temperature glass in the previous studies. In this study 
' Author to whom correspondence may be addressed. we provide some evidence concerning the effect of solvation 

Telephone: (604) 291-487 1. Fax: (604) 291-3765. in the low-temperature glass environment. 

Can. J. Chern. 74: 1959-1967 (1996). Printed in Canada / Irnprirne au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Can. J. Chem. Vol. 74 ,  1996 

Fig. 1. FTIR spectral changes associated with the photolysis of 
( T S - ~ S ~ 4 ~ e ) ~ n ( ~ 0 ) 3  in a 50150 (vlv) mixture of SiEt2H2 and 
methylcyclohexane at 115 K. Spectrum prior to photolysis 
subtracted from spectrum after photolysis. Bands associated with 
( T S - ~ s ~ 4 ~ e ) ~ n ( C O ) 3  at 2020 and 1935 cm-' appear negative 
while bands associated with ( r 1 5 - ~ 5 ~ 4 ~ e ) ~ n ( ~ ~ ) ,  at 1949 and 
1880 cm-I and ( T 5 - ~ 5 ~ , ~ e ) - ~ n ~ ( ~ i ~ t 2 ~ ) ( ~ 0 ) 2  at 1978 and 
1914 cm-I appear positive. 

-0.250 , 1935 

2050 2000 1950 1900 1850 
WAVE NUMBER; cm-I 

The kinetics of the oxidative addition of R',SiH (R', = Et,, 
Et2Me, EtMe,, Et2H) to photogenerated ( r 1 5 - ~ , ~ , ) ~ n ( ~ 0 ) 2  
(R, = H5, Me,, H4Me) have been studied in the temperature 
range 70-125 K. The results of this study are used to provide 
insight into the intimate details of the mechanism of the oxida- 
tive addition with emphasis on the effect of solvation on the 
energetics.. 

Results 
A sample consisting of (r15-~,H,Me)Mn(~O)3 in Et2SiH2- 
methylcyclohexane was cooled to 1 15 K and photolyzed (Fig. 
1). Upon photolysis there was a decrease in absorption bands 
at 2020 and 1935 cm-' due to ( . r 1 5 - ~ , ~ 4 ~ e ) ~ n ( ~ ~ ) 3  and the 
appearance of absorption bands due to ( q 5 - ~ 5 ~ 4 ~ e ) ~ n ( ~ ~ ) 2  
at 1949 and 1880 cm-' and due to ( q 5 - ~ 5 ~ 4 ~ e ) -  
MnH(SiEt,H)(CO), at 1978 and 19 14 cm-' . The intermediate 
was previously identified in a 77 K glass (12). The product was 
assigned by comparison with similar species (3, 5-7). Subse- 
quently, spectra were obtained as a function of time following 
the consumption of the ( r 1 5 - ~ 5 ~ 4 ~ e ) ~ n ( ~ ~ ) 2  species and the 
formation of the oxidative addition product, (-q5- 
C,H,Me)MnH(SiEt,H)(CO),. Figure 2 illustrates a typical 
result obtained for the reaction of ( q 5 - ~ , ~ 4 ~ e ) ~ n ( ~ ~ ) 2  with 
Et,SiH, in a Et2SiH2-methylcyclohexane glass. In Fig. 2 are 
the absorbance difference spectra (spectrum after photolysis 
subtracted from subsequent spectra) showing the consumption 
of ( r 1 5 - ~ 5 ~ 4 ~ e ) ~ n ( ~ ~ ) 2  (negative peaks) and the formation 
of ( r 1 5 - ~ 5 ~ , ~ e ) ~ n ~ ( ~ i ~ t 2 ~ ) ( ~ O ) 2  (positive peaks). A plot 
of 1n1 [ ( r 1 5 - ~ 5 ~ ~ ~ e ) ~ n ( ~ ~ ) 2 1 ~ ~ [ ( r 1 5 - ~ ~ ~ ~ ~ e ) ~ n ( ~ 0 ) 2 1 t l  
against time (Fig. 3) is linear, and the slope yields the rate con- 
stant, k (3.78 X s-'), according to eq. [4]. For each of the 
systems studied, the decrease in absorbance due to ($- 

Fig. 2. Changes in absorbance following the monitoring of the 
sample generated above showing the selected spectral changes 
following 8, 16, 27,40, 56, 80, and 107 min. 

-0.1 00 1 I 
2050 2000 1950 1900 1850 

WAVE NUMBER; cm-I 

C,R,)Mn(CO), species (or increase in absorbance due to ($- 
C,R5)Mn H(SiR',)(CO), species) was found to be first order 
in ( r 1 5 - ~ 5 ~ 5 ) ~ n ( ~ ~ ) 2 .  In both cases the kinetic results were 
interpreted in terms of the first-order rate law given in eq. [4]. 

The photolysis of ( r 1 5 - ~ , ~ , ~ e ) ~ n ( ~ ~ ) 3  in a EtMe2SiH 
glass at 90 K gave rise to absorption bands in the FTIR due to 
the 1 6 e  species, (T~"c,H,M~)M~(co)~, at 1942 and 1870 
cm-', and an unassigned band at 1845 cm-I. Two bands 
assigned to the oxidative addition product, ($- 
C H Me)MnH(CO),(SiEtMe,), appeared at 1968 and 1900 

;' cm- . In a dilute trialkylsilane glass at 110 K (1:l methyl- 
cyclohexane/EtMe,SiH mixture by volume at room tem- 
perature) photolysis resulted in bands due to ($- 
C,H4Me)Mn(CO) , at 1946 and 1876 cm-I, and an unassigned ? band at 1847 cm- . The two CO bands assigned to the oxida- 
tive addition product appeared at 1972 and 1905 cm-I. 

The photolysis of ( r 1 5 - ~ , ~ 5 ) ~ n ( ~ ~ ) 3  in a methylcyclo- 
hexane-Et,MeSiH glass at 125 K showed bands due to the 
16e- species, ( - q 5 - ~ , ~ , ) ~ n ( C O ) , ,  at 1954 and 1885 cm-', and 
two unassigned bands at 1868 and 1834 cm-I. The origin of 
the unexplained bands was unclear; however, their intensity 
did not vary on the time scale of the kinetic run. Therefore, it 
was concluded that eq. [2] represented the net thermal chem- 
istry of all the ( - q 5 - ~ 5 ~ , ) ~ n ( ~ ~ ) 2  (R, = H,, Me,, H4Me) spe- 
cies studied. Relevant band positions for the compounds 
studied are summarized in  able 1. 

For each of the systems studied, the photolysis of ($- 
C,R,)Mn(CO), species in a dilute (50150 vlv (289 K)) trialkyl- 
silane-methylcyclohexane mixture or neat trialkylsilane 
(Rr3SiH) glass led to the loss of IR absorptions due to the start- 
ing complexes and the growth of new bands associated with 
the 16e- species ( r 1 5 - ~ 5 ~ , ) ~ n ( ~ ~ ) 2  and the oxidative addi- 
tion product (-q5-c,~,)Mn H(SiR'3)(CO)2. It was not possible 
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Palmer and Hill 

Table 1. Spectroscopic data for relevant compounds in trialkyl 
silane. 

Complex 

"Solvent was a 50150 mixture (by volume at room temperature) of 
silane and methylcyclohexane. 

to see free CO ( 2132 cm-') in trialkylsilane (or a 1: 1 trialkyl- 
silane/methylcyclohexane mixture) glasses due to the over- 
whelming Si-H absorption. However, the stoichiometry of the 
photochemical loss of CO for the manganese complexes stud- 
ied has been shown to be one mole of CO produced per mole of 
( q 5 - ~ , ~ 5 ) ~ n ( ~ 0 ) 3  consumed (5). Although the direct moni- 
toring of the increase or decrease in the CO absorption was not 
possible, it should be noted that photoproducts other than ($- 
C5R5)Mn(CO), were not, in general, detected. The two excep- 
tions were in the monitoring of the ( q 5 - ~ 5 ~ 4 ~ e ) ~ n ( ~ 0 ) 3 -  
EtMe,SiH and the ( q 5 - ~ 5 ~ 5 ) ~ n ( ~ 0 ) 3 - ~ t , ~ e ~ i ~  systems. In 
these cases the intensity of the unassigned bands did not vary 
during the thermal reaction. It is interesting to note that previ- 
ous workers (12) assigned bands in similar positions as due to 
a photogenerated monocarbonyl although it is unlikely that 
such a species would be stable under the conditions of this 
reaction. The calculated rate constants for reaction of trialkyl- 
silanes with the ( q 5 - ~ , ~ , ) - M n ( ~ 0 ) ,  complexes are 
in Table 2. 

Discussion 

The photochemical loss of CO from (q5-~5R,)Mn(C0)3 to 

Fig. 3. A plot of I~([(~~-c~H~M~)M~(co),~,~[($- 
C5H4Me)Mn(CO),],] against time for the experiment of Fig. 2. 

time (s) 

give coordinatively unsaturated species (eq. [I]) in low-tem- 
perature trialkylsilane and methylcyclohexane-trialkylsilane 
glasses is consistent with previous work (5-7). Unfortunately, 
the Mn-H stretch was not observed in the IR, consistent with it 
being much weaker than bands associated with the CO stretch- 
ing (4). However, the formation of a two-band pattern in the 
IR (at higher frequency, relative to the unsaturated 16e- spe- 
cies) concurrent with the disappearance of the two bands due 
to the intermediate was consistent with the oxidative addition 
of the trialkylsilane. The room temperature photolysis of each 
tricarbonyl-silane system resulted in the appearance of 'H 
NMR peaks in the - 14.0 to - 12.0 ppm region consistent with 
the formation of metal hydrides (1 3). IR absorption spectra of 
all the oxidative addition products possess two, approximately 
equal intensity, CO absorption bands indicative of 90" OC- 
Mn-CO angles (based on arguments similar to those in ref. 
14). Therefore, in agreement with earlier studies, each ($- 
C5R5)Mn H(SiRr3)(CO), complex is formulated as the cis 
isomer. This is consistent with the crystallographically 
determined structure of ( q 5 - ~ , ~ , ~ e ) ~ n ~ ( ~ i ~ e ~ h ~ p ) ( ~ ~ ) 2  
(Np = 1-C,,H?), which has a 91.4" OC-Mn-CO angle, and (q5- 
C5H5)MnH(S~Ph3)(CO), with an 88.7" OC-Mn-CO angle (in 
the solid state), both prepared by photolysis of the appropriate 
tricarbonyl in the presence of trialkylsilane (15, 16). It should 
be noted that the oxidative addition of an Si-H bond to a tran- 
sition metal center does not always result in complete Si-H 
bond breakage. The incomplete oxidative addition of an 
Si-H bond may be viewed as a two-electron three-center 
(M, Si, H) bond. Such an interaction has been observed, 
by neutron diffraction, in the complex ( T 5 - ~ 5 ~ , ~ e ) -  
MnH(SiFPh,)(CO), (17). Recent X-ray and neutron diffrac- 
tion results, and 2 9 ~ i  NMR studies to obtain the coupling con- 
stants J(SiMH), show that the extent to which the oxidative 
addition is complete is greater when there are electron-releas- 
ing ligands on M and (or) highly electron-withdrawing substit- 
uents (R') on Si (15). 

The order of the reaction 
The trialkylsilane concentration, for experiments conducted in 
a neat trialkylsilane glass, was not incorporated into the rate 
equation. The rate of a bimolecular reaction can be thought of 
as being dependent on two main factors; (i) the frequency of 
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Table 2. Rate constants for the reaction of 16e- (q5-C,R,)Mn(CO), complexes with 
Rf,SiH and Rf,SiH,. 

[Rf3SiH], T,  kobr, k ,  Error (%)b 

Arene M" K + l K  s-I M-1 s-l kObs and k 

Trialkylsilane concentrations corrected for solvent contraction at 77 K. 
bObtained from statistical analysis of data. 
Tnsufficient data for statistical analysis. 
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Palmer and Hill 

collision between reacting molecules, and (ii) the collision 
energy (and geometry of the two species) being appropriate to 
surmount the activation barrier. Generally, for the case of gas 
phase reactions, the incorporation of reactant concentration is 
crucial. In gas phase reactions (assuming relatively low con- 
centrations and pressure) there are a limited number of reac- 
tants and a great deal of empty space. Therefore, including the 
concentration of the reactive species is important in determin- 
ing the rate of the reaction. Analogously, in solution, the 
inclusion of concentrations is important as a result of diffu- 
sional processes. However, in a neat trialkylsilane glass, 
clearly each ( r 1 5 - ~ , ~ , ) ~ n ( ~ ~ ) 2  species is entirely sur- 
rounded by silane molecules. Therefore, the probability of 
each ( . r 1 5 - ~ , ~ , ) ~ n ( ~ ~ ) 2  molecule being surrounded by a 
sphere of silane molecules is unity. Hence, each collision that 
a ( r 1 5 - ~ , ~ , ) ~ n ( ~ ~ ) 2  molecule undergoes is with a trialkylsi- 
lane molecule. 

For kinetic experiments done in a 50150 mixture of trialkyl- 
silanelmethylcyclohexane one cannot simply neglect the 
trialkylsilane concentration. The probability of a ($-c,R,)- 
Mn(CO), species colliding with a trialkylsilane molecule, in a 
solvent mixture, cannot be assumed to be unity. In a neat tri- 
alkylsilane glass there is no doubt that the probability of the 
unsaturated species colliding with a trialkylsilane molecule is 
one. However, in a glass containing a mixture of two solvents 
the reduced probability of a ( r 1 5 - ~ 5 ~ , ) ~ n ( ~ ~ ) 2  species col- 
liding with a trialkylsilane molecule must be taken into con- 
sideration. In a 50150 silanelmethylcyclohexane mixture it is 
possible that, during the process of forming a glass, methyl- 
cyclohexane preferentially forms a coordination sphere 
around the ( r 1 5 - ~ , ~ , ) ~ n ( ~ ~ ) 3  molecules. However, this pos- 
sibility does seem remote. The other extreme, which seems 
just as unlikely, is that in a 50150 mixture the trialkylsilane 
preferentially forms a sphere around the tricarbonyl complex. 
The only workable assumption, and the one that was made, 
was that the ( q 5 - ~ , ~ , ) ~ n ( ~ ~ ) 3  molecules have a statistical 
ratio of trialkylsilane and methylcyclohexane surrounding 
them. The probability of ( r 1 5 - ~ , ~ , ) ~ n ( ~ ~ ) 2  colliding with a 
trialkylsilane molecule would now be dependent on the con- 
centration of trialkylsilane molecules surrounding the frag- 
ment. 

Each of the rate constants was determined according to eq. 
[4]. Each of the rate constants in Table 2 is the result of divid- 
ing the observed rate by the silane concentration. The use of 
the silane concentration in cases where neat silane is utilized 
is expected to be a source of error. In spite of this limitation 
the relative correction provided by this procedure is perhaps 
the most appropriate procedure possible. 

Analysis of the reaction energetics 
For each ( r 1 5 - ~ , ~ , ) ~ n ( ~ ~ ) 3 - ~ ' 3 ~ i ~  system summarized in 
Table 2, the activation energy was determined using Arrhenius 
law. The activation parameters were determined from the slope 
and intercept of plots of ln(k) vs. 1lT. For cases where rate con- 
stants were obtained in both neat silane glass and dilute silane- 
methylcyclohexane glass three sets of activation parameters 
were obtained. The first set of parameters was obtained from a 
plot of all the rate data for each silane. The second and third sets 
of activation parameters were obtained separately from plots 
of the data collected in neat silane and the dilute silane glass. 
All of these data are summarized in Table 3. 

In a similar fashion, plots of ln(kl7') vs. 11T were used to 
obtain the activation enthalpy and entropy from activated 
complex theory. The obtainedfrom the data col- 
lected in both neat and dilute silane, analyzed as above, are 
presented in Table 3. 

The activation energies in Table 3, which include some lit- 
erature data, cover a range of 44 kJ1mol. In cases where rate 
constants were determined in both neat and dilute glasses, two 
general cases were found. In the reaction of Et2MeSiH with 
( r 1 5 - ~ , ~ 4 ~ e ) ~ n ( ~ ~ ) 2  no significant variation in the activa- 
tion parameters was identified between the analysis of the 
individual data and the combined data. For the remainder of 
the data a significant variation was found between the activa- ., 
tion energy in neat silane glass and in a mixed silane-methyl- 
cyclohexane glass. In each case the variation resulted in a 
lower activation barrier in the neat silane and a smaller pre- 
exponential factor. In terms of activated complex theory we 
have a lower activation enthalpy and a more negative entropy 
of activation in the neat silane glass. 

In Fig. 4 a plot of the enthalpy of activation versus the 
entropy of activation is presented. When the measurements 
were made in different glasses the data for silane glass and for 
the silane-methylcyclohexane glass are given separately. All 
data points except for the data associated with the strongly 
electron-withdrawing ( r 1 5 - ~ 5 ~ l , ) ~ n ( ~ ~ ) 2  fragment clearly 
define a free energy relationship. Such a correlation is indica- 
tive of an isokinetic relationship (IKR) (18,19). From the 
slope of the plot the isokinetic temperature is determined to be 
ca. 102 + 6 K. 

The presence of the free energy relationship is usually 
taken to indicate that all the reactions follow a similar mecha- 
nism, at least to the point of the rate-determining step. Perhaps 
of most significance within the data presented is that the reac- 
tions all fall along the same line. For example, the activation 
energy for reaction of ( r 1 5 - ~ , ~ 4 ~ e ) ~ n ( ~ ~ ) 2  with Et2SiH2 
increased from 2 to 23 kllmol upon changing the media from 
neat silane to the silane-methylcyclohexane mixture. In spite 
of this change in glass both these points are in keeping with 
the free energy relationship. This indicates that a similar step 
is controlling the energetics of the reaction of these species in 
the different glasses. 

Discussion of the oxidative addition reaction 
The initial unsaturated complex formed upon CO extrusion is 
quickly solvated by the glassy medium. In neat silane, the sol- 
vent may coordinate through a C-H bond (eq. [5]). However, 
in dilute trialkylsilane the coordinating species could be meth- 
ylcyclohexane (eq. [6]) or the trialkylsilane. 

The reaction that was studied in this paper is the reaction of 
this solvated species with the silane to yield the oxidative 
addition product. According to the possible discrete solvated 
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Table 3. Activation parameters for the reaction of 16e- (q5-C,R,)M~(CO), complexes with R',SiH and R1,SiH2. 

Ea7 H, s, 
Complex Solvent Silane kJ mol-' In@] kJ mol-' J mol-' K-' 

Silane 

Silane 
M C H ~  
M C H ~  

Silane 
M C H ~  

M C H ~  
MCH~,'  

Neat 
M C H ~  
M C H ~  

"from reference 5.6 and 7 after correcting for solvent contraction. 
?he solvent in these cases was methylcyclohexane (MCH). 
'Insufficient data was obtained to provide a statistical estimate of the enor. 

systems described in eqs. [5] and [6], the oxidative addition result is apparently inconsistent with the report based on pho- 
reaction should be described according to eqs. [7] and [8]. toacoustic calorimetry that indicates that solvation of (-q5- 

C5H5)Mn(CO), with hydrocarbon is less stable than the solva- 
[7] ( q 5 - ~ 5 ~ 5 ) ~ n ( ~ ~ ) 2 ( ~ ~ i ~ 3 )  + HSiR3 tion by silane (9). 

Following the result of Burkey and co-workers (9), the sol- + ( q 5 - ~ 5 ~ 5 ) ~ n ~ ( ~ i ~ 3 ) ( ~ ~ ) 2  + HSiR, vation with hydrocarbon is less stable than the solvation with 

+ ( q 5 - ~ 5 ~ 5 ) M n ~ ( ~ i ~ 3 ) ( ~ ~ ) 2  + MeC6Hll 
The reaction energetics suggest that in methylcyclohexane- 

diluted glasses reaction [8] describes the dominant reaction 
observed kinetically. For example, the reaction with trialkyl- 
silanes occurred with a ca. 9 kJ mol-' higher barrier when the 
reaction was carried out in a hydrocarbon solvent. This sug- 
gests that the difference between the activation energies of eqs. 
[7] and [8] is associated with this different solvation (i.e., eqs. 
[5] and [6]). This allows one to surmise that the difference in 
solvation energies is on the order of 9 kJ mol-' stronger for the 
methylcyclohexane than for the silane itself. Further evidence 
about the chemistry in the dilute glass is found from examina- 
tion of the rate constants for reaction in the dilute glass. In 
Fig. 5 a plot of ln(klT) vs. 1/T for the reactions of (-q5- 
C5H4Me)Mn(CO), with various silanes in dilute glasses is 
given. The data fit a single line reasonably well with an activa- 
tion enthalpy of 30 + 2 kJ/mol and an activation entropy of 
-58 + 2 J mol-' K-I). These activation parameters presum- 
ably apply primarily to the dissociation of the methylcyclo- 
hexane solvent according to the reverse of eq. [6]. 

While this simple explanation appears to account for the 
observations, we believe that it does not explain the data. This 

the silane.   he differences in the apparent activation energet- 
ics must then be a result of the extent to which solvation must 
be lost prior to reaction. In the case of methylcyclohexane the 
limiting case is complete loss of the methylcyclohexane solva- 
tion prior to the oxidative addition reaction. This results in the 
barrier of ca. 30 kJ mol-I. In the case of the silane adducts, 
while solvation is stronger, as demonstrated by Burkey and 
co-workers, only incomplete loss of the silane is required for 
the oxidative addition of the already coordinated silane to 
occur. In simple terms, eq. [5] is never reversed in the opera- 
tion of eq. [7]. This indicates that eq. [7] does not require an 
additional silane and is best written as eq. [9]. 

The observation of the IKR is then due to the loss of solvation 
occurring to different extents in the different systems. In 
the case of systems with a low activation enthalpy and 
large negative activation entropy, such as E ~ , S ~ H , - ( ~ ~ -  
C5H4Me)Mn(CO),, the reaction is an isomerism with a low bar- 
rier and a transition state that is highly ordered. This is consis- 
tent with an intermolecular isomerism. At the other extreme is 
the Et,SiH-(C4H4)Fe(CO), system, which apparently requires 
near complete loss of the silane from the coordination sphere. 
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Palmer and Hill 

Fig. 4. A plot of the enthalpy of activation versus the entropy of 
activation is presented for the reactions of silane with unsaturated 
metal fragments (data from Table 3). 

Activation Entropy (J mol-1 K- l )  

If solvent dissociation is the rate-limiting step, it is not sur- 
prising that the ( q 5 - ~ 5 ~ 1 5 ) ~ n ( ~ ~ ) 2 - ~ t 3 ~ i ~  results could not 
be included in the full statistical analysis. The ability of the 
( r 1 5 - ~ 5 ~ ~ 5 ) ~ n ( ~ ~ ) 2  fragments to coordinate a solvent mole- 
cule should be much greater as a result of the electron-with- 

1 drawing nature of the ( r15 -~5~15)  ligand. The ( r 1 5 - ~ 5 ~ ~ 5 )  ligand 
should also affect the oxidative addition step. The calculated 1 E, value of 45 W molK1 for the ( - q 5 - ~ 5 ~ 1 5 ) ~ n ( ~ ~ ) 3 - ~ t 3 ~ i ~  
system is consistent with the enhanced ability of the (r15- 
C,Cl,)Mn(CO), fragments to strongly coordinate the silane 
molecule. 

This interpretation of the data is also consistent with the 

1 general scheme presented by Yang and co-workers (1 1). The 
only modification required, and previously suggested by Bur- 
key, is the inclusion of a silane-solvated dicarbonyl as a local 
minimum on the reaction coordinate. In the case of the (r15- 
C,H,)Mn(CO),-Et3SiH discussed in that paper the difference 
between the local minimum in silane and in the hydrocarbon is 
not sufficiently different to be detectable. 

Based on the above interpretation two points should be 
made. The first is that the intermediate dicarbonyl species for 
which spectroscopic data are presented are most likely sol- 
vated. The solvation does not provide a sufficient perturbation 
to allow us to spectroscopically assign silane or hydrocarbon 
solvation. The second point that must be considered is the use 
of a bimolecular rate constant for the interpretation of the reac- 
tions that occur according to eq. [9]. Equation [9] is unimolec- 
ular and kobs would seem the appropriate rate constant to use 
for further work. However, to the extent that eq. [7] occurs, a 
bimolecular rate constant is required. The errors involved in 

I the activation energy determinations are such that the differ- 
I ences imposed by the interpretation from k or kobs are not sig- 

nificant. 

Conclusions 

The results of this study indicate that the oxidative addition 
of silane to photogenerated ( r 1 5 - ~ 5 ~ 5 ) ~ n ( ~ ~ ) 2  occurs 

Fig. 5. A plot of ln(k1T) vs. 11T for reaction of (r15- 
C,H,Me)Mn(CO), with various silanes in dilute glasses. 

through discrete processes dependent upon the nature of the 
reaction medium. In the absence of a solvent (r15- 

C5R5)Mn(CO),(HSiR3) is the first intermediate formed fol- 
lowing CO loss. This species undergoes an intramolecu- 
lar rearrangement with incomplete loss of the silane. Where 
the reaction medium includes methylcyclohexane, ($- 
C5R,)Mn(CO),(MeC6Hl,) is formed. This species must 
undergo complete loss of the methylcyclohexane molecule in 
the oxidative addition step, resulting in a higher activation 
energy being observed for this process. 

Experimental section 

Instruments 
Infrared spectral data were recorded by using a Bruker IFS 85 
Fourier transform infrared spectrometer operating at 1 cm-' 
resolution. 'H NMR spectra were run on room temperature 
solutions using a Bruker SY 100 NMR spectrometer. Chemi- 
cal shifts are referenced to TMS. Irradiations were carried out 
by using the H20-filtered output (10 cm path lengthPyrex 
optics) from an Osram 100-W high-pressure Hg lamp. Low- 
temperature spectra were possible by means of a CTI Cryo- 
genics model 22 cryocooler and a 350R compressor system 
equipped with a Lake Shore Cryotronics DRC 80C tempera- 
ture controller. The temperature of the cell was monitored 
with a Lake Shore Cryotronics silicon diode sensor (DT500 
DRC). The IR cell was constructed of high-conductivity cop- 
per and contained CaF2 windows. The sample path length was 
0.127 mm. 

The trialkylsilane concentrations were corrected for solvent 
contraction associated with the lowering of the temperature. 
As a result of the experiments being conducted in the temper- 
ature range 70 -125 K, the volume of solvent was reduced 
considerably. In an effort to correct for the volume change, the 
percentage contraction was measured at 77 K. Both the neat 
trialkylsilane and the trialkylsilane-methylcyclohexane mix- 
tures were measured for contraction. Neat trialkylsilane was 
placed in an NMR tube and the height of the meniscus was 
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Table 4. Percentage contraction of solvents at 77 K. 

Solvent % Contraction" 

"Error in percentage contraction is estimated to be 10%. 

measured. The NMR tube was then placed in a liquid nitrogen 
bath and allowed to equilibrate. Once the sample had equili- 
brated, at 77 K, the height of the meniscus was measured again 
and the percentage contraction calculated. The percentage 
contraction of the trialkylsilane-methylcyclohexane equal 
volume mixtures was measured in the same manner. Even 
though this method is not the most accurate method of measur- 
ing the solvent contraction, it is better than neglecting the vol- 
ume contraction entirely. The percentage contraction for each 
solvent is summarized in Table 4, and the estimated error in 
the values is 10%. 

Chemicals 
The trialkylsilanes Et3SiH, Et,MeSiH, EtMe2SiH, and Et2SiH2 
were obtained from Petrarch Systems Inc. and used without 
further purification. The ( r 1 5 - ~ , ~ 4 ~ e ) ~ n ( ~ ~ ) ,  was obtained 
from Alfa Products and used without further purification. The 
( r 1 5 - ~ 5 ~ , ) ~ n ( ~ 0 ) 3  and ( r 1 5 - ~ , ~ e , ) ~ n ( ~ 0 ) 3  were purchased 
from Strem Chemicals and were recrystallized prior to their 
use. 

Kinetic measurements 
All the kinetic measurements were conducted similarly and a 
typical one will be described in detail. A 50/50 Et2SiH2/methyl- 
cyclohexane solution containing ( r 1 5 - ~ , ~ 4 ~ e ) M n ( C 0 ) 3  was 
purged with N2, and placed in a copper cell. The sample was 
then loaded into the cold head of the cryocooler, cooled to the 
appropriate temperature, and allowed to equilibrate. The solu- 
tions of ( r 1 5 - ~ , ~ , ) ~ n ( ~ 0 ) 3  (where R, = H,, MeH,, Me,) were 
prepared so that the most intense absorption due to the CO 
ligands was between 0.2 and 1.0 ( 1 x lo4 M). Subsequently, 
the sample was removed from the IR bench and photolyzed, 
using the Pyredwater-filtered output (bandpass A > 3 13 nm) 
of a high-pressure Hg lamp, so that approximately 15-20% 
of the ( r 1 5 - ~ , ~ 4 ~ e ) ~ n ( ~ 0 ) 3  was consumed and ('q5- 
C5H4Me)Mn(CO), was detected by FTIR. After photolysis the 
IR spectrum typically showed a mixture of ($-c,H,M~)- 
Mn(C0)3, (CH,C,H,), and ( r 1 5 - ~ , ~ 4 ~ e ) ~ n  H(SiEt,H)(CO),. 
It should be pointed out that the relative amounts of these spe- 
cies depended on temperature and photolysis time. Generally, 
photolysis was conducted in 10 s intervals until the absorbance 
due to the intermediate was 0.1. After generating the 16e- 
intermediate, FTIR spectra were then obtained as a function of 
time, in the dark, to monitor the disappearance of the ($- 
C,H,Me)Mn(CO), and the formation of the oxidative addition 

Table 5. 'H NMR of relevant compounds. 

Compound 

"Chemical shifts quoted, in ppm, relative to TMS. 

product, ( r 1 5 - ~ , ~ 4 ~ e ) M n  H(SiEt,H)(CO),. Care was taken to 
ensure that the IR beam of the spectrometer did not accelerate 
the "dark" reactions between the 16e- species and the trialkyl- 
silane. For some of the experiments, the sample was left in the 
IR beam continuously. Duplicate experiments were con- 
ducted, in which the sample was placed in the IR beam only 
when spectra were collected. No beam-induced chemistry on 
the time scale of data acquisition was observed. 

NMR analysis 
A NMR characterization of the starting materials and their 
photo-generated oxidative addition products was conducted 
using a Bruker SY 100 spectrometer. The typical procedure 
was as follows: To a 5 mm NMR tube containing approxi- 
mately 0.5 mL of C6D6 was added 0.025 mL of Et2SiH2 and 
0.003 mL of (q5-C,H4Me)Mn(~0)3. The NMR spectrum of 
the light yellow solution was obtained. The sample was then 
photolyzed for 1 min using the water-filtered (10 cm path 
length, Pyrex optics) output of a 100-W high-pressure Hg 
lamp. Another NMR spectrum was obtained and the sample 
was then photolyzed for an additional 5 min, whereupon a 
final NMR spectrum was obtained. Relevant chemical shifts 
are quoted in Table 5. 
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Synthesis, spectroscopic and structural I studies of (Lmethyl and (Lisopropyl 

I John E. Drake, Robert J. Drake, Layla N. Khasrou, Anil G. Mislankar, 
Raju Ratnani, and Jincai Yang 

monothiocarbonate (monoxanthate) 
derivatives of dimethyl- and 
diphenyltellurium(lV). Crystal structures of 
Me,Te[SCO,(i-Pr)],, Ph,Te[SCO,(i-Pr)],, 
Me,TeCI[SCO,Me], and Me,TeBr[SCO,(i-Pr)] 

Abstract: Monothiocarbonate derivatives of diorganotellurium(IV), R2Te[SC02Rf],, and R2TeX[SC02R'], where R = Me, 
Ph; R' = Me, i-Pr; X = C1, Br, and I, have been prepared and characterized by vibrational and 'H, I3c, and I Z 5 ~ e  NMR 
spectroscopy. Me2Te[SC02(i-Pr)], (2): P2,ln (No. 14) with cell parameters a = 6.942(6) A, b = 25.599(3) A, c = 9.404(6) A, 
p = 94.48(6)", V =  1666(1) A3, Z = 4, R = 0.0648, R, = 0.0624; Ph2Te[SC02(i-Pr)], (4): P21/n (No. 14) with a = 12.360(4) A, 
b = 12.277(3) A, c = 15.066(3) A, P = 102.82(2)", V =  2229.1(9) A3, Z = 4, R = 0.0368, R, = 0.0312; Me2TeC1[SC02Me] (5); 
P2,lc (No. 14) with a = 5.193(2) A, b = 18.118(4) A, c = 9.613(5) A, P = 91.31(6)", V =  904.2(6) A3, Z =  4, R = 0.0396, 
R, = 0.0361; and Me,TeBr[SCO,(i-Pr)] (8): P2,ln (No. 14) with a = 11.701(2) A, b = 6.250(2) A, c = 16.152(2) A, P = 98.43(1)', 
V =  1168.4(4) A3, Z =  4, R = 0.0369, R, = 0.0325. In all molecules, the immediate environment about tellurium is that of the saw- 
horse structure in which the lone pair is assumed to be stereochemically active and occupying an equatorial position in a distorted 
trigonal bipyramid. In 2 and 5, the terminal oxygen atoms are oriented toward tellurium, whereas in 4, one O(i-Pr) group is 
oriented toward tellurium, as it is in 8. In the latter cases, the terminal oxygen atoms act as weak bridges to form a pseudo dimeric 
species in 4 and a pseudo polymer in 8. Supramolecular interactions in 2 and 5 lead to a sulfur-bridged dimer in the former and 
a chlorine-bridged polymer in the latter. 

Key words: structure, tellurium, dimethyl, diphenyl, monothiocarbonates. 

RCsumC : On a prCpart les derives monothiocarbonates des diorganotellure(IV), R2Te[SC02R'], et R,TeX[SCO,R'] dans 
lesquels R = Me, Ph; R' =Me, i-Pr; X = C1, Br et I, et on les a caracttrists par les spectroscopies de vibration et de RMN du 'H, 
du 13c et du l Z 5 ~ e .  Me,Te[SCO,(i-Pr)], (2) : P2,ln (No. 14) avec a = 6,942(6), b = 25,599(3) et c = 9,404(6) A, P = 94,48(6)", 
V =  1666(1) A3, Z = 4, R = 0,0648 et R, = 0,0624; Ph,Te[SCO,(i-Pr)], (4) : P2,ln (No. 14) avec a = 12,360(4), b = 12,277(3) 
et c = 15,066(3) A, P = 102,82(2)', V =  2229,1(9) A3, Z = 4, R = 0,0368 et R,, = 0,03 12; Me2TeC1[SC02Me] (5) : P2,lc (No. 14) 
avec a = 5,193(2), b = 18,118(4) et c = 9,613(5) A, P = 91,31(6)", V  = 904,2(6) .A3, Z = 4, R = 0,0396 et R, = 0,0361; 
Me,TeBr[SCO,(i-Pr)] (8) : P2,ln (No. 14) avec a = 11,701(2), b = 6,250(2) et c = 16,152(2) A, P = 98,43(1)", V =  1168,4(4) A3, 
Z = 4, R = 0,0369 et R, = 0,0325. Dans toutes les moltcules, l'environnement immtdiat du tellure correspond h une structure 
cavalikre dans laquelle on suppose que la paire libre est sttrCochimiquement active et qu'elle occupe une position Cquatoriale 
dans une bipyramide trigonale dtformte. Dans les composCs 2 et 5, les atomes d'oxygkne terminaux sont orient& vers le tellure, 
alors que dans le composC 4, un groupe O(i-Pr) est orient6 vers le tellure, comme c'est le cas dans le composC 8. Dans ces 
derniers cas, les atomes d'oxygkne terminaux agissent comme de faibles ponts conduisant h la formation d'espkces pseudo- 
dimCriques dans le compost 4 et d'un pseudo-polymhe dans le compost 8. Des interactions supramolCculaires dans les 
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cornposks 2 et 5 conduisent g la forrne d'un dirnbre relik par le soufre dans le premier et d'un polymkre 1% par le chlore dans le 
dernier. 

Mots elks : structure, tellure, dimkthyle, diphknyle, monothiocarbonates. 

[Traduit par la rkdaction] 

Introduction 

There have been a number of reports on the reactions of organo- 
tellurium(1V) compounds with a variety of 1,l -dithio ligands, 
such as O-alkyl dithiocarbonates (1-6), N,N-dialkyl dithiocar- 
bamates (5-14), and 0,O-dialkyl(alky1ene) dithiophosphates 
(4-6,14-21), as well as a recent extensive review of supramo- 
lecular associations in tellurium complexes with sulfur ligands 
(22). In general, the chemistry of monothio ligands has 
received much less attention but a few reports have appeared 
relating to main group element derivatives including those on 
monothiocarbamate compounds of thallium (23), tin (24, 25), 
and, most recently, tellurium (26) as well as on monothiophos- 
phate compounds of tin (27, 28). No reports are evident on 
derivatives of monothiocarbonates (monoxanthates). 

We report on the synthesis and characterization of a vari- 
ety of diorganotellurium(IV) monothiocarbonates, R,Te- 
[SCO,R'], and R,TeX[SCO,R'], where R = Me, Ph; R' = Me, 
i-Pr; and X = C1, Br, and I, and present the molecular structures 
of Me,Te[SCO,(i-Pr)],, 2, Ph,Te[SCO,(i-Pr)],, 4, Me2TeC1- 
[SCO,Me], 5, and Me,TeBr[SCO,(i-Pr)], 8. 

I 

Experimental 

Materials 
TeCl,, Me,Sn, and COS gas were obtained from Aldrich. 
TeBr, and Me,TeI, were obtained from Alfa and Organome- 
tallics, Inc., respectively. Ph,TeCl, was prepared by the litera- 
ture method (29) and Me,TeCl, and Me2TeBr2 were prepared 
by an adaption of this method utilizing the reaction of TeCl, or 
TeBr, with Me,Sn in toluene at 60°C under reflux for 4 h. The 
reactions were carried out under anhydrous conditions. All 
solvents were dried and distilled prior to use. 

Preparation of the sodium salts of the O-alkyl 
monothiocarbonic acids 

NaSC02Me and NaSC02(i-Pr) 
Sodium metal (approximately 1.0 g) was dissolved in dry 
methanol (20 mL) or isopropanol (25 mL) under nitrogen fol- 
lowed by the addition of dried benzene or toluene (5 mL). 
Sodium methoxide or isopropoxide was formed as a white 
slurry in the mixture accompanied by the evolution of hydro- 
gen gas. Dry COS gas was then bubbled through the mixture 
for 15-20 min to give a white solid. The solvent and any unre- 
acted alcohol were pumped off and the product washed with 
dichloromethane and left in the refrigerator for 1 day. The 
white solid formed was then washed with diethyl ether and 
dried under vacuum to give NaSC0,Me: yield 81 %. IR (cm-I) 
distinctive features: 1592 vs, vbr, 1428 m, 11 88 m, 1120 vs,br, 
1040 m, 965 mw, 695 mw; Raman (cm-'): 825 (100); or 
NaSCO,(i-Pr): yield 83%. IR (cm-'): 1550 s, br, 1384 mw, 
1371 m, 1186 s, 1086 s, br 973 m ,688 m; Raman (cm-I): 830 
(100). Both salts hydrolyse on exposure to the atmosphere. 

Preparation of dimethylbis(0-methyl and O-isopropyl 
monothiocarbonato)teIlurium(IV) 

Me2Te[SC02Mej2, 1, and Me2Te[SC02(i-Pi-)]*, 2 
Typically, a slight excess of the dried sodium salt of O-isopro- 
pyl monothiocarbonic acid (0.278 g, 1.96 mmol) was added to 
a solution of dimethyltellurium dichloride (0.216 g, 0.94 
mmol) in dried toluene (20 mL) and the mixture stirred for 2 h. 
The reaction mixture was filtered to remove NaCl and unre- 
acted materials. The solvent was reduced to 5 mL under vac- 
uum, n-hexane (approximately 5 mL) was added, and the 
solution was left overnight in the refrigerator at -6°C. The 
resulting precipitate was washed with n-hexane and dried 
under vacuum to give Me,Te[SCO (i Pr)],, 2: white crystals, ? - mp 72-73"C, yield 87%. IR (cm- ) main features: 1638 vs, 
1150 vvs, 1091 vs, 843 s, 683 m; Raman (cm-I): 547 [55], 537 
[loo], 3 15 [85]. Anal. calcd. for CloH2004S2Te: C 30.33, H 
3.56; found: C 30.69, H 3.42. Similarly, using NaSCO,Me, 
Me,Te[SCO,Me],, 1 was formed: colorless crystals, yield 
88.5%. IR (cm-I) main features: 1648 s, 1262 s, 1126 vs, 1022 
sh, 842 m, 638 s; Raman (cm-I): 547 [45], 538 [75], 3 13 [loo]. 

Preparation of diphenylbis(0-methyl and O-isopropyl 
monothiocarbonato)tellurium(IV) 

Ph,Te[SCO,Me],, 3, and Ph2Te[SC02(i-Pr)],, 4 
Typically, a slight excess of the sodium salt of O-isopropyl 
monothiocarbonic acid (0.220 g, 1.55 mmol) was added to a 
solution of diphenyltellurium dichloride (0.262 g, 0.74 mmol) 
in dried toluene (20 mL). The color of the reaction mixture 
changed from colorless to yellow in a few minutes, but stirring 
was continued for 2 h to ensure complete reaction. The mix- 
ture was then filtered to remove NaCl and unreacted materials, 
before the volume of the solvent was reduced to approxi- 
mately 5 mL under vacuum. Then n-hexane (approximately 5 
mL) was added and the solution was left overnight in the 
refrigerator at -6°C. The crystals that formed were washed 
with n-hexane and dried under vacuum to give Ph,Te[SCO,(i- 
Pr)],, 4: pale-yellow crystals, mp 99°C yield 89%. IR (cm-I) 
main features: 1653 s, 1149 vs, 1088 vs, 843 ms, 734 ms, 683 
ms, 660 sh; Raman (cm-I): 998 [55], 314 [loo]. Anal. calcd. 
for C20H2404S2Te: C 46.18, H 4.65; found: C 45.45, H 4.47. 
Attempts to isolate Ph,Te[SCO,Me], in pure form using 
NaSCO,Me, under similar conditions as described above, 
failed. Thus, an excess of NaSC0,Me (0.85 mmol) and 
Ph,TeCl, (0.34 mmol) were added under nitrogen to dichlo- 
romethane or toluene (15 mL) and held for 10 min at -78°C. 
The unreacted materials and NaCl were filtered off and the 'H 
NMR spectrum of the solution recorded immediately. Peaks 
assignable to Ph,Te[SCO,Me],, 3, were predominant but 
peaks assignable to the diligand (Table 8) and Ph,Te were also 
present even though the solution had been held at -78°C. The 
first-order rate constants at 295 K, kZg5 = 3.45 x S-', 
apparent activation energy, E, = 41 kJ mol-', and Arrhenius 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74. 1996 

Fig. 1. 'H NMR spectrum o f  the decomposition o f  
Ph,Te[SCO,Me], taken after 1, 2 ,  3,  and 6 h. Peaks due to 
Ph,Te[SCO,Me],, [SCO,Me],, Ph,Te, and MeOSC0,Me are 
labelled a, b, c ,  and d, respectively. 

preexponential factor, A = 6.0 x 10' s-l. An example of a typ- 
ical run is given in Fig. 1, which illustrates that additional 
decomposition occurs with two peaks of equal intensity 
appearing at 3.92 and 3.48 ppm, possibly attributable to 
MeOSC0,Me. This requires the elimination of COS, and the 
infrared spectrum of the gas above the solution showed the 
strong parallel band centered at 2079 cm-I, as well as weaker 
features at 859 and 527 cm-I, attributable to COS. 

Preparation of halodimethyl(0-methyl and 0-isopropyl 
monothiocarbonato)tellurium(IV) 

Me,TeCl[SCO,Me], 5, Me,Tel[SCO,Me], 6, 
Me,TeCL[SCO,(i-Pr)], 7, Me,TeBr[SCO,(i-PI-)], 8, and 
Me,Tel[SCO,(i-PI-)], 9 

Typically, an equimolar amount of dried NaSC0,Me (0.078 g, 
0.68 mmol) was added to a solution of Me,TeCl, (0.158 g, 
0.68 mmol) in dichloromethane (20 mL). The mixture was 
stirred for 2 h before being filtered to remove NaCl and unre- 
acted materials. The solvent was removed under reduced pres- 
sure to yield the crude product, which was then recrystal- 
lized from a dichloromethane-n-hexane mixture to give 
Me,TeCI[SCO,Me], 5: white crystals, mp 7S°C, 84% yield. IR 
(cm-I) main features: 1655 ms, 1261 s, 1098 vs,br, 1024 sh, 
864 mw, 634 vs; Raman (cm-I): 543 [I00 br], 319 [25]. Simi- 
larly, using NaSCO,(i-Pr) (0.160 g, 1.12 mmol) added to a 
solution of Me,TeCl, (0.257 g, 1.12 mmol) in dichlo- 
romethane (20 mL), Me,TeCl[SCO,(i-Pr)], 7 was formed: 
white crystals, mp 56-57"C, 84% yield. IR (cm-') main fea- 
tures: 1673 vs,br, 1150 vs, 1090 vs,br, 844 m, 673 m; Raman 

(cm-I): 544 [60], 535 [loo], 325 [go]. Anal. calcd. for 
C,H130,SClTe: C 23.08, H 4.20; found: C 22.72, H 4.32; In a 
similar fashion as just described for 5 and 7, the reaction 
of equimolar amounts of NaSC0,Me or NaSCO,(i-Pr) with 
Me,TeBr, or Me,TeI, in dichloromethane gave 
Me,TeI[SCO,Me], 6: yellow viscous oil, 78% yield. IR (cm-I) 
main features: 1655 s, 1264 vs, 1127 vs, 864 m, 647 ms; 
Raman (cm-' ): 52 1 [lo0 br], 3 15 [55]. Me,TeBr[SCO,(i-Pr)], 
8: pale-yellow crystals, mp 68-69"C, 86% yield. IR (cm-I) 
main features: 1673 vs, 1153 vs, 1091 vs,br, 845 ms, 677 m; 
Raman (cm-I): 539 [45], 527 [60], 325 [loo]. Anal. calcd. for 
C,HI30,SBrTe: C 20.20, H 3.67; found: C 20.52, H 3.77; and 
Me,TeI[SCO,(i-Pr)], 9: yellow crystals, 8 1 % yield. IR (cm-I) 
main features: 1674 s, 1155 s, 1091 s, 1020 sh, 843 ms, 677 w; 
Raman (cm-'): 539 [45], 527 [60], 325 [loo]. Attempts to 
obtain crystals of Me,TeI[SCO,Me], 6, failed. After 24 h at 
room temperature, the 'H NMR spectrum of a solution of 6 
showed,peaks attributable to Me,TeI,, and the diligand, 
[SCO,Me],, in approximately equimolar amounts and, after 
36 h, these peaks dominated the spectra while two of equal 
intensity at 3.92 and 3.48 ppm had started to grow in. COS was 
also identified in the infrared spectrum of the vapour above the 
solution. as described above. 

Preparation of chlorodiphenyl(0-methyl and 
0-isopropylmonothiocarbonato)tellurium(IV) 

Ph,TeCl[SCO,Me], 10, and Ph,TeCI[SCO,(i-Pr)], 11 
Typically, an equimolar amount of dried NaSC0,Me (0.063 g, 
0.55 mmol) was added to a solution of Ph,TeCI, (0.195 g, 0.55 
mmol) in dichloromethane (20 mL) held at O°C and the mixture 
stirred for 1.5 h before being filtered to remove NaCl and unre- 
acted materials. The solvent was removed under reduced pres- 
sure to yield Ph,TeCl[SCO,Me], 10: white solid, 82% yield. IR 
(cm-I) main features: 1656 s,br 1266 m, 1189 sh, 1 131 vs,vbr 
1059 sh, 843 mw, 736 s, 683 s, 650 sh; Raman (cm-I): 997 
[loo], 658 [35], 3 17 [151. Similarly, using NaSCO,(i-Pr) 
(0.0620 g, 0.44 mmol) added to a solution of Ph,TeCl, (0.154 
g, 0.44 mmol) in dichloromethane (20 mL), Ph,TeCl[SCO,(i- 
Pr)], 11 was formed: white solid, 87% yield. IR (cm-I) main 
features: 1653 s, 1146 s, 1092 s, 843 ms, 737 ms, 686 ms, 678 
ms; Raman (cm-I): 998 [loo], 657 [55], 320 [15]. Attempts at 
work-up to obtain X-ray quality crystals failed. The 'H NMR 
spectrum of the solutions being used for recrystallization 
showed peaks attributable to Ph,TeCl,, Ph,Te, and diligand in 
addition to those attributable to 10 and 11. 

Physical measurements 
The elemental analyses were performed at Guelph Chemical 
Laboratories. Density measurements were performed by the 
flotation method. The infrared spectra were recorded on a 
Nicolet 5DX FT spectrometer as CsI pellets and the Raman 
spectra were recorded on a Ramanor U-1000 spectrometer 
using the 5 145 A exciting line of an argon ion laser with sam- 
ples sealed in capillary tubes. The 'H and I3c NMR spectra 
were recorded on a Bruker 300 FT/NMR spectrometer in 
CDCl, using Me,Si as internal standard. The 1 2 5 ~ e  NMR 
spectra were recorded on a Bruker 200 FT/NMR spectrometer 
in CDCI3 using Me,Te as external standards as appropriate. 
The melting points were determined on a Fisher-Johns appa- 
ratus. 
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Table 1. Summary of crystallographic data, intensity collection, and structural refinement for 
MelTe[SCO,(i-Pr)],. 2, Ph,Te[SCO,(i-Pr)],, 4, Me,TeCI[SCO,Me], 5, and MezTeBr[SCO,(i-Pr)],, 8. 

Parameter 2 4 5 8 

Cell constants 
a (A) 6.942 (6) 12.360 (4) 5.193 (2) I I .70 1 (2) 
b (A)  25.599 (3) 12.277 (3) 18.1 18 (4) 6.250 (2) 
c (A) 9.404 (6) 15.066 (3) 9.6 13 (5) 16.152 (2) 
P (deg) 94.48 (6) 102.82 (2) 9 1.3 1 (6) 98.43 (1) 
Cell volume (A') 1666(1) 2229.1(9) 904.2(6) 1 168.4(4) 
Space group P2,ln P2 ,111 P2,lc P2,l11 
Mol. wt. (g mol-I) 395.99 520.13 284.23 356.73 
z 4 4 4 4 

Pcalcd (g C ~ - I )  1.58 1.55 2.09 2.03 
Absorption coefficient p (cm-') 20.36 15.43 37.57 60.73 
Transmission factors 0.38-1 .OO 0.90-1 .OO 0.54-1 .OO 0.35-1.00 
Temperature (OC) 23 23 23 23 
Radiation MoKa 0.7 1069 
Monochromator Highly oriented graphite 
Total reflections measured 340 1 4340 1844 2395 
Unique data used 92 1 230 1 1001 1170 
No. of parameters (NP) 104 160 8 2 100 
R = ZIIFJ - IFJIIZTFJ 0.0648 0.0367 0.0396 0.0369 
R,, =[(ZW(~F,~ - IFJ)?IZWF,~)]~~ 0.0624 0.03 10 0.036 1 0.0325 

1 Largest shiftlesd, final cycle 0.0003 0.0005 0.0004 0.0009 
1 Largest residual electron density (e A-') 0.87 0.67 0.6 1 0.6 1 
i 1 Atom associated with residual denslty Te(l) c ( l 0 )  c(2) Te( 1 )  
I 

1 X-ray crystallographic analysis 
White needle-like crystals of MezTe[SCO,(i-Pr)],, 2, white 
block crystals of Me,TeCl[SCO,Me], 5, and yellow block 
crystals of Ph,Te[SCO,(i-Pr)],, 4, and Me,TeBr[SCO,(i-Pr)], 
8, were sealed in thin-walled glass capillaries and mounted on 
a Rigaku AFC6S diffractometer, with graphite-monochro- 
mated Mo K a  radiation. 

Cell constants and an orientation matrix for data collection, 
obtained from a least-squares refinement using the setting 
angles of 20 carefully centered reflections in the range 12.6 1 < 
28 < 19.68" (for 2), 12.70 < 28 < 15.67" (for 4), 7.85 < 28 < 
15.73" (for 5), and 13.00 < 28 < 18.2 1" (for 8) corresponded to 
monoclinic cells whose dimensions are given in Table I. For 2, 
4, and 8, the systematic absences (h01, h+l -$. 2n; OkO, k =+ 2n) 
are observed and for 5 they are (h01, 1 -$. 2n; OkO, k 4= 2n). 
Based on statistical analyses of intensity distributions and the 
successful solution and refinement of the structures, the space 
groups were determined to be P2,ln (No. 14) for 2, 4, and 8, 
and P2,Ic (No. 14) for 5. 

The data were collected at a temperature of 23 + 1°C using 
the w-28 scan technique to a maximum 28 value of 50.0". The 
w scans of several intense reflections, made prior to data col- 
lection, had an average width at half-height of 0.23" for 2 and 
5, 0.30" for 4, and 0.29" for 8 with a takeoff angle of 6.0". 
Scans of (0.58 + 0.30 tan 8)' for 2, (1.05 + tan 8)" for 4, and 
(1.63 + 0.30 tan 8)" for 5 and 8 were made at a speed of 8.0 (2 
and 4) and 32.0°/min (in w) for 5 and 8. The weak reflections (I 
< lO.Ou(I)) were rescanned (maximum of two rescans) and the 
counts were accumulated to assure good counting statistics. 
Stationary background counts were recorded on each side of 

the reflection. The ratio of peak counting time to background 
counting time was 2: 1. The diameter of the incident beam col- 
limator was 0.5 mm, and the crystal to detector distance was 
400.0 mm. 

Of the 3401 (2), 4340 (4), 1844 (5), or 2395 (8) reflections 
that were collected, 3029 (2), 4141 (4), 1654 (5), or 2277 (8) 
were unique (R,,, = 0.169 (2), 0.03 1 (4), 0.183 (5), or 0.03 1 
(8)). The intensities of three representative reflections, which 
were measured after every 150 reflections, remained constant 
throughout data collection, indicating crystal and electronic 
stability (no decay correction was applied). 

The linear absorption coefficient for Mo K a  is 20.36 cm-I 
(2), 15.43 cm-' (4), 37.57 cm-' (5), and 60.73 cm-' (8). An 
empirical absorption correction, based on azimuthal scans of 
several reflections, was applied, which resulted in transmis- 
sion factors ranging from 0.38 to 1.00 (2), 0.90 to 1.00 (4), 
0.554 to 1 .OO (5) and 0.35 to 1 .OO (8). The data were corrected 
for Lorentz and polarization effects. 

The structures were solved by direct  method^.^ With the 
exception of the phenyl rings in compound 2, which were con- 
strained to a regular hexagon with C-C distances set at 1.40 

and C-C-C angles at 120°, the non-hydrogen atoms were 
refined anisotropically and the hydrogen atoms were included 
in their idealized positions with C-H set at 0.95 A and with 
isotropic thermal parameters set at 1.2 times that of the carbon 

G.M. Sheldrick. Crystallographic computing 3. Edited by G.M. 
Sheldrick, C. Kruger, and R. Goddard. Oxford University Press, 
Oxford, England. 1985. p. 175. 
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atom to which they were attached. The final cycle of full- 
matrix least-squares refinement5 (30) was based on 921 (2), 
2301 (4), 1001 (5), and 1170 (8) observed reflections (I > 
3.00u(I)) and 104 (2), 160 (4), 82 (S), and 100 (8) variable 
parameters, and converged (largest parameter shift was 0.003 
times its esd) with unweighted and weighted agreement fac- 
tors of R = E((F,I - IFcII/C(F,I = 0.0648 (2), 0.0368 (4), 0.0396 
(5), and 0.0369 (8) and R, = [(Cw((F,I - ( F ~ ~ ) ~ / c w F , ~ ) ] ~ ~ ~  = 
0.0624 (2), 0.03 12 (4), 0.0461 (5), and 0.0325 (8). 

The standard deviation of an observation of unit weight6 
was 2.00 (2), 1.39 (4), 1.69 (5), and 1.50 (8). The weighting 
scheme was based on counting statistics and included a factor 
( p  = 0.007 (2 and 5), 0.008 (4), and 0.006 (8)) to downweight 
the intense reflections. Plots of Cw((F,I - ( ~ ~ 1 ) ~  versus IF,I, 
reflection order in data collection, sin B/A, and various classes 
of indices showed no unusual trends. The maximum and min- 
imum peaks on the final difference Fourier map corresponded 
to 0.87 and -0.88 e/A3, respectively, for 2, 0.67 and -0.50 
e/A3, respectively, for 4, 0.61 and -0.86 e/A3, respectively, 
for 5, and 0.61 and -0.65 e/A3, respectively, for 8. Neutral- 
atom scattering factors were taken from Cromer and Waber 
(30). Anomalous dispersion effects were included in Fc (3 1); 
the values for Af' and Af" were those of Cromer (32). All cal- 
culations were performed using the TEXSAN (33) crystallo- 
graphic software package of Molecular Structure Corp. 
Although the best data sets collected for 2 and 8 were less than 
ideal, satisfactory solutions of the structures were achieved. 

The final atomic coordinates and equivalent isotropic ther- 
mal parameters (Tables 2, 3, 4 and 5) are given, respectively, 
for 2, 4, 5, and 8 for the non-hydrogen atoms, and important 
distances and bond angles in Tables 6 and 7. The molecular 
structures of the four compounds are displayed as ORTEP dia- 
grams. Tables of final fractional coordinates and thermal 
parameters of hydrogen atoms and anisotropic thermal param- 
eters have been deposited.' 

Calculation of Pauling bond order 
The formula proposed by Pauling (34) for calculating the bond 
orders of partial bonds is given by d,, - d = -0.60 log n, where 
d,, is the bond length for bond number n, and d is the length of 
the single bond of the same type. Based on the C--C single 
bond of 1.54 A, Pauling's formula gives a bond length of 1.36 
A for n = 2; 1.72 A for n = 0.5; and 1.90 A for n = 0.25. These 
give percentage increases in bond length for the partial bonds 

Least-s uares: Function minimized: Zw(lF I - where w = 9 ~F?(F, ), cr2(F?) = [s2(C + R'B) + (p~02)2~/ (~p)2 ,  S = scan rate, 
C = total integrated peak count, R = ratio of scan time to 
background counting time, Lp = Lorentz-polarization factor, and 
p = p factor. 
Standard deviation of an observation of unit weight: [Zw(lF,I - 
(F,~)~/(N~ - N,,)"', where No = number of observations and N, = 
number of variables. 
Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
The tables of atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge, CB2 IEZ, 
U.K. Structure factor tables are no longer being deposited and 
may be obtained directly from the author. 

of approximately 12 and 23%, respectively, for n = 0.5 and 
0.25. It is reasonable to assume that similar relationships relat- 
ing bond order to interatomic distances for the much longer 
secondary interactions or partial bonds involving Te and S 
should utilize percentage differences "normalized to 1.54 as 
follows rather than absolute differences. Pauling's relation- 
ship, which can written as n = I@, where X = (d - d,,)/0.6, can 
be modified to allow for percentage differences "normalized" 
to 1.54 to give X = [I .54(d - dn)ldJ/0.6 or X = 2.57(d - dn)ld. 
Based on a Te-S single bond length of 2.63 A, typical calcu- 
lated values of the lengths of Te--S partial bonds for various 
values of n are as follows: 2.63 A (n = 1.0), 2.75 (0.75), 2.94 
(0.50) 3.25 (0.25), and 3.66 A (n = 0.10). Based on the 
assumption that the appropriate Te-C1 and Te-Br single 
bond lengths are those found in the corresponding Me,TeX, 
compounds of 2.51 and 2.68 A, respectively, for X = C1, Br, 
then typical values of the lengths of Te--X partial bonds for 
various values of n are as follows: for Te--C1,2.5 1 A (n = 1.0), 
2.63 (0.75), 2.81 (0.50) 3.11 (0.25), and 3.51 A (n =0.10) and 
for Te--Br, 2.68 A (n = 1.0), 2.80 (0.75), 3.00 (0.50) 3.32 
(0.25), and 3.75 A (n = 0.10). On the basis that a Te-0 single 
bond length is 2.11 A, then typical calculated values of Te--0 
partial bonds for various values of n are 2.1 1 A (n = 1.0), 2.21 
(0.75), 2.35 (0.50) 2.60 (0.25), and 2.92 A (n = 0.10). These 
calculated values appear to be compatible with the sum of the 
van der Waals radii of Te and S (35). 

Results and discussion 

A cross section of dimethyl- and diphenyltellurium(1V) mono- 
thiocarbonate (monoxanthate) derivatives, Me,Te[SCO,Me],, 
1, Me2Te[SC02(i-Pr)],, 2, Ph,Te[SCO,Me],, 3, Ph,Te[SCO,- 
(i-Pr)],, 4, Me,TeCI[SCO,Me], 5, Me2TeT[SC02Me], 6, 
Me,TeCI[SCO,(i-Pr)], 7, Me,TeBr[SCO,(i-Pr)], 8, Me2TeI- 
[SCO,(i-Pr)], 9, Ph2TeC1[SC02Me], 10, and Ph2TeC1- 
[SCO,(i-Pr)], 11, are prepared in 80-90% yields by the reac- 
tion of the appropriate dimethyl- or diphenyltellurium dihalide 
with the sodium salt of 0-methyl or 0-isopropyl monothiocar- 
bonic acid in appropriate molar ratios in accord with the reac- 
tions 

[I] Rf2TeC12 + 2NaSC02R --t Rf2Te[SC0,R], + 2NaCI 
(R' = Me, Ph; R = Me, i-Pr) 

[2] Rf2TeX2 + NaSC02R + Rf2TeX[SC02R] + NaX 
(X = C1, Br, I ) 

All of the compounds are more susceptible to exposure to 
the atmosphere than is the case for their dithiocarbonate ana- 
logues (1, 36). The halogen derivatives are less soluble than 
the bis compounds in common organic solvents such as C6H6, 
CS,, CCI,, and CHC13. Only compounds 2, 4,5, and 8 could 
be recrystallized as X-ray quality crystals, 2 and 5 being white, 
and 4 and 8 pale yellow. In general, the Me2Te derivatives are 
more stable in solution than the Ph2Te analogues. Thus, the 
NMR spectra of the Me,Te species 1, 2, 5, 7-9, and even 6, 
which is the only derivative that is obtained as a viscous oil, 
show no signs of decomposition when run immediately after 
the solutions are formed. By contrast, for the Ph2Te species 3, 
4, 10, and 11, even the initial spectra of the solutions being 
used for recrystallization show additional peaks that can be 
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Drake et al 

Table 2. Final fractional coordinates and B(eq) for non-hydrogen atoms of 
MezTe[SCOz(i-Pr)]?. 2, with standard deviations i n  parentheses. 

Atom x Y z B(eq) 

Table 3. Final fractional coordinates and B(eq) for non-hydrogen atoms of 
PhlTe[SCO,(i-Pr)]?, 4, with standard deviations i n  parentheses. 

I 
I Atom x Y z B(eq) ~ 
I Te(1) 0.869 14(4) 0.13989(4) 0 6024 1 (3) 2.54(2) 
' s(1) 0.8756(2) 0.3180(1) 0.7005(1) 3.6 1 (9) 

s(2) 0.8679(2) -0.0579(2) 0.5374(1) 3.48(9) 
o(1) 0.807 l(4) 0.3673(4) 0.5262(3) 4.3(2) 
o(2) 0.8463(4) 0.505 l(4) 0.6257(3) 4 3 3 )  
o(3) 0.8641(5) -0.1025(4) 0.368 l(3) 4.9(3) 
O(4) 0.8181(4) 0.0694(4) 0.3963(3) 3.8(2) 

i C(13) 0.837 l(5) 0.4002(5) 0.6029(6) 3.4(3) 
I C(14) 0.8 126(7) 0.5864(6) 0.5526(6) 5.0(4) 

C(15) 0.9 134(9) 0.629 l(8) 0.5252(7) 8 8(7) 
C(16) 0.750 l(8) 0.67 19(7) 0.5899(7) 7.0(5) 
C(17) 0.8507(6) -0.0324(6) 0.4202(5) 3.4(3) 
c (  18) 0.8055(7) 0.1 008(7) 0.3003(6) 4.6(4) 
c (  19) 0.825(1) 0.2 198(9) 0.3002(7) 8.6(7) 
c(20) 0.6945(9) 0.065( 1) 0.248 l(7) 9.4(7) 
c(1) 0.9232(4) 0.0597(3) 0.729 l(2) 2.9 
c(2) 1 .O 126(4) 0.1049(3) 0.79 12(3) 3.1 
c(3) 1.0569(3) 0.05 lO(4) 0.8728(3) 3.6 
c(4) 1.01 16(4) -0.0479(4) 0.892 l(2) 3.7 
c(5) 0.9222(4) -0.093 l(3) 0.8300(3) 4.1 
C(6) 0.8780(3) -0.0392(4) 0.7485(3) 3.4 
c(7) 0.6956(3) 0.1334(4) 0.5886(3) 3.0 
c(8) 0.6474(4) 0.1008(4) 0.6597(2) 3.7 
c(9) 0.5322(4) 0.097 l(4) 0.6469(3) 5.1 
c(10) 0.4652(3) 0.1261(4) 0.5630(4) 4.7 
c(11) 0.5 134(4) 0.1588(4) 0.49 19(3) 4.5 
c(12) 0.6286(4) 0.1624(4) 0.5047(3) 3.5 
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Table 4. Final fractional coordinates and B(eq) for non-hydrogen atoms of 
MeZTeCI[SC02Me], 5 ,  with standard deviations in parentheses. 

Atom x J' z B(eq) 

Table 5. Final fractional coordinates and B(eq) for non-hydrogen atoms of 
MeZTeBr[SCO,(i-Pr)], 8, with standard deviations in parentheses. 

Atom x J' z B(eq) 

attributed to the presence of diphenyltellurium and the di- 
ligand. 

Thus by way of illustration, for Ph,Te[SCO,Me],, 3, the 
reductive elimination to Ph,Te and [SCO,Me], is already 
underway (approxinzately 40% decomposed) when the first 
spectrum is run after dissolution (see Fig. 1). The dissociation 
obeys first-order kinetics reasonably well with a half-life of 
only 5.5 h at room temperature and an apparent activation 
energy of 4 1 kJ mol-' . By comparison, Ph2Te[S2COEt], had a 
half-life of 22.9 h and an apparent activation energy of 57 kJ 
mol-'. The reductive elimination is a general phenomenon for 
related compounds of this type but in additon, with these 
monothiocarbonates, COS is eliminated apparently from the 
diligand to give a species in solution whose NMR is consistent 
with the formulation MeOSC0,Me. 

The NMR spectra of the mixed halide derivatives indicate 
that their decomposition initially involves disproportionation 
to the dihalide and bis derivative, with the latter then immedi- 
ately undergoing reductive elimination. 

The crystal structures of Me,Te[SCO,(i-Pr)],, 2, 
Ph,Te[SCO,(i-Pr)],, 4, Me,TeCl[SCO,Me], 5, and 
Me,TeBr[SCO,(i-Pr)], 8 

Dimethylbis(0-isopropyl monothiocarbonato)tellurium(IV), 
2, and diphenylbis(0-isopropyl monothiocarbonato)tellu- 

rium(IV), 4, both crystallize in the space group P21/n. The 
ORTEP diagrams (Figs. 2 and 3) illustrate that for both mole- 
cules the immediate environment about tellurium can be 
described as the saw-horse structure typical of tellurium(1V) 
compounds in which the lone pair is apparently stereochemi- 
cally active and occupying an equatorial position in a distorted 
trigonal bipyramid, approximately in the position of the Tel  
label. The two carbon atoms of the methyl or phenyl groups 
occupy the other two equatorial positions with the axial posi- 
tions being occupied by the sulfur atoms of the monothiocar- 
bonate (monoxanthate) groups. As can be seen from Table 6, 
the Te-C bond lengths are essentially the same in 2 and 4 
(avg. 2.10(3) and 2.1 15(7) A, respectively), which is a com- 
mon feature in diorgano-tellurium(1V) compounds with sulfur 
ligands (1-21) but is in contrast to Te-C bonds in general 
where the mean Te-C(aromatic) bond length, 2.1 16 A, is 
shorter than that of Te-C(alkyl), 2.158 A (37). In the corre- 
sponding xanthate derivatives, Me,Te[S,COEt], and 
Ph,Te[S,COEt],, the Te-C bond lengths are also similar, 
2.12(5) and 2.1339(9) A, respectively (1). 

The S-Te-S angles of 169.9(6)" and 168.10(6)" in 2 and 4, 
respectively, are very similar to those reported for 
Me,Te[S,COEt],, Ph,Te[S,COEt],, Me,Te[S,CNMe,],, and 
Me,Te[SCONMe,], (1, 12, 26) so the slight distortion from 
linear appears to be independent of whether the organic sub- 
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Drake et al 

Table 6. Interatomic distances (A) and angles (deg) in compounds 2 and 4." 

2.618 (2) 
2.630 (2) 
2.120 (4) 
2.1 10 (3) 
1.759 (8) 
1.203 (9) 
1.331 (8) 
1.477 (9) 
1.49 (2) 
1.49 (1) 
1.760 (8) 
1.200 (9) 
1.338 (9) 
1.47 (I)  
1.48 (1) 
1.49 (1) 
2.644 (5) 
2.600 (5) 
3.05 1 (5) 
4.511 (5) 
4.607 (5) 
3.150 (5) 
3.260 (6) 
6.021 (1) 

168.10 (6) 
83.2 (1) 
90.4 ( I )  
85.2 ( I )  
89.4 ( I )  
100.5 (2) 
54.9 (I)  
136.7 (1) 
139.2 (1) 
52.6 (1) 
169.5 (2) 

'Symmetry equivalent position (-x, -y, 2 - z )  is denoted by a prime and (2 - x, -y, 1 - z )  by a 
double prime. 
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Table 7. Interatomic distances (A) and angles (deg) in compounds 5 and 8." 

equivalent position (x ,  112 - y, z - 112) is denoted by a prime and (312 - I, y - 112, 

312 - z )  by double prime. 

stituent on tellurium is methyl or phenyl, or whether a mono- 
thio or dithio group is axial. In Me,Te[SCO,(i-Pr)],, 2, the 
Te(1)-S(1) bond is distinctly longer, 2.662(8) A, than the 
Te(1)-S(2) bond, 2.569(8) A. The sulfur atom associated 
with the longer bond is 3.663(7) A from the tellurium atom of 
an adjacent molecule and this is the only intermolecular con- 
tact that is less than the sum of the van der Waals radii of 3.86 
A. The same phenomenon was found in the related dithiocar- 
bonate, Me,Te[S,COEt],, where the Te-S bonds were 
2.667(2) and 2.590(2) A, and a Te--S intermolecular contact of 
3.814(2) A was associated with the longer Te-S bond. 
Although a distance of 3.633(7) A corresponds to a Pauling 
partial bond order of only 0.10, it may be of significance 
because in Ph2Te(SC02(i-Pr)],, 4, where there are no second- 
ary interactions, the two Te-S bond lengths are similar, with 
an average value of 2.624(8) A, which is close to the value of 

2.62(2) A found in Ph,Te[S,COEt],, which also has no sec- 
ondary Te--S intermolecular interactions (1). In both of the 
dithiocarbonates, Me,Te[S,COEt], and Ph,Te[S,COEt],, the 
second S atom was oriented toward the Te atom at distances 
ranging from 3.265(2) to 3.336(2) A, which correspond to 
Pauling partial bond orders of approximately 0.23. When 
these sulfur atoms are included in the coordination sphere, the 
orientation of the atoms about tellurium in Me,Te[S,COEt], 
can be described as a pseudo pentagonal bipyramid. In similar 
fashion, the terminal oxygen atoms of the monoxanthate 
groups in Me,Te[SCO,(i-Pr)],, 2, are oriented toward tellu- 
rium at an average Te--0 distance of 3.05(8) A, and the alkoxy 
groups are oriented away from tellurium at an avera e A Te--O(i-Pr) distance of 4.50(7) A. Te--0 distances of 3.05 , 
which were also observed for the terminal oxygen atoms in the 
related monothiocarbamate derivative, Me,Te[SCONEt,], 
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Drake et al. 

Fig. 2. ORTEP plot of the molecule Me2Te[SC02(i-Pr)],, 2. The 
atoms are drawn with 30% probability ellipsoids. Hydrogen 
atoms are omitted for clarity. 

Fig. 3. ORTEP plot of the molecule Ph,Te[SCO,(i-Pr)],, 4. 'The 
atoms are drawn with 30% probability ellipsoids. Hydrogen 
atoms are omitted for clarity. 

(26), correspond to a Pauling partial bond order of only 0.07, 
which is closer to the bond order of weak Te--S intermolecular 
interactions rather than Te--S intramolecular interactions. 
Nevertheless, if the weak interactions are included in the coor- 
dination sphere, then S(1), S(2), C(2), 0(1), and O(3) form a 
pentagonal plane (mean deviation from plane is 0.032) with 
Te(1) just below the plane (0.109 A). The second methyl group 

Fig. 4. ORTEP plot of molecules of Me,Te[SCO,(i-Pr)],, 2, with 
both intra- and intermolecular associations shown leading to a 
dimeric species. The atoms are drawn with 30% probability 
ellipsoids. Hydrogen atoms are omitted for clarity. 

C9 

takes up one axial position with C(l)  at 1.943 A above the 
plane. The intermolecular Te--S bond occupies the other axial 
position to give a C(1)-Te(1)--S(l)' angle of 172.0(9)", which 
is less distorted from linear than the S(1)-Te(1)-S(2) angle. 
The resulting approximately rectangular bridge system, with 
Te(1)-S(1)--Te(l)' and S(1)-Te(1)--S(l)' angles of 94.2(2)" 
and 85.8(2)", respectively, is seen in Fig. 4 and results in a 
Te--Te' distance within the pseudo dimer of 4.659(4) A. This 
is essentially the same as was observed in Me2Te[SCONEt,],, 
where the Te--Te' distance was 4.575(1) A. Thus the environ- 
ment about tellurium in the dimer can be described as that of a 
distorted pentagonal bipyramid. 

By contrast, in Ph2Te[SC02(i-Pr)12, 4, there is no Te--S sec- 
ondary interaction and both monothiocarbonate groups are not 
oriented in the same fashion. One group is oriented as in 2, 
with a similar Te--O(terminal) distance of 3.05 l(5) A, but the 
second group is turned around so that the oxygen atom of the 
O(i-Pr) group is now pointed toward tellurium at a similar dis- 
tance of 3.150(5) A, and in such a manner that S(1), S(2), 
C(l)phenyl, 0(1), and O(4)alkoxy form a pentagonal plane 
(mean deviation from plane is 0.057) with Te(1) just below the 
plane (0.045 A) and C(7) of the second phenyl group directly 
above it (2.043 A). The two planar SCO, cores of the mono- 
xanthate groups have a dihedral angle of 21.2(2)", which is 
virtually the same as the 20.4(2)" angle found for the SCON 
planar cores in Me,Te[SCONEt,], and similar to the 13.5(2)" 
found in 2. However, the terminal oxygen atom, which is ori- 
ented away from tellurium, is involved in a Te--0 i~termolec- 
ular interaction of a similar distance, 3.260(6) A, to give 
a virtual dimer (Fig. 5) in which the Te--Ten distance 
of 6.021(1) A is considerably larger than in 2 or 
Me,Te[SCONEt,],. When the Te--0 intermolecular interac- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

Fig. 5. ORTEP plot of molecules of PhzTe[SC02(i-Pr)],, 4, with 
both intra- and intermolecular associations shown leading to a 
dimeric species. The atoms are drawn with 30% probability 
ellipsoids. Hydrogen atoms are omitted for clarity. 

Fig. 6. ORTEP plot of the molecule Me,TeCl[SCO,Me], 5. The 
atoms are drawn with 30% probability ellipsoids. Hydrogen 
atoms are omitted for clarity. 

tion is included in the coordination sphere, the environment 
around Te in 4 becomes that of a distorted pentagonal bipyra- 
mid with the axial positions occupied by a phenyl group and 
the intermolecular terminal oxygen atom to give a C(7)- 
Te(1)--0(3)" angle of 169.5(2)" that is no more distorted from 
linear than the S(1)-Te(1)-S(2) angle. 

Chlorodimethyl(0-methyl monothiocarbonato)tellurium- 
(IV), 5, and bromodimethyl(0-isopropyl monothiocarbon- 
ato)tellurium(IV), 8, crystallize in the space groups P2,lc and 
P2,ln, respectively. The ORTEP diagrams (Figs. 6 and 7) illus- 
trate that the immediate environment about tellurium can yet 
again be described as the saw-horse structure typical of tellu- 
rium(1V) compounds in which the lone pair is apparently ste- 
reochemically active and occupying an equatorial position in a 
distorted trigonal bipyramid, approximately in the position of 
the Tel label. The two methyl groups occupy the other two 
equatorial positions with the axial positions being occupied by 
the halogen atom and the sulfur atom of the monothiocarbon- 

Fig. 7. ORTEP plot of the molecule Me,TeBr[SCO,(i-Pr)], 8. The 
atoms are drawn with 30% probability ellipsoids. Hydrogen 
atoms are omitted for clarity. 

ate group. It is also clear from the two ORTEP diagrams that the 
terminal oxygen atom is oriented toward tellurium in 
Me,TeCl[SCO,Me], 5,  with a Te(1)-O(1) distance of 
2.984(8) A (Fig. 7), whereas in Me,TeBr[SCO,(i-Pr)], 8, the 
oxygen atom of the alkoxy group is the one oriented towar9 
tellurium (Fig. 8) with the Te(1)-O(2) distance of 2.930(6) A 
being similar. As can be seen from Table 7, the Te-C bond 
lengths in 5 are slightly shorter than in 8, and are closer to the 
value in 2 where both terminal oxygen atoms are oriented 
toward tellurium. However, the differences are close to the 
error limits and the C-Te-C bond angles show no particular 
trends for all four molecules. 

The X-Te-S angles of 173.1(1)" and 172.68(8)" in 5 and 8, 
respectively, are similar to those reported for the analogous 
monothiocarbamates, Me,TeCI[SCONEt,] and Me,TeBr- 
[SCONEt,] (26). The Te-S bond lengths in 5 and 8 are 
shorter than even the shorter of the two Te-S bonds in the bis 
analogues, 2 and 4, and correspond to bond orders of 1.37 and 
1.22, if the average Te-S bond length in the bis species is 
taken as corresponding to a bond order of 1.0. Correspont- 
ingly, the Te-C1 and Te-Br bonds, 2.703(3) and 2.796(2) A, 
respectively, are distinctly lpnger than in a-Me2TeCla, 2.5 l(3) 
A (38), Me,TeBr,, 2.67(4) A, or Ph2TeBr2, 2.682(3) A (39), to 
give bond orders of 0.63 and 0.78, respectively, which are 
slightly higher than found for the corresponding monothiocar- 
bamates, Me,TeX[SCONEt,]. In the latter compounds, the 
halogen atoms have an intermolecular association with an 
adjacent tellurium atom to form unsymmetrical Te-X--Te' 
bridges in which the X-Te--X' and Te-X--Tef angles are close 
to 90". The resulting dimeric species with four-center rectan- 
6ular bridges have Te--Te' distances of 4.381(1) and 4.556(2) 
A, respectively, for Me,TeX[SCONEt,], where X = C1 and Br, 
respectively. Surprisingly, the closfst Te--Te distances in 5 
and 8 are 5.7974(8) and 6.2496(2) A, respectively, indicating 
that similar four-center bridges are not formed with these 
monothiocarbonates. 
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Fig. 8. oRTEP p(ot of a sequence involving the molecule 
Me,TeCl[SCO,Me], 5, with both intra- and intermolecular 
associations shown leading to a polymeric chain. The atoms are 
drawn with 50% probability ellipsoids. Hydrogen atoms are 
omitted for clarity. 

Fig. 9. ORTEP plot of a sequence involving the molecule 
Ph2TeBr[SC0,(i-Pr)], 8, with both intra- and intermolecular 
associations shown lead~ng to a polymeric species. The atoms are 

, drawn with 50% probability ellipsoids. Hydrogen atoms are 
I omitted for clarity. 

In Me,TeCl[SCO,Me], 5 ,  there is a Te--Cl intermolecular 
interaction of 3.494(3) A, which corresponds to a bond order 
of 0.10 and which is similar to the corresponding interaction in 
Me,TeCl [SCONEt,]. However, rather than a Te-C1--Te' angle 
of 89.22(5)" as found in the latter, the angle is 138.3(3)" in 5 ,  
which results in the formation of a zigzag chain rather than a 
dimer, as can be seen in Fig. 8. The Te--Clf interaction is trans 
to a Te-methyl bond at a C(1)-Te(1)--C1(1)' angle of 166.3(3)" 
in a distorted octahedral environment about tellurium. There 
are no comparable intermolecular interactions involving the 

bromine atom in Me,TeBr[SCO,(i-Pr)], 8. However, as in 4, 
the terminal oxygen atom, whicha is oriented away from the 
tellurium center, is only 3.097(3) A away from an adjacent tel- 
lurium atom and this T e e 0  intermolecular interaction appears 
to fulfil the function of the chlorine atom in 5 because it is now 
trans to a Te-methyl bond at a C(1)-Te(1)--O(l)" angle of 
174.8(3)" in a distorted octahedral environment about tellu- 
rium, as can be seen in Fig. 9. The lack of Te--Br interactions 
is surprising because in Me,TeBr, there are two intermolecu- 
lar interactions with Te--Br distances of 3.560 (4) and 3.661 
(4) A, which are associated with the longer of the two Te-Br 
bonds, and in Ph,TeBr, the closest such interaction reported is 
3.93 (39), yet the shortest secondary Te--Br contact in 8 of 
4.833(2) A is considerably longer than the sum of the van der 
Waals radii. Te--X associations are extensive and in, for 
example, a series of R,TeCI, compounds with different R 
groups (36, 38, 40-42), Te--Cl interactions are consistently 
found (43), with the exception of (9-BrC6H,),TeC1, where 
Te--Br interactions of 3.71 and 3.80 A replace those expected 
for Te--Cl (43). Thus the absence of Te--Br associations in 8 
supports the conclusion that even the weak Te--0 interactions 
found in these monoxanthate derivatives are important in 
establishing the molecular arrangements in the solid state. 

Within the four structures described, there are changes 
involving the orientations of the monoxanthate groups, the 
intermolecular interactions, the nature of the R groups on tel- 
lurium or in the monoxanthate, and different halogen atoms 
substituting for one of the monoxanthate groups. Despite these 
variations, the bite angle S-Te--0 remains essentially con- 
stant regardless of whether the oxygen is terminal or alkoxy, at 
an averaFe of 54.9(14)" with a S--0 bite distance averaging 
2.62(3) A. Further, the bond lengths and angles within the pla- 
nar SC02 core remain relatively unchanged. The SCO(R) 
angles are consistently distinctly smaller, 1 12(3)O on average, 
than the OCO and SCO(termina1) angles, 123(4)" and 125(2)" 
on average, respectively. The angles are consistent with T-  

bond character being less significant in the C-OR bonds than 
in the corresponding C-NR, bonds in the monothiocarba- 
mates where the average SCN(R,) angle was closer to 1 20°, at 
116.8(8)" (26). The C=O(terminal) bonds are, as expected, 
considerably shorter, 1.21(4) A on average for all four mole- 
cules, than the C-O(a1koxy) bonds at an average of 1.338(8) 
A. They are also slightly shorter than those in the monothio- 
carbamates, yet within values for other C=O bonds involved 
in secondary interactions (44). 

Infrared and Raman spectra 
In many respects, given that we have crystal structures of bis 
and halo derivatives, the vibrational spectra are disappoint- 
ingly uninformative. In general, these monothiocarbonates 
appear to be relatively poor scatterers and the quality of the 
Raman spectra is very variable so that no attempt has been 
made at extensive assignments. However, certain characteris- 
tic features are clearly evident and these are provided in linear 
form for each compound in the experimental section. 

As was to be expected from the vibrational spectra of the 
related dithiocarbonate (I), dithiocarbamate (7, 8, 12), and 
monothiocarbamate derivatives (26), three peaks arising pri- 
marily from the stretching vibrations of the monothiocarbon- 
ate core dominate the infrared spectra of compounds 1-11 in 
the 1700-1000 cm-' region. These are similar, though not 
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Table 8. 'H NMR chemical shifts in the spectra of the dirnethyl-. diphenyl-, halodimethyl-, and 
halodiphenyltellurium rnonothiocarbonates 1-11.",",','' 

Compounds Te-CH,IC,H, 0-CH,, OCH(CH3) 

7.91-7.87 (4 H, rn) 
7.50-7.40 (6 H, rn) 
7.91-7.88 (4 H, rn) 
7.47-7.44 (6 H, rn) 
2.85 (6 H, s) 
2.93 (6 H, s) 
2.82 (6 H, s) 

8.00-7.97 (4 H, rn) 
7.54-7.46 (6 H, m) 
8.01-7.98 (4 H, m) 
7.54-7.45 (6 H, rn) 

3.76 (6 H, s)  
5.04 (2 H, sept) 
l6.31 
3.71 (6 H, s) 

5.00 (2 H, sept) 
L6.31 
3.78 (3 H, s) 
3.79 (3H, s) 
5.02 (I H, sept) 
L6.21 
5.02 (1 H, sept) 
16.31 
5.04 (I H, sept) 
16.31 
3.75 (3 H, s) 

5.01 ( 1  H, sept) 
L6.31 

"The spectra were recorded in CDCI, and reported in ppm from Me,Si. 
"Number of protons and multiplicities are in parentheses (s = singlet; d = doublet; sept = septet, m = multiplet). 
'Coupling constants in Hz shown in square brackets ( 1. 
"Peaks attributable to the conesponding diligands are seen at 3.91 (s) for [SCO,MeIz and at 5.14 ( 1  H, sept) and 1.31 

(6 H, d) for [SC02(i-Pr)]?. 

identical, in appearance to corresponding peaks in the starting 
salts and are generally much stronger and broader than any 
peaks in the region associated with vibrations attributable to 
methyl, isopropyl, or phenyl groups. The positions of the 
peaks indicate that the major contributions involve stretching 
of the three C-0 bonds. Thus, for example, in all of the spe- 
cies containing the SC02(i-Pr) moiety, 2,4,7-9, l l ,  the three 
peaks are seen at 1638-1674 (mainly C=O stretchin ), 1146- ? 1155 (mainly C-0 stretching), and 1088-1092 cm- (mainly 
0-CH(CH,), stretching). In the species containing the 
SC0,Me moiety, 1, 3, 5, 6, 10, the corresponding peaks are 
seen at 1638-1656, 1261-1266, and 1098-1 13 1 cm-I (mainly 
0-CH, stretching). The differences probably arise in that mix- 
ing with the OCH, rocking modes is significant in the latter 
case as was noted for the Me,TeX[S,COMe] derivatives (45). 
The positions of these three modes may also be compared with 
those in methylacetate where the assignments are 1768 (C=O 
stretching), 1268 (C-0 stretching), and 1049 cm-' (0-CH, 
stretching). Thus, the proposed assignments are consistent 
with the assumption that these modes primarily involve the 
stretching of the C-0 bonds but the modes are probably 
mixed and no doubt involve contributions from S-C stretching 
as well as from OCH and, in particular, OCH, rocking. The 
fourth stretch of the SC0,C core is seen between 634 and 683 
cm-I, which is the region typical of a single-bonded C-S 
stretching vibration, and is at lower frequency than in the salts 
where the C-S bond would have more partial T-bond charac- 
ter. In the Ph,Te compounds, 3 ,4 ,  10, 11, the characteristicf- 
phenyl and v-phenyl modes, which are both of similar inten- 

sity, are observed at ca. 735 and 685 cm-'. As a result, the 
fourth stretching vibration is normally only observed as a 
shoulder on the v-phenyl mode at 650-660 cm-'. The Raman 
spectra of the Me,Te compounds, 1, 2, 5, 6, 7, 8, and 9, all 
show peaks of high relative intensity that correspond to the 
asymmetric and symmetric Te-CH3 stretching vibrations in 
similar, though not identical, relative intensities and positions 
as have been reported for the dihalides, Me,TeX,, where X = 
C1, Br, and I (46). This is consistent with the C-Te-C bond 
angles and distances being similar in all species. Unfortu- 
nately, as indicated above, the Raman spectra are of such vari- 
able quality that, in contrast to the situation with the 
corresponding halomonothiocarbamates (26) and halodithio- 
carbonates (45), specific assignments below 400 cm-' to Te-S 
stretching vibrations and, in particular, to the Te-X stretching 
vibrations, which are expected in the region below 250 cm-', 
cannot be made with confidence. 

Nuclear magnetic resonance spectra 
The 'H NMR spectral data for compounds 1-11 are presented 
in Table 8. The methyl group directly attached to tellurium is 
seen as a sharp singlet at 2.58 and 2.56 ppm, respectively, for 
Me,Te[SCO,Me],, 1, and Me,Te[SCO,(i-Pr)],, 2. These val- 
ues for the TeCH, chemical shifts are essentially the same as 
the corresponding bis dithiocarbonate derivatives (1) and 
slightly larger than those of the bis monothiocarbamates (26). 
A small, but essentially stepwise, increase is seen in TeCH, 
for Me2TeC1[SC02Me], 5, compared to Me,TeI[SCO,MeI, 6, 
2.85 and 2.93 ppm, respectively, and along the series 
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Table 9. "C and " ' ~ e  NMR chemical shifts for the dimethyl-, diphenyl-, halodimethyl-, and 
halodiphenyltellurium monothiocarbonates 1-11." 

Compounds Te-C 0 -C  OC-C SOCO 1 2 ' ~ ~  

Me,Te[SCO,Mel,, 1 15.11 54.44 174.68 466.4 
Me,Te[SCO,(i-Pr)],. 2 15.04 7 1.57 2 1.88 173.34 459.3 
Ph,Te[SCO,Me],, 3 134.47, 13 1.27 54.08 174.80 734.2 

130.70, 130.40 
Ph,Te[SCO,(i-Pr)],, 4 134.32, 130.96 71.40 21.81 173.34 730.0 

130.77, 130.13 
Me,TeCl[SCO,Me], 5 20.02 55.15 172.10 564.4 
Me,TeI[SCO,Me], 6 17.95 55.04 171.09 510.4 
Me,TeCl[SCO,(i-Pr)], 7 19.63 73.09 2 1.73 170.45 566.1 
Me,TeBr[SCO,(i-Pr)], 8 19.03 73.34 21.61 170.50 544.4 
Me,Te [[SCO,(i-Pr)], 9 17.83 73.38 21.94 171.29 5 10.0 
Ph,TeCl[SCO,Me], 10 134.31, 132.14 55.05 172.22 806.5 

13 1.62, 130.37 
PhZTeC1[SC02(i-Pr)], 11 134.34, 132.74 73.14 21.87 170.67 803.5 

131.58, 130.30 

"The spectra were recorded in CDCI, and reported in pprn from Me,Si for "C and from Me,Te for "'Te. 

Me,TeCl[SCO,(i-Pr)], 7, Me2TeBr[SC02(i-Pr)], 8, and 
Me,TeIISCOZ(i-Pr)], 9, 2.82, 2.86, and 2.92 ppm, respec- 
tively, as one of the monothiocarbonate groups is replaced by 
C1, Br, or I. This was also observed in the Me,TeXL series, 
where X = SCONEt, and SCON(CH,),CH, (26). Changes in 
the chemical shifts of methyl groups have been related to 
changes in the electronegativity of the groups attached to the 
central atom, and the slightly larger shift towards the values 

I observed for Me,TeCl,, Me,TeBr,, and Me,TeI,, of 3.13, ' 3.26, and 3.27 ppm, respectively, is consistent with the effec- 
tive electronegativity of the monothiocarbonate being slightly 
greater than the monothiocarbamate. In the spectra of the bis- 
substituted diphenyltellurium derivatives Ph,Te[SCO,Me],, 
3, and Ph,Te[SCO,(i-Pr)],, 4, the phenyl protons are seen as a 
pair of multiplets in the regions 7.91-7.87 and 7.50-7.40 pprn 
with intensities corresponding to 4H and 6H, respectively, as 
is to be expected for the meta and ortholpara protons. There is 
a typical small upfield shift in the corresponding chloro-sub- 
stituted derivatives, Ph,TeCl[SCO,Me], 10, and Ph2TeC1- 
[SCO,(i-Pr)], 11. 

The relative intensities of the peaks associated with the 
monothiocarbonate groups are as expected for the formulation 
of the compounds. The values of the chemical shifts within the 
monothiocarbonate groups of all of the compounds are found 
to be similar, though not identical, to each other and to those of 
the appropriate salts, NaSC0,Me and NaSC02(i-Pr), from 
which they were prepared. Thus, there are no significant trends 
as a result of being linked to tellurium, let alone as a result of 
changing the organo group or halogen attached to tellurium as 
illustrated by the fact that in all of the compounds, 2,4 ,7 ,8 ,9 ,  
and 11, the CH signal is seen as a septet in the range 5.04-5.00 
pprn and the CH, signal as a doublet of six times the intensity 
in the range 1.25-1.2 1 ppm. 

The ',c NMR spectral data for compounds 1-11 are dis- 
played in Table 9. The peaks attributable to the organo groups 
in the monothiocarbonates again are seen at positions close to 
those found in the starting salts. However, although the 

SC0,R chemical shifts are similar for all 1 1 compounds, cov- 
ering the range 170.67-174.68 ppm, they are considerably 
shifted relative to the values in the starting salts of 186.89 and 
185.8 pprn for NaSC0,Me and NaSCO,(i-Pr), respectively. 
This is consistent with the planar carbon atom of the mono- 
thiocarbonate group having essentially the same environment, 
as is suggested by the X-ray structures of 2,4,5,  and 8, in solu- 
tion in all 11 compounds, which differs from that of the start- 
ing salts. Similarly, in the corresponding R,Te[S,COR], 
compounds, the S,COR chemical shifts were all close to 
220 pprn compared with values of ca. 232 pprn for the 
dithiocarbonate salts, and in the monothiocarbamates, 
R,Te[SCONEt,], and R,TeX[SCONEt,], the SCON chemical 
shifts were in the range 167-172 pprn with the chemical shift 
of the salt again close to 12 pprn higher with a value of 183.31 
pprn for NaSCONEt,. The chemical shifts of the methyl 
groups attached to tellurium are essentially the same regard- 
less of the organic group in the monothiocarbonate. The value 
close to 15.1 pprn for TeCH, in 1 and 2 is only slightly higher 
than that found for the monothiocarbamate derivatives, 
Me,Te[SCONR,],, ca. 14.8 pprn (25) but lower than those 
reported for related derivatives containing ligands with two 
sulfur atoms such as Me,Te[S,COR], ( I ) ,  Me2Te[S,CNR2]2 
(8, 12), and Me,Te[S,POGO], (21) of ca. 15.5, 16.6, and 19.2 
ppm, respectively. The halo derivatives, 5-9, show a slight 
trend with values of ca. 20, 19, and 18 pprn for 
Me,TeX[SCO,R] where X = C1, Br, and I, respectively, which 
places the TeCH, chemical shifts approximately between 
those of the bis compounds and those of the dihalides, 
Me,TeCl,, 26.9, Me,TeBr,, 25.1, and Me,TeI,, 22.0 ppm. The 
chemical shifts of the phenyl carbon atoms are similar in the 
bis compounds 3 and 4 as are those in the two chloro deriva- 
tives 10 and 11. 

The ' , '~e NMR chemical shifts for compounds 1-11 are 
also displayed in Table 9. The peaks attributable to 1 and 2, of 
466.4 and 459.3, respectively, lie between the values of 445- 
448 pprn found for the bis monothiocarbamate derivatives, 
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Me2Te[SCONR2], and those of 475482  pprn for the bis 
dithiocarbonates, Me,Te[S,COR],. As with the monothiocar- 
bamates, the substitution of a monothiocarbonate group by a 
halogen results in an upfield shift toward the chemical shifts of 
the dihalides to give values of ca. 565 for 5 and 7,544.4 for 8, 
and 510 pprn for 6 and 9. The corresponding values for the 
Me,TeX2 species are 733.8, 649.2, and 5 19.6 pprn for X = C1, 
Br, and I, respectively. The values of the chemical shifts for 
the Ph,TeCI[SCO,R] derivatives, 10 and 11, of 806.5 and 
803.5 ppm, respectively, are similarly between those of the 
corresponding Ph,Te[SCO,R], derivatives, 3 and 4, of 734.2 
and 730.0 ppm, respectively, and that of Ph,TeCl,, 910 ppm. 
Even the initial ' 2 5 ~ e  NMR spectra of 3 and 4 show a peak at 
690 pprn attributable to the formation of Ph,Te, which arises 
from the reductive-elimination of Ph,Te[SCO,RI2. This peak 
increases in intensity as those due to 3 or 4 disappear. Simi- 
larly, the spectra of 10 and 11 eventually show a peak at 910 
pprn attributable to Ph,TeCI,, which arises from the dispro- 
portionation of Ph,TeCI[SCO,R]. 
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Organoplatinum(lV) derivatized vinyl 
monomers and polymers prepared by oxidative 
addition 

Sudhir Achar, Richard J. Puddephatt, and John D. Scott 

Abstract: Organoplatinum(1V) complexes of general formula [PtXMe2R(NN)], containing vinyl substituents, have been 
prepared by oxidative addition of RX, (RX = methyl 2-(bromomethyl)acrylate, 2-(bromomethyl)acrylic acid, 2-bromoethyl 
methacrylate, acryloyl chloride, and chloromethylstyrene), to [PtMe2(NN)], NN = 2,2'-bipyridine or 4,4'-di-[err-butyl-2,2'- 
bipyridine. Polymers with organoplatinum(1V) substituents have been prepared either by free radical polymerization of the 
organoplatinum(1V) derivatized monomers or by free radical polymerization of the organic monomers, followed by the oxidative 
addition of the C-X substituents of these polymers to [PtMe,(NN)]. In the latter method, it is generally not possible to metallate 
all the C-X bonds, but a high degree of platinum incorporation can be achieved. 

Key wolds: organoplatinum, polymer, oxidative addition, vinyl. 

RCsum6 : On a prepare des complexes organoplatine(1V) de la formule gCntrale [PtXMe2R(NN)], contenant des substituants 
vinyliques, en faisant appel i une addition oxydante de RX (RX = 2-(bromomCthyl)acrylate de methyle, acide 2- 
(bromomCthyl)acrylique, mCthacrylate de 2-bromo-Cthyle, chlorure d'acryloyle et chloromCthylstyrkne) sur le [PtMe2(NN)], 
NN = 2,2'-bipyridine ou 4,4'-di-tert-butyl-2,2'-bipyridine. On a prepark les polymkres contenant des substituants 
organoplatine(1V) par polymCrisation radicalaire des monomkres organoplatine(1V) dCrivatisCs ou par polymCrisation radicalaire 
des monomkres organiques, suivie d'une addition oxydante des substituants C-X de ces polymkres sur le [PtMeJNN)]. Dans 
cette dernikre mCthode, il n'est gCnCralement pas possible de faire la mCtallation de toutes les liaisons C-X, mais le degrC 
d'incorporation du platine est eleve. 

Mots c1P.s : organoplatine, polymkre, addition oxydante, vinyle. 

[Traduit par la redaction] 

1 

Introduction 

Polymers containing transition metals are of interest as poten- 
tial catalysts or materials (1); they are often classified based on 
structure, according to whether the metals are incorporated in 
the backbone polymer chains (2-4) or are pendant to them (6- 
8). The metal may be present as an organometallic (contains 
M-C bonds) or coordination complex (no M-C bonds). 
Organometallic polymers are often synthesized by polymeriz- 
ing organometallic monomers or by derivatizing a preformed 
organic polymer (1-1 1). We have been interested in using the 
oxidative addition reaction to introduce organoplatinum func- 
tionality into polymerizable monomers or into polymers, with 
the platinum groups either appended to or incorporated into 
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the polymer backbone (12-1 5). Routes to both chain and den- 
drimeric oligomers and polymers have been developed using 
variants of this methodology. This paper reports details of the 
application of oxidative addition reactions to the synthesis of 
monomers and polymers in which organoplatinum groups are 
appended to a derivatized vinyl functionality. A preliminary 
account of parts of this work has been published (16). In most 
other polymers with pendant organotransition metal centres, 
the metal is bound to the polymer by coordination to -q-cyclo- 
pentadienyl or -q-arene groups or the organometallic group 
may be bound to the polymer by a group V or VI donor such as 
a phosphine or a nitrogen or oxygen donor ligand (1-1 1, 17- 
23). 'The methodology described below yields relatively rare 
examples of vinyl monomers and polymers in which the met- 
als are directly bonded to the monomer or polymer via metal- 
carbon cr-bonds (22,23). 

The approach used is based on the easy oxidative addi- 
tion of organic halides to platinum(II), a reaction that 
occurs in very high yield for alkyl halides containing a wide 
range of functional groups (24, 25). In particular, addition 
of alkyl or acyl halides, R-X, to [PtMe,(bipy)], la,  bipy = 
2,2'-bipyridine, is essentially quantitative and yields 
[PtXMe,R(bipy)] (26-29). In the present work the group R 
contains a polymerizable vinyl group and the oxidative addi- 
tion may be carried out before or after polymerization of 
the vinyl monomer. 

Can. J. Chem. 74: 1983-1989 (1996). Printed in Canada I Imprim6 au Canada 
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Scheme 1. 

I .  N N  = bipy 
2. N N  = b112bipy 

3a, 4a: N N  = bipy, X = Br, R = C&C(C02Me)=CH2 

3b, 4b: N N  = bipy, X = Br, R = C&C(C02H)=CH2 

3c, 4c: N N  = bipy, X = Rr. R = CHbCH202CC(Me)=CH2 

3d, 4d: N N  = bu~bipy. X = Br, R = CbCH202CC(Me)=CH2 

3e, 4e: NN = bipy. X = CI, R = C(=O)CH=Cb 

3f, I f :  N N  = buzbipy, X = CI, R = C(=O)CH=C& 

38: N N  = bipy, X = CI, R = 4-CbC6H4CH=CH2 

3h: N N  = bipy. X = CI, R = 3-C&C(,H4CH=CH2 

3i: N N  = bu~bipy, X = CI, R = ~ - C H Z C ~ H ~ C H = C H ~  

3j: N N  = b i ~ b i p y .  X = CI. R = 3-CH2C6114CH=CH2 

Results and discussion 

Synthesis of mononuclear complexes 
The complex [PtMe,(bipy)], 1, is very reactive in oxidative 
addition but the products often have limited solubility. To 
overcome the solubility problem, the new complex 
[PtMe,(bu,bipy)], 2, bu,bipy = 4,4'-di-tert-butyl-2,2'-bipyri- 
dine, was used (15, 30). Both 1 and 2 are red solids, the color 
arising from the presence of a metal-to-ligand charge transfer 
(MLCT) band in the visible region of the spectrum (31, 32), 
and the oxidative addition of alkyl or acyl halides, RX, occurs 
with bleaching of the colour on formation of the platinum(1V) 
products [PtXRMe,(bipy)] and [PtXRMe,(bu,bipy)]. The 
reactions can also be monitored by 'H NMR since the methyl- 
platinum coupling constant, 'J(P~cH,) decreases from 84-86 
Hz in 1 or 2 to 69-72 Hz in the platinum(1V) products (26-29). 

The reactions used to prepare potential vinyl monomers 
with organoplatinum(1V) substituents are shown in Scheme 1. 
In most cases, the oxidative additions occurred essentially 
quantitatively but gave the products as a mixture of trans and 
cis isomers 3 and 4. Selected 'H NMR data and the translcis 
product ratios are given in Table 1 and complete data are listed 
in the experimental section. The trans isomers 3 have a plane 
of symmetry perpendicular to the PtMe,N, plane and so give a 
single methylplatinum resonance and, in complexes that con- 
tain a CH2Pt group, a single CH2Pt resonance. The cis isomers 
4 have lower symmetry and give two methylplatinum reso- 
nances and an "AB" multiplet for the cHYibpt protons (when 
present). The isomers were readily identified by these charac- 
teristic features and the isomer ratios were determined by inte- 
gration of the 'H NMR spectra. Attempts to separate the 
isomers by fractional crystallization or column chromatogra- 
phy were unsuccessful, and they were used in subsequent stud- 
ies as the mixture of isomers. 

Successful reactions were carried out with methyl 2-(bro- 
momethyl)acrylate, 2-(bromomethyl)acrylic acid, 2-bromo- 
ethyl methacrylate, acryloyl chloride, and chloromethyl- 
styrene (Scheme l), thus giving a variety of vinyl monomers 
containing platinum(1V). All products were isolated as air-sta- 
ble, pale yellow solids that gave satisfactory analytical data. 

The formation of 3b and 4b by oxidative addition of 2-(bra- 
momethy1)acrylic acid to 1 is noteworthy because it indicates 
that the oxidative addition occurs at a much faster rate than 
methyl-platinum bond cleavage by the carboxylic acid group 
(33). The reaction of 2 with acryloyl chloride is noteworthy 
since it was the only case in which the product of cis oxidative 
addition was the major product (Table 1). The sample of chlo- 
romethylstyrene used for reaction with 1 and 2 was a mixture 
of the meta and para isomers in a 70:30 ratio (the mixture is 
not readily separable). Fortunately, the oxidative additions 
occurred selectively to give the trans isomers 3 only. Hence 
the product from 1 was formed a mixture of 3g and 3h, and 
from 2 a mixture of 3i and 3j, respectively. In each case, the 
product ratio corresponded closely to the 30:70 ratio present in 
the reagent. 

Polymeric complexes 
Polymeric complexes containing platinum(1V) could be pre- 
pared in two ways, as illustrated in Scheme 2 for the case of 2- 
bromoethyl methacrylate. The free radical polymerization of 
the mixture of monomers 3c and 4c in chlorobenzene, employ- 
ing azobisisobutyronitrile, AIBN, as initiator, gave the poly- 
mer 5 (Scheme 2; note that, for simplicity, the scheme shows 
only the trans isomer 3c and its product but it is, of course, 
expected that the polymer will contain platinum(1V) centres 
with both cis and trans stereochemistry). The polymer 5 pre- 
cipitated from solution as it formed and it was not sufficiently 
soluble to give an NMR spectrum or to allow molecular 
weight determination. 

A similar polymer 6 was prepared by polymerization of the 
organic monomer 2-bromoethyl methacrylate to its polymer 7 
(M, = 9800, M,  = 16 000, polydispersity 1.6) followed by oxi- 
dative addition of the polymer to 1. However, even using 
excess 1, only about 75% of the bromoethyl groups were 
found to be metallated in the final polymer 6, which precipi- 
tated as it formed (Scheme 2, again only the trans oxidative 
addition product is shown; a more random arrangement of the 
metallated units than shown is also likely). Hence, the fully 
metallated polymer can only be obtained from the metallated 
monomer 3c,4c. The platinum-containing polymers have low 
solubility in all common organic solvents and it is possible 
that the precipitation of the partially metallated polymer 
prevents complete platination. To overcome the solubil- 
ity problem, additional reactions were carried out with 
[PtMe,(bu,bipy)], 2. The reactants 2 and the organic pnlymer 
7 were reacted in the molar ratios (based on monomer) of 1 : 10, 
1:4, 1:2, 1 : 1.33, and 1: 1 in acetone to yield the platinated poly- 
mers 8a-e, respectively. Elemental analyses gave a direct 
measure of the proportion of bromoethyl groups platinated 
and the results are given in the experimental section. The ana- 
lytical data indicate a correlation between the amount of plat- 
inum used and the amount incorporated, but again it was not 
possible to metallate all the bromoethyl groups present in the 
polymer. The solubility of the organoplatinum polymers 8a-e 
in THF decreased with increasing platinum content, and sam- 
ples 8d and 8e were not soluble enough for molecular weight 
determination by gel permeation chromatography. The GPC 
molecular weight data (experimental section) are similar to 
that for the organic polymer. It might be expected that the 
hydrodynamic radius of the platinated polymers would be less 
than for the organic polymer due to reduced solvation, thus 
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Achar et al. 

Table 1. Selected NMR data and isomer ratios for the complexes 3 and 4. 

tmrzs-isomer, 3 cis-isomer, 4 

G(MePt), G(CH2Pt), G(MePtBr), G(MePtN), Isomer 
Complex 'J(P~H) 2 ~ ( ~ t ~ )  ?J(P~H) 'J(P~H) ratio 

3a,4a 1.39, 70 2.50, 97 0.48, 71 1.30, 70 955  
3b,4b 1.36, 70 2.47, 98 0.24, 7 1 1.14, 70 85:15 
3 c . 4 ~  1.40, 70 2.42, 95 0.55, 72 1.43, 70 60:40 
3d,4d 1.36, 70 Obscured 0.53, 74 1.38, 70 55:45 
3e,4e 1.46, 72 Absent 0.71, 74 1.39, 72 75:25 
3f,4f 1.41, 72 Absent 0.69, 75 1.35, 72 10:90 
3g 1.45, 69 . 2.79, 95 
3h 1.46, 69 2.77, 93 
3i 1.40, 69 2.78, 96 
3j 1.42, 69 2.76, 94 

Scheme 2. 

n 
[PtMr~(Nh)l Y, ,N A l B N  

n 
N, P 

A l B N  

leading to lower GPC molecular weights. Either this is not so 
or perhaps there is some association between the platinated 
polymer chains that compensates for this effect. It is reason- 
able to assume that the chain length is not affected by the met- 
allation step. In the 'H NMR spectra of the polymers 8a-e in 
acetone, the peaks due to PtMe, tert-butyl, and other aliphatic 
groups were broad and not completely resolved. To prove the 
presence of PtMe groups, the polymer t&d6 was synthesized 
by the oxidative addition of poly(2-bromoethyl methacrylate) 
to [Pt(CD,),(bu,bipy)] in a ratio of 4:l and the presence of 
CD3Pt groups was then proved by NMR. Two broad reso- 
nances were observed in the NMR. The more intense peak 
at 6 = 1.3 was assigned to the CD3 groups trans to nitrogen 
(present for both trans and cis oxidative addition), while the 
less intense resonance at 6 = 0.5 was assigned to the CD3 group 
trans to bromide (present for cis oxidative addition only) and 

integration therefore gave the ratio trans:cis = 55?5:45?5, 
essentially the same as for oxidative addition of the monomer 
to 2 (Table 1). The observation of the CD3 peaks in the 
NMR clearly proves the presence of the MePt groups in the 
polymer 8. 

The platinum(1V) monomers 3g,3h derived from chloro- 
methylstyrene were sparingly soluble in common organic sol- 
vents and hence their solution polymerization could not be 
carried out. The analogous monomers with bu,bipy ligands, 
3i,3j, were more soluble but still did not undergo free radical 
polymerization in the presence of azobis(isobutyronitri1e) ini- 
tiator. The platinated polymer of chloromethylstyrene could 
only be prepared by polymerization of the organic monomer 
to give the polymer 9 (M, = 6800, M, = 15 000, M,IM, = 2.2) 
followed by reaction with 1 or 2 to give 10 or 11 (Scheme 3; 
note that only the meta-chloromethylstyrene isomer is illus- 
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Scheme 3. 

AIBN + 

trated for simplicity and that the structure shown is an ideal- 
ized one and a more random arrangement is likely). The 
polymers precipitated as pale yellow powders and were spar- 
ingly soluble in common organic solvents. Again, complete 
platination of all chloromethyl groups did not occur on reac- 
tion with excess 1 or 2. It is noteworthy that 11 is more soluble 
in acetone than 10 and that 11 contains a higher incorporation 
of platinum (77% of chloromethyl groups platinated) than 10 
(62%). This suggests that the precipitation of the partially met- 
allated polymer, with some of the chloromethyl groups coiled 
back away from the reaction surface, prevents further platina- 
tion. To check if insolubility alone would prevent further reac- 
tion of chloromethyl groups with platinum(I1) reagent, 
Merrifield's resin (which is an insoluble, cross-linked chlo- 
romethylated styrene - divinyl benzene copolymer with all 
chloromethyl groups at the polymer surface) was reacted, as a 
suspension in acetone, with excess 1 to give the platinated 
resin, 12, in which essentially all of the chloromethyl groups 
were platinated. This clearlv shows that the oxidative addition 
of chloromethyl groups to 1 can occur under heterogeneous 
conditions provided the chloromethyl groups are located on 
the polymer surface. Other groups have also successfully 
derivatized Merrifield's resin to introduce metal substituents, 
although not by oxidative addition (34-36). 

The chemistry of compounds derived from chloromethyl- 
styrene and acryloyl chloride was similar. Thus, the monomers 
3e,4e and 3f,4f derived from acryloyl chloride did not undergo 
free radical polymerization but the organic monomer could be 
polymerized to give 13 and then platinated to give 14 or 15 
(Scheme 4, again simplified for clarity). 

As expected, the metallated polymers differ significantly in 
their physical properties from either the organic polymers or 
the ~r~anometal l ic  monomers. For example, the organoplati- 
num monomer 3c,4c melts with decomposition at 166°C and 
the organic polymer 7 exhibits a glass transition in the range 

65-79"C, as determined by differential scanning calorimetry 
(DSC) but is not crystalline and gives no distinct melting 
endotherm. However, the polymers 5 and 6 each exhibit a very 
broad endothermic transition over the range 60-160°C, with 
the peak at 115"C, and there is a melting endotherm that 
begins at 210°C and peaks at 243°C. When samples of the 
polymers 5 and 6 were heated to 150°C for 30 min and then 
cooled and reheated, the broad endotherm in the region 60- 
160°C was not observed while the melting endotherm was 
unchanged. Thus, it appears that the polymers 5 and 6 precip- 
itate in a strained conformation that relaxes on heating above 
60°C. 

TGA studies indicated that the organic polymer, 7, under- 
goes complete weight loss over the temperature range 335- 
395"C, while the organoplatinum polymers decompose over a 
much wider range. The organoplatinum polymers 5 , 6  and 8a- 
e exhibit similar patterns for the TGA thermograms, all 
decomposing over a wide range of temperature from 240 to 
600°C. The decomposition onset temperatures gradually 
increased with the increase in the platinum content for the 
series 8a-e, which clearly reveals the effect of metallation on 
decomposition characteristics; details for these and other 
polymers are given in the experimental section. 

Experimental 

'H NMR spectra were recorded using Varian XL 200 or Gem- 
ini 300 MHz spectrometers. FTIR spectra were recorded as 
KBr disks by using a Bruker IRl32 spectrometer. Thermal 
analyses were carried out using a Perkin Elmer DSC7 and 
TAC7DX differential scanning calorimeter and thermogravi- 
metric analyzer, respectively. The heating rate was 20°C/min 
and a sample mass of 5-10 mg was used. Nitrogen was used as 
the purge gas. The molecular weight measurements were car- 
ried out using a Waters 600 GPC with Waters 410 differential 
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Scheme 4. 

r\ r\ 
IPtMe2(wN)I AIBN 

CI(C=O)CH=CH2 -* 

AIBN 

3e o1.3f 

v 

I refractorneter as the detector. Two ultrastyragel columns were 
used in series (lo3 A and 10, A) and THF was used as the sol- 
vent. The system was calibrated with linear polystyrene stan- 1 dards. In the NMR listings, a vinyl group is defined as 

i -cH*CH~H", with Ha tmns to H ~ .  

I [PtBrMe,{CH,C(COOMe)=CH,}(bipy)], 3a,4a 

To a solution of [PtMe,(bipy)] (0.05 g) in acetone (10 rnL) was 
added methyl 2-(bromomethy1)acrylate (0.02 rnL) and the 
mixture was stirred for 2 h. The solution color changed from 

, red-orange to pale yellow and the product precipitated as a 
white powder. The product was separated, washed with ether, 
and dried under vacuum. Yield 86%. IR: v(C0) = 1714 crn-I, 
v(C=C) = 1601 cm-I. 'H NMR in CD,C12: 3a: 6: 1.39 (s, 6H, 
2 J(PtH) = 70 Hz, Me2Pt), 2.50 (s, 2H, 2 ~ ( ~ t ~ )  = 97 Hz, CH2Pt), 
3.08 (s, 3H, CH3-0), 4.98 (rn, 1 H, 4 ~ ( ~ t ~ )  = 26 Hz, CH2=), 
5.52 (rn, 1 H, 'J(P~H) = 29 Hz, CHI=), 7.63 (t, 2H, H' of 
(bipy)), 8.07 (t, 2H, H~ of (bipy)), 8.21 (d, 2H, H~ of (bipy)), 
8.78 (d, 2H, H~ of (bipy)); 4a: 6: 0.48 (s, 3H, 2 ~ ( ~ t ~ )  = 7 1 Hz, 
MePtBr), 1.30 (s, 3H, 2 ~ ( ~ t ~ )  = 70 Hz, MePtN), 2.46 (s, 2H, 
2 ~ ( ~ t ~ )  = 97 Hz, CH2Pt), 3.63 (s, 3H, CH3-0). Anal. calcd. for 
C,,H2,BrN2O,Pt: C 36.4, H 3.8, N 5.0; found: C 36.5, H 3.5, N 
4.8. 

The following complexes were prepared similarly. 

[PtBrMe,{CH,C(COOH)=CH,j(bipy)], 3b,4b 
Yield 90%. IR: v(C0) = 1719 crn-I, v(C0OH) = 2899 cm-I. 
'H NMR in CD3COCD3: 3b: 6: 1.36 (s, 6H, 'J(P~H) = 70 Hz, 
Me,Pt), 2.47 (s, 2H, "(P~H) = 98 Hz, CH Pt), 4.88 (d, lH, 
4 2 J(PtH) = 26 Hz, CH =), 5.50 (d, lH, J(PtH) = 29 Hz, f CH2=), 7.78 (t, 2H, H of (bipy)), 8.23 (t, 2H, H~ of (bipy)), 
8.55 (d, 2H, H~ of (bipy)), 8.81 (d, 2H, H~ of (bipy)); 4b: 6: 
0.24 (s, 3H, 'J(P~H) = 7 1 Hz, MePtBr), 1.14 (s, 3H, ,J(P~H) = 
70 Hz, MePtN), 5.25 and 5.62 (m, 1H each, CH2=). Anal. 
calcd. for C16H,9BrN202Pt: C 35.2, H 3.5, N 5.1; found: C 
35.0, H 3.1, N 5.1. 

[PtBrMe,{CH,CH,OCOC(CH,)=CH,}(bipy)], 3c,4c 
Yield 83%. IR: v(C0) = 171 1 crn-', v(C=C) = 1634 cm-'. 'H 
NMR in CD2Cl,: 3c: 6: 1.40 (s, 6H, 2 ~ ( ~ t ~ )  = 70 Hz, Me,Pt), 
1.7 1 (rn, 3H, Me-C=), 2.08 and 2.4 (rn, 1H each, CH,Pt), 3.42 
(t, 2H, 3 ~ ( ~ t ~ )  = 42 Hz, CH2-0), 5.38 (m, lH, CH2=), 5.68 
(rn, lH, CH,=), 7.76 (rn, 2H, H' of (bipy)), 8.14 (m, 2H, H~ of 
(bipy)), 8.26 (rn, 2H, H~ of (bipy)), 9.2 (m, 2H, H~ of (bipy)); 
4c: 6: 0.55 (s, 3H, 2 ~ ( ~ t ~ )  = 72 Hz, MePtBr), 1.43 (s, 3H, 
2 ~ ( ~ t ~ )  = 70 Hz, MePtN), 1.98 (rn, 3H, Me-C=), 1.94 and 
2.24 (rn, 1H each, CH2Pt), 4.3 1 and 4.68 (m, 1H each, CH,- 
O), 5.55 and 6. l l (m, 1H each, CH2=), 7.69 (m, 2H, H' of 
(bipy)), 8.1 (m, 2H, H~ of (bipy)), 8.29 (m, 2H, ~ b f  (bipy)), 
8.9 (rn, 2H, H~ of (bipy)). Mass spectrum, (nzlz): 494 (M - 
Br)'. Anal. calcd. for C18H23BrN202Pt: C 37.6, H 4.0, N 4.9; 
found: C 37.7, H 3.8, N 4.9. 

[PtBrMe,{CH,CH,OCOC(CH,)=CH,)(bu,bipy)], 3d,4d 
Yield 85%. 'H NMR in CD2C12: 3d: 6: 1.36 (s, 6H, 'J(P~H) = 
70 Hz, Me2Pt), 1.46 (b, 18H, tert-butyl protons), 1.7 1 (m, 3H, 
Me-C=), 3.41 (t, 2H, 3 ~ ( ~ t ~ )  = 45 Hz, CH2-0), 5.37 and 5.7 
(rn, lHeach,CH2=),7.65, 8.18,8.78 ( 2 H e a c h , ~ ' , H ~ ,  and 
H~ of (bu,bipy), respectively); 4d: 6: 0.53 (s, 3H, 'J(P~H) = 74 
Hz, MePtBr), 1.38 (s, 3H, 2 ~ ( ~ t ~ )  = 70 Hz, MePtN), 1.98 (rn, 
3H, Me-C=), 2.2 (m, lH, CH2Pt, other H signal is obscured), 
4.28 and 4.66 (m, lH  each, CH2-0), 5.53 and 6.1 (m, 1 H each, 
CH,=), 7.75 and 9.06 (2H each, H' and H~ of (bu2bipy), 
respectively, H~ peak obscured). 

[PtC1Me2(CO-CH=CH,)(bipy)], 3e,4e 
Yield 90%. IR: v(C-0) = 1653 crn-'. 'H NMR in 
CD3COCD3: 3e: 6: 1.46 (s, 6H, 'J(P~H) = 72 Hz, Me,Pt), 4.77 
(d, 1 H, J(HcHa) = 1 1 HZ, Hc), 5.38 (d, 1 H, J(H~H") = 17 HZ, 
H ~ )  and 6.57 (dd, lH, J(H"H~) = 17 Hz, J(HaHc) = 11 Hz, H"), 
7.85 (dt, 2H, H' of (bipy)), 8.32 (dt, 2H, H4 of (bipy)), 8.7 (dd, 
2H, H~ of (bipy)), 9.1 (dd, 2H, H~ of (bipy)). 4e: 6: 0.71 (s, 3H, 
,J(P~H) = 74 Hz, MePtCl), 1.39 (s, 3H, 'J(P~H) = 72 Hz, 
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MePtN), 4.80 (d, 1 H, J(HCH" = 1 1 Hz, HC), 5.73 (d, 1 H, 
J(H~H" = 17 HZ, H ~ ) ,  7.35 (dd, lH, J(H%~) = 17 HZ, J(HTIC) 
= 1 1  Hz, H". Anal. calcd. for CISH17C1N,0Pt: C 38.2, H 3.6, 
N5.9;found: C37.8, H3.4,N6.1.  

[PtCIMe,(CO-CH=CH,)(bu,bipy)], 3f,4f 
Yield 80%. 'H NMR in CD,COCD,: 3f: 6: 1.41 (s, 6H, 
'J(P~H) = 72 Hz, Me,Pt), 4.78 (d, lH, J(HCH" = 10 Hz, 
J ( H ~ H ~ )  = 2 HZ, H ~ ) ,  5.4 (d? IH,  J(H~H" = 17 HZ, J(H~H") = 2 
Hz, H ~ )  and 6.55 (dd, lH, J(HTI~) = 17 Hz, J(H"H9 = 10 Hz, 
H". 4f: 6: 0.69 (s, 3H, 'J(P~H) = 75 Hz, MePtCI), 1.35 (s, 3H, 
'J(P~H) = 72 Hz, MePtN), 1.46 (b, 18H, tert-butyl), 4.85 (d, 
lH, J(HcH") = 10 HZ, J(H"H~) = 2 HZ, HC), 5.72 (d, lH, 
J(H~H=) = 17 HZ, J ( H ~ H ~ )  = 2 HZ, H ~ ) ,  7.38 (dd, IH,  J (HW~) = 
17 Hz, J(HWc) = 10 Hz, Ha), 7.85, 8.7, and 8.93 (m, 2H each, 
H', H" and H~ of (bu,bipy)). Anal. calcd. for C,,H,,ClN,OPt: 
C 47.3, H 5.7, N 4.8; found: C 47.4, H 5.8, N 4.9. 

[PtCIMe,(CH,-C6H,-CH=CH,)(bipy)], 3g,3h 
Yield 88%. 'H NMR, 300 MHz, CDC1,: 3h: 6: 1.46 (s, 6H, 
,J(P~H) = 69 Hz, Me,Pt), 2.77 (s, 2H, 'J(P~H) = 93 Hz, CH,Pt), 
4.98 (d, lH, J(HCH") = 11 HZ, HC), 5.22 (d, lH, J(H~H") = 17 
Hz, H ~ )  and 6.2 (dd, lH, J ( H W ~ )  = 17 Hz, J(H"HC) = 1 1  Hz, 
H"), 6.1-6.6 (m, 8H, C6H4 ring protons of the two isomers), 
7.45 (m, 2H, H~ of (bipy)), 7.9 (m, 4H, H~ and H, of (bipy)), 
8.68 (m, 2H, H~ of (bipy)) Resolved peaks of 3g: 6: 1.45 (s, 
6H, 'J(P~H) = 69 Hz, Me,Pt), 2.79 (s, 2H, ,J(P~H) = 95 Hz, 
CH2Pt), 5.0 (d, IH, J(HCH") = I I Hz, HC), 5.41 (d, l ~ ,  J(H~H") 
= 17 Hz, H ~ )  and 6.34 (dd, lH, J(H"H~) = 17 Hz, J(H"Hc) = 11 
Hz, Ha). Anal. calcd. for C2,H2,C1N,Pt: C 47.2, H 4.3, N 5.2; 
found: C 46.8, H 4.2, N 5.3. 

[PtCIMe,(CH,-C6H,-CH=CH,)(bu,bipy)], 3i,3j 
Yield 93%. 'H NMR, 300 MHz, CDC1,: 3j: 6: 1.36 (b, 36H, 
tert-but 1 protons), 1.42 (s, 6H, 'J(P~H) = 69 Hz, Me,Pt), 2.76 Y (s, 2H, J(PtH) = 94 Hz, CH,Pt), 4.96 (d, 1 H, J(HcH") = 1 1 Hz, 
HC), 5.18 (d, lH, J(H~H") = 17 Hz, H ~ )  and 6.17 (dd, lH, 
J(H"H~) = 17 Hz, J(HaHC) = 11 Hz, Ha), 6.0-6.7 (m, 8H, C6H4 
ring protons of the two isomers), 7.4 (m, 2H, H' of (bu,bipy)), 
7.81 (s, 2H, H, of (bu,bipy)), 8.57 (d, 2H, ,J(P~H) = 12 Hz, H~ 
of (bu,bipy)). Resolved peaks of 3i: 6: 1.40 (s, 6H, ,J(P~H) = 
69 Hz, Me,Pt), 2.78 (s, 2H, "(P~H) = 96 Hz, CH,Pt), 5.01 (d, 
lH, J(HCH" = 1 1  HZ, HC), 5.42 (d, lH, J(H~H") = 17 HZ, H ~ ) ,  
6.32 (dd, lH, J(H"H~) = 17 Hz, J(H"HC) = 11 Hz, Ha), 7.42 (m, 
2H, H~ of (bu,bipy)), 7.86 (s, 2H, H, of (bu,bipy)), 8.52 (d, 
2H, ,J(P~H) = 12 Hz, H~ of (bu,bipy)). Anal. calcd. for 
C,,H,,ClN,Pt: C 53.9, H 6.1, N 4.3; found: C 53.6, H 6.4, N 
4.2. 

Polymerization of 
[PtBrMe,{CH2CH20COC(CH3)=CH2}(bipy)] to give 5 

A solution of [PtBrMe,{CH,CH,OCOC(CH,)=CH,](bipy)] 
(0.12 g) and azobisisobutyronitrile (0.015 g) in freshly dis- 
tilled chlorobenzene (5 mL) was degassed by three freeze- 
pump-thaw cycles at Torr (1 Torr = 1.33 Pa), then sealed 
under vacuum and heated to 60°C. After 8 h the product had 
precipitated, heating was stopped, the solvent was roto- 
evaporated, and the product was washed with ether and dried. 
Yield 50%. IR: v(C0) = 1722 cm-'. Anal. calcd. for 
C,,H,,BrN,O,Pt: C 37.6, H 4.0, N 4.9; found: C 37.1, H 3.9, N 
4.6. 

Poly(2-bromoethyl methacrylate), 7 
A solution of freshly distilled 2-bromoethyl methacrylate (3.5 
g) and azobisisobutyronitrile (0.02 g) in dry chlorobenzene (3 
mL) was degassed by freeze-pumpthaw cycles at lo-' Torr, 
then sealed under vacuum and heated to 60°C for 1 day. The 
solution became more viscous. The polymer was precipitated 
with methanol and dried. Yield 80%. IR: v(C0) = 1728 cm-'. 
'H NMR in acetone: 6: 0.9-1.8 (b, Me and C-CH,), 3.73 (b, 
CH2CH2Br), 4.35 (b, CH2CH2Br). GPC (THF): M, = 9800; 
Mw = 16 000; polydispersity = 1.63. 

[PtMe,(bipy)] with poly(2-bromoethyl methacrylate) to 
give 6 

Solutions of poly 2-bromoethyl methacrylate (0.05 g) in ace- 
tone (10 mL) and [PtMe,(bipy)] (0.15 g) in acetone (10 mL) 
were mixed and stirred at room temperature for 1 day. The 
precipitated product was separated and washed with ether and 
dried. Yield 60%. Anal. calcd. for C,,H,,BrN,O,Pt- 
(C6H9Br02)0,3s: C 37.6, H 4.1, N 4.4; found: C 37.1, H 4.1, N 
4.3. TGA: decomp. onset, 290°C; weight loss: 39% at 630°C. 
Similarly the organoplatinum polymers 8a-8e were prepared 
by the reaction of [PtMe,(bu,bipy)] and poly 2-bromoethyl 
methacrylate. The platinum complex 2, and the preformed 
polymer 7, were reacted in ratios corresponding to 1: 10, 1 :4, 
1:2, 1: 1.33, and 1: 1 to yield the organoplatinum polymers 8a- 
8e, respectively. 8a: Anal. calcd. for C,,H2,BrN,0,Pt- 
(C6H9Br0,),,: C 39.1, H 4.9, N 0.8; found: C 39.1, H 4.8, N 
0.9. GPC: M, = 10 000, Mw = 15 500, polydispersity 1.55. 
TGA: decomp. onset, 240°C; residue: 20% at 580°C. 8b: 
Anal. calcd. for C,,H,,BrN,0,Pt(C6H9Br0,),,,,: C 41.4, H 
5.2,N2.0;found:C41.3,H5.3,N2.0.GPC: Mn=9700,Mw= 
14 700, polydispersity 1.5 1. TGA: decomp. onset, 256°C; res- 
idue: 26% at 580°C. 8c: Anal. calcd. for C18H,,BrN20,Pt- 
(C6H9Br0,)l,96: C 42.6, H 5.4, N 2.6; found: C 43.1, H 5.5, N 
2.7. GPC: M, = 10 300, Mw = 15 000, polydispersity 1.45. 
TGA: decomp. onset, 260°C; residue: 29% at 580°C. 8d: 
Anal. calcd. for C,,H,3BrN,02Pt(C6H,Br0,),,,9,: C 43.8, H 
5.5, N 3.2; found: C 43.3, H 5.4, N 3.2. GPC: insufficiently 
soluble. TGA: decomp. onset, 274°C; residue: 34% at 580°C. 
8e: Anal. calcd. for Cl,H,3BrN,02Pt(C6H,Br0,)o,5: C 44.5, H 
5.6, N 3.6; found: C 43.9, H 5.3, N 3.5. TGA: decomp. onset, 
278°C: residue: 35% at 580°C. 

Poly(acryloy1 chloride), 13 
Azobisisobutyronitrile (0.02 g) was added to freshly distilled 
acryloyl chloride (5 mL) and the mixture was degassed. The 
sealed ampoule was heated to 70°C for 1 day. Only partial 
polymerization was observed. The monomer was separated 
from the polymer by evaporation under vacuum. GPC: M, = 
4300; M,,, = 5000; MwIM, = 1.16. 'H NMR in CD3COCD,, 
200 MHz; 6: 2.3, 2.56 and 3.24 (broad peaks). 

The organoplatinum polymers 14 and 15 were prepared as 
above. 

Polymer 14: 'H NMR, 200 MHz, dmso-d6; 6: 0.3-2.2 (b, 9H, 
PtMe, -CH-CH,-), 7.4-9.8 (b, 6H, (bipy)). Anal. calcd. for 
C,,H,,ClN,OPt: C 38.2, H 3.6, N 5.9; found: C 38.0, H 4.2, N 
6.0. TGA: decomp. range 200-790°C, weight loss 58%. 

Polymer 15: 'H NMR, 200 MHz, CDCl,; 8: 1.1-2.3 (b, tert- 
butyl, PtMe and -CH-CH,-), 7.3-9.7 (b, (bipy)). Anal. calcd. 
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for C,3H,3C1N,0Pt(C3H30C1)o,9: C 46.3, H 5.4, N 4.2; found: 
C 45.6, H 5.6, N 4.1. 

Poly(chloromethylstyrene), 9 
T o  the mixture of the meta a n d p a m  isomers of chloromethyl- 
styrene (6  mL) (distilled under reduced pressure) was added 
azobisisobutyronitrile (0.025 g)  and the mixture was then 
degassed by several freeze-pump-thaw cycles at loA Torr 
and sealed under vacuum. T h e  sealed ampoule was heated to 
60°C for 8 h. T h e  polymer was purified by  repeated precipita- 
tion into methanol f rom acetone. T h e  polymer was isolated 
as a white, amorphous material. 'H NMR, 2 0 0  MHz,  
CD3COCD3, 6:  1.6 and 1.82 (b, 3H, -CH-CH,-), 4.56 (b, 2H, 
CH,Cl), 6.64, 7.15 (b, 4H,  benzene ring protons). GPC: Mn = 
6800; Mw = 15 000; MwIMn = 2.2. TGA:  decomp. 323-600°C, 
weight loss 63%. 

[PtMe,(bipy)] wi th  poly(chloromethylstyrene) t o  give 10 
Solutions of the polymer 9 (0.05 g) in acetone (10 mL) and 
[PtMe,(bipy)] (0.20 g)  in acetone (15 mL) were mixed and 
stirred at room temperature. T h e  product polymer precipitated 
from the solution. It was separated, washed with ether, and 
dried. Yield 70%. 'H NMR, 200  MHz,  dmso-d6, 6: 1.22 (b, 
9H,  PtMe and -CH-CH,-), 5.9 (b, 4H,  benzene ring protons), 
7.36, 7.9 and 8.4  (b, 8H,  bipyridine protons). Anal. calcd. for 
C,lH,3C1N,Pt(C9H9C1),,2: C 50.8, H 4.6, N 4.4; found: C 
48.9, H 4.7, N 4.3. TGA: decomp. 270-580°C weight loss 
69%. Similarly the polymer 11 was prepared from the polymer 
9 and 2: Yield 78%. 'H NMR, 200  MHz,  CDC13, 6: 1.45 (b, 
27H, PtMe, tert-butyl and -CH-CH,-), 4.35 (trace, broad, 
unreacted chloromethyl groups), broad peaks in the region 
from 6 = 5-9, with peaks at 6.2, 7.15, and 8.05 (lOH, benzene 
ring and bipyridine protons). Anal. calcd. for C2,H3,C1N2Pt- 
(C,H,Cl),,,,: C 55.0, H 6.1, N 4 . 0 ;  found: C 55.6, H 6.5, N 3.8. 
TGA: decomp. 3 0 0 4 8 0 ° C ,  weight loss 47%. 

[PtMe,(bipy)] wi th  Merr i f ie ld 's  res in  
T o  a suspension of Merrifield's resin (0.05 g)  in acetone (10 
mL) was added an excess amount of [PtMe,(bipy)] (0.05 g) in 
acetone (5 mL). The  mixture was stirred for 1 day. The  resin 
was separated, washed thoroughly with ether, and dried. Anal. 
calcd. for C,H,(C,lH,3C1N,Pt)o~l,: C 74.4, H 5.9, N 2.1; 
found: C 72.9, H 6.6, N 2.1. 
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Synthesis of the complexes [PdCIR(cod)] 
(R = benzyl, ethyl; cod = 1,s-cyclooctadiene). 
P-Elimination from [PdCIEt(cod)] to give the 
q1 ,q2, and q3 isomers of [Pd2(p=CI),(C,H1 

Robert A. Stockland, Jr., Gordon K. Anderson, Nigam P. Rath, 
Janet Braddock-Wilking, and J. Christopher Ellegood 

Abstract: Treatment of [PdCl,(cod)] with tetrabenzyltin gives the benzylpalladium complex [PdCI(CH,Ph)(cod)] (cod = 
1.5-cyclooctadiene). la ,  whose structure has been determined by X-ray crystallography. It adopts approximate square-planar 
geometry, with the double bonds perpendicular to the square plane. The corresponding ethylpalladium derivative l b  has been 
prepared by a similar-method, but it is considerably less stable. It decomposes by p-elimination to produce ethene and a transient 
hydride complex, which either undergoes migratory insertion to give [P~,(~-CI),(~',~~-C~H~~)~], 2a, or dinuclear reductive 
elimination with a second molecule of l b  to produce ethane, [PdCl,(cod)], free cyclooctadiene, and palladium metal. Complex 
2a has also been prepared by reaction of [PdCl,(cod)] with NaBH4. At higher temperatures 2a converts to an equilibrium mixture 
with its q"allyl isomer, 2b. Reactions of [PdCl,(cod)] or K,PdC14 in the presence of cyclooctadiene in aqueous solution to 
produce 2a or 2b have also been investigated. 

Key words: palladium, diene complexes, allyl complexes, isomerization, p-elimination. 

RCsurnC : Le traitement du [PdCl,(cod)] avec le tCtrabenzylCtain conduit au complexe benzylpalladium [PdCI(CH,Ph)(cod)] 
(cod = cycloocta- l,5-dikne), la, dont on a dCterminC la structure par diffraction des rayons X. I1 adopte une gComCtrie plan carrC 
dans laquelle les doubles liaisons sont perpendiculaires au plan carre. On a prCparC le dCrivC Cthylpalladium correspondant, lb ,  
par une mCthode semblable; il est toutefois beaucoup moins stable. I1 se dCcompose par une Climination P pour former de 
I'Cthkne et un hydrure complexe transitoire qui peut donner lieu soit B une insertion migratoire conduisant au [Pd,(p-CI),(q1,q2- 
C,H,,),], 2a, soit h une Climination reductrice dinucleaire avec une deuxikme molCcule de l b  qui fournit de I'Cthane, du 
[PdCl,(cod)], du cyclooctadikne libre et du palladium mCtallique. On a aussi prCparC le complexe 2a par rkaction du [PdCl,(cod)] 
avec le NaBH,. A des tempkratures plus ClevCes, le composC 2a se transforme en un mClange B I'Cquilibre avec I'isomkre q3- 
allyle 2b. On a aussi CtudiC les rCactions du [PdCl,(cod)] ou du K,PdCI, en solution aqueuse, en prCsence de cyclooctadikne, qui 
conduisent aux produits 2a ou 2b. 

Mots elks : palladium, complexes diCniques, complexes allyliques, isomerisation, Climination P. 

[Traduit par la rCdaction] 

Introduction 

Since the first platinum complexes of the type [PtClR(cod)] 
(cod = 1,5-cyclooctadiene) were reported by Clark and Man- 
zer (I), they have served as excellent precursors to a range of 
organoplatinum species, including bis(phosphine) (2) or 
diphosphine (3) compounds, or dppm-bridged A-frames (4). 
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Wilking, and J.C. Ellegood. Department of Chemistry, 
University of Missouri -St. Louis, 8001 Natural Bridge Road, 
St. Louis, MO 63121, U.S.A. 

The corresponding palladium complexes have proved more 
elusive. The preparation of [PdClMe(cod)] was first reported 
in 1977, from the reaction of the dimethyl species with chlori- 
nated solvents or with [PdCl,(cod)], but it was found to be 
unstable (5) .  More recently, a superior synthesis from 
[PdC12(cod)] and tetramethyltin has been reported (6), and we 
have shown that [PdClMe(cod)] is a suitable precursor to a 
number of chloride-bridged methylpalladium complexes (7). 
The pentafluorophenyl complex [PdC1(C6F,)(cod)] has been 
prepared and structurally characterized, and it has been shown 
to undergo rearrangements that involve migration of the aryl 
group on to the cyclooctadiene ring (8). In this paper, we 
report the preparation and structure of [PdCl(CH,Ph)(cod)], 
la, and the difficult isolation and facile rearrangement of its 
ethyl analogue. 

Results and discussion 

I ' Author to whom correspondence may be addressed. The synthesis of [PdCl(CH,Ph)(cod)], la, is similar to that of 
Telephone: (3 14) 516-531 1. Fax: (314) 516-5342. its methyl analogue (6,7), except that a longer reaction time is 
E-mail: ganderson@umsl.edu required. Thus, refluxing a dichloromethane solution of 
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Stockland et al. 

Fig. 1. Projection view of the n~olecular structure of [PdCI(CH,Ph)(cod)], la ,  
showing the atom-labeling scheme. 

[PdC12(cod)] with a slight excess of tetrabenzyltin for 7.5 h, 
followed by purification, ave the product as a yellow solid in 
good yield. Its 'H and 'C['H} NMR spectra exhibit the 
expected resonances. The 'H NMR spectrum displays a singlet 
at 3.59 ppm due to the benzyl CH2 hydrogens, and two multip- 
lets at 4.87 and 5.89 ppm due to the coordinated alkene hydro- 
gens trans to C1 and CH2Ph, respectively, in addition to 
multiplets due to the cyclooctadiene CH2 groups and the aro- 
matic hydrogens. The significant difference between the 
two =CH chemical shifts is due to the difference in trans 
influence between the C1 and CH2Ph groups, the benzyl group 
weakening the Pd-alkene interaction trans to itself and mak- 
ing it more like a free alkene. Consistently, the I3c[ 'H} NMR 
spectrum contains two signals due to the nonequivalent alkene 
moieties, two signals assigned to the aliphatic carbons of 
cyclooctadiene, a benzylic carbon resonance at 35.8 ppm, and 
four aromatic signals. 

The crystal structure of l a  belongs to the space group 
P2,2,2,, and its molecular structure is shown in Fig. 1. Bond 
distances and angles are given in Table 1. The structure exhib- 
its approximate square planar geometry about palladium, the 
metal center being coordinated by the two alkene groups of the 
diene, the benzyl CH2 group and C1. The double bonds lie 
approximately perpendicular to the square plane. The C-C 
distance for the alkene lying trans to the benzyl group is 
1.334(10) A, close to that expected for the free diene, whereas 
the other C-C bond is lengthened slightly (1.379(10) A), 
indicating a stronger alkene-metal interaction trans to C1. Tke 
Pd-C and Pd-Cl distances are 2.051(7) and 2.336(2) A, 
respectively. 

When compared with the few related organopalladium 
complexes that have been reported previously, namely, 
[PdClR(cod)l (R = C6F5 (8), CH2S02Ph (9)) and the 
[PdCl[CH(SiMe3)PMe2Ph}(cod)]+ cation (lo), the present 
complex displays the longest Pd--C(alkene) bonds trans to 
the organic fragment and the longest Pd-Cl distance. These 
features suggest that the benzyl group exhibits the greatest 

Table 1. Bond lengths (A) and angles (deg) for la .  
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trc~ns influence among these organic groups. Within the diene 
ligand a weaker Pd-C(a1kene) interaction trczns to the benzyl 
group may induce a stronger Pd-C(a1kene) interaction trczns 
to C1 which, in turn, results in weakening of the Pd-Cl bond. 

Whereas [PdCIMe(cod)] reacted with carbon monoxide to 
produce the corresponding acetyl complex (7), we found that 
treatment of the benzyl complex with CO (1 atm (101.3 kPa)) 

I 

at ambient temperature resulted in rapid decomposition. 
The reaction of [PdCl,(cod)] with tetraethyltin proved to be 

more complicated. When the reaction was performed at tem- 
peratures above 20°C extensive decomposition took place in 
addition to formation of dimeric species (vide infra), and long 
reaction times at ambient temperature also led to decomposi- 
tion and the formation of palladium mirrors. On the other 
hand, at 0°C or below the reaction was extremely slow. Excess 
Et,Sn also promoted decomposition. We have found that by 
use of a deficiency of Et,Sn (ca. 0.6 mol-equiv. per Pd) and 
relatively short reaction times (ca. 4 h) at 20°C we can isolate 
[PdClEt(cod)], Lb, in pure form, albeit in low yield. Since 
much of the [PdCl,(cod)] is recovered unchanged (and able to 
be used again), however, the yield of the ethylpalladium com- 
plex is 78% based on the amount of [PdC12(cod)] actually con- 
sumed. Longer reaction times result in further reaction of 
[PdClEt(cod)] and lower isolated yields. The 'H and '"CH) 

I NMR spectra of [PdClEt(cod)] are unsurprising, resonances 
due to the ethyl group being observed in addition to the signals 
for coordinated cyclooctadiene. 

When a CpD, solution of [PdClEt(cod)l, lb,  was allowed to 
stand at ambient temperature a precipitate formed, along with 
some palladium metal. Analysis of the remaining solution by 
'H NMR spectroscopy revealed the presence of the dimeric 
complex [Pd,(p cl),(-q',-q2-c,H,,),], 2a. Signals due to 
ethene (5.19 ppm) and ethane (0.80 ppm), as well as free 1,5- 
cyclooctadiene, were also observed. The precipitate was iden- 

I tified as [PdCl,(cod)], which is sparingly soluble in benzene, 
I by its 'H NMR spectrum in CDCl solution. The structure of 1 2a was determined from its 'H and ,c{ 'H)  NMR spectra (see 

Experimental), peak assignments being made from 'H-'H and 
I3c-'H correlation spectra. The 'H NMR spectrum shows the 
expected two olefinic resonances, and the signal due to H1 
appears as a multiplet at 3.90 ppm. The resonances for one 
hydrogen on each of the carbons adjacent to the site of meta- 
lation, i.e., C2 and C8, appear at an unusually low frequency 
(0.40 and 0.60 ppm, respectively), whereas the remaining 
hydrogens resonate between 1.1 and 2.1 ppm. 

The disappearance of [PdClEt(cod)], lb,  in benzene solu- 
tion may be accounted for by the sequence of reactions shown 
in Scheme 1. P-Hydride elimination from l b  produces ethene 

I and [PdClH(cod)] (although the latter has not been detected). 
The hydride complex may follow either of two competing 
pathways, namely, rearrangement and dimerization to give 2a, 
or dinuclear reductive elimination with a molecule of l b  to 
produce ethane, [PdCl,(cod)], cyclooctadiene, and palladium 

Fig. 2. Plot of the disappearance of l b  with time (a)  in 
dichloromethane, (0) in benzene, ( c )  in benzene in the presence 
of 0. I mol-equiv. of Et,Sn, (4 in benzene in the presence of 
1.0 mol-equiv. of Et,Sn. 

Time (rnin) 

metal. It might be anticipated that in the early stages of the 
reaction, when l b  is present in relatively high concentration, 
reaction of [PdClH(cod)] with l b  would be favored, but this is 
difficult to ascertain because [PdCl,(cod)] precipitates from 
solution. 

When monitored in C6D6 solution, the disappearance of l b  
(which initially contained 10% 2a) displayed a half-life of 70 
min. The reaction occurred more slowly in CD,Cl, solution 
(Fig. 2), with a half-life of 150 min. Reaction in dichlo- 
romethane also resulted in greater conversion to 2a (ca. 60%). 
In contrast, when dissolved in CD,CN l b  reacted completely 
within 25 min to produce [PdCl,(cod)] and palladium metal, 
as well as free cyclooctadiene, ethene, and ethane, with no 
dimer being detected at all. Integration of the olefinic signals 
due to [PdCl,(cod)] and cyclooctadiene in the 'H NMR spec- 
trum indicated that they were formed in equal amounts. When 
1 mol-equiv. of Et,Sn was added to l b  in C6D6 solution 
decomposition took place much more rapidly (Fig. 2) to give 
[PdCl,(cod)] and palladium metal, as well as C2H4 and C2H6, 
but 2a was not formed. With 0.1 mol. equiv. of Et4Sn the dis- 
appearance of l b  was rapid initially (presumably until the 
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Scheme 1. 

Et4Sn was exhausted), then the rate of decomposition 
decreased to that of l b  alone in benzene solution. 

The origin of the observed rate difference in benzene and 
dichloromethane is uncertain. Acetonitrile may be a suffi- 
ciently good nucleophile for palladium to displace cycloocta- 
diene, and the resulting [PdC1Et(CD3CN),] may decompose 
rapidly to give C2H4 and [PdC1H(CD3CN),]. Further reaction 
with l b  would produce C2H6 and [PdCl,(cod)] and Pd metal, 
thereby accounting for the observed products. Rapid decom- 
position in the presence of Et4Sn is consistent with our obser- 
vations regarding the synthesis of lb.  Excess Et,Sn is likely to 
result in formation of [PdEt,(cod)], which would decompose 
by P-hydride elimination followed by reductive elimination of 
ethane. The dimethyl analogue was also reported to be unsta- 
ble (5), although it would be susceptible only to Pd-C bond 
cleavage or reductive elimination. When the reaction of 
[PdCl,(cod)] with Et4Sn was monitored by " 9 ~ n  NMR, spec- 
troscopy signals due to Et,Sn and Et3SnC1 only were observed, 
indicating that only one ethyl group is transferred to palla- 
dium. Even with only 1 mol-equiv. of Et4Sn, however, it is 
likely that some [PdEt,(cod)] is formed (leaving some 
[PdCl,(cod)] unreacted), which would decompose readily. 

Complex 2a underwent no further reaction in benzene or 
dichloromethane solution at ambient temperature, but when a 
C6D6 solution of 2a was heated to 70°C rearrangement to its 
allyl isomer [P~~(~-C~),(~~-C,H,~),], 2b, occurred. The con- 
version was 60% complete after 5 h, but then the reaction 
appeared to reach equilibrium, and further heating caused 

+ Pd metal 

decomposition. Complex 2b was identified by its 'H and 
' 3 ~ { ' ~ )  NMR spectra. It exhibits triplet and quartet reso- 
nances for the allyl functionality in its 'H NMR spectrum, and 
the expected five resonances in its 1 3 ~ { ' ~ }  NMR spectrum 
(see Experimental). That an equilibrium between 2a and 2b 
was indeed established was demonstrated by heating a tolu- 
ene-d8 solution of 2b to 100°C for 30 min. Analysis of the 
solution revealed the presence of 2a and 2b in a 1 :2 ratio, con- 
sistent with that found starting from 2a. 

Espinet and co-workers have shown (8) that 
[PdC1(C6F5)(cod)] undergoes a slow rearrangement in solu- 
tion at ambient temperature to give a mixture of [Pd,(k- 
~ l ) 2 ( ~  1,r12-~8H12.~fjF5)2~ and [Pd2(~-C1)2(r13-~8H12'C6F5)21> 
the ratio of which was found to depend on the solvent 
employed. Interconversion of the two isomers was not 
detected at ambient temperature, and only 20% of [Pd, (p  
C~),(~~,~~-C~H~,.C~F~),] was converted to its r13-a11y1 isomer 
after refluxing in chloroform for 80 h. They interpreted this to 
indicate that [P~,(~-CI)~(~',~~-C~H~~~C~F,),I is not an inter- 
mediate in the formation of the ally1 complex, but that both are 
formed from a common intermediate [~d,(~-cl) ,(-q '-  
C8H1,~C6F5),], in which the remaining double bond is uncoor- 
dinated (8). In our work 2b is not formed at 25°C so 2a could 
be an intermediate in its formation, but a common intermedi- 
ate of the type [ P ~ , ( ~ - C ~ ) , ( ~ ' - C ~ H , ~ ) , ]  is also possible with 
coordination of the free double bond being much faster than 
rearrangement to the allyl form at ambient temperature. Equil- 
ibration of 2a and 2b occurs relatively easily at higher temper- 
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atures, suggesting that there is a lower activation barrier than 
in the pentafluorophenyl-substituted system. Espinet and co- 
workers pointed out the significance of slow isomerization of 
rl',r12- to r13-allyl species and its relevance to organic s nthesis Y via allylmetal complexes (1 1, 12). Related slow q',rl-- to r13- 
allyl rearrangements have been observed previously (13, 14). 

Although 2a alone does not convert to 2b at ambient tem- 
perature, we found that addition of free chloride ion (in the 
form of bis(tripheny1phosphine)iminium chloride) to a CD,Cl, 
solution of 2a resulted in complete conversion to 2b within 12 
h. In contrast, addition of sodium acetate had no such effect. 
Addition of chloride to 2a may result in bridge opening to 
form a species of the type [ P ~ c ~ , ( ~ ' , ~ ~ - c ~ H , ~ ) ] - ,  in which 
rearrangement to the $ f o r m  occurs more readily. The rear- 
rangement is likely to occur by a series of reversible p-elimi- 
nations, and this should be enhanced by the increased electron 
density on the palladium center in an anionic species. Since 
acetate is a weaker nucleophile for palladium, the addition of 
NaOAc resulted in no rate enhancement. 

The formation of 2a from [PtClEt(cod)], and its rearrange- 
ment to 2b, prompted us to investigate alternative methods for 
the preparation of these dimeric complexes. It had been 
reported (15) that treatment of PdCl, with 2.3 equivalents of 
1,5-cyclooctadiene in aqueous acetone for 20 h at ambient 
temperature produced 2a in high yield. This was shown to 
occur by Wacker oxidation of one equivalent of cyclooctadi- 
ene to cycloocten-5-one, and addition of the HPdCl moiety 
thus formed to a second cyclooctadiene was proposed to 
account for the formation of 2a (15). We have also obtained 2a 
by this method. In addition, we found that 2a can be prepared 
by treatment of [PdCl,(cod)] with 1.2 mol-equiv. of NaBH, in 
CH2C12-MeOH solution. When the reaction is carried out at 

H20HOAc 
[ I ]  [PdCl,(cod)] + cod i'oOc * />..< 

5 min 

ambient temperature extensive decomposition occurs, but if 
the reaction is performed at -60°C 2a is formed cleanly and, 
although some decomposition to palladium metal occurs dur- 
ing the isolation procedure, the complex can be obtained in 
good yield. Complex 2b has been prepared previously, by 
reaction of [Pd(q~C,H,3)(cod)]C104 with excess LiCl (16). 
The corresponding bromide-bridged complex was also pro- 
duced by passing CO through an ethanol solution of PdC1, and 
NaCl in the presence of excess 3-bromocyclooctene (17). 

Since [PdCl,(cod)] is formed rapidly from cyclooctadiene 
and palladium(I1) chloride or a tetrachloropalladate(I1) salt, it 
seemed likely that it would be an intermediate in the formation 
of 2a from PdC1, and 1,5-cyclooctadiene (15). Thus, we stud- 
ied the reactions of [PdCl,(cod)] with free cyclooctadiene 
under a variety of conditions. When [PdCl,(cod)] alone was 
heated to 70°C for 5 min in water or in aqueous acetone a com- 
plex mixture of products was obtained, but when heated with 1 
equivalent of cyclooctadiene in water conversion to 2a 
occurred within 5 min, although considerable decomposition 
also took place. Decomposition was inhibited by addition of 
acetic acid. Thus, heating an aqueous acetic acid solution of 
[PdCl,(cod)] with free cyclooctadiene to 70°C for 5 min 
resulted in very little decomposition to palladium metal, and a 
mixture of 2a and 2b was obtained (eq. [ I  I). Heating to 100°C 
gave 2b only. Whereas the presence of acetic acid appeared to 
stabilize the system (and promote allyl formation), reaction of 
[PdCl,(cod)] was inhibited by addition of hydrochloric acid. 
Heating a solution of the complex with 1 or 10 equivalents of 
cyclooctadiene in 6 M HCl resulted in quantitative recovery of 
[PdCl,(cod)]. Similarly, heating an aqueous solution of 
[PdCl,(cod)] with free cyclooctadiene in the presence of 100 
equivalents of sodium chloride produced no reaction. 

Reactions involving K2PdC14 gave similar results. When an 
aqueous solution of the salt containing 2 equivalents of 
cyclooctadiene was heated to 70°C for 5 min a mixture of 
[PdCl,(cod)] and 2a was obtained, but considerable decompo- 
sition occurred. Addition of acetic acid again stabilized the 
system against decomposition. Prolonged heating to 70°C of 
an aqueous acetic acid solution of K,PdCI, with cyclooctadi- 
ene produced a mixture of 2a and 2b, whereas heating of the 
mixture to 100°C gave the allyl complex 2b as the sole prod- 
uct. Reaction of K,PdCl, with cyclooctadiene was inhibited 
by excess HC1, only a small amount of [PdCl,(cod)] being 
formed after 35 min at 70°C, and neither of the dimeric com- 
plexes 2a or 2b was observed. 

A number of points emerge from these studies. When 
[PdCl,(cod)] or K2PdC14 was heated to 70°C in aqueous solu- 
tion in the presence of excess cyclooctadiene a mixture of 2a 

and 2b. was obtained within a few minutes. Thus, 2b was 
formed much more rapidly than when 2a was heated to the 
same temperature in benzene. At 100°C 2b was formed as the 
exclusive product, suggesting that the equilibrium position 
between the two isomers considerably favors the r13-allyl form 
at this temperature in aqueous solution. The role of acetic acid 
in preventing decomposition is unclear. On the other hand, the 
presence of excess HC1 inhibited reaction of [PdCl,(cod)] to 
form 2a and 2b. If, as suggested by Stille and James (15), oxi- 
dation of cyclooctadiene proceeds by initial attack of water on 
the coordinated diene of [PdCl,(cod)] followed by loss of 
HCl, it would be expected that this process should be sup- 
pressed by the presence of HCl. 

The observation that excess HCl also inhibits the formation 
of [PdCl,(cod)] from K2PdC14 and cyclooctadiene is interest- 
ing. The reason for this may simply be that in the presence of a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Stockland et al 

Table 2. Crystal data and structure refinement for la .  

Emperical fomula C,,H,,ClPd 
Formula weight 341.15 
Temperature 293(2) K 
Wavelength 0.7 1073 
Crystal system Orthorhombic 
Space group p212121 
Unlt cell dimensions a = 8.0378(12) A, cr = 90" 

0 = 10.7825(10) A, = 90" 
c = 15.756(3) A, y = 90" 

Volume, Z 1365.6(4) A', 4 
Density (calclulated) 1.659 ~ g l m '  
Absorption coeffic~ent 1.530 mm-' 
F(OO0) 688 
Crystal size 0.4 x 0.1 x 0.06 mm 
0 range for data collection 2.29"-27.50" 
Limiting indices -10 2 h I 10, -14 5 k 5 14, -20 5 15 20 
Reflections collected 6024 
Independent reflections 3 135 (R,,, = 0.09 15) 
Absorption correction Semi-empirical from v-scans 
Max. and min. transmission 0.7957 and 0.7393 
Refinement method Full-matrix least squares on F' 
Datalrestraintslparameters 3 134101154 
Goodness-of-fit on F' 0.999 
Final R indices [I > 2o(1)] R1 = 0.05 18, wR2 = 0.0798 
R indices (all data) R1 = 0.0997, wR2 = 0.09 18 
Absolute structure parameter -0.09(8) 
Largest diff. peak and hole 0.583 and -0.498 e A-3 

high concentration of free chloride, dissociation of C1- from 
, ~d~1:- is suppressed, thereby preventing coordination of the 

diene. This is significant in that reported procedures for the 
preparation of [PdCl,(cod)] often involve the use of HC1. 
Whereas the initial report of the synthesis of the complex 
involved reaction of Na,PdCl, with cyclooctadiene in metha- 
nol or acetone solution (1 8), more recent methods involve the 
use of a dilute solution of HCl in ethanol (19,20). 'The concen- 
tration of HCl employed in these cases is considerably lower 
than that used here, but it should be pointed out that the pres- 
ence of a high concentration of HCl could have a detrimental 
effect on the yield of [PdCl,(cod)] prepared by this method. 

Experimental 

All reactions were carried out under an atmosphere of argon. 
Solvents were dried and distilled immediately prior to use. 
Tetraethyltin was obtained from Aldrich. Tetraphenyltin and 
tetrabenzyltin were prepared from SnCl, and the appropriate 
Grignard reagent. [PdCl,(cod)] was prepared according to the 
method of Chatt et al. (18). NMR spectra were recorded on a 
Varian XL-300, Varian Unity plus 300, or Bmker ARX-500 
spectrometer. 'H and I3c chemical shifts are relative to the 
residual solvent resonance. Microanalyses were performed by 
Atlantic Microlab, Inc, Norcross, Ga. 

Preparation of [PdCl(CH,Ph)(cod)], l a  
To a dichloromethane solution of [PdCl,(cod)] (0.50 g, 1.8 
mmol) was added Sn(CH,Ph), (1.2 g, 2.4 mmol). The yellow 

solution was refluxed for 7 h. The resulting black mixture was 
passed through a Hyflo Supercel column to remove palladium 
metal, then the solvent was evaporated. The residue was dis- 
solved in a 80:20 mixture of CH,Cl,/hexane, and the solution 
was passed through a 14 x 1 cm silica column. The column 
was eluted with a total of 1 L of solvent, and the yellow frac- 
tion was collected. The solvents were evaporated, leaving the 
product as a yellow powder that was dried in vacuo (0.39 g, 
66%). 'H NMR (CDCI,), 6(H): 2.39 m (CH,), 3.59 s (CH,Ph), 
4.87 m, 5.89 m (=cH), 7.14 m, 7.43 m (C6H5). ' 3 ~ { 1 ~ )  

NMR (CDCl,); 6(C): 27.5, 30.9 (CH,), 35.8 (CH,Ph), 104.5, 
123.7 ( = a ) ,  125.7, 128.6, 129.5, 143.9 (C6H5). Anal. calcd 
for C,,H,,ClPd: C 52.81, H 5.61; found: C 52.81, H 5.66. 

Preparation of [PdClEt(cod)], l b  
Tetraethyltin (0.307 mL, 1.55 mmol) was added by syringe to 
a CH,Cl, (40 mL) solution of [PdCl,(cod)] (0.772 g, 2.71 
mmol). The system was protected from light, and stirred for 4 
h at 20°C, then cooled in an ice bath. The solvent was evapo- 
rated at 0°C. The residue was washed with hexane to remove 
the tin compounds, then extracted with three 15 mL portions 
of benzene. The benzene extract was frozen in an ice bath, and 
the benzene was removed in vacuo, leaving the product as a 
yellow solid (0.156 g, 36% yield based on Et4Sn used). 'H 
NMR (CD,Cl,), 6(H): 1.26 t (CH,), 1.57 m, 1.75 m (CH,), 
2.24 q (CH2CH3), 4.98 m, 5.72 m (=CH). 1 3 ~ { ' ~ )  NMR 
(CD,Cl,), 6(C): 17.7 (CH,), 27.3 (CH,), 30.2 (CH,CH,), 30.7 
(CH,), 10 1 .O, 123.6 (=CH). The benzene-insoluble material 
was identified as unreacted [PdCl,(cod)] (0.567 g). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Can. J. Chern. Vol. 74, 1996 

Table 3. Atomic coordinates ( ~ 1 0 " )  and equivalent isotropic 
displacement parameters (A' x lo3) for la. U(eq) is defined as 
one third of the trace of the orthogonalizede U,; tensor. 

Atom 

Preparation of [~d~(p-~l)~(~',q~-~~~,~)~], 2a 

(a) From [PdC12(cod)] and Et4Sn 
To a CH,Cl, solution of [PdCl,(cod)] (0.30 g, 1.05 mmol) was 
added tetraethyltin (0.30 mL, 1.5 mmol) by syringe. The solu- 
tion was stirred at ambient temperature for 15 h, during which 
time a mirror was deposited on the inside of the flask. The 
resulting.so1ution was passed through a Hyflo Supercel col- 
umn, and the solvent was evaporated. The yellow residue was 
washed with hexane, then extracted with benzene. The ben- 
zene solution was filtered to remove unreacted [PdCl,(cod)], 
then evaporated to dryness to leave the product as a yellow 
powder (0.12 g, 46%). 'H NMR (C,D6), 6(H): 0.40 (m) H2; 
0.60 (dd, 6.2 and 14.4 Hz) H8; 1.45 (dt, 10.8 and 4.4 Hz) H3, 
H3'; 1.55 (m) H7, H7'; 1.70 (m) H2', H4; 1.92 (m) H4'; 2.13 
(m) H8'; 3.90 (m) H1; 5.60 (m) H5; 5.88 (dt, 6.7 and 8.3 Hz) 
H6. 1 3 ~ ( ' ~ ]  NMR (C6D6), 6(C): 26.3 (C7), 27.0 (C3), 28.7 
(C4), 35.7 (C2), 40.2 (C8), 56.0 (C 1 ), 100.7 (CS), 105.2 (C6). 
Anal. calcd. for C16H26C12Pd2: C 38.27, H 5.22; found: C 
38.31. H 5.16. 

(6) From [PdC12(cod)] and NaBH, 
[PdCl,(cod)] (0.20 g, 0.70 mmol) was dissolved in CH2C12 (60 
mL), and NaBH4 (0.032 g, 0.85 mmol) was added. The mix- 
ture was cooled to -60°C and methanol (1 mL), previously 
cooled to -78"C, was added. After 24 h the solvents were 
removed in vacuo and the residue was extracted with CH,Cl,. 
After passing through a Hyflo Supercel column, the CH,Cl, 
was evaporated to leave the product as a light yellow powder, 
which was washed with hexane and dried (0.134 g, 76%). 

Preparation of [P~,(~-CI),(~~-C~H~~)~], 2b 
K2PdC14 (0.10 g, 0.31 mmol) was dissolved in a mixture of 
water (25 mL) and acetic acid (25 mL). The solution was 
heated to 100°C, then 1,s-cyclooctadiene (0.37 mL, 3.0 mmol) 
was introduced. The solution changed immediately from red to 

yellow, then to black. The mixture was maintained at this tem- 
perature for 20 min, then cooled in an ice bath, and extracted 
with CH,Cl, (50 mL). The CH2C12 solution was washed with 
water (200 mL), then the solvent was evaporated to leave the 
product as a light yellow powder (0.043 g, 49%). 'H NMR 
(CDCI,), 6(H): 1.45 m, 6H (CH,), 1.85 m, 2H (CH,), 2.35 m, 
2H (CH,), 4.75 q, 2H (CH), 5.30 t, 1H (CH). 6(C): 23.2 (lC), 
25.1 (2C), 3 1.1 (2C), 78.6 (2C), 105.0 (1C). Anal. calcd for 
C,,H,,Cl,Pd,: C 38.27, H 5.22; found: C 38.57, H 5.13. 

Decomposition of l b  
The conversion of [PdClEt(cod)], lb, to [Pd2(p-C1)2(T',r12- 
C8H13),], 2a, under various conditions was monitored by 'H 
NMR spectroscopy using a Varian Unity plus 300 spectrome- 
ter. A 0.08 M solution of lb, containing about 10% 2a, to 
which 0.01 M anisole was added as a standard, was prepared. 
A spectrum was recorded (using either a 1 s or 15 s delay 
between pulses) at ambient temperature approximately every 
15 min. The olefinic signals due to the reactant and product 
were integrated relative to the anisole signal (3H) at 6.8 ppm. 

X-ray structure determination 
Light yellow colored rectangular plates were obtained by slow 
evaporation of a benzeneltoluene (1 : 1) solution of 
[PdCl(CH,Ph)(cod)] at 0°C. A crystal of dimensions 0.4 x 0.1 
x 0.06 mm was mounted on a glass fiber in random orientation 
and was coated with Superglue. Preliminary examination and 
data collection were performed using a Siemens P4RA auto- 
mated single crystal X-ray diffractometer usin8 monochro- 
mated Mo Ka  radiation (A = 0.71073 A) at 22°C. 
Autoindexing of 10 centered reflections from the rotation pho- 
tograph indicated an orthorhombic lattice. Equivalent reflec- 
tions were checked to confirm the Laue symmetry and a 
fractional index search was conducted to confirm the cell 
lengths. Final cell constants and orientation matrix for data 
collection were calculated by least-squares refinement of the 
setting angles for 35 reflections (12" < 20 < 25"). Intensity 
data were collected using o scans with fixed scan speed. 
Friedel pairs were collected to confirm the absolute structure. 
Three representative reflections measured every 97 reflections 
showed 13.2% variation during data collection. Crystal data 
and intensity data collection parameters are listed in Table 2. 

Data reduction was carried out using XSCANS and structure 
solution and refinement were carried out using the SHELXTL- 

PLUS (5.03) software (21). An absorption correction was 
applied to the data using equivalent reflections and $ scan 
reflections. The structure was solved by the Patterson method 
and refined successfully in the space group P2'2'2'. Full- 
matrix least-squares refinement was carried out by minimiz- 
ing Zo(F: - Fc2),. The non-hydrogen atoms were refined 
using the appropriate riding model AFIX = m3. The final 
residual values were R(F) = 5.18% for 2042 observed reflec- 
tions (I > 2 4 0 )  and WR(F,) = 9.18%; s = 1.0 for all data. The 
absolute structure was confirmed by the Flack method (x  = 
-0.09(8)). Structure refinement parameters are listed in Table 
2. The atomic coordinates for the non-hydrogen atom are 
listed in Table 3. A projection view of the molecule, showing 
the atom labeling, is presented in Fig. 1 (non-hydrogen atoms 
are represented by 50% probability ellipsoids). 

Complete listings of anisotropic displacements for the non- 
hydrogen atoms, and of positional and isotropic displacement 
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coefficients for the hydrogen atoms, have been submitted a s  
supplementary material.' 
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High-pressure methods as a tool in 
organometallic syntheses: facilitation of 
oxidative addition to platinum(l1) 

Andrew R.L. Skauge, Richard D. Shalders, and Thomas W. Swaddle 

Abstract: High-pressure (2 GPa) batch reactors now commercially available may offer substantial accelerations of 
organometallic syntheses, without resort to heating, when the activation process is multicentered or involves the generation and 
solvation of ions. As an example of the latter class of reactions, the kinetics of the oxidative additions of methyl and ethyl iodides 
(RI) to dimethyl(2,2'-bipyridine)platinum(II) in acetone have been studied over the pressure range 0-200 MPa. The volumes of 
activation Av,*, if assumed to be constant over this range, are - 11.7 2 0.3 and -9.7 2 0.7 cm3 mol-', respectively, implying an 
acceleration of ca. 3000-fold for a batch synthesis of this sort at 2 GPa. However, a possible slight pressure dependence of Av,* 
may reduce this acceleration to ca. 1 000-fold. The Av,* data and the 500-fold retardation on going from R = Me to R = Et are 
consistent with an SN2 attack of ~ t "  on the a-carbon in the alkyl iodides, forming I- and [RMe2Pt(bpy)]+. 

Key words: volumes of activation, high pressure, oxidative addition, platinum(II), organometallic syntheses. 

Resume : Lorsque le processus d'activation est multicentrique ou qu'il implique la gCnCration ou la solvatation d'ions, les 
rCacteurs discontinus i haute pression (2 GPa) qui sont maintenant disponibles commercialement peuvent s'avCrer utiles pour 
accClCrer de faqon convaincante les synthkses d'organomCtalliques, sans chauffage. A titre d'exemple de rCaction impliquant une 
solvatation d'ions, on a CtudiC la cinCtique des additions oxydantes des iodures de mCthyle et d'Cthyle (RI) sur le dimCthyl(2,2'- 
bipyridine)platine(II), dans I'acCtone, B des pressions allant de 0 B 200 MPa. Si l'on fait l'hypothhse qu'ils sont constants sur 
I'ensemble de ces pressions, les volumes d'activation, AV,*, de ces deux reactions sont respectivement de - 11,7 2 0,3 et -9,7 
? 0,7 cm3 mol-I et, pour une synthkse discontinue de cette sorte B 2 GPa, ceci implique une acctltration par un facteur de 3000. 
Toutefois, il est possible qu'une faible dkpendance du Av,* sur la pression puisse rCduire cette accClCration un facteur 
d'environ 1000. Les donnCes de Av,* et un ralentissement par un facteur de 500 en passant de R = Me a R = Et sont en accord 
avec un mkcanisme d'attaque SN2 du Pt(I1) sur le carbone en a des iodures d'alkyles conduisant i la formation de I- et de 
[RMe,Pt(bpy)l+. 

Mots elks : volumes d'activation, pression tlevte, addition oxydante, platine(II), synthkses d'organomktalliques. 

[Traduit par la redaction] 

The routine use of pressures on the order of 1 GPa (1 0 kbar) as 
a synthetic tool has gained acceptance among organic chem- 
ists (1-9), but to date has not found significant application in 
organometallic chemistry. Apart from the obvious advantage 
of producing enhanced activities of gaseous reactants, pres- 
sure P can influence the maximum attainable yield of a reac- 
tion through the equilibrium constant K if the reaction volume 
A V  (the molar volume of the products minus that of the reac- 
tants) is nonzero: 

Received January 24, 1996. 

This paper is dedicated to Professor Howard C. Clark ill 
recognition of his contributions to Cai~ndian chemistry. 

A.R.L. Skauge, R.D. Shalders, and T.W. swaddle.' 
Department of Chemistry, The University of Calgary, Calgary, 
AB T2N 1N4, Canada. 

I Author to whom correspondence may be addressed. 
Telephone: (403) 220-5358. Fax: (403) 289-9488. E-mail: 
swaddle@acs.ucalgary.ca 

Similarly, pressure influences the rate constant k of the reac- 
tion through the volume of activation AV* (the molar volume 
of the transition state minus that of the reactants): 

It is commonly assumed that A V  and AV* are independent of 
pressure, in which case In K and In k would be linearly depen- 
dent upon P. In principle, one can use the quite precise mea- 
surements of A V  or AV* that can be made at 0.1-200 MPa to 
predict the outcome of batch syntheses run in autoclaves at 1- 
2 GPa (pressures now routinely accessible with commercial 
pressure equipment). In practice, however, ( A V J  and A V * ~  
often become smaller as the pressure is increased beyond 100 
MPa. Linear extrapolations of In K or In k values from low- 
pressure measurements will therefore tend to overestimate the 
pressure effect, but at least they place upper limits on what can 
be achieved for agiven reaction with high-pressure techniques. 

In this article, we consider only the kinetic aspect - specif- 
ically, the potential of high pressures to accelerate syntheses 
that would otherwise be too slow, without resort to heating 
that might bring about thermal decomposition. Theoretical 
expectations for such accelerations, based on typical negative 
AV* values (assumed to be independent of P), are given in 
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Table 1. Rate constants k,  at high pressures relative to 
atmospheric pressure for some typical volumes of activation." 

kJk,, " at 25OC for A$ = 

"Assunled independent of pressure. 
"Acceleration factors, or retardation factors for the corresponding 

positive values of A V ~ .  

Table 1. For positive AV* values, these would be retardation 
factors; pressure-induced retardation could be useful syntheti- 
cally insuppressing unwanted side reactions if these have a 
positive AV* while that of the reaction of interest is negative or 
near zero. 

An armchair experimentalist might identify at least three 
types of organometallic reaction as being likely candidates for 
high-pressure synthetic procedures. 
1. Slow reactions that involve the formation of several 

bonds between initially separate molecules (cf. Diels- 
Alder reactions in conventional organic chemistry). These 
can be expected to have strongly negative AV* values, and 
so to be accelerated by hydrostatic pressure. Ryabov (10) 
points out that organometallic reactions requiring such 
multicentered activation tend to have high AH* and 
strongly negative AS*, and hence are often too slow for 
conventional synthetic operations. In general, however, 
trends in AV* values tend to parallel those in AS*, so we 
may anticipate very favorable pressure-induced accelera- 
tions for this class of reactions. 

2. Syntheses with unwanted homolytic side reactions. 
Homolytic bond fission is generally associated with posi- 
tive AV*. Indeed, this has been demonstrated for some 
organometallic cases, viz., Cr-C homolysis pathways in 
the decompositions of aqueous (H,o),c~cH(cH,),'~, 
(H,o),c~c(cH,),oH~~, and (H,o),c~cH,c,H,NH~~, for 
which AV* = +26 (low-pressure limit), +15, and +19 cm" 
mol-I, respectively. In these reactions, the homolytic path- 
way is progressively "squeezed out" and the heterolytic 
alternative, where significant, emerges as the pressure is 
increased (1 1, 12). 

3. Slow reactions involving a substantial increase in solva- 
tion. Any development of electric charge en route to the 
transition state demands an increase in solvation and hence 
a negative contribution to the volume of the system. This 
may overwhelm any positive contributions from bond 
breaking, so that the overall AV* can be strongly negative 
even for a dissociatively activated process (13). Organo- 
metallic oxidative addition reactions can be of this type; for 
example, the slow addition of methyl iodide to P-diketo- 
natobis(triphenylphosphite)rhodium(I) complexes evi- 
dently involves a rate-determining step that produces 
iodide and methylrhodium(I1I) ions, and AV* values of -9, 

- 18, - 19, and -23 c m h o l - '  were found for the trifluo- 
robenzoylacetone complex in 1,2-dichloroethane, dichlo- 
romethane, acetone, and chloroform, respectively (14). 

It therefore would seem that pressure acceleration could be 
used to advantage to force to useful degrees of completion 
those oxidative addition reactions that are thermodynamically 
feasible but normally too slow for practical purposes. To eval- 
uate the likely usefulness of this approach in platinum chem- 
istry and to gain mechanistic insights, we have used high- 
pressure stopped-flow spectrophotometry to study the addi- 
tion of methyl and ethyl iodides (RI) to dimethyl(2,T-bipyri- 
dine)platinum(II): 

Reactions of this type are of special interest in that they afford 
routes to ~ r~anometa l l i c  (15, 16), and in any event 
they provide informative models of the process of oxidative 
addition at d 8  square-planar centers, which is of industrial 
importance (e.g., in 'the Monsanto process for acetic acid). 
Thus, for reaction [3] with R = Me in acetonitrile solvent, Cre- 
spo and Puddephatt (17) were able, using 'H NMR at -40°C, 
to detect the actual ~ t "  intermediate [Me,Pt(bpy)lf and dem- 
onstrate that it contained a molecule of coordinated solvent; as 
the solution warmed to O°C, iodide ion replaced the coordi- 
nated CH,CN, trans to the added methyl group. Detection of 
major concentrations of the intermediate implied that the rate 
constant k, was greater than k2 at these temperatures in 
CH,CN, but for 0-donor solvents such as acetone and metha- 
nol (which have less affinity for Pt than does CH,CN), this 
was possible only at -80°C. Over the range -7.5 to 20°C in 
acetone, addition of Me1 to Me,Pt(bpy) proceeded to form 
Me,Pt(bpy)I with monophasic second-order kinetics, corre- 
sponding to a rate-controlling initial step characterized by kl  
with AHI* = 24.9 kJ mol-' and AS,* = - 129 J K-I mol-I (18)' 
These kinetic data are consistent with the addition of the sol- 
vent molecule to Pt svnchronouslv with the attack of ~ t "  on 
the methyl iodide (an SN2 mechanism, as opposed to radical or 
radical-chain alternatives (17, 18)) together with the aug- 
mented solvation associated with the development of ions in 
this initial step. 

This strongly negative AS,* for RI = Me1 for reaction [3] in 
acetone led us to anticipate a correspondingly strongly nega- 
tive AV,*, and hence good prospects for synthetically useful 
pressure-induced accelerations of other, slower, oxidative 
additions at ~ t "  centers (e.g., reaction [3] with methyl acetate 
in place of MeI). The SN2 mechanism implies slower substitu- 
tion with more sterically hindered nucleophiles, and we there- 
fore studied reaction [3] with both EtI and Me1 to ascertain 
whether AV,* is significantly affected by steric factors. 

After thiswork was completed, we learned of the high-pres- 
sure kinetic study by Diicker-Benfer, van Eldik and Canty 
(19) of the palladium analogue of reaction [3] (R = MeI, sol- 
vent = acetone), which differs in that both the oxidative addi- 
tion (AV* = - 1 1.9 + 0.6 cm3 mol-') and subsequent reductive 

The activation energy cited in ref. 18 is in fact the enthalpy of 
activation. 
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Fig. 1. Pressure dependence of k ,  for addition of Me1 to Pt(bpy)Me, 
in acetone at 25°C. Circles: [MeI] =4.02 mmol L-'. Down triangles: 
[MeI] = 3.01 mmol L-I .  Up triangles: [MeI] = 2.01 mmol L-'. Each 
data point is the mean of three k ,  values. Broken line: linear 
regression (eq. [4]). Solid curve: quadratic regression (eq. [5]). 

elimination of ethane (Av* = - 17 + 1 cm3 mol-') could be 
observed - reductive elimination in the ptIV complex is neg- 
ligible because of its high activation energy, even though addi- 
tion of Me1 to the ~ t "  complex is faster than to the ~ d "  (18). 
Comparison of our results with AV* for the latter pathway is 
instructive. 

Experimental 

Preparation of dimethyl(2,2'-bipyridine)platinum(II) 
In our hands, Pt(bpy)Me2 was best prepared via Pt(COD)Cl, 
(COD = 1,5-cyclooctadiene), by variations of the methods of 
Clark and Manzer (20) and Puddephatt et al. (16, 21). 
Pt(COD)C12 was made in 88% yield by heating K,PtC14 (1.7 
mmol) in aqueous 1-propanol with COD (1.46 mL) at 60°C for 
1.5 h. Addition of NaI to a suspension of Pt(COD)C12 in ace- 
tone gave Pt(COD)12 quantitatively. Treatment of this solid 
with methyllithium in diethyl ether under N2 at 0°C for 2 h, 
followed by hydrolysis with ice-cold saturated aqueous 
NH,Cl, ether extraction, and evaporation of the ether layer 
gave Pt(COD)Me,. Reaction of this solid with bpy in acetoni- 
trile gave a 75% yield of moisture-sensitive Pt(bpy)Me,, 
which was recrystallized from acetone to give red needles, the 
authenticity of which was confirmed by CHN analyses and 
NMR spectroscopy (22). 

High-pressure kinetics 
Freshly prepared solutions of Pt(bpy)Me, and a 20-fold excess 
of Me1 (or 5000-fold excess of EtI) in redistilled anhydrous 
acetone were loaded into an HPSF-56 high-pressure stopped- 
flow spectrophotometer (Hi-Tech Scientific Ltd., Salisbury, 
U.K.) thermostated at 25.0 t O.l°C. Pressures were measured 
with an Autoclave Engineers digital gauge, calibrated (20.2 

MPa) against a Pressurements T380014 deadweight gauge, 
After each pressurization, the system was allowed to re-equil- 
ibrate thermally for 30-45 min before firing reagent mixing 
shots. At least three shots were fired for each pressure and set 
of concentrations, and the progress of the reaction after mixing 
was monitored spectrophotometrically through the decay of 
the absorbance maximum of Pt(bpy)Me, at 475 nm (molar 
absorbance E = 1828 + 6 L mol-' cm-I). The absorbance data 
were collected and analyzed ibterms of a pseudo-first-order 
rate equation on a dedicated Apple IIe computer. The reaction 
with EtI at atmospheric pressure was actually slow enough to 
follow by conventional spectrophotometry with lower [Etl], 
but the high-pressure experiments required the stopped-flow 
approach because of the long thermal equilibration times. 

Results 
It was confirmed by NMR spectroscopy that the products of 
the reactions of Pt(bpy)Me, with Me1 and EtI in acetone were 
indeed Me3Pt(bpy)I and Me,EtPt(bpy)I, respectively. The 
stopped-flow data gave excellent fits to the pseudo-first-order 
rate equation - better than 20.1 % in the calculated rate con- 
stant k,,,, - and values of k,,,, were accurately pro ortional P to [MeI] or [EtIj (supplementary material, Table S1 ). There 
was no evidence for the formation of a long-lived intermediate 
[Me,Pt(bpy)(Me,CO)]+ in the reaction with MeI; furthermore, 
the reaction of 0.19 mmol L-' Pt(bpy)Me2 with 4.0 mmol L-' 
EtI, which was slow enough to follow in a conventional spec- 
trophotometer, showed a strictly maintained isosbestic region 
at 378-385 nm. Therefore, since the spectra obtained immedi- 
ately after mixing corresponded to Pt(bpy)Me, and the final 
spectra to RMe,Pt(bpy)I, k,,,,I[RI] values represent k, for 
reaction [3]. 

Figures 1 and 2 show the pressure dependences of In kl for 
reaction [3] in acetone with R = Me and Et, respectively. Lin- 
ear least-squares regression (eq. [4]) represents the data ade- 
quately for both Me1 and EtI addition, giving kIo = 53 + 1 L 
mol-' s-' with AV,* = - 11.7 + 0.3 cm3 mol-I for the com- 
bined data for MeI, and k10 = 0.104 + 0.004 L mol-I s-I with 
AVl* = -9.7 + 0.7 cm3 mol-' for EtI, at 25.0°C. The zero 
(= atmospheric) pressure rate constant klo for Me1 agrees sat- 
isfactorily with 49 L mol-' s-' extrapolated from the data of 
Puddephatt et al. (1 8). 

For Me1 addition, however, a possible slight nonlinearity of 
the In k, vs. P plot is discernible for the combined data. For 
simplicity, the data may be fitted to the quadratic expression 

giving k,O = 5 1 +- 1 L mol-I s-' (in still better agreement with 
Puddephatt et al. (18)), the limiting zero-pressure volume of 
activation Avlo* = - 14.4 + 0.7 cm3 mol-I, and the compress- 

Table S 1, showing pressure dependences of rate constants for the 
reactions of Me1 and EtI with Pt(bpy)Me, in acetone at 25OC 
(1 page) has been deposited as supplementary material and can be 
purchased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada KIA 0S2. 
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Skauge et al 

Fig. 2. Pressure dependence of k ,  for addition of EtI to Pt(bpy)Me, 
in acetone at 25'C. Each data point is the mean of three k ,  values. 
Solid line: linear regression (eq. [4]). 

ibility coefficient of activation AP* = -(aAV,*/aP)T= -0.027 
+ 0.007 cm3 mol-' M P ~ '  (all uncertainty limits are standard 
deviations a) .  Thus, for reaction [3] with RI = MeI, the curva- 
ture of the In k ,  vs. P plot is significant, though barely so, at the 
95% confidence level (=2a). If eq. [5] is adopted, then the 
AV,* values from the linear regressions represent the mean or 
mid-range (100 MPa) value of this parameter. For RI = EtI, use 
of eq. [5] rather than eq. [4] is clearly unwarranted (Fig. 2). 

Discussion 

The AV,* values from the linear fits are not very different for R 
= Me and Et, and imply that, if a 2 GPa press for batch samples 
is available, the greatest pressure accelerations of reactions of 
the type [3] that might be anticipated would be about 3000- 
fold at ambient temperature (cf. Table 1). This is probably an 
overestimate, since the data for Me1 suggest that AP* is non- 
zero, but IAP* itself can be expected to decrease with pressure 
- there is no general agreement on equations for extrapola- 
tion of the pressure dependences of rate or equilibrium con- 
stants far beyond the data base (23), and certainly eq. [5], the 
simplest nonlinear regression equation, is acceptable only for 
interpolation of data at best. Taking these results together with 
those for the Pd analogue of reaction [3] (19) and oxidative 
addition at ~ h '  centres (14), we conclude that a synthetic organo- 
metallic chemist may expect pressure accelerations of oxida- 
tive addition reactions of some three orders of magnitude if a 2 
GPa press is used. 

The large (500-fold) retardation in reaction [3] in acetone on 
going from Me1 to EtI, together with the similar moderately 
strongly negative values of AV,* for the two reactants, sup- 
ports Puddephatt's view of the mechanism as an S,2 process 
(17, 18). Nucleophilic attack of ~ t "  on the a-carbon of RI 
along the axis perpendicular to the plane of the square-planar 
complex would clearly be very susceptible to steric hindrance 

from substituent groups on that carbon atom. Volume 
decreases due to R-Pt bond formation, plus solvation of the 
incipient ions together with any coordination of solvent in the 
sixth site of the ptlV intermediate, will overwhelm the positive 
contribution to AVI* from C-I bond breaking. The striking 
similarity of our AV,* value for reaction 131 with RI = Me1 to 
that reported by van Eldik's grou (19) for the ca. 10-fold E slower but otherwise analogous Pd reaction (hV,* = - 11.9 
+ 0.6 cm3 mol-I) supports this interpretation. 
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Oxidative fluorination in the Ph2SO-XeF2-CI- 
system and fluorine exchange in the 
Ph2S(0)F2-Ph2S(0)F' system 

Xiaobo Ou and Alexander F. Janzen 

Abstract: Oxidative fluorination of diphenyl sulfoxide with xenon difluoride occurs under mild conditions in the presence of 
chloride ion to give Ph,S(O)F, in quantitative yield. Chloride ion appears to react with xenon difluoride to generate fluoride ion, 
and a mechanism of oxidative fluorination is proposed that involves anionic Ph,S(O)F and radical Ph,S(O)F' intermediates. 
Addition of cationic Ph,S(O)F to Ph,S(O)F, initiates rapid fluorine exchange, presumably via a symmetrical fluorine-bridged 
intermediate, and this exchange process was monitored by 13c and 1 9 ~  NMR spectroscopy. In the presence of chloride ion, 
Ph,S(O)Cl, is formed and can be identified by 'k NMR and by its hydrolysis to Ph,SO,. Mechanisms are proposed for these 
reactions, and ab initio molecular orbital calculations (GAUSSIAN~Z) were carried out of the postulated intermediates. 

Key words: preparation of Ph,S(O)F,, Ph,S(O)F+, and Ph,S(O)CI,; oxidative fluorination in the Ph,SO-XeF,-CI- system; 
fluorine exchange in the Ph,S(O)F,-Ph,S(O)F system. 

RCsumC : La fluoration oxydante du diphCnylsulfoxyde par le difluorure de xCnon s'effectue dans des conditions douces, en 
prCsence d'ion chlorure, pour donner le Ph,S(O)F,, avec un rendement quantitatif. I1 semble que l'ion chlorure rtagit avec le 
difluorure de xtnon pour g6nCrer I'ion fluorure; on propose un mtcanisme pour la fluoration oxydante qui implique le Ph,S(O)F 
anionique et le Ph,S(O)F' radicalaire comme intermkdiaires. L'addition du Ph,S(O)P cationique sur le Ph,S(O)F, initie un 
Cchange rapide des ions fluorures, probablement par le biais d'un intermCdiaire symCtrique i pont fluor; on a suivi ce processus 
par spectroscopie RMN du I3c et du 1 9 ~ .  En prksence d'ion chlorure, il se forme du Ph,S(O)Cl, qui a Ctt identifiC par RMN du 
I3c et par son produit d'hydrolyse, le Ph,SO,. On propose des mCcanismes pour ces rCactions et on a effectuC des calculs 
d'orbitales moltculaires ab initio (GAUSSIAN~~) sur les intermkdiaires postul6s. 

Mots elks : prkparation de Ph,S(O)F,, Ph,S(O)F et Ph,S(O)Cl,, fluoration oxydante dans le systkme Ph,SO-XeF,-C1-; Cchange 
d'ions fluorures dans le systkme Ph,S(O)F,-Ph,S(O)F+. 

[Traduit par la rCdaction] 

Results and discussion 

Oxidative fluorination in the Ph2SO-XeF2-CI- system 
The oxidative fluorination of S(1V) to S(V1) derivatives, as 
well as of Se(1V) and Te(IV), has been carried out with a vari- 
ety of oxidizing agents such as F2 (l), ClF (2), BrF3 (3), XeF, 
(4), CF30F (5 ) ,  CF30C1 (6), OF,, SF,OF (7), AgF, (8), and 
electrochemically (9). Occasionally, CsF or KF is added as a 
catalyst (10). Zupan and Zajc carried out the oxidation of 
Ph,SO by XeF,, and postulated that Ph,S(O)F, was formed as 
an intermediate that hydrolysed rapidly to the sulfone Ph,SO, 
(1 1). Using elemental fluorine, Ruppert prepared Ar,S(O)F, 
and ArS(0)F3, and also characterized the cations Ar,S(O)F 
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and ArS(0)F2+ (12). Wilson carried out the oxidation of SO, 
with XeF, in the presence of fluoride and chloride ions (13). 
We have studied the oxidation of organo-phosphorus, -sulfur, 
-tellurium, and -iodine compounds using XeF, as the oxidiz- 
ing agent (14), and noted the catalytic effect of halide ion on 
the oxidative fluorination of phenyltellurium(1V) compounds 
(15). 

The synthesis of Ph,S(O)F, was carried out by adding XeF, 
and - 1 % Et4NCl to Ph,SO in dichloromethane in a polytet- 
rafluoroethylene (ptfe) bottle at room temperature, eq. [I]. 
The reaction was complete within 5 min and Ph,S(O)F, was 
formed in essentially quantitative yield. Its 13c NMR spec- 
trum (Table 1 and Fig. 1) is in agreement with that reported by 
Ruppert (12). 

During the reaction, the pale green colour of C1, was visi- 
ble, and traces of the h drolysis product, Ph,SO,, were some- 
times detected by ''C NMR, but hydrolysis could be 
completely eliminated by further drying of solvents and 
reagents. 

In the absence of chloride ion, reaction [ l ]  proceeds slug- 
gishly over a period of 2-6 days. Evidently, chloride ion is an 
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Scheme 1. Proposed mechanism of oxidative fluorination of 
Ph,SO by XeF, i n  the presence of fluoride ion. 

0 
XeF2 I 1 

r Ph2S(O)F0 == F-.S- --F---Xe-F = Ph2S(O)F2+ Me' 
p i  kh 

effective catalyst, and we propose that chloride ion is a conve- 
nient source of anhydrous and HF-free fluoride ion, as a result 
of its oxidation by XeF,, according to eq. [2]. 

The appearance of the pale green colour of C1, during the 
synthesis of Ph,S(O)F, is in agreement with eq. [2], and previ- 
ous studies have shown that XeF, oxidizes HCl to C1, (16). 
Anhydrous and HF-free fluoride ion is a powerful base (17) 
and, as discussed below, molecular orbital calculations point 
to a reason why F, but not C1-, catalyzes the oxidation of 
S(1V). 

We propose that oxidative fluorination of Ph,SO in the pres- 
ence of fluoride ion proceeds according to the mechanism of 
Scheme 1, in which the fluoroanion Ph,S(O)F is oxidized 
to the radical Ph,S(O)F', followed by cleavage of weak 
[S--F--Xe] ' bridging bonds. 

There is support in the literature for the mechanism of 
Scheme 1. For instance, the addition of fluoride ion to sul- 
fur(1V) compounds produces stable anions, e.g., SO,F, SF,-, 
CF,SF,-, etc. (18), and related sulfur(V) radicals are known, 
e.g., SOF,', SF,', ROSF,', etc. (19). Anion-to-radical oxida- 
tion, as proposed in Scheme 1, is known for other fluorinated 
species, e.g., oxidation of P~s~F,'- to PhSiF,'- (20). Our 
experiments do not allow us to identify the oxidizing agent 
that converts Ph,S(O)F to Ph,S(O)F', although C1, or XeF, 
are possibilities. In the case of oxidation of P~s~F,,- to 
PhSiF,.-, numerous one-electron acceptors can be used, 
including metal ions, halogen compounds, tetracyanoethylene, 
etc. (20). The intermediacy of FXe' has been proposed before 
(21), and its spectrum is known (22). 

The mechanism of Scheme 1 explains why some oxidations, 
but not others, are carried out in the presence of fluoride ion. A 
fluoride ion allows the formation of anions, which are then 
oxidized to radicals. But radicals can be formed without the 
intermediacy of anions because many oxidizing agents are 
themselves sources of free radicals, e.g., SO,F' from S206F2 
(23), or CF,O' from CF30F (24). More vigorous reaction con- 
ditions of heating or irradiation may, however, be required if 
radicals are generated directly from oxidizing agents because 
bonds of moderate strength must be broken, e.g., RO-OR, 
Cl-Cl, F-XeF, whereas only very weak bridging bonds, i.e., 
[S--F--Xe] ', are cleaved if oxidation occurs in the presence of 
fluoride ion. 

Such a mechanistic analysis can be extended to other well- 
known oxidations. For example, the Reed reaction, i.e., the 
chlorosulfonation of organic compounds with chlorine and 
SO,, generally includes the following steps (25): 

SO, 
[31 R' b R-SO2' C12 b R-SO$l+ Cl. 

By analogy with the cleavage of [S--F--Xe]' bonds in Scheme 
1, oxidation of sulfur(1V) compounds in the Reed reaction 
may involve cleavage of the [S--Cl--Cl]' bridged bond, as pro- 
posed in eq. [4]. 

The mechanism of Scheme 1 postulates that F, rather than 
Cl-, forms an anionic Ph,S(O)X- intermediate. In an attempt 
to uncover any differences between the reactivity of F and C1- 
ions, or F' and C1' radicals, we carried out ab initio calcula- 
tions of several anionic and radical species 1-4 using the 
G A U S S I A N ~ ~  program (26). Phenyl substituents in 1 and 2 have 
been replaced with fluoro substituents in 3 and 4 in order to 
simplify the calculation. Experimental structural data are 
available for compounds such as 5-7, and our analysis is 
based on a simple comparison between calculated and experi- 
mental structures. S-X bond lengths are also known for 
related compounds such as SOF, (158.5 pm), SO,F, (157.0 
pm), SOCI, (207.0 pin), and SO,Cl, (199.0 pm) (27). 

3 (3-21G*) 4 (3-21 G*) 

The calculated structures of fluoroanion 1 and chloroanion 
3 reveal a significant difference in S-X bond length. The S- 
F bond length in 1 is 162.9 pm, which may be compared with 
experimental S-F bond lengths of 153.9-159.6 pm in 5-7, 
for an average lengthening of 3.9%. On the other hand, the 
chloroanion 3 has a calculated S--Cl bond length of 230.5 pm, 
which is 12.6% longer than the experimental S-Cl bond 
length of 204.7 pm in 7. The lengthenedlweakened S--Cl bond 
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Table 1. "F and NMR chemical shifts (ppm) and C-F coupling constants (Hz) 
of some sulfur halides. 

Compound 6F 6C1 6C2 6C3 6C4 
- - - - 

Ph,S(O)FBF; 29.5 126.3 129.8 132.2 141.5 
(10.8 Hz) (1.3 Hz) 

Ph2S(0)FZ 99.0 147.8 124.9 129.2 132.9 
(17.1 Hz) (6.1 Hz) 

Ph,S(O)CI, - 145.9 124.4 129.4 131.1 

Scheme 2. Proposed mechanism of fluorine exchange in the 
Ph2S(0)F,-Ph,S(O)F system. 

Fig. 1. Distribution of I3c NMR chemical shifts. The 4555 mixture 
of Ph,S(O)Ff and Ph,S(O)F, was prepared by adding BF3 to a 
solution of Ph,S(O)F, in CD,CI,. 

PhzS(O)F+ I t --a,- I .-I ". - . 
4555 mixture i i [ ' I ,  

------\;- \ \ _----- '\ 

P ~ ~ S ( O ) F Z  i 
C I 

"i C4 "i a '"I C2 

- 

150 140 130 120 ppm 

in 3 implies a short-lived intermediate of low concentration, 
which makes further oxidation to a chloro radical less likely. 
The relatively shortlstrong S-F bond in fluoroanion 1, 
Ph,S(O)F, however, implies a more stable intermediate of 
greater concentration, which favours subsequent oxidation to 
the fluoro radical 2, Ph,S(O)F'. Such an interpretation can 
explain the unique role of fluoride ion in Scheme 1, and is con- 
sistent with catalysis of oxidation reactions by CsF and KF 
(10). 

Quite a different conclusion is reached on the basis of the 
calculated structures of radical species 2 and 4. Both S-F and 
S-Cl bond lengths are shorterlstronger in the radicals than in 
the anions and, most significantly, both S-F and S-CI bonds 

in the radicals are comparable in length to those in the stable 
compounds 5-7. These results suggest that both fluoro and 
chloro radicals are reasonable intermediates. According to this 
interpretation, fluorosulfur(V) radical Ph2S(0)Fe may be 
formed from sources of F', or by oxidation of fluoroanion 
Ph,S(O)F, whereas chlorosulfur(V) radical Ph,S(O)CI' can 
only be formed from sources of Cl'. It is interesting to specu- 
late whether the behaviour of the F-F '  system in oxidation 
reactions, as discussed above, is shared by the closely related 
OH--HO' system. 

Fluorine exchange in the Ph2S(0)F2-Ph,S(0)FC system 
Reaction pathways change abruptly in the presence of a Lewis 
acid. Addition of BF, to Ph2S(0)F2 gives the cation 
Ph2S(0)F+ in essentially quantitative yield. This cation is sta- 
ble indefinitely in ptfe equipment and can be characterized by 
1 9 ~  and I3c NMR (Table 1 and Fig. 1). Since Cl-F and C2-F 
coupling is clearly visible, there cannot be any fluorine 
exchange in the cation that is rapid on the NMR time scale. 
Rapid fluorine exchange does occur on mixing Ph2S(0)F2 and 
Ph,S(O)F+, and such exchange presumably involves the 
cleavage of a symmetrical intermediate with a weak [S--F--SIC 
bridging bond, as proposed in Scheme 2. 

In support of the mechanism of Scheme 2, it may be noted 
that related cations of S(V1) are known, e.g., OSF,', 0SF2CIC, 
RSF,' (3 l), and rapid fluorine exchange between cationic and 
neutral species via fluorine-bridged intermediates has been 
studied in related tellurium(V1) fluorides, e.g., the Ph3TeF2X- 
Ph3TeFXC system (X = F, C1, OH) (32, 33). 

Mixtures of Ph2S(0)F2 and Ph2S(0)FC were prepared in 
two ways, either by mixing samples of Ph,S(O)F, and 
Ph2S(0)FCBF,-, or by adding less than an equivalent of BF3 to 
Ph2S(0)F2. The latter method is generally more convenient 
because it reduces the handling of moisture-sensitive com- 
pounds. Rapid fluorine exchange in the Ph2S(0)F2-Ph2S(0)P 
system can be monitored by either I3c or 1 9 ~  NMR. The I3c 
NMR chemical shift of C1 moves upfield by 21.6 ppm, as 
Ph2S(0)F2 is converted to Ph2S(0)Fe, in agreement with the 
trend established for a variety of main group fluorides in 
which C l  shifts upfield by 16 to 26 ppm as F is removed (34). 
In mixtures of Ph2S(0)F2 and Ph2S(0)FC, only the weighted 
average 13c chemical shifts can be observed at ambient tem- 
perature because of rapid fluorine exchange, as illustrated in 
Fig. 1 for a 4555  mixture. 

Typical variable-temperature "F NMR spectra of the 
Ph,S(O)F,-Ph2S(0)P system are shown in Fig. 2. Rapid flu- 
orine exchange is slowed down at -73"C, and integration of 
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Ou and Janzen 

Fig. 2. Variable-temperature ' 9 ~  NMR spectrum of a 3: 1 molar 
mixture of Ph,S(O)F, and Ph,S(O)F+BF,- in CD,Cl,. 

120 100 80 60 40 20 ppni 

Scheme 3. Proposed mechanism of formation of Ph,S(O)CI,. 

the low-temperature spectrum gives a direct measure of the 
ratio of Ph,S(0)F2 and Ph,S(O)F+. This ratio can also be 
obtained from the room temperature I3c NMR spectrum and 
the weighted average of the C1-C4 chemical shifts. 

That bridged S--F--S bonds are indeed longertweaker than 
terminal S-F bonds in typical sulfur fluorides, as required by 
the mechanism of Scheme 2, is apparent from the calculated 
S--F bridge bond of 193.7 pm in 8. An experimental value of 
21 1.7 pm has been found for the S--F bridge bond in 9 (35). 
Calculated and experimental terminal S-F bond lengths in 8 
and 9 are considerably shorter, in the range 150-173 pm. 

The mechanism of fluorine exchange in the Ph2S(0)F2- 
Ph,S(O)F+ system can be generalized and applied to the syn- 
thesis of Ph,S(O)Cl,, as proposed in Scheme 3. Both mecha- 
nisms of Scheme 2 and Scheme 3 involve cleavage of [S--F-- 
B]+ and [S--F--S]+ bridging bonds. 

Ph,S(O)Cl, was prepared by adding an excess of Et,NCl to 
a solution containing the cation Ph2S(0)F, and was identified 
by ',c NMR and by its hydrolysis to Ph,SO,. The C1-C4 
chemical shifts of Ph,S(O)Cl, are very similar to those of 
Ph,S(O)F,, as seen in Table 1 and Fig. 1, and the absence of 
C1-F and C2-F coupling confirms that no S-F bonds are 
present. The possibility that an exchange process is responsi- 

ble for lack of Cl-F or C2-F coupling was eliminated by pre- 
paring a sample containing a mixture of Ph2S(0)C12 and 
Ph2S(0)F2. This mixture showed eight I3c NMR peaks, as 
expected for a mixture of "rigid" Ph2S(0)C12 and Ph2S(0)F2. 
Hydrolysis of this mixture gave only Ph2S02, eq. [5], as con- 
firmed by I3c NMR. 

Some evidence for the stoichiornetry and mechanism of 
Scheme 3 was obtained by adding varying amounts of C1- to a 
solution containing Ph2S(0)F2 and Ph2S(0)F+. If the amount 
of C1- is less than that of Ph2S(0)F+, the I3c NMR spectrum 
shows only four broadened and averaged C1-C4 peaks, as all 
species in solution undergo rapid halogen exchange in the 
presence of excess cation Ph,S(O)F+. If the amount of C1- 
exceeds that of cation Ph2S(0)F, then halogen exchange is 
stopped and the I3c NMR spectrum shows eight carbon peaks 
expected for a mixture of "rigid" Ph2S(0)Cl, and Ph2S(0)F2. 
Integration of the 13c NMR spectrum shows that each mole of 
cation Ph2S(0)F  produced half a mole of Ph2S(0)Cl, and 
half a mole of Ph2S(0)F2, consistent with the stoichiometry of 
Scheme 3. 

Brief investigation by ',c NMR showed that no fluorine 
exchange occurs in a mixture of Ph2S(0)F2 and Ph2S02, nor in 
a mixture of Ph2S02 and Ph2S(0)F. 

In conclusion, the coordination model of reaction mecha- 
nisms (33) denotes the four elementary steps of chemical reac- 
tions as +C, -C, +CC, -CC. If cyclic steps, +Cc or -CC, are 
absent, and if bond formation, +C, is a diffusion-controlled 
process, then it follows that any mechanistic analysis must 
focus on the elementary steps of bond cleavage, -C. The 
mechanism of Scheme 1 identifies the [S--F--Xe] ' bridged 
bond as the bond that is cleaved during oxidative fluorination 
in the Ph2SO-XeF2-C1- system under mild thermal conditions. 
The mechanisms of Schemes 2 and 3 identify the [S--F--B]+ 
and [S--F--S]+ bridged bonds as the bonds that are cleaved 
during fluorine exchange in the Ph2S(0)F2-Ph,S(O)F+ sys- 
tem, and during the synthesis of Ph2S(0)C12. 

Experimental 

NMR spectra were recorded on a Bruker AM300 spectrometer 
at 282.4 ( 1 9 ~ )  and 75.47 (I3c) MHz, and chemical shifts were 
measured relative to internal C6F6 (- 162.9 ppm with respect 
to CFCI,) and SiMe,, respectively. 

XeF, (Air Products), Ph,SO (Matheson, Coleman & Bell), 
and CD2Cl, (Aldrich) were used without further purification. 
Et,NCl and Et,NBr (Eastman) were recrystallized from 
dry CH,CN and stored in a desiccator over F205. All solvents 
were dried by distillation and stored over 5 A molecular sieve, 
and ptfe equipment was dried at 100°C for several days. 

Preparation of Ph,S(O)F, with catalyst 
Solid Ph2S0 (61 mg, 0.30 mmol) was added to a solution of 
XeF, (54 mg, 0.32 mmol) in CD,Cl, (0.3 mL) at 25°C in an 
NMR tube with a ptfe insert. Ph,SO dissolves completely in 
CD2C12, but a negligible reaction occurred within 30 min, as 
judged by exceedingly slow xenon gas evolution. Et,NCl(2.0 
mg, 0.012 mmol) was then added to this mixture, and a rapid 
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reaction occurred with vigorous evolution of xenon gas. The 
reaction was complete within 5 min. The 13c NMR spectrum 
of the solution confirmed that Ph,S(O)F, was formed in essen- 
tially quantitative yield. I3c NMR of Ph,S(O)F,: SC1 147.8, 
J ( C l , F ) =  17.1 Hz,SC2 124.9, J(C2,F)=6.1 Hz,6C3 129.2, 
6C4 132.9. ' 9 ~  NMR: SF 99.0. 

For similar amounts of Ph,SO and XeF,, the amount of 
Et4NCl catalyst could be reduced to 0.5 mg, without reducing 
the yield of Ph2S(0)F2. 

In one experiment, 4 mg of Et,NBr was added to similar 
amounts of Ph,SO and XeF,, and the product Ph,S(O)F, was 
formed in greater than 95% yield. 

The use of Ph3CC1 as a catalyst was investigated. Ph3CCl 
(20 mg, 0.072 mmol) was added to a mixture of Ph,SO (60 
mg, 0.30 mmol) and XeF, (54 mg, 0.32 mmol) in CD,Cl, (0.3 
mL) at 25°C in a NMR tube with a ptfe insert. No product, 
Ph,S(O)F,, was found after 12 h. 

Preparation of Ph2S(0)F2 without catalyst 
Solid XeF, (44 mg, 0.26 mmol) and Ph,SO (50 mg, 0.25 
mmol) were dissolved in CD,Cl, (0.3 mL) in a ptfe-lined 
NMR tube. There was no immediate reaction, as judged by the 
absence of xenon gas evolution. After 2 days, a 1:2 molar mix- 
ture of Ph,SO and Ph,S(O)F, was found. After 6 days, all 
Ph,SO was converted to Ph,S(O)F,, but the C l  peak was 
exchange broadened and C1-F coupling was not observed in 
this sample. 

Preparation of Ph2S(0)FC BF, 
Excess BF:, was bubbled into a solution of Ph,S(O)F, (72 mg, 
0.30 mmol) in CD,Cl, (0.5 mL) at 25°C to give Ph,S(O)F+ 
BF4- in essentially quantitative yield. Excess BF3 was pumped 
off. 'k NMR of Ph,S(O)F+ BF4-: 6C1 126.3, J(C1, F) = 10.9 
Hz, SC2 129.8, J(C2, F) = 1.3 Hz, SC3 132.2, 6C4 141.5. 1 9 ~  

NMR: SF 29.5. 

, Preparation of mixtures of Ph,S(0)F2 and Ph2S(0)FC 
Various amounts of BF3 were bubbled into a solution of 
Ph,S(0)F2 in CD,Cl, at 25°C to generate a mixture of 
Ph,S(O)F, and Ph,S(O)F+. The ratio of Ph,S(O)F, and 
Ph,S(O)F+ was determined by "C or "F NMR, as described in 
the text. 

Preparation of Ph2S(0)C12 
To a 45.55 molar mixture of Ph,S(O)F, and Ph,S(O)F+, pre- 
pared from Ph,S(O)F, (60 mg, 0.25 mmol) and BF3 as 
described above, was added Et4NC1 (18 mg, 0.12 mmol), and 
the "C NMR spectrum recorded. An excess of Et4NCl (50 mg, 
0.32 mmol) was then added, and the "C NMR spectrum 
recorded and integrated. I3c NMR of Ph,S(O)Cl,: 6C1 145.9, 
6C2 124.4, 6C3 129.4, 6C4 13 1.1. 

This mixture of Ph,S(O)F, and Ph,S(O)Cl, was hydrolyzed 
by addition of H,O (25 pL, 1.4 mmol) to give only sulfone 
Ph,SO,. 

The Ph2S(0)F2 and Ph2S0 system 
Ph,SO (30 mg, 0.15 mmol) was added to freshly prepared 
Ph,S(O)F, (75 mg, 0.3 1 mmol) in CD,Cl, at 25°C. Eight sep- 
arate I3c NMR signals were observed for Ph,S(O)F, and 
Ph,SO, however, C1-F and C2-F coupling was not observed 
in Ph,S(O)F, in this sample. 

The Ph2S(0)FC and Ph2S0 system 
Ph,SO (15 mg, 0.074 mmol) was added to a solution of 
Ph2S(0)FC BF,- (72 mg, 0.23 mmol) in CD,Cl, at 25°C. Sep- 
arate "C NMR signals were observed for Ph2S(0)FC and 
Ph,SO, and C1-F coupling was retained in Ph,S(O)F+. 

Molecular orbital calculations 
Ab initio molecular orbital calculations were performed with 
the G A U S S I A N ~  system of programs (26) at the 3-21G* level 
with full optimization, except for the phenyl substituent where 
a fixed standard geometry was chosen. Calculated structures 
were compared with related experimental structures. 
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Synthesis of dimethylplatinum(lV) compounds, 
[(PtMe2X2Jn], [{PtMe2XYJn], and, in solution, 
fac-[PtMe2X(H20),]+, where X and Y are anionic 
ligands 

Trevor G. Appleton, Campbell J. DPAlton, John I?. Hall, Michael T. Mathieson, 
and Mark A. Williams 

Abstract: Oxidative addition of X, (X = C1, Br, I) to cis-[PtMe,L,] (L = pyridine, py, or L2 = N,N,N',Nf- 
tetramethylethylenediamine (tmen) gave [PtMe,X,L,]. For X = Br, I, treatment with aqueous HC10, gave insoluble 
[(PtMe,X,),,], but for X = C1, [PtMe,Cl,(H,O),] remained in solution, with [{PtMe,Cl,),] depositing only from concentrated 
solution. [PtMe,L,] (L = py, 112(tmen)) with water gave [PtMe,(OH),L,], which, on treatment with HC10, gave 
cis-[PtMe2(H20)4](C104)2 in solution. Water also reacted with [PtMe,(nbd)] (nbd = norbornadiene) to give 
[{PtMe,](OH),),] .mH,O. Alcohols ROH (R = Me, Et) with cis-[PtMe,py,] gave [PtMe,(OR)(OH)py,], which reacted with 
aqueous HC10, solution to give fac-[PtMe,(OR)(H,O),]ClO, in solution. Addition of chloride to this solution caused 
precipitation of [(PtMe,(OR)Cl),]. Reaction of [(PtMe,XY),,] with AgN03 in water gave fac-[PtMe2X(H20)3](N03) in 
solution (X = Y = C1, Br, I or Y = C1, X = OR); for X = I added acid was necessary to prevent precipitation of [(PtMe,I(OH)),]. 
Reaction of a solution of fa~-[PtMe,Br(H,0)~](N0~) with AgNO, gave fac-[PtMe2(N02)(H20)3](N03) in solution, but an 
analogous reaction with AgSCN gave a complex in solution formulated as ~~c-[P~M~,(SCN)(H~O)~](NO,) only in low yield. 

Key words: platinum, methyl, pyridine, aqua, alkoxide, oxidative addition, NMR. 

Risumi : L'addition oxydante de X, (X = C1, Br, I) sur le cis-[PtMe,L,] (L = pyridine, py, ou L, = N,N,N',Nf- 
tCtramkthylCthyl&nediamine (tmen)) conduit ?I [PtMe,X,L,]. Pour X = Br, I, le traitement de ces derniers produits avec des 
solutions aqueuse de HC10, conduit aux complexes insolubles [(PtMe,X,),,], mais, avec le produit dans lequel X = C1, le 
[PtMe2C1,(H,O),] demeure en solution alors que le [(PtMe,X,),] ne se dkpose qu'en solutions concentrtes. Le [PtMe,L,] 
(L = py, 1/2(tmen)) rkagit avec l'eau pour fournir du [PtMe,(OH),] qui, par traitement avec du HClO,, fournit du cis- 
[PtMe2(H2O),](C10,), qui reste en solution. L'eau rkagit aussi avec le [PtMe,(ndb)] (nbd = norbornadibne) pour 
donner du [(PtMe,](OH),),] .mH,O. Les alcools ROH (R = Me, Et) rkagissent avec le cis-[PtMe,py,] pour conduire au 
[PtMe,(OR)(OH)py,] qui rCagissent avec des solutions aqueuses de HC10, pour fournir du fa~-[PtMe~(0R)(H,O)~]C10~ qui 
reste en solution. L'addition de chlore ?I cette solution provoque une prkcipitation de [{PtMe,(OR)Cl),,]. La rtaction des produits 
[(PtMe,XY),,] avec du AgNO, dans l'eau fournit les fa~-[PtMe,X(H,0)~](N0~) qui restent en solution (X = Y = C1, Br, I ou 
Y = C1, X = OR); pour X = I, il est ntcessaire d'ajouter de l'acide pour empgcher la prkcipitation de [ (  PtMe,I(OH) ),I. La rCaction 
d'une solution de fa~-[PtMe,Br(H,0)~](N0~) avec du AgNO, fournit du fac-[PtMe2(N02)(H20)3](N03) qui reste en solution; 
toutefois, une rkaction analogue avec du AgSCN conduit, avec un faible rendement, ?I un complexe en solution auquel on a 
attribuk la formule fac-[PtMe,(SCN)(H,O),](NO,). 

Mots elks : mmCylplatine, pyridine, aqua, alcoolate, addition oxydante, RMN. 

[Traduit par la rkdaction] 
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Appleton et al. 

Introduction 

An important aspect of the chemistry of methylplatinum(1V) 
compounds is the remarkable robustness of the mixed 
alkyl-aqua cations fac-[PtMe,(H,O),]+ (1) ( l) ,  fac- 
[PtMe,Br(H20),]+ (2) (2), and c~s-[P~M~,(H,o),]~' (3) (3). In 
1, all three coordinated water ligands are labilized by the high 
trans effect of the methyl groups (4, 5). In 2 and 3 only the 
water ligands trans to the methyl groups are labile (2, 3, 6). 
Displacement of water molecules coordinated cis to the 
methyl ligands requires heating or long standing. Exploitation 
of the differential lability of the aqua ligands in dimethylplat- 
inum(1V) complexes, combined with the photolabilization of 
coordination sites trans to bromide in dimethylbromo com- 
pounds (7), has allowed the synthesis of a wide range of deriv- 
atives - for example, with amino acids and related ligands (6, 
8-14). These compounds were all prepared using 2 or 3 as 
starting material. The chemistry of dimethylplatinum(1V) 
compounds containing anionic ligands other than bromide or 
hydroxide has been much less developed. The possibility 
exists, with appropriate choice of X- in fac-[PtMe,X(H,O),]+, 
of fine-tuning the lability of water bound trans to X- through 
the trans effect of X-. 

In this paper, synthetic routes are described to substances 
that may be used as starting materials for synthesis of a 
wide range of dimethylplatinum(1V) compounds, including 
[ { PtMe,X, ],,I, [ {PtMe,XY I,,], and fac-[PtMe2X(H20),]+ for a 

I range of anionic ligands X- and Y-. Compounds where X- is 
an alkyl or aryl group will be described in a subsequent paper. 
A preliminary account of some of these results has been pub- 
lished (15). 

Results and discussion 

I General methods for synthesis of [{PtMe2X2}r,] and 
, [{PtMe2XY},l 

Many dimethylplatinum(1V) complexes [PtMe,X,L,] and 
[PtMe,XYL,] have been prepared by oxidative addition of X, 
or XY to dimethylplatinum(I1) compounds cis-[PtMe,L,] or of 
MeX to trans-[PtMeYL,], where, for example, L is a tertiary 
phosphine or arsine (16-19) or L2 is 2,2'-dipyridyl (bpy) (20, 
21). However, ligands of these types bind strongly to the 
metal, and cannot easily be removed from [PtMe,XYL,] to 
yield [{PtMe,XY I,]. 

Clark and Manzer (22) showed that PtMe,(cod) (cod = 1,5- 
cyclooctadiene) will react with many oxidative addition 
reagents X, or XY to give dimethylplatinum(1V) products. For 
example, reaction with Br, yields [{PtMe,Br,],,] (4), and reac- 
tion with Me1 gives [{PtMe3(p3-I)],]. These reactions were 
postulated to proceed through an unstable platinum(1V) inter- 
mediate, [PtMe,XY(cod)], from which the diolefin disso- 
ciated. Such a synthesis represents the most direct route to 
[{PtMe,XY],,], but is subject to two limitations. The first is 
that the platinum(I1) diolefin compound may not be suffi- 
ciently reactive to react with the reagent XY at all. The second 
is that there is an alternative decomposition route for the inter- 
mediate platinum(1V) diolefin compound, reductive elimina- 
tion of MeY to yield a platinum(I1) product. Thus, reaction of 
[PtMe,(diolefin)] (diolefin = cod or norbornadiene, nbd) with 
CF31 produces first [PtMe(CF,)(diolefin)] (23), then 
[Pt(CF3),(diolefin)] (22, 23). We have used [PtMe,(nbd)] (5) 

in reactions with potential oxidants XY, as nbd is more easily 
displaced from the metal than cod (24). 

A second general route is by removal of the pyridine ligands 
from [PtMe,X,py,] or [PtMe,XYpy,] (py = pyridine). Pyri- 
dine ligands trans to methyl are relatively labile, and may 
often be removed by treatment with acid under relatively mild 
conditions. Thus, when [{PtMe,Br,],] (4) was first prepared 
by refluxing [{PtMe,(p3-I)],] with bromine, the crude product 
was purified by reaction with pyridine to give [PtMe,Br,py,] 
(6), followed by treatment with aqueous HCIO, to regenerate 
4 (25). In some cases the desired dimethylbis(pyridine)plati- 
num(1V) complex may be prepared from platinum(1V) precur- 
sors, (e.g., [PtMe,Cl,py,] (7) (25)), but they are usually 
prepared by oxidative addition of X, or XY to cis-[PtMe,py,] 
(8). A comparison of the reactions of cis-PtMe,L, with Me1 
showed that the compounds where L = py (8), L, = bpy (9), 
and L, = N,N,Nr,N'-tetramethylethylenediamine, tmen (lo), 
were all very reactive, and that acid removed the N-donor 
ligands from [PtMe,Ipy,] and [PtMe,I(tmen)] under condi- 
tions where [PtMe31(bpy)] was unreactive (24). We have 
included some reactions of 10 in this paper for comparison 
with those of 8. We also describe in the experimental section a 
revised procedure for synthesis of 8. 

The most direct route to the preparation of an ion fac- 
[PtMe,X(H,O),]+ is by reflux of sparingly soluble 

OMe 35 OH OH 1 28 

OEt 39 OMe OH 3 36 

SCN 46 OMe C1 1 37 

NO2 49 OEt OH 0.5 40 

OEt C1 2 41 

SCN SCN 44 
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[(PtMe,XY I,,] (Y-= halide) with an aqueous solution of silver 
ion. In a few cases, the most convenient route to 
[{PtMe,XY],,] or fac-[PtMe,X(H,O),]+ was by substitution 
reactions commencing with one of the available dimethylplat- 
inum(1V) cations, 2 or 3. 

Characterization of products 
The most useful information was obtained from 'H NMR 
spectra. The protons of each methyl group bound to platinum 
show a sharp singlet with "satellites" due to coupling with 
' " ~ t  (I = '12.34% abundance). It is unlikely that both S(H) and 
Z~pr-CH3 will be coincident for non-equivalent methyl groups. 
The value of 2 ~ p t _ C H 3  is dependent primarily on the ligand 
trans to methyl (26-28), with, for example, typical ranges of 
67-74 Hz trans to pyridine, and 77-82 Hz trans to water. I3c 
NMR spectra can also provide useful information, although 
'J,,, tends to be influenced more, relatively, by ligands cis to 
methyl than 2p,-Cn3 (7, 29). The shielding of the methyl I3c 
nucleus also depends on the trans ligand, with higher nuclear 
shielding trans to water than trans to halide (cf., 'H (28) or ' 5 ~  

(30) bound to platinum). Other resonances in ',c and 'H NMR 
can also provide useful confirmation of structure. For exam- 
ple, for complexes [PtMe,XYpy,], the number of distinct res- 
onances from pyridine ligands and the values of coupling 
constants to 1 9 5 ~ t  (expected to be small trans to methyl) help to 
confirm the structures assigned. 

The dependence of S(Pt) on the ligand set (especially the 
donor atoms), including the well-known shielding of the metal 
nucleus when bound to heavy donor atoms (e.g., I-, S-donors) 
(30-32), provided confirmation of the ligands bound to plati- 
num. 

NMR data are given in Table 1, and microanalyses in Table 2. 

X = Br 
As mentioned above, [{PtMe,Br,],,] (4) was previously pre- 
pared by reaction of [{PtMe,(p,-I)],] with bromine (25), or by 
reaction of [PtMe,(cod)] with bromine (22). We found that 
[PtMe,(nbd)] reacts with bromine in a similar way to give 4 in 
good yield. IR spectroscopy has shown that there are both ter- 
minal and bridging bromide ligands in 4, and, from compari- 
son of the spectrum with that of [{PtMe,(p,-Br)],], a 
"cubane" structure with triply bridging bromide, has been pro- 
posed (33), analogous to that in [{PtBr(-CH,CH,CH,)(p,- 
Br)],] (34). 4 is insoluble in non-coordinating solvents and in 
water, but dissolves in methanol to yield [PtMe,Br,(MeOH),] 
(11) (29). 

[PtMe,Br,py,] (6) was previously prepared by reaction of 4 
with pyridine (25). This isomer, with pyridine trans to the 
methyl groups, is expected because the high trans effect of the 
methyl groups will direct the incoming pyridine ligands to the 
trans coordination sites. This trans effect also facilitates 
removal of pyridine by acid, to re-form 4. We have also pre- 
pared 6 by reaction of cis-[PtMe,py,] (8) with bromine in 
choroform. [PtMe,(tmen)] with bromine in chloroform 
yielded [PtMe,Br,(tmen)] (12), which gave 4 when a suspen- 
sion in dilute aqueous perchloric acid was refluxed for 3 h. 

An aqueous solution of fac-[PtMe,Br(H,O),](NO,) (3) was 
prepared by reaction of a suspension of 4 in water with one 
mol equivalent of silver nitrate (2). 

X = C1 
As noted above, [PtMe,Cl,py,] (7) was prepared by reaction 

X Y L  X 

Br Br py 6 SCN 42 

Br Br MeOH 11 

Br C1 MeOH 17 

I I PY 21 SCN 43 

OH OH (bpy)/2 29 SCN 
I 

OMe OH (bpy)/2 32  OH^ 
OMe OH py 33  44 

OMe C1 py 34 

OEt OH py 38 

of [PtMe,Br,py,] (6) with chlorine in refluxing chloroform 
(25). This preparation worked well provided that sufficient 
chlorine was passed through the solution. When the supply of 
chlorine was limited, an additional product was present, 
which, from NMR data (Table I), was identified as 
[PtMe,ClBrpy,] (13). The 19'pt chemical shift was close to 
midway between S,, for 6 and 7. There was only one singlet 
with satellites for the methyl groups, and only one set of pyri- 
dine peaks in 'H and ',c NMR spectra. The Pt-CH, coupling 
constant was consistent with pyridine as the ligand trans to 
methyl (26-28). The 'H-coupled I9'pt NMR spectrum for 
each of the compounds 6, 7, and 13 showed a septet, as 
expected from coupling with the protons of two equivalent 
methyl groups. We have also prepared 7 by reaction of chlo- 
rine with cis-[PtMe,py,] (8) in chloroform. 

Hall and Swile (33) reported the preparation of 
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Table 2. Analytical results. 

Can. J.  Chem. Vol. 74, 1996 

Analyses, found (calcd.) 

Compound C H N 

[{PtMe,Cl,),] (14) by refluxing a suspension of 
[PtMe,Cl,py,] (7) in aqueous perchloric acid, followed by 
concentration of the resultant solution. This preparation differs 
from that of the dibromo analogue, 4, in that 4 is always 
present as a solid suspended in the reaction mixture once the 
pyridine has been removed from 6, while reaction of 7 under 
similar conditions yields a clear solution. The desired product, 
14, does indeed precipitate when the solution is concentrated, 
but care needs to be taken as contamination with 
[Hpy]+(ClO,)- can occur if too much solvent is removed. The 
product obtained by following the procedure given in the 
Experimental Section gave an IR spectrum similar to that 
described by Hall and Swile (33), who interpreted the spec- 
trum in terms of a tetrameric structure, [{PtMe,Cl(p3-Cl)),]. 
There were no peaks attributable to [Hpy](ClO,), and no peaks 
assignable to coordinated water, in the IR spectrum. 

The solid 14 was insoluble in chloroform and dichlo- 
romethane. Like the dibromo analogue, 4, it dissolved readily 
in methanol. NMR data (Table 1) were all consistent with the 

resence of [PtMe,Cl,(MeOH),] (15) in solution. The 'H and 
P3C spectra in CD30D each showed a singlet with satellites 
from the methyl groups. The Pt-CH3 coupling constant was 
consistent with methanol as the ligand trans to methyl 
(26-29). The 'H-decoupled ' " ~ t  NMR spectrum in methanol 
showed a single peak, at significantly higher frequency than 
that for [PtMe,Br,(MeOH),] ( l l ) ,  as expected with replace- 
ment of bromo by chloro ligands (30-32). The i~ -coup led  
lg5pt spectrum showed a septet. 

Unlike 4, the solid 14 dissolved slowly in water. Prolonged 
standing was required, although the process was accelerated 
by ultrasonication, but the material was ultimately quite solu- 
ble. NMR data were quite similar to those for the methanol 
complex 15, including the observation of a septet in the 'H- 

coupled Ig5pt NMR spectrum. The complex in solution was 
therefore formulated as [PtMe2Cl,(H20),] (16). The 'H and 
13c NMR spectra in D,O showed no detectable pyridine 
peaks. The aqua complex 16 is formed when [PtMe,Cl,py,] 
(7) reacts with aqueous perchloric acid, and does not precipi- 
tate from dilute solution. 

If a small amount of [PtMe,BrClpy,] (13) was present as an 
impurity with [PtMe,Cl,py,] (7) in the solid that was treated 
with perchloric acid, and the solid isolated after concentration 
of the solution was dissolved in methanol, peaks assignable to 
[PtMe,BrCl(MeOH),] (17) were observed in the 'H, I3c, and 
' " ~ t  NMR spectra. A solution of the same solid in D 0 13 showed peaks from [PtMe,BrCl(D,O),] (18) in the 'H and C 
NMR spectra. 

It was also possible to obtain [{PtMe,Cl,),,] (14) by reac- 
tion of [PtMe,(nbd)] (5) with chlorine, but it was not always 
easy to separate the product from compounds formed by chlo- 
rination of nbd. 

Refluxing an aqueous solution of [PtMe,Cl,(H,O),] (16) 
with one mol equivalent of silver perchlorate gave a solution 
of fa~-[PtMe,Cl(H,O)~](Cl0~) (19). 

X = I  
[{PtMe,I,),,] (20) was prepared by Clark and Manzer (22) by 
reaction of [PtMe,(cod)] with iodine. We prepared 20 by a 
similar reaction, starting with [PtMe,(nbd)] (5). Hall and 
Swile (25) reported that [{PtMe,I.PtMe,I,),,] is sometimes 
formed as a by-product in the preparation of [{PtMe3(p3-I))4] 
from K,[PtC]6] and methyl Grignard reagent. They prepared 
[PtMe212py2] (21) and [PtMe212(en)] (22) (en = 1,2-diamino- 
ethane) from reaction of this solid with pyridine and en, 
respectively, and isolated 20 by reaction of 22 with aqueous 
HClO,. 
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We prepared [PtMe,I,py,] (21) by reaction of cis- 
[PtMe,py,] (8) with iodine in chloroform. Reaction of an 
aqueous suspension of 21 with perchloric acid gave 20, which, 
like the dibromo analogue, 4, was insoluble in nondonor sol- 
vents and in water. Reaction of a suspension of 20 in dilute 
aqueous perchloric acid with one mol equivalent of silver per- 
chlorate gave a solution of fac-[PtMe,I(H20)3](C104) (23). 
Solid [{PtMe,I(OH)),,] began to precipitate from a solution of 
23 if the pH of the solution was increased above 2, so the dilute 
perchloric acid was necessary to keep 23 in solution. A minor 
set of methyl peaks (up to 10% of total intensity) was also 
present in NMR spectra of a D 2 0  solution (S(H) 1.22, 2 ~ p t - C H ,  

81.6 Hz; S(C) - 13.2, ' J ~ , - ~  679.7 Hz) that did not correspond 
to any previously reported compound. The NMR parameters 
correspond to a platinum(1V) complex with methyl trans to 
aqua, and the species present has been tentatively formulated 
as [P~M~(D,o),]~+ (24). 

X = CN 
We previously reported (7) the preparation of some dimethyl- 
cyano complexes, including [PtMe,(CN)Ipy,] (25) (by reac- 
tion of cis-[PtMe,py,] (8) with ICN), [(PtMe,(CN)I),,] (26) 
(by reaction of 25 with HCIO,), [{PtMe,(CN)Br),,] (by acidi- 
fication of a solution of [PtMe,Br(CN),(H,O)]-), and 
[ {  PtMe,(CN), ),,I (27) (by acidification of a solution of 
[PtMe,(CN)3(H,0)]-). A solution of fac-[PtMe,(CN)- 
(MeOH)3](C10,) in methanol was prepared by reaction of 25 
successively with AgC10, and HCIO, in methanol, but 
attempts to obtain a solution of fac-[PtMe2(CN)(H20)3]+ (e.g., 
by addition of dilute aqueous HClO, to the methanol solution 
of fac-[PtMe2(CN)(MeOH)3](C104)) caused precipitation of 
[{PtMe,(CN)(OH).3H,O ),,I (7). 

An attempt was made to prepare 26 directly by reaction of 
[PtMe,(nbd)] (5) with ICN in chloroform. A white solid 
precipitated that appeared to be a mixture of 26 and 
[PtMe(CN)(nbd)]. 

An alternative method was also used to prepare 
[{PtMe,(CN),),,] (27). A methanol solution of [PtMe,- 
(CN)Ipy,] (25) was refluxed with one mol equivalent of 
AgClO,. After removal of precipitated AgI, the solution 
would then contain [PtMe2(CN)py2(MeOH)](C10,). One mol 
equivalent of KCN was added, and the solution was heated. 
The solution would now contain [PtMe,(CN),py,]. Perchloric 
acid was added and the solution again refluxed. Solid 
[{PtMe,(CN),),,] (27) precipitated (v(C=N) 2201 cm-'). It 
has been suggested (7) that 27 is a network polymer, with Pt- 
CEN-Pt bridging. 

X = O H  
The amphoteric solid [{PtMe,(OH),),]~mH,O (28) was previ- 
ously prepared by reaction of [{PtMe,Br,),,] (4) with NaOH 
solution, followed by neutralization with HC10, solution (3). 

i Monaghan and Puddephatt (21) reported that a complex for- 
mulated as [PtMe,(OH)(H,O)(bpy)](OH) or as [PtMe,(OH),- 
(bpy)].H,O (29) was obtained by prolonged stirring of a sus- 
pension of [PtMe,(bpy)] (9) in water. We have repeated this 
preparation with similar results. Addition of HCIO, solution to 
this compound did not cause displacement of the bpy ligand. 

cis-[PtMe,py,] (8) was sparingly soluble in water, slowly 
dissolving with prolonged stirring or gentle heating. 'H and 
13c NMR spectra of a D,O solution showed peaks correspond- 

ing to methyl groups bound to platinum(1V) trans to pyridine, 
as well as peaks from coordinated pyridine. The species in 
solution was formulated as [PtMe,(OD),py,] (30). Removal of 
solvent water yielded [PtMe2(OH),py2I~6H,O as a white 
hygroscopic solid. The reaction of water with 8 presumably 
gives an initial hydrido product, [PtMe,(OH)(H)py,], which 
then reacts with water to give 30 and Hz (21,35). When HClO, 
solution was added to a solution of 30, pyridine was displaced 
to give c ~ s - [ P ~ M ~ ~ ( H ~ o ) , ] ~ +  (3) in solution, with Hpy'. 

[PtMe,(tmen)] (10) was insoluble in water, and no change 
occurred when an aqueous suspension was allowed to stand. 
When the suspension was heated under reflux, the solid dis- 
solved, with some deposition of platinum metal. 'H and I3c 
NMR spectra of a D,O solution were consistent with the pres- 
ence of [PtMe,(OD),(trnen)] (31). Removal of solvent water 
gave [PtMe2(OH),(tmen)].7H2O as a white hygroscopic solid. 
Heating a solution of 31 with aqueous HCIO, gave 3 in solu- 
tion, with ( ~ ~ t m e n ) " .  

[PtMe,(nbd)] (5) was insoluble in water, and no change 
occurred when an aqueous suspension was allowed to stand. 
When the suspension was heated under reflux for 30 min, 
the color of the suspended solid changed from cream to 
white. This solid dissolved in both acid and alkali, and the 
solution in D,SO,-D,O gave a 'H NMR spectrum corres- 
ponding to cis-[P~M~,(H,o),]'+ (3). The solid was therefore 
formulated as [{PtMe,(OH),),,]~mH,O (28), presumably 
formed by loss of nbd from a platinum(1V) intermediate 
[PtMe,(OH),(nbd)]. 

X  = OMe 
Monaghan and Puddephatt (21) reported that [PtMe,(bpy)] (9) 
reacts with methanol to give [PtMe,(OMe)(H,O)(bpy)].OH. 
An alternative formulation of this product is 
[PtMe,(OMe)(OH)(bpy)].H,O (32), although the ionic formu- 
lation was preferred by Monaghan and Puddephatt because 
conductivity of an aqueous solution corresponded to a 1: 1 
electrolyte (21). We have reproduced this synthesis. The bpy 
ligand was not displaced when a solution in dilute aqueous 
HCIO, was heated under reflux. 

cis-[PtMe,py,] (8) dissolved in methanol to produce a yel- 
low solution that faded to colorless over 2 h. After 6 h, solvent 
was removed to give a solid whose 'H and I3c NMR spectra in 
D 2 0  each showed one singlet with satellites from methyl-plat- 
inum groups trans to pyridine, one set of peaks from coordi- 
nated pyridine, and a singlet with satellites assigned to 
methoxide bound to platinum(1V). No peaks from Pt-H were 
observed in the 'H NMR spectrum. The solid analysed for 
[PtMe2(OMe)(OH)py2]4H,O, and was nonconducting in 
aqueous solution. The compound present in solution was 
therefore formulated as [PtMe,(OMe)(OH)py,] (33). Heating 
a solution of 33 in methanol with sodium chloride gave 
[PtMe,(OMe)Clpy,] (34). 

Heating 33 with aqueous perchloric acid caused removal of 
the pyridine ligands to give fac-[PtMe,(OMe)(H,0)3](C104) 
(35) in solution (with [Hpy](ClO,)). The methoxide ligand 
remained bound to platinum, as evidenced by the observation 
of coupling to 1 9 5 ~ t  in 'H and I3c NMR spectra in D20. Even 
several days' standing in 0.5 M HClO, solution did not cause 
detectable reaction. Addition of NaOH solution to increase the 
pH to 4 caused precipitation of a white solid, which, after dry- 
ing, analysed for [{PtMe,(OMe)(OH)3H,0)r,] (36). This 
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solid slowly redissolved in dilute aqueous HClO, solution to 
give a solution of 35. 

Addition of one mol equivalent of NaCl to an aqueous solu- 
tion of 35 caused slow precipitation of a white solid, which 
analysed for [(PtMe,(OMe)Cl.H,O),,] (37). The same product 
was obtained by reaction of a methanol solution of 
[PtMe,(OMe)Clpy,] (34) with HCIO,. Refluxing an aqueous 
suspension of 37 with one mol equivalent of AgClO, gave 
AgCl and 35 in solution. 

[PtMe,(tmen)] (10) was not soluble in methanol. With 
standing it did dissolve, but appeared to give a mixture of 
products. [PtMe,(nbd)] (5) was not soluble in methanol, and 
did not react, even under reflux. 

'The chemical stability of these methoxide complexes is 
remarkable compared with the reactivity of most transition 
metal alkoxides toward hydrolysis and P-hydride elimination. 
Monaghan and Puddephatt (21) noted the robustness of 32 and 
its phenanthroline analogue, and Abbott and co-workers (36) 
found that non-organometallic platinum(1V) alkoxides such as 
trans-[Pt(malonato)2(OR)(OH)] hydrolysed very slowly in 
acidic solution. It is noteworthy that in these compounds the 
robust platinum-alkoxide bonds are all trans to ligands with 
weak to moderate trans effects. The trimethylplatinum(1V) 
alkoxide, [(PtMe,(OMe)),,], is presumably tetrameric with 
triply bridging methoxide trans to methyl groups, which have 
high trans effect. It is very sensitive to hydrolysis, and has not 
been completely characterized (37). 

X = OEt 
Monaghan and Puddephatt (2 1) found that ethanol reacted with 
[PtMe,(bpy)] (9) in a manner similar to methanol. We 
prepared ethoxide complexes by procedures similar to those 
used for analogous methoxide compounds: [PtMe,(OEt)- 
(OH)py,].3H20 (38), fac-[PtMe,(OEt)(H,0)3]+ (39) (in solu- 
tion), [(PtMe2(OEt)(OH)~0.5H2O),,] (40), and [{PtMe,- 
(OEt)C1.2H20),] (41). Both [PtMe,(tmen)] (10) and 
[PtMe,(nbd)] (5) were insoluble in ethanol, and no reaction 
was observed when these substances were heated with ethanol. 

X = SCN 
Reaction of an aqueous solution of c~s-[P~M~,(D~o),]~'  (3) 
with two mol equivalents of NaNCS in D,O gave a species in 
solution whose 'H NMR spectrum showed one singlet with 
satellites from the methyl groups. The Pt-CH, coupling con- 
stant, 65.6 Hz, was relatively low, as would be expected 
if the methyl groups were trans to S-bound thiocyanate. 
The complex present was therefore formulated as 
[PtMe,(SCN),(D,O),] (42) in which thiocyanate ligands have 
replaced the water molecules initially coordinated trans to 
methyl. Heating a solution of 42 with more NaNCS ultimately 
gave c~s-[P~M~,(scN),]~- (43) in solution, with low concen- 
trations of fac-[PtMe2(SCN),(D20)]-(44) detected as an inter- 
mediate when the reaction was monitored by 'H NMR. 43 was 
previously obtained by reaction of fac-[PtMe,Br(H,O),]+ (2) 
with excess KNCS (2). When a solution of 42 was allowed to 
stand, [(PtMe,(NCS),),,] (45) slowly precipitated. This solid, 
which is probably polymeric with Pt-N=C-S-Pt bridging, was 
previously obtained when a solution of fac-[PtMe,Br- 
(scN)~]'- was allowed to stand (2). 

Heating a D,O suspension of 45 with one mol equivalent of 
AgClO, gave C~S-[P~M~,(D,O),]~+ (3) as the only methyl-plat- 

inum compound detectable by 'H NMR (30% yield after 3 h). 
When a solution of fa~-[PtMe,Br(D,0)~I(N0~) (2) in D,O 
was refluxed with excess AgSCN for 3 h, then filtered, three 
methyl-platinum(IV) species were detected by 'H and 13c 
NMR in the filtrate: starting complex 2, 3, and a third species 
that was probably ~ ~ C - [ P ~ M ~ , ( S C N ) ( D , O ) ~ ] +  (46). It was 
present in only 20% yield at this stage of the reaction, and, 
with further heating, these peaks decreased in intensity. No 
Ig5pt peak was observed in the region corresponding to the 
anticipated chemical shift of 46 (between - 1000 and -2000 
ppm). A peak was observed at -3 18 ppm, which could corre- 
spond to a platinum(I1) species such as [Pt(SCN)(D,0)3]+ (30, 
38, 39), which could be formed by reductive elimination of 
ethane from 46. 

X = NO, 
Reaction of NaNO, with a D20 solution of cis- 
[P~M~,(D~O),]'+ (3) gave [PtMe2(NO2l2(D20),1 (47) in solu- 
tion, but no solid precipitated from this solution. Heating with 
excess NaN0, gave C~S-[P~M~,(NO,),]'- (48) in solution, pre- 
viously obtained by heating fa~-[PtMe,Br(H,0)~](N0,) (2) 
with excess NaN0, (2). The Pt-CH3 coupling constants in 
these compounds corresponded to methyl groups trans to N- 
bound nitrite. 

A solution of fa~-[PtMe,Br(D,0)~](N0~) (2) in D,O was 
refluxed with A~("No,). A new set of peaks was observed in 
each of the 'H and 13c NMR spectra, corresponding to methyl 
groups trans to water. The lg5pt NMR spectrum showed a dou- 
blet from coupling with Ig5pt, indicating that one nitrite ligand 
was bound to platinum through nitrogen. The ' 9 5 ~ t - 1 5 ~  COU- 

pling constant, 664.1 Hz, was as expected for nitrite bound to 
platinum(1V) trans to a ligand of low trans influence (40,4 1). 
The species in solution was therefore formulated as fac- 
[P~M~,('~NO,)(D,O)~]+ (49). 

Experimental section 

Literature methods were used to prepare the starting materials 
[PtMe,(nbd)l (5) (241, [PtMe,(tmen)l (8) (241, [{PtMe,Br,),,I 
(4) (421, [ { PtMe,(OH), ),,l.mH20 (28) (42), and fac- 
[PtMe2Br(H20)3]+ (2) in solution (2). Microanalyses were 
provided by the microanalytical service in this department. 

100 MHz 'H, 25.1 MHz I3c, and 21.4 MHz Ig5pt NMR 
spectra were run on a JEOL FX-100 spectrometer, 200 MHz 
'H and 50.2 MHz l3c NMR spectra on a Bruker ACF 200 
spectrometer, and 400 MHz 'H spectra on a JEOL GX-400 
spectrometer. Details of acquisition were as previously 
described (12, 24). All shifts are ositive to higher frequency. 

79s Unless otherwise stated, I3c and Pt spectra were 'H-decou- 
pled. For 'H and "C spectra in organic solvents, the reference 
was tetrarnethylsilane (TMS). For I3c NMR spectra in D20, 
dioxane was used as an internal reference with S(C) taken as 
67.73. For 'H NMR spectra in D,O, the reference was the 
methyl signal of Na(Me3Si(CH2),SO3) (TSS). For ' " ~ t  spec- 
tra the reference was a separate sample containing 0.5 g 
Na,[PtC16] per cm3 (s(P~) = 0). 

Preparation of cis-[PtMe2py2] (8) 
This procedure described below is a modification of that pre- 
viously described (24). cis-[PtMe,(nbd)] (5) (3.2 g, 10.1 
mmol) was dissolved in 25 cm3 freshly distilled dry diethyl 
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ether. Dry distilled pyridine (2.45 cm3, 30.3 mmol) was slowly 
added while the solution was stirred under nitrogen, and with 
the flask shielded from light with aluminum foil. Stirring was 
continued for 30 min, during which time the product deposited 
from solution. It was filtered off, and washed with small vol- 
umes of ether, then with hexane, then dried in the dark under 
reduced pressure. Yield was 3.1 g (80%). A second crop was 
obtained if the filtrate was stirred for several hours more in the 
dark. 

Oxidative additions to [PtMe,(nbd)] (5) 
The general method is similar to that described by Clark and 
Manzer for reactions of [PtMe,(cod)] (22), and is illustrated 
by the reaction of 5 with bromine. 

Reaction of 5 with bromine 
[PtMe,(nbd)] (5) (0.30 g, 0.95 mmol) was dissolved in dichlo- 
romethane (10 cm3), and bromine (0.15 g, 0.94 mmol) was 
added dropwise. The solution was stirred for 30 min. The yel- 
low product, [{PtMe,Br,},,] (4), precipitated during this time. 
It was filtered off, washed with dichloromethane, then with 
ether, and air-dried. Yield was 0.36 g (97%). 

Analogous reactions were carried out with other reagents, 
with variations as noted below. 

Reaction of 5 with iodirze 
i Yield of [{P~M~,I,},,] (20) (dark brown solid) was 0.40 g I (89%). 

Reaction of 5 with water- 
[PtMe,(nbd)] (5) (0.30 g) was suspended in water (20 cm3) 
and the suspension was heated under reflux for 1 h. The mix- 
ture was cooled, the white solid was filtered off, washed with 
water, then with acetone, and dried in a vacuum desiccator 
over phosphorus(V) oxide. Yield of [{PtMe,(OH), 1 .5H20},,] 
(28) was 0.12 g (46%). 

I 
Oxidative additions to cis-[PtMe,py,] (8) 
The general procedure is similar to that previously described 
(24) for reaction of 8 with MeI, and is illustrated by the reac- 
tion with bromine. 

Reaction of 8 with bromine 
cis-[PtMe,py,] (8) (0.50 g, 1.30 mmol) was dissolved in chlo- 
roform (10 cm3) and bromine (0.20 g, 1.30 mmol) was slowly 
added, with stirring. The solution was evaporated to dryness 
under reduced pressure, and the resultant yellow solid, 
[PtMe,Br,py,] (6), was washed with ether and dried in air. 
Yield was 0.70 g (99%). 

Variations for analogous reactions with other reagents are 
noted below. 

Reaction of 8 with chlorine 
Chlorine gas was bubbled through a chloroform solution (10 
cm3) containing 8 (1.30 mmol) for 10 min, then the solution 
was taken to dryness. The pale yellow product, [PtMe,Cl,py,] 
(7), was obtained in 97% yield. 

Reaction of 8 with iodirze 
The brown solid, [PtMe,I,py,] (21) was obtained in 56% 
yield. 

Reaction of 8 with cyanogen iodide 
The reaction with ICN was carried out in benzene. The white 
product, [PtMe,(CN)Ipy,] (25), was obtained in 96% yield. 

Reaction of 8 with water 
cis-[PtMe2pyt] (8) (0.20 g, 0.52 mmol) was suspended in 
water (20 cm-) and the suspension was stirred for 12 h, during 
which time the solid dissolved. Solvent water was removed 
under reduced pressure, and the resultant white solid was dried 
in a vacuum desiccator over phosphorus(V) oxide. Yield of 
[PtMe2(0H)2py2].6H20 (30) was 0.26 g (95%). 

Reaction of 8 with methanol 
cis-[PtMe,py,] (8) (0.30 g, 0.78 mmol) was dissolved in dry 
methanol (20 cm3). The solution was allowed to stand for 6 h, 
then taken to dryness under reduced pressure. The oily 
material was washed with a small volume of water, then 
with acetone, and dried in air. Yield of the white solid, 
[PtMe2(OMe)(OH)py,]4H20 (33), was 0.38 g (95%). 

Reaction of 8 with ethanol 
The reaction was carried out in a similar way to that with 
methanol, except that the ethanol solution was allowed to 
stand for 9 h. Yield of the white solid [PtMe,(OEt)- 
(OH)py2].3H20 (38) was 85%. 

Oxidative additions to [PtMe,(tmen)] (10) 

Reaction of 10 with bromine 
The reaction was carried out in a similar way to that of cis- 
[PtMe,py,] (8) with bromine. Yield of the yellow solid 
[PtMe2Br2(tmen)] (12) was 94%. 

Reaction of 10 with water 
[PtMe,(tmen)] (10) (0.30 g) was suspended in water (20 cm3) 
and the suspension was heated under reflux 20 min. During 
this time the solid dissolved. The solution was filtered, and 
water was then removed under reduced pressure. The resultant 
white solid was washed with a small volume of water, then 
dried in a vacuum desiccator over phosphorus(V) oxide. Yield 
of [PtMe2(OH),(tmen)].7H,0 (31) was 0.13 g (72%). 

Preparation of [PtMe,(OMe)Clpy,] (34) 
[PtMe2(OMe)(OH)py2]4H,0 (0.30 g, 0.60 mmol) was dis- 
solved in methanol (20 cm3) and solid sodium chloride (0.035 
g, 60 mmol) was added. The mixture was heated at 50°C for 2 
h. The solution was then filtered, and taken to dryness. The 
resultant white solid was washed with ether and air-dried. 
Yield of 34 was 0.23 g (86%). 

Reaction of [PtMe,Br,py,] (6) with chlorine 
A sample of 6 was prepared, either from cis-[PtMe,py,] (8) 
and bromine as detailed above, or by reaction of 
[{PtMe2Br2},,] (4) with pyridine (25). To convert 8 completely 
to [PtMe2C12py2] (7), the following procedure, based on that 
of Hall and Swile (25) was used. A solution of 6 (3.0 g) in 
chloroform (50 cm3) was brought to reflux. Chlorine gas, gen- 
erated by reaction of MnO, with concentrated HCl, was bub- 
bled through the refluxing solution, which turned orange due 
to the release of Br,. A pale yellow solid precipitated. Heating 
and passage of C1, was continued for 30 min. The solid was 
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filtered off and washed with cold chloroform. To ensure that 
none of the pyridine ligands were lost in the chlorination treat- 
ment, the solid was dissolved in pyridine at ambient tempera- 
ture, and recovered by removal of pyridine under reduced 
pressure. It was then redissolved in the minimum volume of 
hot chloroform, and crystallized by addition of ethanol. Yield 
of [PtMe,Cl,py,] (7) was 2.1 g (85%). 

To obtain a product that contained approximately equimolar 
quantities of 7 and [PtMe,BrClpy,] (13), a similar procedure 
was used, except that passage of chlorine was stopped as soon 
as a solid precipitated. 

Removal of coordinated pyridine from [PtMe,X,py,] and 
[PtMe,XYpy,l 

The general procedure is illustrated by the removal of pyridine 
from [PtMe,Br,py,] (6), based on the procedure of Hall and 
Swile (25). Variations in particular cases are noted. 

Preparation of [(PtMe2Br2Jn] (4) from [PtMe2Br2py2] (6) 
To a suspension of 6 (0.30 g) in water (10 cm3) was added 0.5 
cm3 70% perchloric acid. The mixture was heated under reflux 
3 h. The yellow solid was filtered off, washed with water, then 
with acetone, and air-dried. Yield of [{PtMe,Br,],] (4) was 
0.21 g (98%). 

I 

I Preparation of [(PtMe212Jn] (20) from [PtMe,Igy2] (21) 
I Yield of the dark brown solid, 20, was 76%. 

Preparation of [(PtMe2C12Jn] (14) from [PtMe2Clgy2] (7) 
To a suspension of 7 (0.40 g) in water (30 cm3) was added 1 
cm3 70% HClO,. The mixture was heated under reflux 1 h, to 
give a clear pale yellow solution, which was filtered. Water 
was removed under high vacuum while the flask was 
immersed in a water bath at 50°C (higher temperatures could 
lead to decomposition) until a solid began to precipitate. The 
flask was stored overnight in a refrigerator. The pale yellow 
solid was filtered off, washed quickly several times with small 
volumes of ice-cold water, dried in air, then in a vacuum des- 
iccator over CaCl,. Yield of 14 was 0.17 g (65%). 

Preparation of [(PtMe2](CN)2)n] (27) 
A sample of [PtMe,(CN)Ipy,] (25) was prepared (7), and 0.4 g 
(0.75 mmol) was dissolved in methanol (30 cm3). AgClO, 
(0.155 g, 0.75 mmol) was added, and the mixture was heated 
under reflux for 15 min. Precipitated AgI was filtered off, and 
KCN (0.49 g, 0.75 mmol) was added to the filtrate, which was 
then heated under reflux for 15 min. Perchloric acid (0.5 cm3 
70% solution) was added (CAUTION - HOOD) and the 
solution was heated under reflux 1 h. The solution was filtered, 
then reduced in volume under reduced pressure to 1 cm3. 

I Water (5 cm3) was added. A colorless solid formed, which was 
1 filtered off, washed with water, then with acetone, and air- 
I dried. Yield of 27 was 0.18 g (77%). 

Reaction of [PtMe2(0H)gy2]. 6H20 (30) with HClO, 
30 (0.30 g) was suspended in water (10 cm3) and 0.5 cm3 70% 
HClO, solution was added. The solid dissolved. The solution 
was heated at 80°C 30 min, then filtered and concentrated 
under reduced pressure to 3 cm3. I3c and lg5pt NMR s ectra E showed that the solution contained cis-[PtMe,(H,O),] (3). 
The solution also contained [Hpy](ClO,). 

Addition of 1 M NaOH solution to increase the pH to 7 
caused precipitation of a white solid, which was filtered off, 
washed with water, then with acetone, and dried in a vacuum 
desiccator over phosphorus(V) oxide. Yield of 
[{PtMe2(OH)2,~H20]n] (28) was 0.15 g, 91% based on 30. 
Dissolution of the solid in the minimum volume of 1M HC10, 
solution gave a solution of cis-[PtMe,(H2O),](C10,), free 
from pyridinium salts. 

Reaction of [PtMe2(OMe)(OH)py214H20 (33) with HC10, 
A sample of 33 was treated in a similar way to that described 
above for 30, except that the solution was heated for only 15 
min. NMR spectra of the resultant solution were consistent 
with the presence in solution of fac-[PtMe,(OMe)(H,O),]+ 
(35) as well as Hpy'. 

Addition of 1 M NaOH solution to increase the pH to 4.0 
caused precipitation of a white solid that was filtered off, 
washed with water, and dried in a vacuum desiccator over 
phosphorus(V) oxide. Yield of [{PtMe2(OMe)(OH)3H20],,] 
(36) was 65% based on 33. 

NaCl (0.032 g, 0.54 mmol) was added to 3 cm3 0.180 M 
[PtMe2(OMe)(H20)3]+ solution (containing 0.54 mmol 35). 
The mixture was stirred to dissolve the solid, then allowed to 
stand for 12 h. The white solid that precipitated was filtered 
off, washed with water, and dried in a vacuum desiccator over 
phosphorus(V) oxide. Yield of [{PtMe,(OMe)Cl.H,O],,] (37) 
was 0.15 g (91%), based on the quantity of 35 initially in solu- 
tion. 

Reaction of [PtMe2(OEt)(OH)py,]3H20 (38) with HC10, 
Similar procedures to those used for the methoxide complexes 
gave fac-[PtMe2(OEt)(H20)3]+ (39) in solution, and the white 
solids [{PtMe2(OEt)(OH)~0.5H20),] (40) (59% yield based 
on 38) and [{PtMe2(OEt)C1~2H20],] (41) (89% based on the 
quantity of 39 initially in solution). 

Removal of coordinated tmen from [PtMe,X,(tmen)] 
[(PtMe,Br,),] (4) was prepared from [PtMe,Br,(tmen)] (12) 
in 95% yield by a similar procedure to that described above, 
starting with the bis(pyridine) analogue, 6. 

A solution of c i s - [ ~ t ~ e , ( ~ , 0 ) , ] ~ +  (3), with ~,tmen,+, was 
prepared from [PtMe,(OH),(tmen)]7H20 (31) by a procedure 
similar to that described above for the pyridine analogue, 30. 

Preparation of [{PtMe,(SCN),),] (45) 
Solid [{PtMe,(OH),. 1.5H20),] (28) (0.20 g, 0.70 mmol) was 
dissolved, with warming and stimng, in the minimum volume 
of 1 M HClO, solution. NaNCS (0.12 g, 1.48 mmol) was 
added, and the solution stirred to dissolve the solid. The solu- 
tion was allowed to stand 24 h, during which time a pale yel- 
low solid formed. The solid was filtered off, washed with 
water, then with acetone, and dried in a vacuum desiccator 
over silica gel. Yield of 45 was 0.13 g (54%). 

Preparation of fac-[PtMe2X(H20)3]+ by halide abstraction 
from [{PtMe,XY},] 

The general procedure is illustrated by the preparation of fac- 
[PtMe2Br(H20)3]N03 (2) in solution, based on the procedure 
of Hall and Swile (2). 

Preparation of 3 in solution 
[{PtMe,Br,),] (4) (0.30 g, 0.78 mmol) was suspended in 
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water (10 cm3) containing AgN03 (0.13 g, 0.78 mmol), and 
the mixture was stirred while heated under reflux 2 h, with pro- 
tection from light. The mixture was cooled, and precipitated 
AgBr was filtered off, leaving [PtMe2Br(H20),]+ as the only 
methyl-platinum complex detectable by NMR in the yellow 
solution. The solution could be concentrated under reduced 
pressure, and the reaction could be carried out in D20, if 
desired. 

Complexes fac-[PtMe2X(H20),](NO3) (X = C1 (19), OMe 
(35)) were similarly prepared. For X = I (23), 0.20 cm3 70% 
HCIO, solution was added before the mixture was refluxed, to 
prevent precipitation of [(PtMe,I(OH)],,]. 

Preparation of ~~~-[P~M~~('~No,)(D,o)~](No~) (49) in 
solution 

N~("No,) (0.182 g, 2.6 mmol) was added to a solution of 
AgNO, (0.439 g, 2.6 mmol) in 5 cm3 water. Solid A ~ ( " N o ~ )  
precipitated, and was filtered off, washed with ice-cold water, 
and dried in a vacuum desiccator over silica gel. Yield was 
0.272 g (68%). 

To 5 cm3 0.26 M [PtMe2Br(D,0)3](N03) (2) solution in 
D 2 0  (1.3 mmol) was added A~("No,) (0.20 g, 1.3 mmol), and 
the mixture was heated under reflux for 1 h while protected 
from light. The mixture was cooled, and solid was filtered off. 
From NMR measurements, the yield of 49 in solution was 
70%. 

An analogous reaction of a solution of 2 with Ag(SCN) gave 
only 20% yield in solution of a complex formulated as fac- 
[PtMe2(SCN>(D20>31+ (46). 
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Synthesis and characterization of mono- and 
bi-nuclear palladium(ll) and platinum(l1) 
complexes containing acetamidine ligands 

Anshu Singhal and Vimal K. Jain 

Abstract: The reactions of [M2C12(p-C1)2(PR3)2] with acetamidines in 1:2 stoichiometry afforded mononuclear complexes, 
[MCl,(ArNHC(Me)NAr](PR,)] (I) (M = Pd or Pt; R, = Et,, Bu,, Me2Ph, MePh,; Ar = Ph or 4-MeC6H4 (tol)). Treatment 
of [M,Cl,(PR,),] with Li[ArNC(Me)NAr] under anerobic conditions gave acetamidino-bridged binuclear complexes, 
[M2C12(p-ArNC(Me)NAr),(PR,),] (11). The reaction of [ ~ d , ( p - ~ l ) , ( q ~ - a l l ~ l ) ~ ]  with Ag[ArNC(Me)NAr] gave acetamidino- 
bridged allyl complexes [~d,(p-~r~~(~e)~~r)~(q~-all~l)~] (111). All the complexes were characterized by elemental analyses 
and NMR ('H, ,'P, 1 9 5 ~ t )  spectroscopy. The mononuclear complexes (I) exist in two isomeric forms differing in the coordination 
of monodentate acetamidine ligand. The 3 ' ~  and 1 9 5 ~ t  NMR data on binuclear complexes (11) indicate that there is no significant 
Pt-Pt interaction. The allyl complexes (111) (allyl = C3H5) exhibit formation of all three possible isomers, whereas methallyl 
(allyl = C4H7) derivatives exist only in one configuration. 

Key words: palladium, platinum, acetamidine, NMR ('H, ,'P, 195~t) ,  mononuclear complexes, binuclear complexes. 

RCsumC : Les reactions du composk [M2C12(p-Cl)2(PR3)2] avec les acktamidines dans un rapport de I : 2 conduisent aux 
complexes mononuclkaires [MCI,(ArNHC(Me)NAr)(PR,)] (I) (M = Pd ou Pt; R, = Et,, Bu,, Me2Ph, MePh,; Ar = Ph ou 
4-MeC6H4(tol). En traitant le compost [M2Cl4(PR,),] avec le Li[ArNC(Me)NAr], dans des conditions anakrobiques, on obtient 
les complexes binuclkaires avec le groupe acktamidino pontk, [M2C12(p-ArNC(Me)NAr)2(PR3)2] (11). La reaction du 
[~d,(p-Cl) , (q~-al l~l)~]  avec Ag[ArNC(Me)NAr] donne les complexes allyliques avec le groupe acktamidino pontt : 
[~d,(p-~rNC(Me)~~r)~(q~-all~l)~] (111). On a caractkrisk tous les complexes par analyse klkmentaire et par la spectroscopie de 
RMN du 'H, ,'P, et 1 9 5 ~ t .  Le complexe mononucltaire (I) existe sous deux formes isomkres qui different par la coordination du 
ligand acktamide monodentate. Les donnkes de la RMN du ,'P et du 1 9 5 ~ t  indiquent qu'il n'y a pas d'interaction Pt-Pt 
significative dans les complexes binuclkaires (11). Les complexes allyliques (111) (allyle = C3H5) montrent la formation de tous 
les trois isomkres possibles, tandis que les dCrivks mkthallyliques (allyl = C4H7) existent seulement dans une seule configuration. 

Mots clis : palladium, platine, acetamidine, RMN du 'H, 3 1 ~ ,  I9'pt, complexes mononuclkaires, complexes binuclkaires. 

[Traduit par la rkdaction] 

Introduction 

Recently we isolated a series of binuclear palladium(I1) and 
platinum(I1) complexes containing one-, two-, and three-atom 
donor bridging ligands (1-3). The complexes with three-atom 
donor bridging ligands, e.g., carboxylate (2) and triazenido 
(3), show unusually strong metal-metal interactions in the d8 
configuration of the metal ion. To assess whether a metal- 
metal interaction in a dB configuration is a general feature of a 
three-atom bridging ligand, we have chosen amidines that are 
isoelectronic to carboxylate and triazenes as ligands. 

A wide variety of platinum group metal complexes of 
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amidines as well as their anions are now known. The anion 
acts in a monodentate (4, 5), bidentate chelating (6, 7), or 
bridging (8-10) fashion and also assists in stabilizing metal- 
metal bonds (1 1) in a manner similar to isoelectronic 1,3-di- 
substituted triazenido, carboxylato groups, etc. The amidino 
complexes are usually obtained either by the reaction of 
[RNCRfNR]- with metal salts or by deprotonation of coordi- 
nated neutral amidine in a precursor "M(NRCRfNHR)." Neu- 
tral amidines have two possible bonding sites, namely, via the 
amine-N or the imine-N atom; coordination through the latter 
is usually observed (4, 5, 12) rather than through more the 
basic amine-N atom. 

In view of the above and in pursuance of our interest in plat- 
inum group metal complexes we have synthesized a series of 
mono- and bi-nuclear palladium(I1) and platinum(I1) com- 
plexes with acetarnidines. 

Results and discussion 

The reaction of the chloro-bridged dimers [M2Cl2(~- 
Cl),(PR,),] with acetamidines in 1:2 stoichiometry read- 
ily afforded mononuclear complexes of the type 

Can. J. Chern. 74: 2018-2025 (1996). Printed in Canada I IrnprirnC au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Singhal and Jain 

Fig. 1. 1 9 5 ~ t ( 1 ~ )  (A) and "P( 'H]  NMR spectra (B) of the complex 
[PtCI,(PBu,)(PhNC(Me)NHPh)] in CDC1,. 

-3470 -3490 -3510 -3530 -3550 -3570 -3590 pprn 

[MCl,(PR,){ArNC(Me)NHAr]] (I) (M = Pd or Pt; R3 = Et,, 
Bu,, Me,Ph, MePh,; Ar = Ph or 4-CH3C6H, (tol)). The palla- 
dium complexes are yellow while the analogous platinum 
complexes are pale yellow. 

The , 'P spectra of most of these complexes showed two res- 
onances, except for a few platinum complexes where one res- 
onance with platinum satellites was observed. Similarly, the 
Ig5pt NMR spectrum of [PtCl,(PBu,) {PhNC(Me)NHPh)] dis- 
played two doublets (6 -3542.2 ppm (d), 'J(P~-P) 3361 Hz 
(major isomer); 6 -3534.8 ppm (d), 'J(P~-P) 3474 Hz (minor 
isomer)) (Fig. 1). The 'J(P~-P) coupling constants (Table 1) 
indicate that in every case nitrogen is trarzs to the phosphine 
ligand (13). One would expect a magnitude of 'J(P~-P) -3600 
Hz for cis configuration (phosphine trarzs to chloride). The 
palladium complexes appear to have a trans configuration 
since the IR spectra in the region 500-200 cm-' for both series 
of complexes are comparable. 

There are two different N donor atoms in amidines. Accord- 
ingly, two signals in the 3 1 ~  NMR spectra can be attributed to 
the molecules containing amino-N and imino-N coordinated 
ligand (Fig. 2). No isomerization was noticed on keeping 
the solution for few hours. We recently reported ligation 
via different nitrogen atoms in a triazene complex 

Fig. 2. Arnine-N and irnine-N coordination for arnidine ligand. 

R '  R  ' 
\ 
/ N =  \ N - M  

R-C 
// 

R - C  
\ 
_,- N - M 

R ' R ' 

[PtCl,(PBu,)(PhNNNHPh)] (3). Interestingly, the X-ray 
analysis of [Pt(C,H,)(CH,NMe,),-2,6] (tolNC(H)NHtol]]- 
[CF,SO,] revealed coordination through imino nitrogen, and 
this configuration is retained in solution (5). Coordination 
through imino nitro en has been suggested for the ally1 com- 5 plexes ( 3 ,  [PdCl(q -C3Hj){ArNC(H)NHAr)]; however, for 
these complexes Toni010 and co-workers (14) reported liga- 
tion via the more basic amine N atom. 

In the 'H NMR spectra the CMe and NH signals for the 
imine-coordinated isomer appeared at 6 - 1.8 and 8.50-9.06 
ppm, respectively. The assignment was made by comparison 
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IU Table 1. 'H and "P( 'H)  NMR data for palladium and platinum complexes containing acetamidine ligands. o 
IU 
0 

Complex 
"P NMR data 
s ( ' J  (Pt-P)) 'H NMR data" 

0.62d 
(3320 Hz) 

-7.5" 
(3357 Hz) 

-8.8 
(3470 Hz) 
-23.7" 
(3373 Hz) 
-25.0 
(3482 Hz) 

-7.9d 
(3290 Hz) 
-23.8" 
(3357 Hz) 
-25.1 
(3465 Hz) 

17.3 
2.9 

13.7 
10.4 

0.86 (apparent q, due to overlapping triplets, P-CH,), 1.39-1.58 (m, PCCH2CH2-); 1.85 (br, PCH,), 2.69 (s, CMe-); 
6.45 (s, NH); 7.01-7.43 (m, Ph), 8.64 (s, NH). 
1.76 (d, 12.6 Hz, PMe,); 1.78 (d, 12.3 Hz, PMe,),"1.82 (s, CMe)," 2.68 (s, <Me); 6,42 (s, NH); 7.01 (d, 7.5 Hz), 
7.16-7.43 (m), 7.75-7.86 (m) [Ph]; 8.57 (s, NH)." 
2.00 (d, 12.3 Hz, PMe), 2.01 (d, 12.0 Hz, PMe)," (d, 12.0 Hz, PMe); 1.85 (s, CMe)," 2.74 (s, CMe); 6.46 (s, NH); 
7.02 (d, 7.3 Hz), 7.22-7.46 (m); 7.67-7.77 (m) [Ph]; 8.64 (s, NH)." 
1.17 (m, PCCH,); 1.80 (s, =CMe-); 1.86 (m, PCH,-); 2.32, 2.33, 2.35 (each s, to1 Me for both isomers), 2.65 
(s, =CMe-); 6.40 (s, NH), 6.89 (d, 8 Hz), 7.09-7.30 (m) [C6H4]; 8.50 (s, NH). 
1.14 (dt, 17 Hz (d), 7.7 Hz (t), PC-CH,); 1.84 (m, PCH,-); 1.87 (s, =CMe); 7.16-7.44 (m, Ph), 9.06 (s, NH). 

0.79 (t, 7.3 Hz, P-CH,)," 0.84 (t, 7.3 Hz, P-CH,), 1.32 (m, P-C-C-CH,-); 1.45 (s, CMe);" 1.49-1.88 (m, PCH,CH,); 
2.75 (s, CMe), 6.18 (s, NH), 6.74-7.83 (m, Ph); 9.56 (s, NH). 

1.74 (d, 11.5 Hz, PMe?), 1.76 (d, 11.5 Hz, PMe,);" 1.87 (s, =CMe-)," 2.73 (s, =CMe-); 6.49 (s, NH), 7.02-7.48 
(m), 7.78-7.88 (m) [Ph]; 8.87 (s, NH)." 

0.88 (t, 7.1 Hz, P-CH,); 1.37-1.60 (m, PC-CH,-CH,-), 1.80 (m, PCH,); 1.86 (s, =CMe-), 2.33 (s), 2.37 (s) 
(to1 Me); 7.1 1-7.19 (m, C6H,); 8.95 (s, NH). 
1.72 (d, 11.2 Hz, PMe,), 1.75 (d, I1 Hz, PMe,)," 1.84 (s, <Me-)," 2.88 (s, =CMe-), 2.32, 2.34 (each s, tol-Me); 
2.33, 2.35 (each s, tol-Me)," 6.43 (s, NH), 6.81 (d), 7.10--7.41, 7.78-7.88 (m) [Ph + C6H,]; 8.85 (s, NH)." 

1.06 (d, t, 15.6 Hz (d), 7.8 Hz (t, P-C-CH,); 1.62 (m), 1.87 (m) (PCH,-); 1.72 (s, CMe); 6.78-7.41 (m) [Ph]. 
1.78 (s, CMe); 1.84 (d), 2.08 (d) (each 12.4 Hz PMe,); 6.71-7.18 (m), 8.06(m) [Ph]. 
1.16 (s, CMe); 2.42 (d, 12.0 Hz, PMe); 6.95-7.95 (m) [Ph]. 
0.94 (t, 7.2 Hz, PCCCCH,); 1.39 (m, PCCCH,-); 1.66 (m, PC-CH?); 1.94 (s, CMe); 2.06-2.38 (m, PCH,-); 2.15 (s), 
2.16 (s) (tol-Me); 6.76-7.09 (m, C6H4). 
1.71 (s, CMe); 1.96 (d), 2.00 (d) (each 12.4 Hz PMe,); 2.24 (s), 2.27 (s) (tol-Me); 6.30 (br, tol, C6H,); 6.57 (d), 
6.82 (d), 6.83 (d) (each 8.2 Hz, to], C6H,); 7.49 (m), 8.1 1 (m) [Ph]. 
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Table 1 (concluded). cl, 
3 
0 

,'P NMR data 3 cu 
Complex 6 ('J (Pt-P)) 'H NMR data6 a, 

2 

[Pt2C12(~-PhNC(Me)NPh]2(PB~,)2]c -8.4 
(3630 Hz) 

[Pt,Cl,{p-PhNC(Me)NPh],(PMe,Ph),Y -23.8 
(3690 Hz) 

[Pd,{p-PhNC(Me)NPh 12(q3-C,H,),I - 

[Pd2{p-PhNC(Me)NPh 12(q3-C4H7),I - 

[Pd, {F-tolNC(Me)Ntol ] ,(q3-C,H,),] - 

[Pd, { p-tolNC(Me)Ntol ] ,(q3-C4H7),] 

u 
C 

0.80 (t, 7.2 Hz, PCCCCH,); 1.17 (m), 1.46 (m) (PCH,CH,CH,]; 1.42 (s, CMe); 6.88-7.40 (m, Ph). P. 
3 

1.48 (d, 11.3 Hz, PMe,); 1.81 (s, CMe); 6.74-7.72 (m, Ph). 

1.70 (s), 1.71 (s) [=CMe]; 2.71 (d, 12.2 Hz, anti proton), 3.09 (d, 6.9 Hz, syn proton); 5.24 (m, central CH) 
(for major isomer containing equivalent allyl groups); 2.37 (d), 2.62(d) (each 12 Hz, anti proton); 2.99(d), 
3.42 (d) (each 7 Hz, syn proton); 4.98 (m) (central CH) (second isomer with nonequivalent allyl groups), 2.28 
(d, 12.4 Hz, anti proton), 3.35 (d, 7 Hz, syn proton) (this isomer is present in small concentration); 6.22-7.22 
(m, Ph). 
1.74 (s, ==€Me); 1.81 (s, Me of allyl); 2.54 (s, CH, anti), 2.82 (s, CH, syn), 6.75-7.18 (m, Ph). 
1.68, 1.69 (each s, <Me-), 2.25 (s), 2.27 (s), 2.29 (s), 2.31 (s) (tol-Me + anti protons of allyl); 2.68 
(d, 12.2 Hz, anti proton); 3.06 (d, 6.8 Hz, syn proton); 5.22 (m, central CH) (for major isomer containing 
equivalent allyl groups). 2.59 (d, 12 Hz, anti proton)," 2.95 (d, 6.8 Hz), 3.38 (d, 6.8 Hz) (syn proton); 4.97 (m) 
(for the isomer with nonequivalent allyl groups); 3.3 (d, 6.8 Hz) (for the isomer with smaller concentration); 
6.49-7.02 (m, C,H4). 
1.70 (s, *Me-); 1.80 (s, Me allyl); 2.27 (s, tol-Me); 2.50 (s, CH, anti); 2.87 (s, CH, syn), 6.64 (d, 8 Hz), 6.92 
(d, Hz) (C,H4). 

"Due to major isomer. 
bs = singlet, d = doublet, t = triplet, m = multiplet, dt = doublet of triplet; br = broad. 
'Chemical shift degeneracy; two isomers are present in a 1:l ratio as evident from the 'H NMR spectrum. 
"Only one isomer is formed. 
'NMR data for the complex prepared from the acetato-bridged platinum complex "P{'H) in CDCI,: -8.4 ('J = 3629 Hz, major); -10.3 (minor) ppm. 'H NMR spectrum is similar to the spectrum for the 

complex prepared from the chloro-bridged platinum derivative. 
&MR data for the complex prepared from the acetato-bridged platinum complex "P('H] in C,D,: 6 -24.3 ( 'J  = 3747 Hz, minor isomer); -25.4 ( ' J  = 3690 Hz, major isomer); 'H in C,D,: 1.14 (d, 11.3 

Hz, PMeZ, major); 1.19 (d, 11.1 Hz, minor); 1.37 (s, CMe, minor); 1.40 (s, CMe, major); 6.55-7.63 (m, Ph). 
gAnother doublet due to the anti protons is merged to tol-Me signal. 
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with the spectra (5) of [ P ~ C ~ ( ~ ~ - C , H , ) ( A ~ N C ( H ) N H A ~ ) ]  and 
[Pt{C,H3(CH,NMe2),-2,6] {tolNC(H)NHtol] :I[CF,SO,]. The 
resonances for the amine-coordinated isomer were assigned at 
6 6.2-6.5 ppm (NH) and -2.7 ppm (CMe). In general, the 
imine-coordinated isomer predominated and for a few plati- 
num complexes was formed exclusively. The magnitude of 
'J(P~-P) for the imine-coordinated isomer is smaller (-1 10 
Hz) than that of the corresponding amine-coordinated 
complex. This is in agreement with the fact that 'J(P~-P) for 
the complexes containing sp3 hybridized nitrogen is greater 
than for those complexes with sp2 hybridized N donor atom 
(3). 

Acetamidinato-bridged binuclear complexes 
The binuclear acetamidinato-bridged palladium(I1) and plati- 
num(I1) complexes can readily be obtained by the following 
reaction routes (eqs. 111 and [2]) 

(M = Pd or Pt; X = C1 or OAc; Am- = PhNC(Me)NPh or 
tolNC(Me)Ntol; R3 = Et,, Bu,, Me,Ph, MePh,; allyl = C3H, or 
CAH,). 
 he palladium complexes are orange while the analogous 

platinum complexes are lemon-yellow crystalline solids, solu- 
ble in common organic solvents. The mass spectrum of 
[Pd2C12(p,-tolNC(Me)Ntol)2(PBu3)2] showed a molecular ion 
peak at 1 163, suggesting binuclear composition of these com- 
plexes. Besides a number of other peaks, peaks at m/e 58 1 and 
546 can be assigned to mononuclear ions [PdCl(PBu3)- 
(tolNC(Me)Ntol)]+ and [Pd(PBu3)(tolNC(Me)Ntol)]+, respec- 
tively. 

NMR Spectra of I1 
The 'H NMR spectra showed the expected integration and 
peak multiplicities (Table 1). The 3 ' ~  NMR spectra displayed 
a single resonance for tertiary phosphines. The 'J(P~-P) cou- 
plings for these complexes are comparable to those of the cor- 
responding triazenido-bridged complexes (3). The platinum 
NMR spectra of [Pt2C12(p,-PhNC(Me)NPh)2(PR3)2] showed a 
single doublet (R3 = Bu3: 8 1 9 5 ~ t { ' ~ ]  -3244 (d) ppm, 'J(P~-P) 
= 3635 Hz; R3 = Me,Ph: 6 -3220 (d) ppm, 'J(P~-P) = 3692 
Hz) (Fig. 3). Interestingly, when the complexes were prepared 
from the acetato-bridged platinum complexes (X = OAc, eq. 
[I]), two isomeric forms, sym cis and sym trans, were revealed 
by the 3 ' ~  NMR data. One of the peaks had chemical shifts and 
coupling constant consistent with the spectra of the complexes 
prepared by the chloro-bridged route (X = C1, eq. [I]). The sec- 
ond peak showed a slightly higher coupling constant (-57 Hz) 
than the other, and has been assigned to the sym cis isomer 
based on our earlier data on binuclear complexes. The palla- 
dium complexes existed exclusively in one isomeric form irre- 
spective of the method of preparation (X = C1 or OAc; eq. [I]). 

The complexes with isoelectronic bridging carboxylate (2) 
and triazene (3) ligands, [Pt,Cl,(p,-Y),(PR,),] (Y = RCOO- or 

Fig. 3. ' 9 5 ~ t ( ' H )  ( A )  and 3 1 ~ ( ' H )  NMR ( B )  spectra of the 
complex [Pt2C12(k-PhNC(Me)NPh)2(PMe2Ph)z] in CDCI,. 

ArNNNAr-), show platinum-platinum interaction with formal 
bond order zero as revealed b presence of "J(Pt-P) and "J(Pt- a, Pt) couplings in the 3 ' ~  and ' 'Pt NMR spectra (2,3). Accord- 
ingly, one would expect similar behaviour for acetarnidino- 
bridged complexes. However, such couplings were not 
present in the 3 1 ~  and I9,Pt NMR spectra (Fig. 3). This sug- 
gests that metal-metal interactions in these complexes are 
vanishingly small. The observed trend of M-M separation is 
evident from the X-ray stru2tures of [ ~ d , ( p , - t o l ~ ~ ~ t o l ) , ( ~ ~ -  
allyl),] (Pd-Pd = 2.856(1) A) (1 5), [ ~ d , ( p , - ~ ~ c ) , ( ~ ~ - a l l y l ) ~ ]  
(Pd-Pd = 2.94 A) (16), and [Pd,(p,-NHC(Ph)NH),(r13- 
allyl),] (Pd-Pd = 3.128(1) A (17). The Pd-Pd separation in 
the latter can be compared with the pyrazolato-bridged com- 
plexes, [M,CJ,(p,-Me,pz),(PR3),] (M = Pd, 3.1 15(1) A; M = 
Pt, 3.170(1) A) (18, 19). For bis-pyrazolato-bridged binuclear 
platinum complexes "J(Pt-P) and "J(Pt-Pt) are not observed. 
The bite distances of bridging triazenido, carboxylato, and 
amidino groups in Ni(II), Pd(II), and Pt(I1) lantern-ty~e 
complexes are of the order of -2.23, -2.25, and -2.34 A, 
respectively (20). This trend of ligand bite is reflected in the 
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Singhal and Jain 

Fig. 4. Different isomers for the [~d,(~-amidino),(r~-all~l)~ complex. 

"J(Pt-Pt) and "J(Pt-P) couplings for [Pt2C12(p-Y)2(PR3)2] 
complexes where Y = ArNNNAr-, RCOO-, ArNC(Me)NAr-. 
Seemingly, the ligand-induced metal-metal interactions in 
binuclear d8 metal complexes stabilized with isoelectronic 
bridging ligand (e.g., three-atom bridging ligands) are influ- 
enced by the ligand bite angle. 

NMR spectra of allyl complexes, I11 
The methallyl palladium complexes showed only one set of 
resonances in the 'H NMR spectra, indicating the existence of 
only one isomer. However, the allyl complexes exhibited three 
sets of resonances. This indicates that there are all three possi- 
ble isomers (Fig. 4) in solution. It may be noted that earlier 
workers have reported one (17), two (21), and three (22) iso- 
mers for [~d,(p-amidino),($-allyl),] complexes. 

Experimental 

The complexes [M2C1,(p-C1),(PR3),l (M = Pd or Pt; R3 = Et3, 
Bu3, Me2Ph, MePh,) (231, [ M , C ~ , ( ~ - O A C ) ~ ( P R ~ ) ~ I  (21, 
[ ~ d ~ ( p - ~ l ) , ( ~ ~ - a l l ~ l ) , ]  (24, 25), acetamidines (22, 26), 
ArN=C(Me)-NHAr (Ar = Ph, 4-MeC6H4 (tol), and silver 
amidinate (22) were prepared by literature methods. All reac- 
tions were carried out in dried and distilled analytical grade 
solvents under a nitrogen atmosphere. 'H and 3 ' ~ { ' ~ )  NMR 
spectra were recorded on a Varian XLR-300 or Bmker AMX- 
500 spectrometer in freshly prepared CDCl, or C,D6 solutions. 
Chemical shifts are referred to internal solvent eak (CHCI, 6 P 7.26 ppm) for 'H and 85% H3P04 for 3 1 ~ .  l 9  P ~ { ' H }  NMR 
spectra were recorded on a Varian XLR-300 instrument oper- 
ating at 64.49 MHz and the spectra were referenced with exter- 
nal Na2PtC16 in D20. Elemental analyses were carried out by 
the Analytical Chemistry Division of this research centre. 
Melting points were determined in capillary tubes in the open 
and were uncorrected. Representative examples of the syn- 
thetic routes to the various compounds are reported below. 
Analytical data for the complexes are given in Table 2. 

Preparation of [PtCI,{PhN=C(Me)-NHPh)(PMe,Ph)] 
To a dichloromethane solution (15 cm3) of [Pt,Cl,(p- 
Cl),(PMe,Ph),] (1 11 mg, 0.137 mmol), a solution of N,N- 
diphenylacetamidine- (58.6 mg, 0.279 mmol) in dichlo- 
romethane (5 cm3) was added with stirring at room tempera- 
ture. After an hour of stirring, the solvent was stripped off and 
the residue was recrystallized from dichloromethane-hexane 
mixture (l:2, vlv) in 78% (131 mg) yield as a pale yellow crys- 
talline solid. 

Preparation of [Pd,CI,(p-PhNC(Me)NPh},(PMe,Ph),] 
To a THF solution (20 cm" of Li[PhNC(Me)NPh], prepared 
in situ by neutralizing N,N'-diphenylacetamidine (70.5 mg, 
0.336 mmol) with a hexane solution (0.69 M, 0.5 cm" of n- 
BuLi, was added solid [Pd2C12(p-C1)2(PMe2Ph)2] (105 mg, 
0.166 mmol) with vigorous stirring. The reactants were stirred 
at room temperature for 2 days. The solvents were stripped off 
in vacuo. The residue was extracted with benzene and filtered. 
The filtrate was concentrated in vacuo and the residue was 
recrystallized from benzene-hexane solution in 59% (95.9 
mg) yield. 

Preparation of [P~,CI,(~-~O~NC(M~)N~O~}~(PBU~)~] 
To a THF solution (20 cm') of Li[tolNC(Me)Ntol], prepared 
as in earlier preparation from N,N'-di-p-tolylacetamidine (94 
mg, 0.395 mmol) and n-BuLi solution in hexane (0.8 cm3, 
0.53 M), solid [Pd,Cl,(p-0Ac),(PBu3)2] (1 46 mg, 0.18 1 
mmol) was added. The reaction mixture was stirred at room 
temperature for 30 h. The solvents were removed in vacuo and 
the residue was extracted with benzene and filtered. The fil- 
trate was evaporated in vacuo and the residue was recrystal- 
lized from hexane (yield, 128 mg, 6 1 %). 

Preparation of [Pt,CI,(p-PhNC(Me)NPh},(PMe,Ph),] 
To a THF solution (10 cm" of Li[PhNC(Me)NPh], pre- 
pared from N,N'-diphenylacetamidine (83 mg, 0.393 
mmol) and n-BuLi solution (0.8 cm3, 0.5 M), a benzene 
solution (10 cm3) of [Pt2C12(p-C1)2(PMe2Ph)2] (154 mg, 
0.191 mmol) was added with vigorous stirring. The reac- 
tion mixture was stirred at room temperature for 60 h. The 
solvents were stripped off in vacuo and the residue was 
extracted with benzene and filtered. The filtrate as concen- 
trated to 2 cm3 and layered with hexane (5 cm3), where- 
upon crystals of the title complex were obtained (yield 133 
mg, 60%). 

Preparation of [P~,(~-P~NC(M~)NP~),(~~-C,H,),] 
To a dichloromethane solution (15 cm" of [ ~ d , ( p - ~ l ) , ( ~ ~ -  
C4H,),] (80 mg, 0.203 mmol) was added silver diphenylacet- 
amidinate (147 mg, 0.42 mmol). The reaction mixture was 
stirred for 3 h at room temperature. The solvent was removed 
under reduced pressure and the residue was extracted with 
dichloromethane and filtered. The filtrate was concentrated in 
vacuo to 2 cm3 and layered with hexane (5 cm3), which on 
cooling in a freezer gave the crystals of the title complex (yield 
49 mg, 33%). 
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Table 2. Physical and analytical data for the palladium and platinum complexes containing acetamidine ligands. 

Complex 
Recrystallization solvent 

(% yield) 
Melting point 

("C) 

% Analysis found (calcd.) 

[PdCl,(PBu,) (PhN=C(Me)NHPh)] 

[PdCl,(PMe,Ph) {PhN=C(Me)NHPh)] 

[PdCl,(PMePh,) {PhN=C(Me)NHPh)] 

[PdCl,(PEt,) {tolN=C(Me)Ntol)] 

[PtCl,(PEt,) {PhN==€(Me)NHPh)] 

[PtCl,(PBu,) (PhN=C(Me)NHPh)] 

[PtCl,(PMe,Ph) (PhN+(Me)NHPh)] 

[PtCl,(PBu,) ( tolN=C(Me)NHtol)] 

[PtCl,(PMe,Ph) ( tolN=C(Me)NHtol )] 

[Pd,Cl, ( pPhNC(Me)NPh],(PEt,),] 

[Pd,Cl, ( p-PhNC(Me)NPh],(PMe,Ph),] 

[Pd,Cl, ( p-PhNC(Me)NPh ],(PMePh,),] 

[Pd,Cl, ( p-tolNC(Me)Ntol ],(PBu,),] 

[Pd,Cl, ( p-tolNC(Me)Ntol],(PMe,Ph),] 

[P~C~,{~-P~NC(M~)NP~),(PBU,)~] 

[Pt,Cl, { p-PhNC(Me)NPh],(PMe,Ph),] 

[Pd21 p-PhNC(Me)NPh 12(r13-C3H5),1 

[Pd, ( p-PhNC(Me)NPh 12(r13-C4H7),1 

[Pd,{p-tolNC(Me)Ntol),(~3-C3H5),] 

[Pd, ( p-tolNC(Me)Ntol],(q3-C4H7),] 

Hexane 
(52) 

Benzene-hexane 
(74) 

Benzene-hexane 
(65) 

Ether-hexane 
(68) 

Benzene-hexane 
(63) 

Hexane 
(54) 

CH,Cl,-hexane 
(78) 

Hexane 
(60) 

CH,Cl,-hexane 
(92) 

Ether-hexane 
(55) 

Benzene-hexane 
(59) 

Ether-hexane 
(58) 

Hexane 
(61) 

Ether-hexane 
(65) 

Paste 
(49) 

Benzene-hexane 
(56) 

CH,C12-hexane 
(35) 

CH,Cl,-hexane 
(33) 

CH,Cl,-hexane 
(43) 

CH,Cl,-hexane 
(71) 

Liquid 

160-162 

155-157 

128- 130 

135-137 

Liquid 

165- 167 

78-80 

190-192 

128-130" 

186190" 

169-172" 

134-136 

188-190" 

"Melts with decomposition or decomposes. 
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Oxidative addition of a B-B bond by an 
iridium(1) complex: molecular structure of 
me~cis=[lr(PMe,),CI(Bcat),] 

I Chaoyang Dai, Graham Stringer, Todd B. Marder, I?. Thomas Baker, 
Andrew J. Scott, William Clegg, and Nicholas C. Norman 

Abstract: The B-B bond in B,cat, (cat = 1 ,2-O,C,H,) is readily activated by [Ir(PMe,),CI(COE)] (COE = rl'-cyclooctene) (I) 
to yield a novel iridium(II1) bis(bory1) complex me)--cis-[Ir(PMe,),CI(Bcat),] (2). This complex is the first structurally 
characterized iridium bis(bory1) compound, and is the first metal bis(bory1) complex for which two distinct boryl group 
environments are observed in solution. Colourless crystals of 2 are monoclinic, P2,ln, with unit cell dimensions a = 8.9638(7) A, 
b = 32.197(2) A, c = 9.3980(7) A, and P = 90.385(2)". 

Key words: iridium, boron, diboron, boryl, oxidative addition, X-ray structure, trimethylphosphine. 

Rksurnk : La liaison B-B du B,cat, (cat = 1 ,2-O,C,H,) est facilement activCe par [Ir(PMe,),CI(COE)] (COE = T2-cyclooct~ne) 
(I )  pour conduire h un nouveau complexe bis(boryl)iridium(III), mer-cis-[Ir(PMe,),CI(Bcat),] (2). Ce complexe est le premier 
bis(bory1)iridium dont la structure a kt6 caractCrisCe, et c'est le premier complexe bis(bory1)mCtal pour lequel on a observt, en 
solution, deux environnements distincts pour les groupes boryles. Les cristaux de 2 sont incolores, monocliniques, groupe 
d'espace P2,/11 avec a = 8,9638(7), b = 32,197(2), c = 9,3980(7) A et P = 90,385(2)". 

Mots clks : iridium, bore, dibore, boryle, addition oxydante, diffraction des rayons X, structure, trimkthylphosphine. 

[Traduit par la rCdaction] 

Introduction 

Attention has recently been paid to the transition metal cata- 
lyzed addition of B-B bonds in (RO),B-B(OR), com- 
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pounds to  alkenes (1) and alkynes (2) and a key step of this 
process is believed to be the oxidative addition of the B-B 
bond to the transition metal centre. W e  have recently reported 
B-B oxidative addition by the Co(0) complex [Co(PMe,),] 
(3a), and the Rh(1) complex [Rh(PPh,),CI] (36), we (2c,J;g) 
and others (2a,b,e,h) have reported this reaction with Pt(0) 
phosphine complexes such as [ P ~ ( P P ~ ~ ) ~ ( ~ ~ - C , H , ) ] ,  and He 
and Hartwig recently observed oxidative addition of B,cat, 
(cat = 1 ,2-O,C,H,) or  its 4-'Bu derivative by [Fe(CO),] (4a) 
and [Cp2W] (46) fragments. The  current work examines 
the reactivity of B2cat2 toward the Ir(1) complex 
[Ir(PMe3)3Cl(COE)] (COE = q2-cyclooctene) (1) and we 
report herein the synthesis and molecular structure of a new 
iridium bis(bory1) complex mer-cis-[Ir(PMe3),Cl(Bcat),] (2)  

There were several early reports on the synthesis of metal 
bis(bory1) complexes by Schmid and Nijth, although none 
were prepared via B-B oxidative addition, and none were 
well characterized. Thus, these authors reported (5a,b,c) that 
the reaction of Y,BX with [Co(dppe),(H)] (dppe = 
Ph2PCH2CH2PPh2) gave the 19-electron Co(I1) bis(bory1) 
complexes trans-[Co(dppe),(BY,),] (eq. [ 11). 

(X = C1, Br, I; Y = Br, I, Ph; Y2B = Ph,B, PhClB; Y,B = C,,H,B) 

Utilizing these cobalt "boryl transfer reagents" they 
claimed to have prepared two Ni(I1) bis(bory1) compounds 
[Ni(dppe),,(BPh,),I (n = 1, 2) (eq. P I )  

Can. J. Chem. 74: 20262031 (1996). Printed in Canada I ImprimC au Canada 
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In addition, the reaction of [Pt(PPh,),] with Me,BBr in 1 :2 ratio 
gave a compound that was proposed to be a six-coordinate 
Pt(1V) bis(bory1) complex [Pt(PPh3)2Br2(BMe,)2] (54. How- 
ever, none of the compounds in these early reports were struc- 
turally characterized, and their true nature remains unknown. 

Among the few recently structurally characterized metal 
bis(bory1) complexes, [C~(PMe,)~(Bcat),l is a paramagnetic 
compound with a distorted square pyramidal structure with an 
unusually small B-M-B angle of 67.9(4)'. The geometry of 
this novel cobalt complex can be viewed alternatively as a dis- 
torted tetrahedron with the two boryl ligands occupying a 
single coordination site (3a). All reported (2b,c,e) Pt(I1) 
bis(bory1) compounds are of the form cis-[Pt(PR,),(Bcat),] 
and exhibit the expected four-coordinate square planar geom- 
etry and relatively small B-M-B angles of ca. 76"-8 I". The 

P .  .. ( ,,..>H ( ... Bcal 
I31 <,I~,. + HBr.1 (excl -- + Hz 

Rh(II1) bis(bory1) complex [Rh(PPh,),Cl(Bcat),] has a five- 
coordinate distorted square pyramidal configuration with one 
boryl group trails to Cl, the other trans to the vacant site (6). In 
the solid state, the B-Rh-B angle is 79.0(3)", and in solution 
the complex is fluxional, giving only one broad signal in the 
"B{'H) NMR spectrum. When the 4-'Bu-catB analogue was 
examined, only one 13c resonance for the 'Bu groups was 

, observed even at -80°C, indicating fast exchange of boryl 
I group environments as might be expected for a five-coordi- 

nate complex. The octahedral complex cis-[Fe(CO),(B(1,2- 
I 0,-4-'BuC,H,)),] (4a) has a B-Fe-B angle of 82.8(4)". There 

has been only one Ir bis(bory1) complex reported to date, 
namely [IrH(Bcat),(CO)(dppe)] (7), which was only observed 
by NMR spectroscopy in the reaction offac-[IrH,(CO)(dppe)] 
with excess HBcat (eq. [3]). 

It was proposed to have a C, structure with both boryl 
groups trans to the bidentate chelating phosphines. Com- 
pound 2, mer-cis-[Ir(PMe3),C1(Bcat),], reported here is thus 
the first structurally characterized Ir bis(bory1) compound, and 
the first metal bis(bory1) complex in which two distinct boryl 
group environments are observed in solution. 

Results and discussion 

Addition of B2cat, to a THF solution of 1 at room temperature 
results in complete conversion (90% isolated yield, see exper- 
imental section) to the iridium bis(bory1) complex 2 (eq. [4]). 
The solution structure of 2 was established by IH, l 3 c { I ~ ) ,  

IH), and ' I B  [ 'H)  NMR spectroscopy, and its solid state 
structure was confirmed by a single-crystal X-ray diffraction 
study on crystals grown by layering hexane over a CH2C12 
solution. 

PMe, 
I 

The 3 1 ~ { ' ~ )  NMR spectrum of 2 displays a doublet at 
-40.9 ppm (Z~p-p  = 27.5 Hz) and a broad peak at -50.8 ppm 
in 2: 1 ratio. The latter broad signal clearly indicates that one 
phosphine ligand is trans to a boryl group and the resonance is 
influenced by the boron nucleus ("B, spin 312, 80.4% natural 
abundance; 'OB, spin 3, 19.6% natural abundance) as the reso- 
nance of the spin 112 nucleus in the trmw position will display 
significant broadening due to quadrupolar coupling (8). The 
"B{ 'H)  NMR spectrum clearly displays two well-separated 
resonances at 32.6 and 41.7 ppm, respectively, in which the 
first signal is consistent with a Bcat group trans to chloride as 
shown in the Ir boryl complexes [Ir(PMe,),(Cl)(H)(Bcat)] (9) 
(6 32.8 ppm) and [Ir(PEt,),(Cl)(H)(Bcat)] (10) (6 33.5 ppm), 
while the other resonance at 41.7 ppm is quite close to the 
value of 6 44.7 ppm in an iridium tris(bory1) complex fac- 
[Ir(PEt,),(Bcat),] (1 1) in which the boryl groups are all trans 
to the phosphine ligands. Also in the 'H NMR spectrum, four 
sets of catecholate proton resonances are observed at (7.07 and 
6.76) and (7.12 and 6.83) ppm, and six carbon resonances are 
observed at (1 10.53, 120.71, and 149.84) and (1 15.58, 120.76, 
and 150.03) ppm in the I 3 c [ l ~ )  NMR spectrum in CDCl,. 
From these results, the structure of 2 can be assigned unam- 
biguously as mer-cis-[1r(PMe3),C1(Bcat),], with one boryl 
group trans to chloride and the other trans to the unique tri- 
methylphosphine ligand. 

The structure of 2 is further confirmed by single crystal X- 
ray diffraction. A summary of the crystallographic data and 
parameters for data collection and refinement is presented in 
Table 1, selected bond distances and bond angles are given in 
Table 2, and final atomic coordinates are given in Table 3. The 
molecular structure of 2 consists of an octahedral arrangement 
with mer phosphine ligands. The two catecholatoboryl groups 
are mutually cis with an unusually large B-Ir-B angle of 91.6 
(2)", vide supra. The two B 0 2  planes of these boryl moieties 
are essentially perpendicular to one another, the angle 
between the two boryl planes being 107.2". The boroa trans to 
chloride has an iridium-boron distance of 2.024(6) A, which 
is the same within statistical error as that in the compound 
mer-[Ir(PMe,),Cl(H)(Bcat)] (3) (2.023(10) A), which was 
produced through the oxidative addition of the H-B bond in 
HBcat to 1 (9). The other iridium-boron bond distance is 
2.080(6) A, which is very close to the value of 2.093(7) in 
fac-[Ir(PMe3),H2(BC8HI4)], prepared from the reaction of 
[Ir(PMe3)4H] with 9-BBN dimer and in which the BC8H14 
boryl group is trans to PMe, (12). These two Ir-B bond 
distance values are in accordance with the fact that PMe, 
has a larger trans influence than C1. For further comparison, 
the Ir-B bond in trans-[Ir(PPh,),Cl(CO)(H)(Bcat)] is 
2.045(5) where boron is trans to chloride (10). Crabtree 
and co-workers reported (13) a novel Ir(1V) boryl complex 
[Ir(PMe3),(biphBF)C1]BPh4 prepared by the reaction of 
[Ir(PMe,),Cl(biph)] (biph = biphenyl-2,2-diyl) with NOBF4. 
The molecular structure of [Ir(PMe,),(biphBF)CI]+ was deter- 
mined and the Ir-B bond distance was found to be 2.00(1) A 
with the boryl group trans to a phosphine ligand, but, unfortu- 
nately, the structure is not very accurate. 

Among the Ir-P bond distances in complex 2, the two 
mutually trans phosphine groups have Ir-P distances of 
2.3286(14) and 2.3224(13) A, respectively, which are very 
similar to the two trans Ir-P distances in compound 3 
(2.307(2) and 2.304(2) A). However, the PMe, group tmns to 
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Table 1. Summary of X-ray diffraction data for mer-cis-[Ir(PMe,),Cl(Bcat),] (2). 

Can. J. Chem. Vol. 74, 1996 

Parameter Value 

Formula CZI H3SB,C11r0,P, 
fw 693.67 
Crystal system Monoclinic 
a, A 8.9638(7) 
b, A 32.197(2) 
c, 8, 9.3980(7) 
I 3 3  deg 92.385(2) 
v, A3 27 10.0(4) 
z 4 

Pca~cd .  g 'm-' 1.700 
Space group P2,ln 
Crystal dimensions, mm 0.42 x 0.24 x 0.08 
Crystal colour Colourless 
Temperature, K 160(2) 
Radiation MoK, 
p, cm-I 52.27 
F(OO0) 1368 
Reflections for cell refinement 9778 (0 range 2.26"-25.88") 
Data collection method Siemens SMART CCD diffractometer, 

o rotation with narrow frames 
0 range for data collection, deg 2.26-25.90 
Index ranges -10 5 h 5 4, -38 5 k 5 37, -10 I1 2 10 
Reflections collected 12083 
Independent reflections 4669 (R,, = 0.0539) 
Reflections with I > 20(4 4398 
Absorption correction Semi-empirical 
Max. and min. transmission 0.879 and 0.333 
Structure solution Direct methods 
Refinement method Full-matrix least squares on F' 
Refined parameters 299 
GOF" on F2 1.148 
Final R indices [I > 20(4] R = 0.03 19, wR = 0.0865 
R indices (all data)" R = 0.0346, wR = 0.0886 
Extinction coefficient x 0.0008(2) 
Largest shift / esd 0.00 1 
Largest diff. peak and hole, e A-' 1.486 and -1.588 

"GOF = [Zw(FO2-F,')' I ( N O  - NV]'" 
'R  = 21 IF,, - (F,I I I ZIF,,I; W R  = [Zw(F,' - F,')' I Zw(FO2)']'". 

Bcat in 2 has a significantly longer Ir-P distance of 
2.3989(13) A while the PMe3 group trans to hydride in com- 
plex 3 displays an Ir-P bond distance of only 2.351(2) A. 
This suggests that the Bcat boryl group has a larger trans influ- 
ence than PMe3 and even hydride ligands, at least in this octa- 
hedral system. 

Conclusion 

Oxidative addition of the B-B bond in B,cat, to 
[Ir(PMe3),C1(COE)] readily generates a new iridium 
bis(bory1) complex mer-cis-[Ir(PMe,),Cl(Bcat),], the molecu- 
lar structure of which demonstrates that there are two distinct 
boryl groups. NMR studies show that these remain distinct in 
solution. The boryl group shows a larger trans influence than 
hydride. The reactivity of this novel metal bis(bory1) complex 
with alkenes and alkynes is currently being investigated, as are 

the reactions of diborane (4) compounds with other Ir(1) com- 
plexes.4 

Experimental section 

General procedures 
Reactions and NMR sample preparations were performed 
under a dry nitrogen atmosphere using glove box techniques. 
THF was freshly distilled from sodium benzophenone ketyl, 
hexane from sodium metal, and CH,Cl, from CaH, under an 
N, atmosphere. NMR solvents were distilled from CaH, 
(CDC13) or Na metal (C6D6) following three freeze-pump 
thaw cycles. [Ir(PMe3)3Cl(COE)] (14) and B,cat, (15) were 

C. Dai, A. Feiler, F.J. Lawlor, T.B. Marder, N.C. Norman, N.L. 
Pickett, and E.G. Robins. Unpublished results. 
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Table 2. Selected bond distances (A) and angles ( O )  for mer-cis-[Ir(PMe,),CI(Bcat),] (2). 

Bond Distance Bond Distance Bond Distance 

Bonds Angle Bonds Angle 

, prepared by established methods. NMR spectra were recorded 
on Bruker AC 200 ('H at 200 MHz, ',c at 50 MHz, ,'P at 8 1 
MHz) or AMX 500 ('H at 500 MHz, "B at 160 MHz) spec- 
trometers. The 'H chemical shifts were referenced to the inter- 
nal standard tetramethylsilane (TMS) and ',c chemical shifts 
were referenced to the solvent resonances as an internal stan- 
dard. The ,'P and "B chemical shifts were referenced to the 
external standards 85% H3P04 and F3B.0Et2, respectively. 
The "B NMR spectrum was obtained using a background sub- 
traction routine to remove resonances due to borosilicate glass 
in the NMR probe and NMR tube. This was accomplished by 
recording the spectrum of an NMR tube containing the same 
volume of pure solvent and with identical acquisition parame- 
ters to those of the sample and by subtracting this background 
FID from that of the sample. Coupling constants are reported 
in Hz. Multiplicities are reported as (br) broad, (s) singlet, 
(d) doublet, (vt) virtual triplet, and (m) multiplet. Elemental 
analysis was obtained from M-H-W Laboratories, Phoenix, 
Arizona, U. S. A. 

Preparation of mer-cis-[Ir(PMe,),Cl(Bcat),] (2) 
A solution of B2cat2 (84 mg, 0.35 mmol) in 2 mL THF was 
added to a solution of [Ir(PMe,),Cl(COE)] (200 mg, 0.35 
mmol) in 10 mL THF. The solution turned almost colourless 
immediately. After stirring for 1 h, the solvent was removed 
under reduced pressure and the colourless residue was washed 
with hexane and dried in vacuo to yield 220 mg (90%) of com- 
plex 2. 3 ' ~ { ' ~ }  NMR (81 MHz, 25°C in C6D6), 8: -40.9 (d, 
2Jp-, = 27.5 Hz, 2P, trans PMe,), -50.8 (br, PMe,). "B{'H} 
NMR (160 MHz, 25°C in C6D6), 8: 41.7 (br, Bcat), 32.6 (br, 
Bcat). 'H NMR (500 MHz, 25°C in CDCl,), 8: 1.15 (d, 2 ~ p - H  = 
7.5 Hz, 9H, PMe,), 1.48 (vt, 2 ~ p - H  = 3.7 Hz, 18H, PMe,), 7.12, 

Fig. 1. Thermal ellipsoid plot (50% probability) of the molecular 
structure of 2. Hydrogen atoms have been omitted for clarity. 

6.83 (AA'BB', 4H, Bcat), 7.07, 6.76 (AA'BB', 4H, Bcat). 
' 3 ~ { ' ~ }  NMR (50 MHz, 25°C in C6D6), 8: 17.73 (d, Jp, = 26 
Hz, PMe,), 19.52 (dvt, JP, = 19 HZ, 3 ~ p - C  = 4.5 Hz, PMe,), 
110.86 (s), 121.24 (s), 150.65 (s, Bcat), 111.86(s), 121.45 (s, 
Bcat). In C6D6, two resonances due to the inequivalent C-0 
groups of the two Bcat ligands are coincident. I3C{'H) NMR 
(50 MHz, 25°C in CDCl,), 8: 18.06 (dm, Jp, = 26 Hz, PMe,), 
19.57 (dvt, JP, = 19.5 Hz, ,Jp, = 4.2 Hz, PMe,), 110.53(s), 
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Table 3. Atomic coordinates (x104) and equivalent isotropic displacement parameters (A x lo3). 
U(eq) is defined as one third of the trace of the orthoganalized Ujj tensor. 

120.71 (s) 149.84 (d, J,_c = 2.6 Hz, Bcat), 11 1.58 (s), 120.76 
(s), 150.03 (s, Bcat). Anal. calcd. for C2,H35B2ClIr04P3: C 
36.36, H 5.09; found C 37.07, H 5.1 1. 

Molecular structure determination 
Crystals of 2 suitable for X-ray diffraction studies were 
obtained by diffusion of a layer of hexane into a CH2C12 solu- 
tion of 2. Data were collected at low temperature on a Siemens 
SMART CCD area-detector diffractometer using graphite- 
monochromated MoK, radiation (A = 0.71073 A) and narrow- 
frame w scan methods. The single crystal was mounted on a 
glass fiber with a coating of perfluoropolyether oil, cell param- 
eters were refined from the observed setting angles for 
selected reflections, and intensities were measured from a 

where P = (F,' + 2Fc2)/3; the refined isotropic extinction 
parameter x is defined such that F, is multiplied by (1 + 
0 .001X~c2~3/s in  28)-'I4. Anisotropic displacement parameters 
were refined for all non-hydrogen atoms, and isotropic hydro- 
gen atoms were constrained to ride on their parent carbon 
atoms with fixed bond lengths and idealized bond angles. Pro- 
grams were standard Siemens control and integration soft- 
ware, version 5 of SHELXTL (16), and local programs. 

Details of the crystal determination including complete 
tables of coordinates, bond distances and angles, and anisotro- 
pic displacement parameters have been d e p ~ s i t e d . ~  

series of frames each covering a 0.3" oscillation in o. An 
absorption correction was carried out using a semi-empirical A complete set of data may be purchased from: The Depository of 

Unpublished Data, Document Delivery, CISTI, National Research 
method, based on sets of equivalent reflections measured at Council Canada, Ottawa, Canada KIA 0S2. Tables of bond 
different positions. lengths and angles and atomic coordinates have also been 

The structure was solved by direct methods, and refined by deposited with the Cambridge Crystallographic Data Centre, 12 
full-matrix least-squares techniques (16). The refinement was Union Road, Cambridge, CB2 IEZ, U.K. Structure factor 
on F2 of all independent reflections, to minimize Cw(FO2 - amplitudes are no longer being deposited and may be obtained 
F:)~, with weighting w-' = a2(F,') + ( 0 . 0 4 0 7 ~ ) ~  + 10.1457P, directly from the authors (either T.B.M. or W.C.). 
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Alkylaluminum complexes containing pyridyl 
amido ligands. Syntheses and characterization 

and A12Me,[2,3,5,6-tetra(2-pyridyl)piperazyl], 
an unusual carbon-carbon bond coupling 
product 

Steven J. Trepanier and Suning Wang 

Abstract: The reactions of AlMe, with di(2-pyridylmethy1)amine have been investigated. Two new complexes, AlMe2[N(CH2- 
2-Py),] (1) and A12Me4[2,3,5,6-tetra(2-pyridyl)piperazyl] (3), were obtained as the major and the minor product, respectively, 
from the reaction of AIMe, with di(2-pyridylmethy1)amine in a 1:l ratio'in toluene at 23°C. The reaction of AlMe, with 
di(2-pyridy1methyl)amine in a 2: 1 ratio yielded a dinuclear complex Al,Me,[N(CH,-2-Py),] (2). These complexes were fully 
characterized by NMR, and elemental and single-crystal X-ray diffraction analyses. Crystal data: 1, CI4H,,N3Al, monoclinic, 
P2,lm, a = 7.568(2), b = 7.340(1), c = 13.120(8) A, P = 104.17(3)", V =  706.6(4) A3, Z  = 2; 2, C17H27N3A12, triclinic, p i ,  a = 
8.422(1), b = 16.711(6), c = 7.659(1) A, a = 91.94(2)", P = 113.08(1)", y = 85.17(2)", V =  988.2(4) A3, Z =  2; 3, c2,H3,N6Al2, 
monoclinic, P2,/c, a = 7.522(8), b = 15.841(8), c = 11.584(4) A, P = 98.53(5)", V  = 1365(1) A3, Z  = 2. Compound 1 is a 
mononuclear complex with the aluminum atom in an approximately trigonal bipyramidal geometry and the amido nitrogen atom 
in a trigonal planar geometry. Compound 2 contains two aluminum centers bridged by an amido nitrogen atom where one of the 
aluminum atoms has a tetrahedral geometry while the other has a trigonal bipyramidal geometry. The dinuclear compound 3 can 
be described as the result of two unusual C-C bonds coupling between the methylene carbon atoms of two molecules of 1. The 
aluminum coordination environment in 3 is similar to that of 1. 

Key words: aluminum, amide, pyridyl, 2,3,5,6-tetra(2-pyridyl)piperazine, structure. 

RCsumC : On a CtudiC les reactions du AlMe, avec la di(2-pyridylmtthy1)amine. On a obtenu deux nouveaux complexes, le 
AlMe,[N(CH,-2-Py),] (1) (produit majoritaire) et le A1,Me4[2,3,5,6-tCtra(2-pyridy1)pipCrazyl (3) (produit minoritaire), a partir 
de la rtaction de AlMe, avec la di(2-pyridylmCthy1)amine dans un rapport de 1 : 1 dans le tolukne a 23°C. La rCaction de AlMe, 
avec la di(2-pyridylmCthy1)amine dans un rapport de 2 : 1 conduit a un complexe dinuclCaire Al,Me,[N(CH,-2-Py),] (2). On a 
caractCrisC complktement ces complexes par : la RMN, l'analyse ClCmentaire et la diffraction de rayons X sur un monocristal. Le 
composC 1, C14Hl,N3Al, appartient au groupe d'espace monoclinique P2,/m, avec a = 7,568(2), b = 7,340(1), c = 13,120(8) A, 
p = 104,17(3)", V = 706,6(4) A3, Z  = 2; Ie composC 2, C17H27N3A12, appartient au groupe d'espace triclinique p i ,  avec a = 
8,422(1), b = 16,711(6), c = 7,659(1) A, a = 91,94(2)", P = 113,08(1)", y = 85,17(2)", V  = 988,2(4) A3, Z  = 2; 1e composC 3, 
C2,H,,N6A1,, appartient au groupe d'espace monoclinique P2,/c, avec a = 7,522(8), b = 15,841(8), c = 11,584(4) A, P = 
98,53(5)", V =  1365(1) A3, Z  = 2. Le composC 1 est un complexe mononuclCaire avec l'atome d'aluminium dans une gComCtrie 
bipyramidale trigonale approximativement et l'atome d'azote du groupe amido dans une gtomCtrie plane trigonale. Le composC 
2 contient deux centres aluminium pontes par un atome d'azote du groupe amido; un des atomes d'aluminium a une gComCtrie 
tCtraCdrique tandis que l'autre a une gtomttrie bipyramidale trigonale. Le composC dinuclCaire 3 peut &tre dCcrit comme ttant le 
rCsultat de deux couplages inhabituels des liaisons C-C entre les atomes de carbone mCthylCniques de deux molCcules du 
composC 1. L'environnement de la coordination de l'aluminium du compost 3 est similaire celui du composC 1. 

Mots cl6s : aluminium, amide, pyridyl, 2,3,5,6-tCtra(2-pyridyl)pipCrazine, structure. 

[Traduit par la rCdaction] 
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Trepanier and Wang 

Introduction 

The chemistry of organoaluminum complexes containing 
amido or imido ligands has been an area of considerable inter- 
est due to the versatile structural and bonding features of the 
complexes and their potential applications in materials and 
catalysis (1). Most of the earlier work in this area focuses on 
the monodentate and bidentate aliphatic amido and imido 
ligands (1,2). Our group has been interested in building poly- 
nuclear alkylaluminum complexes containing polydentate 
aromatic amido or imido ligands because the electronic prop- 
erties and structural features displayed by these complexes are 
drastically different from those of aliphatic amido or imido 
complexes (3), but have hardly been explored previously. For 
example, we observed recently that by coordination, the alkyl- 
aluminum moiety can induce or enhance the luminescence of 
amido ligands containing an aromatic functional group such as 
pyridyl, which provides a possible new avenue for the devel- 
opment of new chemiluminescent materials. The synthesis 
and structural elucidation of these organoaluminum com- 
plexes are the indispensable steps towards the understanding 
of their electronic structures, and hence the design of useful 
luminescent materials. In this report, the syntheses and struc- 
tures of two novel alkylaluminum complexes with the triden- 
tate ligand, di(2-pyridylmethyl)amido, and a dinuclear 
complex with a hexadentate diamido ligand, 2,3,5,6-tetra(2- 

, pyridyl)piperazyl, formed through an unusual carbon-carbon 
I bond coupling are described. The luminescence and electronic 
I properties of these compounds are currently under investiga- 
I 

tion and will be presented in a subsequent report. 

Experimental section 
1 The reactions were conducted under an atmosphere of dry and 
1 oxygen-free nitrogen or argon, employing either a Vacuum 

) Atmosphere inert atmosphere glove box or standard Schlenk- 
I line techniques. Solvents were distilled from the appropriate 

drying agents under nitrogen. 'H NMR and I3c NMR spectra 
were recorded at 300 and 75.4 MHz, respectively, on a Briiker 
AC-300 spectrometer. Elemental analyses were performed by 
Desert Analytics, Arizona, or Canadian Microanalytical Ser- 
vice, Delta, British Columbia. Trimethylaluminum was pur- 
chased from Aldrich Chemical Co. Di(2-pyridylmethy1)amine 
was prepared by a modified procedure reported in the litera- 
ture (4). 

Synthesis of AlMe2[N(CH2-2-Py)2] (1) 
A 2.0 M solution of A1(CH3), (2.0 mL, 4.0 mmol ) in toluene 
was added to di(2-pyridylmethy1)amine (0.80 g, 4.0 mmol) 
dissolved in 5.0 mL of toluene at 23°C. The solution immedi- 
ately became pink and was stirred for 0.5 h. Concentration of 
the solution afforded pink crystals of compound 1. Yield 80%. 
1 H NMR (C6D6, 298 K, 6, ppm): -0.1 1 (s, 6H, CH,), 4.38 (s, 
4H, CH,), 6.62 (m, 2H, Py), 6.86 (m, 2H, Py), 7.13 (m, 2H, 
Py), 8.48 (m, 2H, Py). I3c NMR (C6D6, 298 K, 6, ppm): 55.63 
(CH,), 121.23, 121.57, 136.45, 145.09, 161.23 (py). Anal. 
calcd. for Cl,H18A1N3: C 65.89, H 7.06, N 16.47; found: C 
64.12 (63.53), H 6.91 (6.76), N 16.15 (15.99). The pure crys- 
tals of compound 1 are colorless. However, the surfaces of 
these crystals are always coated with pink luminescent sub- 
stances upon crystallization. 'H NMR of the solution obtained 
by dissolving the single crystals of 1 also indicated the pres- 

ence of an unknown impurity that could be accountable for the 
low carbon content of the CHN analysis. 

Synthesis of A12Me,[N(CH2-2-Py)2] (2) 
A 2.0 M solution of A1(CH3), (0.5 mL, 1.0 mmol ) in toluene 
was added to di(2-pyridylmethy1)amine (0.10 g, 0.5 mmol) 
dissolved in 6.0 mL of toluene at 23°C. A colorless solution 
was obtained. After being stirred for 1.5 h, the solution was 
evaporated to dryness in vacuo, affording colorless crystalline 
solids. The 'H NMR spectrum of this solid indicated that it is 
the pure compound 2. Yield >90%. Compound 2 can be 
recrystallized readily from toluene and hexane. 'H NMR 
(C6D6, 298 K, 6, ppm): -0.90 (s, 9H, CH,), -0.78 (s, 3H, 
CH,), 0.12 (s, 3H, CH,), 3.45 (d, 2H, CH2, = 16 HZ), 
4.44 (d, 2H, CH,, ,.IH-, = 16 HZ), 6.42 (m, 4H, Py), 6.83 (m, 
2H, Py), 8.18 (d, 2H, Py). I3c NMR (C6D6, 298 K, 6, ppm): 
56.04 (CH,), 121.25, 122.89, 138.49, 144.46, 162.27 (Py). 
Anal. calcd. for Cl,H2,A1,N3: C 62.39, H 8.26, N 12.85; 
found: C 61.46, H 8.02, N 12.86. 

Synthesis of Al2Me4[2,3,5,6-tetrakis(2-pyridy1)piperazyll 
(3) 

Compound 3 was isolated as a minor dark-brown product from 
the reaction of A1(CH3), with di(2-pyridylmethy1)amine as 
described for the synthesis of compound 1. Independent syn- 
theses for this compound have not been successful. 'H NMR 
(C6D6, 298 K, 6, ppm): 0.28 (s, 12H, CH,), 4.78 (d, 2H, CH, 
3 ~ H - H = 2 . 7 H ~ ) , 4 . 8 1  (d,2H,CH,3~H-H=2.7HZ),6.47 (m, 
4H, Py), 6.57 (d, 4H, Py), 6.73 (m, 4H, Py), 8.43 (d, 4H, Py). 
I3c NMR (C6D6. 298 K, 6, ppm): 66.39 (CH), 121.56, 123.49, 
135.16, 149.30, 160.91 (Py). Anal. calcd. for C2,H3,A1,N6: C 
66.40, H 6.32, N 16.60; found: C 66.32, H 6.38, N 16.76. 

2,3,5,6-Tetra(2-pyridy1)piperazine 
The addition of H20  to the toluene solution of 3 yielded the 
free ligand 2,3,5,6-tetra(2-pyridy1)piperazine quantitatively. 
The free ligand is a light yellow solid. 'H NMR (CDCI,, 298 
K, 6, ppm): 4.42 (s, 4H, CH), 6.68 (d, 4H, Py), 7.04 (m, 4H, 
Py), 7.31 (m, 4H, Py), 8.59 (d, 4H, Py). MS (EI), m/e: 395 
(MC, calcd. 394.5). 

X-ray crystallographic analysis 
All crystals for single-crystal X-ray diffraction were obtained 
from concentrated toluenehexane solutions, mounted, and 
flame sealed in glass capillaries under nitrogen. Data were col- 
lected on a Rigaku AFC6S diffractometer with graphite- 
monochromated Mo-Ka radiation, operated at 50 kV and 35 
mA. Three standard reflections were measured every 147 
reflections. At the end of data collection, the intensity of the 
standards of compound 1 and compound 2 decreased by 3% 
and 5%, respectively, while no decay was observed for 3. Data 
were processed on a Silicon Graphics computer using the TEX- 
SAN crystallographic package (5) and corrected for decay and 
Lorentz-polarization effects. Neutral scattering factors (6) 
were taken from Cromer and Waber. The systematic absences 
(Om, k = 2n + 1 ) of 1 agree with the monoclinic space groups 
P2, and P21 lm. The space group of 1 was determined to be 
P2,lm, based on the statistical analysis and the successful 
solution and refinement of the structure. The crystal of 2 
belongs to the triclinic space group p i .  The crystals of 3 
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Table 1. Crystallographic data. 

Formula 
fw 
Space group 
a/A 
~ I A  
CIA 
d d e g  

B/deg 
Vdeg 
u/A3 
z 
D i g  cm-' 
~(Mo-K,)/cm-' 
20 rangeldeg 
Reflections 

measured 
observed 

No. of variables 
Largest shiftlesd 
in final cycle 
Largest electron 
density peak, e- A-' 
R 
R,,." 
Goodness-of-fit,' S 

" R = Z l l F , I - I F , ( ( / C I F , I .  
"R,. = (C w ( I F ,  1 - I F, ( ) ? I  c w F,,')'~', w = IIO?F,). 
' = ( v ( 1  F ,  1 - 1 F  1)' I N  - N ) ) N ,  = number of observations; N ,  = number of 

variables. 

belong to the monoclinic space group P2, lc, uniquely deter- Fig. 1. An ORTEP diagram showing the molecular structure of 1 with 
mined by the systematic absences (OkO, k = 2n + 1, h01, 1 = 2n labelling scheme and 50% thermal ellipsoids. 
+ 1). All structures were solved by direct methods. Full-matrix 
least-squares refinements minimizing the functions C. w (IF,( - 
F , ( ) ~  were applied. All non-hydrogen atoms were refined 
anisotropically. The positions of hydrogen atoms were either 
calculated or located directly from the difference Fourier maps 
and not refined. Their contributions in structural factor calcu- 

0) 
lations were included. Crystallographic data are given in Table 
1. Tables of hydrogen atom coordinates, anisotropic thermal 
parameters, and complete lists of bond lengths and angles have 
been deposited.2 

Results and discussion 

Synthesis and structure of AlMe2[N(CH2-2-Py),] (1) 
Compound 1 was isolated as the major product from the reac- 
tion of Al(CH3)3 with di(2-pyridylmethy1)amine in a 1:l ratio 
in toluene at 23°C. The structure of 1 was determined by X-ray 

' Copies of material on deposit may be purchased from the 
Depository of Unpublished Data, Document Delivery, CISTI. 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
Tables of hydrogen atom parameters and complete lists of bond 
lengths and angles have also been deposited with the Cambridge 
Crystallographic Data Centre, and can be obtained on request 
from The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 IEZ, U.K. 

diffraction analysis. The positional and isotropic thermal 
parameters of non-hydrogen atoms are listed in Table 2 (a) .  
Important bond lengths and angles are given in Table 3 (a).  An 
ORTEP diagram showing the molecular structure of 1 is given in 
Fig. 1. 

Compound 1 is a mononuclear complex with a Clv symme- 
try. The molecular plane coincides with the crystallographi- 
cally imposed reflection plane. The aluminum center in 1 is 
coordinated by one amido nitrogen atom, two methyl groups, 
and two pyridyl groups in a distorted trigonal bipyramidal 
environment as evidenced by the N(2)-A1-N(3) bond angle of 
158.5(2)' and the sum of bond angles around the A1 atom on 
the basal plane, 360.0'. The deviation of the N(2)-A1-N(3) 
angle from linearity is believed to be caused by the geometric 
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Trepanier and Wang 

constraint of the ligand. Five-coordinate aluminum amido 
complexes are not very common, but an increasing number 
of examples are being reported, including AlMe,- 
(Et,NCH,CH,NCH,CH,NEt,), A12Me4(2-NCH,Py),, and 
A14(8-quinolylimido)2(CH3)7(OCH3) reported recently by our 
group (3, 7) and Al,H7(NPr'),(HNPr'),(NCH(CH3)CH2N- 
(CH,),) reported by Perego and Dozzi (2d). The amido N( 1)- 
Al bond length (1.826(4) P\) is significantly shorter than the 
pyridyl N(2)-A1 (2.103(4) A) and N(3)-A1 bond lengths 
(2.137(5) A), reflecting the relatively high affinity of the 

Table 2. Atomic coordinates and isotropic thermal parameters B,, 
(a) Compound 1 

Atom x 

A1 0.7648(2) 
N(1) 1.0111(6) 
N(2) 0.8590(6) 
N(3) 0.7764(7) 
c (  1) 1.1397(7) 
c(2) 1.041 6(8) 
c(3) 1.1266(8) 
c(4) 1.019(1) 
c(5) 0.831(1) 
c(6) 0.7596(9) 
c(7) 1.09 18(8) 
C(8) 0.9476(9) 
c(9) 0.981(1) 
C(10) 0.839(1) 
C(11) 0.661(1) 
C(12) 0.6387(9) 
C(13) 0.61 86(5) 

Table 2 (concluded). 

(c) Compound 3 

Atom x Y z B,, 

"B,,  = 813 rr2(U,,(rrc~*)' + U2>(bb*)? + U,,(cc*)' + 2U,2c~c~*bb*cos y t 
2U,,rrrr*cc*cos P + 2U2,bb*cc*cos a). 

Fig. 2. 

(b) Compound 2 dpa tda 

Atom amido atom to the aluminum center. The amido N(l) atom has 
a trigonal planar geometry. Some contribution of the lone pair 
to the A1-N(1) bond order is therefore conceivable. The 
N(1)-A1 bond length is indeed significantly shorter than the 
known amido-aluminum bond lengths (>1.95 A) where the 
amido nitrogen atom has a tetrahedral geometry (2, 3, 8), 
indicative of the participation of the nitrogen lone pair in the 
Al-N(1) bond. The structure of compound 1 resembles that 
of AlMe,(Et,NCH,CH,NCH,CH,NEt,), reported earlier by 
our group, where the amido ligand has a trigonal planar geom- 
etry (7). However, in contrast to the highly fluxional behavior 
of AIMe,(Et2NCH2CH2NCH2CH2NEt2) in solution (7), com- 
pound 1 retains its solid state structure in solution, as estab- 
lished by NMR spectroscopic studies. The relatively structural 
rigidity of compound 1 in solution can be attributed to the rel- 
atively rigid structure of the di(2-pyridy1methyl)amido ligand 
(dpa), in comparison with the N,N,N',Np-tetraethyldiethylene- 
diamine amido (tda) ligand (Fig. 2). The corresponding biden- 
tate ligand, 2-(pyridylmethyl)amido, is known to function as a 
bridging ligand via the amido atom producing the dinuclear 
compound (3c), Al,Me,[N(CH,-2-Py)],. The mononuclear 
structure of 1 is apparently stabilized by the chelating effect of 
the tridentate dpa ligand and the coordination saturation of the 
aluminum center. 
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Table 3. Selected bond lengths (A) and angles (O). 

(a) Compound 1 

Atom Atom Distance Atom Atom Distance 

Atom Atom Atom Angle Atom Atom Atom Angle 

(b )  Compound 2 

Atom Atom Distance Atom Atom Distance 

Atom Atom Atom Angle Atom Atom Atom Angle 
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Table 3 (concluded). 

(b)  Compound 2 

Atom Atom Atom Angle Atom Atom Atom Angle 

(c) Compound 3 

Atom 
- 

Al( 1) 
Al( 1) 
Al( 1) 
Al(1) 
Al( 1) 
N(1) 
N(1) 
N(2) 
N(2) 
N(3) 
N(3) 

Atom Distance Atom Atom Distance 

C(3) C(4) 1.39(1) 
C(4) C(5) 1.36(1) 
C(5) C(6) 1.38(1) 
C(6) C(7) 1.408(8) 
C(7) C(8) 1.517(9) 
C(8) C(9') 1.569(9) 
C(9) C(10) 1.527(8) 
C(10) C(11) 1.403(9) 
C(11) C(12) 1.360(9) 
C(12) C(13) 1.36(1) 
C(13) C(14) 1.40(1) 

Atom Atom Atom Angle Atom Atom Atom Angle 

As shown in Fig. 3, the molecules of 1 are packed parallel to 
each other in the crystal lattice, resulting in extensive n inter- 
actions between the aromatic rings. The shortest atomic con- 
tact distance between the rings is 3.698(1) A between the C(3) 
and C(5') atoms. 

Synthesis and structure of AI,Me,[N(CH,-2-Py),] (2) 
The amido atom in'the dpa ligand has two lone pairs of elec- 
trons. One can therefore predict that it is possible for the amido 

atom in 1 to bind to the second aluminum center, forming a 
dinuclear complex. In fact, it is more common for secondary 
amido ligands to coordinate to two metal centers as a bridging 
ligand than to coordinate to one metal center only (1, 3,7,8). 
We therefore performed the reaction of di(2-pyridylme- 
thy1)amine with 2 equivalents of AIMe3, which indeed yielded 
a new colorless dinuclear complex Al,Me,[N(CH2-2-Py)21 (2) 
in quantitative yield. Compound 2 was fully characterized by 
NMR and elemental and X-ray diffraction analyses. The posi- 
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Fig. 3. An unit cell packing diagram showing the intermolecular stacking of compound 1 in the crystal 
lattice. 

Fig. 4. An ORTEP diagram showing the molecular structure of 2 
with labelling scheme and 50% thermal ellipsoids. 

tional and isotropic thermal parameters of nonhydrogen atoms 
are given in Table 2 (b). Selected bond lengths and angles are 
listed in Table 3 (b). An ORTEP diagram showing the molecular 
structure of compound 2 is given in Fig. 4. 

As observed in 1, the AlMe, unit is chelated by three nitro- 
gen atoms. The geometry around the Al(2) atom is similar to 
that in 1, a distorted trigonal bipyramid. The amido Al(2)- 
N(l)  distance (2.002(4) A) is, however, significantly longer 
than that in 1, consistent with the tetrahedral geometry of the 
amido N(l)  atom. The AlMe3 unit is attached to the N(l) atom 
with a typical amido nitrogen (tetrahedral) - aluminum bond 
length (2.020(4) A). Compound 2 can be considered as the 
result of the addition of one AlMe3 unit to compound 1, which 
removes the C, rotational symmetry axis in 1, resulting in an 
approximate C, symmetry. As the consequence of the C, sym- 

Fig. 5. A diagram showing the intermolecular interactions of 
compound 2 in the crystal lattice. 

metry, the two methyl groups of the Al(2) atom and the two 
protons of the methylene groups are inequivalent. In solution, 
compound 2 retains its solid state structure, as confirmed by 
the presence of three distinct methyl resonances in a 1:1:3 
ratio (two from the Al(2) unit and one from the Al(1) unit) and 
a well-resolved AB coupling pattern of the CH, grou s with a P typical 'J,-, coupling constant (9) (16 Hz) in the H NMR 
spectrum of 2. 

In the crystal lattice, the most significant IT -IT interactions 
are between the N(3) and the N(3') pyridyl rings with the 
shortest atomic distance being 3.454(7) A between C(8) and 
C(lOf) (Fig. 5). 
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Fig. 6. An ORTEP diagram showing the molecular structure of 3 
with labelling scheme and 50% thermal ellipsoids. 

Synthesis and structure of AI,(CH,),[2,3,5,6-tetra(2- 
pyridyl)piperazyl] (3) 

Compound 3 was isolated as a minor dark-brown crystalline 
product from the reaction of Al(CH3)3 with di(2-pyridylme- 
thy1)amine in a 1:l ratio as described for compound 1. Com- 
pound 3 was characterized by elemental, NMR, and X-ray 
diffraction analyses. Positional and isotropic thermal parame- 
ters of non-hydrogen atoms are given in Table 2 (c). Selected 
bond lengths and angles are listed in Table 3 (c). 

As shown in Fig. 6, compound 3 has two aluminum ions and 
a crystallographically imposed inversion center symmetry. 
The coordination environment and bond lengths and angles 
around each aluminum center resemble that in 1. There are, 
however, substantial changes of bond lengths and angles 
around the amido N(l) atom. The geometry of the N(l) atom is 
about 5" from planarity (the sum of angles around N(l) is 
354.9"). The N(1)-C(8) and N(1)-C(9) distances (1.457(7) 
A, 1.483(8) A) are considerably longer than the corresponding 
ones in 1. Each mononuclear unit also deviates significantly 
from planarity. In comparison with compound 1, the most 
interesting feature of 3 is the formation of two carbon~arbon 
bonds between the two methylene carbon atoms C(8) and 
C(9'), C(9) and C(8'), leading to the formation of an unprece- 
dented ligand, the deprotonated 2,3,5,6-tetra(2-pyridy1)piper- 
azine (tppz). The C(8)-C(9') and C(9)-C(8') distances 
(1.569(9) A) are a typical C-C single bond distance. The 
bond angles around C(8) and C(9) are typical for a tetrahedral 
geometry (105.0(5)-113.0(6)"). The hydrogen atoms bonded 
to C(8) and C(9), located directly from the difference Fourier 
map, are trans to the hydrogen atoms on C(8') and C(9'). The 
unusual 2,3,5,6-tetra(2-pyridy1)piperazyl ligand could be con- 
sidered as the consequence of two C-C bond couplings and 
the elimination of two H2 molecules between two di(2- 
pyridylmethy1)amido ligands. Such a C-C coupling reaction 
is rare. It is conceivable that compound 1 is the direct precur- 
sor of compound 3 and converted to 3 through the elimination 

2039 

Fig. 7. 

Fig. 8. A unit cell packing diagram showing the intermolecular 
interactions of compound 3 in the crystal lattice. 

of two hydrogen molecules. Unfortunately, we have not been 
able to establish the link between compound 3 and compound 
1. The details of the formation mechanism of 3 have not yet 
been understood. The free tppz ligand was obtained by hydro- 
lyzing compound 3. 

The presence of the inversion center in the crystal structure 
of 3 gives the molecule of 3 an approximate C2h symmetry. All 
the methine protons and the methine carbon atoms are there- 
fore equivalent. Hence, only one proton or carbon resonance 
due to the methine groups should be observed in the 'H NMR 
spectrum or the I3c NMR spectrum of 3. The I3c NMR spec- 
trum of 3 indeed showed that there is only one type of methine 
carbon atom. Interestingly, however, two doublet proton reso- 
nances of the methine groups with a 2.7 Hz coupling constant 
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were observed in the 'H NMR spectrum of 3, indicative of the 
presence of two different methine protons. Variable tempera- 
ture 'H NMR spectra recorded at 298-215 K did not reveal any 
dynamic behavior. One possible explanation for the NMR 
spectra of 3 is that instead of the trigonal planar geometry, the 
amido nitrogen atom has a pyramidal geometry in solution. 
The two lone pairs from the two amido atoms can be either 
trans or cis to each other (Fig. 7). In the case of a trans geom- 
etry, all methine protons are equivalent (A). In the case of a cis 
geometry, however, there are two different types of methine 
protons, one being cis to the lone pairs and the other being 
trans to the lone pairs (B). The 'H NMR spectrum of 3 is con- 
sistent with the structure B. We therefore propose that com- 
pound 3 has the structure B in solution. 

Some IT - IT interactions appear to be evident as shown by 
the lattice packing diagram of 3. The shortest atomic distance 
between the pyridyl rings is 3.58(1) A between C(6) and C(7') 
(Fig. 8). 

The free ligand, di(2-pyridylmethyl)amine, is not lumines- 
cent. Compounds 1 and 2, however, are luminescent at 23°C 
when irradiated by UV light. The complexation of the alkyl- 
aluminum to the ligand clearly plays an important role in pro- 
moting the luminescence of the ligand. Efforts are being taken 
by our group to investigate the luminescent properties of 1 and 
2 and the formation mechanism of compound 3. 
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The synthesis, and molecular and crystal 
structure of diphenyl(2-oxidonaphthylmethyl- 
iminoacetato)tin(lV) 

Frank E. Smith, Lian Ee Khoo, Ngoh Khang Goh, Rosemary C. Hynes, 
and George Eng 

Abstract: The new diorganotin complex ((C6HS),Sn(OC,,H6CH=NCH2COO)) was prepared and characterized by 'H NMR, 
IR, elemental analysis, and a single crystal X-ray diffraction study. The crystals are monoclinic, space group P2,la with a = 
16.9167(9) A, b = 19.1276(16) A, c = 26.538(2) A, P = 100.534(6)", V =  8442.5(11) A3, Z =  16, and DCaIc = 1.574 Mg m-3. The 
final discrepancy factors are R, = 0.030, and Rw = 0.02 1 for 6524 significant reflections. The tin atom has a distorted trigonal 
bipyramidal coordination, with no short intermolecular contacts. The two axial Sn-0 bonds of 2.12 A and 2.09 A and the 
equatorial Sn-N bond of 2.14 8, are among the shortest found in related complexes. 

Key words: diorganotin(IV), bicycloazastannoxide, trigonal bipyramidal, antitumour. 

Resum6 : On a prtparC le nouveau complexe diorganoktain ((C6H,),Sn(OC1,,H6CH=NCH,COO)) et l'on l'a caractCrisC par IR, 
RMN du 'H, analyse Cltmentaire et diffraction des rayons X sur un cristal unique. Les cristaux sont monocliniques, groupe 
d'espace P2,la avec a = 16,9167(9), b = 19,1276(16) et c = 26,538(2) A, P = 100,534(6)", V =  8442,5(11) A3, Z  = 16. Dcnlc = 
1,574 Mg m-3, R, = 0,030 et R, = 0,021 pour 6524 rCflexions significatives. L'atome d'Ctain adopte une coordination 
bipyramidale trigonale deformte et ne comporte pas de contacts intermoltculaires courts. Les longueurs des deux liaisons 
Sn-0 (2,12 et 2,09 A) et de la liaison equatoriale (2,14 A) sont parmi les plus courtes observCes dans des complexes apparantCs. 

Mots clis : diorganoCtain(IV), bicycloazastannoxyde, bipyramidal trigonal, antitumoral. 

[Traduit par la redaction] 

1 Introduction 
i 

Fig. 1. Structure of N-2-hydroxynaphthalideneglycine. 

The chemotherapeutic properties, especially antitumour activ- 
ities, of organotins continue to be the focus of many reports 
(1-5). A variety of organotin complexes structurally related to 
cis-platin and its derivatives (6, 7) have been investigated for 
anti-tumour properties (3-5, 8-10). In an encouraging number 
of instances, the results show the organotins to be more effec- 
tive than cis-platin or carboplatin (3). Studies of structure- 
activity relationships have shown that the factors influencing 
activity may be very subtle differences in bond lengths or bond 
angles, reinforcing the value of structural investigations in this 
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field (10- 13). Recent reports of the activity of certain diorga- 
notin derivatives of pyridine 2,6-dicarboxylic acid and some 
related compounds (14, 15) against the P388 lymphocytic leu- 
kemia tumour, both in vitro and in vivo, led us to report the 
synthesis and characterization of a series of diorganotin imi- 
nodiacetates (16) and diorganotin(1V)-N-arylidene-a-amino 
acid complexes (17). In line with these developments, we now 
report the synthesis and characterization of diphenyl(2-oxi- 
donaphthylmethyliminoacetato)tin(IV), including the results 
of a full X-ray structural analysis. The structure of the ligand 
(N-2-hydroxynaphthalideneglycine) before deprotonation is 
shown in Fig. 1. 

A full X-ray structural analysis of the diphenyltin complex 
of the deprotonated ligand has been carried out and the results 
are reported along with a variety of spectroscopic data. 

Experimental 

I ' Author to whom correspondence may be addressed. Chemicals and reagents 
Telephone: (705) 675-1 15 1. Fax: (705) 675-4844. E-mail: 
FSMITH @NICKEL.LAURENTIAN.CA Diphenyltin chloride was purchased from Alfa Inorganics and 
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Table 1. Crystallographic and refinement data for 
Ph,Sn(OC,,,H,CH=NCH2COO). 

Empirical formula: 
Formula weight 
Crystal dimensions 
Crystal system 
28 range 
Space group 
n 
b 
C 

P 
v 
Z value 

DC,,, 
F(OO0) 
28 range 

28,,, 
p (CulKa) 
Radiation 
Temperature 
Total reflections 
Unique reflections 
Reflections with I,,, > 2.5~~(1,,,,). 

R, 
R," 
Goodness-of-fit 

SnC2sH,,NO, 
500.12 
0.25 x 0.20 x 0.15 mm 
Monoclinic 
70.00"-85.00" 
P2, la 
16.9 167(9) 
19.1276(16) A 
26.5385(20) A 
100.534(6)" 
8442.5( I I ) A3 
16 
1.574 Mg m-3 
401 1.19 
70.00"-85.00" 
99.7" 
2.52 mm-' 
CulKa (h  = 1.54056 A) 
295 K 
91 15 
8640 
6524 
0.030 
0.02 1 
1.88 

other chemicals were purchased from the Aldrich Chemical 
Company. All were used without further purification. 

Microanal yses 
The carbon, hydrogen, and nitrogen microanalyses were car- 
ried out on a Control Equipment Corporation 240XA elemen- 
tal analyser at the School of Chemical Sciences, Universiti 
Sains Malaysia, Penang, Malaysia. 

NMR spectra 
The 'H and I3c NMR spectra were recorded in CDC13 on a 
Bruker AC-P 300MHz spectrometer. 'H NMR data, 6 (ppm): 
9.18 ( 3 ~ ( ~ n - ~ = ~ ~ )  = 64.93 CIS, -CH=N-); 4.49 ( 3 ~ ( ~ n - ~ -  
CH,) = 24.23 CIS, -N-CH2-), 7.0-8.1 (Ar protons). I3c NMR 
data, 6 (ppm): 166.62 (-CH=N-), 57.80, 172.74 (-N-CH2-); 
171.03, 140.32, 137.36, 136.77, 136.39, 136.02, 133.70, 
130.70, 129.64, 129.08, 129.05, 127.28, 124.58, 124.1 1, 
110.40, 108.47 (aromatic C). 

IR spectra 
The IR spectra were obtained on a Perkin Elmer FTIR 1725 
instrument with the samples as KBr discs. V ( O = C - O ) ~ ~ ~ ~ ,  
1680 cm-'; v(C=N), 1600 cm-I; V(O--C-O),~,, 1325 cm-'. 

Preparation of ligand 
A mixture of free (dl) glycine (0.1 mol) and 2-hydroxy-l- 
naphthaldehyde (0.15 mol) in 300 mL of absolute ethanol and 
30 mL of methanol was stirred overnight before refluxing for 
3-4 h. After cooling in the refrigerator, a crystalline precipitate 
formed, which was filtered, washed with petroleum ether (60- 

80°C), dried, and recrystallized from methanol to give the 
pure product in 50-60% yield. 

Analytical data for N-2-hydroxynaphthalideneglycine mp 
206-208°C (dec.). Anal. calcd. for C13Hl ,NO3: C 68.10, H 
4.85, N 6.11; found: C 68.34, H 4.87, N 6.24. 

Preparation of diphenyl(2-oxidonaphthylmethylimino- 
acetato)tin(IV) 

Triethylamine (2 cm3) was added to a stirred solution of N-2- 
hydrox naphthalideneglycine (10 mmol) in absolute ethanol Y (25 cm ). After the dropwise addition of a solution of diphe- 
nyltin dichloride (10 mmol) in absolute ethanol (10 cm3), the 
mixture was stirred and heated for 2 h on a water bath. Once 
the resulting mixture was left to stand, the product crystal- 
lized, was filtered, dried, and then recrystallized from ethanol. 
Yield 75%, mp 198-200°C. Anal. calcd. for C2,H,,N03Sn: C 
60.03, H 3.85, N 2.80; found: C 59.83, H 3.85, N 2.08. 

X-ray data collection, structure solution and refinement 
The crystallographic data are summarized in Table 1. The 
intensity data were collected at 295 K on a Nonius diffracto- 
meter run by the NRCCAD diffractometer control program 
(IS), using the 8/28 scan mode and profile analysis (19); 9 1 15 
reflections were measured, of which 8640 were unique. Of 
these, 6524 had I,,,, > 2.5u(I,,,,). The h, k, and I ranges were 
- 16 to 16,0 to 18, and 0 to 26, respectively. The minimum and 
maximum transmission factors were 0.487 and 0.692. Absorp- 
tion corrections were made from 4 IJ scans. The structure was 
solved by direct methods, followed by difference Fouriers. All 
non-hydrogen atoms were refined anisotropically. Hydrogen 
atoms were included in calculated positions. Secondary 
extinction was refined as in Larson (20) as 0.8564(31). The 
refined parameter is the average length of a mosaic block in 
km. The final least-squares cycle was calculated with 196 
atoms, 1082 parameters, and 6524 out of 8640 reflections. 
Weights based on counting statistics were used. Final residu- 
als are RF= 0.030, R w =  0.021 for data with I,,,, > 2.5u(In,,), RF 
= 0.055, Rw = 0.025 for all data. The goodness of fit was 1.88. 
Maximum shiftJerror was 0.023. In the last difference Fourier 
map, the top peak was 0.36 e/A3, and the deepest hole was 
-0.32 e/A3. Scattering factors were taken from the literature 
(21). All computation was performed using the NRCVAX sys- 
tem of crystal structure solving programs (22). 

Results and discussion 

In the presence of triethylamine, diphenyltin dichloride reacts 
with the tridentate ligand N-2-hydroxynaphthalideneglycine 
to give a bicycloazastannoxide. Although organotin carboxy- 
lates frequently have di- or polymeric structures resulting 
from intermolecular bridging by carbonyl oxygen atoms (16, 
23), the results of a previous study on similar bicycloazastan- 
noxides, including the crystal and molecular structure of 
Bu2Sn(OC6H,CH=NCH(i-Pr)COO), shows that these com- 
pounds have five-coordinate monomeric structures (17). The 
title compound shows strong carboxylate absorption bands at 
1680 and 1325 cm-I. The separation of 325 cm-' between 
v(O=C-O),sy, and V(O=C-O)~~, is indicative of a uniden- 
tate bonding mode for the carboxylate moiety (24). Further 
evidence for the fact that the free carbonyl group on the ligand 
is not involved in coordination with another tin atom can 
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Smith et al 

Fig. 2. Molecular structure and atom numbering scheme. 

Fig. 3. Packing in the unit cell 

be deduced from the short C-0 distance of 1.216(8) 8, 
(mean value). Similar C-0 bond lengths of 1.179(13) 
and 1.213(16) A have been reported for the correspond- 
ing nonbridging carbonyl groups in the compounds 
Ph3SnC1:2HOC6H,CH=NCH2C02Et (25) and Bu2Sn- 
(OC6H,CH=NCH(i-Pr)COO), respectively (17). The deter- 
mination of "(,%-N=CH) and 'J(s~-N-CH,) coupling con- 
stants in the proton NMR spectrum of the complex at 64.93 
and 24.23 CIS, respectively, is strongly suggestive of the pres- 
ence of an intramolecular Sn-N bond (17, 26, 27). An 
ORTEP (28) plot of the organotin complex, including the 
atom-numbering scheme, is given in Fig. 2. The unit cell was 
found to be very large, containing 16 molecules, with 4 mole- 
cules in the asymmetric unit. In view of the unusually large 
size of the unit cell, the structure was checked for missing 
symmetry using the program MISSYM (29). No additional 

symmetry was identified. By doubling the tolerances to 0.5 8, 
displacement for axes and planes and 0.9 8, for inversion cen- 
tres and translational symmetry, a "pseudo" glide plane (112, 
0.528, O), for the tin atoms only, could be located, but even 
this failed once oxygen and nitrogen atoms were included. 
The presence of four crystallographically unique molecules 
per asymmetric unit was therefore verified. A stereo pair 
showing the packing arrangement of the molecules in the unit 
cell is shown in Fig. 3. The final fractional coordinates of 
non-hydrogen atoms with equivalent isotropic thermal param- 
eters are listed in Table 2, while selected bond lengths and 
bond angles are in Table 3. The bond lengths and angles for 
the title complex are reported as mean values taken over the 
four molecules in the asymmetric unit. A complete listing of 
the bond lengths and angles for each of the molecules in the 
asymmetric unit, calculated hydrogen atom parameters, and 
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Table 2. Atomic parameters x,  y, z and B,,,. ESDs refer to the last digit printed. 

SnA 
01A 
02A 
03A 
N A 
CIA 
C2A 
C3A 
C4A 
C5A 
C6A 
C7A 
C8A 
C9A 
Cl  OA 
Cl  lA 
C12A 
C13A 
C21A 
C22A 
C23A 
C24A 
C25A 
C26A 
C31A 
C32A 
C33A 
C34A 
C35A 
C36A 

SnB 
01B 
02B 
03B 
NB 
CIB 
C2B 
C3B 
C4B 
C5B 
C6B 
C7B 
C8B 
C9B 
Cl  OB 
Cl  lB 
C12B 
C13B 
C21B 
C22B 
C23B 
C24B 
C25B 
C26B 
C31B 
C32B 
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Table 2 (continued). 

SnC 
01C  
02C  
03C  
NC 
C lC  
C2C 
C3C 
C4C 
C5C 
C6C 
C7C 
C8C 
C9C 
Cl OC 
Cl lC  
C12C 
C13C 
C21C 

1 C22C 
I C23C 

C24C 
C25C 
C26C 
C31C 

I 

C32C 
C33C 
C34C 
C35C 
C36C 

SnD 
01D 
02D 
03D 
ND 
ClD  
C2D 
C3D 
C4D 
C5D 
C6D 
C7D 
C8D 
C9D 
Cl OD 
Cl ID 
C12D 
C13D 
C21D 
C22D 
C23D 
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Table 2 (concluded). 

Table 3. Comparison of selected bond lengths and angles between the title complex and 
Bu,Sn(OC,H,CH=NCH(i-Pr)COO) ( 17) 

- 

Ph,Sn(OC ,,,H,CH=NCH,COO Bu,Sn(OC,H,CH=NCH(i-Pr)COO) 
(Title complex) (see ref. 17) 

Bond 
Sn-02 
Sn-01 
Sn-C2 1 
Sn-C3 1 
Sn-N 
C 1-03 

Bond angle 
02-Sn-01 
01-Sn-N 
02-Sn-N 
01 -Sn-C3 1 
0 I -Sn-C2 1 
02-Sn-C2 1 
02-Sn-C3 1 
C21-Sn-C3 1 
C3 1-Sn-N 
C21-Sn-N 

Mean" bond distance (A1 
2.092(4) 
2.124(4) 
2.126(6) 
2.109(6) 
2.142(5) 
1.2 16(8) 

Mean" bond angle (O) 
157.24(15) 
76.61(17) 
82.19(16) 
94.43(2 1 ) 
96.43(2 1 ) 
97.11(21) 
9 1.63(2 1) 

127.80(21) 
125.40(2 1) 
106.77(20) 

Corresponding bond distance (A) 
2.078(10) 
2.151(8) 
2.138(14) 
2.100(12) 
2.158(8) 
1.213(16) 

Corresponding bond angle (O) 
155.9(3) 

"The means are taken from the values found in the four molecules in the asymmetric unit. 

anisotropic thermal parameters have been deposited as Tables 
T- 1, T-2, S-2, and S-3, respectively.2 

The ligand behaves as a tridentate chelating agent via the 
phenolic oxygen, the imino nitrogen, and a carboxylate oxy- 
gen. The two phenyl groups and the imino nitrogen take up the 
equatorial positions and the two oxygens the axial sites in a 
distorted trigonal bipyramidal arrangement around the tin. The 
tin atom lies in the ligand plane and forms a five-membered 

Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada K1A 0S2. 
'The tables of bond lengths and angles, and of hydrogen atom 
parameters have also been deposited with the Cambridge 
Crystallographic Data Centre, and can be obtained on request 
from The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 1 EZ, U.K. 

and a six-membered chelate ring with the ligand. The closest 
Sn-0 distance between the complexes is 5.3982(8) 
between Sn(b) and 03(d), thus there are no close contacts 
between the complex entities, and no intermolecular tin-oxy- 
gen bridging. 

The structure of the title complex is very similar to that 
reported for Bu2Sn(OC6H,CH=NCH(i-Pr)COO) (17). Lists 
of the corresponding bond lengths and angles for the two com- 
plexes are given in Tab!e 3. The two axial Sn-0 bonds of 
2.124(4) and 2.092(4) A and the equatorial Sn-N bond of 
2.142(5) A appear to be the shortest ever reported in com- 
plexes of this type. This compound, and a range of similar 
ones, will be tested for their activities against human tumour 
cell lines - MCF-7 (a mammary tumour) and WiDr (a colon 
carcinoma). The results of these tests, along with the structural 
data reported above, will enable comparison with the active 
compounds reported previously (3,4, 5, 13). 
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Pd(0)-catalyzed addition of Me3SnSnMe3 to 
M - a  lkynic aldehydes and ketones. Synthesis 
of (I)-P-trimethylstannyl a,P-alkenic aldehydes 
and ketones. Preparation and synthetic uses of 
substituted (I)-4-trimethylstannyl-1,3- 
butadienes 

Edward Piers and Richard D. Tillyer 

Abstract: Treatment (dry tetrahydrofuran, reflux) of the a$-alkynic aldehydes 26-28 and ketones 29-36 with Me3SnSnMe3 in 
the presence of a catalytic amount of (Ph3P),Pd provides fair to excellent yields of the corresponding (a-P-trimethylstannyl 
a$-alkenic aldehydes 41-43 and ketones 44-51. The carbonyl compounds 41-51, upon reaction with 
methylenetriphenylphosphorane under suitable conditions, are smoothly converted into the (a-4-trimethylstannyl-1,3- 
butadienes 61-71, respectively. Treatment of the aldehyde 41 with the anion of trimethyl phosphonoacetate and the aldehyde 42 
with the anion of the phosphonoacetate 73 produces excellent yields of the 5-trimethylstannyl-2,4-heptadienoates 72 and 74, 
respectively. The synthetic potential of (a-4-trimethylstannyl-1,3-butadienes is illustrated by the conversion of 62 into the 
functionalized, stereodefined conjugated dienes 76 and 78 and by transformation of 87 into the structurally novel diene 84. 
Diels-Alder reactions of 84 with tetracyanoethylene and dimethyl acetylenedicarboxylate provide the spiro[3.5]nonane 
derivatives 88 and 89, respectively. 

Key words: Diels-Alder cycloaddition, organocopper(I), transmetallation, alkylidenecyclobutane, (E)-4-lithio-l,3-butadienes, 
spiro[3.5]nonane. 

Resume : Le traitement des aldehydes 26-28 et des &tones 29-36 a,P-alcyniques avec du Me3SnSnMe3 (tCtrahydrofurane sec, 
reflux), en prisence d'une quantitt catalytique de Pd(PPh,),, conduit aux aldkhydes 41-43 et aux cCtones 44-51 
trimCthylstanny1-a,P-alcCniques correspondantes avec des rendements allant de corrects 5 excellents. Par rtaction avec le 
mkthylbnetriphCnylphosphorane, les composCs carbonylks 41-51 se transforment facilement en (a-4-trimCthylstannylbuta-1,3- 
dibnes, 61-71, respectivement. Le traitement de I'aldChyde 41 avec l'anion phosphonoacCtate de trimCthyle et de I'aldChyde 42 
avec l'anion du phosphonoacCtate 73 conduit respectivement h d'excellents rendements aux 5-trimkthylstannylhepta-2,4- 
diknoates 72 et 74. Le potentiel de synthkse des (a-4-trimCthylstannylbuta-1.3-dibnes a CtC illustrk par la conversion du composC 
62 en dibnes conjuguCs fonctionnalisk sttrkodtfinis 76 et 78 et par la transformation du composC 87 en dibne 84 de structure 
nouvelle. Les rCactions de Diels-Alder du composk 84 avec le tCtracyanoCthbne et 1'acCtyl~nedicarboxylate de dimCthyle 
conduisent respectivement aux dCrivCs spiro[3.5]nonanes 88 et 89. 

Mots clis : cycloaddition de Diels-Alder, organocuivre(I), transmCtallation, alkylidbnecyclobutane, (E)-4-lithiobuta-l,3-dibnes, 
spiro[3.5]nonane. 

[Traduit par la rkdaction] 

Introduction 

A recent report (1) from this laboratory disclosed, inter alia, 
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that alkyl Zalkynoates (general structure I), upon treatment 
with hexamethylditin in the presence of a catalytic amount of 
tetrakis(triphenylphosphine)palladium(0), are converted into 
the corresponding alkyl (2)-2,3-bis(trimethylstanny1)-2-alk- 
enoates 2 (eq. [I]). This process, which is generally clean and 
efficient, is compatible with the presence of a variety of func- 
tional groups in R'. It was also shown (1) that the Z isomers 2 
are thermally unstable and, when heated to 75--95OC, rear- 
range smoothly to the E isomers 3 (eq. [2]). We report in this 
paper that the (Ph3P),Pd-catalyzed addition of Me3SnSnMe3 
to a,P-alkynic aldehydes and ketones of general structure 4 
does not lead to the formation of the corresponding a$- 
bis(trimethylstanny1) a$-alkenic carbonyl compounds, but 
instead provides, directly and highly stereoselectively, (2)-P- 

Can. J. Chem. 74: 2048-2063 (1996). Printed in Canada I Imprimd au Canada 
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Piers and Tillyer 

Table 1. Preparation of a$-alkynic aldehydes and ketones. 

H 0 
R' - - H A.B,C.D.orE_  Rl - y 0 H  F o r G  R1 f - 

7 8 R2 4 R2 

Starting 
Entry material 7 R' R' Conditions" Alcohol 8 Yield (%)" Conditions" Product 4 Yield (%)" 

1 9 TBDMSO(CH,),' H A 16 74 F 26 72 
2 10 MOMO(CH,)," H A 17 80 F 27 57 
3 11 TBDMSO(CH,),' H A 18 8 1 F 28 74 
4 9 TBDMSO(CH2): Me B 19 92 G 29 74 
5 12 CI(CH,), Me B 20 85 G 30 74 
6 11 TBDMSO(CHJ,' Me B 21 60 G 31 76 
7 13 H+(CH,), Me C 22 60 G 32 55 
8 14 i-Pr Me B 23 - F 33 56 f  
9 9 TBDMSO(CH,),' i-Pr D 24 85 G 34 8 1 

10 15 t-Bu n-CJ43 E 25 96 G 35 72  

"A: (i) MeLi (1 equiv.), THF, -78°C. 10 min; -20°C, 1 h; (ii) HzCO (4 equiv.), warm to room temperature, then stir for 30 min. B: (i) as in A; 
(ii) cool to -78"C, add MeCHO (2 equiv.), -7g°C, 10 min, then warm to room temperature. C: as in B except that 5 equiv. of MeCHO were used. 
D: as in B, except that i-PrCHO ( I  .5 equiv.) was used in place of MeCHO. E: as in B, except that n-C,H,,CHO (1.5 equiv.) was used in  place of 
MeCHO. F: pyridinium chlorochromate (PCC) (1.5 equiv.), NaOAc (0.3 equiv.), CH2CI,, room temperature, 2 h. G: PCC (2.5 equiv.), NaOAc 
(0.3 equiv.), CH,Cl,, room temperature, 2.5 h. 

hYield of purified, distilled product. 
TBDMS = tert-butyldimethylsilyl. 

I dMOM = methoxymethyl. 
I 'The crude product was not purified. 

'Overall yield from compound 14. 

trimethylstannyl a$-alkenic aldehydes and ketones 5 in fair to 
excellent yields (eq. [3]) (2). Furthermore, we show that sub- 
stances 5 are excellent precursors for the preparation of syn- 

I 

thetically valuable, stereochemically homogeneous (2)-4- 
trimethylstannyl-l,3-butadienes of general structure 6 (eq. 
[41). 

R' ~ 0 2 ~ ~  75 - 95 oc R' SnMe3 
t 

neat 
Me3Sn 

2 )=(C02R2 3 

Results and discussion 

Preparation of m,P-alkynic aldehydes and ketones 
Of the 11 a$-alkynic aldehydes and ketones employed in this 

study, substrates 2 6 3 5  were prepared as summarized in Table 
1. Two straightforward synthetic steps were employed in each 
case. For example, sequential treatment of a solution of 4-tert- 
butyldimethylsilyloxy-1-butyne (9) in dry tetrahydrofuran 
(THF) with methyllithium (1 equiv.) and paraformaldehyde (4 
equiv.) gave the primary alcohol 16, which, upon oxidation 
with pyridinium chlorochromate in the presence of sodium 
acetate (3), provided 5-tert-butyldimethylsilyloxy-2-pentynal 
(26) (Table 1, entry 1). In a similar fashion, the 1-alkynes 10 
and 11 were transformed, via the alcohols 17 and 18, into the 
a,a-alkynic aldehydes 27 and 28, respectively (entries 2 and 
3). Analogous chemical processes, using appropriate 1- 
alkynes as starting materials and ethanal (entries 4-8), 2- 
methylpropanal (entry 9), and heptanal (entry 10) as electro- 
philic reagents, afforded the a,a-alkynic ketones 29-35. 

All the products listed in Table 1 were distilled, except for 
the alcohol 23  (entry 8). This substance is quite volatile and, 
therefore, in order to avoid excessive loss of material, crude 23 
was not purified but was oxidized directly to the required 
ketone 33. It should also be noted that conversion of 1,6-hep- 
tadiyne (13) into the secondary alcohol 22 (entry 7) was 
accompanied by a small amount of a polar, uncharacterized 
side product that was assumed to be the diol resulting from 
reaction at both terminal alkyne functions of the starting mate- 
rial. 

The final ketonic substrate 36 employed in this study was 
prepared as shown in Scheme 1. Thus, oxidation of 4-pentyn- 
1-01 (37), followed by reaction of the resultant aldehyde 38 
with vinyl magnesium bromide, provided the enynol 39. 
Treatment of 39 with tert-butyldimethylsilyl chloride under 
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Scheme 1. 

MgBr - , H 

t-BuMezSiC1 

1. MeLi 
2. AczO 

TBDMSO 
36 40 

"standard" conditions (4) produced 40, which, upon sequential 
treatment with methyllithium and acetic anhydride, afforded 
the functionalized a,P-alkynic ketone 36. 

Collectively, the substrates 2 6 3 6  contain a range of func- 
tional groups in addition to the a,P-alkynic aldehyde and 
ketone moieties. These include primary silyl ether, secondary 
allylic silyl ether, primary chloride, terminal alkyne, and ter- 
minal alkene functions. Based on the results of our earlier 
studies ( l) ,  it seemed highly likely that each of these func- 
tional groups would be compatible with the reaction of the 
substrates with hexamethylditin in the presence of a palla- 
dium(0) catalyst. 

Pd(0)-catalyzed reaction of the m,P-alkynic aldehydes and  
ketones 2 6 3 6  with hexamethylditin 

Initial experiments were carried out using the structurally sim- 
ple substrate 33. Thus, employing a procedure similar to that 
reported previously in connection with the Pd(0)-catalyzed 
reaction of hexamethylditin with a,P-alkynic esters (I), tet- 
rakis(triphenylphosphine)palladium(O) (5 mol%) was added to 
a stirred solution of 33 (1 equiv.) and Me,SnSnMe, (1 equiv.) 
in dry THF (argon atmosphere) and the resulting mixture was 
refluxed (eq. [5]). The progress of the reaction was monitored 

[5]). Of particular note in the 'H nmr spectrum of 48 is the 
presence of only one 9-proton signal (6 0.09, 'Jsn-, = 54 Hz) 
due to the Me,Sn group and the appearance of a 1 -proton dou- 
blet (6 6.77, J = 1.5 Hz, 3~s , -H = 127 HZ') derived from the 
alkenic proton at C-3. The magnitude of ,Jsn-, associated with 
the C-3 proton is characteristic of coupling between tin and a 
proton that are trans to one another on a carbon-carbon double 
bond (6). This trans relationship in product 48 was confirmed 
by a nuclear Overhauser enhancement (nOe) difference exper- 
iment in which irradiation at 6 6.77 caused an increase in the 
intensity of each of the signals at 6 2.75 (-CHMe,), 1.03 
(-CHMe,), and 2.20 (C(0)Me). The enhancement of the 
methyl resonance of the acetyl group indicates that this sub- 
stance exists largely in the conformation shown in formula 48. 
Presumably, this arrangement is stabilized by coordination of 
the carbonyl oxygen with the tin atom (see ref. 7 and citations 
therein). On the other hand, the alternative (planar) conforma- 
tion (see eq. [5]) would be notably destabilized by steric repul- 
sion between the acetyl methyl group and the Me,Sn function. 

The conversion of 33 into 48 (eq. [5]) was clean and effi- 
cient (80% yield of purified product). Examination (tlc, 'H 
nmr spectroscopy) of the crude material prior to purification 
showed that this dark oil did not contain the bis(trimethy1stan- 
nane) 52. Furthermore, the geometric isomer of the isolated 
product 48 could not be detected either. To demonstrate the 
generality of this process, each member of the structurally 
diverse set of a,P-alkynic aldehydes and ketones (2632 ;  34- 
36) (vide supra) was subjected to the Pd(0)-catalyzed reaction 
with hexamethylditin. The results of this study, including the 
transformation of 33 into 48, are summarized in Table 2. 

The conversion of a,P-alkynic aldehydes and ketones into 
the corresponding (3-P-trimethylstannyl a,P-alkenic carbo- 
nyl compounds does indeed turn out to be a general reaction. 
As shown by the data given in Table 2, the starting materials 
26-36 are transformed into the products in fair to excellent 
yields. In each of the summarized conversions, the product 
was obtained as a single geometric isomer. In the 'H nmr spec- 
trum of each of the roducts, the resonance due to the olefinic P proton exhibited a JSn-, value consistent with that expected 
for the Z isomer (trans relationship between the trimethylstan- 
nyl group and the olefinic hydrogen) (6). 

The reactions summarized in Table 2 were carried out in 
refluxing dry THF, with an initial substrate concentration 
between 0.3 and 0.6 molar. In each case, 0.05 equiv. of the pal- 
ladium(0) catalyst ((Ph,P),Pd) was employed. Under these 
conditions, the reactions were generally complete within rea- 

reflux \ 3'5 

sonable reaction times. The products were conveniently puri- 
fied by flash chromatography (silica gel) (5) of the crude oils 
derived by removal of most of the solvent (reduced pressure) 

by thin-layer chromatography (tlc), which showed that all of 
the starting material had been consumed after a reaction period 
of -5 h. Removal of most of the solvent and purification of the 
crude material by flash chromatography on silica gel (5) pro- 
vided a single product. Inspection of the 'H nuclear magnetic 
resonance (nmr) spectrum of this material showed clearly that 
the product was not the initially expected ( 3 -  (or (E))-a,P- 
bis(trimethylstanny1) a,P-alkenic ketone 52 (l), but was, in 
fact, (Z)-5-methyl-4-trimethylstannyl-3-hexen-2-one (48) (eq. 

from the reaction mixtures. 
The reactions summarized in entries 7 and 10 of Table 2 

require special mention. Reaction of the keto diyne 32 with 
Me,SnSnMe, in the presence of (Ph,P),Pd provided in good 
yield (69%) (Z)-4-trimethylstannyl-3-nonen-8-yn-2-one (47) 
(eq. [6]). The fact that the terminal alkyne function of 32  does 
not interfere with the "normal" reaction of the alkynic ketone 
moiety is particularly noteworthy, since it is known (8) that 
the elements of Me,SnSnMe, can be added to 1-alkynes 

This value represents the average of the (very similar) "'S~-H 
and I l 9 s n - ~  coupling constants. 
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Piers and Tillyer 

Table 2. Conversion of cr,lJ-alkynic aldehydes and ketones 2 6 3 6  into (Z)-b-trimethylstannyl 
a,P-alkenic aldehydes and ketones 41-51. 

O Me3SnSnMe3 (1 equiv.) 
~1-f 

R2 ( p t ~ ~ P ) ~ P d  (0.05 equiv.) 
4 THF, reflux 

0 

Starting 
material Reaction Product Yield 

Entry 4 R ' R' t~me (h) 5 ( % )(l 

1 26 TBDMSO(CH?),~ H 2 41 87 
2 27 MOMO(CH2): H 2 42 76 
3 28 TBDMSO(CH~); H 2 43 88 
4 29 TBDMSO(CH'); Me 2 44 90 
5 30 C1(CH2)3 Me 3 45 8 1 
6 3 1 TBDMSO(CH~)," Me 2 46 83 
7 32 H+(CHZ)J Me 4 47 69 
8 33 i-Pr Me 5 48 80 
9 34 TBDMSO(CH~)~  i-Pr 5 49 94 

10 35 r-Bu n-C,H,, 24 50 48 
I I 36 H,C=CH--cH(CH~)," Me 8 5 1 95 

I 
OTBDMS 

"Yield of purified, d~stil led product. 
'TBDMS = tell-butyld~methyls~lyl. 

I 'MOM = methoxymethyl. 

under conditions similar to those employed for the conversion 
of 32 into 47 (eq. [6]). The chemoselectivity displayed in the 
32 + 47 transformation shows clearly that Pd(0)-catalyzed 
reactions of terminal alkynes with Me3SnSnMe3 are apprecia- 
bly slower than those involving a,P-alkynic aldehydes and 
ketones. 

The reaction involving substrate 35 was found to be slug- 
gish (Table 2, entry 10, eq. [7]). Thus, even after a reaction 

reflux, 4 h 6' 
47 

reflux 
24 h 50 

time of 24 h, analyses (tlc, gas-liquid chromatography (glc)) 
of aliquots of the reaction mixture showed the presence of the 
starting material 35, along with Me3SnSnMe3. Furthermore, 

monitoring of the reaction mixture by tlc indicated that, as 
reaction times were increased, a number of minor side prod- 
ucts were produced. Work-up and product isolation after a 
reaction time of 24 h produced product 50 in 48% yield (eq. 
171). The fact that the transformation of 35 into 50 occurred at 
all is noteworthy, since it has been shown that neither the 
alkynic ester ~3~ nor the 1-alkyne 54 (8) react with 
Me3SnSnMe3 in the presence of a Pd(0) catalyst, even after 
prolonged heating of the reaction mixtures (eq. 181). 

Mechanistic considerations 
The Pd(0)-catalyzed addition of Me3SnSnMe3 to a,P-alkynic 
esters, as summarized in eq. [I], has been proposed to proceed 
via the catalytic cycle shown in Scheme 2 (1). Furthermore, 
the thermal rearrangement of the resultant products 2 into the 
corresponding geometric isomers 3 (eq. 121) has been rational- 
ized as shown in eq. [9] (1). Thus, according to this proposal, 
thermolysis of 2 results in (reversible) migration of the a -  
Me3Sn group from carbon to the ester carbonyl oxygen to pro- 
duce the trimethylstannyl allenoate intermediate 55. A second 
migration of the Me3Sn group back to the a carbon, but to the 
side of the intermediate opposite the P-Me3Sn function, would 
provide the E isomer 3. Of the three compounds shown in eq. 
[9], it is apparent that both 2 and 3 are more stable than the 
allenoate 55. However, presumably due primarily to steric 
repulsion between the two Me3Sn groups in the Zisomer 2, the 
equilibrium between 2 and 3 overwhelmingly favors the latter 
isomer. 

Presumably, the Pd(0)-catalyzed reaction of a$-alkynic 

Unpublished work carried out in these laboratories by R.T. Skerlj. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Can. J. Chern. Vol. 74, 1996 

Scheme 2. 

MqSn 

aldehydes and ketones (general formula 4) with Me3SnSnMe3 
proceeds via a catalytic cycle analogous to that shown in 
Scheme 2 (see eq. [lo]). It seems reasonable to conclude that 

O as in 
R2 Scheme 2 

4 
56 

\' 
R ' workup R ' R2 

Mel% 

the initial products produced from these processes are the (2)- 
2,3-bis(trimethylstanny1) a,P-alkenic carbonyl compounds of 
general structure 56. To account for the fact that the isolated 
products are the mono(trimethylstanny1) substances 5, we pro- 
pose that 56 and the geometric isomers 58 are unstable with 
respect to the allenoates 57 (eq. [lo]). Thus, in contrast to the 
ester series, it appears that the first-formed products 56 readily 
isomerize to the allenoates 57 and that, upon work-up, the lat- 
ter species are protonated from the side opposite the P-Me3Sn 
group to provide the observed products of general structure 5. 

The rationale presented above is supported to some degree 
by work published by Tsuda et al. (9). These workers reported 
that the structures of intermediates derived from the reaction 
of diisobutylaluminum hydride with a$-alkynic carbonyl 
compounds are dependent on the nature of the carbonyl group 

in the substrate. Thus, for example, treatment of methyl 
propynoate with i-Bu2A1H in hexamethylphosphoramide 
(HMPA) produces the alkenylalane 59 (eq. [ l  I]), while an 
identical reaction involving 1-hexyn-3-one as the substrate 
affords the diisobutylalanyl allenoate 60 (eq. [12]). The simi- 
larities between these results and those derived from our stud- 
ies (vide supra) are striking. 

i-Bu2AIH HHco2Me 
[ l l ]  H+C02Me * 

HMPA 
H Al(i-Bu), 

59 

Conversion of the (2)-0-trimethylstannyl a,@-alkenic 
aldehydes 4143 and ketones 44-51 into the substituted 
(2)-4-trimethylstannyl-1,3-butadienes and related 
compounds 

Substituted (2)-4-trimethylstannyl-1,3-butadienes of general 
structure 6, along with reagents and synthetic intermediates 
derived therefrom, are, potentially, valuable substances for 
organic synthesis. However, prior to the work described 
herein, a convenient method for preparing 6 had not been 
reported in the chemical literature and, consequently, the syn- 
thetic utility of these materials has not been investigated sys- 
tematically. The work described above had resulted in the 
development of a concise, efficient, and experimentally 
straightforward method for preparing substituted (2)-P-tri- 
methylstannyl a,P-alkenic aldehydes and ketones of general 
structure 5 (Tables 1 and 2). Obviously, these substances 
should serve as suitable substrates for the synthesis of the cor- 
responding dienes 6. 

Reaction of the aldehyde 41 with methylenetriphenylphos- 
phorane (prepared from BuLi and [Ph,PMe]Br) in dry THF at 
room temperature provided, cleanly and efficiently, the trime- 
thylstannyl diene 61 (Table 3, entry 1). In a similar fashion, 
the aldehydes 42 and 43 were transformed into the dienes 62 
and 63, respectively, in excellent yields (entries 2 and 3). 

The (2)-P-trimethylstannyl a,@-alkenic ketones of general 
structure 5 ( R ~  = alkyl) could also be converted into the corre- 
sponding dienes 6 using the procedure described above, but, in 
these cases, complete conversion of the starting materials into 
products was not complete even after reaction times of several 
hours at room temperature. Furthermore, long reaction times 
created "dirty" reaction mixtures and the isolated yields of the 
desired trimethylstannyl dienes were generally unsatisfactory. 
In fact, of the ketones subjected to these conditions, only 48 
was converted efficiently into the corresponding diene 68 
(entry 8), although the reaction time was 10 times that 
required for the aldehydes 4143. 

It seems likely that the sluggish nature of the conversion of 
the ketones 5 into the dienes 6 using Ph3P==CH2 in THF is due 
to a competition between the required Wittig process and an 
enolate-forming reaction resulting from the reagent acting as a 
base rather than a nucleophile. It has been reported (10) that 
reaction of enolizable ketones with Ph3P==CH2 (prepared 
from [Ph,PMe]Br and NaOC(Et)Me2) in benzene provides the 
corresponding alkenes in good yields. Use of this protocol in 
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Table 3. Preparation of substituted (Z)-4-trimethylstannyl-1,3-butadienes 61-71. 

Starting 
material Reaction Product 

Entry 5 R1 R2 Conditionsa time (rnin) 6 Yield ( % ) b  

1 41 TBDMSO(CH2)t H A 30 61 87 
2 42 MOMO(CH,)," H A 30 62 82 
3 43 TBDMSO(CH2)t H A 30 63 8 1 
4 44 TBDMSO(CH,)t Me B 30 64 86 
5 45 cl(CH2)1 Me B 30 65 57 
6 46 TBDMSO(CH2)4C Me B 30 66 75 
7 47 H+(CH2)] Me B 30 67 83 
8 48 i-Pr Me A 300 68 87 
9 49 TBDMSO(CH2),' i-Pr B 15 69 64 
10 50 t-Bu n-C,H~, B 30 70 8 1 
1 1  51 H2C=CH-CH(CH2),' Me B 30 71 85 

OTBDMS 

"A: PhIHH2 (prepared from Ph,P(Me)Br and n-BuLi in dry THF), THF, room temperature. B: PhlxH2 (prepared from 
Ph,P(Me)Br and NaOC(Et)Me2 in dry benzene), benzene, room temperature. 

"Yield of purified, distilled product. 
TBDMS = tert-butyldimethylsilyl. 
'MOM = methoxymethyl. 

the present work proved to be satisfactory. As can be seen 
from a perusal of Table 3, subjection of the ketones 44-47 and 
49-51 to these reaction conditions provided good to excellent 
yields of the corresponding dienes (entries 4-7,9-11). 

The aldehydes 41 and 42 also react smoothly with Wittig- 
Horner reagents. For example, treatment of 41 with the anion 
of trimethyl phosphonoacetate in dry THF at 0°C afforded the 
5-trimethylstannyl-2,4-heptadienoate 72 in 92% yield (eq. 
[13]). Similarly, reaction of 42 with the reagent derived from 
treatment of the phosphonate 73 with NaH in dry THF gave 
the tert-butyl ester 74 (91%, eq. 1141). 

TBDMSO 

I .  NaH, THF 
[ 131 (Me0)2P(0)CH2C02Me 

2.41, THF 

72 CO2Me 
MOMO 

[I41 (I-P~O)~P(O)CH~CO~~-BU 
I NaH, THF 

2 42, THF 
73 

r t , 0 5 h  
-20°C. 1 5 h Me3Sn 

74 C02t-BU 

All of the Wittig (61-71) and Wittig-Homer (72,74) prod- 
ucts prepared as described above exhibited spectral properties 
in full accord with the assigned structures. Details are given in 
the experimental section. 

Synthetic uses of (2)-4-trimethylstannyl-1,3-butadienes 
We end this discussion with a description of a brief prelimi- 

Scheme 3. 

MOM0 MOM0 MOM0 

-78 O C  

MOMO 

78 

nary study on the synthetic utility of the substituted (2)-4-tri- 
methylstannyl-l,3-butadienes. It is evident that these sub- 
stances should be excellent precursors of organometallic 
reagents derived by initial transmetallation of the alkenyl 
Me,Sn function. Indeed, treatment of (2)-6-methoxymethoxy- 
4-trimethylstannyl-1,3-hexadiene (62) with MeLi (1.1 equiv.) 
in dry THF at -78"C, followed by addition of ethylene oxide 
to the resultant solution of the lithio diene reagent 75, afforded 
the functionalized diene 76 in 7 1 % yield (Scheme 3). On the 
other hand, treatment of the lithio diene 75 with 1 equiv. of 
copper(1) bromide - dimethyl sulfide complex (1 1) provided 
the organocopper(1) reagent 77, which, upon reaction with 
2,3-dibromopropene, gave the substituted (2)-1,3,6-hep- 
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tatriene 78 (83%). Clearly, 62 and related substances of gen- 
eral structure 79 (Table 3 and eqs. [13] and [14]) should serve 
as suitable precursors for the synthesis of a wide variety of ste- 
reochemically defined dienes of general structure 80. 

R+ ;*x\% 
Me3Sn Me3% 

R2 R3 R2 R3 R R 

79 80 81 82 

The possibility of employing functionalized (a-4-trimeth- 
ylstannyl-l,3-butadienes of general structure 8 1  (X = leaving 
group) as synthetic precursors of substituted dienes possessing 
the novel general structure 82 was also investigated briefly 
(see Scheme 4). Treatment of (Z)-7-chloro-2-methyl-4-tri- 
methylstannyl-l,3-heptadiene (65) with MeLi in dry THF at 
-78"C, followed by warming of the reaction mixture to 
-48"C, did not lead to a clean reaction. Analyses (glc) of ali- 
quots of the reaction mixture showed the presence of two 
major products that, on the basis of 'H nmr spectroscopy, 
appeared to be the desired diene 84 and the noncyclized mate- 
rial 86 (Scheme 4). The ratio of these two products varied 
somewhat, depending on the reaction conditions, but the most 
favorable result produced 84 and 86 in a ratio of about 6: 1. 

It seems reasonable to propose that the mixture of 84 and 86 
is produced via a competition between two processes, one 
involving ring closure of the intermediate 8 3  (displacement of 
chloride ion to provide 84) and the other involving internal 
proton transfer from the vinyl methyl group to the lithium- 
bearing carbon (five-membered cyclic transition state) to give 
the substituted allyllithium 85. Protonation of the latter spe- 
cies during work-up would produce 86. If this proposal is cor- 
rect, increasing the rate of the ring closure reaction without 
appreciably affecting the rate of the proton transfer process 
would resolve the difficulty. To that end, treatment of the 
chloride 65 with NaI in acetone gave the corresponding iodide 
87 (Scheme 4). Reaction of the latter compound with MeLi in 
dry THF (-78 to -48"C), followed by a suitable work-up 
procedure, gave cleanly a solution of the diene 84 in Et20- 
THF. No other product could be detected by gas-liquid chro- 
matographic analyses. 

Due to the volatile nature of the diene 84, attempts to isolate 
it free from solvent were not carried out. Instead, the solution 
of 84 derived from the work-up procedure was placed under 
an atmosphere of argon and was treated with tetracyanoethyl- 
ene, which was added in small batches. Upon complete disap- 
pearance of the starting material (analyses by glc), the mixture 
was concentrated and the crude product was purified by flash 
chromatography. Recrystallization (petroleum ether) of the 
acquired solid provided, in 69% yield, the functionalized 
spiro[3.5]nonene 88. In a similar fashion, when a solution of 
the diene 84 in benzene was treated with dimethyl acety- 
lenedicarboxylate and the resultant mixture was heated 
at 70°C for 36 h (argon atmosphere, sealed tube), the sub- 
stituted spiro[3.5]nonadiene 89 was obtained in 70% yield 
(Scheme 4). 

The Diels-Alder reactivity of the diene 84 is noteworthy 
and can probably be attributed primarily to two factors. In the 
conformation required for the cycloaddition reaction (see 
84A), the steric repulsion between HA and the cyclobutyl 
methylene group would be less severe than that present 

Scheme 4. 

acetone I Nal 
work-u 1 

1 

MeLi 

Me02C+C02Me 
PhH, 70°C 

Et20, THF 

NC CN 
88 

Me02C C02Me 
89 

between HA and a methyl group in, for example, an acyclic 
diene such as 90. Therefore, Diels-Alder reactions of 84 
would be expected to be more facile than those of acyclic ana- 
logs (e.g., 90). Furthermore, conversion of 84 into a Diels- 
Alder product is accompanied by a decrease in the angle strain 
associated with the four-membered ring, since the conversion 
involves translation of one of the cyclobutyl carbons from an 
sp2 to an sp3 center. This release of strain would be "felt" by 
the transition state for the cycloaddition process. 

Conclusion 

The research results summarized above show that readily pre- 
pared a,P-alkynic aldehydes and ketones (general structure 4) 
serve as excellent synthetic precursors of the corresponding 
(a-6-trimethylstannyl a,P-alkenic aldehydes and ketones 
(structure 5) and that the latter substances are readily trans- 
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formed into substituted, stereochemically defined dienes of 
general structure 79. The possibility of using the alkenyltrim- 
ethylstannyl function in 79 as a "handle" for introducing func- 
tionalized alkyl substituents was successfully demonstrated 
and, thus, dienes of general structure 80 are also available via 
the developed methodology. 

It was also shown, by the conversion of 87 into 84 (Scheme 
4), that substances of general structure 91 (X = I) should serve 
as effective precursors for the preparation of alkyldiene- 
cyclobutanes (see 93). Successful Diels-Alder reactions of 93 
with suitable dienophiles (see the conversions of 84 into 88 
and 89, Scheme 4) would provide spiro compounds of general 
structure 95. It seems likely that similar processes involving 
conversions of 92 (X = C1, Br, or I) into functionalized 
spiro[2.5]octanes 96, via dienes of general structure 94, should 
also be possible. Studies related to these possibilities, along 
with investigations into further synthetic uses of (Z)-p-trime- 
thylstannyl a$-alkenic carbonyl compounds and dienes 
derived therefrom, are currently underway in our laboratories. 

Experimental 

General information 
Melting points and distillation temperatures (short-path 
Kugelrohr distillations) are uncorrected. Infrared (ir) spectra 
were recorded using potassium bromide pellets or liquid films 
on sodium chloride discs. Proton ('H) and carbon (I3c) nuclear 
magnetic resonance (nmr) spectra were recorded using CDCl, 
solutions. Signal positions in 'H nmr spectra were measured 
relative to the signals for Me,Si (6 0) (internal standard) or 
CHC1, (6 7.25), while resonances in I3c nmr spectra were 
measured relative to the signal for CDC1, (6 77.0). Tin-hydro- 
en couplin constants (JS,-,) are given as the average of the 

'17Sn and "'Sn values. Molecular mass determination (high- 
resolution mass spectrometry) for substances containing 
Me3Sn are based on I2Osn. Flash chromatography (5) and con- 
ventional column chromatography were carried out with 23& 
400 and 7&230 mesh silica gel (E. Merck), respectively. 
Thin-layer chromatography (tlc) was accomplished with com- 
mercial aluminum-backed plates (E. Merck, Type 5554). Gas- 
liquid chromatography (glc) was performed on instruments 
equipped with flame ionization detectors and 25 m x 0.2 1 mm 
fused silica columns coated with cross-linked SE-54. Com- 
mercial (Me,Sn), (Organometallics Inc.) was stored under an 
inert atmosphere (glove box) and was generally distilled 
(water aspirator pressure) just prior to use, while commercial 
(Ph3P),Pd was used without further purification. Aqueous 
NH4Cl-NH40H (pH 8) was prepared by the addition of -50 
mL of aqueous ammonia (58%) to -950 mL of saturated 
aqueous NH4Cl. 

Note: Unless otherwise stated, all reactions were carried out 
under an atmosphere of dry argon in flamed-dried glassware. 

Note: All compounds for which high-resolution mass mea- 
surements are given exhibited clean 'H nmr spectra and 
showed essentially one spot on tlc analyses. 

General procedure 1. Preparation of the propargylic 
alcohols 16-25 

To a cold (-78"C), stirred solution of the terminal alkyne 
(1 equiv.) in dry THF ( - 3 4  mL per mmol of substrate) was 
added a solution of MeLi (1 equiv.) in EbO. The mixture was 

stirred at -78°C for 10 min and at -20°C for 1 h. For the 
preparation of the primary alcohols 16-18, solid paraformal- 
dehyde (4 equiv.) was added and the mixture was allowed to 
warm to room temperature. On the other hand, for the synthe- 
sis of each of the secondary alcohols 19-25, the solution of the 
lithium acetylide was recooled to -78°C prior to addition of 
the appropriate aldehyde and, after the mixture had been 
stirred at -78°C for 10 min, it was allowed to warm to room 
temperature. After each reaction mixture had been stirred for 
30 min at room temperature, saturated aqueous NaHC0, and 
Et20 were added. The phases were separated and the aqueous 
phase was extracted with Et20. The combined organic extracts 
were dried (MgSO,) and concentrated. Each of the crude prod- 
ucts, except substance 23 (see Table l), was purified by flash 
chromatography, followed by distillation. 

The following compounds were prepared via this general 
procedure. 

5-tert-Butyldimethylsilyloxy-2-pentyn-I-ol(16) 
Flash chromatography (130 g of silica gel, 7:3 petroleum ether 
- EbO) of the crude product derived from the terminal alkyne 
9 (12) (2.8 g, 15 mmol) and paraformaldehyde (1.8 g, 4 
equiv.), followed by distillation (75-80°C/0.5 Torr; 1 Tom = 
133.3 Pa) of the acquired material, gave 2.4 g (74%) of the 
alcohol 16, a colorless oil that displayed ir (neat): 3394, 2227, 
1473, 1109 cm-I; 'H nmr (300 MHz) 6: 0.06 (s, 6H), 0.89 (s, 
9H), 1.8G1.95 (br m, lH), 2.43 (tt, 2H, J =  7, 2 Hz), 3.72 (t, 
2H, J = 7 Hz), 4.24 (br signal, 2H); on addition of D20, the 
signal at 6 1.8G1.95 disappeared and the signal at 6 4.24 
sharpened to a t (J = 2 Hz). Exact Mass calcd. for C7HI3O2Si 
(MC - t-Bu): 157.0685; found: 157.0679. 

5-Methoxymethoxy-2-pentyn-I-ol(17) 
Purification (flash chromatography, 280 g of silica gel, 
35:65 petroleum ether - Et20; distillation, 1 l&120°C/0.5 
Torr) of the crude product obtained from the 1-alkyne 10 (8.5 
g, 74 mmol) and paraformaldehyde (8.9 g, 4 equiv.) pro- 
vided 8.6 g (80%) of the alcohol 17, a colorless oil that 
exhibited ir (neat): 3424, 2227, 1151, 11 11, 1029 cm-'; 'H 
nmr (400 MHz) 6: 0.75-0.90 (br m, lH), 1.52 (tt, 2H, J = 6.5, 
2 Hz), 3.38 (s, 3H), 3.65 (t, 2H, J = 6 . 5  Hz),4.24(dt, 2H, J =  
6, 2 Hz), 4.64 (s, 2H); on addition of D20, the signal at 6 
0.75-0.90 disappeared, and the signal at 6 4.24 collapsed to 
a br s. Exact Mass calcd. for C5H702 (M+ - C2H50): 
99.0446; found: 99.0446. 

7-tert-Butyldimethylsilyloxy-2-heptyn-I-(18) 
This compound was prepared from the terminal alkyne 11 (13) 
(2.0 g, 9.4 mmol) and paraformaldehyde (1.2 g, 4 equiv.). 
Flash chromatography of the crude product on silica gel (85 g, 
7:3 petroleum ether - EbO) and distillation (10&1 10°C/0.5 
Tom) of the derived oil gave 1.9 g (8 1 %) of the alcohol 18, a 
colorless oil that showed ir (neat): 3362, 2230, 1256, 1107, 
838 cm-I; 'H nmr (300 MHz) 6: 0.04 (s, 6H), 0.86 (s, 9H), 
1.57(m,4H), 1.78(brs, 1H),2.23 (m,2H),3.61 ( t , 2H , J=7  
Hz), 4.24 (br t, 2H, J = 2 Hz); on addition of D20, the signal at 
6 1.78 disappeared. Exact Mass calcd. for C9H2,02Si (M+ - 
t-Bu): 185.0998; found: 185.0997. 

6-tert-Butyldimethylsilyloxy-3-hexyn-2-o(19) 
Purification (flash chromatography, 80 g of silica gel, 7:3 
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petroleum ether - Et20; distillation, 80-90°C/0.5 Torr) of the 
crude product obtained from the 1-alkyne 9 (1.5 g, 8.2 mmol) 
and acetaldehyde (0.7 g, 2 equiv.) provided 1.7 g (92%) of the 
alcohol 19, a colorless oil that displayed ir (neat): 3368, 2250, 
1256, 818 cm-'; 'H nrnr (300 MHz) 6: 0.04 (s, 6H), 0.86 (s, 
9H), 1.39 (d, 3H, J=  8 Hz), 2.25 (br s, lH), 2.38 (dt, 2H, J=  7, 
2 Hz), 3.68 (t, 2H, J=  7 Hz), 4.49 (m, lH); on addition of D20, 
the signal at 6 2.25 disappeared, and the signal at 6 4.49 sim- 
plified to a br q ( J  = 8 Hz). Exact Mass calcd. for C,H1502Si 
(M+ - t-Bu): 17 1.0842; found: 17 1.0834. 

7-Chloro-3-heptyn-2-ol(20) 
This substance was prepared from 5-chloro-1-pentyne (12) (4.0 
g, 39 mmol) and acetaldehyde (3.4 g, 2 equiv.). Flash chroma- 
tography of the crude product on silca gel (150 g, 7:3 petroleum 
ether - Et20) and distillation (65-70°C/0.5 Torr) of the derived 
oil gave 4.9 g (85%) of the alcohol 20, a colorless oil that 
showed ir (neat): 3372, 1089, 1050, 881 cm-'; 'H nrnr (300 
MHz) 6: 1.36 (d, 3H, J= 8 Hz), 1.80 (quintet, 2H, J= 8 Hz), 2.33 
(td, 2H, J=  8,2 Hz), 2.75 (br s, lH), 3.59 (t, 2H, J=  8 Hz), 4.46 
(m, 1H); on addition of D20, the signal at 6 2.75 disappeared, 
and the signal at 6 4.46 simplified to a br q (J  = 8 Hz). Exact 
Mass calcd. for C,H, 135~10 :  146.0499; found: 146.0504. 

8-tert-Butyldimethylsilyloxy-3-0ctyn-2-ol(21) 
Flash chromatography (80 g of silica gel, 7:3 petroleum ether 
- Et20) of the crude product derived from the terminal alkyne 
11 (13) (2.0 g, 9.4 mmol) and acetaldehyde (0.8 g, 2 equiv.), 
followed by distillation (1 10-120°C/0.5 Torr) of the acquired 
material, gave 2.2 g (90%) of the alcohol 21, a colorless oil 
that displayed ir (neat): 3353, 2248, 1256 cm-'; 'H nrnr (300 
MHz) 6: 0.33 (s, 6H), 0.87 (s, 9H), 1.40 (d, 3H, J = 8 Hz), 1.56 
(m, 4H), 1.74- 1.80 (br m, 1 H), 2.22 (m, 2H), 3.60 (t, 2H, J = 6 
Hz), 4.50 (m, 1H); on addition of D20 the signal at 6 1.74- 
1.80 disappeared and the signal at 6 4.50 simplified to a br q (J  
= 8 Hz). Exact Mass calcd. for CloH1902Si (M+ - t-Bu): 
199.1 155; found: 199.1 156. 

3,8-Nonadiyn-2-ol(22) 
This compound was derived from 1,6-heptadiyne (13) (1.0 g, 
11 mmol) and acetaldehyde (2.4 g, 5 equiv.). Flash chroma- 
tography of the crude product on silica gel (65 g, 65:35 petro- 
leum ether - Et20) and distillation (80-85"C/0.5 Torr) of the 
derived material afforded 0.88 g (60%) of the alcohol 22, a 
colorless oil that exhibited ir (neat): 3301, 2247, 21 18, 1154, 
1013,882 cm-'; 'H nrnr (400 MHz) 6: 1.41 (d, 3H, J = 6.5 Hz), 
1.65-1.75 (m, 3H), 1.95 (t, lH, J = 2.5 Hz), 2.25-2.40 (m, 
4H), 4.49 (m, 1H); on addition of D20, the signal at 6 1.65- 
1.75 collapsed to a quintet (2H, J = 7 Hz), and the signal at 6 
4.49 simplified to a br q ( J  = 6.5 Hz). Exact Mass calcd. for 
C9Hl10 (M' - H): 135.0810; found: 135.0815. 

5-Methyl-3-hexyn-2-ol(23) 
This substance was derived from 3-methyl-1-butyne (14) (3.0 
g, 44 mmol) and acetaldehyde (3.9 g, 2 equiv.). After work-up 
of the reaction mixture, the solution containing the product 
was concentrated by distillation (atmospheric pressure) 
through a Vigreaux column (50 x 2 cm). Distillation (80- 
90°C/10 Torr) of the residual material gave a crude oil (4.6 g) 
that consisted mainly of the alcohol 23. This material was used 
immediately for the next (oxidation) reaction (vide infra). 

7-tert-Butyldimethylsilyloxy-2-nzethyl-4-heptyn-3-01(24) 
Flash chromatography (300 g of silica gel, 7:3 petroleum ether 
- Et20) of the crude product derived from the terminal alkyne 
9 (12) (8.2 g, 45 mmol) and 2-methylpropanal (4.8 g, 1.5 
equiv.), followed by distillation (1 10-120°C/0.5 Torr) of the 
acquired material, gave 9.7 g (85%) of the alcohol 24, a color- 
less oil that displayed ir (neat): 3368, 2218, 1256, 11 13, 836, 
777 cm-'; 'H nrnr (400 MHz) 6: 0.06 (s, 6H), 0.89 (s, 9H), 
0.96,0.98 (d, d, 3H each, J = 6 Hz in each case), 1.70 (br d, lH, 
J=4Hz) ,  1.82(m, lH),2.42(td,2H, J=8,2Hz),3.70(t,2H, 
J = 8 Hz), 4.13 (br m, 1H); on addition of D20, the signal at 
6 1.70 disappeared, and the signal at 6 4.13 simplified to a br d 
( J  = 6 Hz). Exact Mass calcd. for C, ,H2,02Si (M+ - i-Pr): 
213.1311; found: 213.1318. 

2,2-Dimethyl-3-undecyn-5-ol(25) 
This material was synthesized from 3,3-dimethyl-1-butyne 
(15) (3.5 g, 43 mmol) and heptanal (7.3 g, 1.5 equiv.). Flash 
chromatography of the crude product on silica gel (250 g, 7:3 
petroleum ether - Et20), followed by distillation (80-8S°C/ 
0.5 Torr) of the acquired liquid, gave 8.1 g (96%) of the alco- 
hol 25, a colorless oil that exhibited ir (neat): 3342, 2238, 
1460, 1265 cm-'; 'H nrnr (300 MHz) 6: 0.87 (m, 3H), 1.20 (s, 
9H), 1.25-1.70 (m, lOH), 2.85 (br s, lH), 4.33 (br t, lH, J =  8 
Hz); on addition of D20, the signal at 6 2.85 disappeared. 
Exact Mass calcd. for C13H2,0: 196.1828; found: 196.1819. 

General procedure 2. Oxidation of the alcohols 16-25 to 
the a,P-alkynic aldehydes 26-28 and ketones 29-35 

A mixture of the alcohol (1 equiv.), NaOAc (0.3 equiv.), and 
pyridinium chlorochromate (1.5 equiv. for the alcohols 16-18, 
2.5 equiv. for the alcohols 19-25) in dry CH2C12 (-5-10 mL 
per mmol of alcohol substrate) was stirred (2 h for the alcohols 
16-18,2.5 h for the alcohols 19-25) at room temperature. Dry 
Et20 (the same volume as that used for the reaction mixture) 
was added and the mixture was filtered through a column of 
~ l o r i s i l ~  (-30 g per g of propargylic alcohol), using Et20 as 
eluant. The material remaining in the reaction vessel was 
rinsed (and sonicated) thoroughly with Et20, and the washings 
were also passed through the ~ l o r i s i l ~  column. The combined 
eluate was dried (MgSO,) and concentrated. The crude prod- 
uct was purified by flash chromatography and (or) distillation. 

The following carbonyl compounds were prepared via this 
general procedure. 

5-tert-Butyldimethylsilyloxy-2-pentynal(26) 
Flash chromatography (80 g of silica gel, 5: 1 petroleum ether 
- Et20) of the crude product derived from oxidation of the 
alcohol 16 (2.4 g, 11 mmol), followed by distillation (75- 
85"C/0.5 Torr) of the acquired liquid, gave 1.7 g (72%) of the 
aldehyde 26, a colorless oil that exhibited ir (neat): 2740, 
2207, 1673, 1275 cm-'; 'H nrnr (300 MHz) 6: 0.05 (s, 6H), 
0.87(~,9H),2.60(t,2H, J = 8 H z ) ,  3.77(t,2H, J=8Hz),9.15 
(s, 1H). Exact Mass calcd. for C7Hl102Si (M+ - t-Bu): 
155.0528; found: 155.0532. 

5-Methoxymethoxy-2-pentynal(27) 
This compound was obtained by oxidation of the alcohol 17 
(3.6 g, 25 mmol). Flash chromatography of the crude product 
on silica gel (120 g, 4:6 petroleum ether - Et20), followed by 
distillation (90-95"C/0.5 Torr) of the derived oil, gave 1.9 g 
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(57%) of the aldehyde 27, a colorless oil that displayed ir 
(neat): 2827,2207, 1669, 11 15, 11 11,963 cm-'; 'H nrnr (400 
MHz) 6: 2.72 (t, 2H, J  = 7 Hz), 3.38 (s, 3H), 3.72 (t, 2H, J  = 7 
Hz), 4.64 (s, 2H), 9.18 (s, 1H). Exact Mass calcd. for C7H9O3 
(Mf - H): 141.055 1; found: 141.0546. 

7-tert-Butyldimethylsilyloxy-2-heptynal(28) 
Oxidation of the alcohol 18 (0.9 g, 3.7 mmol), followed by 
purification (flash chromatography, 40 g of silica gel, 5:l 
petroleum ether - Et20; distillation, 95-100°C/0.5 Torr) of the 
crude product gave 0.7 g (74%) of the aldehyde 28, a colorless 
oil that showed ir (neat): 2742, 2202, 1673, 838 cm-'; 'H nrnr 
(300 MHz) 6: 0.05 (s, 6H), 0.90 (s, 9H), 1.65 (m, 4H), 2.46 (t, 
2H, J  = 8 Hz), 3.63 (t, 2H, J  = 6 Hz), 9.18 (s, 1H). Exact Mass 
calcd. for C9H1502Si (Mf - t-Bu): 183.0842; found: 
183.0834. 

6-tert-Butyldimethylsilyloxy-3-hexyn-2-0 (29) 
This substance was derived from oxidation of the alcohol 19 
(0.2 g, 0.9 mmol). Flash chromatography of the crude product 
on silica gel (45 g, 9: 1 petroleum ether - Et,O), followed by 
distillation (70-80°C/0.5 Torr) of the acquired oil furnished 
0.15 g (74%) of the ketone 29, a colorless oil that displayed ir 
(neat): 2214, 1680, 1 1 13,839 cm-'; 'H nrnr (300 MHz) 6: 0.08 
(s, 6H), 0.89 (s, 9H), 2.30 (s, 3H), 2.56 (t, 2H, J  = 8 Hz), 3.76 
(t, 2H, J  = 8 Hz). Exact Mass calcd. for C8HI3O2Si (Mf - t- 
Bu): 169.0685; found: 169.0684. 

7-Chloro-3-heptyn-2-one (30) 
Flash chromatography (80 g of silica gel, 9: 1 petroleum ether 
- Et20) of the crude product derived from the alcohol 20 (1.5 
g, 10 mmol), followed by distillation (60-65OCI0.5 Torr) of 
the acquired liquid, gave 1.1 g (74%) of the ketone 30, a col- 
orless oil that showed ir (neat): 2215, 1677, 1232, 734 cm-'; 
'H nrnr (300 MHz) 6: 2.0 (quintet, 2H, J  = 7 Hz), 2.30 (s, 3H), 
2.54 (t, 2H, J  = 7 Hz), 3.5 1 (t, 2H, J  = 7 Hz). Exact Mass calcd. 
for C , H ~ ~ ~ C ~ O :  144.0343; found: 144.0343. 

8-tert-Butyldimethylsilyloxy-3-octyn-2-0 (31) 
The crude product obtained from oxidation of the alcohol 21 
(1.0 g, 3.9 mmol) was purified by flash chromatography (75 g 
of silica gel, 9: 1 petroleum ether - Et20) and distillation (95- 
100°C/0.5 Torr). The resultant product 31 (0.76 g, 76%), a col- 
orless oil, displayed ir (neat): 2212, 1680, 1360, 1104 cm-'; 'H 
nrnr (300MHz) 6: 0.04 (s, 6H), 0.88 (s, 9H), 1.62 (m, 4H), 2.30 
(s, 3H), 2.38 (t, 2H, J =  7 Hz), 3.62 (t, 2H, J='6 Hz). Exact Mass 
calcd. f0 rC,~H, ,0~Si  (Mf - t-Bu): 197.0998; found: 197.1006. 

3,8-Nonadiyn-2-one (32) 
This material was obtained by oxidation of the alcohol 22 
(0.13 g, 1.0 mmol). Flash chromatography of the crude prod- 
uct on silica gel (35 g, 9: 1 petroleum ether - Et20), followed 
by distillation (120-130°C/6.0 Torr) of the derived liquid, 
gave 0.07 g (55%) of the ketone 32, a colorless oil that showed 
ir (neat): 2215, 1680, 123 1 cm-'; 'H nrnr (400 MHz) 6: 1.79 
(quintet, 2H, J  = 7 Hz), 1.98 (t, 1 H, J  = 2.5 Hz), 2.3 1 (s, 3H), 
2.32 (td, 2H, J  = 7, 2.5 Hz), 2.50 (t, 2H, J  = 7 Hz). Exact Mass 
calcd. for CgHgO (Mf - H): 133.0653; found: 133.0651. 

5-Methyl-3-hexyn-2-one (33) 
Oxidation of the previously prepared, crude 5-methyl-3- 

hexyn-2-ol(23) (vide supra), followed by work-up of the reac- 
tion mixture, gave a solution of the ketone 33. Concentration 
of this solution by distillation (atmospheric pressure) of the 
solvent through a Vigreaux column (50 x 2 cm) gave an oil 
that, upon distillation (80-90°C/10 Torr), provided 2.7 g (57% 
from 3-methyl-1-butyne (14)) of the ketone 33, a colorless oil 
that displayed ir (neat): 2208, 1679, 1228 cm-'; 'H nrnr (300 
MHz) 6: 1.20 (d, 6H, J  = 8 Hz), 2.29 (s, 3H), 2.68 (septet, 1 H, 
J  = 8 Hz). Exact Mass calcd. for C7HIoO: 110.0732; found: 
110.0726. 

7-tert-Butyldimethylsilyloxy-2-methyl-4-heptyn-3-one (34) 
Flash chromatography (150 g of silica gel, 9: 1 petroleum ether 
- Et20) of the crude product derived from the alcohol 24 (2.9 
g, 11 mmol), followed by distillation (95-105"C/0.5 Torr) of 
the acquired liquid, gave 2.4 g (8 1%) of the ketone 34, a col- 
orless oil that showed ir (neat): 2214, 1676, 11 18, 779 cm-'; 
'H nrnr (400 MHz) 6: 0.08 (s, 6H), 0.90 (s, 9H), 1.18 (d, 6H, 
J  = 8 Hz), 2.58-2.68 (m, 3H), 3.80 (t, 2H, J  = 6 Hz). Exact 
Mass calcd. for CloH1702Si (Mf - t-Bu): 197.0998; found: 
197.1003. 

2,2-Dimethyl-3-undecyn-5-one (35) 
This compound was derived from oxidation of the alcohol 25 
(4.0 g, 20 mmol). Flash chromatography of the crude product 
on silica gel (150 g, 9: 1 petroleum ether - Et20) and distilla- 
tion (75-80°C/0.5 Torr) of the acquired liquid provided 2.9 g 
(72%) of the ketone 35, a colorless oil that exhibited ir (neat): 
2213, 1675, 1263, 1142 cm-'; 'H nrnr (300 MHz) 6: 0.87 (m, 
3H), 1.28 (br s, 15H), 1.63 (m, 2H), 2.50 (t, 2H, J  = 7 Hz). 
Exact Mass calcd. for CI3H2,O: 194.1672; found: 194.1680. 

3-tert-Butyldimethylsilyloxy-1-hepten-6- (40) 
To a stirred solution of 4-pentyn-1-ol(37) (3.0 g, 36 mmol) in 
dry CH2C12 (100 mL) was added NaOAc (0.9 g, 0.3 equiv.) 
and PCC (12 g, 1.5 equiv.). After the mixture had been stirred 
for 2 h at room temperature, dry Et20 (- 100 mL) was added 
and the mixture was filtered through a column of ~ l o r i s i l ~  
(-100 g, elution with Et20). The material remaining in the 
reaction vessel was rinsed (and sonicated) thoroughly with 
Et20, and the washings were also passed through the ~ l o r i s i l ~  
column. The combined eluate was dried (MgSO,) and most of 
the solvent was removed by distillation (atmospheric pressure) 
using a Vigreaux column (50 x 2 cm). The remaining crude 
product 38 was dissolved in dry THF (100 mL) and the solu- 
tion was cooled to -78°C. A solution of vinyl magnesium 
bromide (2 equiv.) in THF was added and the mixture was 
allowed to warm to room temperature. Saturated aqueous 
NH,Cl (-50 mL) and Et20 (50 mL) were added and the 
phases were separated. The aqueous phase was extracted with 
Et20 and the combined organic extracts were dried (MgS0,) 
and concentrated by distillation (atmospheric pressure) using a 
Vigreaux column (50 x 2 cm). 

To a stirred solution of the crude oil 39 thus obtained in dry 
DMF (80 mL) was added imidazole (6.1 g, 2.5 equiv.) and 
tert-butyldimethylsilyl chloride (8.1 g, 1.5 equiv.). The mix- 
ture was stirred at room temperature overnight. Saturated 
aqueous NaHC03 (-50 mL) and Et20 (-50 mL) were added 
and the aqueous phase was extracted with Et20. The combined 
organic extracts were washed with brine, dried (MgSO,), and 
concentrated. Flash chromatography of the crude product on 
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silica gel (180 g, 98:2 petroleum ether - Et20), followed by 
distillation (80-90°C/0.5 Torr) of the derived oil gave 2.5 g 
(3 1%) of the alkyne 40, a colorless oil that showed ir (neat): 
33 14,3081,2121, 1254,838 cm-'; 'H nrnr (400 MHz) 6: 0.02 
(s, 3H), 0.06 (s, 3H), 0.89 (s, 9H), 1.68 (m, 2H), 1.92 (t, lH, J 
= 4 Hz), 2.22 (m, 2H), 4.22 (m, lH), 5.05 (ddd, lH, J =  10, 2, 
2Hz),5.17(ddd, lH ,J=16 ,2 ,2Hz) ,5 .88(ddd ,  1H , J=16 ,  
10,6 Hz). Exact Mass calcd. for CI3H2,OSi: 224.1597; found: 
224.1593. 

7-tert-Butyldimethylsilyloxy-8-nonen-3-y-one (36) 
To a cold (-78"C), stirred solution of the 1-alkyne 40 (0.44 g, 
2.0 mmol) in dry Et20 (10 mL) was added MeLi (1 equiv.) in 
Et,O. After the reaction mixture had been stirred at -78°C for 
10 min and at -20°C for 1 h, it was recooled to -78°C and 
then was transferred slowly (over - 10 min, via cannula) into a 
cold (-78"C), stirred solution of Ac20 (2 equiv.) in dry Et20 
(8 mL). After the resultant mixture had been stirred for 10 min 
at -78°C and 30 min at -48"C, saturated NH,Cl-NH,OH 
(pH 8, 15 mL) was added and the vigorously stirred mixture 
was allowed to warm to room temperature. The phases were 
separated and the aqueous phase was extracted with Et20. The 
combined organic extracts were washed with saturated aque- 
ous NH,Cl, dried (MgSO,), and concentrated. Flash chroma- 
tography of the crude product on silica gel (50 g, 9:l 
petroleum ether - Et,O), followed by distillation (90-100°C/ 
0.5 Torr) of the acquired liquid, gave 0.33 g (63%) of the 
ketone 36, a colorless oil that displayed ir (neat): 3082, 221 1, 
1681, 1228,838 cm-I; 'H nrnr (400 MHz) 6: 0.03 (s, 3H), 0.06 
(s, 3H), 0.89 (s, 9H), 1.74 (m, 2H), 2.31 (s, 3H), 2.41 (m, 2H), 
4.22 (m, lH), 5.08 (ddd, lH, J =  10, 2, 2 Hz), 5.19 (ddd, lH, J 
= 17, 2, 2 Hz), 5.77 (ddd, lH, J = 17, 10, 6 Hz). Exact Mass 
calcd. for CllHI7O2Si (M+ - t-Bu): 209.0998; found: 
209.0995. 

General procedure 3. Pd(0)-catalyzed reaction of a,p-  
alkynic aldehydes 26-28 and ketones 29-36 with 
hexamethylditin. Preparation of compounds 41-51 

To a stirred solution of the a,P-alkynic aldehyde or ketone (1 
equiv.) in dry THF (for 26, 28, 30, and 33-35, -2 mL per 
mmol of substrate; for 27,29,31,32, and 36, -3 mL per mmol 
of substrate) (argon atmosphere) was added (Me3Sn), (1 
equiv.) and Pd(Ph3), (5 mol%). The mixture was allowed to 
reflux for the time indicated in Table 2. In each case, the 
progress of the reaction was monitored by tlc. When the reac- 
tion was complete, the solvent was removed and the viscous 
residual oil was purified by chromatography and distillation. 

The following (2)-P-trimethylstannyl a,P-alkenic alde- 
hydes and ketones were prepared via this general procedure. 

(Z)-5-tert-Butyldimethylsilyloxy-3-trimethylstannyl-2- 
pentenal(41) 

Flash chromatography (100 g of silica gel, 9.55 petroleum 
ether - Et20) of the crude product derived from the aldehyde 
26 (1.5 g, 7.1 mmol), followed by distillation (1 10-120°C/0.5 
Torr) of the acquired oil, provided 2.4 g (87%) of the aldehyde 
41, a colorless oil that displayed ir (neat): 2743, 1685, 1563, 
1099, 776 cm-'; 'H nrnr (300 MHz) 6: 0.04 (s, 6H), 0.26 (s, 
9H,~s,-H=54Hz),0.86(s,9H),2.69(td,2H, J=6.5,  1.3 Hz, 
3 Js,-,=46Hz),3.69(t,2H,J=6.5Hz),6.68(dt, lH,J=5.5,  

1.3 HZ, 3~s , -H= 114 HZ), 9.56 (d, lH, J =  5.5 Hz, ,J,-,= 5.5 

Hz); in nOe difference experiments, irradiation at 6 6.68 
caused enhancement of the signals at 6 2.69 and 9.59, irradia- 
tion at 6 9.59 caused enhancement of the resonance at 6 6.68, 
and irradiation at 6 2.69 increased the intensities of the signals 
at 6 6.68 and 3.69; I3c nrnr (75.4 MHz) 6: -7.2, -5.2, 18.4, 
26.0, 43.7, 62.2, 140.3, 178.2, 192.4. Exact Mass calcd. for 
C,,H,,O,SnSi (M+ - Me): 363.0802; found: 363.0806. 

(Z)-5-Methoxymethoxy-3-trimethylstannyl-2-pentenal(42) 
Flash chromatography (120 g of silica gel, 65:35 petroleum 
ether - Et20) and distillation (100-105"C/0.5 Torr) of the 
crude product obtained from the aldehyde 27 (1.9 g, 13 mmol) 
provided 3.1 g (76% ) of the product 42, a colorless oil that 
showed ir (neat): 1683, 1562, 1151, 1043,776 cm-'; 'H nrnr 
(400 MHz) 6: 0.25 (s, 9H, 'J,,-, = 54 HZ), 2.77 (td, 2H, J = 
6.5, 1.3 H ~ , ~ ~ ~ , - , = 4 4 H z ) , 3 . 6 1  (t,2H, J = 6 . 5  Hz),4.58 (s, 
2H), 6.72 (dt, lH, J = 5.5, 1.3 Hz, 3~s,-H = 113 Hz), 9.59 (d, 
lH, J = 5.5 Hz, 4 ~ s n - H  = 5.5 Hz). Exact Mass calcd. for 
C,H1703Sn (M+ - Me): 293.0199; found: 293.0201. 

(Z)-7-tert-Butyldimethylsilyloxy-3-trimethylstannyl-2- 
heptenal(43) 

Purification (flash chromatography, 30 g of silica gel, 9 5 5  
petroleum ether - Et20; distillation, 120-130°C/0.5 Torr) of 
the crude product acquired from 0.3 g (1.2 mmol) of the alde- 
hyde 28 furnished 0.45 g (88%) of the product 43, a colorless 
oil that exhibited ir (neat): 2742, 1685, 1562, 1256, 1106,775 
cm-I; 'H nrnr (300 MHz) 6: 0.02 (s, 6H), 0.25 (s, 9H, 'J~,-, = 
55 Hz), 0.87 (s, 9H), 1.48 (m, 4H), 2.49 (br t, 2H, J = 6.5 Hz, 
3 Js,-,=47Hz),3.59(t,2H,J=6Hz),6.62(dt, 1H , J=6 ,  1.3 

3 Hz, JSn-, = 115 HZ), 9.55 (d, lH, J = 6 Hz, ,J~,-, = 5.5 Hz); in 
nOe difference experiments, irradiation at 6 6.62 caused 
enhancement of the signals at 6 9.55 and 2.49, while irradia- 
tions at 6 9.55 and 2.49 caused, in each case, enhancement of 
the resonance at 6 6.62; I3c nrnr (300 MHz) 6: -7.3, -5.2, 
18.4, 25.3, 26.0, 32.4, 41.0, 62.7, 138.6, 181.9, 192.6. Exact 
Mass calcd. for C1,H3,0,SiSn (M+ - Me): 391.1 1 15; found: 
391.1112. 

(Z)-6-tert-Butyldimethylsilyloxy-4-trimethylstannyl-3-hexen- 
2-one (44) 

The crude product obtained from the starting material 29 (0.13 
g, 0.58 mmol) was purified by flash chromatography (30 g of 
silica gel, 96:4 petroleum ether - Et20) and distillation (1 10- 
120°C/0.5 Torr) to produce 0.21 g (90%) of the ketone 44, a 
colorless oi1,that exhibited ir (neat): 1682, 1573, 1192, 1095, 
776 cm-I; 'H nrnr (300 MHz) 6: 0.00 (s, 6H), 0.10 (s, 9H, 'J~,- 
,=54Hz),0.84(~,9H),2.19(~,3H),2.63 (td,2H,J=6.5, 1.3 

3 Hz, Js,-, = 49 Hz), 3.62 (t, 2H, J = 6.5 Hz), 6.82 (br s, IH, 
3 Js,-, = 121 Hz); in nOe difference experiments, irradiation at 
6 6.82 caused enhancement of the signals at 6 2.63 and 2.19, 
irradiation at 6 2.63 increased the intensity of the resonances at 
6 3.62 and 6.82, and irradiation at 6 2.19 caused enhancement 
of the signal at 6 6.82; I3c nrnr (75.4 MHz) 6: -7.4, -5.3, 
18.2, 25.9, 30.0, 42.5, 62.0, 136.7, 172.4. 197.3. Exact Mass 
calcd. for' c,,H,,o,s~s~ (M+ - Me):' 377.0959; found: 
377.0966. 

(Z)-7-Chloro-4-trimethylstannyl-3-hepten-one (45) 
Flash chromatography (75 g of silica gel, 9.55 petroleum ether 
- Et20) of the crude product derived from 0.80 g (5.5 mmol) of 
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Piers and Tillyer 

the substrate 30, followed by distillation (100-105°C/0.5 
Torr) of the acquired oil produced 1.4 g (8 1 %) of the ketone 
45, a colorless oil that showed ir (neat): 1682, 1572, 1202,774 
cm-~ .  , I H nmr (300 MHz) 6: 0.12 (s, 9H, 2 ~ s n - H  = 54 Hz), 1.85 

(br quintet, 2H, J = 7 Hz), 2.23 (s, 3H), 2.59 (br t, 2H, J=  7 Hz, 
3 JSn-, = 48 Hz), 3.50 (t, 2H, J = 7 Hz), 6.82 (br s, lH, 3 ~ s n - H  = 
120 Hz); in nOe difference experiments, irradiation at 6 6.82 
caused enhancement of the resonances at 6 2.59 and 2.23, 
while irradiation at 6 2.59 increased the intensity of the signals 
at 6 1.85, 3.50, and 6.82; I3c nrnr (75.4 MHz) 6: -7.4, 30.2, 
31.6, 36.6, 44.1, 135.6, 174.6, 197.5. Exact Mass calcd. for 
c , H , ~ ~ ~ c ~ o s ~  (Mf - Me): 294.9912; found: 294.9912. 

(Z)-8-tert-Butyldiinethylsilyloxy-4-trimethylstannyl-3-octen- 
2-one (46) 

Purification (flash chromatography, 35 g of silica gel, 96:4 
petroleum ether - Et,O; distillation, 120-130°C/0.5 Torr) of 
the crude product obtained from 0.16 g (0.63 mmol) of the 
starting material 31 yielded 0.27 g (83%) of the ketone 46, a 
colorless oil that displayed ir (neat): 1682, 1572, 1103, 776 
cm-'; 'H nrnr (300 MHz) 6: 0.04 (s, 6H), 0.12 (s, 9H, 2 ~ s n - H  = 
53 Hz), 0.88 (s, 9H), 1.35-1.55 (m, 4H), 2.22 (s, 3H), 2.44 (br 
t, 2H, J = 6 . 5  Hz, 3~sn-H=49Hz),  3.60 (t, 2H, J = 6 . 5  Hz), 6.79 

3 (br s, lH, JSn-, = 122 Hz); in nOe difference experiments, 
irradiation at 6 6.79 caused enhancement of the signals at 6 
2.44 and 2.22, while irradiations at 6 2.22 and 2.44 caused, in 
each case, enhancement of the resonance at 6 6.79; I3c nrnr 
(75.4 MHz) 6: -7.5, -5.3, 18.3, 25.6, 25.9, 30.1, 32.5, 39.7, 
62.9, 134.7, 176.8, 197.6. Exact Mass calcd. for CI6H3,O2SiSn 
(Mf - Me): 405.1272; found: 405.1266. 

(Z)-4-Trimethylstanrzyl-3-nonerz-8-yn-2-one (47) 
Flash chromatography (35 g of silica gel, 9.55 petroleum ether 
- Et,O) of the crude product derived from the substrate 32 
(0.18 g, 1.3 mmol), followed by distillation (70-80°C/0.5 
Torr) of the resultant liquid, gave 0.27 g (69%) of the ketone 
47, a colorless oil that showed ir (neat): 3308, 21 19, 1681, 
1571,772 cm-I; 'H nrnr (400 MHz) 6: 0.12 (s, 9H, 2 ~ s n - H  = 54 
Hz), 1.63 (quintet, 2H, J = 7.5 Hz), 1.97 (t, lH, J = 2.5 Hz), 
2.19 (td, 2H, J = 7.5, 2.5 Hz), 2.22 (s, 3H), 2.54 (td, 2H, J = 
7.5, 1 . 3 ~ ~ , ~ ~ ~ ~ - , = 4 8 H z ) , 6 . 6 2 ( b r s ,  lH ,3~sn-H= 120Hz);in 
nOe experiments, irradiation at 6 6.62 caused signal enhance- 
ment at 6 2.54 and 2.22, irradiation at 6 2.54 caused signal 
enhancement at 6 6.62 and 1.63, and irradiation at 6 2.22 
enhanced the signal at 6 6.62. Exact Mass calcd. for 
C,,H,,OSn (Mf - Me): 285.0302; found: 285.0302. 

(Z)-5-Methyl-4-trimethylstannyl-3-hexen-2-orze (48) 
The crude product obtained from the substrate 33 (0.20 g, 1.8 
mmol), upon subjection to flash chromatography (45 g of sil- 
ica gel, 98:2 petroleum ether - Et,O) and distillation (70- 
75"C/0.5 Torr), furnished 0.40 g (80%) of the ketone 48, a col- 
orless oil that exhibited ir (neat): 1682, 1568, 1203,770 cm-'; 
'H nrnr (300 MHz) 6: 0.09 (s, 9H, 2 ~ s n - H  = 54 Hz), 1.03 (d, 6H, 
J = 6.5 Hz), 2.20 (s, 3H), 2.75 (septet of d, J = 6.5, 1.5 Hz, 
3 JSn-, = 54 HZ), 6.77 (d, IH, J = 1.5 HZ, 3 ~ s n - H  = 127 HZ); in 
nOe difference experiments, irradiation at 6 6.77 produced 
signal enhancements at 6 1.03, 2.20, and 2.75, while irradia- 
tion at 6 2.75 caused enhancement of the resonances at 6 1.03 
and 6.77; I3c nrnr (75.4 MHz) 6: -6.9,21.7,30.1,36.2, 130.7, 
183.0, 197.9. Exact Mass calcd. for C9H,,0Sn (Mf - Me): 

26 1.030 1 ; found: 26 1.0297. 

(Z)-7-tert-Butyldimetlzylsilyloxy-2-methyl-5- 
trimethylstannyl-4-hepten-3-one (49) 

Flash chromatography (140 g of silica gel, 9.55 petroleum 
ether - Et,O) of the crude product obtained from the substrate 
34 (2.3 g,9.2 mmol), followed by distillation (130-135"C/0.5 
Torr) of the acquired liquid, afforded 3.6 g (94%) of the ketone 
49, a colorless oil that showed ir (neat): 1678, 1572, 1256, 
1098, 777 cm-l; 'H nrnr (400 MHz) 6: 0.04 (s, 6H), 0.12 

2 (s, 9H, JSn-,=55 HZ), 0.87 (s, 9H), 1.12 (d, 6H, J = 7  HZ), 
2.66 (m,3H),3.66(t,2H, J = 6 . 5  Hz),6.88 (brs, l H , 3 ~ s n - H =  
127 Hz); in nOe difference experiments,.irradiations at 6 6.88 
and 2.66 caused signal enhancements at 6 2.66 and 6.88, 
respectively. Exact Mass calcd. for C16H3302SnSi (Mf - Me): 
405.1272; found: 405.1269. 

(Z)-2,2-Dimethyl-3-trimethylstannyl-3-~~ndecen-4-one (50) 
Purification (flash chromatography, 75 g of silica gel, 97:3 
petroleum ether - Et,O; distillation, 120-130°C/0.5 Torr) of 
the crude product acquired from 1.0 g (5.2 mmol) of the start- 
ing material 35 furnished 0.90 g (48%) of the ketone 50, a col- 
orless oil that exhibited ir (neat): 1685, 1562, 779, 532 cm-I; 
'H nrnr (300 MHz) 6: 0.16 (s, 9H, 'JSn-, = 53 Hz), 0.86 (m, 
3H), 1.13 (s, 9H), 1.27 (br signal, 6H), 1 SO-1.67 (m, 2H), 
2.49 (t, 2H, J = 7.5 HZ), 6.75 (s, IH, 3 ~ s n - H  = 130 HZ); in nOe 
difference experiments, irradiation at 6 6.75 caused signal 
enhancements at 6 1.13 and 2.49, irradiation at 6 2.49 caused 
signal enhancements at 6 6.75 and 1.50-1.67, and irradiation 
at 6 1.13 increased the intensity of the resonance at 6 6.75; I3c 
nrnr (75.4 MHz) 6: -3.6, 14.1, 22.6, 24.3, 29.0, 29.7, 31.6, 
40.0, 43.4, 130.3, 184.9, 201.0. Exact Mass calcd. for 
C ,  ,H,,OSn (Mf - Me): 345.124 1 ; found: 345.1237. 

(Z)-7-tert-Butyldiinethy1silyloxy-4-trimethy1stanny1-3,8- 
rzorzadien-2-one (51) 

Flash chromatography (75 g of silica gel, 9.55 petroleum ether 
- Et20) and distillation (130-135"C/0.5 Torr) of the crude 
product derived from the substrate 36 (0.84 g, 3.2 mmol) gave 
1.3 g (95%) of the ketone 51, a colorless oil that displayed ir 
(neat): 1682, 1571, 837, 776 cm-I; 'H nrnr (400 MHz) 6: 0.02 
(s, 3H), 0.05 (s, 3H), 0.12 (s, 9H, 2 ~ s n - H  = 54 HZ), 0.89 (s, 9H), 
1.45-1.65 (m, 2H), 2.21 (s, 3H), 2.35-2.60 (m, 2H), 4.10 (m, 
lH), 5.05 (ddd, lH, J =  10, 2, 2 Hz), 5.14 (ddd, lH, J =  18, 2, 
2Hz),5.80(ddd, lH, J=  18, 10,6Hz),6.80(brs, lH ,3~sn-H= 
124 Hz). Exact Mass clacd. for C17H3302SiSn (Mf - Me): 
4 17.1272; found: 417.1270. 

General procedure 4. Preparation of the (2)-4- 
(trimethylstanny1)-l,3-butadienes 61-63 and 68 

To a cold (O°C), stirred suspension of methyltriphenylphospho- 
nium bromide (for 61-63, - 1.8 mmol per mmol of substrate; 
for 68, -2.0 mmol per mmol of substrate) in dry THF (-7 mL 
per mmol of substrate) was added a solution of n-BuLi in hex- 
ane (for 61-63, - 1.3 mmol per mmol of substrate; for 68, - 1.5 
mmol per mmol of substrate). After the resulting yellow solu- 
tionlsuspension had been stirred for 10 min at 0°C and for 30 
min at room temperature, a solution of the aldehyde (or ketone) 
in dry THF (-2 mL per mmol of substrate) was added. The 
reaction mixture was stirred at room temperature for the time 
indicated in Table 3. Water (-0.5 mL per mL of reaction solu- 
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tion) and Et20 (-0.5 mL per mL of reaction solution) were 
added and the phases were separated. The'aqueous phase was 
extracted with Et20 and the combined organic extracts were 
washed with brine, dried (MgSO,), and concentrated. The 
crude product was purified by chromatography and distillation. 

The following (Z)-4-trimethylstannyl-1,3-butadienes were 
prepared via this general procedure. 

(Z)-6-tert-Butyldimethylsilyloxy-4-trimethylstannyl-l, 3- 
hexadiene (61) 

Flash chromatography (120 g of silica gel, 98:2 petroleum 
ether - Et20) of the crude product obtained from the aldehyde 
41 (2.7 g, 7.2 mmol), followed by distillation (105-1 10°C/0.5 
Torr) of the acquired liquid, gave 2.4 g (87%) of the diene 61, 
a colorless oil that showed ir (neat): 3087, 3049, 1621, 1574, 
1100, 774 cm-I; 'H nrnr (300 MHz) 6: 0.04 (s, 6H), 0.21 (s, 

2 9H, JSn-, = 53 Hz), 0.88 (s, 9H), 2.49 (br t, 2H J = 7 Hz, 
3~s,~H=55Hz),3.57(t,2H,J=7Hz),5.10(dd,1H,J=11, 1.5 
Hz), 5.15 (dd, lH, J = 16, 1.5 Hz), 6.30 (m, lH), 6.64 (br d, 
lH, J = 11 Hz, 3 ~ s n - H  = 13 1 HZ); 13c nrnr (75.4 MHz) 6: -8.0, 
-5.1, 18.4,26.0,43.6, 63.6, 117.1, 137.7, 142.6, 147.3. Exact 
Mass calcd. for Cl,H,90SiSn (M+ - Me): 361.1010; found: 
361.1018. Anal. calcd. for C,SH320SiSn: C 48.02, H 8.60; 
found: C 48.00, H 8.70. 

(Z)-6-Methoxymethoxy-4-trimethylstannyl-l,3-hexadiene 
(62) 

Purification (flash chromatography, 230 g of silica gel, 9:l 
petroleum ether - Et20; distillation, 95-105OCI0.5 Torr) of the 
crude product derived from the aldehyde 42 (5.84 g, 19.0 
mmol) provided 4.76 g (82%) of the diene 62, a colorless oil 
that displayed ir (neat): 3086, 1623, 1149, 1045,771 cm-'; 'H 
nrnr (300 MHz) 6: 0.02 (s, 9H, 2 ~ s n - H  = 53 Hz), 2.55 (br t, 2H, 
J =  6 Hz, 3 ~ s n - H  = 53 Hz), 3.24 (s, 3H), 3.50 (t, 2H, J =  6 Hz), 
4.60(~,2H),5.10(brd, lH, J =  10Hz),5.15 (brd, lH, J =  17 
Hz), 6.30 (m, lH), 6.66 (br d, IH, J = 11 Hz, 3 ~ s n - H  = 125 Hz); 
13c nrnr (75.4 MHz) 6: -8.2, 40.3, 55.0, 67.8, 96.2, 117.3, 
137.6, 142.4, 147.7. Exact Mass calcd. for CloHi902Sn (M+ - 
Me): 29 1.0407; found: 29 1.0406. 

(Z)-8-tert-Butyldimethylsilyloxy-4-trimethylstannyl-l,3- 
octadiene (63) 

The crude product obtained from the aldehyde 43 (0.10 g, 
0.25 mmol) was purified by flash chromatography (30 g of 
silica gel, 98:2 petroleum ether - Et20) and distillation (1 10- 
115" (210.5 Torr) to produce 0.08 g (81%) of the diene 63, a 
colorless oil that exhibited ir (neat): 3086, 1622, 1574, 1255, 
1105, 775 cm-'; 'H nrnr (300 MHz) 6: 0.04 (s, 6H), 0.20 (s, 
9H, 2 ~ s n - H  = 53 Hz), 0.88 (s, 9H), 1.30-1.55 (m, 4H), 2.28 (br 
t, 2H, J = 7 Hz, 3~sn -H  = 56 Hz), 3.59 (t, 2H, J = 6 Hz), 5.06 
(dd, lH, J=  10, 1.5 Hz), 5.13 (dd, lH, J =  16, 1.5 Hz), 6.13 (m, 
lH), 6.59 (br d, lH, J=  11 Hz, 3 ~ s n - H  = 136 Hz); I3c nrnr (75.4 
MHz) 6: -8.1, -5.2, 18.4,26.1, 26.5, 32.5,40.6,62.1, 116.5, 
137.8, 140.3, 152.1. Exact Mass calcd. for C16H330SnSi 
(M+ - Me): 389.1323; found: 389.1329. 

(Z)-2,5-Dimethyl-4-trimethylstannyl-1,3-hexadiene (68) 
Flash chromatography (150 g of silica gel, petroleum ether) of 
the crude product derived from 3.6 g (13 mmol) of the ketone 
48, followed by distillation (9&105"C/0.5 Torr) of the 
acquired material, gave 3.1 g (87%) of the diene 68, a colorless 

oil that displayed ir (neat): 3083, 1632, 1602, 1188,769 cm-I; 
'H nrnr (300 MHz) 6: 0.14 (s, 9H, 2 ~ s n - H  = 52 Hz), 1.03 (d, 6H, 
J=  7 Hz), 1.77 (s, 3H), 2.51 (septet ofd, J =  7, 1.5 Hz, 3 ~ s n - H  = 
60 Hz), 4.74 (br s, lH), 4.78 (br s, lH), 6.45 (br s, lH, 3 ~ s n - H  = 
144 Hz); I3c nrnr (75.4 MHz) 6: -6.3,22.7,23.1,36.9, 112.6, 
138.5, 147.2, 152.9. Exact Mass calcd. for CloH19Sn (M+ - 
Me): 259.0509; found: 259.05 12. 

General procedure 5. Preparation of the (2)-4- 
(trimethylstanny1)-l,3-butadienes 64-67 and 69-71 

To a stirred suspension of methyltriphenylphosphonium bro- 
mide (2.5 equiv.) in dry benzene (room temperature, -9 mL per 
mmol of ketone substrate used) was added a solution of sodium 
2-methyl-2-butoxide (2.5 equiv.) indry benzene (1.75 M). After 
the mixture had been stirred for 20 min at room temperature, a 
solution of the ketone (1 equiv.) in dry benzene (-4 mL, per 
mmol of the ketone) was added and stirring was continued for 
the time indicated in Table 3. Water (-0.5 mL per mL of reac- 
tion solution) and Et20 (- 1 mL per mL of reaction solution) 
were added and the phases were separated. The aqueous phase 
was extracted with Et20 and the combined organic extracts were 
washed with brine, dried (MgSO,), and concentrated. The crude 
product was purified by chromatography and distillation. 

The following (Z)-4-trimethylstannyl-1,3-butadienes were 
prepared via this general procedure. 

(Z)-6-tert-Butyldimethylsilyloxy-2-methyl-4-trimethylstannyl- 
1,3-hexadiene (64) 

Flash chromatography (35 g of silica gel, 98:2 petroleum ether 
- Et20) of the crude product derived from 0.20 g (0.51 mmol) 
of the ketone 44, followed by distillation (105-1 10°C/0.5 
Torr) of the acquired liquid, gave 0.17 mg (86%) of the diene 
64, a colorless oil that exhibited ir (neat): 3083, 1633, 1604, 
1572, 1255,774 cm-I; 'H nrnr (300 MHz) 6: 0.04 (s, 6H), 0.13 
(s, 9H, 2 ~ s n - H  = 53 Hz), 0.88 (s, 9H), 1.76 (s, 3H), 2.45 (td, 2H, 
J = 7 ,  1.3H~,~J~~-~=55Hz),3.56(t,2H,J=7Hz),4.57(brs, 
lH), 4.79 (br s, lH), 6.53 (br s, lH, 3 ~ s n - H  = 137 Hz); I3c nrnr 
(75.4MHz) 6: -7.2, -5.2, 18.4,22.7,26.0,43.6, 63.7, 112.9, 
141.8, 144.9, 146.6. Exact Mass calcd. for C15H3,0SiSn (M+ 
- Me): 375.1166; found: 375.1161. 

(Z)-7-Chloro-2-methyl-4-trimethylstannyl-l,3-heptadiene 
(65) 

Purification (flash chromatography, 35 g of silica gel, 98:2 
petroleum ether - Et20; distillation, 85-9O0C/0.5 Torr) of the 
crude product obtained from the ketone 45 (0.29 g, 0.73 
mmol) gave 0.13 g (57%) of the diene 65, a colorless oil that 
displayed ir (neat): 3082, 1632, 1605, 897 cm-I; 'H nrnr (300 
MHz) 6: 0.14 (s, 9H, 2 ~ s n - H  = 53 Hz), 1.77 (s, 3H), 1.81 (quin- 
tet, 2H, J = 7 Hz), 2.38 (td, 2H, J = 7, 1.3 Hz, 3~sn -H  = 54 Hz), 
3.50 (t, 2H, J = 7 Hz), 4.76 (br s, lH), 4.80 (br s, lH), 6.52 

3 (br s, lH, JSn-, = 136 Hz). Exact Mass calcd. for 
C , , H , ~ ~ ~ C ~ S ~  (M+ - Me): 293.01 19; found: 293.01 14. 

(Z)-8-tert-Butyldimethylsilyloxy-2-methyl-4-trimethylstannyl- 
1,3-octadiene (66) 

The crude product obtained from the ketone 46 (0.16 g, 0.37 
mmol) was purified by flash chromatography (30 g of silica 
gel, 97:3 petroleum ether - Et20) and distillation (1 10-1 15"C/ 
0.5 Torr) to afford 0.12 g (75%) of the diene 66, a colorless oil 
that showed ir (neat): 3081,1572, 1562, 1255,1103,775 cm-'; 
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Piers and Tillyer 

'H nmr (300 MHz) 6: 0.03 (s, 6H), 0.12 (s, 9H, 2 ~ s n - H  = 52 
Hz), 0.88 (s, 9H), 1.29-1.55 (m, 4H), 1.76 (s, 3H), 2.24 (br t, 
2H, J=7H~,~J~~-,=55Hz),3.59(t,2H,J=6Hz),4.74(brs, 
lH), 4.79 (br s, lH), 6.47 (br s, lH, 3 ~ s n - H  = 139 Hz); I3c nmr 
(75.4 MHz) 6: -7.4, -5.3, 18.3, 22.7, 26.0, 26.5, 32.4, 40.4, 
60.1, 112.6, 142.5, 146.2, 146.6. Exact Mass calcd. for 
C17H3,0Sn (MC - Me): 403.1479; found: 403.1472. 

(Z)-2-Methyl-4-trimethylstannyl-I,3-nonadien-8-yne (67) 
The ketone 47 (1.22 g, 4.07 mmol; in 8 mL of dry benzene) 
was converted into the diene 67 by treatment with the Wittig 
reagent (2.5 equiv.; in 15 mL of dry benzene) at room temper- 
ature for 30 min. Flash chromatography (65 g of silica gel, 
petroleum ether) of the crude product, followed by distillation 
(70-8O0C/0.5 Torr) of the liquid obtained, provided 1.01 g 
(83%) of the diene 67, a colorless oil that exhibited ir (neat): 
3212, 1632,3082,2120,897,770 cm-'; 'H nmr (400 MHz) 6: 
0.13 (s, 9H, 2 ~ s n - H  = 53 Hz), 1.57 (quintet, 2H, J = 7 Hz), 1.76 
(s, 3H), 1.94 (t, lH, J =  2.6 Hz), 2.16 (td, 2H, J =  7, 2.6 Hz), 
2.34 (td, 2H, J = 7, 1.3 Hz, 3~ n-H = 55 Hz), 4.75 (br s, IH), 
4.79 (br s, lH), 6.51 (br s, IH, 'JSn-, = 139 Hz); 13c nmr (75.4 
MHz) 6: -7.3, 17.8,22.7,28.8,39.4,68.4, 84.4, 112.9, 143.5, 
144.9, 146.6. Exact Mass calcd. for C12Hl,Sn (M+ - Me): 
283.0509; found: 283.05 10. 

(Z)-6-tert-Butyldimethylsilyloxy-2-isopropyl-4- 
trimethylstannyl-1,3-hexadiene (69) 

Purification (flash chromatography, 35 g of silica gel, 97:3 
petroleum ether - Et20; distillation, 110-1 15"C/0.5 Torr) of 
the crude product obtained from the ketone 49 (0.17 g, 0.41 
mmol), furnished 0.1 1 g (64%) of the diene 69, a colorless oil 
that showed ir (neat): 3090, 1625, 146 1, 1255, 1007,775 cm-'; 
'H nmr (400 MHz) 6: 0.04 (s, 6H), 0.12 (s, 9H, 2 ~ s n - H  = 53 
Hz), 0.87 (s, 9H), 1.02 (d, 6H, J = 7 Hz), 2.27 (br septet, 1 H, 
J = 7 Hz), 2.48 (br t, 2H, J = 7 Hz, 3 ~ s n - H  = 53 Hz), 3.56 (t, 2H, 
J = 7 Hz), 4.71 (br s, lH), 4.80 (br s, lH), 6.60 (br s, lH, 
3 Jsn-, = 140 Hz); I3c nmr (75.4 MHz) 6: -7.1, -5.2, 18.4, 
21.6, 26.0, 34.0, 43.7, 63.8, 108.9, 143.4, 156.4. Exact Mass 
calcd. for CI7H3,OSiSn (M+ - Me): 403.1479; found: 
403.1474. 

(Z)-5,5-Dimethyl-2-n-hexyl-4-trimethylstannyl-l,3- 
hexadiene (70) 

Flash chromatography (35 g of silica gel, 98:2 petroleum ether 
- EhO) of the crude product obtained from the ketone 50 (0.1 1 
g, 0.31 mmol), followed by distillation (105-1 10°C/0.5 Torr) 
of the acquired material, afforded 0.09 g (8 1 %) of the diene 70, 
a colorless oil that exhibited ir (neat): 3038, 1630, 899, 770 
cm-~. , I H nmr (300 MHz) 6: 0.15 (s, 9H, 2 ~ s n - H  = 52 Hz), 0.88 

(m, 3H), 1.07 (s, 9H), 1.30 (br s, 6H), 1.42 (m, 2H), 2.01 (br t, 
2H, J =  8 Hz), 4.72 (br s, lH), 4.77 (br s, lH), 6.49 (br s, IH, 
3 Jsn-,= 151 H~) ; '~~nmr(75 .4MHz)G:  -3.6,14.2,22.8,22.7, 

29.4, 30.7, 31.8, 37.1, 38.9, 11 1.2, 137.3, 151.3, 156.6. Exact 
Mass calcd. for CI6H3,Sn (M+ - Me): 343.1448; found: 
343.1453. 

(Z)-7-tert-Butyldimethylsilyloxy-2-methyl-4- 
trimethylstannyl-l,3,8-nonatriene (71) 

The crude product acquired from the ketone 51 (0.09 g, 0.21 
mmol) was purified by flash chromatography (30 g of silica 
gel, 97:3 petroleum ether - Et,O) and distillation (1 25-13O0C/ 

0.5 Torr) to afford 0.08 g (85%) of the diene 71, a colorless oil 
that displayed ir (neat): 3081, 1632, 1253, 1084, 775 cm-'; 
'H nmr (400 MHz) 6: 0.04 (s, 3H), 0.06 (s, 3H), 0.14 (s, 9H, 
2 JSn-, = 52 Hz), 0.90 (s, 9H), 1.40-1.60 (m, 2H), 1.78 (s, 3H), 
2.19-2.40 (m, 2H), 4.10 (br m, lH), 4.76 (br s, lH), 4.80 (br s, 
lH),5.03 (ddd, lH, J =  10, 2,2Hz),5.14(ddd, lH, J =  17,2, 
2 Hz), 5.81 (ddd, lH, J=  17, 10,6 Hz), 6.50 (brs, lH, 3 ~ s n - H =  

139 Hz); I3c nmr (50 MHz) 6: -7.3, -4.8, -4.3, 18.2, 22.7, 
25.9, 36.4, 38.9, 73.6, 112.7, 113.7, 141.8, 142.6, 145.9, 
146.7. Exact Mass calcd. for C18H3,0SiSn (M+ - Me): 
415.1480; found: 415.1478. 

Methyl (2E,4Z)-7-tert-butyldimethylsilyloxy-5- 
trimethylstannyl-1,4-heptadienoate (72) 

To a cold (O0C), stirred suspension of NaH (1.02 g, 21.2 
mmol) in 100 mL of dry THF was added dropwise, over a 
period of -5 min, trimethyl phosphonoacetate (3.87 g, 21.2 
mmol) and the resultant slurry was stirred at 0°C for 5 min and 
at room temperature for 20 min. The mixture was then 
recooled to 0°C and a solution of the aldehyde 41 (5.35 g, 14.2 
mmol) in 25 mL of dry THF was added. The resulting suspen- 
sion was stirred at 0°C for 2 h. Water (-50 mL) and Et20 
(-50 mL) were added and the phases were separated. The 
aqueous phase was extracted with Et20 (2 x 40 mL) and the 
combined organic extracts were washed (brine, 40 mL), dried 
(MgSO,), and concentrated. Flash chromatography (250 g of 
silica gel, 94:6 petroleum ether - Et20) of the crude product 
and distillation (140-15O0C/0.5 Torr) of the acquired liquid 
provided 5.65 g (92%) of the diene 72, a colorless oil that dis- 
played ir (neat): 1723, 1626, 1268, 1100, 776 cm-'; 'H nmr 
(400 MHz) 6: 0.03 (s, 6H), 0.27 (s, 9H, 2 ~ s n - H  = 54 Hz), 0.87 
(s, 9H), 2.57 (br t, 2H, J = 7 Hz, 3 ~ s n - H  = 50 Hz), 3.62 (t, 2H, 
J = 7 H z ) ,  3.73 (s,3H),5.80(brd, lH, J =  15 Hz),6.73(brd, 
lH, J = 11 Hz, 3~s,-H = 122 Hz), 7.30 (dd, lH, J = 15, 11 Hz, 
,Jsn_, = 7 Hz); in nOe difference experiments irradiation at 6 
2.57 caused signal enhancement at 6 6.73 and 3.62, irradiation 
at 6 5.80 caused resonance enhancement at 6 6.73, and irradi- 
ation at 6 6.73 caused enhancement of the signals at 6 5.80 and 
2.57. Exact Mass calcd. for C16H3103SnSi (M+ - Me): 
419.1065; found: 419.1070. 

Preparation of the phosphonate reagent 73 
A stirred mixture of triisopropyl phosphite (3.2 g, 15 mmol) 
and rert-butyl bromoacetate (3.0 g, 15 mmol) was heated at 
125°C for 1.5 h. Direct distillation (fraction collected between 
110 and 115"C/0.5 Torr) of the oil thus obtained gave 3.5 g 
(81%) of the phosphonate 73, a colorless oil that exhibited ir 
(neat): 1730, 1289, 1107,991 cm-'; 'H nmr (400 MHz) 6: 1.27 
(d, 6H, J = 7 Hz), 1.29 (d, 6H, J = 7 Hz), 1.42 (s, 9H), 2.77 (d, 
2H, 2 ~ p - H  = 22 Hz), 4.68 (m, 2H); I3c nmr (75.4 MHz) 6: 23.8 
(d, 3 ~ p - C  = 5 Hz), 23.95 (d, 3 ~ p - C  = 4 HZ), 27.8.36.6 (d, ' J ~ - ~  = 
134 Hz), 70.9 (d, 2 ~ p ,  = 6 HZ), 81.6, 164.9 (d, 'Jp-, = 6 HZ); 
3 1 ~  nmr (122 MHz) 6: 16.2 (tt, J = 22, 8 Hz). 

tert-Butyl(2E,4Z)-7-methoxymethoxy-5-trimethylstannyl- 
1,4-heptadienoate (74) 

To a cold (O°C), stirred suspension of NaH (0.26 g, 6.4 mmol) 
in 25 mL of dry THF was added slowly, over a period of -5 
min, a solution of the phosphonate reagent 73  (1.8 g, 6.4 
mmol) in 10 mL of dry THF. After the mixture had been 
stirred at 0°C for 5 min and at room temperature for 20 min, it 
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was cooled to -20°C and a solution of the aldehyde 42 (1.17 
g, 3.8 mmol) in 10 mL of dry THF was added. The mixture 
was stirred at -20°C for 1.5 h and was then allowed to warm 
to room temperature (30 min). Water (-20 mL) and Et20 
(-40 mL) were added and the phases were separated. The 
aqueous phase was extracted with Et,O (2 x 20 mL) and the 
combined organic extracts were washed (brine, 20 mL), dried 
(MgSO,), and concentrated. Flash chromatography of the 
crude product on silica gel (65 g, 4: 1 petroleum ether - Et,O), 
followed by distillation (190-210°C/0.5 Torr) of the acquired 
material, gave 1.4 g (9 1 %) of the diene 74, a colorless oil that 
showed ir (neat): 1703, 1626, 1368, 1045,770 cm-'; 'H nmr 
(400 MHz) 6: 0.25 (s, 9H, 'J,,-, = 52 Hz), 1.48 (s, 9H), 2.64 
(br t, 2H, J = 7 Hz, 3~s , -H = 49 Hz), 3.33 (s, 3H), 3.54 (t, 2H, 
J = 7 H z ) , 4 . 5 8 ( ~ , 2 H ) , 5 . 7 2 ( b r d ,  I H , J =  15Hz),6.74(brd, 
IH, J =  11 Hz, 3 ~ s , - H =  120Hz), 7.21 (dd, lH, J =  15, 11 Hz, 
'J,,-, = 7 Hz); in nOe difference experiments, irradiation at 
6 6.74 caused enhancement of the resonances at 6 5.72 and 
2.64, irradiation at 6 2.64 caused signal enhancement at 6 3.54 
and 6.74, and irradiation at 6 5.72 increased the intensity of the 
signal at 8 6.74; I3c nmr (75.4 MHz) 6: -7.8,28.2,41.0,55.3, 
67.5, 80.1,96.4, 123.2, 139.5, 144.2, 160.5, 166.5. Exact Mass 
calcd. for CISH,,O4Sn (M+ - Me): 391.0931; found: 
391.0938. Anal. calcd. for C16H3004Sn: C 47.42, H 7.47; 
found: C 47.59. H 7.39. 

(E)-3-((2-Methoxymethoxy)ethyl)-3,5-hexadien-l-o1(76) 
To a cold (-78"C), stirred solution of the trirnethylstannyl 
diene 62 (0.87 g, 2.84 mmol) in dry THF (50 mL) was added a 
solution of MeLi (3.1 mmol) in Et,O. After the mixture had 
been stirred for 45 min at -78"C, ethylene oxide (-2.5 g, 
-57 mmol) was added via a syringe (the barrel of the syringe 
was cooled using a piece of Dry Ice, in order to facilitate the 
transfer of the volatile liquid). The resulting mixture was 
stirred at -78°C for 5 min and at -20°C for 20 min and was 
then allowed to warm to room temperature (30 rnin). Saturated 
aqueous NaHC03 (10 mL) and Et,O (30 mL) were added, the 
phases were separated, and the aqueous phase was extracted 
with Et,O (3 x 20 mL). The combined organic extracts were 
washed (brine, 20 mL), dried (MgSO,), and concentrated. 
Flash chromatography of the crude product on silica gel (40 g, 
2:3 petroleum ether - Et,O) and distillation (1 10-120°C/0.5 
Torr) of the derived liquid gave 0.38 g (7 1%) of the alcohol 76, 
a colorless oil that exhibited ir (neat): 3401,3085, 1647, 1150, 
1109, 1039 cm-'; 'H nmr (400 MHz) 6: 1.74 (br s, lH), 2.39 
(br t, 2H, J = 6.5 Hz), 2.49 (t, 2H, J = 6.5 Hz), 3.34 (s, 3H), 
3.67 (t, 2H, J =  6.5 Hz), 3.70 (br m, 2H), 4.61 (s, 2H), 5.05 (dd, 
IH, J = 10, 1.5 Hz), 5.15 (dd, lH, J = 17, 1.5 Hz), 6.06 (br d, 
lH, J = I I Hz), 6.60 (ddd, lH, J = 17, 1 1, 10 Hz); on addition 
of D,O the signal at 6 3.70 sharpened to a t (J = 6.5 Hz), and 
the signal at 6 1.74 disappeared; 13c nmr (75.4 MHz) 6: 34.4, 
37.1, 55.3, 61.2, 66.5, 96.4, 116.8, 129.9, 132.5, 136.3. Exact 
Mass calcd. for CIOHI6O2 (M+ - H20): 168.1 151; found: 
168.1 152. Anal. calcd. for CIoHl8O3: C 64.49, H 9.74; found: 
C 64.49, H 9.88. 

(2)-6-Bromo-4-((2-methoxymethoxy)ethyl)-1,3,6- 
heptatriene (78) 

To a cold (-78"C), stirred solution of the trimethylstannyl 
diene 62 (0.35 mg, 1.13 mmol) in dry THF (5 mL) was added 
a solution of MeLi (1.24 mmol) in Et,O. After the mixture had 

been stirred for 45 min at -78"C, CuBr.Me,S (256 mg, 1.24 
mmol) was added. The resulting bright pink ~ ~ l u t i o n / s u s ~ ~ ~ -  
sion was stirred at -78°C for 5 min and at -48°C for 15 min. 
To the resulting bright orange-red solution was added 2,3- 
dibromopropene (1.5 g, 7.6 mmol) and the resulting colorless 
solution was stirred at -48°C for 45 min. Aqueous NH4C1- 
NH,OH (pH 8) (5 mL) and Et,O (10 mL) were added and the 
vigorously stirred mixture was allowed to warm to room tem- 
perature. The phases were separated and the aqueous phase 
was extracted with Et,O (3 x 10 mL). The combined organic 
extracts were washed (brine, 10 mL), dried (MgSO,), and con- 
centrated. Flash chromatography (40 g of silica gel, 9: 1 petro- 
leum ether - Et,O), followed by distillation (100-1 10°C/0.5 
Torr) of the acquired liquid, furnished 244 mg (83%) of the 
triene 78, a colorless oil that showed ir (neat): 3086, 1626, 
1150, 1072,917 cm-I; 'H nmr (400 MHz) 6: 2.38 (br t, 2H, J =  
6 Hz), 3.35 (br s, 5H), 3.62 (t, 2H, J = 6 Hz), 4.60 (s, 2H), 5.12 
(dd, lH, J=  11, 1.5 Hz), 5.20 (dd, lH, J =  17, 1.5 Hz), 5.48 (br 
s, IH), 5.62 (br s, lH), 6.13 (br d, lH, J =  11 Hz), 6.54 (ddd, 
lH, J =  17, 11, 11 Hz); I3c nmr (75.4 MHz) 6: 36.6,42.8,55.2, 
66.1, 96.3, 117.5, 117.8, 130.4, 130.9, 132.4, 134.6. Exact 
Mass calcd. for C ~ H ~ ~ ~ B ~ O ,  (M+ - C2H50): 215.0072; 
found: 215.0064. Anal. calcd. for C,,H,,BrO,: C 50.59, H 
6.56; found: C 50.85, H 6.58. 

A stirred solution of NaI (1.80 g, 11.8 rnrnol) and the trimeth- 
ylstannyl diene 65 (0.36 g, 1.18 mmol) in dry acetone (10 rnL) 
was allowed to reflux overnight. Most of the acetone was 
removed, Et,O (20 rnL) and water (10 mL) were added to the 
residue, the phases were separated, and the aqueous phase was 
extracted with Et,O (3 x 10 mL). The combined organic 
extracts were washed (water, 10 mL), dried (MgSO,), and 
concentrated. Flash chromatography of the crude product on 
silica gel (35 g, 9 5 5  petroleum ether - Et,O) and distillation 
(100-1 10°C/0.5 Torr) of the derived liquid afforded 0.41 mg 
(86%) of the diene 87, a colorless oil that exhibited ir (neat): 
3080, 1632, 1215,896,769 cm-I; 'H nmr (400 MHz) 6: 0.16 
(s, 9H, 'J,,-, = 56 Hz), 1.78 (s, 3H), 1.87 ( quintet, 2H, J = 7 
Hz), 2.34 (br t, 2H, J = 7 Hz, 3 ~ s , _ H  = 54 Hz), 3.15 (t, 2H, J = 7 
Hz),4.76(brs, lH),4.80(brs,  1H),6.54(s, 1H,3~s,-,= 132 
Hz); 13c nmr (50 MHz) 6: -7.3, 6.2, 22.7, 33.6, 40.8, 113.0, 
143.8, 144.0, 146.5. Exact Mass calcd. for CloH181Sn 
(M+ - Me): 384.9477; found: 384.9476. 

5,5,6,6-Tetracyano-8-methylspiro[3.5]non-8-ene (88) 
To a cold (-78"C), stirred solution of the trimethylstannyl 
diene 87 (0.19 g, 0.47 mmol) in dry THF (2 mL) was added a 
solution of MeLi (0.52 rnrnol) in Et,O. After the solution had 
been stirred for 10 min at -78°C and 20 min at -48"C, water 
(0.5 mL) and Et,O (2 mL) were added and the mixture was 
allowed to warm to room temperature. The phases were sepa- 
rated and the aqueous phase was extracted with Et,O (2 x 2 
mL). The combined organic extracts were dried (MgSO,). The 
ethereal solution of the reaction product 84 exhibited essen- 
tially one non-solvent peak by glc analyses and was used 
immediately in the next step. To this solution (argon atmo- 
sphere) was added (in portions of 5 mg) tetracyanoethylene 
(-50 mg), until the reaction was shown to be complete (glc 
analyses). The solvent was removed and the white solid 
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obtained was dissolved in a minimum amount of Et,O. Flash 
chromatography of this solution on silica gel (25 g, 1 : 1 petro- 
leum ether - Et,O) and recrystallization of the acquired solid 
from petroleum ether gave 0.08 mg (69%) of the spiro com- 
pound 88 as colorless crystals that displayed mp 166-167°C; ir 
(KBr disk): 2253, 1440, 883,696 cm-I; 'H nmr (400 MHz) 6: 
1.88 (br s, 3H), 2.08-2.10 (m, lH), 2.17-2.24 (m, 3H), 2.73- 
2.75 (m, 2H), 2.95 (br s, 2H), 5.99 (br s, 1H). Exact Mass 
calcd. for C,,H,,N,: 236.1062; found: 236.1056. 

5,6-Bis(methoxycarbonyI)-8-methylspiro[3.5]nona-5,8- 
diene (89) 

To a cold (-7S°C), stirred solution of the trimethylstannyl 
diene 87 (0.17 g, 0.43 mmol) in dry THF (2 mL) was added a 
solution of MeLi (0.47 mmol) in Et,O. After the solution had 
been stirred for 10 min at -78°C and 20 min at -4S°C, water 
(0.5 mL) and benzene (2 mL) were added and the mixture was 
allowed to warm to room temperature. The phases were sepa- 
rated and the aqueous phase was extracted with benzene (3 x l 
mL). The combined organic extracts were dried (MgSO,). To 
this solution of the crude product 84 was added dimethyl acet- 
ylenedicarboxylate (360 mg, 2.6 mmol) and the resultant solu- 
tion (argon atmosphere) was heated (70°C) in a sealed tube for 
36 h. The solvent was removed and the residual oil was puri- 
fied by flash chromatography (30 g of silica gel, 1 : 1 petroleum 
ether - Et,O) and distillation (100-1 10°C/0.5 Torr) to give 
0.07 g (70%) of the spiro compound 89, a colorless oil that 
crystallized on standing. Recrystallization of this material 
from pentane produced colorless crystals that exhibited mp 
55-56°C; ir (KBr disk): 1724, 1635, 1440, 1267, 105 1,754 
cm-I; 'H nmr (400 MHz) 6: 1.72 (br s, 3H), 1.72-1.80 (m, 1 H), 

1.92-1.96 (m, 3H), 2.58-2.59 (m, 2H), 2.82 (br s, 2H), 3.73 (s, 
3H), 3.88 (s, 3H), 5.73 (br s, 1H). Exact Mass calcd. for 
C,,H,,O,: 250.1205; found: 250.1203. 
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Synthesis, characterization, and reactivity of a 
ruthenium(l1) N,IIY,N"-tris(2-pyridy1)phosphine 
complex. X-ray analysis of RuCI,(PPh3)(Ppy3) 
(py = 2-pyridyl) 

Richard P. Schutte, Steven J. Rettig, and Brian R. James 

Abstract: Reaction of RuCI,(PPh,), with Ppy, (py = 2-pyridyl) in benzene produced the N,N',Nff-Ppy, complex 
RuCI,(PPh,)(Ppy,) 1. Crystals of RuC1,(PPh3)(Ppy3).2CH,C12 (C,,H,,C16N,P,Ru) are monoclinic, a = 17.269(2), b = 10.797( 1 ), 
c = 20.604(1) .&, P = 107.461(6)", Z =  4, space group P2,lc. The structure was solved by the Patterson method and was refined 
by full-matrix least-squares procedures to R = 0.039 and R,, = 0.035 for 4 184 reflections with I 2 3a(T). Complex 1 reacts in 
MeOH or benzene with two-electron donors (L) to give the chloride-substituted, [RuC1(L)(PPh3)(Ppy,)]PF6, or the triphenyl- 
phosphine-substituted products, RuCI,(L)(Ppy,), (L = CO, MeCN, PhCN), respectively. [RuC1(MeOH)(PPh3)(Ppy3)]BPh4 was 
also isolated. The non-coordinated phosphorus atom in 1 was oxidized to form RuCI,(PPh,)(OPpy,). 

Key words: ruthenium, pyridylphosphines, crystal structure 

RCsumC : La rtaction du RuCI,(PPh,), avec de la Ppy, (py = 2-pyridyle) dans le benzkne conduit la formation du complexe 
N,N1,N"-Ppy, du RuCl,(PPh,)(Ppy,) 1. Les cristaux du RuC1,(PPh3)(Ppy3).2CH2C1, (C,,H,,CI,N,P,Ru) sont monocliniques, 
groupe d'espace P2,1c, avec a = 17,269(2), b = 10,797(1), et c = 20,604(1) .&, P = 107,46 l(6)" Z = 4 .  On a rCsolu la structure par 
la mCthode de Patterson et on l'a affinCe par les mCthodes des moindres carrCs (matrice complkte) jusqu'ii des valeurs de R = 
0,039 et R,, = 0,035 pour 4184 reflexions avec I ?  3a(T). Dans du MeOH ou du benzkne, le complexe 1 rCagit avec des donneurs 
ii deux Clectrons (L) pour fournir respectivement des produits substituCs par le chlore, [RuC1(L)(PPh,)(Ppy3)]PF6, ou des 
produits substituts par la triphCnylphosphine, RuCl,(L)(Ppy,), (L = CO, MeCN, PhCN). On a aussi is016 le 
[RuC1(MeOH)(PPh,)(Ppy3)]BPh4. On a oxydC I'atome de phosphore non coordinC du produit 1 pour former du 
R~C~,(PP~,)(OPPY,). 

Mots elks : ruthenium, pyridylphosphines, structure cristalline. 

[Traduit par la rCdaction] 

Introduction 

The N,N',N"-coordination mode of tris(2-pyridy1)phosphine 
(Ppy,, py = 2-pyridyl), where the ligand binds to the metal cen- 
tre via the three pyridyl nitrogens, has been observed with a 
variety of transition metals. All, except one, are cationic sand- 
wich complexes containing two N,N1,N"-Ppy, ligands and are 
of the general formula [ M ( P ~ ~ , ) , ] ~ +  (M = Mn, Co, Ni, Cu, Zn, 
Ru) (1-3). The X-ray crystal structures of the zinc (2) and the 
ruthenium (3) complexes have been determined and confirm 
the N,N1,N"-coordination mode. Rarer are the half-sandwich 
complexes containing only one N,N1,N"-Ppy, ligand, the only 
example (prior to this work) being Zn(Ppy,)(NO,), (2). In this 
case, the complex is neutral and contains both a monodentate 
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and a bidentate nitrate ligand. Thus, the N,N',N"-coordination 
mode has generally been observed in sandwich complexes of 
the first-row transition metals. 

This paper reports on the synthesis, characterization, and 
reactivity of the N,N',Nf'-Ppy,, half-sandwich complex 
RuC12(PPh3)(Ppy3) 1. In MeOH, one of the chloro ligands in 1 
is labile, and this led to the investigation of some chloride-sub- 
stitution reactions with neutral two-electron donors. Alterna- 
tively, the triphenylphosphine ligand in 1 can be replaced by 
carrying out the substitution reactions in benzene. This reac- 
tivity is similar to that of the well-known RuCl(PPh,),(Cp) 
complex (Cp = T5-cyclopentadienyl), which also contains a 
facial six-electron donor ligand (4). Our interest in 2- 
pyridylphosphine complexes stems from their potential as 
homogeneous catalysts in aqueous media (5). This present 
paper focuses on complex 1, which turned out to be water 
insoluble. Related complexes such as [RuC1(PPh3)(Ppy3)i]C1, 
which contains chelated P,N-coordinated Ppy3 ligands, are 
water soluble and will be discussed elsewhere (6). 

Experimental 

All manipulations were carried out under Ar using standard 
Schlenk techniques. Solvents (Fisher or BDH) were dried and 
distilled under N2 prior to use. MeCN and PhCN were dried 
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over CaH2 for 24 h prior to fractional distillation, and stored 
under argon in the dark. NH4PF6 (Aldrich), NaBPh, (Aldrich), 
and m-C1C6H4C(0)OOH (m-CPBA) (Aldrich, 80-85% Tech. 
grade) were used as supplied. RuC12(PPh3), (7) and Ppy, (8) 
were prepared according to published procedures. 

NMR spectra were recorded at room temperature (r.t.) on a 
Varian XL-300 MHz (300 MHz for 'H; 121.4 MHz for ,'P) 
spectrometer. 'H chemical shifts were recorded using the 
residual proton of the solvent as internal standard. All ,'P 
chemical shifts were referenced to external 85% H3P04, by 
setting the chemical shift for P(OMe), (Aldrich) at 141.00 
ppm (relative to 85% H,PO,) in the appropriate solvent (9). 
Infrared spectra were recorded on a Mattson Genesis Series 
FTIR spectrometer as Nujol mulls between KBr plates or as 
KBr pellets. UV-visible spectra were recorded on a Hewlett- 
Packard-8452A diode array spectrometer. Solid state visible 
spectra were recorded by dissolving a small amount of com- 
plex in either MeOH or CH2C12 and placing the solution on a 
glass plate (UV cutoff 300 nm) and allowing the solvent to 
evaporate so that a thin amorphous film was left behind. The 
thin film was then placed in the beam of the spectrometer and 
the spectrum recorded. Conductivity measurements were 
made at 25°C using a model RCM 15 1B Serfass conductance 
bridge (A. H. Thomas Co. Ltd.) connected to a 3403 cell from 
the Yellow Springs Instrument Company. The cell constant 
was determined by measuring the resistance of an aqueous 
solution of KC1 (0.0100 M, a = 0.001 413 ohm-' cm-' at 25OC) 
(10). Solutions of -1 x 10" M in CH3N02 or MeOH were 
made just prior to use. Elemental analyses were performed by 
Mr. P. Borda of this department. 

Preparation of RuCl,(PPh,)(Ppy,), 1 
Benzene (30 mL) was added to a mixture of RuC12(PPh3), 
(0.48 g, 0.50 mmol) and Ppy, (0.13 g, 0.50 mmol). The result- 

, ing red solution was refluxed for 7 h in which time a dark red 
i precipitate formed. After the volume was reduced in half, hex- 

anes (40 mL) were added to complete precipitation. The red 
precipitate was filtered, washed with hexanes (3 x 10 mL) to 
remove any residual PPh,, and dried under vacuum (0.32 g, 
92%). Anal. calcd. for C,,H2,Cl2N3P2Ru: C 56.66, H 3.89, N 
6.01; found: C 56.65, H 3.89, N 5.96%. 

Single crystals for an X-ray diffraction study were grown by 
Et20 diffusion into a CH2C12 solution of the complex. The 
crystals isolated contained two CH2C12 solvates. 

Preparation of [RuCI(MeOH)(PPh,)(Ppy,)]BPh,, 2 
NaBPh, (0.022 g, 0.064 mmol) was added to a clear orange 
solution of 1 (0.042 g, 0.060 mmol) in MeOH (30 mL). After 
being stirred for 0.5 h, the solution volume was reduced (to 
- 10 mL) under vacuum during which time an orange precip- 
itate formed. The mixture was stirred for a further 0.5 h and 
then the precipitate was filtered off and washed with MeOH (2 
x 1 mL) and dried under vacuum (24 h), (0.033 g, 54%). Anal. 
calcd. for C,8H,,BC1N30P2Ru: C 68.61, H 5.06, N 4.14; 
found: C 67.85, H 4.94, N 4.21%. 

Preparation of [RUC~(CO)(PP~,)(P~~~)]PF~~ 3 
To a degassed solution of 1 (0.13 g, 0.19 mmol) and NH4PF6 
(0.032 g, 0.20 mmol) in MeOH (6 mL), CO gas (1 atm (101.3 
kPa)) was added, and the mixture was heated at 65OC for 2 h. 
The initial red suspension formed a clear yellow solution, 

which was pumped to dryness and the residue dissolved in 
acetone (5 mL). The resulting turbid, orange solution was fil- 
tered through Celite 545@ along with acetone washings 
(15 mL). The clear filtrate was pumped to dryness and MeOH 
added (1 mL) to form a yellow precipitate, which was filtered 
off and dried under vacuum (0.12 g, 75%). Anal. calcd. for 
C34H,7ClF6N30P3Ru: C 48.79, H 3.48, N 5.02; found: 
C 48.65; H, 3.38; N, 4.96%. 

Preparation of [RuCI(MeCN)(PPh,)(Ppy,)]PF,, 4 
To a suspension of 1 (0.085 g, 0.121 mmol) and NH,PF, 
(0.020 g, 0.122 mmol) in MeOH (4 mL) was added a solution 
of MeCN in MeOH (1 mL, made by mixing 0.05 mL of MeCN 
in 5 mL of MeOH) and the resulting mixture refluxed for 10 
min. The orange solution was pumped to dryness and the res- 
idue dissolved in acetone (5 mL) and filtered through Celite 
545@. The volume was reduced (to -3 mL) and ether (40 mL) 
added to form a yellow precipitate. The product was collected 
by filtration, washed with ether (3 x 5 mL), and dried under 
vacuum (0.084 g, 82%). Anal. calcd. for C3,H3,C1F6N4P3Ru: 
C 49.45, H 3.56, N 6.59; found: C 49.58, H 3.64, N 6.73%. 

Preparation of [RuCI(PhCN)(PPh,)(Ppy,)]PF,, 5 
To a red suspension of 1 (0.098 g, 0.14 rnmol) and NH4PF6 
(0.023 g, 0.14 mrnol) in MeOH (10 mL) was added PhCN 
(0.05 mL) with a syringe. The resulting mixture was refluxed 
for 15 min during which time an orange solution formed. The 
MeOH was removed under vacuum and the residue dissolved 
in acetone (50 mL) and filtered through Celite 545@. The fil- 
trate was concentrated (-5 mL) and Et20 (30 mL) added. The 
yellow precipitate was filtered off and dried under vacuum 
(0.091 g, 71%). Anal. calcd. for C,,H32C1F6N4P3Ru: C 52.67, 
H 3.53, N 6.14; found: C 52.80, H 3.55, N 5.96%. 

Preparation of RuCl,(CO)(Ppy,), 6 
To a red suspension of 1 (0.13 g, 0.19 mmol) in C6H6 (10 mL) 
was added CO gas (1 atm). The suspension was refluxed for 42 
h in which time an orange-brown suspension developed. Hex- 
anes (30 mL) were added to further precipitation and the pre- 
cipitate collected by filtration. The product was reprecipitated 
from CH2C12 (15 mL) by Et20 (20 mL), filtered, and dried in 
vacuo (0.05 g, 56%). Anal. calcd. for C,6H12C12N30PRu: C 
41.31, H 2.60, N 9.03; found: C 41.05, H 2.64, N 8.91%. 

Preparation of RuCI,(MeCN)(Ppy,), 7 
To a red suspension of 1 (0.13 g, 0.18 mmol) in C6H6 (10 mL) 
was added MeCN (1 mL, 19 mmol). The suspension was 
refluxed for 17 h. After the mixture was cooled to room tem- 
perature, the red precipitate was filtered off, washed with C6H6 
(4 x 5 mL), and dried in vacuo (24 h), (0.06 g, 68%). Anal. 
calcd. for C17Hl,C12N4PRu~1/6C6H6: C 44.00, H 3.28, 
N 11.40; found: C 44.15, H 3.46, N 11.04%. The 1/6C6H6 sol- 
vate was confirmed in the 'H NMR (CDCl,) spectrum at 7.36 
ppm (s). Attempts to remove the solvate by heating (7g°C, 
24 h) under vacuum caused decomposition of the complex. 

Preparation of RuCl,(PhCN)(Ppy,), 8 
To a red suspension of 1 (0.18 g, 0.25 mmol) in C6H6 (10 mL) 
was added PhCN (1 mL, 11 mmol). The suspension was 
refluxed for 4 h, then stirred for a further 16 h at room temper- 
ature. Hexanes (30 mL) were added and the red precipitate 
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Table 1. Crystallographic data." 

Compound RuCI,(PPh,)(Ppy,) .2CHzC1, 
Formula C35H31C16N3P2Ru 

fw 869.39 
Crystal system Monoclinic 
Space group P2, lc 
a, A 17.269(2) 
b, A 10.797(1) 
c, A 20.604( 1 ) 
I 3 7  " 107.46 l(6) 
V, A' 3664.6(6) 
z 4 
Pc:,lc , g/c& 1.576 
F(OO0) 1752 
p(Mo K,), cm-' 9.83 
Crystal size, mm 0.15 x 0.18 x 0.25 
Transmission factors (relative) 0.96-1 .OO 
Scan type e 2 0  
Scan range, deg in o 1.00 + 0.35 tan 0 
Scan speed, deglmin 16 (up to 8 rescans) 
Data collected + / z ,  +k, +I 

20,,,*,, deg 55 
Crystal decay, % 19.0 
Total reflections 9154 
Total unique reflections 8870 

Rmcrgc 0.049 
I Reflections with 1 2  30(F2) 4184 
I 
i No. of variables 424 

R 0.039 

i R,? 0.035 
gof 1.78 

I Max A/o (final cycle) 0.0003 
I Residual density e/A3 -0.64 to 0.72 
I 

"Temperature 294 K, Rigaku AFC6S diffractometer, Mo K, (h  = 
0.71069 A) radiation, graphite monochromator, takeoff angle 6.0a, 
aperture 6.0 x 6.0 mm at a distance of 285 mrn from the crystal, 
stationary background counts at each end of the scan (scanlbackground 
time ratio 2:1), o'(F2) = [S2(C + 4B)]/Lp2 (S = scan rate, C = scan count, 
B = normalized background count), function minimized Zw(IF,,I - IF,I)' 

. .  . where w = 4~,'/o'(F,'), R = CIIF,,I - IF,IIICIF,,I, R,, = (ZIV(IF,I - 
. . . .  . I F , ~ ) ~ E ~ ~ F , , I ' ) ' ' ~ ,  and gof = [Zw(lF,,I - lFCl)'l(r,z-n)]"'. Values given for R, 

R,%, and gof are based on those reflections with I > 3o(I). 

collected by filtration. This product was reprecipitated from 
CH2C12 (5 mL) with Et20 (50 mL) and dried under vacuum 
(78"C, 16 h), (0.12 g, 88%). Anal. calcd. for C2,H,,C12N,PRu: 
C 48.90, H 3.17, N 10.37; found: C 48.87, H 3.50, N 10.09%. 

Preparation of RuC1,(PPh3)(OPpy3), 9 
A solution of 1 (0.21 g, 0.29 mmol) with excess m-CPBA 
(0.11 g, 0.5 1 mmol based on 80% purity) in CHCI3 (25 mL) 
was stirred for 24 h. Hexanes (160 mL) were added and the 
resulting brown precipitate filtered. The brown precipitate was 
redissolved in CHC13 (5 mL), and hexanes (10 mL) added to 
form a light brown precipitate that was removed by filtration 
and discarded. Hexanes (150 mL) were added to the red filtrate 
causing formation of an orange-red precipitate that was col- 
lected and dried under vacuum (78"C, 48 h), (0.15 g, 52%). 
Anal. calcd. for C3,H2,C12N30P2Ru: C 55.39, H 3.80, N 5.87; 
found: C 55.14, H 3.80, N 6.06%. 

X-ray crystallographic analysis of 
RuCl2(PPh,)(Ppy3).2CH2Cl2 

Crystallographic data appear in Table 1. The final unit-cell 
parameters were obtained by least squares on 2 sin 0/X values 
for 25 reflections with 20 = 20. 1"-29.4". The intensities of three 
standard reflections, measured every 200 reflections through- 
out the data collection, decayed linearly by 19%. The data were 
processed,' for Lorentz and polarization effects, decay, and 
absorption (semi-empirical, absed on azimuthal scans). 

The structure was solved by the Patterson method. The 
asymmetric unit contains one molecule of the metal complex 
and two crystallographically independent dichloromethane 
molecules. Non-hydrogen atoms were refined with anisotro- 
pic thermal parameters and hydrogen atoms were fixed in cal- 
culated positions (C-H = 0.98 A, BH = 1.2 Bbonded atom). NO 
correction for secondary extinction was necessary. Neutral 
atom scattering factors for all atoms and anomalous dispersion 
corrections for the non-hydrogen atoms were taken from the 
International tables for X-ray crystallography (1 1). The larg- 
est peak on the final difference map (0.72 e k 3 )  was located 
near the Ru atom. Final atomic coordinates and equivalent iso- 
tropic thermal parameters, selected bond lengths, and selected 
bond angles appear in Tables 2 4 ,  respectively. Hydrogen 
atom parameters, anisotropic thermal parameters, complete 
tables of bond lengths and angles, torsion angles, non-bonded 
contacts, and least-s uares planes have been deposited as sup- ? plementary material. 

Results and discussion 

Synthesis and characterization of RuCl,(PPh3)(Ppy3) 1 
The synthesis and reactivity of 1 are summarized in Fig. 1 and 
characterization data for 1-9 are reported in Tables 5-8. 

Complex 1 is readily made by reaction of equimolar 
amounts of RuCl,(PPh,), and Ppy,, and its crystal structure is 
shown in Fig. 2. The Ppy, ligand binds facially via the three 
pyridyl nitrogens, forming three six-membered rings, and the 
coordination sphere is completed by cis chlorides and a PPh3. 
The geometry at Ru is close to octahedral with the angles rang- 
ing from 84.9(1)" to 94.9(1)". The Ru(1)-N(3) bond, trans to 
the PPh,, is slightly lon er than the Ru(1)-N(l and 2) bonds 
trans to Cl, (2.1 17(4) f versus 2.075(4) A and 2.090(4) A, 
respectively). These values are similar to those reported for 
[ R u ( P ~ ~ ~ ) ~ ] [ C , H , S O , ] ~  (2.06(1)-2.09(1) A) (3), which has 
two Ppy3 ligands coordinated facially through the pyridyl 
nitrogens and is the only other ruthenium structure reported 
for a Ppy3 ligand bound in this manner. The Ru(1)-Cl(1 and 
2) bond lengths are identical and the Ru(1)-P(2) bond length 
is typical for that of a Ru(I1) phosphine complex (12). 

Bond lengths in the Ppy, ligand do not change upon coordi- 

teXsan: Crystal structure analysis package. Molecular Structure 
Corp. The Woodlands, Tex., 1985 and 1992. 
Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA OS2. 
Tables of hydrogen atom coordinates and bond lengths and angles 
involving hydrogen atoms have also been deposited with the 
Cambridge Crystallographic Data Centre and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge CB2 lEZ, UK. 
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Schutte et al 

Table 2. Final atomic coordinates (fractional) and B,.,,." 

Atom x Y z 4 

nation when compared to data for the free ligand (13), but 
bond angles do change somewhat. The C(1)-P(1)-C(6) angle 
(between the two py groups trans to C1) increases slightly to 
104.2(2)", while the C(1)-P(1)-C(11) and C(11)-P(1)-C(6) 
angles decrease to 98.8(2)", as compared to an average of 
101.9" in the free ligand (13). These angles in 1 are similar to 
those found in [Ru(Ppy3),][C7H7S03], (100.9(8)", 99.6(8)", 
and 99.6(7)") (3). 

The solution structure of 1 in CDC13 is consistent with the 
X-ray structure. The 3 1 ~ ( ' ~ )  NMR spectrum contains two 
singlets (Table 5), the result of two uncoupled phosphorus 
nuclei. The low-field signal is assigned to the PPh3, while the 
high-field signal is assigned to the Ppy3 ligand, the assign- 
ments being based on the coordination chemical shift A values 
of 47.7 and 5.56 ppm for the PPh3 and the Ppy3 ligands, 
respectively (14-16). The small A value for the Ppy3 ligand is 
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Table 3. Selected bond lengths (A) with estimated standard 
deviations in parentheses. 

Bond Length Bond Length 

Table 4. Selected bond angles (deg) with estimated standard 
deviations in parentheses. 

Bonds Angle(deg) Bonds Angle(deg) 

consistent with its noncoordination. 3 ' ~ { 1 ~ )  NMR data for 
other N,Nf,N"-coordinated Ppy, complexes have not been 
reported. As well, the 'H NMR (CDCI,) spectrum (Table 6) 
shows multiple peaks in the phenyl region and is consistent 
with the complex containing two equivalent (trans to C1) and 
one inequivalent (trans to PPh,) pyridyl rings. For example, 
the H6 protons (H adjacent to N in the 2-pyridyl group) give 
rise to two signals with an integration ratio of 2: 1. (That the H6 
proton occurs at the most downfield position has been estab- 
lished by others (17, 18).) Thus, the solid state structure of 1 is 
maintained in CDC1,. However, when 1 is dissolved in MeOH 
the complex dissociates a chloride (described below). 

The synthesis and structure of 1 are similar to those of other 
Ru(I1) complexes containing a facially coordinated six-elec- 
tron donor ligand. Three examples are RuC1,(PPh,)([9]aneS3) 
(19), RuCl(PPh,),(Cp) (4), and RuCl(PPh,),(Tp) (20) (where 
[9]aneS3 = 1,4,7-trithiacyclononane, and Tp = hydrotris(pyra- 
zol- 1-y1)borate). The remainder of the coordination spheres is 
completed by PPh, and C1 ligands, relative numbers of each 

Fig. 1. Synthesis of compounds. Conditions: (i) A, C6H6, 7 h; 
(ii) MeOH, 1 h; (iii) MeOH, 65°C; L = CO, 2 h; L = MeCN, 10 
min; L = PhCN, 15 min; (iv) A, C6H6; L = CO, 42 h; L = MeCN, 
17h;L=PhCN,4h,and 16hatr.t.;(v)CDC13,r.t.; 1 a tm02 1 2 4  
or m-CPBA, 24 h. 

R ~ C I Z ( P P ~ ~ ) ( P P Y ~ )  + MeOH ~ [ R U C I ( M ~ O H ) ( P P ~ ~ ) ( P ~ ~ ~ ) ] +  + cv 
1 

) L = C O . 3  
NH4CI L = MeCN. 4 

L = PhCN, 5 

RuCIz(PPhd(Ppy3) + xs L 

1 
PPh3 L = MeCN, 7 

L = PhCN, 8 

Fig. 2. Perspective view of the RuC1,(PPh3)(Ppy3) molecule; 
33% probability thermal ellipsoids are shown for the non- 
hydrogen atoms. Hydrogen atoms are omitted for clarity. 

depending on the charge of the facial ligand. Finally, all of the 
complexes have been synthesized by PPh, ligand displace- 
ment from RuCI,(PP~,)~, although this is not the most conve- 
nient method for RuC1(PPh3),(Cp) (4). 
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Table 5. "P{'H} NMR chemical shifts for N,N',Nf'-coordinated 
tris(2-pyridy1)phosphine complexes. 

Ppy," PPh," 
Complex Solvent (ppm) ( P P ~ )  

RuClz(L)(Ppy 3) 
L = PPh,, 1 
L =  CO, 6 
L = MeCN, 7 
L = PhCN, 8 

[R~C~(L) (PP~~) (PPY, ) IX 
L = CO; X = C1" 
L = CO; X = PF,, 3' 

L = MeCN; X = PF,, 4 
L = PhCN; X = PF,, 5 

CDCI, 
CDCI, 
CDCI, 
CDCI, 

Fig. 3. Structures of N,N',Nf'-tris(2-pyridy1)phosphine 
complexes. (L = PPh,, 1; L = CO, 3,6;  L = MeCN, 4,7; L = 
PhCN, 5,8).  

"Singlet; shifts for free Ppy, and PPh, in CDCI, are -0.74 and -5.42 
ppm, respectively. 

'In situ. 
'For the PF, salts (3-5). the "P('H) septet for the anion was seen at 6 

-143 to -145 with 'J,, = 708-71 3 Hz. 
d O P ~ ~ 3 .  

Dissociation of chloride from 1 
The molar conductivity of 1 is reported in Table 7. In CH3N02, 
complex 1 is essentially a nonconductor, while in MeOH the 
conductivity approaches that expected for a 1: 1 conductor. The 
solvents have comparable dielectric constants (E = 38.6 for 
CH3N02, and 32.6 for MeOH (25)), but the higher donor num- 
ber of MeOH (20.0 vs. 2.7 (25)) leads to the formation of an 
ionic complex containing a coordinated MeOH (Fig. 1). The 
complex was isolated as [RuCl(MeOH)(PPh,)(Ppy,)]-BPh,, 2, 
but no NMR data could be recorded because of low solubility. 
Unfortunately the C analysis for 2 is 0.76% low, but two bands 
in the IR spectrum can be assigned to a coordinated MeOH: 
vo, at 3207 cm-I and voc at 1001 cm-I. For neat MeOH the 
corresponding bands appear at 3342 and 1033 cm-', respec- 
tively (26); the shifts are consistent with MeOH coordination. 

The very similar UV-visible spectra of 1 in CH,Cl, and in the 
solid state (Table 8) imply that the solution structure of 1 in 
CH,Cl, is the same as that in the solid state (i.e., of the neutral 
RuCl,(PPh,)(Ppy,)). The lower wavelength maxima observed 
in MeOH are partially attributed to the formation of the coordi- 
nated MeOH complex 2. The spectrum of 2 in CH,Cl,, shows a 
A,,, at 414 nm, essentially the same as the416 nm A,,, observed 
for 1 in MeOH, but the other A,,, for 2 (at 368 nm) corresponds 
to that seen for 1 in CH2C12. "Solvent effects" on the spectra are 
clearly important, and this is also evident when addition of a 
large excess of LiCl (even upto - 10 M) to an MeOH sample of 1 
resulted in achange in the 416 nm maximum, to422 nm, and not 
the 434 nm position seen for 1 in CH,CI,. 

Other ruthenium(I1) phosphine complexes containing 
coordinated MeOH have been reported: the five-coordinate 
RuCl,(PMA)(PPh,) (PMA = o-diphenylphosphino-N,N- 
dimethylaniline) reversibly binds MeOH in benzene, as deter- 
mined by 1H NMR spectroscopy (27); the isolated 
Ru(H),(CO)(PPh,),(MeOH) has been characterized by IR and 

NMR spectroscopies (28); and Ru(O,CCF,),(MeOH)- 
(CO)(PPh,), has been characterized by X-ray analysis (29). 
More closely related, the ionic behaviour observed for 1 par- 
allels that of RuCl(PPh,),(Cp), which is a non-electrolyte in 
acetone but dissociates appreciably in MeOH (22). Haines and 
Du Preez isolated the complex [Ru(MeOH)(PPh,),(Cp)]BPh,, 
which they identified by NMR and IR spectroscopy, although 
no actual data were presented. As here, the product was not 
obtained analytically pure. Nevertheless, the ability of 
RuCl(PPh,),(Cp) to dissociate chloride in MeOH has led to a 
variety of chloride exchange reactions for the Cp complex (4), 
and similar reactivity is seen with 1. 

Chloride-substitution reactions 
The chloride-substitution reactions are summarized in Fig. 1. 

When 1 was heated in CD30D under 1 atm CO gas, the ini- 
tially red suspension changed into a clear yellow solution; the 
in situ 3 ' ~ ( 1 ~ ]  NMR spectrum contained two singlets attrib- 
uted to the species [RuCl(CO)(PPh,)(Ppy,)]Cl. However, on a 
synthetic scale, attempts toisolate this salt always resulted inthe 
formation of an oil. A similarreaction carried out in the presence 
of NH4PF6, however, did allow for isolation of [RuCl(CO)- 
(PPh,)(Ppy )]PF, 3 as an analytically pure yellow salt. ? The ,'P( H]  NMR (CD30D) spectrum of 3 matched that of 
the in situ species and consisted of two singlets for two uncou- 
pled phosphorus nuclei. The IR spectrum contained a single 
CO stretch and the compound was a 1:l conductor in 
nitromethane. The H6 protons of the Ppy, ligand gave rise to 
three signals in the 'H NMR spectrum indicating the inequiv- 
alence of the three pyridyl groups. These data are consistent 
with the structure given in Fig. 3, which shows the compound 
as a racemate. 

There is a solvent dependence for the formation of 3. In ace- 
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Table 6. 'H NMR chemical shifts for N,Nf,N"-coordinated tris(2-pyridy1)phosphine complexes at room temperature. 

Complex Solvent 6, p p n ~  (peak, no. of H, assignment") 

R~C~,(L)(PPY,) 
L = PPh,, 1 CDCI, 

L = CO. 6 CDCI, 

L = MeCN, 7 CDCI, 

L = PhCN, 8 CDCI, 

[RuCI(L)(PPh,)(Ppy,)lPF, 
L = C 0 , 3  CDCI, 

L = MeCN, 4 CDCl, 

L = PhCN, 5 Acetone-rl, 

RuC12(PPh,)(OPpy3) 9 
CDCI, 

6.56(m, 1 H,Ppy3);6.74(m, l H,Ppy3);7.33(m, 12H,o-m-PPh,);7.45(m,3H,p-PPh,); 
7.54(m, 1 H,Ppy,);7.84(m,2H,Ppy,);7.95(m,2H,Ppy,);8.26(m, 1H,Ppy3);8.49(m,3H,Ppy,); 
9.56(p-d, l H,H6-Ppy,) 
6.66(m, 1H,Ppy3);6.85(ni,1 H,Ppy,);7.27(m,12H,o-m-PPh,);7.42(m,3H,p-PPh,); 
7.58(m, 1H,Ppy3);7.62(m, lH,Ppy,);7.75(m,lH,Ppy,);7.92(m, l H,Ppy3);7.98(rn, 1 H,Ppy,); 
8.15(p-d, l H,H6-Ppy3);8.27(m, l H,Ppy3);8.36(m, l H,Ppy3);8.48(p-d, 1H,H6-Ppy,); 
9.47(p-d, lH,H6-Ppy,) 
2.2 l(s,3H,MeCN);6.53(m, 1H,Ppy3);6.93(m,lH,Ppy,);7.36(m, 15H,PPh3);7.5 1 (m, 1H,Ppy3); 
7.60(m,2H,Ppy3);7.87(m,lH,Ppy,);8.20(m,3H,Ppy,);8.3 I(p-d,lH,H6-Ppy,); 
8.50(p-d, lH,H6-Ppy,); 9.61 (p-d, lH,H6-Ppy,) 
6.80(m, lH,Ppy3);6.94(m, 1H,Ppy3);7.30-7.65(m's,20H);7.70-7.89(m's,3H);7.93 (m,1H,Ppy3); 
8.13(m, 1 H,Ppy,);8.39-8.55(m's,3H);8.60(~-d, 1 H,H6-Ppy,); 9.88(p-d, l H,H6-Ppy,) 

"s = singlet; m = multiplet; m's = more than one multiplet; p-d = pseudo-doublet(multiplet). 
"Assignments to specific ligands are made where possible; o = orrho-H; r n  = rnera-H; p = para-H, of Ph groups; H6 = pyridyl-H, adjacent to N of 

Ppy, ligand. 

Table 7. Some infrared and conductivity data for N,N',N"-coordinated tris(2-pyridy1)phosphine complexes 
and analogous Cp complexes. 

IR stretches" 
(cm-' ) A, (CH3N0,, 25OC)" 

Complex (ohm-' mol-I cm') 
L RuCIZ(L) (P~~, )  RuCl(L)(PPh,)(Cp) R~C~,(L)(PPY,) 

PPh,, 1 - 
CO, 6 vc0 = 1942 (s) 
MeCN, 7 v,, = 2270 (w) 
PhCN, 8 v,, = 2224 (m) 

MeOH, 2 vo, = 3207 (s), vo, = IOOl(s) - 

CO, 3 v,, = 1979 (s) v,, = 198 1 (22) 80.4 
MeCN, 4 v,, = 2274 (w) v,, = 2265 (23) 79.3 
PhCN, 5 v,, = 2232 (m) v,, = 2228 (23) 79.3 

"s = strong; m = medium; w = weak. 
"Accepted ranges (ohm-' mol-I cm') for 1:1 conductors: in CH,NO, (75-90); in MeOH (80-1 15) (24). 
'In MeOH. Calculated using the molecular weight for RuCII(PPh,)(Ppy,) (699.52 g mol-'). If calculated with the 

molecular weight of [RuCl(MeOH)(PPh,)(Ppy,)]CI (731.56 g mol-') the molar conductivity is 64.4. 
"Appropriate reference appears in parentheses for the Cp complexes. 

tone, the reaction at room temperature was slow (1 1 d) and a MeOH intermediate allows for a more efficient mechanism for 
mixture of mainly 3 and some RuCl,(CO)(Ppy,) 6 (see below) the formation of 3. 
was obtained. The minor product is formed via displacement Use of a procedure similar to that described above for 3 
of the PPh, of 1. In MeOH, the formation of the cationic allowed for isolation of the nitrile complexes 
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Table 8. UV-visible data for N,N1,N"-coordinated tris(2-pyridy1)phosphine complexes 

Complex Solvent 

L = MeCN, 7 

L = PhCN, 8 

L = MeCN, 4 
L = PhCN, 5 
RuClz(PPh,)(OPpy,), 9 

CH2Cl2 
MeOH 
Solid State" 
Solid State" 
CH?CI, 
MeOH 
CH,Cl2 
MeOH 
CH,C1, 
MeOH 
CH,CI, 

CHQ, 
MeOH 
CHzClz 
CHzClz 
CH2C1, 
MeOH 

"Amorphous film made from a CH,CII SI 

"Film made from a MeOH solution. 
'Shoulder at 466 nm (E = 6540). 
"Shoulder at 450 nm (E = 6630). 
'Complex not analytically pure. 
'Shoulder at 424 nm (E = 5570). 
"Shoulder at 424 nm (E = 6330). 

alution. 

[RuCl(L)(PPh,)(Ppy,)]PF,, where L = MeCN (4) or L = PhCN 
(5). The isolated complexes (Fig. 3) were characterized in the 
same manner as 3. Only one equivalent of MeCN was used to 
make 4. When excess or neat MeCN was used, the isolated 
product contained small amounts of impurities, as determined 
by 3 ' ~ { ' ~ ]  NMR. Similarly, when RuCl,(PPh,)(Ppy,) and 
one equivalent of NH4PF6 were refluxed in a mixture of PhCN 
and some acetone (needed to dissolve NH4PF6), the isolated 
product mixture contained 5 and a second product which 
showed a 3 1 ~ { ' ~ ]  singlet at 6 6.30 (in acetone-d6) or 5.05 (in 
CD,Cl,). This second product, also formed from refluxing 
RuCl,(PhCN)(Ppy,) 8 in MeOH with one equivalent of 
NH4PF6 and excess PhCN, is tentatively formulated as 
[RuC1(PhCN),(Ppy3)]PF6. The complex was not further char- 
acterized because of the presence of other minor impurities. 
Finally, when 1 is refluxed in neat PhCN without NH4PF6, 
RuCl,(PhCN)(Ppy,) 8 is formed (see below). 

In summary, the best route to chloride-substitution products 
of 1 is via reactions in MeOH, which allow for dissociation of 
chloride and disfavour substitution of PPh,, which occurs in 
other solvents. 

Triphenylphosphine-substitution reactions 
By use of a nonpolar solvent such as benzene, the PPh, in 1 is 
readily displaced, the chemistry being similar to that of 
RuCl(PPh,),(Cp), where the PPh, has been replaced by other 
phosphines, CO, and isocyanides, to name a few (4). 

The refluxing of 1 in C6H6 under 1 atm CO gas gives two 
precipitated products, based on the ,'P{ 'HI  NMR (CDC1,) 
spectrum which contained two singlets at 6 2.36 (major) and 

4.77 (minor). The complex RuCl,(CO)(Ppy,) 6 giving rise to 
the singlet at 2.36 ppm was separated as an orange solid by 
precipitation from CH,Cl, with Et20, while the minor product 
was not characterized. The 'H NMR (CDCI,) spectrum of 6 
contained two H6 signals integrating in a 2:l ratio, and the 
NMR data and the single vCO IR band are consistent with a 
structure analogous to that of RuCl,(PPh,)(Ppy,) (Fig.3). 

Similar reactions of 1 with MeCN and PhCN (Fig. 1) 
allowed for isolation of RuCl,(MeCN)(Ppy,) 7 and 
RuCl,(PhCN)(Ppy,) 8, respectively, with structures similar to 
that of the CO complex. These two complexes were isolated in 
slightly different manners. Complex 8 formed as a red precip- 
itate during the reaction in benzene, the remainder of the prod- 
uct being precipitated by addition of hexanes. The product was 
then reprecipitated from CH,Cl, with Et,O to remove a C6H6 
solvate that otherwise was not removed under vacuum. 
Finally, 8 was heated under vacuum to remove any remaining 
solvates, and an analytically pure product was produced. 
Complex 7 was isolated directly as a red precipitate from the 
C6H6 solution without the addition of hexanes and dried under 
vacuum for 24 h. The analysis of this complex was calculated 
including 116 mol of C6H6 solvate. The C6H6 solvate was con- 
firmed by integration of the 'H NMR (CDCI,) spectrum. 
When 7 was heated in vacuum (78"C, 24 h) the complex par- 
tially decomposed, becoming red-brown in colour; the ele- 
mental analysis had a much lower nitrogen percentage, 
suggesting that MeCN was being lost. 

A further factor perhaps assisting the substitution of the 
PPh, in 1 is that the complex is only slightly soluble in C6H6, 
and thus the concentration of the substituting ligand is high, 
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relative to that of 1. The longer reaction time required for the 
CO complex in comparison to the nitrile complexes (42 versus 
17-20 h) is probably the result of the relatively low concentra- 
tion of CO versus that of the nitriles. 

There is a striking similarity between the carbonyl and 
nitrile stretches of the N,N',Nf'-Ppy, complexes and those of 
the analogous Cp complexes (see Table 7; no data could be 
found for the Cp analogues of 7 and 8). For example, the cat- 
ionic carbonyl complexes produced by substitution of the 
chloride in 1, or in RuCl(PPh,),(Cp), have essentially the same 
CO stretches, indicating that the electronic properties of the Ru 
centre, in terms of back-donation into the n orbital of the CO 
ligand, are the same. The implication is that the 14-electron 
fragments RuCl(Ppy,) and Ru(PPh,)(Cp) have similar elec- 
tronic properties. Within either the Ppy, or Cp systems, the 
cationic complexes have the higher v o  or vcN values, consis- 
tent with the usual property of less T-back-donation from the 
Ru in the cationic systems. 

Reaction of 1 with oxygen and m-CPBA 
The in situ reaction of 1 with 1 atm 0, gas in CDC1, was fol- 
lowed by 3 1 ~ { ' ~ J  NMR spectroscopy and, after 3 d at room 
temperature, signals for 1 and a new species were present in the 
spectrum. The new signals are for the complex RuCl,(PPh,)- 
(OPpy,) 9 (see Fig. 3), which was synthesized independently 
using m-CPBA as the 0-atom donor. In the 0,-system, after'l2 
d, 9 is the only species present along with a small peak for 
OPPh, (6,29.6). Thus, the free phosphorus of the Ppy3 group in 
RuCl,(PPh,)(Ppy,) is oxidized to the phosphine oxide, indeed 
at a rate comparable to that of free Ppy,. The presence of OPPh, 
in the spectrum of the in situ reaction suggests that a second 
ruthenium product is being formed; this could be a paramag- 
netic ruthenium-0x0 or -peroxo-type species (30) but, because 
of the relatively small amount of OPPh, formed, no attempts 
were made to isolate this other product. In the system of 9 from 
1 using m-CPBA, the benzoic acid by-product was removed by 
selective precipitation with hexanes. Reaction of RuCI,(PP~,)~ 
with OPpy, gave a complex mixture of products including 9. 

Other complexes containing a coordinated OPpy, ligand 
have the general formula [M(OPpy,),][X], (M = Mn, CO, Ni, 
Cu, Zn, with X = C104 (1); or M = Ru, with X = PF6 (3 l)), and 
have been synthesizeddirectly using OPpy,. The 0Ppy3 ligands 
coordinate via the three pyridyl nitrogens and form octahedral 
complexes. Infrared data are not reported for the Ru complex, 
but the vpo stretches for the first-row transition metal complexes 
range from 1231 to 1236 cm-I; 9 gives a similar vpo stretch at 
1235 cm-'. These vPO values are higher than that of the free 
OPpy, ligand, 1215 cm-I (I), the increase possibly resulting 
from the configuration imposed on the ligand upon coordina- 
tion, or from an increase i n p ~ - d ~  bonding between the oxygen 
and phosphorus, caused by an increase in the electronegativity 
of the phosphorus, induced by the coordinating pyridyl groups 
(1). This is consistent with the general trend for phosphine 
oxides (OPR,) which show an increase in the vpo wave numbers 
as R becomes more electronegative (ref. 25, p. 827). 

A comparison of the UV-visible spectra of 9 with those of 1 
(Table 8) shows that oxidation of the Ppy3 ligand has only a 
small influence on the electronic environment at the metal cen- 
tre, and imply that 9 also dissociates chloride in MeOH. 
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Nucleophilic addition to di- and poly-iron arene 
complex cations 

Alaa S. Abd-El-Aziz, Debbie A. Armstrong, Shelly Bernardin, and 
Harold M. Hutton 

Abstract: Hydride and cyanide addition to a series of di- and polycyclopentadienyliron arene complex cations with etheric 
bridges is described. Reaction of the di-iron complexes with sodium borohydride resulted in the formation of a number of 
adducts. p-Methyl- and o,o-dimethylphenoxybenzene cyclopentadienyliron complexes were used as models in this study to 
allow for the characterization of the analagous di-iron complexes. The use of HH COSY and CH COSY NMR techniques 
enabled us to identify the isomeric nature of these adducts. The hydride addition results indicated that the etheric substituent had 
the predominant effect over the methyl group, leading to a higher addition ratio to the meta-, followed by the ortho-, then the 
para-positions. It was also clear that in the di-iron system, the hydride addition to each complexed arene ring took place 
independently. The addition of the cyanide anion to di- and poly-iron arene systems was more selective than that of the hydride 
anion. Reaction of sodium cyanide with p-methyl- or o-methyl-substituted arene complexes led to the formation of one adduct, 
with the cyanide being added to the meta position to the etheric bridges. However, cyanide addition to the di-iron complex, with 
a methyl substituent attached at the meta position of each complexed arene, led to the formation of a mixture of adducts. Cyanide 
addition to the poly-iron system withp-substituted arenes proved to be very selective, allowing for the formation of one adduct. 
Oxidative demetallation with 2,3-dichloro-5,6-dicyano- 1.4-benzoquinone (DDQ) produced the uncomplexed polyaromatic 
ethers with cyano groups in a very good yield. 

~ Key words: cyclopentadienyliron, arene, nucleophilic addition, hydride, cyanide. 

~ RCsumC : On dCcrit l'addition des ions hydrure et cyanure B une skrie de complexes cationiques di- et polycyclopentadiCnylfer- 
arkne avec ponts Cthers. La rCaction des complexes bi-fer avec le borohydrure de sodium condu~t i la formation d'un certain 
nombre d'adduits. Dans cette Ctude, on a utilisC les p-mCthyl- et o,o-dimCthylph6noxybenzkne cyclopentadiCnylfer comme 
modkles permettant de caracttriser les complexes di-fer analogues. L'utilisation des techniques de RMN HH COSY et CH 

I COSY ont permis d'identifier la nature des produits isomkres de ces adduits. Les rCsultats obtenus pour l'addition d'hydrure ont 
I indiqu6 que le substituant Cther a un effet plus important que celle du mCthyle; ceci conduit B un rapport d'addition plus ClevC 

pour la position mita, suivie alors par les positions ortho et para.  I1 est Cgalement clair que, dans le systkme bi-fer, l'addition 
I 

I d'hydrure B chacun des noyaux arknes se fait d'une f a ~ o n  indkpendante. L'addition de l'anion cyanure aux systkmes di- et poly- 
fer-arkne est plus sClective que celle de l'anion hydrure. La r6action du cyanure de sodium avec les complexes arknesp-mCthyl- 
ou o-mCthyl-substituCs conduit B la formation d'un adduit dans lequel le cyanure s'ajoute en posltion mita par rapport au pont 
Cther. Toutefois, l'addition du cyanure au complexe di-fer portant un substituant mCthyle en position azita de chaque arkne 
complex6 conduit B la formation d'un mClange d'adduits. L'addition de cyanure au systkme poly-fer avec des arknesp-substituCs 
s'avkre sklective et conduit B la formation d'un seul adduit. La dCmCtallation oxydante de la 2,3-dichloro-5,6-dicyano-1,4- 
benzoquinone (DDQ) conduit, avec de trks bons rendements, ?i des Cthers polyaromatiques non complexCs portant des groupes 
cyano. 

Mots c l i s  : cyclopentadiCnylfer, arkne, addition nuclCophile, hydrure, cyanure. 

[Traduit par la rCdaction] 

Introduction anions to organometallic complexes has led to novel routes to 

Addition of carbanions, hydrides, phosphorus and nitrogen 
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the functionalization of aroma-tic compounds (1-15). It is well 
known that the complexation of a metal moiety, such as 
(C0)3Cr, (CO),Mn+, ( c ~ H ~ ) F ~ ~ + ,  Or CpFe+ to an aromatic sys- 
tem activates the arene ring towards nucleophilic addition 
reactions (4-26). In a review by Davies et al., a set of rules was 
presented to predict the site of nucleophilic addition to organo- 
transition metal cations containing unsaturated hydrocarbon 
ligands (1). Other reports have indicated that addition occurs 
on the exo face of the arene ligand, as confirmed by NMR and 
X-ray crystallographic studies (27, 28). 

Due to the ease of complexation of the (CO),Cr moiety with 
aromatic systems, the vast majority of research in this field has 
involved the use of these types of complexes (8). Addition of 

Can. J. Chem. 74: 2073-2082 (1996). Printed in Canada 1 Imprim6 au Canada 
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nucleophiles to (arene)Cr(CO), has led to the formation of 
anionic [(C0)3Cr(cyclohexadienyl)] intermediates. These 
adducts are air sensitive and usually undergo oxidative demet- 
allation without isolation, allowing for the functionalization of 
the arene compounds (2). A novel characteristic of the cyclo- 
hexadienyl intermediates is that they may react with electro- 
philic reagents, enhancing the flexibility of this methodology. 

Tremendous effort has been directed toward the use of cat- 
ionic metal moieties such as (CO),Mnf, CpFef, or ( c ~ H ~ ) F ~ ' +  
for the activation of arenes, allowing for the formation of neu- 
tral functionalized cyclohexadienyl complexes. The use of 
(C0)3Mnf species as an activating group has led to the synthe- 
sis of a number of potentially biologically active chiral com- 
pounds (16, 17), as well as the functionalization of heterocyclic 
and cyclohexadiene compounds (1 5 ,  18, 19). Addition reac- 
tions of a variety of nucleophiles (H-, CN-, CH3COCH,-, CH3-, 
C1,C-) to cyclopentadienyliron arene cations have also been 
investigated (2743) .  Sutherland et al. examined the hydride 
addition reactions of various substituted. [(C6H,X)FeCpIf sys- 
tems (37). This study demonstrated that strongly electron- 
donating substitutents direct hydride addition to the meta and 
para positions of the substituent, while the strongly electron- 
withdrawing substituent directs to the ortho position. These 
results are consistent with those predicted from molecular 
orbital calculations (32-36). Steric effects from the methyl 
groups ortho to the electron-withdrawing substituent of arene 
complexes have been reported with hydride addition (41). 
When ortho positions were hindered, addition in the meta and 
para positions increased. However, cyanide addition did not 
display the same sensitivity to steric factors; addition in this 
case occurred in the ortho position only. It was proposed that 
steric, electronic, and free valency effects all play a role in 
nucleophilic addition reactions (32, 37). 

We have developed an efficient synthetic route to di- and 
polycyclopentadienyliron arene cations (4448) .  The need to 
devise simple methods for functionalization of these types of 
complexes led us to the study of nucleophilic substitution 
and addition reactions. Our recent investigation of the func- 
tionalization of polyaromatic arene complexes via nucleo- 
philic substitution has been successful (4446) .  In this article 
we report hydride and cyanide addition to a number of 
methyl-substituted mono-, di-, and polycyclopentadienyliron 
complexes. 

Scheme 1. 

CpFe' CpFe 

Results and discussion 

Hydride addition 
Hydride addition to bis(cyclopentadieny1iron) arene di-cat- 
ions resulted in the formation of a number of isomers. Due to 
the complexity of the NMR spectra of these adducts, the 
mono-iron systems were used as models for this investigation. 
While hydride addition to CpFef complexes of monosubsti- 
tuted arenes has been carefully examined (37), hydride addi- 
tion to disubstituted arene complexes has not been reported. 
Reactions of (q6-isomeric phenoxytoluene-r(s-cyclopentadie- 
nyliron) cations with an excess of sodium borohydride gave 
rise to a mixture of adducts, as illustrated in Scheme 1. The 'H 
and I3C NMR spectra were complicated by the number of iso- 
mers present; thus it was necessary to characterize the prod- 
ucts using HH COSY and CH COSY techniques. For proton 
assignment, the chemical shifts of the individual isomers were 
determined from the connectivities in the HH COSY spec- 
trum. Once this information was obtained, I3C chemical shifts 
were then assigned using CH COSY. 

It has been established that a phenoxy substituent attached 
to the arene CpFef complex directs the addition of the nucleo- 
phile to meta > ortho > para, whereas a methyl substituent 
directs ortho > meta >para (29-32, 37). In this study, it was 
very clear that the phenoxy substituent has a stronger influ- 
ence on the site of addition than has the methyl substituent due 
to its greater strength as an electron-donating group. For clar- 
ity, we will refer to the site of addition with respect to the 
etheric bridge. As shown in Scheme 1, the major adduct for 
complex (11 was [3b] (66%), formed at the position meta to 
the phenoxy substituent. The second most abundant isomer 
[3a] (30%) displayed addition ortho to the phenoxy group. 
Trace amounts of the product ipso to the methyl substituent 
(para to the phenoxy substituent), [3c] (4%), were present; 
however, it was difficult to fully characterize this isomer. For 
complex [2], in which the positions ortho to the phenoxy sub- 
stituent are hindered by methyl groups, the major addition was 
at the meta position with respect to the phenoxy group [4b] 
(60%), as illustrated in Scheme 1. Addition para to the phe- 
noxy gave rise to the second most abundant isomer [4c] 
(28%). The minor isomer, [4a] (12%), resulted when addition 
ipso to the methyl group took place. Attempts to separate the 
various isomers by means of column chromatography were 

CpFe CpFe 
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Fig. 1. 2D HH COSY for adducts 3a-c in CDC13. 

unsuccessful due to the instability of these products. The 'H 
and I3c NMR data of the addition products [3] and [4] are 
listed in Tables 1 and 2. For the purpose of identification, the 
site of hydride addition has been designated position one, and 
numbering proceeds around the ring, so that the phenoxy 
group is the lowest possible number. As an example, Fig. 1 
illustrates the 2D HH COSY for the hydride addition to com- 
plex [I] (adducts [3a-c]). 

Reaction of 1.0 mmol of 1,4-bis[(r16-4-methylphenoxy-r15- 
cyclopentadienyl)iron]benzene cation [5] with 5.0 mmol of 
sodium borohydride produced a mixture of isomers, as shown 

in Scheme 2. Since the complexed arene rings are separated 
from one another by a (OC6H,0) group, as shown in Scheme 
2, the addition to each of these rings should be independent. 
Thus a variety of symmetrical and asymmetrical adducts 
should be obtained. If the addition takes place at the same site 
on both rings, there will be no significant change in the chem- 
ical shifts between the protons or carbons of one cyclohexadi- 
enyl ring and the other. As an example, it was not possible to 
distinguish between the chemical shift for the ortho-ortho iso- 
mer [6a] and the asymmetric ortho addition of isomer [6c]. 
The relative percentage of the addition product calculated 
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Table 1. 'H NMR data for the adducts 3 and 4." 
- 

Adduct CH, H(l -exo) H(l-endo) H(2) H(3) H(4) H(5) H(6) CP 

3a 1.79 2.06 2.78 - 4.41 5.73 - 2.62 4.30 
s (d, 9.8, ex-en) (dd, 9.8, en-ex; (d, 5.1) (d, 5.1) (d, 5.9, 6-en) s 

5.9, en-6) 
3b 1.39 1.93 2.44 2.46 - 6.11 4.02 - 4.27 

s (d, 10.7, ex-en) m m (d, 5.1) (d, 5.1) s 
4a 1.25, 1.94 1.86 - - - 5.80 4.09 2.09 4.24 

s s (d, 5.9) (t, 5.9) (d, 5.9) s 
4b 1.30, 2.51 1.82 2.37 - - - 4.24 2.03 4.18 

s (d, 12.2, ex-en) (dd, 12.2, en-ex; (d, 6.2) (d, 6.2) s 
6.1, en-6) 

4~ 1.96 1.57 2.35 1.79 - - - 1.79 4.26 
s (d, 12.8, ex-en) (dt, 13.1, en-ex; m m s 

7.0, en-2,6) 

"Uncomplexed aromatic peaks appear as multiplet between 6.8 and 7.5 ppm. Coupling constants (Hz) are of adjacent protons unless 
otherwise indicated. 

Table 2. I3C NMR of the adducts 3 and 4." 

Adduct CH, C (1) C (2) C (3) C (4) C (5) C (6) Cp 

- 

"Uncomplexed aromatic peaks appear at 114-128 ppm. 

from the NMR spectra for each isomer was based on the total 
amount of specific addition in each adduct. The meta isomer 
was calculated to be 59%, which was the total of the hydride 
addition in meta-meta [6b], meta-ortho [6c], and the trace 
meta-para. The total ortho addition was 35%, which repre- 
sents the addition ortho-ortho [6a], ortho-meta [6c], and a 
trace of ortho-para adduct. Trace amounts of the para addition 
products were also observed (6%). It is also important to note 
that we did not observe diastereomers for these adducts. The 
'H and 13c NMR chemical shifts are shown in Tables 3 and 4, 
where [6a] and [6b] represent the symmetrical ortho and meta 
isomers, respectively, as well as the ortho and meta addition of 
the asymmetrical structure [6c]. 

As part of this study, we blocked the two positions ortho to 
the etheric bridges by two methyl groups in order to enhance 
addition to the meta position. Hydride addition to 1 , 4 - b i ~ [ ( ~ ~ -  
(2,6-dimethyl)phenoxy-rl5-cyclopentadienyl)iron]benzene 
hexafluorophosphate, [7], resulted in the formation of three 
major isomers, as well as traces of a few minor isomers, as 
shown in Scheme 3. Using the same strategy as described 
above, the predominant isomer was determined to be the meta 
adduct [Sa] (5 1 %);para [Sb] (41 %) and traces of ortho adducts 
(8%) were also present. The spectral analyses for these adducts 
are given in Tables 3 and 4. The position of hydride addition 
was found to be dependent on the substituents on the ring. 

Cyanide addition 
Nitrile groups are unique in their ease of transformation to other 
functional groups such as acids, esters, arnines, and amides (49, 
50). This versatility is valuable in the investigation of synthetic 
routes for the functionalization of organic and polymeric com- 
pounds. In the past few years, we have been involved in the syn- 
thesis and characterization of polyaromatic ethers with or 
without pendant metallic moieties (44-47). In this article, we 
report the addition of cyanide to a number of CpFe+ polyaro- 
matic ether complexes. Schemes 4 and 5 show the relative dis- 
tribution of adducts obtained from cyanide addition to isomeric 
bis(rl6-methylphenoxy-.rl5-cyclopentadienyl)ironbenzene hex- 
afluorophosphate [5,9, and 121 . In the case of complexes [5] 
and [9], single pure products [lo] and [ l l ]  were obtained. Cya- 
nide attack on [S] and [9] took place meta to the etheric bridge 
and ortho to the methyl group. In contrast, the meta isomer [12] 
gave rise to three possible adducts [13a-c]. These isomers dis- 
played ortho addition with respect to both etheric and methyl 
substituents [13a] and addition ortho to the etheric bridge and 
para to the methyl group [13b]. As well, the asymmetrical iso- 
mer displayed addition ortho to one complexed arene ring with 
respect to both substituents and ortho to the etheric bridge, as 
well as para to the methyl substituent for the second complexed 
arene [13c]. The 'H and 13c NMR of the bimetallic adducts are 
listed in Tables 5 and 6. 
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Scheme 2. 

41 3 I 
CpFe CpFe 

+ 

H,*,,j H 
NaBH4 

H 3 ~ ~ ~ c ~ 3  I I THFIDMF * H3CT-6 5 1  1 4 I 

CpFe' CpFe' CpFe CpFe 

Traces of para adducts 

Table 3. 'H NMR data for the adducts 6 and 8." 

Adduct CH, H( 1 -exo) H( 1 -endo) H(2) H(3) H(4) H(5) H(6) CP 

6a 1.77 2.00 
s (d, 1 1 .O, ex-en) 

6b 1.36 1.85 
s (d, 10.7, ex-en) 

8a 1.63, 2.70 1.66 
s (d, 12.7, ex-en) 

2.75 - 4.3 1 
(dd, 10.8, en-ex; (d, 5.6) 

5.9, en-6) 
2.41 2.43 - 

m (d, 6.0, 2-en) 
2.39 - - 

(dd, 12.8, en-ex; 
7.3, en-6) 

2.34 1.83 - 
(dd, 12.1, en- m 

ex, 7.3, en-2,6) 

5.56 - 2.60 4.27 
(d, 5.6) (d, 5.9, 6-en) s 

6.05 3.97 - 4.24 
(d, 5.7) (d, 5.7) s 
- 4.16 2.03 4.14 

m m S 

"Uncomplexed aromatic peaks appear as multiplet between 6.8 and 7.4 ppm. Coupling constants (Hz) are of adjacent aromatlc protons 
unless otherwise indicated. 

Table 4. "C NMR of the adducts 6 and 8." 

Adduct CH, C (1) C (2) C (3) C (4) C (5) C (6) Cp 

"Uncomplexed aromatic peaks appear at 1 17-1 28 ppm. 

The higher selectivity of the cyanide addition was intriguing bridges was obtained in all of these complexes, leading to the 
and prompted us to examine the polyiron systems. Polyaro- formation of the neutral (cyclohexadieny1)FeCp systems 
matic ether complexes with pendant cyclopentadienyliron [20]-[25] in yields of 72-81% (based on the recovered start- 
moieties [14]-[19] were treated with an excess of NaCN, as ing cationic complexes). Separation of these adducts from 
described in Scheme 6. Selective addition meta to the etheric their starting cationic complexes was carried out simply by . 
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Scheme 3. 

@+-@ - :lqw: 
CpFe CH3CpFe CpFe CpFe 

H3C I 

+ 

Traces of ortho adducts 

I Scheme 4. 

I CN N C 

~ NaCN 
I 
1 

DMF H3C 5 I 4 9 
CpFe 

I CH3 
CpFe 

Scheme 5. 

NaCN H 3 ' I ~ 2 + - 0 d C H 3  13. 

DMF 
I + I + 

/6 / 
CpFe H 1 CN 

\ 
CpFe CpFe 

NC'H CpFe 

13C 

CpFe CpFe 
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Table 5. 'H N M R  data for the adducts 10, 11, and 13." 

Adduct CH, H(I endo) H(2) H(3) H(4) H(5) H(6) CP Ph 

10 1.93 3.52 
s (d, 5.5, en-2) 

11 2.19 3.54 
s (d, 5.8, en-6) 

13a 1.71 3.5 1 
S S 

13b 2.58 3.46 
s (d, 6.4, en-6) 

3.03 - 6.33 
(d, 5.5, 2-en) (d, 5.4) 

- 6.33 

(d, 5.6) 

- 5.08 6.25 

(d, 5.4) (t, 5.4) 
- 5.03 - 

S 

5.1 1 - 

(d, 5.4) 
4.79 2.96 

(t,5.6) (t,5.6, 6-en; 
t, 6.0) 

4.57 - 

(d, 5.4) 
4.77 2.98 

(d, 6.4) (t, 6.4) 

"Coupling constants (Hz) are of adjacent protons unless otherwise indicated 

Table 6. "C N M R  of the adducts 10, 11, and 13. 

Adduct 

extracting the adducts from the mixture with chloroform. 
These results are consistent with those obtained for the analo- 
gous diiron complexes. Figure 2 illustrates 'H NMR of the 
hepta-iron adduct [24] as an example of cyanide addition to the 
poly-iron series. The detailed NMR data for adducts [20-251 
are given in Tables 7 and 8. Overall, the meta position is influ- 
enced by both the etheric and methyl substituents. Infrared 
spectroscopy was used to confirm the presence of the cyano 
groups. The v,, for all cyano adducts were in the range of 
2228-2229 cm-I. Our findings are consistant with those of 
Watts and co-workers, who proposed that addition is influ- 
enced by both the inductive and resonance effects of the sub- 
stituents (29-32). 

The free functionalized organic product can be obtained 
through a simple oxidative demetallation step using 2,3- 
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). As an exam- 
ple, a solution of di- or poly-iron cyclohexadienyl adducts [lo] 
and [24] in acetonitrile was reacted with DDQ for 30 min, 
leading to the free organic compounds [26] and [27] in 75 and 
78% yield, respectively (Scheme 6). Spectral and analytical 
data for these compounds are listed in the experimental section 
of the paper. 

In conclusion, spectral data for the hydride reactions of 
mono- and di-iron arene complexes showed that the etheric 
substituent has a larger overall effect on the charge distribution 
on the ring in comparison to the methyl substituent(s). The pro- 
portions of the isomers for the bimetallic complexes were in 

agreement with their analogous monoiron species. In contrast, 
the reactions of the cyanide anion with di- and poly-iron arenes 
were selective, with addition at the metn position to the etheric 
bridges. The only isomer that gave a mixture of adducts was 
the bis[(rl6-3-methylphenoxy-rl5-cyclopentadienyl)iron]ben- 
zene hexafluorophosphate [12]. In this case, the addition was 
ortho and para to the methyl group and ortho to the etheric 
bridges. The oxidative demetallation proved to be successful, 
allowing for the liberation of the functionalized nitrile com- 
pounds from their corresponding iron moieties. The selectivity 
of the cyanide addition to the poly-iron system provides a 
unique route to the functionalization of polyaromatic ethers. 

Experimental 

Measurements 
'H and I3c NMR spectra were recorded at 200 and 50 MHz 
(Gemini 200), respectively, while HH COSY and CH COSY 
were recorded on a Bruker 500 NMR spectrometer, with 
chemical shifts calculated from CDC13 (7.26 for proton and 
77.00 for carbon). Coupling constants were measured in Hz. 
IR spectra were recorded with an FT-IR Bomem MB102 spec- 
trometer. 

Reagents 
Starting complexes [I, 2, 5 ,7 ,9 ,  12,13-281 were prepared by 
established procedures (45-47). Sodium borohydride (Alfa), 
DDQ (Aldrich), and sodium cyanide (Aldrich) are commer- 
cially available and were used without further purification. All 
solvents (reagent grade) were used without further purifica- 
tion, with the exception of THF, which was freshly distilled. 
Silica gel, 60-100 mesh, was used in the column chromato- 
graphic purification of the liberated arenes. 

Hydride addition reactions 
In a 25 mL flask, 0.5 mmol of arene complex and 1.25 mmol 
of NaBH, (monoiron complexes) or 2.5 mmol of NaBH, 
(diiron complexes) in 10 mL of THF and 1 .O mL of DMF were 
stirred for 3 h under nitrogen. The bright orange product was 
then filtered through sintered glass, washed with 10 mL of 
water, and extracted with CHC13 (3 X 20 mL). The bright 
orange extract was washed with water, dried over MgSO,, and 
the solvent was removed by rotary evaporation, yielding a red 
or orange oil. 
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Scheme 6. 

I ie*cp(2) Fe*Cp(l ) J n  ke'cp Complex n 
14 1 

I 15 2 

CN (a) NC (b) NC 

5 1  4 15 1 1  18 
Complex n 

20 1 

Fig. 2. 'H NMR spectrum of adduct 24 in  CDCI,. 

NC 

FeCp 
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7 6 5 4 3 2 PPm 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Abd-El-Aziz et al. 208 1 

Table 7. 'H NMR of the cyanide addition to the poly-iron series." 

Uncomp. 
Adduct CH, H(1) H(2) H(4) H(5) H(8) H(9) H(11) H(12) Cp(1) Cp(2) ArH 

20 1.93 3.53 3.01 6.3 1 5.10 3.24 3.61 5.21 6.54 4.48 4.60 6.8-7.4 
s (d,6.6) (d,6.6) (d,5.4) (d,5.4) m (d, 6.4) (d, 6.1) (d, 6.1) s s m 

21 1.93 3.55 3.02 6.3 1 5.12 3.25 3.63 5.25 6.55 4.48 4.62 6.8-7.4 
s (d,6.4) (d,6.4) (d,5.5) (d,5.5) (d,6.3) (d,6.3) (d,5.8) (d,5.8) s s m 

22 1.94 3.56 3.04 6.33 5.13 3.27 3.64 5.26 6.57 4.49 4.59 7.0-7.3 
s (d,6.8) (d,6.8) (d,5.5) (d,5.5) m (d, 5.9) (d, 5.8) (d, 5.8) s s m 

23 1.94 3.54 2.99 6.33 5.12 3.26 3.63 5.26 6.56 4.49 4.64 6.7-7.4 
s (d,6.7) (d,6.7) (d,6.5) (d,6.5) m (d.6.8) (d,6.8) (d,6.8) s s m 

24 1.94 3.52 3.01 6.3 1 5.1 1 3.24 3.62 5.24 6.56 4.48 4.64 6.8-7.2 
s (d,5.8) (d,5.8) (d.5.7) (d,5.7) m (d, 6.8) (d, 5.6) (d, 5.6) s s m 

25 1.93 3.54 3.01 6.3 1 5.09 3.25 3.62 5.24 6.55 4.47 4.63 6.9-7.3 
s (d,6.7) m (d,6.5) (d,6.5) (d,6.9) (d,6.9) (d,6.7) (d,6.7) s s m 

"Coupling constants (Hz) are of adjacent aromatic protons unless otherwise ind~cated. 

Table 8. I3C NMR of the cyanide addition to the poly-iron series. 

Cyanide addition reactions 
An example of the cyanide addition reactions: In a 25 mL 
flask, 0.5 mmol of 1 ,4-bis[(q6-4-methylphenoxy-q5-cyclopen- 
tadieny1)ironlbenzene hexafluorophosphate and 3.0 mmol of 
NaCN in 5 mL of DMF and 1 drop of water were stirred for 3 
h under a nitrogen atmosphere. The red solution was extracted 
with CHCl, (2 X 20 mL), washed with water, and dried over 
MgSO,. The solvent was evaporated off, yielding a red oily 
product. 

Demetallation reactions 
To a solution of the adduct (0.5 mmol) in 10 mL of aceto- 

nitrile, 0.5 mmol of DDQ (2,3-dichloro-5,6-dicyano- 1,4-ben- 
zoquinone) was added, and the resulting mixture was left to 
stir for 30 min at room temperature. The black solution was 
then filtered through sintered glass and evaporated to dryness. 
The product was dissolved in CH2C12, placed on a short silica 
gel column and eluted with CHC1, and CH2C12; the resulting 
solutions were dried over MgS0, and evaporated to dryness to 
give the free functionalized polyaromatic ethers (26 and 27), 
which have been characterized: 

26: v,,: 2236 cm-'. 'H NMR 6: 2.50 (s, 2CH3), 6.90 (d, 8.6 
Hz,2H,Ar),7.11 (d,8.6Hz,2H,Ar),7.54(d,7.8Hz,2H,Ar), 
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7.63 (s, 2H, Ar), 7.71 (d, 8.0 Hz, 2H, Ar); I3c NMR 6: 21.66 18. R.D. Pike and D.A. Sweigart. Synlett, 565 (1990). 
(CH,), 115.81 (CN), 117.74, 120.46, 130.04, 133.38, 133.88 19. P.J. Domaille, S.D. Ittel, J.P. Jesson, and D.A. Sweigart. J. 

(ArH), 112.90, 115.52, 144.70 (q). Anal. calcd. for Organomet. Chem. 202, 191 (1980). 
C,,H,,O,N,: C 77.63, H 4.74. N 8.23; found: C 77.41. H 4.93. ::: t;:; ~ ~ ~ ~ e ~ ~ ~ ~ ; , ~ 3 ~ ~ ~ a ~ ~ , " ~ ! ;  them, 272, 265 N 8.41. 

(1984). 

27: vo: 2234 cm-'. 'H NMR 6: 2.49 (s, 6H, CH,), 7.64 (s, 2H, 
Ar), 7.76 (d, 8.1 Hz, 2H, Ar), 7.54 (d, 8.1 Hz, 2H, Ar), 7.63 (s, 
5H, Ar), 7.57 (d, 8.1 Hz, 5H, Ar), 7.73 (d, 8.1 Hz, 5H, Ar), 
6.77-7.34 (m, 24H, Ar). I3c NMR 6: 21.70 (CH,), 1 15.40, 
115.23 (CN), 119.41, 119.82, 121.90, 122.71, 130.53, 130.92, 
134.36, 133.40 (ArH), 112.57, 115.22, 115.30, 144.31 (q). 
Anal. calcd. for C87H5,0 ,,N7: C 75.37, H 3.7 1, N 7.07; found: 
C 75.22, H 3.89, N 6.92. 
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Evidence for an intramolecular transition 
metal Arbuzov reaction 

Zhao Chen, Chet Jablonski, and John Bridson 

Abstract: Reaction of [CpCo(C3F7)(I)(L)], (L = PPh,Me (la),  PPhMe, (lb), PMe, (lc), and PPh(OMe), (2)), with 
PPh(OMe), affords diastereomeric Co- and P-chiral metallophosphinates CpCo(C3F7)(L)(P(0)Ph(OMe)), 4a,b,c and 6, 
respectively. The solid state structure and relative configuration of the lower Rf diastereomeric phosphinate 
CpCo(C3F7)(PPh(0Me),)(P(O)Ph(OMe)), 6-2, was determined by X-ray diffraction. RR;SS-6-2 crystallizes in the triclinic 
system with space group PT(no. 2) ,  with a = 12.928(4) A, b = 14.683(4) A, c = 7.666(2) A, a = 103.50(2)O, p = 101.31(3)", 
y = 109.50(2)", V =  1272.8(7) A3, Z = 2, and R = 0.036 (R,, = 0.030) for 2867 reflections with I > 3.00a(T). 
CpCo(C,F,)(I)(PPh(OMe),), 2, reacts with PPh,Me to yield the same Co- and P-chiral phosphinate products as obtained for the 
reaction of l a  with PPh(OMe),, albeit with different optical yields. The product stereochemistry is not accounted for by the 
established mechanism for transition metal Arbuzov-like dealkylations, which requires formation of a common, ionic 
intermediate [CpCo(C3F7)(PPh,Me)(PPh(OMe),)]+, 3, via iodide substitution and subsequent nucleophilic attack at carbon. A 
parallel intramolecular dealkylation pathway is proposed to account for the results. 

Key words: stereochemistry, mechanism, Arbuzov, Co(II1) complex, chiral metal, X-ray 

RCsum6 : La rkaction du [CpCo(C,F,)(I)(L)], (L = PPh,Me (la),  PPhMe, (lb), PMe3 (lc) et PPh(OMe), (2)) avec du 
PPh(OMe), conduit aux mCtallophosphinates diastCrComCriques Co- et P-chiraux CpCo(C,F,)(L)(P(O)Ph(OMe)) 4a,b,c et 6 
respectivement. Faisant appel h la diffraction des rayons X, on a dCterminC les structures solides et les configurations relatives du 
phosphinate diastCrCombre de Rf le plus faible, CpCo(C3F7)(PPh(OMe),)(P(0)Ph(OMe)), 6-2. Le composC RR;SS-6-2 cristallise 
dans le systbme triclinique, groupe d'espace P i  (no 2) avec a = 12,928(4), b = 14,683(4) et c = 7,666(2) A, a = 103,50(2)", P = 
101,31(3)" et y = 109,50(2)", V  = 1272,8(7) A3, Z = 2 et R = 0,036 (R,, = 0,030) pour 2867 rkflexions avec I > 3,00o(T). Le 
CpCo(C,F,)(I)(PPh(OMe),), 2, rCagit avec du PPh,Me pour conduire aux memes produits Co- et P-chiraux que ceux obtenus par 
rCaction du composC l a  avec du PPh(OMe),; les rendements optiques sont toutefois diffkrents. On ne peut pas expliquer la 
stCrCochimie du produit en se basant sur le mCcanisme Ctabli pour les reactions de dCsalkylations de type Arbuzov des mCtaux de 
transition pour lesquels il est nCcessaire de former un intermkdiaire ionique commun, [C~CO(C~F,)(PP~,M~)(PP~(OM~)~)]+, 3, 
par le biais d'une substitution de l'iodure et d'une attaque nuclCophile subsCquente au niveau du carbone. Pour expliquer les 
rCsultats, on propose une voie rkactionnelle parallble de dCsalkylation intramolCculaire. 

Mots cltfs : sttrCochimie, mkcanisme, Arbuzov, complexe de Co(III), mCtal chiral, rayon X. 

[Traduit par la rCdaction] 

Introduction 

Phosphites and phosphonites react readily with transition 
metal iodides to give metallophosphonates and -phosphinates, 
respectively (l ,2).  Mechanistic studies have identified the pre- 
dominant mechanism as a two-step sequence (cf. eq. [I]) that 
parallels the classic organophosphorus Arbuzov rearrange- 
ment (3-9). Initial halide substitution at the metal centre gives 
a cationic phosphite or phosphonite intermediate that can, in 
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favourable circumstance, be directly observed ( 1, 3-7, 9-1 2). 
Subsequent attack of halide ion at carbon occurs with C-0 
bond cleavage to displace the thermodynamically stable 
phosphoryl species. In the course of our studies of transi- 
tion-metal-mediated Arbuzov chemistry as a platform for 
diastereoselective synthesis of P-chiral phosphinates from 
prochiral phosphonites, asymmetric Co(II1) auxiliaries have 
been developed that afford P-chiral products with fair to good 
optical yields (2,6, 13, 14). In this report we present evidence, 
derived from product distribution studies, which suggests that 
a novel, intramolecular dealkylation pathway competes with 
the accepted mechanism of eq. [I]. 

Results and discussion 

Substitution and Arbuzov chemistry of 1 and 2 
Treatment of the iodo phosphine complexes -q5- 
CpCo(C,F,)(L)(I) ( la,  L = PPh2Me; lb ,  L = PPhMe2; lc,  L = 
PMe3 (5); 2, L = PPh(OMe)2 (14)) with one equivalent of dim- 
ethyl phenylphosphonite in acetone at ambient temperature 
for 20 h affords a complex reaction mixture containing prod- 

Can. J. Chern. 74: 2083-2094 (1996). Printed in Canada / Imprimt au Canada 
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Scheme 1. 

labc k ~ h P ( 0 ~ e ) .  

- PhP(0MeX 

Qbc 6 

a, PPh,Me; b, PPhMe,; c ,  PMe, 

ucts derived from simple phosphine substitution, halide substi- 
tution - Arbuzov dealkylation, as well as combinations of both 
processes (cf. Scheme 1). Product structure was confirmed by 
comparison of NMR parameters with known compounds ( l c  
(5) and 2 (14)) and by full analytical and spectroscopic char- 
acterization in the case of l a  and l b  (cf. Tables 1-3). Two 
diastereomeric pairs of enantiomers with characteristically 
different 'H NMR spectra were detected for all Co- and 
P-chiral metallophosphinates, q 5 - ~ P ~ o * ( ~ 3 ~ 7 ) ( ~ ) ( ~ * ( ~ ) ~ h -  
(OMe)) 4a,b,c and 6. 

Relative stereochemistry at chiral Co and P for the diastere- 
omeric pairs of phosphine-substituted phosphinates 4a and 4b 

was empirically assigned by comparison of relative chromato- 
graphic Rf values with those of crystallographically deter- 
mined RR;SS and RS;SR-4c (5). We have found that RR;SS 
diastereomers of this type consistently elute before the RS;SR 
form on silica gel thin-layer chromatographic (TLC) plates. 
Thus the relative stereochemistry of the higher Rf diastere- 
omers is assigned RR;SS-4a-1 and RR;SS-4b-1 and of the 
lower Rf diastereomers is RS;SR-4a-2 and RS;SR-4b-2. 

The relative stereochemistry of the lower Rf phosphonite- 
substituted product 6-2 was unambiguously established by 
single crystal X-ray diffraction study. The ORTEP representa- 
tion of the molecular structure obtained (cf. Fig. 1 )  shows a 
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Chen et al. 

Table 1. Physical data for q5-C~CO*(C,F,)(L)(X). 

Analysis 

% C  % H  Melting 
found found Relative point 

Compound" L, x Formula % yield (calcd.) (calcd.) config. ("C) 

PPhMe,, I 

PPhzMe, 
P(O)(OMe)(Ph) 
PPhMe,, 
P(O)(OMe)(Ph) 
PPhMe,, 
P(O)(OMe)(Ph) 
PPhMe,, 
P(O)(OMe)(Ph) 
P(O)(OMe)(Ph), 
P(O)(OMe)(Ph) 
P(O)(OMe)(Ph), 
P(O)(OMe)(Ph) 

"The designation -1, -2 refers to high and low R,, respectively. 

Table 2. 'H NMR data for q5-CpCo'(C,F,)(L)(X)." 

Compound L, x C6H5 CP OMe PMe 

PPhMe,, I 

PPhMe,, P(O)(OMe)(Ph) 

PPhMe,, P(O)(OMe)(Ph) 

7.83 (m), 7.64 (m), 5.09 (s) 2.18 (d, 11) 
7.47 (m) 
7.90 (m), 7.52 (m) 4.91 (s) 2.12 (d, 11.1) 

1.96 (d, 11.1) 
7.78(m),7.60(m), 5.06(s) 3.09(d,11.1) 2.17(d,12.3) 
7.45 (m), 7.34 (m) 
7.91(m),7.58(m), 4.87(s) 3.34(d,11.1) 2.13(d,11.7) 
7.47 (m), 7.36 (m) 
7.77(m),7.64(m), 4.86(s) 3.41(d,10.8) 2.06(d,11.4) 
7.46 (m), 7.36 (m) 1.90 (d, 1 1.4) 
7.92(m),7.79(m), 4.64(s) 3.42(d,11.1) 2.01(d,11.4) 
7.48 (m), 7.40 (m) 1.87 (d, 1 1.4) 
7.73(m),7.50(m), 5.09(s) 3.83(d,10.8), - 

7.33 (m) 3.73 (d, 11,10), 
3.41 (d, 10.8) 

7.75(m),7.46(m), 4.98(s) 3.87(d,11.1), - 
7.37 (m) 3.81 (d, 10.5), 

3.33 (d, 11.1) 

"'H NMR (300.1 MHz) chemical shifts in CDCI, relative to internal TMS; J values in Hz; m = multiplet, d = doublet. 

typical pseudo-octahedral, three-legged piano-stool structure 
with average interligand bond angles (93.7") approaching 90". 
The phosphoryl P-atom is distorted from ideal tetrahedral 
geometry showing a moderate opening of the Co-P=O angle 
to 117.8" that is accommodated by a closing of the MeO-P- 
C(10) angle to 100.5". A substantial multiple bond character 
(15) for the phos horyl group is inferred from the P=O dis- 
tance (1.487(3) ! ), which is considerably shorter than the 

P(1)-O(1) single bond length measured for 6-2 (1.625(3) A) 
but comfortably in the normal range for free (15), P-coordi- 
nated (16, 17), or even P=O bridging (18) phosphoryl groups 
in a wide range of chemical environments (16, 17). The CIP 
ligand priority sequence Cp > PPh(OMe),, > P(O)(OMe)Ph > 
C3F, for Co (19-21) and Co > OMe > 0 > Ph for P unambig- 
uously fix the relative stereochemistry of 6-2 as Rc,R,. CIP 
priority differences for phosphonite and phosphine show that 
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Table 3. I3C and 31P NMR data for q S - C p ~ o ' ( ~ , ~ , ) ( ~ ) ( ~ ) . "  

Compound L, x C,H5 CP OMe PMe 3 I P (PR,, P-0) 

l a  PPh,Me, I i: 137.56 (d, 43.3), 134.74 (d, 44.5) 87.75 19.85 (d, 34.0) 31.44, - 
o,m: 132.65 (d, 7.8), 130.67 (d, 5.7), 
128.49 (d,, 8.7), 128.26 (d, 8.7) 
p: 132.80 

16 PPhMe,, I i: 139.02 (d, 43.2) 87.63 16.74 (d, 39.6) 19.02, - 
o,m: 129.56 (d, 7.8), 128.85 (d, 8.3) 
p: 130.45 

4a- 1 PPh,Me, i :  143.62 9(d, 4 9 3 ,  138.46 (d, 40.7), 89.06 50.31 (d, 11.1) 15.84 (d, 29.7) 
P(O)(OMe)(Ph) 136.93 (d, 50.1) 

o,m: 132.96 (d, 8.2), 130.59 (d, 10.3), 
128.14 (d, 11.6). 127.40 (d, 12.4) 
p: 130.01, 129.64, 129.16 

4a-2 PPh,Me, i: 141.29 (d, 52.5). 137.49 (d, 43.2), 89.87 49.77 (d, 11.6) 16.35 (d, 29.5) 
P(O)(OMe)(Ph) 136.71 (d, 49.6) 

o,m: 133.16 (d, 9.9), 132.27 (d, 8.8), 
128.33 (d, 9.1), 127.75 (d, 10.9) 
p: 132.62, 130.31, 129.24 

. . 
. . .  46- 1 PPhMe,, i :  143.33 (d, 49.6), 140.20 (d, 45.1), 88.98 50.46 (d, 9.4) 16.69 (d, 34.7) 

P(O)(OMe)(Ph) 132.24 (d, 5 1.32) 
o,m: 130.59 (d, 10.0), 130.06 (d, 7.9), 

I 
I 

128.47 (d, 9 3 ,  127.56 (d, 11.2) 

I p: 131.75, 129.62, 129.32 
i 46-2 PPhMe,, i: 143.99 (d, 53.1), 139.69, 90.03 49.72 (d, 14.4) 17.77 (d, 30.6) 
1 P(O)(OMe)(Ph) 132.72 (d, 39.6) 

I o,m: 130.47 (d, 10.6), 130.20 (d, 7.7), 
128.63 (d, 9.0), 127.91 (d, 11.4) 
p: 129.81, 129.45 

I 6- 1 P(O)(OMe)(Ph), i: 143.73 (d, 58.2), 137.13 (d, 58.1) 89.96 55.44 (d, 11.5), - 
i P(O)(OMe)(Ph) o,m: 131.25 (d, 10.6), 130.93 (d, 11.2). 54.26 (d, 10.4) 

I 128.05 (d, 10.4), 127.15 (d, 10.9) ~ p: 131.00, 129.21 

6-2 P(O)(OMe)(Ph), i: 144.48 (d, 58.3), 136.57, d, 58.7) 90.28 55.00 (d, 10.9), - 
P(O)(OMe)(Ph) o,m: 131.25 (d, 10.6), 130.58 (d, 10.0), 54.74 (d, 10.0), 

127.83 (d, 12.9), 127.67 (d, 11.5) 49.96 (d, 11.8) 
p: 130.93, 129.29 

" "C (75.47 MHz) chemical shifts in ppm relative to solvent CDCI,; "P (121.5 MHz) chemical shifts in ppm relative to external 85% H,PO,; J values in 
Hz: d = doublet. 

RR;SS-6-2 has the same relative stereochemistry as the lower 
R, RS;SR diastereomers in the phosphine substituted series. 

Product distribution was examined in detail for the case of 
reaction of l a  with PPh(OMe),. Careful preparative thick- 
layer chromatographic (PLC) isolation gives, in order of 
decreasing Rf values, unreacted la ,  dark-green phosphonite 
complex q5-~p~o*(~3~7)(~~h(~~e)2)(~), 2, two orange, 
phosphine-metallophosphonate diastereomers q 5 - ~ p ~ o * -  
(c~F~)(PP~,M~)-(P*(o)P~(oM~)), 4a-1,2, followed by two 
light-orange phosphonite-metallophosphinate diastereomers 
(14) q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ * ( ~ ) ~ h ( ~ ~ e ) ) ,  6-1,2. 
The iodo-phosphonite complex 2 is stable for months in the 
solid state or in acetone solution; however, it reacts readily in 
the presence of methyldiphenylphosphine to afford the same 
sequence of products. 

Product distribution was also monitored by 'H NMR spec- 
troscopy. We (14) as well as others (22) have observed that 
piano-stool Co(II1) metallophosphonates such as 4 tend to be 
substitution inert, hence the phosphonite complexes 6- 1 and 6- 
2 must derive from stepwise halide substitution and Arbuzov 
dealkylation of 2. The observation that no phosphonite-con- 
taining products, 6, were observed for the reaction of l a  with 
dimethyl phenylphosphonite in the presence of excess 
PPh,Me (mole ratio la:PPh(OMe),:PPh,Me = 1 : 1 : 10) sug- 
gests a facile phosphine substitution that establishes the equi- 
librium l a  + PPh(OMe), * 2 + PPh,Me. Pre-equilibrium 
phosphine exchange was confirmed from observation of con- 
centrationftime curves vs. starting material ratios in acetone- 
d6 solution. A labile species with 8?, = 5.60 ppm was observed 
and tentatively assigned as the cationic intermediate 3a; how- 
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Fig. 1. ORTEP plot of r15-~p~o'(~,~,)(~~h(~~e),)(~*(0)~h(~~e)), 6-2. 

ever, we are unable to unequivocally distinguish whether for- 
mation of 4 proceeds by direct phosphine exchange (2 -+ 4) 

, and (or) via the proposed cationic intermediate 3n (1,2 -+ 3 -+ 
I 4). Nevertheless, all directly observed products follow directly 

from consideration of Scheme 1. 

I Stereochemistry and optical yields 
If cationic [ - q 5 - ~ p ~ o ( ~ 3 ~ 7 ) ( ~ ~ h 2 ~ e ) ( ~ ~ h ( ~ ~ e ) 2 ) ] + ~ - ,  3a, is 
the unique intermediate for transition metal Arbuzov dealky- 
lation (Scheme l), treatment of the iodo-phosphine complex 
- q 5 - ~ p ~ o ( ~ , F 7 ) ( ~ ~ h 2 ~ e ) ( 1 ) ,  l a ,  with dimethyl phenyl- 
phosphonite or of the iodo-phosphonite complex -q5- 
C~CO*(C~F,)(PP~(OM~),)(I), 2, with methyldiphenylphos- 
phine is expected to produce identical optical yields of P-chiral 
metallophosphinate product, 4. In that event %de is fully 
determined by AAC* for iodide attack at the diastereotopic 
methoxy groups of intermediate 3a as shown in Scheme 1. 
In contrast with this hypothesis, we find that the optical yield 
of phosphinate - q 5 - ~ p ~ o ( ~ 3 ~ 7 ) - ( ~ ~ h 2 ~ e ) ( ~ ( ~ ) - ~ h ( ~ ~ e ) )  
(%de = 100 x ([4a- 11 - [4a-2])l([4n- 1]+[4a-21)) is sensitive to 
reactant composition in acetone (cf. Table 4). Table 4 shows 
the dependence of optical yield on reactant composition as 
determined by integration of 'H NMR spectra in the Cp region. 
Relative stereochemistry for the Co- and P-chiral metallophos- 
phinates 4a and 4b was assigned by comparison of TLC R, val- 
ues with that of crystallographically determined 4c. (5). 
Reaction of In with PPh(OMe), resulted in increased optical 
yield for 4a- 1,4n-2 compared with reaction of 2 with PPh2Me 
(cf. Table 4 entries 1 and 3). The product distribution studies 
are inconsistent with the formation of a common intermediate 
and therefore imply the presence of a parallel reaction channel 
with a different optical yield. We propose a competing, 

intramolecular pathway, which is possible only for the iodo- 
phosphonite 2. 

There is ample literature precedent that establishes that 
intramolecular alkyl migrations can lead to metallophospho- 
nates (23-25). We therefore propose an intramolecular attack 
of iodide at carbon, concerted with associative nucleophilic 
attack at the metal by PPh,Me. Expulsion of Me1 from 2 gives 
the metallophosphinate 4n-1, 4n-2 in a single step as illus- 
trated in Scheme 2. Optical yield for 4a formation via the 
intramolecular pathway is then a function of AAC*(intramo- 
lecular) rather than AAC*(intermolecular) for iodide attack at 
diastereotopic OMe (cf. Scheme 2). Optical yields will then 
reflect the position of the equilibrium connecting the starting 
materials 1 and 2. In the presence of excess PPh,Me the equi- 
librium l a  + PPh(OMe):! * 2 + PPh,Me shifts to the left and 
effectively shuts off the intramolecular route. Under these 
conditions (cf. Table 4, entry 6) the intermolecular sequence 
la-+3a-+4a provides the dominant route to phosphinate 
product. If our interpretation is correct, higher %de in the 
presence of excess PPh2Me can be interpreted as less efficient 
optical induction for the intramolecular vs. intermolecular 
pathway. Accordingly, the lowest optical yields were mea- 
sured in methanol solvent (cf. Table 4, entry 8) since hydro- 
gen bonding limits iodide nucleophilicity and the 
intramolecular pathway operates exclusively (cf. discussion 
below). 

Attempts to further test for the proposed intramolecular 
Arbuzov reaction mechanism by reacting [-q5-cpCo(C3~,)- 
(PPh2Me)(PPh(OMe),)]+SbF6-, prepared by iodide abstrac- 
tion of 2 followed by in situ treatment with PPh,Me, with NaI 
in acetone failed. Reaction under these conditions resulted in 
nucleophilic attack of iodide on cobalt rather than carbon. The 
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Table 4. Product distribution vs. reactant composition for Scheme 1 

Yield (mol %)" 

RR,SS-4a- 11 RS,SR-6- 11 
Entry Reactant composition RS,SR-4a-2 RR,SS-6-2 
no. (mol ratio) Solvent l a  2 (%de)" (%de) 

Acetone 53.4 16.4 

Acetone Trace Trace 

Acetone 40.6 4.5 

Benzene 69.9 21.8 

Acetone 74.9 1 1.6 

Acetone 5 1.8 Trace 

Acetone:methanol >90 Trace 
= 3.2 
Acetone:methanol 56.9 12.4 
= 3:2 

16.016.0 
(46) 
3.311.1 
(50) 
32.1114.3 
(38.2) 
2.511.1 
(38.9) 
9.613.9 
(42.2) 
37.9110.3 
(57.3) 
Trace 

4.913.3 
(19.5) 
46.714 1.6 
(5.8) 
5.313.2 
(25) 
2.812.0 
(16.7) 
Trace 

Trace 

Trace 

"Determined by 'H NMR integration of the qs-Cp region. 
"%de = I([RR.SS]-[RS,SR])I([RR,SS]+[RS,SR])I x 100. 

Scheme 2. 

(intermolecular) 

M G *  (intramolecular) 

iodo complexes, resulting from phosphonitelphosphine sub- 
stitution, were isolated in a 14.5:l ratio in > 90% chemical 
yield. 

Brunner's early studies (26) of coordinatively saturated, 
pseudo-tetrahedral, piano-stool complexes elegantly estab- 
lished dissociative substitution with dominant retention of 
configuration at chiral metal. Fewer examples of associative 
activation have been identified (27-30). The latter require an 
ancillary ligand capable of removing an electron pair in order 
to avoid formation of high-energy 20 e- species. Established 
cases involve hapticity decreases (-q5+-q3 "ring slippage" 
(27)) of indenyl or cyclopentadienyl or linear+bent NO 
isomerization (31). In a relevant study Landon and Brill (3) 
reported second-order kinetics for the Arbuzov rearrangement 
of - q 5 - ~ p ~ o ( d p p e ) ~  with P(OMe)3 and steric inhibition for 
the increased bite-angle ligand dppp (1,3-bis(dipheny1- 
phosphino)propane), implying an associative reaction. The 
stereochemical consequences pursuant to the presence of a 
prochiral phosphonite in the present study allow detection of 
an otherwise masked reaction mechanism. 

Solvent effects 
Solvent effects also support the proposed intramolecular 
Arbuzov dealkylation. Free iodide ion is strongly solvated in 
protonic solvents and is considerably less nucleophilic (6), 
hence attack at carbon required for Arbuzov dealkylation is 
inhibited. Complex l a  reacts with PPh(OMe)2 in the presence 
of excess PPh2Me via initial displacement of iodide; however, 
the second step is effectively blocked in methanol and Arbu- 
zov dealkylation does not proceed readily (cf. Table 4, entry 
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Chen et al 

Fig. 2. GMMX determined conformational energies for 3. 

L El (rel) kJ/mol El, (rel) kJ/mol E,,, (rel) kJ/mol 

7). If other reaction pathways were available under these con- 
ditions, 4a- 1, and 4a-2 would still be formed. 

Strikingly different results were obtained when the reaction 
was carried out starting with 2 in the methanol-d, (cf. Table 4, 
entry 8). Addition of one equivalent of PPh,Me resulted in the 
formation of four Cp peaks in the 'H NMR spectrum assigned 
to l a ,  2, 4a- 1, and 4a-2. Arbuzov dealkylation occurs readily 

I 
from 2 even when the two-step pathway 2+3n+4a is blocked 

i in protonic media. Since iodide is non-nucleophilic under 
these conditions, iodide attack at 0CH3 cannot occur from out- 

! side the coordination sphere. In contrast, protonic solvent is 
1 expected to have little effect on a concerted mechanism 

involving 3 that avoids formation of free iodide. Optical yields 
) in this experiment are determined exclusively by the intramo- 

lecular mechanism and decreased to %de = 28, consistent with 
a decreased optical induction in the intramolecular route. 

It is reasonable to expect that low dielectric media will 
inhibit iodide substitution since the process involves substan- 
tial charge separation. Indeed (cf. Table 4, entry 4) we find that 
the optical yield for the reaction of 2 with PPh,Me drops as the 
solvent changes from acetone (E = 20, %de = 32) to benzene (E 
= 4 ,  %de= 15). 

Ligand sphere effects on optical yield 
AAG* for attack of iodide at the diastereotopic phosphonite 
methoxy groups will of course determine optical yield. Previ- 
ous studies of Co+P chiral induction for 1+4 (L = 
PPh,NH(C H(Me)Ph)) identified (2, 13, 14) intramolecular 
N-H...O=P hydrogen bonding as a pivotal parameter for 
Co+P chiral induction. We were therefore surprised to find 
that optical yields measured for 1+4 (L = phosphine, phos- 
phonite), which cannot reduce the number of low-energy con- 
formers by intramolecular hydrogen bonding, were in some 
cases superior. Measured optical yields for 1+4 decreased 
along the series L = PPh,Me (40%) < PPhMe, (33%) < PMe3 
(18%). It was of interest to determine the effect of ligand steric 

I 

requirements on the efficacy of Co+P optical induction. 
Molecular mechanics global minimum conformational 

searches for the intermediates 3a-c were carried out using the 
GMMX algorithm (32) with the assumption that insight rele- 
vant to diastereoselection in the transition state for intermolec- 
ular dealkylation might be provided. Starting structures for the 

cations 3, obtained from model compounds derived from crys- 
tallographic data, were minimized using the MMX (33) force 
field, which has been shown to be appropriate for related 
piano-stool molecules (34, 35). GMMX searches of confor- 
mational space used a combined Monte Carlo internal - Car- 
tesian randomization protocol that examined rotations about 
all specified bonds with less than 3-fold symmetry. Conforma- 
tions meeting energy criteria were then MMX minimized, 
checked for redundancy, and retained subsequent to a final 
energy assessment. Surviving conformations within a 12.5 kJ1 
mol band containing the lowest energy structure were 
retained. Further cycles removed/re-added hydrogen atoms in 
calculated positions and minimized in order to dislodge struc- 
tures from saddle points. Finally, the surviving conformations 
were checked for redundancy and energy criteria. The process 
was continued until no further conformations were lost. 

The GMMX conformational searches identified three stag- 
gered Co-P(OMe),Ph rotamers for the intermediate 3a,b,c. 
Figure 2 shows Newman projections along with the calculated 
relative MMX energies. Literature evidence (36, 37) strongly 
suggests that the region between the almost 90" L-Co-C3F, is 
the least sterically accessible for pseudo-octahedral piano 
stools. The GMMX calculations concur, and rotamers I and 11, 
which place the least sterically demanding group (OMe) in 
that region, are always most stable. Faceledge Cp-Ph interac- 
tions (3840)  may also contribute to the relative stability of 
rotamers I and 11. Differences are small; however, the relative 
increase in the energy of rotamer I with respect to I1 as phenyl 
groups accumulate on the phosphine donor L can be traced to 
increasing Ph-L steric interactions. 

Curtin-Hammett restrictions (41) preclude a direct relation 
between conformer population and optical yield, however, 
based on the GMMX calculations described above, a case can 
be made for the direction of chiral induction and ligand sphere 
effects on the measured %de for 1+3+4. It is clear that the 
critical step for chiral induction occurs on attack of iodide at 
the diastereotopic OMe groups of 3, which displaces the phos- 
phoryl product. We have previously established a preference 
for a dominant anticlinal Cp-Co-P=O conformation (2, 13, 
14, 42, 43) in piano-stool metallophosphonate and metallo- 
phosphinate complexes. ~ s s u m ~ t i o n  of significant product- 
like character in the transition state predicts a preference for 
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attack at the anticlirzal Cp-Co-P-OMe, and conformer I1 (Rc, 
configuration shown in Fig. 2) is then correctly linked to the 
major product (Rc,R,). Optical yields will then parallel the 
1111 ratio, which increases along the series PMe3 (18%de) < 
PPhMe, (33%de) < PPh,Me (40%de). 

Experimental 

General 
All manipulations were performed under a dry nitrogen atrno- 
sphere using standard Schlenk techniques. Nitrogen was puri- 
fied by passing though a series of columns containing granular 
phosphorus pentoxide, 3A molecular sieves, and BASF 
DEOX catalyst (100°C). Acetone, methanol, and methylene 
chloride were distilled from activated 4A molecular sieves. 
Reactions were monitored by analytical thin-layer chromatog- 
raphy (precoated TLC plates, silica gel F-254, Merck). NMR 
spectra were recorded on a General Electric GN300-NB spec- 
trometer operating at a proton frequency of 300.1 MHz. Pre- 
parative thick-layer chromatographic (PLC) purification was 
carried out using a Chromatotron (Harrison Associates) with 
1-2 mm thick silica gel,,PF,,,(Merck) adsorbent. The corn- 
pounds CpCo(C,F,)(CO)(I) (44), l c  (5), and 2 (14) were pre- 
pared using the established procedures. Commercial samples 
of dimethyl phenylphosphonite, diphenylmethylphosphine, 
dimethylphenylphosphine, trimethylphosphine, AgSbF,, and 
perfluoropropyl iodide (Aldrich) were used as received. Melt- 
ing points were measured in sealed, nitrogen-filled capillaries 
and are uncorrected. C, H analyses were provided by Canadian 
Microanalytical Service Inc., Delta, B.C. 

Preparation of - q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h 2 ~ e ) ( ~ )  ( l a )  and -q5- 
c~co*(c,F,)(PP~M~,)(I) (lb). 

PPh,Me (90.1 mg, 0.450 mmol) was added dropwise to a 
stirred 25 mL, black, CH,CI, solution of r 1 5 - ~ p ~ o * ( ~ , ~ 7 ) -  
(CO)(I) (197.4 mg, 0.4407 rnmol) contained in a 100 mL 
Schlenk flask and stirred at ambient temperature (20°C) for 12 
h. Removal of volatiles under water aspirator followed by oil 
pump vacuum overnight left a dark green solid, which was 
purified by thick-layer radial PLC on silica gel (CH,Cl,) to 
give l a  (245.9 mg, 0.3966 mmol, 90.0%). l b  was prepared in 
86.6% yield from r 1 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ ) ( ~ )  and PPhMe, in an 
analogous manner. Physical, analytical, and spectroscopic 
data for l a ,b  are presented in Tables 1-3. 

Reaction of - q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h 2 ~ e ) ( ~ )  ( la)  with 
PPh(OMe), in acetone 

r15-~p~o*(~3~7)(~~h,~e)(~) (1 34.0 mg, 0.2 16 1 mmol), 
PPh(OMe), (38.0 mg, 0.2188 mmol), and acetone (25 mL) 
were mixed in a 50 mL Schlenk flask and stirred at ambient 
temperature (20°C) for 24 h. Removal of volatiles under water 
aspirator followed by oil pump vacuum overnight left a dark- 
green solid, which was purified by PLC on silica gel. Elution 
with CH,Cl, separated (in order of decreasing R, values) a ~ 

I dark-green zone containing l a  (71.6 mg, 0.1 15 mmol) and 2 
I (20.9 mg, 0.0354 mmol). Continued elution with acetone sep- 

arated two orange zones containing 4n-1,4a-2 (4a-1: 22.4 mg, 
0.0346 mmol; 4a-2: 8.4 mg, 0.013 mmol), followed by two 
light-orange zones containing 6-1, 6-2 (6-1: 7.6 mg 0.012 
mmo 1; 6-2: 3.1 mg 0.0050 mmol). Physical, analytical, and 
spectroscopic data for 4a- 1,2 are presented in Tables 1-3. 

Table 5. Positional parameters" and B(eq) for 6-2. 

Atom x Y z B(eq) 

"Estimated standard deviations in the least significant figure are given 
in parentheses. 

Reaction of - q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ~ e 2 ) ( ~ )  (lb) with 
PPh(OMe), in acetone 

- q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h , ~ e ) ( ~ )  (41.3 mg, 0.0749 mmol), 
PPh(OMe), (20.8 mg, 0.122 mmol), and acetone (25 mL) were 
mixed in a 50 mL Schlenk flask and stirred at 50°C for 12 h. 
Removal of volatiles under water aspirator followed by oil 
pump vacuum overnight left a dark-green solid, which was 
purified by PLC on silica gel. Elution with CH,Cl, separated 
(in order of decreasing R, values) a dark-green zone containing 
l b  and 2 (17.6 mg). Continued elution with acetone separated 
two orange zones containing 4b-1, 4b-2 (4b-1: 10.9 mg, 
0.0186 mmol; 4b-2: 5.3 mg, 0.0090 mmol). Physical, analyti- 
cal, and spectroscopic data for 4b-1,2 are presented in Tables 
1-3. 
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Table 6. Selected intramolecular distances" and angles for 6-2. 

Atom Atom Distance (A) Atom Atom Distance (A) 

Atom Atom Atom Angle (O) Atom Atom Atom Angle (O) 

"Estimated standard deviations in the least significant figure are given in I 

Reaction of q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ )  2 with 
PPh,Me in acetone 

q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ )  (147.0 mg, 0.249 1 mmol), 
PPh,Me (51.0 mg, 0.255 mmol), and acetone (25 mL) were 
mixed in a 50 mL Schlenk flask and stirred at ambient temper- 
ature (20°C) for 24 h. Removal of volatiles under water aspi- 
rator followed by oil pump vacuum overnight left a dark-green 
solid, which was purified by PLC on silica gel. Elution with 
CH2C12 separated (in order of decreasing Rf values) a dark- 
green zone containing l a  (62.1 mg, 0.100 mmol) and 2 (6.6 
mg, 0.01 1 mmol). Continued elution with acetone separated 
two orange zones containing 4a-1, 4a-2 (4a-1: 45.1 mg, 
0.0696 mmol; 40-2: 21.0 mg, 0.0324 mmol), followed by two 
light-orange zones containing 6-1, 6-2 (6-1: 7.9 mg 0.013 
mmol; 6-2: 4.4 mg 0.007 1 mmol). 

Reaction of q S - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ )  2 with 
AgSbF, following with PPhzMe and then NaI in acetone 

A 10 rnL colourless, acetone solution of AgSbF6 (29.1 mg, 
0.0847 mmol) was added dropwise with stirring into a 20 mL 

, dark-green acetone solution of q 5 - C p ~ o * ( ~ , ~ , ) ( ~ ~ h -  
(OMe),)(I) (44.0 mg, 0.0755 mmol) contained in a 50 rnL 
Schlenk flask at ambient temperature (20°C). A white precip- 
itate of AgI formed. Dropwise addition of PPh,Me (16.6 mg, 
0.0829 mmol) resulted in the formation of a brown solution. 
Treatment of the solution with NaI (22.8 mg, 0.1521 rnmol) 
gave an immediate colour change to deep green. Removal of 
volatiles under water aspirator pressure followed by oil pump 

'arenthesis. 

vacuum overnight left a dark-green solid. 'H NMR analysis 
(CDCI,) of the residue in cyclopentadienyl region showed two 
resonances corresponding to l a  (6 = 5.09 ppm, 75.0%) and 2 
(6 = 5.19 ppm, 17.2%). The phosphinate complexes 40-1,4a- 
2 were not detected. 

NMR tube reaction of q 5 - ~ p ~ o * ( ~ ~ h ( 0 ~ e ) 2 ) ( 1 ) ,  2, with 
PPh,Me in acetone-d6 

A 5 mm NMR tube was charged with q5- 
c~co*(c,F,)(PP~(oM~),)(I) (13.44 mg, 0.02276 mmol), 
PPh,Me (4.78 mg, 0.0239 mmol), and acetone-d6 (0.86 mL) 
and capped with a septum. The sample was equilibrated at 
ambient temperature (20°C) for 24 h. The 'H NMR spectrum 
showed l a  (6 = 5.25 ppm, 45.4%), 2 (6 = 5.37 ppm, 5.5%), 4a- 
1 (6 = 5.20 ppm, 23.5%), 4a-2 (6 = 4.95 ppm, 8.4%), 6- 1 (6 = 
5.18 ppm, 7.1%), 6-2 (6 = 4.98 ppm, 6.3%), respectively. A 
parallel reaction was carried out for C~CO*(C,F,)- 
(PPh(OMe)2)(1) with PPh,Me, resulting in l a  (6 = 5.25 ppm, 
30.1 %), 2 (6 = 5.37 pprn, 4.2%), 4a- 1 (6 = 5.20 ppm, 26.9%), 
4a-2 (6 = 4.95 ppm, 13.3%), 6- 1 (6 = 5.18 ppm, 7.6%), 6-2 (6 
= 4.98 ppm, 8.0%), respectively. 

Reaction of qS-~p~o*(~3~7)(~~h,~e)(~), la ,  with 
PPh(OMe), in acetone in the presence of excess PPh,Me 

q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h , ~ e ) ( ~ )  (27.0 rng, 0.0435 mmol), 
PPh(OMe), (7.6 mg, 0.045 mmol), and PPh,Me (95.8 rng, 
0.478 rnmol) were mixed in 10 mL of acetone in a 50 mL 
Schlenk flask and stirred at ambient temperature (20°C) for 24 
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Table 7. Summary of crystallographic data for 6-2. 

Formula C,3H210,F,P,Co 
FW (glmol) 618.31 
Crystal habit Orange column 
Crystal size (mm) 0.45 x 0.12 x 0.10 
Crystal system Triclinic 
Lattice parameters 

a (A) 12.928(4) 
b (A) 14.683(4) 
c (A) 7.666(2) 
a ("1 103.5(2) 
P ("1 101.31(3) 
r ("1 109..50(2) 
v (A3) 1272.8(4) 

Space group PT (no. 2) 
z 2 
D,,,,,(glcm3) 1.613 
Fwo 628 
P , M ~ K , I ( ~ ~ - ' )  8.73 
Scan width(") 1.47 + 0.30 tan 0 
2en,,, ( O )  50.0 
No. of reflections measured 

Total 4682 
Unique 4469 

Rim 0.027 
Corrections" Lorentz-polarization absorption 

Trans.factors: 0.95-1 .OO 
Secondary extinction coeff. 0.25290 x 10" 

Function minimized CW(IF,I - IF,I)? 
i 

Least-squares weights 4 F,,'/o'(F,,~) 
I p-Factor 0.0 1 
! Anomalous dispersion All non-hydrogen atoms 
! No. of observations (I > 2.00o(I)) 2867 

No. of variables 335 
Reflectionlparameter ratio 8.56 

I R" 0.036 
I 0.030 

Goodness of fit indicatof' 1.45 
Max shiftlerror in final cycle 0.71 
Ap Final (madmin) (e-/A3) 0.331 - 0.25 

"cf. ref. 46. 

hR = CIIF,I - IF,I I1CIF"I. 
'R,, = [(cw( IF, I - IF, I )'Ic~F,')I". 
"GOF = (C(IF,I - IF,l)lo)l(n - m ) )  where n = no of reflections, tn = no. of variables, 

and o' = variance of ( I  FoI - IF, I). 

h. Removal of volatiles under water aspirator followed by oil 
pump vacuum overnight left a dark-green solid. 'H NMR anal- 
ysis in CDCl, showed three cyclopentadienyl resonances cor- 
responding to l a  (6 = 5.09 ppm, 51.4%), 4a-1 (6 = 5.06 ppm, 
40.1%), and 4a-2 (6 = 4.87 ppm, 10.8%). 

Reaction of q5-~p~o*(~3~7)(~~h,~e)(~), l a ,  with 
PPh(OMe), in acetonelmethanol 

q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ h , ~ e ) ( ~ )  l a  (2 1.8 mg, 0.0352 mmol), 
PPh(OMe), (6.0 mg, 0.035 mmol), and PPh,Me (69.1 mg, 
0.345 mmol) were combined in 312 (vlv) acetonelmethanol (10 
mL) in a 50 mL Schlenk flask at ambient temperature (20°C) 
and stirred for 24 h. The 'H NMR spectrum of the crude prod- 
uct showed only one cyclopentadienyl resonance (6 = 5.09 

ppm) assigned to the starting material l a  in CDC1,. A similar 
reaction starting with q 5 - ~ p C o ( C 3 ~ 7 ) ( ~ ~ h ( ~ ~ e ) , ) ( ~ )  2 (43.3 
mg, 0.0734 mmol) and PPh,Me (14.7 mg, 0.0735 mmol) in 31 
2 (vlv) acetonelmethanol gave l a  (6 = 5.09 ppm, 50.7%), 2 (6 
= 5.19 ppm, 11.0%), 4a-1 (6 = 5.06 ppm, 11.25%), 4a-2 (6 = 
4.87 ppm, 6.6%), respectively. 

Reaction of q 5 - ~ p ~ o * ( ~ 3 ~ 7 ) ( ~ ~ e 3 ) ( ~ )  ( 1 ~ )  with 
PPh(OMe), in acetone 

PPh(OMe), (258.6 mg, 1.520 mmol) was added dropwise 
to a stirred 40 mL dark green acetone solution of $- 
C~CO*(C~F~)(CO)(I)  (334.7 mg, 0.7554 mmol) in a 100 mL 
Schlenk flask at 50°C until the solution became clear yellow in 
colour (around 5 h). Removal of volatiles under water aspira- 
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tor pressure followed by oil pump vacuum overnight left an 
orange solid, which was purified by PLC on silica gel. Elution 
with 911 acetone/methanol separated (in order of decreasing Rf 
value) a deep orange zone containing 4c-1 (236.7 mg, 0.45 15 
mmol), two yellow-green zones containing 6-1 (15.6 mg, 
0.0298 mmol) and 6-2 (6.7 mg, 0.0128 mmol), respectively, 
and an orange zone containing 4c-2 (1 14.2 mg, 0.2178 mmol). 

Crystal structure determination of 
C~CO*(C,F,)(PP~(OM~),)(P(O)(OM~)P~), 6-2 

A diastereomeric mixture of 6-1 and 6-2 was prepared as 
described previously (14). The lower Rf diastereomer was sep- 
arated using preparative thick-layer radial chromatography 
and recrystallized by slow evaporation of a methylene chloride 
- hexane solvent mixture. An orange single crystal was 
selected and mounted on a glass fibre for X-ray analysis. Crys- 
tal data were collected at ambient temperature on a Rigaku 
AFC6S diffractometer with graphite monochromated Mo K a  
radiation, A = 0.71069 P\, and a 2 kW sealed tube generator 
using the w scan technique to a maximum 28 value of 50.0". 
Positional parameters and selected bond distances and angles 
are given in Tables 5 and 6, respectively. Cell constants and an 
orientation matrix for data collection were determined from 
least-squares refinement using the setting angles of the 20 
carefully centered reflections in the range 9.22 < 28 < 17.73" 
and are given in Table 7. The space group Pi (no. 2) was 
assigned on the basis of systematic absences and on the suc- 
cessful solution and refinement of the structure. Omega (w) 
scans of several intense reflections, made prior to data collec- 
tion, had an average width at half-height of 0.31" with a take- 
off angle of 6.0". Scans of (1.47 + 0.30 tan 8)' were made at a 
speed of 4.0°/min (in w). Weak reflections (I < lO.Ocr(l)) were 
rescanned (max 2) and the counts accumulated to assure good 

1 counting statistics. Stationary counts were recorded on each 
side of the reflection. The ratio of peak counting time to back- 
ground counting time was 2: 1. 

The linear absorption coefficient for Mo K a  is 8.7 cm-'. 
An empirical absorption correction, based on azimuthal 
scans of several reflections, was applied, resulting in trans- 
mission factors ranging from 0.95 to 1.00. The data were cor- 
rected for Lorentz and polarization effects. a correction for 
secondary extinction was applied with coefficient = 0.25290 
T The structure was solved by direct methods (45) 
using the Molecular Structure Corporation TEXSAN software. 
Non-hydrogen atoms were refined anisotropically. Idealized 
hydrogen atoms were included at the calculated positions 
and were not refined. 

Tables of atomic coordinates, bond distances and angles, 
and torsion angles for q 5 - ~ p ~ o * ( ~ , ~ , ) ( ~ ~ h ( ~ ~ e ) 2 ) ( ~ * ( ~ ) -  
Ph(OMe)), 6-2, have been deposited as supplementary mate- 
riaL2 

Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
The tables of atomic coordinates and bond lengths and angles 
have also been deposited with the Cambridge Crystallographic 
Data Centre, and can be obtained on request from The Director, 
Cambridge Crystallographic Data Centre, University Chemical 
Laboratory, 12 Union Road, Cambridge, CB2 IEZ, U.K. 
Structure factor tables are no longer being deposited, but may be 
obtained from the author. 
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Pyridine-2-selenolate and -2-tellurolate 
as ligands: a multinuclear ( 7 7 ~ e ,  lI9sn, I 2 ' ~ e )  
magnetic resonance study of some 
tin(lV) complexes, and X-ray structural 
analyses of Sn(SPh),(2-Se-C5H4N-N,Se), 
and Sn(SPh),,,( 2-Se-C,H,N),, 5 

I 

Naveen Chopra, Leslie C. Damude, Philip A.W. Dean, and Jagadese J. Vittal 

Abstract: Reactions between Sn(EfPh), (E' = S or Se; n = 2 or 4) and the bis(pyridine) dichalcogenides 2,2'-(C,H,NE), (E = Se 
or Te), abbreviated py2E2, have been studied using multinuclear (77Se, lI9.Sn, I2,~e) magnetic resonance. In this way the occurrence 
of the pyridine-2-chalcogenate complexes Sn(EfPh),-,(Epy), (E' = S or Se; E = Se, x = 1 4 ;  E = Te, x = 1 or 2) has been 
demonstrated. The pattern of 1 1 9 ~ n  NMR chemical shifts for Sn(EfPh),-,(Sepy), (E' = S or Se, x = 0-4) is consistent with bidentate 
bonding for the pySe- ligand when x = 1 and 2. The pyTe- ligand is probably bidentate also in all four complexes containing 
this ligand. As part of the NMR analysis, 7 7 ~ e  and (or) 12,~e NMR data were obtained for py,Te, and for the new mixed 
dichalcogenides PhE'ER (E' = S, Se, or Te; E # E' = Se or Te; R = 2-py or Ph), which were produced in the systems Ph2Ef2:R2E2. 
The complex Sn(SPh),(Sepy), (1) was isolated pure and its structure determined by the single crystal X-diffraction technique. The 
compound crystallizes in the monoclinic space group P2,ln, with unit cell dimensions a = 9.7929(9) A, b = 22.340(2) A, 
c = 11.368(1) A, P = 108.803(7) O, V =  2354.3(4) A3, d,,,, = 1.837 g ~ m - ~ ,  and Z = 4. Refinement by full-matrix least squares on 
F' gave agreement factors Rl = 0.0425 and wR2 = 0.0882 for 2823 independent reflections with Fo 2 40  (F,) and 258 variables. 
The structure confirms that the PySe- ligand behaves in a chelating manner. The molecule Sn(SPh),(2-Se-C,H,N-N,Se), has a 
distorted octahedral structure with the PhS- ligands in cis positions and the two Se donor atoms in trans positions. The Sn-Se, 
Sn-S, and Sn-N distances are 2.629 l(8) and 2.6358(8) A, 2.475(2) and 2.464(2) A, and 2.325(5) and 2.333(5) A.   he bite angles 
N-Sn-Se of the chelating ligands are 65.9(1)' and 65.8(1)". En route to 1, the yellow crystalline compound Sn(SPh),,,,(2-Se- 
C,H,N),,,, (2) was isolated. This was shown by l i 9 ~ n  NMR spectroscopy to contain both Sn(2-Se-C,H,N),(SPh), and Sn(2-Se- 
C,H,N),(SPh). The crystal and molecular structure of 2 was determined by single crystal X-ray diffraction techniques. Crystal 
data: monoclinic, space group P2,ln, a = 9.795(2) A, b = 22.355(4) A, c = 11.362(2) A, P = 108.87(3)", V =  2354.2(8) A3, dcalc 
= 1.837 g ~ m - ~ ,  dabs = 1.87(5) g ~ m - ~ ,  Z = 4, R1 = 0.0306, wR2 = 0.065 1 for 2756 data (F, 2 4u(F0)) and 258 parameters. 
Crystallographic evidence for the presence of co-crystallized Sn(2-Se-C,H,N),(SPh) occurs only in a minor lengthening of one 
of the two Sn-S bonds, Sn-S(1) (compared with expectation for I), and an excess of electron density at S(l)  when the data are 
modelled as Sn(2-Se-C,H,N),(SPh),. These effects are attributed to a crystallographic disorder of SPh and 9 1 - { 2 - ~ e - ~ 5 ~ 4 ~ }  at 
the S(1)Ph site, involving isostructural S~(~~-{~-S~-C~H,N}),((~~-{~-S~-C,H,N})(SP~) and S~(~~-{~-S~-C,H,N})~(SP~),. 

Key words: pyridine-2-selenolate, pyridine-2-tellurolate, tin complexes. 

RCsumC : Utilisant la rCsonnance magnCtique de noyaux multiples ( 7 7 ~ e ,  Il9sn, Iz5~e),  on a CtudiC les rkactions entre le Sn(EfPh), 
(E' = S ou Se; n = 2 ou 4) et les dichalcogCnures de bis(pyridine) 2,T-(C,H,NE), (E = Se ou Te), reprksentks en abrkgk par py,E,. 
On a pu ainsi dCmontrer la formation des complexes 2-chalcogCnates de pyridine Sn(EfPh),-,(Epy), (E' = S ou Se; E = Se, 
x = 1 4 ;  E = Te, x = 1 ou 2). L'allure des dkplacements chimiques de la RMN du " 9 ~ n  du composC Sn(EfPh),-,(Sepy), (E' = S 
ou Se, x = 0-4) est en accord avec une liaison bidentate pour le ligand pySe- lorsque x = 1 et 2. Le ligand pyTe-est probablement 
bidentate dans tous les quatre complexes oh on le retrouve Cgalement. Dans le cadre de cette analyse par RMN, on obtenu les 
donnCes relatives au complexe py,Te, et aux nouveaux dichalcogCnures mixtes PhE'ER (E' = S, Se, ou Te; E # E' = Se ou Te; R 
= 2-py ou Ph), qui se forment dans les systkmes Ph2Ef2 : R2E2. On a isolC, i 1'Ctat pur, le complexe Sn(SPh),(Sepy), (1) et 
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on a dCtermint sa structure par la technique de diffraction des rayons X sur un monocnstal. Le composC cristallise dans le groupe 
d'espace monoclinique P21/n, avec a = 9,7929(9) A, b = 22,340(2) A, c = 11,368(1) A, P = 108,803(7)", V = 2354,3(4) J.3, 
d,,,, = 1,837 g CII -~ ,  et Z = 4. L'affinage par la mCthode des rnoindres carrCs, matrice cornplbte, sur F, conduit a des facteurs 
d1agrCment R1 = 0,0425 et wR2 = 0,0882 pour 2823 rtflexions independantes avec F, 2 40 (F,) et 258 variables. La structure 
confirme que le ligand PySe- se cornporte de manibre chtlatante. La molCcule Sn(SPh),(2-Se-C,H,NBN,Se), a une structure 
octatdrique dCformCe avec les ligands PhS- en positions cis et les deux atomes donneurs Se en positions trans. Les distances 
Sn-Se, Sn-S et Sn-N sont respectivement de : 2,6291(8) et 2,6358(8) A, 2,475(2) et 2,464(2) A, et de 2,325(5) and 2,333(5) 
A. Les angles d'attache N-Sn-Se des ligands chtlatants sont de 65,9(1)" et de 65,8(1)". Au cours de la synthbse du composC 1, on 
a isolC le compost5 jaune cristallin Sn(SPh),,,,(2-Se-C,H4N)2,15 (2). La spectroscopie de RMN du 'l9sn a montrC qu'il contient 
les deux complexes Sn(2-Se-C,H,N),(SPh), et Sn(2-Se-C,H,N),(SPh). On a determine la structure cristalline et moltculaire du 
composC 2 par la technique de diffraction des rayons X sur un monocnstal. Le compost cristallise dans le groupe d'espace 
monoclinique P2,ln, avec a = 9,795(2) A, b = 22,355(4) A, c = 11,362(2) A, P = 108,87(3)", V =  2354,2(8) A3, d,,,, = 1,837 g 
cm-,, do,, = 1,87(5) g cm", Z =  4, Rl = 0,0306, wR2 = 0,0651 pour 2756 donnCes (F, 2 4u(F0)) et 258 parambtres. Les preuves 
cristallographiques de la presence du composC co-cristallist Sn(2-Se-C,H,N),(SPh) reposent uniquement sur une elongation 
mineure de l'une des deux liaisons Sn-S, Sn-S (1) (comparCe A ce qui Ctait attendu pour le compost I), et sur un excbs de la 
densite Clectronique en S(l)  lorsque les donnCes sont rnodClisCes sur le compost Sn(2-Se-C,H,N),(SPh),. On attribue ces effets 

un dCsordre cristallographique de SPh et de ~ ' - { ~ - S ~ - C , H , N ]  au niveau du site S(l)Ph, impliquant les cornposCs 
isostructuraux S~(~~-[~-S~-C,H,N])~({~~-{~-S~-C~H,N))(SP~) et S~(~~-[~-S~-C,H,N)),(SP~),. 

Most clis : 2-sC1Cnolate de pyridine, 2-tellurolate de pyridine, complexes d'Ctain. 

[Traduit par la rkdaction] 

Introduction 7 7 ~ e  NMR, and was used as received. Literature methods were 

The ligand chemistry of 2-0-C5H4N-and is well developed (I), 
as is that of 2-S-C5H4N-, pyt- ( 2 4 ) .  In contrast, there appear to 
be only two published studies of the ligand behaviour of pyri- 
dine-2-selenolate, Sepy-, both appearing during the course of 
the present work (5,6a),, and none concerning pyridine-2-tel- 
lurolate, pyTe-. As ligands, pySe- and pyTe- have several 
interesting features that make them worthy of study. They con- 
tain donor atoms of disparate "hardness"/"softness", the "soft" 
chalcogen and the "borderline" pyridinic nitrogen (7a). Thus 
an otherwise unstable bond between an acid and base of mis- 
matched "hard"/"soft" character, or an unusual coordination 
number or geometry (6a), may be stabilized by N,chalcogen- 
chelation. As well, coordination of the N along with the chal- 
cogen may help saturate the coordination sites of a metal and so 
reduce or prevent chalcogen bridging, leading to higher vola- 
tility than in the metal chalcogenates themselves (6a). Further, 
the presence of 7 7 ~ e  or 1 2 5 ~ e  nuclei at the chalcogen may allow 
use of chalcogen NMR to follow their reactions. 

As a contribution to the study of the ligand behaviour of 
pySe- and pyTe-, we present here our results for several of 
their tin(1V) complexes. These complexes were prepared in 
solution using methods described earlier for tin(1V) complexes 
of pyt- and its N-oxide (4). The tin complexes comprise a 
model system in which information from the 7 7 ~ e / 1 2 5 ~ e  NMR 
chemical shifts is bolstered by both Il9sn NMR chemical 
shifts and one-bond coupling between 119'117~n and 7 7 ~ e / 1 2 5 ~ e .  
During the course of the study we were able to isolate 
Sn(SPh),(Sepy), and Sn(SPh)l,85(Sepy)2,15, and their struc- 
tures have been determined by X-ray analytical methods. 

Experimental 

Materials 
Diphenyldiselenide (Aldrich) showed no impurities by I3c or 

An additional paper describing the synthesis of Sn(Sepy), 
( x  = 2,4), Pb(Sepy),, and Pb(3-Me3Si-2-SeC,H3N),, and the 
strucutural analysis of Sn(Sepy),, appeared after the completion 
of our manuscript (6b). 

used for diphenyldisulfide (8), 2.2'-dipyridyldiselenide, 
py2Se2 (9), Sn(SPh), and Sn(SePh), (lo), and Sn(SPh), and 
Sn(SePh), (1 1). 

A low yield of 2,2'-dipyridylditelluride, py2Te2, was 
obtained by the method of ref. 12. Exact Mass in mass spec- 
trum, calcd. for c ~ ~ H ~ N ~ ~ ~ ~ T ~ ~ ~ ~ T ~ :  411.8786; found: 
4 1 1.8777, 4 1 1.8773 (duplicate measurements). Proton and 
13c NMR data obtained for this compound are consistent with 
those reported (13) while our work was in progress.4 

All solvents for use in NMR sample preparation or synthe- 
sis were dried over 3A molecular sieves and sparged with 
Ar(g) before use. 

Syntheses of Sn(SPh),(2-Se-C5H,N), (1) and 
Sn(SPh),.85(Sepy),1, (2) 

Under Ar, a solution of py2Se2 (0.290 g, 0.923 mmol) in 
CH,Cl, was added to solid Sn(SPh), (0.312 g, 0.926 mmol). 
The mixture was stirred for 2 h, then filtered through a 
medium sinter under Ar pressure, giving a yellow filtrate and a 
khaki residue. The volume of the filtrate was reduced to 2 mL 
in a flow of Ar, and then hexane (1 mL) was added. On stand- 
ing, bright yellow crystals formed at room temperature, and 
crystallization was completed by overnight refrigeration at 
5°C. The crystals were separated by fitration and washed with 
CH2C12:hexane = 1: 10 (2 x 1.5 mL). The yield was 0.337 g, 
but lI9Sn NMR showed the presence of ca. 13 mol% 
Sn(SPh)(Sepy),, which was not removed by two further 
recrystallizations from 1: 1 CH,Cl,:hexane. Anal. of recrystal- 
lized product. calcd. for C21~85H17,85N2,,5Sl,85Se2,15Snl: C 
39.86, H 2.73, N 4.57; found: C: 39.87, 39.74; H: 2.64, 2.59; 
N: 4.56,4.5 1. Single crystal X-ray analysis of the product, 2, 
confirmed that Sn(SPh),(Sepy), and Sn(SPh)(Sepy), co-crys- 
tallize (see Results and discussion). 

An NMR sample of 2 (82 mg in 3 mL of CH,Cl,) was pre- 
pared in a 10 mm 0.d. NMR tube. To this was added Sn(SPh), 
(ca. 5 mg) until the '19sn NMR spectrum showed the presence 

An incorrect value of ti,, for 2,2'-py,Te, is given in ref. 13 (S.J. 
Dunne and E.I. von Nagy-Felsobuki, private communication). 
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Table 1. Crystal data for Sn(SPh),(Sepy)?, 1, and Sn(SPh), ,,(Sepy), ,,, 2. 

Empirical formula CzzH,,NzSzSe2Snl C21.85H17.85N2 1.8SSez.,5Snl 
Formula weight 651.11 658.30 
Temperaturel°C 25 
wavelengthlA 0.7 1073 
Crystal system Monoclinic 
Space group P2,ln 
Unit cell dimensions 
alA 9.7929(9) 9.795(2) 
~ I A  22.340(2) 22.355(4) 
CIA 1 1.368(1) 1 1.362(2) 
PIdeg 108.803(7) 108.87(3) 
volume/A3 2354.3(3) 2354.2(8) 
z 4 
Density, obsd.lg cm-" - 1.87(5) 
Density, calcd.lg cm-3 1.837 1.837 
Absorption coefficientlmm-I 4.366 4.585 
Independent reflections 4126 (R(int) = 0.0331) 4142 (R(int) = 0.0281) 
Refinement method Full-matrix least squares on F' 
Data/restraintslparameters 2823101258 2756101258 
Goodness-of-fit (GoF) on F* 1.013 1.02 1 
Final R indices [Fo > 40(F0)] R1 = 0.0425, wR2 = 0.0882 R I = 0.0306, wR2 = 0.065 1 
R indices (all data) R1 = 0.0767, wR2 = 0.1012 Rl = 0.0706, wR2 = 0.0845 

R1 = E(IIF,I - IF,(()lEIF,I; rvR2 = [Ew(Fo2 - ~,')'lErv~,~]"'; GoF = [Ew(F,' - F,')'l(n - p)]"' where n is the number of reflections and p is the 
number of parameters refined. 

I of a small amount of Sn(SPh),(Sepy). At this stage, the solvent 
volume was reduced to ca. 1.5 mL and 1.5 mL of hexane was 
layered on. Refrigeration overnight yielded 33 mg of bright 
yellow single crystals, which were isolated by decantation. 
Tin- 1 19 NMR spectroscopy of a sample of this product, 1, in 
CH2C12 showed the presence of only Sn(SPh),(Sepy), 
(Sn(SPh)(Sepy),:Sn(SPh),(Sepy), < 0.02). Elemental analysis 
confirmed the purity of 1. Anal. calcd. for C22H,8N2S,Se2Sn: 
C 40.58, H 2.78, N 4.30; found: C 40.64, H 2.62, N 4.30. A 
smaller second crop of product was obtained from the decan- 
tate on more extended refrigeration. 

X-ray structure determination 

S~(SP~),(S~PY), 
Yellow crystals of 1 were obtained from a mixture of CH2C12 
and C6HI4 as described above. A suitable crystal was selected 
(size 0.44 x 0.21 x 0.19 mm) and mounted, for diffraction 
experiments, at the end of a glass fibre using epoxy glue. The 
diffraction experiments were carried out on a Siemens P4 4- 
circle diffractometer with XSCANS software package (14a) 
using graphite monochromated Mo K a  radiation at 25°C. The 
cell constants and orientation matrices were determined (14a) 
by centering 26 high-angle reflections (24.2" 5 20 5 25.0"). A 
total of 5170 reflections were collected in the 0 range 1.8"- 
25.0" (-1 5 h 5 11, -1 5 k 5 26, -13 5 15 13) in 0-20 
scan mode at variable scan speeds (1-10 deg. min-I). Back- 
ground measurements were made at the ends of the scan range. 
Three standard reflections were monitored for every 297 data 
measured. A Gaussian absorption correction was applied to 
the data after indexing the faces of the data crystal (six faces 

and the face indices are (01 1 ),  (101) and (100)) and measur- 
ing the distances between them. SHELXTL (15) programs were 
used for data processing, solution, and refinements. The space 
group P2,ln was unambiguously determined from the system- 
atic absences. All the non-hydrogen atoms in the neutral mol- 
ecule were refined anisotropically. All the hydrogen atoms 
were placed in calculated ideal positions and included for the 
purpose of structure factors calculations only. In the final 
least-squares refinement cycles on F ~ ,  the model converged at 
R 1 = 0.0425, wR2 = 0.0882, and Gof = 1.0 13 for 2823 reflec- 
tions with Fo 2 4u(FO) and 258 parameters, and R1 = 0.0767, 
wR2 = 0.1012 for all 4126 data. In the final difference Fourier 
synthesis the electron density fluctuates in the range 0.533 to 
-0.453 e k3. There is no shift in the final cycles. An extinc- 
tion correction was refined to 0.00160 (14a). The experimen- 
tal details and crystal data are shown in Table 1, and the 
positional and thermal parameters in Table 2. 

Sn~SPh)l.85~Se~~)2. 15 
Yellow crystals of 2 were obtained by recrystallization of the 
crude product from a mixture of CH,Cl, and C6H14 (1: 1, v:v) 
at 5"C, as described above. A suitable crystal was selected 
(size 0.44 x 0.26 x 0.23 mm) and mounted, for diffraction 
experiments, at the end of a glass fibre using expoxy glue. 
Density measurements were made by the neutral buoyancy 
method using a mixture of CCl, and 1,2-C2H4Br2. The diffrac- 
tion experiments were carried out on an Enraf-Nonius 
CAD4F diffractometer using graphite monochromated Mo 
K a  radiation at 25°C. The cell constants and orientation matri- 
ces were determined (14b) by centering 22 high-angle reflec- 
tions (25.5" 5 20 5 28.0"). A total of 5194 reflections were 
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Table 2. Atomic coordinates (x10") and equivalent isotropic displacement parameters 
(A' x 10') for 1. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 

Atom X' 4' z U(eq) 

collected in the 8 range 1.8"-25.0" (- 1 5 h 5 11, - 1 5 k 5 

26, - 13 5 1 5 13) in w-28 scan mode at variable scan speeds 
(0.974.1 deg min-') and with a scan width of 0.7 + 0.35 tan 8, 
with a maximum time per datum of 40 s. Background esti- 
mates were made by extending the scan by 25%. Three stan- 
dard reflections were monitored every 120 min of data 
collection. A Gaussian absorption correction was applied to 
the data after indexing the faces of the data crystal (six faces 
and the face indices are ( 0  1 1 }, (10i) and (547)) and measuring 
the distances between them. SHELXTL (15) programs were used 
for data processing, solution, and the least-square refinements 
on F ~ .  The space group P2,ln was unambiguously determined 
from the systematic absences. The structure is isomorphous 
and isostructural with the pure form of the compound, 
[Sn(Sepy),(SPh),]. During the least-squares refinement 
cycles, it was found that one of the Sn-S bond lengths was 
longer than the other (Sn-S(l), 2.486(2) A vs. Sn-S(2), 
2.467(2) A, Alu = 7.1). Chemical analysis and solution ' " ~ n  
NMR data (see above, and following) show that the data crys- 
tal must contain both Sn(Sepy),(SPh), and Sn(Sepy),(SPh). 
However, comparison with the structure of 1 (pure 
Sn(Sepy),(SPh),) suggests that only the S(1)Ph is contami- 
nated (see below). Assuming that only the S(1)Ph is contami- 
nated, comparison of the electron densities in the S(l) and S(2) 

positions gave the composition SPhISepy = 0.8910.11, in fair 
agreement with an average composition (Sn(Sepy),,,,- 
(SPh),,,,) calculated for 2 from the C, H, and N microanalyses 
and the average composition [Sn(SPh)-l,,,(Sepy)-2,,3] 
obtained by '19sn NMR, both for the same batch of crystals 
from which the data crystal was chosen. The site occupancies 
of S(1), C(12), C(16), H(12), and H(16) were fixed on the 
basis of the elemental analysis for the subsequent least- 
squares cycles (see footnote 5, re: deposited material). All the 
non-hydrogen atoms in the neutral molecule were refined 
anisotropically. All the hydrogen atoms were placed in calcu- 
lated ideal positions and included for the purpose of structure 
factors calculations only. In the final least-squares refinement 
cycles on F ~ ,  the model converged at R1 = 0.0306, wR2 = 
0.065 1, and Gof = 1.021 for 2756 reflections with Fo 2 4u(F0) 
and 258 parameters, and R1 = 0.0706, wR2 = 0.0845 for all 
4136 data. In the final difference Fourier synthesis the electron 
density fluctuates in the range 0.41(9) to -0.58(9) e A". The 
four top peaks resided near the S(2), Se(l), and Sn at distances 
of 0.67-0.96 A. There is no shift in the final cycles. An extinc- 
tion correction was refined to 0.00185 (1 1). The experimental 
details and crystal data are shown in Table 1 and Table 3 con- 
tains the positional and thermal parameters. 

The agreement factors obtained when the crystal was 
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Table 3. Atomic coordinates (x104) and equivalent isotropic displacement parameters 
(A2 x lo') for 2. U(eq) is defined as one third of the trace of the orthogonalized U, 
tensor. 

Atom x Y z u(eq) 

"Occupancy factor 1.16875. 
"Occupancy factor 1.01 250. 

assumed to be pure Sn(Sepy),(SPh), were as follows: RI = 
0.0304 and wR2 = 0.0686, Gof = 0.993 for 2756 reflections 
and 258 parameters; R1 = 0.0705 and wR2 = 0.0906 for all 
data. In the final Fourier synthesis, the four top peaks, with 
electron density range 0.58-0.51, resided around S(1) at dis- 
tances 0.55-0.80 A. The changes in the interatomic distances, 
bond angles, thermal parameters, etc., produced by this 
assumption are otherwise insignificant. 

Tables of anisotropic thermal parameters, hydrogen atom 
coordinates, selected weighted least-squares planes and 
selected dihedral angles for 1 and 2 have been deposited as the 
supplementary material.5 

Copies of tables of anisotropic thermal parameters, hydrogen 
atom coordinates, selected weighted least-square planes, selected 
dihedral angles, and selected closest non-bonded distances for 1 
and 2 may be purchased from: the Depository of Unpublished 
Data, Document Delivery, CISTI, National Research Council 
Canada, Ottawa, Canada KIA 0S2. The tables of hydrogen atom 
coordinates have also been deposited with the Cambridge 
Crystallographic Data Centre, and can be obtained on request 
from The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 IEZ, U.K. 

NMR spectra 
Proton and "c-{'HI NMR spectra of samples in 5 mm 0.d. 
NMR tubes were obtained using Varian Gemini-200 or Varian 
XL-300 NMR spectrometers. For ' I9sn- ( 'H  ), 7 7 ~ e -  ( ' H I ,  and 
' 2 5 ~ e - (  'H}  NMR, samples were prepared in 10 mm 0.d. NMR 
tubes. These spectra were measured using either the XL-300 
spectrometer or a Varian XL-200, depending on availability. 
Internal references for 'Hand "C NMR spectra were the solvent 
residuals. External references for ' I9sn, 7 7 ~ e ,  and " ' ~ e  NMR 
spectra were neat SnMe,, neat Me,Se, and neat SnMe, ( v [ " ~ T ~  
for Ph,Te, (0.5 M CH,C~,}]IV[~"S~ for neat SnMe,]) = 0.846 
409 + 0.000 002 at 295 + 2 K (16) and STe(neat Me,Te, 
external) = ST, (Ph,Te, (0.5 M in CH,Cl,]) + 422 (17a), 
respectively. 

Mass spectrum 
The mass spectrum of 2,2'-py,Te, was measured with a Finni- 
gan MAT 8230 spectrometer at 70 eV using isobutane for 
chemical ionization. 

Elemental microanalysis 
Carbon, hydrogen, and nitrogen microanalyses were carried 
out by Guelph Chemical Laboratories Ltd. 
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Results and discussion 

(i) PhE'Epy (E' = S or Se; E = Se or Te) 
When Sn(EIPh), (E' = S or Se) reacts with py,E, (E = Se or 
Te), PhE'Epy are possible products. So far as we are aware, no 
NMR data have been reported for these particular mixed 
dichalcogenides. Therefore, to facilitate analysis of the reac- 
tion mixtures described in the following sections, PhE'Epy 
were pre ared separately from Ph,E', and py2E2 and their 7 7 ~ e  
and (or) "Te NMR spectra measured. The results are summa- 
rized in Table 4. For the sake of completeness, data for 
PhTeEpy (E = Se or Te) are included in Table 4 as well, and 
the table also contains data for the series PhE'EPh, for compar- 
ison. Again, all these species were prepared by mixing the 
symmetrical dichalcogenides. The system Ph,Te,:py,Te, was 
used to confirm4 tjTe for py,Te,. 

The rate at which redistribution occurs in Ph,E',:py,E, or 
Ph,E',:Ph,E, mixtures depends on the lightest chalcogen in 
the mixture. At the concentrations used in this study (ca. 0.05 
mol/L of solvent) the redistributions are complete in minutes 
at room temperature (in the time of mixing and initial NMR 
spectroscopic measurement) when the lightest chalcogen is 
Te, hours when it is Se, and appear not to have reached equi- 
librium in weeks when it is S. These rates correlate with 
the energies of homolytic bond cleavage Te-Te < Se-Se < 
S-S (7b). 

The assignments for PhE'ER (R = Ph or py) are straightfor- 
ward except for the diselenide and ditelluride of formula 
PhE'Epy. We find that the line widths of R,Se, and R,Te, are 
reproducibly larger for R = py than for R = Ph, A A v ~ ~ ~ ( ~ ~ )  = 2 
Hz and A A v ~ ~ ~ ( ~ ~ )  = 16 HZ, probably because of residual cou- 
pling to ' 4 ~  when R = py. In PhE'Epy (E = E' = Se or Te) the 
two 7 7 ~ e  or ' 2 5 ~ e  resonances are of similarly disparate line 
width and we assi n the broader line to the -Epy group. 

1 2 8  The 7 7 ~ e  and Te resonances of PhE'ER (R = py or Ph; E = 
Se or Te) show behaviour analogous to Normal Halogen 
Dependence (19): the shielding of 7 7 ~ e  or 1 2 5 ~ e  in the ER 
grou depends on the chalcogen E' in the order S < Se < Te. In P the Se and ' 2 5 ~ e  NMR spectra (E = 7 7 ~ e  or 1 2 5 ~ e ) ,  the ratio 
[G,(PhSeER) - G,(PhTeER)]/[G,(PhSER) - 6 (PhTeER)] = 
0.23 for E = ' ? ~ e ,  R = py or Ph, and 0.30 for ' Z ~ T ~ ,  R = py or 
Ph, providing the assignment for PhEE'py (E = E' = Se or Te) 
is made as described above. The invariance of the ratios with R 
lends su ort to the proposed assignments. The value of 0.30 
for E = "Te is close to the average found for the analogous 
ratio in halogen-containing species of a variety of elements 
(20), while the value of 0.23 for E = 7 7 ~ e  is at the lower end of 
such values. 

(ii) S ~ ( S P ~ ) , ( S ~ P Y ) ~  
Tin- 1 19 NMR spectra show that four new species, each giving 
one Il9sn signal with 7 7 ~ e  satellites, are formed sequentially 
when py,Se, is added to Sn(SPh), in gradually increasing 
amount. The 7 7 ~ e  NMR spectra of the mixtures show a corre- 
sponding four signals for selenium attached to tin, which can 
be assigned from their order of appearance and their 1'71"9~n 
satellite splittings. The 7 7 ~ e  NMR spectra also show a signal 
from pySeSPh (see above) and, in py,Se,-rich mixtures, a sig- 
nal from unreacted diselenide. The formation of pySeSPh 
shows that PhS- and pySe- ligands are interchanging in 
the Sn(SPh),:py,Se, mixtures, although the existence of unre- 

Table 4. Selenium-77 and " ' ~ e  N M R  data for PhE'ER (R = py 
o r  Ph) and the corresponding symmetrical species in CHzClz at 
ambient probe temperature. 

Compound E1,E SS," beh 

PhE'Epy S ,Se  
S ,Te 
Se,Se 
Te,Se 
Se,Te 
Te,Te 

PhE'EPh S,Se 
S ,Te  
Se,Te 
Se,Se 
Te,Te 

PYA -,Se 
-,Te 

- - 

"Reproducibility k0.5 pprn. 
"~eproducibility k1 ppm or better, except as noted; uncertainty from 

referencing k3 pprn. 
'PhE'- (tentative assignment). 
d - ~ p y  (tentative assignment). 
'Earlier 17Se NMR data are available for this compound, e.g., ref 17b. 
Qeproducibility approximately i3 ppm. 
"arlier "'Te NMR data are available for this compound, e.g., ref 170. 
"ti,, = 439 (CDCI,) (18). 

acted py2Se2 in the equilibrium mixtures, even at the lowest 
Sn(SPh),:py,Se, ratio investigated (1:0.5), shows that 
the interchange is incomplete. Evidently Sn(SPh),(Sepy), 
are being formed according to equilibrium [I], E' = S, E = 
Se. Table 5 contains Il9sn and 7 7 ~ e  NMR data for 
Sn(SPh),(Sepy 1,. 

[ I ]  Sn(E'Ph), + n py,E, F? Sn(E'Ph),(Epy), + tn pyE,-,E'Ph, 
(equilibrium mixture) 

The complexes Sn(SPh),,(Sepy), form more readily for x = 
1 or 2 than for x = 3 or 4. The latter two species become major 
components of the mixtures only in the presence of a signifi- 
cant excess of py2Se2, e.g., when py,Se,:Sn(SPh), = 5.5, the 
relative amounts of the three species present are 
Sn(SPh),(Sepy), > Sn(sPh)(Sep~)~ > Sn(SePy),. Redistribu- 
tion (equilibrium [2]) 

is significant for x = 1 and 3, but not for x = 2. 
Structural information can be deduced from the pattern 

of Il9sn NMR chemical shifts that is observed for Sn(SPh), 
,(Sepy),. Defining A&,, (4-x,4-x-1) as 6sn[Sn(E'Ph)4-x(ER)x] 
- Gsn[Sn(E'Ph),-'(ER),,,], the data (Table 5) for the series 
where E' = S, E' Se, R = py give A6,,(4,3) = 243, A6,, (3,2) = 
349, A&,, (2,l) = 121, Atis, (1,O) = 145 ppm. Significantly, the 
values of A&, (4,3) and Ass,(3,2) are relatively large. A dif- 
ferent pattern is observed for Sn(SPh),(SePh),, A6,,(4,3) = 
41.7, A6,, (3,2) = 44.2, A6,, (2,l) = 46.8, A6,, (1,O) = 49.5 
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Chopra et al 

Table 5. Representative metal and chalcogen N M R  data fo r  s n ( E ' P h ) , _ , ( E ~ y ) ~  in CH,Cl, a t  ambient probe 
temperature. 

"Relative to external neat SnMe, at ambient probe temperature. Reproducibility f 0 . 5  ppm. 
'Relative to external neat MezSe at ambient probe temperature. Reproducibility H . 5  ppm. 
'Converted to external neat MezTe as external reference as described in the experimental section. Reproducibility + I  ppm. 

Uncertainty due to referencing f 3  ppm. 
d~eproducibility 35 Hz or better, except as noted. 
'Earlier data are available, e.g., refs. 21, 22. 
Qarlier data are available, e.g., refs. 22, 23. 
"Sepy. 
"-SePh. 
' f 3  ppm. 
'Could not be observed with certainty at ambient probe temperature; at 213 K, 1J('17i"YSn-77Se),,, =I200 Hz. 
k1J(''7i"ySn-'25~e),,yg; at 213 K, 'J(117"'YSn-"5Te),,g =I040 Hz. 

ppm for E = S, E' = Se, R = Ph (22). Using previous arguments 
(4), the difference between the two patterns is associated with 
initial replacement of SPh- by chelating Sepy- in the series 
Sn(SPh),(Sepy),. A similar process cannot occur in 
Sn(SPh),(SePh),. For Sn(SPh),(Sepy),, bi- for mono-den- 
tate replacement occurs until a coordination number of six is 
reached, after which SPh- is replaced by monodentate Sepy-. 
In the series Sn(SPh),,(pyt), (4), this argument was bolstered 
by a structure determination for ~ n ( ~ ~ - ~ ~ t ) ~ ( ~ ~ - ~ ~ t ) ~ . ~ ~ t ~ .  
Since only one 7 7 ~ e  NMR si nal is observed for ! Sn(SPh),(Sepy), (x = 3 or 4), but J(Sn-Se) is maintained, 
there must be rapid intramolecular exchange of chelating and 
monodentate Sepy- in these complexes at ambient probe tem- 
perature. There is no dramatic decrease in the magnitude of the 
time-averaged 'J when the monodentate Sepy- is incorporated, 
and therefore the monodentate pySe- must be Se-bonded. Thus 
Sn(SPh),(Sepy), should be formulated Sr~(SPh)~(Sepy- 
N,Se), Sn(SPh),(Sepy-N,Se),, Sn(SPh)(Sepy-N,Se),(Sepy-Se), 
and Sn(Sepy-N,Se),(Sepy-Se), for x = 1 through 4. The formu- 
lation of Sn(SPh),(Sepy-N,Se), is confirmed by the X-ray 
structural analysis given below, and that of Sn(SPh)(Sepy- 
N,Se),(Sepy-Se) is given strong support by its co-crystalliza- 
tion with Sn(SPh),(Sepy-N,Se), in 2 (see below). Pure 
Sn(SPh),(Sepy), cannot be isolated in the presence of 
Sn(SPh)(Sepy), (see Experimental), but it can be isolated in 
the presence of Sn(SPh),(Sepy-N,Se), presumably because co- 

In contrast, distorted dodecahedra1 coordination has been 
reported for  Sn(2-S-C5H,N-3-SiMe,-N,S), (24). 

crystallization is now prevented by the different shapes of the 
two complexes. The structure of pure Sn(SPh),(Sepy-N,Se),, 
1, is described below. 

(iii) Sn(SePh),(Sepy), 
These complexes are formed in the system Sn(SePh),:py2Se2, 
according to eq. [I], E' = E = Se. For Sn(SePh),,(Sepy),, 0 < 
x < 4, two different sets of 7 7 ~ e  satellites are found around 
each Il9sn NMR signal, and two 7 7 ~ e  NMR signals are 
observed for each complex. Assignment can be made on the 
basis of the relative intensities of the two sets of satellites, 
together with a knowledge of the expected magnitude of 
' J ( " ~ s ~ - ~ ~ s ~ ~  ) from the series Sn(SPh),(Sepy), (Table 5) .  
Tin-119 and 'Se NMR data for Sn(SePh),(Se y), are P included in Table 5. It can be seen from the data that J is sig- 
nificantly larger for Sn-SePh coupling than for Sn-Sepy. Also, 
the values of 1 ~ ( " 9 ~ n - 7 7 ~ e p y )  vary irregularly with x. The 
pattern of ASsn is again ASS,(4,3),ASsn(3,2) > ASSn(2,1), 
ASsn(l,O) and we conclude that the structures of 
Sn(SePh),(Sepy), parallel those of Sn(SPh),(Se y) dis- P cussed above. Then the irregularity observed for J(lf9sn- 
7 7 ~ e p y )  must reflect changes in coordination number and ratio 
of bi- and monodenate S e p y  ligands. 

Equilibrium [ I  1 lies further to the right for E' = E = Se than 
for E' = S, E = Se, e.g., when Sn(SePh),:py,Se, = 1:0.5, no 
detectable pySeSePh or py,Se, is found at equilibrium, only 
Ph,Se,. Also, unlike Sn(SPh),(Sepy),, discussed above, 
Sn(SePh),(Sepy), does undergo significant redistribution, 
eq. [2], x = 2, and we have been unable to isolate pure 
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Sn(SePh),(Sepy),. These observations are consistent with 
the expectation that replacement of SePh- by another Se- 
donor ligand should be easier than replacement of PhS- by 
the Se-donor ligand, reflecting the greater ease of oxidation 
of SePh-. 

(iv) Sn(SPh),,(Tepy), (x = 1 or 2) 
Mixtures of Sn(SPh), and py,Te, or of Sn(SPh), and py2Te, 
are not particularly stable, and some decomposition was evi- 
dent durin the extended periods necessary to obtain both 8 lI9sn and 1 - 5 ~ e  NMR spectra at either ambient probe temper- 
ature or at 2 13 K. However, we were able to fully characterize 
Sn(SPh),(Tepy) and Sn(SPh),(Tepy),. This appears to be the 
first evidence for ligand behaviour by Tepy-. The complex 
Sn(SPh),(Tepy) was the major species at Sn(SPh),:py2Te2 = 
1: 1 or 15 .  Both these mixtures contain both unreacted py,Te, 
and pyTeSPh, as evidenced by 1 2 5 ~ e  NMR. Solutions in which 
Sn(SPh),(Tepy), is the major species can be made by oxida- 
tive addition, eq. [3], E' = S, but some decomposition is indi- 
cated by change of the mixture from pale orange to dark brown 
with the formation of a black insoluble species. 

(with decomposition) 

No evidence was found for Sn(SPh)(Tepy), or Sn(Tepy), 
when mixing, and NMR spectral measurements were carried 
out either at ambient probe temperature or at 213 K. 

Sn-119 and ' 2 5 ~ e  NMR data for Sn(SPh),,(Tepy), (x = 1 or 
2) are included in Table 5. It is important to note that for these 
complexes the values of ASsn(4-x,4-x- 1) (ASsn(4,3) = 3 18, 
ASSn(3,2) = 427 ppm) are much larger than the corresponding 
values found (22) for Sn(SPh),,(TePh), (ASsn(4,3) = 113, 
ASsn(3,2) = 139 ppm). This suggests that the first two pyTe- 
ligands introduced into Sn(SPh),,(Tepy), behave as N,Te- 
chelates, but data for the full series Sn(SPh),,(Tepy), are nec- 
essary to strengthen this conclusion. It is possible that chela- 
tion of Tepy- in Sn(SPh),,(Tepy), (x = 1 or 2) may be 
prevented by steric congestion, but then it is not obvious why 
Sn(SPh),(pyTe-Te), (x = 3,4) should not be formed, since 
the analogous TePh--containing species have been prepared in 
solution by an oxidative addition (22). 

(v) Sn(SePh),,(Tep~), 
The behaviour of mixtures of Sn(SePh), and py,Te, (eq. [2]) 
or of Sn(SePh), and py,Te, (eq. [3]) is generally similar to that 
of the thiolate analogues, except that here both ""e and 7 7 ~ e  
couple to Il9sn. The mixtures provide lI9sn, 1 2 5 ~ e ,  and 7 7 ~ e  
NMR evidence for Sn(SePh),(Tepy), (x = 1 or 2), along with 
unreacted py,Te, and pyTeSePh. In no mixture examined was 
Sn(SePh),(Tepy), the major tin-containing species. 

Details of the NMR spectra are iven in Table 5. The mag- F nitudes of 'J(' 1 9 ~ n - 7 7 ~ e )  and J(I ~ n - ' * ~ ~ e )  are quite differ- 
ent for Sn(SePh),(Tepy) and, together with the relative 
satellite intensities in the Il9sn NMR spectrum, this makes 
assignment of the 'Jcouplings straightforward for this species. 
Even at 213 K, the 'J couplings of Sn(SePh),(Tepy), are not 
completely resolved, but they are evidently of similar magni- 
tude, and it is possible that the assignments should be reversed. 

Again, a comparison of ASsn(4,3) and ASSn(3,2) for phenyl 

Fig. 1. Perspective view of the molecule Sn(SPh),(2-Se-C,H,N- 
N,Se),. 

A 

(22) and 2-pyridyl analogues shows that pyTe- is most proba- 
bly behaving in a chelating manner: the values are 302 and 410 
ppm for Sn(SePh),,(Tepy), and 89 and 102 ppm for 
Sn(SePh),_,(TePh),. 

(vi) Structure of Sn(SPh),(Sepy),, 1 
The crystal structure of 1 consists of dibcrete Sn(SPh),(Sepy), 
molecules. The closest approach is 2.267 A between H(16) 
and H(12) (x - 0.5, 1.5 - y, z - 0.5). Figure 1 shows a per- 
spective view of the molecule and gives the numbering 
scheme. The bond distances and bond angles are given in 
Table 6. 

Monomeric Sn(SPh),(Sepy), has the structure 
Sn(SPh),(C5H,NSe-N,Se),, with bidentate chelating pySe- 
ligands. This confirms the conclusion reached from the 'I9sn 
NMR data. There is distorted octahedral coordination about 
the Sn, with the two S atoms mutually cis, the two Se atoms 
mutually trans, and the two N atoms mutually cis. The config- 
uration is very similar to that found for Sn(C5H4NS-N,S),Cl,, 
3 (24), and for Sn(C5H4NS-N,S),(C5H4NS-S)2, 4, in 
Sn(pyt),pytH (4), but quite different from the distorted 
dodecahedra1 structure of Sn(2-S-C5H3N-3-SiMe,-N,S), (25) 
or the trans-diorganyl grossly distorted octahedral (or dis- 
torted tetrahedral (26)) structures of various complexes 
R,Sn(pyt), (R = Me (27), c-C6Hll (28), or Ph (29)) and 
BuH,Sn(2-S-5-NO,-C5H3), (26). 

The Sn-S distances of 2.464(2) and 2.475(2) A are very 
similar to those of the monodentate pyt- ligands in 4 (4), but 
slightly lower than those of Sn(SPh),(bipy), which range from 
2.497(1) to 2.502(1) .& (30) Similarly, the Sn-N distances of 
2.325(5) and 2.333(5) A are identical within experimental 
uncertainty to those of the chelating ligands in 4. They are, 
however, slightly larger than those of 3 (2.271(9) and 
2.256(9) A), and much smaller than the values found (26-29) 
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Table 6. Bond distances and angles for Sn(SPh),(C,H,NSe-N.Se)2, 1. 
(a)  Bond distances 

Atom Atom Atom 
Distance Distance D~stance 

1 2 (A) 1 2 (A) 1 2 (A) 

Sn Se( I ) 2.629 l(8) Sn S( 1 )  2.475(2) S n N(1) 2 325(5) 
S n Se(2) 2.6358(8) Sn S(2) 2.464(2) S n N(2) 2.333(5) 
Se(l) C(1) 1.891(6) S(1) C(11) 1.769(8) N(1) C(1) 1.332(8) 
Se(2) C(6) 1.892(7) S(2) C(17) 1.783(6) N(1) C(5) 1.347(8) 
N(2) C(6) 1.360(8) N(2) C(10) 1.320(9) C(1) C(2) 1.392(9) 
C(2) C(3) 1.353(10) C(3) C(4) 1.372(11) C(4) C(5) 1.376(10) 
C(6) C(7) 1.371(10) C(7) C(8) 1.352(12) C(8) C(9) 1.376(13) 
C(9) C(10) 1.355(11) C(11) C(12) 1.366(10) C(I I )  C(16) 1.379(10) 
C(12) C(13) 1.352(11) C(13) C(14) 1.365(12) C(14) C(15) 1.372(13) 
C( 15) C( 16) 1.424( 13) C(17) C(18) 1.371(9) C( 17) C(22) 1.376(9) 
C(18) C(19) 1.401(9) C( 19) C(20) 1.36 l(10) C(20) C(21) 1.359(10) 
C(21) C(22) 1.392( 10) 

(O) Bond angles 

Atom Atom Atom 
Angle Angle Angle 

I 2 3 (deg) I 2 3 (deg) I 2 3 (de,o) 

N(1) Sn N(2) 79.8(2) N(1) Sn S(2) 163.98(13) N(2) Sn S(2) 95.30(14) 
N(1) Sn S(1) 86.79(13) N(2) Sn S(1) 158.35(14) N(2) Sn S(1) 101.95(7) 1 ~ ( 1 )  sn  Se(l) 65.93(12) N(2) Sn Se(l) 88.24(13) S(2) Sn Se(l) 98.89(5) 

1 S(1) Sn Se(l) 101.74(5) N(1) Sn Se(2) 93.35(12) N(2) Sn Se(2) 65.78(13) 
S(2) Sn Se(2) 98.53(5) S(1) Sn Se(2) 98.47(5) Se(l) Sn Se(2) 149.86(3) 
C(I) Se(l) Sn 78.5(2) C(6) Se(2) Sn 79.5(2) C(11) S(1) Sn 98.4(2) 
C(17) S(2) Sn 99.2(2) C(1) N(1) C(5) 121.2(6) C(1) N(1) Sn 102.4(4) 
~ ( 5 )  ~ ( 1 )  sn 136.2(5) N(1) C(1) C(2) 120.2(6) N(1) C(1) Se(l) 113.1(5) 

) C(2) C(1) Se(l) 126.6(5) C(3) C(2) C(1) 118.7(7) C(2) C(3) C(4) 121.1(7) 
C(3) C(4) C(5) 118.5(7) N(1) C(5) C(4) 120.3(7) C(10) N(2) C(6) 119.3(6) 

' C(10) N(2) Sn 137.8(5) C(6) N(2) Sn 102.9(4) N(2) C(6) C(7) 119.6(7) 
N(2) C(6) Se(2) 1 1  1.8(5) C(7) C(6) Se(2) 128.6(6) C(8) C(7) C(6) 119.7(8) 
C(7) C(8) C(9) 120.8(8) C(10) C(9) C(8) 116.9(9) N(2) C(10) C(9) 123.7(8) 
c(12) C(11) C(16) 119.1(8) C(12) C(11) S(1) 120.9(6) C(16) c(11) S(1) 120.0(6) 
C(13) C(12) C(11) 122.3(8) C(12) C(13) C(14) 120.8(9) C(13) C(14) C(15) 118.7(9) 
C(14) C(15) C(16) 120.9(8) C(I1) C(16) C(15) 118.2(8) C(18) C(17) C(22) 119.9(6) 
c(18) C(17) S(2) . 120.0(5) C(22) C(17) S(2) 120.1(5) C(17) C(18) C(19) 120.3(7) 
C(20) C(19) C(18) 1 19.2(7) C(21) C(20) C(19) 120.8(7) c(20) c(21) C(22) 120.6(7) 
C(17) C(22) C(21) 119.2(7) 

for the diorganyltinbis(pyridine-2-thiolates) (2.636(4) 
-2.77(1) A), consistent with the semi-chelating nature of the 
N,S ligand in the latter. The Sn-Se distances, 2.6291(8) and 
2.6358(8) A, are comparable to the values of 2.648(3)- 
2.669(3) observed in the octahedral anion of 
(P~,AS),[S~(S~,C=C(CN),)~] (31), but longer than analo- 
gous distances observed in various tetrahedral species of the 
general type Sn(SeR)4 (32, 33), as expected. 

The geometry of the Sepy- ligands is unexceptional (5, 6). 
The bite of the ligands observed in 1, 65.78(13)" and 
65.93(12)" falls outside the range of 58.9(4)"-62.9(4)" found 
for polymeric Cd(Sepy), (6a). The Sn-Se-C angles of 1, 
78.5(2)" and 79.5(2)", are similar to the corresponding intrac- 
helate angles in Cd(Sepy),, 77.5(5)" and 76.5(6)" (6a), but 

smaller than the corresponding angles found (33) in either 
form of Sn(SePh), (96.0(3)" and 96.5(3)" in the orthorhombic 
form, 95.1(3)" and 95.7(3)" in the monoclinic form), consis- 
tent with the formation of a small chelate ring in 1. The intra- 
chelate Sn-N-C angles of 1, 102.4(4)" and 102.9(4)", are 
slightly larger than the corresponding angles found for the 
chelate rings of either 3 (98.1(7)" and 100.0(7)") or 4 (99.6(4)" 
and 98.5(4)"). This is consistent with the presence of a longer 
Snxhalcogen bond in the chelate rings of 1 than in those of 3 
or 4. 

(vii) Structure of Sn(SPh)l~85(Sepy)r15, 2 
Overall, the structure of the neutral molecule that provides a 
solution in the X-ray analysis of 2 is remarkably similar to that 
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Table 7. Bond distances and angles for Sn(SPh),,,, (2-Se-C,H,N),,,, 2. 
(a) Bond distances 

Atom Atom Atom 
Distance Distance Distance 

1 2 (A) 1 2 (A) 1 2 (A) 

(b) Bond angles 

Atom Atom Atom 
Angle Angle Angle 

1 2 3 (deg) I 2 3 (deg) 1 2 3 

observed for 1. Selected bond distances and angles are given in 
Table 7, using the same numbering scheme as in Fig. 1. The 
agreement factors, estimated standard deviations, residual 
electron density, thermal parameters, etc. indicate that this is a 
very good X-ray analysis (34,35). Indeed, if considered in iso- 
lation, the X-ray analysis could easily be mistaken for that of 
1; only the NMR and elemental analytical data (see experi- 
mental section) tell us that the compound is not 1. There is, 
however, a discrepancy involving the Sn-S distances. In 2, 
the Sn-S(l) distance exceeds the Sn-S(2) distance by more 
than in 1 (Ala = 7.1 vs. 3.9). As well, if the data measured here 
are interpreted as due to 1, there is excess electron density in 
the vicinity of S( l )  (see Experimental). The data are of suffi- 
ciently high quality that these admittedly minor discrepancies 
warrant further discussion. 

We can account for the anomalies occurring in 2 as follows: 
since the Sn-S(2) distances of 1 and 2 are identical (2.466(2) 
vs. 2.464(2) A), there is no disorder involving S(2)Ph; partial 
occupation of the SPh site by Sepy occurs only at S(1)SPh. In 
our refinement we allowed the pyridyl group of the contami- 
nant to occupy its two possible orientations with equal proba- 
bility. Since the Sn-Se bond length will exceed the Sn-S 
bond length, incorporation of 15% of Sepy extends Sn-S(l) 
in the (average) molecule, which provides a solution for the 
data. Incorporating the disorder also has the effect of remov- 
ing the excess electron density in the vicinity of S( l )  (see 
Experimental). It is noteworthy that substitution of Sepy for 
SPh occurs at only one of the two chemically identical, though 
crystallographically distinct (see above), SPh sites of 
Sn(Sepy),(SPh),. Selective substitution of this type has been 
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observed in other instances (for recent reviews, see ref. 36). 
The proof of co-crystallization and resulting disorder in 2 

provides another example in support of the crystallographers' 
maxim, formalized by Parkin (36), that extra caution must be 
exercised if there are any unusual measured bond lengths. 
When in doubt, evidence from spectroscopic and chemical 
analysis should be sought to correctly formulate compounds 
and to understand the crystallographic anomaly. 

It is evident that in order for S n ( s e p ~ ) ~ ( S P h ) ~  and 
Sn(Sepy),(SPh) to co-crystallize as 2 in the manner detected, 
the structure of Sn(Sepy),(SPh) must be the same as that of 
Sn(Sepy),(SPh), in 1, i.e., it must be c i s - ~ n ( ~ ~ - ~ e ~ ~ ) , ( ~ ' -  
Sepy)(SPh). Thus the formulation ~ n ( ~ ~ - ~ e ~ ~ ) , ( ~ ' -  
Sepy)(SPh) proposed from the pattern of 'I9sn NMR chemical 
shifts (see above) is confirmed. 
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I lonically conducting polyether composites 

J.R. Stevens and W. Wieczorek 

Abstract: Ionic conductivity in polymer-salt electrolytes occurs in the amorphous regions of the complex. Poly(ethy1ene oxide) 
(PEO) is the best polyether for complexing salts. Unfortunately, it is partially crystalline at ambient temperatures. With inorganic 
(i.e., alumina) or organic (i.e., poly(acry1amide) (PAAM)) fillers the crystallization of PEO is inhibited and the room temperature 
conductivity is enhanced in these mixed phase systems by over two orders of magnitude (to -lo4 Slcm) above the base PEO- 
salt system (<lo4 Slcm). Even adding PAAM to an initially amorphous system (oxymethylene-linked PEO-LiC104) increases 
the room temperature conductivity by 2 to 3 times. Various alkali metal salts (Li, Na) and NH4SCN are used with a-Al,03, 0- 
A1,03, PAAM' and poly(N,Nf-dimethyl acrylamide) as fillers. The aluminas stiffen the complex and increase Tg. The addition of 
the organic fillers lowers T,, as is to be preferred. It is suggested that changes in the conductivity with changes in salt and filler 
concentration are due to changes in the ultrastructure and morphology and are the result of an equilibrium between various Lewis 
acid - Lewis base reactions. Qualified success has been achieved in modelling ionic conductivity in these composite electrolyte 
systems using an effective medium approach. In this approach it has been assumed that the main conductivity enhancement takes 
place in thin amorphous layers of the polyether that coat the dispersed polyacrylamide particles separated in a microphase. In the 
best complexes this layer is identified by a second T,. 

Key words: polyethers, composites, ionic conductivity, phase structure, Lewis acids and bases. 

Resume : La conductivitC ionique des Clectrolytes de la forme sel de polymbres se produit dans les rCgions amorphes du 
complexe. Le poly(oxyde d'Cthylkne) (ccPE0~) est le meilleur Cther pour la complexation des sels. En prksence de garnitures 
inorganiques (par exemple, de I'alumine) ou organique (par exemple, le poly(acry1amide) (PAAM)), la cristallisation du aPEO), 
est inhibk; dans ces systbmes de phases mixtes, la conductivitC i la tempCrature ambiante est de deux ordres de grandeur plus 
ClevCe (rehausske i environ lo4 Slcm) que celle du systkme de base ccPEOn-sel (<lo4 Slcm). M&me l'addition de PAAM i un 
systkme initialement amorphe (ecPE0~-LICI04 liC par de l'oxymtthylkne) provoque une augmentation (par des facteurs de deux 
i trois) de la conductivitC i la tempkrature ambiante. Divers sels de mCtaux alcalins (Li, Na), de meme que la NH4SCN, peuvent 
&tre utilisks comme garnitures de concert avec de I'm-Al,O,, du 0-A1,03, du PAAM et du poly (N,N'-dimtthyl acrylamide). Les 
alumines solidifent le complexe et augmentent la valeur de Tg. Comme on peut l'espkrer, I'addition de garnitures organiques 
diminue la valeur de T,. I1 a kt6 suggCrk que les changements dans la conductivitC associks B des changements dans la 
concentration en sel et en garniture sont dus i des changements dans l'ultrastructure et la morphologie et qu'ils sont le rksultat 
d'un Cquilibre entre diverses rkactions d'acides et debases de Lewis. Utilisant une approche faisant intervenir le milieu effectif, 
on a obtenu des rksultats mitigCs dans le modelage de la conductivitk ionique dans ces systkmes Clectrolytes composites. Dans 
cette approche, on fait l'hypothkse que l'augmentation principale de la conductivitk se produit dans des couches minces 
amorphes de polykther qui recouvrent les particules disperskes de polyacrylamide sCparkes dans une microphase. Dans les 
meilleurs complexes, cette couche est identifike par une deuxikme valeur de Tg. 

Mots c l b  : polykthers, composite, conductivitC ionique, structure de la phase, acides et bases de Lewis. 

[Traduit par la rkdaction] 

Introduction matrix conducive to the coordination of the heteroatoms with 

Polymer electrolytes are complexes of electronodonor poly- 
mers with various inorganic or organic salts or acids (1). The 
entropic and enthalpic characteristics of the polymer-salt sys- 
tem should promote the dissociation of the dopant salt or acid. 
For cation solvation it is necessary for the polymer to contain 
series of heteroatoms each with lone electron pairs (usually 0, 
N, S) that have inter or intramolecular spacings in the polymer 
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the acceptor cations. The anions are only weakly coordinated, 
if at all; they usually simply "dig" into the polymer matrix. 

In these systems ionic transport mainly occurs through a 
coupling of the ions with relaxing polymer segments in the 
amorphous regions of a highly viscoelastic material; high cat- 
ionic transport numbers and fast structural and ion relaxation 
times are important. Another requirement is, then, that the 
amorphous regions of the material be as far above the liquid- 
glass transition as possible in the operating temperature and 
pressure range. The final requirement is structural and chemi- 
cal stability; such characteristics as degradation, moisture 
absorption, phase separation, and crystallization over time 
would be detrimental to a useful polymer electrolyte. 

The most intensely studied polymer electrolytes (2-5) are 
based on poly(oxa alkanes), poly(aza alkanes), or poly(thia 
alkanes). These studies are motivated by the possibility of a 
variety of applications among which are (i) solid state primary 
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and secondary microbatteries with a lithium or lithium alloy 
anode and a composite cathode containing intercalated mate- 
rials, (ii) electrochemical sensors, and (iii) electrochromic 
devices (displays and "smart" windows). The range of conduc- 
tivities depends on the kind of application and is - lo4 SI 
cm for batteries; conductivities can be lower for sensors and 
electrochromic applications. 

This report deals with polymer electrolytes based on 
poly(oxa alkanes) or polyethers and particularly on poly(eth- 
ylene oxide) (PEO) based composites complexed with alkali 
metal salts (Li, Na) and NH,SCN. These materials have a 
complicated phase structure consisting of an amorphous 
phase, a crystalline phase, and at least one in a range of crys- 
talline complex phases formed between the incorporated poly- 
mers and the salt. The contribution of each particular phase to 
the conduction process changes with temperature, causing dif- 
ficulties in the interpretation of experimental results; the 
mechanism for ionic conductivity in polymeric electrolytes 
has yet to be established. PEO is unfortunately about 70% 
crystalline at ambient temperatures with conductivities in the 
low range of lo-' - Slcm. The volume of flexible amor- 
phous phase and the ionic conductivity increase dramatically 
as the polyether melts. For polymer-salt complexes the melt- 
ing temperatures range between 65°C and 140°C depending 
on the salt concentration. However, at temperatures exceeding 
the melting point the mechanical and electrochemical stability 
of these electrolytes deteriorates. 

Since chains containing ethylene oxide (EO) provide just 
I the right spacing and solvation properties to coordinate and 

encapsulate suitable cations, considerable work has been done 
: to synthesize EO configurations that limit or eliminate crystal- 

lization. This research has taken three main directions. The 
first is to limit the length of the chain segments containing EO 
monomeric units to between 4 and 15. Such lengths are long 
enough to effectively complex alkali metal cations but too 
short to effectively crystallize. Examples are polymer net- 
works, random and block EO - propylene oxide (PO) copoly- 
mers, randomly variable length segments of PEO joined by 
methyleneoxide units, and comblike systems with short chain 
EO or EO-PO sequences as the comb "teeth" and backbones 
like poly(dimethy1 siloxane) and poly(phosphazene) (5). The 
second is to use plasticizing salts that form complexes with 
low-temperature eutectics with the pristine ~ ~ o - ~ h a s e ,  and 
the third is to add fillers that reduce the crystallizing tenden- 
cies of the PEO polymer host. 

From the point of view of ease of preparation as well as 
commercial application the third idea is the simplest. Gener- 
ally two types of composite polymeric electrolytes are consid- 
ered. The first is based on inhomogeneous mixtures of 
polymer and inorganic or organic additives that are not dis- 
solved in a common low molecular weight volatile solvent. 
These are mixed phase systems and are the subject of this 
study. Examples of organic additives, and the ones used here, 
are poly(N,N'-dimethylacry lamide) (NNPAAM) and poly - 
acrylamide (PAAM). Hydrogen bonding is possible in PAAM 
composites but not in NNPAAM composites since NNPAAM 
lacks an amidic hydrogen. Blend-based composite polymeric 
electrolytes are the second type (6, 7). Examples are systems 
obtained by the dissolution of two (usually high molecular 
weight) components in an appropriate solvent followed by the 
evaporation of the solvent; miscible or partially miscible 

blends of both components are formed. In the present work the 
application of solid inorganic and organic additives is 
explored in an attempt to prevent crystallization and to 
enhance the ionic conductivity over that for the basic PEO- 
salt system. The overall objective has been to understand the 
role of the filler additives (organic and inorganic powders and 
high molecular weight polymers with special properties) in 
ionic conduction in these composite PEO-based electrolytes. 
Various aspects of this work have been reported previously in 
different publications (8-12). This paper assembles all of the 
relevant results from these publications for the purpose of dis- 
cussing and comparing physical and chemical properties. 
Gray has reported studies using low molecular weight addi- 
tives with the objective of improving the mechanical proper- 
ties of PEO-based electrolytes (3, 6). 

Experimental 

Sample preparation 
NNPAAM (M, = 1.3 x lo5, Polysciences, reagent grade) and 
PEO (Aldrich, reagent grade, M, = 5 x lo6) were used without 
further purification and after drying under vacuum (<lo4 
Torr; 1 Torr = 133.3 Pa) at 50-70°C for 48 h. The synthesis of 
oxymethylene-linked PEO (OMPEO) followed that of Nicho- 
las et al. (13). The resulting transparent elastomers were dried 
under vacuum for 48 h before synthesizing the polymer elec- 
trolyte. Polyacrylamide PAAM (M, = 1.6 x lo5) was prepared 
by the free radical polymerization of acrylamide (Aldrich, 
reagent grade) using benzoyl peroxide (Aldrich reagent grade) 
as initiator. The product was dried under vacuum at 100°C for 
48 h. Commercially available a-A1203(Aldrich reagent grade, 
fraction with grain sizes less than 5 pm) and 0-A1203 (with 
grain sizes less than 2 pm) were used as inorganic fillers. 
Amorphous aluminum oxide 0-A1203 was obtained by thermal 
dehydration of aluminum hydroxide performed at 1 100°C. 
The details concerning the preparation of these inorganic fill- 
ers as well as the separation of these fillers into fraction of dif- 
ferent grain sizes have been described elsewhere (14, 15). 
Acetonitrile (Aldrich, reagent grade) was doubly distilled and 
stored over type 4A molecular sieves. All of the steps in the 
preparation procedure were performed in an argon-filled dry- 
box (moisture content lower than 20 ppm). LiC10, (Aldrich, 
reagent grade), NaC10, (Aldrich, reagent grade), NH,SCN 
(Aldrich, reagent grade), and NaI (Aldrich, reagent grade) 
were dried under vacuum (<lo4 Torr) at 120°C prior to incor- 
poration. The concentration of salts was equal to 10 mol% 
with respect to the ether oxygen concentration. The solid com- 
ponents were mixed in appropriate amounts in a small glass 
reactor and then acetonitrile was added to form an approxi- 
mately 5 mass% suspension with respect to all solid compo- 
nents. The mixture was magnetically stirred until a 
homogenous suspension was obtained. Excess acetonitrile 
was removed by vacuum distillation. The com osite electro- 2 lytes obtained were dried under vacuum (<lo  Torr) for 48- 
72 h at 60°C. The concentration of fillers in the composite 
electrolytes varied between 5 and 50 ~01%.  All samples were 
equilibrated at ambient temperature for at least a month before 
undertaking any experiments. 

DSC studies 
DSC data were obtained between -110 and 150°C using a 
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Fig. 1. Comparison of the temperature dependence of ionic 
conductivity measured for [O] (PEO),$aI electrolyte and [ a ]  
(PEO),,NaI-8-Al,O, (10 mass%) composite electrolyte. 

DuPont TA 2910 scanning calorimeter with a low-temperature 
measuring head and liquid nitrogen cooled heating element. 
Approximately 15 mg samples in aluminum pans were stabi- 
lized by slow cooling to -1 10°C and then heated at 10°C/min 
to 150°C. An empty aluminum pan was used as a reference. 

Conductivity measurements 
Ionic conductivity was determined using the complex imped- 
ance method in the temperature range -20 to 100°C. The sam- 
ples were sandwiched between stainless steel blocking 
electrodes and placed in a temperature-controlled furnace. The 
impedance measurements were carried out on a computer- 
interfaced HP 4192 impedance analyzer over the frequency 
range 5-13 MHz. The peak-to-peak voltage in impedance 
experiments was equal to 1 V. 

Conductivity results 

Figure 1 compares the temperature dependence of the conduc- 
tivities for the (PEO),,NaI and (PEO)loNaI-8-A120, (10 
mass%) systems. The 8-A1203 grain sizes were less than 2 pm. 
At temperatures up to about 60°C, which roughly corresponds 
to the melting temperature of the crystalline PEO phase (T,), 
conductivities measured for the composite system are higher; 
above this temperature the ionic conductivities of both sys- 
tems are comparable. An abrupt change in the conductivity of 
the (PEO),$\JaI electrolyte near T, for the crystalline PEO 
phase is evident and is not observed for the composite electro- 
lyte. As can be seen in Table 1, the addition of 10 mass% of 8- 
A1203 to the (PEO),$\JaI electrolyte reduces the fraction of the 
crystalline PEO phase (X,) by 34%, increasing the conductiv- 
ity as shown for ambient temperatures in Fig. 1. Although low- 
ering Xc improves the conductivity, the addition of stiff filler 
grains results in lowering the flexibility of the composite elec- 
trolyte; the higher glass transition temperature (T ) measured 
for the (PEO),$\JaI-8-A1203 system is evidence of this. 

Fig. 2. Comparison of isotherms of ionic conductivity of PEO- 
PAAM-LiCIO, composite electrolytes at [O] 25°C and [V] 
100°C with isotherms of ionic conductivity of PEO-NNPAAM- 
LiClO, composite electrolytes at [ a ]  25°C and [TI 100°C. [.I, 
[a] :  Conductivities measured for the (PEO),,LiClO, electrolyte 
at 25°C and 100°C, respectively. 

Mass % o f  the  f i l l e r  

As PAAM is added to the (PEO)loLiC104 electrolytes, the 
ambient temperature conductivity increases to a plateau as is 
observed in Fig. 2. At 25°C the ionic conductivities of the 
majority of the PEO-PAAM-LiClO, composite electrolytes 
are higher than for the (PEO),&iClO, electrolyte. For the 
PEO-NNPAAM-LiClO, electrolytes, conductivity initially 
increases with the addition of the filler and then decreases for 
NNPAAM concentrations higher than 15 mass%. For 
NNPAAM concentrations higher than -30 mass%, conduc- 
tivities are lower than for the (PEO),,LiClO, system. 

At 100°C, conductivities of composite systems containing 
20-40 mass% of PAAM are still higher than for the 
(PEO)loLiC104 electrolyte. For NNPAAM electrolytes, con- 
ductivities are almost the same as for the (PEO),,LiClO,elec- 
trolyte up to 20 mass% of NNPAAM and gradually decrease for 
higher NNPAAM concentrations. As can be seen from Table 1, 
PAAM is effective at reducing crystallization in the 
(PEO),,LiClO, electrolyte series. The amount of the crystalline 
PEO phase in these composite electrolytes is lower than for the 
(PEO)loLiC104system. Two T,'s are observed for samples con- 
taining 15 and 25 mass% of PAAM. One is comparable to the 
T, of the (PEO),&iClO, electrolyte, the other is roughly com- 
parable to the T, of the undoped PEO system. It can be con- 
cluded that the addition of PAAM plasticized the PEO-LiC10, 
electrolyte and separated out a flexible amorphous phase of low 
T,. Similar trends are also observed for the PEO-LiC10, based 
composite electrolytes containing NNPAAM. Although the 
presence of two different T,'s is not observed, the T,'s of PEO- 
NNPAAM-LiClO, composite electrolytes are lower than for 
the (PEO),&iClO, system and decrease with an increase in the 
NNPAAM concentration. For concentrations of NNPAAM 
below -25 mass% the addition of NNPAAM reduces the frac- 
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Table 1. DSC data for composite polyether electrolytes. 

Type and  con^.^ 
Polymer host Type of salt" of filter T,, /K T,,IK XJW 

PEO 22 1 74 
OMPEO 215 18 
PEO NaI 249 70 
PEO LiClO, 242 23 
PEO NH,SCN 256 66 
OMPEO LiClO, 237 
OMPEO NaClO, 257 
PEO NH,SCN PAAM 40 262 64 
PEO NaI 8-A1203 10 260 40 
PEO LiCIO, PAAM 15 254 208 14 
PEO LiClO, PAAM 25 244 198 4 
PEO LiClO, PAAM50 239 3 
PEO LiClO, NNPAAM 15 239 <1 
PEO LiClO, NNPAAM 25 236 9 
PEO LiClO, NNPAAM 50 229 43 
OMPEO LiClO, PAAM 15 234 205 
OMPEO LiClO, PAAM 25 228 192 
OMPEO LiClO, PAAM 50 234 
OMPEO LiClO, NNPAAM 15 238 212 
OMPEO LiClO, NNPAAM 25 234 208 
OMPEO LiClO, NNPAAM 50 218 
OMPEO NaClO, PAAM 15 254 
OMPEO NaClO, PAAM 25 249 
OMPEO NaClO, PAAM 50 257 
OMPEO NaClO, a-Al,03 15 249 
OMPEO NaClO, a-A1203 25 245 
OMPEO NaClO, a-A1203 50 247 

"Concentration of salts in all electrolytes studied is equal to 10 mol% with respect to polyether 
oxygens. 

bConcentration of fillers in mass%. 
'XC calculated on the basis of DSC data according to the procedure described in ref. 9. 

tion of the crystalline PEO phase. For higher concentrations the 
Xc increases and approaches that for the (PEO)loLiC104 elec- 
trolyte. These changes in X, account for the decrease in con- 
ductivity observed at ambient temperatures for composite 
PEO-NNPAAM-LiC10, electrolytes with high concentrations 
of NNPAAM. 

Figure 3 compares the temperature dependence of conduc- 
tivity measured for the PEO-PAAM (40 mass%) blends (10 
mol% of LiC10,) with that for the same blends interchanging 
the LiC10, salt with NH,SCN. As can be seen, conductivities 
measured for electrolytes containing NH,SCN are slightly 
higher over the entire temperature range. This cannot be easily 
explained on the basis of the differential scanning calorimetry 
(DSC) results presented in Table 1 since there is no evidence 
of the presence of the low T flexible amorphous phase for the 
electrolytes doped with N ~ S C N .  Also Xc for the electrolyte 
containing NH,SCN is higher than for the composite electro- 
lyte with LiC10,. The NH4+ cations are less tightly bound to 
the polyether chains as was shown from FT-IR and Raman 
measurements (12, 16). 

Assuming the facilitating effect of these polyacrylamides on 
the conductivity of the (PEO)loLiC104 electrolyte, it is inter- 
esting to analyze the effect of the addition of polyacrylamides 
on the ambient temperature conductivities of the amorphous 

Fig. 3. Comparison of the temperature dependence of ionic 
conductivity of PEO-PAAM (40 mass%) based composite 
electrolytes with [O] 10 mol% of LiC10, and [a] 10 mol% of 
NH,SCN. 
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Fig. 4. Comparison of the isotherm of ionic conductivity of 
OMPEO-PAAM-LiCIO, composite electrolytes at [0] 2S°C 
with the isotherm of ionic conductivity of PEO-NNPAAM- 
LiC10, composite electrolytes at [a] 25OC. [a]: Conductivity 
measured for OMPEO-LiC10, electrolytes. All samples with 10 
mol% of LiClO, with respect to ether oxygen concentration. 

-8 I , I 
0 10  20 30 40 50 60 

M a s s  % o f  the  f i l l e r  

OMPEO-LiClO, electrolyte. This effect is shown in Fig. 4 in 
which conductivity isotherms at 25°C for the OMPEO- 
PAAM-LiClO, and OMPEO-NNPAAM-LiC10, systems are 
presented. As can be seen, the addition of polyacrylamides ini- 
tially decreases the ionic conductivity for PAAM concentra- 
tions up to - 10 mass% and for NNPAAM concentrations - 15 
mass%. This trend is reversed for samples containing 20-25 
mass% of these polyacrylamides. In this filler concentration 
range conductivities of composite electrolytes are roughly 2-3 
times higher than for the base OMPEO-LiClO, electrolyte. For 
concentrations of polyacrylamides exceeding 25 mass%, con- 
ductivity again decreases. As can be seen from Table 1, for 
polyacrylamide concentrations equal to 15 and 25 mass% two 
TgYs are observed, similar to the (PEO),&iClO,-PAAM sys- 
tems. The lower T, is comparable to the Tg of the undoped 
OMPEO, the higher to the Tg of the (OMPEO),oLiC104 elec- 
trolyte. Note that for systems containing NNPAAM, the higher 
Tg decreases with an increase in NNPAAM concentration and, 
for the sample with 50 mass% of NNPAAM, Tg is roughly the 
same as for the undoped OMPEO. This effect is similar to that 
previously described for the PEO-LiC10,-NNPAAM compos- 
ite electrolytes. The presence of a larger fraction of a flexible 
amorphous phase accounts for the higher conductivities mea- 
sured for composite electrolytes in comparison with the base 
OMPEO-LiC10, system. As can be seen conductivities mea- 
sured for most of the electrolytes containing NNPAAM are 
higher than for systems with PAAM (except in the 15-30 
mass% range). The higher conductivities measured for electro- 
lytes containing NNPAAM for concentrations higher than 30 
mass% can be explained by the higher flexibility (lower Tg) of 
the amorphous phase of these electrolytes compared to the 
OMPEO-PAAM-LiC10, composite electrolytes. 

In Fig. 5 the effect of the addition of various alkali metal 

Fig. 5. Comparison of the isotherm of ionic conductivity of 
OMPEO-PAAM blend-based composite electrolytes doped with 
[0] LiC10, and [a] NaC10,. T = 25°C. 
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salts (NaClO,, LiClO,) on the ambient temperature conductiv- 
ity of OMPEO-PAAM blends is shown. The shape of the con- 
ductivity isotherms measured for both systems is qualitatively 
the same. However, except for the concentrations of PAAM 
up to 10 mass%, conductivities measured for the electrolytes 
containing LiClO, are higher. This is consistent with the lower 
T, values measured for these composite electrolytes as shown 
in Table 1. 

In Fig. 6 the effects of the addition of inorganic (i.e., a -  
A1203) and organic (i.e., PAAM) fillers on the ambient tem- 
perature conductivity of OMPEO-NaClO, electrolyte are 
compared. Conductivity isotherms measured for both systems 
show the same trend: an initial drop in conductivity followed 
by an increase in conductivity with the conductivity maximum 
for samples containing -25 mass% of the filler, followed by a 
decrease in conductivity for higher filler concentrations. Up to 
filler concentrations of -25 mass%, conductivities measured 
for both composite systems are roughly the same. For higher 
filler concentrations conductivities measured for the electro- 
lytes containing a-Al,03 are higher. This is in agreement with 
the DSC data showing higher flexibility (lower Tg) for the 
OMPEO-NaCl0,-a-A1,03 system in this filler concentration 
range. 

Conductivity mechanism - discussion 

The ion conduction behaviour of composite polyether-based 
electrolytes can be explained in terms of a classification of 
components as either Lewis acid or Lewis base or as, in the 
case of the aluminas, amphoteric. Examples of Lewis bases 
are the ether oxygens of PEO and OMPEO, anions such as 
ClO,, I-, SCN-, the carbonyl oxygens of PAAM or 
NNPAAM, and the nitrogens of the NH, and N(CH3), groups 
of, respectively, PAAM and NNPAAM. Lif, Naf, and NH4+, 
cations can be classified as Lewis acids. Both 6- and a-A1203 
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Stevens and Wieczorek 2111 

Fig. 6.  Comparison of the isotherm of ionic conductivity of 
OMPEO-PAAM-NaC10, composite electrolytes at [a] 2S°C 
with the isotherm of ionic conductivity of 0MPEO-a-A1,0,- 
NaClO, composite electrolytes at [0] 2S°C. [B]: Conductivity 
measured for OMPEO-NaClO, electrolytes. All samples with 10 
mol% of NaCIO, with respect to ether oxygen concentration. 

-8 
0 10 20 

Mass 

I I I I 
30 40 50 60 
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are of an amphoteric Lewis acid-base ch&acter, which is man- 
ifested through the coexistence of the surface A1 (acid) and 0 
(base) groups. In the case of aluminas there is also the possi- 
bility of the adsorption of water molecules on the surfaces 
resulting in the formation of surface OH groups. As discussed 
below, we believe that the changes in the ultrastructure and 
morphology of composite electrolytes and therefore the con- 
ductivity are the result of an equilibrium between various 
Lewis acid - Lewis base reactions. 

After the addition of alkali metal salts and alumina to the 
crystalline PEO-based electrolytes there is a competition 
between alumina acidic surface groups and alkali metal cat- 
ions for the ether oxygens. Surface A1 groups can act as nucle- 
ation centres, in the crystallization of PEO from acetonitrile 
solutions. Since there are a large number of these centres the 
crystallization proceeds more rapidly and, as a result, more 
disorder is frozen into the new solid. This is manifested by a 
decrease in the fraction of the crystalline PEO phase and hence 
an increase in ambient temperature conductivity as shown in 
Fig. 1 for the (PEO)loNaI-0-Al,03 composite electrolyte. 
However, an attachment of acidic 0-A1,03 centres to PEO also 
results in an increase in Tg. 0-A1203 has smaller average grain 
sizes than the a-A1,03 used as an additive to OMPEO-based 
electrolytes. Also the surface area of 0-A1203 is larger 
(approximately 900 m21g) in comparison to the surface area of 
a-A1203 (approximately 100-1 50 m2fg). Therefore there are 
more active centres in the case of 0-A1203, which is a stronger 
acid than a-A1203. This results in stronger attachment of 0- 
A1203 to the PEO polymer host; a stiffening of the system 
results. For the OMPEO-NaClO,-cr-A1203 electrolytes some 
of Na+ cations can be replaced by the acidic a-A1203 centres in 
the coordination spheres of ether oxygens. This results in a 

slight decrease in T,, that is, however, not high enough to 
enhance the conductivity of these OMPEO-NaClO, based 
composite electrolytes. 

In the case of systems containing polyacrylamides there is a 
competition between the base centres of the polyethers and the 
polyacrylamides in the complexation of alkali metal cations. 
As has been already discussed in our previous papers (9, lo), 
there is a possibility of the formation of three different types of 
complexes. 

Type I complexes: polyether-M+-polyether complexes 
(M=Li, Na) involving Lewis base ether oxygens from the 
polyether chain. These complexes incorporate transient cross- 
links (intra or intermolecular) between the polyether chains 
via alkali metal cations, which stiffen the polyether host and 
reduce the electrolyte conductivity. 

Type I1 complexes: mixed polyether-M+-NNPAAM 
(PAAM) complexes involving Lewis base ether oxygens from 
the polyether chain and Lewis base carbonyl oxygens or (and) 
amide nitrogens from the NNPAAM (PAAM) chains. 

Type I11 complexes: NNPAAM-M+-NNPAAM complexes 
involving the Lewis base carbonyl oxygens or (and) amide 
nitrogens of NNPAAM (PAAM). 
The formation of these complexes has been recently observed 
in FT-IR and FT-Raman studies (9-1 1). For concentrations of 
polyacrylamides up to 25 vol% the formation of type I1 com- 
plexes is more probable, thus leading to a reduction in X,. For 
the higher polyacrylamide concentrations the probability of 
the formation of type I11 complexes increases. 

The presence of type I1 and type I11 complexes reduces the 
number of transient cross-links in the polyether phase. This is 
manifested by a decrease in Tg and in some composite systems 
by the presence of flexible polyether phase with a T compa- 
rable to the T of undoped polyether (see Table 1). krom the 
results in ~ a b f e  1 it seems that the Li+ cation, being a stronger 
Lewis acid than the Na+ cation, forms complexes within the 
polyacrylamide phase more easily than Na+ and at the expense 
of Type I complexes. Therefore more Li' than Na+ transient 
crosslinks are present in the polyacrylamide-rich microphases 
of these composite electrolytes. As a result there is a lower Tg 
and therefore a higher conductivity for the lithium electrolytes 
than for the sodium electrolytes (see Fig. 5 and Table 1). In the 
case of PAAM the formation of hydrogen bonds between NH, 
groups and oxyanions such as C104- can occur. This will 
lower the mobility of C104- anions and therefore the conduc- 
tivity is lower, as observed in Figs. 2, 4, and 5 for PAAM- 
based systems with PAAM concentrations higher than -25- 
30 mass%. This might also be an explanation of the lower con- 
ductivities observed for OMPEO-PAAM-NaClO, systems in 
comparison with 0MPEO-NaC104-a-A1203 electrolytes for 
filler concentrations higher than 25 mass%. Another explana- 
tion of this behaviour might involve the lower basicity of the 
surface a-A1,03 groups compared to that of the PAAM Lewis 
acid groups. 

For composite systems with NNPAAM, it was shown from 
FT-IR studies (1 1) that Li+ cations are preferentially coupled 
to the carbonyl oxygens of NNPAAM. The depletion of Li+ 
cations from the polyether phase results in a decrease in con- 
ductivity for composite electrolytes containing over -25-30 
mass% of NNPAAM. 

Different types of interactions should probably be assumed 
in the case of the PEO-PAAM-NH,SCN electrolytes. NHC, 
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cations are the weakest Lewis acids amongst Li', Na', and 
NH,'. Drastic changes in the flexibility (Tg) and X, of PEO- 
NH,SCN electrolytes are not observed following the addition 
of PAAM. However, the conductivity of these systems was the 

I 

I highest among the composite polyether-PAAM electrolytes 
described. FT-IR experiments (12) showed the formation of 
(SCN-), dimers as well as the co-coordination of NH,' by both 
PEO and PAAM. It is also evident from FT-IR experiments 
(12, 16) that NH,' cations are more loosely bound to polyether 
oxygens than are Li' and Na', which is an explanation for the 
higher conductivities measured for NH4SCN-doped compos- 
ite systems. Despite intensive studies the exact mechanisms 
for ionic conduction in electrolytes containing NH,SCN is still 
unknown. 

FT-IR experiments performed on various composite sys- 
tems containing polyacrylamides (9-1 2) confirm the possibil- 
ity of the formation of various complexes involving polyether, 
alkali metal salt (or NH,SCN), and polyacrylamide. Changes 
in the positions of the maximum of the C-0-C, C*, and N- 
H stretching modes were observed. An analysis of the peak 
characteristic for the C104- anions shows that in composite 
electrolytes there is a reduction in the concentration of contact 
ion pairs compared to the pure polyether-based electrolytes 
(1 1). This also confirms an increase in conductivity in poly- 
ether-based composite electrolytes. 

1 Conductivity models 

i Ion-conducting polymer systems, formed by the dissolution of 
salts in suitable ion-coordinating polymers, have a great 
potential for applications in numerous electrochemical 
devices. Although an understanding of the macroscopic prop- 
erties associated with an efficient ionic transport in polymer 
electrolytes has advanced and the specific demands on salt and 
host structures that give high conductivity are rather well 
established (5, 17), a detailed microscopic picture of ionic 
conduction in these materials has not been achieved. Despite 
the ease of preparation of composite systems such as those dis- 
cussed in this report, the problem of the mechanism of ionic 
conduction in such systems is even more acute. The best that 
we have been able to do is to use an "effective medium" theory 
(EMT) approach (7, 9-11, 18). This approach has had some 
success and has been applied assuming that the PEO-poly- 
acrylamide (PAAM or NNPAAM) composites contain three 
components with different electrical properties. These are (i) a 
highly conductive uncomplexed polyether interface layer sur- 
rounding the polyacrylamide core, (ii) dispersed insulating 
polyacrylamide-salt complexes, and (iii) a matrix polyether- 
salt ionic conductor. It was further assumed that components 
(i) and (ii) could be combined in a composite unit that was 
spherically symmetric. Under these assumptions the compo- 
nents were considered to be embedded in a self-consistent 
effective medium with the same effective conductivitv as the 

I 
I 

composite. The model connects an enhancement of ionic con- 
ductivity (see Figs. 2,4, and 5) with the existence of a highly 
conductive amorphous layer on the surface of the polyacryl- 
amide, i.e., component (i) in the composite unit: a layer within 
which there has been a depletion of transient cross-links due to 
the preference of cations for polyacrylamide. This layer has a 
lower Tg and therefore increased flexibility. 

For some of the composite electrolytes the ionic conductiv- 

ity has an Arrhenius temperature dependence over a certain 
temperature range (see Fig. 3). For these composites the 
order-disorder temperature (TD) is the temperature at which a 
change in the conduction mechanism is expected. TD can be 
calculated using a semiempirical approach (11, 19), which 
yields a linear relationship between the natural logarithm of 
the conductivity preexponential factor (In a,) and the Arrhe- 
nius activation energy for conduction (E,), and which includes 
such parameters as TD, the theoretical cation and anion con- 
centrations, and the frequency of oscillation of the ions as they 
await the next activated step, For example, for the PEO- 
PAAM-NH,SCN composite a linear relation between In uo 
and E, has been found for both the experimentally determined 
dc conductivity and the value of conductivity obtained from 
the EMT model. The characteristic temperatures TD calculated 
from both data sets agree and are equal to 71°C. This temper- 
ature roughly corresponds to the melting temperature of the 
undoped PEO phase. Such behaviour was previously found for 
other composite polymeric electrolytes (1 8). 

Conclusions 
Ionic conductivity in mixed phase composite electrolytes 
based upon PEO and using inorganic (Al,O,) and organic 
(PAAM, NNPAAM) fillers to inhibit or prevent the crystalli- 
zation of PEO has been discussed. Various alkali metal salts 
(Li, Na) and NH4SCN were used. In general, the room temper- 
ature conductivity is enhanced by over two orders of magni- 
tude above the base PEO-salt system. Even adding PAAM 
and NNPAAM to an initially amorphous system (OMPEO) 
increases the room temperature conductivity by 2 to 3 times. It 
is suggested that changes in the conductivity with changes in 
salt and filler concentration are due to changes in the ultra- 
structure and morphology and are the result of an equilibrium 
between various Lewis acid - Lewis base reactions. Qualified 
success has been achieved in modelling ionic conductivity in 
these composite electrolyte systems using an effective 
medium approach. In this approach it has been assumed that 
the main conductivity enhancement takes place in thin amor- 
phous layers of the polyether that coat the dispersed polyacryl- 
amide particles separated in a microphase. In the best 
complexes this layer is identified by a second Tg. 
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Novel (fulvalene)dichromium alkyl and acyl 
complexes of the types FvCr,(CO),L,RR' and 
Et,N[FvCr,(CO),,L,R] (R, R' = Me, CH,CN, 
COMe; L = CO, PMe,Ph; n = 0, 1, 2) 

lstvan Kovacs and Michael C. Baird 

Abstract: The compound FvC~, (CO)~M~,  (1) is obtained, via the intermediate formation of Et,N[FvCr,(CO),Me] (2), by 
stepwise addition of 2 equivalents of methyl iodide to (E~,N),[FvC~,(C~)~];  the analogous cyanomethyl compounds 
FvC~,(CO)~(CH,CN), (3) and E~,N[FvC~,(C~)~(CH,CN)] (4) are formed similarly. Compound 1 readily undergoes CO 
insertion upon treatment with 2 equivalents of PMe,Ph, giving rise to trans,trans-FvC~,(CO)~(PM~~P~)~(COM~), (6), also 
in two steps via trans-FvC~,(CO)~(PM~,P~)(M~)(COM~) (8). The neutral methyl "half' of 2 reacts similarly with PMe,Ph 
to form Et,N[trans-FvCr,(CO),(PMe,Ph)(COMe)] (7), while the anionic "half' of 2 is alkylated with ClCH,CN to give 
FvC~,(CO)~(CH,CN)M~ (5). Treatment of 5 with PMe2Ph also results in CO insertion into the Cr-Me bond to give trans- 
FvCr2(CO),(PMe,Ph)(CH2CN)(COMe) (10). Although 3 is inert to both substitution and insertion reactions with PMe,Ph, the 
phosphine-substituted dialkyl (fulva1ene)dichromium complex trans,trans-FvC~,(CO)~(PM~~P~)~(CH~CN), (9) is prepared by 
reaction of ClCH,CN with (Et4N),[FvCr2(CO),(PMe2Ph),]. 

Key words: chromium, metal-metal bonds, fulvalene. 

RCsumC : On a obtenu le composC F v C ~ , ( C ~ ) ~ M ~ ,  (I), par le biais de la formation de E ~ , N [ F v C ~ , ( C ~ ) ~ M ~ ]  (2), par une addition 
par Ctapes de deux Cquivalents d'iodure de mCthyle i du (E~,N),[FvC~,(C~)~]; les composCs cyanomCthylCs analogues, 
FvC~,(C~)~(CH,CN), (3) et E~,N[FvC~,(C~)~(CH,)] (4), se foment de la m&me manikre. Par traitement avec deux 
Cquivalents de PMe,Ph, le composC 1 subit facilement une insertion de CO qui conduit en deux Ctapes au trans,trans- 
FvCr2(CO)4(PMe2Ph)2(COMe)2 (6) par le biais de llintermCdiaire trans-FvC~,(CO)~(PM~,P~)(M~)(COM~) (8). De la m&me 
manikre, la ctmoitiCn mCthylCe neutre du composC 2 rCagit avec le PMe,Ph pour conduire i la formation de Et,N[trans- 
FvCr,(CO),(PMePh)(COMe)] (7) alors que la ccmoitiC~ anionique du composC 2 est alkylCe par le ClCH,CN et conduit au 
FvCr,(CO),(CH,CN)Me (5). Le traitement du composC 5 i l'aide de PMe,Ph provoque aussi une insertion de CO dans la liaison 
Cr-Me et fournit le trans-FvCr2(CO),(PMe2Ph)(CH2CN)(COMe) (10). MCme si le composC 3 est inerte aux rkactions tant de 
substitution que d'insertion avec le PMe,Ph, il est possible de prCparer le complexe dialkyl(fulvalkne)chrome substituC par une 
phosphine, trans, ~~~~S-FVC~~(CO),(PM~~P~)~(CH~CN), (9), par rCaction du C1CH2CN avec du (Et4N),[FvCr,(CO),(PMe2Ph),]. 

Mots clis : chrome, liaisons mCtal-mCtal, fulvalkne. 

[Traduit par la rCdaction] 

Introduction 

In previous papers (l), we have explored the chemistry of ful- 
valenedichromium and -dimolybdenum complexes of the types 
FvM,(CO),L,, FvM,(CO),L,HX, FvM,(CO),L,H,, and 
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FvM,(CO),L,X, (M = Cr, Mo; X = C1, Br, I; L = CO, tertiary 
phosphines). Following our earlier work on 17-electron, metal- 
centered radicals (2), the main impetus to this work was a 
desire, ultimately successful (lc,d), to find and study com- 
pounds of the type FvM,(CO),L, that would undergo sponta- 
neous, thermal metal-metal bond homolysis to give the novel 
biradical isomers L(CO),M(k-Fv)M(CO),L. In the course of 
our research, the above-mentioned examples of halo and 
hydrido classes of compounds were also perforce prepared as 
starting meterials and (or) products of reactions of the com- 
pounds FvM,(CO),L,. We (la) and others (3) have also dem- 
onstrated that protonation of anionic complexes of the type 
[FVM,(CO),L,]~- results in the formation of the hydrides 
FvM,(CO),L,H,, and we now extend our research on fulvalene 
complexes to examples of alkyl and acyl (fulva1ene)dichro- 
mium carbonyl complexes, obtained by treating the anionic 
species [FVC~,(CO),L,]~- with various alkyl halides. 

Can. J. Chem. 74: 211&2120 (1996). Printed in Canada I Imprimt au Canada 
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Table 1. Carbonyl stretching frequencies. 

Compound 

FvCr,(CO),(CH,), (1) 
Et,N[FvCrz(CO),CH,l (2) 
FvCr,(CO),(CH,CN), (3) 
Et,NIFvCrl(CO),CH,CN] (4) 
FvCr,(CO),(CH,CN)Me (5) 
trans,trans-FvC~,(CO)~(PM~$~)~(COM~), (6) 
Et,N[frans-FvCr,(CO),(PMe$h)COMe] (7) 
trans-FvCr,(CO),(PMeph),(CH2CN), (9) 
trans-FvCr,(CO),(PMe$h)(CHJN)COMe (10) 
(Et,N)2[FvCr2(CO),l ref. ( 14 

2002 (s), 1929 (vs) 
2000 (s), 1924 (vs), 1902 (s), 1810 (m), 1788 (m), 1727 (m, br) 
2021 (m), 1952 (vs, br) 
201 1 (s), 1938 (vs), 1897 (vs), 1795 (vs), 1727 (m, br) 
2021 (m), 2006 (m-s), 1959 (vs), 193 1 (s) 
1920 (s), 1840 (vs), 1636 (m) 
1920 (s), 1897 (s), 1837.5 (vs), 1808 (m), 1789 (m), 1725 (w, br), 1633 (m) 
1941 (m), 1865 (vs) 
2019 (m-s), 1949 (vs), 1922 (m-s, sh), 1844 (s), 1639 (m) 
1890 (vs), 1800 (vs), 1717 (s) 

"In THF 

Experimental section 

General comments 
All manipulations were carried out under purified nitrogen 
using standard Schlenk techniques and a Vacuum Atmo- 
spheres glovebox. All solvents were freshly distilled under 
nitrogen from sodium benzophenone ketyl. Deuterated sol- 
vents were purchased from CDN Isotopes and CIL, degassed, 
and stored in the glovebox. PMe,Ph, methyl iodide, and chlo- 
roacetonitrile were products of Aldrich and were used as 
received. The compound (Et4N),[FvCr2(C0),] was prepared 
as previously (16). IR spectra were recorded on a Bruker IFS 
25 FT-IR spectrometer using a 0.2-mm NaCl cell. NMR spec- 
tra were acquired on a Bruker AM-400 (400.1 MHz 'H, 100.6 
MHz I 3 c { ' ~ } ,  162.0 MHz 3 ' ~ { ' ~ } )  NMR spectrometer; IR 
data are compiled in Table 1. FAB(+)-MS analyses were per- 
formed on a Fisons VG Quattro triple quadrupole mass spec- 
trometer using 3-nitrobenzyl alcohol as the matrix. Elemental 
analyses were carried out by Canadian Microanalytical Ser- 
vices Ltd. (Delta, B.C.). 

FvCr,(CO),Me, (1) 
A solution of 0.10 g (0.15 mmol) (Et,N),[FvCr,(CO),] in 5 
mL THF was treated with 20 p,L (0.32 mmol) of chloroaceto- 
nitrile at room temperature. The color changed instantly from 
yellow to brown, and an IR spectrum indicated that formation 
of FvCr,(CO),Me, was complete in -3 h. Although no other 
products appeared according to both IR and 'H NMR studies, 
evaporation of the solvent resulted in the formation of a yel- 
low-brown oil, which could not be obtained free of THF; some 
decomposition also occurred, and thus microanalytical charac- 
terization of 1 was not successful although all spectroscopic 
data were consistent with the formulation. 'H NMR (acetone- 
d ) 6: 0.62 (s, 6H, Me), 5.10 ("t," 4H, Fv), 5.37 ("t", 4H, Fv). 
'%{'H} NMR (acetone-d,), 6: -5.0 (s, Me), 88.3 (s, Fv), 89.8 
(s, Fv), 102.5 (s, C- 1 Fv), 238.9 (s, CO cis to Me), 249.0 (s, CO 
trans to Me). IR spectroscopic data are shown in Table 1. 

Et,N[FvCr,(CO),Me] (2) 
This compound was detected by IR spectroscopy in a reaction 
carried out as above but with only 0.10 mL of methyl iodide 
added (Table 1). In an NMR experiment, a solution of 15 mg 
(E~,N),[FvC~,(C~)~] in 0.6 mL acetone-d6, was treated with 
methyl iodide dropwise until complete consumption of the 

starting material had occurred. Since some 1 was always 
present, no attempt was made to isolate the monomethyl com- 
pound, which was unambiguously characterized by IR and 
NMR spectroscopy. 'H NMR (acetone-d,), 6: 0.53 (s, 3H, 
CrMe), 1.36 (tt, J1 = 7 Hz, J2 = 2 HZ, 12H, CH,Me), 3.42 (q, J 
= 7 Hz, 8H, CH,N), 4.35, 4.71, 4.80, 4.93 ("t," each 2H, Fv). 
1 3 ~ { ' ~ }  NMR (acetone-d,), 6: -2.4 (s, CrMe), 7.7 (s, 
CH,Me), 52.9 (s, CH2N), 82.0,82.3,86.3,86.7 (s, all Fv), 90.4 
(s, C- 1 Fv), 1 12.9 (s, C- 1 Fv), 240.3 (s, CO cis to Me), 245.8 
(s, CO of anionic moiety), 252.7 (s, CO trans to Me). 

FvC~,(CO),(CH,CN), (3) 
Compound 2 (0.10 g, 0.16 mmol) was dissolved in 5 mL of 
THF and 20 p,L (0.32 mmol) of chloroacetonitrile were 
injected into the stirred solution at room temperature. The yel- 
low reaction mixture instantly turned deep red and an IR anal- 
ysis carried out - 1 h later indicated complete consumption 
of the dianion and formation of a single product, 
FvCr,(CO),(CH,CN), (Table 1). Evaporation of the solvent 
resulted in the formation of a red-brown oil. Our attempts to 
purify this material did not meet with success, but spectro- 
scopic characterization unambiguously established its iden- 
tity. 'H NMR (acetone-d ), 6: 1.62 (s, 4H, CH,), 5.34 ("t", 4H, 14 Fv), 5.74 ("t", 4H, Fv). C{ 'H]  NMR (acetone-d,), 6: - 15.4 
(s, CrCH,), 89.9 (s, Fv), 93.4 (s, Fv), 102.2 (s, C-1 Fv), 127.4 
(s, CN), 238.8 (s, CO cis to CH2CN, 248.2 (s, CO trans to 
CH,CN). 

Et,N[FvCr,(CO),(CH,CN)] (4) 
A solution of 0.10 g (0.16 mmol) 1 in 5 mL of THF was treated 
with 10 p,L (0.16 mmol) ClCH,CN, added dropwise at 
room temperature (-10 min). The yellow reaction mixture 
instantly turned deep red and an IR analysis showed com- 
plete consumption of the dianion and formation of 
E~,N[FvC~,(CO)~(CH,CN)] (Table 1). Addition of an extra 10 
mL of ClCH,CN transformed this intermediate into 3 within 
-2 h without color change. Evaporation of the solvent when 
only E~,N[FvC~,(C~)~(CH,CN)] was present resulted in the 
formation of a red-brown oily residue containing THF, which 
could not be removed. Attempts to purify this compound led 
to extensive decomposition to unidentified materials, but it 
was characterized spectroscopically. 'H NMR (acetone-d6), 6: 
1.30 (s, 2H, CH,), 1.36 (tt, J, = 7 Hz, J2 = 2 HZ, 12H, CH,Me), 
3.42 (q, J = 7 Hz, 8H, CH,N), 4.42,4.82, 5.02,5.19 ("t," each 
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2H, Fv). I3c( '~} NMR (acetone-d6), 6: - 12.8 (s, CrCH,), 7.7 
(s, CH,Me), 52.9 (s, CH2N), 82.6, 83.0, 86.4 (s, all Fv), 87.9 
(s,C-1 Fv), 88.7 (s, Fv), 116.3 (s,C-1 Fv), 128.1 (s, CN), 
240.9 (s, CO cis to CH,CN), 245.3 (s, CO of anion), 250.3 (s, 
CO trans to CH2CN). See Table 1 for IR data. 

FvCr,(CO),(CH,CN)Me (5) 
A solution of 0.10 g (0.16 mmol) (E~,N),[FvC~,(C~)~] was 
dissolved in 5 mL of THF and reacted with 10 pL (0.16 mmol) 
of ClCH,CN, added dropwise at room temperature. The yel- 
low reaction mixture instantly turned deep red and an IR anal- 
ysis showed complete consumption of the dianion and 
formation of E~,N[FvC~,(C~)~(CH,C~~)] .  Addition of 10 pL 
(0.16 mmol) of methyl iodide transformed this intermediate 
into compound 5 in -2 h (IR). Evaporation of the solvent 
resulted in the formation of a red-brown oil, but attempts to 
further purify the material were unsuccessful. Nevertheless, 5 
was satisfactorily characterized spectroscopically in solution 
and its identity seems firmly established. 'H NMR (acetone- 
d6): 6: 0.64 (s, 3H, Me), 1.59 (s, 2H, CH,), 5.1 1, 5.30, 5.48, 
5.64 ("t", each 2H, Fv). 13c( '~} NMR (acetone-d6), 6: - 15.8 
(s, CH,), -5.2 (Me), 88.7,89.1,90.5,92.6 (s, all Fv), 100.6 (s, 
C-1 Fv), 103.9 (s, C-1 Fv), 127.5 (s, CN), 238.6 (s, CO cis to 
Me), 239.2 (s, CO cis to CH,CN), 248.5 (s, CO trans to 
CH,CN), 248.6 (s, CO trans to Me). For IR data see Table 1. 

trans,trans-FvC~,(CO)~(PM~~P~),(COM~), (6) 
A solution of 1, prepared as above, was evaporated to dryness 
and the resulting brown material was redissolved in a 2: 1 tol- 
uene-hexane solvent mixture. Addition of 0.6 mL (4.2 mmol) 
of PMe,Ph resulted in precipitation of a yellow solid. A sec- 
ond, smaller crop of precipitate was recovered from the 
decanted solvent by concentrating under reduced pressure. 
The combined yellow solids were washed with 5 x 20 mL of 
hexane and dried. Yield: 0.74 g (1.05 mmol, 86%). The prod- 
uct was recrystallized from THF-hexane at -20°C, but did 
not give analytically pure samples. However, spectroscopic 
and mass spectrum data were consistent with the proposed 
structure. 'H NMR (acetone-d6), 6: 1.87 (d, JpH = 9 Hz, 12H, 
PMe), 2.35 (s, 6H, COMe), 4.26 (m, 4H, Fv), 4.53 (m, 4H, 
Fv), 7.45 (m, 6H, m,p-Ph), 7.69 (m, 4H, o-Ph). I 3 c { ' ~ }  NMR 
(acetone-d6): 6: 18.8 (d, Jpc = 30 Hz, PMe), 49.4 (s, COMe), 
91.9 (s, Fv), 93.4 (s, Fv), 103.9 (s, C- 1 Fv), 129.3 (d, JpC = 9 
HZ, o-Ph), 130.0 (d, Jpc = 8 Hz, m-Ph), 130.2 (s, p-Ph), 140.8 
(d, Jpc = 38 Hz, ipso-Ph), 250.8 (d, JPC = 45 Hz, CO), 272.4 (d, 
Jpc = 18 Hz, COMe). 3 1 ~ ( ' ~ }  NMR (acetone-d6), 6: 58.2. 
FAB(+)-MS, m/z(%): [M + H]+ = 707(0.7), [M - 3C0 - 
Me]+ = 607(1), [M - 4C0 - Me]+ = 579(1), [M - 4C0 - 
2Me]+ = 564(2.5), [M - PMe,Ph - 2CO]+ = 512(10), [M - 
PMe,Ph - 3CO]+ = 484(3), [M - PMe,Ph - 4CO]+ = 456(8), 
[M - PMe,Ph - 4C0 - Me]+ = 441(4), [M - 2PMe2Ph - 
4CO]+ = 318(41). IR data are listed in Table 1. 

Reaction of freshly generated 3 (0.04 mmol) with 20 pL 
(0.14 mmol) of PMe,Ph was attempted in 5 mL THF solution, 
both thermally and photochemically. In an experiment carried 
out at room temperature and ambient light over 3 days, the 
reaction mixture decomposed and a precipitate formed in a 
green solution; only very weak carbonyl bands were detected 
in the IR spectrum, at 1944 and 1869 cm-'. Irradiation of a 
solution of 3 and PMe,Ph with a 200-W Hanovia lamp led to 
the same result, but much more quickly (-3 h). 

Et,N[trans-F~Cr,(C0)~(PMe~Ph)(C0Me)] (7) 
This compound was characterized spectroscopically in situ 
when an acetone-d6 solution of (E~,N),[FVC~,(CO)~] (1 5 mg) 
was "titrated" consecutively with equimolar amounts of 
methyl iodide and PMe,Ph at room temperature. 'H NMR 
(acetone-d6), 6: 1.36 (tt, Jl = 7 Hz, J2 = 2 HZ, 12H, CH2Me), 
1.89 (d, JpH = 9 Hz, 6H, PMe), 2.37 (s, 3H, COMe), 3.42 (q, 
J = 7 Hz, 8H, CH,N), 4.23 ("t", 2H, Fv), 4.40 (m, 2H, Fv), 4.46 
(m, 2H, Fv), 4.54 ("t," 2H, Fv), 7.43 (m, 3H, m,p-Ph), 7.74 (m, 
2H, o-Ph). I 3 C ( ' ~ }  NMR (acetone-d6), 6: 18.7 (d, Jpc = 30 
Hz, PMe), 49.5 (s, COMe), 81.6, 82.1, 90.9, 91.7 (s, all Fv), 
92.0 (s, C- 1 Fv), 1 11.7 (s, C-1 Fv), 129.1 (d, JPC = 8 HZ, o-Ph), 
130.0 (s, p-Ph), 130.1 (d, Jpc = 8 Hz, m-Ph), 141.2 (d, JpC = 37 
Hz, ipso-Ph), 246.2 (s, CO of anion), 251.3 (d, Jpc = 44 Hz, 
CO of CrCOMe). 3 1 ~ ( ' ~ }  NMR (acetone-d6), 6: 59.0. For IR 
see Table 1. 

trans-FvC~,(CO)~(PM~,P~)M~(COM~) (8) 
This compound was observed in NMR scale reactions 
when PMe,Ph was added slowly to 1 dissolved in 0.6 mL of 
acetone-d6, or when methyl iodide was added to the in situ 
generated Et,N[tran~-FvCr,(C0)~(PMe~Ph)(C0Me)]. Both 
reactions resulted in various mixtures of this compound and 2. 
'H NMR (acetone-d6), 6: 0.50 (s, 3H, CrMe), 1.96 (d, Jp, = 9 
Hz, 6H, PMe), 2.38 (s, 3H, COMe), 4.58 (m, 2H, Fv), 4.72 (m, 
2H, Fv), 4.86 ("t," 2H, Fv), 4.93 ("t", 2H, Fv), 7.46 (m, 3H, m, 
p-Ph), 7.74 (m, 2H, o-Ph). ' 3 ~ ( ' ~ }  NMR (acetone-d6), 6: 
-4.8 (s, CrMe), 18.8 (d, JpC = 30 HZ, PMe), 49.4 (s, COMe), 
88.3,88.9,92.4,93.6 (s, allFv), 102.7 (s, C-1 Fv), 104.0(s, C- 
1 Fv), 129.35 (d, Jpc = 9 HZ, 0-Ph), 130.1 (d, Jpc = 8 HZ, m- 
Ph), 130.3 (s, p-Ph), 140.7 (d, Jpc = 39 HZ, ipso-Ph), 239.3 (s, 
CO cis to Me), 249.5 (CO trans to Me), 250.7 (d, Jpc = 44 Hz, 
CO cis to COMe). 3 1 ~ ( ' ~ }  NMR (acetone-d6), 6: 57.9. 

trans,trans-FvC~,(CO)~(PM~~P~)~(CH,CN), (9) 
A solution of 0.30 g (0.34 mmol) FvCr,(CO),(PMe,Ph),I, 
(4d) was dissolved in 10 mL of THF and mixed with a large 
excess of sodium suspension (prepared from sodium disper- 
sion in mineral oil (Aldrich) by washing with 3 x 10 mL of 
hexane) in 10 mL of THF. The reaction mixture immediately 
changed color from purple to yellow, but stirring was 
continued for 1 h. The reaction mixture, containing 
Na,[FvCr,(CO),(PMe,Ph),] (IR, vco: 1778 and 1680 cm-') 
(4d), was filtered through Celite to give a clear, golden-yellow 
filtrate, which was reacted with 30 pL (0.47 mmol) of chloro- 
acetonitrile. After 3 h, the NaCl precipitate was filtered off, the 
reaction mixture was concentrated to -3 mL, and the alkyl 
complex was precipitated with 10 mL of hexane and collected 
and dried under reduced pressure. trans,trans-9 was obtained 
as a poorly soluble, yellow powder in 0.22 g (0.3 1 mmol), 91 
% yield. 'H NMR (acetone-d6), 6: 1.23 (d, JpH = 2 Hz, 4H, 
CH,), 1.91 (d, JpH = 9 Hz, 12H, PMe), 4.55 (m, 4H, Fv), 4.58 
(m, 4H, Fv), 7.50 (m, 6H, m,p-Ph), 7.74 (m, 4H, o-Ph). 
13c('~} NMR (DMSO-d6): 6: - 14.9 (d, JpC = 15 HZ, CH,), 
19.2(d, Jpc=31 Hz, PMe), 88.1,89.8 (s, bothFv), 100.5 (s, C- 
1 Fv), 128.5 (d, Jpc = 9 HZ, 0-Ph), 129.3 (s, CN), 129.6 (d, Jpc 
= 7 Hz, m-Ph), 129.7 (s, p-Ph), 139.1 (d, JPC = 39 Hz, ipso-Ph), 
251.6 (d, Jpc = 46 Hz, CO). 3 ' ~ { ' ~ }  NMR (acetone-d6), 6: 
61.2. FAB(+)-MS, rn/z(%) [M + Na]+= 723(1), [M - 2CO]+= 
644(1.5), [M - 2C0 - CH2CN]+ = 604(2), [M - 4C0 - 
CH,CN]+ = 548(4), [M - PMe,Ph - 4CO]+ = 450(13.5), [M 
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- PMe,Ph - 4 C 0  - CH,CN]+ = 410(25), [M - PMe,Ph - 
4 C 0  - 2CH2CN]+ = 370(8), [M - 2PMe,Ph - 4CO]+ = 
312(3 l), [M - 2PMe,Ph - 4C0 - CH2CN]+ = 272(22.5). IR 
data are listed in Table 1. 

trans-FvCr2(CO),(PMe,Ph)(CH2CN)(C0Me) (10) 
A solution of 0.27 g (0.41 mmol) (E~,N), [FvC~,(C~)~]  in 45 
mL of THF was reacted with 25 FL (0.41 mmol) of CICH,CN, 
added at room temperature. The mixture turned red instantly, 
and IR spectroscopic monitoring indicated completion of the 
formation of Et,N[FvCr,(CO),CH,CN] in - 1 h. At this point, 
50 FL (0.80 mmol) of methyl iodide were added and complete 
formation of 3 was observed after - 1 h. The resulting brown 
solution was then stirred with 0.15 mL (1.05 mmol) of 
PMe,Ph for 0.5 h, and an IR spectrum showed that compound 
4 was the only carbonyl containing product. The solvent was 
removed under reduced pressure and 40 mL of a 1 : 1 THF-hex- 
ane mixture was used to extract 4 from the resulting solid. This 
solution was filtered and evaporated to dryness to give 0.15 g 
(0.25 mmol, 62%) of a yellow-brown solid. Although 
attempted recrystallizations did not result in analytically pure 
product, 4 was thoroughly characterized by spectroscopic 
means. I H  NMR (acetone-d6), 6: 1.43 (s, 2H, CH,), 1.98 (d, 
JpH = 9 Hz, PMe), 2.40 (s, 3H, COMe), 4.70 (m, 2H, Fv), 4.76 
(m, 2H, Fv), 5.08 ("t," 2H, Fv), 5.22 ("t", 2H, Fv), 7.47 (m, 3H, 
mg-Ph), 7.76 (m, 2H, o-Ph). 1 3 ~ ( ' ~ )  NMR (acetone-d6), 6: 
- 1 5.3 (s, CrCH,), 18.9 (d, Jpc = 3 1 Hz, PMe), 49.4 (s, COMe), 
89.2,91.7,93.0,94.0 (s, all Fv), 101.2 (s, C-1 Fv), 105.9 (s, C- 
1 Fv), 127.6 (s, CN), 129.5 (d, Jpc = 9 HZ, O-Ph), 130.2 (d, JPC 
= 7 HZ, m-Ph), 130.5 (s,p-Ph), 140.7 (d, JPC = 38 Hz, ipso-Ph), 
239.8 (s, CO cis to CH,CN), 249.2 (s, CO tmr~s to CH,CN), 
250.6 (d, J = 44 Hz, CO of CrCOMe), 27 1.9 (d, JPc = 18 Hz, 

3 f  I COMe). P( H} NMR (acetone-d6), 6: 57.5. FAB(+)-MS, 
mdz(%): (No [MI+ appeared) [M - CO]+ = 565(2), [M - 2CO]+ 
= 537(3), [M - 6CO]+ = 425(7.5), [M - 6 C 0  - Me]+ = 
410(17), [M - PMe,Ph - 2CO]+= 399(13), [M - 6 C 0  - Me 
- CH,CN]+ = 370(27), [M - PMe,Ph - 6CO]+ = 287(15), 
[M - PMe,Ph - 6 C 0  - Me]+ = 272(27). IR data are listed in 
Table 1. 

Results and discussion 
Dianionic fulvalene complexes, [FVM,(CO)~I~- (M = MO, w), 
have been shown to undergo nucleophilic reactions with vari- 
ous alkyl halides to give dialkyl derivatives of the types 
FvM,(CO)~R, (R = Me, CH,Ph, CH,OMe, etc.) (3a,b), Not 
reported to date, however, are analogous reactions of the 
anionic complex [FVC~,(CO)~]'-, which is expected to react 
with alkyl halides as in eq. [ I ]  to give alkylchromium species. 
We now report the results of an investigation of such reactions. 

To our surprise, addition of BrCH,CN to a THF solution of 
(E~,N), [FvC~,(C~)~]  did not result in the formation of the 
anticipated dialkyl product, but resulted instead in oxidation to 
FvCr,(CO), ( lc ,  d). Similar reactions with XCH,CO,Et (X = 
C1, Br, I) were also briefly investigated by IR and 'H NMR 
SpeCtrOSCOpy, and all resulted in the formation of F ~ c r , ( C o ) ~ .  
'H NMR spectra of the reaction mixtures temporarily exhib- 
ited very broad fulvalene resonances before those of 
FvCr,(CO), began to emerge, and it would seem that electron- 

transfer-initiated radical reactions rather than nucleophilic 
substitutions take place, resulting in metal-metal bond forma- 
tion. We obtained similar results for the reaction of 
(Et,N),[FvMo,(CO),] with BrCH,CN, and similar reactions 
have been reported for mononuclear metal carbonyl anions 
(4). 

Hexacarbonyl Alkyl Compounds 
Not all alkyl halides oxidize the [FVC~,(CO),]~- anion, how- 
ever. Treatment of (E~,N),[FVC~,(CO)~] with 2 equivalents or 
more of methyl iodide resulted in the formation of the rather 
unstable dimethyl compound FvCr,(CO),Me, (1) (eq. [2], 
Scheme 1). 

Compound 1 was thoroughly characterized by spectroscopic 
methods and the data are fully consistent with the structure 
shown in Scheme 1. Thus the 'H NMR spectrum exhibited a 
Cr-Me resonance at 6 0.62 and fulvalene multiplets at 6 5.10 
and 5.37, while the ' 3 ~ ( 1 ~ )  NMR spectrum exhibited a rela- 
tively shielded Cr-Me resonance at 6 -5.0, fulvalene reso- 
nances at 6 88.3,89.8, and 102.5, and two CO resonances at 6 
238.9 (cis to Me) and 249.0 (trans to Me). Assignments of the 
I3c resonances were made on the basis of data for 
CpMo(CO),Me ( 3 ,  and the results imply that the CO ligands 
do not interchange on the NMR time scale. While this work 
was in progress we learned that com ound 1 has also been pre- P pared by McGovern and Vollhardt. 

When only 1 equivalent of Me1 was slowly added to a solu- 
tion of dianion, the very sensitive, monoanionic intermediate 
Et,N[F~cr,(co)~Me] (2) could be identified (Scheme 1). All 
spectroscopic data for this unstable species are consistent with 
the suggested structure, the I H  NMR spectrum exhibiting a 
methyl resonance (6: 0.53) and two sets of fulvalene hydro- 
gens. Similarly the 1 3 ~ ( 1 ~ )  NMR spectrum exhibited a Cr- 
Me resonance at 6 -2.4, two sets of fulvalene resonances, and 
three CO resonances, two for the neutral and one for the 
anionic "half." 

It is interesting to note that the IR spectrum exhibited one 
set of carbonyl bands of frequencies comparable with those of 
1 (2000 and 1924 cm-') and a second set of considerably lower 
frequencies (1902, 1810, 1788 and 1727 cm-I), comparable 
with those of (E~,N),[FVC~,(CO)~] (Table 1). Thus the chro- 
mium atoms of the two "halves" of 2 appear to be in very dif- 
ferent electronic environments. Possibly a result of this 
dissimilarity is the large difference (22.5 ppm) between the 
two Fv C-1 carbon resonances, at 6 90.4 and 112.9. 

Surprisingly, when (E~,N),[FVC~,(CO)~] was treated with 
an excess not of BrCH,CN but of ClCH,CN, complete forma- 
tion of FvC~,(C~)~(CH,CN), (3) took place at room tempera- 
ture (eq. [3]), no F ~ c r , ( C o ) ~  being formed at all. 

The product was characterized by IR and NMR spectroscopy, 
although it could not be isolated analytically pure. However, 

P.A. McGovern and K.P.C. Vollhardt, private communication. 
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Scheme 1. 
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the 'H and I3c{ 'H)  NMR spectra exhibit patterns of reso- 
nances similar to those of 1, the CrCH, proton and carbon res- 
onances appearing at 6 1.62 and - 15.4, respectively. Two 
resonances were observed in the CO region at 6 238.8 (cis to 
CH,) and 248.2 (trans to CH,) in about 2: 1 ratio, suggesting a 
lack of interchange of these ligands. The carbonyl stretching 
bands of 3 are observed at higher frequencies than those of 1, 
consistent with the greater electron-withdrawing power of the 
cyanomethyl group. The reasons for the differences in prod- 
ucts from reactions of (Et,N),[FvCr,(CO),] with BrCH,CN 
and ClCH,CN are not at all clear; understanding must await a 
mechanistic study. 

Interestingly, when only 1 equivalent of ClCH,CN was 
slowly added to a solution of (Et,N),[F~cr,(co)~], sole for- 
mation of the anionic alkyl intermediate Et,N[FvCr,(CO),- 
(CH,CN)] (4) was observed, confirming the intermediacy of 
this complex in eq.[3]. This anionic alkyl compound was also 
too labile to be obtained pure, but was characterized spectro- 
scopically. As is the case with 2, the IR spectrum of 4 suggests 
the presence of "neutral" (20 1 1 and 1938 cm-I) and "anionic" 
(1897, 1795, and 1727 cm-') "halves," and the 'H and 1 3 ~ [ ' H ]  
NMR spectra exhibit two sets of resonances. Also, as with 2, 
the ' 3 ~ [ ' ~ ]  NMR spectrum of 4 exhibited an unusually large 
difference (-28 ppm) between the two fulvalene bridgehead 
carbon resonances, at 6 87.9 and 116.3. Reaction of 4 with a 
second equivalent of CICH,CN to give 3 was, because of 
decreased nucleophilicity of the monoanion, rather slow (- 1 
h) relative to the very rapid reaction with the first equivalent. 

Successful formation of the anionic alkyl compounds 
(Et,N)[FvCr,(CO),Me] (2) and (E~,N)[FvC~,(C~)~(CH,CN)] 
(4) offered opportunities to synthesize mixed dialkyl com- 
plexes, and the compound FvCr,(C0),(CH2CN)Me (5) was 
prepared as outlined in eq. [4], via addition of Me1 to 
(E~,N)[FVC~,(C~)~(CH,CN)]. The product was thoroughly 
characterized spectroscopically. As can be seen in Table 1, the 
IR spectrum clearly exhibited two pairs of carbonyl stretching 

bands, one pair at 2006 and 1931 cm-' attributable to the 
methyl "half," and another at 2021 and 1959 cm-I that is 
attributable to the cyanomethyl "half." (Compare with data for 
1 and 3.) Furthermore, the 'H NMR spectrum exhibited Me 
and CH, resonances at 6 0.64 and 1.59, respectively, and two 
sets of fulvalene resonances, while the ' 3 ~ { ' ~ ]  NMR spec- 
trum exhibited Me and CH, resonances at 6 -5.2 and - 15.8, 
respectively, a CN resonance, and two sets each of fulvalene 
and CO resonances. 

[4] (Et,N)[FvCr,(CO),(CH,CN)] + Mel 
4 

Tertiary phosphine-substituted compounds 
In an unsuccessful attempt to synthesize phosphine-substi- 
tuted analogues of 1, it was found that 1 readily added2 equiv- 
alents of PMe,Ph at room temperature. The consequence was 
a sequence of migratory CO insertion reactions into the Cr- 
Me bonds (eq. [S]), resulting in formation of the diacetyl com- 
pound FvC~,(CO),(PM~,P~),(COM~)~ (6) in good yield. 
Although 6 is also too unstable to be isolated analytically pure, 
the mass spectrum and 'H, 1 3 ~ [ ' ~ ] ,  and 3 ' ~ [ 1 ~ ]  NMR spec- 
tra are all completely consistent with the trans,trans structure 
shown in Scheme 1. Thus the FAB mass spectrum exhibited a 
protonated molecular ion and several reasonable fragmenta- 
tion peaks. In addition, the 'H and ' 3 ~ [ 1 ~ ]  NMR spectra each 
exhibited only single acetyl Me and PMe resonances and sin- 
gle sets of fulvalene resonances, consistent with a symmetrical 
trans,trans structure (see experimental section), while the 
3 1 ~ { ' ~ )  NMR spectrum exhibited only one singlet. The 
1 3 ~ [ 1 ~ ]  NMR spectrum exhibited only one doublet for two 
CO ligands, at 8 250.8 and with a relatively large (Jpc  45 Hz) 
coupling constant suggestive of a cis-P-Cr-CO and conse- 
quently a trans-P-Cr-COMe arrangement (5). The MeCO res- 
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onance appeared at 6 272.4 (JPC 18 HZ), quite similar to that of 
CpMo(CO),(PMe,Ph)COMe (266.8 (12.5)) (5). 

To our knowledge, 6 is the first well-characterized acyl- 
chromium complex of the type CpCr(CO),L(COMe) (L = 
phosphorus donor) that has been prepared via a spontaneous, 
ligand-assisted CO insertion into a Cr-alkyl bond. Two other 
examples of compounds of the type CpCr(CO),L(COMe) 
were prepared as minor products, either in photochemical sub- 
stitution reactions of CpCr(CO),Me with L (L = PPh3, 
P(OMe)3) (6a) or in an apparent Arbuzov reaction of 
[CpCr(CO),{P(OMe) 6311 with P(OMe), (6b); both exist as 
mixtures of cis and tratzs isomers. Indeed, although photo- 
chemical substitution reactions of complexes of the type 
CpCr(CO),R (R = alkyl) with phosphorus donors have 
attracted a great deal of attention, reactions invariably resulted 
in the formation of mono- and bis-substituted alkyl complexes 
(7). An attempt to substitute 1 with PPh3 under thermal condi- 
tions failed, and an experiment carried out under UV irradia- 
tion resulted in the formation of F ~ c r , ( C o ) ~  instead of 

, substitution. 
When the reaction of 1 was performed with small aliquots 1 of PMe,Ph added slowly to the reaction mixture, intermediate 

! formation of the methyl-acetyl complex FvCr(CO),- 
(PMe,Ph)(Me)(COMe) (8, Scheme 1) could be detected by 
NMR spectroscopy. Although this compound could not be 
obtained selectively, it was characterized in situ by NMR 
spectroscopy. The 'H, 1 3 ~ { ' ~ ] ,  and 3 ' ~ { ' ~ ]  NMR spectra are 
completely compatible with the suggested formulation, with 
the acetyl group and PMe,Ph ligands occupying mutually 
trans positions. Thus the 'H NMR spectrum exhibited CrMe, 
CrCOMe, and PMe resonances at 6 0.50, 2.38, and 1.96, 
respectively, in addition to four two-hydrogen fulvalene reso- 
nances at 6 4.58, 4.72, 4.86, and 4.93. The ' 3 ~ { ' ~ ]  NMR 
spectrum exhibited CrMe, CrCOMe, and PMe resonances at 6 
-4.8, 49.4 and 18.8, respectively, six fulvalene resonances, 
three CO resonances, and one MeCO resonance. 'There is also 
only a single resonance in the 3 1 ~ {  ' H )  NMR spectrum, con- 
firming the presence of a single geometric isomer. 

As indicated in Scheme 1 , s  was also formed by reaction of 
E~,N[FvC~,(CO)~M~] with first PMe,Ph, then MeI. As shown, 
direct addition of PMe,Ph to the methyl "half' of 
E~,N[FvC~,(CO)~M~] resulted in the formation of the anionic 
acetyl compound Et,N[FvCr,(CO),(PMe,Ph)(COMe)] (7), 
the IR spectrum of which exhibited carbonyl bands at 1897, 
1808, 1789, and 1725 cm-', similar to those of 
(E~,N),[FVC~,(CO)~], and at 1920, 1837.5, and 1636 (C=O) 
cm-', similar to those of 6; thus 7 presumably assumes the 
structure shown in Scheme 1, with a tratzs acetyl "half." The 
'H NMR spectrum exhibited a PMe doublet resonance (6 
1.89), an acetyl resonance (6 2.37), and four fulvalene multip- 
lets (6 4.23, 4.40, 4.46, and 4.54). The 1 3 ~ { ' ~ )  NMR spec- 
trum exhibited single PMe and COMe resonances, as well as 
six fulvalene, two CO, and one COMe resonance, while the 
presence of only one resonance in the 3 1 ~ {  'H ) NMR spectrum 

confirmed the presence of only a single isomer. As with the 
other monoanionic complexes 2 and 4, the ' 3 ~ { ' ~ ]  NMR 
spectrum exhibited a large difference (19.7 ppm) between the 
two bridgehead carbon resonances (6 92.0 and 1 11.7). 

Contrary to our expectations, addition of an excess of 
PMe,Ph to 3 under thermal and photochemical conditions did 
not result in the formation of a substituted derivative 3, but 
rather in decomposition to unidentified precipitates in both 
cases. The IR spectra indicated the possible formation of trace 
amounts of a substituted product (1944 and 1869 cm-I), but 
this reaction was not investigated further. 

Consequently, in accord with different substitution behav- 
iours of the homodialkyl compounds 1 and 3, the mixed alkyl 
compound 5 reacted with PMe,Ph only the methyl "half', 
resulting in the formation in good yield of the mixed alkyl acyl 
compound FvCr,(CO),(PMe,Ph)(CH,CN)(COMe) (lo) (eq. 
[61). 

Although the molecular ion of 10 could not be observed in the 
mass spectrum, the fragmentation pattern is quite consistent 
with the formulation suggested. The IR spectrum exhibited 
sets of carbonyl bands at 20 19 and 1949 cm-' and at 1922, 
1844, and 1639 (C=O) cm-', similar to those of 4 and 6, 
respectively, and suggesting that the acetyl "half' assumes the 
trans isomeric form. The 'H NMR spectrum exhibited the 
expected CrCH, (6 1.43), PMe (6 1.98), and COMe (6 2.40) 
resonances, as well as four fulvalene resonances (6 4.70,4.76, 
5.08, 5.22). The 1 3 ~ { ' ~ ]  NMR spectrum exhibited single 
CrCH, (6 - 15.3), PMe (6 18.9), COMe (6 49.4), and CN (6 
127.6) resonances, as well as six fulvalene resonances (6 89.2, 
9 1.7, 93.0, 94.0, 10 1.2, 105.9). three CO resonances (6 239.8, 
249.2, 250.6), and a COMe resonance (6 27 1.9). 

Earlier it was shown that reduction of cis,cis- 
FvMo,(CO),L,Br, (L = PPh,, PCy,, PXy,) with sodium dis- 
persion readily afforded the corresponding dianions (1 b). Sim- 
ilar treatment of cis,cis-FvCr,(CO),(PMePh),I, (Id) was 
carried out with an excess of sodium dispersion in THF, result- 
ing in the formation of the very air-sensitive salt 
Naz[FvCr,(C0)4(PMezPh)zl (eq. [7I). 

[71 cis,cis-FvCr,(CO),(PMe2Ph),l;2 + excess Na + 

This salt was then treated with ClCH,CN to give 9 in excellent 
yield (eq. [8]). 

The FAB mass spectrum of 9 exhibited a peak at 723 amu, 
attributed to the molecular ion plus Na+, as well as several rea- 
sonable fragmentation ions. Consistent with a trans,tratzs 
structure, the 'H and 13c{'H) spectra are very simple. The 
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former exhibited single CrCH, (6 1.23) and PMe (6 1.9 I)  res- 
onances and only two fulvalene resonances (6 4.55, 4.58), 
while the '"{'H) NMR spectrum exhibited a CrCH, doublet 
at 6 - 14.9 (JPC 15 HZ), confirming the presence of a Cr-C 
bond. In addition, only three fulvalene resonances (6 88.1, 
89.8, 100.5) and one CO carbon doublet (6 251.6) were 
observed in the CO region, consistent with the symmetric 
structure anticipated for the trans,trans isomer. No sign of 
isomerization to &,trans or cis,& forms could be detected in 
solutions of 9. 
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Multinuclear NMR spectra of [Pt(L)CI,]- 
(L = pyridine derivatives) complexes and 
crystal structure of trans=Pt(2,6- 

I Fernande D. Rochon, Andre L. Beauchamp, and Corinne Bensimon 

Abstract: Complexes of the type [Pt(L)C13]- (L = pyridine derivative) were synthesized and studied by I3c and I9'pt NMR 
spectroscopies. The I9'Pt signals were observed between - 1720 and - 1 897hpm. No correlation between the S(Pt) and the pK, 
of the protonated pyridine derivatives was found. The chemical shifts vary with the substituents on the pyridine ligand. 
Compounds with substituents in ortho positions were observed at lower fields, except for complexes containing hydroxy or 
amine groups. The latter compounds were observed at higher fields, close to the signals of the Pt-unsubstituted pyridine 
compound. These results were explained in terms of the solvent effect. The chemical shifts S(C) and the coupling constants 
J ( ~ ~ c - ' ~ ' P ~ )  were measured and the results interpreted with a view of obtaining information on the nature of the Pt-N bond. The 
possibility of T-bonding between platinum and the pyridine ligand is examined. The conformation of the pyridine ring in relation 
to the platinum plane and the energies of the rotation bamers around the Pt-N bond in these types of platinum(I1) complexes are 
briefly discussed. The crystal structure of tran~-Pt(2,6-(HOCH~)~py)~C1~.2H~O was determined by X-ray diffraction. The 
compound is monoclinic, C2/m, a = 7.022(6), b = 15.646(13), c = 8.344(10) A, B = 93.35(8)", Z = 2, R = 0.037. The platinum 
atom is located at the junction of the twofold axis and the mirror plane, the N atoms and thepara-C atom of the pyridine ring are 
situated on the twofold axis, and the chloride ligands are on the mirror plane. The compound crystallizes with molecules of water, 
which are H-bonded to the hydroxy groups. The Pt--C1 bond distance is 2.306(2) A, and that of the Pt-N bond is 2.041(6) A. 
The dihedral angle between the platinum and the pyridine planes is 79.8". 

Key words: platinum, pyridine derivatives, NMR, crystal structure. 

R6ume : Des complexes de type [Pt(L)C13]- (L = dCrivt de la pridine) ont CtC etudiCs par spectroscopie RMN du I3C et du I9'pt. 
Les signaux 1 9 5 ~ t  ont Ctt observCs entre - 1720 et - 1897 ppm. Aucune correlation entre les S(Pt) et les pK, des dCrivCs protonCs 
de la pyridine n'a Ct6 dCduite. Les dtplacements chimiques dependent des substituants sur la pyridine. Les composCs avec des 
substituants en positions ortho CtC observe i des champs plus faibles, i l'exception des complexes contenant des groupements 
hydroxy ou amine. Ces derniers ont CtC observks B champ plus tlev6, proche de celui observe pour [Pt(pyridine)C13]-. Ces 
rCsultats ont CtC interpret& en fonction de l'effet de solvant. Les dtplacements chimiques 6(C) et les constantes de couplage 
J ( ' ~ c - ' ~ ~ P ~ )  ont CtC mesurts et les rksultats interprttCs en vue d'obtenir des informations sur la nature de la liaison Pt-N. La 
possibilitC de liaison T dans ce type de complexes a CtC examinee. La conformation du noyau de la pyridine par rapport au plan 
du platine ainsi que les tnergies des banikres de rotation autour du lien Pt-N dans ce type de complexes de platine(II), sont 
brikvement discutkes. La structure cristalline du composC tran~-Pt(2,6-(HOCH~)~py)~C1~]~2H~O a CtC determinee par diffraction 
des rayons -X. Le composC cristallise dans le groupe d'espace monoclinique C2/m, a = 7,022(6), b = 15,646(13), c = 8,344(10) 
A, P = 93,35(8)", Z = 2 et R = 0,037. L'atome de platine est situC i la jonction de l'axe de rotation 2 et du miroir, les ligands C1- 
sont 1ocalisCs sur le miroir et les atomes N et C (para) sont sur l'axe 2. Les liens Pt-Cl et Pt-N sont 2,306(2) et 2,041(6) A. 
L'angle dibdre entre le plan de la pyridine et celui du platine est 79,g0. Le composC cristallise avec des molCcules d'eau qui 
foment des ponts hydrogknes avec les groupements hydroxy des ligands. 

Mots clts : platine, dCrivCs de la pyridine, resonance magnCtique nucltaire, structure cristalline. 
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Introduction 

Pyridine complexes of platinum(I1) have been known for a 
long time, but studies of the nature of the metal-ligand bond 
are relatively scarce in the literature. Pyridine has six .rr molec- 
ular orbitals (1). The three bonding orbitals are filled, while 
the three higher energy antibonding orbitals are empty and 
could accept electron density from the metal. The orientation 
of the pyridine ring in the platinum complexes can give useful 
information on the type of orbitals involved in the Pt-L (L = 
pyridine derivatives) bonding. Bond lengths are usually sensi- 
tive to the presence of multiple bonding but, in this case, bond 
length values are generally not accurate enough to provide 
unambiguous conclusions. Multinuclear NMR spectroscopy 
can also give some indication of the strength of the Pt-L 
bond. The a bond will cause a deshielding effect on the ligand 
and a shielding effect on the metal, while back-donation from 
the metal to the ligand should produce the opposite effect. 

The 1 9 5 ~ t  NMR signals are particularly sensitive to the pres- 
ence of substituents on the ligands, especially those in ortho 
positions of the pyridine ligands. These effects are not always 
predictable in NMR spectroscopy and the origins of the differ- 
ent observed chemical shifts are not well understood. A few 
authors have made systematic 1 9 5 ~ t  NMR studies of plati- 
num(I1)-pyridine complexes. Motschi, Sze, and Pregosin have 
characterized a series of compounds of the type trans-Pt(py- 
X)(C,H,)Cl, (2), while Marzilli et al. (3) have studied three 

I 

types of complexes: cis- and trans-Pt(py-X)(DMSO)C12 and 
cis-[Pt(py-X)(DMSO),CI]+. These authors tried to correlate 
the pKa of the protonated py-X ligands to the 1 9 5 ~ t  chemical 
shifts of the complexes. They observed correlations for pyri- 
dine ligands containing substituents in para position only. For 
Pt(py-X)(DMSO)Cl,, the authors found, for the cis isomer, a 
very small shielding on the platinum atom as the pKa values 
increase, and the reverse for the trans isomer. But the differ- 
ences in chemical shifts are very small and we believe that the 
observed correlations might not be highly significant. 13c 
NMR spectroscopy can also give useful information on the 
nature of the metal-ligand bond. Unfortunately, it is not easy 
to interpret the overall effects. 

Compounds of the type [Pt(py)Cl,]- are simple (no iso- 
mers), easy to prepare with a good purity, and very soluble in 
water. We have now synthesized a long series of these com- 
plexes with pyridine ligands containin different substituents f and we have measured their I3c and ' ~ t  NMR spectra. The 
results were interpreted with a view to obtaining information 
on the factors governing their chemical shifts and also on the 
nature of the Pt-pyridine bond and molecular conformation. A 
few disubstituted compounds of the type trans-Pt(L),Cl, were 
studied in order to evaluate approximately the rotation barriers 
in these complexes. In an attempt to crystallize the monosub- 

I stituted complex with 2,6-di(hydroxymethyl)pyridine, we 
obtained single crystals of the disubstituted compound. Disub- 
stituted complexes are always obtained in these reactions as a 
by-product, and they are usually filtered out of the solution. 
The crystal was studied by X-ray diffraction and the results are 
described below. 

Experimental 
The 1 9 5 ~ t  NMR spectra were measured on a Bruker WH-400 
(85.832 MHz) spectrometer, while the 13c NMR spectra were 

obtained on a Bruker WP-80 operating at 20.15 MHz. The 
spectra of the platinum complexes were measured at concen- 
trations near saturation in 10 mm tubes, while the 1 3 ~ ~ ~ ~  

spectra of the ligands were measured in the normal 5 mm 
tubes. Most of the spectra were measured in D,O (or chloro- 
form). The external standard for the 1 9 5 ~ t  spectra was 
[P~(H ,o )~ ]~+  (8 = 0 ppm). The decomposition points were 
measured on a Fisher-Johns instrument. The ligands were 
bought from Aldrich and K,PtCl, from Johnson Matthey and 
Co. The latter was recrystallized from water before use. 

Synthesis of K[Pt(L)CI,] 
The complexes were synthesized according to the published 
method (4) with slight modifications. The reaction time varied 
between 3 and 48 h depending on the ligand. The compounds 
with pyridine (3 h at 75"C), 4-methylpyridine (3 h at 75"C), 
and 2,6-dimethylpyridine (12 h at 65°C) have already been 
reported (4). The complex with 3-methylpyridine was pre- 
pared by the same method (3 h. at 75°C). Yield: 30%. mp 180- 
195°C (dec.). 

L = 2-methylpyridine, 2-(methylamino)pyridine, 2,3-dimeth- 
ylpyridine, 2,4-dimethylpyridine, 2,5-dimethylpyridine, 
3,4-dimethylpyridine, 3,5-dimethylpyridine, 4-cyanopyri- 
dine, 4-acetylpyridine, 4-tert-butylpyridine, and 4- 
(hydroxymethy1)pyridine 

Two mmoles each of K,PtCl, and of the ligand were dissolved 
in 50 mL of DMF and the solution was stirred during 3 h at 
80°C. The mixture was filtered and the filtrate evaporated to 
dryness under reduced pressure. The residue was washed with 
ether and dried. It was then dissolved in acetone and the mix- 
ture was filtered to eliminate KC1 and K2PtC14. The filtrate 
was evaporated to dryness and the residue was washed with 
chloroform and finally dried. The 1 9 5 ~ t  and 13c NMR spectra 
confirmed the purity of the compounds. ZMethylpyridine, 
yield 8 1 %, mp 160-170°C (dec.); 2-(methylamino)pyridine, 
yield 45%, mp 155-165°C (dec.); 2,3-dimethylpyridine, yield 
79%, mp 205-220°C (dec.); 2,4-dimethylpyridine, yield 70%, 
mp 220-230°C (dec.); 2.5-dimethylpyridine, yield 46%, mp 
210-220°C (dec.); 3,4-dimethylpyridine, yield 5 1%, mp 155- 
160°C (dec.); 3,5-dimethylpyridine, yield 40%, mp 160- 
165°C (dec.); 4-cyanopyridine, yield 45%, mp 1 85-200°C 
(dec.); 4-acetylpyridine, yield 48%, mp 195-205°C (dec.); 4- 
tert-butylpyridine, yield 45%, mp 200-205°C (dec.); 4- 
(hydroxymethyl)pyridine, yield 35%, mp 2 10-220°C (dec.). 

L = 2,3,6-trimethylpyridine and 2,4,6-trimethylpyridine 
Two mmoles each of K2PtC14 and of the ligand were dissolved 
in 75 mL of DMF. The mixture was stirred for 48 h at 60°C 
and then filtered. The filtrate was then treated as described for 
2-methylpyridine. Yields: 45% and 34%, mp 195-200°C 
(dec.) and 155-165°C (dec.), respectively. 

L = 2-(aminomethyl)pyridine, 2-(hydroxymethyl)pyridine, 2- 
methoxypyridine, 2,6-dirnethoxypyridine, and 2,6- 
di(hydroxymethy1)pyridine 

Two mmoles each of K,PtC14 and of the ligand were dissolved 
in 50 mL of water. The mixture was stirred overnight at room 
temperature and then filtered. The filtrate was then evaporated 
to dryness under reduced pressure and the residue was washed 
with ether and dried. The product was then dissolved in ace- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Rochon et al. 

Table 1. Crystal data of tran~-Pt(2,6-(HOCH,)~py)~C1~.2H,O. 

Formula C,4H,ZN206C12Pt 
fw 580.34 
space group C2Im 

a (A) 7.022(6) 
b (A) 15.646( 13) 
c (A) 8.344(10) 

(") 93.35(8) 
volume (A3) 915(1) 
z 2 
F(OO0) 560 

Pcalcd ("g m-3) 2.106 
p(MoKa) (mm-') 8.073 
R = (CIIF,,I - IF,II)EIF,I 0.037 
R,, = [Cw(lF,,I - IFc1)2EwlF,I']'" 0.042 

tone to eliminate KC1 and K2PtC14, which were filtered out. 
The filtrate was finally evaporated to dryness and the residue 
washed with chloroform and dried. 2-(Aminomethyl) pyri- 
dine, yield 55%, mp 155-160°C (dec.); 2-(hydroxyme- 
thyl)pyridine, yield 35%, mp 170-180°C (dec.); 2- 
methoxypyridine, yield 75%, mp 160-165°C (dec.); 2,6- 
dimethoxypyridine, yield 64%, mp 175-180°C (dec.); 2,6- 
di(hydroxymethyl)pyridine), yield 64%, mp 155-160°C 
(dec.). 

Synthesis of trans-Pt(py),Cl, complexes (L = 2- 
methylpyridine and 3-methylpyridine) 

These complexes were synthesized according to the method 
described by Kauffman for the synthesis of the pyridine com- 
plex (5). Yields: 68%, 75%; mp 210-220°C (dec.) and 195- 
205°C (dec.), respectively. 

Data collection and resolution of the crystal structure 
The data collection (2010) was made at room temperature, on a 
Syntex P i  diffractometer, with graphite-monochromatized 
MoKa radiation (0.71069 A). The unit cell parameters were 
calculated from the least-squares refinement-of the angles of 
15 centered reflections. A rapid data collection suggested a C 
Bravais lattice. Therefore a slower collection was made 
assuming a C lattice. The crystal data are summarized in Table 
1. The scan rate varied between 1 and 24" min-I. The intensity 
data were corrected for absorption (Gaussian integration) and 
for the effects of Lorentz and polarization. The coordinates of 
the Pt atom were determined from a three-dimensional Patter- 
son synthesis and the positions of all the other non-hydrogen 
atoms were obtained by structure factor and Fourier-map cal- 
culations. The positions of the H atoms (except those on 0 
atoms, which could not be located) were fixed at their calcu- 
lated positions with isotropic U = 0.076 A2. The refinement of 
the structure was done using full-matrix least-squares calcula- 
tions minimizing Cw(F, - F,)~. Isotropic secondary-extinc- 
tion corrections (6) were included in the calculations. 
Individual weights w = llu2(F) were applied. The scattering 
curves of Cromer and Waber (7) were used for Pt, C1, N, and C 
and that of Stewart, Davidson and Simpson (8) was used for H. 
The anomalous dispersion terms of Pt and C1 were included 

(9). The calculations were performed using the programs 
already described 

Results and discussion 

The complexes K[Pt(L)CI3] (L = pyridine derivative) were 
synthesized by modifying the reported method (4). For most 
of the complexes, the reaction of K2PtC14 with the ligand was 
done in dimethyl formamide, in a Pt-ligand mole ratio close to 
1: 1. The time of reaction varied with the ligand, between 3 and 
48 h. A longer time was required for ligands that have substit- 
uents in positions 2 and 6. The reactions were performed 
between 60 and 80°C, except for 2-(aminomethyl)pyridine, 2- 
(hydroxymethyl)pyridine, 2-methoxypyridine, 2,6-dimethoxy- 
pyridine, and 2,6-di(hydroxymethyl)pyridine, whose reac- 
tions were doneat room temperature and in aqueous medium. 
These compounds were studied by multinuclear NMR spec- 
troscopy. 

19'pt NMR 
The variation of the electronic effects on the platinum atom, 
by the presence of different substituents on the pyridine 
ligands, can be studied by ' 9 5 ~ t  NMR spectroscopy. While the 
u bond causes a shielding effect on the 6(Pt), back-donation 
from the metal to the ligand will produce the opposite effect. 
An increase of the intrinsic basicity of the ligand should lead 
to a stronger u bond and a larger electron density on the plat- 
inum atom. As a result, the 6(Pt) should shift towards higher 
fields. The intrinsic basicity of the ligands can be evaluated 
from the gas phase protonic affinities or by the Hammett con- 
stants but these values are not easily accessible. The pKa val- 
ues of the protonated ligands are available for most pyridine 
derivatives and they should give useful information on the 
strength of the u bond. 

The ' 9 5 ~ t  NMR spectra of the platinum(I1) complexes were 
measured in D20 and the results are shown in Table 2. The 
signals were observed between - 1720 and - 1897 ppm. An 
attempt was made to find a correlation between the 6(Pt) of all 
the complexes and the pK, of the protonated pyridine deriva- 
tives. No general relation was found. The chemical shifts of 
the complexes were found to vary with the substituents on the 
ligand, and the compounds can be classified into four groups. 
The signals of the first group of complexes, which contain 
ligands with no substituents in ortho positions, were observed 
between - 1805 and - 18 18 ppm. The pKa values for these 
protonated ligands vary between 1.77 and 6.46 (1 1). The sec- 
ond group of complexes contains pyridine derivatives with a 
methyl or methoxy substituent in position 2 (pK, between 3.20 
and 6.63) and the 6(Pt) were found at slightly lower field, 

Supplementary material available: The following tables and 
figures have been deposited: Experimental details of the 
crystallographic study (S l), anisotropic thermal factors (S2), H 
coordinates (S3), and weighted best planes (S4). This material 
may be purchased from: The Depository of Unpublished Data, 
Document Delivery, CISTI, National Research Council Canada, 
Ottawa, Canada KIA 0S2. Tables S1 and S3 have also been 
deposited with the Cambridge Crystallographic Data Centre, and 
can be obtained on request from The Director, Cambridge 
Crystallographic Data Centre, University Chemical Laboratory, 
12 Union Road, Cambridge, CB2 lEZ, U.K. 
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Table 2. Ig5Pt chemical shifts of the com- 
plexes and pK, of the protonated ligands 
(from ref. 11). 

PY 

Py ridine 
3-CH3py 
4-CH3py 
4-NCpy 
4-CH,COpy 
4-HOCH2py 
~-(CH,)~CPY 
~ , ~ - ( C H , ) ~ P Y  
~S-(CH,)~PY 

between - 1763 and - 1796 ppm. The compounds containing 
methyl or methoxy substituents in positions 2 and 6 (pKa 
between 6.72 and 7.48), which form the third group, showed 
resonances at the lowest field, between -1720 and -1754 
ppm. The fourth group, which is composed of platinum com- 
pounds containing pyridine derivatives with hydroxy or amine 
groups in positions 2 or (and) 6, were observed at the highest 
fields, between - 1820 and - 1897 ppm. The pKa of these pro- 
tonated ligands vary between 3.31 and 8.10. These observa- 
tions do not show any relation between the S(Pt) and the pKa 
values. It seems that factors other than the basicity of the 
ligands influence the ' 9 5 ~ t  NMR signals of the complexes. 

The data obtained from the three first groups of platinum(I1) 
complexes are in agreement with the results observed by 
Pregosin (12), who reported a 1 9 5 ~ t  downfield shift when the 
ligand became more sterically demanding, close to the binding 
site. Therefore, the bulkiness around the binding N atom 
seems to be the first factor governing the 1 9 5 ~ t  chemical shifts. 
The compounds with two substituents in ortho positions (third 
group) are observed at the lowest field (=- 1740 ppm) while 
those with no substituent in ortho positions (first group) are 
observed at higher field (=- 1810 pprn). 

The complexes of the fourth group, which contain ligands 
with hydroxy or amine groups in positions 2 and (or) 6, do not 
follow this rule. Compounds with -CH,OH groups in positions 
2 and (or) 6 were observed at higher fields (- 1820 and - 1839 
ppm), close to those of complexes with no substituents in 
ortho positions. Two hypotheses were investigated in order to 

explain these data. The observed different chemical shifts 
might be attributed to different Pt-ligand n-bonding or (and) 
to the solvent effect around the platinum atom. In both expla- 
nations, the effects depend on the conformation of the com- 
plexes, namely, on the orientation of the pyridine ring with 
respect to the platinum coordination plane. 

Orientation of the pyridine ligands in the Pt(I1) complexes 
A crystallographic review of pyridine-platinum(I1) com- 
plexes was made in order to determine the conformation of the 
pyridine ring in these complexes. We have chosen only the 
compounds that have chloride ligands in cis positions to the 
pyridine ligand. The results have shown that for pyridine 
ligands without ortho substituents, the dihedral angles 
between the coordination plane of the platinum atom and the 
plane of the pyridine ring vary from 44" to 59" (13-19). For 
the 2-methylpyridine complex, the angle is 72" (20). For com- 
plexes containing ligands with substituents in positions 2 and 
6, they vary from 82" to 89" (16,21-25). Obviously, the pyri- 
dine ring is frozen in a nearly perpendicular orientation by the 
ortho substituents. For a dihedral angle of 72", the C1 --- C,,. .,, distance (-3.2 A) is substantially less than the sum of the 
van der Waals radii (-3.9 A), and further reducing this angle 
would be energy costly. Thus, oscillation of the pyridine 
ligand is restricted to a narrow '15" range about 90°, and 
180" rotation to reach the other vertical orientation is probably 
obstructed by very high repulsion when the pyridine ligand 
tries to become coplanar with the coordination plane. For 
ligands without ortho substituents, at the lower limit of 45", 
the H --- C1 distance (-2.77 A) is also less than the sum of the 
van der Waals radii (-3.1 A), but it increases rapidly as the 
pyridine is rotated towards the vertical orientation. Therefore, 
these ligands can freely oscillate over a large '45" range 
about 90". 

Simple molecular mechanics calculations were run with the 
PC-MODEL package3 to estimate the contribution of nonbonded 
contacts to the rotation barrier in these systems. Energy was 
calculated as the pyridine was rotated about the Pt-N bond 
with respect to the coordination plane, over the representative 
0"-90" range of dihedral angles. Rigid idealized bond lengths 
and bond angles were used, but for each dihedral angle the 
methyl groups were allowed to adopt the orientation of lowest 
energy. The energy vs. dihedral angle curve showed a maxi- 
mum for 0" (coplanar), as expected, with values (Wmol) of 
150 for pyridine, 1280 for 2-methylpyridine, and 2700 for 2,6- 
dimethylpyridine. These values are certainly overestimated, 
since steric strain can be relieved by relatively energy-inex- 
pensive variations of other geometrical parameters (e.g., small 
changes of bond angles or out-of-plane deformations). For 
instance, increasing the N-Pt-Cl angle to 93" reduces the 
above values to 90, 850, and 1580 kJ/mol, and for 97", they 
become 40, 440, and 860 Hlmol, respectively. It is notewor- 
thy that even for the latter fairly large distortion, the rotation 
barrier remains very high for 2- and 2,6-substituted ligands. 
When the dihedral angle between the platinum and the pyri- 
dine planes is about 45", the maximum energies (assuming cis 
bonds of 90") are drastically reduced to approximately <lo, 
120, and 185 Wmol for the pyridine, 2-methylpyridine, and 

PCMODEL Program, Version 88.0, Serena Software. 
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2,6-dimethylpyridine complexes, respectively. Therefore, for 
pyridine complexes the angle can vary between 45 and 90" 
with almost no loss of energy due the repulsion of the cis 
ligands. For 2,6-dimethylpyridine, the most stable conforma- 
tion is greater than 70" where the cis repulsions become neg- 
ligible. 

Variable-temperature NMR experiments were run to check 
this different behavior with respect to rotation. For this pur- 
pose, [PtLC13]- compounds are useless, since rotation about 
the Pt-N bond would not generate distinguishable rotamers. 
Instead, trans-PtL,Cl, complexes were used, with the ligands 
2-methyl- and 3-methylpyridine, which can form two 
unequivalent rotamers (methyl groups on the same or opposite 
sides of the PtN, plane, respectively). The 'H spectrum of 
trans-Pt(2-methylpyridine),Cl, was measured in chloroform. 
The aromatic multiplets were too complicated to be analyzed, 
but the methyl signal at -2.25 ppm appeared as two sharp 
peaks 1 1 Hz apart. The relative intensities (65:35) indicate that 
the two forms have comparable stabilities, as expected. These 
peaks remained unaffected as temperature was increased to the 
maximum possible temperature of 50°C. Therefore, the 
energy barrier can be calculated to be >71 kJ/mol. For trans- 
Pt(3-rnethylpyridine),Cl,, the 13c and 'H NMR spectra were 
measured in a mixture of chloroform and Freon-21 between 
25" and -100°C. A single sharp methyl resonance was 
observed over the whole temperature range covered. The other 
signals all showed single peaks also. This can be due to the 
presence of a single rotamer (unlikely), the resonances are too 
close to be resolved (possible), or fast exchange between the 
two rotamers because of a low rotation barrier (likely). Con- 
sidering that no broadening was detected at the lowest temper- 
ature used (- 100°C) and assuming that the separation of the 
methyl signals for the two rotamers would be the same as 
above, an upper limit of 29 Wmol  can be calculated for the 
rotation barrier. 

Although these results provide only rough estimates, they 
support the overall picture of a highly restricted perpendicular 
orientation for ortho-substituted pyridines and much greater 
orientation flexibility for ligands without ortho substituents. 

19'pt data and solvation effects 
These observations on the conformation of the complexes sug- 
gest that the main factor influencing the 6(Pt) of the platinum 
complexes is the solvent effect. For the pyridine complex, the 
two H atoms in positions 2 and 6 are not large enough to pre- 
vent the approach of water molecules, especially when the 
angle is close to 45". The molecules of solvent are attracted 
towards the platinum centre below and above the platinum 
plane, thus increasing the electron density in the close environ- 
ment of the Pt atom. Therefore the 6(Pt) should be observed at 
higher field. With compounds containing two -CH3 substitu- 
ents in positions 2 and 6, the pyridine and platinum planes 
must be perpendicular to each other. The two hydrophobic 
methyl groups are then located directly above and below the 
platinum plane, preventing the approach of water molecules. 
Therefore the electron density on the platinum atom is reduced 
compared to the pyridine compound. The platinum chemical 
shift of the 2,6-dimethylpyridine complex is observed at lower 
field than those of the compounds without hydrophobic sub- 
stituents in ortho positions. 

To demonstrate this solvent effect, platinum compounds 

containing ligands with substituents in positions 2 and 6, 
which can recreate an environment similar to the solvent 
effect, were studied. One such example is [Pt(2,6- 
(HOCH,),py)Cl3]-, whose platinum resonance was observed 
at much higher field (- 1839 ppm) than the other 2,6-disubsti- 
tuted complexes with hydrophobic groups (- 1720 to - 1754 
ppm) . In fact, it was observed very close to the value mea- 
sured for [Pt(py)C13]- (- 1816 ppm). Other platinum com- 
plexes containing hydroxy or amine groups in ortho positions 
(which form the fourth group) were also observed at similar 
higher fields. The hydrophilic groups in ortho positions are 
located above and below the platinum plane and create an 
environment similar to that observed in the pyridine complex. 
These observations confirm the hypothesis on the importance 
of the solvent effect on the chemical shifts in ' 9 5 ~ t  NMR spec- 
troscopy. 

Nevertheless, even if the solvent effect can explain the 
6(Pt), the presence of Pt-pyridine T-bonding is not excluded. 
In Zeise's salt (26), the T bond is formed from the overlap of 
the filled dyz orbital of platinum (the platinum plane is in the xy 
plane and ethylene is along the y axis) with the vacant T* of 
ethylene, since C2H4 is perpendicular to the platinum plane. 
Considering that all the T* orbitals of pyridine have a nodal 
plane through the six-membered ring, back-donation could 
take place via d,, + T*, if the pyridine ring is perpendicular to 
the coordination plane, or via dyz + T*, if it is coplanar. For 
pyridine, T,* (LUMO) has the right symmetry (1) for accept- 
ing back-donation from the metal, since it has no nodal plane 
on the N atom (contrary to T,*). In the conformation with a 
dihedral angle of =90°, which is accessible for all ligands, d, 
+ T* interaction could occur, but this type of back-donation 
is not believed to be appreciable. The fact that complexes with 
ligands, without ortho substituents, have dihedral angles 
around 50" has led a few authors to suggest that dyz + T* 
bonding would exist (16, 26). Therefore, the observed dihe- 
dral angle would result from two factors: the T bond (dyz + 
T*), which would tend to bring the pyridine ring in the coor- 
dination plane, while the C1 ,.. H(ortho) steric repulsions 
would tend to bring the two planes perpendicular to each 
other. Furthermore, the d, orbital was suggested to contribute 
in the bonding of the two cis Pt-Cl bonds, which would 
reduce its involvement in the Pt-L T bond (26). 

Since 13c NMR spectroscopy had provided information on 
similar T-bonding problems in Ru(I1) and Rh(II1) compounds 
(27), the spectra were recorded for our [Pt(L)C13]- complexes. 

13c NMR 
The 13c NMR spectra of pyridine and its methyl derivatives 
and their Pt(I1) complexes were measured in D,O. The exper- 
imental data for the ligands are shown in Table 3, while those 

- of the complexes, along with A6(6,,,plex tiligand) are shown 
in Table 4. 

For the free pyridine molecules, three factors will influence 
the electron density on the carbon atoms, and thus the cherni- 
cal shifts of the ligands. There are three different mesomeric 
forms of pyridine produced by the delocalization of the T elec- 
trons, two of which have a 6- charge on the N atom and a 6+ 
charge on the ortho or para C atoms. These mesomeric forms 
decrease the electron density on the carbon atoms in positions 
2,4,  and 6 (28). The second factor is the inductive effect of the 
nitrogen atom, which is more important for closer carbon 
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Table 3. ',c chemical shifts (6, ppm) of the pyridine derivatives measured in D,O. 

2-CH, 3-CH, 4-CH, 5-CH, 6-CH, C(2) c(3) c(4) c(5) c(6)  

Pyridine (py) 149.43 125.00 137.84 125.00 149.43 
~ - C H ~ ( P Y )  18.40 149.58 134.70 138.20 124.49 146.44 
~S-CH,(PY) 18.06 18.06 146.15 134.76 139.65 134.76 146.15 
~ , ~ - C H ~ ( P Y )  19.23 16.31 148.34 134.47 149.65 126.01 145.93 
~ - C H ~ ( P Y )  23.29 158.40 124.49 138.13 121.94 148.70 
~ ,~ -CH, (PY)  21.70 18.86 157.10 133.01 138.70 122.43 145.93 
~ , ~ - C H ~ ( P Y )  23.50 20.95 158.04 125.22 149.72 122.89 148.19 
~ ,~ -CH, (PY)  23.14 17.96 155.34 124.13 138.86 131.57 148.63 
~ ,~ -CH, (PY)  23.72 23.72 157.75 121.21 138.06 121.21 157.75 
~ , ~ , ~ - C H , ( P Y )  22.63 21.02 22.63 156.73 123.04 150.31 123.04 156.73 
2,3,6-CH3(~~) 21.39 18.40 22.99 156.07 129.60 139.15 121.87 154.68 

Table 4. I3C chemical shifts (6, ppm) of the K[Pt(py)Cl,] complexes and (A6, ppm) (6 of the complex - 6 of the ligand) measured in 
D,O. 

Ligand 2-CH, 3-CH, 4-CH, 5-CH, 6-CH, c(2) (33) c(4) c(5) C(6) 

Pyridine (py) 

~ - C H ~ ( P Y )  18.18 
(-0.22) 

~ , ~ - C H ~ ( P Y )  18.06 18.06 
(0.00) (0.00) 

~ ,~ -CH, (PY)  19.15 16.38 
(-0.08) (0.07) 

Mean A6 (ligands with no ortho substituents) 
~ - C H ~ ( P Y )  26.78 

(2.99) 
~ , ~ - C H ~ ( P Y )  24.56 19.88 

(2.85) ( 1.02) 
~ , ~ - C H ~ ( P Y )  26.45 20.69 

(2.95) (-0.26) 
~S-CH,(PY) 26.23 17.70 

(3.09) (-0.26) 
Mean A6 (ligands with substituent in position 2) 

~ , ~ - C H ~ ( P Y )  27.66 
(3.94) 

2,4,6-CH,(py) 27.44 20.44 
(4.81) (-0.58) 

~ , ~ , ~ - C H , ( P Y )  25.32 19.71 
(3.93) (1.31) 

Mean A6 (ligands with substituent in positions 2 and 6) 

atoms. Therefore the carbon atoms in positions 3 and 5 are 
influenced only by the inductive effect and are observed at 
higher fields. Those located in position 4 are only slightly 
influenced by the inductive effect of the N atom, and appear at 
intermediate chemical shifts. The chemical shifts of the pyri- 
dine C atoms in D,O were found at 149.43, 137. 84, and 
125.00 ppm for atoms in positions 2, 4, and 3, respectively. 
The last factor that influences the C chemical shifts is a local 
effect due to the presence of substituents at different positions. 
The addition of a methyl group increases the ionic mesomeric 
forms of the pyridine derivative, and the electron density on 

the C atoms to which it is bonded decreases. When a -CH3 
substituent is in position 2, the 6(C) of C2 varies between 
155.34 and 158.40 ppm, an increase of about 7.5 ppm when 
compared to pyridine. A substituent in position 3 or 5 
increases the 6(C) of C3 or C5 by about 9.5 ppm, and a -CH3 
substituent in position 4 increases the 6(C) of C4 by about 12 
ppm (Table 3). The presence of a -CH, group creates a greater 
deshielding on its ring C atom when it is far from the N atom. 
The chemical shifts of the methyl groups vary between 16.3 1 
to 23.72 ppm and those located in positions 2 and 6 are the 
most deshielded. 
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Upon coordination of the pyridine ligand to the platinum 
atom, the formation of the a bond will decrease the electron 
density on the ligand and especially on the atoms close to the 
binding site, namely, those in positions 2 and 6. Furthermore, 
the ionic mesomeric forms will be more favored, reducing the 
electron density in positions 2, 4, and 6. As a result, all the 
chemical shifts of the carbon atoms are shifted towards lower 
field upon coordination. 

Since it was postulated that pyridine would form multible 
bonding with platinum, while the 2,6-disubstituted com- 
pounds would only form a a bond, attempts were made to 
study this hypothesis by I3c NMR spectroscopy. The chemical 
shifts of the complexes containing ligands with methyl groups 
in positions 2 and (or) 6, were compared with those of the 
complexes with pyridine ligands with no substituents in ortho 
positions. A comparison of AS (S,o,ple, - S,,,,,,) for the dif- 
ferent complexes should give useful information. The average 
AS for the pyridine complexes with no ortho substituents are 
4.84 for C(2), 2.19 for C(3), 1.88 for C(4), 1.79 for C(5), and 
5.03 pprn for C(6) (Table 4). For Pt compounds containing 
ligands with a methyl substituent in position 2, the correspond- 
ing AS values are 3.56, 2.71, 1.63, 2.16, and 5.58 ppm, while 
they are 4.40,2.65, 1.77,2.40, and 4.42 pprn for the 2,6-disub- 
stitued compounds. If T-bonding is more important in com- 
plexes containing ligands with no ortho substituents, the 
electronic density on the ligand should be larger for these com- 
plexes, and the AS should be smaller. In our case, we have not 
observed smaller shifts for the compounds containing ligands 
with no substituents in ortho positions, compared to the ortho- 
disubstituted complexes. Therefore, our results do not support 
the hypothesis that T-bonding would be less important in the 
2,6-disubstituted pyridine complex. 

It could be argued that the aquation reactions of the different 
ligands are different. The extent of hydration for unsubstituted 
pyridine might be more important than the hydration reaction 
with 2,6-dimethylpyridine. To study this influence, a second 
comparison was done using the chemical shifts of three 
ligands measured in chloroform. The AS (S,o,p,e, i n  Dzo - 

S,, in CDC13) values are 4.57,3.45, and 4.17 pprn for pyridine, 
4.30,4.47,3.52,3.67, and 5.70 pprn for 2-methylpyridine, and 
4.46,4.16, and 3.48 pprn for 2,6-dimethylpyridine. Again, the 
AS values are similar for the pyridine and the 2,6-dimethylpy- 
ridine complexes. Therefore, these results confirm that T- 
bonding, if present, is probably similar for all the platinum 
complexes. 

Attempts were made to confirm the presence of Pt+L T- 
bonding from the 13c NMR spectra of the complexes. We can 
compare our results with a Ru(I1) compound known to form 
metallic multiple bonding with pyridine (27). According to the 
authors, C(4) is the most reliable probe to study this effect. The 
chemical shift of C(4) of the pyridine ligand in 
[ ~ u ( ~ ~ , ) , ( ~ ~ r i d i n e ) ] ~ +  is 134.6 ppm, for a AS value of -3.2 
pprn (6 of pyridine measured in D20). Therefore, upon coordi- 
nation of pyridine to ruthenium(II), the electron density on the 
ligand is increased. For the corres onding Rh(II1) and Co(II1) z compounds [M(NH,),(pyridine)] (Rh(II1) and Co(II1) are 
harder metals than Ru(II)), the T-bonding should be reduced 
and the chemical shifts of C(4) were observed at 141.9 (AS = 
4.1 ppm) and 142.7 pprn (AS = 4.9 ppm), respectively. Our 
values vary from 1.17 to 2.04 ppm. This comparison seems to 
confirm the multiple nature of the Pt-N bond in pyridine- 

Table 5. J("c- '"~t)  coupling constants (Hz)  o f  the complexes 

K[P~(PY)C~'I .  

Ligand 'J 2-CH, 'J 6-CH, 'J C(3)  "J C(4) ' J  ~ ( 5 )  

PY 41.2 11.8 41.2 
~ - C H ~ ( P Y )  30.9 33.8 39.7 
~ - C H , ( P Y )  n.0. 44.1 
2,3-CH,(py) 22.1 30.9 42.7 
2,4-CH,(py) 30.9 33.8 39.7 
23-CH,(py) 30.9 33.8 39.7 
2,6-CH,(py) 27.9 27.9 30.9 30.9 
~ , ~ - C H , ( P Y )  n.0. 42.7 
~ , ~ - C H ~ ( P Y )  42.7 14.7 42.7 
2,3,6-CH,(py) 22.1 25.0 27.7 32.4 
2,4,6-CH,(py) 22.1 22.1 30.9 30.9 

n.o., not observed. 

platinum(I1) complexes. Nevertheless, its extent seems much 
less important than in Ru(I1) pyridine complexes, but probably 
more than in Rh(II1) and Co(II1) compounds. Yet, the strength 
of the a bond might vary with different metals and different 
oxidation states. 

The J ( ' ~ c - ' ~ ~ P ~ )  coupling constants were also measured 
and are shown in Table 5. The 3~ couplings were observed on 
C3 and C5 and vary from 27.7 to 44.1 Hz. The 4~ (with C4) are 
much smaller (1 1.8-14.7 Hz) and they could be measured 
only on two complexes. For the ligands with methyl substitu- 
ents in positions 2 and 6, the 3~ vary between 22.1 and 30.9 
Hz. The smaller values for the methyl C atoms are caused by 
the different hydridizations (sp3 vs. sp2). No 2~ values could be 
measured. These values are usually too small to be observed, 
due to the inadequate orientation of the different orbitals. 
Grim, Keiter, and McFarlane (29) have made a 3 1 ~  NMR 
study of compounds of the type cis- and t r~ns-Pt (PR~)~Cl~ .  
The authors have observed larger J ( ~ ~ P - ' ~ , P ~ )  coupling con- 
stants when the extent of T-bonding increased. In our work, 
we have not observed any differences between the coupling 
constants of the different platinum complexes. 

Structure of tran~-Pt(2,6-(HOCH,)~py)~Cl, 
The crystal structure of a platinum complex containing ligands 
with substituents in positions 2 and 6 capable of recreating the 
solvent effect around the platinum atom was determined. The 
ligand chosen for this study was 2,6-di(hydroxymethy1)pyri- 
dine. The two hydroxy groups could be located close to the Pt 
atom above and below the plane, as suggested from ' 9 5 ~ t  
NMR spectroscopy. The monosubstituted complex did not 
produce crystals suitable for X-ray diffraction. Therefore, the 
disubstituted compound was analyzed. The refined atomic 
parameters of the complex are listed in Table 6. A labelled dia- 
gram of the molecule is shown in Fig. l .  The platinum atom is 
located at the junction of a 2-fold axis and a mirror plane, the 
chloro ligands are on the mirror plane, while the N and C(4) 
atoms are on the 2-fold axis. The compound crystallized with 
molecules of water that are also situated on a 2-fold axis. AS 
expected, the coordination around Pt(I1) is square planar (per- 
fect plane by symmetry). The six atoms of the pyridine ring 
are in a plane with deviations N, 0.000; C(2), -0.003(5); C(3), 
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Fig. 1. Labelled diagram of tran~-Pt(2,6-(HOCH,),py)~C1~.2H~O. 

Table 6. Positional parameters with their e.s.d.'s and temperature 
factors (lo4) U,, = 113 CiC,U,p,*aj*a,.a,. 

Atom x Y z u,, (A2) 

Table 7. Bond distances (A) and angles ( O ) .  

~ t r i  2.306(2) c1-pt-cl1 180.0 
Pt-N 2.04 l(6) C1-Pt-N 90.0 
N-C(2) 1.358(6) N-Pt-N' 180.0 
c ( 2 ) 4 ( 3 )  1.382(7) Pt-N-C(2) 120.3(3) 
c ( 3 ) 4 ( 4 )  1.380(7) N-C(2)-C(3) 121.1(5) 
c(2)-c(5) 1.5 12(8) N-C(2)-C(5) 117.1(4) 
C(5)-0 1.422(8) C(2)-N-C(2)' 1 19.4(4) 

C(2j-C(3)-C(4) 1 19.3(5) 
C(3)-C(4)-C(3)' 1 19.7(4) 
C(3)-C(2)-C(5) 12 1.7(5) 
C(2)-C(5)-0 1 1 1 3 5 )  

N': 0, -y, 0; Cl': -x, 0, -z. 

-0.003(6); C(4), 0.001; C(2'), 0.003(6); and C(3'), -0.003(6) 
A. Tlie C(5) and the hydroxyl-0 atoms are also in the pyri- 
dine plane, with deviations of -0.037(6) and -0.012(5) A, 
respectively. The dihedral angle between the platinum and the 
pyridine planes is 79.8", close to the value of 8 1.6" observed in 
K[Pt(2,6-dimethy1pyridine)Cl3] (21). 

The crystal Pt(2,6-(HOCH2)2py)2C12 is the trans isomer as 
expected for 2,6-disubstituted compounds. It has been shown 
that it is not possible to synthesize cis isomers containing two 
pyridine ligands with substituents in positions 2 and 6 (4,25). 
The bond distances and angles are listed in Table 7. The Pt- 

C1 bond length is normal (2.306(2) A), and the Pt-N bond 
distance is 2.041(6) A. Pt-N bond distances for pyridine 
ligands usually seem slightly shorter than those observed for 
similar Pt - primary amine compounds, but it is difficult to 
compare since the trans ligand must be taken into consider- 
ation and few compounds of these types have been reported. 
The Pt-N bonds in trans-Pt(tert-b~tylamine)~Cl, are 
2.04 l(6) and 2.053(6) A (30), while in a trans pyridine deriv- 
ative compound, the Pt-N (pyridine) bonds are slightly 
shorter, 2.013(4) A (31). In trans-Pt(pyridine Cl , the bond 
distance is 1.98(1) A (13) and it is 1.991(11) k in trans-Pt(4- 
EtC00py),C12 (15). The slightly shorter bond observed in Pt- 
pyridine compounds might indicate the presence of .rr bonds, 
but there are not enough data available at the moment in the 
literature to reach such a conclusion. The present structure 
does not show any evidence of bonds shorter than those 
observed in Pt - primary amine complexes. The presence of 
two bulky substituents in ortho positions might be an impor- 
tant factor in slightly increasing the Pt-N distances. 

The 0 atoms in the hydroxy groups are located in the plane 
of the pyridine ring, but away from the platinum atom. The 
crystal tran~-Pt(2,6-(HOCH,)~py)~Cl, is stabilized by inter- 
molecular hydrogen bonding between the hydroxy groups and 
the water molecules. The distance 0 ... 0 is 2.754(6) A with an 
angle C(5 -0 .,, 0 of 103.1(3)" and the distance 0 ... O(w) is 
2.789(6) 2 , with an angle C(5)-0 ... O(w) = 103.4(3)". These 
results indicate that the conformations of the hydroxy grou s 
in the crystal are different from those suggested by the 19$t 
NMR spectra. The presence of lattice molecules of water is 
probably a major factor responsible for the different confor- 
mation in the solid state, since hydrogen bonds provide an 
important contribution to crystal packing energy. This obser- 
vation does not weaken the conclusion reached from 19'pt 
NMR spectroscopy. Since the dihedral angle between the Pt 
plane and the pyridine plane is close to 90°, rotations around 
the -CH20H groups within the free species could easily bring 
the hydroxy groups in the close environment of the platinum 
atom on both sides of the Pt plane. 

A packing diagram of the molecules is shown in Fig. 2. The 
Pt atoms are located at z = 0 and the lattice water molecules are 
all located at z = '1,. The pyridine rings are stacked in the crys- 
tal along the x direction, at approximately y = 'I4 and 3/4 and 
z = o .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Rochon et al. 

Fig. 2. Packing diagram in the crystal trans-Pt(2,6- 
(HOCH,)~y),C12.2H,0. 

Conclusion 
The 13c NMR spectra of the platinum(I1) complexes do not 
rule out the multiple nature of the Pt-N bond, but the extent 
of T-bonding is small compared to ruthenium(I1)-pyridine 
complexes. In this work, we have assumed that the extent of 
the u bond remains the same when substituents are added on 
the pyridine ring. This hypothesis might not be acceptable, but 
it is not easy to separate the two types of bonding since only 
the overall effect can be observed. 1 5 ~  NMR spectroscopy 
might bring more information on the nature of the Pt-N bond 
than a 13c NMR study. Nevertheless, except for pyridine, most 
of the 1 5 ~  enriched ligands are not easily available. 

The 1 9 5 ~ t  NMR spectroscopic results have provided useful 
information in the study of this series of platinum(I1) com- 
plexes. The solvent effect plays a major role in the determina- 
tion of the platinum chemical shifts. Complexes containing 
ligands with no substituents in the ortho position would allow 
the molecules of solvent (water) to approach the platinum 
atom on both sides of the platinum plane, thus increasing the 
electron density in the close environment of the metallic cen- 
ter. On the other hand, compounds containing 2,6-dimethyl- 
pyridine with two hydrophobic methyl groups on each side of 
the platinum plane (since the Pt and pyridine planes are per- 
pendicular to each other), do not allow the approach of the 
molecules of solvent in the close environment of the Pt atom, 
thus reducing the electronic density around the Pt atom. The 
latter compounds are observed at lower fields. The Pt com- 
pounds with ligands that can recreate the solvent effect, such 
as 2,6-di(hydroxymethyl)pyridine, are observed again at 
higher fields, like the pyridine complex. 

The crystal structure determination of trans-Pt(2,6- 
(HOCH2)2py)2C12 has shown that all the hydroxy groups are in 
the same plane as the pyridine ring and point away from the 

platinum atom. In aqueous solution, the ' 9 5 ~ t  NMR spectra of 
K[Pt(2,6-(HOCH2),py)C13] and related compounds have 
shown that the hydroxy groups seem to be close to the plati- 
num atom. If we assume that the angle between the 
plane and the pyridine plane is close to 90°, the hydroxy 
groups could be thought of as recreating, around the Pt atom, a 
hydrbphilic environment similar to the solvent effect. The dif- 
ferent orientation of the hydroxy groups observed in the solid 
state results from the formation of hydrogen bonds with the 
molecules of lattice water, which would stabilize this confor- 
mation. A rotation around the -CH,OH groups could bring the 
hydroxy groups into the close environment of the platinum 
atom on both sides of the Pt plane as suggested by the solution 
spectra. 

This work confirms that T-bonding, if present, is not differ- 
ent for ortho-unsubstituted or ortho-substituted ligands in the 
Pt(I1) complexes. But the presence of multiple bonding is not 
essential to explain the conformation of the ligands in the 
Pt(I1) complexes. The energy difference for dihedral angles of 
45" and 90" in [Pt(pyridine)Cl,]- is very small (<I0 kJ mol-I) 
and could easily be overcome, for example, by very weak 
dipole-dipole attractions between the ortho H atoms and the 
cis chloro ligands. Some interesting results from the literature 
might strengthen this suggestion. The crystal structures of the 
compounds trans-Pt(DMS0)(3,5-dimethylpyridine)I, (32) 
and trans-Pt(pyridine),I, (33) have shown that the dihedral 
angles between the Pt and the pyridine ring are 79" and 75", 
respectively. These angles are much larger than those 
observed for Pt-dichloro compounds containing ligands with 
no substituents in positions 2 and 6 (44"-59"). The larger 
angle might be caused by the absence of dipole-dipole attrac- 
tions between the ortho H atoms of the pyridine dehvative and 
the cis iodo ligands. 
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Bis- and tris(amidine)fluoroboron cations and 
mixed tetrahaloborate anions: NMR studies of 
mixed boron trihalide adduct redistribution 
reactions involving amidines as strong 
nitrogen bases1 

J. Stephen Hartman, Zheng Yuan, Arnold Fox, and Anh Nguyen 

Abstract: Amidines as strong Lewis bases react with amidine-mixed boron trihalide adduct systems D.BF,,Cl,., (n = 0-3) in the 
presence of excess boron trihalide to give complex mixtures of products including the mixed tetrahaloborate anions BF,,Cl,,,- 
and the fluoroboron cations D,BF,C and D,BF,+, which coexist with the neutral adducts D;BF,,Cl,.,,. Excess amidine rapidly 
displaces chloride ion from the chlorofluoroborate anions and neutral mixed boron trihalide adducts to give high yields of the 
fluoroboron cations. The D,BF,+ cations of the arnidines 1,s-diazabicyclo[5,4,0]undec-7-ene (DBU) and 1,5- 
diazabicyclo[4,3,0]non-5-ene (DBN) are inert and have been isolated as their hexafluorophosphate salts. (DBN),BFlf is inert 
and has been isolated as its hexafluorophosphate salt, but (DBU),BFZf is highly reactive. 

Key words: arnidines, fluoroboron cations, mixed boron trihalide adducts, redistribution reactions, fluorine- 19 NMR, boron- 11 
NMR, 1,s-diazabicyclo[5,4,0]undec-7-ene (DBU), 1,5-diazabicyclo[4,3,0]non-5-ene (DBN) 

Resume : Les amidines, comme de fortes bases de Lewis, rCagissent avec les systkmes d'adduits arnidine-trihalogknures de bore 
rnixtes, D.BF,Cl,., (n = &3), en prCsence d'un excks de trihalogknure de bore, pour donner des rnClanges complexes de produits 
contenant les anions rnixtes tCtrahalogCnoborates, BF,C14.,-, ainsi que les cations fluorure de bore D,BF; et D,BF,+ qui 
coexistent avec les adduits neutres D.BF,Cl,.,. L'excks d'amidine dCplace rapidernent l'ion chlorure des anions 
chlorofluoroborate et des adduits trihalogCnures de bore rnixtes neutres pour conduire, avec des rendernents ClevCs, aux cations 
fluorure de bore. Les cations D,BF,+ des amidines 1,s-diazabicyclo[5.4.O]undCc-7-kne (DBU) et 1,5-diazabicyclo[4.3.0]non-5- 
kne (DBN) sont inertes et ont CtC isolCs sous la forme de sels hexafluorophosphate. Le (DBN),BFZf est inerte et a CtC isole 
cornrne son sel hexafluorophosphate: toutefois, le (DBU),BFIf est extrgrnernent rkactif. 

Mots clis : amidines, cations fluorure de bore, adduits rnixtes de trihalogCnures de bore, rkactions de redistribution, RMN du 
fluor- 19, RMN du bore- 11, 1,s-diazabicyclo[5.4.O]undCc-7-kne (DBU), 1,5-diazabicyclo[4.3.0]non-5-kne (DBN). 

[Traduit par la rkdaction] 

Introduction [I]). With pyridines the adducts D-BFX, also react, and form 
bis(pyridin~)fluorohaloboron and tris(pyridine)fluoroboron 

Earlier work in this laboratory (1,2) has shown that low-steric- cations as in eq. [2] (3). We now report the extension of our 
hindrance tertiary amines selectively displace heavy halide ion ~. 

X- (X = Cl, ~ r j  from nitrogen-donor mixed boron trihalide 
[I]  D.BF,x + D.+ DD.BF,+ + X- 

adducts D.BF,X to form bis(amine)difluoroboron cations (eq. 
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work to mixed boron trihalide adducts of amidines (4), which 
as strong nitrogen bases of low steric hindrance should be 
capable of driving the formation of fluoroboron cations even 
more effectively than is possible with pyridines as donors. 

The basicity of the amidine functional group >N- 
CR=N- is enhanced by electron delocalization toward the 
imino nitrogen as in structure lb. The substituent on the imino 
nitrogen atom, the site of protonation and of complex forma- 
tion, has the strongest influence on amidine basicity (3, 
although basicity is also affected by substitution at the central 
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carbon atom and the amino nitrogen (6). Amidines with their 
strong basicity have interesting coordination chemistry (7). 
Monomeric, dimeric, and cluster metal amidine complexes 
have been studied. N-H containing acyclic amidines can lose a 
proton to form [R1-N=CR-N-R"]- species, which can 
act as bridging ligands (7, 8). To avoid problems of N-H pro- 
ton transfer, we have limited our work to N,N,N1-trialkyl-sub- 
stituted amidines. Following preliminary studies with N,N,N1- 
trimethylacetamidine (Me2N-CMe=NMe) and N,N.N1-tri- 
methylbenzamidine, which are not commercially available, 
our work on amidine interactions with mixed boron trihalide 
adducts has involved 1,8-diazabicyclo[5,4,0]undec-7-ene 
(DBU, 2) and 1,5-diazabicyclo[4,3,0]non-5-ene (DBN, 3). 
Both of these amidines are readily available and have become 

2, DBU 3, DBN 

well established as strongly basic yet non-nucleophilic 
reagents in organic synthesis (9, 10). DBN is one of the stron- 
gest amidine bases, with a pKb of about 0.5 in 50% aqueous 
ethanol (1 1). DBU is almost as basic, with a pKb of 1.1 in 1 M 
aqueous solution and 0.6 in 10% aqueous solution (Table I of 
ref. 10). This compares to pKb values of 2.9-3.4 for simple ali- 
phatic trialkylamines and 7.2-8.8 for simple pyridines (12). 

Despite the reputation of DBU and DBN as strongly basic 
yet non-nucleophilic reagents (9, lo), a number of recent 
reports have shown that these bases can indeed act as nucleo- 
philes (13), notably towards halogenated derivatives of main 
group elements (14), and a few DBU-metal complexes have 
recently been reported (15). 

Experimental 

Materials 
Most compounds utilized in this work are moisture sensitive. 
They were handled with standard inert-atmosphere Schlenk 
line and glove bag techniques (16). Carefully dried solvents 
were used. 

Boron trifluoride gas (Matheson) was passed through a 
glass tube packed with sodium fluoride in order to remove 
traces of HF. Boron trichloride gas (Matheson, bp 12.7"C) was 
condensed with a slush bath at -63°C on the Schlenk line, and 
a trap-to-trap distillation was canied out. The pure liquid BCl,, 
which is clear and colorless, was diluted to 0.5 M in CDC1, and 
stored at - 10°C in a closed Schlenk vessel. 

Boron tribromide (Alfa Inorganics) was treated with mer- 
cury to remove bromine and was transferred into small 
ampoules by trap-to-trap distillation on a high-vacuum line. 
The sealed ampoules were stored in the dark to prevent photo- 
chemical formation of bromine and were opened as needed in 
the glove bag. 

Commercial DBU (Abbott Laboratories; Air Products and 
Chemicals, Inc.) was distilled under reduced pressure and dry 
nitrogen (13&134"C at 20 Torr (1 Torr = 133.3 Pa)) using 
microdistillation apparatus sealed with Apiezon M grease and 
linked to a Schlenk line. The purified DBU (clear and almost 
colourless) and DBN (Aldrich, 95%) were stored over Lind6 
5 A molecular sieves prior to use. 

N,N,Nr-Trimethylacetamidine and N,N,N1-trimethylbenza- 
midine were synthesized according to the procedure of Wilson 
et al. (17), using Ti(NMe2), that had been synthesized by the 
procedure of Bradley and Thomas (1 8) and vacuum distilled. 
The amidine products were vacuum distilled and stored in 
tightly sealed 5 mL flasks over activated Lind6 3 A molecular 
sieves before use. 

Hexane was dried with sodium wire. Deuterated chloroform 
(Merck, minimum isotopic purity 99.8% D) was dried with 
Lind6 5 A molecular sieves that were baked in advance in a 
muffle furnace at 400°C for more than 3 h and cooled over a 
period of 0.5 h in a vacuum desiccator. Sodium tetraphenyl- 
borate (Fisher, 99.6%), sodium hexafluorophosphate (Alfa, 
98%), and ammonium hexafluorophosphate (Aldrich, 99.5%) 
were used as supplied. 

C F6 (Whittaker) was used as a secondary internal reference 
18 for F chemical shifts (- 162.7 ppm from CFCI,). Et20.BF3, 

prepared by reaction of BF, with diethyl ether and fraction- 
ation of the liquid product, was used as the "B external refer- 
ence. Nitromethane (Fisher), distilled at 101-102"C, was used 
as the external reference for 1 5 ~ .  

Boron trihalide adducts 
Boron trihalide adducts were synthesized as described previ- 
ously (2, 19), with a bubbler added to control the flow rate of 
the gas. BF, or BCl, was slowly bubbled into an anhydrous 
hexane solution of the arnidine (hexane:amidine = 5:l- 10: 1 
VIV) under a positive nitrogen atmosphere until no additional 
precipitation occurred. The reaction took place at 0°C in an ice 
bath, with stirring. DBU-BF, and DBNeBF, are very stable in 
water, and DBU-BF, did not change over a month on standing 
in air. The separation of boron trifluoride adducts from the 
solution was initially canied out by syringelseptum methods 
(2, 3), but in view of the stability of DBU-BF, and DBN-BF, 
to hydrolysis, in later work the adducts were filtered in air and 
washed with hexane and water to remove organic and inor- 
ganic impurities, followed by drying in air and under vacuum 
and storage in a Schlenk vessel. 

Synthesis and isolation of fluoroboron cations 
Difluoroboron cations D2BF2+ and monofluoroboron cations 
D,BF" were formed by similar methods. In most situations, a 
solution of 0.05-0.10 mL 1.0 M BC1, in CDC1, was added to a 
solution of 0.3-0.4 mL 0.3-0.5 M D-BF, in CDC1, in a 5 mm 
NMR tube. Both of these solutions were kept at -63°C in a 
slush bath. After 1&20 min, during which time D.BFnC13-, 
formed (2, 3, 19), a solution of 0.2-0.4 mL of 1 M amidine in 
CDCl, was added. Syringes (1 mL and 50 pL) were used to 
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inject the various reagents. A very narrow glass rod with an 
enlargement at the bottom was especially useful for mixing 
reagents in the NMR tube. The whole process was carried out 
in a glove bag under a nitrogen atmosphere. Since redistribu- 
tion reactions occur rapidly in these systems, only a few min- 
utes were required for the fluoroboron cations to form. 

Monitoring by ' 9 ~  NMR showed that the best ratio of C1 to F 
for the formation of the D2BF2+ cations of DBU and DBN is 
0.8: 1. For the D2BFC1+ and D ~ B F ~ +  cations the best ratio of C1 
to F is (1.2-1.5):l. Both have the same precursor, D.BFCl,, 
and only half as much free amidine is needed for D,BFCl+ for- 
mation as for D~BF,+. Some D,BFCl+ was always formed 
along with D3BF2+. 

Neither D2BF2+ nor D~BF,+ was isolated directly from the 
CHCl, mother solution by precipitating as D2BF2+Cl- or 
D,BF~+C~;. A precipitate that did form in such a solution con- 
taining (DBU),BF,+ gave a fast atom bombardment mass 
spectrum (FAB spectrum (20)) with only one strong peak cor- 
responding to DBU-H+, indicating that the precipitate is 
[DBU.H]+Cl-. 

Sodium tetraphenylborate was added in an attempt to pre- 
cipitate fluoroboron cations as their tetraphenylborate salts, as 
in related systems (2, 3). However, FAB analysis indicated 
that only [D-H]+BPh,- (D = DBU, DBN) were isolated in 1: 1 
CHC13-EtOH solution. 

(DBU),BF,+, (DBN),BF,+, and (DBN),BF,+ were isolated 
by selective precipitation as their hexafluorophosphate salts. A 
white precipitate appeared immediately when a saturated 
NaPF6 or NH4PF6 solution in ethanol was added to a cation- 
containing 1:l CHC13-EtOH solution. Recrystallization was 
carried out from a 1 : 1 acetone-EtOH solution. The fluorobo- 
ron hexafluorophospates are soluble in acetone and insoluble 
in EtOH. 

High-quality single crystals suitable for X-ray crystallogra- 
phy were grown by a solvent diffusion process. The key to 
growing these crystals is that absolute EtOH must be very gent- 
ly added to fluoroboron cation-containing hexafluorophos- 
phate-containing acetone solution along the glass wall of a 10 
mm diameter tube to keep the surface in an undisturbed state. 
The acetone solution must be a little less than saturated. The 
slower the diffusion process, the higher the quality of the crys- 
tal. After 20 h of solvent diffusion, excellent crystals began to 
appear. 

Since (DBU),BF,+ decomposes in water and alcohol, it 
could not be isolated by the general method. Other unsuccess- 
ful attempts included use of a large amount of hexane to pre- 
cipitate it from the mother solution, and the direct addition of a 
saturated solution of NaPF, or NH4PF6 in CHC13 to the mother 
solution. 
Tris(DBU)monofluoroboron hexafluorophosphate 
In a -63°C slush bath, a solution of BC13 in CHCl, was added 
to a solution of DBU-BF3 in CHC1, in a 1:0.8 molar ratio. 
After stirring for 10 min, a fourfold excess (over BCl,) of 1 M 
DBU in CHC13 was added and the solution was stirred for 
another 10 min. This solution was mixed with absolute ethanol 
in a 1: 1 volume ratio. NH4PF6, as a saturated solution in etha- 
nol, was slowly added with vigorous stirring until no addi- 
tional precipitate formed. The white solid, very stable to 
hydro1 sis, was washed with several portions of water and eth- J' anol. ' F NMR spectrum in acetone: 6 - 129.9 ppm, 1: 1 : 1: 1 
quartet; 6 -70.8 ppm, 1:l doublet (quartet:doublet - 1:12); 

Table 1. Elemental analyses of (amidine)fluoroboron 
hexafluorophosphates. 

Element Calcd. (%) Found (%) 

I B  NMR s ectrum: 6 4.7 ppm, 1:l doublet; J("B-'~F) = 50.7 
HZ; Jt19F-'P) = 710.6 Hz; no "F or "B extraneous peaks. 
FAB spectrum (NBA matrix): peak at m/z 63 1 having an iso- 
tope pattern consistent with {[(DBu)~BF~+](PF~-))+. The ele- 
mental analysis is given in Table 1. 

Tris(DBN)rnonofluoroboron hexafluorophospate 
Needle-like transparent crystals of tris(DBN)monofluorobo- 
ron hexafluorophosphate were obtained by using a procedure 
similar to that for the DBU analogue. Since (DBN),BF,+ was 
always present with (DBN),BF,+ and both of them could be 
precipitated by PF6-, the amount of P F 6  was controlled so that 
only the doubly charged cation was precipitated and the singly 
charged cation remained in solution. 1 9 ~  NMR spectrum in 
acetone: 6 - 141.1 ppm, 1:l: l : l  quartet; 6 -70.8 ppm, 1:l 
doublet; "B NMR spectrum in acetone: 6 3.6 ppm, 1:l dou- 
blet; J("B-'~F) = 47.8 Hz; no additional 1 9 ~  or "B NMR 
peaks. The elemental analysis is given in Table 1. 

Bis(DBN)difluoroboron hexafluorophosphate 
1M BC13 in CHC13 was added to a solution of DBN.BF3 in 
CHCl,, in a 1:3 molar ratio in a -63°C slush bath. After stir- 
ring for 5 min, a twofold excess of 1 M DBN in CHCl, solu- 
tion was added, and the solution was stirred for 5 min. A 
twofold excess (vlv) of water was added to the CHCl, solution 
and the mixture was shaken for 5 min in a separatory funnel. 
Addition of saturated NaPF6 to the water phase with stirring 
gave a white precipitate that was filtered, washed with several 
portions of water and CHC13, and recrystallized from 1: 1 ace- 
tone-EtOH. 1 9 ~  NMR spectrum in acetone: 6 - 146.5 ppm, 
1:l:l:l quartet; 6 -70.8 ppm, 1:l doublet ( uartet:doublet - 1 - 1:6). "B NMR spectrum in acetone: J("B-' F) - 31.6 Hz; no 
1 9 ~  or "B extraneous peaks. FAB spectrum: mdz at 297 
[(DBN),BF,]+(lOO%) and 173 [(DBN)BF,]+. The elemental 
analysis is given in Table 1. 

Instrumentation 
Most spectra of the DBU and DBN systems were obtained on 
a Bruker AC-200 multinuclear Fourier Transform NMR spec- 
trometer operating at 188.31 MHz (19~), 64.20 MHz ("B), and 
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Fig. 1. 188.2 MHz 1 9 ~  NMR spectrum of a DBU-BF,,Cl,.,, solution in CDCI, 
with mole ratio DBU:BF,:BCl, = 2: 1: 1. 

I I I I I I I I 

-1 00 -1 10 -120 -130 -140 

6 19F (PPM) 

20.29 MHz ("N), with 8K FIDs and spectral windows varying 
from 6000 Hz ("B) to 35 000 Hz (19~) .  For 1 9 ~ ,  between 200 
and 2000 30" pulses were usually accumulated, with a relax- 
ation delay of 1.1 s. 19F spin-lattice relaxation times were 
determined on the AC-200 instrument using the inversion- 
recovery (180"-7-90') pulse sequence. ' s ~  spectra of DBN 
and DBU were obtained by the INEPT technique (21), but low 
signal strength prevented lSN NMR studies of the adducts. 

Variable-temperature I9F NMR studies of the trimethylacet- 
amidine and trimethylbenzamidine systems were carried out 
on a Bruker WP-60 multinuclear Fourier Transform NMR 
spectrometer operating at 56.4 MHz. High-field "B spectra of 
the DBU and DBN systems were obtained on a Bruker AM- 
500 spectrometer at 160.64 MHz, with a spectral width of 20 
000 Hz and 8K and 16K FIDs, and 100G2000 30" pulses. 
High-field "B spectra of the trimethylacetamidine and tri- 
methylbenzamidine systems were obtained on a Bruker WH- 
400 instrument operating at 128.5 1 MHz. 

FAB spectra were obtained on an AEI MS-30 (Kratos Ltd, 
Manchester) double-beam mass spectrometer coupled to a 
saddle field atom gun (Ion Tech Ltd, Teddington, U.K.), retro- 
fitted with a Kratos FAB source in beam 1. The accelerating 
voltage was 4 kV. 3-Nitrobenzyl alcohol (NBA) was used as a 
liquid matrix in most cases. Data were collected on a DS-55 
Kratos data system. A Hewlett-Packard 2631G printer was 
used to plot the spectra and mass intensity data. Signals from 
the matrix were subtracted automatically in the computer sys- 
tem in most situations. The BMASROS program was utilized for 
interpretation of isotope patterns. 

Results 

The DBU-BFnC13-, system 
Figures 1 and 2 show I9F and "B NMR spectra of solutions of 
DBU.BF3 following (i) BC13 addition to induce F,Cl exchange 
and form the mixed boron trihalide adducts DBU.BFtlCl3-,, 
and (ii) addition of sufficient DBU to complex the excess 
Lewis acid. Large amounts of the mixed chlorofluoroborate 
anions BFC13-, BF,Cl;, and BF3C1-, identified by their chem- 
ical shifts and coupling constants (22), are present in addition 

Fig. 2. 160.4 MHz "B NMR spectra of DBU.BF,,Cl,.,, solutions 
in CDCl,. (a )  CI < F; (b) C1> F. 

6 "B (PPM) 

to the neutral boron trihalide adducts DBU.BF,,Cl,,, (n = G 3 )  
and the (DBU),BF,+ cation. There are also small amounts of 
DBUeBCl, and (DBU),BFCl+. In samples with higher C1:F 
ratios a signal arising from (DBU),BF,+ can also be detected, 
and the DBU-BC1, peak is large. Most ' 9 ~  signals are 1: 1: 1: 1 
quartets due to coupling to "B (I = 3/2), and most "B signals 
give first-order multi lets that confirm the number of fluorines B attached. The "B-' F coupling constants are consistent in 
both "B and I9F spectra and confirm our peak assignments, 
except (DBU)~BF,+ and (DBU),BFCl+, which give broad 1 9 ~  
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Table 2. 1 9 ~  and "B NMR parameters of amidine-haloboron 
cations, amidine - boron trihalide adducts, and fluorochloroborate 
anions. 

Chloro- 
fluoroborate 
 anion^^,^ 

Chemical shift" 

( P P ~ )  

Adduct 

"I9F, ppm to high frequency of CFCl,; "B, ppm to high frequency of 
Et,O . BF,. 

'ambient temperature; CDC1, solvent unless otherwise noted. 
'Determined from the PF; salt in acetone solvent. 
dCD2C12 solvent. I9F: -53°C; values can vary with temperature by up to 

2.5 ppm between -53°C and ambient temperature. "B, ambient 
temperature. 

'Collapsed by rapid chemical exchange in most samples. 
'Ass~gned by analogy w ~ t h  the "B NMR spectra of the DBU and DBN 

systems. 
T o r  literature values (CH,C12 solvent) see ref. 22. 

signals because of more efficient quadrupole relaxation of 
boron (23). Better resolution is obtained from a solution of the 
hexafluorophosphate salt of (DBU)~BF,+ in acetone than from 
the CDC13 solutions described above. Table 2 gives the NMR 

parameters of the amidine-haloboron cations and amidine - 
boron trihalide adducts, and chlorofluoroborate anions. At 
-40°C most "B NMR signals become very broad due to 
increased efficiency of "B quadrupole relaxation, with only 
the DBU.BC1, peak remaining sharp, and several small peaks 
appear in the 6.3-6.9 ppm region of the spectrum that might 
arise from species such as (DBU),BCl,C or (DBu),Bc~'+ (3). 

Positive ion fast atom bombardment mass spectra (FAB 
spectra) (20) obtained directly from these solutions confirm 
the presence of the fluoroboron cations. Parent ion peaks were 
observed for (DBU),BFZC, m / z  353, and (DBU),BFCIC, m/z  
369 (isotope cluster). Our FAB results will be reported in 
more detail elsewhere. 

Monitoring the DBU-BF, + BCl, system by "F NMR as 
DBU is added to the system is instructive. Before adding any 
DBU, all redistfibution reactions are so rapid that separate ' 9 ~  

signals could not be observed for any individual species. 
Chemical exchange was slowed sufficiently at the 
DBU:BF,:BCl, ratio of 1.6: 1: 1 that some resonances were 
resolved, despite the excess of Lewis acid (Fig. 3a). The broad 
peaks at - 144 ppm (DBU-BF3) and - 126 ppm indicate that 
rapid chemical exchange occurs among some species. How- 
ever, the peaks assigned to BFC1,-, BF,Cl,-, and DBUeBF C1 T are sufficiently well resolved to show splittings due to "B- 9~ 

coupling. Fluorine exchange occurs at very different rates in 
different species, as we observed previously in the mixed tet- 
rahaloborate anions (22) where the BFX3- species underwent 
the slowest exchange, followed by successively faster 
exchange in BF,X,- and BF,X-. The same pattern occurs here, 
with exchange slow in BFC1,- and BF2C12- but faster in 
BF3Cl-. 

When no excess Lewis acid remains (DBU:BF,:BCl, = 
2: 1 : l), chemical exchange is slow on the NMR time scale and 
all of the peaks are well resolved (Fig. 3b). Further additions 
of DBU (Figs. 3c and 36) led to diminution and eventual dis- 
appearance of all of the signals arising from chlorofluorobo- 
ron species, adducts and anions alike, so that only the 
(DBU),BF,C and DBUeBF, 1 9 ~  signals remained as major sig- 
nals, along with a very small (DBU),BF,+ signal. As the titra- 
tion proceeded, the DBU.BF2C1 and DBU-BFCl, signals first 
increased and then decreased and disappeared. This is consis- 
tent with the following reactions: 

[3] BF,CI,,,- + DBU + DBU-BF,,CI,,, + Cl- 

[4] DBUeBF,C1 + DBU + (DBU),BF,+ + C1- 

Figure 4 shows the changes in relative concentrations of the 
BF,-containing species, and is consistent with stepwise for- 
mation of (DBU),BF,+ from BF,Cl,- by chloride ion displace- 
ment as the amount of DBU increases. Redistribution 
reactions among BF, BF,, and BF,-containing species must 
also be taking place since the mole percentage of BF,-contain- 
ing species as a whole, compared to total fluorine in the sys- 
tem, is increasing throughout the reaction. 

Formation of (DBU)~BF,+ and (DBU),BFCl+ (very minor 
species in the samples described above, with a 1 : 1 ratio of C1 to 
F) is favoured by higher ratios of C1 to F. This gives larger pro- 
portions of DBU-BFCl, and BFC1,- in the initial solution, and 
these then undergo stepwise displacement of C1- by DBU as in 
eq. [5]. Figure 5 shows the 1 9 ~  and "B spectra of a sample 
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Fig. 3. "F NMR monitoring of the titration of a DBUeBF3 + BCI, solution 
with DBU. The DBU:BF,: BCI, ratios are: (a) 1.6: 1 : 1 ; (b)  2: 1 : 1 ; ( c )  2.6: 1 : 1 ; 
(4 3.4:l:l. 

I I I I I I I 1 I I I I I 

I -1 00 -110 -120 -1 30 -140 -1 50 

I 6 19F (PPM) 

Fig. 4. Formation of (DBU),BF,+ from BF,Cl,- and DBU-BF,CI 
in a DBU.BFnCI,., solution by successive additions of DBU, as 
monitored by "F NMR. 0, BF,Cl;; 0, DBU.BF,Cl; A, 
(DBU),BF,+; X, percent of total "F intensity arising from all 
three of the BF, species. 

DBU ADDED (MMOL) 

DBU DBU 
[5] BFCl3- + DBU.BFC12 (DBU)2BFCI+ 

- c1- 

with a higher C1:F ratio following the addition of two equiva- 
lents of DBU. There are strong (DBU),BF'+ and (DBU),BF,+ 
19F signals and no other major peaks. The (DBU),BF'+ 19F sig- 
nal has a partially collapsed "B-'~F coupling pattern (23). The 
"B spectrum has strong peaks from both of these cations and 
also a strong DBU-BC1, peak, but no other peaks. Note that 
DBU.BC1, is inert to C1- displacement by DBU under our con- 

ditions. (DBU),BF'+ was isolated from such solutions as its 
PF6- salt, and is very stable to hydrolysis, as are the analogous 
ions D,BH" (24) and D , B B ~ +  (25). (DBU),BFC is immedi- 
ately decomposed by water, methanol, and ethanol, as deter- 
mined by addition of these compounds to CDC1, solutions 
containing (DBU),BF,+. Its high reactivity contrasts with the 
inertness of most D2BF2+ (2, 3) and D,BH,+ (26) cations, 
including (DBN),BF,+, which is described below, and also 
with DBUeBF, and (DBU),BF'+, which are very stable to 
hydrolysis. It is surprising that (DBU)2BF2+, which is interme- 
diate between the latter two compounds and has intermediate 
values of ' 9 ~  and "B NMR parameters, should be so different 
in its properties. 

The reaction of DBU-BF,, BCl,, and a slight excess of 
DBU in CDC1, in a sealed thick-walled 5 mm NMR tube at 
50°C was monitored by 19F NMR. Initially the spectrum 
resembled Fig. 1, with peaks of the chlorofluoroborate anions, 
DBU - mixed boron trihalide adducts, and DBU-fluoroboron 
cations, but all of the ion peaks, cations and anions alike, 
diminished in intensity while the DBU-BF2Cl and 
DBU-BFC1, peaks increased to become the major species. 
Table 3 gives the changes in relative 19F peak intensities wth 
time of reaction. DBUaBF, diminished slightly and then 
stayed constant. (DBU),BFCl+ first increased and then dimin- 
ished. These results show conclusively that the initial mixture 
containing the chlorofluoroborate anions is far from equilib- 
rium, at least in the presence of a small excess of DBU. 

The resolution of the BFnC1,.,- ' 9 ~  NMR signals is always 
in the order BFC1,- > BF,Cl,- > BF3C1-. Some samples give 
an especially sharp BFC1,-resonance, with the septet of equal- 
intensity peaks arising from 'OB-'~F coupling ('%, 20% abun- 
dant, I = 3) bein well resolved in addition to the 1 : 1: 1 : 1 quar- A tet arising from B-'~F coupling ("B, 80% abundant, I = 312) 
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Hartrnan et al. 

Fig. 5. The "B and ' 9 ~  NMR spectra of (DBU),BF~+ and 
DBU),BF2+, obtained from CDCI, solutions of DBU.BF,,Cl,., to 
which an excess of DBU was added. 

r , , , , , , ,  I , , ,  

8 7 6 5 4 3 2 1 - 1 - 2 3 - 4  

6 " 0  (PPM) 

Fig. 6. 188.2 MHz 1 9 ~  spectrum of BFC1; in CDCI,, showing 
multiplets arising from spin-spin coupling to 'OB and "B. 

, 
-110 -120 -1 30 -140 

6 I9F (PPM) 

I I I I I I I 
-92 -94 -96 -98 

6 19F (PPM) 

Table 3. Changes in relative ''F peak intensities of a 
DBU/BF,/BCl, samplea on reaction in a sealed tube at 50°C. 

Time (h) 0 1 3 6 22 40 

BFCIC 
BF2C12- 
BF,CI- 
(DBU) .BFC12 
(DBU) .BF2CI 
(DBU) .BF, 
(DBU),BFCl+ 
(DBU),BF,f 

"0.15 mmol DBU .BF,, 0.15 mmol BCI,, and 0.18 mmol DBU in 
CDCI,. 

(Fig. 6). Since the magnetogyric ratio of 'OB is only 113 that of 
"B, the ma nitude of J("B-'~F) is on1 113 that of J("B-'~F) f B (27). The ' F isotope shift between ' BFC1, and "BFC~, is 
0.092 ppm, appreciably greater than the corresponding value 
for BF,-, 0.050 ppm (28), ketone.BF3 adducts, 0.066 ppm 
(29), or (quinuclidine),BF,+, 0.064 ppm, in accord with 
heavier nearby atoms increasing the effect (30). 

' 9 ~  spin-lattice relaxation times in a typical DBU.BF,C13-, 
solution in CDC1, were as follows: DBUaBF,, 0.93 s; 
DBU.BF2C1, 0.60 s; DBU-BFCl,, 0.61 s; (DBU),BF,+, 0.23 s; 
(DBU),BFCl+, 0.14 s. Because of the strong dependence of 
spin-lattice relaxation on solvent viscosity the relative times 
are more significant than the individual values. The more hin- 
dered the molecular tumbling about boron, the shorter is the 

spin-lattice relaxation time, as we observed in an analogous 
series of pyridine adducts and cations (3). The cations, with 
two large substituents on boron, are unable to tumble effec- 
tively about either donor-boron bond since the second donor 
interferes, and the cations have by far the shortest spin-lattice 
relaxation times. 

The DBU.BF,Br,-, system 
Chemical exchange that is rapid on the NMR time scale 
restricts ' 9 ~  NMR monitoring of species containing B-Br 
bonds in the DBU-BF,Br3-, system. A moderate excess of 
DBU slows chemical exchange sufficiently to give a well- 
resolved ' 9 ~  1 : 1 : 1 : 1 quartet for (DBU),BF;, in addition to 
broad peaks at 6 - 117 ppm, - 133 ppm ((DBu),BF~+), and 
- 144 ppm (DBUaBF ) (Fig. 7a), and in some solutions - 114 
ppm. The (DBU),BF& peak remains broad due to "B quadru- 
pole relaxation effects, but broadening of the other peaks must 
be caused by chemical exchange. On further addition of DBU, 
the DBUvBF, peak becomes a well-resolved 1 : 1 : 1 : 1 quartet 
and the low-field absorption, apparently arising from rapidly 
exchanging bromofluoroboron species, disappears (Fig. 7b), 
consistent with complete displacement of B r  from the bro- 
mofluoroboron species. Changing the pro ortions of Br to F z changes the proportions of the (DBU),BF and (DBU),BF,+ 
cations as in the DBU.BF,Cl,., system. 

The DBU/BF,/BCl,/BBr, system gives ' 9 ~  spectra similar 
to those of the DBU.BF,Cl,-, system if BC1, > BBr,, and sim- 
ilar to spectra of the DBU-BF,Br,-, system if BBr, > BCl,. 
The DBU-BFCIBr adduct resonance could not be detected. 
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Fig. 7. 188.2 MHz 1 9 ~  NMR spectra of the DBU.BF,,Br,,, 
system. (a) DBU:BF,:BBr, = 8:3:2; (b) excess DBU added. 

I I I I I I 
-110 -120 -130 -140 -150 

6 19F (PPM) 

The DBN.BF,CI,-, system 
I 

I The DBN-BF,Cl,., system behaves similarly to the corre- 
I 
I 

sponding DBU adduct system. All of the DBN*BF,,Cl3-, 
adducts, the mixed chlorofluoroborate anions, and the DBN 
fluoroboron cations are readily formed and detected by NMR. 
The reactivity of DBN.BF,Cl is similar to that DBU.BF,Cl, 

I with excess amidine displacing chloride very rapidly, but 
DBNaBFCl, reacts with DBN much faster than DBU-BFCl, 
reacts with DBU, consistent with the decreased steric hin- 
drance of DBN compared to DBU. The chemical shifts of 
some adducts and cations differ by several ppm from those of 
the corresponding DBU species (Table 2). (DBN) BF,+ for- 1 mation is favoured by a high ratio of C1 to F, and its 'F signal, 
like that of its DBU analogue, is poorly resolved in CDC1, due 
to "B quadru ole relaxation effects. (DBN),BFCl+, which 

l t  gives a broad F NMR signal in CDCl,, is an intermediate in 
the formation of (DBN),BF,+ from DBN.BFCl,, and its I9F 
signal first increases and then decreases in intensity when 
excess DBN is added. (DBN),BF,+ and (DBN),BF,+ are inert 
and both have been isolated as their hexafluorophosphate salts. 
(DBN),BF,+ is stable in water u to 85°C but decomposes at &' 100°C generating fluoride ion (' F 6 - 1 19.9 ppm; confirmed 
by dissolving NaF) and boric acid ("B S - 19 ppm; broad band 
(3 1); also generated by decomposition of the chloroboron spe- 
cies by water extraction). 

All cations were confirmed by FAB. For (DBN),BF,+, 
peaks at ndz 297, ((DBN),BF[) and at d z  173, ((DBN)BF[) 
were observed both from solution and from the P F 6  salt; for 
(DBN),BFCl+, peaks at ndz 3 13, ((DBN),BFCl+) and at ndz 
189, ((DBN)BFCl+) were observed from solution. The PF6- 
salt of (DBN),BF,+ gave a peak at ndz 547 that was confirmed 
as {[(DBN),BF](PF6))+ by its isotope pattern. 

The DBN-BF,Br,, system 
Addition of excess DBN to a DBN-BF, + BBr, solution at 

-63°C in CDC1, gave a ' 9 ~  1 : 1 : 1 : 1 quartet at 6 - 79.6 ppm, 
J("B-19~) = 113.3 Hz, assigned to BFBrC (lit. (22) 6: -78.6 
ppm, J("B-'~F) = 1 1 1.3 Hz in CH2C12), and a very broad band 
that moved to lower frequency (higher field) as the amount of 
DBN increased, consistent with (i) rapid chemical exchange 
among species containing both fluorine and bromine, and (ii) 
rapid displacement of bromide ion by DBN. Surprisingly, 
addition of excess DBN gave only a large DBNaBF, and a 
small BF; ' 9 ~  resonance, without the expected large DBN- 
fluoroboron cation peaks. This system merits further study. 

MeC(=NMe)NMe, and PhC(=NMe)NMe, mixed boron 
trihalide adduct systems 

The N, N, N'-trimethylacetamidine and N, N, N'-trimethylbenza- 
midine BF,Cl,-, and BF,,Br,-, adduct systems in CDC1, and 
CD,Cl, behave similarly to the corresponding DBU and DBN 
s stems. Their low-temperature ' 9 ~  and ambient-temperature 
''B NMR parameters are included in Table 2. As with DBU 
and DBN, mixed tetrahaloborate anions were present. ' 9 ~  

chemical shifts change appreciably (up to 2.5 ppm) between 
ambient temperature and -53°C. Low temperatures slow the 
exchange processes and allow ' 9 ~  NMR detection of signals 
that apparently arise from amidine.BF,Br,., adducts and addi- 
tional bromofluoroborate anions, whereas BFBr3- is the only 
bromofluoroboron species that can be observed at ambient 
temperature. However, the low-temperature spectra were 
poorly resolved, with most " B - I ~ F  spin-spin multiplets col- 
lapsed due to increased efficiency of "B quadrupole relax- 
ation. (More efficient ' 'B quadrupole relaxation also broadens 
the "B spectra of all of the arnidine adduct systems at low 
temperatures.) 

Discussion 

General 
Of the various classes of organic Lewis bases that form mixed 
boron trihalide adducts (32), amidines are at one extreme in 
their high ability to form fluoroboron cations by heavy halide 
ion displacement (eqs. [ l ]  and [2]). Weak donors such as di- 
methyl ether (33) amd methyl acetate (34) do not undergo these 
reactions at all, whereas benzoate esters (35) and tetramethyl- 
urea (36), like the lowest-steric-hindrance tertiary-amine 
mixed boron trihalide adducts (1, 2), form D2BF2+ only. Pyri- 
dine adducts form D2BF2+ very rapidly from D.BF,X and, 
unlike the above bases, also form D,BFCl+, D,BFBr,+, and 
D,BF,+ from pyridine-BFX,, but the reaction is slow (3). In the 
amidine - mixed boron trihalide adduct systems all of the above 
cation types form rapidly. The amidine.BF,Cl and ami- 
dine.BFC1, adducts give fluoroboron cations within minutes, 
while redistribution reactions in the amidine.BF,Br,-, are rapid 
even on the NMR time scale so NMR signals of individual ami- - 
dine-bromofluoroboron species cannot be detected at ambient 
temperature. The strong basicity of amidines (stronger than tri- 
alkylamines and far stronger than pyridines) and their low 
steric hindrance (only two substituents on the donor nitrogen) 
clearly favour fluoroboron cation formation. Except for those 
prepared from mixed boron trihalide adducts, the relatively few 
four-coordinate fluoroboron cations known are primarily 
formed with chelating donors (37). 

While heavy halide ion displacement from mixed boron tri- 
halide adducts by amidine occurs rapidly, other reactions are 
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much slower. For example, days at 50°C are required to attain 
equilibrium in the sealed-tube reaction of Table 3. A wide 
range of reaction rates is not surprising in complex exchanging 
systems, and has been noted in other D.BF,,X,-, adduct sys- 
tems (3, 32). 

The 1 9 ~  and "B NMR parameters of the amidine - mixed 
boron trihalide adducts and fluoroboron cations follow the pat- 
terns seen in other adduct systems (2,3, 19,38), with the num- 
ber and type of heavy halogen atoms having greater effects 
than the donor or the fluorines. ' 9 ~  chemical shifts are also 
affected by donor steric hindrance (3, 19). DBU has greater 
steric hindrance than DBN since the five-membered ring of 
DBN holds back the amidine substituents from the imino 
nitrogen donor site more effectively than the seven-membered 
ring of DBU. The ap roximately 5 pprn shift to high frequency &' (low field) of the ' F chemical shifts of the DBU-BFI1Cl3-, 
adducts, compared to the corresponding DBN adducts (Table 
2), reflects the greater steric hindrance. This effect doubles to 
10-1 1 pprn in the D,BF,+ and D,BFCl+ ions where the pres- 
ence of two donor molecules should lead to greater steric inter- 
action about boron. Interestingly, the chemical shift difference 
between the D,BF,+ ions of DBU and DBN does not increase 
further but remains at 11 ppm. 

We attempted "N NMR of these systems but low signal 
intensities, even with the INEPT sequence (21), prevented 
this. Our "N chemical shift values for the pure liquid amidines 
(DBU: -179 pprn (imino N); -289 pprn (amino N); DBN: 
- 195 pprn (imino N); -288 pprn (amino N)) are consistent 

with other amidine "N chemical shifts (39), although our 
DBU values differ appreciably from a published value (- 172 
pprn (imino N); -295 pprn (amino N) (15)). The 16 pprn dif- 
ference between the imino nitrogen chemical shifts of DBU 
and DBN is consistent with somewhat greater steric inhibition 
of resonance, i.e., of planarity of the >N-C=N- system, in 
DBU: the imino nitrogen moves slightly closer to the chemical 
shift range for simple imines, -30 to -75 pprn (396). Steric 
inhibition of resonance is also consistent with the decreased 
Bronsted basicity of DBU compared to DBN. The greater 
reactivity of (DBU),BF,+ compared to (DBN),BF2+ can be 
rationalized in terms of the greater steric hindrance introduced 
by DBU, but the extreme difference in stability between these 
cations, as well as between (DBU),BF,+ and (DBU),BF,+, is 
surprising. 

Chloride ion is readily displaced from DBU-BF2Cl and 
DBU-BFCl, by excess DBU but DBU-BC1, is unaffected (Fig. 
5). This is typical of the differences in reactivity of mixed vs. 
unmixed boron trihalide adducts: the mixed-halogen adducts 

are always far more susceptible to displacement of halide ion 
than the unmixed-halogen adducts of the same donor (1-3). 
However, we cannot completely exclude the possibility that 
the large low-field "B NMR peak of Fig. 5 arises from BC1,- 
rather than from DBU-BCl,, since BCl, and D-BC1, adducts 
give "B singlets of very similar chemical shift (3). Even if 
BC1,- were present in place of DBUeBCl,, the same argument 
would apply: it would be equally noteworthy that no C1- is dis- 
placed from BC1; while all of the available C1- is displaced 
from the mixed chlorofluoroboron species, and our conclu- 
sion, that chloride displacement occurs much more easily 
from mixed- than from unmixed-halogen species, would 
remain valid. 

A unique feature of the amidine adduct systems is the for- 
mation of large amounts of the mixed chlorofluoroborate 
anions along with the mixed boron trihalide adducts and fluo- 
roboron cations. These anions cannot be detected in the pyri- 
dine or tertiary-amine mixed boron trihalide adduct systems 
that do give fluoroboron cations (1-3). Mixed chlorofluoro- 
borate anions have, however, been formed in the tetra- 
methylurea (TMU) BFI,C13,, adduct system, along with 
(TMU),BF,+, although preparation conditions were different 
(36), but there was no evidence for (TMU),BFCl+ or 
(TMU)~BF,+ formation. 

High-field "B NMR would be a useful supplement to ' 9 ~  

NMR as a routine monitoring technique for detecting the non- 
fluorine-containing boron species. Because it was not rou- 
tinely available, and because of the very small chemical shift 
dispersion of the various D,BCl,, species including BC1,- 
(3), we know less about the behaviour of the non-fluorine-con- 
taining boron species in these systems than the fluorine-con- 
taining ones. 

Mechanistic implications 
Heavy halide ion displacement from mixed boron trihalide 
adducts is highly selective, in the order of BF,X >> BFX, >> 
BX,, and we have previously explained this in terms of fluo- 
rine-to-boron n-bonding stabilization of the transition state, 
the stabilization increasing with the number of fluorines. Evi- 
dence from our earlier studies (2, 3) supports an associative 
(S,2) reaction mechanism (eq. [6]), although the same n -  
bonding considerations would lead to similar selectivity if 
there were a dissociative mechanism with a three-coordinate 
intermediate or transition state. n-Bonding in the transition 
state, from the donor molecule as well as from halogen, can 
also account for the far more rapid reaction in adduct systems 
in which the donor can n-bond to boron in the transition state, 
e.g., pyridines (3), than in cases where it cannot, e.g., ali- 
phatic tertiary amines (2). Amidines resemble pyridines in 
that they can stabilize the transition state by n-bonding to 
boron (structure 4c). Together with the high basicity and low 
steric hindrance of amidines, this can account for the very 
rapid formation of amidine-fluoroboron cations. 

The large and varying amounts of mixed tetrahaloborate 
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anions that are present in freshly prepared amidine - mixed 
boron trihalide adduct solutions are a complicating factor. We 
(32, 36) and others (40) have discussed possible exchange 
reactions about boron, including donor-for-halogen exchange 
that would lead to both mixed tetrahaloborate anions and 
haloboron cations. The formation, and disappearance on 
standing, of mixed chlorofluoroborate anions in the tetrameth- 
ylurea adduct system, from solutions containing both 
TMU-BF, and TMU.BC1, (36) seems consistent with this pat- 
tern. We proposed that redistribution of substituents about 
boron is caused by an initial dissociation of the weak 
TMU-BF, donor-acceptor bond, followed by rapid fluorine 
exchange between the freed BF, with the four-coordinate 
boron species, giving a generalized redistribution reaction 
including donor-for-halogen as well as halogen-for-halogen 
exchange, generating the mixed chlorofluoroborate anions as 
well as (TMU),BF,+, a typical reaction being eq. [7], in which 
the chlorine bridge in the transition state or reactive interme- 
diate is similar to the fluorine bridge of the B,F,- ion (41). 
Mechanisms of this type have been dealt with in detail by Jan- 
Zen and co-workers (42). 

A number of features are different in the amidine - mixed 
boron trihalide adduct systems. One is that the amidine- 
boron donor-acceptor bond should be much stronger than 
the oxygendonor donor-acceptor bond of the TMU 
adducts, and at least as strong as the nitrogen-boron donor- 
acceptor bonds in tertiary amine - boron trihalide adducts 
(43) because of the greater base strength and lower steric hin- 
drance of amidines compared to tertiary amines. The 
strength of the amidine-boron donor-acceptor bond would 
prevent an initial BF, dissociation step. However, our solu- 
tions are prepared using an excess of BCl,, and the following 
reaction is plausible: 

There is, however, experimental evidence suggesting that 
the formation of large amounts of the chlorofluoroborate ions 
is extraneous to the amidine.BF,X,-, adduct systems, and is 
an artifact of the preparation method. 1 9 ~  spectra of freshly 

prepared samples (e.g., Fig. 1) show a mismatch between high 
chlorofluoroborate anion concentrations and lower concentra- 
tions of the boron cations than would be required to balance 
the charge. The total negative charge of the boron-containing 
anions would have to equal the total positive charge of the 
boron-containing cations if the only source of ionic species 
were donor-for-halogen redistribution reactions about boron. 
A non-boron-containing cation must be present in these cases, 
and this has been confirmed by the precipitation from some 
solutions of solids that by FAB analysis are the amidine 
hydrochlorides, [amidine-H]+.Cl-. (An excess of haloboron 
cations over haloborate anions would not be a problem since 
since C1- and B r  are well known to be counterions in related 
fluoroboron cation-forming mixed boron trihalide adduct sys- 
tems (1-3).) 

Furthermore, sealed-tube equilibration studies (Table 3) 
show that the initial mixtures, with chlorofluoroborate anions 
present in large and varying amounts, are not at equilibrium. 
The closest approach to equilibrium observed by us (Table 3,40 
h at 50°C) gives relative proportions that resemble other mixed 
boron trihalide adduct systems (2,3,32) far more closely than 
do the initial mixtures, with the neutral mixed boron trihalide 
adducts as the major species. Only two of the three mixed tet- 
rahaloborate anions can still be detected, and the BF, adduct, 
D,BF,+, and D2BFCl+ are present in similar low concentra- 
tions. Since the chlorofluoroborate ion concentrations diminish 
markedly, they cannot be major species at equilibrium. 

Equation [8] cannot be the whole story because (i) the chlo- 
rofluoroborate ions are present initially, without sufficient flu- 
oroboron cation counterion present to balance the charge; and 
(ii) amidinium hydrochloride salts instead of fluoroboron cat- 
ion salts precipitate from solution, showing the presence of 
large amounts of protonated amidine in solution, despite prep- 
aration and handling of the amidines and solvent under rigor- 
ously dry conditions so that water is unlikely to be a source of 
amidine.H+. However, these observations are accounted for if 
the amidine.H+ cations and the chlorofluoroborate anions are 
both formed through reaction of amidine with the chloroform 
solvent. Strong bases can attack chloroform with the genera- 
tion of carbenes (44): 

[9] D + CHCI, + D.H++ CC1,- 

1 
CCl, + c1- 

Since the chlorofluoroborate anions are formed initially when 
excess boron trihalide is present but not under excess-base 
conditions, a concerted mechanism is likely in which the 
boron trihalide assists by facilitating the removal of chloride 
ion from chloroform: 
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Alternatively, reaction [9] might continue under excess ami- 
dine conditions, but the chlorofluoroborate anions would 
undergo chloride displacement by amidine (eq. [3]) so that 
their concentrations would not build up. 

Thus the greater base strength of amidines, compared to tri- 
alkylamines or pyridines, leads to the formation of chloroflu- 
oroborate ions in solution, but indirectly through attack on the 
chloroform solvent rather than directly through donor-for- 
halogen redistribution reactions about boron. A similar reac- 
tion in methylene chloride, the solvent in much of our work 
with N,N,N'-trimethylacetamidine and N,N,N'-trimethylbenz- 
amidine, is possible as well, although CHCl is a less stable 
carbene than CCl, (44), and can account for the formation of 
mixed tetrahaloborate anions in this solvent as well. 

Conclusions 

The combination of high basicity, n-bonding stabilization of 
the transition state, and low steric hindrance makes the 
amidines the most effective Lewis bases studied to date for 
generating fluoroboron cations from mixed boron trihalide 
adducts. Only the amidine-BF,Cl,., adduct systems have been 
studied in detail because the amidine.BF,Br,-, systems 
undergo extremely rapid chemical exhange and displacement 
of all B-Br bonds by excess amidine. The presence of large 
and variable amounts of the mixed chlorofluoroborate anions 
BF,Cl,,- in our freshly prepared samples appears to be related 
to attack of amidine on the chloroform solvent, via a carbene 
mechanism, rather than an integral part of the redistribution 
equilibria in the arnidine.BF,Cl,., systems. We cannot 
exclude the possibility that the chlorofluoroborate anions may 
also form by donor-for-halogen redistribution reactions in the 
amidine-BF,Cl3-, adduct systems, as they apparently do in the 
TMU*BF,Cl3-, adduct system. 
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Photochemical nucleophile-olefin 
combination, aromatic substitution (photo- 
NOCAS) reaction, Part 12. Factors controlling 
the regiochemistry of the reaction with alcohol 
as the nucleophile' 

Abstract: The photo-NOCAS reaction that combines methanol, sewing as the nucleophile, and the radical cation of 4-methyl- 
1,3-pentadiene (14+'), substituting on the 1,4-dicyanobenzene radical anion (I-'), yields (E)-I-(4-cyanopheny1)-4-methoxy-4- 
methyl-2-pentene (15) as the major product. This regioisomer arises from bonding of methanol to C-4, the more heavily alkyl- 
substituted carbon of the diene, giving the less alkyl-substituted allylic radical. All previous examples of the photo-NOCAS 
reaction have yielded major adduct(s) having regiochemistry consistent with the anti-Markovnikov rule; the more heavily 
substituted (more stable?) P-alkoxyalkyl radical was the predominant intermediate. Empirically derived heats of formation and 
high-level ab initio molecular orbital calculations (MP216-3 1G*//HF/6-3 lG*) provide convincing evidence that of the two 
alternative allylic radicals, generated upon addition of methanol to 14+', that which has the more alkyl substituted allylic radical 
moiety is, in fact, not the more stable. Of course, the total structure of the intermediate must be considered; the stabilizing effect 
of alkyl substitution on the carbon next to the oxygen of the ether moiety cannot be ignored. Ab initio molecular orbital 
calculations (MP216-3 1 G*//HFl6-3 lG*) are reported for the radical cations of 2-methylpropene (2+'), 2-methyl-2-butene (6+'), 
2-methyl-l,3-butadiene (9"). 4-methyl-l,3-pentadiene (14+'), and 2,4-dimethyl- l,3-pentadiene (18"). Calculations were also 
carried out on possible intermediates (bridged radical cations, distonic radical cations, and P-alkoxyalkyl radicals) involved 
upon reaction of these radical cations with methanol. Results of these calculations provide a basis for explaininglpredicting the 
regiochemistry of the photo-NOCAS reaction involving methanol as the nucleophile: the major adduct(s) result(s) from 
attachment of methanol to that end of the alkene or diene which gives rise to the more stable intermediate radical. The more 
stable radical is not necessarily the more heavily alkyl substituted. 

Key words: photoinduced electron transfer, radicals, radical cations, ab initio molecular orbital calculations. 

RCsumC : La rCaction de photo-NOCAS permet de combiner le mCthanol, qui agit comme nucltophile, et le cation radical du 4- 
mtthylpenta-l,3-dikne (14+'), qui se substitue sur l'anion radical du 1,4-dicyanobenzkne (I-'), et fournit du (E)-1-(4- 
cyanophCnyl)-4-mCthoxy-4-m&hylpent-2-2 (15) comme produit principal. Le rCgioisomkre rCsulte d'une liaison du mCthanol 
au C-4, le carbone du dikne le plus substituC par des groupes alkyles, qui conduit au radical allylique le moins substitut 
par des groupes alkyles. Tous les exemples de rCactions photo-NOCAS rapportCs antkrieurement ont toujours fourni des 
produits majoritaires dont la rtgiochimie Ctait en accord avec la rkgle anti-Markovnikov correspondant i un intermkdiaire 
predominant comportant le radical P-alkoxyalkyle le plus substituC (le plus stable?). Les chaleurs de formation que l'on peut 
obtenir empiriquement de m&me que des calculs d'orbitales molCculaires ab initio B des niveaux ClevCs (MP216-31G*//HFl6- 
3 lG*) fournissent des donnCes qui permettent de conclure d'une f a ~ o n  convaincante que, des deux radicaux allyliques alternatifs 
gCnCrCs par I'addition de mCthanol sur 14+', le radical qui porte la moitiC radicalaire allylique la plus substitute par des groupes 
alkyles n'est, en fait, pas le plus stable. I1 est Cvident que l'on doit considher la structure totale de l'intermtdiaire; on ne peut pas 
faire abstraction de l'effet stabilisant de la substitution alkyle sur le carbone voisin de l'oxygkne de la portion Cther. Des calculs 
d'orbitales molCculaires ab initio (MP216-3 1G*//HFl6-3 lG*) ont t t t  effectuCs sur les cations radicaux 2-mCthylpropkne (2+'), 
2-mCthylbut-2-kne (6+'), 2-mkthylbuta-l,3-dikne (9'7, 2-mkthylpenta-l,3-dikne (14") et 2,4-dimkthylpenta-l,3-ditne (18"). 
On a aussi effectuC des calculs sur des intermediaires possibles, des cations radicaux pontCs, des cations radicaux distoniques et 
des radicaux P-alkoxyalkyles impliquCs lors des rtactions de ces cations radicaux avec le mCthanol. Les rCsultats de ces calculs 
fournissent une base pour expliquerlprCdire la rkgiochimie de la rCaction de photo-NOCAS impliquant le mCthanol comme 
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nuclkophile : les produits majoritaires proviennent de la fixation du mtthanol B l'extrtmitt de l'alckne ou du dikne qui conduit au 
radical intermtdiaire le plus stable. Le radical le plus stable n'est pas nkcessairement celui qui est le plus substitut par des 
groupes alkyles. 

Mots elks : transfert d'tlectron photoinduit, radicaux, cations radicaux, calculs d'orbitales moltculaires ab initio. 

[Traduit par la rtdaction] 

Introduction 

From the first examples of the photochemically induced 
nucleophile-olefin combination, aromatic substitution (photo- 
NOCAS) reaction, involving methanol, 2-methylpropene (2), 
and 1,4-dicyanobenzene (1) (reaction [ l ]  (la,b)) and of meth- 
anol, 2-methyl-2-butene (6), and 1,4-dicyanobenzene (1) 
(reaction [2] ( l a ) ,  the regiochemistry of the combination has 
been described as anti-Markovnikov (la,b). That is, the 
nucleophile (methanol) bonds with the most hydrogenated of 
the ethenoid carbon atoms (3). Upon first consideration, since 
the combination of a nucleophile with an olefin radical cation 
leads ultimately to a radical intermediate (Scheme l), the 
regiochemistry might be expected to be analogous to that of 
radicals adding to alkenes, which generally does follow the 
anti-Markovnikov rule (4). Originally, of course, Markovni- 
kov's rule was developed for predicting the regiochemistry of 
electrophilic addition (hydrogen halide) to alkenes (3). While 
both of these rules are useful, they are hardly explanations for 
the observed reactivity. 

The original electronic interpretation of Markovnikov's 
rule, the electrophile adds to the alkene to produce the more 
stable carbocation intermediate, is still accepted (3b, 5). Gen- 
erally, the more heavily alkyl-substituted c&bocation is also 
the more stable. This rule is followed even when the carboca- 
tion is bridged with the electrophile ( 6 ) .  On the other hand, the 
original mechanistic explanation for the anti-Markovnikov 
rule for radical addition to alkenes, the radical adds to the alk- 
ene to produce the more stable radical intermediate, has been 
shown to be incorrect (7). The regiochemistry of the radical 
addition to alkenes is generally controlled by polar and steric 
factors; the transition state is early along the reaction coordi- 
nate, and the regiochemistry is determined before differences 

in the stability of the alternative free-radical intermediates 
becomes important. The addition of radicals to alkenes may 
also be influenced by bridging within the radical intermediate 
(8). Clearly, to be able to predict the regiochemistry of product 
formation from the photo-NOCAS reaction, all of the factors 
that influence the regiochemistry must be understood. 

The results that forced this study at this time involve a 
photo-NOCAS reaction that combines methanol and an 
unsymmetrically substituted diene, followed by substitution 
on 1,4-dicyanobenzene (1). One previous example of this type 
has been reported: the photo-NOCAS reaction that combines 
methanol, 2-methyl-1,3-butadiene (9), and 14-dicyano- 
benzene (I), behaves "normally." Four 1:l:l adducts are 
obtained (reaction [3] (lc)). Accepting the fact that the regio- 
chemistry is determined upon addition of methanol to the 
diene radical cation, step 3 of the proposed mechanism 
(Scheme l), the major products (10, 11, and 12, 0.89) arise 
from attack of methanol at C-1 of the diene. Attack at C-1 
gives the more heavily substituted, (presumably) more stable 
allylic radical, that is, anti-Markovnikov addition (lc). The 
need for additional thought on the matter arose with new 
results from the photo-NOCAS reaction combining methanol, 
4-methyl- l,3-pentadiene (14), and 1,4-dicyanobenzene (1) 
(reaction [4]). This reaction is not regioselective; in fact, more 
than half of the products (15,0.57) result from attack of meth- 
anol at C-4. Attack at C-4 leads to formation of a less alkyl- 
substituted, less stable (?), allylic radical than does attack at C- 
1. Attack at C-4 is also significantly more sterically hindered 
than attack at C- 1. 

The regiochemistry returns to "normal" with the combina- 
tion of methanol and the radical cation of 2,4-dimethyl-1,3- 
pentadiene (18") (reaction [5]). The isomeric photo-NOCAS 
adducts 19,20, and 2 1  result from addition of methanol to the 

Rsactlon [ 1 I (1 a,b) 

D (codonor) = blphsnyl ( 5 ) 

Rsactlon 12 I (1 f ) 

D (codonor) = blphsnyl ( 5 ) 
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Rooctlon C 4 1  

D = blphonyl ( 5 ) 
Ar = 4-cpnophonyl 

h v ,  D - 
CH ,OH 

CH ,CN 

h v .  D - 
CHSOH 

CH ,CN 

Rooctlon C51 H /CH20CH3 H 
\ 

/CHS 

\C - C A r  + 
/ \ 

(H3C)ZC CH3 Ar  (H IC)ZC 
/c = c\ 

CH20CH3 

H I 9  ( 2 8 % )  21  ( 6 % )  
h v .  D - 
CH ,OH H /CHzOCH3 H 

\ 
CH3 

18  CH ,CN 
\ 

1 
Ar (HsCIZC 

/c = c\ + 

CHS CHSO(H~C)ZC 
iC = c\ 

CH2Ar 

D = blphonyl ( 5 ) 2 0  ( 2 5 % )  22 ( 4 % )  
Ar = 4-cyanophonyl 

less alkyl-substituted position, giving the more heavily alkyl- 
substituted allylic radical. The combined yields of these 
adducts make this, anti-Markovnikov, the major (0.93) mode 
of addition. 

The main objective of this project was to establish criteria 
useful for explaininglpredicting the regiochemistry of the 
photo-NOCAS reaction, involving the combination of an alco- 
hol (methanol) and the radical cation of an alkene or diene, 
substituting on 1,4-dicyanobenzene (1). 

Results 

An acetonitrile-methanol (3: 1) solution of 4-methyl-1,3-pen- 
tadiene (14), 1,4-dicyanobenzene (I), and biphenyl (5) was 
irradiated with a medium-pressure mercury vapour lamp 
through Pyrex (reaction [4]). Progress of the reaction was fol- 
lowed by capillary column gas chromatography with a flame 
ionization detector (gclfid). The ratio of products was deter- 
mined by integration of the peak areas in the gclfid. The yields 
of isolated products, based upon the amount of 1 consumed, 
were consistent with this ratio. While the efficiency of the 
reaction was increased upon the addition of biphenyl (5), serv- 
ing as a codonor (Scheme 1, steps 6a and 7), the ratio of prod- 
ucts was similar with and without biphenyl (5). The product 
ratio was also independent of the extent of conversion, irradi- 

ating in the presence of 5. The first indication of the structure 
of the major product, (Q-I-(4-cyanopheny1)-4-methoxy-4- 
methyl-2-pentene (15,27%), was evident from the mass spec- 
trum (gclms) where major peaks were 73 d z  for the methoxy- 
propyl fragment (C4H90) and 142 d z  (CIOH8N) for the ion 
resulting upon loss of the methoxypropyl fragment. Another 
fragment is dominant in the other two adducts: both (Q-4-(4- 
cyanopheny1)-I-methoxy-4-methyl-2-pentene (16, 11%) and 
4-(4-cyanophenyl)-5-methoxy-2-methyl-2-pentene (17, 9%) 
have a major peak at 170 d z  (C12H12N) due to loss of the 
methoxymethylene fragment. 

Similar irradiation of an acetonitrile-methanol solution of 
2,4-dimethyl-l,3-pentadiene (IS), 1, and 5 gave four photo- 
NOCAS adducts: 4-(4-cyanopheny1)-5-methoxy-2,4-dimeth- 
yl-2-pentene (19, 26%), (Q-4-(4-cyanopheny1)-1-methoxy- 
2,4-dimethyl-2-pentene (20, 25%), (2)-4-(4-cyanopheny1)-1- 
methoxy-2,4-dimethyl-2-pentene (21, 6%), and (2)-1-(4- 
cyanophenyl)-4-methoxy-2,4-dimethyl-2-pentene (22, 4%) 
(reaction [5]). Again, the regiochemistry of the adducts was 
readily established from the mass spectral fragmentation pat- 
tern. Adducts 19,20, and 21 have a major fragment at 184 d z  
(C,,H,,N) indicative of the loss of the methoxymethylene 
fragment. The base peak in the mass spectrum of 20 and 21 is 
85 d z  (C5H90) for the ion resulting from loss of the arylpro- 
pyl fragment. Major fragments from 22 had 116 d z  (C8H6N). 
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Scheme 1. 

: + SSRIP 
Adducts 

sol 

1. 1' + * H O C H ~  - NCa 
- OCH 3 

OCH 

Involvement of the photosensitizer or  codonor. 

or 

hv * 6b. D - D  

D = phenonthrene or  biphenyl ( 5 ) 

for the ion resulting from loss of the arylmethyl fragment, and 
73 mlz, for the methoxypropyl fragment (C4H90). 

Structural assignments 
Structural assignments of the products were based primarily 
upon detailed analysis of 'H and I3c nmr spectra. Mass and 
infrared spectra and elemental analyses were also useful. 
Adduct 15, from reaction [4], was identified as (Q-1-(4- 
cyanophenyl)-4-methoxy-4-methyl-2-pentene. The 'H nmr 
spectrum exhibits a singlet (3.1 1 ppm) indicative of a methoxy 
methyl group. A doublet at 3.40 pprn represents an aryl-substi- 
tuted methylene group. A doublet and a doublet of triplets 
appear in the vinyl region of the 'H nmr spectrum, represent- 

ing a vinyl proton adjacent to a quaternary carbon and a vinyl 
proton adjacent to a methylene group, respectively. The cou- 
pling constant (16.2 Hz) between these vinyl protons is indic- 
ative of the E configuration. An AA'XX' pattern in the 
aromatic region of the 'H nmr spectrum is indicative of the 4- 
cyanophenyl group. In the 13c nmr spectrum of 15, there is a 
low-field quartet (50.31 ppm) that is consistent with the 
methyl of the methoxy group, and a singlet (74.65 ppm), 
which indicates a quaternary carbon bonded to the methoxy 
group. The aryl-substituted methylene gives a triplet at higher 
field (38.83 ppm). Two vinyl methine groups are also present 
(127.04 and 138.28 pprn). 

Compound 16 was identified as (Q-4-(4-cyanopheny1)-1- 
methoxy-4-methyl-2-pentene. The 'H nmr spectrum exhibits a 
singlet (3.33 ppm) indicative of a methoxy methyl group. A 
low-field doublet (3.93 ppm) represents a methylene group, 
methoxy substituted. A doublet and a doublet of triplets 
appear in the vinyl region of the 'H nmr spectrum, represent- 
ing a vinyl proton adjacent to a quaternary carbon and a vinyl 
proton adjacent to a methylene group, respectively. The cou- 
pling constant (15.9 Hz) between these vinyl protons is indic- 
ative of the E configuration. An AA'XX' pattern in the 
aromatic region of the 'H nmr spectrum is indicative of the 4- 
cyanophenyl group. There is a low-field quartet (58.09 ppm) 
in the I3c nmr spectrum of 16 that is consistent with the 
methyl of the methoxy group. The methoxy-substituted meth- 
ylene group shows up as a triplet at 73.09 ppm. A higher field 
singlet (40.88 ppm) indicates a quaternary carbon bonded to 
the aryl group. Two vinyl methine groups are also present 
(123.98 and 141.79 pprn). 

Compound 17 was identified as the 1,Zaddition product 
resulting from attack of methanol at the less substituted end of 
the diene: 4-(4-cyanophenyl)-5-methoxy-2-methyl-2-pen- 
tene. The low-field singlet in the 'H nmr spectrum (3.32 ppm) 
is indicative of the methoxy methyl group. An ABX pattern 
(3.5 1,3.55, and 3.84 ppm) was observed for the protons on the 
methylene group next to an oxygen and the benzyliclallylic 
methine group. The presence of a trisubstituted alkene is indi- 
cated by the protons of two methyl groups exhibiting two dou- 
blets at 1.64 and 1.74 ppm, resulting from long-range coupling 
to the vinyl proton. The signal for this vinyl proton appears at 
5.27 pprn as a broad doublet due to long-range coupling to the 
methyl protons and typical vicinal coupling (8.8 Hz) to the 
benzyliclallylic methine proton. The AA'XX' pattern in the 
aromatic region of the 'H nmr spectrum is indicative of the 4- 
cyanophenyl group. In the I3c nmr spectrum of 17, there is a 
low-field quartet (58.98 ppm) that is consistent with the 
methyl of the methoxy group and a triplet at 76.54 pprn sup- 
ports a methylene group substituted with a methoxy group. A 
higher field doublet (44.82 ppm) indicates a methine group, 
aryl substituted. A vinyl methine carbon and a vinyl quater- 
nary carbon are also present (123.48 and 135.27 ppm, respec- 
tively). 

Compound 19, from reaction [5], was identified as the 1,2- 
addition product resulting from attack of methanol at the less 
substituted end of the diene: 4-(4-cyanopheny1)-5-methoxy- 
2,4-dimethyl-2-pentene. The 'H and 13c nmr spectra of 19 
were similar to those of compound 17. Unlike 17, 19 has a 
benzyliclallylic methyl group, which eliminates the coupling 
of the vinyl proton with the benzylic/allylic proton observed in 
17. As a result, the vinyl proton in 19 appears as a multiplet 
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due to long-range couplings to the vinyl methyl protons. Also, 
the ABX pattern that was observed with compound 17 has now 
been simplified to an AB pattern (3.29 and 3.37 ppm, 8.8 Hz), 
indicating a methylene group adjacent to a quaternary stereo- 
genic centre. In the 13c nmr spectrum, an aryl-substituted qua- 
ternary carbon (44.68 ppm) and a lower field methoxy- 
substituted methylene (82.58 ppm) are observed. There is also 
a vinyl methine carbon and a vinyl quaternary carbon (129.71 
and 134.99 ppm, respectively). 

Compound 20 was identified as the 1,4-addition product 
resulting from attack of methanol at the less substituted end of 
the diene: (0-4-(4-c anopheny1)-1-methoxy-2,4-dimethyl-2- 

73 pentene. The 'H and C nmr spectra of 20 are similar to those 
of compound 16. The differences can be attributed to the addi- 
tional methyl group, which shows up as a doublet in the 'H nmr 
spectrum, due to long-range coupling to the vinyl proton. A 
singlet at 3.76 pprn represents a methoxy-substituted methyl- 
ene group. A multiplet appears in the vinyl region of the 'H nmr 
spectrum, representing the vinyl proton adjacent to a quater- 
nary carbon with long-range coupling (1.2 Hz) to the vinyl 
methyl protons. In the I3c nmr spectrum of 20, there is a low- 
field quartet (57.68 ppm) that is consistent with the methyl of 
the methoxy group The methoxy-substituted methylene shows 
up as a triplet at 78.94 ppm. A higher field singlet (39.95 ppm) 
indicates a quaternary carbon bonded to the aryl group. A vinyl 
methine group and a vinyl quaternary carbon are also evident 
(134.15 and 136.33 pprn). The decision in favour of the E con- 
figuration for 20 was based upon the results of a double-irra- 
diation experiment leading to a nuclear Overhauser effect 
(nOe). When the vinyl proton was irradiated, an enhanced sig- 
nal was observed for the protons on the methyl groups attached 
to the benzylic carbon, the protons on the methylene group 
(methoxy substituted), and for the ortho-aryl protons. 

Compound 21, (3-4-(4-cyanopheny1)-1-methoxy-2,4-dim- 
ethyl-2-pentene, was identified as the configurational isomer 
of 20. The 'H and I3c nmr spectra show characteristic patterns 
similar to those of compound 20. The Z configuration was 
assigned on the basis of the observed nOe. In this case, when 
the vinyl proton was irradiated, an enhancement was observed 
in the signals due to the protons on all three of the methyl 
groups and for the ortho-aryl protons. The configurations of 20 
and 21 were further substantiated by use of the ACDICNMR 
I3c simulation program (Version 1.1, 1995); calculated and 
observed I3c chemical shifts were in good agreement.3 

Compound 22 was identified as the 1,4-addition product 
resulting from attack of methanol at the more substituted end 
of the diene: (Z)-1-(4-cyanophenyl)-4-methoxy-2,4-dimethyl- 
2-pentene. The 'H and I3c nmr spectra of 22 are similar to 
those of compound 15. The differences can be attributed to the 
additional methyl group, which shows up as a doublet in the 
'H nmr spectrum, long-range coupled to the vinyl proton. A 
singlet at 3.78 pprn represents a methylene group, aryl substi- 
tuted, which is further supported by a triplet at 37.75 pprn in 
the 13c nmr spectrum. A multiplet appears in the vinyl region 
of the 'H nmr spectrum, representing the vinyl proton adjacent 
to a quaternary carbon and having long-range coupling (1.2 
Hz) to the vinyl methyl protons. In the I3c nmr spectrum of 22, 

Software available from: Advanced Chemical Development Inc., 
141 Adelaide Street, West, Suite 1501, Toronto, ON M5H 3L5, 
Canada. 

there is a low-field quartet (50.16 ppm) that is consistent with 
the methyl of the methoxy group, and a singlet (75.09 ppm), 
which indicates a quaternary carbon bonded to the methoxy 
group. A vinyl methine group and a vinyl quaternary carbon 
are also present (132.24 and 135.25 pprn). The decision in 
favour ofthe Z configuration for 22 was based upon the results 
of a double-irradiation experiment leading to a nuclear Over- 
hauser effect (nOe). When the vinyl proton was irradiated, 
enhancement was observed in the signals due to the protons on 
all three of the vicinal methyl groups. 

Calculations 
Ab initio molecular orbital calculations were carried out, 
using the GAUSSIAN 92 package of programs (9, lo), to obtain 
fully optimized-structures (UHFl6-3 lG*) of the radical cat- 
ions of 2-methylpropene (2), 2-methyl-2-butene (6), 2- 
methyl-l,3-butadiene (9), 4-methyl-l,3-pentadiene (14), and 
2,4-dimethyl-l,3-pentadiene (18). The results of these calcu- 
lations: optimized structures, and spin and charge density dis- 
tribution obtained from Mulliken population analysis, are 
shown in Tables 1-5 and Figs. 1-5. The total energies, cor- 
rected for spin contamination, were obtained from single point 
calculations with Moiler-Plesset perturbation theory (MP2) at 
the HFl6-3 lG* geometries. A thorough search was made for 
possible intermediates involved upon reaction of methanol 
with these alkene and diene radical cations. 

Discussion 

The proposed mechanism for the photo-NOCAS reaction is 
shown in Scheme 1, specifically for the combination of meth- 
anol adding to the radical cation of an alkene (1). The domi- 
nant issue here is the determination of those factors which 
influence the regiochemistry of the reaction, presumably 
established during step 3 of this scheme. The products 
obtained upon combination of methanol with the dienes pro- 
vide strong support for this, step 3, as the initial bonding event. 
All of the photo-NOCAS adducts bear the methoxy group at a 
terminal carbon of the initial diene. Multiple products result 
from subsequent addition of the resulting intermediate allylic 
radical, at either of the ambident ends, to an ipso position of 
the 1,4-dicyanobenzene radical anion (I-') during step 4. 

This deceptively simple representation of the initial bond- 
ing (Scheme 1, step 3) has been expanded (Scheme 2): step 3a 
represents the initial formation of a dipole-induced radical-ion 
complex; step 36 represents formation of a bridged radical cat- 
ion; step 3c involves the formation of the new carbon-oxygen 
bond resulting in a distonic radical cation, and, finally, step 3d 
is the deprotonation from the oxygen of the distonic radical 
cation that yields the P-alkoxyalkyl radical. Similar species 
have been proposed to explain reactions of radical cations in 
the gas phase, observed by mass spectrometry (1 1). In princi- 
ple, of course, not all of these steps may be necessary and 
some of them may be reversible. Our approach is now clear: 
we will consider the structure, energy, and the spin and charge 
distribution for all of these hypothetical intermediates and 
search for agreement between theory and the experimentally 
observed product ratios. 

The results of the calculations relevant to the reaction of 2- 
methylpropene (2) (reaction [I.]) are summarized in Tables 1, 
6,7, 8, and 9, and in Figs. 1, 6,7, 8, and 9. The alkene radical 
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Table 1. (a) Optimized (UHFl6-31G*) structure for the 2- 
methylpropene radical cation (2"). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 1. (b) Spin and charge densities (2"). 

Table 4. (a) Optimized (UHFl6-31G*) structure for the 2-methyl- 
1,3-pentadiene radical cation (14"). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Charge density summed 
Atom number into heavy atoms Spin density Table 4. (b) Spin and charge densities (14"). 

Table 2. (a) Optimized (UHFl6-3 lG*) structure for the 2-methyl- 
2-butene radical cation (6+'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

C I A 2  1.492 ClC2C3 121.3 ClC2C3C4 0.0 
C 2 4 3  1.415 ClC2C.5 118.6 ClC2C3C5 -180.0 
C 3 4 4  1.484 C2C3C4 126.8 
C 2 4 5  1.487 C3C2C5 120.0 

I Table 2. (b) Spin and charge densities (6'). 
I 

Charge density summed 
Atom number into heavy atoms Spin density 

Table 3. (a) Optimized (UHFl6-3 lG*) structure for the 2-methyl- 
1,3-butadiene radical cation (9"). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 3. (b) Spin and charge densities (9"). 

Charge density summed 
Atom number into heavy atoms Spin density 

Charge density summed 
Atom number into heavy atoms Spin density 

Table 5. (a) Optimized (UHFl6-31G*) structure for the 2,4- 
dimethyl-l,3-pentadiene radical cation (18"). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

C 1 4 2  1.399 ClC2C3 115.4 C4C3C2C1 179.2 
C 2 4 3  1.404 C2C3C4 130.3 C7C4C3C2 -1.5 
C 3 4 4  1.398 C3C4C7 125.8 C5C4C3C2 178.3 
C-5 1.499 C3C4C5 118.4 C6C2ClC3 -179.8 
C-7 1.495 C5C4C7 115.9 
C 2 4 6  1.508 ClC2C6 118.6 

Table 5. (b) Spin and charge densities (18+'). 

Charge density summed 
Atom number into heavy atoms Spin density 

cation, 2+','remains planar, the dihedral angle C-1 ,C-2,C-3,C-4 
is - 180". A significant proportion, almost half, of the positive 
chargedensity is borne by the methyl groups, leaving one-third 
on the terminal methylene carbon (C-1). The vertical ionization 
potential (9.39 eV), taken from the eigenvalue for the HOMO 
of the neutral molecule (2), and the adiabatic ionization poten- 
tial (8.8 1 eV), taken as the difference in the calculated (MP216- 
3 lG*l/HF16-31G*) total energies of the fully optimized struc- 
tures of the neutral molecule and the radical cation, are in good 
agreement with the experimental value (9.24 eV, vertical ion- 
ization potential) obtained from the photoelectron spectra (12). 

A thorough search was made for the distonic radical cation, 
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Fig. 1. 2-Methylpropene radical cation (2+'). 

Fig. 2. 2-Methyl-2-butene radical cation (6+'). 

Fig. 4. 4-Methyl- l,3-pentadiene radical cation (14+'). 

Fig. 5. 2,4-Dimethyl- l,3-pentadiene radical cation (18"). 

Scheme 2. 

Fig. 3. 2-Methyl-1.3-butadiene radical cation (9"). 

with methanol bonded to C- 1 ; several conformers were found, 
the structure of the fully optimized global minimum (anti), 
2a+', is depicted in Table 6a,b and Fig. 6a. This structure is 
accurately described as distonic (11). The C-1,O-5 bond 
length is relatively long (1.57 A), there is no evidence for 
bridging; the C-2,O-5 distance is 2.47 A. The excess a-spin 
density resides largely (1.12) on C-2 while the positive charge 
density (0.79) is distributed over C-1,O-5, and C-6. This struc- 
ture is significantly (92 kJ mol-') more stable than the compo- 
nents, i.e., the alkene radical cation, 2+', and methanol. 

An analogous fully optimized structure was found with 

methanol bonded to C-2 (2b+*, Table 6c,d and Fig. 66). In fact, 
this distonic radical cation (gauche), 2b+', is more stable (6.1 
kJ mol-') than 2a". A factor contributing to the stability of 
2b+' is the additional charge delocalization; the methyl 
groups, C-3 and C-4, each bear significant (0.16) positive 
charge density. 

Starting the calculation with a bridged structure, symmetri- 
cally constrained to have equal C-1,O-5 and C-2,O-5 bond 
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Table 6. (a) Optimized (UHFl6-31G*) structure for the 2- 
methylpropene-methanol distonic radical cation (C-l bonded) 
(2a"). 

Table 7. (a) Optimized (UHFl6-31G*) structure for the 2-methyl- 
propene-methanol symmetrically bridged (constrained) radical 
cation (2c"). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 6. (b) Spin and charge densities (2a"). Table 7. (b) Spin and charge densities (2c"). 

Charge density summed 
Atom number into heavy atoms Spin density 

Charge density summed 
Atom number into heavy atoms Spin density 

Table 6. (c )  Optimized (UHFl6-31G*) structure for the 2- 
methylpropene-methanol distonic radical cation (C-2 bonded) 
(2b"). 

Fig. 6. (a) 2-Methylpropene-methanol distonic radical cation 
(C-1 bonded) (2a+'); (b) 2-methylpropene-methanol distonic 
radical cation (C-2 bonded) (2b"). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 6. (d) Spin and charge densities (2b"). 

Charge density summed 
Atom number into heavy atoms Spin density 

lengths, also converges to a minimum (no negative vibrational 
frequencies) 2c+' (Table 7 and Fig. 7). However, when this 
structure is fully optimized upon removing the symmetry con- 
straint, the structure reverts to the distonic radical cation 2b". 
This bridged structure may be an intermediate, preceding for- 
mation of the distonic radical cations, or may form during the 
equilibration of the distonic radical cations. The energy of this 
structure would then set a lower limit (24-30 kJ mol-'), pre- 

sumably only slightly below the activation energy for this 
equilibration. 

The next step in the sequence (Scheme 2, step 3d) involves 
deprotonation from the oxygen of the distonic radical cations 
to give the alternative P-alkoxyalkyl radicals. Two conform- 
ers of each radical were found; these correspond to the gauche 
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Table 8. (a) Optimized (UHFl6-3 lG*) structure for the 2- 
methylpropene-methanol radical (C-1 bonded) (2a'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 8. (b) Spin and charge densities (2a'). 

Charge density summed 
Atom number into heavy atoms Spin density 

Table 8. (c )  Optimized (UHFl6-31G*) structure for the 2- 
methylpropene-methanol radical (C-2 bonded) (2b'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 8. (6) Spin and charge densities (2b'). 

Charge density summed 
Atom number into heavy atoms Spin density 

Fig. 7. 2-Methylpropene-methanol symmetrically bridged 
(constrained) radical cation (2~''). 

Fig. 8. (a) 2-Methylpropene-methanol radical (C- 1 bonded) (2a'); 
(b) 2-methylpropene-methanol radical (C-2 bonded) (2b'). 

and anti rotamers around the C-1,O-5 and C-2,O-5 bonds 
(Table 8 and Fig. 8). From 2a+', the anti conformer, 2a', was 
the more stable, while from 2b+', the gauche conformer, 2bb, 
was preferred. Consistent with experimental results, there is 
no evidence for bridging in the P-alkoxyalkyl radical (8c). The 
calculations show the expected trend, the tertiary radical (2a') 
is more stable (by only 1.3 kJ mol-' !) than the primary radical 
(2b'). 

The relative energies (MP216-3 lG*l/HF16-3 lG*) of these 
species are shown in Table 9 and Fig. 9. The values for the P- 
alkoxyalkyl radicals have been incorporated in this plot by 

including a molecule of methanol to serve as a base in the 
deprotonation step (Scheme 2, step 36). It must be emphasized 
that these calculations are relevant to the individual species in 
the gas phase. This, of course, is a gross oversimplification 
considering the charge separation and resulting large dipole of 
some of these species. In an attempt to assess the importance 
of solvent interaction, the Onsager reaction field model has 
been applied (SCRFMP216-3 1 G*llSCRF/HF/6-3 1 G*) (1 3). 
The radius of the solute cavity was calculated using the vol- 
ume key word in the GAUSSIAN program, and the dielectric con- 
stant was set at 35.0 (ca. acetonitrile). The most significant 
effect of including solvent interaction is a reversal of the rela- 
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Table 9. Relative total energies (MP216-3 lG*//HF/6-3 1 G*) for 
2-methylpropene intermediates (total energies obtained by 
including the solvent dielectric are reported in parentheses). 

(2+7 
Methanol 
Methanol 
Sum 

(2a") 
Methanol 
Sum 

(2 b") 
Methanol 
Sum 

( 2 ~ ' ~ )  
Methanol 
Sum 

(2a') 
Protonated methanol 
Sum 

(2b') 
Protonated methanol 
Sum 

Fig. 9. Relative energies (MP216-3 lG*//HF/6-3 IG*) for 2- 
methylpropene intermediates. 

+ MeOH + MeOH 

4. 

r ,  - 
2a' * + MeOH 2b' + MeOH 

tive order of stability of the two distonic radical cations. In the 
gas phase, 2b" is more stable than 2a+' (6.1 LJ mol-I); includ- 
ing the solvent dielectric renders 2a" more stable than 2b" 
(9.5 kJ mol-I). As expected, there is essentially no solvent 
effect upon the difference in the relative stability of the radi- 
cals 2a' and 2b' (AA = 0.34 kJ mol-I). 

The difference in the calculated total energy of the alterna- 
tive P-alkoxyalkyl radicals, 2a' and 2b0, is consistent with the 
observed product ratio (reaction [I]). The major product (3, 
0.96) results from methanol bonding to C-1. Hypothesis: 
rapid equilibration of the distonic radical cations, through the 
bridged radical cation, is followed by irreversible deprotona- 

Fig. 10. (a) 2-Methyl-2-butene-methanol distonic radical cation 
(C-3 bonded) (6a+'); (b )  2-methyl-2-butene-methanol distonic 
radical cation (C-2 bonded, C2-06 bond length constrained) 
(6b"). 

tion. The irreversibility of the deprotonation is a logical con- 
sequence of the low acidity of the media. The observed 
product regiochemistry therefore reflects the relative rates of 
formation of the alternative P-alkoxyalkyl radicals; formation 
of the more stable P-alkoxyalkyl radical is favoured. 

For the photo-NOCAS reaction involving 2-methyl-2- 
butene (6), the products (reaction [2]), and the calculations 
(Tables 2, 10, 11, 12, 13 and Figs. 2, 10, 11, 12, 13) are con- 
sistent with this hypothesis. The vertical ionization potential 
(8.93 eV) and the adiabatic ionization potential (8.27 eV) are 
in good agreement with the experimental value (8.68 eV, 
vertical ionization potential) taken from the photoelectron 
spectra (12). The radical cation 6" is planar, the dihedral angle 
C-1,C-2,C-3,C-5 is - 180". The methyl groups bear a signifi- 
cant share of the positive charge density. The local charge 
density is, in fact, highest (0.25) on the less substituted alkene 
carbon (C-3). 

The structure of the distonic radical cation with methanol 
bonded to C-3 6a") was fully optimized. The C-3,O-6 bond i length is 1.58 , and there is no evidence for bridging; the 
C-2,O-6 distance is long, 2.46 A. Calculations on the alterna- 
tive structure, with methanol bonded to C-2 (6b+'), converged 
only with a structural constraint; the C-2,O-6 bond length was 
held to 1.58 A. Nevertheless, this distonic radical cation 
(6b+'), with methanol bonded to C-2, is more stable (3.5 kJ 
mol-') than the alternative structure (6a+'), with methanol 
bonded to C-3. Again, in this case, the methyl groups C-1 and 
C-5 of the distonic radical cation, 6b+', each bear significant 
(0.14) positive charge density (Table 10d). 
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Table 10. (a) Optimized (UHFl6-3 lG*) structure for the 2- 
methyl-2-butene-methanol distonic radical cation (C-3 bonded) 
(6a"). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 10. (b) Spin and charge densities (6a+'). 

Charge density summed 
Atom number into heavy atoms Spin density 

Table 10. (c )  Optimized (UHFl6-31G*) structure for the 2- 
methyl-2-butene-methanol distonic radical cation (C-2 bonded, 
C 2 4 6  bond length contrained) (6b+'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 10. (4 Spin and charge densities (6b"). 

Charge density summed 
Atom number into heavy atoms Spin density 

1 0.14 0.00 
2 0.22 -0.07 
3 0.08 1.18 
4 0.09 -0.16 
5 0.14 0.01 
6(0) -0.18 0.02 
7 0.5 1 0.01 

The structure of the bridged radical cation, 6c+' (Table 11 
and Fig. l l ) ,  was fully optimized without structural con- 
straints; in fact, removing the constraint from 6b+'gave 6c+'. 
Both carbon-oxy en distances, C-2,O-6 and C-3,O-6, are long 
(2.81 and 2.95 f ). In this case, the differences in energy 

Table 11. (a) Optimized (UHFl6-31G*) structure for the 2- 
methyl-2-butene-methanol bridged radical cation (6c"). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 11. (b) Spin and charge densities (6c"). 

Charge density summed 
Atom number into heavy atoms Spin density 

Fig. 11. 2-Methyl-2-butene-methanol bridged radical cation 
(6~"). 

between the alternative distonic radical cations and this 
bridged radical cation is small ( 5 5  kJ mol-I); it seems likely 
that equilibration among these intermediates would be rapid. 
Deprotonation of the distonic radical cation 6a+' leads to the 
tertiary P-alkoxyalkyl radical, 6aW, which is more stable 
(6.4 kJ mol-') than the secondary P-alkoxyalkyl radical, 6bW, 
resulting from deprotonation of 6b+' (Table 12 and Fig. 12). 

The relative energies (MP216-3 lG*//HFI6-3 lG*) of these 
intermediates are shown in Table 13 and Fig. 13. Again, in this 
case, the major effect of including the solvent dielectric is to 
reverse the relative stabilities of the distonic radical cations: 
6a+' becomes more stable than 6b+' (5.1 kJ mol-'). The rela- 
tive stability of the P-alkoxyalkyl radicals (6a' and 6b') is 
unaffected. 

The formation of 7 as the major (0.86) photo-NOCAS 
adduct in reaction [2] is consistent with the hypothesis: rapid 
equilibration of the initially formed intermediates, followed 
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lsodesrnic Reactions - 
' ' - 

[I a] H 3C -0-C(CH ,) ,-CH , H ,C -0-CH ,-C(CH3), 

2b0 2a 

AH (kJ rnol-I ) -1.3 ( ~ a l c ' d ) ~  +1.8 (calc'd) -58.4 ( c a ~ c ' d ) ~  

H ,C -0-C(CH ,) 3 H ,C -0-CH ,-CH3 

D bl + - - + 
CH3CH2* (CH 3) 3C ' 

AH (kJ rnol -1 ) -2.9 ( ~ a l c ' d ) ~  +2.5 (calc'd) -61.9 ( c a ~ c ' d ) ~  -2.1 (exp.) 

A H (kJ mol-I ) +15.3 (calc'd) a +21.3 (calc'd) -21.3 (calc'd) 

A H (kJ mol-I ) -24.0 (calc'd) a -1 8.8 (calc'd) -40.2 ( ~ a l c ' d ) ~  -1 5.9 (exp.) 

AH (kJ rnol-' ) -8.7 (calc'd) a +2.5 (calc'd) -61.5 (calc'd) 
' - 

[2al H3C -O-C(CH~),-CH(CH~) - H ,C -0-CH(CH3)-C(CH3), 

6a' 6b' 

AH (kJ mol-I ) -6.4 ( ~ a l c ' d ) ~  -2.1 (calc'd) 

H ,C -0-C(CH ,), H ,C -0-CH(CH 3)2 - 
[2 bl + - + 

(CH 3 ) k ~  3) (CH 3)3C0 

AH (kJ mol-I ) -4.1 (calc'd) a -1.9 (calc'd) -6.7 (exp.) 

AH (kJ rnol-I ) -9.8 ( ~ a l c ' d ) ~  -8.1 (calc'd) 

3C-0-C(CH 3)2(C zH5) H ,C -0-CH(CH ,)-CH(CH 

[2 el + a + - 
' 

(CH 3) 2CH-CH(CH ,) ( ~ 2 ~ 5 ) : ( ~ ~ 3 ) 2  

AH ( k ~  rnol-I ) -4.8 (calc'd) a -1.8 ( ca~c 'd )~  
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Arnold et al. 

AH (kJ mol-' ) -8.5 (calc'd) a -10.6 (calc'd) 

AH (kJ m0l-l ) -6.7 (calc'd) a -9.8 (calc'd) b 

AH (kJ mol-' ) -5.1 ( c a ~ c ' d ) ~  -5.8 (calc'd) +62.2 ( ~ a l c ' d ) ~  

AH (kJ mol-' ) -2.0 ( c a ~ c ' d ) ~  -0.8 (calc'd) +50.3 (calc'd) 

18b' 

A H (kJ rnol" ) -0.8 (calc'd) a -3.8 (calc'd) b 

AH (kJ rnol-' ) +8.7 (calc'd) a -3.8 (calc'd) 

" Ab initio molecular orbital calculations (MP2/6-31G'llHF16-31G') (10). 

' Empirically derived heats of formation, Benson's empirical rules (16). 

' Derived by the seml-empirical molecular orbltal method (AM1) (1 7). 

Experimentally determined heats of formation (14). 

by irreversible deprotonation from the distonic radical cations, 
with preferential formation of the more stable P-alkoxyalkyl 
radical, 6a'. 

For both of these reactions (reactions [ I ]  and [2]), it is inter- 
esting to note the alternation in the order of relative stability 
(MP216-3 lG*//HFl6-3 lG*) between the distonic radical cat- 
ions, 2b"more stable than 2a+', and 6b+'more stable than 
6a+', and the relative stability of the P-alkoxyalkyl radicals, 
2a' more stable than 2b', and 6a' more stable than 6b'. An 
indication of the cause of this effect is the significant positive 
charge density borne by the methyl group(s) on the carbon 
next to the protonated oxygen atom of the distonic radical cat- 

ions. For the distonic radical cations, the increased stability 
resulting from additional positive charge delocalization is 
greater than the difference in stability between secondary (or 
even primary) versus tertiary alkyl radicals. Since results to be 
described later will further challenge the general statement, 
"The more heavily substituted radical is the more stable," 
additional consideration has been given to this generalization. 
For reaction [I], relevant isodesmic reactions are shown (reac- 
tions [ la]  - [le]). 

The isodesmic reaction [lb] involves a dissection of the 
alternative intermediates 2a' and 2b'. The calculated heat of 
reaction [ lb]  agrees well with that for reaction [la]. In addi- 
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Table 12. (a) Optimized (UHF16-31G*) structure for the 2- 
methyl-2-butene-methanol radical (C-3 bonded) (6a'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 12. (b) Spin and charge densities (6a"). 

Charge density summed 
Atom number into heavy atoms Spin density 

Table 12. ( c )  Optimized (UHF16-31GL) structure for the 2- 
methyl-2-butene-methanol radical (C-2 bonded) (6b'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 12. (4 Spin and charge densities (6b+3. 

Charge density summed 
Atom number into heavy atoms Spin density 

tion, in this case, experimentally determined heats of forma- 
tion of the components are available (14); the agreement is 
encouraging. 

The dissection illustrated in the isodesmic reaction [le] is, 
in fact, the combination of two isodesmic reactions, [lc] and 
[ l a .  The isodesmic reaction [lc] reveals the fact that alkyl 
substitution on the carbon bonded to oxygen of the ether leads 

Fig. 12. (a) 2-Methyl-2-butene-methanol radical (C-3 bonded) 
(6a'); (b) 2-methyl-2-butene-methanol radical (C-2 bonded) 
(6b'). 

to increased stability. The calculated (MP216-3 1 G*l/HFl6- 
31G*) total energies of the isomeric tert-butyl and isobutyl 
radicals show the expected trend; the tertiary radical is 24.0 kJ 
mol-I more stable than the primary radical (reaction [ Id ) .  
Combining these two equations gives an indication of the rel- 
ative importance of these two factors influencing the stability 
of the radicals 2a' and 2b'. This isodesmic reaction, [le], is 
significantly less exothermic (-8.7 kJ mol-') than indicated 
upon consideration of "radical" stability alone (reaction [ l a ) .  

Analogous isodesmic reactions, relevant to reaction [2], are 
shown (reactions [2a] - [2e]). Again, in this case, experimen- 
tal data is available for reaction [2b]; the calculated value is in 
good agreement with the experimental results (14). The same 
trend is observed: the tert-radical is more stable than the sec- 
radical (reaction [24), but the difference is attenuated by the 
stabilizing influence of alkyl substitution on the carbon adja- 
cent to the oxygen of the ether (reaction [2c]). The relevant 
isodesmic reaction (reaction [2e]) lies in favour of the tert-rad- 
ical over the sec-radical by only 4.2 kJ mol-'. 

The optimized structure for the radical cation of 2-methyl- 
1,3-butadiene (9") has the expected planar structure with nor- 
mal bond lengths and angles (Table 3 and Fig. 3). The vertical 
ionization potential (8.67 eV) and the adiabatic ionization 
potential (8.45 eV) are in good agreement with the experimen- 
tal value (8.85 eV, vertical ionization potential) taken from the 
photoelectron spectra (12). The charge densities at the two ter- 
mini, C-1 and C-4, are identical. The charge densities at C-2 
and C-3 are also identical. These values provide no basis for 
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Arnold et al. 

Table 13. Relative total energies (MP216-31G*//HF/6-31G*) for 
2-methyl-2-butene intermediates (total energies obtained by 
including the solvent dielectric are reported in parentheses). 

Table 14. (a) Optimized (UHFl6-31G*) structure for the 2- 
methyl-l,3-butadiene-methanol distonic radical cation (C-1 
bonded) (9a+'). 

(6+') 
Methanol 
Methanol 
Sum 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

(6a") 
Methanol 
Sum 

(6b") 
Methanol 
Sum Table 14. (b) Spm and charge densities (9a"). 

Charge density summed 
Atom number into heavy atoms Spin density 

(6c") 
Methanol 
Sum 

( 6 4  
Protonated methanol 
Sum 

(6V) 
Protonated methanol 
Sum 

Table 14. (c )  Optimized (UHFl6-3 lG*) structure for the 2- 
methyl-l,3-butadiene-methanol distonic radical cation (C-4 
bonded) (9b"). Fig. 13. Relative energies (MP216-3 1 G*//HF/6-3 1 G*) for 2- 

methyl-2-butene intermediates. 
Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 14. (d) Spin and charge densities (9b"). 

Charge density summed 
Atom number into heavy atoms Spin density 

predicting the regiochemistry of the addition. There is, how- 
ever, significant charge density on the methyl group (C-5). If 
this charge is summed in with the charge on C-1 and C-2, the 
argument could be made that more than half (0.58) of the pos- 
itive charge is in this region; the major products (0.89) do arise 
from methanol attack at C-1 (reaction [3]). 

Two fully optimized structures were obtained for the alter- 
native distonic radical cations (Table 14 and Fig. 14), metha- 
nol bonded to C-1 (9a") or to C-4 (9b"); 9a" is 7.3 W mol-' 
more stable than 9b". These structures are accurately 

described as distonic; the charge and spin are separated. The 
positive charge is largely associated with the ether moiety, the 
ether-methyl, and methylene (C-1 or C-4) groups. For 9a+', 
the C-1,O-6 bond is 1.54 A. There is no evidence for bridging; 
the C-2,O-6 distance is 2.44 A, and the dihedral angle C-3,C- 
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Fig. 14. (a) 2-Methyl-l,3-butadiene-methanol distonic radical 
cation (C- 1 bonded) (9a"); (b) 2-methyl- 1,3-butadiene-methanol 
distonic radical cation (C-4 bonded) (9b"). 

Fig. 15. (a) 2-Methyl-l,3-butadiene-methanol radical (C-l 
bonded) (9a'); (b) 2-methyl-1,3-butadiene-methanol radical (C-4 
bonded) (9b'). 

2,C-1,O-6 is 106". The allylic radical moiety is essentially pla- 
nar (dihedral angle C-1,C-2,C-3,C-4 is 178"). The structure of 
9b" is similar, with no evidence for bridging. A thorough 
search was made for a bridged radical cation(s) and none was 
found. Deprotonation from the oxygen of the distonic radical 
cations, 9a" and 9b+', gave the radicals, 9a' and 9b' (Table 15 
and Fig. 15). The radical with methanol bonded to C- 1 (9a') is 
the more stable (8.5 kJ mol-'). In this case, the more stable rad- 
ical cation (9a") and the more stable radical (9a') both have 
the methanol bonded to C-1; the allylic radical moiety is the 
more heavily alkyl-substituted. 

The relevant isodesmic reaction shows the calculated (MP2/ 
6-3 1G*/MF/6-3 lG*) total energies of the isomeric 1,l-dime- 
thyl- and 1,2-dimethyl-substituted allylic radicals follow the 

Table 15. (a) Optimized (UHFI6-31G*) structure for the 2- 
methyl-l,3-butadiene-methanol radical (C-l bonded) (9a'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 15. (b) Spin and charge densities (9a+'). 

Charge density summed 
Atom number into heavy atoms Spin density 

Table 15. ( c )  Optimized (UHFI6-3 IG*) structure for the 2- 
methyl-l,3-butadiene-methanol radical (C-4 bonded) (9b'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

C 1 4 2  1.390 ClC2C3 120.2 ClC2C3C4 -178.1 
C 2 4 3  1.403 ClC2C5 119.6 C5C2ClC3 179.8 
C 3 2 4  1.500 C2C3C4 124.5 C2C3C406 78.3 
C2-C5 1.516 C3C406 109.9 C3C406C7 179.1 
C"06 1.403 C406C7 113.8 
C 3 - 0 6  2.377 
O C C 7  1.392 

Table 15. (4 Spin and charge densities (9b"). 

Charge density summed 
Atom number into heavy atoms Spin density 

expected trend; the 1,l-disubstituted radical is 6.7 kJ mol-' 
more stable than the 1,2-disubstituted radical (reaction [3b]). 
Calculations of the relative stability of the radicals (9a' and 
9b0, reaction [3a]) and the isodesmic reaction [3b] are consis- 
tent with the observed product ratio (reaction [3]). 

The radical cation of 4-methyl-l,3-pentadiene (14+'), in the 
s-trans conformation, is planar (dihedral angle C-1,C-2,C- 
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Arnold et al 

Table 16. Relative total energies (MP216-31G*//HF/6-31G*) for 
2-methyl-l,3-butadiene intermediates (total energies obtained by 
including the solvent dielectric are reported in parentheses). 

Table 17. (a) Optimized (UHFl6-31G") structure for the 4- 
methyl-1.3-pentadiene-methanol distonic radical cation (C-4 
bonded) (14a+'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) (9+7 
Methanol 
Methanol 
Sum 

(9a") 
Methanol 
Sum 

(9b") 
Methanol 
Sum 

Table 17. (b) Spin and charge densities (14a+'). 

(9a') 
Protonated methanol 
Sum 

Charge density summed 
Atom number into heavy atoms Spin density 

(9W -309.337 97 (-309.343 79) 
Protonated methanol -115.644 29 (-115.646 53) 
Sum -424.982 26 (-424.990 32) 

1 Fig. 16. Relative energies (MP216-3 IG*//HF/6-31G*) for 2- 
1 methyl-l,3-butadiene intermediates. 
I + 
I 9' ' + MeOH + MeOH 

I _  
9b' + MeOH, 

Table 17. (c) Optimized (UHFl6-31G*) structure for the 4- 
methyl-l,3-pentadiene-methanol distonic radical cation (C-l 
bonded) (14b"). 
-- - 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

- ' 9a+ ' + MeOH 

Table 17. (d) Spin and charge densities (14bW). 3,C-4 is - 1 80°, C-2,C-3,C-4,C-5 is 1 80°, Table 4, Fig. 4). The 
calculated vertical ionization potential (8.23 eV) and the adia- 
batic ionization potential (7.90 eV) are in good agreement 
with the experimental value (8.28 eV, vertical ionization 
potential) taken from the photoelectron spectra (12). The 
charge density, at a single position, is greatest at C-1 (0.23); 
however, significant charge is borne by the methyl groups and 
if the positive charges on C-3,C-4,C-5, and C-6 are summed, 
this is the region of highest charge density (0.62). 

A fully optimized structure for a distonic radical cation, 
with methanol bonded to C-4, was obtained (14a+', Table 
17a,b Fig. 17a). The C-4,O-7 bond length was relatively long 
(1.7 1 A) and there was no evidence for bridging. An analogous 
structure with methanol bonded to C-1, 14b+', was obtained; 
with a C-1,O-7 bond length of 1.56 A, and no evidence for 

Charge density summed 
into heavy atoms Spin density Atom number 
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Fig. 17. (a) 4-Methyl-1.3-pentadiene-methanol distonic radical 
cation (C-4 bonded) (14a"); (b) 4-methyl-l,3-pentadiene- 
methanol distonic radical cation (C-1 bonded) (14b+'). 

bridging (Table 17c,d, Fig. 17b). The calculations reveal that 
14b" is of higher energy (9.2 kJ mol-') than 14a". A major 
factor contributing to the relative stability of 14a" must be the 
significant charge density borne by the methyl groups, C-5 and 
C-6. Deprotonation from the oxygen of the distonic radical 
cation 14a" gives the radical 14a0, which is more stable (5.1 
kJ mol-') than the analogous radical, 14b', obtained from 
14b" (Tables 18, 19, and Figs. 18, 19). Including the solvent 
dielectric in these calculations has a large effect upon the rel- 
ative energies of the distonic radical cations; 14b" is now 
more stable (49.8 kJ mol-') than 14a". As expected, there is 
little solvent effect on the relative energies of the radicals, 14a' 
and 14b'. 

The 14-adducts from 14 have the E configuration (15 and 
16); the Z isomers were not detected. This stereochemistry is a 
reflection of the preferred configuration of the starting diene; 
the s-trans conformer of 14 is favoured. The calculated (MM3) 
difference in energy between 14 s-cis and 14 s-trans is 14 kJ 
mol-'. The s-trans conformation is planar while the s-cis con- 
former is twisted with a calculated dihedral angle, C- 1,C-2,C- 
3,C-4, of 43". The configuration of the intermediate allylic 
radicals, 14a' and 14b0, is a reflection of the conformation of 
the initial diene. 

While the observed product ratio, preferential addition of 
methanol to C-4 (reaction [4]), and the calculated relative 
energies of the alternative radicals, 14a' more stable than 
14b' (reaction [4a]), are consistent with the proposed hypoth- 
esis, this is the only reaction studied, so far, where the order of 
radical stability was not anticipated. The more stable radical, 
14a0, has the mono-substituted (C-3) allylic radical, compared 
to 14b', with a tri-substituted (C-2,C-4,C-4) allylic radical. 
Calculations based upon the isodesmic reaction (reaction [4b]) 
support the notion that the total structure of the intermediate 
radical, not just the allylic radical moiety, must be taken into 
account. Formation of the more heavily substituted ether, less 
substituted allylic radical, is favoured in this case. 

Table 18. (a) Optimized (UHFl6-31G*) structure for the 4- 
methy 1- 1,3-pentadiene-methanol radical (C-4 bonded) (14a'). 

Bond length (A) 
~ - 

Bond angle (deg) Dihedral angle (deg) 

ClC2C3 124.0 ClC2C3C4 -177.2 
C2C3C4 127.5 C2C3C4C6 109.9 
C3C4C6 109.2 C2C3C4C5 -12.9 
C3C4C5 113.7 C2C3C407 -137.3 
C3C407 109.2 C3C407C8 65.9 
C407C8 118.3 

Table 18. (b) Spin and charge densities (14b"). 

Charge density summed 
Atom number into heavy atoms Spin density 

Table 18. (c) Optimized (UHFl6-31G*) structure for the 4- 
methy 1- 1,3-pentadiene-methanol radical (C- 1 bonded) (14b'). 

Bond length (A) Bond angle (deg) Dihedral angle (deg) 

Table 18. (4 Spin and charge densities (14b"). 

Charge density summed 
Atom number into heavy atoms Spin density 

The fully optimized (MP216-3 1 G*//HFl6-3 1 G*) global 
minimum structure for the radical cation of 2,4-dimethyl-1.3- 
pentadiene (18") is essentially planar with dihedral angles 
C-1 ,C-2,C-3,C-4 and C-7,C-2,C-1,C-3 of - 179" and - 180" 
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Table 19. Relative total energies (MP216-31G*//HF/6-31G*) for 
4-methyl-l,3-pentadiene intermediates (total energies obtained by 
including the solvent dielectric are reported in parentheses). 

(14+-) -233.479 93 (-233.481 88) 
Methanol -1 15.344 94 (-115.346 13) 
Methanol -115.344 94 (-115.346 13) 
Sum -464.169 81 (-464.174 14) 

(14a") 
Methanol 
Sum 

(14b") 
Methanol 
Sum 

(14a') -348.512 59 (-348.518 41) 
Protonated methanol -1 15.644 29 (-1 15.646 53) 
Sum -464.156 88 (-464.164 94) 

(14b') -348.510 64 (-348.5 16 67) 
Protonated methanol -1 15.644 29 (-1 15.646 53) 
Sum -464.154 93 (-464.163 20) 

Fig. 18. (a)  4-Methyl-1,3-pentadiene-methanol radical (C-4 
bonded) (14a'); (b)  4-methyl- l,3-pentadiene-methanol radical 
(C-1 bonded) (14b'). 

(Table 5, Fig. 5). The calculated vertical ionization potential 
(8.62 eV) and the adiabatic ionization potential (7.58 eV) are 
in good agreement with the experimental values (8.49 eV, ver- 
tical, and 58.08 adiabatic) taken from the photoelectron spec- 

Almost half (0.48) of the positive charge density on this 

D. Klapstein. St. Francis Xavier Univeristy, Antigonish, N.S., 
Canada, unpublished results. 

Fig. 19. Relative energies (MP216-3 lG*//HF/6-3 lG*) for 4- 
methyl- l,3-pentadiene intermediates. 

"+ MeOH + MeOH / /  

radical cation, 18+', is on C-4,C-5, and C-6, with only 0.20 on 
C-1. The major mode of addition, forming 19, 20, and 21 
(reaction [5]), results from initial bonding of methanol to C-1, 
giving the more heavily substituted allylic radical, which is, in 
this case, the more stable (reaction [5a]). 

There is convincing experimental evidence that the neutral 
molecule, 18, is significantly (ca. 50") twisted from the s-cis 
conformer (15a). Published calculations (HFl6-3 1G) on the 
neutral molecule indicate a global minimum structure with a 
dihedral angle C-1 ,C-2,C-3,C-4 of 52", i.e., twisted from s-cis, 
and another conformer C-1,C-2,C-3,C-4 of 180°, s-trans, 9.3 
kJ mol-' higher energy (15b). Higher level calculations (MP21 
6-31G*l/HFl6-31G*) reduce this energy difference to 7.9 kJ 
mol-'. Earlier molecular mechanics calculations (MMP1) 
found two twisted conformers, dihedral angles C-1,C-2,C- 
3,C-4, of 52" and 163", with a difference in energy of only 1.3 
kJ mol-' (1%). MM3 calculations also give two twisted con- 
formers, C-1,C-2,C-3,C-4 of 49" and 149"; in this case, 0.5 kJ 
mol-' in favour of the twisted s-trans conformer. In view of 
the twist in this neutral molecule, it is not surprising that both 
Z (21 and 22) and E (20) 1,4-adducts have been identified 
among the products. 

The planarity (calculated) of the radical cation, 18+', is in 
marked contrast with the significant twist in the neutral mole- 
cule. A thorough search was made for conformational minima 
of 18+'; two were found. The lowest energy conformer is 
essentially planar s-trans (dihedral angle, C-1,C-2,C-3,C-4 of 
- 179"). A twisted s-cis (C-1,C-2,C-3,C-4 of - 12") shallow 
minimum was also found, 12.3 kJ mol-I above the global min- 
imum. These minima are separated by a rotational barrier esti- 
mated (MP216-31G*l/HFl6-31G*) to be 73 kJ mol-I above 
the global minimum, s-trans conformer. The total overlap 
between C-2 and C-3, obtained by Mulliken population anal- 
ysis, is 0.48 for both conformers of 18+'. These values can be 
compared with a barrier of only 11 kJ mol-' for rotation 
around the C-2-C-3 bond of the neutral molecule, s-cis 
twisted 18, and the total overlap between C-2 and C-3 of 0.37 
(s-trans, 0.41). Clearly, the radical cation, 18+', is inherently 
more planar than the neutral molecule. 

An important question generated by this discussion is: what 
is the bestleasiest method for obtaining the relative heats of 
formation of these intermediate radicals? The ab initio calcu- 
lations discussed so far utilized reasonably large basis sets and 
included electron correlation (MP216-3 1 G*l/HFl6-3 1 G*, cor- 
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Table 20. Heats of formation and total energies of (2a') and (2b'). 

AM 1 
Benson's rules 
HFISTO-3GlMFlSTO-3G 
HFl3-2 1 GlNFl3-2 1 G 
HFl6-31G*l/HFl6-3 IG* 
MP216-3 1G*lMF16-3 IG* 
SCRFMFl6-3 lG*llSCRFNFl6-3 lG* 
SCRFlMP216-3 1G*llSCRFMFl6-3 IG* 

Table 21. Heats of formation and total energies of tert-butyl methyl ether and isobutyl methyl 
ether. 

- - 

Method tert-Butyl methyl ether Isobutyl methyl ether A (kJ mol-I) 

AM 1 -27 1.27 1 kJ -293.175 kJ -21.9 
Benson's rules -286.604 kJ -257.734 kJ 28.9 
Experimental -283.672 kJ 
HFl6-3 1G*llHFl6-3 1 G* -271.175 63 au -271.174 95 au 1.8 
MP216-3 lG*lMF16-31G* -272.013 15 au -272.007 31 au 15.3 
MP216-3 1 G*l/MP2/6-3 IG* -272.014 96 au -272.009 20 au 15.1 
MP216-3 1 1 +G*llMP216-3 lG* -272.135 46 au -272.129 44 au 15.8 

rected for spin contamination). These numbers are basis-set 
dependent. The results of the calculations for the isodesmic 
reactions, using various basis sets, and other methods (16, 17), 
have been listed (reactions [la]-[5b] and Tables 20 and 21). 
For example, the difference in stability of the alternative inter- 
mediate radicals, 2a' and 2b', is very basis-setlmethod depen- 
dent. Calculations on the isodesmic reaction (reaction [lc]) 
reveal that a major contribution can be attributed to variation 
in the calculated total energy for the ethers (tert-butyl methyl 
ether and isobutyl methyl ether) upon inclusion of electron 
correlation. The differences in the heats of formation of these 
two ethers, determined by various methods, are summarized in 
Table 21. It was, to some extent, reassuring to note that further 
increasing the basis set (MP216-31 l+G*//MP2/6-31G*) had 
little effect on the calculated total energies of these species. It 
was also interesting to note the general agreement between the 
energies calculated (MP216-31G*lMFl6-31G*) and those 
derived by Benson's empirical rules (16). In only two cases, 
reactions [I b] and [2b], were experimental data available (14); 
there is good agreement between the experimental and calcu- 
lated values ( 2 3  kJ mol-I). In marked contrast, the agreement 
between both the values derived from the ab initio calculations 
and the experimental values with results obtained from a semi- 
empirical molecular orbital method (AM1 (17)) is generally 
poor. 

An additional observation worthy of note deals with the rel- 
ative abundance of 1,4- versus 1,2-adducts from the conju- 
gated dienes. This regiochemistry is determined during the 
coupling of the allylic radical with the 1,4-dicyanobenzene 
radical anion (I-), step 4, Scheme 1. Previous results have led 
to the hypothesis that preferential coupling occurs at that end 
of the ambident allylic radical with highest spin density, mod- 

erated by steric interactions. Two 1,2-adducts were observed, 
17 from reaction [4] and 19 from reaction [5]. In both cases, 
these adducts are less sterically hindered than the alternative 
pair of isomers, which were not observed. 

Conclusions 

1. The regiochemistry of the photo-NOCAS reaction (step 
3, Scheme 1) with methanol acting as the nucleophile, com- 
bining with the radical cation of an alkene or diene, can be pre- 
dicted on the basis of the anti-Markovnikov rule. Addition 
occurs at that position which yields the most stable intermedi- 
ate radical. 

2. The regiochemistry is not controlled by steric factors. 
The nucleophile (methanol) does not always add preferen- 
tially to the least hindered site. 

3. The nucleophile (methanol) does not always add prefer- 
entially to the carbon bearing the greatest positive charge den- 
sity. 

4. The more heavily alkyl-substituted radical is not (neces- 
sarily) the more stable. 

5. Ab initio molecular orbital calculations (MP216-31G*/l 
HFl6-3 lG*, corrected for spin contamination) lend support to 
the hypothesis that the addition proceeds by initial formation 
of bridged radical cation complexes, followed by formation of 
alternative distonic radical cations. Subsequent deprotonation 
from the oxygen of the distonic radical cations to give P- 
alkoxyalkyl radicals determines the regiochemistry. 

6. Isodesmic reactions based upon empirically derived 
heats of formation (Benson's rules) are also useful for predict- 
ing relative free-radical stability. 

7. Not surprisingly, in view of the small differences in the 
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stability of these radicals, the agreement between theory and 
experiment is not absolute. 

8. The alternative 1,2- versus 1,4-addition is controlled by 
spin density and steric factors. 

9. The stereochemistry of the photo-NOCAS 1,4-adducts 
involving dienes is a reflection of the relative stability of the 
alternative s-cis and s-trans conformers of the starting neutral 
diene. This ratio is accurately predicted, based upon relative 
energies of the conformers calculated by molecular mechanics 
(MM3). 

10. The regiochemistry of the photo-NOCAS reaction is 
dependent upon the nucleophile. Preliminary results indicate 
that the regiochemistry of the reaction with cyanide anion is 
different from that reported here for the addition of methanol. 

Experimental 

General information 
'H and I3c nmr spectra were obtained from a Bruker 250 or 
400 MSL spectrometer. Spectra were recorded in parts per 
million and frequencies are relative to tetramethylsilane. Infra- 
red spectra (ir) were recorded on a Nicolet 205 spectrometer 
and are reported in wave numbers (cm-I). Elemental analyses 
were performed by Canadian Microanalytical Service Ltd., 
B.C. Exact Mass determinations were obtained using a CEC 
21-1 10 mass spectrometer. Progress of the reaction was fol- 
lowed by gas chromatography using a Hewlett-Packard (HP) 
5890 gas chromatograph fitted with a DB-1701 fused silica 
WCOT column (30 m x 0.25 mm, 0.25-pm film thickness) 
and a calibrated flame ionization detector (gclfid). An HP 
3392A integrator was interfaced with the gclfid to obtain peak 
areas. An HP 5890 gas chromatograph with a 5% phenyl 
methyl silicone fused silica WCOT column (25 m x 0.20 mm, 
0.33-pm film thickness) interfaced with an HP 5970 mass 
selective detector (gclms) was also used for product analyses. 
Mass spectra are reported as m/z (relative intensity). Separa- 
tion of product mixtures was generally carried out using pre- 
parative medium-pressure liquid chromatography (mplc) (la). 
The mplc consists of a 2.5 cm x 1 m column packed with thin- 
layer chromatography (tlc) grade silica gel (with binder) (cat. 
no. 81632, Rose Scientific Ltd.) at a pressure of 20 psi using 
helium (lpsi = 6.9 kPa). Connected to the mplc was a UV 
spectrophotometer - fraction collector that collects ca. 10-mL 
fractions. Preparative gas chromatography (prep-gc) was car- 
ried out on a Varian Aerograph model 920 instrument using a 
114 in. x 6 ft aluminum column packed with 20% SE-30 on 
Chromasorb W 60180 NAM. 

Materials 
Acetonitrile (Fisher ACS grade) was distilled twice, first from 
sodium hydride and then from phosphorus pentoxide. It was 
then passed through a column of basic alumina, refluxed over 
calcium hydride for 24 h (under a nitrogen atmosphere), frac- 
tionally distilled (under nitrogen), and stored over molecular 
sieves (3 A) (18). Methanol was distilled and then stored over 
molecular sieves (4 A). 1,4-Dicyanobenzene (1) (Aldrich) was 
purified by treatment with Norite in methylene chloride, fol- 
lowed by recrystallization from 95% ethanol. Tetraethyl- 
ammonium perchlorate (TEAP) (Aldrich) was recrystallized 
three times from water and then dried in a vacuum oven for 
15 h, 70°C, 0.25 Torr (1 Torr = 133.3 Pa). Biphenyl (5) (East- 

man Kodak Co.) was recrystallized from methanol. 4-Methyl- 
1,3-pentadiene (14) (298%) was obtained from Fluka 
Chemika-BioChemika. 2,4-Dimethyl- l,3-pentadiene (18) 
(298%) was obtained from Aldrich Chemical Co. 

Irradiations 
Irradiations were generally camed out on solutions of acetoni- 
trile-methanol (3: 1) with 1,4-dicyanobenzene (I), the diene, 
and biphenyl (5) serving as a codonor. Solutions were irradi- 
ated in either 2 cm i.d. Pyrex tubes or 5 mm Pyrex nmr tubes, 
which were degassed by nitrogen ebullition. These samples 
were irradiated at 10°C using a CGE 1-kW medium-pressure 
mercury vapour lamp contained in a water-cooled quartz 
immersion well. 

Combination of methanol, 4-methyl-1,3-pentadiene (14), 
and 1,4-dicyanobenzene (1) to form photo-NOCAS 
adducts 15, 16, and 17: reaction [4] 

A solution of 4-methyl- l,3-pentadiene (14) (0.40 g, 0.55 mL, 
0.005 mol), 1,4-dicyanobenzene (1) (0.6 g, 0.005 mol), and 
biphenyl (5) (0.4 g, 0.003 mol) in acetonitrile-methanol (3: 1, 
40 mL) was degassed by nitrogen ebullition for 5 min and irra- 
diated for 44 h. The solvent was removed to yield a crude pho- 
tolysate. The crude photolysate was separated by mplc using a 
linear solvent gradient of hexanes - (5% diethyl ether, 95% 
hexanes). The products eluted in the order 17, 16, and 15. 

(E)-I-(4-Cyanophenyl)-4-methoxy-4-methyl-2-pentene (15) 
The yield of 15 was 27%: infrared (Nicolet 205) v: 3034(w), 
2977(s), 2934(m), 2905(m), 2824(m), 2228(s), 1608(m), 
1506(m), 1466(w), 1413(w), 1379(m), 1363(m), 1256(w), 
1170(m), 1137(m), 1076(s), 977(m), 844(m), 822(m); 'H nmr 
(250.13 MHz, CDCl ) 6TMS: 1.22 (s, 6H, 2 CH3), 3.1 1 (s, 3H, 
OCHd, 3.40 (d. 2H, ' J~-~ = 6.1 Hz. methylene. aryl substituted 
(1-H)), 5.50 (d, lH, 3 ~ 2 - 3  = 16.2 Hz, vinyl H (3-H)), 5.64 (dt, 
lH, 3 ~ 2 - 3  = 16.2 Hz, 3 ~ 1 - 2  = 6.1 HZ, vinyl H (2-H)), 7.24 (d, 

3 2H, J2'-3' = 7.9 Hz, 3 ~ 5 , 4  = 7.9 Hz, H's adjacent to alkyl-sub- 
stituted aryl carbon (2'-H, 6'-H)), 7.53 (d, 2H, 3~y-3 t  = 7.9 Hz, 
3 ~ 5 , 4  = 7.9 Hz, H's adjacent to cyano-substituted aryl carbon 
(3'-H, 5'-H)); I3c nmr (62.90 MHz, CDC13) 6: 25.73 (q, 2 
CH3), 38.83 (t, CH,, aryl substituted), 50.3 1 (q, OCH,), 74.65 
(s, quaternary carbon adjacent to oxygen), 109.99 (s, quater- 
nary aryl carbon, cyano substituted), 119.00 (s, CN), 127.04 
(d, vinyl CH), 129.32 (d, aromatic CH adjacent to alkyl-sub- 
stituted aryl carbon), 132.27 (d, aromatic CH adjacent to 
cyano-substituted aryl carbon), 138.28 (d, vinyl CH), 146.06 
(s, quaternary aryl carbon, alkyl-substituted); ms m/z: 73(19), 
99(39), 1 16(17), 141(17), 142(33), 153(22), 168(43), 
200(100), 201(14). Anal. calcd. for C,,H,,NO: C 78.10, H 
7.96, N 6.51; found: C 78.55, H 7.96, N 6.40; repeat: C 77.62, 
H 7.92, N 6.45. 

(E)-4-(4-Cyanophenyl)-l-methoxy-4-methyl-2-pentene (16) 
The yield of 16 was 11%: infrared (Nicolet 205) v: 2970(s), 
293 1 (s), 2874(m), 2822(m), 2228(s), 1606(m), 1504(m), 
1467(m), 1452(m), 1402(w), 1386(m), 1379(m), 1364(m), 
1 194(m), 1 12 1 (s), 1 109(s), 1076(w), 1062(w), 1019(w), 
977(s), 839(s); 'H nmr (250.13 MHz, CDC13) 6TMs: 1.41 (s, 
6H, 2 CH3), 3.33 (s, 3H, OCH,), 3.93 (d, 2H, 3 ~ 1 ,  = 6.1 HZ, 
0CH2 (1-H)), 5.58 (dt, lH, 3 ~ 2 - 3  = 15.9 Hz, 3 ~ , - 2  = 6.1 HZ, 
vinyl H (2-H)), 5.84 (d, lH, 3 ~ 2 - 3  = 15.9 Hz, vinyl H (3-H)), 
7.43 (d, 2H, 3~2r -3 t  = 7.9 Hz, 3 ~ 5 r 4  = 7.9 Hz, H's adjacent to 
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alkyl-substituted aryl carbon (2'-H, 6'-H)), 7.57 (d, 2H, ,JT-,, 
= 7.9 Hz, 3 ~ 5 , 4  = 7.9 Hz, H's adjacent to cyano-substituted 
aryl carbon (3'-H, 5'-H)); 13c nmr (62.90 MHz, CDC13) 6: 
28.36 (q, 2 CH,), 40.88 (s, quaternary carbon, aryl substi- 
tuted), 58.09 (q, OCH,), 73.09 (t, OCH,), 110.00 (s, quater- 
nary aryl carbon, cyano substituted), 118.95 (s, CN), 123.98 
(d, vinyl CH), 127.06 (d, aromatic CH adjacent to alkyl-sub- 
stituted aryl carbon), 132.04 (d, aromatic CH adjacent to 
cyano-substituted aryl carbon), 141.79 (d, vinyl CH), 154.08 
(s, quaternary aryl carbon, alkyl-substituted); ms d z :  71(100), 
115(15), 116(35), 140(16), 142(47), 153(27), 154(15), 
157(47), 168(47), 170(47), 215(1). Anal. calcd. for C14H17NO: 
C 78.10, H 7.96, N 6.51; found: C 77.93, H 7.95, N 6.44. 

4-(4-Cyanophenyl)-5-methoxy-2-methyl-2-pentene (1 7) 
The yield of 17 was 9%: infrared (Nicolet 205) v: 2975(m), 
2927(s), 2891(m), 2877(m), 2826(m), 2228(s), 1607(m), 
1504(m), 1458(m), 1449(m), 1377(m), 1192(m), 1177(m), 
11 13(s), 834(m); 'H nmr (250.13 MHz, CDCI,) 6,,,: 1.64 (s, 
3H, CH,), 1.74 (s, 3H, CH,), 3.32 (s, 3H, OCH,), 3.51 (dd, 1H, 
3 J,-,. = 10.9 Hz, ,J,, = 7.0 Hz, H of methylene group, meth- 
oxy substituted (5-H)), 3.55 (dd, lH, 3~5-,, = 10.9 HZ, 3~,5t = 
6.7 Hz, H of methylene group, methoxy substituted (5'-H)), 
3.84(m, 1H,3~3,=8.8Hz,3~,,=7.0H~,3~,5~=6.7Hz,Hof 
methine group (4-H)), 5.27 (br d, lH, ,J,, = 8.8 Hz, vinyl H 
(3-H)), 7.34 (d, 2H, 3~2,-3t = 8.4 Hz, 3~5,4t  = 8.4 Hz, H's adja- 
cent to alkyl-substituted aryl carbon (2'-H, 6'-H)), 7.58 (d, 2H, 
3~2.-3r = 8.4 Hz, ,JS4 = 8.4 Hz, H's adjacent to cyano-substi- 
tuted aryl carbon (3'-H, 5'-H)); ',c nmr (62.90 MHz, CDC1,) 
6: 18.32 (q), 25.90 (q), 44.82 (d, CH, aryl substituted), 58.98 
(q, OCH,), 76.54 (t, OCH,), 109.99 (s, quaternary aryl carbon, 
cyano substituted), 119.12 (s, CN), 123.48 (d, vinyl CH), 
128.61 (d, aromatic CH adjacent to alkyl-substituted aryl car- 
bon), 132.24 (d, aromatic CH adjacent to cyano-substituted 
aryl carbon), 135.27 (s, vinyl quaternary carbon), 148.92 (s, 
quaternary aryl carbon, alkyl-substituted); ms d z :  89(12), 
115(12), 116(25), 127(14), 128(15), 140(10), 142(30), 
143(13), 153(12), 154(14), 170(100), 171(14), 215(13). Anal. 
calcd. forC,,H,,NO: C78.10,H7.96,N6.51; found: C77.79, 
H 8.02, N 6.26. 

Combination of methanol, 2,4-dimethyl-1,3-pentadiene 
(IS), and 1,4-dicyanobenzene (1) to form photo-NOCAS 
adducts 19,20,21, and 22: reaction [S] 

A solution of 2,4-dimethyl-l,3-pentadiene (18) (3.0 g, 4.0 
mL, 0.031 mol), 1,4-dicyanobenzene (1) (2.5 g, 0.020 mol), 
and biphenyl (5) (1.6 g, 0.010 mol) in acetonitrile-methanol 
(3:1, 160 mL) was degassed by nitrogen ebullition for 5 min 
and irradiated for 94 h. The solvent was removed to yield a 
crude photolysate. The crude photolysate was separated by 
mplc using a linear solvent gradient of hexanes - (5% diethyl 
ether, 95% hexanes). Further purification was achieved via 
additional chromatography using mplc. Four 1 : 1 : 1 adducts 
eluted in the order 19, (21 and 22; together) and 20. Some 
additional separation of 21 and 22 was achieved using 
prep-gc. 

4-(4-Cyanophenyl)-5-methoxy-2,4-dimethyl-2-pentene (19) 
The yield of 19 was 26%: infrared (Nicolet 205) v: 2972(s), 
2929(s), 2876(s), 2829(m), 2227(s), 1606(s), 1503(m), 
1475(m), 1450(s), 1408(m), 1386(m), 1376(m), 1196(m), 

1 169(m), 1 1 16(s), 1 104(s), 1066(m), 1019(m), 985(m), 
963(m), 841(s), 822(m); 'H nmr (250.13 MHz, CDC1,) 6,,,: 
1.10 (d, 3H, 4 ~ 1 - 3  = 1.2 HZ, vinyl CH3 (1-H)), 1.46 (s, 3H, 
CH,), 1.70 (d, 3H, 4~1,-3  = 1.2 HZ, vinyl CH, (1'-H)), 3.26 (s, 
3H, OCH,), 3.29 (d, lH, W5-,, = 8.8 HZ, H of methylene 
group, methoxy substituted (5-H)), 3.37 (d, lH, 2~,-s = 8.8 
Hz, H of methylene group, methoxy substituted (5'-H)), 5.48 
(m, lH, 4 ~ , - 3  = 1.2 HZ, 4~1 , -3  = 1.2 HZ, vinyl H (3-H)), 7.47 (d, 

3 2H, J2'-,, = 8.6 Hz, 3~5,4t = 8.6 Hz, H's adjacent to alkyl-sub- 
stituted aryl carbon (2'-H, 6'-H)), 7.55 (d, 2H, 3~2'-3, = 8.6 Hz, 
3~5,4t = 8.6 Hz, H's adjacent to cyano-substituted aryl carbon 
(3'-H, 5'-H)); I3c nmr (62.90 MHz, CDCI,) 6: 19.73 (q), 23.92 
(q), 26.83(q), 44.68 (s, quaternary carbon, aryl substituted), 
59.33 (q, OCH,), 82.58 (t, OCH,), 109.37 (s, quaternary aryl 
carbon, cyano substituted), 119.25 (s, CN), 128.14 (d, aro- 
matic CH adjacent to alkyl-substituted aryl carbon), 129.71 (d, 
vinyl CH), 13 1.71 (d, aromatic CH adjacent to cyano-substi- 
tuted aryl carbon), 134.99 (s, vinyl quaternary carbon), 153.21 
(s, quaternary aryl carbon, alkyl-substituted); ms d z :  51(5), 
53(5), 77(7), 89(5), 103(5), 115(9), 116(12), 127(8), 128(6), 
129(5), 130(1 I), 140(7), 142(100), 143(12), 153(7), 154(1 I), 
156(8), 168(8), 184(59), 185(9), 229(9). Anal. calcd. for 
Cl,H19NO: C 78.56, H 8.35, N 6.1 1; found: C 78.73, H 8.29, 
N 6.04. 

(E)-4-(4-Cyanopheny1)-1 -methoxy-24-dimethyl-2-pentene 
(20) 

The yield of 20 was 25%: infrared (Nicolet 205) v: 2967(s), 
2928(s), 2875(m), 2819(m), 2228(s), 1606(m), 1503(m), 
1467(m), 1450(m), 1401(m), 1382(m), 1363(m), 1192(m), 
1 1 14(s), 1096(s), 1062(m), 1020(w), 839(s); 'H nmr (250.13 
MHz, CDC13) tiTMS: 1.14 (d, 3H, 4 ~ 2  -, = 1.2 HZ, vinyl CH, 
(2-H)), 1.44 (s, 6H, 2 CH,'s), 3.31 (s, 3H, OCH,), 3.76 (s, 2H, 
methylene group, methoxy substituted), 5.77 (m, lH, 4 ~ 2 - 3  = 
1.2 Hz, vinyl H (3-H)), 7.47 (d, 2H, 3~2,3, = 8.5 Hz, 3~5,4 t=  8.5 
Hz, H's adjacent to alkyl-substituted aryl carbon (2'-H, 6'-H)), 
7.58 (d, 2H, 3~21-3t  = 8.5 Hz, 3~5,4, = 8.5 Hz, H's adjacent to 
cyano-substituted aryl carbon (3'-H, 5'-H)); The nOe experi- 
ment: the vinyl proton was irradiated. An nOe was observed 
for the signals due to protons on the methyl groups (benzylic), 
protons on the methylene group (methoxy substituted), and 
the ortho-aryl protons; 13c nmr (62.90 MHz, CDC1,) 6: 15.10 
(q), 30.96 (q, 2 CH3's), 39.95 (s, quaternary carbon, aryl sub- 
stituted), 57.68 (q, OCH,), 78.94 (t, OCH,), 109.23 (s, quater- 
nary aryl carbon, cyano substituted), 119.15 (s, CN), 127.02 
(d, aromatic CH adjacent to alkyl-substituted aryl carbon), 
132.07 (d, aromatic CH adjacent to cyano-substituted aryl car- 
bon), 134.15 (s, vinyl quaternary carbon), 136.33 (d, vinyl 
CH), 156.16 (s, quaternary aryl carbon, alkyl-substituted); ms 
d z :  55(19), 72(27), 73(15), 85(100), 115(1 I), 116(27), 
140(13), 142(59), 154(20), 156(11), 167(21), 168(10), 
182(32), 184(28). Exact Mass calcd. for Cl,HlgNO: 229.1467; 
found: 229.1462. 

(Z)-4-(4-Cyanophenyl)-l-methoxy-2,4-dimethyl-2-pentene 
(21) 

The yield of 21 was 6%: 'H nmr (250.13 MHz, CDCI,) tiTMs: 
1.41 (s, 6H, 2 CH,'s), 1.75 (d, 3H, 4 ~ 2 - 3  = 1.5 HZ, vinyl CH, 
(2-H)), 2.90 (s, 3H, OCH,), 3.29 (s, 2H, methylene group, 
methoxy substituted), 5.71 (m, lH, 4 ~ 2 - 3  = 1.5 HZ, vinyl H (3- 
H)), 7.48 (d, 2H, 3~2.3, = 8.8 Hz, 3 ~ 5 r 4 t  = 8.8 Hz, H's adjacent 
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to alkyl-substituted aryl carbon (2'-H, 6'-H)), 7.58 (d, 2H, ,J,,- 
3' = 8.8 Hz, ,JSP4 = 8.8 HZ, H's adjacent to cyano-substituted 
aryl carbon (3'-H, 5'-H)); The nOe experiment: the vinyl pro- 
ton was irradiated. An nOe was observed for the signals due to 
protons on the methyl groups (benzylic), protons on the vinyl 
methyl group, and the ortho-aryl protons; ',c nmr (62.90 
MHz, CDCI,) 6: 21.79 (q), 3 1.84 (q, 2 CH,'s), 40.10 (s, qua- 
ternary carbon, aryl substituted), 57.94 (q, OCH,), 71.06 (t, 
OCH,), 109.28 (s, quaternary aryl carbon, cyano substituted), 
119.16 (s, CN), 127.03 (d, aromatic CH adjacent to alkyl-sub- 
stituted aryl carbon), 131.99 (d, aromatic CH adjacent to 
cyano-substituted aryl carbon), 134.52 (s, vinyl quaternary 
carbon), 137.78 (d, vinyl CH), 156.56 (s, quaternary aryl car- 
bon, alkyl-substituted); ms d z :  51(7), 53(8), 55(22), 72(20), 
73(35), 77(7), 85(100), 115(8), 116(19), 127(7), 140(8), 
142(28), 154(1 l), 167(10), 182(13), 184(8). Exact Mass calcd. 
for C,,H,,NO (50150 mixture of 21 and 22): 229.1467; found: 
229.1455. 

(Z)-l-(4-Cyanophenyl)-4-methoxy-2,4-dimethyl-2-pentene 
(22) 

The yield of 22 was 4%: 'H nmr (250.13 MHz, CDC1,) ST,,: 
1.34 (s, 6H, 2 CH,'s), 1.59 (d, 3H, 4 ~ 2 - 3  = 1.2 HZ, vinyl CH, (2- 
H)), 3.20 (s, 3H, OCH,), 3.78 (s, 2H, methylene group, aryl 
substituted), 5.34 (m, lH, 4 ~ 2 - 3  = 1.2 HZ, vinyl H (3-H)), 7.29 
(d, 2H, ,J,,-,, = 7.9 Hz, 3 ~ 5 , 4  = 7.9 Hz, H's adjacent to alkyl- 
substituted aryl carbon (2'-H, 6'-H)), 7.57 (d, 2H, 3~,.-3r = 7.9 
Hz, ,JSI4 = 7.9 Hz, H's adjacent to cyano-substituted aryl car- 
bon (3'-H, 5'-H)); The nOe experiment: the vinyl proton was 
irradiated. An nOe was observed for the signals due to protons 
on the three methyl groups; ',c nmr (62.90 MHz, CDC1,) 6: 
23.96 (q), 28.17 (q, 2 CH,'s), 37.77 (t, CH,, aryl substituted), 
50.16 (q, OCH,), 75.09 (s, quaternary carbon adjacent to oxy- 
gen), 109.63 (s, quaternary aryl carbon, cyano substituted), 
119.16 (s, CN), 129.57 (d, aromatic CH adjacent to alkyl-sub- 
stituted aryl carbon), 132.14 (d, vinyl CH), 132.24 (d, aromatic 
CH adjacent to cyano-substituted aryl carbon), 135.25 (s, vinyl 
quaternary carbon), 146.13 (s, quaternary aryl carbon, alkyl 
substituted); ms d z :  53(13), 55(12), 73(21), 89(18), 113(16), 
116(29), 140(12), 142(13), 154(19), 155(1 l), 156(13), 
167(25), 182(100), 183(15), 197(30), 214(22). Exact Mass 
calcd. for Cl5H1,NO (50150 mixture of 21 and 22): 229.1467; 
found: 229.1455. 
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Synthesis of some phosphino- and 
arsinobenzenechromium tricarbonyl 
derivatives and metal carbonyl clusters 

William R. Cullen, Steven J. Rettig, and Hongli Zhang 

Abstract: The synthesis of a number of new phosphino- and arsinobenzenechromium tricarbonyl ligands ER2C6H,Cr(CO), 
(ER, = PEt,, PPr',, PBu',, PPh,, AsPh, AsMe,), ER[C6H,Cr(CO),], (ER = PEt, PBut, PPh, AsPh) has been achieved by reacting 
lithium derivatives of benzenechromium tricarbonyl with appropriate chloroghosphines or iodoarsines. The spectroscopic 
properties of these ligands are described. The structure of P~',Pc~H,c~(co), was determined by an X-ray crystallographic study. 
This is the first solid state structure to be reported for a phosphinobenzenechromium tricarbonyl derivative. The structures of four 
metal carbonyl cluster complexes were also determined. Crystals of P~',Pc~H,c~(co), (3, C,,H19Cr03P) are monoclinic, space 
group P2,lc, a = 8.150(2) A, b = 13.490(2) A, c = 15.125(1) A, P = 100.19(1)0, Z  = 4; those of R~,(c~),,[PP?,c~H,c~(c~),] 
(15, C26H19CrO14PRu3) are monoclinic, space group P2,ln, a = 8.565(2) A, b = 21.808(3) A, c = 17.167(3) A, P = 97.41(2)', 
Z  = 4; those of Ru3(CO)lo[PPh2C6H,Cr(CO)3]2 (19, C3,H,,Cr0,~PRu3) are orthorhombic, space group Pbca, a = 17.367(4) A, 
b = 24.47 l(5) A, c = 16.096(3) A, Z  = 8; those of Ru3(CO),o[PPr'2C6H,Cr(CO)3]2~CH2C12 (16, C40H3,Cr2016P2Ru3~CH2C12) 
are orthorhombic, space group P2,2,2, a = 13.832(3) A, b = 17.558(2) A, c = 10.144(1) A, Z  = 2; and those of 
Os3(CO),[PEt,C6H,Cr(CO),], (26, C4,H4,Cr30,,0s3P3) are trigonal, space group P3, a = 15.7558(4) A, c = 12.662(1) A, Z =  2. 
The structures were solved by the Patterson method and were refined by full-matrix least-squares procedures to R = 0.03 1,0.027, 
0.029,0.025, and 0.029 (R,, = 0.027,0.024,0.024,0.023, and 0.025) for 2326,4110, 3878,3046, and 4093 reflections with I r 
3 4 4 ,  respectively. 

Key words: metal carbonyl clusters, phosphinobenzenechromium tricarbonyl derivatives, arsinobenzenechromium tricarbonyl 
derivatives, crystal structures. 

R&sumC : On a synthCtisC un certain nombre de nouveaux ligands, les phospino et arsinobenzkne chrome tricarbonyle 
ER2C6H,Cr(CO), (ER, = PEt,, PP~',, PBu',, PPh,, AsPh,, AsMe,), Er[C,H,Cr(CO),],, (ER = PEt, PBu', PPh, AsPh) en faisant 
rCagir des dCrivCs IithiCs du benzkne chrome tricarbonyle avec les chlorophosphines ou les iodoarsines appropriCs. On dCcrit les 
propriCtCs spectroscopiques de ces ligands. On a dCterminC, par cristallographie de rayons X, la structure du composC 
P?,Pc~H,c~(co),. Cette publication reprCsente la premikre Ctude d'un dCrivC phosphinobenzkne chrome tricarbonyle dans 
1'Ctat solide. On a Cgalement dCterminC la structure des complexes de quatre agrCgats de mCtal tricarbonyle. Les cristaux de 
P?~C~H,C~(CO), (3, C,,HI9CrO3P) appartiennent au groupe d'espace monoclinique P2,/c, avec a = 8,150(2) A, b = 13,490(2) A, 
c = 15,125(1) A, P = 100,19(1)0, Z =  4; les cristaux de Ru,(CO),, [PP?,c~H,c~(co),] (15, C26H19Cr0,4PRu3) appartiennent au 
groupe d'espace monoclinique P2,ln, avec a = 8,565(2) A, b = 21,808(3) A, c = 17,167(3) A, P = 97,41(2)", Z =  4; les cristaux 
de Ru3(CO),o[PPh2C6H,Cr(CO)3]2 (19, C32H,,Cr0,4PRu3) appartiennent au groupe d'espace orthorhombique Pbca, avec a = 
17,367(4) A, b = 24,47 l(5) A, c = 16,096(3) A, Z  = 8; les cristaux de R~,(CO),~[PP?,C~H,C~(CO)~]~~C~C~~ (16, 
C40H3,Cr20,6P2Ru3~CH2~~2) appartiennent au groupe d'espace orthorhombique P21212, avec a = 13,832(3) A, b = 17,558(2) A, 
c = 19,144(1) A, Z  = 2; et les cristaux de OS,(CO)~[PE~,C~H,C~(CO)~]~ (26, C4,H4,Cr30,,0s3P3) appartiennent au groupe 
d'espace trigonal P7, avec a = 15,7558(4) A, c = 12,662(1) A, Z  = 2. On a rCsolu les structures par la mkthode de Patterson et on 
les a afflnCes par la mCthode des moindres carrCs, matrice complkte, jusqu'i des valeurs de R = 0,03 1,0,027,0,029,0,025 et 
0,029 (R,, = 0,027,0,024,0,024,0,023 et 0,025) pour respectivement 2326,4110,3878,3046 et 4093 reflexions avec I 2  3 4 4 .  

Mots clks : agrCgats de metal carbonyle, dCrivCs phosphinobenzkne chrome tricarbonyle, dCrivCs arsinobenzkne chrome 
tricarbonyle, structures des cristaux. 

[Traduit par la rCdaction] 
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Introduction Scheme 1. Key to compounds. 

The pyrolysis of metal cluster derivatives of arylphosphines 
and arsines has proved to be a fruitful procedure for the prep- 
aration of cluster-bound arynes such as benzyne, ferrocyne, 
and naphthyne (1-3). We have also described how similar 
reactions give rise to derivatives of benzynechromium tricar- 
bony1 (4). The present paper is principally concerned with the 
preparation and characterization of some metal carbonyl 
derivatives of the type M3(CO)pn(ER2Ar')n (M = Ru, 0s;  E = 
As, P; R = alkyl, aryl; Ar' = (r) -C,H,)Cr(CO),; n = 1, 2) that 
have been used as precursors in the synthesis of aryne deriva- 
tives. We also describe the preparation of seven new phos- 
phines and arsines containing the ( r ) 6 - ~ 6 ~ , ) ~ r ( ~ ~ ) 3  moiety. 

Experimental 

Unless otherwise stated, all reactions and subsequent manipu- 
lations involving organometallic reagents were conducted 
under an argon atmosphere by using standard Schlenk and 
vacuum line techniques. 

Phosphorus trichloride, chlorodiethylphosphine, dichloro- 
ethylphosphine, chlorodiphenylphosphine, and dichlorophe- 
nylphosphine were purchased from Strem Chemicals Inc. 
They were stored under argon after distillation under reduced 
pressure. The purity of all phosphines was ascertained by 
using 3 1 ~ { ' ~ )  NMR spectroscopy. Ruthenium trichloride 
(kindly loaned by Johnson Matthey Ltd.), n-butyllithium (Ald- 
rich), chromium hexacarbonyl (Strem), and osmium carbonyl 
(Steck) were used as received. 

Column chromatography was carried out by using silica gel 
(230-400 mesh) or neutral alumina (80-200 mesh, Brockman 
Activity I) obtained from BDH Co. 

'H NMR spectra were recorded on Varian XL-300 (299.94 
MHz), Bruker WH-400 or a WH-200FT (400.00 MHz, or 
200.00 MHz) spectrometers, and are referenced to CDC1, or 
CD2C12 set at 7.25 pm, and 5.32 ppm, respectively, at ambi- I' ent temperature. P{'H) NMR spectra were recorded on 
Varian XL-300 (121.42 MHz) or Bruker WH-200 (80.96 
MHz) spectrometers and are referenced to external PPh, 
(CDCl,) set at -5.6 ppm relative to 85% H3P04 (aq) unless 
otherwise indicated. All chemical shifts are reported in ppm 
and coupling constants in Hz. 

Infrared spectra were recorded by using a Perkin-Elmer 
598, 783 or 1710 FTIR spectrophotometer. The spectra were 
calibrated by using the 1601 cm-' band of polystyrene. 

Low-resolution electron impact (EI) mass spectra were 
obtained by using a KratosIAEI MS902 mass spectrometer, 
which was operated in the direct insertion mode (70 eV, 120- 
150°C source temperature). Fast atom bombardment (FAB) 
mass spectra were measured using an updated MS-9 mass 
spectrometer equipped with a FAB source. The matrix was 3- 
nitrobenzyl alcohol. 

The following reagents were prepared by literature meth- 
ods: C6H5Cr(CO), ( 3 ,  Ru3(CO),, (6), Os,(CO),,(CH,CN), 
0s,(CO)l,(CH3CN)2 (7), (CH3)2AsI (8), Bu2TC1 (9), 
(CH3CN)3Cr(C0)3 (lo), Ru3(C0)' l(CH3CN) (1 I), 
Na[(C,H,),CO] (-0.025 M in THF) (12). 

Preparation of BufPC12 
A freshly prepared Grignard solution of ButMgC1 (2 M, 250 
mL) was added dropwise with stirring to phosphorus trichlo- 

RE[C6H5Cr(CO),l, 

RE = PhP, 7 
Bu'P, 8 
EtP, 9 
PhAs, 10 

ride (68.5 g, 44 mL, 0.5 mol) dissolved in diethyl ether (200 
mL) at -20°C: the temperature of the reaction mixture was 
then allowed to rise to room temperature. The mixture was 
refluxed for 1 h and then filtered to remove the white solid. 
Distillation of the filtrate under reduced pressure gave BufPC12 
as a colorless liquid (35 g, 45%), which solidified on standing, 
bp 143-148°C (760 Torr; 1 Torr = 133.3 Pa). 3 r ~ { 1 ~ ]  NMR 
(121.4 MHz, C6D6) 6: 199.9 (s). 'H NMR (300 MHz, C6D6) 6: 
1.0 (d). 

Preparation of pr ipcl2 , 

A Grignard solution of PfMgCl in ether (1.25 M, 800 mL) 
was added dropwise to a stirred diethyl ether solution of PCl, 
(55.0 g, 26 mL, 0.4 mol). A white precipitate formed during 
the addition and the reaction mixture was refluxed for an addi- 
tional 2 h. The solution was separated from the precipitate by 
filtration through a medium porosity Schlenk filter. The ether 
solvent was removed by distillation at atmospheric pressure 
and the oily residue was distilled under reduced pressure. The 
product was an air-sensitive, colorless liquid (30 g, 65%), bp 
27°C (3 mmHg). 3 1 ~ { ' ~ )  NMR (121.4 MHz, CDCI,) 6: 139.2 
(s). 'H NMR (300 MHz, CDC1,) 6: 1.80-1.91 (m, 2H), 1.05 
(q76H). 

Preparation of [C,H,Cr(CO),]PBut2, 2 
A solution of C,H,Cr(CO), (1.0 g, 4.7 mmol) in THF (20 mL) 
in a Schlenk tube was cooled to -78°C and treated dropwise 
with n-BuLi in hexane (3.0 mL, 1.6 M, 4.8 mmol). The result- 
ing solution was stirred at -78°C for 50 min, when But2PC1 
(1.0 mL, 5.2 mmol) was added. The reaction mixture was 
stirred at -78°C for 1 h, warmed to room temperature, and 
stirred continuously for an additional hour. After evaporating 
the solvent in vacuo, the residual oil was dissolved in CH2C12 
(20 mL) and then filtered under nitrogen through a frit packed 
with Celite to remove LiC1. The solvent was removed in vacuo 
to afford a red oil. Hexane (5 mL) was added to the red oil, the 
resultant suspension was stirred vigorously, and a yellow pre- 
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cipitate was obtained. The solid was further purified by recrys- 
tallization from hexane-CH2C1, (211) to yield 2 as a yellow 
crystalline solid: yield 80%. IR (KBr) v(C0): 1960 (vs), 1900 
(vs), 1880 (s), 1870 (sh), 1865 (s) cm-'. 3 ' ~ { 1 ~ )  NMR (121.42 
MHz, CDC13) 6: 42.8 (s). 'H NMR (300 MHz, CDC13) 6: 5.7 
(t, J(H-H) = ~ H z ,  2H), 5.6 (t, J(H-H) = 6 HZ, lH), 5.2 (t, J(H- 
H) = 6 Hz, 2H), 1.2 (d, J(P-H) = 10 Hz, 18H). MS (EI) d e :  
358 [Pf]. Anal. calcd. for CI7Hz3CrO3P: C 56.97, H, 6.47; 
found: C 56.80, H 6.52. 

Preparation of [c~H,c~(co),]PP~',, 3 
Compound 3 was synthesized by the procedure described for 
the preparation of 2 except that P?,PCI (0.75 mL, 5.0 mmol) 
was used instead of BuiPCl. Yellow crystals of 3 were 
obtained after recrystallization from hexanes-CH,Cl, (2: 1) at 
-30°C (1.1 g, 70%). IR (KBr) v(C0): 1970 (s), 1880 (s, br) 
cm-~  . 31 P{'H) NMR (121.42 MHz, CDC13) 6: 13.9 (s). 'H 

NMR (300 MHz, CDCl,) 6: 5.33 (t, J(H-H) = 5 Hz, 3H), 5.18 
(t, J(H-H) = 5 HZ, 2H), 1.95 (q, 2H), 1.05 (dd, J(H-H) = 5.5 
Hz, 12H). MS (EI) d e :  330 [Pf]. Anal. calcd. for 
C1,Hl9CrO3P: C 54.55, H 5.76; found: C 54.72, H 5.87. 

Preparation of [C,H,Cr(CO),]PEt,, 4 
Chlorodiethylphosphine (0.97 mL, 8.0 mmol) was similarly 
used to afford 4 as a red oil, which was -90% pure accordin B to its ,'P NMR spectrum. v(C0): 1978 (s), 1885 (s) cm- . 
3 ' ~ { 1 ~ )  NMR (121.42 MHz, CDC13) 6: - 13 (s). 'H NMR 
(300 MHz, CDCl,) 6: 5.4 (t, J(H-H) = 6 Hz, 3H), 5.2 (t, 
J(H-H) = 6 Hz, 2H), 1.8 (q, 4H), 1.2 (m, 6H). IR (CH2Cl2) MS 
(EI) d e :  302 [P']. 

Preparation of [C6HSCr(C0),]AsMe,, 5 
A similar procedure was used to prepare 5 from Me,AsI as a 
yellow solid (70% yield). IR (KBr) v(C0): 1960 (s), 1880 (s, 
br) cm-'. 'H NMR (300 MHz, CDCl,) 6: 1.4 (S, 6H), 5.5 (t, 
J(H-H) = 5.5 HZ, 3H), 5.3 (t, J(H-H) = 5.5 HZ, 2H). MS (EI) 
d e :  3 18 [P']. Anal. calcd. for C, ,H,,AsCrO,: C 41.53, H 
3.49; found: C 41.63, H 3.49. 

Preparation of [C,H,Cr(CO),]PPh,, 1 
A similar procedure was used to prepare 1 from Ph2PC1 as a 
yellow crystalline solid (85% yield). IR (KBr) v(C0): 1980 
(s), 1900 (s, br) cm-'. 3 1 ~ { ' ~ )  NMR (121.42 MHz, CDC13) 6: 
-5.2 (s). 'H NMR (300 MHz, CDC13) 6: 7.4 (br s, lOH), 5.4 (t, 
lH), 5.2 (m, 4H). MS (EI) d e :  398 [P']. 

Preparation of [C6HSCr(CO),],AsPh,, 6 
A similar procedure was used to synthesize 6 from Ph,AsI as a 
yellow crystalline solid (80% yield). 'H NMR (300 MHz, 
CDCl,) 6: 7.4 (br s, lOH), 5.3 (br s, lH), 5.2 (br s, 4H). MS 
(EI) d e :  358 [P']. Anal. calcd. for C21H1503A~Cr: C 57.03, H 
3.42. Found: C 56.74, H 3.21. 

Preparation of [C,H,Cr(CO),],PBd, 8 
Benzenechromium tricarbonyl (1.62 g, 7.55 mmol) was dis- 
solved in THF (25 mL) at -78°C. A solution of n-butyllithium 
in hexane (4.8 mL, 1.6 M, 7.7 mmol) was added slowly with a 
syringe to the cold, stirred solution. The solution was then 
stirred at -78°C for 50 min. C1,PBut (0.65 g, 4 mmol) in THF 
(10 mL) was then added dropwise with a syringe to the solu- 
tion. The reaction mixture was stirred at -78°C for an addi- 

tional hour and allowed to warm to room temperature. The 
solvent was evaporated in vacuo. The residual red oil was dis- 
solved in CH2Cl2 (20 mL) and then filtered through a short 
column of silica gel under nitrogen. Dark red impurities and 
LiCl were left on the top of the column. Evaporation of the 
eluate followed by crystallization of the solid residue from 
CH,Cl,-hexanes (1:2) afforded 8 (70% yield) as a yellow 
crystalline solid. IR (KBr) v(C0): 1970 (s), 1890 (s, br) cm-'. 
3 ' ~ { ' ~ )  NMR (121.42 MHz, CDC13) 6: 20.7 (s). 'H NMR 
(300 MHz, CDC1,) 6: 5.7 (t, J(H-H) = 6 HZ, 2H), 5.4 (t, J(H- 
H) = 6 Hz, 4H), 5.2 (d, J(H-H) = 6 HZ, 4H). 1.2 (d, J(P-H) = 
10 Hz, 9H). MS (EI) d e :  514 [Pf]. Anal. calcd. for 
C2,H,,Cr2O3P: C 51.37, H 3.72; found: C 51.27, H 3.71. 

Preparation of [C,H,Cr(CO),],PEt, 9 
The same procedure used for the synthesis of 8 was followed 
for the preparation of 9 from EtPCl,, as a yellow crystalline 
solid (65% yield). IR (KBr) v(C0): 1962 (s), 1851 (s, br) 
cm-l 31 . P{'H) NMR (121.42 MHz, CDCl,) 6: -5.5 (s). 'H 
NMR (300 MHz, CDCI,) 6: 5.4 (t, J(H-H) = 6 Hz, 6H), 5.2 (t, 
J(H-H) = 6 Hz, 4H), 1.8 (q, J(H-H) = 6 Hz, 4H), 1.2 (m, 6H). 
MS (EI) d e :  486 [P+]. Anal. calcd. for C20H,,06Cr2P: C 
49.39, H 3.12; found: C 49.75 H 3.34. 

Preparation of [C,H,Cr(CO),]PPh, 7 
The same procedure was followed for the preparation of 7 
from PhPCl, as a yellow crystalline solid (70% yield). IR 
(Nujol) vCO): 1970 (s), 1900 (s, br), cm-'. 3 ' ~ { ' ~ )  NMR 
(121.42 MHz, CDC13) 6: -4.0 (s). 'H NMR (300 MHz, 
CDCl,) 6: 7.3-7.6 (m, 5H), 5.6 (t, J(H-H) = 6 Hz, 4H), 5.3 (t, 
J(H-H) = 6 Hz, 2H), 5.2 (d, J(H-H) = 6 Hz, 4H). MS (EI) d e :  
534 [P']. Anal. calcd. for C2,H1,CrO6P: C 53.94, H 2.83; 
found: C, 53.60, H 2.85. 

Preparation of [C,H,(CO),]AsPh,, 10 
The same procedure was followed for the preparation of 10 
from PhAsI, as a yellow solid (70% yield). MS (EI) d e :  578 
[Pf]. 'H NMR (300 MHz, CDCl,) 6: 7.4 (br s, 5H), 5.5 (t, 4H), 
5.3 (t, 2H), 5.15 (s, 4H). Anal. calcd. for C24H,,Cr06As: C 
49.84, H 2.62; found: C 49.50, H 2.43. 

Procedure A. Preparation of 
Ru3(CO)ll:I[AsMe,(C6H,Cr(CO)3)], 11 

A freshly prepared Na(Ph,CO) solution was added dropwise 
to a rapidly stirred solution of Ru,(CO),~ (200 mg, 0.3 1 mmol) 
and (CH3)2A~[C6H5Cr(C0)3] (100 mg, 0.31 mmol) in THF 
(25 mL) until the solution darkened in color (typically 5-10 
drops). When TLC examination of the reaction mixture 
showed that no starting material remained, the solvent was 
removed in vacuo. The resulting dark red oil was dissolved in 
CH2C12 (3 mL) and was chromatographed on a silica gel col- 
umn with CH,Cl,-hexanes (1:1.4) as eluent to give three 
bands. Band 1 (yellow) was Ru3(CO),, (trace amount) identi- 
fied by IR spectroscopy and TLC. Band 3 was the disubsti- 
tuted ruthenium cluster Ru3(CO)lo[AsMe2(C6H,Cr(CO)3)12 8 
(trace amount). Band 2 gave red crystalline 11 (245 mg, 85% 
yield). IR (KBr) v(C0): 2100 (m), 2040 (s), 2020 (s), 1890 
(sh), 1900 (s) cm-'. 'H NMR (300 MHz, CDCl,) 6: 1.9 (s, 6H), 
5.3 (t, J(H-H) = 6.6 Hz, 2H), 5.4 (d, J(H-H) = 6 HZ, 2H), 5.6 
(t, J(H-H) = 6.6 Hz, 1H). Mass spectrum (FAB): d e :  931 
[P']. Anal. calcd. for C22HllA~Cr014R~3: C 28.43, H 1.20; 
found: C 28.14, H 1.23. 
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Procedure B. Preparation of 
Ru3(CO)lo[AsMe2(C6H,Cr-(C0)3)12, 12 

The title compound was prepared in a way similar to that 
used for the monosubstituted compound 11 except that a 
little over 2 equivalents of the arsine (210 mg, 0.62 mmol) 
was used. The product was purified by using column chro- 
matography with CH,C12-hexanes (1:l) as eluent and was 
isolated in 70% yield. 'H NMR (300 MHz, CDCI,) 6: 5.5 (t, 
J(H-H) = 6 Hz, 2H), 5.4 (d, J(H-H) = 6.3 Hz, 4H), 5.2 (m, 
4H), 1.8 (s, 12H). Mass spectrum (FAB): d e :  1223 [Pf]. 
Anal. calcd. for C,,H,,As,Cr,ORu,: C 31.51, H 1.82; 
found: C 3 1.29, H 1.93. 

Procedure C. Preparation of 
0s3(CO)ll[AsMe2(C6H,Cr(C0)3:)], 13 

The compound [Os3(CO), ,(MeCN)] (200 mg, 0.22 mmol) was 
stirred in CH,Cl, (30 mL) with Me,AsC6H,Cr(CO), (70 mg, 
0.22 mmol) for 2 h at room temperature to afford a clear yel- 
low solution. Silica gel (200-400 mesh, 5 mL) was then added 
to the crude solution and the solvent was removed in vacuo. 
The dried residual silica gel was added to the top of a silica gel 
column. By using CH2C1,-hexanes (1: 1:8) as eluent, the pure 
yellow 13 was obtained in 90% yield (235 mg) from the first 
band. 'H NMR (300 MHz, CDCI,) 6: 5.5 (t, lH), 5.4 (d, 2H), 
5.2 (t, 2H), 2.0 (s, 6H). Mass spectrum (FAB) d e :  1198 [Pf]. 
Anal. calcd. for C,,H, ,AsCrO140s3: C 22.08, H 0.93; found: C 
22.16, H 0.98. The second band that was eluted gave a small 
amount of the disubstituted cluster derivative identified by 
using mass spectrometry. 

Procedure D. Preparation of 
0s3(CO)lo[AsMe2C6H,Cr(C0)312, 14 

The procedure used for the preparation of 14 was identical to 
that used for 13 with the exception that [Os3(CO),,(MeCN),] 
(100 mg, 0.1 mmol) was used. Pure 14 was thus obtained in 
70% yield. 'H NMR (300 MHz, CDC1,) 6: 5.5 (t, 4H), 5.2 (t, 
6H), 1.9 (s, 12H).Mass spectrum (FAB~ d e :  1487 [Pf]. Anal. 
calcd. for C,,H,,As,Cr,Ol60s3: C 25.85, H 1.49; found: C 
25.71, H 1.57. 

Procedure E. Preparation of 
Ru~(CO)~~[PP~'~C~H~C~(C~)~], 15 

Addition of PPNfCl- (10 mg) to a solution of Ru3(CO),, (200 
mg, 0.3 1 mmol) and P?,Pc~H~(co), (103 mg, 0.3 1 mmol) in 
THF (40 mL) resulted in gas evolution. After stirring for 30 
min, the solvent was removed from the red solution under 
reduced pressure. The residue was dissolved in CH,Cl, 
(2 mL) and applied to a silica gel column, with CH,Cl,- 
hexanes (1:1.7) as eluent. The first band proved to contain 
Ru,(CO),, and the third band was characterized as 
R~,(CO)~,[PP?,C~H,(CO),],. The major second band 
afforded 15 as a red powder in 80% yield after solvent evapo- 
ration. Crystals of 15 were grown from CH2Cl2-hexanes 
(1 :2.5) at -30°C. The crystals thus obtained were washed with 
hexanes and dried in vacuo for 1 min. IR (CH,Cl,) v(C0): 
2100 (s), 2049 (vs), 2017 (vs), 1978 (vs), 1907 (vs) cm-'. 942 
[Pf]. 3 ' ~ { ' ~ }  NMR (121.4 MHz, CDCl,) 6: 58.9 (s). 'H NMR 
(300 MHz, CDC1,) 6: 5.7 (t, J(H-H) = 6.2 HZ, 3H), 5.2 (t, J(H- 
H) = 6.3 Hz, 2H), 2.5 (m, 2H), 1.2-1.4 (m, 12H). Mass spec- 
trum (FAB) d e :  Anal. calcd. for C,6H19CrO14PRu3: C 33.16, 
H 2.03; found: C 32.84, H 1.90. 

Procedure F. Preparation of 
R~~(CO)~~[P~',PC~H,C~(C~)~I~~ 16 

The title complex was prepared in the same manner as 
described for the preparation of the monosubstituted cluster 
15 except that a little over 2 molar equivalents of 
P~',Pc~H,c~(co), (215 mg, 0.65 mmol) was used. Following 
chromatography with CH2C1,-hexanes (1: 1.3) as eluent, pure 
16 was obtained in 70% yield as a dark red powder. X-ray-qual- 
ity crystals were grown from CH,Cl,-hexanes (l:2.5) at -4°C. 
IR (KBr) v(C0): 2022 (s), 1973 (vs), 1903 (vs) cm-I. 'H)  
NMR (121.4 MHz, CDCI,) 6: 54.6 (s). 'H NMR (300 MHz, 
CDC1,) 6: 5.75 (t, 6H), 5.2 (t, J(H-H) = 6.3 Hz, 4H), 2.5 (m, 
J(H-H) = 6.1 Hz, 4H), 1.2-1.4 (m, 24H). Mass spectrum (FAB) 
d e :  1244 [Pf]. Anal. calcd. for C41H40C1,Cr,016P2R~3: C 
37.06, H 3.04. found: C 37.03, H 2.97. 

Preparation of o~~(co),,[P~~~Pc~H,c~(co)~], 17 
The yellow complex 17 was obtained in 80% yield by using 
procedure C. IR (KBr) v(C0): 2100 (w), 2050 (s), 2030-2000 
(vs, br), 1990- 1960 (vs, br), 1940 (w), 19 10 (s), 1890 (s) cm-'. 
3 ' ~ { ' ~ )  NMR (121.4 MHz, CDC1,) 6: 27.8 (s). 'H NMR (300 
MHz, CDCl,) 6: 5.7 (t, 3H), 5.2 (t, 2H), 2.5 (m, 2H), 1.2-1.4 
(m, 12H). Mass spectrum (FAB) d e :  1209 [Pf]. Anal. calcd. 
for C,6H19CrO140~3P: C 25.83, H 1.59; found: C 25.89, H 
1.59. 

Preparation of O~~(CO)~~[P~~~PC~H,C~(CO~]~, 18 
The yellow complex 18 was isolated in 80% yield by using 
procedure D. IR (KBr) v(C0): 2080 (m), 2010 (sh), 2000 (vs), 
1970 (vs), 1900 (s, br) cm-'. 3 1 ~ { ' ~ )  NMR (121.4 MHz, 
CDC1,) 6: 21.7 (s). 'H NMR (300 MHz, CDC1,) 6: 5.7 (t, 6H), 
5.2 (t, 4H), 2.4 (m, 4H), 1.1-1.4 (m, 24H). Mass spectrum 
(FAB) d e :  1513 [P']. Anal. calcd. for C40H3,Cr,0160s3P,: C 
3 1.79, H 2.54; found: C 3 1.63, H 2.50. 

Preparation of Ru~(CO),,[P~~PC~H,C~(CO)~], 19 
The complex 19 was isolated, by following procedure A, as a 
red powder (-70% yield). This powder was dissolved in 
CH2C1, (10 mL), layered with hexanes (20 mL), and stored in 
a freezer for a week to give red-orange prism-like crystals. IR 
(Nujol) v(C0): 2100 (s), 2060 (sh), 2040 (s), 2020 (vs), 2000 
(vs), 1970 (vs), 1960 (sh), 1900 (s) cm-'. 3 1 ~ { ' ~ )  NMR 
(121.4 MHz, CDCI,) 6: 37.3 (s). 'H NMR (300 MHz, CDC1,) 
6: 7.4-7.6 (br s, 1 OH), 5.6 (t, J(H-H) = 6 Hz, 3H), 5.1 (t, J(H- 
H) = 6 Hz, 2H). Mass spectrum (FAB) d e :  101 1 IPfl. Anal. 
calcd. for c~ ,H,~c~o ,~PRu, :  C 38.07, H 1.50; found: c 38.21, 
H 1.55. 

Ru3(CO),o[Ph,PC,H,Cr(C0)312,20 
Compound 20 was isolated in 60% yield by following proce- 
dure B. 3 1 ~ { 1 ~ )  NMR (121.4 MHz, CDCI,) 6: 36.5 (s). 'H 
NMR (300 MHz, CDC1,) 6: 7.4-7.6 (br s, 5H), 5.5 (t, 6H), 5.1 
(t, 4H). Mass spectrum (FAB) d e :  1381 [Pf]. Anal. calcd. for 
C5,H30Cr,016P,Ru3: C 45.26, H 2.20; found: C 45.39, H 2.28. 

Preparation of 0s3(CO)ll[Ph2PC6H,Cr(C0)3], 21 
Solid 21 was obtained in 80% yield by following procedure C. 
IR (KBr): v(C0) 2150 (s), 2060 (vs), 2020 (vs), 2000 (vs), 
1970 (vs), 1900 (vs) cm-'. 3 ' ~ { ' ~ }  NMR (121.4 MHz, 
CD,Cl,) 6: 0.3 (s). 'H NMR (300 MHz, CD,Cl,) 6: 7.5 (m, 
1 OH), 5.8 (td, J(H-H) = 5.8 Hz, 1 H), 5.6 (td, J(H-H) = 5.7 HZ, 
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2H), 5.2 (td, J(H-H) = 5.8 Hz, 2H). Mass spectrum (FAB) m/e: 
1277 [P']. Anal. calcd. for C32Hl,CrO140s3P: C 30.07, H 1.19; 
found: C 30.15, H 1.23. 

Preparation of RU~(CO)~~[E~,PC~H~C~(CO)~], 22 
Compound 22 was obtained in 85% yield by using procedure 
A. 3 ' ~ ( 1 ~ )  NMR (121.4 MHz, CDC1,) 6: 28.2 (s). IR (KBr): 
2100 (s), 2040 (s), 2020 (s), 1980 (vs), 1970 (vs), 1950 (s), 
1900 (s), 1870 (s) cm-I. 'H NMR (300 MHz, CDCI,) 6: 5.5 
(td, J(H-H) = 7 HZ, IH), 5.3 (td, J(H-H) = 7 HZ, 2H), 5.2 
(2dd, J(H-H) = 7 Hz, 2H), 2.0-2.4 (m, 4H), 1.2-1.4 (2t, J(H- 
H) = 7 Hz, 6H). Mass spectrum (FAB) m/e: 915 [P']. Anal. 
calcd. for C24H,,Cr014PR~3: C 3 1.55, H 1.66; found: C 3 1.47, 
H 1.66. 

Preparation of Ru3(CO)lo[Et2PC6H,Cr(CO)3]2, 23 
Thedarkredproduct23wasisolatedin75% yieldby usingproce- 
dure B. IR (KBr) v(C0): 2070 (w), 2020 (s), 2000-1910 (s, br), 
1910-1880(s,br),cm-'.3'~('~) NMR(121.4MHz,CDC13)6: 
28.4 (s). 'H NMR (300 MHz, CDC1,) 6: 5.6 (t, J(H-H) = 7 Hz, 
IH),~.~(~,J(H-H)=~HZ,~H),~.~(~,J(H-H)=~HZ,~H),~.~- 
2.4 (m, 8H), 1.2-1.5 (2t, J(H-H) = 7 Hz, 12H). Mass spectrum 
(FAB) m/e: 11 89 [P']. Anal. calcd. for C38H32C12Cr2016P2R~3: 
C 34.91, H 2.54; found: C 34.74, H 2.59. 

Preparation of OS~(CO), , [E~~PC~H,C~(CO)~],  24 
The yellow product 24 was obtained in 80% yield by following 
procedure E.IR (KBr) v(C0): 2100 (m), 2060 (s), 2030 (s), 
2000 (vs), 1980 (sh), 1970 (vs), 19 10 (s), 1900 (sh), 1880 (s), 
1870 (sh), cm-'. 3 1 ~ ( ' ~ ~  NMR (121.4 MHz, CDCI,) 6: -9.1 
(s). 'H NMR (300 MHz, CDCI,) 6: 5.5 (t, J(H-H) = 7 Hz, lH), 
5.4 (t, J(H-H) = 7 HZ, 2H), 5.2 (d, J(H-H) = 7 HZ, 2H), 2.2- 
2.4 (m, 4H), 1.2-1.4 (t, J(H-H) = 7 Hz, 6H). Mass spectrum 
(FAB) m/e: 1182 [P']. Anal. calcd. for C24Hl,Cr0,40s3P: C 
24.40, H, 1.28; found: C 24.56, H 1.3 1. 

Preparation of 0s3(CO)lo[E~PC6H,Cr(CO)3]2, 25 
The use of procedure D afforded 25 in 70% yield. IR (KBr) 
v(C0): 2075 (m), 2010 (sh), 1980 (vs, br), 1890 (s, br) cm-'. 
,'P( I H )  NMR (121.4 MHz, CDCI,) 6: -9.8 (s). 'H NMR (300 
MHz, CDCI,) 6: 5.5 (t, J(H-H) = 7 Hz, lH), 5.3 (t, J(H-H) = 7 
Hz, 2H), 5.2 (d, J(H-H) = 7 Hz, 2H), 2.2-2.6 (m, 4H), 1.2-1.5 
(2t, J(H-H) = 7 Hz, 6H). Mass spectrum (FAB) m/e: 1456 
[P']. Anal. calcd. for C36H30Cr20160~3P2: C 29.71, H 2.08. 
found: C 29.96, H 2.14. 

Preparation of OS~(CO), [E~~PC~H,C~(CO)~]~ ,  26 
A solution of OS,(CO),,[E~~PC~H,C~(C~)~] (300 mg) was 
heated in refluxing n-octane under a nitrogen atmosphere for 
15 h. After this time TLC showed that no starting material 
was present. The solvent was then removed under reduced 
pressure and the resulting brown oil was transferred to a silica 
gel column. Elution with hexane gave one yellow band, 
which was 0s3(CO),,, as identified by IR spectroscopy. Sub- 
sequent elution with hexanes-CH2C12 (1 : 1.7) afforded three 
bands. Bands 1 and 3 contained trace amounts of unidenti- 
fied products. The major band 2 contained the complex 26. 
Orange crystals suitable for X-ray structure analysis were 
grown from hexanes-CH2C12 (3:l) at -30°C. IR (KBr) 
v(C0): 1965 (vs, br), 1930 (s), 1890 (vs, Br) cm-'. 3 1 ~ ( ' ~ )  

NMR (121.4 MHz, CDC1,) 6: - 15.9 (s). 'H NMR (300 MHz, 

CDCI,) 6: 5.6 (t, J(H-H) = 7 HZ, 3H), 5.4 (t, J(H-H) = 7 Hz, 
6H), 5.2 (d, J(H-H) = 7 Hz, 6H), 2.0-2.5 (m, 12H), 1.2-1.4 
(m, 18H). Mass spectrum (FAB) m/e: 1729 [P']. Anal. calcd. 
for C4,H4,Cr30s3P3: C 33.33, H 2.63; found: C 32.93, H 
2.62. 

Preparation of RU~(CO)~~[P~P{C~H,C~(CO)~}~], 27 
The title compound was prepared by three different methods 
but always in low yield. Method A resulted in 25% yield and 
method E in 15% yield. An excess of PhP[C,H,Cr(CO),], 
(200 mg) was added to a cool solution of Ru,(CO), ,(MeCN) 
(100 mg, 0.15 mmol, 20 mL of CH2C12) generated in situ. The 
resulting solution was stirred for 1 h and the solvent was 
removed in vacuo. The ,'P NMR spectrum of the crude 
product indicated the presence of 27 in low yield. 

27: yellow solid. IR (CH2Cl ) v(C0): 2100 (s), 2050 (s), f 2040 (s), 1970 (s), 1900 (s) cm- . 3 ' ~ ( ' ~ )  NMR (121.4 MHz, 
CDCl,) 6: 37.6 (s). 'H NMR (300 MHz, CDC1,) 6: 7.4-7.6 (m, 
5H), 5.8 (m, 6H), 5.3 (m, 4H). Mass spectrum (FAB) m/e: 
1147 [PC]. Anal. calcd. for C35Hl,Cr2017PRu3: C 36.69, H 
1.32; found: C 36.65, H 1.40. 

Preparation of OS~(CO)~~[P~P{C~H~C~(CO)~}~], 28 
The yellow solid 28 was isolated in 50% yield by using proce- 
dure C. 3 1 ~ ( 1 ~ )  NMR (121.4 MHz, CDCI,) 6: 0.1 (s). 'H 
NMR (300 MHz, CDCI,) 6: 7.6 (m, 2H), 7.4 (m, 3H), 5. 7 (t, 
6H), 5.4 (q, 4H). Mass spectrum (FAB) m/e: 1415 [P']. Anal. 
calcd. for C35Hl,Cr20170s3P: C 29.75, H, 1.07; found: C 
29.50, H 1.31. 

Preparation of Ru~(CO),,[P~~A~C~H~C~(CO)~], 29 
The red product 29 was obtained in 10% yield by following 
procedure A. 3 1 ~ ( ' ~ )  NMR (121.4 MHz, CDCI,) 6: 7.3 (m, 
lOH), 5.3 (t, 2H), 5.1 (3H). Mass spectrum (FAB) m/e: 1054 
[P']. Anal. calcd. for C32Hl,AsCrO14Ru3: C 36.48, H 1.44; 
found: C 36.64, H 1.56. 

X-ray crystallographic analyses 
Crystallographic data appear in Table 1. The final unit-cell 
parameters were obtained by least-squares on the setting 
angles for 25 reflections with 20 = 27.8-33.1" for 3, 35.7- 
40. 1" for 15,20.1-30.7" for 19,30.1°-36.8" for 16, and 40.1"- 
45.5" for 26. The intensities of three standard reflections, mea- 
sured every 200 reflections throughout the data collections, 
decayed linearly by 7.8% for 15 and by 2.1% for 19 and 
showed only small random fluctuations for other complexes. 
The data were processed and corrected for Lorentz and polar- 
ization effects, decay (where appropriate), and absorption 
(empirical, based on azimuthal scans for three  reflection^).^ 

The structures were solved by the Patterson method. The 
structural analysis of 26 was initiated in the centrosymmetric 
space group P3 on the basis of the E-statistics and the Patter- 
son function. This choice was confirmed by subsequent calcu- 
lations. Complex 16 has exact (crystallographic) C2 symmetry 
and complex 26 has exact C3 symmetry. 

The dichloromethane solvent in 16 was modeled as 1: 1 dis- 
ordered over two sites, both carbon atoms lying on the twofold 

teXsan: Crystal structure analysis package. Molecular Sturcture 
Corp., The Woodlands, Tex. 1985 and 1992. 
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Table 1. Crystallographic data." 

Compound 3 15 19 16 26 
Formula C15H19Cfid' C26H19CrO14PRu3 C32H,5Cfi14PRu3 C40H38Cr20,6P2Ru3CH2C12 C48H,,Cr30130s3P3 
Fw 330.28 941.61 1009.64 1328.81 1729.38 
Color, habit Yellow, prism Golden, prism Red-orange, prism Black, prism Red-brown, prism 
Crystal system Monoclinic Monoclinic Orthorhombic Orthorhombic Tigonal 
Space group P2,lc P2,ln Pbca P2,2,2 P3 
a,  A 8.150(2) 8.565(2) 17.367(4) 13.832(3) 15.7758(4) 
b, A 13.490(2) 21.808(3) 24.47 l(5) 17.558(2) 15.7758(4) 
c, A 15.125(1) 17.167(3) 16.096(3) 10.144(1) 12.662(1) 
a, deg 90 90 90 90 90 

P, deg 100.19(1) 97.4 l(2) 90 90 90 
YY deg 90 90 90 90 120 
V, A' 1636.8(4) 3 179.5(10) 6840(2) 2463.7(7) 2722.2(3) 
Z 4 4 8 2 2 

PC~IC, g/cm3 1.340 1.967 1.960 1.791 2.1 10 
F(000) 688 1832 3920 1316 1644 
p(Mo-K,), cm-' 8.00 18.10 16.89 15.65 77.00 
Crystal size, mm 0.40 x 0.40 x 0.50 0.18 x 0.30 x 0.40 0.25 x 0.35 x 0.45 0.16 x 0.25 x 0.39 0.20 x 0.25 x 0.40 
Transmission factors 0.84-1.00 0.84-1 .OO 0.89-1 .OO 0.88-1 .OO 0.54-1.00 
Scan type 0-20 0-20 w 0-20 0-20 
Scan range, wO 1.10 + 0.35 tan 0 1.30 + 0.35 tan 0 0.94 + 0.35 tan 0 1.26 + 0.35 tan 0 1.42 + 0.35 tan 0 
Scan, " min-' 32 16 16 16 32 
Data collected +h, +k,  f l  +h, +k,  f l  +h,  +k,  + I  +h,  +k,  +I fi, +k, + I  

1 

2emsx, deg 55 55 55 60 70 
Crystal, decay, % 7.8 2.1 Negligible Negligible 
Total reflections 4195 7987 8579 4035 8652 
Unique reflections 3929 7492 8579 4035 8006 
Rmerge 0.020 0.029 - - 0.044 
Number with 1 2  3o(I) 2326 4410 3878 3046 4093 
Variables 182 406 460 3 07 227 
R 0.03 1 0.027 0.029 0.025 0.029 

4, 0.027 0.024 0.024 0.023 0.025 
go f 2.25 1.67 1.41 1.68 1.35 
Max AJo (final cycle) 0.001 0.001 0.003 0.01 0.001 
Residual density e/A3 -0.21 to 0.23 -0.38 to 0.38 -0.44 to 0.42 -0.45 to 0.41 -1.36 to 1.28 (near 0s)  

Temperature 294 K, Rigaku AFC6S diffractometr, MoK, (k  = 0.71069 A) radlatlon, graphite monochromator, takeoff angle 6.0'. aperture 6.0 x 6.0 mm 
at a dlstance of 285 mm from the crystal, statlonary background counts at each end of the scan (scanhackground tlme ratio 2: I) ,  aU2.(F2) = [S2(C + 4B)]/Lp2 
(S = scan rate. C = scan rate, C = scan count, B = normalized background count), funchon minimized Zw(lF,I -  IF,^)^ where w = ~F,,%~(F:), R = ZIIFJ - 
IF,IIICIF,I, R, = (Zw(lF,I - IFcI)21CwlFo12)'R, and gof = [Zw(lF,I - IFc1)21(m - n)]lR. Values given for R, R,, and gof are based on those reflections with 1 2  3a(I). 

axis. All non-hydrogen atoms were refined with anisotropic 
thermal parameters. Hydrogen atoms were fixed in calculated 
positions (C-H = 0.98 A, B, = 1.2 B,,,,,, ,,,, ). Secondary 
extinction corrections were applied for 3 and 26, the final val- 
ues of the extinction coefficients being 1.13(3) x lo4 and 
3.9(2) x respectively. Neutral atom scattering factors for 
all atoms and anomalous dispersion corrections for the non- 
hydrogen atoms were taken from the International Tables for 
X-Ray Crystallography (13). A parallel refinement of the mir- 
ror image of 16 gave significantly higher residuals, the R and 
R, ratios being 1.083 and 1 .loo, respectively. Final atomic 
coordinates and equivalent isotropic thermal parameters, 
selected bond lengths, and selected bond angles appear in 
Tables 2 4 ,  respectively. Hydrogen atom parameters, aniso- 
tropic thermal parameters, bond lengths, bond angles, torsion 

angles, intermolecular contacts, and least-squares planes are 
included as supplementary material.3 

Results and Discussion 

Two different strategies were utilized previously to prepare 

Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA 0S2. 
Tables of hydrogen atom coordinates and bond lengths and angles 
involving hydrogen atoms have also been deposited with the 
Cambridge Crystallograhic Data Centre and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge CB2 lEZ, UK. 
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Table 2. Final atomic coordinates and Be, (A2)." 

Atom x Y z 

Table 2. (continued). 

Atom x 
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Table 2. (continued). 

Can. J. Chem. Vol. 74. 1996 

Table 2. (concluded). 

Atom Atom x Y z Bc, 
- 

C(3 1) 
(332) 

16 
Ru( 1) 
R u m  
Cr( 1 ) 
Cl( 1 )b 
Cl(1 a)" 
P( 1) 
O(1) 
O(2) 
0 0 )  
O(4) 
O(5) 
O(6) 
o(7) 
O(8) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(11) 
C( 12) 
C(13) 
C(14) 
C(15) 
(716) 
C(17) 
C(18) 
(719) 
C(20) 
C(2 1 )* 
C(2 1 a)h 

26 

Cr( 1 ) 
P(l) 
O(1) 
O(2) 
O(3) 
O(4) 
0 0 )  
O(6) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 

phosphino- and arsinobenzenechromium tricarbonyl deriva- 
tives. The first was the thermal replacement of three carbonyls 
from Cr(C0)6 by an aryl group attached to the phosphine. 
Thus, refluxing the arylphosphine and chromium hexacarbo- 
nyl in a decalin solution gives rise to two series of complexes: 
monomeric R2PC6H5Cr(CO), and dimeric [R2PC6H5- 
Cr(CO),],. This route gives low yields, requires considerable 
time, and is limited in scope (14). For some phosphines, such 
as Ph,P and (m-tolyl),P, only the dimers are isolated (14). 

The second strategy employed for the formation of 
R2PC6H5Cr(CO), involves the reaction of a chlorophosphine 
with the lithium derivative of benzenechromium tricarbonyl 
( - q 6 - ~ i ~ 6 ~ 5 ) ~ r ( ~ 0 ) 3 ,  in THF or Et20, at low temperature. 
Two indirect routes to the lithiated intermediate have been 
developed; one involves a trans-metallation reaction between 
bis(-q6-phenyltricarbonylchromium)mercury and n-butyllith- 
ium (15). The second, more efficient, route involves trans- 
metallation of [ - q 6 - ( ~ u n 3 ~ n ) ~ 6 ~ 5 ] ~ r ( ~ ~ ) 3  with n-BuLi in 
THF at -78°C (16). The butyltin derivative can be synthe- 
sized by the reaction of (MeCN),Cr(CO), with (tributylstan- 
ny 1)benzene. 

Semmelhack et al. (17) developed a high-yield direct lithi- 
ation method involving addition of n-BuLi to C6H6Cr(CO), in 
THF at -78°C in the presence of TMEDA. Subsequent addi- 
tion of halophosphine or arsine affords the desired phosphino- 
and arsinobenzenechromium tricarbonyl derivatives. This 
method was adopted for the present investigation; 10 com- 
plexes (1-10) were prepared in this work including the three 
known compounds Ph2PC6H5Cr(CO), 1, PhP[C6H5Cr(CO),], 
7, and Ph,AsC6H5Cr(CO), 6, which were isolated in higher 
yields than previously reported (16a, 18). In our hands the 
yields of the R2P[C6H5Cr(C0)3] phosphines are higher than 
those of RP[C6H5Cr(CO),],. Recrystallization is best 
employed as a purification method because of the possibility 
of decomposition of the compounds on silica gel or alumina. 
Compounds 1-10 are all yellow solids, except 
Et,PC6H5Cr(CO),, 4, which is a red oily liquid; all are soluble 
in a range of organic solvents. In the solid state, the com- 
pounds are stable for long periods of time under an inert atmo- 
sphere. In general, their spectroscopic properties are much as 
expected. The 3 1 ~  NMR shifts can be fitted reasonably well to 
the Grim and McFarlane equation (19): 6 (w.r.t. 85% H3P04) 
= -62 + Cup if up for the c ~ H ~ c ~ ( c o ) ~  moiety is taken as 
+20. 

The crystal structure of P~,P(c~H~)c~(co),  3 is shown in 
Fig. 1 and selected bond lengths and bond angles appear in 
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Cullen et al. 

Fig. 1. Molecular structure of P~',Pc~H,c~(co),, 3; 33% 
probability thermal ellipsoids are shown for the non-hydrogen 
atoms. 

Table 3. The "three-legged piano-stool" geometry is typical of 
( r16-arene)~r(~0)3 complexes. The CO-Cr-CO angles range 
from 87.6(1)" to 89.0(1)" and the Cr(C0)3 moiety is partially 
eclipsed (i.e., midway between eclipsed and staggered relative 
to the r16-phenyl ring). A staggered structure is rare for 
monosubstituted arenes (20). 

One of the isopropyl groups in the pri2 moiety is oriented 
almost perpendicular to the n-arene moiety. This conforma- 
tion forces the remaining isopropyl group below the plane of 
the n-arene ring, with the Cr(CO), moiety. 

The structure of Ph2AsC6H,Cr(C0),, 6 (21), is very similar 
to that of 3. In fact the change from Ph,As to P~',P is barely 
discernible in the C6H,Cr(C0)3 moiety. The ring C-C bonds 
of 3 vary between 1.391(4) and 1.419(3) A in an apparently 
random manner; however, in 6 there appears to be some ten- 
dency towards an alternation in the bond lengths. 

With the advent of mild synthetic routes (22), many tertiary 
phosphine and arsine derivatives of Ru,(CO),, and 0s3(CO),, 
have been prepared; however, only one contains a benzene 
chromium tricarbonyl moiety. To fill in this gap, 10 new deriv- 
atives of Ru3(CO),,, 11, 12, 15, 16, 19, 20,22,23, 27, and 29 
were synthesized and characterized. Most reactions employed 
sodium benzophenone ketyl (BPK) as catalyst. PPN salts were 
also used to assist the substitution reactions although this 
method is less satisfactory. The catalyzed reactions with the 
ligands (R2EC6H,)Cr(C0)3 (R,E = Me,As, pri2p, Et,P, Ph2P) 
afford the expected mono- or di-substituted products in good 
yield with the yields of the monosubstituted derivatives 
being higher. However, under the same conditions 
Ph ,A~c~H,cr (C0)~  and PhP[C6H5Cr(CO),], yield only the 
monosubstituted products 27 and 29. Bu ' ,PC~H,C~(C~)~  
appears to react only to a limited extent under these conditions 
and PhAs[C6H5Cr(C0),], or Bu 'P[C~H,C~(C~)~] ,  not at all. 
The bulk of the ligands is probably the determining factor; 
however, it should be noted that the very bulky PFc,Ph (Fc = 
ferrocenyl) forms Ru3(CO),,(PFc,Ph), in high yield (23). 

Fig. 2. Molecular structure of Ru,(CO), , [P~',PC~H,C~(CO),], 
15; 33% probability thermal ellipsoids are shown for the non- 
hydrogen atoms. 

Substitution reactions of 0s3(CO),, are facilitated by the 
use of the activated clusters, 0s3(CO),,(MeCN) and 
Os,(CO),,(MeCN), (24), and the new complexes 13, 14, 17, 
18, 21, 24, 25, 28 were prepared by using this method- 
ology. The bulky ligands Bu 'P [C~H,C~(C~)~] ,  and 
B u ' , P C ~ H , C ~ ( C ~ ) ~  failed to react. The trisubstituted deriva- 
tive 0s3(CO),[(Et2PC6H,)Cr(C0)3]3, 26, was obtained by 
refluxing 0s3(CO), , [Et,PC6H,Cr(C0),] in n-octane: com- 
pound 26 was the major product in addition to Os,(CO),,. The 
spectroscopic properties of the cluster derivatives are much as 
expected. 

The crystal structures of two monosubstituted complexes 15 
and 19 have been determined. ORTEP plots are shown in Figs. 2 
and 3. Metrical data are summarized in Tables 3 and 4. The 
phosphine ligands are equatorial and the longest of the Ru- 
Ru bonds is cis to the ligand. The average metal-metal dis- 
tances in 15 and 19 are 2.8908 and 2.8729 A, respectively, 
which is greater than the 2.854 A found for Ru3(CO),,. This 
expansion has been attributed to the bulk of the ligands. The 
cone angles of the isopropyl-and phenyl- phosphines are esti- 
mated to be 164" and 154", respectively, by using data from 
the structure of RU(CO),[P~',PC~H,C~(CO)~]~.~ 

The disubstituted ruthenium cluster Ru,(CO),,- 
[P~',P(c~H,c~(co),)], 16 also has been crystallographically 
characterized and the structure is shown in Fig. 4. Selected 
metrical data for the 1: 1 dichloromethane solvate are listed in 
Tables 3 and 4. 

The structure is that commonly found for M3(CO),,L2 clus- 
ters where the two ligands occupy equatorial positions at 
opposite ends of one of the Ru-Ru bonds. The structure of 

- 

W.R. Cullen, S.J. Rettig, and H. Zhang. Unpublished results. 
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Table 3. Bond lengths (A) with estimated standard deviations in 

par en these^.^ 

Bond Length Bond Length 

3 
Cr(1)-C(l) 1.835(3) p ( 1 ) 4 ( 1 0 )  1.849(3) 
Cr( 1)-C(2) 1.819(3) P( l )4(133)  1.865(3) 
Cr( 1)-C(3) 1.834(3) O(l)--C(l) 1.151(3) 
Cr( 1 ) 4 ( 4 )  2.231(2) 0 ( 2 ) 4 ( 2 )  1.157(3) 
C r ( l ) 4 ( 5 )  2.209(2) 0(3)-C(3) 1.154(3) 
Cr( 2.206(3) C ( 4 ) 4 ( 5 )  1.404(3) 
Cr(1)-C(7) 2.218(3) c ( 4 ) 4 ( 9 )  1.41 9(3) 
Cr( 1 )--C(8) 2.2 1 l(3) C(5)-C(6) 1.4 14(4) 
Cr( 1 ) 4 ( 9 )  2.197(3) C(6)-C(7) 1.393(4) 
Cr( 1 )-A 1.71 C(7)-C(8) 1.400(4) 
p( 1 ) 4 ( 4 )  1.840(3) C(8)-C(9) 1.391(4) 

15 
Ru(1)-Ru(2) 2.9276(6) Cr( 1 )-A 1.72 
Ru(1)-Ru(3) 2.8776(5) P ( l )4 (155)  1.834(4) 
Ru(1)-P(1) 2.384(1) p( 1 ) 4 ( 2  1) 1.859(4) 
Ru(l)<(l) 1.863(4) p( 1 ) 4 ( 2 2 )  1.863(5) 
R u ( 1 ) 4 ( 2 )  1.938(5) O(l)-c(l) 1.145(5) 
Ru( 1 ) 4 ( 3 )  1.9 19(5) 0(2)--c(2) 1.134(5) 
Ru(2)-Ru(3) 2.8672(7) 0(3)--C(3) 1.141(5) 
R u ( 2 ) 4 ( 8 )  1.923(5) 0(4)--C(4) 1.130(5) 
R u ( 2 ) 4 ( 9 )  1.90 l(5) 0(5)-C(5) 1.128(5) 
R u ( 2 ) 4 (  10) 1.945(5) 0 ( 6 ) 4 ( 6 )  1.127(6) 
Ru(2 )4 (11 )  1.92 l(5) 0(7)-c(7) 1.134(5) 
R u ( 3 ) 4 ( 4 )  1.904(5) 0(8)-c(8) 1.134(5) 

1 
R u ( 3 ) 4 ( 5 )  1.9 12(5) 0(9)-C(9) 1.129(5) 
Ru(3)--C(6) 1.943(5) O(10)-C(10) 1.123(5) 
R u ( 3 ) 4 ( 7 )  1.943(5) O(1 1)-WC(1 1) 1.139(5) 
C r ( l ) 4 ( 1 2 )  1.845(6) 0 ( 1 2 ) 4 ( 1 2 )  1.150(6) 
Cr(1)-C(l3) 1.850(6) O(13)-C(13) 1.136(6) 
Cr(1)-C( 14) 1.838(5) O(14)-C(14) 1.153(5) 
C r ( l ) 4 ( 1 5 )  2.274(4) C(15)4 (16 )  1.413(5) 
Cr( 1 ) 4 (  16) 2.207(4) C ( l 5 ) 4 ( 2 0 )  1.417(6) 
C r ( l ) 4 (  17) 2.205(5) C(16)4 (17 )  1.405(6) 
Cr (1 )4 (18 )  2.203(5) C(17)4 (18 )  1.388(6) 
Cr(1)-C(l9) 2.187(5) C(18)4 (19 )  1.407(7) 
Cr(1)-C(20) 2.190(5) C(19)4 (20 )  1.390(6) 

19 
Ru(1)-Ru(2) 2.8686(6) Cr( 1)-A 1.70 
Ru(1)-Ru(3) 2.8900(7) P ( 1 ) 4 ( 1 5 )  1.828(5) 
Ru(1)-P(l) 2.372(1) p( 1 ) 4 ( 2  1) 1.840(5) 
R u ( l ) 4 ( 1 )  1.893(6) P( 1 ~ ( 2 7 )  1.838(5) 
Ru( l ) 4 ( 2 )  1.935(6) o (  1 )-c( 1) 1.129(6) 
Ru(1)+(3) 1.925(6) 0(2)-c(2) 1.141(6) 
Ru(2)-E$u(3) 2.8602(6) 0(3)--C(3) 1.138(6) 
~u(2)&(4) 1.921(6) 0(4)--C(4) 1.125(6) 
R u ( 2 ) 4 ( 5 )  1.892(6) 0(5)-C(5) 1.140(6) 
R u ( 2 ) 4 ( 6 )  1.953(7) 0 ( 6 ) 4 ( 6 )  1.119(6) 

I R u ( 2 ) 4 ( 7 )  1.963(6) 0(7)-C(7) 1.124(6) 
I 

Ru(3)--C(8) 1.920(6) 0(8)-c(8) 1.124(6) 
Ru(3)--C(9) 1.94 1 (6) 0(9)--C(9) 1.140(6) 
Ru(3 )4 (10 )  1.902(6) 0 ( 1 0 ) 4 ( 1 0 )  1.131(6) 
Ru(3 )4 (11 )  1.932(6) 0 ( 1 1 ) 4 ( 1 1 )  1.131(6) 
Cr( 1 )-C( 12) 1.843(7) O(12)-C(12) 1.146(7) 
C r ( l ) 4 ( 1 3 )  1.854(6) O(13)-C(13) 1.132(6) 

Table 3. (concluded). 

Bond Length Bond Length 

1.158(6) 
1.4 14(7) 
1.413(7) 
1.392(7) 
1.398(8) 
1.393(8) 
1.4 1 O(7) 

"Here and elsewhere, A refers to the unweighted centroid of the 
$-coordinated aromatic ring. 

bSymmetry operation: x, y, z. 
'Symmetry operation: 1 - y, x - y ,  z. 

OS~(CO),,(PFC,P~)~ provides a rare example of the alternative 
1,2-trans,cis arrangement of the phosphine ligands (25). In 16 
the three Ru-Ru bond distances (mean value 2.8923 A) are 
the same within experimental error. This is in contrast to the 
monosubstituted complexes 15 and 19 in which there are sig- 
nificant differences in the three Ru-Ru separations with the 
Ru-Ru bond cis to the phosphine ligand being significantly 
elongated. In other disubstituted complexes, R U , ( C O ) ~ ~ L ~ ,  the 
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Cullen et al. 

Table 4. Bond angles (deg) with estimated standard deviations in parentheses." 

Bonds Angle (deg) Bonds Angle (deg) 
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Table 4. (continued). 

Bonds Angle (deg) 

Ru(3)-Ru(1)-C(3) 90.2(2) 
P(1)-Ru(1)-C(1) 107.1(2) 
P(1)-Ru(1)-C(2) 8 8.0(2) 
P(1)-Ru( 1)-C(3) 93.6(2) 
C(1 )-Ru( 1 )-C(2) 89.1(2) 
C(1)-Ru( 1 )-C(3) 87.5(2) 
C(2)-Ru(1)-C(3) 176.5(2) 
Ru(1)-Ru(2)-Ru(3) 60.59(2) 
Ru(1)-Ru(2)-C(4) 162.6(2) 
Ru(1)-Ru(2)-C(5) 97.5(2) 
Ru(1)-Ru(2)-C(6) 87.1(2) 
Ru(1 )-Ru(2)-C(7) 90.4(2) 
Ru(3)-Ru(2)-C(4) 102.1(2) 
Ru(3)-Ru(2)-C(5) 158.0(2) 
Ru(3)-Ru(2)-C(6) 87.7(2) 
Ru(3)-Ru(2)-C(7) 88.1(2) 
C(4)-Ru(2)-C(5) 99.9(3) 
C(4)-Ru(2)-C(6) 90.9(3) 
C(4)-Ru(2)-C(7) 90.5(2) 
C(5)-Ru(2)-C(6) 92.9(2) 
C(5)-Ru(2)-C(7) 90.7(2) 
C(6)-Ru(2)-C(7) 175.8(2) 
Ru(1)-Ru(3)-Ru(2) 59.85(1) 
Ru(1)-Ru(3)-C(8) 149.6(2) 
Ru(1)-Ru(3)-C(9) 87.9(2) 
Ru(1)-Ru(3)-C(10) 110.7(2) 
Ru(1)-Ru(3)-C(11) 86.4(2) 
Ru(2)-Ru(3)-C(8) 89.8(2) 
Ru(~) -Ru(~) -C(~)  90.1(2) 

16 
R~(l)~-Ru(l)-Ru(2) 60.014(9) 
Ru(1 )b-R~(l  )-P(l) 174.92(3) 
Ru(~)~-Ru(1)-C(1) 86.1(1) 
Ru(1 )b-R~( l  )-C(2) 93.2(1) 
R~(l)~-Ru(l)-C(3) 82.0(1) 
Ru(2)-Ru(1)-P(l) 119.81(3) 
Ru(2)-Ru(1)-C(l) 139.8(2) 
Ru(2)-Ru(1)-C(2) 69.8(1) 
Ru(2)-Ru(1)-C(3) 97.6(1) 
P(1)-Ru(1)-C(1) 95.9(1) 
P(1)-Ru(1)-C(2) 91.4(1) 
P(1)-Ru(1)-C(3) 93.1(1) 
C(1)-Ru(1 )-C(2) 93.1(2) 
C(1)-Ru(1 )-C(3) 98.4(2) 
C(2)-Ru( 1 )-C(3) 167.2(2) 
Ru(1 )-Ru(2)-Ru(1 )b 59.97(2) 
Ru(1)-Ru(2)-C(4) 102.9(1) 
Ru(1 ) - R u ( ~ ) - C ( ~ ) ~  154.6(1) 
Ru(1)-Ru(2)-C(5) 75.0(2) 
R~(l)-Ru(2)-C(5)~ 98.0(2) 
C ( ~ ) - R U ( ~ ) - C ( ~ ) ~  98.8(3) 
C(4)-Ru(2)-C(5) 94.8(2) 
C ( ~ ) - R U ( ~ ) - C ( ~ ) ~  90.3(2) 
C ( ~ ) - R U ( ~ ) - C ( ~ ) ~  172.0(3) 

26 
Os(1)'-Os(1 )-Os(1 )d 60.00 

Bonds Angle (deg) 
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Cullen et al. 

Table 4. (concluded). 

Bonds 

Os(1)"-Os( 1)-P( 1) 
Os(1)'-Os(1)-C(1 I) 
Os( 1)'-Os( 1)-C( 12) 
Os(l)'-Os(1)-C( 13) 
Os( 1)"-Os( 1)-P(1) 
Os(l)d-Os(l)-C(l 1) 
0s(l)d-Os(l)-C(12) 
Os(1 )d-Os( 1)-C(13) 
P(1)-Os(1)-C(I 1) 
P(l)-os(l)-c(l2) 
P(l)-os(l)-c(l3) 
c(11)-0s(1)-c(12) 
C(l1)-Os(1)-C(l3) 
C(12)-Os(1)-C(13) 
C(l4)-Cr(1)-C(l5) 
C(l4)-Cr( 1)-C(l6) 
C(l5)-Cr(1)-C(l6) 

Angle (deg) Bonds Angle (deg) 

"Here and elsewhere, A refers to the unweighted centroid of the q6-coordinated aromatic 
ring. 

bSymmetry operation: x,  y, z. 
'Symmetry operation: 1 - y, x - y, z. 
dSymmetry operation: 1 - x + y, I - x,  z. 

Fig. 3. Molecular structure of Ru,(CO), , [Ph2PC6H5Cr(CO),1, 
19; 33% probability thermal ellipsoids are shown for the non- Fig. 4. Molecular structure of RU,(CO),,[P?~PC~H~C~(CO)~)]~, 
hydrogen atoms. 16; 33% probability thermal ellipsoids are shown for the non- 

hydrogen atoms. 
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Fig. 5. Molecular structure of 0s,(CO),[Et,PC6H,Cr(CO)3]3, 26; 33% probability 
thermal ellipsoids are shown for the non-hydrogen atoms. 

M, frame is essentially an isosceles triangle (26). The average 
Ru-Ru bond distance in 16 is longer than that in the parent 
carbonyl (mean 2.854 A) by 0.04A and is not significantly dif- 
ferent from that in the monosubstituted complex 15 (mean 
2.8908 A). 

In 16 the introduction of two phosphine ligands results in 
considerable twisting of the RuL', units about the Ru-Ru 
bonds. Unlike the monosubstituted complexes, none of the 
equatorial carbonyls are found on the Ru, plane; for example, 
CO(1) and CO(4) lie on opposite sides of the Ru, plane by 0.73 
A and 0.64 A, respectively. As a result, all the axial carbonyls 
are also moved from their idealized positions. Consequently 
there are no pronounced differences in the bond distances 
between axial carbonyls and equatorial carbonyls (mean 1.9 11 
A); the pseudoequatorial Ru-CO(1) bond at the substituted 
ruthenium atom is the shortest (1.872(4) A). 

I The molecular structure of the trisubstituted derivative 

bony1 (average 2.877 A (27)), by 0.024 A. In OS,(CO)~(PP~, , 
the average 0s-0s bond distance is also increased to 2.91 1 , 
but in trisubstituted ruthenium clusters the average Ru-Ru 
separation is essentially the same as that found in Ru,(CO)~, 
(28). 

In 26 the phosphorus atoms are coordinated at pseudo-equa- 
torial sites and are all situated away from the Os, plane by 0.52 
A in the same direction. The 0s-P bond at 2.344(1) A is sur- 
prisingly shorter than the Ru-P bond found in 19 (2.372(1) 
A) and 15 (2.384(1) A). In some other trisubstituted com- 
plexes the phosphine ligands are arranged in such a way that 
one lies below the M, plane, while the other two lie above it 
(28). 

The products of the thermal decomposition of some of these 
cluster complexes will be reported in a forthcoming publica- 
tion (29). 

I 0s3(CO)g[Et,PC6H,Cr(CO)3]3 26 has been determined. The Acknowledgments 
relevant bond distances and angles are tabulated in Tables 3 We thank the Natural Sciences and Engineering Research 
and 4 and an ORTEP plot of the structure is shown in Fig. 5. The Council of Canada for financial support. 
molecule 26 has a crystallographic threefold axis, and the 
structure contains an eiuilateral^triangular Os, core with the 
three phosphine ligands bound one to each osmium atom in 
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I Synthesis of mesophenyl-4,6-dipyrrins, 
I preparation of their Cu(ll), Ni(ll), and Zn(ll) 

chelates, and structural characterization of 
bis[meso-phenyl=4,6=dipyrrinato]Ni(ll) 

Christian Bruckner, Veranja Karunaratne, Steven J. Rettig, 
and David Dolphin 

Abstract: meso-Phenyldipyrromethanes can be oxidized by 2,6-dicyano-3,5-dichloro-para-benzoquinone (DDQ) to the 
corresponding meso-phenyldipyrrins. As expected, these novel, stable bipyrrolic pigments readily form metal chelates with 
copper(II), nickel(II), and zinc(I1). Their UV-VIS spectra are compared with a series of known alkyl-substituted dipyrrin 
chelates and, based on the UV-VIS spectral analysis, the dihedral angle between the two ligands in the bis[meso- 
phenyldipyrrinato]Ni(II) complex was calculated to be 42". The molecular structure of this complex was determined by X-ray 
crystallography, essentially confirming the calculation. Crystals of C3,H2,N4Ni are orthorhombic, a = 17.156(3), b = 35.217(1), 
c = 7.886(1) A, Z = 8, space group Fddd. The structure was solved by direct methods and refined by full-matrix least-squares 
procedures to R = 0.040 and R,, = 0.031 for 1058 reflections with I 2  ~u(F,). The central nickel is coordinated in a distorted 
square-planar fashion by four nitrogens. The pair of the planar dipymnato ligands enclose a dihedral angle of 38.5". This is the 
lowest angle reported for nickel(I1) complexes of this kind. As a result of this, and in sharp contrast to previously described 
nickel(I1) dipyrrin chelates, the central metal is diamagnetic. 

Key words: meso-phenyldipyrromethanes, meso-phenyldipymns, meso-phenyldipyrrinato transition metal chelates, 
X-ray crystallography. 

Resume : Sous l'influence de la 2,6-dicyano-3,5-dichloro-para-benzoquinone (DDQ), on peut oxyder les mkso- 
phCnyldipyrromCthanes en mkso-phCnyldipymnes correspondantes. Comme on pouvait s'y attendre, ces nouveaux pigments 
bipyrroliques stables forment des chClates mktalliques avec le cuivre(II), le nickel(I1) et le zinc(I1). On a comparC leurs spectres 
UV-VIS avec ceux d'une sCrie de chClates connus de dipymnes substitutkes par des groupes alkyles et, sur la base d'une analyse 
des spectres UV-VIS, on a calculC que l'angle dikdre entre les deux coordinats du complexe bis[miso-phCnyldipyrrinato]Ni(II) 
est de 42". La structure molCculaire de ce complexe, telle que dCterminCe par diffraction des rayons X, confirme essentiellement 
les conclusions obtenues par calculs. Les cristaux du C3&,,N4Ni sont orthorhombiques, groupe d'espace Fddd, avec a = 
17,156(3), b = 35,217(1) et c = 7,886(1) A et Z = 8. La structure a CtC rCsolue par des mCthodes directes et affinke par la mCthode 
des moindres carrCs jusqu'h des valeurs de R = 0,040 et R, = 0,031 pour 1058 reflexions avec I 2  ~ u ( F ~ ) .  Le nickel central est 
coordinC d'une faqon plan carrC dCformCe par les quatre azotes. La paire de coordinats dipymnato plans forme un angle dikdrdre 
de 38,5". Cette valeur correspond h l'angle le plus faible rapport6 pour des complexes de nickel(II1) de cette espbce. I1 en rCsulte 
que, par opposition h ce qui a CtC dCcrit anterieurement pour les chClates de nickel(I1) dipymne, le mCtal central est diamagnktique. 

Mots clis : mkso-phCnyldipyrromCthanes, mkso-phCnyldipymnes, mkso-phCnyldipyrrinato, chClates des mCtaux de transition, 
diffraction des rayons X. 

[Traduit par la rCdaction] 

Introduction Their propensity to strongly chelate transition metals has long 

Dipyrrins (I), also known as dipyrromethenes, are basic, 

. . ., 
brightly colored, fully conjugated flat bipyrrolic molecules. 
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been recognized (1, 2). Their structure, atom numbering 
scheme, and the formal nomenclature for dipyrrins is shown 
below. Positions 1 and 9 are also referred to as ci positions, 
positions 2, 3, 7, and 8 as p positions, and position 5 as the 
meso position. 

Can. J. Chem. 74: 2182-2193 (1996). Printed in Canada / Imprim6 au Canada 
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Scheme 1. 

4 HBr + - R'*R' - 
A H R 

3 
R Br 

OHC R 
H 

5 HcooH C\idation 

1. base 
2. MXna 

D 

M 

I 
10, M = co2+, ~ i ~ +  

cu2+, zn2' 
1. CaO 
2. MX", 

9, M = ca2+ 

Scheme 2. 

Scheme 1 outlines the principal pathways for the synthesis 
of a -  and P-alkyldipymns (3) and their chelate-type mode of 
metal complex formation. Four main synthetic pathways can 
be distinguished: 
A: The "classic" acid-catalyzed reaction of an a$-alkyl-a'- 
free pyrrole (4) with a trialkylpyrrole-a-aldehyde (5) (1,4); 
B: The reaction of an a$-alkyl-a'-ethyloxycarbonylpyrrole 
(6) in concentrated formic acid (5). 
C: The oxidation of hexaalkyl-dipyrromethanes (7) by ferrous 
chloride (1) or 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
(DDQ) (6). 
D: The meso-bromination of a dipyrromethane to yield the 
meso-bromo-dipyrromethane 8, and subsequent reaction with 
calcium oxide to form the calcium chelate (9), yields directly a 
metal chelate. The calcium chelate can easily be transmetal- 
lated with a variety of transition metals (7-9). 
In all other cases, reaction of dipymn (3) with a divalent tran- 
sition metal salt yields the corresponding dipymnato com- 
plexes 10. None of the methods A, B, or D has the potential to 
give access to meso-substituted, a$-free dipymns (2). Only 

route C offers access to the title compounds by oxidation of a 
meso-phenyldipyrromethane (10). As will be outlined later in 
detail, this route was, indeed, successful in providing the title 
compounds. 

meso-Alkyl-substituted dipyrrins are less common (1, 11- 
13) and the synthesis of meso-phenyl-substituted dipymns is 
even rarer, in fact, we are only aware of four previous synthe- 
ses, two of them shown in Scheme 2. Rogers (14, 15) con- 
firmed in 1943 a finding of Gabriel from 1908 (16) that 
described the formation of 11 by reaction of 2,4-diphenylpyr- 
role (12) with in situ generated benzoyl chloride. In a similar 
approach, Treibs et al. reacted pyrrole 13 with benzoyl chlo- 
ride to yield the hexasubstituted meso-phenyldipymn hydro- 
chloride 14 (5). It is noteworthy that in both instances the 
pyrroles were substituted, particularly at one a and at least one 
p position. This prevents polymerization of the pyrroles dur- 
ing the harsh reaction conditions, consequently, these methods 
are not options to synthesize meso-phenyl, a-unsubstituted 
dipymns. A disadvantage of the protecting a-phenyl moieties 
is that they introduce severe steric interligand interactions 
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Scheme 3. 

upon metal complex formation. Moreover, meso-phenyl sub- 
stitution concomitant with P-substituents also introduces 
intra-ligand steric interactions that can, for instance in the case 
of 14, lead to deviations from planarity and even chemical 
instability (17). No reports were made on the metal complex- 
ation properties of either 11 or 14. In 1985 the X-ray structure 
of bis[l-(2,6-dichlorobenzyl)-5-(2,6-dichlorophenyl)-dipym- 
natoIzinc(I1) was reported (18). This meso-phenyl and a-sub- 
stituted dipymn complex was the kinetic product in the 
Rothemund-type condensation of the sterically hindered 2,6- 
dichlorobenzaldehyde with pyrrole, and its isolation was 
unexpected and fortuitous. Similarly unanticipated, Cavaleiro 
et al. isolated and crystallized meso-aryl-substituted dibenzo- 
furanyldipymn in an attempted tetraarylporphyrin synthesis 
from o-acetoxybenzaldehyde and pyrrole (19). These syn- 
thetic pathways towards meso-phenyl dipyrrins and their metal 
complexes cannot be generalized. Recently two reports 
appeared in the literature in which meso-phenyl-substituted 
dipyrrin moieties were integral parts of larger molecules. The 
BF, complex of an a-methyl-meso-phenyldipymn unit was 
the input unit of a molecular photonic wire (20) and an a -  
thiophenyl and P-alkyl-substituted meso-phenyldipyrrin was 
synthesized in the course of research towards polyheterocyclic 
ligands; however, neither the complexing properties nor the 
conformation of this compound were reported (21). 

The stereochemistry of pymn ligands around the metal is 
dependent on the bulkiness of the substituents in the a and a' 
positions, and has found interest (22) since Porter (23) called 
attention to this phenomenon; however, only a limited number 
of structural data are available (18,22, 24,25). Few a-unsub- 
stituted dipymnato complexes have been prepared (26, 27) 
and in no case has a crystal structure been described. There- 
fore, it was interesting to investigate the complex geometry of 
the a'-unsubstituted meso-phenyldipyrrin ligands of type 2 
and to contrast these findings with published data. This and the 
general interest for novel ligand classes for use in transition 
metal catalysis (28), photometric metal detection (29), or bio- 
medical purposes (30) prompted us to investigate the synthesis 
and the metal complexing properties of a,P-unsubstituted 
meso-phenyldipyrrins. 

Results and discussion 

Synthesis of 5-phenyldipyrromethanes 15 and 16 
The meso-phenyldipyrromethanes 15 and 16 were synthesized 
by the acid- catalyzed condensation of benzaldehyde (17) orp- 
nitrobenzaldehyde (18), with pyrrole (19). Pyrrole was also 
used as solvent according to a procedure of Lee and Lindsey 

(10) (see Scheme 3). The synthesis of 16 offers the great prac- 
tical advantage over the synthesis of 15 or other dipyr- 
romethanes described by Lee and Lindsey, in avoiding any 
chromatography during the work-up or purification of the 
compound; thus it is amenable to large-scale (2 10.0 g product 
per experiment) preparations. The higher electrophilicity ofp- 
nitrobenzaldehyde compared to benzaldehyde likely results in 
a faster reaction rate and a stabilization of the resulting dipyr- 
romethane towards acid-catalyzed decompositions. Both 
these aspects in combination with the simple work-up explain 
the high overall yield of 82% for 15 vs. the reported 49% (10) 
for 16. 

Preparation and characterization of meso- 
phenyldipyrrins 2 and 20 

Dehydrogenations with DDQ have found wide application in 
the synthesis of pyrrolic pigments (31). In particular, DDQ is 
useful in the conversion of any type of reduced porphyrins 
(e.g., porphyrinogens or chlorins) to the corresponding fully 
unsaturated porphyrins (32). Porphyrinogens are intermedi- 
ates (33) in the synthesis of meso-tetraarylporphyrins accord- 
ing to the methods of Adler et al. (34) or Lindsey and Wagner 
(33 ,  i.e., the acid-catalyzed cyclization of pyrrole and benzal- 
dehydes. Hence, it was not unexpected that the reaction of 
meso-phenyldipyrromethanes 15 or 16 with one equivalent of 
DDQ smoothly formed the desired dipyrrins 20 and 2 
(Scheme 3). p- and o-Chloranil are equally well suited to per- 
form the conversion. Reduction of 2 or 20 with NaBH4 in 
MeOH regenerates the leuko form 16 or 15. In dilute solution, 
the oxidation products are bright yellow in color. The optical 
spectrum of 2 under acidic and basic conditions is shown in 
Fig. 1. The two-band pattern of the protonated species is anal- 
ogous to that of 1, 2, 3, 7, 8, 9-hexamethyldipymn hydrobro- 
mide ( l l ) ,  but -14 nm hypsochromically shifted, with 
slightly lower extinction coefficients. The bands have been 
assigned to T* t T transitions and are indicative of the 
marked planarity of these fully conjugated aromatic systems. 
Addition of acid protonates the basic imine-type nitrogen of 
the 2H-pyrrole unit and this removal of non-degeneracy of the 
linear resonator in combination with the presence of a positive 
charge induces a bathochromic shift of 42 nm and a tripling of 
the extinction coefficient (36). For steric reasons, it can be 
inferred that the phenyl moiety is approximately perpendicu- 
lar to the plane of the dipymn. Consequently, the phenyl 
group is not in full conjugation with the pyrrolic system and 
substituents on the phenyl group minimally influence the T- 
cloud of the dipymn. This explains the close similarity of the 
optical spectrum of 2 and its p-nitro derivative 20; a similar 
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Brijckner et al. 

Fig. 1. Optical spectra of 2 in CH2C12 - 0.5% MeOH - trace 
NH,OH (broken line) and in CH2C12 - 0.5% MeOH - trace HC1 
(dotted line), and of 20 in CH2C12 - 0.5% MeOH - trace HC1 
(solid line). 

300 400 500 600 

wavelength (nrn) 

situation is also found in variously phenyl-substituted meso- 
tetraphenylporphyrins (37). The nitro compound 20, and its 
metal com~lexes. exhibit a band at -260 nm that we attribute 
to thep-ni;ro moiety. The optical spectrum of 2 is closer to that 
of the hexamethyldipyrrin than to the spectrum of 11, which is 
about 110 nm bathochromically shifted (17), possibly reflect- 
ing the extended conjugation (and distortion) of this system by 
the a-phenyl groups. 

The signals in the 'H and 13c NMR of the meso-phenyl- 
dipyrrins indicate a plane of symmetry. This is consistent with 
formulating the dipyrrins as adopting a planar conformation 
and a rapid tautomeric exchange of the NH proton between the 
two nitrogens. The 'H NMR shifts for the P-protons of 2 of 
6.39 and 6.47 ppm and for the a-protons of 7.78 ppm attest to 
the aromatic character of these compounds. 

Alkyldipymns of type 3 are, owing to their basicity, gener- 
ally isolated and purified as their hydrobromide or hydrochlo- 
ride salts (1). Although conditions for thin-layer and column 
chromatography of dipyrrin hydrobromides have been 
described (mixture of formic acid, methanol, and chloroform - 
silica gel (38)), it is not common practice. Their free bases are 
also reportedly less stable. We were surprised to find that in 
case of the meso-phenyldipymns, column chromatography 
(CH2C12 - silica gel) of their free bases posed no difficulty. 

Formation and characterization of transition metal 
chelates of the meso-phenyldipyrrins 

General data and synthesis 
A concentrated MeOH solution of the meso-phenylpymns 2 or 
20, when mixed with a methanolic solution of the divalent 
metal ions ~ i ~ ' ,  cu2+, and zn2+, as their acetates, yields the 
corresponding highly colored metal complexes (Scheme 4). 
The complexes are stable and do not require any special han- 
dling. Analyses confirmed the stoichiometry of the precipi- 
tates as M(ligand),. The metal complexes formed X-ray 
quality dichroic (metallic green-red) crystals. 

The vibrational spectra of the metal complexes are similar 
to those of their ligands. This is not unexpected as conjugation 
is already attained in the planar ligand moiety before coordi- 
nation to a metal. Thus, intraligand vibrations will undergo 
only minor shifts upon metal chelation. This has been ratio- 

Scheme 4. 

23, R = NO,, M = Zn 
24, R = NO2, M = CU 
21, R =  NO,,M = Ni 
22, R = H, M = Ni 

Fig. 2. Optical spectra of 21 in CHC13 (broken line) and 22 in 
CHC1, (solid line). 

300 400 500 600 

wavelength (nrn) 

nalized before for the metal complexes of hexaalkylpyrrins 
(39). 

UV-VIS suectra 
The optical properties of the metal compounds are strongly 
dependent on the central metal but the nickel chelates 21 and 
22 are very similar (Fig. 2). This similarity, in particular with 
respect to A,,, and log 6, is indicative of a very similar stere- 
ochemistry of these two compounds. The UV-VIS spectrum 
of the zinc chelate 23 resembles that of the protonated ligand, 
suggesting the absence of any metal t metal transitions (see 
Fig. 3). However, metal t ligand charge transfer transitions 
are generally observed in this energy region and they cannot 
be excluded (27), though other authors have assigned this 
band exclusively to intraligand n* t n transitions and the 
bands in the 320-350 nm region to charge transfer transitions 
(40). The electronic spectra of the nickel and the copper che- 
lates 20,21, and 24 follow the same general pattern as that of 
23 (see Figs. 2 and 3). The UV-VIS spectra of the metal che- 
lates are nearly indistinguishable in non- or weakly coordinat- 
ing solvents such as benzene, methanol, methylene chloride, 
or chloroform but show changes in pyridine, most noticeable 
for the zinc chelate, as also shown in Fig. 3. Table 1 lists 
selected UV-VIS data of some known dipy&inato-metal com- 
plexes (25-40) and of the novel compounds 21,23, and 24. 

When comparing the longest wavelength absorption of the 
Zn-chelate 23 at 486 nm against the equivalent transitions of 
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Fig. 3. Optical spectra of 23 in CH2C12 (dotted line) and 
pyridine (dashed line), and 24 in CHCI, (solid line). 

wavelength (nm) 

the alkyl-substituted analogues 25-32, it is remarkable that the 
meso-phenylpyrrin chromophore is distinguished by the high- 
est transition energy. An equivalent trend can be seen in the 
nickel (22 vs. 33-36) and copper (24 vs. 3740 )  chelate series. 
Hyperconjugation effects have been suggested for the progres- 
sive bathochromic shift with increasing methyl substitution 
(27). Extended T-conjugation can be evoked for the batho- 
chromically shifted optical spectrum in case of dipymns 28 
and 32. The absence of both effects in the zinc, nickel, and cop- 
per chelates 21-24 rationalize their relatively high transition 
energies. The introduction of ameso-methyl substituent in che- 
lates 29 and 30 leads, when compared to their meso-unsubsti- 
tuted analogues 27 and 28, to a relatively small change in the 
energy of the longest wavelength transition; however, their 
extinction coefficients significantly decrease. This, based on 
theoretical considerations, may be taken as a sign of distortion 
from planarity (17). Based on the foregoing, the high extinction 

coefficients of the metal chelates of the meso-phenyldipymns 
seem to indicate that the ligands are flat. In the absence of any 
P-substituent and hence any intraligand steric crowding, and in 
analogy to the conformation of meso-tetraphenylporphyrins 
(42), this appears to be a reasonable assumption. As will be 
detailed later, the single crystal X-ray structure of 22 shows 
that the assumption of planarity is, in fact, valid. 

The stereochemistry of the ligands around the central metal 
is strongly dependent on the metal type. The preference of 
zinc(I1) for a tetrahedral, and of nickel(I1) and, even more so, 
of copper(I1) for a square-planar coordination sphere is well 
documented (43). Regardless of the a substituents present in 
the dipyrrin ligands, the realization of a tetrahedral coordina- 
tion sphere poses no interligand steric interactions. Conse- 
quently, and in analogy to the stereochemistry of the zinc 
chelates of alkyldipymns, compound 23 can be assigned a tet- 
rahedral structure (9,22,27,40). The picture is more complex 
for the nickel and copper chelates. It has been found in previ- 
ous studies that a substituents prevent square-planar coordina- 
tion due to interligand crowding. This forces the complex into 
a distorted tetrahedral structure in which the two approxi- 
mately planar a-methyldipyrrinato ligands are inclined (as 
determined by X-ray crystal structure analysis) at an angle 
(referred to as dihedral angle) of 76.3" for nickel chelate 33 
(24) and 66" for copper chelate 39 (25). With hydrogen as the 
sole a substituents no a priori statement can be made about the 
stereochemistry around the metal. It has been suggested that 
some electronic interaction exists between the T-systems of 
the two dipymn units coordinated to the same metal ion in the 
"tetrahedral" Co(I1) and Cu(I1) complexes (44). Motekaitis 
and Martell presented an MO theory model and derived a rela- 
tionship (eq. [I]) in which the intensity of the longest wave- 
length transition is assumed to change with the tetrahedral 
angle 0 between the ligands: 

Compound no. R R' R" R""" M2' 
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Bruckner et al 

There are, however, precautions to be taken when applying 
Martell's methodology for determination of the interligand 
dihedral angle. The prerequisite that the ligands are flat and 
coordinate in exactly the same MN, fashion to the complexes 
to be compared must be strictly fullfilled. Fergusson and co- 
workers (22), for instance, published the crystal structure anal- 
ysis of the palladium chelate of 3,3',5,5'-tetramethyl-4,4'- 
diethoxycarbonyldipyrrin in which the dipyrrin unit was not 
planar. The tendency for palladium to achieve square-planar 
coordination geometry is strong enough to distort the planar 
ligand and to enforce a stepped arrangement of the ligands 
around the metal centre. With little change in transition 
energy, the extinction coefficients were reduced compared to 
the analogous tetrahedral cadmium, mercury, or zinc com- 
plexes. However, the application of eq. [ l ]  gives incorrect 
results when compared to the actual structures. A second 
example can be derived from examination of the literature. 
Based on the extinction coefficient of 31, Martell determined 
the dihedral angle of the copper analogue to be 40" (9). How- 
ever, considering the steric requirement of the ethoxycarbonyl 
moiety and setting it against the crystallographically deter- 
mined dihedral angle of 66" for 39 or values determined for 
the complexes 37-40, this value appears to be considerably 
too low. Murakami et al. investigated the IR spectrum and the 
ligand-field bands of this complex and proposed the involve- 
ment of the carbonyl oxygen in this copper chelate, giving a 
CuN402 coordination (41). In light of this it becomes apparent 
that the dihedral angle predicted by Martell's method had to be 
in error. In the present case, however, the prerequisites of sim- 
ilarly flat ligands forming in all cases a MN, coordination 
sphere are most likely fullfilled and, consequently, the theoret- 
ically determined values may be significant. Indeed, the X-ray 
crystal structure analysis for nickel complex 22 proved the 
value determined by Martell's method to be fairly accurate 
(3.5" deviation, Table 1). As for the copper chelate, a final 
experimental proof of the calculated value still awaits, but the 
value of 48" is in agreement with the calculated value of one 
other a-unsubstituted copper chelate 37 and, as expected, is 
significantly smaller than for the a-alkyl-substituted chelates. 
The calculated values for the copper chelates have to be taken 
with some reservation as shown by the discrepancies of the 
values determined by ligand field transition band analysis and 
by Martell's method. 

The change of the optical spectrum of 23 upon the addition 
of pyridine (Fig. 3) results from an expansion of the Zn-coor- 
dination sphere from tetrahedral ZnN, to a distorted tetragonal 
pyramid ZnNS. This forces the dipyrrinato ligands to take up a 
smaller dihedral angle, which probably accounts for the 
observed spectrum. The nickel chelate UV-VIS spectrum 
shows only a slight change upon addition of pyridine. This is 
analogous to, for instance, the reluctance of the square- planar 
nickel(I1) porphyrins to expand their coordination sphere and 
the small changes in their optical spectrum associated with 
any additional coordination (45). This effect is even more pro- 
nounced in the case of the Jahn-Teller ion copper(I1). 

Table 1. Selected UV-VIS data and dihedral angles of 
dipyninato chelates. 

Compound A,,, (log E)" Dihedral 
no. (nm) angle ( 0 ) b  Reference 

This work 

This work 

This work 

"Longest wavelength rc* t rc transition. 
bBetween planes formed by the ligands. 
'p-NO,-phenyl. 

CHICI,. 
'In CHCI,. . 
'Solvent not specified. 
gAssumed angle. 
"Calculated according to Motekaitis et al. (9). 
'From X-ray single crystal structure. 
'Based on ligand field transition analysis (26). 

8 is the tetrahedral angle, ee is the extinction coefficient of a 
reference compound known to be tetrahedral, i.e., 8 = 90°, 
and ee is the extinction coefficient of a similar compound 
whose geometry is to be determined. According to eq. [ l] ,  the 
calculated tetrahedral angle in the meso-phenyldipymn nickel 
complex 22 would be 42", and in the copper complex 24,48". 

Magnetic properties 
The magnetic properties of nickel(I1) complexes with N-donor 
ligands may permit conclusions regarding their coordination 
geometry. Square-planar complexes are typically diamag- 
netic, and tetrahedral complexes paramagnetic (43). All 
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Fig. 4. ORTIP plot (stereoview) of 22; 33% 
the non-hydrogen atoms. 

c9 ? 

probability thermal ellipsoids are shown for 

c9 ? 

nickel(I1) chelates of dipyrrins have been described as para- 
magnetic and, therefore, their description as distorted tetrahe- 
dral rather than distorted square planar is plausible regardless 
of the actual dihedral angle between the ligands. To our sur- 
prise, the nickel chelates 21 and 22, as judged by the sharp 'H 
and I3c NMR, proved to be diamagnetic. This suggests that 
they are (distorted) square planar. On the basis of a compari- 
son of the steric interactions in the cyclic and planar [meso-tet- 
raphenylporphyrinato]nickel(II) (41) or the cyclic and saddle- 
shaped [5,15-dimethyl-5,15-dihydrooctaethylporphyrinato]- 
nickel(I1) (42) (46), it becomes clear that a planar coordination 
can be excluded since the two a-hydrogens of the opposing 
ligands would occupy the same space (given standard Ni-N 
bond lengths) in case of square- planar coordination. To unam- 
biguously answer the question about the dihedral angles in the 
nickel chelate, an X-ray crystal structure analysis of a single 
crystal of 22 was undertaken. 

Crystal structure analysis 
An ORTEP representation of 22 as it exists in the crystal 
together with the numbering system employed in Tables 2 and 
3 is shown in Fig. 4. Atom coordinates and Beq are listed in 
Table 2. Selected bond parameters are listed in Table 3, and 
the crystallographic data are listed in Table 4. 

The molecule has D2 symmetry, which makes the two 
ligands equivalent and endows a C2-axis passing through the 
p-hydrogens of the meso substituent, the methine carbons, and 
the central metal. The planes of the two essentially planar 
dipyrrin ligands enclose a dihedral angle of 38.5", in close 
agreement with the calculated value of 42". The equivalent 
angle in [3,3',5,5'-tetramethylpyrrinato]nickel(II) (33) is, as 
mentioned above, 76.3" (24). The small angle results directly 
from the smaller size of the a-H as compared to the a-methyl 
group. The bite angle N-Ni-N, of the ligand is 94.3", which is, 
within the experimental uncertainty, equal to the bite angle 
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Table 2. Atom coordinates and B," for 22. 

Atom 

Ni(1) 
N(1) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 

'BC4 = 8/3nZ(CCUcai*aj*(ai*aj). 

Table 3. Selected bond distances and bond angles for 22." 

Atoms Distance (A) Atoms Angle (") 

Ni(1)-N(l) 1.879(2) N(1)-Ni(1)-N(l)= 94.3(1) 
N(l)--C(4) 1.336(3) N(1)-Ni(1)-N(l)= 92.1(1) 
c ( 1 ) 4 ( 5 )  1.390(3) Ni(1)-N(1)-C(4) 123.4(2) 
c(3)--C(4) 1.396(4) N(1)-C(1)-C(2) 108.0(2) 
c ( 6 ) 4 ( 7 )  1.374(3) C(2)-C(1)-C(5) 128.2(2) 
c ( 8 ) 4 ( 9 )  1.355(4) C(2)-C(3)-C(4) 106.7(3) 
N ( 1 ) 4 ( 1 )  1.404(3) c(l)-c(5)-c(l)c 123.5(3) 
c ( 1 ) 4 ( 2 )  1.405(4) C(5)-C(6)-C(7) 120.5(2) 
c ( 2 ) 4 ( 3 )  1.360(4) C(6)-C(7)-C(8) 120.3(3) 
C(5)-C(6) 1.505(4) C(8)-C(9)-C(8), 120.9(4) 
C(7)-C(8) 1.400(4) ( 1 - ( 1 - ( 1  152.5(1) 

Ni(1)-N(1)-C(1) 128.6(2) 
C(1)-N(1)-C(4) 106.2(2) 
N(1)-C(1)-C(5) 123.4(2) 
C(1)-C(2)-C(3) 107.8(2) 
N(1)-C(4)-C(3) 11 1.3(3) 
C(1)-C(5)-C(6) 1 18.2(1) 
c(7)-C(6)-c(7), 118.9(3) 
C(7)-C(8)-C(9) 119.7(3) 

"Symmetry operations: (a) 114 - x,  114 - y, z; (b) x, 114 - y, 514 - z; 
(c) 114 - x,  y, 514 - z. 

observed for 33. The N-Ni-N,, angle is 152.5". Unlike in the 
latter structure, no distortion in the sense of a deviation of 
colinearity of the two local twofold axes of each Ni-ligand 
group can be detected. The four Ni-N distances are equal 
(1.879(2) A), and unusually short for complexes of this kind. 
We regard this effect to be partially due to the reduced ionic 
radius of the d8 low spin ion vs. the high-spin congener in 33 
(47) and partially due to the reduced interligand steric interac- 
tions. The extent of the steric effect becomes perceptible if the 
bond length is compared to those in related nickel complexes 
33, nickel porphyrin (41), a ruffled nickel porphyrin (42), and 
a 5,lO-dihydroporphyrin system (43) as listed in Table 5. The 
quasi-rigid porphyrin core (in complex 41) resists undue radial 
expansions or contractions in the equatorial plane of the core. 
Therefore, the metal - porphyrin nitrogen bond lengths are 

Table 4. Crystallographic data for compound 22." 

Formula 
fw 
Crystal system 
Space group 
a, A 
b, A 
c, A 
v, A3 
z 
Dc,,,, g/cm3 
F(OO0) 
k. cm-' 
Crystal size, mm 
Transmission factors 
Scan type 
Scan range, deg in w 
Scan speed, deglmin 
Data collected 

28max7 deg 
Crystal decay, % 
Total reflections 
Total unique reflections 
Reflections with I 5  3 o ( ~ ~ )  
No. of variables 
R 
Rw 

go f 
Max N o  (final cycle) 
Residual density e/A3 

C30H22N4Ni 

497.23 
Orthorhombic 
Fddd 
17.156(3) 
35.217(1) 
7.886(1) 
4764.4(9) 
8 
1.386 
2964 
8.41 
0.20 x 0.30 x 0.40 
0.877-1.000 
w-28 
0.94 + 0.35 tan 8 
16 (up to 8 rescans) 
+h, +k, +1 
70 
2.3 
2874 
2874 
1058 
82 
0.040 
0.031 
2.00 
0.0002 
-0.44 to 0.42 

"Temperature 294 K, Rigaku AFC6S diffractometer, Mo Kol radiation 
(h = 0.71069 A), graphite monochromator, takeoff angle 6.0'. aperture 6.0 
x 6.0 mrn at a distance of 285 mm from the crystal, stationary background 
counts at each end of the scan (scanlbackground time ratio 2:l); a2(F2) = 
[S,(C + 4B)]ILp2 (S = scan rate, C = scan count, B = normalized 
background count), function minimized Cw (IFJ - IF&' where w = 
4F21a2(~2),  R = CIIFJ - IF,IIICIFJ, R,, = (Cw(lF, - IF,~)~ICWIF,I~)"~, and 
gof = [Cw(lFJ - IF,I)21(rn - n)]'". Values given for R, R,,, and gof are 
based on those reflections with I 5  3a(F2). 

Table 5. Ni-N bond lengths of selected tetrapyrrolic nickel 
complexes. 

Compound Ni-N bond 
no. length (A) Reference 

22 1.879(2) This work 
27 1.952(7) (averaged) 24 
42 1.904(5) (3 out of 4) 46 
43 1.929 48 
41 1.96" 49, 51 

"Typical value for nickel porphyrins. 

restricted relative to the normal range of values that are found 
in metal - monodentate nitrogen ligand bond lengths, which 
results in a "stretched" bond length of - 1.96 A. Ruffled nickel 
porphyrins can reduce the bond length by about 0.03 A; in the 
saddle-shaped 42, which is essentially a strapped bisdipyrri- 
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Fig. 5. Intraligand bond lengths, and limiting resonance structures 
of the dipyrrinato ligand. 

nato nickel(I1) compound, the bond length is a further 0.025 A 
shorter. The removal of the ligand strap concomitant with the 
introduction of a-methyl groups introduces severe steric inter- 
actions in 33 but allows for a large dihedral angle, nonetheless, 
a long Ni-N bond length is recorded for this class of com- 
plexes. Removal of a large portion of this interaction by the 
replacement of the methyl groups with hydrogens in 22 allows 
the two ligands to achieve "pseudo-planarity" and results in 
the shortest Ni-N bond length of its class. 

Inspection of the intraligand bond lengths reveals that two 
types of C-N bonds exist, a short C,-N bond and a long 
C,,-N bond. The differences can be accounted for in terms of 
a resonance description of the a-electrons in the ligand mole- 
cule. Figure 5 shows the two limiting resonance structures and 
the associated bond lengths. According to this simplified pic- 
ture, the C, -N bond would receive partial a-contribution, 
the Cat-N bond would not. The difference in double bond 
character of these bonds explains the observed bond length 
differences in a qualitative way. The deviation of the C,,-N 
bond length from the expected 1.42 A for a C-N single bond 
reflects the aromatic character of the pyrrole unit itself, albeit 
the analogous bond length in pyrrole is about 0.04 A shorter 
(50). The Ca,-C,n,,, bond and the C, -Cp bond have a for- 
mal bond order of 1.5, and hence their bond lengths are as 
expected. The mean plane of the meso-phenyl group is tilted 
58. I" with respect to the mean plane of the dipyrrin unit. This 
deviation from the, perhaps, expected orthogonal finds its par- 
allels in the structure of meso-tetraphenylporphyrins (38, 51). 

NMR spectroscopy 
The 'H and I3c NMR data of the diamagnetic metal chelates 
21-23 are largely as expected, and similar to the spectra of the 
protonated ligands. One noticeable exception is a large low 
field shift of the a-protons in the nickel chelates 21 and 22, i.e., 
a shift of +2.48 ppm for 22 as compared to the zinc analog 23. 
This also is evidence of the small dihedral angle of the ligand 
mean planes in the nickel complex. The a-protons experience 
shielding effects of both the aromatic dipyrrinato systems and 
thus are more shielded than in the tetrahedral zinc complex, 
where such "double" shielding cannot occur. 

Conclusion 

The meso-phenyl-4,6-pyrrins can be conveniently prepared 
from the corresponding dipyrromethanes. They exhibit prop- 
erties similar to previously described alkyl-substituted dipyr- 
rins with the exception that they exhibit a significantly higher 
a *  t a transition energy as judged by their hypsochromically 
shifted UV-VIS spectra. The meso-phenyldipyrrins form 

metal complexes with nickel(II), copper(II), and zinc(I1). 
Their spectroscopic data can be rationalized in the context of 
the previously described dipyrrinato complexes; however, the 
lack of a bulky a-substituent allows unique properties to this 
class of ligands. Based on optical and 'H NMR data, the zinc 
complex can be assigned a tetrahedral structure. Both the 
nickel and the copper complex can be described as distorted 
square-planar complexes. The distortion from planarity of the 
nickel complex was predicted to be 42", based on UV-VIS 
data analysis. An X-ray crystal structure analysis determined 
the angle to be 38.5" and the Ni-N distance to be 1.879(2) A. 
This is the smallest angle and the shortest Ni-N bond length 
recorded for dipyrrinato complexes. As a consequence of this, 
and in contrast to previously described [dipyrrinato]nickel(II) 
complexes, the [meso-phenyldipyrrinato]nickel(~~) complexes 
are diamagnetic. The stereochemistry of the copper complex 
is assumed to be similar to that of the nickel complex. Studies 
to utilize the unique steric requirement of the m e ~ o - ~ h e n ~ l -  
dipyrrin ligand, e.g., to form coordination polyhedra with no 
precedent in the dipymnato field, such as octahedral 
M(III)(ligand), complexes, are currently under way in our lab- 
oratories. 

Experimental section 

Instrumentation and materials 
Melting points were determined on a Thomas model 40 Micro 
Hot Stage and are uncorrected. The infrared spectra were mea- 
sured with a Perkin-Elmer model 834 FT-IR instrument. The 
NMR spectra were measured with a Bruker AC 200 FT spec- 
trometer and are expressed in parts per million (6) relative to 
the external standard TMS. The low- and high-resolution mass 
spectra were obtained by Dr. G. Eigendorf and co-workers of 
this department using an AEI MS9 and a Kratos MS50 spec- 
trometer, respectively. The electronic spectra were measured 
on a HP 8452A photodiode array spectrophotometer. Elemen- 
tal analyses were performed by Mr. P. Borda of this depart- 
ment on a Fisons CHNIO Analyzer, model 1108. 

meso-Phenyldipyrromethane 15 was synthesized according 
to the procedure of Lee and Lindsey (10). All other reagents 
and solvents were commercially available and of reagent 
grade or higher, and were, unless otherwise specified, used as 
recieved. The silica gel used in flash chromatographies was 
Merck Silica Gel 60, 2 3 M 0 0  mesh. 

5-(4-Nitropheny1)dipyrromethane (16) 
Nitrobenzaldehyde (18) (3.0 g, 19.87 rnmol) was dissolved in 
freshly distilled pyrrole (19) (44.0 g, 0.66 mol). The mixture 
was degassed by bubbling with N2 for 10 min. TFA (0.15 mL, 
0.1 equiv based on the benzaldehyde) was added and the mix- 
ture was stirred under N2 until no starting aldehyde could be 
detected by TLC (ca. 15 min). The volume of the slightly yel- 
low mixture was reduced under high vacuum at 50°C to a vis- 
cous oil. This oil was dissolved in CH2C12 (100 mL) and 
cyclohexane (50 mL) was added. Without heating, the mixture 
was reduced on the rotary evaporator until precipitation just 
began. Scratching with a glass rod caused rapid crystallization 
of an slightly greenish solid which, after drying at 50°C/0.2 
Torr (1 Torr = 133.3 Pa) for 24 h gave 3.85 g (71.2%) of ana- 
lytically pure compound 16. A second crop of lesser purity 
was obtained from the mother liquor upon further evaporation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



(0.55 g, 10.3%); mp 158°C; UV-VIS (MeOH) A,,, nm (rel. 
intensity): 222 (1.0), 266 (0.77); 'H NMR (200 MHz) 6: 5.58 
(s, 1H),5.87 (m,2H),6.18(dd, J =  11.8,2.5Hz,2H),6.74(m, 
2H),7.37(d,J=11.8Hz,2H),7.95(brs,2H),8.14(d,J=11.8 
Hz, 2H); ',c NMR (50 MHz) 6: 43.8, 107.8, 108.8, 1 18.0, 
123.8, 129.2, 130.8, 146.9, 149.7; LR-MS (EI) m/e: 267 
( 100.0, M'), 220 (9.7, MH+ - NO,), 20 1 ( 16.3, M' - C4H4N), 
154 (9.7), 145 (47.3, MH' - Ph - NO,). Exact Mass calcd. 
for ClSH,3N302: 267.10078; found: 267.10080. Anal. calcd. 
for ClSHI3N30,: C 67.41, H 4.9, N 15.72; found: C 67.23, H 
4.98, N 15.62. 

5-Phenyl-4,6-dipyrrin (2) 
meso-Phenyldipyrromethane (15) (500 mg, 2.25 mmol) was 
dissolved with the help of a heat gun in benzene (25 mL). A 
solution of 2,3-dichloro-5,6-dicyano- 1,4-benzoquinone (537 
mg, 2.35 mmol) dissolved in benzene (5 mL) was added and 
the mixture stirred until no starting material could be detected 
by tlc (1 h). The black precipitate was filtered off and air-dried 
to provide 440 mg (85 %) of crude 2, which was used for metal 
complex formation. An analytical sample was purified by col- 
umn chromatography (silica gel, 25 g, 1% MeOH in CHCl,). 
The bright yellow main fraction was collected and evaporated 
to dryness. The yellow film was dissolved in acetone (20 mL) 
and precipitated by diffusion of cyclohexane into this solution 
to yield a yellow-brown precipitate (55.0 % based on crude 
material); mp 184°C; IR (neat): 1555, 1450, 1435, 1340, 1055 
cm-'; UV-VIS (CH,Cl, - 0.5% MeOH - trace NH40H) A,,, 
(log E): 310 (3.75), 434 (4.10) nm; (CH,Cl, - 0.5% MeOH - 
trace HCl) A,,, (log E): 354 (4.02), 466 (4.65) 'H NMR (200 
MHz, acetone-d,) 6: 6.39 (m, 2H), 6.47 (d, J = 3.5 Hz, 2H), 
6.39-6.47 (m, 5H), 7.78 (s, 2H), -12.5 (s, very broad, 1H); 
',c NMR (50 MHz, acetone-d,) 6: 118.3, 128.5, 129.2, 129.7, 
13 1.3, 135.0, 138.0, 144.6; nm; LR-MS (EI, 180°C) m/e: 220 
(77, M'), 219 (100, M' - H). Exact Mass calcd. for ClSH12N2: 
220.10005; found: 220.10012. A consistent elemental analysis 
(deviation 3.0% from the calculated values) could not be 
achieved, possibly due to varying amounts of solvation and 
(or) salt formation. 

5-(4-Nitropheny1)-4,6-pyrrin (20) 
This compound was prepared from 16 by a method analogous 
to that used for the preparation of compound 2. Yield after 
chromatography: 59%; mp 189-191°C; IR (neat): 1555,1520, 
15 15,15 10,1450,1340,1050 cm-'; UV-VIS (CH,Cl, - 0.5% 
MeOH - trace NH40H) A,,, (log E): 264 (3.99), 300 (4.08), 
434 (4.38) nm; (CH,Cl, - 0.5% MeOH -trace HCl) A,,, (log 
E): 258 (4.16), 336 (4.17), 470 (4.74) n m ; ' ~  NMR (200 MHz, 
acetone-d,) 6: 6.21 (m, 2H), 6.40 (m, 2H), 7.36 (d, J = 8 Hz, 
2H), 7.55 (s, 2H), 7.96 (d, J = 8 Hz, 2H), - 12.0 (very broad, 
1H); ',c NMR (50 MHz, acetone-d,) 6: 119.0, 123.7, 128.8, 
128.9, 132.4, 139.5, 140.9, 144.6, 145.6; LR-MS (EI, 150°C) 
m/e: 265 (100, M'), 234 (18.8, MH+ - 20), 228 (68.2), 218 
(96.5, M+ - HNO,). Exact Mass calcd. for CISH,,02N3: 
265.085 1 ; found: 265.0850 1. 

Bis[S-(4-nitropheny1)-4,6-pyrrinatolZn(I1) (23) 
To a solution of dipymn 20 (100 mg, 3.77 x lo4 mol) in 
MeOH (10 mL) was added zinc acetate dihydrate (420 mg, 5 
equiv.) in MeOH (10 rnL) and the mixture was heated on a 
water bath for 4 h. The mixture was evaporated to dryness on 

the rotary evaporator and the remaining solids were tritrurated 
with CHC1,. The resulting bright orange-yellow solution was 
filtered though a short plug of silica gel and allowed to slowly 
evaporate. Compound 23 was obtained as dark orange lumps 
with a bright green metallic lustre, which were, after drying 
(0.1 Torr/50°C), analytically pure (180 mg, 81%); mp > 
300°C; IR (neat): 1590, 1541, 1515, 1405, 1372, 1335, 1243, 
1190, 1025, 995 cm-'; UV-VIS (CH,Cl,) A,,, (log E): 486 
(4.97), 352 (4.08), 308 (4.30), 272 (4.42) nm; (pyridine) A,,, 
(rel. intensity): 440 (0.2), 316 (1.0); 'H NMR (200 MHz, 
CDCI,) 6: 6.45 (dd, J =  0.8, 4.2, lH), 6.59 (dd, J =  0.8, 4.2, 
lH), 7.59 (s, lH), 7.75 (d, 9.2 Hz, lH), 8.35 (d, 9.2 Hz, 1H); 
LR-MS (EI) m/e: 592 (40.3, M+), 295 (88.8), 280 (48.7), 265 
(100, ligand'). Anal. calcd. for C30H20N604Zn: C 60.63, H 
3.39, N 14.1; found: C 60.71, H 3.3, N 14.00. 

Bis[S-(4-nitropheny1)-4,6-pyrrinatolNi(I1) (21) 
Compound 20 was prepared using the procedure for the prep- 
aration of 23. Slow evaporation of a CHC1, - 1 % MeOH solu- 
tion of 21 yielded a dark brown-orange microcrystalline 
material, which was, after drying (0.1 Torr/50°C) analytically 
pure; mp, 230°C; IR (neat): 1595, 1555, 1520, 1335, 1370, 
1240, 1040, 1020,995 cm-'; UV-VIS (CH,C,) A,,, (log 274 
(4.58), 3 18 (4.47), 484 (4.63) nm; (MeOH) A,,, (rel. intensity): 
272 (0.47), 292, sh (0.45), 466, sh (0.96), 482 (1.0) nm; (pyri- 
dine) A,,, (rel. intensity): 3 16 (1.0), 456, br (0.43), 486 (0.48); 
'H NMR (200 MHz) 6: 6.66 (d, J= 4.1 Hz, lH), 7.52 (d, J= 8.6 
Hz, lH), 8.26 (2 overlapping d, 2H), 10.83 (s, lH); LR-MS (EI, 
180°C) m/e: 586 (48.3, M'), 539 (15.6, M' - HNO,), 464 
(1 5.3, M' - Ph - NO,). Exact mass calcd. for C30H20N6Ni04: 
586.08997; found: 586.08992. Anal. calcd. for C30H20N6Ni04: 
C 61.36, H 3.43, N 14.31; found: C 6.57, H 3.36, N 14.20. 

Bis[S-(4-nitropheny1)-4,6-pyrrinato]Cu(II) (24) 
Dipyrrin (20) (100 mg, 3.77 mmol) was dissolved in minimal 
warm MeOH (-5 mL) and, with stimng, a solution of copper 
acetate monohydrate (380 mg, 5 equiv) in MeOH (5 mL) and 
concentrated ammonia (0.5 mL) was added. The metal com- 
plex precipitated from the dark orange solution almost instan- 
taneously. The precipitate was filtered off after stimng for 12 
h at room,temperature, then dried and chromatographed on a 
short (10 x 2.5 cm, 1% MeOH - CHC1,) column of silica gel. 
The first intensely orange band was collected and slow evap- 
oration of the solvent furnished 160 mg (72%) of the metal 
complex 24 as black needles with a green metallic lustre. 
Alternatively, repeated recrystallization from CHC1,-MeOH 
yields dark green, dichroic microcrystals with a metallic lus- 
tre. After drying (0.1 Torr/50°C) an analytically pure sample 
was obtained; mp > 300°C; UV-VIS (CHCl,) A,,, (log E): 
274 (4.52), 314 (4.21), 368 (4.26), 474 (4.72) nm; (MeOH) 
A,,, (rel. intensity): 268 (0.72), 308 (0.47), 374 (0.39), 468 
(1.0), 502, sh (0.53); LR-MS (EI) m/e: 591 (6.6, M'), 295 
(loo), 280 (68.6), 264 (44.3), 248 (26.5), 234 (49.0). Exact 
Mass calcd. for C ~ ~ H , ~ O ~ N , ~ ~ C U :  593.08240; found: 
593.08305. Anal. calcd. for C30H20C~N604: C 60.63, H 3.39, 
N 14.15; found: C 60.70, H 3.54, N 14.03. 

Bis[S-phenyl-4,6-pyrrinatolNi(I1) (22) 
Prepared in 76% yield in an analogous fashion as described for 
23. Slow evaporation of an acetone solution gave 22 as dich- 
roic crystals; mp (dec.) 240°C; IR (neat): 1575, 1535, 1505, 
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1410, 1380, 1345, 1245, 1035, 1030, 1000 cm-I; UV-VIS 
(CHCl,) A,,, (log E): 324 (4.33), 472 (462) nm; (MeOH) A,,, 
(rel. intensity): 264 (0.18), 314 (0.23), 458 (0.83), 478 (1.0); 
'H NMR (300 MHz, CDC1,) S: 6.73 (d, J =  4.6 Hz, 4H), 7.38- 
7.46 (m, lOH), 7.60 (d, J =  4.5 Hz, 4H), 9.63 (s, 4H); 13c NMR 
(50 MHz, CDCI,) 6: 127.4, 129.1, 130.7, 134.5, 136.8, 139.4, 
143.7, 147.7, 173.0; LR-MS (EI, 200°C) m/e: 496 (100, M'), 
430 (18.8), 419 (18.2), 219 (74.8). Exact Mass calcd. for 
C30H22N4Ni: 496.1 1978; found: 496.12071. Anal. calcd. for 
C30H22N4Ni: C 72.47, H 4.46, N 11.27; found: C 72.33, H 
4.70, N 1 1.3. 

X-ray crystallographic analysis of bis[5-phenyl-4,6- 
pyrrinatolNi(I1) (22) 

Crystallographic data appear in Table 4. The final unit-cell 
parameters were obtained by least squares on the setting 
angles for 25 reflections with 20 = 23.3"-33.6". The intensities 
of three standard reflections, measured every 200 reflections 
throughout the data collection, decayed linearly by 2.3%. The 
data were processed, corrected for Lorentz and polarization 
effects, decay, and absorption (empirical, based on azimuthal 
scans for three reflections). The structure was solved by direct 
methods, the coordinates of the non-hydrogen atoms being 
determined from an E-map or from subsequent difference 
Fourier syntheses (52). The molecule has exact D2 (crystallo- 
graphic 222) symmetry. Non-hydrogen atoms were refined 
with anisotropic thermal parameters and hydrogen atoms were 
fixed in calculated positions with C-H = 0.98 A and BH = 1.2 
Bbonded atom. NO correction for secondary extinction was neces- 
sary. Neutral atom scattering factors for all atoms and anoma- 
lous dispersion corrections for the non-hydrogen atoms were 
taken from the International Tables for X-Ray Crystallogra- 
phy (53). Hydrogen atom parameters, anisotropic thermal 
parameters, torsion angles, intermolecular contacts, scheme of 
the unit cell, symmetry operators, and least-squares planes are 
included as supplementary material.2 
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Absorption spectroscopy of (Ind)Ni(PPh,)X 
(Ind = indenyl, I-Me-indenyl; X = CI, Br, Me) and 
M(lnd), (M = Ni, Ru; Ind = indenyl) 

Malken Bayrakdarian, Martin J. Davis, Christian Reber, and Davit Zargarian 

Abstract: The electronic structures of two types of transition metal indenyl complexes have been studied. The first type, a series 
of (Ind)Ni(PPh,)X compounds (Ind = indenyl, 1-Me-indenyl; X = C1, Br, Me) was investigated by absorption spectroscopy and 
Extended Huckel Molecular Orbital calculations. The energy differences between calculated levels are in good agreement with 
experimental band positions. For example, the lowest energy singlet-singlet band maximum for (Ind)Ni(PPh,)Cl is at 
19 500 cm-I and the calculated HOMO-LUMO difference is 19 817 cm-I. For X = Me, the calculated energy difference 
increases to 21 930 cm-I and the corresponding absorption band is at 22 500 cm-I. The influence of the metal-ligand interactions 
on the molecular orbitals is discussed. The second category of indenyk'the bis(indeny1) compounds of Ni and Ru, show 
absorption spectra that are markedly different from those of nickelocene and ruthenocene. For example, in comparison to 
nickelocene, the first absorption band of Ni(Ind), is 5700 cm-' higher in energy and is more intense by two orders of magnitude; 
in contrast, the first absorption maximum of Ru(Ind)? is 6600 cm-' lower in energy than observed for ruthenocene. The 
characteristics and relaxation dynamics of the lowest energy excited states are discussed. 

Key words: absorption spectroscopy, indenyl, nickel, ruthenium, EHMO analysis. 

RCsumC : Nous avons ttudiC la spectroscopie tlectronique de deux types de composts dont l'tltment de transition est lit B un ou 
deux ligands indCnyle. Les spectres d'absorption des composts (Ind)Ni(PPh,)X (Ind = indCnyle, I-mtthylindtnyle; X = C1, Br, 
mtthyle) sont prCsentCs. Les maxima des bandes sont cornparks aux differences d'tnergie entre orbitales moltculaires calculCes 
avec la mCthode (<Extended Huckelr. Un exemple illustratif en est la premikre bande singulet-singulet du (Ind)Ni(PPh3)Cl qui 
est mesurCe B 19 100 cm-', trks proche B la difference d'Cnergie HOMO - LUMO calculte de 19 817 cm-I. Pour le composC 
(Ind)Ni(PPh3)Me la bande correspondante est dtcalte vers une Cnergie plus ClevCe dont le maximum est B 22 500 cm-'. La 
difftrence HOMO-LUMO calculte est de 21 930 cm-I. L'influence des difftrents ligands sur les caracttristiques des orbitales 
moltculaires est discutCe. Les composCs de la 2' catCgorie ttudite sont du type M(Ind),, avec M = Ni, Ru. Leurs spectres sont 
comparCs B ceux du nicktlockne et du ruthtnock.ne. Lapremikre bande du Ni(Ind), est B une Cnergie de 5700 cm-I plus ClevCe que 
celle du nickelockne et son intensit6 est plus grande de deux ordres de grandeur. La premikre bande du Ru(Ind), se trouve a une 
Cnergie de 6600 cm-' plus basse que celle du ruthtnockne. Les caracttristiques du premier ttat excite et les mtcanismes de 
relaxation sont discutts. 

Mots clis : spectroscopie d'absorption, indCnyle, nickel, ruthtnium, analyse EHMO. 

Introduction 

Metallocene and mono-Cp (Cp = cyclopentadienyl) com- 
plexes of transition metals have fascinated chemists over the 
past four decades for many reasons, including their unusual 
electronic structures, interesting patterns of reactivity, and the 

Received March 12, 1996. 

This paper is dedicated to Professor Howard C. Clark in 
recognition of his contributions to Canadian chemistry. 

M. Bayrakdarian, M.J. Davis, C. Reber,' and D. ~ a r ~ a r i a n . '  
DCpartement de chimie, Universitt de MontrCal, C.P. 6128, 
succursale Centre-ville, Montrtal, QC H3C 357, Canada. 

Authors to whom correspondence may be addressed. 
Telephone: (5 14) 343-7332 (C.R.) and (5 14) 343-2247 (D.Z.). 
Fax: (5 14) 343-7586. E-mail: reber@ere.umontreal.ca and 
davitz@ere.umontreal.ca. 

particular symmetry inherent in their molecular structures. 
The nature of the interaction between the orbitals of the Cp  
ligand and the metal centre (M) is of key importance to these 
properties and has been the subject of numerous theoretical 
and experimental investigations (1, 2). In contrast, the chem- 
istry of complexes containing ligands analogous to Cp, such as 
the indenyl and the fluorenyl ligands, remains much less 
developed. The limited studies of this class of complexes have 
nevertheless demonstrated that the presence of benzo moieties 
in these ligands often leads to significant changes in the prop- 
erties of their complexes. For instance, certain indenyl and flu- 
orenyl complexes exhibit ligand substitution reaction rates 
that are orders of magnitude larger than those seen for their Cp 
analogues (3). Similarly, a number of stoichiometric and cata- 
lytic reactions are better promoted by some indenyl complexes 
relative to the Cp analogues (4-6). Such enhancement of reac- 
tivity is conventionally attributed to the flexible hapticity of 
the indenyl and fluorenyl ligands, which provides a means for 
stabilizing the reaction intermediates (3). 

Can. J. Chem. 74: 21942200 (1996). Printed in Canada I Imprirnt au Canada 
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As part of an ongoing research program to develop the 
chemistry of late metal Ind complexes (Ind = indenyl and its 
substituted derivatives), we have begun a systematic investi- 
gation of the electronic spectra of a series of late metal mono- 
and bis-Ind complexes. This investigation has two main com- 
ponents: on the one hand, comparisons of structural and spec- 
troscopic features of analogous Cp and Ind complexes are used 
to pinpoint the salient differences in the M-Cp and M-Ind 
interactions; on the other hand, Extended Hiickel Molecular 
Orbital (EHMO) calculations are carried out where necessary 
in order to determine the relative energies of metal and ligand 
orbitals and their varying contributions to the overall bonding 
picture in these complexes. An attempt is then made to draw 
correlations between the emerging MO diagrams and the 
observed structural and spectral differences for the species 
considered. This approach has the potential to improve our 
understanding of some of the underlying reasons for the major 
differences between Cp and Ind complexes. The present paper 
reports the results of our studies on the indenyl complexes 
IndNi(PPh,)X and M(Ind), (M = Ni and Ru). 

Experimental 

Materials 
The preparative work was carried out using standard Schlenk 
techniques and an argon-filled dry box; the solvents were dried 
and distilled before use following established procedures. The 
complexes NiCp, and RuCp, were purchased from Aldrich 
and purified by vacuum sublimation prior to use. Ni(Ind), (7, 
8) and Ru(Ind), (9) were prepared according to literature pro- 
cedures. Reacting (PPh,),NiX, (X = C1 and Br) with IndLi 
(Ind = indenyl and 1-Me-indenyl) furnished the complexes 
(Ind)Ni(PPh,)X, which were, in turn, reacted with MeMgBr or 
MeLi to give the methyl derivatives (X = Me). A more detailed 
description of the preparation and characterization of the com- 
pounds (Ind)Ni(PPh,)X, including their solid state structures, 
is given elsewhere (10). 

Spectroscopy 
The sample solutions were prepared in a glove box using dry 
solvents. Typical concentrations were on the order of M. 
Absorption spectra were measured in 1 cm quartz cells capped 
with recessed Subamseal septa (Aldrich) on a Varian Cary 5E 
spectrometer. 

Extended Hiickel Molecular Orbital (EHMO) calculations 
EHMO calculations were carried out using a program package 
based on the ICON code (1 1, 12). Atomic coordinates and unit 
cell parameters obtained from X-ray diffraction data (10) were 
transformed to a Cartesian coordinate system by the program 
package. Standard values were used for all parameters describ- 
ing atomic orbitals. A maximum of 58 atoms and 156 valence 
orbitals were used. Atomic coordinates and summaries of the 
output for the EHMO calculations presented in Fig. 2 and 
Table 2 are provided as supplementary material.' 

- 

Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA OS2. 

Fig. 1. Schematic views of the two different Ind hapticities 
observed in (Ind)Ni(PPh,)X compounds. 

Results and discussion 

(a) Indenyl hapticity in (Ind)Ni(PPh,)X 
In theory, an idealized pentahapto indenyl ligand is one in 
which all carbon atoms of the five-membered ring are sym- 
metrically coordinated to the metal atom. In reality, however, 
most indenyl complexes display some deviation from this 
ideal r15 mode whereby the metal atom is somewhat less 
strongly coordinated to the ring-junction carbons (C3a and 
C7a). A number of parameters are used to measure the extent 
of such deviations, or "slip-fold distortions," including the so- 
called slip value, which is defined as AM-C = M-C,,,, (for 
C3a and C7a) - M-C,,,. (for C3 and C1) (8); thus, the 
smaller the slip value the less significant the distortion. The 
extent of "slippage" normally depends on the formal electron 
count of the complex such that most compounds with 18 or 
fewer electrons exhibit little distortion (e.g., ~e($-~nd),  with 
AM-C = 0.04 A (8)), whereas significant distortions are usu- 
ally found in compounds in which a pentahapto indenyl would 
place more than 18 electrons in the metal valence orbitals 
(e.g., ( r 1 3 - ~ n d ) ~ r ( ~ ~ e 2 ~ h ) 3  with AM-C = 0.79 A (13)). In 
some cases, however, slip-fold distortions might be larger than 
expected even in formally 18-electron compounds. For 
instance, even though the complexes (Ind)Ni(PPh,)Cl would 
be 18-electron species with pentahapto indenyls, their solid 
state structures show significantly slipped indenyls with 
AM-C = 0.25 A (10). The relatively large distortion 
observed here might be attributed to the tendency of Ni(I1) 
complexes to prefer 16- vs. 18-electron configurations. 

An even more unusual feature of the indenyl hapticity in the 
complexes (Ind)Ni(PPh,)Cl is that the displacement of Ni 
away from C3a and C7a is not towards C-2, as expected, but 
rather towards C-3, as illustrated in Fig. 1. This "sideways 
slippage" leads to unequal distances between the nickel atom 
and the carbons of the five-membered ring such that Ni-C7a 
> Ni-C3a > Ni-C1> Ni-C2 > Ni-C3 (10). Therefore, the 
hapticity of the indenyl ligand in these compounds a pears to P lie somewhere in the continuum defined by the $, q , and the 
(r11,r12) coordination modes. We have suggested that this side- 
ways slippage is caused by the different trans influences of the 
PPh, and C1 ligands (10). Consistent with this reasoning, 
replacing C1 in the Ind complexes by the higher trans influ- 
ence ligand Me results in a "symmetrically slipped" indenyl 
ligand, i.e., Ni-C1 = Ni-C3 and Ni-C3a = Ni-C7a (Fig. 
1). A similar situation exists in the analogous Cp complexes: 
in the complex (Me-Cp)Ni(PPh,)I the Ni-C distance for the 
carbon atom trans to PPh, is longer than that trans to iodide 
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Table 1. Wavelengths and wave numbers of absorption bands 
(molar absorptivities). 

Compound La, (nm); Em,, (cm-') ( E )  

Fig. 2. Absorption spectra of (Ind)Ni(PPh,)X compounds. 
(a) X = C1; Ind = indenyl (solid line), 1-Me-indenyl (dotted 
line); (b) X = Me; Ind = 1-Me-indenyl. 

Wavelength (nm) 

"In THF. 
qn EbO. 

16 18 20 22 24 26 

Wave number (crn-') x10-3 

(14), whereas in the alkyl analogue CpNi(PPh3)(CF3) all Ni- 
C bonds are fairly equal (15). 

To study the effect of the indenyl hapticity on the MO dia- 
gram and the electronic transitions of the complexes 
(Ind)Ni(PPh3)X, we have recorded their absorption spectra 
and carried out EHMO calculations, as described below. 

(b) Absorption spectra, band assignments, and EHMO 
calculations for (Ind)NiPPh3X 

The results of the absorption spectra for the complexes 
(Ind)NiPPh,X are summarized in Table 1, and the spectra for 
three selected indenyl compounds are presented in Fig. 2. The 
halo derivatives show similar absorption spectra consisting of 
a broad band (B) at approximately 520 nm followed by a more 
intense band centered at 410 nm (C), as illustrated in Fig. 2a. 
Methyl substitution at the 1 position of the indenyl ligand has 
only a small effect on transition energies, but appears to 
change the band intensities, as shown by the comparison in 
Fig. 2a and Table 1. Based on their intensities, these transitions 
are spin-allowed bands from the singlet electronic ground 
state, which have typical molar absorptivities of lo3-lo4 M-' 
cm-' (16). Weak, low-energy bands were observed for these 
complexes at ca. 700 nm (A), which most likely correspond to 
the spin-forbidden transition to the lowest energy triplet state. 
The weak intensity of this band is caused by the magnitude of 
the spin-orbit coupling, which for 3d metal ions normally leads 
to absorption bands ca. 100 times weaker than spin-allowed 
transitions (17). 

The methyl derivative (1-Me-indenyl)Ni(PPh3)Me shows a 
different spectrum than the halo compounds, as illustrated in 
Fig. 2b. A weak, low-energy band is observed at 543 nm (A'), 
again most likely corresponding to the transition to the lowest 
energy triplet state. A band of comparable intensity to the first 
spin-allowed band for the halide compounds is observed as a 
shoulder at 445 nm (B'), higher in energy by approximately 
3000 cm-' than for the compounds in Fig. 2a. A second band 
(C'), comparable in intensity to the band C of the halide com- 
plexes, is observed at an energy higher by 2000 cm-'. The 
inset to Fig. 2b shows the absorption spectrum of the methyl 
compound up to higher energy. An intense band is observed at 
339 nm, most likely corresponding to an allowed electronic 
transition; similar intense bands at this energy were observed 
for dilute solutions of some of the halide compounds (Table 
1). 

The spectra for the Ind complexes show qualitative similar- 
ities to those reported for the analogous Cp complexes (18). 
The latter show only one absorption band between 600 nm and 
400 nm with a molar absorptivity similar to those of the two 
bands observed for the Ind complexes in this region (Table 1). 
For example, the band maximum for CpNi(PPh,)Cl is at 5 12 
nm, the same wavelength as for the analogous Ind compound, 
and has a molar absorptivity of 900 M-' cm-' (18). At higher 
energy, an intense band is observed at 33 1 nm (E = 8500 M-' 
cm-'), very similar to the bands of the (Ind)Ni(PPh3)C1 com- 
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Table 2. Molecular orbital energies from EHMO calculations and main contributions from 
atomic orbitals in %." 

Compound HOMO-2 HOMO- 1 

(indenyl)Ni(PPh,)Cl 
eV -12.187 -12.091 
cm-' -6493 -5718 
Ni (34 28 33 
Cl(3p) <1 4 
C (2p, indenyl) 34 19 
p ( 3 ~ )  2 3 
C (2p, phenyl) 11  14 

(1-Me-indenyl)Ni(PPh,)CI 
eV -12.157 -12.036 
cm-' -6299 -5323 
Ni (34 37 20 
c1 ( 3 ~ )  <1 3 
C (2p, indenyl) 10 35 
p ( 3 ~ )  3 4 
C (2p, phenyl) 16 10 

(1-Me-indenyl)Ni(PPh,)Me 
eV -12.171 -11.768 
cm-' -7098 -3847 
Ni (34 28 9 
C (2p, methyl) <1 14 
C (2p, indenyl) 2 48 
p ( 3 ~ )  4 <1 
C (2p, phenyl) 30 2 

HOMO LUMO LUMO+l LUM0+2 

'The energy of the HOMO was set to 0 cm-' to simplify comparison to the spectra. Atomic orbitals 
contributing less than 1% to the MO are not included in the sums for indenyl and phenyl fragments. 

pounds in this region. Weak triplet transitions are reported 
between 600 and 800 nm. The maximum of the first spin- 
allowed band for CpNi(PPh3)Me is observed at an energy 
higher by 5800 cm-' than in the C1 analogue (18). A shift in the 
same direction, albeit smaller (3000 cm-'), was observed in 
the Ind compounds. 

The results of EHMO calculations carried out on the com- 
plexes (Ind)Ni(PPh,)X (Ind = indenyl and X = C1; Ind = l -Me- 
indenyl and X = C1 and Me) allow a qualitative assignment of 
the bands observed in the absorption spectra and can be used to 
discuss some of the important spectroscopic differences 
between the C1 and the Me compounds. The energy levels and 
orbital characteristics for the HOMO-LUMO energy range, 
which is the region of interest for low-energy electronic tran- 
sitions, are summarized in Fig. 3 and in Table 2. Very similar 
orbital energies were obtained for (indenyl)Ni(PPh3)C1 and (1 - 
Me-indenyl)Ni(PPh3)C1, in good qualitative agreement with 
their similar solid state structures and absorption spectra. The 
calculated HOMO-LUMO gaps of 19 817 cm-' and 19 898 
cm-' for the indenyl and 1-Me-indenyl compounds, respec- 
tively, are in excellent agreement with the energy of the first 
spin-allowed transition in the absorption spectra observed at 
approximately 19 500 cm-'. The energy of the second band in 
the spectra presented in Fig. 2a (ca. 24 000 cm-') corresponds 
to a number of energy gaps, so that in principle several 
transitions (e.g., HOMO-2+LUMO, HOMO-l+LUMO, 

HOMO+LUMO+l , and HOMO+LUM0+2) could contrib- 
ute to this band. 

In the case of (1-Me-indenyl)Ni(PPh,)Me, we calculate a 
HOMO-LUMO gap of 21 930 cm-', again in good agreement 
with the experimental transition energy of 22 500 cm-'. A 
number of orbital energy gaps correspond to the transition 
energy of the second, more intense band in the spectrum of 
this complex. Due to the absence of a center of inversion in our 
compounds, parity selection rules do not apply and even d-d 
bands have considerable intensities. The highest energy level 
included in Fig. 3 has mainly n* character on both the Ind 
ligands and the phenyl groups of PPh,, leading to an allowed 
transition from the HOMO. This transition corresponds to the 
intense band observed at approximately 29 500 cm-' in dilute 
solutions and calculated at 27 360 cm-', showing once again 
good agreement between the calculated energies and the spec- 
troscopic data. 

In the chloro compounds, the HOMO and LLTMO are pri- 
marily a combination of nickel 3d and indenyl n orbitals 
(Table 2). The main contribution to the higher energy orbitals 
LUMO+l and LUM0+2 comes from the Ind ligand and the 
phenyl groups of PPh,, respectively; this explains their fairly 
constant energy levels in all three compounds. The main dif- 
ference between the EHMO energies for the compounds in 
Fig. 3 concerns the LUMO and HOMO-1 orbitals, both of 
which are higher in energy for (Ind)Ni(PPh,)Me than for the 
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Fig. 3. EHMO energy levels for the three compounds whose 
spectra are presented in Fig. 2. The wave number scale applies to 
(1-Me-indenyl)Ni(PPh,)Me, with the energy of the HOMO set to 
0 cm-I for comparison with the spectroscopic data. 

_ _ - -  - - .- 
HOMO- I _ _ - -  

two chloro derivatives. The higher LUMO energy leads to a 
shorter wavelength for the first spin-allowed transition in the 
Ni-Me compound, as observed in the spectra. The higher 
energy of the HOMO- 1 level decreases the difference between 
the first and the following absorption transitions, a likely rea- 
son for the overlapping bands in Fig. 2b. The contributions 
from the Me ligand to the LUMO and HOMO- 1 orbitals are 3- 
4 times larger than those of the Cl ligand, as summarized in 
Table 2. 

The use of EHMO calculations to analyze the electronic 
spectra of our complexes seems justified in light of the general 
agreement between experimental transition energies and cal- 
culated energy gaps. The close correspondence between mea- 
sured absorption bands and calculated orbital energies is 
remarkable, especially in view of the simplifications involved 
in the EHMO. scheme and the neglected electron-electron 
repulsions (19). To be sure, the observed agreement might 
arise from a fortuitous cancellation of contributions from elec- 
tron-pairing energies and Madelung-type ionic interactions 
(20), both of which are neglected in the EHMO methodology. 
Nevertheless, our comparison indicates that the spectroscopic 
signatures for the different electronic structures of the com- 
pounds (Ind)Ni(PPh3)X are reflected in the EHMO calcula- 
tions. The match between spectroscopic and calculated data 
for the indenyl complexes studied here is in contrast to the dif- 
ficulties encountered in rationalizing the spectroscopic data 
for the analogous Cp compounds using semi-empirical MO 
calculations (18). We plan to undertake a broader study of a 
number of Ind and Cp complexes and to use more advanced 
semi-empirical MO techniques in order to investigate the ori- 
gins of this discrepancy and the limitations of our approach. 

(c) Indenyl hapticity in Ni(Ind), and Ru(Ind), 
Detailed descriptions of the solid state structures of Ni(Ind)? 
(8) and Ru(Ind), (21) have been reported in the literature. It is 
instructive for our analysis to briefly compare these structures 
to the corresponding Cp analogues. For example, nickelocene 
adopts a centrosymmetric structure with parallel, staggered, 
and very nearly planar Cp rings (approximate D5(, symmetry), 
and the Ni atom is displaced by only 0.03 A from the fivefold 
axes of the rings (22). In contrast, the two Ind ligands in 
Ni(Ind), are highly distorted toward trihapto coordination, 
with an average slip value of ca. 0.42 A. Thus, the flexible 
hapticity of the Ind ligands stabilizes Ni(Ind), by avoiding an 
unfavorable 20 electron configuration obtained in the pres- 
ence of two $-1nd ligands. A different situation exists in the 
two Ru compounds where the rings are planar, nearly parallel, 
and fully eclipsed and show no significant deviation from a 
pentahapto coordination. The similarity in the structures of 
Ru(Ind), and ruthenocene reflects the formal electron count of 
these complexes (18 electrons), which does not necessitate 
any distortions in the Ind compounds. 

We set out to study the electronic spectra of these bis(inde- 
nyl) complexes and compare them to the corresponding spec- 
tra for the metallocenes in order to examine the electronic 
consequences of replacing Cp ligands by Ind. The results of 
this study are described in the following section. 

(d) Absorption spectra and electronic structures of 
Ni(Ind), and Ru(Ind), 

The absorption spectra of the two bis-indenyl compounds are 
shown in Fig. 4 and their band energies and intensities are 
summarized in Table 1. The UV-visible spectrum of Ni(Ind), 
shows an intense, broad absorption band in the green spectral 
region with its maximum at 20 200 cm-' and a molar absorp- 
tivity of 3180 M-' cm-', very different from nickelocene 
whose lowest-energy absorption band is in the red spectral 
region with a first maximum at 14 500 cm-I and a much lower 
molar absorptivity of 60 M-' cm-I (23-25). The band maxi- 
mum of Ni(Ind), is higher in energy by 5700 cm-' and more 
intense by almost two orders of magnitude than in nickel- 
ocene. This dramatic difference can not be explained by the 
lower symmetry alone since Ni(Ind), retains its center of 
inversion in the solid state and hence parity selection rules 
apply. Even if the symmetry of Ni(Ind), is somewhat relaxed 
in solution, we would still expect the molar absorptivities for 
formally Laporte-forbidden d-d bands to be significantly 
lower than those reported in Fig. 2 and Table 1 for indenyl 
compounds without a center of inversion. The intensity of this 
band indicates that the lowest excited state is no longer a 
ligand-field level but involves important contributions from 
ungerade parity molecular orbitals, leading to allowed elec- 
tronic transitions. 

The width of the first absorption band for both compounds 
is 5000 cm-', but nickelocene shows two maxima at low tem- 
peratures, due to at least two different overlapping d-d transi- 
tions (24,26). In contrast, the first absorption band in Ni(Ind), 
is symmetric, indicating that one electronic state determines 
the band shape. These observations imply that the character of 
the lowest energy excited state of Ni(Ind), is not similar to that 
of nickelocene where all low-energy transitions are parity for- 
bidden d-d bands (25). The large width for a single band is 
caused by large structural changes between the ground- and 
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Fig. 4. Absorption spectra of Ni(Ind), (solid line) and Ru(Ind), 
(dotted line). 

Wavelength (nm) 

600 500 400 300 

Wave number (cm-l) x10-~ 

excited states, as expected for bands with significant charge 
transfer character. 

Further supporting this assignment is the absence of lumi- 
nescence from Ni(Ind), at temperatures higher than 5 K. We 
observed no luminescence from Ni(Ind), doped into 
mthenocene between 500 and 1800 nm with the same instm- 
mentation used for detecting weak near-infrared and visible 
luminescence for nickelocene and cobaltocene doped into sin- 
gle crystals of mthenocene (26, 27). Large stmctural changes 
between the ground- and lowest energy excited states are prob- 
ably responsible for the efficient nonradiative relaxation pro- 
cesses, which quench luminescence from Ni(Ind),. All 
observations illustrate that the first excited state of Ni(Ind), is 1 dramatically different from nickelocene. 

I The spectroscopic comparison of mthenocene and Ru(Ind), 
, also reveals significant differences in the nature of the lowest 

energy excited state. Ru(Ind), shows a more intense first band 
than mthenocene for which the lowest energy d-d transition 
occurs at 30 000 cm-' with a molar absorptivity of 200 M-' 
cm-' (28). However, the increase in intensity for the Ru com- 
pounds is less dramatic than for the analogous nickel com- 
pounds, consistent with the similar solid state structures for 
Ru(Ind), and mthenocene. Although precise bandwidths are 
difficult to determine quantitatively for the overlapping bands 
of mthenocene, widths larger than 3000 cm-' are observed for 
both mthenocene and Ru(Ind),, with the first band maximum 
of the latter being 6600 cm-I lower in energy. A detailed 
EHMO study of M(Ind), (M = Fe, Ru) has established that the 
first excited electronic state of these compounds has signifi- 
cant indenyl .sr character (9). The metal d orbitals and one of 
the indenyl .sr orbitals are at the same energy, leading to a large 
.sr contribution to the LUMO; this is in agreement with our 
observation of a large, intense band for the transition from 
HOMO, which is mainly metal d to LUMO, which is a combi- 
nation of metal d and indenyl .sr. 

As was found for Ni(Ind),, we did not observe any lumines- 
cence for Ru(Ind),. The absence of luminescence in these 
bis(1nd) complexes is in agreement with a detailed study on 
the photophysics and photochemistry of bis(arene)mthenium 
compounds that showed that ring-tilting in the excited state 
favors nonradiative relaxation and quenches luminescence 

(29). Large excited state distortions of this type are quite prob- 
able in both the Ru(Ind), and the Ni(Ind), compounds, given 
the well-documented facility with which indenyl ligands 
undergo hapticity changes accompanied by folding (3), but 
they are much less likely for the metal-centered d-d transi- 
tions in metallocenes. Another possible source of lumines- 
cence quenching is the number of high-energy C-H 
oscillators that can act as potential acceptors for the electronic 
excitation energy. Although this is found to be a less important 
factor in bis(arene)mthenium compounds (29), its importance 
in lowering the luminescence quantum yield for bis(indeny1) 
compounds cannot be ignored given that the latter compounds 
possess 14 C-H oscillators compared to 10 in the corre- 
sponding metallocenes. 

Conclusion 

The comparison of absorption spectra for indenyl compounds 
and their cyclopentadienyl analogues shows that this method 
offers a very sensitive probe into metal - aromatic ligand 
bonding and molecular symmetry. Our results indicate strong 
correlations between stmctural characteristics, spectroscopic 
parameters, and metal - aromatic ligand bonding. In addition, 
this combination of techniques provides some insight into the 
nature and properties of the low-energy excited electronic 
states, information not routinely available with other tech- 
niques. In this sense, the present approach, which focuses on 
the HOMO-LUMO energy differences, complements past 
work on the photoelectron spectroscopy of Ind complexes (9) 
where the focus is the relative energies of low-lying occupied 
MOs. Future work will involve preparing related derivatives 
and investigating them with stmctural, spectroscopic, and 
more sophisticated molecular orbital studies. 
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A pentaammineruthenium(111) dimer with the 
novel bridging ligand 4,4'-dicyanamidobiphenyl 
dianion 

Manuel A.S. Aquino, Christopher A. White, Corinne Bensimon, J.E. Greedan, 
and Robert J. Crutchley 

Abstract: The novel ligand 4,4'-dicyanamidobiphenyl dianion (bp2-) has been synthesized and characterized by I3c NMR 
spectroscopy, cyclic voltammetry, and crystallography. The crystal structure of [Ph4As],[bp].H20 showed that bp2- is 
approximately planar with a dihedral angle of 8.2" between phenyl ring planes and the cyanamide groups in an anti 
conformation. The water of crystallization is asymmetrically hydrogen bonded between cyanamide groups of adjacent bp2- ions. 
The crystal data for C62H4,N4As2+H,0 are monoclinic crystal system and space group P2,lc with a = 12.998(5) A, b = 13.465(4) 
A, c = 28.703(13) A, P = 98.94(3)", V = 4963(3) A3, and Z = 4. The structure was refined by using 4555 reflections with I > 
2.5a(T) to an R factor of 0.058. The complex, [((NH3)5Ru)2(p-bp):I[X]4, where X = tosylate or PF6- ions, was also synthesized 
and characterized by I H  NMR spectroscopy, cyclic voltammetry, spectroelectrochemistry, and temperature-dependent magnetic 
susceptibility measurements. From cyclic voltammetry measurements, the comproportionation constants to form the mixed- 
valence complex [ ( ( N H , ) , R U ) , ( ~ - ~ ~ ) ] ~ +  were estimated to be 4.1, 16, and 22 in water, acetonitrile, and nitromethane, 
respectively. The trend and magnitude of Kc suggests solvent valence trapping of a weakly coupled Class I1 ion. The MMCT 
band of the mixed-valence complex had to be deconvoluted from the low-energy LMCT band and had the following properties 
in acetonitrile, v,,, = 8400 cm-I, E,, = 3300 M-' cm-I, and Av,,, = 3300 cm-I. The weak superexchange mediating properties 
of bp2- compared to 1.4-dicyanamidobenzene dianion were suggested to arise from the larger barrier to the formation of the 
radical anion bp-. 

Key words: cyanamido, mixed valence, superexchange, ruthenium. 

Resume : On a synthktist le nouveau ligand dianionique, 4,4'-dicyanamidobiphCnyle (bp2-) et on l'a caractCrisC par la 
spectroscopie de RMN, la voltampCromCtrie cyclique et par cristallographie. La structure du cristal de [Ph4AsI2[bp].H2O montre 
que l'anion bp2- est approximativement plan avec un angle dikdre de 8,2" entre les cycles phCnyles plans, et les groupes 
cyanamides sont dans une conformation anti. L'eau de cristallisation est like de fagon asymCtrique par des liaisons hydrogknes 
entre les groupes cyanamides adajacents aux ions bp2-. Les cristaux de C62H48N4As2 + H20 appartiennent au groupe d'espace 
monoclinique P2,lc avec a = 12,998(5) A, b = 13,465(4) A, c = 28,703(13) A, !.3 = 98,94(3)", V=4963(3) A3 et Z = 4. On a affinC 
la structure en utilisant 4555 reflexions avec I > 2,5o(T) jusqu'i un facteur de R de 0,058. On a Cgalement synthCtist le complexe 
[((NH,]5R~)2(p-bp):I[X]4, X = ion tosylate ou PF6-, et on l'a caractCrisC par la spectroscopie de RMN, la voltampCromCtrie 
cyclique, la spectroClectrochimie et par les mesures de susceptibilitt magnCtique en fonction de la temperature. A partir des 
mesures de voltamptromCtrie cyclique, on a CvaluC la constante de compropornation i 4,1,16 et 22 dans l'eau, dans I'acCtonitrile 
et dans le nitromethane respectivement. La tendance et l'importance de Kc suggkrent une capture de valence d'un ion de classe I1 
faiblement coup16 par le solvant. La bande de valence mixte du complexe MMCT doit Etre dCconvolutCe A partir de la bande 
LMCT de faible Cnergie et a les propriCtCs suivantes dans llacCtonitrile, v,, = 8400 cm-I, E,, = 3300 M-' et Av,, = 3300 
cm-I. On suggtre que les propriCtCs de surechange faible de l'ion bp2- compares avec celles du dianion 1,4-dicyanobenztne, sont 
dues i la plus grande banitre A la formation de l'anion radicalaire bp-. 

Mots clis : cyanamido, valence-mixte, surichange, ruthbnium. 

[Traduit par la rCdaction] 
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Introduction 

Biphenyl spacers have played an important role in elucidat- 
ing the effect of medium on electron transfer rates and spin 
interactions ( 1 4 ) .  For example, McLendon and co-workers 
(1) have examined the dependence of the rate of electron 
transfer between porphyrins on the dihedral angle between 
phenyl rings of a biphenyl spacer. The rate of electron trans- 
fer was shown not to follow the expected cos 0 relationship 
but to qualitatively follow a cos 20 function, with maxima at 
0 and 90" and a minimum at 45". This dependence was antic- 
ipated by a theory for bis-porphyrin systems developed by 
Cave, Marcus, and Siders (5). More recent studies have 
focussed on incorporating polyphenyl spacers into supra- 
molecular assemblies (6) and, in this regard, the long-range 
(nm scale) transfer of electrons or energy will depend on the 
geometric and electronic properties of the bridge. The effect 
of these properties can be described by the intercomponent 

interaction energy, H,  whose distance dependence is ex- 
pected (7) to follow 

where p is an attenuation factor and r is the separation between 
two metal ions. It has been suggested (6) that P for hole trans- 
fer superexchange through polyphenylene bridges is approxi- 
mately equal to zero. These investigations have practical 
application to poly(p-phenylene), a polymer that has been 
studied extensively (8) for its possible electronic and photonic 
applications. 

Because our research program is uniquely suited to the 
study of hole transfer superexchange through T-donor NO- 
matic systems, we decided to synthesize dicyanamidobiphenyl 
dianion (bp2-) in order to compare its abilities as a superex- 
change mediator with those of 1,4-dicyanamidobenzene dian- 
ion (dicyd2-). The complexes, [ ( ( N H ~ ) ~ R u ) ~ ( ~ - ~ ~ c ~ ~ ) ~ ~ +  
where dicyd2- can be unsubstituted, 2,s-dimethyl, 23-  
dichloro, or 2,3,5,6-tetrachloro-1,4-dicyanamidobenzene 
dianion, possess Ru(II1) ions that are strongly antiferromag- 
netically coupled (9, 10). The mechanism for metal-metal 
exchange was suggested to be hole transfer superexhange via 
the highest occupied orbital (HOMO) of the bridging dicyd2- 
ligand. In addition, the mixed-valence complexes 
[((NH)5Ru)2(p-dicyd)]3+ are also strongly coupled systems 

that show a remarkable solvent dependence of metal-metal 
coupling (1 1, 12). 

The bp2- ligand should be one in which the conditions for 
superexchange within a biphenyl moiety are considerably 
enhanced and a comparison with the dicyd2-ligand will lead to 
greater insight into those factors controlling hole transfer 
superexchange. 

Experimental 

Physical measurements 
Ultraviolet-visible near-infrared absorption spectra were 
taken on a Cary 5 spectrophotometer. The IR spectra of the 
samples in KBr discs were obtained with a Perkin-Elmer 1600 
series JTIR spectrophotometer. 'H and I3c NMR spectra were 
run on a Varian XL-200 NMR spectrometer or a Bruker 
AMX-400 NMR spectrometer at 300 K and referenced to 
TMS (0.00 ppm). C, H, and N elemental analyses were per- 
formed by Canadian Microanalytical Services Ltd. The exper- 
imental setup used to perform non-aqueous (13) and aqueous 
(14) cyclic voltammetry experiments has alread been 
described. The ferricenium/ferrocene couple with E6= 665 
mV vs. NHE (15) was used in nonaqueous solvents as an inter- 
nal calibrant. Spectroelectrochemistry was performed with a 
Pyrexquartz cell of published design (16). Tetrabutylammo- 
nium hexafluorophosphate (TBAH) was recrystallized twice 
from ethanol and vacuum dried at 1 10°C overnight. Tempera- 
ture-dependent magnetic susceptibility measurements were 
performed on a Quantum Design S.Q.U.I.D. magnetometer 
from 5 to 300 K in a 1.0 T field. 

Materials 
All chemicals and solvents were reagent grade or better. Ben- 
zidine (Anachemia), tetraphenylarsonium chloride hydrate 
[Ph4As][Cl]~H20 (Aldrich), and anhydrous acetonitrile 
(99+%, Aldrich) were used as received. Nitromethane (99+%, 
Aldrich) had to be distilled to remove impurities that decom- 
posed the Ru(II1) dimer. [(NH3),Ru(OH2)][PFd2 was pre- 
pared according to literature procedures (17). 

Preparation of N,Nf-dicyano-4,4'-dinminobiphenyl.H,O, 
b p H 2 . H 2 0  

To a gently refluxing solution of ammonium thiocyanate (7.6 
g ) in 100 mL of acetone was added dropwise a solution of 
benzoyl chloride in 100 mL of acetone. Over the 15 min. addi- 
tion, the stirred solution became yellow and ammonium chlo- 
ride precipitated. An acetone solution of benzidine (9.2 g in 
100 mL) was then added dropwise over a 30 min. period to the 
refluxing reaction mixture. After addition was complete, the 
reaction mixture was allowed to reflux for 1 h, and then added 
to 1.5 L of water to ensure complete precipitation of the yellow 
benzoyl thiourea intermediate, which was filtered off and 
washed with water. This intermediate was then transferred to a 
1 L Erlenmeyer flask containing 350 mL of 2.5 M NaOH solu- 
tion. The reaction mixture was brought to a boil and main- 
tained at that temperature for 5 min and then allowed to cool to 
65°C. A solution of Pb(acetate),.3H20 (24 g) in 120 mL water 
was added, causing the reaction mixture to turn brown and 
then slowly black with the formation of lead sulfide. The for- 
mation of lead sulfide should take no more than 10 min, after 
which the reaction mixture is filtered into an ice-cooled SUC- 
tion flask. Immediate addition of glacial acetic acid (55 mL) to 
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the filtrate precipitated the white product, which was filtered 
and washed copiously with water. Recrystallization from ace- 
tone-water yields fine white needles. Yield: 5.9 g ( 50%); mp: 
decomposes >200°C. IR: v(NCN) = 2224 cm-I. Dimer forma- 
tion is indicated by a strong v(C=N) band centered at 1680 
cm-I that is absent in the monomer (18). I3c NMR: 5 peaks at 
137.7, 133.8, 127.5, 115.4, and 112.0 ppm in DMSO-d6. 'H 
NMR: 7.62 (doublet, 4H), 7.05 (doublet, 4H), and 10.23 
(broad singlet, 2H) ppm in DMSO-d,. The presence of a water 
of recrystallization was confirmed by a water resonance at 
3.44 ppm which integrated for two protons. Anal. calcd.for 
C14H12N40: C 66.65, H 4.79, N 22.2 1 ; found: C 66.69, H 4.63, 
N 22.34. 

Preparation of bis(tetrapheny1 arsonium) 4,4'-dicyanamido- 
biphenyl, [Ph,As],[bp].H,O 

To a solution of bpH2 (0.23 g) in 2 M NaOH (30 mL ) was 
added a solution of [Ph,As][Cl] ( 0.82 g) in water (10 mL). A 
canary-yellow precipitate immediately formed. This was fil- 
tered and washed with water and vacuum dried. The crude 
product was dissolved in boiling acetonitrile (60 mL) and the 

, solution gravity filtered. Ether was allowed to diffuse into the 
filtrate, which over 2 days gave golden crystals. Yield: 0.79 g 
(83%). IR: v(NCN) = 2088 cm-I. Anal. calcd. for ' 
C62HroA~2N40: C 73.23, H 4.96, N 5.51; found: C 72.77, H 
5.13, N 5.69. 

, Preparation of [{(NH3)5Ru}2(p,-bp)][PF6]4.acetone 
Under argon, [(NH3),Ru(OH2) I [PF6], (1.0 g) and bpH2 (0.25 
g) were dissolved in 75 mL acetone. The solution was allowed 

I to stir for 16 h at room temperature, then filtered, and exposed 
to air. Upon stirring for 2 h, the complex oxidized, turning the 

I solution from a light green to a dark blue-green colour. Tet- 
rabutylammonium bromide (1.5 g) was added to the solution 
to precipitate the green bromide complex. This was filtered, ' washed with acetone and allowed to dry. The bromide salt was 
then dissolved in water (35 mL), filtered and the filtrate added 
to a solution of NH4PF6 (3.3 g) in water (10 mL). The resulting 
blue-green precipitate was filtered, washed with ice-cold 
water, and vacuum dried. Recrystallization was achieved by 
diffusing ether into an acetone solution of the complex. Yield: 
1.02 g (82%). IR: v(NCN) = 21 10 cm-I. Anal. calcd.for 
CI7H,F2,Nl4OP4Ru2: C 16.43, H 3.57, N 15.77; found: C 
16.70, H 3.57, N 15.26. 

Preparation of [{(NH3)5R~}2(p,-bp)][to~ylate]4.2H20 
Metathesis of the bromide complex (as prepared above) in 
aqueous solution with potassium tosylate yielded the tosylate 
complex in 80% yield. The complex was recrystallized by ace- 
tone diffusion into an acetone-water solution of the complex. 
IR: v(NCN) = 2106 cm-'. Anal. calcd.for C42H70N14014Ru2S4: 
C 38.06, H 5.32, N 14.79; found: C 37.64, H 5.05, N 14.72. 

Crystal structure determination of [Ph,As 12[bp].H20 
A suitable cubic crystal was grown by allowing a saturated 
warm DMSO solution to slowly cool to room temperature. The 
crystal was mounted on a glass capillary and measurements 
made on a Picker diffractometer with Cu Ka ,  radiation. Cell 
constants and an orientation matrix for data collection were 
obtained from least-squares refinement using the setting 
angles of 30 reflections in the range 80 < 28 < 100 and corre- 

sponded to a monoclinic cell. Based on systematic absences, 
the space group was determined to be P2,lc. For Z = 4 and fw 
= 1016.95 g, the calculated density is 1.36 1 g/cm3. 

The data were collected using the w-20 scan technique to a 
maximum 20 value of 119.9". A total of 8 182 reflections were 
collected with a unique set of only 6270 reflections. The stan- 
dards were measured after every 150 reflections and no crystal 
decay was noticed. The data were corrected for Lorentz and 
polarization effects (19). No absorption correction was made. 

The structure was solved by direct methods. All the atoms 
were refined anisotropically except the hydrogen atoms, 
which were calculated. The final cycle of full-matrix least- 
squares refinement was based on 4555 observed reflections (I 
> 2.5u(l)) and 623 variable parameters. Weights based on 
counting statistics were used. The maximum and minimum 
peaks on the final differences Fourier map corresponded to 
-0.490 and 1.250  el^^, respectively. All the calculations 
were performed using the NRC VAX crystallographic software 
package (20). 

Full listings of positional and thermal parameters, bond 
angles and lengths, and dihedral angles have been deposited as 
supplementary material.2 

Results and discussion 

The bridging ligand 
Crystals of the free dianion ligand [Ph,As],[bp] are air stable, 
unlike those of [Ph,As],[dicyd] that must be stored under 
argon. Crystal data and atomic parameters for [Ph,As],[bp] 
are compiled in Tables 1 and 2, respectively. The structure of 
bp2- is shown in Fig. 1 and selected bond lengths and angles 
are given in Table 3. As shown in Fig. 1, bp2- adopts an 
approximately planar geometry suggesting significant IT inter- 
actions between the two phenyl rings and between the cyana- 
mide groups and their respective phenyl rings. The IT 

interaction between the phenyl rings favours a planar geome- 
try but this is opposed by steric repulsion between ortho 
hydrogens, which results in a small but significant dihedral 
angle of 8.2" between the phenyl ring planes. There are many 
crystal structures of phenylcyanamide ligands (9, 10, 2 1-23) 
that show cyanamide groups coplanar with phenyl rings. Crys- 
tal structures of uncoordinated 1,4-dicyanamidobenzene dian- 
ion (dicyd2-) and its substituted derivatives (10, 23) have all 
shown the cyanamide groups to adopt an anti conformation, as 
do those of bp2-. The apparent stability of the anti conforma- 
tion arises in part from its minimal repulsion between cyana- 
mide anion groups. An additional feature in the crystal 
structure of bp2- is the presence of a water of crystallization, 
hydrogen bonded between adjacent bp2- ligands to form a 
chain of alternating bp2-and water molecules within the crys- 
tal lattice. The nitrogen to oxygen separations (Table 3) are 

A complete set of data may be purchased from: The Depository of 
Unpublished Data, CISTI, National Research Council Canada, 
Ottawa, Canada KIA 0S2. Tables of atomic parameters and bond 
lengths and angles have also been deposited with the Cambridge 
Crystallographic Data Centre, and can be obtained on request 
from The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 lEZ, U.K. 
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Table 1. Crystal data for [Ph,As],[bp].H,O. 

Empirical formula 
fw 
Crystal system 
Space group 
Crystal dimensions (mm) 
a, A 
b, A 
c, A 
P? deg 
v, A3 
z 
Pca~cd*  g/cm3 
T, "C 
Radiation (X, A) 
F, cm-' 
Rr (sig refl) 
R, (sig refl) 
Rr (all refl) 
R, (all refl) 
Goodness of fit 

C,,H4*N4As, + Hz0 
1016.95 
Monoclinic 
P2,lc 
0.30 x 0.15 x 0.10 
12.998(4) 
13.465(4) 
28.703(3) 
98.94(3) 
4963(3) 
4 
1.361 
20 
CuKa, (1.540 56) 
2.02 
0.058 
0.054 
0.077 
0.062 
4.03 

Table 2. Atomic parameters and Bis," for the anion of 
[Ph4Aslz[b~l-HzO. 

Atom x Y z Bisab 

"Estimated standard deviations are in parentheses. 
bBi, is the mean of the principal axes of the thermal ellipsoid, A*. 

well within hydrogen bonding range (24) but are asymmetric 
and this may account for the non-equivalence of respective 
cyanamide and phenyl groups in the bp2- ion. The crystal 
structures of dicyd2- and its substituted derivatives (23) show 
no solvent of crystallization and in these cases the dicyd2- ion 
possesses a center of symmetry. 

Cyclic voltametry of the bp2- ion, in acetonitrile (Table 4), 
shows two couples consistent with the reactions in Scheme 1. 
The anodic to cathodic peak separations of these couples are 

Table 3. Selected crystal structure data for [Ph,As],[bp].H,O. 

Bond lengths, A 
0-N 1 
N1-Cl 
N2-C 1 
N2-C2 
N 3 4 1 1  
N3-C14 
N-14 
C 2 4 3  
C 2 4 7  
C 3 4 4  
C"5 

0-N4 
C 5 4 6  
C 5 4 8  
c-7 
C 8 4 9  
C 8 4 1 3  
C 9 - C  10 
Clo-Cll 
C 1 1 4 1 2  
C12-C13 

Bond angles, deg 
N 1 -0-N4 117.7(4)" N2-C2-C7 119.1(7) 
C 1 -N2-C2 120.1(7) N3-C11-ClO 118.7(9) 
Cll-N3-C14 121.3(9) N3-Cll-C12 123.7(9) 
N1-Cl-N2 172.4(10) N3-C14-N4 176.5(12) 
N2-C2-C3 125.4(70 

"Note: N1 and N4 are on different molecules. 

Table 4. Solvent-dependent cyclic voltammetry data" of 
[Ph,As],[bp], [Ph,As],[dicyd], and [{NH3),Ru),(~-bp)14+ salts. 

"All data in volts versus NHE (anodic to cathodic peak separations in 
mV in parentheses). 

bSeparation between Ru(IIYI1) couples, see ref. 25. 
Tosylate salt, 100 mV/s, 0.1 M NaC10,. 
d~F;  salt, 100 mV/s, 0.1 M TBAH. 
'200 mV/s, 0.1 M TBAH. 
I100 mV/s, 0.1 M TBAH. 

Scheme 1. 

consistent with one-electron redox processes and good revers- 
ibility is shown by equivalent anodic and cathodic currents at 
scan rates greater than or equal to 200 mV s-'. In addition, the 
ratio of anodic peak current functions, idv1I2 found for the 
electrochemical responses of bp2- with those of equimolar fer- 
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Aquino et al. 

Fig. 1. ORW drawing of bp2-. The tetraphenyl arsonium counterions and water 
molecule have been excluded for clarity. 

rocene gave for L, a value of 0.90 and for L, a value of 0.95. At 
slower scan rates, reversibility of the L, couple is significantly 
decreased as shown by the reduction of both anodic and 
cathodic currents relative to the L, couple and by the fouling of 
the working electrode. Drying the solvent did not appear to 
improve reversibility. 

The complex 
The cyclic voltammogram of [ { ( N H ~ ) ~ R U } , ( ~ - ~ ~ ) ] ~ +  in aceto- 
nitrile (Fig. 2), and the electrochemical data in this solvent as 
well as water and nitromethane (Table 4), are indicative of a 
weakly coupled mixed-valence state for this complex. In Fig. 
2, the overlap of Ru(IIVI1) couples results in only a single 
cathodic and anodic peak of twice the current intensity of the 
one-electron ligand couples at more positive potentials. Rich- 
ardson and Taube (25) have given a graphical method of eval- 
uating the separation between overlapping Ru(IIVI1) couples 
(AE in Table 4) from the separation of anodic and cathodic 
peaks in the cyclic voltammetry experiment. From the values 
of AE, the estimated comproportionation constants Kc for 
[ { ( N H ~ ) ~ R U } , ( ~ - ~ ~ ) ] ~ +  in water, acetonitrile, and 
nitromethane are 4.1, 16, and 22, respectively. We have inter- 
preted similar but much reater solvent dependence in Kc for 
[{(NH3)5Ru}2(p-dicyd)]' complexes as due to solvent- 
induced valence trapping (1 1,12) and this may play a role here 
as well. However, in the case of very weakly coupled mixed- 
valence complexes, a considerable contribution to Kc is 
derived from the electrostatic repulsion between metal ions. 
Ferrere and Elliott (26) have proposed the following expres- 

Fig. 2. Cyclic voltammogram of [((NH,),RU)~(~-~~)][PF~]~, 
platinum disk working electrode (1.6 mm diameter), scan rate 
200 mVls. 0.1 M TBAH in acetonitrile. 

Volts vs. NHE 

sion for this electrostatic contribution, 

where E is the dielectric constant of the solvent, E~ is the vac- 
uum permittivity constant, and R is the separation between 
metal ions. For [ { ( N H ~ ) ~ R U } , ( ~ - ~ ~ ) ] ~ + ,  the metal-metal sep- 
aration is estimated at 15.6 A. assuming the cvanarnides retain ., 
an anti conformation upon coordination, and thus AE, is esti- 
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Table 5. Solvent-dependent electronic absorption spectroscopy 
data" for [((NH3),RuJ2(~-bp)14+. 

LMCT 

Solvent K* t x b,* t b2 b,* t b, 

EGOb 299(4.5 1) 393(3.76)' 751(4.07) 
CH,CN" 207(4.69), 301(4.47) 398(3.93) 869(4.18) 
CH,NO," 404(3.94) 988(4.27) 

"Data in nm with log E in M-' cm-' in parentheses. 
hTosylate salt of complex. 
'Shoulder. 
d ~ ~ ;  salt of the complex. 

Fig. 3. Spectroelectrochemical reduction of [ J (NH,) ,RU]~(~-  
bp)][PF,], at fixed potential to form the mixed-valence complex; 
0.1 M TBAH in acetonitrile. The initial spectrum is that of the 
Ru(II1,III) complex with the other spectra taken at approximately 
3 min intervals. 

Wavelength (rim) 

mated to be 12, 23, and 25 mV in water, acetonitrile and 
nitromethane, respectively. The over 35 mV separation in AE 
(see Table 4)  between^ water and either acetonitrile or 
nitromethane can therefore not be entirely accounted for by 
differences in electrostatic repulsion and may indicate some 
degree of solvent trapping of the mixed-valence state in water. 
Indeed, the magnitude of Kc in aqueous solution is very close 
to that predicted on purely statistical grounds and suggests no 
metal-metal coupling (Class I behavior) (27). Further evi- 
dence of metal-metd coupling can be found in the spectro- 
electrochemical studies. 

The solvent-dependent electronic absorption spectral data 
together with assignments for [ ((NH,),Ru } ,(pbp)l4+ are 
given in Table 5 and a representative spectrum of the complex 
in acetonitrile is shown in Fig. 3. A spectroscopic analysis of 

the Ru(III)-cyanamide chromophore (28) showed that two 
ligand-to-metal charge transfer (LMCT) transitions can be 
expected from the interaction of the two nonbonding T sym- 
metry electron pairs of the cyanamide moiety with the Ru(II1) 
ion. In Table 5, the energy and extinction coefficient of lowest 
energy LMCT band, b,* t b , ,  are clearly dependent on the 
solvent. Similar effects have been seen for both inner (22) and 
outer sphere (29) perturbations of the Ru(II1)-cyanamide moi- 
ety and have been rationalized in terms of the Ru(III)-cyana- 
mide T overlap integral. 

Spectroelectrochemical reduction of [((NH,),Ru},(p- 
bp)l4+ to the mostly mixed-valence complex in solution is 
shown in Fig. 3. The platinum mesh working electrode was 
held at fixed potential (-85 mV vs. NHE) and the spectra 
shown in Fig. 3 were taken at approximately 3 min intervals. 
Because the Ru(IIVI1) couples overlap, it was assumed that 
reduction to the mixed-valence complex was complete when 
the intensity of the b , * t b ,  LMCT band of the Ru(II1,III) com- 
plex was reduced by approximately one-half. It was possible 
to cycle between the extremes shown in Fig. 3 with no change 
in isosbestic points and the absorbance maxima of the Ru(II1, 
111) complex spectrum. However, upon further reduction with 
loss of LMCT band intensity, the instability of the Ru(I1, 11) 
complex became apparent because oxidation of the solution 
did not regenerate the Ru(II1, 111) spectrum. The Ru(I1, 11) 
complex is not expected to absorb at all above 500 nm and will 
therefore not interfere with deconvolution of :he metal-to- 
metal charge transfer (MMCT) band from the b, t b ,  LMCT 
band., The MMCT band appears in Fig. 3 as the low-energy 
tail that grows in with the formation of the Ru(II1,II) complex. 
The process to deconvolute the MMCT transition from the 
low energy band envelope has been described in detail (1 1) 
but the main assumptions are that the MMCT transition can be 
represented by a single Gaussian band and the energy and 
band shape of the LMCT transition does not change upon 
reduction of one of the Ru-cyanamide chromophores. The 
spectral data for the deconvoluted MMCT band are v,,, = 
8400 cm-', E,,, = 2200 M-' cm-l, and A V , / ~  = 3300 cm-I. The 
high-energy tail of the the MMCT band does not significantly 
contribute (<I%) to the intensity of the LMCT band maxi- 
mum. Nevertheless, the MMCT extinction coefficient needs 
to be corrected for the comproportionation equilibrium for 
which the actual proportion of mixed-valence species is 
defined (30) as 

[3] P = [Ru(III, II)]/([Ru(III, 11) + [Ru(III, 111) + [Ru(II, II)]) 

or in terms of the comproportionation constant 

Because Kc = 16 in acetonitrile, P = 0.67, and the corrected 
intervalence absorption band has E,,, = 3300 M-' cm-I. The 
comproportionation constant and Hush theory resonance 
exchange integral (31, 32), estimated at Ha, = 400 cm-', are 
consistent with a weakly coupled Class I1 mixed-valence com- 

The Ru(I1,II) dimer possesses no charge transfer chromophores 
that would absorb in the visible or NIR regions and ligand field 
transitions would be at wavelengths much lower than 500 nm. 
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plex (27). However, the value of Av,,, derived by nonlinear 
curve fitting analysis is far narrower than that predicted by 
Hush theory, A~ , ,~ (ca lc )  = 4400 cm-', and may be an artifact 
in this instance. 

Metal-metal coupling and the nature of the bridging 
ligand 

Metal-metal coupling in the mixed-valence complex 
[ ( ( N H , ) , R ~ } ~ ( ~ - d i c ~ d ) ] ~ +  is substantially greater than that 
found for the bp2- analogue. For [ ( ( ~ ~ , ) , ~ u ] ~ ( ~ - d i c y d ) ] ~ +  in 
acetonitrile (lo), Kc = 6.8 x lo4 and its MMCT band has v,,, = 
6910 cm-', E,,, = 4090 M-' cm-', and AvIl2 = 2640 cm-I. The 
magnitude of its comproportionation constant and narrowness 
of the MMCT band (Hush theory Av,,, = 4000 cm-') support a 
strongly coupled Class I1 assignment for the [((NH3),Ru},(~- 
dicyd)13+ ion (27, 32, 33). In addition, previous studies have 
shown that intramolecular antiferromagnetic coupling of the 
Ru(II1,III) complex [ { ( N H , ) , R ~ ] ~ ( ~ - d i c ~ d ) ] ~ +  is sufficiently 
strong to render the complex diamagnetic in the solid state (9) 
and, in poor donor solvents, an essentially diamagnetic 'H 
NMR spectrum is observed (34), slightly perturbed by the 
trace Boltzmann population of the triplet excited state (e.g., in 
nitromethane-d,: trans ammine, 18.24; cis ammine, 4.90; phe- 
nyl, 6.12 ppm). In contrast, temperature-dependent magnetic 
susceptibility studies of [((NH,),Ru}~(~-~~)~I[PF,]~ showed 
no evidence of intramolecular antiferromagnetic coupling and 
a Curie-Weiss fit of the data between 60 to 300 K gave 0 = 
-42 K, indicating intermolecular antiferromagnetic exchange. 
The 'H NMR spectrum of this complex in acetonitrile-d, is 
dramatically affected by its paramagnetism, with the cis 
ammine protons appearing as a broad singlet resonance con- 
tact shifted to 57.3 ppm and two singlet phenyl ring proton res- 
onances pseudocontact shifted to -41.2 and 20.7 ppm. The 
trans ammine protons were not observed and are believed to 
be >250 ppm. 

From the above, it is clear that dicyd2- is a superior mediator 
of superexchange metal-metal coupling compared to bp2-. If it 
is assumed that the dominant mechanism for superexchange is 
hole transfer via the HOMO of the bridging ligand: the differ- 
ences in metal-metal coupling must be due to the nature of the 
HOMO, its energy, and continuity. A measure of the relative 
energies of free bp2- and dicyd2- HOMOS is the difference in 
L,  redox couples in Table 4. Because the L,  of bp2- is 780 mV 
more positive than that of the oxidized ligand, there must exist 
a larger energy barrier to the creation of the oxidized ligand 
virtual state from the bp2- ligand, as is required by the hole 
transfer superexchange mechanism. The energy barrier to oxi- 
dation exists because the steric repulsion between ortho 
hydrogens of the phenyl rings forces the biphenyl moiety to be 
nonplanar and thereby weakens the .rr interactions between 
phenyl rings. If the energy of the .rr superexchange pathway 
could be raised, this would reduce the energy gap between 
metal orbitals and the superexchange pathway. The hypothet- 
ical biphenyl dianion bridging ligand, for which the protons at 
the 4 and 4' ring positions have been removed, meets these 
requirements and would optimize hole transfer superexchange 
within the biphenyl moiety. 

This seems reasonable because both are a-donor aromatic dianion 
ligands. 

An example of a bridging ligand that contains a biphenyl 
dianion spacer is 3,3',5,5'-tetrapyridylbiphenyl dianion 
(tpbp2-) (35). The mixed valence complex, [ ( ( t t r p y ) R ~ } ~ ( ~ -  
tpbp)13+ where ttrpy is 4'-p-tolyl-2,2',6',2"-terpyridine, pos- 
sesses an extraordinarily intense MMCT band centered at 
1820 nm with E,,, = 27 000 M-' cm-' in acetonitrile (350). 
The comproportionation constant of the complex is approxi- 
mately 600 and its Hush resonance exchange integral is esti- 
mated to be 1200 cm-' These values are significantly greater 
than those found for [ { ( N H , ) , R U } ~ ( ~ - ~ ~ ) ] ~ + ;  however, the 
nature of the spectator ligands has changed and because this 
can have a dramatic effect on ruthenium 4d-orbital energies, 
the relative superexchange mediating properties of bp2- and 
tpbp2- cannot be properly evaluated. In addition, superex- 
change via tpbp2-, can occur by both electron transfer, owing 
to the presence of the pyridine moieties, and hole transfer, 
through a and .rr pathways of the biphenyl moiety, whereas for 
the bp2- ligand, effective superexchange is probably restricted 
to hole transfer via its .rr HOMO. 

There are only a few other examples of multi-atom bridging 
ligands that are likely to mediate hole transfer superexchange 
coupling in mixed-valence complexes. These are: malonitrile 
anion derivatives (36), triazole anion derivatives (37), bibenz- 
imidazolate dianion (38), and finally the azodicarbonyl dian- 
ion ligands (39). Importantly, the magnitude of coupling in 
[(~u(b~~)~)}~(~-adc)]~+, where adc2- is an azodicarbonyl 
dianion derivative and bpy is 2,2'-bipyridine, is so great that 
the authors have suggested that the Ru(I1)-adc-(radical)- 
Ru(I1) resonance form may make an significant contribution 
to the mixed-valence state (39). While this magnitude of 
coupling may be possible through the dicyd2- ligand, the non- 
planarity of bp2- limits its superexchange mediating proper- 
ties. Work to synthesize the 2,7-dicyanamidophenanthrene 
dianion ligand, which should contain a planar biphenyl- 
dicyanamido moiety, is in progress. 
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Preparation and structure of 2-chloro-1,3- 
dimethyldiaza-2-arsenane, 1 ,3=dimethyldiaza- 
2-arsenanium tetrachlorogallate, and 
butadiene cycloadducts of diazarsenium 
cations 

Neil Burford, Charles L.B. Macdonald, Trenton M. Parks, Gang Wu, 
Borzena Borecka, Witold Kwiatkowski, and T. Stanley Cameron 

Abstract: 1,3-Dimethyldiaza-2-arsenanium tetrachlorogallate (crystal data: C5H12AsC14GaN2, M = 386.61, orthorhombic, space 
group P ~ a 2 ~ ,  a = 14.432(3) A, b = 6.7580(14) A, c = 13.905(3) A, V =  1356.2(5) A3) is synthesized by the routine chloride ion 
abstraction procedure from 2-chloro- l,3-dimethyldiaza-2-arsenane (crystal data: C5H,,AsC1N2, M = 210.54, monoclinic, space 
group P21/n, a = 7.206(1) A, b = 9.650(1) A, c = 13.021(2) A, P = 99.61(2)', V =  892.8(2) A3). X-ray crystallographic studies of 
both compounds are described together with that for 2-chloro-l,3-dimethyldiaza-2-arsolidine (crystal data: C4HloAsC1N2, M = 
196.51, monoclinic, space group P2,ln, a = 6.959(7) A, b = 9.23(2) A, c = 12.14(2) A, P = 95.4(1)', V =  777(4) A3) providing 
useful structural comparisons. In contrast to the closely related arsolidinium salts, the diazarsenanium gallate exhibits a 
monomeric solid state structure. Rapid and quantitative cycloaddition reactions of the diazarsolidinium and diazarsenanium 
cations with 2,4-dimethylbutadiene give similar cycloadducts. The Diels-Alder type arsolidinium adduct is structurally 
characterized (crystal data: Cl,H20AsC14GaN2, M = 454.73, orthorhombic, space group Pca2,, a = 18.47 l(2) A, b = 7.000(2) A, 
c = 13.738(1) A, V =  1776.2(8) A3), and the related structure of the arsenanium cycloadduct is confirmed by 2D NMR. 

1 
I Key words: arsenium, cycloadditions, arsenanium, Diels-Alder, cyclochloroarsines. 

Resume : On peut synthCtiser le tetragallate de 1,3-dimethyldiaza-2-arsCnanium (donnCes cristallographiques : 
C5H,,AsCl4GaN,, M = 386,61, orthorhombique, groupe d'espace Pca2,, a = 14,432(3) A, b = 6,7580(14) et c = 13,905(3) A, V  
= 1356,2(5) A3) par la mCthode usuelle d'enlbvement de l'ion chlorure du 2-chloro- l,3-dimkthyldiaza-2-arsCnane (donnCes 
cristallographiques : C5H,,AsC1N2, M = 210,54, monoclinique, groupe d'espace P2,/n, a = 7,206(1), b = 9,650(1) et c = 
13,021(2) A, P = 99,61(2)', V =  892,8(2) A3). Afin de pouvoir faire des comparaisons de structures utiles, on dCcrit les Ctudes de 
diffraction des rayons X de ces deux composCs en m&me temps que celle du 2-chloro-l,3-dimkthyldiaza-2-arsolidine (donnCes 
cristallographiques : C4HloAsC1N2, M = 196,5 1, monoclinique, groupe d'espace P2,ln, a = 6,959(7), b = 9,23(2) et c = 12,14(2) 
A, p = 95,4(1)', V =  777(4) A3). Par opposition aux structures trbs apparentCes des sels d'arsolidinium, le gallate de 
diazarsknanium prksente une structure monomCrique i 1'Ctat solide. Des reactions de cycloadditions rapides et quantitatives des 
cations diazarsolidinium et diazarsknanium avec le 2,4-dimCthylbutadibne conduisent i des cycloadduits semblables. On a 
caractCrisC la structure de l'adduit de type Diels-Alder du cation arsolidinium (donnCes cristallographiques : CloH20AsC14GaN2, 
M = 454,73, orthorhombique, groupe d'espace Pca2,, a = 18,471(2), b = 7,000(2) et c = 13,738(1) A, V =  1776,2(8) A3) et on a 
confirm6 la structure apparentCe du cycloadduit du cation arsCnanium par RMN en 2D. 

Mots elks : arsCnium, cycloadditions, arsCnanium, Diels-Alder, cyclochloroarsines. 

[Traduit par la rkdaction] 

Introduction 

The structural simplicity of systems containing coordinatively 
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unsaturated (low coordinate) centres makes them attractive for 
reactivity studies. In this context, pnictogenium cations 1 have 
garnered attention due to their structure and bonding analogy 
with carbenes. Numerous phosphenium la  derivatives have 
been reported (1,2) since their initial discovery (3) and isola- 
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tion (4), establishing them as a principal focus in the develop- 
ment of phosphorus chemistry. Despite the identification of 
various arsenium cations l b  (5, 6), few examples have been 
comprehensively characterized (7), and the heavier congeneric 
systems l c  (8,9) and l d  (9, 10) are rarely mentioned in the lit- 
erature. The use of a Hiickel framework 2 allowed for the iso- 
lation of the first arsenium derivative (11). However, in the 
absence of such charge delocalization, heterolytic As-CI 
bond cleavage from the chloroarsolidines 3C1 and 4C1 pro- 
vided dimeric structures 6 in the solid state (7), in contrast to 
the phospholidinium 7 analogue (2). 

CI CI CI 

6 
a: X = S 
b: X = NMe 

We present here the preparation and structures of the six- 
membered diazarsenane 5C1 and the tetrachlorogallate salt of 
the corresponding diazarsenanium cation 5, which is clearly 

monomeric in the solid state. In addition, we describe the rapid 
and quantitative cycloaddition reactions of 4 (preliminary 
communication, see ref. 12) and 5 with 2,3-dimethylbutadi- 
ene, which contrast the spirocyclic formation 8 observed for 7 
(13). The Diels-Alder type adduct 4BD[GaC14] has been 

structurally characterized, and the related structure of the 
cycloadduct 5BD is confirmed by 2D NMR. 

Experimental procedures 
Arsenic trichloride and triethylamine (BDH) were distilled 
under nitrogen before use. Gallium trichloride and 2,3-di- 
methyl-l,3-butadiene (Aldrich) were sublimed in vacuo 
before use. N,Nf-dimethyl- 1,3-propanediamine and N,Nf-di- 
methylethylenediamine (Aldrich) were used as received. 

Compounds 4CI and 4,[GaC14],, were prepared as previously 
reported (7). Diethyl ether was dried over sodium with ben- 
zophenone, CCl, was dried over P20,, CD,Cl, and CH2C1, 
were dried over P205 and CaH,, and all solvents were stored in 
evacuated bulbs. Solids were handled in VAC Vacuum/Atmo- 
spheres or MBraun nitrogen-filled glove box while liquids 
were manipulated in a nitrogen-filled glove bag. Unless other- 
wise indicated, all reactions were performed in sealed reactors 
(14), which were flame-dried before use. Melting points were 
recorded on a Fisher-Johns apparatus and are uncorrected. 
Elemental analyses were performed by Beller Laboratories, 
Gottingen, Germany. Infrared spectra were recorded as Nujol 
mulls on CsI plates using a Nicolet 5 10P FT-IR spectrometer. 
NMR spectra were recorded on either a Bruker AC-250 spec- 
trometer with samples flame sealed in 5 mm Pyrex tubes or a 
Bruker AMX400 spectrometer with samples sealed in 5 mm 
commercial thin-walled NMR tubes. All chemical shifts are 
reported in ppm relative to an external standard (TMS for 'H 
and I3c). Variable temperature (VT) NMR studies involved 
equilibration times of 10 min at each temperature. NMR sam- 
ples of reaction mixtures were prepared by decanting an ali- 
quot of the reaction mixture into an NMR tube, removing the 
volatiles in vacuo, and introducing an appropriate amount of 
CD,Cl, in vacuo. Unless otherwise indicated, crystalline sam- 
ples were obtained by slow removal of solvent and were 
washed by cold spot back-distillation (14). 

Preparation of 5c12 
A solution of N,N'-dimethyl- 1,3-propanediamine (4.96 g, 48.5 
mmol) and triethylamine (25 mL) in diethyl ether (20 mL) was 
slowly added (45 min) dropwise to a solution of AsCI, (8.80 g, 
48.5 mmol) in diethyl ether (125 rnL) in a 3-neck flask, under 
a continuous stream of dry nitrogen gas. Immediate reaction 
produced a copious white precipitate; the mixture was stirred 
overnight then filtered under nitrogen and the solid was 
washed with two portions (25 mL) of fresh ether. The wash- 
ings were added to the filtrate and the volume of the solution 
was reduced by removal of the solvent in vacuo and cooling to 
- 18°C produced colourless crystals that were recrystallized 
from fresh ether and characterized as 2-chloro-l,3-dimethyl- 
cyclo- l,3-diaza-2-arsahexane (2-chloro- l,3-dimethyldiaza-2- 
arsenane), 5.81 g, 27.6 mmol, 57%; mp 47.W8.5"C; IR 
(cm-I): 2744(m), 27 18(m), 2702(m), 2687(w), 1276(vs), 
1227(vs), 1207(m), 1146(vs), 1133(vs), 1125(vs,sh), 109 1(s), 
1050(vs), 1037(vs), 941(vs), 925(s), 891(s), 837(vs), 570(vs), 
540(m), 414(m), 361(vs), 342(m), 320(w), 285(s,sh), 263(vs), 
239(vs), 233(vs); 'H NMR (CD2C12): 2.88 (CH,N, m, 4H), 
2.63 (CH,, s, 6H), 1.94 (CH,, m, 2H); ' 3 ~ ( ' ~ )  NMR 
(CD,Cl,): 48.4 (CH,N), 40.3 (CH,), 27.8 (CH,). 

First reported briefly in ref. 6. 
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Preparation of 5[GaC14] 
A solution of 5C1 (0.45 g, 2.1 mmol) in CH2C12 (20 mL) was 
slowly added to a solution of GaCl, (0.38 g, 2.1 mmol) in 
CH2C12 (40 mL) over a period of 15 min. Approximately 90% 
of the solvent was removed in vacuo and the solution was 
cooled to 5°C to produce yellow crystals characterized as 1,3- 
dimethyldiaza-2-arsenanium tetrachlorogallate, 0.39 g, 1.0 
mmol, 48%; mp 52.0-54.5"C; IR (cm-I): 1347(w), 1284(vs), 
1242(vs), 1205(s), 1184(w), 1152(vs), 11 18(vs), 1102(m), 
1084(s), 1049(vs), 1040(vs), 955(vs), 913(w), 879(s), 862(m), 
806(w), 752(w), 601(s), 588(s), 551(w), 493(w), 387(vs, sh), 
378(vs), 362(vs), 339(vs), 301(w), 266(w), 255(w), 232(s); 'H 
NMR (CD2C12): 3.49 (CH2N, m, 4H), 3.34 (CH,, s, 6H), 2.29 
(CH,, m, 2H); 1 3 ~ { ' ~ }  NMR (CD,Cl,): 5 1.6 (CH,N), 42.6 
(CH,), 26.2 (CH,). Anal. (%) calcd.: C 15.53, H 3.13, N 7.25; 
Found C 15.97, H 3.29, N 7.35. 

Preparation of 4BD[GaC14] (ref. 12) 
2,3-Dimethylbutadiene (0.1 1 g, 1.3 mmol) in CH,Cl, (7 mL) 
was added dropwise (8 min) to a stirred solution of 4[GaC14] 
(0.32 g, 0.42 mmol) in CH2C1, (40 mL). Slow removal 
of the solvent in vacuo afforded air-sensitive colourless 
crystals, which were characterized as 1-azonia-1,3,4,7-tetra- 
methyl-7-aza-6-arsabicyclo(4.3.O)non-3-ene tetrachlorogal- 
late, 4BD[GaC14], 0.21 g, 0.46 mmol, 55%; mp 139-140°C; 
IR (cm-'): 1657(w), 1413(m), 1325(w), 1300(w), 1270(m), 
1241(m), 1171(m), 1116(m), 1073(m), 1058(w), 1009(m), 
984(m), 967(s), 940(w), 924(w), 885(w), 867(m), 798(w), 
784(m), 737(w), 655(w), 597(w), 581(m), 569(m), 525(w), 
453(w), 423(w), 383(vs), 366(s), 349(m), 3 13(w), 228(w); 'H 

I NMR (CD,Cl,): 3.90 (d of d of d, lH), 3.85 (d, lH), 3.69 (d of 
I d,lH),3.55(d,lH),3.49(dofd,lH),3.22(~,3H),3.15(tof 
I d),lH),3.10(d,lH),2.97(s,3H),2.67(d,lH),1.95(m,6H); 
I 1 3 ~ { 1 ~ }  NMR (CD,Cl,): 130.4, 128.8, 62.8, 62.2, 59.1, 52.2, 

41.8, 37.6, 20.7, 20.3; see discussion for COSY analysis. 
Anal.(%) calcd.: C 26.41, H 4.43; found: C 26.02, H 4.49. 'H 
and ',c NMR spectra of the reaction mixture show 
4BD[GaC14] as the only product. 

Preparation of 5BD[GaC14] 
2,3-Dimethyl-l,3-butadiene (0.24 g, 2.9 mmol) in CH,Cl, (6 
mL) was added over a period of 4 min to a solution of 5[GaC14] 
(1.11 mmol) in CH2C12 (90 mL) prepared in situ. The mixture 
was allowed to stir for 20 min. The solvent was removed in 
vacuo to give a viscous yellow oil that solidified upon standing 
overnight and was characterized as 1-azonia-1,3,4,7-tetra- 
methyl-7-aza-6-arsabicyclo(4.4.O)dec-3-ene tetrachlorogal- 
late, 5BD[GaC14], 0.849 g, 1.81 mmol, 82%; mp 83.5-87.5"C; 
IR (cm-I): 1343(w), 13 13(m), 130 1 (m), 1286(w), 1267(m), 
1234(m), 1204(s), 1200(s), 1 184(m), 1 156(vs), 1 135(s), 
1 123(m), 1097(w), 1074(m), 105 1 (m), 1042(s), 1029(m), 
1003(s), 982(vs), 946(s), 913(s), 884(s), 847(vs), 806(w), 
788(w), 770(vs), 738(w), 657(m), 61 l(m), 583(s), 548(w), 
503(s), 405(m,sh), 381(vs,br), 365(vs), 343(s), 317(m), 
288(w), 257(w); 'H NMR (ppm, CD2C12): 3.71 (m, 3H), 3.69 
(m,3H),3.39(d, lH),3.36(d, lH),3.14(~,3H),3.05,(~,3H), 
3.01 (m, 2H), 2.47 (d, lH), 2.39 (m, lH), 1.90 (s, 3H), 1.74 (m, 
IH); ' 3 ~ { 1 ~ }  NMR (ppm, CD,Cl,): 124.6, 122.8, 65.0, 57.4, 
48.9, 45.6, 43.9, 33.1, 22.2, 19.5, 19.0; see discussion for 
COSY analysis. 'H and 13c NMR spectra of the reaction mix- 
ture show 5BD[GaC14] as the only product. 

Recrystallization of 4C1 
Evacuated samples of 4C1 stored at 4°C for weeks sublimed 
onto the glass walls of the vessel or tube. The crystals (mp 
19°C) were mounted in a nitrogen-filled glove bag under a 
stream of cold nitrogen (liquid nitrogen boil-off). The X-ray 
diffraction data were collected at -60°C. 

X-ray crystallography 
Crystals were selected and mounted in Pyrex capillaries in the 
drybox. Pertinent crystallographic data are summarized in 
Table 1. Unit-cell parameters were obtained from the setting 
angles of 18 accurately centered reflections with 6.13 < 28 < 
50.04" for 5[GaC14], 24 accurately centered reflections with 
20 < 28 < 26" for 4C1,20 accurately centered reflections with 
35 < 28 < 40" for 5C1, and 22 accurately centered reflections 
with 30.31 < 28 < 45.55" for 4BD[GaC14]. The choice of space 
groups was based on systematically absent reflections and was 
confirmed by the successful solution and refinement of the 
structures. The stability of the crystals was monitored using 
three standard reflections; significant decay was not observed. 
Data were corrected for Lorentz and polarization effects, and 
the absorption corrections were applied based on the program 
DIFA~S (15). Scattering factors (16) were corrected for anoma- 
lous dispersion. 

Structures were solved by direct methods to find the heavy 
atoms with the remaining atoms located from difference Fou- 
rier synthesis (18). The hydrogen atoms were placed in geo- 
metrically calculated positions with a C-H distance of 0.96 A 
(5[GaC14]), 0.95 A (4C1 and 5C1), or 1.08 A (4BD[GaC14]); 
their positions were not refined, and they were assigned fixed 
isotropic temperature factors with a value of 1.2 BCq of the 
atom to which each was bonded. The models were refined 
using full-matrix least-squares techni ues based on F, mini- 9 mizing the function Cw(lF I - IF,\) , where the weight is 
defined as w = 4 F ~ / u 2 ( F ~ ~  (u2(F,) + (p FJ~),)-' and u is 
derived from counting statistics (18). Supplementary material 
containing crystal data, atomic positional parameters, aniso- 
tropic thermal parameters, and bond lengths and angles for 
5[GaC14], 4C1, 5C1, and 4BD[GaC14] has been deposited.3 

Results and discussion 

Chlorodiazarsenane and diazarsenanium 
tetrachlorogallate 

The halide ion abstraction technique, now commonplace in 
the preparation of phosphenium salts (I), is also applicable for 
the formation and isolation of arsenium derivatives. The first 
examples, 3[GaC14] and 4[GaC14], were shown to adopt novel 
dimeric structures 6 in the solid state (7). We have now extrap- 
olated the synthetic procedure to the six-membered (cyclohex- 
ane derivative) diazarsenane framework (6). 2-Chloro-1,3- 

Copies of the supplementary material may be purchased from: 
The Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA OS2. 
With the exception of the anisotropic thermal parameters, these 
data have also been deposited with the Cambridge 
Crystallographic Data Centre, and can be obtained on request 
from The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 lEZ, U.K. 
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Table 1. Crystal data for 5 [GaCl,], 4C1, 5C1, and 4BD[GaCI,]. 

5[GaCI,] 4CI 5CI 4BD[GaC14] 

Formula C,H12AsCl,GaN2 C4HlOAsClN2 C,H12AsC1N2 CloH20AsC14GaN2 
I fw 386.61 196.51 210.54 454.73 

Crystal system Orthorhombic Monoclinic Monoclinic Orthorhombic 
I Space group Pca2, (no. 29) F'2,ln (no. 14) P2,ln (no. 14) Pca2, (no. 29) 
I 

a,  A 14.432 (3) 6.959 (7) 7.206 (1) 18.471 (2) 
I 

b, A 6.7580 (14) 9.23 (2) 9.650 (1) 7.000 (2) 
c, A 13.905 (3) 12.14 (2) 13.021 (2) 13.738 (1) 
LA " 95.4 (1) 99.61 (2) 
V, AS 1356.2 (5) 777 (4) 892.8 (2) 1776.2 (8) 
z 4 4 4 4 
Radiation MoK, MoK, MoK, MoK, 

h=0.71069%r h=0.71069A h=0.71069A h=0.71069A 
p, cm-' 124.60 46.24 40.27 39.84 
Temperature, K 293 f 2 213 + 1 296 f 1 291 + 1 
Diffractometer Rigaku AFC5R Rigaku AFC5R Rigaku AFC5R Rigaku AFC5R 
Scan type 0-28 o -28 0-28 0-28 
DC~IC,, g cm-j 1.893 1.68 1 1.566 1.700 
No. of reflections 739 1160 1459 1470 
No. of observations 378" 814 828 95 1 
(I > 3.00 ~ ( 1 ) )  
Reflectionlparameter 4.50 11.2 9.98 5.87 

I 

I ratio 
1 No. of variables 84 73 83 162 
I 
I Residuals: R, Rw 0.0505, 0.043 1, 0.0259, 0.0437, 
I 0.1074 0.0587 0.0289 0.0437 

I 
I dimethyldiaza-2-arsenane 5C1 reacts with GaC13, in an essen- 
I tially identical fashion to the arsolidine 4C1(7), to give chloro- 

1,3-dimethyldiaza-2-arsenanium 5 tetrachlorogallate. Com- 
pounds 5CI and 5[GaC14] have been comprehensively charac- 
terized and crystallographic views of the solid state structures 
are illustrated in Figs. 1 and 2, respectively. The structure of 2- 
chloro-l,3-dimethyldiaza-2-arsolidine 4CI (-60°C; Fig. 3) is 
also described for comparison. Selected bond lengths and 
angles for the three compounds are compared with those for 
4,[GaC14], (7) in Table 2. 

Crystals of 5[GaC14] were of poor quality and provided only 
limited data. Nevertheless, the distinctly ionic structure shows 
no evidence of interaction between cations (shortest inter- 
cationic As-N 5.62(2) A) (Fig. 4) in contrast to the dimeric 6 
structure of 4[GaC14] (as well as 3[GaC14]) (7). This implies 
that the association between monomers in 6 is weak, consistent 
with the relatively long intermonomer bonds observed in 6, 
and 'H NMR spectroscopic data for 4,[GaC14],, which indi- 
cate a monomer-dimer equilibrium in solution (7 . Cation- 
anion contacts in 5[GaC14] (3.363(9) and 3.58(1) A ) (Fig. 4) 
are within the sum of the van der Waals' radii for As and C1 
(As, 2.0 A; C1, 1.7 A (19)), but are significantly longer than the 
A s 4 1  bonds in 4CI (2.390(5) A) and 5C1(2.357(2) A), and 
are comparable to the cation-anion contacts observed in the 
structure of 4,[GaC14], (3.296(2) and 3.424(2) A) (7). The 
resulting polymeric lattice of 5[GaC14] is reminiscent of the 
solid state structures observed for (Me2Si(NtBu),E)[GaC14] (E 
= Sb, Bi) (9). The As-N bonds (1.68(3) and 1.67(2) A) are 
significantly shorter than the shortest bond of 4,[GaC14], 

(1.752(5) and 1.949(4) A(7)), implicating a degree of a-bond- 
ing over the N-As-N moiety. 

In spite of the monomeric structure observed for 5[GaC14], 
the neutral arsenane 5C1 also adopts a dimeric arrangement 
involving a four-membered As,N, intermonomer contact that 
is similar to that of the corresponding arsolidines 3C1 and 4C1 
as well as the dications 6. Such arrangements contrast that 
observed for related chloroarsines (1 1, 20), which involve 
four-membered As,Cl, contacts. The intermonomer contact is 
significantly shorter in 4C1 (As-N' 2.84(1) A) than in 5CI 
(As-N' 3.250(5) A), and both are substantially longer than 
observed for 4[GaC14] (2.103(8) A) (7). These interactions are 
well within the sum of the van der Waals' radii for As and N 
(As, 2.0 A; N, 1.5 A (19)) and impose a pseudo-tetracoordi- 
nate environment on N(2). The shorter interaction in 4C1 has a 
measurable impact on the structural features of the arsolidine 
heterocycle, which exhibits slight differences in the As-N 
bond lengths as well as the geometries at the nitrogen centres. 
N(l) is essentially planar (sum of the angles 359.3"), while 
N(2) is clearly pyramidalized (sum of the angles 339.4"). The 
geometrically indistinguishable nitrogen centres of 5C1 have 
bond angle sums (N(l), 348"; N(2), 347") that are substan- 
tially greater than expected for an sp3 (328.5") hybridized site. 
In this context, the relatively long (see for example refs. 20 
and 21) A s 4 1  bonds (4C1,2.390(5) A; 5C1,2.357(2) A) and 
relatively short endocyclic As-N bonds (4C1, 1.77(1) A, 
1.870(8) A; 5C1, 1.796(4) A, 1.803(5) A; typical range 1.82- 
1.88 A (see for example ref. 22)) in both compounds implicate 
a degree of As-N a-bonding. 
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Fig. 1. ORTEP view (50% probability ellipsoids) of the dimeric 
unit of 5CI showing the closest intermolecular interactions, 
As(1)-N(2)' 3.250(5) A (hydrogen atoms omitted for clarity). 

Fig. 2. PLUTO view of 5[GaCl4] 

The 'H NMR spectra for 5C1 (6: 2.88m, 2.63s, 1.94m) and 
5[GaC14] (6: 3.49m, 3.34s, 2.29m) are interpreted as very sim- 
ilar AA'BB'CD spin systems and differ only in chemical shift, 
with the salt exhibiting the expected deshielding. Consistent 
with integration values, the lower frequency multiplet is 
assigned to the azamethylene protons and the singlet to the 

I 
methyl protons. Neither spectrum shows significant changes at 

1 -80°C. 

Diazarsenium-butadiene cycloaddition 
Compounds 4[GaC14] and 5[GaC14] react rapidly with 2,3- 
dimethylbutadiene in CH2C12 to give a single product, as 
shown by 'H NMR spectra of the reaction mixtures. The iso- 
lated products are spectroscopically similar and an X-ray crys- 
tallographic study of the product from 4[GaC14] reveals a 

Fig. 3. ORTEP view (50% probability ellipsoids) of the dimeric 
unit of 4CI showing the closest intermolecular interactions, 
As(1)-N(2)' 2.84(1) A (Hydrogen atoms omitted for clarity). 

Fig. 4. The unit cell of S[GaCl,], showing the closest cation- 
anion contacts. 

tetrachlorogallate salt of cycloadduct 4BD, in which the diene 
is assymmetrically bound to the arsolidinium heterocycle 
(across one of the As-N bonds). 

The bicyclic structure of the cation is shown in Fig. 5 and 
selected bond lengths and angles are given in Table 2. The 
cross-ring As(1)-N(2) bond is significantly longer 
(2.056(10) A) than that of As(1)-N(l) (1.797(11) A), and is 
comparable (within experimental error) to the corresponding 
bond observed in the dication 6b (As - tetracoordinate N, 
1.949(4) A; As - tricoordinate N, 1.752(5) A). The cross-ring 
bond in 4BD is anomalously long in comparison to the As-N 
bonds in 4C1, 5C1, and 4[GaC1,], and may be considered an 
intramolecular donation to an amino-alkyl-arsenium centre. 
Consistently, intermolecular donor interactions to the dithi- 
arsolidinium cation are also long (7), as are those to phosphe- 
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Burford et al. 

Fig. 5. ORTEP view (50% probability ellipsoids) of the cation in 
4BD[GaC14] and closest chlorine atom, As(l)-C1(3) 3.382(6) A, 
of the tetrachlorogallate anion (hydrogen atoms omitted for 
clarity). 

nium centres (23). In the other extreme, the bicyclic structure 
of 4BD can be viewed as an ammonium-arsine. 

The complex 'H NMR spectra of 4BD[GaC14] (previously 
reported (24)) and 5BD[GaC14] (Fig. 6) in CD2C12 were 
resolved by COSY techniques at 400 MHz. Methyl groups 1, 
2, 3, and 4 (illustrated in 9) are observed as singlets at 1.90, 
1.74,3.05, and 3.14 ppm, respectively. The six methylene pro- 
tons are observed in the usual region, with the signals for those 
closest to the nitrogen atoms farther downfield. While it has 
been possible to identify the signals produced by each of the 
protons in a vicinal pair, it has not been possible to identify 
which of the two protons is responsible for which of the sig- 
nals. Protons 1 and 2 are observed as multiplet signals at 3.01 
and 3.71 ppm. Likewise, protons 3 and 4 exhibit multiplets at 
1.74 and 2.39 ppm. Protons 5 and 6 exhibit a doublet at 3.36 
pprn and a multiplet at 3.69 ppm, while protons 7 and 8 each 

produce a doublet at 2.47 pprn and 3.39 ppm. Finally, protons 
9 and 10 each produce multiplet signals at 3.01 pprn and 3.71 
PPm. 

A ('H, 13c) HETCOR spectrum has allowed for unarnbigu- 
I 

ous assignment of the carbon signals for 5BD[GaC14] (illus- 
4 

trated in 10): 1, 22.2 ppm; 2, 19.0 ppm; 3, 33.1 ppm; 4, 43.9 
ppm; 5,48.9 ppm; 6,57.4 ppm; 7, 19.5 ppm; 8,45.6 ppm; and 

I 9, 65.0 ppm. Two quaternary carbon signals were found at 
1 122.8 and 124.6 ppm. The lower field signal is presumably due 

to carbon 10. 
Formation of cations 4BD and 5BD are in contrast to the 

butadiene cycloaddition reaction observed for the diazaphos- 

Fig. 6. Two-dimensional ('H, 'H) COSY NMR of 5BD[GaC14]. 

ppm 3.5 3.0 2.5 2.0 

pholidinium cation 7, which results in the oxidative cycload- 
dition phosphonium product 8 (13). The arsenium 
cycloaddition reactions may be classified as Diels-Alder-type 
reactions with the As-N unit behaving as a "hetero-dieno- 
phile," and in the context of reactions observed for phos- 
phaalkynes (25), phosphaalkenes (26) and phosphinines (27). 
Qualitative MO analysis reveals that the HOMO of the diene 
and the LUMO of the dienophile can be considered as the 
dominant interaction determining the structure of the transi- 
tion state in a "normal electron-demand" process (see for 
example ref. 28). A comprehensive theoretical study of these 
reactions is in progress. 

Conclusions 

The diazarsenanium tetrachlorogallate salt adopts a mono- 
meric structure in the solid state, in contrast to the correspond- 
ing arsolidinium salt. Nevertheless, both salts undergo 
quantitative Diels-Alder-like cycloaddition reactions with 
2,3-dimethylbutadiene, involving one As-N bond as the ole- 
fin, and contrasting the observations for the corresponding 
phospholidinium cation. 
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Secondary ion mass spectroscopy (SIMS) and 
kinetics of the catalysis of bisulphite oxidation 
by aqueous iron 

R.R. Martin and Jinjiang Li 

Abstract: The catalytic activity of Fe(I1) and Fe(II1) in the aqueous oxidation of bisulphite by molecular oxygen at bisulphite 
concentrations similar to those in cloud water has been studied. Secondary Ion Mass Spectroscopy (SIMS) of insoluble sulphates 
derived from bisulphite after oxidation by 180, gives different ' 8 0 / 3 2 ~  ratios for Fe(I1) and Fe(III), indicating that the oxidation 
mechanism is different in these two species. 

Key words: oxidation, bisulphite, iron, secondary ion mass spectroscopy. 

RCsurnC: On a ktudik l'activitk catalytique du Fe(1I) et du Fe(II1) sur l'oxydation aqueuse du bisulfite par l'oxygkne molkculaire, 
i des concentrations de bisulfite semblables i celles que l'on rencontre dans l'eau de pluie. La spectroscopie de masse des ions 
secondaires (SMIS) des sulfates insolubles obtenus par oxydation du bisulfite par du 180, conduit i d e s  rapports diffkrents de 
1 8 0 / 3 2 ~  pour le Fe(I1) et le Fe(II1); ce rksultat indique que le mkcanisme de l'oxydation est diffkrent avec ces deux espkces. 

Mots clis : oxydation, bisulfite, fer, spectroscopie de masse des ions secondaires. 

[Traduit par la rkdaction] 

Introduction 

The rate of oxidation of S(1V) in solution has been the subject 
of considerable study (1). Transition metal ions in solution are 
known to act as catalysts, as is the case with Fe(III)(2). Recent 
work has shown synergistic interactions between Fe(II1) and 
Cu(I1) (3). The mechanism for the reaction has been the sub- 
ject of debate, which is likely to continue since the reaction, 
complex in itself, has kinetics strongly dependent on both the 
pH and ionic strength of the solution (4). 

The archetypical mechanism advanced by Backstrom (5) 
suggests that in the oxidation of bisulphite the metal ion is 
reduced, leading to formation of a bisulphite radical that reacts 
rapidly with molecular oxygen. Kraft and van Eldick (6) pro- 
pdsed a mechanism for the oxidation of aqueous HSO< in 
which Fe(II1) is reduced to Fe(II), followed by reaction of the 
Fe(I1)-HS0,- complex to produce sulphate, peroxide, s ~ o ~ ~ - ,  
and Fe(II1). More recently van Eldick et al. (7) have proposed 
that oxidative cycling of Fe(II1) and Fe(I1) in the presence of 
molecular oxygen occurs with the pseudo-zero-order oxida- 
tion of Fe(I1) by SO, species. Other mechanisms have been 
suggested, see for instance Conklin and Hoffman (8). In this 
paper we examine the kinetics of the oxidation of dilute HSO,- 
by molecular oxygen in solution at pH 4.6 maintained by an 
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acetate - acetic acid buffer with Fe(II1) and Fe(I1) as catalysts. 
Reaction has been attempted in the absence of oxygen and in 
solutions in equilibrium with air and pure oxygen. The effect 
of adding the complexing agent 1,lO-phenanthroline was also 
studied. Secondary Ion Mass Spectroscopy (SIMS) can be 
used in conjunction with isotopically enriched reactants to 
study the oxidation reactions (9). In this work SIMS is used to 
estimate the 1 8 0 / 3 2 ~  ratio in BaSO, precipitated from solution 
after oxidation of bisulphite with 1802; differences in this ratio 
obtained with Fe(II1) and Fe(I1) as catalysts can give an indi- 
cation of differences in the reaction mechanisms. 

Experimental 

The kinetics of the oxidation of bisulphite was measured using 
100 ppb ferrous or ferric iron and 20 ppm bisulfite at 25°C in a 
solution buffered to a pH of 4.6 by a 0.01 M acetate - acetic 
acid buffer. The effect of oxygen was examined by excluding 
oxygen completely or by bubbling either air or pure oxygen 
through the system. The effects of varying both iron and 
buffer concentrations were also examined. An additional set 
of experiments was carried out using 20 ppm bisulphite and 
100 ppb ferrous and (or) ferric iron at 25, 30, and 35°C to 
establish the activation energies for the reactions. In all cases 
the temperature was controlled to within 0.05"C. 

Two further experiments were carried out using 20 ppm 
bisulphite and 100 ppb solutions of ferrous and ferric iron in 
3.3 x M 1,lO-phenanthroline. The concentration of the 
Fe(I1)-1,lO-phenanthroline complex was measured using the 
absorption band centred at 508 nm with a Shimadzu 160 UV 
spectrometer. All solutions were prepared using reagent grade 
materials and distilled deionized water. Bisulphite solutions 
were prepared fresh daily. Analysis for ionic species was car- 
ried out using a Dionex DX-100 ion chromatograph. 

Can. J. Chem. 74: 2217-2220 (1996). Printed in Canada 1 Imprimt au Canada 
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Table 1. Specific rate constant for bisulfite oxidation as a 
function of temperature in the Fe(II1) and Fe(I1) systems. 

Iron species TI0C k 

The SIMS experiment was carried out by preparing a solu- 
tion 0.1 M in bisulphite and 0.1 M in either Fe(I1) or Fe(II1) 
buffered to a pH of 4.6 as before. Argon was bubbled through 
the solution for 3 h and the resulting solution was exposed to 
20 kPa of "0, for 48 h at 23°C. The resulting sulphate was 
precipitated from solution with BaCl,, and the precipitate was 
dried and pressed into indium foil to reduce charging during 
SIMS analysis. The mass spectrum was obtained using a Cam- 
eca IMS 3f instrument with a 5 nA Cs+ primary ion beam at 7.5 
keV net energy rastered over a square 250 pm on edge, while 
secondary ions were collected from a central spot 150 pm in 
diameter to avoid edge effects from the ion crater created by 
the primary ion beam. A 100 V offset was applied to the sam- 
ple holder to suppress molecular secondary ions. 

Results and discussion 

The reaction did not proceed in the absence of molecular oxy- 
gen, showing that it is the sole oxidizing agent in our system. 
The reaction was pseudo zero order in oxygen and first order 
for bisulphite in the presence of either Fe(I1) or Fe(III), a result 
consistent with reports by other authors (10). The oxygen 
result is not surprising considering the large excess of oxygen 
used. The result confirmed that it was not necessary to use pure 
oxygen in our work. 

No sulphur-containing ions other than HSO< and SO:- 
were detected during analysis using ion chromatography. Par- 
enthetically, the kinetics were the same in unstirred solutions 
in contact with air. In addition, we noted that the oxidation rate 
is negatively correlated with buffer concentration. The latter 
observation is consistent with the series of iron complexes 
formed with the acetate buffer system (1 1). 

The variation in specific rate constants with temperature 
between 25 and 35°C for both iron species is shown in Table 1. 
The activation energies determinedfrom these data using the 
Arrhenius equation were 73.8 + 2 and 70.9 + 2 kJ mol-' for 
the ferric and ferrous systems, respectively, in agreement with 
Hara and Okita (10). These activation energies fall within 
experimental error for both species, a result consistent with 
oxidative cycling between Fe(II1) and Fe(I1) as suggested else- 
where (6,7). 

Figure 1 shows a plot of the concentration of bisulphite vs. 
time in Fe(I1) and Fe(II1) solutions in the presence of 1,lO- 
phenanthroline. Little reaction is observed in the complexed 
Fe(I1) system while reaction ceases in the Fe(II1) solution after 
10-20 min. Such reaction as may be inferred during the initial 
few minutes in the Fe(I1) solution may be attributed either to 
Fe(II1) impurity in the standards used and (or) reaction prior to 
the relatively slow sequestration of Fe(I1) by 1, lo-phenanthro- 

Fig. 1. Plot of concentration of bisulfite vs. time in the presence 
of either Fe(II1) or Fe(I1). 

Time (min) 

Fig. 2. Development of the 1,lO-penanthrolinelFe(I1) complex 
in the Fe(II1)-catalyzed system. 

Timels 

line. Cessation of reaction in the Fe(II1) system corresponds to 
quantitative recovery of the Fe(II1) as the Fe(I1)-1,lO-phenan- 
throline complex. Clearly the Fe(I1)-1, 10-phenanthroline 
complex suppresses the catalytic action of Fe(I1). This result is 
consistent with observations by Lee et al. (12) who have 
shown the formation constant for the Fe(I1) complex to be 
seven orders of magnitude greater than that for Fe(II1); as 
well, Fe(I1) will displace Fe(II1) from 1,lO-phenanthroline. 

It should be noted that the Fe(I1)-1 , 10-phenanthroline com- 
plex develops relatively slowly, taking about 10 min to 
develop fully under our experimental conditions. The growth 
in the absorbance attributed to the complex formation with 
time is shown in Fig. 2, which was obtained directly from the 
spectrometer. 

Behra and Sigg (13) have reported that Fe(I1) is the predom- 
inant oxidation state in fog water with a half-life for oxidation 
to Fe(II1) at pH 5 and 5°C of 4.6 years. Our results support 
redox cycling of iron during oxidation since complexation of 
Fe(I1) by 1,lO-phenanthroline interrupts the cycle by seques- 
tering Fe(I1). It should be noted, however, that Fe(I1) is a cat- 
alyst for bisulphite oxidation in its own right. Redox cycling is 
also consistent with our observation that the oxidation kinetics 
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Table 2. Ratio I80P2s secondary ion yield in 
sulphate after oxidation with I8O2 with Fe(II1) and 
Fe(I1) as catalysts. 

Ratio, secondary ion yield 
Iron species 1 8 0 B 2 ~  

are essentially independent of the starting material, Fe(I1) or 
Fe(II1). 

The SIMS experiment was undertaken to estimate the 180/ 
3 2 ~  ratio obtained by oxidation of bisulphite by 1802 in systems 
dominated by either Fe(I1) or Fe(II1). Significant differences 
would be indicative of different reaction mechanisms. The 
results, shown in Table 2, give ratios of 1.211 and 0.3411 for 
Fe(I1) and Fe(II1) systems, respectively. The SIMS data used 
in constructing Table 2 were based on analysis of three distinct 
sites on the surface of the barium sulfate precipitates mounted 
on indium foil. These results are subject to large relative errors 
due to differential charging, which arises because the particle 
distribution and size is non-uniform and varies from site to 
site. Changes in surface charging have a significant effect on 
secondary ion yield. 

It is difficult to propose a unique reaction mechanism from 
our results, both because the system is complicated by the 
presence of a buffer that forms a series of complexes with the 
iron species and because more than one mechanism is consis- 
tent with the results. It is reasonable to suggest that the Fe(II1) 
reacts in a manner similar to that proposed in the original 
Backstrom (5) mechanism: 

When the bisuphite is oxidized in 180,  this step yields an 
180132~  ratio of 0.5. 

Benson (14) has suggested that peroxide complexes of 
Fe(I1) and O2 are formed during oxidative cycling of Fe: 

followed by slow oxidation of Fe(I1) to Fe(II1) by molecular 
oxygen. Reaction of the peroxide with bisulphite in 180,: 

yields an 180132~  ratio of 1: 1. 
At any rate it appears that the ratio of 180132~ will be lower 

in the Fe(II1) system than that obtained with Fe(I1). The pre- 
ponderance of Fe(I1) in cloud water suggests that this is the 
principle iron catalyst responsible for oxidation of bisulphite. 
The Fe(I1) peroxide species may play an important role in the 
oxidation mechanism. 

The behaviour of the system is consistent with that expected 
for the following simplified mechanism: 

HSO; + i0, + ;H,O + SO:- + 2Hf 

Fe(I1) + 0, + Fe(II)O, 

Fe(II)O, + 2 H S 0 ,  + Fe(I1) + 2 ~ 0 2 -  + 2Hf 

Net: Fe(II1) + 3HSOC 40, + :H,O + Fe(I1) + 3 ~ 0 2 -  + 4H' 

followed by slow oxidation of Fe(I1) to Fe(II1): 

As long as Fe(I1) oxidation is slow, Fe(I1) will become the 
dominant catalytic agent as the concentration of Fe(II1) falls. 
While we do not suggest that this is a definitive mechanism, 
especially in a system such as the buffer used in our work, it 
does explain our observations. First, reaction with Fe(I1) does 
not proceed when the system contains 1,lO-phenanthroline, 
while reaction with Fe(II1) is quenched after a 10 min induc- 
tion period when 1,lO-phenanthroline is added. Further, this 
induction period corresponds to quantitative recovery of the 
1,lO-phenanthroline-Fe(I1) complex. Second, the activation 
energies for the two systems are within experimental error, 
reflecting the strong coupling between Fe(II1) and Fe(I1). 
Third, the ratio of 180132~  for the Fe(I1)-catalyzed oxidation is 
close to unity (1.211) while it is 0.3411 for the Ee(II1) system. 

Conclusions 

The kinetics of iron-catalyzed bisulphite oxidation are consis- 
tent with oxidative cycling of ferrous and ferric iron, as 
reported elsewhere. 

SIMS analysis of sulfates precipitated after oxidation of 
bisulphite in systems dominated b each of the iron species Y2 yields significantly different l801 S ratios when oxidation 
is carried out in the presence of 180,. Fe(II1) yields a ratio of 
180132~  less than unity, suggesting that H20  is an oxygen 
source. The Fe(I1) system yields a ratio close to unity; a spe- 
cies such as Fe(I1) peroxide is thus implicated in the reaction 
mechanism. SIMS provides a powerful tool for probing the 
reaction mechanism. 

These results, combined with those obtained by Behra and 
Sigg, imply that Fe(I1) is the dominant iron catalyst in cloud 
water. 
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Study of formation and fragmentation of ionic 
complexes of polydentate ligands with AI(II1) 
and glycerol by fast atom bombardment mass 
spectrometry. Part 1 : Polydentate ligands 

Mandapati Saraswathi and Jack M. Miller 

Abstract: The complexation reactions of aluminum ions with polydentate ligands such as 12-crown-4,15-crown-5, 18-crown-6, 
1 ,lo-dithia- 18-crown-6, dicyclohexyl-18-crown-6, dibenzo- 18-crown-6, and dibenzo-24-crown-8 and acyclic analogs mono-, 
di-, tri-, tetra-, penta-, and hexaethylene glycols were studied using FAB mass spectrometry. These cyclic ligands form 
(M + 117)+, (M + 157)+, (M + 231)+, and (M + 253)' ions with different aluminum-containing species. Collisionally activated 
dissociations of these adduct ions gave fragment ions, initially due to the loss of ligands directly attached to aluminum, followed 
by insertion of aluminum into the remaining ligand skeleton. Further fragmentation of the metal-containing species gave ions 
corresponding to consecutive losses of C2H,0 units. Fragmentations of deuterium-labelled ions were used to help in establishing 
fragmentation pathways. Selectivity towards metal chelation is observed in this order: 12-crown-4 < 15-crown-5 < 18-crown-6. 
The elemental compositions of adduct ions were confirmed by high-resolution measurements. The formation of (M + A1 - 2H)+ 
ion, obtained by the displacement of two hydroxy protons, is more favored for tetra- and pentaethylene glycols. 

Key words: crown ethers, polyethylene glycols, aluminum(II1)-glycerol, ionic complexes and ion dissociations. 

Resume : Utilisant la spectrometric de masse BAR, on a CtudiC les reactions de complexation des ions aluminium avec des 
ligands polydentates suivants : 12-couronne-4, 15-couronne-5, 18-couronne-6, 1, 10-dithia- 18-couronne-6, dicyclohexy 1- 18- 
couronne-6, dibenzo- 18-couronne-6 et le dibenzo-24-couronne-8 et avec les analogues mono, di, tri, tetra, penta et hexaCthylkne. 
Ces ligands cycliques foment des ions (M + 117)+, (M + 157)+, (M + 231)+et (M + 253)' avec differentes espkces contenant de 
I'aluminium. Les dissociations, activkes par des collisions, de ces ions adduits donnent des ions fragments, initialement a cause 
de la perte du ligand attache directement h l'aluminium suivie de I'insertion de I'aluminium dans le squelette du ligand restant. 
Une fragmentation plus poussee de I'espkce contenant le metal donne des ions correspondants la perte consecutive d'unites 
C2H,0. On a utilist les fragmentations d'ions marques au deuterium dans le but de determiner le processus de fragmentation. On 
observe une sClectivitC dans la chelation du metal dans l'ordre suivant : 12-couronne-4 < 15-couronne-5 < 18-couronne-6. Des 
mesures a haute resolution ont permis de confirmer la composition ClCmentaire de ces ions adduits. La formation de I'ion (M + 
A1 - 2H)+, obtenu par le dtplacement de deux protons hydroxyliques, est plus favoriste pour les tetra et pentaethylkne glycol. 

Mots clis : ethers couronnes, polyethylkne glycol, aluminium(II1)-glycCro1, complexes ioniques et dissociation d'ions. 

[Traduit par la redaction] 

Introduction and on the solvent in which the reaction occurs (2). These mul- 

The host-guest chemistry of crown ethers has been studied 
extensively because of the importance of these complexes in 
synthesis, in phase transfer catalysis, and as complexing 
agents for unwanted or dangerous ionic contaminants (1). The 
strength of metal-ligand complexes formed from crown ethers 
in solution depends on the size of the ring, on the metal ion, 
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tidentate systems have also been studied extensively by 
molecular mechanics methods (3). Mass spectrometry offers 
conditions useful for evaluating cation-ligand complexation 
in the absence of solvents. Recent studies on crown ether com- 
plexation reactions in the gas phase also show selectivity in 
binding with alkali metal ions and are useful in assessment of 
cation-ligand interaction (4). However, in some cases these 
cation complexation reactions are dependent on the matrix 
used in fast atom bombardment mass spectrometry (5). 

Fast atom bombardment and electrospray ionization meth- 
ods are useful techniques for the evaluation of both strong and 
weak interactions. Metal complexes arising from binding of 
cations with ligands such as cyclodextrins (6) ,  bleomycin (7), 
bipyridyl amino acid (8), arylmethyl ethers (9), amines (lo), 
nitriles (1 l), and nucleobase-substituted polyethers (12) were 
studied by these techniques. A recent study suggests the pos- 
sibility of chiral recognition by using chiral crown ethers in 
the gas phase (13). Bowers and co-workers (14) predicted gas 

Can. J. Chem. 74: 2221-2228 (1996). Printed in Canada I ImprimC au Canada 
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phase conformations by accurate measurements of collision 
cross sections of alkali metal ion complexes of 18-crown-6 
using ion chromatography techniques. Collisionally activated 
dissociation (CAD) of metal -crown ether complexes resulted 
in the formation of distonic radical cations by the homolytic 
cleavage of C-C bonds and elimination of neutral C2H40 
units from the complex to yield abundant fragment ions 
(4c-e, 15), which is analogous to the fragmentation of proto- 
nated crown ethers (16). During the CAD process, cations 
residing within the binding cavity of a ligand behave very dif- 
ferently from the cations binding from the outside of the ligand 
cavity. The dissociation of the larger metal ion - ligand com- 
plexes led to the formation of metal ions in greater abundance 
(4c, 12). 

Crown ethers, which often serve to transport ionic species to 
specific sites (17), have not been studied with aluminum ions 
in the mass spectrometer. Therefore, we undertook the study 
of the interaction of aluminum ions with crown ethers and their 
open-chain counterparts. In the present study, the formation 
and fragmentation processes of cation-ligand complexes and 
the generation of cyclic ions between aluminum ions and poly- 
ethylene glycols are also discussed. 

Experimental 

All mass spectrometric experiments were conducted using a 
Kratos (Manchester, U.K.) Concept 1 s  double focusing (EB 

1 

i configuration) mass spectrometer, fitted with an Ion Tech. 
I (Teddington, U.K.) fast atom gun. The gun was operated at & 
1 8 kV with the gun current 0.5-1 pA, using xenon as a bom- 

1 barding gas. Source pressure was maintained at (1-2) x lo-' 
Torr (1 Torr = 133.3 Pa). All data were recorded at 8 kV accel- 

I 
erating voltage at a scan rate of 8 sldecade, over a mass range 
of 11-950 u at 1100 resolution with an inter scan delay of 2 s. 
Samples were prepared by dissolution of the ether in a matrix 
mixture containing AlC1, (-0.5 mg) in glycerol (25-30 mg) 
water, (2 pL), and TFA (2 pL). One microlitre of solution was 
loaded on to the stainless steel FAB probe tip. The m/z mea- 
surements were calibrated with 2,4,6-tris(perfluorohepty1)- 
1,3,5-triazine. For each run, 8-10 scans were averaged and the 
background was subtracted using the Kratos DART I MACH3 
data system. Equimolar solution data were recorded by using 
equal volumes of sample solution and constant amounts of 
glycerol (25-30 mg), water (2 pL), and TFA (2 pL) and equal 
quantities of A1C13 (-0.5 mg). High-resolution mass measure- 
ments were made at a resolving power of 10 000. Linked scan 
spectra were recorded keeping the BIE or B,/E constant for 
daughter and precursor ion analysis, respectively. The main 
beam intensity was reduced to 45-50% of its original value, 
using helium in the first field-free region collision cell, to 
obtain CAD spectra. 

All samples were commercially available (Aldrich, Parish) 
and used without further purification. Glycerol-d3 was pre- 
pared by exchange reactions with deuterium oxide. 

Results and discussion 

Crown ethers 
To study the complexation of aluminum ions with crown 
ethers, aluminum chloride was first dissolved in glycerol. As 
for other metal chlorides used to make metal-ligand com- 

Scheme 1. Ions produced from A1Cl3/glycerol/TFNH,O. 

plexes, a few microlitres of water were added to make the 
solution homogeneous. This process led to partial hydrolysis 
of the aluminum chloride. Finally, crown ether was mixed 
with the metal ion - matrix solution and spectra were 
recorded. Some ions were observed above the molecular ion 
region but the spectrum is complicated by chemical noise. By 
increasing the concentration of the crown ether, a FAB spec- 
trum of the crown ether is ultimately obtained. 

On analyzing the spectrum of the matrix mixture of AlCl, 
with glycerol and water, we found that the spectrum is domi- 
nated by glycerol ions and some ions containing aluminum 
and glycerol. The noise level, however, was not reduced. 
Addition of a few microlitres of trifluoroacetic acid (TFA) to 
the matrix reduced the noise and produced ions with predict- 
able masses at m/z 27, ( Al'), 93 {(Gly + H)'), 1 17 ( [A1 + 
(Gly - 2H)]'), 209 { [A1 + (2Gly - 2H)]'), 23 1 { [A1 + (Gly 
- H) + (TFA - H)]'), 233 {[Al, + (2Gly - 5H)I'). In addi- 
tion, clusters of these ions with 116 [A1 + (Gly - 3H)] and 1 14 
(TFA) units are also observed. The spectrum recorded with the 
substitution of glycerol and water by glycerol-d3 and D,O 
showed increase in m/z according to the number of hydroxy 
groups present in an ion: m/z 117 shifted to 118, m/z 209 to 
213, and m/z 231 and 233 to m/z 233 and 234, respectively. 
Structures proposed for these ions are given in Scheme 1. 
Replacement of TFA with acetic acid and the use of a solution 
of AlCl, do not produce good spectra. 

Aluminum foil and anhydrous aluminum chloride were 
used by other workers to generate aluminum ions (Al') (18). 
Finally, we tried using the combination of AlCl, (instant mix- 
ing) in glycerol with 2 p L  each of TFA and water. The spec- 
trum obtained with crown ether produced ions with an 
addition of 117, 157, 231, and 253 units to the crown ether. 
Use of monothioglycerol in place of the glycerol matrix pro- 
duced the (M + 18)' ion as the base peak due to trace amounts 
of ammonium salts present in the thioglycerol. The formation 
of the (M + 133)' ion further suggested that the m/z 117 ion 
formed in a glycerol matrix was a complex of aluminum and 
glycerol. Other ions were not significant enough to check the 
presence of the thioglycerol unit. 

The mass spectra of the crown ethers 12-crown-4 (I), 15- 
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Table 1. Relative abundances of ions obtained from crown ethers in the AlC1,-glycerol-TFA-water matrix. 

m/z  
Compound 

No. (M + H)' (M + 117)' (M + 157)' (M + 23 1)' (M + 253)' 45 87 89 133 175 

7 
Other ions 
2 
3 
4 
5 
6 

219 (7) (MH - H,)' 
263 (8) (MH - Hz)+, 535 (6) (M + 271)', 175 (7), 177 (7) 
295 (26) (MH - H,)', 149 (42) (C6H1302S)', 147 (14) (C6H1,02S)' 
8 1 (82) (C6H,)+, 187 (1 1) (CloH1903)+, 141 (lo), 37 1 (5) (MH - H,)' 
93 (29) (C,H40H)', 109 (44) (C6H40zH)', 121 (100) (C6H402CH)', 136 (38) (C6H402CzH4)', 137 (26) (C6H40HOC2H4)', 

163 (23) (C6H402C4H7)+, 181 (1 1) (CloH1303)', 359 (5) (MH - H2)' 
93 (5 1) (C6H40H)', 109 (40) (C6H402H)+, 12 1 (96) (C6H402CH)', 136 (37) (C6H402C2H4)', 137 (37) (C6H40HOCzH4)', 

163 (23) (C6H,O,C4H7)', 225 (1 1) (C12H1704)' 

Table 2. High-resolution measurements of m/z  381, 421, 495, and 517 from 18-crown-6. 

m/z  Formula Observed mass Theoretical mass Deviation (A ppm) 

crown-5 (2), 18-crown-6 (3), 1,lO-dithia- 18-crown-6 (4), 
dicyclohexyl- 18-crown-6 (5), dibenzo- 18-crown-6 (6), and 
dibenzo-24-crown-8 (7) were analyzed in the aluminum- 
glycerol - TFA-water matrix. Relative abundances of ions 
obtained from these cyclic ligands are listed in Table 1. All 
compounds yield the d z  45 (C2H50)' ion as the most abun- 
dant ion, except for dibenzo- 18-crown-6, which produced d z  
121 {(C6H402CH)+}as the base peak in the spectrum. Forma- 
tion of the d z  121 ion is a characteristic fragmentation of 
dibenzocrowns (19). Other abundant ions are (M + H)', (M + 
117)', (M + 157)', (M + 23 I)', and (M + 253)'. Less abundant 
ions due to the consecutive losses of C2H40 units from (M + 
H)' ions were also seen in the spectrum. 

Spectra obtained with glycerol-d3 and D20 instead of gly- 
cerol and water show that the mass of (M + H)', (M + 117)', 
and (M + 157)' ions increased by one unit, and the mass of (M 
+ 23 1)'ions by two units. There is no change in the mass of the 
(M + 253)' ion. 

Experiments with 1,2-propanediol as the matrix in place of 
glycerol gave ions from 18-C-6 corresponding to (M + H)', (M 
+ 101)', (M + 157)', (M + 215)', and (M + 253)' in addition to 
the other ions below the molecular ion region. Similarly, in 
ethylene glycol the spectrum of 18-C-6 also shows (M + H)', 
(M + 157)' and (M + 253)' ions in addition to the formation of 
(M + 87)' and (M + 201)' ions above the molecular region. 
Formation of (M + 117)', (M + 101)', and (M + 87)' from 

glycerol, 1,2-propanediol, and ethylene glycol, respectively, 
indicates that these complexes correspond to the adduct ions 
of the {A1 + (matrix - 2H))' complex. Similar changes with 
respect to the matrix are also observed in the mass of (M + 
231)', (M + 215)', and (M + 201)' ions, which suggests the 
participation of the matrix in the formation of these ions. 
However, there is no change in the mass of (M + 157)' and (M 
+ 253)' ions. The spectrum of 18-C-6 recorded in AlCl,, gly- 
cerol, acetic acid, and water gave (M + H)', (M + 117)', (M + 
61)', and (M + 177)' ions but no (M + 157)' ion. Therefore, 
we conclude that TFA participates in the formation of (M + 
157)', (M + 23 I)', and (M + 253)' ions. The (M + 23 1)' ion is 
a complex of {A1 + (Gly-H) + (TFA - H)]' with 18-C-6, 
which shows a mass increase of 2 u in D20 experiments. The 
(M + 253)' ion is a complex of { [A1 + (2TFA - 2H)] + MI', 
and remains unchanged during D20 exchange. Finally, the 
composition of the (M + 157)' ion can be accounted for with 
one exchangable proton as the {M + [AlO,H + (TFA-H)]}' 
ion. High-resolution mass measurements of (M + 117)', (M + 
157)', (M + 231)', and (M + 253)' ions fit with the proposed 
formula (Table 2). Despite the use of AlCl,, no chloride- 
containing species are observed in the spectra. Thus the 
aluminum coordinates to the crown and matrix-derived 
anions to form a unipositive complex cation. 

Experiments carried out with equimolar solutions of ana- 
lytes l, 2, and 3 under identical conditions can give metal- 
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Scheme 2. Collisionally activated dissociation of (M + 117)' ion 
from 18-crown-6. 

complexed ions in relative complexation by aluminum ions. 
Relative abundances of (M + 117)', (M + 157)+, (M + 231)+, 
and (M + 253)' ions directly indicate the metal ion binding 
strengths with crown ethers. These are in the order of 18-C-6 > 
15-C-5 > 12-C-4. Experiments with an equimolar solution of 
mixed ligands 12-C-4 1 15-C-5 and 15-C-5 I 18-C-6 showed 
the selectivity in the formation of metal-complexed ions. The 
abundances of the significant cluster ions (M + 117)', (M + 
157)+, (M + 23 I)', and (M + 253)'vary as 18-C-6 > 15-C-5 > 
12-C-4. This analysis was not extended to other crown ethers 
that are less polar and have solubility problems on mixing with 
a polar matrix. Although, regular spectra of 1,lO-dithia- 18- 
crown-6, dicyclohexyl- 18-crown-6, dibenzo- 18-crown-6, and 
dibenzo-24-crown-8 have been collected using solutions of 
these compounds prepared from 1,2-dibromoethane and meth- 
anol, this process does not keep the sample in the matrix for 
sufficiently long to run the competitive analysis. 

Ion dissociations 
The dissociation of (M + 117)+, (M + 157)+, (M + 231)', and 
(M + 253)' ions from 12-C-4, 15-C-5, and 18-C-6 shows sim- 
ilar types of fragmentation. Hence, the fragmentation pro- 
cesses of ions from 18-C-6 only are discussed (Scheme 2). 
These metal chelated ions (M + 1 17)+, (M + 157)', (M + 23 I)', 
and (M + 253)' show formation of precursor ions, which are 

cluster ions of crown with various ionic aluminum species sur- 
rounded by glycerol, TFA, and OH groups. 

{M + (A1 + Gly - 2H)]+, mlz 381 
Unimolecular dissociation and collisionally activated dissoci- 
ation differ in the removal of neutral fragments to produce d z  
293 and 307 ions from the most abundant ion at d z  351, 
which is formed from the parent ion by the loss of CH20. For- 
mation of d z  293 is a facile process in unimolecular decom- 
position whereas formation of d z  307 is favored under the 
CAD conditions. This suggests that formation of d z  307 is a 
higher energy process. Further dissociation of ions at d z  293 
and 307 gives rise to d z  263 by the loss of CH20 and C2H40 
units, respectively. 

Fragmentation of d z  263 by consecutive losses of C2H40 
units led to the formation of ions at d z  219, 175, 13 1, and 87. 
The normal FAB mass spectrum of 18-C-6 shows (M + H)+ at 
d z  265 and (M + H - H2)+ at d z  263 ions in glycerol matrix. 
If the ion at d z  263 obtained during CAD of the (M + 117)' 
ion corresponds to the (MH - Hz)+ ion of 18-C-6, the further 
fragmentation of d z  263 should produce ions at d z  177, 133, 
and 89. They have significant abundances as observed in the 
CAD spectrum of the (MH - H2)+ ion from 18-C-6 in a gly- 
cerol matrix. The CAD spectrum of the (M + H)+ ion of 18-C- 
6 also shows the formation of similar ions at d z  177, 133, and 
89 (16). However, formation of d z  87 is a less significant pro- 
cess from d z  263 and 265 of 18-C-6. Therefore, there proba- 
bly is another structure accounting for some of d z  263 that is 
different from that normally expected from the (MH - H,)' 
ion. It might have been produced by the insertion of an A10' 
ion into the crown. Crown ethers have been shown to undergo 
more facile bond insertion reactions than open-chain analogs 
with Fe+ and Co+ (20). Abundant ions at d z  175, 13 1, and 87 
arising from d z  263 should have an aluminum ion in them 
(Scheme 2). The dissociation of (M + 118)' at the d z  382 ion 
shows the retention of deuterium in the (P - 30)+, (P - 74)+, 
and (P - 88)' ions. This suggests that the formation of (P - 
CH20)+ comes from a glycerol moiety. Further loss of C2H40 
and CH20C2H4 is exclusively from the crown, since the loss 
of C2H,0 and CH20C2H4from glycerol would involve loss of 
D, to give an ion at d z  308 and 294, respectively. The pro- 
cesses of formation of d z  263 may be directly from the (P - 
CH20)+ ( d z  352) ion and from the (P - CH20,C2H40)' ( d z  
308) ion and (or) by the elimination of CHDO from d z  294 
(Scheme 2). 

(M + [AlOH + (TFA - H)]]+, m/z 421 
This ion, on fragmentation, produces major ions at d z  328 
and 327 from labelled and unlabelled parent ions, respec- 
tively. The ion at d z  3271328 is due to a characteristic loss of 
CF2C02 from the parent ion by the migration of F to the metal 
ion. Formation of another abundant ion at d z  329 is explained 
by losses of (C2H40CH20 and H20/DHO) groups from the 
parent ion (Scheme 3). This ion, on elimination of HF, forms 
d z  309. Fragmentation of d z  3271328 by the removal of 
HF/DF may produce d z  307. Other fragment ions at d z  263, 
219, 175, 131, and 87 are also observed. 

Fragmentation of the (M + 231)' ion (mlz 495) 
This ion contains two exchangeable protons with primary and 
secondary hydroxyl groups from glycerol. The decomposition 
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Scheme 3. Fragmentation of (M + 157)' ion under CAD from 18-crown-6. 

- H 2 0 /  DHO 

m/z 309 ndz 307 

-C2H40 

m/z 263 

of the ion at m/z 4951497 involves the loss of one of the deute- 
riums during the elimination of CF3C02D to give the ion at 
m/z 3811382. The dissociation of a partially labelled ion (M + 
23 1)'at m/z 496 shows mainly the loss of CF3C02H. Elimina- 
tion of unlabelled TFA as the major process can be explained 
in terms of the bond fission energies of 0-D and 0-H and the 
ease of exchange of protons on the glycerol moiety of this ion 
during the analysis. Further dissociation of m/z 3811382 is sim- 
ilar to the fragmentation of the (M + 117)+ ion. 

Fragmentation of ( M  + 253)' (m/z 51 7) 
Fragmentation of this ion produces an abundant ion at m/z 423 
due to the loss of CF2C02, by transfer of F to the metal 
(Scheme 4). Further fragmentation also involves the loss of 
another CF2C02 moiety, which is a characteristic of the pres- 
ence of another TFA group in the ion. The migration of an F to 
the aluminum yields an abundant ion at m/z 329. This ion is a 
complex of 18-C-6 and (AIF,)'. Interestingly A1F2+ ion inter- 
actions are detected while AIC12' ions are not seen. The elim- 
ination of HF is also observed from the m/z 423 and 329 ions. 
Other significant ions produced from m/z 329 are at m/z 175, 
153, and 109. The fragmentation of m/z 329 into m/z 175 may 
involve the transfer of F from A1 back to the ligand skeleton 

and binding of aluminum to oxygens of the ether is shown. 
Formation of m/z 153 involves transfer to the ether fragment 
instead of the Al-containing species. Formation of low-abun- 
dance ions due to consecutive losses of C2H40 units from m/z 
423 and 329 is also observed. 

Mass spectra of glycols obtained from AlC1,-glycerol- 
TFA 

The FAB mass spectra of mono- (8), di- (9), tri- (lo), tetra- 
( l l ) ,  penta- (12), and hexaethylene glycols (13) were run in 
the A1Cl3 -glycerol - water and TFA matrix mixture. Relative 
abundances of ions obtained from these compounds are listed 
in Table 3. Commonly observed ions from glycols are (M + A1 
- 2H)+ and (M + 117)'. In addition, ions due to consecutive 
losses of C2H40 units from these (M + A1 - 2H)' and (M + 
117)' ions are also observed. Ethylene glycol does not form an 
(M + 117)+ ion and gives ions corresponding to (C2H,0)', 
(HOA10C2H40H)', and {(HOC2H40)2Al}' with significant 
abundances. D 2 0  experiments with tetraethylene glycol show 
no mass shift in the formation of the (M + A1 - 2H)' ion. 
Therefore, the two hydroxyl protons of the glycol are substi- 
tuted by ~ 1 ~ '  in producing the (M + A1 - 2H)' ion, which 
forms a cyclic ether with aluminum ion. The (M + 117)' ion 
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Scheme 4. Collisionally activated dissociation of (M + A1 (TFA 
- H),)+ ion from 18-crown-6. 

shows an increase in the mass by 1 u during D 2 0  exchange. 
Exact Mass measurements of the (M + A1 - 2H)' ion from tri- 
ethylene glycol at m / ,  175 show a good fit for (C6H1204Al)' 
with an error of 3.4 ppm (observed 175.05449, theoretical 
175.05509). 

Formation of a cyclic (M + A1 - 2H)' ion depends on the 
number of ethylene oxide (C2H40) units and is observed from 
triethylene glycol to pentaethylene glycol as the base peak. 
Although in hexaethylene glycol the abundance of (M + A1 - 
2H)' ion is significant, the (C2H,0)' ion is the base peak. For- 
mation of this ion from hexaethylene glycol is less favoured 
because of a lower probability of the two ends meeting for the 
intra-molecular substitution process to occur. Diethylene gly- 
col does not give the (M + A1 - 2H)+ ion and formation of the 
(M + 117)' ion predominates. In 1 I-, 14-, 17-, and 20-mem- 
bered rings derived from tri-, tetra-, penta-, and hexaethylene 
glycols, respectively, on formation of the (M + A1 - 2H)' ion, 
the existence of donor-acceptor interactions between ethereal 
oxygens and aluminum results in highly stable metal-ligand 
complexes. In diethylene glycol this type of coordination may 
not be possible in the 8-membered ring to form (M + A1 - 
2H)' ion. 

Ions (M + H)', (M + A1 - 2H)', and (M + 117)' obtained 
from equimolar solutions of glycols under identical conditions 
can be compared to obtain the relative metal ion affinity of 
glycols. A ratio of the intensity of (M + H)', (M + A1 - 2H)', 
and (M + 117)' ions individually and total ion intensity vs. 

Fig. 1. A ratio of ion intensity of (M + A1 - 2H)+, (M + H)+, and 
(M + 117)' ions and total ion intensity vs. glycols. (M + A1-2H)' 
+,(M +H)+*, (M + 117)'+. 

glycol chain length is presented as a graph (Fig. 1). The cyclic 
(M + A1 - 2H)' ion formation is highly favored in tetraethyl- 
ene glycol and formation of (M + H)' and (M + 117)' ions is 
gradually decreased as the chain length increases. Ethylene 
glycol and diethylene glycol are less effective at complexing 
in the presence of glycerol matrix and only reagent ions dom- 
inated the spectrum at constant molar concentrations. 1,3-Pro- 
panediol and 2-butene 1,4-diol also yield abundant (M + 117)' 
ions (Table 3). 

Ion dissociations 
The CAD spectra of (M + A1 - 2H)' ions from tri- and penta- 
ethylene glycols show ions corresponding to the elimination 
of C2H40 units, which ultimately leads to the formation of 
m/z 87 [(C2H402Al)']. The further decomposition of m/z 87 
gives rise to m/z 43 [(AlO)']. (M + 1 17)' from triethylene gly- 
col yields an ion at m/z 175, i.e., (M + A1 - 2H)', by the elim- 
ination of glycerol. The further fragmentation of this ion is 
identical with the fragmentation of the (M + A1 - 2H)' ion. 
Another adduct from the same glycol corresponding to the 
((M - H) + [A1 (TFA - H)] }' ion dissociates to produce ions 
at m/z 175 by the removal of CF3C02H. Another abundant ion 
is at m/z 235. The (M + 233)' ion of pentaethylene glycol 
gives ions due to loss of C2H40 units from the parent ion in 
addition to the formation of the most abundant (M + A1 - 
2H)' ion at m/z 263. Further fragmentation of m/z 263 also 
involves the loss of ethylene oxide units. The fragmentation of 
the (M + A1 - 2H)' ion (m/z 263) from pentaethylene glycol is 
similar to the fragmentation of m/z 263 produced from the 
decomposition of the (M + 117)' ion of 18-C-6 (Scheme 2). 

The metastable ion analysis at constant B ~ / E  of the (M + A1 
- 2H)+ ion at m/z 263 gives (M + 117)' and ( M  + (A12 + 2Gly 
- 5H)}+ ions as precursors. However, the (M + A1 - 2H)' ion 
from trig01 has another abundant precursor ion at m/z 193 cor- 
responding to ((M - H) + AlOH)}' in addition to the (M + 
1 17)+ ion. 
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Table 3. Relative abundances of ions obtained from glycols in the AlC1, I glycerol I TFA I H,O matrix. 
- - 

m/z 
Compound 

No. (M + H)' (M + A1-2H)' (M + 117)' (M + 231)' (M + 233)' 45 87 89 131 133 175 

8 10 28 - - - - - 55 - - - 

9 49 - 100 16 12 54 - - - - - 
10 18 100 5 1 6 12 67 25 31 20 
11 13 100 8 9 9 81 9 22 6 5 9 
12 9 100 2 2 - 95 9 24 5 6 8 
13  2 24 - - - 100 16 5 10 - - 
1,3-Propanediol 

16 - 100 26 14 
2-Butene-14-diol" 

53 - 64 63 - 9 
Other ions 
8 105 (100) [(M - H) + AlOH)]', 149 (76) (2M + A1 - 2H)' 
10 289 (42) [(M - H) + A1 + (TFA - H)]', 405 (16) [(M - H) + 2A1 + (Gly - 3H) (TFA - H)]' 
12 219 (6) (C,H,,O4A10)+, 379 (1 1) (M + 2A1 + Gly - 5H)' 
13  59 (10) (C2H40CH3)', 73 (37) (C2H50C2H4)', 219 (7) (C8H,604A10)', 263 (8) (C,oH2005A10)' 

"71 (100) (MH - H20)+. 

Conclusions 

These polydentate ligands formed abundant adduct ions with 
various ionic aluminum species. The complexation reactions 
of these crown ethers in the gas phase showed selectivity in 
binding with respect to ligand in the order 18-C-6 > 15-C-5 > 
12-C-4. Dissociations of adduct ions initially give fragment 
ions due to loss of the non-crown species attached directly to 
aluminum. The insertion of aluminum ion into the crown ether 
chain was also observed. Formation of analogous (M + A1 - 
2H)' ions was observed in the FAB spectra of tri-, tetra-, 
penta-, and hexaethylene glycols. The stability of these ions 
depends on the distribution of charge through electrostatic 
interaction with ethereal oxygens. In mono- and diethylene 
glycols such types of charge distribution may not be possible. 
Since aluminum reagents are strong Lewis acids, strong bind- 
ing of aluminum to donor molecules is observed. The com- 
plexation reactions of crown ethers with aluminum ions may 
fall into a distinct class of aluminum host-guest chemistry. 
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Structure and bonding of organosilicon 
compounds containing silicon-silicon and 
silicon-germanium bonds: an X-ray absorption 

I fine structure study 

Jian 2. Xiong, Detong Jiang, Craig E. Dixon, Kim M. Baines, and T.K. Sham 

Abstract: Si K-edge X-ray Absorption Fine Structures (XAFS) spectroscopy has been used to study the structure and bonding of 
a series of highly symmetric organosilicon compounds, Si(CH,),, Ge[Si(CH,),],, Si[Ge(CH,),],, and Si[Si(CH,),],, in the gas 
phase. It was found that there is a significant difference in the absorption coefficient in the near-edge region between local Si-Si 
interactions in these compounds and long-range Si-Si interactions in crystalline solids and that the Si-Si bond length in the 
molecule Si[Si(CH,),], is 2.364(10) A and the Si-Ge bond lengths in Si[Ge(CH,),], and Ge[Si(CH,),], are 2.38(3) A and 
2.396(15) A, respectively. These results and their comparison to Si-Si and Si-Ge interatomic distances in crystalline solids are 
discussed. 

Key words: XAFS, EXAFS, organosilicon, Si-Ge bond length. 

RCsumC : On a utilisC la spectroscopie d'absorption des structures fines de rayons X du Si ((cXAFS)>) pour Ctudier la structure et 
les modes de liaison d'une strie de composts organosiliciCs hautement symitriques, Si(CH3),, Ge[Si(CH,),],, Si[Ge(CH,),], et 
Si[Si(CH,),],, en phase gazeuse. On a observt des difftrences importantes dans les coefficients d'absorption, dans la rCgion prks 
de la surface, entre les interactions locales Si-Si de ces composCs et les interactions Si-Si 2 longue distance dans les solides 
cristallins; on a aussi trouvt que la longueur de la liaison Si-Si dans la molCcule de Si[Si(CH,),], est de 2,364(10) A alors que 
les longueurs des liaisons Si-Ge dans les composts Si[Ge(CH,),], et Ge[Si(CH,),], sont respectivement de 2,38(3) et 
2,396(15) A. On discute de ces risultats et de leur comparaison avec les distances interatomiques Si-Si et Si-Ge observtes 
dans des solides cristallins. 

Mots elks : <<XAFS>, NEXAFSD, organosiliciC, longueur de la liaison Si-Ge. 

[Traduit par la rtdaction] 

1. Introduction 

The structure and electronic properties of molecular systems 
containing group IV elements with Si-C, Si-Si, and Ge-Si 
bonds are of particular interest in connection with their impli- 
cations for the structure and electronic properties of group IV 
based electronic materials. Si-Ge atomic layer superlattice 
materials (I ) ,  for example, play an important role in modem 
electronic devices. 

The objective of this research is to use the X-ray absorption 
fine structure (XAFS) technique to investigate the structure 
and bonding properties of prototype molecules of high sym- 
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metry: Si(CH3), (TMS), Ge[Si(CH3)3]4, Si[Ge(CH3)3]4, and 
Si[Si(CH3)3]4. These compounds are selected because the cen- 
tral metal atom (Si or Ge) is in a perfect tetrahedral site. For 
example, the central atom in Si[Si(CH3)3], and Si[Ge(CH3)3]4 
is bonded to four Si or Ge atoms, respectively. The local 
geometry of Si and Ge in their pure crystalline state has the 
same local symmetry. It would be interesting to compare the 
local structure (first shell) of Si and Ge in these model com- 
pounds to those of crystalline Si, Ge, Si-Ge alloys, and Si-Ge 
superlattices and ask questions about the structure and bond- 
ing relationship in terms of the local metal-metal interaction 
in the SiSi, and SiGe, moieties versus the extended metal- 
metal interaction in the corresponding semiconductors. 

X-ray Absorption Fine Structure (XAFS) spectroscopy 
deals with the measurement and interpretation of the photon 
energy-dependent X-ray absorption coefficient above a spe- 
cific core level threshold (edge) of an element in a chemical 
environment (2). XAFS is essentially the modulation (due to 
the presence of surrounding atoms) of the otherwise smooth 
monotonic atomic absorption coefficient (in the free atom) 
and it extends to as much as 1000 eV above the threshold. For 
molecules in the gas phase, for example, the absorption coef- 
ficient increases abruptly as the photon energy approaches the 
ionization threshold of a core level (Si 1s in this study). These 
features arise from the excitation of a core electron into previ- 

Can. J. Chem. 74: 2229-2239 (1996). Printed in Canada / Imprimt au Canada 
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ously unoccupied atomic (Rydberg) and molecular orbitals 
that are bound, and into resonance states that are quasi-bound 
(potential barrier states, sometime known as shape resonance) 
(3). These processes often result in sharp absorption features at 
the edge followed by resonance characteristic of the local 
environment extending to -50 eV above the threshold. This 
region has been traditionally called NEXAFS (Near Edge X- 
ray Absorption Fine Structures) or XANES (X-ray Absorption 
Near Edge Structures) (4). It contains information about the 
symmetry and bonding of the molecular system surrounding 
the absorbing atom. Beyond this region and up to as much as 
1000 eV above, the absorption coefficient exhibits oscillations 
and this region is called EXAFS (Extended X-ray Absorption 
Fine Structures) (2). EXAFS arises from the interference of the 
outgoing photoelectron wave with the backscattering photo- 
electron wave. Thus, it contains information about the nature 
of the absorbing and backscattering atoms (usually the nearest 
neighbouring atoms), the interatomic distances (bond length), 
and the dynamic behaviour (vibrational motion of the neigh- 
bouring atoms relative to the absorbing atom that stretches and 
compresses the bond). EXAFS is now a reasonably established 
technique for the determination of local structures (5). It can 
be used to extract bond lengths, R; coordination numbers, N, 
and Debye-Waller factors, exp(-2u2p), where u2 is the 
mean-square relative displacement of the interatomic distance 
between the absorbing atom and the backscattering atom for a 
disordered system such as molecules in the gas phase or in 
solution. In this paper, we report the Si K-edge X-ray absorp- 
tion measurements of the above-mentioned compounds with 
emphasis on the analysis of the EXAFS. The results are com- 
pared with other structure analysis methods such as electron 
diffraction and X-ray crystallography. It should be noted that 
the advantage of EXAFS over standard X-ray crystallography 
is that it does not require a single crystal. As it turns out, grow- 
ing good quality single crystals for these high vapour pressure 
solids is quite challenging. The phase function and amplitude 
function of the Si-Ge pair obtained from the EXAFS analysis 
are also reported; they can be used as model functions for the 
analysis of Si K-edge EXAFS for semiconductor systems con- 
taining Si-Ge bonds. 

The paper is organized as follows. In Sect. 2, the experimen- 
tal procedures are briefly described, followed by a more 
detailed description of the EXAFS analysis procedures in Sect. 
3. A discussion on the X-ray Absorption Near Edge Structure 
(XANES), followed by the EXAFS results and their compari- 
son with literature values, is given in Sect. 4. A summary and 
conclusion can be found in Sect. 5. 

2. Experimental procedures 

TMS was obtained commercially (from Petrarch System Inc.). 
Si[Si(CH3),I4 (6), Ge[Si(CH3),I4 (7), and Si[Ge(CH3),I4 (8) 
were synthesized according to literature procedures. Except 
for TMS, all the samples are white solids with vapour pressure 
sufficient (milliTorr to tens of milliTorr at room temperature) 
for gas phase measurements at room temperature. 

The XAFS (both XANES and EXAFS) experiments were 
performed using the Ontario Centre for Materials Research- 
Canadian Synchrotron Radiation Facility (OCMR-CSRF), 
high-vacuum double-crystal (DCM) beamline at the Aladdin 
ring (SRC); which is operated by the University of Wisconsin- 

Fig. 1. A raw Si K-edge XAFS data set of TMS, where the 
XANES and EXAFS regions are noted. 

-2 1 XANES EXAFS 

Photon Energy (eV) 

Madison. The monochromator was equipped with a pair of 
InSb (1 1 1) crystals for these measurements and has a resolution 
of 0.8 eV at the Si K-edge (9). All the spectra were recorded 
with a gas ionization chamber (with a cell length of 6.625 in.) 
in total ion yield mode. The ion yield signal is normalized to the 
incoming flux, which was at -10' photons/s as monitored by 
an in-line ion chamber filled with N2 gas to - 1.0 Torr (1 Torr 
= 133.3 Pa) (9). The photon energy was calibrated by setting the 
K-edge inflection point of the absorption spectrum of a clean Si 
(100) wafer at 1839.1 eV as determined by the first peak posi- 
tion in the first derivative of the Si K-edge XANES. 

All the measurements were carried out at room temperature 
except for Si[Ge(CH,),],. The gas pressure was maintained at 
about 100, 30, and 10 mTorr for TMS, Si[Si(CH,),],, and 
Ge[Si(CH,),],, respectively. The pressure fluctuation, which 
was quite small, was also simultaneously monitored during 
the measurement. For Si[Ge(CH3),I4, the temperature of the 
ionization chamber was maintained at 65°C in order to 
increase its vapour pressure to about 20 mTorr. Extreme care 
was taken to eliminate any cross-contamination of the sam- 
ples: the ion chamber was rinsed with organic solvent and 
baked before another sample was introduced. A background 
spectrum was also recorded before the sample was introduced. 
All spectra reported here are the sum of as many as 10 scans 
(35 minlscan) to ensure a quality signal-to-noise ratio. 

3. EXAFS data analysis 

Figure 1 shows a typical set of Si K-edge X-ray absorption 
data for TMS before data reduction, where the XANES and 
EXAFS regions are noted. The reproducibility of data from 
multiple scans for each sample was checked in both E (X-ray 
photon energy) space and k (photoelectron wave number) 
space to identify any suspicious features in the spectra due to 
experimental artifacts. 
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Fig. 2. pX(k) of ( a )  SiMe, (Me = CH,), (b) Si(SiMe,),, and ( c )  Ge(SiMe,),; ~ ( k )  of 
(4 Si(GeMe,),; and the magnitude of Fourier transform of ( e )  SiMe,, (f) 
Si(SiMe,),, (g) Ge(SiMe,),, and (h)  Si(GeMe,),. 

The EXAFS interference function is defined by ~ ( k )  = 
[p,(E) - p,O(E)]Ip,O(E), where F~(E)  is the atomic absorption 
coefficient. The experimental energy origin (Eo) is set at 
1843 eV for all the compounds. The difference between the 
energy origin of the samples and the reference phase func- 
tions was used as a floating parameter in the later curve-fit- 
ting analysis. Following the usual data reduction procedure 
(2), in which the post-edge background was removed by a 3- 
section cubic spline fit and then normalized by the edge 
jump obtained by extrapolation of a straight line fit above 
the edge using the software package BAN (lo), the /2- 
weighted ~ ( k )  for TMS, Ge[Si(CH,),],, and Si[Si(CH,),], 
(Figs. 2(a)-(c)) and ~ ( k )  for Si[Ge(CH,),], (Fig. 2(6)) were 
extracted from the respective raw data. Figures 2(e)-(h) 
show the magnitude of the Fourier transforms of the k- 
weighted ~ ( k )  data. It can be seen that for a simple molecule 
such as TMS, there exists a single sinusoidal oscillation in 
its EXAFS, while in more complicated molecules, such as 
Ge[Si(CH,),], where Si has two different types of neigh- 
bouring atoms (Ge and C), the spectrum exhibits a beating 
of two sinusoidal waves in k space. 

The data analysis in this work was conducted using the non- 

where the sum is over all the neighbouring atomic shells. The 
physical meaning of all the variables in this formula has been 
discussed extensively in the literature (2, 1 1, 12); it will not be 
repeated here. The effective backscattering amplitude 

and the phase +,(k,) used in the fitting were calculated using 
ab initio XAFS theory (m, version 5.03) (13). The curve-fit- 
ting was performed in both R-space and k-space. In a typical 
curve-fitting for a single shell, four parameters, namely, AE,, 
R, u2, and N ,  were varied simultaneously, where AEo is the 
difference between the energy origin calculated from p~pp and 
1843 eV, u2 is the mean-square relative displacement of the 
interatomic distance R between the absorbing atom and the 
backscattering atom, and N is the coordination number. 

The residual sum of squares used in this work is defined as 
(12) 

l N  x =-- Npts 1 (Data, - ~odel , ) '  
Npts - n N ,=I 

- 
linear least-squares curve-fitting Program Em K.R- where N,,, = 2 + 2AkMIT is the number of relevant indepen- 
~ a u c h s ~ i e s s  (1 I). The parameterized function used lo fit the dent points (14), n is the number of fitting parameters used, data is and N is the number of total data points. This is the quantity 

minimized in the nonlinear least-squares curve-fitting.   he 
" N .  uncertainties of the results were estimated by finding the devi- 

~ ( k )  = 1 2 S$(k)f J J  (k) J e-"fu; e-2R~A sin[2kPj + +,(kj)] ation of a parameter from its best-fit value (by fixing this 
j=l k& parameter while leaving all others floating), which doubles the 

tesidual sum of squares between the fit and data. These uncer- 
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Fig. 3. Normalized Si K-edge XANES of TMS, Ge(SiMe,),, 
Si(SiMe,),, Si(GeMe,),, and crystalline Si (100). 

1 ' 1 ' 1 ' 1 1 1 ' 1 ' 1 ' 1  

1 Photon Energy (eV) 

tainties include all the effects of correlations between all the 
1 parameters, and the error bars estimated in this way are found 
I to be too conservative (15). 

In the nonlinear least-squares minimization analysis, a 
major source of uncertainties on the EXAFS structural param- 
eters is the parameter correlation (e.g., between R and AEo and 
between N and u2). It is then sometimes desirable to use the 
structural parameters obtained from model compounds that are 
structurally similar to the sample to limit the number and the 
physically meaningful range of the fitting parameters in the 
nonlinear least-squares fitting process. The structural results 
obtained for the well-defined molecules in this study could, to 
a certain extent, serve the purpose of providing EXAFS empir- 
ical references to disentangle more complicated structural 
problems, e.g., in a Si-Ge atomic layer superlattice. 

4. Results and discussion 

Figure 3 shows the Si K-edge absorption of TMS, 
Si[Si(CH,),],, Si[Ge(CH,),],, and Ge[Si(CH,),], as well as 
crystalline Si(100). In this section, the XANES features are 
first discussed briefly, followed by a detailed analysis of the 
EXAFS and their implications. 

4.1. Si K-edge XANES: general observations 
Figure 3 shows the Si K-edge XANES of all the four com- 

Fig. 4. Comparison of (a) experimental Si(SiMe3), XANES 
with (b)  simulated Si(SiMe,), XANES (see text). 

Photon Energy (eV) 

pounds together with that of a single crystal Si(100). Although 
the spectra for some of these compounds have been published 
before (16), the spectra in Fig. 3 are of higher quality in the 
signal-to-noise ratio and are free of contamination. These data 
agree generally with the previously published results (16) 
(except that the energy position for TMS is now recalibrated to 
2 eV higher binding energy than in the previous report and the 
low-energy shoulder for Si[Ge(CH3)3], reported earlier is no 
longer seen as the result of the precaution described in Sect. 2 
to eliminate contamination3). In this paper, we will only sum- 
marize the qualitative observation of the XANES features and 
point out some important observations that have not been 
reported previously. 

Several interesting features from Fig. 3 are noted. First, 
TMS exhibits a single intense resonance at the threshold fol- 
lowed by some weak ones, while the other molecules exhibit 
more intense multiple resonances. Second, the spectra of 
Si[Si(CH,),], and Ge[Si(CH,),], appear to be quite similar 
with the exception of the small low-energy shoulder in the 
former. Third, the first peak of the Si[Ge(CH,),], spectrum is 
located at about the same energy as the low-energy shoulder 
of the Si[Si(CH,),], spectrum. Based on comparison of the 
experimental spectra of Si[Si(CH,),],, Ge[Si(CH,),],, and 
Si[Ge(CH,),],, the low-energy shoulder in Si[Si(CH,),], (see 
Fig. 3, noted by an arrow) is assigned to transitions from Si 
Is, originating from the central Si (Si"), to molecular orbitals 
of essentially Si-Si character. The remaining features are 
dominated by transitions originating from the surrounding 

Si[Ge(CH3),I4 is a very difficult sample to run in the gas phase 
because it has very low vapour pressure and low mass percentage 
of Si. Therefore, it is easily contaminated by Si[Si(CH,),], or 
Ge[Si(CH,),],, which have higher vapour pressures and a higher 
edge jump. It is believed that the previously reported spectrum 
(1 6) was contaminated with Si[Si(CH3),I4. The spectrum reported 
in Fig. 3 was taken with extreme care. It was reproducible with 
heating and even after being sealed in the ion chamber for hours 
during the long EXAFS scans. 
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four silicon atoms (sib). The above assignment is derived 
from the following procedure: the spectra of Si[Si(CH,),],, 
Ge[Si(CH,),],, and Si[Ge(CH,),], were normalized to an 
edge jump of unity, and then the Si[Ge(CH3),I4 spectrum, 
which represents the contribution from the central atom Sia, 
was added to the scaled spectrum of Ge[Si(CH3),I4 (by a fac- 
tor of 4 in the vertical), which represents the contribution from 
the four surrounding atoms sib. The resultant spectrum was 
normalized to an edge jump of unity. The simulated 
Si[Si(CH,),], spectrum, shown in Fig. 4, is very similar to that 
of Si[Si(CH,),],. This procedure assumes that the chemical 
and structural (symmetry) environment at the Si in 
Si[Ge(CH,),], is the same as that of Sia in Si[Si(CH,),],, that 
the environment of the surrounding silicon atoms in 
Ge[Si(CH,),], is similar to that in Si[Si(CH,),],, and that the 
Si K-edge spectrum is the sum of contributions from all the Si 
atoms. In other words, the Si-Si and Si-Ge bonds are 
assumed to be chemically very similar (in valence electron 
distribution) and the nearest neighbouring atoms are primarily 
responsible for the general shape of the XANES. These 
assumptions are valid, as supported by Fig. 4, which shows 
nearly identical features implying that Si-Si and Si-Ge 
bonds are quite similar chemically. Since the absorption fea- 
ture in the near edge region is sensitive to multiple scattering 
processes that involve primarily valence electrons, the absorb- 

I ing atoms with similar electron distribution and local symme- 
1 try would yield similar XANES, as shown in Fig. 4. This point 
1 was not adequately addressed previously (16). The same can- 

I not be said for the EXAFS (vide infra) because in the EXAFS 
region, the kinetic energy of the photoelectron increases con- 
siderably and the core electrons become more important in the 
single scattering process that is the dominant contribution to 
the EXAFS. This is why the Si K-edge EXAFS between the 1 Si-Si and Si-Ge pairs look very different, although the nature 

I of these two chemical bonds is generally considered similar 
(in valence electron distribution) in main group chemistry. It 
should also be noted that the more intense second resonance 
(1844.6 eV) in Si[Ge(CH,),], relative to the progressively 
weaker second resonance in the Si-Si and Si-C systems may 
indicate a more effective caging effect (potential barrier) in 
the Si[Ge(CH,),], system. More detailed MS-Xa analysis of 
these features will be presented elsewhere (17). 

Another interesting point is that the first resonance in crys- 
talline Si is split despite the fact that its local structure is iden- 
tical to the central atom in Si[Si(CH,),], and Si[Ge(CH3),],, 
which exhibit a single resonance peak in this region (Fig. 3). 
The splitting of the intense Si K-edge absorption peak in crys- 
talline Si is the result of long-range order effects (band struc- 
ture). It is interesting to note that this splitting is rounded off 
even in nano-structure Si such as porous silicon, which con- 
tains networks of crystalline Si of nm dimension (18), indicat- 
ing that the long-range order has to go beyond nanometers to 

, produce this effect. 

4.2. EXAFS analysis 
Figure 2 shows the k"-weighted EXAFS data (n = 0 or 3) ~ ( k )  
for all the compounds and their corresponding Fourier Trans- 
form (FT) of (k" ~ ( k ) ) .  The FT technique is an established pro- 
cedure that separates the phase and the amplitude of the 
EXAFS (2, 19). As expected, only one noticeable shell is 
observed for TMS (the Si-C shell) and Si[Ge(CH3),], (the Si- 

Fig. 5. (a) Magnitude of the Fourier transform (solid line) and 
the fit (broken line) in R-space (transform range is 2.6-10.9 P\-I); 
(b) ,@.5-weighted data (solid line) and the fit (broken line) in k- 
space; (c )  Fourier filtered data (solid line) and the fit (broken 
line) (filtering window range is 0.6-2.4 C) for TMS. The vertical 
lines define the fitting range. The insertion in (a) shows the 
schematic structure of the molecule (hydrogen atoms were 
neglected). 

(a) SiMe, 

C 
I 

S1 
/ \'" c - 
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Table 1. EXAFS fitting range and results for Si(CH,), and Ge(Si(CH,),), in 
k-space (with Fourier filtering) and R-space. 

Molecule Parameter k-space R-space 

Si(CH,), N,,, = 11 Data range 2.6-10.9 A-' 0.62.4 A 
Si-C shell AE, (eV) 8.5 f 2 7 * 3 

R (A) 1.887+0.015 1.879f0.015 
02 (A2) 0.003 f 0.002 0.003 f 0.002 
N 4.2 f 0.8 4.5 f 0.6 

Ge(Si(CH,),), N,,, = 12 Data range 2.4-12.4 A-' 1.2-2.8 A 
Si-C shell AE, (eV) 6.2 f 3 5.9 + 3 

R (A) 1.889 + 0.020 1.888 f 0.015 
o2 (A2) 0.003 (fixed) 0.003 (fixed) 
N 3.9 f 1 3.9 f 0.5 

Si-Ge shell AE, (eV) 6.2" 5.9" 
R (A) 2.394 f 0.015 2.397 + 0.015 
o2 (A2) 0.004 + 0.003 0.004 + 0.002 
N 1.2 f 0.5 1.2 f 0.4 

"The difference between this value and that of the S i x  shell was fixed at zero in fitting. 

Ge shell): while two shells are seen for Si[Si(CH,),], (Si-C 
and Si-Si shells) and Ge[Si(CH,),], (Si-C and Si-Ge shells), 
in both k- and R-space. The detailed analyses for each of the 
four compounds are discussed below. 

4.2.1. Si(CH,), (TMS) 
TMS is a stable compound with a very high vapour pressure 
(boiling point of 26.5"C). Its structure is well known: Td sym- 
metry with a Si-C bond length of 1.875(2) A as determined 
from electron diffraction analysis (20). TMS was used as a test 
case for our experimental and data analysis procedures. 

As described in Sect. 3, the EXAFS data (p5  weighted) 
have been fitted in both R-space and k-space (Fig. 5) using a 
single Si-C shell model. Figure 5(a) shows the R-space data 
and fit. Figure 5(b) shows the k-space normalized data and the 
fit. Figure 5(c) shows the Fourier filtered data and the k-space 
fit. A Hamming window has been applied as a filter in the 
analysis. Some of the side lobes of the main peak in Fig. 2(e) 
have disappeared in Fig. 5(a) due to the application of the filter 
window, but the bump at around 3 A is present in both figures, 
indicating that it is a true peak. This peak is most probably due 
to the (Si-C-C-Si) triangle scattering path. No fitting attempt 
was made for it is too weak to obtain quantitative results. 

The k-space (with Fourier filtering) and R-space fitting 
results, which are given in Table 1 together with those for 
Ge[Si(CH,),],, are practically the same. The number of rele- 
vant independent points Np,,, calculated based on the data 
range (2 + 2AkARln) (14), is also listed in Table 1. The bond 
length, 1.883(15) A (average of k- and R-space results), is in 
good agreement with the electron diffraction (ED) data 
1.875(2) A (20). The coordination number is slightly higher 

than 4, but it is within a reasonable range (20% uncertainty) 
for N in EXAFS analysis. This is because coordination num- 
ber N,  the atomic backscattering amplitude f j  (kj,n) and the 
Debye-Waller factor are highly correlated and it is often dif- 
ficult to separate them unequivocally. 

It should be noted that the u2 in the Debye-Waller factor, 
which is approximated as a Gaussian, represents the mean- 
square relative displacement of the interatomic distance (21). 
Although it should contain all vibrational mode contributions 
as well as static disorder in principle, the dominant one in 
TMS and tetrahedral molecules is the mean-square relative 
displacement resulting from the totally symmetric vibration 
mode of the Si-C bonds. The theoretical mean square rela- 
tive displacement resulting from the totally symmetric vibra- 
tion at a given temperature can be calculated from its 
vibrational frequency (1250 cm-' for Si-CH,) and the result 
thus obtained is u2,, = 0.0009 A2 for TMS according to the 
theory (22). This result sets the lower bound for this value. 
The fact that it is smaller than the value obtained from the 
EXAFS analysis indicates that we have not underestimated the 
u2 in the analysis. 

The error bars for all the parameters listed in Table 1 were 
determined using the method described in Sect. 3. They are 
probably too conservative. For each of the parameters, a well- 
defined minimum was found, so we conclude that we have 
found a very good fit for TMS. With the result of the TMS 
analysis, which is very satisfactory, we are confident that our 
experimental and data analysis procedures will work for other 
compounds. A similar procedure has been used for 
Ge[Si(CH,),],, Si[Si(CH,),],, and Si[Ge(CH,),], These 
results are presented below. 

4.2.2. Ge[Si(CH,),], 
The methyl hydrogen, due to its lack of core electrons, has little From the molecular structure of Ge[Si(CH,),],, it is expected 
scattering power to high-energy electrons, therefore contributes that there should be two major single backscattering shells for 
little to the EXAFS. The Si-C single scattering pathway in 
Si[Ge(CH,),], is too long to make a si nificant contribution to the 

each of the four chemically equivalent Si atoms in the mole- 
P overall amplitude because of the 1/R, dependence and short cule, the Si-C and the Si-Ge shell. From Figs. 2(c) and (g), 

attenuation length of the electrons. which show a simple beating of two sinusoidal waves and two 
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Fig. 6. (a) Magnitude of the Fourier transform (solid line) and 
the fit (broken line) in R-space (transform range is 2.4-12.4 k L ) ;  
(b) p-weighted data (solid line, the sharp feature at k = 7.3 is due 
to a glitch of the monochromator) and the fit (broken line) in k- 
space; (c )  Fourier filtered data (solid line) and the fit (broken 
line) (filtering window range is 1.2-2.8 A) for Ge(SiMe,),. The 
vertical lines define the fitting range. The insertion in (a) shows 
the schematic structure of the molecule (hydrogen atoms were 
neglected). 

0 
0 1 2 5 6 x 10 

R (A) 

maxima in the Fourier transform (FT), respectively, it is 
apparent that a two-shell model should be adequate to account 
for most of the spectral features. The contribution of the Si-C- 
C-Si triangle path is ignored by properly limiting the R-space 
fitting range and the filtering range for k-space fitting. A two- 
shell fit was carried out for Ge[Si(CH3)3]4. Due to the strong 
correlation of the parameters, only six parameters were 
allowed to vary independently in the fitting. The u2 for the Si- 
C shell was fixed at 0.003, the same as TMS. This is not an 
unreasonable assumption, since the Si-C bond in these two 
compounds should be very similar. We also allowed AEo of 
the Si-Ge shell to be the same as that of the Si-C shell; since 
they have the same central Si atom, AEo should not vary sig- 
nificantly. Figure 6(a) shows the R-space data and fit. Figure 
6(b) shows the k-space normalized data (k3 weighted) and the 
fit. Figure 6(c) shows the Fourier filtered data and the k-space 
fit. 

It can be seen from Table 1 that both k-space (with Fourier 
filtering) and R-space fits gave similar results. The Si-Ge 
bond length is determined to be 2.396(15) A (average of R- 
and k-space results), which is comparable to the reported 
2.370(1) A in Ge(SiH3), as determined by electron diffraction 
(ED) analysis (23 , and close to the reported average bond 
length of 2.405 2 in a series of strained-layer (SiJGe,,)p 
superlattices (1). The Si--C bond length for Ge[Si(CH3)J4 is 
the same as that of TMS within experimental uncertainty. The 
u2 for the Si-Ge bond is larger than for the Si-C bond. 
Using the same method as that for TMS (22), the calculated 
F',~, for Ge[Si(CH3)3]4 is about 0.0011 A2 based on the 
stretching frequency of 3 12 cm-' (24) for the Si-Ge pair. The 
number of nearest neighbours is larger than theory. It should 
be noted, however, that both the Debye-Waller factor and the 
coordination number are within the range of acceptable uncer- 
tainty (2). As for TMS, a well-defined minimum was found for 
each of the parameters. It is reassuring to find that the magni- 
tude of the error bar for Ge[Si(CH3)3]4 is comparable to that of 
TMS, although the former has more fitting variables. 

4.2.3. Si[Si(CH,),], 
From Figs. 2(b) and (f), we observe a similar EXAFS pattern 
for Si[Si(CH3)3]4 as for Ge[Si(CH3)3]4, with the beating 
occurring at different k values. In Si[Si(CH3)3]4, there are two 
different kinds of Si atoms: Sia (bonded to four Si) and s ib  
(bonded to one Si and three CH3 groups). The observed ~ ( k )  of 
Si[Si(CH3)3]4 is the sum of ~ ( k )  of Sia and ~ ' ( k )  of sib. The X' 
for s ib  should be slightly different from the x for Sia despite 
the fact that the bond length and the mean-square relative dis- 
placement along the bond are the same in both cases, this is 
because they have different threshold energies Eo, and they are 
chemically different locally. The central atom Sia exhibits a 1 
eV shift to lower binding energy relative to the surrounding 
four s ib  atoms as deduced from both XANES (this work) and 
photoelectron measurements (25). 

A multi-shell fit (one shell for Sia and two shells for sib) 
was carried out for Si[Si(CH,)3]4: sia-sib (core hole on Sia), 
sib< (core hole on sib), and sib-sia (core hole on sib). The 
calculated backscattering amplitude for these three shells 
(SF-sib, sib-C, and sib-sia) using the FEW scheme has been 
weighted by 0.2,0.8, and 0.8, respectively, so that the coordi- 
nation number, Nj, given in the fitting should be 4 for the Sia- 
s i b  shell, 3 and 1 for the sib< shell and the sib-sia shell, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chern. Vol. 74, 1996 

Table 2. EXAFS fitting range and results for Si"Sib(CH3),)," and Si(Ge(CH,),), in 
k-space (with Fourier filtering) and R-space. 

Molecule Parameter k-space R-space 

Si"(Sib(C~,),), N,,, = 1 1 Data range 
Sicsib shell AE, (eV) 

R (A) 
oZ (A') 
N 

Sib-C shell AE, (eV) 
R (A) 
02 (A2) 
N 

Sib-Si" shell AE, (eV) 
R (A) 
o2 (AZ) 
N 

Si(Ge(CH,),), N,,, = 8 Data range 
Si-Ge shell AE, (eV) 

R (A) 
02 (A2) 
N 

2.4-10.8 k' 
6.4 f 5 
2.364 t 0.015 
0.004 _+ 0.003 
4 (fixed) 

5.7 f 2 
1.875 f 0.012 
0.0015 f 0.002 
3 (fixed) 

0.9-2.7 A 
6.8 t 1.5 
2.364 f 0.005 
0.004 f 0.001 
4 (fixed) 

6.5 f 0.8 
1.875 (fixed) 
0.0016f 0.0015 
3 (fixed) 

"The uncertainties of the parameters for this compound are decided differently (see text). 
q h e  difference between this value and that of the Sib-C shell was fixed at zero in fitting. 
T h e  difference between this value and that of the Si"-Sib shell was fixed at zero in fitting. 

respectively. By fixing and linearly constraining some of the 
parameters, the number of independent variables in the fitting 
was reduced from 12 to 7 and 6 in k-space and R-space, respec- 
tively (see Table 2), to obtain a fit (Fig. 7). The results are tab- 
ulated in Table 2. The uncertainty estimation scheme 
described in Sect. 3 broke down for AEo and R, probably 
because there are too many shells and the correlations between 
the parameters are too strong. The uncertainties listed in Table 
2 for the AEo's for both shells were obtained when the R's 
were fixed at 2.364 and 1.875 A for Si-Si and Si-C bonds, 
while those for the R's were obtained by fixing the AEo's at 6.4 
eV (k-space) and 6.8 eV (R-space) for the sia-sib shell and 5.7 
eV (k-space) for the sib-c shell. 

The Si-Si and Si-C bond lengths of 2.364(10) and 
1.875(12) A (average of k- and R-space results) agree very 
well with the ED results (26) of 2.361(3) and 1.889(3) A and 
X-ray crystallography results (27) of 2.346(1) and 1.879(4) A. 
It should be noted that this particular compound is a very inter- 
esting case for testing the additive model of EXAFS in that 
altogether there are 8 Si-Si single scattering paths with iden- 
tical interatomic distances and mean-square relative displace- 
ment, yet there is a small difference in the Eo between the two 
absorbing Si atoms. The result of the analysis indicates that the 
small difference is clearly noticeable in the near-edge region 
but does not have a noticeable effect in k-space EXAFS, par- 
ticularly in the high-k region where a 1 eV difference in (E - 
E ~ ) " ~  has little effect on its corresponding k value. 

4.2.4. Si[Ge(CHj) j]4 
This compound has a very low vapour pressure and a relative 

low mass percentage of Si, which makes it difficult to obtain 
very high-quality data under our experimental conditions. The 
ionization chamber was maintained at about 65°C to get a rea- 
sonable signal-to-noise ratio in the EXAFS region with multi- 
ple scans. The fluctuation of temperature ( 2  1°C) may 
contribute slightly to the noisier data compared to those of the 
other compounds. Fortunately the data set is dominated by a 
single sinusoidal wave arising from the Si-Ge pair as 
expected. The k0.5-weighted data were fitted with a single Si- 
Ge shell. Figure 8 and Table 2 show the fit and the parameters. 
As expected, the error bar for the parameters is a little larger 
than that of TMS and Ge[Si(CH3)3], because of the data qual- 
ity. Noticeably, the coordination numbers obtained from both 
k- and R-space fits are lower than the theoretical value, in con- 
trast to the trend found in TMS and Ge[Si(CH,),],. This is 
probably due to the large uncertainty in normalizing the edge 
jump because, for Si[Ge(CH3)3]4, the signal-to-background 
ratio is considerably smaller than those for the other com- 
pounds reported here. 

Figure 9 shows the phase shift and amplitude functions of 
the Si-Ge pair derived experimentally using the BAN program 
(lo), where 

N 
Amplitude = - s 2 s ( k ~ k )  e-2k2"2 e-2RA 

k~~ O 

with N =  4 and R = 2.38 A for the Si-Ge pair and phase shift is 
+(k) (2kR term was subtracted). 

Since the EXAFS function of Si[Ge(CH,),], results from a 
dominant single Si-Ge shell backscattering, the phase shift 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Xiong et al. 

Fig. 7. (a) Magnitude of the Fourier transform (solid line) and 
the fit (broken line) in R-space (transform range is 2.4-10.8 k l ) ;  
(b) k3-weighted data (solid line) and the fit (broken line) in K- 
space; (c) Fourier filtered data (solid line) and the fit (broken 
line) (filtering window range is 0.9-2.7 A) for Si(SiMe,),. The 
vertical lines define the fitting range. The insertion in (a) shows 
the schematic structure of the molecule (hydrogen atoms were 
neglected). 

(a) Si(SiMe,), 

c C c 2. / 
Si 

1 .  C 

Fig. 8. (a) Magnitude of the Fourier transform (solid line) and 
the fit (broken line) in R-space (transform range is 4.1-10.1 k l ) ;  
(b) k0.5-weighted data (solid line) and the fit (broken line) in K- 
space; (c) Fourier filtered data (solid line) and the fit (broken 
line) (filtering window range is 1.2-3.0 A) for Si(GeMe,),. The 
vertical lines define the fitting range. The insertion in (a) shows 
the schematic structure of the molecule (hydrogen atoms were 
neglected). 

(a) Si(GeMe,), - 

- 

- 

- 
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Fig. 9. Experimental (a) amplitude and (b) phase shift functions 
(see text for definitions) for the Si-Ge pair extracted from the 
EXAFS of Si(GeMe,),. 

and amplitude functions can be obtained with fewer artifacts 
relative to Ge[Si(CH,),],, where the Si-C shell and the Si-Ge 
shell are difficult to separate. As discussed in Sect. 3, these 
functions may be a very helpful reference in analyzing the 
structure of more complicated Si-Ge systems. 

4.3. Comparison of Si--Si and Si-Ge bond lengths in 
molecules and in solid state semiconductors 

From the above analysis it is clear that Si K-edge EXAFS 
indeed provides accurate local structural information about 
bond length and related parameters for these molecules. The 
Si[Si(CH,),], results (Si-Si bond length = 2.364(10)A) are in 
ood agreement with the electron diffraction result of 2.361(3) 1 (26) and the X-ray crystallography result of 2.346(1) A (27). 

The Si-Ge bond lengths are reported for these compounds for 
the first time. 

The Si-Si bond length values reported here are in fact 
comparable within experimental uncertainty with the Si-Si 
bond length found in related organosilicon compounds: 
2.373(2) and 2.390(2) A for the peripheral and central Si-Si 
bonds in [(CH,),Si],Si-Si[Si(CH,),], (27) and 2.340(9) A in 
(CH,),Si-Si(CH,), (28). 

Let us compare the Si-Si bond length of Si-Si in 
Si[Si(CH,),], (of which the central Si has the same local struc- 
ture as that of Si in crystalline Si) with that of crystalline Si 
(2.350A) (29). It is immediately apparent that the crystalline 
value falls within the range of values exhibited by organosili- 
con compounds. Thus it is quite reasonable to state that in the 

absence of significant steric effects, the Si-Si bond in an 
organosilicon compound is comparable to that of crystalline 
silicon. Returning to Fig. 3, it is interesting to see how dra- 
matic an effect the long-range Si-Si interaction in the semi- 
conductor has on the XANES (the splitting of the threshold 
resonance that was absent in the organometallic compounds). 
It is quite clear that the interatomic distance observed in these 
systems is not very sensitive to long-range electronic interac- 
tions. 

A similar comparison can be made between the Si-Ge 
bond lengths reported here, 2.396(15) A for Ge[Si(CH,),], 
and 2.38(3) A for Si[Ge(CH3)314, and the average nearest 
neighbour distance in the relaxed Si-Ge alloys with the same 
Si-Ge stoichiometry grown on Si (2.372 A for 20% Ge and 
2.430 A for 20% Si in Sil,Gex) (1). Taking into account the 
fact that the solid state value includes some relatively short 
Si-Si and long Ge-Ge bonds, and the experimental uncer- 
tainty, the molecular results are comparable to the solid state 
results. Since the observed Si-Ge bond length for these 
molecular systems is typical of bond lengths found in organo- 
silicon compounds containing Si-Ge bonds, 2.384(1), 
2.394(1), and 2.416(1) A for (C6H5)3Ge-Si(CH3)3, 
(C6H5)3Si-Ge(CH3),, and (C6H5),Ge-Si[si(CH3),],, 
respectively (30), this observation agaln suggests that the Si- 
Ge bond length in organometallic compounds is comparable 
to the Si-Ge interatomic distance in solid state Si-Ge semi- 
conductors. The Si XANES in the solid state compounds (16), 
however, exhibits the threshold splitting characteristic of 
long-range electronic interaction as was the case in crystalline 
silicon. Thus, the bond length (derivable from EXAFS) is not 
very sensitive to the long-range electronic interaction but the 
Si K-edge XANES is. 

5. Summary and conclusions 

We have reported Si K-edge XAFS spectra for a series of 
organosilicon compounds containing Si-Si and Si-Ge 
bonds and have shown that reliable structural and bonding 
properties can be extracted from the EXAFS and the XANES 
of these compounds, respectively, without the use of high- 
quality single crystals. Comparison of the gas phase results 
with solid state results reveals that the Si-Si and Si-Ge 
interatomic distances in the latter fall within the range of cor- 
responding bond lengths found in the molecular system. Thus 
the bond length is not very sensitive to the extended electronic 
interaction in the solid state. The Si K-edge XANES, however, 
clearly reveals the difference between the more localized elec- 
tronic structure (molecular orbitals) in the molecular system 
and the delocalized electronic structure (densities of states) in 
the solid state semiconductors. The EXAFS amplitude and 
phase for the Si-Ge absorber-backscatterer pair has been 
extracted from the experimental data. These functions may be 
of some use for the extraction of EXAFS parameters in sys- 
tems containing the Si-Ge bond. 
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Variable-energy photoelectron spectroscopy 
of CpM(CO), (M = Mn, Re) and CpFe(CO),I 

Yong-Feng Hu, G. Michael Bancroft, Kim H. Tan, John S. Tse, 
and Dong-Sheng Yang 

Abstract: Photoelectron spectra of the valence, inner-valence, and core levels of CpM(CO), (M = Mn, Re) and CpFe(CO),I 
were obtained using He I radiation and synchrotron radiation between 21 eV and 150 eV photon energies. The high-resolution 
Mn 3p, Fe 3p, and 14d core level spectra are reported. Broadening of the 14d spectrum is due to vibrational and ligand field 
splittings. Observation of the 3p spectra is critical to fully interpreting the np+nd resonance effect in the valence band spectra. 
This resonance effect is very useful for assigning the metal d orbital bands in the valence spectra. A Xa-SW calculation of 
CpMn(CO), was used to confirm the assignment of the valence and inner-valence orbitals. The experimental and theoretical 
branching ratios are in good agreement. The general trend of the metal d orbital ionization potentials for CpML, (M =transition 
metal) complexes is also discussed. 

Key words: photoelectron, synchrotron radiation, CpMn(CO),, CpRe(CO),, CpFe(CO),I, np+nd resonance, Xa-SW calcula- 
tion. 

R&sumC : On a obtenu les spectres photoClectoniques de valence, de valence interne et des niveaux d'Cnergie de l'atome central 
des complexes CpM(CO), (M = Mn, Re) et CpFe(CO),I en utilisant une radiation He I et une radiation du synchrotron avec des 
Cnergies de photon se situant entre 21 eV et 150 eV. On rapporte les spectres i haute rksolution des niveaux d'Cnergie Mn 3p, Fe 
3p et I 4d. L'Clargissement du spectre du niveau 14d est dQ au dCdoublement du champ vibrationnel et du champ du ligand. 
L'observation des spectres 3p est critique pour interpreter entikrement l'effet de rCsonnance np+nd dans le spectre de la bande 
de valence. Cet effet de rtsonnance est trks utile pour l'attribution des bandes de l'orbitale d du metal dans les spectres de 
valence. On a utilisC un calcul Xa-SW du compost CpM(CO), pour confirmer l'attribution des orbitales de valence et de valence 
interne. Les rapports expCrimentaux et thCoriques de ramification sont en parfait accord. On discute Cgalement de la tendance 
gCnCrale des potentiels d'ionisation de l'orbitale d du mttal dans le complexes CpML, (M = metal de transition). 

Mots c l b  : photoClectron, radiation du synchrotron, CpM(CO),, CpRe(CO),, CpFe(CO),I, rCsonnance np+nd, calcul Xa-SW. 

[Traduit par la rCdaction] 

Introduction 

The electronic structures of transition metal cyclopentadienyl 
carbonyl complexes have been the subject of a wealth of pho- 
toelectron spectroscopic (1) and theoretical studies (2). 
CpMn(CO), and CpFe(CO),L are central complexes not only 
for the understanding of theklectronic structure of these com- 
plexes, but also because they are widely used in transition- 
metal-aided organic synthesis. Conventional He I/He I1 pho- 
ton energies have been used exclusively to obtain the photo- 
electron spectra of these complexes, and the assignments of 
the spectra have been aided by comparing the relative He I/He 
I1 band intensities. However, the He I/He I1 spectra, even com- 
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bined with various theoretical calculations, have failed to 
yield firm assignments of the valence spectra of some rela- 
tively simple molecules, such as CpPtMe, (3) and Ni(C3H5), 
(4). The definitive assignment can only be obtained by com- 
bining the variable-energy synchrotron radiation spectra and 
Xa-SW intensity calculations (3b, 4c). 

The variable-energy synchrotron photoelectron spectra of 
CpPtMe, (3b) showed that the lowest binding energy peak 
arises from an MO of largely ligand character, in contrast to 
the previous experimental and theoretical study that assigned 
this peak to Pt 5d orbitals (3a). This result is not consistent 
with the well-established, qualitative MO descriptions for 
molecules with general formula CpML, (M is a transition 
metal and L is an arbitrary ligand with only a-donor capability 
(2e)), which shows that the HOMO is a metal orbital. To 
examine the periodic trend in metal d binding energies, we 
have undertaken detailed variable-energy photoelectron stud- 
ies of organometallic molecules across and down the transi- 
tion metal series. We recently published the M ( ~ , - C , H ~ ) ~  (M 
= Ni, Pd, Pt) (4c) and CpM(CO), (M = Co, Rh, Ir) (5) spectra. 
In the present study, we investigate the electronic structures of 
earlier transition metal complexes CpM(CO), (M = Mn, Re) 
and CpFe(CO),I, using variable-energy photoelectron spec- 
troscopy and Xa-SW calculations. In addition, we wanted to 
demonstrate the use of synchrotron radiation to study the 
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inner-valence and core level spectra of organometallic com- 
plexes. For example, the high intensity of synchrotron radia- 
tion is critical to observing the broad, weak, inner-valence 
spectra. The high intensity is also essential in observing the 
Mn 3p and Fe 3p peaks, which are important in studying the 
effects of the np+nd resonance in the valence band spectra 
(6). The high resolution of synchrotron radiation is also essen- 
tial in discussing the causes of the broadening in the I 4d spec- 
tra. 

Experimental section 

High-purity samples are purchased from Aldrich Chemicals 
Co., and used directly without further purification. 

The photoelectron spectra were measured using two differ- 
ent photoelectron spectrometers. He I spectra were obtained 
using our McPherson ESCA-36 photoelectron spectrometer. 
The Ar 2p3, at a binding energy (BE) of 15.759 eV is used for 
internal calibration with a resolution of -23 meV. The spectra 
at higher photon energies (22-150 eV) were obtained with our 
modified ESCA-36 spectrometer (7) at the Canadian Synchro- 
tron Radiation Facility (CSRF) at the Aladdin storage ring, 
University of Wisconsin - Madison (8). A 600 glmm grating 
gave photon energies between 22 and 72 eV, and a 1800 glmm 
grating gave photon energies between 70 and 150 eV. The Xe 
5s line at a BE of 23.397 eV was used as the calibrant when the 
600 glmm grating was employed, giving a total line width of 
-70 meV at 45 eV photon energy. The Kr 3d5, line at a BE of 
97.795 eV was used as the calibrant when the 1800 glmm grat- 
ing was employed, giving a resolution of -230 meV at 128 eV 
photon energy. A Quantar no. 36 position sensitive detector 
(9) was used to enhance greatly the intensity of the signal, 
which allowed us to record a broad-scan spectrum spanning 
40-50 eV in about 10 min. 

All the samples were introduced through the heatable probe 
into the gas cell of the spectrometer. CpMn(CO), was volatile 
enough to obtain spectra at room temperature. CpRe(CO), and 
CpFe(CO),I were less volatile and required heating at temper- 
atures of 50 and 85"C, respectively. The pressure in the sample 
chamber was controlled at around 3 x 10" Torr, while the 
pressure in the gas cell was around 5 x Torr (1 Torr = 
133.3 Pa). 

Spectra were deconvoluted with a Gaussian-Lorentzian 
lineshape using a nonlinear least-squares procedure described 
previously (10). Band areas were taken from the above fitting 
results and the experimental branching ratios were calculated 
based on the branching ratio definition (BR, = A,GA,). 

Computational details 
A transition state Xa-SW calculation (11) for CpMn(CO), 
was performed to calculate the valence orbital energies, com- 
positions, and theoretical cross sections. The bond distances 
and bond angles were taken from the crystal structure of 
c ~ M n ( C 0 ) ~  reported by Berndt and Marsh (12). The molecule 
was idealized to have C, symmetry. The exchange a parame- 
ters were chosen from the literature (13). An l,, of 3 was used 
for outer sphere, and l,,, values of 2, 1, 1, and 0 were used for 
Mn, C, 0 ,  and H atoms, respectively. The Xa-SW cross sec- 
tions were calculated using Davenport's program (14) with a 
Latter tail added to correct the asymptotic behaviour. The 
resulting partial ionization cross sections (u,) were then used 

Fig. 1. The high-resolution broad-scan photoelectron spectra of 
(a) CpRe(CO), at 72 eV photon energy, (b) CpMn(CO), at 72 eV 
photon energy, and (c) CpFe(CO),I at 70 eV photon energy. See 
text for explanation of the labelling. 

- 
I ( c )  C~i?e(C0)~1 l;-ll 

- 

- 
I 

Binding Energy ( e V )  

to calculate the theoretical branching ratios (BR, = uiGui) for 
each orbital. 

Results and discussion 

A. General features of the spectra 
Photoelectron spectra of (a) CpRe(CO),, (b) CpMn(CO),, and 
(c) CpFe(CO),I spanning 7 eV to 50-60 eV binding energies 
(BE) are presented in Fig. 1. These spectra were taken at a 
total resolution of 10 .2  eV. It is evident that our spectra 
clearly show three distinctive regions: the intense, relatively 
narrow valence levels with BE less than 20 eV (labelled 1-13 
and S), the weak, broad inner-valence levels with BE between 
20 and 40 eV (labelled A-D), and the core levels with BE 
greater than 40 eV in Figs. l(a) and (c) (labelled C,, C,, C3). 

The general features of the valence levels in Fig. 1 are in 
very good agreement with the previous'He VHe I1 studies of 
these molecules (2a, 15). The bands between 7 and 12 eV BE 
show very different peak shapes and intensities and they are 
sensitive to metal and ligand substitution. In contrast, the 
bands from 13 to 20 eV are very similar and therefore insensi- 
tive to metal and ligand substitution. Lichtenberger et al. 
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assigned the valence levels up to 17 eV BE of these molecules 
based on the He L/He I1 techniques and a Fenske-Hall calcula- 
tion (2a). The results in the following sections will generally 
confirm Lichtenberger's previous assignments, but also clarify 
the assignments of two peaks in the CpFe(CO),I spectrum. 

The inner-valence spectra of these d6 cyclopentadienyl 
metal carbonyl complexes are very similar in peak shapes and 
positions, like the high-BE valence region. We have shown 
that the inner-valence spectra of Re(CO),X (X = C1, Br) com- 
plexes (1 6) are dominated by the contribution of carbonyl sat- 
ellites and CO 3u orbitals, but not the halogen s orbitals. 
Similarly, a contribution from the I 5s orbital around 20 eV BE 
cannot be seen in the inner-valence region of CpFe(CO),I. 
Therefore, the inner-valence spectrum of CpFe(CO),I can be 
assigned in the same way as the spectra of CpM(CO), (M = 
Mn, Re) and CpM(CO), (M = Co, Rh and Ir) (5) complexes. 
That is, the peak (peak S) around 20 eV BE is the shakeup peak 
from CO  IT and 5u orbitals; the next peak A around 23 eV is 
a CO satellite peak but has a higher percentage of Cp ring char- 
acter; the next two peaks between 24 and 3 1 eV are the satellite 
peaks due to CO 4u orbitals; and the broad and relatively 
intense peak around 35 eV is due to the CO 3u orbital (also see 
Sec. C). 

The remaining ionization bands of CpRe(CO), and 
CpFe(CO),I in Figs. l(a) and l(c) belong to the core levels, 
and they can be assigned easily. Two sharp peaks at 47.21 and 
49.63 eV BE in Fig. l(a) are the two Re 4f spin-orbit compo- 
nents. The shoulder on the higher BE side of 4f7/, at 47.5 eV is 
due to the Re 5p3/, ionization. These results are in very good 
agreement with our high-resolution Re 4f results for 
Re(CO),X (X = (CO),, C1 and Br) complexes (16). The I 4d 
spin-orbit components of CpFe(CO),I can be found at 55.20 
and 56.92 eV BE in Fig. l(c). The broadening effect of the 14d 
peaks will be discussed in the next section. 

B. Core level study 
Recently we demonstrated the importance of high resolution 
and high intensity in the study of core level photoelectron 
spectra of organometallic complexes. Vibrational fine struc- 
ture was resolved on the metal 4f core level of heavy metal car- 
bony1 compounds (17). Ligand field broadening was also 
shown to be present in the 0 s  4f core level of Os(CO), (16). In 
the present paper, we wanted to show: first, the importance of 
high intensity of synchrotron radiation in the observation of 
the Mn 3p and Fe 3p core levels, which are important to the 
valence level 3p+3d resonance studies (6, 16) (see next sec- 
tion); second, the importance of the high resolution of syn- 
chrotron radiation in the study of the broadening of the I 4d 
spectrum; and third, the importance of the tunability of syn- 
chrotron radiation in a core level cross-section study of the Fe 
3p and I 4d levels in CpFe(CO),I. 

Observation of metal core p levels has been shown to be 
important in the study of np+nd resonances (6, 16). However, 
due to the extremely low cross section of these 3p levels at A1 
Ka energies (-0.02 Mb (18)), these spectra have not been 
observed in the gas phase. With synchrotron radiation, we can 
tune the photon energy to the maximum of the 3p cross section 
(-1 Mb at 12G150 eV (18)), and obtain these weak spectra 
for the first time. Figure 2 presents the high-resolution (total 
instrumental resolution <0.3 eV) Mn 3p spectrum of 
CpMn(CO), at 130 eV photon energy. Our Mn 3p BE of 56.3 

Fig. 2. Photoelectron spectrum of the Mn 3p level of 
CpMn(CO),, taken at 130 eV photon energy. 

Binding Energy (eV) 

Fig. 3. Core level photoelectron spectra of CpFe(CO),I at (a) 
130, and (b) 150 eV photon energies, showing the increase of the 
relative intensity of Fe 3p orbital relative to those of 14d orbitals. 

Binding Energy (eV) 

eV is much larger than the Mn 3p BE for Mn metal of 47.2 eV 
referenced to the vacuum level (19). The broad line width of 
2.32 eV is due to the very short lifetime of the 3p hole state. 

Figure 3 illustrates the Fe 3p and I 4d core level spectra of 
CpFe(CO),I: the broad Fe 3p level at 62.0 eV, and the I 4dSl2 
and 4d3/, levels at 55.20 and 56.92 eV, respectively. The Fe 3p 
BE will again be useful for studying the np+nd resonance 
effects on the valence band (see next section). These spectra 
were taken at medium resolution, and gave I 4d line widths of 
0.75 eV in Fig. 3(b). I 4d spectra taken at 106 eV photon 
energy and 50.15 eV resolution gave I 4dSl2 and 4d3/, line- 
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Table 1. Binding energies, C: values, and nuclear quadrupole splittings for I molecules. 

Binding energies (eV) 
C," (mev) e'qQ (MHz) 

Compounds I 4d5," I 34," I 4 8  1 2 9 ~  

HI 57.50 627.6 +3 1.7 
12 57.20 627.3 +27.8 
CpFe(CO),I 55.20 (625.3)* (+17.5) 
Mn(CO),I 625.2 
CsI 623.6 
Fe(CO),12 

"Reference 23. 
bReference 20. 
'Reference 22. 
"Values in parentheses for CpFe(CO),I are calculated using eq. [ I ] .  

widths of 0.52 and 0.54 eV, respectively. The I 4d5/2 binding 
energy of 55.20 eV is much smaller than that of other small 
covalent molecules such as HI and I2 (Table 1). However, 
assuming that the differences in I 4dSI2 and 3dSI2 binding ener- 
gies are the same, the calculated I 3dSI2 BE for CpFe(CO),I is 
625.3 eV, in good agreement with that previously observed for 
Mn(C0)J (20), and midway between the I 3dS12 BE for I, and 
CsI (Table 1). The CpFe(CO),I BE shows that the I atom is 
really rather negative for a covalent molecule, in agreement 
with conclusions from 1 2 9 ~  and 1 2 7 ~  Mossbauer spectroscopy 
on transition metal iodine compounds (21, 22). 

The I 4d5,, and 4d3,2 total line widths (0.54 and 0.52 eV) are 
very broad compared to the I 4d inherent line widths of <0.2 
eV, or the total line widths of -0.2 eV previously observed at 
similar resolution for I2 and ICl(23). As for CF31, the large line 
widths are due to a combination of vibrational broadening and 
ligand field splitting (23), with the major part of this broaden- 
ing due to unresolved vibrational broadening (23, 24). Using 
the core equivalent approximation (24), the core equivalent of 
I 4d core-ionized CpFe(CO),I is CpFe(CO),Xe'. The Fe-Xe' 
bond length is likely to be much longer than the Fe-I bond 
length of 2.66 A (2a). This would yield a long Fe-Xe' vibra- 
tional progression (the Fe-I symmetric stretching frequency is 
only 202 cm-l) (25). It is also possible that CO vibrational 
splitting could broaden the 14d line, as was seen in the W 4f 
spectrum in W(CO& (17). 

Ligand field splitting will also contribute to the broadening 
of these lines. The larger line width of the I 4dS12 line is an indi- 
cation of the importance of this effect. A semiquantitative esti- 
mate of the ligand field splitting (as expressed by c:) (23) can 
be made because C: is proportional to the nuclear quadrupole 
coupling constant, e2qQ at the I nucleus (23). Thus, we can 
write 

C O and e2qQ are well known (Table l), and we assume that 3 e qQ for CpFe(CO),I is close to that for cis-Fe(CO),12 (Table 
1). Substituting into eq. [I], C: for CpFe(CO),I is 17.5 meV. 
This value gives a 4d3,, splitting of only 0.14 eV, and 4d5,, 
splittings of less than this. Fitting five peaks to the doublet 

Fig. 4. Comparison of the theoretical and experimental 
branching ratios of Fe 3p and 14d orbitals of CpFe(CO),I. Errors 
are ?2%. 

Theore t ica l  

0 Fe 3p 

Photon Energy (eV) 

A ,. O I ( b )  Lxper imen ta l  

Photon Energy (eV) 

with these splittings gives an individual line width of 0.45 eV, 
showing that vibrational broadening is still the dominant 
broadening mechanism. 

Figure 3 shows the increase in the relative intensity of Fe 3p 
compared with those of I 4d from 130 to 150 eV photon 
energy. This phenomenon is expected when compared with 
the atomic cross sections of these orbitals. Figure 4 plots the 
experimental and theoretical (18) branching ratios of Fe 3p 
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Fig. 5. Representative valence-level photoelectron spectra of CpMn(CO), at (a )  21.22, (b) 40, (c )  60, and (d) 80 eV photon 
energies. 
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and I 4d orbitals. It is obvious that the intensity of the Fe 3p 
orbital peak increases between photon energies of 100 and 145 
eV, while the intensity of I 4d decreases continuously in the 
same region. Branching ratios of these orbitals cross each 
other at about 130 eV photon energy theoretically, but well 
above 150 eV from our experimental results. Clearly, the posi- 
tion of the I 4d Cooper minimum is at higher energy than pre- 
dicted from the atomic calculation. Shifts in the Cooper 
minimum from atomic values have recently been seen on the 
Pd 4d orbitals in P ~ ( ? ~ - C ~ H ~ ) ~  (4c, 26). 

C. Variable photon energy results 

- 

I 

(c) 60 eV 

.- 

.. 

.. 

.- 

(a) CPM(CO)~ (M = Mn, Re) complexes 
. I Representative variable-energy photoelectron spectra at 2 1.22, 

I 
I 40, 60, and 80 eV photon energies of c ~ M n ( C 0 ) ~  and 

c ~ R e ( C 0 ) ~  are presented in Figs. 5 and 6. These four photon 
energies were typically chosen to represent the spectra taken 
(a) by He I radiation with the best resolution, (b) by He I1 radi- 
ation, (c) at a photon energy higher than the threshold of the 
np+nd resonance, and (4 at a photon energy well above the 
np+nd resonance. It is immediately obvious that the relative 
intensities of the bands vary dramatically with the photon 
energy. Especially noticeable is that the relative intensities of 
the first band in Fig. 5 and 6 increase continually with the 
increase of the photon energy between 21.22 and 60 eV photon 

600 

400 

VI .+- 
C 

0 
0 

200 

0 

I 16.0 14.0 12.0 10.0 8.0 

energy, and then show a decrease in the relative intensity from 
60 to 80 eV photon energy. This provides us with direct exper- 

16.0 14.0 12.0 10.0 6.0 

imental evidence for the assignment of the metal d orbitals to 
peaks 1 and 2. 

Using synchrotron radiation, we observed the metal np+nd 
resonance on the first band (peaks 1 and 2) to be around-58 eV 
photon energy for c ~ M n ( C 0 ) ~  and around 50 eV for 
CPR~(CO)~,  respectively, also indicating that peaks 1 and 2 
arise from orbitals of very high d character compared with the 
other peaks (16). This assignment is in agreement with Licht- 
enberger's previous He W e  I1 studies combined with a Fen- 
ske-Hall calculation (1 5). 

Xa-SW calculations have uroven to be a useful tool for 
assignment of the valence-level photoelectron spectra of orga- 
nometallic molecules (27), and we have successfully utilized 
this technique in the calculation of photoionization cross sec- 
tions in the study of variable-energy synchrotron radiation 
photoelectron spectra of some organometallics (3b, 4c, 5,28). 
We performed an Xa-SW calculation on CpMn(CO), to fur- 
therconfinn the valence band assignment, to assign the inner 
valence peaks, and to explain the experimental branching ratio 
results. 

In Table 2, we list the Xa-SW orbital energies and the com- 
position of the resulting wave functions for the upper valence 
orbitals of c ~ M n ( C 0 ) ~ .  The experimental ionization poten- 
tials and the assignments of valence-level bands are also pre- 
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Fig. 6. Representative valence-level photoelectron spectra of CpRe(CO), at (a) 21.22, (b )  40, (c )  60, and (4 80 eV photon 
energies. 
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sented in Table 2. The first two MOs in the ground state of 
CpMn(CO), are almost degenerate in energy and both have 
high (65%) Mn 3d contribution. They are derived from Mn 
3d,2-,2 and 3d, orbitals and assigned as peak 1 in Fig. 5(a). 
The next MO 18a' is 0.18 eV lower than the HOMO, and this 
MO also has high Mn 3d character (80%). This orbital inter- 
acts more with the CO group, but very little with the Cp ring. 
This orbital can be assigned to peak 2, which is mostly derived 
from the Mn 3dz, orbital. Our X a  results are in good agree- 
ment with the previous INDO-type calculation result ( 2 4  and 
strongly support the conclusion that peaks 1 and 2 are the 
metal d-based peak from our variable-energy synchrotron 
radiation study. The next pair of MO orbitals 1 la" and 17a' are 
almost degenerate in energy and have about 50% Cp ring char- 
acter. These two orbitals can be easily assigned to peaks 3 and 
4, which has also been assigned by Lichtenberger et al. (2a) as 
predominantly ring e," ionization. Peaks 5 ,6 ,7 ,  and 8 relate to 
the MO orbitals mainly from CO and Cp groups, and we must 
point out that the labelling of these peaks and their assign- 
ments is somewhat arbitrary because of the many overlapping 
orbitals involved in this region. However, our X a  results do 
show that the first three MO orbitals 16a', lOa", and 15a' all 
have very high Cp ring contribution compared to the rest of the 
MO orbitals. This allows us to firmly assign these three orbit- 
als to peak 5, since a distinct shoulder between 11 and 13 eV 
BE has been observed in methyl-substituted ring compounds 
( 2 ~ ) .  

The X a - S W  orbital energies and compositions of outer- 
valence and inner-valence levels of CpMn(CO), are listed in 
Table 3. The inner-valence levels of the three titled com- 
pounds are very similar in BE and all are very weak in inten- 
sity compared with the valence levels. They were not studied 
before due to the limitations of the photon source. The first 
peak (peak 9, see Fig. 1) at 17.63 eV BE is derived from three 
Cp ring-based orbitals. Peak 10 is at the shoulder of peak 9. It 
has a BE of 18.23 eV and can be assigned to the contribution 
of the three CO 4 u  orbitals. The next four peaks (peaks S ,  A, 
B, C) were assigned previously to the contributions of CO 
shakeup and satellite peaks that our calculation does not 
address. However, our X a  results show that there are three Cp 
orbitals overlapping with the first CO satellite peak at 23.4 eV. 
The last band in the inner-valence level at 35.6 eV can be 
assigned readily to the well-known CO 3 u  orbitals. 

The X a - S W  branching ratio (BR) calculation has been 
shown to be very valuable for the confirmation of the X a - S W  
energy orbital assignment for many molecules. The photoion- 
ization cross sections of CpMn(CO), were calculated using 
the X a - S W  method. The BRs of peaks 1 , 2  and 3 , 4  were then 
calculated based on the cross sections. Figure 7 presents the 
comparison of the experimental and theoretical BRs of peaks 
1, 2 and 3 , 4  for c ~ M n ( C 0 ) ~ .  Both the experimental and X a  
calculation BRs show that the BR of peaks 1 and 2 generally 
increases with photon energies between 20 and 55 eV, while 
the reverse holds true for peaks 3 and 4. This can be easily 
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Table 2. Valence-level X a - S W  result for CpMn(CO), and band assignment. 

Energy (eV) Mn 

Orbital X a  Expt. Assignment 3d (%) 3p (%) CO (%) CP (%) 

9a" 13.17 13.20 CO lo,  5n 2.7 0.1 93.0 4.2 
14a' 13.17 2.5 0 79.8 17.7 

8a" 13.20 14.05 CO 0.2 0 73.8 26.0 
6a" 13.53 CP 5.0 0.6 73.2 21.2 
13a' 13.54 5.4 0.4 85.6 8.6 
7a" 13.58 0 0.7 24.5 74.9 
12a' 13.62 2.0 0.1 92.7 4.3 
1 la' 13.63 0.5 1.1 16.3 82.0 

5a" 14.47 14.93 CO lo ,  5n 25.3 4.7 59.8 10.2 
10a' 14.48 24.7 4.5 58.2 12.6 
9a' 15.34 18.2(s) 5.2 74.2 2.4 

Table 3. X a - S W  result for CpMn(CO), and band assignment, outer-valence, and inner-valence levels. 

Energy (eV) Mn 

Orbital X a  Expt. Assignment 3d (%) 3p (%) CO (%) CP (%) 

20.33 CO shakeup 

23.44 Cp and 0.8 0.3 
CO satellite 0.8 0.3 

O.S(l.1 s) 0.8 

27.53 CO satellite 
30.61 CO satellite 

explained because the atomic cross section of Mn 3d increases of Mn 3p+3d resonance at band 1 after about 56 eV photon 
from its threshold to about 60 eV photon energy, while the energy. The good agreement between the experimental and 
atomic cross sections of ligand orbitals decrease in the same Xa-calculated BRs strongly confirms once again that peaks 1 
region. It is noteworthy that only BRs up to 55 eV photon and 2 arise from mainly metal-based orbitals and peaks 3 and 4 
energy are presented in Fig. 7 in order to avoid the interference arise from orbitals with higher ligand character. 
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Fig. 7. Comparison of experimental (V, 0)  and X a  (V, 0) 
branching ratios of peaks 1.2 and 3 , 4  of CpMn(CO),. 

Peaks 1 and  2 A 

r Experimental BR 

V Xa calculation BR 

Peaks 3 and  4 
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2 Experimental BR 
KJ 
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D 20 

0 Xa calculation BR 

2 0 3 0 40 5 0 

Photon Energy (eV) 

fb) CpFefCO),I 
We chose to study the electronic structure of CpFe(CO),I 
using variable-energy synchrotron radiation for two reasons. 
Firstly, the valence level spectrum of CpFe(CO),I is much 
more complex than that of the above two compounds (seven 
well-resolved peaks between 7.5 and 11.5 eV BE) and the pre- 
vious assignment was not firm (2a). We will demonstrate the 
value of the observation of the np+nd resonance for confident 
assignment of these seven peaks. Secondly, as mentioned ear- 
lier, we want to study more and different types of CpML3 com- 
plexes, using synchrotron radiation, to see the trend in M 3d 
IPS across the periodic table. 

Variable-energy photoelectron valence spectra of 
CpFe(CO),I at 21.22, 52, 60, and 80 eV photon energy are 
shown in Fig. 8, representing: (a) a high-resolution He I spec- 
trum, and synchrotron radiation spectra corresponding to the 
photon energies of (b) before, (c)  around, and (d) after the 
expected Fe 3p+3d resonance at -62 eV from the Fe 3p BE. 
These spectra clearly demonstrate the different trends in the 
change of the relative intensity of different peaks. Especially 
noticeable is that the relative intensities of peaks 3 and 4 
increase as the photon energy increases, suggesting that both 
peaks 3 and 4 arise from orbitals of high Fe 3d character. 

In the previous He I study, Lichtenberger and Fenske (2a) 

assigned the valence spectrum of this compound based on the 
Fenske calculation and by comparison with the spectra of 
Mn(CO)5X complexes. Briefly, peaks 1 and 2 were due to ion- 
izations from the Fe-I antibonding 7~ levels. Peak 4 was 
assigned to the ionizations from two of the three orbitals of 
high Fe 3d character corresponding to peak 1 in CpMn(CQ3. 
Peaks 6 and 7, around 10.5 eV BE, were assigned to the ion- 
izations from cyclopentadienyl ring e," orbitals, similar to 
those of c ~ M n ( C 0 ) ~  and c ~ R e ( C 0 ) ~ .  But no conclusive 
assignments could be made for peaks 3 and 5, since the He I 
spectrum alone could not distinguish between the predomi- 
nant Fe 3d b2 orbital and the Fe-I u orbital, which is mostly of 
iodine character. Our variable-energy results in Fig. 8 show 
that the relative intensity of peak 3 increases with the photon 
energy compared with that of peak 5. This implies that peak 3 
should be the predominantly metal b2-type orbital, which can 
be confirmed with the observation of np+nd resonance 
results for this peak. 

Figure 9 presents the valence spectra of CpFe(CO),I close 
to the Fe 3p BE of 62.0 eV at 58, 60,63, and 65 eV photon 
energy. It is obvious that the relative intensities of peaks 3 and 
4 increase, relative to peaks 5,6, and 7, on going from 60 to 63 
eV photon energy, then begin to decrease on going from 63 to 
65 eV photon energy. On the other hand, there is no noticeable 
increase in the intensity of shoulder 5 relative to peak 6. This 
observation supports the assignment of peak 3 as the Fe 3d- 
based b2 orbital and peak 5 as the ligand-based a ,  orbital, 
without any further theoretical calculation. 

It is also apparent that the intensities of peaks 1 and 2 
increase relative to peaks 5, 6, and 7 above 60 eV photon 
energy (Fig. 8 and 9). This increase is perhaps unexpected 
because the I 5p cross section decreases sharply at these ener- 
gies (18, 29). However, another multielectron effect - inter- 
channel coupling - enhances the I 5p intensity above the 14d 
ionizations at 55 eV (29). The 14d cross section increases rap- 
idly to -90 eV photon energy, offsetting the expected 
decrease in I 5p cross section. 

Conclusion 

High-resolution photoelectron spectra of valence, inner- 
valence, and core levels of CPM(CO)~ (M = Mn, Re) and 
CpFe(CO),I have been studied using monochromatized syn- 
chrotron radiation (SR). The high intensity and tunability of 
SR is important for observing the weak inner valence and M 
3p (M = Fe, Mn) core level spectra for the first time. The high 
resolution is critical in defining the broadening mechanisms 
on the 14d spectrum. The tunability of the radiation is neces- 
sary for obtaining the relative intensity of the valence band 
peaks as a function of photon energy. These intensities, when 
combined with Xa-SW calculations, yield definitive assign- 
ments for the valence and inner-valence molecular orbital 
ordering. For example, the valence band MOs of CpMn(CO), 
and CpFe(CO),I can be readily assigned with the aid of the 
Xa-SW intensity calculations and the np+nd resonances. 
Apart from the I lone pair orbitals in CpFe(CO),I, the metal d 
orbitals in these complexes are the HOMOS, as predicted ear- 
lier (2). In the late second- and third-row transition metal orga- 
nometallic complexes, such as CpPtMe3 and P~(~~-C,H,), ,  the 
metal d orbitals are at appreciably lower BE (5), resulting in 
the HOMO being a ligand-based orbital. 
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Fig. 8. Representative valence-level photoelectron spectra of CpFe(CO),I at (a) 21.22, (b) 52, (c) 60, and (d) 80 eV photon energies. 

Binding Energy (eV) Binding Energy (eV) 

Binding Energy (eV) Binding Energy (eV) 

Fig. 9. The valence-level spectra of CpFe(CO),I at (a) 58, (b) 
60, (c) 63, and (4 65 eV photon energy, showing the increase of 
the relative intensities of peaks 3 and 4 around 63 eV photon 
energy. 

1300 (a) 58 e V  

900 1 (d) 65 eV 
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Redox activity of tryptophan residues in 
recombinant cytochrome c peroxidase and its 
W51 F and W191 F mutants 

George Tsaprailis and Ann M. English 

Abstract: Tryptophan oxidation mediated via the heme was initiated by adding 2, 6, and 20 equivalents of H20, to 5 p,M 
recombinant CCP (CCP(M1)) and its W5 IF and W191F mutants at pH 7.0. Addition of the proteins to 8 M urea (pH 1.5) relieved 
heme quenching of Trp fluorescence. CCP(M1)-I, W5 1F-I, and W 191F-I, the two-electron oxidized species (F~'~=O,R'+)  
formed on addition of 2 equivalents of H,02, exhibited decreased fluorescence relative to the ~ e " '  forms. Loss of 0.7 Trp in 
CCP(M1)-I and W5 1F-I, and 0.2 Trp in W 191F-I implies that R" is located on Trpl91 in CCP(M1)-I and W5 IF-I. Spontaneous 
decay of the F~"=o hemes back to ~ e " ' ,  followed by reaction with 2 more equivalents of H202 after 24 h, resulted in a 
combined loss of 2.7 (CCP(MI)), 1.5 (W51F), and -1 (W191F) Trp. Also, addition of 6 equivalents of H202 to the resting ~ e " '  
enzymes resulted in loss of -2 Trps in CCP(M1) but only - 1 in W51F and W 191F, suggesting that Trp51 becomes redox active 
in CCP(M1) when >2 equivalents of H202 are reduced. Addition of 20 equivalents of H202 resulted in a total loss of -4,2.5, and 
2 Trp in CCP(MI), W51F, and W 191F, respectively. Activity loss largely paralleled Trp loss, and the residual activity of 
CCP(M1) and W5 lFexposed to 20 equivalents of H202 was 5-19%, while W191F exhibited -50% activity. SDS PAGE analysis 
revealed that oxidized CCP(M1) and W191F were 60-70% monomeric, and W51F 27% monomeric following its reaction with 
>2 equivalents H202. Amino acid analyses confirmed Trp loss and also showed significant Tyr, but not Met, loss in the oxidized 
proteins. Donors to the heme and pathways of electron migration are proposed based on the combined results. 

Key words: cytochrome c peroxidase, Trp mutants, H202 oxidation, redox-active residues. 

RCsumC : On a induit l'oxydation du tryptophane par l'hkme en ajoutant 2.6 et 20 Cquivalents de H202 i 5 pM de recombinant 
CCP (CCP(M)) et ses mutants W5 IF et W191F i pH 7,O. L'addition de protCines i 8 M d'urCe (pH 1,5) diminue I'extinction de 
la fluorescence du Trp par l'hkme. CCP(M1)-I, W51F-1 et W 191F-1, les espkces oxydCes i deux electrons (F~'~=o,R'+) formCes 
lors de l'addition de deux Cquivalents de H20, exhibent une diminution de la fluorescence par rapport i la forme ~e" ' .  La perte de 
0,7 Trp dans le CCP(M1)-I et dans le W5 1 F-1 et de 0,2 Trp dans le W 19 IF- 1 implique que R" est localis6 sur le Trp 191 dans le 
CCP(M1)-1 et dans le W51F-1. La dCgradation spontanCe de l'hkme F~"=O en ~ e ' " ,  suivie de la riaction avec deux Cquivalents 
supplCmentaires de H202 aprks 24 h rCsulte en une perte combinke de 2,7 (CCP(MI)), de 1,5 (W5 IF) et d'environ 1 (W 191F) Trp. 
De mtme, l'addition de 6 Cquivalents de H202 i l'enzyme ~ e " '  i 1'Ctat fondamental rCsulte en une perte d'environ 2 Trps dans le 
CCP(M1) mais la perte est seulement de l'ordre de 1 dans le W5 IF et dans le W 191F, suggCrant que Trp51 devient une agent 
redox actif dans le CCP(M1) lorsque plus de deux Cquivalents de H202 sont rCduits. L'addition de 20 Cquivalents de H202 conduit 
i une perte totale d'environ 4,2,5 et 2 Trp dans le CCP(MI), W51F et W 191F respectivement. La perte d'activitC va de pair avec 
la perte de Trp, et 1'activitC rCsiduelle du CCP(M1) et du W5 IF, lorsque ces substances sont soumises i 20 Cquivalents de H202, 
est de I'ordre de 5-19% tandis que le W 191F exhibe une activitC de 50% environ. L'analyse SDS PAGE rCvkle que le CCP(M1) 
et le W 191F oxydCs sont i 60-70% sous forme monomkre et le W5 IF existe i 27% sous la forme monomkre par suite de la 
rkaction avec plus de deux Cquivalents de H202. L'analyse des acides aminCs confirme la perte de Trp et rCvkle une perte 
significative de Tyr, mais pas de perte de Met, dans la protCine oxydCe. Sur la base des rCsultats combinis on propose des 
donneurs pour l'hkme et un mecanisme de migration dlClectron. 

Mots clks : cytochrome c peroxydase, mutants du Trp, H202 oxydation, rCsidus actifs comme agent redox. 

[Traduit par la ridaction] 
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Tsaprailis and English 

Introduction 

The identification of a Trp radical in yeast CCP-I~ (1) was the 
first instance that a Trp residue was shown to play a redox- 
active role in an enzyme (2). Recently, however, a redox- 
active Trp has been identified in ribonucleotide reductase (3) 
and, in addition to Trp, a number of other amino acid radicals, 
including tyrosyl, cysteinyl, and glycyl radicals are known to 
play catalytic roles in enzymatic reactions (4). Reversible 
redox activity of protein residues involves the formation of 
one-electron oxidized free radical species, which are stabilized 
by the surrounding polypeptide. Thus, a full understanding of 
the use of protein free radicals in redox catalysis (free radical 
enzymology) requires characterization of their storage sites, 
and elucidation of their migration and quenching mechanisms 
in protein matrices. 

The catalysis of two-electron redox chemistry by Fe"' heme 
centres necessitates the generation of radical species. Hence, 
small plant and fungal heme peroxidases can provide impor- 
tant insight into the reactivity of protein radicals in redox catal- 
ysis. Binding of H202 to the Fe"' ion in heme peroxidases 
(Feu', P) results in heterolytic cleavage of the 0-0 bond, and 
formation of a two-electron oxidized intermediate 
(F~'~=o,P'+), termed compound I (eq. [I]). Reduction of the 
latter in one-electron steps (eqs. [2] and [3]) back to the resting 
enzyme occurs via formation of the one-electron oxidized 
intermediate (F~"=o,P), termed compound 11. 

[I] F~"',P + H,O, + F~'~=o,P'+ + H,O 

In most heme peroxidases P" is initially a porphyrin n-  
cation radical, but a protein-based radical is observed for CCP- 
I (5,6). Of the 7 Trps, Trpl91, which is in van der Waals con- 
tact with the heme (Fig. I), has been identified as the redox- 
active amino acid residue in CCP-I. The broad EPR signal 
characteristic of native CCP-I was not observed in the spec- 
trum of W191F-I (7, 8), and this mutant also exhibited a tran- 
sient porphyrin radical on reaction with peroxide (9). Trp5 1, 
which is only 4 A from the heme (Fig. l), was eliminated as the 
radical site since W51F-I exhibited EPR and ENDOR spectra 
almost identical to those of CCP(M1)-I (7). 

We have shown previously that steady-state protein fluores- 
cence can be used to probe the loss of Trp residues in H202- 
oxidized yeast CCP (10). Since heme is a highly efficient 

Abbreviations: ABTS, 2,2'-azinobis[3-ethylbenzthiazoline-6- 
sulfonic acid]; CCP(MI), recombinant cytochrome c peroxidase 
(EC 1.11. I .5) from E. coli; CCP(M1)-I, W5 1F-I, W 191F-I, 
compounds I of CCP(MI), W5 IF, and W 19 IF, where compound I 
is the two-electron oxidized species formed when stoichiometric 
H,O, reacts with the peroxidases; CCP(M1)-11, compound 11, 
species formed on one-electron reduction of compound I; 
ENDOR, electron-nuclear double resonance; EPR, electron spin 
resonance; LC-MS, liquid chromatography with mass 
spectrometric detection; LIP, lignin peroxidase; NATA, N- 
acetyltryptophanamide; SDS-PAGE, sodium dodecyl sulphate - 
polyacrylamide gel electrophoresis. 

Fig. 1. The C, backbone of CCP showing the location of the 7 
Trp (W), 14 Tyr (Y), and 6 Met (M) residues relative to the heme. 

W101 

quencher of CCP fluorescence (1 l), protein denaturation in 8 
M urea at pH 1.5 is required to relieve quenching and allow 
fluorescence loss to be equated with Trp loss. Furthermore, 
since denaturation of CCP occurs rapidly in 8 M urea, it is 
assumed that radical migration does not occur during this pro- 
cess (lo), and that protein-based radicals are converted to sta- 
ble oxidation products on exposure to the solvent. 

The fluorescence measurements are extended here to the 
recombinant enzyme (CCP(M1)) and two mutants, W5 1F and 
W191F, in which the Trp residues closest to the heme are sin- 
gly mutated to phenylalanine. In lignin peroxidase (LIP), 
where Phe46 and Phe193 correspond to Trp5 1 and Trp 191 
(12), P" is a porphyrin n-cation radical in compound I (13). 
Since it is more difficult to oxidize the side chain of phenyla- 
lanine than the indole side chain of Trp (14), the rapid transfer 
of oxidizing equivalents from the porphyrin to a protein-based 
radical is presumably prevented in LIP-I (6). Despite the 
Trpl91 + Phe mutation, a porphyrin n-cation radical is only 
transiently formed (t,,, -14 ms) in W191F-I (9). The porphy- 
rin radical is transferred to the protein, resulting in an EPR sig- 
nal for W191F-I that has been assigned to a tyrosyl radical (7, 
8). Hence, an examination of compound I of the two Trp + 
Phe mutants will provide a test of the EPR data and also dem- 
onstrate if fluorescence measurements on the denatured pro- 
teins can clearly distinguish between Trp and Tyr radicals. 

In the absence of oxidizable substrates, CCP(M1)-I, W5 1F- 
I, and W191F-I spontaneously decay to give products with 
absorption spectra similar to their resting ~ e " '  forms. The half- 
life of the F~"=o heme in CCP(M1)-I and W191F-I is -3 h 
(15), but that of W51F-I is only -3-4 s (16). EPR studies 
revealed that the protein radical signal in yeast CCP-I decays 
on a slightly faster time scale than the FeIV=O centre (17). 
However, a protein-based radical persists in W 191F-I for only - 10 min (la), clearly indicating that the F~"=o heme is not 
reduced by the removal of a second electron from the EPR- 
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active species. To probe Trp loss due to the combined effects 
of protein radical decay and endogenous electron transfer to 
the F~"=o heme, the decay products were examined by flu- 
orescence at time intervals between 15 s and 24 h following 
the addition of H202. Furthermore, the 24-h decay products 
were exposed to another two oxidizing equivalents of H202 
and rapidly unfolded to see if Trp residues were also electron 
donors in the decay products. 

Millimolar H202 readily oxidizes methionine residues in 
proteins but not aromatic residues (19). However, yeast CCP 
reduces up to 20 equiv. of H20, at micromolar concentrations 
using endogenous donors on the polypeptide (20), including 
-3 Trps (10). A mechanism consistent with the reduction of 2 
equiv. of H202by compound I would be the following: 

where P,' and Py' are additional protein-based radicals gener- 
ated by the transfer of the two oxidizing equivalents from per- 
oxide via the heme to the polypeptide. Exposure to 6 and 20 
equiv. of H202 was undertaken to estimate the maximum num- 
ber of Trp donors in each of the mutants examined here. As 
carried out previously with yeast wild-type CCP (lo), amino 
acid analyses were performed to probe the loss of non-Trp res- 
idues, and ferrocytochrome c and ferrocyanide oxidizing 
activities were measured just prior to denaturation to compare 
fluorescence loss with activity loss. H202 titres and the extent 
of radical-mediated intermolecular protein cross-linking were 
also measured. Finally, interpretation of the combined data, in 
terms of possible sites of protein-based free radical formation 
and possible radical and electron migration pathways, is 
attempted. 

Experimental 

Materials 
Wild-type recombinant cytochrome c peroxidase (CCP(M1)) 
and its W5 1F and W 191F mutants, prepared as described (16), 
were generous gifts from Dr Mark Miller (University of Cali- 
fornia, San Diego). Horse heart cytochrome c (Type 111), N- 
acetyltryptophanamide (NATA), and guanidinium chloride 
were obtained from Sigma; ABTS was purchased from Boe- 
hringer Mannheim as the diammonium salt, and analytical 
grade urea was purchased from Anachemia. All chemicals 
were used without further purification. Distilled water (spe- 
cific resistance 18 MR cm) was prepared using a Banstead 
Nanopure system. SDS-PAGE was performed on 7.5% acryl- 
amide gels using a Mini Protean I1 Electrophoresis Dual Slab 
Cell and silver staining (Bio-Rad). Densitometer tracings of 
the gels were obtained on a FisherBiotech transmission densi- 
tometer. Fluorescence and absorption measurements were car- 
ried out on a Shimadzu model RF 5000 spectrofluorometer 
and a Hewlett Packard 845 1A diode-array spectrophotometer, 
respectively. 

H,O, oxidation 
Protein stock solutions of 5 y M  were prepared in 0.1 M 
sodium phosphate buffer (pH 7.0) using E4O8 ( m M 1  cm-') val- 
ues of 102 (CCP(MI)), 141 (W5 1F) (16), and 109 (W191F) 
(21). Stock H202 solutions (0.2-2 mM) were prepared in the 

same buffer and H202 concentrations were determined spec- 
trophotometrically by monitoring the CCP-catalyzed oxida- 
tion of excess ABTS (A&405 = 36.8 m ~ - '  cm-I). Protein and 
H 2 0  stocks were mixed to glve the desired ratios. Formation 
of F$V=O heme was followed spectrophotometrically at 424 
nm (17). 

Enzyme activities 
Assay solutions contained 180 yM H202, 25 y M  ferrocyto- 
chrome c, or 20 mM ferrocyanide as reducing substrate and 25 
nM native or oxidized peroxidase in 0.1 M phosphate buffer 
(pH 7.0). Activity measurements were performed by follow- 
ing substrate oxidation s ectrophotometrically (ferrocyto- P - chrome c, 18 mM- cm ' (22); ferrocyanide, = 9 = 1.0 m ~ - '  cm- (23, 24)). Activities of the H202-oxidized 
enzymes are reported relative to the unoxidized enzymes 
maintained under the same conditions. 

H,O, turnover, H20, titres, SDS-PAGE, and amino acid 
analysis 

ABTS (700 yM) oxidation was monitored at 724 nm to deter- 
mine the time course and extent of H202 turnover by 5 y M  
enzyme. The 24-h decay products were titrated with H202 and 
the absorbance change at 424 nm monitored to determine the 
extent of F~"=o heme formation. Cross-linking of the pro- 
teins following addition of H202 was investigated by SDS- 
PAGE (lo), and amino acid analysis was canied out as previ- 
ously described (10). 

Relative fluorescence 
At various time intervals (15 s - 24 h) after the addition of 
H202 to 5 y M  protein in 0.1 M phosphate buffer (pH 7.0), the 
samples were diluted with urea to give a final concentration of 
1 yM protein in 8 M urea at pH 1.5. Following 280-nm exci- 
tation, fluorescence intensities were measured at 350 nm, 
which is the emission maximum of CCP in urea (1 1). The 
Raman peak of water was subtracted from all emission spec- 
tra, and inner-filter effects were corrected using the formula 
(25): 

where F is the corrected fluorescence intensity, Fo the 
observed intensity, A,, and A,, are the absorbances at the exci- 
tation and emission wavelengths, respectively. Relative fluo- 
rescence intensities (%F) were calculated assuming % F  = 100 
for unoxidized protein maintained under the same conditions. 

Results 

Relative fluorescence 
The fluorescence increase, observed within the mixing time 
(2-3 s) upon denaturation of CCP(MI), W51F, and W191F in 
urea, is accompanied by a red shift in emission maximum to 
350 nm, characteristic of Trp exposure to the aqueous environ- 
ment (1 1). After correcting for inner-filter effects (eq. [6]), the 
proteins exhibit fluorescence intensities in 8 M urea at pH 1.5 
equal to that of Trp model compound NATA, indicating that 
each of the 6 or 7 Trp residues in the denatured proteins pos- 
sesses the same fluorescence quantum yield as NATA (10). 
Heme quenching is totally eliminated under these conditions 
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Tsaprailis and English 

Fig. 2. Relative fluorescence intensities at 350 nm of 1 pM 
H202-oxidized protein in 8 M urea (pH 1.5) at 22OC. 5 pM 
protein was reacted with H,02 in 0.1 M phosphate buffer, pH 7.0, 
and diluted with urea at various times after addition of H202. 
Circles, 2 equiv. of H202 added (compound I); triangles, 6 equiv. 
of H,02 added; squares, 20 equiv. of H202 added. Data points are 
the corrected (eq. [6]) relative fluorescence intensities (%F) and 
represent the averages of four measurements. (A) CCP(MI), (B) 
W5 IF, and (C) W 191 F. Experimental conditions: 280-nm 
excitation; slits, 5 nm; scan rate, 114 nrnlmin. 

I I 

100 

% F pi-+-=====-__17 91 loss Trp 

I I 
0 20 40 60 24 

Time (min) 

due to dissociation of the heme from the polypeptide as evi- 
denced by the appearance of free-heme spectra (10). 

Figure 2A summarizes the fluorescence intensities at 350 
nm following denaturation of CCP(M1) at various time inter- 
vals after the addition of 2,6, and 20 equiv. of H202. Addition 
of CCP(M1)-I to 8 M urea at pH 1.5 reveals loss of fluores- 
cence due to heme-mediated Trp oxidation by H202 (10). 
CCP(M1)-I formed 15 s prior to denaturation retains 91 2 3% 
fluorescence relative to resting CCP(MI), which corresponds 
to the oxidation of 0.7 5 0.2 Trp residues. In the 24-h decay 
product of CCP(M1)-I the number of Trps lost increases to 1.4 
5 0.2. Addition of 6 equiv. of H202 to CCP(M1) 15 s and 5 
min prior to denaturation resulted in loss of - 1 and 2 Trps, and 
when 20 equiv. of H202 were added for the same time inter- 
vals, - 1 and 3 Trps were oxidized; this increased to a total of 
-4 when the 20:l sample was denatured after 24 h. Clearly, 
the number of Trps oxidized increases with time and the 
amount of H202 added. Addition of aliquots of the CCP(M1)- 
H202 mixtures to an ABTS solution indicated that 3 H202 
were turned over in -1 rnin and 10 in -5 min. 

Upon denaturation 15 s following its generation, W51F-I 

Fig. 3. Horse heart ferrocytochrome c oxidizing activities relative 
to unoxidized protein in 0.1 M phosphate buffer (pH 7.0) of the 
(A) CCP(M1) and (B) W5 1F samples in Fig. 2 just prior to 
denaturation. 

c y t  c  0 
a c t  

90 

60 

SO 

1 I 

0 20 40 
I /7=- 
60 24 h 

Time (min) 

exhibits 89 + 1% relative fluorescence in 8 M urea (pH 1.5), 
indicating loss of 0.7 2 0.1 Trps out of a total of 6. Samples of 
W5 IF-I denatured over 24 h exhibit loss of 1.0-1.3 Trps, and 
addition of 6 equiv. of H202 to W5 1F resulted in oxidized spe- 
cies with essentially the same fluorescence vs. time profile as 
W5 IF-I (Fig. 223). The fluorescence loss 15 s after the addition 
of 20 equiv. of H202 to W51F reveals the immediate loss of 
-1 Trp, and at longer times ( 2 5  rnin), a total loss of -2.5 
Trps is observed (Fig. 2B). 

W19 IF-I and its 24-h decay product retain 9697% relative 
fluorescence in 8 M urea (pH IS),  indicating oxidation of only 
-0.2 Trp (Fig. 2C). The 6: 1 and 20: 1 W 19 1F samples lose Trp 
slowly over time, resulting in the oxidation of - 1 and 2 Trps, 
respectively, in their 24-h decay products (Fig. 2C). Addition 
of aliquots of the W19IF-H202 mixtures to an ABTS solu- 
tions indicated that 3 H202 were turned over in - 1 min and 10 
in - 30 min. 

Enzyme activities 
Using ferrocytochrome c as reducing substrate, the activities 
of CCP(M1) and W51F are shown in Fig. 3. CCP(M1)-I and 
W51F-I formed 15 s before commencing the assays exhibit 
-96% ferrocytochrome c oxidizing activity, but this is 
reduced to 60-70% in the 24-h decay products. Preincubation 
for 5-10 min with 6 equiv. of H202 further reduces the activity 
to 5&55%, and exposure to 20 equiv. results in 5% activity in 
W51F and -19% activity in CCP(M1) (Fig. 3 and Table 1). 
W 191F has negligible ferrocytochrome oxidizing activity 
because the presence of Trpl91 is necessary for rapid reduc- 
tion of the heme by ferrocytochrome c (18). 

Ferrocyanide oxidizing activities of CCP(MI), W51F, and 
W191F as a function of preincubation time with 2-20 equiv. 
of H202 are summarized in Fig. 4. The overall dependence of 
activity on the number of oxidizing equivalents added and on 
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Table 1. Properties of the 24-h decay products of H202-oxidized CCP(MI), W51F, and W191F". 

2 equiv. H,02 6 equiv. H202 

Property (%)b CCP(M1) W51F W191F CCP(M1) W51F W191F 

H202 titer' 72 - s 94 54 - fi 82 
Monomef' 100 60 67 68 26 65 
Cyt c act.' 73 59 - 42 37 - 

Fe(CN),"act.' 55 56 86 25 27 77 
Trp loss' -1.3 -0.5 -0.7 -1.2 -0.2 0 

20 equiv. HzO, 

"Properties measured 24 h after oxidation of 5 yM protein in 0.1 M phosphate buffer (pH 7.0). 
bRelative to unoxidized samples maintained under the same conditions. 
Trom H202 titrations (see text). 
d~rom Table 2. 
'Activities from Figs. 3 and 4. 
'Trp loss 15 s following addition of 2 equiv. of H,02 to the decay products. The loss was estimated from the change in fluorescence of the decay 

products in 8 M urea (pH 1.5) before and after addition of HZO, (see text). 
P F e i V 4  forms of W51F are too unstable to measure H,O, titres spectrophotometrically. 

Fig. 4. Ferrocyanide oxidizing activities relative to unoxidized ferrocyanide oxidizing activity of the W 19 1F samples prein- 
protein in 0.1 M phosphate buffer (pH 7.0) of the (A) CCP(MI), cubated for only 15 s with H20, is comparable to that of the 
(B) W51F, and (C )  W191F samples in Fig. 2 just prior to other mutants; however, W191F retains considerably greater 
denaturation. activity after 2 h, with the 2: 1, 6: 1, and 20: 1 samples exhibit- 

l o o  , ing 86,77, and 53% activity, respectively, compared to 55,25, 
and 9% for CCP(M1) (Table 1). 

I 

100 .- I 

B 

F~(cN): 

act 

0 .- I 

100 - C 

Time (min) 

preincubation time is similar to that shown in Fig. 3. CCP(M1) 
and W51F shows similar activity vs. preincubation time pro- 
files except that the 6:l W51F samples lose activity more 
slowly than the corresponding CCP(M1) samples. The loss in 

H,O, titres 
Using the relative absorbance change at 424 nm (the maxi- 
mum in the difference spectrum of the ~ e " '  and F~"=o 
forms), the 24-h decay products of oxidized CCP(M1) and 
W191F were titrated with H202 to determine the extent of 
their ability to reform F~"=o heme (reaction [I]). The decay 
products of W 191F possess the highest titres, and these match 
the ferrocyanide oxidizing activities closely (Table 1). There 
is also a good correspondence between the titres and ferrocy- 
tochrome c oxidizing activities for CCP(MI), but its ferrocya- 
nide oxidizing activities are significantly lower (Table 1). The 
instability of the F~"=o heme of W51F ( t , ,  - 3 4  s) pre- 
vented measurement of its titre; nonetheless, the decay prod- 
ucts of this mutant exhibit comparable activity to CCP(M1) 
with both reducing substrates (Table 1). 

SDS-PAGE 
Table 2 summarizes the percent monomer in the H202-oxi- 
dized enzymes at pH 7.0. Gels of CCP(M1)-I and its 24-h 
decay product showed no polymerized protein, whereas the 
monomeric content of the 6: 1 and 20: 1 24-h decay products is 
60-70%. W5lF-I gives rise to 85% monomeric protein when 
denatured within 15 s, but the monomeric content of its decay 
product is reduced to 60% within 2 1 h. The 6: 1 and 20: 1 
W51F samples show extensive polymerization, with a mono- 
mer content of 528% after 24 h. The percent monomer in oxi- 
dized W191F falls within the narrow range of 60-80% for all 
samples (Table 2), with the remainder forming dimeric forms 
exclusively, in agreement with published results (18). 

Amino acid analyses 
Analyses of the 24-h decay products of CCP(M1) and W191F 
were carried out (insufficient W51F was available for these 
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Table 2. Percent monomer in H,O,-oxidized CCP(MI), W51F, and W191F." 

2 equiv. H,O, 6equiv.H20, 20 equiv.H20Z 

Time CCP(M1) W51F W191F CCP(M1) W51F W191F CCP(M1) W51F W191F 

15 s 100 85 78 100 60 65 100 68 70 
5 min 100 73 70 69 35 66 68 25 60 
l h  100 60 65 72 26 70 67 28 65 
24 h 100 60 67 68 26 65 60 28 65 

"2, 6 ,  and 20 equivalents of H 2 0 2  were added to 5 LM protein in 0.1 M phos 
bPercent monomer relative to unoxidized samples as estimated by integration 

analyses). For both proteins the Trp loss was in good agree- 
ment with that observed by fluorescence. Loss of 0.7, 1.5, and 
4.4 Tyr was observed for the 2: 1,6:1, and 20: 1 decay products 
of CCP(MI), and the 20: 1 product also lost 0.8 Met but 0 Cys. 
The corresponding Tyr losses for W191F were 1.5, 2.0, and 
3.8, but no peroxide-induced loss of Met or Cys was observed 
for this mutant. Although the side chains of Met and Cys resi- 
dues are readily oxidized, the amino acid analyses suggest that 
the endogenous donors to the heme are largely Trp and Tyr 
residues, rather than Met residues (Fig. 1) or the single Cys 
residue in CCP. 

I Discussion 
I 

I CCP(M1)-I exhibits 91 t 3% fluorescence at 350 nm relative 
I to unoxidized CCP(M1) in 8 M urea at pH 1.5, corresponding 

I 
to the loss of 0.7 2 0.2 Trp. This result is the same as that 

I observed for yeast wild-type CCP (lo), and supports the 
assignment of Trp191 as the redox-active residue in CCP-I and 
CCP(M1)-I (1). W5lF-I exhibits the same Trp loss (0.7 f 0.1) 
as CCP(M1)-I, but the fluorescence loss in denatured W 19 1 F-I 
is negligible (Fig. 2C). These results are consistent with the 
assignment of the EPR signals to a tyrosyl radical in W 191F-I 
and an indolyl radical in W5lF-I (7, 8), and confirm that Tyr- 
and Trp-based radicals can be distinguished by the fluores- 
cence method employed here. 

Dissipation of the oxidizing equivalents (F~'~=O,P'+) 
stored in compound I increases the Trp loss in CCP(M1)-I and 
W5lF-I to -1.4. The ~ e " '  heme of the decay products reacts 
rapidly with H,O,, and this leads to the immediate loss of 1.3, 
0.5, and 0.7 extra Trps in CCP(MI), W5 IF, and W 191F (Table 
I), corresponding to a combined loss of 2.7, 1.5, and 0.9 Trps, 
respectively. Oxidation of Trp51 on addition of H202 to the 
decay product of CCP(M1)-I is likely since Trp51 + Phe 
mutation significantly decreases Trp oxidation on the addition 
of H202 to the decay product of W5 IF-I. Trp5 1 is also a pos- 
sible electron donor in the 24-h decay product of W191F-I 
given that reaction with H202 results in the loss of -0.7 Trp 
(Table 1). 

Addition of 6 equiv. of H202 to the resting enzymes prior to 
denaturation results in the loss of -2 Trps in CCP(M1) and - 1 
in each of the mutants (Fig. 2). This provides further evidence 
that oxidizing equivalents generated at the heme are trans- 
ferred to Trp 19 1 and Trp5 1 in CCP(M1) by a mechanism such 

;phate buffer (pH 7.0) and the samples were denatured at the times indicated. 
of the densitometer tracings of the gels. 

as that given in eqs. [4] and [5]. The ABTS results reveal that 
CCP(M1) and W191F turn over 6 equiv. of H20, in less than 1 
min, and the amino acid analyses show loss of 1.5 and 2 Tyr 
residues in CCP(M1) and W191F, respectively, in addition to 
the Trps oxidized in these proteins. To reduce 6 equiv. of H,02 
would require that three oxidized aromatic residues act as two- 
electron donors. However, additional donors may have gone 
undetected, given the experimental errors associated with 
amino acid analyses and the fluorescence measurements (see 
error bars in Fig. 2). LC-MS characterization of the oxidized 
proteins using an electrospray source is under way to deter- 
mine the nature and location of the modified residues. 

After standing for 24 h, the 6: 1 decay products were reacted 
with more H202. The results revealed that an additional Trp 
was oxidized in CCP(M1) (Table I), to give a combined loss of 
>3 Trps. No extra Trps were oxidized in the mutants (Table l), 
where only one Trp was initially oxidized (Fig. 2). Thus, both 
Trp 191 + Phe and Trp5 1 + Phe mutation must shut down 
pathways of endogenous electron transfer to the heme that 
access redox-active Trp residues in the wild-type enzyme. 

Following exposure to 20 equiv. of H202 a maximum Trp 
loss of -4, 2.5, and 2 is observed for CCP(MI), W51F, and 
W191F, respectively (Fig. 2). Amino acid analysis shows that 
-4 Tyr residues were lost in both CCP(M1) and W 191F, and - 1 Met in CCP(MI), and the ABTS results reveal that the 20 
equiv. of H202 are turned over by CCP(M1) and W191F in 5 
and 30 min, respectively. Thus, in the absence of catalatic 
activity (2H202 + 0, + 2H20), 20 electrons would have to be 
transferred to peroxide via the heme. Two-electron oxidation 
of the 9 residues found to be lost in CCP(M1) would supply 18 
electrons, but only 12 electrons would be available from the 6 
residues lost in W191F. It has been shown previously that 
yeast wild-type CCP can turn over 20 equiv. of H202 with no 
detectable oxygen evolution, which eliminates turnover via 
catalatic activity (20). It is possible that CCP(M1) also turns 
over 20 equiv. of H202 by utilizing endogenous donors, but 
this is less likely for W191F, and possible catalatic activity of 
this mutant is under investigation. It is noteworthy that an 
extra Trp is oxidized in the 20:l decay product of CCP(M1) 
compared to the yeast enzyme (10); furthermore, CCP(M1) 
turns over 20 equiv. of H202 almost five times faster than 
yeast CCP(10). Hence, despite the very similar X-ray struc- 
tures of the two wild-type proteins (26), they may not utilize a 
common set of pathways for endogenous electron donation to 
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the heme. 
Oxidation of amino acid residues significantly reduces the 

ability of CCP(MI), and that of W191F to a lesser extent, to 
undergo reaction with H202 (eq. [I]). This is reflected in the 
H202 titres of the 24-h decay products listed in Table 1. Since 
one of the oxidizing equivalents of peroxide is transferred to 
the protein in reaction [I], depletion of endogenous donors 
around the heme (Fig. 1) may inhibit further reaction with per- 
oxide. In addition, oxidation of the distal His52 could prevent 
F~"=o formation, since this residue plays a key role in the 
heterolytic cleavage of peroxide, and His52 + Leu mutation 
results in a lo5-fold decrease in the rate of reaction [ l ]  (27, 
28). Amino acid analysis shows loss of 0.3-0.6 His in the 
decay products of CCP(M1) and 0.1-0.4 His in those of 
W191F. Thus, the slightly greater His loss in the wild-type 
enzyme, coupled with the greater loss of redox-active aro- 
matic residues, may account for the lower H202 titres of the 
CCP(M1) decay products. 

The ferrocytochrorne c oxidizing activities of the 24-h 
decay products of CCP(MI), and the ferrocyanide oxidizing 
activities of the W191F products are similar to their H202 
titres (Table 1). Hence, the decreased activities of these spe- 
cies can be attributed to the same factors that prevent F~"=o 
heme formation. However, the ferrocyanide oxidizing activi- 
ties of the CCP(M1) decay products are - 1&20% lower than 
the corresponding ferrocytochrorne c oxidizing activities 
(Table l), unlike oxidized yeast CCP where both activities 
were found to be the same (10). Ferrocyanide and ferrocyto- 
chrome c are oxidized at different sites on CCP. The small 
molecule diffuses up the peroxide-access channel and is oxi- 
dized at the 6-meso heme edge (29). Reconstitution of CCP 
with 6-meso-substituted heme groups blocks ferrocyanide oxi- 
dation and selectively inhibits the ferrocyanide oxidizing 
activity of the enzyme (29). Retardation of ferrocyanide oxi- 
dation would thus be possible by diminishing access to the 
heme in the decay products by a mechanism such as radical- 
mediated intramolecular cross-linking in the neighbourhood 
of the substrate channel. 

Oxidation of ferrocytochrorne c involves complex forma- 
tion between the proteins. A putative electron transfer path via 
Trpl9l has been proposed based on the X-ray structure of the 
CCP - cyt c complex (18, 30), in which the heme edges are 
separated by at least 17 A (18). It has been demonstrated that 
formation of an indolyl radical at Trpl9l is necessary for the 
efficient ferrocytochrorne c oxidizing activity of CCP(M1) 
(18). Since Trp loss is observed for the three CCP(M1) decay 
products (Table l), it is possible that Trp191 is not 100% irre- 
versibly oxidized in the fractions with ferrocytochrorne c oxi- 
dizing activity. However, it is also possible that new 
ferrocytochrorne c oxidation sites open up in the decay prod- 
ucts, which do not require that Trpl9l remains unaltered. 

A comparison of Figs. 2, 3, and 4 indicates that the time 
course of activity loss is similar to that for fluorescence loss. 
Both change rapidly over the first 1&20 min, and then slowly 
over the next 24 h. Hence, fluorescence is a good probe of the 
time course of other changes, in addition to Trp loss, induced 
in CCP(M1) and its mutants following reaction with peroxide. 

Table 2 summarizes the radical-mediated intermolecular 
cross-linking in CCP(M1) and its mutants. The percent dimer 
observed in the oxidized W191F samples falls within the 
range of 20-40% at all time intervals, irrespective of the extent 

of H202 turnover. Approximately 30% dimerization of 
W191F-I has been reported previously (18), which is roughly 
the average of the values listed for this mutant in Table 2. 
CCP(M1) exhibits a similar amount of dimerization as W191F, 
and also a small fraction of polymerization to higher molecu- 
lar weight species, following the loss of 2 or more Trps (expo- 
sure to 6 equiv. of H202 for 2 5  min). The reaction of 
metmyoglobin with H202 also produces protein-based radi- 
cals, and a Tyrl5 1-Tyrl5 1 intermolecular cross-link has been 
established in sperm whale myoglobin (3 1). Tyrosine radicals 
readily dimerize, so the dityrosine bond in myoglobin is 
assumed to arise from radical formation at Tyrl5 1, which is 12 
A from the heme (3 1). Peptide mapping of the dimer formed in 
H202-oxidized yeast CCP indicated that an intermolecular 
cross-link is localized between residues 32 and 48 (23, 32), a 
sequence that includes Tyr36, Tyr39, and Tyr42. These three 
Tyr residues are highly solvent exposed and are within 5-14 A 
from the heme (Fig. 1); hence, cross-linking in W191F and 
CCP(M1) is likely to involve dityrosine formation between 
these Tyr-rich regions. It is of note that 540% of oxidized 
CCP(M1) and W191F undergo cross-linking (Table 2). This 
suggests that the radical migration pathway(s) leading to 
cross-linking are shut down once alternate pathways are cho- 
sen, or that the proteins are heterogeneous. Variation in the 
extent of post-translational processing of the N-terminal Met 
(33) in CCP(M1) and its mutants has been detected by electro- 
spray MS (G. Tsaprailis, unpublished results), and the effects 
of such heterogeneity are under investigation. W5 1F-I exhib- 
its similar cross-linking behaviour to W191F-I (Table 2), but 
on exposure to 6 equiv. of H202, extensive conversion to 
higher molecular weight species is observed. 

The fluorescence, activity, and cross-linking data presented 
here on oxidized CCP(M1) and its Trp mutants underscore the 
important role played by Trp residues in the redox chemistry 
of the enzyme. Previously, we had suggested that a ring of aro- 
matic residues on the proximal side of the heme of yeast CCP 
act as donors to peroxide (10); these residues include the 3 
proximal Trps (191, 21 1, 223) and 3 Tyr residues (187, 229, 
236) (Fig. 1). The fluorescence results obtained here support 
the loss of the 3 proximal Trps in recombinant CCP(MI), and 
the distal Trp51 appears to be also oxidized on addition of 
more than 2 equiv. of H202 to CCP(MI), as discussed previ- 
ously. At least 4 Tyr residues are oxidized in CCP(M1) and 
these could include three from the proximal side, and one from 
sequence 3248 ,  which is likely to be involved in intramolec- 
ular cross-linking. 

Mutation of Trp191 + Phe results in immediate cross-link- 
ing on W191F-I formation. Thus, electron transfer from a Tyr 
residue in sequence 3 2 4 8  to the porphyrin is likely to occur in 
W191F-I. Since Trp loss is observed following addition of >2 
equiv. of H202 to W191F, oxidation of Trp5 1 may follow that 
of the initial Tyr. It is difficult to speculate on the identity of 
the remaining Tyr and Trp residues oxidized in W 191F; how- 
ever, their oxidation does not lead to further cross-linking of 
the protein. 

Mutation of Trp51 + Phe gives rise to a protein that 
undergoes extensive cross-linking following addition of >2 
equiv. of H202. Loss of 1 Trp on denaturation of W5lF-I 
suggests than Trpl9l is the first protein-based radical 
formed, but formation and dissipation of additional protein 
radicals in this mutant results in over 70% polymerization of 
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the protein. 
The ability of CCP to reduce more than 2 equiv. of H202 in 

the absence of its donor substrate may be important under con- 
ditions of oxidative stress in yeast (34). Another of CCP's pro- 
posed functions is the regulation of mitochondria1 respiration 
rates by controlling the flow of reducing equivalents to cyto- 
chrome c oxidase, which CCP does by competing for the same 
reducing substrate, ferrocytochrome c (34); To carry out both 
of these functions, the presence of Trp5 1 and Trpl91 is criti- 
cal. Mutation of the former results in an enzyme that under- 
goes extensive cross-linking, presumably due  to radical 
migration to its surface. Exposed radicals in vivo would lead to 
damage of other cellular components. Removal of Trpl91 
leads to a "well-behaved" mutant, but one with negligible fer- 
rocytochrome c oxidizing activity. 
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The metal-mediated conversion of 
octachlorocycloheptatriene into 
dodecachloroheptafulvalene: a synthetic, 
structural, and EHMO study 

James A. Dunn, Hari K. Gupta, Alex D. Bain, and Michael J. McGlinchey 

Abstract: Octachlorocycloheptatriene, C7C18, 3, reacts with a variety of organometallic precursors, e.g., Fe,(C0)9, Co,(CO),, 
[(C,H,)Fe(CO),]-, to give dodecachloroheptafulvalene, C,,CII,, 12, in yields ranging from 54 to 68%. There is no evidence to 
support the intermediacy of carbene complexes of the type C7C16=ML,,, and it is suggested that the reaction proceeds by the 
dechlorination of C7C1, to give hexachlorotropylidene, which dimerizes to the observed product. Extended Huckel molecular 
orbital calculations are used to show that the chlorinated carbene, C7C16, should be more stable than the corresponding parent 
system, C7H6. The EHMO calculations also reveal that planar heptafulvalenes are electronically disfavored and should exist 
preferentially in the S-anti conformation, as is the case for C,,H,,. The molecule CI,C1,,, 12, is shown by X-ray crystallography 
to be formed only as the syn conformer, which isomerizes to the anti structure only at high temperature. The conformations of the 
two seven-membered rings in 12 closely resemble that found in octachlorocycloheptatriene itself. C7C1,, 3, crystallizes in the 
orthorhombic space group Pnn~a with a =7.140(1) A, b = 13.329(3) A, c = 12.595(3) A, and V =  1198.7(4) A3 forZ= 4.3 adopts 
a severely bent boat structure in which the planes C(1)-C(7)-C(6) and C(2)-C(3)-C(4)-C(5) make angles of 5 1 .8" and 32.4", 
respectively, with the C(1)-C(2)-C(5)-C(6) plane. 

Key words: octachlorocycloheptatriene, heptafulvalenes, metal-mediated dimerization 

Resum6 : L'octachlorocycloheptatrikne C7C1,, 3, rtagit avec divers prCcurseurs organomttalliques, par exemple : Fe,(C0)9, 
Co,(CO),, [(C,H,)Fe(CO),]-, pour donner le dodtcachloroheptafulvkne, C,,Cl,,, 12, avec des rendements allant de 54 i 68%. I1 
n'y a pas de preuve qui permet de confirmer la presence d'un complexe carbkne intermtdiaire du type C7C16=ML,, et on 
suggkre que la reaction s'effectue par la dCchloration du C7CI, pour donner l'hexachlorotropylid&ne qui, par dimirisation, 
conduit au produit observe. On a utilisC des calculs Ctendus d'orbitale molCculaire de Huckel pour montrer que le carbene chlorC, 
C7C16, doit &tre plus stable que le systkme apparent6 correspondant, C7H6. Les calcluls OMEH rkvklent tgalement que les 
heptafulvknes plans sont dCfavorisCs Clectroniquement et doivent exister prCfCrentiellement dans une conformation S-anti, 
comme dans le cas du C,,CI,,. On montre, par cristallographie de rayons X, que la moltcule C,,CI,,, 12, existe uniquement sous 
forme de conformkre syn qui s'isomtrise seulement A haute tempkrature en une structure anti. La conformation des deux cycles 
A sept chainons dans le compost 12 resemble Ctroitement A celle trouvte dans l'octachlorocycloheptatri~ne lui-m&me. Le 
composC C7C1,, 3, cristallise dans le groupe d'espace orthorhombique Pnma avec a = 7,140(1) A, b = 13,329(3) A, c = 12,595(3) 
A, et V =  1198,7(4) A3 pour Z =  4. Le composC 3 adopte une structure bateau fortement courbte dans laquelle les plans C(1)- 
C(7)-C(6) et C(2)-C(3)-C(4)-C(5) font respectivement un angle de 51,8" et de 32.4" avec le plan C(1)-C(2)-C(5)-C(6). 

Mots cle's : octachlorocycloheptatriene, heptafulvknes, dimtrisation assistte par un metal. 

[Traduit par la redaction] 

Introduction 

In continuation of our studies on organometallic derivatives 
of seven-membered rings (I), we chose to prepare octa- 
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chlorocycloheptatriene, C7C18, as an example of a sterically 
hindered molecule. Although perfluorinated ligands, such as 
C5F5, C6F6, Or C8F8, have received considerable attention (2- 
4), perchlorinated systems appear to have been less thor- 
oughly investigated. A number of perchlorocyclopentadienyl 
complexes, e.g., (~'-c,cI,)M~(co)~, ( q 5 - ~ , ~ 1 5 ) M n ( ~ 0 )  2' and ( q 5 - ~ , ~ 1 5 ) , ~ u ,  are known ( 5 ,  6), and recently (q  - 
C6C16)Cr(CO)3 was obtained by repeated lithiation and chlori- 
nation procedures (7). We are unaware of any organometallic 
derivatives possessing a C7C17 ligand. It has been claimed 
(8) that Fe,(C0)9 reacts with perchloro(3,4-dimethylene- 
cyclobutene) and with perchlorofulvene to give organo-iron 
complexes, but their identity has not been confirmed by X-ray 
crystallography. We here report the X-ray crystal structure of 
C7C18, its reaction with a series of metal carbonyls to give syn- 

Can. J. Chem. 74: 2258-2267 (1996). Printed in Canada / Imprime au Canada 
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Scheme 1. Synthetic route to C7CI,, 3. 

C I 
+ 

C' Cl CI ,-I 
CI CI 1 2 

A12CI, 

C,,Cl,,, and EHMO calculations to rationalize the observed 
nonplanar geometry of heptafulvalenes. 

Results and discussion 

The structure of C,Cl, 
The synthesis of octachlorocycloheptatriene, first described by 

1 West and co-workers in 1968 (9, lo), involves the reaction of 
1 hexachlorocyclopentadiene, C5C16, with trichloroethylene to 

give the bicyclo[3.2.0]heptene, 1, which can be dehydrochlo- 
rinated to produce the diene 2, as in Scheme 1. Subsequent 
thermolysis in the presence of aluminum chloride yields 
octachlorocycloheptatriene, 3, presumably by the symmetry- 
forbidden disrotatory ring opening of the intermediate cation 
to the heptachlorotropylium ion which can recapture a chlo- 
ride from the chloroaluminate anion. 

Although the position of the unique hydrogen in C7Cl,H, 1, 
is not known with certainty, the structure of the related mole- 
cule C7C18H2, 4, has been established by an X-ray diffraction 
study (1 1). The two isomers of C7C18, namely 2 and 3, give 
readily interpretable mass spectra since their chlorine isotope 
patterns are immediately evident. However, to characterize 
such highly chlorinated molecules, nuclear quadrupole reso- 
nance spectroscopy is arguably more useful than are the con- 
ventional NMR techniques. The NQR spectrum of 3 was 
described in the original synthetic report (lo), but the signal- 
to-noise was rather unsatisfactory and we now report more 
accurate parameters. Figure 1 shows the 3 5 ~ 1  NQR spectrum 
of octachlorocycloheptatriene, 3, acquired on a solid state 
NMR spectrometer by removing the probe from the magnet 
and tuning to the 3 5 ~ 1  frequency range. The excellent signal- 
to-noise ratio obtainable by this technique is evident, and five 
peaks are found in the expected 2:2:2: 1: 1 ratio; the first three 
resonances are found in the region for vinylic chlorines, while 
the latter two are typical of a CCl, moiety. 

The boat-shaped geometry of cycloheptatriene, 5, was orig- 
inally established from electron diffraction measurements. 

The dihedral angles between C(6)-C(7)-C(l) (plane I), (C(1)- 
C(2)-C(5)-C(6) (plane 2), and (C(2)-C(3)-C(4)-C(5) (plane 3) 
are w = 144" for (plane l)/(plane 2), and + = 140" for (plane 
2)/(plane 3), respectively (12). In the severely hindered hep- 
taphenyl analogue C7Ph7H, 6, the corresponding values of w 
and + are 125" and 145". That molecule is initially generated 
(see Scheme 2) as conformation 6a whereby the unique phe- 
nyl substituent occupies an equatorial site; however, the ring 
flips irreversibly to the axial conformer 6l9, which has been 
structurally characterized (1). 

There is a report that in hexachlorotropone, C,C160, 7, the 
bulky chlorines do not permit the ring to maintain the electron- 
ically favored planar geometry, but rather it adopts a boat 
conformation with w and + values of 151" and 156", respec- 
tively., Analogously, the seven-membered ring in the do- 

' R.P. Dodge, R.J. Sime, and D.H. Templeton, personal 
communication cited in ref. 13. 
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Fig. 1. 3 5 ~ ~  NQR spectrum of C7C1,, 3. 

t . . . .I/. . . I 
37.4 37.6 37.8 39.8 40.0 40.2 40.4 38'0 MHz 

Scheme 2. Synthesis and isomerization of C7Ph7H, 6.  

decachloro[l.6.7]quinarene, 8, is also markedly nonplanar 
(14). 

Since we had in hand X-ray quality crystals of C7C18, 3, we 
obtained diffraction data, and the resulting structure appears 
as Fig. 2. Crystallographic data, together with bond lengths 
and angles, are collected in Tables 1-3. Octachloro- 
cycloheptatriene adopts a boat conformation in which the 

c+$ CI 

CC1, unit is bent up through 5 1.8" from the C(1)-C(2)-C(6)- 7 
C(7) plane, (i.e., o = 128.2") while the C(3)-C(4) unit is bent 
up by 32.4" ($ = 147.6"). There is clear bond alternation 
whereby the single bonds average 1.479 A, and the mean 
double bond length is 1.336 A. There is no indication of a 
norcaradiene-type structure, 9, as is known for 7,7-dicyanocy- 
cloheptatriene (15). Overall, these data suggest that the steric 
hindrance within polychlorinated seven-membered rings is 
substantial, and that the system should exhibit a high barrier 
towards boat-to-boat conformational flipping. 

Reactions of C,C18 with organometallics 
We are aware of only a single reaction of C7C18, 3, with a tran- 
sition metal complex (16). Treatment of octachloro- 
cycloheptatriene with nickelocene resulted in coupling of a 
C5H5 fragment with a C7C17 unit (see Scheme 3); subsequent 
intramolecular Diels-Alder addition yielded the cage com- 
pound 10. The perchloro analogue of 10, viz. 11, has been 
characterized crystallographically as the product resulting 
from the reaction of 3 with tetrachlorodiazocyclopentadiene 
(17). 

In an attempt to prepare metal carbonyl complexes possess- 
ing a C,C17 fragment, we treated 3 with a number of organo- 
metallic precursors, viz. [(C,H,)Fe(CO),]-, Fe2(C0)9, 

Co,(CO),, (acac)Rh(C,H,),, and (Ph,P),Rh(CO)Cl. In all 
cases, the sole organic product isolated was syn-perchlorohep- 
tafulvene, 12. This molecule, previously found in 80% yield 
from the reaction of C7C18 with methyllithium, had been struc- 
turally characterized by X-ray diffraction, despite a crystallo- 
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Table 1. Structure determination summary. 

Empirical formula 
Formula wt. 
Dimensions, mm 
Crystal system 
Space group 
a, A 
b, A 
c ,  A 
v, A3 
F(OO0) 
z 
Pcalcr g.cmJ 
Radiation(&, A) 
Monochromator 
Temp, K 
p(Ag Ka), mm-' 
Absorption correction 
Transmission max,min 
Scan method 
28 range, deg 
Index ranges 

No. of measd rflcns 
No. of unique rflcns 
No. of obsd rflcns 
No. of variables 
R1 (I > 20(1)) 
R,, (all data) 
GOF 
Weighting scheme 
Largest diff. peak, e A-3 
Largest diff. hole, e A-3 

0.36 x 0.3 1 x 0.20 
Orthorhombic 
Pnma 
7.140(1) 
13.329(3) 
12.595(3) 
1 198.7(4) 
712 
4 
2.037 
Ag Ka  (0.56086) 
graphite 
293(2) 
0.928 
y scan 
0.794,0.600 
8-28 
3.5240.1 
-1 5 h 5 8, 
-16 5 k < I, 
-1 < 1 <  15 
1928 
1202 
1202 (1 2 -30(1)) 
73 
0.0335 
0.0767 
0.848 

 at^ = [G~F,,~ + (0.0410~)~ + (O.OO~)]-~, 
where p = [max(F:, 0) + 2F:]/3. 

Table 2. Atomic coordinates (x104) and equivalent isotropic 
displacement parameters (A2 x lo3) for 3. 

x Y z U(eqY' 

Cl(7A) 1709(2) 2500 4120(1) 61(1) 
Cl(7B) 23322(2) 2500 6166(1) 86(1) 
a 1) 652(1) 41 15(1) 6850(1) 72( 1) 
Cl(2) -2870(2) 4683(1) 5600(1) 65(1) 
CK3) -3427(1) 3642(1) 3406(1) 65(1) 
(37) -1 140(6) 2500 55 16(3) 51(1) 
C(1) -33(4) 3406(2) 5792(2) 45(1) 
C(2) - 1627(4) 36 18(2) 5287(2) 43( 1) 
C(3) -2424(4) 3003(2) 4452(2) 4 3  1) 

"U(eq) is defined as one third of the trace of the orthogonalized U,] 
tensor. 

Table 3. Bond lengths (A) and angles (deg) for 3. 

Fig. 2. X-ray crystal structure of C,CI,, 3, showing the atom 
numbering scheme. 

graphic disorder problem (18). Since we had obtained crystals 
by a different route, we collected a data set in the hope of 
resolving the disorder but encountered the same difficulty. 
The bivalvular (clam-shaped) geometry allows the molecules 
to pack randomly with the central double bond "up" or 
"down," as indicated in Fig. 3. The structure can be modelled 
by assigning half occupancies to all atoms except C(3), C(6), 
C(10), C(13), and their attached chlorines. Figure 3 illustrates 
this crystallographic disorder (showing only the carbon frame- 
work for clarity), while Fig. 4 depicts the geometry of a single 
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Scheme 3. Syntheses of chlorinated cages derived from C,Cl,, 3. 

molecule of 12. The seven-membered rings are severely bent Fig- 3- X-ray crystal structure s~n-C~,C1,,, 12, showing the 
with interplanar angles o and + of 124.7" and 147.5", respec- molecular disorder of the carbon skeleton; chlorines have been 
tively. The central carbon~arbon double bond is markedly omitted for clarity. 
pyramidal such that the atoms C(l)  and C(8) lie 0.09 A out of 
the plane containing C(2), C(7), C(9), and C(14). Another way 
to describe this facet of the structure is to define an angle 0 (= 
173.5") between the plane containing C(1), C(2), and C(7), 
and the C(l)=C(8) vector. Each C1-C=C-C1 moiety is essen- 
tially planar and appears to be isolated from its neighboring 
double-bonded fragment. 

It has been suggested (18) that syn-C,,Cl,,, might arise by 
lithiation at one of the dichloro positions of C7C18 to give 
C7C17Li that, in turn, could attack a second molecule of 3 to 
produce perchloroditropyl, 14, as in Scheme 4. A second lithi- 
ation, followed by cis elimination of LiCl, could yield 12. Pro- 
longed heating of syn-CI4C1,,, 12, yields the known anti- 

Cl7ol 
C,,ClL2, 13, originally described by West, Dahl, and their col- 
leagues (19). Continued heating of 13 to 340°C brings about 
loss of chlorine and rearrangement to decachlorophenan- Fig. 4. X-ray crystal structure of syn-Cl,C1,,, 12, showing the 
threne. atom numbering scheme. 

Our own speculations have focussed on the possible inter- 
mediacy of a hexachlorotropylidene-metal complex. Analo- 
gous C7H6 carbene complexes of iron, tungsten, and 
mthenium have been synthesized (20), as typified in Scheme 
5. However, despite repeated efforts, we have been unable to 
obtain any evidence for such perchlorocarbene complexes; the 

Cll61 
metal-containing products are merely well-known materials 
such as CoC1, or FeCl,. Moreover, if syn-C1,C1,, arises as the 
result of a metal-template-induced coupling, one must still c~cior 
account for the observed syn stereochemistry. On the other 
hand, if, as we suspect, the metal merely dechlorinates C7C18 
to give hexachlorotropylidene, C7C16, then one must consider 
the possible fate of this carbene intermediate. It is relevant to 
note that the reaction of decachloro(4-allylidenecyclopen- 
tene), 15, with Fe2(C0)9 leads to the cyclization product 
octachlorobicyclo[3.3.0]octa-1,3,7-triene, 16 (21). One could 
envisage metal-promoted dechlorination, as in Scheme 6, to In recent years, the chemistry of the so-called "nucleophilic 
produce an intermediate carbene 17 that inserts into a C-Cl carbenes" has received much attention (22). These species, 
bond and, after a chlorine [1,5] sigmatropic shift, yields the typified by (MeO),C:, have singlet character whereby the 
bicyclo species 16. electron deficiency at the carbene center is considerably alle- 
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Dunn et al. 

Scheme 4. Proposed lithiation route to syn-C,,CI,,, 12, and its isomerization to anti- 
C,4Cl,2, 13. 

Scheme 5. Route to metal-tropylidene complexes. Scheme 6. Proposed carbene mechanism of Fe,(CO)9-promoted 
cyclization. 

viated by .rr donation from adjacent oxygen (or nitrogen) 
atoms to the formally vacant p, orbital on carbon. These car- 
benes are sufficiently long lived that, in the absence of a suit- 
able trap, they can give good yields of dimer. We show in Fig. 
5 a comparison of the EHMO-derived frontier orbital patterns 
for planar C7H6 and for C7C16. 

cll#l C I 

The structure of C7H6 has been intensively studied with 
respect to the relative stabilities of the planar tropylidene car- CI CI 

bene and the allene-like cyclohepta- 1,2,4,6-tetraene (23). 16 
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Scheme 7. Proposed route to heptafulvalene via a cyclic allene dimer. 

Fig. 5. Frontier orbitals of C7C16 and of C7H6. 

Indeed, it has even been claimed that the carbene form does 
not represent an energy minimum, but rather is merely the 
transition state for the interconversion of enantiomeric allenes 

As mentioned previously, numerous metal-tropy- 
lidene systems have been described (20). but there is a report 
that the cyclohepta-l,2,4,6-tetraene form has been trapped as a 
stable (Ph3P),Pt(C7H6) complex, 18 (25). 

When we compare the planar tropylidenes, we note that, in 
C7H6, the HOMO has a large in-plane component on the car- 
bene carbon, while the LUMO has predominant T* character 
(23). By way of contrast, in C7C16 the HOMO is localized 
entirely on the peripheral chlorines, and lies just above the "u 
lone pair" on the carbene carbon, as anticipated for a singlet 
species. We see from Fig. 5 that there is a markedly enhanced 
HOMO-LUMO gap in the chlorinated system that can be 
traced to participation of the chlorine p, orbitals with the T 

manifold of the ring. One may conclude that C7C16 should be a 
relatively long-lived nucleophilic carbene with a high propen- 
sity to dimerize. Such an interaction between two carbenes 
would presumably involve donation of the in-plane lone pair 

For a very recent summary of the current status of the C7H6 
problem, see ref. 24b. 

of electrons on the carbene carbon of one C7C16 fragment into 
the LUMO of its reaction partner. Moreover, the syn stereo- 
chemistry may well arise as the result of secondary orbital 
interactions - a phenomenon commonly invoked to account 
for the formation of endo adducts in the Diels-Alder reaction 
(26). An alternative scenario would invoke dimerization of the 
cyclic allenes to give a tricyclic system that could open up to 
give the observed heptafulvalene, as in Scheme 7 (27). Calcu- 
lations to clarify these aspects are in progress. 

It is noteworthy that the conversion of syn-CI4C1,,, 12, to 
anti-CI4C1,,, 13, requires prolonged heating at 275°C (19); 
clearly, this process has a very large activation energy! Of 
course, the steric problems encountered by a planar C7C16 
moiety as it manoeuvers its way past the neighboring chlo- 
rines in the other half of the molecule impose a large barrier 
but, even in the absence of large chlorine substituents, hepta- 
fulvalenes are not planar. Early calculations by Dewar and 
Gleicher suggested that planar Cl4H,, would exhibit bond fix- 
ation rather than a delocalized structure in which all bond 
lengths were rather similar (28). A subsequent X-ray crystal 
structure confirmed this prediction of alternating single and 
double bonds, but also showed the molecule to be nonplanar 
(29). As shown in Fig. 6, C14H,, adopts the anti conformation 
with interplanar angles 0, w, and + of 173", 155", and 164", 
respectively. 

This result may be rationalized with the aid of molecular 
orbital calculations at the extended Hiickel level. Figure 7 pre- 
sents a Walsh diagram depicting the gradual flattening of 
CI4H,,. The energy minimum is found for 0, o, and + values 
each within one degree of those found in the X-ray crystal 
structure. We see that bending the molecule symmetrically 
into an S shape (i.e., after breaking the D2h Symmetry of the 
planar molecule we preserve CZh symmetry throughout the 
process) stabilizes the HOMO and raises the LUMO. In the 
planar molecule, the HOMO reveals a substantial T* overlap 
between the central C=C moiety and the two outer fragments; 
this destabilizing interaction is decreased as the molecule 
bends. Concomitantly, the LUMO loses some degree of in- 
phase a-type overlap, and the net result is to augment the 
HOMO-LUMO gap. The bent structure is calculated to be 
approximately 8.5 kcal mol-' more stable than the planar 
form. 

These effects are not just the result of crystal packing 
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Dunn et al 

Fig. 6. X-ray crystal structure of anti-C,,H,,; data taken from ref. 29. 

forces; heptafulvalene is known to undergo symmetry-allowed 
[,14,+,2,] cycloaddition with tetracyanoethylene whereby the 
twisted shape of the CI4Hl2 is ideally suited for antara addi- 
tion to the 1 4 1 ~  system to give the adduct 1 9 . ~  

19 

In conclusion, we report that octachlorocycloheptatriene, 3, 
adopts a severely bent boat conformation, closely analogous to 
that found for C7Ph7H. Treatment of C7Cl, with metal car- 
bonyls does not yield isolable organometallic complexes but 
rather leads to dechlorination and dimerization to syn-perchlo- 
roheptafulvalene, 12. The high barrier to conformational 
change from 12 to its anti-isomer 13 may be attributed princi- 
pally to unfavorable steric interactions between chlorines. 
However, it is also shown that electronic factors favor non- 
planar conformations for heptafulvalenes. 

Experimental section 

All reactions were carried out under an atmosphere of dry 
nitrogen employing conventional benchtop and glovebag tech- 
niques. All solvents were dried according to standard proce- 
dures before use (3 1). Silica gel (particle size: 20-45 m) was k employed for flash column chromatography. 'H and C solu- 
tion NMR spectra were recorded on a Bruker AC-200 spec- 
trometer. Mass spectra were obtained on a VG analytical 
ZAB-ZE spectrometer. 

NQR spectra were run on a Bruker MSL 100 NMR spec- 
trometer equipped with a 10 mm wideline solenoid probe and a 
fast digitizer. Approximately a gram of sample was used, and 
good spectra were obtained in under 10 min. The low-power 
transmitter in the spectrometer gave a null in the signal, which 
is similar to a 180" pulse in NMR (32), at apulse width of 17 ps. 
Spectra were obtained with a 1 ps pulse and digitized over a 
sweep range of 1 MHz, with a delay between pulses of 50 ms. 

W. von E. Doering, personal communication cited in ref. 30. 

Fig. 7. EHMO-derived Walsh diagram depicting the symmetrical 
flattening of anti-C,,H,, from a C2h geometry to D2h. The HOMO 
is marked with an asterisk. (The broken line represents the total 
electronic energy and is drawn to a different scale.) 

Reaction of C,CI, with Fe,(CO), 
Octachlorocycloheptatriene (0.184 g, 0.50 mmol), prepared 
by West's method (10) and Fe2(C0)9 (0.182 g, 0.50 mmol) 
were heated under reflux in tetrahydrofuran (THF) (10 mL) 
for 24 h. The mixture was cooled, filtered to remove the inor- 
ganic salts, and the volume was reduced under vacuum. Addi- 
tion of hexane eventually led to the precipitation of light 
yellow crystals of Cl4ClI2, 12, (0.080 g, 0.134 mmol, 54%). 
I3c NMR (CD2C12) 8: 137.0, 132.8, 128.6, 124.0. Mass spec- 
trum m/z (%): 588 [MI+, 553 [M - Cl]', 518 [M - 2C1]+, 483 
[M - 3C1]+, 448 [M - 4C1]+, 378 [M - 6C1]+, 294 [C7C16]+, 
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259 [C,CI,]+, 224 [C,Cl,]+, 189 [C,Cl,]+. Peaks quoted are in 
each case the lowest mass in the envelope and correspond to 
3 5 ~ 1 ;  the observed isotopic abundances correctly matched the 
pattern required for the number of chlorines in the fragment 
ion. 

Reaction of C,CI, with Co,(CO), 
Co,(CO), (0.372 g, 1.09 mmol) dissolved in THF (30 mL) was 
added to a solution of C7C18 (0.400 g, 1.09 mmol) in THF (10 
mL) and allowed to stir at room temperature for 24 h. Filtra- 
tion, concentration to half volume, and treatment with hexane 
gave a crude solid that was purified by flash chromatography 
(hexanes) to yield as the sole product C,,Cl,,, 12, (0.177 g, 
0.30 mmol, 55%), identified by its mass spectrum. 

Reaction of C7Cl, with (Ph,P),Rh(CO)Cl 
A mixture of (Ph,P),Rh(CO)Cl (0.345 g, 0.50 mmol) and 
C7C18 (0.184 g, 0.50 mmol) in THF (20 mL) was heated under 
reflux for 24 h. Filtration, concentration to half volume, and 
treatment with hexane gave a crude solid that was recrystal- 
lized from CHCl, to yield as the sole product C14Cl12, 12, 
(0.095 g, 0.16 mmol, 64%), identified by its mass spectrum. 

Reaction of C7CI, with Na[Fe(CO),(C,H,)I 
To a solution of [(C,H,)Fe(CO),], (0.145 g, 0.40 mmol) in 
THF (10 mL) was added excess Na-Hg. The resulting red 
solution was filtered, treated with C,Cl, (0.270 g, 0.80 mmol), 
and allowed to stir at room temperature for 3.5 h, after which 
time the solution had become brown. Filtration, concentration 
to half volume, and treatment with hexane gave a crude solid 
that was purified by flash chromatography (hexanes) to yield 
as the sole product C,,Cl,,, 12, (0.133 g, 0.224 mmol, 56%), 
identified by its mass spectrum. 

Reaction of C7CI, with (acac)Rh(C,H,), 
A mixture of (acac)Rh(C,H,), (0.129 g, 0.50 mmol) and 
C,Cl, (0.184 g, 0.50 mmol) in THF (10 mL) was heated 
under reflux for 24 h. Filtration, concentration to half vol- 
ume, and treatment with hexane gave a crude solid that was 
recrystallized from CHCI, to give X-ray quality crystals of 
C14Cl12, 12, (0.125 g, 0.34 mmol, 68%), identified by its 
mass spectrum. 

X-ray crystallography 
X-ray crystallographic data for 3 and 12 were collected. on a 
Siemens R 3 m N  diffractometer with Ag KCL radiation (X = 
0.560 86 A); The structures were solved by using the Direct 
Methods routine contained in the SHELXTL-PLUS program 
library (33). Crystal data collection parameters for C7C18 are 
listed in Table 1. Atom coordinates and selected bond lengths 
and angles for 3 are collected in Tables 2 and 3. Anisotropic 
displacement parameters for 3 have been deposited as supple- 
mentary material., The molecular parameters for 12 were in 
agreement with those previously published (18); however, in 
that report, the molecular disorder was not clearly illustrated, 
and we show this phenomenon in Fig. 3. 

Copies of this table may be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA 0S2. 

Molecular orbital calculations 
These calculations were performed via the extended Hiickel 
method using weighted He's (34); orbital drawings were 
obtained by use of the program CACAO (35). 

Acknowledgements 

Financial support from the Natural Sciences and Engineering 
Research Council of Canada, and also from the donors of the 
Petroleum Research Fund, administered by the American 
Chemical Society, is gratefully acknowledged. Mass spectra 
were obtained courtesy of Dr. Richard Smith of the McMaster 
Regional Centre for Mass Spectrometry. We thank Dr. J.F. 
Britten for X-ray crystallographic advice, and Dr. Carlo 
Mealli, CNR, Florence, Italy, for the program CACAO. 

References 
1. L.C.F. Chao, H.K. Gupta, D.W. Hughes, J.F. Britten, S.S. 

Rigby, A.D. Bain, and M.J. McGlinchey. Organometallics, 14, 
1139 (1995). 

2. R.P. Hughes, X. Zheng, R.L. Ostrander, and A.L. Rheingold. 
Organometallics, 13, 1567 (1 994). 

3. (a )  M.J. McGlinchey and T-S. Tan. J. Am. Chem. Soc. 98,227 1 
(1976); (b) R. Middleton, J.R. Hull, S.R. Simpson, C.H. Tom- 
linson, and P.L. Timms. J. Chem. Soc. Dalton Trans. 120 
(1973); (c) J.J. Barker, A.G. Orpen, A.J. Seeley, and P.L. 
Timms. J. Chem. Soc. Dalton Trans. 3097 (1993). 

4. R.T. Carl, E.W. Corcoran, R.P. Hughes, and D.E. Samkoff. 
Organometallics, 9, 838 (1990), and refs. therein. 

5. K.J. Reimer and A. Shaver. Inorg. Chem. 14,2707 (1975). 
6. F.L. Hedberg and H. Rosenberg. J. Am. Chem. Soc. 95, 870 

(1973). 
7. P.G. Gassman and P.A. Deck. Organometallics, 13, 1934 

(1 994). 
8. T. Matsukura, K. Mano, and A. Fujino. Bull. Chem. Soc. Jpn. 

48,2464 (1 975). 
9. R. West and K. Kusuda. J. Am. Chem. Soc. 90,7354 (1968). 

10. K. Kusuda, R. West, and V.N.M. Rao. J. Am. Chem. Soc. 93, 
3627 (1971). 

11. J. Buddrus and H. Preut. Chem. Ber. 124,2373 (1991). 
12. M. Traetteberg. J. Am. Chem. Soc. 86,4265 (1964). 
13. K.V. Scherer, Jr. J. Am. Chem. Soc. 90,7352 (1968). 
14. S. Driiecke, P. Imming, T. Kampchem, and G. Seitz. Chem. Ber. 

121, 1595 (1988). 
15. E. Ciganek. J. Am. Chem. Soc. 89, 1454 (1967). 
16. C. Moberg and M. Nilsson. Tetrahedron Lett. 4521 (1974). 
17. V.N.M. Rao, C.J. Hurt, K. Kusuda, J.C. Calabrese, and R. West. 

J. Am. Chem. Soc. 97,6785 (1975). 
18. H.M. Hiigel, E. Horn, and M.R. Snow. Aust. J. Chem. 38, 383 

(1985). 
19. M. Ishimori, R. West, B.K. Teo, and L.F. Dahl. J. Am. Chem. 

SOC. 93,7101 (1971). 
20. (a) N.T. Allison, Y. Kawada, and W.M. Jones. J. Am. Chem. 

Soc. 100,5224 (1978); (b) P.E. Riley, R.E. Davis, N.T. Allison, 
and W.M. Jones. Inorg. Chem. 21, 1321 (1982); (c) J.R. Lisko 
and W.M. Jones. Organometallics, 5, 1890 (1986). 

21. K. Kusuda. Bull. Chem. Soc. Jpn. 56,481 (1983). 
22. (a) R.A. Moss. Acc. Chem. Res. 13, 58 (1980); (6) K. Kassam 

and J. Warkentin. J. Org. Chem. 59, 5071 (1994), and refs. 
therein. 

23. (a) R. Gleiter and R. Hoffmann. J. Am. Chem. Soc. 90, 5457 
(1968); (b) S.D. McGregor and W.M. Jones. J. Am. Chem. Soc. 
90, 123 (1968); (c) L. Radom, H.F. Schaefer 111, and M.A. 
Vincent. Nouv. J. Chim. 4,411 (1980); (4 M.J.S. Dewar and D. 
Landman. J. Am. Chem. Soc. 99, 6179 (1977); ( e )  R.L. Tyner, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



W.M. Jones, Y. Ohm, and J.R. Sabin. J. Am. Chem. Soc. 96, 
3765 (1974); (f) W. Kirmse, K. Loosen, and H.D. Sluma. J. Am. 
Chem. Soc. 103,5935 (1981); (g) P.R. West, O.L. Chapman, and 
J.P. LeRoux. J. Am. Chem. Soc. 104, 1779 (1982); ( h )  J.W. 
Harr~s and W.M. Jones. J. Am. Chem. Soc. 104,7329 (1982). 

24. (a) E.E. Waali. J. Am. Chem. Soc. 103, 3604 (1981); (b) S. 
Matzinger, T. Bally, E.V. Patterson, and R.J. McMahon. J. Am. 
Chem. Soc. 118, 1535 (1996). 

25. (a) W.R. Winchester and W.M. Jones. Organometall~cs, 4, 2228 
(1985); (b) K.A. Abboud, Z. Lu, and W.M. Jones. Acta Crystal- 
logr. Sect. C: Cryst. Struct. Commun. C48, 909 (1992). 

26. T.L. Gilchr~st and R.C. Storr. Organic reactions and orbital sym- 
metry, 2nd ed. Cambridge University Press, Cambridge, U.K. 
1979. pp 118-120. 

27. (a )  K. Untch. Int. Symp. on the Chemistry of Non-benzenoid 
Aromatic Compounds, 1st Senda~, Japan, August, 1970; (b) R.J. 
McMahon, C.J. Abelt, O.L. Chapman, J.W. Johnson, C.L. Kreil, 
J-P. LeRoux, A.M. Mooring, and P.R. West. J. Am. Chem. Soc. 
109,2456 (1987). 

28. M.J.S. Dewar and G.J. Gleicher. J. Am. Chem. Soc. 87, 685 
(1 965). 

29. R. Thomas and P. Coppens. Acta Crystallogr. Sect. B: Struct. 
Crystallogr. Cryst. Chem. B28, 1800 (1972). 

30. R.B. Woodward and R. Hoffmann. The conservation of orbital 
symmetry. Verlag Chemie, Weinheim, Germany. 1970. p. 88. 

3 1. D.D. Perrin, W.L.F. Armarego, and D.R. Perrin. Purification of 
laboratory chemicals. Pegamon Press, New York. 1980. 

32. A. Ramamoorthy, N. Chandrakumar, A.K. Dubey, and P.T. 
Narasimhan. J. Magn. Reson. Ser. A, 102,274 (1993). 

33. G.M. Sheldrick. SHELXTL PC Release 4.1. Siemens Crystallo- 
graphic Research Systems, Madison, Wis. 1990. 

34. (a) R. Hoffmann. J. Chem. Phys. 39, 1397 (1963); (b) R. 
Hoffmann and W.N. Lipscomb. J. Chem. Phys. 36, 2179 
(1962); 36, 3489 (1962); (c) J.H. Ammeter, H-B. Biirgi, J.C. 
Thibeault, and R. Hoffmann. J. Am. Chem. Soc. 100, 3686 
(1978). 

35. C. Mealli and D.M. Proserpio. J. Chem. Educ. 67, 3399 (1990). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Photoinduced oxidative degradation of 
unsaturated ~,(dppm),~0*+ clusters (M = Pd, 
Pt) by chlorocarbons and chloride ion 

Pierre D. Harvey, Rejean Provencher, Jonathan Gagnon, Tianle Zhang, Daniel 
Fortin, Karine Hierso, Marc Drouin, and Steve M. Socol 

Abstract: Both ~ , ( d ~ ~ r n ) , ~ O ~ +  clusters (M = Pd, Pt) photoreact with chlorocarbons (Cl-R; R = CCl,, CHCl,, CH2C1, C6H5, 
ClOHl5 (adamant~l)) and chloride ion (slowly) to produce the oxidized mononuclear species M(dppm)Cl, as a sole isolated M- 
coordinated inorganic product. Such reactions do not proceed in the dark, except for R = CH2C6H5. Among the organic products, 
the coupling compound R-R (R = C6H5) is observed along with many phosphine compounds such as P(C6H5),. In an attempt to 
elucidate the photoinduced mechanism at the early stage of the phototransformations, the following have been investigated : the 
ground state binding constants (K,, for M = Pd in methanol), the photochemical quantum yields of cluster disappearance (Qdis 
for M = Pd) as a function of substrates, substrate concentrations, excitation wavelengths, solvents (ethanol vs toluene), and 
presence of CO, and the emission lifetimes (7, for M = Pt) at 77 K as a function of substrate concentrations (CH,Cl, and CHCI,) 
in ethanol and toluene. Some of the experimental conclusions have also been corroborated theoretically using density functional 
theory. Geometry optimization calculations have been performed for the model compounds P~,(PH,)~co~+-.c~-, Pd3(PH3)62+, 
P ~ , ( P H , ) ~ C ~ ~ + . C ~ ~ ,  P~,(PH,)~CO~+~-CI-CH,, and P~,(PH,)~co~+ in their ground states. 

Key words: atom abstraction, photochemistry, C-C1 bond, clusters, host-guest. 

RCsumC : Les agrCgats ~ , ( d ~ ~ r n ) , ~ 0 ~ +  (M = Pd, Pt) photorkagissent tous les deux avec les chlorocarbones (Cl-R; CCI,, CHCl,, 
CH2C1, C6H5, ClOHl6 (adamantyle)) et avec l'ion chlorure (lentement) pour conduire B des espkces mononuclCaires oxydCes 
M(dppm)Cl, qui correspondent au seul produit inorganique M-coordinC B Ctre isole. Ces reactions ne se produisent pas B la 
noirceur, except6 pour le composC R = CH2C6H5. Parmi les composCs organiques, on observe le composC de couplage R-R (R = 
C6H5) ainsi que plusieurs phosphines telle que la P(C6H5),. Dans le but d'Clucider le mCcanisme photoinduit dans 1'Ctape initiale 
des phototransfonnations, on a examink les caractCristiques suivantes : les constantes d'association dans 1'Ctat fondamental (K,,, 
pour M = Pd dans le methanol), les rendements quantiques photochimiques pour la disparition des agrCgats (Qdis pour M = Pd) 
en fonction des substrats, des concentrations de substrat, des longueurs d'onde d'excitation, des solvants (Cthanol vs. tolukne) et 
de la presence de CO et les durCes de vie d'Cmissions (7, pour M = Pt), B 77 K, en fonction des concentrations de substrat (CH2C1, 
et CHCI,) dans I'Cthanol et le tolukne. Un certain nombre de conclusions expCrimentales ont aussi Ctt corroborCes d'une f a ~ o n  
thCorique en faisant appel B la thCorie de la densit6 fonctionnelle. On a effectuC des calculs d'optimisation de gComCtrie pour les 
composCs modkles P~,(PH,)~co~+...c~-, Pd,(Ph3)62+, P~ , (PH,)~CO~+- .CI~ ,  P~,(PH,)~co~+-.cI-cH, et P~,(PH,)~co~+ dans 
leurs Ctats fondamentaux. 

Mots cle's : enli5vement d'atome, photochimie, liaison C-C1; agrCgats, h6te-invite. 

[Traduit par la rCdaction] 

Introduction the excited complex to the substrate, and the atom transfer 

The photoinduced oxidation of bi- and polynuclear organo- 
metallic complexes has been a topic of long term interest (1). 
The two possible mechanisms are the electron transfer from 
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from the substrate to the excited complex (1). These key pro- 
cesses occur in the early stage of the transformations, and 
the elucidation of which mechanism is proceeding requires 
carefully designed experiments. In metal-metal bonded 
complexes, another pathway is possible, and involves photo- 
induced homolytic metal-metal bond scission in the excited 
states (I), generating radical species that exhibit redox and 
atom transfer properties that are different from those of the 
ground state metal-metal bonded species. Relevant to this 
study are recent photochemical and spectroscopic studies 
reported by our group (2, 3) and others (4, 5) on low-valent 
Pd-Pd bonded isocyanide complexes, and which have demon- 
strated the rich photochemistry that these species offer and the 
diversity of primary photoinduced processes that have been 
observed. More recently, our group has been interested in the 
photoactivation of small molecules, notably 02(g) by the low- 
valent ~ d , ( d ~ ~ m ) , ~ 0 ~ +  cluster (dppm = ((C6H5)2P)2CH2) (6). 

Can. J. Chem. 74: 2268-2278 (1996). Printed in Canada / ImprimC au Canada 
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Harvey et al: 1 

The observed product was the ~d,(d~~m),(0,) ,2+ species, 
which was formed with a quantum yield efficiency of about 
3% (at A,,, -500 nm). This work extends the photochemistry 
of the M3(dppm),co2+ clusters (M = Pd, Pt) towards the acti- 
vation of chlorocarbon molecules, and provides a series of 
experiments that help elucidate the possible mechanisms 
responsible for the phototransformations at the early stage of 
the-photoinduced ptocesses. Density functional theory is also 
used in order to corroborate some of the experimental findings 
by the means of geometry optimization computations of some 
proposed intermediate species. This work will provide exper- 
imental evidence for a double- pathway mechanism, one 
involving a photoinduced C1 atom abstraction followed by a 
degradation of the cluster, and another involving a fragmenta- 
tion followed by subsequent reaction with the chlorocarbon 
molecules. 

Experimental 

Materials 
[Pd,(d~pm)~COl(Y = CF3C02,PF6), (7) and [Pt3(dppm),COl- 
(PF6)2 (8) were prepared according to literature procedures. 
Methanol (BDH), dichloromethane (BDH), chloroform 
(BDH), carbon tetrachloride (Anachemia), sodium chloride 
(Fisher), benzyl chloride (Aldrich Chem. Co.), chlorobenzene 
(BDH), and 1-chloroadamantane (1-C1-ada; Aldrich Chem. 
Co.) were purchased at the highest purity grade possible (eg., 
spectrograde) and were used as received. Ethanol (Les alcools 
de commerces, 95%) and toluene (BDH) were dried over 
Na(s) and distilled by fractionation. The formation of a glass at 
77 K, with no sign of cracking, was used as the test of solvent 
dryness. 

The complex [Pd3(dppm)3(CO)(N2C6H4NEt2)](CF3C02)2- 
(BF,) was prepared via a direct reaction between 
[Pd3(dppm)3CO](CF3C02)2 and the diazonium salt [para- 
N2C6H4NEt2](BF4) (Aldrich Chem. Co) in methanol in a 1:l 
stoichiometric ratio fo52-3 h. The complex has been charac- 
terized by IR (v(N=N) = 2162 cm-I, v(C0) = 1830 cm-I 
(solid state)); 'H NMR (~ (CH~H~P, ) :  4.75 and 4.98 ppm (AB 
quartet; 2 ~ ( ~ a ~ b )  = 15 HZ in (CD,),CO)), and UV visible 
spectroscopy (A,,, = 464 (br), 380, and 308 nm). The complex 
[Pd3(dppm)3(CO)(C1)]BF4.2CH2C12 was prepared from day- 
light irradiation of [Pd3(dppm)3(CO)N2C6H4NEt2](CF3C02)2- 
(BF,) in neat CH2C12. This reaction does not proceed in the 
dark. The product was characterized by X-ray crystallography 
using single crystals formed during the photoreaction as 
CH2C12 solvate. Its report is appropriate at this time for the 
purpose of this work (supplementary material, see footnote 4). 
The full characterization and investigation of the diazonium 
adducts will be reported in due course. 

Instrumentation 
The emission spectra were measured on a PTI LS 100 spec- 
troflurometer. The emission lifetimes (7,) were measured on 
the same instrument fitted with a tungsten EG & G model FX- 
280 microsecond flash-lamp source (-1 ps fwhm) and a 
phosphorimeter component. To obtain data that are of suffi- 
cient quality for this work, multi-scanning and pulsing tech- 
niques were employed. 

Photochemical studies 
The photochemical reactions were performed with a home- 

made immersion cell using an Ace Hanovia Hg-Xe 200-W 
lamp. The photoreactions proceeded with broadband irradia- 
tion using a uranium sleeve glass filter -340 nm). For 
the quantum yield measurements, femoxalate actionometry 
was employed (9-1 1). The actinometer excitation slits were 
set at 0.5 mm, and excitation was set at 488 nm for all samples 
and standards unless stated otherwise. The excitation wave- 
length was selected using a Aminco-Bomem monochromator, 
also equipped with a Hg-Xe 200-W lamp. The absorbance of 
the complex and standard solutions was adjusted to a value of 
-0.4-0.5 at A,,, -487 nm for M = Pd and at A,,, -380 nm 
for M = Pt prior the measurements. Typical concentrations 
range from 1.5 x to 2.0 x M. The calibrations of the 
standard ferrioxalate actinometric solutions were performed 
carefully in the dark. The absorbance change at a given irradi- 
ation time was followed by UV-visible spectroscopy 
(Hewlett-Packard 8452A) at a value of A,,, that varied 
between 466 and 490 nm depending upon the nature of the sol- 
vent mixture. All measurements and calibration experiments 
were performed at least 3 times and before 10% photoconver- 
sion. 

Binding Constant Measurements 
The K1 measurements were performed by UV-visible spec- 
troscopy (12) at room temperature, and were extracted by plot- 
ting the Benesi-Hildebrand graphs (-llAA vs. l/[substrate] 
with AA as the absorbance change upon the increase in sub- 
strate concentration). The ratio interceptlslope in this plot 
gives K, ,. As a counter check, the K,, values were also evalu- 
ated using Scatchard and Scott plots (-AAl[substrate] vs. 
-AA, K,, = -slope (Scatchard); -[substrate]lAA vs. [sub- 
strate], KI1 = slopelintercept (Scott)). The measured K,, val- 
ues are all found to be the same within the experimental 
uncertainties, generally + 10% based upon the maximum and 
minimum values obtained, except for the C1- ion, which turned 
out to be irreproducible (see text below). Typically between 6 
and 10 data points were acquired for each measurement, which 
was repeated three times. Details on the methodology 
employed can be found in ref. 13. 

Computational details 
The reported density functional calculations were all carried 
out utilizing the program called Amsterdam Density Func- 
tional that was developed by Baerends et al. (14, 15) and vec- 
torized by Raveneck (16). The numerical integration 
procedure applied for the calculations was developed by 
te Velde and co-workers (17). The geometry optimization pro- 
cedure was based on the method developed by Versluis and 
Ziegler (18). The electronic configurations of the molecular 
systems were described by an uncontracted double-2; basis set 
(19) on palladium for 4s, 4p, and 5s, and triple-2; for 5d. Dou- 
ble- 2; ST0 basis sets (20) were used for chloride (3s, 3p), 
phosphorus (3s, 3p), oxygen (2s, 2p), carbon (2s, 2p), and 
hydrogen (Is), augmented with a single 4d polarization func- 
tion for C1 and P, a single 3d one for 0 ,  and C, and a 2p func- 
tion for H. No olarization function was used for palladium. 2' The ls2 2s2 2p 3s2 3dI0 configuration on palladium, the ls2 
2s2 configuration on chloride and on phosphorus, and the ls2 
configurations on oxygen, carbon, and nitrogen were treated 
by the frozen-core approximation (15). A set of auxiliary (21) 
s, p, d,f, and g ST0 functions, centered on all nuclei, was used 
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in order to fit the molecular density and present Coulomb and 
exchange potentials accurately in each SCF cycle. Energy dif- 
ferences were calculated by including the local exchange-cor- 
relation potential by Vosko et al. (22). No nonlocal exchange 
and correlation corrections were made for the geometry opti- 
mizations. 

Crystal structure of [Pd,(dppm),(p-CO)(p- 
CI)](BF4)~CH2C12 

Intensity data were collected at 190 K on an Enraf-Nonius 
CAD-4 automatic diffractometer using graphite monochro- 
mated MoKa radiation. The NRCCAD (23a) programs were 
used for centering, indexing, and data collection. The unit cell 
dimensions were obtained by least-squares fit of 24 centered 
reflections in the range of 30" 5 20 5 36". During data collec- 
tion, the intensities of two standard reflections were monitored 
every 60 min. No significant decay was observed. The struc- 
ture was solved by the application of direct methods using the 
NRCVAX (23b) program and refined by least squares. The 
atomic scattering factors in stored NRCVAX are from Cromer 
and Waber (International tables for X-ray crystallography, Vol 
IV). Hydrogen atoms were geometrically placed at idealized 
position and not refined. At convergence the final discrepancy 
indices were R = 0.063, wR = 0.066, and SC = 1.55. The resid- 
ual positive and negative electron densities in the final maps 
were 1.27 and - 1.67 e/A3 and were located in the vicinity of 
the BF4- anion. The C=O bond distance was fixed at 1.15 A in 
the refinement. The ORTEP (23c) diagram was generated from 
NRCVAX. The crystal has one solvent molecule (CH,Cl,). The 
BF4- molecule is disordered and was treated as a B atom sur- 
rounded by two interlocking ideal tetrahedra of F atoms (all Uij 
restrained to be equal) with B---F distances restrained to 1.36 ~ A; a 63:37 occupancy ratio is observed. Only the higher occu- 
pancy site was retained. Restrain refinement was used on U,j to 
be all equal for C1 to C6 atoms because of thermal motion 
leading to large U parameters. 

Results and discussion 

1. Photoreactions 
The ~ ~ ( d p p m ) ~ ~ ~ ~ '  clusters undergo photooxidative degra- 
dation in the presence of chlorocarbons either as a neat solvent 
or in acetonitrile solutions, and also in the presence of C1- ions. 
These photoinduced chemical processes form the known cor- 
responding M(dppm)C12 complexes as sole isolated metal- 
coordinated inorganic products (for M = Pd, Pt) as identified 
from comparison of 'H and 3 1 ~  NMR spectra with authentic 
samples (eq. [I]). 

The reactions do not proceed in the dark. To establish the 
mechanistic step of the ~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ ~  photoconversion to 
Pd(dppm)Cl,, the model system P ~ , ( ~ ~ ~ ~ ) ~ ( C O ) ( Y ) ~ +  (Y = 
N2C6H4NEt2) (13) was investigated. This compound is pre- 
pared from the binding of ~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ ~  with 
[N,C6H4NEt2]+ (as the BFC salt) (13). This complex is sur- 
prisingly unstable to light in the presence of CH,Cl, to slowly 
form [Pd3(dppm)3(CO)(C1)]BF4 as identified by X-ray crystal- 
lography (as a CH,Cl, solvate). This cationic cluster is essen- 
tially identical to that reported by Puddephatt and co-workers 

(24) and the bulk of the data have been deposited as supple- 
mentary material.4 Only minor structural differences have 
been noticed such as the absence of disorder between the C1- 
ion and CO group, and minor changes in bond lengths and 
angles. Further light irradiation of the cluster also forms 
Pd(dppm)Cl,. This later photoreaction is significantly slower. 
Based upon these observations, it is believed that this C1- 
adduct species may be one of the intermediate products prior 
to the formation of the final oxidized mononuclear 
M(dppm)Cl, complex. 

By GC-MS, one of the organic products was identified as 
biphenyl for the chlorobenzene substrate. Possibly due to vol- 
atility problems, the expected ethylene and acetylene products 
for dichloromethane and chloroform were not observed under 
the same experimental conditions. The presence of biphenyl 
indicates the formation of the highly reactive radical phenyl 
group. Numerous other organics (for M = Pd) are also unse- 
lectively photoproduced, but their identity is not known at this 
time. This was not the purpose of this work. By GC-MS, the 
molecular weights of the fragments indicate that large organic 
molecules have been generated, along with various phos- 
phine-containing compounds such as P(C6H5)3. For the Cl- 
substrates, the photolyses are very slow and only Pd(dppm)Cl, 
and dppm decomposition products are observed (as expected). 
There was no evidence of acetonitrile solvent participation in 
the products. 

2. Thermodynamics 
The emission spectra of the ~ ~ ( d ~ ~ m ) ~ ~ 0 ~ +  clusters reveal 
that the triplet energies (ET) are determined from emission 
band maxima, located at 1.76 eV (14 200 cm-', M = Pd) and 
1.91 eV (16 100 cm-', M = Pt) (25). From cyclic voltammetry, 
both clusters exhibit an irreversible electrochemical oxidation 
wave at +1.38 V and +1.05 V vs. SCE for the ~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ +  
and pt3(dppm)co2+, respectively, both as PF6- salts, in 
degassed acetonitrile solutions containing 0.1 M tetrabutylam- 
monium hexafluorophosphate. The coulometric experiments 
establish that the electrochemical process is a multielectron 
process, which places an upper limit for the one-electron oxi- 
dation of the clusters (i.e., 5+1.38 V (M = Pd) and 5+1.05 V 
(M = Pt) vs. SCE). The excited state driving forces in the low- 
est energy triplet excited state (,??If) would then be evaluated 
to be in the order of 0.38 V and 0.86 V vs. SCE for M = Pd and 
Pt, respectively. These values are not great enough to sponta- 
neously reduce most simple chlorocarbons such as C6H5Cl 
(I?" = -2.32 V vs. NHE), CH2C12 (PI- = -2.23 V VS. NHE), 
CHC13 (I?'- = - 1.67 V vs. NHE), and CH3C1 (PI- = -2.23 V 
vs. NHE) (26). In these cases, the photoinduced electron trans- 
fer mechanism from the ~ ~ ( d ~ ~ m ) ~ ~ 0 ~ ~  cluster in their low- 
est energy 3 ~ 2  states to the chlorocarbon molecules is clearly 
thermodynamically unfavorable. This is obviously also true 
for the cluster oxidation in the presence of the C1- anion. Con- 

Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA OS2. 
These data, with the exemption of anisotropic thermal parameters 
and torsion angles, have also been deposited with the Cambridge 
Crystallograhic Data Centre, and can be obtained on request from 
The Director, Cambridge Crystallograhic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge, CB2 lEZ, 
U.K. 
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Harvey et a\: 1 

Fig. 1. Typical UV-visible spectroscopic changes when 
additions of CHC1, are made to a solution of ~ d , ( d p p m ) , ~ 0 ~ +  in 
methanol at 298 K ([cluster] -1 x lo-' M). 

Scheme 1. 

versely, substrates such as C~H,CH,CI (EO'- = - 1 .O v vs. SCE 
(27)) and CCl, (I?- = -0.78 and - 1.67 V) offer the possibil- 
ity that such a photoinduced process occurs for 
~t , (dppm),c0~+.  For CCl,, the presence of a fourth C1 atom 
renders the molecule an excellent electron scavenger. For 
C6H,CH2Cl, scission of the reduced species generates the C1- 
ion and the benzyl radical (C6H,.CH2), which is stabilized by 
resonance. In these cases, electron transfer could also be con- 
sidered. 

3. Binding studies 
From a thermodynamic standpoint, a photoinduced atom 
abstraction mechanism must be considered. In such a mecha- 
nism, the substrate R-Cl must physically approach the 
excited M3,+ center. Recently published flash photolysis mea- 
surements indicate that the excited state lifetimes range from 
25 (M = Pd) to a few hundred picoseconds (M = Pt) (25), 
which are not long enough to allow a diffusion of the 
~ , ( d p ~ m ) , ~ 0 ~ + *  ( 3 ~ 2 )  species to the substrates. The photo- 
process (atom abstraction) must be unimolecular, involving a 
ground state preassembling of the clusters and the substrates. 
Since the chromophoric unsaturated M? center is located at 
the bottom of a cavity formed by six dppm-phenyl groups, the 
substrate must act as a guest molecule in this pocket. 

This section addresses the ground state host-guest behavior 
of the ~ , ( d ~ p r n ) , ~ 0 ~ + ~ h l o r o c a r b o n  systems. The cluster of 
choice is ~ d , ( d ~ ~ m ) , ~ 0 ~ +  since its absorption spectrum 
exhibits a well-defined absorption band at around 480 nm, 
where isosbestic points can be clearly observed upon associa- 
tion with a substrate (13). Methanol was chosen as solvent 
since previous studies established that this solvent interacts the 
least with the cavity (13), and offers good solubility for the 
cluster and substrates. 

Figure 1 shows UV-visible spectra changes upon addition 
of chloroform. Clear isosbestic points are evident at -479 and 
-398 nm, indicating a 1:l stoichiometric ratio (Scheme I). 

Fig. 2. Typical Benesi-Hildebrand, Scatchard, and Scott plots 
associated with the addition of CHC1, to a solution of 
~ d , ( d ~ p m ) , C O ~ +  in methanol at 298 K. 

The K,, values extracted from the Benesi-Hildebrand plots 
(Fig. 2) are listed in Table 1. These constants have also been 
verified by also extracting them from the Scatchard and Scott 
plots (Fig. 2). Except for C1-, reversibility can be observed 
from the displacement of the substrate by adding a second sub- 
strate monitoring the progression by UV-visible spectroscopy 
(each substrate exhibits its own A,,,). In the C1- case, the 
binding constant is very large (>lo 000 M-') and somewhat 
hard to obtain with precision. There is no obvious trend 
between the molecular dimension and K,, (Table 1). How- 
ever, some rationalization can be made. Chloride is the small- 
est substrate of this series and is charged (Cl-. . .~d,,+); it is the 
most efficient guest of the series. C6H,C1 compares structur- 
ally to toluene, which was investigated earlier (K1, = 0.08 + 
0.02 M-I (13)). The slight increase in K,, here (Kll = 0.16 2 
0.01 M-') could be associated with some extra binding 
between the C1 atom and the Pd, center. Furthermore, adding 
extra C1 atoms on a given substrate should then slightly 
increase K, if the substrate is not too sterically demanding. 
This is indeed observed for CH,Cl, (0.25 + 0.03 M-') and 
CHCl, (4.9 + 0.5 M-I). However, a slight decrease is 
observed for CCl, (3.4 + 0.1 M-I), which could be due to the 
slight increase in molecular dimensions. 

Two unexpected results come from l-C1-ada (35 2 5 M-') 
and C6H,CH2Cl (7.320.1 M-'), which were used for their 
bulkiness (l-C1-ada), and low bond dissociation energy and 
reduction potential (C6H,CH2Cl), respectively. The increase 
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Table 1. Comparison of K , ,  values and substrate sizes. 

Can. J. Chem. Vol. 74, 1996 

Substrate K,  ,/M-la Dimensionsb 

C van der Waals diam. = 3.6 A, ionic diam. = 3.4 A 
Not measured Average diameter -4.7 A 
0.25 + 0.03 Average diameter -5.2 A 
4.9 + 0.5 Average diameter -5.7 A 
3.4 + 0.1 Average diameter -6.1 A 
35 + 5 Average diameter -6.5 A 

0.16 + 0.1 Assuming a rectangular shape -8.7 x 3.6 x 6.9 A 
7.3 + 0.1 Assuming a rectangular shape -9.4 x 3.6 x 6.9 A 

"The uncertainties are defined by the difference between the average value and the 
maximum and minimum values measured. 

bThe average diameters have been calculated by averaging the four dimensions (diameters) 
of the four tetrahedral axes. These tetrahedral dimensions have been calculated using r,,, (H) 
= 1.30 A and r,,, (Cl) = 1.80 A, and bond length extracted from the PC MODEL computer 
software. 

Wot accurate since the system is not reversible. However, the few data extracted from the 
Benesi-Hildebrand plots indicate that K , ,  is very large (>lo 000 M-'). 

dA slow thermal reaction has been observed at high concentrations. At low concentrations 
(-lo-' M in C6H5CH2CI for M in cluster) no reaction is observed. 

Table 2. Comparison of ad, with E(C-41) and I?''-. 

C1- -1.5 x - - 

0.86 M (in ethanol) 
Neat C6H5CI 0.00044 f 0.00010 95 (CRC) -2.32 
Neat CH2C12 0.00051 f 0.00023 82.8 (JPC) -2.23 
Neat CHCI, 0.0030 f 0.0005 79.2 (JPC) -1.67 
Neat CCI, 0.00080 f 0.00015 70.3 (JPC) -0.78, -1.71 
1 -CI-ada 0.000048 f 0.000010 d 

3.43 M (in toluene) 
Neat C6H5CH2CI Thermal 69 (CRC) -1.0 (vs. 
SCE)' 

"1 kcal = 4.18 kJ. From ref. 37. 
75% dioxane vs. NHE (unless stated otherwise) from ref. 26. 

T h e  E(C-XI) for CH,CH2CI is 81 kcal mol-I (CRC handbook). 
dl?- for ~hlorobicycl0[7,1~~~]heptane is -1.99 V. It is highly suspected that for 1-CI-ada 

is also --2 V. 
'From ref. 27. 

by at least one order of magnitude on oing from CI-CH2Cl 
(0.25 M-I) to C6H5-CH2Cl (-7.3 M-') is not unprecedented. 
The K,, increases from acetate to benzoate, nitroethane to 
nitrobenzene, and acetonitrile to benzonitrile are also all 
around an order of magnitude (13). Cooperation between the 
binding of the C1 atom with the Pd, center, and the binding of 
the hydrophobic phenyl group and the cavity dppm-phenyl 
groups, appears to be responsible for this phenomenon. 
Finally, the unexpectedly large Kll value for 1-C1-ada can only 
be explained by a binding involving only the hydrophobic por- 
tions of the host-guest pair. In this case the multiple hydropho- 
bic intermolecular contacts could lead to a large Kll value. No 
attempt was made to further investigate this phenomenon. 

4. Quantum Yields 
The photochemical quantum yields (@) were measured by fer- 

rioxalate actinometry following the rate of ~ d , ( d ~ ~ m ) , ~ 0 ~ +  
consumption by UV-visible spectroscopy (A,,, - 480 nm). 
First, ~ d , ( d ~ ~ m ) , ~ 0 ~ +  was investigated in neat solvents 
(Table 2). We noticed that in neat C6H5CH2Cl, 
~ d , ( d ~ ~ r n ) , ~ 0 ~ +  reacted slowly (thermally) at room tempera- 
ture, so no @ value could be measured. However, at [R-XI] - 10" M (typical concentration range for K, , measurements), 
no detectable reaction was noticed. This reactivity is tenta- 
tively attributed to the relatively high stability of the benzyl 
radical (C6H5CH2'); and it is concluded that the homolytic 
C - C l  bond cleavage by ~ d , ( d ~ ~ m ) , ~ 0 ~ +  is facile in this 
case. For C6H5Cl, CH2C12, and CHCl,, @ increases with both 
the decrease in E(C-Cl)  and @I- values. Surprisingly, @ 
decreases for CCl, while E(C-Cl) and @I- continue to 
decrease in this series. This result further supports the conclu- 
sion that the primary process in the mechanism cannot be an 
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Harvey et al: 1 

Fig. 3. Graph of @ , , , ( ~ d ~ ( d p p m ) ~ ~ 0 ~ + )  vs. % CHC1, (V:V) in 
toluene (top) and ethanol (bottom). 

decrease in this series. This result further supports the conclu- 
sion that the primary process in the mechanism cannot be an 
outer-sphere electron transfer. On the other hand, an atom 
transfer mechanism is not ruled out since "steric consider- 
ations" can also affect the rates of reaction. One has to note 
that the Kll  data also arise from measurements that also con- 
sider the steric effects in the complex stability. By ignoring the 
experimental uncertainties, varies as C6H5Cl < CH,Cl, < 
CCl, < CHCl, in neat solvents, which parallels the trend in 
Kl l .  For the chloride substrate, at [Cl-] = 0.86 M (as Bu4N+ 
salt) in ethanol, - 1.5 x (extremely weak)! Again no 
reaction is observed in the dark. One has to note that the C1- 
ion is very strongly bonded to the ~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ +  cluster, so 
no direct comparison of the values can be made. The 
extremely low @ value indicates that the photodecomposition 
is slow. This is indeed observed during the bulk photolysis 
reactions for Pd,(dppm),(CO)(Cl)+ (i.e., the photoproduct of 
the P~~(~~~~)~(co)(N,c~H,NE~,)~+ photodecomposition in 
CH,Cl,, believed to be one of the intermediates). 

For comparison purposes, @'s for the photochemical reac- 
tions between ~ t , ( d ~ ~ m ) , ~ 0 ~ +  and CHC13, and CH,Cl, (neat) 
were also measured. As expected, the @ value is greater for M 
= Pt with CHCl, ( a  = 0.0041 + 0.0005 at X = 380nm) than that 
of ~ d , ( d ~ ~ m ) , ~ 0 ~ +  (0.0030 + 0.0005). For CH,Cl,, is 
about the same for both clusters, considering the uncertainties. 
Both the triplet energy and the excited state driving forces are 
greater for ~ t , ( d ~ ~ m ) ~ ~ 0 ~ + .  These experiments did not pro- 
vide any evidence of one mechanism or another. 

Based upon the hypothesis that an atom transfer mechanism 
involves a physical approach of the R-Cl molecule towards the 
M3 center, should be sensitive to the presence of a compet- 
itive molecule (solvent). Figure 3 shows the relationship of 
for the P ~ ~ ( ~ ~ ~ ~ ) ~ C O ~ + - C H C ~ ,  photoreactions as a function 
of the % (VN)  for two different solvents (toluene and etha- 
nol). The toluene graph shows an upward curvature, while the 

Scheme 2. 

ethanol graph shows a downward curvature, with the increase 
in %(VN), in CHC13, confirming the expected difference. 
Except for CH,Cl,, the other substrates were not investigated 
as a function of %(VN) substrate and solvent. For CH,Cl,, 
increases (slightly) with % (VN)  CH2C12, but the large uncer- 
tainties prevent us from determining the curvature trend. 
Based upon the K l l  measurements reported elsewhere (13), 
ethanol appears to be a better binder than toluene with 
~ d ~ ( d ~ ~ m ) , ~ 0 ~ + .  Figure 3 indicates that ethanol inhibits the 
increase in values with the increase in [CHC13]. On the other 
hand, the sharp increase in a ' s  in the toluene graph at low 
[CHCl,] indicates that toluene does not efficiently inhibit the 
photoreactions. These results are also consistent with this sub- 
strate-cavity model where toluene does not compete as effi- 
ciently as ethanol for the cavity. 

The most surprising result is the non-zero value at 0% quan- 
tity of CHCl, (-0.0005), indicating that ~ d , ( d ~ ~ m ) , ~ 0 ~ +  is 
photo-consumed even in the absence of chlorocarbons. We 
note that these values are even greater than that of the C1- sub- 
strate stated above. This observation clearly indicates the pres- 
ence of a second photochemical pathway since with short 
periods of time in the dark, this instability does not occur. This 
pathway is clearly inefficient with such low quantum yields, 
but cannot be neglected for the CH2C12, CCl,, 1-C1-ada, and 
C6H5Cl substrates. The design of experiments in order to elu- 
cidate this second pathway is not obvious. Two proposed 
mechanisms can be anticipated: (i) photolabilisation of the CO 
group (Scheme 2) as observed in many organometallic poly- 
nuclear complexes (1) followed by a breakdown of the cluster, 
and (ii) photoinduced fragmentation of the cluster according 
to eq. [2]: 

hv 
[21 pd3(dppm)3c02+ 4 "~d(dppm)" dark 

+ " P ~ ~ ( ~ ~ ~ ~ ) ~ ( c o ) ( s ) ~ ~ + "  + products 

where S is a two-electron donor (counter anion or solvent mol- 
ecule). This second reaction is essentially the last step prior to 
the synthesis of the ~ d ~ ( d ~ p m ) , ~ 0 ~ +  cluster as demonstrated 
by Puddephatt and co-workers (7, 8). The following experi- 
ments are performed: (i) measurements of in the presence of 
CO(g), and (ii) measurements of for the P F 6  and CF3C02- 
salts. The first set of experiments ( a  vs. CO(g)) demonstrates 
that is independent (within the experimental uncertainties) 
in the presence of 1 atm of CO(g) (1 atm = 101.3 kPa). The 
synthesis of ~ d , ( d ~ ~ m ) ~ ~ 0 ~ +  does not require high pressures 
of CO (7). This experiment was attempted in order to slow 
down the CO loss, if any. The most revealing experiments are 
the measurements of for ~ d , ( d ~ ~ m ) , ~ 0 ~ +  as a PF6- and as a 
CF3C02- salt. Using different solvents (ethanol and acetoni- 
trile) and atmospheres (Ar, CO,, O,, CO, and H,), we find that 
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Scheme 3. 

A 12+ 
P S P  

6 1" 
I / \ I  '; t l  F; 

P - - P ~ ~ P ~ - P  y P - P ~ + ' P ~ - P  

CpkEpCp_] i;- L P B t $ P J  
S = solvent 

d S 

. . 

"Pdddpp~)dCO)(S):' + other products 

is a better binder than PF6- (1 3) which should indicate that the 
cavity is competitively blocked by the carboxylate molecule, if 
one assumes the host-guest mechanism. However, this result 
is consistent with eq. [2] shifting the reaction to the right when 
S is a better two-electron donor. Interestingly we find (eth- 
anol) > (toluene) (at [substrate] = 0, see Fig. 3), where eth- 
anol is a two-electron donor. The next question is whether or 
not the formation of ~ d , ( d ~ ~ m ) , ~ +  (first scenario: Scheme 2) 
can lead to an efficient subsequent fragmentation of the cluster. 
Theory predicts that it cannot (see section below), corroborat- 
ing the experimental results ( a  vs. CO(g)). Then, will the 
intermediates generated in eq. [2] subsequently react with R- 
C1 to produce the final observed products? Previous studies 
strongly indicate that it is indeed possible. The highly reactive 
"Pd(dppm)" species is expected to be thermally active towards 
R-C1 based upon the known chemistry for 
"Pd(R,PCH CH,PR,)" where R = C6H1, (28). For the CO 
bridged 8-3 proposed intermediates (eq. [2]), a recent work 
on an isoelectronic CNR bridged "Pd,(dppm)," 8-8 com- 
pound demonstrated that this complex was efficiently photo- 
converted to Pd(dppm)Cl, in the presence of CH2C12 (29). 
Thus, experimental and literature results favor scenario (ii) for 
the second pathway of R-Cl activation. The overall proposed 
pathways are summarized in Scheme 3. The C-Cl homolytic 
bond cleavage involves the formation of the Pd,(dppm),- 
(co)(c~)~+ intermediate, which represents one of the mecha- 
nistic steps of the photoinduced photodegradation of the 
cluster. 

Considering the Kll measured for 1-C1-ada, one would 
expect to be large. However, the binding does not necessar- 
ily involve the C-Cl bond oriented inside the cavity. Indeed, 
@(l-C1-ada) = 0.000048 2 0.000010 for [1-C1-ada] = 3.43 M 
in toluene. This value is by far the smallest one (excluding the 
C1- case). Further, the CPK models demonstrate that the 
bulkiness of 1-C1-ada precludes strong R X I . . P ~ ~ ~ +  interac- 
tions, confirming that homolytic bond cleavage by 
~ d , ( d ~ ~ m ) , ~ 0 ~ + *  (,A,) is not anticipated to be efficient. 

5. Emission lifetimes 
This section addresses the first proposed pathway (host-guest 
chemistry). Perturbation studies of the photophysical proper- 
ties of the M , ( ~ ~ ~ ~ ) , C O ~ +  complexes indicate that the pres- 
ence of a substrate in the cavity always induces a decrease in 
excited state lifetimes (25). This general behavior has also 
been observed for metal complexes of calix[4]arene deriva- 
tives for which a metal atom is located at the lower rim acting 
either as a luminescent probe (Ir(1); ref. 30) or a strong Lewis 
acid (W = 0 (31)), and the recently investigated 
~ u , ( d p p m ) , 0 ~ ~ +  cluster (32). This phenomenon is attribut- 
able to the "loose bolt effect" (for small perturbations) or to 
the formation of an "exciplex" (for larger change in lifetimes) 
(33). For ~ t , ( d ~ ~ m ) , ~ 0 ~ +  both 298 K flash photolysis and 77 
K emission lifetime measurements established that toluene as 
a pure solvent provided the shortest lifetimes among the sol- 
vent molecules investigated (25). The hypothesis is that tolu- 
ene binds more strongly to ~ t , ( d ~ ~ r n ) , ~ 0 ~ +  than do most 
common solvents. This difference with ~ d ~ ( d ~ ~ r n ) , ~ 0 ~ +  is 
not understood at this time. 

To further understand the difference between the photo- 
chemical quantum yield behavior in toluene and ethanol, 
the emission decay traces for ~ t , ( d ~ ~ m ) , ~ 0 ~ +  at 77 K in 
the presence of CH2C12 and CHC1, were investigated. 
~ t , ( d ~ ~ r n ) , ~ 0 ~ +  was selected because of its greater emission 
quantum yield at 77 K (34). At such a temperature, cluster 
degradation is not anticipated to be an inefficient mechanism 
for the excited state deactivation; solely the Pt,2+.. .~1-~ 
interactions are governing the changes in T, with [Cl-R]. In 
pure solvent, the emission decays are rigorously monoexpo- 
nential(7, = 10.2 ? 0.5 ~ s ,  toluene; T, = 18.0 + 0.1 ~ s ,  etha- 
nol). In the presence of CHC13 or CH2C12, the carefully 
measured decays become biexponential (Fig. 4). The biexpo- 
nential behavior is demonstrated from deconvolution decay 
analysis. The emission spectra exhibit no band shift but show 
a gradual decrease in intensity with chlorocarbon concentra- 
tion. The long component exhibits a T, value of 10.2 or 18.0 ~s 
characteristic of the solvent, and does not change (within 20.5 
~ s )  with an increase in chlorocarbon concentration up to 40% 
(VN). Such a result further rules out the possibility of an 
outer-sphere electron transfer in the excited state in these 
cases (CHCl,, CH,Cl,), since generally the emission decay 
traces exhibit monoexponential behaviors with lifetimes 
decreasing with the substrate concentration. The short compo- 
nent exhibits a lifetime of 450 ? 150 ns for both CH2C12 and 
CHCl,. The relative intensity ratio for short component/long 
component after deconvolution increases proportionally with 
the chlorocarbonlsolvent ratio (VN). This experiment demon- 
strates that the short and long components are associated with 
the luminescence of ~ t , ( d ~ ~ r n ) , ~ 0 ~ +  interacting (or hosting) a 
chlorocarbon and a solvent molecule, respectively. The very 
short lifetimes in the ~ t , ( d ~ ~ m ) , ~ 0 ~ +  chlorocarbon cases 
strongly indicate the formation of exciplexes. The exciplex 
emissions appear to be weak since the emission intensity of 
the mixture steadily decreases with the increase in chlorocar- 
bon concentration. Also these emissions are anticipated to be 
located very close to the ~ t , ( d ~ ~ m ) , ~ 0 ~ + . . .  solvent emissions, 
since no change in A,,, emission was observed in all the 
experiments. The most important finding is that the short com- 
ponent/long component intensity ratio always differs greatly 
between the two solvents (ethanol, toluene) at a given chloro- 
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Fig. 4. Typical emission decay traces for the ~ t , ( d p p m ) , ~ 0 ~ +  
clusters at 77 K. Top: in toluene containing 30% CH2C12 (V:V) 
Bottom: in ethanol containing 3% CH2C12 (V:V). The peaks 
marked with an X are instrumental artifacts. The double arrow 
markings indicate the short-lived components (-18% of the total 
intensity). 

carbon/solvent ratio. As a typical example, Fig. 4 compares 
two 77 K emission decays of ~ t ~ ( d ~ ~ m ) ~ ~ 0 ~ + :  the first in tol- 
uene containing 30% CH2C12, and the second in ethanol con- 
taining 3% CH2C12. Both decays exhibit the same short 
component/long component ratio (-18%). This result indi- 
cates that the halocarbon molecule competes relatively more 
efficiently to occupy the ~ t , ( d ~ ~ m ) , ~ 0 ~ +  cavity in ethanol. 
Essentially, this confirms that ethanol is a weaker binder for 
~ t ~ ( d ~ ~ m ) ~ ~ 0 ~ +  than toluene and further supports the above 
hypothesis. 

6. Geometry optimizations 
Density functional theory was used to optimize geometries in 
the ground state of some proposed intermediates in order to 
explain and corroborate some experimental results. For 
~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ +  in its ground ('A,) and lowest energy triplet 
excited states (,A,, (TI), 3 ~ 2  (T2)), the geometry compounds 
have already been computed (35). The computations com- 
pared very favorably with the experimental data, particularly 
for the Pd-Pd bond lengths. For comparison purposes, these 
data are reported in Table 3. The geometry of the model 
Pd3(PH3)6(CO)(C1)+ cluster has also been optimized (Table 3 
and Fig. 5) in order to address the weak interactions between 
the ~ d ~ ~ +  center and the substrate. The comparison of the Pd- 
Pd bond lengths is also excellent, but some differences are 
noted for the covalent Pd-P and Pd-C bonds. These differ- 
ences can be up to 0.055 A. For the more ionic Pd.--Cl inter- 
actions, the computed Pd...Cl distance is significantly shorter 

Fig. 5. Optimized ground state geometry of the model compound 
P~,(PH,)~(CO)(CI)+. The geometry for pd,(~H,),(CO)(cl)~+ is 
the same except that some distances and angles have changed 
(see details in Table 4). 

Fig. 6. Optimized geometry of the model association complex 
P~,(PH,)~(co)~+.-c~cH~ in the ground state. 

than that of the crystal structures. The differences are up to 
0.23-0.26 A from the average X-ray values. Steric effects with 
the H-dppm atoms and the nature of the theoretical methods 
employed are likely to be at the origin of these differences. 
Investigations should concentrate mainly on the metal-metal 
bonds. 

The first optimization considered is the ground state inter- 
actions between P ~ , ( P H ~ ) ~ c o ~ +  and chloromethane (Fig. 6). 
The number of atoms is kept low in order to reduce the com- 
puter time, and the optimization was performed under the 
restricted C3" symmetry. The results of the computations are 
compared in Table 4. The first and most important prediction 
is that the Pd..Cl interactions are expected to be very weak as 
the computed Pd--C1 distances are in the order of 2.83 A. This 
distance compares to average distances of the X-ray results 
reported for Pd3(dppm),(CO)(C1)+ (Table 3), but is in fact 
larger than that of the Pd3(PH3)6(CO)(Cl)+ computed distance 
(2.628 A). This result may be due to the lack of electrostatic 
interaction between ~ d , ~ +  and neutral ClCH,. The calculated 
Pd-Pd bond length (2.63 A) compares favorably to that of 
most " ~ d , ( d ~ ~ m ) , ~ 0 ~ + "  complexes reported so far (see ref. 
36 for examples). The r(Pd-P), r(C=O), and r(Pd--C) cal- 
culated values also compare with the Pd3(PH3)6(CO)(Cl)' and 
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P ~ ~ ( P H ~ ) ~ ( c o ) ~ +  data. We conclude that the interactions 
between the C1 atom of R-C1 and the Pd3" center is very 
weak, causing little perturbation to the host skeleton. The fol- 
lowing set of calculations addresses the possibility of the pho- 
toinduced labilization of CO (Scheme 2). The optimized 
geometry of P~,(PH,)~> was calculated and the results at con- 
vergence (Table 4) indicate that the Pd-Pd and Pd-P dis- 
tances under o practically no, or very little, perturbation 1 (within 0.03 ). If the Pd-Pd bond length had significantly 
increased, one may have suspected that fragmentation would 
occur. This is not the case. 

To shed light on the steps following the homolytic C-Cl 
bond cleavage, the geometries of the model compounds 
P~,(PH,),co~+ and P~,(PH,),(co)(c~)~+ were also investi- 
gated. The question is, what may happen after the C1' radical 
starts interacting with the Pd? center? One hypothesis is an 
intramolecular electron transfer from the P d P  center to the 
strongly oxidant C1' radical. To test this hypothesis, the struc- 
ture of the P~,(PH,),co~+ compound is optimized (Table 4). 
While the r(Pd-P), r(C'O), and r(Pd-C) data resemble the 
rest of the data reported in Table 4, the calculated Pd-Pd dis- 
tance has significantly increased to -2.73 A. This distance is 
very close to the limit of a formal Pd-Pd single bond (see 
data reported in ref. 3). It is also close to the distance found 
experimentally in the ~ d , ( d ~ ~ m ) , ~ ~ ' +  cluster in its lowest 
energy triplet excited state ( A,; -2.78 A) (35). If a formal 
electron is indeed transferred from the Pd3,+ to the C1' center 
to form the Pd3,+ and C1- species, then the calculated Pd-Pd 
bond length in P~,(PH,),(CO)(C~)~+ should be close to 2.73 A 
also. This is not quite the case as the computed distance con- 
verges to 2.68 A, indicating that the structure is an intermedi- 
ate between the two forms (Pd,'+...Cl' and ~d,~+.. .Cl-).  The 
r(Pd-P), r(Pd-C), and r(C=O) data are also "normal" 
(Table 4), but the Pd...Cl distance has significantly decreased, 
down to -2.54 A. This increase in interactions may appear to 
be due to an increase in electrostatic interactions (i.e., 
~d ,~+ . . .C l -  form). Nonetheless, with a distance of -2.68 A 
typical for a Pd-Pd dppm bridged single bond, the homolytic 
scission of the Pd-Pd bond after the C1 abstraction does not 
seem obvious at this point. However, the electrochemical 
cyclic voltammograms recorded for both ~ ~ ( d ~ ~ r n ) ~ ~ 0 ' +  
clusters (M = Pd,Pt) exhibit irreversible oxidation waves, sug- 
gesting that further events are obviously takin place after the 
transfer of the first electron ( P d P  + P d F  + le-). The 
intramolecular electron transfer between the Pd? and C1' 
centers forming ~ d ~ ~ +  and C1-, which subsequently degrade 
into products, still appears as a possible mechanism of photo- 
induced fragmentation. 

Final remarks 
The photoinduced degradation of ~ , ( d ~ ~ r n ) , ~ 0 ~ +  in the pres- 
ence of chlorocarbons and chloride ion proceeds via very 
complicated pathways. This work has addressed only a frac- 
tion of them, notably for the primary steps. There is no evi- 
dence of an electron transfer mechanism involving the excited 
clusters in their ,A, states and the R - 4 1  and C1- substrates. 
On the other hand, the series of measurements performed were 
all consistent with an atom abstraction mechanism. The well- 
established host-guest behavior of the cluster was used to con- 
firm this mechanism in the ,A2 states. To our knowledge such 
a strategy does not seem to have been employed before. 
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Table 4. Comparison of the calculated structures for Pd, clusters (bond lengths in A)." 

"Data for Pd,(PH,),(CO)(CI)' are also compared In Table 3, and data for Pd,(PH,),(CO)" are from ref. 35. All calculat~ons were performed under a C,, 
restricted geometry. 

One very important observation is clearly the very low pho- 
tochemical quantum yields, demonstrating the rather ineffi- 
cient capacity of the clusters to photoactivate the C-C1 bond. 
For stronger C-X bonds (such as C-H), this observation 
allows us to predict that the cleavage of this C-X bond will 
simply not occur, but rather the second pathway (primary pho- 
toinduced fragmentation of the cluster) may become dominant 
in order to promote reactivity in these cases. Thus cluster deg- 
radation and decomposition should be observed. This is con- 
sistent with the nature of the organic photoproducts observed 
with the chloride substrate, which are all phosphine deriva- 
tives (issued from the coordinated dppm). This decomposition 
mechanism is complex since high molecular weight fragments 
are observed (higher than dppm in some cases), indicating that 
the processes involved formation of free radicals. The very 
low photochemical quantum yields ( a )  have been commented 
on in one of our studies on 0, activation (6). There are many 
possible explanations for the low values: (i) the excited state 
lifetimes are found to be extremely short (7, < 40 ps, M = Pd; 
7, < 40 ps, 70 < 7, < 400 ns, intensity ratio for T ~ / T ~  = 9515, M 
= Pt; (ref. 25)); (ii) access to the lumophore is sterically hin- 
dered by another interacting substrate in the ground and 
excited states; and (iii) the biradical-type excited state is delo- 
calized over three metal centers, not localized as in the case of 
the M2(CO),o dimers (2 x M(CO),; M = Mn, Re; ((ref. la)). 
Further studies in this area are in progress. 
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Tungsten and molybdenum 0x0 complexes of 
tetrakis(phenyldiazenyl)calix[4]arene 
substituted derivatives : EHMO calculations, 
spectroscopic characterization, and 
perturbations of the photophysical properties 
by neutral guest molecules 

Pierre D. Harvey, Jonathan Gagnon, Rejean Provencher, Bing Xu, 
and Timothy M. Swager 

Abstract: Bowl-shaped chromophores fabricated with tungsten and molybdenum 0x0 complexes of calix[4]arenes substituted at 
the para positions with phenyldiazenyl (R,C6H3N2) derivatives are investigated. The nature of the lowest energy excited states 
has been addressed theoretically using Extended Hiickel Molecular Orbital (EHMO) calculations and experimentally using UV- 
visible, luminescence, and polarized emission spectroscopy at 77 K. The lowest energy excited states are intraligand 
(azobenzene fragment) n n *  (S, and T,) and nn* states (S, and TI). The compounds are weakly luminescent in the 600-630 nm 
range exhibiting emissions arising from the '(nn*) states (S2+So, 1 < T, < 4 ns, and 3 x lo4 < I$ < 3 x w 3 ) .  The region located 
above 900 nm was not investigated. Evidence for guest-host chemistry has been demonstrated by 'H-NMR spectroscopy, and 
the binding constants for two of the compounds with pyridine in toluene as a solvent were obtained by UV-visible spectroscopy. 
The presence of a guest molecule inside the luminescent metal 0x0 complex of a calix[4]arene hosts decreases the emission 
lifetimes. 

Key words: host-guest, photophysics, calix[4]arene, EHMO, fluorescence 

Resume : On a ttudiC des chromophores en forme de bol prtparts a partir de complexes 0x0-tungstbne et 0x0-molybdbne de 
calix[4]arbnes substituCs en positionspara par des dtrivts phCnyldiaz6nyles (R2C6H,N2). On a CtudiC la nature des ttats excites 
de plus faible Cnergie par le biais de calculs d'orbitales molecules ttendues de Hiickel (ccEHMOs) ainsi que par des experiences 
faisant appel aux spectroscopies UV-visible, de luminescence et d'Crnission polarisCe h 77 K. Les Ctats excitts de plus faible 
Cnergie sont les Ctats intraligands (fragment azobenzbne) n n *  (S, et T,) et les Ctats nn* (S, et T,). Les composts sont 
faiblement luminescents dans le region de 600 a 630 nm et ils prksentent des tmissions dirivant des Ctats '(nn*) S2+So, 
1 < T, < 4 ns et 3 x lo4 < I$ < 3 x On n'a pas CtudiC la region situCe en dessus de 900 nm. On a mis en evidence de la chimie 
hhte-invite grace h la spectroscopie RMN du 'H et, faisant appel a la spectroscopie UV-visible, on a determine les constantes de 
liaison de deux des composts avec la pyridine dans le tolubne comme solvant. La presence d'une molCcule invitCe a l'inttrieur du 
complexe luminescent 0x0-metal d'un hhte calix[4]arbne diminue la durte de vie d'Cmission. 

Mots clks : hhte-invitt, photophysique, calix[4]arbne, EHMO, fluorescence, 

[Traduit par la redaction] 

Introduction (I), and has been exploited over the past few years in order to 

The chemistry of calixarene compounds is well established 
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take advantage of the guest-host interactions that these com- 
pounds provide (2). Applications include cation extractions 
and alkali metal sensors. These compounds can be considered 
as bifunctional recognition devices where the lower rim acts 
as an ionophoric cavity and the upper rim behaves as a hydro- 
phobic pocket. Molecules such as chloroform and toluene 
have been found to bind in the cavities of various calixarene 
compounds (1, 2i). More recently much progress has been 
made in improving the sensorial and binding properties of 
these compounds by attaching metal or organometallic centers 
(3). Tungsten 0x0 complexes of calix[4]arene derivatives have 
been used to produce bowlic liquid crystals (4). 

We now wish to report the spectroscopic and photophysical 
properties of a series of metal 0x0 complexes of tetrakis(phe- 
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Scheme 1. 

4: f r e e  ligand. R=OC,,H2, 

nyldiazenyl)calix[4]arene derivatives (M = W, Mo) (Scheme 
1). These systems exhibit multifunctional properties, two of 
which are designed for the binding of organic substrates (the 
M = 0 groups are strong Lewis acids, and the phenyl groups 
provide hydrophobic pockets), and one for the luminescent 

I probe at 77 K (azobenzene). The metal centers were observed 
to influence the absorption and emission band maxima (A,,,) 
and the emission lifetimes (7,). The photophysical properties 
are also found to be somewhat sensitive to the solvent (meth- 

1 
I ylcyclohexane, pyridine, butyronitrile, etc.). Finally, one of 
I the tungstenoxocalix[4]arene derivatives was investigated in 

its polymeric associated form where the molecules act as both 
guests and hosts at the same time and organize in a head-to-tail 
fashion. 

I 

Experimental section 

Materials 
The syntheses of the free ligands and the complexes have been 
reported (4), or will be reported, elsewhere (5), except for 
compound 2, which is described below. Compounds 1-4 are 
solvated by one dimethylformamide molecule (DMF) inside 
the cavity as demonstrated by 'H NMR integration. 

Compound 2 
To a solution of NaBF, (1 1.5 g, 104.7 mmol) in 30 mL of 
water cooled with an ice bath was added 18 mL of concen- 
trated hydrochloric acid followed by 3,4-dimethylaniline (10 
g, 82.5 mmol). To this mixture NaN0, (5.72 g, 82.5 mmol) in 
15 mL of water was slowly added while keeping the reaction 
temperature below 10°C. After 0.5 h, the reaction mixture was 
filtered, then washed with 50 rnL of a cool NaBF, solution, 
then with 50 mL of cool methanol, finally with 50 mL of ether, 
and finally dried and cooled in a desiccator with cooling to 
obtain 3,4-dimethylbenzene-diazonium tetrafluoroborate as a 
white solid. This product was dissolved in 100 mL THF, 
cooled to O°C, and then pyridine (4 mL) and calix[4]arene (2 g, 
4.7 mrnol) were added. After 3 h, the solution was filtered and 
washed with THF and methanol. The solid was dissolved in 

pyridine and treated with activated carbon, filtered, and evap- 
orated, and was then dispersed in 200 mL of 5% HCl and 
stirred for 1.5 h at room temperature. Filtering and drying gave 
2.1 g of tetrakis-3,4-dimethylphenydiazeny lcalix[4]arene as a 
red-orange solid (47% yield). 'H NMR (DMSO-d6): 7.70 (s, 
Ph, 8H), 7.59 (s, Ph, 4H), 7.50 (d, Ph, 4H), 7.22 (d, Ph, 4H), 
3.6 1 (s, PhCH,, 8H), 2.23 (s, CH,, 12H), 2.2 1 (s, CH,, 12H). 
Tetrakis-3,4-dimethylphenylazocalix[4]arene, 0.5 g (0.52 
mmol), and WOCl,, 178 mg (0.52 mmol), in 15 mL of dry tol- 
uene were then refluxed for 12 h under argon. Evaporation of 
the solvent gave a residue that was recrystallized from DMF, 
to give 0.45 g of tungstenoxotetrakis-3,4-dimethylphenydiaz- 
enylzocalix[4]arene as a yellow solid (70% yield). 'H NMR 
(CDCl,): 7.70 (s, Ph, 8H), 7.61 (s, Ph, 4H), 7.59 (d, Ph, 4H), 
7.23 (d, Ph, 4H), 4.84 (d, PhCH,, 4H), 3.56 (s, PhCH,, 4H), 
2.30 (s, CH,, 24H), and 8.0, 4.1 (formy 1 H of DMF), 2.95, 
2.85, 1.30, 0.55 (methyl H of DMF). 

Preparation of the pyridine complex 
The pyridine complex of tungstenoxodidodecanoxylben- 
zenediazenylcalix[4]arene was obtained by recrystallizing 
tungstenoxodidodecanoxylbenzenediazenylcalix[4]arene in 
pyridine - THF - MeOH. 'H NMR (CDCl,) 8.58, 7.65, 7.25 
(free pyridine), 7.9-6.7 (m, phenyl H of azocalix[4]arene and 
guest pyridine, 25H), 5.00, 4.82, 4.43 (d, d, d, PhCH,, 4H), 
4.2-3.8 (m, OCH,, 16H), 3.63, 3.43 (d, d, PhCH,, 4H), 2.0- 
0.8 (m, alkyl H). The upfield shift of the pyridine protons is 
indicative of the binding of the molecule in the cavity. For 
other examples of this effect see ref. 4. 

Instruments 
The absorption spectra were acquired on a Hewlett Packard 
8452 A diode array spectrophotometer. The emission and 
excitation spectra were obtained using either a Spex Fluorolog 
I1 spectrometer or a PTI LSlOO spectrometer. The emission 
lifetime measurements were performed on a photon counting 
system coupled with the PTI LS 100 instrument, using a home- 
made N,(g) flash lamp source under the following conditions: 
electrode gap, 1.6 mm; gas, 15 Torr (1 Torr = 133.3 Pa); 
applied voltage, 40 kV; repetition rate, 40 kHz. Under these 
conditions, the lamp pulse exhibits a full width at half-maxi- 
mum (fwhm) of 2.5 ns (when the electrodes are freshly 
cleaned). A PTI software package for the deconvolution tech- 
nique was used to extract the lifetimes from the data. Each 
lifetime measurement was performed at least three times from 
the same freshly prepared samples. The reproducibility was 
found to be within 20.05 ns. The FT-Raman spectrum was 
obtained with an IFS 55 FRA106 Bruker instrument. 

Experimental procedures 
The emission quantum yields were measured using 9,lO- 
diphenylanthracene as the standard according to published 
procedures (6). The polarization ratios ( N )  were measured 
according to literature procedures (see examples in ref. 7). The 
binding constants were determined using the methodology 
outlined in details in ref. 8. 

Computational details 
All MO calculations were of the extended Hiickel type 
(EHMO) using a modified version of the Wolfsberg-Helm- 
holz formula (9). The atomic parameters used for C, H, 0 ,  N, 
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Fig. 1. EHMO energy levels (left) for the diazobenzene 
chromophoric molecule. EHMO pictures (right) for the LUMO 
(32; 4bg), HOMO (33; 14ag), and HOMO-1 (34; 4a,). 

HOMO-] 

Fig. 2. EHMO energy levels for the tungsten 0x0 complex of the 

and W are taken from refs. 9 and 10. The bond lengths and 
angles used for the computations are those found crystallo- 
graphically in the literature (3j) and are r (C-4 )  = 1.4 A, 

r(C-0) = 1.47 A, r(C-H) = 1.05 A, r(N=N) = 1.25 A, 
r(W=O) = 1.70 A, r(W-0) = 1.89 A, LO-W-0 = 181°, 
LW-0-C = 135", LC-C-C = 120". The long alkyl chains and 
methylene groups were not included in the computations, 
since they are of very little consequence to the lowest energy 
excited states. Pictorial representations of the orbitals were 
obtained using the CACAO graphics package included in the 
software (1 1). The absorption spectrum of compound 1 was 
calculated using Heller's time-dependent theory, giving 
equivalent results to a traditional Franck-Condon analysis (12 
and, for a recent applications, ref. 13). 

Results and discussion 

1. Excited state characterization (EHMO) 
The nature of the frontier MO's has been addressed theoreti- 
cally using the Extended Hiickel Molecular Orbital methods 
(EHMO). The electronic structures of the trans-azobenzene 
compound (C2,,), the tungsten 0x0 complex of the mono(phe- 
nyldiazenyl)calix[4]arene (C,), and the tungsten 0x0 complex 
of the tetrakis(phenyldiazenyl)calix[4]arene (C,) have been 
investigated. The tungsten 0x0 complex of the mono(pheny1- 
diazenyl)calix[4]arene was investigated because it exhibits an 
intermediate level of complication (i.e., low number of MOs) 
between the trans-azobenzene and the tungsten 0x0 complex 
of the tetra-substituted ligand.2 A summary of the key results 
is presented here. 

The EHMO calculations for all three model compounds 
indicate that the energy ordering of the three MOs of interest 
in this work is that of the intraligand IT(HOMO- 1), n(HOMO), 
and IT*(LUMO) MOs localized in the azobenzene fragments 
(Figs. 1-3). The HOMO and LUMO are localized at - 1 1.26 
and - 10.70 eV, respectively, for all three computed com- 
pounds. In the tetrakis(phenyldiazenyl)calix[4]arene case, the 
HOMO defined as MO no. 33 (14ag) in Fig. 1 becomes MOs 
no. 146-149 (41a, 40e, 396). These four MOs, all n in nature, 
have the same EHMO energy (accidently degenerate Fig. 2). 
The LUMO defined as MO no. 32 (4bg) for azobenzene 
becomes MOs no. 142-145 (41b,43a, 40b,42a), also with the 
same energy, for the tungsten 0x0 complex of tetrakis(pheny1- 
diazenyl)calix[4]arene. The n(HOM0-1) (MOs no. 34; 4a,) 
for azobenzene is located at -12.18 eV according to the 
EHMO calculations. This MO becomes MOs no. 150-153 
(386, 39e, 40a) in the tungsten 0x0 complex of the 
calix[4]arene derivative. These MOs are all IT systems. The 
MO representations of one of the IT* systems (designated as 
LUMO for analogy with the azobenzene molecule), one of the 
n systems (designated as HOMO), and one of the IT systems 
are presented in Fig. 3. These are not described here since they 
are very similar to that of the well-known azobenzene mole- 
cule. Above the LUMO in the tungsten 0x0 complex of the 
tetra- and mono(phenyldiazeny1) compounds are localized a 

Supplementary information: as a typical example, the MO 
energies, atomic contributions, occupancies, and MO drawings for 
six of the frontier MOs for the tungsten 0x0 complex of the 
mono(phenyldiazenyl)calix[4]arene are supplied: Copies of 
material on deposit may be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National Research 
Council Canada, Ottawa, Canada KIA 0S2. 
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Fig. 3. EHMO pictures for the LUMO (MO no. 149; 39b), the HOMO (MO no. 
150; 38b), and MOs no. 151 + 152 (39c) designated by HOMO-1 for the tungsten 
0x0 complex of the tetrakis (phenyldiazenyl)calix[4]arene. 

series of MOs that are a W=O n* system using the W d,,, and 
the Op, andp, atomic orbitals. The atomic contributions are in 
the order of -84% W and -7% 0 .  These contributions are the 
square of the LCAO coefficients used in the EHMO approxi- 
mations; these are normalized to 100%. These MOs are local- 
ized -2 eV above the LUMO n* system, and are also of little 
consequence to this work. For the n*, n, and n systems desig- 
nated by the LUMO, HOMO, and HOMO-1 for all three 
model compounds, the atomic contributions are very similar 
from one compound to the other (see Figs. 1 and 3; tables for 
atomic contributions for the tungsten 0x0 complex of the 
mono(phenyldiazeny1) compound are supplied in the Supple- 
mentary Information as examples). 

To summarize, the EHMO computations predict that the 
metal 0x0 complexes of the tetrakis(phenyldiazeny1)- 
calix[4]arene derivatives should exhibit absorption spectra 
where the lowest energy bands arise from n+n* electronic 
transitions localized in the azobenzene fragments, followed by 
higher energy absorptions assignable to n+n* transitions, 
also localized primarily within the ligand. 

2. Excited state characterization (UV-vis spectra) 
Typical absorption spectra and data are shown in Fig. 4 and 
Table 1, respectively. The spectra are characterized by a 
strong absorption (78 000 < E (M-' cm-I) < 108 000, toluene at 
298 K) in the 370-440 nm region, which exhibits some poorly 
resolved features attributable to the presence of vibrational 
progressions. Due to the large intensity, the n+n* band 
assignment is readily ruled out (14). Rather a n+n* assign- 
ment is more appropriate (14). The n+n* band was not 
located at 298K. To insure our assignments, as well as to 
locate the n+n* absorption band, the spectra at 77 K were 
measured (Fig. 5) and calculated using Heller's time-depen- 
dent theory (12). At 77 K, the spectra are somewhat better 
resolved, and a vibrational progression is readily seen with a 
spacing of 1500 cm-I, which is consistent with an excited state 
C = C  stretching mode and not an N=N mode. Figure 6 com- 
pares the experimental spectrum for 1 and the calculated band 
located at 400 nm (i.e., 25 000 cm-I). In this analysis we define 
a model using the lowest number of parameters to correctly 
calculate the experimental spectra, consisting of two-dimen- 
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Harvey et al.: 2 

Table 1. Absorption spectroscopic data in toluene. 

Compounds v,,,,/+100 cm-I h,,, 1+2 nm EM-' cm-' +lo% Comments 

Shoulder 
Shoulder 

Shoulder 
Broad band 

Shoulder 
Shoulder 

Fig. 4. UV-visible spectra for compounds 14  in toluene at Fig. 5. UV-visible spectra for compound 1 in 2-MeTHF showing 
298 K (from top to bottom). the vibrational progression of the v+v* electronic band. 

WAVELENGTH( nm) 

sional harmonic oscillator potential energy surfaces for both 
the ground and excited electronic states. No satisfactory 
results were obtained using a single Franck-Condon active 
mode. In the two-mode model, the vibrational frequencies 
were fixed at 1 5 10 and 1 1 ! 0 cm-', for the calculations that are 
close to the vibrational frequencies observed in the Raman 

300 400 500 600 
WAVELENGTH( nm) 

spectrum (peaks observed at 1590 and 1152 or 1 107 c m ~ ' ) . ~  A 
variation of these frequencies by more than 10% does not 
affect the agreement between calculated and experimental 
spectra. The Huang-Rhys parameters, S (15), for both vibra- 
tional modes were treated as adjustable parameters in the fit- 
ting process, using the 15 000 - 35 000 cm-' region of the 
absorption spectrum. The agreement between calculated and 
experimental spectra (Fig. 6) is excellent in view of the simple 
model with only two adjustable parameters. At the best fit, 
values of 1.99 and 1.10 were obtained for S along the excited 
electronic 15 10 and 1 1 10 cm-' modes, respectively. If one 
lowers all S values by 2-3%, the agreement between experi- 
ments and calculations is no longer acceptable; an augmenta- 
tion of 2-3% also leads to unacceptable calculations. These 
modes are easily assigned to v(C=C) (1590, and 1152 or 
1107 cm-' in the ground state), and the possibility of v(N=N) 
as potential assignment is ruled out since this mode is gener- 
ally found at around 1400 cm-' (16). We conclude that the 400 
nm band undoubtedly arises from an intraligand IT+IT* type 
electronic transition. The excited state distortions (AQ) are 
calculated, and are 0.12 and 0.1 1 A for the two modes, respec- 
tively. These values are of the same order of magnitude as that 

The solid state FT-Raman spectrum is provided as supplementary 
information (see footnote 2). 
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Fig. 6. Comparison between the experimental (full line) and 
calculated spectra (full line with dotted line on top using Heller's 
time-dependent theory) for compound 1. The n-m* band 
belonging to the N = N groups becomes apparent at - 18 000 
cm-' (-550 nm). 

A"'" ~ 

I I I I I I 
15000 20000 25000 30000 

WAVE NUMBER(C~- '  

reported for the ~ u ( b ~ ~ ) , ' +  cation (bpy = bipyridine) for 
which a lowest energy metal-to-ligand charge transfer 
(MLCT) excited state is assigned (17). In this case, AQ aver- 
ages -+0.07 P\ along the C-C bonds in the bpy ligands (17). 
Since the MOs associated with this IT+IT* electronic transi- 
tion (HOMO-2 and LUMO) are C-C bonding and anti-bond- I ing, respectively, the AQ values calculated must be positive 
(i.e., C--L bond lengthenings). 

The two regions where agreement between the calculated 
and measured spectra are poor (-20 000 cm-' (-500 nm) and 
-33 000 cm-' (-300 nm)) are due to the presence of overlap- 
ping electronic bands. With respect to the -300 nm feature, 
other IT+IT* electronic bands are likely to appear in this 
region, based upon the EHMO findings. The second region 
(-20 000 cm-'; -500 nm) is of more interest since it indicates 
the presence of a low-intensity electronic transition (-5% of 

. . . .  . . . 
. ~ 

the 400 nm band) that we confidently assign to n - m *  (N=N). 
. .  . . .  . 

. . . .  The energy gap between this band and the 400 nm band (-800 
- 900 cm-') measured at v,,, is essentially the same as that 
reported for azobenzene (18). No other absorption band was 
observed below 15 000 cm-'. No attempt was made to decon- 
volute these higher and lower energy bands. 

A comparison of 1, 3, and 4 (Table 1) shows weak metal 
dependence on A,,, of the absorption (400 nm IT+IT*) band. 
On the other hand, the substituent effect observed between 
compounds 1 and 2 (OC,,H,, vs. CH,) on A,,, clearly indi- 

. . . l  cates the presence of a greater substituent perturbation on the 
. . . . .  . 

I .  : . i . . .  : .  1 
(azobenzene) chromophore, which reinforces this assignment. 

I 

3. Emission properties 
The compounds are found to be weakly emissive in the 6 0 s  

630 nm range at 77 K (Fig. 7. 3 x lo4 < +, < 3 x lo-,), while 
no luminescence was observed at room temperature either in 
solution or in the solid state. Although the absence of vibronic 
structure in the emission spectra would suggest that the lumi- 
nescence does not arise from a ITIT* state (IS), polarized ernis- 
sion photoselection spectroscopy (7) is used for assignment. 
By knowing that the transition moments for IT+IT* and n+r* 

Fig. 7. Emission spectra for compounds 1 4  in ethanol at 77 K. 
The intensities have been normalized and baselines have been 
adjusted vertically for clarity. 

500 600 700 800 

WAVELENGTH( nm) 

Scheme 2. 

electronic transitions (without a change of spin multiplicity) 
are polarized parallel and perpendicular to the aromatic plane, 
respectively, and that these same electronic transitions with a 
multiplicity change (singlet-triplet) are perpendicular and 
parallel polarized to the plane, respectively, one can predict 
the relative polarization of the two electronic bands (14). 
Since the 400 nm band is securely assigned (IT+IT*), one can 
use its in-plane polarization as a reference point. Scheme 2 
shows all possible scenarios for the relative polarization of the 
emission transition moment for both fluorescence and phos- 
phorescence. 

The polarization ratio, N, is given by (IBB/IBE)v . (IEE/IEB),, 
where (IBB/IBE)v is the ratio of the intensities of vertically to 
horizontally polarized emission when excited with vertically 
polarized light, and (IEE/IEB), is the ratio of the intensities of 
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Harvey et al.: 2 

Fig. 8. Polarization ratio for the emission spectra for compound 1 
using A,,, = 430 nm (top), for compound 1 using A,,, = 375 nm 
(middle), and for compound 4 also using A,,, = 375 nm. Solvent 
was ethanol. 

parallel and perpendicular polarized emission with horizon- 
tally polarized excitation. N is then related to the relative ori- 
entation of the transition moments in absorption and emission. 
The theoretical value of N = 3 indicates that absorption polar- 
ized on a single molecular axis is followed by an emission 
along the same axis. N = 0.5 indicates that single axis absorp- 
tion is followed by emission along a perpendicular axis. In 
practice, the theoretical values were never obtained due in part 
to the natural depolarization of the glass. In a situation where N 
= 1.0, then the emission is depolarized. For this work, it is 
assumed that absorption is foliowed by an emission arising 
from the same azobenzene lumophore group (no energy trans- 
fer from one azobenzene center to another in the 
calix[4]arene), and two different A,,, at 375 and 430 nm were 
used for comparison purposes.  re 8 shows N vs. A for 
compounds 1 and 4. Refemng to Figs. 5, and 6, the 430 nm 
absorption region appears to be free from overlap with other 
absorption bands, and it is reasonable to assume that the polar- 
ization of the absorbed light is pure. For compound 1 when 
A,,, = 430 nm, N varies from -3 at 500 nm, to -2 at A,,, to 
- 1.5 at -700 nm (Fig. 8), indicating that the emission exhib- 
its a significant component polarized parallel to the absorption 
(So+Sl, n+n*). The signal-to-noise ratio is poor because of 
the lower emission quantum yield. The decrease in N with A 
could be indicative of the presence of a non-totally symmetric 
vibrational mode under the emission band envelope (7). At 
A,,, = 375 nm, the polarization ratios are now -1.5, and 
appear to be constant with hemi. The 375 nm region (-26 700 
cm-') exhibits a difference between the calculated (full line 
with dotted line on top) and experimental (full line) absorption 
spectrum (Fig. 6). which is due to the fact that other absorption 
bands are not taken into account. Excitation is taking place in 
two different absorption systems at 375 nm (26 700 cm-I), and 

mixing of the polarized light will occur (if the transition 
moments are not parallel).4 Similar results are also obtained 
for compound 4 (the free ligand). Hence, the emission is polar- 
ized parallel to the absorption, thereby leaving only two pos- 
sible assignments for the luminescence: l m *  + ground state 
or 3nn* + ground state. 

The emission spectra of azobenzene (C6H5NrN-C,H5) are 
known and are described as follows: the first emission is an 
S2+So fluorescence (high-energy emission) arising from the 
'(nn*) state with A,,, -425 nm (23 500 cm-'), and T, <5 ps; 
the second emission (low-energy emission) is an S,+So fluo- 
rescence arising from the '(nn*) state with A,,, >800 nm (<I2 
500 cm-I), and T, = 25 ps (18). At room temperature the 
So+S2 (nn*) absorption is localized at -320 nm (31 300 
cm-') in azobenzene (18). For all compounds investigated, 
this n n *  absorption, which fits the one for the azobenzene, is 
localized at -380 nm (26 300 cm-'). The difference repre- 
sents a -60 nm red shift (i.e., -5000 cm-I). Such a shift 
would place the high-energy emission band at -540 nm (i.e., 
23 500 (azobenzene) - 5000 = 18 500cm-') for the investi- 
gated complexes. The emission maxima are observed between 
600 (167 00 cm-') and 630 nm (15 900 cm-'; Table 2)! The 
emission arising from the '(nn*) state (if observed) is also 
expected to red shift with respect to the unsubstituted azoben- 
zene. Similarly a 5000 cm-' red shift of the low energy emis- 
sion band going from azobenzene to the investigated 
compounds would place the l(nn)*+~, fluorescence band in 
the 7500 cm-' range (or lower), which is well above 900 nm; a 
range that was not investigated here. The lowest energy triplet 
state in azobenzene, 3(nn*), is located at 990 nm (i.e., 10 100 
cm-I) according to literature (1 8). Based upon these A,,, con- 
siderations, the emission bands are assigned to ~ , , ( ' n n * ) + ~ ~  
transitions similar to that of the high-energy fluorescence 
observed in azobenzene. The absence of vibronic structure 
could be indicative of a change in conformation in the '(nn*) 
state. Azobenzene is known to undergo photoinduced cis- 
trans isomerization (1 8b). 

The photophysical data (Table 2) for 4 indicate very low 
values for T, (emission lifetime) and 4, (emission quantum 
yield). These low values are also consistent with an Sn+So flu- 
orescence (14, 18). Here Sn indicates an higher energy n n *  
singlet excited state, bypassing the nn* singlet and triplet 
states. From then on, this Sn emissive state will be designated 
as "S," by analogy with azobenzene. In comparison with the 
reported data for azobenzene ( T ~  < 5 ps, 0, < 1 x lo4) (18b), 
the larger values in the study are due to an increase in both 
medium (77 K glass) and molecular rigidity. It is not possible 
to comment on the @,, T,, k, (radiative rate constants), and k,, 
(non-radiative rate constants) data due to the low number of 
compounds investigated. Heavy-atom effects, "loose bolt 
effects," molecular rigidity, and host-guest interactions may 
affect the magnitude of these values. Further investigation is 
necessary. 

4. Guest-host chemistry 
Typically one can assign the intraligand bands (n+n* vs. 

Allowed .rr+.rr* electronic transitions can be polarized in-plane 
with respect to an aromatic molecule, but the relative polarization 
of these may be different (x-polarized vs. y-polarized). 
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Table 2. Photophysical data for the metallocalix[4]arenes." 

Compounds V, , , /C~- '~  A,,,, Jnmh T J ~  sc @ c" kjs-" k , j ~ - ' ~  

1 15 900 630 1.56 3.77 x 10-4 2.4 x lo5 6.4 x 10' 
2 16 700 600 2.61 Not measured - - 

3 16 300 614 3.55 7.06 x lo4 2.0 x 10' 2.8 x 10' 
4 16 300 615 1.57 3.24 x lo-' 2.1 x lo6 6.3 x 10' 

"77 K in ethanol. 
b+3 nm, +I00 cm-' 
'40.05 ns. 
410%.  
<k, = &IT,. 
Ik"' = ( I  - @c)/Te . 

Fig. 9. Typical example of the spectroscopic changes that occur in the absorption spectra for 
compound 1 when pyridine is added to the toluene solutions. Inset: typical Benesi-Hildebrand 
plot used for the K,, measurements. 

400 500 600 
WAVELENGTH ( nm) 

n-n*) on the basis of band shift with of polarity the medium 
(14, 19). However, this was not possible in this work due to the 
presence of guest molecules in the cavities of the calix[4]arene 
moieties. In fact, the measurements of A,,, (of the 400 nm 
band) as a function dielectric constant of the medium lead to a 
quasi-random relationship. Such behavior is not new to us 
since similar behavior was also observed previously with 
the ~ ~ ( d ~ ~ m ) ~ ~ 0 ~ +  clusters (M = Pd, Pt; dppm = 
((C,H,),P),CH,) @a), where the guest-host chemistry was 
well established with X-ray crystal structures and UV-vis 
spectroscopy (20). 

The binding constants, K,,, were measured for the follow- 
ing ground state associated complexes: compound 1 - pyridine 
and compound 4 - pyridine using UV-visible spectroscopy, 
and toluene as solvent. Typical pyridine concentrations used 
for compound 1 ranged from 0.010 to 0.050 M and, for com- 
pound 4, from 0 to 0.1 1 M. The K,, data were extracted from 
the Benesi-Hildebrand plots (8a,b) and confirm that the asso- 
ciated complexes are 1: 1 stoichiometric complexes. The data 
are as follows: compound 1 - pyridine, Kl,  = 35 t 4 M-I; 
compound 4 - pyridine, K,, 5 1 M-'. The host concentration 
in toluene solutions was kept constant for all measurements 
(the absorbance was -0.454.50 at A,,,). A typical set of 
spectroscopic changes and plots is presented in Fig. 9. The 

increase in K l ,  (335-fold) on going from compound 4 to com- 
pound 1 clearly demonstrates that the w t 6 . . N  interactions are 
present and contribute to the binding. The rigidity could also 
contribute to the increase in the Kl l  value. 

Table 3 compares the 77 K emission lifetimes for com- 
pounds 1-4 in various solvents. For comparison purposes, 
methylcyclohexane was also investigated because of its size, 
its lack of Lewis basicity, its ability to form glass at 77 K 
(when dry), and the solubility of the compounds in this sol- 
vent. It is reasonable to assume that methylcyclohexane is a 
very weak binder within the calix[4]arene cavity. From Table 
3 a clear trend is observed: ~~(methylcyclohexane) > ~,(etha- 
nol) > ~~(butyronitrile). All decay traces were monoexponen- 
tial. By adding pyridine (proven above to be acting as guest 
molecule) up to 20% in volume, the emission lifetimes 
decrease further regardless of the solvent or the compound. 
For instance, compound 1 in ethanol exhibits a decrease from 
1.56 to 0.81 ns, and compound 3 in butyronitrile presents a 
change from 1.85 down to 0.71 ns. This observation is consis- 
tent with the previously reported data for ~ d , ( d ~ ~ r n ) ~ ~ 0 ~ + ,  
which showed that the addition of an interacting substrate 
within the cavity always resulted in a decrease in excited state 
lifetimes (20b). 

The last system investigated is compound 1 quenched from 
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Table 3. Solvent dependence of the emission lifetimes for 
compounds 1-4.".* 

Compound T, Ethanol T, Butyronitrile T, Methylcyclohexane 

"Data in ns (H.05). 
%e values in parentheses are the emission wavelength maxima in nm. 
T o t  measured. 

Fig. 10. Balls and sticks, and space-filling representations of 
two tungsten 0x0 complexes of the tetrakis(phenyldiazeny1)- 
calix[4]arene stacking together in a host-guest fashion. 

the liquid crystal state. Upon heating, the guest D M F  molecule 
escapes the cavity and the host molecule self-assembles in a 
head-to-tail fashion to form an associated material exhibiting 
mesomorphic properties (4). Computer modeling (Fig. 10) 
clearly indicates that W=O.. .W=O close contacts are not 
possible in this self-assembly (the WO.. .WO distance is in the 
order of 4.35 A while the C.. .C contacts are set to 3.55 A, sim- 
ilar to graphite). The  77 K emission band for this material is 
red shifted to  650 nm along with the absorption maxima, 
which is red shifted by 30 nm (at 298 K). The 77 K emission 
lifetime is 1.98 t_ 0.05 ns (compared to 1.56 ns for compound 
1 in its monomeric form). This datum suggests that D M F  binds 
more strongly to  the host molecule than the host itself. This 
result is consistent with the fact that the mesomorphic proper- 
ties vanish when D M F  is added to the material (4), and with 
the fact that the associated structure is mostly based upon 
hydrophobic interactions with little o r  no W anchoring contri- 
bution. 

Concluding remarks 

The  chromophoric centers in these host molecules are the 
diazobenzene fragments with practically no, or very little, per- 
turbation of the metal atoms on the MOs. The  nature of the 
lowest excited states is TIT* > nn*, identical to  that of diazo- 
benzene. The  observed -615 -t 15 nm weak emissions arise 
from an upper singlet TT* state, not from the lowest energy 
triplet n n *  state. Only the 400-900 nm range was investigated. 
The emissions arising from the n n *  states are expected to be 
located above 900 nm. Finally, the photophysical data estab- 

lish that additions of a neutral substrate inside the cavity of the 
calix[4]arene moieties result invariably in a decrease in 7,. 
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Parallel vs. perpendicular alkyne coordination 
in binuclear complexes. The first examples of 
reactivity differences in isomers differing in 
their alkyne coordination modes 

Darren S.A. George, Robert McDonald, and Martin Cowie 

Abstract: The reaction of [Ir,(CO),(dppm),] (dppm = Ph,PCH,PPh,) with dimethyl acetylenedicarboxylate (DMAD) first 
yields [I~~(co)~(~,-~':~~-DMAD)(~~~~)~] (2) in which the alkyne is bound parallel to the metal-metal axis and the 
diphosphines are bound in a trans arrangement at both metals. This metastable isomer slowly rearranges to the stable form, 
[I~~(CO),(~,-~~:~~-DMAD)(~~~~)~] (3), in which the alkyne is now bound perpendicular to the metals and the diphosphines are 
bent back in a cis arrangement at both metals. The analogous species can be prepared by substituting hexafluoro-2-butyne (HFB) 
for DMAD; however, for the HFB adduct the isomer having the parallel geometry is seen only as a transient species; only 
[I~~(CO)~(~,-~~:~~-HFB)(~~~~)~] (5) was isolated. Compound 2 reacts readily with PMe, to yield [Ir,(CO)(PMe,)(p,-CO)(p,- 
Tl:TL-~MAD)(dppm)2], and with CH,OSO,CF, to yield [Ir2(CH,)(CO)2(p,-T':T'-DMAD)(dppm)2][S0,C~,], whereas 3 reacts 
with neither reagent. Both 2 and 3 react with HBF4.0Et2 to yield the respective alkyne-bridged hydrides, [Ir2H(CO)2(p,-Tl:$- 
DMAD)(dppm),:I[BF,] and [I~~H(CO),(~,-~~:~~-DMAD)(~~~~)~~[BF,], in which the gross structural features and the alkyne 
coordination mode of the precursor are retained in each case. The latter species rearranges readily at ambient temperature, via 
migratory insertion, to give the vinyl-bridged product, [ I ~ , ( C O ) , ( ~ , - ~ ' : ~ ~ - R C  = C(H)R)(dppm),][BF,] (R = C0,Me); however, 
the former is inert under these conditions, yielding the above vinyl species together with other decomposition products only upon 
reflux in benzene for several hours. Protonation of the perpendicular hexafluoro-2-butyne adduct also yields the corresponding 
vinyl product, together with decomposition products. The structure of 3, as the methylene chloride disolvate, was established by 
X-ray analysis. Crystal data are as follows. 3.2CH2C1,: C60H54C1406P41r2, monoclinic, P2/c, a = 26.088(5) A, b = 9.896(4) A, c 
= 23.954(3) A, P = 109.27(1)", Z =  4, R(F) = 0.038, R,(F,) = 0.0997 (all data). 

Key words: diiridium alkyne complexes, parallel and perpendicular alkyne coordination. 

RCsumC : La rCaction du [Ir,(CO),(dppm),] (dppm = Ph2PCH2PPh2) avec 1'acCtylknedicarboxylate de dimCthyle (ADDM) 
donne en premier lieu le [I~,(CO),(~,-~':~~-ADDM)(~~~~),] (2) dans lequel I'alcyne est lit5 parallklement B l'axe metal-mktal et 
les diphosphines sont liCs selon un arrangement trans par rapport aux deux atomes mktalliques. Cet isomkre mCtastable se 
transpose lentement pour donner l'isomkre stable [I~,(CO),(~,-~~:~~-ADDM)(~~~~)~] (3), dans lequel l'alcyne se retrouve lik 
perpendiculairement aux deux atomes mCtalliques et les diphosphines sont ramenCs B un arrangement cis au niveau des deux 
atomes mCtalliques. On peut prCparer les espkces analogues en rempla~ant I'ADDM par l'hexafluoro-2-butyne (HFB), 
cependant dans l'adduit HFB, l'isomkre ayant la gComCtrie parallkle semble uniquement une espkce transitoire; on a seulement 
isole le [I~,(CO),(~,-~~:~~-HFB)(~~~~),] (5). Le composC 2 rCagit facilement avec PMe, pour donner [Ir,(CO)(PMe,)(p,- 
CO)(~,-~':~'-ADDM)(~~~~),], et avec CH,OSO,CF, pour donner [I~,(CH,)(CO),(~,-~~:~~-ADDM)(~~~~),] [so,cF,], tandis 
que le composC 3 ne rkagit pas avec aucun de ces rCactifs. Les composks 2 et 3 reagissent avec le HBF,.OEt, pour conduire 
respectivement aux hydrures avec le groupe alcyne en position de pont : [I~~H(co),(~,-~,~:~'-ADDM)(~~~~),][BF,] et 
[I~~H(CO),(~,-~~:~~-ADDM)(~~~~)~:~[BF~], dans lesquels les caractCristiques structurales principales et le mode de 
coordination de l'alcyne du prkcurseur sont retenus dans chacun des case. La dernikre espkce se transpose facilement B la 
temperature ambiante, via une insertion migratoire, pour donner le produit avec un groupe vinyle en position de pont 
[I~~(co)~(~,-~~:~~-RC=C(H)R)(~~~~)~][BF~] (R = C0,Me); toutefois le premier composk est inerte dans ces conditions et 
donne l'espkce vinylique ci-dessus ainsi que d'autres produits de dkcomposition uniquement au reflux du benzkne pendant 
plusieurs heures. La protonation de l'adduit hexafluoro-2-butyne perpendiculaire donne Cgalement le produit vinylique 
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correspondant ainsi que des produits de dtcomposition. On a Ctabli la structure du composC 3 comme produit de solvatation 
double du chlorure de mtthylkne. Les donnCes cristallines sont les suivantes : 3.2CH,C12 : C6,H,4CI,06P41r2, monoclinique, 
groupe d'espace P2/c, a = 26,088(5) A, b = 9,896(4) A, c = 23,954(3) A, P = 109,27(1)", Z =  4, R(F) = 0,038, R,,(F~) = 0,0997 
(tous les donnCes). 

Mots clks : complexes de diiridium alcyne, coordination parallkle et perpendiculaire de I'alcyne. 

[Traduit par la rCdaction] 

Introduction 

The ability of transition-metal complexes to facilitate impor- 
tant transformations of unsaturated substrates has provoked 
much interest in complexes containing coordinated alkynes 
(1-4). In such complexes, coordination to a metal centre 
serves to activate the alkyne group, so it follows that reactivity 
should depend on the nature of the alkyne binding. In binu- 
clear complexes, which constitute the simplest systems in 
which more than one metal can be involved, three simple 
bonding modes can be distinguished. In the first, the alkyne 
can coordinate terminally to one metal, in which case the 
bonding is readily described in terms of the Dewar-Chatt- 
Duncanson model, originally proposed for olefin binding (5) .  
Introduction of the second metal also introduces two alkyne 
bridgin modes, in which the alkyne is oriented either parallel ? to (k-q :ql-coordination), or perpendicular to (k-q2:q2-coor- 
dination), the metal-metal axis. These are sometimes referred 
to as dimetallacyclobutene and dimetallatetrahedrane struc- 
tures, respectively, when there is an accompanying metal- 
metal bond, or cis dimetallated olefins and dimetallabicyclob- 
utanes, respectively, when there is no metal-metal bond. As 
was pointed out by Hoffmann et al. (6), the preference for one 
orientation over the other is a function of the electronic 
requirements of the metals. The parallel-bound alkyne can be 

considered as a neutral two-electron donor (or alternatively as 
a dianionic four-electron donor), while in the perpendicular 
orientation it is normally viewed as a neutral four-electron 
donor, and the preference for one or the other will often 
depend on the number of electrons needed by the metals to 
achieve a favourable electron count. In addition, the bridging 
alkyne can modulate its donor ability by changing binding 
modes upon gain or loss of ancillary ligands, in order to satisfy 
the electron demands of the metals (7). 

Reactions of alkynes with diphosphine-bridged, homo- and 
heterobinuclear complexes of rhodium and iridium have been 
of long-standing interest to this research group (8), with a view 
towards developing an understanding of how the alkyne coor- 
dination mode influences its subsequent reactivity. In the 
majority of diphosphine-bridged complexes characterized, the 
alkyne has been found to coordinate in the parallel orienta- 
tion, although the dirhodium complexes, [Rh,(CO),(p.- 
RC*Ph)(dppm),](dppm = Ph,PCH,PPh,, R = H, Ph) (9), 
are notable exceptions, resembling a number of dicobalt ana- 

logs (10) in having a perpendicular alkyne binding mode. This 
bonding for the dirhodium species is even more surprising 
when comparison is made to the isoelectronic Pd and Pt 
complexes [MMIC1,(k-CF3C2CF3)(dppm),] (MM' = Pd, 
(1 1 ), PtPd (12), Pt, (1 3)), which have a parallel binding mode 
for the alkyne. A metastable isomer of [Rh,(CO),((*.- 
HC=CPh)(dppm),], which was proposed to have a parallel- 
bound alkyne, was prepared from [Rh,(CO),(k-H),(dppm),] 
(9); however, it rearranged readily to the more stable isomer 
having a perpendicular alkyne. 

We undertook a related study, attempting to prepare the 
diiridium alkyne complexes, [Ir,(CO),(k-RC,R)(dppm),] (R 
= CO,Me, CF,). In these target complexes a perpendicular 
alkyne binding mode would result in an Ir(0) oxidation state 
assignment for both metals, whereas the parallel geometry 
could be viewed as giving rise to an Ir(+l) formulation. It was 
felt that by using an alkyne such as dimethyl acetylenedicar- 
boxylate (DMAD) or hexafluoro-2-butyne (HFB), having 
strongly electron-withdrawing substituents, the dianionic for- 
mulation of the ligand and the corresponding Ir(+l) oxidation 
state might be favoured. In this context, it had previously 
been noted in the Pd, complexes, that the parallel alkyne 
geometry had only been obtained with alkynes having elec- 
tronegative substituents (1 lb). In addition, it was reasoned 
that the use of a third-row metal should favour the higher oxi- 
dation state, and the lower lability of Ir compared to Rh may 
assist in deterring any rearrangement from a parallel to a per- 
pendicular alkyne coordination, as occurred in the dirhodium 
system. It was also of interest to establish whether the differ- 
ent alkyne binding modes would give rise to reactivity differ- 
ences. Surprisingly, no study has yet addressed this 
relationship between reactivity and the two different bridging 
modes. 

Experimental section 
All solvents, including deuterated solvents used for NMR 
experiments, were dried, degassed, and distilled before use 
and were stored under N,. Reactions were carried out using 
standard Schlenk procedures. Dinitrogen was passed through 
columns of Ridox and 4A molecular sieves to remove traces of 
oxygen and water, respectively. Carbon monoxide (Mathe- 
son) was used as received. Hydrated iridium(II1) chloride was 
purchased from Engelhard Scientific, ammonium hexachlor- 
oiridate (IV) was obtained from Victoria Precious Metals, and 
bis(dipheny1phosphino)methane (dppm) was purchased from 
Organometallics Inc. Dimethyl acetylenedicarboxylate 
(DMAD) was obtained from Aldrich and stored under N, over 
molecular sieves in the dark. The complex [Ir,(CO),(dppm),] 
(1) was prepared as previously reported (14). All other chem- 
icals were used as received without further purification. 

NMR spectra were recorded on a Bruker AM-400 spec- 
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George et al 

trometer operating at 400 MHz for 'H and ' H { ~ ' P )  spectra and 
at 161.9 MHz for 3 1 ~ { ' ~ )  spectra; ' 3 ~ { ' ~ )  spectra were 
obtained on Bruker WH-200 and AM-400 instruments operat- 
ing at 50.32 and 100.61 MHz, respectively. In these cases an 
internal deuterated solvent lock was employed. Phosphorus 
chemical shifts are reported with respect to external 85% 
H3P04, while carbon and proton shifts are with respect to TMS 
with the solvent as internal standard. Infrared spectra were run 
on a Nicolet 7 199 Fourier transform interferometer, as either 
solids (Nujol mulls on KBr disks) or solutions (KC1 cell win- 
dows, 0.5 mm path length). A Perkin-Elmer 883 infrared spec- 
trophotometer was also employed to monitor the progress of 
some reactions. Elemental analyses were performed by the 
microanalytical service within the department. 

(a) Preparation of [~r~(~~)~(p-q':q'-~~~~)(dpprn)~] (2) 
To a solution of 1 (35 mg, 28.3 kmol) in 4 mL of THF or ben- 
zene was added DMAD (3.6 kL, 29.3 kmol), followed by gen- 
tle warming of the solution in a water bath at 40-45"C, 
resulting in a colour change from orange to intense blue (about 
3 min). The solution volume was then reduced to 1 mL by 
evaporation under a stream of nitrogen. Pentane (10 mL) was 
added, giving a blue microcrystalline precipitate (purple from 
benzene), which was washed twice with 10 mL aliquots of 
pentane and dried, first under nitrogen, then under vacuum. 
Due to the high air-sensitivity of this compound, an elemental 
analysis was not obtained. IR (THF solution): 1934 (s, Ir-CO), 
1701 (s, ester CO) cm-'. NMR (THF, 22"C), 6: 3 1 ~ { ' ~ } :  5.28 
(singlet); 'H: 8.2-6.3 (multiplet, 40H, C6H5), 4.36 and 3.42 
(multiplets, each 2H, CH,), 2.70 (singlet, 6H, CH,); I3c { 'H ) : 
191.0 (singlet, Ir-CO). 

(b) Preparation of [ I ~ ~ ( C O ) ~ ( ~ - ~ ~ : ~ ~ - D M A D ) ( ~ ~ ~ ~ ) ~ ]  (3) 
To a solution of 1 (100 mg, 80.8 kmol) in toluene (10 mL) was 
added one equivalent of DMAD (9.9 kL, 1 1.5 mg, 80.8 kmol). 
An immediate darkening of the orange reaction mixture 
occurred, with a change to dark green within 5 min. The solu- 
tion was then refluxed for 10 min, during which time the 
colour changed to dark blue then to lighter green. Upon slow 
cooling of the mixture to room temperature the green colour 
faded to light yellow, accompanied by formation of a pale yel- 
low microcrystalline solid. Ether (20 mL) was added to com- 
plete precipitation, and the yellow solid obtained was 
recrystallized from CH2C1,-Et,O. The pale yellow powder 
was dried under an N, stream, then under vacuum, yielding 69 
mg (64% isolated yield) of product. IR (Nujol mull): 1938 (vs, 
Ir-CO), 1682 (s, ester CO) cm-'; (CH,Cl, solution): 1943 (vs), 
1690 (s) cm-'. NMR (CD,Cl,, 22"C), 6: 3 ' ~ { ' ~ } :  -12.6 
(singlet); 'H: 7.45-6.87 (multiplet, 40H, C6H5), 5.70, 3.39 
(multiplets, each 2H, CH,), 3.61 (singlet, 6H, CH,); ' 3 ~ { 1 ~ ) :  

173.8 (singlet, Ir-CO). Anal. calcd. for C5,H5,1r,06P4: C 
51.55, H 3.73, found: C 51.78, H 3.94. 

(c) Preparation of [~r~(CO)~(p-q~:q~-~~~)(d~pm)~] (5) 
A 50-mL flask was charged with 100 mg of 1 (80.8 kmol) and 
30 mL of CH,Cl,. Hexafluoro-2-butyne was passed over the 
solution for a few minutes, and the solution was stirred for 4 
days, over which time the solution slowly changed from 
orange to green to brown to orange. The solvent was removed 
under vacuum, and the residue recrystallized from 4 mL of 
benzene and 12 mL of pentane. The yellow precipitate was 

then washed twice with 10 mL of ether. Yield: 43 mg (39%). 
IR (Nujol mull): 1947 (Ir-CO) cm-'; (CH Cl, solution): 1950 

33 (Ir-CO) cm-'. NMR (CD2C12, 22"C), 6: P{ 'H}: -13.1 (m); 
'H: 8.0-6.9 (m, 40H, C6H5), 5.35 and 3.70 (m, each 2H, CH,); 
1 9 ~ :  -48.56 (m). 

(d) Reaction of ! with HFB 
An NMR tube was charged with 1 (21.2 mg, 17.1 kmol) and 
0.5 mL of CD,Cl, and was capped with a rubber septum. 
Hexafluoro-2-butyne (420 kL, 17.0 kmol) was added via 
gas-tight syringe, and the tube was sealed with Parafilm and 
shaken. After 45 min, the orange solution had acquired a slight 
green cast; however, the 3 ' ~ { ' ~ }  NMR spectrum showed only 
starting material. After 1 day, the solution, which had been 
stored under nitrogen, had become a much darker green 
colour, and the NMR showed, in addition to starting material, 
a small amount of compound 5, along with larger quantities of 
the known compound [Ir,(CO) (dp m),] (14) and a new com- 15 P pound4 ( 3 1 ~ { 1 ~ } :  6: 1.31 (s). C{ HI: 190.2 (t, JCP = 5.4Hz, 
Ir-CO). 'H: 3.55 and 3.85 (m, 2H each, CH,)). After 5 days, 
this species had disappeared, leaving only 5 and the tetracar- 
bony1 species, in a 1: 1 ratio. 

(e) Preparation of [Ir2(CO)(PMe3)(p-CO)(p- 
DMAD)(dppm)zI (6) 

To an NMR tube charged with 2 (prepared from 53 mg (42.8 
kmol) of 1) in 0.5 mL of CD,Cl, was added trimethylphos- 
phine (4.5 FL, 43.5 kmol), causing a slow colour change from 
intense blue to a dark olive green, then to brown. This product 
was only characterized in solution owing to its high solubility 
and facile loss of trimethylphosphine. IR (CH,Cl, solution): 
1967 (s, Ir-CO), 1701 (s, Ir-CO, ester CO) cm-I; IR (Nujol 
mull): 1964 (s, Ir-CO), 1702, 1677 (broad, s, k-CO, ester CO) 
cm-'. NMR (CD,Cl,, 22°C); 6: 3 1 ~ { ' ~ ) :  -3.57 (dddd; JAB = 
109.6 HZ, JAC = 64.5 HZ, JAD = 14.6 HZ, JAE = 27.1 HZ), - 
23.66 (dddd; JAB = 109.6 HZ, JBC = 7.9 HZ, JBD = 52.5 HZ, JBE 
= 4.54 Hz), -49.44 (dddd; JAC = 64.5 Hz, JBC = 7.9 Hz, JcD = 
82.2 HZ, JCE = 24.2 HZ), -51.9 (dddd; JAD = 14.6 HZ, JBD = 
52.5 Hz, JcD = 82.2 Hz, JDE = 3.15 HZ), -62.37 (m, PMe3); 'H: 
8.2-6.3 (m, 40H, C6H5), 5.25, 4.55, 3.97, and 3.42 (m, each 
lH, CH,), 2.75 and 2.67 (s, each 3H, CO,CH,), 1.70 (d, 9H, 
P(CH,),); 13c{ 'H 1: 182.8 (m, Ir-CO), 230.3 (t of m; Jcp = 63 
HZ, k-CO). 

(f) Attempted reaction of 3 with PMe3 
An NMR tube was charged with 18 mg (13.3 kmol) of 3 and 
0.5 mL of CD,Cl,. Trimethylphosphine (9.1 kL, 66.3 kmol) 
was added, resulting in no apparent reaction as seen by the 
lack of change in the 3 1 ~ { ' ~ }  NMR spectrum over a 24 h 
period. 

(g) Reaction of 2 with CH303SCF3 
To a solution of 2 (prepared from 30 mg (24.2 kmol) of 1) in 4 
mL of CH,Cl, was added methyl triflate (2.8 kL, 24.7 kmol) 
at -80°C. The solution was stirred for 1 h, during which time 
the solution slowly turned a reddish orange. This was warmed 
to room temperature, and the solution volume reduced to 1 mL 
by evaporation under a rapid stream of nitrogen. The brown 
precipitate obtained by addition of ether (10 mL) was washed 
twice with ether and dried under nitrogen and under vacuum. 
The NMR spectrum of this sample showed it to be chiefly 
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[Ir2(CH3)(C~)2(~-~':~1-~~~~)(dp~m)21[~~3C~31 (7), 
which has been previously characterized (15). IR (CH,Cl, 
solution): 2009 (s), 1980 (s, Ir-CO), 1702, 1683 (broad, ester 
CO) cm-l. NMR (CD,Cl,, 22°C) 6: 3 1 ~ { ' ~ ) :  7.69 (m), -9.34 
(m); 'H: 7.7-7.0 (m, 40H, C6H5), 4.30 and 3.45 (m, each 2H, 
CH,), 3.00 and 2.25 (s, each 3H, CH,), 0.60 (t, 3H, IrCH,); 
1 3 c { ' ~ ) :  193.6 (t, Jcp = 9.16 Hz, Ir-CO), 182.4 (t, Jcp = 7.9 
Hz, Ir-CO). 

(h) Attempted reaction of 3 with CH303SCF3 
An NMR tube was charged with 3 (20.4 mg, 15.1 pmol) and 
0.5 mL of CD2C1?. Methyl triflate (1.8 pL, 15.9 pmol) was 
added, and the mixture allowed to stand for several hours. 
Phosphorus-3 1 NMR showed only slight (5 10%) reaction to 
form 11, probably due to adventitious water. 

(i) Preparation of [ I ~ , ( H ) ( C O ) , ( ~ - ~ ' : ~ -  
DMAD)(~PP~),I[BF,I (8) 

A sample of compound 2 (synthesized as above, from 35 mg 1 
and 3.6 FL of DMAD) was dissolved in 4 mL of CH2C1, and 
cooled to -80°C. Addition of tetrafluoroboric acid - diethyl 
ether complex (4.1 pL, 29.9 pmol) caused a colour change 
from intense blue to dark brown. This mixture was allowed to 
warm to room temperature, and the solvent was removed by 
evaporation under a stream of nitrogen, giving an orange solid 
that was recrystallized from dichloromethane and ether (vlv 
1: lo), and washed twice with ether. Yield: 33 mg (81%). IR 
(Nujol mull): 2022 (vs), 1991 (s, Ir-CO), 1702 (s, ester CO) 
cm-'. NMR (CD2C12, 22°C) 6: 3 1 ~ { ' ~ ) :  11.84 (m), -5.90 (m); 
I 3 c { ' ~ } :  193.3 (t, 2Jcp = 8.95 Hz), 181.5 (broad, Ir-CO): 'H: 
8.0-6.9 (m, 40H, C6H5), 2.41 and 2.34 (s each 3H, CH3), 
-21.54 (t, 2 ~ H p  = 12.2 HZ, 1H). 

Cj) Preparation of [ I ~ , ( C O ) ~ ( H ) ( ~ - ~ ~ : ~ ~ -  
DMAD)(dppm),:lrBF,I (9) 

Carbon monoxide was passed over 5 mL of a CH,Cl, solution 
of 8 (40 mg, 27.7 pmol), resulting in a colour change from 
orange to yellow. The solution was evaporated to 1 mL under a 
steady flow of nitrogen, and the product was precipitated by 
the addition of 15 mL of ether. IR (CH,Cl, solution): 2051 
(m), 2024 (s), 1984 (m, Ir-CO), 1706, 1690 (broad, ester CO) 
cm-'; (Nujol mull); 2019 (broad, Ir-CO), 1695 (broad, ester 
CO) cm-'. NMR (CD,Cl,, 22"C), 6: 3 1 ~ { ' ~ } :  -11.58 (m), 
-26.77 (m); 'H: 8.0-6.9 (multiplet, 40H, C6H5), 4.40 and 4.55 
(multiplets, each 2H, CH,), 2.45 and 2.80 (singlets, each 3H, 
CH3), -12.04 (triplet, 2 ~ H p  = 26.9 Hz, 1H). 

(k) Low-temperature protonation of 2 
An NMR tube was charged with a solution of 2 (prepared from 
2 1 mg (1 7.0 pmol) of 1 and 2.1 pL of DMAD) in 0.5 mL of 
CD2C12 and cooled to -80°C. Triflic acid (1.5 pL, 17.0 pmol) 
was added, causing a colour change from blue to orange. By 
3 ' ~ { ' ~ )  NMR, this solution was shown to contain almost pure 
8 at -80°C with no intermediates detectable. 

(1) Preparation of [ I ~ , ( H ) ( c o ) , ( ~ - ~ ~ : I ~ ~ -  
DMAD)(dppm),l[BF,I (10) 

To a solution of 3 (32 mg, 23.7 pmol) in 2 mL of CH,Cl, 
(cooled to -10°C by a salt-ice bath) was added one equivalent 
of HBF,.OEt, (3.2 pL, 23.3 pmol). The solution changed 
colour from pale yellow to bright yellow immediately, and 

then turned golden brown over the course of about 5 min. This 
solution was stirred for 15 min, and the product precipitated 
by the addition of 20 mL of pentane. The supernatant was 
removed, and the brown precipitate was washed twice with 
pentane, then dried first under a flow of nitrogen, and then 
under vacuum. NMR (CH,Cl,, 22"C), 6: 3 1 ~ { 1 ~ } :  20.24 (m), 
2.44 (m); I 3 c { ' ~ ) :  174.9 (broad, Ir-CO), 167.2 (t, 2 ~ c p  = 8.8 
Hz, Ir-CO); 'H: 8.0-6.9 (m, 40H, C6H5), 4.18 and 3.45 (m, 
each 2H, CH,), 3.45 and 2.75 (s, each 3H, CH,), -21.20 
(t, 1H). 

(m) Preparation of [ I ~ , ( c o ) , ( ~ - ~ ~ : ~ ~ -  
cH3o~cc=c(H)co,cH3)(d~pm>~[BF41(11) 

To a solution of 3 (50 mg, 37.0 pmol) in 15 mL of CH,Cl, was 
added one equivalent of HBF,.OEt, (5.6 pL, 40.8 pmol). The 
solution changed colour from pale yellow to a clear golden 
brown, then quickly changed to clear bright yellow, and was 
stirred for half an hour. The solvent was reduced to about 1 mL 
by evaporation under a steady stream of nitrogen, and the 
compound precipitated by the addition of 15 mL of ether. The 
supernatant was removed, and the yellow precipitate was 
washed twice with ether. Yield 33 mg (62%). IR (Nujol mull): 
1984, 1961 (vs, Ir-CO), 1656 (s, ester CO) 1552 (s, C = C  
stretch) cm-'; (CH,Cl, solution): 2004, 1978 (s, Ir-CO), 1710, 
1688 (m, ester CO) 1550 (m, C=C) cm-'. NMR (CD,Cl,, 
20°C), 6: 3 ' ~ { 1 ~ ) :  -8.45 (apparent triplet, JAB = JAc = 44.5 
HZ), -9.68 (ddd, JAB = 44.5 HZ, JBC = 3.5 HZ, JBD = 9.2 HZ), 
-18.96 (ddd, JBC = 3.5 HZ, JAC = 44.5 HZ, JcD = 58 HZ), 
-24.53 (dd, JcD = 58 Hz, JBD = 9.2 Hz); 'H: 7.7-6.8 (m, 40H, 
C6H5), 6.47, 5.39,4.36 and 4.04 (m, each lH, CH,), 4.62 (m, 
vinyl), 3.18 and 2.42 (s, each 3H, CH,); I 3 c { ' ~ ) :  176.00, 
175.39 (m, Ir-CO, Jcc = 9.41 Hz), 194.45, 175.21 (m, ester 
CO); Anal. calcd. for C58H5508BF41r2P4: C 48.27, H 3.84, 
found: C 47.77, H 3.54. 

(n) Low-temperature protonation of 3 
An NMR tube was charged with 3 (17.1 mg, 12.7 pmol) and 
0.5 mL of CD,Cl, and cooled to -80°C. Triflic acid (1.1 pL, 
12.4 pmol) was added, causing a colour change from pale 
yellow to bright yellow. The NMR of this yellow solution 
showed the presence of one symmetrical species (-70°C), 6: 
3 1 ~ { ' ~ ) :  -14.41 (s). 1 3 c { ' ~ ) :  170.33 (s). 'H: 20.0 (s, lH), 
6.61 and 3.93 (broad, 2H each, CH,), 3.38 (broad, 6H, 
CH,)). Allowing this to warm up to -20°C caused it to con- 
vert to compound 10, which, in turn, converted to compound 
11. 

(0) Attempted protonation of 5 
To an NMR tube containing 10.0 mg (7.3 pmol) of 5 dis- 
solved in 0.5 mL of CD,Cl, was added 1.0 pL (7.3 pmol) of 
HBF,.OEt,. The 3 1 ~ { 1 ~ )  NMR spectrum showed the appear- 
ance of four resonances reminiscent of 11 after several hours. 
However, upon further standing a number of unidentified 
decomposition products began to appear. Based on the 
3 1 ~ { 1 ~ )  and 'H NMR spectra of the initial product, this spe- 
cies was shown to be the analogue of l l ,  namely, 
[I~,(CO),(~-~':~~-CF,C=C(H)CF,)(~~~~)~~~ [BF,]. Owing 
to its instability this product was not characterized further. 
NMR (CD,Cl,, 20°C), 6: 3 ' ~ { ' ~ ) :  -8.67 (apparent triplet, 
JAB = JAc = 44.9 HZ), -9.46 (ddd, JAB = 46.2 HZ, JBC = 3.4 
Hz, JBD = 13.5 Hz), -16.25 (doublet of unresolved multiplets, 
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Table 1. Crystallographic experimental details. 

A. Crystal data 

Formula 
Formula weight 
Crystal dimensions (mm) 
Crystal system 
Space Group 
Unit cell parametersa 

a (A) 
b (A) 
c (A) 
P (deg) 
v (A3) 
z 

Pcalcd (g cm-3) 
F (mm-') 

B. Data collection and refinement conditions 

0.82 x 0.22 x 0.05 
Monoclinic 
P2/c (No. 13) 

Diffractometer 
Radiation @[A]) 
Monochromator 
Temperature ("C) 
Scan Type 
Data collection 28 limit (deg) 
Total data collected 
Independent reflections 
Number of observations (NO) 
Structure solution method 
Refinement method 
Absorption Correction method 
Range of absorption correction factors 
Data/restraint/parameters 
Goodness-of-fit (S)' 
Final R indices' 

F: > 2o(F:) 
All data 

Largest difference peak and hole 

Enraf-Nonius CAD4b 
Mo Ka (0.71073) 
Incident-beam, graphite crystal 
22 
8-28 
50.0 
10446 (0 < h 1 3 0 ,  0 I k I l l ,  -28 1 1 2 2 8 )  
10202 
6943 (F: 2 213~:)) 
Patterson (location of Ir atoms) 
Full-matrix least-squares on F' (SHELXL-93C) 
DIFABS~ 
1.2760.832 
101 87 [F: 2 -3o(F:)]/O/685 
1.027 [F: 2 -3o(~:)] 

R, = 0.0380, wR, = 0.0814 
R, = 0.0926, wR, = 0.0997 
0.922 and -0.958 e A-3 

"Obtained from least-squares refinement of 24 reflections with 19.9' i 28 i 22.9'. 
bPrograms for diffractometer operation and data collection were those supplied by Enraf-Nonius. 
'G.M. Sheldrick. SHELXL-93. Program for crystal structure determination. University of Gottingen, 

Germany, 1993. Refinement on F: for all reflections except for 15 having F: < -30(F:). Weighted R- 
factors wR, and all goodness of fit S are based on F:; conventional R-factors R, are based on F,, with F, set 
to zero for negative F:. The observed criterion of F: > 20(FO2) is used only for calculating R,, and is not 
relevant to the choice of reflections for refinement. R-factors based on F: are statistically about twice as 
large as those based on F,, and R-factors based on ALL data will be even larger. 

Reference 16. 
'S = [Cw(F: - F:)'l(n - p)]'R (n = number of data; p = number of parameters varied; w = [d(FO2) + 

(0.0.376P)2 + 20.0739P]-' where P = [Max(Fo2,0) + 2F:]/3). 
'R, = CllF,I - IF,IIEIF,I; wR, = [Cw(F? - F:)2E~(F:)]'R. 

J = 52.4 Hz), -22.59 (broad unresolved multiplets); 'H: 7.7- 
6.8 (m, 40H, C6H5), 5.85, 5.33, 4.38, and 3.80 (m, each lH, 
CH,), 4.65 (m, vinyl). 

X-ray data collection 
Diffusion of ether into a concentrated CH,Cl, solution of com- 
plex 3 produced yellow prismatic crystals, several of which 
were mounted and flame-sealed in glass capillaries under N, 
and solvent vapor to minimize decomposition and (or) solvent 

loss. Data were collected on an Enraf-Nonius CAD4 diffrac- 
tometer using Mo Ka radiation. Unit-cell parameters at 22°C 
were obtained from a least-squares refinement of the setting 
angles of 24 reflections in the range 19.9" 5 20 5 22.9". The 
monoclinic diffraction symmetry and the systematic absences 
(h011# 2n) were consistent with the space groups PC or P2/c 
(the latter was confirmed as the correct space group by the suc- 
cessful solution and refinement of the structure). 

Intensity data were collected as outlined in Table 1. Three 
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Table 2. Atomic coordinates and equivalent isotropic displacement parameters. 

(u) Molecule 1 (b) Molecule 2 

Atom x Y z uc,,A2 x Y z ue,, A2 

Anisotropically-refined atoms are marked with an asterisk (*). The form of the anisotropic displacement parameter is: exp[-2rr'(h2n*'~,, + /?b*'~,, t 
~'c*~u,,  + 2klb*c*U2, + 2hla"c*U,, + 2likn*b*U,,)]. 

reflections were chosen as intensity standards, being remea- 
sured after 120 min of X-ray exposure time. Although one of 
these standards lost 10% of its original intensity, the other two 
remained constant; recentering the crystal did not lead to a sig- 
nificant change in intensities. Since this intensity loss was not 
uniform a decomposition correction was not applied to the 
data. Absorption corrections were applied to the data accord- 
ing to the method of Walker and Stuart (16). 

Structure solution and refinement 
The structure of 3 was solved in the space group P21c using 
standard Patterson and Fourier techniques. The unit cell was 
found to contain two independent molecules of 3, each located 
on a crystallographic twofold axis (vide infra). The structure 
was refined on F~ using full-matrix least-squares  method^.^ 
Positional parameters for the hydrogens attached to the carbon 
atoms of the complex and solvent molecules were calculated 
from the geometries about the attached carbon. These hydro- 
gens were given thermal parameters 20% greater than the 
equivalent isotropic B's of their attached atoms, and included 
as fixed contributions. 

The final model for complex 3, with 685 parameters varied, 
converged to a value of R = 0.038. The positional and thermal 
parameters for the non-hydrogen core atoms are given in Table 
2, and selected bond lengths and angles are given in Tables 3 
and 4, respectively.3 

Programs used were those of SHELXL-93 by G.M. Sheldrick, 
University of Gottingen, Germany, 1993. 
Tables of atomic coordinates for all atoms, a complete listing of 
bond lengths and angles, anisotropic thermal parameters, derived 
positions for the hydrogen atoms, and ORW diagrams of molecule 
2 of complex 3 are available as supplementary material and can be 
purchased from: The Depository of Unpublished Data, Document 
Delivery, CISTI, National Research Council Canada, Ottawa, 
Canada KIA 0S2. Bond lengths and angles and hydrogen 
positions have also been deposited at the Cambridge 
Crystallographic Data Centre and can be obtained on request from 
The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 lEZ, United Kingdom. Structure factors are no longer being 
deposited and can be obtained on request from the author. 

Table 3. Selected interatomic distances (A). 

Distance 

Atom 1 Atom 2 Molecule 1 Molecule 2 

Ir( 1) Ir( 1 ') 2.6695(7) 2.6612(7) 
Ir( 1)  P(l) 2.327(2) 2.330(2) 
Ir( 1) p(2') 2.3 14(2) 2.3 15(2) 
Ir( 1) c(1) 1.867(9) 1.855(9) 
Ir( 1) C(2) 2.065(7) 2.077(8) 

c(2') 2.098(8) 2.1 lO(7) 
FYI) c(5) 1.849(8) 1.834(7) 
p(2) c(5) 1.828(8) 1.847(7) 
o(1) c(1) 1.158(10) 1.159(9) 
o(2) c(3) 1.182(10) 1.2 17(9) 
o(3) (33) 1.327(11) 1.335(9) 
O(3) (34) 1.441(12) 1.433( 10) 
c(2) c(2') 1.43(2) 1.428( 15) 
c(2) (33) 1.476(11) 1.447(11) 

Primed are related to unprimed atoms via the crystallographic twofold 
axis at (0, y, -%) in molecule 1 and at (%, y, %) in molecule 2. 

Along with two dichloromethane molecules of crystalliza- 
tion, the asymmetric unit in the structure of complex 3 con- 
tains half of each of two crystallographically independent 
molecules; the molecules are essentially mirror images of each 
other. Molecule 1 is generated by rotation of the unique moi- 
ety containing Ir(1) about the twofold axis at 0, y, -%I, while 
rotation of the corresponding unit containing Ir(2) about the 
twofold axis at %, y, '/4 generates molecule 2. The tables of 
bond lengths and angles list parameters for both independent 
molecules side-by-side; it can be seen that there are no signif- 
icance differences between the geometries of the two. 

Results and compound characterization 

The addition of one equivalent of dimethyl acetylenedicarbox- 
ylate (DMAD) to a solution of [Ir2(CO)3(dppm)2] (1) in tolu- 
ene produces an initially deep blue-green solution containing 
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Table 4. Selected interatomic angles (deg). 

Angle 

Atom 1 Atom 2 Atom 3 Molecule 1 Molecule 2 

Primed are related to unprimed atoms via the crystallographic twofold 
axis at (0, y, -3) in molecule 1 and at (%, y, %) in molecule 2. 

[~r~(~~),(p--q~:-q'-~~~~)(d~~rn)~] (2), which has been 
assigned the structure shown above. The 3 1 ~ ( 1 ~ ~  NMR spec- 
trum of this species shows a singlet at S 5.28, indicative of only 
one chemical environment for the phosphorus nuclei, and the 
'H NMR spectrum shows signals for two different types of 
methylene protons (multiplets at 6 4.36 and 3.42) and a singlet 
at 6 2.70 for the methyl protons of the alkyne ligand, in a 2:2:6 
ratio of intensities, implying front-back asymmetry in the 
complex and a symmetrical orientation of the alkyne. The 
1 3 c ( ' ~ )  NMR spectrum of species 2 (prepared by the addition 
of DMAD to L 3 ~ ~ - e ~ i c h e d  compound 1) shows a singlet at 6 

191.0, with no resolved coupling to the phosphorus atoms 
bound to iridium ( , J , - ~  < 2 HZ). NO additional resonances are 
observed, confirming that 2 contains only a pair of equivalent 
CO groups. The carbonyl stretch, at 1934 cm-I, is consistent 
with the geometry shown; unfortunately, a C=C stretch due 
to the coordinated acetylenic moiety (which would usually be 
observed in the region 155G1650 cm-I) could not be identi- 
fied. Although these data alone do not distinguish between a 
formulation for the complex in which the alkyne is coordi- 
nated as a cis-dimetallated olefin or one containing a dimetal- 
latetrahedrane unit, crystallographic characterization of 
complex 3, which is subsequently formed from 2 (vide infra), 
confirms the latter geometry for 3, implying a different geom- 
etry for 2. Species 2 is thus an isoelectronic analogue of the 
structurally characterized compounds [MMIC1,(p- 
HFB)(dppm),] (MM' = Pd, Pt; HFB = hexafluoro-2-butyne) 
(1 1-13) and is also analogous to the rhodium species 
[Rh,(CO),(p-HC,Ph)(dppm),], previously reported (9b). 

Compound 2 is unusual in that, although diphosphine- 
bridged rhodium or iridium A-frame complexes containing 
two terminal carbonyls and a dianionic bridge are well known 
(e.g., [MM'(CO),(p-S)(dppm),I, MM' = Rh2 (17 ,  Ir2 ( 1 0  
RhIr (19)), this is one of the few cases in which an alkyne is 
spanning the metals with no metal-metal bond or other bridg- 
ing atoms present. Most of the previous examples do not 
involve bridging dppm ligands and have the alkyne in a per- 
pendicular arrangement (20). Only the dppm-bridged com- 
plexes of Pd, (1 l), PtPd (12), Pt, (13), and Rh, (9b) have a 
parallel-alkyne arrangement and fit into this category. The 
only examples in which an alkyne is parallel in the absence of 
metal-metal bonding, but in which there are no dppm groups, 
are [I~,(NO>,(PP~~>,(CL-HFB),I (21) and [Pt,(coD)2(~- 
HFB),)] (22), which in fact have two parallel, bridging 
alkynes. Although the dirhodium compound has a structure 
exactly analogous to 2, it was apparently not obtained from the 
reaction of the analogous tricarbonyl dirhodium precursor, but 
was obtained in the reaction of [Rh,(CO),(p-H),(dppm),] with 
two equivalents of phenylacetylene, yielding styrene as the 
other product. Presumably, the metastable dirhodium analogue 
was not observed in reactions of [Rh2(C0)3(dppm)2] because, 
under the refluxing conditions necessary for reaction to be 
observed, facile transformation to the perpendicular-alkyne 
complex is expected. Related bis(dimethy1phosphino)meth- 
ane-bridged dirhodium complexes of formula [Rh,(CO),(p- 
RCCR)(dmpm),] (R = CO,Me, CF3) have also been reported 
(8k) but the orientation of the alkyne group could not be 
unequivocally established based on the spectroscopic data. 
However, the dark purple colour of these dmpm species is rem- 
iniscent of both complex 2 and its Rh, analogue, suggesting a 
parallel alkyne arrangement for these products also. 
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Fig. 1. Perspective view of one of the two crystallographically independent [Ir,(CO),(k- 
CH30,C---C0,CH,)(dppm)2] molecules (molecule 1) showing the atom labelling 
scheme. Primed atoms are related to unprimed ones via the crystallographic twofold axis 
(0, y, -%) bisecting the Ir(1)-Ir(l f) and C(2)-C(2') bonds. Non-hydrogen atoms are 
represented by Gaussian ellipsoids at the 20% probability level. Hydrogen atoms are 
shown with arbitrarily small thermal parameters for the carboxymethyl (C(4), C(4')) and 
dppm methylene (C5, C(5')) groups, and are not shown for the dppm phenyl groups. 

Solid samples of 2 are stable indefinitely in the absence of 
air, but slowly (1-2 days) turn to light orange-yellow in solu- 
tion. Unfortunately, we have not yet succeeded in obtaining X- 
ray quality crystals of 2. The orange-yellow product obtained 
from 2 upon standing has been identified as the isomer 3, in 
which the alkyne now has a perpendicular orientation with 
respect to the metals, as has been established by an X-ray 
study. Compound 3 is obtained routinely in the reaction of 1 
with DMAD in refluxing toluene. 

As noted in the experimental section, compound 3 crystal- 
lizes with two independent molecules (each having a twofold 
axis bisecting the metal-metal and acetylenic C--C bonds). 
Figure 1 gives a view of one molecule showing all non-hydro- 
gen atoms, whereas Fig. 2 is an alternate view in which only 
the ipso carbons of the dppm phenyl groups are shown. Similar 
views for the second molecule, which is essentially identical to 

the first, are given in the Supplementary  ater rial.^ Compound 
3 is structurally reminiscent of the previously characterized 
compounds [Rh ( ~ ~ ) ~ ( p - q ~ : q ~ - ~ h ~ ~ ~ h ) ( d ~ ~ r n ) ~ ]  (9), 

2 5 [Co,(CO),(p-q :q -MeCCMe)(dppm),I (IOU), [CO~(CO)~(IJ-- 
q 2 : - q 2 - ~ h ~ ~ ~ h ) ( d p a m ) , ]  (lob) (dpam = bis(dipheny1ars- 
ino)methane), [Co ( ~ ~ ) , ( p - ~ ~ : q ~ - ~ h ~ ~ ~ h ) ( d ~ ~ m ) ]  (lob), 3 and [Co2(CO),(p-q : q 2 - ~ ~ C ~ ) ]  (R = Ph (lOc), But (lad)), 
having alkyne ligands oriented essentially perpendicular to the 
metal-metal bond. This binding mode of the DMAD ligand in 
3 is accommodated by a bending back of the diphosphine 
ligands (P(1)-Ir-P(2') = 98.32(8)"(98.70(8)0)~ as observed in 

In discussions of the structure, the first number given refers to 
molecule 1 and the number following, in parentheses, refers to 
molecule 2. 
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George et al. 

Fig. 2. Alternate view of molecule 1, with only the ipso carbons of the dppm phenyl 
groups shown. 

several of the above alkyne-bridged species, as well as in 
the complexes [Ir,(H),(CO),(k-SiRPh)(dppm),] (R = H, 
Ph) (29 ,  [Rh2(CO)2(~-SiHR)2(dppm)21 (R = Et, Ph) 
(241, [Rh2C1,(~-X),(dppm),1 (X = C1, CH3C02, Ph2P(C6H4) 
(25), [(R~(PNP)),(~--q':-q1~~~~)(CL-~~~)2] (PNP = 
(MeO),PN(Me)P(OMe),) (26), [Pt,Me,(dRpm),] (dRpm = 
dppm, dmpm) (27), and [Ir2(CNC6H3Me2)4(dmpm)21 (28). 
Although a number of species having this diphosphine 
arrangement have been characterized, this nevertheless consti- 
tutes a relatively uncommon class of complexes (see also ref. 
29). A number of complexes have also been characterized in 
which a cis arrangement is observed at one metal while the 
more normal trans arrangement is found at the other (30). 

The coordination geometry about Ir(1) can be described as 
distorted trigonal bipyramidal, with C(l) and Ir(1') acting as 
axial ligands while P(1), P(2'), and the C(2)-C(2') unit (the 
latter being viewed as a neutral two-electron IT donor to each 
of Ir and Ir') occupy the equatorial sites. Distortions from this 
model, especially the severely acute Ir(1')-Ir(1)-C(2) and 

I 

Ir(1')-Ir(1)-C(2') angles 50.7(2)" (5 1.1(2)") and 49.6(2)" 
(50.0(2)"), respectively, and the offset of the terminal carbonyl 
group C(1)0(1) from the Ir-Ir axis (Ir(1')-Ir( 1 )-C(l) = 
157.4(3)", (157.2(2)")), result from the bridging geometry of 
the alkyne. The deviation of the carbonyls from the Ir-Ir' axis 
can be readily rationalized in terms of a "bent" metal-metal 

interaction as diagrammed below. In this view the axial site at 
each metal, opposite the carbonyl group, is the orbital that 
gives rise to the Ir-Ir bond. The tilting of the (alkyne) IrP, 
planes together with the Ir-CO vectors is suggestive of such a 
"bent" overlap. This view is not unlike that held for the carbo- 
nyl-bridged isomer of CO,(CO)~ (31), which has a very similar 
structure to that of the present species, with two bridging car- 
bonyls replacing the alkyne bridge, and is supported by more 
recent theoretical studies (6, 32). 

As expected, coordination to the metal centres has resulted 
in a change in the geometry of the DMAD group as a result of 
rehybridization of the acetylenic carbons. Furthermore, the 
acetylenic C(2)--C(2') distances of 1.43(2) A (1.43(2)A) are 
much longer than observed in structures having the parallel 
geometry, in which values of near 1.34 A, consistent with a 
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dimetallated olefinic formulation for this group, are normally 
observed (6, 8, 10, 33-39). These distances are even substan- 
tially longer than that reported (1.33(1) A) in the dirhodium 
analogue (9) and in a number of related species (10, 40-43) 
having a bridging diphenylacetylene group, where distances 
near 1.35 A appear typical. These distances in 3 are compara- 
ble to those between the acetylenic and carboxylate carbons 
(C(2)-X(3) = 1.48(1) A (1.45(1)A)), and as such are consis- 
tent with a loss of much of the multiple-bond character. The 
perpendicular binding mode is known to be more effective at 
lowering the alkyne bond order than the parallel mode, as seen 
from the significantly lower acetylenic C-C stretches in the 
IR s ectra of the former (from ca. 1530-1642 cm-' to ca. 1425 P c m  ). This can be understood on this basis of electron dona- 
tion from both orthogonal TT orbitals in the former case and 
concomitant TT back-donation into both TT* sets. In the parallel 
mode one TT bond remains intact and essentially unperturbed. 
The rehybridization at the alkyne carbons is also seen by the 
C(2')-C(2)-C(3) angles of 126.8(5)"(129.1(5)"), which are 
distinctly more acute than is usually observed (133-145"); 
only [ c o ~ ( c o ) ~ ( ~ - ~ ~ : ~ ~ - c ~ F ~ ) ]  (C6F6 = 3,4,5,5,6,6-hexaflu0- 
rocyclohexa- 1 -yne-3-ene) (44) possesses smaller Cac-Cac-R 
angles (1 18(2)", 122(2)"), probably due to their endocyclic 
nature. In contrast, the closely related compound 
[R~,(CO),(~-~~:~~-P~CCP~)(~~~~),] shows a separation of 
only 1.33(1) A between the acetylenic carbons, and the Cac- 
Ca,-R angles (133.0(8)" and 134.2(8)") are normal (9). Overall 
the Ir,C, core of 3 can be described as a dimetallatetrahedrane 
unit, with the distortions from this model (especially from the 
ideal bond angles of 60") arising mainly due to the inherent 
inequality of the Ir-Ir, Ir-C, and C--C bond lengths. 

The Ir(1)-Ir(lf) distances of 2.6695(7) (2.6612(7)) A are 
the shortest so far observed within the class of similar diphos- 
phine-bridged systems involving these metals, for which the 
metal-metal distances usually fall within the range 2.77-2.89 
A (8b, 8g, 12, 38,45); the distances observed herein are more 
comparable to that found in another ~ ~ n d i c u l a r - a l k y n e  
bridged complex, [Ir2(C0),(PPh3),(~--q .r( -PhCCH)] (Ir-Ir 
= 2.691(1) A) (46) and to the Rh-Rh distance of 2.644(1) A 
in [R~,(CO),(~-~~:~~-P~CCP~)(~~~~),] (9). Presumably the 
short metal-metal separation is a consequence of the bite 
imposed by the alkyne bridge, which requires a decreased Ir- 
Ir distance in order to maximize Ir-Ir and Ir-C overlaps, as 
mentioned above. In spite of the short metal-metal separation 
and the long distance between acetylenic carbons (vide supra), 
the Ir - alkyne carbon distances (2.065(7) - 2.1 lO(7) A) are 
within the range previously observed (2.05-2.13 A) for irid- 
ium atoms bound to alkyne residues in related systems 
(8b,d,g,h). The Ir-P distances are similar to those observed in 
other Ir,(dppm), complexes, and despite the short Ir-Ir dis- 
tance and the tilting of the equatorial planes at the metals, the 
intraligand P...P separations (3.059(3) A (3.069(3) A)) are 
normal. 

The spectral data for the two isomers 2 and 3 serve to clearly 
distinguish the two. In the 3 1 ~ { 1 ~ }  NMR spectra the reso- 
nances for these species differ by almost 18 ppm. However, 
both appear as singlets owing to the chemical equivalence of 
the four phosphorus nuclei in both compounds, so yield no fur- 
ther structural information. The upfield chemical shift seen in 
the 1 3 c { ' ~ ]  NMR spectrum on proceeding from 2 to 3 (6 
19 1.10, 173.8) is unexpected in the context of the metal oxida- 

tion states. The lower oxidation state of Ir in compound 3 (0 
versus +1) should give rise to more TT back-donation to the 
carbonyls and a concomitant downfield I3c shift (47). We pro- 
pose that the alkyne group in the perpendicular mode func- 
tions as a better 7~ acceptor by virtue of using both orthogonal 
sets of T* orbitals. The lower electron density remaining for TT 

back-donation to the carbonyls is then manifest in the upfield 
I3c shift for the carbonyl resonances in 3. Such an argument is 
also consistent with the solution IR spectra, which show a 
somewhat higher frequency carbonyl stretch for 3 (1943 cm-I) 
than for 2 (1934 cm-I). Of course, metal oxidation state 
assignments in such species are somewhat artificial, and 3 
could equally well be viewed as a metallatetrahedrane com- 
plex having localized Ir-C a bonds to the carbon atoms, in 
which case-the metals could be viewed as Ir(+2). 

\ ,  

The analogous hexafluoro-2-butyne complexes, 
[I~,(co),(~-~~:~~-HFB)(~~~~),] (4) and I ~ ~ ( C O ) , ( ~ - ~ ~ : ~ ~ -  
HFB)(dppm),] (5) are prepared much as are the DMAD com- 
pounds, by reaction 1 with the alkyne. However, unlike the 
DMAD reaction, the reaction with HFB is very slow at ambi- 
ent temperature, and only the final product 5 can be isolated. 
~ntermediate 4, analogous to the blue species 2, appears at 
intermediate times (giving solutions a green tinge) but is 
always obtained together with varying amounts of starting 
material 1 and product 5. Attempts to synthesize analogs of 
these parallel and perpendicular alkyne compounds, using 
alkynes such as phenylacetylene and diphenylacetylene, gave 
no indications of reaction at ambient or slightly elevated tem- 
peratures, even after 24 h. Refluxing compound 1 in the pres- 
ence of these alkynes resulted in a large number of 
unidentified decomposition products. 

Although conversion from the parallel to the perpendicular 
alkyne-bridged coordination is irreversible in these com- 
pounds, the reversible transformation has been observed in a 
number of cases; the first examples were accompanied by 
ligand loss or gain (7), but recently two reports have appeared 
in which two isomers differed in their orientations of the 
alkyne groups (8n, 20a). In the former examples it is difficult 
to compare alkyne reactivities, owing to the differing ancillary 
ligand counts, however, such a comparison should be more 
meaningful in the isomeric compounds, where at least the 
ancillary ligands are the same. In a previous study on two 
RhMn-containing isomers, which differed in their alkyne 
binding, protonation gave different intermediates, but the 
same final product (8n). Compounds 2 and 3 in this paper offer 
another opportunity to compare the reactivities of an alkyne 
group in the two bridging coordination modes, since both spe- 
cies can be isolated free of the other. To our knowledge, no 
other study comparing such reactivities has been reported. 

Possibly the most obvious difference in the two isomers (2 
and 3) relates to the electron counts at the metals. With the 
alkyne functioning as a 2-electron donor in 2 the metals each 
have a 16-electron count, whereas in 3, in which the alkyne is 
a 4-electron donor, both metals are saturated. This difference 
shows up clearly in the attempted reactions with PMe3. 
Whereas compound 3 shows no reaction with excess PMe3 
over extended periods of time, compound 2 reacts readily with 
one equivalent of the phosphine to yield the adduct 
[Ir2(CO)(PMe3)(p-CO)(p-DMAD)(dppm),] (6) .  This product 
displays five 31P{1H} resonances for the chemically distinct 
phosphorus nuclei. The maximum coupling between these 
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nuclei is found to be ca. 1 10 Hz, indicating a cis arrangement 
of the phosphines at each metal; by comparison, trans phos- 
phines in such systems typically show coupling of ca. 300 Hz. 
The 1 3 ~ { 1 ~ ' ]  NMR spectrum shows one terminal carbonyl 
resonance at 6 182.8 and one due to the bridging group at 6 
230.3. This latter resonance displays large coupling (63 Hz) to 
PA and P,, indicating that these phosphorus nuclei are almost 
trans to this carbonyl (by comparison, cis 2 ~ p _ C  values are 
typically less than 15 Hz). Movement of the one carbonyl from 
a terminal to a bridging site presumably results from the steric 
crowding upon coordination of PMe,. We assume that this is 
also a major reasons for the transformation from trans to cis 
diphosphine groups that occurs. Complex 6 is chiral, but will 
be present as a racemic mixture, resulting from PMe, attack at 
either metal. 

Attempts to generate a tricarbonyl species analogous to 6 by 
reacting 2 or 3 with CO failed, as no reaction was observed in 
either case. A species, believed to be a tricarbonyl, alkyne- 
bridged complex, was observed at intermediate times in the 
reaction of 1 with DMAD, having all carbonyls terminal 
( ' 3 ~ { ' ~ ]  NMR, 6: 199, 183, 178). However, owing to its fac- 
ile loss of CO to yield 2, this intermediate was incompletely 
characterized. 

We next turned our attention to the reactions of 2 and 3 with 
the electrophiles, CH3+ and H', in attempts to obtain alkyl and 
hydride products. It was hoped that the alkynes in the two dif- 
ferent bridging modes might display different tendencies to 
undergo migratory insertion with the alkyl or hydride moi- 
eties. Compound 2 reacts with methyl triflate to yield the alkyl 
product [Ir2(CH3)(CO)2(p,-DMAD)(dppm)2 I [S03CF31 (7), 
having the structure diagrammed below. This product is iden- 
tical to the product previously obtained in the reaction of 

[Ir2(CH3)(CO)(p,-CO)(dppm)2.1 [S03CF3] with DMAD (15) 
and is the product expected from electrophilic attack at a filled 
d,, orbital on one of the metal centres in 2. All spectroscopic 
parameters are consistent with the structure shown. No migra- 
tory insertion of the alkyne and the methyl group has been 
observed in this or the previous study, in spite of a favourable 
mutually cis arrangement of the two groups. 

Surprisingly perhaps, compound 3 does not react with 
methyl triflate. We had expected that the 18e, formally Ir(0) 
centres would be susceptible to electrophilic attack, but this 
appears not to be case with Me'. Possibly the reaction is inhib- 
ited by more severe steric crowding than is present in 2. 

Protonation also proceeds differently for the two isomers. 
Reaction of 2 with HBF4.0Et2 yields the hydrido species 
[Ir2H(CO)2(p,-DMAD)(dppm)2~l [BF,] (8) as shown in Scheme 
1. The hydride is shown to be terminally bound to one metal, 
displaying coupling to only two adjacent ,'P nuclei. An alter- 
nate structure, in which the carbonyl and hydride ligands on 
one metal are interchanged, is ruled out for two reasons. First, 

the structure shown is analogous to that of the previously char- 
acterized methyl complex 7 (15), with both species having 
very comparable spectral parameters, and second, the reaction 
of 8 with CO yields the tricarbonyl [Ir2H(C0),(p,- 
DMAD)(dppm)21[BF41 (9), in which the hydride ligand 
remains adjacent to the DMAD unit. If complex 8 had the 
alternate geometry, its product upon reaction with CO would 
be the isomer 9b, which has the hydrido ligand opposite the 
alkyne; this latter product has been previously characterized 
(48) and is clearly distinguishable from 9. No migratory inser- 
tion of the alkyne and hydrido ligands in 8 is observed at ambi- 
ent temperature in spite of their mutually cis arrangement. 
However, refluxing 8 in benzene for several hours yielded a 
mixture of products, one of which (in approximately 50% 
yield) was identified as the migratory insertion product 11 
(vide infra). 

Compound 3 reacts readily with HBF4.0Et2 at -10°C to 
yield [Ir2H(CO)2(p,-DMAD)(dppm)2][BF4] (10) in which the 
hydride group is found to be terminally bound to one metal. 
Although the orientation of the alkyne group is equivocal, the 
facile conversion from 3 suggests that it has remained perpen- 
dicular to the metals. As such, compound 10 resembles the 
isoelectronic species [R~M~(CO),(~,-~~:~~-RC~R)(~~~~)~] 
(R = C02Me, CF,) (8n), in which the "Mn(CO)," moiety is 
replaced by "IrH(CO)+". In addition, the final product (11) in 
the subsequent transformation of 10 is shown to also have a 
cis-diphosphine arrangement, so it seems likely that the 
diphosphines have remained cis in the transformation 3 to 10 
to 11. The appearance of two methyl resonances seems at first 
to be inconsistent with the structure shown for 10, however, 
reference to Fig. 2 shows that one methyl group is tipped 
towards one metal whereas the second is aimed at the other; 
protonation at one metal would render these methyl groups 
inequivalent. Warming to ambient temperature results in 
the smooth transformation of 10 to [ ~ r ~ ( p , - - q ' : ~ ~ -  
(Me02C)C=C(H)C02Me)(C0)2(dppm)2][BF4] (11) in which 
migration of the hydride to the alkyne group to give a bridging 
vinyl group has occurred. This transformation is accompanied 
by the disappearance of the hydride resonance of 10 and the 
appearance of the vinyl signal at 6 4.62 in the 'H NMR spec- 
trum. Also observed, is the C=C stretch of this vinyl group at 
ca. 1550 cm-'; significantly, none of the alkyne-bridged spe- 
cies displayed the expected C-C stretches for these alkyne 
moieties. The 3 ' ~ { ' ~ ]  NMR spectrum shows four separate 
resonances, consistent with the structure shown, and the max- 
imum coupling (58 Hz) between these nuclei confirms the cis- 
cis diphosphine arrangement. In the ' 3 ~ { ' ~ ]  NMR spectrum 
the carbonyls display a mutual coupling of 9.4 Hz, suggesting 
an arrangement in which both are approximately opposite the 
Ir-Ir bond, facilitating their coupling. 

Protonation of 3 at temperatures below -20°C suggests that 
the initial site of protonation is at the DMAD carboxylate oxy- 
gens, as seen by the low-field shift of the proton at 6 20.0, 
which is consistent with a strongly hydrogen-bonded proton 
(49). Reference to Fig. 2 shows that protonation at these groups 
could easily give rise to a species in which the proton bridges 
both groups. The other spectroscopic parameters ('H, I3c, and 
,'P) are all very similar to those of 3, consistent with protona- 
tion occurring on the periphery of the molecule. Transfer of the 
proton from the carboxylate groups to one of the metals in 10 
would require very little movement of any of the groups. 
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Scheme 1. 

3 

Scheme 2. 

We had hoped that protonation of the HFB analogue ile decomposition to several species did not allow the 
[ ~ r ~ ( ~ ~ ) ~ ( p , - - q ~ : - q ~ - ~ ~ ~ ) ( d ~ ~ r n ) ~ ]  (5) would yield the corre- appropriate heteronuclear decoupling experiments to be 
sponding vinyl product, and that the additional NMR coupling carried out. 
involving the fluorine nuclei would vield additional informa- 
tion aboit  the binding of the vinyl However, although Discussion 
the vinyl product [I~~(co)~(~,--~':-~~-(cF~)c=c(H)cF~) 
(dppm)2-l[BF4] could be identified in the NMR spectra, its fac- At the outset, it was our intention to isolate an iridium ana- 
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logue of the blue, metastable [ R ~ , ( C O ) , ( ~ , - ~ ' : ~ ' -  
RC,R')(dppm),] (9), having a parallel alkyne bonding mode. 
This has been achieved using the activated alkyne, dimethyl 
acetylenedicarboxylate, generating [ I ~ , ( c o ) , ( ~ , - ~ ' : ~ ' -  
DMAD)(dppm),] (2). With the closely related hexafluoro-2- 

, butyne, the analogous product was observed as a transient 
species, but was never isolated. Attempts to prepare the phe- 
nyl- and diphenylacetylene adducts, more closely resembling 
the dirhodium compound, were unsuccessful, with no reac- 
tion observed at mild temperatures and decomposition occur- 
ring under harsher conditions. As anticipated, the 
combination of the activated alkyne and the less labile Ir cen- 
tres allows the isolation of the target species 2, although the 
effect of changing just the alkyne or the metal could not be 
assessed, since activated alkynes were not used in the dirhod- 
ium study. In spite of the extended lifetime of 2, it still slowly 
rearranges (over a 24-48 h period) in solution to the more sta- 
ble isomer 3, having a perpendicular-alkyne bonding mode. 
The greater stability of the perpendicular product can be ratio- 
nalized, at least for the activated alkynes, on the basis that this 
geometry allows the alkyne to function as a better .rr acceptor 
from the electron-rich Ir(0) centres, with donation into both 
orthogonal .rr* orbitals. It should also be noted that the trans- 
formation from 2 to 3 should also be favoured bv increased 
bond formation. In addition to more .rr back-donation, which 
formally corresponds to stronger Ir-C bonds, there is an 
additional metal-metal bond in 3. Both effects should out- 
weigh the concomitant slight weakening of the alkyne C-C 
bond that occurs. This being said, it nevertheless remains a 
mystery that the palladium and platinum analogues, 
[MM'C~,(~,-~~:~~-RC,R)(~~~~),], retain a parallel-alkyne 
geometry (1 1-13). 

Superficially it would appear that rearrangement from 2 to 
3, via alkyne rotation and bending back of the phosphines, 
should be facile. This is not the case, taking up to 48 h in solu- 
tion at ambient temperature. Hoffmann has argued that simple 
alkyne rotation by 90" in these binuclear systems is symmetry 
forbidden (6). We therefore propose that alkyne rotation 
occurs at a single metal centre, as shown in Scheme 2. The 
structures of proposed intermediates A and B are analogous to 
that of 1, having a cis diphosphine arrangement at one metal 
and one carbonyl replaced by an q2-alkyne. The bent-back 
diphosphine arrangement at one metal would facilitate alkyne 
rotation by moving the dppm phenyl rings away from the 
alkyne substituents. Alkyne rotation at a single metal has been 
reported (50), and is presumably analogous to the more studied 
olefin rotation (5 1). In the final step, movement of the perpen- 
dicular alkyne from one metal to the bridging position would 
then be accompanied by bending back ofthe diphosphines at 
the second metal. 

The isolation of the two isomeric forms of [Ir,(CO),(p,- 
RCqR)(dppm),] (R = CO,Me), having either a parallel (2) 
or a perpendicular (3) alkyne-bridged arrangement, has 
allowed an investigation of the reactivity differences of the 
two species. Even the mere exposure to air shows a dramatic 
difference in the two, with the parallel isomer decomposing 
instantly, while the perpendicular isomer is stable indefinitely. 
It is well recognized that the two binding modes give rise to 
differing valence electron counts at the metals. In 2, each metal 
has a 16e configuration so is coordinatively unsaturated, 
whereas the metals are saturated in 3. In keeping with these 

configurations, 2 reacts readily with PMe3, ultimately yielding 
saturated metal centres, whereas 3 fails to react. The product 
of PMe3 attack on 2, [Ir2(CO)(PMe3)(p,-CO)(p,-DMAD)- 
(dppm),] (6), retains the parallel-alkyne bridge although the 
diphosphines adopt a cis arrangement at both metals. Based on 
the data available, it is not possible to rationalize the transfor- 
mation from trans to cis-diphosphines, in which the bridging 
carbonyl and DMAD groups end up in adjacent positions. We 
would have anticipated a trans-diphosphine arrangement, 
having the carbonyl and alkyne on opposite faces of the dimer. 

Although we have rationalized the failure of 3 to react with 
PMe3 as due to the saturation at both metals, this is only part of 
the story, since the analogous [Cp,Rh,(p,-CO)(p,-CF3C2CF3)] 
reacts with nucleophiles, in spite of the saturated metal config- 
urations (4). It was proposed that rotation of the alkyne from 
perpendicular to parallel generates unsaturation, allowing 
ligand coordination. In compound 3 it seems that this alkyne 
rotation is very unfavorable, as noted above, so the metals 
retain their saturated configurations, and do not allow ligand 
addition to occur. 

Not unexpectedly, the electron-rich species 2 and, to a 
lesser extent, 3 react with electrophiles such as CH3+ and H+. 
In 2, an orbital, corresponding to the filled dZ2 orbital on each 
square-planar Ir centre is the obvious site of electrophilic 
attack, and both CH; and H+ react to yield analogous prod- 
ucts [Ir2(E)(CO)2(p,-DMAD)(d~~m)~l+ (E = CH3 (71, H (811, 
in which the electrophile is coordinated at one metal, adjacent 
to the p,-q':q'-alkyne group. In neither case does migratory 
insertion, to give the appropriate vinyl ligand, occur. Although 
insertion involving a bridging alkyne and an alkyl group is not 
common, that involving a hydride is well documented (8k, 8n, 
36, 52), so the failure of 8 to transform to a vinyl-containing 
product is surprising. 

The reactivity of 3 with electrophiles is significantly differ- 
ent from that of 2. First 3 does not react with methyl triflate, 
presumably owing to the greater congestion at the metals 
when the alkyne is perpendicular. Although the smaller proton 
does find access to one of the metals, yielding, at low temper- 
ature, a product analogous to 8 except having a perpendicular 
alkyne and a cis-diphosphine arrangement (see Scheme I), 
warming to ambient temperature results in migratory insertion 
and formation of a vinyl-bridged product (11). The latter 
transformation is not surprising, but the failure of the isomeric 
8 to undergo the analogous rearrangement is curious, particu- 
larly since a number of parallel alkyne-to-vinyl transforma- 
tions have been reported (5 1). The reason for this difference is 
not understood. 

In conclusion, we have for the first time demonstrated that 
the bridged, parallel and perpendicular, alkyne binding modes 
in binuclear complexes can give rise to significant reactivity 
differences. Although the failure of the isomer, containing the 
perpendicular-bound alkyne, to react with PMe3 or 
MeOS02CF3, can be rationalized based on the saturated metal 
configurations or the crowded metal environments, respec- 
tively, the different reactivities of the two isomers upon proto- 
nation remains a mystery. The facile conversion of the 
perpendicular alkyne to a vinyl group upon protonation, is in 
marked contrast to the failure of the ather isomer, in which the 
parallel alkyne is adjacent to the terminal hydride ligand, to 
undergo migratory insertion to give a vinyl group under simi- 
larly mild conditions. 
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Steric effects of bulky phosphines on 
9 5 ~ o  NMR shieldings 

Shuquan Song and Elmer C. Alyea 

Abstract: Three sets of substituted molybdenum carbonyl complexes of the type Mo(CO)~,(PY,), (n = 1-3) with a wide range 
of phosphorus ligands (Y = Ar, R, OR, NR,, C1, H) were synthesized and their respective 9 s ~ o  NMR spectral data were 
collected, The steric effect of PY, plays an unexpectedly important role in the paramagnetic shielding term determining E(~'Mo), 
and is even observed in the least crowded M(CO),(PY,) complexes. It is deduced that the steric requirement reduces the 
commonly accepted a-ability of phosphites by weakening the M-P bonds, making 6 ( 9 5 ~ ~ )  positions move toward higher 
frequency in going from M(CO),(PY,) to fac-M(CO),(PY,),. A detailed correlation analysis in the case of phosphite ligands has 
shown that the free cone space to accommodate a PY, ligand may be as low as 95" in Mo(CO)~,(PY,), (n = 1-3) derivatives. 
The fair linearity of these correlations suggests indirectly that the a-component in phosphite bonding is relatively less important. 
These linear correlations of 6 ( 9 5 ~ 0 )  against the Tolman cone angle 9 provide an empirical estimation of the bulkiness of any 
phosphite ligand. 

Key words: metal-phosphorus bonds, "MO NMR, steric effects. 

RCsumC : On a synthttist trois ensembles de complexes de molybdbne carbonyle substituts du type Mo(CO),,(PY,), (n = 1-3) 
avec une grande varittt de ligands phosphores (Y = Ar, R, OR, NR,, C1, H) et on a recueilli leurs donntes spectrales respectives 
en RMN du 9 5 ~ o .  L'effet sttrique du PY, joue un r6le important inattendu dans le terme de blindage paramagnttique 
dtterminant 6 ( 9 5 ~ 0 ) ,  et on l'observe m2me dans les deniers complexes M(CO),(PY,) encombrts. On en dtduit que 
l'encombrement sttrique rtduit la tendance-a communtment acceptte pour les phosphites en affaiblissant la liaison M-P de 
telle sorte que la position de ~("Mo) se dtplace vers les plus hautes frtquences en allant de M(CO),(PY,) vers fac- 
M(CO),(PY,). Une analyse dttaillke de corrtlation dans le cas du ligand phosphite montre que l'espace conique libre pour 
accommoder le ligand PY, peut &tre aussi faible que 9.5" dans les derives Mo(CO)~,(PY,), (n = 1-3). La lintaritt assez grande 
de ces corrtlations suggbre indirectement que la composante a dans la liaison du phosphite est relativement moins importante. 
Ces corrtlations lintaires de 6 ( 9 5 ~ o )  contre l'angle 9 du cbne de Tolman fournissent une estimation empirique de 
l'encombrement de tout ligand phosphite. 

Mots elks : lien metal-phosphore, RMN du "MO, effet sttrique. 

[Traduit par la rtdaction] 

Introduction 

The importance of steric effects of trivalent phosphorus 
ligands on various reactivities of phosphine complexes has 
been well studied and reviewed several times (1) since the 
introduction of the cone angle concept by Tolman (la). At 
least five different steric parameters defining the bulkiness of 
these important ligands were proposed previously (Id) and, 
quite recently, another steric parameter, E,, has been devel- 
oped for trivalent phosphorus and nitrogen donors by T.L. 
Brown using molecular mechanics methods (2). The benefits 
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and limitations for the various steric parameters have also 
been considered by various researchers in their interpretations 
of the thermodynamic and (or) kinetic behaviour of phospho- 
rus ligands in the formation of (1, 3), isomerization (4), trans 
effects (3, and U/T bonding (6),  in transition metal com- 
plexes. Applications of these steric parameters have mainly 
been qualitative due to the inherent uncertainty of each param- 
eter and the overlapping effect of electronic components. Pre- 
vious studies suggest that the steric effect exerts a significant 
influence on magnetic shielding of the transition metal 
nucleus (7), which can be measured to high precision, and 
therefore steric contributions to M-P bonding might be esti- 
mated more precisely from 9 5 ~ o  and 3 1 ~  NMR spectrometry 
if a wide range of bulky P(II1) ligands were investigated. This 
paper focuses on evaluations of the steric component in M-P 
bonding by analysis of 9 5 ~ o  NMR shielding parameters for a 
wide range of Mo(CO)~,(PY~), (n = 1-3) derivatives. 

Experimental 

The molybdenum carbonyl complexes Mo(CO)~,,(PY~),, (n = 
1-3) of trivalent phosphine and phosphite ligands were pre- 
pared according to published procedures (8b, 8c). 
Mo(CO),CHT (9a), Mo(CO),NBD (9a), and Mo(CO),NMe3 
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Song and Alyea 

Fig. 1. 9 5 ~ o  (a) and ,'P (b)  NMR spectra for fac-Mo(CO),(PPh,Bz), in dichloromethane; in 
the 3 1 ~  spectrum, the 'J(MC+P) coupling constants, which can be clearly resolved on an 
enlarged scale, are consistent with the values obtained directly from the 9 5 ~ o  spectrum, and the 
peak at higher field is due to free ligand. 

40 20 0 -20 pprn 

(a )  

-1 200 -1300 -1400 -1 500 -1 600 -1 700 -1800 pprn 

(10) or Mo(CO),(piperidine) (9b) were used as precursors to 
make fac-, cis-, and mono displaced Mo derivatives, respec- 
tively, which are listed in Table 1. Many of them are known 
(1 l), as indicated in the footnotes to the table. The phosphite 
complexes are usually colourless and the phosphine com- 
plexes are yellowish. In most displacement reactions of 
Mo(CO),CHT, Mo(CO),NBD, and Mo(CO),(NMe,) or 
Mo(CO),(piperidine) by this class of ligands, a sin le product 

95 was formed, easily identified by IR and ,'P and Mo NMR 
spectrometry. Several typical spectra are presented in Figs. 
1-3. In some cases of very bulky ligands, such as P(OSiMe3), 
or P(NMe2),, either the f3 and m3 were obtained together, as 
shown in Fig. 4, or c2 and t2 coexisted, as illustrated in Fig. 5. 
The isomers were still clearly differentiated by their 9 5 ~ o  and 
,'P NMR spectra, although their IR bands in the carbonyl 
region were overlapped. Several Mo complexes were isolated 
and purified: fac-Mo(CO),[PPh,(C~CPh)], (yield: 53%); 
~uc -Mo(CO)~[P (OP~)~]~  (yield: 80%); fac-Mo(CO),(ETPB), 
(yield: 88%); cis-Mo(CO),(ETPB), (yield: 79%); cis- 
Mo(CO),(PPh,Bz), (yield:68%); C~S-MO(CO),[P(OS~M~~)~]~ 
(yield: 23%); cis-Mo(CO),(PPh,Cy), (61%); Mo(CO),P(2- 
MeO-Ph), (43%). However, because of their air sensitivity 
and prior characterization, the spectral data for most com- 
plexes in Table 1 were collected in situ under a nitrogen atmo- 
sphere without further purification and isolation. Every 
species was unambiguously characterized in terms of geome- 
try by 9 5 ~ o ,  ,'P, I3c NMR, and IR spectroscopy (13), but only 
representative data (Tables 4-6) are presented in this paper. 

3 ' ~  and 13c NMR spectra were obtained on a Varian Unity 400 
MHz instrument at 161.9 and 100.6 MHz, respectively, using 
85% aqueous H3P04 and TMS in CDC1, as external standards. 
9 5 ~ o  NMR spectra were collected at 26.08 MHz at 10 Hzlpt 
resolution in 10 mm tubes, using CH2C12 (normally) as solvent 
and concentrations as near 0.1 M as possible; the external 
standard was 2 M Na2Mo04 in D20 (pH 11). 

Data precision for the 9 5 ~ o  NMR spectral results has been 
described in related papers (7). To briefly summarize the line 
width data for the present Mo(CO)~,,(PY,), (n = 1-3) com- 
plexes, Wl12 had the following ranges: 5-120 Hz (n = l), 
10-490 Hz (n = 2), and 5 4 0  Hz (n = 3). Compared to the 
line width for ml complexes, Wl12 was, on average, 2.3 
times greater for c2 complexes and 0.5 lower magnitude for 
f3 complexes. 

Results and discussion 

"MO NMR spectral parameters 
Tables 1 and 2 list the 9 5 ~ o  NMR data for Mo(CO)~,(PY,), 
for a wide range of trivalent phosphorus ligands in the order of 
their Tolman cone angle. Immediately, a general trend is seen, 
as shown graphically in Fig. 6. As the degree of displacement 
(DD) increases from 1 to 3, the 9 5 ~ o  NMR chemical shifts 
move dramatically to high frequency with several crossovers 
for DD = 3. As observed previously by 3 1 ~  and ,'v NMR for 
carbonyl phosphine vanadium complexes (74,  the greatly 
reduced Mo-P bonding ability as DD increases (especially 
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Fig. 2. "MO NMR spectrum (a) and IR bands in carbonyl region (b) for cis- 
Mo(CO),(P(OSiMe3),),; both are in dichloromethane. 

1 " ' I "  
1980 1820 cm" 

from 2 to 3) indicates that the steric component imposes a seri- 
ous deshielding shift on 6 ( 9 5 ~ o ) ,  which is also the direction of 
weak IT and weak u effects of ligands such as chlorophe- 
nylphosphines (7b). 

As commonly accepted (7, 8, 12, 13), 9 5 ~ 0  NMR chemical 
shift trends as interpreted by the Ramsey equation (u = a, + 
up) are dominated by the paramagnetic (up) term, since the 
diamagnetic term (a,) is small and constant for a similar 
series. Hence, factors affecting the average electronic excita- 
tion energy (AE) term of the up expression mainly influence 
9 5 ~ o  nuclear shielding. 

We now hypothesize that there may be a quantitative 
expression such as eq. [I]: 

which describes the multi-parameter dependencies of z ( ~ ~ M o )  
(or screening constant, up), in which 0, a ,  and IT are measures 
of steric, u,  and IT components, respectively. An attempt to 
estimate the steric component in eq. [ l ]  is the goal of this 
paper. This would form a significant basis for the future sepa- 
ration of u and IT contributions for the phosphorus ligands. 
Our detailed analysis of the magnetic shielding in the molyb- 
denum complexes for a few selected phosphorus ligands is 
presented in the following order: 

(a) Strong IT-ligands: PF,, ETPB, P(OMe),, and P(OPh), 
(b) Strong a -  and (or) moderate IT-ligands: PEt,, P(n-Bu),, 

and PMe,, 
(c) Extra bulky ligands: P(OSiMe,),, PCy,, P(2-Me-Ph),, 

and P(2,6-Me,-OPh), 

(a) Strong m-ligands: PF3(104"), ETPB(lOlO), 
P(OMe)3(1070), and P(OPh),(128") 

These four ligands are well known as good IT-acceptors, based 
on the high stretching frequencies of trans CO's in transition 
metal complexes (6, 13), shorter M-P bond distances (14), 
high stability of the M-P link (15, 16), high reactivity toward 
displacement of CO in metal carbonyl moieties (1, 3,4), and 
other electrochemical (12J 17) and spectroscopic studies (6, 
8a, 18). In agreement with these observations and the expec- 
tation that the AE term in the up  term is enhanced by good IT- 
acceptor ability, the phosphites indeed make the 9 5 ~ o  nuclei 
in their molybdenum carbonyl derivatives quite shielded com- 
pared with most other ligands, whether in ml  or f3 derivatives 
(Fig. 7). The folded lines for the three phosphites in Fig. 7 
exhibit, in going from ml to f3 geometry, the deshielding con- 
tributions of the steric component, already discussed in previ- 
ous papers (7) but further reinforced below. However, it 
cannot be easily interpreted at this point that in its f3 complex 
the less bulky ETPB (0 = 101") brings up  to high fre uency by B 55 ppm with respect to PF3 (0 = 104"). Notably, the 5 ~ o  res- 
onance for the ml-P(OPh), complex occurs 45 ppm at high 
frequency compared to that for ml-P(OMe), in this least 
bulky geometry and this relationship changes little in going to 
c2 and f3 geometries. This undoubtedly reflects the weaker 
bonding ability of P(OPh), compared to P(OMe), (and per- 
haps other small alkylphosphites). It will be shown that an 
important interligand repulsion exists even in Mo(CO),L 
derivatives, usually considered to be steric-interaction-free 
structures. If the extra deshielding occurring in ml-P(OPh), 
were due to steric factors, then the two 6/n folded lines for 
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Song and Alyea 

Fig. 3. 95M0 NMR spectrum (bottom) and IR carbonyl stretching bands (top) for 
Mo(CO),(P(2-MeO-Ph),); both are in dichloromethane. 

- 1 - - 7  ' ' ' a 

2140 1980 1820 ern-' 

Fig. 4. The 9 5 ~ 0  (bottom) and ,'P (top) NMR spectra recorded in dichloromethane in situ from 
an attempt to produce ~~C-MO(CO),(P(OS~M~,),)~ using Mo(CO),CHT; the facial isomer could 
not be isolated, and only a mixture of mer-3 and fac-3 was obtained. The 31P NMR spectrum 
unambiguously indicates the formation of the fac-3 complex; the stronger signal is due to free 
ligand and the singlet with six 9 5 ~ 0  satellites is due to the three phosphorus ligands in the fac-3 
complex. The 9 5 ~ 0  resonances for fac-3 are obscured by those for the mer-3 isomer. 

I \ 130 120 110 ppm 

-1 200 -1300 -1 400 -1 500 -1600 -1700 -1 800 -1900 ppm 
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Table 1. "MO NMR chemical shifts for molybdenum complexes of various P(II1) ligands, 
Mo(CO),,(PY,), (n = 1, 2, and 3) (in ppm)." 

eb 6(C,")' 6(czV) 6(C,") 
No. Ligands ("1 (n = 1) (n = 2) (n = 3) 

P(mes), 
P(2-tol), 
P(0-2.6-Me,-Ph), 
P(2-MeO-Ph), 
P(t-Bu), 
P(0-t-Bu), 
P(0-SiMe,), 
~ ( C Y  1 3  

P(Bz), 
P(i-Pr), 
P(NMe,), 
PCyPh, 
PBzPh, 
P(4-MeO-Ph), 
PPh, 
P(0-2-tol), 
PPh,(CH=CH,) 
PPh,Et 
PPh,Cl 
PPh,Me 
5-PhDBY 
PPh,(=Ph) 
PPh,(OMe) 
PEt, 
P(n-Bu), 
P(CH,CH,CN), 
PC1,Ph 
PBr, 
P(0-i-Pr), 
P(OPh), 
PHPh, 
PC1, 
PPhMe, 
PPh(OMe), 
PMe, 
P(OCH,CF,), 
P(OCH,CH,Cl)3 
P(OEt), 
P(OMe), 
PH,Ph 
ETPB 
PF3 
pH3 
CO 

N R ~  
NR 
-1747f 
-1709 
-1708 
(-1716) 
-1790 
- 182Y 
-1804 
Fail 
- 1804" 
- 

(-1786) 
-1744' 
- 1742' 
-1812 
(-1780) 
-1789" 
-1702" 
- 1772" 
-1795" 
-1736 
-1791"" 
-1856" 
- 1 842" 
- 1829" 
-1617 
-1396 
-1835" 
-1819" 
- 

-1523 
-1788" 
-1816" 
-1818 
-1837 
-1844 
-1854" 
-1864" 
- 

-1859"" 

-1 860dd 
- 
-1857.0 

NR 
NR 
NR 
NR 
NR 
NR 
-1468 
NR 
NR 
NR 
-1484' 
NR 
-1336 
- 1265' 
-1265' 
-1572 
-1428 
-1414" 
-1319 
- 1427a'q 
-1494" 
-1468 
-1454' 
-1558 
-1521" 
Insol 
-1 124 
NR(-500) 
-1728 
-1673' 
-1639 
-910 
-1486' 
-161 1""" 
-1586 
-1743 
-1734 
-17210,~~ 
-1756" 
-1703 
-1805 
- 1 860dd 
(-1755)ee 
-1857.0 

"In this table, 70% of 6(95Mo) values were recorded in this work, including several remeasurernents; others 
are taken from ref. 8a unless specifically noted. For the rerneasurements, the literature values have always 
been taken instead of the values recorded here unless the former have been proved to be incorrect. 

b~olman cone angles from ref. la. 
'C,,, C,,, and C3, represent the ideal geometries for penta-, cis-L,-tetra-, and fac-L,-tri-carbonyl complexes. 
d~~ denotes no reaction was observed according to "P and 95M0 NMR; or fast decomposition occurred 

even if the reaction took place, such as PCy, substitution from Mo(CO),NBD or Mo(CO),CHT precursors. 
'The values in parentheses are estimated because no literature data were available. 
f1,2-Dichloroethane has to be used for refluxing due to the low reaction rate at 40" in CH,CI,. 
8Taken from ref. 12b; a same value of -1825 ppm with 'J(M-P) = 129 Hz was recorded here. 
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Table 1 (concluded). 
hA value of -1765 pprn was reported for trans-Mo(CO),[P(Cy),], in ref. 12c. 
'Another broader unresolved resonance at -1706 ppm (W,, = 7810 Hz) was observed; so the assignment 

might be e~ther signal. 
'This value is taken for mer-3 (see text) and is not used in the correlation analyses. 
'ci~-Mo(C0),[P(Ph),Cy]~ is insoluble in the organic solvents tried. 
'See ref. 7a for P(X-Ph), derivatives. 
"Taken from ref. 126. 
"-1655 ppm with 'J(M-P) = 139 Hz was observed here. 
Taken from ref. 12d; -1412 ppm with 'J(M-P) = 125 Hz and W,, = 14 Hz was recorded here. 
"The same value of -1522 ppm with 'J(M-P) = 161 Hz was recorded here. 
'The same value of -1427 ppm with 'J(M-P) = 128 Hz and W,, = 15 Hz was measured here. 
'5-PhDBP = 5-phenyldibenzophosphole. 
Taken from ref. 12e. 
T h e  same value of -1791 ppm with 'J(M-P) = 163 Hz was obtained here. 
"Two quite different values of -1677 ('J(M-P) = 161 Hz, W,, = 30 Hz) and -1707 ppm ('J(M-P) = 153 

Hz, W,, = 40 Hz) were reported in ref. 8a. The listed value of -1670 ppm with 'J(M-P) = 142 Hz was 
recorded here. 

Taken from ref. 12J the same value of -1456 ppm with 'J(M-P) = 142 Hz was recorded here. 
"Another same value of -1765 ppm with 'J(M-P) = 129 Hz and W,, = 26 Hz was reported in ref. 12d. 
Taken from ref. 12c. 
T h e  same value of -1751 ppm with 'J(M-P) = 229 Hz and W,, = 50 Hz was recorded here. Reported 

'J(M-P) of 250 Hz in ref. 126 is too high (see text). 
'Taken from ref. 12f. 
"The same value of -1610 ppm with 'J(M-P) = 184 Hz and W,, = 18 Hz was measured here. 
* q h e  same value of -1721 ppm was recorded here. 
'The same value of -1860 ppm with 'J(M-P) = 224 Hz and W,, = 8 Hz was recorded here. 
dqaken from ref. 12g (see also ref. 7 4 .  
"Estimated value by extrapolation. 

I 11950 was proposed by refs. l a  and 12h. 

I P(OPh), and P(OMe), should be more diverging (splayed) 
rather than parallel because the greater bulk of P(OPh), (1 28") 
relative to P(OMe), (107") should cause a large separation 
between the values for the most congested f3 derivatives. 
Thus, the weaker bonding ability of P(OPh), may not be deter- 
mined solely by the steric effect. On the other hand, the 
E(~'Mo) (- 1728 ppm) for D-P(0-i-Pr), (note that P(0-i-Pr), 
(130") has a similar ligand cone angle to P(OPh),) appears at 
55 ppm lower frequency from the value for f3-P(OPh), and 
only 28 ppm higher frequency from the f3-P(OMe), value. 
This suggests that if the steric parameters for P(OPh), and 
P(0-i-Pr), were not underestimated and overestimated, 
respectively, the weaker bonding ability or the extra deshield- 
ing effect of P(OPh), could only be attributed to a weaker a 
component (pK, = -2.0). It must be pointed out that there have 
already been many observations indicating the weak bonding 
ability (4, 16, 19) of the P(OPh), ligand even though the short 
Cr-P distance in Cr(CO)s(P(OPh)3) is usually interpreted in 
terms of strong n-acceptor character (20) of this common 
ligand. It was also noted experimentally in this work that the 
substitution of pyridines from fac-Mo(CO),(Py), by P(OPh), 
is much more difficult than by P(OMe), or ETPB. 

The IR stretching frequencies for trans carbonyls of phos- 
phite complexes are approximately the same, within experi- 
mental error, for each of the three geometries (see Table 3) 

I 

except that the f3-P(OPh), complex does have higher v,, (and 
force constant) values. The observation of this anomalous 
effect for P(OPh), is in agreement with the previous sugges- 
tion that the stretching frequency is more likely reflecting the 

weak a component (7). Only the A,(highest) mode is used here 
because of a higher precision (sharper line), the lack of ambi- 
guity in its assignment, and its relation to (covering) all force 
constants. Taking into account the recording error of v,,'s and 
the ambiguous assignments of the IR bands, one can see again 
that IR parameters are not as reliable as N M R  chemical shift 
data for evaluation of ligand effects. Although most common 
phosphites are thought to be strong n-ligands, 9 5 ~ o  NMR 
spectrometry shows, consistent with the weaker M-P(OPh), 
bonding (4, 16, 19), that P(OPh), has some special electronic 
property different from other phosphites. Unfortunately, there 
previously was no structural information on a higher displaced 
phosphite-molybdenum compound available in the literature. 
The crystal structures of cis-Mo(CO),(P(OPh),), and fac- 
Mo(CO),(P(OPh),), were recently determined in our labora- 
tory (22). The Mo-P  bond distances (both are 2.44 A) are 
much shorter than most known Mo-P  bonds (ca. 2.54 A). As 
concluded for M-PCl, bonding (7c), the short distance may 
be partially caused by the weak a ability of P(OPh),, without 
the need to invoke strong n bonding to rationalize the bond 
shortening. The P-Mo-P bond angles are 90" in both cases, 
though the range is 82-94" in the fac complex, indicating the 
more significant steric distortion in the latter complex. Many 
authors (4d-f, 1 6 4  also observed that the reactivity of 
P(OPh), (0 = 128") toward transition metals is even lower than 
that of PPh, (0 = 145") even though the latter is bulkier and 
supposedly a weaker n-acceptor. For example, the rate of sub- 
stitution for diamine (N-N) from cis-W(CO),(N-N) by 
P(OPh), is lower than by PPh,, and much lower than by ETPB 
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Table 2. 'J(M+P) coupling constants for molybdenum complexes of various P(III) ligands, 
Mo(CO),,L, (n = 1, 2 and 3) (in Hz)." 

9 'J(C4,) 1J(C2,) 'J(C3,) 
No. Ligands (") (n = 1) (n = 2) (n = 3) 

P(mes), 
P(2-tol), 
P(0-2,6-Me,-Ph), 
P(2-MeO-Ph), 
P(t-Bu), 
P(0-t-Bu), 
P(0-SiMe,), 
~ ( C Y ) ,  
P(Bz), 
P(i-Pr), 
P(NMe,), 
PCy Ph, 
PBzPh, 
P(4-MeO-Ph), 
PPh, 
P(0-2-tol), 
PPh,(CH=CH,) 
PPh,Et 
PPh,Cl 
PPh,Me 
5-PhDBP 
PPh,(=Ph) 
PPh,(OMe) 
PEt, 
P(n-Bu), 
P(CH,CH,CN), 
PC1,Ph 
PBr, 
P(0-i-Pr), 
P(OPh), 
PHPh, 
PCl, 
PPhMe, 
PPh(OMe), 
PMe, 
P(OCH2CF3), 
P(OCH,CH,Cl), 
P(OEt), 
P(OMe), 
PH,Ph 
ETPB 

PF3 
pH3 
CO 

222 
NR 
125(PR)' 
122 
167 
Insol 
1 25 (PR) 
ud 
u 
232 
140(PR) 
131 
166 
133 
134 
128(PR) 
142' 
125 
124 
128 
194 
235 
209 
229' 
127 
250 
130 
184 
129 
227 
22 1 
213 
215 
120 
225 
28 1 

"The 'J(M-P) values have the same reference sources as chemical shifts in Table 1, unless otherwise 
designated. 

"J(M-P) = 228 Hz was obtained from "Mo satellite lines in the "P NMR spectrum because the Mo-95 
resonance was overlapped by a dominant and poorly resolved quartet for the mer isomer. 

T R  = "poorly resolved," which means there is probably a larger error in these values. 
% = "unresolved." 
"J(M-P) of 142 Hz for both c2 and f3 derivatives of this ligand was recorded in this work, while two 

values of 161 Hz (ref. 12i) and 153 Hz (ref. 121) have been reponed. 
"J(M-P) of 229 Hz for c2 derivative was recorded in this work. 
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Song and Alyea 231 1 

Fig. 5. 9 5 ~ o  NMR spectrum for molybdenum complexes of the P(NMe2), ligand recorded in dichloromethane. The sample is from 
an attempt to make the fac-Mo(CO),L, derivative: (a) trans-Mo(C0)4Lz; (b) cis-Mo(C0),L2; (c) mer-M~(cO) ,~ , .  

I " .  . , . . . . I . .  1 . I . .  . . I .  . . . I .  . .  . I .  . " I  . " .  
-1 350 -1 400 -1 450 -1 500 -1550 -1 600 -1 650 -1 700 -1750 pprn 

Fig. 6. An overview for the influence of ligand size on 9 5 ~ o  shielding with increasing degree 
of displacement (n). Py represents pyridine. 

MO(CO)~-,L, , n= 1, 2(c i s ) ,  and 3(fac)  
i 

and P(0-i-Pr),. Thus, the weak a character of P(OPh), might 
play a dominant role in bonding (13). Although the 3 1 ~  NMR 
chemical shift is less sensitive than the corresponding 9 5 ~ 0  

shift to steric interaction (7c, 13) (see the text below), the 
smaller A~(,'P) value (16.6 ppm) for f3-P(OPh), than that for 
c2-P(OPh), (24.1 ppm), opposite to the trend of consistently 
increasing A6(,lp) values from ml to f3 for the other three 
smaller ligands, indicates a detectable steric effect, at least in 
solution, active in the f3-P(OPh), complex. 

PF, gives rise to almost the same 6 ( 9 5 ~ 0 )  value in 
Mo(CO),L as ETPB and P(OMe),, but the CO stretching fre- 
quency for its ml complex is 20 cm-' higher than those for the 
other two analogues. Such a big difference is most likely due 
to a combination of the remarkably weak a ability and strong 
.rr character of PF,. As analyzed before (6), both strong .rr and 
weak o character of a trans ligand enhance the infrared param- 
eter of carbonyls. It is worth noting that the magnitude of 
'J(MO-P) (where 'JM-, is normally assumed to be only 
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Table 3. Spectroscopic properties for Mo complexes of putatively strong n-acceptor 
ligands." 

Ligands 

Parameters Structureb PF, ETPB P(OMe), P(OPh), 

"See refs. 13 and 21 for the sources of IR and ~ 6 0 ' P )  NMR information, respectively. 
bml is mono, c2 is cis, f3 is fac isomer. 

related to the s character) (6a, 76) for different phosphorus 
ligands (23), is roughly correlated with that of v,,, implying 
that these two parameters are somewhat similar in their corre- 
lations with the u component. 

ber of experimental observations such as stable M-PMe, 
bond strengths (16) are not easily explained. An answer to this 
anomaly is more likely related to the T ability of PMe, (6, 13, 
26). The markedly high frequency shift of 6 ( 9 5 ~ 0 )  for the f3 
and c2 derivatives of PEt, and PBu, ligands can be attributed 
only to the steric interaction. Some researchers have estimated 
the cone angle of these two donors to be 142" (4c), 10" larger 
than the 132" originally calculated by Tolman (la), based on 
their observation that the trans:cis ratio in the formation of 
W(CO),L, is much higher than expected for L = P(n-Bu), or 
PEt,. In the crystal structures of cis-Mo(CO),L, (L = PMe,, 
PEt, and P(n-Bu), determined in the early 1980s by F.A. Cot- 
ton et al. (27a), the M-P bond distances are 2.522(1), 
2.544(4), and 2.552(8) A, respectively; P-Mo-P bond angles 
are 97.54(4)", 100.27(3)", and 99.29(4)", respectively. The 
differences have been ascribed to steric interactions. More 
notable is the conformation of PEt,, and P(n-Bu), in these 
complexes: within the same complex, the three P carbons of 
one phosphine are opened further along the P--C, bonds 
while the three P carbons of the other phosphine tend to be 
closer. The smaller average C,-P-C, angle for PMe, is 
accounted for by its smaller bulk relative to those for PEt, and 
PBu,. Meanwhile, the three P carbons of P(CH,CH,CN), in 
Mo(CO),L are opened (27b). This might mean that the "open" 
conformation is more energetically stable in the two free PEt, 
and P(n-Bu), ligands and the closeness in highly displaced 
derivatives is the consequence of steric congestion. In fact, the 
anomalous steric effects of PEt, and PBu, have been noted in 
many other related studies (4a, 17g, 28). This steric feature of 
PBu, may have led to its initial designation by QALE (Quan- 
titative Analysis of Ligand Effects) as a "T donor" (17a). 
Attempts to obtain crystals suitable for X-ray analysis for fac- 

(b) Strong a- and (or) moderate m-ligands: PEt3 (132"), 
P ( ~ - B u ) ~  (132"), and PMe3 (118") 

A noteworthy feature in Fig. 7 is the parallel 6 (95~o) /n  lines 
between PEt, and P(n-Bu),, and the overlapping lines between 
PMe, and P(0-o-Tol),. The dramatic shift of 6 ( 9 5 ~ o )  for PEt, 
and P(n-Bu), complexes to high frequency with higher DD 
starts even with their c2 derivatives, indicating that they might 
be bulkier than Tolman's estimation. There is no argument 
about the strong u-donor ability of these two phosphines; 
probably they are the strongest ones among trivalent phospho- 
rus ligands in complexes of octahedral geometry. (The stron- 
ger a-donor ability of other extra bulky ligands such as P(t- 
Bu), (pKa = 1 1.4) and P(2,4,6-trimethoxy-Ph), (pKa = 1 1.2) 
(12a, 24) would only be exerted in much less sterically hin- 
dered situations.) It must be kept in mind, however, that strong 
electronic donation will always lead to magnetic shielding on 
the central metal nucleus through enhancement of LFSE (AE,) 
and expansion of d electrons. It is not yet clear at this point 
why 6 ( 9 5 ~ o )  for ml-PEt, or ml-P(n-Bu), occur on the 
shielding side by 38 ppm and 24 ppm, respectively, relative to 
ml-PMe,, in spite of their similar pKa values (8.69 and 8.43; 
8.65 for PMe,) and smaller cone angle for PMe,. This anomaly 
might have its origin in the low proton affinity (PA) of PMe, in 
the gas phase (25). In other words, the high pKa value of PMe, 
in aqueous solution may be overestimated due to solvation 
effects. If the u ability of PMe, is truly lower than PPh,, as 
argued by gas phase PA or gas phase IP, however, a great num- 
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Song and Alyea 

Fig. 7. A locally enlarged picture for the influence of ligand size on "MO shielding with 
increasing degree of displacement (n). 

MO(CO)~-,(PY~),  , n= 1, 2(cis), and 3(fac) 

Mo(C0),(PR3), of any of the three trialkylphosphines are still 
underway. It can be anticipated that the much more strained 
structural features, e.g., longer Mo-P bond distance, smaller 
C,-P-C, angles, and compressed P carbon orientations, or 
much lower Mo-P bond strengths, will be found more likely 
in fac-PEt, and fac-P(n-Bu), complexes than in the fac-PMe, 
analogue. Fortunately, the molecular structure for fac- 
Cr(C0),(PEt3), has been reported (29). The longer Cr-P 
bond distance (2.429(8) A) compared to other known Cr-P 
lengths suggests a weakening of the Cr-P bond due to steric 
interactions between the adjacent PEt, ligands. The shorter 
Cr-C,,,, bond (1.829(8) A) and longer 0-C,,,, bond can 
be associated with strong dm-IT*(CO) back-donation. It is 
noted that the authors suggested that PEt, behaves essentially 
as a a-donor ligand, with little or no IT-acceptor capacity. The 
average P-Cr-P angle of 95.77(5)" is smaller than the P-Mo-P 
angle of 97.54(5)" in cis-Mo(CO),(PMe,), and much smaller 
than the P-Mo-P angle of 100.27(5)" in cis-Mo(CO),(PEt,), 
(12h). In addition to the smaller size of Cr relative to the Mo 
atom, this may also suggest that in f3 geometry a cone space of 
180" (vide infra) can only accommodate three ligands having 
ca. 95" cone angle without steric interaction. The steric repul- 
sion among nine alkyl groups forces their reorientation toward 
the three CO's, which, on the other hand, resist deformation 
because of three strong M--CO bonds. 

The vco values for the three alkylphosphine derivatives in 
ml, c2, and f3 geometries are the same within experimental 
error (see Table 4). For both PEt, and P(n-Bu), ligands, how- 
ever, AS(~'P) and 'J(MO-P) values decrease greatly in the c2 
and f3 derivatives. In contrast, only a small change occurs for 
the f3 geometry in AS(~'P), with a slight reduction in 'J(MO- 
P), for L = PMe,. These decreases are most likely related, at 
least partly, to the greater steric bulk of the former two ligands 
(also discussed in refs. 7a-c, 13). 

The bulky phosphite P(0-o-Tol), (141") and small PMe, 
(1 18") ligands exhibit almost identical overall 9 5 ~ 0  shielding 
patterns ( -1818~s .  -1812form1, -1722~s .  -1722forc2, 
and - 1586 vs. - 1572 for f3) despite a difference of 23" in 
their cone angles. Phosphite ligands are usually thought to be 
strong IT-acceptors and the donor:acceptor ratio is much lower 
than for trimethylphosphine, which is commonly thought to be 
a strong a-donor. The IT ability of PMe, is still being debated 
(26). Why are these two ligands so similar in 9 5 ~ o  shielding? 
First, the increased A S ( ~ ~ M O )  values between P(0-o-Tol), and 
P(OPh), from ml to f3 (7 ppm, 30 ppm, and 101 ppm) can be 
attributed unambiguously to steric factors in the high DD 
derivatives for the former (see Fig. 7). Also, the consistently 
greater deshielding behaviour of P(OPh), in all the three 
geometries (ml, c2, and f3) compared to P(OMe), and P(0-i- 
Pr), has been attributed to the weaker a ability of P(OPh), (see 
above). Thus, the greater 9 5 ~ o  shielding observed for P(OPh), 
than for PMe, might be ascribed to a better IT ability for 
P(OPh),. But as a strong-and-small a donor, as well as a pos- 
sible modest IT-acceptor, PMe, ligand might not have an up to 
87 ppm greater deshielding effect compared with bulkier 
P(OPh), especially in the most congested f3 derivatives. If the 
IT ability of P(OPh), is considered to be the dominant factor, 
then the differences in ml geometry should also be large and 
comparable to those for c2 or f3 geometries. Therefore, the 
anomalous deshielding behaviour of PMe, and the similarity 
of PMe, to P(0-o-Tol), are more likely caused by two factors, 
i.e., either a practically larger cone angle (~a.125~-130") or a 
weaker IT character for PMe,. Certainly, the practical IT ability 
of P(0-o-Tol), is smaller than that of P(OPh),, due to steric 
hindrance. 

It is noted again that no differences are observed in vco 
and force constant values for the above three alkylphosphine 
complexes in each geometry, as pointed out earlier (Table 
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Table 4. Spectroscopic properties for Mo complexes of P(alkyl), ligands." 

Ligands 

Parameters Structures PEt, PBu, PMe, P(0-o-Tol), 

"See refs. 13 and 21 for the sources of IR and ~ 6 0 ' ~ )  NMR information, respectively. 

4). Moreover, v,, and k values for the P(0-o-Tol), com- 
plexes are remarkably greater than those for the alkylphos- 
phine analogues, indicating the sensitive dependence of CO 
IR parameters on the a component of the P(II1) ligands. 

(c)  Extra bulky ligands (0 > 145") 
As seen in the experimental section and the data in Tables 1-3, 
the bulkier the ligand, the more difficult is the multiple dis- 
placement, and the more the central molybdenum nucleus is 
deshielded. Fig. 8 presents many s( '~Mo)/~ plots for Mo com- 
plexes of extra bulky ligands. A significant deshielding trend, 
even in ml derivatives, can be seen relative to the correspond- 
ing less bulky analogues (see Figs. 6 and 7). A dramatic shift- 
ing of S('~MO) toward higher frequency with increased degree 
of displacement, n (such as for D-PPh,Bz (152") and f3- 
P(OSiMe3), (172")), is observed. Most f3 complexes of extra 
bulky phosphines with cone angles greater than 160" could not 
be synthesized except in the case of P(OSiMe3),. The cone 
angle value for this ligand has not been reported, and a value of 
172" (overestimated?) from the analogous phosphite, P(0-t- 
Bu),, is assumed in Fig. 8. Quite surprisingly, the crowded fac- 
Mo(CO),[P(OSiMe,),], complex, as well as the mer isomer, 
have been successfully generated in situ, according to ,'P 
NMR (see Fig. 4). 

Several points can be summarized from Fig. 8: 
(i) The S('~MO) for ml-PCy, occurs at the most shielded 

position while the S('~MO) for ml-P(t-Bu), at the most 
deshielded position in defining the extremes for ml complexes 
of a dozen extra bulky ligands. The huge difference in ',MO 

shielding observed between Mo(CO),(P(t-Bu),) and 
Mo(CO),(PCy,) is important because these two ligands are 
both bulky and are both stron bases. There seems to be a very B .  small steric influence on 6(' Mo) In the ml-PCy, compound 

in spite of its large cone angle (170"). Many crystallographic 
studies have indicated a smaller cone angle (157"-168") for 
the PCy, ligand in practice due to a suitable orientation to 
allow the intermeshing of the cyclohexyl groups and compres- 
sion into each other (30). It has been pointed out many times 
by others that cyclohexyl ligands adopt stable configurations, 
which corresponds to a considerable interpenetration of their 
rings. Despite many attempts, the synthesis of the cis isomer 
of Mo(CO),(PCy,), has only recently been reported (lOd, 3 1). 
The X-ray analyses shows extreme steric hindrance, with the 
MCF-P distance being elongated to 2.654(4) A (31d). The 
complex Pt(PCy3), has been studied by X-ray crystallography 
(30a). A steric space of 240" by 180" for two P ligands in 
Pt(PCy3), is much larger than the 180" (estimated by 270- 
2(45), see below for the thresholds) by 90" measured for two P 
ligands in cis-M(CO),L,. In contrast, the other bulky ligand, 
P(t-Bu), (182"), also a strong base (pKa 11.40, pKa 9.70 for 
PCy,), brings the S('~MO) for its ml complex 117 pprn to high 
frequency. This remarkable deshielding behaviour of P(t-Bu), 
must be related to the steric rigidity of this ligand. As a matter 
of fact, PCy, is very similar to other alkylphosphines in shield- 
ing behaviour in their M(CO),L analogues (~("Mo, ml): 
- 1829 pprn for P(CH,CH,CN),, - 1842 pprn for P(n-Bu),, 
- 1856 pprn for PEt,, - 18 18 pprn for PMe,, and - 1825 pprn 
for PCy,); the basicities for other alkylphosphines are only 
one pKa unit lower than for PCy3 (17). Thus, if there are con- 
siderable steric differences in Mo(CO),(PCy,) and 
Mo(CO),(P(t-Bu),), the former would be expected to be more 
stable than the latter. 

(ii) Although tribenzylphosphine PBz, (pKa = 6.0,0 = 165") 
is larger than P(NMe2), (pKa not measured, 0 = 157"), it pro- 
motes a 26 pprn greater shielding in c2 derivatives than does 
the latter. Possible reasons for the greater deshielding effect of 
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Table 5. 6 ( ' 5 ~ o )  and 6 ( , ' ~ )  data for Mo complexes of some bulky phosphorus ligands." 

P(0-2,6-Me,Ph), 190 
P(2-MeOPh), (1 85) 
P(t-Bu), 182 
P(0-t-Bu), 172 
P(OSiMe,), (5 172) 

P C Y ~  170 
PBz, 165 
P(i-Pr), 160 
P(NMe2), 157 
PBzPh, 152 
PPh, 145 

"See ref. 21 for the sources of AS("P) NMR information. 

Fig. 8. Extra bulky effects of P(II1) ligands on Mo shielding with increasing degrees of 
displacement (n) .  

M o ( C O ) ~ - ~ ( P Y ~ ) ~  , n= 1, 2(cis), and 3(fac) 

the less bulky P(NMe,), (than PBz3 and P(i-Pr),) are that the 
aminophosphine might have a weaker T-acceptor ability or 
that it has a more rigid molecular framework. 

(iii) P(2-MeOPh), (0 = 185", estimated) shows a similar 
overall deshielding effect compared to P(t-Bu), (0 = 182") in 
its ml complex. However, the 6 ( 9 5 ~ o )  value for the even more 
sterically crowded ml-P(0-2,6-Me2Ph), (0 = 190" for L) lies 

I at 30 ppm to lower frequency, implying that there is greater 
Mo--P T interaction in this phosphite complex. 

I (iv) The most deshielded value in Fig. 8 is observed for f3- 
PPh2Bz. The steeper rise in E ( ~ ~ M O )  from m l  to f3 (double 
A6(95Mo)'s) for this ligand illustrates, once more, the signifi- 
cant contribution of steric bulk to the paramagnetic shielding 
term. It should be stressed here that if their cone angles are 

accurate, a 70 ppm (6 = - 1265 ppm) deshielding for the less 
bulky PPh, (145") in its f3 derivative compared with f3- 
PPh,Bz (152") is most likely due to the weaker T and (or) 
weaker a ability of PPh,. Similarly, the shielding power of the 
larger P(OSiMe,), (172") in its highly displaced derivatives 
compared to PPh,Bz (152") can be attributed to the greater T- 
character of the former. 

Table 5 lists the spectroscopic data for the Mo complexes of 
some extra bulky ligands (0 > 145"). It can be seen that all 
those complexes with phosphine ligands have large ,'P coor- 
dination chemical shifts (30-40 ppm), indicating a strong a- 
donating property. In contrast, A~(, 'P) values for phosphite 
derivatives are very small, reflecting fewer sp electrons avail- 
able on phosphorus for a-bonding. Such a small coordination 
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Fig. 9. Correlation of 6 ( 9 5 ~ o )  for Mo(CO)~(PY,) with ligand Fig. 10. Correlation of 6 ( 9 5 ~ ~ )  for c~s-Mo(CO)~(PY~)~ with 

cone angle, 0. The phosphites complexes are labelled by square ligand cone angle, 0. The phosphites complexes are labelled by 

double points. square double points. 

Mo(CO),(PY,) 
C~S-MO(CO)~(PY,), 

I I I I I I 

I 

I 
chemical shift for these bulky phosphite complexes is also due 
partially to the decreased T interaction (which should shift 
z(~ 'P)  to high frequency (7c)) under the high steric conditions. 

I 'J(MO-P) data (Table 2) cannot provide firm information 
about the steric effects because the coupling constant is domi- 

1 nantly controlled by the electronegativity of substituent groups 
or s character (7c) and (or) the (small) variation of M-P bond 
distance. However, its magnitude does decrease when a signif- 
icant steric requirement exists, such as in the f3-PPh, or f3- 
PPh2R cases. Although some 'J(MO-P) values appear to get 
larger "abnormally" in quite bulky phosphite f3 derivatives 
such as the f3-P(OSiMe,), or f3-P(O-2-Tol), complexes, 
these anomalous values may result from measurement error 
due to very poor resolution of the relevant resonances. 

Why do mer-3 isomers have ZM values quite close to those 
for corresponding fac-3 analogues? Also, the resonance for 
any trans-M(CO),L, is close to that for the cis isomer. In a 
mer-3 isomer, the steric strain is usually thought to be allevi- 
ated. Due to the steric contribution to deshielding, the mer-3 or 
trans-2 isomers should resonate at much lower frequency than 
their fac-3 and cis-2 analogues because of the lessened steric 
repulsion in mer-3 and trans-2 isomers. What makes the AZM 
between faclmer or cisltrans so small is possibly attributable 
to (a) the nearly invariable paramagnetic circulation density, 
which is reflected by the close EO between the t2 and c2 iso- 
mers (7c, 17g-i) or between the f3 and m3 isomers (125 17h- 
i); (b) the released but still existing steric effects, because only 
a free cone space of ca. 95" (see below) is available for each L. 

Correlations of s(~'Mo) with ligand steric parameters 
To analyze, quantitatively, the dependence of 9 5 ~ o  magnetic 
shielding on the size of donating ligands, correlations of 
E ( ~ ~ M o )  for the three sets (ml, c2, and f3) of derivatives with 
Tolman cone angles were examined (Figs. 9-1 1). It can be 
seen very clearly that the magnetic deshielding trend or ZM is 
proportional to both the steric size of phosphorus ligands in 

I I I I I I 

- - 

P(OSiMe,), 
aa 
v 

v - 
v 

PPh3 
PCIPh, v 7 a 

v v 
PBr, vY# 

v PCGPh v - - 
PCI, +' .> 

a 

CO 
I I I I I I 

Fig. 11. Correlation of 6 ( 9 5 ~ 0 )  for f a c - M ~ ( c o ) ~ ( P Y ~ ) ~  with 
ligand cone angle, 0. The phosphite complexes are labelled by 
square double points. 

each set of derivatives and the degree of displacement, 
increasing from ml  (Fig. 9), c2 (Fig. 10) to f3 (Fig. 11). 

Except for the chloro- or bromo-phosphorus ligands, the 
deshielding magnitude increases generally with the cone 
angles in each of the three series of complexes, and the rate of 
this increase is faster for fac-Mo(CO),L, than for cis- 
Mo(CO),L,, and lowest for the Mo(CO)~L series in which the 
steric requirement is smallest. This offers firm evidence for an 
important steric contribution to ZY (see also ref. 7). Examining 
Figs. 9-1 1 closely, one can delineate many significant fea- 
tures, which are summarized below. Again it must be kept in 
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mind whenever analyzing these correlations that (i) the values 
of 6 ( 9 5 ~ o )  are much more accurate (the experimental error is 
definitely smaller than the dimension of plot points!) than 
other measures including steric bulk parameters cited here; 
and (ii) the U/IT electronic components definitely contribute to 
the magnetic shielding, being comparable to steric effects for 
the least congested structures. 

(a) All the 610 points seem to fall in a fan area. The phos- 
phites represented by double points (square) form a linear 
trend, indicating two important features. First, the IT character 
of phosphites tends to stabilize M e P  bonds, and so the 9 5 ~ o  
nucleus resonates at lower frequency with respect to other 
complexes of isosteric ligands. Second, the roughly linear 
increase in deshielding on the Mo occurring for phosphite 
complexes with increased ligand cone angles is evidently a 
direct result of steric interaction. The strong interligand repul- 
sion makes the M-P bonds longer and weaker for these 
good IT-acceptor complexes, hence leading to a decrease in AE 
and a shrinking of the metal 4d orbitals. It should be empha- 
sized that the primary reason for the above deshielding trend in 
phosphite complexes is a steric requirement, resulting in an 
indirect weakening of IT ability in all of the three displacement 
sets. Although the basicities of various phosphites are quite 
different (pKa varies from -2 to 4.9,  they apparently make 
only a small contribution to the roughly linear trend. The steric 
interaction contributes to the 6( ' ,~0)  almost linearly even in 
Mo(CO),L complexes of phosphites, although there is usually 
supposed to be no serious steric congestion in a M(CO),L 
complex (more detailed discussion below). 

(b) The 6 ( 9 5 ~ o )  chemical shifts for phosphine complexes 
are scattered over the entire fan area in all three sets of deriva- 
tives, as shown by the single open points in Figs. 9-1 1, instead 
of giving a linear pattern. The phosphines display an irregular 
and complicated shielding trend. However, a seemingly linear 
correlation between 6, and 0 for the f3 series in Fig. 11 
reflects, strongly, the increasingly important role that steric 
factors play in paramagnetic shielding of 9 5 ~ 0  in these most 
crowded derivatives. The increased irregularity of 6,/0 plots 
for cis-Mo(CO),L,, and particularly for the Mo(CO),L deriv- 
atives, is undoubtedly an indication of a complicated combina- 
tion of three factors: steric effects, and a and IT electronic 
effects. 

(c) The weak a and weak IT effects in PX, (X = C1, Br) com- 
plexes: the electronic and steric effects of the PX, ligands have 
been discussed in detail in a previous paper (7b). The three 
6,/0 correlations here indicate further that phosphorus tri- 
halide ligands are quite different from other P(II1) ligands. 
Actually a linear trend of 6,/0 for PF,, PCl,, and PBr, exists 
for each of the three derivatives, as can be seen from Figs. 9- 
11. PF, happens to join the class of regular P(II1) ligands that 
are good IT-acceptors. 

(d) As noted in Fig. 9, (i) the sM/O correlation shows a more 
irregular relationship for ml-phosphines and slightly poor lin- 
earity for phosphite complexes (mainly due to several points 
for very small ligands at the bottom); and (ii) many phosphines 
such as PCy,, PBz,, P(NMe,),, PEt,, and P(n-Bu), exhibit an 
unusually stronger shielding ability than their isosteric phos- 
phites. 

As to the above point (i), the more irregular 6 (95~0) /0  cor- 
relation for ml-phosphine complexes compared with those for 
c2's and f3's might be attributed to the minimum steric effects 

Fig. 12. Correlation of s('~Mo) for Mo(CO)~(P(OR)~) with 
respective ligand cone angles, 8. 

Mo(CO),P(OR), 

and the variations in (not necessarily dominant) electronic 
effects, as pointed out previously. It is well known that the 
phosphine ligands PRR,R, with various R groups have quite 
different a and .rr electronic properties, which have been 
described by pKa, Tolman's electronic parameter, xi, and elec- 
trochemical parameters. The electronic effects of phosphines 
are much more complex than those for phosphites and vary 
greatly from one to another. Usually the @/IT ratio for this class 
of ligands is larger than for phosphites, as concluded by a 
number of authors. However, whether the a character is dom- 
inant and whether the .rr character is actually weak for these 
phosphines are not yet clear. Nevertheless, the more irregular 
correlation in Fig. 12 is simply an indication of increasingly 
important electronic effects with respect to the steric effects in 
ml  derivatives. 

As to the above point (ii), it can be noted that so-called 
"strong" alkylphosphines are just strong a-donors. Quite 
importantly, three phosphines, PEt,, P(n-Bu),, and 
P(CH,CH,CN),, of the same size (132") shield the Mo centre 
better than two isosteric phosphites, P(OPh), (128") and P(0- 
i-Pr), (132"), which are putatively good IT-acceptors. There 
should be no significant differences in steric interaction in the 
M(CO),L geometry for these five ligands, which have virtu- 
ally the same fairly small cone angles. There are two possible 
reasons for such a shielding difference. The former three phos- 
phines may also be good IT-acceptors and the synergic effect 
operates. Alternatively, the IT ability of phosphites may be 
reduced seriously if their bulkiness exceeds a certain thresh- 
old, e.g., 0 = 128" (?). A quantitative separation of these con- 
tributing a and IT electronic effects first needs to filter out the - 
steric component. 

Semiquantitative estimation of steric bulkiness 
According to the above qualitative discussion and cited X-ray 
results, it is believed that intramolecular steric interactions in 
c2 and f3 geometries are important. In ml derivatives, the 
steric effect can also be observed and estimated, as illustrated 
by the double points in Fig. 9, but with reater error. Three 

9F  roughly linear relationships between 6( Mo) for phosphite 
complexes and 0 are presented in Figs. 12-14 and eq. [2], 
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Table 6. Re-estimated phosphite cone angles from ~(''Mo) data of molybdenum complexes, 
Mo(CO),,L, (n = 1, 2, and 3). 

8" 0, 0, 0, 
No. Ligands (") (n = 1 )  (n = 2) (n = 3) 

P(0-2,6-Me2Ph), 
P(0-I-Bu), 
P(0-SiMe,), 
P(0-2-tol), 
P(0-i-Pr), 
P(OPh), 
P(OCH,CF,), 
P(OCH2CH,C1), 
P(OEt), 
P(OMe), 
ETPB 

PF, 
CO 

"Tolman cone angle taken from ref. la. 

Fig. 13. Correlation of 6 ( 9 5 ~ o )  for c~s-Mo(CO)~(P(OR)~)~ with 
respective ligand cone angles, 0. 

C~S-MO(CO)~(P(OR)~)~ 

allowing for an approximate re-estimation of the steric param- 
eters for phosphites. 

Table 6 lists many 0, (steric size estimated by metal shielding) 
values for phosphites obtained by a linear analysis, as well as 
the original Tolman cone angles for the sake of comparison. 
As an experimentally derived value, 8, will be a genuine (but 
approximate since it is combined with unisolated electronic 
effects) measure of interligand repulsion in pseudo-0, geom- 
etry. If the electronic effects could be separated, then it should 
be a characteristic measure of both stable conformation and 
the interpenetration of ligands in solution. 

Fig. 14. Correlation of s ( ~ ~ M o )  for ~ u c - M o ( C O ) ~ ( P ( O R ) ~ ) ~  with 
respective ligand cone angles, 0. 

~ ~ c - M o ( C O ) ~ ( P ( O R ) ~ ) ~  

An unexpected but important observation is that even for 
Mo(CO)~PY, complexes, 9 5 ~ o  shielding has a roughly linear 
dependence on the size of phosphite ligands (Fig. 12). In 
agreement with the estimation by Cotton et al. (12h) and Tol- 
man (la), the cone angle for the small linear molecule CO is 
derived by extrapolation to be ca. 95" in cis-Mo(CO),L, (see 
the bottom line of Table 6 for relevant values). This value is 
consonant with the above observation of steric interaction 
existing in ml derivatives; that is, the maximum cone angle for 
an incoming ligand without interligand repulsion occurring is 
only ca. 95". 

Conclusions 

1. An analysis of 6 ( 9 5 ~ o )  NMR values for a wide range of 
MO(CO)~~(PY,), complexes indicates that steric effects play 
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Song and Alyea 

an unexpectedly important role in the paramagnetic shielding 
terms. This cooperating contribution that causes deshielding 
has even been observed in the least crowded M(CO),(PY,) 
complexes. A detailed correlation analysis shows that the free 
cone space to accommodate an incoming ligand is equal to that 
estimated for CO itself in Mo(CO),,(PY,),, (n = 1-3) deriva- 
tives. 
2. Three linear dependencies of E(~,Mo) on phosphite cone 
angles, 0, have been observed, including even one for the m l  
series. It can be inferred that the steric requirement reduces the 
commonly accepted T ability of phosphites by extending or 
weakening the M-P bonds, making 6 ( 9 5 ~ 0 )  positions move 
toward lower field. The linearity of these correlations suggests 
that the a component in phosphite bonding is relatively less 
important. Based on these linear correlations, a new set of 
more practical steric measures of phosphites were estimated. 
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In situ FTIR studies of 4-cyanopyridine 
adsorption at the Au(111) electrode 

A.C. Chen, S.G. Sun, D.F. Yang, B. Pettinger, and J. Lipkswski 

Abstract: In situ electromodulated reflectance Fourier transform infrared (FTIR) spectroscopy has been employed to study the 
adsorption of 4-cyanopyridine (4-CNPy) at an Au(1 I I) electrode surface. The vibrational spectra have been used to study (i) the 
dependence of the band intensity on the surface coverage, (ii) the character of surface coordination, and (iii) the stability of 
adsorbed 4-CNPy molecules. It has been observed that the vibrational bands in the spectra acquired in the electroreflection 
experiment are significantly broader than the corresponding spectra acquired in a transmission cell. Some weaker bands seen in 
the spectra recorded in transmission were not observed in the electroreflectance experiment. The electroreflectance spectra were 
dominated by the two ring deformation bands observed at 1416 cm-' and 1554 cm-I. The intensities of these bands correlated 
well with the surface concentrations of 4-CNPy molecules determined from independent electrochemical studies. The integrated 
absorption intensities of the bands recorded in the electroreflection experiments were larger by a factor of five than the 
absorption intensities measured in the transmission cell. This indicates that the electric field of the photon acting on a molecule, 
present in front of the gold electrode, is significantly enhanced by reflection from the electrode. The infrared experiments suggest 
that at positive potentials the 4-CNPy molecules are coordinated to the metal surface through the nitrogen atom of the aromatic 
ring. The 4-CNPy molecules are oxidized at the Au electrode at potentials higher than 0.6 V (SCE) and are reduced to form 
(4-CNPy)-' ion at potentials lower than - 1 .I V (SCE). 

Key words: adsorption, infrared spectroscopy, 4-cyanopyridine, gold electrode. 

Resume : On a utilist la spectroscopie infrarouge avec transformation de Fourier et reflectance tlectromodulCe in situ pour 
Ctudier l'adsorption de la 4-cyanopyridine (4-CNPy) i la surface d'une Clectrode d'or(ll1). On fait appel aux spectres de 
vibration pour Ctudier : (i) l'influence du recouvrement de la surface sur llintensitC de la bande, (ii) le caractbre de la coordination 
de la surface et (iii) la stabilitt des molCcules de 4-CNPy adsorbkes. On a observC que les bandes de vibration dans les spectres 
enregistrts dans l'exptrience d'tlectrortflexion sont de facon significative plus larges que celles des spectres enregistrCs dans les 
cellules de transmission. Quelques bandes plus faibles apparaissant dans les spectres entregistrks par transmission n'apparaissent 
pas dans 1'expCrience d'ClectrorCflectance. Dans les spectres d'ClectrorCflectance on observe deux bandes importantes de 
dCformations de cycle i 1416 cm-I et i 1554 cm-I. Les intensitks de ces bandes correspondent bien avec les concentrations de 
surface des molCcules de 4-CNPy dCterminCes i partir des Ctudes Clectrochimiques independantes. Les intensitks d'absorption 
intCgrCes enregistrees dans 1'expCrience d'ClectrorCflectance sont cinq fois plus Clevtes que les intensites d'absorption mesurCes 
dans la cellule de transmission. Ceci indique que le champ Clectrique du photon agissant sur une molCcule, prCsente en face de 
1'Clectrode d'or, est renforcC de facon significative par la reflexion i partir de 1'Clectrode. Les expCriences rCalisCes dans 
l'infrarouge suggbrent qu'i des potentiels positifs, les molCcules de 4-CNPy sont coordonntes i la surface du metal via l'atome 
d'azote du cycle aromatique. Les moltcules de 4-CNPy sont oxydCes i 1'Clectrode d'or i des potentiels plus ClevCs que 0,6 V 
(SCE) et sont rCduites pour former l'ion 4-CNPy-' i des potentiels inferieurs i - 1,l V (SCE). 

Mots clis : adsorption, spectroscopie infrarouge, 4-cyanopyridine, Clectrode d'or. 
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1. Introduction ing electrolyte was 0.1 M KClO, purified according to the pro- 

FTIR spectroscopy is a powerful in situ technique to study cedure described in our previous papers (17, 18). The 

electrified interfaces (1, 2). It has been used to identify inter- concentrations of 4-CNPy used in this study were 0.1 M and 

mediates and products of electrocatalytic oxidation of small 0.01 M. The 4-CNPy was purified by sublimation twice under 

organic molecules (3, 4). The electric field of the s-polarized vacuum. The electrolyte solution was deaerated by purging 

IR photon has a zero strength at metal surfaces and hence the argon for about 30 min prior to each experiment. 

adsorbed molecules are optically inactive in this polarization. 
In contrast, the field has a nonzero strength in the solution and 
the molecules present in the solution are IR active for s-polar- 
ized radiation: Polarization-resolved IR spectroscopy has 
therefore been used to determine whether the intermediate (or 
product) of these reactions is an adsorbed or solution species 
(5-7). Finally, the surface selection rules of FTIR spectros- 
copy have been used to study the orientation of molecules 
adsorbed on the metal surface; for example, difluorobenzene 
at a polycrystalline platinum (8), isoquinoline (9) and flavine 
adenosine (10) at a mercury, and acetonitrile (11) at a gold 
electrode. Most of the past in situ FTIR studies were con- 
cerned with either the identification of species generated at the 
electrode surface or the determination of the character of their 
surface coordination. Less work has been done to develop 
FTIR spectroscopy as a tool for quantitative analysis of 
adsorbed species that could provide information about the 
composition of the interfacial region. 

In this work, we will employ in situ FTIR spectroscopy to 
investigate adsorption of 4-caynopyridine (4-CNPy) at the 
Au(l11) electrode surface. This study constitutes one part of a 
broader project the objective of which is to describe coordina- 
tion of organic molecules to metal electrodes. The 4-CNPy 
was selected for the present study because we wanted to eval- 
uate the relative strength of the surface coordination of this 
organic molecule through the CN group and through the nitro- 
gen atom of the aromatic ring. We recently determined the sur- 
face concentrations of these molecules and observed that 4- 
CNPv assumes a flat T-bonded surface coordination at the 
negatively charged interface while at low bulk concentrations, 
and a vertical (N-bonded) orientation at the positively charged 
surface while at higher bulk concentrations (12). When poten- 
tial is moved from a negative limit in the positive direction, the 
4-CNPy molecules progressively reorient from the flat to the 
vertical position. The adsorption of 4-CNPy at Ag, Cu, and Pt 
electrodes has been investigated extensively by Raman spec- 
troscopy (surface-enhanced Raman scattering (SERS)) (13- 
16). These studies revealed that 4-CNPy molecules may be 
reduced at these electrodes at negative potentials and various 
schemes were proposed to explain the mechanism of this reac- 
tion (13, 14). The specific objectives of our work were there- 
fore threefold: (i) to correlate surface concentrations of 4- 
CNPy molecules determined from electrochemical studies in 
ref. 12 with the intensities of selected IR bands for adsorbed 
molecules to cross-check the surface concentration data, (ii) to 
employ surface selection rules of IR spectroscopy to study the 
potential-induced reorientation of the adsorbed molecules, and 
(iii) to use IR spectroscopy to determine the potential range 
within which the molecules are stable at the electrode surface 
and the potential of the onset of 4-CNPy reduction. 

Cell and electrodes 
A syringe-type IR cell with a flat CaF, window was used in the 
in situ FTIR studies. An Au(ll1) single-crystal electrode 
grown, cut, and polished in our laboratory was used as the 
working electrode. The working electrode was flame annealed 
and before each experiment it was additionally cleaned by 
applying slow (20 mV1s) repetitive oxidation-reduction 
cycles in the pure supporting electrolyte solution. During the 
IR experiment, the working electrode was pushed against the 
CaF, window to form a thin layer. A platinum foil was used as 
the counter electrode, and the reference electrode was a Agl 
AgCl(3 M KC1 saturated with AgCl) electrode. For the sake of 
comparison with previous electrochemical results, all poten- 
tials measured with respect to the AgIAgC1 were converted to 
the saturated calomel electrode (SCE) scale. All experiments 
were performed at 2022°C. 

Experimental procedures 
In situ FTIR experiments were camed out on a Nicolet 20SX/ 
C FTIR apparatus equipped with a MCT-B detector cooled by 
liquid nitrogen. The sample compartment of the FTIR appara- 
tus was purged throughout the experiment using CO, and 
H,O-free air provided by the Puregas Heatless Dryer. The 
electrode potential was controlled with the help of a PAR 173 
potentiostat. Equipment and data processing procedures used 
to determine the cyclic voltammogram have been described in 
our previous publications (1 2, 17, 18). 

Subtractively Normalized Interfacial Fourier Transform 
Infrared Spectroscopy (SNIFTIRS) was employed to record 
the IR spectra (1). The spectra were determined using a multi- 
ple potential step (MPS) procedure in which the electrode 
potential was stepped m times between a reference potential E l  
and a sample potential E,. During a portion of the cycle the 
electrode potential was held either at potential E l  or at E, 
while n interferograms were acquired. The acquisition was 
delayed for 30 s with respect to the time of the potential 
change to allow the interface to reach thermodynamic equilib- 
rium at the imposed polarization. The change of the electrode 
potential was synchronized with the acquisition of the interfer- 
ograms by connecting the external trigger port of the PAR 173 
potentiostat to the communication port of a DX 486 computer 
that controlled the FTIR instrument. This procedure was 
repeated m times until a total number of N = n x m interfero- 
grams was acquired for each of the two potentials. Typical val- 
ues of n and m employed in this study were n = 100 and m = 20. 
The interferograms were added, Fourier transformed, and used 
to calculate a relative change of the electrode reflectivity 
defined as: 

[ l ]  ARIR = (R(E2) - R(El))IR(El) 

2. Experimental 
where R(EI) and R(E,) are the electrode reflectivities at poten- 

Water and chemicals tials El  and E,, respectively. Since ARIR represents a differ- 
All solutions were prepared from Milli-Q water. The support- ence between reflectivities at potentials El  and E,, the sign of 
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ARIR may be positive or negative or may change with the 
wavelength. In the ARIR spectrum, the band that does not 
change its sign is referred to as a monopolar band. In contrast, 
a band that displays a change of sign is called a bipolar. The 
spectra were recorded with a resolution of 8 cm-', at an angle 
of incidence approximately equal to 60". The transmission 
spectra were determined by squeezing an investigated solution 
between two flat CaF, windows. The thickness of the gap 
between the two tightly pressed CaF, windows was deter- 
mined using the interference fringe method, where the fre- 
quency of the oscillations on the interference pattern were 
measured for the empty thin-layer cell. The gap thickness was 
determined to be 6 pm and its reproducibility was 10%. The 
gap thickness was additionally calibrated by filling the gap 
with neat benzene and recording the intensity of the band 
at 1960 cm-', which has an absorbance of 0.10 for every 
0.01 mm thickness (19). 

3. Results and discussion 

3.1. Adsorption of 4-CNPy at the Au(ll1) electrode surface 
To determine experimental conditions for FTIR studies, the 
adsorption of 4-CNPy was initially characterized using cyclic 
voltammetry. Figure la  shows the cyclic voltammogram (CV) 
recorded for the Au(ll1) electrode in 0.1 M KCIO, + 0.01 M 

I 4-CNPy solution. The CV was acquired employing the hang- 

I ing electrolyte configuratior~ in which only the Au(ll1) plane 
of the electrode was in contact with the electrolyte solution 1 (12, 17). Multiple peaks can be seen on the CV curve. The 

1 nature of these peaks can be explained with the help of the 
adsorption isotherm taken from our previous work (12) and 
shown in Fig. lb. The peaks located near -0.65 V(SCE) may 
be identified as corresponding to the adsorption/desorption of 
4-CNPy. The peaks at about +0.2 V can be assigned to the 
reorientation of adsorbed molecules. In the half cycle moving 
in the positive direction, a large peak is seen at potentials close 
to +0.7 V(SCE); we will show later that this corresponds to the 
oxidation of 4-CNPy molecules. Figure 1 shows also that at a 
potential of -0.8 V (SCE) the organic molecules are desorbed 
from the electrode surface. The potential El = -0.8 V (SCE) 
was therefore chosen as the reference potential for the FTIR 
experiments. 

Figure 2 shows a series of subtractively normalized IR spec- 
tra determined for a 0.1 M KCIO, + 0.01 M 4-CNPy solution, 
by stepping the potential between the reference potential (El = 
-0.8 V (SCE)) and a sample potential (E,) that varied from 
-0.60 to +0.75 V (SCE). To facilitate interpretation of these 
spectra, we additionally measured a spectrum of 4-CNPy solu- 
tion in CHCl, and in the aqueous solution of the investigated 
electrolyte, using the thin-layer transmission cell. Figure 3 
shows the transmission spectrum of 4-CNPy in CHC1, and two 
bands at 2245 cm-' and at 1416 cm-' for the aqueous solution 
of 4-CNPy. In the aqueous solution, all other bands of 4-CNPy 
overlapped with a much more intense water band and hence 
they are not shown in the figure. For comparison, a selected 
SNIFTIRS spectrum is also included in Fig. 3. The major fea- 
tures of the IR spectra may be summarized as follows: 

(a) The SNIFTIRS spectra display four bands for 4-CNPy 
in the region between 1400 and 1610 cm-' at frequencies 
1416, 1505, 1554, and 1601 cm-', respectively. With the 
exception of the band at 1554 cm-' the bands are blue shifted 

Fig. 1. For the Au(l l1)  electrode in 0.1 M KCIO, + 0.01 M 
4-CNPy solution: (a )  cyclic voltammogram recorded at the sweep 
rate of 20 mV s-I; (b) the Gibbs excess versus electrode potential 
plot. 

3 

E 1 V vs. SCE 

with respect to the bands determined in transmission in 
CHCI,. However, the band at 1416 cm-' determined in reflec- 
tion has the same position as the band measured in transmis- 
sion for the aqueous solution of 4-CNPy. This feature suggests 
that the blue shift is due chiefly to the solvent effect. All bands 
determined in the electroreflectance experiments are signifi- 
cantly broader than the bands measured in the transmission 
experiments. The band broadening for molecules either 
adsorbed at or in front of a metal surface is a general behavior. 
It may be explained in terms of a reduced lifetime of the 
excited state due to the ener y transfer to the metal (20). The f bands at 1601 and 1505 cm- may be identified as bands of a l  
symmetry corresponding to the C-C stretching vibrations. The 
bands at 141 6 and 1554 cm-' may be assigned as bands of b, 
symmetry corresponding to anti-symmetric in-plane ring 
deformations (21). At potentials more positive than 0.15 V 
(SCE) another small band can also be seen at 1220 cm-'; it 
could be assigned to the ring bending vibration a(CC), which 
has b2 symmetry. 

(b) When sample potential becomes greater than 0.60 V 
(SCE), a negative band appears in the spectrum near 2342 
cm-I. The intensity of this band significantly increases when 
the sample potential becomes more positive. This band can be 
assigned to the asymmetrical stretching of CO, (22). Its 
appearance indicates that 4-CNPy molecules are oxidized at 
E >0.6 V (SCE). This result suggests that the large 
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Fig. 2. SNIFTIRS spectra for 4-CNPy adsorbed at the Au(ll1) electrode from a 0.1 M 
KC10, + 0.01 M 4-CNPy solution. For each spectrum, the reference potential E, was 
equal to -0.8 V (SCE) and the value of E, is indicated in the figure. 

Wave number I cm-' Wave number I cm" 

Fig. 3. Comparison of the transmission and SNIFTIRS spectra for 4-CNPy; 
(a) transmission spectrum (100 scans) for a 1.5 M 4-CNPy solution in CHCl,, 
(b) selected bands of the transmission spectrum (100 scans) of a 0.1 M 4-CNPy + 
0.1 M KClO, aqueous solution, ( c )  SNIFTIRS spectrum for a 0.01 M 4-CNPy + 
0.1 M KCIO, solution acquired using E, = -0.8 V (SCE) and E, = 0.45 V (SCE). 

Wave number I cm-' 

peak observed on the "positive-going" half cycle of the cyclic to the vibrations of perchlorate ions (1 1). The band intensity 
voltammogram at E - 0.7 V (SCE) is due to the oxidation of increases with the electrode potential since the concentration 
4-CNPy. of perchlorate ions in the double layer increases when E (and 

(c) A negative band centered at 1107 cm-' can be assigned hence the electrode charge density) becomes more positive. 
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Fig. 4. Comparison of the SNIFTIRS spectra acquired in a 0.1 M 
KC10, + 0.01 M 4-CNPy solution using nonpolarized light for 
spectra (a) and (c) (2000 scans), and s-polarized light for spectra 
(b) and ( 4  (3000 scans). The spectra were determined using E, = 
-0.8 V (SCE) and E2 = 0.05 V (SCE) for spectra (a) and (b) and 
E, = 0.45 V (SCE) for spectra (c) and ( 4 .  

Wave number 1 cm-' 

(4 A positive band at 1681 cm-I can be assigned to the 
vibrations of chemisorbed H,O (1 1). The potential-induced 
change of the water bands may be caused either by a substitu- 
tion of water molecules at the surface by the adsorbed mole- 
cules of 4-CNPy or may be due to the change in the 

, concentration of ions within the diffuse part of the double 
layer. 

1 There are two other features of the IR spectra that are 

I important to note. (i) The band due to the CN group stretching 
mode should be seen at approximately 2245 cm-'; however, 
this band is absent in all SNIFTIRS spectra shown in Figs. 2 
and 3. (ii) The intensity of all bands changes with the sample 
potential; in contrast, the frequencies of these bands are inde- 
pendent of E,. 

For 4-CNPy, the potential difference spectra shown in Fig. 
2 may, as a good approximation, be equated to the difference 
between the absorbance of T molecules adsorbed at the sample 
potential E, and desorbed at the reference potential El :  

where cdes and cad, are the molar absorption coefficients of the 
solution and the adsorbed species respectively. We use the 
term "desorbed" to describe molecules that at potential E, 
were adsorbed at the electrode surface and at potential El  are 
present in the bulk of the thin layer. The b, bands at 1220, 
1416, 1554 cm-I are apparently monopolar; they have a posi- 
tive sign and the band frequency does not depend on the sam- 
ple potential. These features suggest that the spectra are 
dominated by IR absorption from the solution species. To con- 
firm this conclusion we performed a few additional experi- 
ments and acquired SNIFTIRS spectra using s-polarized 
photons. At the surface of a gold electrode, the electric field of 
an s-polarized photon is equal to zero and hence the adsorbed 
4-CNPy is optically inactive for this polarization. Figure 4 
shows the potential difference spectra acquired using nonpo- 
larized and s-polarized IR radiation for two selected values of 
the sample potential E,, In each case, the spectra acquired 
using either the nonpolarized or s-polarized radiation display 

Fig. 5. Schematic diagram representing in-plane ring 
deformations for the 4-CNPy molecule corresponding to the 
bands at 1416 and 1554 cm-'; squares represent the CN group, 
open circles the carbon atoms, and closed circles the nitrogen 
heteroatom. For the sake of clarity the hydrogen atoms are not 
shown in this diagram. 

the same features. This behavior indicates that all the b, bands 
correspond to IR absorption by the solution species. These 
data also indicate that the IR absorption bands for adsorbed 4- 
CNPy molecules are either much weaker than the bands of the 
solution species or that the adsorbed molecules are optically 
inactive. 

We can employ surface selection rules to prove that vibra- 
tions corresponding to b, bands at 1416 and 1554 cm-' are 
likely to be IR inactive in molecules adsorbed at the gold elec- 
trode surface. Figure 5 shows that the 1416 cm-I band (Model 
I) is due to the deformation in which one semicircle of the ring 
is stretching while the other is contracting, and the 1554 cm-' 
band (Model 11) is due to the deformation in which opposite 
quadrants of the ring are stretching while the intervening 
quadrants are contracting (23). The two bands correspond to 
in-plane ring vibrations (18). Since the 4-CNPy molecule 
exhibits a planar structure and has C,, symmetry the dipole 
moment for the vibration with b, symmetry changes along the 
y axis of the molecule (24). For a molecule adsorbed at a gold 
electrode, surface selection rules state that the vibration will be 
allowed if a change in the dipole derivative has a nonzero 
component in the direction normal to the surface (25). The 4- 
CNPy molecules are likely to assume either a flat (r-bonded) 
or a vertical (N-bonded) surface coordination. In the first case, 
the dipole moment will change in the direction parallel to the 
metal surface and its component in the direction normal to the 
surface will be zero. In the second case, depending on the 
magnitude of the tilt angle, the dipole moments of the two 
vibrations will change predominantly in the direction that is 
parallel to the surface. For adsorbed molecules, these two 
vibrations are expected to be IR inactive and cadS(E2) in eq. [2] 
will be equal to zero. In contrast, the molecules that are des- 
orbed from the electrode surface and remain in the thin layer 
are randomly oriented. There is always a significant fraction 
of the molecules that are either far away from the electrode 
surface or whose dipole change has a nonzero component in 
the direction normal to the surface. Therefore the desorbed 
molecules are IR active and E,,, has a nonzero value. In con- 
clusion, the subtractively normalized spectrum of a molecule 
that is IR inactive in the adsorbed state but is IR active in the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Can. J. Chem. Vol. 74, 1996 

Fig. 6.  The black points and solid lines show the dependence of the integrated intensities of the IR 
bands at 1416 cm-' (Fig. 6a) and at 1554 cm-' (Fig. 6b) on the electrode potential. The open points 
and broken lines show the potential dependence of the Gibbs excess of 4-CNPy molecules 
adsorbed at the Au(l1 I) electrode from a 0.01 M 4-CNPy + 0.1 M KCIO, solution. The inset 
represents the molar absorption coefficients calculated from the integrated intensities of the IR 
bands and the Gibbs excess values. 

-Od -03 0.0 OJ Od 

E I V va. SCE 

E 1 V vs. SCE 

solution phase should be monopolar and its sign should be 
positive, consistent with the shape and sign of the spectra 
shown in Fig. 2. 

Equation [2] shows that the intensity of a subtractively nor- 
malized spectrum that is dominated by the features of the des- 
orbed species should be proportional to the surface 
concentration of molecules initially adsorbed at the sample 
potential E2. The integrated intensity of the absorption bands 
at 1416 and 1554 cm-' are plotted (black points and solid 
lines) against the sample potential in Figs. 6a and b, respec- 
tively. For comparison, open points and dotted lines in these 
figures represent the Gibbs surface excess of 4-CNPy deter- 
mined from chronocoulometric experiments in ref. 12. The 
changes in the integrated band intensity follow the changes of 
the 4-CNPy surface concentration determined from chrono- 
coulometic studies, which is consistent with the predictions 

from eq. [2]. The integrated band intensities and the Gibbs 
excess data may be used to calculate the integrated absorptiv- 
ity A defined as: 

The integrated absorptivities are plotted against the electrode 
potential in the insets for Figs. 6a and b. Their values are 
apparently independent of the electrode potential and are equal 
to 7.2 x lo6 mol-' cm and 4.6 x lo6 mol-' cm for the bands at 
1416 and 1554 cm-', respectively. In these calculations, we 
assumed that the desorbed molecules in the thin-layer cell 
experience a standing wave of IR photons and that the light 
makes only a single passage, rather than a double passage 
through the reflecting cavity. It is interesting to compare the 
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integrated absorptivities determined from the potential modu- 
lation experiments to the values obtained by means of trans- 
mission infrared measurements as defined by : 

1 10 - 
[4] A=- -  1 log-dv 

bc band I 

where b is the thickness of the cell, c is the concentration of 4- 
CNPy, and lo and I are the incident and transmitted beam 
intensities. The integrated absorptivities, determined with the 
help of eq. [4], are equal to 1.5 x lo6 mol-I cm and 8.7 x lo5 
mol-' cm for the two bands, respectively. The values deter- 
mined from transmittance are about 5 times smaller than the 
values obtained from the relative change of the electrode 
reflectivity. Such differences between absorptivities deter- 
mined in the transmission and reflection experiments are 
expected when the thickness of the thin-layer cavity of the 
spectro-electrochemical cell is comparable to the wavelength 
of the infrared radiation. These differences result from the 
strong spatial variation in the electric field vector of the light 
close to the reflecting metal surface. In the spectro-electro- 
chemical experiment, the desorbed molecules are residing in a 
thin layer of solution (ca. 10 Fm thick) in front of the electrode 
that acts as a reflecting mirror. The distance between the des- 
orbed molecule and the mirror is comparable to the wave- 
length of the infrared radiation. The mirror changes the field of 
the infrared photons, resulting in the effective value of A being 
much larger than the value measured in a transmission exper- 
iment (25, 26). For the angle of incidence and the estimated 
thickness of the thin layer in the spectro-electrochemical cell 
an enhancement factor of five is consistent with the estimates 
reported in (refs. 25 and 26). This has serious implications for 
the use of IR spectroscopy as an analytical tool for measuring 
the amount of adsorbed species. Since the absorption coeffi- 
cients measured in the transmission experiment and in the 
thin-layer electrochemical cell may differ significantly, IR 
spectroscopy may not be used to measure the absolute surface 
concentrations of adsorbed ions or molecules. On the other 
hand, insets to Figs. 4a and b show that the effective absorp- 
tion coefficient is independent of the electrode potentials and, 
therefore, IR spectroscopy could be used as a good measure of 
a relative change in the electrode coverage by adsorbed ions or 
molecules. This ~ o i n t  is well illustrated by studies of ionic 
adsorption at goid electrodes by corrigan-and Weaver (27, 
28). 

We have emphasized in the preceding paragraph that b, 
bands are expected to be IR inactive in adsorbed molecules 
and hence they cannot be used to study potential-induced 
reorientation of the 4-CNPy molecules. To extract information 
about the orientation of adsorbed molecules, we have to rely 
on the two bands of a ,  symmetry. For this symmetry, the 
dipole moment changes are in the plane of the molecule along 
the C,, axis (z direction in Fig. 4). The a ,  bands for adsorbed 
molecules are therefore expected to be IR inactive for the flat 
(T-bonded) and to be IR active for the vertical (N-bonded) sur- 
face coordination. The first of the two a ,  bands (at 1601 cm-') 
overlaps with the band of water and hence it cannot be used to 
extract this structural information. The second band (at 1505 
cm-') is weak; however, the signal-to-noise ratio in our exper- 
iments was large enough to allow the use of this band in the 

Fig. 7. SNIFTIRS spectra in the 1540-1440 cm-I region, for 4- 
CNPy adsorbed at the Au(ll1) electrode from a 0.1 M KCIO, + 
0.01 M 4-CNPy solution. For each spectrum, the reference 
potential El  was equal to -0.8 V (SCE) and the value of E, is 
indicated in the figure. 

Wave number / cm-' 

estimation of the surface orientation for the adsorbed mole- 
cules. Figure 7 shows enlarged sections of the SNIFTIRS 
spectra in the region corresponding to the position of the 1505 
cm-' band. The band is poorly discernible from the back- 
ground for potentials that are more negative than 0.15 V 
(SCE), that is, in the region where the 4-CNPy molecules are 
expected to assume the T-bonded orientation. At more posi- 
tive potentials, where 4-CNPy reorients to assume the vertical 
orientation, the band becomes much stronger than the back- 
ground and displays well-defined bipolar features. The posi- 
tive portion of this band corresponds to IR absorption by the 
desorbed species while the negative segment may be identified 
as corresponding to the vibrations of adsorbed molecules. The 
band for adsorbed species is apparently red shifted with 
respect to the position of the band for desorbed molecules. 
This shift may reflect the differences between the chemical 
environment of 4-CNPy molecules in the adsorbed and the 
desorbed states rather than a Stark effect. The negative por- 
tions of the bands corresuond to the molecules adsorbed at 
positive potentials where they form a compact organic film at 
the electrode surface. The molecules in this film experience 
chiefly a nonaqueous environment. In contrast, the positive 
segment of the bipolar spectrum corresponds to the molecules 
desorbed from the electrode surface at El  = -0.8 V (SCE). The 
spectral properties of these molecules are in principle similar 
to their spectral behavior in an aqueous solution. The differ- 
ences between the band positions for the adsorbed and des- 
orbed species are likely to be of the same origin as the 
differences between the band frequencies for the aqueous and 
CHC1, solutions of 4-CNPy, seen in the transmission spectra 
shown in Fig. 3. Overall, the absence of the band at E < 0.15 V 
(SCE) and the appearance of the bipolar band at the more 
positive potential is consistent with the potential-induced 
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Fig. 8. SNIRIRS spectra for a 0.01 M 4-CNPy + 0.1 M KC104 solution acquired using 
E, = 0.4 V (SCE) and negative values of E, indicated in the figure for each spectrum. 

Wave number I cm-' Wavenumber I cm" 

reorientation of the adsorbed molecules, from flat at negative 
potentials to a vertical position at the positive potentials. Some 
additional information about the orientation of adsorbed spe- 
cies may be obtained from the total absence of the CN stretch- 
ing band on the SNIFTIRS spectrum, which should be 
observed at about 2245 cm-' wave number. The CN stretching 
band has the same a l  symmetry as the C-C stretching band at 
1505 cm-'. We note that on the transmission spectrum shown 
in Fig. 3, the two bands have approximately similar intensities. 
Therefore, the total absence of the CN band in the SNIFTIRS 
spectra, even for E, > 0.15 V, may be tentatively interpreted 
either in terms of a much more significant broadening of this 
band or as a result of a cancellation in the absorptivities of the 
adsorbed and solution species. For the vertical orientation of 
the molecules, a cancellation would be expected if the 4-CNPy 
molecules are coordinated to the metal surface through the N 
atom of the aromatic ring, with the CN group facing the solu- 
tion side of the interface. In this orientation, the CN group 
would experience a predominantly aqueous environment. The 
band positions for the adsorbed and the desorbed species 
should be identical and, hence, if subtracted, they should can- 
cel each other. 

3.2. Reduction of 4-CNPy a t  the Au(ll1) electrode 
Previous studies of 4-CNPy adsorption at Ag, Cu, and Pt elec- 
trodes revealed that 4-CNPy molecules may be reduced at 
these metals at negative potentials (13-16) and various reac- 
tion schemes were proposed to explain the mechanism of this 
reaction (28). For example it was suggested in ref. 13 that 4- 
CNPy molecules were reduced to give CN- ion and pyridine 
molecule as the reaction products. In contrast, it was suggested 
in ref. 14 that the reduction leads to the formation of a (4- 
CNPy)-' radical ion. To determine the potential range in 
which the 4-CNPy molecules are stable at the Au(ll1) elec- 
trode surface, we employed SNIFTIRS to study the behavior 

of 4-CNPy molecules at very negative potentials. Figures 8a 
and b show SNIFTIR spectra obtained by choosing the refer- 
ence potential El = +0.40 V (SCE) and stepping to the sample 
potential E,, which varied from -0.85 to - 1.25 V (SCE). At 
the reference potential, the electrode surface is covered by a 
monolayer of adsorbed 4-CNPy molecules, and at the sample 
potentials, the molecules are mostly desorbed from the elec- 
trode surface. 

For sample potentials that are higher than - 1.1 V, the spec- 
tra shown in Fig. 8a are essentially mirror images of the spec- 
tra presented earlier in Figs. 2 and 3. They display the same 
absorption bands; however, since the direction of the potential 
step is changed, the bands in Fig. 8 are predominantly negative 
rather than positive. The shape of the spectrum changes when 
E, decreases below - 1.05 V (SCE). The band at 1681 cm-I, 
due to IR absorption by H20, becomes very strong at E, = 
- 1.2 V (SCE). Hydrogen evolution takes place at this poten- 
tial and the formation of H, bubbles in the thin layer can be 
observed. As a result, the concentration of water molecules in 
the thin layer changes significantly when the potential is 
stepped between El  and E,. In addition, a new bipolar band 
appears in the spectrum. Its positive branch has a maximum at 
2145 cm-I and the negative portion has a minimum at 2085 
cm-I. These bands grow further by decreasing the potential to 
E, = - 1.25 V. The bands are not observed on the spectra 
acquired using s-polarized radiation and hence they may be 
identified as corresponding to the adsorbed species. The posi- 
tive branch of the band at 2145 cm-' corresponds to the species 
adsorbed at the reference potential (El = 0.4 V (SCE)), and the 
negative section at 2085 cm-' is related to the species adsorbed 
at the sample potential E,. According to ref. 13, the band at 
2085 cm-I may be assigned to CN-, formed by the reduction of 
4-CNPy molecules, which involves a cleavage of the CN-ring 
bond and the formation of a cyanide ion and a pyridine mole- 
cule (see also reduction scheme in ref. 29). However, accord- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Chen et al 

Fig. 9. Comparison of three SNIFTIRS spectra recorded at the 
Au(ll1) electrode by stepping the potential between El  = 0.4 V 
(SCE) and E, = -0.55 V (SCE). Spectrum (a)  corresponds to 3 x 

M pyridine in 0.1 M KC10, solution. Spectra (b) and (c) 
correspond to 0.01 M 4-CNPy + 0.1 M KC10, solution; spectrum 
(b) was acquired without exposing the electrode to the very 
negative polarization; spectrum (c) was recorded after pre- 
electrolysis at E = - 1.2 V (SCE). 

2300 1975 1650 1325 1000 

Wave number 1 cm-' 

ing to ref. 14 this band may also be assigned to the v,, mode 
of the (4-CNPy)'- radical anion. To test these two hypotheses, 
we have recorded SNIFTIRS spectrum for a 3 x 1 0-3 M solu- 
tion of pyridine molecules. The potential was modulated 
between a value E, at which pyridine molecules form a com- 
pact monolayer at the Au(ll1) surface and a potential E2 
where they are desorbed from the surface (12). In Fig. 9, the 
spectrum for pyridine (curve (a)) is compared to the spectrum 
for 4-CNPy (curve (b)), corresponding to the potential modu- 
lation between E l  = 0.4 V (SCE) and E2 equal to -0.8 V. Curve 
(c) in Fig. 9 shows the spectrum recorded after a prolonged 
electrolysis at E = - 1.2 V (SCE) used to generate the product 
of 4-CNPy reduction. The spectrum was acquired after this 
pre-electrolysis by stepping the potential between E l  = 0.4 V 
(SCE) and E2 = -0.55 V (SCE). The spectrum for pyridine 
displays a strong ring stretching band at 1444 cm-'. In con- 
trast, the ring stretching bands for the 4-CNPy molecule in 
spectra (b) and (c) are observed at 1416 and 1558 cm-l. Appar- 
ently, the appearance of the bipolar band in the 2145-2122 
cm-' range, due to reduction of 4-CNPy at the negative poten- 
tials, is not accompanied by a change in the ring stretch fre- 
quencies. The ring stretching band characteristic for the 
pyridine molecule is not observed in spectrum (c), and this 
behavior indicates that the reduction of 4-CNPy molecules 
does not involve a cleavage of the CN-ring bond. The band at 
2085 cm-' may therefore be assigned to the formation of the 
(4-CNPy)'- radical anion. Overall, the spectral behavior of 4- 
CNPy molecules at negative potentials, described above for 
the Au(ll1) surface, are very similar to that observed for a 
Cu electrode by Rubim and Sala (14). In conclusion, our 
SNFTIRS experiments indicate that 4-CNPy molecules are 
stable at the Au(l11) electrode surface in the potential range of 
- 1.1 V (SCE) < E < 0.6 V (SCE). The molecules are reduced 
at more negative potentials and are oxidized at more positive 
potentials. 

4. Summary 

Subtractively normalized Fourier transform infrared spectros- 
copy was employed to study adsorption of 4-cyanopyridine at 
the Au(ll1) electrode surface. In these experiments, the 
potential was modulated between the value E l  = -0.8 V 
(SCE), at which 4-CNPy molecules are desorbed from the 
electrode, and the value E,, at which 4-CNPy molecules are 
adsorbed at the Au(ll1) surface. The measured spectra were 
considered to be equal to the difference between the absor- 
bance of the desorbed molecules at E,  and the adsorbed mole- 
cules at E2. The IR spectra were- used to study (i) the 
dependence of the band intensity on the surface coverage, (ii) 
the character of surface coordination, and (iii) the stability of 
adsorbed 4-CNPy molecules. We observed that the IR bands 
acquired during the the electroreflectance experiments are sig- 
nificantly broader than the bands from a transmission cell. 
Some weaker bands recorded in transmission were not 
observed in the electroreflectance experiment. The electrore- 
flectance spectra were dominated by four bands corresponding 
to the in-plane ring deformations. Two of them had b2 symme- 
try while the other two had a, symmetry. All b2 bands were 
monopolar in character and their sign was positive; they were 
dominated by the absorbance of the desorbed 4-CNPy mole- 
cules. The intensitv of these bands correlated well with the 
surface concentrations of 4-CNPy molecules, determined 
from independent electrochemical studies. The integrated 
absorption intensities for these bands were larger by a factor of 
five than the absorption intensities of the bands recorded in the 
transmission cell. This indicates that the photon field, acting 
on the molecules in front of the gold electrode, is significantly 
enhanced by reflection from the electrode. One of the two 
bands overlapped with the band for water. The second a ,  at 
1505 cm-' was quite weak; however, the signal-to-noise ratio 
in our experiments was sufficiently large to study its potential- 
induced changes. The band was bipolar and its character var- 
ied with the electrode potential. The changes were consistent 
with a progressive reorientation of 4-CNPy molecules from a 
flat (T-bonded) coordination at negative potentials, to a verti- 
cal N-bonded geometry at positive potentials. The total 
absence of the band due to the CN stretch in the SNIFTIRS 
spectra suggested that, in the vertical orientation, 4-CNPy 
molecules are oriented with the nitrogen atom from the ring 
pointing towards the metal while the CN group faces the solu- 
tion. The IR spectra acquired at either very negative or very 
positive potentials indicate that 4-CNPy is reduced at E < 
- 1.1 V (SCE) and it is oxidized at E > 0.6 V (SCE). 
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The reactions of [Pd,CI,(p-PP),] (PP = dppm, 
dmpm) with Et,NC=CNEt, in methylene 
chloride solution: X-ray crystal structures of 
~P~,C~,(P-CH,)(P=~PP~),I and 
hexakis(diethylamino)benzene, C,(NEt,), 

Sean R. Klopfenstein, Constanze Kluwe, Kristin Kirschbaum, and 
Julian A. Davies 

Abstract: The binuclear palladium(1) complex, [Pd,Cl,(pdppm),] (dppm = bis(diphenylphosphino)methane), has been shown 
to react with bis(diethylamino)acetylene, Et,NCWNEt,, in methylene chloride solution to yield two isolable products, the 
known methylene-bridged complex, [Pd,Cl,(k-CH,)(k-dppm),], and hexakis(diethylamino)benzene, C6(NEt2),, both of which 
have been characterized crystallographically. The source of the bridging methylene group in [Pd,Cl,(k-CH,)(k-dppm),] has 
been shown to be the methylene chloride solvent. A mechanism that accounts for the formation of the two isolable products is 
proposed. The complex, [Pd,Cl,(k-dmpm),] (dmpm = bis(dimethylphosphino)methane), was similarly found to react with 
Et,N=NEt, in methylene chloride solution to yield [Pd2C12(k-CH,)(k-dmpm),], which was identified spectroscopically. 

Key words: acetylene, palladium, cyclooligomerization, aminoacetylene, hexakis(diethy1amino)benzene. 

R6sum6 : On montre que le complexe binucltaire de palladium(I), [Pd,Cl,(k-dppm),] (dppm = bis(diphCny1phosphino)- 
mCthane, rCagit avec le bis(diCthylamino)acCtyIkne, Et2NCWNEt2, dans une solution de chlorure de mCthylkne pour donner 
deux produits que I'on peut isoler : un complexe avec un mCthylkne pontC [Pd,Cl,(k-dppm),] qui est connu, et 
l'hexakis(diCthylamino)benztne, C6(NEt2)6; ces deux complexes sont caractCrisCs par cristallographie. On montre que le groupe 
mkthylkne en position de pont dans le complexe [Pd,Cl,(k-CH,)(k-dppm),] vient du solvant. On propose un mCcanisme qui 
tient compte des deux produits que I'on peut isoler. De faqon similaire, on a trouvC que le complexe [Pd,Cl,(k-dmpm),] (dmpm 
= bis(dimCthy1phosphino)mCthane) rCagit avec Et,NC=CNEt, en solution dans le chlorure de mCthylkne pour conduire au 
complexe [Pd2Cl,(~-CH2)(k-dmpm),] que l'on a identifiC par spectroscopie. 

Mots cle's : acCtylkne, palladium, cyclooligomCrisation, aminoacttylkne, hexakis(diCthy1amino)benzkne. 

[Traduit par la rCdaction] 

Introduction 

Binuclear palladium(1) complexes of the type [Pd,X,(pPP),] 
(X = anionic ligand, PP = dppm, dmpm, etc.) are known (1) to 
react with simple acetylenes bearing electron-withdrawing 
substituents (e.g., -CF3, -CO,Me) to yield the acetylene com- 
plexes, [Pd,X,(pR-R)(k-PP),]. Acid catalysis (2, 3) 
facilitates acetylene addition to the metal-metal bond of 
[Pd,X,(pPP),] and allows generation of [Pd2X2(~- 
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R-R)(pPP),] complexes from acetylenes without elec- 
tron-withdrawing substituents (e.g., -H, -Ph), Fig. 1. We have 
shown (4, 5) that the heteroatom-substituted acetylene, 
M e S C e S M e ,  reacts with [Pd2C1,(~-dppm),] to yield the 
acetylene complex, [Pd2C1,(~-MeSC=SMe)(pdppm),], 
which undergoes a Lewis-acid-promoted rearrangement to the 
vinylidene isomer, [Pd2Cl2(~-C=C(SMe),)(pdppm),], Fig. 
2. Vinylidene complexes, formed via 1,2-heteroatom shift 
reactions, have similarly been isolated from the reactions of 
haloacetylenes (6) with [Pd,Cl,(pdppm),]. 

Amino-substituted acetylenes and alkoxyacetylenes, 
M e C a Y  (Y = NMe,, OEt) have been shown (7) to undergo 
1,Zheteroatom shifts in reactions with [Mn,(CO),(NCMe)]. 
In these cases the 1,2-heteroatom shift reactions are accompa- 
nied by CO insertion into the C-Y bond of the newly formed 
vinylidene, Fig. 3. Such processes are not typical of the reac- 
tions of manganese carbonyls with heteroatom-substituted 
acetylenes. For example, [Mn,(CO),,] reacts with 
P h C e N E t ,  to yield the expected acetylene complex, 
[Mn,(CO),(PhC=LNEt,)] (8). Other nitrogen-containing 
acetylenes have been shown (8) to react with metal carbonyl 
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Fig. 1. Acetylene addition to the metal-metal bond of [Pd2X2(k- 
PP),l. 

R-R 
R =EWG 

R-R /H+ 
f x"i" 

R = H, alkyl. aryl 

Fig. 2. Reactions of MeS-CSMe with [Pd,Cl,(k-dppm),]. 

complexes to yield products that arise either from acetylene 
oligomerization or from C-N bond cleavage, Fig. 4. 

In this paper, the reactions between the palladium(1) com- 
plexes, [Pd,Cl,(pPP),] (PP = dppm, dmpm), and bis(diethy- 
lamino)acetylene, Et2NC*NEt2, in methylene chloride 
solution are described. Neither acetylene complexes nor the 
vinylidene isomers could be identified among the reaction 
products. Two compounds were isolated from the reaction of 
Et,NC=LNEt, with [Pd,Cl,(pdppm),] in CH2C1,, the 
known methylene-bridged complex, [Pd,Cl,(k-CH,)(p- 
dppm),], 1, and hexakis(diethylamino)benzene, C6(NEt,),, 2, 
both of which were characterized crystallographically 
(1.2CH,C12 and 2). From the reaction of [Pd2C1,(~-dmpm),] 
with E t 2 N C x N E t 2  in methylene chloride solution the 
analogous methylene-bridged complex, [Pd,Cl,(p-CH2)(p- 
dmpm),], was isolated and characterized spectroscopically. 

Experimental 

Materials 
All solvents were deoxygenated prior to use. Reactions were 
performed under argon or nitrogen using standard Schlenck 
techniques. Methylene chloride was distilled from calcium 
carbide under nitrogen. Diethyl ether was distilled from 
sodium ribbon under nitrogen. Diethylamine was dried over 
finely ground potassium hydroxide and used without further 
purification. The compounds [Pd,Cl,(pdppm),] (9) and 
[Pd,Cl,(pdmpm),] (10) were prepared by literature methods. 
Bis(diethy1amino)acety lene was prepared by a procedure 
modified from three published reports (1 1-1 3), as detailed 
below. 

Physical measurements 
NMR spectra were measured on Varian VXR-400, Varian 

Fig. 3. Reactions of MeC=CY (Y = NMe,, OEt) with 
[Mn,(C0)9(NCMe)l. 

Y 

Fig. 4. Reactions of nitrogen-containing acetylenes with metal 
carbony 1 complexes. 

Gemini-200, and JEOL FX-90Q NMR spectrometers. Internal 
tetramethylsilane was employed as a shift standard in 'H and 
1 3 ~ { 1 ~ ]  NMR measurements and 3 ' ~ { 1 ~ ]  NMR spectra were 
referenced to external 85% phosphoric acid. Data for GC-MS 
experiments were collected on a HP-5890 instrument with 
mass-sensitive detector. 

X-ray crystallography2 

General methods 
Single crystals of 1,2CH2Cl2 and 2 were selected for data col- 
lection and mounted on glass fibers in random orientations. X- 
ray diffraction data were collected with an Enraf-Nonius 
CAD4 diffractometer in the w-20 mode. Data were collected 
for l.2CH2C12 to a maximum of 20 of 44" and for 2 to a max- 
imum of 20 of 52". Lorentz and polarization corrections were 
applied to the data. Absorption effects were corrected by a 
semiempirical method on the basis of a series of +-scans. The 
structures were refined in full-matrix least squares where the 
function minimized was 

Copies of tables of all bond distances and angles and thermal 
parameters may be purchased from: The Depository of 
Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA 0S2. Tables of 
bond distances and angles have also been deposited with the 
Cambridge Crystallographic Data Centre, and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge, CB2 lEZ, U.K. 
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and the weight w was defined as 4F2/(r2(F2). Scattering fac- 
tors were taken from the standard literature (14). Anomalous 
dispersion effects were included in F,. The unweighted and 
weighted agreement factors are defined as 

All calculations were performed on a VAX 3 100 computer 
using MolEN (15). 

Synthesis of bis(diethy1amino)acetylene 

(i) Preparation of lithium diethylamide 
A three-necked, 300-mL, round-bottomed flask was equipped 
with a magnetic stirrer bar, dropping funnel, gas inlet, and 
mineral oil bubbler. The flask was charged with diethylamine 
(10.5 mL, 0.20 mol) and freshly distilled diethyl ether (50 
mL). The contents of the flask were cooled to 0°C and a solu- 
tion of n-butyllithium in hexanes (50 mL, 0.20 mol) was added 
dropwise under an atmosphere of argon. The resulting lithium 
diethylamide was used directly in the next step. 

(ii) Preparation of 1,2-dichloro-1-(N,N-diethy1amino)ethene 
A three-necked, 1000-mL, round-bottomed flask was 
equipped with a mechanical stirrer, reflux condenser, gas inlet, 
and mineral oil bubbler. An atmosphere of argon was main- 
tained throughout the procedure. To the flask was added 
freshly distilled diethyl ether (120 mL), and trichloroethylene 
(18 mL, 0.20 rnol). The solution was cooled to -90°C with a 
Dry Ice - diethyl ether cooling bath. To the stirring solution, 
the lithium diethylamide solution (see above) was added via 
cannula over a period over 10 min while maintaining a temper- 
ature below -70°C. Additional diethylamine (21 mL, 0.4 mol) 
was then added and the flask allowed to warm slowly to 30°C 
using a water bath. The mixture was allowed to stir for 45 min 
at 30°C and then the water bath was removed and the reaction 
flask allowed to come to room temperature over a period of 1 
h. The resulting brown, heterogeneous mixture was filtered 
through a coarse frit covered with dry, finely ground, potas- 
sium carbonate. The flask and frit were washed with three 20- 
mL portions of dry diethyl ether and the washings combined 
with the filtrate. The filtrate was concentrated to a volume of 
100 mL with a rotary evaporator while maintaining a bath tem- 
perature below 40°C. The resulting brownish-red solution was 
analyzed by GC-MS and used without further purification for 
conversion to the chloroketeneaminal. 

(iii) Preparation of 2-chloro-1,l -bis(diethylamino)ethene 
The product from (ii) was placed in a three-necked, 250-mL, 
round-bottomed flask with diethylamine (15 mL, 0.30 rnol). 
The flask was equipped with a magnetic stirrer bar and a reflux 
condenser while an atmosphere of argon was maintained. The 
contents of the flask were brought to reflux by use of a water 
bath maintained at 70°C. After 1 h of reflux, some separation 
of solid material was noted. Additional diethylamine (15 mL, 
0.30 mol) was then added in three equal portions over a period 
of 1 h. The mixture was allowed to reflux for 12 h at which 
time additional diethylamine (5 mL, 0.10 mol) was added and 
reflux continued for 8 h longer. The water bath was removed 
and the flask allowed to cool to room temperature over a 
period of 1 h. The mixture was then filtered through a coarse 

frit and the reaction flask and frit were washed with three 20- 
mL portions of dry diethyl ether and the washings combined 
with the filtrate. The filtrate was then reduced to a volume of 
50 mL with a rotary evaporator while maintaining a bath tem- 
perature below 40°C. The resulting brown-red solution was 
analyzed by GC-MS and used without further purification for 
the final step. 

(iv) Preparation of bis(diethy1amino)acetylene 
To a three-necked, 250-mL, round-bottomed flask equipped 
with a magnetic stirrer bar, dropping funnel, gas inlet, and 
mineral oil bubbler, the chloroketeneaminal (50 mL, 80% by 
GC-MS) was added with freshly distilled diethyl ether (75 
mL). The flask was cooled to 0°C with an ice bath and freshly 
prepared lithium diethylamide ( 10.5 mL, 0.20 mol, see (i), 
above) was added via cannula. The solution was allowed to 
warm to room temperature and stirred overnight under flow- 
ing argon. Analysis by GC-MS showed complete conversion. 
The brown suspension was filtered through a coarse frit cov- 
ered with Celite using a water aspirator equipped with a potas- 
sium hydroxide tube for protection. The Celite was washed 
with three 10-mL portions of diethyl ether and the washings 
combined with the filtrate. The solvent was removed by distil- 
lation through a 40-cm Vigreux column while maintaining the 
bath temperature below 70°C. The resulting red-brown liquid 
(40 mL, 84% by GC-MS) was transferred via cannula to a 
100-mL, three-necked, round-bottomed flask equipped for 
vacuum distillation. The acetylene distilled as a clear oil at 
30°C and 0.25 Torr (1 Torr = 133.3 Pa). Yield: 28 mL, 25 g, 
74%. 'H NMR (CDCl,): 6 1.1 (CH,, t), 2.8 (CH,, q); J(H, H) 
7.15 Hz; I3c( '~} NMR (CDCl,), 6: 12.9 (CH,), 49.6 (CH,), 
74.3 (-C=t-); MS: M* = 168 (100%). 

Reaction of [Pd2C12(p-dppm)2] with Et2NC=CNEt2 in 
methylene chloride solution 

[Pd2C12(p-dppm),] (0.135 g, 1.3 x lo4 mol) was placed in a 
25-mL, argon-filled Schlenck tube containing a magnetic stir- 
rer bar and freshly distilled methylene chloride (25 mL) was 
added. The solution was cooled to -78°C in a Dry Ice - ace- 
tone bath. In a separate flask, freshly distilled methylene chlo- 
ride (10 mL) was added to bis(diethy1amino)acetylene (0.24 
mL, 0.22 g, 1.3 x mol, lox excess). The acetylene solu- 
tion was added via cannula to the cooled solution of 
[Pd2C12(p-dppm),]. The reaction mixture was allowed to 
warm to room temperature by slow evaporation of carbon 
dioxide from the cooling bath over a period of 6 h. The color 
of the reaction mixture changed from orange to red. The reac- 
tion mixture was then filtered via cannula into a Schlenk 
flask and concentrated to a volume of 7 mL on a vacuum line. 
Freshly dried diethyl ether (25 mL) was layered onto the meth- 
ylene chloride solution and the flask cooled in a freezer for 24 
h. A solid precipitate formed that was filtered from the orange 
supernatant liquid (see below). The yellow-gold solid was 
washed with two 10-mL portions of diethyl ether and dried 
under vacuum for 3 h. The product was identified as 
[Pd2C12(p-CH2)(p-dppm),] as follows: 3 ' ~ ( ' ~ )  NMR 
(CD2C12): 6 14.9; 'H NMR (CD2C12): 6 1.65 (quintet) (p- 
CH,), = 7.7 Hz, 6 7.90 (m), 7.64 (m), 7.42 (m), 7.28 (m) 
7.13 (t) (Ph2P-), 6 3.5 (m) (P-CH2-P), = 4.7 Hz, .I(,,,) = 
14 Hz, 6 2.8 (m) (P-CH2-P) .I(,,,, = 3.4 Hz, .ItHvH) = 14 HZ. 
Anal. calcd. (found) for CS,H46C12P4Pd2: C 57.4 (56.9), H 4.3 
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Table 1. X-ray data for 1-2CH,CI, and .2. 

Can. J. Chem. Vol. 7 4 ,  1996 

Formula C,,H,oC16Pd,P, C,8HmN6 

fw 1236.40 360.72 
F(OO0) 2488 630 
Crystal dimensions, mm 0.24 x 0.18 x 0.12 0.30 x 0.20 x 0.15 
Radiation (h, A) Mo K, (0.71073) Mo K, (0.71073) 
Temperature, K 190 + 1 29P f  1 
Space group p43 R3 
Cell dimensions 

a, A 21.129(.5) 18.147(3) 
c,  A 14.267(4) 8.151(1) 

v, A3 6369(5) 2325(1) 
z 4 3 

Dcalc, g/cm3 1.29 0.78 
p, cm-' 9.4 0.45 
No. of parameters 509 95 
R 0.062 0.038 
R,, 0.096 0.044 
S 2.83 1.41 
Maximum residual densty, e/A3 1.83 0.15 

(4.3). Yield = 39.2 mg (36% based on Pd). Crystals .of 
[Pd2C12(p-CH2)(k-dppm)2].2CH2C12 suitable for X-ray dif- 
fraction experiments were obtained by slow evaporation of 
methylene chloride. 

The orange supernatant liquid (see above) was reduced in 
volume to 2 mL under vacuum. The resulting oily liquid was 
cooled in a freezer at 0°C for 7 days during which time clear, 
colorless crystals formed that were found to be suitable for X- 
ray diffraction and were identified as hexakis(diethy- 
1amino)benzene ( 4 %  yield). 

X-ray crystallography 

( i )  [Pd2C12(k-CH2)(k-dppm)2]2CH2C12 (1 .2CH2C12) 
Slow evaporation of the solvent, CH2C12, yielded yellow sin- 
gle crystals. The crystals diffracted X-rays poorly. They lost 
solvent and turned into a yellow powder within about 10 min 
at room temperature. Rapid handling and cooling (190 K) cir- 
cumvented this problem. The tetragonal unit cell constants and 
the orientation matrix for data collection were obtained from 
least-squares refinement, using the setting angles of 25 reflec- 
tions in the range 10 < O < 13". As a check on crystal stability 
the intensities of three representative reflections were mea- 
sured every 60 min, indicating a total loss in intensity of 1.9%. 
An anisotropic decay correction was applied with correction 
factors on I in the range from 0.963 to 1.103. A total of 4340 
reflections were collected, of which 4077 were unique. Inten- 
sities of equivalent reflections were averaged, the agreement 
factors were 3.0% based on I and 2.1 % based on F,,. A total of 
3321 reflections with F: > ~.ocT(F,,~ ) were used in the calcu- 
lations. 

Structure solution and refinement: The positions of the two 
palladium atoms were found by direct methods. The remain- 
ing atoms were located by repeated least-squares refinements 

followed by difference Fourier syntheses. A total of two 
equivalents of highly disordered CH2C12 were found per metal 
complex. The disorder was modeled and refined in the follow- 
ing ways. C(60), C1(5), C1(5a), C1(6), and Cl(6a) comprised 
314 equivalent of CH2C12 disordered over two positions with 
occupancies for C(60) of 314, for Cl(5) and Cl(6) of 112, and 
for Cl(5a) and Cl(6a) of 114. Similarly, another 314 equivalent 
of CH2C12 included C(61) (multiplicity = 314), Cl(7) and Cl(8) 
(occupancy = 1/2), as well as Cl(7a) and Cl(8a) (occupancy = 
114). C(62), C(19) and Cl(10) represented another 112 equiva- 
lent of CH2C12. The atomic positions of the solvent were fixed 
and only isotropic thermal parameters were refined. The rela- 
tively high maximum residual electron density (1.83 e/A3) 
might be due to further small quantities of disordered solvent 
that we were unable to include in our model. The carbon 
atoms, C(2), C(7), C(l l), C(41), C(47), C(50), and C(51), of 
the metal complex were refined with isotropic thermal param- 
eters. All other non-hydrogen atoms were refined with aniso- 
tropic thermal parameters. The positions of the hydrogen 
atoms of the metal complex were calculated and included in 
the least-squares refinement as riding atoms, U,,, = 1.3Ue 
(bonding atom). The hydrogen positions for the disordered 
CH2C12 were not calculated. The final cycle of refinement 
included 509 variable parameters and converged with 
unweighted and weighted agreement factors of R = 0.062 and 
R, = 0.096. Further details are given in Table 1. 

( j i )  C6(NEt2)6 (2)  
Cooling a solution of 2 in CH2C12 yielded colorless single 
crystals. The rhombohedra1 unit cell constants and the orienta- 
tion matrix for data collection were obtained from least- 
squares refinement, using the setting angles of 25 reflections 
in the range 4 < O < 15". As a check on crystal stability the 
intensities of three representative reflections were measured 
every 60 min, indicating a total gain in intensity of 0.2%. An 
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Klopfenstein et al. 

Fig. 5. Synthesis of Et,NC=CNEt, 

anisotropic decay correction was applied with correction fac- 
tors on I in the range from 0.983 to 1.035. A total of 11 11 
reflections were collected. of which 101 1 were uniaue. Inten- 
sities of equivalent reflections were averaged, the agreement 
factors were 1.6% based on I and 1.6% based on F,. A total of 
624 reflections with F: > 3.0cr(FO2 ) were used in the calcula- 
tions. 

Str~icture solution and refinement: The positions of six atoms 
were found by direct methods. The remaining atoms were 
located in succeeding difference Fourier syntheses. The mole- 
cule lies on a 5. All non-hydrogen atoms were refined with 
anisotropic thermal parameters. Hydrogen atoms were refined 

I with isotropic thermal parameters. The final cycle of refine- 
ment included 95 parameters and converged with unweighted 
and weighted agreement factors of R = 0.038 and R,  = 0.044. 
Further details are given in Table 1. 

Reaction of [Pd2C12(p-dmpm),] with Et2NC=CNEt2 in 
methylene chloride solution 

[Pd,Cl,(p-dmpm),] (0.1 10 g, 2.0 x lo4 mol) was placed in a 
100-mL, nitrogen-filled Schlenck tube containing a magnetic 
stirrer bar, and freshly distilled methylene chloride (25 mL) 
was added. Bis(diethy1amino)acetylene (50 pL, 2.65 x lo4 
mol) was added slowly via syringe over a period of 5 min. The 
reaction mixture was allowed to stir for 6 h at room tempera- 
ture. The color of the reaction mixture changed from yellow to 
dark red. The reaction mixture was then filtered via cannula 
into a Schlenck flask and concentrated to a volume of less than 
10 mL on a vacuum line. Freshly dried diethyl ether (15 mL) 
was layered onto the methylene chloride solution and the flask 
allowed to stand at room temperature overnight followed by 
cooling in a freezer for 24 h. A solid precipitate formed that 
was filtered from the orange supernatant liquid. The yellow- 
black solid was washed with two 10-mL portions of diethyl 
ether and dried under vacuum for 2 h. The solid was then dis- 
solved in the minimum amount of methylene chloride and 
allowed to stand overnight during which time a black precipi- 
tate formed. The yellow supernatant was filtered from the 
black solid via cannula, and diethyl ether (15 mL) was layered 
onto the methylene chloride solution. After 24 h at room tem- 
perature a yellow solid had formed that was isolated by can- 
nula filtration, washed with two 25-mL portions of diethyl 
ether, and dried under vacuum for 8 h. The product was iden- 
tified as [Pd,Cl,(p-CH,)(p-dmpm),] as follows: 3 1 ~ { 1 ~ }  

NMR (CD,Cl,): S -4.1; 'H NMR (CD,Cl,): S 1.3 (quintet) 
(p-CH,), Jq,,) = 7.7 Hz, 6 1.7 (s) 1.6 (s) (Me,P-), 6 2.26 (m), 

1.52 (m) (P-CH,-P), J(p ,H)  = 4.7 Hz, = 14 H. I3c{l~} 

NMR (CD,Cl,): 6 20.9 (s) (p-CH,), S 23.0 (t) (P-CH,-P), S 
15.6 (qn), 14.6 (qn) (Me,P-). Anal. calcd. (found) for 
CllH,,Cl,P,Pd,: C 23.2.(23.3), H 5.3 (5.2). Yield = 28.6 mg 
(25.3% based on Pd). 

Results and discussion 

Simple acetylenes, such as CF3C=tCF3, react with dinuclear 
palladium(1) complexes of the type [Pd,X,(p-PP),] to yield 
acetylene-bridged products (1-3), as illustrated in Fig. 1, 
while the sulfur-substituted acetylene MeSC=tSMe reacts 
according to the pathways illustrated in Figure 2, with forma- 
tion of a vinylidene-bridged complex under Lewis-acid-pro- 
moted conditions (4, 5). Other heteroatom-substituted 
acetylenes, such as I e C I  (6), CIC=tCl (16), P h C e C 1  
(17), MeS=Me (4,5), and M ~ o - M ~ ~  have also been 
shown to yield vinylidene-bridged products in reactions with 
[Pd,X,(p-PP),] complexes via 1 ,2-heteroatom shifts under 
certain conditions. Since the nitrogen-substituted acetylene, 
MeCxNMe, ,  is known (7) to undergo a 1,Zheteroatom 
shift in the reaction with [Mn,(CO),(NCMe)], we sought to 
investigate the reactions of nitrogen-substituted acetylenes 
with dinuclear palladium(1) complexes. Our work with sulfur- 
substituted acetylenes has revealed significant differences in 
reactivity between symmetrically substituted acetylenes and 
unsymmetrically substituted acetylenes (e.g., M e S C a S M e  
vs. M e S C e M e  (4,5)) and so we first began to investigate 
the reactivity of the symmetrically substituted, nitrogen-con- 
taining acetylene, Et,NC=tNEt,, with [Pd,X,(p-PP),] (X = 
anionic ligand, PP = dppm, dmpm) complexes. 

The synthesis of Et,NCxNEt,, detailed in the experimen- 
tal section, was derived from literature reports (1 1-13) and 
followed the pathway outlined in Fig. 5. Our modifications to 
the reported methods led to isolation of Et,NC=tNEt, in a 
74% overall yield. 

The reaction of [Pd,Cl,(p-dppm),] with a tenfold excess of 
Et,NC=CNEt, in methylene chloride solution was investi- 
gated. The reaction was monitored by removal of aliquots and 
measurement of the 3 1 ~ { 1 ~ }  NMR spectra, which revealed a 
complex mixture of species in solution. Precipitation with 
diethyl ether allowed isolation of a single complex (SP = 14.9 
ppm) whose 'H NMR spectrum revealed, in addition to reso- 
nances attributed to the bridging dppm ligands, a quintet at 

J.A. Davies, C. Kluwe, and J. Miiller. Unreported results. 
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Fig. 6. ORW diagram of [Pd2C12(p-CH2)(p-dppm),] (1). 

Table 2. Selected bond angles and distances 
for 1 ZCH2C12. 

(a) Bond angles ("). 

Atom 1 Atom 2 Atom 3 Angle 

(b)  Bond lengths (A). 

Atom 1 Atom 2 Distance 

- - -  

"Refers to the Pd(l).....-.Pd(2) separation. 

1.65 ppm. A comparison to literature data (18-20) suggested 
that this signal could be attributed to a methylene group bridg- 
ing the palladium centers and that the complex, isolated in 
36% yield, was [Pd2C12(~-CH,)(k-dppm),]. Single crystals of 
[Pd,Cl,(k-CH,)(k-dppm),].2CH2C12 (1.2CH2C12) suitable 
for X-ray diffraction were obtained from a methylene chloride 
solution by slow solvent evaporation. The structure of 
[Pd2C12(p-CH2)(p.-dppm)2j is shown in Fig. 6, selected bond 
angles and distances are presented in Table 2, and positional 
parameters and BCq are shown in Table 3. 

The two palladium centers are spanned by two bridging 
dppm ligands and the bridging methylene group. The structure 
adopts the typical "A-frame" coordination mode common to 
related systems. Each palladium center is approximately 
square-planar with terminal chloride ligands trans to the 
bridging methylene group. The most significant deviations 
from square-planar geometry occurred in the angles P1-Pdl- 
P2 (174.3(2)"), P3-Pd2-P4 (174.2(2)"), Cll-Pdl-P2 
(95.3(2)"), P1-Pdl-C1 (88.1(6)"), and P2-Pdl -C1 (86.2(6)"). 
These deviations most likely arise from the incompatibility of 
the optimum Pd.....Pd separation and the ideal tetrahedral 
geometry of the bridging methylene group. The structure cor- 
responds closely to that reported previously for the platinum 
analog (2 1). 

The origin of the methylene bridge in [Pd,Cl,(k-CH,)(p- 
dppm),] was shown to be the methylene chloride solvent 
by repeating the reaction of [Pd,Cl,(k-dppm),] with 
Et,N-NEt, in d2-methylene chloride solution. The result- 
ing product exhibited an identical 3 ' ~ { ' ~ }  NMR spectrum to 
that described above (6P = 14.9 ppm), but the 'H NMR spec- 
trum lacked the quintet at 1.65 ppm, confirming incorporation 
of a p.-CD, group in place of k-CH,. In the absence of 
Et2NmNEt2, [Pd,Cl,(k-dppm),] was shown to be unreac- 
tive towards methylene chloride under conditions comparable 
to those employed in the reaction. Thus, stirring a methylene 
chloride solution of [Pd,Cl,(p-dppm),] at room temperature 
for 3 weeks or refluxing a methylene chloride solution of 
[Pd,Cl,(k-dppm),] overnight gave no evidence for formation 
of [Pd2C12(k-CH,)(k-dppm),] by 3 1 ~ { ' ~ )  NMR spectros- 
copy. These data suggest that [Pd2Cl2(k-dppm),] reacts with 
Et,NGCNEt, to generate one or more species capable of 
further reaction with methylene chloride to form [Pd,Cl,(k- 
CH,)(P-~PP~), I .  

The second product isolated in low yield from the reaction 
of [Pd,Cl,(p-dppm),] with a tenfold excess of E t 2 N C S N E t 2  
in methylene chloride solution was identified crystallographi- 
cally as hexakis(diethylamino)benzene, the cyclotrimerization 
product derived from Et,NC=CNEt,. The structure of 
C6(NEt2)6 is shown in Fig. 7, selected bond angles and dis- 
tances are presented in Table 4, and positional parameters and 
B, are shown in Table 5. 

%he molecule possesses approximate C6, symmetry. The 
bond lengths and angles have normal values and correspond 
well to those reported for C6(NMe2)6 (22). The diethylamino 
substituents adopt a conformation such that the nitrogen lone 
pair does not participate in the aromatic T-system and the 
C,,N bond distances reflect the single bond character. 

Palladium-promoted cyclotrimerization reactions of acety- 
lene are well known (23) but much of the reported work con- 
cerns reactions of simple acetylenes promoted by complexes 
of palladium(0) or palladium(I1). Reactions of functionalized 
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Klopfenstein et al. 

Table 3. Positional parameters and B,, for 1ZCH7C17. Table 3. (concluded). 

Atom x Y z B" (A2)  Atom x Y z B" (A2) 

"Starred atoms were refined isotropically. Anisotropically refined atoms 
are given in the form of the isotropic equivalent displacement parameter 
defined as: (4/3)[a2B(l,l) + b2B(2,2) + c2B(3,3) + ab(cos y)B(1,2) + ac(cos 
P)B(1,3) + bc(cos a)B(2,3)]. 

Table 4. Selected bond angles and distances 
for 2. 
(a) Bond angles (O). 

Atom 1 Atom 2 Atom 3 Angle 

(b) Bond lengths (A) .  

Atom 1 Atom 2 Distance 

"Symmetry transformation ('): 1 + y, 1 - x + y, 
2 - z; (3: x - y, -1 + z, 2 - z. 

acetylenes and reactions promoted by palladium(1) are much 
less common. The cyclotrimerization of the dimethyl ester of 
acetylene dicarboxylic acid to yield hexamethyl mellitate, pro- 
moted by [Pd2C1,(~-dppm),], has been described and a mech- 
anism proposed (24). In the case of the cyclotrimerization of 
Et2NmNEt2, a comparable mechanism suggests pathways 
by which [Pd2C12(~-CH2)(p-dppm),] might be formed. Fig- 
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Table 5. positional parameters and B,, for 2. Fig. 7. ORTEP diagram of C,(NEt,), (2). 

Atom x Y z B" (A') 

"Starred atoms were refined isotropically. Anisotropically refined atoms 
are given in the form of the isotropic equivalent displacement parameter 
defined as: (4/3)[a2B(l,l) + bZB(2,2) + cZB(3,3) + ab(cos y)B(1,2) + ac(cos 
P)B(1,3) + bc(cos a)B(2,3)]. 

Fig. 8. Possible mechanism for cyclotrimerization of E t , N m N E t , .  

ure 8 outlines a possible mechanism for cyclotrimerization of [Pd,Cl,(p,-CH,)(p,-dppm),]. It is noteworthy that [Pd,Cl,(p,- 
EhN-NEt, that is based upon that proposed for hexame- CH,)(p,-dppm),] was synthesized earlier by the reaction 
thy1 mellitate formation (24). between the binuclear palladium(0) complex, [Pd,(p,-dppm),], 

Included in the pathway are intermediates capable of reduc- and methylene chloride (21). Binuclear palladium(0) com- 
tive elimination of chlorinated organic fragments. Such pro- plexes of the type [Pd,(p,-PP),], although not known with 
cesses would lead to the generation of palladium(0) species dppm as the bridging ligand, have been isolated and character- 
that might subsequently react with methylene chloride to form ized crystallographically with the sterically demanding 
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Cy,P(CH,),PCy, ligand to provide kinetic stabilization (25). 
Thus, the mechanism illustrated in Fig. 8 appears to be a rea- 
sonable pathway, which accounts for the formation of both 
[Pd,CI,(pCH2)(~-dppm),] and C6(NEt2)6 from the reaction 
between [Pd,Cl,(k-dppm),] and Et,NC=LNEt, in methylene 
chloride solution. However, all attempts, by GC-MS, to detect 
chlorinated organic products resulting from the various reduc- 
tive elimination pathways in Fig. 8 failed (26) and so the pos- 
sibility exists that reactive palladium(0) species, capable of 
oxidative addition of methylene chloride, arise from other 
pathways distinct from those illustrated in Fig. 8. Similarly, 
we cannot exclude the possibility that cyclotrimerization is 
promoted by a palladium-containing decomposition product. 

The complex [Pd,Cl,(pdppm),] was found to be unreac- 
tive towards Et2NC=LNEt, in chloroform and monitoring a 
CHC1, solution of these compounds by 3 1 ~ ( 1 ~ ]  NMR spec- 
troscopy over a period of several hours gave no evidence for 
any reaction. [Pd,Cl,(pdmpm),] was found to react with 
Et,NC=LNEt, in methylene chloride solution and [Pd,Cl,(k- 
CH,)(pdmpm),] could be isolated in pure form from the reac- 
tion mixture in 25.3% yield. 

Conclusions 

The palladium(1) complex, [Pd,Cl,(pdppm),], has been 
shown to react with Et,NC=LNEt, in methylene chloride 
solution to yield the product of acetylene cyclotrimerization, 
c6(NEt2),, and the methylene-bridged complex, [Pd2C12(~- 
CH,)(pdppm),], as isolable products. Formation of C,(NEt,), 
suggests initial generation of an acetylene complex capable of 
further reaction, via two insertion steps and a reductive elimi- 
nation step, to generate the hexasubstituted benzene. Isolation 
of [Pd,Cl,(pCH,)(pdppm),] is suggestive of a deactivation 
pathway that involves generation of a palladium(0) intermedi- 
ate capable of oxidative addition of the methylene chloride 
solvent. The results, together with those extant in the literature 
(24) show that binuclear palladium(1) complexes serve as pro- 
moters for the synthesis of hexasubstituted benzenes by acety- 
lene cyclotrimerization and that this reaction is possible even 
with heteroatom-substituted acetylenes that lead to highly 
functionalized aromatics. In the case described here, however, 
the possibility of catalysis by unidentified palladium-contain- 
ing decomposition products cannot be excluded. 
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Thiophenophane metal complexes. IV. Effects 
from ligand changes outside the coordination 
sphere 

C. Robert Lucas and Shuang Liu 

Abstract: Preparation of two thiophenophane polythioether macrocycles and 11 of their complexes of Cu(I), Cu(II), Ag(I), and 
Pd(I1) is described. The single crystal X-ray structure of [(CuBr),(Ll)], is reported: space group Pcma, a = 8.7120(6), b = 
10.7791(5), c = 12.0929(5) A, Z = 2, Rf= 0.052, R,, = 0.036 for 521 reflections. Variable-temperature magnetic susceptibility 
measurements for [(CuCl,),(Ll)] and [(CuC12),(L2)] reveal weak antiferromagnetic and weak ferromagnetic coupling, 
respectively. Cyclic voltammograms of these compounds display two unequal waves in acetonitrile solvent but only one in 
nitromethane or dimethyl sulfoxide. 'H NMR spectra of {[(q-C3H,)Pd12(Ll)] {PF,], and { [(q-C3H5)Pd],(L2)] {PF,], in various 
solvents show different temperature responses. These magnetic, electrochemical, and NMR effects are discussed in the light of 
structural differences at sites in the two ligands that are outside the coordination spheres. 

Key words: magnetic susceptibility, copper, thioether, electrochemistry. 

RCsumC : On dCcrit la prCparation de deux thiophCnophanes, des polyCthers macrocycliques, et de onze le leurs complexes de 
Cu(I), Cu(II), Ag(1) et Pd(I1). On rapporte la structure par rayons X sur un cristal unique du complexe [(CuBr),(Ll)],. Le cristal 
appartient au groupe d'espace Pnma avec a = 8,7120(6), b = 10,7791(5), c = 12,0929(5) A, Z = 2. Rf= 0,052, R, = 0,036 
pour 52 1 rCflexions. Les mesures de susceptibilitC magnttique h tempCrature variable rCvblent que les composts [(CuCl,),(L])] 
et [CuC12),(L2)] ont respectivement de faibles couplages antiferromagnCtiques et ferromagnetiques. Les voltampCrogrammes 
cycliques de ces composCs montrent deux ondes inkgales dans l'acktonitrile comme solvant, mais seulement une onde dans le 
nitromethane ou dans le dimCthylsulfoxyde. Les spectres de RMN du 'H des complexe { [(q-C3H5)Pd],(LI)] {PF,], et 
{[(q-C,H,)Pd2(L2)] {PF,], dans diffkrents solvants donnent des rCsultats diffkrents selon la tempkrature. On discute des effets 
magnCtique, Clectrochimique et RMN h la lumibre des diffkrences structurales au niveau des sites qui, dans les deux ligands, sont 
en dehors des sphkres de coordination. 

Mots clis : susceptibilitC magnktique, cuivre, thioCther, Clectrochimie. 

[Traduit par la rkdaction] 

Introduction 

Changes in bond lengths and angles in the coordination sphere 
have been widely studied as a means of tuning the properties 
of metal complexes once the gross features of these properties 
have been determined by the choice of a metal, its oxidation 
state, and its donor atoms (1). We have been interested for 
some time in the often more subtle effects that can be achieved 
by changes in a ligand's skeleton or its conformation at sites 
that are remote from the coordination sphere (2, 3). These 
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changes can have quite dramatic effects and are believed to be 
involved, in ways that are not yet well understood, in long- 
range (>I0 A) transmission of magnetic or electronic influ- 
ences through enzymes and other large structures (4,5). In this 
report, we describe studies of the consequences of structural 
change at sites in the ligands L1 and L2 that are outside a coor- 
dination sphere. 

Experimental 

Commercially available reagents were obtained from the 
Aldrich Chemical Co. Inc., or from Morton Thiokol Alfa 
Products Inc. and were used without further purification. 

Can. J. Chern. 74: 2340-2348 (1996). Printed in Canada l Imprim6 au Canada 
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Lucas and Liu 

Those used for cyclic voltammetry measurements were spec- 
troscopic grade. Spectroscopic data were obtained by using the 
following instruments: IR, Mattson Polaris FT; UV-VIS, Cary 
model 17; ESR, Bruker ESP-300 X-band spectrometer operat- 
ing at -9.5 GHz; NMR, General Electric 300-NB; mass spec- 
tra, VG micromass 7070 HS. FAB mass spectra were obtained 
by using a matrix composed of glycerol and p-toluenesulfonic 
acid (PTSA). Solution "glasses" for ESR measurements were 
prepared by plunging sealed capillaries containing - 1 o4 moll 
L solutions into liquid nitrogen. Magnetic susceptibility data 
were obtained at room temperature by the Faraday method. 
Variable-temperature magnetic susceptibility data on powder 
samples were obtained in the range 5-300 K by using an 
Oxford Instruments superconducting Faraday magnetic sus- 
ceptibility system with a Sartorius 4432 microbalance. Main 
solenoid fields of 1.5 and 2.0 T and a gradient field of 10 T 
m-' were employed and the susceptibility data were corrected 
for diamagnetism by using Pascal constants. A value of 60 x 
lo6 cgsulmol of copper atoms was used as a correction for 
temperature-independent paramagnetism (TIP) (6). The cali- 
brant was H~CO(NCS)~.  Curve fittings were carried out by 
using a locally modified program for nonlinear weighted least 
squares as proposed by Wentworth (7) on the basis of work by 
Deming (8). Electrochemical measurements were carried out 
under a nitrogen atmosphere at room temperature by using a 
Cypress Systems, Inc., CS-1087 computer-controlled poten- 
tiostat. Solution concentrations were m o m  in complex 
and 0.1 m o m  in supporting electrolyte (tetraethylammonium 
perchlorate). Voltammograms were recorded in acetonitrile by 
using a glassy carbon working electrode that was pre-polished 
with 0.3 p,m A1203, a platinum counter electrode, and an aque- 
ous saturated calomel reference electrode checked periodi- 
cally relative to a 1.0 x m o m  solution of ferrocene in 
acetonitrile containing 0.1 m o m  tetraethylammonium per- 
chlorate for which the ferrocenelferrocenium reduction poten- 
tial was 400 mV. The reference electrode was separated from 
the bulk of the solution by a porous Vycor tube. Junction 
potential corrections were not used. Voltages reported versus 
the normal hydrogen electrode were obtained by adding 244 
mV to the potential measured versus SCE. Analyses were per- 
formed by Canadian Microanalytical Service Ltd. 

Ligands 

(a )  (Ligand L1) 
Sodium (2.35 g, 0.102 mol) was dissolved in commercial 
absolute ethanol (300 mL) under an atmosphere of dry nitro- 
gen. To this solution 1,2-ethanedithiol was added slowly and, 
after the addition was complete, the solution was refluxed gen- 
tly for 10 min. To the refluxing solution 2,5-bis(ch1orome- 
thy1)thiophene (9) in commercial absolute ethanol (200 mL) 
was added with vigorous stirring over 10 h. The mixture was 
refluxed for an additional 12 h. and then volatiles were 
removed under reduced pressure. The solid residue was dis- 
solved in CHC13 and the solution washed several times with 
water before being dried over CaCl,. The solvent was removed 
under reduced pressure, leaving a white solid that was recrys- 
tallized from benzene to give needle-like crystals; mp 126- 
127°C. Yield 2.1 1 g (20.8%). NMR: (CDC13, ppm from TMS 
internal standard, assignments based on I3c-'~ heteronuclear 
correlation and attached proton test, position identification 

from Fig. I), I3c: 142.9 C2, 125.2 C1, 32.3 C4, 3 1.6 C3; 'H: 
6.70 (s) C1 (4H), 3.87 (s) C3 (8H), 2.67 (s) C4 (8H). Mass 
spectrum: parent ion [C16H20S61+, calcd., d z :  404; found, d z :  
404. Anal. calcd. for C16H20S6: C 47.48, H 4.98; found: C 
47.89, H 5.07. 

(b )  (Ligand L2) 
The procedure was similar to that for L1 (above) except that 
1,3-propanedithiol (5.50 g, 0.0501 mol) was used and, after 
removing ethanol, the residue was dissolved in CH,Cl, instead 
of CHC1,. Recrystallization from benzene gave white needle- 
like crystals; mp 122-123°C. Yield 2.69 g (24.8%). NMR: 
(CDC13, ppm from TMS int. std., assignments based on I 3 c - ' ~  
heteronuclear correlation and attached proton test, position 
identification from Fig. l), l3c: 141.9 C2, 125.7 C1, 30.9 C3, 
30.1 C4,28.3 C5; 'H: 6.75 (s) C 1 (4H), 3.86 (s) C3 (8H), 2.49 
(t, J = 7.2 Hz) C4 (8H), 1.72 (q, J = 7.2 Hz) C5 (8H). Mass 
spectrum: parent ion [Cl8H,,S6]+, calcd., d z :  432; found, d z :  
432. Anal. calcd. for CI8H2,S6: C 49.96, H 5.59; found: C 
50.01, H 5.66. 

Complexes 
NOTE: Perchlorate salts are often treacherously explosive 
(10) and although we have been unable to cause the com- 
pounds described below to detonate from shock or heat we 
recommend suitable precautions be taken whenever perchlor- 
ates are handled. 

(a) [ (CUC~,) , (L~)I  
To a solution of CuC12.2H20 (70 mg, 0.41 mmol) in the mixed 
solvent tetrahydrofuran-methanol (15 mL:2 mL) was added a 
solution of L1 (81 mg, 0.20 mmol) in CH2C12 (5 mL). The 
dark-green solution was filtered immediately and the filtrate 
was allowed to evaporate slowly in air until dark-green crys- 
tals formed that were collected by filtration, washed with 
small amounts of chloroform and then diethyl ether, and dried 
in air; mp 140-143°C (dec.). Yield 105 mg (78%). Anal. 
calcd. for C16H20C14C~2S6: C 28.53, H 2.99, C1 21.06 CU 
18.87; found: C 29.34, H 3.16, C121.29, Cu 18.40. 

(b )  [ (CUC~) , (L~)I  
To a solution of CuCl (25 mg, 0.25 mmol) in acetonitrile (20 
mL) was added a solution of L1 (51 mg, 0.13 mmol) in 
CH2C12 (5 rnL). The yellow-coloured solution of cuprous 
chloride darkened to a deeper yellow upon addition of the 
ligand and after filtration this solution was left standing in air 
to evaporate solvent. Dark yellowish-brown crystals were 
deposited and were separated by filtration. The crystals were 
washed with small amounts of dichloromethane and then 
diethyl ether and dried in air; mp 20CL205"C (dec.) Yield 67 
mg (89%). Anal. calcd. for C16H20C12C~2S6: C 31.89, H 3.34, 
C1 11.77, Cu 21.09; found: C 32.18, H 3.44, C1 12.30, Cu 
20.08. 

(c)  I(CuBr),(Ll )I, 
To a solution of CuBr.S(CH3), (60 mg, 0.29 mmol) in aceto- 
nitrile (15 mL) was added a solution of Ll (50 mg, 0.12 mmol) 
in dichloromethane (5 mL). The solution was filtered and left 
standing in air to evaporate solvent. Light-yellow crystals 
formed that were separated and washed with small amounts of 
dichloromethane and then diethyl ether and dried in air; mp 
191-194°C (dec.) Yield 70 mg (84%). Anal. calcd. for 
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C16H20BI'2C~2S6: C 27.79, H 2.91, Br 23.1 1, CU 18.38; found: 
C28.16, H2.92, Br23.89, Cu 17.8. 

(d )  [Ag(L1)I[C1041 
To a solution of AgClO,.H,O (41 mg, 0.18 mmol) in acetoni- 
trile (10 mL) was added a solution of L1 (8 1 mg, 0.20 mmol) 
in CH2C12 (5 mL). 'The colourless solution was filtered and left 
standing in air to evaporate solvent. Colourless crystals 
formed that were separated and washed with small amounts of 
dichloromethane and then diethyl ether and dried in air; mp 
176-180°C (dec.). Yield 105 mg (95%). Anal. calcd. for 
C,6H2&gC104S6: C 3 1.40, H 3.29, Ag 17.63; found: C 3 1.54, 
H 3.39, Ag 18.7. 

( e )  I[(v-C~H~)P~I~(L~)IIPF~I~ 
To a solution of [(q-C3H5)PdC1], (74 mg, 0.20 mmol) in ace- 
tonitrile (1 0 mL) was added a solution of AgPF6 (105 mg, 0.42 
mmol) in acetonitrile (10 mL). A white precipitate formed 
immediately and after stirring for 5 min the precipitate was 
removed by filtration. To the filtrate was added a solution of 
L1 (81 mg, 0.20 mmol) in CH2C12 (5 mL). The solution was 
filtered and left standing in air to evaporate solvent. Bright- 
yellow crystals formed that were separated and washed with 
small amounts of CH,Cl, and then diethyl ether and dried in 
air; mp 170-175°C (dec.) Yield 152 mg (77%). Anal. calcd. 
for C ~ ~ H ~ ~ F , , P , P ~ ~ S ~ :  c 26.70, H 3.06; found: C 27.10, H 
3.05. 

Cf) [(CuC12)2(L2)1 
To a solution of CuC12.2H20 (43 mg, 0.25 mmol) in tetrahy- 
drofuran (10 mL) was added a solution of L2 (108 mg, 0.25 
mmol) in CH,Cl, (5 mL). The deep-green solution was filtered 
and left standing in air to evaporate solvent. The deep green 
crystals that formed were separated and washed with small 
amounts of CH,Cl, and then diethyl ether and dried in air; mp 
140-145°C (dec.) Yield 67 mg (76%). Anal. calcd. for 
CI8H2,Cl4Cu2S6: C 30.81, H 3.45, C120.21, Cu 18.10; found: 
C 31.62, H 3.51, C1 19.46, Cu 17.6. 

(8 )  [(CuCl),(L2)1 
To a solution of CuCl (25 mg, 0.25 mmol) in acetonitrile (10 
mL) was added a solution of L2 (56 mg, 0.13 mmol) in CH,Cl, 
(5 mL). The resulting solution was filtered and left standing in 
air to evaporate solvent. The light brown crystals that formed 
were separated, washed with small amounts of CH2C12 and 
then diethyl ether, and dried in air; mp 200-205°C (dec.) Yield 
65 mg (82%). Anal. calcd. for C18H2,C1,Cu2S6: C 34.28, H 
3.84,Cl 11.24,Cu20.15;found: C33.97,H3.81,Cl 10.93,Cu 
19.6. 

(h)  [Ag(L2)1[C10,1 
To a solution of AgC104.H20 (45 mg, 0.20 mmol) in acetoni- 
trile (10 mL) was added a solution of L2 (87 mg, 0.20 mmol) 
in CH,Cl, (5 mL). The colourless solution was filtered and left 
standing in air to evaporate solvent. The colourless crystals 
that formed were separated, washed with small amounts of 
CH2C12 and then diethyl ether, and dried in air; mp 150-153°C 
(dec.) Yield 81 mg (94%). FAB mass spectrum: calcd. for 
[ C , ~ H ~ , ' ~ ~ A ~ S , ] +  and [C~~H, , ' ~ 'A~S~]+ ,  d z :  541 and 539; 
found; d z :  541 and 539. Anal. calcd. for CI8H2,AgC1O,S6: C 
33.78, H 3.78; found: C 34.13, H 3.87. 

( i )  [(PdC12)2(L2)l 
To a refluxing solution of PdC1, (89 mg, 0.50 mmol) in 
CH3CN (60 mL) was added dropwise a solution of L2 (108 
mg, 0.25 mmol) in CH2C12 (20 mL). The solution was refluxed 
for a further 4 h during which time the colour changed to 
orange. The hot solution was filtered, concentrated to 30 mL, 
and cooled in an ice bath to give orange crystals that were sep- 
arated, washed with a little diethyl ether, and dried in air; mp 
147-155°C (dec.) Yield 124 mg (63%). Anal. calcd. for 
C,8H24C14Pd2S6: C 27.46, H 3.07; found: C 27.8 1, H 3.10. 

( j )  I[(q-C3H5)Pd12(L2)IIPF612 
To a solution of [(q-C3H5)PdCl], (74 mg, 0.20 mmol) in ace- 
tone (15 mL) was added AgPF6 (105 mg, 0.42 mmol) in ace- 
tone (5 mL). The white precipitate that formed was removed 
by filtration and to the filtrate was added L2 (45 mg, 0.10 
mmol) in CH,Cl, (10 mL). The solution was filtered and left 
standing in air to evaporate solvent. The yellow crystals that 
formed were separated, washed with small amounts of CH,Cl, 
and then diethyl ether, and dried in air; mp 163-167°C (dec.) 
Yield 62 mg (71%). Anal. calcd. for C2,H3,F,,P,Pd2S6: C 
28.33, H 3.37; found: C 28.60, H 3.38. 

( k )  [ C U ~ ( L ~ ) ] [ C ~ O ~ ] ~ . ~ C H ~ C N  
To a solution of CuCl (50 mg, 0.50 mmol) in acetonitrile (15 
mL) was added AgClO,.H,O (1 13 mg, 0.50 mmol) in acetoni- 
trile (15 mL). The white precipitate that formed was removed 
by filtration and to the filtrate was added L2 (108 mg, 0.25 
mmol) in CH2C12 (15 mL). The solution was filtered and left 
standing in air to evaporate solvent. The brown crystals that 
formed were separated, washed with small amounts of CH,Cl, 
and then diethyl ether, and dried in air; mp 185-190°C (dec.) 
Yield 191 mg (76%). Anal. calcd. for C30H42N6C12C~208S6: C 
35.85, H 4.21, N 8.36, Cu 12.65; found: C 35.49, H 4.20, N 
7.82, Cu 12.4. 

X-ray 
A summary of crystallographic data for [(CuBr),(Ll)], is 
found in Table 1. X-ray diffraction data were collected by 
using a Nonius CAD4 diffractometer. All measurements 
were made with graphite monochromated Mo K a  radiation 
and the 8-28 scan technique with profile analysis (1 1) at a 
scan speed of 4"Imin. Three standards were measured after 
every 100 reflections and no significant crystal decay was 
detected. Cell constants and an orientation matrix for data col- 
lection, obtained from a least-squares refinement of the setting 
angles of 20 carefully centred reflections in the range 30.00" < 
28 < 40.00°, corresponded to an orthorhombic cell with 
dimensions as shown in Table 1. The space group was deter- 
mined by systematic absences, a statistical analysis of inten- 
sity distribution, packing considerations, and the successful 
solution and refinement of the structure. Of the 101 1 reflec- 
tions collected 779 were unique. The data were corrected for 
Lorentz and polarization effects but no corrections were made 
for absorption. 

The structures were solved with MULTAN (12) plus a differ- 
ence Fourier map and refined by full-matrix least squares with 
counting statistics weights. All calculations were performed 
with the NRC VAX Crystal Structure programs (13). Non-hydro- 
gen atoms were refined anisotropically. The final cycle of full- 
matrix least-squares refinement was based on 521 observed 
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Table 1. Crystal data for [(CuBr),(Ll)],. 

Parameter Value 

Empirical formula C I L ~ ~ , o ~ ~ , ~ ~ , ~ ,  

Formula weight 69 1.62 
Crystal dimensions, mm 0.07 x 0.07 x 0.15 
Space group Orthorhombic Pcma 

a ,  A 8.7 120(6)" 
b, 8, 10.779 l(5) 
c, 8, 12.0929(5) 

Z (molecules/cell) 2 
F(000) electrons 659.89 
volume, A3 1135.61 
dcalcr g/cm3 1.964 
Linear absorption coeffic~ent (p), mm-' 5.90 
Radiation (MoKa), A h = 0.70930 
20 (max), deg 44.9 
No. reflections measured 101 1 
No. of unique reflections 779 
No. unique reflections, I,,,, > 2.501,,,, 52 1 
Last least-squares cycle calculated with 8 atoms 

64 parameters 
52 1 reflections 

Rf (s~g. refl.) 0.052 
R,, (sig. refl.) 0.036 
Goodness of fit (last cycle)b 2.3 1 
Rf (all refl.) 0.090 
R,, (all refl.) 0.038 
Maximum shiftlo 0.000 
Last D-map: 

Deepest hole, e/A3 -0.740 
Highest peak, e/A3 0.820 

"Throughout t h ~ s  art~cle, esd's are In parentheses and refer to the last 
d ~ g ~ t  pnnted. 

bGoodness of fit = [Z,v(lF,I - I~,l)'l(no of reflect~ons - no. of 
pararneter~)]'~ 

reflections (I > 2.50a(I)) and 64 variables and converged with 
unweighted and weighted agreement factors (R = CIIFoI - 
IFcIIICIFoI and R, = [(Cw(lFoI - I F ~ I ) ~ I C W F ~ ) ] " ~ )  equal to 
0.052 and 0.036, respectively. Neutral atom scattering factors 
were from the usual source (14). A description of the experi- 
mental procedure, anisotropic thermal parameters, and a full 
listing of bond lengths and bond angles are available as sup- 
plementary data.3 

Discussion 

The X-ray study of [(CuBr),(Ll)], reveals (Fig. 1) a two- 
dimensional polymeric structure consisting of an extended 
series of fused rings, some of which contain Cu,Br, subunits 
and some of which contain thiophene subunits. For the macro- 

A complete set of data may be purchased from: The Depository of 
Unpublished Data, CISTI, National Research Council Canada, 
Ottawa, Canada KIA OS2. Except for the anisotropic thermal 
parameters, the data mentioned above have also been deposited 
with the Cambridge Crystallographic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge, CB2 lEZ, 
U.K. 

cyclic ligand, all thioether sulfur lone pairs are exocyclic in a 
manner reminiscent of other thiophenophanes as free ligands 
or in some of their complexes (15-19). Rigidity imposed by 
the thiophene units on the macrocyclic ring limits the ring's 
ability to place its thioether electron pairs endocyclic during 
complex formation, as has been noted previously in thiophe- 
nophane complexes (15). 

Overall, the structure of [(CuBr),(Ll)], can be described as 
a series of sheets stacked in such a way that one is slipped with 
respect to the next along one axis only (the vertical axis in Fig. 
1) so that the macrocyclic ligand ring cavities in every second 
sheet are superimposed. The coordination geometry about 
copper is distorted tetrahedral. Each copper atom is coordi- 
nated to two thioether sulfur atoms in two different macrocy- 
clic rings with a bond angle at copper that is substantially 
larger (134.93(21)") than the tetrahedral angle. One pair of 
equivalent S-Cu-Br angles is closed slightly (99.94(11)") 
while the remaining equivalent pair is less disturbed at 
105.36(12)". The Cu,Br, rings are roughly at right angles to 
the plane of the polymer sheet and have internal angles of 
109.52(13)" at copper and 70.48(10)" at bromine. This struc- 
ture may be compared to that of [Cu(L)Br], (L = 1,4,8,11- 
tetrathia[l 1](3,6)pyridizinophane) (20), which is also a two- 
dimensional extended polymer with Cu2Br2 and macrocyclic 
ligand rings and distorted tetrahedral coordination about each 
copper consisting of two bromines and two thioether sulfurs 
from separate macrocycles. The Cu-S distance of 2.298(4) A 
in our [(CuBr),(Ll)], is somewhat shorter than the Cu-S dis- 
tances in [CuBr(L)], (2.321(2) and 2.315(2) A) and is in fact 
shorter than the Cu-S distances in [Cu(L')Cl] (L' = 2,5,8- 
trithia[9](1,2)benzenophane (2.303(2), 2.31 1(2), 2.398(2) A) 
(21) or the shortest Cu-S distance in [Cu(L"),]+ (L" = 2,5,8- 
trithia[9](2,5)thiophenophane) (2.301(3) A) (16). It is longer, 
however, than the shortest Cu-S distances in [Cu([15]aneS5)]+ 
(2.243(5) A) (22) or in [Cu(DTO),]+ (DTO = 3,6-dithia- 
octane) (2.280(4) A) (23). The Cu-Br distances in the Cu2Br2 
rings of [(CuBr),(Ll)], are unequal (2.490(4) and 2.577(3) A) 
and slightly longer than the comparable pair of unequal Cu- 
Br distances in [Cu(L)Br], (2.458(1) and 2.507(1) A) (20). 

The structures of [(CuCl),(Ll)] and [(CuCl),(L2)] were not 
determined but their poor solubility in all solvents is similar to 
that of [(CuBr),(Ll)], and it is assumed that they too are poly- 
meric with solid state structures analogous to that of 
[(CuBr),(Ll)],. Likewise, structures of [Cu(L2):I[C104], 
[Ag(L 1):I [CIO,] and [Ag(L2):I [CIO,] have not been deter- 
mined but probably also involve exocyclic ligand electron 
lone pairs and oligomeric or polymeric natures. The fact that 
the FAB mass spectrum of [Ag(L2).I[C1O4] detected a mono- 
nuclear parent ion is not proof of a mononuclear structure 
since the thiophenophane complex [Ag,(L),] [ClO,], (L = 
2,5,8,11-tetrathia[12](2,5)thiophenophane), which is known 
to be dinuclear from X-ray studies, also gives a mononuclear 
parent ion under similar conditions (15). 

The IR spectrum of [(CuCl,),(Ll)] has strong bands at 312 
and 288 cm-' that are similar to those in other dinuclear cop- 
per(I1) species having asymmetric double C1-bridges, which 
we have described previously (19). Those substances and, by 
inference, [(CuCl,),(Ll)] as well involve-square pyramidal 
coordination about each copper by two bridging chlorines, a 
terminal chlorine, and two thioether donors. The bridging is 
asymmetric and goes from apex to base through both bridges. 
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Fig. 1. X-ray structure for [(CuBr),(Ll)],. (a )  Details near the Cu coordination sphere. (Thermal 
ellipsoids at 50% probability level.) (b) A single polymer sheet. 

This geometry is similar to that described above for 
[(CuBr),(Ll)], except that a terminal Cu-halogen bond is 
missing from each copper's coordination sphere as would be 
expected since [(CuBr),(Ll)], involves Cu(I), not Cu(I1). The 
spectrum of [(CuCl2),(L2)] has a single strong, broad band at 
340 cm-' that may or may not represent two unresolved bands 
plus a weak band at 312 cm-'. In either case, it suggests that 
the bridge bond lengths and angles of the Cu,Cl, system in 
[(CuC12),(L2)] are probably just slightly different from those 
in [(CuCl,),(Ll)]. This conclusion is of importance with 
respect to subsequent interpretation of the temperature-depen- 
dent magnetic properties of this substance. 

Electronic spectral details for the two copper(I1) compounds 
are given in Table 4. The energies of both charge transfer and 
d-d envelope bands and the shapes of the d-d envelopes are 
very similar to those observed previously (19) for species dis- 

cussed above in connection with the infrared spectra. The 
electronic spectral data therefore also indicate that the coordi- 
nation spheres in [(CuC12),(L1)] and [(CuC12),(L2)] are simi- 
lar to each other and to those in the substances described 
previously. A slight difference in the position of the d-d enve- 
lopes also indicates distortional differences in otherwise simi- 
lar coordination spheres as did the infrared spectra. 

ESR spectra are consistent with the results from infrared 
and electronic spectroscopy and indicate axial systems in both 
solids and N,N-dimethylformamide (DMF) solutions. The 
spectra of solid [(CuCl,),(Ll)] and [(CuC12),(L2)] are indis- 
tinguishable at 77 K and at 278 K as are those of DMF solu- 
tions at room temperature or as "glasses" at 77 K. At both 77 K 
and 278 K, all spectra of solid samples have g,, = 2.174 and g, 
= 2.025, which gives g,, = 2.076. In DMF solution at room 
temperature, the spectra are isotropic with giso = 2.172. In 
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Table 2. Positional parameters and equivalent isotropic 
temperature factors for [(CuBr),(Ll)],. 

Atom x Y z Bison 

"B,,, is the means of the principal axes of the thermal ellipsoid. 

Table 3. Selected bond lengths and angles in [(CuBr),(Ll)],. 

Bond Distance (A) Bonds Angle (deg) 

C u B r  2.577(3) Cu-Br-Cu(a) 70.48(10) 
Cu-Br(a) 2.490(4) Br-Cu-Br(a) 109.52( 13) 
Cu-S(1) 2.298(4) Br-Cu-S(l) 99.94(11) 

Br(a)-Cu-S(l) 105.36(12) 
S(1)-Cu-S(la) 134.93(21) 

Table 4. Electronic spectra. 

h,,, in nanometers (E) 

Complex Solids" Solutions Assignment 

[(CuCI,),(Ll)] 690 900b (120) 925' (175) d-d envelope 
470 430 (1030) 430 (620) o(S) + & - yz 
340 350 (sh) 350 (sh) C1 + & - yZ 

[ (CUCI~)~(L~)]  645 925' (170) d-d envelope 
460 425 (550) o(S) + & - y2 
340 350 (sh) C1 + & - y2 

"Nujol mull. 
bCH,CN, 
'HCON(CH,),. 

DMF solution "glass" at 77 K, overlapping signals due to two 
components can be seen. The major component has g,, = 2.343, 
g, = 2.05 1 and A,, = 120 x lo4 cm-I, giving gav = 2.148. The 
minor component has g,, = 2.396, g, = 2.052, and All = 126 x 
lo4 cm-' giving gav = 2.167. The major component is 
[CuCl.n(DMF)lf and the minor component is [CuC1(L)lf. 
These components are commonly seen in solutions of related 
substances and arise from a solvent-driven dissociative equi- 
librium (3, 24). 

Cyclic voltammograms of [(CuCl,),(Ll)] and 
[(CuC12),(L2)] show interesting similar solvent dependencies 
(Table 5). In acetonitrile, each compound gives two unequal 
waves but in nitromethane or dimethyl sulfoxide (DMSO) 
only one is detected. The possibility that there is a stepwise 
reduction of the dinuclear species in acetonitrile is unlikely 
because of the inequality of the two waves and the large sepa- 

ration of the two values (-500 mV). No evidence for a 
(Cu(II)/Cu(I)) dinuclear species (25, 26) has been found by 
either electrochemical or chemical reduction methods and the 
two waves are therefore due to two different electroactive spe- 
cies in solution. The species giving the larger current response 
in each case (Components 1, Table 5), have wave characteris- 
tics AEp) similar to each other and to those of several 
CuS2Clf solvates that we have studied previously (24). The 
Component 2 species are slightly different in each case but are 
more like each other than they are like Components I .  The 
Component 2 wave is not produced as a result of ligand con- 
formation changes in solution because the wave shape does 
not change with scan rate (27). It is most likely therefore, that 
the Component 2 waves arise from further solvolysis of the 
dominant Component 1 species (28-31). Whether this 
involves loss of the second chloride or loss of a thioether 
donor is unclear and electronic spectra (Table 4) shed no light 
on this question except to indicate that the chromophore-in 
solution is different from that in the solid state. We have, how- 
ever, observed only single waves for three square-pyramidal 
[CuS,Cl,], species with thiophenophane ligands, similar 
except for their hydrocarbon parts to those in the present 
study, which give two waves. Thus, there is a factor involving 
the ligand skeleton rather than the coordination sphere that 
controls the rate of solvolysis and hence the presence or 
absence of the second wave. 

That solvent also plays a vital role in the electrochemical 
response of these substances is readily apparent from the sol- 
vent dependence of their electrochemical parameters (Table 
5). Comparison of the results of our studies (3,24) of solution 
structures with those of others (29-3 1) suggests that coordina- 
tion spheres of the solvated species are quite dependent on the 
nature of the solvent, which influences, among other things, 
the degree to which original ligands are lost, the extent of sol- 
vation, and the stereochemistry. 

Results from variable-temperature magnetic susceptibility 
experiments for [(CuCl,),(Ll)] and [(CuC12),(L2)] are 
displayed in Fig. 2. For [(CuCl,),(Ll)], the shape of the 
XT versus T curve and the values of XT and I J . ~ ~ ~  (1.77 B.M.) at 
room temperature indicate only very weak antiferromagnetic 
coupling (32) between the Cu(I1) atoms. The best fit of the 
data to the Friedberg magnetization expression (32, 33) 
obtained by using g, -25 (the intradimer coupling), and J' (the 
interdimer coupling) as parameters gives g = 2.041(4), -25 = 
2.5(3) cm-I, and J' = - 1.99(5) cm-' (assuming four nearest- 
neighbour dimers in the solid). This value of g (2.041) 
obtained by the fitting process compares reasonably with that 
obtained by ESR (2.075) and gives some confidence in the 
values of -U and J' also obtained by curve fitting. 

For [(CuC12),(L2)], the shape of the XT versus T curve is 
consistent with very weak ferromagnetic interactions between 
Cu(I1) atoms. In fact, the shape of this curve is quite unusual 
throughout the higher temperature region where most XT val- 
ues are larger than normal for a Curie Law or a Curie-Weiss 
Law Cu(I1) system with weak coupling and decrease with 
temperature instead of remaining constant. In its low-temper- 
ature region, there is clear indication of very weak ferromag- 
netic interactions in the sample. Due to the weakness of these 
interactions, a plot of x versus T appears normal for a magnet- 
ically dilute system. A plot of 1/x versus T (Fig. 3), however, 
reveals both the weakness of the ferromagnetic interactions (a 
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Table 5. Cyclic voltammetry." 

Solvent 

CH,CN' 

Complex Component 1 Component 2 CH,NO,' DMSO' 

[(CUC~?)Z(L~)I 532 (105) 58 (79) 570 (160) 293 (222) 
[(Cuc12)2(L2)1 536 (105) 64 (81) 550 (120) 260 (286) 

"E, ,  in mV vs. SCE (AE, in mV). 
' ~ t  50, 100, 200 or 400 mV/s. 
'At 200 mV/s. 

Fig. 2. (a )  XT vs. T for [(CuCl,),(Ll)] and (b)  XT vs. T for [(CuC12),(L2)1. Experimental 
(A); calculated (-). 

[(CuC12)2 . (L1)1 
0.40 

- 
Y 

0.32 
m 
0 - 
+ 
x 0.24 

Temperature (K) 

Temperature (K) 

nearly zero intercept) and a curious increasing deviation from are due to spin-orbit coupling since other explanations based 
linearity as the temperature is raised. Both effects are reflected on alternating chains of dimers or one dimensional chains with 
in the slightly higher than usual value at room temperature for inter-chain interactions fail to give acceptable fits of the data 
keff (1.86 B.M.). We believe that the high temperature effects to known models (34). This hypothesis is the subject of an 
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Fig. 3. 1 1 ~  vs. T for [ ( C U C ~ ~ ) ~ ( L ~ ) ] .  Curie Law (----); experimental (A). 

Temperature (K) 

Table 6. 'H NMR data in ppm from TMS. 

Thiophene 
Allyl Ally1 Thiophene Ally1 -(CH,),- or Temp. 

centre H syn-H's a-CH, anti-H's -CH,CH,CH,- -CH2CH2CH2- (OC) 

{[Pd(allyl)],(Ll)} in CD,NO, 

7.020(s) 5.85(br) 

{[Pd(allyl)],(L2)} in CD,NO, 

7.014(s) 5.84(br) 

7.021(s) 5.85(br) 
7.07(br) 5.97(br) 
6.98(br) 

{[Pd(allyl)],(L2)} in d,-dimethyl sulfoxide 

6.997(s) 5.788(m) 

7.003(s) 5.790(m) 
7.008(s) 5.793(m) 
7.0 13(s) 5.798(m) 

{[Pd(allyl)],(L2)} in CD,CN 

6.923(s) 5.720(m) 

4.9 1 (br) 

4.608(d) 
J = 6.6 Hz 
4.60(br) 
4.74(br) 
4.28(br) 

4.430(d) 
J = 7.1 Hz 

3.6 1 (br) 

3.473(d) 
J = 11.5 Hz 
3.50(br) 
3.63(br) 
3.1 1(br) 

3.36(br) 

3.36(br) 
3.36(br) 
3.36(br) 

3.304(d) 
J = 12.8 Hz 

3.20(br) 

2.99(br) 

3.03(br) 
2.95(br) 
2.50(br) 

2.834(t) 
J = 5.6 Hz 
2.82(br) 
2.82(br) 
2.8 1 (br) 

2.754(t) 
J = 4.7 Hz 

ongoing theoretical study. The ferromagnetic interactions 
detected at low temperature in [(CuC12),(L2)] that appear 
instead as antiferromagnetic in [(CuCl,),(Ll)] are believed to 
arise from a small change in the Cu-C1-Cu bridge angle 
between the two complexes. This change could be caused by 
differences in environmental strain on the Cu,Cl, rings in the 
two complexes originating from the extra CH, groups in L2 
compared to L1. As a result, the bridge angle just barely pro- 
vides weak antiferromagnetic coupling via super-exchange in 
[(CuCl,),(LI)] but provides accidental orthogonality of the 
magnetic orbitals in the bridge of [(CuCl,),(L2)]. This would 
eliminate antiferromagnetic coupling from [(CuCl,),(L2;11 and 
leave only weak ferromagnetic coupling as observed. 

The 'H NMR spectra of ([(q-C,H,)Pd],(Ll)) (PF6), and 
([(q-C3H5)Pd],(L2)) (PF6l2 were examined in a variety of 
solvents as a function of temperature. The purpose of this 
examination was to search for differences between the L1 and 
L2 complexes that could be explained on the basis of stmc- 
tural variation. Any such differences found would provide 
supp~rt for the hypothesis presented above to explain the dif- 
fering magnetic behaviour of the copper(I1) complexes of 
these two ligands. The results are in Table 6 and the important 
conclusions are that the complexes exhibit stereochemical 
nonrigidity and that the L2 complex does so at lower temper- 
ature than that of L1. Stereochemical nonrigidity of palla- 
dium-thioether complexes is now well documented (17, 18, 
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35-37) and may involve dissociative equilibria, inversions at 
coordinated sulfur, or sigmatropic rearrangements of the metal 
atom over several heteroatom binding sites in a ligand. Pre- 
cisely which are involved in the present cases is not immedi- 
ately obvious but it is clear that the L1 complex, ([(q- 
C,H,)Pd],(Ll)] (PF,] ,, undergoes the processes with greater 
difficulty than its L2 counterpart. This is evident from the fact 
that, in CD,NO, at room temperature, the spectrum of ([(q- 
C,H,)Pd],(Ll) ] (PF,], is only beginning to show broadening 
of its peaks due to the onset of the processes whereas the spec- 
trum of ( [(q-C3H,)Pd],(L2) ] ( PF,], is already indicating dis- 
crimination between two types of thiophene hydrogens, two 
kinds of ally1 groups, and two different three-carbon bridges in 
the macrocyclic ring. In other words, the greater flexibility of 
L2 proposed above to account for the Cu(11) magnetic phe- 
nomena is apparent in the Pd(I1) NMR spectra also. 

Conclusions 

IR, ESR, and electronic spectroscopic evidence and an X-ray 
diffraction study of the analogous Cu(1) species all indicate 
that the Cu(11) coordination spheres of the dinuclear com- 
plexes described herein are probably distorted square pyra- 
mids linked apex-to-base and apex-to-base by two C1 bridges. 
Together with their macrocyclic ligands, these dinuclear units 
would give a two-dimensional polymeric sheet, and the sheets 

I when stacked in a staggered array would give the isolated 

I 
three-dimensional solids. Although the coordination spheres 
in the Cu(1I) L1 and L2 complexes are similar, the evidence 

I indicates their dimensions are probably slightly different due 
to influences arising from skeletal changes in remote portions 
of the ligands. Electronic spectroscopic, electrochemical, and 
ESR evidence indicate dissolving is accompanied by solvoly- 
sis, the extent of which is controlled by structural details out- 
side the coordination sphere. Thus, the nature of the ligand 
framework outside the coordination sphere influences mag- 
netic properties in the solid state, and in solution it influences 
the extent of solvolysis, which in turn affects the degree of dis- 
sociation, stereochemistry of the coordination sphere, and 
electrochemistry. The same ligand framework differences 
affect the stereochemical nonrigidity of palladium complexes 
of these ligands as well. 
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Polycarbon ligands: synthesis and 
characterization of the phosphinodiynes 
Ph2PC=CmC=CR (R = But, Ph, SiMe,), the 

-butadiynyl complexes Ru,(CO),- Pmq a,p 
(p-~~h2)(p-q1 ,q2,,s-~=C-~=C~), and the 
molecular structure of a cobalt carbonyl 

1 2  derivative Ru,(CO),(p-PPh2)(p-q ,q a,p:- 

- c ~ c - c ~ C B U ~ ) C O ~ ( C O ) ~  P-q y,s 

Peter Blenkiron, John F. Corrigan, Didier Pilette, Nicholas J. Taylor, and 
Arthur J. Carty 

Abstract: The phosphino-diynes (PPh2C=C-CWR) (R = Bur, Ph, SiMe,) are obtained in excellent yield from the 
corresponding diyne anions R C E C - C q -  by quenching with PPh2Cl. Monosubstitution on Ru,(CO),, yields the trinuclear 
clusters Ru,(CO),,(PPh,Cq-C-R), which upon'thermolysis afford the butadiynyl complexes R U ~ ( C O ) ~ ( ~ - ~ ' , ~ ~ ~ , ~ - C W -  
CGCR)(k-PPh,) (R = Bur, 7a; R = Ph, 7b; R = SiMe,, 7c) as the major products. The full characterization of the series of 
compounds (7a-c) RU~(CO)~(~-~',~~~,~-~C-C~CR)(~,-PP~,) is reported including an X-ray diffraction study of 7a. Crystals 
of 7a are monoclinic, a = 9.849(2), b = 9.886(2), c = 28.368(9) A, P = 95.18(2)", space group P2'/n, and Z = 4; refinement 
converged to R = 0.0243 (R,, = 0.0253). The structure shows that the tetracarbon chain is bonded to the first metal atom by a 
simple M - 4  u bond and to the second via a dative .rr interaction leaving an outer alkyne unit uncoordinated. In the reaction 
between 7a and cobalt carbonyl, a Co,(CO), moiety becomes attached to the -CyECs- bond in a tetrahedral arrangement to give 
the tetranuclear mixed-metal species RU~(CO)~(~-PP~~)(~-~',~~~,~:~-~~,~~~,~-C~C-C=L-BU')C~~(CO)~ 8, as confirmed by X- 
ray crystallography: triclinic, a = 9.9969(9), b = I 1.301 8(9), c = 17.268(1) A, a = 90.653(6)0, P = 100.91 1(6)0, y = 110.465(5)0, 
space group P i  and Z = 2; refinement converged to R = 0.0222 (R, = 0.0264). 

Key words: diruthenium complexes, butadiynyl, synthesis, structure. 

Resume : On a obtenu les phosphino-diynes (PPh,CW-C=R) (R = Bur, Ph, SiMe,), avec un excellent rendement, par 
dksactivation des anions diynes correspondants RC--CW- avec le PPh,Cl. La monosubstitution sur le compose Ru,(CO),, 
donne les clusters trinuclkaires Ru,(CO),,(PPh,C=C-CGCR) qui, sur thermolyse, donnent les complexes butadiynls 
R ~ ~ ( C O ) ~ ( ~ - ~ ' , ~ ~ ~ , ~ - C ~ C - C ~ ~ R ) ( ~ - P P ~ ~ )  (R = Bur, 7a; R = Ph, 7b; R = SiMe,, 7c) comme produits majoritaires. On 
rapporte la caractkrisation complete de la serie de composCs (7a-c) R U , ( C O ) ~ ( ~ - ~ ' , ~ ~ ~ , ~ - - - C W R ) ( ~ - P P ~ ~ )  en incluant 
les Ctudes de diffraction de rayons X du composC 7a. Les cristaux du compose 7a appartiennent au groupe d'espace 
monoclinique P2,ln avec a = 9,849(2), b = 9,886(2), c = 28,368(9) A, P = 95,18(2)", et Z = 4; I'affinement converge vers des 
valeurs de R = 0,0243 (R,, = 0,0253). La structure montre que la chaine tCtracarbon6e est liCe au premier atome mktallique par une 
liaison u simple M-C et au second via une interaction dative .rr laissant l'unitC alcyne externe non coordonnke. Dans 
l'interaction entre le compost 7a et le cobalt carbonyle, l'unitC CO,(CO)~ devient attachCe i la liaison -C GCs- selon un 
arrangement tetraedrique pour donner l'espece rnktallique mixte tktranucleaire R U ~ ( C O ) ~ ( ~ - P P ~ ~ ) ( ~ - ~ ' , ~ ~ , ~ : ~ - ~ ~ , ~ ~ ~ , ~ - C ~ -  
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C=CBU')CO,(CO)~ 8, tel que confirm6 par cristallographie de rayons X : les cristaux sont tricliniques, a = 9,9969(9), 
b = 11,3018(9), c = 17,268(1) A, a = 90,653(6)", P = 100,911(6)", y = 110,465(5)", groupe d'espace PT et Z = 2; 
l'affinement converge vers des valeurs de R = 0,0222 (R, = 0,0264). 

Mots clis : complexes de diruthknium, butadiynyl, synthkse, structure. 

[Traduit par la rtdaction] 

Introduction 

Polyyne-yl 1, polyyne-diyl 2, alkapolyene-ylidene 3, and 
alkapolyene-bis(y1idene) 4 ligands offer exciting possibilities 
for linking metal centres in extended linear chains via metal- 

carbon single (M-C,) (e.g., 2) and double (M=Csp) (e.g., 4) 
bonds or three-dimensional arrays by using both the a and IT 

electrons of the polycarbon fragment. Much attention has 
focussed on linear bis(acety1ide)-based metal complexes due 
to the interesting nonlinear optical and liquid crystalline prop- 
erties of rodlike oligomers and polymers derived from these 
building blocks (see, for example, ref. 1). Metal fragment ter- 
minated polyyne-diyls L,M-(Cq),-ML, (2) are also being 
examined in detail in an effort to prepare materials known as 
molecular wires where the potential for electronic communi- 
cation along an extended unsaturated C, chain can be explored 
(3). Monometallic and bimetallic cumu-lenes such as the pen- 
tatetraenylidene ruthenium complex [Ru=C=C=C=C= 
CPh,(Cl)(DPPE),][PF,] (4) and the butatrienebis(y1idene) 
rhenium compounds [Re]=C=C=C=C=[Re]  ([Re] = 
Cp*(NO)(PPh3)+) (3c) have also been synthesized to probe the 
materials, and the electronic and chemical properties of these 
linear polyunsaturated metal complexes. Yet another unsatur- 
ated unit for assembling rodlike materials is the polyynylalky- 
lidyne 5 where metal fragments terminate a chain via M*, 
or M-C, bonds.' There are now many examples of organo- 
metallic complexes built from the structural entities repre- 
sented by 1-5. The polyyne bis(alky1idyne) 6 represents 
another potential building block. In each of these ligands, the 
polyunsaturated carbon chains, as well as the metal-carbon 
multiple bonds in 3-6, are potential sites for further metal 
complexation and these additional IT-bonding capabilities 
offer enormous scope for the development of new classes of 
metal-adorned polycarbon materials. ke t  to date, few attempts 
have been made to exploit this carbon-carbon unsaturation to 
build new polymetallic compounds (5c,d, 6). 

Examples of polyynylalkylidynes are known. See for example, 
ref. 5. 

As an extension of our detailed investigations on the chem- 
istry of bi- and polynuclear compounds bearing p-T-bound 
acetylides (7) we have initiated a program to synthesize poly- 
metallic complexes with diynyl -(C-L),-R and diyne-diyl 
-(C*),- ligands where one or both C-C multiple bonds are 
bound in T-fashion to metal fragments. We have found that 
the phosphino-diynes (PPh2CEC-C-R) (R = But, Ph, 
SiMe,) provide convenient entry to this area of chemistry, 
undergoing facile P-C bond cleavage in the metal coordina- 
tion sphere to access complexes containing the butadiynyl 
ligand. In this paper, we describe the synthesis of these phos- 
phinodiynes and the eneration of the first series of binuclear 7 compounds with k-q ,q2 diynyl ligands, namely Ru2(CO),(k- 
ql,q2,,p-C-t-C=CR)(p-PPh2) (R = But, 7a; R = Ph, 7b; R = 
SiMe,, 7c). In this series of compounds, in addition to a metal- 
C, bond to one metal, one o f the  two carbon-carbon triple 
bonds of the diynyl ligand is attached in 17' fashion to a second 
metal atom via a7.rr interaction. The remaining triple bond is 
free. A further incentive for the study of molecules of type 7 is 
the opportunity to compare reactivity patterns for coordinated 
vs. free triple bonds in the same molecule and we report here 
the reactivity of 7a towards C O ~ ( C O ) ~ .  TO our knowledge, 
such a comparison has not been made for alkyne triple bonds. 

Results and discussion 

Synthesis and characterization of PPh,C=C-C=CR 
(R = But, Ph, SiMe,) 

The phosphinodiynes PPh,C-L-C-R (R = But, Ph) were 
obtained in good yields from the corresponding terminal 
butadiyne by low-temperature deprotonation followed by 
addition of PPh2C1. The diynes ButC--C*H and 
P h C q - C - - L H  were prepared according to a literature pro- 
cedure involving the Cadiot-Chodkiewicz coupling of an 
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Blenkiron et al 

Scheme 1. 

toluene, R.T. I CI 

(i) 2 LDA, -78°C 
(ii) PPh2CI 1 

(i) MeLi, -78°C 
Me3Si-CGC-CEC-SiMe, - Me3Si-C~C-C~C-pPh2 

(ii) PPh2CI 

appropriately substituted 1-bromoalkyne and the alkynol 
HC--LCMe,OH (8). This method, however, is a multistep 
process that provides the diynes in low to moderate overall 
yield and is particularly unreliable in the case of R = Ph 
because of a facile polymerization pathway. We have found 
that a relatively simple two-step route can give direct access to 
PPh2C--L-C--LPh, thus avoiding the necessity of isolating 
the parent diyne. As shown in Scheme 1, the Pd-catalyzed cou- 
pling of cis-l,2-dichloroethylene and PhC-H gives the 
chloro-enyne (9), which is then treated with two equivalents of 
base to give the diyne anion. Quenching of this solution with 
PPh,Cl affords the desired acetylenic phosphine in much 
improved yield (56%) compared with the Cadiot-Chodkie- 
wicz route (17%). The attempted coupling of ButC%H and 
HClC=CHCl under identical conditions proved unsuccessful, 
however. A GC-MS analysis of the reaction mixture gave a 
strong signal corresponding to B u ' C q C q B u t  and, while 
reductive elimination of the alkynyl ligands in first-formed 
(PPh3)2Pd(CECR)2 followed by C-C coupling is thought to 
be the first stage in the catalytic process (lo), it seems that sub- 
sequent oxidative addition of more alkyne is favoured over 
addition of HClC=CHCI. 

The SiMe,-substituted phosphinodiyne was prepared in 
almost quantitative yield (92%) by monodesilylation of 
Me,SiC=C-CGCSiMe, using MeLi to give the diyne anion 
Me,SiC--Cq- (1 1). Subsequent in situ treatment with 
PPh,CI afforded the desired PPh2C=C-C-SiMe, quantita- 
tively and this was isolated as a pale yellow powdery solid. 

The series of phosphinodiynes has been characterized by 
elemental analysis and by IR, NMR, and mass spectroscopies. 
The latter show the molecular ion at the expected mass and in 
addition each gives a strong signal corresponding to a PPh2C4 
fragment. ,'P spectra exhibit the expected high-field reso- 
nance at - 6 -30 while 'H data are in accord with expecta- 
tion. All four butadiynyl carbons (PPh,C,--Cp-C EC,-R) are 
observed in the ',c spectra and, in common wit1 previously 
reported alkynylphosphines PR2C%Rf (12), Cp resonates 
downfield of C,. Assignment of the ',c signals was achieved 
on the basis of the magnitude of the Jpc coupling constant and 
by comparing C{'H) and proton-coupled spectra. Thus dis- 
tinct doublets are observed for C, (JPC = 9-15 Hz) and Cp (Jpc 
= - 6 Hz) (cf. Jpc = 15.8 and 5.2 Hz for C, and Cp, respec- 

tively, in the bisphosphine PPh,-C,=Cp-C%-PPh, (13)) 
while C, and C8 appear as singlets in the c{'H) spectra. For 
PPh,C=C-C--LPh, C, is considerably broadened and this 
effect may be due to communication along the unsaturated 
carbon chain. Identification of C, is readily apparent in the 
proton-coupled 13c spectra, occurring either as a multiplet (R 
= Bu', Ph) or as a broadened singlet (R = SiMe,). The remain- 
ing quaternary carbon resonance is thus ascribed to C,. 

Synthesis and chemistry of ~ u ~ ( ~ ~ ) , ( p - q ' , q ~ ~ , ~ -  
CEC-CECR)(p-PPh,) (R = But, Ph, SiMe,) 

Addition of a few drops of sodium benzophenone ketyl cata- 
lyst to a room temperature THF solution of Ru,(CO),, 
and a slight excess of PPh,CW-CECR allows rapid and 
quantitative conversion to the monosubstituted product 
RU,(CO)~,(PP~,C-L-C~CR). Therrnolysis of this solution 
effects P-C bond cleavage and cluster fragmentation 
(Scheme 2) to afford the yellow dinuclear u--rr complexes 
RU,(CO)~(~-~',~~~,~-C~-C~R)(~.-PP~~) in reasonable 
yield (R = Bur, 3 1 %, 7a; R = Ph, 24%, 7b; R = SiMe,, 20%, 7c) 
after work-up. 

The spectroscopic properties of the series 7 are entirely in 
accord with expectation and correlate closely with those 
observed in the acetylide analogue R ~ ~ ( c o ) ~ ( ~ - r l ' , + q ~ -  
C--LR)(p,-PPh,) (A). Thus six v(C0) bands are found in the 
IR spectrum. These appear at slightly higher wave numbers 
than in their acetylide counterparts and presumably reflect the 
electron-withdrawing effect of the outer alkyne group. 

The ,'P NMR spectra show the expected single peak in the 
chemical shift range 122.0 - 124.6 with frequencies typical of 
phosphido-bridged Ru-Ru bonds (14). In the corresponding 
acetylides Ru,(CO)~(~-~',~~-C--LR)(~-PP~,) (R = But, Ph) 
6 , ' ~  values are 125.2 and 130.5 ppm, respectively (15). As 
was observed in the case of the acetylides (A), 7a-c show 
dynamic behaviour in solution and thus exhibit only three CO 
resonances in the ',c NMR spectrum. This occurs as a result 
of UIT interconversion in which the coordinated C4R ligand 
undergoes rapid exchange between the two metal sites, via the 
well-known windshield wiper fluxional process. All three CO 
resonances are phosphorus-coupled and consist of a character- 
istically large Jpc coupling for the CO trans to the phosphido 
bridge (JPC - 72 Hz) and two smaller cis couplings (Jpc - 12 
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Scheme 2. 

a, R=BU', t = 4 h  

b, R = Ph, t =  2.5 h  

c, R = SiMe3, t  = 2 h 

Hz, trans to M-Cp bond; JPC - 5 HZ, trans to M-M bond) 
(16). The four sp diyne carbon resonances of 7a-c were all 
located and lie in the range 6 74-109. Chemical shifts for C,- 
C8 were assigned on the basis of their Jpc coupling constants., 
Thus in each case C, appears as a doublet with a coupling to 
phosphorus of -28 Hz and is found downfield of the other 
quaternary carbons, consistent with its unique coordination to 
both metal centres. The signal ascribed to Cp shows a JPC of 
-8 Hz and these couplings match almost exactly those 
observed in R U , ( C O ) , ( ~ - ~ ' , - ~ ~ - C = R ) ( ~ - P P ~ ~ ) .  In the latter 
compounds the chemical shift of C, and Cp is dependent on 
the nature of the R group; for the archetypal electron-with- 
drawing group R = Ph, C, is downfield of Cp while for the 
electron-donating But and Prl substituents the positions of the 
signals are reversed. This picture is consistent with our obser- 
vation that in 7a-c, C, occurs at lower field than C due to the .p 
presence of an electronegative outer alkynyl functionality. 

Whereas in 7a and 7c P-C coupling extends only to C,, the 
resonance of C, in the 13c spectrum of 7b appears as a doublet 
with 5 ~ p C  = 3 Hz. It is tempting to attribute this to increased 
communication along the C, chain when the terminal group is 
a phenyl substituent attached to C, via an sp2 Phi,,,, carbon 
atom. A paucity of 13c NMR data for butadiynyl complexes 
prevents any assessment of the generality of this phenomenon; 
however, it is worth noting that in the -q'-butadiynyl species 

See illustration for designation of C,, Cp, C,, C,. 

R~(c=c=P~)(co)(PP~,),, P-C coupling also extends to 
the C8 carbon (6a). In contrast, for the diynyl complexes 
Cp*Re(NO)(PPh,)C,R (R = H, Me, SiMe,), P-C coupling to 
C, is absent (5a). Long-range, six-bond P-H coupling in the 
terminal butadiynyl compounds trans-Ru(CO),(PEt,),(C= 
CC--LH), has also been cited as evidence of electronic com- 
munication along a C, chain (If). In the free ligands 
PPh,C=CC--LR, Jpc coupling extends only to Cp, with C, 
and C, resonating as singlets, although in the case of R = Ph, 
the signal corresponding with C, is considerably broadened. 
Thus it appears that the binding of the C, ligand to the metal 
enhances electronic communication between the phosphorus 
atom and the butadiynyl carbons. 

Since 7a-c represent the first known CL-q',q2-butadiyny1 
complexes, it was of interest to determine precise details of the 
structure for comparison with the acetylide analo ues. Thus 
an X-ray diffraction study of R u 2 ( C o ) 6 ( ~ - q ~ , q ' a , p - c ~ -  
C*Bu1)(+-PPh,) 7a was undertaken and the molecular 
structure is shown in Fig. 1. In the dinuclear molecule two 
Ru(CO)~ units are bonded via a short (Ru(1)-Ru(2) 2.769(1) 
A) bond and are bridged by a symmetrical phosphido group 
(Ru(1)-P-Ru(2) 71.9(1)") and a butadiynyl ligand. The tetra- 
carbon fragment is attached to the diruthenium unit via the 
inner C,-Cp triple bond, leaving the outer alkyne group 
unattached. The bonding mode is thus constituted from a a 
interaction between Ru(1) and C(7) (2.03 l(3) A) and a T-type 
coordination of the C(7)-C(8) triple bond to Ru(2) (Ru(2)- 
C(7) 2.284(3) A, Ru(2)-C(8) 2.408(3) A). The C(7)-C(8) 
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Blenkiron et al. 

Fig. 1. The molecular stmcture of R U , ( C O ) ~ ( ~ J , - ~ ' , ~ ~ ~ , ~ ~ - C =  
C-C=CBur)(pPPh2) 7a showing the atomic numbering scheme. 
Hydrogen atoms are omitted for clarity. 

Fig. 2. Key bond lengths and angles in the Ru-C=C-CS 
fragment of 7a. 

distance of 1.227(5) A in 7a compares favourably with that 
found in the corresponding acetylide R U ~ ( C O ) ~ ( ~ - ~ ~ , ~ ~ -  
C=CBU?(J.L-PP~,) (1.218(4) A) but is significantly longer 
than values normally found for C W  bond lengths in metal- 
alkynyl complexes where the triple bond is uncoordinated. 
Indeed, transition metal-alkynyl C E C  bond lengths fall into a 
relatively narrow range of values and show only small struc- 
tural perturbations across a wide array of chemical and elec- 
tronic environments. A recent compilation by Manna et al. 
revealed that two-thirds of the C E C  distances recorded fall in 
the range 1.190-1.214 A (mean value 1.201(16) A (17). Thus 
the influence of p,-q1,q2 coordination is to effect a small but 
noticeable elongation of the C E C  triple bond with respect to 
free acetylene (1.2033(2) A) and in metal ql-alkynyl com- 
plexes. It is interesting that in the molecules trans- 
Ru(CO)~(PE~,),(C-LCWS~M~,),  where the butadiynyl 
ligands are terminal, the C, -C bond length of 1.226(2) A is 
essentially identical to that in f a .  In this case -C%- bond 
lengthening was attributed to greater delocalization along the 
RuC=CC--LSiMe, chain in the Me3Si-substituted diynyl 
complex. This can be represented by a contribution of the type 
-Ru=C=C=C=C=SiMe,+ to the ground state and implies both 
Rudr-Cpn* and Sidr-polyyne a interactions. 

A comparison of the Ru(1)--C(7) distance (2.031(3) A) in 
7a with Ru--Csp bond lengths in ruthenium ql-ynyls and diy- 
nyls ( t rans-Ru(CO),(PE~,)~(C~P~), ,  Ru(1)--C, 2.074(3) 
A; trun~-Ru(C0)~(PEt,)~(C~CSiMe,)~, Ru(1)-C, 2.062(2) 
A; ~~~~S-RU(CO),(PE~,),(C~C~CS~M~,)~, Ru(1)-CsP 
2.057(2) A) (lj) indicates significant Ru-C, bond shortening 
in 7a consistent with some degree of Ru-C, multiple bond- 
ing as represented by the vinylidene-like structure B. 
This shortening of the formal single bond between the a- 
bound metal atom and C, of an acetylide coordinated in 
F-q1,q2- fashion at a dinuclear centre becomes even more 
apparent in trinuclear acetylides. Thus, for example, in 

Ru,(CO)~ (CL3-q',q2,q2-~~~~ri)(CL-~~h2) the Ru(2)-C(1O) 
sp bond length is 1.960(6) A (18) and in {Ru,(CO),(k- 
PPh ) )  (kb-C,) where a diyne-diyl unit is bonded in k- 

I 2 '2 q ,q ,q - fashion to two separate Ru3 centres the formal Ru- 
C, u bonds are of length 1.936(6) A (19). These latter values 
approach the Ru-CO distances. The presence of partial 
metal-carbon multiple bonding in the vinylidene-like reso- 
nance form B has implications for the chemistry of these 
ruthenium diynyl complexes towards unsaturated metal frag- 
ments, as will be described in a forthcoming communication. 

The uncoordinated alk ne -CEC-  bond of 7a is very short 
(C(9)-C(10) 1.172(6) 1 and in the normal range for free 
alkynes (cf. HC-H 1.2033(2) A). Thus it appears that the 
outer, uncoordinated alkyne in 7a serves as an electronegative 
substituent on the CL-q',q2-Ynyl fragment, enhancing R u ~ T -  
Cpa* backbonding, shortening Ru-C,, and elongating 
the -C--L- triple bond of the T-coordinated ynyl group. 

As expected, there is a marked deviation from linearity in 
the butadiynyl group on coordination, as shown schematically 
in Fig. 2, with a C(7)-C(8)-C(9) angle of 164.9(4)", indicative 
of some carbon atom rehybridization. This compares closely 
with corresponding angles in the related tetrairon buta- 
diynediyl complex {Fe2(C0)b(~-PPh2))2(~4-C4) reported by 
Bruce and co-workers (164.2(4), 165.8(5)") (19) and 
approaches those recorded for n-coordinated substituted 
butadiyne complexes (2c, 6a, 20). The Ru(1)-C(7)-C(8)-C(9) 
fragment is trans bent as opposed to the normal cis bending of 
an alkyne on -q2 coordination. 

The C(8)-C(9) (1.400(5) A) bond linking the two alkyne 
units is shorter than its formal single designation would sug- 
gest and is evidence for a certain amount of electronic delocal- 
ization along the C, fragment. This effect has been noted in 
structural studies of organic diynes (21) as well as in other 
transition metal butadiynyl complexes (If, 2c,d, 3a, 22). 

A rational mechanism for the formation of 7a-c involves 
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Scheme 3. 

Scheme 4. 

c02(c0)8 - 
RT, 2 h 

- 2CO 

initial attachment of the phosphinobutadiyne via phosphorus 
to an Ru3(CO), , moiety followed by intra- (Scheme 3) or inter- 
molecular .rr coordination of one triple bond, subsequent P-C 
bond scission, and formation of p-phosphido and p-q-alkynyl 
groups. This mechanism allows the generation of both dinu- 
clear p-q1,q2- and trinuclear alkynyl complexes. 

We were interested in exploring the chemical behaviour of 
the butadiynyl ligand in 7 and as an initial test of its reactivity 
we investigated the reaction with dicobalt octacarbonyl, 
CO,(CO)~ (Scheme 4). From the crystal structure of 7a it 
appears that the outer alkyne unit is fairly accessible and so it 
seemed possible that a Co2(CO), group might coordinate per- 
pendicular to the triple bond to furnish the well-known tetra- 
hedral Co2C2 arrangement. Thus addition of Co,(CO), to 7a at 
room temperature gave smooth and quantitative conversion to 
a single red-brown product after 2 h. A single crystal X-ray 

diffraction study confirmed the coordination of a [Co,(CO),] 
unit to the alkyne function to give the mixed-metal tetranu- 

2 2 clear compound R U , ( C O ) ~ ( ~ - P P ~ , ) ( ~ - ~ ~  ,q2a,p: p-q ,q y,s- 

C q - C ~ B u t ) C o 2 ( C O ) ,  8. The molecular structure of 8 is 
shown in Fig. 3. 

The structural parameters of the Co2C2 tetrahedrane unit in 
which the alkyne acts as a bridging p2 ligand to the dicobalt 
system are consistent with those reported for other compounds 
containing this fragment. Thus the Co(1)-40 2) and C(15)- d C(16) separations of 2.462(1) and 1.365(4) , respectively, 
compare with the ranges 2.453(4)-2.477(2) and 1.32(4)- 
1.36(3) A found for five other Co2(C0),(p-diyne) complexes 
(13,23). Similarly, the Cc-C distances in the Co2C2 core fall 
in the ranges found for these same compounds. The structure 
provides an interesting comparison of the effect of a three- 
electron donor a-.rr alkynyl group versus a four-electron 
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Blenkiron et al. 

Fig. 3. The molecular structure of R~,(co)~(k-PPh,)- 
( ~ - q 1 , q 2 a , p : C L - q 2 , T 2 , , 6 - ~ ~ - ~ ~ ~ ~ ' ) ~ ~ 2 ( ~ ~ ) 6  8 showing the 
atomic numbering scheme. For clarity, only the ipso carbons of 
the phenyl rings are drawn and the hydrogen atoms are omitted. 

donor 2~ acetylene functionality. The effect is most apparent 
in the C* bond lengths of the two alkyne units with the 2 r -  
bonded moiety giving a greater separation (C(15)--C(16) 
1.365(4) A) than that seen in the cr-T-bound unit (C(13)- 
C(14) 1.241(3) A). The Co, axis in 8 is bound essentially sym- 
metrically to the C X  bond (Co(1)-C(15) 1.97 1 (2), Co(1)- 
C(16) 1.968(3), Co(2)-C(15) 1.963(2), Co(2)-C(16) 
1.960(3) A) with the C-C and Cc+Co vectors lying perpendic- 
ular to one another. Addition of the dicobalt moiety produces a 
bending back of the outer alkyne substituents (C(14)-C(15)- 
C(16) 135.0(2)", C(15)-C(16)-C(17) 136.8(2)") and an 
increase in the trans-bending of the inner Ru2-coordinated 
alkyne, C(13)-C(14)-C(15) 158.2(3)" (vs. 164.9(4)" in 7a). 
The cis-bending in the C(14)-C(15)-C(16)-C(17) fragment is 
slightly greater than normal (e.g., 138.9(6)" and 144.6(6)" in 
{ C O ~ ( C ~ ) ~ ] P ~ C - - L - C ~ P ~  (23b)) and may be caused by 
the steric constraints of the Bu' and Ru,(CO)~(PP~,)(C,) sub- 
stituents. 

The complexes 7a-c provide a unique opportunity to com- 
pare directly the reactivity of free and coordinated alkyne units 
and to assess the impact of a second alkynyl group. It is clear 
from initial studies that 7 exhibits distinctly different reactivity 
patterns in comparison with its monoynyl counterpart (24). 
Further investigations in this area are currently underway. 

Experimental section 

General procedures 
All manipulations and reactions were carried out under an 
atmosphere of dinitrogen using standard Schlenk-line tech- 
niques or in a dry-box. Solvents for reactions, chromatogra- 
phy, and crystallizations were distilled under nitrogen from 
appropriate drying agents prior to use. Reactions were moni- 
tored by thin-layer chromatography (Baker-flex IB2-F) and 

infrared spectroscopy (carbonyl region). Purification of prod- 
ucts was performed by column chromatography using oven- 
dried (1 50°C, 24 h) silica gel (70-230 mesh) on a dry-packed 
column or by thin-layer chromatography (TLC). Triruthenium 
dodecacarbonyl, dicobalt octacarbonyl, and chlorodiphe- 
ny lphosphine were purchased from Strem, cis- 1,2-dichloro- 
ethylene, 3-3-dimethyl-l-butyne, and 1,4-bis(trimethylsily1)- 
1,3-butadiyne from Aldrich and were used without further 
purification. 5,5-Dimethyl-hexa- l,3-diyne was prepared 
according to the literature procedure (8). 

IR spectra were recorded on Nicolet 520 FTIR and Bio-Rad 
FTS-40A instruments, using sodium chloride cells of 0.5 mm 
path length for solution spectra (n-hexane) or as KBr pellets. 
NMR spectra were recorded on Bruker AC 200, AM 200 ('H, 
200 MHz; 3 1 ~ { ' ~ )  81.0 MHz; 1 3 ~ { 1 ~ ]  50.3 MHz) and MSL 
300 ('H, 300 MHz; 3 1 ~ { ' ~ ]  121.5 MHz) instruments. The 
3 ' ~ { ' ~ j  spectra are referenced externally to 85% H,PO, and 
'H, ',c to solvent sources. Mass spectrometric data were 
obtained by GC-MS on a Hewlett-Packard 5790A GC with a 
Hewlett-Packard 5970A mass selective detector (EI, 70 eV). 
Elemental analyses were performed by M-H-W Laboratories, 
Phoenix, Arizona, and by the Microanalysis Service of the 
Institute for Biological Sciences, NRC, Ottawa. 

Syntheses 

P P h 2 F C - P C - B u t  
A two-necked round-bottomed flask (250 mL) was charged 
with Bu'Cq-CGC-H (3.60 g, 33.9 mmol) and diethyl ether 
(25 mL) and cooled to -78°C. To this was added a slight 
excess of 1.6 M BunLi (22.0 mL, 35.2 mmol) over 20 min 
using a dropping funnel and the solution allowed to stir for 1 h 
before the addition of PPh,Cl (6.2 mL, 34.5 mmol) in ether (10 
mL). After warming to room temperature and further stirring 
for 1 h the solvent was partially removed and benzene added. 
The resulting white precipitate (LiC1) was filtered off to yield 
a pale yellow oil on drying. Addition of n-hexane precipitated 
an off-white microcrystalline solid. Yield = 6.90 g, 70%; mp 
72°C. 

P P h 2 C ~ - C ~ - B u ' :  IR v ( ~ s ) / c m - ~ ,  (C6H14): 2249 VS, 
2208 s, 2102 s; (KBr): 2250 m, 2207 s, 2100 w. 'H NMR 
(CDCl,) 6: 7.53-7.22 (m, lOH, Ph), 1.17 (s, 9H, Bu'). 13c { 'H j 
NMR (CDCI,) 6: 135.3 (d, Jpc 5.9 HZ, PC;,,,), 132.7-128.6 
(m, Ph), 92.0 (d, Jpc 6.0 Hz, Cp), 9 1.74 (s, C6), 74.3 (d, JpC 8.8 
Hz, C,), 64.2 (s, C,), 30.4 (s, CMe,), 28.2 (s, CMe,). Proton- 
coupled 13c NMR (CDCl,) 6: 135.4-127.0 (m, Ph), 92.0 (d, 
JPc5.8Hz,Cp),91.7(m,C6),74.3 (d, JpC 12.5Hz,Ca),64.2 
(s, C,), 30.4 (virtual qt, CMe,), 28.2 (m, CMe,). 3 1 ~ { 1 ~ )  

NMR (CDCl,) 6: -31.4 (s). MS: 290 (M)', 233 (M - But)+, 
57 (But)+. Anal. calcd. for CzoHl,P: C 82.74, H 6.60; found: C 
82.64, H 6.70. 

Synthesis of P~FC-CH=CHCI:~ Phenylacetylene (5.90 
mL, 53.7 mmol), and 2.5 molar equivalents of cis-1 ,2-dichlo- 
roethylene (13.0 g, 134 mrnol) were placed in a 250 mL round- 

This synthesis is based on the method reported by Kende and 
Smith (9a). We found that use of trans-Pd(PPh,),Cl, gave 
slightly better yields than Pd(PPh,), (90% vs. 75%). 
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Table 1. X-ray crystallographic and data processing parameters for 7a and 8. 

Formula 
Molecular weight 
Crystal size (mm) 

Crystal system 
Space group 

a (A) 
b (A) 
c (A) 
a ( O )  

P ("1 
Y ("1 
v (A3) 
z 

D, (g cm-3) 
Radiation (MoKa, A) 

F(OO0) 
p (cm-') 

Scan type 
29 range ( O )  

Scan width ( O )  

Scan speed (" min-I) 
Reflections measured 
Reflections observed 

R 

R,,, 
GoF 

Monoclinic 
P2, In 

9.849(2) 
9.886(2) 
28.368(9) 
- 

95.18(2) 

C~,H, ,CO~O]~PRU~ 
946.4 

0.56 x 0.54 x 0.24 x 
0.31 x 0.54 x 0.48 

Triclinic 
PT 

9.9969(9) 
1 1.30 18(9) 
17.268(1) 
90.653(6) 
100.91 l(6) 
1 10.465(5) 
1788.4(3) 

2 
1.758 

0.71073 
928 
18.43 
0 

4.0-52.0 
1.20 

3.00-30.00 
744 1 

6329 ( F  2 6.0o(F)) 
0.0222 
0.0264 

2.29 

bottomed flask along with n-butylamine (25 mL, 253 mmol), 
copper iodide (0.30 g, 1.58 mmol) and t ran~-Pd(PPh~)~Cl~  
(0.30 g, 0.43 mmol). The solution was stirred for 16 h after 
which the solvent was removed under reduced pressure to 
afford a red-brown oil. Column chromatography on SiO, 
yielded a pale yellow oil identified by GC-MS as the chloro- 
enyne PhCX-CH=CHC1(7.90 g, 90%). 

Synthesis of P P h , F C - F C - P h :  The enyne PhCEC- 
CH=CHCl (5.80 g, 35.7 mmol) was dissolved in THF (150 
mL) and cooled to -78°C. Addition of two molar equivalents 
of LDA gave an orange-brown solution, which was stirred at 
low temperature for 3 h before treating with PPh2C1 (7.0 rnL, 
39.0 mmol). After 20 min the low-temperature bath was 
removed and the solution stirred for a further 2 h after temper- 
ature equilibration. Partial evaporation of the solvent, filtra- 
tion, and then drying yielded a brown oil, which was 
chromatographed on silica. Elution with dichloromethane-n- 
hexane (3: 10) and evaporation of the solvent gave P P h 2 C X -  
CEC-Ph as a pale yellow powdery solid. Yield 6.90 g, 62%, 
mp 54°C. 

PPh,C=L-Cq-Ph: IR v(~--~)lcm- ' ,  (C6H14): 2205 vs, 
2208 s, 21 11 m; (KBr): 2201 s, 2104 w. 'H NMR (CDCl,) 6: 

, 7.64-7.27 (m, Ph). 13c{'~) NNMR (CDC1,) 6: 134.9 (d, Jpc 
6.1 Hz, PC,p,), 132.7-128.5 (m, Ph), 121.1 (s, Ph,p,), 91.4 (d, 
Jpc 6.2 HZ, Cp), 81.0 (s, C6), 80.9 (d, JPC 12.8 HZ, C,), 74.1 (s, 
br, C ). Proton-coupled I3c NMR (CDCI,) 6: 134.9-126.7 (m, 
Ph), 121.1 (m, Phipso), 91.4 (d, Jpc 5.9 Hz, Cp), 81.0 (m, C8), 
80.9 (d, JPC 14.4 Hz, C,), 74.1 (s, br, C,). 3 ' ~ { L ~ )  NMR 

(CDCI,) 6: -30.0 (s). MS: 310 (M)', 233 (M - Ph)'. Anal. 
calcd. for C,,H,,P: C 85.15, H 4.87; found: C 85.24; H 4.57. 

PPh ,FC-EC-S iMe ,  
A solution of Me,SiC--L-CGCSiMe, (4.0 g, 20.6 mmol) in 
THF (90 mL) was cooled to -78°C and treated with a slight 
excess of MeLi (16.0 mL, 22.4 mmol). After a few minutes a 
fine off-white precipitate had formed. Stirring at -78°C was 
continued for 2 h before allowing the solution to warm to 
-40°C for 30 min. On cooling to -78"C, PPh2C1 (4.0 mL, 
22.3 mmol) was added. After 30 min, the cooling bath was 
removed and the solution was allowed to warm to room tem- 
perature. Removal of the solvent under reduced pressure pro- 
duced a brown oil, which was chromatographed on silica. 
Elution with dichloromethane-n-hexane (1: 1) yielded a single 
colourless band that afforded PPh,C=C-CX-SiMe, as a 
pale yellow solid on evaporation of the solvent. Yield 5.78 g 
(92%); mp 32°C. 

PPh ,Cq-Cx-S iMe , :  IR v ( ~ ~ ~ ) l c m - ' ,  (C6H14): 2228 
vw, 2165 w, 2073 s. 'H NMR (CDC13 6: 7.61-7.33 (m, 10H, 
Ph), 0.21 (s, 9H, SiMe,). 13c{'~) NNMR (CDC1,) 6: 135.6 
(d, Jpc 6.1 Hz, PC,,,), 133.4-129.5 (m, Ph), 92.5 (d, Jpc 6.4 
HZ, Cp), 91.5 (s, C,), 88.3 (s, C ) 77.0 (d, Jpc 14.9 HZ, C,), 
0.03 (s, SiMe,). proton-coup led"^ NMR (CDCI,) 6: 135.5- 
127.9(m,Ph),92.5 (d, Jpc5.9Hz,Cp),91.5 (s,br,C6),88.3 (s, 
C,), 77.0 (d, Jpc 15.2 Hz, C,), 0.0 (q, JcH 120 Hz, SiMe,). 
3 1 ~ { ' ~ )  NMR (CDC1,) 6: -31.7 (s). MS: 306 (M)', 233 (M 
- SiMe3)+, 73 (SiMe3)+. Anal. calcd. for C19H19PSi: C 74.48, 
H 6.25; found: C 74.25. H 6.39. 
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Table 2. Atomic coordinates (x104) and equivalent isotropic Table 3. Bond lengths (A) for Ru,(CO),(k-~',~'-C=-C=BU')- 
displacement coefficients (A2 x lo4) for ~u~(CO),(k-q',q'- (p-PPh,) 7a. 
Cs-C=Buf)(p-PPh,) 7a. 

Ru(1)-Ru(2) 2.769 ( 1) Ru(1)-P(1) 2.362 (1) 
Atom x Y z U(eq) Ru(I)<(I) 1.905 (4) Ru(l)<(2) 1.910 (4) 

Ru(l) 

P(l) 
O(1) 
O(2) 
O(3) 
O(4) 
O(5) 
O(6) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
(310) 
(311) 
C(11 A)" 
C(12) 

"Atoms C(l IA), C(13A), and C(14A) arise from a disorder about the 
tert-butyl group. 

R~,(CO)~IJ.-~',~~~,~-FC-FCB~~)(IJ.-PP~~) 7a 
Triruthenium dodecacarbonyl (2.50 g, 3.91 mmol) was dis- 
solved in tetrahydrofuran (300 mL, three freeze-pumpthaw 
cycles) and treated with a slight excess of PPh,C--CqBut 
(1.20 g, 4.13 mmol). A few drops of sodium benzophenone 
ketyl catalyst in THF were added, causing an immediate 
colour change to deep red. After stimng for 10 min an IR 
(2098 w, 2047 s, 203 1 ms, 2016 s cm-') indicated the complete 
consumption of Ru,(CO),, while a spot TLC showed a single 
red-orange band that we assign as the monosubstituted species 
Ru3(CO),,(PPh2C~-C=But). The solution was then 
heated to reflux for 4 h, causing considerable darkening. On 

Ru( 1 ) 4 ( 3 )  1.958 (4) 
Ru(2)-P( I )  2.355 (1) 
Ru(2)<(5) 1.880 (4) 
Ru(2)<(7) 2.284 (3) 
p ( 1 ) 4 ( 1 5 )  1.830 (3) 
O(l)-c(l) 1.135 (6) 
0(3)-C(3) 1.127 (5) 
0(5)-c(5) 1.132 (5) 
C(7)-C(8) 1.227 (5) 
C(9)-C(10) 1.172 (6) 
C(lO)<(I IA) 1.310 (31) 
C(11)<(13) 1.5 1 1 (20) 
C(I 1A)-C(12) 1.478 (33) 
C(I1A)-C(14A) 1.568(38) 
C(15)<(20) 1.392 (5) 
C(17)-C(18) 1.366 (8) 
C(19)<(20) 1.382 (6) 
C(2 1)<(26) 1.393 (5) 
C(23)<(24) 1.367 (7)) 
C(25)<(26) 1.380 (6) 

cooling, the solvent was partially evaporated in vacuo and the 
residue absorbed onto a small amount of silica gel. Column 
chromatography on silica yielded a minor band of Ru3(CO),, 
(identified by IR) using n-hexane as eluant. With dichloro- 
methane-n-hexane (1:49), a broad band of pale yellow 7a was 
then removed. Reducing the volume to -5 mL and overnight 
cooling to - 10°C yielded 0.805 g (31%) of a yellow crystal- 
line solid; mp 1 19°C. 

7a: IR(C6H14) w(co)/c~-': 2085 s, 2057 s, 2021 s, 2010 m, 
2002 s, 1990 mw. 'H NMR (CDC13) 6: 7.48-7.20 (m, 10H, 
Ph), 1.10 (s, 9H, But). 13c{'~) NMR (CDC13) 6: 197.4 (d, Jpc 
12.6 Hz, CO), 195.0 (d, Jpc 72.5 Hz, CO), 193.6 (d, Jpc 4.5 
HZ, CO), 138.9 (d, Jpc 28.7 HZ, PCip,,), 134.2 (d, Jpc 32.7 HZ, 
PC, ,,), 134.2-128.0 (m, Ph), 100.2 (d, Jpc 27.7 Hz, C,), 88.1 
(s, e8). 74.5 (d, Jpc 7.5 Hz. C ), 66.8 (d, Jpc 3.5 Hz, C,), 30.6 
(s, CMe?), 28.0 (s. C M e 3  '${'H) NMR (CDCI,) 6: 124.6 
(s). ~ n a f  calcd. for C,~H;~O~PRU,: C 47.26, H 2.87; found: C 
47.20, H 2.78. 

R~,(co),(IJ.-~',~~~,~-~c-FcP~)(IJ.-PP~,) 7b 
Compound 7b was prepared in a manner similar to that 
described above, using PPh,C--C=Ph (reflux time 2.5 
h). Yield: 24%; mp 38°C. (Ru3(CO),,(PPh2C--t-CqPh): 
IR, 2098 w, 2047 s, 2028 ms, 2014 s cm-'.) 

7b: IR(C6H,,) v(~0)lcm-':  2085 s, 2058 s, 2022 s, 2012 m, 
2003 s, 1992 mw. 'H NMR (CDC1,) 6: 7.61-7.21 (m, Ph). 
1 3 c { ' ~ ]  NMR (CD,CI,) 6: 197.7 (d, Jpc 11.6 Hz, CO), 195.2 
(d, Jpc 72.0 HZ, CO), 193.8 (d, Jpc 5.0 HZ, CO), 139.0 (d, Jpc 
29.0 Hz, PC,,,,), 133.6 (d, Jpc 33.2 Hz, PC,,,,), 134.5-128.5 
(m, Ph), 122.3 (s, PhipsO), 109.0 (d, Jpc 27.7 Hz, C,), 78.2 (d, 
Jpc 2.5 HZ, C,), 77.4 (d, Jpc 4.5 HZ, C,), 74.0 (d, JpC 8.2 HZ, 
C p )  3 1 ~ { 1 ~ ]  NMR (CDCI,) 6: 123.8 (s). Anal. calcd. for 
C2,H,506PRu2: C 49.42, H 2.22; found: C 49.26, H 1.98. 
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Table 4. Bond angles (") for Ru,(CO),(p-q',q2-C=-~-BU')(~-PP~,) 7a. 

R U ~ ( C O ) ~ ( ~ - ~ ~ , ~ ~ , , ~ - F C - ~ C S ~ M ~ ~ ) ( ~ - P P ~ ~ )  7c 
Compound 7c was prepared in a manner similar to that 
described above, using PPh2C%-CECSiMe, (reflux time 
2 h). Yield: 20%; mp 84°C. ( R U ~ ( C O ) ~ ~ ( P P ~ ~ C =  
C-CWSiMe,): IR, 2098 w, 2048 s, 2031 ms, 2018 s cm-I.) 

7c: IR(C,Hl,) v(~0)lcm-': 2086 s, 2059 s, 2024 s, 2013 m, 
2004 s, 1993 mw. 'H NMR (CDCl,) 6: 7.59-7.24 (m, IOH, 
Ph), 0.10 (s, 9H, SiMe,). 13c(l~} NMR (CDC13) 6: 197.1 (d, 
Jpc 11.7 HZ, CO): 194.5 (d, Jpc 72.4 HZ, CO), 193.3 (d, JPC 5.5 
Hz, CO), 138.5 (d, JpC 30.7 Hz, PCip,), 132.7 (d, JPC 33.5 Hz, 
PC,,,), 134.0-128.0 (m, Ph), 106.4 (d, Jpc 27.3 Hz, C,), 91.0 
(d, Jqc 6.9 HZ, C ), 85.7 (S, C6), 74.0 (d, JPC 5.5 HZ, Cy), -0.33 P (s, SiMe,). 3 1 ~ (  H} NMR (CDC13) 6: 122.0 (s). Anal. calcd. 

for C2,HI,O6PRu2Si: C 44.38, H 2.83; found: C 44.05, 
H 2.76. 

R u ~ ( C ~ ) ~ ( ~ - P P ~ ~ ) ( ~ - L - ~ - F ~ - ~ C B U ~ ) C O ~ ( ) ~  8 
Compound 7a (0.20 g, 0.30 mmol) was dissolved in toluene 
(20 mL) and treated with an excess of Co2(CO), (0.15 g, 0.44 
mmol). A darkening of the solution was evident after a few 
minutes and an IR spectrum recorded after 2 h stirring showed 
complete consumption of 7a. The solvent was removed under 
reduced pressure and the resulting brown residue loaded onto 
TLC plates. Elution with dichloromethane-n-hexane (1:4) 
gave a red-brown band as the major product (crude yield 0.284 
g, 99%). Crystallization from n-hexane at - 10°C produced 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Blenkiron et al 

Table 5. Atomic coordiantes (x104) and equivalent isotropic 
displacement coefficients (A2 x 10') f6r R u ~ ( C O ) ~ ( ~ - P P H ~ ) -  
(p-q1,q2a,p:p-q2,q2YY6-=-CZCBur)Co2(CO)6 8. 

Atom x Y z Ueq) 

red-brown crystals overnight (crystalline yield 0.252 g, 88%); 
mp 1 1 1°C. 

8: IR(C6Hl,) v(co)/c~-': 2095 m, 2080 s, 2058 vs, 2035 m, 
2030 m sh, 2022 s, 2002 m, 1988 w. 'H NMR (CDCI,) 6: 

Table 6. Bond lengths (A) for Ru2(CO),(p-PPh2)- 
(p-q ' , q 2 a , ~ p - q 2 , ~ Y , 6 - = - ~ ~ u r ) ~ 0 2 ( C 0 ) 6  8. 

7.60-7.14 (m, IOH, Ph), 1.1 1 (s, 9H, But). 13c('~} NMR 
(CDC1,) 8: 199.07 (br, CO), 197.3 (d, Jpc 1 1.2 Hz, CO), 195.2 
(d, Jpc 71.2 HZ, CO), 194.1 (d, Jpc 6.5 HZ, CO), 139.4 (d, Jpc 
30.6 HZ, PCipso), 134.1 (d, Jpc 32.1 HZ, PCipso), 133.9-128.3 
(m,Ph), 115.7 (s,CF), 113.1 (d, JPC31.8Hz,C,), 93.6(d, Jpc 
7.6 HZ, C ), 74.6 (d, Jpc 3.0 HZ, C,), 37.0 (s, CMe,), 32.2 (s, 
CMe,). 31k{ 'H} NMR (CDCI,) 6: 120.0 (s). Anal. calcd. for 
C32H,9C02012PRu2: C 40.61, H 2.02; found: C 40.07, H 1.96. 

Crystal structure determination of complex 7a 
Yellow crystals of 7a were grown from a saturated n-hexane 
solution at - 10°C. Data were collected at 295 K on a Siemens 
R3mN diffractometer. Background measurements using the 
stationary crystal, stationary counter method were made at the 
beginning and end of each scan, each for 25.0% of the total 
scan time. Two standard reflections were monitored every 100 
measurements; no significant decay was detected over the 
time of data collection. Data were corrected for Lorentz and 
polarization effects and absorption corrections were applied 
using the face-indexed numerical method. Relevant crystal 
and data collection parameters for the present study are given 
in Table 1. 

The structure was solved by Patterson and Fourier methods 
and refined by full-matrix least squares, first with isotropic 
thermal parameters and then with anisotropic thermal param- 
eters for all non-hydrogen atoms. A difference Fourier map 
revealed the positions of the hydrogen atoms, which were 
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Table 7. Bond angles (") for R~~(CO),(y-PPh,)(y-q',q',,~:y-q~,q'~~~- 
Cs-C--nu1)Co7(CO), 8. 
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Table 7 (concluded). 

included in calculated positions. The hydrogen atoms were 
treated using the riding model method with refined isotropic 
thermal parameters for phenyl hydrogens and fixed isotropic 
thermal parameters for the methyl hydrogen atoms. Atoms 
C( 1 1 A), C(13A), and C(14A) arise from a disorder about the 
tert-butyl group. A satisfactory model was refined with an 
occupancy of 60:40 (C:C(A)) for these three atoms. Atom 
C(12) was refined with full occupancy. In the final cycles of 
refinement a weighting scheme, w = [s2(F0)]-' was used. The 
function minimized in the least-squares refinement was 
xw(lFoI - 1 ~ ~ 1 ) ~ .  The weighted R value, R,, is defined as 
[~~(~F~I-IF,~)~/C~~F~I~]"~, where the weights, w, are opti- 
mized on moderate intensities. The atomic scattering factors, 
corrected for the real and imaginary parts of anomalous disper; 
sions, were taken from ref. 25; for hydrogen, those of Stewart 
et al. were used (26). Programs used are described elsewhere 
(27). Final atomic coordinates for the non-hydrogen atoms and 
equivalent isotropic displacement coefficients are presented in 
Table 2 (equivalent isotropic U (Ue4 = 113 x orthogonalized Uii 
tensor). Bond lengths and angles are presented in Tables 3 and 
4, respectively. Anisotropic displacement coefficients and 
hydrogen atom parameters have been deposited as supplemen- 
tary material.' 

, Crystal structure determination of complex 8 
Red-brown crystals of 8 were grown from a saturated n-hex- 
ane solution at - 10°C. Data were collected at 200 K on a Sie- 
mens P4 diffractometer. Background measurements using the 
stationary crystal, stationary counter method were made at the 
beginning and end of each scan, each for 25.0% of the total 
scan time. Three standard reflections were monitored every 
100 measurements; no significant decay was detected over the 
time of data collection. Data were corrected for Lorentz and 
polarization effects and absorption corrections were applied 
using the face-indexed numerical method. Relevant crystal 
and data collection parameters are given in Table 1. 

The structure was solved and refined as for 7a. Final atomic 
coordinates for the non-hydrogen atoms and equivalent isotro- 
pic displacement coefficients are presented in Table 5. Bond 

This supplementary data may be purchased from: The Depository 
of Unpublished Data, Document Delivery, CISTI, National 
Research Council Canada, Ottawa, Canada KIA 0S2. Complete 
crystallographic data for 7a have been deposited at the Cambridge 
Crystallographic Data Centre and can be obtained on request from 
The Director, Cambridge Crystallographic Data Centre, 
University Chemical Laboratory, 12 Union Road, Cambridge, 
CB2 lEZ, UK. Lists of structure factors are available from the 
authors. 

lengths and angles are presented in Tables 6 and 7, respec- 
tively. Anisotropic displacement coefficients and hydrogen 
atom parameters have been deposited as supplementary mate- 
rial.' 
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A density functional study of the bonding in 
tertiary phosphine chalcogenides and related 
molecules 

Nicole Sandblom, Tom Ziegler, and Tristram Chivers 

Abstract: The nature of the phosphorus-tellurium bond in tertiary phosphine tellurides is not well understood. There is also 
controversy over the nature of multiple bonding in the lighter chalcogenides and the related ylides and imides. Density functional 
theory (DFT) was used to investigate the interactions in the molecule, Me3PE (E = 0 ,  S, Se, Te, BH,, CH,, NH). The calculated 
PE bond energies and orbital populations reveal contributions from both u donation from the phosphine and T back-donation to 
the phosphine in all of the above cases. Down the group from oxygen to tellurium, the PE bond weakens from 544 kJ mol-' to 184 
kJ mol-I, but multiple bonding becomes more significant with respect to the single bond. For E = BH,, the PB bond energy is 166 
kJ mol-'. Trimethylphosphine ylide was found to have a T-bond order of 0.5, while that of trimethylphosphine imine is 0.6. For 
comparison, the oxides of trimethylamine and trimethylarsine were also calculated to examine the pnictogen4xygen bond; 
Me,N does not participate in multiple bonding with oxygen, while the T-bond orders for Me3P0 and Me3As0 were calculated as 
0.7 and 0.6, respectively. 

Key words: phosphine chalcogenides, phosphine ylides, phosphine imides, DFT calculations 

Resume : La nature de la liaison phosphore-tellure dans les tellurures de phosphine tertiaires n'est pas trks bien comprise. I1 ya 
a Cgalement une controverse relativement la nature de la liaison multiple dans les chalcogtnures plus lCgbres et dans les ylures 
et imides apparentts. On a fait appel la thCorie de la densitt fonctionnelle (TDF) pour ttudier les interactions dans la molCcule 
de Me,PE (E = 0 ,  S, Se, BH,, CH,, NH). Les Cnergies de liaison PE calculCes et les populations des orbitales rCvklent des 
contributions a la fois du transfert u a partir de la phosphine et du transfert en retour T vers la phosphine dans tous les cas ci- 
dessus. La liaison PE s'affaiblit lorsqu'on descend dans la famille de l'oxygbne vers le tellure, elle passe de 544 kJ mol-I a 184 
kJ mol-I, mais la liaison multiple devient plus significative par rapport a la liaison simple. Pour E = BH,, 1'Cnergie de la liaison 
PB est de 166kJ mol-I. On a trouvt que l'ylure de la trimCthylphosphine a une liaison T de l'ordre de 0,5, tandis que pour l'imine 
de la trimkthylphosphine l'ordre est de 0,6. Pour fins de comparaison, on a tgalement calculC les oxydes de la trimCthylamine et 
de la trimtthylarsine, pour examiner la liaison oxygbne-azote; Le Me,N ne participe pas a la liaison multiple avec l'oxygbne, 
alors que calcul des ordres de la liaison T pour le Me,PO et le Me3As0 donnent 0,7 e 0,6 respectivement. 

Mots clks : chalcogCnures de phosphine, ylure de phosphore, imides de phosphine, calculs de TDF. 

[Traduit par la redaction] 

1. Introduction 

The useful electrical properties of certain metal tellurides have 
sparked research into developing single-source precursors for 
these semiconductors (1, 2). Many research groups now rou- 
tinely use trialkylphosphine tellurides, R3PTe, as tellurium 
transfer agents; for example, the reaction of Et3PTe with low- 
valent transition-metal compounds generates metal-tellurium 
clusters that can be subsequently pyrolyzed to binary metal tel- 
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lurides (3). Other important applications of R3PTe reagents as 
a source of reactive tellurium include the preparation of termi- 
nal metal tellurides (4), chalcogen exchange reactions ( 9 ,  
insertions into metal-carbon (6) and metal-metal (7) bonds, 
and in the titanium-mediated heterohydrocoupling of Te and 
Bu3SnH (8). 

Relatively little is known about the bonding in phosphine 
tellurides. The three crystallographically characterized struc- 
tures suggest that the phosphorus-tellurium bond has an order 
of about 1.5, where PTe is 2.368 A for 'Bu3PTe (9), 2.365 A in 
the case of 'pr3PTe (lo), and 2.371 A in 'Bu,[NH(C,H,,)]PTe 
(1 1). ' 2 5 ~ e  solution NMR spectroscopy at room temperature 
and ' 2 5 ~ e  Mossbauer spectroscopy at 4.2 K provide results 
that have been interpreted as inconsistent with the presence of 
T bonding (12). The controversy is not confined to tellurium. 
Although phosphine oxides are commonly described as 
R3P=0, there is still debate over the nature of the PO bond in 
these molecules (13). The possible resonance contributors 
range from a single to triple bond (Fig. 1). Several experimen- 
tal observations, e.g. bond energies of oxides and sulfides, 

Can. J. Chem. 74: 2363-2371 (1996). Printed in Canada 1 Imprim6 au Canada 
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Fig. 1. Resonance contributions to the PO bond in tertiary phosphine oxide. 

single o-bond single n-bond lo-bond+ln-bond lo-bond+2n-bond 

I I1 I11 IV 

bond lengths, dipole moments, NMR shifts and coupling con- 
stants when E = Se, and infrared stretching frequencies of the 
P-E bond in the oxides, sulfides, and selenides, suggest mul- 
tiple bonding (14). However, in a recent paper, Power (15) 
studied the chemical shift tensors of Me3P0 and related mole- 
cules, and concluded that the phosphorus-xygen bond is 
dative. 

Ab initio studies of phosphine chalcogenides have been lim- 
ited to oxygen and sulfur, and the most extensive work focuses 
on H3P0 (14). Given the proven ability of density functional 
theory (DFT) to predict geometries and energies accurately 
(16), we decided to study the orbital interactions involved in 
the trimethylphosphine chalcogenide bond. For comparison 
purposes, trimethylphosphine-borane, trimethylphosphine 
ylide, and trimethylphosphine imide, and the oxides of trime- 
thylamine and trimethylarsine were also considered. 

2. Computational details 
All calculations were based on approximate density functional 
theory within the local density approximation (17), LDA, in 
the parameterization by ~ o s k o  et al. (18). In addition, we used 
Becke's (19) nonlocal exchange correction as well as inho- 
mogenous gradient corrections for correlation due to Perdew 
(20), NL-SCF. The reported calculations were performed uti- 
lizing the vectorized version of the ADF program system 
developed by Baerends et al. (21, 22) and vectorized by Rav- 
enek (23). The numerical integration procedure applied for the 
calculations was developed by te Velde and co-workers (24). 
All molecules were optimized with C3v symmetry with the fol- 
lowing exceptions: borane (D3,,), methylene (C,,), trimeth- 
ylphosphine ylide (C,), imine (C,,), trimethylphosphine imide 
(C,). The geometry optimization procedure was based on the 
method developed by Versluis and Ziegler (25). A double 5- 
ST0  basis set (25) was employed for the ns and np shells of the 
main group elements. The basis set was augmented by a single 
3d ST0 function except for hydrogen, where a 2p ST0  was 
used as polarization. Electrons in lower shells were considered 
as core and treated according to the procedure due to Baerends 
and co-workers. (26). An auxiliary (27) set of s, p, d,f, and g 
ST0  functions, centered on all nuclei, was used in order to fit 
the molecular density and present Coulomb and exchange 
potentials accurately in each SCF cycle. All structures were 
optimized at the LDA level of theory. The calculated bond 
energies include nonlocal corrections evaluated from LDA 
densities. 

3. Results and discussion 

General bonding scheme in Me,PE and related systems 
The PE bond in trimethylphosphine chalcogenides (Me3PE) 
can be analysed by considering the frontier orbitals on the two 

fragments Me3P and E. The orbitals of interest on Me3P are 
the occupied u-type HOMO, la ,  of a,  symmetry, and the 
empty el pair, l b  and lc .  The three p orbitals on the chalco- 
gens (E) are shown as 2a, 2b, and 2c. The u component of the 
P-E bond involves donation of charge from the occupied 
orbital l a  on Me3P to the empty orbital 2a on the chalcogen. 
This process is illustrated in 3a. The T interactions are repre- 
sented by donation from the filled T-typep orbitals, 2b and 2c, 
on E to the empty u* orbitals on Me3P. This type of donation, 
as shown in 3b and 3c, has been termed negative hyperconju- 
gation (28). We note further that each of the orbitals 3b and 3c 
has T symmetry with respect to the PE bond. Interaction 3a 
represents the singly bonded u-resonance structure I of Fig. 1, 
whereas 3b and 3c each represent the T-resonance structure I1 
of Fig. 1. 

A number of fragments have frontier orbitals analogous to 
the chalcogens. They are, in the terminology of Hoffmann 
(29), isolobal with the chalcogens and form similar bonds with 
tertiary phosphines. Thus the transition metal fragment, 
Cr(CO),, with the frontier orbitals, 4a-c, is isolobal with the 
chalcogens; its bonding to R3P has been studied previously 
(30). Other isolobal fragments are borane, Sa-c, methylene, 
6a-c, and imine, 7a-c. The frontier orbital energies of the 
chalcogens as well as those of BH3, CH,, and NH are com- 
pared to those of Me3N, Me3P, and Me3As in Fig. 2. 

General bond energy decomposition scheme 
In general, the molecules under consideration are of the form 
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Table 2. Optimized bond lengths (A) and angles (") for Me3P and Me3PEa (E = 0 ,  S, Se, Te). 

Can. J. Chem. Vol. 74. 1996 

'PE ~ C P  LCPE LCPC Reference 

"Experimental values are given in parentheses. 
?or 'Bu,PTe. 

Here AE,, is the energy required to alter the Me3X and E 
fragments &om their ground state conformation to the geome- 
try they adopt in the combined complex. The term AE,,, in 
the fragments E = 0 ,  S, Se, Te, CH,, and NH also contalns a 
promotion energy from the electronic ground state to a 
valence state suitable for a donation and T back-donation with 
Me3X, as explained in detail later. 

The term AEO represents the steric interaction energy 
between Me3X and E. It includes the stabilizing electrostatic 
interaction between the two fragments and the exchange 
repulsion component resulting from the destabilizing interac- 
tions between occupied orbitals on E and Me3X. The steric 
interaction energy, AE', is obtained as AHx,of eq. [ l ]  from a 
calculation of Me3XE and E(Me3XE) in which only the occu- 
pied orbitals of E and Me3X are used as basis functions. 

Finally, AEel of eq. [2] accounts for the stabilizing interac- 
tions between occupied and empty fragment orbitals. The sta- 
bilizing electronic interaction energy AEeI is further 
decomposed into 

Here AEdon represents the stabilizing contribution to AHXE 
due to a donation, 3a, of charge from the a-donor orbital, l a ,  
on Me3X to an empty a-acceptor orbital (2a, 5a, 6a, or 7a) on 
E. It is obtained as the additional energy gained by adding one 
of the a-acceptor orbitals (2a, 5a, 6a, or 7a) on E to the basis 
of occupied E and.Me3X fragment orbitals in a calculation of 
Me3XE. The orbital population, edon, shows how many elec- 
trons the orbital on E (2a, 5a, 6a, or 7a) accepts in this calcu- 
lation. The term AEbdon is due to the T donations, 3b and 3c, in 
which charge is transferred to I b  and l c  on Me3X from two 
occupied T-donor orbitals on E such as 2b and 2c. The term is 
obtained in a way similar to AEdon, except that the added vir- 
tual orbitals now are l b  and lc.  Similarly, the orbital popula- 
tion, ebdOn, now refers to the electrons accepted by l b  and lc.  
The third contribution, AE,,,, is a measure of the synergic 
effect, the degree to which donation, 3a, and back-donation, 
3b + 3c, reinforce each other. It is the extra stabilization of the 
XE bond gained by including the virtual fragment orbitals, l b  
and lc, as well as 2a, or its equivalent, at the same time. This 
calculation gives the synergic orbital populations, edon and 
ebdon, which represent the number of electrons in the a-accep- 
tor orbital on E (2a, 5a, 6a, or 7a) and in the a*-acceptor orbit- 
als on Me3X ( lb  and lc), respectively. Finally, AE,, measures 
the additional stabilization gained by including the remaining 

virtual fragment orbitals in the calculation. It is often com- 
bined with the steric interaction energy since it stems from 
interactions that serve to reduce the exchange repulsion. 

Trimethylphosphine chalcogenides 
Table 1 describes the bond energy decomposition and orbital 
populations of the trimethylphosphine chalcogenides. The 
preparation energy of trimethylphosphine is due to a slight 
geometric distortion from the free phosphine; it is relatively 
small for all of the chalcogens. The preparation energy for the 
chalcogens is electronic. It represents a promotion of the chal- 
cogen from its 3~ ground state to the (2p,)0(2p,)4 valence con- 
figuration. The promotion energy is due to the loss of 
exchange stabilization as two electrons of parallel spin in the 
3~ ground state are given opposite spin orientations in the 
(2p,)0 (2p,)4 valence configuration. This requires much more 
energy for oxygen, 276 kJ mol-I, with contracted p orbitals 
and high exchange stabilization, than for tellurium, 132 kJ 
mol-', with the most diffuse p orbitals and the smallest 
exchange stabilization. 

The combined steric interaction energy, AEO + AE,,, is 
dominated by destabilizing overlaps between occupied orbit- 
als on the Me3P and E fragments (Table 1). It is most repul- 
sive, 771 kJ mol-', for Me3P0 with the shortest distance 
between the two fragments and decreases gradually from 
Me3PS, 178 kJ mol-I, to Me3PTe, 53 kJ mol-I, as the PE dis- 
tance increases. 

The stabilization, -AEdon, due to the a donation is largest 
for E = 0 with - AEdon = 12 10 kJ mol-l, and decreases gradu- 
ally from Me3PS, 497 kJ mol-', to Me3PTe, 243 kJ mol-I. The 
trend is understandable, when we observe that the donation 
from the occupied a orbital on Me3P, la ,  to the empty p, 
orbital on E is most favorable for oxygen with thep, orbital of 
lowest energy (Fig. 2). The gain in stabilization decreases 
gradually from E = S to E = Te as the energy of the p, orbital 
approaches that of l a .  The actual charge transfered is 1.0 e for 
Me3P0 with a drop from 0.7 e in Me3PS to 0.5 e in Me3PTe 
(Table 1). 

The contribution, -AEbdon, from the back-donations, 3b 
and 3c, is not very large. This is not surprising since the p, 
donor orbitals on E are of much lower energy than the T- 

acceptor orbitals l b  and IC on Me3P, Fig. 2. This is especially 
true in the case of oxygen where the back-donation amounts to 
0.1 e and -AEbdon = 37 kJ mol-'. For the remaining chalco- 
gens, the energy gap is reduced and the back-donation some- 
what larger at 0.2 e with -AEbdon = 50 kJ mol-'. 
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Fig. 3. Bond lengths and angles in Me3XE. 

The synergic effect substantially increases the multiple 
bonding character of the PE linkage. Thus the back-donation 
for oxygen is increased by 0.6 e to a total of 0.7 e (Table 1). 
Now the PO bond has the most pronounced T components, 3b 
and 3c. By equating the total T-bond order with the electron 
charge back-donated we get an order of 0.7 for the PO linkage. 
The corresponding T-bond orders for E = S, Se, and Te are 
0.6, 0.5, and 0.5, respectively. 

The a component of the PE bond, 3a, is also enhanced by 
the synergic effect. For the PO bond, 1.4 e is donated to oxy- 
gen. (Table 1) For the other chalcogens, the a donations are 
1.0 e (S), 0.9 e (Se), and 0.7 e (Te), respectively. 

It is clear that both the a and T components are important 
for the PE linkage after the synergic effect has been taken into 
account. Both a and T bonding have the largest contributions 
for oxygen. Their contributions decrease from sulfur to tellu- 
rium, and a bonding is always more pronounced than T bond- 
ing. However, in relative terms, the two bonding modes 
become more comparable in importance upon descending 
Group 16 from oxygen towards tellurium. 

The synergic contribution to the PE bond, -AE,,?, is sub- 
stantial, starting at 365 W mol-' for E = 0 and decreasing to 90 
W mol-' for E = Te (Table 1). The calculated PE bond energies 
for oxygen and sulfur compare well with the experimental 
estimates obtained for Me3P0 (32), and Pr3PS (32), respec- 
tively. The overall phosphorus~halcogen bond energy is pre- 
dicted to decrease down the group (Table 1). 

Table 2 contains calculated bond lengths and angles (as 
defined in Fig. 3) for the Me3PE systems. The optimized struc- 
tures are in good agreement with the experimentally observed 
data. The deviation is largest in the case of tellurium, because 
the experimental data are those of the tri-tert-butylphosphine 
telluride. This molecule has bulkier substituents than trimeth- 
ylphosphine telluride, so it is not surprising that the LCPC 
angle is larger and the PC distance longer in tri-tert-butylphos- 
phine telluride as the result of the steric interaction between 
the tert-butyl groups. Indeed, the PTe bond length in tri-tert- 
butylphosphine telluride has been described as anomalous and 
suspiciously long (14). Therefore, the calculated bond length 
of 2.303 A is probably a more realistic value. 

The pH3 molecule has a LHPH angle of 93". Thus, elec- 
tronically, the optimal LCPC angle for phosphines should be 
close to 90". However, the bulk of the R groups attached to 
phosphorus tends to increase the LCPC angle, and PC dis- 
tance, in order to relieve the steric repulsion. The LHPH bond 
angle in pH,+ is 109". Thus the LCPC angle in R3PE should 
open up towards 109" if, to a first approximation, we consider 
the chalcogenides as pure electrophiles with a a-acceptor 
orbital, 3a, but without any T-donation ability, 3b and 3 ~ .  We 
see, in fact, that the LCPC angles in R3PE are larger than in 
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Table 4. Optimized bond lengths (A) and angles (') for Me,P, E, and Me,PEu (E = BH,, CH,, NH) 

~ P E  ~ C P  LCPE LCPC Additional lengths and angles Ref. 
- 

Me3P 1.857(1.847) 100.2(98.6) 33 

BH3 r,, = 1.202, LHBH = 120.0 
Me3PBH, 1.863(1.894) 1.823(1.811) 113.0(113.8) 105.8(104.8) r,,: 1.222(1.201); LHBH: 113.6(109.2); 6 

LHBP: 104.9(109.8) 
CH, rcH: 1.090(1.078); LHCH: 138.0(136) 7 
Me3PCH, 1.659(1.640) 1.833(1.815) 114.2(116.5) 104.4(101.6) rcH: 1.091(1.060); LHCH: 1 19.5; 8 

LHCP: 120.2(128) 
NH r,,: 1.058(1.035) 7 
Me3PNH 1.564(1.652) 1.827(1.913) 113.9(109.6) 104.6(109.4) r,,: 1.021(1.020); LPNH: 118.9 ( 1  14) 9b 

"Experimental values are given in parentheses. 
'For Bu,PNH. 

R,P, both experimentally and theoretically. Further, the PC 
distance is somewhat shorter in R3PE as the larger LCPC 
angle allows the R groups to move closer to the phosphorus 
atom for the same amount of steric repulsion as in R,P. The 
effect of T donation, 3b and 3c, would be to increase the PC 
distance and close the LCPC angle as the u* orbitals, l b  and 
lc, accept electron density. Obviously, the PE u bonding in 
R3PE is dictating the changes of the R3Pframework. However, 
the degree of increase in the LCPC angle and decrease in the 
PC distance is likely modified by the opposing trends from the 
T back-donation, 3b and 3c. This balance between the a and T 

effects on geometry is evident in the trend down the group. 
The telluride has the longest PC bonds, and has the most T 

character relative to the u contribution. 

Me,PBH,, Me,PCH,, and Me3PNH 
Table 3 contains the bond energies and orbital populations of 
the isoelectronic series, Me3PE (E = BH,, CH,, and NH), and 
compares them to those of the oxide. The preparation energies 
of the phosphine are due to a slight distortion of geometry and 
are fairly small in these cases. The preparation of borane dis- 
torts it from a planar to a pyramidal conformation, and AEprep 
is only 54 kJ mol-I. We shall explain the reason for the distor- 
tion of BH, as well as the NH and CH, fragments later (Table 
4). For imine, the preparation involves shortening the NH 
bond and promoting electrons from the 3C- (7a27b17cl) 
ground state to a paired 7a07b27c2 valence state. The prepara- 
tion of NH requires the most energy, 970 kJ mol-I. The prep- 
aration of methylene is both electronic and eometric; the L f HCH angle opens up and the ,BI (6a16b26c ) ground state is 
promoted to a 6a06b26c2 valence state . The pre aration of P CH, takes substantially less energy, 343 kJ mole , than NH 
because it only involves the promotion of one electron out of a 
bonding orbital to pair up with another electron in the non- 
bonding 2pc T orbital, 6c. 

Across the row from boron to oxygen, the combined steric 
interaction energy, AE? + AE,,, increases from 80 to 771 kJ 
mol-I. This trend can be explained in terms of the distance 
between the two fragments. The PE distance decreases from 
left to right across the row, giving rise to a more and more 
repulsive interaction between occupied orbitals on the two 
fragments. 

The relative energies of 5a, 6a, and 7a (Fig. 2), explain the 

differences in stabilization due to u donation, -AEdon. It is 
greatest for E = NH, -AEdon = 1724 kJ mol-I, which has the 
lowest energy acceptor orbital, 7a. For E = CH, and BH3, 
-AEdOn equals 600 and 256 kJ mol-I, respectively; this trend 
is expected since the orbital energies decrease by 7a < 6a < 5a. 
The charge transferred by u bonding decreases from 1.8 e for 
the imine to 0.6 e for the borane. 

Back-donation in the borane is not very favourable because 
of the large gap between the donor orbitals, 5b and 5c, and the 
back-donation acceptor orbitals, l b  and l c  (Fig. 2). The stabi- 
lization is quite small in this case, -AEbdon = 24 kJ mol-I. The 
imine donor orbitals, 7b and 7c, are higher in energy; the sta- 
bilization is greater here, -AEbdon = 272 kJ mol-I. There is 
some back-donation in the case of the methylene fragment, 
and almost all of the stabilization, -AEbdon = 69 kJ mol-I, 
comes from the higher energy orbital, 6c. While 6b has the 
proper symmetry to be involved as a donor, its overlap with l b  
is very small, and there is a wide energy gap between these 
two orbitals. The trimethylphosphine ylide does not have 
equal contributions in the two back-donation interactions, and 
can be represented by the resonance structure I11 in Fig. 1 with 
only one u and one T bond. 

There is a synergic effect for all of the isoelectronic ana- 
logues, but none is as substantial as that for E = 0 .  For the 
borane and imine adducts, the stabilization is quite small, 
-AEYn = 36 and 51 kJ mol-I, respectively. For methylene, the 
stabilization, 172 kJ mol-', is still not as large as the synergic 
effect for oxygen, 365 kJ mol-I. However, all of these com- 
pounds have some multiple bonding. The T-bond order for 
borane is 0.3 e ,  for methylene, 0.5 e ,  and for imine, 0.6 e. The 
overall bond energy for PE decreases from -333 kJ mol-I for 
E = NH, to - 166 kJ mol-I for E = BH3. 

The optimized geometries for this series are described in 
Table 4 along with some experimental comparisons; in the 
case of Me3PNH, no experimental data are available; instead, 
the data for 'Bu,PNH are given. For the C, optimized mole- 
cules, Me3PCH2 and Me3PNH, average PC bond lengths and 
LCPC are shown. The experimental electron diffraction study 
of Me3PCH2 assumed Cj symmetry for the Me3P fragment, so 
in this case the calculated numbers may be more realistic 
(13a). As observed for the trimethylphosphine chalcogenides, 
the PC bonds in Me3PBH3, Me3PCH2, and Me3PNH are 
slightly shorter than those in trimethylphosphine and the CPC 
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angle also opens up. The changes here are not as significant as 
the change to Me3P0, but are on the order of the changes 
observed for the heavier chalcogens. As mentioned above, this 
is indicative of the a-bonding interaction dominating the 
geometry. The T-bonding effects of PC bond lengthening and 
LCPC decreasing must also play a part, but are overshad- 
owed. For E = BH,, the PC bond is the shortest for this isoelec- 
tonic series; while the a-donation energy is not the largest, it 
has the smallest back-donation energy, so the shortening 
effect (a) is not significantly cancelled by the lengthening 
effect (T). Trimethylphosphine imine has both the largest 
-AE,,, and largest -AE,,,, for this series; a balance between 
these two factors leads to an overall shortening of the PC 
bond. 

In these molecules, the fragments bonded to Me3P also 
change geometry. The boron-hydrogen bonds in the phos- 
phine adduct are longer than those in borane. The a interaction 
populates 5a, which is nonbonding in the planar ground state 
of BH, and becomes B-H bonding in the pyramidal BH, 
fragment, while the T interactions depopulate the BH bonding 
orbitals 5b and 5c. The geometry at boron becomes pyramidal 
in order to stabilize the now populated 5a by allowing bonding 
overlaps between 2pB and 1s on each hydrogen, 5a. 

The carbon-hydrogen bonds in methylene stay approxi- 
mately the same. This is understandable because the ground 
state methylene has one electron in the bonding orbital 6a, 
which is also the population of 6a in coordinated CH,. The IT 

interaction involves back-donation from a nonbonding orbital, 
6c, which holds 1.5 e in the ylide compound. The main change 
in the methylene fragment is the decrease in LHCH from 
138.0" in free CH, to 1 19.5" in the ylide. The decrease in the L 
HCH angle stabilizes the 6a acceptor orbital by enhancing the 
bonding overlap. Steric factors might also decrease the LHCH 
angle in the ylide compound. 

The 7a orbital of NH is a slightly anti-bonding combination 
between an sp lobe on nitrogen and 1s on hydrogen. It is thus 
understandable that the NH bond in coordinated imine short- 
ens, since 7a holds 1.6 e in complexed NH, compared to 2.0 e 
in free NH (Table 3). The optimized structure of Me3PNH has 
LPNH of 1 18.9"; this structure is 39 kJ mol-' lower in energy 
than a structure with a linear PNH. 

Me3N0, Me3P0, and Me3As0 
Table 5 gives the bond energy decomposition for the oxides of 
the second-, third-, and fourth-row pnictogens. We shall show 
that in the case of the trimethylpnictogen oxides there is a bal- 
ance between a favourable steric arrangement with a long 
Me3X-0 distance and optimal orbital interactions between 
Me3X and 0. The optimized bond lengths and angles of the tri- 
methylpnictogens and the oxides are shown in Table 6. 

The preparation energy for Me3N is the most substantial (70 
kJ mol-I), compared to the relatively small preparations for 
Me3P and Me3As (21 and 22 kJ mol-', respectively). The 
amine must distort significantly by expanding the length of the 
CN bonds in order to reduce crowding, as it is smaller than the 
heavier pnictogens. Trimethylarsine oxide slightly distorts in 
a manner similar to trimethylphosphine oxide. While both a 
donation and T back-donation affect the geometry, the domi- 
nant a contribution leads to slightly longer CAs bonds and an 
opening of LCAsC. 

Because of the small size of nitrogen and the closer contacts 
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Table 6. Optimized bond lengths (A) and angles (") for Me3X and Me3XOa (X = N, P, As). 

'XO 'CX LCXO LCXC Ref. 

Me3N 1.433(1.45 1) 110.8(110.9) 37 
Me3N0 1.337(1.388) 1.521(1.479) 109.1(109.9) 109.8(109.1) 40 
Me,P 1.857(1.847) 100.2(98.6) 33 
Me,PO 1.497( 1.476) 1.816(1.809) 112.8(114.4) 106.0(104.1) 34 
Me, As 1.996(1.964) 97.1(96.0) 35 
Me,AsO 1.666(1.63 1) 1.960(1.967) 112.6(112.6) 106.2 34 

"Experimental values are given In parentheses. 

in Me3N0, one might expect Me,NO to have a larger steric 
contribution, A@ + AE,,, than either Me3P0 or Me3As0, but 
this is not the case. In fact, trimethylamine oxide has the low- 
est contribution, 318 kJ mol-', compared to 771 kJ mol-' for 
trimethylphosphine oxide and 555 kJ mol-' for trimethylars- 
ine oxide. We shall comment on this shortly. 

The donation stabilization for Me3N is smaller, -AEdon = 
859 kJ mol-I, than those of Me3P and Me3As, where - AEdon = 
12 10 and 91 8 kJ mol-', respectively. The energies of the dona- 
tion orbitals are all about the same, la, and the overlap 
between this orbital and 2a is similar in all three pnictogens. 
When Me3X0 forms, the energy of l a  will drop as it donates 
electrons and forms a bond. This drop in energy is more dras- 
tic in the case of arnine, which makes further donation more 
difficult, and only 0.7 e is donated, as compared to the phos- 
phine (1.0 e) and the arsine (0.9 e). 

Figure 2 shows that the back-donation acceptor orbitals, l b  
and lc,  of the amine are much higher in energy than the phos- 
phine and arsine orbitals, and thus are less likely to interact 
with the full orbitals on oxygen, 2b and 2c. There is virtually 
no stabilization from back-donation for Me3N, -AEbdon = 1 kJ 
mol-', whereas both Me3P and Me3As have contributions due 
to back-donation. The energy of Lb and l c  is slightly lower 
and the overlap with 2b and 2c is slightly better for Me3P than 
for Me3As, and -AEbdo reflects this with 37 kJ mol-' (Me3P) 

9 compared to 18 kJ mol- (Me3As). 
The synergic effect is considerable for the heavier pnicto- 

gens and nonexistent for nitrogen. As mentioned earlier, the 
T-bond order of X = P increases to 0.7 due to the synergic 
effect; for X = As, there are similar effects and the T-bond 
order is 0.6. The different pnictogen-oxygen bonds vary in 
strength in the order phosphorus (-544 kJ mol-') > arsenic 
(-343 kl mol-') > nitrogen (- 197 kJ mol-I). 

Me3N0 could have acquired stronger a and T interactions 
by decreasing the NO distance at the expense of enhancing the 
steric repulsion as well. Apparently, the potential gain in a and 
T bonding from shortening the NO bond is offset by higher 
steric crowding. 

4. Conclusions 

DFT calculations were used to study the nature of the trimeth- 
ylphosphine chalcogenide bond. All of the chalcogens partic- 
ipate in T back-donation to a pair of low-lying PC a* orbitals 
with e symmetry in the C3.,point group. The T-bond order was 
found to decrease down Group 16 from 0.7 for oxygen to 0.5 
for tellurium. The phosphorus-oxygen bond is strongest, 

AHPO = -544 kJ mol-I. Other elements bonded to trimeth- 
ylphosphine were also considered in terms of the isoelectronic 
series, BH3, CH,, and NH. The trimethylphosphine imine had 
the strongest bonding with AHpN = -333 kJ mol-'. Trimeth- 
ylphosphine ylide was found to bond by a donation from the 
phosphine and one T back-donation interaction from the non- 
bonding p orbital of methylene. The borane adduct partici- 
pated in a bonding and also had a T-bond order of 0.3. Further 
comparison of bonding in trimethylpnictogen oxides revealed 
no multiple bonding in Me3N0, but a T-bond order of 0.6 for 
Me3As0. The inability of Me3N to T-bond to 0 affects the 
geometry of Me3N0. Compared to Me3N, the CN bonds are 
longer in trimethylamine oxide, due to the steric crowding 
around nitrogen. 
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An unusually large value of I J ( ~ ~ P , ~ ~ P )  for a 
solid triphenylphosphine phosphadiazonium 
cationic complex: determination of the sign of 
J from 2D spin-echo experiments 

Klaus Eichele, Roderick E. Wasylishen, Robert W. Schurko, Neil Burford, and 
W. Alex Whitla 

Abstract: Phosphorus-3 1 NMR spectra of a solid triphenylphosphine phosphadiazonium salt, [Mes*NP-PPh3:I[S03CF3], have 
been acquired at 4.7 and 9.4 T. Analysis of the spectra obtained with magic-angle spinning indicates that the two phosphorus 
nuclei are strongly spin-spin coupled, I ' J (~ 'P ,~ 'P) I  = 405(5) Hz, despite the unusually long P-P separation, r,,, = 2.625 A. Two- 
dimensional spin-echo spectra provide convincing evidence that 'J(~'P,~'P) is negative. Semi-empirical molecular orbital 
calculations at the INDO level support the negative sign for 'J(~'P,~'P). A large span, 576 ppm, is observed for the chemical shift 
tensor of the two-coordinate phosphorus centre (S,, = 307 ppm, SI2 = 174 ppm, S3, = -269 pprn), which is very similar to the 
value previously reported for the non-coordinated phosphorus centre in the free Lewis acid, [Mes*NPj[AICl,]. The principal 
components and orientations of the phosphorus shielding tensors of these compounds are compared with those calculated for 
[HNP]' and its phosphine adduct using the ab initio Gauge-Including Atomic Orbitals method. The phosphorus chemical shift 
tensor of the triphenylphosphine moiety has a relatively small span of 33 ppm. 

Key words: spin-spin coupling constants, solid-state NMR, 3 1 ~  NMR, MO calculations, phosphadiazonium cation, P-P bonds. 

RCsumC : Les spectres de la RMN du phosphore-31 du sel de phosphadiazonium de la triphtnylphosphine. [Mes*NP- 
PPh31[S03CF3] ont t t t  enregistrt i 4,7 et 9,4 T. L'analyse des spectres obtenus avec la rotation de I'angle-magique indiquent que 
les deux noyaux de phosphore ont un couplage spin-spin trks fort, I ' J (~ 'P ,~ 'P) I  = 405(5) Hz, en dtpit de la longue distance de 
stparation inhabituelle P-P, r,,, = 2,65 A. Les spectres en deux dimensions spin-Ccho fournissent une preuve convaincante de la 
valeur negative de 'J(~'P,~'P). Les calculs d'orbitale molCculaire semi empirique au niveau INDO confirment le signe ntgatif de 
'J(~'P,~'P). On a observe un graqnd ttalement, 576 ppm, pour le dtplacement chimique du tenseur des deux centre phosphore 
coordonnts S,, = 307 ppm, S,, = 174 ppm, = -269 ppm, ce quei est trks voisin des valeurs rapporttes anttrieurement pour les 
centres phosphore non coordonnCes dans les acides de Lewis libres [Mes*NP][AlCl,]. On a compart les composantes 
principales et les orientations du tenseur de blindage du phosphore avec celles calcultes pour le [HNP]' et ses adduits phosphine 
en utilisant les calculs ab initio de Gauge incluant la mtthode de l'orbitale atomique. Le dtplacement chimique du tenseur 
phosphore de l'unitt triphtnylphosphine s'ttale relativement peu 33 ppm. 

Mots clds : constantes de couplage spin-spin, RMN i l'ttat solide, RMN du 3 1 ~ ,  calculs de OM, cation phosphadiazonium, 
liaison P-P. 

[Traduit par la rtdaction] 

Introduction 

The magnitudes of 3 ' ~ , 3 ' ~  spin-spin coupling constants 
between directly bonded phosphorus nuclei, ~ J ( ~ ~ P , ~ ' P ) ,  have 
been reported for numerous compounds (1-5). Although the 
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sign of ' J ( ~ ' P , ~ ~ P )  has been determined for very few com- 
pounds, some general patterns have emerged. Values of 
J ( ~ ' P , ~ ~ P )  can be of either sign and vary from at least +766 Hz 

(6) to -451 Hz (7). The largest positive values have been 
observed for tetracoordinate-hexacoordinate adducts such as 
R3P-PF,, J -- +723 Hz (8), pentacoordinate-pentacoordinate 
compounds, J = +750 Hz (9), and hypodiphosphate anions 
such as [FO,P-P0,F12-, J = +766 Hz (6). In each case, one or 
both of the phosphorus nuclei are bonded to several electro- 
ne ative substituents. On the other hand, negative values of 

8 1  31 'J( P, P) seem to be associated with systems containing low- 
coordinate phosphorus nuclei, e. s stems such as H,P-PH, t7 ?I and (t-Bu),P-P(t-Bu),, where 'J( 'P, P) is - 108 Hz (10) and 
-451 Hz (7), respectively. Similarly, values of 'J(~'P,~'P) 
involving a dicoordinate centre bound to a di-, tri-, or tetra- 
coordinate centre are thought to be negative (4, s), but these 
have not been confirmed experimentally. Interestingly, the lat- 
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ter couplings cover a wide range, (-)232 Hz to (-)684 Hz, 
and it has been suggested that 'J(~'P,~'P) in these systems 
increases (i.e., becomes more negative) with increasing phos- 
phorus-phosphorus bond order (4,5, 11). 

The purpose of this communication is to demonstrate the 
power of solid-state ,'P NMR experiments in determining the 
absolute sign and magnitude of ' J ( ~ ' P , ~ ~ P )  for an adduct com- 
posed of a phosphadiazonium cation, [Mes*NP]+ (Mes* = 
2,4,6-tri-tert-butylphenyl), and triphenyl hosphine, bound by 
an unusually long P-P bond of 2.625 lf (12). The results of 
this study clearly demonstrate that there is no simple, general 
relationship between 'J(~'P,~'P) and P-P bond order. Finally, 
information concerning the phosphorus shielding tensors is 
also derived. 

Experimental 

Materials 
The preparation of [Mes*NP-PPh3][S03CF3] from its precur- 
sor [Mes*NP][SO,CF,] has been previously reported (1 2). 

Solid-state 3 1 ~  NMR experiments 
Solid-state ,'P NMR experiments were canied out using 
Bruker MSL-200 (B, = 4.7 T) and AMX-400 (B, = 9.4 T) 
spectrometers. Phosphorus-31 NMR spectra obtained with 
cross-polarization and magic-angle spinning (CPMAS) were 
acquired using Bruker double-bearing MAS probes, with 3.5 
FS proton pulse widths and recycle delays of 4-10 s. Chemical 
shifts were referenced with respect to external 85% aqueous 
H3P04 by setting the peak of external solid [NH4][H2P04] to 
0.8 ppm. 

The 2D spin-echo spectrum of [Mes*-NP-PPh,][SO,CF,] 
was obtained at 4.7 T. A standard spin-echo pulse sequence 
was used under CP and high-power 'H decoupling conditions 
(14). For each t, increment, 32 transients were collected. A 
total of 64 t, increments were acquired. After zero-filling once 
in each dimension, the data size for 2D FT was 512 x 128. 
Gaussian window-functions were applied to FIDs in both 
dimensions prior to 2D FT, and the final 2D spectrum was dis- 
played in magnitude mode. 

Calculations of the spectra due to static powder samples or 
samples spinning at the magic angle were performed using a 
80586 microprocessor. The program WSolids, written in the 
C++ language and developed in our laboratory, was used for 
all calculations. 

Quantum mechanical calculations 
The ab initio Gauge-Including Atomic Orbitals (GIAO) calcu- 
lations of phosphorus chemical shieldings were performed 
using a 6-3 1 1G basis set, augmented with two sets of polariza- 
tion functions on all atoms. Absolute chemical shieldings were 
converted to chemical shifts using the absolute chemical 
shielding of 85% aqueous H3P04, a = 328.35 ppm. All calcu- 
lations were performed using an IBM RS60001580 work- 
station. 

Semiempirical molecular orbital calculations of ' J ( ~ ~ P , ~ ' P )  
were canied out using the self-consistent field finite-perturba- 
tion approach of Pople and Beveridge (17). The Fermi contact 
contribution was calculated using the Intermediate Neglect of 
Differential Overlap (INDO) approximation (17). Values of 
the one-centre exchange integrals G1 and F2 were taken as 

0.276 and 0.190, respectively.2 The phosphorus s-orbital den- 
sity, ls1012, was taken as 5.625 1 (19). 

Results and discussion 

Phosphorus-3 1 NMR spectra of a polycrystalline powder sam- 
ple of [Mes*NP-PPh3][S03CF3] are shown in Fig. 1. The 
lower spectrum, obtained with magic-angle spinning (MAS), 
shows two doublets and associated spinning side bands. One 
of the phosphorus centres has a relatively large chemical shift 
anisotropy, indicated by the numerous spinning side bands, 
and is assigned to the dicoordinate phosphorus centre. The 
magnitude of the indirect homonuclear spin-spin coupling 
constant 'J(~'P,~'P) determined from the doublets is 405(5) 
Hz. Identical splittings, 405(5) Hz, were observed in 3 1 ~  NMR 
spectra obtained at 9.4 T, thereby ruling out crystallographic 
nonequivalence as the origin of the splittings. The doublets 
arising from the phosphorus centre, which is directly bonded 
to nitrogen, show additional asymmetric splittings of 100 Hz 
due to residual dipolar coupling with the quadrupolar ' 4 ~  

nucleus (see insert, Fig. 1). This phenomenon is well docu- 
mented (20). Since the C-N-P bond angle is approximately lin- 
ear, 169S0, it is reasonable to assume that the electric field 
gradient at the nitrogen centre will be nearly axially symmet- 
ric, with the largest component along the formal PN triple 
bond. From the known internuclear separation, rpTN = 1.486(4) 
A (12), the dipolar coupling constant, R(1,S) = (p,d4.rr)(y,ysl 
r,,s3)(~/2.rr), can be calculated, 1070 Hz. With these values, 
analysis of the asymmetric doublets yields an upper limit for 
I ' J ( ~ ~ P , ' ~ N ) I  of 25 Hz and a nitrogen nuclear quadrupolar cou- 
pling constant, X('~N), of - 1.7(2) MHz. This relatively small 
value of x ( ' ~N)  is reasonable, given that in typical isonitriles 
(21), N-bonded thiocyanates (22), and the central nitrogen 
nucleus of hydrazoic acid (23), HN,, values of X( '~N)  between 
-0.3 and -2.0 MHz have been reported. 

The ,'P NMR spectrum of the stationary powder sample is 
also depicted in Fig. 1. In contrast to the MAS spectrum, in 
which all homo- and heteronuclear spin-spin interactions 
anticipated for the three-spin system ( 3 1 ~ - 3 1 ~ - 1 4 ~ )  are 
resolved, no clear evidence for couplings is apparent from the 
spectrum of the static sample. The only exception is a distinct 
splitting of 2.6 kHz observed in the high-frequency region of 
the spectrum, corresponding to 8,, of the chemical shift tensor 
for the dicoordinate phosphorus centre. To obtain more 
detailed information about the homonuclear spin-spin interac- 
tions, a two-dimensional spin-echo experiment was per- 
formed. This experiment is analogous to the J-resolved 
experiment in high-resolution NMR spectroscopy, with the 
exception that homonuclear direct dipolar coupling and 
anisotropy in the indirect spin-spin coupling also contribute to 
the line shape. The experimental 2D spin-echo experiment, 
together with the Fl  projection, is shown in Fig. 2. Small sep- 
arate "islands" in the contour plot confirm that the large split- 
ting at 307 ppm is indeed due to homonuclear 3 1 ~ , 3 1 ~  spin- 
spin interactions. 

From the internuclear separation, rpTp = 2.625 A, the direct 
dipolar coupling constant R(~ 'P,~ 'P)  is calculated as 1090 Hz. 

R. Sebastian and T. Schaefer, private communication; obtained by 
extrapolation of the values given by Galasso (18). 
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Fig. 1. Solid-state 3 ' ~  NMR spectra of [Mes*NP-PPh3][S03CF3] obtained at 4.7 T. The bottom 
trace shows the MAS spectrum for a sample spinning at 3.6 kHz (360 scans), the upper trace was 
obtained for the stationary sample (14 086 scans). Asterisks denote the isotropic peaks. The 
expansion shows the isotropic multiplet of the dicoordinate phosphorus centre, with the large 
splitting due to ' J ( ~ ~ P , ~ ~ P ) .  The smaller asymmetric splitting is due to 3 1 ~ , 1 4 ~  spin-spin 
interactions. 

Thus, considering only the direct dipolar interaction for an AX 
spin system, one would anticipate a Pake doublet for the F, 
projection with a maximum splitting of 2R, or 2.2 kHz. The 
experimental observation of 2.6 kHz for the maximum split- 
ting indicates that the indirect spin-spin coupling cannot be 
ne lected in this case. Idealized Pake-like powder patterns for 

41 31 'J( P, P) = -405,O and +405 Hz are shown in Fig. 2b. Also 
included is the Pake doublet arising from an A, spin system (in 
which case J is not an observable). The F, projection will be a 
mixture arising from the sum of A,, AB, and AX type cou- 
pling patterns (24); however, given the significant differences 
in chemical shift anisotropies for the two phosphorus nuclei, 
the AX-type coupling is expected to dominate. Indeed, a com- 
parison between calculated and observed projections reveals 
that the AX-type couplings prevail in this spin system (the 
small features at f 800 Hz might be attributed to contributions 
from A,-ty e s ectra). The comparison further shows that the 8 8 sign of 'J( P, P) is opposite to that of the dipolar coupling 
constant, R(~'P,~'P). In principle, the direct dipolar coupling 
may contain contributions from the anisotropy in the indirect 
spin-spin coupling, AJ (25). Therefore, ambiguity arises as to 
the absolute sign of the effective dipolar coupling constant, 
RCff = R - AJl3, which cannot be resolved at room tempera- 
ture. However, in the case of a negative effective dipolar cou- 
pling constant, AJ would be required to be 6.54 kHz, while the 
alternative results in AJ = 0 Hz. Given that the isotropic value 
of I ' J ( ~ ' P , ~ ~ P ) I  is 405 Hz, anisotropies on the order of 6.54 kHz 
seem unreasonably lar e. Therefore, our results indicate that 

9 1  31 the absolute sign of 'J( P, P) is negative. 
Having obtained this information about the homonuclear 

spin-spin interactions, the lineshape of the static powder pat- 
tern can be simulated to extract information about the phos- 
phorus shift tensors. This line shape depends on the relative 
orientations of the chemical shift and dipolar coupling tensors 
(26). For the dicoordinate phosphorus centre, the occurrence 
of the maximum dipolar splitting at 307 ppm indicates that the 
P-P vector is close to the direction of till. That is, ti,, is 
approximately perpendicular to the NP bond axis, since the 
NPP bond angle is 109.8(2)". Similar orientations of the phos- 
phorus chemical shift tensor have also been established for 
related systems containing the [Mes*NP]+ (27) and Mes*CP 
(28) fragments. Interestingly, for the triphenylphosphine 
ligand the direction of least shielding also appears to be along 
the direction of the P-P bond. The field dependence of the 
NMR spectrum arising from the triphenylphosphine ligand is 
illustrated in Fig. 3. The results for the principal components 
of the phosphorus chemical shift tensors and their orientations 
are summarized in Table 1 and compared to experimental val- 
ues reported for [Mes*NP][AlCl,] (27). Surprisingly, the 
chemical shift tensors of [Mes*NP]+ and its triphenylphos- 
phine adduct are very similar; it appears that the short N-P 
bond in the adduct still dominates the shielding characteristics 
of the dicoordinate phosphorus in this compound and is hardly 
affected by the coordination of PPh3. To confirm this notion, 
we have carried out ab initio molecular orbital (MO) calcula- 
tions of phosphorus chemical shieldings on the simple model 
compound [HNP]' and its phosphine adduct, [HNP-pH3]+, 
using the GIAO method (15). The results of these calculations 
are included in Table 1. The calculations are successful in that 
they qualitatively predict the span of the phosphorus chemical 
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Fig. 2. The left side shows the experimental solid-state 
3 1 ~  2D spin-echo experiment on a stationary sample of 
[Mes*NP-PPh3][S03CF3] obtained at 4.7 T. The right-hand side 
displays several Pake-like doublets calculated for AX and A, 
spin systems using the values of J indicated. In each case, R was 
kept at 1090 Hz. 

shift tensor for the two-coordinate phosphorus to be much 
greater than that of the four-coordinate phosphorus. Further- 
more, the calculated phosphorus chemical shift tensor of the 
two-coordinate phosphorus is only marginally perturbed by 
the pH3 ligand. However, for the geometries indicated, the cal- 
culations predict an increase in shielding of the dicoordinate 
phosphorus upon coordination that is greater than observed 
experimentally for [Mes*NP]+ and [Mes*NP-PPh3If. Given 
the simplicity of our model compounds, this is not unexpected. 
Finally, the calculated orientation of the phosphorus chemical 
shift tensor of the dicoordinate centre corroborates our exper- 
imental finding that the direction of least shielding is close to 
the internuclear vector. 

The minor change of the phosphorus chemical shift tensor 
of the dicoordinate centre upon formation of the adduct can be 
rationalized in terms of a weak P-P interaction consistent with 
the long P-P distance. However, the observation of a relatively 
large indirect 3 1 ~ , 3 1 ~  spin-spin coupling for this compound is 
counterintuitive, indicating that there is, nevertheless, a strong 
communication of nuclear spins via the electronic framework. 
For comparison, in the donor-stabilized meth lenediylphos- 

?I phenium cation [R2C=P-PPh3If, the I ' J ( ~ ~ P ,  P)I has been 
reported as 450.5 Hz; however, the P-P separation is about 

Table 1. Experimental and calculateda phosphorus chemical shift 
tensors (in ppm) of iminophosphine centres. 

[Mes*-NP-PPh,][SO,CF,] 
[Mes*-NP-PPh,] [SO,CF,] 
[Mes*-NP] [AlCl,]" 
[H-NP]' LHNP = 180" 

LHNP = 176.4" 
[H-NP-PH,]' r = 2.625 A 

r = 2.400 A 
r = 2.200 A 

[H-NP-PH,]' r = 2.625 A 
r = 2.400 A 
r = 2.200 A 

"Calculated phosphorus chemical shieldings have been convened to 
chemical shifts using 6 = 328 ppm - o (ref. 16). Errors in the values of 
the principal components are estimated to be less than 5 ppm. 

*'J(''P, " P )  = -405(5) Hz. 
'Euler angles relating the chemical shift tensor to the "P, " P  dipolar 

tensor are 0°, 90'. 0'. 
dReference 27. 
'8>? is perpendicular to the mirror plane. PNH = 169.5". 
'Angle between PN and 6,, is go, between PP and 6,,  is -1 lo. 
fiAngle between PN and 6,, is 17'. between PP and 6 , ,  is -3'. 
"Angle between PN and 6,, is 28O, between PP and 6, ,  is 8". 
'6, ,  is perpendicular to the mirror plane. 
'Angle between PP and 6,, is 29". 
' ~ n g l e  between PP and 6,, is 66". 
'Angle between PP and 6,, is 88". 

2.267(2) A (19). The negative value of ' J ( ~ ~ P , ~ ~ P )  for 
[Mes*NP-PPh,] [S03CF3] provides further evidence that 
' J ( ~ ~ P , ~ ' P )  is negative in compounds with phosphorus in low 
coordination environments (2,4, 5). 

In s ite of the large amount of experimental data available 
!I 31 for 'J( P, P), such couplings are not well understood. Sev- 

eral researchers have suggested that in systems containing for- 
mal phosphorus lone-pairs, the orientations of these electron 
lone pairs are of paramount importance (30, 31). However, 
other than qualitatively recognizing that the lone pairs reduce 
' J ( ~ ' P , ~ ~ P ) ,  the reasons behind this are not obvious. For many 
years it was assumed that mechanisms other than the Fermi 
contact must be important even in systems containing single 
P-P bonds because large anisotropies in ' J ( ~ ' P , ~ ~ P )  were 
reported for R2(S)P-P(S)R2 (32). Reinvestigation of one of 
these compounds indicates that hJ is in fact small (25), thus 
there may be no need to suppose that mechanisms other than 
the Fermi contact are important for these systems. In systems 
containing formal phosphorus-phosphorus double bonds, the- 
oretical calculations predict mechanisms other than the Fermi 
contact to be important (33); however, the reliability of these 
theoretical calculations has not been established. While some 
workers have indicated that a clear relationship exists between 
the magnitude of ' J ( ~ ' P , ~ ~ P )  and the P-P bond order for some 
systems (4, 5, 1 l), the generality of such claims must be lim- 
ited. For the system under examination in the present study, 
the phosphorus-phosphorus separation is well beyond values 
typical of P-P "single-bond" lengths ( ~ 2 . 2  A), yet the value 
of ' J ( ~ ~ P , ~ ~ P )  is -405 Hz. The lability of the P-P interaction 
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Fig. 3. Expansion of the 3 1 ~  NMR spectra of static samples obtained at 4.7 (14 086 
scans) and 9.4 T (10 000 scans), showing the field dependence of the lineshape due to 
contributions by the triphenylphosphine ligand. 'The top depicts the experimental 
spectra, the bottom shows spectra calculated using the values listed in Table 1. The 
detailed lineshape depends upon both the phosphorus chemical shift tensor and the 
3 ' ~ , 3 1 ~  spin-spin interactions. 

I . . . . , . . . . ,  l " . . t , ' , . l  

50 0 -50 50 0 -50 

( P P ~ )  ( P P ~ )  

Table 2. Calculated values of 'J(3'P, 31P) for 
several simple model compounds. 

Molecule rp,p (A) 'J(~'P?'P) (HZ) 

"gauche conformation, 74' between formal lone pairs. 

in [Mes*NP-PPh3][S03CF3] is further highlighted by its disso- 
ciation in solution: no evidence of ' J ( ~ ~ P , ~ ~ P )  is observed by 
solution 3 1 ~  NMR spectroscopy at 190 K. 

Semiempirical molecular orbital calculations have been 
successful in reproducing many experimental trends in spin- 

spin coupling constants involving first-row elements (17, 34); 
therefore, it is of interest to calculate ' J ( ~ ~ P , ~ ' P )  as a function 
of r,,, in a simple model compound, [HNP-PH3IC. The orien- 
tation of the pH3 group relative to the linear [HNPIC moiety 
was fixed to mimic that found experimentally for [Mes*NP- 
PPh3:I[S03CF3]. The results of the INDO calculations are 
summarized in Table 2. A negative sign is calculated for 
' J ( ~ ~ P , ~ ' P ) ,  and the value is of the correct magnitude. Negative 
values of 'J(~'P,~'P) are also calculated for the related cations, 
[H,C=P-PY3IC and [HFP-PH3IC. Only the Fenni contact 
interaction is considered in these calculations. To check the 
reliability of the INDO method for calculating ' J (~ 'P ,~~P) ,  
additional calculations have been carried out for model com- 
pounds related to systems where the sign of ' J ( ~ ~ P , ~ ' P )  is 
experimentally known. While the calculations correctly pre- 
dict large and positive values for 'J(~'P,~'P) in H3P-PF, (8) 
and the difluorohypodiphosphate anion (6), the magnitude of 
' J ( ~ ~ P , ~ ~ P )  is overestimated. Calculations on H,P-PH, indi- 
cate that ' J ( ~ ~ P , ~ ~ P )  is very sensitive to molecular conforma- 
tion, in agreement with previous semiempirical (35-37) and 
ab initio calculations (38). A negative value of ' J ( ~ ~ P , ~ ~ P )  is 
also calculated for the gauche conformation in agreement with 
previous INDO calculations (36,37) and experiment (10). For 
trans-diphosphene, ' J ( ~ ~ P , ~ ~ P )  is predicted to be positive. As 
already mentioned, it has been suggested that this value is neg- 
ative (2-5). Ab initio calculations of ' J ( ~ ~ P , ~ ~ P )  in trans- 
diphosphene indicate that the orbital mechanism dominates 
and that its contribution is large and negative (33). Similar 
arguments have been used to rationalize the negative value of 
'J( '~N,'~N) in a trans-diazene, where the Fermi contact con- 
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tribution is  positive o n  the basis of INDO calculations ( 3 9 ) ,  
while ab initio calculations predict a small but negative Fermi 
contact contribution ( 3 3 ) .  Clearly, much more research will be 
required before an understanding of ' J ( ~ ' P , ~ ' P )  values is  real- 
ized. Further measurements of the sign of ' J ( ~ ' P , ~ ' P )  in sys- 
tems containing low-coordinate phosphorus nuclei would be 
helpful. Also, solid-state NMR measurements that mlght shed 
light on the anisotropy of ' J ( ~ ' P , ~ ' P )  tensors would be  desir- 
able. Finally, w e  hope that this work will stimulate further the- 
oretical interest in ' J ( ~ ' P , ~ ' P )  tensors. Clearly, the semi- 
empirical approaches such as the INDO method used in this 
study are qualitative at best and consequent1 of limited value. 

In summary, we  have observed a large '1P-31P spin-spin 
coupling constant between two phosphorus nuclei that are sep- 
arated by more than 2.6 A! Clearly, there is n o  simple relation- 
ship between ' J ( ~ ~ P , ~ ' P )  and bond order or bond length. To our 
knowledge, this is the first example where the absolute sign of 
J  has been determined using the 2 D  spin-echo experiment. It  
also appears t o  be  the first sign determination of ' J ( ~ ' P , ~ ' P )  
where one of the phosphorus nuclei is associated with a low- 
coordinate phosphorus centre. 

Acknowledgements 

The authors are indebted to the Natural Sciences and Engi- 
neering Research Council of Canada for financial support and 
to Dr. Jason A.C. Clyburne for helpful discussions. W e  are 
grateful to  Dr. Michael D. Lumsden for his assistance in 
obtaining the AMX-400 spectra. All spectra were obtained at 
the Atlantic Region Magnetic Resonance Centre, which is also 
supported by NSERC. 

References 
1. E.G. Finer and R.K. Hams. Prog. Nucl. Magn. Reson. Spec- 

trosc. 6, 61 (1971). 
2. (a) C.J. Jarneson. In Phosphorus-31 NMR spectroscopy in stereo- 

chemical analysis, organic compounds and metal complexes. 
Edited by J.G. Verkade and L.D. Quin. VCH Publishers, Deer- 
field Beach, Fla. 1987. pp. 205-230; (b) J.G. Verkade and J.A. 
Mosbo. In Phosphorus-31 NMR spectroscopy in stereochemical 
analysis, organic compounds and metal complexes. Edited by 
J.G. Verkade and L.D. Quin. VCH Publishers, Deerfield Beach, 
Fla. 1987. pp. 45W52.  

3. (a) C.J. Jameson. In Multinuclear NMR. Edited by J. Mason. 
Plenum Press, New York. 1987. pp. 89-1 3 1 ; (b) K.R. Dixon. In 
Multinuclear NMR. Edited by J. Mason. Plenum Press, New 
York. 1987. pp. 369402. 

4. S. Lochschmidt and A. Schmidpeter, Phosphorus Sulfur 29, 73 
(1986). 

5. K. Karaghiosoff. In Multiple bonds and low coordination in 
phosphorus chemistry. Edited by M. Regitz and O.J. Scherer. 
Georg Thieme Verlag, Stuttgart. 1990. pp. 463471. 

6. H. Falius and M. Murray. J. Magn. Reson. 10, 127 (1973). 
7. H.C.E. McFarlane, W. McFarlane, and J.A. Nash. J. Chern. Soc. 

Dalton Trans. 240 (1980). 
8. C.W. Schultz and R.W. Rudolph. J. Am. Chern. Soc. 93, 1898 

(1971). 
9. L. LarnandC and A. Munoz. Tetrahedron, 46,3527 (1990). 

10. R.M. Lynden-Bell. Trans. Faraday Soc. 57,888 (1961). 
11. A.H. Cowley and N.C. Norman. Prog. Inorg. Chem. 34, 1 

(1986). 

12. N. Burford, T.S. Cameron, J.A.C. Clyburne, K. Eichele, K.N. 
Robertson, S. Sereda, R.E. Wasylishen, and W.A. Whitla. Inorg. 
Chern. 35,5460 (1996). 

13. E. Niecke, R. Detsch, M. Nieger, F. Reichert, and W.W. Schoel- 
ler. Bull. Soc. Chirn. Fr. 130,25 (1993). 

14. (a) K.W. Zilrn, G.G. Webb, A.H. Cowley, M. Pakulski, and A. 
Orendt. J. Am. Chem. Soc. 110,2032 (1988); (b) M. Rance and 
R.A. Byrd. J. Magn. Reson. 52,221 (1983). 

15. (a) K. Wolinski, J.F. Hinton, and P. Pulay. J. Am. Chern. Soc. 
112, 8251 (1990); (b) P. Pulay. Theor. Chim. Acta, 50, 299 
(1979). 

16. C.J. Jarneson, A. De Dios, and A.K. Jameson. Chern. Phys. 
Lett. 167, 575 (1990). 

17. J.A. Pople and D.L. Beveridge. Approximate molecular orbital 
theory. McGraw-Hill, New York. 1970. 

18. V. Galasso. Theor. Chirn. Acta, 34, 137 (1974). 
19. (a) D.H. Whiffen. J. Chirn. Phys. 61, 1589 (1964); (b) T.A. 

Albright. Org. Magn. Reson. 8,489 (1976). 
20. R.K. Hams and A.C. Olivieri. Prog. NMR Spectrosc. 24, 435 

(1992). 
21. (a) E.A.C. Lucken. In Nuclear quadrupolar coupling constants. 

Academic Press, London. 1969; (b) W. Gordy and R.L. Cook. 
In Microwave molecular spectra. John Wiley & Sons, New 
York. 1984; (c) A. Loewenstein. Adv. Nucl. Quadrupole Reson. 
5 ,53  (1983). 

22. (a) K. Eichele and R.E. Wasylishen. Angew. Chem. Int. Ed. 
Engl. 31, 1222 (1992); (b) Inorg. Chem. 33,2766 (1994). 

23. J. Murgich and Y. Aray. J. Chern. Phys. 87,3580 (1987). 
24. T. Nakai and C.A. McDowell. J. Am. Chem. Soc. 116, 6373 

(1994). 
25. K. Eichele, G. Wu, R.E. Wasylishen, and J.F. Britten. J. Phys. 

Chem. 99, 1030 (1995). 
26. K. Eichele and R.E. Wasylishen. J. Magn. Reson. Ser. A, 106, 

46 (1994). 
27. R.D. Curtis, M.J. Shriver, and R.E. Wasylishen. J. Am. Chem. 

SOC. 113, 1493 (1991). 
28. J.C. Ducharnp, M. Pakulski, A.H. Cowley, and K.W. Zilrn. J. 

Am. Chem. Soc. 112,6803 (1990). 
29. G. David, E. Niecke, M. Nieger, and J. Radseck. J. Am. Chern. 

SOC. 116,2191 (1994). 
30. R.E. Wasylishen. In Nuclear magnetic resonance spectroscopy 

of nuclei other than protons. Edited by T. Axenrod and G.A. 
Webb. John Wiley & Sons, New York. 1974. pp. 105-125. 

31. V.M.S. Gil and W. von Philipsborn. Magn. Reson. Chem. 27, 
409 (1989). 

32. (a) P.N. Tutunjian and J.S. Waugh. J. Chem. Phys. 76, 1223 
(1982); (b) J. Magn. Reson. 49, 155 (1982). 

33. V. Galasso. Chem. Phys. 83,407 (1984). 
34. (a) I. Ando and G.A. Webb. Theory of NMR parameters. Aca- 

demic Press, London. 1983; (b) J. Kowalewski. Annu. Rep. 
NMR Spectrosc. 12, 81 (1982); (c) R.H. Contreras and J.C. 
Facelli. Annu. Rep. NMR. Spectrosc. 27,255 (1993). 

35. A.H. Cowley and W.D. White. J. Am. Chem. Soc. 91, 1917 
(1969). 

36. V. Galasso. J. Magn. Reson. 36, 181 (1979). 
37. S. Duangthai and G.A. Webb. Org. Magn. Reson. 21, 199 

(1983). 
38. J.P. Albrand, H. Faucher, D. Gagnaire, and J.B. Robert. Chern. 

Phys. Lett. 38,521 (1976). 
39. Y. Kuroda, Y. Fujiwara, A. Kuwae, and K. Matsushita. J. Chem. 

Soc. Perkin Trans. 2,675 (1986). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

80
.5

8.
25

0.
72

 o
n 

09
/0

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Synthesis and characterization of 
phosphinimine-substituted trif luoro- or 
trichloro-pbenzoquinones and their 
cationic Rh(l) complexes. The crystal and 
molecular structure of 3,5,6-trichloro-2- 
(tripheny1phosphinimino)-pbenzoquinone 

Jin Li, Kattesh V. Katti, A. Alan Pinkerton, Herbert Nar, and Ronald G. Cavell 

Abstract: Reaction of tetrafluoro- or tetrachloro-p-benzoquinone with silylated phosphoranimines R2R'P=NSiMe, (R = Ph, 
Me) yields very highly colored monosubstituted derivatives of the p-quinone that act as two-electron acceptors showing clean, 
reversible CV traces. The molar absorptivity values are typical of dyes. These ligands also form chelate complexes with Rh(1) 
precursors using the quinone oxygen and the imine nitrogen donor sites. One of the quinone derivatives, 3,5,6-trichloro-2- 
(tripheny1phosphinimino)-p-benzoquinone, has been structurally characterized. The iminated quinone shows a normal P=N 
bond length (1.597(2) A) and P-N-C angle (P-N-C(3) 132.7(2)'). The N-C(3) bond, 1.327(3) A, is a little shorter as is expected 
for the establishment of a conjugated structure between the phosphinimine substituent and the quinone ring. Some steric 
crowding pushes the C1 and N substituents on the quinone ring out of the plane of the ring. 

Key words: quinones, phosphinimines, fluorine, chlorine, rhodium. 

RCsumC : La rkaction de la tktrafluoro- ou de la tCtrachloro-p-benzoquinone avec des phosphoranimines silylCes 
R,R'P=NSiMe, (R = Ph, Me) fournit des dCrivCs monosubstituCs fortement colorCs de la p-quinone qui agissent comme des 
accepteurs de deux Clectrons et qui prksentent de courbes de CV rkversibles propres. Les valeurs d'absorption molaire sont 
typiques des colorants. Ces coordinats forment aussi des chClates complexes avec des prCcurseurs Rh(1); ils utilisent I'oxygkne 
de la quinone et l'azote de I'imine comme sites donneurs. On a caractCrisC la structure de l'un des dCrivCs de la quinone, 
la 3,5,6-trichloro-2-(triphCnylphosphinimino)-p-benzoquinone. Pour la quinone iminCe la longueur de la liaison P=N 
(1,597(2) A) et l'angles P-N-C (P-N-C(3), 132,7(2)') sont normaux. La liaison N-C(3), 1,327(3) A, est un peu plus courte que 
celle ti laquelle on pourrait s'attendre pour une structure conjuguie entre le substituant phosphinimine et le noyau quinone. Un 
encombrement stCrique force les substituants C1 et N attachis au noyau quinone 2 adopter des positions hors-plan. 

Mots clis : quinones, phosphinimines, fluorure, chlorure, rhodium. 

[Traduit par la rCdaction] 

Introduction 
The quinone-hydroquinone system is a well-known redox 
couple widely used synthetically as an oxidant or as a dehydro- 
genating agent. In the context of the present study it is also 
notable that there is a fairly extensive phosphorus chemistry 
(1,2) although not by any means as large as that of the general 
organic derivatives. Several important biochemicals (for 
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example, Vitamins E and K) belong to the quinone system and 
such species have been implicated in photosynthesis and res- 
piration processes (3-6). Benzoquinone is also an efficient 
oxidant for metallocenes (7, 8). Many quinone derivatives are 
very highly coloured and so find applications as dyes and pig- 
ments (9-1 1). Some benzoquinone, anthraquinone, and naph- 
thoquinone derivatives absorb light above 700 nm and thus 
find use as laser filters (12-14). 

The first examples of phosphinimine derivatized p-qui- 
nones (15) were obtained from the reaction of azido-p-benzo- 
quinone with phosphines (eq. [I.]). It was claimed that these 
compounds would be useful as dyestuffs, insecticides, and 
synthetic intermediates. 

An alternate route (16) to such compounds was provided by 
the reaction of phosphorus pentachloride with l-amino- 
anthraquinone to first form N-tetrachlorophosphoranyl- l-ami- 
noanthraquinone, which was then converted into the trichloro- 
phosphazoanthraquinone by treatment with tertiary bases (B) 
(eq. PI) .  

Can. J. Chem. 74: 2378-2385 (1996). Printed in Canada / Imprim6 au Canada 
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X = halogen 

[31 
2 PY 

2 CO" (sale") + 1,4 - benzoquinone - py(salen)~ol" + + ~ o ~ ~ ' ( s a l e n ) ~ y  

Although the o-benzoquinones are known to be good 
chelating agents, forming numerous stable transition-metal 
compounds (17-20), there are only a few examples of u-coor- 
dinated p-benzoquinones. These systems typically form 
bridged complexes and most of the systems studied have 
yielded polymeric products. Less condensed examples are the 
dimeric products obtained from the reaction of p-benzo- 
quinone with the pentacyanocobaltate anion (21) or Schiff s 
base metal complexes; for example, co(")(salen) (eq. [3]) 
yields the pyridine-stabilized CO"'[N,N'-ethylenebis(sali- 

, cylideneiminato) product. In these latter examples, however, 
only the parent quinone reacted in this way. Tetrachloro-p- 
benzoquinone did not react with the CO(") precursor (22). 

If these o-quinone ligands are combined with metal salts in a 
' 1: 1 ratio, polymeric products are obtained (23,24). Formation 

of polymeric products can be prevented by blocking the coor- 
dination positions with other polydentate ligands. In such 
cases dimetallic complexes are obtained. The Fe(II1) quinone 
complex (23) contains both bridging and terminal dihydroxy- 
benzoquinone ligands. Dimetallic complexes of Ni and Cu are 
known, with several structurally characterized examples being 
reported (25-27). Recently, Calvo et al. reported the crystal 
structure of a dimetallic complex of Rh(1) (28). Related is 2,5- 
bis(ary1amino)-p-benzoquinone, obtained from the reaction of 
phenylamine with p-benzoquinone, which combines with the 
first-row transition metals to form polymeric metal complexes 
(29). Unfortunately, the ligands themselves generally have 
very poor solubility and the resultant polymeric materials are 
also generally insoluble. 

Recent interest in the design of new charge transfer com- 
plexes of quinones using a selection of donor groups (30)' has 
been sparked by the metal-like electrical conductivity of single 
crystals of the tetrathiafulvalene-tetracyanoquinodimethane 
(TTF-TCNQ) charge transfer complex (32). Although many 
different substituents have been attached to the quinone frame- 
work to supply electron density, there has been little use of 
electron-rich inorganic functionalities such as phosphazenes 
or thiazenes for such purposes. Monophosphazenes of the type 
RPh,P=NR' are themselves versatile one-, two-, or four-elec- 
tron donors to transition and actinide metals (33-36) and this 
property suggested that such functionalities might provide 
suitable electron donor sources for the quinone framework 
while simultaneously confemng unique reactivity, high ther- 

For leading references of quinones with extended a-systems see 
ref. 3 1. 

ma1 stability, and structural diversity beyond that available 
with strictly organic substituents. In addition, the proximity of 
the N and 0 ligating centers that can be developed with phos- 
phazene-substituted p-quinones suggested that chelate com- 
plexes could be readily formed with transition metals. These 
metals might have interesting electrical and optical properties. 
Therefore, as part of a study of iminophosphorane substitu- 
tional chemistry, we have explored the attachment of imino- 
phosphoranes to halogenated quinones and herein report the 
formation and characterization of chloro- and fluoro-p-qui- 
nones derivatized with one iminophosphorane substituent. 
These species are notably highly colored and also act as com- 
plexing agents toward metals. 

Results and discussion 

Synthesis and properties of the ligands 
Derivatization of the halogenated quinones is readily achieved 
by extension of the process in which an activated halogeno- 
aromatic reacts with a silyliminophosphorane to eliminate tri- 
methylsilylhalide, binding the imine center to the aromatic 
(34-36). In the present case, reaction of tetrafluoro- or tetra- 
chloro-p-benzoquinone with one equivalent of trimethyl- 
silylphosphinimines in CH2C12 proceeded smoothly in the 
same fashion as the activated aromatics (34-36), giving the 
corresponding monosubstituted p-benzoquinone derivatives 
1-5 in good yield (eq. [4]). The elimination of trimethylsilyl- 
chloride, which was not previously demonstrated in the devel- 
opments of our system of substituted ligands (34-36), is as 
effective as the elimination of trimethylsilyl fluoride. 

The monosubstituted phosphoraniminequinones are very 
highly colored, air-stable, solids that are soluble in most corn- 
mon organic solvents. The solid compounds appear black. 
Upon dissolution, intense purple or blue solutions are obtained. 
The large values of their UV-visible molar extinction coeffi- 
cients place them in the category of dye molecules (Table 1). 
The composition and structure of each of the compounds has 
been determined from the analytical data, mass spectra, and 'H, 
3 1 ~ ,  and ' 9 ~  NMR spectroscopy. Molecular ions for each of the 
compounds have been observed in the mass spectra. Phospho- 
rus-3 1 NMR data are also given in Table 1. 

We have structurally characterized 3,5,6-trichloro-2-(tri- 
pheny1phosphinimino)-p-benzoquinone (3) and the structure 
is illustrated in Fig. 1. Crystallographic experimental details 
are given in Table 2, the positional parameters in Table 3, and 
selected important bond angles and lengths are given in Table 
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Fig. 1. ORTEP drawing of 3 with 30% probability ellipsoids for all 
non-hydrogen atoms. 

I 
4. The P=N bond length of 1.597(2) A is comparable to those 
we observed earlier (36) for iminophosphoranophosphines 
and is not exceptionally short, but the N-C(3) distance, 
1.327(3) A, is short compared to those in previously evaluated 
systems (36). This shortening suggests stronger binding 
between the quinone framework and the phosphinimine. The 
angle subtended at the imine nitrogen, P-N-C(3), 132.7(2)", is 
comparable to those observed for fluoroaromatic iminophos- 
phinimines (36). The environment around the quinone ring is 
quite crowded. This leads to a distortion in which Cl(1) and 
Cl(2) are pushed to opposite sides of the aromatic plane 
(+0.067 and -0.087 A, respectively, with respect to the aro- 
matic plane defined by the framework carbons C( l )  thm C(6)) 
and, similarly, Cl(3) and N are also ushed out of the plane S (+0.099 and -0.1 19 A, respectively). 

Details of the crystal structure determination of 3 including crystal 
and data collection parameters, temperature factor expressions 
(US), and positional parameters and their estimated standard 
deviations (14 pages) are available as supplementary material and 
may be purchased from: The Depository of Unpublished Data, 
Document Delivery, CISTI, National Research Council Canada, 
Ottawa, Canada KIA OS2. With the exception of the temperature 

1 factor expressions, these data have also been deposited with the 
Cambridge Crystallographic Data Centre, and can be obtained on 
request from The Director, Cambridge Crystallographic Data 
Centre, University Chemical Laboratory, 12 Union Road, 
Cambridge, CB2 lEZ, U.K. 

Complexation reaction of the ligands with [Rh(cod)Cl], 
Reactions of 1 or 4 with 1/2[Rh(~od)CI]~ and AgC104 in ace- 
tone at 25OC proceed smoothly to give complexes 6 and 7 in 
high yield (see eq. [5]). 

The monocation for each of the cationic complexes is 
observed in the mass spectra (FAB). The 3 1 ~  NMR chemical 
shift of complex 6 shows a single peak at 39.2 ppm, which is 
23.9 pprn downfield from the signal for the corresponding 
uncoordinated ligand 1. The "F NMR of complex 6 showed 
three signals: at - 140.4 pprn (a doublet of doublets with split- 
tings of 1.5 and 4.9 Hz), which is due to the fluorine meta to 
the phosphinimine, at - 148.3 pprn (a doublet with a splitting 
of 4.9 Hz), which is due to the fluorine para to the phosphin- 
imine, and at - 158.8 pprn (a singlet) due to the fluorine that is 
ortho to the phosphinimine. In comparison, the uncoordinated 
ligand 1 shows corresponding "F NMR chemical shift signals 
at - 141.92 pprn (d, 7.5 Hz) for the meta fluorine, - 148.4 pprn 
(dd, 3.8 and 7.5 Hz) for the para fluorine, and - 152.6 pprn (d, 
3.8 Hz) for the ortho fluorine. Comparing the complex and the 
ligand "F NMR spectra reveals that the signal at - 140.4 pprn 
showed only a small (1.5 ppm) downfield shift and there is no 
significant shift for the signal at - 148.3 ppm. However, the 
third signal (at - 158.8 ppm), which belongs to the fluorine 
closest to the phosphinimine, shows a 6 pprn upfield shift 
compared to the uncoordinated ligand. These data are consis- 
tent with a structure in which the imine nitrogen is coordinated 
to the Rh(1) center. There is no evidence for Rh-F coupling, 
which has been observed in some similar compounds (37). 
The infrared spectrum of complex 6 showed two quinone car- 
bony1 stretching bands at 1692 and 1664 cm-' compared with 
bands at 1709 and 1685 cm-' for the corresponding free ligand 
(1). These changes in frequency can be attributed to T back- 
donation from the Rh center to the C=O T* orbital. All of the 
spectral evidence suggests that complex 6 contains rhodium(1) 
coordinated by the ligand via both an oxygen and an imine 
nitrogen, as illustrated in eq. [51 .~  

The 3 1 ~  NMR spectrum for complex 7 showed a single peak 
at 31.2 ppm, 16 pprn downfield from the value for the corre- 
sponding uncoordinated ligand 4. The quinone carbonyl infra- 
red stretching frequencies for complex 7 are 1681 and 1629 
cm-', which are to be compared with the corresponding bands 
at 1725 and 1679 cm-' for the free ligand 4. The IR and NMR 
evidence suggests that 7 has the same structure as 6 with the 
small numerical differences in the spectral parameters arising 
from and in accord with the differences between the nature of 
the halogenated quinones. The chloroquinone more readily 
allows electron density to flow toward the metal center upon 
coordination, resulting in larger coordination shifts than-for 
the fluoroquinone. 

One referee suggested that the Rh(1) center was oxidized either by 
AgC or by the quinone to yield Rh(II1) complexes. The evidence 
that no oxidation occurs in these preparations is provided by 
independent reactions of ligand 3 with [Rh(c~d)Cl]~ and KPF6 to 
give a Rh(1) complex of 3 with 3 1 ~  NMR parameters very similar 
to those of 6 and 7. Reaction of this product with dppe displaces 
the quinone ligands and generates the well-known Rh(dp~e)~+ 
cation (38), thus the Rh(1) center is not oxidized by the quinone 
ligands or reagents used in the formation of the Rh(1) precursor 
from the original source dimer. 
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Li et al. 

Table 1. Phosphorus-31 NMRa data and UV spectral data for compounds 1-7. 

Compounds 
6, &"a, 

No. (ppm) (nrn) log E 

"Spectra obtained in CDCI, solution; pprn vs. 85% H,PO,. Positive values indicate resonance to low field of standard. 
b 2 ~ p p  = 52.90 Hz. 
"JPp = 52.70 Hz. 

Electrochemistry of phosphinimine-p-benzoquinone 
derivatives 

The electrochemical data for the mono-phosphinimine deriva- 
tives of the chloro- and fluoroquinones show that they revers- 
ibly accept two electrons as do the parent quinones. The CV 
traces are clean and well shaped, showing the classic "duck- 
bill" shape and a pair of reverse sweep peaks that match the 
forward, reduction sweep. Numerical data for the potentials 
and the differences between peak positions in the forward and 
the reverse sweeps (A@ are given in Table 5. The CV trace of 
3,5,6 - trichloro-2-(triphenylphosphinimino) -p-benzoquinone 
(3) showed, on occasion, extra features that appear to be due to 
hydrolysis of the compound. The fluoroquinones 1 and 2 and 
the related chloroquinones 4 and 5 did not appear to be so sus- 
ceptible nor do a number of related chloro-cyano-phosphin- 
imine quinones that we have investigated (37). 

Conclusions 

Halogenated quinones can be readily substituted with phos- 
phinimine moieties and the resultant compounds are highly 
colored species with potential for dye applications. These 
quinones demonstrate reversible two-electron redox behav- 
iour and they also readily form complexes with transition met- 
als. There would appear to be considerable potential for the 
utilization of the properties shown by these new ligands. 

Experimental 
All experimental manipulations were performed under an 
atmosphere of dry argon using Schlenk techniques. Solvents 
were dried and distilled under argon prior to use: CH,Cl,, 
CH3CN, THF, and toluene were distilled from P205, P205- 
CaH,, Na-benzophenone, and Na, respectively. The deuter- 
ated solvent, CDCl,, was distilled and stored under argon 

before use. Commercial (Aldrich) supplies of dppm, 
Me,SiN,, 14-tetrachloro- and 1,4-tetrafluoro-quinones were 
used as obtained. Ph,P=NSiMe,, (CH,)Ph,P=NSiMe,, and 
Ph(CH,),WNSiMe, were prepared from the reaction of the 
appropriate phosphine with Me3SiN3 as previously described 
(39). Nuclear magnetic resonance spectra were recorded on 
Bruker WH-200 and 400 spectrometers using as the refer- 
ence the deuterium signal of the solvent employed (respec- 
tive operating frequencies: 'H = 200.133 and 400.135 MHz, 
',c = 50.323 and 100.614 MHz, ,'P = 81.015 and 161.977 
MHz, ' 9 ~  = 188.313 and 376.503 MHz). The 'H chemical 
shifts are reported in ppm from external Me4Si, the ,'P NMR 
spectra are reported in ppm from external 85% H3P04, and 
the "F NMR spectra are reported in ppm from external 
CFC1,. Positive values are shifts downfield. Low-resolution 
mass spectra (Electron Impact, EI) were recorded at 16 or 70 
eV on an AEI MS50 spectrometer. Positive ion fast atom 
bombardment mass spectra (FAB-MS) were obtained by 
using Xe fast atoms on a customized AEI MS9 spectrometer. 
Infrared spectra were recorded using a Nicolet 7 199 infrared 
spectrometer. UV-visible spectra were recorded using a 
Hewlett Packard 8450A diode array spectrophotometer. Ele- 
mental analyses were performed by the Microanalytical Ser- 
vices Laboratory at the University of Alberta. Melting points 
were ascertained by visual methods in unsealed capillaries. 
Osmometry measurements were made in CH,Br, or o- 
dichlorobenzene solutions using a Corona Wescan vapor 
pressure osmometer operated by the University of Alberta 
Microanalytical Services Laboratory. The crystal structure 
was determined at the University of Toledo. Details are 
given in Tables 2-4. 

Synthesis of the substituted quinone ligands 
Synthesis of 3,5,6-trifluoro-2-(tripheny1phosphinimino)-p- 
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Table 2. Crystallographic experimental details. 

A. Crystal data 
Formula 
F.W. 
F(OO0) 
Crystal dimensions (mm) 
Peak width at half-height (deg) 
Radiation MoK, (A) 
Instrument: 
Monochromator 
Attenuator 
Takeoff angle (deg) 
Detector aperture (mm) horizontal 

vertical 
Crystal to detector dist. (cm) 
Scan type 
Scan rate ( m i d )  
w scan width, (deg) 
0 scan width, (deg) 
Maximum 20 (deg) 
P C  
Space group 
Cell dimensions a (A) 

b (A) 
c (A) 
a (deg) 
P (deg) 
Y (deg) 

v ('4') 
z 
P (g/cm3) 
P (cm-'1 
No. of reflections measured 
Data corrections 

C24H15C13N02P 

486.73 
496 
0.28 x 0.16 x 0.10 
0.28 
h = 0.71073 
Enraf-Nonius CAD4 diffractometer 
Graphite crystal, incident beam 
Zr foil, factor 19.5 
2.8 
2.2-2.3 
4.0 
21 
~ 2 0  
1-7" (in w) 
0.8 + 0.34 tan 0 
0.833 61 width 
50.0 
21 + 1 
Triclinic PT 
10.249(2) 
13.429(2) 
8.917(2) 
103.26(1) 
112.38(2) 
89.21(1) 
1 100.9 
2 
1.47 
5.1 
4095 total, 3859 unique 
Lorentz-polarization, 
Linear decay (from 0.959 to 1.056 on I), 
Reflection averaging (agreement on 1 = 1.8%), 
Empirical absorption (from 0.95 to 1 .OO on I). 

B. Structure solution and refinementa 
Solution Direct methods 
Hydrogen atoms Refined as riding atoms 
Refinement 
Minimization function 
Least-squares weights 

Full-matrix least-squares 
Cw(lF,I -  IF,^)' 
4 F,'/~'(F,') 

Anomalous dispersion All non-hydrogen atoms 
Reflections included (F: > 3.00(Fo2) 2732 
Parameters refined 280 
R 0.037 

R,, 0.049 
Esd of obs. of unit weight 1.44 
Convergence, largest shift 0.030 
High peak in final diff. map 0.23 (5) e/A3 
Low peak in final diff. map -0.21(3) e/A3 

"Computer hardware, VAX111750; computer software, SDPNAX (Enraf-Nonius and B.A. Frenz & 
Associates, Inc.). 

benzoquinone (1): To a solution of l,4-tetrafluorobenzo- mL). A purple color formed immediately. The reaction mix- 
quinone (1.00 g, 5.55 mmol ) in CH2C12 (40 mL), maintained ture was stirred at 0°C for about 1 h, then at room temperature 
at 0°C using an ice-water bath, was added dropwise a solution for 12 h. The solution was taken to dryness in vacuum and the 
of Me3SiN=PPh3 (1.941 g, 5.55 mmol), also in CH,C12 (20 resultant purple solids were washed with hexane (20 ml x 3) 
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Table 3. Positional parameters and their estimated standard 
deviations for 3. 

Atom x Y z B (A') 

"Anisotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as: (4/3)*[a2*8(1 ,1) + 
b2*B(2,2) + c2*B(3,3) + ab(cos y)*B(1,2) + ac(cos P)*B(1,3) + 
bc(cos a)*B(2,3)]. 

and dried in vacuum (yield 2.18 g; 90%; purple powder). ' 9 ~  

NMR (CDC13): 6(F, (ortho to N=PPh3)) - 152.55 (d, lF, 
5 JFl-F, = 3.8 Hz), 6(F2 @ara to N=PPh3)) - 141.92 (d, IF, 
: J ~ ~ - ~ ~  = 7.5 Hz), 6(F3 (meta to N=PPh3)) - 148.35 (dd, IF, 
JF2-F3 = 7.5 HZ, 5~F,-F3 = 3.8 HZ). 'H NMR (CDCl,): phenyl 

nngs 6 7.45, 7.80 (m, 15H). MS (EI, m.12): 437 (M', 100%). 
Anal. calcd. for C2,HI5NF3O2P: C 65.91, H 3.46, N 3.20; 
found: C 65.22, H 3.37, N 3.34. 

Synthesis of 3,5,6-trifluoro-2-(methyldiphenylphosphin- 
imino)-p-benzoquinone (2): To a solution of 1,4-tetrafluoro- 
benzoquinone (1.00 g, 5.55 mmol) in CH2C12 (40 mL), 
maintained at 0°C using an ice-water bath, was added drop- 
wise a solution of Me3SiN=PPh2Me (1.560 g, 5.55 mmol), 
also in CH2C12 (20 mL). A purple color formed immediately. 
The reaction mixture was stirred at 0°C for about 1 h, then at 
room temperature for 12 h. The solution was taken to dryness 
in vacuum and the resultant purple solids were washed with 
hexane (20 mL x 3) and dried in vacuum (yield 1.10 g; 56%; 
purple powder). ' 9 ~  NMR (CDC13): 6(F, (ortho to N=PPh3)) 

Table 4. Selected bond distances (A) and 
angles for 3. 

Distances 
P-N 
N-C(3) 
C( 1)-C(2) 
C( 1 )-C(6) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
O( 1 )--C(4) 
W)--C( 1) 
Cl(1)-C(5) 
Cl(2)-C(6) 
Cl(3)-C(2) 

Angles 
P-N-C(3) 132.7(2) 

- 154.30 (s, IF), 6(F2 @ara to N=PPh3)) - 141.00 (d, IF, 
3 JF7-F, = 3.8 Hz), 6(F3 (meta to N=PPh3)) - 148.90 (d, IF, 
3~F2_F3 = 3.8 HZ). 'H NMR (CDC13): phenyl rings 6 7.45,7.80 
(m, lOH), methyl group 6 2.30 (d, 3H, 'J,-, = 16.0 Hz). MS 
(EI, mlz): 475 (M', 100%). Anal. calcd. for C,,HI3NF3O2P: C 
60.81, H 3.49, N 3.73; found: C 59.67, H 3.31, N 4.33. 

Synthesis of 3,5,6-trichloro-2-(tripheny1phosphinimino)-p- 
benzoquinone (3): To a solution of 14-tetrachlorobenzo- 
quinone (2.500 g, 10.17 mmol ) in THF (80 mL) at room 
temperature (RT) was added dropwise a solution of 
Me3SiN=PPh3 (3.554 g, 10.17 mmol), also in THF (20 mL). 
The reaction mixture was refluxed for 12 h. The deep blue 
solution was taken to dryness in vacuum and the resultant sol- 
ids were washed with hexane (20 mL x 3) and dried in vacuum 
(yield 4.25 g; 88%; blue powder; mp 227-229°C). 'H NMR 
(CDCI,): phenyl rings 6 7.55, 7.70 (m, 15H). MS (EI, rnlz): 
487 (M', 100%). Anal. calcd. for C2,HI5NCl3O2P: C 59.23, H 
3.11, N 2.88, C1 21.85; found: C 59.19, H 3.09, N 2.86, C1 
21.80. 

Synthesis of 3,5,6-trichloro-2-(methyldiphenylphosphin- 
imino)-p-benzoquinone (4): To a solution of 1,4-tetrachloro- 
benzoquinone (2.567 g, 10.44 mmol) in THF (40 mL) at RT 
was added dropwise a solution of Me3SiN=PPh2Me (3.00 g, 
10.44 mmol), also in THF (10 mL). The reaction mixture was 
refluxed for 12 h. The deep blue solution was taken to dryness 
in vacuum and the resultant solids were washed with hexane 
(20 mL x 3) and dried in vacuum (yield 2.30 g; 52%; blue 
powder; mp 208-210°C). 'H NMR (CDC13): phenyl rings 6 
7.55,7.85 (m, lOH), methyl group 6 2.35 (d, 3H, 2~p- ,  = 16.0 
Hz). MS (EI, mlz): 425 (M', 100%). Anal. calcd. for 
C,9H13NC1302P: C 53.74, H 3.09, N 3.30, C125.05; found: C 
53.73, H 3.17, N 3.54, C123.82. 

Synthesis of 3,5,6-trichloro-2-(dimethylphenylphosphin- 
imino)-p-benzoquinone (5): To a solution of 1,4-tetrachloro- 
benzoquinone (0.436 g, 1.78 mmol) in THF (25 mL) at 
room temperature was added dropwise a solution of 
Me3SiN=PPhMe2 (0.400 g, 1.78 mmol), also in THF (10 
mL). The reaction mixture was refluxed for 12 h. The deep 
blue solution was taken to dryness in vacuum and the resultant 
solids were washed with hexane (20 mL x 3) and dried in vac- 
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Table 5. Reduction potential (EO') data for monosubstituted quinone derivatives and selected reference 
systems. 

Compound IT?' (v) AE (mew 

"Literature: EO' = -0.15 and -0.81 V (vs. AgIAgC1 in DMF at 19'C with [n-Bu,N]C10, (0.1 M) as electrolyte) (3). 
bLiterature: EO' = +0.35 and -0.43 V (vs. AgIAgI in CH,C12 at 25'C with [n-Bu,N]CIO, (0.5 M) as electrolyte) (3). 

uum to obtain (5) (yield 0.52 g; 81%; blue powder). 'H NMR 
(CDC13): phenyl rings 6 7.55, 7.80 (m, 5H), methyl groups 
6 2.02 (d, 3H, 2 ~ p - H  =16.0 HZ). MS (EI, rnlz): 361 (M', 100%). 
Anal. calcd. for CI4HI,NC1,0,P: C 46.38, H 3.06, N 3.86, C1 
29.33; found: C 44.07, H 2.76, N 3.85, C1 30.83. 

Synthesis of rhodium (I) compIexes 
Synthesis of [(3,5,6-trifluoro-2-(tripheny1phosphinimino)-p- 
benzoquinone)(u-O,N)Rh(cod)](ClO,) (6): To a 100 mL 
Schlenk flask were added [(cod)RhCl], (0.049 g, 0.100 
mmol), AgClO, (0.042 g, 0.20 mmol), and acetone (15 mL). 
The mixture was stirred for 15 min whereupon a light yellow 
solution and a white precipitate formed. This solution was fil- 
tered into a purple solution of l (0.088 g, 0.200 mmol), also in 
acetone (15 mL), and the mixed solutions were stirred for 1 h. 
The solution was taken to near dryness; then hexane (10 mL) 
was added, whereupon a precipitate formed. The product was 
filtered and washed with hexane (10 mL x 2) and dried in vac- 
uum. Recrystallization from CH,Cl, gave the one-eighth 
dichloromethane solvate of 6 (yield: 0.1 1 g; 73%; brown pow- 
der). ' g ~  NMR (CDCI,): 6 - 140.43 ppm (dd, IF, coupling 
constant: 1.5 Hz and 4.9 Hz), 6 - 148.33 ppm (d, IF, coupling 
constant: 4.9 Hz), 6 - 158.76 ppm (s, IF). 'H NMR (CDCl,): 
phenyl rings: 6 7.55, 7.65 ppm (m, 15H), cod groups: 6 4.20 
ppm (s, 4H, HC=), 6 2.45 ppm (m, 4H, H2C), 6 1.65 ppm 
(broad, 4H, H2C). MS (FAB): 648 (monocation). Anal. calcd. 
for C,2H2,NC1F,06PRh1/8CH2C12: C 50.87, H 3.62, N 1.85, 
C15.84; found: C 49.06, H 3.63, N 1.87, C1 5.65. 

A similar procedure to that described above was 
used to prepare [3,5,6-trichloro-2-(methyldiphenylphosphin- 
imino)-p-benzoquinone){u-O,N)Rh(cod)](ClO,) (7) from 
[(cod)RhCl],, AgClO,, and 4, again in acetone (yield: 0.102 g; 
69%; brown powder). 'H NMR (CDCI,): phenyl rings: 6 7.60, 

7.80 ppm (m, IOH), cod groups: 6 4.23 ppm (s, 4H, HC=), 6 
2.50 ppm (m, 4H, H,C), 6 1.70 pprn (broad, 4H, H2C). Methyl 
group: 6 2.80 ppm (d, 2 ~ p - H  = 12 HZ). MS (FAB): 636 (mono- 
cation). Mol. Wt.: 51 1.4 (solvent: CH2Br2). Anal. calcd. for 
C2,H2,NC1406PRh: C 44.1 1, H 3.43, N 1.91, C1 19.29; found: 
C 44.08, H 3.49, N 1.93, C1 17.96. 

Electrochemistry 
An electrochemical cell was constructed to provide a small- 
volume (ca. 10 mL) inert-gas-blanketted environment for the 
measurements. Three electrodes were introduced through a 
sealed glass cap extending to the base of the tube where they 
projected into the solution volume. A gas inlet was provided 
as well as a rotatable bent side arm on the cell to hold the solid 
sample ready for addition. The procedure was as follows: first, 
the sample was put in the sidearm tube and solvent was added 
to the cell. A blank cyclovoltammetric scan was done. Then 
the sample tube was turned to drop the sample into the solvent. 
The sample was allowed to dissolve completely, and then the 
CV scan of the solution was taken. The working electrode was 
a small (1 mm diameter) Pt bead sealed in soft glass. A coiled 
Pt wire (15 cm in length) was used as the auxiliary electrode. 
The compartment for the Ag/AgCl quasi-reference electrode 
was separated from the working electrode compartment by a 
fine frit. The support electrode was [n-Bu,N]BF,. The solvent 
(dichloromethane, Spectrograde, BDH) was degassed and 
dried over alumina (ICN Biomedical, neutral, W200 Super I). 
The working electrode was cleaned by placing the electrode 
tip over boiling HNO, (reagent grade) for 0.5 h, rinsing with 
distilled water (2 L), and soaking in a saturated ferrous arnmo- 
nium sulphate solution (made up in 1 M H2S04) for 0.5 h. 
Finally, it was rinsed with distilled water (2 L) and reagent 
acetone (1 L), and dried with a hot air gun immediately before 
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use. The potential was supplied by a EG&G model 273 poten- 
tiostat, and the resulting cyclic voltammograms were recorded 
using a Hewlett Packard 7015B X-Y recorder. The  solutions 
employed during cyclic voltammetry were typically (5-7) x 
lo4 M in organometallic complex and 0.1 M in [n-Bu,N]BF4. 
These experiments were carried out at ambient temperatures 
(about 23°C). The formal oxidation or reduction potential, E? 
for reversible couples is defined as the average of the anodic 
(E,,,) and cathodic (Ep,c) peak potentials. The separation of the 
cathodic and anodic potentials is AE, IE,, - E,,,I. The 
cathodic to anodic peak current ratio is defined as iP,,/ip,, (40). 
The oxidation of ferrocene is reported to be  highly reversible 
in many solvents (41) and was used as  an internal reference 
(under our experimental conditions, E' = +0.47 V vs. 
AglAgCl, i , J i , ,  = 1.0, AE = 100 mV) (42). A scan rate of 
0.1 V s-' was used for all the compounds measured. The ratio 
ip,,/i,, was used to establish chemical reversibility for the 
compounds studied. 
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MO,(OCH,~BU),(C~)N~(DME). Preparation, 
structure, and solution behavior 

Theodore A. Budzichowski, Malcolm H. Chisholm, and William E. Streib 

Abstract: From the reaction between Mo,(OCH,'Bu), and NaCp (Cp = C5H5) in THF the title complex was obtained as a 
crystalline product in the presence of DME (DME = dimethoxyethane). Crystal data for Mo,(OCH,'Bu),(Cp)Na(DME) at 
-167°C: a = 11.885(2) A, b = 19.240(1) A, c = 11.562(2) A, a = 102.73(1)", P = 106.95(1)", y =98.55(1)", Z = 2  and space group 
of p i .  In the solid state there is an unbridged M F M o  bond of distance 2.276(1) A. One Mo atom is bonded to four alkoxides, 
two of which are also bonded to Na' while the other is $-bonded to the Cp ligand, with M-C distances ranging from 2.34 to 
2.66 A, and to two OR groups, one of which is bound to the Na' ion. In addition to the coordination to three OR groups the Na' 
ion binds one DME molecule via both of its ether oxygen atoms. The Mc+-0 distances fall in the range 1.91-2.01 A with the 
longer distances being associated with those groups that are also bonded to the Na' ion. In polar solvents the title complex 
dissociates to give Mo,(OCH,%u), and Na' Cp-. 

Key words: molybdenum, alkoxide, cyclopentadienyl, metal-metal triple bonds. 

RCsumC : On a obtenu le composC mentionnC dans le titre sous forme cristalline 21 partir de la rCaction entre le Mo,(OCH,%u), 
et le NaCp (Cp = C,H5) dans le THF. Les donnCes cristallines pour le composC Mo,(OCH,%u),(CP)Na(DME) i -167°C sont les 
suivantes : a = 11,885(2) A, b = 19,240(1) A, c = 11,562(2) A, a = 102,73(1)', P = 106,95(1)", y = 98,55(1)", Z =  2 et groupe 
d'espace Pi. A 1'Ctat solide il y a une distance de liaison M G M o  non pontC de 2,276(1) A. Un atome de Mo est lit5 21 quatre 
groupes alcoolates, dont deux sont Cgalement lies a I'ion Na' tandis que l'autre est liC par une liaison q5 au ligand Cp avec des 
distances de liaison allant de 2,34 i 2,066 A et i deux groupes OR dont l'un est liC l'ion Na'. En plus de la coordiantion aux trois 
groupes OR, l'ion Na+ est liC une molCcule de DME par l'intermkdiaire de ses deux atomes d'oxygbne. Les distances M e 0  
se situent dans un intervalle de 1,91 B 2,01 A, la plus grande distance Ctant associCe aux groupes qui sont Cgalement lits i I'ion 
Na'. Dans les solvants polaires, le composC mentionnC dans le titre se dissocie pour donner le complexe Mo,(OCH,'Bu), et 
Na'Cp-. 

Mots clks : molybdbne, alcoolate, cyclopentadiCnyle, triple liaison mCtal-metal. 

[Traduit par la rCdaction] 

Introduction [ I ]  M,(oR), + X- + [M,(oR),x]- 

We have for some time been exploring the chemistry associ- 
ated with dinuclear complexes of the formula M2(OR)6 where 
M = Mo and W (1). These are members of a class of so-called 
ethane-like dimers having a c lindrical M-M triple bond of 
electronic configuration 02n? The metal atoms are weakly 
Lewis acidic since the metal d,, dxZXzyZ orbitals are vacant and 
are only weakly involved in T-bonding to the alkoxide oxygen 
p, orbitals. This allows for substrate uptake and often subse- 
quent activation at the dinuclear center (2). Recently we have 
been examining the uptake of anionic ligands such as CN- (3a) 
and OR- (3b), which may bind reversibly according to eqs. [I] 
and [2]. 
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The position of the equilibria in eqs. [ l ]  and [2] is sensitive 
to the steric properties of R and the metal. For given systems 
the AH0 value is more negative by ca. 3 kcaVmol for M = W 
relative to M = Mo and weak nucleophiles such as halides and 
NCS- do not bind to the M2(OR)6 complexes. 

We describe here our studies of the binding of the cyclopen- 
tadienyl ligand, which was of interest to us in part because ear- 
lier studies of M2(NMe2),Cp2 complexes were inconclusive 
concerning the mode of coordination of the C,H, moiety to the 
MO,~' center (4). 

Results and discussion 

Syntheses and solution behavior 
The reaction between NaCp and Mo~(OCH,'BU)~ proceeds 
quickly in THF, based on the rapid color change from yellow 
to deep purple that occurs when the two are mixed at room 
temperature. The product may be obtained by simply evapo- 
rating the solvent in vacuo (0.01 Torr, 25°C; 1 Torr = 133.3 
Pa) and retains at least two equivalents of THF (depending on 
the drying time) based on 'H NMR spectroscopic analysis. 
Surprisingly, the spectrum is quite simple and belies the color 

Can. J. Chem. 74: 2386-2391 (1996). Printed in Canada 1 ImprimC au Canada 
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Budzichowski et al 

Fig. 1. Stacked plot of 'H NMR spectra (-CH2- region, toluene- 
$, 300 MHz, 23°C to -80°C) showing the changes that occur 
upon cooling. Resonances marked with an asterisk are due to DME. 

5.5 5.0 4.5 4.0 3.5 3.0 2.5 ppm 

Fig. 2. ORTEP plot of the core atoms for Na(DME)Mo,- 
( O C H ~ ~ B U ) ~ ( ~ ~ - C , H , )  with ellipsoids at the 50% probability level. 
This view is roughly perpendicular to the M-Mo axis. 

of the material since the chemical shifts of the alkoxide reso- 
nances are only slightly altered from those of pure 
Mo,(OCH,'BU)~, but are significantly broadened. When DME 
is added, however, the product crystallizes nicely from cold 
THF solution (-34°C) as large purple parallelopipeds. The 'H 
NMR spectrum is similarly straightforward and consists of 
single resonances for the -OCH,'Bu (both methylene and 
methyl) groups, DME (both methyl and methylene groups), 
and cyclopentadienyl moieties. The normalized ratio of these 
resonances (a1koxide:DME:Cp) is 6: 1: 1, consistent with the 
analytical data and the solid state structure observed by single- 
crystal X-ray diffraction (vide infra). 

Once again, the neopentoxide resonances are only slightly 
shifted and broadened from those of Mo,(OCH,'BU)~ at room 
temperature (23"C, toluene-d8), which is consistent with flux- 
ional behavior and dissociation of the cyclopentadienyl moi- 
ety from the dimolybdenum center. Upon cooling, the 
spectrum becomes quite complex and at very low temperature 
(-80°C toluene-d8) it is clear that the solid state structure is 
maintained in solution: the molecule is asymmetric, possess- 
ing six different alkoxide groups. These give rise to 6 'Bu res- 
onances and 12 doublets (6 doublets of doublets) for the 
methylene groups, which are all diastereotopic. Furthermore, 
the methylene groups of the DME are split into two broad res- 
onances, but the signal for the methyl groups of this moiety is 
only broadened. Apparently, the process that equilibrates these 
groups of the DME is not completely frozen out at -80°C since 
one would anticipate two resonances, and two doublets of dou- 
blets for the methylene groups, based on the observed molec- 
ular structure in the solid state. 

In contrast, warming a solution of the complex briefly 
(60°C 2-3 min) in toluene-d8 produces sharper resonances (for 
free Mo,(OCH,'BU)~) and a distinctive color change to yellow 
that may be readily observed prior to decomposition. The pro- 
cess is reversible and cooling causes reassociation. Unfortu- 
nately, because of the fluxionality of the adduct, 
(DME)N~MO,(OCH,'BU)~(~~-C~H~), data could not be 
obtained with the precision necessary for computation of AH0 
and AS" for the equilibrium. These changes are shown in Fig. 1. 

It was clear at this point that the enthalpy of q 5 - ~ , H 5  asso- 
ciation is only modestly favorable and is balanced with the 
unfavorable loss in entropy that occurs when NaCp, 
Mo,(OCH,'BU)~, and the molecule of DME are brought 
together in the adduct. With this in mind, 18-crown-6 was 
introduced as a potential complexing agent for the sodium cat- 
ion. Unfortunately, no appreciable changes could be observed 
spectroscopically, and recrystallization from DME:THF pro- 
duced (DME)N~MO,(OCH,'BU)~(~~-C~H~), not a charge-sep- 
arated complex such as [Na(18-crown-6)]+[Mo2(ocH2'Bu)6- 
( q 5 - ~ 5 ~ 5 ) ] .  Addition of pyridine to solutions of 
(DME)N~MO,(OCH,'BU)~(~~-C,H,) resulted in the formation 
of M~,(ocH,'Bu)~(py),, NaCp, and DME. This is an unusual 
result in the sense that the sodium cations, which are bound to 
alkoxide ligands in the adduct, dissociate along with the cyclo- 
pentadienyl moiety. 

Metathesis of alkoxide for Cp might otherwise have been 
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Fig. 3. ORTEP plot of N~(DME)Mo~(ocH~Bu)~(~~-c~H~) showing all non- 
hydrogen atoms at the 40% probability level (for clarity). The view is roughly 
parallel to the M-Mo axis and highlights the staggered and asymmetric 
arrangement of the ligands. 

anticipated based on hard-soft acid-base rinciples. Numer- I: ous complexes are known that contain -q -cyclopentadienyl 
ligands and metal-ligand multiple bonds (e.g., [(-q5- 
C5Me5)Ta(=N)(Me)], (5). Given the isolobal analog Y between triply-bonded ligands (such as nitride) and the -q - 
C5H5 ligand it is somewhat perplexing that a formation of 
CpMo(OR),(=Mo(OR),) would be energetically unfavorable 
relative to Mo,(OR),(py),. 

Solid-state structure 
A view of the central Cp06M02Na02 skeleton giving the atom 
number scheme is given in Fig. 2 and an ORTEP view of the 
complex is given in Fig. 3. A listing of atomic coordinates is 
given in Table 1, selected bond distances and bond angles are 
given in Tables 2 and 3, and a summary of structural data is 
given in Table 4. 

The M w M o  distance of 2.276 A is typical of that for a tri- 
ple bond. One molybdenum atom Mo(1) is coordinated to two 
OCH 'Bu groups and the Cp ligand, which may be considered ? as -q -C5H5, with Mo(1)-C distances spanning a relatively 
narrow range 2.34-2.66 A. There are two short, 2.34 and 2.36 
A, and three longer, 2.51, 2.54, and 2.66 A, Mo(1) to C dis- 
tances. These distances do not lend themselves to either the -ql 
or -q3-c5~, bonding pattern. The other Mo atom is bonded to 
four OCH,'Bu groups. Of the six 0CH2'Bu ligands, three are 
bonded to both Mo and the Na ion, one from Mo(1) and two 
from Mo(2), and coordination to the Na ion results in a slight 

lengthening of the Mo--0 distance from 1.98 to 2.01 A. The 
coordination of the Na ion is completed by the q 2 - ~ ~ ~  ligand 
such that Na is five coordinate. The Na-0 distances span a 
narrow range 2.3 1-2.51A. 

Experimental section 

All synthetic procedures were performed under an inert atmo- 
sphere utilizing standard procedures in conjunction with a 
Vacuum Atmospheres Corporation Dri-Lab. The solvents 
used were dried by standard procedures and stored over 4 A 
molecular sieves prior to use. Mo,(OCH,'BU)~ was prepared 
as described in the literature (7) and was recrystallized from 
cold hexanes and dried in vacuo prior to use. Sodium cyclo- 
pentadienide was prepared from freshly cracked cyclopentadi- 
ene (Aldrich) and sodium hydride (Aldrich) in THF. The 
soluble portion was collected by filtration, and the volatile 
components were removed in vacuo (25"C, 0.01 Torr) to 
afford NaCp as a pure white powder. The crown ether (18- 
crown-6) was purchased from Aldrich and was purified by 
repeated sublimation (lOO°C, 0.001 Tom) prior to use. NMR 
spectra were recorded on Varian XL-300 (300.1 MHz) and 
Bruker AM-500 (500.0 MHz) spectrometers and were refer- 
enced to residual protio impurities of the deuterated solvents. 

Synthesis of Na(DME)Mo2(0C~i~u),(r15-c&) 
Yellow crystalline Mo,(OCH,'BU)~ (800 mg, 1.12 mmol) and 
NaCp (1 10 mg, 1.24 mmol) were weighed into a 30 mL 
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Budzichowski et al. 

Table 1. Fractional coordinates and isotropic thermal parameters 
for Mo,(OCH,'Bu),CpNa(DME). 

Atom 1 O ~ X  1 0 ~ ~  1 O ~ Z  1 OBIS, 

Schlenk flask equipped with a Teflon-coated magnetic stirring 
bar in the dry box. THF (-15 rnL) was added via cannula 
under N2 outside the box resulting in the formation of a deep 
purple solution, which was stirred for 2 h. After this time the 

Table 2. Selected bond distances (A) for 
Mo,(OCH,'BU)~ CpNa(DME). 

A B Distance 

volatile components were evaporated in vacuo (0.01 Torr, 
25°C) and the purple foamy residue dried for 2 h. Despite 
numerous attempts, crystalline material could not be obtained 
from Et20 or THF (even in the presence of 18-crown-6) by the 
addition of hexanes or pentane in which the product is insolu- 
ble. However, the addition of DME dramatically improves the 
crystallinity of the product, which vigorously retains one 
equivalent of this chelating ether and is easily isolated as large 
crystals from 2: 1 THF:DME (5 mL total volume, 0°C). One of 
these was eventually used for the single-crystal X-ray diffrac- 
tion experiment. The product was reasonably soluble in ben- 
zene-d6 and toluene-ds and analyzed satisfactorily for 
N~(DME)Mo~(ocH, 'Bu)~(~~-c~H~) .  For Na(DME)Mo2- 
(OCH,'BU)~)(~~-C,H,): 'H NMR (toluene-d8, 0°C); 6: 6.62 (s, 
5H), 4.20 (s, 12H), 3.14 (s, 6H), 3.01 (s, 4H), 1.1 1 (br s, 54H). 
'H NMR (toluene-d8, -80°C), 6: 6.71 (s, 5H), 5.49,5.12,4.87, 
4.72, 4.51, 4.47, 4.36, 4.13, 3.72 (d, 1H each for -CH2), 3.43 
(m, 3 overlapping d, 3H total for -CH2), 3.08 (br s, 6H, 
CH30CH2CH20CH3), 2.91 (br s, 2H, CH30CH,CH20CH3), 
2.52 (br s, 2H, CH30CH2CH20CH3), 1.57, 1.48, 1.29, 1.25, 
1.00, 0.85 (s, 9H each for -CH2C(CH3),. Anal. calcd. for 
C39H8,08M02Na: C 52.46, H 9.14; found: C 52.95, H 9.29. 

Single crystal X-ray study 
General operating procedures and listings of programs have 
been given previously (8). 

An irregular crystal of suitable size was obtained by cleav- 
ing a large piece of the sample in a nitrogen atmosphere filled 
glove bag. The crystal was mounted using silicone grease and 
it was then transferred to a goniostat where it was cooled to 
-167°C for characterization and data collection. A systematic 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Can. J. Chern. Vol. 74, 1996 

Table 3. Selected angles (deg) for 
Mo,(OCH,'Bu),CpNa(DME). 

Angle 

search of a limited hemisphere of reciprocal space revealed 
no symmetry among the observed intensities. An initial 
choice of space group PI was later proven correct by the suc- 
cessful solution of the structure. Following complete data col- 
lection, data processing gave a residual of 0.023 for the 
averaging of 6291 unique intensities that had been observed 

Table 4. Summary of crystal data for Mo,(OCH,'Bu),- 
CpNa(DME). 

Empirical formula 
Color of crystal 
Crystal dimensions (nm) 
Space group 
Temp (OC) 
Cell dimensions 

a (A) 
b (A) 
c (A) 
a (deg) 
P (deg) 
Y (deg) 

Z (molecule/cell) 
Volume (A) 
Calculated density (g/cm3) 
Wavelength (A) 
Molecular weight 
Linear absorption coefficient (cm-') 
Detector to sample distance (cm) 
Sample to source distance (cm) 
Average o scan width at half height 
Scan speed (deglmin) 
Scan width (deg + dispersion) 
Individual background (s) 
20 Range (deg) 
Total number of reflections collected 

Number of Unique Intensities 
Number with F > 3*0 (F) 

R(F) 
Rw(F) 
Goodness of fit for last cycle 
Maximum 610 for last cycle 

C,,H8 ,Mo,NaO, 
Violet 
0,15 x 0.25 x 0.50 

P 1 
-167 

more than once. Four standards measured every 400 data 
showed no significant trends. No correction was made for 
absorption. 

The structure was solved by using a combination of direct 
methods ( M U L T A N ~ ~ )  and Fourier techniques. The positions of 
the molybdenum atoms were determined from an initial E- 
map. The positions of the remaining non-hydrogen atoms 
were obtained from subsequent iterations of least-squares 
refinement and difference Fourier calculation. Only a few of 
the hydrogens were observed. Hydrogens were included in 
fixed calculated positions with thermal parameters fixed at 
one plus the isotropic thermal parameter of the atom to which 
they were bonded. 

In the final cycles of refinement, the non-hydrogen atoms 
were varied with anisotropic thermal t o  a final 
R(F) = 0.021. The final difference map was featureless, the 
largest peak being 0.328 e/A3 and the deepest hole being 
-0.331 e/A3. 

The nonbonded M+Na distances, not shown in the 
tables, are: Mo(1)-Na(44), 3.646(1) A, and Mo(2)-Na(44), 
3.201(1) A. 
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Synthesis and spectroscopic characterization 
of bis(trifluorophosphinyl)-gold(l) undeca- 
f luorodiantimonate(V) [Au(PF,),][Sb,F, ,I 

6. Bley, M. Bodenbinder, G. Balzer, H. Willner, G. Hagele, F. Mistry, 
and F. Aubke 

Abstract: The synthesis of [Au(PF,),I[Sb,F,,], the first example of a linear, thermally stable metal bis(trifluorophosphine) 
complex is achieved by CO substitution of [Au(CO),][Sb,F, , I  by PF,. The [Au(PF,),]+cation can also be generated by reductive 
phosphorylation by an excess of PF, in fluorosulfuric acid. Spectroscopic characterization involves 1 9 ~  and ,'P NMR in HS0,F 
and SO, solution including spectral simulation by the WIN-DAISY method and FT-IR and Raman spectra. Spectroscopic evidence 
suggests that the metal-ligand bond involves predominantly o-bonding with drastically reduced a-back-donation. ~ Key words: gold(1) complex, linear; gold(1) PF, complex; 3 1 ~  NMR; 1 9 ~  NMR; vibrational spectra. 

RCsumC : On a rCalisC la synthkse du [Au(PF,),][Sb,F,,], le premier exemple d'un complexe de bis(trif1uorophosphine) d'un 
mCtal, 1inCaire et thermiquement stable, en substituant le groupe CO du compost [Au(CO),] [Sb,F, , I  par le groupe PF,. Le cation 
[Au(PF,),]+ peut Cgalement &tre gCnCrC par phosphorylation rtductrice avec un exces de PF, dans I'acide fluorosulfurique. Les 
caractCrisations par spectroscopie impliquent la RMN du 1 9 ~  et du 3 1 ~  en solution dans du HS0,F et du SO, incluant la 
simulation spectrale par la mCthode du WIN-DAISY et des spectres FT-IR et Raman. Les preuves spectroscopiques suggkrent que la 
liaison ligand-mCtal implique de f a ~ o n  prtdominante une liaison o qui rCduit drastiquement le transfert en retour a. 

Mots cle's : complexe d70r(I), lintaire; complexe de PF, or([); RMN du ,'P; RMN du 1 9 ~ ;  spectres vibrationnels 

[Traduit par la rCdaction] 

While a substantial number of transition metal complexes with 
trifluorophosphine, PF,, have become known (1-3), com- 
pounds containing homoleptic metal-PF3 cations are rare. The 
known examples involve [M(PF,)]+ complexes of dl0 metal 
ions like Ag+ (4), Cu+ (5 ) ,  and H ~ ~ ~ +  (4) with [AsF6]- as anion 

Received March 13, 1996. 

This paper is dedicated to Professor Howard C. Clark in 
recognition of his contributions to Canadian chemistry. 

1 B. Bley, M. Bodenbinder, G.  Balzer, and H. ~ i l l n e r . '  Institut 
fur Anorganische Chemie der Universitat Hannover, Callinstr. 9, 
D-30167 Hannover, Germany. 
G. Hagele. Institut fur Anorganische Chemie und Strukturchemie, 
Heinrich-Heine-Universitat, Universitatsstr. 1, D-40225 
Dusseldorf, Germany. 
F. Mistry and F. Aubke.' Department of Chemistry, The 
University of British Columbia, Vancouver, BC V6T 1Z I, Canada. 

Authors to whom correspondence may be addressed. 
Telephone: 01 1-49-51 1-762 2401 (H.W.), (604) 822 3817 
(F.A.); Fax: 01 1-49-51 1-762 3006 (H.W.), (604) 822 2847 
(F.A.); E-mail: willner@mbox.acc.uni-hannover.de and 
aubke@chem.ubc 

(4, 5). The salts are frequently thermally unstable (4) and 
incompletely characterized. We want to report here the syn- 
thesis of [Au(PF,),][Sb,F, , I  and the spectroscopic character- 
ization of the linear [Au(PF,),]+ cation by IR, Raman, and ' 9 ~  

and 3 1 ~  NMR spectroscopy, Two earlier publications by us 
form the basis for the synthesis of [Au(PF3),][Sb,F,,]. The 
recently reported compound [Au(CO),][Sb,F, ,I (6) provides a 
convenient starting material and the molecular structure deter- 
mination of [Hg(CO),][Sb,F, ,] (7) demonstrates why the very 
weakly basic [Sb,F, ,I- anion is so eminently suited to stabilize 
unusual, highly electrophilic cations by weak, secondary inter- 
ionic SbF--CO contacts. Moreover, additional homoleptic 
metal carbonyl cations like [M(co),],+ (8), M = Pd and Pt, and 
[M (c0)612+ (9), M = RU or OS, have [Sb,F,,]- as counter 
anion. 

The synthesis of [Au(PF3),][Sb2F,,] is readily accom- 
plished by the displacement of CO by PF, using a slight excess 
of gaseous PF, according to: 

Can. J. Chem. 74: 2392-2394 (1996). Printed in Canada 1 Imprim6 au Canada 
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The white, moisture-sensitive product decomposes at 105°C in 
a N, atmosphere. The composition is established by the mass 
balance of the reaction, by PF, uptake measurements, and by 
the identificztion of CO by IR in the gas phase after 
displacement. The substitution of CO by CH,CN to give 
[Au(CH,CN),][SbF6] (6) provides a precedent. In 
[Au(CO),If, where CO is predominantly a u-donor ligand, 
displacement by a better u-donor is possible. Hence substitu- 
tion of CO by PF, suggests that PF, is a better u-donor towards 
univalent gold then is CO. An alternative approach starts from 
Au(SO,F), dissolved in HS0,F and allows the in situ genera- 
tion of the [Au(PF3),If cation according to: 

HS03F,25"C 
[2] Au(SO,F), + 3 PF, > 

The cation and the products of the reduction, 0PF3 and 
S205F2, are detected in the 1 9 ~  and 3 1 ~  NMR spectra. The vol- 
atile compounds 0PF3 and S205F2 are also detected by gas 
phase IR. Hence the formation of solvated [Au(PF3),If in 
HS03F proceeds in complete analogy to the reported reductive 
carbonylation of Au(SO~F)~  to produce [ A U ( C O ) ~ ] ~ ( ~ ~ ~ ~ )  (10). 

The observed vibrational bands of [Au(PF3),] [Sb,F, , I  are 
listed in Table 1, together with estimated intensities, an approx- 
imate description of the vibrational modes, and the previously 
reported fundamentals for free PF3 (1 1). Bands attributed to the 
[Sb2Fl ,I- anion are observed in similar positions in both IR and 
Raman spectra, as was reported for [Au(CO),] [Sb,F, ,I  (6). 

For [Au(PF3),If the partial coincidence of bands in the IR 
and Raman spectrum, most noticeable in the P-F stretching 
range at 963-974 cm-I, would suggest a linear cation with 
eclipsed PF3 groups (point group D3,,) rather than D3d where 
the PF3 groups are staggered. A clear distinction between both 
possibilities cannot be made using vibrational data. A com- 
plete assignment of bands will have to await a molecular struc- 
ture determination and successful depolarization measure- 
ments on [Au(PF3)21+(solv). 

The V (PF3) modes are clearly separated from bands due to 
the anion and are easily identified. In [Au(PF3),If, T (PF3) 
vibrations are shifted to higher wave numbers relative to free 
PF3 (1 1). This shift, previously attributed to reduced M to PF, 
T-back-bonding (4, 5), is even more pronounced than in 
[Ag(PF3)lf (4), [H~,(PF,),]~+, n = 1 or 2 (4), or in [Cu(PF3)]+ 
(5), all with [AsF6]-as anion. Since in metal-PF3 complexes the 
T-acceptor orbital on the ligand has some antibonding character 
(3), a reduction in T-back-bonding results in increased P-F 
bond strength. The implication for [Au(PF3),]+ is that metal- 
ligand bonding as in [Au(CO),]+ (6) involves predominantly u- 
bonds. The ability of univalent gold to form strong covalent u- 
bonds, resulting largely in linear complexes, is well docu- 
mented (12), and seemingly aided by relativistic effects (13). 

For NMR measurements in solution, two different samples 
areemployed. Insample 1, solid [Au(PF3),] [Sb,F, , I  is dissolved 
in SO,. In sample 2 the [Au(PF3),]+cation is generated in HS03F 
by reduction of Au(SO~F)~  with PF3. In the second sample, 
HS03F together with S 0 3 F  (14), uncoordinated PF3 (4), and the 
reduction products S205F2 (14) and 0PF3 (15) are identified by 
comparison topublishedprecedents. Broad resonances in the 1 9 ~  

spectrum of sample 1 at -90.6 (F br.), - 110.1 (F eq.), and 
- 132.0 ppm (F ax.) are attributed to the [Sb,F,,]- anion (15). 

Table 1. Vibrational wave numbers (cm-') of [Au(PF,)~][S~~F,  ,I  and 
an approximate band description. 

Description 
IR Raman PF3 of mode 

974 (vs) 974 (w) 
966 (s,sh) 963 (m) 

927 (sh) 
9 15 (vs) 

697 (sh) 
685 (vs) 
659 (s) 

597 (w) 

532 (w) 

512 (sh) 
503 (m) 
490 (w) 

381 (s) 

692 (m) 

651 (s) 
598 (m) 

540 (w) 
487 

376 (vw) 

296 (m) J 
283 (vs) 
227 (w) 231 (m) 

202 (m) 

173 (w) 168 (m) 
132 (w) 

m = medium, s = strong, sh = shoulder, v = very, w = weak 

Since ' 9 ~  and 3 1 ~  NMR spectra at room temperature exhibit 
rather broad, poorly resolved peaks, 1 9 ~  spectra are recorded at 
215 K and 3 1 ~  NMR spectra at 225 K. The results are compiled 
in Table 2, together with the parameters obtained by auto- 
mated analysis and spectral simulations, using the WIN-DAISY 

(16) method. Experimental and simulated ' 9 ~  and 3 1 ~  NMR 
spectra are shown in Figs. 1 and 2. The spectra of the species 
present in SO, and HS03F solution are identical and the spe- 
cies is clearly identified as [ A U ( P F ~ ) ~ ] + ( ~ ~ , ~ ) .  The observed 
splitting pattern is consistent with a [AX3], spin system. The 
coupling constant 'J,, is with - 1414.6 Hz (at 215 K) slightly 
larger than in free PF3 in SO, solution (- 1403 Hz). This sug- 
gests, according to observations reported for [Ag(PF3)]+ and 
[H~,(PF~)],+ (4), reduced metal to PF3 T-back-donation. In 
neutral metal PF3 compounds 'J,, values are smaller and fall 
between - 1230 and - 1350 Hz (3). Finally, the rather large 
,J,, value of 922.7 Hz (at 215 K) is consistent with a trans 
geometry in [Au(PF,),]+, because cis complexes such as, for 
example, Mo(CO), (PF3), have much smaller values of 55 Hz 
(17). It is interesting to note that the long-range coupling con- 
stant ,J,, which has significant influence on the spectral the- 
ory of [AX3], systems, is not zero but between - 1.8 Hz (from 
' 9 ~  NMR) and -0.7 Hz (from 3 1 ~  NMR), respectively. 

In summary, [Au(PF3),]+, the first example of a linear, ther- 
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Table 2. ' 9 ~  and ,'P NMR parameters of the linear cation 
[Au(PF3),lf. Results from automated analysis of the [AX,], 
spectra using WIN-DAISY. 

Sample [AU(PF~)~I[S~~FIII‘' [Au(PF,)21[S0,Flb 
Solvent SO, HS0,F 
Temperature 215 K 225 K 215K 225K 

Observed ' 9F ' 9~ ,IP , I p  

References: I9F: ext. CFCl, in CDCI, at 215 K, ,'P: ext. 85% H,PO, at 
298 K. 

"[Sb,F,,]-, 6, (ppm): -90.6 (bridging F); -1 10.1 (eq. F); -123.0 (ax. F). 
b[~O,~]~HSO,F,  6, (ppm): 40.3. 
Wo iteration performed. Spectral patterns and coupling constants are 

identical with data obtained from [Au(PF,),I[SO,F] in HS0,F. 

Fig. 1. 188.3 MHz "F NMR spectrum of [Au(PF,),]+, dissolved 
in HSO,F, at 215 K. Upper: experimental, lower: simulated 
spectrum. Resonance frequencies (Hz) referenced vs. ext. CFC1, 
in CDC1,. 

mally stable metal-bis(PF3) complex, is obtained either in 
HS03F or SO, solution, or as solid material in 
[Au(PF3),][Sb2F,,]. As in [Au(CO),]+ (6, lo), the metal- 
ligand bonds in [Au(PF3),]+are predominantly a-bonds. Both 
cations are 14-e- species and violate the noble gas formalism. 
The formation of [AU(PF~) , ]+(~~,~,  in HS03F by reduction of 
A u ( S O ~ F ) ~  with PF3 is unusual and proceeds in analogy to the 
formation of [AU(CO),](~,,~,, with PF3 replacing CO both as 
reducing agent and as ligand. It is hoped that [Au(PF3),]+ will 
be the first member of a new class of thermally stable, homo- 
leptic [M(PF3),Im+ cations. 
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1996 Bader Award Lecture 
Aminoacyl ethyl phosphates. Biomimetically 
activated amino acids1 

Ronald Kluger, Xianfeng Li, and Richard W. Loo 

Abstract: Aminoacyl ethyl phosphates are functional analogues of aminoacyl adenylates, the activated intermediates formed by 
ribosomal enzymes from the reaction of amino acids with ATP. The aminoacyl ethyl phosphates are prepared by DCC-mediated 
coupling of a tetraalkylammonium salt of ethyl phosphate and an N-t-Boc-amino acid, followed by deprotection. The efficiency 
of the synthesis and the solubility properties of the product depend on the alkyl group in the ammonium counterion of the 
phosphate. N-Protected and free aminoacyl ethyl phosphates hydrolyze slowly (tl12 in neutral solution, 25OC, - 100 h). These 
materials are potentially useful in biomimetic peptide synthesis, protein modification, and aininoacylation of RNA. 

Key words: amino acids, acyl phosphates, aminoacyl phosphates, biomimetic aminoacylation. 

Resume : Les Cthylphosphates d'aminoacyles sont des analogues fonctionnels des adCnylates d'aminoacyles, les intermediaires 
actives formCs par les enzymes ribosomaux par rCaction des acides aminks avec 1'ATP. Les Cthylphosphates d'aminoacyle se 
prCparent par le couplage, sous l'action du DCC, d'un sel tCtraalkylammonium de llCthylphosphate et d'un acide N-t-Boc-aminC, 
suivi d'une dCprotection. L'efficacitC de la synthbse et la solubilitC du produit dependent de la nature du groupe alkyle du 
contreion ammonium du phosphate. Les Cthylphosphates portant des groupes aminoacyles libres ou N-protCgCs s'hydrolysent 
lentement (tIl2, en solution neutre, 25OC, est d'environ 100 h). Ces produits prCsentent un intCr&t potentiel dans les synthbses 
biomimCtiques des peptides, dans la modification des protCines ainsi que dans 1'aminoacCtylation de I'ARN. 

Mots c l b  : acides aminCs, phosphates d'acyles, phosphates d'aminoacyles, aminoacCtylation biomimCtique. 

The formation of peptides and proteins from amino acids is a 
central biosynthetic process in all living systems. Each amino 
acid that is added to the growing peptide does so against inher- 
ently large thermodynamic and kinetic barriers, following the 
sequence specified by the bases of DNA. In this process, the 
carboxyl portion of the amino acid is chemically activated, 
overcoming the thermodynamic barrier and kinetic pathway 
by formation of a suitable intermediate (1). In most organisms, 
including all eukaryotes, this is accomplished in reactions pro- 
moted by aminoacyl t-RNA synthetases (one for each of the 
types of amino acid) (1,2). The specific amino acid is added to 
the appropriate t-RNA to form a 3'-terminal ester, providing 
the amino acid with a nucleic acid-coded "tag." 

The initial step in the process catalyzed by the synthetase is 
activation of the specified amino acid by reaction with ATP to 
form the aminoacyl adenylate. ATP undergoes a substitution 
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reaction at its a-phosphorus to produce the 5'-adenosyl ester 
of the acyl phosphate of amino acid, an aminoacyl adenylate, 
along with inorganic pyrophosphate. The aminoacyl adeny- 
lates are enzymic reaction intermediates, reacting on the same 
enzyme with the appropriate tRNA to form an aminoacyl 
tRNA (1). 

Aminoacyl adenylate 

Aminoacyl adenylates are acyl phosphate monoesters and 
their reactions occur at the acyl phosphate functional site. The 
adenosine portion of the molecule adds chemical complexity 
and is a direct result of the enzymic reaction of ATP with the 
amino acid. Since the aminoacyl adenylates are intermediates 
in the enzymic reaction and do not accumulate, chemical char- 
acterization required their synthesis. The presence of the ade- 
nosy1 group caused considerable difficulty and resulted in 
impure materials (3-6). However, the general properties and 
their validity as intermediates were established by these stud- 
ies. 

As mixed anhydrides of amino acids and phosphate esters, 
the materials are of interest for chemical study. They are acti- 

Can. J. Chem. 74: 2395-2400 (1996). Printed in Canada 1 Imprim6 au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Can. J. Chem. Vol. 74, 1996 

vated amino acids, presenting the possibility of aminoacylat- 
ing various acceptors under conditions that are compatible 
with biochemical materials. However, the complexity arising 
from the adenosine portion has made their synthesis ineffi- 
cient. While this group has many sites for binding to a protein, 
the inherent reactions it undergoes should be found in materi- 
als with less complex alkyl groups. Based on these consider- 
ations, we reasoned that simpler monoesters of aminoacyl 
phosphates might retain the potentially chemically useful 
properties of aminoacyl adenylates while avoiding the com- 
plexity that arises from the adenosyl group. 

The reported syntheses of aminoacyl adenylates utilize the 
reaction of 5'-adenylic acid with acyl chlorides, mixed carbox- 
ylic anhydrides, or DCC-activated amino acids (4, 6, 7). 
Berg's pioneering synthesis used free amino acids (3), giving 
the product in very low yield. The use of N-protected amino 
acids gives improved yields (4, 6). 

We found no reports of the isolation of simple aminoacyl 
alkyl phosphates. In an early study, Chantrenne proposed that 
Z-glycyl phenyl phosphate was present in the reaction of Z- 
glycyl chloride and disilver phenyl phosphate (8). 

0 0 

+~;oOPh 

NHZ 

Katchalsky and Paecht (9) used an extension of Lynen's 
acyl phosphate synthesis (10) to make an aminoacyl aryl phos- 
phate. They reacted the silver salt of Z-leucine with dibenzyl 
phosphorochloridate and removed the protecting groups with 
HBr. The resulting leucyl phosphate contained benzyl bro- 
mide that could not be removed without destroying the acyl 
phosphate. 

Leucyl phosphate 

Based on the reaction patterns of acyl phosphate esters (1 1, 12) 
and properties of amino protecting groups (13) we have now 
achieved a convenient synthesis of aminoacyl ethyl phos- 
phates. We made a diverse group of examples and assessed 
their properties. The general structure is shown below. Varia- 
tion occurs in the "R" group that defines the amino acid and 
the "R"' group of the tetralkylammonium ion. 

Aminoacyl ethyl phosphate 

Experimental section 

Synthesis of aminoacyl ethyl phosphates 
These were prepared as a variety of tetralkylammonium salts 
whose properties were assessed. The materials are in general 
hygroscopic and give inconsistent results in elemental analy- 
sis. However, they are readily analyzed by a combination of 

NMR ('H, 3 1 ~ ) ,  mass spectrometry, and HPLC. NMR chemi- 
cal shifts are reported relative to tetramethyl silane ('H) and 
85% phosphoric acid ( 3 1 ~ ) .  

Bis(tetraalky1ammonium) ethyl phosphates 
Ethyl dichlorophosphate (5.9 mL, 50 mmol) was added (over 
10 min) to 20 mL of water in an ice-cooled round-bottom flask 
and stirred for 1 h. The water was removed on a rotary evapo- 
rator. To the residue was added two equivalents of a 
tetraalkylammonium hydroxide solution. After titration to pH 
7.0 with hydrochloric acid, the resulting solution was lyo- 
philized to yield a white paste that was used for coupling reac- 
tions without further purification. 3 ' ~  NMR spectra indicated 
that only a single compound was present. 

Bis(tetramethy1ammonium) ethyl phosphate: 'H NMR (D20) 
6: 3.70 (2H, m), 3.00 (24H, s), 1.04 (2H, t); 3 1 ~  NMR (D,O) 6: 
1.68. Bis(tetraethy1ammonium) ethyl phosphate: 'H NMR 
(D 0 )  6: 3.74 (2H, m), 2.98 (16H, t), 1.07 (3H, t), 0.74 (24H, 
t); "P NMR (D,O) 6: 1.68. Bis(tetrapropy1ammonium) ethyl 
phosphate: 'H NMR (D,O) 6: 3.74 (2H, m), 2.98 (16H, t), 
1.55 (16H, m), 1.07 (3H, t), 0.74 (24H, t); 3 1 ~  NMR (D,O) 6: 
1.68. Bis(tetrabuty1ammonium) ethyl phosphate: 'H NMR 
(D,O) 6: 3.63 (2H, m), 2.97 (16H, t), 1.42 (16H, m), 1.13 
(16H, m), 1.00 (3H, t), 0.72 (24H, t); 3 1 ~  NMR (D20) 6:1.68. 

Synthesis of tetraethylammonium salts of N-protected 
aminoacyl ethyl phosphates 

Dicyclohexylcarbodiimide (1.0 mmol) was added to a stirred 
solution of an N-protected amino acid (1.2 mmol) in dry 
dichloromethane (20 mL). The resulting solution (cloudy) was 
stirred for 5 min, then bis(tetraethy1ammonium) ethyl phos- 
phate (1 mmol), dissolved in 5 mL of dichloromethane, was 
added. 3 ' ~  NMR was used to follow the reaction. Upon com- 
pletion, the resulting white suspension was collected by filtra- 
tion and washed with 10 mL dichloromethane. The clear 
dichloromethane solution was then washed twice with water 
and the aqueous phase was collected, frozen, and lyophilized 
overnight to give a white paste. The paste was dissolved in 
acetone (5 mL) and the mixture was passed through a silica 
Sep-pak cartridge to remove inorganic salts. The eluent was 
evaporated to give the N-protected aminoacyl ethyl phosphate 
as a glassy material. The following compounds were prepared 
from the reaction of an N-protected amino acid and bis(tetra- 
ethylammonium) ethyl phosphate. Each product gave a single 
peak in reverse phase HPLC analysis as well as appropriate 
NMR and mass spectral results. The first example contains 
full details. 

Tetraethylammonium N-t-Boc phenylalanyl ethyl phosphate 
To a stirred solution of N-(tert-butoxycarbony1)-L-phenylala- 
nine (3 18 mg, 1.2 mmol) in dry dichloromethane (20 mL) was 
added DCC (247 mg, 1.2 mmol). The resulting white cloudy 
solution was stirred for 5 min and tetraethylammonium ethyl 
phosphate (385 mg, 1.0 mmol) dissolved in 5 mL of dichlo- 
rpmethane was added. The reaction was stirred at room tem- 
perature for 1 h. After the reaction was complete, the resulting 
white suspension was filtered and washed with 10 mL of 
dichloromethane. The clear dichlorornethane solution was 
then washed twice with water and the aqueous phase was col- 
lected. The aqueous solution was frozen and lyophilized over- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Kluger et al 

night to give a white solid. The solid was dissolved in 5 mL of 
acetone and the mixture was passed through a silica Sep-pak 
cartridge to remove inorganic salts. The eluent was evaporated 
to give N-t-Boc phenylalanyl ethyl phosphate as a glassy mate- 
rial (453 mg, 87%). 'H NMR (CDCl,) 6: 7.23 (5H, m), 5.03 
(1H,d),4.56(lH,m),4.03(2H,m),3.37(8H,q),3.20(2H,m), 
1.38 (9H, s), 1.30 (12H, t), 1.24 (3H, t); ,'P NMR (CDC1,) 6: 
-6.8; FAB mass spectrum (-, glycerol): 125 (100, EtHP0,-), 
372 (5 1.4, M). Other derivatives were made by the same gen- 
eral procedure. 

Tetraethylammonium N-t-Boc alanyl ethyl phosphate: (73% 
yield) 'H NMR (CDCI,) 6: 5.17 (lH, d), 4.24 (lH, m), 4.00 
(2H, m), 3.38 (8H, q), 1.40 (9H, s), 1.36 (3H, d), 1.32 (12H, t), 
1.22 (3H, t); ,'P NMR (CDCl,) 6: -6.8; FAB mass spectrum 
(-, glycerol): 296 (100, M). 

Tetraethylammonium N-t-Boc-0-Bn serinyl ethyl phosphate: 
(58% yield) 'H NMR (CDCI,) 6: 7.30 (5H, m), 5.42 (lH, d), 
4.52 (2H, s), 4.42 (IH, m), 3.98 (2H, m), 3.80 (2H, m), 3.35 
(8H, q), 1.41 (9H, s), 1.28 (12H, t), 1.18 (3H, t); ,'P NMR 
(CDCI,) 6: -7.1 ; FAB MS (-, glycerol): 402 (95.5, M). 

Tetraethylammonium N-t-Boc-S-Bn cysteinyl ethyl phos- 
phate: (76% yield) 'H NMR (CDCl,) 6: 7.28 (5H, m), 5.40 
(lH,d),4.52(1H,m),4.02(2H,m),3.78(2H,s),3.38(8H, ) 
2.93 (2H, m), 1.42 (9H, s), 1.30 (12H, t), 1.25 (3H. t); ''i 
NMR (CDCl,) 6: -6.9; FAB mass spectrum (-, glycerol): 418 
(100, M). 

Tetraethylammonium N-t-Boc valyl ethyl phosphate: (72% 
yield) 'H NMR (CDCl,) 6: 5.14 (lH, d), 4.17 (lH, m), 4.00 
(2H, m), 3.38 (8H, q), 2.18 (IH, m), 1.40 (9H, s), 1.32 (12H, t), 
1.22 (3H, t), 0.91 (6H, dd); ''P NMR (CDCl,) 6: -7.7; FAB 
mass spectrum (-, glycerol): 324 (100, M). 

Tetraethylammonium N-t-Boc tryptophanyl ethyl phosphate: 
(85% yield) 'H NMR (CDCI,) 6: 6.90-7.60 (6H, m), 5.01 (lH, 
d), 4.62 (IH, m),4.08 (2H, m), 3.36 (2H, m), 3.05 (8H, q), 1.39 
(9H, s), 1.29 (3H, t), 1.10 (12H, t); ,'P NMR (CDCl,) 6: -7.7; 
FAB mass spectrum (-, glycerol): 41 1 (100, M). 

Hydrolysis 
The rate of hydrolysis of N-t-Boc phenylalanyl ethyl phos- 
phate was measured using ''P NMR. N-t-Boc phenylalanyl 
ethyl phosphate (0.04 M) was incubated in 1 mL of 0.5 M 3- 
(N-morpholino])propanesulfonate (MOPS) pH 7.0, at 25.0°C. 
The hydrolysis was followed by integrating signals for the 
aminoacyl phosphate ester (6 -6.6 ppm) and the product, 
ethyl phosphate (6 2.8 ppm). The hydrolysis was monitored to 
90% completion. 

General procedure for the deprotection of N-t-Boc 
protected aminoacyl phosphates 

The N-t-Boc protected aminoacyl alkyl phosphate was dis- 
solved in a minimum amount of trifluoroacetic acid (TFA). 
After the dissipation of gases, the TFA was removed by rotary 
evaporation (30°C) and vacuum pumping. The resulting oil 
was dissolved in acetone or diethyl ether. The resulting precip- 
itate was then collected by vacuum filtration and washed sev- 
eral times with acetone or diethyl ether. After air drying for 10 
min aminoacyl alkyl phosphate was isolated. 

(1)-Alanyl ethyl phosphate 
White solid; mp 120°C (dec.); [8 j = +2.9 x lo3 deg cm2 dec- 
imol-' (A,,, = 216.5 nm); IR (KBr): 1764, 1623, 1574, 125 1, 
1230, 1075, 1047 cm-'; 'H NMR (400 MHz, D20) 6: 1.20 (t, 
3H, J=  7.1 Hz), 1.53 (d, 3H, J =  7.3 Hz), 3.98 (m, 2H),4.19(q, 
IH, J=  7.3 Hz); ',c NMR (100 MHz, D20) 6: 15.71, 16.30 (d, 

= 6.6 HZ), 50.01 (d, Jc-, = 7.3 HZ), 64.83 (d, Jc-p = 5.8 
Hz), 167.92 (d, Jc-, = 8.8 Hz); ,'P NMR (121 MHz, D20) 6: 
-6.58. FAB MS calcd.: 197; found (dz) :  196 (M - H)-, 170 
(M - Et)'. TLC: R, = 0.44, red-brown spot. 

(1)-Phenylalanyl ethyl phosphate 
White solid; mp 133°C (dec.); [8 ] = +I. 1 x lo4 deg cm2 dec- 
imol-' ( h  = 220.0 nm); IR (KBr): 1764, 1567, 1237, 1082, 
1040 c m - ? ~  NMR (400 MHz, D20) 6: 1.07 (t, 3H, J = 7.1 
Hz),3.12(dd,2H, J=7 .4 ,  14.7Hz),3.21 (dd,2H, J=  6.3, 14.7 
Hz), 3.79 (m, 2H), 4.33 (dd, lH, J = 6.3, 7.4 Hz), 7.26-7.41 
(m, 5H); 13c NMR (100 MHz, D20) 6: 16.33 (d, Jc-, = 6.6 
HZ), 36.16,55.25 (d, Jc-, = 8.1 HZ), 64.83 (d, Jc-p = 6.4 HZ), 
128.87, 130.03, 130.19, 134.26, 166.80 (d, Jc-, = 8.1 Hz); 3 1 ~  

NMR (121 MHz, D20) 6: -6.80. FAB MS calcd.: 273, found 
( d z ) :  272 (M - H)-, 274 (M + H)', 246 (M - Et). TLC: R, = 
0.66, purple spot. HPLC: retention time = 4.5 min. 

(d)-Phenylalanyl ethyl phosphate 
Identical 'H and ,'P NMR to (1)-phenylalanyl ethyl phosphate. 
[8 j = - 1.1 x lo4 deg cm2 decimol-' (A,,, = 220.0 nm). 

(1)-Valyl ethyl phosphate 
White solid; mp 160°C (dec.); [8 j = 4.6 x 10' deg cm2 deci- 
mol-' (A,,, = 218.5 nm); IR (KBr): 1766, 1612, 1572, 1280, 
1239,108 1,1041 cm-'; 'H NMR (400 MHz, D20) 6: 0.90 (d, 
3H, J = 4.4 HZ), 0.91 (d, 3H, J = 4.4 HZ), 1.10 (t, 3H, J = 7.3 
Hz), 2.24 (m, lH), 3.88 (m, 2H), 3.93 (d, lH, J =  4.4 Hz); ',c 
NMR (100 MHz, D20) 6: 16.33 (d, JC-, = 6.6 HZ), 17.81, 
18.07,29.97,59.50 (d, JC-,= 7.3 HZ), 64.80 (d, Jc-p = 6.6 HZ), 
167.05 (d, Jc-p = 8.8 HZ); ,'P NMR (121 MHz, D20) 6: 
-6.76. FAB MS calcd.: 225; found (rn/z): 224 (M - H)-, 226 
(M + H)', 198 (M - Et)'. 

0-Benzyl-(1)-seryl ethyl phosphate 
White solid; 'H NMR (200 MHz, D20  ) 6: 1.1 1 (t, 3H, J = 6.9 
Hz), 3.79-3.97 (m, 4H), 4.35 (m, lH), 4.53-4.55 (m, 2H), 
7.33 (m, 5H); ,'P NMR (121 MHz, D20) 6: -6.83. 

(1)-Tryptophanyl ethyl phosphate 
Light yellow solid; 'H NMR (200 MHz, D20 ) 6: 1.14 (t, 3H, 
J = 7.1 Hz), 3.41 (m, 2H), 3.84 (m, 2H), 4.49 (m, lH), 7.18 
(m, 2H), 7.29 (s, 1H),7.47 (d, lH, J =  7.5 Hz), 7.64(d, lH, J=  
7.0 Hz); 3 1 ~  NMR (121 MHz, D20) 6: -6.74. 

P-Alanyl ethyl phosphate 
White solid; 'H NMR (200 MHz, D20) 6: 1.20 (t, 3H, J = 7.0 
Hz), 1.8 (m, 2H), 2.80 (m, 2H), 3.95 (m, 2H); ,'P NMR (121 
MHz, D20) 6: -6.5 1. 

a-Methylalanyl ethyl phosphate 
White solid; 'H NMR (200 MHz, D20) 6: 1.13 (t, 3H, J = 7.0 
Hz), 1.51 (s, 6H), 3.92 (m, 2H); ,'P NMR (121 MHz, D20) 6: 
-6.35. 
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Scheme 1. 

0 
0 Rl& !,OEt 

0' 'O-N+& 

NHR" NHR" 

Table 1. Aminoacyl phosphates synthesized from N-t-Boc-phenylalanine and 
bis(tetraalky1ammonium) ethyl phosphates and their solvent affinities. 

Alkyl group R Reaction time, h % Yield (+5%)" Solvent 

Methyl 
Ethyl 
n-Propyl 
n-Butyl 

55" HZ0 
95 H,O 
95 Dichloromethane-H,O 
95 Dichloromethane 

"Determined from jlP NMR spectra of reaction mixtures except for reactions with 
bis(tetramethy1ammoniurn) ethyl phosphate. 

"etermined from jlP NMR spectra of an aqueous extract of the reaction mixture. 

Detection of racemization 
The retention of chiral integrity in the aminoacyl phosphate 
during the coupling reaction was determined by first removing 
the protecting group and then hydrolyzing the resulting ami- 
noacyl phosphate. The resulting amino acid was treated with 
Mosher's acid chloride (14). The "F and 'H NMR spectra of 
the amides were compared with pure standards. 

Results 

The preparation of aminoacyl ethyl phosphates is readily 
accomplished by coupling an amino-protected amino acid 
with a salt of ethyl phosphate, followed by removal of the pro- 
tecting group. The removal is done under conditions that do 
not affect the acyl phosphate. Both natural L a-amino acids 
and "unnatural" amino acids were converted. Since acyl phos- 
phates are unstable in base, the protecting group should be 
selected to permit removal in acidic solutions, principally 
carbobenzyloxy (Cbz) and the more readily removed tert- 
butyloxycarbonyl (t-Boc). Thus, we chose t-Boc as the 
protecting group for our studies. 

The activation of the amino acid for formation of the acyl 
phosphate is best accomplished under conditions that do not 
lead to racemization. ~ e a c t i o n  with N,N1-dicyclohexylcarbo- 
diimide (DCC) fulfills these requirements (13). This dehydrat- 
ing-coupling reagent functions most efficiently in organic 
solvents such as dichloromethane (15). Since phosphate salts 
are not normally soluble in dichloromethane, we utilized tet- 
raalkylammonium salts of phosphates (16, 17). These dissolve 
in organic solvents and the phosphate oxygens are highly 
nucleophilic. (Scheme 1). 

Results from the reaction of N-t-Boc-phenylalanine and 
various bis(tetraalky1ammonium) ethyl phosphates are shown 
in Table 1. Except for the case of bis(tetramethy1ammonium) 
ethyl phosphate, all coupling reactions went to completion in 
1 h. The reaction with bis(tetramethy1ammonium) phosphate 
gave the product in 55% yield in 3 h due to its poor solubility 
in dichloromethane. 

The solubility of these aminoacyl phosphates depends criti- 
cally upon the nature of their counterions. A longer alkyl chain 

increases solubility in nonpolar solvents while a shorter chain 
improves aqueous solubility. The effect of the nature of 
alkyammonium is useful for the separation and purification of 
the product. For bis(tetrabuty1ammonium) ethyl phosphate 
salts, the product is isolated from the organic phase while 
unreacted starting material is removed by an aqueous wash. 
N,N1-Dicyclohexylurea (DCU) is the by-product from DCC. 
For products isolated in an organic phase, most of the DCU is 
removed by precipitation in acetonitrile, but the product inev- 
itably contains some DCU. Further purification of the N-pro- 
tected aminoacyl phosphate was attempted by silica and ion 
exchange chromatography. However, both treatments led to 
some hydrolysis. 

The product from the reaction of an amino acid and bis 
(tetrapropylammonium) ethyl phosphate partitions into both 
water and dichloromethane. This also gives mixtures that are 
difficult to purify. With tetramethylammonium or tetraethyl- 
ammonium ethyl phosphates, the resulting aminoacyl phos- 
phate is preferentially soluble in water. Therefore, a slight 
excess of amino acid can be used to ensure the complete con- 
version of the phosphate. The product is collected in the aque- 
ous layer and isolated by freeze-drying. In this case, after 
removal of inorganic salts, the protected aminoacyl phosphate 
is obtained without contamination by DCU. 

The tetraethylammonium salts of a diverse group of amino 
acids were efficiently converted to the corresponding tetraeth- 
ylammonium salt of aminoacyl phosphates by this method 
(Table 2). As a test of the generality of the method, different 
N-protection groups were used, including tert-butyloxycarbo- 
nyl (t-Boc), carbobenzyloxy (Cbz), 9-fluorenylmethoxycar- 
bony1 (Fmoc), and N-o-nitrophenyl sulfenyl (Nps). 
Completion of the reaction was checked by 3 1 ~  NMR of the 
reaction mixture. The coupling reaction was complete in 1-12 
h, giving aminoacyl phosphates in 58-88% isolated yields. 
The N-Fmoc aminoacyl phosphates could not be isolated in 
the same way, presumably due to the hydrophobic nature of 
Fmoc group. We have developed alternative methods for the 
preparation of N-Fmoc aminoacyl phosphate esters (unpub- 
lished work of Z. Huang and N. Branda). However, since the 
protecting group is designed for removal in base, conditions 
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Table 2. Aminoacyl phosphates synthesized from N-protected amino acids and 
bis(tetraethy1ammonium) ethyl phosphate. 

FAB mass 
Amino acid % Yield" Optical rotation [a]," (calcd.1found) 

N-t-Boc-Phe 
N-t-Boc- Ala 
N-t-Boc-Ser(Bn) 
N-t-Boc-Cy s(Bn) 
N-t-Boc-Val 
N-t-Boc-Trp 
N-Cbz-Ala 
N-Cbz-Val 
N-Fmoc-Val 
N-Nps-Val 

"Yields are from bis(tetraethy1ammonium) ethyl phosphate. 
bProduct not isolated. estimate from "P NMR. 

that also cleave acyl phosphate, we did not generalize the 
development of this class. 

The aminoacyl ethyl phosphates have appropriate 'H, I3c, 
and 3 1 ~  NMR spectra as well as mass spectra for the parent 
peak (FAB (-) with glycerol). Although carboxyl-activated 
amino acids are prone to racemization, we observed that the 
aminoacyl ethyl phosphates retain their stereochemical integ- 
rity using NMR analysis of diastereomeric amides derived 
from Mosher's acid (14). This is consistent with the optical 
activity we observe. 

Stability toward hydrolysis 
The utility of N-protected aminoacyl ethyl phosphates depends 
on reactions with nucleophiles proceeding more rapidly than 
reactions with water. N-t-Boc-phenylalanyl ethyl phosphate 
(0.04 M) was incubated in 1 mL of 0.5 M MOPS, pH 7.0, at 25 
0°C. The reaction was followed by integrating signals for the 
disappearance of the starting material and the formation of 
ethyl phosphate in the 3 ' ~  NMR. The hydrolysis is slow with 
an observed first-order rate constant of 2 x s-I, corre- 
sponding to a half-life of about 100 h. 

Removal of the N-t-Boc group from N-t-Boc-aminoacyl 
ethyl phosphates is readily achieved with trifluoroacetic acid 
under conditions that do not cleave the acyl phosphate. The 
resulting aminoacyl ethyl phosphate is sufficiently resistant to 
hydrolysis to be useful for reaction with the amino group of a 
free amino acid or the N-terminus of a growing peptide chain. 
The hydrolysis of phenylalanyl ethyl phosphate follows first- 
order kinetics, kobsd = 1.9 x s-'. The half-life is over 100 h, 
indicating that these reagents do not hydrolyze rapidly in neu- 
tral solution, even if the protecting group is removed. 

vent for other reactions. Extended reaction in methanol pro- 
duces the amino acid methyl ester. 

We are in the process of developing catalytic systems that 
will enhance the reaction of alcohols with aminoacyl ethyl 
phosphates. We have found that divalent metal ions promote 
the reaction (18). In another study we found that amino- 
alcohols, such as triethanolamine, react at their hydroxyl cen- 
tre with monoesters of acyl phosphates (19). This information 
may provide the basis for the development of a route to ami- 
noacylation of RNA. We have assessed the utility of aminoa- 
cyl ethyl phosphates as activated aminoacids for the chemical 
synthesis of peptides in water (19). The reaction occurs effi- 
ciently and will be reported in detail in a separate paper. Pre- 
liminary studies also indicate that the reagents can serve as 
site-directed inactivators of enzymes that promote reactions of 
amino acids (Y. Song, unpublished). Such inactivation is con- 
sistent with the report that aminoacyl adenylates react with 
lysines in enzymes (20). 

Conclusions 

N-t-Boc-protected aminoacyl ethyl phosphates are readily 
prepared as their tetralkylammonium salts by DCC-mediated 
coupling. The reaction efficiency depends on the choice of 
solvent in relation to the alkyl group of the tetralkylammo- 
nium ion. Deprotection is readily achieved with trifluoroacetic 
acid, conditions that leave the acyl phosphate intact. The con- 
venient preparation, hydrolytic stability, and retention of 
chiral integrity make these aminoacyl ethyl phosphates a new 
class of activated amino acids that function in aqueous solu- 
tion. 
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Dihydrof urans from or-diazoketones due to 
facile ring opening - cyclization of donor- 
acceptor cyclopropane intermediates 

Elizabeth A. Lund, Isaac A. Kennedy, and Alex G. Fallis 

Abstract: A series of a-diazoketones, 8, 25,28,31, and 34, have been synthesized and their reaction with ethyl vinyl ether 
examined under various reaction conditions. In the presence of metal salts (Rh,(OAc),, Pd(OAc),, CuC1) the ethoxy- 
dihydrofurans 12,37,39,41, and 43 are produced. Sensitized irradiation of the a-diazoketone 8 afforded the dihydrofuran 12 
plus cyclobutanone 7, while direct photolysis of a-diazoketones 8,25,28,31, and 34 gave the cyclobutanones 7,38,40,42, and 
44, respectively. A sample of the cyclopropylketone 45 was isolated from the rhodium(I1) acetate mediated reaction of 34 and its 
facile rearrangement to dihydrofuran 43 demonstrated. Collectively, these results indicate that the initial product from the 
reaction of an a-diazoketone with an electron-rich alkene such as ethyl vinyl ether is a cyclopropylketone. The donnor-acceptor 
substitution pattern of this intermediate results in spontaneous rearrangement to a dihydrofuran. Thus a direct dipolar 
cycloaddition mechanism is not involved when a-diazoketones react with en01 ethers under metal-mediated conditions. Instead, 
these reactions follow a cyclopropanation rearrangement or, more accurately, cyclopropanation - ring opening - cyclization 
pathway. 

Key words: diazoketone, rhodium acetate, dihydrofuran, cyclopropylketone, vinyl ether. 

RCsumC : On a synthttist une strie d'a-diazocttones 8,25,28,31 et 34 et on a t tudit ,  dans difftrentes conditions, leur rtaction 
avec l'tther tthylvinylique. En prtsence de sels mttalliques (RH,(OAc),, Pd(OAC),, CuC1) on obtient les tthoxy- 
dihydrofurannes 12,37,39,41 et 43. L'irradiation sensibiliste de l'a-diazocttones 8 produit le dihydrofuranne 12 et la 
cyclobutanone 7, tandis que la photolyse directe des a-diazocttones 8,25,28,31 et 34 donne les cyclobutanones 7,38,40,42 et 
44 respectivement. On a isolt un tchantillon de cyclopropylcttone 45 de la rtaction du compost 34 en prtsence de l'acttate de 
rhodium et on dtmontre sa transposition facile en dihydrofuranne 43. Collectivement, ces rtsultats indiquent que le produit 
initial de la rtaction d'une a-diazocttone avec un alcbne riche en tlectrons tel l'tther Cthylvinylique est une cyclopropylcttone. 
Le modble de substitution donneur-accepteur de cet intermtdiaire provient d'une transposition spontante en dihydrofuranne. 
Ainsi un mCcanisme de cycloaddition dipolaire directe n'est pas impliqut lorsque une a-diazocttone rtagit avec des tthers 
tnoliques en prtsence d'un mCtal. Au lieu de cela ces rtactions suivent une transposition cyclopropanique ou plus prtcistment 
un processus de cyclopropanation, d'ouverture du cycle du cyclopropane et de cyclisation. 

Mots cle's : diazocttone, acttate de rhodium, dihydrofuranne, cyclopropylcCtone, tther vinylique. 

[Traduit par la rtdaction] 

Introduction 

Motivated by our interest in the total synthesis of the potent 
anti-tumor agent paclitaxel ( ~ a x o l ~ )  (1) we initially envisaged 
a strategy that depended upon the successful application of an 
a-cyclopropyl radical ring opening - conjugate addition 
sequence (1-3, Scheme 1) for the construction of the con- 
gested tricyclo[9.3.1.03~s]pentadecene nucleus. This ring 
opening should install both the bridgehead double bond at 
Cll-C,, and generate a radical center in a relatively flat pre- 
cursor suitably disposed to add in an 8-endo fashion to a ring C 
enone (2). We therefore required precursors that would give 
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rise to a radical intermediate of type A (Scheme 2) in order to 
examine this strategy. 

Initial results 
A variety of standard Simmons-Smith based methods for 
cyclopropanation of appropriately substituted olefins to gen- 
erate systems related to A were unsuccessful. Thus a different 
approach was investigated. The a-diazoketone 8 was synthe- 
sized from the cyclohexenone 4 (16) as follows. Conjugate 
addition of lithium dimethylcuprate generated the enolate, 
which reacted in situ with ethyl formate to provide the ketone 
5. Diazo transfer was effected with tosylazide and triethyl- 
amine followed by treatment with potassium hydroxide to 
generate the a-diazoketone 8. It was anticipated that treatment 
of this material with rhodium(I1) acetate in the presence of 
ethyl vinyl ether would afford the requisite spiro cyclopropyl 
system 9. However, treatment of 8 with Rh,(OAc), (2 mol %, 
21°C) in the presence of excess ethyl vinyl ether afforded nei- 
ther the expected cyclopropylcyclohexanone 9 nor the cyclo- 
butanone 7 that would have arisen from Wolff rearrangement 
of 8 to the ketene 10 followed by conventional [2+2] cycload- 
dition. Instead, a new compound was isolated, whose spectra 

Can. J. Chem. 74: 2401-2412 (1996). Printed in Canada / Imprimt au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Can. J. Chem. Vol. 74, 1996 

Scheme 1. Potential radical rearrangement -conjugate addition 

route to taxanes. 

OAc 

Scheme 2. Synthesis and reaction pathways for a-diazoketone 8. 

E$o - (el 

=;\ 
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OEt 

7 
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ec R = H  OTBS 
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- 
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(a) Me2CuLi, ether, 0 "C, 1.5 h, HC02Et, 0.5 h, 20%; (b) CH2N2, ether, 
21 "C, 3 h, 83%; (c) Et3N, TsN3, CH2CI2, -1 5 to 21 "C, 2 h; KOH (aq), 15 
min; 20%; (d) Rh2(OAc)4 (cat), ether, CH2C=HOEt, syringe pump, 
21 "C, 4 h, 70%; (e) hv, CH2=CHOEt, 2.5 h, 88%. 

suggested the presence of two tertiary vinyl carbons (13c 
NMR 6 102.4, 148.3 ppm) and an acetal carbon (6 104.6 ppm) 
with an attached proton ('H NMR 6 5.45 ppm). These features 
were consistent with both the oxetane structure 11 and the 
dihydrofuran system 12. The oxetane could arise from the for- 
mal [2+2] addition of ethyl vinyl ether to the carbonyl group of 
the ketene 10, while the dihydrofuran 12 could have been 
formed directly from a dipolar cycloaddition to ethyl vinyl 
ether or alternatively could have arisen from a ring opening - 
rearrangement - ring closure of the intermediate cyclopropyl 
ketone 9. In spite of the visual difference between these two 
ring systems, various NMR experiments were inconclusive. 

In addition, standard acid hydrolysis and oxidative cleavage 

Scheme 3. Carbonyl-ether substituted cyclopropanes. 

reactions (ozone, RuO,) gave mixtures that did not permit a 
definitive structural assignment with only one compound 
available. As described below, the structures of 12  and related 
dihydrofurans were ultimately established by acid-catalyzed 
hydrolysis and in situ trapping to form a new keto-acetal. 
However, based on additional studies with related a-diazo- 
ketone systems, it is now clear that with electron-rich olefins 
such as ethyl vinyl ether, cyclopropylketones are formed ini- 
tially but do not survive the standard reaction work-up at room 
temperature (21°C), and rapidly rearrange to dihydrofurans 
related to 12. Thus, in contrast to literature examples that 
invoke dipolar cycloaddition mechanisms to rationalize di- 
hydrofuran formation, with cyclopropanes containing both 
electron-donating and -withdrawing substituents the normal 
mechanism involves cyclopropanation followed by rearrange- 
ment (ring opening - cyclization) to afford the cyclic ethers 
(3). 

Background 
Donor-acceptor (push-pull) cyclopropanes have received 
considerable attention (4). Generally cyclopropanes with a 
single electron-donating and an electron-withdrawing group 
(e.g., 1-ethoxy-2-carboethoxycyclopropane, 13) are stable at 
room temperature and require more forcing conditions for 
rearrangement to a dihydrofuran acetal, although cyclopropyl 
p-amino acids ring open readily, indicating the donating abil- 
ity of the donor is a key feature (Scheme 3). Thus, for oxygen- 
substituted systems direct rearrangement usually requires 
either two donor or two acceptor groups. The ease with which 
the initial cyclopropane undergoes a 1,3-sigmatropic shift is 
therefore both substituent and substrate dependent (4). For 
example, the spirosystem 14 may be isolated, but the related 
cyclopropane 1 5  was not detected when dimethyl diazo- 
malonatereacted in the presence of copper with 1-methoxycy- 
clohexene (5 ) .  Other methoxy cyclopropanes also rearranged 
more readily than the corresponding ethoxy-substituted deriv- 
atives (6). However, the reaction conditions markedly influ- 
ence the course of diazocarbonyl rearrangements, particularly 
solvent polarity (pentane versus CH,Cl,) (7) and the catalyst 
(Rh,(OAc), versus Rh,(OPiv),) (8). Cyclopropanes were the 

intermediates generated from cyclic P-diazo- 
diketones in the presence of furans and rhodium carboxylate 
salts (9). 

Discrete ketene carbonyl cycloadditions are rare and have 
received limited attention. The two previously reported cases 
involved strong electron-withdrawing groups in the ketene. 
One case involved the reaction of bis(trifluoromethy1)ketene 
(16) with vinyl ether 17  to give a mixture of the oxetane 18 and 
the expected [2+2] cycloaddition product 19 (Scheme 4) (10). 
A related example employed the sterically hindered silyl en01 
ether of tert-butyl methyl ketone (21) with diphenylketene 
(20) to provide the oxetane 22 and the ketone 23 from ring 
opening of the initial cyclobutanone adduct followed by silyl 
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Scheme 4. Ketene carbonyl cycloadditions. 

migration (1 1). In addition, ab initio molecular orbital calcula- 
tions have demonstrated that alkene addition to the ketene 
carbonyl is usually energetically disfavoured relative to 
cyclobutanone formation (12). 

Results 

Is the dihydrofuran structure 12 correct, or do the methyl 
groups in the ketene 10, derived from Wolff rearrangement of 
8, provide sufficient steric hindrance to alter the normal [2+2] 
cycloaddition reaction to give the oxetane 11 rather than the 
cyclobutanone 7? 

To learn more about the reactivity of the a-diazoketone 8, 
other metal salts (Pd(OAc),, CuCl) were examined as well as 
its photolytic behaviour. In addition, other diazo ketones 25, 
28, 31, and 34 with various substitution patterns were synthe- 
sized (Scheme 5) and subjected to a parallel set of conditions. 
The initial enolate, derived from the conjugate addition of lith- 
ium dimethylcuprate to 4, underwent rapid proton transfer to 
the sterically less hindered enolate when allowed to warm to 
21°C so that condensation with ethyl formate afforded the 
keto-aldehyde 24 directly. Diazo transfer as above generated 
the a-diazoketone 25. Parallel reactions afforded 28 from 26, 
while 31 was synthesized by treatment of acyl chloride 30 with 
diazomethane. The diphenyl system 34 (azibenzil, 2-diazo- 
1,2-diphenyl- 1 -ethanone) was prepared by silver oxide oxida- 
tion of 33 (13). 

The results of the catalytic reactions and the irradiation 
experiments are summarized in Table 1. In the case of 8, the 
major product from the metal-catalyzed reaction with ethyl 
vinyl ether was the dihydrofuran 12, although the yield varied 
with the catalyst selected. Thus the reactions with Pd(OAc), 
or CuCl afforded 12 in isolated yields of 72% and 30%, 
respectively. However, when standard alkenes, rather than 
electron-rich olefins, were used, the dihydrofuran products 
were not observed. Instead, cyclopropylketone 35 was iso- 
lated in 25% yield in the rhodium(I1) acetate catalyzed reac- 
tion with 2,5-dihydrofuran in place of ethyl vinyl ether 
(Scheme 6). In a similar manner, addition to cyclohexene 
afforded 36 (25%). Clearly the methyl groups are not a major 
factor as the other a-diazoketones listed in Table 1 also 
afforded acetal products. In all cases direct irradiation gener- 
ated the [2+2] cycloaddition products illustrated, which arise 
from Wolff rearrangement to the ketene followed by conven- 
tional cycloaddition. 

The dihydrofuran-acetal structures observed above in the 
metal-catalyzed reactions of the various a-diazoketones 

Scheme 5. Synthesis of a-diazoketone substrates. 

(a) NaH, ether, HC02Et; (b) (COCI)2, C6H6, 21 OC, 97%; 
(c) Et3N, TsN3, CH2CI2, -15 to 21 'C, 2 h; KOH (aq), 15 min; 
40-70% (d) CH2N2, ether, 0 "C, 95%; (e) ref 13; (f) Ag20, 
THF, 67 "C, 5 h, 84%. 

Scheme 6. Cyclopropane products with standard alkenes. 

require additional experimental data to establish their struc- 
tures unambiguously. To ascertain the decomposition path- 
ways of these systems, the model system azibenzil (34) was 
examined in detail, particularly its behaviour with ethyl vinyl 
ether and rhodium(I1) acetate. Direct pathways to the dihydro- 
furan 43 or the oxetane 48 from the a-diazoketone 34 (Scheme 
7) are feasible after initial reaction of the carbenoid intermedi- 
ate. Both of these products may arise from zwitterionic inter- 
mediates such as 46 or 47 that possess both enolate and 
oxacarbenium ion character. Surprisingly, the acetal product 
from the reaction could not be established from its spectral 
data. High-resolution mass spectroscopy confirmed the 
inolecular formula (CI8Hl8O,). Both structures contain an 
equal number of CH, CH,, CH,, and quaternary carbons plus 
one methine attached directly to two ether oxygens, two meth- 
ylene groups, and the methyl group of an ethoxy substituent. 
Unfortunately two-dimensional 'H-'H COSY, 'H-'H 
ROESY, and lH-13c HETCOR experiments were inconclu- 
sive. A I3c-l3c coupling INADEQUATE experiment should 
have allowed differentiation of the two different olefin substi- 
tution patterns, but the olefin carbon atoms had long relaxation 
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Table 1. Metal-catalyzed and photochemical reactions of a-diazoketones in ethyl vinyl ether. 

Can. J. Chern. Vol. 74, 1996 

Photolysis 
Diazo ketone Catalyst Yield (%) Dihydrofuran yield (%) Cyclobutanone 

25 30, Ph2C0 
8 12 

, OTBS 

\ 
OTBS I \ 

25 37 OTBS 38 OTBS 

OEt €10. 

times (approximately 10 s), making it impossible to resolve 
the structural differences. 

To establish the structure unambiguously the acetal product 
was subjected to acid-catalyzed hydrolysis with in situ trap- 
ping of the resulting keto-aldehyde with 2,2-dimethyl- l,3-pro- 
panediol. These experiments confirmed the upper pathway 
was followed (Scheme 7), since treatment of the presumed 
acetal 43 with p-toluenesulfonic acid in the presence of 3,3- 
dimethyl- l,3-propanediol afforded ketone 49 (68% yield), 
which could be distinguished from 50 by its 'H NMR spec- 
trum. The spectrum exhibited a characteristic one-proton dou- 
blet of doublets at 6 4.91 ppm ( J  = 7.8, 7.0 Hz) that was 
assigned to the acetal proton Ha coupled with each of the dia- 
stereotopic methylene protons. A second one-proton doublet 
of doublets at 6 4.31 ppm (J  = 4.9,5.6 Hz) was assigned to the 
methine proton Hb adjacent to the carbonyl group. The split- 
ting pattern seen with this signal also arises from independent 
couplings with each of the diastereotopic methylene protons 
He and H,. This type of coupling is only possible in structure 
49. Proton Hb in structure 50 has no adjacent carbons bearing 
protons and would therefore be expected to appear as a singlet 
in the 'H NMR spectrum. In a similar manner the dihydrofuran 
39 derived from diazoketone 28 afforded the keto-acetal 5 1  
and thus established that the dihydrofurans are the final prod- 

ucts of these a-diazoketones upon treatment with various 
metal catalysts in the presence of ethyl vinyl ether. 

Diphenyl ketene, the putative Wolff rearrangement product 
from azibenzil (34) is relatively stable. It was synthesized 
independently to determine its reactivity with ethyl vinyl ether 
and its behaviour in the presence of rhodium(I1) acetate and to 
establish with certainty that neither dihydrofuran 43 nor oxet- 
ane 48 were formed from the ketene. Diphenylketene (20) was 
prepared from acid chloride 52 upon treatment with triethyl- 
amine (Scheme 8) (14). For the thermal reaction a solution of 
diphenyl ketene (20) and ethyl vinyl ether in freshly distilled 
ether was stirred overnight under argon. Cyclobutanone 44 
was obtained in 88% yield (IR, 1779 cm-'). A metal-ketene 
intermediate, if formed, does not appear to alter the course of 
the reaction, as only the cyclobutanone 44 was isolated (89%) 
in the presence of Rh,(OAc), . 

The use of benzophenone as a triplet sensitizer during the 
photolysis of a-diazoketones is known to promote cyclopro- 
pane formation (15), although a large excess of sensitizer is 
required (16). It was anticipated that these conditions would 
allow detection of the cyclopropane. However, benzophenone 
(10 equiv.) sensitized photolysis of 8 failed to provide the 
cyclopropane 9. A mixture of cyclobutanone 7 (30%) and 
dihydrofuran 12 (25%) was formed instead (Table 1). This 
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Scheme 7. Rearrangement pathways for a-diazoketone 34. Table 2. NMR data for dihydrofurans. 

Ftl kp..yy 
49 Ftl 

Scheme 8. Diphenylketene cycloadditions. 

R ,  Et,N - 
R, 

>-0 
O°C Fh No cat. 88% 

result was unexpected since Wolff rearrangement is consid- 
ered to arise only from the singlet carbene (16, 17). Upon 
direct irradiation, no acetal products could be detected and 
clean conversion to the cyclobutanone 7 from [2+2] cycload- 
dition to the ketene double bond was observed. As mentioned 
above, this same pattern was observed with the other a-diazo- 
ketones 25, 28,31, and 34 to give 38, 40, 42, and 44, respec- 
tively. Decomposition of 8 under various conditions that are 
known to promote cyclopropanation (Rh2(0Ac),, pentanel 
ethyl vinyl ether, 30:1, 0°C; Rh,(OPiv),, pentanelethyl vinyl 
ether, 30: 1, 0°C) (7, 8) also afforded 12 as the major product. 
A similar result was obtained with Rh2(0Ac), in ethyl vinyl 
ether at -78"C, although immediate GC-MS analysis indi- 
cated the presence of a minor component (-10%) consistent 
with cyclopropylketone 9. 

A final attempt was made to prepare a sample related to 9, 
the methoxy cyclopropane B, by addition of dimethyloxosul- 
fonium methylide (18) to the en01 ether ketone 6. It was antic- 
ipated that conjugate addition would occur in accord with 
literature precedent (18, 19) to generate the methoxy cyclopro- 
panone B. However, the product was a new methoxydihydro- 
furan system that differed from the dihydrofuran 12 by more 
than the substitution pattern. The 'H NMR signal at 6 5.55 and 

Compound 6 H5 (PPm) 6 C2 (PPm) 6 C3 ( P P ~ )  

5.62 148.2 102.6 
(dd, J = 7.2, 2.6 Hz) 

12 OTBS 

5.45 (m) 148.3 102.4 

5.45 (m) 147.3 102.4 

L 
99 OTBS 

the olefinic carbon signals at 6 113.2 and 148.0 did not fit the 
chemical shift pattern observed for the other isomers, as tabu- 
lated in Table 2. In addition, it was not the product 57 from 
closure of the oxygen anion on the sulfinyl bearing carbon. In 
contrast to literature examples, the ylide adds preferentially to 
the carbonyl group, possibly as a consequence of the steric 
interference of the geminal dimethyl groups. Closure of 55 
should afford the epoxide 56, but this material was not 
detected. Instead it opens in a similar manner to the cyclopro- 
panes to generate a dipolar zwitterionic species 58, which col- 
lapses to give the observed product 59 (Scheme 9). 

Discussion 

The experiments above have established that the major prod- 
uct isolated from the reaction of structurally diverse a-diazo- 
ketones in the presence of rhodium(I1) acetate and related 
catalysts with an electron-rich olefin such as ethyl vinyl ether 
is a dihydrofuran. There are two possible mechanisms for this 
process. The dihydrofuran may arise from a concerted or step- 
wise dipolar cycloaddition to the en01 ether or, alternatively, 
the ethoxy-substituted cyclopropylketone is a true intermedi- 
ate that undergoes rapid fragmentation and subsequent ring 
closure to the dihydrofuran. 

Doyle et al. (20) have examined cyclopropanations with 
ethyl diazoacetate. The regio- and stereochemical control in 
catalytic cyclopropanation reactions is derived from the tran- 
sition metal, its associated ligands, the diazo compound, and 
the olefin. The influence of the olefin is the weakest, while the 
electronic influence of the transition metal provides the dom- 
inant regio- and stereochemical control. Studies with chiral 
catalysts confirmed (21-24) that the transition metal is 
directly involved in the product-forming step. The more stable 
trans cyclopropanes usually predominate and the stereoselec- 
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Scheme 9. Attempted synthesis of cyclopropylketone B 

0 

OTBS OTBS 

I (a) MezSOCH31, NaH, DMF, 21 "C, 2h, 40% 

tivities are not altered by the catalyst concentration, the rate of 
addition of the diazo compound, or the molar ratio of olefin to 

I diazo compound. The cyclopropanation process was proposed 
I by Doyle et al. (6, 20, 25) to occur through an initial interac- 

tion between the olefinic T bond and the electrophilic centre of 
the metal carbenoid, followed by a-bond formation with back- 
side displacement of the catalyst (Scheme 10). As the reaction 
proceeds the T-complexed olefin may rotate around the elec- 
trophilic centre to place the C-C bond of the olefin parallel to 
the metalkarbon bond. Thus the substituted carbon of the ole- 
fin is oriented ailti to the metal. Two transition states, trans 
and cis, are possible in which the energy difference due to the 
interactions between R/R, and COPh determines the predom- 
inant isomer 61 or 62. A study by Noels, Hubert, and co-work- 
ers supports the existence of a free carbene-carbenoid 
equilibrium (26). 

The product distribution is influenced by an increase in the 
nucleophilicity of the carbonyl oxygen and (or) the electrophi- 
licity of the P-carbon in the metaloid complex. This favours 
the dihydrofuran products as a consequence of the increased 
stabilization provided by both the carbonyl group and the 
developing electrophilic centre on the vinyl ether (Scheme 
10). Due to the absence of an ether oxygen this stabilization is 
less with a standard olefin. This influence is usually only 
observed with a-diazoketones, as a-diazoesters are less 
nucleophilic. Dihydrofurans have also been obtained from 
copper-catalyzed reactions of diazomalonates and related dia- 
zoketones with various vinyl ethers (27, 28). These subtle 
effects are illustrated by the finding that dihydrofuran 63 (9%) 
was the minor product (cyclopropane 83%) in the Rh,(OAc), 
catalyzed reaction of a-diazopropiophenone (60) with ethyl 
vinyl ether, but 64 was the major product (40%) with 2-meth- 
oxypropene (6). 

Scheme 10. Possible combined cyclopropanation-dihydrofuran 
mechanism. 

[LnM8H&:1 1 % R&M e 
RhL, 

H COPh 
R;'  C COP^ 

Me?(" ' 
trans 

61 
80 0 

63 R1 = OEt, R = H 
64 R1 = OMe, R = Me 

Scheme 11. Possible dipolar mechanism for dihydrofuran 
formation. 

Et O L R  

65 M = Cu, Rh. etc. 
EtO M e  

68 

Alonso et al. (27) suggested a direct dipolar mechanism to 
explain the formation of dihydrofuran and acyclic products 
from various cyclopropanation reactions (Scheme 11) (27, 
29). The dipolar intermediate 65 was proposed as the precur- 
sor to both the acyclic 67 and dihydrofuran 68 products. In this 
case, 1,3 ring closure to 66 is disfavoured with respect to the 
1,5 ring closure. The stabilization of the dipolar intermediate 
is consistent with Doyle's mechanism where an increase in the 
nucleophilicity of the enolate oxygen increases the ease of 1,s- 
cyclization compared to 1,3-cyclization (6). 

Variation of the catalyst ligands and solvent polarity has a 
significant effect on the outcome of rhodium(I1) carboxylate 
catalyzed cyclopropanation reactions (7, 8, 30). Padwa, 
Doyle, and co-workers have established that the products that 
may arise from a dipolar mechanism are inhibited in pentane 
relative to dichloromethane (30). Competition experiments 
between cyclopropanation and bond insertion (tertiary C-H) 
provided a 4 4 5 6  product ratio with Rh,(OAc),, More electro- 
philic metal carbenoids (perfluoroborate ligands) resulted in 
hydrogen insertion exclusively. In contrast, only cyclopropa- 
nation products were obtained with the less electrophilic rhod- 
ium(I1) caprolactamate catalyst, which suppresses the carbene 
insertion into the C-H bond. Cyclopropanation is enhanced 
relative to dihydrofuran formation with rhodium(I1) pivalate 
as catalyst (3 1, 32). Thus azibenzil (34) and ethyl vinyl ether 
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Lund et al. 

Scheme 12. Reduction of cyclopropylketone 45. 

R&R RhzlOPl~Ir - DlBAL - 
pentane R>y:Et -7aoc 

N2 25 O C  0 0 H 

34 POE~ 45 61 

were treated with Rh2(OAc), in ether and pentane in separate 
experiments to provide the dihydrofuran 43 in yields of 97% 
and 91%. However, unexpectedly, the use of rhodium pivalate 
also gave the same product 43 (93%) in each case. 

Dowd et al. (33) found that Rh,(OAc), catalyzed reactions 
of ketene acetals with methyl diazoacetate yielded unstable 
cyclopropyl esters that were reacted in situ with lithium alumi- 
num hydride, albeit in low yield. They concluded that with dia- 
zoacetone the cyclopropylketone was too reactive to be 
isolated and probably rearranged through a dipolar intermedi- 
ate to yield a small amount of a dihydrofuran product. 

It is standard practice to purify reaction products prior to 
spectroscopy by filtration and chromatography. To discern the 
influence of the work-up conditions on the presumed cyclo- 
propylketone intermediates the following experiments were 
conducted. Reactions with 34 were conducted separately with 
Rh,(OAc),-ether and Rh,(OPiv),-pentane, excess solvent 
was evaporated under a stream of argon, and the crude mate- 
rial was dissolved in CDC13 (which had been assed through P basic alumina immediately prior to use). The H NMR spec- 
trum of this material displayed the characteristic cyclopropane 
signals expected at 6 0.6-0.9 ppm and a I3c NMR signal at 6 
194.5 ppm. In addition, an IR absorption at 1675 cm-' was 
consistent with the cyclopropyl ketone 45. Storage at - 15°C 
(24 h) or further purification resulted in complete conversion 
to dihydrofuran 43. A further attempt was made to detect the 
cyclopropylketone by in situ reduction with DIBAL at -78°C 
(Scheme 12). GC-MS analysis of the red reaction solution 
indicated a new compound (23%) had been formed with a 
mass corresponding to that of cyclopropanol 67 (m/z 268). 
Aqueous work-up and chromatography afforded dihydrofuran 
43 plus benzyl alcohol (69), which appears to result from a 
Grob-type fragmentation (34) to generate benzaldehyde from 
the intermediate aluminate 68 followed by further reduction 
(Scheme 12). 

Conclusions 
The results of the acetal hydrolysis trapping experiments, 
together with the spectroscopic evidence for the formation of 
cyclopropane 45, indicate that dihydrofuran 43 is not formed 
by either a direct concerted or a stepwise mechanistic pathway 
involving a dipolar cycloaddition. Rather the dihydrofuran 
arises from a facile rearrangement of the initially formed 
cyclopropane due to its donor-acceptor substitution pattern. 
This conclusion finds support in related metal-catalyzed sys- 
tems (27) in which cycl~ropanation of en01 ethers or ketene 
acetals is followed by rearrangement as the preferred pathway 
(6,35, 36). In addition, mild oxidation of l-hydroxymethyl-2- 

ethoxycyclopropane to the corresponding ethoxy-aldehyde 
resulted in spontaneous rearrangement to a dihydrofuran (37). 
In the case of vinyl diazoester addition to vinyl ethers 
(Rh,(OAc,), the initial vinyl cyclopropanes undergo a Et,AlCl 
catalyzed rearrangement to cyclopentenes (36). Over 35 years 
ago D'Yakonov and Komendantov concluded that furans 
arose from copper-catalyzed cyclopropanations with ethyl 
diazoacetate and acetylenes by rearrangement of the initial 
cyclopropene (38). By analogy, the same conclusion can be 
extended to the other a-diazoketones in this study with ethyl 
vinyl ether. Indeed the majority of alkene-diazocarbonyl com- 
binations produce cyclopropanes in good yields with standard 
alkenes. Only when the "electronics" of both the reacting part- 
ners are "tuned" to stabilize a dipolar intermediate due to their 
donor-acceptor or push-pull properties, are appreciable 
amounts of dihydrofuran formed (6, 8, 31,33, 37). 

Thus, in keeping with current knowledge, it is reasonable to 
suggest that the a-diazoketone initially forms a metal car- 
benoid intermediate, which adds to the olefin to form an a- 
cyclopropylketone. In the majority of cases with a standard 
olefin, the stable cyclopropane product is isolated. However, 
with electron-rich en01 ethers the electronic substitution pat- 
tern precipitates further rearrangement, resulting in ring open- 
ing and subsequent cyclization to afford the observed 
dihydrofurans. In these cases, exposure to most purification 
conditions (filtration through a plug of celiteo, TLC, or stand- 
ing at - 10 to - lS°C, -24 h) assists the rearrangement. Vari- 
ation in the polarity of the reaction medium has no significant 
effect on the outcome of the reaction, and it is therefore 
unlikely that a dipolar-type mechanism, as illustrated in 
Schemes 10 and 1 1, is involved. Thus, we favour the interme- 
diacy of the cyclopropane in the majority of literature exam- 
ples that involve electron-rich alkenes. Therefore, a common 
mechanism should be applied to most metal-catalyzed a-di- 
azoketone cyclopropanations with all olefins. The product dis- 
tribution reflects, in large measure, the relative stability of the 
three-membered ring system and its substitution pattern. Con- 
sistent with this conclusion, the literature experimental data 
are (naturally) not reported on crude reaction products before 
the dihydrofurans are formed but after purification, by which 
time, in most cases, the primary donor-acceptor substituted 
cyclopropanes have rearranged by ring opening and subse- 
quent cyclization (Scheme 7). This implies that much of the 
mechanistic work and corresponding conclusions compiled to 
date concerned with cyclopropanation - dihydrofuran forma- 
tion would benefit from further study under controlled, neutral 
conditions. 

In summary, spontaneous dihydrofuran formation from a -  
diazoketones usually requires diactivated cyclopropyl carbo- 
nyl systems. This mild route from cyclic a-diazoketones via 
monoactivated cyclopropyl ketones provides an attractive 
sequence to generate compounds for further synthetic manip- 
ulation in view of the widespread occurrence of five-mem- 
bered oxygen-containing heterocyclic ring systems in nature 
(39)., 

Finally, it would be beneficial to have a standard, recog- 
nized nomenclature to describe this rhodium(I1) mediated 
cyclopropanation-rearrangement process to afford dihydro- 

For a spiro-dihydrobenzofuran system see ref. 39c. 
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furans. This conversion has a formal resemblance to a dipolar 
cycloaddition. For example, in a nice synthesis of aflatoxin B2, 
the intermolecular addition of an a-diazodiketone to 2,3-dihy- 
drofuran via a cyclopropanation-rearrangement sequence is 
described as a "rhodium carbenoid dipolar cycloaddition", a 
"rhodium-mediated dipolar cycloaddition", or "the formal 
dipolar cycloaddition of cyclic diazodicarbonyl compounds 
with vinyl ethers mediated by dirhodium catalysts" (40). 
Clearly a cycloaddition is an addition reaction that forms a 
ring; however, this term also has mechanistic implications 
implying the reaction is either of a pericyclic or dipolar nature. 
In the present context these dihydrofuran-forming reactions 
may be characterized as a sequence involving a metal car- 
benoid or metal-mediated cyclopropanation - ring opening - 
cyclization pathway in which the cyclopropane cleavage step 
is similar to a Grob-type fragmentation,3 which affords a di- 
polar intermediate that closes to the dihydrofuran. 

Experimental (see ref. I d  for general procedures) 

2-Formyl-3,3-dimethyl-4-tert- 
butyldimethylsilyloxymethylcyclohexanone (5) 

Copper(1) iodide (3.80 g, 20 mmol) suspended in ether (200 
mL) was cooled to 0°C and methyllithium (28.6 mL, 40 mmol) 
was added to the stirred suspension. After stirring for 15 min, 
an ether solution of the enone 4 (Id) (2.56 g, 20 mmol) was 
added dropwise over 10 min. After 90 min, ethyl formate (9 
rnL) was added and, after a further 20 min at O°C, the reaction 
was poured into aqueous 10% NH4C1 solution (150 mL). The 
organic layer was washed (3x) with dilute aqueous 1% HC1 
solution, dried, and concentrated. Chromatography (ethyl ace- 
tatelpetroleum ether; 1:20) gave 5 (0.64 g, 20%). 'H NMR 
(200 MHz) 6: 0.03 (s, 6H), 0.90 (s, 9H), 1.1 1 (s, 3H), 1.30 (s, 
3H), 1.55 (m, 2H), 1.95 (m, lH), 2.40 (m, 2H), 3.42 (dd, lH, J 
= 8.4, 5.3 HZ), 3.83 (dd, lH, J =  4.3, 8.7 HZ), 8.90 (d, lH, J =  
3.2 Hz), 15.22 (d, lH, J =  3.2 Hz); 13c (50.3 MHz) 6: 188.3, 
185.6, 117.9, 62.5, 46.0, 33.3, 30.2, 29.0, 25.6, 19.9, 18.0, 
-5.7; HRMS calcd. for Cl,H2,03Si (M' -C4Hg): 241.1259; 
found: 241.1252. 

2-Formyl-5,s-dimethyl-4-tert- 
butyldimethylsilyloxymethylcyclohexanone (24) 

This compound was a component of the reaction above and 
was prepared selectively when the reaction was allowed to 
warm to 21°C prior to adding the ethyl formate. After a further 
4 h, work-up as above afforded 24 (2.5 g, 78%). 'H NMR (200 
MHz) 6: 0.02 (s, 6H), 0.85 (s, 12H), 0.98 (s, 3H), 1.55 (m, lH), 
2.09(d,2H, J =  11.4Hz),2.51 (dd, lH, J=5 .8 ,  15.7Hz), 3.41 
(dd, 1H,J= 8.4,5.3Hz),3.75(dd, lH,J=4.3,8.7Hz),8.73 (d, 
lH, J =  1.6 Hz), 15.0 (d, IH, J = 1.6 Hz); I3c (50.3 MHz) 6: 
188.3, 185.6, 117.9, 62.5, 46.0, 33.3, 30.2, 29.0, 25.6, 19.9, 
18.0, -5.7. HRMS calcd. for C12H2,03Si (M' -C4H9): 
241.1259; found: 241.1254. 

2-(Methoxymethy1idene)-3,3-dimethyl-4-tert- 
butyldimethylsilyloxymethylcyclohexanone (6) 

Treatment of 5 (200 mg, 0.067 mmol) in ether (1 mL) at 22°C 

For a Grob-type fragmentation in cyclopropanone acetals see 
ref. 41. 

with excess diazomethane (prepared from N-nitrosomethyl- 
urea) in ether afforded 6 directly. Concentration followed by 
chromatography (20% acetone - petroleum ether) gave the 
product 6 (174 mg, 83%). 'H NMR (acetone-d6) (200 MHz) 6: 
0.08 (s, 6H), 0.90 (s, 9H), 1.1 1 (s, 3H), 1.34 (s, 3H), 1.56-2.32 
(m, 5H), 3.50 (dd, IH, J = 8.15, 10 Hz), 3.85-3.92 (m, 4H), 
7.22 (s, 1H); I3c (50.3 MHz) 6: 201.8, 160.6, 123.5, 
62.7, 61.9, 47.8, 37.1, 36, 26.9, 25.8, 21.1, 20.7, 18.2, -5.4; 
HRMS calcd. for CI3H2,O3 (M' -C4Hg): 255.1416; found: 
255.1409. 

2-Diazo-3,3-dimethyl-4-tert- 
butyldimethylsilyloxymethylcyclohexanone (8) 

Standard diazo transfer procedure 
2-Formyl- 3,3-dimethyl-4- tert-butyldimethylsilyloxymethyl- 
cyclohexanone (5) (3.6 g, 12 mmol) was dissolved in dichlo- 
romethane (25 mL) and freshly distilled triethylamine (3.37 
mL, 0.024 mmol) was added. The solution was cooled in an 
external ice-salt bath (- 10°C) and p-toluenesulfonyl azide 
(1.8 g, 10 mmol, prepared from p-toluenesulfonyl chloride 
and sodium azide) was added with vigorous stimng over a 
period of approximately 1 h. Stirring was continued for an 
additional 2 h as temperature rose to 0°C. A solution of KOH 
(0.672 g, 12 mmol) in water (25 mL) was added and the mix- 
ture was stirred at 21°C for 15 min. The resulting emulsion 
was placed in a separatory funnel (100 mL), the dichlo- 
romethane layer separated, and the aqueous layer extracted 
twice with dichloromethane (5 mL). The combined dichlo- 
romethane extracts were washed with aqueous KOH solution 
(0.05 g in 15 mL water), water, and dried. Concentration and 
chromatography (5% ethyl acetate - petroleum ether) gave the 
product in 20% yield from 4. IR (neat): 2100, 1740 cm-'; 'H 
NMR (200 MHz) 6: 3.85 (dd, lH, J = 10.0, 4.4 Hz) 3.54 (dd, 
lH, J =  10.0,7.5 Hz), 2.41 (m, 2H),2.1 (m, lH), 1.71 (m, 2H), 
1.39 (s, 3H), 11.17 (s, 3H), 0.93 (s, 9H), 0.1 (s, 6H); 13c (50.3 
MHz) 6: 193.9, 62.5, 62.2, 51.4,44.2, 32.6, 28.4, 25.6, 22.3, 
17.9, -5.8; HRMS calcd. for C15H2,02Si: 268.1858; found: 
268.1865. 

2-Diazo-4-(tert-butyIdimethylsilyloxy)methyl-5,5- 
dimethylcyclohexanone (25) 

70% yield from 24. IR (neat): 2100, 1740 cm-'; 'H NMR (200 
MHz) 6: 3.82 (dd, lH, J =  10.0,4.4Hz), 3.5 (dd, lH, J =  10.0, 
7.5 Hz), 2.85 (m, lH), 2.60 (m, 1H) 2.08 (s, 2H), 1.68 (m, 
IH,), 0.97 (s, 3H), 0.89 (s, 3H), 0.85 (s, 9H), 0.15 (s, 6H); 13c 

(50.3 MHz) 6: 193.9, 62.5, 62.2, 51.4, 44.2, 32.6, 28.4, 25.6, 
22.5, 17.9, -5.8; HRMS calcd. for CI5H2,O2Si: 268.1858; 
found: 268.1865. 

2-Diazo-4-cyano-4-phenylcyclohexanone (28) 
40% yield from the parent ketone 26. IR (CC1,) 2238, 21 10, 
1727 cm-'; 'H NMR (200 MHz) 6: 2.34 (dd, 2 H, J = 8.1,4.2 
Hz),2.57(dt, 1 H, J=  18.4,4.1 Hz),2.80(dt, 1 H, J=  18.4,9.5 
Hz), 3.22 (s, 2 H), 7.42 (m, 5 H); I3c (50.3 MHz) 6: 190.4, 
137.7, 129.5, 129.0, 125.5, 120.8,62.5 (C-2),41.2, 34.3,33.7, 
32.2; MS m/z: 225, 197, 168, 154, 141, 129. 

2-Diazo-1-cyclohexyl-1-oxoethane (31) 
Oxalyl chloride (4.8 mL, 54.6 mmol) was added dropwise to a 
stirred solution of cyclohexanecarboxylic acid (1 g, 7.8 mmol) 
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in benzene (40 mL). Concentration gave the acid chloride 
(97%), which was reacted directly with an ethereal solution of 
diazomethane to generate the diazoketone 31 (95%). IR (neat): 
2104, 1636 cm-'; 'H NMR (200 MHz) 6: 1.25 (m, 6H), 1.71 
(m, 4H), 5.22 (s, lH), 2.10 (br, 1H); ',c (50 MHz) 6: 198.5, 
29.1, 25.6; HRMS calcd. for C8H12N20: 152.0950; found: 
152.0942. 

2-Diazo-1,2-diphenyl-1-ethanone (34) 
A suspension of benzil monohydrazone 33 (2.0 g, 8.92 mmol) 
in THF (200 mL) was heated at reflux until the mixture 
became homogeneous. Powdered Ag,O (2.26 g, 9.75 mmol) 
was added in small portions over 15 min and the resulting mix- 
ture was heated at reflux for 5 h with vigorous stimng. The sil- 
ver residue was removed by hot filtration (gravity, over 
celiteo) and washed with two 5 rnL portions of THF. The fil- 
trate was concentrated to give -2 g of oily orange crystals. 
Recrystallization from pentane yielded 1.66 g (84%) of azi- 
benzil34 as bright orange crystals, mp 66-67°C (lit. (13b) mp 
67-67.5"C); IR (KBr pellet): 305 1,2075,1605 cm-I; ',c NMR 
(50.3 MHz): 6: 182.5, 132.0, 125.9, 125.7, 123.4, 123.1, 
122.6, 122.1, 121.5, 120.1 ppm. 

2-Formyl-4-cyano-4-phenylcyclohexanone (27) 
A stirred mixture of sodium hydride (0.376 g, 12.5 mmol, 80% 
in mineral oil, Aldrich), anhydrous ether (100 mL), and ethyl 
alcohol (0.25 mL) was cooled (0°C) and a solution of ketone 
26 (2.5 g, 12.5 mmol) and redistilled ethyl formate (1.52 mL, 
18.8 mmol) was added dropwise over 1 h. After 66 h, ethanol 
(1 mL) and water (10 mL) were added and the mixture was 
poured into a separatory funnel (500 mL). The organic layer 
was separated, washed with water (5 mL), and the combined 
aqueous extract was washed with ether (100 mL). The aqueous 
layer was acidified with 6 N HC1 (4 mL) and the mixture 
extracted twice with ether (30 mL). The combined ether solu- 
tions were washed with brine (25 mL), dried, filtered, and con- 
centrated to give the product 27 (2.5 g), which was used 
directly in the diazo transfer step. 

Standard catalytic procedure 
An anhydrous diethyl ether (1.5 mL) solution of a-diazo- 
ketone 8 (100 mg, 0.34 mmol) was added over 4 h by syringe 
pump (Sage model 341A) to a stirred solution (dichlo- 
romethane, anhydrous ether, pentane, or benzene) of the cata- 
lyst ((1 mg, 4.5 mmol, palladium(I1) acetate) or (0.7 mg, 1.7 
mmol, rhodium(I1) acetate or rhodium(I1) pivalate) or (1.7 mg, 
16.8 mmol, cuprous chloride)) and excess alkene (1 mL) at 
room temperature (21°C). The needle of the syringe was 
placed just below the surface of the reaction solution. Once the 
addition was complete, the mixture was concentrated, flushed 
through a small amount of silica gel (70-230 mesh) or celiteo, 
and reconcentrated. The product was purified by chromatogra- 
phy (5% ethyl acetate - petroleum ether) to give 12 in 70% 
yield (rhodium(I1) acetate). IR (neat): 1100 cm-'; 'H NMR 
(200 MHz) 6: 0.15 (s, 6H), 0.85 (s, 9H), 1.05 (s, 3H), 1.24 (t, 
3H, J = 7 . 1  Hz), 1.27 (s, 3H), 1.71-2.80(m, 7H), 3.35 (m, lH), 
3.50 (m, lH), 3.75 (m, 2H), 5.45 (m, 1H); I3c (50.3 MHz) 6: 
148.3, 104.6, 102.4, 63.4, 63.2, 45.7, 39.5, 39.4, 32.6, 28.8, 

25.7,23.8,23.0, 18.0, 15.0, -5.7; DEPT (50.3 MHz) 6: 104.6 
(CH), 63.4 (CH,), 63.2 (CH,), 45.7 (CH), 39.5 (CH,), 38.4 
(CH,), 28.8 (CH,), 25.7 (CH,), 23.8 (CH,), 23.0 (cH~), 15.0 
(CH,), -5.7 (CH,); HRMS calcd. for C19H3603Si: 340.2433; 
found: 340.2433. 

4,4-Dimethyl-3-tert-butyldimethylsiloxymethyl-7-oxa-8- 
ethoxybicyclo[4.3.0]non-1,6-ene (37) 

75% yield from diazoketone 25 with rhodium(I1) acetate cata- 
lyst. IR (neat): 1100 (vs, C-0) cm-'; 'H NMR (200 MHz) 6: 
0.14 (s, 6H), 0.85 (s, 9H), 0.86 (s, 3H), 0.96 (s, 3H), 1.19 (t, 
3H, J = 7.1 Hz), 1.70-2.60 (m, 7H), 3.35 (m, lH), 3.53 (m, 
lH), 3.75 (m, 2H), 5.50 (m, 1H); ',c (50.3 MHz) 6: 147.3, 
105.0, 102.4, 63.6, 63.2, 45.5, 39.4, 39.2, 31.6, 28.6, 25.5, 
23.8, 22.9, 18.0, 15.1, -5.6; HRMS calcd. for CI9H3,O3Si: 
340.2433; found: 340.2425. 

3-Cyano-3-phenyl-7-oxa-8-ethoxybicyclo[4.3.0]non-1,6- 
ene (39) 

40% yield from cyclohexanone 27 with rhodium(I1) acetate 
catalyst. IR (CCI,): 1098, 2241 cm-'; 'H NMR (200 MHz) 6: 
1.23 (t, 3H, J = 7.1 Hz), 2.40 (m, 8H), 3.71 (m, 2H), 5.55 (m, 
lH), 7.33 (m, 5H); ',c (50.3 MHz) 6: 149.3, 139.9, 129.0, 
102.0, 64.0, 39.3, 35.9, 32.8, 21.2, 14.9; HRMS calcd. for 
Cl,H19NO: 269.141 1; found: 269.1382. 

2,3-Diphenyl-5-ethoxy-4,s-dihydrofuran (43) 
The Rh,(OAc), catalyzed addition of ethyl vinyl ether to 34 
(21°C) (500 mg, 2.25 mmol) followed the general method 
described above. The 'H NMR spectrum of the crude product 
showed no remaining starting material and GC-MS analysis 
indicated a 97% conversion to the dihydrofuran 43. Analysis 
(TLC, silica gel, 20: 1 petroleum etherlethyl acetate) indicated 
rapid decomposition of the acetal. Dihydrofuran 43 was 
decomposed on exposure to CDC13 that had not been passed 
through basic alumina immediately prior to use. A purified 
sample was obtained by flash chromatography (20: 1, hexanesl 
ether) to give 43 (68%) as a pale yellow oil. 

43: IR (film, NaC1): 101 1, 760, 694 cm-'; 'H NMR (200 
MHz) 6: 7.53-7.10 (m, 10H, aromatic protons), 5.62 (dd, H,, 
J , ,=  7.2Hz, Jc ,d=2.6Hz) ,  3.97 (dq,Hb, Jb,,= 9.6Hz, Jb,b'= 
7.1 HZ), 3.66 (dq, Hb', JbI,, = 9.6 Hz, .Ib,,, = 7.1 Hz), 3.41 (dd, 
He, J,,, = 16.4 HZ, Je ,  = 7.2 HZ), 2.93 (dd, Hd, J,,, = 16.4 HZ, 
J,, = 2.6 Hz), 1.06 (dd, 3H,, J,,, = J,,,, = 9.6 Hz); 13c NMR 
(50.3 MHz, DEPT) 6: 148.2 (s, Ph(O)C=C), 135.1 and 131.7 
(s, phenyl ips0 C), 128.5, 128.2, 128.1, 127.9, 127.5, 126.1 (d, 
phenyl CH), 109.3 (s, C=CPh(CH,)), 102.6 (d, OCHO), 63.7 
(t, CCH,CH(O)(O)), 42.3 (t, 0CH2CH3), 15.3 (q, CH2CH,) 
ppm; HRMS calcd. for C18H1802: 266.1307; found: 
266.1331. 
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3,3-Dimethyl-4-tert-butyldimethylsilyloxymethyl-2-(spiro- 
3-oxabicyclo[3.l.0]hexyl)cyclohexanone (35) 

The standard reaction with 8 and rhodium(I1) acetate with 2,s- 
dihydrofuran afforded the cyclopropyl product 35 (25%). IR 
(neat): 1710 cm-'; 'H NMR (200 MHz) 6: 0.0 (s, 6H), 0.81 (s, 
3H), 0.87 (s, 9H), 1.21 (s, 3H), 1.23-1.50 (m, 2H), 1.9 (m, lH), 
2.1-2.7 (m, 4H), 3.3 1-3.60 (m, 2H), 3.70-3.85 (m, 2H), 4.2 1 
(m, lH), 4.70 (m, IH); I3c (50.3 MHz) 6: 210.2, 75.0, 62.7, 
54.0, 46.0, 38.5, 36.1, 33.0, 29.5, 26.0, 21.2, 18.0, -6.4; 
HRMS calcd. for C19H3,03Si (M+ -H20): 320.2099; found: 
320.2097. 

3,3-Dimethyl-4-tert-butyldimethylsilyloxymethyl-2- 
(spiro[4.1.O]heptanyl)cyclohexanone (36) 

The standard reaction with rhodium(I1) acetate and 8 plus 
cyclohexene gave the product 36 in 25% yield. IR (neat): 1710 
1093 cm-I; 'H NMR (200 MHz) 6: 0.04 (s, 6H), 0.88 (s, 12H), 
1.03 (s, 3H), 1.06-2.3 1 (m, 15H), 3.84 (m, 1 H); HRMS calcd. 
for C21H3802Si: 350.2641; found: 350.2661. 

Diphenylketene (20) (ref. 14) 
A Schlenk flask (100 mL) containing a solution of diphenyl 
acyl chloride 52 (4.2 g, 5.64 mmol) in EbO (50 mL) was 
cooled to 0°C. Triethylamine (2.36 mL, 16.9 mmol, 3 equiv.) 
was added dropwise over 5 min to give a canary-yellow solu- 

I tion. The flask was sealed under argon and placed in the fridge 
overnight to precipitate Et3N.HCl. The salt was removed by 

I filtration through a medium glass frit under an atmosphere of 
, argon. Concentration under vacuum followed by flash vacuum 
I distillation gave 20 as a thick yellow oil (0.91 g, 83%), bp 
I 

120-122°C at 0.15 Torr (1 Torr = 133.3 Pa). The distillation 
must be done rapidly to avoid formation of the ketene dimer. 

I IR (KBr): 1762 cm-'; IR (film, NaCl): 2097 (s) cm-I; 'H NMR 
(200 MHz) 6: 7.1-7.8 (m, 10H). 

Standard photolysis procedure 
A solution of a-diazoketone 34 (100 mg, 0.45 mmol) in 
ethyl vinyl ether (5 mL, 52.3 mmol) was placed in an oven- 
dried quartz tube (15 mm x 120 mm) that had been cooled 
under a stream of argon. The solution was degassed with 
dry deoxygenated argon (20 min) and irradiated with a 
medium-pressure Hanovia mercury lamp for 2.5 h until 
TLC analysis indicated that the starting material was con- 
sumed. Concentration and chromatography (1 1 : 1 petroleum 
etherlethyl acetate) gave the cyclobutanone 44 (103 mg, 
87%). IR (film): 1779 cm-'; 'H NMR (200 MHz) 6: 7.5-7.1 
(m, 10H, aromatic protons), 4.82 (m, IH), 3.6-3.1 1 (m, 
4H), 1.06 (t, 3H); HRMS calcd. for C,,H,,O2: 266.1307; 

I 
found: 266.13 16. 

Sensitizedphotolysis of a-diazoketone 34 with ethyl vinyl 
ether 

The procedure above was modified by the addition of ben- 
zophenone (0.813 g, 4.46 mmol, 10 equiv.) to the solution of 
a-diazoketone 34 (100 mg, 0.446 mmol) and ethyl vinyl ether 
(5 mL, 52.3 mmol). The mixture was degassed and irradiated 
(4.5 h). Concentration and chromatography (I 1:1 petroleum 
etherlethyl acetate) gave 63 mg of cyclobutanone 44 and 8 mg 
of crude dihydrofuran 43 (7%)). Further radial chromatogra- 

phy (silica gel, 4 mm plates, 20: 1 petroleum etherlethyl ace- 
tate) afforded cyclobutanone 44 (52 mg, 44%). 

Thermal reaction, no catalyst: Ethyl vinyl ether (246 I-LL, 2.57 
mmol), diphenylketene 20 (200 mg, 1.03 mmol), and freshly 
distilled ether (25 mL) were placed in a 5 mL round-bottom 
flask and stirred under argon overnight. The IR of the reaction 
mixture contained no diphenylketene absorption (2096 cm-I). 
Excess ethyl vinyl ether was removed under vacuum and the 
last traces of the ether were removed under a stream of argon. 
Chromatography (silica gel, 5: 1 petroleum etherlethyl acetate) 
gave 44 (241 mg (88%) as a bright yellow oil. The less polar 
product was the dimer of diphenylketene (IR (neat): 1814 
(s) cm-'; 'H NMR (200 MHz) 6: 7.84-7.72 (m, 1.5H), 7.62- 
7.38 (m, 2H), 7.3-7.1 (m, 1.5H) 7.84-7.10 (m, aromatic 
protons)). 

With catalyst: A solution of diphenylketene 20 (200 mg, 1.03 
mmol) and freshly distilled ether (9 mL) was added by syringe 
pump to a mixture of ethyl vinyl ether (-1 mL, excess) and 
Rh2(OAc), (9 mg, 2 mol %) over a period of 7 h. The reaction 
mixture, after column chromatography (silica gel, 5: 1 petro- 
leum etherlethyl acetate), yielded cyclobutanone 44 (206 mg, 
89%). 

5,s-Dimethyl-3-ethoxy-6-tert- 
butyldimethylsilyloxymethylspiro[3.4]heptan-l-one (7) 

Direct photolysis of 8 in ethyl vinyl ether gave 7 in 88% yield. 
IR (neat): 1780, 1100 cm-'; 'H NMR (200 MHz) 6: 0.15 (s, 
6H), 0.85 (s, 12H), 1.05 (s, 3H), 1.20 (m, 3H), 1.71 (m, 4H), 
2.11 (m, lH), 3.02 (m, 2H), 3.45 (m, 4H), 3.87 (m, IH); 
HRMS calcd. for C19H3,03Si: 283.1734; found: 283.1715. 

6-Phenyl-6-cyano-3-ethoxyspiro[3.4]heptan-l-one (40) 
Direct photolysis of 28 in ethyl vinyl ether gave 40 in 60% 
yield. IR (CCI,): 2234, 1779 cm-'; 'H NMR (200 MHz) 6: 
1.23 (m, 3H), 2.52 (m, 6H), 3.19 (m, 2H), 3.63 (m, 2H), 4.11 
(m, lH), 7.34 (m, 5H); HRMS calcd. for C17H,,02N: 
269.141 1; found: 269.141 1. 

2-Cyclohexyl-3-ethoxycyclobutanone (42) 
Direct photolysis of 31 in ethyl vinyl ether gave 42 in 80% 
yield. IR (neat): 1780 cm-'; 'H NMR (200 MHz) 6: 1.00 (m, 
9H), 1.83 (m, 5H), 2.91 (m, 3H), 3.45 (m, 2H), 4.15 (m, 1H); 
MS d z :  197, 196, 168, 154, 150, 132, 122, 108, 80, 67. 

3,4-Diphenylbutan-4-oxo-(2,2-dimethylpropylenedioxy) 
acetal(49) 

Dihydrofuran 43 (17 mg, 0.064 mmol) and 2,2-dimethyl-1,3- 
propanediol (20 mg, 0.192 mmol, 3 equiv.) were dissolved in 
dry benzene (10 mL) and a single crystal of PPTS was added. 
The mixture was stirred at room temperature until there was 
no remaining dihydrofuran by TLC analysis. The crude reac- 
tion mixture was concentrated and chromatographed (5:l 

etroleum etherlethyl acetate) to give acetal49 (14 mg, 68%). 
'H NMR (500 MHz, COSY) 8: 8.00-7.98 (m), 7.97-7.20 (m) 
(lOH, phenyl protons), 4.91 (dd, Ha, J = 7.8,7.0 Hz), 4.3 1 (dd, 
H,, J = 5.6, 4.9 Hz), 3.38 (ddd, 2H,, J = 18.8, 10.9, 2.7 Hz), 
3.29 (dd, 2Hd, J = 17.2, 11.0 HZ), 2.60 (ddd, He, J =  13.8,7.9, 
5.8Hz),2.15 (ddd,H,, J , =  13.8,6.8,4.8Hz), 1.14 (s,3Hg), 
0.67 (s, 3H,); I3c NMR (125 MHz, DEPT) 6: 199.2 (s, C=O), 
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139.0 (s), 136.6 (s), 134.8 (d), 132.7 (d), 129.8 (d), 128.9 (d), 
128.9 (d), 128.6 (d), 128.3 (d), 128.2 (d), 127.0 (d), 100.0 (d, 
C,), 77.71 (t, C,,,), 48.1 (d, C,), 38.5 (t, C,,,), 30.0 (s, 
C(CH3),), 22.9 (q, Cg), 21.7 (q, C,) ppm; HRMS calcd. for 
C21H2403: 324.1726; found: 324.1741. 

Ethan-2-(4-cyano-4-phenyl-2-ethyl-l-oxocyclohexyl)-2,2- 
dimethylpropylenedioxy acetal (51) 

Compound 39 (1 8 mg, 0.067 mmol) and 2,2-dimethyl-l,3-pro- 
panediol(35 mg, 0.33 mmol, 5 equiv.) were dissolved in anhy- 
drous benzene (4 mL). A single crystal of PPTS was added and 
the solution was stirred at 21°C for 13 h. Chromatography (5: 1 
petroleum ethertethyl acetate) provided 51 (12.3 mg, 56%). 

51 

51: 'H NMR (500 MHz, COSY) 6: 7.50-7.48 (m, 2H,), 7.42- 
7.39 (m, 2H,), 7.36-7.34 (m, H,), 4.58 (dd, H,, J = 5.9, 3.9 
Hz),3.56(dm,2H,J= 11.3Hz,He),3.40(d, l H , J =  11.3Hz, 
Hf), 3.37 (d, lH, J =  11.3 Hz, Hi), 3.24 (m, Hg), 2.97 (m, H,), 
2.67 (ddd, H,, J =  13.6, 5.4, 3.7 HZ), 2.57 (ddd, Hj, J = 14.3, 
4.2,2.5 Hz), 2.450 (m, Hk), 2.32 (ddd, HI, J=  3.91,6.14, 14.31 
HZ), 2.25 (ddd, H,, J =  14.0, 14.0,4.2 Hz), 1.98 (ddd, H,, J =  
13.6, 13.6, 13.6Hz), 1.45 (ddd, H,, J =  5.93.9, 14.3 Hz), 1.16 
(s, 3H,), 0.69 (s, 3H,). In 'H-'H decoupling experiments, irra- 
diation of the methine proton at 6 3.24 (H,) caused the collapse 
of the following signals: 6 2.67 (H,) to a Jd, J = 13.6,3.7 Hz; 6 
2.32(H1)toadd, J=  14.3,3.9Hz;6 1.98(Hn)toadd, J=  13.6, 
13.6 Hz; and 6 1.45 (H,) to add, J = 14.3,5.9 Hz. Irradiation of 
the acetal methine proton at 6 4.58 (H,) caused the collapse of 
the signal at 6 2.32 (HI) to a dd, J = 14.3,6.1 Hz and the signal 
at 6 1.45 (H,) to a dd, J = 14.3, 5.9 Hz; I3c NMR (125 MHz, 
DEPT) 6: 208.4 (s, F O ) ,  138.7 (s, phenyl=C(C)(C)), 129.2 
(d, C,), 128.5 (d, C,), 125.5 (d, C,), 121.6 (s, CN), 100.1 (d, 
Cd), 77.2 (t, C,,), 76.7 (t, C,,,), 44.6 (s, C-CN), 42.9 (d, C,), 
39.0 (t, C,,,), 38.0 (t, C,,), 33.5 (t, C,,,), 30.1 (s, 
C(CH3)(CH3)), 23.0 (q, C,), 21.8 (q, C,); MS (EI) m/z: 326 
(M- 1 ,  1.0%), 283 (M-44, 8.1%), 197 (20.3%), 149 (74%), 
129 (43%), 115 (37%), 105 (C6H5C=O+, 16%), 77 (22%, 
C6H5+), 57 (base peak), 41(81%); HRMS calcd. for 
C2,H,,NO3 (M+ -H): 326.1834; found: 326.180 1. 

9-Methoxy-2,2-dimethyl-3-tert-butyldimethylsilyloxy- 
methyl-8-oxabicyclo[4.3.0]non-1,6-ene (59) 

Trimethyloxosulfonium iodide (38.2 mg, 0.17 mmol) in DMF 

(0.5 mL) was added to a suspension of NaH (4 mg) in DMF (1 
mL) at 21 "C. After stirring for 20 min, a solution of 6 (53 rng, 
0.17 mmol) in DMF (0.5 mL) was added in one portion and 
stirring was continued for 2 h. Cold water was added and the 
reaction mixture was extracted several times with ether. The 
combined ether extracts were washed with water and brine, 
dried, and chromatographed (5% Et,O - petroleum ether) to 
give 59 (22 mg, 40%). 'H NMR (300 MHz) 6: 0.02 (s, 6H), 
0.86 (s, 3H), 0.87 (s, 9H), 1.1 (s, 3H), 1.43-1.50 (m, 2H), 
1.90-1.96 (m, lH), 2.04-2.09 (m, 2H), 2.38-2.35 (m, IH), 
2.64-2.68 (m, lH), 3.40 (dd, lH, J=  8.8, 10 Hz), 3.42 (s, 3H), 
3.75 (dd, lH, J = 3.6, 10 HZ), 5.34 (dd, lH, J = 2.6, 7.2 Hz); 
',c (75 MHz) 6: 148.2, 113.2, 105.6, 63.5, 55.4, 47, 35.4, 
26.9, 25.9, 22.4, 22.18, 22, 21.8, -5.3; DEPT (75 MHz) 6: 
105.6 (CH), 63.5 (CH,), 55.4 (CH,), 47 (CH), 35.4 (CH,), 
26.9 (CH,), 25.9 (CH,), 22.4 (CH,), 22.2 (CH,), 22 (CH,), 
-5.3 (CH,); HRMS calcd. for C18H3403: 326.2276; found: 
326.2285. 

Trapping experiment with DIBAL 
Diazo compound 34 (0.050 g, 0.223 mmol) in pentane (30 
mL) with Rh,(OPiv), (2 mol%) as the catalyst was reacted as 
above. After the addition of 34 was complete the lime-green 
reaction mixture was cooled to -78°C and DIBAL (1.5 M in 
toluene, 300 p,L, 0.446 mmol) added in one portion. The solu- 
tion immediately turned bright red. This mixture was allowed 
to stir at -78°C for 15 min. GC-MS analysis indicated the 
presence of a new peak (23% of the mixture) with a mass cor- 
responding to the a-cyclopropyl alcohol 67. The reaction was 
quenched with a saturated aqueous solution of sodium potas- 
sium tartrate (5 mL). This mixture was extracted with ether (3 
x 10 mL). The combined extracts were washed with brine, fil- 
tered, dried, and concentrated to give 54 mg of crude product 
as a thick red-brown oil. Chromatography (5:l petroleum 
ethertethyl acetate) afforded benzyl alcohol (6 mg) and the 
cyclopropyl alcohol 67 (1 0 mg). 

The standard reaction rhodium(I1) acetate reaction was con- 
ducted with ethyl vinyl ether and 34 but filtration was 
bypassed and the lime-green crude solution was concentrated 
directly under a stream of argon. It was dissolved in CDCl, 
that had been passed through basic alumina immediately prior 
to use. The 'H and 13c NMR and IR spectra of this opaque sus- 
pension were recorded immediately. The sample was stored in 
the freezer, without solvent, under an atmosphere of argon. 
Attempts to purify cyclopropane 45, other than by filtration 
under an inert atmosphere, resulted in either partial or com- 
plete conversion to dihydrofuran 43. Slow conversion of 45 to 
43 occurred on storage (- 10-15°C) in a sealed flask under an 
inert atmosphere. Compound 45: IR (film, NaCl): 3062, 1722 
cm-'; 'H NMR (200 MHz) 6: 7.92-7.78 (m, 5H), 7.62-6.90 
(m, 5H), 3.38 (q, 2H), 1.41-0.90 (m, 5H, overlapping t at 
1.12), 0.90-0.62 (m, 1H) ppm; ',c NMR (50.3 MHz) 6: 194.5, 
134.8, 132.9, 129.9, 129.1, 129.0, 128.7, 128.6, 128.2, 128.1, 
128.0, 65.8, 32.4,29.7, 23.2, 15.3 ppm. 
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Extended chain 2,3=pyrazinedicarboxylate 
complexes of manganese(1 I) and cadmium(1 I); 
synthesis and structure and magnetic 
properties 

Long Mao, Steven J. Rettig, Robert C. Thompson, James Trotter, 
and Shihua Xia 

Abstract: Manganese and cadmium complexes of singly and doubly deprotonated 2,3-pyrazinedicarboxylic acid (pyzdcH,) 
have been prepared and studied. Crystal data: [H,O],[Mn(pyzdc),],, 1, monoclinic, C2/c (no. 15), a = 14.472(1) A, b = 8.475(2) 
A, c = 13.0771(9) A, P = 114.753(4)", Z =  4; [H,O],[Cd(pyzdc),],. 2, monoclinic, C2/c (no. 15), a = 14.4857(9) A, b = 8.502(1) 
A, c = 14.9803(7) A, P = 126.951(2)", Z =  4; [Mn(pyzdc)(H,O),];2x~, 3, monoclinic, P2,/c (no. 14), a = 6.5523(7) A, b = 
7.6702(7) A, c = 20.5815(6) A, P = 93.605(5)", Z =  4; [Cd(py~dc)(H,O),],~.xH,O, 4, monoclinic, Cc (no. 9), a = 6.088(1) A, b = 
11.5410(9) A, c = 15.0624(7) A, P = 96.532(8)", Z =  4. The structures were solved by Patterson (1,4) or direct (2,3) methods and 
were refined by full-matrix least-squares procedures to R = 0.036,0.025,0.034, and 0.022 (R,, = 0.032,0.025,0.036, and 0.023) 
for 2825,4961, 1672, and 2641 reflections with I 2  3u(F2), respectively. The structures of 1 and 2 consist of extended anionic 
chains of metal ions that are linked by double-bridging pyzdc2- groups, with electrical neutrality maintained by the presence of 
H30' cations in the lattice. In 3 double chains of manganese ions are cross-linked by pyzdc" ligands forming a "ladder-like" 
motif. The structure of 4 consists of extended chains of cadmium ions in which single pyzdc2- groups bridge metal centres. 
Magnetic susceptibility studies indicate, at most, only weak antiferromagnetic exchange in 1 but moderately strong 
antiferromagnetic interactions in 3, mediated by bridging carboxylate groups ( J  = -0.27 cm-I). 

Key words: extended chains, manganese, cadmium, 2,3-pyrazinedicarboxylates, X-ray structures, antiferromagnetism. 

RCsumC : On a prtparC et on a CtudiC des complexes de mangankse et de cadmium de l'acide pyrazinedicarboxylique (pyzdcH,) 
dCprotonC et doublement dCprotonC. Les donntes cristallines sont les suivantes : [H,O],[Mn(pyzdc),],, 1, monoclinique, 
C2/c (no. 15), a = 14,472(1) A, b = 8,475(2) A, c = 13,0771(9) A, P = 114,753(4)", Z =  4; [H,O],[Cd(pyzdc),],, 2, monoclinique, 
C2/c (no. 15), a = 14,4857(9) A, b = 8,502(1) A, c = 14,9803(7) A, P = 126,951(2)", Z = 4; [Mn(py~dc)(H,0),],~~2xH,O, 3, 
monoclinique, P2,/c (no. 14), a = 6,5523(7) A, b = 7,6702(7) A, c = 20,5815(6) A, P = 93,605(5)", Z  = 4; 
[Cd(pyzdc)(H,O),];xHfl, 4, monoclinique, Cc (no. 9), a = 6,088(1) A, b = 11,5410(9) A, c = 15,0624(7) A, P = 96,532(8)", 
Z =  4. On a rtsolu les structures par la mtthode de Patterson (1,4) ou la mCthode directe (2,3) et on les a affinCes par la mCthode 
des moindres carrCs matrice complkte jusqu'8 des valeurs de R = 0,036,0,025,0,034, et 0,022 (R,,= 0,032,0,025,0,036 et 0,023) 
pour 2825,4961, 1672 et 2641 reflexions avec I ?  3u(F2), respectivement. Les structures des composCs 1 et 2 consistent en des 
chaines anioniques allongtes d'ions mCtalliques qui sont liCes par des groupes pyzdc2- doublement pontts, avec la neutralit6 
Clectrique maintenue par la prCsence de cations HiO' dans le rCseau. Dans le composC 3 des chaines doubles d'ions mangankse 
sont rCticulCes par les ligands pyzdc'- formant un motif en forme dlCchelle. La structure du compost 4 consiste en des chaines 
allongCes d'ions cadmium dans lesquelles un seul groupe pyzdc'- forme un pont entre les centres mCtalliques. Les ttudes de 
susceptibilitC magnttique indiquent, tout au plus, uniquement un faible Cchange ferromagnCtique dans le compost 1 mais des 
interactions antiferromagnttiques modCrCment fortes dans le composC 3 au moyen du groupe carboxylate en position de pont 
(J = -0,27 cm-I). 

Mots clis : chaines allongtes, mangankse, cadmium, 2,3-pyrazinedicarboxylates, structures aux rayons X, antiferromagnttisme. 
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Fig. 1. 2,3-Pyrazinedicarboxylate bridging modes 

(c) 

Introduction 

The ligands formed by the single and double deprotonation of 
2,3-pyrazinedicarboxylic acid (pyzdcH,) can, by virtue of 

I their six donor atoms, bind to metal ions in a variety of ways, 
I 

I including bridging, the latter generating extended polymeric 
materials. Pyrazine itself (1 9-diazine) has attracted consider- 

1 
I 

able attention as a linear bridge between metals in extended 
covalent network solids (1-3) and the pyrazinedicarboxylate 

I 

I ligands under consideration here have the added characteristic 
of potentially forming chelate-supported bridges. Such struc- 

I tural features have been observed in the compound 
[Cu(pyzdcH),];2xH,O (4), for example, which has extended 
chains of copper ions linked by double-bridging pyzdcH- 
groups. The bridging mode, depicted in Fig. l(a), involves 
chelate interactions to one metal and bonding through 
single carboxylate oxygens to the second metal. 
[M(pyzdc)(H,O),];2xH,O (where M = Co, Ni, or Cu) (4) and 
[Co(pyzdc)(H,O),], (5), on the other hand, have extended 
chain structures in which single pyzdc'- ligands bridge the 
metals by 14-diazine links that are supported by chelate for- 
mation to both metals (Fig. l(b)). The compound 
Zn(pyzdc).3H,O exhibits a different type of structure (6), one 
in which double chains of metal ions are cross-linked by 
pyzdc'- groups. The ligands in this structure chelate to a metal 
in one chain and bridge two metals in the second chain by O- 
C - 0  links involving the second carboxylate group (Fig.l(c)). 

The dependence of structural type on the nature of the metal 
in 2,3-pyrazinedicarboxylate complexes has prompted us to 
extend our detailed structural investigations of this class of 
compound to complexes of other metals, specifically those of 

I 
I 

manganese(I1) and cadmium(I1). By employing dilute aqueous 
I solutions to obtain products, as described previously (4), poly- 

mer formation is slow and as a result all four compounds 
I reported here were obtained in crystalline form suitable for 

single crystal X-ray diffraction studies. 
A second interest in studying these complexes concerns the 

potential of pyrazinedicarboxylate ligands to mediate mag- 
netic exchange interactions in poly- or oligo-metallic com- 
plexes. Previous studies revealed only weak antiferromagnetic 

interactions in polymetallic Co(II), Ni(II), and Cu(I1) com- 
plexes of these ligands (4) and it was suggested that stronger 
interactions might be found in systems such as those of man- 
ganese(I1) in which the metals incorporate unpaired electron 
density in t2g orbitals. The magnetic properties of two manga- 
nese complexes are examined here. 

There have been earlier reports on 2,3-pyrazinedicarboxy- 
lates of manganese(I1) that focused mainly on syntheses and 
characterization by thermochemical and spectroscopic means 
(7, 8). No crystal structure determinations or detailed cryo- 
magnetic studies on these systems have been published prior 
to the present work. 

Experimental 

Syntheses 
Chemicals of at least reagent grade quality were used without 
further purification. All products are air stable. 

Oxonium poly-bis-k-(2,3-pyrazinedicarboq1ato)rnangan- 
ate(II), tH301,xtMn(~~z~c)21x, 1 

2,3-Pyrazinedicarboxylic acid (0.42 g, 2.5 mmol) was dis- 
solved in 100 mL water and slowly added to a 60 mL aqueous 
solution of MnC1,.4H,O (0.25 g, 1.25 mmol). After standing 
for -48 h, the solution yielded yellow crystals. After selecting 
suitable crystals for X-ray analysis, the rest of the product was 
collected by filtration, washed with water, and dried in 
vacuo at room temperature for 24 h. Anal. calcd. for 
C,,HloMnN40,0: C 33.90, H 2.37, N 13.18; found: C 33.96, H 
2.42, N 13.15. 

Oxonium poly-bis-k-(2,3-pyrazinedicarboq1ato)- 
cadmiumate(II), tH3012xtCd(pyzdc),lx, 2 

Procedure was as described above for 1, employing 
1.25 mmol CdCl2.2.5H20 in 60 mL water and 2.5 mmol 
pyzdcH, in 70 mL water. Crystals of [H30]L,[Cd(pyzdc)2], are 
colourless. Anal. calcd. for Cl,H,oCdN4010: C 29.86, H 2.09, 
N 11.6l;found:C29.89,H2.08,N 11.81. 

Poly-diaqua-~-2,3-pyrazinedicarboxylatomanganese(II) 
dihydrate, [Mn(pyzd~)(H~0)~]~.2xH~O, 3 

2,3-Pyrazinedicarboxylic acid (0.42 g, 2.5 mmol) was dis- 
solved in 120 mL water and the solution was adjusted to pH = 
5 with 1.0 M aqueous NaOH. This solution was added slowly 
to a 60 mL aqueous solution of MnC1,.4H,O (0.50 g, 2.5 
mmol). Pale yellow, very thin, crystals deposited after the 
solution was left standing for -12 h. Crystal growth was 
allowed to continue for -2 weeks, then crystals suitable for 
X-ray diffraction studies were selected. The remainder of the 
crystals were separated by filtration, washed with water, and 
dried in vacuo at room temperature for 24 h. Anal. calcd. for 
C6H,,MnN,0,: C 24.58, H 3.44, N 9.56; found: C 24.65, H 
3.47, N 9.42. 

Poly-triaqua-~-2,3-pyrazinedicarboxylatocad1~~i~~n1(II) 
monohydrate, [Cd(pyzcl~)(H~O)~]~.xH~O, 4 

Procedure was as described above for 3, employing 2.5 mmol 
CdC1,.2.5H20 in 60 mL water and 2.5 mmol pyzdcH, in 85 
mL water. Colourless crystals deposited after the solution was 
left standing for -48 h. Crystals suitable for X-ray diffraction 
studies were selected and the remainder were separated by fil- 
tration, washed with water, and dried in vacuo at room temper- 
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Table 1. Crystallographic data." 

Compound 
Formula 
fw 
Color, habit 
Crystal system 
Space group 
a, A 
b, A 
c, A 
P 3  deg 
v, A' 
z 
P"',l". g/cm3 
F(000) 
Radiation 
p, cm-I 
Crystal size, mm 
Transmission factors 
Scan type 
Scan range, w0 
Scan rate, Omin-' 
Data collected 
28,,,,,3 deg 
Crystal. decay, % 
Total reflections 
Unique reflections 

R,rll.rgc 
Number with I 2  3o(I) 
Variables 
R 
R,,. 
gof 
Max Alo (final cycle) 
Residual density e/A3 

1 
Cl,HloMnN,Ol" 
425.17 
Yellow, octahedron 
Monoclinic 
C2/c 
14.472(1) 
8.475(2) 
13.077 l(9) 
114.753(4) 
1456.7(4) 
4 
1.939 
860 
Mo 
9.39 
0.23 x 0.23 x 0.23 
0.9&1 .OO 
~ 2 8  
1.3 1+0.35 tan 8 
32 (up to 8 rescans) 
+h, +k, f 1 
90 
Negligible 
6428 
6263 
0.038 
2825 
144 
0.036 
0.032 
1.59 
0.0003 
-0.74 to 0.64 

2 
Cl,HIOCdN4OlO 
482.64 
Colorless, prism 
Monoclinic 
sic 
14.4857(9) 
8.502(1) 
14.9803(7) 
126.95 l(2) 
1474.3(2) 
4 
2.174 
952 
Mo 
15.56 
0.20 x 0.25 x 0.35 
0.92-1 .OO 
~ 2 0  
1.37+0.35 tan 8 
32 (up to 8 rescans) 
+h, +k, f 1 
100 
Negligible 
81 19 
7929 
0.018 
496 1 
144 
0.025 
0.025 
1.60 
0.006 
-0.30 to 0.19 

3 
C6HloMnN,08 
293.09 
Pale yellow, needle 
Monoclinic 
P2,lc 
6.5523(7) 
7.6702(7) 
20.5815(6) 
93.605(5) 
1032.3(1) 
4 
1.886 
596 
Cu 
108.66 
0.06 x 0.09 x 0.35 
0.76-1 .OO 
~ 2 0  
1.10+0.20 tan 8 
32 (up to 8 rescans) 
+h, +k, f 1 
155 
Negligible 
2473 
2267 
0.020 
1672 
195 
0.034 
0.036 
2.40 
0.004 
-0.29 to 0.40 

4 
C6HloCdN,O8 
350.56 
Colorless, prism 
Monoclinic 
Cc 
6.088(1) 
11.5410(9) 
15.0624(7) 
96.532(8) 
1051.5(2) 
4 
2.2 14 
688 
Mo 
21.16 
0.10 x 0.20 x 0.20 
0.85-1 .OO 
~ 2 8  
1.10+0.35 tan 8 
32 (up to 8 rescans) 
+h, +k, f 1 
80 
Negligible 
3606 
3376 
0.023 
264 1 
152 
0.022 
0.023 
1.20 
0.002 
-0.27 to 0.18 

"Temperature 294 K, Rigaku AFC6S diffractometer, Mo K, (h = 0.71069 A) or Cu K,  (h = 1.54178 A) radiation, graphite monochromator, takeoff angle 
6.0". aperture 6.0 x 6.0 mm at a distance of 285 mm from the crystal, stationary background counts at each end of the scan (scanlbackground time ratio 
2:1), o'(F2) = [S2(C + 4B)]/Lp2 (S = scan rate, C = scan count, B = normalized background count), function minimized C>v( IF,I-  IF,^)' where IV = 

4~,,'/o'(~,,'). R = C I IF,, I -  IF, I IICI F,, 1, R,, = (Lv( I F,, 1- IF, ()'Ewl F, I?)'", and gof = [Cw( IF, I -  IF, l)'l(m-rz)]"'. Values given for R, R ,,., and gof are 
based on those reflections with I >  3o(O. 

ature for 24 h. Anal. calcd. for C6HIoCdN,O8: C 20.56, H 2.87, 
N 7.99; found: C 20.60, H 2.85, N 7.91. 

X-ray crystallographic analyses of 1-4 
Crystallographic data appear in Table 1. The final unit-cell 
parameters were obtained by least squares on the setting 
angles for 25 reflections with 20 = 37.7O-44.7" for 1 ,  61.9"- 
73.7" for 2, 102.9'-110.3" for 3, and 45.0"-51.2" for 4. The 
intensities of three standard reflections, measured every 200 
reflections throughout the data collections, showed only small 
random fluctuations for all four compounds. The data were 
processed and corrected for Lorentz and polarization effects, 
and absorption (empirical, based on azimuthal  scan^).^ 

The structures were solved by Patterson (1, 4) or direct (2, 

teXsan: Crystal structure analysis package. Molecular Structure 
Corp. the Woodlands, Tex. 1985 & 1992. 

3) methods. The structural analyses of 1 and 2 were initiated in 
the centrosymmetric space group C2/c and that of 4 in the non- 
centrosymmetric space group Cc on the basis of the E-statis- 
tics. These choices were confirmed by subsequent 
dculAtions. The ~ e L d  &OMS in 1 ~ n d  2 Are situAted on crys- 
L d l o g r ~ ~ h i c  C2 Axes. It should be noted that 1 and 2 are not 
isostructural even though they are nearly isomorphous and the 
polymeric chains in the two structures are very similar. 

All non-hydrogen atoms were refined with anisotropic ther- 
mal parameters. Hydrogen atoms of 1 ,  2, and 3 were refined 
with isotropic thermal parameters and those of 4 wtre fixed in 
calculated positions (0-H = 0.88 A, C-H = 0.98 A, BH = 1.2 
Bbonded atom, 0-H hydrogen orientations based on difference 
map peak positions). Secondary extinction corrections were 
applied for 1, 2, and 3, the final values of the extinction coef- 
ficients being 1.7(2) x 4.07(9) x and 2.02(5) x 
respectively. Neutral atom scattering factors for all atoms (9) 
and anomalous dispersion corrections for the non-hydrogen 
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Table 2. Final atomic coordinates (fractional) and B,, ( lo3 A')." 

Atom T Y z Bc, 

atoms (10) were taken from the International tables for X-ray Final non-hydrogen atomic coordinates and equivalent isotro- 
crystallography. A parallel refinement of the structure of 4 pic thermal parameters, bond lengths, bond angles, and hydro- 
having the opposite polarity gave significantly higher residu- gen bond geometry appear in Tables 2-5, respectively. 
als, the R and R,, ratios being 1.059 and 1.058, respectively. Hydrogen atom parameters, anisotropic thermal parameters, 
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Table 2 (concluded). 

Atom x Y z Be, 

complete tables of bond lengths and bond angles, torsion 
angles, intermolecular contacts, and least-squares planes are 
included as supplementary material.3 

Physical measurements 
Thermal Gravimetric Analysis (TGA) was performed on pow- 
dered samples using a TA Instruments TGA 5 1 thermogravi- 
metric analyzer. Samplzs of 5-20 mg were heated at 10°C 
min-' in an atmosphere of dry nitrogen at a flow rate of 100 
mL min-'. Magnetic susceptibilities over the temperature 
range -4-82 K were measured at applied fields of 7 501 Oe 
using a P.A.R. model 155 vibrating sample magnetometer as 
previously described (1 1). Samples were held in Kel-F cap- 
sules and corrections were made for background signal over 
the entire temperature range studied. Magnetic susceptibilities 
were corrected for diamagnetism of all atoms (manganese, 
-14; pyzdc2- -68; H20, -12 (all corrections in units of 
104cm3 mol-I)). Complete magnetic data have been depos- 
ited as supplementary material. Carbon, hydrogen, and nitro- 
gen analyses were performed by P. Borda of this department. 

Results and discussion 

[H301b[M(~~zdc)21,, 1 (M = Mn), 2 (M = Cd) 
Single crystal X-ray diffraction studies reveal that although 1 

Supplementary material mentioned in the text may be purchased 
from: The Depository of Unpubliahed Data, Document Delivery, 
CISTI, National Research Council of Canada, Ottawa, Canada 
KIA 0S2. Tables of hydrogen atom coordinates and bond lengths 
and angles involving hydrogen atoms have also been deposited 
with the Cambridge Crystallographic Data Centre and can be 
obtained on request from The Director, Cambridge 
Crystallographic Data Centre, University Chemical Laboratory, 
12 Union Road, Cambridge CB2 lEZ, U.K. 

and 2 have similar unit-cell dimensions and crystallize in the 
same space group, the two materials are neither isomorphous 
nor isostructural. The extended chain structures of 1 and 2 (see 
below), however, are essentially superimposable. Part of the 
structure of 1,  with the atom numbering scheme, is shown in 
Fig. 2. In this structure each metal ion is cis-coordinated by 
chelation interactions (involving a ring nitrogen, N(l), and an 
adjacent carboxylate oxygen, O(1)) to two ligands forming 
~ ( ~ ~ z d c ) , 2 - u n i t s .  The other two cis positions are occupied by 
oxygen atoms, 0(4), from carboxylate groups not involved in 
chelation on two neighbouring units. This results in extended 
chains of metal ions double-bridged by pyzdc2- ligands, each 
ligand coordinating in the manner depicted in Fig. l(d). Elec- 
trical neutrality is maintained by the presence of H30+ ions in 
the lattice. In all four structures described in this work hydro- 
gen-bonding interactions involving the lattice entities H30+ (1 
and 2) or H 2 0  (3 and 4) link chains in a 3-dimensional net- 
work. As an example, part of the network is shown for 1 in 
Fig. 3. 

The stoichiometry of 1 and 2 is the same as that of the 
previously characterized [Co(pyzdcH),(H,O),] (12), [Ni- 
(py~dcH)~(H~O), l  (4), and [Cu(pyzd~H)~1,~2xH,O (41, yet the 
five compounds encompass three very distinct structures. 
Structurally, 1 and 2 are more closely related to the copper 
compound, which has a chain structure with double-bridging 
pyzdcH- ligands (Fig l(a)). This contrasts structurally with the 
cobalt and nickel complexes which are monometallic. 
Whereas [Cu(pyzdcH),],~2xH20 has H20  molecules in the lat- 
tice, in 1 and 2 the lattice entity is H30'. In effect, the hydroxyl 
protons of the pyzdcH- ligands, which are H-bonded to the lat- 
tice waters in the copper compound, are transferred to the lat- 
tice waters in 1 and 2, thus forming the H30+ ions. Evidence 
for this "transfer" comes from the X-ray analyses in which the 
hydrogen atoms in both structures were located and refined, 
clearly indicating the presence of H30* entities. In considering 
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Fig. 2. The structure of [H,O],[Mn(py~dc)~], (I), with atom 
numbering scheme; 33% probability thermal elipsoids are shown. 

why the ligand proton should be "transferred" from the 
hydroxyl group in the Mn and Cd compounds but not in the Cu 
compound, we note that in the latter the oxygen, 0(4), of the 
carboxylic acid group is only we:kly coordinated to a metal 
ion (Cu-O(4) distance 2.405(2) A versus 1.948(1) A for the 
distance involving the chelating oxygens, O(1)). Hence the 
acidity of the hydroxyl proton is not greatly enhanced by elec- 
tron polarization effects of the metal ion and the proton 
remains bonded to O(3). In both 1 and 2, however, each ligand 
has one oxygen from each of its carboxylate groups involved 
in comparable and relativ~ly strong coordination toea metal 
(Mn-O(1) = 2.1486(9) A, Mn-O(4) = 2.136(1) A, Cd- 
O(1) = 2.261 l(8) A, and Cd-O(4) = 2.2716(8) A); thus, the 
other carboxylate oxygens on each ligand, O(2) and 0(3), are 
rendered weakly basic and the hydroxyl protons are trans- 
ferred to water molecules, forming H,O+ entities. The weak 
Cu-O(4) interaction is a consequence of the preference of 
Cu(I1) for distorted geometries, a factor not relevant for Mn(I1) 
or Cd(I1). 

Interestingly the thermal properties of these compounds 
clearly reflect the difference in the lattice units. Whereas 
[Cu(pyzdcH),],.2xH20 undergoes dehydration with relative 
ease, losing the lattice water over the temperature range 50- 
160°C (4), 1 and 2 are thermally stable to significantly higher 
temperatures. Thermogravimetric analysis, TGA, of 1 shows it 
to be stable to about 150°C, decomposing with loss of two 

Table 3. Bond lengths (A) with estimated standard deviations in 
parentheses." 

Bond Length Bond Length 

"Symbols refer to the symmetry operations: (for 1): (*) -x, y, 112-2; (') 
x,  -y, -1/2+z; (") 112-x, 1/2+y, 312-i; (for 2): (') -1/2+s, 112-y, -112+i; 
(") 112-x, 112-y, 1-z; (*) -x, y ,  112-z; (for 3): (') -.x, 1-11, 1-z; (") 1-x, 
1-y, 1-z; (for 4): (') 1/2+x, 112-y, 1/2+z; (") -1/2+x, 112-y, -112+z. 

moles of H 2 0  and two moles of CO, over the range 150- 
265°C. This is in good agreement with an earlier thermal study 
on a structurally uncharacterized compound of the same sto- 
ichiometry as 1 (8). TGA studies on 2 show the compound to 
be stable to 16S°C, decomposing with loss of two moles of 
H 2 0  and one mole of CO over the range 165-268°C. 

Octahedral complexes of manganese(II), by virtue of their 
high unpaired spin density and orbitally non-degenerate 
ground state ( 6 ~ , ,  in Oh), are ideally suited for studies on mag- 
netic exchange interactions. The possibility of magnetic 
exchange interactions mediated by the bridging pydzdc2- 
ligands in 1 was investigated by examining the magnetic prop- 
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Fig. 3. Stereoscopic view showing part of the H-bonding network in 
[H,Ol,[Mn(p~zdc)~l, (1). 

erties of a powdered sample of the compound at low tempera- 
tures. The magnetic moment of 1 is 5.90 p,B at 82 K and 
decreases only slightly to 5.70 kB at 4.4 K. In view of the 
known structure of the compound, the magnetic susceptibili- 
ties were analysed according to the Weng Heisenberg model 
for antiferromagnetically coupled linear chains of metal ions 
with the coefficients generated by Hiller et al. (1 3) for S = 512. 
Accordingly 

where for S = 512, A = 2.9167, B = 208.04, C = 15.543, D = 
2707.2, and X = IJlIkT. Fits of the experimental data to the 
model were made using a nonlinear least-squares procedure 
with the following function minimized: 

where n is the number of data points. F provides a measure of 
the goodness of fit between theory and experiment. In the fit- 
ting procedure g was fixed at 2.00 and J ,  the exchange cou- 
pling constant, was allowed to vary. The best agreement 
between experiment and theory was obtained with J = -0.017 
cm-I ( F  = 0.0094).~ The experimental magnetic moments as 
well as the line calculated using the best fit value of J are 
shown in Fig. 4. The magnitude of J is small and, particularly 
since zero field splitting effects can account for minor 
decreases in moment at low temperatures (14), not too much 
quantitative significance should be attached to it. Clearly 
though, the results place an upper limit of 0.017 cm-I on the 
magnitude of the exchange coupling constant in 1 and show 
that antiferromagnetic exchange in the compound, if it exists at 
all, is very weak. It is of interest to compare the results for 1 
with those reported earlier for the structurally related 
[Cu(pyzdcH),];2xH20. To compare complexes with different 
d" configurations it is appropriate to compare values of ~S'J 

(where S is the total spin) rather than J (15). The upper limit of 
this parameter for 1 is 0.43 cm-', comparable to, though 
greater than, the value 0.1 1 cm-I for [Cu(py~dcH)~],~2xH~O 
(4). A structural feature of the pyzdc2- bridge in 1 that is not 
seen in the depiction in Fig. 1 (d) but is seen in the detailed rep- 
resentation in Fig. 2 concerns the CO, group engaged in the 
non-chelate metal binding; the plane of this group is almost 
orthogonal to the plane of the heterocyclic ring. This feature 
was noted previously in the case of the pyzdcH- bridging 
ligands in [Cu(pyzdcH),],~2xH20 (4) and, as discussed there, 
such a situation would not favor magnetic exchange interac- 
tions as it eliminates a delocalized T-electron pathway for 
exchange. 

[ M ~ ( P Y ~ ~ ~ ) ( H , O ) , I , . ~ H ~ O ,  3, and 
[Cd(pyzdc)(H,O),I;xH,O, 4 

Compounds 3 and 4 have the same stoichiometry as that of the 
previously studied complexes of composition [M(pyzdc)- 
(H20),],.2xH20 (M = Co, Ni, or Cu) (4). Structurally though, 
3 and 4 are different from one another and each has different 
structures from the other three. The Co, Ni, and Cu com- 
pounds are isomorphous (4) and have structures involving 
extended chains of metal ions linked by pyzdc2- ligands coor- 
dinated to two metal centres via chelate interactions as 
depicted in Fig. l(b). Part of the structure of 3 with the atom 
numbering scheme is shown in Fig. 5. This structure consists 
of double chains of manganese ions in which pyzdc2- ligands 
provide O(3)-C(6)-O(4) bridges between metals in each chain 
and, through chelate interactions with metals in the other chain 
(involving a ring nitrogen, N(l), and a carboxylate oxygen, 
O(1) of the second carboxylate group), cross-link the chains 
forming a "ladder-like" motif. A similar double chain struc- 
ture was reported earlier for Zn(pyzdc).3H20 (6) and a simpli- 
fied representation of the pyzdc2- bridging mode in 3 and in 
the zinc compound is shown in Fig. l(c). There are, in addi- 
tion, two cis-coordinated and two lattice water molecules per 
metal in 3. We note that the metal - ligand chromophore in 3 is 

Here and elsewhere in this work the uncertainty in J is estimated MNOj while in the analogous Co, Ni, and Cu complexes the 

to be approximately 10%. chromophore is MN,04. Manganese(I1) often shows a prefer- 
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Table 4. Bond angles (deg) with estimated standard deviations in parentheses." 

Bonds Angle(deg) Bonds Angle(deg) 

ence for 0 over N donors and this may, in part at least, account steps involving loss of three moles over the range 50- 
for the different structure adopted by 3. 175°C and a fourth water from 175 to 320°C. This is in 

Consistent with the presence of lattice water in 3, the good agreement with thermal studies reported previously 
compound undergoes decomposition at fairly low tempera- (7) on a structurally uncharacterized compound of the same 
tures. TGA analysis revealed loss of water in two distinct stoichiometry as 3. The inconsistency of the pattern of 
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Mao et al. 

Table 4 (concl~rded). 

Bonds Angle(deg) Bonds Angle(deg) 

"Symbols refer to the symmetry operations: (for 1): (") -x, y, 112-z; (') x, -y, -1/2+z; (") 112-x, 
112+y, 312-z; (for 2): (') -112+x, 112-y, -112+z; (") 112-x, 112-y, 1-z; (*) -x, y ,  112-z; (for 3): (') 
-x, 1-y, 1-z; (") 1-.r, 1-y, 1-z; (for 4): (') 112+x, 112-y, 112+z; (") -112+x, 112-y, -112+z. 

Fig. 4. Magnetic moment and magnetic susceptibility versus 
temperature plots: triangles and squares are moment data for 1 
and 3, respectively; circles are susceptibility data for 3; lines are 
calculated from theory as described in the text. 

2 ,  I I I I 0.0 

0 20 40 60 80 

Temperature (K) 

water loss in relation to the structure of the original com- 
pound (two lattice and two coordinated water molecules) 
suggests that considerable structural rearrangement occurs 
during dehydration. 

Cryomagnetic studies on 3 show the magnetic moment to 
decrease from 5.71 p., at 82 K to 2.27 p., at 1.9 K. Such 
behaviour indicates the presence of significant antiferromag- 

Fig. 5. The structure of [Mn(pyzdc)(H2O),];2xH@ (3). with 
atom numbering scheme; 33% probability thermal elipsoids are 
shown. 
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Table 5. Hydrogen bond geometry (A, deg)." 
- 

D-H ... A D-H H...A D.. .A D-H ... A 

"Superscripts refer to symmetry operations: (a) 1 / 2 4 ,  -112+y, 312-z; (b) 1/2+x, -1/2+y, z; (c) 
-1/2+x, 112-y, -1/2+ z; (d)  112-,r, 1/2+y, 312- z; (e) -112+x, 112+y, z; ( f )  x, -y, -112+ z; 
(g) x, -l+y, z; (h) -x, -112+y, 112- z; (i) 1-x, 1-y, 1- z; (i) x, 312-y, -112+ z (k) l+x, y, z; 
(1) -1/2+x, 112-y, 112+z; (m) x, -y, 1/2+z; (n) -I+x, -y, -112+z. 

netic exchange, a fact confirmed by the observation of a max- linked by single-bridging carboxylates in the same structure 
are more weakly antiferromagnetically coupled. Consistent 
with these early results, our analysis shows that in 3 the single 
carboxylate-bridged manganese(I1) ions are coupled antifer- 
romagnetically with the magnitude of the exchange coupling 
constant approximately half that observed for the double car- 
boxylate-bridged manganese chains in the formate compound. 

Figure 6 shows part of the structure of 4 along with the atom 
numbering scheme. This structure consists of extended chains 
of cadmium ions in which single bridging pyzdc2- groups bind 
to metal centres as in 1 and 2 (Fig. 1 (d)) and six-coordination 
about each metal is achieved with three water molecules coor- 
dinating in a mer fashion. There is one lattice water per metal 
in this structure and, consistent with this, the compound is 
thermally unstable above 60°C. TGA studies reveal loss of 
four H 2 0  over the temperature range 60-270°C. There are no 
other known examples of pyrazinedicarboxylates with the 
structure exhibited by 4. 

imum in the susceptibility versus temperature plot at about 3 
K (Fig. 4). The structure of 3 shows each metal bonded to two 
nearest neighbours via 0 - C - 0  bridges and to a third nearest 
neighbour metal in the attached chain by the heterocyclic ring. 
This suggests the possibility of a fairly complex coupling 
scheme with at least two J's needed to characterize the system. 
However, in view of our results for 1 it seems likely that 
exchange mediated by the ligands between the chains will be 
very weak and, to a good approximation, may be ignored. The 
behaviour under such circumstances should follow that 
expected for isolated chains. Under this assumption, we exam- 
ined fits of the magnetic susceptibility to the Weng linear 
chain model as described above and obtained a satisfactory 
best fit for J = -0.27 cm-' with g fixed at 2.00 (F = 0.027). 
The experimental magnetic moments and susceptibilities as 
well as the lines calculated using the best fit value of J are 
shown in Fig. 4. In a classic paper on linear chain antiferro- 
magnetism (16) Wagner and Friedberg determined that in 
Mn(HCO2),.2H20 chains of manganese(I1) ions, linked by 
double-bridging carboxylate groups, are antiferromagneti- 
cally coupled with J = -0.56 cm-', while manganese ions 

Summary and conclusions 

All four of the compounds studied in this work have extended 
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Mao et al 

Fig. 6. The structure of [Cd(pyzdc)(H,O),];xH,O (4), with atom 
numbering scheme; 33% probability thermal elipsoids are shown. 

chain structures. The novel "ladder-like" double chain struc- 
ture of 3 is known to occur in one other pyrazinedicarboxylate 
structure, Zn(pydc).3H20 (6), while the structural types exhib- 
ited by 1, 2, and 4 have not been reported previously. Cryo- 
magnetic studies on 1 reveal, at best, only weak antiferro- 

magnetic interactions and confirm an earlier observation that 
2,3-pyrazinedicarboxylate ligands are not strong mediators of 
magnetic exchange when the T-pathway for exchange is dis- 
rupted. In 3, moderate antiferromagnetic coupling occurs 
between magnetic centres where the pathway for exchange 
does not involve the heterocyclic part of the ligand but 
involves single 0 - C - 0  bridges. The magnitude of the 
exchange is consistent with that observed previously for car- 
boxylate-bridged chains of manganese(I1) ions. 
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I Ryanoids and related compounds. 
Identification of five new ryanoids from the 
plant Ryania speciosa Vahl. Formal total 
syntheses of 3-deoxyryanodol (cinnzeylanol), 
10-0-acetyl-3-deoxyryanodol (cinnzeylanine), 
2-deoxyryanodol, 2-deoxy-2-epiryanodol, 2,3- 
dideoxy-2,3=dihydroryanodol, 2-deoxy-3- 
epiryanodol, and 2-deoxy-3-epiryanodinel 

Luc Ruest and Marco Dodier 

Abstract: In the course of a preliminary investigation on the relationships between the chemical structure of ryanoids and their 
affinity to the ryanodine binding site, we have isolated, from the plant Ryarzia speciosn Vahl, four new members of this family of 
natural insecticidal compounds (ryanoids 3,4,5, and 6) and corrected the reported structure of a fifth one (ryanoid 7). In addition, 
we have synthesized, from anhydroryanodol (lo), new members of this family having fewer hydroxyl groups in ring A: 
cinnzeylanol (14) and cinnzeylanine (15). 2,3-dideoxy-2,3-dihydroryanodol (16), 2-deoxy-3-epiryanodol (IS), and 2-deoxy-3- 
epiryanodine (19), 2-deoxyryanodol (20), and 2-deoxy-2-epiryanodol(21). 

Key words: ryanoids synthesis, cinnzeylanine, 2-deoxyryanodols, 2-deoxy-3-epiryanodine. 

Resume : Dans le cadre d'une ttude prCliminaire des relations structures chimiques - activitC biologique des ryanoi'des et de leur 
affinitC au site rCcepteur de la ryanodine, nous avons isole de la plante Ryania speciosa Vahl, quatre nouveaux membres de cette 
famille d'insecticides naturels (les ryanoi'des 3 , 4 , 5  et 6) et conigC la structure dCjB rapportCe d'un cinquikme (le ryanoi'de 7). Par 
ailleurs, B partir de l'anhydroryanodol (lo), nous avons synthCtisC quelques membres de cette famille, moins oxygtnCs au cycle 
A : le cinnzeylanol(14) et la cinnzeylanine (IS), le 2,3-didCoxy-2,3-dihydroryanodol(16), le 2-dCoxy-3-Cpiryanodol(1S) et la 2- 
dCoxy-3-Cpiryanodine (19), le 2-dCoxyryanodol(20) et le 2-dCoxy-2-Cpiryanodol (21). 

Mots clks : synthkse de ryanoi'des, cinnzeylanine, 2-dCoxyryanodols, 2-dCoxy-3-Cpiryanodine. 

Introduction Recentlv, we have identified four new rvanoids (3-6) (Fig. 1) 
and corrected the structure of a fifth one (7) reported e&lier 

~ ~ a n o d i n e  (1) (Fig. 1) (1-3) is an interesting and important (10). We have also modified the oxidation level of ring A of 
in the ryanodine skeleton, which resulted in the syntheses of two 

(41.~ In a search to identify the structural features that are nec- natural diterpenes, cinnzeylanol (14) and cinnzeylanine (15) 
essary to maintain biological activity, we (5-7) and (8- (25, 26), and of several other compounds (16, 18-20,21). 
14) have recently focused on the characterization of new 
ryanoids from the plant Ryania speciosa Vahl, and also on 
skeleton and functional group modifications (5, 6, 8, 10, 15- 
24) in order to obtain more information on their eventual role 
in the affinity of these molecules to the ryanodine binding site. 

Received June 3, 1996. 
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A recent review on ryanodine will appear shortly in 
Pharmacological Reviews. 

Results and discussion 

New naturaI ryanoids 
The new natural ryanoids were obtained by chromatographic 
separation of the crude extracts of powdered Ryania speciosa 
wood after removal of the most abundant ryanoids (5, 8, 12, 
13). We noted that simple crystallization of column-purified 
ryanodine left, in the mother liquors, an enriched mixture of 
ryanodine (I), 9,21-didehydroryanodine (2), and two new 
compounds: 9a,21 -epoxyryanodine (3) and 3-O-benzoyl-18- 
hydroxyryanodol (5). The epoxide 3 was obtained in pure 
form via HPLC. Epoxide 3 has been synthesized previously by 
epoxidation of 9,21-didehydroryanodine (2) (10, 19,23). 

Benzoate 5 and ryanodine (1) have the same HPLC reten- 

Can. J. Chem. 74: 2424-2433 (1996). Printed in Canada 1 ImprimC au Canada 
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Ruest and Dodier 

Fig. 1. 

1 : R1=R2=H; R= Pyr: Ryanodine 2: Rl=H, R= Pyr: 9,21-Didehydroryanodine 3: 9a,21-Epoxyryanodine 

4: R1=OH; R2=H; R= Pyr 6: R1=OH, R= Pyr 

5: Rl=OH; RFH; R= BZ 
7:  Rl=H; RFOH; R= Pyr 

tion time and were first obtained as a 1:5 mixture. Fractional 
crystallization of ryanodine from this mixture gave mother 
liquors enriched in benzoate (ca. 40%). The resulting mixture 
was reacted with ozone (lo), which cleaved the pyrrole moiety 
of ryanodine but left benzoate unaltered. A final TLC purifica- 
tion of the ozonolysis mixture gave pure compound 5. The 
location of the hydroxyl group in 5 at position 18 follows the 
discussion below, which combines both NMR and X-ray dif- 
fraction analyses and offers the possibility of discriminating 
between 18- and 19-hydroxylated ryanoids when an aromatic 
ring is present at position 3. 

From the group of ryanoids more polar than 9,21-dehydro- 
ryanodine (2), we isolated three other compounds, 4, 7, and 6 
(in order of increasing polarity), hydroxylated at the isopropyl 
group, and fortunately crystallized the one that showed the 
same NMR data as a ryanoid reported previously (10). X-ray 
analysis of that ryanoid (see 7, Fig. 2) (27), showed that the 
isopropylic hydroxyl group is located at position 19, close to 
the shielding area of the pyrrole ring attached as a pyrrole-2- 
carboxylate at C3. The remaining protons at C19 appear as an 
ABX pattern centered at about 3.6 ppm while the C18 methyl 
group occurs as a doublet at about 1.27 ppm. For the other iso- 
mer 4,4 which carries the OH at C18, the unshielded ABX pat- 
tern and shielded methyl doublet are found at 3.9 and 0.9 ppm, 
respectively. The same concordant arguments have been 
applied to the new 9,21-didehydroryanodine 6, hydroxylated 
at position 18, and also to benzoate 5, which both show an 
ABX pattern close to 3.9 ppm and a shielded methyl doublet at 
0.89 ppm. 

Synthetic achievements 
The ryanodine molecule has been derivatized extensively, first 
by Wiesner and co-workers (2, 28) to elucidate its structure 

"his ryanoid, 18-hydroxyryanodine (4), was also observed 
recently by Prof. H.R. Besch, Jr. and Dr K.R. Bidasee, 
Department of Pharmacology and Toxicology, Indiana University 
School of Medicine, Indianapolis, Indiana 46202, U.S.A. 
(personal communication, 1995). 

and subsequently by several groups to establish the structural 
features important for biological activity and to make experi- 
mentally useful analogs. Since 1984, most of the modifica- 
tions done by us and others have involved ryanodine (I), 9,21- 
didehydroryanodine (2), and ryanodol (8). Several modifica- 
tions were made at positions 8,9,  10, and 21 in ring C (10, 15, 
16, 18,29-24). Various nucleophiles have recently been intro- 
duced at C4 and C12 (17). Some years ago, we described (18) 
the epimerization of ryanodine at position 3 and we wish now 
to report other modifications in ring A that led us to the syn- 
theses of the title compounds. 

Syntheses of cinnzeylanol(14) and  cinnzeylanine (15) from 
anhydroryanodol(l0) 

Cinnzeylanol(14) and cinnzelanine (15) (Scheme 1) were iso- 
lated from Cinnamorni Cortex by Nohara et al. (25). Very 
recently, compounds of this family were also isolated from 
Persea indica by Fraga and co-workers (26). These natural 
diterpenes are closely related to ryanodol (8), being its 3- 
deoxy analogs. Synthetically, the specific removal of the 3- 
endo hydroxyl group from the ryanodol molecule appears not 
a trivial operation. Previously (IS), we showed (Scheme 2) 
how either ryanodine (1) or ryanodol (8) can lead to olefin 11 
through anhydroryanodine (9) or anhydroryanodol (10). 
Based on the conversion of ryanodine (1) to anhydroryanodine 
(9) (2, 28), we proceeded to the treatment of the olefin 11 
(Scheme 1) with strong acid, which resulted in the formation 
(89%) of anhydrocinnzelanol (12) by C 1-C 15 bond cleav- 
age, promoted by protonation of the C2-C3 double bond. 
Compound 12  was oxidized (18) to epoxide 13, which under- 
went a transannular cyclization to give cinnzeylanol (14), in 
75% yield, under the reductive action of lithium in ammonia. 
This intramolecular cyclization had been used in the total syn- 
theses of ryanodol (29, 30) and of 3-epiryanodol (18). The 
structure of compound 14 was confirmed by X-ray diffraction 
analysis (see Fig. 2) (27). Acetylation of 14 gave cinnzeyl- 
anine (15). 

Synthesis of 2,3-dideoxy-2,3-dihydroryanodol (16) 
Removal of a second oxygen atom (the one at C2) from the 
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Fig. 2. ORTEP perspective view of crystalline 7,14,16,  and 18: 30% probability thermal ellipsoids 
are shown for the non-hydrogen atoms. 

ryanodol molecule also became possible by submitting anhy- 
drocinnzeylanol (12) (Scheme 3) directly to the reducing 
action of lithium in ammonia. Thus was obtained, in 92% 
yield, compound 16, which has no hydroxyl group in ring A 
aside from those common with ring B at positions 4 and 12. 
The stereochemistry at position 2 of that compound was 
clearly established by X-ray diffraction (see Fig. 2) (27). We 
did not observe the presence of the possible epimer at that 

position. An attack (see Fig. 3, path a) of the unactivated C1- 
C2 double bond by the proximate radical anion, first devel- 
oped at the lactone carbonyl group (see 12A), has to be 
invoked as a possible mechanistic explanation (18, 31-33). 
Subsequent fast reduction of this radical species would give a 
highly basic alkyl anion at C2 (see 12B) that would be proto- 
nated immediately in this medium from the "exo" face of the 
molecule, to give 16. 
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Ruest and Dodier 

Scheme 1. 

14: R=H: Cinnzeylanol 
6 15: R=Ac: Cinnzeylanine 

Reaction conditions: a: H2SO4, CH30H, 89%; b: CF3C03H, NaHC03, (CH2C1)2, 71 %; 
c: Li, NH3, THF, 75%; d: Ac20, Et3N, DMAP, THF, 18%. 

Scheme 2. 

H 

___) 

(Ref. 2) 0 
OH OH 

1 : R= Pyr: Ryanodine 
8: R= H: Ryanodol 

9: R= Pyr: Anhydroryanodine 
10: R= H: Anhydroryanodol 

Synthesis of 2-deoxy-3-epiryanodol(18) and 2-deoxy-3- 
epiryanodine (19) 

Oxidation of anhydroryanodol (10) with manganese dioxide 
(30) gave enone 17, which was submitted to lithium in ammo- 
nia and furnished 2-deoxy-3-epiryanodol (18) in 69% yield. 
The stereochemistry at position 2 was clearly established by 
X-ray diffraction analysis (see Fig. 2) (27). A possible mecha- 
nistic explanation (see Fig. 3, path b) involves a dianion (or a 
radical anion) formed in the enone moiety that could attack, 
from C1, the lactone carbonyl (or, respectively, a lactone rad- 
ical anion), thus forming the C1-C15 bond. Rapid exo-proto- 
nation at C2 of the resulting enolate 17A would then give 
cyclopentanone 17B, which would be reduced by lithium and 
protonated to give the most stable 3-exo hydroxyl group, with 

"anti" substituents at positions 2 and 3. Selective acylation of 
the 3-epi-hydroxyl group of 18 with 2-pyrrolecarboxylic acid 
(34) furnished 2-deoxy-3-epiryanodine (19). 

Synthesis of 2-deoxyryanodol(20) and 2-deoxy-2- 
epiryanodol(21) 

Anhydroryanodol (lo), when first submitted (Scheme 3) to the 
action of a strong base, then transferred into the usual lithium- 
ammonia reducing medium, furnished a mixture of 2-deoxy 
epimers (24%) of ryanodol20 and 21  together with the already 
known alkene 11 (54%). The basic treatment was used to 
deprotonate (see Fig. 3, path c) the 3-endo hydroxyl group, 
thus removing its reactivity as a leaving group (which, other- 
wise, gives alkene 11). This alkoxide 10A would be reduced to 
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Scheme 3. 

Can. J. Chern. Vol. 74, 1996 

Reaction conditions: a: Li, NH3, THF, 92% in 16; 69% in 18; b: Mn02, CHCI3, 69%; 
c: Pyrrole-Pcarboxylic acid, Diphenylphosphorylazide (DPPA), Et3N, DMF. 13%; d: 
LDA, THF then condition a, 24% in 20 and 21; 54% in 11. 

10B and the usual C1-C15 reductive cyclization previously 
described would occur and lead to an anion (see 10C) located 
at C2. Based on steric arguments this species should normally 
invert at C2 towards "anti" mutual orientation of the isopropyl 
and hydroxyl groups (see lOD), leading to compound 21 after 
protonation. By calculation (see 20,21A, and 21B, Fig. 4), iso- 
mer 21 should be sterically favored by more than -2.0 kcall 
mol over the "syn" isomer. On the other hand, stereoelectronic 
arguments (delocalization of the anion at C2 in the antibond- 
ing orbital of the C3-0 bond; n-ax interaction) ( 3 3 ,  suggest 

an enhanced stability of the "syn" stereochemistry that would 
allow a protonation of 10C from the exo face to yield com- 
pound 20. The presence of a 1: 1 mixture (see experimental) of 
these 2-epimers (besides favoring 21 by >95:5) suggests that 
stereoelectronic effects indeed play a significant role in the 
stabilization of anion 10C. 

In conclusion, we identified five new minor ryanoids in the 
extracts of Ryania speciosa. In a preliminary attempt to relate 
the structure of ryanoids to their affinity to the ryanodine 
receptor, we have focused on ring A and showed that positions 
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Fig. 3. 

Path a 

Li, 1 e 
12 -- -1 6 

12A 128 O- 

Path c 

Path b 

(1) 2 e  - 18 
(2) protonation 

OH J 
178 (not isolated) 

base 
10 - CH3 

-0 
0 10A 0 

- 21 
0 

epim. 0 protonation 

2 and 3 of these molecules can be specifically deoxygenated, tives of each of these compounds and the results of this analy- 
leading to hydrophobic ring A. The impact of the reported sis will be reported elsewhere. Access to other positions of the 
modifications on affinity is currently under analysis5 through ryanodine molecule are currently under investigation. 
measurements of the affinities of a number of specific deriva- 

Experimental section 
Prof. William Welch, Department of Biochemistry, and Prof. Melting points were recorded on a Reichert hot stage appara- 
John. L. Sutko, Department of Pharmacology, University of tus and are uncorrected Mass spectra (ms) and peak matching 
Nevada, School of Medicine, Reno, Nevada 89557, U.S.A. (HRMS) data were determined at 70 eV on a VG Micromass 
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Fig. 4. ORTEP view of 20 and representations of minimized 20 and 21. The geometry optimizations and energy 
caicuiations were carried out using the MOPAC program by means of the semiempirical methods AM1. 

AE (relative): 4.6 kcallmol AE (relative): 2.0 kcal/mol 

ZAB-1F spectrometer. Infrared absorption spectra were mea- 
l sured on a FT-IR Perkin-Elmer 1600 spectrophotometer. The 

'H (300 MHz) and I3c (75 MHz) NMR spectra were recorded 
on a Bruker AC-300 instrument (with CHD,OD as internal 
standard centered at 3.30 or 49.156). Some I3c peaks are 
obscured by the strong solvent signal at -496. The usual stan- 
dard abbreviations have been used to indicate the multiplicity 
of the proton signals. Analytical and preparative thin-layer 
chromatography were carried out on glass plates 0.25 or 0.5 
mm precoated with silica gel 60F-250 (Merck). Column chro- 
matography was performed with Merck silica gel (200-400 
mesh). HPLC utilized a Waters model 510 instrument 
equipped with a Vydac C18 reverse-phase preparative column 
(15 pm, 2.5 x 25 cm) and a Waters 484 tunable UV detector 
set at 254 nm. A typical solvent for HPLC preparative separa- 
tion was a mixture of 40% methanol in water. All reactions 
were performed under argon atmosphere and in solvents puri- 
fied by standard methods. Reaction mixtures were extracted 
with at least five portions of distilled ethyl acetate. Solutions in 
organic solvents were washed with brine, dried over anhy- 
drous magnesium sulfate or anhydrous sodium sulfate, fil- 
tered, and then stripped of solvents with a rotatory evaporator 

I connected to a water aspirator. Molecular modelling was per- 
t formed using the MOPAC program by means of semiempirical 

AM 1 methods. 

Isolation of the new ryanoids 
Extraction of powdered Ryania wood was done as previously 
described in the literature (1,5,  13) but over a longer period of 
time (average 1 1 compared to 3 4  days). The crude extract was 

AE (relative): 0.0 kcallmol 

partitioned into three main fractions by column chromatogra- 
phy: in the fraction less polar than ryanodine we did not observe 
the presence of any new ryanoid other than the ones already 
described. The intermediate main fraction containing ryano- 
dine-dehydroryanodine mixture was thoroughly crystallized 
from acetone-hexane to give the usual crystalline mixture of 
ryanodine (1) and dehydroryanodine (2) and leave the mother 
liquors, enriched in two new compounds: epoxide 3 and ben- 
zoate 5. A sample of this mixture was purified by HPLC under 
the general conditions described above and gave (in order of 
decreasing polarity) pure epoxide 3, pure dehydroryanodine 
(2), and a -5: 1 mixture of ryanodine (1) and benzoate 5, along 
with small quantities of other known ryanoids. By further crys- 
tallization (acetone-hexane) of ryanodine from this new mix- 
ture, the proportion became -3:2. Treatment with ozone of a 
sample of this mixture following a known procedure (10) gave 
a mixture of several compounds from which unaltered benzoate 
5 was easily purified by plate chromatography (0.5 mm, 10% 
methanol in chloroform). The third fraction, more polar than 
the main one, furnished compounds 4, 7, and 6 (in order of 
increasing polarity) by HPLC separation, along with other 
known polar ryanoids already reported (7, 11, 13, 14). 

9a,21 -Epoxyryanodine (3): mp 2 12-214°C; 'H NMR 
(CD30D, 6 ppm): 7.03, 6.88, and 6.24 (3 dd for pyrrole ring 
hydrogens), 5.64 (s, lH,  HC3), 4.38 (s, IH, HClO), 2.84 (d, 
5.1 Hz, IH, HAC21), 2.58 (d, 13.8 Hz, lH, H,C14), 2.37 (d, 
5.1 HZ, IH,HBC21),2.5-2.3 (m,2H),2 .26(m,  lH,HC13), 
1.96 (d, 13.8 Hz, HBC14), 1.45-1.20 (m, 2H), 1.34 (s, 3H, 
CH3Cl), 1.10 (d, 6.7 HZ, 3H, CH3C13), 0.92 (s, 3H, CH3C5), 
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Ruest and Dodier 

0.75 (d, 6.4 Hz, 3H, CH3C13); ms m/e: 507 (M+, weak); 
HRMS calcd. for C,jH330,0N: 507.2104 (M+); found: 
507.2097. 

18-Hydroxy-3-0-benzoylryanodol (5): 'H NMR (CD30D, S 
pprn): 8.06 (2H), 7.66 (lH) and 7.53 (2H) (3 m for Ar-H), 5.72 
(s, 1H,HC3),3.91 (app.d,4.8Hz,2H,2H,H2C18),3.79(d, 
10.1 Hz, HClO), 2.51 (d, 13.7 Hz, lH, HAC14), 2.25 (m, lH, 
HC13), 2.10 (m, lH, H,,C7), 1.98 (d, 13.7 Hz, lH, HBC14), 
1.85 (m, IH, HC9), 1.50 (m, 2H, H,,C8, HeqC7), 1.42 (s, 3H, 
CH3C1), 1.22 (m, lH, HeqC8), 1.01 (d, 6.5 Hz, 3H, CH3C9), 
0.88 (d, 6.5 Hz, 3H, CH3C13), 0.82 (s, 3H, CH3C5); ms m/e: 
502 (M+ - H20); HRMS calcd. for C27H3409 (M' - H20): 
502.2203; found: 502.2198. 

18-Hydroxyryanodine (4): 'H NMR (CD30D, S pprn): 7.03, 
6.87, and 6.23 (3 m for pyrrole hydrogens), 5.59 (s, lH, HC3), 
3.94 (dd, 10.3 and 5.4 Hz, lH, HAC18), 3.85 (dd, 10.3 and 3.9 
HZ, HBC18), 3.79 (d, 10.2 HZ, lH, HClO), 2.50 (d, 13.8 HZ, 
lH, HAC14), 2.21 (m, lH, HxC13), 2.09 (m, IH, H,,C7), 1.94 
(d, 13.8 Hz, lH, HBC14), 1.89 (m, lH, HC9), 1.50 (m, 2H, 
HeqC7, H,,C8), 1.41 (s, 3H, CH3C1), 1.23 (m, lH, HeqC8), 
1.00 (d, 6.4 Hz, CH3C9), 0.90 (d, 7.3 Hz, CH3C13), 0.88 (s, 
3H, CH3C5); ms mn/e: 491 (M' - H,O); HRMS calcd. for 
C,,H3,09N (M+ - H20): 491.2155; found: 491.2148. 

19-Hydroxyryanodine (7): NMR data of this ryanoid in 
CD30D are slightly different from those reported in a mixture 
of CDCl, and CD30D (10). We confirmed that addition of 
CDCl, to a solution of 7 in CD30D almost removes these dif- 
ferences; mp 153-155°C (CH30H); 'H NMR (CD30D, 6 
ppm): 6.98, 6.91, and 6.21 (3 m for pyrrole hydrogens), 5.55 
(s, lH, HC3), 3.78 (d, 10.2 Hz, IH, HClO), 3.54 (dd, 10.8 and 
4.6 Hz, lH, HAC19), 3.46 (dd, 10.8 and 2.4 Hz, lH, HBC19), 
2.33 (d, 13.8 Hz, lH, HAC14), 2.18 (m, lH, H,C13), 1.98 
(m, lH, H,,C7), 1.87 (d, 13.8 Hz, lH, HBC14), 1.77 (m, lH, 
HC9), 1.50-1.35 (m, 2H, HeqC7, H,,C8), 1.34 (s, 3H, CH3C1), 
1.27 (d, 6.8 Hz, 3H, CH3C 13), 1.23 (m, lH, HeqC8), 0.97 (d, 
6.5 HZ, CH3C9), 0.81 (s, 3H, CH3C5); ms m/e: 491 (M+ - 
H20); HRMS calcd. for C,,H3,0,N (M+ - H,O): 491.2155; 
found: 49 1.2 148. 

18-Hydroxy-9,21-dehydroryanodine (6): 'H NMR (CD30D, 6 
pprn): 7.03, 6.88, and 6.23 (3 m for pyrrole hydrogens), 5.61 
(s, lH, HC3), 5.05 and 4.86 (2 br s, lH each, H,C21), 4.74 (br 
s, lH, HClO), 3.94 (dd, 10.4 and 5.3 Hz, IH, HAC18), 3.89 
(dd, 10.4 and 3.8 Hz, IH, HBC18), 2.49 (d, 13.8 Hz, lH, 
HAC 14), 2.29-2.07 (m, 3H, HC13, HC7, HC8), 1.92 (d, 13.8 
Hz, lH, HBC14), 1.42 (s, 3H, CH3C1), 1.38-1.26 (m, 2H, 
HC7, HC8), 0.91 (s, 3H, CH3C5), 0.90 (d, 6.4 Hz, IH, 
CH3C13); ms m/e: 489 (M' - H,O); HRMS calcd. for 
C2,H3,09N (M' - H20): 489.1999; found: 489.2010. 

Synthesis of 3-deoxyryanodol (cinnzeylanol) (14) and 
cinnzeylanine (15) 

Anlzydrocinnzeylanol(3-deoxyanlzydroryanodol) (12) 
Concentrated sulfuric acid (0.1 mL) was added, at 25"C, to a 
solution of olefin 11 (26 mg, 0.074 mmol) in methanol (10 
mL) and the mixture refluxed for 40 h. The cooled mixture 
was transferred into aqueous sodium bicarbonate (5%) and 

extracted with ethyl acetate. The crude product was chromato- 
graphed on silica plate (0.5 mm, 10% methanol in chloroform) 
to give pure 12 (23 mg, 89%); mp 110-1 12°C (MeOH); IR 
(film, v cm-I): 3389,2922, 1732, 1461; 'H NMR (CD30D, 6 
ppm): 4.02 (d, 10.0 Hz, lH, HClO), 2.70 (m, lH, HC13), 2.61 
(dq, 17.5 and 1.7 Hz, lH, HAC3), 2.45 (d, 19.5 Hz, lH, 
HAC14), 2.36 (d, 19.5 Hz, IH, HBC14), 2.10 (dq, 17.5 and 2.6 
Hz, HBC3), 1.80 (m, 1 H, HC9), 1.72 (br s, 3H, CH3C1), 1.63- 
1.48 (m, 4H, H,C7), 1.07 (d, 6.4 Hz, 3H, CH3C9), 1.02 (s, 3H, 
CH3C5), 1 .OO (d, 7.0 Hz, 3H, CH3C1 3), 0.94 (d, 7.0 Hz, 3H, 
CH,C13); "C NMR (CD30D, 6 pprn): 174.2, 148.6, 137.6, 
87.1, 75.6, 75.4,43.3, 39.9, 37.6, 31.4, 30.9, 29.3, 23.3, 23.0, 
21.4, 16.1, 14.5; ms m/e: 349 (M' - H20); HRMS calcd. for 
C20H2905 (M' - H20): 349.2015; found: 349.2008. 

1,2-Epoxyanlzydrocinnzeylanol(13) 
At ambient temperature, solid sodium bicarbonate (2 mg) was 
added to a solution of anhydrocinnzeylanol (12) (27 mg, 
0.074 mmol) in a mixture of 1,2-dichloroethane (2 mL) and 
acetonitrile (1 mL). To this mixture was added a solution of 
trifluoroperacetic acid (1 N, 120 pL) in 1,2-dichloroethane. 
After 20 h at room temperature and addition of aqueous 
sodium thiosulfate (0.1 N, 2 mL), the mixture was extracted 
with ethyl acetate and the crude product was chromato- 
graphed (flash, 5-10% methanol in chloroform) to give 
epoxide 13 (19 mg, 71%); my 182-184°C (MeOH); IR (film, 
v cm-I): 3426, 2968, 1731; H NNIR (CD30D 6 pprn): 4.04 
(d, 10.5 Hz, lH, HClO), 2.78 (d, 20.0 Hz, lH, HAC3), 2.63 (d, 
20.0 Hz, lH, HBC3), 2.25 (d, 15.6 Hz, lH, HAC14), 1.75 (m, 
lH, HC9), 1.60 (d, 15.6 Hz, IH, H,C14), 1.65-1.50 (m, 4H, 
H2C7, H2C8), 1.54 (s, 3H, CH3Cl), 1.06 (d, 6.3 HZ, 3H, 
CH3C9), 1 .OO (d, 6.9 Hz, 3H, CH3C13), 0.96 (d, 5.9 Hz, 
CH3C13), 0.94 (s, 3H, CH3C5); 13c NMR (CD30D, 6 pprn): 
173.2,95.4, 87.5, 80.6,78.9,75.4,43.8, 38.1,37.4,33.1,29.4, 
21.2, 20.7, 17.3, 16.4; ms m/e: 382 (M'); HRMS calcd. for 
C20H3007: 382.1991; found: 382.1989. 

Cinnzeylanol(3-deoxyryanodol) (14) 
A solution of epoxide 13 (29 mg, 0.076 mmol) in tetrahydro- 
furan (THF) (3 mL) was transferred (cannula) into a blue solu- 
tion of lithium (50 mg) in ammonia (10 mL, -78°C). The 
mixture was stirred for 30 min, then treated with solid ammo- 
nium chloride (100 mg) and stirred until discoloration (-5 
min). Ammonia was allowed to escape while raising the tem- 
perature to 25°C and the residue was dissolved in water and 
extracted with ethyl acetate. Pure cinnzeylanol (14) (22 mg, 
75%) was obtained from the crude product by flash chroma- 
tography (10% methanol in chloroform); mp 140-141°C 
(MeOH) (lit (26) mp 140-141°C (25) 139-142°C); IR (film, 
v cm-'): 3366,2937, 1469, 1017; 'H NMR (CD30D, 6 pprn): 
3.79 (d, 10.2 Hz, lH, HClO), 2.41 (d, 15.5 Hz, lH, HAC3), 
2.10 (app td, 12.5 and 5.8 Hz, H,,C7), 1.92 (m, lH, HC13), 
1.84 (d, 13.6 Hz, HAC14), 1.80 (m, lH, HC9) 1.76 (d, 15.5 Hz, 
lH, HBC3), 1.73 (d, 13.6 Hz, lH, HBC14), 1.60-1.40 (m, 2H, 
H,,C8, He C7), 1.31 (s, 3H, CH3C1), 1.28 (m, lH, He C8), 
1 .OO (d, 6.4 Hz. 3H, CH3C9). 0.99 (d, 6.7 Hz, 3H. C H ~ ~ I ~ ) ,  
0.95 (d, 6.7 Hz, 3H, CH3C13), 0.86 (s, 3H, CH3C5); I3c NMR 
(CD30D, 6 ppm): 102.4,98.3,90.2, 87.3, 86.3, 72.8 (2), 43.4, 
35.3, 34.2, 29.5, 27.3, 19.1, 18.9, 18.8, 11.1,9.7; ms m/e: 366 
(M' - H,O); HRMS calcd. for C2,H3,06 (M+ - H,O): 
366.2042; found: 366.2050. 
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Cinnzeylanine (10-0-acetyl-3-deoxyryanodol) (15) 
To a solution of alcohol 14 (25 mg, 0.065 mmol) in THF (10 
mL) was successively added triethylamine (19 pL, 0.14 
mmol), acetic anhydride (1.0 mL of a 0.1 M solution in THF, 
0.10 mmol), and 4-dimethylaminopyridine (DMAP) (3 mg). 
After 48 h at room temperature, the mixture was poured onto 
aqueous sodium bicarbonate (5%) and extracted with ethyl 
acetate. The crude product was chromatographed on two silica 
plates (0.5 mm, 10% methanol in chloroform) to furnish cin- 
nzeylanine (15) (4.9 mg, 18%), anhydrocinnzeylanol(12) (2.9 
mg), and anhydrocinnzeylanine (2.4 mg), along with 
unchanged starting material 14 (11 mg); this yield was not 
optimized; 'H NMR (CD30D, 6 pprn): 5.26 (d, 10.7 Hz, lH, 
HClO), 2.39 (d, 15.5 Hz, lH, HAC3), 2.12 (m, lH, HC9), 2.05 
(s, 3H, CH3CO), 1.92 (app td, 13.5 and 6.6 Hz, lH, HaxC7), 
1.89 (m, lH, HC13), 1.85 (d, 13.7 Hz, lH, HAC14), 1.74 (d, 
13.7 Hz, lH, HBC14), 1.72 (d, 15.5 Hz, IH, HBC3), 1.56 (m, 
2H, HaxC8, HeqC7), 1.34 (m, lH, HeqC8), 1.33 (s, 3H, 
CH3C1), 1.00 (d, 6.6 Hz, 3H, CH3C9), 0.94 (d, 6.9 Hz, 3H, 
CH3C1 3), 0.87 (s, 3H, CH3C5), 0.84 (d, 6.6 Hz, 3H, CH3C13); 
ms d e :  426 (M', weak), 408 (M' - H20); HRMS calcd. for 
C22H3207 (M+ - H20): 408.2148; found: 408.2142. 

Synthesis of 2,3-dideoxy-2,3-dihydroryanodol(16) 
A solution of anhydrocinnzeylanol(12) (18 mg, 0.049 mmol) 
in THF (2 mL) was transferred (cannula) into a cold (-78°C) 
blue solution of lithium (20 mg) in ammonia (10 mL). After 30 
min of stirring and addition of solid ammonium chloride (100 
mg), the discolored mixture was allowed to warm to room 
temperature (evaporation of ammonia). The solid residue was 
dissolved in water and extracted with ethyl acetate to give pure 

I compound 16 (17 mg, 92%); this compound was recrystallized 
(MeOH) for monocrystal X-ray diffraction analysis: mp 217- 
220°C; IR (film, v cm-'): 3282, 2944, 1459, 1005; 'H NMR 
(CD30D, 6 pprn): 3.80 (d, 10.2 Hz, lH, HC1 O), 2.13 (app td, 
12.3 and 5.9 Hz, lH, HaXC7), 1.90-1.70 (m, 7H, HC13, HC9, 
H2C14, H2C3, HC2), 1.55-1.43 (m, 2H, HaxC8, H,,C7), 1.28 
(m, lH, HeqC8), 1.21 (s, 3H, CH3C1), 1.03 (d, 5.7 Hz, 3H, 
CH3C13), 1 .OO (d, 6.5 Hz, 3H, CH3C9), 0.90 (d, 5.7 Hz, 3H, 
CH3C13), 0.86 (s, 3H, CH3C5); 13c NMR (CD30D, 6 pprn): 
103.5,97.5,90.8, 87.2,73.1,61.9,50.9,43.4,39.0,35.4,30.4, 
29.5, 27.4, 24.1, 23.7, 18.9, 11.2; ms d e :  368 (M'); HRMS 
calcd. for C20H3206: 368.2199; found: 368.2192. 

Syntheses of 2-deoxy-3-epiryanodol(18) and 2-deoxy-3- 
epiryanodine (19) 

3-Oxoanhydroryanodol(17) 
Following a slightly modified procedure (30), a solution of 
anhydroryanodol(10) (17 mg, 0.044 mmol) in chloroform (10 
mL) was reacted with activated manganese dioxide (25 mg) at 
25°C for 3 h. Filtration (cotton, Celite) of the mixture and 
evaporation of the solvent left a residue that was purified by 
flash chromatography (5% methanol in chloroform) to give 
pure enone 17 (1 1 mg, 66%); IR (film, v cm-'): 3439, 2966, 
1745, 1691, 1622, 1021; 'H NMR (CD30D, 6 pprn): 4.04 (d, 
10.4 Hz, lH, HClO), 2.75 (heptuplet, 7.0 Hz, lH, HC13), 2.58 
(d, 19.8 Hz, lH, HAC14), 2.23 (d, 19.8 Hz, lH, HBC14), 2.21 
(s, 3H, CH3Cl), 1.76 (m, lH, HC9), 1.61-1.46 (m, 4H, H2C8), 
1.15, 1.13, and 1.08 (3 d, 7.0 Hz, 3H each, 3 CH3CH), 1.09 
(s, 3H, CH3C5); ms m/e: 380 (M'); HRMS calcd. for 
C20H2807: 380.1835; found: 380.1826. 

2-Deoxy-3-epiryanodol(l8) 
A solution of enone 17 (50 mg, 0.13 1 mmol) in THF (5 mL) 
was transferred into a blue solution (-78°C) of lithium (25 
mg) in ammonia (10 mL). After 30 min, extraction was per- 
formed as described above. Flash chromatography of the 
crude product gave compound 18 (34.8 mg, 69%); mp 304- 
308°C (MeOH); IR (film, v cm-I): 3396,2929,1634,1453; 'H 
NMR (CD30D, 6 pprn): 3.81 (d, 10.0 Hz, lH, HClO), 3.59 (d, 
5.2 Hz, lH, HC3), 2.15-2.00 (m, IH, H,,C7), 1.95 (m, lH, 
HC13), 1.83 (m, lH, HC9), 1.81 (d, 13.7 Hz, lH, HAC14), 
1.58 (d, 13.7 Hz, lH, HBC14), 1.55-1.43 (m, 3H, HC2, HaxC8, 
HeqC7), 1.24 (s, 3H, CH3Cl), 1.08 (d, 6.4 Hz, 3H, CH3C13), 
1.07 (d, 6.6 Hz, 3H, 3H, CH3C13), 1.00 (d, 3H, 6.4 Hz, 3H, 
CH3C9), 0.87 (s, 3H, CH3C5); 13c NMR (CD30D, 6 pprn): 
103.0, 87.6, 86.2,75.3,61.8,42.1,35.4,29.6,27.1,24.3,23.7, 
18.9, 14.9, 11.3; ms m/e: 384 (M'); HRMS calcd. for 
C20H3207: 384.2148; found: 384.2139. 

2-Deoxy-3-epiryanodine (19) 
Following a modified method form the literature (34), a solu- 
tion of alcohol 18 (1 8 mg, 0.046 mmol) and 2-pyrrolecarbox- 
ylic acid (7.6 mg, 0.069 mmol) in dimethylformamide (DMF) 
(1.5 mL) was treated with diphenylphosphorylazide (DPPA) 
(20 pL, 0.092 mmol) and triethylamine (39 mL, 0.276 mmol) 
and stirred for 64 h at room temperature. The mixture was 
transferred into aqueous sodium bicarbonate and extracted 
with ethyl acetate. The crude product was chromatographed 
on silica plate (0.5 mm, 10% methanol in chloroform) to give 
unreacted starting material (15 mg) along with compound 19 
(3 mg, 13%). No attempt was made to increase this yield; IR 
(film, v cm-'): 3391, 2935, 1693, 1412, 1324, 1148; 'H NMR 
(CD30D, 6 pprn): 6.95,6.90, and 6.18 (3 m for pyrrole hydro- 
gens), 5.16 (d, 5.7 Hz, lH, HC3), 3.79 (d, 10.2 Hz, lH, HClO), 
2.13 (app td, 12.5 and 6.1 Hz, HaxC7), 2.04 (m, lH, HC13), 
1.94 (dd, 10.6 and 5.7 Hz, lH, HC2), 1.92 (d, 14.2 Hz, lH,  
HAC14), 1.84 (m, lH, HC9), 1.74 (d, 14.2 Hz, lH, HBC14), 
1.52 (m, 2H, HaxC8, HeqC7), 1.32 (s, 3H, CH3C1), 1.23 (m, 
lH, HeqC8), 1.07 (d, 6.2 Hz, 3H, CH3C13), 1.01 (s, 3H, 
CH3C5), 1 .OO (d, 6.1 Hz, 3H, CH3C9), 0.91 (d, 6.4 Hz, 3H, 
CH3C13); ms d e :  477 (M+); HRMS calcd. for C2,H3,08N: 
477.2362; found: 477.2365. 

Synthesis of 2-deoxyryanodol(20) and 2-deoxy-2- 
epiryanodol(21) 

To a cold (-78°C) solution of anhydroryanodol(13 mg, 0.034 
mmol) in THF (3 mL) was added a solution of lithium diiso- 
propylamide (100 pL, -2 M in THF). After 30 min of stirring 
at -78"C, this preparation was transferred (cannula) to a cold 
(-78°C) blue solution of lithium (-50 mg) in ammonia (10 
mL) and the mixture was stirred for 1 h. After the addition of 
solid ammonium chloride (100 mg) and warming to 25°C 
(evaporation of ammonia), the residue was dissolved in water 
and extracted with ethyl acetate. The crude extract was chro- 
matographed on silica plate (0.5 mm, 10% methanol in chlo- 
roform) to give the known olefin 11 (6.7 mg, 54%) (18) and a 
1 : 1 mixture (by NMR evidence) of 2-deoxyryanodol(20) and 
2-deoxy-2-epiryanodol(21) (3.1 mg, 24%). In our hands, these 
epimers were inseparable by the usual silica plate chromatog- 
raphy. Fortunately, fractional crystallization (methanol) of 
their mixture furnished pure compound 20. Stereochemistry at 
C2 was revealed by X-ray diffraction analysis (seeFig. 4) (27). 
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Ruest and Dodier 

2-Deoxyryanodol (20): mp 243°C (dec.) (MeOH); 'H NMR 
(CD30D, 6 ppm): 4.34 (d, 11.4 Hz, IH, HC3), 3.78 (d, 10.2 
Hz, lH, HClO), 2.52 (d, 13.2 Hz, lH, HAC14), 2.14-2.00 (m, 
2H, HaXC7, HC9), 1.83 (m, 1 H, HC 13), 1.8 1 (app t, 1 1.4 Hz, 
lH, HC2), 1.72 (d, 13.2 Hz, lH, HBC14), 1.58-1.40 (m, 2H, 
HeqC7, HaXC8), 1.24 (m, lH, HeqC8), 1.20 (s, 3H, CH3C1), 
1.12 (s, 3H, CH3C5), 1.09 (d, 6.6 Hz, 1 H, CH3C9), 1 .O1 (d, 5.2 
Hz, 3H, CH,C13), 0.99 (d, 5.8 Hz, 3H, CH,C13); ms m/e: 384 
(Mf); HRMS calcd. for C20H3207: 384.2148; found: 
384.2143. 

2-Deoxy-2-epiryanodol (21): NMR data of this compound 
were obtained from the spectrum of a mixture with epimer 20: 
'H NMR (CD,OD, 6 ppm): 4.22 (d, 6.7 Hz, 1 H, HC3), 3.75 (d, 
10.2 Hz, lH, HCIO), 2.32 (d, 13.4 Hz, lH, H,C14), 2.08 (m, 
2H, H,C7, HC9), 1.83 (m, lH, HC13), 1.72 (d, 13.4 Hz, lH, 
HBC14), 1.62 (dd, 6.7 and 3.5 Hz, lH, HC2), 1.59-1.40 (m, 
2H, H,,C7, H,C8), 1.27 (m, lH, He C8), 1.20 (s, 3H, 
CH,Cl), 1.1 1 (s, 3H, CHJS), 1.05-0.99 im, 9H, CH3C9, and 
2 CH3C 13). 
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A revised structure for the piperidine alkaloid 
andrachamine 

Sibel Mill and Claude Hootele 

Abstract: A new method for the synthesis of trans-2,6-disubstituted piperidine derivatives is described. The transformation of 
cyclic a-methoxycarbamates 5 and 6 affords trans ketones 17 and 18. The synthesis of diols 1 4  from 17 and 18 has shown that 
the structure proposed in the literature for the piperidine alkaloid andrachamine is incorrect. A reexamination of the original 
spectral data of this alkaloid suggested that it is a tneso 2,6-disubstituted piperidine derivative. Unambiguous syntheses of 23 and 
24 and con~parison with a sample of andrachamine have established that this alkaloid possesses structure 23. 

Key words: N-acyliminium, piperidine, alkaloid, andrachamine. 

Rksumk : Une nouvelle mCthode de synthkse de dCrivts pipkridiniques trans-2,6-disubstituCs est dCcrite. La transformation des 
carbamates cycliques a-mCthoxylCs 5 et 6 conduit aux cCtones trans 17 et 18. La synthese des diols 1 4  au dkpart de 17 et 18 a 
montrC que la structure proposCe dans la IittCrature pour l'alca101'de pipkridinique andrachamine est erronCe. Un rCexamen des 
propriCtCs spectrales de cet alcalo'ide a permis de conclure qu'il s'agit d'un dCrivC piptridinique 2.6-disubstituk rnkso. Des 
syntheses non ambigues des dCrivCs 23 et 24 et la comparaison avec un Cchantillon d'andrachamine ont Ctabli que cet alcalo'ide 
posskde la structure 23. 

Mots clis : N-acyliminium, piperidine, alcaloi'de, andrachamine. 
I 

i In 1986, the isolation of a new piperidine alkaloid from 
I extracts of the shrub Andrachne aspera (Euphorbiaceae), col- 

lected near Karachi, was reported (1). The new base was called 
andrachamine. A second piperidine derivative, andrachcine, 
was described shortly afterwards from the same species (2). 
Structure 1 was proposed for andrachamine, based mainly 
upon spectroscopic studies. Of particular importance for the 
structural attribution was the assignment to C4 of a signal 
appearing at 18.7 ppm in the I3c NMR spectrum of andra- 
chamine; comparison of this value with 13c values reported in 
the literature for C4 in cis- and trans-2,6-disubstituted piperi- 
dine derivatives led to the assignment of the trans configura- 
tion to the alkaloid (1). 

More recently, an unambiguous nitrone-based synthesis of 
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the aminodiol ( 2 ) l  was published (3). No direct comparison 
was possible but the authors claimed the correspondence, 
based on the alleged agreement of the spectroscopic proper- 
ties, between their s nthetic compound and andrachamine. X Indeed, although the C chemical shift for C4 (19.12 ppm) in 
(?) I  is close to the value reported for andrachamine, some of 
the other I3c values reported for (?) l  do not agree with those 
reported for the alkaloid: the chemical shifts of C2 and C6 for 
instance differ by more than 10 ppm between the two spectra. 
An examination of the evidence accumulated convinced us 
that the structure of andrachamine could not be 1. As the pres- 
ence of the C4 signal at 18.7 ppm in the 13c NMR spectrum of 
andrachamine appeared as a-definite argument in favour of a 
trans-disubstituted piperidine structure, we decided to synthe- 
size the four racemic trans diastereomers 1-4 and to compare 
their spectral properties with those of the alkaloid. 

The stereoselective synthesis of trans-2,6-disubstituted pip- 
eridines is generally more difficult than the synthesis of the 
corresponding cis derivatives. Recent work from our labora- 
tory has shown that the sequence: anodic methoxylation - 
elimination - nucleophilic addition provides an efficient route 
for the synthesis of cis-2,6-disubstituted piperidine derivatives 
from 2-substituted compounds (4). The high stereoselectivity 
observed in favour of the cis compounds results from the ste- 
reoelectronically preferred axial attack of the nucleophile (5 ,  
6) on the N-acyliminium intermediate whose favoured confor- 
mation has a pseudoaxial alkyl group at C2 (Fig. l a )  (7,s). On 
the basis of the above model we reasoned that the presence of 
a cyclic 6-membered carbamate would force the C2 side chain 
in a pseudoequatorial orientation in the N-acyliminium ion 
and that the preferred axial attack of an incoming nucleophile 
should therefore lead to a trans-2,6-disubstituted derivative 
(Fig. 16). One related example was reported in the literature 
(9) and a few more appeared after the present work was com- 
plete (10). 

Can. J. Chem. 74: 24362443 (1996). Printed in Canada / Ilnprimt au Canada 
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Mill and Hootele 

Fig. 1. 

Scheme 1. 

1 i i i  

... 
V l l l  

lla, b 

1' 

I vii vii 
... 

V l l l  - H3coq 
:A: s1/gc4~9 HjCO I R H3CO 

H I H  
6 C02CH,3 C02CH3 

i: CHC1,:EtOH (1: I), sealed tube (a: 1-pentene, 50°C, 90 h, 87%; b: 1-hexene, 60°C, 70 h; 93%); ii: Nil 
Al, 1 M aqueous KOH solution, MeOH, r.t., 17 h (a: 98%; b: 95%); iii: BOC20, THF, r.t., 3 h (a: 80%; 
b: 95%); iv: MesC1, pyridine, r.t., 24 h, (a: 96%; b: 91%); v: 2 M ethanolic KOH, r.t., 17 h + 1 h reflux 
(a: quant.; b: 94%); vi: (a) ClC02CH3, K2C0,, H20, r.t., 3 h; (b) Ac20, pyridine, r.t., 17 h (13a: 79%; 
13b: 91%; 14a: 69%; 14b: 86%); vii: -2e, Et4NOTs, MeOH, 8 V; 8 Flmol(15a: 99%; 15b: 99%; 16a: 
92%; 16b: 83%); viii: tBuOK, THF, r.t., 1 h (5: 97%; 6: 97%). 

Indeed, we established that access to trans-2,6-piperidine The synthesis of carbamates 5 and 6 is outlined in Scheme 
derivatives through cyclic 6-membered carbarnates was possi- 1. Cycloadditions between nitrones and terminal alkenes are 
ble and a pathway was developed in which cyclic a-methoxy- known to be highly regio- and diastereoselective (1 1-13). exo 
carbamates 5 and 6 serve as precursors of diastereomers 1 4  Addition of nitrone 7 to 1-hexene gave 93% of isoxazolidine 
(see Scheme 2). 8b; the isolated exo/endo ratio was found to be 9911. Reduc- 
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Scheme 2. 

i: TiCl,, CH2C12, O°C, 5 min, then -45"C, CH2=CH-(OSiMe3)CH2CH3, 2 h (17: 58%; 18: 55%); ii: NaBH,, 
MeOH, r.t., 25-50 min, (19: 38%; 20: 51%; 21: 54%; 22: 34%); iii: 2 M ethanolic KOH, reflux 1-1 8 h (1: quant.; 
3: 95%; 4: 91%). 

tive cleavage of the N-0 bond of 8b with NilA1 alloy and 
KOH in aqueous methanol afforded y-aminoalcohol 9b in 
95% yield. The epimeric alcohol 12b was obtained from 9b 
after a three-step sequence: protection of 9b as the N-BOC 
derivative lob followed by treatment with mesyl chloride 
afforded the corresponding cyclic carbamate l l b  with inver- 
sion at carbon 8; hydrolysis and decarboxylation of this car- 
bamate led to y-aminoalcohol 12b in 81% overall yield. The 
two epimeric y-aminoalcohols 9b and 12b were then submit- 
ted to the same reaction sequence; after protection of the amine 
and alcohol functions, anodic oxidation of the resulting car- 
bamates 13b and 14b was performed in the conditions 
described previously (4). The cyclic carbamates 5 and 6 were 
obtained by treatment of a-methoxycarbamates 15b and 16b 
with tBuOK in THF. 

The synthesis of aminodiols 1-4 from 5 and 6 is outlined in 
Scheme 2. 

The nucleophilic displacement of the methoxy group of 5 
and 6 was performed by treatment with an excess of 2-(trime- 
thylsily1oxy)but-1-ene (14) in the presence of TiCl, at low 
temperature to give the expected trans-2,6-piperidine deriva- 
tives 17 and 18 with yields of 58 and 55%, respectively. No cis 
product was detected. The desired trans aminodiols 14  were 
obtained by subsequent NaBH, reduction of the ketone func- 
tion of 17 and 18, separation of the resulting diastereomeric 
alcohols, and finally cleavage of the carbamate function under 
basic conditions. 

The 13c chemical shifts of the aminodiols 1 4  are given in 
Table 1. 

These values deserve some comments. The trans-2,6 con- 
figuration of the four diastereomers is confirmed by the chem- 
ical shifts of C4: they range from 19.8 to 20.6 ppm, in 
agreement with typical values reported for trans-2,6-disubsti- 
tuted piperidine models (15). Comparison of the 'H and 13c 
NMR properties of 1 and its N-benzyl derivative with those 
published (3) clearly shows the identity of Carruthers' com- 
pound with ours. The complete relative configurations of 1 and 
2 (2 only differs from 1 at C10) are therefore established. On 
this basis, examination of the C2, C6, C8, and C10 chemical 
shifts through the series and comparison with mono- and dis- 
ubstituted piperidine derivatives of established configuration 

( 1 6 ) ~  allow the unambiguous determination of the relative 
configurations of 3 and 4. 

Comparison of the 13c chemical shifts of the four aminodi- 
01s 1 4  with the values published for andrachamine clearly 
establishes that none of them is identical with andrachamine. 
The structure of andraclzamine has therefore been misas- 
signed. When this work was complete, it came to our knowl- 
edge that the same conclusion had been reached independently 
in another laboratory (17). As an authentic specimen of the 
alkaloid was no longer available, a reexamination of the spec- 
tral properties of andracharnine appeared necessary. The orig- 
inal 'H and 13c NMR spectra were kindly supplied by 
Professor Ahmad; their study revealed that the alkaloid was 
not isolated as a pure compound as indicated inter alia by the 
relative intensities of the signals in the 13c NMR spectrum. 
Indeed, on a given spectrum, signals corresponding to equally 
substituted carbon atoms are expected to display nearly equal 
intensities. However, on the original 13c spectrum of andra- 
chamine the intensities associated with the 73.6171.0 
(assigned to C10 and C8) and 9.9113.9 (assigned to C12 and 
C16) signal pairs for instance appear in a 113 ratio. In a similar 
way, the low intensities of the signals at 3 1.0 and 39.6 ppm did 
not match those of the other major signals of the spectrum. It 
therefore appears that the signals at 73.6, 39.6, 31.0, and 9.9 
ppm are due to the presence of impurities and that only the 
eight following 13c signals are attributable to the major con- 
stituent: 6 71.0, 59.1, 40.3, 40.1, 29.4, 23.0, 18.7, and 13.9 
ppm (Table 2). The signal at 23.0 ppm being only attributable 
to C4, a C2 symmetric trans-2,6-disubstituted derivative can 
be ruled out. It is likely therefore that the alkaloid is a meso 
2,6-disubstituted piperidine derivative corresponding either to 
structure 23 or to structure 24. 

Also, S. Mill and C. HootelC, unpublished results. 
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Mill and Hootele 

Scheme 3. 

150 16a i _ la 
n-C3H7 N H I H 

n-C3H7 

C02CH3 
ii 

26: R' =OAC, R 2 =  H - 11-C3H7 N n-CjH7 +a n-Cj 7 N 
H I H  

n-C3H7 
27: R' = H. R2 = OAc H I H  

C02CH3 C02CH3 

1 iii 

30 
25 

i: CF3S03SiMe3 or TiCl,, CH2=C(OSiMe3)CH2CH2CH3, CH2C12, -7S°C, 1 h (26: 56%; 27: 81%); ii: (a) K,C03, 
MeOH, r.t., 23 h (84%); (b) NaBH,, MeOH, r.t., 30 min (28: 10%; 29: 62%); iii: LiAl(OtBu),H, THF, O°C, 1 h 
(84%); iv: 1-2 M ethanolic KOH, 1-5 h, reflux (23: 95%, 24: quant.; 25: 99%). 

Table 1. "C chemical shifts (ppm) of aminodiols 1-4 (62.8 MHz) and of 
andrachamine according to ref. 1 (75.5 MHz). 

Andrachamine 
Attribution 1 2 3 4 according to ref. 1 

. .., ... 
These values may be interchanged 

The synthesis of the two meso isomers 23 and 24 was 
achieved as outlined in Scheme 3. 

Carbamates 15a and 16a were obtained by the same 
cycloaddition, C8 inversion, and anodic methoxylation path- 
way as described above for the synthesis of 15b and 16b 
(Scheme 1). The elimination - nucleophilic addition, respec- 
tively, yielded the two cis ketones 26 and 27. Methanolysis of 
the ester function of 26 followed by NaBH, reduction yielded 
a mixture of diols 28 and 29; they were separated on alumina 
and transformed under basic conditions into the aminodiols 24 
and 25. The relative configurations of 24 and 25 rest on the 

analysis of their 13c NMR spectra. On the other hand, 23 was 
obtained after stereoselective reduction of the ketone 27 fol- 
lowed by basic hydrolysis of 30. The complete analysis of the 
'H and 13c NMR spectra of 23,24, and 25 could be achieved 
using COSY and HMQC experiments. 

Unexpectedly, we observed that the 13c chemical shifts of 
neither 23 nor 24 were identical with the eight values retained 
for andrachamine (Table 2). However, significant differences 
only affect the a and P positions relative to the nitrogen atom 
and suggest that the values reported for andrachamine do not 
refer to the free base but to a salt of the alkaloid (18). Indeed, 
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Table 2. "C (90.6 MHz) chemical shifts (ppm) of 23, 24, the corresponding trifluoroacetates, 
and the major signals of the original spectrum of andrachamine. 

Major signals 
of the original 

Attribution 23 24 23.CF3COOH 24.CF3COOH spectrum (1) 

- 

*These values may be interchanged. 

Table 3. I3C (90.6 MHz) chemical shifts (pprn) of andrachamine 
from Andrachne nspern and its trifluoroacetate. 

Andrachamine 
Attribution from A. nspern Andrachamine.CF,COOH 

*These values may be interchanged. 

the chemical shift values observed after protonation of 23 (by 
addition of one equivalent of trifluoroacetic acid) are in com- 
plete accordance with the retained values while the I3c spec- 
trum of 24 after protonation is quite different (Table 2). The 
values of the 'H NMR spectrum of 23CF3COOH (La. S(H2): 
3.13 ppm, S(H8): 3.77 ppm) are in perfect agreement with the 
published ones (1); in the free base, however, H2 occurs at 
2.72 ppm. 

From the evidence accumulated above, it appears that the 
alkaloid andrachamine is correctly depicted by structure 23. 
To obtain a definite confirmation of this attribution a sample of 
andrachamine was reisolated from Andrachne aspera and 
compared with synthetic 23; the two samples appeared identi- 
cal. Moreover, after protonation, our sample of andrachamine 
exhibited eight 13c signals corresponding to the eight major 
signals appearing on the original spectrum of Professor 
Ahmad (Table 3). 

Experimental 

Mass spectral data were obtained on a Micromass 7070 or a 
Fisons Autospec spectrometer (high-resolution measure- 
ments). NMR spectra were recorded on a Bruker WM 250 ('H: 
250 MHz, I3c: 62.8 MHz), an AMX 400 ('H: 360 MHz, I3c: 
90.6 MHz), or a Varian Unity 600 ('H: 600 MHz, 13c: 150.7 

MHz) spectrometer in CDC13 with TMS as internal standard. 
IR spectral data were recorded on a Brucker IFS 25 spectrom- 
eter, as liquid films unless otherwise stated. 

Analytical thin-layer chromatography was performed on 
Polygram Sil GNV254 plates and on Merck aluminium 
sheets, aluminium oxide 60 F 254 neutral, type E. Visualiza- 
tion was accomplished either by ethanolic phosphomolybdic 
acid solution followed by heating or by iodine followed by 
Dragendorff's reagent. 

General procedure for the cycloaddition reactions 
To a stirred solution of 1-hydroxypiperidine (0.023 mol) in 
dichloromethane (20 mL) at O°C, yellow mercuric oxide 
(0.047 mol) is slowly added. The solution is then allowed to 
warm up to room temperature, stirred until the hydroxylamine 
has disappeared (TLC), and then filtered through Celite. After 
evaporation of the solvent under reduced pressure, the residue 
is mixed with the terminal alkene (0.159 mol), ethanol (20 
mL), and chloroform (20 mL) in a sealed tube. After 70-90 h 
at 50-60°C, the solvent is evaporated under reduced pressure; 
after one or two successive flash chromatographies (Kieselgel 
60 Merck; ether:hexane 2:3), the pure exo isoxazolidine is iso- 
lated. 

The 'H NMR spectra of 8a and 8b indicate a "slow" nitro- 
gen inversion process at room temperature: all signals are 
enlarged, due to interconversion between the trans conformer 
(t, ca. 89%) and the cis air (c). P Isoxazolidine 8a, 87%: H NMR, 6 ppm: 4.35 (m, H8(c)), 4.04 
(m, H8(t)), 3.5-3.4 (m, H6e(t) + H2(c)), 3.02 (m, H6e(c)), 
2.73 (m, H6a(c)), 2.46 (m, H6a(t)), 1.18-2.40 (1 3H, m), 0.93 
(3H, m); I3c NMR, 6 ppm: 76.3 (C8), 66.9 (C2), 55.6 (C6), 
40.6, 38.0, 30.0, 25.3, 24.4, 19.6, 14.5 (CH,); MS m/z: 169 
(M" 15%), 168 (10) (calcd. for Cl,Hl,NO (M" -H): 
168.1388; found: 168.1386), 126 (4), 100 (loo), 84 (21). 
Isoxazolidine 8b, 93%: 'H NMR, 6 ppm: 4.33 (m, H8(c)), 
4.02 (m, H8(t)), 3.5-3.4 (m, H6e(t) + H2(c)), 3.02 (m, 
H6e(c)), 2.66 (m, H6a(c)), 2.44 (m, H6a(t)), 1.1k2.32 (15H, 
m), 0.90 (3H, m); 13c NMR, 6 ppm: 76.6 (C8), 66.9 (C2), 55.7 
(C6),40.6,35.6,30.0,28.6,25.3,24.5,23.2, 14.5 (CH,);MS 
d z :  183 (M'., 24%), 182 (8) (calcd. for CllHZONO (M" 
-H): 182.1545; found: 182.1547), 126 ( 9 ,  100 (loo), 84 
(37). 
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General procedure for the hydrogenolysis of 
isoxazolidines 8 a, b 

A 1 M aqueous KOH solution (10 mL) is added to a stirred 
solution of the isoxazolidine (1.48 mmol) in methanol, (10 
mL). The Ni/A1 alloy (twice the weight of isoxazolidine) is 
slowly added. The reaction mixture is left overnight and then 
filtered through Celite and rinsed with methanol (200 mL). 
After evaporation of the methanol under reduced pressure, 
aqueous NaOH (30 mL) is added to the residue and the aque- 
ous phase is extracted with chloroform (3 x 40 mL). Removal 
of the solvent under reduced pressure gives the pure y-ami- 
noalcohol. 
9a, (+/-)-halosaline, 97%: IR (CCI, solution), cm-': 3350, 
2956, 2932, 2872; 'H NMR, 6 ppm: 3.88 (lH, m, Ha), 3.17 
(2H, m, OH, NH), 3.05 (lH, dd, J = 11 and 2 Hz, H2), 2.86 
(lH, m, H6e), 2.56 (IH, dt, J = 12 and 3 Hz, H6a), 1.26-1.80 
(12H, m), 0.92 (3H, t, J = 7 Hz); ',H NMR, 6 ppm: 69.1 (C8), 
55.1 (C2), 47.3,42.6 (C6, C7), 40.4 (C9), 32.0,26.5 (C3, C5), 
25.1, 19.3 (C10, C4), 14.4 (CH,); MS m/z: 171 (M+', 36%) 
(calcd. for C,,H,,NO: 171.1623; found: 171.1620), 154 (17), 
128 (loo), 98 (68). 
9b, 95%: IR (CCI, solution), cm-': 3326, 2933, 2859; 'H 
NMR, 6 ppm: 3.86 ( lH,  m, H8), 3.29 (2H, m, OH, NH), 3.04 
( lH,  m), 2.86 (lH, m), 2.56 (lH, dt, J =  12 and 3 Hz, H6a), 
1.23-1.81 (14H, m), 0.90 (3H, t, J = 7 Hz); ',c NMR, 6 ppm: 
69.3 (C8), 55.0 (C2), 47.2, 42.5 (C6, C7), 37.8 (C9), 3 1.9, 
28.3, 26.5 (C3, C5, C10); 25.1, 23.0 (C4, CI l), 14.3 (CH,); 
MS m/z: 185 (M", 5%) (calcd. for CI1H,,NO: 185.1780; 
found: 185.1783), 128 (13), 112 (6), 98 (1 I), 84 (100). 

General procedure for the synthesis of N-carbomethoxy 
derivatives of 9 a, b and 12a, b 

K,C03 (7.87 mmol) and methyl chloroformate (5.30 mmol) 
are successively added to a stirred solution of y-aminoalcohol 
(1.06 mmol) in water. After 3 h at room temperature, NH,OH 
is added and the basic solution is extracted with CHC1, (3 x 20 
mL). The combined CHCI, phases are evaporated under 
reduced pressure and the residue is filtered through a short col- 
umn of alumina to afford the corresponding N-carbomethoxy 
derivative. 
N-Carbomethoq derivative of 9a, 95.5%: IR (CCI, solution), 
cm-': 3346,2942,2872, 1682; 'H NMR, 6 ppm: 4.50 (lH, m, 
H2), 3.98 (2H, m, H6e and OH), 3.72 (3H, s, NCO,CH,), 3.36 
(1H, m, Ha), 2.74 (lH, dt, J = 13 and 2Hz, H6a), 2.00 (lH, dt, 
J =  14 and2Hz), 1.16-1.76 (I IH,  m), 0.91 (3H, t, J =  7 Hz); 
',c NMR, S ppm: 157.9, 67.7 (C2), 53.4 (NCO,CH,), 47.9 
(C8), 39.7, 39.6, 38.1, 30.0, 26.0, 19.7, 14.6 (CH,); MS m/z: 
229 (M", 2%) (calcd. for C12H2,N03: 229.1678; found: 
229.1686), 186 (2), 170 (I), 168 (I), 142 (100). 
N-Carbomethoxy derivative of 9b, 95%: 'H NMR, 6 ppm: 
4.50 (lH, m, H2), 3.98 (2H, m, OH and Ha), 3.72 (3H, s, 
NCO,CH,), 3.34 (IH, m, H6e), 2.73 (IH, m, H6a), 2.03 (lH, 
m), 1.16-1.96 (13H, m), 0.90 (3H, t, J = 7 Hz); I3c NMR, 6 
ppm: 157.6, 67.6 (C2), 53.0 (NCO,CH,), 47.5 (C8), 39.3, 
37.7, 36.7, 29.6, 28.3, 25.6, 22.9, 19.3, 19.3, 14.1 (CH,); MS 
m/z: 243 (M", 3%) (calcd. for C13H,,N03: 243.1834; found: 
243.1836), 186 (2), 184 (2), 168 (3), 142 (100). 
N-Carbomethoq derivative of l2a, 74%: IR (CCI, solution), 
cm-': 3446,2955,2937,2865, 1697, 1679; 'H NMR, 6 ppm: 
4.40 (lH, m, H2), 3.98 (lH, m, H6e), 3.69 (3H, s, NCO,CH,), 
3.62(1H, m, Ha), 2.88 (lH, m, H6a), 2-3 (lH, OH), 1.31-1.80 

(12H, m), 0.92 (3H, m); I3c NMR, 6 pprn: 156.5, 69.9 (C2), 
52.5 (NC0,CH3), 48.9 (C8), 39.8,39.6,38.2,29.1,25.5, 19.0, 
18.9, 14.0 (CH3); MS 177/2: 229 (M", 2%) (calcd. for 
C1,H2,NO3: 229.1678; found: 229.1684), 186 (I), 170 (I) ,  168 
( l ) ,  142 (100). 
N-Carbomethoxy derivative of 12b, 86%: 'H NMR, 6 ppm: 
4.39(1H,m,H2),3.99(1H,m),3.69(3H,s,NC0,CH3),3.64 
(lH, m),2.88 (lH, dt, J =  13 and2.5 Hz, H6a), 1.26-2.5 (15H, 
m), 0.90 (3H, t, J = 7 Hz); ',c NMR, 6 ppm: 156.7,70.4 (C2), 
52.8 (NCO,CH,), 49.1 (C6), 39.7, 38.4,37.5,29.4,28.1, 25.7, 
22.9, 19.2, 14.2 (CH,); MS ndz: 243 (M+', 1%) (calcd. for 
C,,H,,N03: 243.1834; found: 243.1835), 186 (2), 168 (2), 142 
( 100). 

General procedure for the acetylation reactions 
The N-carbomethoxy derivative (4.58 mmol) is treated at 
room temperature for 17 h with a mixture of pyridine (15 mL) 
and acetic anhydride (0.046 mol). After evaporation of the sol- 
vent, filtration of the residue through a short column of alu- 
mina yields the corresponding 0-acetyl derivative. 
13a, 83%: IR (CCl, solution), cm-': 2956, 2937, 2867, 1740, 
1699; 'H NMR, 6 ppm: 4.74 (IH, m, Ha), 4.38 (lH, m, H2), 
4.02 (IH, m, H6e), 3.64 (3H, s, NCO,CH,), 2.75 (lH, dt, J =  
2.5 and 13 Hz, H6a), 2.03 (3H, s, OCOCH ), 1.97 (1 H, m), 
1.27-1.68 (1 IH, m), 0.91 (3H, t, J = 7 Hz); "C NMR, 6 ppm: 
171.0, 156.4, 71.8 (C8), 52.9 (NCO,CH,), 47.9 (C2), 39.5, 
37.0,34.2,29.4,26.0,21.6 (OCOCH,), 19.5, 18.9, 14.4 (CH,); 
MS I ~ Z :  271 (M", <I%), 212 (4), 21 1 (7) (calcd. for 
C,,H,,NO, (M" -AcOH): 2 1 1.1572; found: 21 1.1578), 168 
(7), 155 (6), 142 (100). 
13b, 96%: IR, cm-': 2954,2937,2862, 1740, 1683; 'H NMR, 
6 ppm: 4.73 (lH, m, Ha), 4.38 (IH, m, H2),4.02 (lH, m, H6e), 
3.64 (3H, s, NCO,CH,), 2.75 (IH, dt, J =  2.5 and 13 Hz, H6a), 
2.03 (3H, s, OCOCH,), 2.00 (lH, m), 1.21-1.68 (13H, m), 
0.89 (3H, t, J =  7 Hz); ',c NMR 6 ppm: 171.0, 156.3, 71.9 
(C8), 52.8 (NCO,CH,), 47.8 (C2), 39.4,34.5,34.2,29.4,27.7, 
26.0, 23.0, 21.6 (OCOCH,), 19.5, 14.3 (CH,); MS m/z: 285 
(M", 1%) (calcd. for C15H27N04: 285.1940; found: 
285.1939), 242 (I) ,  225 (7), 169 (7), 155 (lo), 142 (100). 
14a, 93%: 'H NMR, 6 ppm: 4.83 (lH, m, H6), 4.33 ( lH,  m, 
H2), 4.01 (lH, m, H6e), 3.67 (3H, s, NCO,CH,), 2.90 (lH, m, 
H6a), 2.03 (3H, s, OCOCH,), 1.96 (lH, m), 1.27-1.71 (1 lH, 
m),0.90(3H, t, J = 7 H z ) ;  13cNMR,6ppm: 171.2, 156.4,72.6 
(C8), 52.9 (NCO,CH,), 48.4 (C2), 39.7,36.7,34.5,28.9,26.0, 
21.6 (OCOCH,), 19.4, 19.0, 14.3 (CH,); MS rdz: 271 (M+', 
<I%), 212 (3), 21 1 (7) (calcd. for C,,H,,NO, (M" -AcOH): 
21 1.1572; found: 21 1.1561), 168 (7), 155 ( 3 ,  142 (100). 
14b, quant.: 'H NMR, 6 ppm: 4.82 (IH, m, Ha), 4.33 (IH, m), 
3.99 (lH, m), 3.67 (3H, s, NC0,CH3), 2.90 (lH, m, H6a), 2.03 
(3H, s, OCOCH,), 1.97 (lH, m), 1.21-1.69 (13H, m), 0.89 
(3H, t, J = 7 Hz); ',c NMR, 6 ppm: 170.7, 155.9, 72.3 (C8), 
52.3 (NCO,CH,), 47.9 (C2), 39.1,33.9,33.7,28.3,27.3,25.4, 
22.4, 21.1 (OCOCH,), 18.9, 13.9 (CH,); MS m/z: 285 (M", 
<I %) (calcd. for C15H,7N04: 285.1940; found: 285.1946), 
242 (<I), 225 ( 3 ,  168 (6), 155 (a), 142 (100). 

Preparation of the N-carbotertiobutoxy derivatives 10a, b 
To a stirred solution of y-aminoalcohol(0.32 mmol) in THF (6 
mL) at room temperature, ditertiobutyl dicarbonate (0.41 
mmol) is added. After 3 h, the solvent is evaporated under 
reduced pressure and after a flash chromatography (Kieselgel 
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60 Merck; ethyl acetate:hexane 1:9), the pure N-Boc deriva- 
tive is isolated. 
IOa, 80%: IR, cm-': 3452,2936,2870,1660; 'H NMR, 6 ppm: 
4.46 (lH, m), 4.21 (lH, m), 3.95 ( lH,  m), 3.32 (lH, m), 2.67 
( lH,  dt, J =  11 and 2.5 Hz, H6a), 1.12-2.04 (21H, m), 0.91 
(3H, t, J =  7 Hz); I3c NMR, 6 ppm: 80.2,67.2 (C2), 46.8 (C8), 
39.5 (C6), 39.1, 37.8, 29.7, 28.6 (tBu), 25.7, 19.5, 19.4, 14.2 
(CH,); MS d z :  271 (M", 8%), 215 (7), 198 ( l l ) ,  184 (21) 
(calcd. for CloHl,NO, (M+' -C5Hl '0): 184.1337; found: 
184.1346), 172 (20), 170 (16), 154 (8), 142 (12), 128 (loo), 84 
(84). 
lob, 95%: 'H NMR, 6 ppm: 4.46 (lH, m), 4.23 ( lH,  m), 3.95 
( lH,  m), 3.15 (IH, m), 2.65 (IH, dt, J =  14 and 2.5 Hz, H6a), 
1.99(1H,dt,J= 12and2Hz),  1.12-1.78 (22H,m),0.90(3H, 
t, J = 7 Hz); 13c NMR, 6 ppm: 156.2, 80.4, 67.7 (C2), 47.0 
(CS), 39.7 (C6), 38.0, 36.9, 29.9, 28.8 (tBu),28.6,26.0,23.1, 
19.6, 14.4 (CH,); MS d z :  285 (.M+', 1%) (calcd. for 
C,,H,,NO,: 285.2304; found: 285.231 I), 229 (I) ,  212 (3), 184 
(13), 172 (5), 143 (3), 128 (100). 

Preparation of l l a ,  b 
To a solution of 10 (0.30 mmol) in pyridine (3 mL) at room 
temperature, freshly distilled mesyl chloride (6.6 mmol) is 
added. After 24 h, water (10 mL) is added and the solution is 
extracted with dichloromethane (3 x 15 mL). The organic 
phase is evaporated under reduced pressure and after a flash 
chromatography (Kieselgel 60 Merck; ethyl acetate:hexane 
1:2), the pure cyclic carbamate is isolated. 
l l a ,  96%: 'H NMR, 6 ppm: 4.46 (lH, m, H8), 4.14 (lH, m, 
H6e),3.28(lH,ddt,J=11,5.5,and2.5Hz,H2),2.65(1H,dt, 
J = 13 and 3 Hz, H6a), 2.04 (I  H, ddd, J = 14, 5.5, and 2 Hz), 
1.10-1.90 (1 lH, m), 0.93 (3H, t, J = 7 Hz); 13c NMR, 6 ppm: 
154.0, 74.9 (C8), 54.2 (C2), 44.8 (C6), 37.1, 36.0, 33.8, 25.1, 
23.8, 18.0, 13.9 (CH,); MS m/z: 197 (M", 30%) (calcd. for 
C, ,H,,NO,: 197.1416; found: 197.1419), 168 (12), 154 (3 l), 
127 (60), 110 (18), 84 (100). 
l l b ,  91%: 'H NMR, 6 ppm: 4.45 ( lH,  m, H8), 4.09 (lH, m, 
H6e), 3.25 ( lH,  ddt, J =  l l ,5 .5 ,  and2.5 Hz, H2), 2.63 (lH, dt, 
J = 13 and 3 Hz, H6a), 2.02 (1 H, ddd, J = 14, 5.5, and 2 Hz), 
1.08-1.83 (13H, m), 0.89 (3H, t, J = 7 Hz); I3c NMR, 6 ppm: 
154.3, 75.4 (CS), 54.5 (C2), 45.1 (C6), 36.3, 35.0, 34.1, 27.2, 
25.4, 24.1, 22.9, 14.2 (CH,); MS m/z: 21 1 (M+', 19%) (calcd. 
for CI,H2,N0,: 21 1.1572; found: 21 1.1581), 168 (27), 166 
(7), 154 (13), 127 (54), 110 (17), 84 (100). 

Preparation of 12a, b from 11 a, b 
The cyclic carbamate (1.34 mmol) is mixed with 20 mL of a 2 
M ethanolic KOH solution. After 17 h at room temperature 
and 1 h at reflux, the solvent is evaporated under reduced pres- 
sure. The residue is diluted with water (30 mL) and the aque- 

I ous phase is extracted with CH2C12 (3 x 30 mL). Evaporation 
of the solvent gives the pure y-aminoalcohol. 
12a, quant.: IR (CCl, solution), cm-': 3307,2957,2931,2871, 

I 2859,1552; 'H NMR, 6 ppm: 2 . 5 4  (IH, m, OH), 3.80 (lH, m, 
H8), 3.02 (IH, m), 2.64 (2H, m), 1.82 (IH, m), 1.05-1.67 
(12H, m), 0.91 (3H, t, J =  7 Hz); 13c NMR, 6 ppm: 72.8 (C8), 

I 58.3 (C2), 46.1 (C6), 42.7, 40.5, 34.5, 27.4, 24.6, 18.7, 14.2 
(CH,); MS d z :  171 (M", 2%) (calcd. for C,,H,,T\TO: 
171.1623; found: 171.1620), 128 (5), 112 (2), 98 (3), 84 (100). 
12b, 94%: IR (CCl, solution), cm-': 3322, 2932, 2860; 'H 
NMR, 6 ppm: 3.80 (IH, m, H8), 2-3.5 (lH, m, OH), 3.03 (lH, 

m), 2.64 (2H, m), 1.81 (lH, m), 1.02-1.67 (14H, m), 0.90 (3H, 
t, J =  7 Hz); ',c NMR, 6 ppm: 73.0 (C8), 58.2 (C2), 46.1 (C6), 
42.7, 37.9, 34.5, 27.7, 27.5, 24.6, 22.8, 14.0 (CH,); MS m/z: 
185 (M", 1%) (calcd. for CllH2,NO: 185.1780; found: 
185.1784), 128 (S), 84 (100). 

General procedure for anodic rnethoxylations and 
preparation of 15a, b and 16a, b 

The anodic methoxylations are carried out at room tempera- 
ture in methanol (analytical grade) containing Et,NOTs as a 
supporting electrolyte, in an undivided cell equipped with two 
vitreous carbon electrodes, an exit tube (containing CaC1,) for 
venting purposes, and a magnetic stirring bar. The carbon 
electrodes (3 mm in diameter, immersed 3.5 cm in the solu- 
tion) are 1.0 cm apart. The potentiostat is a homemade appara- 
tus. 

The carbamate (0.52 mmol), Et4NOTs (0.13 mmol), and 
methanol (15 mL) are placed in the electrolysis cell. The solu- 
tion is stirred for 10 min and then a constant potential of 8.00 
V is applied. After 8 F/mol of electricity is passed, a few drops 
of NH40H are added to the solution and the solvent is evapo- 
rated. The residue is then dissolved in water (200 mL), bas- 
ified with NH40H, and extracted with CHC1, (3 x 50 mL). The 
combined CHC1, phases are evaporated and the residue is fil- 
tered (CHCl,) through a short column of alumina to afford the 
6-methoxy derivative. 
15a, 99%: 'H NMR, 6 ppm: presence of a mixture of conform- 
ers: 5.47 and 5.28 (1 H, 2 br m, H6), 4.82 (1 H, m, H8), 4.24- 
4.36 ( lH,  2 br m, H2), 3.67 (3H, br s, NCO,CH,), 3.30 (3H, s, 
OCH,), 1.25-2.21 (15H, m), 0.91 (3H, t, J =  7 Hz); ',c RMN, 
6 ppm: 171.0, 157.5, 83.1 (C6), 72.5 (C8), 56.2 (OCH,), 53.1 
(NCO,CH,), 48.0 (C2), 38.7, 37.3, 30.9, 29.9, 28.8, 21.7 
(OCOCH,), 18.7, 14.5 (CH,), 14.3; MS d z :  301 (M", <I%), 
286 (I), 270 (8) (calcd. for C,,H,NO, (M" -OCH,): 
270.1705; found: 270.1696), 269 (8), 242 (4), 241 (9), 226 (4), 
210 (14), 209 (15), 172 (100). 
15b, 99%: 'H NMR (360 MHz), 6 ppm: presence of a mixture 
of conformers: 5.47 and 5.28 (lH, 2 br m, H6), 4.80 (lH, m, 
H8), 4.234.36 (lH, 2 br m, H2), 3.69 (3H, br s, NCO,CH,), 
3.31 (3H, br s, OCH,), 1.23-2.27 (17H, m), 0.91 (3H, t, J =  7 
Hz); 13c NMR (90.6 MHz), 6 ppm: 171.1, 170.7, 157.3, 156.5, 
82.9 (C6), 72.5 (C8), 56.0 (OCH,), 52.9 (NCO,CH,), 47.8 
(C2), 38.5 and 38.1, 34.6, 30.7, 29.7, 28.6, 27.3, 22.9 
(OCOCH,), 21.5, 14.2 (CH,), 14.0; MS m/z: 315 (M", <I%), 
284 (6) (calcd. for C15H26N04 (M+' -OCH,): 284.1862; 
found: 284.1855), 283 (8), 255 (8), 224 (12), 172 (loo), 140 
(5 1). 
16a, 92%: 'H NMR, 6 ppm: presence of a mixture of conform- 
ers: 5.44 and5.30(0.5 H,2 brm), 4.85 (lH, m, H8), 3.984.32 
(1.5 H, 3 br m), 3.72 and 3.67 (3H, 2 br s, NCO,CH,), 3.27 
(3H, br s, OCH,), 1.13-2.90 (1 5H, m), 0.9 1 (3H, 2t, J = 7 Hz); 
',c NMR, 6 ppm: 82.9 (C6), 72.2 (C8), 55.6 (OCH,), 53.1 and 
52.9 (NCO,CH,), 48.0 (C2), 39.7,37.5,36.8, 34.5, 31.0,28.9, 
27.3, 26.0,21.6 (OCOCH,), 19.4, 19.1, 14.4 (CH,), 14.0; MS 
m/z: 301 (M+', <I%), 270 (8), 269 (13) (calcd. for C,,H,,NO, 
(M" -CH30H): 269.1627; found: 269.1609), 242 (2), 241 
( 3 , 2 1 0  (21), 209 (18), 172 (100). 
16b, 83%: 'H NMR (360 MHz), 6 ppm: presence of a mixture 
of conformers: 5.30-5.46 (lH, 2 br m, H6), 4.90 (lH, m, H8), 
4.1 1 4 . 2 4  (IH, 2 br m, H2), 3.72 (3H, br s, NCO,CH,), 3.28 
(3H, br s, OCH,), 1.23-2.14 (12H, m), 0.89 (3H, t, J = 7 HZ); 
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I3c NMR (90.6 MHz), 6 ppm: presence of a mixture of con- 
formers: 171.0, 157.1 and 156.4, 82.4 (C6), 72.1 and 71.8 
(C8), 55.6 and 55.2 (OCH,), 52.7 (NC02CH3), 47.7 and 47.4 
(C2), 38.2 and 37.5, 34.6,30.6,27.5,27.0 and26.8,22.7,21.3 
(OCOCH,), 14.1 (CH,), 13.6; MS ndz: 315 (M", <I%), 284 
(9) (calcd. for CljHZ6NO4 (M" -OCH3): 284.1862; found: 
284.1843), 283 (14), 255 (6), 224 (14), 223 (13), 172 (loo), 
140 (48). 

Preparation of 5 and 6 from 15b and 16b 
To a solution of 15b or 16b (6.1 x mol) in THF (2 mL), 
tBuOK (1.3 x lo4 mol) is added under stirring. The reaction 
mixture is left at room temperature for 1 h, a few drops of 
water are added, and the THF is evaporated under reduced 
pressure. The residue is dissolved in water (20 mL) and 
extracted with CHzClZ (3 x 20 mL). The organic phase is evap- 
orated to give the pure 6-methoxy derivative. 
5, 97%: IR (CCl, solution), cm-': 3367, 2958, 2934, 2873, 
2863, 1704; 'H NMR, 6 ppm: 5.40 (lH, m, H6), 4.36 (IH, m, 
H8), 3.41 (lH, m, H2), 3.40 (3H, s, OCH,), 1.18-2.08 (14H, 
m), 0.91 (3H, t, J =  7 Hz); ',c NMR, 6 ppm: 154.5,82.9 (C6), 
75.8 (C8), 56.1 (OCH,), 46.8 (C2), 35.1, 33.9, 27.9, 27.7, 
25.4, 22.8, 14.7, 14.2 (CH,); MS m/z: 241 (M+', 1%) (calcd. 
for Cl3HZ3NO3: 241.1678; found: 241.1671), 226 (5), 21 1 
(33 ,  210 ( 2 3 ,  184 ( 3 ,  182 (8), 166 (loo), 127 (19), 98 (19), 
82 (37). 
6,97%: 'HNMR, 6 ppm: 5.38 (lH, m, H6), 4.26 (lH, m, H8), 
3.45 (lH, m, H2), 3.41 (3H, s, OCH,), 1.20-2.10 (14H, m), 
0.91 (3H, t, J =  7 Hz); ',c NMR, 6 ppm: 153.7,82.4 (C6), 77.0 
(C8), 55.8 (OCH,), 50.4 (C2), 35.2, 35.2, 27.0, 26.7, 25.0, 
22.4, 14.3, 13.8 (CH,); MS ni/z: 241 (M", <I%) (calcd. for 
C,,H2,N03: 241.1678; found: 241.1676), 226 ( 3 ,  21 1 (37), 
210 (33), 184 (I), 182 (6), 166 (loo), 127 (17), 98 (1 I), 82 
(40). 

Nucleophilic displacement of the methoxy group of 5 and 6 
To a stirred solution of TiC1, (1.18 mmol) in dichloromethane 
(1 mL) at 0°C under a nitrogen atmosphere is added a solution 
of the methoxy derivative (0.67 mmol); after 5 min under stir- 
ring at O°C, the temperature is lowered to -45°C and tri- 
methylsilyloxybut-1-ene (contaminated with ca. 20% of 
trimethylsilyloxybut-2-ene) (4.44 mmol) is added. The result- 
ing mixture is left at -45°C for 2 h. Water (20 mL) is then 
added, the mixture extracted with CHC1, (3 x 20 mL), the 
organic phase evaporated, and the residue submitted to a flash 
chromatography (Kieselgel60 Merck; acetone:hexane 1:5), to 
afford the pure ketone. 
17,58%: IR (CCl, solution), cm-': 2957,2939,2873, 1702; 'H 
NMR, 6 ppm: 4.95 (lH, m, H6), 4.16 (lH, m, H8), 3.50 (lH, 
m, H2), 2.42-2.74 (4H, m), 1.29-1.98 (14H, m), 1.03 (3H, t, J  
= 7 Hz), 0.91 (3H, t, J  = 7 Hz); ',c NMR, 6 ppm: 209.8 (CO), 
154.2, 73.8 (C8), 49.0, 47.8 (C6, C2), 43.3, 36.2, 34.4, 33.7, 
33.3, 28.6, 27.5, 22.8, 19.5, 14.3 (CH,), 8.0 (CH,); MS m/z: 
281 (M", 14%) (calcd. for C,6H27N03: 281.1991; found: 
281.1998), 224 (lo), 210 (14), 194 (25), 180 (37), 166 (100). 
18, 55%: 'H NMR, 6 ppm: 5.05 (lH, m, H6), 4.09 (lH, m, 
H8), 3.48 (lH, ddt, J  = 11, 5, and 3 Hz, H2), 2.36-2.73 (4H, 
m), 2.02 (IH, ddd, J =  13.5,5, and 2 Hz), 1.12-1.88 (13H, m), 
1.03 (3H, t, J =  7 Hz), 0.90 (3H, t, J  = 7 Hz); ',c NMR, 6 ppm: 
210.0 (CO), 154.0, 75.2 (C8), 49.8,47.9 (C6, C2), 43.4, 36.2, 
35.9, 34.8,33.4,28.3,26.9,22.8, 18.4, 14.1 (CH,), 7.9 (CH,); 

MS m/z: 281 (M", 8%) (calcd. for C16H27N03: 281.1991; 
found: 281.1985), 224 (4), 210 (17), 194 (16), 180 (32), 166 
(100). 

Nucleophilic displacement of the methoxy group of 15a 
and 16a 

To a stirred solution of the 6-methoxy derivative (0.28 mmol) 
in dichloromethane (3 mL) at -78°C under a nitrogen atmo- 
sphere is added a solution of trimethylsilyloxy-pent-1-ene 
contaminated with ca. 50% of ethylbenzene (2.8 mmol) and 
TMSOTf (0.62 mmol; preparation of 26) or TiC1, (0.34 mmol; 
prep. of 27). The resulting mixture is left at -78°C for 1 h. 
This mixture is then poured into a saturated NaHC0, solution 
(50 mL) and extracted with CHC1, (3 x 50 mL); the organic 
phase is evaporated and the residue submitted to a flash chro- 
matography (Kieselgel60 Merck; ethyl acetate:hexane 1:3), to 
afford the pure ketone. 
26, 56%: IR cm-': 2957,2937,2874, 1700 (broad); 'H NMR, 
6 ppm: 4.69 (2H, m), 4.23 (lH, m), 3.66 (3H, s, NCOzCH3), 
2.42-2.66 (4H, m), 2.05 (3H, s, OCOCH,), 1.29-2.04 (14H, 
m), 0.92 (6H, 2t, J  = 7 Hz); ',c NMR, 6 ppm: 209.1, 171.1, 
156.6, 72.8 (C8), 53.0 (NC02CH3), 48.0, 47.9, 46.9, 45.2, 
39.2, 36.6, 28.5, 28.4, 21.7 (OCOCH,), 18.8, 17.6, 14.4, 14.4 
(CH,), 14.1 (CH,); MS m/z: 355 (M", <I%), 296 (40) (calcd. 
for C17H30N03 (M" -0Ac): 296.2226; found: 296.2228), 
210 (14), 226 (22), 140 (100). 
27, 81%: 'H NMR, 6 ppm: 4.89 (lH, m, H8), 4.64 (lH, br m), 
4.21 (1 H, br m), 3.68 (3H, s, NCOzCH3), 2.64 (2H, m), 2.43 
(2H, m), 2.07 (3H, s, OCOCH,), 1.23-1.80 (14H, m), 0.92 
(6H, 2t, J  = 7.5 Hz); I3c NMR, 6 ppm: 209.4, 171.3, 156.6, 
72.2 (C8), 53.0 (NCOzCH3), 48.0, 47.6, 46.9 (C2, C6), 45.3, 
39.6,37.1,28.5,27.9,21.6 (OCOCH,), 19.1, 17.7, 15.4 (CH,), 
14.4, 14.2 (CH,); MS m/z: 355 (M+', 4 % )  (calcd. for 
Cl9H,,NOs: 355.2359; found: 355.2340), 296 (24), 226 (13), 
210 (17), 140 (100). 

General procedure for the reductions with NaBH, 
To a methanolic solution (2 mL) of ketone 17 or 18 (7.05 x 
10-j mol) is added NaBH4 (0.46 mmol) at room temperature. 
After complete disappearance of the ketone (TLC), water is 
added and the mixture is extracted with chloroform. After 
evaporation of the organic phase, the residue is flash chro- 
matographed on silica gel (acetone: hexane 1 : 1 4 :  1) to yield 
the two epimeric alcohols. 
19, 38%: IR (CCI, solution), cm-': 3445, 2959, 2938, 2873, 
1674; 'H NMR, 6 ppm: 4.63 (lH, m, H6e), 4.17 (lH, m, H8), 
3.33 (2H, m), 1.15-2.08 (19H, m), 0.93 (6H, 2t, J  = 7.5 and 7 
Hz); I3c NMR, 6 ppm: 156.3,73.7 (C8), 68.7,49.2,47.7 (C2, 
C6), 37.5, 34.6, 33.9, 33.7, 30.0, 29.9, 27.4, 22.9, 20.1, 14.3 
(CH,), 10.8 (CH,); MS ndz: 283 (M", 5%) (calcd. for 
Cl6H2,N0,: 283.2147; found: 283.2150), 254 (14), 21 1 (18), 
210 (29), 166 (loo), 96 (lo), 82 (17). 
20, 51%: IR (CCl, solution), cm-': 3475, 2958, 2938, 2873, 
1671; 'H NMR, 6 ppm: 4.82 ( lH,  m, H6e), 4.08 (IH, m, H8), 
3.28 (2H, m), 1.15 -2.08 (19H, m), 0.96 (3H, t, J  = 7.5 Hz), 
0.91 (3H, t, J  = 7 Hz); ',c NMR (90.6 MHz), 6 ppm: 155.4, 
75.7 (C8), 68.6, 49.7, 47.5 (C2, C6), 38.2, 35.7, 34.9, 33.8, 
29.8, 29.6, 26.9, 22.8, 18.8, 14.1 (CH,), 10.7 (CH,); MS m/z: 
283 (M", 4%) (calcd. for Cl6HZ9No3: 283.2147; found: 
283.2150), 254 (7), 21 1 (12), 210 (29), 166 (loo), 96 (12), 82 
(26). 
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21, 54%: IR (CCl, solution), cm-I: 3420, 2959, 2937, 2874, 
2865, 1674; 'H NMR, 6 ppm: 4.56 (lH, m, H6e), 4.16 (lH, m, 
H8), 3.56 (2H, m), 2-3 (lH, OH), 1.16-1.98 (18H, m), 0.95 
(3H, t, J  = 7 Hz), 0.90 (3H, t, J  = 7 Hz); ',c NMR, 6 ppm: 
155.7, 73.7, 73.3, 51.1, 48.0 (C2, C6), 38.2, 34.6, 33.8, 33.7, 
30.8, 30.5, 27.5, 22.9, 20.0, 14.3 (CH,), 10.5 (CH,); MS m/z: 
283 (Mt', 6%) (calcd. for C16H2,N03: 283.2147; found: 
283.2151), 254 (8), 211 (28), 210 (22), 166 (loo), 96 (14), 82 
(22). 
22, 34%: IR (CCl, solution), cm-I: 3431, 2958, 2936, 2873, 
1680; 'H NMR, 6 ppm: 4.75 (lH, m, H6e), 4.10 (lH, m, H8), 
3.66(1H,m), 3.49(1H,ddt, J =  11,5,and3 Hz, H2),2.26(1H, 
br m, OH), 2.04 (lH, ddd, J  = 14, 5, and 2 Hz), 1.13-1.97 
(17H, m), 0.94 (3H, t, J  = 7.5 Hz), 0.90 (3H, t, J  = 7 Hz); ',c 
NMR, 6 ppm: 154.8, 75.1, 72.0, 49.7, 49.6 (C2, C6), 38.2, 
36.0, 34.9, 33.7, 31.1, 29.4, 27.0, 22.7, 18.6, 14.1 (CH,), 10.1 
(CH,); MS m/z: 283 (Mt', 5%) (calcd. for C16H2,N03: 
283.2147; found: 283.2148), 254 (4), 21 1 (21), 210 (32), 166 
(loo), 96 (lo), 82 (17). 

Preparation of 1,2,3, and 4 from 19,20,21, and 22 
Cyclic carbamate (0.024 mmol) is mixed with a 2 M ethanolic 
solution of potassium hydroxide. After 1-18 h at reflux, the 
solvent is evaporated under reduced pressure. The residue is 
diluted with water (10 mL) and the aqueous phase is extracted 
with CHCI, (3 x 10 mL). Evaporation of the chloroform yields 
the pure aminodiol. 
1, quant.: IR (CCl, solution), cm-I: 3382, 2958, 2933, 2873; 
'H NMR, 6 ppm: 3.67-3.82 (2H, m, H8 and HlO), 3.44 (3H, 
br, NH and 2 OH), 3.27 (2H, m, H2 and H6), 1.26-1.88 (1 8H, 
m), 0.91 (6H, 2t, J  = 7 Hz); MS m/z: 257 (M+', 2%) (calcd. for 
C15H31N02: 257.2355; found: 257.2353), 228 (8), 200 (14), 
184 (93), 156 (loo), 138 (16), 84 (14), 82 (21). 
2: IR (CCl, solution), cm-': 3452-331 1,2958,2934,2873; 'H 
NMR, 6 ppm: 3.70-3.80 (4H, m, H8, H10 and 2 OH), 3.18 
(2H, m, H2 and H6), 1.17-1.8 1 (1 9H, m), 0.90 (6H, t, J  = 7 
Hz); MS m/z: 257 (M+', 2%) (calcd. for C15H31N02: 
257.2355; found: 257.2346), 228 (8), 200 (8), 184 (74), 156 
(loo), 138 (22), 84 (1 l), 82 (27). 
3, 95%: IR (CCl, solution), cm-I: 3347, 2965, 2932, 2880, 
2861; 'H NMR, 6 ppm: 3.64-3.78 (2H, m, H8 and HlO), 3.13 
(2H, m, H2 and H6), 1.7-3 (3H, NH and 2 OH), 1.15-1.69 
(18H, m), 0.92 (6H, t, J  = 7 Hz); MS m/z: 257 (M", 2%) 
(calcd. for C,5H31N02: 257.2355; found: 257.2373), 240 (2), 
228 (7), 200 (lo), 184 (82), 166 (23), 156 (loo), 138 (20), 84 
(13), 82 (20). 
4, 91%: IR (CCl, solution), cm-': 3322, 2958, 2934, 2874, 
2788; 'HNMR, 6 ppm: 3.66-3.84 (2H, m, H8 and HlO), 2-3.6 
(3H, NH and 2 OH), 3.20 (2H, m, HZ and H6), 1.14-1.91 
(18H, m), 0.92 (6H, t, J  = 7 Hz); MS m/z: 257 (M", 2%) 
(calcd. for C15H31N02: 257.2355; found: 257.2345), 228 (6), 
200 (12), 184 (loo), 166 (29), 156 (26), 138 (21), 84 (IS), 82 
(24). 

Transformation of 26 into 28 and 29 
K2C03 (1.29 mmol) is added to a stirred methanolic (6 mL) 
solution of 26 (2.15 x lo4 mol). After 23 h at room tempera- 
ture, the methanol is evaporated under reduced pressure and 
the residue is taken up in water (15 mL). The aqueous phase is 
extracted with CHC13 (3 x 15 mL), the chloroform evaporated, 
and the corresponding alcohol is obtained in 84% yield. This 

derivative is immediately submitted to reduction with NaBH, 
(same procedure as above, r.t. for 30 min). The diastereomeric 
alcohols 28 and 29 are separated by chromatography on alu- 
mina (eth 1 acetate:hexane 1:2). r 28,1O%: H NMR, 6 pprn: 3.77 (3H, s, NC02CH3), 2 4 . 5  (6H, 
m), 1.28-1.82 (18H, m), 0.92 (6H, t, J =  7 Hz); I3c NMR, S 
ppm: 158.5, 68.7 (CZ), 53.7 (NC02CH3j, 48.2 (CS), 43.9, 
39.8, 30.7, 19.5, 15.3, 14.6 (CH,); MS m/z: 315 (M", 1%) 
(calcd. for C17H33N04: 315.2410; found: 315.2415), 272 (2), 
256 (14), 228 (43 ,  10 (23), 156 (8), 142 (loo), 140 (60). 
29, 62%: 'H NMR, 6 ppm: 4.40 (3H, br m, H2, H6, and OH), 
3.74 (3H, s, NC02CH3), 3.49 (2H, br m), 3 4  (1  H, OH), 1.25- 
1.92 (18H, m), 0.92 (6H, 2t, J  = 7 Hz); ',c NMR, 6 ppm: 
158.3,69.9,68.2 (C2, C6), 53.6 (NCO,CH,), 48.2,47.8,43.5, 
43.5,40.7,39.7, 30.5, 28.2, 19.5, 19.3, 14.8, 14.6 (CH,), 14.5 
(CH,); MS m/z: 315 (M", 4%) (calcd. for CI7H3,NO4: 
3 15.2410; found: 315.2408), 256 (17), 228 (47), 210 (24), 156 
(8), 142 (loo), 140 (71). 

Reduction of 27 into 30 
To a stirred solution of ketone 27 (3.77 x lo4 mol) in THF (13 
mL) is added LiHAl(OtBu), (1.53 mmol) at 0°C. After 1 h, a 
few drops of water are added and the mixture is filtered 
through Celite. The solvent is then evaporated under reduced 
pressure and the residue is chromatographed on alumina (ethyl 
acetate:hexane 2: 1) to afford the alcohol 30 in 84% yield. 
30: 'H NMR, 6 ppm: 4.88 (lH, m, H8), 4.27 (lH, m), 4.17 
(lH, m, HlO), 3.69 (3H, s, NC02CH3), 3.54 (lH, m), 2.06 (3H, 
s, OCOCH,), 1.24-1.83 (19H, m), 0.92 (6H, 2t, J =  7 Hz); I3c 
NMR, 6 ppm: 17 1.2, 157.0,72.1,70.0,52.9 (NCO,CH,), 48.3, 
47.6, 44.3, 40.3, 40.2, 39.4, 37.0, 29.0, 27.8, 22.5, 21.4 
(OCOCH,), 19.1, 18.9, 14.3 (CH,), 14.2 (CH,); MS mnz: 357 
(M+', <I%) (calcd. for C19H35N0s: 357.25 15; found: 
357.2499), 298 (30), 270 (1 I), 238 (9), 228 (20), 210 (50), 142 
(48), 140 (100). 

General procedure for the basic hydrolysis of carbarnates 
28,29, and 30 

The carbamate (0.182 mmol) is mixed with a 1-2 M ethanolic 
solution of potassium hydroxide. After 1-5 h at reflux, the sol- 
vent is evaporated under reduced pressure. After 1-5 h at 
reflux, the solvent is evaporated under reduced pressure. The 
residue is diluted with water (20 mL) and the aqueous phase is 
extracted with CHC1, (3 x 20 mL). Evaporation of the chloro- 
form yields the pure aminodiol. 
23  (synthetic andrachamine), 95%: 'H NMR (600 MHz), 6 
ppm: 3.79 (2H, m, H8), 2.72 (2H, m, H2), 1.84 (IH, dqn, J  = 
13 and 3.5 Hz, H4e), 1.71 (2H, dq, J =  13 and3 Hz, H3e), 1.54 
(lH, qt, J  = 13 and 4 Hz, H4a), 1.48 (2H, dt, J  = 14 and 4 Hz, 
H7e), 1.46-1.32 (13H, m), 0.97 (2H, qd, J  = 13 and 4 Hz, 
H3a), 0.92 (6H, t, J  = 7 Hz, H11; MS m/z: 257 (M", 3%) 
(calcd. for C,SH31N02: 257.2355; found: 257.2369), 240 (2), 
228 (2), 214 (1 l) ,  184 (2), 170 (100). 
24, quant.: 'H NMR (600 MHz), 6 ppm: 3.85 (2H, m, H8), 
2.88 (2H, m, H2), 1.83 (2H, m, H4), 1.21-1.59 (19H, m), 0.92 
(6H, t, J  = 7 Hz, H11); MS mnz: 257 (M+', 4%) (calcd. for 
C,5H31N02: 257.2355; found: 257.2342), 240 (3), 228 (2), 214 
(16), 184 (2), 170 (100). 
25, 99%: 'H NMR (600 MHz), 6 ppm: 3.87 (lH, m, H8), 3.82 
(lH, m, H8'), 2.85 (lH, m, H2), 2.73 (lH, m, H6), 1.84 (lH, 
m, H4e), 1.64 (3H, H3e, H5e, OH), 1.22-1.56 (15H, m), 1.10 
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Mill and Hootele 

(lH, m, HSa), 1.01 (IH, m, H3a), 0.92 (3H, t, J =  7 Hz), 0.91 
(3H, t, J =  7 Hz); 13c NMR, 6 ppm: 72.4,68.0,57.8 (C6), 53.6 
(C2), 43.9, 43.3, 40.6, 40.5, 33.7, 33.0 (C3, CS), 24.8 (C4), 
18.9, 18.7, 14.2 (CH,), 14.1 (CH,); MS m/z: 257 (M+', 4%) 
(calcd. for C15H3,N0,: 257.2355; found: 257.2342), 240 (2), 
228 (2), 214 (16), 184 (3), 170 (100). 

Isolation of andrachamine from Andrachne aspera 
Dried plants ofAndrachne aspera (870 g) collected near Kara- 
chi (Pakistan) were immersed in methanol (3 L) for 4 days. 
Methanol was filtered and the process repeated three times. 
The combined MeOH phases were evaporated under reduced 
pressure and the residue was digested overnight with 2% aque- 
ous HCl (100 mL). The solution was filtered through Celite, 
basified with NaOH, and extracted with CHC1, (3 x 1 L). The 
organic phase was then washed with water (50 mL), concen- 
trated to ca. 20 mL, and extracted with 2% aqueous HCl (3 x 
25 mL). The aqueous phase was basified (NaOH) and 
extracted with CHC1, (3 x 100 mL). The combined organic 
phases were washed with water (25 mL) and evaporated under 
reduced pressure to give 1.22 g of crude alkaloids (0.14% dry 
weight). 

The crude extract (254 mg) was submitted to two successive 
chromatographies (Kieselgel 60 Merck; CHC1,:isopropyl- 
amine 50: I) to give crystalline andracharnine 23 (3.5 mg). The 
alkaloid was found identical with synthetic 23 (TLC, MS, 'H 
and 13c NMR). 
Natural andrachamine: 'H NMR, 6 ppm: 3.80 (2H, m, Ha), 
2.76 (2H, m, H2), 1.26-1.88 (20H, m), 1.01 (lH, m, H3a),0.92 
(6H, t, J  = 7 Hz, H11); MS d z :  257 (M", 2%) (calcd. for 
CI5H3,NO2: 257.2355; found: 257.2357), 240 (2), 228 (2), 214 
(13), 184 (5), 170 (100). 
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Synthesis of P-hydroxypiperidine alkaloids by 
anodic oxidation carbamates and 
hydroboration 

Mark Plehiers and Claude Hootele 

Abstract: The P-hydroxypiperidine alkaloids (?)-pseudoconhydrine, (5)-N-rnethylpseudoconhydrine, (-)-5- 
hydroxysedarnine, and (+)-sedacryptine were synthesized. Successive functionalization of the piperidine ring via anodic 
methoxylation allowed the regio- and stereoselective introduction of the substituents. The a and a' substituents were introduced 
by application of the sequence elimination - nucleophilic addition from 2- or 2,5-substituted 6-methoxycarbamates. 
Hydroboration - oxidation of enecarbamates, obtained by elimination of methanol from a-methoxycarbamates, allowed the 
introduction of the P-hydroxy function. 

Key words: alkaloid, Sedum, N-acylirninium, enecarbamate. 

Resum6 : La synthkse des alcalo'ides piperidiniques P-hydroxylCs tels que la (?)-pseudoconhydrine, la (?)-N- 
mCthylpseudoconhydrine, la (-)-5-hydroxysCdarnine et la (+)-stdacryptine est dCcrite. L'oxydation anodique de carbamates 
perrnet l'introduction successive, de rnanikre rCgio- et stCrCosClective, des substituants sur le cycle piptridinique. Les 
substituants a et a' sont introduits par application de la stquence Climination-addition nuclCophile aux carbamates 6- 
mCthoxylCs, 2- ou 2,5-substituCs. La fonction P-hydroxy est amCnagCe par hydroboration-xydation d'knecarbarnates obtenus, 
au dCpart d'a-mCthoxycarbamates, par Climination de rnCthanol. 

Mots clis : alcaloide, Sedum, N-acyliminiurn, knecarbamate. 

Development of efficient methods for the elaboration of 
polysubstituted piperidine compounds is an important goal in 
the area of natural product synthesis. Indeed, the increasing 
interest observed in this field is related to the search for new 
strategies for the synthesis of potentially bioactive compounds 
and was stimulated recently, among others, by the glycosidase 
inhibitory properties of polyhydroxylated piperidine deriva- 
tives (1). While numerous methods are known for the intro- 
duction of a substituent a to the nitrogen atom of the 
piperidine nucleus, functionalization of P and (or) y positions 
has seldom been described in the literature. 

The anodic methoxylation of carbamates followed by elim- 
ination and nucleophilic substitution now emerges as a power- 
ful method for the synthesis of 2- and 2,6-substituted 
piperidine derivatives ( 2 4 ) ;  the success of this method rests 
on the highly regioselective preparation of intermediate a -  
methoxycarbamates from the parent heterocycles. These inter- 
mediates are protected forms of reactive N-acyliminium cat- 
ions that can be generated by treatment with Lewis acids and 
can add a number of nucleophiles. On the other hand, treat- 
ment of a-methoxycarbamates in acidic or thermolytic condi- 
tions leads to the formation of enecarbamates; these enamine- 
type compounds allow the introduction of electrophiles at the 
p position on the piperidine ring (5,6). 
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Belgium. 
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In this paper, we wish to report a new route for the synthesis 
of P-hydroxy a -  and a,&'-substituted piperidine derivatives 
based on successive functionalizations via anodic oxidation. 
As an illustration, norsedamine 10  was efficiently functional- 
ized at position 5 (via hydroboration of the enecarbamate 12) 
to yield 5-hydroxysedamine 20; the immediate precursor of 
ent-20 was substituted at position 6 to furnish (+)-sedacryp- 
tine 28 after functional group transformations. 

Results and discussion 

Synthesis of P-hydroxypiperidine derivatives 
In a preceding communication (6), we briefly reported that 
hydroboration-oxidation of piperidine enecarbamates consti- 
tutes an efficient procedure for the preparation of P-hydroxy- 
piperidine derivatives; the reaction proceeds with good yields 
to furnish trans1ci.s isomers in ratios ranging from 211 (20°C) 
to 611 (-78°C to - 10°C). Although the last ratio was recently 
questioned (7), it appears reproducible in our hands. The 
stereoselectivity observed in favour of the trans compound 
results from a preferential attack of borane from the less hin- 
dered side of the enecarbamate A (Scheme 1). 

Enecarbamate hydroboration was first applied to the model 
derivative 3a and then exploited to realize short syntheses of 
pseudoconhydrine 8 (8) and N-methylpseudoconhydrine 9 (9), 
which have a 2,s-trans relative stereochemistry (Scheme 1). 

On the other hand, we established that alcohols possessing a 
2,s-cis relative stereochemistry can be efficiently obtained by 
stereoselective reduction of the corresponding ketone. The 
method is illustrated by the synthesis of (-)-5-hydroxy- 
sedamine 20. 

(2S,8S)-Norsedamine 10  was prepared in optically pure 
form, protected, and anodically oxidized in methanol to give 
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Plehiers and Hootele 

Scheme 1. 

Me0 o R ~  0 N - C02Me 
I I 
C0,Me C02Me COzMe r-A H\ I 

H/B-H 
la ,  b 2a, b 3u, b 

a R=CH3 
b R = CH2-CH2-CH3 Yii 

i: MeOH, Et,N+OTs-, 8 V, 2a: 2.6 Flmol, 77%, 2b: 3 Flmol; ii: p-TSA (10% wlw); QH, 3a: 80%, 3b: 
91% from lb;  iii: from 3a: (1) BH,.SMe,, THF, rt; (2) H,O,, NaOH, 71% (clt: 112); from 3b: (1) 
BH3-SMe2, THF, -78°C to - 10°C; (2) H202, NaOH, 71% (clt: 116); iv: Ac,O, pyridine; v: (1) 
TMSI, CH2Cl,; (2) MeOH, 89%; vi: LiAlH,, THF, 80%. 

Scheme 2. 

13 R = H  14 R = H  
iv iv 

- 15 R = OAc _ 16 R = OAc 

i: (1) ClC0,CH3, K,C03, H,O; (2) Ac20, pyridine; (3) MeOH, Et,N'OTs-, 8 V, 
8 Flmol, 95%; ii: p-TSA 1070, QH, 93%; iii: (I)  BH3-SMe,, THF, 20°C; (2) H202, 
NaOH, 75%, tlc 311; iv: Ac20, pyridine. 

I iii 

11 (3); the enecarbamate 12 was readily obtained by smooth temperature, using the commercially available borane di- 
elimination of MeOH from 11 using p-toluenesulfonic acid methyl sulfide complex, and subsequent hydrogen peroxide 
(10% W/W) in benzene as described previously (6) (Scheme 2). oxidation of the intermediate boranes furnished a 3: 1 mixture 

Hydroboration of the enecarbamate 12 (Scheme 2) at room of the alcohols 13 and 14, which were easily separated by flash 
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Table 1. Selected 'H NMR chemical shifts of 60, 15, 7a, and 16 (250 MHz, CDCI,, J 
in Hz). R R 

AcO \ COzMe H C02Me \ 

Derivative H5 H6e H6a 

6a 4.87, m 4.13, bd (15) 3.03, dd (15, 2) 
15 4.87, m 4.23, bd (15) 3.11, dd (15, 2) 
7n 4.64, t t  (1 1, 5) 4.14, ddd (13, 5, 2) 2.76, dd (13, 11) 
16 4.65, tt (1 1, 5) 4.2, m 2.84, dd (13, 11) 

Scheme 3. 

I I 
COzMe COzMe I 

CH, 
17 18 R = H  

14 R=Ac 19 

i: PCC 4 equiv., CH,CI,, reflux, 1 h, 71% or Swem oxidation, 3 
equiv., 92%; ii: L~A~(O-~BU)~H,  THF, O°C, 2 h, 88%. 

chromatography. Attribution of the 2,5 relative stereochemis- " O U  @ 
try of alcohols 13 and 14 rests on the analysis of the 'H (cou- I 
pling connectivity by 2D-COSY) and 13c NMR spectra of the CH3 

corresponding diacetyl derivatives 15 and 16 and comparison 
with those of the model compounds 6a and 7a. In all these 
compounds, A( ' . ~ )  interactions between the N-acyl moiety and 
the C2 substituent force this last one in an axial orientation 
(10). Selected diagnostical values from the 'H NMR spectra 
are reported in Table 1. 

Attempts to prepare ketone 17 by oxidation of the interme- 
diate boranes only proceeded with low yield but we observed 
that this unstable ketone was readily obtained by oxidation of 
the alcohol 13 or the mixture of 13 and 14 (Scheme 3). Swern 
oxidation ( I  I )  was found to give higher and more reproducible 
yields of 17 than PCC (12). 

Reduction of the keto function of 17 with NaBH4 yielded a 
118 ratio of the alcohols 13 and 14. Use of lithium tri-tert- 
butoxyaluminium hydride resulted in the formation of the cis 
alcohol 14 only, with concomitant deacetylation (88% global 
yield of cis derivatives 14 and 18). 

The procedure described above provides the 2,5-cis alcohol 
14 in a global yield of 60% from the enecarbamate 12. 

Lithium aluminium hydride reduction of the carbamates 14 
and 13 furnished (-)-5-hydroxysedamine 20 and its C5 
epimer 19. Spectral and specific rotation values of synthetic 
and natural 20 (13) are in perfect agreement. 

The preferred solution conformation of sedamine was estab- 
lished previously (14): the hydroxyl function at C8 is involved 
in an intramolecular hydrogen bonding with the nitrogen lone 
pair and the base exists predominantly in a cis-fused confor- 
mation. The 'H NMR spectra of 19 and 20 indicate that the 
hydroxyl function at C5 and the phenyl group are both equato- 

rial in the two diols; the C2 side chain is therefore equatorial in 
19 and axial in 5-hydroxysedamine 20. On the other hand, the 
diacetyl derivatives (13) obtained from 19 and 20 present a 
chair conformation in which the C2 substituent has an equato- 
rial orientation and the acetoxy at C5 occupies, respectively, 
an equatorial and an axial orientation. 

Synthesis of 2,5,6-trisubstituted piperidine compounds 
To our knowledge, no example of transformation of a 2,5-di- 
substituted piperidine into a 2,5,6-trisubstituted derivative by 
anodic methoxvlation has been described in the literature. ~ h k  
anodic oxidations of piperidine carbamates we described pre- 
viously were generally carried out in MeOH containing 
Et,N+OTs- as supporting electrolyte in an undivided cell 
equipped with two vitreous carbon electrodes (3, 4) and the 
electrolysis was performed by application of a constant poten- 
tial of 8 V between the electrodes. Before undertaking the oxi- 
dation of compound ent-16, precursor of (+)-sedacryptine 28, 
we studied the influence of the supporting electrolyte 
(Et4N+OTs- and Bu4N+BF,-) and of the electrode (carbon and 
platinum) on the oxidation of the model compound 7a. Some 
significant results are given in Table 2. 

It appeared that the anodic oxidation performed under our 
usual conditions (3, 4) (entry 1) furnished the methoxy com- 
pound 21 with a moderate yield. The replacement of the car- 
bon rod anode by a platinum foil allowed a substantial 
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Table 2. Anodic oxldation of acetate 7a. 

Mol. ratio electrolyte1 Yield" 
Entry Electrolyte acetate 7a Anode 11 ,  Flmol of 21  (%) 

"Isolated yields. 

Table 3. Anodic oxidation of acetate ent-16. 

Mol. ratio electrolyte/ Yield" 
Entry Electrolyte acetate ent-16 Anode 11,  Flmol of 23 (%) 

1 Bu,N+BF, 114 Pt 6 43 
2 Et,N+OTs- 1/10 Pt 8  40 
3 Et,N+OTs- 1/10 C 8  5Sh 
4 Et,N+OTs- 1/10 C 10 32 

"Isolated yields. 
928% of recovered starting material 

increase of the yield (entry 3). During our systematic study we 
observed that in the case of Et4N+OTs- as electrolyte the best 
yields were obtained when the electrolyte/carbamate molar 
ratio was kept below a 0.1 value; on the other hand, in the case 
of Bu4N+BF,, electrolyte/carbamate ratios ranging from 0.1 
to 1 gave comparable yields. Of course, a high relative concen- 
tration of the electrolyte is suitable in that it allows shorter 
reaction times. 

improve the yield (entry 4) but led to the formation of degra- 
dation products. The a-methoxycarbamates 21 and 23 were 
found to be stable compounds and they can be stored for 
months without noticeable degradation. 

The elimination - nucleophilic addition sequence was first 
performed on the model compound 21. The iminium cation 
was formed at -45°C with TiC14 as a Lewis acid and reacted 
with 2-trimethylsilyloxypropene at -78°C to yield a 76/24 
mixture of the expected ketones 22 in 73% yield. 

( I )  Tic14 

Me0 -45"C, 15 min 
I I 
C02Me C02Me /7\ cH2c12 I 

. 
Me0 

I 
OSiMe, 

7a 2 1  

Application to the diacetoxy derivative ent-16 (2R,5R,8R) 
of tGe'best conditions found f i r  the oxidation of 7; appeared The same sequence was applied to the methoxy derivative 
disappointing as a yield of less than 50% of 23  was obtained. A 23. The reaction was first conducted at low temperature 
new series of experiments was therefore undertaken and the 
results are reported in Table 3. 

For the anodic oxidation of ent-16, the highest yield of the 
methoxy derivative 23  was achieved using Et4N+OTs- as sup- 
porting electrolyte and a vitreous carbon rod as anode. In all 
cases the reaction appeared incomplete and a substantial 
amount of starting material could be recovered. It was 
observed that an increase in the number of Faraday did not 

(-78°C to -45"C, 4 h), furnishing a mixture in which the 
expected cis and trans compounds 24 were present in low 
yield (ca. 25%); the other major constituents were identified as 
the starting material (ca. 50%) and a 6-hydroxy derivative 25 
(ca. 25%) originating from the addition of water to the imin- 
ium cation during the work-up. These observations indicate 
that the formation of the iminium cation was not complete 
under these conditions. When the two steps were conducted at 
0°C a 77/23 mixture of the two expected diastereoisomers was 
isolated in 60% yield. The cis relative stereochemistry is 
attributed to the major compound on the basis of our previous 
results on related compounds. 

Simple functional group transformations of 24 allowed the 
synthesis of (+)-sedacryptine 28 (Scheme 4). 

After protection of the keto group of the cis and trans 
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Scheme 4. 

28 29 
i: ethylene glycol, TsOH-H20, benzene, reflux; ii: LiAlH,, THF, reflux, 67% from 24; iii: 0.1 N HC1, 
reflux. 

trisubstituted compounds 24, reduction of the carbamate and 
I acetate functions furnished the corresponding amino alcohols 

27 in 67% yield without modification of the diastereoisomeric 
ratio. Deprotection of the acetal function was performed in 

I boiling 0.1 N aqueous hydrogen chloride, providing, after neu- 
I 
I tralization, a mixture of (+)-sedacryptine 28 and its C6-epimer 
I 29 in a 60140 ratio. 

Compounds possessing a p-amino ketone moiety are able to 
epimerize under a variety of conditions (4, 15). We observed 
that pure sedacryptine as well as the above 60140 mixture 
epimerizes in methanol at room temperature affording a 80120 
mixture of 28 and 29. On the other hand, this last ratio shifted 
to >9515 in cyclohexane. Spectral properties of our synthetic 
(+)-sedacryptine 28 were identical with those of the natural 
compound; the optical rotations of both samples were identical 
in magnitude but of opposite sign. The above synthesis con- 
firms the absolute configuration (2S,5S,6S,8S,lOS) previously 
attributed to the alkaloid (16). 

Experimental 

Mass spectral data were obtained on a Micromass 7070 spec- 
trometer or a Fisons Autospec spectrometer. Unless otherwise 
stated, NMR spectra were recorded on a Bruker WM 250 spec- 
trometer in CDCl, with TMS as internal standard. IR spectral 
data were recorded on a Brucker IFS 25 spectrometer. Analyt- 
ical thin-layer chromatography was performed on Polygram 
Sil GlUV254 plates and on Merck aluminium sheets, alumin- 
ium oxide 60 FZ5, neutral, type E. Visualization was accom- 
plished either by ethanolic phosphomolybdic acid solution 
followed by heating or by iodine followed by spraying 
Dragendorff reagent. 

Anodic methoxylations were carried out at room tempera- 
ture in methanol (analytical grade) containing the supporting 
electrolyte, in an undivided cell equipped with two vitreous 
carbon electrodes (unless otherwise stated) and a magnetic 
stirring bar. The carbon electrodes (0.3 cm diameter, 
immersed 3.5 cm into the solution) were placed 1.0 cm apart. 
The platinum foil anode (0.3 x 4 cm) was immersed 2 cm into 
the solution at 1 cm of the carbon cathode. The potentiostat 
was a homemade apparatus; the potential between the elec- 
trodes was fixed at 8 V. 

Anodic oxidation of l a  
The carbamate l a  (521 mg, 3.3 mmol), Et,N+OTs- (50 mg, 
0.16 mmol), and 15 mL of methanol were introduced into the 
electrolysis cell. The solution was stirred for 10 min and then a 
constant potential of 8 V was applied. After 2.6 Flmol of elec- 
tricity was passed, some drops of NH,OH were added to the 
solution and the solvent was evaporated; the residue was dis- 
solved in water (30 mL), basified with NH,OH, and extracted 
with CHC1, (2 x 30 mL). The combined CHC1, layers were 
evaporated and the residue was filtered through a short col- 
umn of silica gel (ethyl acetatelhexane 1:2) to afford the 6- 
methoxy derivative 2a (oil, 476 mg, 2.54 mmol, 77%): 'H 
NMR 6: 5.39 (lH, m, H6), 4.33 ( lH,  m, H2), 3.72 (3H, s, 
NCO,CH,), 3.26 (3H, broad s, CH,O), 1.2-2.1 (6H, m), 1.28 
(3H, d, J = 7 Hz, CH,); 13c NMR 6: 82.6, 55.3, 52.9, 47.0, 
30.8, 30.5, 19.9, 14.0; MS, d z :  187 (Mi', 3%), 186 ( 3 ,  172 
(33), 156 (loo), 142 (76), 71 (86). 

Preparation of the enecarbamate 3a from 2a 
The 6-methoxy derivative 2a (100 mg, 0.53 mmol) was dis- 
solved in dry benzene (10 mL); TsOH-H20 (10 mg, 0.052 
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mmol) was added and the reaction mixture was stirred at room 
temperature. After 1.5 h, some drops of NH40H were added to 
the reaction mixture and the solvent was evaporated; the resi- 
due was dissolved in water (30 mL) and the solution extracted 
with CHC1, (2 x 30 mL). The combined organic layers were 
evaporated and the residue was filtered through a short column 
of alumina to afford the enecarbamate 3a (65 mg, 0.42 mmol, 
80%) as a colourless oil: 'H NMR 6: 6.69 (lH, m, H6), 4.86 
(lH, m, H2), 4.40 (lH, m, H5), 3.75 (3H, s, NC02CH3), 1.7- 
2.2 (4H, m), 1.12 (3H, d, J  = 7 Hz, CH,); 13c NMR 6: 124.1, 
105.8, 53.1, 46.7, 26.9, 17.6, 17.1; MS, m/z :  155 (M", 36%), 
140 (100). 

Synthesis of N-carbomethoxyconiine l b  
N-Carbomethoxypiperidine (5.04 g, 35 mmol), Et,N+OTse 
(550 mg, 1.8 mmol), and 50 mL of methanol were introduced 
into the electrolysis cell. The solution was stirred for 10 min 
and a constant potential of 8 V was applied. After 2.7 Flmol of 
electricity was passed, some drops of NH,OH were added to 
the solution and the solvent was evaporated; the residue was 
dissolved in water (400 mL), basified with NH,OH, and 
extracted with CHC1, (3 x 400 mL). The combined CHC1, lay- 
ers were evaporated and the residue was filtered through a 
short column of silica gel (ethyl acetatehexane 1:2) to afford 
2-methoxy-N-carbomethoxypiperidine (6 g, 34 mmol). 

To a solution of TiCl, (7.2 g, 38 mmol) in CH2C12 at 
-7S°C, under an atmosphere of nitrogen, was added dropwise 
a solution of allyltrimethylsilane (9.5 g, 59 mmol) and 2-meth- 
oxy-N-carbomethoxypiperidine (6 g) in 40 mL of CH2C12. 
After 1 h at -7S°C, the reaction mixture was poured into 400 
mL of water and extracted with 2 x 400 mL of CH2C12. The 
combined CH2C12 layers were evaporated to dryness. Distilla- 
tion of the residue under reduced pressure afforded the substi- 
tution derivative (4.98 g, 27.2 mmol, 77% global yield) as a 
colourless oil, bp 9498°C (3 Torr;): 'H NMR 6: 5.7 (lH, ddt, 
J =  17, 10 and 7 Hz), 5.01 (lH, dd, J =  17 and 2 Hz), 4.98 ( lH,  
d t , J=2and lOHz) ,4 .28( lH,m,H2) ,3 .96(1H,broadd , J=  
14 Hz, H6e), 3.64 (3H, s, NC02CH3), 2.79 ( lH,  td, J  = 2 and 
14 Hz, H6a), 2.35 (lH, dt, J  = 14 and 7 Hz), 2.26 (lH, dt, J  = 
14 and 7 Hz), 1.3-1.6 (6H, m); 13c NMR 6: 156.6, 135.7, 
117.1, 52.8, 50.8, 39.7, 34.8, 28.0, 25.9, 19.2; MS, m/.: 182 
(M" - l,4%), 142 (100). 

The above derivative (4.5 g, 24.5 mmol) in 300 mL of eth- 
anol containing 10% PdIC (0.5 g) was hydrogenated (1 atm 
(101.3 kPa)). After filtration through Celite and evaporation of 
the solvent, a distillation under reduced pressure of the residue 
furnished N-carbomethoxyconiine l b  (3.7 g, 20 mmol, 81%), 
bp 92-96°C (2 Torr; 1 Torr = 133.3 Pa): 'H NMR 6: 4.24 (lH, 
m, H2), 3.98 (lH, broad d, J  = 13 Hz, H6e), 3.67 (3H, s, 
NC02CH3), 2.80 (lH, td, J =  13 and 3 Hz, H6a), 1.2-1.7 (lOH, 
m),0.91 (3H, t, J = 7  Hz); 13cNMR6: 156.7,52.8,51.0,39.5, 
32.3,28.8,26.1, 19.9, 19.4, 14.4; MS, m/.: 185 (MC', 2%), 142 
(100). 

Preparation of the enecarbamate 3b from l b  
The carbamate l b  (2.52 g, 13 mmol), Et,N+OTs- (250 mg, 
0.83 mmol), and 50 mL of methanol were introduced into the 
electrolysis cell. The solution was stirred for 10 min and a con- 
stant potential of 8 V was applied. After 3Flmol of electricity 
was passed, some drops of NH,OH were added to the solution 
and the solvent was evaporated; the residue was dissolved in 

water (400 mL), basified with NH,OH, and extracted with 
CHC1, (3 x 400 mL). The combined CHC1, layers were evap- 
orated to dryness to afford the 6-methoxy derivative 2b (2.8 g, 
13 mmol): 'H NMR 6: 5.45 (lH, m, H6), 4.14 (IH, m, H2), 
3.71 (3H, s, NC02CH,), 3.28 (3H, s, OCH,), 1.2-1.9 (lOH, 
m), 0.92 (3H, t, J =  7 Hz); ',c NMR 6: 82.9, 55.8,53.0, 51.3, 
36.3, 31.1, 27.9, 20.9, 14.4, 14.2; MS, 4.: 215 (M", <I%), 
200 (4), 184 (32), 172 (64), 142 (22), 140 (20), 71 (100). 

The crude 6-methoxy derivative 2b was dissolved in dry 
benzene (200 mL); TsOH.H20 (300 mg, 1.57 mmol) was 
added and the reaction mixture was stirred at room tempera- 
ture. After 1 h, some drops of NH,OH were added to the reac- 
tion mixture and the solvent was evaporated. The residue was 
dissolved in 30 mL of dilute NH,OH and extracted with 2 x 30 
mL of CHCI,. The combined CHC1, layers were evaporated to 
dryness and the residue was filtered through a short column of 
alumina (CHCI,) to afford the enecarbamate 3b (2.18 g, 11.9 
mmol, 91% from lb): 'H NMR 6: 6.75 (lH, m, H6), 4.8 (lH, 
m, H2), 4.3 (1 H, m, H5), 3.74 (3H, s, NC02CH,), 1.2-2.1 (8H, 
m), 0.92 (3H, t, J  = 7 Hz); I3c NMR 6: 124.2, 106.4, 53.2, 
50.7, 33.2, 24.5, 19.6, 18.0, 14.4; MS, 4.: 183 (M+', 12%), 
140 (100). 

General procedure for the acetylation reactions 
The alcohol was treated with a mixture of pyridine and acetic 
anhydride for 1 night at room temperature. After addition of 
ethanol and chloroform, the solvents were evaporated and the 
residue was filtered through a short column of alumina to yield 
the corresponding 0-acetyl derivative. 

General procedure for the hydroboration of 
enecarbamates 

All the glassware was dried in an oven, assembled hot, and 
cooled under a stream of dry nitrogen. THF was distillated 
from lithium aluminium hydride, into the reaction flask con- 
taining the enecarbamate; the flask was then equipped with a 
rubber septum and a positive pressure of nitrogen was main- 
tained. The hydroboration was carried out by adding a 2 M 
solution of borane in THF (Aldrich) through the septum via a 
hypodermic syringe previously flushed with dry nitrogen. 
After the reaction was complete, the reaction flask was 
immersed in a cooling bath at O°C, and the excess of borane 
was destroyed by adding some drops of water. The oxidation 
step was carried out under magnetic stirring at room tempera- 
ture by adding the proper amounts of aqueous NaOH and 
hydrogen peroxide. 

Hydroboration of the enecarbamate 3a 
The enecarbamate 3a (267 mg, 1.72 mmol) was subjected to 
hydroboration, according to the general procedure described 
above, in 25 mL of THF with addition of a 2 M BH3.SMe2 
solution (0.86 mL, 1.72 mmol). After 3 h, the reaction was 
stopped and the oxidation was performed by adding 1 mL of 3 
M NaOH and 1 mL of H20, (35% wlw). After 2 h at room 
temperature, the reaction mixture was basified by addition of 
100 mL of dilute NH,OH and extracted with CHC1, (3 x 100 
mL). The combined CHC1, layers were evaporated to dryness 
and the residue was submitted to flash chromatography (silica 
gel, ethyl acetatehexane 1:l) to furnish successively the cis 
alcohol 5a (69 mg, 0.39 mmol, 22%), and the trans alcohol 4a 
(148 mg, 0.85 mmol, 49%); 4a: 'H NMR 6: 4.44 (lH, m, H2), 
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4.02 (lH, broad d, J  = 14 Hz, H6e), 3.93 (lH, m, H5), 3.69 
(3H, s, NC0,CH3), 3.06 ( 1 H, dd, J  = 14 and 2 Hz, H6a), 1.3- 
2.1 (4H, m), 1.15 (3H, d, J  = 7 Hz, CH,); ',c NMR 6: 157.4, 
64.8, 53.0, 46.7, 45.1, 25.6, 24.1, 15.8; MS, mnz: 173 (M", 
lo%), 158 (loo), 140 (48), 125.9 (m*), 124.0 (m*), 114 (16), 
102 (1 I), 88 (1 1); 5a: 'H NMR 6: 4.36 (lH, m, H2), 4.12 (lH, 
ddd, J  = 13, 5 and 1 Hz, H6e), 3.68 (3H, s, NCO,CH,), 3.57 
(1H,tt,J=5andllHz,H5),2.66(1H,dd,J=lland13Hz, 
H6a), 1.5-1.8 (4H, m), 1.15 (3H, d, J  = 7 Hz, CH,); 13c NMR 
6:  156.4,67.7,53.1,45.9,45.7,28.9,28.5, 16.0; MS, m/z: 173 
(M", 28%), 158 (loo), 140 (69), 126 (17), 116 (32), 114 (16), 
102 (24), 88 (22). 

The 0-acetyl derivatives 6a and 7a were prepared accord- 
ing to the procedure described above; 6a: 'H NMR 6: 4.87 
(lH, m, H5), 4.47 (lH, m, H2), 4.13 (lH, broad d, J  = 15 Hz, 
H6e), 3.67 (3H, s, NCO2CH3), 3.03 (lH, dd, J  = 15 and 2 Hz, 
H6a), 1.2-2 (4H, m), 2.01 (3H, s, OAc), 1.15 (3H, d, J  = 7 Hz, 
CH,); 13c NMR 6: 170.8, 156.8, 67.5, 52.9, 46.3, 42.2, 24.7, 
23.2, 21.5, 15.9; MS, m/z: 215 (M", <I%), 200 (3; calcd. for 
C9HI4NO4: 200.0922; found: 200.0927), 155 (66), 140 (loo), 
126.4 (m*). 7a: 'H NMR 6: 4.64 ( lH,  tt, J =  5 and 11 Hz, H5), 
4.39 ( lH,  m, H2), 4.14 (lH, ddd, J  = 13, 5, and 2 Hz, H6e), 
3.68 (3H, s, NCO,CH,), 2.76 (lH, dd, J =  13 and 11 Hz, H6a), 
2.03 (3H, s, OAc), 1.5-1.9 (4H, m), 1.15 (3H, d, J =  7 Hz, 
CH,); 13c NMR 6: 170.4, 156.2, 69.6, 53.0, 45.9, 42.3, 28.5, 
25.2, 21.5, 15.9; MS, d z :  215 (M", <I%), 200 (2; calcd. for 
C9HI4NO4: 200.0922; found: 200.0920), 155 (66), 140 (loo), 
126.4 (m*). 

Hydroboration of the enecarbamate 3b 
The enecarbamate 3b (108 mg, 0.59 mmol) was submitted to 
hydroboration, according to the general procedure described 
above, in 5 mL of THF with the addition, at -78OC, of a 2 M 
BH3.SMe, solution (0.3 mL, 0.59 mmol). Once the addition 
was complete, the reaction mixture was maintained at - 10°C 
for 20 h; the reaction was then stopped and the oxidation was 
performed by adding 0.5 mL of 3 M NaOH and 0.5 mL of 
H,O, (35% wlw). After 2 h at room temperature, the reaction 
mixture was poured into 20 mL of dilute NHjOH and 
extracted with CHC1, (3 x 20 mL). The combined CHCl,.lay- 
ers were evaporated to dryness and the residue was submitted 
to flash chromatography (silica gel, ethyl acetatelhexane 1 : 1) 
to furnish successively the cis alcohol 5b (1 1 m g  0.054 mmol, 
9%) and the trans alcohol 4b (74 mg, 0.36 mmol, 62%). 4b: 'H 
NMR 6: 4.27 (IH, m, H2), 4.05 (1 H, broad d, J  = 14 Hz, H6e), 
3.91 (lH, m, H5), 3.69 (3H, s, NCO,CH,), 3.0(1H, dd, J =  14 
and 2 Hz, H6a), 1.1-2.1 (8H, m), 0.92 (3H, t, J  = 7 Hz, CH,); 
13cNMR6: 64.6,52.6,50.4,44.8,31.3,25.5,22.1, 19.5, 13.9; 
MS, m/z: 201 (M", 3%), 170 (3), 158 (loo), 140 (50); 5b: 'H 
NMR 6: 4.1 (2H, m, H2 and H6e), 3.66 (3H, s, NCO,CH,), 
3.55 (lH, tt, J =  10.5 and5 Hz, H5), 2.58 (lH, dd, J =  13 and 
10.5 Hz, H6a), 1.2-1.9 (8H, m), 0.89 (3H, t, J  = 7 Hz, CH,); 
13c NMR 6: 67.2,52.6,49.5,45.4,31.5,28.5,26.8, 19.4, 13.9; 
MS, m/z: 201 (M", 3%), 170 (3), 158 (loo), 140 (51). 

The 0-acetyl derivatives 6b and 7b were prepared accord- 
ing to the procedure described above; 6b: 'H NMR 6: 4.86 
(lH,m,H5),4.33 (lH,m,H2),4.18 (IH, broadd, J =  15 Hz, 
H6e), 3.68 (3H, s, NC0,CH3), 2.97 ( lH, dd, J  = 15 and 2 Hz, 
H6a), 2.02 (3H, s, OAc), 1.2-2.0 (8H, m), 0.92 (3H, t, J= 7 Hz, 
CH,); 13c NMR 6: 170.9, 157.2, 67.5, 52.9, 50.4, 42.2, 31.8, 
23.6, 23.2, 21.5, 19.9, 14.3; MS, m/z: 243 (M", 2%), 212 (2), 

200 (42; calcd. for C9HI4NO4: 200.0922; found: 200.0922), 
183 (15), 158 (6), 140 (100); 7b: 'H NMR 6: 4.67 (lH, tt, J =  5 
and 11 Hz, H5), 4.2 (2H, m, H2 and H6e), 3.71 (3H, s, 
NC0,CH3), 2.74 (lH, dd, J =  11 and 13 Hz, H6a), 2.06 (3H, s, 
OAc), 1.2-1.9 (8H, m), 0.95 (3H, t, J  = 7Hz, CH,); ',c NMR 
6: 170.4, 156.8, 69.5, 53.1, 50.1, 42.4, 31.9, 26.9, 25.6, 21.5, 
19.9, 14.4; MS, m/z: 242 (M", <I%), 212 (I) ,  200 (30; calcd. 
for C9H14N04: 200.0922; found: 200.0926), 183 (28), 158 
(13), 140 (100). 

Hydroboration of the enecarbamate 12 
The enecarbamate 12 (252 mg, 0.83 mmol) was subjected to 
hydroboration, according to the general procedure described 
above, in 20 mL of THF with addition of a 2 M BH,.SMe, 
solution (0.45 mL, 0.91 mmol). After 1.5 h, the reaction was 
stopped and the oxidation was performed by adding 1 mL of 3 
M NaOH and 1 mL of H,O, (35% wlw). After 2 h at room 
temperature, the reaction mixture was basified with 50 mL of 
dilute NH40H and extracted with CHC1, (3 x 50 mL). The 
combined CHC1, layers were evaporated to dryness and the 
residue was submitted to flash chromatography (silica gel, 
ethyl acetatelhexane 9: 1) to furnish successively the cis alco- 
hol 14 (49 mg, 0.15 mmol, 18%) and the trans alcohol 13 (154 
mg, 0.47 mmol, 57%). 13: 'H NMR 6: 7.3 (5H, m), 5.71 (lH, 
dd, J  = 6 and 7 Hz, H8), 4.32 (lH, m, H2), 4.12 (lH, m H6e), 
3.95 (lH, m, H5), 3.66 (3H, s, NCO,CH,), 3.15 (IH, dd, J  = 2 
and 14 Hz, H6a), 2.05 (3H, s, OAc), 1.2-2.4 (7H, m); 13c 

NMR 6: 157.1, 140.2, 128.5, 128.2, 126.7, 74.4, 64.4, 52.7, 
48.3,45.1,36.1,25.6,22.5,21.3; MS, m/z: 321 (M", I%), 261 
(25), 202 (15), 158 (loo), 156.3 (m*), 140 (41), 124.0 (m*). 
14: 'H NMR 6: 7.3 (5H, m), 5.7 (lH, dd, J  = 5 and 8 Hz, H8), 
4.17 (2H, m, H2 and H6e), 3.66 (3H, s, NCO,CH,), 3.58 (1 H, 
m, H5), 2.73 ( lH,  dd, J  = 11 and 13 Hz, H6a), 2.04 (3H, s, 
OAc), 1.4-2.4 (7H, m); I3c NMR 6: 170.6, 156.3, 140.7, 
128.9, 128.5, 127.0, 74.7, 67.4, 53.2, 47.9, 46.1, 36.7, 28.9, 
27.6, 21.6; MS, mdz: 321 (M", <I%), 278 (6), 261 (55), 202 
(33 ,  158 (loo), 140 (50). 

The 0-acetyl derivatives 15 and 16 were prepared accord- 
ing to the procedure described above. 15: 'H NMR 6: 7.3 (5H, 
m), 5.72 (lH, dd, J =  6 and 8 Hz, H8), 4.87 (lH, m, H5), 4.37 
(lH, m, H2), 4.23 (lH, broad d, J  = 15 Hz, H6e), 3.66 (3H, s, 
NC0,CH3), 3.1 1 (lH, dd, J  = 15 and 2 Hz, H6a), 2.04 (3H, s, 
OAc), 2.01 (3H, s, OAc), 1.3-2.4 (6H, m); 13c NMR 6: 170.8, 
170.5, 156.9, 140.6, 128.9, 128.5, 127.0, 74.6, 67.2, 53.0, 
48.2, 42.5, 36.5, 23.6, 23.4, 21.5; MS, m/z: 363 (M+', 4 % ;  
calcd. for Cl9Hz5No6: 363.1681; found: 363.1688), 320 (2), 
303 (17), 252.9 (m*), 244 (12), 243 (9), 200 (40), 194.8 (m*), 
158 (lo),  156 (lo), 140 (loo), 110.2 (m*), 98 (m*); 16: 'H 
NMR 6: 7.3 (5H, m), 5.72 (lH, dd, J =  6 and 8 Hz, H8),4.65 
(lH, tt, J  = 5 and 11 Hz, H5), 4.2 (2H, m, H2 and H6e), 3.67 
(3H, s, NCO,CH,), 2.84 (lH, dd, J =  11 and 13 Hz, H6a), 2.04 
(3H, s, OAc), 2.05 (3H, s, OAc), 1.2-2.4 (6H, m); 13c NMR 6: 
170.1, 169.9, 155.8, 140.2, 128.5, 128.2, 126.6, 74.2, 68.9, 
52.8, 47.4, 42.3, 36.3, 26.7 25.2, 21.2, 21.1; MS, m/z: 363 
(M", 4 % ;  calcd. for C19H25N06: 363.168 1; found: 
363.1687), 304 (4), 303 (7), 260 (4), 244 (lo), 243 (8), 200 
(37), 140 (loo), 110.2 (m*), 98 (m*). 

Preparation of pseudoconhydrine 8 
To a solution of 4b (46 mg, 0.22 mmol) in 5 mL of CH,Cl, was 
added TMSI (0.32 mL, 2.28 mmol) distilled over copper pow- 
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Plehiers and Hootele 

der just before use. The reaction mixture was refluxed for 1 h 
and after addition of some drops of MeOH was allowed to 
stand at room temperature during 10 min. The solvent was 
evaporated to dryness and the residue was dissolved in dilute 
NH40H and extracted with CHC1, (3 x 15 mL). Evaporation of 
the CHC1, layers furnished 8 as a colourless oil (28 mg, 0.19 
mmol, 89 %). Mass and 'H NMR spectra were identical with 
those reported in the literature (17). 

Preparation of N-methylpseudoconhydrine 9 
To a solution of 4b (30 mg, 0.15 mmol) in THF (10 mL) was 
added LiAlH, (50 mg). The mixture was refluxed for 2.5 h. 
Some drops of water were added at room temperature, the 
mixture was filtered through Celite, and the solvent was evap- 
orated to dryness. The residue was dissolved into 10 mL of 
CHC1, and extracted with 0.1 N HCl(2 x 10 mL). The organic 
phase was discarded and the aqueous phase basified with 
NH40H and extracted with CHC1, (2 x 100 mL). The com- 
bined CHC1, layers were evaporated to dryness and the residue 
was filtered through a short column of alumina (CHCI /MeOH P 9: 1) to afford 9 (20 mg, 0.12 mmol, 80%). Mass and H NMR 
spectra were identical with those reported in the literature (1 8). 

Swern oxidation of alcohol 13 
DMSO (102 kL, 1.45 mmol) was added to a stirred solution of 
oxalyl chloride (126 pL, 1.45 mmol) in 2 mL of CH2Cl, at 
-78°C under a nitrogen atmosphere. After 10 min, alcohol 13 
(156 mg, 0.48 mmol) dissolved in 1 mL of CH2C12 was added; 
the reaction flask was then cooled at -40°C and after 10 min 
at -78°C triethylamine (1 mL) was added dropwise. The reac- 
tion mixture was allowed to reach room temperature and after 
15 min poured into 30 mL of water. After neutralization with 
concentrated HCl and extraction with CH2C12 (30 mL), the 
organic phase was washed with dilute NH,OH, dried, evapo- 
rated, and filtered through a short column of silica gel (ethyl 
acetatelhexane 4: 1) to give the ketone 17 (142 mg, 0.44 mmol, 
92%). IR: (CCI,solution) cm-': 2955,1739, 1708,1450,1234; 
'H NMR 6: 7.3 (5H, m), 5.83 (lH, dd, J =  5 and9 Hz, H8), 4.3 
(2H, m, H2 and H6e), 3.71 (3H, s, NCO,CH,), 3.62 (lH, d, J = 
19Hz, H6a), 2.07 (3H, s, OAc), 1.6-2.4 (6H, m); 13c NMR 6: 
206.8, 170.6, 156.2, 140.5, 129.0, 128.7, 126.9, 73.8, 53.5, 
50.9,48.8,39.7,36.0,26.7,21.6; MS, m/z: 319 (M+', I%), 291 
(2), 275 (IS), 260 (1 l), 156 (100),128 (32). 

PCC oxidation of the alcohol 13 
PCC adsorbed on alumina (1 g, 0.9 mmol) was added under 
stirring to a solution of 13 (73 mg, 0.22 mol) in 10 mL of 
CH2C12. The mixture was refluxed and stirred for 1 h, cooled, 
and then filtered through a column of Florisil (CH2C1,, then 
AcOEt). The combined organic layers were evaporated to dry- 
ness and the residue was filtered through a short column of sil- 
ica gel (AcOEt). Evaporation of the solvent furnished the 
ketone 17 as a colourless oil (50 mg, 0.15 mmol, 71%). 

Reduction of ketone 17 with NaBH4 
NaBH, (60 mg, 1.6 mmol) was added to a solution of ketone 
17 (103 mg, 0.32 mmol) in 5 mL of absolute ethanol at 0°C. 
After 15 min some drops of water were added and the solvent 
was evaporated to dryness. The residue was dissolved in 10 
mL of dilute NH40H and extracted with CH2C1, (3 x 10 mL). 
The combined CH,Cl, layers were evaporated and the residue 

was submitted to flash chromatography (silica gel, ethyl ace- 
tatelhexane 4:l) to furnish successively the alcohols 14 (84 
mg, 0.26 mmol, 81%) and 13 (10 mg, 0.031 mmol, 10%). 

Reduction of ketone 17 with LiAl(0-tBu),H 
(tBuO),AlLiH (24 mg, 0.094 mmol) was added to a solution 
of ketone 17 (20 mg, 0.062 mmol) in THF (2 mL) at 0°C. After 
2 h some drops of water were added and the mixture was fil- 
tered through Celite. After evaporation of the solvent, dilute 
NH40H was added to the residue and the solution was 
extracted with CHCl,. Evaporation of the solvent followed by 
a flash chromatography (silica gel, AcOEthexane 1:9) fur- 
nished the cis acetate 14 (12 mg, 0.037 mmol, 60%) and the cis 
diol18 (5 mg, 0.017 mmol, 28%). 18: 'H NMR 6: 7.3 (SH, m), 
4.73 (IH, m, H8), 4.36 (lH, m, H2), 4.07 (H, m, H6e), 3.66 
(3H, s, NC02CH3), 3.58 ( lH,  m, HS), 2.61 ( lH,  dd, J =  11 and 
12 Hz, H6a), 1.4-2.2 (8H, m); MS, idz: 279 (M", 3%), 261 
(4), 244 (m*), 202 (4), 186 (4), 173 (3), 158 (loo), 140 (78), 
124.0 (m*). 

Preparation of alcohol 19 
To a solution of the carbamate 13 (33 mg, 0.1 mmol) in THF 
(5 mL) was added LiAlH4 (35 mg). The mixture was then 
refluxed for 3.5 h. After addition of some drops of water the 
mixture was filtered through Celite and the solvent was evap- 
orated to dryness. The residue was filtered through a short col- 
umn of alumina (CHCl,, MeOH 5%, NH40H) to give 19 as a 
colourless oil (15 mg, 0.063 mmol, 63%): [a],'O -80.5 (c = 
0.9, MeOH); 'H NMR 6: 7.34 (SH, m), 4.82 (lH, dd, J=  3 and 
lOHz,H8),3.79(1H, tt, J = 4 a n d 8 H z ,  H5),2.99(lH, ddd, J 
= 12,4,and 1 Hz,H6e),2.56(1H,m,H2),2.40(3H,s,NCH ), 
2.26 (lH, dd, J = 8 and 12 Hz, H6a). 1.36-2.08 (6H. m); 'k 
NMR 6: 128.8, 127.7, 125.9,73.5,65.7,61.2,60.3,41.4,39.9, 
32.5, 25.9; MS, ir/z: 235 (M", 3%), 128 (3), 114 (loo), 96 
(10). 

Preparation of (-)-5-hydroxysedamine 20 
The alcohol 14 (1 8 mg, 0.056 mmol) was reduced with LiAlH4 
(20 mg) in THF (5 mL) as described for 13 to afford alcohol 20 
as a colourless oil (10 mg, 0.045 mmol, 80%). The mass, 'H, 
and 13c spectra were identical with those reported in the liter- 
ature (13); [a]:' -53 (c = 0.3, MeOH). 

Anodic oxidation of carbamate 7a 
The carbamate 7a  (59 mg, 0.27 mmol), Bu4N+BF4- (22 mg, 
0.068 mmol), and 5 mL of methanol were introduced into the 
electrolysis cell equipped with a platinum anode and a vitre- 
ous carbon cathode. A constant potential of 8 V was applied. 
After SFImol of electricity was passed, the usual work-up was 
applied; the crude fraction (68 mg) was flash chromato- 
graphed (silica gel, AcOEthexane 1:2) to give 21 (47 mg, 
0.19 mmol, 71%): 'H NMR 6: 5.5 (lH, m, H6), 4.70 (lH, dt, J 
= 4 and 12 Hz, H5), 4.3 (1H, m, H2), 3.73 (3H, s, NC02CH3), 
3.33 (3H, broad s, OCH,), 2.10 (3H, s, OAc), 1.64-2.14 (4H, 
m), 1.29 (3H, d, J = 7 Hz, CH,); ',c NMR 6: 170.7, 156.3, 
82.9, 72.2, 55.8, 53.2, 46.2, 29.1, 21.5, 19.8; MS, d z :  245 
(M", <I%), 214 (8), 202 (4), 198 (5), 185 (23), 172 ( l l ) ,  
170.4 (m*), 170 (7), 142 (25), 140 (1 I), 118 (100). 

Preparation of 22 from 21 
To a solution of TiC1, (21 pL, 0.19 mmol) in 0.2 mL of 
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CH2C12 at -45"C, under an atmosphere of nitrogen, was 
added a solution of 21 (32 mg, 0.13 mmol) in 0.6 mL of 
CH2C12. After 15 min the solution was cooled to -78°C and 2- 
trimethylsilyloxypropene (1 12 mg, 0.65 mmol) contaminated 
by ca. 25% of (CH,),SiOSi(CH,), was added. After 4 h at 
-78"C, the solution was poured into 10 mL of water and NaCl 
was added; extraction with CH2C12 (2 x 10 mL), evaporation 
to dryness, and two successive flash chromatographies (silica 
gel, ethyl acetatehexane 1 :I) furnished 22 as a 76:24 mixture 
of diastereoisomers (26 mg, 0.096 mmol, 73%): MS, d z  (c + 
t): 271 (M", <I%), 256 (2), 240 (2), 214 (14), 21 1 (loo), 198 
(16), 196 (17), 172 (SO), 171 (46), 169 (65), 168 (54), 156 (28), 
154 (47), 152 (30), 140 (64), 102 (75), 85 (86). The following 
NMR values were extracted from the spectra of the mixture: 
major constituent: 'H NMR 6: 4.8-5.07 (2H, m, H5 and H6), 
4.35 (lH, m, H2), 3.69 (3H, s, NC02CH3), 2.99 (1 H, dd, J = 16 
and9Hz, H7),2.35 (lH,dd, J =  16and3 Hz, H7'),2.19(3H, 
s,CH,), 1.95(3H,s,OAc), 1.6-1.8(4H,m), 1 .18(3H,d , J=7  
Hz, CH,); 13c NMR 6: 205.4, 169.7, 156.1, 70.4, 53.0, 48.6, 
45.6, 45.4, 30.0, 28.3, 21.0, 20.2,20.1; minor constituent: 'H 
NMR 6: 4.78 (lH, m), 4.27 (lH, m), 4.01 (lH, m), 3.64 (3H, s, 
NC02CH3), 3.12 (1 H, dd, J = 16 and 8 Hz, H7), 2.60 (lH, dd, 
J = 16 and 7 Hz, H7'), 2.19 (3H, s, CH,), 2.03 (3H, s, OAc), 
1.3-1.9 (4H, m), 1.33 (3H, d, J = 7 Hz, CH,); ',c NMR 6: 
205.8, 169.7, 156.2, 70.9, 52.4, 51.4, 49.0, 44.9, 30.0, 26.9, 
24.8, 21.3, 18.4. 

Anodic oxidation of ent-16 
(+)-ent-16 (93 mg, 0.25 mmol), Et,N+OTs- (8 mg, 0.026 
mmol), and 5 mL of methanol were introduced into the elec- 
trolysis cell. The solution was stirred for 10 min and a constant 
potential of 8 V was applied. After 8Flmol of electricity was 
passed, some drops of NH,OH, were added to the solution and 
the solvent was evaporated; the residue was dissolved in water 
(50 mL), basified with NH,OH, and extracted with CHC1, (2 x 
50 mL). The combined CHC1, layers were evaporated and the 
residue was filtered through a short column of silica gel (ethyl 
acetatehexane 1:l) to afford a mixture of 23 and unreacted 
ent-16. This mixture was submitted to column chromatogra- 
phy on alumina (ethanol-free CHC1,) to furnish the mixture of 
the diastereomeric methoxy compounds 23 (57 mg, 0.145 
mmol, 58%): MS, d z  (cis and trans): 362 (M"-CH30a, 3%), 
333 (17), 319 (20), 259 (27), 231 (41), 230 (20), 202 (23), 198 
(loo), 170.4 (m*), 170 (18), 156 (61). The following NMR 
values were extracted from the spectra of the mixture: major 
constituent: 'H NMR 6: (330 K): 7.31 (5H, m), 5.79 (lH, dd, J 
= 7 Hz, H8), 5.5 (lH, m, H6), 4.67 (lH, dt, J = 12 and 4 Hz, 
H5), 4.24 (lH, m, H2), 3.72 (3H, s, NC02CH3), 3.35 (3H, s, 
OCH,), 2.28 (m, 2H), 2.06 (6H, s, OAc), 1.6-1.94 (4H); ',c 
NMR 6: (330 K): 170.7, 156.9, 141.2, 129.0, 128.5, 127.0, 
83.5,74.2,72.2,57.0,53.3,47.8,40.5,26.6,21.4,20.0;minor 
constituent: 'H NMR 6 (330K): 7.3 (5H, m), 5.8 (lH, m, H8), 
5.19 (lH, d, J =  2 Hz, H6), 4.91 (lH, dt, J =  6 and 3 Hz, H5), 
3.70 (3H, s, NC02CH3), 3.60 (lH, m, H2), 3.28 (3H, s, OCH,), 
2.58(1H,ddd,J=5,9,and14Hz,H7),2.25(1H,m,H7'),2.04 
(3H, s, OAc), 1.96 (3H, s, OAc), 1.6-1.9 (4H, m); 13c NMR 6 
(330 K): 170.7, 170.3, 157.7, 141.2, 129.0, 128.5, 127.1,85.8, 
74.5, 69.2, 56.0,52.6,49.2, 39.8, 23.7, 23.4,21.3,21.2. 

Nucleophilic displacement of the methoxy group of 23 
To a stirred solution of TiCl, (43 pL, 0.39 mmol) in 1 mL of 

CH2C12 at O0C, under an atmosphere of nitrogen, was added a 
solution of 23 (1 39 mg, 0.35 mmol) in 3 mL of CH2C12 and 2- 
trimethylsilyloxypropene (303 mg, 1.75 mmol) contaminated 
by ca. 25% of (CH,),SiOSi(CH,),. The solution was stirred 
for 2 h at O0C, then poured into 50 mL of water and, after addi- 
tion of NaC1, extracted with CH2C12 (4 x 50 mL). The com- 
bined CH2C12 layers were evaporated to dryness and the 
residue was submitted to two successive flash chromatogra- 
phies (silica gel ethyl acetatelhexane 1:l) to furnish 24 as a 
77/23 mixture of clt diastereoisomers (88 mg, 0.21 mmol, 
60%): MS, rdz (cis + trans): 419 (M", <I%; calcd. for 
C22H29N0,: 419.1944; found: 419.1938), 362 (2), 359 (38), 
316 (6), 299 (61), 298 (21), 270 (6), 256 (64), 249.0 (m*), 198 
(70), 197 (27), 196 (37), 195 (50), 194 (33 ,  156 (61), 154 (60), 
153.1 (m*), 150.0 (m*), 138 (40), 114 (100). The following 
NMR values were extracted from the spectra of the mixture: 
major constituent: 'H NMR 6: 7.35 (5H, m), 5.76 (lH, dd, J = 
10 and 4 Hz, H8), 5.07 and 4.93 (2H, m, H5 and H6), 4.29 ( lH,  
m, H2), 3.69 (3H, s, NC02CH3), 2.92 (1 H, dd, J = 16 and 9 Hz, 
H9), 2.39 (lH, dd, J = 16 and 3 Hz, HY), 2.17 (3H, s, CH,), 
2.09 (3H, s, OAc), 1.93 (3H, s, OAc), 1.9-2.2 (2H, m, H7), 
1.2-1.7 (4H, m); ',c NMR 6: 205.4, 170.5, 169.7, 156.1, 
140.4, 128.8, 128.4, 126.6, 73.7, 70.1, 53.2, 48.5, 46.9, 45.2, 
40.9, 30.1, 25.8, 21.8, 21.4, 20.3; minor constituent: 'H NMR 
6 (characteristic values): 5.87 (lH, dd, J = 8 and 6 Hz, H8), 
4.73 ( lH,  m), 4.2 (lH, m), 3.8 (lH, m), 3.58 (3H, s, 
NC02CH3), 3.10 ( lH,  dd, J =  17 and 8 Hz, H9), 2.58 (2H, m), 
2.17 (3H, s, CH,), 2.06 (3H, s, OAc), 2.00 (3H, s, OAc), 1 . 6  
2.1 (5H, m). 

25: 'H NMR 6: 7.3 (5H, m), 5.90 (lH, broad s, H6), 5.78 
(lH, dd, J = 5 and 9 Hz, H8), 4.72 (lH, dt, J = 12 and 4 Hz, 
H5), 4.23( IH, m, H2), 3.72 (3H, s, NC02CH3), 2.98 (lH, m, 
OH), 1.79 (lH, m, H7), 2.09 and 2.07 (6H, 2s, 2 x OAc), 1.7- 
2.1 (5H, m); MS, d z :  379 (M", <I%), 319 (9), 318 ( 3 ,  301 
(5), 259 (16), 241 (6), 231 (1 I), 216 (8), 198 (33), 156 (loo), 
121 (73). 

Preparation of 27 
A solution of 24 (68 mg, 0.16 mmol), ethylene glycol (17 mg, 
3.2 mmol), and TsOH.H20 (7 mg) in 20 mL of benzene was 
refluxed for 3 h in a Dean-Stark apparatus. After evaporation 
of the solvent, the residue was dissolved in dilute NH,OH and 
extracted with CH2C12 (3 x 15 mL). The combined organic 
layers were evaporated to dryness to furnish 26 as a colourless 
oil (70 mg). 

To a solution of the crude acetal 26 in THF (15 mL) was 
added LiAlH, (1 16 mg). The mixture was heated under reflux 
for 3 h. Some drops of water were added and the mixture was 
filtered through Celite and evaporated to dryness. The com- 
bined CH2C12 layers were evaporated and a chromatography 
on alumina of the residue furnished the diol27 as a clt mixture 
(36 mg, 1.1 mmol, 67% from 24). The following NMR values 
(major constituent) were extracted from the spectra of the 
mixture: 'H NMR 6: 7.3 (5H, m), 4.90 (lH, dd, J = 3 and 11 
Hz, H8), 3.96 (4H, m, -OCH2CH20-), 3.92 (lH, m, H5), 3.04 
(lH, m), 2.91 (lH, td, J = 5 and 2 Hz, H6), 2.49 (3H, s, 
NCH,), 1.2-2.1 (lOH, m), 1.35 (3H, s, CH,); ',c NMR 6: 
145.6, 128.6, 127.4, 125.9, 109.6,75.9, 68.2, 65.0, 64.7,64.2, 
61.1, 40.8, 39.1, 32.4, 32.3, 24.4, 20.7; MS, d z :  335 (M", 
8%), 320 (2), 292 (6), 234 (14), 214 (97), 112 (29), 87 (loo), 
58.6 (m*). 
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Preparation of sedacryptine 28 from 27 
A solution of the acetal27 (36 mg, 1.1 mmol) in 0.1 N aqueous 
HCl (5 mL) was heated under reflux for 30 min. The mixture 
was then cooled, basified with NH,OH, and extracted with 
CH2C12 (3 x 15 mL). The combined CH2C12 layers were evap- 
orated to dryness to furnish a mixture of sedacryptine 28 and 
29 in a 60140 ratio (25 mg, 0.086 mmol, 80 %). After epimer- 
ization in MeOH the diastereoisomeric ratio moved to 80120. 
Crystallization from cyclohexane furnished pure (+)- 
sedacryptine 28 as colourless crystals, mp 122-123°C; [ a ~ : ~  
+14 (c  = 0.54, CHC1,); 'H NMR 6 (360 MHz): 7.34 (5H, m), 
4.85(1H,dd,J= lOand3Hz,H8) ,4 .07( lH,q,J=3Hz,H5) ,  
2.69 ( lH,  t, J = 3 Hz, H6), 2.31 (IH, m, H2), 2.28 (3H, s, 
NCH,), 2.24 (lH, d, J = 13 Hz, H9), 2.20 (lH, m, H7), 2.09 
(lH, ddt, J =  14,3 and 3 Hz, H4e), 1.91 ( lH,  dd, J = 1 3  and4 
Hz, H9'), 1.83 (lH, m, H3e), 1.54-1.65 (3H, m, H3a, H4a, 
H7'), 1.5-1.9 (2H, OH), 1.48 (3H, s, CH,); MS, m/z: 291 (M", 
4%), 273 (12), 234 (2), 230 (4), 170 (loo), 152 (83), 135.9 
(m*), 1 12 (44), 95 (75). 
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Study of the coordinated system Pb(ll) - 
neutral valine - valinate ion 

Teresa Maria Borges Miquel, Mercedes Lemus Sanchez, 
Josefa Castro Macias, and Jesus Cesar Rodriguez Placeres 

Abstract: The polarographic method has been applied to the study of the mixed-coordinated system (Pb(I1) - neutral valine - 
valinate ion, in aqueous medium, I = 1.0 mol L-I (NaC10,) and 25 + O.l°C. The stabilization of the following complexes: 
[P~(HV)]'+ (PI, = 9.7), [P~(HV),]~+ (P,, = 28), [Pb(HV)(V)I+ (PI ,  = 3.3 x lo4), [Pb(V)I+ (Pol = 3.7 x lo4), and [Pb(V)?I (Po'= 
2.8 x lo7) was observed. 

Key words: polarography, Pb(II), valine, speciation. 

RCsum6 : On a appliquk la mkthode polarographique i 1'Ctude du systkme coordinC mixte Pb(I1) - valine neutre - ion valinate, 
en solution aqueuse, I = 1,O mol L-I (NaCIO,), A 25 + O,l°C. On a observC la stabilisation des complexes suivants : [P~(HV)]'+ 
(Plo = 9,7), [P~(HV),]'+ (P, = 28), [Pb(HV)(V)]+ (PI ,  = 3,3 x lo4), [Pb(V)]+ (Po, = 3,7 x lo4), et [Pb(V),] (Po, = 2,8 x lo7). 

Mots c l b  : polarographie, Pb(II), valine, espkciation. 

[Traduit par la rkdaction] 

Introduction 

The study of the coordinated systems metal ion - amino acids 
has become increasingly important in recent times, and from 
different points of view. Increasing worldwide interest was 
confirmed in 199 1, when EC countries selected "Biocoordina- 
tion Chemistry" as one of seven priority research fields. 

One of the most interesting procedures currently followed 
to investigate the structures and functions of complex macro- 
molecules consists in the analysis of simple molecules that 
present properties similar to those characteristic of macromol- 
ecules. The model compounds are, generally, easier to study 
and the information obtained has frequently been successfully 
extrapolated to macromolecules. Thus, for example, Freeman 
(1) has shown the utility of the information obtained in the 
study of some simple complexes for understanding the struc- 
ture of the active sites of carboxypeptidase. 

Likewise, diverse observations have led to the study of the 
formation of metal ion complexes of small molecular weight 
since this is the way in which metal ions are mobilized during 
prolonged periods of nutrition. The reliability of the stability 
constant values of both simple and mixed complexes with sim- 
ple amino acids is also of importance since they represent the 
main form of administration in the nutritive mixture or the 

Received September 15, 1995.' 

T.M. Borges Miquel. Department of Analytical Chemistry, 
University of La Laguna, Tenerife, Canary Islands, Spain. 
M. Lemus Sanchez, J. Castro Macias, and J.C. Rodriguez 
~laceres.' Department of Physical Chemistry, University of 
La Laguna, Tenerife, Canary Islands, Spain. 

Revision received August 7, 1996. 
Author to whom correspondence may be addressed. 
Telephone: 34-22-635 636. Fax: 34-22-635 601. 

form of excretion. Thus, the reinvestigation of the coordinated 
system Zn(I1)xysteinate-hystidinate (2) led to a reduction of 
the initial estimate of the daily dosage of zinc from 38 mg to 
32 mg in some nutritive mixtures studied. 

On the other hand, studies of the coordinated systems 
metallic ion - amino acid have generally taken into account 
only the anion is ligand, disregarding the complexing nature of 
the neutral species. It was therefore thought worthwhile to 
undertake a systematic analysis of these systems from the 
wider standpoint of considering the complexation of the 
metallic ion by both species. 

Lastly, the fact must be pointed out that the majority of 
studies of coordinated metallic ion - amino acid systems have 
been carried out by adjusting the ionic strength with weakly 
complexing electrolytes. We have shown and verified experi- 
mentally (3) that the constants determined under these condi- 
tions do not in fact respond to true stability constants but 
rather to defined arrangements of formation constants of sim- 
ple and mixed species existing in the medium. The importance 
of this particular results became evident on finding that the use 
of this type of electrolyte was generalized, and it provided a 
solid basis for questioning the greater part of the data previ- 
ously reported in the literature on coordination chemistry. 

In this work we report on the analysis of the mixed coordi- 
nated system Pb(I1) - neutral valine - valinate ion, which has 
been studied ( 4 3 ,  Table 1, but never at the standard temper- 
ature of 25°C. Only the formation of two complexes with the 
valinate ion; [Pb(V)]+ and [Pb(V),], has been described. The 
scatter of the results is quite remarkable and requires experi- 
mental revision. No stabilization of any complex with neutral 
valine has been detected. 

Theoretical 

if the molecule of neutral valine (HV), the zwitterion form of 

Can. J. Chem. 74: 2454-2459 (1996). Printed in Canada I Imprimt au Canada 
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Table 1. Values reported in the literature for the system 
Pb(I1)-valine - valinate ion. 

Method T ('C) Medium Po, x 1 O4 Po' x 1 0-7 Ref. 

Polarog- 
raphy 30 1.0 M KNO, 1.58 7.8 4 

Glass 35 0.1 M NaClO, 12.6 2512 5 

Table 2. Conditions for sets of experiments. 
-- 

C, x lo? [vl  [HV] x 10' 
Set pH mol I-' mol I-' mol I-' 

1 4.16 2-16 (6.366-53.87) x 1.967-15.54 
2 4.17 2-18 (4.677-62.14)xlO-' 1.954-17.51 
3 4.22 2-18 (8.231-55.45) x lo-' 1.975-17.53 
4 6.12 2-18 (6.438-56.56) x lo4 1.990-17.89 
5 6.52 2-18 (1.008-14.20) x 10" 1.96617.88 
6 6.53 3-18 (2.422-14.25) x lo-' 2.98G17.94 
7 6.58 2-18 (1.865-16.68) x lo-' 1.998-17.88 
8 6.77 2-18 (2.782-25.30) x 1.969-17.91 
9 6.95 2-18 (4.252-38.04) x lod5 1.989-17.79 

10 7.33 2-18 (1.035-8.903) x lo4  1.990-17.76 

which widely predominates, and the valinate ion (V) are con- 
sidered to be possible ligands of Pb(I1) and we admit that, as 
occurs in the studies of alanine (6), leucine (7), and isoleucine 
(7), only two ligands can be coordinated, the Foo function of 
Schaap and McMasters (8) will be developed as follows: 

It is evident that at sufficiently high values of pH the com- 
plexes with the anion will predominate since their concentra- 
tion will be significative and their stability constants must be 
much greater than those of the neutral form. 

At sufficiently low values of pH it is to be expected that the 
high concentration of the neutral species with respect to that of 
the anionic species compensates greatly for its much lower sta- 
bility constant and its complexes with the metallic cation 
under study can be determined. 

Between the limits mentioned, determination of the con- 
stants of the mixed coordinated species will be possible. 

In any case, it is understood that if the pH required is very 
low, the concentration of the protonated form may be high, 
appreciably modifying the ionic strength. This effect can be 
minimized by decreasing the total concentration of amino 
acid. 

Likewise, in every case it will be necessary to work with the 
concentration of complexing forms of amino acid such that 
their complexation will prevail appreciably over the formation 
of hydroxo-complexes. 

The studies were carried out at constant pH but modifying 
the total concentration of amino acid, such that [HV] and [V] 
vary with VT. 

With regard to the expression K,, = [V] [H+]/[HV], eq. [ l ]  
transforms to: 

a relationship that at constant pH will reduce to 

[3] Foo = 1 + B [HV] + C [ H V ] ~  

where, if m = [H'IIK,,, the B and C coefficients will be defined 
by: 

and can be calculated in the usual manner. 
The knowledge of an appropriate number of values of the B 

and C coefficients would allow us to determine the stability 
constants of the coordinated species present in the medium. 

If substitution is made in terms of [V] the expressions 
would be analogous 

[7] Foo = 1 + B' [V] + C' [v]' 

where: 

[91 C' = Po, + PI 1 m + P20 m2 

Experimental 

Each of the i vs. E curves was plotted with an Inelecsa 
PDC1212 electrochemistry system. An AglClAg/NaCl sat. 
Metrohm EA427 electrode and a Pt (EA285) electrode were 
employed as reference and auxiliary electrode, respectively. 
The temperature was always 25 1 0.1 "C and the drop time 
was set at 3 s. The ionic strength was maintained constant at 
I = 1.0 mol L-' by addition of NaC10,. The pH measurements 
were carried out with a pHM84 digital pH-meter ( 2  0.002) 
and a Radiometer GK240 1C combination electrode. The lead 
perchlorate, Merck p.a., was prepared by weight and it was 
standardized complexometrically. Sodium perchlorate was 
also Merck p.a. and the L-valine was from Sigma p.a. The val- 
ues of the acidity constants (9) were pK,, = 2.35 -+ 0.01 and 
pK,, = 9.62 ? 0.01. 

Procedures 
The studies were carried out at constant pH, varying the con- 
centration of total valine between the limits indicated in Table 
2. In every case, the plots in absence of ligand were made at 
low pH (2.00 - 3.00) and [pb2+] = 1.0 x lo4 M. 

All adjustments were carried out utilizing Sigma Plot 5.01. 

Results 

In all the solutions studied the polarograms show good sym- 
metry and a regular outline. The plot of log [id-ili] vs. E shows 
that the discharges occurred by a reversible bielectronic pro- 
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Fig. 1. Plot of the functions Foo and F,o VS. [HV] at pH 4.16. 

Fig. 2. Plot of the functions Foo and F,, vs. [HV] at pH 6.95. 

cess. The values for the reversible half-wave potentials were 
obtained directly from those plots. With few exceptions, the 
accuracy was better than f 0.5 mV. 

Figures 1-3 present the plots of the Fio functions vs. the con- 
centration of the ligand indicated. In each case, eq.[3] is con- 
firmed. Adjusting by least squares provides the values of B and 
C given in Table 3. 

The studies performed were planned such that studies 1-3 
correspond to low values of pH, in which the complexes with 
neutral valine should prevail. The sets carried out at higher 
values of pH (4-10) allow the determination of the simpleand 
mixed complexes with the anionic form. 

Determination of the PI, and p,, constants 
It will be shown that in eqs. [4] and [5] the summands other 
than P and PZ0 are negligible with respect to the correspond- 
ing coefficients, B and C, which leads us to propose the fol- 
lowing values of the formation constants of the complexes 
[ P ~ ( H V ) ] ~ +  and [P~(HV),]~+: Plo  = 9.7 ? 1.3 and PZ0 = 28 + 
7 .  

Determination of the p,, constant 
Equation [4] indicates that a plot of the coefficient B vs. m-' 
must be a straight line. By fitting to the previously determined 
ordinate, plo = 9.7, from the slope of the said plot, Fig. 4, the 
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Fig. 
70 

3. Plot of the functions Foo vs. [HV] at pH 7.33. 

0.0 0.1 0.0 0.1 0.2 

[HVI 

Fig. 4. Plot of B vs. rn-' . Fig. 5. Plot of (C - vs. m-'. 

value of the stability constant of the complex [Pb(V)]+ will be 
obtained: 

p,, = (3.7 + 0.2) x lo4 

Determination of the Do, and Dl, constants 
Taking into account that P2, is known, and that the coefficient 
C i s  defined by 

the plot of the function (C - ~ ~ , ) l m - '  vs. m-' will determine a 

straight line with the ordinate in the origin P I ,  and the slope 
P02. 

Figure 5 shows the above-mentioned dependence, which by 
least squares allows the formation constant of the complexes 
[Pb(V),] and [Pb(HV)(V)]+ to be determined as: po2 = (2.8 % 
0.3) x lo7 and P , ,  = (3.3 + 0.6) x lo4. 

Discussion 

This is the first experimental confirmation of the stabiliza- 
tion of the complexes [ P ~ ( H V ) ] ~ + ,  [ P ~ ( H V ) ~ ] ~ + ,  and 
[Pb(HV)(V)I+. 
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Fig. 6. Distribution curves of the lead-valine complexes as a function of pH. 

Table 3. Coefficients of the polynomial Foo = 1 + B[HV] t 
C[HVI2. 

Table 4. Stability constants of Pb(I1)-alanine and Pb(I1)-valine 
systems. 

Set PH m-' x lo6 B C 

[P~(HX),]~+,  and [Pb(X)]', a little higher for those of alanine 
than the others. 

Figure 6 shows the distribution in percentages as a func- 
tion of the pH for the solution: (Cp, = 1.0 x M; AT = 
0.18 M). 

A comparison is only possible with the theoretical value 
from the equations of Watters and Dewitt (10) using the con- 
stants of the simple complexes and from purely statistical con- 
siderations: P I ,  = 2 P ~ ~ ~ ~ ~ ~ P ~ ~ ~ ~ ~  = 2.8 x lo4. This is in 
remarkable agreement with the experimental value, PI1  = 3.3 
x lo4. 

In relation to the stability constants of the species with one 
and two valinate ligands, Po, = 3.7 x 10"nd Po, = 2.8 x lo7, 
they are of the order of those obtained by Rao and Subrah- 
manya (4): Po, = 1.58 x lo4 and Po,.= 7.8 x lo7. 

In Table 4, the constants obtained In this work are compared 
with those previously determined for the coordinated system 
Pb(I1)-alanine - alaninate ion (6). A marked parallelism can 
be observed in the stability of the complexes [P~(HX)]*+, 
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Quantitative elemental and structural analysis 
of dissolved organic carbon fractions from 
lakes near Sudbury, Ontario 

Roy Carl Boerschke, Elizabeth Ann Gallie, Nelson Belzile, 
Richard Neville Gedye, and James Robert Morris 

Abstract: Dissolved organic carbon (DOC) was quantitatively isolated as five separate fractions from two Sudbury area lakes 
(Ontario, Canada) using the tandem XAD-8lXAD-4 resin technique. Fulvic acids made up ~ 4 8 %  of the total, humic acids =8%, 
hydrophobic neutrals =8%, XAD-4 acids =11%, and XAD-4 acetonitrile extracts =13%. Hydrophobic:hydrophilic ratios were 
about 65:35. Solid-state CPMAS 13c NMR indicated a primarily aliphatic nature in all fractions. Percent aromaticity was in the 
order humic acids > fulvic acids > XAD-4 acetonitrile extracts = XAD-4 acids = hydrophobic neutrals. Titration analysis 
showed that the I3c NMR peaks of fulvic acids, humic acids, and XAD-4 acids from 160-190 ppm were primarily carboxyl in 
nature. The XAD-4 acids were the most acidic, suggesting that they may be important geochemical agents. I3C NMR indicated 
that polysaccharides formed <20% of any fraction. The two neutral fractions (hydrophobic neutrals and XAD-4 acetonitrile 
extracts) had relatively high N contents, possibly due to the acetonitrile used to extract them. However, the 13c NMR spectra did 
not show significant quantities of acetonitrile. The elemental and structural composition covaries in the three acid fractions, such 
that if one acid is enriched or depleted, so are the others. This suggests that the humic and non-humic acids form a continuum in 
which all fractions are affected by the same formative processes. Compared to published data for other freshwater samples, the 
three acid fractions from the Sudbury area lakes have low or very low aromaticity. This may indicate that the acid and metal 
loadings in the Sudbury area have affected the structure of the organic acids, despite the circumneutral character of the study 
lakes. These are the first quantitative I3c NMR results published for the hydrophobic neutrals and XAD-4 acetonitrile extracts, 
so comparisons are not possible. 

Key words: aquatic DOC, organic acids, 13c NMR, humic substances, non-humic substances. 

ResumC : Le carbone organique dissous a Ctt isolC de f a ~ o n  quantitative en cinq fractions distinctes a partir de deux lacs de la 
region de Sudbury (Ontario, Canada), en utilisant le tandem de rCsines XAD-SIXAD-4. Les acides fulviques forment ~ 4 8 %  du 
total, les acides humiques =8%, les hydrophobiques neutres =8%, les acides XAD-4 =11% et l'extrait acCtonitrile de rCsine 
XAD-4 =13%. Les rapports hydrophobiques:hydrophiliques sont respectivement de 65:35 et 62:38 pour les lacs Ramsey et 
Nepewassi. Les analyses RMN I3c CPMAS montrent que toutes les fractions ont une nature principalement aliphatique. Les 
pourcentages d'aromaticitk se situent dans l'ordre suivant : acides humiques > acides fulviques > extrait acktonitrile XAD-4 = 
acides XAD-8 = hydrophobiques neutres. L'analyse par titrage a dCmontrC que les pics RMN I3c des acides fulviques, humiques 
et XAD-4 de la region 160-190 ppm sont principalement carboxyliques. Les acides XAD-4 Ctaient les plus acides ce qui suggbre 
qu'ils puissent &tre des agents gtochimiques importants. L'Ctude RMN 13c indique aussi que les polysaccharides forment <20% 
de toutes les fractions isolCes. Les deux fractions neutres (les hydrophobiques neutres et l'extrait adtonitrile de rCsine XAD-4) 
ont montrC des contenus en azote relativement ClevCs possiblement relies B 1'acCtonitrile utilisC pour les extraire. Cependant, les 
spectres RMN I3c n'ont montrC aucune quantitk significative de ce produit. Les compositions ClCmentaire et structurelle 
covarient dans les trois fractions acides de telle sorte que si un des acides est enrichi ou dCficient, les autres le sont aussi. Cela 
suggkre que les acides humiques et non-humiques forment un continuum dans lequel toutes les fractions se trouvent affectCes par 
les m&mes processus de formation. En comparant avec les donntes publiCes sur d'autres Cchantillons d'eau douce, on constate 
que les trois fractions acides des lacs de la rCgion de Sudbury affichent de basses ou trbs basses aromaticitts. Cela pourrait 
indiquer que les dkversements d'acide et de mCtaux dans cette rCgion ont pu affecter la structure des acides organiques et ce, 
malgrC le caractbre neutre des lacs CtudiCs. Puisque les rtsultats sur l'analyse quantitative RMN I3c sur les hydrophobiques 
neutres et l'extrait acttonitrile XAD-4 sont les premiers a &tre publiCs, la comparaison avec d'autres milieux n'est pas possible. 

Mots clks : carbone organique dissous, acides organiques, RMN I3c, matibres humiques, matibres non-humiques. 
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Introduction Table 1. Physical and chemical characteristics for Ramsey Lake" 
and Nepawassi Lake (26). 

Dissolved organic carbon (DOC) is an ubiquitous and pivotal 
component of aquatic ecosystems. Recognized as a major res- 
ervoir of carbon, DOC plays an important role in many physi- 
cal, chemical, and metabolic processes occurring in water. 
Whether acting as a food source for bacteria and microorgan- 
isms (I), providing mechanisms for the mobilization of metals 
and organic pollutants and mediating their effects (2-5), or 
performing a number of other biological or geochemical func- 
tions (6), DOC has been identified as a major player in natural 
processes. 

To understand the role DOC plays in aquatic environments, 
it is necessary to be concerned with the character of its compo- 
nent molecules. DOC in aquatic environments can range from 
simple compounds such as CH4 to high molecular weight 
polymers, and may contain functional groups ranging from 
hydrocarbons to complex multifunctional compounds (7). 
However, DOC consists primarily of a complex mixture of 
organic acids, along with small amounts of bases and neutral 
compounds (8). 

In general, DOC can be divided into six fractions: hydro- 
philic acids, bases, and neutrals; and hydrophobic acids, bases, 
and neutrals (9). The hydrophobic acids, which are composed 
of fulvic and humic acids, make up the humic substances. All 
other fractions are considered non-humic. Humic substances 
have been intensively studied. Forming the largest fraction of 
the DOC, humic substances have been reported to constitute 
from 40 to 60% (10) to as high as 60-80% (2) of total carbon 
present. 

Many studies on the characterization of aquatic humic sub- 
stances involve degradative and non-degradative techniques. 
Degradative methods, including oxidative and reductive deg- 
radations (1 1, 12), hydrolysis (13), and pyrolysis (14, 15) have 
all been used with some success to elucidate the molecular 
structure of humic substances. Non-degradative methods such 
as fluorescence and ultraviolet spectroscopy (16) and infrared 
spectroscopy (17) have shown limited utility in the determina- 
tion of humic substance structure. Elemental analysis provides 
the elemental composition of humic substances, from which 
the sources of DOC can be inferred from C/H, C/N, and O/C 
ratios (18). Unfortunately, use of these traditional techniques 
provides primarily qualitative results concerning the character 
of humic substances. 

Recently, carbon- 13 nuclear magnetic resonance (13c 
NMR) has become a valuable non-degradative approach in the 
characterization of humic substances. Analysis using 13c 
NMR has shown that distinct differences in structure exist 
between humic substances isolated from different environ- 
ments (19,20). Furthermore, if determinations employ favour- 
able Tcp (cross-polarization time), T I ,  (proton relaxation time) 
constants, and repeat times, and if any organic free radicals 
and (or) inorganic paramagnetic species in the sample are 
identified, then quantitative evaluation of the spectra is possi- 
ble (21). The importance of quantitative spectra is that they 
allow for valuable structural relationships to be determined, 
from which the origin of the humic fractions can be inferred. 

The study of non-humic DOC has not been as extensive. 
Although some work has been done on the fractional distribu- 
tion of DOC (22-24), little information concerning the struc- 
tural characterization of the non-humic DOC is available. 

Characteristic Ramsey Lake Nepawassi Lake 

Area (ha) 795.0 
Maximum depth (m) 20.5 
pH 7.5 
Conductivity (ySlcm) 305.0 
TIP alkalinity (mg/L) 26.5 
Calcium (mg/L) 15.5 
Magnesium (mg/L) 4.5 
Sodium (mg/L) n/a 
Potassium (rngn) 1.5 
Sulphate (mg/L) 21.3 
Silica (mg/L) 0.5 
Chloride (mg/L) 59.8 
Total Kjeldahl N (pg/L) 420.0 
Ammonium (pg/L) 18.0 
Nitrite (yg/L) 5.0 
Nitrate (yg/L) 15.0 
Total phosphorus (yg/L) 15.0 
Soluble phosphorus (yg/L) 8.0 
Zinc (ygk) 7.4 
Copper (PgL) 17.0 
Nickel (yg/L) 92.0 
Iron (ygW 14.0 
Aluminum (yg/L) 12.0 
Manganese (yg/L) 8.2 

"Ontario Ministry of the Environment and Energy, unpublished data, 
1993. 

Thus the purposes of this study were: (i) to isolate DOC 
quantitatively from two lakes near Sudbury, Ontario, (ii) to 
fractionate the DOC into its major humic and non-humic com- 
ponents, and (iii) to characterize all fractions quantitatively 
using elemental analysis and solid-state cross-polarization 
magic angle spinning (CPMAS) I3c NMR. This information 
will broaden the base of data on DOC from different environ- 
ments, in particular Canadian environments, and will add fun- 
damental structural information for three non-humic fractions 
on which little has been published. 

Materials and methods 

Samples for the study were collected from two lakes near Sud- 
bury, Ontario. Both lakes fall within the Sudbury deposition 
zone, an area of high anthropogenic sulphate loading (25), but 
they have not been strongly acidified due to local natural buff- 
ering. Ramsey Lake (46"29'N, 80°57'W), a mesotrophic lake 
located in the centre of Sudbury, covers an area of approxi- 
mately 795 ha. It has a maximum depth of 20.5 m and a pH of 
7.5 (Table 1). Ramsey Lake is primarily spring fed. Primary 
allochthonous sources of DOC are wetland outflow on the 
southern and eastern ends of the lake. The balance of Ramsey 
Lake's watershed is urbanized. 

Nepewassi Lake (46"22N, 80°38W), a mesotrophic lake 
located approximately 40 km southeast of Sudbury, covers an 
area of 1125 ha. It has a maximum depth of 39 m and a pH of 
6.9 (Table 1). Nepewassi Lake has one major and several 
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minor inflowing tributaries. Roughly 20% of the lake is sur- 
rounded by wetlands, with the balance of the lake being 
encompassed by recreational properties and forest. 

Bulk water samples were collected over a 2 week period 
from November 8 to 25, 1993. This period was about 1 month 
after fall overturn had begun. Water samples were collected 
from a depth of approximately 1 m using a manual bilge pump. 
Immediately upon arrival at the lab, samples were filtered 
using 0.45 km Gelman Supor 450 membrane filters, and acid- 
ified to pH 1.9 using 1 .O M HCl. 

Tandem XAD-8/XAD-4 resin setup 
Two 5.3 L columns, containing Rohm and Haas XAD-8 and 
XAD-4 resins, respectively, were set up. The predicted capac- 
ity factor for these columns for k' = 50 was determined to be 
150 L. Columns were eluted and regenerated after passage of 
each 150 L batch. 

The previously filtered, acidified water was pumped first 
onto XAD-8 resin at a rate of 400 mL/min. The XAD-8 resin 
adsorbed the fulvic acids, humic acids, and hydrophobic neu- 
trals. Effluent from the XAD-8 resin was collected in a reser- 
voir before being pumped onto the XAD-4 resin at 400 mL1 
min. The XAD-4 resin adsorbed most of the remaining DOC 
(XAD-4 acids and XAD-4 acetonitrile extracts). Hydrophobic 
and hydrophilic bases, and some hydrophilic neutrals passed 
through both the XAD-8 and XAD-4 resins and were dis- 
carded. 

The humic and fulvic acids were eluted from the XAD-8 
resin, and the XAD-4 acids from the XAD-4 resin, with dilute 
0.1 M NaOH. Humic and fulvic acids were separated by acid- 
ification to pH 1 followed by centrifugation. All three frac- 
tions were then protonated by cation exchange, vacuum- 
concentrated, and freeze-dried. Following this, the hydropho- 
bic neutrals were extracted from the XAD-8 resin, and the 
XAD-4 acetronitrile extracts from the XAD-4 resin, by pro- 
cessing each resin separately with acetonitrile and water in a 
Soxhlet apparatus for 2 days. These two fractions were also 
vacuum-concentrated and freeze-dried. All the detailed steps 
and recommendations of previous researchers were followed 
(10, 24). 

DOC analysis 
For each 150 L batch, samples of the filtered unacidified and 
filtered acidified water were taken to determine initial DOC 
values. Samples of the effluent from both the XAD-8 and the 
XAD-4 resins were taken at 25 L intervals from 0 L to 150 L to 
determine quantitatively the DOC adsorbed by each resin. The 
ratio of hydrophobic:hydrophilic DOC was also determined 
through adsorption on the XAD-8 resin, with hydrophobic 
DOC considered to be the fraction that was adsorbed to the 
XAD-8 resin. 

Following the cation exchange phase for the humic acids, 
fulvic acids, and XAD-4 acids, samples of each fraction (for 
all batches combined) were taken to quantitatively determine 
the relative percentage of each DOC fraction. The relative per- 
centage of each DOC fraction was also calculated after freeze- 
drying to determine losses incurred during isolation. 

DOC analysis was done using an automated Oceanographic 
International Carbon Analyzer. The carbon analyzer was stan- 
dardized for a range of 0.1 to 10.0 mgC/L, with sample accu- 
racy k0.03 mgC/L using potassium acid phthalate and fulvic 

acid standards. Sample precision was k0.02 mgC/L deter- 
mined with standards run every tenth sample. 

Elemental analysis 
Analyses of C, H, 0 ,  N, S, P, and ash were conducted by Huff- 
man Laboratories, Inc., Golden, Colorado. All analyses were 
carried out using direct methods of determination. Carbon and 
hydrogen were determined through sample combustion at 
1000°C in oxygen, producing carbon dioxide (C02) and water 
(H20), respectively. C 0 2  was measured using a Coulometrics 
model 5010 detector. H20  was quantitatively exchanged with 
CO,, by passage through 1,l -carbonyldiimidozole, which was 
then measured using a second coulometer. Nitrogen was 
ascertained using a Carlo Erba N 1500 analyzer, which 
employed a Dumas method with thermal conductivity detec- 
tion (TCD). Oxygen was resolved using a Coulometrics model 
5060 oxygen analyzer, utilizing the Unterzaucher method and 
a Coulometrics model 5010 for detection. Sulphur was mea- 
sured using a Leco model SC 132 sulphur analyzer. Ash was 
determined through oxidation of the sample in a furnace until a 
constant weight was obtained. Phosphorus was measured by 
Inductively Coupled Plasma-Atomic Emission Spectrometry. 

NMR spectra 
The solid state CPMAS I3c NMR analyses were performed by 
the U.S. Geological Survey, Denver, Colorado. Spectrometer 
frequency for the 13c NMR was 50.30 MHz, 90 degree pulse 
width of 4.50 s, contact time of 1 .OO ms, pulse delay of 1 .OO s, 
sweep width of 30.030 kHz, and 1000 scans were collected for 
each spectrum. Optimum contact and relaxation times were 
determined prior to 13c NMR analysis being performed. 

The percent carbon in each shift range was determined by 
planimetering the areas under the curve three times and aver- 
aging. Percent aromaticity was determined using (19): 

Area of 1 10-1 60 ppm 
[I1  fa,= x 100 

Total Area 

Titrations 
Titrations to estimate the concentration of carboxyl groups 
were performed with an automated Radiometer titrator. Sam- 
ples were titrated twice and results averaged. The titer to pH 8 
was assigned solely to carboxyl groups (27). 

Results and discussion 

Dissolved organic carbon 
Initial DOC values determined immediately after filtration 
indicated an average of 5.53 mgC/L for Ramsey Lake and 7.84 
mgC/L for Nepewassi Lake. Analysis of effluent from the 
XAD-8 resin indicated that an average of 3.59 mgC/L and 4.86 
mgC/L was adsorbed to the resin from Ramsey and Nepewassi 
lakes, respectively. Because XAD-8 removes all the hydro- 
phobic DOC, the ratio of hydrophobic:hydrophilic was 65:35 
in Ramsey Lake and 62:38 in Nepewassi Lake, values that are 
probably not significantly different. (Hydrophobic bases, 
which do not sorb to either XAD-8 or XAD-4 resin, usually 
make up only 1-2% of the total DOC (24).) From the DOC 
remaining in the XAD-8 effluent, XAD-4 resin adsorbed a fur- 
ther l .27 m g C L  and 2.27 m g C L  of hydrophilic material from 
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Table 2. DOC fraction by weight, elemental composition, atomic ratios, and ash content of DOC fractions isolated from Ramsey Lake 
and Nepewassi Lake. Elemental composition is corrected for ash content. 

Isolate % of DOC %C %H %O %N %S %P CA! CM OIC %Ash 

Fulvic acids 
Humlc aids 
HPO neutrals 
XAD-4 acids 
XAD-4 ace ex. 

Fulvic acids 
Humic acids 
HPO neutrals 
XAD-4 acids 
XAD-4 ace ex. 

Ramsey Lake 
40.45 1.32 0.81 0.01 46.9 0.95 0.57 0.89 
38.94 2.36 1.02 0.05 26.6 0.97 0.54 2.78 
34.90 5.17 5.39 0.02 11.4 0.59 0.52 8.42 
42.76 2.45 0.95 0.01 23.1 0.89 0.66 4.87 
33.68 5.44 0.47 0.03 11.7 0.67 0.46 3.31 

Nepewassi Lake 
40.14 1.08 0.64 0.01 57.9 0.98 0.56 1.54 
39.33 1.77 0.86 0.02 36.2 0.98 0.54 3.79 
nla d a  n ./a nla d a  nla nla 14.66 

43.22 2.02 0.67 0.01 28.4 0.9 1 0.66 5.14 
32.12 5.95 1.25 0.01 10.3 0.68 0.46 4.92 

Ramsey Lake and Nepewassi Lake, respectively. The remain- 
ing 12% of the DOC or about 0.67 mgC/L from Ramsey Lake, 
and 9% or 0.7 1 m g C L  from Nepewassi Lake, were discarded. 
The material discarded was assumed to be mostly bases and 
hydrophilic neutrals, though some acids may have been 
present (28). 

DOC was isolated as five major fractions: fulvic acids, 
humic acids, hydrophobic neutrals, XAD-4 acids (sometimes 
called hydrophilic acids or low-molecular-weight acids), and 
XAD-4 acetonitrile-removed substances (hereafter referred to 
as XAD-4 ace extracts). Fulvic acids constitute the largest 
fraction of the DOC in both lakes (48%) (Table 2). The ratio of 
fulvic acid to humic acid is 6: 1 and 7: 1 in Ramsey and Nepa- 
wassi lakes, respectively. The ratio for an average of about 100 
rivers in the United States is 9: 1 (10). However, there is a trend 
to lower ratios as one moves north into more DOC-rich, organ- 
ically coloured waters (lo), and values as low as 2.5:l are 
reported for some Scandanavian lakes (24). 

Hydrophobic neutrals are one of the smallest fractions of 
DOC in the study lakes (Table 2). Published data on hydropho- 
bic neutrals are scanty, but may indicate a trend toward a 
higher proportion in more northerly lakes. The average per- 
centage in 100 U.S. rivers is 6% (lo), in the study lakes it is 7- 
9%, and in Lake Skjervatjern in Norway it is 9-1 1% (24). 

XAD-4 acids commonly make up 20-25% of freshwater 
DOC (10, 24, 28). However, in the study lakes, XAD-4 acids 
make up only 10-1 1%. There are other freshwaters with doc- 
umented percentages as low or lower (Yakima River, Wash., 
U.S.A. at 8-12%; two Antarctic lakes at 7-9%), but these 
waters also all had much lower fulvic acid percentages (23- 
26%) (28). Until more data are available for comparison, it is 
difficult to know how to interpret the difference. 

The XAD-4 ace extracts made up 13-18% of the DOC in 
the study lakes, and 9-12% of the DOC was not captured on 
either resin. Presumably these final two components are 
largely made up of non-elutable low-molecular-weight acids, 
hydrophilic neutrals, and bases. Malcolm (10) indicates that 
hydrophilic neutrals make up 15% and bases 4% of freshwater 
DOC, on average, in U.S. rivers. In Lake Skjervatjern, the 

XAD-4 ace extracts and the lost DOC together made up 13- 
15% of the total. However, there is no information available 
for the XAD-4 ace extracts alone. 

Elemental and 13c NMR analyses 

Fulvic Acid 
The elemental composition of fulvic acids is similar in both 
study lakes (Table 2) and is consistent with fulvic acids from 
other freshwater sources (Table 3). Of the five fractions iso- 
lated, fulvic acids have the lowest N content, giving them the 
highest C/N ratio. They also have the lowest ash content 
(Table 2). 

The 13c NMR spectra for fulvic acids show the four major 
peaks and three minor peaks common to lake and stream ful- 
vic acids (29) (Fig. l ;  Table 4). The largest peak for fulvic 
acids is aliphatic carbon (0-62 ppm), accounting for approxi- 
mately 43% of the total carbon. (The main chemical shift 
assignments used to interpret the 13c NMR spectra are given 
in Table 5 .) 

Aliphatic carbons singly bonded to oxygen or nitrogen (62- 
90 ppm) are considered to be mainly C - 0  because of the low N 
content. Polysaccharides, which have major peaks in this 
region, may account for the majority of the carbon present in 
this shift. This suggestion is based on the size of the anomeric 
peak (90-1 10 ppm), which can be used to estimate roughly the 
polysaccharide or carbohydrate-like fraction (19, 30). Up to 
half the anomeric peak is assumed to result from the C,  ano- 
meric carbon of polysaccharides (R. Malcolm, personal com- 
munication). The total carbon due to polysaccharides is then 
six times this amount, while the C - 0  carbon due to polysac- 
charides is five times this amount (29). These calculations 
suggest that polysaccharides make up <15% of the total car- 
bon in fulvic acids in Ramsey and Nepawassi lakes, and about 
two-thirds of the C - 0  carbon. Any remaining carbon in the C- 
0 region is probably a variety of alcohol and ether carbons. A 
significant contribution from free saccharides is unlikely 
given the XAD-8 isolation procedure (29). 

Titration analysis to pH 8 used 5.8 and 5.5 mequiv./g for 
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Table 3. Comparison of elemental composition (ash free), atomic ratios, and ash content from Ramsey Lake and Nepewassi Lake with 
those from other studies. 

Sample 

Fulvic acids 
40.5 1.3 
40.1 1.1 
38.5 0.7 
40.5 0.7 
45.9 0.9 
35.5 2.2 
35.9 1 .o 
34.9 3.1 

Humic acids 
38.9 2.4 
39.3 1.8 
35.5 1.2 
39.0 1.2 
43.3 1.6 

XAD-4 acids 
42.8 2.5 
43.2 2.0 
40.6 3 .O 
40.8 1.5 
39.2 4.8 

Ramsey Lake 
Nepewassi Lake 
Skjervatjern Lake (21) 
Suwannee River (16) 
IHSS Nordic Ref. (16) 
Yakima R, Kiona (28) 
Yakima R, CleElum (28) 
Lake Fryxell (28) 

Ramsey Lake 
Nepewassi Lake 
Skje~atjern Lake (21) 
Suwannee River (16) 
IHSS Nordic Ref. (16) 

Ramsey Lake 
Nepewassi Lake 
Yakima R, Kiona (28) 
Yakima R, CleElum (28) 
Lake Fryxell (28) 

Rarnsey Lake and Nepewassi Lake, respectively. This indi- 
cates that carboxyl groups account for about 13% of total car- 
bon and the majority of the carboxyl and ester carbon (160- 
190 pprn). 

The diverse spectra in the ketonic regions (190-230 ppm) is 
indicative of a variety of aromatic and aliphatic ketones. The 
ketonic peak is weak but distinct, similar to other lake (29) and 
stream fulvic acids (19). 

Percent aromaticity for the lakes was approximately 15% 
for fa,. This falls at the low end of the range of 16-25% for 
streams (average 21%) (28, 29), and is comparable to data 
from an alpine oligotrophic lake with fa, of 17% (29). 

region in hurnic acids. The sharp peaks at 28 and 40 pprn sug- 
gest that terminal methyl and methylene groups in alkyl chains 
are important compositional features of humic acids. 

The second difference is the presence of a methoxyl peak 
(50-62 ppm). Methoxyl groups appear to be present in all 
freshwater humic acids (29). They account for about 8% of the 
carbon present in Ramsey and Nepewassi lake humic acid 
samples. 

The final difference is an increase in the percent aromaticity 
of humic acids to about 21% (Table 4). This increase is due in 
part to a pronounced peak for phenolic aromatic carbon (140- 
160) that is present only as a weak shoulder in the fulvic acids. 
A phenolic aromatic peak is a signature of stream and lake 
hurnic acids (29). In the study lakes, the peak is well resolved, 
though the total carbon represented ( ~ 5 % )  is lower than 
reported for other lakes (29). The overall aromaticity of the 
Ramsey and Nepawassi humic acids @,= 21%) is much 
lower than occurs in one alpine oligotrophic lake (fa,= 37%: 
(29)) and lower than in rivers where fa, averages 34% (range 
30-35%) (29). However, there is very little literature pub- 
lished on lakes so it is difficult to know how to interpret the 
difference. 

The 13c NMR spectra for C - 0  groups (62-90 ppm) and 
anomeric carbon (90-1 10 pprn) demonstrate that polysaccha- 
rides do not make up a large fraction of humic acids (<15%), 
though they may account for virtually all of the C - 0  carbon. 
The small polysaccharide component is a point of difference 
from humic acid characterizations based on soil humates (29, 
3 1). 

Humic acid titrations to pH 8 used 4.2 and 4.3 mequiv./g for 
Rarnsey and Nepawassi lakes, respectively. This indicates that 
humic acids are less acidic than fulvic acids, with carboxyl 
groups accounting for only about 10% of total carbon. 

Humic acids 
Humic acids from Rarnsey and Nepawassi lakes have a similar 
elemental composition (Table 2), although the Ramsey Lake 
humic acids have a slightly higher N and P content, possibly 
related to this urban lake's slightly more productive nature 
(Table 1). The humic acids are consistent with humic acids 
from other lakes (Table 3). The humic acids resemble the ful- 
vic acids in many ways. However, the N and ash contents are 
higher, and the C/N ratio is lower. This is illustrated in Fig. 2 
where the points plot above the 1: 1 line for %N and ash, and 
below for the C/N ratio, for both the study lakes and the com- 
parison lakes (1 6,21). Figure 2 also illustrates that the elemen- 
tal composition of fulvic acid covaries with the composition of 
humic acid. This is not surprising if one accepts that humic and 
fulvic acids form a continuum, operationally divided into two 
arbitrary fractions. Thus the processes affecting the composi- 
tion of one may well affect the composition of the other. 

Three significant differences can be seen in the 13c NMR 
spectra between the humic and fulvic acids (Fig. 1 ; Table 4). 
The first difference is the increased resolution in the 0-50 pprn 
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Hydrophobic neutrals 
The hydrophobic neutrals differ in elemental composition and 
atomic ratios from the other fractions, especially with regard to 
nitrogen and sulphur contents (Table 2). However, they also 
have high ash contents3 and, for Nepawassi samples espe- 
cially, that introduced some uncertainty in the results and 
interfered with 13c NMR analyses. For this reason, only the 
hydrophobic neutrals from Ramsey Lake will be discussed. 

The hydrophobic neutrals and XAD-4 ace extracts both 
have relatively high N contents (Table 2). Since both are iso- 
lated from their respective resins using acetonitrile, the ques- 
tion arises whether some of the N could be an artifact of the 
extraction method. This could happen in two ways. First, it is 
possible that hydrolysis of the acetonitrile during the refluxing 
step could break some of the C=N bonds in the acetonitrile 
and form ammonium ions (NH,'). The ammonium ions might 
then react with functional groups present in the hydrophobic 
neutrals, increasing nitrogen levels. A second possibility is 
that some residual acetonitrile remained in the fraction due to 
inadequate washing of the isolated hydrophobic neutrals with 
distilled water (32). Both acetonitrile and its breakdown prod- 
ucts (acetic acid and acetamide) should reveal themselves in 
the 13c NMR spectra. The peak where acetonitrile should fall 
(1 17 ppm) is very small. It accounts for <1% of total carbon, 
which if it were due to acetonitrile would correspond to 4 0 %  
of the N in the hydrophobic neutrals. Peaks for the breakdown 
products, however, would be masked by other signals (e.g., 
amides at 173 ppm would be masked by carboxyl and ester 
carbons). Nevetheless, this suggests that the N in the hydro- 
phobic neutrals may be a natural part of the material. 

The sulphur content is more than five times higher in hydro- 
phobic neutrals than in any other fraction (Table 2). The study 
lakes have elevated sulphate levels (Table 1) due to years of 
sulphate loading from local smelting operations. Although 
XAD-8 resins have no affinity for inorganic anions (28), it is 
possible that sulphates do not have time to diffuse out of the 
resins during the rapid elution process in which humic sub- 
stances are removed. Later, during the longer extraction pro- 
cess in which hydrophobic neutrals are removed, sulphates 
may have time to escape (J.A. Leenheer, personal communica- 
tion). Further research is needed on the extent to which ele- 
vated S is a contaminant or areal characteristic of hydrophobic 
neutrals in acidified lakes. 

The I3c NMR spectra reveal that the non-humic hydropho- 
bic neutrals are quite different from the humic substances (Fig. 
1, Table 4). Aliphatic chains play a more important role in 
hydrophobic neutrals. Related to the higher aliphatic content, 
the percent aromaticity is the lowest of all five materials exam- 
ined, about one-half to one-third the aromaticity of the humic 
substances. The small quantity of anomeric carbon (90-1 10 
ppm) indicates that polysaccharides form the smallest propor- 
tion ( 4 0 % )  of the total carbon of any of the five materials. 
Equally, polysaccharides appear to account for less than a third 
of the carbon in the C - 0  shift (62-90 ppm). The remaining car- 
bon in this shift could be ethers and alcohols, but may also be 
carbon singly bonded to N, whether such N is a natural com- 

The resins were desalted until conductivity fell below 30 pSIcm. 
Thus it seems unlikely that NaCl was a large component of the 
ash. 

Fig. 1. Solid state CPMAS I3c NMR spectra for humic fractions 
(fulvic acids, hurnic acids) and non-humic fractions (hydrophobic 
neutrals, XAD-4 acids, XAD-4 ace extracts) isolated from (a )  
Ramsey Lake and (6 )  Nepawassi Lake. 

hydrophobic 

a 

XAD-4 ace 
extracts 

, . . . , , . , , , , . , . , 77- 

400 300 200 100 0 -100 PPM 
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Table 4. Percentage of carbon associated with chemical shifts of "C NMR for DOC fractions isolated from Ramsey Lake and Nepewassi 
Lake. Data from Yakima River (28). the only other published data for XAD-4 acids, is included for comparison. 

Ramsey Nepewassi Yakima R Yakima R 
Shift (ppm) Peak ( P P ~ )  Assignment Lake Lake Kiona CleElum 

- 

Fulvic acids 
00-62 3 8 Aliphatic 43.7 43.1 34.2 33.7 
62-90 73 C - 0  16.3 16.6 12.8 13.8 
90-1 10 106 Anomeric 4.4 5.1 1 i 
110-140 131 Aromatic 12.5 12.1 30.1 33.1 
140-160 Phenolic 1.8 3.2 1 1 
160-1 90 176 Carboxyl and ester 16.7 15.6 19.3 17.2 
190-230 Ketonic 4.7 5.1 3.6 4.1 

fa, aromaticity 14.2 15.2 
Humic acids 
00-50 28, 40 Aliphatic 29.6 3 1 .O 
50-62 57 Methoxyl 7.6 7.9 
62-90 75 C - 0  15.8 15.1 
9&110 104 Anomeric 5.7 5.7 
110-140 130 Aromatic 15.0 16.9 
140-160 150 Phenolic 5.5 5.0 
160-190 175 Carboxyl and ester 16.2 14.2 
190-230 Ketonic 4.6 4.1 

fa, aromaticity 20.6 21.9 
Hydrophobic Neutrals 
00-50 22, 27 Aliphatic 54.4 
50-62 Methoxyl 4.5 
62-90 72 C - 0  15.9 
90-1 10 104 Anomeric 2.3 
110-140 130 Aromatic 5.4 
140-160 Phenolic 1.7 
160-190 175 Carboxyl and ester 11.9 
190-230 Ketonic 4.0 

fa, aromaticity 7.1 
XAD-4 acids 
0&62 32 Aliphatic 39.8 38.4 32.0 30.5 
62-90 70 C - 0  24.7 24.8 18.0 20.5 
90-1 10 98 Anomeric 6.1 6.5 
110-160 130 Aromatic 7.7 7.9 1 23.4 1 22.1 
160-190 175 Carboxyl and ester 19.1 19.9 22.8 21.0 
190-230 Ketonic 2.5 2.6 3.8 5.8 

fa, aromaticity 7.7 7.9 
XAD-4 acetonitrile extracts 
00-50 18, 27 Aliphatic 38.6 43.2 
50-62 5 8 Methoxyl 8.7 6.6 
62-90 70 C - 0  26.8 23.2 
90-1 10 100 Anomeric 4.6 3.0 
110-160 130 Aromatic 8.1 7.2 
160-190 170 Carboxyl and ester 11.7 13.7 
190-230 Ketonic 1.5 3.1 

fa, aromaticity 8.1 7.2 

ponent or not. Finally, the carboxyl and ester peak (160-190 and may characterize freshwater hydrophobic neutrals as 
ppm) is smaller than for humics, and must be primarily esters well. 
since the material has a neutral character. The authors are not aware of any published quantitative 

There are some similarities to humic acids. A weak shoul- information on hydrophobic neutrals for comparison. 
der from 50-62 ppm is attributed to methoxyl groups, and a 
very weak phenolic peak is discernable (140-160 ppm). XAD-4 acids 
Such features are charactersitic of freshwater humic acids The elemental composition of XAD-4 acids is similar in 
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Boerschke et al. 2467  

Table 5. General chemical shift assignments for the CPMAS I3C NMR spectra (19, 29). 

Shift range 

( P P ~ )  Assignment 

00 - 62 Short-chained and (or) highly branched aliphatic carbon. 
00 - 50 Unsubstituted and saturated aliphatic carbon. Individual peaks are taken to indicate terminal methyl groups, and 

methylene and methine groups in alkyl chains. 
50 - 62 Methoxyl (-OCH,); aliphatic esters and ethers. 
62 - 90 Aliphatic carbons singly bonded to oxygen or nitrogen; ring carbons of polysaccharides; alcohols and ether-bonded 

aliphatic carbon (C-0). 
90 - 110 Anomeric carbon (carbon singly bonded to two oxygen atoms); C,  anomeric carbon in polysaccharides. 

110 - 140 Aromatic carbon with protonated functional groups (1 10-120 ppm) and unsubstituted and alkyl-substituted aromatic 
carbon (120-140 ppm). 

140 - 160 Aromatic carbon substituted by oxygen or nitrogen; phenol. 
160 - 190 Carboxyl carbon; ester carbon. 
190 - 230 Aromatic and aliphatic ketones (C=O); aldehydes. 

Fig. 2. Comparison of elemental content, ash content, and atomic ratios of fulvic acids vs. humic acids. 
The line on each graph is the 1: 1 line. Triangles represent Ramsey and Nepawassi lakes. Squares 
represent data for Skjervatjem Lake (21), Suwannee River (16), and IHSS Nordic Reference (16). See 
Table 3 for more detail. 

Fulvic Acids -m 

Nepewassi and Ramsey lakes (Table 2), though the Ram- Fig. 3. This gives the XAD-4 acids consistently lower C/N 
sey Lake acids have a slightly higher N content (again ratios, and higher O/C ratios. The latter may imply either a 
attributed to the slightly more productive conditions in higher carboxylic or polysaccharide content than in fulvic 
Ramsey). Compared to other freshwater XAD-4 acids, acids. Aiken et al. (28) is the only source of published data for 
those in the study lakes may have a slightly higher 0 comparison. Aiken et al. (28) found similar elemental differ- 
content, but are similar with regard to other elements ences between XAD-4 acids and fulvic acids in the Yakima 
(Table 3). River and Lake Fryxell, with one exception. They concluded 

The non-humic XAD-4 acids differ from fulvic acids in sev- that XAD-4 acids were enriched in S in comparison to fulvic 
era1 ways. They have less C, and more 0 ,  N, and ash, and acids, but our data do not confirm this (Fig. 3). The data in Fig. 
hence plot below and above the 1:l line, respectively, in 3 also show that there is a strong covariance for most of the 
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Fig. 3. Comparison of elemental content, ash content, and atomic ratios of fulvic acids vs. XAD-4 
acids. The line on each graph is the 1: 1 line. Triangles represent Ramsey and Nepawassi lakes. Squares 
represent data for Yakima River at Kiona and Cle Elum (28) and Lake Fryxell (28). See Table 3 for 
more detail. 

I 4- Fulvic Acids -b 

elements in fulvic acids and XAD-4 acids. This suggests that 

i the non-humic components isolated on XAD-4 resin form a 
continuum with the humic substances, with similar forma- 1 

I tional processes affecting the composition of all. 

i The XAD-4 acids distinguish themselves in several ways in 
the 13c NMR spectra (Fig. 1, Table 4). The anomeric region 

I (90-1 10 ppm) is larger than in any of the other four fractions. 

i Thus, polysaccharides probably form more of the total carbon 
(<20%) than in other fractions. In comparison to humic and 
fulvic acids, the fa, aromaticity is low, as with the other non- 
humic fractions. The carboxyl and ester region (1 10-160 ppm) 
is larger than in any other fraction. Titration analysis to pH 8 
required 5.9 and 6.0 mequiv./g for Ramsey and Nepawassi 
lakes, respectively, indicating that approximately 15% of the 
total carbon and the major part of the carboxyl and ester car- 
bon (1 10-160 ppm) were carboxyl in nature. Thus, the ele- 
vated O/C ratio mentioned above probably indicates both a 
higher saccharide and higher acidic content. Finally, the XAD- 
4 acids produce a distinct ketonic (190-230 ppm) peak, similar 
to fulvic acids. 

The only published quantitative13c NMR spectra for XAD- 
4 acids are solution-state spectra for two samples from the 
Yakima River (28) (Table 4). The aromaticity of these samples 
is reported for the 90-160 ppm shift rather than as fa,. The 
Ramsey and Nepawassi samples have much less carbon (about 
14% vs. 23%) in the aromatic shift so defined. Thus it appears 
that all three acids from the study lakes are less aromatic than 
other freshwater samples. The decrease in aromaticity is offset 
by an increase in aliphatic carbon, and to a lesser extent het- 
eroaliphatic (C-0) carbon, with little change in the proportion 
of carboxylic carbon. 

Despite the difference described above, the Yakima River 
samples show the same structural differences between XAD-4 
acids and fulvic acids as our data. That is, XAD-4 acids are 
less aromatic and aliphatic, but more heteroaliphatic (C-0) 
and carboxylic than fulvic acids from the same body of water 
(Fig. 4). Given that XAD-4 acids can compose up to 25% of 
the DOC (28), the acidic component is especially significant, 
and may contribute to an important geochemical role in 
weathering, metal interactions, and other environmental pro- 
cesses (28). The same covariance as is noted in elemental 
composition is present for some structural groups (Fig. 4); that 
is, where fulvic acids are enriched or depleted in aliphatic, het- 
eroaliphatic, or aromatic components, and possibly carboxylic 
components, so are the XAD-4 acids. There are few data 
points on the graphs and one should interpret them with cau- 
tion, but the covariance again reinforces the sense that the 
non-humic and humic components form a continuum, in 
which all fractions are affected by similar formative pro- 
cesses. 

XAD-4 acetoititrile extract 
XAD-4 ace extracts from both study lakes are alike elemen- 
tally (Table 2). As with the hydrophobic neutrals that are also 
extracted with acetonitrile, N content is high, and it is uncer- 
tain whether this is an artifact of the isolation procedure or rep- 
resents a natural component of the extracts. There is virtually 
no peak at 117 ppm in the I3c NMR spectra, however, which 
suggests that the N is not due to acetonitrile contamination. 
The O/C ratio is the lowest of the five fractions. This suggests 
a less acidic nature, particularly when examined in context 
with the low to moderate C M  ratio. 
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Boerschke et al 

Fig. 4. Comparison of I3c NMR functional group content in fulvic acids vs. XAD-4 acids. The line on 
each graph is the 1: 1 line. Triangles represent Ramsey and Nepawassi lakes. Squares represent data for 
Yakima River at Kiona and Cle Elum (28). 0-62 ppm is aliphatic carbon; 62-90 ppm is C-0; 90-160 
ppm is primarily aromatic; 160-190 ppm is carboxyl or ester carbon; and 190-230 ppm is ketonic 
carbon. The ketonic peak for the Yakima samples was integrated from 190-220 ppm. See Table 4 for 
more detail. 

4 Fulvic Acids b 

The 13c NMR spectra (Fig. 1; Table 4) show that the XAD- 
4 ace extracts have low aromaticity, in common with the other 
non-humic fractions. The C - 0  region is large, as with the 
XAD-4 acids, but the anomeric peak indicates that polysac- 
charides account for <10-15% of the total carbon, and less 
than half of the C - 0  carbons. It is possible that some of the 
remaining C - 0  carbons are in fact carbon singly bonded to N. 
The carboxyl and ester region is small, as with the hydropho- 
bic neutrals, and presumably represents primarily esters since 
the material did not elute with NaOH. The low O/C and C/H 
ratios also suggest the predominance of esters. Finally, the 
XAD-4 ace extracts have a higher methoxyl peak (50-62 ppm) 
than either the humic acids or hydrophobic neutrals. There are 
no other published 13c NMR results for XAD-4 ace extracts 
for comparison. 

Conclusions 

Quantitative elemental and structural analyses were carried 
out on five DOC fractions isolated from two circumneutral 
freshwater lakes within the zone of influence of the large min- 
ing and smelting industry at Sudbury, Ontario. The isolated 
fractions were as follows: humic acids and fulvic acids, which 
have been extensively studied by others, and hydrophobic neu- 
trals, XAD-4 acids (hydrophilic acids), and XAD-4 aceto- 
nitrile extracts, which to date have not been well described in 
the literature. 

The ratio of hydrophobic (XAD-8) to hydrophilic (XAD-4) 
DOC is approximately 65:35. The fulvic acids constitute the 
largest fraction of the total DOC in both lakes at 48%, with a 
fulvic acid:humic acid ratio of 6: 1 and 7: l  in Ramsey and 
Nepawassi lakes, respectively. The remaining fractions each 
make up from =7 to 18% of the total DOC. 

The key factor distinguishing the humic substances from 
the non-humic is aromaticity. The former have fal = 14-22% 

whereas the three non-humic components have fa, = 7-9%. 
Making up for the low aromaticity, the non-humic compo- 
nents are more aliphatic or heteroaliphatic, though, for all 
five fractions, aliphatic carbon is the single largest carbon 
group. 

Although the humic components are often thought of as the 
prime source of organic acidity, the XAD-4 acids were found 
to have a slightly higher carboxylic content. This was seen in 
the size of the carboxyl shift, and confirmed by titration anal- 
ysis. The XAD-4 acids in the study lakes make up just less 
than 20% of the organic acids (10% of DOC). Given their 
more intense acidity, and the fact that they compose a higher 
percentage of the DOC in other lakes (28), it is clear that they 
may be a significant geochemical agent. To date, they have 
been largely ignored, but with the relative ease of the XAD-81 
XAD-4 tandem extraction, their role in weathering, metal 
transport, and other environmental processes (28) should be 
investigated. 

Both primarily neutral fractions, the hydrophobic neutrals 
and the XAD-4 ace extracts, have a resolvable methoxyl com- 
ponent. In this they resemble the humic acids. Both neutral 
fractions appear to have a high N content. Since both are 
extracted with acetonitrile, the N could be a contaminant. 
However, the 13c NMR spectra suggest that acetonitrile can- 
not account for more than about 10% of the N. Both neutral 
fractions share a small carboxylic-ester peak, assumed to be 
mostly esters, in keeping with their neutral character. 
Although the interpretation of I3c NMR spectra for polysac- 
charide content is difficult, it appears that the neutral fractions 
have the lowest polysaccharide content. The two neutral frac- 
tions are, however, not identical. The hydrophobic neutrals are 
substantially more aliphatic (54% vs. 39%). They also have 
the highest sulphur of any of the five fractions, though the sul- 
phur is probably a contaminant from the lakewater. 

The two hydrophilic fractions isolated on the XAD-4 resin 
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have C - 0  shifts that are substantially higher than those found 
in the hydrophobic fractions. Other than this, however, there is 
little that distinguishes the fractions isolated on the two differ- 
ent resins. 

Compared to samples from other freshwaters, the three acid 
fractions in Ramsey and Nepawassi lakes do not appear to be 
unusual with regard to elemental composition. However, there 
d o  appear to be some structural differences. All three acids are 
either at the low end of the normal range for aromaticity, or are 
much less aromatic than samples from other freshwaters. 
There are few lakes with which to compare so it is difficult to 
interpret the results, but they may indicate that D O C  and its 
formative mechanisms have been affected by the acid rain and 
metal loadings of the Sudbury area (25), despite the circum- 
neutral character of the study lakes. The results also show that 
several characteristics of the suite of acid fractions covary, 
such that when one fraction is richer in an element or func- 
tional group, so  are the others. Some of the covariance could 
be due to methodological artifacts, such as the operationally 
defined fractions not being fully separated (28). However, 
since the full suite of humic and non-humic fractions form in 
the same environment and are exposed to the same geochemi- 
cal milieu, it seems reasonable that they share some elemental 
and structural characteristics. 
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Labdane diterpenes from the marine 
pulmonate gastropod Trimusculus peruvianus 

Aurelio San-Martin, Elias Quezada, Pilar Soto, Yolanda Palacios, and 
Juana Rovirosa 

Abstract: The marine gastropod mollusk Trirnrtsculus perrivinn~is collected on the coast of Central Chile yielded four new 
labdane metabolites. The structural elucidation of all compounds was accomplished by spectral analysis. One diterpenoid 
showed modest antimicrobial activity. 

Key words: Trimusculus peruvinrzus, labdanes, marine mollusk. 

RCsumC : Le mollusque gasttropode marine Trirnusculusperuvinr~us recueilli sur les cBtes du centre du Chili a fourni quatre 
nouveaux metabolites de la famille du labdane. On a ClucidC les caracttristiques structurales de chacun de ces composCs par le 
biais d'analyses spectrales. L'un des diterpeno'ides prtsente une modeste activitt antibacttrienne. 

Mots clis : Trimusculrls peruvinr~ns, labdanes, mollusques marins. 

[Traduit par la redaction] 

Among marine organisms, the most chemically studied are 
sponges and mollusks. The chemistry of shell-less marine 
mollusks (e.g., Aplysia and nudibranchs) has attracted much 
interest, mostly because these organisms obtain metabolites 
present in defensive secretions directly from dietary sources 
(algae and sponges, respectively) (1). Other mollusks, such as 
cone shells, produce peptide toxins to catch prey organisms 
(2). Intertidal gastropods employs a wide variety of tactics in 
dealing with predators. In addition to morphological adapta- 
tions, both behavioral and chemical defenses are employed. 
Several compounds have been isolated from pulmonate mol- 
lusks that presumably play important ecological roles. 
Polyproprionate metabolites have been identified in the genera 
Onchidium (3) and Siphonnria (4), and labdane diterpenes are 
present in the genus Trimusculus (5). Continuing our interest 
in the structure of secondary metabolites present in marine 
organisms from Chilean coasts, we report the chemical study 
of Tri~nusculus peruvianus (6). 

Materials and methods 

General experimental procedures 
The ir spectra were recorded on a Perkin Elmer System 2000 
ft-ir spectrophotometer. Low-resolution mass spectra were 
recorded on a Hewlett-Packard 5995 mass spectrometer. The 
'H and 13c nmr spectra as well as 'H-H COSY, 13c (DEPT), 
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HMQC (optimized for ' J , ~  = 140 Hz), HMBC (mixing time 
of 75 ms), and ROESY (mixing time of 250 ms) data were 
obtained on a Bruker AM-300 spectrometer. All chemical 
shifts are reported with respect to TMS (6 = 0). Solvents and 
chemicals were of analytical grade. 

Isolation 
Specimens of T. peruvinnus (dry wt. after extraction ca. 850 g) 
were collected on intertidal rocks near E l  Tabo, V Region, 
Chile, during November 1992. The organisms was identified 
by Prof. C. Osorio, Universidad de Chile. The voucher speci- 
mens are on deposit at the Facultad de Ciencias, Universidad 
de Chile collection. The extraction was carried out at room 
temperature using acetone by percolation every 48 h (5 x 6 L). 
The aqueous acetone was concentrated under reduced pres- 
sure and extracted with EtOAc and then the organic solvent 
was dried over anhydrous MgS04. 

Evaporation of the solvent gave a green gum (35 g), which 
was chromatographed over Sephadex LH-20 using MeOH as 
eluant. The fractions obtained were then chromatographed on 
Silica gel and eluted with petroleum ether - EtOAc (0-100% 
EtOAc). Further normal phase hplc with 2% isopropanol in 
hexane yielded diterpenes 1 (0.086 g), 2 (0.162 g), 3 (0.012 g), 
4(0,014g), and5  (0.005 g). 

7a,15-Diacetoxylnbda-8,13-dien-6P-ol (2): Oil; 'H nmr, see 
Table 1: 13c nmr, see Table 2; ir (film) v,,,: 3450 (w), 2960 
(s), 2940 (s), 1750 (s), 1645 (w), 1360 (s), 1230 (s), 1050 (m); 
eims (70 eV) mnz (rel. int): 347 (2), 346 (2), 288 (2), 287 ( 3 ,  
286 (6), 271 (6), 260 (15), 219 (44), 218 (30), 205 (39), 203 
(26), 201 (17), 135 (74), 43 (100). 

6P,7a,15-Triacetoxylabda-8,13-diene (3): Yellow oil; 'H 
nmr, see Table 1; 13c nmr, see Table 2; ir (film) v,,,: 3450 
(w), 2940 (s), 1750 (s), 1650 (w), 1370 (s), 1220 (s), 1050 (m); 
Inns n7/z (%): 328 (I), 219 (26), 218 (26), 205 (24), 191 (12), 
135 (71), 119 (44), 107 (34), 105 (53), 55 (100). 

Can. J. Chem. 74: 2471-2475 (1996). Printed in Canada 1 ImprimC au Canada 
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6P,7a-Diacetoxylabda-8,13-dien-15-01 (4): Viscous yellow 
oil; H nmr, see Table I ; I3c nmr, see Table 2; ir (film) v,,,: 
3450 (m), 2950 (s), 1740 (s), 1660 (w), 1380 (s), 1220 (s), 
1100 (s), 760 (s) cm-I; lrms m/z (%): 347 (l), 288 ( I ) ,  287 (3), 
286 ( 9 ,  271 ( 3 ,  260 (31), 219 (52), 218 (71), 205 (46), 203 
(24), 201 (15), 135 (100). 

1 
2 
3 
4 
5 

6P-Acetoxylabda-8,13-dien-15-01 (5): Oil, 'H nmr, see Table 
1; I3c nmr, see Table 2; ir (film) v,,,: 3450 (m), 2950 (s), 1750 
(s), 1660 (w), 1280 (s), 1210 (s), 1050 (m); eims (70 eV) m/z 
(rel. int): 348 (2), 306 (I), 270 (3), 202 ( 3 ,  187 (36), 133 (44), 
119 (100). 

Ac OH H 
H OAc Ac 
Ac OAc Ac 
Ac OAc H 
Ac H H 

Antimicrobial assays 
The qualitative assays were performed using an agar well-dif- 
fusion assay. Antimicrobial activity was recorded as the diam- 
eter (in mm) of the zone of inhibition, measured from the edge 
of the agar well to the zone edge. The compounds 1, 2, 3, 4, 
and 5 were tested at a concentration of 100 p,g/mL against 
Klebsiella bronchiseptica, Bacillus anthracis, Bacillus pumi- 
lus, Bacillus subtilis, Staphylococcus aureus, Staphylococcus 
epidermidis, Pseudomonas aeruginosa, Bordetella bron- 
clziseptica, Sarcina lutea, Micrococcus flavus, Proteus vul- 
garis, and Escherichia coli. 

Minimum inhibitory concentration (MIC) 
The lowest concentration of the test compounds in which no 
growth occurred was defined as the MIC. 

The quantitative assay for determination of MIC was per- 
formed using a twofold serial dilution technique (7). Only 
compound 3 was tested against all eight organisms, which 
were highly sensitive to it. See Table 3. 

Results and discussion 

The concentrated acetone extract of T. peruvianus was parti- 
tioned between EtOAc and H20 to give a crude organic extract 
(see Experimental). This extract was repeatedly subjected to 
Sephadex LH-20 cc, Si gel open and medium-pressure column 
chromatography, and hplc, to yield the known diterpene 1,6P- 
acetoxylabda-8,l3-dien-7-a,15-diol(6) and four new analogs. 

The 'H nmr spectrum of the major compound 2 showed one 
vinyl proton signal at 6 5.36 (lH, t, J = 7.3 Hz). Two vinylic 
methyl signals at 6 1.82 (3H, bs) and 1.69 (3H, s) together with 
four signals in the 13c nmr spectra belonging to sp2 carbons at 
6 148.1 (s), 143.1 (s), 121.0 (s), and 118.8 (d) established the 
presence of two double bonds. The chemical shifts in 'H nmr 
and I3c nmr spectra of the vinylic methyl (Me-16), olefinic 
protons (H-14), and C-12, together with the magnitude of the 
coupling constant (7.3 Hz) are only compatible with a Z con- 
figuration for the trisubstituted double bond (5 ,  8-10). The 
presence of two 3H singlets at 6 2.06 and 2.08 in its 'H nmr 
spectrum indicated the presence of two acetate ester groups. 
The carbonyl groups were confirmed by the strong band at 
1740 cm-' in the ir spectrum and the signals at 6 171.1 (s) and 
170.0 (s) in the I3c nrnr spectrum. The nature of the ester 
groups as primary and secondary was confirmed by the pres- 
ence of I3c nrnr signals at 6 60.8 (t) and 78.0 (d). In addition, 
the 'H nmr spectrum showed signals at 6 4.56 (2H, d, J =  7.3 
Hz), 4.85 (lH, bs), and 4.16 (lH, bs). The 'H-'H COSY spec- 
trum revealed that the two last signals are strongly coupled 
and the first one has correlations to an olefinic proton and a 
vinylic methyl group (Me-16). That the secondary hydroxyl 
was attached to C-6 was shown by ir, I3c nmr, and 'H nrnr 
data: 3500 cm-', 6 68.7 (d), and 6 4.16 (lH, bs), respectively. 
Detailed analysis of 'H and 13c nrnr spectra plus 'H-'H 
COSY, HMQC, and HMBC ex eriments allowed unambigu- r3 ous assignment of the 'H and ' C signals shown in Tables 1 
and 2, respectively, and indicated a labdane skeleton with two 
vicinal oxygenated groups in a trans diaxial disposition that 
could be placed at C-6 (hydroxyl group) and C-7 (ester group). 
The other ester group was assigned to C-15. The relative con- 
figurations were assigned by comparison with related com- 
pounds (5, 6) and ROESY data. The molecular ion peak was 
not observed in lrms. The highest mass detected was m/z 347 
[M' - CH300-I. The molecular formula was deduced as 
C24H3805 from the I3c and 'H nrnr spectra. These data showed 
compound 2 to be 7a,  15-diacetoxylabda-8,13-dien-6P-01. As 
far as we know, this is a new natural compound. 

Compound 3 yielded spectroscopic data similar to 2. The 
absence of an alcoholic function was the main difference. 
Instead, three acetate groups were present. That this com- 
pound is the acetylated derivative of the previous one was evi- 
dent by the signals in the 'H nrnr spectrum at 6 5.32 (IH, bs) 
instead of 4.16 (lH, bs) in 2. Also, this spectrum showed three 
acetyl groups at 6 2.09, 2.05, and 2.04. The 13c nrnr spectra 
also showed the presence of these functions (see Table 2). 
Acetylation of 2 (Ac20/Py, room temperature) gave 3. The ms 
did not exhibit a molecular ion peak and gave the highest mass 
peak at m/z 328 [Mi - 2 x CH3COOH]. The molecular for- 
mula was suggested as C26H4006 from the analysis of it DEPT 
13c nmr spectrum, which showed the presence of 26 carbon 
atoms (see Table 2). Compound 3 is therefore described as 
6p,7a,15-triacetoxylabda-18,13-diene. To our knowledge 3 is 
a novel natural product. 

Compound 4 had analogous spectral features to the previ- 
ous diterpenes 2 and 3. The ir spectrum displayed absorption 
bands at 3450 and 1750 cm-', indicating the presence of 
hydroxyl and ester functionalities in its molecule. The 
hydroxyl group was located at C-15, based on the signals at 6 
4.05 (2H, d, J =  7.0 Hz) in the 'H nmr. The 'H-'H COSY spec- 
trum revealed that this signal is strongly coupled with one ole- 
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Table 1. The 'H nmr data of compounds 2-5. 

6 (multiplicity) J ,  Hz 
- - - - 

Proton 2 3 4 5 

H a  1.19 (bd) 
J = 14.8 
HP 1.76 (dd) 
J = 14.8, 3.7 

H a  1.18 (bd) 
J = 14.0 
HP 1.75 (bd) 
J = 14.0 

H a  1.55 (dt) 
J = 15.3 
HP 1.71 (dt) 
J = 15.3 

H a  1.20 (bd) 
J = 14.5 
HP 1.40 (bd) 
J = 14.5 

H a  1.15 (dd) 
J = 14.0, 5.3 
HP 1.38 (bd) 
J = 14.5 

1.27 (bs) 1.50 (bs) 

5.32 (bs) 

1.42 (bs) 1.25 (bs) 

4.16 (bs) 5.25 (bs) 5.45 (d) 
J = 5.5 

4.85 (bs) 4.98 (bs) 4.90 (bs) H a  1.94 (d) 
J = 18.9 
HP 2.38 (dd) 
J = 5.5, 18.9 

H2 2.15 (rn) H2 2.05 (m) H2 2.18 (m) 

H2 2.19 (rn) 

5.36 (bt) 
J = 7.3 

5.36 (t) 
J = 7.3 

5.34 (t) 
J = 7.0 

5.34 (bt) 
J = 6.7 

4.56 (d) 
J = 7.3 

4.59 (d) 
J = 7.3 

4.05 (d) 
J = 7.0 

4.00 (d) 
J = 6.7 

1.82 (bs) 1.82 (bs) 1.73 (bs) 1.78 (bs) 

1.69 (s) 

1.31 (s) 

1.66 (s) 

1.30 (bs) 

1.58 (s) 

1.21 (s) 

0.90 (s) 

1.63 (s) 

1:26 (s) 

0.98 (s) 1.05 (s) 

0.93 (s) 0.97 (s) 0.89 (s) 1.05 (s) 

2.06 (s) 
2.08 (s) 

2.09 (s) 
2.05 (s) 
2.04 (s) 

2.02 (s) 
1.97 (s) 

1.97 (s) 

finic proton (6 5.34 ( lH,  t, J  = 7.0)) and one vinylic methyl 
(Me-16,6 1.73 (3H, bs)). The 13c nmr spectrum exhibited sig- 
nals due to this system (6 124.7 d, 139.6 s, 23.6 q, and 59.1 t) 
The ms d.4 not exhibit the molecular ion peak and gave the 
highest mass peak at m/z 347 [M - CH3COO-I. Its molecular 
formula was suggested as C2,H3805 from the analysis of its 
DEPT 13c nmr spectrum, which showed the presence of 24 
carbon atoms (see Table 2). Acetylation of 4 (Ac20-Py, rt) 
gave 3. The structure of compound 3 is assigned as 6P,7a- 
diacetoxylabda-8,13-dien-15-01. To our knowledge this is the 
first natural occurrence of this compound. 

The principal spectroscopic characteristics of compound 5 
are similar to the other diterpenes of this animal. It contained a 
free hydroxyl group, as was evident by the signals at 3450 
cm-l, 6 58.4 (t), and 4.00 (2H, d, J =  6.7 Hz) in ir, I3c nmr, and 
'H nmr spectra, respectively. Only one acetate ester group was 
present and it was assigned to C-6 by the signals at 1750 cm-' 
(ir spectrum), 65.45 (IH, d, J =  5.5 Hz) ( 'H nrnr spectra). The 
13c nmr spectra exhibited signals for six quaternary carbons 
(four of them olefinic and one belonging to the carbonyl 
group), three methine carbons (one of them olefinic), six 
methyl carbons, (one of them olefinic), six methyl caibons, 
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Table 2. The '-'C nmr data for compounds 2-5" 

Carbon 2" C coupled with H 3 4 5 

1 38.9 t C-2, C-20 39.1 t 39.1 t 394 t 
2 18.9 t 19.2 t 19.2 t 19.1 t 
3 43.0 t 43.3 t 43.2 t 43.2 t 
4 33.5 s 33.4 s 33.6 s 33.4 s 
5 50.0 d C-4, C-9, C-10, C-19, C-20 49.3 d 49.3 d 52.6 d 
6 68.7 d C-4, C-10, C-5, C-7, C-8 73.6 d 73.7 d 66.9 d 
7 78.0 d C-5, C-6, C-8, C-9, C-18, C=O 69.4 d 69.7 d 38.7 t 
8 121.0 s 122.1 s 121.9 s 122.2 s 
9 148.1 s 147.8 s 148.0 s 139.6 s 

10 39.1 s 39.7 s 39.6 s 39.9 s 
11 27.0 t C-10, C-12, C-13, C-14 27.2 t 27.1 t 26.6 t 
12 32.0 t C-11, C-13, C-14, C-16 32.3 t 32.3 t 32.6 t 
13 143.1 s 143.1 s 139.6 s 139.1 s 
14 118.8 d C-12, C-15, C-16 119.3 d 124.7 d 124.7 d 
15 60.8 t C-13, C-14, C=O 61.1 t 59.1 t 58.4 t 
16 23.8 q C-12, C-13, C-14 23.6 q 23.6 q 23.2 q 
17 17.4 q C-7, C-8, C-9 17.3 q 17.3 q 19.4 q 
18 21.0 q C-3, C-5, C-19 21.7 q 21.7 q 21.2 q 
19 23.2 q C-3, C-5, C- 18 23.3 q 23.3 q 23.0 q 
20 33.2 q C- 1, C-3, C-4, 33.2 q 33.2 q 33.8 q 
CH,CO 171.1 s 171.2 s 170.1 s 168.6 s 

I 
171.0 s 170.1 s 169.9 s 

169.9 s 
CH3C0 2 x 2 1 . 1 q  C=O 2 x 21.4 q 21.3 q 21.0 q 

21.3 q 21.2 q 

"The "C nrnr sh~f t  rnult~pl~c~tles were determ~ned by DEPT. 
I %y HMBC experiment. 

Table 3. Antibacterial spectra (MIC) of 
compound 3. 

Test organism ~ g / m L  

Klebsiella bronchisepticn 50 
Bncillus anthracis 50 
Bacillus pu~ni11i.s 50 
Bncillus subtilis 50 
Stnphylococcus nureus 65 
Stap/zyiococcus epidermidis 75 
Pseudornonas nerzrginosn 80 
Bordetelln bronchisepticn 85 

and seven methylene carbons, consistent with the molecular 
ion ~ n / z  348 in the mass spectrum and with a molecular for- 
mula C2,H3,03. Compound 5 was thus established to be 6P- 
acetoxylabda-8,13-dien-15-01. To the best of our knowledge 
this compound is new. 

All the compounds were evaluated in the agar well diffusion 
assay for antimicrobial activity against microorganisms, as 
indicated in the experimental section. Only compound 3 
exhibited a modest activity, and its MIC values were deter- 

mined by the twofold serial macrobroth dilution assay. The 
results of these assays are summarized in Table 3. 

Compound 3 showed a marginal activity against the Gram- 
positive bacteria Bacillus anthracis, B. pumilus, B. subtilis, 
and Gram-negative Klebsielln bronclziseptica. None of the 
other compounds showed any remarkable activity. 

This work was supported by grants from Universidad de Chile 
(D.T.I.) and Fondecyt (No. 1038-92). The mass spectral were 
provided by the Instituto de Productos Naturales y Agrobiolo- 
gia de Canarias. The authors thank Maria Inks Polanco for 
assistance with the antimicrobial assays. 
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Theoretical study of the PSI2 radical 

I Jose M. Elorza and Jesus M. Ugalde 

Abstract: G2 methodology has been used to characterize minima on both doublet and quartet potential energy surfaces of 
the Psi2 radical system. We found that for states with doublet spin multiplicity the most stable isomer is the cyclic ?A,. 
Linear isomers lie more than 24 kcaVmol above in energy. For the quartets the most stable state isomer is the cyclic 4A2, 
and the most stable linear isomer, i.e., Si-Si-P(4Zp), lies 10.68 kcaVmol higher in energy. The structural features of the 
various isomers characterized have been rationalized in terms of the bonding features of the molecular orbitals involved. 

Key words: ab initio, excited states, radical. 

Resume : On a utilisC la mCthodologie G2 pour caractkriser les minimums des surfaces dlCnergie potentielle tant du 
doublet que du quadruplet du systkme radicalaire Psi2. On a trouvC que, pour les Ctats avec une multiplicitC de spin 
doublet, l'isombre le plus stable est la forme cyclique 'A,. L'Cnergie des isombres lintaires est plus Clevte de 24 kcaVmol. 
L'Ctat cyclique 4A2 des quadruplets comespond ti celle de l'isomCre le plus stable; 1'Cnergie de l'isomtre linCaire le plus 
stable, c'est-a-dire Si-Si-P(4~-) est 10,68 kcaVmol plus ClevCe. On a rationalist les caractCristiques structurales des divers 
isomkres CtudiCs en faisant appel 2 des caractCristiques de liaison des orbitales molCculaires impliquCes. 

Mots cle's : ab initio, Ctats excitCs, radicaux. 

[Traduit par la rtdaction] 

1 Introduction Indeed, it should be detectable, provided that it is unreactive 

Hypersilicon molecules Si,,X(n = 3,2) with electronegative 
X atoms such as oxygen or nitrogen, have been the sub- 
ject of recent theoretical (1) and experimental (2) studies. 
In particular, the gas phase experiments of Iraqui et al. (2) 
have shown that both 0Si2 and NSi2 radicals have trian- 
gular ground state geometries. Both of the linear isomers 
Si-Si-X and Si-X-Si are higher in energy than these trian- 
gular isomers. These species are important in surface science, 
since they may be viewed as prototypes for the interaction 
between the X atom and silicon sites in clusters and surfaces 
(3). 

Recently, theory has predicted (4) a linear geometry for 
the ground state of the C2P radical, a species isovalent with 
the NSi2 radical. However, contrary to the NSi2, there exists 
a cyclic isomer of the C2P (2B2 state), which is found to 
be 6.1 kcallmol above the C-C-P linear 2n ground state, at 
the G1 level of theory (4). Notice also that both species are 
predicted to have large dipole moments, 3.293 D and 2.535 
D, respectively, which encourages their experimental detec- 
tion. On the quartet potential energy surface, the linear C-C-P 
( 4 ~ )  structure is found to be the lowest energy structure, with 
the cyclic 4A2 state lying 17.2 kcallmol higher in energy, at 
the MP416-3 11G(d)l/MP2/6-31G(d) level of theory. The C2P 
radical, on the other hand, is a species relevant for the chem- 
istry of dense clouds, as pointed out by Millar and Astron (5). 
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with oxygen. 
In this paper, we use ab initio molecular orbital theory to 

investigate the nature of the chemical bonds and determine 
the energy ordering of the various isomers of the Psi2 radical 
system, a species isovalent with the previously studied C2P 
and NSi2 radicals. 

2 Methods 
All structures were optimized at the MP216-31G(d) level of 
theory (6). Geometries of these species can be found in Figs. 
1 and 2. Analytical frequencies at the stationary points were 
calculated at the MP216-31G(d) level of theory and all of 
them were found to be positive. G2 methodology (7) was 
used to evaluate the energies. All G2 calculations were per- 
formed using the GAUSSIAN 92 code of programs (8). G2 en- 
ergies with their corresponding corrections to the MP416- 
31 lG(d,p) base energy can be found in Tables 1 and 2. 

Note that we found some spin contamination for some of 
the structures studied in this paper, as indicated by the ex- 
pectation values of S2 given in Tables 1 and 2. However, 
it is worth mentioning that the G2 procedure, through its 
quadratic configuration interaction correction term, @QC1, 
has been shown to be reliable for accurate calculations of 
energies of small molecules with spin-contaminated single 
configuration wave functions such as the CN and HCO rad- 
icals (8).  Therefore, even though we recognize that other 
approaches, such as multireference configuration interaction 
(MRCI) with spin-adapted wave functions, would lead to 
more accurate relative energies, they are considerably more 
demanding from the computational viewpoint than the G2 
method, and would likely not alter substantially the energy 
ordering of the present calculations, at least for the less spin- 
contaminated species. 

We have explored the bonding characteristics of these 
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Fig. 1. MP216-3 1 G(d) optimized geometries and electronic 
structure terms and the expectation value of S2, in 
parentheses, for the doublet Psi2 system. Bond lengths are in 
A and angles are in degrees. 

S i- P- Si Si- Si- P Si-P- 
2.061 2.263 2.012 

Si 
2.046 

Fig. 2. MP216-31G(d) optimized geometries and electronic 
structure terms and the expectation value of S2, in 
parentheses, for the quartet Psi2 system. Bond lengths are 
in A and angles are in degrees. 

P 

2 . 2 a 3 A  m3A 89.52 

Si- 
2.174 Si Si Si Si 

P- Si- Si Si- 
2.049 p- Si si-P- 

2.105 2.212 
SI 

2.167 

complexes by means of Bader's topological analysis of the 
electron charge density p(r) and its associated Laplacian 
v2(pr) (10-13), using the AIMPAC series of programs (14). The 
MP216-3 1 G(d)//MP2/6-3 1G(d) wave functions were used to 
build up the electron density. Properties of the bond critical 
point (r,), such as p(r,), v2p(rC), and the value of the energy 
density H(r,) have also been calculated. The energy density 
at the bond critical point indicates a bond to be covalent if 
H(rc) < O), and ionic if H(rc) > 0 (1 1, 12). 

3 Results and discussion 
The doublet and quartet stable structures, optimized at the 
MP216-31G(d) level of theory, may be found in Figs. 1 and 
2, respectively. The energies of the less spin-contaminated 
structures are shown in Tables 1 (doublets) and 2 (quartets). 

3.1 Cyclic doublets 
We found four stable triangular Psi2 structures with the fol- 
lowing electronic configurations: 

P s ~ ~ ( ~ B ~ )  core 8,: 9,: 6b; 10a: 3b: 1 1 a: 7bi 

PSi2(2AI) core 8a: 9a: 6b; 10a: 3b: 7b$ 1 la ;  

PSi2(2A2) core 8a: 9a: 6b; 10a: 3b: 7b; 2ai 

PSi2(2BI) core 8a: 9a: 6b; lOa: 1 la: 7b; 3bi 

The structure with the shortest Si-Si bond length belongs to 
the 2B2 electronic state, which, unlike its isovalent C2P rad- 
ical (4), is not the most stable cyclic isomer. Its 8a: molec- 
ular orbital is mainly composed of the 3s(P) lone pair with 
minor contributions from the 3s atomic orbitals on the two 
silicon atoms, the 9al corresponds to the bonding o(Si-Si) 
molecular orbital, the 6b2 and the 10al orbitals correspond 
to the o(P-Si) skeletal bonds, and the 3bl and the 1 la l  
are the Si-Si n bonds. The unpaired electron resides on the 
7b2 orbital, which is Si-Si antibonding and P-Si bonding. 
Thus, promoting one electron from the doubly occupied 1 lal  
molecular orbital of the 2 ~ 2  electronic state to the 7b2 orbital 
yields the most stable cyclic structure, which belongs to the 
2A1 electronic state. Note that for the resulting 2AI structure, 
the Si-Si bond length has increased and the P-Si bond 
length has decreased with respect to the 2B2 structure. 

The 2A2 electronic state comes from promoting the un- 
paired 1 la  1 electron, of the 2~ 1 electronic state, to its virtual 
2a2 molecular orbital, which is a Si-Si n* antibonding or- 
bital. Accordingly, its Si-Si distance, namely 3.79 A, is too 
long to think of an Si-Si bond. The 2A2 electronic state is, 
therefore, an open triangular structure. 

Finally, the 2BI electronic state, which arises from the 2Al 
electronic state by promotion of one electron from the doubly 
occupied 3bl molecular orbital to the 1 l a l  SOMO, is the 
least stable of the cyclic Psi2 doublet structures. Note that 
this 2 ~ 1  structure has the longest P-Si bond length of all 
the isomers characterized in the study, namely, 2.288 A. 

3.2 Linear doublets 
Four stable linear doublet structures have been characterized 
for the Psi2 radical system, with the following electronic 
configurations 

Si-P-Si(2ng) core 60; 50; 70; 3n: 60; 2nL 

Si-P-Si(2~+) core 60; 50; 70; 3 4  2n; 60; 

s i -P -~ i (~n , )  core 60; 50; 70; 3 4  2n; 2n; 

Si-Si-P(2n) core loo2 1 lo2 1202 4n4 1302 5n1 

We have also characterized one more linear structure, namely, 
Si-P-Si(2nu) core 60; 50; 70; 3n: 60; 471; 

which corresponds to the transition state for the inversion of 
the open Psi2 (2A2) isomer, and is 45.12 kcaVmol less stable 
than the latter, at the G2 level of theory. Hence, such inver- 
sion is not accessible at moderate temperatures. Inspection 
of the optimized Si-P-Si structures shown in Fig. 1 reveals 
that the Si-P bond length decreases as the instability in- 
creases. This behavior can be rationalized in terms of the 
valence molecular orbitals. Thus, we observed that the popu- 
lation of the 2n, MOs increases and the population of the 60, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2478 Can. J .  Chern. Vol. 74, 1996 

Table 1. Total energies (in hartree) at the MP4/6-31 lG(d) G2 level of theory. Additive energy corrections (in 
mhartree) and G2 relative energies AEGz (in kcal/mol) for the doublet Psi2 radical system. 

(S,) MP4/6-3 1 1 G(d) A F  AE?<W AEQC" AEZPE 
EGZ AEG2 

Psiz 'A, 0.78 -918.841 1641 -6.342 -98.21 1 -2.006 3.086 -919.049 651 0.0 
PSI, 'B? 0.81 -918.809 7884 -5.857 -97.931 -3.094 3.757 -919.018 581 19.50 
Psi, 'A' 0.97 -918.801 6659 -4.602 -90.618 -1 1.068 2.221 -919.013 960 22.40 
Si-P-Si 'n, 0.93 -91 8.800 3893 -3.428 -90.542 -8.787 3.013 -919.01 1 097 24.19 
Si-Si-P 'n 0.63 -918.767 5579 -2.866 -87.178 -27.1 19 2.205 -918.992 448 35.89 
Psiz 'B, 0.75 -918.768 9217 -6.864 -102.08 1 -4.479 2.892 -918.984 248 41.04 

Table 2. Total energies (in hartree) at the MP4/6-31 IG(d) G2 level of theory. Additive energy corrections (in 
mhartree) and G2 relative energies AEGz (in kcal/mol) for the quartet Psi, radical system. 

Psiz 'A, 3.76 -91 8.772 6249 -5.428 -96.371 -1.735 3.31 1 -91 8.973 215 0.0 
Psiz B 4.1 1 -918.748 1451 -5.881 -97.770 -13.330 2.291 -918.962 278 6.86 
P-Si-Si 'n- 3.96 -918.748 0979 -3.409 -91.735 -9.938 2.301 -91 8.956 195 10.68 
Si-P-Si 'n; 4.26 -918.732 6033 -2.67 1 -88.483 - 14.371 2.547 -918.940 570 20.48 
Si-P-Si 'n; 3.90 -918.729 7733 -3.850 -82.805 -14.828 2.066 -918.931 999 25.86 
Psi, A 4.1 -918.67 1 0286 -6.353 -96.322 -10.923 3.022 -918.88 1 797 57.36 

MO decreases as the bond length decreases. Indeed, the 2ng 
MOs have a node on the central phosphorus atom, while the 
60, has a substantial participation of the 3p, atomic orbital 
of the phosphorus atom. Hence, populating the 2ng MOs at 
the expense of depopulating the 60, MO enables the Si-P 
distance to shrink, so it allows for a better overlap of the 
atomic orbitals of the bonding 3nu MOs. Conversely, as the 
two degenerate 2ng MOs depopulate gradually to populate 
the 60, MO, a compromise should be reached for the overall 
optimum overlap of the atomic orbitals of both the 3nU and 
60, MOs, resulting in a steady increase of the Si-P bond 
length. 

The Si-Si-P (2n) structure has one imaginary frequency 
of i74.3 cm-', on the HFl6-31G(d) potential energy surface, 
which corresponds to the bending mode. However, reopti- 
mization and subsequent frequency calculation at the MP216- 
31(d) level of theory leads to the stable 2n structure shown 
in Fig. 1, with all frequencies positive. 

3.3 Cyclic quartets 
The electronic configurations of the three cyclic quartet struc- 
tures found on the MP216-3 lG(d,p) potential energy surface 
are 

PSi2(4AL) core 8a: 9a: 6bz 10a: 3b: 7bi 4bf 2aj  

PSi2(4A2) core 8af 9a: 6b; 10a: 3b: 7b: l l a f  4b; 

PSi2(4BI) core 8a: 9a: 6bt 10a: 3b: 7bj 1 la! 2ai 

On the HFl6-31G(d,p) potential energy surface the 4B2 
state has an open triangular structure, which collapses to the 

an optimum noncyclic triangular structure. The calculated 
activation energy for the inversion around the phosphorus 
atom is 9.37 kcallmol at the G2 level of theory. So, our 
calculations predict a floppy structure for the 4A1 state, since 
the calculated activation energy of the inversion process is 
accessible at moderate temperatures. 

The 4A2 state might be thought of as arising from the 
2 ~ 1  state by promoting one electron from the doubly occu- 
pied 7b2 orbital to the empty 4bl orbital, the latter being 
P-Si antibonding and Si-Si bonding. Hence, the P-Si 
bond length increases and the Si-Si bond length decreases, 
yielding a SiPSi bond angle even more acute than for the 
doublets. Concomitantly, replacing the 4bl MO of the 4A2 
electronic state by the 2a2 MO results in the 4Bl electronic 
state, whose optimi;ed geometry shows a short P-Si bond 
length, i.e., 2.139 A, and a longer Si-Si distance of 2.562 
A, at the MP216-31G(d,p) level of theory. Inspection of the 
gradient paths of the electron charge density, p(r), shown in 
Fig. 3, reveals that there is no bond between the two silicon 
atoms, though the strain engendered by the bridging phos- 
phorus forces the silicons to lie within the average single 
bond distance range. 

3.4 Linear quartets 
The electronic structure of the three stable linear quartets of 
Fig. 2 are 

Si-P-Si(4~;) core 60; 502, 3n: 70; 60; 2n; 2nL 

Si-P-Si(4~d) core 60; 50; 27ti 60; 70; 3nA 3nA 

Si-Si-P(4~-) core loo2 1102 12c2 47t4 130' 57t1 5n' 

linear 4 ~ ;  state at the~~216-31G(d ,p )  level of theory. The 
A stable excited state with 4 ~ d  symmetry and the following 

'Al state has an Si-Si distance of 3.076 A at the MP216- electronic configuration, 
31G(d,p) level of theory, too long to think of a chemical 
bond. Indeed further analysis of the electron charge density Si-P-Si(4~d) core 60; 502, 3n: 60; 70; 2nb 27t; 
revealed that no Si-Si bond exists, for no bond critical point 
was found along the Si-Si path. Therefore, the 4 ~ 1  state has has also been characterized on the HFl6-31G(d,p) ~otential 
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Elorza and Ugalde 

Fig. 3. Gradient map of the electron charge density for the 
triangular 4BI state of Psi2. 

energy surface. However, when reoptimized at the MP216- 
3 lG(d,p) level, the two degenerate bending vibrational modes 
become imaginary. In fact, on the latter potential energy sur- 
face, this linear structure corresponds to the saddle point for 
the umbrella motion of the 4B1 triangular state. The estimated 
activation energy at the MP216-3 lG(d,p)//MP2/6-3 lG(d,p) + 
AZPVE is 56.79 kcallmol, a barrier too high to overcome at 
moderate temperatures. 

The SiPSi(4~;) arises from the 'n, state by 2ng t 60, 
electron promotion. Note that the quartet state results in a 
shorter Si-P bond length than the doublet, confirming fur- 
ther our earlier remark about the shrinking of the Sip bond 
length, as a consequence of depopulating the 60, orbital in 
favour of the 2n, degenerate orbitals. Accordingly, the 4 ~ i  
state, which has the 60, orbital doubly occupied and the 271, 
orbitals empty, shows the largest Si-P bond length of both 
the linear doublet and quartet states, namely, 2.167 A at the 
MP216-3 1 G(d,p) level of theory. 

Finally, the 4 ~ -  state of the Si-Si-P isomer, which origi- 
nates from the 'n state, by the 5n t 130 electron promotion, 
has a larger Si-P bond length and a shorter Si-Si bond 
length than its precursor, as dictated by the bonding features 
of the 5x and 130 orbitals; namely, the 130 is both Si-Si 
and Si-P o-bonding, while the 5n is Si-Si x-bonding and 
Si-P x-antibonding. 

3.5 Energies 
Energies of the systems with a too large spin contamination 
will not be discussed, because it is unlikely that aEQC1 will 
be able to compensate for the likely poorer behavior of the 
G2 procedure, with respect to the less spin-contaminated sys- 
tems. Therefore, we will not comment on the energies of the 
'c; and the first excited 'n, electronic states of SiPSi, and 
would also like to add a word of caution about the energies 
of the linear SiSiP 'n state, for it bears considerably large 
spin contamination, namely, (S2) = 1.63. 

As evidenced by the energies shown in Tables 1 and 2, 
in general, the cyclic structures of both doublet and quartet 
spin states are more stable than their corresponding linear 
isomers. The exceptions are the 'Bl and the 'A1 electronic 
states, for which the linear 'n, and 211, and the 4 ~ L  electronic 
states, respectively, are found to be more stable. Relative en- 
ergies, however, are not too large. Thus, at the G2 level of 
theory five quartet states, two cyclic and three linear, are 
found within a 25 kcallmol energy range, while on the dou- 
blet PES, four states, three with cyclic optimum structure 
and one with linear optimum structure, are found within this 
energy range. Therefore, it is only at high temperatures that 
several isomers with different electronic configurations are 
predicted to coexist. Note also that the G2 energy ordering is 
not modified at the less demanding MP416-3 1 lG(d) level of 
theory except in one case, namely, for the 'B1 and 'n states. 
Indeed, at the MP416-31 lG(d) level of theory the cyclic 2 ~ 1  

state is 0.9 kcallmol more stable than the 'n state, but the 
latter is 5.15 kcallmol more stable at the G2 level. Inspection 
of Table 1 reveals that the energy correction terms arising 
from the deficiencies of the basis set of the base level energy 
(i.e., aE+, which is due to the lack of diffuse function, and 
aEZdf, due to the lack of high polarization functions on non- 
hydrogen atoms) are larger for the cyclic 'B1 state than for 
the 'n. However, they do not compensate for the much larger 
energy correction term, aEQC1, which accounts for the cor- 
relation effects beyond the fourth-order perturbation theory. 
Thus, aEQC1 is 22.64 mhartree larger for the 'n state than 
for the 'B1 state, and determines the higher stability of the 
former electronic state, at the G2 level of theory, as shown 
in Table 1. Nevertheless, it is worth noting that the relative 
base level energy differences between various isomers are 
modified noticeably with respect to the final G2 values. In 
particular the 4BI and 4 ~ -  optimum structures differ by only 
0.1 kcallmol at the MP416-3 1 lG(d) base level of theory, but 
by 3.8 kcaYmol at the G2 level. Once again the aEQC1 cor- 
rection is found to be crucial for a reliable estimation of the 
relative energies. 

4 Conclusions 
An ab initio molecular orbital study has been carried out for 
the doublet and quartet potential energy surfaces of the Psi2 
radical system. We have found that the ground state of the 
doublet spin multiplicity species is a cyclic 'AI state. The 
most stable Si-P-Si linear structure, with the 'ng electronic 
state, lies 24.19 kcallmol higher in energy. The Si-Si-P 'n 
isomer lies even higher in energy than the 'H, one, oppo- 
site to the behavior found for its isovalent C2P system. On 
the quartet potential energy surface, the 4A2 cyclic state is 
the most stable of all the isomers. The Si-Si-P ( 4 ~ - )  isomer 
is the most stable linear isomer, 10.68 kcallmol less stable 
than the 4A2 state. The symmetrical Si-P-Si linear isomer 
( 4 ~ ;  electronic state) is found to be 9.8 kcallmol above the 
Si-Si-P 4 ~ -  isomer. Structural features have been discussed 
in terms of the bonding characteristics of the molecular or- 
bitals involved, and for one case, namely, the 4B1, we camed 
out Bader's topological analysis of the electron charge den- 
sity, to determine that it is an open triangular structure, with 
no Si-Si bond. 
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Solvent and substrate isotope effects on the 
enolization and carbon-acid ionization of 
isobutyrophenone 

Abstract: Bromine scavenging was used to measure rates of acid-catalyzed enolization of isobutyrophenone in H 2 0  and in D,O 
solution and of isobutyrophenone-a-d in D20 solution. The results provide the solvent isotope effect kH+lkD+ = 0.56 and the 
substrate isotope effect kHlk, = 6.2 on the enolization reaction, both of which are consistent with the generally accepted 
mechanism for this process. The present results in combination with literature information also provide the solvent isotope effect 
on the enolization equilibrium, KE(H,0)IKE(D20) = 0.92, and the solvent isotope effect on the ionization of isobutyrophenone as 
a carbon acid, k , K ( ~ 2 0 ) ~ k a K ( ~ 2 0 )  = 5.4, as well as the product of isotopic fractionation factor and medium effect, $4, = 0.90, for 
isobutyrophenone en01 and the medium effect, 4, = 0.47, for its enolate ion. The isotope effect on KE is the first ever determined 
for the keto-enol equilibrium of a simple aldehyde or ketone; its near-unit value is consistent with expectation on the basis of 
fractionation factors for the species involved. 

Key words: isobutyrophenone, keto-enol equilibrium, carbon-acid ionization, solvent isotope effects, isotopic fractionation 
factors. 

Resume : On a utilisC le piCgeage par le brome pour mesurer les vitesses dlCnolisation acidocatalysCes de I'isobutyrophCnone en 
solution dans le H20 ou le D 2 0  et de l'a-d-isobutyrophCnone en solution dans le D20. Les rCsultats permettent de dCduire l'effet 
isotopique du solvant, kH+lkD+ = 0,56, ainsi que l'effet isotopique du substrat, kHlkD = 6,2, sur la rCaction d'Cnolisation; ces deux 
valeurs sont en accord avec le mecanisme gCnCralement accept6 pour ce processus. Les rCsultats obtenus, combinks aux 
informations disponibles dans la littCrature, permettent aussi de dCduire l'effet isotopique du solvant sur 1'Cquilibre d'Cnolisation, 
KE(H20)IKE(D20) = 0,92, et l'effet isotopique du solvant sur l'ionisation de I'isobutyrophCnone au niveau du carbone acide 
k , K ( ~ , ~ ) ~ k / ( ~ 2 ~ )  = 5,4, ainsi que le produit du facteur de fractionnement isotopique et l'effet du solvant, $4, = 0,90, pour 
1'Cnol de I'isobutyrophCnone, et l'effet du milieu, 4, = 0,47, pour l'ion Cnolate. Dans le cas de l'effet isotopique sur KE, il s'agit 
de la premibre mesure de ce genre rCalisCe sur 1'Cquilibre cCto4nolique d'un aldChyde ou d'une cCtone simple; sa valeur, qui est 
proche de I'unitC, est en accord avec celle ?I laquelle on pourrait sur la base des facteurs de fractionnement des espbces 
impliquees. 

Mots clis : isobutyrophCnone, Cquilibre cCto-Cnolique, ionisation de carbones acides, effets isotopiques du solvant, facteurs de 
fractionnement isotopiques. 

[Traduit par la rCdaction] 

Introduction and these, in combination with rate constants for enolization, 

The recent developement of methods for generating simple kE, have led to accurate keto-en01 equilibrium constants, KE, 

enols in greater than equilibrium amount under conditions by application of the relationship shown in eq. [I]. Solvent 

where they can be observed directly has produced a renais- isotope effects have been measured on both kE and kK for a 

sance of interest in the chemistry of these unstable substances 
(see, e.g., ref. 1). Among the wealth of new information that 
has become available are directly measured rate constants for 
ketonization of simple enols to their carbonyl tautomers, kK, 

Received August 21, 1996. 

J.R. Keeffe1 and A.J. Kresge.' Department of Chemistry, 
University of Toronto, Toronto, ON M5S 3H6, Canada. 

Permanent address: Department of Chemistry, San Francisco 
State University, 1600 Holloway Avenue, San Francisco, 
CA 94132, U.S.A. 
Author to whom correspondence may be addressed. 
Telephone: (416) 978-7259. Fax: (416) 978-8775. E-mail: 
akresge@alchemy.chem.utoronto.ca 

number of substrates, but up until the present study, enough 
information had not been supplied for the same system to 
determine the solvent isotope effect on KE. We have now filled 
this gap usin the ketc-en01 isomerization of isobutyrophe- 
none, eq. [2]. F 

The symbol "L" is used to denote either protium or deuterium, 
i.e., L = H or D. 

Can. J. Chem. 74: 2481-2486 (1996). Printed in Canada / Imprimt au Canada 
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We chose isobutyrophenone for this purpose because the 
keto-en01 equilibrium constant for this substance in H20,  
KE(H20), had already been determined (2). and the hydro- 
nium-ion catalytic coefficient for ketonization of the en01 in 
D20,  (kK),+, had been measured as we11 (3); this ketone also 
has only one enolizable hydrogen, which simplifies matters 
considerably. The missing piece of information that we have 
now supplied is the hydronium-ion catalytic coefficient for 
enolization of the deuterated substrate in D20,  (kE)D,+, eq. [3]. 

We have also in the present study determined hydronium-ion 
catalytic coefficients for the enolization of the protiated sub- 
strate in H2B, (kE)$, eq. [4], and in D20,  (kE)g+, eq. [5]. This 
additional information has provided solvent and substrate 
kinetic isotope effects on the enolization of isobutyrophenone. 
The present results, in combination with other information 
already in the literature, have also led to the solvent equilib- 
rium isotope effect on the ionization of isobutyrophenone as a 
carbon acid, and to isotopic fractionation factors for isobuty- 
rophenone en01 and enolate ion. 

I Experimental section 

Kinetics 
Rates of enolization of isobutyrophenone were determined by 
using bromine to scavenge the en01 as it formed. Reactions 
were conducted in hydrobromic acid solutions under condi- 
tions where the bromine is complexed as Br3- ion, and changes 
in absorbance of this species at A = 3 10 nm were used to mon- 
itor the reaction; measurements were made with a Cary 118 
spectrometer whose cell compartment was thermostatted at 
25.0 2 0.05"C. Initial bromine concentrations were ca. 3 x 
lo4 M and initial isobutyrophenone concentrations were 
(2-3) x M. Zero-order initial rates were measured over 
times corresponding to 0.5-0.8% of the enolization reaction, 
and observed first-order rate constants were calculated using 
eq. [6] (4), in which -dAldt is 

the zero-order rate of change of absorbance at A = 3 10 nm, E is 
the extinction coefficient of Br3- at this wavelength (deter- 
mined here as 7535 M-' cm-'), [S] is the isobutyrophenone 
concentration, and K is the equilibrium constant for the Br, + 
B r  association reaction. Values of K for the conditions 
employed were interpolated using literature data (5), and. [S] 

was measured s ectrophotometrically before each reaction P - using E = 265 M- cm ' for isobutyrophenone at A = 300 deter- 
mined here. 

Deuterated isobutyrophenone for the runs with deuterated 
substrate in D 2 0  was generated directly in the reaction solu- 
tions by first allowing unlabelled substrate to undergo isotope 
exchange with the solvent via enolization. Since base-cata- 
lyzed enolization is much faster than the very slow acid-cata- 
lyzed reaction (2), 0.1 M NaOD solutions were used for this 
purpose. Exchange was allowed to proceed for times judged to 
be sufficient to effect at least 99.5% deuteration; enough con- 
centrated hydrobromic acid was then added to neutralize the 
base and produce a final acid concentration of the desired 
value, and bromination was begun by adding bromine to these 
acidic solutions. Isobutyrophenone concentration measure- 
ments made before and after the exchange process showed no 
change. Acid concentrations of these and other reaction mix- 
tures were determined by titrating aliquots after the rate mea- 
surements had been completed. 

Results 

The bromine scavenging method of measuring rates of eno- 
lization requires enolization to be the rate-determining stage 
of the bromination process; thus, in the acidic solutions used 
here, the rate of bromination of the enol, kBr[Br2], eq. [7], must 
be 

much greater than the rate of acid-catalyzed reketonization, 
kK+[Lc]. This requirement was amply fulfilled under the 
present experimental conditions. The reaction of enols with 
bromine is known to be nearly encounter-controlled, with rate 
constants of the order of 10' M-' s-' (6). At the bromine con- 
centrations used here, the rate of the bromination reaction was 
therefore k E lo5 s-', which is much greater than the k E 1 s-' 
that can be estimated for reketonization using the known rate 
constants for this reaction in H 2 0  (2) and D 2 0  (3) solution. It 
is thus safe to conclude that enolization was indeed the rate- 
determining stage under the present reaction conditions. 

These measurements were made in hydrobromic acid solu- 
tions over the concentration range [LBr] = 0.1 - 0.5 M. Three 
sets of runs were carried out using (a) unlabelled isobuty- 
rophenone in H,O, (b) unlabelled isobutyrophenone in D,O, 
and (c) isobutyrophenone-a-d in D20. These data are summa- 
rized in Table 1. 

For the measurements in D20,  hydrobromic acid was sup- 
plied as 48% HBr in H,O, and these solutions therefore con- 
tained small, variable amounts of protium. The rate constants 
obtained in these solutions were therefore extrapolated to 
100% D20. A formalism generally applied to rate data in 
H,O-D,O mixtures (7) was used for this purpose, and, 
because the extrapolations were short, the linear form of this 
formalism shown as eq. [8] was employed. In this expression 
k, is the observed rate constant 

determined in the D 2 0  solution containing some protium, x is 
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Keeffe and Kresge 

the atom fraction of deuterium of that solution, kH is the rate 
constant in H20,  and 4 is a fractionation factor. The fraction- 
ation factor in this case is equal to the rate constant in 100% 
D,O divided by that in H20, as shown in eq. [9], which may be 
obtained from eq. [8] by setting x equal to 1. 

Elimination of kH between eqs. [8] and [9] then leads to eq. 
[lo], which may be 

used to convert k, into k,. 
The value of k,  needed to obtain 4 for the application of eq. 

[ lo] is of course not known before the extrapolation is made, 
but a first approximation can be obtained by using k, instead. 
The extrapolated value of k,  obtained in this way is then used 
to get a second approximation of 4, and the process is repeated 
until a self-consistent set of results is obtained. 

This method was employed in the present case for the runs 
with unlabelled substrate; good convergence ($ changing by 
less than 0.1 %) was reached after only three iterations. The 
procedure could not be used for the labelled substrate, because 
the method of introducing the label into this substance (isoto- 
pic exchange with the solvent) precluded rate measurements 
in H,O, and the value of k ,  needed to estimate 4 was conse- 
quently not available.   ow ever, solvent isotope effects can be 
expected to be the same for isotopologs to a very good degree 
of approximation,4 and the converged values of 4 for the unla- 
belled substrate were consequently used for the labelled mate- 
rial as well. 

Least-squares analysis of the relationship between enoliza- 
tion rate constants and acid concentration showed the Dresence 
of an "uncatalyzed" as well as an acid-catalyzed pathway. The 
mechanisms of these two pathways will of course be different 
and different values of 4 will apply. Our rate constants were 
therefore separated into contributions from the two pathways 
and eq. [lo] was applied separately to each. As Fig. 1 illus- 
trates, corrected rate constants proved in all cases to be hardly 
different from uncorrected values. and both sets were accu- 
rately proportional to acid concentration. The results obtained 
by linear least-squares analysis are listed in Table 1. 

One of the hydronium-ion catalytic coefficients determined 
here, that for enolization of isobutyrophenone-a-h in H20,  
had been determined before (2), and the value obtained, (kE):+ 
= (7.02 f 0.69) x M-I s-', agrees well with the present 
result, (kE)i+ = (8.13 2 0.45) x M-I s-l. 

The isotope effects provided by the present results plus 
some related values from the literature are summarized in 
Table 2. 

Any difference would be an isotope effect upon an isotope effect, 
also known as a departure from the rule of the geometric mean 
(8). Such departures are produced by coupling of vibrational 
motions of bonds involving the isotopically substituted atoms; the 
effects are small even when these bonds are in the same molecule 
(9), and they will be even smaller, and consequently negligible, in 
a situation such as the present where one bond is in the substrate 
and the other is in the solvent. 

Fig. 1. Relationship between acid concentration and rate 
constants for the enolization of isobutyrophenone-a- in D,O 
solution; uncorrected rate constants: 0, corrected rate 
constants: A. 

Table 1. Summary of rate data for the enolization of 
isobutyrophenone in aqueous solution at 25OC.O 

Isobutyrophenone-h/H@ 
0.104 100 1.30 
0.105 100 1.71 
0.205 100 2.27 
0.302 100 3.17 
0.307 100 3.30 
0.340 100 3.58 
0.402 100 3.62 
0.455 100 4.63 
0.488 100 4.5 1 
0.498 100 4.71 

k,,,ls-' = (6.72 f 1.57) x + (8.13 f 0.45) x [HBr] 

Isobutyrophenone-hlD,O 
0.103 1.1 1.58 
0.208 2.3 3.14 
0.302 3.0 4.55 
0.308 3.0 4.59 
0.405 4.0 5.69 
0.491 4.9 7.36 
0.494 4.9 7.14 

k,,Js-' = (1.64 f 1.24) x + (1.45 f 0.04) x 10" [DBR] 

Isobutyrophenone-dm 
0.21 1 3.2 1.05 
0.278 4.2 1.18 
0.407 5.1 1.50 
0.478 6.1 1.68 

k,,Js-' = (5.01 f 0.32) x + (2.35 f 0.09) x [DBr] 

"Ionic strength = [LBr]. 
'Atom% protium in the solvent 
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Table 2. Summary of isotope effects for the isobutyrophenone ketwnol system." 

Process Isotope effectb 

"Ionic strength = 0.10 M. 
 h he error limits cited are statistical uncertainties and do not include possible systematic 

errors. 
'From ref. 3. 
d ~ r o m  ref. 18. 

Discussion 

Kinetic isotope effects 
The rate measurements made here of the acid-catalyzed eno- 
lization of isobutyrophenone-a-h in H,O and D,O provide the 
solvent isotope effect (k,)~+l(k,)~+ = 0.56. The inverse direc- 
tion of this isotope effect (kHlkD < 1) is consistent with the 
generally accepted reaction mechanism for the hydronium- 
ion-catalyzed enolization of simple carbonyl compounds, 
which consists of rapid and reversible hydronation of the sub- 
strate on oxgyen followed by rate-determining removal of a 
carbon-bound hydron by a molecule of water, eq. [ I ] ]  (10). 
The isotope effect is inverse because the hydrogen-oxygen 
bonds in water are stronger than those in the hydronium ion 
(1 I), and the bond tightening that this produces in the pre- 
equilibrium step is not fully compensated by the bond loosen- 

ing that occurs as the hydronium ion is regenerated in the tran- 
sition state of the rate-determining step. The present result is 
consistent with solvent isotope effects on the enolization of 
other carbonyl compounds, such as kH+lkD+ = 0.46-0.54 for 
acetone (12) and kH+lkD+ = 0.57 for acetaldehyde (13). 
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Keeffe and Kresge 

The present rate measurements of the acid-catalzyed eno- 
lization of isobutyrophenone-a-h and isobutyrophenone-a-d 
in D,O also provide the substrate isotope effect (kE)E+l(kE)E+ = 
6.2. This is a large, near-maximum, primary effect, which 
implies a central, symmetrical, rate-determining transition 
state, with the hydron about half-transferred and the free 
energy change for the hydron transfer step close to zero (14). 
This again is consistent with the mechanism of eq. [I  11, for the 
acidity of the oxygen-protonated conjugate acid intermediate 
may be estimated as pK, 5 -3.5 (15), which translates into 
AGO = 4.8 kcal mol-I for the oxygen-hydronation step, and 
that together with pKE = 6.5 (2), AGO = 8.8 kcal mol-I, for the 
overall reaction, leaves AGO = 4.0 kcal mol-' for the hydron 
transfer step. 

Equilibrium isotope effects 
A keto-en01 equilibrium constant for isobutyrophenone in 
D,O solution may be obtained by combining the presently 
determined acid-catalyzed enolization rate constant for the 
labelled substrate in D 2 0  with a literature value of the rate 
constant for acid-catalyzed ketonization of the en01 in D 2 0  
(3): KE (D20) = (kE);+/(kK),+ = ((2.35 t 0.09) x 10-7)/((6.48 t 
0.07) x lo-') = (3.63 + 0.14) pKE (D,O) = 6.44 + 0.02.~ 
Combination of this result with the value of KE in H,O (2) then 
gives the solvent isotope effect on the keto-en01 equilibrium: 
KE(H20)/KE(D20) = 0.917 ? 0.058.~ This, as far as we are 
aware, is the first determination of a solvent isotope effect on 
the keto-en01 isomerization of a simple monofunctional car- , 
bony1 compound. 

The ionization of a carbonyl compound as a carbon acid 
may be split formally into two steps, enolization followed by 
acid ionization of the enol, as shown in eq. [ 121. 

The carbon-acid ionization constant, Kt, then becomes the 
product of the keto-enol equilibrium constant and the acidity 
constant of the enol, K t  = KEK;. Since the present work has 
provided a value of KE for isobutyrophenone in D,O and K t  
for isobutyrophenone en01 in D 2 0  is available from the litera- 
ture (3), the acidity constant of isobutyrophenone-a-d ionizing 
as a carbon acid in D,O solution may be determined as 
K~(D,o) = KE(D20) K~(D,o): ((3.63 + 0.14) x ((2.83 + 
0.14) x 10- l~)  = (1.03 f 0.05) x 10-19 M, p ~ K a ( ~ , ~ )  = 18.99 
+ o . o ~ . ~ , ~  combination of this result with the value for isobu- 
tyrophenone-a-h in H 2 0  solution then gives the solvent iso- 
tope effect K~(H,o)/K~(D,o) = 5.40 + 0.40.~ This is a 
reasonable value for an acid of this strength (16). 

Isotopic fractionation factors 
It is useful to separate isotope effects into contributions from 
individual hydrogens by expressing the overall effect in terms 
of fractionation factors for all of the isotopically substituted 

The error limits cited are statistical uncertainties and do not 
include possible systematic errors. 
This is a concentration dissociation constant applicable at ionic 
strength = 0.10 M. 

sites involved (9). The solvent isotope effect on the keto%nol 
equilibrium of isobutyrophenone, for example, may be formu- 
lated as shown in eq. [13], 

where +K is the fractionation factor for the enolizable hydro- 
gen of the keto form, c$E is the fractionation factor for the 
hydroxyl group hydrogen of the enol, and @, and (DE are 
medium effects produced by the solvation shells of the keto 
and en01 isomers, respectively. It is likely that +, will have a 
value close to unity and consequently make no significant 
contribution to the overall isotope effect: fractionation factors 
for hydrogens in sp3 bonds to carbon are not very different 
from unity (9), and + = 1.0 has in fact been determined for the 
enolizable hydrogen of 3-methylacetylacetone (17). With this 
assumption and the directly determined medium effect on the 
keto form, @, = 0.827 f 0 .013~  (IS), plus the overall isotope 
effect determined here, the product of fractionation factor and 
medium effect for the en01 may be evaluated as +EQE = 0.902 
f 0.059.~ The near-unit value for this product is consistent 
with the fact that fractionation factors for hydrogens bound to 
uncharged oxygen, as well as medium effects for neutral sol- 
utes, are themselves generally close to unity (9). 

A similar analysis of the overall isotope effect on the carbon 
acid ionization of isobutyrophenone according to eq. [14], in 
which 8 {= 0.69 (6809, 19)) is the fractionation factor for the 

hydronium ion, gives QE- = 0.466 f 0.039 for the medium 
effect on the isobutyrophenone enolate ion. This, again, is a 
reasonable result inasmuch as enolate ions, like alkoxide ions, 
can be expected to be strongly solvated by water molecules, to 
which they are associated by hydrogen bonding, and hydrogen 
bonding is known to produce low fractionation factors (20). In 
fact, on the assumption that the solvation shell of the enolate 
ion consists of three such water molecules, as is the case for 
the aqueous hydroxide ion, + = 0.78 + 0 .02~  can be calculated 
for each of the hydrogen-bonded hydrogens; this is not unlike 
c$ = 0.7, which has been deduced for the corresponding hydro- 
gens solvating the hydroxide ion (9,21). 
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Folding strain stereocontrol in cyclohexane 
ring formation by means of an intramolecular 
ester enolate alkylation reaction 

Takashi Tokoroyama and Hisashi Kusaka 

Abstract: Diastereoselectivity in the cyclization of ethyl 7-bromo-2-methylheptanoates with an additional substituent at various 
positions in the chain, by LDA treatment, was investigated in connection with the concept of folding strain stereocontrol. 
Cyclization of 3-, 4-, and 6-methyl-substituted substrates revealed high selectivity, which demonstrates the prevalence of folding 
strain stereocontrol and the usefulness of this approach for stereoselective ring construction. In particular, reactions of the latter 
two substrates resulted in the stereodivergent preparation of diastereomeric 1,3-dimethylcyclohexanecarboxylates. In the case of 
the 5-methyl-substituted substrate, the selectivity of ring closure was only moderate. 'H and '" NMR spectroscopic data were 
useful for determining the conformation of 1-methylcyclohexanecarboxylate derivatives. The origin of the diastereoselectivity 
was examined through the qualitative comparison of the strain in the diastereomeric folding in the transition state. Various factors 
that might affect stereoselectivity were examined in the cyclization of 5-substituted substrates to better understand this concept. 
As predicted, the selectivity increased as the substituent became bulkier: Ph < M e  = Et < i-Pr < t-Bu. The effects of other factors 
- solvent, base counter cation, and leaving group - on selectivity agree with results predicted from the reactivity-selectivity 
relationship. 

Key words: folding strain stereocontrol; diastereoselectivity in ring-closure reaction; remote asymmetric induction; ethyl 
2-methylcyclohexanecarboxylate derivatives, 'H and 13c NMR; stereoselective synthesis of substituted cyclohexane 
derivatives. 

Resume : Dans le cadre de travaux sur le concept du stCrCocontr6le par le plissement des chahes,  on a CtudiC la 
diastCrCosClectivitC de la cyclisation, sous l'influence du LDA, de 7-bromo-2-mCthylheptanoates d'Cthyle portant un substituant 
additionnel dans diverses positions. Les cyclisations des substrats substituCs par des groupes mCthyles en positions 3 , 4  ou 6 se 
produisent avec une grande sClectivitC; ceci met en Cvidence la prkvalence du stCrCocontr6le par le plissement de la chaine et 
dCmontre 1'utilitC de cette approche pour la formation stCrCosClective de cycles. Ceci est particulibrement vrai avec les deux 
derniers substrats qui conduisent a la prCparation stCrCoconvergente des 1,3-dimCthylcyclohexanecarboxylates diastCrCombres. 
Dans le cas du substrat portant un groupe mCthyle en position 5, la sClectivitC de la formation du cycle n'est que modCrCe. Les 
donnCes de la spectroscopie RMN du 'H et du I3c se sont avCrCes utiles pour la dktermination de la conformation des dCrivCs 
1-mCthylcyclohexanecarboxylates. On a CtudiC l'origine de la diastCrCosClectivitC par le biais d'une comparaison qualitative de 
la tension dans le plissement diastCrCombre dans 1'Ctat de transition. Dans le but de mieux comprendre ce concept, on a examin6 
divers facteurs pouvant affecter la stCrCosClectivitC lors de la cyclisation de substrats substituCs en position 5. Tel qu'on pouvait 
le prkvoir, la sClectivitC augmente avec une augmentation de I'encombrement du substituant : Ph < Me = Et < i-Pr < I-Bu. Les 
effets des autres facteurs - solvant, contre-ion basique et le groupe partant - sur la sClectivitC sont en accord avec les rksultats 
prCdits sur la base de la relation rCactivit6-sClectivitC. 

Mots clis : stCrCocontr6le par le plissement de la chaine; diastCrCosClectivitC lors de rCactions de cyclisation; induction 
asymktrique 21 distance; RMN 'H et 13c de dCrivCs du 2-mCthylcyclohexanecarboxylate d'Cthyle; synthbse stCrCosClective de 
dCrivCs du cyclohexane substituC. 

[Traduit par la rkdaction] 

Introduction 

Diastereoselective cyclization is an efficient approach for the 
synthesis of ring compounds, with stereoselective installation 
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of substituents on the ring (1). For this reason, cycloaddition 
reactions, such as the Diels-Alder reaction, are considered a 
powerful synthetic tool (2). In contrast, diastereocontrol in a 
simple ring-closure reaction has attracted far less attention. In 
connection with the stereoselective synthesis of natural prod- 
ucts (3), we previously found that the cyclization of 2-(3',4'- 
dimethyl-6'-trimethylsilylhex-4'-enyl)cyclohex-2-enone (1) 
proceeded with twofold stereocontrol to give the decalone 
derivative (2) as a single diastereomer (Scheme 1) (4). One of 
the stereocontrol factors involved the diastereofacial selection 
based on the conformational preference of the 3'-methyl group 
with respect to the diastereomeric folding of the acyclic chain 
in the transition state. We have pointed out the general utility 

Can. J. Chem. 74: 2487-2502 (1996). Printed in Canada / ImprimC au Canada 
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Scheme 1. Scheme 2. 

of this type of stereoselection for the diastereoselective con- 
struction of ring compounds in terms of folding strain stereo- 
control (5-7). 

For the intermolecular reaction of acyclic molecules, dia- 
stereoselection is generally effective only for 1,2-asymmetric 
induction without the intervention of chelation or other special 
conditions. However, for intramolecular reactions, the rilative 
steric strain in the diastereomeric folding of the chain may 
greatly affect the stereoselectivity, and thus the asymmetric 
induction, more than a 1,3-relationship to the stereogenic cen- 
ter, could be effective in the folding strain stereocontrol. We 
believe that the diastereofacial selectivity in a ring-closure 
reaction is determined by the difference in the total strain 
energy (A(SE)AB+), between the diastereomeric transition 
states (A,B) and that, even if the stereocenter in the chain is 
remote from the bond-forming atom, the energy difference 
could be great enough for the diastereoselection to be effec- 
tive. Moreover, the design of a stereoselective cyclization may 
be possible by estimating the strain energy involved. Just as 
diastereodifferentiation in some acyclic stereocontrols is due 
to the energy difference between diastereomeric cyclic transi- 
tion states (e.g., aldol reaction and the Claisen rearrangement) 
(8), the relative energy of diastereomeric foldings in the tran- 
sition state determines diastereoselection in the ring-closure 
reaction. Particularly in carbocyclic six-membered ring forma- 
tion, the difference in conformational energy between the tran- 
sition states could be more distinct than that in systems 
involving many sp2 carbon atoms and hetero atoms, and a bet- 
ter diastereoselectivity would be reasonably expected. Thus, a 
high possibility of remote diastereocontrol could be antici- 
pated in carbocyclic ring formation. Although several exam- 
ples of stereocontrols of this type can be found in the literature, 
a systematic investigation to demonstrate the underlying con- 
cept is lacking (for notable examples, see ref. 9). To further 
test the feasibility of our concept, we investigated diastereo- 
facial selectivity in the cyclization of ethyl 7-bromo-2-methyl- 
heptanoates 3 with a substituent at various positions in the 
chain to diastereomeric cyclohexanecarboxylates 4 and 5 via 
an intramolecular ester enolate alkylation reaction (Scheme 2). 
Kim et al. have used cyclization reactions of this type for the 
stereoselective synthesis of cyclic natural products (9f-9n). 

Results and discussion 

Synthesis of cyclization substrates 
Ethyl 7-bromo-2,3-dimethylheptanoate (11) was synthesized 
by the alkylation of acetoacetate dianion with 3-benzyloxy- 
propyl bromide (7) and subsequent successive introduction of 
methyl groups at the 3 and 2 positions as shown in Scheme 3. 
To introduce the 3-methyl group, the combination of Nozaki 
and Weiler methods (10) was used and the resultant trisubsti- 
tuted olefin was catalytically hydrogenated. 

0 + C ; " E t  

LDA 1 THF 
-78OC to -40°C 

'R ",R 

Ethyl 7-bromo-2,4-dirnethylheptanoate (15) was synthe- 
sized by homologation of 2-methyl-6-valerolactone (12) using 
in situ reduction and the Horner-Emmons reaction (11) 
(Scheme 4). The synthesis of ethyl 7-bromo-2,5-dirnetlzylhep- 
tanoate (19) was achieved in the same way by starting from 3- 
methyl-6-valerolactone (17) obtained by the NaBH4 reduc- 
tion (12) of 3-methylglutaric anhydride (16) (Scheme 5). Sub- 
strates 25 and 26, which have a 5-ethyl and a 5-isopropyl 
group, respectively, were synthesized by the introduction of 
the alkyl groups through the copper-catalyzed conjugate addi- 
tion (13) of Grignard reagents to 2-penten-5-olide (20) and the 
subsequent transformations were similar to those described 
above (Scheme 5). To synthesize the 5-phenyl substrate 30 the 
requisite 3-phenyl-6-valerolactone (28) was prepared by the 
NaBH4 reduction of 3-phenylglutaric anhydride (27). To syn- 
thesize the 5-tert-butyl substrate 35, since the anhydride cor- 
responding to 27 could not be obtained by the Michael 
reaction of methyl 4,4-dimethyl-2-pentenoate with dimethyl 
malonate, the other method shown in Scheme 6 was used. 
Ethyl 7-bronzo-2,6-dimetlzylheptanoate (39) was synthesized 
by the homologation of 4-methyl-6-valerolactone (37) 
(Scheme 7). The substrates 11, 15, 19, 25, 26, 30, 35, and 39 
were all obtained as a mixture of diastereomers, as seen dis- 
tinctly from their 13c NMR spectra. 

Cyclization and stereochemical assignment of the 
diastereomeric products 

Cyclization was performed in THF using three equivalents of 
LDA at -78°C for 1 h, and moderate to good yields of the 
cyclization products were generally obtained under these con- 
ditions. The isomer ratios were determined by capillary GPC. 
Stereochemical assignment of the diastereomeric products 
was carried out effectively by the analysis of 400 MHz  and 
13c NMR spectra with reference to those reported in the liter- 
ature, when available. The results are shown in Tables 1-5. 

Ethyl trans-1,2-di~~zethylcyclohexanecarboxylate (40)~ 
The 'H NMR spectra of the major product in the cyclization of 
ethyl 7-bromo-2,3-dimethylheptanoate (11) agree well with 
the data reported for the methyl ester corresponding to the 
trans compound 40, except with regard to the signal due to the 

Throughout this paper, the cis-trans notation for the relative 
configuration of substituted cyclohexanecarboxylate derivatives 
refers to the ester groups. 
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Tokoroyama and Kusaka 

Scheme 3. 

it ii iii, iv v 
HO-OH - B~O-OH - BnoVBr - 

6 7 

vi-viii HOT 
B n 0 ~ ~ C ~ 2 E t  - ix-xi 

C02Et - 
8 0 9 

(i) PhCHO, TsOH; (ii) LiAIH4, AICI3; (iii) MsCI, Et3N; (iv) LiBr; (v) ethyl acetoacetate dianion; 
(vi) (Et0)2P(0)CI, NaH; (vii) Pd(PPh3),C12, Me3AI; (viii) Hz, Pd-C; (ix) MOMCI, i-Pr,NEt; (x) Mel, NaH; (xi) 6 N HCI 

Scheme 4. Scheme 5. 

... 
111 iv, v - ~ ' ~ C 0 2 E t  - 

14 

(i) DIBAL; (ii) (Et0)2P(0)CHMeC02Et, BuLi; 
(iii) H,, Pd-C; (iv) MsCI, Et3N; (v) LiBr 

ester groups (14, 15). When the 'H NMR spectra of 40 was 
analyzed using a COSY experiment, the coupling constants 
between the resonances of the 2-H proton and 3-methylene 
protons were found to be 3.1 and 10.5 Hz. Therefore, the 2-H 
proton was concluded to be axial, and the 2-methyl group was 
considered to assume an equatorial conformation. Moreover, ( 

the appearance of the 2-H proton signal at a rather deshielded 
position (6 2.01) indicated that the ethoxycarbonyl group is in 
an equatorial conformation (vide infra). 

i) NaBH4, THF; (ii) DIBAH; 
(iii) (EtO),P(O)CHMeCO,Et, BuLi; (iv) H2, Pd-C; 
(v) MsCI, Et3N; (vi) LiBr; (vii) CH,=CHMgBr, Cul; 
(viii) Me2CHMgBr, Cul 

Ethyl cis- and trans-l,3-dirnethylcyclohexanecarboxylates (42 
and 43) 

The diastereomers 42 and 43 were obtained as the major prod- 
ucts, respectively, in the cyclization of 2,4- and 2,6-dimethyl- 
7-bromoheptanoic acid esters 15 and 39. Comparison of the 'H 
NMR data with those reported previously (15, 16) suggested 
that they represented cis and trans compounds, respectively. 
The difference between 42 and 43 was more distinct in the 13c 
NMR spectra in which the signals due to the tertiary methyl 
groups were observed higher upfield in the former (6 20.5) 
than in the latter (6 28.7). This fact indicates that the former 
methyl group is axial and the latter is equatorial. Furthermore, 
in the 'H NMR spectra, the trans ester 43 exhibited signals due 
to the equatorial C-2 and C-6 protons at deshielded positions 

(6 2.13 and 2.16, respectively), while those of the cis ester 42 
appeared in a normal range, with the ethoxycarbonyl group in 
42 and 43 in equatorial and axial orientation, respectively. The 
13c resonances of the secondary methyl groups in 42 and 43 
were located at a similar field (6 22.8 and 22.4). 

Ethyl trans- and cis-1,4-dimethylcyclohexanecarboxylates (44 
and 45) 

The mixture of diastereomers obtained by the cyclization of 
19 was separated by flash chromatography, and their confor- 
mation was studied by 'H and I3c NMR spectroscopy. In 13c 

NMR spectra of the major and minor products, the signals due 
to tertiary and secondary methyl groups were observed at 6 
20.8,22.7 and 6 28.3,22.4, respectively. Thus, the former was 
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Scheme 6. 
1-Bu 
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Scheme 7. 

0 32 
31 

iv, v - T ~ ~ ~ ~ C H O  I-Bu 

33 
I 

vi, vii HO+CO~E~ 
I-Bu 

viii, ix - 
t-Bu 

35 

(i) MCPBA; (ii) MeLi; (iii) TBDMSCI, imidazole; 
(iv) Ph3P=CHOMe; (v) HCIO,, H20; (vi) KMnO,, NaH2P04; 
(vii) EtOH, TsOH; (viii) MsCI. Et3N; (ix) LiBr. 

considered to have the trans structure (44) and the latter the cis 
structure (45). This assignment was consistent with the differ- 
ence in the 'H NMR spectra for both products. The signals of 
the 2-He, (= 6-HFq) and 3-H,, (= 5-Ha,) protons for 45 
appeared at a deshielded (6 2.17 vs. 1.58 for 44) and shielded 
position (6 0.96 vs. 1.69 for 44), respectively, which was 
ascribed to the axial conformation of an ethoxycarbonyl group 
in 45. 

Ethyl trans- and cis-4-ethyl-, 4-isopropyl-, 4-plzenyl-, o r  4-tert- 
butyl-1-metlzylcyclohexanecarboxylates (46-53) 

In these compounds C-4 substituents are believed to lock the 
conformation, in which they are disposed equatorially, even 
more strictly than in the 4-methyl analogs above. Thus, the 
configurations of the diastereomeric products were most 
readily assigned by comparing the chemical shift values of the 
signals due to 1-methyl groups in 13c NMR spectra; i.e., the 
compound with the larger 6 value was considered to be cis and 

(i) CH2(C02Me)2, Et3N; (ii) NaBH4; (iii) KOH; 
(iv) H2SO4; (v) DIBAH; (vi) (Et0),P(O)CHMeCO2Et, 
BuLi; (vii) H2, Pd-C; (viii) MsCI, Et3N; (ix) LiBr. 

the one with the smaller 6 value trans. Additional support for 
these assignments was obtained by analyzing 'H NMR spec- 
tra, as with the 4-methyl analog described above.4 

Diastereoselectivity in the cyclization of ethyl 7-bromo-2- 
methylheptanoates with a methyl substituent at various 

- - 

positions in the chain 
The ratios of the diastereomeric products observed in the 
cyclization of substrate 3 with a methyl group at various posi- 
tions are summarized in Table 1. The reaction shows generally 
good selectivity, except in the case of 5-methyl-substituted 
substrate 19. These results indicate that the remote stereo- 
control in a simple ring-closure reaction would have greater 
potential than is generally thought (I)  for the stereoselective 
synthesis of cyclic compounds, even though the bulkiness of 
the substituent and the type of the reaction concerned must be 
taken into account. In the following discussion, the relation- 
ship between the degree of diastereoselectivity and the energy 
difference of the diastereomeric transition states estimated 
qualitatively from the folding strains is addressed separately 
for the individual substrates. We have made two assumptions 
regarding the conformation of the transition state for the sake 
of ~ i m ~ l i f i c a t i o n . ~  First, we assume that the chair conforma- 
tion is decidedly preferred over the twist-boat conformation. 
Second, we assume that the eclipsed (skew) form 54 is favored 
over the bisected (gauche) form 55, as has been pointed out 
also by D. Kim et al. (9g, 9k). The latter assumption is based 
on the generally accepted view regarding allylic systems, 
which is supported by the results of computational studies (17, 
18). However, these studies have also revealed that the energy 
difference between the skew and gauche forms is much 
smaller in the model enolate system 56 than in the crotyl ana- 
log 57 (1.7 vs. 3.4 kcallmol) (17). If the presence of the C-2 

The 'H NMR spectral data for the trans and cis methyl esters 
corresponding to 52 and 53 were given in ref. 15, but these could 
not be used to distinguish between the diastereomeric products. 
The cyclization is considered to proceed mainly via E-enolates 
(19). The effect of enolate geometry on this issue is unknown, 
though it is not believed to be very important. A cyclization 
experiment with the substrates with bulkier ester alkyl groups 
might be informative in this regard. 
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Tokoroyama and Kusaka 

Table 1. Remote diastereocontrol in the cyclization of ethyl 7-bromo-2-methylheptanoates with a 
methyl group at various positions in the chain." 

- 

Diastereomeric ratio 
Cyclization products (yield) Entry Subrates 

,>,,>CO?Et d'; 
H a 

Me 

"The reactions were conducted with 3 equivalents of LDA in THF at -78°C. 

strain (18, 20) and the additional gauche repulsion (quasi- 
axial vs. quasi-equatorial conformations of the 3-methyl 
group), both of which make TS 59 unfavorable and lead to the 
cis product through TS ~ 8 . ~  The latter effect is inherent in the 

methyl group is taken into account, the energy difference 
between the transition states (TS) 54 and 55 could be consid- 
erably less than the former value, since the gauche interaction 
between the 2-methyl group and the C-3-C-4 bond might 
destabilize TS 54. 

H ;&?A > B.---F&~ 
EtO LiO- 

I Me 
Me OEt 

Me 

Me EtO OLi 
58 59 

ring-closure reaction of a carbon chain and should not be 
neglected (- 1.8 kcal). In contrast to the models (21, 22) pos- 
tulated to explain the diastereofacial selectivity in the intermo- 
lecular reaction of ester enolates with a P-stereogenic center, 
where the stereoelectronic effect plays an important role, the 
steric constraint resulting from the folding of the chain is an 
additional significant factor in determining the selectivity in 
the ring-forming reaction. Selectivity in the cyclization of sub- 
strates with a substituent remote from the atom on which the 
bonding occurs largely depends on the extent of the strain 
energy involved in the chain folding (1 ,n-asymmetric induc- 
tion, n L 3). 

56 R = OMe 
57 R = Me 

Cyclization of ethyl 7-bromo-2,3-dirnetlzylheptanoate (11) 
In this cyclization, a stereogenic center exists next to the bond- 
forming carbon atom of an allylic system. Our dually stereo- 
controlled cyclization reaction mentioned at the outset 
(Scheme 1) involves this type of stereocontrol. Most of the ste- 
reocontrols used by Kim et al. (9) also belong to this category. 
They have reported an overall selectivity of 98:2 in the 
cyclization of substrate analogous to 11 (2-butyl and 7-tosyl- 
oxy groups instead of 2-methyl and 7-bromo, respectively) 
(9f). The major factors that affect selectivity include the 

Cyclization of 7-bromo-2,4-dimethylheptanoate (15) 
The diastereoselectivity for the cis product 42 was excellent, 
and formation of the trans product 43 was not detected. TS 61, 

- - - 

  he sign of the inequality between formulas for the transition 
state conformations denotes the energy (or kinetic) preference. 
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which leads to the trans product 43, is destabilized relative to 
cis-TS 60 by gauche repulsion (- 1.8 kcal/mol) and 1,3-di- 
axial dimethyl interaction (3.7 kcal/mol) (23,24). This energy 
difference ( 4 . 5  kcallmol)' is sufficient to explain the selectiv- 
ity of greater than 99%. Incidentally, the gauche transition 
state 62, which has no destabilization due to severe 1,3-diaxial 
dimethyl repulsion, must have a strain energy lower than that 
of 61, but higher than that of 60. 

LiO > 
EtO I 

Me 

60 

- - B r M i x t v l e  I1 
L ~ O I ~ O E ~  

OEt 
6 1 62 

Cyclization of ethyl 7-bromo-2,5-dimethylheptanoate (19) 
In this cyclization, formation of the trans product 44 was pre- 
ferred to that of the cis product 45 by a ratio of 79:21, which 
corresponds roughly to the energy difference of 0.8 kcallmol 
between the diastereomeric transition states. This selectivity is 
lower than that expected from the conformational energy dif- 
ference between 63 and 64 (quasi-equatorial vs. quasi-axial 
methyl groups, -1.8 kcallmol), One of the bonds (C-5-C-6) 
gauche to the axial methyl group in TS 64 located at an end is 
less sterically constrained, provided that the C-1-C-6 bond 
remains loose and that the ester enolate alkylation reaction 
involves an early transition state, as generally postulated (19). 
This situation would account for the lower selectivity. 

;&---Me 

EtO I > B r - - - ~ &  L~o--, 

Cyclization of ethyl 7-bromo-2,6-dimethyllzeptanoate (39) 
In this case, the trans product 43 was formed predominantly 
rather than the cis isomer 42, which indicates that TS 66 is pre- 
ferred to 65. This fact might be explained by the presence of a 
severe torsional strain between the 6-methyl and the bromine 
bonds in TS 65, which are nearly synperiplanar. While the 
diastereomeric TS 66 appears to suffer from 1,3-diaxial di- 
methyl interaction (-3.7 kcal/mol) (23,24), twist-boat TS 66a 
is unlikely since it is doubly disadvantaged (twist-boat form 
and the gauche form). Also, the 1,3-diaxial dimethyl interac- 
tion in TS 66 might not be as strong as in a normal cyclohexane 
ring since the loose C-1-C-6 bond intervenes between the 
two carbon atoms bearing methyl groups, which differs from 
the situation in TS 61. The strong dependence of van der 
Waals repulsion on the distance between the atoms is well 
known (25). 

' The energy difference between the transition states should be less 
than that estimated for the cyclohexane products, due to the 
looseness of the emerging bond. 

1% Br- '  8 - - \  

EtO I 
< Br- - Lio--, - -$$ 

Factors influencing diastereoselectivity 
Various parameters that may affect the diastereofacial selec- 
tivity, including the size of 5-substituents, were investigated to 
better understand the parameters governing the cyclization of 
ethyl 7-bromo-23-dimethylheptanoate (19), which shows 
only moderate stereoselectivity. 

Relationship between diastereoselectivity and bulkiness of the 
substituent in the chain 

The steric bulkiness of the substituents is believed to greatly 
affect the energy difference between the diastereomeric tran- 
sition states, and hence the diastereoselectivity. This subject 
was investigated in the cyclization of substrate 3, which car- 
ries substituents of various sizes at the 5-position. The results 
are shown in Table 2 with the relevant conformational free 
energy (A-values) (ref. 24, pp. 433-436, and ref. 26). Gener- 
ally, selectivity was enhanced as the bulkiness of the 5-substit- 
uents increased, as anticipated. However, two points should be 
mentioned. First, a change in the 5-substituent from methyl to 
phenyl resulted in a decrease in selectivity, which was con- 
trary to the result predicted from the A-values. This result is 
supported by the fact that in the equilibrium of l-methyl-l- 
phenylcyclohexane conformers, the methyl group prefers the 
equatorial position by 0.3 kcal/mol(27,28; see also ref. 12). A 
computational study on a simple allylic system (17) also 
showed that a phenyl group can be less effective than a methyl 
group in providing a conformational lock, depending on its 
disposition. Second, the diastereoselectivity observed for the 
5-tert-butyl substrate 35 was not as high as expected, consid- 
ering the ability of the tert-butyl group to lock the cyclohexane 
conformation. This result might indicate the intervention of a 
gauche TS 69 or a twist-boat TS 70 rather than a chair TS 68, 
which would definitely be energetically unfavorable. 

k & z t - B U  

EtO I 

Br--'-=t-Bu 
Me- 

69 70 
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Tokoroyama and Kusaka 

Table 2. Effect of the bulkiness of the substituent on 
diastereoselectivity in the cyclization of 5-substituted 7-bromo-2- 
methylheptanoates. 

R &C02Et + R & ~ e  

trans cis 

Substrate 

Entry R No. 

1 Me 19 
2 Et 25 
3 i-Pr 26 
4 Ph 30 
5 t-BU 35 

Diastereomeric Products 
yield ratio A-value 
(%) (translcis) (kcaVmol) 

66 44/45 = 79:21 1.8 
89 46/47 = 79:21 1.8 
85 48/49 = 86:14 2.1 
80 50151 = 74:26 2.9 
77 52/53 = 89:ll >4.5 

Table 3. Effect of the solvent on diastereoselectivity in the 
cyclization of ethyl 7-bromo-2,5-dimethylheptanoate." 

Product 
Reaction ratio 

temp. Yield translcis 
Entry Solvent ("c) (%) (44145) 

1 EGO -20° 72.9 73:27 
2 THF -78 66.0 79:21 
3 DME -78 77.5 69:31 
4 THF/HMPA' -78 71.9 52:48 

"The reaction was conducted using 2.5 molar equivalents of LDA. 
?he reaction did not proceed to completion at -78'C. 
'HMPA was used in 13.4 molar equivalents. 

Effect of the solvent 
The effect of the solvent on the diastereoselectivity was 
examined in the cyclization of the 5-methyl substrate 19 
(Table 3). Excluding the reaction in diethyl ether (entry l), 
which was conducted at an elevated temperature, selectivity 
decreased in the order THF > DME > THFmMPA. This 
order parallels the well-known increase in enolate reactivity 
due to the greater dissociation of the enolate cation ion pair 
and ion aggregate (ref. 26, p. 428). Based on the reactivity- 
selectivity principle (29), the increase in reactivity should 
diminish selectivity. 

Effect of base counter cation 
Kim et al. reported for one of their cyclization reactions that 
the use of LDA as a base gave better selectivity than potassium 
hexamethyldisilazide (KHMDS), albeit in poorer yield (9g). 
The results of our investigation in this regard are shown in 
Table 4. In comparing entries 2 and 4, the selectivity is slightly 
higher in the reaction with lithium hexamethyldisilazide 

Table 4. Effect of the base on diastereoselectivity in the 
cyclization of ethyl 7-bromo-2,5-dimethylheptanoate. 

Product 
Reaction ratio 

temp. Yield translcis 
Entry Basea ("c) (%) (44145) 

1 LD A -78 66.0 79:21 
2 LHMDS r.t. 72.0 73:27 
3 KHMDS -25 67.6 71:29 
4 KHMDS r.t. 75.0 69:3 1 

"Three equivalents were used. 

(LHMDS) than with KHMDS. This result is consistent with 
the trend predicted from the reactivity-selectivity relation- 
ship, since the degree of ion-pair dissociation is greater in 
potassium enolate than in lithium enolate and the former 
should be more reactive. 

Leaving group effect 
In the cyclization reactions described thus far, the observed 
selectivity is generally lower than that predicted from an esti- 
mation of the energy difference between the diastereomeric 
transition states based on the conformation of the product 
cyclohexane derivatives. This discrepancy may be largely 
attributed to the fact that the transition state involves a looser 
conformation than the product. The extent of the discrepancy 
should increase as the transition state occurs earlier in the 
reaction. This influence on selectivity is similar to Hammond- 
BEP behavior (29). Thus, we can predict that diastereoselec- 
tivity should decrease as the ease with which the leaving group 
dissociates increases. Our results are summarized in Table 5. 

Conclusion 

Diastereoselectivity in cyclohexane ring formation by the 
intramolecular ester enolate alkylation reaction has been 
investigated as a case study of the folding strain stereocontrol 
concept. In the cyclization of ethyl 7-bromo-2-methylhep- 
tanoates (3) with a methyl substituent at various positions in 
the chain under LDA treatment, good to excellent selectivities 
were obtained, with the exception of the case of 5-methyl, 
where the selectivity was only moderate. It would be valuable 
from a synthetic point of view that either of the diastereomeric 
1,3-dimethylcyclohexanecarboxylates could be obtained 
stereoselectively merely by choosing the cyclization sub- 
strates. Thus, folding strain control could influence a ring- 
closure reaction to a greater extent than generally thought, and 
stereoselective ring construction using this approach would be 
useful. The direction of the selectivity can be explained by a 
qualitative consideration of the strain factors in the diastereo- 
meric transition states. In this approach, the location of the 
bond formed relative to the stereogenic center is extremely 
important. Noteworthy results in this study include the differ- 
ence in the degree of diastereoselectivity in cyclization 
between the 2,5-dimethyl and 2,6-dimethyl substrates 15 and 
19, and the unexpected preference for diastereomer 43 over 42 
in the cyclization of substrate 39. Our assumption requires fur- 
ther support from computational studies. Quantitative estima- 
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Table 5. Effect of leaving group variation on diastereoselectivity 
in the cyclization of 7-substituted ethyl 2,5-dimethylheptanoate. 

Reaction 
Leaving temp. Yield 

Entry gr. Y ("'7 (%I 

Product 
ratio 

(44145) 

1 C1 -20 60.4 
2 TsO -7 8 79.0 
3 Br -7 8 66.0 
4 TfO -78 75.0 
5 I -7 8 73.0 

tion of the difference in strain energy between diastereomeric 
foldings in the transition state is desirable, and future studies 
should addresss this problem by a combination of MO and 
force field calculations (30, 3 1). The effect of bulkiness of the 
substituent on selectivity was examined in the 5-substituted 
substrate, and selectivity increased in the order Ph < M e  = Et 
< i-Pr < t-Bu, as predicted. The effects of the solvent, the base 
counter cation, and the leaving group are related to enolate 
reactivity. A greater reactivity is associated with a lower selec- 
tivity, i.e., in accord with the normal reactivity-selectivity 
relationship. These effects should be taken into account when 
working with diastereoselective ring contruction. 

Experimental 

IR s ectra were obtained on a JASCO A-100 spectrometer. 'H 
73 and C NMR spectra were recorded in CDCI:, on a Hitachi R- 

90-H, a JEOL FX-100, or a JEOL JMN-GX-400 spectrometer. 
Proton chemical shifts are reported in ppm on the 6 scale rela- 
tive to TMS as an internal reference (0.00), and carbon chem- 
ical shifts are reported in ppm relative to the center line of the 
CDC1, triplet (77.03). Carbon signal multiplicities were deter- 
mined by INEPT experiments. The superscript asterisks on 
chemical shift values denote the observation of signals for the 
diastereomer at separate positions. MS spectra (EI) were deter- 
mined on a JEOL JMS D-300 or a JMX AX-500 high-resolu- 
tion mass spectrometer. GC analyses were performed on a 
Shimazu GC-9A apparatus using an OV-1 or Shimazu CBP- 
20-M-25-20 capillary column. TLC was performed on a pre- 
coated thin-layer plate (Merck Art 5744 silica gel 6OF,,,; 0.25 
or 0.5 mm). Silica gel (Fuji-Davison BW-820, BW-300, or 
BW-200) was used for column chromatography. Et,O, THF, 
and DME were distilled from sodium benzophenone ketyl 
under N,. HMPA, DMSO, Et3N, and diglyme were distilled 
from CaH2. Benzene, CH,Cl,, and CCl, were distilled from 
P205. MeOH and EtOH were dried by distillation from the cor- 
responding magnesium alkoxide. All reactions were con- 

ducted in dry glassware under argon or N2. The organic 
extracts were dried over MgS0, prior to solvent removal on a 
rotary evaporator. 

3-Benzyloq-I -propano1 (6) (32) 
A solution of benzaldehyde (20.4 mL, 200 mmol), 1,3-pro- 
panediol(l7.4 mL, 240 mmol), and TsOH.H20 (1.9 g) in ben- 
zene (300 mL) was refluxed overnight. The reaction mixture 
was cooled to room temperature, washed successively with 1 
N NaOH and water, and dried over anhydrous K2C03. After 
removal of the solvent the product was distilled to give 3-phe- 
nyl-1,3-dioxacyclohexane (31.4 g, 96%) as a colorless oil; 'H 
NMR (90 MHz) 6: 1.20-1.80 (m, 2H, CH2CH,CH2), 3.81- 
4.35 (m, 4H, 2 x OCH,CH,), 5.48 (s, IH, CHPh), 7.20-7.50 
(m, 5H, Ph). A solution of this product (15.4 mL, 93.9 mmol) 
in Et20 (70 mL) was added to the solution prepared by stirring 
a mixture of AlC13 (30.7 g, 230 mmol) in Et,O (80 mL) and 
LiAlH, (2.20 g, 57.5 mmol) in Et20 (40 mL) at 0°C for 30 min 
and the resulting mixture was refluxed for 4 h. Water was 
added carefully to the cooled mixture to destroy the excess 
hydride and then it was acidified by the addition of dilute 
H,S04. The mixture was extracted with Et,O and the com- 
bined organic layers were washed with aqueous Na,C03 solu- 
tion and brine. The product, after removal of the solvent, 
distilled to afford the title compound 6 (1 1.2 g, 7 1%) as a col- 
orless oil; 1H NMR (90 MHz) 6: 1.84 (2H, quintet, J  = 5.9 Hz, 
CH,CH2CH2), 1.90 ( lH,  s, OH), 3.63 (2H, t, J  = 5.9 Hz, 
CH,CH20H), 3.74 (2H, t, J  = 5.9 Hz, CH2CH20Bn), 4.49 
(2H, s, OCH,Ph), 7.30 (5H, s, Ph). 

1 -Benzyloxy-3-brornoproparze (7) 
To a mixture of 3-benzyloxy-1-propanol (6) (11.2 g, 66.7 
mmol) and Et3N (14.0 mL, 100 mmol) cooled to 0°C was 
added MeS0,Cl (6.2 mL, 80 mmol). The mixture was stirred 
for 15 min and the reaction was quenched by the addition of 
NH4Cl. The product was extracted with Et,O and the com- 
bined organic phases were washed successively with 1 N HC1, 
aqueous Na2C03, and brine. The solvent was evaporated to 
afford the crude mesylate; 'H NMR (90 MHz) 6: 2.02 (2H, 
quintet, J  = 5.9 Hz, CH,CH2CH2), 2.92 (3H, s, OMS), 3.58 
(2H, t, J  = 5.9 Hz, CH,OBn), 4.34 (2H, t, J  = 5.9 Hz, 
CH,OMs), 4.50 (2H, s, OCH,Ph), 7.3 1 (5H, s, Ph). A solution 
of the mesylate thus obtained (16.3 g, 66.7 mmol) in acetone 
(150 mL) was refluxed overnight with LiBr (14.5 g, 167 
mmol) with stirring. Et,O and water were added and the 
organic phase was washed with water. The crude product 
obtained by evaporation of the solvent was purified by silica 
gel chromatography to furnish the title bromide 7 (12.7 g, 
83%) as an oil: 'H NMR (90 MHz) 6: 2.13 (2H, quintet, J =  6.2 
Hz, CH,CH,CH,), 3.53 (2H, t, J =  6.2 Hz, CH2CH20Bn), 3.66 
(2H, t, J =  6.2 Hz, CH,CH,Br), 4.51 (2H, s), 7.32 (SH, s, Ph); 
I3c NMR (25 MHz) 6: 128.5, 127.7, 73.2, 67.7, 32.9, 30.7. 

Ethyl 7-berzzylo,~y-3-oxoheptanoate (8)  
To a stirred suspension of NaH (1.9 g, 39.4 mmol) in THF (50 
mL) cooled to 0°C was added a solution of ethyl acetoacetate 
(4.28 mL, 32.8 mmol) in THF (30 mL). After the mixture had 
been stirred for 15 min, rz-butyllithium solution (1.6 M in hex- 
ane, 22.0 mL, 35.2 mmol) was added and the mixture was 
stirred for 15 min at 0°C. To the dianion solution thus prepared 
was added 3-bromo-1-benzyloxypropane (7) (7.51 g, 32.8 
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Tokoroyama and Kusaka 

mmol) in THF (30 mL) and the reaction mixture was stirred at 
room temperature for 3 h, then quenched by the addition of 1 N 
HCl. The product was extracted with Et,O and the combined 
organic layers were washed with aqueous NaHC0, and brine. 
The residue left after evaporation of the solvent was purified 
by chromatography on a silica gel column to give the title ester 
8 (6.47 g, 71%) as a colorless oil: IR (neat): 1740, 1710 cm-'; 
'H NMR (400 MHz) 6: 1.27 (3H, t, J  = 7.3 Hz, MeCH,O), 
1.60-1.74 (4H, m, CH2CH2), 2.56 (2H, t, J  = 6.7 Hz, 
CH2CH2CO), 3.41 (2H, S, COCH,C02), 3.47 (2H, t, J  = 6.7 
Hz, CH,OBn), 4.18 (2H, q, J  = 7.3 Hz, OCH,Me), 4.48 (2H, s, 
OCH,Ph), 7.33 (5H, m, Ph); I3c NMR (25 MHz) 6: 202.6 (s), 
167.2 (s), 138.5 (s), 128.3 (d), 127.6 (d), 72.9 (t), 69.9 (t), 61.3 
(t), 49.3 (t), 42.6 (t), 29.0 (t), 20.3 (t), 14.1 (q). 

Ethyl 7-hydroxy-3-methylheptanoate (9) 
To a suspension of NaH (1.46 g, 30.5 mmol) in Et20 was 
added a solution of ethyl 7-benzyloxy-3-oxoheptanoate (8) 
(7.7 g, 27.7 mmol) in Et,O (30 mL) at 0°C. After stirring for 15 
min, diethyl chlorophosphate (4.42 mL, 30.5 mmol) in Et,O 
(30 mL) was introduced dropwise and stirring was continued 
at room temperature for 2 h. The reaction mixture was 
quenched by the addition of aqueous NH4Cl and washed with 
aqueous NaHCO,. The solvent was evaporated to leave the 
en01 phosphate. A solution of zero valent palladium reagent 
was prepared in situ from PdCl,(PPh), (0.38 g, 0.55 mmol) in 
THF (1 1 mL) and a solution of DIBAL in toluene (2.25 M, 
0.49 mL, 1.1 mmol) at 0°C for 10 min and to this was added 
successively the en01 phosphate (1 1.4 g, 27.5 mmol), obtained 
above and dissolved in CH,Cl, (55 mL), and a Me,AI solution 
(2 M, 42 mL, 82 mmol) in THF (1 1 mL). The mixture was 
stirred at room temperature for 5 days. The reaction mixture 
was diluted with Et,O and poured into 1 N HCl. The organic 
layer was separated and washed with saturated NaHCO, and 
brine. The chromatographic purification (silica gel) of the res- 
idue left after removal of the solvent afforded ethyl 7-benzyl- 
oxy-3-methyl-2-heptenonte (6.54 g, 86%) as an oil; 'H NMR 
(400 MHz) 6: 1.27 (3H, t, J  = 7.3 Hz, MeCH,O), 1.50-1.70 
(4H, m), 2.14 (3H, s, =CMe), 2.14 (2H, t, J  = 6.1 Hz, 
CH2CH2C=), 3.47 (2H, t, J  = 6.1 Hz, CH,CH,OBn), 4.14 
(2H, q, J =  7.3 Hz, OCH,Me), 4.49 (2H, s, OCH,Ph), 5.65 (1 H, 
s, CH=C), 7.33 (5H, m, Ph); ',c NMR (100 MHz) 6: 166.8, 
159.6, 138.6, 128.4, 127.6, 127.5, 115.8,72.9,70.0,59.4,40.6, 
29.3, 24.1, 18.6, 14.3. Exact Mass calcd. for Cl7H2,O3: 
276.1725; found: 276.1716. A portion of the product (2.4 g, 
8.8 mmol) was dissolved in EtOH (50 mL) and hydrogenated 
in the presence of 10% palladium on charcoal (0.2 g) overnight 
at room temperature. The catalyst was removed by filtration 
and the filtrate was evaporated to leave a residue that was puri- 
fied by chromatography on a silica gel column. The product 9 
(1.65 g, 100%) was obtained as a colorless oil; 'H NMR (400 
MHz) 6: 0.93 (3H, d, J  = 6.2 Hz, MeCH), 1.24 (3H, t, J  = 7.0 
Hz, MeCH,O), 1.00-2.40 (lOH, m), 3.64 (2H, t, J  = 5.9 Hz, 
CH,CH,OH), 4.13 (2H, q, J  = 7.0 Hz, MeCH,O); ',c NMR 
(25 MHz) 6: 173.3, 62.9, 60.1, 41.8, 36.4, 32.8, 30.3, 23.1, 
19.7, 14.2. 

Etlzyl7-hydroxy-2,3-dimethylheptanoate (10) 
A mixture of ethyl 7-hydroxy-3-methylheptanoate (9) (1.65 g, 
8.8 mmol) and diisopropylethylamine (1.99 mL, 11.4 mmol) 
in CH,Cl, (35 mL) was stirred for a while at 0°C and then 

chloromethyl methyl ether (0.87 mL, 11.4 mmol) was added. 
The resulting mixture was allowed to warm slowly to room 
temperature, where it was stirred for 5 h, then quenched by the 
addition of 1 N HCl. The product was extracted with Et20, and 
the extract solution was washed with aqueous NaHC03 and 
brine. The residue obtained after evaporation of the solvent 
was purified by chromatography on a silica gel column to 
afford ethyl 7-methoxynzethoxy-3-methylheptanoate (1.92 g, 
94%) as an oil: 'H NMR (400 MHz) 6: 0.94 (3H, d, J =  6.1 Hz, 
MeCH), 1.26 (3H, t, J  = 7.3 Hz, MeCH,O), 1.1 8-2.28 (9H, m), 
3.36 (3H, s, MeOCH,O), 3.52 (2H, t, J  = 6.1 Hz, 
CH,CH,OMOM), 4.13 (2H, q, J  = 7.3 Hz, MeCH,O), 4.62 
(2H, s, MeOCH,O). The LDA solution, prepared from diiso- 
propylamine (1.4 mL, 10 mmol) in THF (20 mL) and n-butyl- 
lithium solution in hexane (1.5 M, 6.8 mL, 10.2 mmol), was 
cooled to -78°C and to this was added, with stirring, a solu- 
tion of the MOM ether above dissolved in THF (20 mL) and 
HMPA (7 mL). After stirring for 30 min, iodomethane (0.62 
mL, 10 mmol) was introduced. The cooling bath was removed 
and the reaction mixture was allowed to warm slowly to room 
temperature. After 3 h it was quenched by the addition of 1 N 
HCl and the product was extracted with Et20. The organic lay- 
ers were washed with aqueous NaHCO, and brine. The resi- 
due left after evaporation of the solvent was purified by silica 
gel chromatography to furnish ethyl 7-metho methoxy-2,3- ? di-methylheptanoate (1.69 g, 83%) as an oil: H NMR (400 
MHz) 6: 0.86, 0.90:"3H, d, J  = 6.6 Hz, MeCH), 1.06, 1.10" 
(3H, d, J  = 6.8 Hz, MeCH,), 1.25 (3H, t, J  = 7.1 Hz, MeCH20), 
1.10-2.00 (8H, m), 3.36 (3H, s, MeOCH20), 3.52 (2H, t, J  = 
6.4 Hz, CH,CH,OMOM), 4.13 (2H, q, J =  7.1 Hz, MeCH,O), 
4.62 (2H, s, MeOCH,O); ',c NMR (25 Hz) 6: 176.5, 96.5, 
67.8, 60.0, 55.1, 44.7,:"4.3, 35.4, 34.6, 33.2," 29.9, 23.9, 
23.7," 17.2," 15.7, 14.3, 14.0,'" 12.4. Demethoxymethylation 
of the crude product above (2.35 g) was performed by its treat- 
ment with 6 N HCl(4 mL) in THF (47 mL) at room tempera- 
ture overnight. After dilution with water the reaction mixture 
was extracted with EtzO and the combined organic layers were 
washed with aqueous NaHCO, and brine. Purification of the 
product by silica gel chromatography afforded a diastereo- 
meric mixture of the title compound (10) (1.76 g, 66% from 9) 
as an oil: IR (neat): 3375, 1720 cm-'; 'H NMR (400 MHz) 6: 
0.86, 0.91:'; (3H, d, J =  6.7 Hz, MeCH), 1.06, 1.10:'; (3H, d, J =  
6.7 Hz, MeCH,), 1.25 (3H, t, J =  7.3 Hz, MeCH,O), 1.14-1.85 
(8H, m), 2.35 ( lH,  quintet, CHCHMe), 3.64 (2H, t, J =  6.1 Hz, 
CH2CH20H), 4.13 (2H, q, J  = 6.7 Hz, MeCH20); 13c NMR 
(100 MHz) 6: 176.5(s), 62.9(t), 60.l(t), 60.0(t),* 44.7(d)," 
44.3(d), 36.0(d),'v 35.4(d), 34.5(t), 33.l(t)," 32.9(t), 23.3(t), 
23,2(t),* 17.l(t),* 15.7(q), 14.3(q), 13.9(q), 12.4(q). Exact 
Mass calcd. for C,,H,,O3: 202.1569; found: 202.1662. 

Ethyl 7-bromo-2,3-dirnethyllzeptanoate (11) 
A mixture of the alcohol 10 (0.57 g, 2.8 mmol) and Et,N (0.59 
mL, 4.2 mmol) in CH,Cl, (10 mL) was stirred at O°C for 5 min 
and then MeS0,Cl (0.26 mL, 3.4 mmol) was added. After the 
reaction mixture had been stirred for 15 min, it was quenched 
by the addition of aqueous NH4C1. The product was extracted 
with Et,O and the extract solution was washed successively 
with 1 N HCI, aqueous Na,CO3, and brine. Evaporation of the 
solvent gave crude ethyl 7-mesyloxy-2,3-dimetlzylheptanoate 
as an oil: 'H NMR (90 MHz) 6: 0.87, 0.91" (3H, d, J =  6.8 Hz, 
MeCH), 1.07, 1.10" (3H, d, J =  7.1 Hz, MeCH,), 1.26 (3H, t, J  
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Tokoroyama and Kusaka 

mmol). The product (4.77 g, 87%) was obtained as an oil; 'H 
NMR (400 MHz) 6: 0.95 (3H, d, J  = 6.2 Hz, MeCH), 1.30 (3H, 
t, J  = 7.3 Hz, MeCH,O), 1.84 (3H, s, MeC=), 1.00-2.00 (5H, 
m), 2.16 (lH, m), 3.70 (2H, t, J  = 7.0 Hz, CH2CH20H), 4.19 
(2H, q, J  = 7.3 Hz, MeCH,O), 6.78 (lH, tq, J  = 7.3, 1.3 Hz, 
CH,CH=CMe). This material (2.33 g, 11.65 mmol) was then 
hydrogenated with 10% palladium on charcoal (0.31 g) in 
EtOH (35 mL) to afford the saturated ester 18 (2.48 g, 100%) 
as an oil; IR (neat): 3450, 1730 cm-'; 'H NMR (400 MHz) 6: 
0.90 (3H, d, J =  6.7 Hz, MeCH), 1.14, 1.15* (3Hin total, d, J =  
7.3 Hz, MeCHCO,), 1.26 (3H, t, J  = 7.3 Hz, MeCH20), 1.00- 
1.80 (6H, m), 2.38 (IH, m, CH2CHMeC02), 3.60 (2H, m, 
CH2CH20H), 4.13 (2H, q, J  = 7.3 Hz, MeCH,O); 13c NMR 
(100 MHz) 6: 176.9,61.1,61.0,* 60.1, 39.8,34.5,34.4,* 34.1, 
29.6, 29.4,* 19.6, 17.3, 17.0, 14.3. Exact Mass calcd. for 
Cl lH2203: 202.1569; found: 202.1630. 

Ethyl 7-bromo-2,5-dimethylheptanoate (19) 
The hydroxy ester 18 was transformed to ethyl 7-mesyloxy- 
2,5-dimethyllaeptanoate in the same way as described above. 
'H NMR (90 MHz) 6: 0.93 (3H, d, J  = 5.7 Hz, MeCH), 1.14 
(2H, d, J  = 6.6 Hz, MeCH), 1.25 (3H, t, J  = 6.9 Hz, MeCH20), 
1.00-1.80 (8H, m), 2.30 (lH, m, CH2CHMeC02), 2.97 (3H, 
s, OMS), 4.08 (2H, q, J  = 7.3 Hz, MeCH20), 4.21 (2H, t, J  = 
6.2 Hz, CH,OMS). Then the mesylate (3.17 g, 11.3 mmol) 
was treated with LiBr (2.46 g, 28.3 mmol) in acetone (60 mL), 
refluxing overnight to furnish the title bromide 19 (1.71 g, 
57%) as an oil, IR (neat): 1735 cm-'; 'H NMR (400 MHz) 6: 
0.90 (3H, d, J  = 6.7 Hz, MeCH), 1.15 (3H, d, J  = 7.3 Hz, 
MeCH), 1.26 (3H, t, J  = 6.7 Hz, MeCH,O), 1.05-1.35 (2H, 
m), 1.43 (lH, m), 1.65 (3H, m), 1.87 (lH, m), 2.39 (lH, sex- 
tet, J  = 6.7 Hz, CH2CHMeC02), 3.41 (2H, m, CH2CH2Br), 
4.13 (2H, q, J  = 6.7 Hz, MeCH20); 13c NMR (100 MHz) 6: 
176.7(s), 60.2(t), 39.8(t) 39.7(d), 33.9(t), 33.8(t),* 31.9(t), 
31.6(d), 31.0(t), 30.9(t),* 18.8(q), 17.3(q), 17.0(q), 14.3(q). 
Exact Mass calcd. for CllHZ1O2Br: 264.0725; found: 
264.0776. 

Ethyl 2,5-dimethylheptanoates with various leaving 
groups a t  the 7 position 

Ethyl 7-chloro-2,5-dimetlaylheptanoate 
A mixture of the hydroxy ester 18 (200 mg, 1.0 mmol), tri- 
phenylphosphine (0.63 g, 2.4 mmol), and N-chlorosuccinim- 
ide (0.37 g, 2.7 mmol) in THF (3 mL) was stirred overnight at 
room temperature. The usual work-up and chromatographic 
purification (silica gel) afforded the title chloride (0.17 g, 
77%) as an oil; IR (neat) 1730 cm-'; 'H NMR (400 MHz) 6: 
0.90 (3H, d, J  = 6.7 Hz, MeCH), 1.15 (3H, d, J  = 7.3 Hz, 
MeCH), 1.18 (lH, m), 1.26 (3H, t, J  = 7.3 Hz, MeCH20), 1.30 
(lH, m), 1.59 (lH, m), 1.64 (2H, m), 1.78 (lH, m), 2.39 (IH, 
sextet, J  = 6.7 Hz, CH,CHMeCO,), 3.55 (2H, m, CH2CH2C1), 
4.13 (2H, q, J  = 7.3 Hz); 13c NMR (100 MHz) 6: 176.7, 60.2, 
43.1, 39.7,* 39.6, 33.99, 33.96,* 31.01, 30.98," 30.4, 19.0, 
17.3, 17.0, 14.3. Exact Mass calcd. for C11H2102C1: 220.1230; 
found: 220.1292. 

Ethyl 7-iodo-2,5-dimethylheptanoate 
The mesylate derived from the hydroxy ester 18 (198 mg, 0.97 
mmol) was treated with NaI (0.2 g) in acetone (10 mL) under 
reflux for 1 h and overnight at room temperature. The usual 

work-up and subsequent chromatographic purification (silica 
gel) yielded the title iodide (245 mg, 8 1 %) as an oil, IR (neat): 
1730 cm-'; 'H NMR (400 MHz) 6: 0.88 (3H, d, J  = 6.7 Hz, 
MeCH), 1.15 (3H, d, J  = 6.7 Hz, MeCH), 1.26 (3H, t, J  = 7.3 
Hz, MeCH,O), 1.10-1.74 (7H, m), 1.86 (lH, m), 2.39 (lH, 
sextet, J  = 6.7 Hz, CH2CHMeC02), 3.15 (IH, dt, J  = 8.1, 7.3 
Hz, CH2CH21), 3.23 ( lH,  dt, J  = 8.1, 7.3 Hz, CH2CH21), 4.13 
(2H, q, J  = 7.3 Hz, 2H, MeCH20); 13c NMR (100 MHz) 6: 
176.7, 60.2, 40.7, 39.8,* 39.7, 33.6, 31.0, 30.9,* 18.6, 17.3, 
17.0, 14.3. Exact Mass calcd. for CllH21021 : 312.0586: 
found: 312.0572. 

Ethyl 7-tosyloxy-2,5-dimethylheptanoate 
To a mixture of the hydroxy ester 18 (300 mg, 1.5 mmol), 
pyridine (0.12 mL, 1.59 mmol), and Et3N (0.21 mL, 1.59 
mmol) in CH,Cl, (3 mL) cooled at 0°C was added tosyl chlo- 
ride (0.42 g, 2.2 mmol) and the mixture was stirred overnight 
at room temperature. The crude product obtained by the usual 
work-up was purified by chromatography on a silica gel col- 
umn, giving the title tosylate (0.42 g, 83%) as an oil; IR (neat): 
1730 cm-'; 'H NMR (400 MHz) 6: 0.81 (3H, d, J  = 6.1 Hz, 
MeCH), 1.11, 1.12* (3H, d, J =  6.7 Hz, MeCH), 1.25 (3H, t, J  
= 7.3 Hz, MeCH,O), 1.00-1.74 (4H, m), 2.32 (lH, m, 
CH2CHMeC02), 2.45 (3H, s, MeAr), 4.06 (2H, m, 
CH,CH,OTs), 4.12 (2H, q, J  = 7.3 Hz, MeCH,O), 7.35 (3H, d, 
J  = 8.5 Hz, Arm, 7.79 (2H, d, J  = 8.5 Hz, Arm; 13c NMR 
(100 MHz) 6: 176.6, 144.7, 133.4, 129.8, 127.9, 68.9, 60.2, 
39.73, 39.65,* 35.6,34.1, 31.0, 30.9,* 29.3,21.6, 19.0, 17.2,* 
17.0, 14.3. 

Ethyl 7-tr~~uoromethanesulfonyloxy-2,5-dimethylheptanoate 
A stirred solution of Na2C03 (0.11 g, 1.0 mmol) and trifluo- 
romethanesulfonic anhydride (0.26 mL, 1.56 mmol) in 
CH2C12 (3 mL) was cooled to 0°C and the hydroxy ester 18 
(264 mg, 1.3 mmol) in CH2C12 (2 mL) was added. After the 
mixture had been stirred overnight at room temperature, it was 
quenched by addition of aqueous NaHC03 and worked up as 
usual. Chromatographic purification of the product on a silica 
gel column furnished the title triflate (274 mg, 78%) as an oil; 
IR (neat): 1730 cm-'; 'H NMR (90 MHz) 6: 0.95 (3H, d, J  = 
5.9 Hz, MeCH), 1.15 (3H, d, J  = 6.8 Hz, MeCH), 1.25 (3H, t, J  
= 7.3 Hz, MeCH,O), 0.8-2.0 (7H, m), 2.18 (IH, m, 
CH,CHMeCO,), 4.13 (2H, q, J  = 7.3 Hz, MeCH,O), 4.58 (2H, 
t, J  = 6.8 Hz, CH2CH20Tf). 

Ethyl 7-bromo-5-ethyl-2-methylheptanoate (25) 
Vinylmagnesium bromide solution prepared from Mg (0.67 g, 
27.5 mmol), vinyl bromide (2.14 mL, 30.3 mmol), and THF 
(40 mL) was added to a stirred suspension of CuI (0.18 g, 0.92 
mmol) in THF (20 mL) at -78°C. After stirring at this tem- 
perature for 20 min a solution of 5-pent-2-enolide (20) (35) 
(1.8 g, 18.3 mmol) in THF (10 rnL) was introduced and the 
mixture was stirred for 1 h further, then quenched by the addi- 
tion of aqueous NH,Cl. The extraction of the product with 
ether gave 3-vinyl-5-pentanolide (1.24 g, 54%) as an oil; 'H 
NMR (100 MHz) 6: 1.50-2.90 (5H, m), 4.20-4.60 (2H, m, 
5-H,,H, ), 5.09 (IH, dd, J  = 12, 1 Hz, CH=CH,), 5.14 (lH, 
dd, J  = 3,  1 Hz, CH=CH,), 5.78 (lH, ddd, J  = 12,9.1 Hz, 
CHCH=CH,). This product was hydrogenated in the pres- 
ence of palladium on charcoal to give 3-ethyl-5-pentanolide 
(21) (36) as an oil; 'H NMR (400 MHz) 6: 0.87 (3H, t, J  = 7.0 
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Hz, MeCH2CH), 1.33 (2H, quintet, J  = 7.0 Hz, MeCH,CH), 
1.46 (lH, ddt, J =  9.5, 7.4, 5.1 Hz, 3-H), 1.74-1.96 (2H, m, 4- 
H,,Heq),2.07(1H, dd, J =  17.2, lO.OHz, 2-H,,), 2.62(1H,ddd, 
J =  17.4,6.0, 1.5Hz,2-Heq),4.19(1H,ddd, J =  11.3, 10.3, 3.5 
Hz, 4-H,,), 4.34 (lH, ddd, J  = 10.8, 4.8, 4.0, 4-He ). The lac- 
tone 21 (0.69 g, 5.4 mmol) was converted as bejore by the 
Takacs procedure (1 1) to ethyl 5-ethyl-7-lzydro,xy-2-methyl-2- 
Izeptenoate, 0.43 g (40%), which on catalytic hydrogenation 
(10% palladium on charcoal) gave quantitatively etlzyl 5-ethyl- 
7-hydroxy-2-methylheptanoate (23) as an oil; IR (neat): 1 730 
cm-~.  , I H NMR (400 MHz) 6: 0.86 (3H, t, J  = 7.3 Hz, MeCH,), 

1.15 (3H, d, J =  7.3 Hz, MeCH), 1.26 (3H, t, J =  7.3 Hz, 
MeCH,O), 1.20-1.70 (lOH, in), 2.39 (lH, sextet, J = 7.3 Hz, 
CH2CHMeC02), 3.66 (2H, t, J  = 6.7 Hz, CH,CH,OH), 4.13 
(2H, q, J  = 7.3 Hz, MeCH20); 13c NMR (100 MHz) 6: 176.9, 
61.1, 60.1, 39.9, 36.4, 35.7, 30.7, 30.6, 25.9, 17.1, 14.3, 10.7. 
Exact Mass calcd. for C12H2403: 216.1725; found: 216.18 10. 
The hydroxy ester 23 (0.27 g, 1.23 mmol) was transformed as 
before via a mesylate to the title bromide 25 (0.23 g, 68%). IR 
(neat): 1730 cm-I; 'H NMR (400 MHz) 6: 0.86 (3H, t, J  = 7.3 
Hz, MeCH,), 1.15 (3H, d, J  = 6.7 Hz, MeCH), 1.26 (3H, t, J  = 
6.7 Hz, MeCH20), 1.32 (2H, quintet, MeCH,CH), 1.20-1.50 
(4H, m), 1.63 (lH, m), 1.82 (2H, q, J  = 7.3 Hz, CH,CH,CH), 
2.39 (lH, sextet, J  = 6.7 Hz, CH2CHMeC02), 3.41 (2H, t, J =  
7.3 Hz, CH,CH,Br), 4.13 (2H, q, J  = 6.7 Hz, MeCH,O); I3c 
NMR (100 MHz) 6: 176.6, 60.2, 39.8, 37.8, 36.6, 31.9, 30.6, 
29.95, 25.3, 17.25, 14.3, 10.5. Exact Mass calcd. for 
C12H2302Br: 278.0881; found: 278.0967. 

Ethyl 7-bromo-5-isopropyl-2-metlzylheptarzoate (26) 
A solution of isopropylmagnesium bromide prepared from 
isopropyl bromide (1.6 mL, 17 mmol) and Mg (0.38 g, 15.45 
mmol) in THF (20 mL) was added to a stirred suspension of 
CuI (0.1 g, 0.5 mmol) in THF (10 mL) at -78°C. After stirring 
for 20 min, a solution of 5-pent-2-enolide (20) (1.01 g, 10.3 
mmol) in THF (5 mL) was introduced and stirring was contin- 
ued at -78OC for 1 h. Aqueous NH,C1 was added, and the 
product was isolated by extraction with Et20 and was purified 
by distillation to give 3-isopropyl-5-pentnnolide (22) (3 15 mg, 
22%) as an oil; IR (neat): 1720 cm-I; 'H NMR (400 MHz) 6: 
0.92 (3H, d, J =  6.7 Hz, MeCH), 0.93 (3H, d, J =  6.7 Hz, 
MeCH), 1.55 (2H, m, 3-H), 1.75 (lH, m, dq, J  = 10.7, 6.1, 
CHCHMe,), 1.92 (1 H, dqd, J  = 10.4,4.3, 1.2 Hz, 4-He,), 2.22 
( lH,dd , J=  17.1, 11.0,2-Ha,),2.66(1H,ddd, J =  17.1,4.3, 1.2 
HZ, 2-He,), 4.23 (lH, td, J =  11.0, 3.7 HZ, 5-H,,), 4.41 (lH, dt, 
J = 11.0, 4.9 Hz, 5-He¶); 13c NMR (100 Hz) 6: 171.9, 68.6, 
37.9, 34.1, 32.3, 26.4, 19.3, 19.2. Application of the Takacs 
procedure (1 1) on the lactone 22 (314 mg) afforded etlzyl 7- 
Izydroxy-5-isopropyl-2-heptenoate as an oil, 368 mg (73%). 
This material was catalytically hydrogenated to give etlzyl 7- 
hydroxy-5-isopropyli~eptanoate as an oil; 'H NMR (400 MHz) 
6: 0.84 (3H, d, J  = 6.8 Hz, MeCH), 0.85 (3H, d, J  = 6.8 Hz, 
MeCH), 1.15 (3H, d, J  = 7.3 Hz, CHMeCO,), 1.25 (3H, t, J = 
7.3 Hz, MeCH20), 1.10-1.80 (8H, m), 2.39 (lH, sextet, J  = 6.8 
Hz, CH2CHMeC02), 3.65 (2H, m, CH,CH,OH), 4.13 (3H, q, 
J = 7.3 Hz, MeCH20); 13c NMR (100 MHz) 6: 176.9, 61.7, 
60.2, 40.3, 40.1," 39.9, 33.7, 33.6," 31.8, 31.7," 29.5, 29.4," 
28.3, 19.3, 19.2," 18.8, 18.7," 17.2, 14.3. Exact Mass calcd. 
for C13H2603: 230.1882; found: 230.1966. The saturated ester 
(185 mg) was transformed to the bromide as before via a 
mesylate (163 mg, 71%) giving 26 as an oil; IR (neat) 6: 1730 

cm-I; 'H NMR (400 MHz) 6: 0.86, 1.16:"3H in total, d, J  = 
6.7 Hz, MeCH), 1.26 (3H, t, J  = 7.3 Hz, MeCH,O), 1.20-1.40 
(4H, m), 1.60-1.80 (3H, m), 1.85 (lH, m), 2.40 (lH, sextet, J  
= 7.3 Hz, CH,CHMeCO,), 3.42 (2H, m, CH,CH,Br), 4.13 
(lH, q, J =  7.3 Hz, MeCH20); I3c NMR (100 MHz) 6: 176.6, 
60.2, 42.6, 39.91, 39.87," 34.2, 34.1," 32.7, 31.63, 31.60," 
29.1, 29.0," 27.7, 27.6," 19.2, 19.1," 18.9, 17.2, 14.3. Exact 
Mass calcd. for C13H2502Br: 292.1083; found: 292.0879. 

Ethyl 7-bromo-2-methyl-5-phenyllzeptanoate (30) 
To a mixture of NaOEt solution, prepared from Na (1.38 g, 60 
mmol) and EtOH (20 mL), and Et,O (100 mL) was added 
diethyl malonate (9.1 mL, 60 mmol) and the mixture was 
stirred for 30 min. Ethyl cinnamate (10.1 mL, 60 mmol) was 
added and the reaction mixture was refluxed for 5 h. The 
cooled mixture was acidified with aqueous acetic acid and the 
product was extracted with Et20. Organic layers were washed 
with aqueous NaHC03 and brine, and the solvent was 
removed by evaporation. Distillation of the residue afforded 
diethyl 2-ethoxycarbonyl-3-phelzylglutarate (37) (16.14 g, 
73%) as an oil; 'H NMR (90 mHz) 6: 0.99 (3H, t, J  = 7.0 Hz, 
MeCH,), 1.07 (3H, t, J  = 7.0 Hz, MeCH,), 1.18 (3H, t, J  = 7.0 
Hz, MeCH,), 2.77 (4H, m), 3.93 (2H, q, J=  2.0 Hz, MeCH,O), 
3.97 (2H, q, J  = 7.0 Hz, MeCH,O), 4.21 (2H, q, J  = 7.0 Hz, 
MeCH,O), 7.24 (5H, s, Ph). The triester was treated with 
aqueous KOH (14.7 g, 262 mmol, dissolved in 100 mL of 
H20) under refluxing for 1 day. The hydrolysate solution was 
evaporated in vacuo to dryness and the residue was mixed 
with diluted H2S04 (26 g with 100 mL of H,O), and the mix- 
ture was refluxed overnight. After concentration in vacuo, the 
product was extracted with Et,O to give crude 3-phenylglu- 
taric acid (9.13 g, 100%); 'H NMR (90 MHz) 6: 2.72 (4H, d, J  
= 6.7 Hz, 2 x CH2CH2C02), 3.66 (1 H, quintet, J  = 6.7 Hz, 
CH,CHPhCH,), 7.25 (5H, s), 10.88 (2H, br s, C02H). This 
material was heated with Ac,O under refluxing for 2 h. The 
reaction mixture was evaporated to dryness in vacuo and the 
residue was recrystallized from hexane to yield 3-phenylglu- 
taric anhydride as crystals, 7.73 g (98%). This anhydride 
(7.73 g, 43.9 mmol) dissolved in THF (50 mL) was added to a 
solution of NaBH, (1.7 g, 43.9 mmol) in THF (10 mL) cooled 
to O°C. The ice bath was removed and the mixture was 
allowed to react for 1 h. The reaction mixture was acidified 
with 3 M HCl, extracted with Et,O, and the organic layers 
were washed with aqueous NaHC03 and brine. Chromato- 
graphic purification (silica gel) of the residue left after evapo- 
ration of the solvent furnished 3-phenyl-5-pentanolide (28) 
(38) (1.45 g, 19%) as an oil; IR (neat): 1730 cm-'; 'H NMR 
(400 MHz) 6: 2.03 (IH, dtd, J =  14.0, 10.4, 4.9, 4-H,,), 2.18 
(IH, dqd, J  = 14.0, 3.7, 1.2, 4-He,), 2.63 (lH, dd, J  = 17.7, 
10.4, 2-H,,), 2.90 (IH, ddd, J  = 17.7, 5.2, 1.2, 2-He,), 3.24 
(lH, tt, J  = 10.4 HZ, 3-H), 4.29 (lH, td, J = 11.6, 3.7 HZ, 5- 
H,,), 4.50 (lH, dt, J =  11.6,4.9 Hz, 5-He¶), 7.27 (5H, m, Ph); 
13c NNlR (100 MHz) 6: 170.6, 142.8, 129.0, 127.2, 126.4, 
68.6, 37.5,37.4, 30.3. The lactone 28 was converted as before 
to etlzyl 7-lzydroxy-2-methyl-5-plzeizyl-2-heptenoate in 69% 
yield, this was hydrogenated, giving etlzyl 7-hydroxy-2- 
methyl-5-phenyllzeptanoate (29); IR (neat): 3420, 1730 cm-I; 
'H NMR (400 MHz) 6: 1.07, 1.08:"3H, d, J  = 7.3 Hz, MeCH), 
1.22 (3H, t, J = 7.3 Hz, MeCH,O), 1.35 (2H, m), 1.48 (lH, m), 
1.60 (2H, m), 1.81 (IH, m), 1.92 (IH, m), 2.36 (lH, m), 2.69 
(lH, m), 3.45 ( lH,  m, CH,CH,OH), 3.52 jlH, m, 
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CH,CH,OH), 4.09 (2H, q, J  = 7.3 Hz, MeCH,O), 7.29 (5H, m, 
Ph); 13c NMR (100 MHz) 6: 176.7, 144.7, 128.5, 127.6, 126.3, 
61.1, 60.1, 42.6, 42.3," 39.6, 39.5," 34.4, 34.1," 31.8, 31.6,#' 
17.2, 17.0, 14.3. The hydroxy ester 29 (0.34 g) was then trans- 
formed via a mesylate to the title bromide 30 in 7 1% yield. IR 
(neat): 1730 cm-'; 'H NMR (400 MHz) 6: 0.88, 1.08" (3H in 
total, d, J =  7.0 and 6.7 Hz respectively, MeCH), 1.23 (3H, t, J  
= 6.7 Hz, MeCH,O), 1.60 (2H, m), 2.10 (IH, m), 2.35 (lH, m), 
2.75 (lH, m), 3.08 (lH, td, J =  6.7, 1.2 Hz, CH,CH,Br), 3.26 
(lH, td, J =  6.7, 2.4Hz, CH2CH2Br), 4.10 (2H, q, J =  7.3 Hz, 
MeCH,O), 7.20 (5H, m, Ph); 13c NMR (100 MHz) 6: 176.5, 
176.4," 143.4, 143.3,'" 128.6, 127.7, 126.6, 60.1,44.3, 44.1," 
39.7, 39.5," 34.0, 33.7," 31.9, 31.7," 31.6, 31.5," 22.7, 17.2, 
17.1.'" Exact Mass calcd. for C16H2302Br: 326.0881; found: 
326.0891. 

Ethyl 7-bromo-2-methyl-5-tert-butylheptanoate (35) 
A solution of 4-tert-butylcyclohexanone (31) (15.43 g, 100 
mmol), m-chloroperbenzoic acid (21.6 g, 125 mmol), and 
TsOH.H,O (3.5 g) in CH,Cl, (300 mL) was stirred at ambient 
temperature for 5 h. The precipitate was filtered off and the fil- 
trate was washed successively with aqueous Na,SO3, aqueous 
K2C03, and brine. The residue left after evaporation of the sol- 
vent was purified by silica gel chromatography, affording 
crude 4-tert-butyl-6-hexanolide, which was used for the next 
reaction. To the material dissolved in a mixture of THF (120 
mL) and Et,O (80 mL) was added a 1 M methyllithium solu- 
tion in THF (120 mL, 120 mmol) at -90°C and the mixture 
was stirred at this temperature for 3 h. After quenching by the 
addition of aqueous NH4C1, the reaction mixture was extracted 
with Et20 and the product was purified by chromatography on 
a silica gel column, giving 6-0x0-3-tert-butyl-I-heptanol 
(13.82 g, 74% from 31) as an oil; IR (neat): 3420, 1710 cm-'; 
'H NMR (400 MHz) 6: 0.88 (9H, s, Me3C), 1.28 (2H, m), 1.78 
(3H, m), 1.89 (IH, br s, OH), 2.15 (3H, s, MeCO), 2.50 (2H, 
m, CH,CH,CO), 3.65 (2H, t, J = 6.7 Hz, CH,CH,OH). A solu- 
tion of the alcohol (13.8 g, 74.3 mmol), imidazole (12.6 g, 185 
mmol), and tert-butyldimethylsilyl chloride (13.4 g, 90 mmol) 
in DMF (30 mL) was stirred at ambient temperature for 1 day, 
and then the reaction mixture was quenched by the addition of 
aqueous NH,Cl. Purification of the product by silica gel chro- 
matography afforded 5-tert-butyl-7-tert-butyldirnethylsilyloxy- 
2-he tatzone (32) (12.94 g, 58%) as an oil; IR (neat): 1720 
Cm-PlH NMR (400 MHz) 6: 0.05 (6H, s, SiMeZ), 0.86 (9H. s, 
SiBut), 0.90 (9H, s, Me3C), 1.26 (2H, m), 1.75 (2H, m), 2.12 
(3H, s, MeCO), 2.38 (lH, ddd, J  = 15.9, 10.3, 6.1 Hz, 
CH2CH2CO), 2.56 (IH, ddd, J  = 15.9, 11.0, 5.5 HZ, 
CH,CH,CO), 3.57 (2H, t, J =  6.7 Hz, CH,CH,OSi); I3c NMR 
(100 MHz) 6: 233.9, 63.4, 44.4, 43.7, 34.4, 33.9, 29.9, 27.6, 
26.0,25.4, 18.4. Exact Mass calcd. for C17H3,0,Si: 300.2485; 
found: 300.2556. A solution of the silyl ether 32 (1.4 g, 4.7 
mmol) in anhydrous Et,O was added at -25°C to a solution of 
methoxymethylenetriphenylphosphorane prepared from 
methoxymethyltriphenylphosphonium chloride (2.4 g, 7 
mmol), 1.6 M n-butyllithium solution in hexane (4.4 mL, 7 
mmol), and Et,O (20 mL). The mixture was stirred at -20°C 
for 1 h and at room temperature for 3 h. After removal of the 
precipitate by filtration the filtrate was washed with cold water 
and brine. The crude en01 ether obtained by evaporation of the 
solvent was added to a mixture of 70% aqueous perchloric acid 
and Et,O (60 mL), and the mixture was allowed to react at 

room temperature for 2 h. The reaction mixture was washed 
successively with water, aqueous NaHC03, and brine. Evapo- 
ration of the solvent gave crude etlzyl 7-hydroxy-2-nzetlzYl-5- 
tert-butylheptanal (33); 'H NMR (400 MHz) 6: 0.86 (9H, s, 
Me3C), 1.10 (3H, d, J = 7.0 Hz, MeCH), 0.80-2.00 (9H, m), 
3.63 (3H, t, J =  7.3 HZ, CH,CH,OH), 9.61 (IH, d, J =  1.2 Hz, 
CH,CHO). To a stirred solution of the aldehyde 33 (4.2 g, 21 
mmkl) in a mixture of tert-BuOH (60 mL) and 5% aqueous 
NaH,PO, was added dropwise 1 M aqueous KMnO, solution 
(50 mL, 50 mmol) (39) and stirring was continued at room 
temperature for 5 h. The reaction mixture was diluted with 
water and the product was isolated by extraction with Et,O, 
giving the corresponding carboxylic acid, which was esteri- 
fied by refluxing with 3 M HC1, EtOH (15 mL), and toluene (7 
mL) for 5 h. Usual work-up afforded ethyl 7-hyclroxy-2- 
metlzyl-5-tert-butyllzeptanoate (34). This hydroxy ester was 
converted via a mesylate to the title bromide 35; IR (neat): 
1730 cm-I; 'H NMR (400 MHz) 6: 0.87 (9H, s, Me3C), 1.02 
(2H, m), 1.16 (3H, d, J =  6.7 Hz, MeCH), 1.26 (3H, t, J =  6.7 
Hz,MeCH,O), 1.30-1.80(4H,m),2.04(1H,m),2.39(1H,m, 
CH,CHM~?O,), 3.38 ( lH,  dt, J =  8.6,7.3 Hz, CH2CHaHbBr), 
3.46 (2H, tdd, J = 9.5,5.5,2.4 Hz, CH2CHaHbBr), 4.14 (2H, q, 
J = 6.7 Hz, MeCH,O). Exact Mass calcd. for C,,H,,O,Br: 
306.1 194; found: 306.1296. 

4-Methyl-5-pentanolide (37) 
A mixture of methacrolein (14.8 mL, 143 mmol), dimethyl 
malonate (14.1 mL, 120 mmol), and Et3N (16.7 mL, 120 
mmol) in MeOH (150 mL) was stirred at 0°C for 17 h (40). 
The product obtained by Et20 extraction was distilled, giving 
dimethyl 3-formyl-/,I-butanedicarboxylate (10.1 g, 41%); 'H 
NMR (90 MHz) 6: 1.15 (3H, d, J  = 7 Hz, MeCH,O), 1.66- 
2.57 (3H, m), 3.47 (lH, m, CH,CH(CO,Me),), 3.71 (6H, s, 2 
x CO,Me), 9.57 (IH, br s, CH,CHO). The aldehyde (4.2 g, 
20.8 mmol) dissolved in MeOH (10 mL) was treated with a 
solution of NaBH, (0.79 g, 20.8 mmol) in MeOH (10 mL) at 
room temperature for 1.5 h. After addition of 3 M HCl, the 
mixture was concentrated and then extracted with Et,O. 
Evaporation of the solvent afforded crude dimethyl 
4-hydroxy-3-methyl-I, 1 -butar~edicarboxylate (36) (4.0 g, 
94%); 'H NMR (90 MHz) 6: 0.93 (3H, d, J = 7 Hz, MeCH), 
1.3Cb2.25 (4H, m), 3.43 (2H, d, J  = 6 Hz, CHCH,OH), 3.69 
(6H, s, 2 x C0,Me). The alcohol 36 (3.82 g, 18.7 mmol) was 
heated under refluxing with NaOH (4.73 g, 84.3 mmol) and 
water (6 mL) for 3 h. The mixture was diluted with water (6 
mL) and concentrated. It was mixed with concentrated H2S04 
(5.8 g), diluted with water (7 mL), and the mixture was 
refluxed for 3 h. Extraction with Et,O gave the crude title 
compound 37 (2.03 g, 95%); 'H NMR (90 MHz) 6: 0.98 (3H, 
d, J = 6 Hz, MeCH), 1.13-2.83 (5H, m), 2.43 (lH, m, 2-H,,), 
3.84(1H,dd,J= 12, lOHz,5-H,,),4.27(1H,ddd,J= 12,5,2  
HZ, 5-H,,). 

Ethyl 7-bromo-2,6-dimetlzylheptanoate (39) 
The lactone 37 (1.38 g, 12 mmol) was converted by Takacs' 
procedure (1 1) as before to furnish etlzyl 7-hyclroxy-2,6-di- 
methyl-2-heptenoate (1.62 g, 70%); 'H NMR (90 MHz) 6: 
0.93 (3H, d, J  = 6 Hz, MeCH), 1.07-1.70 (9H, m), 1.8 1 (3H, br 
s, MeC=), 3.43 (2H, d, J =  6 Hz, CHMeCH,OH), 4.15 (2H, q, 
J  = 6 Hz, MeCH,O), 6.70 ( lH,  br t, J  = 7 Hz, CH2CHZ). The 
unsaturated alcohol was catalytically hydrogenated (Pd-C) to 
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give 7-hydroxy-2,6-dimethylheptanoate (38); 'H NMR (90 
MHz) 6: 0.90 (3H, d, J = 6 Hz, MeCH), 1.03-2.40 (15H, m), 
3.42 (2H, m), 4.17 (2H, q, J = 6 Hz, MeCH20). The saturated 
hydroxy ester 38 was mesylated as before to yield ethyl 7- 
mesyloxy-2,6-dirnethylheptanoate; 'H NMR (90 MHz) 6: 0.97 
(3H, d, J = 7 Hz, MeCH), 1.15-2.60 (14H, m), 2.95 (3H, s, 
MsO), 4.00 (2H, d, J = 6 Hz, CH2CH20Ms), 4.08 (2H, q, J = 7 
Hz, MeCH20). Treatment of this mesylate with LiBr in ace- 
tone afforded the title bromide 39 (51% from mesylate); 'H 
NMR (90 MHz) 6: 0.97 (3H, d, J = 6 Hz, MeCH), 1.23 (3H, t, 
J = 7 Hz, MeCH,O), 0.78-2.10 (7H, m), 2.40 (1 H, sextet, J = 
6.0 Hz, CH2CHMeC02), 3.30 (2H, d, J = 6 Hz, CHMeCH2Br), 
4.07 (2H, q, J = 7 Hz, MeCH20); 13c NMR (25 MHz) 6: 
176.5, 60.1, 41.3, 39.4, 35.0, 34.6, 33.8,* 24.4, 18.7, 17.1, 
14.3. 

Cyclization of ethyl 7-bromo-2,3-dimethylheptanoate (11). 
Typical procedure for cyclization experiments 

A mixture of diisopropylamine (0.5 1 mL, 1.0 mmol) in THF (5 
mL) and n-butyllithium solution (1.6 M in hexane, 2.0 mL, 3.2 
mmol) was stirred at 0°C for 10 min and then the stirring was 
continued at -78OC for 20 min. To this solution was added a 
solution of the ester 11 (265 mg, 1 .OO mmol) and the mixture 
was allowed to react at -78°C for 1 h. After quenching by the 
addition of aqueous NH4Cl, the reaction mixture was extracted 
with Et20 and the combined organic layers were washed with 
brine. The residue left after evaporation of the solvent was 
purified by chromatography on a silica gel column, giving the 
cyclized product (193 mg, 78%), which was a 96:4 mixture of 

I diastereomers (capillary GC). From the reason discussed in the 
text, the major isomer was identified as ethyl 1,t-2-dimethyl-r- 1 I-cyclohexanecarboxylate (40); IR (neat): 1730 cm-'; 'H 
NMR (400 MHz) 6: 0.77 (3H, d, J = 6.7 Hz, MeCH), 1.07 (3H, 
s, MeC), 1.25 (3H, t, J=  6.7 Hz, MeCH,O), 1.00-1.60 (6H, m), 

~ 2.01 (lH, dqd, J = 10.5,6.7,3.1 Hz, 2-H), 4.13 (2H, q, J = 6.7 
Hz, MeCH,O); 13c NMR (100 MHz) 6: 178.5(s), 60.l(t), 
46.5(d), 36.l(s,t), 29.9(t), 25.4(t), 21.3(t), 17.3(q), 14.3(q), 
14.l(q). Exact Mass calcd. for C11H2002: 184.1463; found: 
184.1455. 

Cyclization of ethyl 7-bromo-2,4-dimethylheptanoate (15) 
The reaction afforded exclusively ethyl 1,c-3-dimethyl-r-I- 
cyclohexanecarboxylate (42); IR (neat): 1730 cm-'; 'H NMR 
(400 MHz) 6: 0.75-0.85 (2H, m), 0.88 (3H, d, J = 6.7 Hz, 
MeCH), 1.00-1.06 (lH, m), 1.20 (3H, t, J=  6.8 Hz, MeCH,O), 
1.28-1.90 (6H, m), 4.11 (2H, q, J = 6.8 Hz, MeCH20); 13c 

NMR (100 MHz) 6: 178.9(s), 60.2(t), 42.5(t), 42.4(s), 34.7(t), 
33.4(t), 27.4(d), 22.8(q), 21.4(t), 20.5(q), 14.2(q). Exact Mass 
calcd. for CllH2002: 184.1463; found: 184.1468. 

Cyclization of ethyl 7-bromo-2,5-dimethyllzeptanoate (19) 
The diasteromeric ratio of the cyclized product was 79:21 and 
both diastereomers were separated by flash chromatography 
on a silica gel column for the purpose of the spectroscopic 
analysis. A trans and a cis structure was assigned for the major 
and the minor diastereomers, respectively. Ethyl 1,t-4-di- 
methyl-r-I-cyclohexanecarboxylate (44): 'H NMR (400 MHz) 
6: 0.91 (3H, d, J = 6.7 HZ, MeCH), 1.10 (2H, td, J = 13.4, 3.6 
Hz, 2,6-Ha,), 1.18 (3H, s, MeC), 1.24 (3H, t, J = 6.7 Hz, 
MeCH,O), 1.37 (lH, m, 4-H), 1.58 (4H, m, 2,6-He,, 33-He,), 
1.69 (2H, qd, J =  13.4, 3.7 Hz, 33-H,,), 4.11 (2H, q, J =  6.7 

Hz, MeCH20); 13c NMR (100 MHz) 6: 178.9(s), 60.l(t), 
41.6(s), 33.4(t), 3 1.6(d), 30.0(t), 21.9(q), 20.8(q), 14.2(q). 
Exact Mass calcd for C, ,H2,02: 184.1463; found: 184.1474. 
Ethyl 1,c-4-dimetlzyl-r-I-cyclohexanecarboxylate (45); 'H 
NMR (400 MHz) 6: 0.85 (3H, d, J = 6.7 Hz, MeCH), 0.96 (2H, 
qd, J = 13.4, 2.5 HZ, 33-H,,), 1.12 (2H, td, 2H, J = 13.4, 3.7 
Hz, 2,6-Ha,), 1.13 (3H, s, MeC), 1.25 (3H, t, J = 6.7 Hz, 
MeCH20), 1.28 (lH, m, 4-H), 1.56 (2H, m, 33-He,), 2.17 
(2H, br. d, J = 13.4 Hz, 2,6-He ), 4.14 (2H, q, J = 6.7 Hz, 
MeCH20); 13c NMR (100 MHZ? 6: 177.4, 60.0, 43.1, 36.0, 
32.5, 32.1, 28.3, 22.4, 14.3. Exact Mass calcd. for CllH2,O2: 
184.1463; found: 184.1454. 

Cyclization of ethyl 7-bromo-5-ethyl-2-rnethylheptanoate (25) 
The major and the minor products were separated by the flash 
chromatography and analyzed by spectroscopy to be trans and 
cis compounds, respectively. Ethyl t-4-ethyl-l-methyl-r-l- 
cyclohexanecarboxylate (46). 'H NMR (400 MHz) 6: 0.88 
(3H, t, J =  7.3 Hz, 4-MeCH2), 1.17 (3H, s, MeC), 1.24 (3H, t, J 
= 7.3 Hz, MeCH20), 1.06-1.30 (5H, m, 2,6-H,, 4-H, 4- 
MeCH,), 1.63 (6H, m, 2,6-He,, 33-HaxHe ), 4.11 (2H, q, J = 
7.3 Hz, MeCH20); 13c NMR (100 MHz) 8: 178.9(t), 60.l(t), 
41.9(s), 38.4(d), 33.4(t), 29.l(t), 27.6(t), 20.7(q), 14.2(q), 
11.5(q). Exact Mass calcd for Cl2H,,O2: 198.1620; found: 
198.1643. Ethyl c-4-ethyl-I-methyl-r-I-cyclohexanecarboxy- 
late (47): 'H NMR (400 MHz) 6: 0.85 (3H, t, J = 7.3 Hz, 4- 
MeCH,), 0.94 (2H, qd, J=  13.4,2.5 Hz, 33-Ha,), 1.06 (lH, m, 
4-H), 1.10 (2H, td, J =  12.8, 3.4Hz, 2,6-H,), 1.13 (3H, S, 
MeC), 1.25 (3H, t, J = 7.3 Hz, MeCH,O), 1.64 (2H, br d, J = 
13.4 Hz, 33-He,), 2.19 (2H, br d, J = 13.4 Hz, 2,6-He ), 4.13 
(2H, q, 2H, J = 7.3 Hz, MeCH,O); 13c NMR (100 ~ H Z )  6: 
177.4(s), 60.0(t), 43.5(s), 38.8(d), 35.9(t), 30.l(t), 29.7(t), 
28.3(q), 14.3(q), 11.5(q). Exact Mass calcd. for C12H2,02: 
198.1620; found: 198.1646. 

Cyclization of ethyl 7-bromo-5-isopropyl-2-methylheptanoate 
(26) 

Major product: ethyl t-4-isopropyl-I-methyl-r-I -cyclohexane- 
carboxylate (48); 'H NMR (400 MHz) 6: 0.87 (6H, d, J = 6.7 
Hz, Me,CH), 1.02 (1 H, m, 4-H), 1.17 (3H, s, MeC), 1.20 (2H, 
m, 2,6-Ha,), 1.24 (3H, t, J = 7.3 Hz, MeCH20), 1.44 (lH, 
octet, J =  6.7 Hz, Me,CHCH), 1.57 (2H, dq, J = 12.2,4.3 Hz, 
3,5-He,), 1.67 (4H, m, 2,6-He,, 33-Ha,), 4.1 1 (2H, q, J = 7.3 
Hz, MeCH20); 13c NMR (100 MHz) 6: 179.0(s), 60.l(t), 
43.5(d), 36.2(t), 32.7(d), 28.4(q), 27.2(t), 24.7(t), 19.9(q), 
14.3(q). Exact Mass calcd. for C13H2402: 212.1776; found: 
212.1797. Minor product: ethyl c-4-isopropyl-1 -methyl-r-I- 
cyclohexanecarboxylate (49); 'H NMR (400 MHz) 6: 0.83 
(6H, d, J = 6.7 Hz, Me2CH), 0.98-1.12 (5H, m, 2,6-H,, 33-  
Ha,, 4-H), 1.12 (3H, s, MeC), 1.25 (3H, t, J = 7.3 Hz, 
MeCH20), 1.37 (lH, m, Me,CH), 1.64 (2H, br, d, J = 6.7 Hz, 
33-Heq),2.21(2H,brd,J= 12.2Hz,2,6-Heq),4.14(2H,q,J= 
7.3 Hz, MeCH,O); 13c NMR (100 MHz) 6: 177.4(s), 60.0(t), 
43.5(d,s), 36.2(t), 32.7(d), 28.4(q), 27.2(t), 24.7(t), 19.9(q), 
14.3(q). Exact Mass calcd. for C13H2,02: 212.1776: found 
212.1791. 

Cyclization of ethyl 7-bromo-2-methyl-5-phenylheptanoate 
(30) 

Major product: ethyl I-methyl-t-4-phenyl-r-I-cyclohexane- 
carboxylate (50); IR (neat): 1730 cm-'; 'H NMR (400 MHz) 
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6: 1.27 (3H, t, J =  7.3 Hz, MeCH20), 1.29 (3H, s,MeC), 1.68 
(2H,qd, J =  12.2,3.1 Hz,3,5-H,,), 1.80(4H, m,2,6-H,,,3,5- 
He,), 1.84 (2H, td, J =  12.2, 3.7 Hz, 2,6-He,), 2.50 (lH, tt, J  = 
12.2, 3.7 Hz, 4-H), 4.15 (2H, q, J  = 7.3 Hz, MeCH20), 7.26 
(5H, m, Ph); 13c NMR (100 MHz) 6: 178.8, 147.0, 128.4, 
126.8, 126.1, 60.3, 43.7, 41.3, 34.1, 29.0, 20.1, 14.2. Exact 
Mass calcd. for C16H2202: 246.1620; found: 246.1616. Minor 
product: ethyl I -methyl -c-4-pheizy-r- I -cyclohexai~ec~-  
late (51); IR (neat): 1730 cm-'; 'H NMR (400 MHz) 6: 1.20 
(3H, s, MeC), 1.28 (3H, t, J  = 7.3 Hz, MeCH20), 1.30 (2H, m, 
2,6-H,,), 1.53 (2H, qd, J =  13.4, 3.1 Hz, 33-H,,), 1.80 (2H, br 
d, J =  13.4 Hz, 33-He,), 2.33 (2H, br d, J =  12.2 Hz, 2,6-He ), 
2.47 (lH, tt, J  = 13.4, 3.7 Hz, 4-H), 4.19 (2H, q, J  = 7.3 d z ,  
MeCH20); 7.26 (5H, m, Ph); 13c NMR (100 MHz) 6: 177.2, 
147.2, 128.3, 126.8, 126.0, 60.2, 43.8, 43.1, 36.3, 31.6, 28.4, 
14.3. Exact Mass calcd. for C16H2,02: 246.1620; found: 
246.1615. 

Cyclization of ethyl 7-bromo-2-methyl-5-tert-butylheptanoate 
(35) 

Major product: ethyl I-methyl-t-4-tert-butyl-r-I-cyclohexane- 
carboqlate (52); 'H NMR (400 MHz) 6: 0.86 (s, 9H, Me3C), 
0.98 (lH, tt, J  = 12.2, 3.1 Hz, 4-H), 1.17 (3H, s, MeC), 1.18 
(2H, m, 2-H,,), 1.24 (3H, t, J  = 7.3 Hz, MeCH20), 1.59-1.75 
(6H, m, 2,6-He,, 33-H,,He,), 4.11 (2H, q, J  = 7.3 Hz, 
MeCH20); 13c NMR (100 MHz) 6: 179.1, 60.1, 47.8, 41.4, 
34.4, 32.4, 27.5, 22.2, 19.7, 14.2. Exact Mass calcd. for 
Cl4HZ6o2: 226.1933; found: 226.1905. Minor product: ethyl l -  
methyl-c-4-tert-butyl-1 -cyclohexaizecarboqlate (53); 'H 
NMR (400 MHz) 6: 0.81 (9H, s, Me3C), 0.90-1.15 (5H, m, 
2,6-Ha,, 3,5-Ha,, 4-H), 1.12 (3H, s, MeC), 1.25 (3H, t, J  = 7.3 
Hz, MeCH20), 1.64 (2H, m, 33-H,,), 2.23 (2H, dt, J  = 11.0, 
3.2 Hz, 2,6-He,), 4.15 (2H, q, J =  7.3 Hz, MeCH20); 13c NMR 
(100 MHz) 6: 177.4, 60.0, 47.6, 43.3, 36.6, 32.4, 28.4, 27.5, 
24.8, 14.3. Exact Mass calcd. for C14H2602: 226.1933; found: 
226.1915. 

Cyclization of ethyl 7-bromo-2,6-dimetlzylheptanoate (39) 
The reaction yielded the same diastereomeric 1,3-dimethylcy- 
clohexane derivatives as in the case of the bromide 15 but with 
the reversed predominance - the dominant product was ethyl 
1, t-3-dimethyl-r-I-cyclohexanecarboxylate (43); 'H NMR 
(400 MHz) 6: 0.72 (lH, t, J =  12.5 Hz, 2-H,,), 0.79 (lH, qd, J  
= 13.5, 3.7 Hz. 4-H,,), 0.87 (3H, d, J  = 6.7 Hz, MeCH), 0.98 
(lH, td, J  = 13.5,4.0 Hz, 6-H,,), 1.13 (3H, s, MeC), 1.24 (3H, 
t, J =  7.3 Hz, MeCH20), 1.32 (lH, qt, J =  13.5, 3.7 Hz, 5-H,,), 
1.41 (lH, m. 3-H), 1.58 (lH, m, 5-He,), 1.62 (2H, m, 4-H,,), 
2.13 (lH,dq, J =  12.5, 2.4Hz, 2-Heq),2.16(1H, brd, J =  13.5 
Hz, 6-He,), 4.13 (2H, q, J =  7.3 Hz, MeCH,O); 13c NMR (100 
MHz) 6: 177.5, 60.0, 44.8, 43.9, 35.7, 34.5, 29.9, 28.7, 23.8, 
22.8, 14.3. 
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Reflectance infrared and UV-visible 
spectroelectrochemical studies on a series 

of [Ni3(~3 'L) (~3 'J) (~2 'd~~m)31[PF61 

(L = CO; CNR, R = alkyl, aryl; 
dppm = Ph2PCH2PPh2) clusters 

John Washington and Clifford P. Kubiak 

Abstract: The trinuclear nickel clusters [Ni3(k3-L)(k3-I)(k2-dppm),]+ (L = CO (1); CNR, R = CH, (2), i-C3H7 (3), C6Hll (4), 
t-C4H9 (5), CH2C6Hj (6), C6H5 (7), p-C6H41 (8), p-C6H,F (9), p-C6H4CH3 (lo), p-C6H,CF3 ( l l ) ,  p-C6H40CH3 (12), p-C6H,CN 
(13), 2,6-(CH3),C6H3 (14); dppm = Ph2PCH2PPh2) all contain a triply bridging T-acceptor (carbonyl or isocyanide) ligand. 
Compounds 1-14 all undergo single electron reductions over a relatively narrow range of E,12(+10) (- 1.08 V to - 1.18 V vs. SCE 
in acetonitrile) and are known electrocatalysts for the reduction of carbon dioxide. Specular reflectance infrared 
spectroelectrochemical (SEC) measurements on 1-14 indicate that the capping isocyanide or carbonyl ligand remains triply 
bridging (k3,r11) upon single electron reduction. The magnitude of the v(C=O) or v(C=N) absorption band shift upon reduction 
is related to both the electronic and steric properties of the capping T-acceptor ligand. Spectroelectrochemical studies with 
UV-visible detection revealed a hypsochromic shift upon reduction of the clusters. The SEC cell and spectrometer utilized are 
extremely versatile and allow for data from 600 to 22 000 cm-I to be acquired without modifying the SEC cell and making only 
minor configuration changes to the spectrometer. 

Key words: nickel, cluster, carbonyl, isocyanide, spectroelectrochemical. 

RCsumC : Les agrtgats trinucltaires du nickel, [Ni3(k3-L)(k3-I)(k2-dppm)3]+ (L = CO (1); CNR, R = CH, (2). i-C3H7 (3), C6H, I 
(41, t-C4H9 (5), CH2C6Hj (6), C6Hj (7), p-C6H,I (8), p-C6H,F (91, p-C6H4CH3 (lo), p-C6H4CF3 (11), p-C6H40CH3 (12), p- 
C6H,CN (13), 2,6-(CH3),C6H3 (14); dppm = Ph,PCH,PPh,), comportent tous un coordinat accepteur d'tlectrons T (carbonyle 
ou isocyanure) pouvant former trois ponts. Les composts 1-14 subissent tous des reductions impliquant un tlectron sur une 
plage relativement restreinte de E,/,(+/O) (- 1.08 V B - 1.18 V vs. SCE, dans l'acttonitrile) et ils sont reconnus comme 
Clectrocatalyseurs pour la rtduction du dioxyde de carbone. Des mesures spectroClectrochimiques (SEC) de rkflectance 
infrarouge sptculaire rtalistes sur les composts 1-14 indiquent que le coordinat isocyanure ou carbonyle formant le cap 
maintient le triple pontage (k3,r11) lors de la rtduction impliquant un Clectron. L'amplitude du dtplacement de la bande 
d'absorption v(C=O) ou v ( e N )  lors de la rtduction est relite aux propriCtts tant tlectroniques que sttriques du coordinat 
accepteur d'tlectrons T qui forme le cap. Des ttudes spectrotlectrochimiques avec dttection UV-visible rtvblent la prCsence 
d'un dtplacement hypsochrome lors de la rtduction des agrtgats. La cellule SEC et le spectrombtre utilists sont extrbmement 
versatiles et permettent d'acqutrir des donntes de 600 B 22 000 cm-' sans modifier la cellule SEC et en ne faisant que des 
modifications mineures au spectrombtre. 

Mots clks : nickel, agrtgat, carbonyle, isocyanure, spectrotlectrochimique. 

[Traduit par la rtdaction] 

Introduction 

The synthesis and physical properties of a class of T-acceptor 
capped trinuclear nickel clusters [Ni3(k3-L)(k3-I)(k2- 
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dppm),]' (L = CO (1); CNR, R = CH, (2), i-C,H, (3), CGHll 
(41, t-C4H9 (51, CH2C6H5 (6), C6H5 (7), p-CGH41 (8), p-C6H4F 
(91, p-C6H,CH3 (lo), p-C6H4CF3 ( l l ) ,  p-C6H40CH3 (12), and 
P - C ~ H ~ C N  ( 1 3 ,  2,6-(CH3)2C6H3 (14); dppm = Ph,PCH,PPh,) 
has been recently reported ( 1 4 ) .  Clusters 1-14 all exhibit 
reversible single electron reductions E1,2(+/0) at ca. - 1.1 V 
vs. SCE. 

pfL\p ' L = CO (1) 
p.Nl -1-Ni .p = CNR, R = alkyl(2-6) 

~ k N i @  
= CNR, R = ary1( 7-14) 

\I/ 
I 
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Carbon dioxide reductions in nonaqueous solvents are gen- 
erally hindered by poor selectivity and high cathodic poten- 
tials. However, due to the importance of C 0 2  activation, a 
variety of transition metal catalysts able to effectively catalyze 
the reduction of C 0 2  have been reported (5-18). The methyl 
isocyanide capped cluster (2) is a known electrocatalyst for the 
reduction and subsequent activation of carbon dioxide in ace- 
tonitrile (2). Importantly, 2 is able to reduce carbon dioxide at 
potentials ca. 1 V anodic of the uncatalyzed reduction potential 
(2, 19). The cathodic peak in the cyclic voltammogram of 2 in 
the presence of CO, shows significant current enhancement 
while the return anodic peak has negligible intensity. Clearly, 
the reduced form of 2 is responsible for the electrocatalytic 
reduction of carbon dioxide. Additionally, variation of the 
capping a-acceptor ligand (CO or CNR) in 1-14 gives rise to 
different activities with respect to the electrocatalytic reduc- 
tion of CO, (4). 

Infrared spectroelectrochemistry studies have been carried 
out on a number of organometallic systems and allow for the in 
situ monitoring of sensitive electrogenerated species (20-25). 
The vibrational spectra so obtained allow for structural and 
electronic changes to be directly monitored. Clusters 1-14 are 
capped by carbonyl or isocyanide ligands, both of which con- 
tain strong IR chromophores ( v ( C ~ 0 )  or v(C=N) bands) and 
are well suited to study using an infrared spectroelectrochem- 
ical (SEC) cell. Spectroelectrochemical studies were carried 
out on 1-14 to determine the structure of the reduced species 
involved in the reduction of carbon dioxide. Herein we report 
the results of these SEC studies carried out on 1-14. Addition- 
ally, the instrumentation utilized can be modified to allow for 
reflectance UV-visible spectroelectrochemistry; the results of 
this investigation will also be discussed. 

Experimental 
Syntheses were performed under an N2 atmosphere using an 
inert atmosphere dry-box or Schlenk techniques. The com- 
pounds 1-14 were prepared as previously reported (1). Sol- 
vents were reagent or HPLC grade and were dried over the 
appropriate drying agents. 

Electrochemistry 
Cyclic voltammetry experiments were conducted in CH,CN 
with TBAP (tetrabutylammonium hexafluorophosphate) as 
the supporting electrolyte. A glassy carbon working electrode, 
a Pt wire counter electrode, and a ferrocenetferrocinium refer- 
ence electrode were utilized. The acetonitrile was distilled 
under nitrogen from CaH2 just prior to use. The TBAP used in 
these experiments was purchased from Aldrich, recrystallized 
from ethanol, dried under vacuum at 120°C for at least 24 h, 
and stored under nitrogen. 

Infrared and UV-visible spectroelectrochemistry 
The design of the spectroelectrochemical (SEC) cell used for 
the nickel trimer studies has been reported previously by our 
laboratory (25). Infrared spectral changes accompanying thin- 
layer bulk electrolyses were measured using a flow-through 
spectroelectrochemical cell. All spectroelectrochemical ex- 
periments were carried out in 0.1 M TBAP solutions of freshly 
distilled THF. All solutions were prepared under an atmo- 
sphere of nitrogen and degassed completely before injection 
into the spectroelectrochemical cell. Blank THF solutions of 

Fig. 1. Cyclic voltammogram (100 mV/s) of 2 mM solution of 
[Ni3(p3-CO)(p,-I)(~-dppm)31 [PI?,] (1) in 0.1 M TBAP/CH3CN. 

I I I I I I 

0.0 -0.25 -0.5 -0.75 -1.0 -1.25 

V vs. SCE 

0.1 M TBAP were used for the FT-IR and UV-visible solvent 
subtractions. A PAR model 175 universal programmer with a 
PAR model 176 current follower were used to effect and mon- 
itor thin-layer bulk electrolyses. The IR spectra were acquired 
using a Mattson Research Series FTIR with an external sam- 
pling port and a MCT (mercuryxadmium-telluride) detector. 
The UV-visible spectra were acquired using a Mattson 
Research Series FTIR modified with a quartz beamsplitter and 
a silicon diode detector. No modifications are required to the 
SEC cell to allow for operation in both the IR and UV-visible 
ranges as long as a CaF, window is utilized. 

Results and discussion 

Infrared SEC studies on [Ni3(p3-CO)(p3-I)(*-dppm),]' 
(1) 

As reported previously, the single electron reduction poten- 
tials (ca. -1.1 V vs. SCE) for clusters 1-14 (Table 1) are 
insensitive to the nature of the capping a-acceptor ligand (1). 
This was attributed to calculations that showed minimal con- 
tribution to the LUMO from the capping carbonyl or isocya- 
nide ligand (l ,26).  In fact, the LUMO is almost entirely metal 
based. The cyclic voltammogram of 1 (Fig. 1) shows a revers- 
ible one-electron reduction and is representative of the car- 
bonyl and isocyanide clusters 1-14. The rather large cathodic 
potentials required for single electron reduction of this class of 
nickel clusters are consistent with the transformation from a 
stable 48-electron cluster to a 49-electron radical. 

The IR spectra recorded during the bulk reduction of 
[Ni3(p3-CO)(p3-I)(p2-dppm)3]+ (1) in the SEC cell are shown 
in Fig. 2. The IR spectrum of 1 in THF solution shows a single 
v ( C e 0 )  absorption band at 1730 cm-', a frequency consistent 
with a p3,-q1 carbonyl ligand (1, 27). The triply bridging car- 
bonyl has also been confirmed using X-ray crystallography 
(1). Upon reduction, a decrease in the v ( C ~ 0 )  band at 1730 
cm-' is observed along with a concomitant increase in inten- 
sity of a v ( C ~ 0 )  band at 1661 cm-'. The reversible nature of 
the bulk reduction occurring in the SEC cell is evident, as sim- 
ply reversing the applied potential quantitatively regenerates 
1. The SEC data obtained for 1. is consonant with the capping 
carbonyl remaining in its triply bridging form upon reduction 
of the nickel cluster (eq. [I]). The minimal structural rear- 
rangement upon single electron reduction is also in accord 
with the highly reversible electrochemistry observed for 1 and 
the symmetric septet ESR spectrum of la, arising from 3 1 ~  
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Table 1. Electrochemical and infrared spectroelectrochemical data for [Ni,(h-L)(k,- 
I)(b-dppm),:I [PF,] clusters. 

E,,,(Ol+)'' 
L (V vs. SCE) 

FTIR (v(C-), cm-I)" 

Isolated Reduced 

c o  
I3CO" 
CNCH, 
CN(i-C,H,) 
CNC,Hl, 
CN(t-C,H,) 
CNCH2C,H5 
CNC6H5 
CN@-C6H41) 
CN@-C6H4F) 
CN@-C6H4CF3) 
CN@-C6H4CH3) 
CN@-C6H40Me) 
CNb-C6H4CN) 
CN(2,6-(CH,),C,H,) 

"Cyclic voltammograms recorded in CH,CN. 
9 H F  solution. 
' v ( E 0 )  given. 
dBroad. 

hyperfine coupling to six equivalent dppm phosphorus atoms 
(1). 

The assignment of the band at 1661 cm-' was confirmed using 
the I3c0 labeled cluster (I*). Specifically, the V('~C=O) band 
for I* at 1691 cm-' showed the expected shift to 1622 cm-' 
upon reduction of the nickel cluster. The v ( C ~ 0 )  bands for 
the isolated and reduced forms of 1 and I* are listed in Table 1. 

Infrared SEC studies on [Ni3(p3-CNR)(p3-I)(p2-dppm)3]+ 
(2-14) 

A distinguishing feature of the IR spectra for many of the iso- 
cyanide capped clusters 2-14 is the appearance of ttvo 
v(C=N) absorption bands, both in the solid state and in solu- 
tion. Isotope labeling experiments confirmed that the appear- 
ance of two v(C=N) bands was a result of a Fermi resonance 
between the v(C=N) fundamental and the first overtone of the 
v(N-C(alky1)) fundamental (1). A detailed explanation of this 
phenomenon is available but for the purposes of this study it is 
important only to realize that the two v(C=N) band pattern is 
an unusual, but characteristic, feature of this class of isocya- 
nide capped trinuclear nickel clusters (1). 

The IR spectroelectrochemistry of a 19.0 rnM THF solution 
of 2 was examined under an atmosphere of nitrogen. High con- 
centrations of the alkyl isocyanide capped clusters are required 

due to the low extinction coefficients for the v(C=N) bands. 
The IR SEC responses (ca. 20 s intervals) for the bulk reduc- 
tion of 2 are shown in Fig. 3. Upon application of the reduction 
potential the v(C=N) bands for 2 (1914 and 1858 cm-I) 
decrease in intensity as a single new v(C=N) band at 1649 
cm-' appears. These changes are also fully reversible. The fre- 
quency shift in the v(C=N) bands to lower energy is consis- 
tent with the capping methyl isocyanide remaining in its 
original F3,r11 form after reduction of the nickel cluster (eq. 
P I )  (2,28). 

+ e- 9". - p . N i  N i .  
- e- 

L \ N i I /  

I 
\I/ 

I 

R = alky 1 (2-6) 

Similar results are obtained for the remaining clusters 3-14 
and the results of the SEC experiments are listed in Table 1. In 
each case the v(C=N) band(s) in the isolated clusters shift to a 
single v(C=N) band of lower energy upon one-electron 
reduction. The shift to lower frequency for 2-14 indicates that 
all the isocyanide ligands studied remain triply-bridging upon 
reduction. This minimal structural rearrangement is consonant 
with the observed reversible electrochemistry. The appear- 
ance of a single v(C?N) band in the reduced forms of 2-14 
can be readily accounted for using the Fermi resonance model. 
The decrease in v(C=N) frequency upon reduction is large 
enough to move the v(C=N) fundamental out of a Fermi res- 
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Fig. 2. Plot of the IR spectral changes observed during the 
spectroelectrochemical reduction of 3.0 mM [Ni,(k3-CO)(k3- 
I)(p,2-dppm)3:l[PF6] (1) in a 0.1 M TBAPRHF solution. Potential 
held at - 1.4 V vs. SCE. 

Wave number 

onance condition with the first overtone of the v(C-N(alky1)) 
fundamental (1, 29). 

The IR SEC data for 1-14 are collected in Table 1. The dif- 
ferences (Av, cm-') in v ( C ~ 0 )  or v(C=N) frequencies 
between the isolated and reduced forms of 1-14 are highly 
dependent on the electronic and steric nature of the capping T- 
acce tor ligand. For the carbonyl capped cluster 1, only a 69 
cm-'change in v ( C ~ 0 )  frequency is observed. In contrast, 
the magnitude of the shift in v(C=N) frequency for the CNR 
(R = alkyl, aryl) capped clusters is much larger. The greater T- 
backbonding ability of CO as compared to CNR (R = alkyl, 
aryl) is well documented (30). From the v ( C ~ 0 )  data, signif- 
icant metal-CO backbonding is present in the isolated state of 
1;  which is little altered by reduction of the cluster. Differ- 
ences in ground state T-acceptor properties also account for 
the sharp variation in Av between the alkyl and aryl isocyanide 
capped clusters. For the clusters with electron-donating alkyl 
substituents on the capping isocyanide (CNR; R = CH3 (2), 
i-C3H7 (3), C6H1 (4)) a decrease in v(C=N) frequency of ca. 
220 cm-' is observed upon reduction. In contrast, a smaller 
v(C=N) frequency shift (Av ca. 170 cm-') is observed for the 
aryl isocyanide capped clusters 7-14. For the isolated clusters 
7-14, the v(C=N) bands lie at ca. 100 cm-' lower in energy 
than those observed for 2-4. This indicates a stronger isolated 
state metal-CNR T-backbonding interaction for the aryl iso- 
cyanide capped clusters, consonant with aryl isocyanides 
being better T-acceptors than alkyl isocyanides (31). Thus, 
upon reduction of the clusters, a larger change in v(C=N) is 
seen for the alkyl isocyanide clusters as the metal-based 
LUMO is populated and the energies of the nickel d orbitals 
are raised (32). For the benzyl isocyanide capped cluster 6 in 
the isolated state, the v(C=N) band is closer in energy to those 
for aryl isocyanide (7-14), rather than alkyl isocyanide (2-4), 
capped clusters. This indicates significant metal-CNR back- 

Fig. 3. Plot of the IR spectral changes observed during the 
spectroelectrochemical reduction of 19.0 mM [Ni3(k3- 
CNCH3)(p,,-I)(p,2-dppm)3] [PF6] (2) in a 0.1 M TBAPRHF 
solution. Potential held at -1.4 V vs. SCE. 

Wave number 

bonding present in the ground state. After single electron 
reduction and subsequent raising of the nickel core d-orbital 
energies, there is a smaller relative difference in the Ni-CNR 
backbonding interaction for 6 than for 2-4. Steric effects also 
influence the magnitude of the shift in v(C=N) between the 
isolated and reduced states of the clusters 2-14. The most 
notable example is the 2,6-dimethylphenyl isocyanide capped 
cluster (14) where a value of Av = 113 cm-' was observed. The 
high steric demands of this ligand effectively prevent the 
approach of the isocyanide to the nickel core and preclude 
effective Ni-CNR backbonding. This is recognizable in the 
ground state of 14  where the v(C=N) absorption bands are 
nearly 70 cm-I higher in energy than those for the other aryl 
isocyanide capped clusters 7-13. Additionally, even upon 
reduction, the steric bulk of the 2,6-dimethylphenyl substitu- 
ent impedes effective metal-CNR T* overlap and results in 
only a small change in v(C=N) frequency between the iso- 
lated and reduced states. A sterically hindered alkyl substitu- 
ent (R = tert-C,H9 (5)) results in a shift of Av = 116 cm-I upon 
reduction. For 5 in the isolated state, the v(C=N) band is at 
very low energy compared to the related alkyl isocyanide 
capped species 2-4. Deviation from a linear p,3,T1 bonding 
mode for the capping tert-butyl isocyanide is a plausible 
explanation for the low-energy v(C=N) band of 5. The reduc- 
tion of 5 does not cause a large change in v(C=N) as the ster- 
ically demanding tert-butyl substituent hinders the nickel- 
CNR bond contraction necessary for effective metal-CNR 
backbonding, as proposed for 13. Thus, the changes in 
v(C=O) or v(C=N) frequency upon reduction are consistent 
with both the electronic and steric effects of the capping T- 

acceptor ligand. 
The changes in electron density at the capping isocyanide, 

and hence at the metal core, can also be monitored using ancil- 
lary substituents on the isocyanide ligand. The nitrile group on 
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Fig. 4. Plot of the IR spectral changes observed during the 
spectroelectrochemical reduction of 6.0 mM [Ni3(p,-CN@- 
C6H,CN)(p3-I)(p2-dppm)3][PF6] (13) in a 0.1 M TBAPRHF 
solution. Only nitrile region shown; potential held at - 1.4 V vs. 
SCE. 

I Wave number 

I 
the p-cyanophenyl isocyanide capped cluster (13) gives rise to 

I a distinctive v ( C s N )  band at 2222 cm-'. Upon reduction of 13 

I in the SEC cell a new v(C=N) nitrile band appears at 2208 
cm-' (Fig. 4). This indicates that significant electron density is 
transferred to the phenyl ring of the capping isocyanide via a 
Ni-CNR backbonding interaction. This methodology is valu- 
able in cases where overlapping IR bands may obscure the IR 
signals of primary interest. 

UV-visible SEC studies 
An important feature of the specular reflectance spectroelec- 
trochemical cell used in this study is its versatility. The SEC 
cell, equipped with a CaF, window, is transparent in both the 
IR and UV-visible regions while the Mattson spectrometer 
used in this study can be configured to run in the IR, near-IR, 
and UV-visible re ions Thus, spectra can be acquired from F . .  600 to 22 000 cm- using the same SEC cell. The IT-acceptor 
capped clusters 1-14 have intense UV-visible absorptions in 
the region 520-540 nm ( E  - ( 2 4 )  x lo3 cm-' M-') (1). The 
SEC cell was utilized to investigate the UV-visible spectral 
changes that accompany the single electron reduction of 1-14. 
The UV-visible SEC responses (ca. 20 s intervals) for the bulk 
reduction of the cyclohexyl isocyanide capped cluster (4) are 
shown in Fig. 5. Initially, the absorption band for the isolated 
state of 4 is observed at 18 800 cm-' (532 nm). As the bulk 
reduction proceeds this band is bleached while a new, very 
broad, absorption grows in at ca. 21 000 cm-'. Although the 
spectrometer can be configured to scan to 27 000 cm-', the 
region past 22 000 cm-' is unreliable due to the low power of 
our visible source. Similar results were obtained for other 
selected nickel clusters (3-6). Methods for increasing the sen- 
sitivity of the SEC response past 22 000 cm-' are being pur- 
sued. However, as demonstrated, the versatile design of the 

Fig. 5. Plot of the UV-visible spectral changes observed during 
the spectroelectrochernicaI reduction of 33.0 mM [Ni,(p,- 
CNC6H,,)(p3-I)(p2-dppm)3][PF6] (4) in a 0.1 M TBAPRHF 
solution. Potential held at - 1.4 V vs. SCE. 

Wave number 

SEC cell utilized in this study allows for detection of in situ 
electrogenerated intermediates witlzout changing the SEC cell 
or the spectrometer. 

Conclusions 
The single electron reductions of a class of carbon dioxide 
reduction electrocatalysts [Ni3(k3-L)(p3-I)(p2-dppm)3]+ (L = 
CO; CNR, R = alkyl, aryl) were investigated using IR and 
UV-visible spectroelectrochemistry. The IR-SEC studies 
indicated that the capping carbonyl or isocyanide ligand 
remained in its original p3,711 mode upon one-electron reduc- 
tion. The magnitude of the v ( C ~ 0 )  or v(C=N) absorption 
band shift upon reduction is related to both the electronic and 
steric properties of the capping IT-acceptor ligand. Spectro- 
electrochemical studies with UV-visible detection revealed a 
hypsochromic shift upon reduction of the clusters. The SEC 
cell and spectrometer utilized are also extremely versatile as 
data from 600 to 22 000 cm-I can be acquired without modi- 
fying the SEC cell and making only minor configuration 
changes to the spectrometer. 
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Photolithography of self-assembled 
monolayers: optimization of protecting groups 
by an electroanalytical method 

Jamila Jennane, Tanya Boutros, and Richard Giasson 

Abstract: Patterned surfaces presenting a high density of chemically reactive functional groups can be prepared through 
photolithography of self-assembled monolayers (SAM). In this paper, we report the synthesis and the evaluation of three 
reagents that can be used in SAM-photolithographic applications. These reagents are made up of a triethoxysilylpropylamine 
moiety in which the amine is temporarily blocked by photolabile protecting groups: NVOC (0-nitroveratryloxycarbonyl), ONB 
(0-nitrobenzyl), or DDZ (a,a-dimethyl-3,s-dimethoxybenzyloxycarbonyl). The presence of the triethoxysilyl group allows self- 
assembled monolayer formation. Release of chemically reactive amino groups is achieved by irradiation of the surface. An 
electroanalytical method was developed and used to monitor and optimize the three steps of the methodology occurring on 
surfaces: monolayer formation, photodeprotection, and subsequent functionalization of the released amino groups. Quantitative 
information on the efficiency of the photodeprotection step was obtained by this method. It was found that the DDZ group is 
superior to the ONB and NVOC photolabile protecting groups for SAM-photolithographic applications. Percentages of liberated 
amino groups are generally above 50% with the DDZ group, while they are generally inferior to 25% and 2% for NVOC and 
ONB, respectively. These differences are attributed to the destruction of some of the released amino groups through a subsequent 
reaction with the photoproduct, o-nitrosobenzaldehyde for ONB and 3,4-dimethoxy-6-nitrosobenzaldehyde for NVOC, and to 
partial loss or destruction of the monolayer during prolonged irradiations. 

Key words: self-assembled monolayers, surface modification, photolithography, photolabile protecting groups, cyclic 
voltammetry. 

R6umC : Des motifs prCsentant une haute densite de groupes fonctionnels chimiquement rCactifs peuvent Stre prCparCs sur des 
surfaces i l'aide de la photolithographie de monocouches auto-assemblCes (MAA). Dans cet article, nous relatons la synthkse et 
1'Cvaluation de trois rCactifs pouvant Ctre utilisCs dans des applications de la photolithographie-MAA. Ces rCactifs sont 
constituCs d'un fragment triCthoxysilylpropylamine dont la fonction amine est temporairement bloquCe par des groupement 
protecteurs photolabiles : NVOC (0-nitrovCratryloxycarbonyle), ONB (0-nitrobenzyle) ou DDZ (a,a-dimCthy1-3,s- 
dimCthoxybenzyloxycarbonyle). La prCsence du groupe triCthoxysilyle permet la formation de monocouches auto-assemblCes. 
La libCration des groupements amines chimiquement rCactifs est accomplie par irradiation de la surface. Une mCthode 
Clectroanalytique a CtC dCveloppCe et utilisCe pour suivre et optimiser les trois Ctapes de la mCthodologie se produisant i la 
surface : la formation de la monocouche, la photodCprotection et la fonctionnalisation subskquente des groupes amines libCrCs. 
De l'information quantitative sur I'efficacitC de 1'Ctape de dkprotection a CtC obtenue par cette mCthode. I1 a CtC dCcouvert que le 
groupe DDZ est supCrieur aux groupes protecteurs photolabiles ONB et NVOC en photolithographie-MAA. Le pourcentage de 
groupes amines libCrCs est gCnCralement supCrieur i 50% avec le groupe DDZ, alors qu'il est gCnCralement infkrieur i 25% et 
2%, respectivement, pour NVOC et ONB. Ces diffkrences sont attribuCes i la reprotection d'une partie des groupes amines 
libCrCs suite i une reaction avec un photoproduit, 1'0-nitrosobenzaldChyde pour ONB et le 3,4-dimCthoxy-6- 
nitrosobenzaldChyde pour NVOC, ainsi qu'i  la perte ou destruction partielle de la monocouche pendant une irradiation 
prolongCe. 

Mots c l b  : monocouches auto-assemblCes, modification de surfaces, photolithographie, groupes protecteurs photolabiles, 
voltamCtrie cyclique. 
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Scheme 1. Schematic representation of the SAM-photolithographic system. 

1 a-c 

Introduction 

electrophile 
4 

Photolithography of self-assembled monolayers (SAM) 
recently emerged as a powerful method for the preparation of 
patterned surfaces presenting chemically reactive functional 
groups. Impressive applications of this new technique have 
been reported in the chemical literature over the last few years; 
the technique has been used, namely, for selective adsorption 
or immobilization of proteins on surfaces (l) ,  controlled adhe- 
sion and growth of cells (2), selective electroless metalization 
of surfaces for microelectronics applications (3), light-directed 
molecular derivatization of surfaces (4), controlled substitu- 
tion of self-assembled thiols on gold surfaces (3, and light- 
directed spatially addressable synthesis of peptides (6). As part 
of a research program aimed at the development of molecular 
devices (7), we have developed and optimized a SAM-photo- 
lithographic system (Scheme I )  similar to that reported by 
Fodor et al. (6) for the synthesis of peptides. Features common 
to both systems are the use of the triethoxysilylpropylamine 
moiety in the formation of monolayers and the temporary pro- 
tection of the amino function by photolabile protecting groups. 
The systems differ, however, in their sequences of reactions 
(N-protection is performed prior to monolayer formation in 
our system, while it is achieved after in Fodor's system) and in 
the nature of the photolabile protecting groups. 

In their article, Fodor et al. (6) reported net coupling yields 
per cycle of ca. 90% including both the photodeprotection and 
amino acids coupling steps. This yield is based on the hypoth- 
esis that illumination conditions used insure >99% photo- 
deprotection. Illumination conditions were determined by 
measuring the photolysis rate of NVOC-amino acids, but it is 

not clear whether the amino acids were bound to a surface or 
in solution. The fact that the rate of photodeprotection may be 
different for surface-bound species must be taken into consid- 
eration in the evaluation of SAM-photolithographic systems. 
Analytical methods used to evaluate these systems should ide- 
ally provide quantitative information on the number of reac- 
tive sites present on the surface after irradiation. The number 
of reactive sites may be influenced not only by the effective- 
ness of the photocleavage of the protecting group, but also by 
the partial loss of surface-bound species or subsequent repro- 
tection of reactive groups released during irradiation. 

In this paper, we have evaluated the performance of SAM- 
photolithographic reagents using an electroanalytical tech- 
nique that provides quantitative information on the number of 
intact reactive sites present on the surface after irradiation. 
SAM-photolithographic reagents using three different photo- 
labile protecting groups were tested; the 2-nitroveratryloxy- 
carbonyl (NVOC) (la), the 2-nitrobenzyl (ONB) ( lb )  and the 
a,a-dirnethyl-3,5-dimethoxybenzyloxycarbonyl (DDZ) (lc)  
groups. We found the DDZ group to be superior to the ONB 
and NVOC photolabile protecting groups for SAM-photo- 
lithographic applications. We also found evidence that the 
deprotection may be complicated by competing photocleav- 
age of the aminopropyl chain bound to the surface. 

Results and discussion 

Syntheses 
Three SAM-photolithographic reagents, l a ,  l b ,  and lc ,  using 
different protecting groups, were prepared and evaluated in this 
study (Scheme 2). The first reagent is N-protected with the 
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Scheme 2. Syntheses of SAM-photolithographic reagents l a x  and ferrocene-labeled SAM reagents Id and le. 

- 

Et3N I AcOEt I A I ovemigh 

7 

pyridine I AcOEt 140°C 1 12 h 

w 
CH2CI2 I sieves I R.T. I overnight 

photolabile 6-nitroveratryloxycarbonyl (NVOC) group, one of 
the most frequently used photolabile protecting groups for 
amines (8). NVOC-protected reagent l a  was prepared in 76% 
yield by the reaction of an excess of 3-aminopropyltriethoxy- 
silane (2) with 3,4-dimethoxy-6-nitrobenzyl chloroformate (3) 
in the presence of pyridine in benzene. A second reagent, lb,  in 
which the amino group is protected by the 2-nitrobenzyl (ONB) 
group, was prepared in 70% yield by reacting a 2-fold excess of 
3-aminopropyltriethoxysilane (2) with 2-nitrobenzyl chloride 
(4) in the presence of triethylamine in refluxing ethyl acetate. 
While the use of the NVOC photolabile protecting group for the 
temporary protection of amines is more prevalent, the ONB 
group has been used before in the N1"-protection of histidine 
(9). The photoremoval of both of these protecting groups is 
achieved via the same reaction: the light-induced intramolec- 
ular rearrangement of 2-nitrobenzylic compounds, the mecha- 
nism of which we have studied extensively in solution 
Finally, the third reagent, lc ,  in which the amino group is pro- 
tected with the a,a-dimethyl-3,5-dimethoxybenzyloxycarbo- 
nyl (DDZ) group, was prepared by reacting a slight excess of 3- 
aminopropyltriethoxysilane (2) with a,a-dimethyl-3,5- 

Also, R. Giasson, D. Gravel, and R.W. Yip, unpublished results. 

dimethoxybenzyloxycarbonylazide (5) at 40°c in a mixture of 
pyridine and ethyl acetate. The DDZ group has been used 
extensively for the temporary protection of amines and amino 
acids (9). 
In addition to the three SAM-photolithographic reagents, la,  
lb ,  and l c  described above, two SAM-reagents, Id and le,  
labeled with the electroactive ferrocenyl group, were also pre- 
pared. These two reagents were used in the electroanalytical 
method we developed to monitor the progress and optimize 
the reactions in our methodology. Labeled reagent Id was pre- 
pared in 80% yield by reacting ferrocenecarboxaldehyde (6) 
with 3-aminopropyltriethoxysilane (2) over molecular sieves 
in dichloromethane. Labeled reagent l e  was prepared in 70% 
yield from the reaction of the mixed anhydride 7 with 3- 
aminopropyltriethoxysilane (2) in refluxing dichloromethane. 
The mixed anhydride 7 used in this reaction is prepared 
beforehand by reacting ferrocene carboxylic acid with iso- 
butylchloroformate at OOC in toluene in the presence of tri- 
ethylamine. 

Electroanalytical evaluation and optimization of surface 
reactions 

The sequence of reactions used in the methodology includes 
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Fig. 1. Cyclic voltammogram of approximately one monolayer of ferrocene 
bound to the surface of a 1.1 cm' IT0 electrode. The voltammogram was 
recorded using lo-' M Bu4NBF4 in CH3CN as electrolyte, a SCE reference 
electrode and a 200 mV/s sweep rate. The shaded area corresponds to Q = 1.9 
x lo-' C. 

Volt (vs. SCE) 

the formation of self-assembled monolayers on surfaces, as 
well as the photochemical deprotection and subsequent func- 
tionalization of surface-bound aminopropylsiloxy moieties. 
Since all of these reactions occur on surfaces, a limited number 
of techniques could be used to evaluate their efficiency quan- 
titatively and optimize reaction conditions. We adopted an 
ele~troanal~tical approach because the technique is straight- 
forward, well suited for the study of surface-bound species, 
and provid?~ quantitative information. 

A 1600 A film of indium - tin oxide (ITO) on a glass sup- 
port (Applied Film Lab.) was used as substrate for the forma- 
tion of self-assembled monolayers. This substrate is 
advantageous because it is electron conducting and, therefore, 
can serve as working electrode in an electrochemical cell, and 
because derivatization of IT0 with triethoxysilanes is well 
documented (1 1, 12). Plates of IT0 on glass were cut into 1 
crn2 pieces that were cleaned by sonication in organic solvents 
and aqueous solutions prior to monolayer formation. The rate 
of monolayer formation was evaluated by soaking the IT0 
electrodes in a 2% solution of labeled reagent Id or l e .  Deriva- 
tized electrodes were removed from solution at regular inter- 
vals over a 30 h period and were freed from unbound species 
by sonication in organic solvents. Cyclic voltammograms of 
surface-bound ferrocene were recorded for each electrode. 
When labeled reagent Id was used for monolayer formation, 
the electrochemical signal observed decreased rapidly and dis- 
appeared completely after a few scans. This indicates that the 
imine linkage used in this case is too labile for this kind of 
application even when work is carried out under anhydrous 
conditions. A persistent electrochemical signal was obtained, 
however, when labeled reagent l e  was used. The arnide link- 
age is therefore much more suitable and was adopted for our 
study. 

Coverages (T) of surface-bound ferrocene were determined 
by cyclic voltammetry (12). A typical cyclic voltammogram of 
approximately one monolayer of ferrocene bound to the sur- 

face of a 1.1 cm2 IT0 electrode is represented in Fig. 1. The 
total charge (Q = 1.9 x C) for the oxidation of surface- 
bound ferrocene was calculated by integrating electronically 
the shaded area of the voltammogram recorded at a sweep rate 
of 200 mV s-'. A coverage (T) of 1.8 x lo-'' mol cm-2 was 
calculated from eq. [I], 

where r represents the coverage in mol ~ m - ~ ,  n the number of 
electrons transferred (n = 1 for ferrocene), F the Faraday con- 
stant (9.6485 x lo4 c mol-'), andA the area of the electrode in 

2 cm . 
Plotting of coverage as a function of soaking time (Fig. 2) 

shows that a maximum coverage of 1.9 x 10-lo mol ~ r n - ~  is 
reached after 24 h of soaking under our conditions. This cov- 
erage is within the range ((0.8-4) x 10-lo mol ~ m - ~ )  generally 
observed for approximate noncompacted monolayers ob- 
tained with silane reagents (12). It is known, however, that 
larger than monolayer coverages are sometime obtained with 
some silanes and under certain conditions, suggesting silox- 
ane polymer formation. Some dimer, trimer, etc., sites are 
therefore probably scattered among the monomer monolayer 
population in samples with average coverage in the monolayer 
range. Formation of globules of siloxane polymer on the sur- 
face is, on the other hand, avoidable with proper reaction con- 
ditions (12). 

To evaluate the yields of photodeprotection of the SAM- 
photolithographic reagents, we required a method for quanti- 
tative labeling of the amino groups liberated during irradia- 
tion. Labeling conditions were determined as follows: IT0  
electrodes (1 cm2) were soaked in a 2% solution of 3-amino- 
propyltriethoxysilane (2) for 24 h to ensure monolayer forma- 
tion. The resulting electrodes bearing a monolayer on which 
every amino group is free were cleaned the usual way and then 
soaked in a 2% solution of mixed anhydride 7 in toluene. Elec- 
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Fig. 2. Coverage (T) of surface-bound ferrocene as a function Fig. 3. Coverage (T) of surface-bound ferrocene as a function of 
of soaking time of IT0 electrodes in a 2% solution of prelabeled soaking time of electrodes already modified with SAM reagent 2 
SAM reagent le. in a 2% solution of labeling reagent 7. 

Reaction t ime (h) 

Scheme 3. Products from the photocleavage of ONB and NVOC groups. 

8a (R= H) 
8b (R = OMe) 

trodes were removed from solution at regular intervals over a 
24 h period and freed from unbound species by sonication in 
organic solvents. Cyclic voltammograms of surface-bound 
ferrocene were recorded for each electrode. Resulting cover- 
ages (r) of surface-bound ferrocene were determined and 
plotted as a function of soaking time (Fig. 3). Coverages (2.1 x 
lo-'' mol cm-') as dense as those obtained with com lete 8 monolayer formation with labeled reagent l e  (1.9 x lo-' mol 
cm-') were obtained after 20 h of soaking in mixed anhydride 
solution. 

The efficiency of photoremoval of the protecting groups 
NVOC, ONB, and DDZ from monolayers of the SAM-photo- 
lithographic reagents l a - c  was estimated as follows. Mono- 
layers were prepared by soaking 1 cm2 I T 0  electrodes in 2% 
solutions of reagents l a ,  l b ,  or l c  for 24 h. Complete mono- 
layer coverage is assumed in these conditions (vide supra). 
After appropriate cleaning, the modified electrodes were irra- 
diated to effect deprotection and sonicated in an organic sol- 
vent to remove any adsorbed photoproduct. The liberated 
amino groups on the surface were then labeled by soaking the 
resulting electrodes for 24 h in a 2% solution of mixed anhy- 
dride 7. Coverages by surface-bound ferrocene were deter- 
mined as previously. The efficiency of the photodeprotection 
step was estimated by comparing coverages obtained through 

- polar products 

Reaction t ime (h) 

this seauence with the value of 2 x lo-'' mol cm-'. corre- 
sponding to complete monolayer coverage (vide supra). 

Efficiency of photoremoval of the ONB protecting group 
was first to be estimated with this method. Photoremoval was 
camed out by irradiating the electrodes at 350 nm for 1 h. 
Yields of photodeprotection observed for the ONB group were 
extremely low (best yield: 2%). This disappointing result was 
not totally unexpected since it is known that the product of this 
photocleavage, o-nitrosobenzaldehyde @a), usually reacts in 
solution with some of the liberated amine, which leads to the 
formation of polar products (Scheme 3) (13). This problem is 
usually minimized-by adding aldehyde trapping reagents to 
the solution, such as hydrazine, hydroxylamine hydrochloride, 
or sernicarbazide hydrochloride. Immersion of the electrodes 
in a solvent during the photodeprotection in order to dissolve 
o-nitrosobenzaldehyde (8a) as it is formed, in the presence or 
absence of phenylhydrazine, did not, however, improve the 
yield significantly. 

While removal of the NVOC group occurs through the 
same photorearrangement as that for the ONB group, isolated 
yields of arnine are generally higher with NVOC when the 
reaction is carried out in solution. This can be explained 
in part by a lower electrophilicity of the photoproduct, 
3,4-dimethoxy-6-nitrosobenzaldehyde (8b). We therefore 
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Fig. 4. Coverage (r) of surface-bound ferrocene as a function of 
irradiation time for electrodes modified with NVOC-protected 
SAM-photolithographic reagent l a  after the monolayer 
formation, photodeprotection, and labeling sequence. 

I r radiat ion t ime (rnin) 

expected the NVOC group to be a superior photolabile group 
for SAM-photolithographic applications. The efficiency of the 
photodeprotection step was evaluated, as described above, for 
electrodes modified with the NVOC-protected SAM-reagent 
l a .  A series of modified electrodes were prepared and irradi- 
ated at 350 nm over variable periods of time. Resulting cover- 
ages ( r )  of surface-bound ferrocene were determined and 
plotted as a function of irradiation time (Fig. 4). Three conclu- 
sions can be drawn from this plot: The population of free 
amino groups on the electrode surface is maximum after 15- 
60 min irradiation times. Coverages resulting from 15-60 min 
irradiation (0.1 x lo-'' mol ~ m - ~ )  correspond to labeling of 
approximately 5% of the amino groups. Prolonged irradiation 
results in lower coverages. 

Coverage values obtained through this method correspond 
to the final yield of a sequence of three reactions. Since the 
individual yields of each of these reactions can be affected by 
minute variations in reaction conditions, fluctuation of cover- 
age values was observed when this experiment was repeated. 
Labeling of less than 25% of the amino group is, however, 
generally obtained with the NVOC group and this value can be 
considered as a good estimate of the optimum yield of photo- 
deprotection that can be achieved with this system. 

While the NVOC group gives results superior to the ONB 
group, amino groups are not quantitatively deprotected and 
kept intact during irradiation. This could be due to subsequent 
reaction of liberated amino groups with the 3,4-dimethoxy-6- 
nitrosobenzaldehyde (8b) formed during irradiation. How- 
ever, since observed coverages decrease with prolonged irra- 
diation times, it is also likely that some of the species 
covalently bound to the electrode surface (free or protected 
aminopropylsiloxy moieties) are lost or destroyed during irra- 
diation. The rate of the photodeprotection step and, therefore, 
its quantum yield may be the factor governing the quantity of 

amino groups that are released and kept intact during irradia- 
tion if photodeprotection competes with destruction of the 
monolayer. 

Finally, the DDZ group was also evaluated for SAM-photo- 
lithographic applications. This third photolabile protecting 
group was chosen because it is known that photocleavage 
intermediates do not react with the liberated amine and that 
photodeprotection is usually quantitative in solution (Scheme 
4) (14). A series of I T 0  electrodes were modified with SAM- 
photolithographic reagent l c  and were irradiated at 254 nm 
over variable periods of time. Liberated amino groups were - .  

labeled and coverages (T) were determined as described 
above. Photocleavage of the DDZ group occurred in a way 
similar to that of the NVOC group in that maximum popula- 
tion of free amino groups is achieved after 15-60 min of irra- 
diation and that prolonged irradiation resulted in decreased 
coverage. This latter observation confirms that some of the 
surface-bound species (free or protected aminopropylsiloxy 
moieties) are lost or destroyed during irradiation. Maximum 
coverages obtained after optimal irradiation times are, how- 
ever, much better with DDZ than with NVOC or ONB. 
Indeed, coveraoes varyin from a low of 0.3 x lo-'' to more 5 than 2.0 x lo-' mol c m  were obtained in different experi- 
ments. This corresponds to a density of free amino groups 
varying between 15% and 100% (generally over 50%). Supe- 
rior results obtained with this group may be attributed to the 
fact that photocleavage intermediates do not react with the 
released amino groups and (or) that photodeprotection of DDZ 
competes more effectively with destruction of the monolayer. 

conclusion 

SAM photolithography represents a powerful method for the 
preparation of patterned surfaces presenting chemically reac- 
tive functional groups. This recently acquired ability to mod- 
ify the chemical nature and reactivity of a specific area of a 
surface has already led to impressive applications of this tech- 
nology. SAM photolithography can be achieved by tempo- 
rarily blocking a reactive functional group of a SAM reagent 
with a photolabile protecting group that can later be cleaved. 
The viability of one such approach, consisting in using NVOC 
to protect the amino groups of monolayers prepared from the 
self-assembly of triethoxysilylpropylamine, was first estab- 
lished by Fodor et al. (6). However, prior to our study, ques- 
tions regarding the efficiency of the photodeprotection step, 
and whether the use of NVOC as protecting group is optimal, 
were never addressed. In this paper, we report a straightfor- 
ward electroanalytical method that can be used to estimate the 
efficiency of this deprotection step using electrochemical 
labeling. Using this method, we have evaluated the perfor- 
mance of three different photolabile protecting groups, the 
NVOC, ONB, and DDZ groups, in SAM-photolithographic 
reagents. This study clearly demonstrates that ONB and 
NVOC groups do not perform well in this type of application. 
Observed yields of photodeprotection were dismal (<2%) for 
ONB and poor (<25%) for NVOC. These low yields can be 
explained by a combination of two factors. First, it appears 
likely that some of the amino groups released during irradia- 
tion are reprotected by subsequent reactions with photoprod- 
ucts 8a  or 8b. Partial loss or destruction of the monolayer also 
competes effectively with photodeprotection of the ONB and 
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Scheme 4. Intermediates and product from the photocleavage of the DDZ group. 

NVOC groups. Use of the DDZ group was found to be much 
more satisfactory. The highest density of free amino groups is 
achieved between 15 and 60 min of irradiation at 254 nm 
under our conditions. The density of free amino groups 
obtained with DDZ was generally superior to 50% and 
frequently close to 100%. Superior yields obtained with this 
photolabile group are most probably due to the lack of reactiv- 
ity of the photointermediates toward the liberated amino 
groups and a more favorable competition between deprotec- 

I tion and destruction of the monolayer. Use of DDZ is therefore 

, preferable for the protection of amino groups in SAM-photo- 
lithographic applications, where a wavelength of irradiation of 
254 nm is not detrimental. In other applications, where an irra- 
diation wavelength of 350 nm is preferable, NVOC gives 
results superior to ONB. 

Experimental section 

Melting points were determined on a Gallenkamp model 
24MF370 melting point apparatus and are reported uncor- 
rected. IR spectra were recorded on a Perkin-Elmer 783 infra- 
red spectrophotometer. 'H and I3c NMR spectra were 
recorded in CDC1, using a Varian VXR-300 (300 and 75 MHz, 
respectively) spectrometer. Mass spectra were obtained on a 
V.G. Micromass 12-12 spectrometer, a V.G. Trio-1 quadru- 
pole spectrometer, or a Kratos MS-50 TA spectrometer. Flash 
column chromatographies were performed using EM Science 
silica gel 60 (230400 mesh) using distilled solvents. 

Benzene, toluene, and THF were distilled over sodiumhen- 
zophenone ketyl. Acetonitrile, dichloromethane, pyridine, and 
triethylamine were distilled over calcium hydride. Ethyl acetate 
was distilled over phosphorus pentoxide. 2-Nitrobenzyl chlo- 
ride (4), ferrocenecarboxaldehyde (6), and isobutyl chlorofor- 
mate were purchased from AldrichTM. Isobutyl chloroformate 
was distilled prior to use. 3-Aminopropyltriethoxysilane (2) 
was purchased from FlukaTM and distilled under reduced pres- 
sure prior to use. Ferrocenecarboxylic acid, a,a-dimethyl-3,s- 
dimethoxybenzyloxycarbonylazide (5) and 4,s-dimethoxy-2- 
nitrobenzyl chloroformate (3) were prepared according to pub- 
lished procedures (refs. 15, 14, and 8, respectively). Undesir- 
able light exposure was avoided in every manipulation 

involving light-sensitive compounds by wrapping glassware 
in aluminium foil or by working in a dark room. 

4,s-Dimethoxy-2-nitro-benzyl [N-(3-triethoxysily1)- 
propyll-carbamate ( la)  

A solution of 3,4-dimethoxy-6-nitro-benzyl chloroformate (3) 
(0.25 g; 0.94 mmol) and pyridine (1 mL) in benzene (5 mL) 
was heated to 40°C. After the formation of an orange precipi- 
tate, 3-aminopropyltriethoxysilane (2) (0.63 g; 2.84 mmol) 
was added and the resulting mixture was stirred at 40°C for 7 
h. The precipitate was removed by decantation and the super- 
natant evaporated. Purification of the residue by flash chroma- 
tography (hexanes/AcOEt/Et,N 7:3:0.1) afforded the desired 
product ( la)  as yellow crystals (0.33 g; 76%): mp 54°C; IR 
(film) v,,,,: 3350 (NH), 1695 (C=O), 1515 (NO,), 1330 
(NO,) cm-'; 'H NMR (CDC1,) 6: 7.70 (s, lH), 7.00 (s, lH), 
5.50<s, 2H), 5.16 (br t, lH), 3.97 (s, 3H), 3.95 (s, 3H), 3.81 (q, 
J  = 7.0 Hz, 6H), 3.22 (q, J  = 6.6 Hz, 2H), 1.65 (m, 2H), 1.22 (t, 
J  = 7.0 Hz, 9H), 0.64 (m, 2H); I3c NMR (acetone-d,) 6: 
156.6, 154.7, 149.1, 140.5, 129.4, 110.9, 108.9, 63.3, 58.8, 
56.6, 56.5, 44.2, 24.2, 18.6, 8.2; HRMS (CI): calcd. for 
C,,H,,O,N,Si (M+ 1): 461.1955; found: 461.194 1. 

(2-Nitrobenzyl)-[3-(triethoxysilyl)-propyl]-amine ( lb )  
A solution of 3-aminopropyltriethoxysilane (2) (2.0 g; 9.0 
mmol), 2-nitrobenzyl chloride (4) (0.77 g; 4.5 mmol) and tri- 
ethylamine (1.5 mL; 18 mmol) in ethyl acetate was refluxed 
for 24 h in a flask under argon atmosphere and protected from 
light. The precipitate was removed by decantation and the 
supernatant evaporated in vacuo. The desired product (lb) 
was obtained (1.12 g; 70%) after purification by flash chroma- 
tography (hexanesIAcOEt/Et,N 1 : 1:O. 1). IR (NaC1) v,,,: 
3360 (NH), 1605 (C=C), 1530 (NO,), 1350 (NO,), 1165 
(SiO), 11 10 (SiO), 1070 (SiO), 950 (SiO), 850 (SiO), and 780 
(SiO) cm-I; 'H NMR (CDCl,) 6: 7.95 (dd, J  = 1.1 and 8.1 Hz, 
lH),7.64(dd, J =  1.6and7.7Hz, lH),7,58(ddd, J =  l . l ,7.2,  
and 7.7 Hz, lH), 7.41 (ddd, J =  1.6, 7.2, and 8.1 Hz, lH), 4.04 
(~,2H),3.81(q,J=7.0Hz,6H),2.64(t,J=7.1Hz,2H),2.18 
(br s, 1 H), 1.63 (m, 2H), 1.22 (t, J  = 7.0 Hz, 9H), 0.65 (m, 2H); 
13cNMR (CDCl,) 6: 148.7, 135.5, 132.7, 130.8, 127.4, 124.3, 
57.9, 51.9, 50.3, 22.9, 17.9, 7.5; LRMS (CI) mlz: 357 (M+l). 
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a,a-Dimethyl-3,s-dimethoxy-benzyl [N-(3-triethoxysily1)- 
propyll-carbamate (lc) 

A solution of a,a-dimethyl-3,5-dimethoxybenzyloxycarbonyl- 
azide (5) (0.25 g; 0.94 mmol) in pyridine (2 mL) was added to 
a solution of 3-aminopropyltriethoxysilane (2) (0.31 g; 1.4 
mmol) in pyridine (3 mL) and ethyl acetate (3 mL) and the 
resulting mixture was stirred at 40°C for 12 h. The precipitate 
was removed by decantation and the supernatant evaporated. 
Purification of the residue by flash chromatography (hexanesl 
AcOEt/Et,N 1:l:O.l) gave the desired product as white crys- 
tals (0.30 g; 72%) with a melting point near room temperature. 
IR (NaCl) v,,,: 3370 (NH stretch), 1725 (C=O), 1600 (NH 
bending), 1150 (SiO), 1100 (SiO), 1085 (SiO), 9.50 (SiO), 
8.35 (SiO), 8.15 (SiO) cm-'; 'H NMR (CDCI,) 6: 6.51 (d, J =  
2.2Hz, 2H),6.34(t, J=2.2Hz,  lH),4.94(brq, lH), 3.81 (q, J 
= 7.0 Hz, 6H), 3.78 (s, 6H), 3.10 (q, J =  6.5 Hz, 2H), 1.72 (s, 
6H), 1.58 (m, 2H), 1.22 (t, J = 7.0 Hz, 9H), 0.61 (m, 2H); I3c 

NMR (CDC1,) 6: 160.2, 155.0, 149.2, 102.8,98.0, 80.1, 58.3, 
55.1, 43.0, 28.9, 23.2, 18.1, 7.5; HRMS (EI): calcd. for 
C,,H,,O,NSi: 443.2339; found: 443.2318. 

Ferrocenylmethylene-[3-(triethoxysilyl)-propyl]-amine 
( 1 4  

A mixture of ferrocenecarboxaldehyde (6) (0.5 g; 2.2 mmol), 
3-aminopropyltriethoxysilane (2) (0.47 g; 1.9 mmol) and 
molecular sieves in dichloromethane (25 mL) was stirred for 
24 h at room temperature and under argon atmosphere. The 
mixture was decanted and the supernatant evaporated in 
vacuo. Bulb-to-bulb distillation of the brown residue gave 
pure product (Id) (0.7 g; 80%). IR (NaCl) v,,,: 3090 (CH fer- 
rocene), 1645 (C=N), 1 160 (SiO), 1 100 (SiO), 1070 (SiO), 
950 (SiO), 810 (SiO), 780 (SiO), 720 (SiO) cm-I; 'H NMR 
(CDCl,) 6: 8.10 (s, 1H),4.62 (t, J =  1.8 Hz,2H),4.34 (t, J=  1.8 
Hz,2H),4.17 (s,5H), 3.82(q, J=7.0Hz,6H),3.45 (t, J = 7 . 0  
Hz, 2H), 1.77 (m, 2H), 1.22 (t, J = 7.0 Hz, 9H), 0.64 (m, 2H); 
I3c NMR (CDCI,) 6: 160.6, 80.2,70.0, 68.9, 68.2, 64.4,58.2, 
24.1, 18.2,7.9; LRMS (CI) mlz: 417 (M+), 418 (M+l). 

Ferrocenecarboxylic acid 3-(triethoxysily1)-propylamide 
(le) 

A solution of carbonic acid ferrocenoyl ester isobutyl ester (7) 
(1.4 g; 4.2 mmol) and 3-aminopropyltriethoxysilane (2) (1.3 g; 
6.6 mmol) in dichloromethane (15 mL) was refluxed for 1 h. 
The solvent was evaporated in vacuo and the residue purified 
by flash chromatography (hexanes/AcOEt/Et3N 3:2:0.3) to 
give the desired product (le) as orange needles (1.28 g; 70%): 
mp 68°C; IR (KBr) v,,,: 3300 (NH stretch), 3090 (CH fer- 
rocene), 1620 (C=O), 1540 (NH bending), 1 160 (SiO), 1 100 
(SiO), 1080 (SiO), 950 (SiO), 810 (SiO), 775 (SiO) cm-'; 'H 
NMR (CDCl,) 6: 5.99 (br t, lH), 4.66 (t, J =  1.9 Hz, 2H), 4.33 
(t, J =  1.9 Hz, 2H), 4.20 (s, 5H), 3.85 (q, J =  7.0 Hz, 6H), 3.39 
(br q, J = 6.6 Hz, 2H), 1.72 (m, 2H), 1.25 (t, J = 7.0 Hz, 9H), 
0.71 (m, 2H); ',c NMR (CDCI,) 6: 169.9, 76.3, 70.0, 69.5, 
67.8, 58.3, 4 1.6, 23.0, 18.1, 7.5; HRMS (FAB): calcd. for 
C,oH31N04FeSi: 433.1372; found: 433.1360. 

Carbonic acid ferrocenoyl ester isobutyl ester (7) 
Isobutylchloroformate (0.71 g; 5.2 mmol) was added to a solu- 
tion of ferrocene carboxylic acid (1.0 g; 4.3 mmol) and trieth- 
ylamine (0.72 mL; 5.2 mmol) in toluene (15 mL) and the 
resulting mixture was stirred at 0°C for 2 h. The precipitate 

was removed by decantation and the supernatant evaporated in 
vacuo to give the desired product (7) (1.4 g; 98%). IR (NaCl) 
v,,,: 3 1 10 (CH ferrocene), 1800 (CEO), 1740 (C=O), 1205 
(C-0), 1075 (C-0) cm-'; 'H NMR (CDCI,) 6: 4.87 (t, J = 2.0 
Hz;2H),4.54(t,J=2.0Hz,2H),4.32(~,5H),4.11 (d , J=6 .7  
Hz, 2H), 2.09 (nona., J=  6.7 Hz, lH), 1.01 (d, J =  6.7 Hz, 6H); 
13c NMR (CDCI,) 6: 166.4, 149.7, 75.2, 72.7, 70.8, 70.2, 
67.5, 27.6, 18.7; HRMS (FAB): calcd. for C,,H,,04Fe: 
330.0555; found: 330.0574. 

Preparation and monolayer formation on I T 0  electrodes 
Glass plates (14 in x 14 in) covered with a 1600 A film of 
indium - tin oxide (ITO) were purchased from Applied Films 
Lab Inc. and cut into square pieces of 1 cm2 area using a dia- 
mond cutter. Before derivatization, the surface of the IT0  
working electrodes was freed from greasy residue by immer- 
sion in hexane, followed by rinsing with methanol and dis- 
tilled water and drying in an oven. The surface was then 
further cleaned by immersion in 1 % aqueous HC1, followed by 
rinsing with distilled water and methanol and drying at 450°C 
for 30 min. The electrodes were then placed into a test tube 
under argon atmosphere containing the reaction solvent and 
sonicated for 5 min. The solvent was removed and 5 mL of a 
2% solution of reagent l a ,  l b ,  lc,  Id ,  le ,  or I f  in benzene or 
toluene was added with a cannula. After an appropriate reac- 
tion time (15 min - 24 h), the electrodes were removed, rinsed 
with the reaction solvent, and sonicated successively in ben- 
zene, dichloromethane, and acetonitrile to remove unbound 
species. 

Irradiation of electrodes 
The electrodes were inserted into Pyrex (350 nm) or quartz 
(254 nm) tubes containing acetonitrile, THF, methanol, or no 
solvent. The tubes were mounted on a merry-go-round MGR- 
100 so that the IT0  coating of the electrodes was facing the 
light source and were irradiated for an appropriate time (5 min 
- 4 h) using a Rayonnet RPR-100 photochemical reactor 
equipped with 16 RPR-3500 (approximate output power of 24 
W) or 16 RPR-2540 (approximate output power of 35 W) 
lamps with emission centered at 350 nm and 254 nm, respec- 
tively. The irradiated electrodes were removed, rinsed with 
solvent, and sonicated successively in acetonitrile, dichloro- 
methane, and benzene to remove unbound species. 

Subsequent functionalization of electrodes 
The electrodes were placed into test tubes containing a 2% 
solution of carbonic acid ferrocenoyl ester isobutyl ester (7) in 
toluene, under argon atmosphere. After an appropriate reac- 
tion time (15 min - 24 h), the electrodes were removed, rinsed 
with benzene or toluene, and sonicated successively in ben- 
zene, dichloromethane, and acetonitrile. 

Cyclic voltammetry of derivatized electrodes 
The cyclic voltammograms of ferrocene bound to the surface 
of the electrodes were recorded using a EG&G potentiostatl 
galvanostat model 263 using 0.1 M tetrabutylammonium tet- 
rafluoroborate in acetonitrile as support electrolyte, a platinum 
coil as counter electrode, and a silver wire (AldrichTM) or a 
SCE electrode (Fisher ScientificTM) as reference electrode. 
Cyclic voltammograms were recorded using a 200 mV s-' 
scan rate. 
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A photochemical retro-Friedel-Crafts 
alkylation. Rapid rearrangement of 
cyclohexadienyl cations 

Earl MacKnight and Robert A. McClelland 

Abstract: This paper reports the use of laser flash photolysis (LFP) techniques to show that cyclohexadienyl cations (cr 
complexes) of the Friedel-Crafts reaction of 1,3-dimethoxybenzene and the diphenylmethyl cation rearrange on the ns time scale 
without separating the aromatic compound and the electrophile. This is demonstrated through a study of the photochemical 
behaviour of 2-diphenylmethyl-l,3-dimethoxybenzene (4) in 1,1,1,3,3,3-hexafluoroisopropyl alcohol (HFIP). Derivatives of 
1,3-dimethoxybenzene have previously been found to selectively protonate at C2 upon excitation in HFIP, and indeed the 
principal products with 4 are 1,3-dimethoxybenzene (6) and Ph,CHOCH(CF,), (7), the species expected if the cyclohexadienyl 
cation formed in the C2 protonation cleaved Ph2CH+. These products are, however, accompanied by 4-diphenylmethyl-l,3- 
dimethoxybenzene (8), a rearranged isomer of 4. A portion of this product is explained by the combination of Ph2CH+ and 1,3- 
dimethoxybenzene as the latter accumulates during the irradiation. However, 11.5% of 8 is also seen upon extrapolation to zero 
time. LFP experiments on the ps time scale reveal that the C2 protonated cation, the 1-diphenylmethyl-2,6-dimethoxybenzenium 
ion (S), is formed within 106200 ps, and reacts with k = 9 x 10' s-I, with absorbance for Ph2CH+ growing in as 5 decays. LFP 
studies on the ns time scale reveal that there is a second quantity of Ph2CH+ that grows in, with k = 5.0 x lo5 s-'. The precursor 
for this has been identified as the 1-diphenylmethyl-2,4-dimethoxybenzenium ion (lo), the thermodynamically more stable 
isomer of 5. A mechanistic model is proposed in which excited 4 is C2 protonated in HFIP with k 2 1 x 10" s-' to form 5, which 
loses Ph2CH+ with k = 3 x 10's-I in competition with rearrangement to 10 with k = 6 x 10' s-'. The cation 10 serves as the second 
source of Ph,CH+, losing Ph,CH+ with k = 4 x lo5 s-'; in competition 10 is deprotonated by HFIP to give 8 with k = 8 x lo4 s-'. 
The 11.5% of the rearranged 8 that is observed at zero conversion is thus shown to come from an intramolecular pathway in 
which the key step is the migration of a diphenylmethyl group without separation: 4 + 4* + 5 + 10 + 8. 

Key words: cyclohexadienyl, photoprotonation, Friedel-Crafts, diphenylmethyl, 1,3-dimethoxybenzene. 

RCsumC : Dans ce travail, on prCsente un rapport sur l'utilisation des techniques de photolyse Cclair au laser (<< LFP *) pour 
dCmontrer que les cations cyclohexadiCnyles (complexes a), impliquCs dans la rkaction de Friedel-Crafts du 1,3- 
dimCthoxybenzbne avec le cation diphCnylmCthyle, se transposent ii 1'Cchelle de temps de la ns, sans qu'il se produise de 
skparation entre le composC aromatique et llClectrophile. Ce rCsultat a CtC dCmontrC par le biais d'une Ctude du comportement 
photochimique du 2-diphknylmCthy1-l,3-dimCthoxybenzbne (4) dans l'alcool 1,1,1,3,3,3-hexafluoroisopropylique (HFIP). I1 a 
CtC dCmontrC antCrieurement que, par excitation dans le HFIP, les dCrivCs du 1,3-dimCthoxybenzbne se protonent ~Clectivement 
en C2; en fait, les produits principaux obtenus ii partir du produit 4 sont les espbces 1,3-dimCthoxybenzbne (6) et 
Ph2CHOCH(CF3), (7) auxquelles on peut s'attendre si le cation cyclohexadiCnyle qui se forme par protonation en C2 donne lieu 
ii un clivage de PH,CH+. Toutefois, ces produits sont accompagnCs par du 4-diphCnylmCthy1-l,3-dimCthoxybenzbne (8), un 
isombre de rkarrangement du produit 4. On peut expliquer une partie de ce produit par une combinaison de PHICH+ avec du 1,3- 
dimCthoxybenzbne lorsque ce dernier s'accumule au cours de I'irradiation. Toutefois, une extrapolation au temps zCro suggbre 
que 11,5% du produit se forme d'une autre faqon. Des expCriences de N LFP n rkalisCes ii 1'Cchelle de temps de laps rivblent que 
le cation proton6 en C2, l'ion 1-diphCnylmCthy1-2,6-dimCthoxybenzCnium (S), se forme en dedans de 100 ii 200 ps et qu'il rCagit 
avec une constante k = 9 x 10' s-I, alors que I'absorbance pour PH2CH+ augmente tandis que celle du composC 5 diminue. Les 
Ctudes de << LFP D 21 1'Cchelle de temps de la ns indiquent qu'une deuxibme source de PH2CH+ fait croitre sa quantitC d'aprbs la 
relation k = 5.0 x lo5 s-I. On a identifiC que le precurseur de cette deuxibme source est l'ion 1-diphCnylmCthy1-2,4- 
dimCthoxybenzCnium (lo), l'isombre thermodynamiquement plus stable du produit 5. On propose un modble mkcanistique dans 
lequel, dans le HFIP, le composC 4 excitC se protone en C2, avec k 2 1 x 10" s-', pour former du composC 5 qui perd du Ph2CH+ 
avec k = 3 x 10' s-I alors que cette perte est en compCtition avec un rkarrangement en composC 10 pour lequel k = 6 x 10' s-'. Le 
cation 10 sert de deuxibme source de Ph,CH+, qu'il perd avec k = 4 x lo5 s-I; au cours d'une rCaction compCtitive, 10 est 
dCprotonC par HFIP pour conduire au produit 8, avec k = 8 x lo4 s-'. On dCmontre donc que le 11,5% de produit de rkarrangement 

I Received May 22, 1996. 

I E. MacKnight and R.A. ~ c ~ l e l l a n d . '  Department of Chemistry, University of Toronto, Toronto, ON M5A 3H6, Canada. 

I Author to whom correspondence may be addressed. Telephone: (416) 978-3592. Fax: (416)-978-3592. 
E-mail: rmcclell@alchemy.chem.utoronto.ca 

Can. J. Chern. 74: 2518-2527 (1996). Printed in Canada / lmprirnt au Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MacKnight and McClelland 2519 

8 observt ?I zero pourcent de conversion vient donc d'une voie intramolCculaire dans laquelle 1'Ctape clC est la migration d'un 
groupe diphtnylmCthyle sans stparation, 4 3 4* + 5 3 10 3 8. 

Mots elks: cyclohexadiCnyle, photoprotonation, Friedel-Crafts, diphCnylmtthyle, l,3-dimtthoxybenzkne. 

[Traduit par la rtdaction] 

Introduction 

The singlet excited states of simple aromatic compounds like 
benzene and anisole are more basic than the ground state. This 
enhanced basicity is predicted by Forster-cycle calculations 
(1,2) and demonstrated experimentally by the acid quenching 
of the fluorescence of aromatic compounds, often accompa- 
nied by H-D isotope exchange (3-6). This observation of 
exchange points to a fully protonated intermediate on the reac- 
tion pathway - a cyclohexadienyl cation that can lose the pro- 
ton that was originally attached to the aromatic ring. The 
presence of such intermediates has recently been conclusively 
demonstrated through their direct observation with laser flash 
photolysis (LFP), following irradiation of some relatively 
electron-rich aromatic compounds in 1,1,1,3,3,3-hexafluoro- 
isopropyl alcohol (HFIP) (7-10) (and in one case 2,2,2-tri- 
fluoroethanol (1 1)). The solvent HFIP has two features that 
prove especially useful for such LFP experiments. The OH 
group of this solvent is sufficiently acidic for the excited state 
protonation to occur with reasonable quantum efficiency with- 
out the need for an added stronger acid. At the same time, 
HFIP is significantly less reactive as a base or a nucleophile 
when compared to more commonly used solvents such as 
water and ethanol. Thus transient cations are much longer 
lived in HFIP. 

Excited state protonations often occur with a regioselectiv- 
ity different from that in the ground state. 1,3-dimethoxyben- 
zene (and derivatives) is a notable example of such behaviour. 
Irradiation of this compound in HFIP results in selective pro- 
tonation at C2 resulting in the 2,6-dimethoxybenzenium ion 
(see Scheme 1, compound 2 with R = H). The regiochemistry 
here was demonstrated by experiments with deuterated solvent 
((CF,),CHOD), which showed isotope exchange at C2 of the 
1,3-dimethoxybenzene (8). The cation was readily observed 
with LFP as a relativly long-lived intermediate with a lifetime 
in HFIP of 0.5 ms (8). Exchange at C2 (accompanied by a 
small amount of exchange at C5) was also observed upon irra- 
diation in aqueous acids (12). The intermediate cation, how- 
ever, cannot be detected with ns LFP in these solutions 
because its lifetime is too short. 

In the ground state, protonation occurs selectively at C4 to 
give the 2,4-dimethoxybenzenium ion (3), under conditions of 
both kinetic control (1 3) and thermodynamic control (14). The 
experiments under thermodynamic conditions were carried 
out in concentrated H,SO, where 1,3-dimethoxybenzene is 
100% protonated. The structure of the cation so formed is con- 
clusively demonstrated to be 3 from the characteristic pattern 
in the 'H NMR spectrum (8, 14). NMR signals that would cor- 
respond to the isomeric 2 are not observed in this experiment, 
and an estimate of the upper limit for detection suggests that 
the ratio 3:2 must be greater than 20 (8). The different behav- 
iour of the ground state and the excited state is consistent with 
molecular orbital calculations that show that there is a shift in 
electron density from C4 to C2 of the aromatic ring upon pro- 

Scheme 1. 

OMe 

motion of an electron from the HOMO to the LUMO of 1,3- 
dimethoxybenzene (8, 12, 15). 

An important feature from the point of view of the present 
work is the different UV-visible absorption spectra of the 2,4- 
and 2,6-dimethoxybenzenium ions 2 and 3. The 2,4 isomer 
formed in concentrated acid has a X,,, at 315 nm, while the 
2,6 isomer observed with LFP in HFIP absorbs almost 100 nm 
to longer wavelength, at 410 nm (8). Examples of carboca- 
tions that have been observed in both strong acids and HFIP 
-the diphenylmethyl cation (16), the cumyl cation (17), and 
the 2,4,6-trimethylbenzenium ion (7) - have shown that there 
is very little dependence of A,,, on solvent, at most a 10 nm 
shift. Thus the difference between the 2,4- and 2,6-dimethoxy- 
benzenium ions is not a solvent effect, but represents an intrin- 
sic difference in the spectra of these two cations. 

With 1,3-dimethoxybenzene itself, irradiation in HFIP 
results in no net photochemistry, other than the proton 
exchange mentioned above. The 2-methyl derivative cannot 
undergo this exchange, and shows no photochemical reaction 
whatsoever (8). This compound, however, still exhibits a 
strong signal in the LFP experiment in HFIP for the appropri- 
ate cyclohexadienyl cation, the 1-methyl-2,6-dimethoxyben- 
zenium ion. Thus a proton does add at C2 upon irradiation in 
HFIP, but the only fate of the intermediate cation is loss of that 
same proton. 

Derivatives bearing silyl groups (R'3Si) at C2 do, however, 
show interesting photochemistry, cleaving the silyl group 
to form the parent 1,3-dimethoxybenzene and the ether 
R'$iOCH(CF,), upon irradiation in HFIP (9). This reaction 
involves an initial photoprotonation at C2 to form the interme- 
diate cyclohexadienyl cation (2, R = SIR;), as demonstrated 
by the observation of this cation with LFP. The overall photo- 
reaction therefore is a photochemically initiated protodesilyla- 
tion, the analog of ground state protodesilylations that occur 
under moderately acidic conditions (1 8). The intermediate is a 
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P-silyl-substituted carbocation, and this study represented the Me0 Me0 
first time that such a cation had been observed with LFP (see CHPh2 
also ref. 19). Kinetic analysis showed that the cation preferen- 

[I] 
hu @ ~ t ' h ~  

tially cleaved the silyl group over loss of a proton. Moreover, 
OMe (CF3)2CH0H 

- :,+,. 
the desilylation was shown to be associative, with solvent (and OMe 
other nucleophiles) assisting in the cleavage of the C-Si 4 5 
bond. 

In this paper, we examine the photochemical behavior of 2- 
diphenylmethyl-l,3-dimethoxybenzene (4) in HFIP. We pre- 
pared this compound on the expectation that photoprotonation 
at C2 would lead to the cyclohexadienyl cation 5, and this 
would then undergo a dissociative cleavage of the diphenyl- 
methyl cation in competition with deprotonation back to start- 
ing material. Such cleavage, if it were to occur, would 
correspond to the reverse of the step in a Friedel-Crafts alkyl- 
ation that forms the cyclohexadienyl cation. This cleavage 
does occur, but to our surprise is accompanied by rearrange- 

! ment to an isomeric 2,4-dimethoxybenzenium ion. This rear- 
rangement occurs very rapidly, but can be observed with ps 
LFP. This represents the first example of a system where rear- 

I rangement involving two isomeric cyclohexadienyl cations 
has been observed with LFP. We will also speculate on the 
possibility that a n-complex is an intermediate in both the 
cleavage and rearrangement pathways. 

Results and discussion 

Products 
Solutions of the compound 4 in HFIP were irradiated at 254 
nm in a Rayonet reactor, and the products were analyzed 
quantitatively by gas chromatography. Authentic samples 
were available for comparison and standardization. Three 
products were obtained: 1,3-dimeth~x~benzene (6), the ether 
Ph,CHOCH(CF,), (7), and 4-diphenylmethyl-l,3-dimethoxy- 
benzene (8), an isomer of the starting material. The com- 
pounds 6 and 7 are consistent with the cleavage of eq. 111, with 
the ether obviously arising from solvent capture of Ph,CH+. 
As is also consistent with this interpretation, the yields of 6 
and 7 were the same, within experimental error, at all irradia- 
tion times. As shown in Fig. 1, however, the yield of the rear- 
rangement product 8 increased with increased irradiation time. 
This was accompanied by a corresponding decrease in the 
yields of 6 and 7. 

To investigate the origin of this dependence, we first irra- 
diated an equimolar mixture of the products 6 and 7 (0.2 
mM in HFIP) for the time corresponding to 25% conver- 
sion in Fig. 1. This, however, resulted in no formation of 8, 
in fact no change at all. The product 8 was also found to be 
stable under these same conditions. Thus further photo- 
chemistry of the products can be ruled out. 1,3-dimethoxy- 
benzene, and presumably 8, do absorb the irradiating light, 
but undergo the reversible C2-photoprotonation, as dis- 
cussed in the introduction, and there is no overall transfor- 
mation. 

We then carried out two experiments with the same initial 
concentration of 4 as in Fig. 1 but with 1 mM and 5 mM 1,3- 
dimethoxybenzene present from the beginning of the irradia- 
tion. In each case there was little dependence of product yields 
on the time of irradiation up to 20% conversion, and 8 had 
become the major product, 80 + 3% for 1 mM 6 and 97 ? 2% 
for 5 mM. 

These experiments suggested that the excess 1,3- 
dimethoxybenzene was reacting with the diphenylmethyl cat- 
ion forming in the photocleavage, resulting in the high yields of 
8. To investigate this possibility, diphenylmethyl chloride (0.2 
mM) was solvolyzed in HFIP in the presence of 5 mM 1,3- 
dimethoxybenzene (and 0.5 mM triethylamine to remove 
HCl). This gave a similar result as in the experiment above 
with 5 mM 1,3-dimethoxybenzene, a 5 + 1% yield of 7 and 
95 ? 2% of 8. Also noteworthy was that none (less than 0.1 %) 
of the isomer 4 was obtained. 

This solvolysis experiment clearly establishes that 1,3- 
dimethoxybenzene can effectively compete with HFlP for 
Ph,CH+. This result is not surprising in light of similar studies 
involving the 9-fluorenyl cation in HFIP that also showed effi- 
cient trapping by added aromatic compounds, especially elec- 
tron-rich ones (20,21). The solvolysis also establishes that the 
product that forms from 1,3-dimethoxybenzene and Ph,CH+ is 
the 4-substituted isomer 8, and there is less than 0.1% of the 
2-substituted isomer 4. 
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Scheme 2. 

4 1 ( 1 - 1  + ks 
+ Ph2CH - Ph2CHOCH(CF3)2 ' OMe 

Fig. 1. % Yield of 4-diphenylmethyl-1,3-dimethoxybenzene (8) 
as a function of the % conversion of 2-diphenylmethyl-l,3- 
dimethoxybenzene (4) following irradiation at 254 nm in 
1,1,1,3,3,3-hexafluoroisopropyl alcohol. The yields of 8 were 
based on the total "1,3-dimethoxybenzene" content of the 
products - I00 x [8]:([6] + [8]). The initial concentration of 4 
was 8.0 x 10'' M. The points are experimental; the line has been 
drawn based upon a kinetic analysis (see text). 

% Conversion 

Intermolecular pathway for 4-diphenyl-1,3-dimethoxy- 
benzene 

An explanation is now available for the yield dependence 
when 4 is irradiated alone. In this case, as the reaction pro- 
ceeds, the diphenylmethyl cation encounters increasing 
amounts of 1,3-dimethoxybenzene, and is thus more effec- 
tively diverted to the product 8 away from the ether 7 derived 
from solvent trapping. 

This situation can be analyzed quantitatively in terms of the 
model of Scheme 2. In this analysis we define a quantity a l  
that represents the fraction of the precursor 4 that is directly 
converted to 8 upon irradiation, with (1 - a,)  the fraction that 
cleaves to 1,3-dimethoxybenzene and the diphenylmethyl cat- 
ion. A second fraction a, is also required, as defined in eq. [3]. 

In this expression kDMB is the second-order rate constant for 
the reaction of Ph2CH+ and 1,3-dimethoxybenzene to form 8, 
and k, is the first-order rate constant for the reaction of the cat- 
ion with the solvent HFIP. The quantity a2  represents the frac- 
tion of Ph2CH+ that reacts at a particular concentration of 1,3- 
dimethoxybenzene to give 8; (1 - a2) is the fraction that pro- 
ceeds to the ether. 

We now define the concentrations of the reagent and the 
three products at some intermediate stage of the reaction as 
[4],, [6],, [7],, and [8],. If irradiation is carried out for a very 
short time At, so that the concentration of 4 is decreased by a 
small increment A, then the new concentrations are: 

= [6], + (1 - a,) (1 - a2)A 
[71,+,, = P I ,  + (1 - a,)(l - a2)A 
[811+~, = [81, + a,A + (1 - a1)a2A 

In the expression for 6, (1 - al)A represents the quantity of 6 
that forms during At because of the initial cleavage pathway. 
The same amount (1 - al)A of Ph2CH+ is also formed, and 
this accounts for loss of a quantity of 6 equal to (1 - a,)a2A 
because of the reaction forming 8. This same expression also 
appears with a positive sign in the equation for 8, along with 
the quantity alA, which represents the amount that forms 
directly from 4. Starting at t = 0 with initial concentrations 
[410 = [4Iinitial, and [610 = 0 = [710 = [810, the concentrations of 
the three products can be calculated as a function of % conver- 
sion through a computer simulation involving a large number 
of calculations using such small incremental steps. Although 
the concentration of 6 and the value of the fraction a, do 
change with conversion, the assumption is made that within 
each increment the changes are so small that these quantities 
are effectively constant. Our calculations were canied out 
with A = 1 x 10-lo to ensure that this was the case. 

There are two variables in this treatment, the fraction a ,  and 
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the rate constant ratio kDMB:k,, and we varied these in an itera- 
tive procedure until we found the best least-squares fit to the 
experimental data. This occurred with a l  = 0.115, and kDMB:k,  
= 4.0 x lo3 M-l. The line drawn in Fig. 1 is based on the incre- 
mental computer simulation employing these numbers, and 
shows the excellent fit of the experimental data to the model. 
These values of a ,  and kDMB:ks  are also consistent with the 
results of the experiments carried out with 1,3-dimethoxyben- 
zene present from the beginning. These predict yields of 8 of 
82.3% and 95.8% for concentrations of 1 mM and 5 mM 1,3- 
dimethoxybenzene, respectively, in good agreement with the 
experimental numbers. 

Intramolecular pathway for 4-diphenyl-1,3-dimethoxy- 
benzene 

The above analysis requires a finite value for a,,  the parameter 
representing a pathway that converts 4 directly into 8. This 
number expressed as a percentage is also seen as the intercept 
in the plot of % yield of 8 versus % conversion (Fig. 1); i.e., it 
is the yield of 8 at zero conversion. This quantity of 8 cannot 
arise from a mechanism in which a diphenylmethyl cation sep- 
arates away from 1,3-dimethoxybenzene, and the two later 
recombine. Under the conditions of very low conversion 
where the concentration of 1,3-dimethoxybenzene is negligi- 
bly small, any Ph2CH+ that forms as a free cation must be 
trapped by solvent. 

Consequently, we speculated that the 11.5% of 8 observed 
at zero conversion was coming from an intramolecular rear- 
rangement, in which the diphenylmethyl group remains 
attached to its original 1,3-dimethoxybenzene, and the two 
never separate. 

Effect of ethanol 
Support for this interpretation was seen in experiments with 
small concentrations of ethanol added to the solution. If free 
Ph2CH+ were responsible for all of the 8 that formed, the 
yield of 8 would be expected to decrease because of the addi- 
tional channel involving reaction with ethanol. Indeed, signif- 
icant amounts of the ether Ph2CHOCH2CH3 were observed 
in place of the ether 7. At the same time, however, the yield of 
8 actually increased, for example, from a value of 21% at 
10% conversion in the absence of ethanol to 36% for the same 
conversion with 10 mM of ethanol present. The origin of this 
increase will be discussed later, but it is clearly inconsistent 
with mechanisms where only Ph2CH+ is formed from the ini- 
tial reaction of 4. 

There is one further important observation involving etha- 
nol, namely that irradiation of 4 in the pure solvent resulted in 
absolutely no change over an extended period of time. The 
cleavage products and the fraction of 8 that is due to the inter- 
molecular pathway clearly require photoprotonation, and thus 
it is not surprising that they are not formed in the weakly acidic 
ethanol. The failure to observe the intramolecular pathway 
also implies that this is initiated by photoprotonation. 

Nanosecond laser flash photolysis 
The most compelling arguments for the occurrence of an 
intramolecular rearrangement of 4 to 8, as well as evidence for 
how this occurs, comes from LFP studies. We start with such 
studies carried out on the ns time scale, i.e., where transients 
are observed at the earliest 20 ns after the initiation of the laser 
pulse. As shown in Fig. 2, two bands are observed at this time, 
a relatively strong signal with A,,, near 440 nm and a weaker 
signal centered around 340 nm. The 340 nm signal decays, and 
at the same time there is a further increase in absorbance at the 
longer wavelengths. These changes occur with identical rate 
constants (5.0 x lo5 s-I), suggesting that they represent a com- 
mon process. At the end of these changes there is a single 
strong signal at 440 nm. This eventually does decay, with a 
rate constant around lo2 s-' although, because the reaction is 
so slow, the rate constant is difficult to accurately measure. 

The final signal can be clearly identified as the diphenyl- 
methyl cation, since the same spectrum is observed for solu- 
tions of this cation obtained under stable ion conditions (16). 
Moreover, a transient with the identical spectrum and a similar 
rate constant of decay is obtained on photolyzing diphenyl- 
methyl 4-cyanophenyl ether (9) in HFIP. This ether has previ- 
ously been shown to be a good photochemical precursor for 
Ph2CH+, the cation being generated in a photoheterolysis reac- 
tion (22, 23). 

Initially we had thought that the initial signal above 400 nm 
must represent the 2,6-dimethoxybenzenium ion 5. However, 
the A,,, is slightly longer than those previously observed for 
this type of cation (8). More importantly, overlaying the spec- 
trum immediately after the laser pulse with the one after 10 
microseconds shows that the two exactly superimpose in the 
region above 400 nm. This is shown in Fig. 3 and suggests that 
the absorbance at 440 nm immediately after the 20 ns laser 
pulse is also due to Ph2CH+. 

Picosecond laser flash photolysis 
We then turned to a faster time resolution to investigate the 
possibility that there was a process forming Ph2CH+ that had 
been missed on the ns time scale. and indeed found that this 
was the case. As shown in Fig. 4, optical density appears 
above 400 nm even at times as short as 100-200 ps. This has 
A,, in the region 410-420 nm typical of 2,6-dimethoxyben- 
zenium ions and it is therefore this species that is most reason- 
ably assigned to the cation 5. There is, however, a rapid 
change with a rate constant equal to (9 ? 1.5) x 10' s-' (Fig. 
5), where the A,,, shifts to longer wavelengths and the absor- 
bance becomes slightly more intense. The spectrum at the end 
of this change corresponds to that of Ph2CH+; this is the "ini- 
tial" absorbance above 400 nm in the ns LFP experiment. 

Fast and slow processes forming the diphenylmethyl 
cation 

The LFP experiments show that there are two separate pro- 
cesses that form diphenylmethyl cation following irradiation 
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Fig. 2. Transient absorption spectra for 248 nm irradiation of 2-diphenylmethyl-l,3-dimethoxybenzene (4) in 
1,1,1,3,3,3-hexafluoroisopropyl alcohol obtained 50-100 nanoseconds (m) and 9.5-10 microseconds (0) after the 
laser pulse. The inserts show the kinetic traces at the two selected wavelengths. 

Wavelength (nm) 

of 4 in HFIP, one that occurs on the ps time scale and one that 
occurs on the ns time scale. The ps study also suggests that the 
initial photochemical event is C2 protonation by the solvent, 
producing a 2,6-dimethoxybenzenium ion. This is the result 
with other 1,3-dimethoxybenzene derivatives (8-lo), but the 
difference with the diphenylmethyl system is that this cyclo- 
hexadienyl cation is much less stable. One of its reactions is 
fragmentation to Ph2CH+, and it is this reaction that is 
observed on the ps time scale. The ns study, however, shows 
that there is a second growth of Ph2CHi. The precursor here 
must be the 340 nm transient, since this decays at the same rate 
as the second fraction of Ph2CHi appears. The identity of the 
340 nm transient has not yet been discussed, but based on all 
the evidence the most likely structure is the l-diphenylmethyl- 
2,4-dimethoxybenzenium ion (10). This cyclohexadienyl cat- 
ion is obviously also capable of cleavage to Ph2CH+, and at the 
same time its deprotonation provides a route to the product 8. 
Moreover, its UV-visible spectrum with a A,,, near 340 nm is 
consistent with a 2,4-dimethoxybenzenium structure, as dis- 
cussed in the introduction. 

Scheme 3 can now be proposed to account for the various 
experimental observations. Inherent in this model is the 
assumption that the very fast reaction of the initially formed 5 
involves both cleavage and rearrangement. Since the ps appa- 
ratus could only monitor above 400 nm, only the cleavage 

pathway was visible through the formation of Ph2CH+. We 
propose, however, that the cation 10 is also formed in this pro- 
cess. Such a rapid rearrangement followed by deprotonation is 
consistent with the intramolecular photoisomerization, and 
also provides a mechanism that converts 4 to 8 without releas- 
ing a free diphenylmethyl cation (eq. [5]) .  

Also explained is the effect of the addition of a small amount 
of ethanol. Being more basic than the solvent, the ethanol will 
increase the overall rate of deprotonation of the cation 10, but 
will have no effect on the fragmentation to Ph2CHi. This has 
the effect of increasing the yield of 8 that is formed in the 
intramolecular process, as observed experimentally. 

Quantitative analysis 
Scheme 3 also provides rate constants for the various pro- 
cesses. These have been obtained as follows. 

The rate constant k, refers to the protonation of excited 4, 
presumably a singlet, by the solvent. The observation of the 
cation 5 at very short times in the ps LFP experiment implies 
that this is a very fast protonation. We estimate a lower limit of 
1 x 10" s-'; anything that was slower would have been 
observed in the kinetic traces. 
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Scheme 3. 

\ - 
OMe 

J t 
Me0 Me0 Me0 ($, - k4="1O4 - k6=2x1o6 & + - + Ph2CH 

OMe OMe k5=4  X lo5 OM, 
3 k,= 1 x l o2  

CHPh2 H CHPh2 6 

8 10 Ph2CHOCH(CF3)2 
7 

Fig. 3. Overlay of the transient absorption spectra for 2- Fig. 4. Transient absorption spectra for 266 nm irradiation of 2- 
diphenylmethyl-1,3-dimethoxybenzene in HFIP. The spectmm at diphenylmethyl-1,3-dimethoxybenzene (4) in 1,1,1,3,3,3- 
9.5-10 microseconds (0) has been plotted as is. The spectrum at hexafluoroisopropyl alcohol obtained at 200 picoseconds and 
50-100 nanoseconds (W) has been plotted by multiplying the 5000 picoseconds. 
optical density change by 2.65. 

n no 

Wavelength (nm) 

The rate constants k,  through k5 are obtained by solving a 
system of four equations (eqs. [6]-[9]). Equations [6] and [7] 
refer to the exponential rate constants obtained in the ps and ns 
LFP studies. The faster of these is the sum of the rearrange- 
ment and cleavage processes of 5; the slower is the sum of the 
deprotonation and cleavage pathways of 10. Equation [8] is the 
expression for the ratio of the amounts of diphenylmethyl cat- 
ion that are formed in the fast and slow processes. The exper- 
imental number has been obtained from the ns LFP study, 

Wavelength (nm) 

using the optical density at 440 nm immediately after the com- 
pletion of the 20 ns laser pulse for the amount that has formed 
in the ps time range, and the additional optical density that 
then grows in as the amount formed in the ns time range. The 
ratio of eq. [9] refers to the total amount of 1,3-dimethoxyben- 
zene (or Ph,CH+) relative to the rearrangement product, 
neglecting any intermolecular recombination. The experimen- 
tal number is determined from the zero intercept in Fig. 1, the 
yield of the rearrangement product arising from the intramo- 
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Scheme 4. 

Me0 

+ 
CHPh, -A + Ph2CH 

OMe 

Me 6 

Fig. 5. Increase in 440 nm absorbance on the picosecond time 
scale following 265 nm irradiation of 2-diphenylmethyl-l,3- 
dimethoxybenzene (4) in 1,1,1,3,3,3-hexafluoroisopropyl 
alcohol. 

0.100 

Time (ps) 

lecular pathway. Equations [8] and [9] are sufficient to provide 
the partitioning ratios, k2:k3 = 2.0 and k4:k5 = 0.20. Substitution 
of these into eqs. [6] and [7] gives the absolute rate constants. 

[7] k,, = 5.0 x lo5 s-' = k4 + k5 

- 0.885 

[91 (:) - - - - 
zero time 0.115 l k 2 \ l k 4 \  

The constant k, refers to the reaction of Ph2CH+ with HFIP 
to form 7. With an absolute value of k, available, kDMB is then 
calculated as 4 x lo5 M-' s-' using the ratio kDMB:kS obtained 
in the analysis of Fig. 1. The constant kDMB refers to the over- 
all formation of 8 from 1,3-dimethoxybenzene and Ph2CH+, 
and is equal to k,k4:(k4 + k5). Since the ratio k4:k5 is known, the 
absolute value of k6 can be obtained. It should be noted that k, 
is not well determined, so that any error in that constant will 
carry over to kDMB and kg. 

An interesting outcome of these calculations is the ratio 
k4:k5, which is calculated to be 0.2. This means that in the 
Friedel-Crafts reaction of 1,3-dimethoxybenzene and Ph2CH+ 
in the solvent HFIP, the formation of the cyclohexadienyl cat- 
ion 10 is almost reversible, and the rate-limiting step is the 
deprotonation of the cation. This of course partly reflects the 
weak basicity of the base doing the deprotonation, and the sit- 
uation could obviously change if there were stronger bases 
present. 

Mechanism of rearrangement 
Perhaps the most interesting feature of these results is the very 
rapid rate at which the original cyclohexadienyl cation re- 
arranges to its isomer. This is undoubtedly driven by thermo- 
dynamics. As discussed in the introduction, the parent 2,4- 
dimethoxybenzenium ion is thermodynamically more stable 
than the 2,6 isomer. Because of the bulky Ph2CH group this 
should be even more the case with the cations of this study. 

One possible mechanism is given in Scheme 4, in which the 
2,6-dimethoxybenzenium ion loses Ph2CH+ resulting initially 
in an ion-molecule complex, written in Scheme 4 as the T- 

complex 11. This same complex can serve as an intermediate 
in the interconversion of the 2,4-dimethoxybenzenium ion 10 
and 1,3-dimethoxybenzene plus Ph2CH+. In the case where it 
forms from 5, the complex has the choice of separating 
Ph2CH+ or of collapsing at the 4-position of the 1,3-di- 
methoxybenzene. The kinetic analysis presented in Scheme 3 
suggests that these occur in a 1:2 ratio, respectively. From the 
failure to detect 4 as a product of the reaction of 1,3-di- 
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methoxybenzene and Ph,CH+ it would also appear as if the 
complex shows little propensity for collapse at the 2-position 
to form 5. 

This situation, where a complex collapses to a cyclohexadi- 
enyl cation faster than it separates into the aromatic compound 
and the electrophile, and with high regioselectivity, has previ- 
ously been suggested as the explanation for very fast nitrations 
that show little intermolecular selectivity but high intramolec- 
ular selectivity (24). The suggestion in this case was that the 
rate-limiting step is the formation of a complex between NO,' 
and the aromatic, followed by a rapid and selective collapse to 
the cyclohexadienyl cation. By demonstrating that u-com- 
plexes can interconvert without separating the electrophile, the 
present study offers support for such a mechanism. 

Experimental section 
Flash photolysis experiments were carried out in the standard 
fashion with ca. 20 ns pulses at 248 nm (ca. 60 mJ per pulse) 
from a Lumonics excimer laser (KrF emission) and with ca. 25 
ps pulses at 266 nm (ca. 4 mJ per pulse) from a Continuum 
YG-601-C NdlYAG laser (25). Product analyses were carried 
out with a Varian 3400 gas chromatograph equipped with a 
FID detector, using ultra-high-purity helium as the carrier gas. 
The analyses were performed using a J + W Scientific Inc. 
Megabore DB 1 30 m column with a film thickness of 1.5 Fm. 
The apparatus was calibrated by determining response factors 
with authentic samples of the products. The identity of the 
products observed with GC was established by comparison of 
retention times and by the match in the mass spectra obtained 
by GCMS analysis. The steady state photolyses were carried 
out using a Rayonet photochemical reactor equipped with 
medium-pressure mercury lamps operating at 254 nm. After 
various times of irradiation the solutions were directly injected 
into the GC for quantitative analysis. 

The solvent 1,1,1,3,3,3-hexafluoroisopropyl alcohol (Ald- 
rich) was distilled over sodium carbonate, followed by storage 
over 3A molecular sieves. On the day of use, the solvent was 
distilled again under an atmosphere of argon over fresh molec- 
ular sieves. 

2-Diphenylinethyl-l,3-dimethoxybenzene (4) 
1,3-Dimethoxybenzene (10 g, 72 mmol) was converted to its 
2-lithio derivative (26) by dissolving in 100 mL of dry diethyl 
ether, adding 30 mL of 2.5 M butyllithium (75 mmol) in hex- 
anes and stirring at room temperature under argon for 40 h. 
Benzophenone (12.7 g, 70 mmol) dissolved in 50 mL of dry 
ether was added, and the solution stirred at room temperature 
for a further 2 days. Standard work-u provided 18 g of 2,6- 
dimethoxyphenyldiphenylmethanol: 'H NMR (200 MHz, 
CDCI,) 6: 3.39 (s, 6H), 6.34 (s, lH, OH), 6.61 (d, 2H, J =  8.3 
Hz), 7.20-7.30 (m, 11H). 

The crude alcohol (3 g, 9.4 mmol) was partially dissolved in 
190 mL of 95% ethanol, 1 g of 10% palladium on carbon was 
added, and the mixture was shaken for 2 days under 60 psi (1 
psi = 6.9 kPa) of hydrogen. The reaction mixture was shaken 
with Celite and filtered, followed by removal of the solvent to 
give a white solid. This was chromatographed using 5050  
hexane:dichloromethane followed by recrystallization from 
ethano1:water to give 1.7 g (60%) of white needles of 2-di- 
phenylmethyl-l,3-dimethoxybenzene (4), mp 91-92°C. 'H 
NMR (200 MHz, CDCI,) 6: 3.60 (s, 6H), 6.16 (s, lH), 6.57 (d, 

2H, J = 8.3 Hz), 7.12-7.28 (m, 1 1 H). 13c NMR (200 MHz, 
CDC1,) 6: 45.5,55.7, 105.1, 121.0, 125.4, 127.5, 128.0, 129.1, 
143.8, 158.5. MS (EI) mlz: 304.2 (loo%), 289.1 (44%), 273.1 
(45%), 227.1 (34%), 165.1 (52%), 152.1 (22%), 91.1 (88%). 
HRMS calcd. for C21H2002: 304.1463; found: 304.1479. 
Anal. calcd. for C21H2002: C 82.85, H 6.63, found: C 82.70, H 
6.85. 

4-Diphenylmethyl-1,3-dimetlzoxybenzene (8) 
Methyl 2,4-dimethoxybenzoate (5 g, 26 mmol) dissolved in 
dry benzene was added dropwise to 58.6 mmol of phenylmag- 
nesium bromide in 100 mL of dry ether. After refluxing for 2 
h, standard work-up gave 2,4-dimethoxyphenyldiphenylmeth- 
an01 as a yellow solid. This was purified by steam distillation 
to remove volatile impurities, followed by chromatography 
with 100% CH,Cl,, and recrystallization from ethano1:water. 
The product had mp 137-139°C. 'H NMR (200 MHz, CDCI,) 
6: 3.64 (s, 3H), 3.79 (s, 3H), 5.14 (s, lH, OH), 6.3 1 (dd, lH, J, 
= 2.3 Hz and J,  = 8.5 Hz), 6.40 (d, lH, J= 8.5 Hz), 6.53 (d, IH, 
J = 2.3 Hz), 7.20-7.32 (m, 10H). 

The alcohol (2 g, 6.2 mmol) was hydrogenated with 10% 
PdlC as described above. The white solid so obtained was 
chromatographed using 50:50 hexane:dichloromethane fol- 
lowed by recrystallization from ethano1:water to give 2.1 g 
(74%) of 4-diphenylmethyl-1,3-dimethoxybenzene (8), mp 
122°C. 'H NMR (200 MHz, CDC1,) 6: 3.72 (s, 3H), 3.82 (s, 
3H),5.87 (s, 1H),6.40 (dd, lH, J, = 2.5Hzand J,= 8.5Hz), 
6.47 (d, IH, J = 2.5 HZ), 6.74 (d, lH,  J = 8.5 HZ), 7.05-7.31 
(m, 10H). HRMS calcd. for C,,H,,O,: 304.1463; found: 
304.1463. 

Diphenylinethyl1,1,1,3,3,3-lzexaJZuoroisopropy1 ether (7) 
Diphenylmethanol (1.8 g) was added to 10 mL of 1,1,1,3,3,3- 
hexafluoroisopropyl alcohol, along with 5 rnL of dichlo- 
romethane to improve the solubility. One drop of concentrated 
H2S0, was added, resulting in a deep red solution. An aque- 
ous solution of sodium carbonate was added followed by 
dichloromethane. The dichloromethane layer was removed, 
dried over MgSO,, and evaporated. The resulting yellow liq- 
uid was chromatographed with 100% CH,Cl,, and the ether 
purified by distillation at 3 Tom, 61°C (1 Torr = 133.3 Pa). 'H 
NMR (200 MHz, CDCI,) 6: 4.18 (sept, lH), 5.84 (s, lH), 7.36 
(br s, 10H). HRMS calcd. for C,,H,,F,O: 334.0792; found: 
334.0799. 
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T.V. Pham and K.C. Westaway 

Solvent effects on nucleophilic substitution 
reactions. Ill. The effect of adding an inert salt 
on the structure of the S,2 transition state 

Abstract: The nitrogen and secondary a-hydrogen-deuterium kinetic isotope effects found for the SN2 reaction between 
thiophenoxide ion and benzyldimethylphenylammonium ion at different ionic strengths in DMF at O°C indicate that the structure 
of the transition state changes markedly with the ionic strength of the reaction mixture. In fact, a more reactant-like, more ionic, 
transition state is found at the higher ionic strength. This presumably occurs because a more ionic transition state is more stable 
in the more ionic solvent. 

Key words: transition state, ionic strength, secondary a deuterium kinetic isotope effects, nitrogen isotope effects, SN2. 

R6sum6 : On a dCterminC les effets isotopiques cinCtiques primaires de l'azote et secondaire des hydrog&ne/deuterium en a sur 
la reaction SN2 des ions thiophknolate et benzyldimCthylphCnylammonium, 9 diverses forces ioniques, dans le DMF, 9 0°C; ils 
suggkrent que la structure de l'ttat de transition varie d'une faqon importante avec la force ionique du melange reactionnel. En 
fait, on observe que, 9 force ionique ClevCe, 1'Ctat de transition est plus ionique et qu'il resemble aux rCactifs. Cette situation 
existe probablement parce qu'un Ctat de transition plus ionique est plus stable dans le solvant plus ionique. 

Mots clis : Ctat de transition, force ionique, effets isotopiques cinCtiques secondaires des deutCriums en a, effets isotopiques de 
l'azote, SN2. 

[Traduit par la rCdaction] 

Introduction tic criteria based on kinetic data, to determine the reaction 
mechanism. In practice, a constant (accurate) rate constant 

1nert salts are often added to organic reactions where ionic can be obtained for these reactions if the rate constant is deter- 
reactants are converted into neutral products so accurate rate mined in solutions containing a high concentration of an inert 

can be measured. The problem arises because the salt. This is effective because the high concentration of inert 
rate constant "k" for a reaction between two ionic reactants salt maintains a high, and effectively constant, ionic strength 
varies with the ionic strength of the medium, eq. [I]. throughout the reaction so the rate constant does not change 

significantly. In all the studies where this technique has been 
[ I ]  log k = log ko + Z,Z,c(p / used, it is assumed that the added salt only keeps the ionic 

where "log k," is the rate constant at infinite dilution, "Z," and 
"2," are the charges on the reacting ions, c is a constant, "p = 
1/2(Cici~,2 )" is the ionic strength of the solution, "c; is the 
concentration of ion i, "2," is the charge on ion i, " D  is the 
dielectric constant of the solvent, "T" is the absolute tempera- 
ture, and "p" is the density of the solution (1). In a reaction 
where two ionic reactants are converted into neutral products 
(ions are consumed in the reaction), the ionic strength 
decreases throughout the reaction and the rate constant 
changes according to eq. [I]. This means that one cannot deter- 
mine an accurate rate constant for the reaction and, therefore, 
cannot measure kinetic isotope effects, or any other mechanis- 

strength of the medium constant (maintains the rate constant) 
but does not have any effect on the reaction. The results of this 
study indicate that an added, inert, salt affects the structure of 
an SN2 transition state significantly. 

Results and Discussion 

The SN2 reaction between thiophenoxide ion and benzyldi- 
methylphenylammonium ion, eq. [2], 

Z* S- C L ~ C ~ H ~  + (CH3)2Nc6H5 
NaN03 
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Pham and Westaway 

Table 1. The primary nitrogen (leaving group) and secondary a- 
hydrogen-deuterium kinetic isotope effects for the S,2 reaction 
between sodium thiophenoxide and benzyldimethylphenyl- 
ammonium nitrate at different ionic strengths in DMF at O°C. 

Ionic strength 
(MI k'Jlk'5 (kdkda 

0.904 1.0166 f 0.0004" 1.215 + 0.011' 
0.64 1.0200 f 0.0007" 1.179 f 0.007" 

"The errors are the standard deviation of the mean of five different 
measurements. 

'The error in the isotope effect = (llk,)[(~k,,)' + (k,lk,)' x (Ak,)']'" 
where Ak, and Ak, are the standard deviations for the rate constants for 
the undeuterated and deuterated substrates, respectively. The Ak, and Ak, 
values were obtained from three rate constants for the undeuterated and 
three rate constants for the deuterated substrates, respectively, that were 
measured simultaneously. 

This isotope effect was determined by whole-molecule mass 
spectrometry. The error is the standard deviation for four separate 
determinat~ons (2). 

The nitrogen (leaving group) and the secondary a-hydro- 
gen-deuterium kinetic isotope effects were measured for this 
SN2 reaction at two different ionic strengths to learn whether 
the added, inert, salt affects the reaction and the structure of its 
transition state. An examination of the nitrogen (leaving 
group) and secondary a-hydrogen-deuterium kinetic isotope 
effects, Table 1, shows that the isotope effects are very differ- 

1 ent when the reaction is carried out at different ionic strengths. 
For instance, the nitrogen kinetic isotope effect found at the 
higher ionic strength (k14/k1' = 1.0166 f 0.0004) is signifi- 
cantly smaller than the kI4/kl5 = 1.0200 ? 0.0007 found for 
this reaction at the lower ionic strength of 0.64 M (2). The 
magnitude of a heavy atom (nitrogen (leaving group)) kinetic 
isotope effect increases linearly with the percent of a-carbon- 
nitrogen (C,- - -N) bond rupture in the transition state (2, 3). 
Therefore, the smaller nitrogen isotope effect found for the 
reaction at the higher ionic strength indicates that the C,- - -N 
bond rupture is much less advanced in the transition state of 
the high ionic strength reaction. 

Recent work has shown that the magnitude of a secondary 
a-hydrogen-deuterium kinetic isotope effect is determined by 
the changes that occur in both the C,-H(D) stretching and the 
out-of-plane bending vibrations when the reactant is converted 
into the transition state (4, 5). However, a comparison of the 
secondary a-hydrogen-deuterium kinetic isotope effects for a 
series of SN2 reactions between methyl or ethyl chlorides and 
fluorides with several different nucleophiles (5) has shown 
that the magnitude of the isotope effect for a series of SN2 reac- 
tions wit11 the same leaving group is determined by the 
changes that occur in the out-of-plane bending vibrations 
when the reactant is converted into the transition state (5). 
This means the magnitude of the secondary a-hydrogen- 
deuterium kinetic isotope effect for a series of SN2 reactions 
with the same leaving group is determined by the nucleophile 
- leaving group distance (the tightness) of the SN2 transition 
state (5-7). 

The secondary a-hydrogen-deuterium kinetic isotope effect 
found at the high ionic strength ((kHlkD), = 1.22 t 0.01) is sig- 
nificantly larger than the (kH/kD), = 1.179 ? 0.007 (2) found at 
an ionic strength of 0.64 M, Table 1. Since the magnitude of a 

Fig. 1. The relative transition state structures for the S,2 reactions 
between sodium thiophenoxide and benzyldimethylphenyl- 
ammonium nitrate at different ionic strengths in DMF at O°C. 

secondary a-hydrogen~leuterium kinetic isotope effect is 
related to the nucleophile - leaving group distance in the SN2 
transition state (5-7), the larger isotope effect found for the 
higher ionic strength reaction indicates that the high ionic 
strength transition state is looser with a greater nucleophile - 
leaving group distance than the lower ionic strength transition 
state. If the high ionic strength transition state has a greater 
nucleophile - leaving group distance but a shorter c,- - -N 
bond (vide supra), then the S- - -C, transition state bond in 
the high ionic strength reaction must be much longer than the 
S- - -C, bond in the transition state of the low ionic strength 
reaction, Fig. 1. 

Another piece of evidence that suggests the S- - -C, transi- 
tion state bond is longer in the higher ionic strength reaction is 
the Hammett p value found by changing the para substituent 
on the nucleophile. A Hammett p = - 1.62 f 0.01, Table 2, 
was observed for the high ionic strength reaction whereas a 
larger Hammett p value of - 1.76 0.19 was found for the 
reaction at an ionic strength of 0.64 M. Since a larger p value is 
observed when the change in charge on going from the reac- 
tants to the transition state is larger, i.e., when there is more 
nucleophile-a-carbon bond formation in the transition state, 
the reaction at the higher ionic strength (with the larger 
(kH/kD), ) must have the longer S- - -C, transition state bond.2 
Thus, the p values support the conclusion based on the magni- 
tude of the secondary a-hydrogen-deuterium kinetic isotope 
effects, i.e., that the transition state for the higher ionic 
strength reaction is looser with a much longer S- - -C, bond 
than the transition state for the lower ionic strength reaction. 
Combining the information obtained from the nitrogen and the 
secondary a-hydrogendeuterium kinetic isotope effects with 
that from the ~ a m h e t t  p value suggests that t he  high ionic 
strength transition state is earlier (more reactant-like) with a 
much longer S- - -C, and a shorter C,- - -N bond, Fig. 1. 

Finally, it is interesting to speculate on why a more reac- 
tant-like transition state is found at a higher ionic strength. The 
earlier transition state in the high ionic strength reaction has 
both a greater negative and a greater positive charge on the 

Hoz et al. (8) used the results of theoretical calculations on 
homolytic cleavage reactions to question the validity of using 
Hammett p values to determine transition state structure. 
However, many workers currently use linear free energy 
relationships such as p values to indicate differences in transition 
state structure (9, 10) and there is no experimental evidence to 
show which position is correct. The authors believe that p values 
found in closely related systems can be used to indicate transition 
state structure. Support for this position is that the changes in the 
structure of the S,2 transition state suggested by p values have 
been confirmed by isotope effect data (2, 11, 12j. 
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Table 2. The rate constants and Hammett p values for the 
reactions between para-substituted sodium thiophenoxides and 
benzyldimethylphenylammonium nitrate at different ionic 
strengths in DMF at O°C. 

Rate constant x lo3 (L M-' s-') 
para-Substituent 

on the Ionic strength Ionic strength 
thiophenoxide ion p = 0.904 M p = 0.64 M 

CH30 30.1 f 0.8" 46.2 f 3.3" 
H 10.9 f 0.3 12.8 f 1.0 
C1 4.67 f 0.07 6.13 f 0.65 
P -1.62 f 0.01 -1.76 f 0.19 
Correlation coefficient 1 .OO 0.994 

"The errors are the standard deviation of the mean of at least three 
different measurements. 

nucleophilic sulfur and nitrogen atoms, respectively. This 
means the transition state in the higher ionic strength solvent is 
more ionic. It is proposed that the more ionic transition state is 
found at high ionic strength because it is more stable (more 
highly solvated) in the more ionic solvent. 

The significant observation, however, is that inert salts that 
are used to increase the ionic strength in reactions so that accu- 
rate rate constants can be measured, change the structure of the 
transition state markedly. This is an important discovery 
because it shows that adding even inert salts changes the reac- 
tion from a mechanistic point of view, i.e., the values obtained 
for any mechanistic criterion will not be for the reaction of 
interest. 

Experimental 

Nitrogen kinetic isotope effects for the SN2 
reactions between sodium thiophenoxide and 
benzyldimethylphenylammonium ion in DMF at 0°C 

The procedure used to synthesize the benzyldimethylphenyl- 
ammonium nitrate and measure the nitrogen kinetic isotope 
effect has been described (2). The only difference in the two 
isotope effects was that one was measured at a higher ionic 
strength. In both experiments, the ionic strength was adjusted 
by adding sodium nitrate to the solvent. 

The secondary a-hydrogen-deuterium kinetic isotope 
effects for the SN2 reactions between sodium 
thiophenoxide and benzyldimethylphenylammonium 
ion in DMF at 0°C 

The preparation of the benzyl-1,l-d2-dimethylphenylammo- 
nium nitrate has been described (2). The procedure used to 

measure the secondary a-hydrogen-deuterium kinetic isotope 
effect at the lower ionic strength using whole-molecule mass 
spectrometry is also described in ref. 2. The secondary a- 
hydrogen-deuterium kinetic isotope effects at the high ionic 
strength were obtained by dividing the average second-order 
rate constant (from three separate kinetic runs done using the 
same stock solutions and at the same time) for the reaction of 
the undeuterated substrate with that for the reaction of the deu- 
terated substrate. The least-squares kinetic plots had correla- 
tion coefficients of at least 0.999 and the reactions were 
followed to at least 67% of completion. The procedure used to 
measure these rate constants is given in refs. 12 and 13. The 
isotope effects measured with different batches of solvent on 
different days were identical. 
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Nitrobenzoxadiazole-labelled polyisoprenoid 
alcohols 

Bruce J. Balcom and Nils 0. Petersen 

Abstract: We have prepared, isolated, and characterized a series of nitrobenzoxadiazole labelled polyisoprenoid alcohols. The 
coupling reaction employed was a dicyclohexylcarbodiimide mediated condensation between a carboxylic acid derivative of 
nitrobenzoxadiazole and the polyisoprenoid alcohols citronellol, solanesol, and dolichol. Upon exposure to visible light, a 
self-sensitized singlet oxygen "ene" reaction oxidized double bonds in the isoprene moiety. The rate of oxidation is greatly 
reduced in solvents where singlet oxygen is short-lived. 

Key words: nitrobenzoxadiazole, isoprenoid, dolichol, citronellol, solanesol, fluorescence labelling, singlet oxygen, ene 
reaction. 

RCsumC : On a prCpart, is016 et caracttrisC une strie d'alcools polyisoprCnoldes dCrivCs du nitrobenzoxadiazole marqut. La 
rCaction de couplage utilisCe implique une condensation, effectuCe sous l'influence de la dicyclohexylcarbodiimide, entre un 
dCrivC d'un acide carboxylique du nitrobenzoxadiazole et les alcools polyisoprCnoi'des citronellol, solanCso1 et dolichol. Par 
exposition B la lumikre visible, une rkaction "he"  autosensibilisCe de l'oxygkne singulet permet d'oxyder les doubles liaisons de 
la portion isoprCnique. La vitesse de la rtaction est grandement rCduite dans les solvants dans lesquels la durCe de vie de 
l'oxygkne est rCduite. 

Mots elks : nitrobenzoxadiazole, isoprtnolde, dolichol, citronellol, solanCso1, fluorescence, marquage, oxygkne singulet, 
rCaction kne. 

[Traduit par la redaction] 

Introduction 

We recently examined the size dependence of the lateral diffu- 
sion coefficient in model cell membranes using fluorescently 
labelled probe molecules (1, 2). Our specific intent was to 
explore the effect of hydrocarbon interactions in the mem- 
brane interior as a retardant to lateral diffusion. Systematic 
exploration of this effect required a homologous series of well- 
defined hydrophobic polymers derivatized with a fluorophore 
(3-5) suitable for use in fluorescence photobleaching recovery 
experiments (6, 7). Based on previous experience (8, 9) we 
chose nitrobenzoxadiazole (NBD) as the fluorophore. This 
article describes the synthesis, purification, and characteriza- 
tion of the labelled molecules and also reports an unexpected 
light-dependent instability of the resulting labelled probes. 

Polyisoprenoid alcohols, ubiquitous in nature, are a natu- 
rally occurring hydrocarbon polymer with a ready means of 
derivatization: a terminal hydroxyl function. Short-chain iso- 
prenoid alcohols are most prevalent in plants. Citronellol, 
nerol, farnesol, and geranyl geraniol are common constituents 
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of fragrant essential oils such as citronella, rose, and musk oil. 
solanesol is the major lipid component of tobacco leaves (1 0). 
Long-chain polyprenols are more common in mammals. Doli- 
chol in rat liver, for example, is polydisperse with alcohols 
that range from 14 to 24 isoprenes in length (1 1). The distribu- 
tion of dolichols in tissues varies with species. In humans, the 
mean chain length shifts towards longer chain isoprenoids. 

Despite the common linear architecture, two major struc- 
tural differences occur in these polymers. The extent of unsat- 
uration is variable, as is the double bond stereochemistry. 
Saturated isoprene subunits typically occur in the a subunit 
containing the hydroxyl group. This is the case for citronellol 
and dolichol used in our studies (Scheme 1). Solanesol has an 
a isoprene subunit that is unsaturated. Solanesol (Scheme 1) 
also has an all-trans stereochemistry about its nine double 
bonds. Dolichol is poly cis with only the three terminal iso- 
prenes possessing trans double bonds (1 2). 

Results and discussion 

Derivatization 
The hydroxyl functional group in the isoprenoid alcohols 
immediately suggests an esterification as the preferred mode 
of fluorophore attachment. N-Methyl-N-(7-nitrobenz-2-oxa- 
1,3-diazol-4-y1)-6-amino hexanoic acid (NBD-acid) is a car- 
boxylic acid derivative of NBD (inset Fig. 1) designed for 
labelling alcohols and amines (13). Esters synthesized from 
NBD-acid are named, in this work, by appending the alcohol 
name to NBD. 

Our chosen esterification reaction was a dicyclohexylcar- 
bodiimide (DCC) mediated acid condensation reaction (14, 

Can. J. Chern. 74: 2531-2535 (1996). Printed in Canada / IrnprirnC au Canada 
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Scheme 1. Citronellol and dolichol (top) have n = 1 and n = 
15-21, respectively. Solanesol (bottom) has n = 8. 

Fig. 1. DCC-mediated NBD-acid esterification reaction. Sample reaction scheme 
illustrating the labelling reaction. NBD-acid (1) combines with DCC to form the 
anhydride (2) and the unwanted N-acylurea (5). An alkyl aminopyridine catalyst 
assists the esterification of, in this case, undecanol (3). NBD-undecanol (4) is the 
desired product. 

C6H1 1 
I 

catalyst HO(CH2) ioCH3 I 
15) with an alkyl aminopyridine catalyst (Fig. 1). This reaction 
has a significant by-product, N-acylurea, production of which 
is very solvent dependent. Balcom and Petersen (16) showed 
that solvents that are poor hydrogen bond acceptors are the 
most efficient in suppressing N-acylurea production (an unde- 
sirable by-product) in the DCC reaction. Methylene chloride is 
a poor hydrogen bond acceptor but it also exacerbates the 
light-induced instability of the product esters. Model esterifi- 
cation reactions were undertaken with undecanol to confirm 
the reaction products of the NBD labelling reaction and to fur- 
ther explore the unexpected light-induced instability of the 
labelled isoprenoid alcohols. 

HPLC analysis 
Reverse-phase HPLC was employed to characterize the NBD- 
labelled alcohols. Unlike chromatography on silica, where the 
polarity of the NBD group controls the elution, the retention 
time on a reverse-phase HPLC column is primarily controlled 
by the hydrocarbon moiety of the labelled alcohols. NBD- 
undecanol eluted as one peak, retention time 26.7 min. NBD- 
citronellol, retention time 14.3 min, has a small impurity, less 
than 5%, which eluted at a shorter time. NBD-solanesol (dif- 
ferent mobile phase) also eluted as one peak at 4.0 min. 

The dolichol sample was a mixture of individual homologs 
in the range from 16 to 22 isoprenes. The chain lengths of indi- 
vidual homologs were confirmed by comparison to known 
dolichol standards. Reverse-phase HPLC resolved the individ- 

ual labelled (480 nm detection wavelength) dolichol species 
(Fig. 2). Labelled homologs with 16, 17, 18, 19,20,21, and 22 
isoprenes had retention times of 10.7, 12.0, 14.4, 17.7, 20.5, 
24.2, and 29.5 min, respectively. The same distribution was 
observed prior to labelling, by observation of the isoprene 
double bond absorption at 210 nm. The unlabelled species 
(same elution conditions) had shorter retention times. Expo- 
sure of NBD-dolichol to light and oxygen in methylene chlo- 
ride resulted in degradation of the molecule (but not the 
fluorescent label) and a shift of the distribution back to shorter 
elution times. Exposure of the NBD-citronellol sample, simi- 
lar conditions, also resulted in a degradation of the molecule 
(but again not the fluorescent label), which was observed as a 
shift in retention time from 14.3 to 4.8 min. 

Compound instability 
The origin of the solution instability was further investigated 
because the stability of the probe molecule was of crucial 
importance with reference to its use as a diffusion tracer. The 
HPLC results discussed in the previous section showed quan- 
titative conversion of the target ester into the degradation 
product(s). Silica TLC analysis (NBD-citronellol) showed a 
change in R, from 0.87 to 0.75 upon reaction. Less efficient 
interaction of the degradation product with the HPLC station- 
ary phase, but more efficient interaction with the TLC station- 
ary phase (decreased R,), suggests the degradation product is 
more polar than the original NBD-labelled alcohol. 
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Balcorn and Petersen 

Fig. 2. Reverse-phase HPLC trace of NBD-dolichol sample. 
Labelled homologs with from 16 to 22 isoprenes are observable. 
This same distribution was observed for the unlabelled 
homologs. The NBD-dolichol was detected by the absorbance 
(480 nm) of the NBD label. 

timelmin 

Control experiments (analysis by TLC and HPLC) revealed 
four additional features of the degradation reaction. (i) The 
degradation was a photochemical reaction involving NBD. 
NBD-citronellol decayed in both white light and light filtered 
(via a cutoff filter) to wavelengths greater than 400 nm. (ii) 
Oxygen was required. The decay of NBD-citronellol was 
quenched, or severely limited, by sparging the solution with 
nitrogen. Contrarily, saturating the solution with oxygen 
greatly accelerated the reaction. (iii) NBD-undecanol did not 
degrade. Although it closely resembles NBD-citronellol in 
size and shape, it does not have a double bond. (iv) The decay 
of NBD-citronellol was solvent dependent. A qualitative com- 
parison of the decay rate in acetone and deuterated acetone, 
analysis by TLC, showed much faster conversion in the deu- 
terated solvent. The degradation was also observed to proceed 
rapidly in chlorinated solvents although a direct control exper- 
iment, as in the case of the deuterated solvents, was not possi- 
ble. NBD-citronellol did not degrade in ethanol. 

Involvement of the NBD chromophore (h,,, = 480 nm), 
oxygen, and the isoprene double bond in the degradation reac- 
tion immediately suggests an NBD sensitized singlet oxygen 
"ene" reaction (17, 18). Our qualitative observation of a deu- 
terium effect on the degradation kinetics is strong evidence for 
the singlet oxygen "ene" mechanism; it is often considered 
diagnostic of a singlet oxygen reaction (19). 

Ground state triplet oxygen is known to undergo triplet- 
triplet annihilation with varied dye sensitizers to produce the 
reactive singlet oxygen species (20, 21). The isoprene moiety 
is vulnerable to the "ene" reaction because of the trisubsti- 
tuted double bond (18, 22). In fact, citronellol is oxidized to 
rose oxide on an industrial scale by the singlet oxygen "ene" 
reaction (23). Many different hydroperoxide isomers are pro- 
duced (22) by this reaction, which made purification and 
spectroscopic identification of the reaction products impossi- 
ble. 'H NMR of the crude light-exposed and reacted NBD-cit- 
ronellol supported the singlet oxygen oxidation mechanism. 
The 'H NMR spectrum, after light exposure, showed a disrup- 
tion of the isoprene double bond structure. This is most evi- 

dent from the disappearance of the terminal methyl singlets 
(6 = 1.68 and 1.60 ppm) a to the double bond in the original 
citronellol. 

To our knowledge, the NBD chromophore has not previ- 
ously been identified as a singlet oxygen sensitizer. It is not 
surprising, however, that it could so function. While the quan- 
tum yield of intersystem crossing is unknown for NBD, the 
low quantum yield of fluorescence, 5% (6), suggests there 
could be substantial production of triplet state NBD. The sin- 
glet oxygen "ene" reaction has a very low activation energy 
and little direct solvent dependence (18). There is an indirect 
solvent dependence, however, due to the widely variant life- 
times of singlet oxygen in solution (18, 19). The lifetime is 
very long in halogenated or deuterated solvents and thus sin- 
glet oxygen is very reactive in these environments. For exam- 
ple the lifetime in acetonitrile is 65 ps, while deutero 
acetonitrile has a singlet oxygen lifetime of 950 ps  (24). Sim- 
ilarly, the lifetime in chloroform is 160 ps while a change to 
deutero chloroform increases the lifetime to 3600 p s  (24). 
Hydroxyl or hydrocarbon solvents yield much shorter singlet 
oxygen lifetimes (25). The product NBD-esters were stored in 
ethanol solution, in the dark, under a nitrogen atmosphere 
prior to use in bilayer diffusion experiments (2). The isoprene 
double bonds in labelled solanesol and dolichol undergo sim- 
ilar oxidation; however, the problem is more severe because of 
the greater number of isoprene units in each molecule. 

We believe the singlet oxygen "ene" reaction is particularly 
effective in these systems because the sensitizer and the dou- 
ble bond are in the same molecule. The reaction is thus 
intramolecular; this is supported by the observation that the 
reaction rates appear to have no concentration dependence 
(work in progress). 

Conclusion 

We have successfully derivatized a series of polyisoprenoid 
alcohols with a carboxylic acid bearing nitrobenzoxadiazole 
fluorophore. A self-sensitized singlet oxygen "ene" reaction 
degrades the polyisoprenoid esters in solution. The "ene" 
reaction is severe in halogenated and deuterated solvents due 
to long singlet oxygen lifetimes. Careful storage and handling 
of the labelled molecules obviates this difficulty. Degradation 
of the isoprene double bond in a bilayer environment is 
unlikely to be a severe problem because singlet oxygen life- 
times in water and hydrocarbon media are, in general, very 
short. 

Experimental 

General 
All solvents and chemicals were BDH analytical grade, unless 
otherwise noted. Water was doubly distilled and deionized. 
DCC reactions were run in spectroscopic grade methylene 
chloride (Caledon). All reactions were carried out at room 
temperature. NBD-acid was synthesized according to a pub- 
lished procedure (1 3). 

Proton NMR spectra were recorded with a Varian XL-200 
or Gemini 200 MHz spectrometer. Carbon-13 NMR spectra 
were acquired with a Varian XL-300 spectrometer. Tetrame- 
thy1 silane was used as an internal standard in all cases. Mass 
spectroscopic analyses were performed on a Finnigan MAT 
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8230. Melting points, uncorrected, were measured on a Gal- 
lenkamp melting point apparatus. 

Fluorescently labelled compounds were handled in subdued 
light. Compounds labelled with NBD-acid were stored, as eth- 
anol solutions under nitrogen, in the dark at 4°C. Optical spec- 
tra were recorded using either a Cary 219 or Shidmadzu 
UV-160. NBD-acid has an extinction coefficient E = 3.4 x lo4 
L mol-' cm-' at 476 nm measured in ethanol. 

Chromatography 
The HPLC system comprised two Waters 510 pumps con- 
trolled by a Waters automated gradient controller. Compounds 
were observed at 480 nm and 210 nm with a Waters 490 mul- 
tiwavelength detector. HPLC analyses employed a Waters C,, 
reverse phase radial compression column. Elution conditions 
were 70130 acetonitrilelwater (NBD-undecanol, NBD-cit- 
ronellol), 65135 isopropyl alcohollmethanol (NBD-dolichol), 
70130 isopropyl alcohollmethanol (NBD-solanesol) all at 
2.0 mL Imin. 

Silica thin-layer chromatography (TLC) was performed on 
plastic-backed silica gel 60 uv1254 plates (Merck). Chromato- 
grams were visualized by sample colour. Silica TLC of NBD- 
acid conjugates employed a solvent system that was 75125 
methylene chloridelethyl acetate. Mallinckrodt 60-200 mesh 
silica gel, grade 62 special, was used for column chromatogra- 
phy. NBD labelled alcohols were eluted from a silica gel col- 
umn with a 75/25 mixture of methylene chloride and ethyl 
acetate. 

NBD-undecanol 
NBD-acid (196 mg, 0.64 mmol) and 68 mg (0.33 mmol) DCC 
(Kodak) were added to 10 mL of methylene chloride. The 
stirred mixture was allowed to react for 5 h. Orange NBD-acid 
dissolved gradually as the anhydride was produced. Dicyclo- 
hexylurea precipitated as a fluffy white powder. Undecanol 
(Aldrich) was added to the mixture by syringe (35 pL, 0.17 
mmol) along with 10 pL (1.7 pmol) of a stock catalyst solu- 
tion, 4-pyrrolidinopyridine (Aldrich), in methylene chloride. 
The reaction vessel was sealed and the mixture left stirring a 
further 18 h in the dark. Dicyclohexylurea was subsequently 
removed by filtration. 

Silica TLC showed the major products (vide infra) were 
NBD-undecanol (Rf = 0.55) and N-acylurea (Rf = 0.45). 
Residual NBD-acid was an orange spot (Rf = 0.16). The 
methylene chloride solution was diluted to 65 mL and 
extracted twice with 100 mL of pH 8.4 borate buffer to 
remove residual acid. After extraction with 100 mL of 
water, the methylene chloride solution was concentrated by 
rotary evaporation. Column chromatography isolated NBD- 
undecanol as the first distinct orange band. NBD-undecanol 
was recrystallized from petroleum ether. Twenty-two milli- 
grams (28% yield based on undecanol) of the chalk-like 
solid, mp 63-64"C, was recovered. N-Acylurea was col- 
lected and recrystallized from hot ethanol-water, mp 148- 
150°C. N-Acylurea was confirmed by 'H and ',c NMR and 
high-resolution MS (1 6). 

'H NMR (CDCI,, 200 MHz, 6 (ppm)): 8.44 (lH, doublet, 
ring proton a to nitro group), 6.09 (IH, doublet, ring proton P 
to nitro group), 4.06 (4H, triplet, CH202C; unresolved multi- 
plet, CH2N by analogy to NBD-acid), 3.47 (3H, broad singlet, 
NCH,), 2.34 (2H, triplet, 02CCH2), 1.9-1.4 (8H, four over- 

lapping partially resolved methylenes, CH2CH202- 
CCH2CH2CH2CH2), 1.26 (16H, broad singlet, eight methyl- 
enes interior of the undecanol chain), 0.88 (3H, triplet, CH,). 
I3c NMR showed that the isolated product incorporated peaks 
characteristic of the two reactants, NBD-acid and undecanol. 
High-resolution MS showed a molecular ion rnle = 462.2842; 
expected mle = 462.2842. 

NBD-citronellol 
NBD-citronellol was prepared using the procedure described 
for NBD-undecanol. NBD-acid (145 mg, 0.47 mmol) and 108 
mg of DCC (0.52 mmol) were reacted with 15 pL of cit- 
ronellol (Aldrich), 0.082 mmol, in the presence of 25 pmol of 
the catalyst. NBD-citronellol (R, = 0.87) was isolated by col- 
umn chromatography as described above. Isolated NBD- 
citronellol, 35 mg (93% yield based on citronellol), was an 
orange-red oil. 

Exposure of NBD-citronellol to light and oxygen results in 
oxidation of the isoprene double bond, yielding an oxidized 
product with Rf = 0.75 on silica gel. Chlorinated and deuter- 
ated solvents (deutero chloroform) exacerbated the degrada- 
tion reaction, which made 'H NMR problematic. Samples 
submitted for NMR analyses invariably oxidized to some 
extent before acquisition. 'H NMR (CDC13, 200 MHz, 
S(ppm)): 8.41 (lH, doublet, ring proton a to nitro group), 6.09 
(lH, doublet, ring proton P to nitro group), 5.06 (lH, triplet, 
CH=C), 4.12 (4H, triplet, CH202C; unresolved multiplet, 
CH2N by analogy to NBD-acid), 3.48 (3H, broad singlet, 
NCH, ), 2.34 (2H, triplet, 02CCH2 ), 2.00 (2H, unresolved 
multiplet, C02CH2CH2), 1.80 (3H, singlet, terminal methyl), 
1.60 (3H, singlet, terminal methyl), 1.9-1.1 ( l lH ,  partially 
resolved multiplets, three methylenes interior acid chain, two 
methylenes and one methine interior citronellol chain), 0.91 
(3H, doublet, CH,). High-resolution MS rnle = 446.2529; 
expected mle = 446.2529. NBD-citronellol stored in the dark, 
under nitrogen, was stable for at least 1 year (HPLC analysis) 
in ethanol solution. 

NBD-solanesol 
NBD-solanesol was prepared according to the procedure 
described for NBD-undecanol. NBD-acid (196 mg, 0.64 
mmol) and 68 mg of DCC (0.33 mmol) reacted with 13 mg of 
crystalline solanesol (Sigma), 0.02lmmo1, in the presence of 
20 pmol of the catalyst. NBD-solanesol (Rf = 0.87) was iso- 
lated by column chromatography as described above. NBD- 
solanesol, 9 mg (50% yield based on solanesol), was an 
orange-red tar. The yield was determined spectroscopically by 
the absorbance of the NBD chromophore. 

NBD-dolichol 
NBD-dolichol was prepared according to the procedure 
described for NBD-undecanol. NBD-acid (71 mg, 0.23 mmol) 
and 24 mg of DCC .(0.12 mmol) reacted with 18 mg of doli- 
chol (0.013 mmol) in the presence of 5 pmol of the catalyst. 
Dolichol, recovered from human liver upon autopsy, was sup- 
plied by Dr. K.K. Carroll. NBD-dolichol (Rf = 0.91) was iso- 
lated by column chromatography as previously described for 
NBD-undecanol. NBD-dolichol, 1 mg (6% yield based on 
dolichol), was an orange-red tar. The yield was determined 
spectroscopically by the absorbance of the NBD chro- 
mophore. 
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A study of the vacuum pyrolysis of 
4-~~~~~~~~~~~~~~~~~~~~3-one with Hel 
ultraviolet photoelectron spectroscopy 

N.H. Werstiuk, J. Ma, C.D. Roy, A.J. Kresge, and E.A. Jefferson 

Abstract: A newly developed ultraviolet photoelectron spectrometer apparatus that utilizes a tunable 50 W CW CO:, laser as a 
directed heat source is used to study the vacuum pyrolysis of 4-diazoisothiochroman-3-one (la).  Analysis of the pyrolysate with 
ultraviolet photoelectron spectroscopy shows that l a  undergoes a facile pyrolysis at a laser power level of less than 26 W, 
yielding two new compounds: thiaketene 3a, the product of a Wolff rearrangement, and benzocyclobutenthione (6a), which can 
be derived from thiacarbene 4a, the decarbonylation product of 3a. Activation enthalpieslenergies calculated at the AM 1 and ab 
initio levels of theory indicate that, unlike the case of 4-diazoisochroman-3-one (lb), the Wolff rearrangement of the incipient 
carbene may be concerted with loss of nitrogen from l a .  The activation enthalpylenergy calculated for the decarbonylation of 3a 
is significantly higher (AM1,20.5 kcallmol; RHFl6-3 lG(d), 11.7 kcallmol; MP2(full)llRHFl6-31G(d), 14.3 kcallmol) than the 
activation enthalpylenergy for the decarbonylation of 3b. This result is in keeping with the fact that we detect 3a, but 3b is not 
found in detectable amounts in the pyrolysate of lb. 

Key words: vacuum pyrolysis, 4-diazoisothiochroman-3-one, He1 ultraviolet photoelectron spectroscopy, AM1 and ab initio 
calculations. 

Resume : On a utilist un spectromktre de photoCmission de photoklectrons dans l'ultraviolet rkcemment mis au point qui utilise 
un laser ajustable au CO1 de 50 W CW comme source dirigCe de chaleur, pour Ctudier la pyrolyse sous vide de la 
4-diazoisothiochroman-3-one (la).  L'analyse du pyrolysat par la spectroscopie de photoCmission de photoClectrons dans 
l'ultraviolet montre que le composC l a  subit facilement la pyrolyse i un niveau de puissance du laser infkrieure i 26 W pour 
donner deux nouveaux composCs : la thiacCt2ne 3a, le produit d'un rearrangement de Wolff, et la benzocyclobutenthione (6a) qui 
peut provenir du thiacarbkne 4a, le produit de dCcarbonylation du produit 3a. Les Cnergieslenthalpies d'activation calculCes aux 
niveaux thkoriques AM1 et ab initio indiquent que, contrairement au cas de la 4-diazoisochroman-3-one (lb), la transposition de 
Wolff du carbkne naissant peut-&tre concertCe avec la perte d'azote i partir de la .  L'tnergielenthalpie d'activation calculte pour 
la dCcarbonylation de 3a est de f a ~ o n  significative plus ClevCe (AM1,20,5 kcallmol; RHFl6-31G(d), 11,7 kcallmol; 
MP2(complet)llRHFl6-3 lG(d), 14,3 kcallmol) que 1'Cnergielenthalpie d'activation pour la dkcarbonylation de 3b. Ce rCsultat est 
en accord avec le fait que nous avons detect6 le composC 3a mais le compost 3b n'est pas present en quantitks detectables dans 
le pyrolysat de lb.  

Mots clPs : pyrolyse sous vide, 4-diazoisothiochroman-3-one, He1 spectroscopie de photoCmission de photoClectrons dans 
l'ultraviolet, calculs AM1 et ab initio. 

[Traduit par la rkdaction] 
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Communication 

Scheme 1. 

To facilitate the preparation and detection of highly reactive 
transients in the gas phase, we developed an ultraviolet photo- 
electron (pe) spectrometer - CW C 0 2  laser apparatus and 
used it successfully to study the vacuum pyrolysis of 6,6-di- 
halobicyclo[3.1 .O]hexanes (I), 1,2,3-benzotriazines (2), and 
4-diazoisochroman-3-one ( lb)  (3). To expand our research on 
transient species, we used this instrument to study the vacuum 
pyrolysis of 4-diazoisothiochroman-3-one (la). We antici- 
pated that this study would add new information to the limited 
amount of data that are available on the vacuum pyrolysis of 
a-diazocarbonyl compounds in contrast to the large body of 
work that has been accumulated on the photochemistry of this 
class of compounds (4-10). Our goals were to compare the 
chemistries of l a  and l b  and establish whether two new tran- 
sients, thiaketene 3a and benzocyclobutenthione (6a), that are 
potential products of the pyrolysis of l a  could be character- 
ized with pes. We expected that a pe spectroscopic study of 
the pyrolysis of l a  would provide information about the rela- 
tive reactivitieslstabilities of diazo compounds l a  and 1b  and 
the corresponding ketenes 3a and 3b, and yield fundamental 
information about the electronic structure and bonding of 
3a and 6a. In this communication we document the results 
of a pes study of the pyrolysis of l a  and present semi- 
empirical AM1 (AMPAC (1 1) and MOPAC (12)) and ab initio 
(GAUSSIAN 94 (1 3)) calculation data for the first three steps of 
the pyrolysis mechanisms of l a  and l b  shown in Scheme 1. 

Figure l(a) is a display of the partial pe spectrum of l a 2  
(obtained with some difficulty because of its low vapor pres- 
sure) in the presence of the make-up gas N2, a procedure that 
we find useful for obtaining the pe spectra of thermally sensi- 
tive materials of low volatility (3). The vertical lines show the 
negative of the energies of the six highest occupied MOs (8.80, 
9.45, 9.96, 10.56, 10.88, 12.22 eV) calculated with AM1 for 
the optimized equilibrium geometry. Figure l(b) is a display of 
the pe spectrum of the pyrolysate of l a  obtained at a laser 
power level of 26 W as the beam is chopped by 50% with a 

The 4-diazoisothiochroman-3-one (la) (mp 49-50°C) was 
prepared from 1,4-dihydro-3H-benzothiopyran-3-one with the 
azide exchange method by A.J.K. and E.A.J. The spectroscopic 
data obtained for la  were entirely consistent with its structure. 

Fig. 1. (a) Partial He1 photoelectron spectrum of 4-diazo- 
isothiochroman-3-one (la); (b) photoelectron spectrum of the 
pyrolysate of l a  obtained at a laser power level of 26 W with the 
beam reduced in intensity by 50% with a cog-wheel chopper; (c) 
photoelectron spectrum of the pyrolysate of l a  obtained at a laser 
power level of 26 W; (6) photoelectron spectrum obtained by 
subtracting spectrum (c) from spectrum (b). 

cog-wheel rotating disk.3 It is seen that this spectrum differs 
substantially - new bands appear at 7.7 and 9.0 eV and the 

Because it is difficult to maintain the power level constant when 
the laser is tuned to a 10-15 W line, we used a rotating cog-wheel 
chopper (60 Hz) to reduce the "effective" power level of the 26 W 
beam by 50%. Measurements with a thermocouple inserted into 
the tip of the nozzle showed that this technique produces a 
350?50°C hot zone 1-1.5 rnm in length; at 26 W, the unchopped 
beam gives a 550?50°C hot zone. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

92
.6

2.
22

9.
17

1 
on

 0
9/

08
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2538 Can. J. Chem. Vol. 74, 1996 

Table 1. Results of semi-empirical and ab initio calculations. 

ETb E T  E," Ea 
RHFl6- MP2(full) RHFl6- MP2(full) 
3 1 G(d)// 6-3 lG(d)// 3 lG(d)// 6-3 lG(d)//RHF 

Compound AH: 6-3 1 G(d) 6-3 1 G(d) fl 6-3 1G(d) 6-3 1 G(d) 

In 
ts" I n  4 2a 
2a 
ts 20 -;r 3n 
3n 
ts 3n -;r 4a 
l b  
ts 1b + 2b 
2b 
ts 2b -;r 3b 
3b 
ts 3b + 4b 
7 
ts 7 -;r keto carbene 

kcal/mol. Calculated with AM1 with the keyboard PRECISE to tighten the convergence criteria. 
atomic units (hartrees). 

'In kcal/mol. Calculated from the AM1 heats of formation. 
"The transition state. 
"This transition state could not be located. 
%ot calculated because a transition state could not be located. 
Wbtained with the IRCMAX method (see footnote 6). 
"The Becke3LYP functional is used in DFT (density functional theory) calculations; E, 26: -496.893 07, ts 26 + 36: -496.884 81. The transition state 

exhibits one imaginary frequency. 

band at 8.2 eV sharpens considerably - from the spectrum of 
l a ,  and CO (the sharp band at 14.0 eV (14)) is detected as a 
product. Figure l(c) is a display of the pe spectrum of the 
pyrolysate produced at a laser power level of 26 W 
(550250°C). An increase in the power level to 47 W produces 
little change in this spectrum. The negative values of the AM1 
energies of the four highest occupied molecular orbitals (8.70, 
9.61, 9.98, 11.69 eV) of benzocyclobutenthione (6a) are 
shown as vertical lines on spectrum 1 (c). The HOMO of 6a is 
largely in-plane n, with some mixing with the cyclobutene 
C-C bonds, in keeping with the relatively small FWHM of 
the peak at 8.3 eV; HOMO-1 and HOMO-2 are essentially 
phenyl n-type MOs mixed to a small extent with n C=S and 
n CH,. Figure l ( 4  is the pe spectrum obtained by subtracting 
spectrum l(c) from l(b). The vertical bars in spectrum l ( 4  
show the energies of the four highest occupied MOs (7.94, 
9.55, 9.86, 11.60 eV) of thiaketene 3a calculated with AM1. 
The HOMO of 3a is a n-type MO with the largest coefficients 
being associated with the C=C bond of the ketene group and 
the sulfur atom. HOMO-1 and HOMO-2 are essentially phenyl 
n-type MOs, but in the case of HOMO-1 there is a significant 
degree of mixing with S,. HOMO-3 is a highly delocalized, 
in-plane a MO with the largest coefficient being associated 
with the sulfur atom. Thus the experimental and calculational 
results strongly indicate that l a  (like lb,  which yields benzo- 
cyclobutenone (3)) gives benzocyclobutenthione, a compound 
that has not been described in the chemical literature as far as 
we are aware. Because thiones that lack bulky substituents a to 
C=S trimerize readily (15), benzocyclobutenthione undoubt- 
edly is a transient species. Our work suggests that the vacuum 

pyrolysis of l a  and its substituted analogues may provide a 
useful general route to 6a and substituted benzocyclo- 
butenthiones. 

Scheme 1 shows a mechanism for conversion of l a  and l b  
into 6a and 6b, and the calculational results for the first three 
steps are collected in Table 1. While a step involving the ring 
opening of 4a to the orthothioquinone methide 5a is included 
in Scheme 1, it is conceivable that 4a rearranges directly to 6a. 

When l b  is pyrolyzed under the same conditions as l a  with 
the rotating chopper in place, approximately 50% of the start- 
ing material remains. Thus l b  is less reactive than l a ,  in 
keeping with the activation enthalpieslenergies obtained cal- 
culationally (Table l). To provide a reference point for the 
AM 1, RHFl6-3 1 G(d), and MP216-3 lG(d)//RHFI6-3 lG(d) 
calculations carried out on l a  and l b ,  we also calculated the 
activation enthalpylenergies for the conversion of 2-diazo- 
cyclohexanone (7) (its E, for pyrolysis in mesitylene is 3 1 2 3  
kcal/mol(16)) into 2-carbenacyclohexanone (8). It is seen that 
the MP216-31G(d)//RHF/6-3 lG(d) E, lies closest (+5.2 kcall 
mol) to the experimental value: the AM1 AH* is too high by 
16.3 kcallmol and the RHFl6-31G(d) E, is 9.9 kcal/mol too 
low. Frequency calculations on the transition states for the 
decomposition of 7, l a ,  l b ,  3a, 3b, and the rearrangement of 
2b at the AM1 and RHFl6-31G(d) levels of theory yield one 
imaginary frequency in each case. In the case of l a ,  in keeping 
with orbital symmetry  consideration^,^ the imaginary fre- 

' We thank Professor J. Pincock of Dalhousie University for helpful 
discussions. 
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quency corresponds to a vibration - we use PCVIBRATE~ to 
animate the normal modes - in which N, pivots out from l a :  
it is not extruded in a linear trajectory. The singlet of 2a is 
found to be a stationary point calculationally, even though 
potential-energy-scan calculations at the AM1 and RHFl6- 
3 1 G(d) levels of theory showo that a very small pertubation of 
the S2,C4 distance, in 0.01 A increments, causes 2a to rear- 
range to 3a spontaneously with a barrier of less than 1 kcall 
mol. Because the MP216-3 1 G(d)//RHF/6-3 l (d)  single point 
calculations on 2b and the transition state for its rearrangement 
to 3b yield a negative E, while A M  I and RHFl6-3 lG(d)  cal- 
culations give large positive values, w e  also used I R C M A X ~  and 
DFT (density functional theory) calculations to obtain E,. A s  
is  seen in entry 10 of Table 1, these methods give E,'s of 2.7 
and 5.2 kcallmol, respectively, which, although smaller than 
the AM1 AH* (24.0 kcallmol) and the RHFl6-31G(d) E, (38.7 
kcallmol), are significantly larger than AH* and E, calculated 
for the rearrangement of 2a. Thus our work strongly indicates 
that in contrast to l b ,  l a  probably decomposes by a process in 
which the Wolff rearrangement of the incipient carbene is con- 
certed with loss of N,. That 2b is trapped by water or  alcohols 
when l b  is decomposed photochemically while l a  yields the 
ester derived from 3a supports this c o n c l ~ s i o n . ~  

Of significance also is our finding that the activation param- 
eters calculated for the decarbonylation of 3b at  the AM1 and 
MP216-3 1 G(d)//RHF/6-3 1 G(d) levels of theory are lower than 
the values calculated for the loss of N, from 16. The  opposite 

I 
situation is found in the case of 3a where, calculationally, AH* 

I 

and E, are higher than AH* and E, of la .  These findings are 
nicely in accord with the experimental results; while 3a is 

I 
I 

detected in the pyrolysate of l a ,  w e  find that ketene 3b is not 

I 
found in detectable amounts in the pyrolysate of l b  (3). As is 
seen in the transition states for loss of nitrogen from 7, l a ,  and 
l b ,  C O  pivots out from 3a and 3b rather than being extruded in 
a linear trajectory. 
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In the ~ R C M A X  method, a transition state and its energy are 
interpolated from the geometries obtained from a RHFl6-3 lG* 
IRC (intrinsic reaction coordinate) calculation and the 
corresponding single-point energies calculated at the MP2(full) 
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Stephen Hanessian, Hubli Prabhanjan, Dongxu Qiu, and Sudhir Nambiar. Synthesis of chemically and functionally 
diverse scaffolds from pentaerythritol. Can. J. Chem. 74, 1731 (1996). 

On p. 1736, in descriptions of the preparation of compounds 24 and 25, the computer code "680" that had been inserted in 
the headings was not deleted after typesetting and, unfortunately, went unnoticed until after the journal had been printed. 
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